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and Radicals: Allyl Migration versus Peroxide Formation
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Introduction


The ability of alkyne–dicobalt clusters to stabilise an a-cat-
ionic site is the basis of the Nicholas reaction[1]—a syntheti-
cally valuable procedure used, for example, in the prepara-
tion of enediynes,[2a] (+)-begamide E,[2b] blastinomycine,[2c]


cyclocolorenone,[2d] tetrapyrroles,[2e] insect pheromones,[2f] vi-
tamin A derivatives,[2g] carotenes,[2h] pyrones[2i] and benzofur-
ans.[2i] This stabilisation can be attributed to partial delocali-
sation of the charge onto a cobalt atom through overlap of a
filled metal d orbital with the vacant p orbital on the elec-
tron-deficient a-carbon atom,[3] and is facilitated by a struc-
tural perturbation such that the carbocationic centre leans
toward a metal vertex as illustrated in Scheme 1. This geo-
metric distortion is evident in a variety of crystallographic
determinations, whereby the a-carbon atom is clearly
bonded to a cobalt,[4] iron,[5] or molybdenum[6] cluster
vertex. Moreover, such stabilisation by a metal allows the


convenient generation of otherwise inaccessible species such
as the non-classical bornyl or fenchyl cations,[7,8] or the anti-
aromatic indenyl or fluorenyl cations.[9]


This phenomenon, together with the known enhanced sta-
bilisation of b-silyl cations,[10] has been elegantly exploited
by Schreiber in a number of cyclisations,[11] as depicted in
Scheme 2. An additional factor in this process is the bending
of the alkyne upon complexation to a {Co2(CO)6} moiety
such that the originally linear C�C�C�C unit now makes
angles of approximately 135–1458 at the central carbon
atoms, thus permitting the formation of cycloalkynes con-
taining as few as six ring carbon atoms.[12] More recently,
Green has used this approach to synthesise a series of cyclo-
phanes.[13]


Although nucleophilic attack at the a-cationic site has
been extensively exploited for synthetic purposes, studies on
the development of radical character at the a-carbon are of
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Scheme 1. Cobalt-stabilised propargyl cations.
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much more recent vintage.[14] Pioneering studies by Nicholas
and Melikyan initially focussed on the deliberate reduction
of the cations by use of zinc dust,[15] but subsequently it
became evident that in certain solvents, notably diethyl
ether or tetrahydrofuran, electron-transfer processes led di-
rectly to metal-cluster-complexed propargylic radicals with-
out the need to add an extra reducing agent.[16] For example,
as depicted in Scheme 3, treatment of [Co2(CO)6(HC�C�


CPh2OH)] (1) with HBF4 in SO2 yields the isolable cation
[Co2(CO)6(HC�C�CPh2)]


+ (2);[17] however, in THF as the
solvent, the reaction takes an entirely different course and
the major product is 2,5-bis(diphenylmethylene)-3-cyclopen-
tenone (3).[18] Although the mechanistic details have not yet
been fully elucidated, the formation of 3 is believed to pro-
ceed through dimerisation of [Co2(CO)6(HC�C�CPh2)]C rad-
icals, such that coupling occurs at the less sterically hindered
termini of the complexed alkynes to form a diallene–cobalt
complex, which, after a carbonyl migration and reductive
elimination, ultimately yields the cyclopentenone 3.


Herein we describe the reactions of [Co2(CO)6{9-[(allyldi-
methylsilyl)ethynyl]-9H-fluoren-9-ol}] (4), [Co2(CO)6{9-
[(benzyldimethylsilyl)ethynyl]-9H-fluoren-9-ol}] (5) and
[Co2(CO)6{9-[(vinyldimethylsilyl)ethynyl]-9H-fluoren-9-ol}]
(6) with fluoroboric acid in dichloromethane and in tetrahy-
drofuran, yielding products that clearly involve both cationic
and radical intermediates.


Results and Discussion


Our involvement in this area arose as the result of an at-
tempt to study the relative ease of generation of metal-clus-
ter-stabilised silylium ions versus carbocations from the bi-
functional starting material 7. The former were potentially
preparable by elimination of propene from an allyl–silane,[19]


while the latter could be generated through protonation of
an alcohol or an alkene, as shown in Scheme 4. In the case
of 7a (R=Me), the observed outcome of the experiment in-
volved initial formation of the carbocation 8a, which under-


went intramolecular nucleophil-
ic attack by the terminus of the
allyl group thus furnishing the
b-silyl cation 9a. Subsequent
formation of a thermodynami-
cally favourable silicon–fluorine
bond yielded 10a, in which the
allyl group has migrated from
silicon to carbon, thereby gen-
erating a quaternary centre.[20]


In contrast, protonation of the cluster 7b (R=Ph) led to
the carbynyl–tricobalt cluster 11, rather than the anticipated
allyl migration product 10b. One might hypothesise that the
initially generated carbocation 12, surrounded as it is by two
phenyl groups and a cobalt cluster, is reluctant to undergo
addition to the allyl group to produce the cation 13, which
would be stabilised only by a hyperconjugative interaction


with the b-silicon. Instead, as
shown in Scheme 5, desilyla-
tion[21] yields the terminal
alkyne complex 14, which un-
dergoes the known rearrange-
ment to a tricobalt cluster.[22]


The mechanism of rearrange-


ment of alkyne–dicobalt hexacarbonyl clusters, [Co2(CO)6-
ACHTUNGTRENNUNG(RC�CH)] into the corresponding carbynyl–nonacarbonyl-
tricobalt systems, [RCH2�CCo3(CO)9], is not yet fully un-
derstood, but a proposal for the initial stages of the process
has been advanced.[23] In the present case, one might have
expected formation of the tertiary alcohol 15, but elimina-
tion of water led directly to the observed product 11, which
has been unequivocally characterised by X-ray crystallogra-
phy.[18]


Protonation of [Co2(CO)6{9-[(allyldimethylsilyl)ethynyl]-
9H-fluoren-9-ol}] in CH2Cl2 : On the premise that allyl mi-
gration to the diphenyl-substituted cationic site in 12 is
thwarted by its enhanced stability, we chose instead to link
the two phenyls so as to incorporate a fluorenyl skeleton, as
in complex 4. The derived cation (16) not only presents a


Scheme 2. Metal-cluster-mediated cyclisations of allylsilanes.


Scheme 3. Reactions of cobalt-complexed propargyl cations and radicals.


Scheme 4. A metal-cluster-mediated allyl migration.
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flat, less sterically demanding target for the incoming allyl
group, but, as a 12p antiaromatic system, is also strongly
electronically disfavoured unless the charge deficiency is al-
leviated by a neighbouring cobalt vertex. Gratifyingly, in
this case, protonation results in efficient transfer of the allyl
group from silicon to the metal-stabilised carbocationic
centre of the anti-aromatic fluorenyl framework
(Scheme 6); the X-ray crystal structure of the rearranged
product [Co2(CO)6{9-allyl-9-[(dimethylfluorosilyl)ethynyl]-
9H-fluorene}] (17) is shown in Figure 1.


Interestingly, the synthesis of 9-[(allyldimethylsilyl)-
ACHTUNGTRENNUNGethynyl]-9H-fluoren-9-ol, 18, from allylchlorodimethylsilane


and the di-lithio derivative of 9-
ethynylfluoren-9-ol, also yield-
ed several minor by-products.
These materials were not readi-
ly separable as free ligands but
were obtained as cobalt clus-
ters, 19, 20 and 21, during the
subsequent chromatographic
purification procedure.


The bis-silylated complex 19
evidently arises in the course of
the reaction of the dilithio salt


of 9-ethynylfluoren-9-ol with two molecules of allylchlorodi-
methylsilane. The second product, 20, which was character-
ised X-ray crystallographically (see Figure 2), presumably
results from hydration of the allylsilane 18. Although b-hy-
droxysilanes are normally rather susceptible to dehydra-
tion,[25] the excellent crystallinity of 20 appears to be en-
hanced by a combination of strong inter- and intramolecular
hydrogen-bonding interactions, evident within the solid-state
structure as illustrated in Figure 3. Two crystallographically
independent molecules are found in the unit cell, for which


Scheme 5. Rearrangement of 7b to form a tricobalt cluster.


Scheme 6. Cobalt-mediated allyl migration from silicon to carbon.


Figure 1. Mercury[24] representation of the molecular structure of complex
17, (30% thermal ellipsoids; aromatic hydrogen atoms have been exclud-
ed for clarity.)


Figure 2. Molecular structure of the dicobalt cluster diol, 20, (30% ther-
mal ellipsoids; hydrogen atoms have been excluded for clarity.)


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10074 – 1008410076


M. J. McGlinchey et al.



www.chemeurj.org





the four hydroxy groups adopt a slightly distorted square
planar arrangement (see Table 1), and deviate merely 0.2 M
from planarity.[26,27] The hydrogen bonding within this spe-


cies undoubtedly contributes to its stability and permits its
isolation, whereas the corresponding hydroxylsilane may not
be favoured in the analogous diphenyl system, because of
rotational interference engendered by the aryl rings.


With respect to the other unexpected product (21), our in-
itial thought was that it may have arisen through reaction of
the fluorenyl-alkynyl anion, generated in situ, with traces of
acetone left from cleaning the
glassware prior to conducting
the experiment. However, repe-
tition of this reaction, taking
meticulous care to avoid any
possibility of contamination by
acetone, still afforded small
quantities of the product, which
was unambiguously identified
X-ray crystallographically
(Figure 4). As with the hydroxy-
silane complex 20, hydrogen
bonding is a prominent feature
of the crystal structure; howev-
er, unlike 20, it is only manifest-
ed intramolecularly. One
cannot overlook the possibility


that the three-carbon unit originated on the allyl substituent
attached to the silane. Nevertheless, it is not immediately
evident how the allyl functionality could have migrated to
the alkynyl terminus with concomitant cleavage of the dime-
thylsilyl fragment, but mechanistic investigations are ongo-
ing.


Protonation of [Co2(CO)6{9-[(benzyldimethylsilyl)ethynyl]-
9H-fluoren-9-ol}] in CH2Cl2 : With the aim of broadening
the scope of this intramolecular rearrangement, we chose to
prepare the analogous (benzyldimethylsilyl)ethynyldicobalt
complex 5, which contains an allyl subsystem. The objective
was to determine whether the thermodynamic driving force
provided by the formation of a silicon–fluorine bond was
great enough to induce a benzyl migration. For this to
happen, the aromatic character of the phenyl ring would
have to be lost, albeit temporarily, as illustrated in
Scheme 7. Thus, the initial result of rearrangement would be
the energetically disfavoured methylene–cyclohexadiene 22,
which should rapidly re-aromatise to generate an ortho-tolyl
substituent, as in 23.


Figure 3. Inter- and intramolecular hydrogen-bonding interactions in 20 ;
cobalt carbonyl groups have been excluded for clarity.


Table 1. Relevant distances and angles within the hydrogen bonding
regime of 20.


D�H···A D···H [M] H···A [M] D···A [M] D�H···A [8]


O9�H···O19 0.87(4) 1.90(4) 2.732(6) 161(4)
O9A�H···O19A 0.84 1.91 2.691(7) 154
O19�H···O9A 0.72(5) 2.03(5) 2.740(8) 170(7)
O19A�H···O9 0.63(7) 2.22(7) 2.835(8) 166(10)


Figure 4. Mercury[24] representation of the molecular structure of 21, ex-
cluding hydrogen atoms, with 30% thermal probability ellipsoids. The in-
tramolecular hydrogen bond contact O9···O16 is 2.790 M.


Scheme 7. Products from the protonation of complex 5 with HBF4 in CH2Cl2.
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However, 5 does not undergo this silicon–carbon migra-
tion process; instead, when protonated with HBF4 in di-
chloromethane at �78 8C, it furnished the (9-fluorenyl)me-
thylcarbynyl–tricobalt cluster 24, the molecular structure of
which is shown in Figure 5. Apparently, in the absence of an


energetically viable migration pathway, the system suffers
desilylation to yield a terminal alkyne complex that subse-
quently undergoes the known rearrangement from
[Co2(CO)6ACHTUNGTRENNUNG(RC�CH)] to [Co3(CO)9 ACHTUNGTRENNUNG(RCH2�C)].[22] Intrigu-
ingly, the tricobalt cluster formed (see Scheme 7) does not
correspond to the unsaturated system 11, obtained from
[Co2(CO)6ACHTUNGTRENNUNG{Ph2C(OH)�C�CH}] and HBF4 in dichlorome-
thane,[18] but instead follows the pattern observed by Hagi-
hara,[28] whereby the reaction of
[Co2(CO)6ACHTUNGTRENNUNG{Ph2C(OH)�C�CH}]
with concentrated sulfuric acid
forms the saturated molecule
[Co3(CO)9{Ph2CH�CH2�C}].[29]


A possible contributory factor
is the enhanced tendency of the
anti-aromatic fluorenyl cation,
even when complexed to the
metal, to undergo reduction to
the corresponding radical (and
thereby initiate hydrogen ab-
straction) relative to that of the
much more stable diphenyl-
methyl cation. It is also worth
noting that the reaction of
[Co2(CO)6{9-[(vinyldimethylsi-
lyl)ethynyl]-9H-fluoren-9-ol}]
(6) with HBF4 in dichlorome-
thane likewise yields the (9-flu-
orenyl)methylcarbynyl–tricobalt
cluster 24.


The protonation of 5 in
CH2Cl2 also yields a second


cluster, presumably 25, that exhibited 13C NMR resonances
at 206 ppm and 200 ppm—characteristic of an allene linkage
and a cobalt carbonyl, respectively. However, it was rather
unstable, and repeated attempts to recrystallise the crude
material, led to loss of cobalt and isolation of the free ligand
that was characterised by X-ray crystallography (Figure 6)
as the unsymmetrical propargylallene dimer, 26, formed by
coupling of the alkynylfluorenyl radical with its fluorenyl-
ACHTUNGTRENNUNGideneallenyl radical resonance form.[31] Since dichlorome-
thane is not normally considered to be an electron-donating
solvent, it is possible that radical formation was initiated by
single-electron transfer from a cobalt radical fragment gen-
erated during the final step in the formation of the trinu-
clear complex 24.[23] In the crystalline state, the propargyl–
allene dimer exhibits a 50:50 disorder, such that the mod-
elled overlapped molecular orientations (Figure 7) generate
pseudo Ci symmetry. This same centrosymmetric disorder
phenomenon is also found in the corresponding bis(trime-
thylsilyl)propargylallene.[32] Interestingly, a Cope rearrange-
ment of the hexa-1,2-diene-5-yne 26 would regenerate itself,
presumably through a twofold symmetric transition state.


Protonation of [Co2(CO)6{9-[(benzyldimethylsilyl)ethynyl]-
9H-fluoren-9-ol}] in THF : As noted above, in contrast to
the well-established chemistry of [Co2(CO)6(propargyl alco-
hol)] complexes, which, upon protonation in dichlorome-
thane, yield metal-stabilised carbocations, it is now evident
that changing to an ether-based solvent leads to the genera-
tion of the corresponding propargyl radicals. To compare
the results of protonations in dichloromethane with ones
carried out in a solvent known to engender radical products,
the benzylsilane-dicobalt complex 5 was treated with fluo-
roboric acid at �78 8C in THF. The 1H and 13C NMR spectra


Figure 5. Molecular structure of complex 24. Thermal parameters were
established only for the cobalt atoms and are represented as 30% proba-
bility ellipsoids.[30]


Figure 6. Molecular structure of the alkynylallene 26 (30% thermal probability ellipsoids; hydrogen atoms
omitted for clarity). Selected distances (M) and angles (8): C9�C14 1.310(15), C14�C15 1.287(9), C15�C33
1.587(18), C33�C38 1.473(12), C38�C39 1.213(10), C39�Si2 1.837(7), C9-C14-C15 177.3(10), C33-C38-C39
177.4(11), C38-C39-Si2 176.7(6).
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of the sole product (27) revealed resonances very similar to
those of the starting material, except for the absence of the
alcoholic proton signal. In the absence of a distinct molecu-
lar ion in the mass spectrum, the unequivocal identification
of 27 as either an ether or a peroxide could not be made,
since the first major bond cleavage would be that of the
oxygen–oxygen linkage, and the fragmentation patterns
would not be expected to differ significantly. However, iso-
lation of single crystals of 27 revealed the product to be the
peroxide (see Scheme 8), the molecular structure of which is
shown in Figure 8. Unlike hydrogen peroxide which exhibits


an “open-book” type geometry, the cluster-substituted per-
oxide 27 adopts a centrosymmetric (Ci) structure with a cen-
tral O9�O9A distance of 1.494(3) M and C9-O9-O9A angle
of 104.5(2)8. In this respect it resembles the very bulky
bis(9-ortho-isopropylphenyl-9-fluorenyl)peroxide, which also
adopts a centrosymmetric structure with a central O�O dis-
tance of 1.496 M, a C-O-O angle of 1068, and parallel fluo-
renyl planes.[33] However, as illustrated in Figure 9, the addi-
tional bulk of the dicobalt hexacarbonyl clusters in 27 re-
sults in the fluorenyl ligands being distorted such that each
six-membered ring deviates from planarity by approximately
78.


The vinylsilanedicobalt complex 6 was protonated under
identical conditions, and also afforded the analogous perox-
ide 28 as the only isolable product. Although only weakly
diffracting crystals were obtained for 28, the data were suffi-
ciently good to establish the atom connectivity of the mole-
cule, as shown in Figure 10. In this case, the fluorenyl li-
gands deviate merely 3.58 from planarity, somewhat less
than was seen in the benzyl analogue, possibly attributable


Figure 7. View showing the extensive overlap of both partially occupied
models of 26.


Figure 9. Perpendicular view of the benzylsilyl peroxide 27 without hy-
drogen atoms and carbonyl groups, emphasising the curved nature of the
fluorenyl ligands.


Figure 8. Mercury[24] representation of the molecular structure of the ben-
zylsilyl peroxide 27 (30% thermal probability ellipsoids; hydrogen atoms
excluded for clarity).


Scheme 8. Formation of peroxides 27 and 28 upon protonation of 5 and
6, respectively, in THF.


Figure 10. Mercury[24] representation of the molecular structure of the
vinyl-silyl peroxide 28 ; aromatic hydrogen atoms have been excluded for
clarity.
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to a reduction in packing influences afforded by the smaller
vinyl substituent. Repetition of both protonation reactions
in diethyl ether likewise yielded the peroxides 27 and 28 as
the major and only identifiable products.


Conclusion


These observations confirm and extend earlier reports, nota-
bly by Melikyan,[15,16] that protonations of cobalt-complexed
propargylic alcohols in either THF or diethyl ether yield
radical products. The generation of peroxides is a character-
istic of reasonably long-lived radicals that react with dioxy-
gen to produce R-O-OC intermediates. Although these are,
to our knowledge, the first metal-complexed fluorenyl per-
oxides to have been synthesised, there are several known
metal-free difluorenyl peroxides, including phenyl-, isopro-
pyl- and benzyl- substituted systems.[33,34] It should be em-
phasised that organometallic peroxides are relatively un-
common: not only are preformed peroxide ligands insuffi-
ciently thermally stable to survive the conditions required
for complexation by a metal, but also low-valent transition
metals generally bring about cleavage of the peroxy linkage.
Previously known examples include numerous mercuric per-
oxides[35] and transition-metal-containing porphyrins.[36] The
very first organometallic peroxide was prepared by passing
oxygen gas through a solution of cobaltocene in diethyl
ether at �78 8C.[37] Since then, several ferrocenyl systems[38]


and also a rhodocene have been reported;[39] however, these
molecules were prepared either by coordination of dioxygen
to cationic complexes of the metal in the absence of any
known radical initiating solvents, or by nucleophilic addition
of the metal complex to a preformed peroxide.


As far as we are aware, the molecules described herein
are the first examples of metal-cluster-based peroxides.
Moreover, the technique of initiating the formation of an or-
ganometallic radical by use of tetrahydrofuran as solvent,
with subsequent exposure to atmospheric oxygen, provides a
novel and efficient synthetic methodology, which has the po-
tential to be applied to the preparation of a wide range of
transition metal-containing peroxides.


Experimental Section


All syntheses were carried out under a dry nitrogen atmosphere, and sol-
vents were dried and distilled according to standard procedures. 9-(Tri-
methylsilyl)ethynyl-9H-fluoren-9-ol was prepared as previously de-
scribed.[32] 1H and 13C NMR spectra were acquired on Bruker DRX-500
or AC-200 spectrometers; assignments were based on standard 2D NMR
techniques (1H-1H COSY, 1H-13C HSQC and HMBC). Mass spectra were
acquired with a Finnigan EI/CI mass spectrometer system, using direct
electron impact and chemical ionisation methods. Chemical ionisation
was induced using NH3 as the collision gas. High-resolution mass spectra
(HRMS) were obtained using a Micromass GCT, GC Time-of-Flight
mass spectrometer. Silica gel, 230–400 mesh, was used for flash column
chromatography. Elemental analyses are from Guelph Chemical Labora-
tories, Guelph, Ontario, or from the Microanalytical Laboratory at Uni-
versity College Dublin.


Syntheses of 4, 17, 18, 19, 20 and 21: 9-(Trimethylsilyl)ethynyl-9H-fluo-
ren-9-ol[32] (2.45 g, 8.8 mmol) was treated with two equivalents of nBuLi
(11.0 mL of a 1.6m hexanes solution, 17.6 mmol) at �78 8C and left to
react for 4 h at low temperature. A solution of allyldimethylchlorosilane
(1.1 mL, 8.8 mmol) in anhydrous diethyl ether (20 mL) was then added
dropwise and the solution allowed to warm gradually to room tempera-
ture. The mixture was quenched with aqueous NaHCO3, and the product
was extracted with diethyl ether, dried using MgSO4, and filtered to fur-
nish 9-[(allyldimethylsilyl)ethynyl]-9H-fluoren-9-ol (18) as a yellow oil
that was subjected to chromatography on a silica gel column with a 50:50
mixture of CH2Cl2/hexanes; the isolated yield was 74%. Subsequent
treatment of the alkynol 18 with an equimolar quantity of [Co2(CO)8] in
THF at room temperature for 12 h, removal of solvent and chromato-
graphic separation with hexanes gave complex 4 as a dark red oily solid
(86%). In the preparation of 18, several other oily products were also
formed, but were not separable at this stage; however, treatment of the
mixture with dicobalt octacarbonyl yielded complexes 19, 20 and 21 after
chromatographic separation. X-ray diffraction quality crystals of 17, 20
and 21 were obtained by recrystallisation from CH2Cl2/hexanes.


Protonation of 4 in CH2Cl2 : Treatment of 4 (600 mg, 1.02 mmol) with an
equimolar amount of HBF4 in dichloromethane at �78 8C yielded, after
hydrolysis and column chromatography, complex 17 in 60% yield. X-ray
diffraction quality crystals of 17 were obtained by recrystallisation from
CH2Cl2/hexanes.


Data for 18 : 1H NMR (200 MHz, CDCl3): d =7.97–7.25 (m, 1H; fluoren-
yl), 5.79 (m, 1H; CH=C), 4.90 (m, 2H; C=CH2), 2.79 (s, 1H; OH), 1.64
(d, J=7.3 Hz, 2H; CH2), 0.17 ppm (s, 6H; Si ACHTUNGTRENNUNG(CH3)2);


13C NMR
(50 MHz): d =146.9, 139.1 (Ar CTs), 133.7 (CH=CH2), 129.5, 128.4, 124.3,
120.1 (Ar CTs), 113.9 (CH=CH2), 105.8 (CCSi), 86.6 (CCSi), 74.9 (C-OH),
23.7 (CH2), �2.5 ppm (Si ACHTUNGTRENNUNG(CH3)2); MS (DEI): m/z (%): 304 (15) [M]+ ,
287 (30) [M�OH]+ , 263 (76) [M�C3H5]


+ ; MS (CI, NH3): m/z (%): 304
(43) [M]+ , 287 (100) [M�OH]+ , 263 (24) [M�C3H5]


+ , 247 (6)
[M�OH�C3H5]


+ .


Data for 4 : 1H NMR (200 MHz, CDCl3): d=7.60–7.53 (m, 4H; fluoren-
yl), 7.35–7.24 (m, 4H; fluorenyl), 5.65 (m, 1H; CH=C), 4.84 (m, 2H; C=


CH2), 2.57 (s, 1H; OH), 1.46 (d, J=7.2 Hz, 2H; CH2), 0.00 ppm (s, 6H;
Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (50 MHz): d =199.9 (COTs), 150.3, 138.8 (Ar CTs),
134.2 (CH=CH2), 129.5, 127.6, 124.3, 120.2 (Ar CTs), 117.8 (CCSi), 114.0
(CH=CH2), 83.3 (C-OH), 24.6 (CH2), �1.7 ppm (Si ACHTUNGTRENNUNG(CH3)2); MS (DEI):
m/z (%): 534 (21) [M�2CO]+ , 506 (10) [M�3CO]+ , 478 (43)
[M�4CO]+ , 450 (42) [M�5CO]+ , 422 (100) [M�6CO]+ , 380 (30)
[M+H�C3H5�6CO]+ ; MS (CI, NH3): m/z (%): 573 (100) [M�OH]+ ,
545 (60) [M�OH�CO]+ , 517 (48) [M�OH�2CO]+ , 489 (13)
[M�OH�3CO]+ , 478 (7) [M�4CO]+ , 450 (6) [M�5CO]+ , 422 (7)
[M�6CO]+ , 304 (10) [M�Co2(CO)6]


+ , 287 (13) [M�OH�Co2(CO)6]
+ ,


181 (12) [C13H8OH]+ ; HRMS: m/z calcd for C24H20Co2O5Si
ACHTUNGTRENNUNG([M�2CO]+): 533.9744; found: 533.9739.


Data for 17: Dark red solid, m.p. 96 8C; 1H NMR (200 MHz, CDCl3): d=


7.72 (m, 2H; fluorenyl), 7.58 (m, 2H; fluorenyl), 7.42–7.29 (m, 4H; fluo-
renyl), 5.10–4.65 (m, 3H; CH=CH2), 3.17 (d, J=6.6 Hz, 2H; CH2),
0.57 ppm (d, 3JH-F =6.9 Hz, 6H; Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (50 MHz): d =199.0
(COTs), 149.9, 140.2 (Ar CTs), 132.9 (CH=CH2), 128.3, 127.3, 124.3, 119.6
(Ar CTs), 118.2 (CH=CH2), 57.8 (C-9), 45.0 (CH2), 0.9 ppm (2JC-F =


16.8 Hz, Si ACHTUNGTRENNUNG(CH3)2); MS (DEI): m/z (%): 536 (10) [M�2CO]+ , 508 (18)
[M�3CO]+ , 452 (26) [M�5CO]+ , 424 (25) [M�6CO]+ , 265 (32)
[M�C3H5�Co2(CO)6]


+ ; MS (DCI, NH3): m/z (%): 610 (25) [M+NH4]
+ ,


582 (56) [M+NH4�CO]+ , 554 (24) [M+NH4�2CO]+ , 537 (34)
[M+NH4�OH�2CO]+ , 509 (12) [M+NH4�OH�3CO]+ , 469 (44)
[M+NH4�H�5CO]+ , 424 (100) [M�6CO]+ , 324 (30)
[M�C3H5�Co�6CO]+ , 265 (12) [M�C3H5�Co2(CO)6]


+ ; elemental anal-
ysis calcd (%) for C26H19Co2FO6Si: C 52.72 H 3.23; found: C 52.97, H
3.46.


Data for 19 : Dark red oily solid (55 mg); 1H NMR (200 MHz, CDCl3):
d=7.66–7.53 (m, 4H; fluorenyl), 7.42–7.27 (m, 4H; fluorenyl), 5.63 (m,
2H; CH=C), 4.82 (m, 4H; C=CH2), 1.46 and 1.36 (d, J=7.8 Hz, each
2H; CH2), 0.01 and �0.25 ppm (s, each 6H; Si ACHTUNGTRENNUNG(CH3)2);


13C NMR
(50 MHz): d=200.2 (COTs), 150.2, 138.9 (Ar CTs), 134.1 and 133.9 (CH=


CH2), 129.5, 127.4, 125.2, 120.2 (Ar CTs), 113.9 and 113.6 (CH=CH2), 85.0


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10074 – 1008410080


M. J. McGlinchey et al.



www.chemeurj.org





(CCSi), 25.6 and 24.6 (CH2), �1.1 and �1.8 ppm (SiACHTUNGTRENNUNG(CH3)2); MS (DEI):
m/z (%): 632 (5) [M�2CO]+ , 576 (10) [M�4CO]+ , 548 (14) ACHTUNGTRENNUNG[M�5CO]+ ,
520 (100) [M�6CO]+ , 478 (10) [M�C3H5�H�6CO]+ ; MS (DCI, NH3):
m/z (%): 573 (100) [M�OSi ACHTUNGTRENNUNG(CH3)2 ACHTUNGTRENNUNG(C3H5)]


+ , 548 (60) [M�5CO]+ , 520
(85) [M�6CO]+ ; HRMS: m/z calcd for C29H30Co2O5Si2 ([M�2CO]+):
632.0296; found: 632.0284.


Data for 20 : Dark red solid (30 mg), m.p. 132–133 8C; 1H NMR
(200 MHz, CDCl3): d =7.72–7.65 (m, 4H; fluorenyl), 7.40–7.32 (m, 4H;
fluorenyl), 4.10 (s, 1H; SiOH), 2.63 (s, 1H; OH), 1.36 (br, 2H; CH2),
1.20 (s, 3H; CH3), 0.19 and 0.15 ppm (s, 3H; Si ACHTUNGTRENNUNG(CH3));


13C NMR
(50 MHz): d=199.4 (COTs), 150.6, 139.2, 129.2, 127.4, 124.2, 120.0 (Ar
CTs), 117.8 (CCSi), 83.4 (CCSi), 66.5 (C-OH), 37.2 28.3, 27.6, 0.9 and
�0.1 ppm (Si ACHTUNGTRENNUNG(CH3)2); MS (DEI): m/z (%): 608 (3) [M]+ , 552 (10)
[M�2CO]+ , 496 (12) [M�4CO]+ , 468 (41) [M�5CO]+ , 440 (30)
[M�6CO]+ , 380 (15) [M+H�Co�6CO]+ , 321 (10) [M+H�Co2(CO)6]


+ ;
MS (DCI, NH3): m/z (%): 591 (52) [M�OH]+ , 563 (35) [M�OH�CO]+ ,
535 (22) [M�OH�2CO]+ , 507 (20) [M�OH�3CO]+ , 479 (20)
[M�OH�4CO]+ , 468 (21) [M�5CO]+ , 399 (18) [M+NH4�Co�6CO]+ ,
305 (54) [M�OH�Co2(CO)6]


+ , 181 (70) [C13H8OH]+ ; elemental analysis
calcd (%) for C26H22Co2O8Si: C 51.33, H 3.64; found: C 51.64, H 3.88.


Data for 21: Dark red solid (86 mg), m.p. 120–121 8C; 1H NMR
(200 MHz, CDCl3): d =7.84–7.71 (m, 4H; fluorenyl), 7.53–7.36 (m, 4H;
fluorenyl), 4.09 and 3.03 (s, 1H; OH), 1.58 ppm (s, 6H; C ACHTUNGTRENNUNG(CH3)2);
13C NMR (50 MHz): d=199.1 (COTs), 150.1, 138.8, 129.4, 127.6, 124.5,
120.1 (Ar CTs), 106.9 and 102.6 (C=C), 83.5 and 73.4 (C-OH), 32.9 ppm
(CH2); MS (DEI): m/z (%): 522 (4) [M�CO]+ , 494 (3) [M�2CO]+ , 466
(12) [M�3CO]+ , 438 (11) [M�4CO]+ , 410 (8) [M�5CO]+ , 382 (48)
[M�6CO]+ , 364 (50) [M�H�OH�6CO]+ , 324 (12) [M+H�Co�6CO]+;
MS (DCI, NH3): m/z (%): 533 (35) [M�OH]+ , 505 (34) [M�H�2OH]+,
449 (12) [M�OH�3CO]+ , 438 (32) [M�4CO]+, 410 (16) [M�5CO]+ ,
382 (24) [M�6CO]+ , 364 (16) [M�H�OH�6CO]+ , 247 (13)
[M�OH�Co2(CO)6]


+ , 230 (11) [M�2OH�Co2(CO)6]
+ , 181 (100)


[C13H8OH]+ ; elemental analysis calcd (%) for C24H16Co2O8: C 52.39, H
2.93; found: C 52.08, H 2.90.


Syntheses of 5, 24, 26 and 27: As for 18, treatment of 9-(trimethylsilyl)-
ACHTUNGTRENNUNGethynyl-9H-fluoren-9-ol with nBuLi and benzyldimethylchlorosilane fur-
nished 9-(benzyldimethylsilyl)ethynyl-9H-fluoren-9-ol as a white solid,
m.p. 87–88 8C, in 68% yield. 1H NMR (200 MHz, CDCl3): d=7.74–7.62
(m, 4H; fluorenyl), 7.44–7.39 (m, 4H; fluorenyl), 7.21–7.03 (m, 5H; Ph),
2.69 (s, 1H; OH), 2.21 (s, 2H; CH2), 0.17 ppm (s, 6H; Si ACHTUNGTRENNUNG(CH3)2);
13C NMR (50 MHz): d=146.7, 139.0, 138.7, 129.6, 128.4, 128.3, 128.0,
124.3, 120.1 (Ar CTs), 106.2 (CCSi), 86.5 (CCSi), 74.9 (C-OH), 25.9 (CH2),
�2.3 ppm (Si ACHTUNGTRENNUNG(CH3)2); MS (DEI): m/z (%): 354 (53) [M]+ , 336 (20)
[M�H�OH]+ , 263 (100) [M�CH2Ph]+ . Subsequent treatment of the al-
kynol with an equimolar quantity of [Co2(CO)8] in THF at room temper-
ature for 12 h, removal of solvent and chromatographic separation with
hexanes gave complex 5 in 71% isolated yield.


Treatment of 5 (1.0 g, 1.56 mmol) with 1.5 equivalents of HBF4 (0.33 mL,
2.3 mmol) in CH2Cl2 at �78 8C, and subsequent chromatographic separa-
tion on a silica column, using 1:1 dichloromethane/hexanes as eluent, af-
forded the tricobalt cluster 24 as a dark red solid, and the propargylallene
26 in 32 and 42% yields, respectively.


Treatment of 5 (500 mg, 0.78 mmol) with an equimolar amount of HBF4


(0.11 mL, 0.8 mmol) in THF (or in diethyl ether) afforded the peroxide
27 as a dark red solid in 63% (or 56%), respectively, after chromato-
graphic separation on a silica column using 50:50 dichloromethane/hex-
anes as eluent.


Data for 5 : Dark red solid, m.p. 99 8C; 1H NMR (200 MHz, CDCl3): d=


7.69–7.55 (m, 4H; fluorenyl), 7.44–6.90 (m, 9H; fluorenyl and Ph), 2.59
(s, 1H; OH), 1.90 (s, 2H; CH2), �0.09 ppm (s, 6H; Si ACHTUNGTRENNUNG(CH3)2);


13C NMR
(50 MHz): d=200.0 (COTs), 150.4, 139.1, 138.9, 129.6, 128.3, 128.2, 127.7,
124.3, 120.2 (Ar CTs), 83.3 (C-OH), 26.6 (CH2), �1.9 ppm (Si ACHTUNGTRENNUNG(CH3)2); MS
(DEI): m/z (%): 612 (1) [M�CO]+ , 556 (22) [M�3CO]+ , 528 (8)
[M�4CO]+ , 500 (20) [M�5CO]+ , 472 (95) [M�6CO]+ , 354 (18)
[M�Co2(CO)6]


+ , 263 (55) [M�CH2Ph�Co2(CO)6]
+ , 181 (88)


[C13H8OH]+ , 149 (90) [Si ACHTUNGTRENNUNG(CH3)2CH2Ph]+ ; MS (DCI, NH3): m/z (%): 81
(100) [C13H8OH]+ . HRMS: m/z calcd for C29H22O6SiCo2 ([M�CO]+):


611.9850; found 611.9864; elemental analysis calcd (%) for
C30H22Co2O7Si: C 56.26, H 3.46; found: C 56.08, H 3.70.


Data for 24 : 1H NMR (200 MHz, CDCl3): d =7.69–7.10 (m, 8H; fluoren-
yl), 5.15 (s, 1H; CH), 3.34 ppm (2H; CH2);


13C NMR (50 MHz, CDCl3):
d=199.8 (Co-COTs), 146.8, 140.7, 128.6, 126.9, 125.7, 120.1, 58.7,
50.5 ppm; elemental analysis calcd (%) for C24H11Co3O9: C 46.48, H 1.79;
found: C 46.08, H 1.90.


Data for 26 : Yellow solid, m.p. 169–170 8C; 1H NMR (200 MHz, CD2Cl2):
d=7.58–7.45 (m, 8H; Ar), 7.14–7.05 (m, 6H; Ar) 6.74–6.71 (m, 4H; Ar),
1.72 and 1.67 (s, 2H; CH2), �0.40 and �0.43 ppm (s, 6H; Si ACHTUNGTRENNUNG(CH3)2);
13C NMR (125.7 MHz, CD2Cl2): d =205.6 (allene=C= ), 147.0, 140.4,
139.0, 138.8, 138.5, 138.1, 128.8, 128.2, 128.0, 127.8, 127.3, 127.0, 125.7,
124.1, 123.9, 122.4, 120.2, 110.5, 106.1, 105.7, 86.0 (CCSi), 54.2 (C-33),
26.1 and 25.7 (CH2Ts), �2.6 and �3.1 ppm (Si ACHTUNGTRENNUNG(CH3)2); IR (solid): ñ=


2168 cm�1 (C�C), 1915 cm�1 (=C=); MS (DEI): m/z (%): 674 (4)
[M�H]+ , 337 (100) [C13H8CCSi ACHTUNGTRENNUNG(CH3)2CH2Ph]+ , 149 (81) [Si-
ACHTUNGTRENNUNG(CH3)2CH2Ph]+; MS (DCI, NH3): m/z (%): 674 (10) [M�H]+ , 337 (100)
[C13H8CCSi ACHTUNGTRENNUNG(CH3)2CH2Ph]+ , 149 (47) [Si ACHTUNGTRENNUNG(CH3)2CH2Ph]+ ; HRMS: m/z
calcd for C48H42Si2 ([M]+): 674.2825; found: 674.2836; elemental analysis
calcd (%) for C48H42Si2: C 85.41, H 6.27; found: C 85.29, H 6.60.


Data for 27: 1H NMR (200 MHz, CDCl3): d=7.58 (d, 3JH-H=7.4 Hz, 4H;
Ar), 7.42–7.08 (m, 18H; Ar), 6.85 (d, 3JH-H =7.0 Hz, 4H; Ar), 1.71 (s, 4H;
CH2Ts), �0.26 ppm (s, 12H; Si ACHTUNGTRENNUNG(CH3)Ts);


13C NMR (50 MHz): d =199.0
(COTs), 147.3, 139.7, 139.2, 129.5, 128.3, 128.1, 127.1, 125.1, 124.2, 120.1
(Ar CTs), 26.6 (CH2), �1.9 ppm (SiACHTUNGTRENNUNG(CH3)2); MS (ESI, negative, CH3OH):
m/z (%): 639 (35) [M�C13H8OC2Co2(CO)6Si ACHTUNGTRENNUNG(CH3)2Ph]� ; elemental anal-
ysis calcd (%) for C60H42Co4O14Si2: C 56.35, H 3.31; found: C 56.57, H
2.98.


Syntheses of 6 and 28 : As for 18, treatment of 9-(trimethylsilyl)ethynyl-
9H-fluoren-9-ol with nBuLi and vinyldimethylchlorosilane furnished 9-
(vinyldimethylsilyl)ethynyl-9H-fluoren-9-ol as a yellow oil in 74% yield.
1H NMR (200 MHz, CDCl3): d=7.68–7.53 (m, 4H; fluorenyl), 7.36–7.29
(m, 4H; fluorenyl), 6.15–5.76 (m, 3H; CH=CH2), 3.42 (s, 1H; OH), 2.08
(s, 2H; CH2), 0.19 ppm (s, 6H; SiACHTUNGTRENNUNG(CH3)2);


13C NMR (50 MHz): d=146.9,
139.0 (Ar CTs), 136.1 (CH=C), 133.0 (C=CH2), 129.4, 128.3, 124.2, 119.9,
(Ar CTs), 106.3 (CCSi), 85.6 (CCSi), 74.7 (C-OH), 30.7 (CH2), �1.8 ppm
(Si ACHTUNGTRENNUNG(CH3)2); MS (DEI): m/z (%): 290 (97) [M]+ , 275 (65) [M�CH3]


+ ; MS
(DCI, NH3): m/z (%): 290 (10) [M]+ , 273 (100) [M�OH]+ . Subsequent
treatment of the alkynol with an equimolar quantity of [Co2(CO)8] in
THF at room temperature for 12 h, removal of solvent and chromato-
graphic separation with hexanes gave complex 6 in 71% isolated yield.


Treatment of 6 (500 mg, 0.87 mmol) with HBF4 (0.12 mL, 0.9 mmol) in
THF (or in diethyl ether) afforded the peroxide (28) as a dark red solid
in 60% (or 52%), respectively, after chromatographic separation on a
silica column using a 50:50 dichloromethane/hexanes solution as eluent.


Data for 6 : Dark red solid, m.p. 71–72 8C; 1H NMR (200 MHz, CDCl3):
d=7.63–7.58 (m, 4H; fluorenyl), 7.38–7.26 (m, 4H; fluorenyl), 6.06–5.70
(m, 3H; CH=CH2), 2.58 (s, 1H; OH), 0.16 ppm (s, 6H; Si ACHTUNGTRENNUNG(CH3)2);
13C NMR (50 MHz): d =199.8 (COTs), 150.3, 138.9 (Ar CTs), 137.4 (CH=


C), 132.8 (C=CH2), 129.5, 127.6, 124.3, 117.4, (Ar CTs), 118.2 (CCSi), 83.4
(CCSi), 78.2 (COH), �1.3 ppm (Si ACHTUNGTRENNUNG(CH3)2); MS (DEI): m/z (%): 520 (10)
[M�2CO]+ , 492 (5) [M�3CO]+ , 464 (30) [M�4CO]+, 436 (34)
[M�5CO]+ , 408 (100) [M�6CO]+ , 290 (8) [M�Co2(CO)6]


+ ; MS (DCI,
NH3): m/z (%): 559 (100) [M�OH]+ , 531 (94) [M�OH�CO]+ , 503 (18)
[M�OH�2CO]+ , 464 (25) [M�4CO]+ , 408 (32) [M�6CO]+ ; elemental
analysis calcd (%) for C25H18Co2O7Si: C 52.10, H 3.15; found: C 52.48, H
2.90.


Data for 28 : Dark red solid, m.p. 144–145 8C, 1H NMR (200 MHz,
CDCl3):


1H NMR (200 MHz, CDCl3): d=7.59 (d, J=6.9 Hz 4H; Ar),
7.39–7.20 (m, 12H; Ar), 5.82–5.50 (m, 6H; CH=CH2), �0.09 ppm (s,
12H; Si ACHTUNGTRENNUNG(CH3)Ts);


13C NMR (50 MHz): d=198.8 (COTs), 147.4, 139.7 (Ar
CTs), 137.6 (CH=C), 132.4 (C=CH2), 129.3, 127.0, 125.2, 119.9 (Ar CTs),
�1.5 ppm (Si ACHTUNGTRENNUNG(CH3)2); MS (ESI, negative, CH3OH): m/z (%): 559 (10)
[C13H8C2Co2(CO)6Si ACHTUNGTRENNUNG(CH3)2C3H5]


� , 273 (20) [C13H8CCSi ACHTUNGTRENNUNG(CH3)2C3H5]
� ; el-


emental analysis calcd (%) for C50H34Co4O14Si2: C 52.19, H 2.98; found:
C 51.97, H 2.90.
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X-ray measurements for 17, 20, 21, 26, 27 and 28 : Crystal data were col-
lected using a P4 Bruker diffractometer, equipped with a Bruker
SMART 1 K CCD area detector, using the program SMART,[40] and a ro-
tating anode, using graphite-monochromated MoKa radiation (l=


0.71073 M), and are listed in Table 2. A full sphere of the reciprocal
space was scanned by phi-omega scans. Data reduction was carried out
by using the program SAINT,[41] which applied Lorentz and polarisation
corrections to the three-dimensionally integrated diffraction spots.
Pseudo-empirical absorption correction based on redundant reflections
was performed by the program SADABS.[42] The structures were solved
by using the direct-methods procedure in the Bruker SHELXTL program
library,[43] and refined by full-matrix least-squares methods on F2 with
anisotropic thermal parameters for all non-hydrogen atoms. Hydrogen
atom treatment varied from compound to compound, depending on the
crystal quality. In 17, 21 and 27, all hydrogen atoms were located in the
difference fourier map and allowed to refine freely with isotropic thermal
displacement parameters. In 26 and 28 hydrogen atoms were added at
calculated positions and refined using a riding model. Molecule 20 crys-
tallised with two crystallographically unrelated molecules in the unit cell,
while the remaining structures contained only one molecule in the asym-
metric unit. A small slip-disorder of one of the hydrogen-bonded fluoren-
yl ligands in 20 containing 73% occupancy of the major fragment, re-
quired a partial restraining of these ligands to optimise the model. The
hydrogen atoms attached to disordered carbon atoms in 20 were added
at calculated positions and refined by using a riding model; the hydrogen
attached to the disordered oxygen was set to ride on the oxygen of the
major component, but all other hydrogen atoms were refined freely. The
carbonyl carbon atoms of 24 could not be refined anisotropically as a
result of the weak intensity of the data, and so the fluorenyl moieties
were restrained to simulate isotropic behaviour to provide a better
model. A partial twist-disorder of the silyl groups in 28, modelled so that
the major component consisted of 57%, did not allow for anisotropic re-
finement of the silicon methyls and vinyl group. As previously men-
tioned, the allene 26 exhibited a centrosymmetric disorder, whereby the
fluorenyl ligands and the silyl substituents of the alkyne and allene in the
two equally occupied molecular orientations, overlap with one another.


Likewise, for molecules 27 and 28 only half of each molecule was refined,
and the other half was generated by the appropriate symmetry element.


CCDC-693776 (17), CCDC-693777 (20), CCDC-693778 (21), CCDC-
693779 (26), CCDC-693780 (27) and CCDC-693781 (28) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Table 2. Crystallographic Data.


17 20 21 26 27 28


empirical formula C26H19Co2FO6Si C26H22Co2O8Si C24H16Co2O8 C48H42Si2 C60H42Co4O14Si2 C50H34Co4O14Si2
Mr 592.36 608.39 550.23 675.00 1278.84 1150.67
crystal system monoclinic monoclinic tetragonal monoclinic triclinic orthorhombic
space group P21/n (#14) P21/c (#14) P421/c (#114) P21/c (#14) P1̄ (#2) Pbca (#62)
a [M] 8.624(2) 20.445(7) 22.489(5) 13.467(6) 10.516(5) 22.17(4)
b [M] 20.573(5) 10.233(3) 22.489(5) 16.297(7) 12.0516) 13.24(3)
c [M] 14.556(4) 27.202(9) 9.846(3) 8.923(4) 12.382(6) 16.93(3)
a [8] 90 90 90 90 86.312(8) 90
b [8] 95.017(4) 105.938(5) 90 95.692(8) 76.860(8) 90
g [8] 90 90 90 90 66.034(8) 90
V [M3] 2572.6(11) 5472(3) 4980(2) 1948.7(14) 1395.6(12) 4969(17)
Z 4 8 8 2 1 4
1calcd [gcm�3] 1.529 1.477 1.468 1.150 1.522 1.538
T [K] 173(2) 173(2) 197(2) 173(2) 173(2) 173(2)
m [mm�1] 1.382 1.302 1.376 0.123 1.278 1.426
F ACHTUNGTRENNUNG(000) 1200 1952 2224 716 650 2328
q range [8] 1.72–27.00 1.04–23.75 1.28–24.99 1.97–25.00 1.69–27.50 1.84–22.50
index ranges �11�h�11 �23�h�21 �26�h�26 �16�h�15 �13�h�12 �23�h�23


�23�k�26 �11�k�11 �26�k�26 �19�k�19 �15�k�14 �13�k�14
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Introduction


The main-group metals, with few exceptions, are incapable
of changing their oxidation state in complexes, making such
common and important processes in transition-metal
chemistry as oxidative addition and reductive elimination
impossible. These reactions of transition-metal derivatives
permit their application in a large variety of organic mole-
cule transformations, including catalytic reactions. However
it is possible to simulate the specific reactivity of transition-
metal coordination and organometallic compounds by non-
transition-metal derivatives by including a redox-active
ligand in a main-group-metal complex. The best known such


ligands are o-quinones, o-iminoquinones, diimines, and their
derivatives. Redox-active ligands can accept one, two, or
more electrons reversibly without loss of coordination to the
metal. Thus a redox-active ligand bonded to a main-group-
metal ion is able to reduce or oxidize a substrate coordinat-
ed to the metal.
The chemistry of non-transition-metal complexes with


redox-active ligands has progressed in recent years. There
are some striking examples of emulation of transition-metal
complex reactivity by main-group-metal complexes. For in-
stance, diiminoacenaphthene (bian) derivatives of magnesi-
um are known to undergo addition reactions with alkyl hal-
ides, ketones, nitriles, or C�H acids.[1] Solvent-induced alkyl
radical elimination has been observed upon treatment of the
complex [Mg ACHTUNGTRENNUNG(bian) ACHTUNGTRENNUNG(iPr) ACHTUNGTRENNUNG(Et2O)] with THF.[1e] The opposite
reaction, radical fixation, is known for the complexes of
Group 14 elements with o-quinone or diazabutadiene li-
gands.[2] This property makes it possible to use tin(IV) cate-
cholate derivatives as the controlling agents in olefin poly-
merization.[3] Unique reversible binding of molecular
oxygen by catecholate and o-amidophenolate antimony
compounds has been observed.[4a–c] This interaction leads to
endoperoxo antimony derivatives (Scheme 1). The unprece-
dented example of a GaIII-radical-mediated reaction that in-
volves the activation of two C�H bonds in redox-active N-
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substituted 2-aminophenolate ligands was reported recen-
tly.[4d]


In the present study we investigated the reactions of o-
amidophenolate tin(IV) derivatives [Sn(ap)Ph2] and
[Sn(ap)Et2 ACHTUNGTRENNUNG(thf)] (ap=dianion of 4,6-di-tert-butyl-N-(2,6-di-
ACHTUNGTRENNUNGisopropylphenyl)-o-iminoquinone) with molecular oxygen
and elemental sulfur.


Results and Discussion


The oxidation of [4,6-di-tert-butyl-N-(2,6-diisopropylphen-
yl)-o-amidophenolato]diphenyltin(IV) (1) with molecular
oxygen in toluene solution at room temperature is accompa-
nied by a color change from light yellow to deep green. The
fine white precipitate forms in a few minutes. EPR analysis
of the reaction mixture shows the presence of paramagnetic
species. The anisotropic spectrum in a frozen toluene matrix
is typical of diradical derivatives (Figure 1a). At 150 K, it ex-
hibits a half-field signal (Dms=2) characteristic of a diradi-
cal. From the zero-field splitting parameters of the g=2
EPR signal (toluene, D=209 G, E=6 G, Figure 1), the un-
paired electron separation of 5.10 L can be estimated.
These parameters are comparable with those obtained for
dichlorobis[-4,6-di-tert-butyl-N-(2,6-diisopropylphenyl)-o-
iminosemiquinonato]tin(IV).[2f]


The insoluble white compound was identified as diphenyl-
tin(IV) oxide. Crystallization from hot hexane of the foamy
residue remaining after solvent removal afforded bis[4,6-di-
tert-butyl-N-(2,6-diisopropylphenyl)-o-iminosemiquinonato]-
diphenyltin(IV) (3) as dark green crystals in 74% yield
(Scheme 2). The structure of 3 was determined by X-ray dif-
fraction studies.


The reaction of 1 with elemental sulfur in toluene under
moderate heating was complete after 8 h at 60 8C. The re-
sulting green solution produces a well-resolved isotropic X-
band EPR spectrum (Figure 2). The hyperfine structure
arises from hyperfine coupling (HFC) of unpaired electron
with magnetic nuclei 1H (99.98%, I= 1=2, mN=2.7928), 14N
(99.63%, I=1, mN=0.4037), 117Sn (7.68%, I= 1=2, mN=1.000),
and 119Sn (8.58%, I= 1=2, mN=1.046).[5] The splitting parame-
ters are: AiACHTUNGTRENNUNG(2


1H)=2.2 G, Ai ACHTUNGTRENNUNG(2
14N)=3.6 G, Ai ACHTUNGTRENNUNG(


119Sn)=28.3 G,
Ai ACHTUNGTRENNUNG(


117Sn)=27.1 G (gi=2.0024). The observation of HFC
with two nitrogen and two hydrogen atoms indicates fast mi-
gration of an unpaired electron between two o-iminoqui-
none ligands bonded with the tin atom. One of these ligands
is a radical anion and the other is a dianion. This interligand
electron exchange is also confirmed by 14N and 1H HFC
constants which are nearly two times lower than for the
[SnCl ACHTUNGTRENNUNG(isq)Ph2] (isq= radical anion of the 4,6-di-tert-butyl-N-
(2,6-diisopropylphenyl)-o-iminobenzoquinone) complex.[6]


Scheme 1. Reversible binding of molecular oxygen by an o-amidopheno-
late antimony complex.


Figure 1. Experimental X-band EPR spectrum of 3 in a toluene matrix
a) at 150 K and b) its simulation.


Scheme 2. The reaction of complex 1 with oxygen.


Figure 2. Experimental X-band EPR spectrum of 4 in hexane a) at 290 K
and b) its simulation.
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The EPR spectrum stays unchanged in character over the
temperature interval 220–300 K. In the NIR spectrum, the
low-energy band at l=1800 nm can be assigned to a spin-
and dipole-allowed LLCT (ligand-to-ligand charge transi-
tion) between the MOs of o-iminoquinone ligands. Such
transitions are usual for mixed-valence transition-metal
complexes containing o-quinoid ligands in different redox
states,[7] but attempts to observe this transition for similar
non-transition-metal derivatives were unsuccessful.[7c] These
spectral features have led us to propose the formation of an
[Sn(ap) ACHTUNGTRENNUNG(isq)Ph] derivative 4 (Scheme 3).


The reactions of the ethyl-substituted o-amidophenolate
tin(IV) derivative 2 with oxygen and sulfur proceed under
conditions analogous to those for 1. The resulting solutions
exhibit EPR activity. The interaction with oxygen is accom-
panied by precipitation of diethyltin(IV) oxide as a fine
white deposit. In both cases (reactions with oxygen and with
sulfur) the reaction mixtures have identical well-resolved
EPR spectra (Figure 3) which are similar to that observed


for 4. The hyperfine structure arises from HFC of unpaired
electrons with magnetic nuclei 1H, 14N, 117Sn, and 119Sn. The
splitting parameters are: AiACHTUNGTRENNUNG(2


1H)=2.2 G, Ai ACHTUNGTRENNUNG(2
14N)=3.5 G,


Ai ACHTUNGTRENNUNG(
117Sn)=27.5 G, Ai ACHTUNGTRENNUNG(


119Sn)=28.8 (gi=2.0034). These spec-
tra should be attributable to [4,6-di-tert-butyl-N-(2,6-diiso-
propylphenyl)-o-amidophenolato)-[4,6-di-tert-butyl-N-(2,6-
diisopropylphenyl)-o-iminobenzosemiquinonato]ethyltin(IV)
(5). However, we were unable to isolate this minor product
from the reaction mixture. The main product of the oxida-
tion of 2 with oxygen and sulfur was the diamagnetic


tin(IV) derivative (6) (Scheme 4). After removal of volatiles
it was isolated by recrystallization of crude product from
hexane in about 50% yield. The structure of 6 was deter-
mined by X-ray analysis.


The IR spectrum of 6 contains a sharp band at 1615 cm�1,
belonging to a stretching vibration ñ ACHTUNGTRENNUNG(C=N) of the coordinat-
ed imino group (the IR spectrum of the starting o-iminoqui-
none has this n ACHTUNGTRENNUNG(C=N) band at 1635 cm�1[9]).
A mechanism of the oxidation of o-amidophenolate


tin(IV) derivatives with molecular oxygen has been worked
out. According to the known scheme for transition metals,[10]


the first step consists of the formation of the superoxo
adduct (8). In the case of the tin complexes, however, in
contrast to transition-metal derivatives, this step includes
the oxidation not of the metal center but of the redox-active
o-amidophenolate ligand, and leads to the diradical product.
The superoxo complex can react further with a second o-
amidophenolate metal derivative to give the m-peroxo spe-
cies 9. The latter can cleave itself to produce free o-imino-
quinone (ImQ) and oligomeric diorganotin(IV) oxide. In
the next step the o-iminoquinone oxidizes another molecule
of the o-amidophenolate derivative forming a bis-o-iminose-
miquinonatodiorganotin(IV) (Scheme 5).
In the case of phenyl-substituted tin derivatives the final


product is a stable complex 3. Meanwhile the presence of
ethyl substituents bonded to the tin atom makes this diradi-
cal species unstable and the further transformation of the
latter gives 5 and 6. Additional experiments have confirmed
the latter assertion. The solution of 2 in toluene was frozen
after exposure to air. The anisotropic EPR spectrum at this
stage shows signals typical of diradical derivatives. The zero-
splitting parameters (D=219 G, E=6 G) are very close to
those observed for 3, and indicate formation of bis[4,6-di-
tert-butyl-N-(2,6-diisopropylphenyl)-o-iminosemiquinonato]-
diethyltin(IV) (7). Moreover, the reaction of 2 with an equi-
molar quantity of 4,6-di-tert-butyl-N-(2,6-diisopropylphen-
yl)-o-iminobenzoquinone as well as the interaction of
2 equiv of o-iminosemiquinonatolithium with dichlorodi-


Scheme 3. The reaction of complex 1 with sulfur.


Figure 3. Experimental X-band EPR spectrum of 5 in hexane a) at 290 K
and b) its simulation.


Scheme 4. The reactions of complex 2 with oxygen and sulfur.
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ACHTUNGTRENNUNGethyltin(IV) leads to 7, which is evident by EPR spectrosco-
py. The diradical species synthesized undergoes intermolecu-
lar rearrangement to give diamagnetic 6 in 2 h (Scheme 6).


This rearrangement includes elimination of an ethyl radical
and subsequent recombination of a radical pair. The similar-
ity of products observed in reaction of 2 with sulfur to those
obtained in reaction with oxygen argues for these processes
having related mechanisms.
Our lack of success in the observation of the EPR spec-


trum of 5 in the reaction mixtures in Scheme 6 indicates that
the formation of this paramagnetic derivative (Scheme 7) is
probably caused by the additional bimolecular dealkylation
of unstable 7 with oxygen or sulfur.
In a similar manner, the monophenyl-substituted tin com-


pound 4 (Scheme 7) could be generated by dephenylation of
the intermediate diradical complex 3 with sulfur or some


phenyltin sulfide derivative to give bis(triphenyltin) sulfide
as a final product. The dealkylation of alkyltin and dearyla-
tion of aryltin compounds with sulfur and tin mercaptides is
known.[8] The phenyl substituent in 3 is not lost spontane-
ously upon heating its toluene solutions at 80 8C for several
hours.


Molecular structure of 3, 4, and 6 : Molecular structures of 3,
4, and 6 are shown in Figures 4–7. Selected bond lengths
and angles are given in Table 1 and the crystal data collec-
tion and structure refinement data in Table 2. Crystals of 3,
4 and 6 suitable for X-ray analysis were obtained from
hexane.


The central tin atom in 3 (Figure 4) has a distorted octa-
hedral environment composed of two O,N-coordinated o-
iminobenzosemiquinonato ligands and two phenyl groups.
The angle between the o-iminosemiquinoid ligands is 57.028.
The centroid-to-centroid distance between these radical
anions, 5.085 L, is in good agreement with the radical sepa-
ration calculated from EPR data (5.10 L).
The Sn(1)�O(1), Sn(1)�O(2), Sn(1)�N(1), and Sn(1)�


N(2) distances (2.1689(14), 2.1642(14), 2.2643(16), and
2.2676(17) L, respectively) are close to those obtained for a
known SnIV o-iminosemiquinonate complex.[6] The Sn(1)�C-


Scheme 5. The probable mechanism of the reaction of o-amidophenolate
tin derivatives with oxygen.


Scheme 6. The generation and transformation of bis(4,6-di-tert-butyl-N-
(2,6-diisopropylphenyl)-o-iminosemiquinonato)diethyltin(IV) (7).


Scheme 7. The dearylation and dealkylation of diradical complexes 3 and
7.


Figure 4. Molecular structure of 3 with 30% thermal probability ellip-
soids. H atoms and methyl groups of tBu and iPr substituents are omitted
for clarity.
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ACHTUNGTRENNUNG(53,59) bond lengths (2.1543(6) and 2.167(2) L, respectively)
of Sn�Ph fragments are in the typical range for related com-
pounds containing a six-coordinated tin atom and two che-
lated N,O-ligands.[11]


The C�O and C�N bond lengths of the o-iminoquinone
ligands in 3 (Table 1) are indicative of O,N-coordinated o-
iminobenzosemiquinonato radical anions (C�O 1.29–1.33 L,
C�N 1.33–1.45 L).[12] These bonds in 3 are significantly
shorter than expected for a coordinated o-amidophenolate
(C�O 1.35–1.36 L, C�N 1.38–1.39 L) or its N-protonated o-


aminophenolate form (C�O 1.35–1.36 L, C�N 1.42–
1.47 L).[12,13] In addition, nitrogen atoms are three-coordi-
nated and sp2-hybridized, and the sums of the angles about
the nitrogen atoms are 359.9(4)8 and 359.8(4)8. In both li-
gands the six ring C atoms in the o-iminobenzosemiquinona-
to part are not equidistant and show quinoid-type alterna-
tion, whereas the six C�C interatomic distances in the N-
phenyl part are the same (1.39�0.01 L) within experimental
error.


Table 1. Selected bond lengths [L] and angles [8] of complexes 3, 4, and
6.


3 4 6


Sn(1)�O(1) 2.1689(14) 2.025(2) 2.034(2)
Sn(1)�O(2) 2.1642(14) 2.126(2) 2.083(2)
Sn(1)�N(1) 2.2643(16) 2.021(3) 2.029(3)
Sn(1)�N(2) 2.2676(17) 2.135(3) 2.164(3)
Sn(1)�C(53) 2.1543(10) 2.130(4) 2.139(4)
Sn(1)�C(59) 2.167(2) – –
N(1)�C(2) 1.340(2) 1.400(5) 1.417(5)
N(1)�C(15) 1.442(2) 1.437(5) 1.428(5)
N(2)�C(28) 1.340(2) 1.342(5) 1.341(4)
N(2)�C(41) 1.449(2) 1.452(5) 1.438(4)
O(1)�C(1) 1.292(2) 1.361(4) 1.353(4)
O(2)�C(27) 1.303(2) 1.295(4) 1.335(4)
C(1)�C(2) 1.463(3) 1.424(5) 1.429(5)
C(1)�C(6) 1.432(3) 1.398(5) 1.399(5)
C(2)�C(3) 1.421(3) 1.382(5) 1.359(5)
C(3)�C(4) 1.367(3) 1.393(5) 1.393(5)
C(4)�C(5) 1.430(3) 1.383(6) 1.405(6)
C(5)�C(6) 1.376(3) 1.408(5) 1.416(6)
C(27)�C(28) 1.458(3) 1.463(5) 1.464(5)
C(27)�C(32) 1.428(3) 1.439(5) 1.378(5)
C(28)�C(29) 1.429(3) 1.418(5) 1.416(5)
C(29)�C(30) 1.368(3) 1.362(5) 1.351(5)
C(30)�C(31) 1.425(3) 1.425(6) 1.478(5)
C(31)�C(32) 1.376(3) 1.369(5) 1.454(5)


O(1)-Sn(1)-N(1) 73.66(5) 81.71(11) 81.48(11)
O(1)-Sn(1)-N(2) 84.76(5) 92.97(11) 90.80(10)
O(2)-Sn(1)-N(1) 84.94(5) 91.33(11) 90.27(11)
O(2)-Sn(1)-N(2) 73.40(5) 76.40(11) 76.84(10)
O(2)-Sn(1)-O(1) 77.86(5) 163.12(9) 157.67(10)
C(53)-Sn(1)-N(1) 94.07(6) 129.39(14) 122.03(15)
C(53)-Sn(1)-N(2) 103.19(6) 113.49(13) 113.25(14)
C(53)-Sn(1)-O(1) 163.78(6) 101.45(12) 101.52(13)
C(53)-Sn(1)-O(2) 90.74(6) 94.86(12) 100.45(13)
C(59)-Sn(1)-N(1) 100.11(6) – –
C(59)-Sn(1)-N(2) 96.90(6) – –
C(59)-Sn(1)-O(1) 89.51(6) – –
C(59)-Sn(1)-O(2) 164.58(6) – –
N(1)-Sn(1)-N(2) 152.24(6) 116.79(12) 124.64(12)
C(1)-O(1)-Sn(1) 117.55(11) 112.8(2) 112.6(2)
C(27)-O(2)-Sn(1) 116.27(11) 115.4(2) 116.2(2)
C(2)-N(1)-C(15) 119.41(15) 119.0(3) 119.3(3)
C(2)-N(1)-Sn(1) 114.18(12) 112.5(2) 112.2(2)
C(15)-N(1)-Sn(1) 126.40(12) 127.4(2) 128.4(2)
C(28)-N(2)-C(41) 118.74(15) 120.9(3) 121.0(3)
C(28)-N(2)-Sn(1) 113.03(12) 115.3(2) 113.6(2)
C(41)-N(2)-Sn(1) 128.00(11) 123.7(2) 125.3(2)
C(53)-Sn(1)-C(59) 103.32(7) – –
C(30)-C(31)-C(55) – – 108.4(3)
C(30)-C(31)-C(32) – – 119.4(3)
C(30)-C(31)-H(31) – – 108.6(3)
C(32)-C(31)-C(55) – – 102.6(3)


Figure 7. Molecular structure of 6 with 30% thermal probability ellip-
soids. H atoms and methyl groups of tBu and iPr substituents are omitted
for clarity.


Figure 5. Fragments of structures of two independent units in the crystal
of 4 with 40% thermal probability ellipsoids.


Figure 6. Molecular structure of 4 with 40% thermal probability ellip-
soids. H atoms and methyl groups of tBu and iPr substituents are omitted
for clarity.
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It is noteworthy that the phenyl groups are in the cis posi-
tion to each other, and the bond angle C(53)-Sn(1)-C(59) is
103.32(7)8. At the same time, o-iminosemiquinonato ligands
are situated so that the nitrogen atoms are in the trans posi-
tion and the N(1)-Sn(1)-N(2) angle is 165.24(6)8 (Figure 4).
It is remarkable that the cis position of the nitrogen atoms
could lead to a significant increase in steric repulsion be-
tween the 2,6-diisopropylphenyl ligands.
There are two crystallographically unique molecules in


the asymmetric unit of 4. The presence of two asymmetric
chelated rings in the five-coordinated tin(IV) complex as-
sumes chirality of the metal center and both isomers (A and
B) are present in the unit cell of 4 (Figure 5). The angles
and bond lengths of these two units are similar and there-
fore only the B molecule is discussed here.
The five-coordinated Sn atom in complex 4 has a distort-


ed trigonal bipyramidal environment (Figures 5 and 6). The
nitrogen atoms and phenyl group form the pyramid base
and the oxygen atoms occupy apical sites. It is noteworthy
that the phenyl group is shifted from N(1) to N(2) in a hy-
pothetical N(1)-C(53)-Sn(1)-N(2) plane (the sum of bond
angles N(1)-Sn(1)-C(53), N(2)-Sn(1)-C(53), and N(1)-Sn(1)-


N(2) is 359.7(4)8): the angles
N(1)-Sn(1)-C(53) and N(2)-
Sn(1)-C(53) are 129.39(14)8 and
113.49(13)8, respectively. The
heteroatom-to-tin-to-heteroa-
tom angles reveal the difference
usual for five-coordinated tran-
sition-metal complexes of the
ML2X type[12] (L=o-iminoben-
zoquinonato-based ligand):
N(1)-Sn(1)-N(2)=116.79(12)8<
O(1)-Sn(1)-O(2)=163.12(9)8,
whereas in the germanium com-
plex [Ge(ap)Cl ACHTUNGTRENNUNG(isq)] an in-
crease in the O-M-O angle
compared with N-M-N was ob-
served.[13] The angle between o-
iminoquinoid ligands is 59.138.
One of the o-iminoquinoid li-


gands in 4 is the o-amidopheno-
late dianion. The O(1)�C(1)
(1.361(4) L) and N(1)-N(2) dis-
tances (1.400(5) L) are close to
those in o-amidophenolato-
ACHTUNGTRENNUNGtin(IV) complexes.[6,14] The
C(1)�C(6) carbon ring has aro-
matic character with an average
C�C distance of 1.40�0.02 L.
The second ligand shows the


features of an o-iminosemiqui-
nonato ligand. The N(2)�C(28)
(1.342(5) L) and O(2)�C(27)
(1.295(4) L) bonds are signifi-
cantly longer than N(1)�C(2)
and O(1)�C(1) and they are


typical of o-iminosemiquinonato metal complexes.[12] More-
over, the six-membered C(27)�C(32)carbon ring is quite dis-
torted. The quinoid pattern is observed: two shorter bonds
are separated by longer bonds (Table 1).
The Sn(1)�O(1) and Sn(1)�N(1) covalent bonds (2.025(2)


and 2.021(3) L, respectively) are considerably shorter than
Sn(1)�O(2) and Sn(1)�N(2) (2.126(2) and 2.135(2) L, re-
spectively), which is indicative of the different nature of o-
iminoquinoid ligands. The longer Sn�N and Sn�O bonds are
characteristic of the radical anion form of the ligand. The
Sn(1)�C(53) distance (2.130(4) L) is slightly shorter than
analogous bonds in 3 due to the decrease in the metal coor-
dination number from six to five.
The tin atom in 6 has a trigonal bipyramidal environment


(Figure 7). The nitrogen atoms and phenyl group form the
pyramid base and oxygen atoms occupy apical sites. Similar-
ly to 4, the alkyl substituent on the tin atom is shifted from
N(1) to N(2) in a hypothetical N(1)-C(53)-Sn(1)-N(2) plane
(the sum of bond angles N(1)-Sn(1)-C(53), N(2)-Sn(1)-
C(53), and N(1)-Sn(1)-N(2) is 359.9(4)8): the angles N(1)-
Sn(1)-C(53) and N(2)-Sn(1)-C(53) are 122.03(15)8 and
113.25(14)8, respectively. The heteroatom-to-tin-to-heteroa-


Table 2. Summary of crystal and refinement data for complexes 3, 4 and 6.


3 4 6


formula C64H84N2O2Sn C58H79N2O2Sn C59H91N2O2Sn
Mr 1032.02 954.92 979.03
T [K] 150(2) 100(2) 130(2)
l [L] 0.71073 0.71073 0.71073
crystal system triclinic monoclinic monoclinic
space group P1̄ P21 P21/n
a [L] 12.782(5) 13.0375(4) 11.7267(7)
b [L] 13.947(5) 32.1455(10) 23.0975(14)
c [L] 16.552(5) 13.3604(4) 20.3931(13)
a [8] 86.759(5) 90 90
b [8] 85.687(5) 102.5110(10) 93.9410(10)
g [8] 79.261(5) 90 90
V [L3] 2888.1(18) 5466.3(3) 5510.6(6)
Z 2 4 4
1calcd [gcm


�3] 1.187 1.160 1.180
m [mm�1] 0.485 0.507 0.504
crystal size [mm] 0.42Q0.19Q0.16 0.25Q0.16Q0.05 0.32Q0.15Q0.14
q range [8] 2.97–28.76 2.08–26.00 2.07–23.75
reflns collected 29523 46999 38045
independent reflns 13017 [R ACHTUNGTRENNUNG(int)=0.0282] 21245 [R ACHTUNGTRENNUNG(int)=0.0636] 8346 [R ACHTUNGTRENNUNG(int)=0.0763]
completeness (to q) 99.8% (28.76) 99.8% (26.00) 99.4% (23.75)
absorption correction none semi-empirical


from equivalents
semi-empirical
from equivalents


max/min transmission – 0.9751/0.8837 0.9327/0.8552
refinement method full-matrix


least-squares on F2
full-matrix-block
least-squares on F2


full-matrix
least-squares on F2


data/restraints/
parameters


13017/0/642 21245/1/1135 8346/25/605


final R indices [I>2s(I)][a,b] R1=0.0310
wR2=0.0722


R1=0.0497
wR2=0.0845


R1=0.0606
wR2=0.1442


R indices (all data) R1=0.0423
wR2=0.0774


R1=0.0796
wR2=0.0913


R1=0.0972
wR2=0.1589


goodness-of-fit on F2 1.025 0.966 1.031


[a] R=� j jFo j� jFc j j /� jFo j . [b] wR=R ACHTUNGTRENNUNG(wF2)= {�[w(F2
o�F2


c)
2]/�[w(F2


o)
2]}1/2 ; w=1/[s2(F2


o)+ (aP)2+bP], P=


[2F2
c +max(Fo,0)]/3.
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tom angles show the same relationship: N(1)-Sn(1)-N(2)
(124.64(12)8) is less than O(1)-Sn(1)-O(2) (157.67(10)8).
The complex 6 demonstrates the presence of two different


chiral tin atoms in the unit cell, as in the case of 4, but the
attachment of the ethyl group to the carbon atom causes an-
other optically isomeric atom (C(31)) to appear in the mole-
cule. However, only one isomer per chiral carbon atom is
present in the unit cell of 6.
One of the chelated ligands in 6 is an o-amidophenolate


dianion. Its geometric characteristics are close to those ob-
served for such ligands bonded to nontransition[4,6,13, 14] or
transition[12] metal atoms. The second ligand in 6 is the first
example of iminocyclohexa-1,4-dienolate derivatives to be
reported. The C(27)�C(32) carbon ring contains a quaterna-
ry carbon atom, C(31). The angles around this carbon atom
indicate its tetrahedral geometry. The C(27)�C(32) and
C(29)�C(30) bonds (1.378(5) and 1.351(5) L) are shorter
than the usual bonds in aromatic rings and apparently have
double character, whereas the other bonds C(27)�C(28),
C(28)�C(29), C(30)�C(31), and C(31)�C(32) (1.464(5),
1.416(5), 1.478(5), and 1.454(5) L) are considerably longer.
This bond length distribution is close to those observed for
the rare structurally characterized osmium carbonyl complex
containing a p-bonded iminocyclohexa-1,4-diene ligand,[15a]


and the cyclohexadienyliminatonickel complex.[15b] The
C(28)�N(2) bond length (1.341(4) L) is significantly shorter
than C(2)�N(2) and close to C···N in the o-iminosemiquino-
late ligands of 3 and 4.
The Sn(1)�O(1) and Sn(1)�N(1) distances (2.034(2) and


2.029(3) L) in 6 are typical of o-amidophenolate tin(IV) de-
rivatives.[6,14]


The Sn(1)�N(2) bond (2.164(3) L) is longer than the sum
of the covalent radii of nitrogen and tin (2.12 L[16]) but
shorter than the sum of the van der Waals radii of these ele-
ments (3.8 L,[16]) which is indicative of the donor–acceptor
nature of the tin–imine nitrogen bond. The Sn(1)�C(53)
bond length (2.139(4) L) of Sn�Et fragments is close to the
distance observed for a five-coordinated ethyltin derivative
containing a tridentate ONO ligand.[17]


There are intramolecular H···p contacts (<3.05 L[18]) in 3,
4, and 6. They are caused by the sterically bulky ligands in
the coordination sphere of tin, which contains a p system of
double bonds. In 3, H(Me)···p interactions between one hy-
drogen atom of the CH3ACHTUNGTRENNUNG(iPr) groups in the o-iminosemiqui-
nonato ligands and the centers of the phenyl ligands (2.76,
2.90 L) are observed. In contrast to 3, 4 does not contain in-
tramolecular H···p contacts with the phenyl ligands, but
there are H···p interactions between the centers of the 2,6-
diisopropylphenyl ligands and the hydrogen atoms of the
tert-butyl groups of the isq and ap substituents (�2.90 L).
The most interesting situation is observed for complex 6,


in which the methyl group of the ethyl substituent on the
iminocyclohexa-1,4-dienolate ligand is turned towards the
six-membered C(27)�C(32) ring. The distances between the
two hydrogen atoms of the CH3 group and the centers of
the double C(27)�C(32) and C(29)�C(30) bonds are 2.77
and 2.67 L. Also, the CH3 groups of the ethyl ligands are


turned toward to each other (“Me–Me” conformation). To
elucidate the role of the nonbonding interactions in the co-
ordination sphere of tin in determining the conformation,
we evaluated the nonvalence energy of rotation of the Et
groups around the Sn(1)�C(53) and C(31)�C(55) bonds in
6. For our theoretical calculations of the energy of nonva-
lence interactions as a function of the torsion angle
(Figure 8) we used the MOLDRAW program[19–21] and the


geometry of 6 in the crystal state. The theoretical energy
minima in 6 are close to the experimentally observed torsion
angles (O(1)-Sn(1)-C(53)-C(54) 209.0(3)8, C(32)-C(31)-
C(55)-C(56) 296.7(6)8). The rotation of the Et group around
the C(31)�C(55) bond (Figure 8) leads to unequal energy
minima (1278, 74.7 kJmol�1; 2878, 1.3 kJmol�1). Despite the
clear difference between the torsion angles for minimum
energy (2878) and the value observed in the complex
(296.7(6)8), the energy values differ only slightly (1.3 and
1.5 kJmol�1, respectively). Two approximately equal energy
minima (Figure 8) are observed for the rotation of the
second Et group around the Sn(1)�C(53) bond (at 298,
�2.3 kJmol�1; at 2098, 2.2 kJmol�1). Therefore two different
orientations of the Et group at the Sn atom probably exist
in the molecule of complex 6.


Conclusion


Tin complexes have been shown to simulate some of the
properties of transition-metal derivatives, owing to the coor-
dination of the tin metal with the redox-active o-amidophe-
nolate ligand. The reaction of diorganotin(IV) o-amidophe-
nolate complexes with oxygen and sulfur leads to the oxida-


Figure 8. The energy barrier for rotation of the Et group a) about the
Sn(1)�C(53) bond and b) the C(31)�C(55) bond in complexes 6. The
filled points are experimentally observed torsion angles.
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tion of the o-amidophenolate to the o-iminosemiquinolate
ligand. Probable schemes for these reactions are proposed.
The interaction with molecular oxygen includes intermedi-
ate metal m-peroxo derivatives which undergo rearrange-
ment; formation of new o-iminoquinonate tin(IV) deriva-
tives were observed as a result.


Experimental Section


General aspects : Infrared spectra of complexes in the 4000–400 cm�1


range were recorded by using a Specord M-80 spectrophotometer in
Nujol. The NMR spectrum of 6 was recorded in C6D6 solution by using a
Bruker Avance III 400 MHz instrument with TMS as internal standard.
EPR spectra were recorded by using a Bruker EMX spectrometer (work-
ing frequency�9.75 GHz). The gi values were determined using 2,2-di-
phenyl-1-picrylhydrazyl (DPPH) as the reference (gi=2.0037). EPR spec-
tra of 3, 4, and 5 were simulated with the WinEPR SimFonia Software
(Bruker). The elemental analysis was performed on an Elemental Ana-
lyzer Euro EA 3000 instrument.


All reagents were spectroscopic grade. Solvents were purified by stan-
dard methods.[22] All manipulations on complexes were carried out under
conditions excluding air, oxygen, and moisture. Complexes 1 and 2,[6] di-
chlorodiethyltin(IV),[8] ImQ,[9] and o-iminosemiquinolate lithium deriva-
tive[13] were synthesized by known procedures.


Reaction of 1 with oxygen : The degassed solution of complex 1 (0.9 g,
1.38 mmol) in toluene (30 mL) in a 100 mL ampoule was filled with dry
oxygen (30.9 mL, 1.38 mmol) and the reaction mixture was stirred for
1 h. The reaction was accompanied by a color change from yellow to
deep green and precipitation of a white deposit. The mixture was de-
gassed and the subsequent procedures were performed under anaerobic
conditions. The precipitate (0.16 g, 0.56 mmol, 81%) was collected on a
glass filter and characterized as a diphenyltin(IV) oxide polymer.[8] The
filtrate was evaporated and the residue was recrystallized from hot
hexane (20 mL). Deep green crystals of complex 3 (0.53 g, 0.51 mmol,
74%) were obtained.


Bis(4,6-di-tert-butyl-N-(2,6-diisopropylphenyl)-o-iminobenzosemiquinona-
to)diphenyltin(IV) (3): Deep green crystals, soluble in most organic sol-
vents. IR (Nujol): ñ =3057 (m), 1586 (m), 1430 (vs), 1354 (s), 1329 (s),
1252 (s), 1197 (w), 1165 (m), 1113 (w), 1103 (w), 1070 (w), 1026 (w), 992
(w), 910 (w), 883 (s), 798 (s), 767 (w), 698 (m), 497 cm�1 (w); elemental
analysis calcd (%) for C64H84N2O2Sn (1032.56): C 74.48, H 8.20; N 2.71,
Sn 11.50; found: C 74.25, H 8.10, N 2.79, Sn 11.45.


Reaction of 1 with sulfur : The degassed solution of complex 1 (0.9 g,
1.38 mmol) in toluene (30 mL) in a 100 mL ampoule was added to a
sulfur (0.044 g, 1.38 mmol) suspension in the same solvent and the reac-
tion mixture was stirred at 60 8C for 8 h. The reaction was accompanied
by a color change from yellow to green. The resulting solution was
evaporated and dissolved in hot hexane (50 mL). The solution was con-
centrated and white needle-shaped crystals were precipitated. This depos-
it was decanted from the mother liquor, recrystallized from hot acetoni-
trile, and characterized by elemental analysis, melting point, IR and
1H NMR spectroscopy to be the already known bis(triphenyltin) sulfide[8]


(0.17 g, 0.23 mmol, 66%). The cooling of the residual solution to �18 8C
led to precipitation of green crystals of complex 4 (0.39 g, 0.41 mmol,
59%).


(4,6-Di-tert-butyl-N-(2,6-diisopropylphenyl)-o-amidophenolato)-(4,6-di-
tert-butyl-N-(2,6-diisopropylphenyl)-o-iminobenzosemiquinonato)phenyl-
tin(IV) (4): Green crystals, soluble in most organic solvents. IR: ñ1582
(m), 1567 (m), 1431 (vs), 1416 (s), 1361 (w), 1332 (m), 1283 (w), 1256
(w), 1238 (s), 1219 (w), 1200 (w), 1168 (w), 1103 (w), 1057 (w), 991 (s),
931 (w), 912 (w), 864 (w), 850 (w), 821 (w), 804 (m), 765 (w), 696 (w),
653 (w), 609 (w), 547 (w), 500 cm�1 (w); elemental analysis calcd (%) for
C58H79N2O2Sn (954.97): C 72.95, H 8.34, N 2.93, Sn 12.43; found: C 73.04,
H 8.49, N 2.75, Sn 12.27.


Reaction of 2 with oxygen : A 100 mL ampoule containing a degassed so-
lution of 2 (0.9 g, 1.37 mmol) in toluene (30 mL) was filled with dry
oxygen (30.7 mL, 1.37 mmol) and the reaction mixture was stirred for
1 h. The color changed from yellow to green-brown and a white precipi-
tate was deposited during the reaction. The reaction mixture was de-
gassed and the subsequent procedures were performed under anaerobic
conditions. The precipitate (0.11 g, 0.57 mmol, 83%) was collected on a
glass filter and characterized as diethyltin(IV) oxide polymer.[8] The fil-
trate was evaporated and the residue was recrystallized from hexane
(20 mL). Brown crystals of 6 (0.36 g, 0.35 mmol, 51%) were obtained.


(4,6-Di-tert-butyl-N-(2,6-diisopropylphenyl)-o-amidophenolato)(2,4-di-
tert-butyl-6-(2,6-diisopropylphenylimino)-3-ethylcyclohexa-1,4-dienola-
to)ethyltin(IV) hexane solvate (6): Brown crystals, soluble in most organic
solvents. 1H NMR (20 8C, C6D6): d =0.34 (t, JH,H=6.7 Hz, 3H; CH3 of
Et�Sn), 0.67 (s, 9H; CH3 of tBu), 1.08 (s, 9H; CH3 of tBu), 1.09 (d,
JH,H=6.7 Hz, 6H; CH3 of iPr), 1.22 (d, JH,H=6.7 Hz, 6H; CH3 of iPr),
1.28 (s, 9H; CH3 of tBu), 1.39 (s, 9H; CH3 of tBu), 1.44 (t, JH,H=6.7 Hz,
3H; CH3 of Et), 1.45 (d, JH,H=6.7 Hz, 6H; CH3 of iPr), 1.48 (d, JH,H=


6.7 Hz, 6H; CH3 of iPr), 1.67 (m, 2H; CH2 of Et�Sn), 1.72 (m, 2H; CH2


of Et), 2.99 (m, 2H; CH of iPr), 3.63 (m, 2H; CH of iPr), 3.63 (m, 1H;
CH of C(Et)H), 6.15 (s, 1H; CH�aromatic), 6.31 (d, JH,H=2.2 Hz, 1H;
CH-aromatic), 6.85 (d, JH,H=2.2 Hz, 1H; CH�-aromatic), 7.04–7.18 (m,
3H; CH�aromatic), 7.25–7.36 ppm (m, 3H; CH�aromatic); 13C NMR
(20 8C, C6D6): d=5.58, 9.76, 14.67 (J1(13C�119Sn)=857 Hz), 24.19, 24.46,
24.75, 25.03, 25.28, 25.37, 25.38, 25.82, 26.12, 28.21, 28.47, 28.68, 28.77,
28.89, 29.85, 30.25, 32.27, 34.61, 35.14, 36.22, 37.09, 43.83, 107.53, 110.36,
117.55, 123.81, 124.15, 124.48, 125.33, 126.00, 128.06, 132.33, 137.83,
138.04, 138.99, 141.20, 141.80, 142.10, 143.39, 147.80, 147.80, 148.34,
148.36, 167.24, 175.57 ppm; 119Sn NMR (20 8C, C6D6): d =�206.32 ppm
(assignment of NMR signals was defined more exactly using 2D ge-
COSY (ge=gradient-enhanced) and ge-HSQC NMR); IR: ñ=1615 (w),
1565 (s), 1511 (s), 1429 (s), 1416 (s), 1360 (m), 1331 (m), 1282 (m), 1257
(w), 1238 (s), 1220 (s), 1102 (w), 1056 (w), 990 (m), 927 (w), 905 (w), 886
(w), 872 (w), 850 (w), 822 (w), 800 (m), 766 (w), 677 (w), 626 (w), 609
(w), 585 (w), 546 (w), 500 (w), 424 cm�1 (w); elemental analysis calcd
(%) for C62H98O2N2Sn (1022.16): C 72.85, H 9.66, N 2.74, Sn 11.61;
found: C 72.95, H 9.50, N 2.85, Sn 11.75%.


Reaction of 2 with sulfur : The degassed solution of complex 2 (0.9 g,
1.37 mmol) in toluene (30 mL) in a 100 mL ampoule was added to a
sulfur (0.044 g, 1.37 mmol) suspension in the same solvent and the reac-
tion mixture was stirred at 60 8C for 8 h. The reaction was accompanied
by color change from yellow to light green. The resulting solution was
evaporated and recrystallized from hexane (20 mL). The crystals ob-
tained were characterized as complex 6 (0.34 g, 0.33 mmol, 49%).


Complexes 5 and 7 were investigated in solution by EPR spectroscopy
and were not isolated as solids.


X-ray crystallography of 3, 4, and 6 : Crystals of 3, 4, and 6 suitable for X-
ray structure determination were obtained from hexane solution. Intensi-
ty data for 3, 4, and 6 were collected on a Smart Apex diffractometer
with graphite monochromated MoKa radiation (l =0.71073 L) in the f--w
scan mode (w =0.38, 10 s on each frame). The intensity data were inte-
grated by the SAINT program.[23] SADABS[24] was used to perform area-
detector scaling and absorption corrections. The structures were solved
by direct methods and were refined on F2 using all reflections with the
SHELXTL package.[25] All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were placed in calculated positions and refined in
the “riding model” (Uiso(H)=1.5Ueq(C) in CH3 groups; Uiso(H)=


1.2Ueq(C) in other ligands). A molecule of hexane in 6 was positioned in
the inversion center. Selected bond distances and angles for 3, 4, and 6
are given in Table 1. CCDC-689153 (3), 689154 (4), and 689155 (6) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from www.ccdc.cam.ac.uk/conts/retrie-
ving.html or from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Biocatalytic Enantioselective Synthesis of N-Substituted Aspartic Acids by
Aspartate Ammonia Lyase


Barbara Weiner,[a] Gerrit J. Poelarends,*[b] Dick B. Janssen,*[c] and Ben L. Feringa*[a]


Introduction


Aspartate ammonia lyases (also referred to as aspartases;
EC 4.3.1.1) are microbial enzymes that play a key role in ni-
trogen metabolism by catalyzing the reversible elimination
of ammonia from l-aspartate to yield fumarate (Scheme 1).


Several related aspartases have been purified and character-
ized from Gram-positive and -negative bacteria, including
E. coli,[1] Hafnia alvei,[2] Pseudomonas fluorescens,[3] Bacillus
subtilis,[4] and Bacillus sp. YM55-1.[5] The aspartase from E.
coli (AspA) has been studied most extensively, and its crys-
tal structure has been elucidated.[6] AspA functions as a ho-
motetramer with each monomer consisting of 478 amino
acid residues, and the enzyme is allosterically activated by
its substrate (l-aspartate) and Mg2+ ions, which are required
for activity at alkaline pH. It is proposed that AspA carries
out an anti elimination reaction in which an active-site base
abstracts a proton from C-3 of l-aspartate to form an
enzyme-stabilized enolate intermediate.[7] This forms upon
elimination of ammonia the product, fumarate. The rate-de-
termining step is the cleavage of the carbon�nitrogen bond,
which may be facilitated by a general acid that protonates
the leaving ammonia group. Although several active-site res-


Abstract: The gene encoding aspartate
ammonia lyase (aspB) from Bacillus
sp. YM55-1 has been cloned and over-
expressed, and the recombinant
enzyme containing a C-terminal His6
tag has been purified to homogeneity
and subjected to kinetic characteriza-
tion. Kinetic studies have shown that
the His6 tag does not affect AspB activ-
ity. The enzyme processes l-aspartic
acid, but not d-aspartic acid, with a Km


of �15 mm and a kcat of �40 s�1. By
using this recombinant enzyme in the
reverse reaction, a set of four N-substi-
tuted aspartic acids were prepared by


the Michael addition of hydroxylamine,
hydrazine, methoxylamine, and methyl-
amine to fumarate. Both hydroxyla-
mine and hydrazine were found to be
excellent substrates for AspB. The kcat
values are comparable to those ob-
served for the AspB-catalyzed addition
of ammonia to fumarate (�90 s�1),
whereas the Km values are only slightly
higher. The products of the enzyme-


catalyzed addition of hydrazine, me-
thoxylamine, and methylamine to fu-
marate were isolated and characterized
by NMR spectroscopy and HPLC anal-
ysis, which revealed that AspB catalyz-
es all the additions with excellent enan-
tioselectivity (>97% ee). Its broad nu-
cleophile specificity and high catalytic
activity make AspB an attractive
enzyme for the enantioselective synthe-
sis of N-substituted aspartic acids,
which are interesting building blocks
for peptide and pharmaceutical synthe-
sis as well as for peptidomimetics.
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Scheme 1. General reaction of aspartase.
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idues have been investigated by site-directed mutagenesis,
kinetic analysis, and chemical modification, the essential cat-
alytic base and presumed catalytic acid have not yet been
identified.[6–8]


AspA is one of the most specific enzymes known.[9] Ex-
tensive studies over the last 80 years have shown that no
other substrates can replace l-aspartic acid in the deamina-
tion reaction.[10] Only the suicide substrate l-aspartate-b-
semialdehyde is deaminated by AspA, but the enzyme is at
the same time irreversibly deactivated.[11] In contrast, many
competitive inhibitors have been reported and these all re-
quire a carboxylic acid or similarly charged functional group
at each end of the carbon chain.[7] Interestingly, Emery re-
ported in 1963 that hydroxylamine is an alternative nucleo-
phile for aspartase, but the N-hydroxyaspartic acid produced
was too unstable for isolation.[12] The high selectivity of
AspA for its natural substrates limits the practical applica-
tion of this enzyme. The reverse reaction catalyzed by
AspA, that is, the amination of fumarate, is used commer-
cially in the industrial production of the artificial sweetener
aspartame (N-l-a-aspartyl-l-phenylalanine 1-methyl
ester).[13,14] An excess of ammonia is used in this process to
drive the equilibrium from fumarate towards l-aspartic acid.
The yields are usually quantitative and l-aspartic acid is ob-
tained with an enantiomeric excess of >99%.


In our studies we have focussed on aspartase (AspB)
from the thermophilic bacterium Bacillus sp. YM55-1.[5] This
aspartase is an interesting enzyme for industrial application
because of its high activity, relative thermostability, and lack
of allosteric regulation by substrate or metal ions. The crys-
tal structure of AspB was elucidated in 2003 by Fujii et al.[15]


The overall topology and active-site structure of AspB are
similar to those observed in AspA and fumarase C (FumC)
from E. coli, which confirms its membership in the aspar-
tase/fumarase superfamily of enzymes. Like AspA, AspB
functions as a homotetramer in which each subunit is com-
posed of 468 amino acid residues. To date, there is no crystal
structure available of AspB (or any other aspartase) com-
plexed to a substrate or product, and details of the catalytic
mechanism have not yet been elucidated.


Herein, we report the cloning and overexpression of the
aspB gene in E. coli and the efficient one-step affinity pu-
rification of the recombinant His6-tagged enzyme. By using
1H NMR spectroscopy, the purified enzyme was extensively
screened for its ability to process alternative substrates. We
have identified four amines that can replace ammonia as the
substrate in the AspB-catalyzed Michael addition to fuma-
rate. The resulting N-substituted aspartic acids are interest-
ing building blocks for peptide synthesis and peptidomimet-
ics.


Results and Discussion


Expression, purification, and characterization of AspB : The
aspB gene was amplified from plasmid pUCBA and cloned
in-frame with both the initiation ATG start codon and the
sequences that code for the myc epitope and polyhistidine


region of the expression vector pBAD/Myc-His A, which re-
sulted in the construct pBAD ACHTUNGTRENNUNG(AspB-His). Sequencing of the
cloned gene verified that no mutations had been introduced
during the amplification and cloning procedures. The aspB
gene in pBAD ACHTUNGTRENNUNG(AspB-His) is under transcriptional control of
the araBAD promoter and recombinant aspartase containing
the C-terminal fusion peptide was produced upon induction
with arabinose in soluble and active form in E. coli TOP10.
Expression of the aspB gene was most efficient when cells
were cultivated at 37 8C and when 0.04% (w/v) arabinose
was used. The recombinant enzyme was purified by a one-
step protocol (the C-terminal His6 tag forms a metal binding
site for affinity purification on metal-chelating resin), which
typically provided 20–30 mg of homogeneous enzyme per
liter of culture. The His6-tagged AspB was found to migrate
during non-denaturing polyacrylamide gel electrophoresis
with a similar mobility to that of native AspB carrying no
fusion tag (G. J. Poelarends (2008), unpublished results),
which suggests that gross conformational changes do not
occur and that the homotetrameric quaternary structure of
native AspB is maintained in the His6-tagged enzyme.


A mixture containing His6-tagged AspB and l-aspartic
acid was monitored by 1H NMR spectroscopy to verify that
the product of the reaction is fumarate, as previously report-
ed for the aspartase enzyme from E. coli. The enzymatic
conversion of l-aspartic acid yields fumarate, as indicated
by a singlet at d=6.39 ppm. This spectrum is identical to an
independent sample,[16] which confirms that fumarate is the
product of the AspB-catalyzed conversion of l-aspartic acid.
The rate of deamination of l-aspartate by His6-tagged AspB
was monitored spectrophotometrically by following the for-
mation of fumarate at 240 nm in 50 mm NaH2PO4 buffer
(pH 8.5) at 25 8C. A kcat value of (40�7) s�1 and a Km of
(15�2) mm were found, which results in a kcat/Km of �2.7K
103m


�1 s�1. Similar kinetic parameters have previously been
found for purified AspB in its native form.[5]


Because the C-terminal fusion peptide does not interfere
with the structural and enzymatic properties of AspB, and
because purification of His6-tagged AspB is very efficient,
this AspB variant has been used for all of the experiments
described below.


Screening for alternative substrates : Amino acids : Several
amino acids were tested as potential substrates of AspB.
The deamination reactions were monitored by using a col-
orimetric assay that follows ammonia production upon incu-
bation with 25 mm substrate in 100 mm Na2HPO4 buffer
(pH 9.0) at 37 8C. The compounds d-aspartic acid, l-cysteine,
l-histidine, l-phenylalanine, l-glutamine, l-tyrosine, l-
serine, l-alanine, l-valine, l-leucine, l-threonine, l-lysine, a-
meth ACHTUNGTRENNUNGyl-dl-aspartic acid, b-methyl-dl-aspartic acid, l-gluta-
mate, b-alanine, b-dl-aminobutyric acid, b-asparagine, b-
phenylalanine, and b-leucine were not processed by AspB.
This screening thus failed to identify any alternative amino
acid substrate that can replace l-aspartic acid. The specifici-
ty for l-aspartic acid has also been clearly demonstrated for
the corresponding aspartase (AspA) from E. coli.[7]
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Nucleophiles : It has previously been determined that E. coli
aspartase can catalyze the reverse reaction, the trans addi-
tion of ammonia to fumarate, with high stereoselectivity, ex-
clusively yielding l-aspartic acid.[7] This observation prompt-
ed us to examine whether AspB catalyzes the stereoselec-
tive amination of fumarate and whether different nucleo-
philes can be used in this enzyme-catalyzed Michael addi-
tion reaction (Scheme 2). The addition reactions were


monitored by 1H NMR spectroscopy under a variety of con-
ditions, including different enzyme concentrations and dif-
ferent pH values (7.0, 8.0, and 9.5). Representative conver-
sions for each reaction are summarized in Table 1. Interest-
ingly, we observed a robust activity of AspB with hydroxyl-
ACHTUNGTRENNUNGamine and hydrazine, and a small but significant activity
with methoxylamine and methylamine. In the absence of
AspB, these amines do not react with fumarate.


Hydroxylamine appears to be the best alternative sub-
strate for AspB (Table 1, entry 1). The 1H NMR spectrum
recorded 20 min after the addition of the enzyme showed
the complete disappearance of the signals corresponding to
fumarate (d=6.41 ppm) and the formation of new signals
corresponding to the expected N-hydroxyaspartic acid (d=


3.65 (dd, 1H), 2.50 (dd, 1H), 2.29 ppm (dd, 1H); see the
Supporting Information). The NMR spectra recorded at a


later stage were rather complex, which we assume results
from chemical decomposition of the N-hydroxyaspartic acid.
The instability of this class of compounds has previously
been reported by Emery[12] and Ottenheijm and Her-
ACHTUNGTRENNUNGscheid.[17] Methoxylamine is a poor substrate for AspB. The
spectrum recorded 1 day after the addition of enzyme
showed hardly any conversion of the starting material, but
after 2 weeks of incubation at pH 7.0, the spectrum showed
complete loss of the signals corresponding to fumarate
(Table 1, entry 2) and the formation of new signals corre-
sponding to the expected N-methoxyaspartic acid (d=2.39
(dd, 1H), 2.58 (d, 1H), 3.59 (s, 3H), 3.85 ppm (dd, 1H); see
the Supporting Information). We repeated the screening at
pH 8.0, and it was established that after 1 week the reaction
was complete (Table 1, entry 3). When hydrazine was used
as the nucleophile, complete disappearance of the starting
material and the formation of the expected 2-hydrazinosuc-
cinic acid (d=2.31 (dd, 1H), 2.49 (dd, 1H), 3.49 ppm (dd,
1H); see the Supporting Information) was observed after in-
cubation for 1 day (Table 1, entry 4). By using methylamine
as the nucleophile, the reaction was complete after 1 week
of incubation at pH 8.0 and the expected N-methylaspartic
acid (d=2.62 (s, 3H), 2.88 (d, 2H), 3.75 ppm (dd, 1H); see
the Supporting Information) was formed (Table 1, entry 5).


The data clearly show that AspB efficiently processes
small substituted amines such as hydroxylamine and hydra-
zine, but displays very low (methoxylamine and methyl-
ACHTUNGTRENNUNGamine) or no (ethylamine, glycine, and formamide) activity
with larger amine nucleophiles. Small charged nucleophiles
(azide, cyanide, and cyanate) are also not processed. Taken
together, these observations suggest that the nucleophile
binding pocket of AspB is designed to bind small amine
compounds and excludes any charged or large nucleophiles.


In the following sections we describe the results of more
detailed studies of the AspB-catalyzed addition reactions of
four alternative nucleophiles, including the steady-state ki-
netic parameters and characterization of the generated N-
substituted aspartic acid products.


Kinetic measurements : The rate of amination of fumarate
catalyzed by AspB was measured by following the decrease
in absorbance at 270 nm in phosphate buffer (pH 8.0) at
22 8C. Both hydroxylamine and hydrazine are good sub-
strates for the enzyme and the kinetic parameters are sum-
marized in Tables 2 and 3. The data clearly show that AspB
processes both amines with similar catalytic efficiency.
Whereas the kcat values are comparable to those observed
for the AspB-catalyzed addition of ammonia to fumarate,
the Km values are slightly higher (1.8-fold for hydroxylamine
and 3.6-fold for hydrazine, Table 2). As a result, the kcat/Km


values are 1.6- and 3.4-fold lower for hydroxylamine and hy-
drazine compared with ammonia, respectively.


The kinetic parameters also show that similar Km values
for fumarate are found for the three AspB-catalyzed amina-
tion reactions (Table 3). The kcat values obtained with a
fixed concentration of amine nucleophile (Table 3) are
slightly lower than those obtained with a fixed and saturat-


Scheme 2. AspB-catalyzed addition of various nucleophiles to fumarate.


Table 1. Addition of various nucleophiles to fumarate catalyzed by AspB
in phosphate buffer in an NMR tube with a volume of 0.6 mL.[a]


Entry Nucleophile pH Time Conversion [%]


1 H2NOH[b] 7.0 20 min 100
2 MeONH2


[c] 7.0 12 days 100
3 MeONH2


[c] 8.0 6 days 100
4 H2NNH2


[c] 7.0 1 days 100
5 MeNH2


[d] 8.0 7 days 100
6 EtNH2


[d] 8.0 14 days 0
7 EtNH2


[d] 9.5 14 days 0
8 EtNH2


[e] 8.0 14 days 0
9 NaN3


[c] 7.0 14 days 0
10 NaCN[c] 7.0 14 days 0
11 NaCN[c] 8.0 14 days 0
12 NaOCN[c] 7.0 14 days 0
13 NaOCN[c] 8.0 14 days 0
14 Gly[d] 8.0 14 days 0
15 Gly[d] 9.5 14 days 0
16 Gly[e] 8.0 14 days 0
17 formamide[d] 8.0 14 days 0
18 formamide[d] 9.5 14 days 0
19 formamide[e] 8.0 14 days 0


[a] Unless indicated otherwise, 250 mmol nucleophiles, 25.0 mmol fuma-
rate, and 50 mm phosphate buffer in D2O were used. [b] 1.12 mmol AspB,
200 mmol nucleophile, 20.0 mmol fumarate. [c] 9.34 mmol AspB.
[d] 8.95 mmol AspB. [e] 17.9 mmol AspB.
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ing concentration of fumarate (Table 2).[18] Nevertheless,
these observations suggest that the three different amine nu-
cleophiles are optimally positioned in the active site of
AspB to undergo an amination reaction, and that the bind-
ing and positioning of fumarate is not significantly affected
by the binding of the different amine nucleophiles.


Under the conditions used, the observed initial rates for
the AspB-catalyzed addition of methoxylamine or methyla-
mine to fumarate were too low to measure accurate kinetic
parameters. Although a structural basis for this observation
is not yet known, the lower rates observed with methoxyl-
ACHTUNGTRENNUNGamine and methylamine suggest that these slightly larger
amines are not optimally bound in the active site of AspB
to undergo an addition reaction.


Isolation and characterization of the products of the AspB-
catalyzed amination reactions : The AspB-catalyzed amine
additions to fumarate were performed routinely in 5 mm


phosphate buffer at pH 8.0 and 37 8C. The enzyme concen-
tration was varied depending on the rate of the reaction. To
isolate and characterize N-hydroxyaspartic acid, the addition
of hydroxylamine to fumarate was scaled up to 1.0 mmol of
substrate. By using 9.34 mmol (0.9 mol%) of enzyme the re-
action was complete within 15 min, as assessed both by UV
analysis and 1H NMR spectroscopy. Several attempts to
purify the enzymatically formed N-hydroxyaspartic acid by
ion-exchange column chromatography on cationic Dowex 50
resin, SPE-SCX cation exchange, and basic Amberlite IRA
140 all failed. Identification of N-hydroxyaspartic acid as the
product of the AspB-catalyzed addition of hydroxylamine to
fumarate was established by 1H NMR spectroscopy by com-
parison with chemically synthesized N-hydroxyaspartic acid.
Both enzymatically and chemically synthesized N-hydro-


ACHTUNGTRENNUNGxyaspartic acid showed the same unstable behavior. After
1 week of incubation, the signals in the 1H NMR spectrum
corresponding to N-hydroxyaspartic acid were no longer
present. Ottenheijm and Herscheid previously described N-
hydroxy acids as highly unstable.[17] The N-hydroxy group is
readily converted into the corresponding nitroso compound
either by air oxidation or disproportionation, which subse-
quently undergoes rapid decarboxylation to the aldoxime.
However, the presumed decomposition products could nei-
ther be isolated nor identified.


As the decomposition of N-hydroxyaspartic acid is initiat-
ed by the oxidation of its hydroxy functionality, protection
of the hydroxy group should give a stable compound. Sever-
al attempts to protect the hydroxy group through benzyla-
tion, silylation, and acylation failed and could not overcome
the rapid decomposition. In an alternative approach, the car-
boxylic acid groups were esterified with concentrated H2SO4


in MeOH overnight, which yielded only 4% of the product
with 40% ee. The harsh conditions probably lead to racemi-
zation at the stereogenic center. Mild esterification with tri-
methylsilyldiazomethane also failed.


To establish the enantiomeric excess of the enzymatically
produced N-hydroxyaspartic acid, hydrogenolysis of the N�
O bond of N-hydroxyaspartic acid with a catalytic amount
of PtO2 and a few drops of acetic acid was performed. This
yielded (S)-aspartic acid, which was isolated in 80% yield
and 97% ee (Scheme 3).[19] To summarize, we could identify
optically active N-hydroxyaspartic acid as the product of the
AspB-catalyzed addition of hydroxylamine to fumarate, but
failed to stabilize and isolate this interesting product.


The enzymatic addition of hydrazine to fumarate was
scaled up to 5.0 mmol. The stable product 2-hydrazinosuc-
cinic acid was successfully purified in quantitative yield by
ion-exchange chromatography on cationic Dowex 50 resin.
To determine the enantiomeric excess, the crude 2-hydrazi-
nosuccinic acid was reduced with a catalytic amount of PtO2


to give (S)-aspartic acid, which was purified by ion-exchange
chromatography on cationic Dowex 50 resin. Subsequent
HPLC analysis established the product to have 99% ee
(Scheme 3).


Table 2. Kinetic parameters for the AspB-catalyzed addition of different
amine nucleophiles to fumarate.[a]


Entry Nucleophile Km


[mm]
kcat
ACHTUNGTRENNUNG[s�1]


kcat/Km


[Lmol�1 s�1]


1 NH3
[b] 85�40 89�12 1040


2 H2NOH[b] 151�22 99�5.5 654.3
3 H2NNH2


[c] 308�49 94�7.6 304.1


[a] Steady-state kinetic parameters were measured using a fixed concen-
tration of 20 mm fumarate in 50 mm phosphate buffer (pH 8.0) at 22 8C.
Errors are standard deviations. [b] [AspB]=0.041 mm. [c] [AspB]=
0.082 mm.


Table 3. Kinetic parameters for the AspB-catalyzed amination of fuma-
rate using different nucleophiles at a fixed concentration.[a]


Entry Nucleophile Km


[mm]
kcat
ACHTUNGTRENNUNG[s�1]


kcat/Km


[Lmol�1 s�1]


1 NH3
[b] 1.61�0.76 59�17 36414


2 H2NOH[b] 2.78�0.56 92�11 33166
3 H2NNH2


[c] 1.54�0.24 31�6.8 20193


[a] Steady-state kinetic parameters were measured at fixed nucleophile
concentrations ([NH3]=200 mm, [H2NOH]=400 mm, and [H2NNH2]=
750 mm) in 50 mm phosphate buffer (pH 8.0) at 22 8C. Errors are standard
deviations. [b] [AspB]=0.0179 mm. [c] [AspB]=0.0358 mm.


Scheme 3. Enantioselective hydrazine and hydroxylamine addition to fu-
marate and hydrogenolysis to l-Asp.
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As the enzymatic addition of methoxylamine to fumarate
occurs slowly, we used a high concentration of biocatalyst
(1.8 mol% of AspB). The reaction was scaled up to
1.0 mmol and was allowed to proceed for 1 week until fuma-
rate was completely converted. The resulting N-methoxyas-
partic acid could not be purified by chromatography on a
cationic Dowex 50 resin. Therefore the crude methoxyas-
partic acid was esterified using TMSCl in MeOH, which
yielded N-methoxyaspartic dimethyl ester in 11% yield over
two steps with an enantiomeric excess >99% (Scheme 4).


The enzymatic addition of methylamine gave full conver-
sion of fumarate after 6 days of incubation by using
1.4 mol% of AspB. The N-methylaspartic acid was purified
by column chromatography on silica gel to give a yield of
95%[20] and the pure acid had >99% ee (Scheme 5). Deter-
mination of the optical rotation gave a value of [a]20D =


+24.5 (c=0.26 in 1n HCl), which corresponds to an S con-
figuration according to literature.[21]


The biocatalytic production of these four N-substituted
aspartic acids has previously been demonstrated for 3-meth-
ylaspartate ammonia lyase (methylaspartase).[22] In contrast
to that study, we have presented a detailed analysis of these
reactions, including an HPLC analysis of the products and
the determination of kinetic parameters.


Conclusion


We have exploited the nucleophile promiscuity of aspartase
(AspB) from Bacillus sp. YM55-1 for catalyzing stereoselec-
tive amination reactions to produce the N-substituted as-
partic acids (S)-N-hydroxyaspartic acid, (S)-2-hydrazinosuc-
cinic acid, (S)-N-methylaspartic acid, and N-methoxyaspart-
ic acid with excellent enantioselectivities. These non-protei-


nogenic amino acids are interesting building blocks for pep-
tidomimetics, synthetic enzymes, and pharmaceuticals. For
example, 2-hydrazinosuccinic acid is an important structural
unit because it represents a turn mimic in peptides,[23] and
several peptides containing this structural motif show antibi-
otic activity.[24] When included in peptides, N-methylaspartic
acid leads to enhanced proteolytic stability and an increase
in lipophilicity.[25]


Although this investigation has set the stage for the devel-
opment of a biocatalytic process for the stereoselective syn-
thesis of N-substituted aspartic acid derivatives, the biocata-
lytic scope of AspB is rather limited.[26] Based on the struc-
tural characterization of the enzyme, we have started pro-
tein engineering experiments aimed at evolving AspB activi-
ty towards a broader range of amine compounds.


Experimental Section


Construction of the expression vector for the production of AspB : The
aspB gene was amplified by PCR by using two synthetic primers, the
coding sequence for the aspartase in plasmid pUCBA[5] as the template,
and PCR reagents supplied in the Expand High Fidelity PCR system fol-
lowing the protocol supplied with the system (F. Hoffman-La Roche,
Ltd.). The forward primer (5’-ATACCATGGATACCGATGTTCG-3’)
contains a NcoI restriction site (in bold) followed by 13 bases that corre-
spond to the coding sequence of the aspB gene. The reverse primer (5’-
CATAAGCTTTTTTCTTCCAGCAATTCC-3’) contains a HindIII re-
striction site (in bold) followed by 18 bases that correspond to the com-
plementary sequence of the aspB gene. The resulting PCR product and
the pBAD/Myc-His A vector (Invitrogen) were digested with NcoI and
HindIII restriction enzymes, purified, and ligated using T4 DNA ligase.
Aliquots of the ligation mixture were transformed into competent E. coli
TOP10 cells. Transformants were selected at 37 8C on LB/ampicillin
plates. Plasmid DNA was isolated from several colonies and analyzed by
restriction analysis for the presence of the insert. The cloned aspB gene
was sequenced to verify that no mutations had been introduced during
the amplification of the gene. The newly constructed expression vector
was named pBAD ACHTUNGTRENNUNG(AspB-His).


Expression and purification of AspB-His6 : The AspB enzyme was pro-
duced in E. coli TOP10 using the pBAD expression system. Fresh TOP10
cells containing pBAD ACHTUNGTRENNUNG(AspB-His) were collected from a LB/ampicillin
plate using a sterile loop and used to inoculate 1 L of a LB/ampicillin
medium that contained 0.04% (w/v) arabinose. After overnight growth
at 37 8C and 200 rpm, the cells were harvested by centrifugation (10 min
at 6000 rpm at 4 8C in a JA-10 rotor) and stored at �20 8C until further
use.


In a typical purification experiment, cells of three 1 L cultures were
thawed, combined, and suspended in lysis buffer (15 mL, 50 mm


NaH2PO4, 300 mm NaCl, 10 mm imidazole, pH 8.0). Cells were disrupted
by sonication for 10K1 min (with 3–5 min rest in between each cycle) at
a 60 W output after which unbroken cells and debris were removed by
centrifugation (30 min at 15000 rpm at 4 8C in a JA17 rotor). The super-
natant was filtered through a 0.45 mm pore diameter filter and incubated
with nickel nitriloacetic acid (4K1 mL slurry in small columns at 4 8C for
2 nights), which had previously been equilibrated with lysis buffer. The
nonbound proteins were eluted from the column by gravity flow. The col-
umns were first washed with lysis buffer (10 mL per column) and then
with buffer A (50 mm NaH2PO4, 300 mm NaCl, 20 mm imidazole, pH 8.0;
10 mL per column). Retained proteins were eluted with buffer B (50 mm


NaH2PO4, 300 mm NaCl, 250 mm imidazole, pH 8.0; 3.0 mL per column).
Fractions (�0.5 mL) were analyzed by SDS-PAGE on gels containing
12% acrylamide, and those that contained purified aspartase were
pooled and concentrated to a protein concentration of about 9.4 mgmL�1


Scheme 4. Enantioselective addition of methoxylamine to fumarate and
esterification.


Scheme 5. Enantioselective AspB-catalyzed addition of methylamine to
fumarate.
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in 50 mm NaH2PO4 (pH 8.0) using an Amicon-stirred cell equipped with
a YM30 (30000 MW cut-off) ultrafiltration membrane. The purified
enzyme was stored at �80 8C until further use.


Colorimetric assay for ammonia detection : The deamination of potential
amino acid substrates was monitored by following ammonia production
upon incubation with the different compounds. Accordingly, an appropri-
ate amount of enzyme was incubated in a microtitre plate with an amino
acid (150 mL of a 25 mm solution) in 100 mm Na2HPO4 buffer (pH 9.0).
After incubation of the plate at 37 8C for 18 h, a drop of 1.5m trichloro-
acetic acid followed by 100 mL of NesslerMs reagent were added. A red-
brown color indicated the presence of AspB activity.


Kinetic studies : To determine the kinetic parameters for the AspB-cata-
lyzed deamination of l-aspartate, the kinetic assays were performed at
25 8C by following the increase in absorbance at 240 nm, which corre-
sponds to the formation of fumarate (e=2530m


�1 cm�1). An aliquot of
AspB was diluted in 50 mm NaH2PO4 buffer (pH 8.5) to yield a final
enzyme concentration of 0.08 mm and incubated for 60 min at 25 8C. Sub-
sequently, a 1 mL portion was transferred to a 10 mm quartz cuvette and
the enzyme activity was assayed by the addition of a small quantity (1–
10 mL) of sodium l-aspartate from a stock solution. The stock solution
was made up in 50 mm NaH2PO4 buffer (pH 8.5). The concentrations of
l-aspartate used in the assay ranged from 5–100 mm.


To determine the kinetic parameters for the AspB-catalyzed addition of
amines to fumarate, the kinetic assays were performed at 22 8C and the
decrease in absorbance was followed at 270 nm, which corresponds to the
depletion of fumarate (e=555m


�1 cm�1).[27] To determine the values of
Km for fumarate, an aliquot of AspB was diluted in 50 mm NaH2PO4


buffer (pH 8.0) containing a fixed concentration of amine (ammonia
200 mm, hydroxylamine 400 mm, hydrazine 750 mm, all titrated to pH 8.0)
to yield a final enzyme concentration of 0.0179 mm (0.0358 mm when using
hydrazine). Subsequently, a 1 mL portion was transferred to a 10 mm
quartz cuvette and the enzyme activity was assayed by the addition of a
small quantity of fumarate from a stock solution made up in 50 mm


NaH2PO4 buffer (pH 8.0). The concentrations of fumarate used in the
assay ranged from 0.10–3.75 mm. To determine the values of Km for the
amine nucleophiles, the incubation mixtures contained various concentra-
tions of nucleophiles ranging from 20–571 mm, 0.041 mm of AspB
(0.081 mm when using hydrazine), and 50 mm phosphate buffer (pH 8.0).
A 350 mL portion of this solution was transferred to a 1 mm quartz cuv-
ette, and reactions were started by adding 20 mm of fumarate. The kinetic
data were fitted by nonlinear regression data analysis using the Grafit
program.[28]


General procedure for the nucleophile screening : The nucleophile
screening was carried out on a Varian Inova 500 NMR spectrometer
using a pulse sequence for selective presaturation of the water signal.
The reactions were performed in a NMR tube with a volume of 550 mL
at room temperature, and 1H NMR spectra were recorded after 1 day,
and 1, 2, and 3 weeks. A sample initially contained 9.34 or 8.95 mmol of
AspB, 0.25 mmol of fumarate, and 10 equiv of nucleophile. The nucleo-
phile was dissolved in 50 mm phosphate buffer containing D2O in order
to reduce the water signal in the spectrum. The total volume was adjust-
ed to 550 mL by using buffer in D2O. At the same time a blank sample
without AspB was monitored. The reactions were monitored at different
pH values (pH 7.0, 8.0, and 9.5).


2-Hydrazinosuccinic acid : A solution of 6n HCl was added to a solution
of hydrazine (35% in water, 5.20 mL, 50.0 mmol) in 5 mm phosphate
buffer in a Greiner tube until pH 8.0 was reached. A 500 mm stock solu-
tion of fumarate (10 mL, 5.00 mmol) at pH 8.0 was added and the Grein-
er tube was filled up to 25 mL with 5 mm phosphate buffer (pH 8.0).
After addition of AspB (80.0 mL, 0.014 mmol) from a frozen stock, the
tube was shaken at 95 rpm at 37 8C. The reaction was allowed to continue
to completion, as confirmed spectrophotometrically by the disappearance
of the absorption at 240–270 nm. The solvent was evaporated and the
oily residue was purified by ion-exchange column chromatography on a
cationic Dowex 50 resin (H+ , 20–50 mesh, washed with water) by elution
with 2.5% NH3 solution. After evaporation of the solvent and lyophiliza-
tion, the product (0.799 g, 5.39 mmol, 108%)[29] was obtained quantita-
tively as a colorless gum. [a]20D =�16.1 (c=0.557 in 1N HCl); 1H NMR


(500 MHz, D2O): d=2.31 (dd, 2J ACHTUNGTRENNUNG(2,2)=16.1 Hz, 3J ACHTUNGTRENNUNG(2,1)=8.3 Hz, 1H;
CH2), 2.49 (dd, 2J ACHTUNGTRENNUNG(2,2)=16.1 Hz, 3J ACHTUNGTRENNUNG(2,1)=4.5 Hz, 1H; CH2), 3.49 ppm
(dd, 3J ACHTUNGTRENNUNG(1,2)=8.5 Hz, 3J ACHTUNGTRENNUNG(1,2)=4.5 Hz, 1H; CH); 13C NMR (75.0 MHz,
D2O): d=36.9 (CH2), 62.8 (CH), 175.8 (CO2H), 178.4 ppm (CO2H); MS
(ESI): m/z : 149.1 [M+1]+ , 171.1 [M+Na]+ , 147.1 [M�1]+ .


N-Methylaspartic acid : A solution of 6n HCl was added to a solution of
methylamine (40% in water, 4.20 mL, 50.0 mmol) in 5 mm phosphate
buffer in a Greiner tube until pH 8.0 was reached. A 500 mm stock solu-
tion of fumarate (10 mL, 5.00 mmol) at pH 8.0 was added, and the Grein-
er tube was filled up to 50 mL with 5 mm phosphate buffer (pH 8.0).
After addition of AspB (400 mL, 0.072 mmol) from a frozen stock, the
tube was shaken at 100 rpm at 37 8C for 7 days. The reaction was fol-
lowed to completion, as confirmed spectrophotometrically until no ab-
sorption at 240–270 nm was observed. The solvent was evaporated and
the white residue purified by flash chromatography on silica gel (HOAc/
EtOAc/MeOH/H2O=3:3:3:2). After evaporation of the solvent and lyo-
philization, the product (95%)[29] was obtained as white gum. [a]20D =


+24.6 (c=0.256 in 1n HCl); 1H NMR (300 MHz, D2O): d=2.62 (s, 3H;
CH3), 2.88 (d, 3J ACHTUNGTRENNUNG(2,1)=8.5 Hz, 2H; CH2), 3.75 ppm (dd, 3J ACHTUNGTRENNUNG(1,2)=8.8 Hz,
3J ACHTUNGTRENNUNG(1,2)=8.8 Hz, 1H; CH); 13C NMR (125 MHz, D2O): d=31.2 (CH2),
34.7 (CH3), 60.1 (CH), 172.9 (CO2H), 176.8 ppm (CO2H); MS (ESI):
m/z : 146.2 [M�1]+ ; HPLC (Astec CLC-L, 2 mm CuSO4 in H2O/MeOH
90:10, flow 1.0 mLmin�1, 40 8C): 9.2 (l-N-MeAsp), 11.4 min (d-N-
MeAsp); 99.5% ee.


N-Methoxyaspartic acid : Methoxylamine hydrochloride (4.18 g,
50.0 mmol) was dissolved in 5 mm phosphate buffer (10 mL) and 5n


NaOH was added until tube pH 8.0 was reached. A 500 mm stock solu-
tion of fumarate (10 mL, 5.00 mmol) at pH 8.0 was added and the Grein-
er tube was filled up to 50 mL with 5 mm phosphate buffer (pH 8.0).
After addition of AspB (500 mL, 0.090 mmol) from a frozen stock, the
tube was shaken at 100 rpm at 37 8C. The progress of the reaction was
monitored spectrophotometrically. After 9 days, no absorption was ob-
served at 240–270 nm, which indicated that the reaction had been com-
pleted. The solvent was evaporated and the white residue lyophilized and
used without further purification. 1H NMR (400 MHz, D2O): d =2.39
(dd, 2J ACHTUNGTRENNUNG(2,2)=15.2 Hz, 3J ACHTUNGTRENNUNG(2,1)=8.0 Hz, 1H; CH2), 2.58 (d, 2J ACHTUNGTRENNUNG(2,2)=


15.2 Hz, 3J ACHTUNGTRENNUNG(2,1)=5.2 Hz, 1H; CH2), 3.59 (s, 3H; OCH3), 3.85 ppm (dd, 3J-
ACHTUNGTRENNUNG(1,2)=7.6 Hz, 3J ACHTUNGTRENNUNG(1,2)=5.2 Hz, 1H; CH); 13C NMR (75.4 MHz, D2O): d=


34.5 (CH2), 61.5, 63.0, 179.9 (CO2H), 180.2 ppm (CO2H).


N-Methoxyaspartic acid dimethyl ester : A suspension of the crude
lyophilized N-methoxyaspartic acid (5.00 mmol) containing buffer salts in
MeOH (18 mL) was cooled with ice and TMSCl (4.00 mL, 31.5 mmol,
6.3 equiv) was added dropwise. A precipitate formed and the solution
was stirred at room temperature overnight. After removal of the solvent,
the product was purified by flash chromatography on silica gel (pentane/
EtOAc=2:1) to yield a colorless oil (0.107 g, 0.560 mmol, 11%). [a]20D =


�3.6 (c=1.4 in CHCl3);
1H NMR (300 MHz, CDCl3): d=2.71 (dd, 2J-


ACHTUNGTRENNUNG(2,2)=16.3 Hz, 3J ACHTUNGTRENNUNG(2,1)=7.3 Hz, 1H; CH2), 2.83 (dd, 2J ACHTUNGTRENNUNG(2,2)=16.3 Hz, 3J-
ACHTUNGTRENNUNG(2,1)=6.0 Hz, 1H; CH2), 3.51 (s, 3H; OCH3), 3.71 (s, 3H; CO2CH3), 3.76
(s, 3H; CO2CH3), 4.03 (dd, 3J ACHTUNGTRENNUNG(1,2)=6.8 Hz, 3J ACHTUNGTRENNUNG(1,2)=6.8 Hz, 1H; CH),
6.26 ppm (br s, 1H; NH); 13C NMR (75.0 MHz, D2O): d=34.0 (CH2),
52.0 (OCH3), 52.4 (OCH3), 59.8 (CH3), 62.4 (CH), 171.2 (CO2Me),
172.0 ppm (CO2Me); MS (EI): m/z : 191 [M]+ , 160 [M�OMe]+ , 132
[M�CO2Me]+ ; HRMS: calcd. for C6H10NO4: 160.0610; found: 160.0612;
HPLC (Chiralpak OD-H, heptane/iPrOH 95:5, flow 0.5 mLmin�1):
21.9 min; 99% ee.


N-Hydroxyaspartic acid : A solution of 5n NaOH was added to a solution
of hydroxylamine hydrochloride (0.69 g, 10.0 mmol) in 5 mm phosphate
buffer in a Greiner tube until pH 8.0 was reached. A 1m stock solution of
fumarate (1 mL, 1.00 mmol) at pH 8.0 was added and the Greiner tube
was filled up to 15 mL with 5 mm phosphate buffer at pH 8.0. After the
addition of AspB (50 mL, 0.009 mmol) from a frozen stock, the tube was
shaken at 100 rpm at 37 8C for 30 min. The solvent was evaporated and a
white gum obtained. 1H NMR (400 MHz, D2O): d=2.29 (dd, 2J ACHTUNGTRENNUNG(2,2)=


15.8 Hz, 3J ACHTUNGTRENNUNG(2,1)=9.0 Hz, 1H; CH2), 2.50 (dd, 2J ACHTUNGTRENNUNG(2,2)=15.8 Hz, 3J ACHTUNGTRENNUNG(2,1)=


4.2 Hz, 1H; CH2) 3.65 ppm (dd, 3J ACHTUNGTRENNUNG(1,2)=8.6 Hz, 3J ACHTUNGTRENNUNG(1,2)=4.6 Hz, 1H;
CH). Attempts at purification by ion-exchange chromatography led to
decomposition of the material.
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Introduction


In the last 30 years, squaraine dyes[1,2] have attracted strong-
ly increasing attention as deeply coloured and fluorescent
units in many optochemical applications, such as optical re-
cording,[3] solar energy conversion,[4] electrophotography,[5]


nonlinear optics,[6] photodynamic therapy,[7] biochemical la-
belling[8] and chromo- and/or fluorogenic probes[9] for vari-
ous targets such as pH,[10] cations[11] and neutral molecules[12]


as well as for the study of self-assembled dye aggregates.[13]


The popularity of squaraines is based on their favourable
spectroscopic properties. These dyes possess typically
narrow and very intense absorption bands (with molar ab-
sorption coefficients e>105) at the red end of the visible
spectral window, and rather resonant yet bright fluorescence
bands of mirror-image shape with fluorescence quantum
yields F>0.1 in polar and aqueous solvents.[14] Attracted by
these features, we have also utilised squaraine derivatives in
a number of chemical signalling systems for cations,[15, 16]


anions[17] and neutral molecules.[18,19] Besides functionalisa-
tion of the squaraine backbone with suitable receptor units
in the classical sense of molecular probes following the
“binding site-signalling unit” approach,[20] we especially ex-
plored alternative sensing schemes by exploiting the squar-


Abstract: The synthesis, photophysical
properties, protonation, and metal-ion
coordination features of a family of
nine aniline-based symmetrical squar-
aine derivatives are reported. The
squaraine scaffold displays very attrac-
tive photophysical properties for a sig-
nalling unit. These dyes show absorp-
tion and weakly Stokes-shifted, mirror-
image-shaped emission bands in the
visible spectral range and there are no
hints of multiple emission bands. The
mono-exponential fluorescence decay
kinetics observed for all the derivatives
indicate that only one excited state is
involved in the emission. These data
stress the interpretation that squaraines
can be regarded as polymethine-type
dyes. From a coordination chemistry
point of view, the squaraines possess


four potential binding sites; that is, two
nitrogen atoms from the anilino groups
and two oxygen atoms from the central
C4O2 four-membered ring. These coor-
dination sites are part of a cross-conju-
gated p-system and coordination
events with protons or certain metal
ions affect the electronic properties of
the delocalised p-system dramatically,
resulting in a rich modulation of the
colour of the squaraines. The absorp-
tion band at around 640 nm is blue-
shifted when coordination at the anili-
no nitrogen atoms occurs, whereas co-
ordination to the C2O4 oxygen atoms


results in the development of red-shift-
ed bands. Addition of more than one
equivalent of protons or metal cations
could additionally entail mixed N,O- or
N,N-coordinated complexes, manifest-
ed in the development of a broad band
at 480 nm or complete bleaching in the
visible range, respectively. Analysis of
the spectrophotometric titration data
with HYPERQUAD yielded the mac-
roscopic and microscopic stability con-
stants of the complexes. Theoretical
modelling of the various protonated
species by molecular mechanics meth-
ods and consideration of some of the
title dyes within the framework of mo-
lecular chemosensing and molecular-
scale “logic gates” complement this
contribution.
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ainesS unique tendency to undergo reversible bleaching reac-
tions upon nucleophilic attack.[16–18]


Apart from the reactivity mentioned in the previous para-
graph, squaraines show several other peculiarities, arising
from the fact that they can be regarded formally as donor–
acceptor–donor-substituted (intramolecular charge-transfer,
ICT) chromophores, as doubly cross-linked polymethine-
like p-systems or as biradicaloid chromophores (Scheme 1).


Despite the large number of application-oriented publica-
tions (vide infra), squaraines have also received considera-
ble treatment in fundamental studies that make use of NMR
spectroscopy,[21] X-ray crystallography,[22] quantum chemical
calculations[23] and in various photo-physical studies as a
function of solvent nature,[24,25] chemical structure[26] or tem-
perature.[25] However, several contradictory interpretations
that have appeared throughout the years in the literature
within the context of the use of squaraines as functional
dyes or signalling units in molecular probes and other supra-
molecular ensembles suggest that further insight into the
photophysical performance of squaraine reporters is urgent-
ly required, especially when the use of such chromophores is
extended to areas such as molecular logics,[27, 28] multitopic
or allosteric and multichannel chemosensors.[29, 30] We report
here the photophysical properties, and a rationalisation of
the colour modulations observed upon interaction with pro-
tons and metal cations, of a family of squaraine-based recep-
tors.


Results and Discussion


Synthesis and photophysical properties : Nine representative
squaraine dyes were prepared following a general synthetic
route, by condensation of aniline derivates with squaric acid
in butanol/toluene 1:1 v/v with azeotropic removal of
water.[15,18,19, 24,31,32] The chemical structures and nomencla-
ture of the prepared compounds are shown here; namely


SNO3,
[24] SNO4,


[24] SNO5,
[24] SNS2O2,


[15,19] SBu,[31] SAb,[18]


SJu,[32] SCar[18] and SJuOH.[32] All the derivatives were char-
acterised by standard techniques, including HRMS and
NMR spectroscopy. In the latter case, the characteristic dou-


blets in the aromatic region at approximately 6.7 and
8.2 ppm were detected (except for SJu and SJuOH).


As described in the Introduction, the data in Table 1 and
Figure 1 stress the fact that the title dyes show the typical
spectroscopic features of squaraines, that is, narrow and in-


tense absorption bands with maxima between 630 and
670 nm, full widths at half maximum (fwhm) of 854�
18 cm�1 (except for SJuOH : fwhm=745 cm�1), and a weak
vibrational shoulder centred at 1434�30 cm�1 (except for
SJuOH at 1290 cm�1) on the high-energy side. The fluores-


Scheme 1. Possible formal electronic structures of squaraines. In B, only
the limiting mesomeric structures are shown, cf. reference [72].


Table 1. Photophysical properties of squaraines in MeCN at 298 K.


labs
max [nm] loge [m�1 cm�1] lem


max [nm] Ff tf [ns]


SBu 642 5.20 661 0.087 0.46
SNO3 636 5.16 658 0.078 0.38
SNO4 634 5.33 654 0.099 0.48
SNO5 636 5.18 661 0.074 0.43
SNS2O2 640 5.49 661 0.129 0.67
SAb 634 5.08 656 0.085 0.47
SCar 629 5.01 651 0.138 0.71
SJu 662 5.29 683 0.041 0.23
SJuOH 666 5.45 681 0.415 2.45
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cence spectra of mirror-image shape are rather resonant,
with Stokes shifts between 400 cm�1 (for SJuOH) and
560 cm�1 (for SNO3). The fluorescence excitation spectra
match the lowest energy absorption bands in all cases. Fluo-
rescence lifetime measurements yielded monoexponential
decay kinetics for all the dyes. These last two findings show
that we could not detect any hints for multiple emission
bands[26,33] and indicate that only one excited-state species
emits. These observations are supported by an analysis of
the fluorescence quantum yields and lifetimes by means of
the radiative (kr) and nonradiative (knr) rate constants ac-
cording to Equations (1) and (2).


kr ¼ Ff=tf ð1Þ


knr ¼ ð1�FfÞ=tf ð2Þ


The values of kr are very similar for all the compounds in-
vestigated here (0.19�0.02 ns�1, see Table 2), and a good
linear relationship is obtained between Ff and tf (Figure 2).
From a conformational and transitional point of view, the
emissive states of all the dyes are thus very similar. Differ-
ences, however, are observed for the nonradiative rate con-
stants. Here, SJu shows a particularly high value and SJuOH


a particularly low value. In the case of SJuOH, the deviation
is most likely connected to the stabilisation of the chromo-
phore by internal hydrogen bonds between the hydroxyl and
carbonyl groups and the reduction of torsional motions
around single bonds b1 and b1’, which connect the phenyl
rings and the central four-membered ring (Scheme 2). To


get better access to the underlying mechanism for the other
squaraines, we focused our attention first on the theory of
the energy-gap law.[34] According to this rule, the degree of
internal conversion is a function of the energy difference be-
tween the excited state and the corresponding ground state,
as reflected by the emission spectrum/maximum. A reduc-
tion in energy gap between these states accelerates internal
conversion. If internal conversion is the only major nonra-
diative process that contributes to quenching, a plot of lnknr


versus the emission maximum should yield a linear correla-
tion. For the present family of compounds, verification of


Figure 1. Normalised absorption and fluorescence spectra of the title
dyes in acetonitrile at 298 K. Top (from left to right): SCar (solid line),
SAb (symbols), and SBu (dotted line); middle (from left to right): SNO4


(solid line), SNO5 (solid squares), SNO3 (dotted line), and SNS2O2 (open
circles); bottom: SJu (solid line) and SJuOH (dotted line).


Table 2. Additional photophysical parameters of the title compounds.


kr [ns
�1] knr [ns


�1] ñem
max [cm


�1] lnknr


SBu 0.19 1.98 15082 21.4
SNO3 0.21 2.43 15159 21.6
SNO4 0.21 1.88 15243 21.4
SNO5 0.17 2.15 15174 21.5
SNS2O2 0.19 1.30 15095 21.0
SAb 0.18 1.95 15243 21.4
SCar 0.19 1.21 15384 20.9
SJu 0.18 4.17 14619 22.2
SJuOH 0.17 0.24 14619 19.3


Figure 2. Plot of tf versus Ff ; dotted line exemplifies a linear regression
with r=0.998.


Scheme 2. Flexible bonds in the chromophore and their bridging in SJu
and SJuOH.
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such a relationship has to exclude SJuOH, based on the rea-
sons given above, and SNS2O2, because of the non-negligible
contribution of the d orbitals of the sulfur atoms neighbour-
ing the nitrogen atoms. For SBu, SNO3, SNO4, SNO5, SAb,
SCar, and SJu, a satisfactory linear relationship was indeed
found (Figure 3). If we further consider that the dyes obey-


ing the relationship shown in Figure 3 carry partly bulky
substituents, which are either very flexible (e.g., SCar) or
more restricted (e.g., SNO3), we can conclude that such sub-
stituents attached to the aniline nitrogen atoms have a negli-
gible influence on torsional motions around bonds b1 and
b1’. Only direct fixation of these bonds by internal hydrogen
bonding as in SJuOH evidently makes a difference
(Scheme 2). Furthermore, the negligible influence of the
size and topology of the substituents at the aniline groups,
and the fact that SJu, for which the aniline groups are fixed
in a planar conformation, also fits well into the energy-gap
correlation suggest that torsional motions around bonds b2
and b2’ also play only a very minor role in excited state de-
activation (Scheme 2).


To get a better insight into the chromophoric nature of
the title dyes, SBu and a series of model compounds M 1–
M 5 (Figure 4) were treated theoretically by using density
functional theory (DFT) with the B3LYP functional and the
6-31G basis set as implemented in Gaussian 03. The main
question is whether squaraines such as SBu more closely re-
semble cyanine dyes or donor–acceptor ACHTUNGTRENNUNG(–donor)-substituted
stilbene, coumarin or styryl dyes, which are commonly re-
ferred to as “D–A(–D) dyes” in the literature,[35,36] because
they show all the features of ICT dyes.[37] When invoking an
analysis of the frontier molecular orbitals (MOs) of the ge-
ometry-optimised ground-state structures, two features are
important. According to the triad theory of organic dyes,
the first key feature of a polymethinic character is an alter-
nating p electron density, that is, HOMO and LUMO
should show an increasing tendency for alternation upon ap-
proximating the ideal polymethine state.[38] Figure 4 reveals
that both of the simplest models studied here, M 1 and M 2,
largely fulfil this requirement (see also discussion in refer-
ence [39]). The second important feature relates to the sym-


metry and delocalisation of the MOs.[40] Here, the situation
is distinctly different for M 1 and M2. Whereas both
HOMO and LUMO are symmetric and delocalised over the
entire p system in cyanine M 1, they are largely localised on
the respective donor (dimethylaniline) and acceptor (meth-
ylpyridinium) fragments for a classic D–A dye such as M 2.
Consequently, M 1 displays narrow and structured absorp-
tion and emission bands and a negligible solvatochrom-
ism.[41] In contrast, M 2 shows considerably broader absorp-
tion and emission bands (especially in polar solvents) and a
pronounced solvatochromism due to an ICT process involv-
ing donor and acceptor moieties.[42] Comparison of SBu with
a true squarylium cyanine (M 3)[43] and other symmetric D–
A–D dyes (M 4, M 5)[44,45] indicates that SBu more closely
resembles cyanine dyes such as M 1 and M 3 than ICT or D–
A(–D) dyes such as M 2, M 4, and M 5, the last two also
showing similar spectroscopic features to M2, that is, broad,
solvatochromic bands.


Figure 3. Plot of lnknr versus ñem
max; data set excludes points for SNS2O2


and SJuOH (see text), dotted line exemplifies a linear regression with r=


0.935.


Figure 4. Frontier MOs of SBu and model compounds M 1–M5 as ob-
tained from the DFT quantum chemical calculations; dashed boxes indi-
cate main region of MO localisation. Similar features of MO localisation
as observed here for SBu have also been found for other squaraines with
more elaborate endgroups, see for example references [73, 74].


www.chemeurj.org Q 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10101 – 1011410104


R. MartCnez-MEÇez, K. Rurack et al.



www.chemeurj.org





Our present experimental and theoretical results, in com-
bination with the lack of a pronounced solvatochromism as
found by Cornelissen-Gude et al.[25] and the negligible influ-
ence of intersystem crossing,[46] suggest that the states of the
squaraines involved in the optical transitions have a more
polymethinic than intramolecular charge-transfer (ICT)
character, often associated with donor–acceptor ACHTUNGTRENNUNG(–donor)-
substituted dyes. In contrast, the moderate fluorescence
quantum yields in acetonitrile observed for all the dyes
except SJuOH and the strong “positive solvatokinetic be-
haviour” (a decrease in emission yield with increasing sol-
vent polarity) reported for such compounds previously[25] in-
dicate that an intramolecular charge separation process in
the excited state, involving large amplitude motions around
b1 and b1’, is nonetheless important. However, this process
does not produce another emissive species, but leads to the
population of an entirely non-emissive species, most likely
connected to the concept of twisted intramolecular charge-
transfer (TICT) states.[47] Support is also furnished by inves-
tigations of solute–solvent complexes[21] or squaraines that
are pretwisted, because of the introduction of bulky sub-
stituents in ortho position to the b1,b1’ bonds,[26] both of
which revealed decreased fluorescence quantum yields.


Spectroscopic studies involving protons : From the point of
view of chemical addressability, the popularity of squaraines
as reporter molecules is mainly based on the fact that they
possess four potential sites of interaction with chemical spe-
cies: two nitrogen atoms from the aniline groups and two
oxygen atoms from the central C4O2 ring. These sites are
part of the same conjugated p system, and interaction with,
for instance, protons or metal ions will dramatically affect
the electronic properties of the chromophore. As a conse-
quence, colour modulations are to be expected (vide infra).
As a first step to assess the influence of the different sub-
stituents at the aniline on these spectroscopic responses, the
protonation behaviours of SNS2O2, SBu, SJu, SJuOH,
SNO3, and SCar were studied in acetonitrile.


The first effect that we will discuss is a hypsochromic shift
of the squaraine absorption band upon addition of one
equivalent of acid, resulting in a colour change from blue to
violet. The titration spectra in Figure 5 show one example:
the appearance of a new absorption band at around 560 nm
with a well-defined isosbestic point for SNO3 in the presence
of up to one equivalent of protons. In accordance with the
shift observed upon exchange of one of the dimethylamino
groups by a methoxy group, that is, exchange of a strong
donor in SDMA with labs


max=627 nm in chloroform for a
weaker donor in USNO, absorbing at 579 nm;[48,49] we attri-
bute this shift to exclusive protonation of one nitrogen
atom. It is known that the small macrocycle in SNO3 stabil-
ises protonation of the nitrogen atom by hydrogen bonding
interactions in nonprotic solvents.[24,50] At higher acid con-
centrations, gradual bleaching of the solution occurs because
of the disappearance of the band at approximately 560 nm
(Figure 5). These changes are attributed to the step from
SNO3H


+ to SNO3H2
2+ , switching off also the second poly-


methinic branch. This interpretation is supported by the fact
that deeply coloured, positively charged, hemicyanine dyes
that carry an amino crown ether group as one terminal unit
undergo strong decolouration upon cation binding.[51] Simi-
lar colour changes upon protonation of the aniline moieties
are found for SJuOH for equimolar amounts of acid (labs


max=


526 nm). In this case, the existence of intramolecular hydro-
gen bonds between the OH groups and the oxygen atoms
from the C4O2 central ring decreases the basicity of the
oxygen atoms, favouring protonation at the aniline, but only
one protonation step is observed in the acid concentration
range studied (0.1 mm<cH+<1 mm).


Features opposite to those found for SNO3 are recognised
when SJu is titrated with up to equimolar amounts of acid.
Again, the typical squaraine band centred at 660 nm disap-
pears. However, for SJu a bathochromically shifted absorp-
tion band develops at about 690 nm, with well-defined iso-
sbestic points again indicating a straightforward equilibrium
SJu+H+QSJuH+ (Figure 6). This bathochromic shift is at-
tributed to the protonation of an oxygen atom of the central
ring. The change in protonation preference is probably con-
nected to the steric fixation of the anilineSs nitrogen atom in


Figure 5. Spectroscopic behaviour of SNO3 in acetonitrile as a function of
increasing proton concentration. &= initial spectrum, ^= spectrum at
equimolar ratios of H+ and SNO3 and ~=endpoint spectrum; dashed
lines= intermediate titration spectra.
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the julolidine group, which acts as a counterforce for the
transition of a planar (quasi-sp2) aniline nitrogen into a tet-
rahedral (quasi-sp3) anilinium nitrogen. Additionally, the ni-
trogen atomsS lone electron pairs are better delocalised in
the entire julolidine moiety than in an alkylaniline group.
The latter also leads to an increase of the electron density at
the central oxygen atoms. At equimolar ratios, one oxygen
atom is thus protonated. With a higher excess of acid,
bleaching of the band at around 690 nm occurs and a new
band is formed at 470 nm. The latter is very broad and con-
siderably weaker in intensity. Such changes correspond to a
loss of the cyanine nature of the chromophore and suggest
that the doubly protonated species possesses a certain
charge-transfer character, hence the second protonation step
occurs at a nitrogen atom. Interestingly, SCar shows a very
similar behaviour, that is, a bathochromic shift up to equi-
molar ratios of acid. However, because the neighbouring
carbamate groups distinctly reduce the tendency for aniline
protonation, a second protonation step could not be ach-
ieved here in the acid concentration range studied (0.1 mm<


cH+<1.2 mm).
A third type of response is registered for SNS2O2 and


SBu. Addition of up to one equivalent of acid results in the
simultaneous development of blue- and red-shifted bands,
indicating rather similar basicities of N and O atoms and
statistical protonation at both sites. Furthermore, addition of
an excess of acid to SNS2O2 as well as SBu induces the de-
velopment of a new band at 470 nm, suggesting the forma-
tion of species protonated at one nitrogen and one oxygen
atom (Figure 7).


Unfortunately, none of the protonated species showed a
measurable fluorescence, so it was not possible to obtain ad-
ditional information by employing this technique. However,
such a loss of fluorescence is in agreement with the fact that
already neutral but asymmetric dyes such as USNO show
strongly quenched emission (Ff<10�3 already in a medium
polar solvent such as CHCl3).


[48] Moreover, in their protona-
tion studies of SOHOH, Das et al. found that only the neu-
tral derivative is fluorescent.[52] In the protonated species,


excited-state charge shift/rearrangement reactions leading to
fast nonradiative decay through conical intersections seem
to be responsible for efficient quenching.[53] Table 3 summa-
rises the observed relationship between the changes in ab-
sorption and the site of protonation.


The extent of the colorimetric shift in the squaraine
family is evidently related to protonation at different sites
and a delicate balance between the basicity of the nitrogen
and oxygen atoms in the chromophore. A detailed analysis
of the spectrophotometric titration data has thus been car-
ried out with the HYPERQUAD program (see Experimen-
tal Section). Macroscopic protonation constants logKn were
calculated for the representative compounds SNS2O2, SBu,
SJu, SJuOH and SNO3 and are shown in Table 4. As stated
above, SJuOH is only protonated at the oxygen, whereas
SJu, SNO3, SNS2O2 and SBu are protonated twice. More-
over, for SJu and SNO3 the two protonation steps are well
separated and it is possible to determine the stability con-
stants logK1,2 for individual protonation at the nitrogen and
oxygen atoms. In contrast, in the case of SNS2O2 and SBu,


Figure 6. Spectroscopic behaviour of SJu in acetonitrile as a function of
increasing proton concentration. &= initial spectrum, ^= spectrum at
equimolar ratios of H+ and SJu and ~=endpoint spectrum; dashed
lines= intermediate titration spectra.


Figure 7. Spectroscopic behaviour of SBu in acetonitrile as a function of
increasing proton concentration. &= initial spectrum, ^= spectrum at
equimolar ratios of H+ and SBu and ~=endpoint spectrum; dashed
lines= intermediate titration spectra.


Table 3. Colour modulation and protonation sites.


Protonated atom lmax [nm] approx.


none protonated 640
N 560
O 670
N and O 470
N and N no band


Table 4. Logarithm of the macroscopic (K) and overall (b) protonation
constants for selected squaraine derivatives in acetonitrile (298 K);
logb =�logKn.


Reaction SNS2O2 SBu SJu SJuOH SNO3


[L]+H+Q[LH]+ logK1 5.42(9) 5.9(1) 5.3(1) 5.9(6) 6.3(7)
[LH]+ +H+QACHTUNGTRENNUNG[LH2]


2+ logK2 3.1 2.9 2.9 – 4.7
[L]+2H+QACHTUNGTRENNUNG[LH2]


2+ logb 8.52(2) 8.8(0) 8.15(0) – 11.1(1)
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the complex spectral changes shown in Figure 7 indicate
that the two protonation steps at the nitrogen and oxygen
atoms are not well separated, leading to macroscopic/appar-
ent logK1 values of 5.42 and 5.9, respectively, characterizing
the basicity of the molecules as a whole. These macroscopic
constants, however, fail to provide information on the spe-
cific proton-binding sites. Nevertheless, site-specific basici-
ties can be obtained by determination of the microscopic
constants, logkN/O. These data are shown in Table 5. In com-


bination with the data of Table 4 it is evident that protona-
tion at the oxygen atoms requires similar acidities (logkO


�5.3 for SNS2O2 and SBu as well as logK= logkO=5.3 for
SJu), whereas protonation at the nitrogen atoms varies for
all of the dyes. This observation is in agreement with the va-
riety of different substitution patterns at the aniline group,
ranging form logK= logkN=6.3 for SNO3 (stabilisation by
internal hydrogen bonds, see above) to logkN=4.61 for
SNS2O2 (aggravated protonation due to neighbouring sulfur
atoms).


If we look to the second protonation step (logK2), the
values are two to three orders of magnitude lower than the
first protonation constants, in agreement with the additional
electrical work necessary to protonate species that are al-
ready positively charged. Additionally, a detailed look at the
squaraine derivatives able to be protonated twice allows the
identification of two different behaviours. Whereas SNS2O2,
SBu and SJu finally yield N,O-protonated species with
logK2�3 for the HL+ +H+QH2L


2+ process, the HL+ +H+


QH2L
2+ process of SNO3 with logK2=4.7 produces an N,N-


protonated species. This difference in the second protona-
tion constant can be explained by electrostatic repulsion,
which should be larger for the conjugated N,O-protonation
sites than for the cross-conjugated N,N-protonation sites.


As additional support, the relative hydrogen-bond donat-
ing and accepting abilities (i.e. , basicities) of the N and O
atoms were derived in a comparatively simple way from the
protonation energies in the gas phase at particular molecular
sites of the PM3-optimised ground state geometries of SBu,
SNO3 and SJu. The proton affinities were calculated by sub-
tracting the energy of the neutral form from the energy of
the various protonated species, DEH=E ACHTUNGTRENNUNG(sqHn


n+)�E(sq).
SBu, SNO3 and SJu were taken as representative examples
because they display a clearly different behaviour upon pro-
tonation (see above). The calculated results are shown in
Table 6. Here, the lower the value of DEH the higher the
ability of the protonation site to accept hydrogen bonds,
that is, the more basic is the site. Table 6 reveals that the
theoretical results are in agreement with the spectroscopic


behaviour. Whereas N-protonation is favoured in SBu and
SNO3, protonation at an oxygen atom is preferred in SJu.
The calculations for the second protonation step suggest
that in the case of SBu and SJu the complementary atom is
favoured, leading to N+H,OH species in accordance with
the experiments. In addition, the results on SNO3 in Table 6
support N,N-protonation. The third protonation then is en-
ergetically highly unfavourable and could also not be ach-
ieved experimentally for the squaraines studied.


Spectroscopic studies involving metal ions : The protonation
experiments provided a first valuable insight into the differ-
ent basicities of the squarainesS heteroatoms as a function of
substituents. To elucidate the additional effect of coordina-
tive forces on the signalling expression of squaraines, we
next investigated the title compoundsS response in the pres-
ence of various metal ions in acetonitrile. Again, spectro-
scopically similar changes as described above can occur, that
is, a blue shift of the band at around 640 nm for cation coor-
dination to the anilino nitrogen or a red-shifted band upon
coordination to the C2O4 oxygen atoms. If, additionally, a
second metal ion is bound, either mixed N,O- or N,N-coor-
dinative complexes can be formed, resulting in the develop-
ment of a broad band at 480 nm or bleaching. The colori-
metric behaviour of the ligands in the presence of one
equivalent or an excess of certain metal cations is summar-
ised in Table 7. Also, for selected systems the stability con-
stants for the formation of complexes have been determined
and are shown in Table 8.


Among the alkali (Li+ , Na+ , K+) and alkaline earth
metal (Mg2+ , Ca2+ , Ba2+) cations tested, only Ba2+ was able
to induce changes, and only with the SNO5 derivative. A
hypsochromic shift of 50 nm with a change of colour from
blue to purple was observed upon addition of one equiva-
lent of Ba2+ (Figure 8a). This behaviour agrees with an in-
teraction of the metal ion through the macrocycle and is in
accordance with the ability of N-substituted A18C6 to bind
Ba2+ .[54] Addition of an excess of Ba2+ resulted in no further
change, indicating that SNO5 is only able to bind one cation.
Apparently, the binding constant for A18C6-Ba2+ (logK=


4.55) is too small to overcome the electrostatic repulsion for
a positively charged complex to bind another twofold posi-


Table 5. Logarithm of the macroscopic (K) and microscopic (k) protona-
tion constants of SNS2O2 and SBu in acetonitrile (298 K).


Reaction logK logkN logkO logkN,O logkO,N


ACHTUNGTRENNUNG[SNS2O2]+H+QACHTUNGTRENNUNG[SNS2O2H]+ 5.42(9) 4.61 5.34 3.91 3.18
ACHTUNGTRENNUNG[SBu]+H+Q ACHTUNGTRENNUNG[SBuH]+ 5.9(1) 5.74 5.37 3.06 3.43


Table 6. Proton affinities for SBu, SJu and SNO3 calculated using the
PM3 semiempirical molecular model through subtraction of the energy
of the deprotonated [E(sq)] form to the energy of the protonated mole-
cule [E ACHTUNGTRENNUNG(sqHn)].


Number of Protonated E ACHTUNGTRENNUNG(sqHn)�E(sq) [Kcalmol�1]
protons (n) atoms SBu SJu SNO3


0 – 0 0 0
1 O 74.6 77.1 93.8


N 60.3 88.8 90.6
2 O-O 248.0 248.9 243.1


N-N 221.6 247.7 209.6
N-O 194.1 219.1 214.3


3 N-O-O 424.1 446.4 437.4
N-N-O 428.1 452.1 443.9
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tively charged species. Pb2+ also induces changes for SNO5


(Figure 8b), and to a minor extent with SNO4 and SNO3.
This result is in agreement with the larger radius of Pb2+ ,
which apparently fits well into the larger cavity of the SNO5


receptor. Figure 8b shows that the spectra of SNO5–Ba
2+


and SNO5–Pb
2+ are similar, with the development of a band


at 576 nm. However, in the case of Pb2+ and SNO5, the pres-
ence of more than one equivalent of metal ion leads to the
disappearance of the absorption band. The latter can be at-
tributed to a stronger Pb2+ ···N interaction with a more cova-


lent character, which results in a more efficient capture of
the electron pair of the nitrogen.[55] These favourable bind-
ing features are reflected in the stability constant obtained
for the formation of the [SNO5Pb]


2+ complex (logK=7.9),
which is almost two orders of magnitude larger than that for
the formation of [SNO5Ba]


2+ (see Table 8). Moreover, this
strong interaction of Pb2+ with SNO5 allows a second cation
to be bound in the second crown with logK=4.0 for the
process [LPb]2+ +Pb2+Q ACHTUNGTRENNUNG[LPb2]


4+ , see Table 8.
Addition of Cu2+ , Fe3+ and Hg2+ induced colour changes


for all the squaraine dyes, with Hg2+ exhibiting the most in-
teresting behaviour. In the case of SBu, the butyl chains do
not favour, in general, the interaction of the anilino nitrogen
atoms with cations and the presence of Hg2+ leads to the
evolution of a red-shifted band at 656 nm that is assigned to
coordination of Hg2+ with one oxygen atom of C4O2. Similar
coordinative behaviour has been found for SCar. Moving to
receptors with better aniline ligating units we also start to
observe a band at 560 nm, indicative of partial coordination
at the aniline. This band is not very important for SAb (Fig-
ure 9a), but significant for SNO4 (Figure 9b), indicating
mixed nitrogen and oxygen coordination. Accordingly,
SNS2O2 only forms species in which Hg2+ is bound at the
macrocycle, as indicated by the development of the hyspo-
chromically shifted band at 582 nm (upon addition of up to
one equivalent of Hg2+ , Figure 9c). In this case, addition of
more than one equivalent of Hg2+ resulted in a bleaching of
the solution, suggesting the formation of species where two
Hg2+ ions occupy both macrocycles. The stability constants
calculated for the formation of the Hg2+ complexes with
SNS2O2, SBu, SAb, SJu, SJuOH, SNO3, SNO4 and SNO5 are


Table 7. Summarised UV/vis absorption behaviour of the squaraine derivatives upon addition of Ba2+ , Hg2+ , Fe3+ , Pb2+ , Cu2+ and H+ .


Ba2+ Hg2+ Fe3+ Pb2+ Cu2+ H+


1 equiv excess 1 equiv excess 1 equiv excess 1 equiv excess 1 equiv excess 1 equiv excess


SNS2O2 – – 560 bleaching 670 670 – – 560 No 560/670 480
SBu – – 670 670 670/560 670/560 – – 670 480 560/670 480
SAb – – 560/670 560/670 670/560 670/560 – – 670 480 – –
SJu – – 560 560 560 500 – – 560 500 670 480
SJuOH – – 560 560 560 500 – – 560 500 560 560
SNO3 – – 560/670 560/670 670/560 670/560 560 560 670 480 560 bleaching
SNO4 – – 560/670 560/670 670/560 670/560 560 560 670 480 – –
SNO5 560 560 560 560 670/560 670/560 560 bleaching 670 480 – –
SCar – – 670 670 670 670 – – 670 480 670 670


Table 8. Logarithm of the stability constants for the interaction of the squaraine derivatives with Ba2+, Pb2+ , Hg2+ and Cu2+ in acetonitrile (298 K).


Reaction SNS2O2 SBu SAb SJu SJuOH SNO3 SNO4 SNO5


[L]+Ba2+Q ACHTUNGTRENNUNG[LBa]2+ – – – – – – – 4.55(1)
[L]+Pb2+Q ACHTUNGTRENNUNG[LPb]2+ logK1 – – – – – 3.69(3) 4.54(9) 7.9(7)
ACHTUNGTRENNUNG[LPb]2+ +Pb2+QACHTUNGTRENNUNG[LPb2]


4+ logK2 – – – – – – – 4.0
[L]+2Pb2+Q ACHTUNGTRENNUNG[LPb2]


4+ Logb – – – – – – – 11.9(3)
[L]+Hg2+Q ACHTUNGTRENNUNG[LHg]2+ logK1 9.2(3) 4.45(5) 4.29(5) 5.3(6) 4.93(8) 4.91(8) 4.49(7) 4.80(2)
ACHTUNGTRENNUNG[LHg]2+ +Hg2+QACHTUNGTRENNUNG[LHg2]


4+ logK2 6.7 – – – – – – –
[L]+2Hg2+Q ACHTUNGTRENNUNG[LHg2]


4+ Logb 15.9(6) – – – – – – –
[L]+Cu2+QACHTUNGTRENNUNG[LCu]2+ logK1 7.0(3) 6.6(0) 6.3(8) 6.1(5) 6.8(1) 6.5(2) 6.6(2) 6.44(7)
ACHTUNGTRENNUNG[LCu]2+ +2Cu2+QACHTUNGTRENNUNG[LCu2]


4+ logK2 3.1 5.6 6.0 5.6 4.9 5.8 5.1 5.5
[L]+2Cu2+QACHTUNGTRENNUNG[LCu2]


4+ Logb 10.1(3) 12.1(8) 12.4(3) 11.7(4) 11.7(0) 12.3(0) 11.7(5) 11.98(6)


Figure 8. Spectroscopic behaviour of SNO5 in acetonitrile upon increasing
amounts of a) Ba2+ , b) Pb2+ . a) &= initial spectrum, ^=endpoint spec-
trum, dashed lines= intermediate titration spectra. b) &= initial spectrum,
^= spectrum at equimolar ratios of Pb2+ and SNO5, ~=endpoint spec-
trum, dashed lines= intermediate titration spectra.
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shown in Table 8. All these squaraine derivatives except
SNS2O2 form 1:1 metal-to-ligand complexes. For SNS2O2,
the [LHg2]


4+ species is also found. Moreover, whereas SJu,
SJuOH and SNO5 display nitrogen coordination, SBu and
SCar show oxygen coordination with the Hg2+ cation. Addi-
tionally, for the ligands SAb, SNO3 and SNO4 for which
mixed N,O-coordination was found, the microscopic con-
stants for Hg�O and Hg�N coordination have also been cal-
culated (Table 9). As expected, derivation of the macroscop-


ic and microscopic binding constants yields comparable
oxygen coordination constants (4.27< logK<4.45). These
values are rather large for oxygen–Hg2+ coordination when
one considers that no macrocycle or chelating arm is present
to stabilise the complex, but agree with the existence of a
partial negative charge at the oxygen. On the contrary, the
nitrogen–Hg2+ binding constants show higher scattering
(2.82< logK<9.2). The largest logK=9.2 for N�Hg2+ bind-
ing is found for the formation of [(SNS2O2)Hg]2+ , indicating
a very strong interaction of the sulfur-containing macrocycle
with the mercuric cation. A recently reported system con-
taining the same aza–thia–oxa macrocycle appended to a
phenoxazinone dye showed logK=6.07 for the formation of
the Hg2+ complex in water.[56] Furthermore, the strong inter-
action of Hg2+ with the aza–thia–oxa macrocycle prevents
metal coordination at the central C4O2 group and produces
the 1:2 complex [(SNS2O2)Hg2]


4+ with both macrocycles co-


ordinated (logK=6.7 for [LHg]2+ +Hg2+Q ACHTUNGTRENNUNG[LHg2]
4+).


Again, the second binding constant is lower than the first
due to electrostatic repulsion, but is still larger than those
found for O�Hg2+ coordination.


Cu2+ shows a much more homogeneous behaviour than
Hg2+ . This is exemplified in Figure 10, which shows the
colour modulations in the SBu–Cu2+ system. Similar graphs


and logK were obtained for SAb, SNO3, SNO4, SNO5 and
SCar (see Table 8). At low metal-to-dye ratios a band devel-
ops at 660 nm and is assigned to the interaction of Cu2+


with a central oxygen atom from the C4O2 group. Further
addition of Cu2+ results in the elimination of this band and
the appearance of a new, broad absorption band at about
430 nm, indicating the formation of a bimetallic complex
with Cu2+ ions coordinating at one oxygen and one nitrogen
atom. In contrast to this general behaviour, interaction of
SNS2O2 with Cu2+ results in a hypsochromic shift (band at


Figure 9. Spectroscopic behaviour in acetonitrile upon increasing amounts of Hg2+ for a) SAb, b) SNO4 and c) SNS2O2. a) and b) &= initial spectrum,
^=endpoint spectrum, dashed lines= intermediate titration spectra. c) &= initial spectrum, ^= spectrum at equimolar ratios of Hg2+ and SNS2O2, ~=


endpoint spectrum, dashed lines= intermediate titration spectra.


Table 9. Logarithm of the macroscopic (K) and microscopic (k) stability
constants for the interaction of the squaraine derivatives SAb, SNO3 and
SNO4 with Hg2+ in acetonitrile (298 K).


Reaction logK logkN logkO


ACHTUNGTRENNUNG[SAb]+Hg2+QACHTUNGTRENNUNG[SAbHg]2+ 4.29(5) 2.82 4.27
ACHTUNGTRENNUNG[SNO3]+Hg2+QACHTUNGTRENNUNG[SNO3Hg]2+ 4.91(8) 4.78 4.32
ACHTUNGTRENNUNG[SNO4]+Hg2+QACHTUNGTRENNUNG[SNO4Hg]2+ 4.49(7) 3.96 4.35


Figure 10. Spectroscopic behaviour of SBu in acetonitrile upon increasing
amounts of Cu2+ . &= initial spectrum, ^= spectrum at equimolar ratios
of Cu2+ and SBu, ~=endpoint spectrum, dashed lines= intermediate ti-
tration spectra.
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624 nm) because of metal coordination through the macro-
cycle. This shift with Cu2+ is remarkably lower than with
Hg2+ (lmax=582 nm), suggesting weaker interaction of Cu2+


with the nitrogen bridge head atom. Additionally, the pres-
ence of an excess of Cu2+ induces an elimination of the
band due to the simultaneous Cu2+ coordination by both
macrocycles of SNS2O2.


Finally, Fe3+ also shows a diverse and rather complex be-
haviour that is summarised in Table 7.


Signalling paradigms : Squaraines are very attractive and
popular scaffoldings for chemically addressable colour mod-
ulations. As shown above, chemical inputs such as protons
or metal ions are readily transformed into dramatic spectro-
scopic changes, creating various output patterns. Such versa-
tile chemical input–optical output features are of timely sig-
nificance and have been widely applied in two closely relat-
ed fields: molecular chemosensing and molecular-scale
“logic gates”. In the former, optical signals are used to
detect the presence of certain chemical species in solu-
tion.[37,57] In the second approach, chemical species are treat-
ed as inputs that control, through Boolean logic rules, the
output, which is usually a light signal.[27,58] In the chemosens-
ing field, the goal is often selectivity, that is, a unique chemi-
cal species should induce a unique change in colour or fluo-
rescence. In contrast, molecular logic looks for more com-
plex systems, which usually contain multiple binding sites
and show certain unique response patterns, exemplifying the
desired logic operation, in the presence of either or both
inputs (three-input systems are of course even more com-
plex).


With respect to squaraines, the results for our title com-
pounds presented here suggest that those dye/input combi-
nations that give diverse photometric responses might be
suitable for the design of molecular logic devices, while se-
lective binding of a guest with only a specific group on the
dye can result in selective chromo-fluorogenic chemosen-
sors. In the following, we will review the above given results
in view of these two concepts.


Molecular-scale logic gates : The cation-induced modulations
of the squarainesS absorption spectrum involve the appear-
ance or disappearance of various bands located at about
640, 560, 670, and 480 nm as well as complete bleaching in
the visible region, and can be divided into four cases: single
N-, single O-, N,O- and exclusive N,N-coordination. Thus,
coordination at different sites could open different channels
related to the absorption properties of the final ensemble.
This is a rich behaviour that could be of interest in the de-
velopment of molecules with intrinsic logic capability. Mo-
lecular logics is an interesting concept and many examples
have been developed since it was noticed that the interac-
tion of a receptor molecule with certain species (input) can
yield response (output) patterns that follow Boolean logic
rules.[27, 58] Tables 10 and 11 summarise some general re-
sponse patterns. For instance, Table 10 shows how the ab-
sorption response of the SNS2O2/Hg2+ system obeys NOR,


AND, and XOR logics.[59] Additionally, Table 11 shows the
optical response for the system SJu (processor), H+ (input
A), and Hg2+ (input B), which results in NOR, ID-A, and


ID-B Boolean algebraic functions. Some other different
logics can be designed bearing in mind the response of the
different ligands in the presence of protons or metal cations
at different concentrations (Table 7 summarises this behav-
iour) and the corresponding stability constants. The title
dyes thus belong to the class of multifunctional dyes that
contain two or more sites for an interaction with chemical
species and that respond to more than a single input. Such
molecules are commonly referred to as “reconfigurable”
molecular logic gates, that is, as systems in which it is possi-
ble to observe different logic expressions from one unique
molecular entity.[60]


Molecular chemosensing : From the point of view of chemo-
sensing, the behaviour of most of the title compounds is far
from being suitable, because of the considerably low selec-
tivity observed. However, this is relatively common when
using a poorly coordinating solvent such as acetonitrile. In
acetonitrile, there is no serious competition by the solvent
and many metal ions can often interact even with nonsup-
ported coordination sites, such as the oxygen atoms of the
central ring in our case. When moving from acetonitrile to
acetonitrile–water mixtures or to neat water, the competi-
tive nature of the solvent increases and the behaviour of the
dyes changes dramatically. In fact, none of the squaraines
shows a remarkable colour modulation in neat aqueous so-
lution in the presence of metal ions except for SNS2O2. This
lack of signalling is observed even in acetonitrile–water mix-
tures with a relatively low content of around 3 wt% water.
This behaviour originates from the strong solvation energy
of the metal ions in the presence of water, which eventually
disfavours metal–ligand interaction. Additionally, the behav-
iour showed by the SNS2O2 receptor is highly selective and
only the thiophilic Hg2+ cation is able to induce a colour


Table 10. 2-Inputs logic truth tables for colour modulations of SNS2O2


with Hg2+ concentrations as input.


Input A
Hg+ (1 equiv)


Input B
Hg2+ (1 equiv)


Output 1
640 nm band


Output 2
560 nm band


Output 3
Bleaching


0 0 1 0 0
1 0 0 1 0
0 1 0 1 0
1 1 0 0 1


Table 11. 2-Inputs logic truth tables for SJu with H+ and Hg2+ as inputs.


Input A
H+


ACHTUNGTRENNUNG(1 equiv)
Input B
Hg2+


ACHTUNGTRENNUNG(1 equiv)
Output 1
640 nm band


Output 2
560 nm band


Output 3
670 nm band


0 0 1 0 0
1 0 0 0 1
0 1 0 1 0
1 1 0 1 1
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modulation from purple to colourless in water. The response
of SNS2O2 to several metal ions in buffered acetonitrile–
water 20:80 (v/v) solutions (HEPES 0.08m, pH 6.90, cSNS2O2


=


2X10�6 molL�1) is shown in Figure 11, in which the absorb-
ance of the dye at 640 nm in the presence of 100 equivalents
of certain metal cations is displayed.[61] The system shows a
remarkable behaviour with respect to the detection of Hg2+ ,
with a very low detection limit of 10�8m and a complex sta-
bility constant of logK=7.5.


Conclusion


In conclusion, we have prepared and characterised a family
of squaraine dyes and have studied their interaction and
their photophysical properties. Squaraines such as the title
compounds closely resemble cyanine dyes consisting of two
substituted aniline moieties and a central four-membered
squaric acid ring. In all cases, the squaraine derivatives show
two distinct coordination sites at the anilino nitrogen and at
the oxygen from the C4O2 central ring. Diverse colorimetric
behaviour has been observed in the squaraine derivativesS
interaction with protons and metal cations. In order to ra-
tionalise this colorimetric behaviour, we have performed
semiempirical calculations and determined the stability con-
stants of the complexes. Thus, the visible band of the squar-
aines at around 640 nm is blue-shifted when coordination at
the anilino nitrogen atom occurs, whereas coordination to
the C2O4 oxygen atoms results in the development of red-
shifted bands. Addition of more than one equivalent of pro-
tons or metal ions could additionally lead to the formation
of mixed N,O- or N,N-coordinated complexes, entailing the
development of a broad band at 480 nm or bleaching, re-
spectively. The presence of more complex species involving
more than two coordinated metal ions has not been ob-
served. Finally, the use of these coordinating dyes for the
development of suitable chemical sensors and molecular-
scale “logic gates” has been discussed. We believe that the
present approach of approximating the signal expression of


addressable squaraines will be useful in the future design of
functional supramolecular ensembles based on this class of
dyes.


Experimental Section


General remarks : All commercially available reagents were used without
further purification. Air/water-sensitive reactions were performed in
flame-dried glassware under argon. Acetonitrile and CH2Cl2 were dried
with CaH2 and distilled prior to use. 16-Phenyl-16-aza-1,4,7,10,13-pen-
taoxacyclooctadecane, 13-phenyl-13-aza-1,4,7,10-tetraoxacyclopentade-
cane, 10-phenyl-10-aza-1,4,7-trioxacyclododecane, N,N-di ACHTUNGTRENNUNG[ethyl-2-(2 me-
thoxy)]aniline, 10-phenyl-10-aza-1,4-dioxa-7,13-dithiacyclopentadecane
and 2-[(2-butylcarbamoiloxiethyl)phenylamine]ethyl ester were prepared
following known procedures.[15,18, 19, 24, 31, 32]


Physical measurements and instrumentation : The NMR spectra were re-
corded with a Varian Gemini 300 spectrometer. Chemical shifts are re-
ported in ppm downfield from the TMS signal. Spectra taken in CDCl3
were referred to the residual CHCl3.


General synthesis : SNO3,
[24] SNO4,


[24] SNO5,
[24] SBu,[31] SJu[32] and


SJuOH[32] were prepared according to literature procedures. For SAb,
SCar and SNS2O2, we employed the general synthetic procedure for
squaraines.[62] N,N-Dibutyl aniline (3 mmols) and squaric acid (1.37
mmols) were dissolved in a 1:1 butanol/toluene mixture (25 mL). The
crude reaction mixture was placed in a Dean–Stark apparatus, for the
azeotropic removal of water, and heated under reflux for 5 h. On cooling
the solution to room temperature green needles of the dyes precipitated.
The solids were filtered off and washed with hexane to obtain the final
products as green-blue solids.


Synthesis of bis(4- ACHTUNGTRENNUNG{bis[2-(2-methoxy-ethoxy)-ethyl]}aminophenyl)squar-
aine (SAb): Yield: 85.8 mg, 9.3%; 1H NMR: (CDCl3): d=3.35 (s, 12H;
OCH3), 3.48 (t, J=6.6 Hz, 8H; CH2CH2NAr), 3.57 (t, J=7.0 Hz, 8H;
CH2CH2O), 3.66 (t, J=6.5 Hz, 8H; CH2CH2O), 3.73 (t, J=6.8 Hz, 8H;
CH2CH2O), 6.79 (d, J=9.1 Hz, 4H; ArH), 8.33 ppm (d, J=9 Hz,
4H;ArH); 13C NMR (CDCl3): d=51.29, 58.93, 68.23, 70.44, 71.72, 112.49,
119.88, 113.09, 153.75, 183.13, 188.56 ppm; mass IE high resolution calcd
for C36H52N2O10: 673.3700; found: 673.3696.


Synthesis of bis(4- ACHTUNGTRENNUNG{bis[2-(butyl carbamic acid)-ethyl]}aminephenyl)squar-
aine (SCar): Yield: 174.1 mg, 15.2%; 1H NMR: d=0.85 (t, J=6.6 Hz,
12H; CH2CH3), 1.20–1.25 (m, 8H; CH2CH2CH3), 1.35–1.43 (m, 8H;
CH2CH2CH2), 3.09 (q, J=5.9 Hz, 8H; NHCH2CH2), 3.69 (t, J=6.6 Hz,
8H; CH2CH2NAr), 4.23 (t, J=6.7 Hz, 8H; CH2CH2O), 5.16 (m, 4H;
CONHCH2), 6.79 (d, J=8.6 Hz, 4H; ArH), 8.31 ppm (d, J=8.4 Hz, 4H;
ArH); 13C NMR (CDCl3): d=13.97, 20.14, 32.16, 41.09, 50.91, 61.48,
113.17, 120.70, 133.73, 154.51, 156.42, 183.41, 190.55 ppm; mass FAB high
resolution calcd for C44H64N6O10: 836.4721; found: 836.4684.


Synthesis of bis[4-(1,4-dioxa-7,13-dithia-10-aza-cyclopentadecane)phe-
nyl]squaraine (SNS2O2): Yield: 213.9 mg, 21.3%; 1H NMR (CDCl3): d=


2.77 (t, J=7.4 Hz, 8H; SCH2), 2.93 (t, J=7.7 Hz, 8H; SCH2), 3.64 (s,
8H; OCH2), 3.81 (m, 16H), 6.73 (d, J=9.1 Hz, 4H; ArH), 8.38 ppm (d,
J=8.9 Hz, 4H; ArH); 13C NMR (CDCl3): d=189.94, 183.43, 153.17,
133.81, 120.62, 112.89, 74.47, 70.94, 52.66, 32.13, 30.06 ppm; mass FAB
high resolution calcd for C36H49N2O6S4 MH+ : 733.247350; found:
733.247373.


Optical spectroscopy: UV/Vis spectra were recorded on a Bruins Instru-
ments Omega 10 and a Perkin Elmer Lambda 35 spectrophotometer,
steady-state fluorescence spectra on a Spectronics Instruments 8100
fluoro ACHTUNGTRENNUNGmeter (908 standard geometry, polarisers at 08 and 54.78 in excita-
tion and emission). All photophysical measurements were carried out at
298�1 K with dilute solutions with optical densities between 0.03 and
0.05 at the absorption maximum. Fluorescence quantum yields (Ff) were
determined relative to rhodamine 101 in ethanol (Ff=1.00�0.02)[63] with
uncertainties of �3% (for Ff>0.2) and �6% (for 0.2>Ff>0.02), re-
spectively. All the fluorescence spectra were corrected as described in
reference [64]. The Stokes shifts were calculated from the differences be-


Figure 11. Absorbance at 640 nm for SNS2O2 in the presence of 100
equivalents of metal cations in acetonitrile/water 20:80 (v/v) solutions,
HEPES 0.08m pH 6.90, cSNS2O2


=2X10�6 molL�1.
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tween the maxima of the absorption and emission bands after conversion
to the energy scale, taking into account another correction step.[65] Fluo-
rescence lifetimes (tf) were measured with a unique laser impulse fluor-
ometer with picosecond time resolution described by us in an earlier pub-
lication[66] and modified according to a description in reference [67]. The
fourth harmonic output of the signal of the OPA was used for excitation,
the fluorescence was collected at right angles (polariser at 54.78, mono-
chromator with bandwidths of 4, 8, and 16 nm), and the decays were re-
corded by the single photon timing method (typical instrumental re-
sponse functions of 25–30 ps full width at half maximum, experimental
accuracy of �3 ps). The laser beam was attenuated using a double prism
attenuator from LTB and typical excitation energies were in the nano-
watt to microwatt range (average laser power). The fluorescence lifetime
profiles were analysed with a PC using the software package Global Un-
limited V2.2 (Laboratory for Fluorescence Dynamics, University of Illi-
nois). The goodness of fit of the single decays as judged by reduced chi-
squared (c2


R) and the autocorrelation function C(j) of the residuals was
always below c2


R<1.2.


Theoretical studies : For the discussion in the photo-physical section,
ground-state geometries were optimised using density functional theory
(DFT) with BeckeSs three-parameter hybrid exchange functional[68] in
conjunction with the Lee–Yang–Parr gradient-corrected correlation func-
tional (B3LYP functional)[69] with the 6-31G basis set as implemented in
Gaussian 03.[70] All the optimised structures were confirmed as energy
minima by normal coordinate analysis. For the discussion of the protona-
tion results, quantum chemical calculations at semi-empirical level (PM3,
within restricted Hartree–Fock level) were carried out in vacuo with the
aid of Hyperchem V6.03. The Polar Ribiere algorithm was used for the
optimisation. The convergence limit and RMS gradient were set to
0.01 kcalm�1.


Calculation of macroscopic binding constants : Spectrophotometric titra-
tions were carried out in acetonitrile using a cuvette thermostated at 25�
0.1 8C. The titrant was added by means of a micropipette. The computer
program HYPERQUAD 2000, version 2.1, was used to calculate the pro-
tonation and stability constants.[71] A typical titration experiment had
about 4000 points (50 titration curves measured at 80 wavelengths) for
each system. An excessive b limit of 0.33 and a maximum of 50 iterations
were employed during the refining process.


Calculation of microscopic binding constants : For the calculation of the
microscopic constants a general ligand (R) that can be protonated at two
different sites to yield products A or B was considered. The coordination
reactions and the microscopic constants ka and kb for coordination at site
A or B, respectively, can be defined as given in Equations (3)–(5).


Reaction 1 : RþHÐ A


Reaction 2 : RþHÐ B
ð3Þ


ka ¼
½A

½R
½H
 ð4Þ


kb ¼
½B

½R
½H
 ð5Þ


For the overall reaction, the macroscopic constant K and an apparent
molar extinction coefficient (eap) can be calculated. For this macroscopic
constant, the absorbance can be written as given in Equation (6) in which
cT the sum of the concentration of A (ca) and B (cb). We can also derive
Equations (7) and (8)


A ¼ cTeap ð6Þ


A ¼ Aa þAb ¼ caea þ cbeb ð7Þ


cTeap ¼ caea þ cbeb ð8Þ


For two different wavelengths (l1 and l2) Equations (9) and (10) follow:


cTeap1


cTeap2
¼ caea1 þ cbeb1


caea2 þ cbeb2
ð9Þ


eap1


eap2
¼ ðka=kbÞcbea1 þ cbeb1


ðka=kbÞcbea2 þ cbeb2
ð10Þ


This can be easily rearranged to give Equation (11):


ka


kb
¼


eb1�ðeap1=eap2Þeb2


ðeap1=eap2Þea2�ea1
ð11Þ


The relation between the micro- and the macroscopic constants is given
by Equation (12):


K ¼ ka þ kb ð12Þ


Working out K and replacing it in Equation (11) we are able to obtain
Equation (13):


kb ¼
K


½feb1�ðeap1=eap2Þeb2g=fðeap1=eap2Þea2�ea1g
 þ 1
ð13Þ


In this equation, K, eap1 and eap2 data can be calculated by HYPER-
QUAD. On the contrary ea1, eb1, ea2 and eb2 were estimated from similar
compounds displaying protonation only at one site.
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Sonochemical Synthesis under a Magnetic Field: Fabrication of Nickel and
Cobalt Particles and Variation of Their Physical Properties


Riam Abu-Much* and A. Gedanken*[a]


Introduction


A fundamental of the physics and chemistry of solids is the
understanding that most of their properties depend signifi-
cantly on the size of a solid particle in one, two, or three di-
mensions. Whether it can be called a revolution or simply
continuous evolution, the development of new materials and
their understanding on an increasingly smaller length scale
is clearly at the root of progress in many areas of materials
science.[1] This is particularly true in the development of
new magnetic materials for a variety of important applica-
tions.[2–5] Nanoscale magnetic materials have attracted inten-
sive interest because of their potential applications in fields
such as high-density magnetic recording and magnetic sen-
sors. In addition, the nanoscale magnetic materials also ena-
bled some basic issues of magnetic phenomena in low-di-
mensional systems to be addressed.[6–9] Ferromagnetic metal-
lic materials such as Fe,[10,11] Co,[12–14] and Ni[15,16] have been
studied for many years. During the last decade, due to the
emergence of a new generation of high-technology materi-
als, the number of groups involved in nanomaterials re-
search has increased exponentially. Various approaches have
been developed to prepare nanoscale magnetic metal mate-


rials, including pyrolysis of metal carbonyls,[17,18] water-in-oil
microemulsions,[19] g-ray irradiation,[20] borohydride reduc-
tion of metal salts,[21] and template synthesis.[22] The study of
colloidal magnetic fluids is of increasing interest in different
technological areas, from mechanical antivibration systems
to biomedical applications.[23–25] These fluids are suspensions
of ferri- or ferromagnetic particles dispersed in aqueous or
nonaqueous carrier liquids. Since their initial synthesis in
the 1960s, their technological applications have continued to
expand.[26] Different kinds of ferrofluids (FFs), such as
water-based FFs and FFs based on organic compounds, have
been obtained and widely used in dynamic loudspeakers,
computer hardware, dynamic sealing,[29] electronic packing,
mechanical engineering, aerospace applications, and bioen-
gineering.[30] Particle content, saturation magnetization, sus-
pension viscosity, and surfactant stabilizers[31] are vital for
product performance.[32] The stability of ferrofluids depends
on a balance between repulsive and attractive interactions
among the magnetic nanoparticles.[27] In addition to thermal
motion, steric and electrostatic repulsive interactions act
against van der Waals and dipolar attractive interactions.[28]


For a stable FF, the repulsion should be at least as strong as
the attractive forces in the range of the attractive interac-
tion. Stability can be obtained by surrounding the colloidal
particles with an electrical double layer, adsorbed or chemi-
cally attached polymeric molecules, or with free polymers in
the dispersion medium (depletion/stabilization).


The depletion/stabilization of colloidal particles is impart-
ed by macromolecules that are free in solution, and their
free polymer chains can play a crucial role in preventing ag-
gregation of the particles. A variety of innovative techniques
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have been employed to prepare cobalt and nickel nanomate-
rials, for example, template electrodeposition[33] and rapid
decomposition in the presence of linear amines.[34] In gener-
al, chemical dissolution techniques are superior to the other
methods because of their better capabilities for controlling
the composition, size, and shape of the nanoparticles, and
the ease of scale-up. This is especially true for the precipita-
tion of metals from aqueous solutions of metal salts with hy-
drazine or hydrogen as reducing agents.[35] The polyol pro-
cess, in which a polyol or a mixture of polyols is used as
both solvent and reducing agent, can be used to prepare
more uniform and well-dispersed metal powders (e.g., Ni,
Co) in comparison with other chemical reduction methods,
because the polyol process is slow and requires high temper-
atures and refluxing for several hour, or even days.[36,37] This
reflux helps to form a more uniform distribution of nanopar-
ticles through cycles of dissolution/precipitation, as in the
previously described process of Ostwald ripening.


Little attention has been paid to the effect of an external
magnetic field on the nucleation and growth process of mag-
netic particles, and on the self-assembly behavior of magnet-
ic nanocrystallites. A magnetic field can significantly influ-
ence the movement of magnetic particles.[38–40] It is therefore
interesting to study the growth behavior of magnetic parti-
cles during their fabrication under an external magnetic
field. Recent developments have indicated that a magnetic
field can be elegantly employed to orient self-assembling
magnetic nanoparticles into nano- or microscale structures
in which dipole interactions between adjacent magnetic
nanoparticles couple them together and force reversible for-
mation of an anisotropic structure.[40–44] These magnetic
nanoparticles encompass fascinating aspects such as super-
paramagnetism, dipolar interactions, and Zeeman energy.
One- to three-dimensional (1D to 3D) self-assembled struc-
tures of magnetic nanoparticles have been synthesized
through magnetic interactions and the application of a mag-
netic field.[45–51]


In the current work we first explored the feasibility of so-
nochemical fabrication of nickel and cobalt particles, varia-
tion of their size, and formation of colloidal solutions with
different solvents. Second, we studied the effect of applying
a magnetic field during fabrication.


Ultrasound influences chemical reactivity through an
effect known as cavitation. Cavitation occurs on applying
high-intensity ultrasound to liquids, which results in super-
position of sinusoidal pressure on the steady ambient pres-
sure. Sound is transmitted through a fluid as a wave consist-
ing of alternating compression and rarefaction cycles. In cav-
itation, the microbubbles formed during the rarefaction
cycle of the acoustic wave collapse violently during the com-
pression cycle of the wave. The contents of the bubble are
estimated to be heated to 5000 K, and the implosion of the
cavitation bubble also produces high-energy shock waves
with pressures of several thousand atmospheres.[52] The ulti-
mate consequence of the high temperature is a chemical re-
action. The high pressure leads to an increased number of
molecular collisions owing to enhanced molecular mobility


and decreased overall volume, and hence also to high chem-
ical reactivity.


Results and Discussion


Characterization of Ni and Co particles : Sonochemical reac-
tions involve a combination of high temperatures, high pres-
sures, and rapid cooling. Under these extreme conditions,
fine cobalt and nickel spheres are produced.


The X-ray diffraction pattern of an as-prepared Ni sample
(Figure 1a) confirms the crystalline nature of the particles.


The three characteristic peaks that appear at 2q values of
44.7, 52.07, and 76.638 are assigned to diffractions from the
(111), (200), and (222) planes of cubic Ni. The calculated
cell parameter is a=3.514 J. These values are in good
agreement with the diffraction peaks, peak intensities, and
cell parameters of cubic Ni (PDF No. 00-003-1051). The
XRD patterns of the as-prepared cobalt spheres and the
product after annealing at 600 8C for 6 h, are presented in
Figure 1b and c, respectively. The as-prepared sample shows
low-intensity diffraction peaks indicating production of
poorly crystalline cobalt, whereas the heated sample shows
sharp diffraction peaks that could be indexed to fcc cobalt
(PDF No. 00-0001-1255). The morphology and structure of
the aggregated particles obtained both by the regular sonica-
tion procedure and sonication under a magnetic field were
studied by HRSEM and HRTEM measurements. HRSEM
images with different magnifications are presented in
Figure 2. Figure 2a and d show nanospheres of Ni and
cobalt formed in the absence of a magnetic field. Character-
ization of the spheres as pure nickel or pure cobalt was


Figure 1. a) XRD pattern of as-prepared nickel particles. b) XRD pattern
of as-prepared cobalt particles. c) XRD pattern of cobalt particles after
heating to 600 8C
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based not only on XRD but also on selected-area electron
diffraction (SAED) analysis conducted on the SEM images
(not shown). In both cases, this showed the presence of a
high percentage of Ni or Co and the C and Cu peaks origi-
nating from the carbon grid. The average diameter of the
nickel spheres, calculated by using Scion Image software,
was 52 nm, whereas bigger spheres are obtained for cobalt
particles. Their average size, calculated from an SEM image,
was 350 nm. Conducting the sonication process under an ex-
ternal magnetic field has a significant influence on the mor-
phology of both cobalt and nickel particles. On the basis of
these results, it can be concluded that the major factor de-
termining the size and morphology of the products is the
magnetic field. Figure 2b, c, e, and f vividly demonstrate the
creation of nanowires. The high-magnification images show
that the nanowires are produced as a consequence of the ag-


gregation mechanism of the
magnetic spheres driven by
strong magnetostatic (dipolar)
and Zeeman interactions.
HRTEM analysis provided
more detailed structural infor-
mation on Ni and cobalt parti-
cles obtained both by the regu-
lar sonication procedure and
under an external magnetic
field. Figure 3a further sup-
ports the crystalline nature of
nickel particles obtained sono-
chemically. In the absence of a
magnetic field, the interlayer
distance was calculated to be
about 2.01 J, which agrees
well with the literature value
for the separation between the
(111) lattice planes. Similar re-
sults were obtained for Ni rods
prepared under a magnetic
field. For the cobalt particles it
was more difficult to recognize
the arrangement of atomic
layers because of their low
crystallinity. Nevertheless, the
measured distance of about
2.1 J between the (111) lattice
planes (Figure 3b) is very close
to that reported in the litera-
ture for the fcc crystal struc-
ture.


The differences between the
nickel and cobalt particles ob-
tained without and with an ex-
ternal magnetic field were also
reflected in differences in the
magnetic properties. Figure 4
shows magnetization loops of
the products. They reveal that


the magnetic structure of Ni and Co particles can be modi-
fied during their formation under a magnetic field. Differen-


Figure 2. SEM images of nickel and cobalt particles. a) Nickel particles synthesized by the regular sonication
procedure. b, c) Nickel nanowires prepared in the presence of an applied magnetic field. d) Cobalt particles
prepared by the regular sonication process. e, f) Cobalt nanowires synthesized under a magnetic field.


Figure 3. a) HRTEM image of a nickel particle. b) HRTEM image of a
cobalt particle.
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ces in saturation magnetization Ms between samples ob-
tained under an external magnetic field and those obtained
without an applied magnetic field are clearly evident. The
difference in Ms between the samples prepared with and
without a magnetic field can be attributed to spin disorder
and surface oxidation. The magnetic behavior of nanoparti-
cles has a marked dependence on the decrease in particle
size and when surface effects start to dominate.[42] For nano-
particles with a large surface/volume ratio, the surface-spin-
driven arrangements (spin disorder) may eventually modify
the magnetic properties. This spin disorder is caused by the
lower coordination number of the surface atoms, whereby
broken exchange bonds produce a spin-glass-like state of
spatially disordered spins on the surface with a high-aniso-
tropy surface layer.[43,44] In addition, the change in the mag-
netic structure can be also the reason why, when a magnetic
field is applied, the magnetic easy axis of nickel could align
along the nanowires. This may be also responsible for the in-
crease in the saturation magnetization of the cobalt parti-
cles, as can be seen in Figure 4B. However, the reason for
the low saturation magnetization of the nickel particles ob-
tained under an MF (Figure 4A) is not clear. Perhaps the
large shape anisotropy of the nanorods prevents their be-
coming magnetized in directions other than their easy mag-
netic axis. Our assumption is related to a random orienta-
tion of nanorods, for which the projection of the magnetiza-
tion vectors along the field direction is smaller than that of


a collection of nanoparticles without the large shape-aniso-
tropy effect.


We also measured the magnetic moment as a function of
temperature for nickel particle prepared by the regular soni-
cation process and under an external magnetic field by three
procedures: 1) The samples were zero-field-cooled (ZFC) to
5 K, a field was applied, and the magnetization was mea-
sured as a function of temperature; 2) The samples were
field-cooled (FC) from above 300 to 5 K and the magnetiza-
tion was measured; 3) The samples were field-cooled to 5 K,
after which the field was reversed in sign and the magnetiza-
tion was measured as a function of temperature (RFC). The
results are shown in Figure 5.


Below the blocking temperature TB, the ZFC and FC
curves do not coincide. Above TB they coincide, and the ma-
terials exhibit superparamagnetic behavior. The blocking
temperature of the samples obtained without a magnetic
field (TB�320 K) is lower than that of the sample synthe-
sized in the presence of a magnetic field (TB0400 K). This
difference is accounted for by the relation TB=KV/25k,
where K is the effective uniaxial anisotropy energy per unit
volume, V is the particle volume, and k the Boltzmann con-
stant. The K and V[54] values of the rods obtained with ap-
plied magnetic field are larger than those of the products
obtained without a magnetic field. The blocking tempera-
ture of these rods is therefore higher. The blocking tempera-
ture also depends on size, shape, and material, and it usually
increases with increasing number of atoms. Shape also mat-
ters: Nanorods usually have a higher blocking temperature
than nanodots.


Significant decrease in particle size and formation of stable
organosols in PEG-400 : We sought a facile and direct
method for fabrication of stable organosols of nickel and
cobalt nanoparticles. The main aim was to significantly de-
crease the particle size and hence obtain a stable dispersion.
This was achieved by restricting the growth process and lim-
iting the collision rate between particles. This was effected
by varying the physical properties of the solvent.


Using triethylene glycol as solvent instead of ethylene
glycol gave smaller particles of both nickel and cobalt, but a


Figure 4. A) Magnetization loop of nickel particles obtained without a
magnetic field (a) and magnetization loop of nickel particles obtained
under a magnetic field (b). B) Magnetization loop of cobalt particles ob-
tained without a magnetic field (a) and magnetization loop of cobalt par-
ticles obtained under a magnetic field (b).


Figure 5. Magnetic moment versus temperature. a) Nickel particles pre-
pared without applied magnetic field. b) Nickel particles prepared under
a magnetic field.
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stable colloidal solution was not obtained. Unlike the corre-
sponding reaction in ethylene glycol, in which a precipitate
was observed immediately after sonication, in triethylene
glycol it took about 30 min for the precipitate to appear. Ac-
cording to the HRSEM images (Figure 6), nickel and cobalt


spheres with average particle sizes of 120 and 100 nm, re-
spectively, are produced in triethylene glycol. Compared
with the reaction in ethylene glycol, the size of the cobalt
spheres has decreased significantly, from 350 to 100 nm. Ex-
posing the reaction cell to an external magnetic field in-
duced assembly of the nanomagnetic particles into macro-
scopic arrays (Figure 6c, d).


A dramatic effect was observed when polyethylene glycol
400 (PEG-400) was used as solvent in the sonication cell:
the higher viscosity and long polymer chains act as physical
barriers to aggregation of the particles, which is reflected by
the formation of a stable colloidal solution of smaller nano-
particles. The restricted motion of the particles due to the
high viscosity and the polymer chains resulted in a slow
growth process of the particles, reflected by formation of
nanoparticles with average sizes of 3.2 and 2.3 nm for Ni
and Co, respectively. Thus, a significant decrease in particle
size is obtained by using PEG-400 as solvent instead of eth-
ylene glycol or triethylene glycol. A very stable colloidal so-
lution is obtained for both metals and flocculation, and
hence gravitational settling, is avoided. The solutions were
stable for at least four months. Figure 7a and b show
HRTEM images of the uniform and monodisperse nickel
and cobalt nanoparticles with perfect arrangements of the
atomic layers. The measured distance between the (111) lat-
tice planes of the Ni nanoparticles of about 2.02 J is very


close to that reported in the literature for cubic nickel (PDF
No. 00-003-1051). In addition, the calculated distance be-
tween the (111) lattice planes of the FCC cobalt of about
2.0 J is very close to the literature value (PDF No. 00-0001-
1255). The SAEDS results (not shown) confirm the presence
of high percentages of Ni and Co, respectively. Histograms
of size distribution were calculated by using Scion Image
software by measuring more than 40 nanoparticles (Fig-
ure 7c, d).


We assume that the stability of the nanoparticles against
aggregation is due to the presence of the free polymer
chains of the solvent (depletion/stabilization), while its vis-
cosity restricts the growth process of the particles. This is re-
flected by the formation of very small nanoparticles. The ab-
sence of a direct interaction between the polymer chains
and the nanoparticles is supported by the FTIR spectra of
pristine PEG and organosols of nickel and cobalt nanoparti-
cles. The FTIR spectra of Ni and Co organosols showed no
shifts or changes in the intensity of the absorption bands rel-
ative to pristine PEG (Figure 8), especially the nCO band at
about 3400 cm�1, which would perhaps be susceptible to
changes if PEG and a magnetic metal interact. Surprising
results emerged when the effect of applying an external MF
during sonochemical preparation of the organosols was stud-
ied. In both cases, stable solutions of nickel and cobalt nano-
particles were produced. The influence of the magnetic field


Figure 6. HRSEM images of nickel and cobalt particles. Nickel (a) and
cobalt (b) particles synthesized by the regular sonication procedure in tri-
ethylene glycol. Nickel (c) and cobalt (d) particles prepared in the pres-
ence of an applied MF with ethylene glycol as solvent.


Figure 7. a) HRTEM image of stable organosol of nickel nanoparticles
synthesized by the regular sonication procedure. b) HRTEM image of
stable organosol of cobalt nanoparticles synthesized by the regular soni-
cation process. c) Histogram of the average size of the nickel nanoparti-
cles from image a). d) Histogram of the average size of the cobalt nano-
particles from image b).
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on the morphology of the nanoparticles was investigated by
HRTEM analysis, which showed small and uniform nano-
particles (Figure 9). No differences in morphology or size of


the nanoparticles were found. Thus, unlike the Ni and Co
reactions under nonstabilized conditions, application of an
external magnetic field of 0.5 T during synthesis of these
colloidal solutions has no appreciable effect. We argue that,
despite the fact that the application of an external magnetic
field causes the particles to attain large magnetic moments
aligned in the direction of the magnetic field and thus
strong magnetic interaction, the restricted motion of the par-
ticles due to the high viscosity of the continuous phase and
the presence of long polymer chains are the dominant fac-
tors. This is also reflected in the formation of small particles,
consistent with a slow growth process. These results reveal
the importance of the physical properties of the continuous
phase. In our case, the interparticle magnetic attraction was
too weak to overcome the physical barriers that surround
each particle.


Discussion


In the current investigation, ultrasonic waves served as a
source of energy to drive the reactions. The preparation of
both nickel and cobalt particles was based on a reduction
mechanism using a small amount of hydrazine as a reducing
agent.[53] To confirm that the reduction was conducted
mainly by hydrazine rather than by ethylene glycol, a con-
trol reaction was performed without the addition of hydra-
zine. No nickel or cobalt was obtained, even after several
hours of sonication.


More significant results were obtained by introducing
PEG-400 as dispersive medium and stabilizer. It also caused
a dramatic decrease in particle size. The presence of poly-
mer chains restricts the growth process and increases the
number of nucleation sites. Thus, nanoparticles with average
sizes of 3.2 and 2.3 nm for Ni and Co, respectively, were ob-
tained. In contrast, particles with sizes of 52 and 350 nm
were formed when ethylene glycol was used as a solvent.


The DLVO theory[55] has traditionally been used to evalu-
ate the onset of aggregation by calculation of stability ratios
(i.e., the ratio of the aggregation rate in the absence of col-
loidal interactions to that when interactions are present).
According to this theory, the colloids are the only solute,
and electrolytes and solvent effects are captured in an effec-
tive interparticle potential. Another significant parameter is
the collision efficiency (i.e., the ratio of the number of parti-
cle collisions resulting in formation of an aggregate to the
total number of collisions). These collisions between the par-
ticles are the result of the Brownian motion. The stability of
the colloid is thus determined by the interaction between
the particles during such a collision. Stability can be ob-
tained by surrounding colloidal particles with an electrical
double layer, adsorbed or chemically attached polymer mol-
ecules, or a free polymer in the dispersion medium (deple-
tion/stabilization). The depletion/stabilization of colloidal
particles is caused by macromolecules that are free in solu-
tion. Their free polymer chains can have a crucial role in
preventing the aggregation of the particles. According to
our results, the stability of the nickel and cobalt sols is due
to the presence of free polymer chains. We believe that the
viscosity of the PEG solvent plays an important role in the
stabilization mechanism. It restricts diffusion of the particles
through the dispersion medium, and hence reduces the
probability of collision. We based our assumption on the
Einstein theory (1905)[56] that deals with a mathematical ex-
pression for the diffusivity of colloid particles into solvents.
The diffusivity is proportional to KT/6pmRa, where m is the
viscosity of the solvent, K the Boltzmann constant, Ra the
radius of the colloid spheres, and T the absolute tempera-
ture of the solution. According to this equation, increasing
the viscosity of the dispersion medium limits the motion of
the particles and hence reduces the collision ratio, which
could lead to aggregation and sedimentation by gravity.


The extreme conditions that occur when the bubble col-
lapses might lead to the assumption that sonochemistry de-
termines the shape and size of the reaction products, and ap-


Figure 8. FTIR spectra of a) pristine PEG, b) organosol of nickel nano-
particles in PEG, and c) organosol of cobalt nanoparticles in PEG.


Figure 9. a) HRTEM image of stable organosol of nickel nanoparticles
synthesized under a magnetic field. b) HRTEM image of stable organosol
of cobalt nanoparticles synthesized under a magnetic field.
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plication of a magnetic field during sonication would have
only a minor effect. This is especially true since the term de-
scribing the magnetic dipole interaction does not contain
the intensity of the external magnetic field and is propor-
tional only to m1m2/R


3
ACHTUNGTRENNUNG[2 cosACHTUNGTRENNUNG(q1�q2)�3cosq1cosq2] .


[54] Howev-
er, the results obtained with the aggregated nickel and
cobalt particles reveal the important role of the magnetic
field in determining the shape and magnetic properties of
the products. Our explanation of these results is based on
the location of the sonochemical reaction. It is well known
that the sonochemistry of ionic reactants takes place in the
interfacial region of about 200 nm surrounding the collaps-
ing bubble[52] at temperatures and pressures much lower
than those developed at the center of the bubble. This di-
minishes the effect of the ultrasonic event in comparison to
a gas-phase reaction which occurs with a volatile precursor.
When an external magnetic field is applied during the
growth of ferromagnetic particles, particle growth is consid-
ered to be a slow diffusion-assisted process. Our investiga-
tion revealed that the extreme conditions resulting from
sonication can not act as a barrier against the effect of a
magnetic field on the growth process of the magnetic nickel
and cobalt particles. The magnetic field led to the formation
of nanowires rather than sphere-shaped particles when par-
ticle aggregation occurred.


A significant result was obtained when we introduced
PEG-400 as solvent. Although application of an external
magnetic field causes the nanoparticles to attain large mag-
netic moments aligned in the direction of the magnetic field,
and hence a strong magnetic interaction, we found no differ-
ence in the morphology and the size of the particles. More-
over, stable colloidal solutions were obtained under these
conditions. We argue that the physical parameters responsi-
ble for the stabilization mechanism of the nickel and cobalt
sols produced by the regular sonication procedure dominate
over the magnetic interactions caused by the applied exter-
nal magnetic field. This is reflected in the stability, morphol-
ogy, and the size of the particles. Thus, the solvent can affect
not only the aggregation process, but also can act as a barri-
er against external magnetic forces.


Conclusion


We have synthesized cobalt and nickel particles using ultra-
sonic irradiation and characterized them. The particle size
and morphology depend on the physical properties of the
solvent. The influence of an applied magnetic field during
sonochemical preparation is also affected by the physical
properties of the solution.


Experimental Section


General : Ethylene glycol (J. T. Baker), triethylene glycol (99%, Aldrich),
nickel(II) nitrate hexahydrate (Aldrich), hydrazine monohydrate (98%,
Aldrich), sodium hydroxide (Bio LAB), polyethylene glycol 400 (Al-


drich), and cobalt(II) nitrate hexahydrate (Riedel-de Haen) were used
without further purification.


Synthesis of pure nanometer-sized Ni and Co particles : Based on the
work of Li and Han[53] on the reaction mechanism and kinetics of reduc-
tion of metal cations, especially Ni2+ , by hydrazine, sonochemical synthe-
ses of Ni and Co particles were carried out as follows. Nickel(II) nitrate
or cobalt(II) nitrate (0.05m) was dissolved in ethylene glycol, and hydra-
zine (2.5 mL, 1 m) was added. The solution was sonochemically irradiated
under ambient atmosphere for 30 min with a high-intensity ultrasonic
horn (Ti horn, Sonics and Materials VCX600 sonicator, 20 kHz). During
sonication, an appropriate amount of NaOH (0.003m) was added to the
solution. The powder obtained was isolated by centrifugation, washed
three times with ethanol (9000 rpm), and dried under vacuum at room
temperature. The same procedure was carried out by replacing ethylene
glycol with triethylene glycol.


Synthesis of stable organosols of Ni and cobalt nanoparticles : Nickel(II)
nitrate or cobalt(II) nitrate (0.05m) was dissolved under ultrasound radia-
tion in PEG-400, and hydrazine (2.5 mL) was added. The solution was so-
nochemically irradiated under ambient atmosphere for 1 h by using a
high-intensity ultrasonic horn (Ti horn, Sonics and Materials VCX600
sonicator, 20 kHz). During sonication a desired amount of NaOH
(0.003m) was added gradually. After sonication a black solution was ob-
tained.


Sonication under an external magnetic field : The reaction procedures de-
scribed above were conducted under an external magnetic field of 0.5 T.


Characterization : Powder XRD measurements were carried out on a
Rigaku model-2028 diffractometer. The morphologies and structures of
the as-synthesized products were further characterized with a JEM-
1200EX TEM and a JEOL-2010 HRTEM. Samples for TEM and
HRTEM were prepared by dispersing the products in ethanol, placing a
drop of the suspension onto a copper grid coated with an amorphous
carbon film, and then drying under inert atmosphere. HRSEM analyses
were conducted with a JEOL-JSM 840 scanning electron microscope.
Scion Image software was used to measure the mean particle size by
measuring more than 50 particles from the HRSEM images. Magnetiza-
tion measurements were conducted with a Quantum Design MPMS
SQUID magnetometer. First, the blocking temperature was measured by
cooling the sample in zero field down to 5 K, at which point a magnetic
field of 100 Oe was applied. Then the sample was slowly warmed to high
temperature in steps of a few kelvin, with stabilization at each tempera-
ture and subsequent measurement of the magnetic moment (zero-field
cooled (ZFC) measurement). Then, without turning off the magnetic
field, the sample was cooled and the magnetic moment measured at each
intermediate temperature (field-cooled (FC) measurements). The stable
organosols were further analyzed by IR spectroscopy (Nicolet Impact
410).
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Introduction


Spin crossover (SCO), an electronic switching phenomenon
that can occur in d4–d7 transition metals, has been the sub-
ject of intense investigation over recent decades towards de-
veloping materials for applications as molecular binary
switches and electronic data storage devices.[1,2] These appli-
cations stem from the dramatic magnetic and physical
changes detectable over the transition between high-spin
(HS; S=2 for d6) and low-spin (LS; S=0 for d6) states
(through temperature, pressure or light-irradiation).[1,2] Of
particular interest are SCO materials that display bistability
(i.e. the existence of two electronic states under the same
perturbation) thus inducing a memory effect. It is well es-
tablished that the SCO effect is propagated in the solid state
by strong communication pathways through intermolecular


Abstract: Three analogous one dimen-
sional (1D) polymeric iron(II) spin
crossover (SCO) materials containing
the new ligand 4,6-bis(2’,2’’-pyridyl)pyr-
azine (bdpp) have been comprehen-
sively characterised magnetically (ther-
mal and light-induced) and structurally.
Within this series are two polymorphs
of the formula [Fe ACHTUNGTRENNUNG(NCS)2ACHTUNGTRENNUNG(bdpp)], 1
and 2a, which differ magnetically in
that phase 1 undergoes a full two-step
SCO (T1=2(1)=135 K and T1=2(2)=90 K)
whereas phase 2a remains high spin
(HS) over all temperatures. The central
distinction between these two materials
lies in the presence of intermolecular
p–p interactions generated by the crys-
tal packing in 1, which are absent in
2a. The isostructural selenocyanate an-
alogue of 2a, [Fe ACHTUNGTRENNUNG(NCSe)2ACHTUNGTRENNUNG(bdpp)], 2b,
undergoes a full two-step SCO (T1=2(1)=


200 K and T1=2(2)=125 K). Structural


analyses of 1 and 2b at a range of tem-
peratures provide deep insight into
their two-step SCO nature. Structural
analysis of 1 at 25 K (1LS–LS), 123 K
(1LS–HS) and 250 K (1HS–HS) reveals two
distinct iron(II) centres at each temper-
ature, with ordered, alternating HS and
LS (low spin) sites at the intermediate
plateau (IP) temperatures. In contrast,
structural analysis of 2b at 90 K (2bLS),
150 K (2bLS/HS) and 250 K (2bHS) re-
veals one unique iron(II) centre at
each temperature with an “averaged”
LS/HS character at the IP temperature.
Weak planes of diffuse scattering in the
single-crystal X-ray diffraction patterns
were observed for this phase at 90 and


150 K, indicating that 1D long range
ordering of alternating HS/LS iron(II)
centres occurs along the 1D coordina-
tion chains, but that there is no correla-
tion between chains. The lack of ob-
servable diffuse scattering at 250 K
suggests that the onset of the 1D struc-
tural ordering in the chain direction
corresponds to the first step of the
SCO and that this structural transition
is electronically driven. The photomag-
netic properties of both 1 and 2b have
been investigated and show �62 and
53% photo-excitation of a HS metasta-
ble state at low temperatures and
T ACHTUNGTRENNUNG(LIESST) values of 55 and 49 K, re-
spectively. Relaxation studies on the
HS fraction in 2b fitted well to a
stretched exponential model with ki-
netic parameters indicative of weak co-
operativity.
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interactions, such as hydrogen bonding and p stacking.[1,3,4]


An alternate approach is to directly link SCO centres in co-
ordinatively-bridged networks, thus further enhancing com-
munication between SCO sites.[5] Indeed, examples of 1-, 2-
and 3D SCO polymers exist that show significant communi-
cation in the form of abrupt spin transitions with hystere-
sis.[6–8] Contrasting these are polymeric SCO materials in
which flexible linking ligands have been used, which have
largely tended to show little cooperativity and, indeed, may
even have reduced communication as a consequence of
being incorporated into frameworks that are able to flex lo-
cally in response to SCO.[9]


Discrete molecular and framework systems that display
two-step SCO transitions are of particular interest in that
they allow investigation of the influence of SCO on neigh-
bouring metal centres through cooperative/anticooperative
intra- and inter-molecular interactions. In the case of dinu-
clear SCO systems, a small number of phases in which the
influence on two-step properties of intramolecular commu-
nication between the metal centres and crystal packing have
been investigated.[10–12] Such investigations are also impor-
tant in polymeric 1D systems, such as those presented here
in which individual chains may order in the two-step plateau
region, for example, HS-LS-HS-LS, or show random disor-
der. There are three structural cases that have been reported
for mononuclear, dinuclear and polynuclear materials that
display two-step (or multistep) spin transitions. The most
common among these are systems that have multiple crys-
tallographically distinct metal centres at all temperatures;
here, the often subtle difference in coordination geometry
between different SCO centres is likely the most significant
cause of the multiple SCO steps, rather than anticooperative
effects between metal centres.[7,8,13,14] Secondly, a number of
cases have been reported in which one crystallographically
unique metal centre is reported over all temperatures, with
an intermediate M�L bond length seen at the IP tempera-
ture, owing to random disorder of the HS/LS species at the
IP temperature.[15–17] Lastly, and by far the least common,
are materials that undergo structural phase transitions asso-
ciated with one or both of the SCO steps; known examples
here include systems in which a single HS iron(II) site at
high temperature converts to two sites upon cooling through
the first step.[12,18,19] Given the likelihood that at least short-
range ordering rather than random disorder of HS-LS sites
should exist in the IP region, members of the second family
of systems are most likely mis-categorised and belong in-
stead to one of the other two classes. Only recently have
structural methods towards exploring these phenomena in
detail been available, owing to improved X-ray sources and
detectors. Indeed, in recent years there have been additional
reports of SCO materials reported nearly 20 years ago that
identify new facets of their SCO behaviour previously unex-
plored or not recognised.[18] To this end, detailed magnetic
and structural analyses of SCO materials and comparisons
between related systems are essential to decouple the vari-
ous structural influences on SCO behaviour.


Of a wide range of different SCO systems known, the
most predominant are those based on the [FeIIACHTUNGTRENNUNG(NCS)2(py)4]
centre, in which py is any pyridyl donor ligand. Of interest
here is the [FeII ACHTUNGTRENNUNG(NCS)2ACHTUNGTRENNUNG(dpa)2] coordination environment (a
subclass of the [FeII ACHTUNGTRENNUNG(NCS)2(py)4] family in which dpa is any
2,2’-dipyridyl amine donor ligand), for which mononu-
clear,[20,21] dinuclear[10,21] and polynuclear 1D chain[22,23] SCO
materials have been reported. Despite having similar coordi-
nation environments, this family of materials displays di-
verse SCO behaviours, from one-step and two-step to in-
complete.[10, 20–23] Detailed structural analyses within these
systems have revealed fundamental structural features that
account for such varied magnetic behaviours. For example,
at the IP temperature for the two-step SCO in the dinuclear
compound [FeIIACHTUNGTRENNUNG(NCS)2ACHTUNGTRENNUNG(ddpp)]2·4 ACHTUNGTRENNUNG(CH2Cl2) (ddpp=2,5-(di-2-
pyridylamine)pyridine), an ordering of the [HS-LS] states
was observed, the first of its kind.[10] This ordering, and the
presence of a two-step SCO, was attributed to the existence
of inequivalent iron(II) sites at all temperatures. In a further
example, structural analysis of two polymorphs of [FeII-
ACHTUNGTRENNUNG(NCS)2ACHTUNGTRENNUNG(cddt)]2· ACHTUNGTRENNUNG(guest) (cddt=2-chloro-4,6-bis(di-2-pyridyl-
ACHTUNGTRENNUNGamine)-1,3,5-triazine), which show very different SCO be-
haviours (one showing an incomplete SCO and the other re-
maining HS), revealed an array of p–p interactions in the
former contributing to the observed SCO.[22] Thus, magneto-
structural analysis of further examples within this series is
important to gain greater insight into the fundamentals of
the SCO phenomenon and, indeed, the two-step conversion
process.


We focus here on a new dpa-containing ligand, 4,6-
bis(2’,2’’-dipyridylamine)pyrimidine (bdpp, Figure 1), which
was inspired by our recent work with the related ligand


ddpp. In the dinuclear system [FeACHTUNGTRENNUNG(NCS)2ACHTUNGTRENNUNG(ddpp)]2·4 ACHTUNGTRENNUNG(CH2Cl2),
the pyridine nitrogen atoms coordinate to and bridge the
iron(II) centres.[10] In the present systems, by contrast, the
pyrimidine rings of the bdpp ligand remain unbound, result-
ing in the formation of extended polynuclear 1D systems
with the general formula [FeIIACHTUNGTRENNUNG(NCX)2ACHTUNGTRENNUNG(bdpp)2] (X=S and
Se). Through detailed magnetic (thermal and light-induced)
and structural analyses of this series of materials we draw
detailed relationships between their differing structures and
diverse resulting SCO behaviours.


Figure 1. 4,6-Bis(2’,2’’-di-pyridylamine)pyrimidine (bdpp).
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Results


Magnetic susceptibility studies of thermally induced SCO :
Magnetic susceptibility measurement was used to follow the
iron(II) spin state changes for polycrystalline samples of 1,
2a and 2b (Figure 2 and Figure 3; see the Supporting Infor-
mation for 2a). Both 1 and 2b show a complete two-step
SCO although 2a remains HS overall temperatures with a
slight decrease in magnetic response below 15 K, owing to a
combination of weak antiferromagnetic coupling and zero-
field splitting.


The cMT values for 1 remained approximately constant at
3.45 cm3mol�1 K between 200 and 250 K, indicative of HS
iron(II) (Figure 2). Between 200 and 110 K, the cMT values
rapidly decreased to attain a minimum value of
1.73 cm3mol�1 K, indicating that half of the iron(II) sites are
in the HS state. The T1=2(1) value of this step is 135 K. Below
110 K, the cMT values decreased, gradually then more rapid-


ly, to attain a minimum value of 0.25 cm3mol�1 K at 60 K,
indicative of iron(II) in the LS state. The T1=2(2) value of this
step is 90 K. Below 60 K, the cMT values remained approxi-
mately constant. The non-zero magnitude of cMT at low
temperature is a common occurrence for iron(II) LS sites
and is likely due to second order Zeeman effects. Thermal
hysteresis was not observed in the cMT values upon heating.
However, upon quench cooling to 4 K thermal trapping of
the LS species in the HS state was observed to a maximum
of value 1.54 cm3mol�1 K at 5 K, which corresponds to
43.5% of the HS iron(II) sites. With heating above 4 K the
HS trapped sites gradually decreased to attain a LS state at
60 K. The T ACHTUNGTRENNUNG(TIESST) value (TIESST= thermally induced
excited spin state trapping), defined as the minimum of the
dcMT/dT versus T curve is 55 K.[24]


The cMT values for 2b remained approximately constant
at 3.23 cm3mol�1K above 250 K, indicative of iron(II) in the
HS state (Figure 3). Over the range 250–150 K the cMT
values rapidly decreased to a minimum of 1.66 cm3mol�1K
at 150 K, indicating half of the iron(II) sites are in the HS
state. The T1=2(1) value of this step is 200 K. Below 150 K the
cMT values decreased, gradually then more rapidly, to attain
a minimum of 0.21 cm3mol�1K at 80 K, which is indicative
iron(II) sites in the LS state. The T1=2(2) value of this step is
125 K. The cMT values remained approximately constant
below 80 K. Thermal hysteresis was not observed in the cMT
values, nor was any thermal trapping of HS sites observed
upon quench cooling.


Magnetic susceptibility studies of light-induced SCO : Mate-
rials that show TIESST are also likely to show light-induced
excited spin state trapping (LIESST) at low temperatures;[24]


hence we followed the magnetic response to 1 upon irradia-
tion with green light (Figure 2). Magnetic susceptibility stud-
ies on a thin layer of 1, irradiated at 10 K showed an in-
crease in the magnetic signal to a maximum cMT value of
1.78 cm3mol�1K. With further heating above 10 K, in the ab-
sence of irradiation, the cMT values increased slightly to a
maximum, at 15 K, of 2.13 cm3mol�1K. This temperature in-
dependent increase is due to zero-field splitting of the HS
iron(II) centres and was also observed over the same tem-
perature range for thermal SCO described above. This cor-
responds to 62% of the iron(II) sites trapped in the meta-
stable HS state, which is increased compared to the 43.5%
attained by quench cooling. With further heating the light-
induced metastable HS sites relax to a minimum cMT value
of 0.27 cm3mol�1K at 60 K, the same temperature at which
the thermally induced trapping of iron(II) HS sites was
erased. With further heating the cMT values followed the
same path as that of the original thermal SCO. The
T ACHTUNGTRENNUNG(LIESST) value, defined as the minimum of the dcMT/dT
versus T curve in the absence of irradiation, for 1 is 55 K
(inset: Figure 2).[24]


Despite there being no HS trapping upon quench cooling
to low temperatures for 2b, this does not preclude the exis-
tence of the LIESST effect. Indeed, irradiation to a thin
layer of 2b at 10 K resulted in an increase in cMT values to


Figure 2. Plot of cMT versus temperature over the range 10–250 K for the
thermal and photomagnetic effect for 1 (*: thermal spin transition, ~:
thermal trapping with quench cooling, ~: irradiation l=512 nm followed
by relaxation). Inset: Plot of dcMT/dT versus temperature indicating
T ACHTUNGTRENNUNG(LIESST) value of 55 K at the minima.


Figure 3. Plot of cMT versus temperature over the range 10–280 K for the
thermal and photomagnetic effect for 2b (*: thermal spin transition, ~:
irradiation l=512 nm followed by relaxation). Inset: Plot of dcMT/dT
versus temperature indicating T ACHTUNGTRENNUNG(LIESST) value of 49 K at the minima.
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a maximum of 1.63 cm3mol�1K. With further heating to
�15 K, in the absence of irradiation, the magnetic response
is temperature independent (as for 1) with the cMT values
attaining a maximum of 1.79 cm3mol�1K. This corresponds
to a maximum of �53% of the iron(II) sites in the HS
state. With further heating the light-induced iron(II) meta-
stable HS sites relaxed to attain a minimum cMT value of
0.23 cm3mol�1K by 60 K. With further heating above 60 K,
the magnetic response followed the same path as that of the
original thermal SCO. The T ACHTUNGTRENNUNG(LIESST) value for 2b is 49 K
(inset: Figure 3).[24]


Relaxation studies of the HS molar fraction generated by
laser irradiation were performed on 2b. The data, at 10, 40,
46, 50 and 55 K, are shown in Figure 4. The kinetics were


analysed using a stretched exponential treatment to give a
very good fit between 55–40 K using the parameters; Ea=


165 cm�1, k1=0.14 s�1 with a Gaussian distribution s=


40 cm�1. Ea is the apparent activation energy and k1 the ap-
parent pre-exponential factor of the activated region. These


parameters, together with ko=1.5O10�4 s�1 (the overestimat-
ed limit of the tunnelling rate constant), were also used to
confirm the stretched exponential model and simulate the
T ACHTUNGTRENNUNG(LIESST) experimental curve given in Figure 3; the best
fit curve, is very good and is shown in the Supporting Infor-
mation. The use of a stretched exponential, and the low
value of the activation energy, Ea, is in agreement with low
cooperativity in 2b (presumably likewise in 1).


Structural analysis by single-crystal X-ray diffraction : Full
single-crystal X-ray diffraction structure and refinement de-
tails for 1LS–LS, 1LS–HS, 1HS–HS, 2a, 2bLS, 2bLS/HS and 2bHS are
given in Table 1 and selected bond lengths and structural pa-
rameters are reported in Table 2. The average Fe�N dis-
tance, hdFe–Ni, octahedral distortion parameter, �, and other
relevant geometric parameters have been calculated for
each of the materials and are presented in Table 2. The
hdFe–Ni parameter is useful for quantifying the iron(II) spin
state. The � parameter (defined as the sum of the deviation
of each of the 12 cis-angles associated with the iron(II)
centre) is useful to further quantify the changes in iron(II)
environment associated with the SCO, whereby a smaller
value is indicative of stabilisation of the LS state.[25]


For each of these materials, structural analysis revealed a
distorted octahedral iron(II) environment consisting of two
axially coordinated NCS� or NCSe� ligands and two equato-
rially coordinated bis-bidentate bdpp ligands, bound through
the terminal di-(2-pyridyl)amine pyridyl group. Each bdpp
ligand bridges two iron(II) centres and thus propagates to
form extended 1D chains (Figures 5 and 6). Even though
these materials are isotopological, the packing of 1D chains
in the crystal lattice results in a large variation in crystal
symmetry and interactions between adjacent chains and
more subtle variation in iron(II) geometry.


Structure of [Fe ACHTUNGTRENNUNG(NCS)2ACHTUNGTRENNUNG(bdpp)] (1): The complex 1 crystalli-
ses in triclinic symmetry and has two crystallographically


Figure 4. Plot of HS fraction versus time on 2b for the relaxation kinetics
(10, 40, 46, 50 , 55 K) of the light induced metastable HS state. Data
were analysed using a stretched exponential treatment: Ea=165 cm�1,
k1=0.14 s�1 and with a gaussian distribution s=40 cm�1.


Table 1. Single-crystal diffraction data and parameters for 1LS–LS, 1LS–HS, 1HS–HS, 2a, 2bLS, 2bLS/HS and 2bHS.


Compound 1LS–LS 1 LS–HS 1 HS–HS 2a 2bLS 2bLS/HS 2bHS


FeII Spin States
(Fe1�Fe2 or Fe1)


LS-LS LS-HS HS-HS HS LS LS/HS HS


T [K] 25 123 250 123 90 150 250
formula FeS2C26H18N10 FeS2C26H18N10 FeS2C26H18N10 FeS2C26H18N10 FeSe2C26H18N10 FeSe2C26H18N10 FeSe2C26H18N10


Mr [gmo1�1] 590.47 590.47 590.47 590.47 684.27 684.27 684.27
space group triclinic (P1̄) triclinic (P1̄) triclinic (P1̄) monoclinic (C2/c) monoclinic (C2/c) monoclinic (C2/c) monoclinic (C2/c)
a [Q] 8.564(3) 8.6670(4) 8.6540(2) 23.291(5) 23.2609(10) 23.314(5) 23.5214(17)
b [Q] 8.675(3) 8.7207(4) 8.9690(2) 8.6179(17) 8.5716(4) 8.6078(17) 8.6481(6)
c [Q] 17.473(5) 17.4947(9) 17.5736(5) 17.602(4) 17.6735(8) 17.780(4) 18.0485(15)
a [8] 95.446(5) 95.686(2) 96.838(2) 90 90 90 90
b [8] 103.984(4) 103.610(2) 103.784(2) 126.14(3) 126.434(2) 126.40(3) 126.792(4)
g [8] 96.526(5) 95.517(2) 94.360(2) 90 90 90 90
V [Q3] 1241.4(7) 1269.04(11) 1307.59(6) 2853.2(15) 2835.0(2) 2872.0(15) 2940.1(4)
1calcd [Mgm�3] 1.580 1.545 1.500 1.375 1.603 1.583 1.546
m [mm�1] 0.815 0.797 0.774 0.709 3.135 3.094 3.023
R(F) [I>2s(I)] 0.0496 0.0733 0.0452 0.0852 0.1124 0.1064 0.0949
R(F) (all data) 0.0744 0.0758 0.0488 0.1444 0.1304 0.1260 0.1296
Rw(F


2) [I>2s(I)] 0.1011 0.1361 0.0966 0.2463 0.2849 0.2647 0.2659
Rw(F


2) (all data) 0.1182 0.1370 0.0994 0.2927 0.3007 0.2796 0.2937
GoF 1.051 1.361 1.061 1.079 1.043 1.287 1.072
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distinct iron(II) centres in the asymmetric unit, Fe1 and Fe2,
one full bdpp ligand and one NCS� anion bound to each
iron(II) centre, the remainder generated by symmetry.


The geometries of the iron(II) centres differ significantly
at 25, 123 and 250 K, highlighting the changes in spin state
and subtly different crystallographic environments of Fe1
and Fe2. At 25 K, 1LS–LS, the hdFe–Ni of Fe1 and Fe2 are
1.987(3) and 2.047(3) Q, respectively, indicative of LS
iron(II). At 123 K, 1LS–HS, the hdFe–Ni of Fe1 and Fe2 are
2.029(5) and 2.163(5) Q, respectively, indicative of Fe1 in
the LS state and Fe2 in the HS state. At 250 K, 1HS–HS, the
hdFe–Ni of Fe1 and Fe2 are 2.173(3) and 2.174(3) Q, respec-
tively, indicative of HS iron(II). Generally, large changes in
the � values are observed over a spin transition;[25] however,
here the � values appear to be relatively insensitive to spin
state, with values of 37.9 and 39.6 8 for the Fe1LS and Fe2HS


sites, respectively, at 123 K. There is, however, a notable in-
crease in these values with increasing temperature; � values
for Fe1 and Fe2 are 34.7 and 31.2 8, respectively, at 25 K,


and 42.6 and 49.7 8, respectively, at 250 K. Accompanying
these SCO-induced structural changes are an increase in the
intra-chain Fe1···Fe2 separation distance from 9.156(6) Q for
1LS–LS to 9.235(4) Q for 1LS–HS to 9.252(5) Q for 1HS–HS, associ-
ated with the increase in Fe�N distances from LS to HS
states.


The parallel 1D chains of 1 propagate along the [111] di-
rection and are stacked such that there is no solvent accessi-
ble void volume (Figure 5).[18] The nearest interchain
Fe2···Fe2 distances are 8.564(6), 8.721(4) and 8.969(6) Q for
1LS–LS, 1LS–HS and 1HS–HS, respectively, shorter than that within
the chain, highlighting the close-packed nature of these
chains. Further to this, there is an array of p–p interactions
between pyridyl rings on adjacent chains related by a trans-
lation along the a-axis (Figure 5). There are two different
types of such interaction: between pyridyl rings attached to
Fe1 atoms on adjacent chains or between pyridyl rings at-
tached to Fe2 atoms on adjacent chains. The pyridyl ring
centroid-to-centroid distances vary with temperature; for


Table 2. Fe�N bond lengths and parameters for 1LS–LS, 1LS–HS, 1HS–HS, 2a, 2bLS, 2bLS/HS and 2bHS.


Bonds and angles 1LS–LS 1 LS–HS 1 HS–HS 2a 2bLS 2bLS/HS 2bHS


Fe1�N1 [Q] 1.959(3) 1.980(4) 2.094(3) 2.077(5) 2.032(6) 2.046(5) 2.091(5)
Fe1�N2 [Q] 1.998(3) 2.050(4) 2.194(3) 2.208(4) 2.135(5) 2.161(5) 2.214(4)
Fe1�N4 [Q] 2.006(3) 2.053(5) 2.233(3) 2.198(5) 2.136(5) 2.161(5) 2.225(4)
Fe2�N7 [Q] 2.073(3) 2.217(4) 2.217(3) – – – –
Fe2�N9 [Q] 2.064(3) 2.174(5) 2.210(3) – – – –
Fe2�N10 [Q] 2.007(3) 2.097(5) 2.092(3) – – – –
hdFe1–Ni [Q] 1.987(3) 2.029(5) 2.173(3) 2.161(5) 2.100(5) 2.122(5) 2.176(6)
hdFe2–Ni [Q] 2.047(3) 2.163(5) 2.174(3) – – – –
�Fe1 [8] 34.7 37.9 42.6 45.6 41.4 41.7 44.7
�Fe2 [8] 31.2 39.6 49.7 – – – –
p–p interactions [Q] 3.947(4), 3.877(4) 4.078(2), 3.860(3) 4.297(3),3.975(2) – – – –
S···S/Se···Se interactions [Q] – – – 3.638(2) 3.437(6) 3.449(8) 3.498(4)


Figure 5. Illustration of 1D polymeric chains in 1 (top), where there are
two distinct iron(II) centres, Fe1 and Fe2, which at 123 K are in alternat-
ing HS (black) and LS (grey) states. Illustration of the crystal packing of
the 1D chains in 1 (bottom) highlighting the intermolecular p–p interac-
tions (···) between Fe2···Fe2 and Fe1···Fe1 coordination environments.
The 1D chains run along [111]. Iron(II) ions are represented as spheres
and all other atoms as sticks. Hydrogen atoms have been omitted for
clarity.


Figure 6. Illustration of the 1D polymeric chains of the isostructural ma-
terials 2a and 2b (top), where there is one distinct iron(II) centre, Fe1,
and the S or Se atoms are disordered over two sites. Illustration of the
crystal packing of the 1D chains in 2a and 2b (bottom) highlighting the
intermolecular S···S or Se···Se interactions (···) in 2a and 2b, respectively.
The 1D chains run along [101]. Iron(II) ions are represented as spheres
and all other atoms as sticks. Hydrogen atoms have been omitted for
clarity.
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Fe1 and Fe2 this distance is 3.947(4) and 3.877(4) Q, respec-
tively, at 25 K; 4.078(2) and 3.860(3) Q at 123 K, and
4.297(3) and 3.975(2) Q at 250 K. No significant S···S inter-
actions were observed.


Structure of [Fe ACHTUNGTRENNUNG(NCS)2ACHTUNGTRENNUNG(bdpp)] (2a): Compound 2a has es-
sentially the same 1D chain structure as 1, although a differ-
ent mode of packing results in a monoclinic rather than tri-
clinic cell. In contrast to 1, there is only one crystallographi-
cally distinct iron(II) centre at 123 K; it has an hdFe–Ni of
2.161(5) Q, which is indicative of iron(II) in the HS state,
and an � value of 45.7 8. The remaining asymmetric unit is
comprised of half a bdpp ligand and one NCS� anion for
which the C and S atoms are disordered over two 50% oc-
cupied sites. The full ligand and extra NCS� ligand are gen-
erated by symmetry.


The 1D chains in 2a run along the [101] direction
(Figure 6), with the closest Fe···Fe distance being 8.618(7) Q.
The intra-chain Fe1···Fe1 separation of 9.601(5) Q is similar
to that of 1. The close packing of these chains leaves essen-
tially no solvent accessible void volume (calculated
2.6%).[26] Between adjacent chains there are long S···S inter-
actions, 3.638(2) Q (Figure 6), and, in direct contrast to 1,
there are no interchain p–p? interactions.


Structure of [Fe ACHTUNGTRENNUNG(NCSe)2 ACHTUNGTRENNUNG(bdpp)] (2b): The material 2b is iso-
structural to 2a, crystallising in a monoclinic symmetry. As
in 2a, there is one crystallographically distinct iron(II)
centre in the asymmetric unit, Fe1, half a bdpp ligand and
one NCSe� anion where the C and Se atoms are disordered
over two 50% occupied sites (A and B, Figure 7). The full


ligand and extra NCSe� ligand are generated through sym-
metry. The 1D chains run along the [101] direction, with
closest interchain Fe···Fe distances of 8.572(6), 8.608(8) and
8.648(9) Q for 2bLS, 2bLS/HS and 2bHS, respectively
(Figure 5). They are close packed such that there is no sol-
vent-accessible void volume.[26] As for 2a, there are Se···Se
contacts between adjacent chains of 3.437(6), 3.449(8) and
3.498(4) Q for 2bLS, 2bLS/HS and 2bHS, respectively (Figure 5)
and no interchain p–p interactions. The positional disorder
of the NCSe� ligand results in two possible Se···Se contacts
between adjacent chains, that is, A···B or B···A (Figure 7).
No ordering of these Se–Se interactions are apparent.


Structural analysis for this material at each of the temper-
atures was carried out in a number of lower symmetry mon-
oclinic C and P and triclinic P space groups, in particular for
the 150 K structure, to determine if two crystallographically
distinct iron(II) centres were present, as for 1, and to con-
firm that the NCSe� anion disorder observed was not due to
high symmetry constrains. For all space groups and tempera-
tures the single iron(II) centre and disordered NCSe�


anions were confirmed through comparison of relevant
bond lengths and site occupancies, respectively.


Most notably, diffuse scattering planes were observed in
the diffraction images for the 90 and 150 K structures, but
not for the 250 K structure, suggesting that long-range or-


dering of the iron(II) centres at these temperatures occurs
in the direction of the diffuse planes (Figure 8a). The diffuse
scattering planes are observed in h0 l with Bragg reflections
where h+ l=constant for the monoclinic C cell and are lo-
cated exactly between these Bragg peaks. The direction and
location of the diffuse planes provide evidence for long-
range HS-LS-HS-LS communication along the direction of
the 1D chains but a random distribution between adjacent
chains (Figure 8b). No evidence for communication in the
NCSe� directions ([110] and [1�10]) was found, suggesting
that there is no ordering of the disordered NCSe� units be-
tween adjacent 1D chains (Figure 8b). Further to this, the
absence of diffuse planes in the 250 K data suggests no or-
dering at this temperature. Thus, we attribute the 1D struc-
tural ordering of alternating iron(II) centres directly to lat-
tice energy minimisation associated with the half-step HS to
HS-LS crossover, a structural ordering that is retained with
further cooling through the HS-LS to LS transition.


Whilst the diffuse planes of scattering indicate 1D order-
ing of the iron(II) centres at 90 and 150 K, structure deter-
mination through analysis of Bragg spots at these tempera-


Figure 7. Representation of the A and B disorder of the NCSe� anions
for 2b and the A···B/B···A Se···Se interactions between adjacent chains.
Se···Se interactions lie along both the [110] and [1�10] directions.


Figure 8. a) Single-crystal diffraction precession image of the h0 l plane at
150 K for 2b highlighting the diffuse scattering planes, which lie exactly
between the Bragg peaks. b) Schematic diagram of the “HS-LS-HS-LS”
ordering of the iron(II) centres along the 1D chains ([101]) for 2b at the
intermediate plateau temperature. Highlighted also is the random order-
ing of adjacent iron(II) centres along the directions of Se···Se interactions
([110] and [1�10]). The HS and LS states of iron(II) centres are repre-
sented as white and black spheres, respectively. The 1D chains are repre-
sented as thick black lines and the NCSe� ligands as thin black lines.


www.chemeurj.org L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10123 – 1013310128


S. M. Neville, K. S. Murray et al.



www.chemeurj.org





tures provides a model with only one unique iron(II) centre.
This centre shows variation in coordination geometry at 90,
150 and 250 K which reflect the spin state changes. At 90 K,
2bLS, the hdFe–Ni is 2.100(5) Q, indicative of LS iron(II). At
150 K, 2bLS/HS, the hdFe–Ni is 2.122(5) Q, indicative of an
“averaged” LS/HS iron(II) site. At 250 K, 2bHS, the hdFe–Ni
is 2.176(6) Q, indicative of HS iron(II). As in 1, the � value
is relatively insensitive to the spin state, with values of 41.4,
41.7 and 44.7 8 at 90, 150 and 250 K, respectively. Addition-
ally, the interchain Fe···Fe separations show a general in-
crease from LS to HS states, with values of 9.554(6),
9.587(7) and 9.642(4) Q for 2bLS, 2bLS/HS and 2bHS, respec-
tively.


Discussion


There are a number of points regarding the SCO phenom-
enon that this series of materials present: the occurrence of
a spin transition in polymorphic and isomorphic materials,
structure-property relationships in two-step spin transitions,
and light-induced spin state trapping in polymeric materials.
Each of these aspects are of current interest to the wider
magnetic community, particularly towards identifying struc-
turally ordered versus disordered intermediate states within
materials displaying two-step spin transitions. Here, where
we see, to the best of our knowledge, the first case of a two-
step SCO in a 1D polymeric material, the opportunity arises
to compare our findings with those previously reported on
dinuclear (and to a lesser extent mononuclear) materials dis-
playing two-step spin transitions.


Firstly, we discuss the observed difference in properties of
the polymorphs 1 and 2a, the former being SCO active and
latter inactive despite very similar iron(II) bond lengths and
octahedral distortion parameters for each compound
(Table 2). There have been many reports of polymorphic
materials with diverse symmetries displaying different SCO
behaviours.[3,27,28] For example, three polymorphic forms of
the material [Fe ACHTUNGTRENNUNG(dppa) ACHTUNGTRENNUNG(NCS)2] (dppa=3-aminopropylbis(2-
pyridylmethyl)amine), A, B and C, show markedly different
SCO behaviours; A shows a gradual transition, B remains
HS to low temperature, and C exhibits a very abrupt transi-
tion with hysteresis.[28] The increased cooperativity in C
compared to A was attributed to an array of intermolecular
contacts in the crystal lattice and the lack of SCO in B to an
elongation of Fe�N distances through strain in the crystal
packing. Here, the array of p–p interactions observed in 1,
which are not observed in 2a, likely play a role in stabilising
the LS state.[3,22] The observation of SCO in 2b, which is iso-
structural to 2a and has comparable iron(II) bond lengths
and octahedral distortion, may be attributed principally to
the increased ligand field of the NCSe� ligand over that of
NCS�. We observed this same phenomenon in a related 1D
series of materials where the NCSe� analogue also lacked
inter-molecular interactions but still displayed a spin transi-
tion.[22] A further notable difference between the two struc-
tures is the existence of a series of short Se···Se interactions


between adjacent chains in 2b ; Although analogous S···S in-
teractions are observed in 2a, they are significantly longer.


Now turning to the two-step nature of the spin transitions
observed in 1 and 2b in which there is continued interest, at
a fundamental level, in the occurrence of two-step spin tran-
sitions in mono- and di-nuclear materials and the structural
consequences at the IP temperature. The observation of a
two-step SCO is relatively uncommon for polymeric systems
and is usually observed as “averaged” HS/LS SCO sites at
the IP temperature or two crystallographically distinct metal
centres over all temperatures.[7,14, 15,17] The 3D compound
[Fe ACHTUNGTRENNUNG(btr)3]ACHTUNGTRENNUNG[(ClO4)2] provides one such example; it shows a
two-step SCO (T1=2(1)=184 and T1=2


=222 K) in which two dis-
tinct iron(II) sites exist at all temperatures and undergo a
HS-HS!HS-LS!LS-LS spin state conversion.[7] In con-
trast, the 2D coordination polymer [Fe(py)2{Ag(CN)2}2],
which also undergoes a two-step SCO, was reported to con-
tain only one crystallographically distinct iron(II) site over
the entire temperature range.[17] To our knowledge there are
no reports of polymeric SCO materials that have two-step
spin transitions originating from a crystallographic phase
change. However, examples of mononuclear materials exist
where a lowering of symmetry at the IP temperature results
in distinct HS and LS sites at this point.[18,19]


In the present systems, the two-step behaviour in 1 can be
directly related to the two differing iron(II) environments
over all temperatures where, notably, in the completely LS
(25 K) and HS (250 K) states the hdFe–Ni and � values for
Fe1 and Fe2 differ in magnitude. Hence one of the iron(II)
centres in the purely HS (250 K) and LS (25 K) states un-
dergoes a spin transition before the other to give an inter-
mediate HS-LS structure (123 K) that contains alternating
HS and LS sites. Although this is a common observation for
two-step SCO materials in general, this is the first time it
has been observed in a 1D polymeric complex. This result is
analogous to the two-step SCO transition observed in the di-
nuclear system [Fe2ACHTUNGTRENNUNG(ddpp)2ACHTUNGTRENNUNG(NCS)4]·4CH2Cl2.


[10]


The two-step SCO behaviour in 2b is somewhat more in-
teresting, with the high temperature step being concomitant
with and appearing to drive a low-dimensional structural
transition. Although only one distinct iron(II) site is ob-
served through structure determination by Bragg analysis at
each of the three spin state plateaux, diffuse scattering
planes in (h0 l) in the IP region clearly indicate the presence
of long-range ordering in the direction of the 1D chains
with a periodicity double that of the chain repeat unit. This
strongly suggests that the HS-LS state in the IP region exists
as alternating HS-LS-HS-LS sites along the chains. We note
that the observation of 1D ordering of alternating HS-LS
sites most likely originates from the steric requirements of
the chains although may also arise due to anticooperative
electronic interactions through the ligand; the existence of
the latter is generally inconsistent, however, with a broader
intermediate plateau in 2b versus that in 1. The lack of fur-
ther diffuse scattering (or indeed additional superstructure
reflections), for example in the (0k l) and (hk0) planes, dis-
counts long-range ordering between adjacent chains. Nota-
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bly, planes of diffuse scattering have similarly been observed
in 1D charge-transfer salts that undergo charge density
wave transitions driven by their electronic instability.[29] We
are unaware, however, of any other reports of SCO systems
where the observation of diffuse scattering provides such
evidence of low dimensional long-range ordering. Most no-
tably, in the re-investigation of [{FeII ACHTUNGTRENNUNG(2-pic)3}Cl2]·EtOH,
which displays a classical two-step SCO, detailed inspection
of X-ray diffraction images although searching for the pres-
ence of short-range correlations revealed superstructure re-
flections indicative of 3D long-range symmetry lowering,
rather than the expected diffuse scattering.[18]


The retention of the planes of diffuse scattering in 2b
with further cooling to the fully LS state is a point of consid-
erable interest. Although there are examples of “re-entrant”
two-step SCO materials where the HS and LS states are the
same symmetry but differ from the IP state, there are none
that show this character.[18] The fact that the 1D structural
distortion is retained in the absence of alternating HS-LS
sites may reflect a degree of kinetic trapping following con-
version to the fully LS state (i.e. structural memory of the
“frozen-in” of the 1D ordered HS-LS-HS-LS state), but may
also suggest that this perturbation is favoured thermody-
namically at low temperature purely through steric interac-
tions within the chains. Accordingly, further work is re-
quired to determine the driving force(s) for this perturba-
tion. As there are no other 1D chain materials that undergo
a two-step spin transition, this result cannot be compared,
but certainly is unique among even mononuclear and dinu-
clear systems.


Light irradiation of 1 and 2b at low temperature leads to
the trapping of a significant fraction of iron(II) centres in
the metastable HS state. Although extensive LIESST studies
have been performed on mononuclear iron(II) species, few
have been reported for polymeric systems.[30,31] Thus, such
studies are important to determine the fundamental effect
of incorporating light-initiated SCO centres into polymers.
Further to this, comparison of the thermal and photo-in-
duced SCO properties of a large number of materials has
seen trends emerge regarding the relationship between the
T ACHTUNGTRENNUNG(LIESST) (the temperature at which the light induced HS
information is erased) and the T1=2


values, such that
T ACHTUNGTRENNUNG(LIESST)=T0–0.3T1=2


.[24] Although the origin of these
values is not entirely clear, the magnitude appears to be re-
lated to the rigidity and density of the ligands surrounding
the iron(II) centre.[24] These studies reveal four distinct T0


families dependent on the geometry and rigidity of ligands
around the iron(II) centre: 100 K for monodentate li-
gands,[32] 120 K for bidentate ligands,[32] 150 K for meridional
tridentate ligands,[33] and 200 K for three-dimensional net-
work solids.[34] The materials reported here are polymeric
and contain a bidentate ligand, thus their placement within
these families is somewhat ambiguous, but they may be ex-
pected to lie in the T0=120 K family for materials contain-
ing bidentate ligands.[24,32] The calculated T0 values for 1 and
2b are 95.5 and 109 K, respectively, based on their T1=2(1)


values, and 82 and 86.5 K, respectively, based on their T1=2(2)


values. This places these compounds approximately in the
T0=100 K family for the upper limit for monodentate li-
gands.[24] However, the binding of the dpa portion of the
bdpp ligand to the iron(II) centres results in a large chelat-
ing ring due to the amine group separating the 2-pyridyl
rings; thus, a degree of flexibility is anticipated such that
they act essentially in a monodentate environment. Such an
effect has been observed previously for the mononuclear
material [Fe ACHTUNGTRENNUNG(picpzpz)2]ACHTUNGTRENNUNG(BF4)·2MeOH (picpzpz=2-(1-pyri-
din-2-ylmethyl-1H-pyrazol-3-yl)pyrazine)), where the meri-
dional picpzpz ligand possesses a flexible unsaturated
carbon atom,[35] and the same conclusion was obtained by in-
vestigating the photomagnetic properties of iron(II) a,w-
bis(tetrazole-1-yl)alkane coordination polymers.[31] This em-
phasises that the vibrational aspects and hardness of the
inner coordination sphere are key factors in stabilising the
metastability of the light induced HS state.[24,36]


Upon quench cooling of the samples there was an ob-
served 43.5% HS trapping at low temperatures for 1 and es-
sentially no trapping for 2b. The fraction of HS trapping for
1 with light irradiation is larger than that attained with ther-
mal quench cooling, suggesting a competition between re-
laxation and excitation energies, where the extra energy
contribution provided by the light irradiation allows a larger
cMT value to be obtained. The absence of any trapping upon
quench cooling for 2b suggests an even greater competition
between relaxation and excitation energies, where the
energy contribution from the light source may not be suffi-
cient to maintain a trapped HS fraction. Moreover, in
regard to the higher T1=2


temperature of this material (versus
1), we could expect a lower temperature at which the light
induced HS state is erased, that is, the TACHTUNGTRENNUNG(LIESST) value.[24]


Indeed, the calculated TACHTUNGTRENNUNG(LIESST) values of 55 and 49 K for
1 and 2b, respectively, are consistent with this conclusion.


Conclusion


A series of 1D chain materials of the general formula, [Fe-
ACHTUNGTRENNUNG(NCX)2ACHTUNGTRENNUNG(bdpp)] in which X=S or Se, have been synthesised
and the SCO behaviours characterised magnetically (both
thermal and light-induced) and structurally. This study has
provided a unique insight into the influence of polymorph-
ism and axial ligand variation on SCO and fundamental ex-
amples of the diverse structural consequences possible in a
two-step SCO. Notably, these are the first 1D polymeric ma-
terials that undergo two-step spin transitions.


The thiocyanate containing materials 1 and 2a are poly-
morphs with vastly different magnetic behaviours: 1 displays
a full two-step SCO (T1=2


=135 and 90 K) and 2a remains HS
over all temperatures. This difference can be attributed to
differences in crystal packing, most notably to an array of
inter-molecular p–p interactions in 1, which are absent in
2a. In contrast, the selenocyanate analogue, 2b, is isostruc-
tural to 2a and displays a full two-step SCO (T1=2


=200 and
125 K) owed, in part, to the stronger ligand field imparted
by selenocyanate over that of thiocyanate. The structural
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and magnetic comparisons made here highlight the subtle
balance between ligand field strength and inter-molecular
interaction on the SCO phenomenon.


Structural analysis of 1 reveals two crystallographically
distinct iron(II) sites over all temperatures, with the struc-
ture in the IP region containing alternating LS and HS sites
along the 1D chains. This is a rare observation in polymeric
SCO materials, the most commonly observed case being an
“averaged” LS/HS site. In marked contrast, although we ob-
serve only one distinct crystallographic iron(II) site for 2b
over the three plateau regions with an “averaged” LS/HS
state in the IP region, the presence of diffuse scattering
planes indicates long-range ordering of alternating HS-LS
iron(II) along the 1D chains. As such, we assign this com-
pound to the even more rare class of two-step SCO materi-
als in which crossover drives a symmetry-lowering phase
transition. The fact that this transition is low-dimensional,
and therefore only observable crystallographically through
analysis of diffuse scattering, highlights the fact that further
structural analysis of other two-step SCO systems with appa-
rently “averaged” IP structures is warranted. Interestingly,
the 1D structural perturbation is retained at low tempera-
ture in the fully LS state (90 K). These two contrasting ex-
amples within one chemical series provide novel insight into
structure-property relationships for the two-step SCO phe-
nomenon. Notably, the observation of a broader intermedi-
ate plateau in 2b compared to that of 1 suggests that steric
considerations rather than anticooperative electronic inter-
actions between alternating intrachain HS-LS sites principal-
ly determine the two-step behaviour.


Significant trapping of a HS metastable species with green
light irradiation for both 1 and 2b is observed (i.e. the
LIESST effect). Notably, comparison of the observed T1=2


and TACHTUNGTRENNUNG(LIESST) values for these materials (using the trend
T ACHTUNGTRENNUNG(LIESST)=T0–0.3T1=2


) places them with materials contain-
ing monodentate ligands, despite their containing bidentate
ligands. The large chelate ring of the dpa ligand provides a
degree of flexibility, making it a less rigid bidentate in re-
gards to its photomagnetic memory. This highlights the
outer coordination sphere considerations that must be con-
sidered for light-induced magnetism. Relaxation kinetics
measured on the HS fraction of 2b, formed after laser irra-
diation at 10 K, fitted well to a stretched exponential model
and were in agreement with low cooperativity in this 1D
system.


Experimental Section


All chemicals were obtained from Aldrich and Fluka and used without
further purification.


Ligand synthesis : A mixture of 4,6-dichloropyrimidine (1.51 g, 10 mmol),
2,2-dipyridylamine (3.5 g, 20 mmol), sodium carbonate (2 g), copper
powder (0.05 g), potassium bromide (trace) and mesitylene (5 mL) were
heated at 160 8C for 5 days. The mesitylene was then removed in vacuo.
The resultant brown product was dissolved in dichloromethane and fil-
tered. The filtrate was then taken to dryness in vacuo and the resulting
oil purified on a silica gel column (20O5 cm) eluting with 1:40 methanol-


chloroform solution. The second fraction was collected, washed with cold
ethyl acetate and recrystallised from ethanol-ether to give a pale yellow
solid (yield 0.98 g, 20%). m.p. 192–194 8C; 1H NMR (CDCl3) d=8.52 (s,
1H), 8.42 (dd, 4H), 7.71 (t, 4H), 7.26 (d, 4H), 7.14 (dd, 4H), 6.51 ppm (s,
1H); 13C NMR (CDCl3) d=162.5, 158.2, 155.9, 149.0, 138.0, 120.9, 120.7,
99.2 ppm; ES-MS 419.2 [(M+1)]+ ; elemental analysis calcd (%) for
C24H18N8: C 68.89, H 4.34, N 26.78; found: C 69.00, H 4.49, N 26.81.


Synthesis of [Fe ACHTUNGTRENNUNG(NCS)2 ACHTUNGTRENNUNG(bdpp)] (1 and 2a): A solution of bdpp (30 mg,
0.1 mmol) in methanol (2 mL) was placed at the base of one arm of an
H-shaped tube. A solution of [Fe ACHTUNGTRENNUNG(ClO4)2]·6H2O (18.6 mg, 0.1 mmol) and
NaNCS (12.0 mg, 0.2 mmol) in methanol (2 mL) was placed in the other
arm of the H-shaped tube. Solvent methanol was carefully layered to fill
the rest of the tube, which was then stoppered. After two weeks a mix-
ture of yellow block crystals of 1 and bright yellow rectangular rod crys-
tals of 2a formed (yield: 50 mg composed of 1 �25%, 2a �75%).
Owing to the distinct variation in colour and morphology, separation of
the two crystalline forms for magnetic studies was achieved easily. At-
tempts to vary the solvent system and relative concentrations of the reac-
tants to produce single phase samples were found to not affect the rela-
tive ratios of 1 and 2a formed. IR (mixture of 1 and 2a): ñ=2056(s),
1608 (m), 1554(m), 1461(s), 1416(s), 1264(w), 1230 cm�1 (w); elemental
analysis calcd (%) for C26H18FeN10S2: C 52.89, H 3.07, N 23.72; found: C
51.60, H 3.26, N 23.32.


Synthesis of [Fe ACHTUNGTRENNUNG(NCSe)2 ACHTUNGTRENNUNG(bdpp)] (2b): A solution of bdpp (30 mg,
0.1 mmol) in methanol (2 mL) was placed at the base of one arm of an
H-shaped tube. A solution of [Fe ACHTUNGTRENNUNG(ClO4)2]·6H2O (18.6 mg, 0.1 mmol) and
KNCSe (20.6 mg, 0.2 mmol) in methanol (2 mL) was placed in the other
arm of the H-shaped tube. Methanol was again carefully layered to fill
the rest of the tube, which was then stoppered. After two weeks yellow
rectangular rod crystals formed (yield: 25 mg, 51%). IR (2b): ñ=2052(s),
1604(m), 1548(m), 1462(s), 1410(s), 1263(w), 1230 cm�1 (w); elemental
analysis calcd (%) for C26H18FeN10Se2: C 45.64, H 2.65, N 20.47; found: C
44.53, H 2.67, N 20.09.


Magnetic susceptibility : Magnetic susceptibility data were collected using
a Quantum Design MPMS-5 Quantum design SQUID magnetometer
under an applied field of 1 T over the temperature range 4–250 K. Poly-
crystalline samples of 1, 2a and 2b were placed in gel capsules held
within plastic straws. A standard measurement involved slow cooling of
the sample to 4 K, heating to 250 K and cooling under the same condi-
tions. Additional measurements were carried out for 1 and 2b were the
sample was quench-cooled from room temperature to 4 K. Torquing of
crystallites was observed for the polycrystalline sample of 2b so further
measurements were carried out with samples dispersed in a Vaseline
mull and subsequently placed in gel capsules. Care was taken for each of
these measurements to allow long thermal equilibration times at each
temperature point.


Photomagnetic characterisation for 1 and 2b was carried out using a Kr+


laser coupled through an optical fibre into the cavity of the a MPMS-55
Quantum design SQUID magnetometer operating at 2 T. Samples were
prepared as a thin layer (�0.1 mg) to promote full penetration of the ir-
radiated light. The sample weight was obtained by comparing its thermal
spin transition behaviour with a heavier and accurately weighed
sample.[24] The sample was first slow cooled to 10 K, ensuring that poten-
tial trapping of HS species at low temperatures did not occur. Irradiation
to photo-saturation was carried out a number of times using different
wavelengths (i.e. 337/356.4 nm; 406.7/415.4 nm; 530.2 nm; 647.1/676.4 nm
and 752.5/799.3 nm) to determine which source was most efficient and
power intensity up to 5 mWcm�2. The sample in the LS state was then ir-
radiated with green light (l=530.2 nm at 5 mWcm�2), the most efficient,
until photosaturation was reached. Then, in the absence of irradiation,
the temperature was increased at 1 K steps to 100 K, to determine the
T ACHTUNGTRENNUNG(LIESST) value, and 3 K steps over the range 100–300–10 K, to follow
the thermal spin transition. The extreme of the #cMT/#T versus T plot
gave the T ACHTUNGTRENNUNG(LIESST) value, defined as the temperature for which the
light induces HS information is erased.[24] At 10 K, the sample 2b was
again irradiated to photo-saturation and, in the absence of irradiation
and the relaxation kinetics at 10, 40, 46, 50 and 55 K were measured (see
the Supporting Information).
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Crystallographic data collection and refinement : Single-crystal data for
1LS–HS, 1HS–HS, 2a, 2bLS, 2bLS/HS and 2bHS were collected on a Bruker
APEX X8 diffractometer equipped with graphite-monochromated MoKa


radiation (l =0.7017 Q) and an Oxford Instruments Nitrogen Cryo-
stream. Single-crystal data for 1LS–LS were collected on a Bruker SMART
1000 CCD using MoKa radiation (l =0.7017 Q) and an HELIX helium
gas cryostream. Single crystals were mounted on either a MiTeGen Mi-
croMounts fibre or a mohair fibre using oil. Data collection for the struc-
tures of 1LS–HS (123 K) and 1HS–HS (250 K) were carried out on the same
crystal, a different crystal was used for the 25 K structure (1LS–LS). Simi-
larly, data collection for the structures of 2bLS (90 K) and 2bHS (250 K)
were carried out on the same crystal, a different crystal was used for the
150 K structure (2bLS/HS). Diffraction data analysis and reduction were
performed within SMART and SAINT+ .[37] Corrections for Lorenz, po-
larisation and absorption effects were performed within SADABS.[38]


Structures were solved using a combination of direct and Patterson meth-
ods within SHELXS-97 and refined using SHELXL-97 within X-
SEED.[39] CCDC 667864 (1HS–HS), 667865 (1LS–HS), 667866 (1LS–LS), 667867
(2a), 667868 (2bHS), 667869 (2bLS) and 667870 (2bLS/HS) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Crystalline molecular sieves, with an extra-large pore diame-
ter of their channels and high sorption capacity, possess a
particular potential for applications in adsorption and catal-
ysis. Among such materials, a special position is held by zeo-
lites as the most frequently employed heterogeneous cata-
lysts in the chemical industry.[1] The most important features
for catalytic applications of zeolites involve well-defined
structures with micropore channels, a chemical composition
able to introduce catalytic active centers, and environmental
tolerance.[2] Although zeolite-based catalysts are used in
almost half of all large-scale technological units,[3] their main
limitations are due to the restricted size of their channels,
which are not larger than 1 nm.[4] Zeolites are frequently ap-
plied as catalysts in the transformations of aromatic hydro-
carbons through alkylation, disproportionation, and isomeri-


zation[5–9] or acylation[10,11] reactions; for this reason, any in-
crease in the size of channels would be desirable.


Recently, particular attention has been focused on the de-
velopment of new synthetic strategies for the preparation of
extra-large pore zeolites and zeotypes based on silicates,
phosphates, and germanates.[12] Though germanate zeotypes
have been synthesized in a large variety of structures with
high porosity, the potential for their industrial application is
not promising because of their high cost and low thermal
and hydrolytic stability. Until now, the only synthesized
extra-large-pore zeolites are 14-ring materials like CIT-5,[13]


UTD-1,[14] SSZ-53 and SSZ-59,[15] and gallosilicate 18-ring
ECR-34,[16] all containing one-dimensional channel systems,
and germanosilicate 18-ring ITQ-33[17] with a two-dimen-
sional system of perpendicular 18- and 10-ring channels. The
synthesis of extra-large-pore zeolites could be an important
alternative to the synthesis of mesoporous zeolites[18] or
micro/mesoporous composite materials.[19]


Recently, two independent research groups have synthe-
sized the germanosilicate zeolites ITQ-15 and IM-12, which
possess a two-dimensional system of perpendicular 12-ring
and 14-ring channels of diameter 8.585.5 and 9.587.1 9, re-
spectively.[20,21] The zeolite ITQ-15 was prepared using 1,1,3-
trimethyl-6-azonia-tricyclo-[3.2.1.46,6]decane hydroxide as
the structure-directing agent (SDA). The zeolite IM-12 was
synthesized using (6R,10S)-6,10-dimethyl-5-azoniaspiro-
ACHTUNGTRENNUNG[4.5]decane hydroxide. The Si/Ge ratio in these zeolites was
relatively low: 8.5 and 4.5 for ITQ-15 and IM-12, respective-


Abstract: The investigation of the criti-
cal synthesis parameters of germano-
ACHTUNGTRENNUNGsilicate of UTL topology, possessing
14- and 12-rings, has been carried out
in detail. (6R,10S)-6,10-Dimethyl-5-
azoniaspiro ACHTUNGTRENNUNG[4.5]decane hydroxide was
used as the structure-directing agent
(SDA). The kinetics of the synthesis,
the role of the Si/Ge ratio in the syn-
thesis mixture, and the effect of the


calcination procedure were investigat-
ed in relation to the crystallinity and
textural properties of the synthesized
material. The optimum synthesis time
was found to be six days for Si/Ge and


(Si+Ge)/SDA molar ratios of 2 and
1.7, respectively. The UTL zeolite crys-
tallizes as small sheets of 10 mm in size.
The micropore volume of the best crys-
tals is 0.22 cm3g�1 with a micropore di-
ameter of 1.05 nm, based on DFT and
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ly. The code UTL was assigned to this zeolite topology by
the International Zeolite Association. Based on the detailed
structural investigation, it seems that the key structural
building units are double 4-rings (D4R), the formation of
which is favored by the presence of germanium atoms in the
reaction mixture.[22,23] Similar secondary building units are
typical for other germanosilicate zeolites, including ITQ-
22,[24] ITQ-17,[22] ITQ-27,[25] and ITQ-33.[17] Atomistic force
field methodology confirmed the predicted almost exclusive
location of Ge in D4Rs, which are the characteristic secon-
dary structural units in all new ITQ zeolites synthesized
with Ge.[26] As the Si/Ge ratio is not too low, these zeolites
are characterized by a relatively high thermal and hydrolytic
stability. After the introduction of heteroatoms bearing cata-
lytic activity, for example Ti or Sn,[27] efficient catalysts can
be obtained. For example, with the introduction of alumi-
num inducing the formation of acid sites in UTL zeolite in
higher concentrations, an (Si+Ge)/Al ratio lower than 20
would allow the tailoring of the zeolite hydrophobicity/hy-
drophilicity as well as the ion-exchange properties, particu-
larly towards divalent cations. Also, the decrease in the con-
centration of Ge in the structure without a loss of crystallini-
ty, and the incorporation of other cations, such as Ga3+ or
Fe3+ , are problems which remain to be solved.


Considering the specified features of the crystal structure
and porous system of germanosilicate zeolite with UTL top-
ology, we carried out a detailed investigation of the crucial
synthesis parameters with the following objectives: 1) deter-
mination of the ranges of Si/Ge and (Si+Ge)/SDA ratios
required for the synthesis of UTL structures using (6R,10S)-
6,10-dimethyl-5-azoniaspiroACHTUNGTRENNUNG[4.5]decane hydroxide as the
structure-directing agent, 2) estimation of the kinetics of the
synthesis, 3) detailed description of the calcination proce-
dure of UTL zeolite, and 4) investigation of porous structure
parameters.


Results and Discussion


Characterization of all synthesized and calcined zeolites was
performed by using X-ray powder diffraction. Figure 1 (left)
provides a comparison of the X-ray powder diffraction pat-
terns of as-synthesized UTL zeolites prepared with different
Si/Ge and (Si+Ge)/SDA molar ratios in the reaction mix-
ture at the synthesis temperature of 175 8C. It is clearly seen
that zeolites with UTL topology were prepared with a high
crystallinity and without the presence of any other amor-
phous or crystalline phases in
the initial range of Si/Ge higher
than 2 and lower than 5, with
the ratio (Si+Ge)/SDA varying
from 1.7 to 4. When a Si/Ge=1
ratio was used in the reaction
mixture, the synthesis resulted
in the formation of a mixture of
UTL zeolite and b-GeO2. The
increase in the Si/Ge ratio from


2 to 5 substantially changes the relationship between the in-
tensities of the individual diffraction lines. The higher the
Si/Ge ratio, the more intense are the diffraction lines at
6.23, 12.50, 18.80, and 25.68, which correspond to the d200,
d400, d600, and d800 planes, respectively. This is in agreement
with X-ray patterns published by Corma et al.[20] and Pail-
laud et al.[21] Ge is expected to be preferentially located in
D4Rs in analogy to other zeolites[28–30] and all indicated dif-
fraction lines cross the centers of D4R units. However, the
increase in the intensity of these diffraction lines could be
explained in terms of the preferential orientation of the
crystal plates of UTL zeolite, despite our efforts to avoid
such a preference by careful packing of the sample into the
holder.


The real chemical composition of the zeolite samples is
shown in Table 1. If the Si/Ge ratio is 4.17 and 9.44 then the
proportion of germanium atoms in the UTL framework is
equal to 14.7 and 7.3 atoms per unit cell or per 16 positions
in two D4R units. The sharp increase in the intensity of the
specified diffraction lines is probably a result of a popula-
tion change in the centers of polyhedrons in a D4R and a
displacement of oxygen atoms.


Calcination of UTL zeolites led to significant changes in
the intensity of X-ray diffraction lines (Figure 1, right).
XRD patterns of UTL zeolites synthesized with the highest
concentration of Ge (Si/Ge=1) were clear evidence for the
partial structural collapse of these samples during calcina-


Figure 1. X-ray diffraction patterns of as-synthesized (left) and calcined
(right) germanosilicate UTL prepared with template (6R,10S)-6,10-di-
methyl-5-azoniaspiro ACHTUNGTRENNUNG[4.5]decane hydroxide with different Si/Ge and (Si+
Ge)/SDA ratios: a) 1 and 4; b) 2 and 4; c) 2 and 1.7; d) 5 and 4, respec-
tively.


Table 1. Chemical compositions of reaction mixtures (RMs) and corresponding UTL samples.


Initial molar ratio Si/Ge Si/Ge ACHTUNGTRENNUNG(Si+Ge)/SDA Contents in samples, wt%
Si Ge SDA H2O in RM in samples in RM SDA H2O


UTL/1 0.80 0.40 0.3 30 2 4.17 4 12.56 3.67
UTL/2 0.80 0.40 0.7 30 2 4.18 1.7 12.73 3.36
UTL/3 0.80 0.40 0.4 30 2 4.17 3 12.96 3.32
UTL/4 0.80 0.40 0.6 30 2 4.19 2 12.48 3.66
UTL/5 1.00 0.20 0.3 30 5 9.44 4 12.60 2.81
UTL/6 0.60 0.60 0.3 30 1 4.17 4 4.52 8.10
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tion. The dominant diffraction lines remaining after calcina-
tion of this zeolite can be attributed to b-GeO2 or isostruc-
tural a-quartz. Some differences between the XRD results
of UTL zeolites with Si/Ge from 2 to 5 were observed.
Mainly, they manifested a decreasing intensity of the diffrac-
tion lines, and as a result the XRD patterns of the calcined
samples with Si/Ge>4 become similar.


For a better understanding of the reaction conditions
leading to the pure well-crystalline UTL zeolite we followed
the kinetics of the synthesis. Figure 2 shows XRD patterns


of UTL zeolite synthesized with an initial Si/Ge ratio equal
to 2 and (Si+Ge)/SDA=4 for different times of the synthe-
sis. It is clearly seen that after just one day of the synthesis
at 175 8C some diffraction lines of UTL structure appeared.
The intensity of these diffraction lines increases with the
prolongation of the synthesis time, and it seems that the
maximum intensity (optimum synthesis time under reaction
conditions used) is after about six days (Figure 2, curve 3).
Further prolongation of the synthesis time led to the appear-
ance of diffraction lines of another more dense zeolite pos-
sessing MTW topology, with characteristic diffraction lines
at 7.65, 8.87, 20.978, and so forth. This confirms the progress
of the transformation of the less dense UTL structure into
the more condensed one of MTW. After ten days of the syn-
thesis the MTW zeolite is the prevailing material in the re-
action mixture, and after 14 days quartz is preferentially
formed.


Figure 3 provides a scheme of the time evolution of the
content of UTL, MTW, and a-quartz phases in the synthesis
products. Both zeolites UTL and MTW represent intermedi-
ates in this reaction system prepared with an optimum reac-
tion time of about six days for UTL and around ten days for
MTW, respectively. However, under the reaction conditions
used it was not possible to prepare phase-pure MTW zeolite.
This was mainly due to the fact that the first diffraction
lines of quartz were found in the X-ray patterns almost im-
mediately after the appearance of diffraction lines of MTW
zeolite.


Based on the results obtained it can be concluded that the
increase in the initial Si/Ge ratio from 2 to 5 does not lead
to any significant change in the crystallinity of the UTL zeo-
lite. Unfortunately, our attempts to synthesize the UTL zeo-
lite from reaction mixtures with a Si/Ge ratio up to 10 were
not successful: mostly zeolites with the STF structure were
prepared. This is probably caused by the key role of germa-
nium in the formation of D4R units, which are a very impor-
tant part of the UTL structure, although they are not char-
acteristic for aluminosilicate high-silica zeolites. Thus, the
highest Si/Ge molar ratio in the product in UTL zeolites
prepared under our reaction conditions was 9.44 (UTL/5).
On the other hand, the excess of Ge in the reaction mixture
causes the crystallization of a separate dense phase. It is
necessary to consider also that reaction mixtures with high
contents of germanium are more reactive than high-silica
mixtures at the same pH value, and germanate zeolites are
less stable. As a consequence, a faster UTL zeolite crystalli-
zation proceeds, followed by zeolite transformation into a
dense phase for a longer synthesis duration.


An increase in the SDA concentration in the reaction
mixture did not result in a change of the zeolite crystallinity,
as shown by X-ray powder diffraction and the change of the
structural type of the zeolite synthesized. The SDA was pro-
vided in the hydroxide form, thus, an increase in the SDA
concentration was accompanied by an increase in the
amount of hydroxide in the reaction mixture. Table 2 pro-
vides the micropore volumes of individual UTL samples
synthesized with different Si/Ge and (Si+Ge)/SDA ratios
for four and six days. The highest micropore volumes of
0.220 and 0.213 cm3g�1 were determined for zeolites UTL/2
and UTL/7, respectively, prepared with (Si+Ge)/SDA equal
to 1.7 and 2.4. Although the X-ray powder patterns of UTL/
1 and UTL/2 after a six-day synthesis are of high quality,


Figure 2. X-ray diffraction patterns of germanosilicate UTL with Si/Ge=


2 and (Si+Ge)/SDA=4 after different times of the synthesis: 1) 3, 2) 4,
3) 6, 4) 8, 5) 10, and 6) 14 days.


Figure 3. The effect of crystallization time on the crystallinity of germa-
nosilicate UTL with Si/Ge=2 and (Si+Ge)/SDA=4: 1) UTL, 2) MTW,
3) quartz.
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there is a significant difference in the micropore volume:
0.136 versus 0.220 cm3g�1. This indicates faster progress of
the synthesis of UTL samples prepared with a higher
amount of SDA, and therefore a higher concentration of hy-
droxide in the reaction mixture. The prolongation of the
synthesis time for UTL/1 to 15 days was not sufficient to
reach a micropore volume higher than 0.180 cm3g�1. This
again stresses the role of the hydroxide concentration in the
reaction mixture. Preliminary results obtained with a mix-
ture of hydroxide and bromide forms of the SDA confirm
the importance of the concentration of hydroxide ions for
the synthesis.


The results of X-ray powder diffraction and the chemical
analysis of the UTL zeolite dried at temperature 90 8C show
that in the range Si/Ge=2–5 (in the reaction mixture), zeo-
lites with the template contents 12.56–12.73% are formed.
In contrast, for sample UTL/6 with the increased germani-
um content, we observed a low amount of the SDA
(Table 1) due to the presence of the additional b-GeO2


phase and the blocking of channels by extra-framework ger-
manium-containing species.


SEM images of UTL zeolites prepared under different
chemical compositions of the reaction mixture (Figure 4)
showed that the optimum Si/Ge ratio for the formation of a
pure crystal phase with the UTL structure is Si/Ge=2.
After 4–6 days of the hydrothermal synthesis at 175 8C, ho-
mogeneous, rectangular (close to square), lamellar crystals
of thickness 0.5–1 mm and average size about 10810 mm
were formed. The majority of crystals are isolated ones, and
the minority consist of aggregates of lamellar crystals
(Figure 4, top right). It should be noted that SEM, together
with X-ray powder diffraction, confirms a high degree of
crystallinity and phase purity of the prepared samples of
UTL zeolites. The increase in the concentration of the SDA
in a reaction mixture by 2.3 times did not cause any signifi-
cant changes in the crystal morphology except for an in-
crease in the average size of crystals up to 15 mm. The re-
sulting morphology of the crystals under study differs from
the morphology of IM-12 crystals described by Paillaud
et al.[21] The authors reported on the formation of two types
of crystals: large aggregates of size 15081508150 mm under
static synthesis conditions, and flower-type aggregates of
thin crystals under agitation. In addition, the increase in the
Si/Ge ratio up to 5 in the reaction mixture led to a substan-


tial growth of the average size of crystals up to 208408
5 mm (Figure 4, bottom right).


The reduction of the Si/Ge ratio in the reaction mixture
to 1 led to a sharp increase in the average size of the UTL
crystals up to 40850810 mm (Figure 4, top left). Some inter-
growth of zeolite crystals with visible edge dislocation was
observed. In this picture evidence of significant amounts of
a secondary phase without a defined morphology is clearly
provided. Based on the XRD data, the secondary phase in
these samples was identified as b-GeO2. The above given
observations, together with the results obtained by other
methods, allow us to draw the following conclusions con-
cerning the crystallization of reaction mixtures with differ-
ent Si/Ge ratios. With respect to the solubility of the reac-
tion mixture, the rate of the gel recrystallization to germani-
um and silicon dioxide, and also the formation of competing
phases under the conditions of hydrothermal treatment in
the presence of (6R,10S)-6,10-dimethyl-5-azoniaspiro-
ACHTUNGTRENNUNG[4.5]decane hydroxide, the optimum Si/Ge ratio in the reac-
tion mixture should be in the range 1.5–3. For such a com-
position of the reaction mixture, a significant number of
nuclei are formed, favoring the uniformity of crystal sizes
and shapes and allowing the fast crystallization and full
transformation of the gel into the zeolitic crystal phase.


FTIR spectra of the skeletal vibration region for zeolite
with the UTL structure, synthesized with different template
contents in the reaction mixture, are very similar; this allows
a conclusion to be drawn on the insignificant influence of
the template concentration in the range (Si+Ge)/SDA=


1.8–4 (Figure 5). The assignment of the infrared bands was
based mainly on references [31, 32]. The spectra show the
presence of intensive stretching absorption bands at 1171
and 1241 cm�1 and bending vibrations at 525, 539, 578, and
594 cm�1 (Figure 5b). No significant redistribution of the in-
tensities of pair bands at 525 and 539 m and 578 and


Table 2. Structure parameters of calcined samples (RM= reaction mix-
ture).


Si/Ge
in RM


ACHTUNGTRENNUNG(Si+Ge)/SDA
in RM


SBET


ACHTUNGTRENNUNG[m2g�1]
Vtotal


ACHTUNGTRENNUNG[cm3g�1]
Vmicro


ACHTUNGTRENNUNG[cm3g�1]


UTL/1[a] 2 4 215 0.135 0.114
UTL/1 2 4 281 0.206 0.136
UTL/2[a] 2 1.7 326 0.163 0.152
UTL/2 2 1.7 417 0.234 0.220
UTL/5 5 4 347 0.236 0.155
UTL/6 1 4 52 0.111 0.022
UTL/7 2 2.4 469 0.220 0.213


[a] Samples with a four day synthesis.


Figure 4. SEM images of calcined UTL samples obtained from reaction
mixtures with different Si/Ge and (Si+Ge)/SDA ratios: top left: 1 and 4
(scale bar=10 mm); top right: 2 and 4 (scale bar=5 mm); bottom left: 2
and 1.7 (scale bar=5 mm); bottom right: 5 and 4 (scale bar=10 mm).


Chem. Eur. J. 2008, 14, 10134 – 10140 L 2008 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chemeurj.org 10137


FULL PAPERGermanosilicate with UTL Topology



www.chemeurj.org





594 cm�1 was observed for zeo-
lites different in their Si/Ge
ratio. This indicates that no ad-
ditional deformations of the
zeolite structure occurred as a
change of the distribution of sil-
icon and germanium in the
framework proceeded. A
shoulder in the spectrum found
at 980 cm�1 could be assigned
to the vibrations including Si�
O�Ge moieties, and four ab-
sorption peaks at 930–835 cm�1


are associated with different
type Ge�O�Ge species.


With increasing silicon con-
tent in UTL zeolites (Figure 5c)
all structurally insensitive bands
are shifted to a higher frequen-
cy area (it is particularly notice-
able for the most intensive band of stretching vibrations
shifting from 1082 up to 1105 cm�1). The second observable
feature relates to a significant decrease in the intensity of
the structurally sensitive band at 1239 cm�1, the intensity of
the Ge�O stretching vibrations band at 930–835 cm�1, and
the appearance of a new Si�O�Si band at 460 cm�1. The
specified changes in the FTIR spectrum reflect, first of all,
the essential increase in the silicon population in D4R posi-
tions. Significant reduction of the silicon contents in UTL
samples also led to a significant increase in the intensity of
the absorption bands at 960, 911, and 880 cm�1, probably de-
scribing stretching vibrations of tetra- and penta-coordinat-
ed germanium with the oxygen environment.


The results of thermogravimetric analysis (TG, DTG) and
differential thermal analysis (DTA) of zeolites with the
UTL structure synthesized from various reaction mixtures
are rather similar. TG, DTG, and DTA curves for zeolites
with different Si/Ge and (Si+Ge)/SDA ratios are shown in


Figure 6. In general, for all samples the weight loss takes
place in two steps. The first step is observed in the tempera-
ture range from ambient temperature up to 300–320 8C (de-
pending on the Si/Ge ratio). This weight loss is due to the
desorption of water from the zeolite. The second step, in the
range 300–700 8C, corresponds to the SDA removal. Further
weight loss above 700 8C is evidently caused by a partial de-
hydroxylation of UTL zeolites. Zeolites with the UTL struc-
ture showed very high thermal stability: their structure did
not collapse even after calcinations at 1000 8C. Note that the
temperature range of the dehydration depends on the Si/Ge
ratio and can be explained by different surface hydrophobic-
ity of the zeolite. In contrast, the temperature corresponding
to the maximum of template removal is similar for all the
UTL zeolites under study. A very low template content and
relatively high amount of water were observed for UTL/6
with Si/Ge=1. The probable reason is that, due to a high


concentration of Ge in the reaction mixture, GeO2 has been
partly formed together with the UTL zeolite.


Textural parameters of the porous structure of the UTL
zeolites were determined by using adsorption isotherms,
with nitrogen and argon as adsorbates (Figure 7). Sample
UTL/6 (Si/Ge=1) exhibited a low micropore volume
(Table 2) due to the presence of a substantial amount of
GeO2, which is in good agreement with the X-ray diffraction
pattern (cf. Figure 1, left). The micropore volume of studied
zeolites with different Si/Ge ratio agrees well with the
amount of template in as-synthesized samples (and CHN
analysis data), but not with total weight loss data obtained
from the thermal analysis investigation.


The analysis of N2 and Ar adsorption isotherms in a pres-
sure range from 10�6 to 4.10�1 p/ps allowed us to determine
micropore size distributions for the calcined samples. Calcu-
lation from adsorption isotherms of nitrogen carried out by
using the DFT approach[33] and the Saito–Foley[34] method
showed the average pore diameter to be close to 1.05 and


Figure 5. FTIR of skeletal vibrations of as-synthesized samples with UTL
topology, Si/Ge=1 (a), 2 (b), and 5 (c).


Figure 6. Thermogravimetric analysis of as-synthesized UTL samples. Si/Ge and (Si+Ge)/SDA ratio: a) 1 and
4, b) 2 and 4, c) 5 and 4, respectively.
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1.10 nm, respectively (Figure 8). Analysis of the Ar adsorp-
tion isotherm by using the Saito–Foley (SF) method showed


the diameter was close to 1.20 nm. It is known that the pore
diameter value is very sensitive with regard to the values of
magnetic susceptibility and polarizability.[33] Argon is usually
preferred due to its spherical shape, but the value obtained
from argon measurements is higher than that from X-ray
powder diffraction. It is important to note that only one
maximum has been obtained, even without any shoulder.
This indicates that even a high-resolution argon measure-
ment is not able to distinguish between two types of pores
with diameters of 8.585.5 and 9.587.1 9, and the obtained
pore size was a little overestimated. Considering this, it ap-
pears that the results of nitrogen and argon adsorption are
in good agreement with the data of the X-ray structure anal-
ysis, and confirm that the investigated zeolites possess extra-
large pores.


Conclusion


A number of silicogermanate zeolites with UTL topology
have been synthesized in alkaline media using (6R,10S)-
6,10-dimethyl-5-azoniaspiroACHTUNGTRENNUNG[4.5]decane hydroxide as the
structure-directing agent. The optimum synthesis time was
found to be six days for Si/Ge and (Si+Ge)/SDA molar
ratios of 2 and 1.7, respectively. The typical Si/Ge ratio in
solid samples is 4.17, but it can be increased up to 9–10 with-
out an essential decrease of zeolite crystallinity. Zeolite with
the UTL structure shows very high thermal stability: the
structure did not collapse after calcinations at 1000 8C. The
micropore volume of the best crystals is 0.22 cm3g�1, and
the micropore diameter is 1.05 nm.


Experimental Section


Synthesis of the structure-directing agent : Preparation of the (6R,10S)-
6,10-dimethyl-5-azoniaspiro ACHTUNGTRENNUNG[4.5] decane hydroxide (Scheme 1) was per-
formed according to the following procedure. Distilled water (140 mL),
sodium hydroxide (5.68 g, Lach-Ner, Czech Republic), and 1,4-dibromo-
butane (30.66 g, Aldrich) were mixed in a round-bottom flask. Then,
(2R,6S)-2,6-dimethylpiperidine (16.07 g, Aldrich) was added dropwise


over a period of 30 min under reflux. The mixture was vigorously stirred
(�1000 rpm) for 12 h to prepare a milklike suspension. Then, the mix-
ture was cooled down in an ice bath. The temperature was decreased,
and an ice-cooled solution of sodium hydroxide (70 mL, 50 wt%) was
added. After that, solid sodium hydroxide (20 g) was added slowly under
vigorous stirring and further cooling by ice. The addition of sodium hy-
droxide was stopped after an appearance of the oil product. Further in-
tensive stirring led to the formation of the crystalline phase, which was
recovered by filtration and extracted three times with chloroform
(100 mL). The organic fractions were dried using anhydrous sodium sul-
fate and partially evaporated. The ammonium salt was precipitated and
washed out with diethyl ether. The salt was converted into hydroxide
form by ion exchange with AG 1-X8 resin (Bio-Rad). The yield of the
product was about 92%. The successful synthesis of the structure-direct-
ing agent was confirmed by NMR spectroscopy after dissolution in
[D6]dimethyl sulfoxide.


Synthesis of germanosilicate with UTL structure : The synthesis of zeolite
with UTL topology was carried out by a modified method described in
reference [20]. Reaction gel of molar composition: 0.6–1.0 SiO2/0.6–0.2
GeO2/0.3–0.7 SDA/30–33 H2O was prepared by dissolving amorphous
germanium oxide (Aldrich) in the solution of SDA. A list of individual
samples with their abbreviations and specified molar ratios of individual
reaction components is provided in Table 1. After that, silica (Cab-O-Sil
M5) was added into the solution and the mixture was stirred at room
temperature for 30 min. The resulting fluid gel was charged into 25 mL
Teflon-lined home-made stainless steel autoclaves and heated at 175 8C
for 3–9 days under agitation (40 rpm). The solid product was recovered
by filtration, thoroughly washed with distilled water and dried overnight
at 90 8C.


To remove the SDA, the as-synthesized zeolite was calcined in air at
550 8C for 6 h with a temperature ramp of 1 8Cmin�1.


Figure 7. Adsorption isotherms of nitrogen (1–6) and argon (7 and 8) for
samples of UTL zeolite (see Table 1 and Table 2): 1) UTL/6, 2) UTL/1,
3) UTL/2 (4-day synthesis), 4,7) UTL/1, 5,8) UTL/2, 6) UTL/5.


Figure 8. Pore size determination for best porosity sample (UTL/2).


Scheme 1. Template preparation.
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Characterization : X-ray powder diffraction data were obtained on a
Bruker AXS D8 diffractometer in the Bragg–Brentano geometry by
using CuKa radiation with a graphite monochromator and a position-sen-
sitive detector (Vantec-1). The relative crystallinity of individual zeolite
samples was determined using the diffraction line at 6.238 with (hkl)
index (200). To limit the effect of preferential orientation of individual
UTL crystals, being aware of their shapes (see Figure 4), a gentle grind-
ing of the samples was carried out to decrease their size, and they were
packed carefully into the holder.


The content of Si and Ge was determined on a Philips PW 1404 X-ray
fluorescence spectrometer. Calcined samples were homogenized using
agate mortar, and after adding dentacryle as a binder they were deposit-
ed on a surface of cellulose tablets.


The morphology of zeolite particles was evaluated using a scanning elec-
tron microscope JEOL JSM-5500 LV.


FTIR spectra of skeletal vibrations of ITQ-15 samples were recorded on
an FTIR spectrometer Nicolet ProtRgR 460 by using a KBr pellet tech-
nique.


Thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) were performed on a Q-1000 thermal analyzer (MOM, Hungary)
from room temperature to 1000 8C with a heating rate of 10 8Cmin�1


under flowing air.


Adsorption isotherms of argon and nitrogen at �196 8C were measured
with a Micromeritics ASAP 2020 instrument. Prior to the adsorption
measurements, all samples were degassed at 250 8C until a pressure of
0.001 Pa was attained. Nitrogen and argon were used as adsorbates to
properly evaluate the pore size of this microporous germanosilicate. The
micropore size distribution was calculated by using DFT[33] and Saito–
Foley[34] methods for cylinder pore geometry.
1H NMR (300 MHz) spectra used for characterization of the structure-di-
recting agent prepared were recorded on a Varian Mercury 300 spec-
trometer in [D6]dimethyl sulfoxide at 25 8C (data are not shown here).
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Stannylated Polynorbornenes as New Reagents for a Clean Stille Reaction
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Ana C. Alb(niz,* and Pablo Espinet*[a]


Introduction


The Stille reaction is one of the most powerful tools in C�C
coupling processes [Eq. (1)].[1,2] Compared with other main
group derivatives, organotin reagents offer many advantag-
es: air stability, resistance to hydrolysis, easy handling and
storage, and tolerance to a wide variety of functional
groups. These properties make the reaction versatile and
wide ranged. Furthermore, the Stille coupling is usually car-
ried out under mild conditions and does not require the use
of additives such as bases. These features make the reaction
very useful in general organic synthesis,[2] polymer function-
alization,[3] and particularly in natural product syntheses, in
which C�C couplings have to be accomplished preserving
other, often reactive, functional groups present in the mole-
cule.[4] The mechanistic aspects of the reaction have been
studied in detail and a fair understanding of the process has
been reached.[5]


R1Xþ SnR3R
2 ½Pd�
��!R1�R2 þ SnR3X ð1Þ


An important drawback in the industrial use of the reac-
tion is the formation of toxic tin byproducts SnR3X, which
are harmful residues difficult to separate from the target
product. Even at the laboratory scale, the separation of tin
byproducts is very cumbersome. Many efforts have been
made to address this problem. Thus, tin reagents modified
with polyaromatic rings improve the separation of the by-
products by adsorption on activated carbon.[6] Tin deriva-
tives with fluorinated alkyl substituents can be separated by
extraction in fluorocarbon solvents.[7] In Ni-catalyzed Stille
reactions, monoorganotin reagents SnRCl3 are an alternative
to the common tetraorganotin reagents: although they do
not bring special advantages in the separation process, the
byproducts formed are less toxic.[8] Maleczka et al. intro-
duced the use of tin derivatives in catalytic amounts in Stille
couplings.[9] The process is based on the in situ hydrostanny-
lation of alkynes that leads to vinylic tin derivatives, which
limits the range of application to vinylation reactions.


An approach that addresses simultaneously the problem
of separation of the tin residues and their recycling is the
use of a polymeric matrix containing the tin functionality.
The use of a tin-containing polymeric matrix has met with
success in other organic reactions such as free radical pro-
cesses,[10] transesterification reactions,[11] allylation of alde-
hydes,[12] halogenation of aromatic amines,[13] lactoniza-
tion,[14] and other reactions,[15] but only a few attempts have
been made to use polymeric tin reagents in the Stille reac-
tion[16] or in the catalytic tin Stille vinylation mentioned
above[17] The polymers used in all these reactions are poly-
styrene resins, most of them synthesized by functionalization
of preformed polymer supports. In the case of the Stille re-
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action, easy separations were reported and some authors
commented on the possibility of reusing the polymers, but
no data of recyclability of the polymeric reagents were
given.


Considering the scant precedents, we planned to prepare
a different kind of stannylated polymer tailored for its use
in the Stille reaction. It should have a polymeric aliphatic
skeleton and a polymer–Sn link resistant to transmetalation
so that the other organic groups on Sn will be selectively
transmetalated while the tin residue remains on the poly-
mer. The structural frame chosen in this work was a poly-
norbornene skeleton. We report here on the synthesis of co-
polymers of norbornene and chlorostannylated norbornenes,
and their application as efficient and reusable reagents in
the Stille reaction. Although our main goal is the use of the
stannylated polymers in the Stille reaction, it is worth noting
that tin polymers have found use in other applications (anti-
fouling paints, precursors of tin-containing films, etc.),[18]


which widens their interest.


Results and Discussion


Synthesis of chlorostannylated norbornene : The stannylated
norbornene used in this work, (norbornenyl)SnBu2Cl (1), is
not commercially available. It was prepared by radical hy-
drostannylation of norbornadiene using SnBu2HCl.[19] The
radical addition of the closely related SnMe3H has been
used before in the preparation of trimethylstannyl norbor-
nene derivatives, and was shown to afford a mixture of four
isomers.[20,21] Similarly, we observed a mixture of four iso-
mers upon addition of SnBu2HCl in the ratio shown in
Scheme 1. The 2-exo (a), 2-endo (b), and 7-syn (c) isomers
were assigned by using the 1H NMR spectroscopy olefinic
signals and the 3JSn,C values in the 13C NMR spectra for the
exo (a) and endo (b) isomers (see the Experimental Sec-
tion).[22] The 119Sn{1H} NMR spectrum clearly shows four sig-
nals corresponding to the four isomers a–d. Derivatization
of 1a–d to (norbornenyl)SnBu2ACHTUNGTRENNUNG(C6H4OMe) (2a–d) by treat-
ment with MgBr ACHTUNGTRENNUNG(C6H4OMe) was also carried out to aid with
the characterization of the isomeric mixture. The ratio of
isomers 1a–d was kept in the new derivatives 2a–d (see the
Supporting Information).


These isomers could not be separated by conventional
preparative methods, so the mixture was used for the subse-
quent reactions. For the sake of brevity, we will refer to
these mixtures 1a–d as 1, and it should be assumed that
structural mixtures are also present in the polymers derived
from 1.


Copolymerization reactions : The chlorostannylated poly-
mers were synthesized by vinylic copolymerization of chlor-
ostannylated norbornene derivatives. Many transition-metal
catalysts are able to efficiently polymerize norbornene (NB)
by an insertion mechanism,[23] but fewer systems are active
in the vinylic polymerization of norbornene deriva-
tives.[24,25,26] In fact, there is no precedent for the vinylic
polymerization of stannylated norbornenes. Complex [Ni-
ACHTUNGTRENNUNG(C6F5)2 ACHTUNGTRENNUNG(SbPh3)2] (3) was chosen as catalyst because it has
been reported to be fairly active and easy to handle.[26]


Complex 3 was not effective in the homopolymerization
of 1, but the copolymerization of 1 and NB (ratios 1:1, 1:2,
1:5) afforded copolymers, as white solids, in fairly good
yields [Eq. (2)]. The absence of resonances in the olefinic
region of the 1H NMR spectra of the polymers supports a vi-
nylic polymerization mechanism. The polymers show penta-
fluorophenyl end groups (the 19F NMR spectroscopy chemi-
cal shifts in the Fortho region are characteristic of C6F5 groups
bound to carbon),[27] which suggest an insertion mechanism
of polymerization initiated by insertion of NB or 1 into the
Ni�C6F5 bond.


[24e,26] Since 1 is a mixture of isomers (1a–d), a
complicated polymer morphology can be anticipated. More-
over, a complex stereochemistry and even connectivity in
the polymers obtained by vinylic polymerization of norbor-
nene has been reported.[28–30] In other words, the polymers
cannot be expected to possess a regular structure. Accord-
ingly, the 119Sn{1H} spectra display one broad signal with a
characteristic trialkyltin chloride chemical shift value (d=


144 ppm). Broad signals are also observed in the 13C{1H}
NMR spectra for the NB skeleton, in which the absence of
signals around d=20 ppm point to an exo norbornene en-
chained polymer.[29,31]


Table 1 shows the results obtained for different monomer
feed ratios. Although the 1H NMR spectroscopy signals aris-
ing from NB and 1 appear overlapped, the incorporation of
1 was easily determined by quantitative determination of
the chloro content in the copolymers.[32] Table 1 shows that
the final NB/1 ratio does not reproduce the monomer feed
ratio. The percentage of NB is larger in the copolymer (by a
factor of about two) and increases with the NB content in
the feed. Yields also increase for higher starting NB/1 ratios.
The polymers obtained are highly polydisperse (Mw/Mn=4–
6), with molecular weights in the range from 4O104 to 8O104.


Scheme 1. Synthesis of the stannylated monomer 1 (as a mixture of iso-
mers).
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The different isomers (1a–d) in 1 are not equally active in
the copolymerization reaction. Their activity can be assessed
from their ratio in the starting mixture of monomers and in
the unreacted residue after quenching a copolymerization
reaction and precipitating the polymer. Figure 1 shows the
1H and 119Sn NMR spectra in the olefinic region for both
samples. It is clear that the 2-exo isomer 1a polymerizes the
fastest, and the approximate polymerization rates decrease
in the order 1a (2-exo)>1b (2-endo)>1c (7-syn).


Synthesis of organostannylated copolymers : Experiments
showed that catalyst 3 is equally active in the copolymeriza-
tion of norbornene with organostannylated monomers (nor-
bornenyl)SnR2R


2. However, a more convenient method is to
use chlorostannylated NB/1 copolymers (copol-NB-
NBSnBu2Cl, 4) as a general precursor for polymers with
new Sn�R bonds, by substitution of the Sn�Cl bond
[Eq. (3)]. This method avoids the need to synthesize and co-
polymerize each monomer (norbornenyl)SnBu2R


2 from
scratch to produce each copol-NB-NBSnBu2R


2 polymer. A
NB/1=1:1 ratio in the monomer feed (as in entry 1, Table 1)
was chosen for large-scale synthesis of 4 (about 20 g), which
was obtained as a white solid after precipitation in metha-
nol, in which the residual monomers are soluble. This af-
forded a polymer with a good incorporation of monomer 1
(see Table 1), which was used for the syntheses of 5–9 and
led to the organostannylated copolymers in good yields (70–
80%).


Stannylated polymers as reagents in Stille reactions : The or-
ganostannylated polymers 5–9 were used as reagents in the
Stille reaction [Eq. (4)]. A screening for applicability in the
reaction was performed. A few hydrocarbyl halides with dif-
ferent oxidative addition rates
to palladium were chosen, in-
cluding a fluorinated aryl that
allows an easy reaction follow


up by using 19F NMR spectroscopy. [{Pd ACHTUNGTRENNUNG(AsPh3) ACHTUNGTRENNUNG(m-Br)-
ACHTUNGTRENNUNG(C6F5)}2] was used in most cases since it is a stable complex,
easy to store and handle, and thus convenient for use as cat-
alyst in Stille couplings. However, the common allylic com-
plex [{Pd ACHTUNGTRENNUNG(h3-C3H5) ACHTUNGTRENNUNG(m-Cl)}2] can also be used, as demonstrat-
ed in entry 5, Table 2. The results for a number of electro-
philes and nucleophiles are collected in Table 2.


The content of Sn�R2 groups in the polymers was deter-
mined by using 1H NMR spectroscopy using an internal
standard (see the Supporting Information), so equimolar
amounts of the electrophile and Sn�R2 could be used. The
conditions selected (solvent and temperature) were chosen
to favor a fast oxidative addition of the organic halide. Ben-
zoquinone was added to the reactions involving allylic deriv-
atives (entries 4–7, Table 2) to favor the reductive elimina-
tion step.[33] The results in Table 2 show that these polymers
can be used efficiently in a variety of couplings, and polymer
4 makes an excellent and general precursor of tin–polymer
reagents for the Stille reaction. Usually the reactions are no-
ticeably slower than using monomeric tin derivatives, proba-


Table 1. Results for the copolymerization reactions of 1 and norbornene
(NB).[a]


Entry NB/1/[Ni]
ACHTUNGTRENNUNG[mol]


Yield
[%][b]


Monomer ratio NB/1 in
copolymer [mol][c]


1 50/50/1 66 2.8/1
2 100/50/1 78 4.4/1
3 250/50/1 85 6.1/1


[a] The reactions were carried out at room temperature in CH2Cl2
(4 mL), from 1 (0.67 g) and the corresponding amount of a 2.52m solu-
tion of NB in CH2Cl2. [b] Yields are based on the total mass of mono-
mers in the feed. [c] Determined by analysis of the chloro content in the
copolymer.


Figure 1. 1H (olefinic region) and 119Sn NMR spectra of 1 (*=1a, &=1b,
^=1c, *=1d): a) starting reagent; b) unreacted residue after quenching
a copolymerization with NB.
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bly reflecting higher hindrance of the reactive tin centers in
the polymers (e.g., in entry 2, polymer 6 produces 72% of
the bisaryl C6F5�C6H4OMe (11) in 3 days, whereas
SnBu3(C6H4�OMe-p) under the same reaction conditions
produces 100% yield after only 6 h). However, in some
cases, such as the reactions to give para-methoxy allyl ben-
zene (13) (entries 4 and 5, Table 2), polymer 6 is about as
fast as SnBu3(C6H4�OMe-p).


Polymer recovery and recycling : To check the feasibility of
using these polymers in the Stille reaction, as far as easy
workup, recovery, and recycling are concerned, two model
reactions were chosen that correspond to entries 2, 5, and 6
in Table 2. Scheme 2 shows the reactions carried out in each
cycle for the synthesis of the coupling product and the re-
covery of the tin organopolymer.


Recycling of reaction in entry 5 (Table 2): The starting poly-
mer 6 [produced from a copolymer 4 with a NB/1=2.9:1
molar ratio as shown in Equation (3)] was a white solid that
is soluble in chloroform and THF to give viscous solutions,
but insoluble in MeOH or n-hexane. It can be used and re-
cycled at least five times (Table 3; see the Experimental Sec-
tion for details). This protocol was repeated twice independ-


ently, each series of experi-
ments including five cycles of
reuse, with similar results.


The Stille reactions were car-
ried out using a molar ratio
allyl chloride/Sn-C6H4-OMe-p=


1:1 and just 0.5% mol of palla-
dium catalyst, at 50 8C. In every
cycle, before running the next
Stille reaction, the Sn-C6H4-
OMe-p content in the polymer
was quantified by using
1H NMR spectroscopy using an


internal standard (ferrocene) and by comparing the integrals
of the standard signal and the anisyl (An) resonances. In
this way the stoichiometric allyl chloride/Sn�An=1:1 ratio
was maintained in each cycle and the activity of the polymer
could be evaluated independently of small variations of the
efficiency in the reactions with the Li(C6H4�OMe-p) deriva-
tive (step C). Table 3 displays a collection of the yields ob-
tained in each step of the cycle represented in Scheme 2,
and the tin content in the coupling product.


The results show that 6 is a very efficient reagent (step A)
in the recycled Stille coupling and remains active through-
out the cycles. Following step A, the solvent was evaporated
and the polymer was precipitated in a mixture of MeOH
and n-hexane. Almost quantitative recovery of the polymer-
ic byproduct (4) was achieved (step B). The coupling prod-
uct 13 was obtained by evaporation of the mother liquors
and filtration of the product dissolved in n-hexane through
silica gel. This simple procedure afforded 13 with very small
tin content (Table 3). For comparison, the same Stille reac-
tion was carried out using SnBu3(C6H4�OMe-p) as reagent
and worked up by the usual procedure, involving the trans-
formation of the tin halide into tin fluoride (by shaking the
mixture with an aqueous solution of KF), evaporation of the
solvent of the organic layer, and further filtration of the resi-
due dissolved in n-hexane through silica gel. In this case the
coupling product 13 contained about 6% mol of SnBu3Cl
(4.5 wt% tin), showing the advantage of polymer reagents
for purification.


Table 2. Stille reactions using copol-NB-NBSnBu2R
2 5–9 as reagents.


Entry R1X Polymer, R2 Solvent T [8C] Time R1�R2 [%]


1[a] C6F5I 5, CH2=CH dioxane 90 1 day 10 (67)
2[a] C6F5I 6, p-OMe�C6H4 dioxane 90 3 days 11 (72)
3[a] p-NO2�C6H4I 9, PhC�C CDCl3 50 1 day 12 (100)
4[a,b] CH2=CH�CH2Cl 6, p-OMe�C6H4 CDCl3 50 8 h 13 (93)
5[c] CH2=CH�CH2Cl 6, p-OMe�C6H4 CDCl3 50 1 day 13 (90)
6[a,b] CH2=CH�CH2Cl 7, p-F�C6H4 CDCl3 50 2 days 14 (100)
7[a,b] CH2=CH�CH2Cl 8, p-CF3�C6H4 CDCl3 50 1 day 15 (100)
8[a] PhCOCl 6, p-OMe�C6H4 CDCl3 50 18 h 16 (66)
9[a] PhCOCl 7, p-F�C6H4 CDCl3 50 18 h 17 (64)
10[a] PhCOCl 9, PhC�C CDCl3 50 18 h 18 (81)


[a] [{Pd ACHTUNGTRENNUNG(AsPh3) ACHTUNGTRENNUNG(m-Br) ACHTUNGTRENNUNG(C6F5)}2] (2.5% mol) was used as catalyst. [b] Benzoquinone (2.5% mol) was added (see
text and ref. [33]). [c] [{Pd ACHTUNGTRENNUNG(h3-C3H5) ACHTUNGTRENNUNG(m-Cl)}2] (0.5% mol) was used as catalyst and benzoquinone (1% mol) was
added.


Scheme 2. Cycle of recycling of stannylated polynorbornenes in a Stille
reaction.


Table 3. Recycling experiments for copol-NB-NBSnBu2(C6H4-OMe-p)
(6) in the Stille reaction for entry 5 from Table 2.[a]


Cycle Step A Step B Step C Sn content
no. conv. 4 yield 6 yield in 13


[%][b] [%] [%] ACHTUNGTRENNUNG[wt%][c]


1 81 97 100 0.03
2 68 90 91 0.03
3 79 97 97 0.02
4 90 93 96 0.07
5 90 94 – 0.07


[a] The polymers remain soluble throughout the cycles. [b] Conversions
(conv.) were determined by using 1H NMR spectroscopy of a sample of
the reaction bulk before workup. [c] Determined by ICP–MS.
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Recycling of reaction in entry 6 (Table 2): The same proce-
dure described above was applied to polymer recycling with
the reaction partners of entry 6, Table 2. The coupling reac-
tion of allyl chloride with 7 (0.5% mol Pd) was carried out
and the polymer was reused three times with good yields in
step A (60–100%) and almost quantitative recovery (step B)
and regeneration (step C) of the polymers.


Recycling of reaction in entry 2 (Table 2): This reaction was
chosen because it requires more stringent conditions. As
specified in Table 2, the Stille coupling was carried out at
high temperature (90 8C) to ensure a fast oxidative addition
of C6F5I. The use of this organic iodide will have the result
that the initial chloride in copolymer 4 will be replaced by
iodide after the first Stille step. The results over five recov-
ery cycles (Table 4) show that, although polymer 6 remains


active throughout the cycles, it gradually loses solubility,
whereas reduced yields are observed in step A. This varia-
tion is not related to the exchange of Cl for I in the first
cycle,[34] as step C is not negatively affected. It is plausible
that conformational changes in the polynorbornene skele-
ton, after heating in the Stille coupling step at a higher tem-
perature than those used in entries 5 and 6, gradually reduce
the solubility of the polymers and lower the accessibility of
the reagents to the active tin centers. Conformational
changes upon heating have been reported for polynorbor-
nene.[35] This reduction in activity can be compensated using
an excess of polymer 6 in step A to produce 11 in good
yields, as shown in independent recycling experiments.


The gradual decrease in polymer solubility influences the
tin content of the product. The biphenyl coupling product
11 was obtained by filtration of the solution in dioxane (to
separate most of the polymer byproduct), evaporation to
dryness, and addition of MeOH. Since 11 is partially soluble
in methanol a first batch was obtained in this way which
contains small amounts of polymer and shows tin contents
from 14% weight, in cycle 1, to 0.5% in cycle 5. Either the
second batch obtained (see the Experimental Section) or re-
crystallization of the first batch affords 11 with lower tin
contents between 0.04 and 0.003 wt%.


It is worth noting that the yields of step A in Tables 3 and
4 have been obtained by using an equimolar Sn�R2/organic
halide ratio whereas it is common practice in the Stille reac-
tions to use an excess of tin reagent (about 10–20% excess),
in spite of the fact that this complicates the contamination
problem. When using our stannylated polymers the use of
excess polymer can be made without this detrimental side
effect, since the excess of tin reagent is separated with the
byproduct. Moreover, the use of excess tin polymer elimi-
nates the need of 1H NMR spectroscopic analysis prior to
each Stille reaction, and the coupling product is obtained
quantitatively for the case of entry 5 in the same reaction
time.


Conclusion


The vinylic copolymerization of tin-containing norbornenes
with norbornene in good yield has been achieved, using [Ni-
ACHTUNGTRENNUNG(C6F5)2 ACHTUNGTRENNUNG(SbPh3)2] as catalyst. The polymers contain C6F5 end
groups, which supports the proposal that an insertion mech-
anism is operating. Since the insertion of norbornene is
faster than the insertion of the stannylated monomer 1, the
norbornene content of the polymer is always higher than its
ratio in the monomer feed.


The copolymer (4) has an all-aliphatic skeleton and �
SnBu2Cl groups. It is a versatile reagent as it can be trans-
formed by reaction with the corresponding organolithium or
organomagnesium compound into new copolymers with �
SnBu2R moieties (R=aryl, vinyl, alkynyl, etc.) that can be
used as coupling partners in a wide number of Stille reac-
tions. Most importantly, these polymers are efficiently
reused affording good yields in several cycles. Moreover, the
use of these polynorbornene reagents in the Stille coupling
provides an easy reaction workup, better separation of the
halostannylated products, and low content of tin in the cou-
pling products, thus representing a good alternative to ad-
dress the problem of tin contamination.


Experimental Section


General : 1H, 13C{1H}, 19F, and 119Sn NMR spectra were recorded using
Bruker AC-300 and ARX-300 instruments. Chemical shifts (d) are re-
ported in ppm and referenced to Me4Si (1H and 13C), CFCl3 (19F), or
SnMe4 (


119Sn). All of the NMR spectra were recorded at 293 K. Elemen-
tal analyses were determined by using a Perkin–Elmer 2400 CHN micro-
analyzer. The tin content of the products was determined by ICP–MS in
the SCAI center of the University of Burgos, using Agilent 7500i equip-
ment; the samples were dissolved in a mixture of HNO3/H2SO4=7:3
using an ETHOS SEL Milestone microwave oven. The chloro content in
the polymer was determined by oxygen-flask combustion of a sample and
analysis of the residue by the mercurimetric titration of chloride.[32] Size
exclusion chromatography (SEC) was carried out using a Waters SEC
system using a three-column bed (Styragel 7.8O300 mm columns: 50–
100.000, 5000–500.000, and 2.000–4.000.000 D) and a Waters 410 differen-
tial refractometer. SEC samples were run in CHCl3 at 313 K and calibrat-
ed to polystyrene standards. Solvents were dried over CaH2 or Na, dis-
tilled, and deoxygenated prior to use. Norbornadiene, SnBu2Cl2, and the
organic halides were purchased from Aldrich or Acros. The compounds


Table 4. Recycling experiments for copol-NB-NBSnBu2(C6H4-OMe-p)
(6) in the Stille reaction for entry 2 from Table 2.[a]


Cycle
no.


Step A
conv. [%][b]


Step B
copol-NB-NBSnBu2I yield [%]


Step C
6 yield [%]


1 – – 91[c]


2 64 72 100[d]


3 59 74 100[d]


4 40 92 80[d]


5 40 91 100[d]


6 66 88 –


[a] The composition of the starting 4 is NB/1=2.5:1. [b] Reaction condi-
tions: entry 2, Table 2. Conversions were determined by using 19F NMR
spectroscopy of a sample of the reaction bulk before workup. [c] Polymer
synthesized from 4, soluble in CHCl3. [d] The polymers are not soluble in
CHCl3.
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SnBu2H2,
[36] 3,[26, 37] [{Pd ACHTUNGTRENNUNG(AsPh3) ACHTUNGTRENNUNG(m-Br) ACHTUNGTRENNUNG(C6F5)}2],


[38] and [{Pd ACHTUNGTRENNUNG(h3-C3H5) ACHTUNGTRENNUNG(m-
Cl)}2]


[39] were prepared according to the literature.


Dibutylchlorostannylnorbornene (1): SnBu2H2 (0.962 g, 4.093 mmol) was
added dropwise to a mixture of norbornadiene (2.263 g, 24.56 mmol),
AIBN (0.0672 g, 0.409 mmol), and SnBu2Cl2 (1.244 g, 4.093 mmol). The
reaction mixture was maintained in a water bath at room temperature
for 12 h. The product was obtained as a yellow liquid after pumping off
the excess of norbornadiene. Isolated yield: 2.427 g (82%). The product
is a mixture of four isomers 1a–d.


Compound 1a : 1H NMR (300.13 MHz, CDCl3): d=6.06 (m, J=2.7,
6.0 Hz, 1H; H6), 5.94 (m, J=2.7, 6.0 Hz, 1H; H5), 3.07 (br, 1H; H1), 3.04
(br, 1H; H4), 1.97 (m, 1H; H3), 1.35 (m, 1H; H7), 1.30 (m, 1H; H3’), 1.15
(m, 2H; H2, H7’), 1.81–1.05 (m; 12HBu), 0.87 ppm (t, 6H; CH3);


13C{1H}
NMR (75.4 MHz, CDCl3): d=136.1 (s, 3JSn,C=63.7 Hz; C6), 133.7 (s; C5),
48.2 (s, 3JSn,C=0 Hz; C7), 44.6 (s; C1), 42.8 (s, 3JSn,C=22.6 Hz; C4), 28.5 (s;
C2), 27.9 (s; CH2), 27.5 (s; C3), 27.0 (s; CH2), 17.1 (s; CH2-Sn), 13.5 ppm
(s; CH3);


119Sn{1H} NMR (111.92 MHz, CDCl3): d=148.8 ppm (s).


Compound 1b : 1H NMR (300.13 MHz, CDCl3): d=6.10 (m, J=3.0,
5.4 Hz, 1H; H5), 6.03 (m, J=3.0, 5.4 Hz, 1H; H6), 3.20 (br, 1H; H1), 3.00
(br, 1H; H4), 2.10 (m, 1H; H3), 1.94 (m, 1H; H2), 1.55 (m, 1H; H7), 1.30
(m, 1H; H3’), 1.13 (m, 1H; H7’), 1.05–1.81 (m; 12HBu), 0.87 ppm (t, 6H;
CH3);


13C{1H} NMR (75.4 MHz, CDCl3): d=137.0 (s; C5), 135.0 (s,
3JSn,C=33.4 Hz; C6), 49.9 (s, 3JSn,C=55.3 Hz; C7), 45.3 (s; C1), 41.8 (s,
3JSn,C=22.6 Hz; C4), 30.8 (s; C2), 27.9 (s; CH2), 27.4 (s; C3), 27.0 (s; CH2),
17.1 (s; CH2-Sn), 13.5 ppm (s; CH3);


119Sn{1H} NMR (111.92 MHz,
CDCl3): d=140.3 ppm (s).


Compound 1c : 1H NMR (300.13 MHz, CDCl3): d=6.11 (m, 2H; H5, H6),
3.26 (br, 2H; H4, H1), 2.27 (m, 1H; H7), 1.81–1.05 (m, 16H; 12HBu, H


3,
H3’, H2, H2’), 0.87 ppm (t, 6H; CH3);


13C{1H} NMR (75.4 MHz, CDCl3):
d=138.0 (s; C5, C6), 45.6 (s; C1, C4), 32.5 (s; C7), 27.9 (s; CH2), 27.0 (s;
CH2), 25.2 (s; C2), 25.1 (s; C3), 17.6 (s; CH2-Sn), 13.5 ppm (s; CH3);
119Sn{1H} NMR (111.92 MHz, CDCl3): d =133.2 ppm (s) (the assignment
of this signal could be reversed).


Compound 1d : 1H NMR (300.13 MHz, CDCl3): d =1.81–1.05 (m, 21H;
12HBu, H1–7), 0.87 ppm (t, 6H; CH3);


119Sn{1H} NMR (111.92 MHz,
CDCl3): d=142.1 ppm (s) (the assignment of this signal could be re-
versed).


Copol-NB-NBSnBu2Cl (4): Compound 1 (0.670 g, 1.853 mmol), a solution
of norbornene in CH2Cl2 (0.65 mL, 2.88m, 1.853 mmol; the solution of
norbornene was titrated by using 1H NMR spectroscopy with C6H3Br3 as
internal standard) and dry CH2Cl2 (1.85 mL) were mixed in an oven-
dried Schlenk flask under nitrogen. A solution of 3 (0.0407 g,
0.037 mmol) in CH2Cl2 (1 mL) was then added. After being stirred for
24 h at room temperature, the copolymer was precipitated by pouring the
mixture into MeOH (50 mL). The MeOH was decanted off and the copo-
lymer was filtered, washed with MeOH, and air-dried. Isolated yield:
0.611 g (72%). 1H NMR (300.13 MHz, CDCl3): d=2.6–0.7 ppm (br; HBu,
H1�7); 13C{1H} NMR (75.4 MHz, CDCl3): d=54.5–50.0 (br; C5,6), 41.5–
39.0 (br; C1,4), 38.0–35.0 (br; C7), 32.5–29.0 (br; C2,3), 27.9 (s; Bu: -CH2-
CH2-CH2-), 27.0 (s; Bu: -CH2-CH3), 16.8 (br; Bu: -CH2-Sn), 13.6 ppm (s;
Bu: CH3-);


19F NMR (282 MHz, CDCl3): d=�133.8, �140.6 (br; Fortho),
�158.4 (br; Fpara), �163.4 ppm (br; Fmeta);


119Sn{1H} NMR (111.92 MHz,
CDCl3): d=142.3 ppm (br).


The same procedure was used for the experiments collected in Table 1.
Large-scale syntheses were carried out just by scaling up reactants and
solvents.


Functionalization of polymers—synthesis of 6 : A solution of butyllithium
in n-hexane (6.77 mL, 1.6m, 10.824 mmol) was added to THF (46 mL) at
0 8C. The mixture was cooled to �90 8C and 4-bromoanisole (1.850 g,
9.89 mmol) in THF (15 mL) was added over a 5 min period at that tem-
perature. The temperature was allowed to rise to �50 8C and stirring con-
tinued for 15 min.[40] Then 4 was added (2.550 g, 4.920 mmol) and the re-
action mixture was allowed to slowly warm to room temperature and
stirred for 24 h. After that time, water (1 mL) was added and THF was
pumped off. The residue was washed with acidic MeOH and stirred for
30 min. The MeOH was then decanted off and the resulting copolymer
was filtered, washed with MeOH and air-dried. Isolated yield: 2.802 g


(96%). 1H NMR (300.13 MHz, CDCl3): d=7.4 (br, 2H; Hortho), 6.8 (br,
2H; Hmeta), 3.7 (s, 3H; OCH3), 2.8–0.7 ppm (br; HBu, H


1–7); 13C{1H} NMR
(75.4 MHz, CDCl3): d=159.6 (s; Cpara-OCH3), 137.7 (s; Cortho), 133.1 (s;
Cipso-Sn), 113.9 (s; Cmeta), 54.8 (s; OCH3), 53.0–50.0 (br; C5,6), 48.5–46.5
(br; C1,4), 40.5–39.0 (br; C7), 36.5–34.1 (br; C1,2), 29.2 (s; Bu: -CH2-CH2-
CH2-), 27.6 (s; Bu: -CH2-CH3), 13.7 (s; Bu: CH3-), 9.2 ppm (br; Bu:
-CH2-Sn);


119Sn{1H} NMR (111.92 MHz, CDCl3): d=�45.5 ppm (br).


The other functionalized copolymers 5 and 7–9 (Table 2 and Eq. (3)) and
the recycled one according to step C in Scheme 2 were prepared follow-
ing the same procedure but using the corresponding lithium or magnesi-
um derivatives. Li ACHTUNGTRENNUNG(p-C6H4F)


[41] and Li(p-CF3�C6H4)
[42] were prepared in


diethyl ether by mixing the corresponding bromo derivative and butyl-
lithium at �40 8C and stirring for 1 h. Li ACHTUNGTRENNUNG(C2C6H4) is commercially avail-
able (Aldrich), but it was prepared in diethyl ether by mixing phenylace-
tylene and butyllithium at �40 8C and stirring for 1 h. CH2=CH�MgBr
was prepared following the procedure in the literature.[43] Spectroscopic
data for copolymers 5 and 7–9 are included in the Supporting Informa-
tion.


Stille reactions—preparation of p-NO2-C6H4-C�C-C6H5 (12):[44] A 5 mm
NMR spectroscopy tube was charged under N2 with copol-NB-NBSnBu2-
C�C-C6H5 (9) (0.0300 g, 0.058 mmol; the molar amount of Sn�R groups
was determined by 1H NMR spectroscopy titration using an internal stan-
dard, as described in the text and the Supporting Information), p-NO2-
C6H4I (0.0115 g, 0.046 mmol), CDCl3 (0.4 mL) and [{Pd ACHTUNGTRENNUNG(AsPh3)ACHTUNGTRENNUNG(m-Br)-
ACHTUNGTRENNUNG(C6F5)}2] (0.0015 g, 0.0012 mmol). The reaction mixture was heated at
50 8C for 24 h and the formation of p-
NO2-C6H4-C�C-C6H5 was observed by
1H NMR spectroscopy. Yield was cal-
culated by integration of the 1H NMR
signals (100% yield). 1H NMR
(300.13 MHz, CDCl3): d =8.23 (m,
2H; H2,6), 7.67 (m, 2H; H3,5) 7.56 (m,
2H; H2’,6’), 7.35 ppm (m, 3H; H3’,4’,5’).


The other Stille reactions were carried out in a similar way starting from
the corresponding copolymer, hydrocarbyl halide, and catalysts as collect-
ed in Table 2. Compounds 10,[45] 11,[46] 13,[47] 14,[48] 15,[49] 16,[50] 17,[51] and
18[52] have been described before. Nonetheless spectroscopic data are in-
cluded below or in the Supporting Information.


Synthesis of p-methoxyallyl benzene (13):[47] Copol-NB-NBSnBu2(C6H4-
OMe-p) (6, 4.600 g, 5.700 mmol Sn-(C6H4-OMe-p); the molar amount of
Sn-(C6H4-OMe-p) groups was determined by using 1H NMR spectrosco-
py titration using an internal standard, as described in the text and the
Supporting Information), allylchloride (0.4362 g, 5.700 mmol), CHCl3
(110 mL), benzoquinone (0.0062 g, 0.057 mmol), and a solution of [{Pd-
ACHTUNGTRENNUNG(h3-C3H5) ACHTUNGTRENNUNG(m-Cl)}2] (0.0104 g, 0.028 mmol) in CHCl3 (1 mL) were added to
a Schlenk flask successively under N2. The reaction mixture was heated
at 50 8C for 24 h. After that time, a small portion was taken and the for-
mation of CH2=CH-CH2-(C6H4-OMe-p) was observed by using 1H NMR
spectroscopy (crude yield: 81%; calculated by integration of the allylic
signals of the allylchloride and the cross-coupling product). The solvent
was the evaporated to around 10 mL and a mixture of n-hexane (50 mL)
and MeOH (50 mL) was added. The copolymer copol-NB-NBSnBu2Cl
was filtered, washed with MeOH, and dried in vacuum to yield 4.003 g
(97% yield). The filtrate was concentrated to 5 mL, treated with activat-
ed charcoal and filtered through silica gel. After distillation to remove
the solvents, 13 was obtained as an orange liquid (0.674 g, 80%).
1H NMR (300.13 MHz, CDCl3): d=7.12 (m, J=8.76 Hz, 2H; H2,6), 6.86
(m, J=8.76 Hz, 2H; H3,5), 5.98 (m, J=16.7, 10.5, 6.6 Hz, 1H; CH2=CH-
CH2-), 5.09 (d, J=16.7 Hz, 1H; CHH=CH-CH2-), 5.06 (d, J=10.5 Hz,
1H; CHH=CH-CH2-), 3.82 (s, 3H; OCH3), 3.34 ppm (d, J=6.6 Hz, 2H;
CH2=CH-CH2-).


Synthesis of 2,3,4,5,6-pentafluoro-4’-methoxybiphenyl (11):[46] A Schlenk
flask was charged under N2 with 6 (2.000 g, 3.700 mmol Sn-C6H4-OMe-p ;
the molar amount of Sn-(C6H4-OMe-p) groups was determined by using
1H NMR spectroscopy titration using an internal standard, as described
in the text and the Supporting Information), C6F5I (0.875 g, 2.960 mmol),
1,4-dioxane (50 mL), and finally a solution of [{PdACHTUNGTRENNUNG(AsPh3) ACHTUNGTRENNUNG(m-Br) ACHTUNGTRENNUNG(C6F5)}2]
(0.0976 g, 0.074 mmol) in 1,4-dioxane (1 mL). The reaction mixture was
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heated at 90 8C for 3 days. After that time it was cooled down and a
small portion was taken and the formation of 11 was observed by using
19F NMR spectroscopy (crude yield: 69%; calculated by integration of
the Fortho signals of the C6F5I and the cross-coupling product). The insolu-
ble copolymer copol-NB-NBSnBu2I was filtered, washed with MeOH,
and dried under vacuum to yield 1.939 g (94%). The filtrate was evapo-
rated to dryness and the yellow solid that appeared (11) was washed with
MeOH and air dried to yield 0.4467 g. The filtrate was concentrated to
5 mL to obtain a second batch of a yellow solid (11), which was washed
with MeOH and air-dried; isolated yield: 0.3555 g (36%). The first batch
was contaminated with small amounts of polymer, and it was recrystal-
lized from hot methanol; isolated yield: 0.2133 g (22%). 1H NMR
(300.13 MHz, CDCl3): d=7.35 (m, J=10.0 Hz, 2H; H2,6), 7.05 (m, J=


10.0 Hz, 2H; H3,5), 3.85 ppm (s, 3H; OCH3);
19F NMR (282 MHz,


CDCl3): d=�144.1 (m, 2F; Fortho), �156.8 (t, 1F; Fpara), �163.9 ppm (m,
2F; Fmeta); elemental analysis calcd (%) for C13H7F5O: C 56.95, H 2.57;
found: C 56.70, H 2.72.
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Introduction


The investigation of crystal forms, that is, solvates, salts, co-
crystals and their respective polymorphs, as well as of amor-
phous solid phases has become one of the major issues of
modern solid-state and materials chemistry.[1] This interest
stems from the realization that different crystal forms of the
same chemical entity may be exploited in different environ-
ments and/or for different scopes depending on the physico-
chemical characteristics of the compound, and its utilization
or processability. Moreover, these features are of great con-
sequence in patenting and marketing issues.[2] Even though
crystal polymorphism is well-known and widely studied,[3]


the structural, thermodynamic and kinetic factors associated
with the nucleation and crystallization of molecular com-
pounds are not yet fully understood. The experimental in-


vestigation of crystal polymorphism is still mainly based on
a systematic, and sometimes tedious, exploration of all possi-
ble crystallization and interconversion conditions[3] (“poly-
morph screening”), whereas theoretical polymorph predic-
tion is still embryonic.[4]


The screening of different crystal forms of a compound is
not only an academic challenge but is also becoming one of
the most important goals in the pharmaceutical industry, be-
cause the majority of drugs are administered as solids, and
solid-state properties significantly influence the bioavailabil-
ity and stability of the final product. When two or more
polymorphs occur, a full characterization of these forms and
of the relationship among the different solid phases should
be obtained, which is best achieved by using complementary
techniques, such as X-ray diffraction and differential scan-
ning calorimetry (DSC) combined with IR, Raman and
solid-state NMR (SS NMR) spectroscopy. This also applies
to co-crystals, that is, the association in the solid state of dif-
ferent molecules, which have been argued to represent a
new route to improved drugs or materials and possibly to be
less prone to polymorphism.[1m,n]


We have been involved for some time in the engineering
of crystalline materials starting from a knowledge of the
supramolecular bonding capacity of the component building
blocks. In our studies, as well as in those of many other re-
search groups worldwide, the hydrogen bond has been the
interaction of choice.[5] The hydrogen bond allows a certain
degree of predictability as far as the structure of the aggre-
gate is concerned, predictability being at the core of any
crystal engineering exercise. Together with the use of hydro-


Abstract: Three crystal forms of the
co-crystal 4,4’-bipy/pimelic acid (bipy:
bipyridine), [NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC-
ACHTUNGTRENNUNG(CH2)5COOH], have been prepared
and their relationship investigated by
single-crystal X-ray diffraction, varia-
ble-temperature X-ray powder diffrac-
tion, differential scanning calorimetry


and solid-state NMR spectroscopy.
Both X-ray and NMR spectroscopic re-
sults indicate that no proton transfer


takes place, that is, the three crystal
forms are true co-crystals of neutral
molecules. Forms I and II both convert
into Form III at high temperature, For-
ms II and III being the thermodynami-
cally stable forms at room and high
temperature, respectively.
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gen-bonding interactions to assemble (or rather “to let self-
assemble”) components in the solid state, we have explored
direct combination between solid reactants, with or without
the presence of small quantities of solvent, to prepare crys-
talline materials under essentially solvent-free conditions[6]


Herein, we apply some of our previous findings to the
preparation and full characterization by powder and single-
crystal X-ray diffraction, calorimetric and spectroscopic (1H
magic angle spinning (MAS), 2D 1H double-quantum (DQ)
MAS, 13C and 15N cross-polarization (CP) MAS NMR)
methods of the co-crystalline material obtained by reacting
4,4’-bipyridine (bipy) and pimelic acid. We provide evidence
for the existence of three crystal modifications of the 1:1 co-
crystal (hereafter termed Forms I, II and III) and the crys-
tallization conditions under which these crystals can be pre-
pared, separated and/or interconverted.


Furthermore, we employ grinding, kneading (also called
“wet grinding” or “solvent drop grinding”)[7] and vapour di-
gestion[8] methods to obtain these crystal forms besides con-
ventional solution crystallization methods.


Results and Discussion


Forms I–III: How they are obtained and how they transform
into each other : Forms I and II of the co-crystal 4,4’-bipy/pi-
melic acid, [NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC ACHTUNGTRENNUNG(CH2)5COOH], were
obtained by dissolution in hot water (70 8C) of an equimolar
mixture of solid 4,4’-bipy and pimelic acid, previously
ground together in an agate mortar. Rapid cooling of the
aqueous solution in an ice bath affords single crystals of
Form I, which are needle-shaped, whereas slow cooling of
the aqueous solution yields prismatic single crystals of
Form II, which have a block-like habit. Form II can also be
obtained in a kneading experiment, in which the reagents
are ground together in the presence of a small drop of THF
or MeOH, and in a vapour di-
gestion experiment by grinding
together equimolar quantities
of 4,4’-bipy and pimelic acid
and leaving the polycrystalline
powder under an atmosphere of
different solvent vapours
(MeOH, H2O or THF; see the
Experimental Section). Single
crystals of Form III could only
be obtained by slow evapora-
tion at 120 8C of a solution ob-
tained by dissolution of an
equimolar mixture of reagents
in hot dimethyl sulfoxide
(DMSO).


The relationship between the
three crystal forms was investi-
gated by DSC, powder X-ray
diffraction and SS NMR spec-
troscopy. In all cases, X-ray


single-crystal data, besides an exact knowledge of the struc-
ture of the products, allowed comparison between the
powder diffractograms measured on the reaction products
and those calculated on the basis of the single-crystal struc-
tures. Details of the various experiments will be provided
below. Scheme 1 summarises the relative stability of the
three forms and the transformation conditions.


Form II is the thermodynamically most stable form at
room temperature. Crystals of Form I left in water convert
spontaneously into Form II in a matter of a few days. Poly-
crystalline Form III can easily be obtained by heating crys-
tals of Form II: the process can be followed both by varia-
ble-temperature X-ray powder diffraction and DSC. Crystals
of Form III, once formed, can be cooled down to room tem-
perature, where they remain as a metastable form. Only
traces of the conversion Form III!Form II are detectable
by X-ray powder diffraction if the cooling process is very
slow (see below). On the other hand, kneading of Form III
with a drop of water affords rapid and complete transforma-
tion into Form II. Both Form I and Form II can readily be
transformed into Form III by overnight heating at 120 8C in
an oven.


DSC measurements allowed analysis of the monotropic/
enantiotropic nature of the polymorphic systems. As can be
seen in Figure 1, the conversion of Form I into Form III
(T=92.3 8C, onset) is an endothermic process, and therefore
Forms I and III are enantiotropically related. Melting of
Form III is observed at 141.1 8C (onset).


Figure 2 shows the thermal behaviour of Form II on heat-
ing. Conversion into Form III (T=102.9 8C, onset) is ob-
served at a higher temperature with respect to Form I. The
process is endothermic; therefore, Forms II and III also con-
stitute an enantiotropic system. The two broad and shallow
peaks on the right and left side of the Form II!Form III
transition point are due to traces of unreacted pimelic acid
(which first undergoes a phase transition and then melts),


Scheme 1. Preparation and transformation conditions of the three crystal forms of 4,4’-bipy/pimelic acid (tr.p.:
transition point; m.p.: melting point).
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not revealed by X-ray diffraction. Their nature was con-
firmed by intentional addition of a known quantity of pimel-
ic acid to a Form II sample and subsequent observation of
an increase in the enthalpy content of the corresponding
peaks.


Figure 3 shows the thermal behaviour of Form III on
heating. A single peak corresponding to melting is observed.
DSC measurements on cooling after melting of Form III
only show one exothermic event corresponding to the crys-
tallization of Form III, and no conversion is observed to
Form II. This must certainly be due to kinetic “inertia” of
the system, which allows Form III to exist at room tempera-
ture as a metastable form.


On the basis of temperature and DH values for the transi-
tion and melting processes obtained from the DSC measure-
ments (see the Experimental Section), we can draw a quali-
tative energy versus temperature diagram,[9] which graphi-
cally summarises the thermodynamic relationship of the


three forms (see Figure 4). Both Forms I and II transform
endothermically to Form III; therefore, according to the
“heat of transition rule”,[9] the two polymorphs are enantio-


tropically related to Form III, which is the thermodynami-
cally stable form above the transition temperature. No mon-
otropic transition between Form I and II has been observed,
but, because crystals of Form I spontaneously convert into
Form II at room temperature in aqueous solution, we can
conclude that Form II is the stable form below the II!III
transition point. In addition, both the transition temperature
and DH value for the II!III transition are higher than
those observed for the I!III transition, which is also in
agreement with the higher stability of Form II at room tem-
perature. Form III has a high kinetic inertia and does not
convert back to Form II on cooling.


Structural characterization of Forms I–III : Interestingly, it
has also been possible to structurally characterise all three
forms by single-crystal X-ray diffraction. Form I crystallises
with a rod-like habit, Form II shows a block-like habit (as
shown by the photographs in Figure 5), whereas crystals of
Form III have a more irregular shape and are inhomogene-
ous in sise.


The structural characterization (see Experimental Sec-
tion) allowed a comparison of the three crystal forms in


Figure 1. DSC trace of Form I.


Figure 2. DSC trace of Form II (peaks before and after the transition
point are due to traces of unreacted pimelic acid).


Figure 3. DSC trace of Form III.


Figure 4. Qualitative energy versus temperature diagram of the three
polymorphs. H, enthalpy; G, Gibbs free energy; DHf, heat of fusion;
DHtr, heat of transition; liq, liquid phase (melt); Ttr, transition tempera-
ture. Thermal data from DSC.


Figure 5. From left to right: crystals of Forms I–III, as obtained from so-
lution.
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detail. Figure 6 shows that the main packing motif is the
same in the three crystals, and is represented by a wavy
chain constituted by an alternate sequence of 4,4’-bipy and


pimelic acid molecules linked by O�H···N hydrogen bonds
between the hydrogen atoms of the COOH groups and the
nitrogen acceptors. The O(H)···N hydrogen-bonding distan-
ces in the three polymorphs do not differ considerably, al-
though it can be noted that, both as ranges and as mean
values, they become longer on passing from Form I to II and
to III (O···N distances in the ranges 2.638(2)–2.677(2),
2.645(2)–2.697(2) and 2.674(3)–2.756(4) M; mean values
2.660(2), 2.675(2) and 2.715(4) M for Forms I, II and III, re-
spectively).


The three polymorphs essentially differ in the relative dis-
position in their solids of these chains: the most visible dif-
ference between Forms I and II, for example, is due to the
fact that the acid molecules are almost superimposed in
Form I, whereas the chains are shifted with respect to each
other in Form II, so as to bring the acid molecules in close
contact with the bipyridine moieties (see Figure 6, bottom).


Form III can be considered a conformational polymorph,
as the OH(COOH) groups are located almost on the opposite
sides of the aliphatic chain (torsion angle ca. 1208, see
Figure 7).


Figure 8 shows the hydrogen-bonding pattern within the
single chains. It can be appreciated that in Form I (Figure 8,
top) and in Form II (middle) one in every two N�H···O


bonds is accompanied by the presence of a short C�H···O
interaction (from 2.66 to 2.67 M in Form I, and from 2.54 to
2.62 M in Form III), with formation of a hydrogen-bonded
dimer. This pattern resembles the one observed years ago
for glutaric and adipic acid adducts with 4,4’-bipy.[5g] The
pattern changes in Form III, as dimer formation is observed
for all carboxylic groups (C�H···O distances of 2.44 and
2.85 M).


Variable-temperature X-ray diffraction experiments : The
phase transformations of the three crystal forms were inves-
tigated by variable-temperature X-ray powder diffraction
experiments. Samples of 4,4’-bipy/pimelic acid co-crystals of
Forms I and II were first obtained from solution, and unam-
biguously identified as pure polymorphic co-crystals by com-
paring the X-ray powder diffraction patterns measured at
room temperature with those calculated on the basis of the
single-crystal structures (see Figure 9).


Forms I and II were heated from 25 to 110 8C, and diffrac-
tion patterns were recorded every 5 8C in the range 70–
110 8C, each time leaving the sample at the new temperature
for 3 min before recording the pattern. Figure 10 shows the
diffraction patterns of Forms I and II at 25 and 110 8C. On
heating, both forms convert to the same crystal phase, which
has been identified as Form III by comparing the diffracto-
grams measured back to room temperature with those calcu-
lated on the basis of the single-crystal data (Figure 11). On
cooling Form III from 110 8C to room temperature, the ki-
netic inertia of this form is such that no traces of Form II
are detectable at room temperature.


The powder patterns of the 110 8C phase obtained from
Forms I and II (Figure 10), however, are different from the
one observed for Form III at room temperature. For this
reason, Form III was also subjected to the same variable-
temperature experiment (see Figure 12a), and its pattern at
110 8C compared with those obtained for Forms I and II: it
can be seen that the three patterns are exactly superimposa-
ble (see Figure 12b).


Figure 6. Comparative view of the main packing motifs in the three crys-
tal forms of 4,4’-bipy/pimelic acid; from top to bottom: Form I, II and III.
Note that all three forms contain wavy chains created by alternation of
4,4’-bipy and pimelic acid molecules linked by O�H···N hydrogen bonds.


Figure 7. Conformation of the two, four and one independent pimelic
acid molecules in crystalline Forms I, II and III, respectively.


Figure 8. N�H···O and C�H···O hydrogen bonds within the infinite
chains in crystalline Form I (top), II (middle) and III (bottom). It can be
seen that alternate COOH groups are involved in the creation of dimers
in Forms I and II, whereas all COOH groups produce dimers in Form III.
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We then heated Form III from 25 to 110 8C (and cooled it
again to 25 8C) and recorded powder patterns every 10 8C to
observe the change in the pattern profile with temperature.
A continuous shift of the peaks can be seen, which is attrib-
uted to continuous changes in the cell parameters due to
thermal expansion (on heating) or contraction (on cooling).
An expanded section of the pattern is shown in Figure 13.
The change in the cell parameters, however, is not isotropic
(see Figure 14). As a result, patterns of Form III at 25 and
110 8C look quite different, but they refer to the same phase
(as observed in the DSC measurement).


In addition, we can exclude with confidence the formation
of decomposition products at 110 8C, because 1) on cooling
the sample (that was heated to 110 8C) back to room tem-
perature, the room-temperature pattern of Form III is fully
restored (Figure 11) and 2) a thermogravimetric analysis
(TGA) measurement on Form III shows no weight loss up
to 130 8C (see Figure 15).


SS NMR spectroscopic data : It is well-known that SS NMR
spectroscopy is a reliable tool for the distinction of different
crystalline and amorphous phases and polymorphs.[10] It pro-
vides useful information on both the structure and the con-


version process between polymorphs.[11] Moreover, because
it refers to the short- rather than the long-range order, it
can show which site or functional group differs from one
form to another or give information on inter- and intramo-
lecular weak interactions.[12] Recently, not only have 13C and
15N nuclei been observed but also, with the development of
new probes able to spin the rotor up to 50 kHz, 1H spectra
are routinely feasible.[13] This new approach opens innova-
tive perspectives in crystal engineering for the study of hy-


Figure 9. Comparison of the X-ray powder diffraction patterns measured
at RT and those calculated on the basis of the single-crystal structures for
Form I (top) and II (bottom).


Figure 10. Diffraction patterns measured at RT and 110 8C on pure sam-
ples of Form I co-crystal (top) and II co-crystal (bottom).


Figure 11. Comparison of the experimental patterns obtained by heating
Form II to 110 8C and cooling measured back at RT and that calculated
on the basis of single-crystal data of Form III.
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drogen-bond interactions and in the evaluation of the
proton proximity in supramolecular adducts, crystals and
polymorphs. 1D 1H spectra can provide valuable informa-
tion on the hydrogen-bond strength, because the chemical
shift parameter is directly correlated to the X�H bond po-
larization and thus to the energy of the interaction. Schnell
et al.[14] have shown that the extension of the experiment to
a second dimension, namely 2D 1H DQ MAS, offers new in-
formation about, for example, the proximity or connectivity


of different nuclei. In 1H–1H DQ NMR spectroscopy, the
generation of DQ coherence requires the existence of a di-
polar coupling between two protons. Thus, the observation
of particular DQ peaks implies the existence of a sufficient
dipolar coupling between the respective nuclei. In this way,


detailed information about in-
ternuclear proximities can be
readily obtained from the 2D
peaks.


Here, we combine the infor-
mation arising from 1H (1D and
2D), 13C and 15N SS NMR spec-
troscopic experiments with the
aim to a) check spectroscopic
differences among polymorphs,
b) assess the co-crystal or salt
nature of the polymorphs and
c) probe hydrogen-atom prox-
imities.


All NMR spectroscopic data
with their relative assignments


Figure 12. a) Comparison of the diffraction patterns measured at RT and
110 8C on a pure sample of Form III co-crystal. b) Comparison of the dif-
fraction patterns observed for Forms I (top), II (middle) and III (bottom)
at 110 8C.


Figure 13. Form III: Expansion of the 24–278 of the 2q zone, which shows how the peak positions shift continu-
ously on heating from 25 to 110 8C (left) and on cooling back from 110 to 25 8C (right).


Figure 14. Form III: The whole pattern for the heating process; for sake
of clarity, the pattern has been expanded. It can be appreciated how the
shift is not always towards lower angles, due to an anisotropic change of
the cell parameters.


Figure 15. TGA trace of Form III, which shows that the compound is
thermally stable up to 130 8C. c : TGA trace; a : first derivative.
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are listed in Table 1. Due to the very similar crystal packing
of the three forms, the 13C CPMAS spectra (Figure 16) pres-
ent comparable features: the high-frequency region of the
spectra is characterised by carboxylic signals around d=


175–176 ppm. The bipyridine resonances fall at about d=


147 and 123 ppm with the former attributed to quaternary
and HC�N carbon atoms and the latter related to CH
carbon atoms. The CH2 carbon atoms of the acid moiety
give rise to peaks around d=36–31 ppm.


Small but significant differences among spectra allow the
distinction of the three forms, and are in agreement with the
same wavy-chain motifs of alternating 4,4’-bipy and pimelic
acid molecules linked through O�H···N hydrogen bonds dis-
played by the three polymorphs.


Another difference concerns the splitting, observed in
Form I, of the signal relative to the a-CH2 group (d=36.6
and 35.4 ppm), even though the main difference can be
found on the bipyridine moiety. Indeed, Form I shows three
CH peaks (d=124.4, 122.9 and 120.6 ppm) instead of the
two (d=123.0 and 121.6 ppm) and one (d=123.2 ppm) ob-
served in Forms II and III, respectively. Similar remarks can
also be made for the multiplet arising from the overlapping
of quaternary and HC�N carbon resonances (see Table 1).


To ascertain whether the proton transfer from the acid to
the base takes place along the hydrogen bond or, in other
words, to determine the co-crystal or salt nature of the poly-
morph, it is well-known that the 13C chemical shift of the
carboxylic carbon atom represents a good indicator of the
protonation state of the COOH group.[15a,b] For these com-
pounds, the observed chemical shift (around d=175 ppm) is
reminiscent of the value previously found for similar adducts
containing 1,4-diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane instead of bipyridi-
ne.[15c] In that study, the obtained value was referred to a
COOH rather than a COO� group. This is in agreement
with the co-crystal nature of the adducts observed by single-
crystal X-ray diffraction and confirmed by 15N CPMAS spec-
tra. Several 15N NMR studies on hydrogen-bonded systems
have shown that formation of hydrogen bonds results in
high- or low-frequency shifts of the nitrogen signal, accord-
ing to the type of nitrogen atom and the nature of the inter-
action.[13c,15d–f] In our case, the free bipyridine nitrogen signal
falls at d=288.2 ppm, whereas in the three co-crystal forms
it falls around d=262 ppm. Similar shifts have already been
reported by us[16a] and by Limbach and co-workers[16b] for
hydrogen-bonded pyridine nitrogen atoms: in the former
case for co-crystals between dipyridineferrocene [Fe(h5-
C5H4-C5H4N)2] and pimelic acid and in the latter case for
pyridine molecules adsorbed on mesoporous silica. Thus, the
shift is consistent with a nitrogen atom involved in an O�
H···N interaction rather than a charge-assisted �O···H-N+


hydrogen bond.
The 1H MAS spectra of the three polymorphs (Figure 17)


appear quite similar even for the hydrogen-bonded proton
signals, which suggests that the higher thermodynamic sta-
bility at room temperature of Form II with respect to
Forms I and III does not arise from stronger or weaker hy-
drogen-bond interactions. As mentioned above, the exten-
sion to a second dimension of the 1H spectra may provide
further information about proton connectivity, proximity
and thus about structural differences among the poly-
morphs.[14a,17]


Table 1. 13C, 15N and 1H NMR spectroscopic chemical shifts [ppm] with
assignments of the three crystal forms (Forms I, II and III) of the 4,4’-
bipy/pimelic acid co-crystal.


Form I Form II Form III
13C data


COOH (acid) 176.2 175.3 175.6
HC�N (bipy) 150.1


147.8
149.9
147.2


150.1
147.3


Cq (bipy)[a] 144.2 146.8
144.7 sh


146.9


CH (bipy) 124.4
122.9
120.6


123.0
121.6


123.2


CH2 (acid) 36.6 (a)
35.4 (a)
25.8 (b)
31.0 (g)


35.0 (a)
26.0 (b)
31.1 (g)


35.2 (a)
26.1 (b)
31.2 (g)


15N data


N (bipy) 261.5 262.8 263.2


1H data


proton A (O�H···N) 14.32 14.21 14.68
proton B (CH) 7.92 7.77 8.31
proton C (CH2) 1.04 1.05 1.28


[a] Determined by 13C non-quaternary-suppression (NQS) NMR experi-
ments.


Figure 16. 13C CPMAS spectra of {[NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC-
ACHTUNGTRENNUNG(CH2)5COOH]}, Forms I, II and III, recorded at 100.63 MHz with a spin-
ning speed of 12 kHz (the peak marked with * is due to unreacted pimel-
ic acid.)
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In the 1D 1H spectra, only three peaks can be distinguish-
ed, which correspond to the O�H···N (A), the aromatic pro-
tons (B) and the alkyl protons (C) at about d=14–15, 7–8
and 1–3 ppm, respectively (Figure 17). The 2D 1H DQ MAS
spectra of Forms I–III are reported in Figures 18, 19 and 20,
respectively. They show trivial aromatic (BB) and alkyl
(CC) auto-peaks and, more interestingly, a BC cross-peak in
agreement with the presence of parallel chains running near
each other and characterizing the crystal structures. Indeed,
by looking at the single-crystal data (see above), in all three


polymorphs the crystal packing leads the bipyridine moiety
near to an acid molecule of the next chain. Due to the r�6


dependence of the dipolar interaction we can say that the
observation of the peak above is indicative of a proton–
proton distance in the narrow range of about 0.18 to
0.30 nm; this is without recourse to a full quantitative inves-


Figure 17. 1H MAS spectra of {[NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC ACHTUNGTRENNUNG(CH2)5COOH]},
Forms I, II and III, recorded at 600.23 MHz with a spinning speed of
32 kHz.


Figure 18. 2D 1H DQ MAS spectrum of {[NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC-
ACHTUNGTRENNUNG(CH2)5COOH]}, Form I, together with the single-quantum projection.


Figure 19. 2D 1H DQ MAS spectrum of {[NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC-
ACHTUNGTRENNUNG(CH2)5COOH]}, Form II, together with the single-quantum projection.


Figure 20. 2D 1H DQ MAS spectrum of {[NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC-
ACHTUNGTRENNUNG(CH2)5COOH]}, Form III, together with the single-quantum projection.
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tigation.[14a] The O�H···N protons (A) give rise to a cross-
peak to the meta-CH aromatic protons (AB1 for Forms I
and III and A1B for Form II). In addition to this, in Form II
there is some evidence of a weaker cross-peak to the ali-
phatic protons (A1C).


Conclusion


We have reported the identification of three polymorphs of
a molecular co-crystal formed by the dicarboxylic acid pi-
melic acid and the 4,4’-bipy molecule. The three polymorphs
have been fully characterised by single-crystal and powder
X-ray diffraction, calorimetry and 1H MAS (1D and 2D)
and 13C and 15N CPMAS NMR spectroscopic experiments.
By 1H MAS NMR spectroscopic experiments it has been
possible to ascertain that the higher stability of Form II with
respect to Forms I and III depends on the crystal packing
rather than different hydrogen-bond strengths. Furthermore,
the 2D 1H DQ MAS experiments provide reliable informa-
tion concerning proton proximities, that is, useful for dis-
criminating different crystal packings and hydrogen-bond
frameworks.


We have also provided further examples of the possibility
of preparing co-crystals by kneading (also called “wet or sol-
vent-drop grinding”) and by vapour digestion.[7,8]


Moreover, by combining X-ray data with 13C carboxylic
carbon and 15N pyridine nitrogen chemical shifts we were
able to conclude that no proton transfer took place from the
acid to the base, along the hydrogen bond, in all three crys-
tal forms. In the co-crystal of pimelic acid with [Fe(h5-C5H4-
C5H4N)2],


[16a] on the contrary, two different situations were
observed depending on the stoichiometry of the adduct: the
1:1 co-crystal is a neutral molecular complex, whereas in the
1:2 co-crystal protonation of the organometallic base takes
place. Further studies are also in progress to fully appreciate
the factors controlling the positions of hydrogen atoms in
acid/base co-crystals. The relationship between molecular
salts and co-crystals in multicomponent crystals has been re-
cently discussed.[18]


With respect to the issue that co-crystalline materials
might be less prone to polymorphism,[1m,n] we think that this
is not so, at least not in co-crystals containing strong hydro-
gen-bonded units, or synthons. When the hydrogen bonding
has been “taken care of”, the resulting unit packs in the
solid as a van der Waals object, even if, as in this paper, the
object is an infinite chain. Small adjustments in the torsional
angle of the constituent molecules and/or chains may suffice
to produce a new crystalline phase. On the contrary, we
think that co-crystals might be less prone to the formation
of solvates, as the hydrogen-bonding requirements of one
constituent molecule are usually fulfilled by the association
with the second molecular entity. We are currently exploring
this idea within molecular hydrogen-bonded co-crystals.


Experimental Section


Solid-state and solution syntheses : All reactants were purchased from Al-
drich and used without further purification. Reagent-grade solvents and
doubly distilled water were used. In all cases, correspondence between
the structure of the solid residue and that obtained by single-crystal X-
ray diffraction was ascertained by comparing measured X-ray powder dif-
fractograms with those calculated on the basis of single-crystal data.


Solid-state synthesis of Forms II and III of the co-crystal 4,4’-bipy/pimelic
acid : The polymorphic modification FormII was prepared by solid-state
synthesis. When equimolar quantities of 4,4’-bipy and pimelic acid were
manually ground in an agate mortar in the presence of drops of solvent
(MeOH, THF), Form II was obtained. Both Forms I and II, placed in an
oven at 120 8C, quantitatively transformed into Form III overnight.


Vapour digestion experiments : Form II was also obtained in a vapour di-
gestion experiment by grinding together equimolar quantities of 4,4’-bipy
and pimelic acid and leaving the polycrystalline powder under different
solvent vapours (MeOH, CH2Cl2 and THF). When MeOH or CH2Cl2
were used, Form II started to appear after 60 min of exposure, and the
transformation was complete after a total exposure time of 90 min. When
THF was used, the reaction was complete only after an exposure time of
24 h.


Solution synthesis of Forms I–III of the co-crystal 4,4’-bipy/pimelic acid :
Single crystals of Forms I and II suitable for single-crystal X-ray diffrac-
tion were obtained by dissolution of a ground equimolar mixture of 4,4’-
bipy (0.666 mg, 4.264 mmol) and pimelic acid (HOOCACHTUNGTRENNUNG(CH2)5COOH;
0.683 g, 4.264 mmol) in boiling water. If the solution was cooled quickly
in an ice bath, colourless needles of Form I were obtained, whereas slow
cooling of the solution yielded colourless prismatic single crystals of
Form II.


Single crystals of Form III suitable for X-ray diffraction were obtained by
dissolution of a ground equimolar mixture of 4,4’-bipy (0.234 mg,
1.495 mmol) and pimelic acid (HOOC ACHTUNGTRENNUNG(CH2)5COOH; 0.240 g,
1.497 mmol) in DMSO at 120 8C. The solution was allowed to evaporate
slowly at 120 8C in an oil bath, to yield colourless crystals of Form III.


Calorimetric analysis : Calorimetric measurements were performed with a
Perkin–Elmer Pyris Diamond DSC differential scanning calorimeter
equipped with a model ULSP 90 intra-cooler. The instrument was cali-
brated with high-purity standards (indium and cyclohexane) at 5 Kmin�1.
The samples (2–4 mg) were placed in closed aluminium pans. Heating
was carried out at 5 8Cmin�1 in the temperature range 60 to 150 8C. Melt-
ing point (onset) and enthalpy of fusion for Form III: (141.1�1.0) 8C and
(46.8�0.5) kJmol�1, respectively; transition temperature (onset) and en-
thalpy of transition for Forms I and II: (92.3�0.3) 8C, (5.5�0.5) kJmol�1


and (102.9�0.3) 8C, (6.7�0.5) kJmol�1, respectively.


TGA was performed with a Perkin–Elmer TGA-7 apparatus. Heating
was carried out in a nitrogen flow (20 cm3 min�1) and by using a platinum
crucible at the rate of 5 8Cmin�1 up to decomposition. The sample
weights were in the range 5–10 mg.


Crystal structure determination : Crystal data of all compounds were col-
lected at room temperature on a Bruker ApexII CCD diffractometer.
Crystal data and details of measurements are summarised in Table 2.
Common to all compounds: MoKa radiation, l=0.71073 M, monochroma-
tor graphite, T=293 K. SHELX97[19a] was used for structure solution and
refinement based on F 2. All non-hydrogen atoms were refined anisotrop-
ically. Hydrogen atoms bound to carbon atoms were added in calculated
positions and refined riding on their respective carbon atoms. Hydrogen
atoms bound to oxygen atoms were all found and refined, with the excep-
tion of one of the two hydrogen atoms in Form III, which was found but
not refined. SCHAKAL99[19b] was used for the graphical representation
of the results. The program PLATON[19c] was used to calculate the hydro-
gen-bonding interactions. CCDC-678762 (Form I), 678763 (Form II) and
678764 (Form III) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Powder diffraction measurements : The identity of the bulk material ob-
tained by either the solid-state or the solution processes and the struc-
tures obtained by single crystals was always verified by comparison of
calculated and observed powder diffraction patterns. X-ray powder dif-
fractograms were collected on a Panalytical XTPert PRO automated dif-
fractometer with CuKa radiation and an XTCelerator detector equipped
with an Anton Paar TTK 450 low-temperature camera. The program
PowderCell 2.2[19d] was used for calculation of X-ray powder patterns on
the basis of the single-crystal structure determinations.


SS NMR spectroscopic measurements : All spectra were recorded on a
Bruker Avance II 400 spectrometer operating at 400.23, 100.65 and
40.55 MHz for 1H, 13C and 15N, respectively. 13C and 15N spectra were re-
corded at room temperature at the spinning speed of 12 kHz. Cylindrical
4-mm-outer-diameter zirconia rotors were employed with a sample
volume of 120 mL. A ramp CP pulse sequence was used with a contact
time of 3 (13C) or 4 ms (15N), a 1H 908 pulse of 3.35 ms, recycle delays of
15–90 s and about 128 and 3000 transients for the 13C and 15N CPMAS
spectra, respectively. A two-pulse phase-modulation decoupling scheme
was used with a radio-frequency field of 75 kHz. For the 13C NQS NMR
experiments, a dephasing delay of 40 ms was used with a 1808 refocusing
pulse on the 13C channel of 4.7 ms.


1D and 2D 1H DQ MAS experiments were performed on a 2.5 mm
Bruker probe at the spinning speed of 32 kHz. The 1H MAS spectra were
acquired with the DEPTH sequence (p/2–p–p) for suppressing the probe
background signal. The back-to-back (BABA) recoupling pulse se-
quence,[20] which efficiently generates DQ coherences in the presence of
very fast MAS, was used to acquire 2D 1H DQ MAS NMR spectra with
excitation times of one rotor period. For all samples, the 1H 908 pulse
length was 3.25 ms, and a recycle delay of 7 s was used. For each of 64 in-
crements of t1, 128 transients were averaged.


Acknowledgement


We acknowledge financial support from the University of Bologna (post-
doctoral fellowship to G.P.) and from MIUR (PRIN2006).


[1] a) B. R. Sreekanth, P. Vishweshwar, K. Vyas, Chem. Commun. 2007,
2375; b) A. D. Bond, CrystEngComm 2007, 9, 833; c) M. Rafilovich,


J. Bernstein, M. B. Hickey, M. Tauber, Cryst. Growth Des. 2007, 7,
1777; d) G. G. Z. Zhang, R. F. Henry, T. B. Borchardt, X. Lou, J.
Pharm. Sci. 2007, 96, 990; e) A. Jayasankar, D. J. Good, N. RodrV-
guez-Hornedo, Mol. Pharm. 2007, 4, 360; f) W. W. Porter III, S. C.
Elie, A. J. Matzger, Cryst. Growth Des. 2008, 8, 14; g) M. T. Kirch-
ner, D. Das, R. Boese, Cryst. Growth Des. 2008, 8, 763; h) A. V.
Trask, W. D. S. Motherwell, W. Jones, Cryst. Growth Des. 2005, 5,
1013; i) A. V. Trask, W. D. S. Motherwell, W. Jones, Int. J. Pharm.
2006, 114, 320; j) A. M. Chen, M. E. Ellison, A. Peresypkin, R. M.
Wenslow, N. Variankaval, C. G. Savarin, T. K. Natishan, D. J.
Mathre, P. G. Dormer, D. H. Euler, R. G. Ball, Z. Ye, Y. Wang, I.
Santos, Chem. Commun. 2007, 419; k) D.-K. Bučar, R. F. Henry, X.
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Experimental Section 


General Procedures.  Synthetic reactions except [1](ClO4)2 were carried out using standard Schlenk 


techniques under a nitrogen atmosphere; the solvents were thoroughly degassed by nitrogen purge.  All 


reagents and solvents were purchased from commercial sources and used as received, unless noted 


otherwise. 


Infrared spectra were obtained on a JASCO FT/IR-5000 spectrophotometer using the nujol mulls, 


NMR spectra on a JEOL JNM-A500 instrument using tetramethylsilane as internal standard (δ = 0).  


The UV/Vis/NIR absorption spectra were recorded on a JASCO V-570 spectrophotometer.  


Electrochemical studies were performed by a CV-600A apparatus (BAS) with a glassy carbon working 


electrode, Ag/Ag+ reference electrode, and a Pt-wire auxiliary electrode.  Voltammetric measurements 


were conducted in ClCH2CH2Cl with 0.1 M [Bu4N]BF4 as a supporting electrolyte and complex 


concentration of 1.0 mM.  Spectroelectrochemical measurements were performed under same 


conditions except for the use of a thin-layer quartz cell with a Pt-mesh as a working electrode.  X-Band 


EPR spectra were recorded on a JEOL EPR spectrometer JM-FE1.  Elemental analysis of all 


compounds was performed at Osaka University. 


Preparation of [Cu8{S(C6H4)N=CH(C6H4NMe2)}8](CuCl2) ([1](CuCl2)).  To a solution of 2-(4-


dimethylaminophenyl)benzothiazoline (0.42 g, 1.6 mmol) in 1,2-dichloroethane (10 mL) was added 


copper(II) acetate monohydrate (0.16 g, 0.82 mmol).  The reaction solution was refluxed for 2 h and 


diethyl ether (10 mL) was added to it.  Precipitated dark brown powder was collected by filtration.  


Yield: 31 mg (11% based on Cu).  Anal. Calcd for (C15H15CuN2S)8CuCl2 3ClCH2CH2Cl: C, 50.74; H, 


4.46; N, 7.51%. Found: C, 50.77; H, 4.59; N, 7.81%.  IR (Nujol mull, cm-1): νC=N = 1607.  λmax/nm 


(ε/dm3 mol-1 cm-1) 385 (1.84 × 105), 1768 (2.56 × 104).  Crystals suitable for an X-ray crystallographic 


study were grown from the slow diffusion of diethyl ether into a 1,2-dichloroethane solution of dark 


brown powder. 


Preparation of [Cu8{S(C6H4)N=CH(C6H4NMe2)}8](ClO4)2 ([1](ClO4)2). 


[Cu8{S(C6H4)N=CH(C6H4NMe2)}8](CuCl2) ([1](CuCl2)) (104 mg, 0.035 mmol) was dissolved in 


methanol (50 mL) and the suspension was then filtered through Celite.  To a dark brown filtrate was 


added sodium perchlorate (90 mg, 0.74 mmol) in methanol (5 mL).  Precipitated brown powder was 


collected by filtration.  Yield: 63 mg (62%).  Anal. Calcd for (C15H15CuN2S)8(ClO4)2 (NaClO4)1.5: C, 
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49.13; H, 4.12; N, 7.64%. Found: C, 48.93; H, 4.13; N, 7.41%.  1H NMR (500 MHz, ClCD2CD2Cl, 323 


K): δ 7.58 (br s, 2H), 7.45 (s, 1H), 7.02 (d, 1H), 6.80 (t, 1H), 6.57 (d, 2H), 6.55 (d, 1H), 6.42 (t, 1H), 


3.16 (s, 6H).  IR (Nujol mull, cm-1): νC=N = 1609, νCl-O = 1096.  λmax/nm (ε/dm3 mol-1 cm-1) 392 (1.87 × 


105), 1221 (8.45 × 104).  Crystals suitable for an X-ray crystallographic study were grown from the 


slow diffusion of diethyl ether into a 1,2-dichloroethane solution of very fine brown powder which was 


obtained by using ammonium hexafluorophosphate instead of sodium perchlorate. 


Preparation of [Cu8{S(C6H4)N=CH(C6H4CF3)}8] ([1a]0). To a solution of 2-(4-


trifluoromethylphenyl)benzothiazoline (0.24 g, 0.84 mmol) in 1,2-dichloroethane (15 mL) was added 


copper(II) acetate monohydrate (0.082 g, 0.41 mmol).  The reaction solution was refluxed for 2 h and 


n-pentane (30 mL) was added to it.  Precipitated black powder was collected by filtration.  Yield: 0.13 


g (87% based on Cu).  Anal. Calcd for (C14H9CuF3NS)8 ClCH2CH2Cl: C, 48.05; H, 2.69; N, 3.93%.  


Found: C, 48.01; H, 2.74; N, 3.95%.  IR (Nujol mull, cm-1): ν C=N = 1614.  λmax/nm (ε/dm3 mol-1 cm-1) 


297 (1.07 × 105), 481 (1.30 × 104), 625 (1.21 × 104), 1685 (6.84 × 102).  Crystals suitable for an X-ray 


crystallographic study were obtained from a 1,2-dichloroethane solution of [1a]0 layered with n-


pentane. 


X-ray Crystallography.  X-ray crystallographic data for [1](CuCl2) and [1](PF6)2 were collected on 


a Rigaku RAXIS-RAPID image plate diffractometer with Mo Kα (λ = 0.71073 Å) radiation at 200 K.  


Empirical absorption corrections were applied.  The structures of [1](CuCl2) and [1](PF6)2 were 


respectively solved by direct methods with SIR 92 and the Patterson method with DIRDIF99 


(PATTY)[1] and refined by full-matrix least-squares techniques on F2 by using SHELXL-97.[2]  


Hydrogen atoms were placed at calculated positions and refined isotropically.  [1a]0 was measured on a 


Bruker SMART CCD diffractometer with Mo Kα (λ = 0.71073 Å) radiation at 100 K.  Semiempirical 


absorption corrections with SADABS were applied.  The structure was solved by direct methods with 


SIR 97 and refined by full-matrix least-squares techniques on F2 by using SHELXL-97.[2]  Hydrogen 


atoms were placed at calculated positions and refined isotropically. 


 


References 


[1] P. T. Beurskens, G. Admiraal, G. Beurskens, W. P. Bosman, R. de Gelder, R. Israel, J. M. M. Smits, 


The DIRDIF99 Program System, Technical Report of the Crystallography Laboratory; University of 


Nijmegen, The Netherlands, 1999. 







 4


[2] G. M. Sheldrick, SHELXL-97. A Program for Crystal Structure Refinement; University of 


Göttingen, Germany, 1997. 


 







 5


S4*
Cu4*


S3*


Cu3*
S2*


Cu2*


S1*Cu1*


Cu5


Cl1


Cl1*


S1
Cu1


Cu2


S2


Cu3


S3


S4
Cu4


 


 


 


 


 


 


Cu1


Cu2


Cu3 Cu4


Cu1*


Cu2*


Cu3*Cu4*
P1


P1*


S2


S1


S4* S3*


S2*


S1*


S4S3


 


 


 


 


 


 


Figure S1.  Structure of the monocation [1]+ and monoanion CuCl2−.  Selected 
bond length [Å]: Cu1-S1 2.4285(15), Cu1-S1* 2.3323(17), Cu1-S2 2.3304(16), 
Cu1-N1 2.056(4), Cu2-S1 2.3085(17), Cu2-S2 2.4159(15), Cu2-S3 2.3457(15), 
Cu2-N2 2.051(5), Cu3-S2 2.3352(14), Cu3-S3 2.4305(16), Cu3-S4 2.3039(15), 
Cu3-N3 2.070(5), Cu4-S3 2.3399(15), Cu4-S4 2.4493(16), Cu4-S4* 2.3245(19), 
Cu4-N4 2.049(4), Cu1...Cu1* 2.6322(16), Cu1...Cu2 2.5709(10), Cu2...Cu3 
2.6301(9), Cu3...Cu4 2.5689(11), C4...Cu4* 2.6709(15). 


Figure S2.  Structure of the dication [1]2+ and two PF6
− anion.  Selected bond 


length [Å]: Cu1-S1 2.4196(18), Cu1-S2 2.2939(16), Cu1-S4* 2.3238(16), Cu1-
N1 2.061(5), Cu2-S1 2.3450(16), Cu2-S2 2.4165(18), Cu2-S3 2.3018(15), Cu2-
N2 2.057(5), Cu3-S2 2.3101(15), Cu3-S3 2.4222(18), Cu3-S4 2.3305(16), Cu3-
N3 2.035(5), Cu4-S1* 2.3028(16), Cu4-S3 2.3056(16), Cu4-S4 2.3922(18), 
Cu4-N4 2.050(5), Cu1...Cu2 2.5845(10), Cu1...Cu4* 2.5627(10), Cu2...Cu3 
2.5619(10), Cu3...Cu4 2.6165(11). 
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  Figure S3.  Molecular structure of [1a]0.  Selected bond length [Å]: Cu1-S1 
2.4599(12), Cu1-S2 2.3405(12), Cu1-S8 2.3155(12), Cu1-N1 2.060(4), Cu2-S1 
2.3235(12), Cu2-S2 2.3941(12), Cu2-S3 2.3522(12), Cu2-N2 2.056(4), Cu3-S2 
2.3490(12), Cu3-S3 2.3832(12), Cu3-S4 2.3518(12), Cu3-N3 2.052(4), Cu4-S3 
2.3406(11), Cu4-S4 2.4185(13), Cu4-S5 2.3480(13), Cu4-N4 2.066(4), Cu5-S4 
2.3424(13), Cu5-S5 2.4139(12), Cu5-S6 2.3518(11), Cu5-N5 2.076(4), Cu6-S5 
2.3502(12), Cu6-S6 2.3759(12), Cu6-S7 2.3402(12), Cu6-N6 2.054(4), Cu7-S6 
2.3580(12), Cu7-S7 2.3998(12), Cu7-S8 2.3162(12), Cu7-N7 2.045(4), Cu8-S1 
2.3091(12), Cu8-S7 2.3318(12), Cu8-S8 2.4734(12), Cu8-N8 2.055(4), 
Cu1…Cu2 2.5607(7), Cu1…Cu8 2.6691(8), Cu2…Cu3 2.6691(8), Cu3…Cu4 
2.5590(8), Cu4…Cu5 2.6528(8), Cu5…Cu6 2.5560(8), Cu6…Cu7 2.6816(8), 
Cu7…Cu8 2.5563(7). 
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Figure S4. Energy level of molecular orbital calculated using unrestricted DFT for 
[1b]2+, a model molecule for [1]2+, obtained by replacing dimethylamino group in 1 
by hydrogen. Gaussian keyword for density functional used was UPBE1PBE and the 
basis set employed were LANL2DZ for Cu and S, D95 for C, N, H atoms. 
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Figure S7.  The variable-temperature 1H NMR spectra of [1]2+ in ClCD2CD2Cl. 
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Figure S8.  Simulated electronic absorption spectra for [1b]2+ (dashed line), [1b]+ (solid line), and 
[1b]0 (dashed-dotted line). 
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Figure S9.  Electronic absorption spectra of [1]2+ (dashed line) and [1]+ (solid line) 
in ClCH2CH2Cl. 
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Table S1. Excitation wavelengths, oscillator strength (f), and major electronic configurations obtained 
by time-dependent DFT calculations for 1b. 
 


Excitation  Wavelength  f          major contribution (coeff) 
Index        /nm 
 
[1b]2+ 
   9:    1277   0.0205 312B? 320B( 0.72 ) 314B? 320B( 0.51 ) 
  14:     997   0.2122    319A? 320A( 0.44 ) 311B? 320B( 0.46 ) 319B? 320B( 0.38 ) 
  15:     974   0.2373  317A ? 320A( 0.53 ) 317B? 320B(-0.49 ) 
  16:   958   0.0550  311A ? 320A( 0.42 ) 314B? 320B( 0.49 ) 
  17:     952   0.0761  310B? 320B( 0.74 ) 
  19:     871   0.0260  309A? 320A(-0.49 ) 311B? 320B( 0.64 ) 
  20:     816   0.0277  309A? 320A( 0.48 ) 314A? 320A( 0.41 ) 
  21:     798   0.0352  311A? 320A(-0.45 ) 312A? 320A( 0.56 ) 309B? 320B(-0.46 ) 
  22:     758   0.0428  309A? 320A(-0.43 ) 307B? 320B( 0.61 ) 
  28:     665   0.0250  296A? 320A(-0.38 ) 306B? 320B( 0.63 ) 
 
[1b]+ 
   4:    1446   0.1741  318B? 320B( 0.91 ) 
   5:    1442   0.1803  317B? 320B( 0.39 ) 319B? 320B( 0.81 ) 
   8:     975   0.0205  311B? 320B(-0.46 ) 312B? 320B( 0.66 ) 313B? 320B(-0.54 ) 
  10:     850   0.0258  311B? 320B( 0.74 ) 313B? 320B(-0.64 ) 
  46:     520   0.0243  319A? 323A( 0.39 ) 317B? 323B( 0.43 ) 
 
[1b]0 
   9:     621   0.0305  320? 326( 0.57 ) 
  10:     617   0.0333  318? 323( 0.29 ) 319? 324( 0.39 ) 
  11:     614   0.0227  320? 327( 0.60 )   
  15:     555   0.0423  318? 321(-0.32 ) 319? 326( 0.42 ) 
  38:     466   0.0388  313? 323( 0.20 ) 313? 324( 0.36 ) 317? 327(-0.20 ) 
  45:     456   0.0251  315? 326( 0.28 ) 316? 325(-0.26 ) 319? 328(-0.26 ) 
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The synthesis of tetrakis-5,10,15,20-(p-
methoxycarbonylphenyl)tetraanthra[2,3-b,g,l,q]porphyrin 


 


All mentioned reagents except those prepared in the present work have been obtained from 


common commercial sources (Sigma-Aldrich, Acros, Fluka) and used as received. Solvents were 


purified according to standard procedures. NMR spectra were taken with Bruker Avance-400 


instrument (1H, 400 MHz, 13C, 100 MHz), LDI-TOF spectra were taken with Brucker Daltonics 


Alphaflex II instrument, UV-Vis spectra were recorded on a Perkin Elmer Lambda 40 


spectrometer (1cm glass cell).   


Benzyne-furan adduct (1) was obtained according to literature procedure1.  


9,10-epoxy-1,4,4a,9,9a,10-hexahydroanthracene (2): Obtained according to Dehaen’s 


procedure2, modified to make it safer and more productive by using pyridine as solvent and 


NaHCO3 as additive. This modification allows avoiding the danger of reaction vessel explosion 


by pressure of SO2 when the mixture is being heated in the closed thick-wall vessel. 


In freshly distilled (over NaOH) pyridine (30 mL ) the adduct (1) was dissolved (7.2 g, 50 


mmol), NaHCO3 (2.5 g) were added, and the mixture was placed in thick-wall bulb stoppered by 


teflone threaded bushing. Sulfolene (6.5 g, 55 mmol) was added to the mixture in 7 portions, 


with each next portion being added after heating the mixture at 120 C for 10 h, cooling, and 


careful venting (protective screen!, hood!). After the reaction the mixture was filtered through 


Celite plug, evaporated on a rotary evaporator, and purified by column chromatography on a 


short silica column (eluent CH2Cl2). The resulting solid was twice recrystallized from MeOH in 


a freezer. Straw-colored crystals, 6.3 g (64%), m.p. 61-62  (lit. 64-66 C2); 1H NMR (400 MHz, 


CDCl3, 25 C, TMS): δ 7.38 (AA’BB’, 2 H), 7.31 (AA’BB’, 2 H), 6.12 (m, 2 H), 5.18 (s, 2 H), 







2.67 (m, 2 H), 2.24 (m, 2 H), 2.10 ppm (m, 2 H). 13C NMR (100 MHz, CDCl3, 25 C, TMS): δ 


129.1, 126.4, 125.8, 118.7, 84.9, 42.3, 27.4 ppm.  


1,4-Dihydroanthracene (3): Adduct (2) (4.96 g, 25 mmol) was dissolved in EtOH (100 mL). 


Conc. HCl (10 mL) was added to the solution and the reaction mixture was refluxed for 24 h 


under Ar. After cooling crystalline precipitate was filtered off, and twice recrystallized from 


MeOH. Colorless plates. yield 3.6 g (79%), m.p. 152-153 C (lit. 151 C 2); 1H NMR (400 MHz, 


CDCl3, 25 C, TMS): δ 7.78 (AA’BB’, 2 H), 7.65 (s, 2 H), 7.42 (AA’BB’, 2 H), 6.07 (m, 2 H), 


3.61 (s, 4 H).  


2-chloro-3-(phenylsulfonyl)-1,2,3,4-tetrahydroanthracene (4): Thiophenol (1.7 mL, 1.76 g, 16 


mmol) was added dropwise to a suspension of N-chlorosuccinimide (2.14 g, 16 mmol) in freshly 


distilled (over CaH2) dichloromethane (20 mL). Deep orange color developed immediately. The 


mixture was stirred for 1 h, filtered from the white precipitate of succinimide. The orange filtrate 


was added drop wise at continuous stirring and cooling by ice bath to a solution of 


dihydroanthracene (3) (2.7 g, 15 mmol) in dichloromethane (50 mL). The mixture was stirred at 


room temperature for 2 h, evaporated to dryness on a rotary evaporator. The residue was 


dissolved in aqueous MeOH (60 mL, MeOH:H2O = 2:1, v/v). Oxone® (10.2 g, 16 mmol) was 


added and the mixture was stirred at room temperature for 7 days (steady effective stirring is 


necessary), diluted with water (100 mL) and extracted with CH2Cl2. The combined organic 


layers were dried over Na2SO4 and evaporated to dryness. Solid residue was recrystallized from 


MeOH. White crystals, yield 4.2 g (78%), m.p. 159-162 C; 1H NMR (400 MHz, CDCl3, 25 C, 


TMS): δ 7.99 (m, 2 H), 7.79 (m, 2 H), 7.72 (m, 1 H), 7.65 (s, 2 H), 7.63 (m, 2 H), 7.46 (m, 2 H), 


4.96 (m, 1 H), 3.78 (m, 1 H), 3.57 (dd, J(H,H) = 15.7 Hz, J(H,H) = 4.5 Hz, 1 H), 3.43 (dd, 


J(H,H) = 16.0 Hz, J(H,H) = 6.7 Hz, 1 H), 3.32 (dd, J(H,H) = 16.2 Hz, J(H,H) = 8.2 Hz, 1 H), 







3.27 ppm (dd, J(H,H) = 16.0 Hz, J(H,H) = 4.0 Hz, 1 H); 13C NMR (100 MHz, CDCl3, 25 C, 


TMS): δ 137.69, 134.29, 132.85, 132.77, 131.27, 130.79, 129.49, 128.90, 127.36, 127.11, 


126.37, 125.87, 67.57, 52.85, 37.74, 26.85 ppm.  


2-(phenylsulfonyl)-1,2-dihydroanthracene (5): Chlorosulfone (4) (3.6 g, 10 mmol) was 


dissolved in freshly distilled CH2Cl2 (30 mL). To the solution DBU (1.6 mL, 10 mmol) was 


added drop wise under Ar. The mixture was stirred at r.t. for 1 h, treated by water (100 mL), 


layers were separated, and aqueous layer was extracted by CH2Cl2. The combined organic layers 


were dried over Na2SO4 and evaporated to dryness in vacuum. Solid residue was recrystallized 


from MeOH. White crystals, yield 3.1 g, 97%. M.p. 150-151 C; 1H NMR (400 MHz, CDCl3, 


25 C, TMS): δ 7.76 (m, 2 H), 7.68 (m, 2 H), 7.42 (m, 2 H), 7.40 (m, 1 H), 7.33 (m, 1 H), 7.28 (s, 


1 H), 7.22 (m, 2 H), 6.81 (d, J(H,H) = 9.7 Hz), 6.12 (dd, J(H,H) = 9.7 Hz, J(H,H) = 5.0 Hz), 4.12 


(m, 1 H), 3.60 (dd, J(H,H) = 16.9 Hz, J(H,H) = 4.8 Hz), 3.40 ppm (dd, J(H,H) = 16.9 Hz, J(H,H) 


= 7.6 Hz). 13C NMR (100 MHz, CDCl3, 25 C, TMS) δ 136.34, 134.04, 133.52, 133.43, 132.60, 


129.82, 129.56, 129.20, 128.27, 127.79, 127.16, 126.39, 126.33, 125.85, 125.78, 119.77, 61.38, 


28.53 ppm; elemental analysis calcd (%) for C20H16O2S: C 74.97, H 5.03; found: C 74.77, H 


4.80. 


Ethyl 4,11-dihydro-2H-naphtho[2,3-f]isoindole-1-carboxylate (6): A solution of ethyl 


isocyanoacetate (0.8 mL, 7 mmol) in dry THF (10 mL) was added to a suspension of t-BuOK 


(85%, 0.9 g, 8 mmol) in THF (20 mL) at 0 C (ice bath). The mixture was stirred under Ar 


atmosphere for 1 h. Then a solution of sulfone (5) in THF (40 mL ) was added dropwise, and the 


mixture was stirred at r.t. overnight. The mixture was evaporated on a rotary evaporator to ca. 10 


mL volume, diluted with CH2Cl2 (50 mL), washed by water (2×100 mL) and brine, dried over 


Na2SO4 and evaporated to dryness in vacuum. The residue was recrystallized from MeOH. 







Yellowish crystals, yield 1.4 g, 67%. M.p. 212-214 C; NMR (400 MHz, CDCl3, 25 C, TMS): δ 


8.96 (br. s, 1 H), 7.83 (s, 1 H), 7.80 (m, 2 H), 7.76 (s, 1 H), 7.44 (m, 2 H), 6.87 (d, J(H,H) = 2.15 


Hz, 1 H), 4.42 (q, J(H,H) = 7.1 Hz, 2 H), 4.39 (m, 2 H), 4.08 (m, 2 H), 1.46 ppm (t, J(H,H) = 7.1 


Hz, 3 H). 13C NMR (100 MHz, CDCl3-[D6]DMSO, 25 C, TMS): δ 161.45, 134.87, 132.17, 


129.27, 128.61, 127.17, 126.91, 126.61, 126.18, 125.31, 120.08, 118.79, 117.21, 59.60, 28.89, 


27.72, 14.83 ppm; elemental analysis calcd (%) for C19H17NO2: C 78.33, H 5.88, N 4.81; found: 


C 78.15, H 6.14, N 4.55.  


4,11-dihydro-2H-naphtho[2,3-f]isoindole (7): A suspension of ethyl ester (6) (1.46 g, 5 mmol) 


and NaOH (1 g, 25 mmol) in ethylene glycol (40 mL ) was refluxed under Ar for 1 h. The 


reaction mixture was diluted by water (100 mL) and extracted by CH2Cl2 (3×30 mL). The 


combined organic layers were thoroughly washed by water (5×100 mL) and brine, dried over 


Na2SO4, passed through a short silica column, and evaporated in vacuum to dryness. Brownish 


solid, yield 0.8 g (73%); NMR (400 MHz, CDCl3, 25 C, TMS): δ 8.04 (br. s, 1 H), 7.79 


(AA’BB’, 2 H), 7.77 (s, 2 H), 7.42 (AA’BB’, 2 H), 6.72 (d, J(H,H) = 1.51 Hz, 2 H), 4.10 (s, 4 


H). Due to high sensitivity of this compound, further purification to analytical purity was not 


undertaken, and the compound was used in porphyrin synthesis as is.   


Tetrakis-5,10,15,20-(p-methoxycarbonylphenyl)tetraanthra[2,3-b,g,l,q]porphyrin (8fb): In a 


flask screened from daylight by aluminum foil, fitted with Ar inlet and outlet naphthoisoindole 


(7) (0.22 g, 1 mmol) was dissolved in freshly distilled CH2Cl2 (150 mL). P-


methoxycarbonylbenzaldehyde (0.18 g, 1.1 mmol) was added, soon followed by BF3·Et2O (0,03 


ml). The mixture was stirred at room temperature for 1 h, the DDQ (0.34 g, 1.5 mmol) was 


added as a solution in toluene (1 mL). The mixture was left stirring for 1 h, then washed by 10% 


aqueous solution of Na2SO3 (2×100 mL), 10% aqueous solution of Na2CO3 (1×100 mL), brine. 







Organic phase was dried over Na2SO4, evaporated to dryness. The residue was recrystallized 


from CH2Cl2-Et2O, the crystals were centrifuged, washed by ether until the washing liquid 


became colorless. All manipulations were performed either in the dark, or in vessels covered by 


aluminum foil. Brown crystalline powder (ether solvate), yield 0.13 g (36%). NMR (400 MHz, 


CDCl3, 25 C, TMS): δ 8.62-8.71 (m, AA’XX’, 16 H), 8.42 (br. s., 8 H), 8.02 (m, 8 H), 7.94 (br. 


s., 8 H), 7.45 (m, 8 H), 4.27 (s, 12 H), 3.67 (q, Et2O), 2,24 (br. s., 2 H), 1.23 (t, Et2O); UV/Vis 


for free base (toluene) λmax (log ε) = 508 (4.65), 758 (3.5), 832 nm (4.40); diprotonated form 


(toluene, CF3COOH) λmax = 544; 800; 914 nm. MS LDI-TOF: m/z: found 1447.39, calcd. for 


[M+] C100H62N4O8 1447.46; elemental analysis calcd (%) for C100H62N4O8·Et2O: C 82.09, H 


4.77, N 3.68; found С 81,90, H 5.09, N 3.42.  


(8Zn) Zinc complex, obtained by a treatment of solution of porphyrin (8) in CH2Cl2-pyridine by 


excess of Zn(OAc)2·2H2O, with subsequent washing and crystallization. UV/Vis (toluene-


pyridine) λmax (log ε) = 510 (4.68); 732 (3.66); 810 nm (4.54); MS LDI-TOF: m/z: found 


1510.15, calcd. for [M+] C100H60N4O8Zn 1509.37.  


(8Pd) Palladium complex, obtained by a treatment of solution of porphyrin (8) in dioxane with a 


drop of Et3N by Pd(OAc)2 at room temperature for 5 h (control by UV-Vis spectroscopy), with 


subsequent washing and crystallization from CH2Cl2-Et2O (by layering). UV/Vis (toluene) λmax = 


470, 704, 790 nm; MS LDI-TOF: m/z: found 1550.27, calcd. for [M+] C100H60N4O8Pd 1551.35. 


 


 


                                                 


1 Org. Synth., Coll. Vol. 10, p.653 (2004); 


2 W. Dehaen, D. Corens and G. L'Abbe, Synthesis, 1996, 201-203. 
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Supporting Information 


 


Figure S1. Thermogram of 1a from room temperature to 900 °C under 


N2 gas. 


 


Figure S2. Infrared spectrum of 1a prepared as KBr disk (showing 


only the POM fingerprint region). 
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General Procedures. All reactions and manipulations were performed under 


nitrogen or argon, either in a Braun Labmaster 100 glovebox or using standard Schlenk-


type techniques. All solvents were distilled under nitrogen using the following 


dessicants: Sodium-benzophenone-ketyl for diethylether (Et2O) and tetrahydrofuran 


(THF); sodium for n-hexane and toluene; CaH2 for dichloromethane (CH2Cl2) and 


NaOMe for methanol (MeOH). Rh catalyst precursors were prepared as described 


previously,[1] while β-ketophosphonates used in preparation of 1 were either 


commercially available (β-Me and β-Ph derivatives) or prepared from 


dimethylmethylphosphonate and an appropriate ester.[2] NMR spectra were obtained on 


Bruker DPX-300, DRX-400 or DRX-500 spectrometers. 31P{1H} NMR shifts were 


referenced to external 85 % H3PO4, while 13C{1H} and 1H shifts were referenced to the 


residual signals of deuterated solvents. All data are reported in ppm downfield from 


Me4Si. HPLC analyses were performed by using Waters 2690. HRMS data was 


obtained at the Instrumental Services of Universidad de Sevilla (CITIUS) using a Jeol 


JMS-SX 102A mass spectrometer. Optical rotations were measured on a Perkin-Elmer 


Model 341 polarimeter. 
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Z-2-benzoyloxy-1-dimethylphosphonyl-1-propene (1a). To a solution of 


dimethyl-2-oxopropylphosphonate (4.62 g, 27.8 mmol) in THF (30 mL) was added 


NaH (1.11 g, 60 % w/w dispersion in mineral oil) in small portions. The mixture was 


stirred for 30 min afterwhich benzoyl chloride (3.2 mL, 27.8 mmol) was added slowly. 


The resulting mixture was stirred for 16 h and to the obtained suspension CH2Cl2 (50 


mL) was added and then HCl (3 mL, 1M solution). Phases were separated and the 


aqueous one treated with CH2Cl2 (2 × 10 mL). Organic fractions were collected, dried 


over MgSO4 and the solvent evaporated. The resulting residue was purified by column 


chromatography on silica (AcOEt/MeOH, 9:1), yielding 1a as a colorless oil (3.21 g, 42 


%). 1H NMR (CDCl3): δ 2.16 (s, 3H, Me), 3.57 (d, JHP = 11.5 Hz, 6H, 2 OMe), 5.35 (d, 


JHP = 11.0 Hz, 1H, =CH), 7.41 (t, JHH = 7.5 Hz, 2H, 2 H arom), 7.54 (t, JHH = 7.5 Hz, 


1H, H arom), 8.04 (d, JHH = 7.5 Hz, 2H, H arom). 31P{1H} NMR (CDCl3): δ 15.4. 


13C{1H} NMR (CDCl3): δ 22.0 (d, JCP = 15 Hz, Me), 52.3 (d, JCP = 5 Hz, 2 OMe), 103.3 


(d, JCP = 191 Hz, =CH), 128.5 (2 CH arom), 129.0 (Cq arom), 130.3 (2 CH arom), 133.6 


(CH arom), 163.9 (=CO), 164.0 (CO). Elem. Anal. Calcd for C12H15O5P: C, 53.3; H, 


5.6. Found: C, 53.0; H, 5.6. 


 


General procedure for Enantioselective Hydrogenation 


 


Olefins 1 were hydrogenated as detailed below for 1a. In a glove box, a Fischer-


Porter reactor (80 mL) was charged with 1a (0.060 g, 0.22 mmol) and catalyst precursor 


[Rh(COD)(4b)]BF4 (0.002 g, 0.002 mmol) in CH2Cl2 (5 mL). The vessel was brought 


outside the glove box, submitted to vacuum-hydrogen cycles and finally pressurized to 


4 atm. The reaction mixture was kept on stirring for 24 h, then the reactor was 







  3   


depressurized, the mixture evaporated to dryness and conversion determined by 1H 


NMR analysis of the resulting residue. Purification of the latter by column 


chromatography using EtOAc as eluent yielded 2a as a colorless oil (0.054 g, 88 %). 


[α]D
20 = -3.7 (c 1.0, THF). 1H NMR (CDCl3, 300 MHz): δ 1.48 (d, 3JHH = 6.3 Hz, 3H, 


CH3), 2.15 (ddd, 2JHP = 18.6 Hz, 2JHH = 15.3 Hz, 3JHH = 6.9 Hz, 1H, PCHH), 2.37 (ddd, 


2JHP = 19.2 Hz, 2JHH = 15.3 Hz, 3JHH = 6.0 Hz, 1H, PCHH), 3.70 (d, 3JHP = 6.6 Hz, 3H, 


OMe), 3.74 (d, 3JHP = 6.3 Hz, 3H, OMe), 5.39 (m, 1H, OCH), 7.39 (m, 2H, 2 H arom), 


7.52 (m, 1H, H arom), 8.03 (m, 2H, 2 H arom). 31P{1H} NMR (CDCl3, 121.5 MHz): δ 


28.5. 13C{1H} NMR (CDCl3, 75.5 MHz): δ 21.4 (d, JCP = 8 Hz, CH3), 32.2 (d, JCP = 140 


Hz, PCH2), 52.7 (d, JCP = 6 Hz, 2 OMe), 67.0 (OCH), 128.6 (2 CH arom), 129.8 (2 CH 


arom), 130.5 (Cq arom), 133.3 (CH arom), 165.9 (CO). Elem. Anal. Calcd for 


C12H17O5P: C, 53.0; H, 6.3. Found: C, 52.5; H, 6.3. Enantiomeric excess was 


determined by chiral HPLC as detailed below. 


2-benzoyloxy-1-dimethylphosphonylpropane (Chiralcel OJ, 30 °C, 1.0 


mL/min, n-hexane/isopropanol: 90/10) (S) t1 = 10.3 min, (R) t2 = 12.3 min. 


2-benzoyloxy-1-dimethylphosphonyl-3-methylbutane (Chiralpack AD, 30 °C, 


1.0 mL/min, n-hexane/isopropanol: 95/5) (S) t1 = 13.3 min, (R) t2 = 14.3 min. 


2-benzoyloxy-1-dimethylphosphonylhexane (Chiralpack AD, 30 °C, 1.0 


mL/min, n-hexane/isopropanol: 95/5) (S) t1 = 12.9 min, (R) t2 = 13.9 min. 


2-benzoyloxy-1-diethylphosphonyl-2-phenylethane (Chiralcel OJ, 30 °C, 1.0 


mL/min, n-hexane/isopropanol: 97/3) (S) t1 = 27.8 min, (R) t2 = 35.5 min. 


2-benzoyloxy-1-dimethylphosphonyl-2-(4-methoxyphenyl)ethane (Chiralcel 


OJ, 30 °C, 1.0 mL/min, n-hexane/isopropanol: 90/10) (S) t1 = 30.6 min, (R) t2 = 34.9 


min. 
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2-benzoyloxy-1-dimethylphosphonyl-2-(β-naphthyl)ethane (Chiralcel OJ, 30 


°C, 1.0 mL/min, n-hexane/isopropanol: 90/10) (S) t1 = 30.0 min, (R) t2 = 53.9 min. 


2-benzoyloxy-3-(N-terc-butoxycarbonylamino)dimethylphosphonylpropane 


(Chiralpack AD, 30 °C, 1.0 mL/min, n-hexane/isopropanol: 90/10) (R) t1 = 14.8 min, (S) 


t2 = 17.3 min. 


Phosphonates 2e and 2g were analyzed by chiral HPLC analysis of the 


corresponding alcohols 3 (see below). 


 


General procedure for debenzoylation of 2. 


 


Below is detailed procedure is exemplified below for 2g. Na2CO3 (0.147 g, 1.4 


mmol) is added to a solution of 2g (0.141 g, 0.34 mmol) in MeOH (5 mL). The reaction 


mixture is stirred for 16 h and solvent evaporated. To the resulting mixture is added 


EtOAc (10 mL), and the mixture washed with saturated solutions of NaHCO3 (10 mL) 


and NaCl (10 mL). Organic phase was then dried over MgSO4, filtered and solvent 


evaporated. Residue was then purified by column chromatography (silica, 


AcOEt/MeOH 9:1) yielding 3g as a colorless oil (0.055 g, 67 %, 99 % ee). [α]D
20 = -


11.8 (c 1.2, THF). 1H NMR (CDCl3, 300 MHz): δ 2.18 (m, 2H, PCH2), 3.47 (brm, 1H, 


OH), 3.70 (d, 3JHP = 9.0 Hz, 3H, OMe), 3.74 (d, 3JHP = 9.0 Hz, 3H, OMe), 5.06 (ddd, 


3JHP = 10.2 Hz, 3JHH = 10.2 Hz, 3JHH = 3.6 Hz, 1H, OCH), 7.24 (d, 3JHH = 8.1 Hz, 2H, 2 


H arom), 7.44 (d, 3JHH = 8.4 Hz, 2H, 2 H arom). 31P{1H} NMR (CDCl3, 121.5 MHz): δ 


30.6. 13C{1H} NMR (CDCl3, 75.5 MHz): δ 35.2 (d, JCP = 137 Hz, PCH2), 52.7 (d, JCP = 


7 Hz, OCH3), 53.0 (d, JCP = 6 Hz, OCH3), 68.3 (d, JCP = 4 Hz, OCH), 121.8 (Cq arom), 


127.3 (2 CH arom), 131.6 (2 CH arom), 142.8 (d, JCP = 16 Hz, Cq arom). HRMS (CI): 
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m/z 309.9787, [M]+ (exact mass calcd for C10H14BrO4P: 309.9792). Enantiomeric 


excess was determined by chiral HPLC as detailed below. 


2-hydroxy-1-dimethylphosphonyl-2-(4-methylphenyl)ethane (Chiralcel OB, 


30 °C, 1.0 mL/min, n-hexane/isopropanol: 97/3) (S) t1 = 17.8 min, (R) t2 = 20.3 min. 


2-hydroxy-1-dimethylphosphonyl-2-(4-bromophenyl)ethane (Chiralcel OB, 


30 °C, 1.0 mL/min, n-hexane/isopropanol: 97/3) (S) t1 = 28.4 min, (R) t2 = 36.4 min. 


 


 


[1] a) A. Suárez, M. A. Méndez-Rojas, A. Pizzano, Organometallics 2002, 21, 4611; b) 
M. Rubio, S. Vargas, A. Suárez, E. Álvarez, A. Pizzano, Chem. Eur. J. 2007, 13, 1821. 
[2] S. –K. Chung, K. –W. Lee, H. I. Kang, C. Yamashita, M. Kudo, Y. Yoshida, Bioorg. 
Med. Chem. 2000, 8, 2475. 
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Table S1: NMR spectral data for compound 1. 
 


no.a δ 13C (mult.)b
 δ 1H (J in Hz)b COSYb,d HMBCb,e NOESYb,d sel. NOEc,d 


  
1´ 161.7 (C)      
2´ 111.0 (CH) 6.49 (s) 11´ 1´, 4´, 4a´, 9´, 9a´, 11´ OH-1´, 11´ OH-1´, 11´ 
3´ 151.6 (C)      
4´ 115.0 (C)      


4a´ 157.8 (C)      
5´ 81.4 (CH) 4.89 (br t, 5.5) 6´ 4a´, 6´, 7´, 8´, 8a´, 10a´ 6´, 8a´α 6´, 8a´α 
6´ 22.4 (CH2) 2.37  (m) 5´, 7´α, 7´β 5´, 7´, 8´, 10a´ 5´ 5´, 7´α, 7´β, 8a´β 
7´ 26.9 (CH2) 2.13  (Hβ  m) 6´, 7´α 5´, 6´, 8´  6´, 7´α 
  1.85  (Hα  t, 9.9) 6´, 7´β 5´, 6´, 8´ OH-1 OH-1, 7´β 


8´ 176.0 (C)      
8a´ 40.0 (CH2) 3.37 (Hβ  d, 17.2) 8a´α 5´, 9´, 9a´, 10a´, 12´  8a´α 


  2.97 (Hα  d, 17.2) 8a´β 5´, 9´, 9a´, 10a´, 12´ 5´ 5´, 8a´β 
9´ 195.4 (C)      


9a´ 106.7 (C)      
10a´ 86.2 (C)      
11´ 20.8 (CH3) 1.96 (s) 2´ 2´, 3´, 4´, 4a´, 9a´ 2´, OH-1 2´, 11 
12´ 169.8 (C)      
13´ 53.5 (CH3) 3.70 (s)  12´ 11 11, 8a´α 
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OH-1´  11.47 (s)  1´, 2´, 3´, 9´, 9a´ 2´ 2´ 
       
1 159.5 (C)      
2 116.6 (C)      
3 151.6 (C)      
4 109.8 (CH) 6.43 (s) 11 1, 2, 9, 9a, 11 11 11 


4a 159.8 (C)      
5 73.7 (CH) 4.14 (br d, 10.6) OH-5, 6 6, 7, 8a, 10a 6, 7, 8aα, 8aβ 6, 7, 8aα, 13 
6 26.7 (CH2) 1.73 (m) 5, 7 5, 7, 8 5 5 
7 30.9 (CH2) 2.54 (m) 6 5, 6, 8 5 5 
8 173.8 (C)      


8a 37.9 (CH2) 3.33 (Hα  d, 17.2) 8aβ 5, 9, 9a, 10a, 12 5 8aβ 
  3.04 (Hβ  d, 17.2) 8aα 5, 9, 9a, 10a, 12 5, 6 6, 8aα 
9 197.7 (C)      


9a 105.9 (C)      
10a 88.1 (C)      
11 21.0 (CH3) 2.12 (s) 4 2, 3, 4, 4a, 9a 4, 13´ 4, 11´, 13´ 
12 170.9 (C)      


13 53.5 (CH3) 3.77 (s)  12   
14 51.6 (CH3) 3.63 (s)  8   


OH-1  11.94 (s)  1, 2, 3, 9, 9a 7´a, 11´  
OH-5  5.05 (br d, 4.8) 5  5  


 
aPosition of carbon atom. b [D6]Acetone, 300/75.5 MHz. c [D6]Acetone, 500/75.5 MHz. d Numbers refer to proton resonances. e Numbers 
refer to carbon resonances. 
 


 


 


 
Supporting information – General Experimental 
 
 
All NMR spectra were recorded on Bruker Avance 500 DRX or 300 DPX spectrometers in [D6]acetone or 
CDCl3. Spectra were referenced to residual solvent signals. UV and IR spectra were obtained employing Perkin-
Elmer Lambda 40 and Perkin-Elmer Spectrum BX instruments, respectively. HRESIMS were recorded on 
Bruker Daltonics’ micrOTOF-Q instrument. Optical rotation was measured on a Jasco DIP 140 polarimeter.  
 
Circular Dichroism Spectroscopic Measurements. CD spectra of compound 1 and 2 were recorded at room 
temperature on a Jasco J-810 spectrophotometer. Samples were measured in 1 cm-cuvettes at concentration of 
0.3 mmol L-1. 
 
Modified Mosher Derivatization 
Preparation of the acid chlorides of (R)- and (S)-MPA. Oxalyl chloride (103.7 µL, 1.2 mmol) was added to a 
solution of the corresponding MPA (20 mg, 0.12 mmol) and DMF (0.94 µL, 0.012 mmol) in hexane at room 
temperature. After one day, the solvent was vacuum-baked to give 100% of the product MPA-Cl (22.2 mg, 0.12 
mmol).  
 
Preparation of the (R)- and (S)- MPA esters. The corresponding MPA-Cl (4.27 mg, 23.15 µmol) was 
dissolved in 5 mL of CH2Cl2 and added to a solution of compound 1 (3.1 mg/ 4.63 µmol for R-derivatization; 2.4 
mg/ 3.6 µmol for S-derivatization), Et3N (7.70 µL, 55.56 µmol) and DMAP (0.57 mg, 4.63 µmol) as catalyst. 
After 20 min reaction time the obtained products were evaporated under vacuum and further purified by HPLC 
using a Merck-Hitachi system consisting of a L-6200 A pump, a L-4500 A photodiode array detector and a D-
6000 A interface. The separation was performed with a RP18 column (Macherey-Nagel Nucleodur Sphinx RP, 5 
µm, 250 x 4.6 mm) and a mobile phase (1.2 mL/min) consisting of MeCN/H2O 64/36. The main peaks in the 
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chromatograms revealed the pure MPA esters (2 mg = 52.8 % of R-MPA ester and 1.6 mg = 54.6 % of S-MPA 
ester, respectively). 
 
Molecular Modeling. All models were calculated employing conformation search (Boltzman jump) and a 
standard force field as implemented in the Cerius2 4.0 (MSI) molecular modeling software package. Models 
were further refined with 1500 iterations of minimization. Calculations were performed using a Silicon Graphics 
O2 workstation (Irix 6.5.6). 
 
Determination of Potential Cancer Chemopreventive Activities. Homogenates of H4IIE rat hepatoma cells 
induced for 39 h with the CYP1A inducer β-naphthoflavone (β-NF) at a concentration of 10 µM were used as an 
enzyme source to measure CYP1A activity. The rate of time-dependent dealkylation of 3-cyano-7-
ethoxycoumarin (CEC) to 3-cyano-7-hydroxycoumarin (CHC) was determined fluorimetrically in 96-well plates 
for 45 min at 37°C using a SpectraMax Gemini XS fluorescence reader (Molecular Devices, excitation 409 nm, 
emission 451 nm, cutoff 435 nm).[8] Activity of solvent control C: 36 ± 7 pmol min-1 mg-1 of protein (n=3-4). 
Means significantly different from control (*P < 0.01, **P < 0.001) using ANOVA with Holm-Sidak test for 
multiple comparison with n=3-4. Inhibition constants were generated from Lineweaver-Burk-, Dixon- and 
Cornish-Bowden plots of the results of kinetic experiments with 2.5 µM, 5 µM and 10 µM CEC, respectively, as a 
substrate. The IC50 value of α-naphthoflavone (a-NF), a known CYP1A inhibitor employed as a positive control, 
was 0.005 ± 0.001 µM (n=4).  
For the detection of phase 2 enzyme inducers, QR activity was measured in cultured Hepa 1c1c7 murine 
hepatoma cells (2 x 104 cells mL-1) after a 48 h induction period by the NADPH-dependent menadiol-mediated 
reduction of MTT [3-(4,5-dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide] to a blue formazan as 
described previously.[8] Induction of QR activity was calculated from the ratio of specific enzyme activities of 
compound-treated cells in comparison with a solvent control, and CD values (concentration required to double 
the specific QR activity in µM) were generated. Sulforaphane, an isothiocyanate from broccoli, was used as a 
positive control with a CD value of 0.19 ± 0.05 µM (n=3). Specific activities of untreated controls were 26 ± 3 
nmol min-1 mg-1 protein (n=4). 
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Supporting information  
 
Figure S1. Important 1H,1H-COSY and 1H,13C long range (HMBC) correlations of compound 1. 
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Supporting information 
 
Figure S2. CD spectra of compound 1 and the reference (M)-orsellinic acid camphanate (2) in MeCN with 
sector rule for the 1Lb-Cotton effect (drawn through the ring carbons)[10,11] for the benzene chromophores. 
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Supporting information 
 
Figure S3. Selective gradient NOEs (purple arrows) depicted in autonomous 3D models (Cerius2) of both 
monomeric sub-units disconnected at the biphenyl axis (brownish bond). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supporting information 
 
Figure S4. Selective gradient NOEs (arrows) between the two sub-units of 1. 
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Supporting information 
 
Figure S 5. Deduction of the absolute configuration at C-5 using modified Mosher’s method with ? dRS-values of 
MPA esters of compound 1. 
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Supporting information  
 
Figure S6. Proposed biosynthesis for compound 1. 
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Supporting information  
 
Figure S7. Structures of fungal metabolites related to 1. 
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xanthoquinodin B3 [14]: 
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Supporting information – 1H NMR spectrum (300 MHz in [D6]acetone) of the new compound 1. 
 


 
 
Supporting information – 13C NMR spectrum (75 MHz in [D6]acetone) of the new compound 1. 
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Supporting information –1H,1H-COSY spectrum (300 MHz in [D6]acetone) of the new compound 1. 
 


 
 
 
 
Supporting information –1H,13C-HMBC spectrum (300 MHz in [D6]acetone) of the new compound 1. 
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Supporting information –1H,1H-NOESY spectrum (300 MHz in [D6]acetone) of the new compound 1. 
 


 
 


 


Supporting information  
 
Table S2. 1H NMR spectral data for sub-unit II of (R) and (S)-MPA products of 1 with calculated ? dRS values.  
 


(R)-MPA product (S)-MPA product 
no.a 


d 1H ppm (mult.)b d 1H ppm (mult.)b 
? dRS 


    
4 6.27  (s) 6.40  (s) -0.13 
5 5.61  (d) 5.59  (d) +0.02 
6 1.77  (m) 1.76  (m) +0.01 
7 2.40  (m) 1.99  (m) +0.41 


8aa 2.75 (d) 3.04 (s) -0.29 
8aß 2.47 (d) 3.04 (s) -0.57 
11 2.11  (s) 2.12  (s) -0.01 
13 3.74  (s) 3.80  (s) -0.06 
14 3.70  (s) 3.63  (s) +0.07 


OH-1 11.66  (s) 11.76  (s) -0.10 
    


a Position of  proton atom. b CDCl3, 300/75.5 MHz.  
 








 
 
 
 
 
 
 
 


 
 
 
 
 
 


Supporting Information 
 


© Copyright Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, 2008 
 


 


 







Highly Enantioselective Synthesis of ß-Amino Acid Derivatives by the Lewis Base 


Catalyzed Hydrosilylation of ß-Enamino Esters 


 
 


Hong-Jie Zheng, [a, b] Wen-Bing Chen, [a, b] Zhi-Jun Wu, [c] Jin-Gen Deng, [a] Wen-Qing Lin, [a] 
Wei-Cheng Yuan, [a] and Xiao-Mei Zhang*[a] 


 
 


a Key Laboratory for Asymmetric Synthesis and Chiraltechnology of Sichuan Province 


Chengdu Institute of Chemistry, Chinese Academy of Sciences, Chengdu 610041, China. 


Fax: +86-028-85229250; Tel: +86-028-85257883 


E-mail:  xmzhang@cioc.ac.cn. 
 


b Graduate School of Chinese Academy of Sciences, Beijing, 100049,China. 
 


c Chengdu Institute of Biology, Chinese Academy of Sciences, Chengdu, 610041, China. 







? .General Information.  
All starting materials were of the highest commercially available grade and used without further 


purification. All solvents used in the reactions were distilled from appropriate drying agents prior to 
use. Reactions were monitored by thin layer chromatography using silica gel HSGF254 plates. Flash 
chromatography (FC) was performed using silica gel HG/T2354-92. 1H and 13C NMR (300 and 75 
MHz, respectively) spectra were recorded in CDCl3. 1H NMR chemical shifts are reported in ppm (d) 
relative to tetramethylsilane (TMS) with the solvent resonance employed as the internal standard 
(CDCl3, d = 7.26 ppm). Data are reported as follows: chemical shift, multiplicity (s = singlet, brs = 
broad singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants (Hz) and 
integration. 13C NMR chemical shifts are reported in ppm from tetramethylsilane (TMS) with the 
solvent resonance as the internal standard (CDCl3, d = 77.0 ppm). ESI HRMS spectra were recorded 
on BioTOF Q. HPLC analysis was performed on Waters-Breeze (2487 Dual ? Absorbance Detector 
and 1525 Binary HPLC Pump). Chiralpak AD, OD and OJ columns were purchased from Daicel 
Chemical Industries (Hong Kong, China). Optical rotations were measured on a Perkin-Elmer 341 
Polarimeter at ? = 589 nm (c g/100ml). All enantiomer ratios have been controlled by coinjections of 
the pure sample with the racemic substrates. 


 


? . synthesis of catalysts 
 
Synthesis of catalysts 2a, 2b and 2c. 


N CO2H


ClCO2Et, Et3N


THF, 0oC


N
H OH


Ar
Ar


THF, 0oC-RT
N


O


N
Ar
ArHO


2a: Ar = Ph
2b: Ar = pMeC6H4
2c: Ar = 3, 5-Me2C6H3  


 
A solution of ethyl chloroformate (0.1 mL, 1 mmol) in dry THF (2 mL) was dropped in a solution of 


2-picolinic acid (123 mg, 1 mmol) and triethylamine (0.15 mL, 1 mmol) in dry THF (25 mL) at 0?  
within 15 min. The resulting mixture was stirred for 1h before 1 mmol of chiral aminoalcohol in dry 
THF (10 mL) was added dropwisely. The mixture was stirred at 0?  for 1h and then at room 
temperture for overnight. The mixture was quenched with water. The aqueous layer was extracted 
with ethyl acetate (3×15 mL) and the combined organic layer was dried over MgSO4 for 2h, filtered 
and concentrated under reduced pressure. The resulting residue was subject to flash 
chrogromatography (eluant: ethyl acetate/petroleum ether = 1/2 to 1/1) to give the pure catalysts. 
 


(S)-(2-(hydroxydiphenylmethyl)pyrrolidin-1-yl)(pyridin-2-yl)methanone (2a)[1]: White solid, 
prepared from (S)- diphenyl(pyrrolidin-2-yl)methanol and 2-picolinic acid, yield 73%. 1H NMR (300 
MHz, CDCl3, TMS) d = 8.56 and 8.26 (2×br s, 1H), 7.71-7.77 (m, 1H), 7.15-7.52 (m, 12H), 6.69 (s, 
1H), 5.42-5.50 (m, 1H), 3.19-3.97 (m, 2H), 2.03-2.14 (m, 2H), 1.50-1.82 (m, 1H), 0.75-1.25 (m, 1H). 
 


(S)-(2-(hydroxydip-tolylmethyl)pyrrolidin-1-yl)(pyridin-2-yl)methanone (2b): Prepared from 
(S)- pyrrolidin-2-yl-di-p-tolylmethanol and 2-picolinic acid, yield 76%. White solid , mp = 







164.0-165.5 , [a]D
20 = -119.2 (c = 0.2, CHCl3). 1H NMR (300 MHz, CDCl3, TMS) d = 8.56 and 8.27 


(2×br s, 1H), 7.70-7.75 (m, 1H), 7.60 (br, 1H), 7.11-7.52 (m, 9H), 6.48 (s, 1H), 5.57 and 5.42 (2×br s, 
1H), 3.54 and 3.96 (2×br s, 1H), 3.17 and 3.31(2×br s, 1H), 2.34 (s, 3H), 2.32 (s, 3H), 2.13 (br s, 1H), 
1.97-2.01 (m, 1H), 1.57 ( br s, 1H), 1.21 and 0.95 (m, 1H). 13C-NMR (75 MHz, CDCl3, TMS): d = 
20.9, 21.0, 23.9, 29.3, 48.2, 50.6, 64.9, 67.2, 81.8, 123.3, 124.7, 125.5, 127.1, 127.5, 127.9, 128.2, 
128.5, 136.6, 137.3, 140.4, 143.2, 145.8, 148.4, 154.2, 169.9. ESI-HRMS exact mass calcd. for 
(C25H26N2O2 + Na)+ requires m/z 409.1886, found m/z 409.1892. 
 


(S)-(2-(bis(3,5-dimethylphenyl)(hydroxy)methyl)pyrrolidin-1-yl)(pyridin-2-yl)methanone 
(2c): Prepared from (S)-bis(3,5-dimethylphenyl)(pyrrolidin-2-yl)methanol and 2-picolinic acid, yield 
75%. White solid, mp = 182.0-183.5 , [a]D


20 = -83.2 (c = 0.2, CHCl3). 1H NMR (300 MHz, CDCl3, 
TMS) d = 8.56 and 8.30 (2×br s, 1H), 7.49-7.72 (br, 2H), 7.25-7.29 (m, 1H), 6.70-7.26 (m, 7H), 
5.41-5.57 (br, 1H), 2.80-3.98 (m, 2H), 2.0-2.3 (m, 14H), 1.58 (br s, 1H), 1.0-1.21 (m, 1H). 13C-NMR 
(75 MHz, CDCl3, TMS): d = 21.1, 21.4, 21.7, 23.9, 29.2, 48.1, 50.6, 64.9, 66.9, 82.2, 123.1, 124.5, 
125.4, 125.9, 128.6, 136.7, 137.0, 1423.0, 145.7, 148.5, 154.2, 169.8. ESI-HRMS exact mass calcd. 
for (C27H30N2O2 + Na)+ requires m/z 437.2199, found m/z 437.2200. 
 


Synthesis of catalysts 2d[2] 
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Synthesis of (2S,4R)-1-ethyl 2-methyl 4-hydroxypyrrolidine-1,2-dicarboxylate (6) 
(2S,4R)-4-hydroxyproline (13.1 g, 0.1 mol), K2CO3 (27.5 g, 0.2 mol) and 150 mL of methanol were 


added into a two necked flask. The mixture was cooled to 0? . Then ethyl chlorofomate (29 mL, 0.3 
mol) was added dropwise to the mixture. After the addition, the ice bath was removed and the mixture 
was allowed to stirred at RT for 48h. The solvent was removed at reduced pressure, the residue was 
dissolved in water and extracted with DCM (3×25 mL). The combined organic layer was dried over 
Na2SO4. The N,O-protected product 6 was obtained in 98% yield as a silghtly yellow oil. 1H NMR 
(300 MHz, CDCl3, TMS) d = 4.42-4.47 (m, 2H), 4.07-4.14 (m, 2H), 3.70-3.74 (m, 3H), 3.40-3.60 (m, 
2H), 3.90 (brs, 1H), 2.20-2.38 (m, 1H), 2.02-2.08 (m, 1H), 1.14-1.28 (m, 3H). 
 
Synthesis of (2S,4R)-ethyl 4-hydroxy-2-(hydroxydiphenylmethyl)pyrrolidine-1-carboxylate (7) 
To a solution of PhMgBr (100 mmol) in THF was added 6 (4.34 g, 20 mmol) in 10 mL of THF 


dropwisely at 0?  for 1h. The mixture was stirred at RT for 8h and quenced with saturated NH4Cl. The 
organic phase was separated and dried over anhydrous Na2SO4. Removal of the solvent gave a yellow 
solid. Recrystallization from EtOAc afforded 7 as a white solid (2.4 g, 37%).1H NMR (300 MHz, 







CDCl3, TMS) d = 7.27-7.42 (m, 10H), 5.05-5.10 (m, 1H), 3.87-4.07 (m, 3H), 3.50-3.54(m, 1H), 
2.96-2.99(m, 1H), 2.02-2.16(m, 3H), 1.12(t, J=7.0, 3H). 
 
Synthesis of (6R,7aS)-6-methoxy-1,1-diphenyl-tetrahydropyrrolo[1,2-c]oxazol-3(1H)-one (8) 
A solution of 7 (341 mg, 1 mmol) and CH3I (0.5 mL, 8 mmol) in THF was cooled to 0? , then NaH 


(53 mg, 1.3 mmol) was added. After being stirred for 6h, the reaction solution was quenced with 
saturated NH4Cl. The organic phase was separated, and the aqueous was extracted with DCM (3×20 
mL). The organic phase was combined and dried over anhydrous Na2SO4 and filitered. The filtrate 
was concentrated under reduced pressure to give a residue, which was chromatographed on silica gel 
(1/5 to 1/1 of EtOAc/ hexane as eluent) to give the product 8 as a white solid (260 mg, 84%).1H NMR 
(300 MHz, CDCl3, TMS) d = 7.64-7.65 (m, 2H), 7.56-7.62 (m, 2H), 7.29-7.36 (m, 4H), 7.20-7.24 (m, 
2H), 4.56 (dd, J = 6.6Hz, J = 9.8 Hz, 1H), 3.83 (br s, 1H), 3.26 (s, 3H), 3.02-3.10 (m, 2H), 1.74-1.79 
(m, 1H), 1.60-1.67 (m, 1H). 
 
Synthesis of ((2S,4R)-4-methoxypyrrolidin-2-yl)diphenylmethanol (9) 


8 (260 mg, 0.84 mmol) and KOH (188 mg, 3.36 mmol) was dissolved in 10 mL of MeOH and 5 
mL of H2O. The mixture was refluxed for 24h. The solvent was removed in vacuo and the residue was 
extracted with DCM (3×15 mL). The combined organic phase was dried over anhydrous Na2SO4 and 
filtered. The filtrate was concentrated under reduced pressure to give 9 (220 mg, 96%), which was 
used without further purification. 
 
Synthesis of ((2S,4R)-2-(hydroxydiphenylmethyl)-4-methoxypyrrolidin-1-yl)(pyridin-2-yl) 
methanone (2d) 
To a solution of 9 (174 mg, 0.6 mmol) and 2-picolinic acid (74mg, 0.6mmol) in DCM (20 mL) was 


added HOBt (175 mg, 1.2 mmol), NMM (1 mL) and EDCI (230 mg, 1.2 mmol) at 0 . After being 
stirred at room temperature for 12h. The reaction solution was washed with aqueous HCl (1.0N, 10 
mL), NaHCO3 (2N, 10 mL) and brine (10 mL). The organic phase was dried over anhydrous Na2SO4 
and filtered. The filtrate was concentrated under reduced pressure to give the residue, which was 
purified through chromatography on silica gel (eluent: hexane/EtOAc = 5/1 to 1/1) to give 2d (180 mg, 
75%) as a white solid. Mp = 200.3-203.0 , [a]D


20 = -54.0 (c = 0.2 in CHCl3). 1H NMR (300 MHz, 
CDCl3, TMS) d = 8.30-8.54 (m, 1H), 7.70-7.74 (m, 1H), 7.59-7.62 (m, 1H), 7.25-7.56 (m, 12H), 6.42 
(br s, 1H), 5.56-5.89 (br, 1H), 3.73-3.76 (m, 1H), 3.19-3.45 (m, 2H), 3.10 (s, 3H), 2.18-2.48 (m, 2H). 
13C-NMR (75 MHz, CDCl3, TMS): d = 35.4, 53.4, 53.8, 55.5, 56.2, 66.1, 77.2, 78.6, 81.8, 123.9, 
124.8, 126.1, 126.3, 127.3, 127.4, 127.7, 127.8, 127.9, 128.6, 136.8, 143.1, 145.6, 148.1, 153.6. 
ESI-HRMS exact mass calcd. for (C24H24N2O3 + Na)+ requires m/z 411.1679, found m/z 411.1689. 
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Synthesis of (2S,4R)-1-ethyl 2-methyl 4-(4-nitrobenzoyloxy)pyrrolidine-1,2- dicarboxylate (10) 
4-Nitrobenzoic acid (1.2 g, 7 mmol), triphenylphosphine (1.84 g, 7 mmol) and 6 (1.1 g, 5 mmol) 


were dissolved in 25 mL of anhydrous THF. The solution was cooled to 0 . Then a solution of DIAD 
(1.42 g, 7 mmol) in 5 mL of THF was added dropwise. After the addition, the mixture was stirred at 0  
for 12h. Then the reaction was quenced with aqueous NH4Cl and extracted with DCM(3×15mL). The 
organic phase was combined and washed with NaOH (1N), H2O, brine repectively, then dried over 
Na2SO4. The solvent was removed in vacuo. The residue was purified by recrystallization from EtOH 
to afford 10 as a yellow solid in 76% yield. 1H NMR (300 MHz, CDCl3, TMS) d = 8.27-8.30 (m, 2H), 
8.13-8.16 (m, 2H), 5.60 (br s, 1H), 4.55-4.67 (m, 1H), 4.13-4.22 (m, 2H), 3.80-3.87 (m, 2H), 3.68 (d, 
J = 7.4 Hz, 3H), 2.51-2.56 (m, 2H), 1.21-1.31 (m, 3H). 
 


Synthesis of (2S,4S)-1-ethyl 2-methyl 4-hydroxypyrrolidine-1,2-dicarboxylate (11) 
The mixture of 10 (1.1 g, 3 mmol), K2CO3 (1.0 g, 7 mmol) and 20 mL of MeOH was stirred for 6h at 


RT. Then the mixture was dissolved in water and extracted with DCM (3×20 mL). Removal of the 
solvent gave the crude product, which was subjected to FC (eluent: petroleum ether/ethyl acetate = 
5/1 to 1/1) to give 11 as a colorless oil in 60% yield. 1H NMR (300 MHz, CDCl3, TMS) d = 4.33-4.41 
(m, 2H), 4.09-4.17 (m, 2H), 3.76 (d, J = 5.8 Hz, 3H), 3.55-3.65 (m, 2H), 3.25-3.48 (m, 1H), 2.30-2.34 
(m, 1H), 2.06-2.14 (m, 1H), 1.16-1.27 (m, 3H). 
 
Synthesis of 12-2e 
The procedures of synthesis of 12-2e are similar to those of 7-2d. 
 


(2S,4S)-ethyl 4-hydroxy-2-(hydroxydiphenylmethyl)pyrrolidine-1-carboxylate (12): Yield = 
33%, 1H NMR (300 MHz, CDCl3, TMS) d = 7.49-7.52 (m, 2H), 7.15-7.41 (m, 8H), 4.96 (d, J = 8.6 
Hz, 1H), 4.69 (br, 1H), 4.35 (br, 1H), 3.96-4.09 (m, 2H), 3.76 (br, 1H), 3.40-3.44 (m, 1H), 2.26-2.36 
(m, 1H), 1.85 (d, J = 14.8 Hz, 1H), 0.89 (br, 3H). 
 


(6S,7aS)-6-methoxy-1,1-diphenyl-tetrahydropyrrolo[1,2-c]oxazol-3(1H)-one (13): Yield = 
85%, White solid, mp = 141.0-143.6 , [a]D


20 = -230.4 (c = 0.2 in CHCl3). 1H NMR (300 MHz, 







CDCl3, TMS) d = 7.50-7.53 (m, 2H), 7.26-7.38 (m, 8H), 4.63 (dd, J = 7.4 Hz, J = 8.7 Hz, 1H), 
4.00-4.02 (m, 1H), 3.88 (dd, J = 2.8 Hz, J = 12.5 Hz, 1H), 3.02-3.26 (m, 1H), 3.17 (s, 3H), 2.01-2.10 
(m, 1H), 1.36-1.43 (m, 1H).  13C-NMR (75 MHz, CDCl3, TMS): d = 35.4, 52.0, 56.9, 67.5,  81.0, 
86.2, 125.7, 126.0, 127.8, 128.4, 128.6, 140.0, 143.3, 160.4. ESI-HRMS exact mass calcd. for 
(C19H19NO3 + Na)+ requires m/z 332.1257, found m/z 332.1248. 


 
((2S,4S)-2-(hydroxydiphenylmethyl)-4-methoxypyrrolidin-1-yl)(pyridin-2-yl)methanone 


(2e): Yield = 54% (two steps) White solid , mp = 190.6-191.8 , [a]D
20 = +49.0 (c = 0.2 in CHCl3). 1H 


NMR (300 MHz, [D6]DMSO, TMS) d = 8.37 and 8.57 (2×brs, 1H), 6.62-7.78 (m, 13H), 6.03 and 6.39 
(2×brs, 1H), 5.48 (brs, 1H), 4.12-4.28 (m, 1H), 3.64-3.80 (m, 2H), 3.15-3.25 (m, 3H), 2.31-2.50 (m, 
1H), 1.84-1.97 (m, 1H). 13C-NMR (75 MHz, [D6]DMSO, TMS): d = 33.0, 34.1, 53.1, 54.6, 56.4, 63.0, 
77.8, 80.1, 123.7, 124.4, 125.9, 126.2, 126.4, 126.8, 127.7, 136.4, 143.8, 145.1, 146.0, 148.0, 
153.1,161.5, 161.5, 165.7, 167.4. ESI-HRMS exact mass calcd. for (C24H24N2O3 + Na)+ requires m/z 
411.1679, found m/z 411.1670. 
 


? . Typical procedure for the synthesis of ß-keto esters[3] and N-aryl ß-enamino esters[4]. 
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To a dried three-necked flask equipped with a dropping funnel, a condenser, and a magnetic stirrer 


was added NaH (7.1 g, 95%, 280 mmol), dimethyl carbonate (18.0 g, 200 mL), and toluene (100 mL). 
The mixture was heated to reflux. A solution of ketone (100 mmol) in toluene (50 mL) was added 
dropwise from the dropping funnel over 1-2 h. After the addition, the mixture was heated to reflux 
until the evolution of hydrogen ceased (15-20 min). When the reaction was cooled to room 
temperature, glacial acetic acid (30 mL) was added dropwise and a heavy, pasty solid appeared. 
Ice-water was added until the solid was dissolved completely. The toluene layer was separated, and 







the water layer was washed with toluene (3×100 mL). The combined toluene solution was washed 
with water (100 mL) and brine (100 mL), then dried over Na2SO4. After evaporation of the solvent, 
the mixture was distilled under reduced pressure or subjected chromatography to give the desired 
ß-keto esters in 80-95% yield. 
A mixture of ß-keto ester (10 mmol), arylamine (10 mmol) and p-toluenesulfonic acid monohydrate 


(0.19 g, 1 mmol) was dissolved in 10 mL of methanol and refluxed overnight. After the reaction 
mixture was cooled to room temperature, the solvent was removed under reduced pressure. The 
residue was dissoved with 30mL EtOAc and washed with water and birne. The organic phase was 
seperated and dried over Na2SO4. The mixture was subsequently filtered and the solvents were 
removed in vacuo. The crude product was purified by FC to give the pure N-aryl ß-enamino esters. 
 


(Z)-methyl 3-phenyl-3-(phenylamino)acrylate (1b)[5]: Yield = 55%, yellow solid, mp = 
72.5-73.0 , 1H NMR (300 MHz, CDCl3, TMS) d =10.28 (br s, 1H), 7.26-7.36 (m, 5H), 7.06-7.11 (m, 
2H), 6.88-6.93 (m, 1H), 6.66-6.69 (m, 1H), 5.00 (s, 1H), 3.75 (s, 3H).  
 


(Z)-methyl 3-(4-methoxyphenylamino)-3-phenylacrylate (1c): Yield = 50%, Yellow solid, mp 
= 94.4-96.7? , 1H NMR (300 MHz, CDCl3, TMS) d =10.22 (br s, 1H), 7.22-7.34 (m, 5H), 6.63-6.65 
(m, 4H), 4.93 (s, 1H), 4.20 (q, J = 7.1 Hz, 2H), 3.69 (s, 3H), 1.32 ( t, J = 7.1 Hz, 3H). 13C-NMR (75 
MHz, CDCl3): d = 50.6, 55.3, 88.9, 113.8, 124.3, 128.2, 128.3,129.2, 133.3, 135.9, 155.8, 160.0, 
170.6. ESI-HRMS exact mass calcd. for (C17H17NO3 + Na)+ requires m/z 306.1101, found m/z 
306.1105. 
 


(Z)-methyl 3-(3-methoxyphenylamino)-3-phenylacrylate (1d): Yield = 55%, yellow solid, mp = 
48.5-50.6 ? , 1H NMR (300 MHz, CDCl3, TMS) d = 10.27 (br s, 1H), 7.26-7.37 (m, 5H), 6.99 (t, J = 
8.1 Hz, 1H), 6.49- 6.50 (m, 1H), 6.28 (m, 1H), 6.17 (t, J = 2.2 Hz, 1H), 5.00 (s, 1H), 3.74 (s, 3H), 3.55 
(s, 3H). 13C-NMR (75 MHz, CDCl3, TMS): d = 50.7, 55.0, 90.8, 107.5, 109.1, 114.5, 128.1, 128.5, 
129.3, 129.5, 136.0, 141.4, 159.0, 159.7, 170.4. ESI-HRMS exact mass calcd. for (C17H17NO3 + Na)+ 
requires m/z 306.1101, found m/z 306.1104. 


 
(Z)-methyl 3-(2-methoxyphenylamino)-3-phenylacrylate (1e): Yield = 51%, yellow solid, mp = 


115.6-117.5 ? , 1H NMR (300 MHz, CDCl3, TMS) d = 10.27 (brs, 1H), 7.26-7.37 (m, 5H), 6.84-6.87 
(m, 2H), 6.51-6.52 (m, 1H), 6.20-6.23 (1H), 5.00 (s, 1H), 3.90 (s, 3H), 3.75 (s, 3H). 13C-NMR (75 
MHz, CDCl3, TMS): d = 50.7, 55.7, 90.9, 110.4, 119.8, 121.8, 122.9, 127.9, 128.3, 129.3, 129.4,136.2, 
150.4, 158.5, 170.1. ESI-HRMS exact mass calcd. for (C17H17NO3 + Na)+ requires m/z 306.1101, 
found m/z 306.1097. 


 
(Z)-methyl 3-(4-fluorophenylamino)-3-phenylacrylate (1f): Yield = 65%, yellow solid, mp = 


135.6-138.0 ? ,  1H NMR (300 MHz, CDCl3, TMS) d = 10.25 (br s, 1H), 7.30-7.36 (m, 25H), 
7.02-7.05 (m, 2H), 6.57-6.60 (m, 2H), 5.03 (s, 1H), 3.75 (s, 3H). 13C-NMR (75 MHz, CDCl3, TMS): d 
= 50.7, 90.4, 115.2 (d, J = 22.5 Hz), 124.1 (d, J = 8.0 Hz), 128.3, 128.4, 129.5, 135.6, 136.4 (d, J = 2.7 
Hz), 158.9 (d, J = 241 Hz), 159.4, 170.5. ESI-HRMS exact mass calcd. for (C16H14FNO2 + Na)+ 
requires m/z 294.0901, found m/z 294.0910. 
 


(Z)-methyl 3-(4-chlorophenylamino)-3-phenylacrylate (1g): Yield = 60%, yellow solid, mp =  


94.7-96.7 ? ,  1H NMR (300 MHz, CDCl3, TMS) d = 10.24 (br s, 1H), 7.30-7.37 (m, 25H), 7.15-7.19 
(m, 2H), 6.50-6.54 (m, 2H), 5.03 (s, 1H), 3.74 (s, 3H). 13C-NMR (75 MHz, CDCl3, TMS): d = 50.8, 







91.4, 123.3, 128.1, 128.2, 128.6, 128.7, 129.6, 135.5, 139.0, 158.7, 170.4. ESI-HRMS exact mass 
calcd. for (C16H14ClNO2 + H)+ requires m/z 288.0786, found m/z 288.0790. 
 


(Z)-methyl 3-(4-bromophenylamino)-3-phenylacrylate (1h): Yield = 61%, yellow solid, mp = 
159.1-161.8 ? , 1H NMR (300 MHz, CDCl3, TMS) d = 10.24 (br s, 1H), 7.30-7.37 (m, 25H), 7.15-7.19 
(m, 2H), 6.50-6.54 (m, 2H), 5.03 (s, 1H), 3.74 (s, 3H). 13C-NMR (75 MHz, CDCl3, TMS): d = 50.8, 
91.5, 115.8, 123.5, 128.1, 128.6, 129.7, 131.6, 135.4, 139.5, 158.6, 170.3. ESI-HRMS exact mass 
calcd. for (C16H14BrNO2 + H)+ requires m/z 354.0100, found m/z 354.0092. 
 


(Z)-methyl 3-acetamido-3-phenylacrylate (1i)[6]: Synthesized according to the literature 
method.[5] Yellow oil, 1H NMR (300 MHz, CDCl3, TMS) d = 10.64 (s, 1H), 7.38-7.40 (m, 5H), 5.28 
(s, 1H), 4.22 (q, J = 7.1 Hz, 2H), 2.16 (s, 3H), 1.32 (t, J = 7.1 Hz, 3H). 
 


(Z)-methyl 3-(4-fluorophenyl)-3-(4-methoxyphenylamino)acrylate (1j): Yield = 56%, yellow 
solid, mp = 92.3-94.1? , 1H NMR (300 MHz, CDCl3, TMS) d = 10.16 (br s, 1H), 7.26-7.31 (m, 2H), 
6.91-6.98 (m, 2H), 6.63-6.65 (m, 4H), 4.90 (s, 1H), 3.73 (s, 3H), 3.71 (s, 3H). 13C-NMR (75 MHz, 
CDCl3, TMS): d = 50.6, 55.3, 89.0, 113.9, 115.4 (d, J = 21.6 Hz), 124.5, 130.5 (d, J = 8.3 Hz), 131.9 
(d, J = 3.2 Hz), 133.1, 156.0, 158.9, 161.4, 164.7, 170.5. ESI-HRMS exact mass calcd. for 
(C17H17NO3 + Na)+ requires m/z 324.1006, found m/z 324.1019. 
 


(Z)-methyl 3-(4-chlorophenyl)-3-(4-methoxyphenylamino)acrylate (1k): Yield = 60%, yellow 
solid, mp = 123.7-126.0 ? , 1H NMR (300 MHz, CDCl3, TMS) d =10.14 (br s, 1H), 7.24-7.26 (m, 4H), 
6.63-6.65 (m, 4H), 4.91 (s, 1H), 3.73 (s, 3H), 3.71 (s, 3H). 13C-NMR (75 MHz, CDCl3, TMS): d = 
50.6, 55.3, 89.3, 113.9, 124.5, 128.6, 129.6, 133.0, 134.4, 135.2, 156.0, 158.7, 170.4. ESI-HRMS 
exact mass calcd. For (C17H16ClNO3 + H)+ requires m/z 318.0891, found m/z 318.0889. 
 


(Z)-methyl 3-(4-bromophenyl)-3-(4-methoxyphenylamino)acrylate (1l): Yield = 58%, yellow 
solid, mp = 133.5-135.6 ? , 1H NMR (300 MHz, CDCl3, TMS) d = 10.16 (br s, 1H), 7.26-7.31 (m, 2H), 
6.92-6.98 (m, 2H), 6.63-6.65 (m, 4H), 4.90 (s, 1H), 3.73 (s, 3H), 3.71 (s, 3H). 13C-NMR (75 MHz, 
CDCl3, TMS): d = 50.7, 55.3, 89.3, 114.0, 123.5, 124.5, 129.9, 131.5, 133.0, 134.9, 156.0, 158.7, 
170.4. ESI-HRMS exact mass calcd. for (C17H17BrNO3 + H)+ requires m/z 362.0386, found m/z 
362.0387. 
 


(Z)-methyl 3-(3-chlorophenyl)-3-(4-methoxyphenylamino)acrylate (1m): Yield = 52%, 
viscous liquid, solified by standing, mp = 75.4-76.8 ? , 1H NMR (300 MHz, CDCl3, TMS) d =10.12 
(br s, 1H), 7.35-7.36 (m, 1H), 7.26-7.29 (m, 1H), 7.13-7.17 (m, 2H), 6.64-6.66 (m, 4H), 4.92 (s,1H), 
3.73 (s, 3H), 3.73 (s, 3H). 13C-NMR (75 MHz, CDCl3, TMS): d = 50.6, 55.2, 89.6, 113.9, 124.4, 126.5, 
128.2, 129.3, 129.4, 132.9, 134.2, 137.7, 156.0, 158.3, 170.3. ESI-HRMS exact mass calcd. for 
(C17H16ClNO3 + Na)+ requires m/z 340.0771, found m/z 340.0695. 
 


(Z)-methyl 3-(2-chlorophenyl)-3-(4-methoxyphenylamino)acrylate (1n): Yield = 58%, yellow 
solid, mp = 91.5-93.5 ? , 1H NMR (300 MHz, CDCl3, TMS) d =10.35 (br s, 1H), 7.34-7.35 (m, 1H), 
7.25-7.30 (m, 3H), 6.61-6.70 (m, 4H), 4.78 (s, 1H), 3.77 (s, 3H), 3.71 (s, 3H). 13C-NMR (75 MHz, 
CDCl3, TMS): d = 50.6, 55.2, 88.0, 113.7, 124.0, 126.6, 129.8, 130.1, 130.7,132.5, 135.0, 156.2, 
157.7, 170.5. ESI-HRMS exact mass calcd. for (C17H16ClNO3 + Na)+ requires m/z 340.0771, found 
m/z 340.0693. 







 
(Z)-methyl 3-(4-methoxyphenylamino)-3-p-tolylacrylate (1o): Yield =50%, yellow solid, mp = 


74.5-76.8 ? , 1H NMR (300 MHz, CDCl3, TMS) d = 10.18 (br s, 1H), 7.18-7.26 (m, 2H), 7.05-7.08 (m, 
2H), 6.64-6.66 (m, 4H), 4.92 (s, 1H), 3.73 (s, 3H), 3.71 (s, 3H), 2.32 (s, 3H). 13C-NMR (75 MHz, 
CDCl3, TMS): d = 21.3, 50.5, 55.3, 88.6, 113.8, 124.3, 128.2, 129.0, 132.9, 133.5, 139.4, 155.8, 160.1, 
170.6. ESI-HRMS exact mass calcd. For (C18H19NO3 + H)+ requires m/z 298.1438, found m/z 
298.1448. 
 


(Z)-methyl 3-(4-methoxyphenyl)-3-(4-methoxyphenylamino)acrylate (1p): Yield = 46%, 
yellow solid, mp = 91.4-93.0 ? , 1H NMR (300 MHz, CDCl3, TMS) d = 10.17 (br s, 1H), 7.22-7.26 (m, 
2H), 6.75-7.79 (m, 2H), 6.64-6.65 (m, 4H), 4.91 (s, 1H), 3.77 (s, 3H), 3.73 (s, 3H), 3.70 (s, 3H). 
13C-NMR (75 MHz, CDCl3, TMS): d = 50.5, 55.1, 55.3, 88.3, 113.6, 113.8, 124.3, 128.0, 129.8, 133.6, 
155.7, 159.7, 160.3, 170.6. ESI-HRMS exact mass calcd. for (C18H19NO4 + Na)+ requires m/z 
336.1206, found m/z 336.1210.  
 


(Z)-methyl 3-(4-methoxyphenylamino)-3-(naphthalen-2-yl)acrylate (1q): Yield = 43%, yellow 
solid, mp = 92.6-94.7 ? , 1H NMR (300 MHz, CDCl3, TMS) d =10.30 (br s, 1H), 7.96 (s, 1H), 
7.77-7.83 (m,2H), 7.66-7.69 (d, J = 8.6 Hz, 1H), 7.48-7.51 (m, 2H), 7.28-7.32 (m, 1H),  6.67- 6.71 
(m, 2H), 6.58-6.62 (m, 2H), 5.09 (s, 1H), 3.77 (s, 3H), 3.66 (s, 3H). 13C-NMR (75 MHz, CDCl3, 
TMS): d = 50.6, 55.2, 89.4, 113.9, 124.2, 125.6, 126.4, 126.9, 127.6, 127.7, 127.9, 128.3, 132.9, 133.3, 
133.4, 133.6, 155.8, 159.8, 170.6. ESI-HRMS exact mass calcd. for (C21H19NO3 + Na)+ requires m/z 
356.1257, found m/z 356.1250.  
 


(Z)-methyl 3-(4-methoxyphenylamino)-3-(pyridin-3-yl)acrylate (1r): Yield = 35%, orange 
solid, mp = 102.8-105.4 ? , 1H NMR (300 MHz, CDCl3, TMS) d = 10.14 (br s, 1H), 8.58-8.59 (m, 1H), 
8.52-8.54 (m, 1H), 7.53-7.56 (m, 1H), 6.64-6.65 (m, 4H), 4.94 (s, 1H), 3.74 (s, 3H), 3.70 (s, 3H). 
13C-NMR (75 MHz, CDCl3, TMS): d = 50.7, 55.3, 89.9, 114.2, 122.9, 125.1, 131.9, 132.6, 135.7, 
149.1, 150.2, 156.6, 156.7, 170.3. ESI-HRMS exact mass calcd. for (C16H16N2O3 + Na)+ requires m/z 
307.1053, found m/z 307.1060. 
 


(Z)-methyl 3-(4-methoxyphenylamino)-3-(thiophen-2-yl)acrylate (1s): Yield = 46%, light 
yellow solid, mp = 68.5-71.0 ? , 1H NMR (300 MHz, CDCl3, TMS) d =10.04 (br s, 1H), 7.26-7.28 (m, 
1H), 6.98-7.00 (m, 1H), 6.88-6.90 (m, 1H) ,6.80-6.82 (m, 2H), 6.69-6.72 (m, 2H), 5.13 (s, 1H), 3.74 
(s, 3H), 3.73 (s, 3H). 13C-NMR (75 MHz, CDCl3, TMS): d = 50.6, 55.3, 88.9, 113.9, 114.2, 125.3, 
127.0, 127.6, 129.0, 133.4, 153.1, 156.5, 170.4. ESI-HRMS exact mass calcd. for (C15H15NO3 S + 
Na)+ requires m/z 312.0665, found m/z 312.0663. 
 


Methyl 3-(4-methoxyphenylamino)-1H-indene-2-carboxylate (1t): Yield = 45%, yellow solid, 
mp = 107.0-108.6 ? , 1H NMR (300 MHz, CDCl3, TMS) d = 9.14 (br s, 1H), 7.44-7.46 (d, J = 7.6 Hz, 
1H), 7.26-7.32 (m, 1H), 7.17 (d, J = 8.6 Hz, 2H), 7.05 (t, J = 7.5 Hz, 1H), 6.89 (d, J = 8.6 Hz, 2H), 
6.76 (d, J = 7.8 Hz, 4H), 3.85 (s, 3H), 3.83 (s, 3H), 3.63 (s, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d 
= 34.6, 50.6, 55.5, 100.2, 114.1, 123.8, 124.6, 125.7, 127.0, 128.2, 133.2, 137.5, 145.1, 156.5, 157.6, 
168.6. ESI-HRMS exact mass calcd. for (C18H17NO3 + Na)+ requires m/z 318.1101, found m/z 
318.1105. 
 







Methyl 1-(4-methoxyphenylamino)-3,4-dihydronaphthalene-2-carboxylate (1u): Yield = 42%, 
yellow solid, mp = 92.6-94.7 ? , 1H NMR (300 MHz, CDCl3, TMS) d = 10.13 (br s, 1H), 7.17-7.22 (m, 
3H), 6.96-6.99 (m, 1H), 6.69-6.76 (m, 4H), 3.79 (s, 3H), 3.73 (s, 3H), 2.76-2.86 (m, 2H), 2.56-2.61 
(m, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 22.1, 29.0, 51.1, 55.3, 102.6, 114.0, 123.0, 125.5, 
127.4, 128.0, 128.9, 129.8, 136.5, 140.1, 151.7, 155.2, 170.4. ESI-HRMS exact mass calcd. for 
(C19H19NO3 + Na)+ requires m/z 332.1257, found m/z 332.1258. 
 


(Z)-methyl 3-(2-methoxyphenylamino)but-2-enoate (1v): Yield = 45%, colorless oil, 1H NMR 
(300 MHz, CDCl3, TMS) d = 10.27 (brs, 1H), 7.08-7.14 (m, 2H), 6.87-6.92 (m, 2H), 4.76 (s,1H), 3.86 
(s, 3H), 3.68 (s, 3H), 2.00 (s, 3H). 13C-NMR (75 MHz, CDCl3, TMS): d = 20.3, 50.2, 55.7, 85.8, 111.0, 
120.3, 124.4, 125.4, 128.5, 152.5, 159.0, 170.5. (C17H16ClNO3 + Na)+ requires m/z 244.0944, found 
m/z 244.0950. 


 
(Z)-methyl 3-(4-methoxyphenylamino)-4-methylpent-2-enoate (1w): Yield = 55%, yellow oil, 


1H NMR (300 MHz, CDCl3, TMS) d = 10.13 (br s, 1H), 7.01-7.05 (m, 2H), 6.85-6.89 (m, 2H),  4.71 
(s, 1H), 3.80 (s, 3H), 3.68 (s, 3H), 2.66-2.75 (m, 1H), 1.07 (s, 3H), 1.04 (s, 3H). 13C-NMR (75 MHz, 
CDCl3, TMS): d = 21.9, 28.4, 50.2, 55.4, 80.0, 114.3, 127.8, 131.8, 157.8, 171.2, 171.6. ESI-HRMS 
exact mass calcd. for (C14H19NO3 + Na)+ requires m/z 272.1257, found m/z 272.1260. 
 


(Z)-methyl 3-cyclohexyl-3-(4-methoxyphenylamino)acrylate (1x): Yield = 75%, white solid, 
mp = 103.8-106.1 ? , 1H NMR (300 MHz, CDCl3, TMS) d = 10.15 (br s, 1H), 6.98-7.26 (m, 2H), 
6.83-6.88 (m, 2H), 4.70 (s, 1H), 3.81 (s, 3H), 3.67 (s, 3H), 2.22-2.34 (m, 1H), 1.62-1.78 (m, 5H), 
1.13-1.29 (m, 2H), 1.07-1.13 (m, 3H). 13C-NMR (75 MHz, CDCl3, TMS): d = 25.8, 26.2, 32.4, 50.2, 
55.4, 80.9, 114.2, 127.5, 131.7, 157.6, 169.8, 171.6. ESI-HRMS exact mass calcd. for (C17H23NO3 + 
Na)+ requires m/z 312.1570, found m/z 312.1558. 
 


Methyl 2-(4-methoxyphenylamino)cyclopent-1-enecarboxylate (1y): Yield = 80%, white solid, 
mp = 67.1-69.6 ? , 1H NMR (300 MHz, CDCl3, TMS) d = 9.29 (br s, 1H), 6.96-7.02 (m, 2H), 
6.80-6.85 (m, 2H), 3.80 (s, 3H), 3.72 (s, 3H), 2.63 (t, J = 7.5 Hz, 2H), 2.56 (t, J = 7.1 Hz, 2H), 
1.78-1.88 (m, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 21.6, 28.8, 33.2, 50.3, 55.4, 95.7, 114.3, 
123.8, 133.7, 156.4, 161.9, 168.8. ESI-HRMS exact mass calcd. for (C14H17NO3 + H)+ requires m/z 
270.1101, found m/z 270.1092. 
 


? . Typical procedure for asymmetric hydrosilyation of ß-enamino esters: 
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Trichlorosilane (41 µL, 0.40 mmol, 2.0 equiv.) was added to a solution of the catalyst (0.02 mmol) 
and the corresponding ß–enamino ester (0.20 mmol) in 2 mL of dry CHCl3 at -30 ? . The reaction 
mixture was stirred at -30 ?  for 48h. Then the reaction was quenched with saturated aqueous solution 
of NaHCO3. The mixture was extracted with EtOAc and the combined extracts was washed with brine 







and dried over anhydrous MgSO4. Concentration in vacuo followed by flash chromatography on silica 
gel with hexane/ethyl acetate as the eluent afforded the ß–amino acid esters. The ee values were 
determined using established HPLC techniques with chiral stationary phases. 


HPLC speration of chiral ß-amino esters 


Compound Column i-PrOH/n-Hexane Flow rate (mL/min) ? (nm) T (°C) tR (min) 


3b AD-H 5% 1 254 25 9.865; 10.998 


3c AD-H 5% 1 254 25 17.956; 19.839 


3d AD-H 5% 1 254 25 17.511; 18.510 


3e AD-H 5% 1 254 25 14.569; 25.438 


3f AD-H 5% 1 254 25 23.162; 27.184 


3g AD-H 5% 1 254 25 25.972; 27.349 


3h OD-H 5% 1 254 25 23.572; 26.103 


3j AD-H 5% 1 254 25 11.318; 13.000 


3k AD-H 5% 1 254 25 9.918; 11.197 


3l AD-H 5% 1 254 25 12.214; 13.683 


3m OD-H 5% 1 254 25 17.540; 19.440 


3n AD-H 5% 1 254 25 13.681; 14.668 


3o OD-H 5% 1 254 25 12.328; 13.914 


3p AD-H 5% 1 254 25 17.889; 19.546 


3q OD-H 5% 1 254 25 25.364; 26.964 


3r OJ-H 30% 1 254 25 14.460; 17.185 


3s AD-H 5% 1 254 25 18.812; 21.107 


3t AD-H 5% 1 254 25 12.579; 24.294 


3u AD-H 5% 1 254 25 11.425; 15.437 


3v AD-H 5% 1 254 25 10.123; 12.073 


3w AD-H 5% 1 254 25 6.774; 7.825 


3x AD-H 5% 1 254 25 8.210; 9.734 


3y AD-H 5% 1 254 25 8.883; 11.071 


Methyl 3-phenyl-3-(phenylamino)propanoate (3b): White solid, mp = 103.9-105.4 ? , [a]D
20 = 


-5.1 (c = 0.2 in CHCl3, 95%ee). 1H NMR (300 MHz, CDCl3, TMS) d= 7.31-7.41 (m, 4H), 7.26-7.28 
(m, 1H), 7.09-7.15 (m, 2H), 6.68-6.90 (m, 1H), 6.57-6.60 (m, 2H), 4.85 (t, J = 6.7 Hz, 1H), 4.54 (brs, 
1H), 3.66 (s, 3H), 2.82 (d, J = 6.0 Hz, 2H). 
   







Methyl 3-(4-methoxyphenylamino)-3-phenylpropanoate (3c): White solid, mp = 62.9-65.6 ? , 
[a]D


20 = -6.2 (c = 0.2 in CHCl3 in 95%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.25-7.41 (m, 5H), 
6.71-6.74 (m, 2H), 6.55-6.59 (m, 2H), 4.80 (t, J = 6.7 Hz, 1H), 4.47 (brs, 1H), 3.70 (s, 3H), 3.66 (s, 
3H), 2.82 (d, J = 6.7 Hz, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 42.7, 51.8, 55.6, 55.8, 114.7, 
115.1, 126.2, 127.4, 128.7, 140.9, 142.3, 152.3, 171.7. ESI-HRMS exact mass calcd. for (C17H19NO3 
+ Na)+ requires m/z 308.1257, found m/z 308.1260. 
 


Methyl 3-(3-methoxyphenylamino)-3-phenylpropanoate (3d): White solid, mp = 72.8-74.6 ? , 
[a]D


20 = -2.3 (c = 0.2 in CHCl3, 96%ee).  1H NMR (300 MHz, CDCl3, TMS) d = 7.25-7.39 (m, 5H), 
7.02 (d, J = 8.1 Hz, 1H), 6.20-6.28 (m, 2H), 6.14-6.16 (m, 1H), 5.12 (br s, 1H), 4.83 (t, J = 6.7 Hz, 
1H), 3.69 (s, 3H), 3.65 (s, 3H), 2.85 (d, J = 6.7 Hz, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 42.4, 
51.8, 54.8, 54.9, 99.8, 103.1, 106.8, 126.1, 127.4, 128.7, 129.8, 141.9, 147.9, 160.6, 171.4. 
ESI-HRMS exact mass calcd. for (C17H19NO3 + Na)+ requires m/z 308.1257, found m/z 308.1262. 
 


Methyl 3-(2-methoxyphenylamino)-3-phenylpropanoate(3e): White solid, mp = 74.2-76.5 ? , 
[a]D


20 = +17.7 (c = 0.2 in CHCl3, 92%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.21-7.39 (m, 5H), 
6.70-6.78 (m, 2H), 6.60-6.66 (m, 1H), 6.42-6.45 (d, J = 7.8 Hz, 1H), 5.02 (brs, 1H), 4.86 (t, J = 6.7 Hz, 
1H), 3.88 (s, 3H), 3.65 (s, 3H), 2.82 (d, J = 6.7, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 42.9, 
51.7, 54.8, 55.5, 109.6, 111.2, 116.9, 121.1, 126.2, 127.3, 128.7, 136.7, 142.3, 146.9, 171.4. 
ESI-HRMS exact mass calcd. for (C17H19NO3 + Na)+ requires m/z 308.1257, found m/z 308.1250. 
 


Methyl 3-(4-fluorophenylamino)-3-phenylpropanoate (3f): White solid, mp = 66.0-67.4 ?  , 
[a]D


20 = +2.8 (c = 0.2 in EtOAc, 92%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.25-7.37 (m, 5H), 
6.77-6.83 (m, 2H), 6.46-6.50 (m, 2H), 4.76 (t, J = 6.7 Hz, 3H), 4.47 (br s, 1H), 3.66 (s, 3H), 2.73-2.87 
(m, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 42.6, 51.9, 55.6, 114.6 (d, J = 7.4 Hz), 115.5 (d, J = 
22.2 Hz), 126.2, 127.5, 128.8, 141.9, 143.0, 156.0 (d, J = 234 Hz), 171.5. ESI-HRMS exact mass 
calcd. for (C16H16FNO2 + Na)+ requires m/z 296.1057, found m/z 296.1052. 
 


Methyl 3-(4-chlorophenylamino)-3-phenylpropanoate (3g): White solid, mp = 70.0-72.3 ?  , 
[a]D


20 = +24.2 (c = 0.2 in EtOAc, 93%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.26-7.34 (m, 5H), 
7.03-7.06 (d, J = 8.3 Hz, 2H), 6.46-6.49 (d, J = 8.4 Hz, 2H), 4.78 (t, J = 6.7 Hz, 3H), 4.62 (br s, 1H), 
3.66 (s, 3H), 2.74-2.88 (m, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 42.5, 51.9, 55.0, 114.8, 122.4, 
126.1, 127.6, 128.8, 128.9, 141.6, 145.3, 171.5. ESI-HRMS exact mass calcd. for (C16H16ClNO2 + 
Na)+ requires m/z 312.0762, found m/z 312.0751. 
 


Methyl 3-(4-bromophenylamino)-3-phenylpropanoate (3h): White solid, mp = 100.3-102.1 ? , 
[a]D


20 = -3.6 (c = 0.2 in EtOAc, 92%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.25-7.35 (m, 5H), 
7.16-7.20 (m, 2H), 6.42-6.46 (m, 2H), 4.78 (m, 1H), 4.65 (br s, 1H), 3.65 (s, 1H), 2.81 (m, 2H). 
13C-NMR (75 MHz, CDCl3, TMS): d = 42.5, 51.9, 54.9, 109.5, 115.3, 126.1, 127.6, 128.8, 131.8, 
141.5, 145.7, 171.4. ESI-HRMS exact mass calcd. for (C16H16BrNO2 + Na)+ requires m/z 356.0257, 
found m/z 356.0267. 


Methyl 3-(4-fluorophenyl)-3-(4-methoxyphenylamino)propanoate (3j): Yellow oil, [a]D
20 = 


+3.4 (c = 0.2 in EtOAc, 93%ee) , 1H NMR (300 MHz, CDCl3, TMS) d = 7.31-7.36 (m, 2H), 6.99-7.04 
(m, 2H), 6.69-6.72 (m, 2H), 6.50-6.54 (m, 2H), 4.73 (t, J = 6.7 Hz, 1H), 4.32 (br s, 1H), 3.70 (s, 3H), 
3.65 (s, 3H), 2.77 (d, J = 6.7 Hz, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 42.6, 51.8, 55.1, 55.6, 
114.7, 115.2, 115.6 (d, J = 21.3 Hz), 127.8 (d, J = 8.0 Hz), 138.0 (d, J = 3.1 Hz), 140.6, 152.4, 161.9 







(d, J = 243.9 Hz), 171.5. ESI-HRMS exact mass calcd. for (C17H18FNO3 + Na)+ requires m/z 
326.1163, found m/z 326.1164. 


 
Methyl 3-(4-chlorophenyl)-3-(4-methoxyphenylamino)propanoate (3k): Yellow oil, [a]D


20 = 
-32.0 (c = 0.2 in EtOAc, 92%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.27-7.33 (m, 4H), 6.68-6.72 
(m, 2H), 6.48-6.52 (m, 2H), 4.73 (t, J = 6.7 Hz, 1H), 4.30 (br s, 1H), 3.70 (s, 3H), 3.66 (s, 3H), 2.77 (d, 
J = 6.7 Hz, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 42.5, 51.9, 55.2, 55.6, 114.7, 115.1, 127.7, 
128.9, 133.0, 140.5, 140.9, 152.4, 171.4. ESI-HRMS exact mass calcd. for (C17H18ClNO3 + Na)+ 
requires m/z 342.0867, found m/z 342.0865. 


 
Methyl 3-(4-bromophenyl)-3-(4-methoxyphenylamino)propanoate (3l): Yellow oil, [a]D


20 = 
+3.0 (c = 0.2 in EtOAc, 92%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.42-7.46 (m, 2H), 7.24-7.26 
(m, 2H), 6.68-6.73 (m, 2H), 6.48-6.52 (m, 2H), 4.71 (t, J = 6.7 Hz, 1H), 4.31 (br s, 1H), 3.70 (s, 3H), 
3.66 (s, 3H), 2.76 (d, J = 6.7 Hz, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 42.4, 51.9, 55.2, 55.6, 
114.7, 115.2, 121.1, 128.0, 131.8, 140.5, 141.4, 152.4, 171.4. ESI-HRMS exact mass calcd. for 
(C17H18BrNO3 + Na)+ requires m/z 386.0362, found m/z 386.0360. 
 


Methyl 3-(3-chlorophenyl)-3-(4-methoxyphenylamino)propanoate (3m): Viscous liquid, 
[a]D


20 = -1.8 (c = 0.2 in EtOAc, 91%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.38 (s, 1H), 
7.23-7.27 (m, 3H), 6.53-6.73 (m, 2H), 6.50-6.53 (m, 2H), 4.72 (t, J = 6.7 Hz, 1H), 4.31 (br s, 1H), 
3.70 (s, 3H), 3.66 (s, 3H), 2.77 (d, J = 6.7 Hz, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 42.4, 51.9, 
55.2, 55.6,  114.7, 115.2, 121.1, 128.0, 131.8, 140.5, 141.4, 152.4, 171.4. ESI-HRMS exact mass 
calcd. for (C17H18ClNO3 + Na)+ requires m/z 342.0867, found m/z 342.0871. 
 


Methyl 3-(2-chlorophenyl)-3-(4-methoxyphenylamino)propanoate (3n): Yellow oil, [a]D
20 = 


+75.4 (c = 0.2 in EtOAc, 91%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.47-749 (m, 1H), 7.35-7.38 
(m, 1H), 7.17-7.20 (m, 5H), 5.16 (m, 1H), 3.69 (s, 3H), 3.66 (s, 3H), 2.96 (dd, J = 4.4 Hz, J = 15.0 Hz, 
1H), 2.77 (dd, J = 8.3 Hz, J = 15.1 Hz, 1H). 13C-NMR (75 MHz, CDCl3, TMS): d = 40.1, 51.9, 52.9, 
55.6, 114.8, 115.1, 127.3, 128.7, 129.8, 132.8, 139.7, 152.8, 171.4. ESI-HRMS exact mass calcd. for 
(C17H18ClNO3 + Na)+ requires m/z 342.0867, found m/z 342.0870. 
 


Methyl 3-(4-methoxyphenylamino)-3-p-tolylpropanoate (3o): Yellow oil, [a]D
20 = -7.2 (c = 0.2 


in EtOAc, 95%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.25-7.27 (m, 2H), 7.13-7.15 (m, 2H), 
6.70-6.73 (m, 2H), 6.53-6.56 (m, 2H), 4.75 (t, J = 6.7 Hz, 1H), 4.27 (br s, 1H), 3.70 (s, 3H), 3.66 (s, 
3H), 2.79 (d, J = 6.7 Hz, 2H), 2.33 (s, 3H). 13C-NMR (75 MHz, CDCl3, TMS): d = 42.4, 51.9, 55.2, 
55.6, 114.7, 115.2, 121.1, 128.0, 131.8, 140.5, 141.4, 152.4, 171.4. ESI-HRMS exact mass calcd. for 
(C18H21NO3 + Na)+ requires m/z 322.1414, found m/z 342.1413. 
 


Methyl 3-(4-methoxyphenyl)-3-(4-methoxyphenylamino)propanoate (3p): Yellow oil, [a]D
20 = 


-1.0 (c = 0.2 in EtOAc, 95%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.26-7.29 (m, 2H), 6.84-6.87 
(m, 2H), 6.70-6.73 (m, 2H), 6.52-6.56 (m, 2H), 4.73 (t, J = 6.7 Hz, 1H), 4.24 (br s, 1H), 3.77 (s, 3H), 
3.70 (s, 3H), 3.65 (s, 3H), 2.79 (d, J = 6.7 Hz, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 42.6, 51.7, 
55.1, 55.6, 114.0, 114.7, 115.1, 127.3, 134.3, 140.9, 152.2, 158.7, 171.7. ESI-HRMS exact mass calcd. 
for (C18H21NO4 + Na)+ requires m/z 338.1363, found m/z 338.1368. 
 







Methyl 3-(4-methoxyphenylamino)-3-(naphthalen-2-yl)propanoate (3q): Solid, mp = 
81.1-83.5 ? , [a]D


20 = +7.5 (c = 0.2 in EtOAc, 95%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 
7.82-7.87 (m, 4H), 7.47-7.55 (m, 2H), 6.70-6.74 (m, 2H), 6.60-6.63 (m, 2H), 4.96 (t, J = 6.8 Hz, 1H), 
4.46 (br s, 1H), 3.70 (s, 3H), 3.68 (s, 3H), 2.90 (d, J = 6.8, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d 
= 42.6, 51.8, 55.5, 56.0, 114.6, 115.1,124.3, 125.0, 125.7, 126.1, 127.5, 127.8, 128.6, 132.8, 133.3, 
139.8, 140.9, 152.2, 171.6. ESI-HRMS exact mass calcd. for (C21H21NO3 + Na)+ requires m/z 
338.1414, found m/z 338.1410. 
 


Methyl 3-(4-methoxyphenylamino)-3-(pyridin-3-yl)propanoate (3r): Yellow oil, [a]D
20 = -2.5 


(c = 0.2 in EtOAc, 70%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 8.63 (d, J = 2.0 Hz, 1H), 8.48 (dd, 
J = 1.3 Hz, J = 4.8 Hz, 1H), 7.67 (d, J = 7.9 Hz, 4H), 7.19-7.26 (m, 1H), 6.66-6.71 (m, 2H), 6.47-6.53 
(m, 2H), 4.80 (t, J = 6.6 Hz, 1H), 4.40 (br s, 1H), 3.67 (s, 3H), 3.63 (s, 3H), 2.81 (d, J = 6.8 Hz, 2H). 
13C-NMR (75 MHz, CDCl3, TMS): d = 42.0, 51.9, 53.6, 55.6, 114.7, 115.3, 123.5, 133.9, 137.7, 140.2, 
148.5, 148.8, 152.6, 171.1. ESI-HRMS exact mass calcd. for (C16H18N2O3 + Na)+ requires m/z 
309.1210, found m/z 309.1212. 
 


Methyl 3-(4-methoxyphenylamino)-3-(thiophen-2-yl)propanoate(3s): Yellow oil, [a]D
20 = 


-3.7(c = 0.2 in EtOAc, 88%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.17-7.19 (m, 1H), 6.93-6.98 
(m, 2H), 6.74-6.77 (m, 2H), 6.62-6.66 (m, 2H), 5.08 (t, J = 6.5 Hz, 1H), 4.19 (br s, 1H), 3.72 (s, 3H), 
3.67 (s, 3H), 2.85-2.98 (m, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 42.2, 51.8, 52.0, 55.5, 114.7, 
115.7, 123.7, 126.7, 140.4, 147.0, 152.7, 171.3. ESI-HRMS exact mass calcd. for (C15H17NO3S + 
Na)+ requires m/z 314.0821, found m/z 314.0822.  
 


Methyl 1-(4-methoxyphenylamino)-2,3-dihydro-1H-indene-2-carboxylate (3t): Yellow oil, 
[a]D


20 = +18.6 (c = 0.2 in EtOAc, 28%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 7.21-7.31 (m, 4H), 
6.77-6.81 (m, 2H), 6.69-6.74 (m, 2H), 5.30 (d, J = 4.6 Hz, 1H), 3.83 (br s, 3H), 3.77 (s, 3H), 3.62-3.67 
(m, 1H), 3.48 (s, 1H), 3.40-3.47 (m, 1H), 3.12 (dd, J = 8.4 Hz, J = 16.3 Hz, 1H). 13C-NMR (75 MHz, 
CDCl3, TMS): d = 33.7, 48.3, 51.4, 55.7, 61.7, 114.7, 115.0, 124.4, 127.0, 128.3, 140.9, 141.3, 142.7, 
152.4, 173.5. ESI-HRMS exact mass calcd. for (C18H19NO3 + Na)+ requires m/z 320.1257, found m/z 
320.1251. 
 


Methyl 1-(4-methoxyphenylamino)-1,2,3,4-tetrahydronaphthalene-2-carboxylate (3u): 
Yellow oil, [a]D


20 = -119.4 (c = 0.2 in EtOAc, 54%ee).  1H NMR (300 MHz, CDCl3, TMS) d = 
7.09-7.26 (m, 4H), 6.77-6.80 (m, 2H), 6.68-6.82 (m, 2H), 4.94 (d, J = 4.6 Hz, 1H), 3.76 (s, 3H), 3.69 
(br s, 1H), 3.61 (s, 3H), 2.98-3.04 (m, 2H), 2.88-2.92 (m, 1H), 2.79-2.82 (m, 1H), 2.10-2.19 (m 2H). 
13C-NMR (75 MHz, CDCl3, TMS): d = 21.2, 27.8, 44.8, 51.5, 55.0, 55.7, 114.8, 115.8, 126.2, 127.3, 
128.4, 128.9, 135.2, 137.8, 141.8, 152.6, 173.7. ESI-HRMS exact mass calcd. for (C19H21NO3 + Na)+ 
requires m/z 334.1414, found m/z 334.1420. 
 


Methyl 3-(2-methoxyphenylamino)butanoate (3v): Yellow oil, [a]D
20 = +12.4 (c = 0.2 in EtOAc, 


17%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 6.86-6.88 (m, 1H), 6.76-6.80 (m, 1H), 6.65-6.70 (m, 
2H), 4.28 (br s, 1H), 3.93-3.99 (m, 1H), 3.84 (s, 1H), 3.69 (s, 1H), 2.73 (dd, J = 15.0 Hz, J = 5.0 Hz, 
1H), 2.39 (dd, J = 15.0 Hz, J = 7.6 Hz, 1H), 1.30 (d, J = 6.4 Hz, 3H). 13C-NMR (75 MHz, CDCl3, 
TMS): d = 20.7, 41.0, 45.5, 51.6, 55.4, 109.7, 110.5, 116.6, 121.3, 136.5, 146.9, 172.3. ESI-HRMS 
exact mass calcd. for (C12H17NO3 + Na)+ requires m/z 246.1101, found m/z 246.1107. 
 







Methyl 3-(4-methoxyphenylamino)-4-methylpentanoate (3w): Yellow oil, [a]D
20 = +32.4 (c = 


0.2 in EtOAc, 67%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 6.73-6.77 (m, 2H), 6.59-6.63 (m, 2H), 
3.73 (s, 3H), 3.62 (s, 3H), 3.45 (br s, 1H), 2.39-2.54 (m, 2H), 1.87-1.93 (m, 1H), 0.98 (d, J = 6.8 Hz, 
3H), 0.93 (d, J = 6.8 Hz, 3H). 13C-NMR (75 MHz, CDCl3, TMS): d = 18.5, 18.6, 31.4, 36.5, 51.5, 55.6, 
57.0, 114.8, 114.9, 141.6, 152.0, 172.8. ESI-HRMS exact mass calcd. for (C14H21NO3 + Na)+ requires 
m/z 274.1414, found m/z 274.1420. 
 


Methyl 3-cyclohexyl-3-(4-methoxyphenylamino)propanoate (3x): Yellow oil, [a]D
20 = +5.5 (c 


= 0.2 in EtOAc, 80%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 6.73-6.77 (m, 2H), 6.72-6.75 (m, 1H), 
6.59-6.63 (m, 2H), 3.73 (s, 3H), 3.61 (s ,1H), 2.43-2.57 (s, 3H), 1.77-1.78 (m, 2H). 13C-NMR (75 
MHz, CDCl3, TMS): d = 21.2, 28.8, 31.2, 34.1, 55.5, 56.3, 109.8, 110.2, 117.3, 120.0, 121.0, 136.5, 
146.9. ESI-HRMS exact mass calcd. for (C17H25NO3 + Na)+ requires m/z 314.1727, found m/z 
314.1725. 
 


Methyl 2-(4-methoxyphenylamino)cyclopentanecarboxylate (3y): Yellow oil, [a]D
20 = +36.8 (c 


= 0.2 in EtOAc, 28%ee). 1H NMR (300 MHz, CDCl3, TMS) d = 6.73-6.78 (m, 2H), 6.57-6.60 (m, 2H), 
4.01 (q, J = 6.6 Hz, 1H), 3.73 (s, 3H), 3.53 (s, 3H), 3.06 (q, J = 7.5 Hz, 1H), 1.85-2.01 (m, 4H), 
1.63-1.77 (m, 2H). 13C-NMR (75 MHz, CDCl3, TMS): d = 22.4, 27.8, 32.7, 47.0, 51.4, 55.7, 58.0, 
114.7, 114.8. ESI-HRMS exact mass calcd. for (C14H17NO3 + Na)+ requires m/z 272.1257, found m/z 
272.1249. 
 


 


V. Experiment in gram scale and deprotection of N-PMP group of (S)- methyl 
3-(4-methoxyphenylamino) -3-phenylpropanoate (3c)[7] 


1c 3c


Ph
CO2Me


HN


*Ph
CO2Me


HN
PMP PMPCl3SiH, CHCl3


      2c
(10 mol %)


CAN, CH3CN, H2O


Ph
CO2Me


NH2


0oC-RT, 2h, 65%


82% yield, 95% ee1g Scale 95% ee


(S)-5


 


 
Catalyst 2c (0.145g, 0.35mmol) and 1c (1 g, 3.5 mmol) was dissolved in 35 mL of dry CHCl3 and 


cooled to -30 ? . Trichlorosilane (0.72 mL, 7 mmol) was added to the solution and the reaction 
mixture was stirred at -30 ?  for 48h. Then the reaction was quenched with saturated aqueous solution 
of NaHCO3. The mixture was extracted with EtOAc and the combined extract was washed with brine 
and dried over anhydrous MgSO4. Concentration in vacuo followed by flash chromatography on silica 
gel with hexane/ethyl acetate as the eluent afforded 3c in 83% yield. 
 
A solution of ammonium cerium nitrate (1.64g, 3 mmol) in water (5 mL) was added slowly to a 
stirred solution of compound (S)- methyl 3-(4-methoxyphenylamino) -3-phenylpropanoate (3c) 
(285mg, 1 mmol) in acetonitrile (10 mL) at 0? . After 2 hours, a solution of NaHCO3 (5%) was added 
until pH = 6. Then sodium sulfite was added until the mixture became a brown suspension. The 
mixture was then extracted with ethyl acetate (4×30 mL) and the combined organic phase was dried 
over anhydrous sodium sulfate. The mixture was subsequently filtered and the solvents were removed 
in vacuo. The crude product was purified through flash column chromatography [petroleum 







ether/EtOAc (1/1)] on silica gel to afford (S)-5 as a yellow oil, yield 65%. 1H NMR (300Hz, CDCl3, 
TMS): d = 7.23-7.37 (m, 5H), 4.42 (t, J = 6.8 Hz, 1H), 3.68 (s, 3H), 2.66 (d, J = 6.7 Hz, 2H), 1.79 (br s, 
2H).  


 


VI. Acetylation of the amino group of (S)- methyl 3-amino-3- phenylpropanoate (5) 


95% ee


1.1eq AcCl, 0?COOCH3


NH2


1.2eq Et3N


COOCH3


NHAc


90%(S)-5 (S)-3i


95% ee, 99% ee ( after a single recrystallization)
[a]D


20 = -79.5 (c= 0.6, CHCl3, 99% ee)
[lit]6 [a]D


20 = -79.9 (c= 1.0, CHCl3, S, 99% ee)  


To a solution of (S)- methyl 3-amino-3-phenylpropanoate (5) (99 mg, 0.5 mmol) and Et3N (0.1 mL, 
0.6 mmol) in CHCl3 was added CH3COCl (0.06 mL in 1mL of CHCl3) dropwise at 0?  in 10 mins. 
The result solution was allowed to worm to RT and stirred for additional two hours. The reaction was 
quenced with water. Then the organic phase was separated and washed with NaHCO3 (5%), water, 
brine respectively. The organic phase was dried over Na2SO4. The mixture was subsequently filtered 
and the solvents were removed in vacuo. The residue was subjected to FC to afford (S)- methyl 
3-acetamido-3-phenylpropanoate (3i) as a white solid, yield 90%. 1H NMR (300Hz, CDCl3): d = 
7.23-7.35 (m, 5H), 6.61 (d, J = 7.8 Hz, 1H) , 5.38-5.45 (m, 1H), 3.61 (s, 3H), 2.78-2.97 (m, 2H), 2.00 
(s, 3H). 
 
The enantiomers were analyzed by HPLC using a chiral AD-H column (n-heptane/2- propanol = 


95/5, flow rate = 1.0 mL/min, wavelength = 220 nm; minor enantiomer: tR = 27.47 min, major 
enantiomer: tR = 30.18 min; [a]D


20 = -79.5 (c= 0.6 in CHCl3, 99% ee). Lit. [6] [a]D
20 = -79.9 (c = 1.0 in 


CHCl3, S, 99% ee). 
 
Reference: 
1. O.Onomura, Y. Kouchi, F. Iwasaki, Y. Matsumura, Tetrahedron Lett. 2006, 47, 3751– 3754. 
2. Y. Li, X. Liu, Y. Yang, G. Zhao. J. Org. Chem., 2007, 72, 288-291. 
3. W. Tang, W. Wang, Y. Chi, X. Zhang. Angew. Chem. Int. Ed., 2003, 42, 3509–3511. 
4. Q. Dai, W. Yang, X. Zhang. Org. Lett., 2005, 7, 5343-5345. 
5. R. V. V. Ramana, W. Curt, J. Chem. Soc., Perkin Trans. 2002, 1232-1235. 
6. J. You, H. J. Drexler, S. L. Zhang, C. Fischer, D. Heller. Angew. Chem. Int. Ed., 2003, 42, 


913–916. 
7. S. Fustero, J. G. Soler, A. Bartolomé, M. S. Roselló. Org. Lett., 2003, 5, 2707-2710. 
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General Methods. NMR spectra were obtained on a Bruker 300 spectrometer, running at 300 and 75 


MHz for 1H and 13C, respectively. Chemical shifts (δ) are reported in ppm relative to residual solvent 


signals (CHCl3, 7.26 ppm for 1H NMR, CDCl3, 77.0 ppm for 13C NMR. 13C NMR spectra were 


acquired on a broad band decoupled mode. Optical rotations were measured on a Perkin-Elmer 241 


polarimeter. All reactions were carried out in anhydrous solvents and under argon atmosphere. THF 


and Et2O were distilled from sodium-benzophenone under argon, and CH2Cl2 was distilled from P2O5. 


Flash column chromatography was performed using silica gel Merck-60 (230-400 mesh). The 


enantiomeric ratios were determined with the aid of HPLC analysis with Chiracel IC column (25 cm x 


0.46 cm) with mixtures of hexanes:ipropanol as eluents. 


Materials. Commercially available starting materials and solvents were used without further 


purification. Amines 17,[1] 18,[2] 19,[1] 6[3] and nitroderivative 20[4] had previously been described. 


 


Synthesis of N-protected o-vinylbenzylamines 1 


NH2 NH-Cbz


NH-Boc


NH-Ac


NH-Ts


ClCO2Bn
K2CO3


(Boc)2O
Et3N
DCM


TsCl
KOH·H2O


DCM


Ac2O, Et3N
DCM


1a (82%)


1c (75%)


1d (88%)
17


1b (98%)


Dioxane


 


 


 


Synthesis of N-Benzyloxycarbonyl-2-vinylbenzylamine (1a). 


                                                 
[1] M. L. Bennasar, T. Roca, M. Monerris, D. García-Díaz, J. Org. Chem. 2006, 71, 7028. 
[2] M. G. Organ, J. Xu, B. N´Zemba, Tetrahedron Lett. 2002, 43, 8177.  
[3] X. Han, R. A. Widenhoefer, Angew. Chem. Int. Ed. 2006, 45, 1747.  
[4] R. A. Bunce, D. M. Herron, M. L. Ackerman, J. Org. Chem. 2000, 65, 2847.  
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To a solution of o-vinylbenzyl amine 17 (224 mg, 1.68 mmol) in dioxane (8 mL) was added K2CO3 


(348 mg, 2.53 mmol). To this suspension ClCO2Bn (0.48 mL, 3.37 mmol) was added dropwise and the 


mixture was vigorously stirred for 1 h. Then, solvent was then removed under reduced pressure and the 


residue was diluted with 1M HCl (10 mL) and extracted with CH2Cl2 (3 x 20 mL). The combined 


organic layers were washed with brine (10 mL) and dried over anhydrous Na2SO4. After solvent was 


removed, the crude mixture was purified by flash chromatography with hexanes:ethyl acetate 10:1 to 


afford 1a (367 mg, 82%) as a yellow solid. M.p. 58-60ºC. 1H-NMR (300 MHz): 4.44 (d, J = 5.6 Hz, 


2H), 4.93 (br s, 1H), 5.12 (s, 2H), 5.33 (d, J = 10.9 Hz, 1H), 5.66 (dd, J1 = 17.3, J2 = 1.1 Hz, 1H), 6.95 


(dd, J1 = 17.3, J2 =10.9 Hz, 1H), 7.25-7.37 (m, 8H), 7.50 (d, J = 6.8 Hz, 1H) ppm. 13C-NMR (75 MHz): 


43.5 (CH2), 67.3 (CH2), 117.3 (CH2), 126.6 (CH), 128.4 (CH), 128.5 (CH), 128.9 (CH), 129.0 (CH), 


129.1 (CH), 129.4 (CH), 134.0 (CH), 135.3 (C), 136.9 (C), 137.2 (C), 156.5 (C) ppm. HRMS (EI+) 


(m/z): calcd. for C17H17NO2 (M
+): 267.1259. Found: 267.1252. 


 


Synthesis of N-tert-butoxycarbonyl-2-vinylbenzylamine (1b). 


Et3N (0.35 mL, 2.51 mmol) and a catalytic amount of DMAP (5 mg) were added to a solution of o-


vinylbenzyl amine 17 (111 mg, 0.84 mmol) in CH2Cl2 (1.5 mL). After 5 min, (Boc)2O (201 mg, 0.92 


mmol) was added to the resulting solution and the mixture stirred at rt for 4 h. The solvent was then 


removed, the residue diluted with water (8 mL), acidified with 1M HCl until pH = 5, and extracted with 


CH2Cl2 (3 x 10 mL). The combined organic layers were washed with brine (10 mL) and dried over 


anhydrous Na2SO4. After the solvent was removed, the crude mixture was purified by flash 


chromatography with hexanes:ethyl acetate 10:1 to afford 1b (192 mg, 98%) as a yellow oil. 1H-NMR 


(300 MHz): 1.45 (s, 9H), 4.38 (d, J = 5.6 Hz, 2H), 4.68 (br s, 1H), 5.34 (dd, J1 = 10.9, J2= 1.3 Hz, 1H), 


5.67 (dd, J1 = 17.3, J2 = 1.3 Hz, 1H), 6.96 (dd, J1 = 17.3, J2 = 10.9 Hz, 1H) 7.24-7.31 (m, 3H), 7.50-7.53 


(m, 1H) ppm. 13C-NMR (75 MHz): 27.9 (3CH3), 42.1 (CH2), 79.0 (C), 116.1 (CH2), 125.6 (CH), 127.4 


(CH), 127.5 (CH), 128.3 (CH), 133.3 (CH), 135.0 (C), 136.3 (C), 155.1 (C) ppm. HRMS (FAB+) 


(m/z): calcd. for C14H20NO2 (M+H+): 234.1494. Found: 234.1498. 


 


 


Synthesis of N-Tosyl-2-vinylbenzylamine (1c). 
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KOH (6.63 g, 0.12 mmol) was added to a solution of o-vinylbenzyl amine 17 (450 mg, 3.38 mmol) in 


H2O:CH2Cl2 (15 + 15 mL). After 5 min, TsCl (1.61 g, 8.46 mmol) was added to the resulting 


suspension and the mixture vigorously stirred at rt. After 1 h, the reaction mixture was hydrolyzed with 


water (10 mL), extracted with CH2Cl2 (3 x 20 mL) and the combined organic layers washed with brine 


(10 mL) and dried over anhydrous Na2SO4. After solvent evaporation, the crude mixture was subjected 


to flash chromatography with hexanes:ethyl acetate 5:1 to afford 1c (726 mg, 75%) as a white solid. 


M.p. 124-126ºC. 1H-NMR (300 MHz): 2.45 (s, 3H), 4.16(d, J = 5.8 Hz, 2H), 4.43 (br s, 1H), 5.28 (dd, 


J1 = 10.9, J2 = 1.3 Hz, 1H), 5.62 (dd, J1 = 17.3, J2 = 1.3 Hz, 1H), 6.76 (dd, J1 = 17.3, J2 = 10.9 Hz, 1H), 


7.11-7.24 (m, 3H), 7.31 (d, J = 8.2 Hz, 2H), 7.44 (d, J = 7.5 Hz, 1H), 7.75 (d, J = 8.2 Hz, 2H) ppm. 13C-


NMR (75 MHz): 21.5 (CH3), 45.2 (CH2), 117.3 (CH2), 126.2 (CH), 127.2 (CH), 128.0 (CH), 128.6 


(CH), 129.5 (CH), 129.7 (CH), 132.7 (C), 133.3 (CH), 136.5 (C), 137.0 (C), 143.6 (C) ppm. HRMS 


(EI+) (m/z): calcd. for C16H17NO2S (M+): 287.0980. Found: 287.0982.  


 


 


Synthesis of N-tert-Butoxycarbonyl-2-vinylbenzylamine (1d). 


Acetic anhydride (2.67 mL, 2.98 mmol) and Et3N (0.30 mL, 2.98 mmol) were added to a solution of o-


vinylbenzyl amine 17 (397 mg, 2.98 mmol) in CH2Cl2 (20 mL). The reaction mixture was stirred at rt 


for 12 h, then hydrolyzed with water (10 mL) and extracted with CH2Cl2 (3 x 20 mL). The combined 


organic layers were succesively washed with saturated aqueous NaHCO3 (10 mL) and brine (10 mL) 


and dried over anhydrous Na2SO4. After the solvent was removed, the crude mixture was purified by 


flash chromatography with hexanes:ethyl acetate 3:1 to afford 1d (464 mg, 88%) as a light brown solid. 


M.p. 83-85ºC. 1H-NMR (300 MHz): 1.98 (s, 3H), 4.48 (d, J = 5.3 Hz, 2H), 5.35 (dd, J1 = 10.9, J2 = 1.1 


Hz, 1H), 5.68 (dd, J1 = 17.3, J2 = 1.1 Hz, 1H), 6.94 (dd, J1 = 17.3, J2 = 10.9 Hz, 1H) 7.25-7.33 (m, 3H), 


7.53 (d, J = 7.0 Hz, 1H) ppm. 13C-NMR (75 MHz):  23.1 (CH3), 41.7 (CH2), 116.7 (CH2), 126.1 (CH), 


128.0 (CH), 128.2 (CH), 129.4 (CH), 133.7 (CH), 134.8 (C), 136.9 (C), 169.6 (C) ppm. HRMS (EI+) 


(m/z): calcd. for C11H13NO (M+): 175.0997. Found: 175.1000. 


Synthesis of N-Benzyloxycarbonyl-2-allylaniline 2 
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Following the previously described procedure for the preparation of 1a, starting from o-allylaniline 18 


(240 mg, 1.80 mmol) 2 was obtained as a yellow oil (240 mg) in 97% yield. 1H-NMR (300 MHz): 3.36 


(d, J = 6.0 Hz, 2H), 5.04 (dd, J1 = 17.3, J2 = 1.7 Hz, 1H), 5.14 (dd, J1 = 9.9, J2 = 1.7 Hz, 1H), 5.21 (s, 


2H), 5.88-6.02 (m, 1H), 6.65 (br s, 1H), 7.06-7.43 (m, 8H), 7.81 (br s, 1H) ppm. 13C-NMR (75 MHz): 


36.5 (CH2), 67.0 (CH2), 116.7 (CH2), 124.5 (CH), 127.5 (CH), 128.2 (CH), 128.3 (CH), 128.5 (CH), 


128.6 (CH), 129.0 (C), 130.1 (C), 135.7 (CH), 136.0 (C), 136.2 (CH), 153.8 (C) ppm. HRMS (EI+) 


(m/z): calcd. for C17H17NO2 (M
+): 267.1259. Found: 267.1253. 


 


Synthesis of N-Benzyloxycarbonyl-2-allylbenzyl amine 3 


 


Following the previously described procedure for the preparation of 1a, starting from o-allylbenzyl 


amine 19 (400 mg, 2.72 mmol) 3 was obtained as a yellow oil (654 mg) in 86% yield. 1H-NMR (300 


MHz): 3.43 (d, J = 6.0 Hz, 2H), 4.40 (d, J = 5.6 Hz, 2H), 4.94-5.09 (m, 3H), 5.13 (s, 2H), 5.90-6.03 (m, 


1H), 7.17-7.36 (m, 9H) ppm. 13C-NMR (75 MHz): 36.9 (CH2), 42.7 (CH2), 66.8 (CH2), 116.0 (CH2), 


126.8 (CH), 127.9 (CH), 128.1 (CH), 128.5 (CH), 128.7 (CH), 130.1 (CH), 136.0 (C), 136.5 (C), 136.9 


(CH), 137.8 (C), 156.1 (C) ppm. HRMS (EI+) (m/z): calcd. for C18H19NO2 (M+): 281.1415. Found: 


281.1418. 


 


Synthesis of N-Benzyloxycarbonyl-2-homoallylaniline 4 


NH-Cbz


4 (81%)20


NO2


21


NH2


Zn


AcOH


ClCO2Bn
K2CO3


Dioxane


 


Zinc dust (2.3 g, 33.9 mmol) was added to a solution of 20 (1.0 g, 5.7 mmol) in acetic acid (50 mL). 


After the suspension was stirred at rt for 5h, the reaction mixture was filtered through a pad of Celite 


and washed with CH2Cl2. The solution was diluted with saturated Na2CO3 (15 mL) and extracted with 


CH2Cl2 (3 x 15 mL). The combined organic layers were washed with brine and dried over anhydrous 


Na2SO4. After evaporation of the solvents under reduced pressure, the resulting oil (21) was used 


without further purification in the next step. 


From oil 21, following the previously described procedure for the preparation of 1a, 4 was obtained as 


a white solid (1.01 g) in 69% yield (2 steps). M.p. 45-47ºC. 1H-NMR (300 MHz): 2.39-2.47 (m, 2H), 


2.72-2.77 (m, 2H), 5.10-5.19 (m, 2H), 5.31 (s, 2H) 5.88-6.01 (m, 1H), 6.80 (br s, 1H), 7.17-7.22 (m, 
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3H), 7.31-7.52 (m, 5H) 7.85 (br s, 1H) ppm. 13C-NMR (75 MHz): 30.5 (CH2), 33.5 (CH2), 66.8 (CH2), 


115.4 (CH2), 124.6 (CH), 126.7 (CH), 128.1 (2CH), 128.4 (CH), 128.5 (CH), 129.2 (CH), 130.2 (C), 


135.0 (C), 136.0 (C), 137.3 (CH), 153.9 (C) ppm. HRMS (EI+) (m/z): calcd. for C18H19NO2 (M+): 


281.1416. Found: 281.1419. 


 


General procedure for the CM reaction 


To a solution of the corresponding N-protected amine 1-4 (1 equiv) in CH2Cl2 (0.1 M) under nitrogen, 


acrolein (5 equiv) and Hoveyda-Grubbs catalyst 9 (5 mol %) were added. The resulting solution was 


stirred at rt for 12 h and then, the solvents removed and the crude mixture purified by flash 


chromatography with hexanes:ethyl acetate. 


 


CHO


NH-Cbz


5a  


Synthesis of (E)-2-Benzyloxycarbonylaminomethyl cinnamaldehyde 5a. 


By means of the general procedure described above, 5a (92 mg) was obtained from 1a (143 mg) as a 


white solid in 60% yield after flash chromatography with hexanes:ethyl acetate 3:1. M.p. 65-67 ºC. 1H-


NMR (300 MHz):  4.55 (d, J = 5.8 Hz, 2H), 5.05 (br s, 1H), 5.13 (s, 2H), 6.64 (dd, J1 = 15.8, J2 = 7.7 


Hz, 1H), 7.28-7.41 (m, 8H), 7.62-7.64 (m, 1H), 7.85 (d, J = 15.8 Hz, 1H), 9.66 (d, J = 7.7 Hz, 1H) ppm. 
13C-NMR (75 MHz): 42.9 (CH2), 67.1 (CH2), 127.2 (CH), 128.1 (CH), 128.3 (CH), 128.5 (CH), 129.7 


(CH), 130.6 (CH), 131.1 (CH), 132.9 (C), 136.2 (C), 137.4 (C), 149.1 (CH), 155.9 (C), 193.8 (CH) 


ppm. HRMS (FAB+) (m/z): calcd. for C18H18NO3 (M+H+): 296.1287. Found: 296.1296. 


 


CHO


NH-Boc


5b  


Synthesis of (E)-2-tert-Butoxycarbonylaminomethyl cinnamaldehyde 5b. 


By means of the general procedure described above, 5b (73 mg) was obtained from 1b (93 mg) as a 


white solid in 70% yield after flash chromatography with hexanes:ethyl acetate 3:1. M.p. 109-111 ºC. 


1H-NMR (300 MHz): 1.44 (s, 9H), 4.49 (d, J = 5.8 Hz, 2H), 4.78 (br s, 1H), 6.66 (dd, J1 = 15.8, J2 = 7.7 


Hz, 1H), 7.32-7.43 (m, 3H), 7.64 (d, J = 8.1 Hz, 1H), 7.89 (d, J = 15.8 Hz, 1H), 9.72 (d, J = 7.7 Hz, 


1H) ppm. 13C-NMR (75 MHz): 28.3 (3CH3), 42.6 (CH2), 79.9 (C), 127.2 (CH), 128.4 (CH), 129.7 (CH), 


130.4 (CH), 131.1 (CH), 133.0 (C), 138.0 (C), 149.5 (CH), 155.3 (C), 193.9 (CH)  ppm. HRMS (EI+) 


(m/z): calcd. for C15H19NO3 (M
+): 261.1365. Found: 261.1367. 
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CHO


NH-Ts


5c  


Synthesis of (E)-Tosylaminomethyl cinnamaldehyde 5c. 


By means of the general procedure described above, 5c (177 mg) was obtained from 1c (231 mg) as a 


white solid in 65% yield after flash chromatography with hexanes:ethyl acetate 4:1. M.p. 140-142 ºC. 


1H-NMR (300 MHz): 2.46 (s, 3H), 4.24 (d, J = 6.0 Hz, 2H), 4.67 (br s, 1H), 6.60 (dd, J1 = 15.8, J2 = 7.7 


Hz, 1H), 7.23-7.37 (m, 5H), 7.58-7.62 (m, 1H), 7.69-7.78 (m, 3H), 9.55 (d, J = 7.7 Hz, 1H) ppm. 13C-


NMR (75 MHz): 21.6 (CH3), 45.2 (CH2), 127.2 (CH), 127.3 (CH), 129.1 (CH), 129.9 (CH), 130.4 


(CH), 130.7 (CH), 131.1 (CH), 133.3 (C), 134.7 (C), 136.3 (C), 144.0 (C), 148.5 (CH), 193.8 (C) ppm. 


HRMS (EI+) (m/z): calcd. for C17H17NO3S (M+): 315.0929. Found: 315.0919. 


 


CHO


NH-Ac


5d  


Synthesis of (E)-Acetamidomethyl cinnamaldehyde 5d. 


By means of the general procedure described above, 5d (170 mg) was obtained from 1d (464 mg) as a 


brown solid in 35% yield after flash chromatography with hexanes:ethyl acetate 1:3. M.p. 110-112 ºC. 


1H-NMR (300 MHz): 2.00 (s, 3H), 4.60 (d, J = 5.6 Hz, 2H), 5.78 (br s, 1H), 6.64 (dd, J1 = 15.8, J2 = 7.7 


Hz, 1H), 7.33-7.44 (m, 3H), 7.64 (d, J = 6.8 Hz, 1H), 7.86 (d, J = 15.8 Hz, 1H), 9.71 (d, J = 7.7 Hz, 1H) 


ppm. 13C-NMR (75 MHz): 22.7 (CH3), 40.9 (CH2), 126.8 (CH), 128.2 (CH), 129.7 (CH), 130.1 (CH), 


130.7 (CH), 132.6 (C), 137.0 (C), 148.8 (CH), 169.1 (C), 193.5 (C) ppm. HRMS (EI+) (m/z): calcd. for 


C12H13NO2 (M
+): 203.0941. Found: 203.0946. 


 


NH-Cbz


CHO


6  


Synthesis of (E)-4-(2-benzyloxycarbonylamino)phenyl-2-butenal 6. 


By means of the general procedure described above, 6 (109 mg) was obtained from 2 (212 mg) as a 


yellow oil in 50% yield after flash chromatography with hexanes:ethyl acetate 5:1. 1H-NMR (300 


MHz): 3.62 (dd, J1 = 6.2, J2 = 1.7 Hz, 2H), 5.19 (s, 2H), 6.03 (dd, J1 = 15.6, J2 = 7.9 Hz, 1H), 6.33 (br s, 


1H), 6.93 (dt, J1 = 15.6, J2 = 6.2 Hz, 1H), 7.15-7.17 (m, 2H), 7.26-7.38 (m, 6H), 7.65 (br s, 1H), 9.52 (d, 


J = 7.9 Hz, 1H) ppm. 13C-NMR (75 MHz): 35.3 (CH2), 67.8 (CH2), 124.6 (CH) 126.2 (CH), 128.7 


(CH), 128.8 (CH), 128.9 (CH), 129.0 (CH), 130.6 (CH), 130.7 (C), 134.2 (CH), 135.7 (C), 136.3 (C), 
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154.4 (C), 155.0 (CH), 193.8 (CH) ppm. HRMS (EI+) (m/z): calcd. for C18H17NO3 (M
+): 295.1208. 


Found: 295.1205. 


 


CHO
NH-Cbz


7  


Synthesis of (E)-4-(2-benzyloxycarbonylaminomethyl)phenyl-2-butenal 7. 


By means of the general procedure described above, 7 (132 mg) was obtained from 3 (210 mg) as a 


white solid in 60% yield after flash chromatography with hexanes:ethyl acetate 3:1. M.p. 75-77 ºC. 1H-


NMR (300 MHz): 3.69 (d, J = 5.8 Hz, 2H), 4.35 (d, J = 5.7 Hz, 2H) 4.96 (br s, 1H), 5.10 (s, 2H), 5.95 


(dd, J1 = 15.6, J2 = 7.7 Hz, 1H), 6.89-6.98  (m, 1H), 7.15 (m, 1H), 7.27-7.34 (m, 8H), 9.46 (d, J = 7.7 


Hz, 1H) ppm. 13C-NMR (75 MHz): 35.7 (CH2), 42.8 (CH2), 66.9 (CH2), 127.6 (CH), 128.2 (CH), 128.4 


(CH), 128.5 (CH), 129.2 (CH), 130.4 (CH), 133.5 (CH), 135.4 (C), 136.1 (C), 136.3 (C), 156.0 (C), 


156.1 (CH), 193.5 (CH) ppm. HRMS (EI+) (m/z): calcd. for C19H19NO3 (M+): 309.1365. Found: 


309.1363. 


 


NH-Cbz
8


CHO


 


Synthesis of (E)-5-(2-benzyloxycarbonylamino)phenyl-2-pentenal 8. 


By means of the general procedure described above, 8 (249 mg) was obtained from 4 (369 mg) as a 


yellow oil in 73% yield after flash chromatography with hexanes:ethyl acetate 3:1. 1H-NMR (300 


MHz): 2.66-2.73 (m, 2H), 2.84-2.89 (m, 2H), 5.30 (s, 2H), 6.20 (dd, J1 = 15.6, J2 = 7.9 Hz, 1H), 6.78 


(br s, 1H), 6.88 (dt, J1 = 15.6, J2 = 6.8 Hz, 1H), 7.21-7.27 (m, 2H), 7.32-7.36 (m, 1H), 7.45-7.49 (m, 


5H), 7.74 (br s, 1H), 9.55 (d, J = 7.9 Hz, 1H) ppm. 13C-NMR (75 MHz): 29.3 (CH2), 32.4 (CH2), 67.1 


(CH2), 123.9 (CH), 125.4 (CH), 127.3 (CH), 128.3 (2CH), 128.5 (CH), 129.2 (CH), 132.0 (C), 133.3 


(CH), 135.0 (C), 135.9 (C), 154.2 (CH), 156.8 (C), 193.8 (CH) ppm. HRMS (EI+) (m/z): calcd. for 


C19H19NO3 (M+H+): 309.1365. Found: 309.1375. 


 


General procedure for the intramolecular aza-Michael reaction 


In a flame-dried, 10 mL round bottomed flask, unsaturated aldehydes 5-8 (1 equiv) were dissolved in 


dry chloroform (0.1 M) and the solution was cooled to −30 ºC. To this solution, a mixture of catalyst I 


or II (20 mol %) and benzoic acid (0.2 equiv) in chloroform was added and the resulting solution was 


stirred at this temperature for 12 h (except for substrate 8, which was maintained for 24 h). The mixture 


was then diluted with methanol and NaBH4 (3 equiv) was added in portions. The mixture was allowed 
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to reach 0ºC and, after 30 minutes at this temperature, the reaction was quenched with saturated NH4Cl 


and extracted with CH2Cl2 (3 x 10 mL). The organic extracts were washed with brine, dried over 


anhydrous Na2SO4 and concentrated to dryness under vacuum. After flash chromatography over silica 


gel using mixtures of hexane:ethyl acetate as eluents, the corresponding alcohols 10-13 were obtained 


as colorless oils. The enantiomeric ratios were determined with the aid of HPLC analysis with Chiracel 


IC column (25 cm x 0.46 cm). 


 


(+)-10a


N


OH


Cbz


 


Synthesis of (1S)-N-Benzyloxycarbonyl-1-(2-hydroxyethyl)isoindoline 10a. 


By means of the general procedure described above, 10a (16 mg) was obtained from 5a (22 mg) as a 


colorless oil in 72% yield and 98% ee with catalyst I (68% yield and 99% ee with catalyst II) after 


flash chromatography with hexanes:ethyl acetate 3:1. The ee was determined by HPLC analysis using a 


Chiralpack IC column (hexane:isopropanol 87:13); flow rate = 1.1 mL/min, tmajor=36.9 min, tminor=39.2 


min. 1H-NMR (300 MHz): 1.60-1.69 (m, 2H), 2.16-2.27 (m, 1H), 3.70 (br s, 1H), 3.96 (br s, 1H), 4.63 


(d, J = 14.9 Hz, 1H), 4.91 (d, J = 14.9 Hz, 1H), 5.22 (s, 2H), 5.38 (d, J = 10.0 Hz, 1H), 7.21-7.40 (m, 


9H) ppm. 13C-NMR (75 MHz): 40.4 (CH2), 51.8 (CH2), 59.0 (CH2), 60.6 (CH), 67.5 (CH2), 122.3 (CH), 


122.4 (CH), 127.6 (2CH), 128.0 (CH), 128.2 (CH), 128.6 (CH), 135.8 (C), 136.3 (C), 141.3 (C), 156.6 


(C) ppm. [α]D
25: +21.0 (c 1.0, CHCl3). HRMS (EI+) (m/z): calcd. for C18H19NO3 (M+): 297.1365. 


Found: 297.1360. 


 


(+)-10b


N


OH


Boc


 


Synthesis of (1S)-N-tert-Butoxycarbonyl-1-(2-hydroxyethyl)isoindoline 10b.  


By means of the general procedure described above, 10b (9.1 mg) was obtained from 5b (14.5 mg) as a 


colorless oil in 72% yield and 94% ee with catalyst I (68% yield and 91% ee with catalyst II) after 


flash chromatography with hexanes:ethyl acetate 2:1. The ee was determined by HPLC analysis using a 


Chiralpack IC column (hexane:isopropanol 87:13); flow rate = 1.1 mL/min, tmajor=12.3 min, tminor=13.5 


min. 1H-NMR (300 MHz): 1.51 (s, 9H), 1.55-1.65 (m, 2H), 2.11-2.22 (m, 1H), 3.70 (br s, 1H), 4.29 (m, 


1H), 4.53 (dd, J1 = 15.0, J2 = 2.1 Hz, 1H), 4.80 (d, J = 15.0 Hz, 1H), 5.31 (d, J = 10.1, Hz, 1H), 7.21-


7.29 (m, 4H) ppm. 13C-NMR (75 MHz): 28.1 (3CH3), 40.3 (CH2), 51.5 (CH2), 58.7 (CH2), 59.4 (CH), 
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80.1 (C), 122.0 (CH), 127.0 (CH), 135.9 (C), 141.4 (C), 155.9 (C) ppm. [α]D
25: +18.6 (c 0.8, CHCl3). 


HRMS (EI+) (m/z): calcd. for C15H21NO3 (M
+): 263.1521. Found: 263.1525. 


 


(+)-10c


N


OH


Ts


 


Synthesis of (1S)-N-Tosyl-1-(2-hydroxyethyl)indoline 10c. 


By means of the general procedure described above, 10c (21.7 mg) was obtained from 5c (33.8 mg) as 


a pale brown oil in 61% yield and 94% ee with catalyst I (63% yield and 91% ee with catalyst II) after 


flash chromatography with hexanes:ethyl acetate 3:1. The ee was determined by HPLC analysis using a 


Chiralpack IC column (hexane:isopropanol 40:60); flow rate = 1.0 mL/min, tmajor=18.6 min, tminor=20.3 


min. 1H-NMR (300 MHz): 1.77-1.87 (m, 1H), 2.15-2.26 (m ,1H), 2.33 (s, 3H), 2.62 (br s, 1H), 3.70-


3.74 (m, 1H), 4.01-4.08 (m, 1H), 4.65 (s, 2H), 5.19 (dd, J1 = 8.7, J2 = 3.8 Hz, 1H), 7.08-7.20 (m, 6H), 


7.66 (d, J = 8.3 Hz, 2H) ppm. 13C-NMR (75 MHz): 21.4 (CH3), 40.0 (CH2), 53.5 (CH2), 58.8 (CH2), 


63.3 (CH), 122.3 (2CH), 127.3 (CH), 127.7 (CH), 127.8 (CH), 129.7 (CH), 134.0 (C), 135.5 (C), 140.5 


(C), 143.8 (C) ppm. [α]D
25: +30.0 (c 1.0, CHCl3). HRMS (EI+) (m/z): calcd. for C17H19NO3S (M+): 


317.1085. Found: 317.1084. 


 


(+)-10d


N


OH


Ac


 


Synthesis of (1S)-N-Acetyl-1-(2-hydroxyethyl)isoindoline 10d. 


By means of the general procedure described above, 10d (7 mg) was obtained from 5d (19 mg) as a 


pale brown oil in 36% yield and 64% ee with catalyst I (28% yield and 58% ee with catalyst II) after 


flash chromatography with hexanes:ethyl acetate 1:20. The ee was determined by HPLC analysis using 


a Chiralpack IC column (hexane:isopropanol 90:10); flow rate = 1.1 mL/min, tmajor=21.3 min, 


tminor=17.3 min. 1H-NMR (300 MHz): 1.53-1.63 (m, 1H), 2.11-2.24 (m, 1H), 2.20 (s, 3H), 3.56-3.66 (m, 


2H), 4.45 (br s, 1H), 4.77 (d, J = 14.3 Hz, 1H), 4.82 (d, J = 14.3 Hz, 1H), 5.53 (dd, J1 = 10.1, J2 = 2.6 


Hz, 1H), 7.24-7.31 (m, 4H) ppm. 13C-NMR (75 MHz): 22.2 (CH3), 40.0 (CH2), 52.5 (CH2), 58.6 (CH2), 


59.2 (CH), 122.0 (CH), 122.2 (CH), 127.2 (CH), 127.6 (CH), 134.6 (C), 141.3 (C), 154.3 (C) ppm. 


[α]D
25: +4.1 (c 1.0, CHCl3). HRMS (EI+) (m/z): calcd. for C12H15NO2 (M+): 205.1103. Found: 


205.1104. 
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N
Cbz


OH


(+)-11  


Synthesis of (2R)-N-Benzyloxycarbonyl-2-(2-hydroxyethyl)indoline 11.  


By means of the general procedure described above, 11 (19 mg) was obtained from 6 (27 mg) as a 


colorless oil in 70% yield and 93% ee with catalyst I (67% yield and 92% ee with catalyst II) after 


flash chromatography with hexanes:ethyl acetate 3:1. The ee was determined by HPLC analysis using a 


Chiralpack IC column (hexane:isopropanol 87:13); flow rate = 1.1 mL/min, tmajor=16.4 min, tminor=19.7 


min. 1H-NMR (300 MHz): 1.80 (br s, 2H), 2.60-2.80 (m, 1H), 3.40 (dd, J1 = 15.6, J2 = 9.2 Hz, 1H), 


3.58-3.66 (m, 3H), 4.77 (br s, 1H), 5.26-5.33 (m, 2H), 6.97-7.02 (m, 1H), 7.17-7.19 (m, 2H), 7.35-7.46 


(m, 6H) ppm. 13C-NMR (75 MHz): 34.5 (CH2), 38.2 (CH2), 56.5 (CH), 58.6 (CH2), 67.9 (CH2), 116.6 


(CH), 123.3 (CH), 125.2 (CH), 127.4 (CH), 128.2 (CH), 128.3 (CH), 128.4 (CH), 128.6 (CH), 135.8 


(C), 137.4 (C), 138.1 (C), 154.9 (C) ppm. [α]D
25: +4.0 (c 0.6, CHCl3). HRMS (EI+) (m/z): calcd. for 


C18H19NO3 (M
+): 297.1365. Found: 297.1364. 


 


N
Cbz


OH


(+)-12  


Synthesis of (3R)-N-Benzyloxycarbonyl-3-(2-hydroxyethyl)tetrahydro isoquinoline 12. 


By means of the general procedure described above, 12 (14 mg) was obtained from 7 (21 mg) as a 


colorless oil in 67% yield and 99% ee with catalyst I (63% yield and 99% ee with catalyst II) after flash 


chromatography with hexanes:ethyl acetate 2:1. The ee was determined by HPLC analysis using a 


Chiralpack IC column (hexane:isopropanol 87:13); flow rate = 1.1 mL/min, tmajor=14.3 min, tminor=11.6 


min. 1H-NMR (300 MHz): 1.40-1.48 (m, 1H), 1.61-1.69 (m, 1H), 2.67 (d, J = 15.8 Hz, 1H), 3.16-3.23 


(m, 1H), 3.40-3.57 (m, 3H), 4.29 (d, J = 16.8 Hz, 1H), 4.70-4.84 (m, 2H), 5.18 (d, J = 12.1 Hz, 1H), 


5.26 (d, J = 12.1 Hz, 1H), 7.06-7.22 (m, 4H), 7.33-7.43 (m, 5H) ppm. 13C-NMR (75 MHz): 34.0 (CH2), 


35.3 (CH2), 43.3 (CH2), 46.3 (CH), 58.7 (CH2), 67.7 (CH2), 126.0 (CH), 126.4 (CH), 126.9 (CH), 128.0 


(CH), 128.2 (CH), 128.6 (CH), 129.1 (CH), 131.6 (C), 132.8 (C), 136.4 (C), 157.2 (C) ppm. [α]D
25: 


+26.2 (c 1.0, CHCl3). HRMS (EI+) (m/z): calcd. for C19H21NO3 (M
+): 311.1521. Found: 311.1521. 


 


N


(+)-13


Cbz
OH


 







 S13


Synthesis of (2R)-N-Benzyloxycarbonyl-2-(2-hydroxyethyl)tetrahydroquinoline 13. 


By means of the general procedure described above, 13 (14. mg) was obtained from 7 (22 mg) as a 


colorless oil in 70% yield and 92% ee with catalyst I (60% yield and 91% ee with catalyst II) after flash 


chromatography with hexanes:ethyl acetate 2:1. The ee was determined by HPLC analysis using a 


Chiralpack IC column (hexane:isopropanol 87:13); flow rate = 1.1 mL/min, tmajor=17.4 min, tminor=20.6 


min. 1H-NMR (300 MHz): 1.45-1.75 (m, 3H), 2.28-2.40 (m, 1H), 2.69 (t, J = 6.6 Hz, 2H), 3.20 (br s, 


1H), 3.54-3.65 (m, 2H), 4.74-4.83 (m, 1H), 5.15 (d, J = 12.4 Hz, 1H), 5.33 (d, J = 12.4 Hz, 1H), 7.04-


7.17  (m, 3H), 7.29-7.39 (m, 6H) ppm. 13C-NMR (75 MHz): 24.8 (CH2), 29.7 (CH2), 36.1 (CH2), 49.7 


(CH), 58.8 (CH2), 67.8 (CH2), 124.7 (CH), 125.5 (CH), 126.1 (CH), 127.8 (CH), 127.9 (CH), 128.1 


(CH), 128.5 (CH), 131.9 (C), 135.8 (C), 136.0 (C), 155.9 (C) ppm. [α]D
25: +7.8 (c 0.8, CHCl3). HRMS 


(EI+) (m/z): calcd. for C19H21NO3 (M
+): 311.1521. Found: 311.1524.  


 


Total synthesis of (+)-Angustureine 15 


 


8


N


14 (68%) 15 [(+)-Angustureine]


Cbz
N
Me


PhCO2H, CHCl3


−30 ºC, 24 h


I (20 mol %) 1. Ph3PPrBr, Tol
NaN(TMS)2


2. LiAlH4, Et2O
3. H2, Pd-C, EtOAc


52% (3 steps)


O Pr


NH
Cbz


O


 


Following the previously described General procedure for the intramolecular aza-Michael reaction 


without addition of NaBH4, compound 14 (62 mg, 68%) was synthesized and purified by flash 


chromatography with hexanes:ethyl acetate 5:1. Propyl triphenylphosphonium bromide (385 mg, 1 


mmol) was suspended in toluene (5 mL) and then NaN(TMS)2 (1.0 mL, 1.0 mmol, 1.0 M solution in 


THF) was added dropwise at 0 ºC. After stirring for 30 min at rt, the reaction mixture containing the 


ylide was cooled with an ice bath and a solution of aldehyde 14 (62 mg, 0.2 mmol) in toluene (5 mL) 


was added dropwise and the mixture allowed to reach room temperature and stirred for 3 h. The 


reaction was hydrolyzed with saturated NH4Cl (10 mL) and extracted with CH2Cl2 (3 x 10 mL). The 


combined organic layers were washed with brine (10 mL), dried over anhydrous Na2SO4 and 


concentrated to dryness under vacuum. After flash chromatography over silica gel using hexane:ethyl 


acetate (10:1) as eluent, the Wittig adduct was isolated as a colorless oil (45 mg, 67%) and redissolved 


in ethyl ether (10 mL) and then, LiAlH4 (6 mg, 0.15 mmol) was added at 0 ºC. The suspension was 


stirred for 3 h at rt and then, Na2SO4.10H2O (200 mg) was added and the mixture vigorously stirred for 


1 h. The reaction mixture was filtered over a pad of celite, washed with ether, and the solvents 


removed. The residue was redissolved in ethyl acetate (10 mL) and after the addition of Pd-C (40 mg), 


the suspension was stirred under atmosphere of hydrogen (1 atm) at rt for 12 h. The mixture was 
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filtered over a pad of Celite, and the residue subjected to flash chromatography using hexanes:CH2Cl2 


(5:1) to afford 23 mg of (+)-15 (78%, two steps). [α]D
25: +5.6 (c 1.0, CHCl3). 


1H-NMR data are in 


accordance with the previously described in the literature.[5] 


 


Synthesis of ββββ-Amino ester (+)-16. 


N
Cbz


CO2Me


1. NaClO2, KH2PO4, H2O2


2. TMSCHN2, Tol/MeOH


MeOH/CH3CN/H2O


(+)-16 (50%)


N


14


Cbz


O


 


Aldehyde 14 (60 mg, 0.2 mmol) was dissolved in a mixture of MeOH (1 mL), CH3CN (1 mL) and 


water (1 mL). The solution was cooled down to 0 ºC and and KH2PO4 (76 mg, 0.55 mmol) and NaClO2 


(38 mg, 0.42 mmol) were added. After the injection of H2O2 (30% solution, 0.6 mL), the mixture was 


warmed up to rt and stirred for 2 h. The pH was adjusted to 3 with 1M HCl and saturated Na2SO3 


solution (20 mL) was added. The resulting mixture was extracted with CH2Cl2 (3 x 10 mL), the 


combined organic layers were washed with water (10 mL), and dried over anhydrous Na2SO4. The 


organic layer was concentrated under vacuum and the residue was dissolved in toluene (1 mL) and 


methanol (3 mL). Trimethylsilyl diazomethane (0.1 mL, 0.2 mmol, 2.0 M in n-hexane) was added 


dropwise. The solution was stirred for additional 10 min and quenched with four drops of neat AcOH. 


The solvents were evaporated under vacuum and the crude residue subjected to flash chromatography 


with hexanes:ethyl acetate (7:1) to afford ester (+)-16 (34 mg) in 50% yield (two steps) as a pale yellow 


oil. 1H-NMR (300 MHz): 1.56-1.66 (m, 1H), 2.22-2.37 (m, 2H), 2.54-2.63 (m, 3H), 3.52 (s, 3H), 4.86-


4.95 (m, 1H), 5.09 (d, J = 12.4 Hz, 1H), 5.22 (d, J = 12.6 Hz, 1H), 6.97-7.09 (m, 3H), 7.23-7.30 (m, 


6H) ppm. 13C-NMR (75 MHz): 24.7 (CH2), 28.9 (CH2), 38.3 (CH2), 50.5 (CH), 51.6 (CH3), 67.5 (CH2), 


124.5 (CH), 125.6 (CH), 126.2 (CH), 127.7 (CH), 127.8 (CH), 128.0 (CH), 128.5 (CH), 131.4 (C), 


136.1 (C), 136.3 (C), 154.4 (c), 171.4 (c) ppm. [α]D
25: +63.4 (c 1.0, CHCl3). HRMS (m/z): calcd. for 


C20H21NO4 (M
+): 339.1521. Found: 339.1524. 


 


 


 


 


 


 


 


                                                 
[5] C. Theeraladonon, M. Arisawa, M. Nakagawa, A. Nishida, Tetrahedron: Asymm. 2005, 16, 827. 
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Determination of the ee of 10-13 by chiral phase HPLC analysis 
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1. General methods 


NMR spectra were recorded with tetramethylsilane as the internal standard. Column chromatography was 


performed using silica gel (200-300 mesh) eluting with ethyl acetate and petroleum ether. Optical rotations were 


measured at 589 nm at 20 °C. TLC was performed on glass-backed silica plates. Enantiomeric excess was determined 


by HPLC analysis on Chiralpak or Chiralcel OD, AD or IC columns. Commercial grade solvents were dried and 


purified by standard procedures as specified in Purification of Laboratory Chemicals, 4th Ed (Armarego, W. L. F.; 


Perrin, D. D. Butterworth Heinemann: 1997). The chiral thiourea or urea catalysts were prepared according to the 


literature procedures.[1]  


[1] a) B.-J. Li, L. Jiang, M. Liu, Y.-C. Chen, L.-S. Ding, Y. Wu, Synlett 2005, 603; b) Y. Zhang, Y.-K. Liu, T.-R. 


Kang, Z.-K. Hu, Y.-C. Chen, J. Am. Chem. Soc. 2008, 130, 2456; c) M. S. Taylor, E. N. Jacobsen, J. Am. Chem. Soc. 


2004, 126, 10558. 


 


2. General procedure for the one pot, three-component Michael addition 


To a stirred mixture of aldehyde 6 (0.1 mmol) and 4 Å MS (80 mg) in toluene (0.8 mL) was added diethyl 


α-aminomalonate 7 (18.0 mg, 0.1 mmol,) at 0 °C. The mixture was stirred for 2 h and then nitroalkenes 3 (0.12 mmol) 


and catalyst 1b (4.0 mg, 0.01 mmol) were added. After the stated reaction time, product 4 was isolated by FC on silica 


gel eluted with EtOAc/petroleum ether. The enantiomeric excess was determined by HPLC analysis on chiral column. 


 


4a 93% yield; Rf = 0.5 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +199.0 (c = 0.99 in CHCl3); 


96% ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 


mL/min, λ = 254 nm, t (minor) = 5.51 min, t (major) = 8.45 min]; 1H NMR (400 MHz, CDCl3): 


δ = 8.65 (s, 1H), 7.87-7.85 (m, 2H), 7.54-7.47 (m, 3H), 7.41-7.39 (m, 2H), 7.26-7.23 (m, 3H), 


5.33 (dd, J = 13.6, 3.6 Hz, 1H), 5.16 (dd, J = 13.2, 10.4 Hz, 1H), 4.58 (dd, J = 10.4, 3.6 Hz, 1H), 4.36-4.22 (m, 2H), 


4.06-3.81 (m, 2H), 1.29 (t, J = 7.2 Hz, 3H), 1.10 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): δ = 168.1, 


167.3, 166.7, 131.9, 129.5, 129.2, 128.8, 128.6, 128.3, 128.2, 127.1, 78.7, 77.2, 62.7, 62.0, 48.8, 13.9, 13.7 ppm; 


ESI-HRMS: calcd. for C22H24N2O6+H 413.17


N


O2N


COOEt
COOEt


13, found 413.1709. 


 


4b 87% yield; Rf = 0.5 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +116.7 (c = 1.83 in CHCl3); 98% 


ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 mL/min, λ 


= 254 nm, t (minor) = 5.60 min, t (major) = 10.60 min]; 1H NMR (400 MHz, CDCl3): δ = 8.64 (s, 


1H), 7.86-7.83 (m, 2H), 7.58-7.48 (m, 2H), 7.43-7.21 (m, 5H), 5.31 (dd, J = 13.6, 3.6 Hz, 1H), 


5.10 (dd, J = 13.2, 10.4 Hz, 1H), 4.56 (dd, J = 10.4, 3.6 Hz, 1H), 4.38-4.22 (m, 2H), 4.09-4.00 (m, 1H), 3.97-3.87 (m, 


1H), 1.29 (t, J = 7.2 Hz, 3H), 1.13 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): δ = 168.5, 167.1, 166.5, 135.8, 


134.7, 134.3, 132.1, 130.8, 128.81, 128.77, 128.6, 78.5, 77.0, 62.9, 62.2, 48.2, 13.9, 13.8 ppm; ESI-HRMS: calcd. for 


C22H23ClN2O6+Na 469.1142, found 469.1144. 


N


O2N


COOEt
COOEt


Cl


 


4c 93% yield; Rf = 0.6 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +95.5 (c = 0.61 in CHCl3); 98% ee, 


determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 mL/min, λ = 


254 nm, t (minor) = 5.87 min, t (major) = 8.89 min]; 1H NMR (400 MHz, CDCl3): δ = 8.63 (s, 1H), 
N


O2N


COOEt
COOEt


Cl


S3 







7.87-7.83 (m, 2H), 7.56-7.48 (m, 3H), 7.41-7.29 (m, 3H), 7.24-7.17 (m, 1H), 5.30 (dd, J = 13.6, 3.6 Hz, 1H), 5.11 (dd, 


J = 13.2, 10.4 Hz, 1H), 4.55 (dd, J = 10.4, 3.6 Hz, 1H), 4.36-4.22 (m, 2H), 4.07-3.91 (m, 2H),  1.29 (t, J = 7.2 Hz, 


3H), 1.13 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): δ = 168.4, 167.1, 166.5, 138.3, 135.8, 134.0, 132.1, 


130.1, 129.7, 128.9, 128.8, 128.5, 127.4, 78.3, 77.0, 62.9, 62.3, 48.4, 13.9, 13.8 ppm; ESI-HRMS: calcd. for 


C22H23ClN2O6+Na 469.1142, found 469.1145. 


 


4d 80% yield; Rf = 0.5 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +110.2 (c = 1.80 in CHCl3); 


94% ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 


mL/min, λ = 254 nm, t (minor) = 5.90 min, t (major) = 8.75 min]; 1H NMR (400 MHz, CDCl3): 


δ = 8.62 (s, 1H), 7.87-7.84 (m, 2H), 7.71-7.69 (m, 1H), 7.54-7.48 (m, 3H), 7.35-7.32 (m, 


1H),7.20-7.15 (m, 2H), 5.35 (dd, J = 22.8, 3.6 Hz, 2H), 5.13 (dd, J = 11.6, 2.8 Hz, 1H), 4.37-4.25 (m, 2H), 4.12-4.04 


(m, 1H), 3.94-3.86 (m, 1H), 1.31 (t, J = 7.2 Hz, 3H), 1.13 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): δ = 


168.3, 167.1, 166.6, 135.8, 135.3, 134.6, 132.0, 129.6, 129.5, 129.2, 128.8, 127.2, 78.7, 77.1, 62.9, 62.3, 43.2, 13.9, 


13.6 ppm; ESI-HRMS: calcd. for C22H23ClN2O6+Na 469.1142, found 469.1133. 


N


O2N


COOEt
COOEt


Cl


 


4e 84% yield; Rf = 0.6 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +89.8 (c = 6.40 in CHCl3); 96% ee, 


determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 mL/min, λ = 


254 nm, t (minor) = 5.97 min, t (major) = 11.71 min]; 1H NMR (400 MHz, CDCl3): δ = 8.63 (s, 


1H), 7.85-7.83 (m, 2H), 7.56-7.48 (m, 3H), 7.39-7.37 (m, 2H), 7.31-7.29 (m, 2H), 5.30 (dd, J = 


13.6, 3.6 Hz, 1H), 5.10 (dd, J = 13.6, 10.4 Hz, 1H), 4.54 (dd, J = 10.4, 3.6 Hz, 1H), 4.36-4.22 (m, 2H), 4.09-4.01 (m, 


1H), 3.97-3.89 (m, 1H), 1.29 (t, J = 7.2 Hz, 3H), 1.13 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): δ = 168.5, 


167.1, 166.5, 135.8, 135.2, 132.1, 131.6, 131.2, 128.82, 128.7, 122.5, 78.4, 77.0, 62.9, 62.2, 48.2, 13.9, 13.8 ppm; 


ESI-HRMS: calcd. for C22H23BrN2O6+Na 513.0637, found 513.0632. 


N


O2N


COOEt
COOEt


Br


 


4f 83% yield; Rf = 0.6 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +57.1 (c = 0.61 in CHCl3); 98% ee, 


determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 mL/min, λ = 


254 nm, t (minor) = 5.29 min, t (major) = 8.92 min]; 1H NMR (400 MHz, CDCl3): δ = 8.64 (s, 1H), 


7.86-7.8-7. 4 (m, 2H), 7.5648 (m, 3H), 7.42-7.38 (m, 2H), 6.97-6.92 (m, 2H), 5.31 (dd, J = 13.6, 


3.6 Hz, 1H), 5.10 (dd, J = 13.2, 10.4 Hz, 1H), 4.57 (dd, J = 10.4, 3.2 Hz, 1H), 4.37-4.22 (m, 2H), 4.08-4.00 (m, 1H), 


3.96-3.88 (m, 1H), 1.29 (t, J = 7.2 Hz, 3H), 1.12 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): δ = 168.4, 


167.2, 166.6, 164.2, 160.9, 135.8, 132.1, 131.3, 131.1, 128.82, 128.77, 127.0, 115.5, 115.2, 78.7, 77.0, 62.8, 62.2, 48.1, 


13.9, 13.8 ppm; ESI-HRMS: calcd. for C22H23FN2O6+Na 453.1438, found 453.1432. 


N


O2N


COOEt
COOEt


F


 


4g 95% yield; Rf = 0.5 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +124.4 (c = 1.39 in CHCl3); 


96% ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 


mL/min, λ = 254 nm, t (minor) = 5.13 min, t (major) = 7.10 min]; 1H NMR (400 MHz, CDCl3): 


δ = 8.64 (s, 1H), 7.87-7.84 (m, 2H), 7.55-7.44 (m, 3H), 7.28-7.26 (m, 3H), 7.04 (d, J = 8.0 Hz, 


2H), 5.31 (dd, J =13.6, 3.6 Hz, 1H), 5.13 (dd, J = 13.6, 10.4 Hz, 1H), 4.54 (dd, J = 10.4, 3.6 Hz, 
N


O2N


COOEt
COOEt


CH3


S4 







1H), 4.36-4.21 (m, 2H), 4.08-3.87 (m, 2H), 2.26 (s, 3H), 1.29 (t, J = 7.2 Hz, 3H), 1.13 (t, J = 7.2 Hz, 3H) ppm; 13C 


NMR (75 MHz, CDCl3): δ = 168.0, 167.4, 166.7, 137.9, 136.0, 133.0, 131.9, 129.3, 129.1, 128.8, 78.7, 77.3, 62.6, 


62.0, 48.5, 21.0, 13.9, 13.8 ppm; ESI-HRMS: calcd. for C23H26N2O6+Na 449.1689, found 449.1683. 


 


4h 83% yield; Rf = 0.4 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +130.1 (c = 1.43 in CHCl3); 95% 


ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 mL/min, λ 


= 254 nm, t (minor) = 7.00 min, t (major) = 10.13 min]; 1H NMR (400 MHz, CDCl3): δ = 8.64 (s, 


1H), 7.87-7.84 (m, 2H), 7.53-7.48 (m, 3H), 7.33-7.31 (m, 2H), 6.78-6.76 (m, 2H), 5.29 (dd, J 


=13.2, 3.6 Hz, 1H), 5.11 (dd, J = 12.8, 10.4 Hz, 1H), 4.53 (dd, J = 10.4, 3.6 Hz, 1H), 4.36-4.21 (m, 2H), 4.08-3.88 (m, 


2H), 3.74 (s, 3H), 1.29 (t, J = 7.2 Hz, 3H), 1.13 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): δ = 168.1, 167.4, 


166.7, 159.3, 135.9, 131.9, 130.5, 128.7, 127.9, 113.7, 78.8, 77.2, 62.7, 62.0, 55.0, 48.1, 13.9, 13.8 ppm; ESI-HRMS: 


calcd. for C23H26N2O7+Na 465.1638, found 465.1632. 


N


O2N


COOEt
COOEt


OCH3


 


4i 90% yield; Rf = 0.6 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +93.86 (c = 0.23 in CHCl3); 


96% ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 


mL/min, λ = 254 nm, t (minor) = 6.03 min, t (major) = 9.85 min]; 1H NMR (400 MHz, CDCl3): 


δ = 8.70 (s, 1H), 7. 89 (d, J = 6.8 Hz, 2H), 7.55-7.48 (m, 3H), 7.20 (d, J = 5.2 Hz, 1H), 7.02 (d, 


J = 3.6 Hz, 1H), 6.89-6.87 (m, 1H), 5.27 (dd, J = 12.8, 3.2 Hz, 1H), 5.07-4.95 (m, 2H), 4.36-4.25 (m, 2H), 4.14-4.03 


(m, 2H), 1.31 (t, J = 7.2 Hz, 3H), 1.17 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): δ = 168.7, 167.0, 166.4, 


137.6, 135.8, 132.0, 128.9, 128.7, 128.3, 126.6, 126.0, 79.3, 76.8, 62.8, 62.3, 45.3, 13.9, 13.8 ppm; ESI-HRMS: calcd. 


for C20H22N2O6S+Na 441.1096, found 441.1092


N


O2N


COOEt
COOEt


S


. 


25.1319. 


 


4j 89% yield; Rf = 0.5 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +99.7 (c = 0.65 in CHCl3); 98% 


ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 mL/min, 


λ = 254 nm, t (minor) = 5.77 min, t (major) = 8.22 min]; 1H NMR (400 MHz, CDCl3): δ = 8.52 


(s, 1H), 7.80-7.78 (m, 2H), 7.51-7.43 (m, 3H), 7.31-7.30 (m, 1H), 6.32 (d, J = 3.6 Hz, 1H), 


6.27 (m, 1H), 5.18 (dd, J = 13.6, 3.6 Hz, 1H), 5.07 (dd, J = 13.6, 10.0 Hz, 1H), 4.81 (dd, J = 10.0, 3.6 Hz, 1H), 


4.32-4.18 (m, 2H), 4.17-4.09 (m, 2H), 1.26 (t, J = 7.2 Hz, 3H), 1.21 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (75 MHz, 


CDCl3): δ = 167.5, 167.1, 166.7, 149.7, 142.3, 135.8, 131.9, 128.8, 128.7, 110.6, 109.5, 76.6, 76.0, 62.7, 62.3, 43.5, 


13.9, 13.8 ppm; ESI-HRMS: calcd. for C20H22N2O7+Na 425.1325, found 4


N


O2N


COOEt
COOEt


O


 


4k 56% yield; Rf = 0.4 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +27.4 (c = 1.00 in CHCl3); 97% 


ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 mL/min, 


λ = 254 nm, t (minor) = 5.61 min, t (major) = 6.66 min]; 1H NMR (400 MHz, CDCl3): δ = 8.49 


(s, 1H), 7.77-7.74 (m, 2H), 7.50-7.41 (m, 3H), 4.92 (dd, J = 14.4, 4.8 Hz, 1H), 4.42 (dd, J = 


14.4, 5.6 Hz, 1H), 4.31-4.23 (m, 4H), 3.43-3.37 (m, 1H), 1.63-1.54 (m, 2H), 1.52-1.35 (m, 2H), 1.33-1.22 (m, 6H), (t, 


J = 7.2 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3): δ = 167.9, 166.5, 135.8, 131.8, 128.8, 128.7, 78.2, 77.0, 62.4, 62.2, 


43.0, 32.4, 20.4, 14.0, 13.9 ppm; ESI-HRMS: calcd. for C19H26N2O6+Na 401.1689, found 401.1683. 
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4l 60% yield; Rf = 0.7 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +28.0 (c = 1.15 in CHCl3); 98% 


ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 mL/min, 


λ = 254 nm, t (minor) = 4.76 min, t (major) = 5.42 min]; 1H NMR (400 MHz, CDCl3): δ = 8.55 


(s, 1H), 7.76-7.75 (m, 2H), 7.50-7.42 (m, 3H), 4.90 (dd, J = 15.2, 4.0 Hz, 1H), 4.54 (dd, J = 


15.2, 5.6 Hz, 1H), 4.36-4.18 (m, 4H), 3.55-3.52 (m, 1H), 1.32 (t, J = 7.2 Hz, 3H), 1.26 (t, J = 7.2 Hz, 3H), 1.05 (d, J = 


7.2 Hz, 3H), 0.91 (d, J = 7.2 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3): δ = 168.1, 167.9, 166.6, 136.0, 131.7, 128.7, 


78.3, 73.5, 62.5, 62.1, 46.7, 28.9, 22.5, 17.5, 14.0, 13.8 ppm; ESI-HRMS: calcd. for C19H26N2O6+H 379.1869, found 


379.1760. 


N


O2N


COOEt
COOEt


 


4m 48% yield; Rf = 0.6 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +27.9 (c = 1.36 in CHCl3); 98% 


ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 mL/min, 


λ = 254 nm, t (minor) = 4.54 min, t (major) = 4.95 min]; 1H NMR (400 MHz, CDCl3): δ = 8.53 


(s, 1H), 7.76-7.73 (m, 2H), 7.50-7.42 (m, 3H), 4.88 (dd, J = 14.8, 4.0 Hz, 1H), 4.61 (dd, J = 


14.8, 6.0 Hz, 1H), 4.30 (q, J = 7.2 Hz, 2H), 4.26-4.18 (m, 2H), 349-3.46 (m, 1H), 1.78-1.58 (m, 10 H), 1.34-1.24 (m, 


6H) ppm; 13C NMR (50 MHz, CDCl3): δ = 168.1, 166.3, 136.0, 131.7, 128.7, 78.3, 74.3, 62.4, 62.1, 47.2, 39.6, 32.7, 


28.1, 27.0, 26.5, 26.1, 14.0, 13.8 ppm; ESI-HRMS: calcd. for C22H30N2O6+H 419.2182, found 419.2


N


O2N


COOEt
COOEt


183. 


856. 


 


4n 93% yield; Rf = 0.5 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +153.1 (c = 1.38 in CHCl3); 


96% ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 


mL/min, λ = 254 nm, t (minor) = 6.71 min, t (major) = 11.87 min]; 1H NMR (400 MHz, 


CDCl3): δ = 8.61 (s, 1H), 7.88-7.84 (m, 2H), 7.39-7.37 (m, 2H), 7.26-7.22 (m, 3H), 7.20-7.16 


(m, 2H), 5.31 (dd, J =13.2, 3.6 Hz, 1H), 5.13 (dd, J = 13.2, 10.4 Hz, 1H), 4.58 (dd, J = 13.2, 10.4 Hz, 1H), 4.36-4.22 


(m, 2H), 4.06-3.86 (m, 2H), 1.29 (t, J = 7.2 Hz, 3H), 1.11 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3): δ = 


167.6, 167.3, 166.8,  162.6, 136.1, 132.3, 130.9, 130.7, 129.4, 128.4, 128.3, 116.2, 115.8, 78.6, 62.8, 62.1, 48.7, 13.9, 


13.8 ppm; ESI-HRMS: calcd. for C22H23FN2O6+H 431.1618, found 431.1606. 
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F


 


4o 86% yield; Rf = 0.5 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +168.6 (c = 1.15 in CHCl3); 


97% ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 


mL/min, λ = 254 nm, t (minor) = 6.69 min, t (major) = 8.87 min]; 1H NMR (400 MHz, 


CDCl3): δ = 8.60 (s, 1H), 7.75 (d, J = 7.6 Hz, 2H), 7.41-7.39 (m, 2H), 7.32-7.16 (m, 5H), 


5.32 (dd, J = 13.2, 3.2 Hz, 1H), 5.15 (dd, J = 13.2, 10.4 Hz, 1H), 4.56 (dd, J = 10.4, 3.6 Hz, 1H), 4.33-4.22 (m, 2H), 


4.03- 3.96 (m, 1H), 3.91- 3.87 (m, 1H), 2.44 (s, 3H), 1.28 (t, J = 7.2 Hz, 3H), 1.10 (t, J = 7.2 Hz, 3H) ppm; 13C NMR 


(50 MHz, CDCl3): δ = 167.9, 167.5, 166.8, 142.5, 136.2, 133.5, 129.5, 128.8, 128.3, 128.2, 127.0, 78.8, 62.6, 62.0, 


48.8, 30.0, 21.6, 13.9, 13.8 ppm; ESI-HRMS: calcd. for C23H26N2O6+H 427.1869, found 427.1
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Transformations of the Michael addition product 4a 


N COOEt
COOEt


PhO2N


Ph


(Boc)2O/H2/10% Pd/C


EtOAc, rt N
H


COOEt
COOEt


PhNHHO


Boc


4a 96% ee 8 95% ee


 p-TsCl/TEA/DMAP
N COOEt


COOEt


Ph


HN


Boc


9 95% ee


DCM


* *
*


N
H


COOEt
COOEt


PhNHp-TsO


Boc


*


 
   To a solution of compound 4a (98 mg, 0.24 mmol) and (Boc)2O (63 mg, 0.29 mmol) in ethyl acetate (3 mL) was 


added 10% Pd/C (10 mg, 10%). The resulting suspension was hydrogenated at atmospheres for 12 h. The catalyst was 


filtered, washed with ethyl acetate (5 mL) and the filtrate was concentrated. Flash chromatography of the residue on 


silica gel with EtOAc/petroleum ether (1:10) as eluents yielded compound 8 (86 mg, 89%) as a colorless oil. The 


hydroxylamine structure was obtained and could not be easily converted to the corresponding amine compound. 


[α]D
20


 
= +86.0 (c = 1.12 in CHCl3); 95% ee, determined by HPLC analysis [Daicel chiralpak IC, n-hexane/i-PrOH = 


85/15, 1.0 mL/min, λ = 254 nm, t (major) = 12.14 min, t (minor) = 14.54 min]; 1H NMR (400 MHz, CDCl3): δ = 


7.44-7.42 (m, 2H), 7.30-7.22 (m, 3H), 4.28 (dd, J = 14.4, 8.8 Hz, 1H), 4.21 (q, J = 7.2 Hz, 2H), 4.10 (dd, J = 8.8, 5.2 


Hz, 1H), 4.03-3.93 (m, 2H), 3.66 (dd, J = 14.8, 5.6 Hz, 1H), 31.43 (s, 9H ), 1.26 (t, J = 7.2 Hz, 3H), 1.08 (t, J = 7.2 Hz, 


3H) ppm; 13C NMR (50 MHz, CDCl3): δ = 171.4, 169.5, 155.6, 137.1, 129.6, 128.3, 127.8, 81.5, 68.5, 62.8, 62.4, 51.5, 


47.8, 29.7, 28.2, 13.9, 13.8 ppm; ESI-HRMS: calcd. for C20H30N2O7+H 411.2131, found 411.2183. 


   To a solution of compound 8 (72 mg, 0.18 mmol) in DCM was added TEA (50 μL, 0.36 mmol), DMAP (3 mg, 


0.018 mmol) and TsCl (41 mg, 0.22 mmol) at rt. 2 h later the solution was refluxed for 24 h. The solution was washed 


with H2O, dried over Na2SO4, and concentrated under reduced pressure to leave a residue which was purified by flash 


chromatography on silica gel (EtOAc/petroleum ether = 1/10) to yield compound 9 (64 mg, 90%) as a colorless oil 


(The similar amination reactions have been well studied).[2] [α]D
20


 
= +79.8 (c = 0.93 in CHCl3); 95% ee, determined 


by HPLC analysis [Daicel chiralpak IC, n-hexane/i-PrOH = 85/15, 1.0 mL/min, λ = 254 nm, t (minor) = 19.61 min, t 


(major) = 31.74 min]; 1H NMR (400 MHz, CDCl3): 7.33-7.30 (m, 3H), 7.29-7.19 (m, 2H), 4.40 (dd, J = 7.6, 4.8 Hz, 


1H), 4.33-4.22 (m, 3H), 3.88 (m, 1H), 3.67-3.59 (m, 2H), 1.49 (s, 9H), 1.29 (t, J = 7.2 Hz, 3H), 0.88 (t, J = 7.2 Hz, 


3H) ppm; 13C NMR (50 MHz, CDCl3): δ = 168.8, 166.3, 155.7, 137.5, 128.4, 128.1, 127.7, 80.8, 62.3, 62.0, 53.9, 51.0, 


29.6, 28.2, 13.8, 13.4 ppm; ESI-HRMS: calcd. for C20H28N2O6+Na 415.1845, found 415.1847. 


 


[2] For a spotlight, see: E. Bodio, Synlett 2008, 1744. 


 


Since we have not been able to obtain some crystals suitable for X-ray analysis from the Michael addition products 


or their derivatives to determine their absolute configuration despite a great deal of efforts, we proposed a plausible 


catalytic mechanism based on the concerted activation mode by Takemoto et al.[3] As illustrated in the following 


scheme, the chiral Michael adduct 4a with R-configuration might be obtained. 
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4a  
Catalytic mode observed by Takemoto       Proposed catalytic mode in this Michael addition 


 


[3] T. Okino, Y. Hoashi, T. Furukawa, X. Xu, Y. Takemoto, J. Am. Chem. Soc. 2005, 127, 119. 


 


3. General procedure for the one pot, three-component [3 + 2] cycloaddition 


To a stirred mixture of aldehyde 6 (0.1 mmol) and 4 Å MS (80 mg) in MTBE (0.8 mL) was added diethyl 


α-aminomalonate 7 (18 mg, 0.1 mmol) at 0 °C. The mixture was stirred for 2 h and cooled to −20°C. Then nitroalkene 


3 (0.12 mmol) and catalyst 1l (12.4 mg, 0.02 mmol) were added. After 72 h, product 5 was isolated by FC on silica 


gel eluted with EtOAc/petroleum ether. The enantiomeric excess was determined by HPLC analysis on chiral column. 


 


5b 73% yield; Rf = 0.4 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +96.1 (c = 0.81 in CHCl3); 90% 


ee, determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 90/10, 1.0 mL/min, 


λ = 254 nm, t (major) = 9.31 min, t (minor) = 12.28 min]; 1H NMR (300 MHz, CDCl3): δ = 


7.43-7.29 (m, 10H), 5.63-5.49 (m, 2H), 5.15 (d, J = 8.8 Hz, 1H), 4.43-4.25 (m, 2H), 3.94-3.84 


(m, 1H), 3.59-3.48 (m, 1H), 3.24 (d, J = 6.6 Hz, 1H), 1.30 (t, J = 9.5 Hz, 3H), 0.79 (t, J = 9.5 Hz, 3H) ppm; 13C NMR 


(50 MHz, CDCl3): δ = 171.0, 168.5, 136.6, 135.1, 128.7, 128.6, 128.4, 128.2, 127.1, 93.7, 76.0, 64.6, 62.1, 62.0, 52.0, 


13.9, 13.3 ppm; ESI-HRMS: calcd. for C22H24N2O6+H 413.1713, found 413.1709. 
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5c 79% yield; Rf = 0.6 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +28.3 (c = 0.76 in CHCl3); 89% ee, 


determined by HPLC analysis [Daicel chiralpak IC, n-hexane/i-PrOH = 80/20, 1.0 mL/min, λ = 


254 nm, t (major) = 9.99 min, t (minor) = 14.37 min]; 1H NMR (400 MHz, CDCl3): δ = 7.41-7.28 


(m, 9H), 5.59 (t, J = 8.0 Hz, 1H), 5.49 (dd, J = 8.4, 5.6 Hz, 1H), 5.10 (d, J = 7.6 Hz, 1H), 


4.42-4.25 (m, 2H), 4.00-3.92 (m, 1H), 3.67-3.59 (m, 1H), 3.23 (d, J = 5.6 Hz, 1H), 1.30 (t, J = 7.2 Hz, 3H), 0.87 (t, J 


= 7.2 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3): δ = 171.0, 168.4, 136.6, 134.3, 133.4, 130.0, 128.9, 128.8, 128.5, 


127.2, 93.1, 75.7, 64.1, 62.3, 62.2, 51.2, 14.0, 13.4 ppm; ESI-HRMS: calcd. for C22H23ClN2O6+Na 447.1323, fo


N
H


O2N


COOEt
COOEt


Cl


und 


47.1315. 


(m, 9H), 5.59 (t, J = 8.0 Hz, 1 H), 5.50 (dd, J = 8.0, 5.6 Hz, 1H), 5.10 (d, J = 7.6 Hz, 1H), 


4.42-4.26 (m, 2H), 4.00-3.92 (m, 1H), 3.71-3.63 (m, 1H), 3.23 (d, J = 5.2 Hz, 1H), 1.30 (t, J = 7.2 Hz, 3H), 0.87 (t, J 


4


 


5d 79% yield; Rf = 0.5 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +30.0 (c = 0.76 in CHCl3); 90% ee, 


determined by HPLC analysis [Daicel chiralcel OD, n-hexane/i-PrOH = 80/20, 1.0 mL/min, λ = 


254 nm, t (major) = 8.69 min, t (minor) = 12.23 min]; 1H NMR (400 MHz, CDCl3): δ = 7.42-7.25 
O2N


N
H


COOEt
COOEt


Cl
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= 7.2 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3): δ = 170.9, 168.3, 136.9, 136.5, 134.5, 129.9, 128.9, 128.8, 128.5, 


127.2, 126.9, 93.1, 75.7, 64.2, 62.3, 62.2, 51.4, 14.0, 13.4 ppm; ESI-HRMS: calcd. for C22H23ClN2O6+H 447.1323, 


found 447.1315. 


 


5e 69% yield; Rf = 0.5 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +16.8 (c = 0.84 in CHCl3); 84% 


ee, determined by HPLC analysis [Daicel chiralpak IC, n-hexane/i-PrOH = 90/10, 1.0 mL/min, 


λ = 254 nm, t (major) = 20.09 min, t (minor) = 27.96 min]; 1H NMR (400 MHz, CDCl3): δ = 


7.46-7.32 (m, 7H), 7.27-7.25 (m, 2H), 5.71 (d, J = 4.8 Hz, 1H), 5.55 (dd, J = 7.2, 4.8 Hz, 1H), 


5.46 (dd, J = 7.2, 4.8 Hz, 1H), 4.39-4.28 (m, 2H), 4.02-3.94 (m, H), 3.75-3.67 (m, 1H), 3.34 (d, J = 4.8 Hz, 1H), 1.29 


(t, J = 7.2 Hz, 3H), 0.88 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3): δ = 170.4, 168.1, 135.9, 135.3, 133.9, 


130.2,129.4, 129.0, 128.5, 127.1, 95.1, 75.9, 65.6, 62.4, 62.2, 50.0, 14.0, 13.3 ppm; ESI-HRMS: calcd. for 


C22H23ClN2O6+H 447.1323, found 447.1310. 


N
H


O2N


COOEt
COOEt


Cl


 


5f 73% yield; Rf = 0.4 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +38.2 (c = 1.44 in CHCl3); 86% ee, 


determined by HPLC analysis [Daicel chiralpak IC, n-hexane/i-PrOH = 80/20, 1.0 mL/min, λ = 


220 nm, t (major) = 7.11 min, t (minor) = 9.76 min]; 1H NMR (400 MHz, CDCl3): δ = 7.42-7.31 


(m, 7H), 7.06-7.00 (m, 2H), 5.59 (t, J = 7.6 Hz, 1H), 5.49 (dd, J = 8.0, 5.2 Hz, 1H), 5.11 (d, J = 


7.6 Hz, 1H), 4.42-4.25 (m, 2H), 4.00-3.92 (m, 1H), 3.66-3.57 (m, 1H), 3.22 (d, J = 5.2 Hz, 1H), 1.30 (t, J = 7.2 Hz, 


3H), 0.87 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3): δ = 171.1, 168.5, 165.0, 160.1, 136.6, 130.7, 130.6, 


130.4, 130.3, 128.9, 128.5, 127.2, 115.8, 115.3, 93.4, 75.7, 64.1, 62.2, 62.1, 51.1, 14.0, 13.4 ppm; ESI-HRMS: calcd. 


for C22H23FN2O6+H 431.1618, found 431.1613


N
H


O2N


COOEt
COOEt


F
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5g 75% yield; Rf = 0.5 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +38.1 (c = 1.53 in CHCl3); 91% 


ee, determined by HPLC analysis [Daicel chiralpak IC, n-hexane/i-PrOH = 90/10, 1.0 mL/min, λ 


= 254 nm, t (minor) = 10.65 min, t (major) = 16.04 min]; 1H NMR (400 MHz, CDCl3): δ = 


7.42-7.24 (m, 7H), 6.87-6.83 (m, 2H), 5.58 (t, J = 8.0 Hz, 1H), 5.49 (dd, J = 7.6, 3.6 Hz, 1H), 


5.07 (d, J = 6.8 Hz, 1H), 4.41-4.25 (m, 2H), 3.98-3.90 (m, 1H), 3.78 (s, 3H), 3.65-3.57 (m, 1H), 3.21 (s, 1H), 1.30 (t, J 


= 7.2 Hz, 3H), 0.86 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3): δ = 171.3, 168.6, 159.5, 136.7, 129.7, 128.8, 


128.4, 127.2, 126.9, 114.0, 93.8, 75.8, 64.2, 62.1, 62.0, 55.3, 51.4, 14.0, 13.6 ppm; ESI-HRMS: calcd. for 


C23H26N2O7+H 443.1818, found 443.1809. 


N
H


O2N


COOEt
COOEt
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5h 77% yield; Rf = 0.6 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +24.0 (c = 1.38 in CHCl3); 91% 


ee, determined by HPLC analysis [Daicel chiralpak IC, n-hexane/i-PrOH = 90/10, 1.0 mL/min, 


λ = 254 nm, t (minor) = 12.99 min, t (major) = 16.89 min]; 1H NMR (400 MHz, CDCl3): δ = 


7.41-7.38 (m, 2H), 7.36-7.30 (m, 4H), 6.40 (d, J = 3.6 Hz, 1H), 6.34 (dd, J = 3.2, 1.6 Hz, 1H), 


5.60 (dd, J = 8.4, 7.2 Hz, 1H), 5.44 (dd, J = 8.4, 4.4 Hz, 1H), 5.22 (d, J = 6.8 Hz, 1H), 4.42-4.26 (m, 2H), 4.12-4.04 


(m, 1H), 3.88-3.80 (m, 1H), 3.22 (d, J = 4.0 Hz, 1H ), 1.31 (t, J = 7.2 Hz, 3H), 1.03 (t, J = 7.2 Hz, 3H) ppm; 13C NMR 


(50 MHz, CDCl3): δ = 170.6, 168.1, 148.0, 142.6, 136.4, 128.8, 128.4, 127.3, 110.9, 110.0, 91.3, 74.1, 63.9, 62.6, 62.3, 


48.3, 14.0, 13.6 ppm; ESI-HRMS: calcd. for C20H22N2O7+H 403.1505, found 403.1489. 
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5i 62% yield; Rf = 0.6 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +36.2 (c = 0.80 in CHCl3); 60% 


ee, determined by HPLC analysis [Daicel chiralpak IC, n-hexane/i-PrOH = 80/20, 1.0 mL/min, 


λ = 220 nm, t (minor) = 8.30 min, t (major) = 13.47 min]; 1H NMR (400 MHz, CDCl3): δ = 


7.37-7.28 (m, 5H), 5.29 (dd, J = 8.4, 5.2 Hz, 1H), 5.05 (dd, J = 8.4, 6.4 Hz, 1H), 4.39-4.24 (m, 


4H), 3.73-3.68 (m, 1H), 3. 00 (d, J = 5.6 Hz, 1H), 1.83-1.78 (m, 1H), 1.41-1.24 (m, 10H), 0.92 (t, J = 7.2 Hz, 3H) 


ppm; 13C NMR (50 MHz, CDCl3): δ = 171.1, 168.7, 136.5, 128.6, 128.2, 127.3, 94.5, 74.1, 63.7, 62.0, 48.1, 32.1, 21.0, 


14.1, 14.0, 13.8 ppm; ESI-HRMS: calcd. for C19H26N2O6+H 379.1869, found 379.1867. 


N
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COOEt
COOEt


 


5j 90% yield; Rf = 0.5 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +25.9 (c = 0.91 in CHCl3); 


86% ee, determined by HPLC analysis [Daicel chiralpak IC, n-hexane/i-PrOH = 80/20, 1.0 


mL/min, λ = 254 nm, t (minor) = 8.46 min, t (major) = 11.43 min]; 1H NMR (400 MHz, 


CDCl3): δ = 7.38-7.28 (m, 9H), 5.59 (t, J = 8.0 Hz, 1H), 5.48 (dd, J = 8.0, 5.2 Hz, 1H), 5.13 


(d, J = 7.2 Hz, 1H), 4.42-4.25 (m, 2H), 3.94-3.86 (m, 1H), 3.57-3.50 (m, 1H), 3.21 (d, J = 5.2 Hz, 1H), 1.29 (t, J = 7.2 


Hz, 3H), 0.78 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3): δ = 171.1, 168.4, 135.2, 134.9, 134.6, 128.7, 


128.6, 128.3, 93.6, 75.8, 63.7, 62.2, 62.0, 51.9, 14.0, 13.3 ppm; ESI-HRMS: calcd. for C22H23ClN2O6+H 447.1323, 


found 447.1313. 
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5k 90% yield; Rf = 0.4 (petroleum ether/EtOAc = 8:1); [α]D
20


 
= +32.9 (c = 1.10 in 


CHCl3); 86% ee, determined by HPLC analysis [Daicel chiralpak IC, n-hexane/i-PrOH = 


80/20, 1.0 mL/min, λ = 254 nm, t (minor) = 9.50 min, t (major) = 13.76 min]; 1H NMR 


(400 MHz, CDCl3): δ = 7.37-7.24 (m, 10H), 6.76 (d, J = 15.2 Hz, 1 H), 6.03 (q, J = 7.2 


Hz, 1H), 5.50 (t, J = 7.2 Hz, 1H), 5.12 (d, J = 4.0 Hz, 1H), 4.94 (td, J = 7.2, 0.8 Hz, 1H), 4.40-4.22 (m, 2H), 3.89-3.81 


(m, 1H), 3.53-3.45 (m, 1H), 2.81 (bs, 1H), 1.28 (t, J = 7.2 Hz, 3H), 0.77 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (100 MHz, 


CDCl3): δ = 170.5, 168.9, 135.9, 135.2, 135.1, 128.7, 128.6, 128.5, 128.3, 128.2, 126.8, 123.8, 92.7, 76.1, 62.7, 62.3, 


62.0, 52.3, 13.9, 13.3 ppm; ESI-HRMS: calcd. for C24H26N2O6+H 439.1869, found 439.1858. 
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Transformations of the [3 + 2] cycloaddition product 5b 
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11  
 A 25 mL round-bottom flask containing NiCl2·6H2O (94 mg, 0.4 mmol), CH3OH (1 mL), THF (0.5 mL) and 


compound 5b (42 mg, 0.1 mmol, 99% ee after recrystallization) was sonicated to effect complete solution. Then solid 


NaBH4 (30 mg, 0.8 mmol) was added (CAUTION: frothing) at 0 °C over 15 min. After completion monitored by 


TLC, the reaction mixture was diluted with H2O (10 mL) and EtOAc (5 mL), filtered through Celite. The solid was 


thoroughly washed with EtOAC (10 mL). The organic layer was separated, dried over Na2SO4, and removed under 


reduced pressure to give the crude amine product, which can be used without purification.  


S10 







The residue was dissolved in dry THF (1.0 mL), and to this solution was added CbzOSU (30 mg, 0.12 mmol) at 


room temperature. The resulting mixture was stirred overnight. After concentration, the residue was purified by 


column chromatography to give compound 10 as a white solid (43 mg, 84% yield for two steps). Rf = 0.5 (petroleum 


ether/EtOAc = 4:1); [α]D
20


 
= +57.9 (c = 2.55 in CHCl3); 99% ee, determined by HPLC analysis [Daicel chiralpak IC, 


n-hexane/i-PrOH = 80/20, 1.0 mL/min, λ = 220 nm, t (minor) = 15.42 min, t (major) = 20.51 min]; 1H NMR (400 


MHz, CDCl3): δ = 7.36-7.24 (m, 13H), 7.13-7.11 (m, 2H), 5.08 (t, J = 6.4 Hz, 1H), 4.96 (d, J = 12.4 Hz, 1H), 


4.91-4.81 (m, 2H), 4.59 (d, J = 9.6 Hz, 1H), 4.37-4.18 (m, 2H), 4.14 (d, J = 8.4 Hz, 1H), 3.92-3.84 (m, 1H), 3.58-3.50 


(m, 1H), 3.37 (d, J = 5.6 Hz, 1H), 1.27 (t, J = 7.2 Hz, 3H), 0.76 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3): 


δ = 171.2, 170.4, 155.6, 139.8, 136.5, 128.8, 128.3, 128.2, 127.9, 127.7, 127.5, 75.1, 66.4, 62.4, 61.9, 61.7, 58.1, 53.5, 


14.0, 13.3 ppm; ESI-HRMS: calcd. for C30H32N2O6+H 517.2339, found 517.2386. 


 


Compound 11 was prepared in a similar procedure as 10. Crystals of 11 suitable for X-ray analysis were 


fortunately obtained from its ethanol solution, incorporating an ethanol molecule in the crystals. Therefore, the 


absolute structure of the corresponding dipolar cycloaddition product 5b could be determined as (3R, 4R, 5R), in 


endo-selectivity. 


 


Crystal data and structure refinement for enantiopoure 11  
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    Identification code               11 


       Empirical formula              C31 H38 N2 O7 S [5b (C29H32N2O6S) + C2H5OH] 


       Formula weight                582.69  


       Temperature                    113(2) K  


       Wavelength                    0.71073 A  


       Crystal system, space group       Orthorhombic,  P2(1)2(1)2(1)  


       Unit cell dimensions             a = 11.844(2) A   alpha = 90 deg.  
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                                        b = 12.413(3) A    beta = 90 deg.  


                                        c = 20.850(4) A   gamma = 90 deg.  


       Volume                           3065.4(11) A^3  


       Z, Calculated density                 4,  1.263 Mg/m^3  


       Absorption coefficient                0.154 mm^-1  


       F(000)                             1240  


       Crystal size                          0.24 x 0.22 x 0.20 mm  


       Theta range for data collection           1.95 to 27.87 deg.  


       Limiting indices                     -15<=h<=15, -16<=k<=16, -27<=l<=27  


       Reflections collected / unique          38040 / 7319 [R(int) = 0.0451]  


       Completeness to theta = 27.87          99.9 %  


       Absorption correction                 Semi-empirical from equivalents  


       Max. and min. transmission            0.9699 and 0.9640  


       Refinement method                  Full-matrix least-squares on F^2  


       Data / restraints / parameters           7319 / 43 / 413  


       Goodness-of-fit on F^2                1.058  


       Final R indices [I>2sigma(I)]           R1 = 0.0416, wR2 = 0.0934  


       R indices (all data)                   R1 = 0.0468, wR2 = 0.0962  


       Absolute structure parameter          -0.01(6)  


      Largest diff. peak and hole             0.178 and -0.363 e.A^-3 
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1) Solid State organization 
 


 


Figure S1. Molecular packing of 4 in the solid state (top: overall herringbone pattern; 
bottom: two views of π-stacking within layers). 
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Figure S2. Molecular packing of 5 in the solid state (top: overall structure; bottom: views 


of the π-stacking between the two independent molecules of the unit cell). 
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Figure S3. Molecular packing of 8 in the solid state (top) and two views of the π-


stacking interactions (bottom; anions are omitted for clarity). 
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2) HOMO – LUMO energies of neutral, cationic, and anionic species 
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3) Optimized calculated structures 
 
Compound 3 neutral - Etot(B3LYP/6-31+G*) = -1983.94631970 au 
 
C    -2.182767    -2.968795     3.283579 
C    -1.346360    -2.146564     2.523503 
C    -1.846653    -1.012172     1.823360 
C    -3.222681    -0.721564     1.909940 
C    -4.053879    -1.538553     2.667336 
C    -3.539587    -2.656917     3.350036 
C    -0.799877    -0.334536     1.109649 
C     0.435314    -0.928412     1.280003 
S     0.397826    -2.342772     2.309507 
P    -0.651193     1.236291     0.171156 
C     1.116938     0.847186    -0.133281 
C     1.509493    -0.266177     0.583467 
S     3.223711    -0.600607     0.477104 
C     3.436696     0.802202    -0.577999 
C     2.211000     1.489382    -0.807764 
C     2.226783     2.638045    -1.623685 
C     3.423857     3.071491    -2.181491 
C     4.624463     2.376242    -1.943821 
C     4.639867     1.237377    -1.140457 
C    -1.481608     0.878683    -1.449486 
C    -2.387324     1.829251    -1.942501 
C    -3.046873     1.619415    -3.159143 
C    -2.804618     0.456292    -3.891389 
C    -1.901741    -0.497881    -3.406179 
C    -1.244519    -0.288711    -2.193758 
H    -2.578379     2.736894    -1.374196 
H    -3.746559     2.364261    -3.530015 
H    -3.315354     0.290527    -4.836633 
H    -1.710739    -1.405067    -3.974130 
H    -0.544888    -1.033169    -1.822602 
H     1.303389     3.179497    -1.811790 
H    -3.626661     0.140108     1.385029 
H     3.433897     3.958570    -2.809204 
H    -5.114580    -1.311588     2.733929 
H     5.550733     2.730071    -2.388341 
H    -4.204669    -3.284160     3.937405 
H     5.567732     0.702876    -0.955300 
H    -1.786165    -3.830822     3.813226 
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Compound 3 radical anion - Etot(B3LYP/6-31+G*) = -1983.97796114 au 
 
C    -1.538534    -0.640556    -1.963449 
C    -1.836322     0.500306    -1.201109 
C    -2.778429     1.410473    -1.700954 
C    -3.399169     1.201200    -2.938168 
C    -3.090545     0.064445    -3.689321 
C    -2.158821    -0.857398    -3.195764 
P    -1.024520     0.877281     0.461466 
C     0.719678     1.202337    -0.003125 
C     1.548585     0.105995     0.344354 
S     3.253871     0.427167     0.003573 
C     2.848659     2.052027    -0.603418 
C     1.437962     2.308202    -0.526387 
C     0.986977     3.577905    -0.971226 
C     1.893377     4.518057    -1.457112 
C     3.268983     4.239816    -1.527162 
C     3.747802     2.990785    -1.093312 
C     0.871547    -0.967112     0.933022 
C    -0.528003    -0.774879     1.068378 
C    -1.180256    -1.843030     1.738071 
C    -0.270977    -2.892248     2.103372 
S     1.400734    -2.508329     1.620033 
C    -2.545539    -2.023607     2.079721 
C    -2.960403    -3.178300     2.740529 
C    -2.050431    -4.193074     3.082023 
C    -0.689924    -4.043245     2.758559 
H    -3.030813     2.291536    -1.111821 
H    -4.126073     1.921599    -3.310091 
H    -3.573379    -0.105875    -4.649733 
H    -1.916199    -1.747544    -3.773716 
H    -0.818355    -1.359541    -1.580712 
H    -0.074402     3.811430    -0.927894 
H    -3.265795    -1.250189     1.822369 
H     1.525545     5.486764    -1.792247 
H    -4.012907    -3.295600     2.994412 
H     3.962688     4.982476    -1.914372 
H    -2.391107    -5.089858     3.594245 
H     4.811604     2.764888    -1.138245 
H     0.026017    -4.819295     3.022976 
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Compound 3 radical cation - Etot(B3LYP/6-31+G*) = -1983.69833169 au 
 
C    -1.311997    -0.341982    -2.157531 
C    -1.836500     0.540933    -1.196766 
C    -3.050974     1.199792    -1.449121 
C    -3.733220     0.978002    -2.649269 
C    -3.206879     0.099923    -3.599233 
C    -1.996565    -0.559543    -3.352747 
P    -1.013499     0.898698     0.412328 
C     0.755519     1.177376    -0.013566 
C     1.598362     0.162908     0.511621 
S     3.293547     0.474045     0.285958 
C     2.899215     1.985799    -0.554102 
C     1.488449     2.221950    -0.624232 
C     1.019150     3.402824    -1.254208 
C     1.932582     4.297918    -1.785229 
C     3.316796     4.041866    -1.703290 
C     3.813192     2.886515    -1.086295 
C     0.896691    -0.901667     1.107260 
C    -0.514012    -0.748775     1.064104 
C    -1.191248    -1.843583     1.650609 
C    -0.274191    -2.828704     2.139972 
S     1.419050    -2.369831     1.877347 
C    -2.583905    -2.063591     1.804468 
C    -3.023994    -3.221950     2.422574 
C    -2.100288    -4.176609     2.895572 
C    -0.718742    -3.989038     2.761167 
H    -3.463958     1.884230    -0.711888 
H    -4.672098     1.490592    -2.838587 
H    -3.737095    -0.072357    -4.531681 
H    -1.587787    -1.242500    -4.092280 
H    -0.373100    -0.858965    -1.975973 
H    -0.047891     3.595287    -1.316244 
H    -3.291773    -1.326249     1.437431 
H     1.584653     5.205348    -2.268611 
H    -4.087481    -3.400144     2.546614 
H     4.017739     4.756372    -2.125013 
H    -2.464863    -5.078609     3.378449 
H     4.882866     2.709828    -1.027748 
H    -0.022921    -4.732884     3.137168 
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Compound 4 neutral - Etot(B3LYP/6-31+G*) = -2059.19193046 au 
 
C    -4.442800     0.829293     2.374774 
C    -3.305224     1.062274     1.612308 
C    -2.207706     0.184314     1.718131 
C    -2.297696    -0.918028     2.615305 
C    -3.442845    -1.150691     3.382325 
C    -4.514146    -0.269301     3.253143 
C    -0.937408     0.206728     1.054383 
C    -0.108864    -0.823489     1.433779 
S    -0.819743    -1.888224     2.617338 
C     1.198994    -0.823374     0.793889 
S     2.569898    -1.887892     0.958937 
C     3.475308    -0.917286    -0.208872 
C     2.711505     0.184866    -0.688497 
C     1.407791     0.206942    -0.093039 
C     4.783805    -1.149588    -0.642098 
C     5.339174    -0.268007    -1.567089 
C     4.601664     0.830408    -2.049885 
C     3.301404     1.063021    -1.619850 
P    -0.094653     1.251338    -0.193384 
C    -0.884112     0.905121    -1.806983 
C    -1.267899     2.002899    -2.589030 
C    -1.875881     1.796799    -3.831407 
C    -2.101291     0.498298    -4.294007 
C    -1.718742    -0.599576    -3.514385 
C    -1.111847    -0.398156    -2.274469 
O     0.035137     2.724675     0.072217 
H     2.739739     1.917635    -1.986133 
H    -3.249797     1.917023     0.944229 
H    -1.893437    -1.610725    -3.872899 
H     5.058722     1.507461    -2.766394 
H    -1.086509     3.007464    -2.216806 
H     5.356034    -1.993817    -0.267414 
H    -0.816499    -1.254422    -1.672803 
H    -3.498108    -1.995023     4.063945 
H     6.355372    -0.430199    -1.915899 
H    -2.574013     0.338813    -5.259894 
H    -2.172016     2.650970    -4.435008 
H    -5.413240    -0.431777     3.841245 
H    -5.289128     1.506195     2.295898 
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Compound 4 radical anion - Etot(B3LYP/6-31+G*) = -2059.24018384 au 
 
C    -4.467432     0.778522     2.319001 
C    -3.315813     1.012777     1.570318 
C    -2.193882     0.159867     1.701988 
C    -2.298020    -0.926494     2.630008 
C    -3.448561    -1.156101     3.377077 
C    -4.546704    -0.296790     3.219941 
C    -0.926718     0.191285     1.055221 
C    -0.057992    -0.850120     1.471156 
S    -0.800971    -1.889133     2.688729 
C     1.202248    -0.843490     0.851755 
S     2.627731    -1.872792     1.001328 
C     3.488929    -0.894943    -0.212158 
C     2.682429     0.188191    -0.690286 
C     1.395887     0.206038    -0.082217 
C     4.785579    -1.111249    -0.666719 
C     5.326317    -0.241272    -1.625596 
C     4.556675     0.831281    -2.106852 
C     3.258132     1.052066    -1.652420 
P    -0.089264     1.230156    -0.160785 
C    -0.895040     0.924541    -1.802145 
C    -1.162167     2.014137    -2.641852 
C    -1.757581     1.817452    -3.892989 
C    -2.094149     0.527912    -4.313849 
C    -1.832888    -0.565094    -3.478760 
C    -1.237144    -0.366611    -2.231449 
O     0.005888     2.731282     0.031865 
H     2.680293     1.893790    -2.025104 
H    -3.265357     1.856351     0.886729 
H    -2.094450    -1.571349    -3.799979 
H     4.982777     1.506930    -2.846480 
H    -0.901112     3.010416    -2.294772 
H     5.374342    -1.942485    -0.283783 
H    -1.036334    -1.216329    -1.583182 
H    -3.497386    -1.989225     4.075486 
H     6.339260    -0.397946    -1.989081 
H    -2.558453     0.373025    -5.285935 
H    -1.960311     2.671617    -4.536657 
H    -5.452190    -0.463763     3.798664 
H    -5.320011     1.445761     2.205009 
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Compound 4 radical cation - Etot(B3LYP/6-31+G*) = -2058.93494205 au 
 
C     4.968827     0.322779    -0.937396 
C     3.608839     0.572204    -1.001797 
C     2.706963    -0.369017    -0.439943 
C     3.227809    -1.557322     0.169593 
C     4.593017    -1.802367     0.234390 
C     5.456457    -0.850338    -0.324095 
C     1.298309    -0.338982    -0.384656 
C     0.749603    -1.485141     0.232858 
S     1.942645    -2.612491     0.786104 
C    -0.670713    -1.519658     0.250164 
S    -1.793770    -2.703312     0.831586 
C    -3.143294    -1.712160     0.247190 
C    -2.695771    -0.500312    -0.374122 
C    -1.289310    -0.401860    -0.353116 
C    -4.493006    -2.023190     0.345048 
C    -5.415006    -1.114547    -0.191680 
C    -5.000004     0.080517    -0.815955 
C    -3.655707     0.395669    -0.913286 
P    -0.031202     0.796640    -0.971088 
C    -0.053196     2.245826     0.112039 
C    -0.091373     3.505820    -0.506093 
C    -0.109795     4.659654     0.281243 
C    -0.090303     4.557954     1.675069 
C    -0.052238     3.301596     2.291615 
C    -0.033612     2.144573     1.514010 
O    -0.056485     1.102305    -2.434900 
H    -3.327974     1.307472    -1.403244 
H     3.225375     1.466715    -1.483107 
H    -0.037164     3.225675     3.375074 
H    -5.745293     0.754233    -1.226663 
H    -0.106244     3.572815    -1.590277 
H    -4.833304    -2.939993     0.816548 
H    -0.004028     1.172467     2.001069 
H     4.988820    -2.701270     0.696943 
H    -6.475103    -1.342068    -0.127632 
H    -0.104731     5.457549     2.284052 
H    -0.139327     5.635443    -0.195029 
H     6.527599    -1.026060    -0.285998 
H     5.670295     1.031650    -1.365733 
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Compound 5 neutral - Etot(B3LYP/6-31+G*) = -2382.15647622 au 
 
C    -4.453558     0.690261     2.341762 
C    -3.313290     0.923146     1.583178 
C    -2.217970     0.043185     1.691504 
C    -2.311971    -1.060793     2.585808 
C    -3.460292    -1.293593     3.347870 
C    -4.529757    -0.410255     3.217073 
C    -0.946323     0.059078     1.030457 
C    -0.119041    -0.973142     1.409682 
S    -0.836113    -2.034827     2.592887 
C     1.185818    -0.972567     0.772169 
S     2.560602    -2.033382     0.933313 
C     3.461363    -1.058389    -0.234998 
C     2.697398     0.045279    -0.710038 
C     1.394402     0.060113    -0.113132 
C     4.768389    -1.290204    -0.672628 
C     5.321899    -0.406177    -1.596357 
C     4.583862     0.694046    -2.073770 
C     3.284529     0.925951    -1.640353 
P    -0.091465     1.128958    -0.186128 
C    -0.886708     0.804762    -1.814140 
C    -1.279312     1.880619    -2.617786 
C    -1.884112     1.643185    -3.856146 
C    -2.097358     0.334150    -4.293054 
C    -1.705265    -0.743324    -3.490488 
C    -1.101692    -0.510920    -2.254614 
S     0.126797     3.034359     0.262313 
H     2.722462     1.782318    -2.001351 
H    -3.253220     1.779742     0.918168 
H    -1.869576    -1.763623    -3.827166 
H     5.039470     1.373335    -2.789053 
H    -1.108748     2.895298    -2.268333 
H     5.340779    -2.136156    -0.302097 
H    -0.799658    -1.352389    -1.636401 
H    -3.519195    -2.139780     4.026883 
H     6.337082    -0.567994    -1.948274 
H    -2.567578     0.150903    -5.255875 
H    -2.187049     2.482986    -4.476172 
H    -5.431156    -0.572849     3.801601 
H    -5.298285     1.368996     2.261782 
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Compound 5 radical anion - Etot(B3LYP/6-31+G*) = -2382.20621888 au 
 
C    -4.453513     0.646652     2.358936 
C    -3.308738     0.882297     1.600062 
C    -2.199756     0.009421     1.697717 
C    -2.305699    -1.096154     2.601108 
C    -3.450637    -1.328449     3.356117 
C    -4.537418    -0.449800     3.233202 
C    -0.941873     0.030692     1.032240 
C    -0.076878    -1.025422     1.418692 
S    -0.821192    -2.080408     2.620957 
C     1.180902    -1.007904     0.798534 
S     2.605140    -2.042020     0.917247 
C     3.473438    -1.020248    -0.254442 
C     2.672570     0.080108    -0.698774 
C     1.381287     0.070237    -0.100385 
C     4.773011    -1.221123    -0.708132 
C     5.320530    -0.315882    -1.629163 
C     4.556322     0.776022    -2.073673 
C     3.254260     0.980609    -1.621768 
P    -0.098316     1.102042    -0.147502 
C    -0.906124     0.819659    -1.802073 
C    -1.016123     1.851170    -2.742015 
C    -1.587824     1.609364    -3.995672 
C    -2.061256     0.334734    -4.318399 
C    -1.958834    -0.699364    -3.381058 
C    -1.382878    -0.458933    -2.131879 
S     0.061465     3.068707     0.206010 
H     2.680621     1.838512    -1.961685 
H    -3.251831     1.742838     0.938992 
H    -2.329688    -1.693554    -3.621773 
H     4.989256     1.479923    -2.782139 
H    -0.661960     2.842998    -2.473045 
H     5.358342    -2.066709    -0.352553 
H    -1.305592    -1.263362    -1.405023 
H    -3.502682    -2.177119     4.035197 
H     6.335671    -0.460084    -1.991604 
H    -2.510071     0.147308    -5.291908 
H    -1.667716     2.420404    -4.717041 
H    -5.438102    -0.618013     3.818961 
H    -5.296745     1.329638     2.273687 
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Compound 5 radical cation - Etot(B3LYP/6-31+G*) = -2381.90023558 au 
 
C    -4.971440     0.384520     0.727868 
C    -3.609258     0.622975     0.793881 
C    -2.710411    -0.372871     0.333836 
C    -3.236314    -1.602958    -0.177302 
C    -4.603995    -1.838010    -0.243786 
C    -5.464789    -0.832522     0.213309 
C    -1.298291    -0.364025     0.287941 
C    -0.756521    -1.563639    -0.225135 
S    -1.958601    -2.722885    -0.685857 
C     0.661145    -1.602123    -0.253041 
S     1.779542    -2.824343    -0.759495 
C     3.135115    -1.775971    -0.302606 
C     2.697205    -0.519692     0.227439 
C     1.286933    -0.434211     0.237056 
C     4.484364    -2.084818    -0.422469 
C     5.415725    -1.127997    -0.000612 
C     5.009719     0.113481     0.531599 
C     3.666127     0.425429     0.650774 
P     0.037445     0.783017     0.822761 
C     0.053337     2.197460    -0.322132 
C     0.098987     3.496925     0.201943 
C     0.111632     4.591339    -0.666302 
C     0.078943     4.390486    -2.048676 
C     0.033356     3.092892    -2.572352 
C     0.020427     1.994960    -1.713669 
S     0.085698     1.169588     2.742309 
H     3.347982     1.373458     1.073412 
H    -3.223796     1.551891     1.202699 
H     0.007990     2.938319    -3.647209 
H     5.761301     0.826677     0.855001 
H     0.124212     3.645269     1.277855 
H     4.815598    -3.036485    -0.826620 
H    -0.015051     0.990720    -2.129153 
H    -5.001989    -2.769879    -0.633589 
H     6.475160    -1.352771    -0.082352 
H     0.088908     5.244018    -2.720733 
H     0.146987     5.598299    -0.260687 
H    -6.537250    -0.999401     0.173477 
H    -5.669939     1.137095     1.079776 
 
 
 
 
 







-S18- 


Compound B1 neutral Etot(B3LYP/6-31+G*) = -1676.63412073 au 
 
P    -0.343054     0.000000     1.446111 
C     1.513452     0.000000     1.446111 
C     2.164412     0.000000     2.688305 
C     3.562467     0.000000     2.759984 
C     4.320162     0.000000     1.588030 
C     3.678423     0.000000     0.343149 
C     2.285335     0.000000     0.272213 
H     1.793820     0.000000    -0.697261 
H     4.265655     0.000000    -0.571954 
H     5.406072     0.000000     1.640293 
H     4.053985     0.000000     3.729717 
H     1.576685     0.000000     3.603520 
C    -0.784377     1.287812     0.209017 
C    -0.784377    -1.287812     0.209017 
C    -1.354980     0.721263    -0.923995 
C    -1.354980    -0.721263    -0.923995 
S    -1.917792     1.926736    -2.039581 
S    -1.917792    -1.926736    -2.039581 
C    -1.375086     3.199867    -0.972368 
C    -1.375086    -3.199867    -0.972368 
C    -0.807310     2.712671     0.177856 
C    -0.807310    -2.712671     0.177856 
H    -0.418884     3.352981     0.963038 
H    -0.418884    -3.352981     0.963038 
H    -1.513888     4.232915    -1.264174 
H    -1.513888    -4.232915    -1.264174 
 
 
Compound B1 radical anion - Etot(B3LYP/6-31+G*) = -1676.64694459 au 
 
C     0.704576    -0.686291    -2.724476 
C     0.686143    -0.562156    -1.316037 
C    -0.069010    -1.595614    -0.686804 
S    -0.766018    -2.687905    -1.882592 
C    -0.027755    -1.754638    -3.204040 
P     1.485926     0.521189    -0.077728 
C     0.770502    -0.516503     1.253327 
C    -0.031445    -1.563689     0.714772 
S    -0.674432    -2.589321     1.995743 
C     0.143374    -1.606155     3.229444 
C     0.861398    -0.571320     2.662015 
C     0.350471     2.041722    -0.062899 
C     0.854682     3.239760     0.463538 
C     0.064567     4.393298     0.528074 







-S19- 


C    -1.252242     4.363107     0.058964 
C    -1.765437     3.175343    -0.476775 
C    -0.969792     2.028115    -0.541923 
H    -1.367198     1.109580    -0.966916 
H    -2.790142     3.144179    -0.844958 
H    -1.872175     5.256869     0.105227 
H     0.478643     5.314806     0.936103 
H     1.883733     3.269320     0.822524 
H     1.433660     0.132965     3.261996 
H     1.234491    -0.004978    -3.386821 
H     0.035827    -1.861980     4.275608 
H    -0.198722    -2.052863    -4.230331 
 
 
Compound B1 radical cation - Etot(B3LYP/6-31+G*) = -1676.37569997 au 
 
P    -0.288241     0.000000     1.451806 
C     1.550369     0.000000     1.451806 
C     2.179560     0.000000     2.707778 
C     3.574906     0.000000     2.791353 
C     4.344311     0.000000     1.625638 
C     3.722072     0.000000     0.371122 
C     2.330960     0.000000     0.280955 
H     1.858589     0.000000    -0.698160 
H     4.322013     0.000000    -0.534607 
H     5.428646     0.000000     1.691450 
H     4.056465     0.000000     3.764911 
H     1.584042     0.000000     3.617242 
C    -0.760306     1.273584     0.204076 
C    -0.760306    -1.273584     0.204076 
C    -1.401889     0.699121    -0.938233 
C    -1.401889    -0.699121    -0.938233 
S    -1.999317     1.912093    -2.040231 
S    -1.999317    -1.912093    -2.040231 
C    -1.374929     3.152639    -0.997384 
C    -1.374929    -3.152639    -0.997384 
C    -0.753422     2.671722     0.151659 
C    -0.753422    -2.671722     0.151659 
H    -0.328466     3.325627     0.905055 
H    -0.328466    -3.325627     0.905055 
H    -1.508793     4.191697    -1.276998 
H    -1.508793    -4.191697    -1.276998 
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Compound B2 neutral - Etot(B3LYP/6-31+G*) = -1751.88052640 au 
 
C     0.474916    -0.663449    -2.728932 
C     0.500298    -0.608454    -1.308508 
C    -0.148632    -1.677564    -0.714545 
S    -0.799659    -2.767587    -1.889967 
C    -0.192046    -1.772199    -3.189227 
P     1.182170     0.503261    -0.019327 
C     0.535663    -0.591109     1.302478 
C    -0.128928    -1.667895     0.740562 
S    -0.747829    -2.741998     1.947570 
C    -0.105525    -1.729486     3.216560 
C     0.548631    -0.627133     2.723677 
C     0.162889     2.022183    -0.015658 
C     0.834629     3.251870    -0.032545 
C     0.106329     4.445683    -0.030652 
C    -1.289976     4.414392    -0.011950 
C    -1.963096     3.187055     0.004943 
C    -1.240030     1.993820     0.003113 
H    -1.767858     1.043140     0.016277 
H    -3.049699     3.160935     0.019515 
H    -1.855461     5.342889    -0.010497 
H     0.631277     5.397466    -0.043798 
H     1.920955     3.260609    -0.047013 
H     1.023072     0.116234     3.355014 
H     0.931971     0.071366    -3.382710 
H    -0.247372    -2.018678     4.249848 
H    -0.361699    -2.075112    -4.214360 
O     2.653918     0.804914    -0.041242 
 
 
Compound B2 radical anion - Etot(B3LYP/6-31+G*) = -1751.91279321 au 
 
C     0.492479    -0.629094    -2.701144 
C     0.509975    -0.591955    -1.285478 
C    -0.149967    -1.712642    -0.699731 
S    -0.762985    -2.799685    -1.939480 
C    -0.147341    -1.732018    -3.218479 
P     1.173243     0.476422     0.004918 
C     0.506431    -0.591509     1.294573 
C    -0.149340    -1.713846     0.706728 
S    -0.756104    -2.806276     1.944940 
C    -0.141935    -1.739870     3.225996 
C     0.492986    -0.633289     2.710226 
C     0.175068     2.044072     0.006389 
C     0.832365     3.275928    -0.116195 
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C     0.105970     4.472488    -0.133115 
C    -1.287483     4.448305    -0.024438 
C    -1.951463     3.221622     0.101631 
C    -1.224019     2.029359     0.116699 
H    -1.740103     1.077162     0.215146 
H    -3.036177     3.195642     0.188315 
H    -1.854360     5.377574    -0.036270 
H     0.628808     5.422920    -0.228279 
H     1.916659     3.275256    -0.191112 
H     0.945539     0.125877     3.343333 
H     0.946693     0.130013    -3.333082 
H    -0.284881    -2.015551     4.262883 
H    -0.290464    -2.005946    -4.255813 
O     2.636588     0.885097    -0.003528 
 
 
Compound B2 radical cation - Etot(B3LYP/6-31+G*) = -1751.60952269 au 
 
C     0.444962    -0.652005    -2.690644 
C     0.446945    -0.577796    -1.297570 
C    -0.156170    -1.717128    -0.691470 
S    -0.729351    -2.857750    -1.871124 
C    -0.159136    -1.824326    -3.143243 
P     1.123847     0.576268    -0.019265 
C     0.482665    -0.560777     1.292302 
C    -0.136712    -1.707864     0.718081 
S    -0.677046    -2.832728     1.927985 
C    -0.072129    -1.782811     3.170209 
C     0.519037    -0.616640     2.685761 
C     0.134678     2.083597    -0.015462 
C     0.833111     3.301923    -0.034860 
C     0.119776     4.502422    -0.033057 
C    -1.277970     4.487931    -0.012074 
C    -1.974099     3.272955     0.007300 
C    -1.271932     2.069158     0.005688 
H    -1.820421     1.129767     0.020847 
H    -3.060062     3.266601     0.023601 
H    -1.828631     5.424377    -0.010743 
H     0.656246     5.446596    -0.048005 
H     1.919139     3.300152    -0.050950 
H     0.953333     0.137000     3.333195 
H     0.861105     0.092985    -3.359650 
H    -0.179132    -2.078123     4.208145 
H    -0.294629    -2.133255    -4.173861 
O     2.604942     0.768212    -0.041142 
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Compound B3 neutral - Etot(B3LYP/6-31+G*) = -2074.84511847 au 
 
C     0.302397    -0.697517    -2.721335 
C     0.313435    -0.645567    -1.301280 
C    -0.355717    -1.704303    -0.710532 
S    -1.013385    -2.782865    -1.893933 
C    -0.380200    -1.793949    -3.186651 
P     1.030743     0.445291    -0.014175 
C     0.342513    -0.628193     1.303016 
C    -0.339492    -1.694612     0.741472 
S    -0.971159    -2.756774     1.953522 
C    -0.309737    -1.750661     3.218543 
C     0.362533    -0.660861     2.723560 
C     0.021261     1.984631    -0.013240 
C     0.659673     3.229356    -0.034608 
C    -0.099311     4.403929    -0.034832 
C    -1.493979     4.337971    -0.013739 
C    -2.134596     3.093668     0.007695 
C    -1.381237     1.919579     0.007976 
H    -1.884826     0.956402     0.024623 
H    -3.220030     3.038364     0.024180 
H    -2.082864     5.251741    -0.013894 
H     0.402462     5.367983    -0.051436 
H     1.745391     3.269775    -0.050664 
H     0.854660     0.074650     3.350297 
H     0.780397     0.029478    -3.368606 
H    -0.455141    -2.034579     4.252789 
H    -0.548307    -2.091761    -4.213522 
S     2.978409     0.733249    -0.038176 
 
 
Compound B3 radical anion - Etot(B3LYP/6-31+G*) = -2074.87993432 au 
 
C     0.460120    -0.637401    -2.685375 
C     0.385838    -0.617704    -1.271573 
C    -0.351824    -1.714399    -0.739194 
S    -0.939457    -2.754440    -2.029261 
C    -0.196675    -1.703911    -3.252286 
P     1.019520     0.406158     0.066739 
C     0.263042    -0.661724     1.303994 
C    -0.408773    -1.744937     0.664829 
S    -1.075824    -2.853211     1.856334 
C    -0.445749    -1.853061     3.181822 
C     0.235009    -0.752505     2.717142 
C     0.040760     1.993457     0.059431 
C     0.613475     3.195976    -0.377074 
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C    -0.148983     4.366401    -0.436186 
C    -1.493315     4.351456    -0.050171 
C    -2.070099     3.156099     0.392853 
C    -1.309983     1.984810     0.444257 
H    -1.760703     1.057122     0.786818 
H    -3.114141     3.134907     0.699829 
H    -2.085865     5.263580    -0.090108 
H     0.311148     5.293302    -0.774341 
H     1.666099     3.204123    -0.648080 
H     0.707780    -0.032974     3.380192 
H     0.991650     0.104529    -3.275000 
H    -0.622233    -2.154640     4.206158 
H    -0.290309    -1.958809    -4.299977 
S     2.981951     0.846473     0.129090 
 
 
Compound B3 radical cation - Etot(B3LYP/6-31+G*) = -2074.57700845 au 
 
C     0.239244    -0.657236    -2.694138 
C     0.245318    -0.602154    -1.293629 
C    -0.302948    -1.768805    -0.695055 
S    -0.840790    -2.910438    -1.884091 
C    -0.323402    -1.838475    -3.153195 
P     0.902535     0.531866    -0.009162 
C     0.264641    -0.588755     1.296709 
C    -0.292017    -1.761477     0.718611 
S    -0.810550    -2.891361     1.927430 
C    -0.274259    -1.806671     3.177353 
C     0.280504    -0.629753     2.697620 
C    -0.043528     2.075444    -0.007127 
C     0.644277     3.297098    -0.059724 
C    -0.077635     4.492598    -0.062974 
C    -1.473754     4.469208    -0.014023 
C    -2.159980     3.249240     0.038953 
C    -1.450191     2.050638     0.042771 
H    -1.990385     1.107789     0.085013 
H    -3.245274     3.234534     0.077545 
H    -2.031165     5.401597    -0.016476 
H     0.452594     5.439461    -0.103170 
H     1.729755     3.309053    -0.095843 
H     0.668732     0.149267     3.343921 
H     0.617568     0.115087    -3.354189 
H    -0.404843    -2.093825     4.214393 
H    -0.470460    -2.135935    -4.185115 
S     2.869088     0.652110    -0.029570 
 







-S24- 


Compound B4 closed shell cation - Etot(B3LYP/6-31+G*) = -1716.33268431 au 
 
P     0.405707     0.000000     0.975230 
C     0.405707     0.000000     2.796813 
C     2.090514     0.000000     0.330485 
C     3.199237     0.000000     1.192811 
C     4.489380     0.000000     0.657811 
C     4.673749     0.000000    -0.726590 
C     3.568992     0.000000    -1.586338 
C     2.277626     0.000000    -1.064193 
H     1.423751     0.000000    -1.736743 
H     3.714258     0.000000    -2.662469 
H     5.678882     0.000000    -1.138272 
H     5.346491     0.000000     1.324551 
H     3.073338     0.000000     2.271102 
C    -0.641548     1.311477     0.316798 
C    -0.641548    -1.311477     0.316798 
C    -1.726996     0.727211    -0.329702 
C    -1.726996    -0.727211    -0.329702 
S    -2.788178     1.922459    -0.970419 
S    -2.788178    -1.922459    -0.970419 
C    -1.768602     3.201866    -0.370693 
C    -1.768602    -3.201866    -0.370693 
C    -0.661744     2.733410     0.292811 
C    -0.661744    -2.733410     0.292811 
H     0.090012     3.381642     0.728772 
H     0.090012    -3.381642     0.728772 
H    -2.051228     4.231335    -0.549633 
H    -2.051228    -4.231335    -0.549633 
H    -0.634655     0.000000     3.133820 
H     0.905944    -0.894540     3.179666 
H     0.905944     0.894540     3.179666 
 
 
Compound B4 radical neutral - Etot(B3LYP/6-31+G*) = -1716.49408454 au 
 
P     0.287466     0.000000     0.998301 
C     0.287466     0.000000     2.845686 
C     2.068546     0.000000     0.525420 
C     3.117135     0.000000     1.457352 
C     4.446585     0.000000     1.022693 
C     4.736710     0.000000    -0.343050 
C     3.695412     0.000000    -1.277907 
C     2.369311     0.000000    -0.847026 
H     1.560687     0.000000    -1.573588 
H     3.916926     0.000000    -2.341862 
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H     5.770245     0.000000    -0.679591 
H     5.251921     0.000000     1.752801 
H     2.912081     0.000000     2.523398 
C    -0.676555     1.291791     0.280537 
C    -0.676555    -1.291791     0.280537 
C    -1.739201     0.703097    -0.476396 
C    -1.739201    -0.703097    -0.476396 
S    -2.727180     1.943900    -1.214378 
S    -2.727180    -1.943900    -1.214378 
C    -1.712419     3.214598    -0.518888 
C    -1.712419    -3.214598    -0.518888 
C    -0.684449     2.717145     0.233762 
C    -0.684449    -2.717145     0.233762 
H     0.038558     3.356122     0.732088 
H     0.038558    -3.356122     0.732088 
H    -1.954633     4.250396    -0.716302 
H    -1.954633    -4.250396    -0.716302 
H    -0.758045     0.000000     3.164131 
H     0.780309    -0.895226     3.240754 
H     0.780309     0.895226     3.240754 
 
 
Close shell cation of 8 - Etot(B3LYP/6-31+G*) = -2023.64551773 au 
 
C     0.043944     2.286693    -1.469092 
C    -0.304986     2.277622    -0.106350 
C    -0.643726     3.475545     0.543897 
C    -0.632247     4.676040    -0.170040 
C    -0.285541     4.683344    -1.522981 
C     0.052131     3.489743    -2.171435 
P    -0.304030     0.700288     0.772244 
C    -0.792517     0.931522     2.512643 
C    -1.278867    -0.589909    -0.017226 
C    -2.645519    -0.809469    -0.394495 
C    -2.792138    -2.102055    -0.974185 
S    -1.262279    -2.985997    -1.038476 
C    -0.439239    -1.653024    -0.301865 
C    -3.780920     0.017834    -0.284483 
C    -5.008558    -0.447655    -0.736357 
C    -5.133903    -1.731238    -1.302605 
C    -4.029280    -2.568817    -1.428033 
C     0.954704    -1.449669     0.062645 
C     1.234857    -0.223204     0.640119 
C     2.616424    -0.041899     0.981669 
C     3.363236    -1.204188     0.635716 
S     2.352735    -2.458690    -0.093007 
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C     3.290655     1.049376     1.564942 
C     4.657743     0.962357     1.791769 
C     5.377910    -0.197923     1.446736 
C     4.739560    -1.289744     0.865452 
H    -0.915713     3.487640     1.594997 
H    -0.894307     5.602003     0.333203 
H    -0.277924     5.619149    -2.074389 
H     0.321483     3.496573    -3.223383 
H     0.306906     1.362887    -1.977911 
H     2.749455     1.954725     1.827248 
H    -3.697110     1.014307     0.141401 
H     5.181279     1.801676     2.239824 
H    -5.885714     0.187338    -0.654617 
H     6.446469    -0.242638     1.634314 
H    -6.104638    -2.073404    -1.648438 
H     5.298172    -2.181876     0.598135 
H    -4.128765    -3.556929    -1.867515 
H    -0.777439    -0.048464     2.997764 
H    -0.088404     1.594040     3.024553 
H    -1.802948     1.345943     2.576251 
 
 
Neutralized cation of 8 (radical) - Etot(B3LYP/6-31+G*) = -2023.81413085 au 
 
C    -0.495777     2.264909    -1.489738 
C    -0.366151     2.269374    -0.091030 
C    -0.210104     3.492034     0.581495 
C    -0.185294     4.691252    -0.135350 
C    -0.319603     4.679424    -1.525946 
C    -0.477345     3.464654    -2.201140 
P    -0.314494     0.652992     0.778181 
C    -0.821853     1.019434     2.513361 
C    -1.250448    -0.607862    -0.026513 
C    -2.606657    -0.830021    -0.433893 
C    -2.757415    -2.112428    -1.039696 
S    -1.228474    -3.021971    -1.092051 
C    -0.380481    -1.698879    -0.313452 
C    -3.747457    -0.008193    -0.333692 
C    -4.975718    -0.456239    -0.817637 
C    -5.101412    -1.723056    -1.407567 
C    -3.985733    -2.559368    -1.521061 
C     0.956724    -1.494336     0.064542 
C     1.208639    -0.242142     0.692467 
C     2.583719    -0.039665     1.041091 
C     3.375696    -1.171453     0.685711 
S     2.415986    -2.456389    -0.084307 
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C     3.231666     1.054224     1.649864 
C     4.603017     1.006905     1.894626 
C     5.361101    -0.120200     1.542601 
C     4.745878    -1.218276     0.932656 
H    -0.111925     3.522427     1.662827 
H    -0.064056     5.632721     0.394170 
H    -0.302600     5.613243    -2.081758 
H    -0.587070     3.450944    -3.282220 
H    -0.618142     1.320938    -2.014230 
H     2.663392     1.940840     1.922095 
H    -3.668097     0.979127     0.115653 
H     5.091266     1.857723     2.363362 
H    -5.848185     0.187232    -0.735717 
H     6.429141    -0.142620     1.740442 
H    -6.065863    -2.058949    -1.778189 
H     5.329204    -2.092214     0.654023 
H    -4.077418    -3.541466    -1.977987 
H    -0.923094     0.062280     3.031541 
H    -0.060296     1.615426     3.026988 
H    -1.779001     1.550674     2.537825 
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4) Simulated UV spectra and NCIS values for compounds 3, 4, 5, and 8. 


 
Figure S4. B3LYP/6-31G* optimized structures of the benzoannelated species 
BSP(Ph,E)SB 
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Figure S5. TD-B3LYP/6-31G*//B3LYP/6-31G* theoretical UV spectra of the 
BSP(Ph,E)SB species 
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Table S1. Simulated UV/Vis data for the DFT-optimized (gaseous phase) structure of 3. 


 
Table S2. Simulated UV/Vis data for the DFT-optimized (gaseous phase) structure of 4. 
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Table S3. Simulated UV/Vis data for the DFT-optimized (gaseous phase) structure of 5. 


 
 
Table S4. Simulated UV/Vis data for the DFT-optimized (gaseous phase) structure of 5. 
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Table S5. GIAO-HF/6-31G*//Becke3LYP/6-31G* NICS data for the each ring of the 
studied species 
 


 
 
Table S6. Reference data for the monocyclic fragments (GIAO-HF/6-31G*//-
Becke3LYP/6-31G*) 
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Figure S.1 


Thermogravimetric (TG) and differential scanning calorimetric (DSC) curves for [Co(F-


pymo)2]n·2.5nH2O, α-Co, acquired under a nitrogen atmosphere at 20 K/min. The species 


undergoes a mass loss of about 14% at 365 K, by means of an endothermic process. The mass loss 


is compatible with the release of all the clathrated water molecules (theoretical value 13.6%) to 


form the anhydrous [Co(F-pymo)2]n (β-Co) phase. The latter undergoes a temperature-promoted 


exothermic transformation at 573 K, without any mass loss, yielding a polymorphic form of β-Co, 


namely γ-Co, which is stable up to 673 K, when decomposition starts. 
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Figure S.2 


Thermogravimetric (TG) and differential scanning calorimetric (DSC) curves for [Zn(F-


pymo)2]n·2.5nH2O, α-Zn, acquired under a nitrogen atmosphere at 20 K/min. The compound 


suffers a mass loss of about 13.5% at 361 K, promoted by an endothermic process, and consistent 


with the release of all the clathrated water molecules to form the anhydrous [Zn(F-pymo)2]n species, 


β-Zn. The latter undergoes a temperature-promoted exothermic transformation at 535 K, without 


any mass loss, to yield the [Zn(F-pymo)2]n polymorph γ-Zn, stable up to 673 K, when 


decomposition starts. 
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Figure S.3 


Thermogravimetric (TG) and differential scanning calorimetric (DSC) curves for [Co0.21Zn0.79(F-


pymo)2]n·2.5nH2O, α-CoZn, acquired under a nitrogen atmosphere at 20 K/min. The material 


undergoes an endothermic mass loss at about 380 K, which yields the unhydrous β-CoZn phase. 


Further heating up to 539 K causes an exothermic phase change to give the anhydrous γ-CoZn, 


which starts decomposing at about 673 K. 
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Figure S1. ESI mass spectrum of Rh2(DTolF)2{d(GpA)} collected in positive ion mode. 


 


 


 


 


 


 


 
 


Figure S2. ESI mass spectrum of Rh2(DTolF)2{d(ApG)} collected in negative ion mode. 
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Figure 4. The optimized structures of the [CpW(dhpe)H3]·TFE adducts. (in color) 


Figure 5. The optimized structures of the [CpW(dhpe)H3]·HFIP adducts. (in color) 


Figure 10. Left: UV-visible spectra (toluene solution, 200 K, 0.12 cm cell) of:  (a) p-nitrophenol 


(3·10-4 M); (b) [Cp*W(dppe)H3] (3·10-4 M); (c-h) p-nitrophenol in the presence of increasing 


amount of  [Cp*W(dppe)H3]: 3.7·10-5 M (c), 7.5·10-5 (d), 1.5·10-4 (e), 3·10-4 (f), 4.5·10-4 (g), 6·10-4 


(h). Right: intensity changes at 380 nm. (in color) 


Figure 1S.  IR spectrum of Cp*WH3(dppe) and band decomposition. 


Figure 2S.  T1 values for all investigated compounds (500 MHz).  


Figure 3S. IR spectra of [Cp*WH4(dppe)]+BF4
-  and of dppe . 


Table 1S. Frequency parameters of the [CpW(dhpe)H3]·HA adducts (HA = TFE, HFIP). 


Description of computational results for the [CpW(dhpe)H3]·2HFIP adducts. 


Table 2S. Main energetic and structural parameters of the [CpW(dhpe)H3]·2HFIP adducts. 


Description of computational results for the protonation product, [Cp*WH4(dppe)]+.  


Description of the proton transfer pathway for the [Cp*W(dhpe)H3]+2(HFIP) adduct C2”. Figure 
4S 


Figure 5S. Optimized structures of hydrogen bonded complexes and ion pairs resulting from 
proton transfer between Cp*WH3(dppe) and HFIP or (HFIP)2 


Description of the dihydrogen elimination from [CpW(dhpe)H4]+.  


Potential energies (hartree) and Cartesian coordinates (Ångstrom) of all located minima. 
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Figure 4. 
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Figure 1S.  IR spectrum in the νMH region of Cp*WH3(dppe) (0.025 ? , 200K, CH2Cl2, 0.12 cm) and band 
decomposition. 
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Figure 2S.   T1 values for all investigated compounds (500 MHz).  Solvent = toluene-d8. Note: the trihydride sample 
used for this study contained also minor amount of pentahydride Cp*WH5(dppe), whose presence did 
not interfere with the interaction with HFIP as evident from the constant intensities of the 
corresponding 1H (δWH -2.44 ppm, 210K) and 31P (δ 27 ppm) signals.   
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Figure 3S.  IR spectra in the νW-H stretching region of [Cp*WH4(dppe)]+BF4


- (0.022M) and of dppe (0.011M) at 
200K in CH2Cl2, 0.22 cm. 
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Table 1S. Frequency parameters of the [CpW(dhpe)H3]·(HA) adducts (HA = TFE, HFIP).  


 
 νW-H1 (cm-1)a νW-H2 (cm-1)a νW-H3 (cm-1)a νOH (cm-1)a 


TFE    3844 (0.38) 
HFIP    3818 (0.66) 


(HFIP)2    3771 (2.50)b 
3718 (4.02)c 


 [CpW(dhpe)H3]·TFE adducts 
A 1966 (0.21) 1838 (0.38) 1809 (1.33) 3609 (5.26) 
B 1930 (0.66) 1895 (0.44) 1809 (0.67) 3533 (7.70) 
C 1953 (0.21) 1831 (0.41)d 1804 (1.01)e  3500 (8.12) 
D 1811 (1.01) 1846 (0.96) 1901 (0.95) 3421 (8.37) 
 [CpW(dhpe)H3]·HFIP adducts 


A’ 1958 (0.21) 1839 (0.37) 1811 (1.75) 3472 (8.4) 
B1’ 1934 (0.64) 1886 (0.61) 1816 (0.78) 3433 (11.8) 
B2’ 1901 (0.45)f 1940 (0.99)g 1810 (0.71) 3432 (11.6) 
C1’ 1954 (0.20) 1820 (1.07)h 1849 (0.47)i 3331 (12.3) 
C2’ 1882 (0.75) 1848 (0.48) 1826 (1.37) 3184 (14.8) 
D’ 1813 (1.25) 1853 (0.96) 1901 (1.24) 3224 (12.6) 


 [CpW(dhpe)H3]·2HFIP adducts 


A1” 1954 (0.21) 1826 (0.37) 1795 (2.94) 3581 (7.01)b  
3238 (14.74)j 


A2” 1898 (1.91) 1850 (1.17) 1822 (1.54) 3515 (7.50)b 
2978 (20.23)j 


B1” 1930 (0.64) 1879 (0.62) 1820 (0.82) 3619 (6.73)b 
3157 (19.64)j 


B2” 1956 (0.53) 1873 (0.76) 1818 (0.92) 3622 (6.85)b  
3164 (19.39)j 


C1” 1953 (0.24) 1830 (0.44) 1800 (1.05) 3661 (5.30)b 
2994 (19.16)j 


C2”  1919 (0.32) 1882 (0.35) 1818 (0.81) 3611 (8.07)b  
2925 (28.13)j 


D1” 1888 (0.78) 1840 (2.40) 1830.9 (0.55) 3567 (7.37)b 
2917 (22.97)j 


 


aCalculated intensity in parentheses (A, 104 L mol–1cm–2). bFor the OH···O bonded HFIP molecule. 
cThis OH group interacts with one of the F atoms of the second HFIP molecule (r(H···F) = 2.048 
Å). dSymmetric H2/H3 mode. eAsymmetric H3/H2 mode. fAsymmetric H1/H2 mode. gSymmetric 
H2/H1 mode. hAsymmetric H2/H3 mode. iSymmetric H3/H2 mode. jFor the OH interacting with 
the WH3 fragment.   
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Description of computational results for the [CpW(dhpe)H3]·2HFIP adducts. 
 


Seven species have been located, their main structural and energetic parameters being 


collected in Table 2S.  The species located follow the same pattern as the simple adducts with HFIP 


and TFE, the species displaying a bifurcated interaction with two W-H bonds (B1” and B2”) being 


slightly more stabilized than those displaying a direct interaction with the metal centre (C1” and 


C2”), while the monodentated hydrogen bonded species that use the W-H3 binding site (A1” and 


A2”) are the least stabilized. Species C2” and D”, having energies intermediate between A” and 


B”/C”, feature significant difference from the original [CpW(dhpe)H3] geometry with dhpe ligand 


tilted toward the Cp ring. The proton interacts with both W and H3 in D”, whereas the interaction 


in C2” can be regarded as a “pure” H-bond to the tungsten atom. 


 


                     
   A1”                A2”                    B1”                       B2”           


             
   C1”                           C2”                D”          
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Table 2S.  Main energetic and structural parameters of the [CpW(dhpe)H3]·2HFIP adducts.  
Energies are given relative to the separated [CpWH3(dpe)] and (HFIP)2 species.  


 
 A1” A2” B1” B2” C1” C2”  D” 


? Egas phase (kcal.mol-1) -12.9 -13.4 -16.6 -15.9 -15.7 -14.6 -14.7 


? EBSSE (kcal.mol-1) -6.5 -6.0 -10.4 -10.5 -7.0 -8.3 -8.0 


? EDCM (kcal.mol-1) -3.6 -1.2 -3.6 -2.0 -4.4 -4.9 -2.7 


Dist. O-H···HW (Å) 1.559 1.474 1.721 (H1) 
1.816 (H2) 


1.846 (H1) 
1.651 (H2) 1.920 2.221 1.540 


Dist. O-H···W(Å) 2.944 2.883 2.663 2.683 2.531 2.502 2.574 
∠ O-H···H(W) 


 155.6 150.7 146.7 (H1) 
141.4 (H2) 


141.3 (H1) 
147.0 (H2) 138.3 142.3 149.8 


∠ O-H···W 152.5 163.7 170.3 171.0 178.2 175.3 168.5 
rW-H1 (Å)a 1.694 1.735 1.706 1.722 1.697 1.740 1.726 
rW-H2 (Å)a 1.735 1.724 1.722 1.704 1.737 1.707 1.727 
rW-H3 (Å)a 1.747 1.732 1.734 1.735 1.742 1.722 1.742 


∆qW
b 0.013 0.040 -0.173 -0.143 -0.299 -0.405 -0.085 


∆qH1
b 0.005 0.010 -0.012 -0.063 0.011 0.081 -0.003 


∆qH2
b 0.007 -0.034 -0.081 -0.044 0.017 -0.009 -0.006 


∆qH3
b -0.125 -0.094 0.023 0.017 -0.004 0.092 -0.097 
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Description of computational results for the protonation product, [Cp*WH4(dppe)]+. 


The product of the proton transfer to [Cp*W(dppe)H3] is a cationic tungsten tetrahydride 


complex, [Cp*W(dppe)H4]+. Two different isomers of this complex have been located. For the 


model system [CpWH4(dpe)]+, the difference between the most stable isomer (left) and the less 


stable (right) is 10.9 kcal.mol-1. 


                 
 


The most stable isomer is more symmetric and has the four hydrogen atoms located almost in 


a plane, two of them at each side of the P-W-P plane, as described in the main text. The other 


isomer is asymmetric and contains three of the four hydrides on one side of the P-W-P plane. The 


metal hydride distances for this isomer are 1.682, 1.724 and 1.684 Å for the three hydrides on the 


same side of the P-W-P plane, the longest distance corresponding to the central hydride ligand. The 


W-H distance for the hydride on the other side of the P-W-P plane is 1.706 Å. 


             
 


The results on the model system are close to those obtained when considering the real ligands 


of the system. We can observe the geometry of the most stable isomer on the left, and the other one 


on the right. The energy difference is slightly decreased from the model system to the real one, 


from 10.9 to 9.0 kcal mol-1. The metal hydride distances for the most stable isomer are shown in the 


main text.  For the less stable isomer, the three hydrides on the same side of the P-W-P plane have 


distances of 1.675, 1.716 and 1.681 Å, the longest one corresponding to the central hydride, 


whereas the W-H distance to the hydride on the other side of the plane is 1.707 Å. 
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Description of the proton transfer pathway for the [Cp*W(dhpe)H3]+2(HFIP) adduct C2”.  


Species C2” is homologous of species C2’, used in the system with only one HFIP molecule. 


The variation of the relative energy in gas phase and dichloromethane along the coordinate O-H is 


presented in Figure 5S. 
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Figure 4S.  Proton transfer reaction coordinate for species C2” in the gas phase and in 


dichloromethane. The geometries of the maximum of the coordinate (left) and the 


product of the proton transfer (right) are also shown. 


 


The coordinate has a maximum at 10.6 kcal mol-1 in gas phase for an O-H distance of 1.6 Å. 


When the effect of the solvent is taken into account, this maximum slightly decreases to 9.0 


kcal.mol-1 and moves to 1.4 Å. The W-H distance is 1.791 Å and the distances between the 


transferring proton and the closest hydrides are 1.858 Å and 1.928 Å. The product of the 


protonation is the most stable tetrahydride. The M-H distances in this case are 1.727, 1.695, 1.687 


and 1.704 Å, the shorter (M)H-O distance is 2.290 Å and the shortest (P)H-O distance is 1.863 Å.  


The product of this pathway differs from that of the other pathway described in the main text only 


for the conformation and position of the conjugate anion. The difference in energy between both 


minima is 3.6 kcal mol-1 in gas phase.  
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Figure 5S. Optimized structures of hydrogen bonded complexes and ion pairs resulting from 
proton transfer between Cp*WH3(dppe) and HFIP or (HFIP)2 


[Cp*WH3(dppe)]-HOCH(CF3)2 [Cp*WH4(dppe)]+[OCH(CF3)2]- [Cp*WH3(dppe)]-HOCH(CF3)2 


[Cp*WH3(dppe)]·[(CF3)2CHOH]2 
[Cp*WH4(dppe)]+[(CF3)2CHOH
OCH(CF3)2]- 
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Description of the dihydrogen elimination from [CpW(dhpe)H4]+.  


The elimination of H2 from the [CpW(dhpe)H4]+(ORF)- salt (RFO- = conjugate base of TFE or 


HFIP) would lead to the formation of CpW(dhpe)H2(ORF). Three different isomers of this system 


have been located when considering TFE as proton donor and three more when considering HFIP. 


When considering (TFE)2 as the proton donor, therefore the elimination occurs from the 


[CpW(dhpe)H4]+(CF3CH2OHOCH2CF3)- salt, the three optimized isomers were found at 14.5, 13.6 


and 13.1 kcal mol-1 above the reactants in the gas phase, or at 9.6, 13.4 and 13.2 kcal mol-1 in 


dichloromethane. These energies are much higher than those of the corresponding Mo system, 


which leads a CpMo(dhpe)H2(OCH2CF3) only +7.3 kcal mol-1 higher than the reagents in the gas 


phase or +0.2 kcal mol-1 higher in CH2CH2 solution.  When considering (HFIP)2, the isomers where 


located at 7.0, 3.0 and 2.0 kcal mol-1 in the gas phase and at 11.7, 4.4 and 2.3 kcal mol-1 in 


dichloromethane.  The smaller value obtained in this case is related to the difference in proton 


transfer thermodynamics and not to the thermodynamics of the H2 evolution step. 


The [CpW(dpe)H2(ORF)] complexes could further evolve, leading to the elimination of a 


second H2 molecule and form either [CpW(dpe)(ORF)] or [CpW(dpe)(ORF)(HORF)] by the 


addition of an additional molecule of proton donor. The formation of these species was previously 


studied for the molybdenum complex but it has not been studied for the tungsten complex, since 


this process is not experimentally observed. 


 
 
 


         
14.5                                  13.6                               13.1   gas phase 


9.6                                  13.4                                 13.2   DCM 


         
7.0                                  3.0                                2.0   gas phase 


11.7                                  4.4                                 2.3   DCM 
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Potential energies (hartree) and Cartesian coordinates (Ångstrom) of all located minima. 
 
H2 
-1.17853933613 h 
 1           .000000     .000000     .371398 
 1           .000000     .000000    -.371398 
 
CF3CH2OH 
 -452.661169511 h 
 1         -2.789851    0.269459    0.000681 
 8         -1.950736   -0.207082   -0.000114 
 6         -0.903028    0.755602   -0.000152 
 1         -0.912523    1.396598    0.890762 
 6          0.407989    0.007821   -0.000003 
 9          1.458273    0.925872   -0.000200 
 9          0.559262   -0.795767   -1.117862 
 9          0.559237   -0.795261    1.118235 
 1         -0.912461    1.396464   -0.891164 
 
CF3CH2O


- 
-452.056207649 h 
 8         -2.072238   -0.189759   -0.000018 
 6         -1.080760    0.673877   -0.000517 
 1         -0.984065    1.392537    0.890073 
 6          0.329306    0.024159   -0.000114 
 
 9          1.393551    0.974819   -0.001971 
 9          0.583756   -0.792406   -1.113108 
 9          0.584344   -0.788466    1.115703 
 1         -0.984170    1.391802   -0.891755 
 
(CF3CH2OH)2 
-905.345796184  h 
 6          1.566448   -0.135149   -1.032107 
 1          2.095360   -0.282869   -1.979515 
 6          2.564600   -0.261145    0.093611 
 8          0.904720    1.133398   -0.984068 
 1         -0.372864    1.339347    0.372294 
 8         -1.178264    1.493257    0.899208 
 6         -2.287887    1.200906    0.076865 
 1         -2.186616    1.587759   -0.945290 
 6         -2.542513   -0.287885   -0.030310 
 1          1.576431    1.829056   -1.043415 
 9         -3.644802   -0.539558   -0.843552 
 9         -2.778200   -0.889965    1.191081 
 9         -1.455248   -0.959743   -0.609546 
 9          3.496216    0.781430    0.026525 
 9          3.260943   -1.455915    0.007795 
 9          1.971302   -0.196608    1.341189 
 1          0.795204   -0.895867   -0.924320 
 1         -3.174966    1.652198    0.529351 
 
(CF3CH2OHOCH2CF3)


- 
 -904.788836050 h 
 6         -2.052223   -1.142665   -0.138060 
 1         -2.882848   -1.868255    0.018342 
 6         -2.721719    0.219451   -0.020754 
 9         -3.803988    0.349632   -0.922513 
 9         -3.257284    0.476560    1.242098 
 9         -1.868195    1.288705   -0.305020 


 8         -1.004906   -1.289864    0.730802 
 1          0.043108   -1.292143    0.026413 
 8          0.936296   -1.200326   -0.696038 
 6          1.366920    0.110005   -0.604285 
 1          0.698467    0.745748    0.001303 
 6          2.739828    0.216161    0.030845 
 9          2.798555   -0.263937    1.335623 
 9          3.174143    1.559617    0.093041 
 9          3.733540   -0.462243   -0.679968 
 1         -1.771004   -1.224036   -1.210147 
 1          1.473375    0.607484   -1.589849 
 
(CF3)2CHOH 
-789.612307522 h 
 6          0.003828    0.541690   -0.502343 
 1          0.000133    0.482735   -1.598500 
 6          1.290136   -0.128720   -0.033850 
 6         -1.267507   -0.161071   -0.026333 
 9          1.297865   -1.467758   -0.400059 
 9          2.378023    0.476918   -0.636156 
 9          1.461370   -0.056692    1.331392 
 9         -1.313914   -0.354287    1.336317 
 9         -1.445007   -1.384365   -0.645692 
 9         -2.353005    0.646341   -0.377432 
 8          0.042299    1.865909   -0.016454 
 1         -0.725253    2.337182   -0.370040 
 
(CF3)2CHO- 
-789.040531096 h 
 6         -0.000001    0.702696   -0.497179 
 1         -0.000008    0.506032   -1.620204 
 6          1.271189   -0.090640   -0.040679 
 6         -1.271166   -0.090663   -0.040671 
 9         -1.426824   -0.166250    1.343286 
 9         -1.356963   -1.425705   -0.504177 
 9         -2.423484    0.529539   -0.526857 
 9          2.423577    0.530395   -0.525569 
 9          1.426054   -0.167551    1.343320 
 9          1.357677   -1.425188   -0.505448 
 8         -0.000057    1.936057   -0.066202 
 
((CF3)2CHOH)2 
 -1579.23893084 h 
 6          2.450256   -0.170200    0.669980 
 1          2.985762   -0.513640    1.562279 
 6          2.808505    1.297230    0.462288 
 6          2.862882   -1.084390   -0.482390 
 8          1.043567   -0.209050    0.836968 
 1         -0.209267    0.291604   -0.572453 
 8         -1.099576    0.224527   -0.957892 
 6         -2.028317    0.242365    0.097077 
 1         -1.656548    0.751338    0.993767 
 6         -2.358326   -1.192137    0.515958 
 6         -3.246829    1.030215   -0.377512 
 1          0.750220   -1.121795    0.994380 
 9         -3.199120   -1.240218    1.613001 
 9         -2.913587   -1.943688   -0.491157 
 9         -1.167209   -1.836797    0.902049 
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 9         -4.232573    1.055477    0.601367 
 9         -3.802641    0.506943   -1.525886 
 9         -2.880144    2.338384   -0.632695 
 9          2.342920   -2.351905   -0.220469 
 9          4.233061   -1.201972   -0.584757 
 9          2.362752   -0.667707   -1.698341 
 9          2.551716    2.007185    1.620272 
 9          4.150833    1.438455    0.161893 
 9          2.070534    1.865863   -0.558943 
 
((CF3)2CHOHOCH(CF3)2)


- 
 -1578.72613722 h 
 6          1.805859   -0.200410    0.077848 
 1          1.315884    0.232857    0.968282 
 6          3.104722   -0.831287    0.589353 
 6          2.083091    0.990506   -0.848517 
 9          3.930588    0.081032    1.264398 
 9          2.824236   -1.840974    1.498954 
 9          3.883221   -1.392137   -0.413717 
 9          2.802298    0.652890   -1.987692 
 9          2.791864    2.026292   -0.226639 
 9          0.884819    1.551655   -1.280254 
 8          1.050513   -1.136366   -0.575500 
 1          0.000007   -1.205710    0.000191 
 8         -1.050491   -1.136236    0.575845 
 6         -1.805828   -0.200423   -0.077731 
 1         -1.315767    0.232752   -0.968161 
 6         -3.104584   -0.831448   -0.589310 
 6         -2.083232    0.990600    0.848437 
 9         -2.823923   -1.841450   -1.498501 
 9         -3.930269    0.080667   -1.264851 
 9         -3.883324   -1.391937    0.413783 
 9         -0.885029    1.552030    1.280007 
 9         -2.792213    2.026158    0.226411 
 9         -2.802320    0.653072    1.987706 
 
[CpW(dhpe)H3] 
-357.175886080 h 
 6         -2.066868    1.207171    0.454283 
 6         -2.354855    0.712153   -0.847838 
 6         -2.417532   -0.713120   -0.776299 
 6         -2.154525   -1.116892    0.566170 
 6         -1.933354    0.082183    1.322122 
74         -0.183808   -0.087165   -0.244242 
15          1.575810    1.546228    0.002090 
 6          3.300993    0.769291   -0.160855 
 6          3.284278   -0.677051    0.370355 
15          1.711151   -1.565991   -0.212411 
 1          0.575271   -0.302905    1.302337 
 1         -0.154333   -1.086760   -1.614655 
 1          0.309588    0.677166   -1.710583 
 1          1.825049   -2.737556    0.606423 
 1          2.186353   -2.169531   -1.414601 
 1          1.729614    2.667846   -0.861995 
 1          1.745628    2.260140    1.233018 
 1          4.172738   -1.231308    0.048365 
 1          3.261518   -0.683232    1.467440 
 1          4.052995    1.380432    0.350438 
 1          3.531800    0.775449   -1.233967 
 1         -2.506117    1.309878   -1.735913 


 1         -2.636993   -1.373453   -1.603564 
 1         -2.190077   -2.125153    0.952783 
 1         -1.727924    0.127358    2.382799 
 1         -1.985421    2.248341    0.735044 
 
[CpW(dhpe)H4]


+ 
-357.591437813 h 
 6         -1.954305    1.493384    0.109858 
 6         -2.193401    0.766543   -1.095742 
 6         -2.570872   -0.561327   -0.736293 
 6         -2.559758   -0.654106    0.692482 
 6         -2.174244    0.616734    1.214767 
74         -0.348276   -0.258563   -0.016783 
15          1.281685    1.666747    0.037324 
 6          3.037926    1.098961   -0.266003 
 6          3.278499   -0.289830    0.360352 
15          1.864702   -1.434287   -0.067842 
 1         -0.430406   -1.709370    0.845180 
 1         -0.421294   -1.594723   -1.052540 
 1          0.280328    0.028349   -1.593833 
 1          2.049020   -2.531873    0.803265 
 1          2.254521   -2.011778   -1.300030 
 1          1.114364    2.708266   -0.909256 
 1          1.364278    2.436517    1.225991 
 1          4.227967   -0.714011    0.018937 
 1          3.316151   -0.224281    1.454039 
 1          3.739475    1.839289    0.130126 
 1          3.170323    1.063111   -1.353704 
 1         -2.126979    1.157891   -2.101300 
 1         -2.850357   -1.349901   -1.420335 
 1         -2.832478   -1.523597    1.273298 
 1         -2.090404    0.875080    2.261147 
 1         -1.697455    2.542823    0.176297 
 1          0.326513   -0.167205    1.565879 
 
[CpW(dhpe)H4]


+ 
-357.574072518 h 
 6          2.185665   -1.100852    0.837928 
 6          2.601590   -0.743538   -0.490265 
 6          2.600276    0.670973   -0.582663 
 6          2.181579    1.197342    0.686368 
 6          1.988728    0.100774    1.573362 
74          0.348294   -0.020223   -0.227173 
15         -1.598106   -1.586067    0.076156 
 6         -3.234784   -0.669491    0.044418 
 6         -3.098801    0.760553    0.608310 
15         -1.568097    1.592149   -0.075707 
 1         -0.360277    0.083228    1.320764 
 1          0.432755    1.253441   -1.325347 
 1          0.450267   -1.432333   -1.134552 
 1         -1.422467    2.730914    0.756377 
 1         -2.012323    2.212336   -1.268709 
 1         -1.805206   -2.617408   -0.869800 
 1         -1.649474   -2.344878    1.274226 
 1         -3.986148    1.356164    0.372176 
 1         -2.989999    0.743104    1.699049 
 1         -3.993034   -1.236782    0.592880 
 1         -3.542601   -0.638484   -1.007639 
 1          2.891763   -1.434398   -1.269707 
 1          2.886268    1.254629   -1.446721 
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 1          2.113464    2.246223    0.941980 
 1          1.711464    0.168723    2.616632 
 1          2.120118   -2.107621    1.228163 
 1         -0.470777   -0.126194   -1.740488 
 
[Cp*W(dppe)H3] 
 -1477.72989395 h 
74        -0.089169   -0.568011    0.714430 
15        -1.610356    0.699074   -0.677143 
15         1.544781    0.614239   -0.663982 
 6         0.347847   -1.667847    2.786040 
 6        -0.993971   -2.033960    2.411988 
 6        -0.939604   -2.746821    1.181316 
 6         0.456448   -2.843452    0.802826 
 6         1.253125   -2.203693    1.813459 
 6         0.738104   -0.993308    4.075292 
 6        -2.229726   -1.806760    3.241155 
 6        -2.093511   -3.428979    0.496259 
 6         0.994067   -3.683014   -0.328135 
 6         2.750754   -2.277283    1.947879 
 6        -3.183096   -0.124215   -1.251591 
 6        -4.317132   -0.090272   -0.413090 
 6        -5.479566   -0.791713   -0.746512 
 6        -5.534876   -1.545481   -1.926112 
 6        -4.415992   -1.594295   -2.763751 
 6        -3.250876   -0.892907   -2.428616 
 6        -2.264840    2.371907   -0.155834 
 6        -3.223458    3.048788   -0.938429 
 6        -3.659077    4.329644   -0.586674 
 6        -3.143810    4.957638    0.554993 
 6        -2.193076    4.296682    1.339138 
 6        -1.755087    3.013074    0.986309 
 6        -0.751749    1.184021   -2.293638 
 6         0.671033    1.687135   -1.981205 
 6         2.775547    1.850511   -0.000404 
 6         3.554733    2.618407   -0.891140 
 6         4.479556    3.551114   -0.412702 
 6         4.649497    3.727470    0.966640 
 6         3.889341    2.966147    1.860023 
 6         2.958293    2.035491    1.379852 
 6         2.680332   -0.442942   -1.708698 
 6         3.989238   -0.739706   -1.279259 
 6         4.811030   -1.598821   -2.018525 
 6         4.342721   -2.175449   -3.204597 
 6         3.044665   -1.889892   -3.643743 
 6         2.221245   -1.036663   -2.900600 
 1        -0.205632   -1.087235   -0.938025 
 1        -1.249541    0.268482    1.629242 
 1         0.538325    0.807636    1.531317 
 1        -0.003488   -0.249396    4.381100 
 1         1.699103   -0.479270    3.980891 
 1         0.831413   -1.725944    4.890224 
 1        -2.149728   -0.899622    3.846663 
 1        -2.394311   -2.652103    3.924887 
 1        -3.119815   -1.709362    2.613003 
 1        -2.240012   -4.448729    0.883239 
 1        -1.930213   -3.504946   -0.582507 
 1        -3.027873   -2.878713    0.640870 
 1         0.279926   -3.744936   -1.154084 
 1         1.197087   -4.707972    0.015385 


 1         1.925648   -3.277791   -0.732425 
 1         3.239876   -2.364717    0.974016 
 1         3.044555   -3.154344    2.544283 
 1         3.157190   -1.391117    2.445429 
 1        -4.288356    0.491723    0.502780 
 1        -6.342140   -0.746631   -0.088341 
 1        -6.437841   -2.088710   -2.186554 
 1        -4.446473   -2.176983   -3.679693 
 1        -2.394144   -0.959298   -3.089778 
 1        -3.640239    2.566714   -1.817295 
 1        -4.399876    4.834849   -1.199213 
 1        -3.482569    5.952218    0.828865 
 1        -1.789538    4.776551    2.225625 
 1        -1.015756    2.498943    1.590061 
 1        -0.711713    0.298139   -2.935593 
 1        -1.332319    1.954118   -2.814022 
 1         0.618230    2.690922   -1.542033 
 1         1.276747    1.753103   -2.892595 
 1         3.447467    2.480694   -1.962260 
 1         5.067603    4.135751   -1.113626 
 1         5.368303    4.450911    1.338977 
 1         4.015428    3.096305    2.930593 
 1         2.355092    1.456836    2.070517 
 1         4.371199   -0.290202   -0.369231 
 1         5.817012   -1.811556   -1.669556 
 1         4.981073   -2.838766   -3.779724 
 1         2.671330   -2.331898   -4.562672 
 1         1.212321   -0.843850   -3.249156 
 
[Cp*W(dppe)H4]


+ 
 -1478.17675672 h 
74       -0.119800   -0.220793    0.991937 
15       -1.822571    0.231302   -0.851493 
15        1.426498    0.194797   -1.055631 
 6       -0.230110   -1.269773    3.114308 
 6        0.874133   -1.871385    2.419244 
 6        1.872549   -0.863354    2.215960 
 6        1.380891    0.373258    2.760983 
 6        0.085688    0.119860    3.327337 
 6       -1.391012   -2.009264    3.722750 
 6        1.038256   -3.346864    2.170380 
 6        3.280749   -1.123040    1.753863 
 6        2.173750    1.642861    2.920833 
 6       -0.698585    1.077174    4.184051 
 6       -3.207318   -0.980470   -0.967679 
 6       -4.452844   -0.690699   -0.378915 
 6       -5.484911   -1.634839   -0.406744 
 6       -5.287793   -2.875747   -1.021893 
 6       -4.048992   -3.175629   -1.601321 
 6       -3.011847   -2.238379   -1.569673 
 6       -2.656795    1.881265   -0.936657 
 6       -2.366342    2.921708   -0.037615 
 6       -2.991048    4.168915   -0.170209 
 6       -3.910167    4.391055   -1.199692 
 6       -4.209297    3.359957   -2.100374 
 6       -3.590151    2.114786   -1.971069 
 6       -0.964084    0.153163   -2.512213 
 6        0.359570    0.925926   -2.413775 
 6        2.224873   -1.220304   -1.947578 
 6        1.988042   -2.551934   -1.562053 
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 6        2.543416   -3.614417   -2.286982 
 6        3.338488   -3.360313   -3.408439 
 6        3.575957   -2.038342   -3.807939 
 6        3.025117   -0.976375   -3.086101 
 6        2.763960    1.462661   -0.860116 
 6        2.404400    2.809392   -0.645568 
 6        3.386403    3.791197   -0.483126 
 6        4.742843    3.444418   -0.516602 
 6        5.111389    2.109942   -0.715056 
 6        4.131391    1.124509   -0.887898 
 1       -1.377191    0.737779    1.572737 
 1       -0.249077   -1.626480    0.016500 
 1        0.102609    1.450170    0.658463 
 1       -1.549788   -1.071364    1.221394 
 1       -1.124283   -2.356254    4.730186 
 1       -1.669504   -2.884070    3.130330 
 1       -2.275020   -1.373448    3.812602 
 1        0.094195   -3.818358    1.885647 
 1        1.395174   -3.842547    3.083317 
 1        1.769182   -3.550214    1.384224 
 1        3.328154   -1.851260    0.939884 
 1        3.863575   -1.530688    2.590969 
 1        3.779364   -0.209950    1.424900 
 1        2.854520    1.812558    2.084233 
 1        2.775691    1.594792    3.838276 
 1        1.521910    2.516400    2.998347 
 1       -0.347240    1.022167    5.223082 
 1       -1.765694    0.843081    4.179598 
 1       -0.582085    2.110759    3.848768 
 1       -4.619420    0.269495    0.096140 
 1       -6.440817   -1.397515    0.048064 
 1       -6.091017   -3.604288   -1.048532 
 1       -3.889158   -4.137612   -2.076891 
 1       -2.053884   -2.502406   -2.004318 
 1       -1.656682    2.758356    0.763514 
 1       -2.759235    4.961686    0.533282 
 1       -4.393744    5.356908   -1.300038 
 1       -4.925477    3.523948   -2.898516 
 1       -3.846039    1.321736   -2.666523 
 1       -0.778669   -0.895528   -2.767320 
 1       -1.613107    0.577806   -3.284717 
 1        0.172603    1.978337   -2.175030 
 1        0.915345    0.889087   -3.355915 
 1        1.353320   -2.757380   -0.708802 
 1        2.350221   -4.635888   -1.976525 
 1        3.767671   -4.182917   -3.970337 
 1        4.188281   -1.834682   -4.679959 
 1        3.225801    0.040677   -3.406728 
 1        1.359758    3.096694   -0.591547 
 1        3.092079    4.823948   -0.329048 
 1        5.503398    4.207202   -0.389445 
 1        6.159736    1.832161   -0.742054 
 1        4.437456    0.098767   -1.055177 
 
[Cp*W(dppe)H4]


+ 
-1478.16247067 
74       -0.040215   -0.588987    0.767723 
15       -1.581300    0.806560   -0.709701 
15        1.640354    0.693219   -0.665486 
 6       -0.315225   -1.937121    2.691752 


 6       -1.355257   -2.354065    1.774614 
 6       -0.729247   -2.927772    0.634573 
 6        0.703573   -2.880745    0.835321 
 6        0.947491   -2.334296    2.134417 
 6       -0.535454   -1.421653    4.089962 
 6       -2.831955   -2.340790    2.058260 
 6       -1.426217   -3.633680   -0.494591 
 6        1.725181   -3.539258   -0.051678 
 6        2.271300   -2.318679    2.848435 
 6       -3.111446   -0.074410   -1.254017 
 6       -4.304728    0.091737   -0.521617 
 6       -5.463566   -0.602571   -0.885036 
 6       -5.450446   -1.469616   -1.984149 
 6       -4.270202   -1.644737   -2.715683 
 6       -3.106244   -0.958105   -2.350870 
 6       -2.206597    2.458152   -0.161252 
 6       -3.050481    3.188040   -1.027874 
 6       -3.513721    4.454682   -0.665660 
 6       -3.147092    5.011368    0.567178 
 6       -2.317526    4.294635    1.434283 
 6       -1.847834    3.024852    1.073883 
 6       -0.666438    1.213249   -2.292413 
 6        0.742786    1.732767   -1.959688 
 6        2.775690    1.946096    0.082753 
 6        3.700905    2.601552   -0.759373 
 6        4.541823    3.594820   -0.252146 
 6        4.476175    3.946688    1.102448 
 6        3.565823    3.301409    1.944669 
 6        2.717373    2.307451    1.439900 
 6        2.790480   -0.392567   -1.620979 
 6        4.051539   -0.728741   -1.090182 
 6        4.903080   -1.597707   -1.781938 
 6        4.509260   -2.141669   -3.010140 
 6        3.257425   -1.815186   -3.544985 
 6        2.401461   -0.950666   -2.853914 
 1       -0.073543   -1.056867   -0.873473 
 1       -1.383687    0.046965    1.553565 
 1        1.399805   -0.192529    1.524727 
 1       -1.438414   -0.809223    4.157178 
 1        0.303611   -0.810292    4.432784 
 1       -0.646273   -2.257404    4.793687 
 1       -3.102714   -1.545535    2.757421 
 1       -3.133609   -3.295700    2.509209 
 1       -3.422605   -2.202292    1.149164 
 1       -1.600395   -4.684198   -0.224566 
 1       -0.827824   -3.624631   -1.409266 
 1       -2.396194   -3.186121   -0.722403 
 1        1.458664   -3.460071   -1.108604 
 1        1.806944   -4.606996    0.192675 
 1        2.716527   -3.096167    0.067952 
 1        3.108695   -2.214019    2.153912 
 1        2.406877   -3.264468    3.389906 
 1        2.333220   -1.507995    3.578506 
 1       -4.334059    0.773828    0.321038 
 1       -6.375519   -0.458801   -0.315322 
 1       -6.351947   -2.000700   -2.270001 
 1       -4.253909   -2.311723   -3.571247 
 1       -2.202646   -1.120696   -2.927573 
 1       -3.360645    2.762822   -1.977241 
 1       -4.161857    5.003711   -1.340456 
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 1       -3.509023    5.994800    0.847581 
 1       -2.033275    4.718816    2.391391 
 1       -1.203057    2.478643    1.750624 
 1       -0.614073    0.301120   -2.894445 
 1       -1.226894    1.960035   -2.864417 
 1        0.677267    2.737171   -1.526147 
 1        1.360779    1.805666   -2.861215 
 1        3.775499    2.328586   -1.807123 
 1        5.247889    4.089610   -0.910566 
 1        5.131212    4.716637    1.495967 
 1        3.511740    3.568912    2.994672 
 1        2.010647    1.820969    2.100444 
 1        4.377380   -0.298406   -0.149228 
 1        5.875085   -1.840747   -1.365676 
 1        5.173336   -2.809677   -3.547978 
 1        2.949263   -2.227668   -4.500070 
 1        1.434291   -0.714080   -3.285469 
 1        0.093409    0.956320    1.500767 
 
[Cp*W(dppe)H3]HFIP 
-2267.36156032 h 
  6       1.843598   -1.195275    2.667707 
  6       2.048496    0.135306    3.153093 
  6       0.760753    0.727862    3.414390 
  6      -0.247448   -0.202656    3.046290 
  6       0.423645   -1.394469    2.557039 
 74      0.973845    0.295322    1.030499 
 15      1.878196   -0.839044   -0.959500 
  6       1.367377    0.087926   -2.541727 
  6       0.050929    0.866123   -2.375628 
 15      0.015090    1.744871   -0.699237 
  1      -0.407512   -0.400106    0.207598 
  1       1.144703    1.940225    1.391913 
  1       2.494369    0.929899    0.531014 
  1      -0.059715    1.596522   -3.185686 
  1      -0.809270    0.191063   -2.410873 
  1       1.310254   -0.607975   -3.386641 
  1       2.189839    0.786369   -2.738564 
  1      -1.911372   -0.996441    0.251990 
  8      -2.704888   -1.576555    0.218237 
  6      -3.815027   -0.867346   -0.277920 
  1      -3.675602    0.217183   -0.280090 
  6      -4.061578   -1.284746   -1.727654 
  6      -5.001328   -1.158447    0.637094 
  9      -5.269127   -2.508073    0.753648 
  9      -4.745224   -0.667223    1.908452 
  9      -6.157207   -0.535037    0.183434 
  9      -5.112104   -0.587910   -2.304825 
  9      -2.925742   -1.003752   -2.491047 
  9      -4.318331   -2.634912   -1.867437 
  6       3.705667   -1.010770   -1.294293 
  6       4.153651   -1.602050   -2.494703 
  6       4.663421   -0.528175   -0.387141 
  6       5.519321   -1.704298   -2.775476 
  1       3.435195   -1.993907   -3.207406 
  6       6.032293   -0.633941   -0.666524 
  1       4.326512   -0.054805    0.527501 
  6       6.463345   -1.220996   -1.860182 
  1       5.845600   -2.161125   -3.704714 
  1       6.757560   -0.254566    0.046813 


  1       7.523816   -1.301612   -2.077782 
  6       1.285258   -2.581058   -1.262482 
  6      -0.042644   -2.808668   -1.672942 
  6       2.101436   -3.697958   -0.993504 
  6      -0.539588   -4.107816   -1.816041 
  1      -0.708576   -1.976801   -1.860498 
  6       1.603064   -4.999260   -1.135280 
  1       3.129725   -3.553990   -0.681821 
  6       0.282272   -5.208649   -1.547273 
  1      -1.571146   -4.250962   -2.121772 
  1       2.248775   -5.846161   -0.923668 
  1      -0.103856   -6.217498   -1.652946 
  6      -1.776008    2.274623   -0.593371 
  6      -2.267123    2.675094    0.664631 
  6      -2.662640    2.275422   -1.689405 
  6      -3.600210    3.067623    0.824751 
  1      -1.595278    2.654876    1.516909 
  6      -4.002841    2.657090   -1.527559 
  1      -2.322376    1.966592   -2.670867 
  6      -4.474211    3.055351   -0.271351 
  1      -3.959567    3.372781    1.802473 
  1      -4.674484    2.634197   -2.379793 
  1      -5.511954    3.346471   -0.145708 
  6       0.839314    3.368979   -1.137350 
  6       0.192397    4.316644   -1.957010 
  6       2.147286    3.645961   -0.699614 
  6       0.836738    5.500182   -2.330846 
  1      -0.823112    4.141998   -2.295345 
  6       2.791686    4.831452   -1.075442 
  1       2.652302    2.930099   -0.062563 
  6       2.140390    5.761121   -1.892028 
  1       0.318819    6.218604   -2.959055 
  1       3.801322    5.025649   -0.726371 
  1       2.639728    6.680741   -2.181190 
  6      -1.715891   -0.078902    3.352567 
  1      -2.332122   -0.657467    2.662954 
  1      -1.931697   -0.445093    4.367620 
  1      -2.053761    0.960359    3.301987 
  6      -0.240175   -2.720004    2.278405 
  1      -0.292448   -3.318663    3.199643 
  1      -1.259882   -2.600446    1.906254 
  1       0.311208   -3.305146    1.537274 
  6       2.898722   -2.260286    2.526242 
  1       3.086166   -2.745014    3.495916 
  1       2.589482   -3.040769    1.825994 
  1       3.850344   -1.854204    2.171843 
  6       3.374024    0.749428    3.520139 
  1       3.604778    0.573511    4.580785 
  1       4.191020    0.322393    2.931344 
  1       3.378476    1.830906    3.354715 
  6       0.534591    2.049892    4.097646 
  1       0.529952    1.920010    5.189391 
  1       1.316742    2.773254    3.851210 
  1      -0.425848    2.490555    3.814965 
 
[Cp*W(dppe)H4]


+[(CF3)2CHO]- 
-2267.34768306 h 
  6       1.172094   -1.817465    2.595181 
  6       2.039169   -0.796440    3.106720 
  6       1.222976    0.291574    3.563735 
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  6      -0.153427   -0.054375    3.321849 
  6      -0.185326   -1.355846    2.716922 
 74      0.913162    0.151665    1.215891 
 15      1.010851   -1.351524   -0.884584 
  6       0.566382   -0.331863   -2.419477 
  6      -0.149415    0.990107   -2.098865 
 15      0.725104    1.830747   -0.693035 
  1      -0.188861    1.378898    1.495046 
  1       1.664530    1.620165    1.602309 
  1       2.532309    0.211946    0.658508 
  1      -0.164063    1.636466   -2.983574 
  1      -1.191070    0.818674   -1.777637 
  1      -0.058929   -0.959701   -3.062564 
  1       1.512079   -0.144671   -2.940517 
  1      -0.610788   -0.053054    0.464553 
  8      -2.751027    0.367358   -0.672605 
  6      -4.089748    0.506141   -0.731381 
  1      -4.473780    1.553958   -0.669138 
  6      -4.660542   -0.005623   -2.068849 
  6      -4.761811   -0.197319    0.464699 
  9      -4.436592   -1.550882    0.564366 
  9      -4.333707    0.390749    1.658382 
  9      -6.155387   -0.122091    0.477111 
  9      -6.031928    0.216081   -2.219435 
  9      -4.040284    0.646473   -3.127530 
  9      -4.457978   -1.371995   -2.270429 
  6      -0.168137   -2.780379   -0.955267 
  6       0.278682   -4.118195   -0.932498 
  6      -1.551614   -2.514153   -1.021023 
  6      -0.641056   -5.171718   -0.983250 
  1       1.337783   -4.342650   -0.884306 
  6      -2.461840   -3.578213   -1.080940 
  1      -1.945246   -1.494425   -0.993708 
  6      -2.012659   -4.903057   -1.061975 
  1      -0.283340   -6.196784   -0.966292 
  1      -3.519476   -3.351551   -1.130873 
  1      -2.725348   -5.720922   -1.105372 
  6       2.623981   -2.100101   -1.431213 
  6       2.688184   -2.798774   -2.656635 
  6       3.803101   -1.950089   -0.682263 
  6       3.897319   -3.330840   -3.112211 
  1       1.791027   -2.934747   -3.251379 
  6       5.013858   -2.489253   -1.137107 
  1       3.775761   -1.386984    0.242923 
  6       5.064071   -3.179837   -2.351393 
  1       3.928115   -3.862626   -4.057833 
  1       5.914710   -2.361819   -0.545064 
  1       6.002418   -3.594448   -2.705635 
  6      -0.265199    3.346958   -0.335371 
  6       0.344551    4.606811   -0.196153 
  6      -1.657286    3.217240   -0.148771 
  6      -0.428156    5.731370    0.116539 
  1       1.414501    4.716799   -0.332074 
  6      -2.418411    4.351643    0.156352 
  1      -2.129061    2.233293   -0.237748 
  6      -1.810691    5.606553    0.289351 
  1       0.051283    6.699726    0.222135 
  1      -3.490531    4.251308    0.293210 
  1      -2.410146    6.479889    0.527909 
  6       2.275341    2.503120   -1.468240 


  6       2.186873    3.191689   -2.697606 
  6       3.535719    2.373869   -0.860230 
  6       3.329866    3.717895   -3.305455 
  1       1.223343    3.331186   -3.176361 
  6       4.679929    2.906022   -1.468831 
  1       3.618845    1.852934    0.085492 
  6       4.581339    3.574221   -2.692754 
  1       3.242674    4.241688   -4.252071 
  1       5.645167    2.795573   -0.984688 
  1       5.468905    3.982944   -3.165292 
  6      -1.433584   -2.163397    2.482933 
  1      -1.264011   -2.990089    1.791287 
  1      -1.780277   -2.589551    3.435000 
  1      -2.243399   -1.559474    2.069511 
  6      -1.364664    0.705502    3.792771 
  1      -2.207320    0.581058    3.108573 
  1      -1.674385    0.339402    4.781752 
  1      -1.160700    1.775804    3.879282 
  6       1.699409    1.487643    4.343841 
  1       1.055133    2.355045    4.180079 
  1       1.694636    1.263297    5.419579 
  1       2.717251    1.772839    4.065332 
  6       3.525369   -0.918051    3.316117 
  1       4.027729    0.048646    3.221517 
  1       3.737505   -1.306062    4.322271 
  1       3.982318   -1.604292    2.598242 
  6       1.605478   -3.212963    2.234101 
  1       2.564618   -3.227665    1.708278 
  1       1.723582   -3.808135    3.150318 
  1       0.871505   -3.719799    1.605904 
 
[Cp*W(dppe)H3](HFIP)2 
-3056.99455697 h 
 6        0.849773   -2.092974    2.249311 
 6        2.222875   -1.783354    2.565046 
 6        2.250910   -0.452825    3.138932 
 6        0.881715    0.035887    3.165552 
 6        0.037011   -0.989156    2.636557 
74       1.670281   -0.192009    0.981922 
15       1.953174   -1.639495   -1.085053 
 6        2.871508   -0.606614   -2.371381 
 6        2.277188    0.810332   -2.433711 
15        2.320670    1.530494   -0.700522 
 1        0.225081    0.441835    0.189948 
 1        1.931272    1.427283    1.478895 
 1        3.374509   -0.235899    0.743879 
 1        2.824472    1.434142   -3.148719 
 1        1.227384    0.762201   -2.748728 
 1        2.811806   -1.101324   -3.345882 
 1        3.926023   -0.565236   -2.078702 
 1       -1.101610    0.644458    0.180634 
 8       -2.084862    0.844187    0.050518 
 6       -2.248408    2.177245   -0.368918 
 1       -1.295931    2.712742   -0.398441 
 6       -2.811278    2.167943   -1.786846 
 6       -3.132843    2.894765    0.645478 
 9       -4.396527    2.323547    0.743937 
 9       -2.549047    2.831843    1.899667 
 9       -3.304088    4.232695    0.329689 
 9       -3.073176    3.441623   -2.264022 
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 9       -1.899151    1.576613   -2.645907 
 9       -3.992500    1.438725   -1.873618 
 1       -3.243051   -0.487062    0.017419 
 8       -3.819328   -1.278987    0.054900 
 6       -5.155225   -0.852716    0.172483 
 1       -5.303125    0.179181   -0.158492 
 6       -5.997834   -1.735542   -0.740477 
 6       -5.580095   -0.910717    1.639393 
 9       -7.339377   -1.382310   -0.691673 
 9       -5.902916   -3.078156   -0.429784 
 9       -5.576989   -1.581600   -2.054671 
 9       -5.555542   -2.191083    2.159631 
 9       -4.713446   -0.134517    2.398303 
 9       -6.858874   -0.403396    1.824267 
 6       -1.466365   -0.964471    2.641259 
 1       -1.867248    0.045460    2.537714 
 1       -1.903201   -1.579351    1.850519 
 1       -1.835943   -1.363715    3.596789 
 6        0.332896   -3.432190    1.794270 
 1        0.081451   -4.053948    2.665503 
 1       -0.572452   -3.339751    1.187846 
 1        1.076548   -3.979483    1.209983 
 6        3.356475   -2.772760    2.611478 
 1        3.389908   -3.268325    3.593312 
 1        3.256198   -3.551186    1.852140 
 1        4.322342   -2.285343    2.452726 
 6        3.413787    0.163824    3.869968 
 1        3.416504   -0.131421    4.930139 
 1        4.367707   -0.151675    3.436488 
 1        3.378830    1.256825    3.828778 
 6        0.401297    1.282533    3.860544 
 1        0.105614    1.058990    4.896127 
 1        1.186408    2.043101    3.897151 
 1       -0.464297    1.723429    3.357349 
 6        0.532518   -2.265487   -2.122142 
 6       -0.789129   -2.034758   -1.706754 
 6        0.747022   -2.925740   -3.351572 
 6       -1.875095   -2.439790   -2.495262 
 1       -0.960962   -1.524445   -0.767307 
 6       -0.333417   -3.332037   -4.139006 
 1        1.757255   -3.135531   -3.689368 
 6       -1.646359   -3.086778   -3.713094 
 1       -2.885735   -2.243782   -2.155460 
 1       -0.152182   -3.838388   -5.082246 
 1       -2.484412   -3.399930   -4.327672 
 6        3.062659   -3.133601   -0.984147 
 6        4.436878   -2.952511   -0.727202 
 6        2.570590   -4.447539   -1.102974 
 6        5.294961   -4.050576   -0.617328 
 1        4.834238   -1.952739   -0.587660 
 6        3.429649   -5.547175   -0.977256 
 1        1.518893   -4.616358   -1.303033 
 6        4.794102   -5.352829   -0.740717 
 1        6.351580   -3.889378   -0.427358 
 1        3.029586   -6.552058   -1.069838 
 1        5.460032   -6.204979   -0.649680 
 6        4.021548    2.294031   -0.628281 
 6        4.916817    2.002243    0.414054 
 6        4.417897    3.210146   -1.624613 
 6        6.183777    2.599230    0.451632 


 1        4.614211    1.305445    1.186415 
 6        5.684567    3.799371   -1.589538 
 1        3.732810    3.480663   -2.421968 
 6        6.572705    3.493478   -0.550307 
 1        6.863005    2.363921    1.265188 
 1        5.974521    4.500081   -2.366280 
 1        7.555324    3.953854   -0.520924 
 6        1.290161    3.073475   -0.836473 
 6        0.737448    3.514376   -2.054805 
 6        1.074339    3.852641    0.319374 
 6       -0.019860    4.693555   -2.112506 
 1        0.877735    2.942553   -2.963971 
 6        0.323847    5.031083    0.258388 
 1        1.483886    3.524112    1.267983 
 6       -0.230462    5.453534   -0.957778 
 1       -0.450842    5.007175   -3.057455 
 1        0.166118    5.614185    1.159907 
 1       -0.823760    6.360587   -1.001754 
 
[Cp*W(dppe)H4]


+[(CF3)2CHOHOCH(CF3)2]
- 


-3057.00640564 h 
 6       -2.254839   -2.257937   -2.256932 
 6       -3.032135   -1.270602   -2.947484 
 6       -2.127280   -0.396078   -3.637843 
 6       -0.784984   -0.836048   -3.357396 
 6       -0.863696   -1.985000   -2.499327 
74      -1.729982   -0.088916   -1.320354 
15       -1.880111   -1.098629    1.057519 
 6       -1.283333    0.182048    2.319604 
 6       -0.462282    1.327816    1.704905 
15       -1.300493    1.933991    0.164923 
 1       -0.543804    0.941466   -1.892765 
 1       -2.364440    1.330273   -1.989424 
 1       -3.312609    0.244612   -0.757662 
 1       -0.339639    2.138831    2.430155 
 1        0.544034    0.986686    1.430675 
 1       -0.687797   -0.337115    3.076735 
 1       -2.188623    0.569590    2.800224 
 1       -0.202574   -0.289654   -0.575131 
 8        2.882933   -0.495771   -1.255320 
 6        4.123734   -0.910711   -1.691786 
 1        4.080230   -1.154445   -2.763058 
 6        5.197412    0.183020   -1.582768 
 6        4.550096   -2.213516   -1.002928 
 9        4.566427   -2.114204    0.385726 
 9        3.651056   -3.224800   -1.320420 
 9        5.808640   -2.652687   -1.397614 
 9        6.334094   -0.136222   -2.320497 
 9        4.715865    1.380713   -2.080877 
 9        5.618243    0.411414   -0.275695 
 1        2.811439   -0.204637   -0.180640 
 8        2.457062    0.176185    1.033587 
 6        3.433905    0.458088    1.961118 
 1        4.417132    0.019579    1.733224 
 6        3.671427    1.972179    2.052162 
 6        3.039136   -0.126563    3.322106 
 9        4.722520    2.315991    2.896597 
 9        2.548995    2.667015    2.499772 
 9        3.987971    2.480372    0.798485 
 9        1.765421    0.264100    3.735598 
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 9        3.028048   -1.515401    3.261153 
 9        3.914301    0.216876    4.348002 
 6       -0.173178    3.198899   -0.563457 
 6       -0.670015    4.422221   -1.049952 
 6        1.195504    2.899989   -0.708663 
 6        0.191825    5.334667   -1.668966 
 1       -1.721499    4.666303   -0.947550 
 6        2.051012    3.820012   -1.323675 
 1        1.605319    1.961374   -0.352330 
 6        1.552183    5.035688   -1.806077 
 1       -0.201202    6.276136   -2.040285 
 1        3.102076    3.573582   -1.418905 
 1        2.219468    5.745824   -2.284535 
 6       -2.729519    2.933956    0.798205 
 6       -2.493911    3.896935    1.803233 
 6       -4.034528    2.785672    0.299065 
 6       -3.540949    4.674764    2.304206 
 1       -1.490240    4.051896    2.184884 
 6       -5.081923    3.569956    0.799806 
 1       -4.228171    2.056261   -0.477691 
 6       -4.839434    4.511342    1.804470 
 1       -3.342334    5.408647    3.078639 
 1       -6.084272    3.442337    0.403312 
 1       -5.652232    5.116307    2.193580 
 6       -0.823954   -2.585903    1.378826 
 6       -1.378597   -3.866924    1.579174 
 6        0.576942   -2.438405    1.381275 
 6       -0.547111   -4.976121    1.772242 
 1       -2.453566   -4.002549    1.594662 
 6        1.401482   -3.552810    1.578032 
 1        1.050130   -1.472013    1.228251 
 6        0.844224   -4.821651    1.769251 
 1       -0.988587   -5.955690    1.928022 
 1        2.475490   -3.412710    1.576024 
 1        1.487934   -5.682727    1.918192 
 6       -3.522359   -1.570800    1.788390 
 6       -3.582992   -2.037099    3.120002 
 6       -4.722056   -1.427163    1.071147 
 6       -4.810449   -2.351821    3.709209 
 1       -2.671212   -2.161776    3.694898 
 6       -5.951455   -1.748015    1.662032 
 1       -4.693650   -1.041609    0.058779 
 6       -5.998551   -2.210841    2.980073 
 1       -4.838872   -2.706225    4.734566 
 1       -6.868134   -1.629808    1.092898 
 1       -6.950875   -2.456696    3.438789 
 6        0.483833   -0.320375   -3.983155 
 1        1.307461   -0.326352   -3.263169 
 1        0.763653   -0.952421   -4.837700 
 1        0.365382    0.703569   -4.347072 
 6       -2.509122    0.663397   -4.636557 
 1       -1.779490    1.476656   -4.656300 
 1       -2.558182    0.230895   -5.645450 
 1       -3.485928    1.099054   -4.410636 
 6       -4.530357   -1.270695   -3.094380 
 1       -4.927044   -0.257079   -3.196854 
 1       -4.824313   -1.835460   -3.990131 
 1       -5.021606   -1.738273   -2.237013 
 6       -2.817619   -3.492088   -1.604867 
 1       -3.723276   -3.283471   -1.027801 


 1       -3.081834   -4.226987   -2.377834 
 1       -2.095417   -3.962701   -0.936424 
 6        0.305605   -2.855652   -2.126090 
 1        0.082050   -3.499790   -1.274008 
 1        0.565852   -3.504889   -2.974130 
 1        1.187191   -2.264235   -1.868054 
 
 [CpW(dhpe)H3] 
 -1145.61164812 h 
 6        1.842534   -1.665022   -1.724245 
 6        3.081523   -1.365964   -1.087256 
 6        3.001856   -1.779651    0.280200 
 6        1.712110   -2.340019    0.512720 
 6        1.007522   -2.249974   -0.724724 
74        1.423722   -0.040701   -0.029897 
15        0.812745    2.107550   -1.075499 
 6        0.280975    3.398082    0.208758 
 6       -0.405912    2.720014    1.413322 
15        0.551113    1.174407    1.934723 
 1        2.622241    0.344522    1.094870 
 1        2.735348    0.881005   -0.569564 
 1       -0.388230    0.591877    2.833344 
 1        1.457875    1.704205    2.894989 
 1        1.742687    2.870627   -1.833858 
 1       -0.291202    2.144302   -1.970598 
 1       -0.490106    3.410324    2.259375 
 1       -1.408334    2.377827    1.142561 
 1       -0.373342    4.148923   -0.247123 
 1        1.201340    3.903043    0.530358 
 1        3.947781   -0.925611   -1.560121 
 1        3.799974   -1.702525    1.004665 
 1        1.350427   -2.779836    1.430006 
 1       -0.002042   -2.600586   -0.880760 
 1        1.605146   -1.520735   -2.768449 
 8       -0.756782    0.130321   -0.109390 
 6       -1.838201   -0.654103   -0.414343 
 1       -1.652799   -1.469111   -1.133041 
 6       -2.378954   -1.338149    0.851630 
 6       -2.898667    0.230729   -1.087375 
 9       -4.046910   -0.472283   -1.427842 
 9       -2.387591    0.757230   -2.268126 
 9       -3.287595    1.301707   -0.294716 
 9       -2.700633   -0.431497    1.850021 
 9       -1.409821   -2.193526    1.372703 
 9       -3.505736   -2.114295    0.612444 
 
CpW(dhpe)H2(OCH(CF3)2) 
-1145.62084130 h 
 6       -2.538561   -2.009177   -0.860809 
 6       -1.244711   -2.609308   -0.692668 
 6       -0.880652   -2.506486    0.673905 
 6       -1.916225   -1.839368    1.371520 
 6       -2.963284   -1.524517    0.430806 
74       -1.181474   -0.294209   -0.262951 
15       -0.736366    1.858781   -1.426298 
 6       -0.825490    3.358165   -0.287199 
 6       -1.836841    3.109634    0.850895 
15       -1.587060    1.369541    1.520961 
 1       -2.499971    0.383119   -1.115541 
 1       -0.385987   -0.531596   -1.772159 
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 1       -2.703350    1.225064    2.389185 
 1       -0.576257    1.618149    2.502771 
 1        0.522617    2.079381   -2.045686 
 1       -1.578604    2.214669   -2.507774 
 1       -1.722065    3.851710    1.647969 
 1       -2.866147    3.162757    0.477309 
 1       -1.070061    4.261169   -0.855821 
 1        0.184402    3.477450    0.120507 
 1       -0.642553   -3.060665   -1.467329 
 1        0.074370   -2.788512    1.092952 
 1       -1.925504   -1.640790    2.434974 
 1       -3.931272   -1.107271    0.666910 
 1       -3.121579   -2.002830   -1.768831 
 8        0.820525    0.115072    0.391208 
 6        1.999921   -0.079670   -0.292653 
 1        1.906663   -0.083622   -1.391315 
 6        2.956131    1.072020    0.049617 
 6        2.616462   -1.443636    0.066458 
 9        3.345815    1.080781    1.376755 
 9        2.539983   -1.728360    1.419249 
 9        1.931813   -2.464915   -0.596947 
 9        3.950486   -1.562951   -0.309827 
 9        4.107354    1.067050   -0.728601 
 9        2.330227    2.297499   -0.200475 
 
CpW(dhpe)H2(OCH(CF3)2) 
-1145.61914519 h 
 6        1.629370   -2.051028    0.890796 
 6        1.137203   -2.448878   -0.395477 
 6        2.117835   -2.103481   -1.380280 
 6        3.209510   -1.489688   -0.726785 
 6        2.919703   -1.422920    0.668621 
74        1.260719   -0.158936   -0.291085 
15        1.107432    1.064241    1.888487 
 6        0.322311    2.752804    1.644316 
 6        0.879224    3.413035    0.365877 
15        0.790918    2.172477   -1.045530 
 1        2.593960    0.775224   -0.815263 
 1        0.594086   -0.185161   -1.878062 
 1        1.607095    2.783209   -2.030788 
 1       -0.485618    2.456861   -1.590702 
 1        0.301136    0.553634    2.948066 
 1        2.269085    1.380537    2.652591 
 1        0.324858    4.324237    0.116856 
 1        1.933796    3.685269    0.497304 
 1        0.479483    3.383706    2.524856 
 1       -0.751384    2.561008    1.539827 
 1        0.200343   -2.950223   -0.585367 
 1        2.027092   -2.263047   -2.445422 
 1        4.092449   -1.095518   -1.209048 
 1        3.588125   -1.042045    1.428299 
 1        1.162966   -2.266273    1.841203 
 8       -0.821015    0.130313    0.232523 
 6       -1.924614   -0.435734   -0.362066 
 1       -1.716755   -0.959923   -1.308009 
 6       -2.944171    0.665779   -0.701434 
 6       -2.542995   -1.477157    0.585741 
 9       -1.581578   -2.399186    0.993434 
 9       -3.069272   -0.908327    1.735156 
 9       -3.555281   -2.213927   -0.019842 


 9       -4.207746    0.177764   -1.011200 
 9       -3.095717    1.585720    0.325258 
 9       -2.517218    1.381302   -1.821298 
 
CpW(dhpe)H2(OCH2CF3) 
-808.658844674 h 
 6        1.024546   -2.307236   -0.992314 
 6        2.387278   -1.945041   -0.770957 
 6        2.593858   -1.774884    0.630218 
 6        1.364403   -2.055734    1.298827 
 6        0.408190   -2.374772    0.301068 
74        1.037152   -0.111606   -0.062170 
15        0.403653    1.742607   -1.532559 
 6        0.053682    3.342919   -0.570814 
 6       -0.527971    3.019671    0.820253 
15        0.434016    1.596107    1.608141 
 1        2.389087    0.724982    0.555311 
 1        2.257039    0.314945   -1.147203 
 1       -0.436913    1.275402    2.689855 
 1        1.438667    2.282409    2.343379 
 1        1.257734    2.245836   -2.552456 
 1       -0.796125    1.679555   -2.308779 
 1       -0.510494    3.898112    1.473916 
 1       -1.560847    2.666531    0.738061 
 1       -0.617193    3.995965   -1.139697 
 1        1.018473    3.857333   -0.470171 
 1        3.143518   -1.830312   -1.534467 
 1        3.527157   -1.502472    1.102146 
 1        1.198247   -2.039458    2.366750 
 1       -0.635584   -2.580451    0.497380 
 1        0.579823   -2.574091   -1.940267 
 8       -1.073403    0.071651    0.111674 
 6       -2.004792   -0.458151   -0.788277 
 1       -1.702114   -1.415920   -1.236603 
 6       -3.295571   -0.717290   -0.043482 
 9       -3.803705    0.425951    0.561166 
 9       -3.144452   -1.676133    0.956889 
 9       -4.279637   -1.193262   -0.912465 
 1       -2.249158    0.220704   -1.621121 
 
CpW(dhpe)H2(OCH2CF3) 
-808.660308200 h 
 6        0.520675    2.680466   -0.925165 
 6       -0.861590    2.368627   -0.701732 
 6       -1.036779    2.083077    0.676373 
 6        0.217415    2.197908    1.325907 
 6        1.203868    2.572985    0.341565 
74        0.508894    0.497034   -0.284919 
15        1.346347   -1.562186   -1.374818 
 6        2.185452   -2.735469   -0.161817 
 6        2.964642   -1.925921    0.894681 
15        1.868252   -0.526193    1.508913 
 1        1.903360    0.742728   -1.241498 
 1       -0.342397    0.163893   -1.742173 
 1        2.785333    0.250689    2.270008 
 1        1.204528   -1.194186    2.587461 
 1        0.405621   -2.442475   -1.975952 
 1        2.284522   -1.486665   -2.437894 
 1        3.284351   -2.563131    1.725983 
 1        3.856480   -1.466578    0.451921 
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 1        2.831799   -3.444825   -0.688747 
 1        1.377018   -3.299287    0.318001 
 1       -1.641950    2.345667   -1.447935 
 1       -1.951844    1.734751    1.132984 
 1        0.384894    2.065392    2.386597 
 1        2.235275    2.829659    0.532842 
 1        0.952934    3.009298   -1.857611 
 8       -0.718796   -1.108661    0.437132 
 6       -1.856166   -1.640122   -0.171127 
 1       -1.814683   -1.657406   -1.272672 
 6       -3.137155   -0.902096    0.180627 
 9       -3.267599   -0.655521    1.543141 
 9       -3.265191    0.338541   -0.453718 
 9       -4.252134   -1.649176   -0.211144 
 1       -2.019866   -2.674444    0.173808 
 
CpW(dhpe)H2(OCH2CF3) 
 -808.661031542 h 
 6        0.476444   -2.019049    1.437340 
 6       -0.424656   -2.419293    0.412475 
 6        0.325863   -2.732281   -0.752473 
 6        1.706377   -2.527861   -0.472447 
 6        1.819196   -2.073613    0.889756 
74        0.728386   -0.437115   -0.229485 
15        1.138219    1.138067    1.645533 
 6        1.307836    2.912746    1.038863 
 6        2.012919    2.950019   -0.332327 
15        1.233157    1.649775   -1.443012 
 1        2.337400   -0.226021   -0.811757 
 1        0.145872   -0.510423   -1.851025 
 1        2.096569    1.657642   -2.567635 
 1        0.144105    2.389104   -1.992096 
 1        0.161658    1.330153    2.669352 
 1        2.283140    0.989497    2.481363 
 1        1.951057    3.945130   -0.786254 
 1        3.073295    2.688750   -0.231010 
 1        1.831976    3.525449    1.779126 
 1        0.281971    3.289506    0.950804 
 1       -1.503191   -2.392339    0.480083 
 1       -0.087415   -3.049410   -1.699756 
 1        2.523157   -2.712685   -1.153548 
 1        2.740977   -1.920331    1.431981 
 1        0.201235   -1.783669    2.456328 
 8       -1.064410    0.660896    0.055544 
 6       -2.168141    0.640512   -0.799781 
 1       -2.098075   -0.119324   -1.591634 
 6       -3.425071    0.336894   -0.010890 
 9       -3.403087   -0.931032    0.578015 
 9       -3.654919    1.245477    1.013883 
 9       -4.550601    0.365495   -0.840367 
 1       -2.346798    1.612770   -1.291509 
 
A [CpW(dhpe)H3]TFE 
-809.852526795 h 
 6       -1.436772   -2.452382    0.915185 
 6       -1.552610   -2.709721   -0.478846 
 6       -0.272841   -2.487685   -1.075136 
 6        0.643186   -2.075199   -0.062206 
 6       -0.093182   -2.051228    1.171282 
74       -1.022084   -0.397818   -0.230745 


15       -2.749024    0.896139    0.856920 
 6       -2.708418    2.716354    0.333965 
 6       -1.257083    3.156477    0.056284 
15       -0.345947    1.815069   -0.928841 
 1       -0.235356    0.525439    1.019751 
 1       -0.767271   -0.305189   -1.901740 
 1       -2.453153   -0.124578   -1.168491 
 1        0.976543    2.355938   -0.853618 
 1       -0.618658    2.241278   -2.260226 
 1       -4.138534    0.623802    0.697337 
 1       -2.766089    1.039100    2.281317 
 1       -1.226203    4.110531   -0.481464 
 1       -0.709156    3.283703    0.998866 
 1       -3.185557    3.348357    1.090763 
 1       -3.304620    2.779436   -0.585263 
 1       -2.449002   -3.024153   -0.995167 
 1       -0.036923   -2.626627   -2.120898 
 1        1.703904   -1.911695   -0.177017 
 1        0.320388   -1.798262    2.137675 
 1       -2.226596   -2.555364    1.647146 
 1        1.555410    0.275126    1.233618 
 8        2.330715    0.042713    1.781531 
 6        3.467784    0.767265    1.358880 
 1        4.272970    0.545293    2.063533 
 6        3.945089    0.363908   -0.020087 
 9        3.025347    0.708703   -1.011371 
 9        4.164551   -1.002438   -0.134100 
 9        5.140657    1.007633   -0.328419 
 1        3.315071    1.854725    1.344697 
 
B [CpW(dhpe)H3]TFE 
 -809.856001553 h 
 6        2.253187   -1.923241    1.231085 
 6        1.128746   -2.552951    0.626964 
 6        1.301697   -2.513004   -0.789207 
 6        2.528813   -1.848790   -1.081067 
 6        3.110956   -1.481470    0.176481 
74        1.118913   -0.258078   -0.036563 
15        0.731555    1.465211    1.628537 
 6        0.237640    3.116735    0.840288 
 6        0.908148    3.279804   -0.538530 
15        0.846462    1.645099   -1.497533 
 1        2.403365    0.910215    0.005886 
 1       -0.134205   -0.515559   -1.162790 
 1       -0.412384   -0.379908    0.733343 
 1        1.772774    1.978469   -2.538200 
 1       -0.339913    1.820179   -2.263527 
 1       -0.267803    1.352147    2.633311 
 1        1.796135    1.893122    2.483451 
 1        0.425474    4.071669   -1.121149 
 1        1.968194    3.540471   -0.426755 
 1        0.477544    3.953199    1.505912 
 1       -0.851932    3.070920    0.723504 
 1        0.288207   -2.988125    1.149443 
 1        0.615562   -2.922702   -1.517246 
 1        2.966224   -1.708888   -2.059326 
 1        4.062508   -0.984403    0.306540 
 1        2.436821   -1.829057    2.292453 
 1       -1.642114    0.563859   -0.122261 
 8       -2.431949    1.115345   -0.307636 
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 6       -3.386461    0.303657   -0.964206 
 1       -2.938798   -0.353465   -1.720037 
 6       -4.149166   -0.572739    0.005717 
 9       -4.846901    0.158628    0.954682 
 9       -5.080009   -1.354403   -0.681046 
 9       -3.309831   -1.443916    0.694312 
 1       -4.110597    0.957402   -1.457590 
 
C [CpW(dhpe)H3]TFE 
-809.854659301 h 
 6       -1.315087   -2.813554   -0.138861 
 6       -0.331413   -2.520919   -1.131531 
 6        0.806738   -1.929499   -0.496222 
 6        0.504770   -1.867060    0.906851 
 6       -0.790918   -2.416179    1.122895 
74       -1.013544   -0.452424   -0.220783 
15       -2.519948    0.631140    1.342480 
 6       -2.984268    2.378836    0.791898 
 6       -1.798034    3.032363    0.056466 
15       -1.018635    1.792130   -1.143834 
 1        1.505702    0.509750   -1.032121 
 1       -0.001076    0.649751    0.664442 
 1       -2.673939   -0.395704   -0.730665 
 1        0.135295    2.540645   -1.526447 
 1       -1.790003    2.044200   -2.313226 
 1       -3.811060    0.107810    1.642704 
 1       -2.115696    0.874280    2.693091 
 1       -2.109600    3.936961   -0.477163 
 1       -1.014848    3.315722    0.771111 
 1       -3.311381    2.978643    1.647805 
 1       -3.837715    2.266085    0.111616 
 1       -0.423355   -2.735830   -2.186810 
 1        1.757279   -1.704220   -0.954831 
 1        1.170843   -1.492356    1.670367 
 1       -1.290752   -2.520449    2.076834 
 1       -2.283868   -3.260663   -0.313004 
 1       -1.224598   -0.459960   -1.903243 
 8        2.344024    0.943618   -1.303591 
 6        2.987084    1.443483   -0.147405 
 1        2.288070    1.653763    0.670728 
 6        4.026388    0.478961    0.381079 
 9        5.020306    0.198880   -0.540781 
 9        4.645316    1.010862    1.512885 
 9        3.469597   -0.744737    0.762325 
 1        3.511005    2.369322   -0.405117 
 
D [CpW(dhpe)H3]TFE 
 -809.850595484 h 
 6        1.130499   -2.011891    1.478839 
 6       -0.211477   -1.892081    0.942828 
 6       -0.175734   -2.365786   -0.408517 
 6        1.153866   -2.764208   -0.707515 
 6        1.963180   -2.543642    0.443840 
74        1.159950   -0.437576   -0.188792 
15        0.858771    1.217601    1.588497 
 6        0.756039    2.984883    0.954431 
 6        1.778173    3.170384   -0.184906 
15        1.713115    1.676071   -1.331762 
 1        1.849473   -0.591624   -1.762076 
 1       -0.172424    0.100389   -1.142959 


 1       -1.407538    0.948144   -0.396991 
 1        2.959594    1.790103   -1.998844 
 1        0.874364    2.136921   -2.381087 
 1       -0.268353    1.169361    2.465126 
 1        1.833834    1.395375    2.629199 
 1        1.594623    4.093190   -0.745313 
 1        2.797820    3.217558    0.217303 
 1        0.928905    3.699496    1.765962 
 1       -0.266512    3.110639    0.581496 
 1       -1.100906   -1.616711    1.489607 
 1       -1.016389   -2.397447   -1.085464 
 1        1.501644   -3.141940   -1.658614 
 1        3.022397   -2.742979    0.518873 
 1        1.434995   -1.823787    2.499191 
 1        2.836797   -0.032205    0.035499 
 8       -2.125582    1.618270   -0.300983 
 6       -3.140469    1.111623    0.540194 
 1       -3.827805    1.931786    0.763946 
 6       -3.948765    0.009678   -0.110930 
 9       -4.532482    0.395722   -1.303298 
 9       -3.169085   -1.118707   -0.379504 
 9       -4.971277   -0.401893    0.744184 
 1       -2.760765    0.713274    1.490608 
 
A' [CpW(dhpe)H3]HFIP 
-1146.80474747 h 
 6       -3.478278   -1.466203    1.344265 
 6       -3.939583   -1.915788     .077092 
 6       -2.811567   -2.387838    -.663671 
 6       -1.637714   -2.217386     .125009 
 6       -2.062454   -1.633577    1.371536 
74       -2.492442    -.055673    -.308578 
15       -3.215533    2.039281     .666580 
 6       -2.550670    3.543005    -.275415 
 6       -1.184054    3.215966    -.910099 
15       -1.224594    1.490137   -1.681754 
 1       -1.108929     .615754     .510851 
 1       -2.614530    -.403465   -1.961963 
 1       -3.864425     .658376   -1.091852 
 1         .149019    1.366203   -2.041376 
 1       -1.719368    1.792724   -2.982033 
 1       -4.586982    2.407375     .785715 
 1       -2.830424    2.373826    2.002968 
 1        -.906878    3.963499   -1.661452 
 1        -.395291    3.194865    -.148582 
 1       -2.492408    4.415286     .384345 
 1       -3.288647    3.760693   -1.057959 
 1       -4.964622   -1.904220    -.266806 
 1       -2.849963   -2.814325   -1.656282 
 1        -.640254   -2.550079    -.119908 
 1       -1.414430   -1.401233    2.205121 
 1       -4.095131   -1.077108    2.143019 
 1         .342758    -.258109     .710732 
 8        1.022960    -.692784    1.276024 
 6        2.308116    -.551379     .737908 
 1        3.000908   -1.063202    1.412192 
 6        2.444815   -1.242217    -.621679 
 6        2.727126     .920277     .713492 
 9        3.964135    1.110752     .119983 
 9        2.800082    1.409154    2.004063 
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 9        1.806139    1.706610     .025395 
 9        1.753441    -.578514   -1.626513 
 9        1.938940   -2.530034    -.549023 
 9        3.770187   -1.339237   -1.014970 
 
B1' [CpW(dhpe)H3]HFIP 
-1146.80863155 h 
 6       -3.781211   -1.184602   -1.594896 
 6       -2.852901   -2.116024   -1.048083 
 6       -3.141075   -2.278827     .339822 
 6       -4.248875   -1.446813     .672558 
 6       -4.638473    -.768732    -.528041 
74       -2.487951    -.006967     .014394 
15       -1.597282    1.895331   -1.215509 
 6        -.950169    3.246355    -.059861 
 6       -1.776415    3.288280    1.239710 
15       -2.133015    1.529898    1.851403 
 1       -3.541431    1.373038     .047267 
 1       -1.409115    -.652553    1.167661 
 1         .206749     .050014     .743412 
 1       -3.154070    1.836878    2.806572 
 1       -1.077916    1.333372    2.785933 
 1        -.501627    1.782273   -2.111817 
 1       -2.450809    2.661370   -2.069656 
 1       -1.258103    3.854351    2.020829 
 1       -2.749140    3.765495    1.066210 
 1        -.941596    4.219724    -.562222 
 1         .086805    2.962709     .154896 
 1       -2.065843   -2.619420   -1.592100 
 1       -2.607177   -2.925633    1.021988 
 1       -4.735359   -1.383525    1.635601 
 1       -5.470491    -.084393    -.621198 
 1       -3.850801    -.885433   -2.631343 
 1        -.971246    -.340637    -.720512 
 8        1.147149     .282927     .926349 
 6        1.929903    -.295519    -.084716 
 6        2.833488     .786834    -.665078 
 6        2.692736   -1.489246     .486559 
 9        3.463756   -2.119023    -.484057 
 9        3.529685   -1.144860    1.529395 
 9        1.785874   -2.425562     .960742 
 9        3.615214     .303675   -1.704719 
 1        1.323839    -.678711    -.914873 
 9        2.049060    1.811577   -1.191346 
 9        3.675400    1.350730     .271510 
 
B2'[CpW(dhpe)H3]HFIP 
-1146.80828237 h 
 6        3.500234   -1.520899    0.797488 
 6        2.429417   -2.406754    0.482690 
 6        2.184358   -2.340123   -0.921300 
 6        3.101187   -1.413613   -1.495621 
 6        3.909488   -0.905826   -0.429412 
74        1.718937   -0.181983   -0.012913 
15        1.235238    1.449926    1.723902 
 6        0.270175    2.934750    1.053949 
 6        0.678814    3.238186   -0.400095 
15        0.859204    1.625757   -1.381847 
 1        2.720487    1.236228   -0.075067 
 1        0.245707   -0.624448   -0.771364 


 1        0.622917   -0.787824    1.149012 
 1        1.598328    2.131206   -2.497625 
 1       -0.401732    1.545887   -2.031803 
 1        0.449323    1.130595    2.863921 
 1        2.293565    2.116498    2.417805 
 1       -0.055679    3.885695   -0.889933 
 1        1.653078    3.741575   -0.435687 
 1        0.399654    3.811117    1.698241 
 1       -0.782865    2.631744    1.087901 
 1        1.892701   -3.026995    1.187022 
 1        1.431145   -2.900980   -1.456867 
 1        3.198552   -1.178858   -2.546359 
 1        4.722855   -0.201598   -0.538038 
 1        3.951828   -1.383419    1.769773 
 1       -0.959762   -0.271511    0.869620 
 8       -1.899838   -0.053246    1.072632 
 6       -2.664560   -0.382572   -0.057065 
 1       -2.040802   -0.617429   -0.928161 
 6       -3.490870   -1.633074    0.236662 
 6       -3.507551    0.831333   -0.431524 
 9       -4.375964   -1.462110    1.282999 
 9       -4.223495   -2.034094   -0.875145 
 9       -2.639930   -2.677065    0.565653 
 9       -4.352994    1.239167    0.579446 
 9       -2.667101    1.904388   -0.728355 
 9       -4.276374    0.597663   -1.562748 
 
C1' [CpW(dhpe)H3]HFIP 
-1146.80783287 h 
 6       -2.853752   -2.357102   -0.074043 
 6       -1.900154   -2.462623   -1.131718 
 6       -0.583697   -2.363000   -0.580959 
 6       -0.748007   -2.198052    0.838240 
 6       -2.138726   -2.204393    1.145842 
74       -1.661867   -0.298070   -0.214017 
15       -2.434761    1.292274    1.456815 
 6       -2.168527    3.089376    0.925157 
 6       -0.940426    3.204490   -0.000199 
15       -0.930386    1.785264   -1.242857 
 1        0.909624   -0.286372   -1.003481 
 1       -0.235843    0.332672    0.556877 
 1       -3.211673    0.392699   -0.573033 
 1        0.336129    2.018099   -1.852831 
 1       -1.739903    2.321396   -2.281572 
 1       -3.792251    1.351506    1.884336 
 1       -1.841111    1.300102    2.756695 
 1       -0.926513    4.168193   -0.520705 
 1       -0.007261    3.118524    0.569252 
 1       -2.075560    3.736854    1.803221 
 1       -3.077111    3.383887    0.385165 
 1       -2.136914   -2.617062   -2.174971 
 1        0.348759   -2.520317   -1.101688 
 1        0.057571   -2.129225    1.555316 
 1       -2.577870   -2.118244    2.130783 
 1       -3.929139   -2.387124   -0.181031 
 1       -2.009664   -0.218453   -1.871875 
 8        1.885745   -0.271337   -1.173958 
 6        2.537187   -0.042140    0.047496 
 1        1.829619    0.101721    0.873198 
 6        3.376784   -1.266025    0.399756 
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 6        3.343918    1.247733   -0.058704 
 9        4.338756   -1.556429   -0.544801 
 9        4.272724    1.227846   -1.077107 
 9        4.014050   -1.120648    1.625374 
 9        4.013536    1.538369    1.122955 
 9        2.475538    2.311283   -0.301078 
 9        2.541055   -2.375271    0.508067 
 
C2'[CpW(dhpe)H3]HFIP 
-1146.80561232 h 
 6       -2.508428   -1.749337    1.191675 
 6       -3.271210   -1.934047   -0.004067 
 6       -2.382042   -2.360256   -1.033244 
 6       -1.071845   -2.433337   -0.491704 
 6       -1.125256   -2.050569    0.887201 
74       -1.755146   -0.174847   -0.305360 
15       -1.499104    1.217793    1.695762 
 6       -1.170046    3.038578    1.325880 
 6       -0.409885    3.189457   -0.005157 
15       -1.171499    2.023532   -1.261053 
 1       -0.191082   -0.124658   -1.038765 
 1       -2.202620    0.004954   -1.959780 
 1       -3.221218    0.751192   -0.333407 
 1       -0.250523    2.095185   -2.335815 
 1       -2.202994    2.827130   -1.822343 
 1       -2.584362    1.369364    2.617647 
 1       -0.508086    0.929348    2.684907 
 1       -0.429035    4.224206   -0.364317 
 1        0.635845    2.884027    0.107687 
 1       -0.617820    3.488529    2.156671 
 1       -2.149029    3.529260    1.268838 
 1       -4.335439   -1.781582   -0.111096 
 1       -2.656299   -2.566681   -2.058069 
 1       -0.180376   -2.726661   -1.026221 
 1       -0.299463   -2.085913    1.582741 
 1       -2.912847   -1.509370    2.165637 
 1        0.711077    0.083893    0.515102 
 8        1.633969    0.179031    0.882895 
 6        2.528573   -0.191012   -0.130925 
 1        2.024992   -0.333710   -1.095949 
 6        3.531320    0.940593   -0.322042 
 6        3.168975   -1.529370    0.226871 
 9        3.881563   -1.490905    1.408338 
 9        2.169019   -2.488927    0.369827 
 9        4.023315   -1.980493   -0.770292 
 9        4.464015    0.649666   -1.307378 
 9        2.853783    2.088167   -0.733020 
 9        4.219023    1.256253    0.831687 
 
D' [CpW(dhpe)H3]HFIP 
 -1146.80355325 h 
 6       -1.896900   -1.494495   -1.844092 
 6       -0.598783   -1.790243   -1.271114 
 6       -0.828509   -2.513060   -0.055242 
 6       -2.230206   -2.655973    0.125955 
 6       -2.892823   -2.026640   -0.966240 
74       -1.691548   -0.334012    0.127240 
15       -0.991494    1.522832   -1.306829 
 6       -0.510981    3.076220   -0.362744 
 6       -1.475199    3.259272    0.826415 


15       -1.778083    1.597862    1.664506 
 1       -2.488203   -0.645444    1.622537 
 1       -0.323880   -0.350836    1.177494 
 1        1.030040    0.378277    0.824790 
 1       -2.983907    1.863488    2.362702 
 1       -0.884738    1.649015    2.767803 
 1        0.107559    1.376545   -2.200744 
 1       -1.892185    2.100036   -2.265677 
 1       -1.092695    3.987601    1.549291 
 1       -2.451320    3.616153    0.474950 
 1       -0.526448    3.948857   -1.024231 
 1        0.515684    2.919406   -0.015354 
 1        0.364090   -1.588461   -1.714598 
 1       -0.063260   -2.874880    0.615691 
 1       -2.714531   -3.133406    0.965740 
 1       -3.962624   -1.960170   -1.102515 
 1       -2.085903   -1.031908   -2.803153 
 1       -3.231485    0.464772    0.003037 
 8        1.807860    0.951592    1.074054 
 6        3.024852    0.468230    0.581473 
 1        3.822944    1.052611    1.050872 
 6        3.265997   -0.988391    0.979920 
 6        3.164842    0.711104   -0.924409 
 9        2.303995   -0.071163   -1.687495 
 9        2.873668    2.035481   -1.213491 
 9        4.453347    0.462225   -1.369135 
 9        3.214417   -1.115372    2.354190 
 9        2.310201   -1.844692    0.443812 
 9        4.509091   -1.439151    0.560833 
 
[CpW(dhpe)H4]


+[(CF3)2CHCO]- 
 -1146.78440032 h 
 6       -2.705949   -1.705341    0.855736 
 6       -3.760355   -0.776401    0.611046 
 6       -3.933898   -0.676636   -0.801391 
 6       -2.985940   -1.546177   -1.425965 
 6       -2.224925   -2.181146   -0.400046 
74       -1.779126    0.147641   -0.307559 
15       -0.396005    0.345179    1.807572 
 6        0.293636    2.049452    2.140966 
 6        0.460629    2.903995    0.859071 
15       -0.144991    2.035173   -0.680183 
 1       -1.362232    0.224621   -1.947150 
 1       -2.604834    1.362333   -1.150497 
 1       -2.291221    1.462102    0.684347 
 1        0.946182    1.864640   -1.550585 
 1       -0.798682    3.103789   -1.358542 
 1       -1.338053    0.269011    2.888764 
 1        0.487121   -0.647375    2.266733 
 1       -0.091749    3.845423    0.947430 
 1        1.516729    3.119152    0.686413 
 1        1.263571    1.898136    2.618227 
 1       -0.385280    2.537883    2.846584 
 1       -4.330138   -0.246685    1.361129 
 1       -4.665668   -0.066497   -1.310353 
 1       -2.874911   -1.703650   -2.488843 
 1       -1.425336   -2.893709   -0.542522 
 1       -2.343459   -2.012599    1.827405 
 1       -0.293245   -0.579473   -0.675797 
 8        1.696016    0.579086    0.515316 
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 6        2.326937   -0.324764   -0.276727 
 1        1.735385   -0.691552   -1.146515 
 6        3.587829    0.306732   -0.893472 
 6        2.680225   -1.603695    0.504485 
 9        3.338587   -1.352087    1.695573 
 9        1.499651   -2.284017    0.842792 
 9        3.452582   -2.512951   -0.213399 
 9        4.193038   -0.500211   -1.855634 
 9        3.251308    1.495690   -1.544492 
 9        4.556925    0.621903    0.044888 
 
A1'' [CpW(dhpe)H3](HFIP)2 
-1936.43536894 h 
 6       -1.314866   -3.059211   -0.571627 
 6       -2.198430   -2.933561   -1.676713 
 6       -1.748303   -1.846954   -2.491083 
 6       -0.600889   -1.270038   -1.889647 
 6       -0.343355   -2.017567   -0.679216 
74       -2.382195   -0.952947   -0.353917 
15       -2.962771   -1.250669    1.980715 
 6       -3.979239    0.195344    2.655939 
 6       -3.572091    1.508745    1.958154 
15       -3.376670    1.221212    0.099666 
 1       -1.310130    0.125657    0.505423 
 1       -3.460723   -0.460149   -1.563606 
 1       -4.016383   -1.468979   -0.080972 
 1       -2.840927    2.485425   -0.281310 
 1       -4.707969    1.446372   -0.348154 
 1       -3.747706   -2.347007    2.441054 
 1       -1.933399   -1.343141    2.968096 
 1       -4.303953    2.301636    2.147275 
 1       -2.597976    1.856590    2.321988 
 1       -3.870021    0.265573    3.743281 
 1       -5.028148   -0.041405    2.437248 
 1       -3.064146   -3.551546   -1.871525 
 1       -2.212301   -1.521493   -3.411802 
 1       -0.000582   -0.469861   -2.297231 
 1        0.486398   -1.873883   -0.001713 
 1       -1.361523   -3.816313    0.198941 
 1       -0.038678    0.808843   -0.084098 
 8        0.937266    1.000684   -0.158895 
 6        1.227326    2.371193   -0.324624 
 1        2.314330    2.459070   -0.384979 
 6        0.666793    2.898393   -1.644899 
 6        0.785349    3.165046    0.902882 
 9        1.068410    4.512268    0.780443 
 9        1.441954    2.686835    2.021508 
 9       -0.580248    3.038556    1.140305 
 9       -0.718760    2.966559   -1.648917 
 9        1.047590    2.057515   -2.678204 
 9        1.154236    4.162177   -1.927113 
 1        1.949469   -0.044317    0.869956 
 8        2.553941   -0.735541    1.210258 
 6        3.483026   -1.026020    0.196842 
 1        3.067801   -0.918211   -0.812455 
 6        3.878202   -2.490467    0.351956 
 6        4.664600   -0.059376    0.283403 
 9        4.821292   -2.857428   -0.598293 
 9        2.764930   -3.294175    0.161870 
 9        4.398593   -2.772891    1.597602 


 9        5.570545   -0.244300   -0.747618 
 9        5.347650   -0.133415    1.475305 
 9        4.176279    1.248605    0.161960 
 
A2'' [CpW(dhpe)H3](HFIP)2 
-1936.43624496 h 
 6       -4.306943    0.034318    1.098385 
 6       -3.493120    1.132163    0.619404 
 6       -3.725556    1.242528   -0.792419 
 6       -4.658455    0.239239   -1.174706 
 6       -5.013971   -0.508635   -0.018374 
74       -2.695147   -0.800517   -0.319277 
15       -1.501149   -1.313151    1.754568 
 6        0.157698   -2.150308    1.486223 
 6        0.048670   -3.154239    0.321501 
15       -0.957158   -2.397271   -1.077487 
 1       -2.860203   -1.353667   -1.943922 
 1       -1.440973    0.095708   -1.109979 
 1       -0.267173    0.743565   -0.497868 
 1       -1.368473   -3.550414   -1.791034 
 1        0.049273   -1.945792   -1.970735 
 1       -1.159438   -0.292088    2.688339 
 1       -2.068053   -2.213513    2.718643 
 1        1.040273   -3.444866   -0.035454 
 1       -0.482152   -4.058360    0.643365 
 1        0.499668   -2.642227    2.402391 
 1        0.870451   -1.358083    1.238136 
 1       -2.898362    1.804271    1.219205 
 1       -3.270702    1.966023   -1.451998 
 1       -5.015614    0.056259   -2.178194 
 1       -5.693211   -1.348505    0.006376 
 1       -4.427741   -0.273930    2.128018 
 1       -3.232592   -2.442563   -0.160108 
 8        0.703098    1.026261   -0.534056 
 6        0.971850    2.316278   -0.043782 
 1        2.004502    2.553697   -0.312549 
 6        0.097653    3.377473   -0.709584 
 6        0.912042    2.335682    1.483781 
 9       -0.360999    2.103791    1.983688 
 9        1.734369    1.325092    1.982449 
 9        1.361803    3.531071    2.009115 
 9        0.235402    3.308859   -2.079910 
 9       -1.251254    3.218898   -0.412376 
 9        0.465412    4.650650   -0.304560 
 1        1.926593   -0.173251   -0.888812 
 8        2.580960   -0.901463   -0.971991 
 6        3.646090   -0.647663   -0.091883 
 1        3.326912   -0.204418    0.859045 
 6        4.622623    0.347827   -0.720383 
 6        4.281116   -1.992384    0.240610 
 9        5.209756   -0.110768   -1.876735 
 9        5.626477    0.717742    0.159256 
 9        3.915874    1.513801   -1.042280 
 9        4.694621   -2.681945   -0.878862 
 9        3.357851   -2.788826    0.909691 
 9        5.374224   -1.838951    1.079769 
 
B2'' [CpW(dhpe)H3](HFIP)2 
-1936.44015120h 
 6        3.326573   -2.411561   -1.307528 
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 6        2.585446   -1.631953   -2.241924 
 6        3.256901   -0.386665   -2.425292 
 6        4.426077   -0.379691   -1.611727 
 6        4.463971   -1.631156   -0.919333 
74        2.566120   -0.496564   -0.142582 
15        1.271324   -1.320047    1.750244 
 6        1.155827   -0.042325    3.143313 
 6        2.421813    0.834841    3.190916 
15        2.956170    1.309277    1.437273 
 1        3.527490   -0.923722    1.236802 
 1        1.843013    0.964434   -0.696800 
 1        0.946220   -0.828923   -0.551880 
 1        4.276802    1.776323    1.725349 
 1        2.346798    2.584511    1.286210 
 1       -0.093866   -1.680370    1.615523 
 1        1.702759   -2.468963    2.482921 
 1        2.256395    1.738640    3.786481 
 1        3.260017    0.284805    3.636513 
 1        0.969759   -0.529879    4.106210 
 1        0.282861    0.577112    2.903073 
 1        1.668517   -1.932593   -2.729462 
 1        2.933541    0.413818   -3.076072 
 1        5.166629    0.406221   -1.563421 
 1        5.244631   -1.951823   -0.243272 
 1        3.100496   -3.421639   -0.996458 
 1        0.099952    0.555763   -0.246109 
 8       -0.797952    0.982828   -0.132922 
 6       -0.760650    2.302083   -0.617607 
 1        0.245283    2.575880   -0.954925 
 6       -1.684772    2.390402   -1.829263 
 6       -1.132602    3.246918    0.520192 
 9       -2.956440    1.907224   -1.548411 
 9       -1.818368    3.685747   -2.297428 
 9       -1.166874    1.620473   -2.857569 
 9       -2.413497    3.024815    0.989700 
 9       -0.256230    3.053347    1.583930 
 9       -1.033346    4.574846    0.143051 
 1       -2.077694    0.105544    0.760328 
 8       -2.676480   -0.574802    1.125106 
 6       -3.429069   -1.090056    0.053473 
 1       -3.439606   -0.425361   -0.816566 
 6       -2.818564   -2.412761   -0.408620 
 6       -4.873812   -1.221480    0.523939 
 9       -2.869266   -3.400205    0.557137 
 9       -3.436660   -2.902080   -1.550044 
 9       -1.478104   -2.210180   -0.725132 
 9       -4.994068   -1.983585    1.669262 
 9       -5.672254   -1.800597   -0.455747 
 9       -5.392964    0.032829    0.792712 
 
B1'' [CpW(dhpe)H3](HFIP)2 
-1936.44126742 h 
 6       -4.911301    0.574467   -0.572833 
 6       -4.027253    1.038160   -1.589038 
 6       -3.565313   -0.086905   -2.334414 
 6       -4.151129   -1.263997   -1.785386 
 6       -4.981889   -0.849150   -0.694346 
74       -2.770739   -0.344749   -0.098656 
15       -2.336415    0.289724    2.213370 
 6       -0.970847   -0.762709    2.996174 


 6       -0.955193   -2.183776    2.397857 
15       -1.253844   -2.135463    0.527850 
 1       -3.386162   -1.472284    1.065480 
 1       -1.391704   -0.376919   -1.103290 
 1       -0.279536    0.590000   -0.214650 
 1       -1.594858   -3.508334    0.322677 
 1        0.066739   -2.195246    0.012436 
 1       -1.895801    1.589870    2.579556 
 1       -3.368042    0.166690    3.194615 
 1       -0.002784   -2.684332    2.600167 
 1       -1.758473   -2.793148    2.829976 
 1       -1.076964   -0.790223    4.086038 
 1       -0.035017   -0.240179    2.764117 
 1       -3.758142    2.069311   -1.771324 
 1       -2.884339   -0.051301   -3.173346 
 1       -4.035239   -2.270989   -2.160752 
 1       -5.594700   -1.501835   -0.087869 
 1       -5.462153    1.189886    0.124632 
 1       -1.981532    1.181814    0.013890 
 8        0.671770    0.881089   -0.101068 
 6        0.739581    2.286770   -0.121156 
 6        1.466827    2.742887    1.138980 
 6        1.413545    2.722403   -1.419877 
 9        1.553905    4.097488   -1.497847 
 9        2.675613    2.160640   -1.568229 
 9        0.645188    2.315276   -2.495978 
 9        1.568719    4.120097    1.212217 
 1       -0.259598    2.736871   -0.105042 
 9        0.757252    2.317913    2.257292 
 9        2.739996    2.208510    1.225037 
 1        1.824810   -0.306081    0.546185 
 8        2.438769   -1.046120    0.716820 
 6        3.444933   -0.975429   -0.267307 
 1        3.371216   -0.071959   -0.880753 
 6        4.796264   -0.921407    0.438263 
 6        3.293195   -2.164368   -1.212488 
 9        4.870548    0.227366    1.207229 
 9        5.005515   -2.003089    1.272312 
 9        5.844543   -0.881009   -0.472913 
 9        4.199075   -2.112485   -2.261169 
 9        2.019081   -2.145130   -1.770637 
 9        3.449233   -3.381747   -0.577657 
 
C1'' [CpW(dhpe)H3](HFIP)2 
 -1936.43991542 h 
 6        2.174197   -1.991345   -2.339742 
 6        0.768393   -1.881279   -2.122464 
 6        0.389622   -0.503050   -2.232683 
 6        1.591035    0.228738   -2.527548 
 6        2.678945   -0.686713   -2.601276 
74        1.819288   -0.700776   -0.372613 
15        4.011333   -0.094138    0.514947 
 6        4.014304    0.043223    2.395350 
 6        2.651288    0.563055    2.892941 
15        1.250435   -0.313763    1.984728 
 1       -0.212058    0.778341   -0.070851 
 1        1.694262    1.007403   -0.057339 
 1        2.637294   -2.004994    0.431173 
 1        0.146359    0.448101    2.455631 
 1        1.060594   -1.462525    2.794323 
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 1        5.147736   -0.926883    0.307809 
 1        4.623709    1.140561    0.139599 
 1        2.546249    0.427772    3.974712 
 1        2.540490    1.633116    2.677736 
 1        4.837958    0.681866    2.730206 
 1        4.196789   -0.969640    2.774960 
 1        0.092691   -2.703969   -1.936650 
 1       -0.617637   -0.116299   -2.253689 
 1        1.647941    1.293401   -2.704818 
 1        3.708980   -0.439443   -2.822359 
 1        2.753029   -2.904012   -2.314398 
 1        0.767444   -1.881710    0.242911 
 8       -1.039036    1.344957    0.034705 
 6       -0.710576    2.701384   -0.140946 
 1        0.368325    2.835291   -0.279520 
 6       -1.393477    3.210887   -1.406187 
 6       -1.096123    3.456607    1.126228 
 9       -2.765552    3.073034   -1.357697 
 9       -2.426342    3.290208    1.454458 
 9       -1.100612    4.542359   -1.653951 
 9       -0.843844    4.814797    1.021395 
 9       -0.334036    2.978683    2.188743 
 9       -0.930040    2.479063   -2.495979 
 1       -2.635080    0.484990    0.418273 
 8       -3.225509   -0.266111    0.615014 
 6       -2.498350   -1.444992    0.378960 
 1       -1.432133   -1.268100    0.187762 
 6       -2.560426   -2.302167    1.636967 
 6       -3.045869   -2.131716   -0.868199 
 9       -1.930528   -3.528256    1.459545 
 9       -1.886250   -1.645335    2.663946 
 9       -3.845803   -2.547462    2.069419 
 9       -2.287517   -3.252244   -1.213982 
 9       -4.356666   -2.538769   -0.744227 
 9       -2.969279   -1.253182   -1.943161 
 
C2'' [CpW(dhpe)H3](HFIP)2 
 -1936.43815890 h 
 6        2.617027    0.154260   -2.550943 
 6        1.789746    1.211769   -2.032667 
 6        2.646204    2.093234   -1.311485 
 6        3.980948    1.596653   -1.378799 
 6        3.969449    0.407783   -2.157571 
74        2.662105   -0.042539   -0.236239 
15        3.841741   -2.181604   -0.071144 
 6        3.040451   -3.385835    1.136624 
 6        2.446453   -2.603500    2.323285 
15        1.534028   -1.070499    1.700603 
 1        3.846879    0.027874    1.035703 
 1        2.279785    1.159654    0.914274 
 1        1.454362   -1.175754   -0.708160 
 1        1.415412   -0.348287    2.915434 
 1        0.206284   -1.564556    1.617572 
 1        3.966216   -3.003010   -1.228852 
 1        5.204348   -2.228241    0.341116 
 1        1.773478   -3.230298    2.917665 
 1        3.246068   -2.243550    2.982398 
 1        3.765524   -4.135628    1.468800 
 1        2.248243   -3.901600    0.580499 
 1        0.742750    1.369248   -2.239475 


 1        2.337167    2.999684   -0.811496 
 1        4.847441    2.038589   -0.906667 
 1        4.837875   -0.179275   -2.424986 
 1        2.279733   -0.658041   -3.178918 
 1        0.242455    0.566740   -0.054968 
 8       -0.712502    0.891857    0.030469 
 6       -0.760980    2.041832    0.837362 
 1        0.234252    2.300326    1.218774 
 6       -1.245711    3.213844   -0.010681 
 6       -1.645852    1.756859    2.048065 
 8       -2.563008   -0.598445   -1.385784 
 1       -1.966049    0.014292   -0.912485 
 6       -3.686040   -0.834820   -0.576688 
 1       -3.969305    0.028397    0.034796 
 6       -3.394948   -1.977248    0.397423 
 6       -4.857331   -1.117585   -1.509881 
 9       -0.336160    3.445018   -1.037598 
 9       -2.476369    2.965962   -0.590571 
 9       -1.343593    4.385071    0.721632 
 9       -1.728319    2.845892    2.898985 
 9       -2.941565    1.409958    1.685268 
 9       -1.119156    0.701238    2.774044 
 9       -2.276931   -1.645603    1.162555 
 9       -4.439970   -2.192454    1.283830 
 9       -4.605593   -2.156251   -2.384598 
 9       -6.005271   -1.437726   -0.794065 
 9       -5.140599    0.010296   -2.260212 
 9       -3.121763   -3.175617   -0.232929 
 
D'' [CpW(dhpe)H3](HFIP)2 
 -1936.43828899 h 
 6       -0.582741   -2.215784   -0.858042 
 6       -1.759734   -3.004181   -0.588552 
 6       -2.724529   -2.707118   -1.612432 
 6       -2.132415   -1.745478   -2.499852 
 6       -0.820732   -1.460635   -2.035011 
74       -2.441518   -0.835037   -0.350812 
15       -1.589886   -0.900693    1.962323 
 6       -2.682118    0.067132    3.148888 
 6       -3.162509    1.368410    2.475022 
15       -3.732602    0.975824    0.728292 
 1       -1.817140    0.710971   -0.855816 
 1       -3.753163   -0.188409   -1.267133 
 1       -3.842677   -1.463392    0.439398 
 1       -3.772258    2.266631    0.139917 
 1       -5.127835    0.781285    0.894127 
 1       -1.508023   -2.154742    2.638985 
 1       -0.298363   -0.434483    2.362725 
 1       -3.959760    1.851257    3.050295 
 1       -2.333734    2.080300    2.381518 
 1       -2.135615    0.276916    4.073933 
 1       -3.533418   -0.577853    3.395200 
 1       -1.865978   -3.742862    0.193020 
 1       -3.695383   -3.164638   -1.730034 
 1       -2.599234   -1.318913   -3.375955 
 1       -0.131656   -0.749189   -2.468611 
 1        0.338240   -2.223207   -0.291574 
 1       -0.480092    0.813097   -0.097953 
 8        0.388111    1.303301    0.084274 
 6        0.398850    2.490666   -0.666735 
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 1       -0.510196    2.586399   -1.273225 
 6        0.426405    3.675791    0.293927 
 6        1.580089    2.445660   -1.631124 
 9        2.768580    2.138380   -0.976090 
 9        1.365403    1.462996   -2.584440 
 9        1.767167    3.641854   -2.298751 
 9        0.346299    4.886857   -0.373428 
 9       -0.675316    3.602741    1.140865 
 9        1.562289    3.693847    1.079975 
 1        1.633161    0.161094    0.624959 
 8        2.080590   -0.631661    0.987973 
 6        3.392152   -0.705257    0.485385 
 1        3.806073    0.271682    0.215928 
 6        4.268048   -1.269072    1.598533 
 6        3.400768   -1.549353   -0.788898 
 9        5.577230   -1.446027    1.171315 
 9        3.809984   -2.483909    2.070430 
 9        4.294718   -0.383375    2.662205 
 9        2.964890   -2.845859   -0.574197 
 9        2.536500   -0.971629   -1.715549 
 9        4.653134   -1.610759   -1.374945 
 
 [CpW(dhpe)H4]


+[(CF3)2CHOHOCH(CF3)2]
- 


-1936.43553284 h 
 6       -2.896651   -1.095118   -2.014126 
 6       -4.238425   -0.980169   -1.537416 
 6       -4.554105    0.407833   -1.462346 
 6       -3.405542    1.146917   -1.889829 
 6       -2.376489    0.217033   -2.226962 
74       -2.824068    0.010053    0.087897 
15       -1.351381   -1.974935    0.590017 
 6       -0.757355   -1.991902    2.360813 
 6       -0.502719   -0.557699    2.862413 
15       -1.892826    0.567723    2.344337 
 1       -2.580560    1.668789    0.270661 
 1       -4.081002    0.726662    0.977290 
 1       -3.664912   -1.073177    1.133694 
 1       -1.358448    1.861210    2.522673 


 1       -2.809244    0.520377    3.426959 
 1       -1.956788   -3.250591    0.447535 
 1       -0.174631   -2.091889   -0.186534 
 1       -0.381546   -0.536895    3.950329 
 1        0.389619   -0.122538    2.398271 
 1        0.158554   -2.585980    2.416247 
 1       -1.533786   -2.489449    2.953456 
 1       -4.899776   -1.797824   -1.288051 
 1       -5.499837    0.828136   -1.152387 
 1       -3.333649    2.221928   -1.966927 
 1       -1.381000    0.468312   -2.565220 
 1       -2.370459   -2.019585   -2.213986 
 1       -1.186020    0.495884    0.005989 
 8        0.951345    1.206226    0.788546 
 6        1.410147    2.437915    0.410162 
 1        0.774370    3.266292    0.774106 
 6        2.791988    2.706467    1.028553 
 6        1.428968    2.609714   -1.116850 
 9        2.330582    1.766547   -1.749887 
 9        0.167735    2.327667   -1.645611 
 9        1.732611    3.909412   -1.511279 
 9        3.325537    3.945183    0.683759 
 9        2.693436    2.681839    2.412051 
 9        3.738751    1.747562    0.672514 
 1        1.300996    0.137441    0.068530 
 8        1.453141   -0.818609   -0.445153 
 6        2.774379   -1.233969   -0.348666 
 1        3.469101   -0.416753   -0.117361 
 6        2.901891   -2.248975    0.789272 
 6        3.196290   -1.810721   -1.697570 
 9        4.180428   -2.754269    0.954561 
 9        2.042329   -3.338805    0.635594 
 9        2.543105   -1.647378    1.996305 
 9        2.385489   -2.868578   -2.092726 
 9        3.119975   -0.842400   -2.679936 
 9        4.505915   -2.281337   -1.682766 
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Background to Raman Spectroscopy as a tool for reaction monitoring 


The basis behind Raman spectroscopy is the idea that when an incident photon strikes a molecule, an 


electron in that molecule may either absorb or impart some energy upon the incident photon. This 


energetically altered photon is then detected as a different wavelength. However, the fundamental principles 


of Raman spectroscopy dictate that this is a very unlikely phenomenon. Indeed, in comparison to IR 


spectroscopy, which may absorb up to 90% of the incident light in a 10-3 M sample, observance of a Raman 


scattering event is about 1010 times less likely to occur under similar conditions. Accordingly, most photons 


strike a molecule elastically and return to the detector unchanged, this being termed Rayleigh scattering. 


Also, Raman scattering has a second-order dependence on the frequency of the incident light. Firstly, it is 


dependent upon the electronic component of the light wave to momentarily polarize the electron cloud of a 


molecule. This depolarization, or deformation of the electronic field, is slightly higher energetically, but does 


not represent a quantized energy change (e.g. an electronic transition) and hence is termed a virtual state. It is 


only at this point that a second photon can encounter this excited molecule and impart some of its energy to 


activate a resonant vibrational oscillation of the molecule. The result is a lower-energy photon that is 


deflected and detected by the spectrometer with a longer wavelength and has been termed Stokes shift. Less 


likely at normal temperatures, the photon may strike an already-vibrationally excited molecule, absorbing 


energy and deactivating a vibrational oscillation, hence, returning to the detector higher in energy and with a 


shorter wavelength and has been termed anti-Stokes shift.  


 
 


Schematic of Raman scattering fundamentals. Most 


photons (>99.9%) simply bounce back, unaltered, and give 


no information regarding the molecule (Rayleigh 


scattering). When a photon imparts some of its energy 


onto an electron in a low-energy virtual state, the detected 


wavelength of the returning photon is longer. This is 


termed the Stokes shift. When a photon absorbs some 


energy from an electron that is in a high-energy virtual 


state, the detected wavelength is shorter. This is termed 


anti-Stokes shift. 


 


 


Raman signal strength is dependent upon a number of variables and can be described as shown in equation 1 


where I = Signal Intensity (electrons), Po = laser intensity (photons⋅sec-1), β = Raman cross-section 


(cm2⋅molecule-1⋅sr-1), D = number density (molecules⋅cm-3), l = path length (cm), Ω = solid angle of 
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collection (sr), T = transmission factor - signal loss due to filters in system (unit-less), Q = quantum 


efficiency of detector (electrons⋅photon-1), ts = integration time (sec). It can be more simply expressed as 


shown in equation 2 where γ is treated as a constant equal to PoβΩTQ. In a laboratory D, l, and ts are easily 


manipulated or, more importantly, if holding all others constant then changes in any of these three variables 


should be observable. 


I = Po β D l Ω T Q ts 


I = γ D l ts 


The number density term, while dependent on a number of factors, is most closely tied to the concentration 


of the sample. More concentrated solutions lead to stronger Raman signal. As a result, Raman spectroscopy 


is in theory an effective means to measure concentration changes in a dynamic system. 


 


Confirming the relationship between signal strength and concentration. To probe the effects of 


concentration on signal strength in the Raman spectrum we recorded spectra of benzaldehyde at a wide range 


of concentrations from 0.0160 M to 9.847 M in ethanol. The plot of signal strength due to the peak at 1000 


cm-1 versus the concentration of benzaldehyde (Figure 3) showed a linear relationship, R2=0.9998, 


confirming that Raman spectroscopy is an effective means to measure concentration changes in a reaction. 


 


 


 


 


Plot of Raman signal intensity at 1000 cm-1 for solutions of 


benzaldehyde in ethanol at nine different concentrations, ranging 


from 0.0160 M to 9.847 M, R2=0.9998 
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Apparatus and experimental procedures 


The Raman system used was an Enwave Optronics Spectrometer, Model EZRaman-L 


(www.enwaveopt.com). To interface the microwave unit and Raman spectrometer, the fiber-optic probe from 


the spectrometer was placed into the microwave cavity and the laser focused through a quartz light pipe. The 


fiber-optic probe tip was inserted so it touched the wall of the reaction vessel. 


 


EXCITATION SOURCE: NIR, frequency stabilized, narrow linewidth diode laser at 785 nm. Laser power at sample 


~200 mW. Linewidth < 2 cm-1. Fiber-coupled laser output (100 µm, 0.22 NA). 


FIBER-OPTIC PROBE: Permanently-aligned two single fiber combination 100 µm excitation fiber, 200 µm collection 


fiber (0.22 NA). Working distance: 8 mm (standard). Rayleigh rejection: O.D. > 7 at laser wavelength. 


CCD DETECTOR: High sensitivity linear CCD array. Temperature regulated (at 13 °C) operation for long integration 


time and stable dark reference subtraction. Pixel Size: 14 µm x 200 µm (2048 pixels); 16 bit digitization. 


SPECTROGRAPH: Symmetrical crossed Czerny-Turner design. Resolution: ~10 cm-1 at 785 nm. Excitation spectral 


coverage: 200 cm-1 to 2400 cm-1. Built-in software calibration. 


SYSTEM SOFTWARE: EZ Raman 3.5.4MAS. Data files exported into Microsoft Excel. 


 


The microwave unit used was a CEM Discover® S-Class. The unit contains an acess port in the side of the 


cavity. Reactions can be performed in 10 mL or 35 mL glass tubes or open round-bottom flasks of up to 125 


mL in volume. In the case of sealed-tube experiments a septum was attached and the pressure monitored by 


an automated load cell connected to the vessel. For open-vessel experiments, a reflux condenser could be 


attached to the top of the flask and an attenuator used to prevent microwave leakage. The temperature of the 


contents of reaction vessels was monitored using a calibrated infrared temperature control mounted under the 


vessel. The contents of the reactions vessel were stirred, when required, by means of an electromagnetic 


stirring mechanism located below the floor of the microwave cavity and a Teflon-coated magnetic stir bar in 


the vessel. Temperature, pressure and power profiles were monitored using commercially available software 


provided by the microwave manufacturer. 
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Typical procedure for monitoring the formation of 3-acetylcoumarin. 


Into a 50.00 ml volumetric flask was placed salicyaldehyde (6.106 g, 50.00 mmol) and ethyl acetoacetate 


(6.507 g, 50.00 mmol). The reagents were diluted to 50.00 ml with ethyl acetate. This solution was 


transferred to a 50 ml long-necked round bottom flask equipped with a Teflon-coated stirbar. The flask was 


placed into the microwave cavity, making sure that any company glassware markings were orthogonal to the 


Raman laser path. The microwave attenuator was then locked in place. A 2” adapter was connected to the 


round bottom flask to allow a Claisen adapter with septum inlet to be placed atop the reaction flask (Figure 


18). A reflux condenser was placed on the Claisen adapter. The septum inlet was capped with a rubber 


stopper with a 22-gauge syringe needle inserted through. The Raman probe was inserted into the microwave 


cavity until the quartz light pipe just made contact with the side of the reaction flask. The reaction mixture 


was brought to reflux (83-84ºC) using a microwave power of 50 watts. Once at reflux, the microwave power 


was was dropped to 7 watts and the temperature was set artificially high at 90ºC to ensure the microwave 


was always applying continuous power and reflux was maintained. At this time, a background scan of the 


reaction was recorded. This background is automatically subtracted from all subsequent scans, removing any 


signal due to starting materials and solvent. The Raman spectrometer was set to acquire a spectrum every 10 


s (actual observed acquisition rate was 12.2 s), with 10 s integration times, “boxcar” set to 3 and “average” 


set to 1. Continuous scans were then begun. After the first scan (t = 0), the piperidine catalyst (436 mg, 4.0 


mmol, 8 mol%) was rapidly injected into the reaction mixture. As the reaction is dynamic and the change in 


concentration is initially linear, the first acquisition after the catalyst is injected was set to half of the 


observed aquisition rate (e.g. 6.1 s). Each subsequent acquisition is set to 6.1 + 12.2n seconds. After running 


the reaction for the requisite period of time the Raman data acquisition and the microwave heating were 


halted. The reaction mixture was allowed to cool to room temperature and the product isolated was stopped. 


Upon cooling, the product was collected by vacuum filtration and recrystallized from ethanol. Reactions 


carried out below reflux (35-75ºC) were done in a procedure analogous to the Knovenagel condensation 


procedure below. 1H NMR (300 MHz, CDCl3): δ 8.51 (s, 1H), 7.67 (m, 2H), 7.40 (m, 2H), 2.73 (s, 3H). 13C 


NMR (300 MHz, CDCl3): δ 195.4, 159.2, 155.3, 147.4, 134.4, 130.2, 125.0, 124.5, 118.2, 116.7, 30.5. 


 


 


 


 


 


Experimental set-up for performing the kinetic measurements in an open vessel 
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Monitoring formation of ethyl-(E/Z)-2-acetyl-3-(2-methoxyphenyl)-acrylate. 


Into a 50.00 ml volumetric flask were placed 2-methoxybenzaldehyde (6.808 g, 50.00 mmol) and ethyl 


acetoacetate (6.507 g, 50.00 mmol). The reagents were diluted to 50.00 ml with ethyl acetate. This solution 


was transferred to the 50 ml long-necked round bottom flask and placed into the microwave cavity. The 


reaction mixture was brought to the desired temperature (35-75ºC) at which point a background scan of the 


reaction that would be subtracted from all subsequent scans was taken. The Raman spectrometer was set to 


take continuous scans using the same parameters as with the 3-acetyl coumarin synthesis. Continuous scans 


were begun.  After the first scan (t=0), the stopper was momentarily removed and the piperidine catalyst in 


toluene (4.0 M, 1.0 ml, 4.0 mmol, 8 mol%) was rapidly injected into the reaction mixture.  Upon cooling, the 


reaction mixtures were combined.  To drive the reaction to completion and thus allow for isolation and 


characterization, a portion of the reaction mixture was transferred to a 35 mL thick-walled reaction vessel, 


more ethyl acetoacetate added and then the vessel sealed and heated to 120ºC until completion was reached 


as judged by Raman monitoring (~12 min). The crude reaction mixture was poured over aqueous HCl (2.0M) 


and extracted with ethyl acetate. The organic layer was washed with brine, dried over MgSO4, and the 


solvent was removed under vacuum. The E/Z isomers co-distill (184°C @8-10 mmHg) so 500 mg of the 


distillate was placed on a 20-cm silica gel column (80 g silica gel) and eluted using 6:3:0.5 pet 


ether:DCM:ethyl acetate solvent system to separate the E and Z isomers. Rf=0.342 (Z-isomer), 0.210 (E-


isomer)
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For the plots of Raman signal intensity versus time (Figures 6 & 7), scans acquire data for 10 seconds, which 


results in a signal being produced every 12.2 seconds; 10 seconds of acquisition time plus approximately 2.2 


seconds to relay information between the Raman unit and the PC. A linear approximation of the formation 


can be assumed at the onset of the reaction or for the first 60 seconds. Therefore, the first scan after the 


addition of catalyst (scan 2) that is produced at t=12.2 seconds more precisely represents the Raman signal 


strength and hence the concentration due to 3-acetylcoumarin formation at t=6.1 seconds. Below, a modified 


Figure 7 illustrates this. 
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Figure S1. The plot of human AChE activity vs the inhibition time. The human AChE concentration is 8.2 pmol/mL, and the paraoxon concentration is 15 pmol/mL. The AChE 
activity was measured by the modified Ellman method. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure S2  Sequence coverage of HuAChE from erythrocytes using LC MS/MS.  Sequence coverage of 68% (font in red above) was obtained. The MASCOT® software algorithm 
was modified to search the MS/MS data for specific organophosphate modifications (e.g. diethylphosphorylation or monoethylphosphorylation (aged adduct).   
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Figure S3 Typical ELISA responses of 10 nM paraoxon-AChE, 10 nM AChE, and 100 nM BSA using horseradish peroxidase-labeled monoclonal anti-AChE. 
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Table S1.  Identified daughter ions of monoethylphosphorylated peptide 222-242 (red) of huAChE  assigned with the OP assigned to S13 and homoserine at the C-terminus using the 
MASCOT® searching algorithm.  An RMS error of 150 ppm was obtained. 


 
 
 
 
 


# a a++ b b++ Seq. y y++ # 
1 30.03 15.52 58.03 29.52 G     21 
2 87.06 44.03 115.05 58.03 G 1931.86 966.44 20 
3 202.08 101.54 230.08 115.54 D 1874.84 937.92 19 
4 299.13 150.07 327.13 164.07 P 1759.81 880.41 18 
5 400.18 200.59 428.18 214.59 T 1662.76 831.88 17 
6 487.21 244.11 515.21 258.11 S 1561.71 781.36 16 
7 586.28 293.65 614.28 307.64 V 1474.68 737.84 15 
8 687.33 344.17 715.33 358.17 T 1375.61 688.31 14 
9 800.41 400.71 828.41 414.71 L 1274.57 637.79 13 


10 947.48 474.25 975.48 488.24 F 1161.48 581.24 12 
11 1004.5 502.76 1032.5 516.75 G 1014.41 507.71 11 
12 1133.55 567.28 1161.54 581.27 E 957.39 479.2 10 
13 1328.58 664.79 1356.57 678.79 S 828.35 414.68 9 
14 1399.61 700.31 1427.61 714.31 A 633.32 317.16 8 
15 1456.64 728.82 1484.63 742.82 G 562.28 281.65 7 
16 1527.67 764.34 1555.67 778.34 A 505.26 253.13 6 
17 1598.71 799.86 1626.7 813.86 A 434.22 217.62 5 
18 1685.74 843.37 1713.74 857.37 S 363.19 182.1 4 
19 1784.81 892.91 1812.81 906.91 V 276.16 138.58 3 
20 1841.83 921.42 1869.83 935.42 G 177.09 89.05 2 
21         M 120.07 60.54 1 
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Content: 
 
1. Relative intensity of the ESR signal and selected Vis/NIR absorptions of C2-C82(3)+• and C2-C82(3)–• at 
different electrode potentials 
 
2. Schlegel diagram of C2-C82(3) with IUPAC numbering system. 
 
3. Computed 13C ESR hyperfine constants  
 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Supporting Information 1  a) relative intensity of the ESR signal (�) and Vis/NIR absorptions at 980 (�) 


and 1995 nm (�) of C2 C82:3+• at different electrode potentials; b) relative intensity of the ESR signal (�) 


and Vis/NIR absorptions at 670 (�), 890 (�), 1135 (�) and 1850 nm (�) of C2 C82:3–• at different 


electrode potentials 







 3 


 
Supporting information 2. Schlegel diagram of C2-C82(3) with IUPAC numbering system used in this 
work 
 
Supporting information 3. DFT-computed 13C ESR hyperfine constants (in Gauss) 
C # cation anion trianion 


1 -0.96636 -1.22118 0.01454
2 -0.50754 -0.26266 -0.67937
3 -0.92687 0.19414 -0.51714
4 0.8802 -0.4979 -0.9009
5 -0.50754 -0.39722 -0.55111
6 -0.92687 -1.45838 -1.02495
7 -0.38077 -1.45838 0.16918
8 0.41699 0.18966 1.44276
9 0.68217 -0.23443 0.16918


10 -0.61835 -1.19149 -0.71528
11 0.83032 1.21764 -0.9318
12 -0.46247 0.51266 0.40156
13 -1.82279 -0.14588 -0.11024
14 1.60968 0.1387 -1.02495
15 0.29956 0.51115 -0.00971
16 0.36387 0.27401 -0.56685
17 -0.61237 -0.02449 1.14078
18 -0.61835 -0.14588 -0.40411
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C # cation anion trianion 
19 0.68217 -0.17004 -0.51714
20 1.60968 0.54247 0.7689
21 -0.96636 -0.04742 -0.9318
22 0.41536 -0.24738 0.02232
23 -0.46247 -0.23443 -0.40411
24 -1.82279 0.33967 -0.94584
25 -0.30376 -0.39368 -0.18239
26 -0.01423 0.39753 -0.45547
27 0.8802 -0.10883 0.02232
28 -0.61237 -0.17004 1.44276
29 0.41536 -1.19149 1.14078
30 -1.53611 -0.80295 -0.55111
31 -1.84259 1.24266 -0.11024
32 2.77772 0.59275 0.6791
33 -2.08891 -0.09228 -0.61438
34 -0.01423 -0.9158 -0.00971
35 0.41825 -0.09228 -0.56685
36 -0.38077 -0.08088 1.26856
37 0.41699 0.24094 0.53403
38 -0.30376 -0.26266 0.04537
39 0.36387 0.54247 0.40645
40 -1.53611 0.51115 0.41527
41 0.83032 -0.08088 1.35279
42 -1.84259 0.42448 0.7689
43 2.77772 0.1387 -0.91044
44 -2.08891 0.42448 -0.73509
45 2.14757 0.27401 -0.61438
46 -1.18002 -0.42668 -0.71528
47 0.20054 -0.4979 0.14252
48 0.50629 -0.13092 0.04537
49 -0.61856 -0.39368 1.09137
50 0.29956 1.21764 -1.3954
51 -0.09387 -0.24738 -1.01056
52 -1.13884 0.51266 -0.73509
53 -1.71594 -0.42668 0.40645
54 0.4589 1.24266 -0.91044
55 -1.55321 0.59275 -0.45547
56 2.14757 1.51361 -0.47102
57 -0.61856 -0.10883 -1.01056
58 0.20054 -0.80295 -0.18239
59 -1.18002 -0.13092 0.01454
60 -1.13884 -0.89837 1.09137
61 -0.09387 -0.64709 -0.49906
62 -0.27242 -0.57154 -0.67937
63 -1.71594 0.24094 -0.47102
64 0.41825 -0.39722 1.232
65 0.4589 -1.03454 0.14252
66 -1.55321 -0.64709 1.232
67 2.0421 -0.02449 -1.3954
68 -0.53979 -1.22118 0.26046
69 -0.04157 0.18966 -0.35152
70 0.69088 1.51361 0.53403
71 2.46262 0.33967 1.26856
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C # cation anion trianion 
72 -0.27242 0.39753 0.6791
73 -1.52117 -0.41605 0.40156
74 2.0421 -0.41605 -0.49906
75 -0.53979 -0.9158 0.41527
76 -0.04157 -0.89837 -0.94584
77 0.69088 0.26932 1.35279
78 0.50629 -0.04742 0.26046
79 2.46262 0.19414 -0.35152
80 -1.52117 -0.57154 -0.70809
81 -0.46582 0.26932 -0.70809
82 -0.46582 -1.03454 -0.9009


 
 


 


 








 
 
 
 
 
 
 
 


 
 
 
 
 
 


Supporting Information 
 


© Copyright Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, 2008 
 


 


 







1-, 2- and 4-Ethynylpyrenes in the Structure of Twisted Intercalating Nucleic 


Acids (TINA). Structure – Thermal Stability – Fluorescence Relationship 


 


 


Vyacheslav V. Filichev,*[a,c] Irina V. Astakhova,[b] Andrei D. Malakhov,[b] Vladimir A. 


Korshun,[b] and Erik B. Pedersen[c] 


 


 
[a] Institute of Fundamental Sciences, Massey University, Private Bag 11 222, Palmerston North (New Zealand); [b] 


Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Moscow (Russia); [c] Nucleic Acid Center, Department 


of Physics and Chemistry, University of Southern Denmark, Odense (Denmark) 


E-mail: v.filichev@massey.ac.nz 


 


 


 







 


0


0,1


0,2


0,3


0,4


0,5


250 300 350 400


Wavelength (nm)


A
b


so
rb


an
ce


mc-1-PEPy
mc-2-PEPy
mc-4-PEPy


 
Figure. UV-absorption spectra of model compounds: mc-1-, mc-2- and mc-4-


(phenylethynyl)pyrenes (mc-1-, mc-2- and mc-4-PEPy) in 0.4% DMSO-ethanol (v/v), 


concentration of each compound 10-5 M. 


Model compounds: (2R)-N-(4-[pyrene-1(2,4)-ylethynyl]benzyl)-2,4-dihydroxy-3,3-


dimethylbutiramides 
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Models of the ox1 State of Methylcoenzyme M Reductase: 
Where are the Electrons? 
 
 
Emmanuel Gonzalez and Abhik Ghosh* 
 
 
Optimized coordinates (Å) for lowest-energy states 
 
 


1. [NiIII(oxaP)(SMe)(AcNH2)]+ 
 
Ni       0.109685000      0.060417000      0.000000000 
S        0.058041000     -2.207875000      0.000000000 
O       -0.655236000      2.062217000      0.000000000 
O       -2.174667000     -0.230486000      0.000000000 
N        0.019682000      0.054307000     -1.952462000 
N        2.087076000      0.374227000      0.000000000 
N        0.019682000      0.054307000      1.952462000 
N       -1.261774000      4.220215000      0.000000000 
C       -0.309342000      3.262019000      0.000000000 
C       -2.422099000     -0.273710000     -2.383273000 
C        1.103818000      0.166337000     -2.791732000 
C       -2.422099000     -0.273710000      2.383273000 
C        2.427356000      0.365538000      2.407275000 
C        2.427356000      0.365538000     -2.407275000 
C       -0.678277000     -0.097156000      4.145726000 
C        0.669667000      0.072659000      4.167420000 
C        4.266247000      0.647474000     -0.682505000 
C       -4.311683000     -0.487834000      0.689880000 
C       -1.085118000     -0.115437000     -2.756914000 
C       -1.085118000     -0.115437000      2.756914000 
C       -2.976723000     -0.330890000      1.118200000 
C       -0.678277000     -0.097156000     -4.145726000 
C        1.118304000      3.739601000      0.000000000 
C       -4.311683000     -0.487834000     -0.689880000 
C        1.747341000     -2.848004000      0.000000000 
C        4.266247000      0.647474000      0.682505000 
C        2.893406000      0.463320000     -1.098981000 
C        0.669667000      0.072659000     -4.167420000 
C        1.103818000      0.166337000      2.791732000 
C        2.893406000      0.463320000      1.098981000 
C       -2.976723000     -0.330890000     -1.118200000 







H        5.112689000      0.755083000     -1.351850000 
H        2.298690000     -2.574124000      0.905583000 
H        3.161773000      0.442512000     -3.206962000 
H        1.326513000      0.139088000      5.027427000 
H        1.309131000      4.356912000     -0.887394000 
H        1.326513000      0.139088000     -5.027427000 
H        2.298690000     -2.574124000     -0.905583000 
H       -3.134236000     -0.374882000      3.200027000 
H        1.608230000     -3.939825000      0.000000000 
H       -1.356599000     -0.203167000     -4.985218000 
H       -5.163320000     -0.592897000     -1.351482000 
H        1.309131000      4.356912000      0.887394000 
H       -5.163320000     -0.592897000      1.351482000 
H        5.112689000      0.755083000      1.351850000 
H       -1.356599000     -0.203167000      4.985218000 
H       -2.237461000      3.947879000      0.000000000 
H       -3.134236000     -0.374882000     -3.200027000 
H       -1.026109000      5.205350000      0.000000000 
H        1.794032000      2.883638000      0.000000000 
H        3.161773000      0.442512000      3.206962000 
 


2. [NiIII(pyriP)(SMe)(AcNH2)]+ 
 
Ni      -0.132477000     -0.147107000      0.000000000 
S       -0.133632000     -2.412763000      0.000000000 
O        0.568604000      1.908811000      0.000000000 
N        1.134783000      4.079920000      0.000000000 
N        2.162361000     -0.447208000      0.000000000 
N       -0.158636000     -0.152274000     -1.959963000 
N       -0.158636000     -0.152274000      1.959963000 
N       -2.191498000      0.208257000      0.000000000 
C       -0.840967000     -0.164841000      4.171825000 
C       -1.243224000     -0.036341000     -2.781612000 
C       -3.005690000      0.318169000      1.091730000 
C       -1.836544000     -3.020160000      0.000000000 
C       -4.381597000      0.540551000     -0.678971000 
C       -3.005690000      0.318169000     -1.091730000 
C        2.868217000     -0.528634000     -1.158844000 
C        2.868217000     -0.528634000      1.158844000 
C        4.277166000     -0.665028000      1.180352000 
C        4.995934000     -0.727873000      0.000000000 
C        4.277166000     -0.665028000     -1.180352000 
C       -1.235056000      3.555838000      0.000000000 
C        2.248442000     -0.493287000     -2.443798000 
C       -2.564653000      0.200221000     -2.398449000 
C       -2.564653000      0.200221000      2.398449000 







C        0.201065000      3.100359000      0.000000000 
C        2.248442000     -0.493287000      2.443798000 
C       -1.243224000     -0.036341000      2.781612000 
C        0.931708000     -0.351458000      2.790584000 
C       -4.381597000      0.540551000      0.678971000 
C        0.497101000     -0.357040000      4.178148000 
C        0.931708000     -0.351458000     -2.790584000 
C       -0.840967000     -0.164841000     -4.171825000 
C        0.497101000     -0.357040000     -4.178148000 
H       -1.895156000      2.687984000      0.000000000 
H        0.880389000      5.059080000      0.000000000 
H        2.931644000     -0.605841000      3.283114000 
H       -3.301222000      0.286417000     -3.194456000 
H        4.779453000     -0.722772000      2.143569000 
H        4.779453000     -0.722772000     -2.143569000 
H        6.078870000     -0.831947000      0.000000000 
H        2.115750000      3.824561000      0.000000000 
H       -1.520690000     -0.103470000     -5.014485000 
H       -1.436811000      4.169729000      0.887312000 
H       -1.520690000     -0.103470000      5.014485000 
H       -5.222155000      0.667600000      1.352902000 
H       -2.383027000     -2.733352000     -0.904825000 
H       -3.301222000      0.286417000      3.194456000 
H       -2.383027000     -2.733352000      0.904825000 
H       -1.436811000      4.169729000     -0.887312000 
H       -5.222155000      0.667600000     -1.352902000 
H        1.158196000     -0.491229000     -5.026867000 
H        2.931644000     -0.605841000     -3.283114000 
H       -1.722844000     -4.114803000      0.000000000 
H        1.158196000     -0.491229000      5.026867000 
 


3. [NiIII(isoP)(SMe)(AcNH2)]+ 


 
Ni       0.228891000     -0.202058000      0.000000000 
S       -0.540253000     -2.328619000      0.000000000 
O        0.477969000      1.855083000      0.000000000 
N       -1.194841000      0.195279000     -1.434242000 
N        2.723852000      2.291752000      0.000000000 
N       -1.194841000      0.195279000      1.434242000 
N        1.629718000     -0.624621000     -1.432948000 
N        1.629718000     -0.624621000      1.432948000 
C        0.808751000     -3.529069000      0.000000000 
C       -3.086215000      0.803343000      2.580509000 
C       -0.963354000      0.104400000      2.813845000 
C        3.564781000     -1.278431000      2.517076000 
C        1.146883000      4.145163000      0.000000000 







C        3.564781000     -1.278431000     -2.517076000 
C        2.929486000     -1.045227000     -1.244588000 
C       -3.629828000      2.356943000      0.000000000 
C       -4.460894000     -0.037151000      0.000000000 
C        2.628463000     -1.004019000      3.474211000 
C       -2.448993000      0.608319000     -1.284856000 
C       -2.448993000      0.608319000      1.284856000 
C        1.432036000     -0.605591000     -2.777377000 
C        0.217684000     -0.253019000     -3.408354000 
C       -3.183070000      0.860434000      0.000000000 
C        0.217684000     -0.253019000      3.408354000 
C        3.527442000     -1.227930000      0.000000000 
C        1.435694000      2.663631000      0.000000000 
C        1.432036000     -0.605591000      2.777377000 
C        2.628463000     -1.004019000     -3.474211000 
C       -0.963354000      0.104400000     -2.813845000 
C        2.929486000     -1.045227000      1.244588000 
C       -2.162962000      0.483877000     -3.524959000 
C       -3.086215000      0.803343000     -2.580509000 
C       -2.162962000      0.483877000      3.524959000 
H        3.464766000      2.981051000      0.000000000 
H        0.066389000      4.299727000      0.000000000 
H       -2.267608000      0.507777000     -4.604019000 
H        2.970280000      1.306628000      0.000000000 
H        4.562719000     -1.567242000      0.000000000 
H       -5.070260000      0.170694000     -0.885671000 
H       -4.190634000     -1.099406000      0.000000000 
H       -5.070260000      0.170694000      0.885671000 
H       -4.236565000      2.571010000     -0.886182000 
H       -4.236565000      2.571010000      0.886182000 
H       -2.758205000      3.021272000      0.000000000 
H       -4.104121000      1.137262000      2.746682000 
H       -4.104121000      1.137262000     -2.746682000 
H        1.581619000      4.620247000      0.888568000 
H        2.732010000     -1.069605000      4.551656000 
H       -2.267608000      0.507777000      4.604019000 
H        1.422637000     -3.479533000      0.905817000 
H        0.223508000     -0.272443000      4.497723000 
H        1.422637000     -3.479533000     -0.905817000 
H        4.588122000     -1.610536000     -2.653501000 
H        1.581619000      4.620247000     -0.888568000 
H        2.732010000     -1.069605000     -4.551656000 
H        0.223508000     -0.272443000     -4.497723000 
H        0.277427000     -4.493634000      0.000000000 
H        4.588122000     -1.610536000      2.653501000 
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Cartesian coordinates of all optimized structures discussed in the paper. 


Model 1, optimized at B3LYP/6-31G** level 
C  -2.209215   -0.676101   -0.369227 
C  -2.209211    0.676182    0.368772 
H  -2.465692    1.491456   -0.341037 
H  -2.953199   -0.714434   -1.185496 
O  -0.909147    0.799228    0.861557 
O  -0.908833   -0.799634   -0.861118 
C   2.209125    0.676033   -0.369308 
C   2.209229   -0.676065    0.368919 
O   0.908991    0.799139   -0.861636 
H   2.465316   -1.491458   -0.340851 
O   0.909112   -0.798770    0.861962 
H   2.953442    0.714525   -1.185288 
B  -0.000013   -0.000027    0.000308 
H  -2.466452   -1.491239    0.340435 
H  -2.953728    0.714742    1.184569 
H   2.466020    1.491284    0.340483 
H   2.953804   -0.714734    1.184586 
 
Model 2, optimized at B3LYP/6-31G** level    
C    2.117957   -0.022943    0.861281    
C    2.228144   -1.319771    0.021510    
H    3.102336   -1.286352   -0.648476    
O    2.845353    1.085486    0.295807    
O    1.033543   -1.410188   -0.696821    
O    0.765675    0.204109    0.976616    
C   -2.117837   -0.022961   -0.861347    
C   -2.228032   -1.319863   -0.021721    
O   -0.765549    0.204117   -0.976549    
H   -3.102481   -1.286805    0.647930    
O   -1.033676   -1.409977    0.697081    
O   -2.845397    1.085397   -0.295869    
B    0.000017   -0.622683    0.000130    
H    2.595093   -0.121751    1.848855    
H    2.372406   -2.182361    0.702935    
H   -2.594860   -0.121709   -1.848981    
H   -2.371726   -2.182421   -0.703308    
C    2.353395    1.530578   -0.958050    
C   -2.353602    1.530534    0.958042    
H    2.888593    2.458406   -1.193219    
H    1.276285    1.722419   -0.928184    
H    2.541061    0.804132   -1.763523    
H   -2.888604    2.458546    1.192962    
H   -1.276418    1.722071    0.928381    
H   -2.541507    0.804248    1.763565    
 
Model 3a, optimized at B3LYP/6-31G** level    
C    -2.154092   -0.558778   -0.751820   
C    -2.268949    0.549001    0.356105   
C    -2.808845    1.775021   -0.415669   
O    -2.636809    0.046892   -1.971455   
O    -0.978043    0.739245    0.849299   
O    -0.832697   -0.921161   -0.784863   
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C     2.152018    0.551259   -0.761794   
C     2.269757   -0.548405    0.353886   
O     0.830623    0.913765   -0.793698   
C     2.807186   -1.780171   -0.410431   
O     0.980216   -0.734662    0.852153   
O     2.631113   -0.063463   -1.978333   
B     0.000035   -0.000650    0.045975   
H    -2.802696   -1.436600   -0.610983   
H    -2.955655    0.259306    1.168753   
H     2.801225    1.429926   -0.629252   
H     2.958851   -0.252971    1.162434   
H    -3.903399    1.828585   -0.340272   
C    -2.406071    1.451952   -1.858512   
H    -2.377246    2.701336   -0.026505   
H    -3.017919    1.954364   -2.617408   
H    -1.347997    1.691023   -2.032317   
H     2.376504   -2.703516   -0.013278   
H     3.901943   -1.833426   -0.337730   
C     2.400405   -1.467589   -1.854466   
H     3.010035   -1.975684   -2.611361   
H     1.341807   -1.707700   -2.023558   
 
Model 3b, optimized at B3LYP/6-31G** level    
C   -2.163067   -0.663155   -0.545912    
C   -2.258923    0.585729    0.381311    
C   -2.608518    1.720206   -0.611629    
O   -2.806824   -0.314024   -1.797353    
O   -1.013853    0.710764    0.990556    
O   -0.826240   -0.922982   -0.679098    
C    2.131486    0.680940   -0.536937    
C    2.222677   -0.568181    0.390533    
O    0.795417    0.942257   -0.674848    
C    2.575176   -1.702773   -0.601257    
O    0.975176   -0.692097    0.994995    
O    2.779214    0.331158   -1.786161    
B   -0.017426    0.009541    0.168795    
H   -2.704544   -1.550636   -0.172156    
H   -3.053619    0.478200    1.137656    
H    2.672557    1.567823   -0.161189    
H    3.014570   -0.461510    1.149936    
H   -3.175680    2.541272   -0.158768    
C   -3.382616    0.983200   -1.702002    
H   -1.666281    2.113801   -1.003552    
H   -4.457097    0.913950   -1.442433    
H   -3.318065    1.465703   -2.686080    
H    1.634141   -2.095097   -0.997338    
H    3.139502   -2.524622   -0.146283    
C    3.354499   -0.966071   -1.688058    
H    3.294569   -1.448538   -2.672440    
H    4.427768   -0.896960   -1.423388    
 
Model 4a, optimized at B3LYP/6-31G** level    
O     3.508495   -1.080078   -1.410769      
O    -3.492412    1.121867   -1.406152      
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C    -2.074624   -0.637357   -0.671410      
C    -2.311144    0.340198    0.530501      
C    -3.031585    1.549091   -0.118177      
C    -2.492365    0.219923   -1.889664      
O    -1.046348    0.637172    1.034599      
O    -0.732133   -0.987963   -0.629064      
C     2.083914    0.656737   -0.637187      
C     2.311913   -0.354304    0.538308      
O     0.741045    1.005854   -0.594857      
C     3.039198   -1.543539   -0.138456      
O     1.043375   -0.666877    1.023267      
C     2.510928   -0.165843   -1.875955      
B     0.001445   -0.003158    0.221775      
H    -2.717916   -1.530353   -0.608284      
H    -2.945750   -0.110526    1.312345      
H     2.726474    1.547644   -0.544197      
H     2.939468    0.074710    1.337869      
H    -3.907745    1.906021    0.436187      
H    -2.302476    2.368807   -0.207106      
H    -1.603855    0.758991   -2.252745      
H    -2.934445   -0.347559   -2.716291      
H     3.912036   -1.914224    0.412120      
H     2.312303   -2.361712   -0.255288      
H     1.625515   -0.695280   -2.260163      
H     2.958189    0.424858   -2.683305 
 
Model 4b, optimized at B3LYP/6-31G** level    
O    2.998476   -1.411770   -1.041421   
O   -2.989266    1.441356   -1.027919   
C   -2.228176   -0.629296   -0.112903   
C   -2.252147    0.461834    1.019604   
C   -3.068521    1.605504    0.386708   
C   -3.023794    0.033024   -1.255505   
O   -0.926719    0.795680    1.256762   
O   -0.890732   -0.836336   -0.418905   
C    2.229375    0.631924   -0.074151   
C    2.242779   -0.491254    1.026729   
O    0.894832    0.847938   -0.386611   
C    3.064291   -1.616916    0.368551   
O    0.915169   -0.830767    1.242602   
C    3.035551    0.002536   -1.227855   
B   -0.001844   -0.005747    0.418220   
H   -2.720627   -1.570293    0.192710   
H   -2.750668    0.107533    1.940599   
H    2.718868    1.563667    0.262947   
H    2.733322   -0.163877    1.961865   
H   -4.126774    1.554118    0.714254   
H   -2.659279    2.585757    0.644800   
H   -4.073851   -0.322933   -1.254493   
H   -2.574780   -0.171122   -2.230825   
H    4.119443   -1.576102    0.707302   
H    2.651885   -2.603798    0.594313   
H    2.595819    0.235066   -2.201053   
H    4.085645    0.357770   -1.206640   
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Model 5, optimized at B3LYP/6-31G** level    
C    -2.219097   -0.555397   -0.578820  
C    -2.299408    0.539742   -1.684321  
C    -2.744441    1.825156   -0.917636  
O    -2.779052    0.041986    0.606893  
O    -1.000852    0.708522   -2.179112  
O    -0.888671   -0.885043   -0.471365  
C     2.131587    0.565006   -0.593067  
C     2.235845   -0.565228   -1.677195  
O     0.804546    0.918941   -0.545680  
C     2.837308   -1.755570   -0.900144  
O     0.929610   -0.807964   -2.108288  
O     2.634486   -0.008373    0.630472  
B    -0.030256   -0.028024   -1.329513  
H    -2.837013   -1.448616   -0.751634  
H    -2.994827    0.288825   -2.498356  
H     2.766283    1.446097   -0.765161  
H     2.877652   -0.275786   -2.525298  
H    -3.820043    2.000609   -1.057449  
C    -2.470534    1.434236    0.547471  
O    -2.043244    2.964786   -1.362181  
H    -3.108175    1.953595    1.271224  
H    -1.416082    1.628222    0.787482  
H     2.436070   -2.704807   -1.265659  
H     3.931336   -1.766743   -0.995273  
C     2.448525   -1.422259    0.544002  
H     3.088729   -1.891265    1.300273  
H     1.402300   -1.694290    0.741425  
H    -1.219183    2.572342   -1.719492  
 
Model 6, optimized at B3LYP/6-31G** level    
O    3.966285    0.865328    0.109293 
O   -3.504832    0.997383    0.107207 
C   -1.663108    0.522938   -1.296985 
C   -2.153455   -0.811863   -0.658958 
C   -3.227277   -0.376338    0.395237 
C   -2.284580    1.582248   -0.358115 
O   -1.023894   -1.361561   -0.043026 
O   -0.271892    0.474369   -1.295224 
C    1.988633    0.029842    1.119477 
C    2.464393   -1.001336    0.042168 
O    0.605791    0.109674    0.998742 
C    3.598643   -0.255396   -0.703759 
O    1.347373   -1.266207   -0.751395 
C    2.752464    1.312554    0.718356 
B    0.180927   -0.509487   -0.287246 
H   -2.047608    0.657286   -2.319862 
H   -2.588114   -1.510008   -1.390228 
H    2.277879   -0.273824    2.137907 
H    2.848070   -1.929238    0.497883 
H   -4.194405   -0.885676    0.289570 
O   -2.741651   -0.573730    1.685632 
H   -1.588239    1.778770    0.468031 
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H   -2.537517    2.527424   -0.850261 
H    4.504906   -0.851047   -0.862954 
H    3.205484    0.070613   -1.678887 
H    2.128518    1.878573    0.009139 
H    3.024756    1.962987    1.556536 
H   -1.810094   -0.856377    1.544991 
 
Model T1, optimized at B3LYP/6-31G** level with COSMO   
C     -2.195894   -0.443791   -0.882914  
C     -2.266317    0.582231    0.288029  
C     -2.943118    1.815289   -0.331553  
O     -2.621609    0.264505   -2.066812  
O     -0.932566    0.832362    0.652822  
O     -0.880820   -0.870262   -0.943820  
C      2.210330    0.454604   -0.872376  
C      2.268677   -0.548402    0.322301  
O      0.890925    0.864414   -0.971612  
C      2.924612   -1.800738   -0.281659  
O      0.926782   -0.762761    0.697419  
O      2.674483   -0.268187   -2.030378  
B      0.003394    0.012227   -0.138725  
H     -2.874457   -1.303333   -0.798546  
H     -2.859490    0.218856    1.141042  
H      2.876266    1.324676   -0.789651  
H      2.848269   -0.155327    1.171509  
O     -4.347784    1.670593   -0.129334  
C     -2.549411    1.671328   -1.802756  
H     -2.561996    2.745708    0.114885  
H     -3.234232    2.185505   -2.486171  
H     -1.530468    2.052459   -1.964897  
H      2.556069   -2.717174    0.187987  
H      4.013260   -1.755626   -0.159440  
C      2.561322   -1.674777   -1.761439  
H      3.241905   -2.201193   -2.437711  
H      1.535869   -2.023609   -1.949088  
H     -4.797001    2.402622   -0.601611  
 
Model T2, optimized at B3LYP/6-31G** level with COSMO 
C    1.634321    0.230392    1.206268     
C    2.031217   -0.946028    0.260080     
C    3.047546   -0.309670   -0.714834     
O    2.319412    1.397690    0.692874     
O    0.843241   -1.334903   -0.381898     
O    0.257923    0.332603    1.142938     
C   -2.218609    0.182950   -1.151359     
C   -2.616340   -0.982989   -0.194624     
O   -0.840253    0.293824   -1.078450     
C   -3.694945   -0.364784    0.707373     
O   -1.439321   -1.305541    0.512217     
O   -2.912376    1.353743   -0.673649     
B   -0.298679   -0.506812    0.048758     
H    1.971045    0.139576    2.247723     
H    2.499706   -1.789124    0.790170     
H   -2.538561    0.063515   -2.195787     
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H   -2.993542   -1.861238   -0.740604     
O    4.394658   -0.469196   -0.271435     
C    2.610806    1.153883   -0.695034     
H    2.985439   -0.769195   -1.707011     
H    3.402902    1.841528   -1.005051     
H    1.720360    1.312451   -1.318318     
H   -3.689763   -0.805636    1.708347     
H   -4.687673   -0.507903    0.264523     
C   -3.322363    1.117511    0.682449     
H   -4.153577    1.793970    0.904296     
H   -2.498664    1.330179    1.379015     
H    4.498734    0.031396    0.565366     
 
Model T3, optimized at B3LYP/6-31G** level with COSMO 
C   -2.192248   -0.397516   -0.885397  
C   -2.220606    0.620694    0.288681  
C   -2.946755    1.832048   -0.315359  
O   -2.597321    0.338122   -2.070712  
O   -0.871448    0.880565    0.586363  
O   -0.896891   -0.869779   -0.958155  
C    2.239827    0.396219   -0.944803  
C    2.287491   -0.554216    0.290021  
O    0.925944    0.816432   -1.062523  
C    2.971789   -1.819317   -0.248826  
O    0.941135   -0.772645    0.646471  
O    2.694784   -0.380732   -2.072020  
B    0.027763    0.013164   -0.194583  
H   -2.901970   -1.232085   -0.807321  
H   -2.749262    0.234118    1.174220  
H    2.914790    1.262165   -0.898190  
H    2.844442   -0.117182    1.133131  
H   -4.030118    1.633717   -0.261151  
C   -2.520178    1.738930   -1.785338  
O   -2.614345    3.041905    0.338657  
H   -3.185279    2.267664   -2.476269  
H   -1.496829    2.123498   -1.903387  
H    2.627864   -2.720622    0.266637  
H    4.059079   -1.739663   -0.132166  
C    2.604823   -1.773683   -1.732187  
H    3.293276   -2.322352   -2.382309  
H    1.584917   -2.148630   -1.900444  
H   -3.242170    3.724280    0.021960  
 
Model T4, optimized at B3LYP/6-31G** level with COSMO 
C   -2.234653   -0.507431   -0.794878     
C   -2.301370    0.529741    0.359456     
C   -2.851871    1.815774   -0.311159     
O   -2.748508    0.160113   -1.964748     
O   -0.972931    0.738681    0.780095     
O   -0.903468   -0.872075   -0.912596     
C    2.164090    0.505331   -0.796711     
C    2.250621   -0.561773    0.339624     
O    0.834263    0.894684   -0.861872     
C    2.911860   -1.771284   -0.342264     
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O    0.916068   -0.813335    0.722381     
O    2.631392   -0.139543   -1.995201     
B   -0.023047   -0.019658   -0.073303     
H   -2.871211   -1.394066   -0.672022     
H   -2.926660    0.204616    1.202631     
H    2.810767    1.384131   -0.668293     
H    2.837371   -0.209973    1.201263     
H   -3.939228    1.880026   -0.175806     
C   -2.535824    1.565210   -1.795688     
O   -2.275814    2.992264    0.221759     
H   -3.199984    2.094249   -2.485637     
H   -1.494780    1.846451   -2.012131     
H    2.552369   -2.716152    0.074850     
H    4.000763   -1.725606   -0.222891     
C    2.539886   -1.561630   -1.810019     
H    3.225962   -2.035272   -2.518824     
H    1.519263   -1.913963   -2.016198     
H   -1.382224    2.715292    0.512683    
 
Model T5, optimized at B3LYP/6-31G** level with COSMO 
C   2.213732    0.790070   -0.947734    
C   2.797403   -0.635564   -0.706510    
C   3.866381   -0.416171    0.376141    
O   2.809094    1.645839    0.049508    
O   1.714898   -1.408940   -0.245962    
O   0.838595    0.675653   -0.822048    
C  -1.388092   -0.981915    1.201767    
C  -1.664007   -1.688766   -0.150864    
O  -0.090522   -0.511797    1.143387    
C  -3.040700   -1.167151   -0.581024    
O  -0.623058   -1.267952   -1.002338    
O  -2.375724    0.069587    1.323753    
B   0.461236   -0.631028   -0.234810    
H   2.471181    1.247271   -1.913262    
H   3.228629   -1.067681   -1.623380    
H  -1.524651   -1.614369    2.091404    
H  -1.668610   -2.785832   -0.043443    
H   4.836028   -0.192622   -0.084817    
C   3.335580    0.821165    1.100974    
H   3.975331   -1.293366    1.020140    
H   4.102127    1.398397    1.627392    
H   2.544392    0.550640    1.814710    
H  -3.123971   -1.107858   -1.670545    
H  -3.826333   -1.837563   -0.214708    
C  -3.152634    0.197898    0.113889    
H  -4.181334    0.421284    0.429407    
C  -2.655234    1.376745   -0.721999    
H  -3.286957    1.475645   -1.613746    
H  -1.623802    1.194824   -1.049979    
O  -2.763331    2.606256   -0.006170    
H  -2.182398    2.519338    0.775996    
 
Model T6, optimized at B3LYP/6-31G** level with COSMO 
C    2.22848   0.82749  -0.94565            
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C    2.83754  -0.58838  -0.6998        
C    3.85655  -0.35505   0.42897       
O    2.79769   1.69497   0.05204       
O    1.75637  -1.40283  -0.30959       
O    0.85408   0.68609  -0.82403       
C   -1.33535  -1.05424   1.18198       
C   -1.61995  -1.71899  -0.19095       
O   -0.04698  -0.55159   1.11715       
C   -3.00015  -1.18536  -0.58939       
O   -0.58493  -1.27224  -1.03994       
O   -2.3374   -0.03206   1.3637        
B    0.49413  -0.63825  -0.26572       
H    2.48151   1.28877  -1.91027       
H    3.32104  -0.99813  -1.59962       
H   -1.43757  -1.72329   2.04926       
H   -1.61986  -2.81855  -0.12202       
H    4.84257  -0.12509   0.00839       
C    3.29065   0.87981   1.12926       
H    3.94745  -1.22995   1.07898       
H    4.03246   1.46704   1.67898       
H    2.47452   0.60903   1.81431       
H   -3.09352  -1.08444  -1.67465       
H   -3.78027  -1.87389  -0.24531       
C   -3.11958   0.15066   0.16716       
H   -4.14854   0.34369   0.50114       
C   -2.6739    1.36931  -0.63943       
H   -3.21222   1.36112  -1.59727       
H   -1.60117   1.30072  -0.85636       
O   -2.93581   2.57333   0.09245       
H   -3.48689   3.1575   -0.46416 
 
Ribose-borate 2:1 complex, optimized at B3LYP/6-31G** level with COSMO 
C   1.565204   -0.379682   -1.624351           
C   2.202443   -1.518110   -0.782353     
C   3.374913   -0.831314   -0.042952     
O   2.328176    0.808939   -1.341520     
O   1.217208   -1.920739    0.143153     
O   0.243237   -0.291620   -1.214330     
C  -1.569628   -0.372634    1.625451     
C  -2.206141   -1.514216    0.787105     
O  -0.246930   -0.286815    1.217155     
C  -3.375529   -0.829401    0.040880     
O  -1.218855   -1.922837   -0.133501     
O  -2.331981    0.815015    1.337008     
B  -0.001243   -1.098385    0.003133     
H   1.623312   -0.506887   -2.713218     
H   2.537213   -2.372863   -1.386058     
H  -1.629281   -0.495475    2.714729     
H  -2.544005   -2.365470    1.394010     
C   2.954602    0.650965   -0.060164     
C   4.107301    1.620049    0.081251     
H   2.230860    0.834180    0.749875     
O  -3.596285   -1.360537   -1.250307     
H  -4.306561   -0.943186    0.614072     
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C  -2.955127    0.652964    0.054536     
C  -4.107844    1.621132   -0.092707     
H  -2.229373    0.833830   -0.754160     
H  -4.681884    1.324193   -0.984933     
O  -3.601206    2.945829   -0.216417     
H  -4.769534    1.521693    0.782844     
H  -4.363009    3.548111   -0.344408     
O   3.599754    2.944464    0.203906     
H   4.766177    1.519275   -0.796214     
H   4.684497    1.325447    0.972273     
H   4.361974    3.549054    0.317750     
H  -2.709874   -1.630532   -1.567044     
H   4.303692   -0.947289   -0.619336     
O   3.600541   -1.358047    1.249211     
H   2.715187   -1.625697    1.570827  
 
Xylose-borate 2:1 complex, optimized at B3LYP/6-31G** level with COSMO 
C   1.742086   -0.270811   -1.391071      
C   2.260119   -1.480918   -0.559626   
C   3.456883   -0.909469    0.223767   
O   2.457720    0.884206   -0.911911   
O   1.193190   -1.845736    0.281483   
O   0.377362   -0.203573   -1.161678   
C  -1.761229   -0.294672    1.403172   
C  -2.274793   -1.487945    0.545810   
O  -0.391520   -0.240633    1.204216   
C  -3.456749   -0.898534   -0.245224   
O  -1.198748   -1.844437   -0.286601   
O  -2.454915    0.874188    0.922225   
B  -0.003866   -1.032881    0.009493   
H   1.946143   -0.317950   -2.469169   
H   2.582430   -2.326971   -1.188249   
H  -1.987340   -0.352054    2.476247   
H  -2.609380   -2.342083    1.157246   
O   4.663480   -0.990120   -0.531397   
C   3.063530    0.564186    0.353846   
H   3.558910   -1.397193    1.204497   
C   4.201205    1.524453    0.637344   
H   2.317757    0.657108    1.158593   
H  -3.549841   -1.373012   -1.233482   
O  -4.673607   -0.979188    0.493127   
C  -3.050477    0.573584   -0.353082   
C  -4.180478    1.542801   -0.636758   
H  -2.295956    0.670871   -1.148696   
H  -4.750655    1.169703   -1.502796   
O  -3.621100    2.827292   -0.899195   
H  -4.858409    1.562885    0.226323   
H  -4.362085    3.452929   -1.036525   
H  -4.883287   -1.929860    0.610099   
O   3.648304    2.809393    0.912060   
H   4.873756    1.547515   -0.229726   
H   4.774643    1.142417    1.497282   
H   4.391801    3.433682    1.038030   
H   4.868929   -1.940766   -0.654834 
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Lyxose-borate 2:1 complex, optimized at B3LYP/6-31G** level with COSMO 
C     1.735238   -0.435542   -1.600570             
C     2.238093   -1.524297   -0.622187           
C     3.408938   -0.851502    0.160534           
O     2.650620    0.661715   -1.504896           
O     1.164500   -1.815652    0.239032           
O     0.440617   -0.121801   -1.196886           
C    -1.653519   -0.407306    1.578857           
C    -2.215358   -1.479806    0.612798           
O    -0.365693   -0.124850    1.139342           
C    -3.457848   -0.816075   -0.043801           
O    -1.213750   -1.711507   -0.349123           
O    -2.543828    0.718972    1.511722           
B     0.005036   -0.926624   -0.043167           
H     1.746612   -0.720318   -2.661754           
H     2.577721   -2.433972   -1.135005           
H    -1.643477   -0.695955    2.638898           
H    -2.485334   -2.413634    1.125030           
H     4.366695   -1.254756   -0.192485           
C     3.324050    0.645835   -0.228972           
O     3.312117   -1.102691    1.550949           
H     4.318281    1.073782   -0.414147           
C     2.609140    1.541749    0.781020           
O    -3.550039   -1.113306   -1.425504           
H    -4.370007   -1.186721    0.440554           
C    -3.301070    0.689104    0.284500           
H    -4.266954    1.156722    0.517968           
C    -2.625988    1.529141   -0.798234           
H    -3.258351    1.537568   -1.691686           
H    -1.651498    1.107947   -1.072576           
O    -2.493145    2.884734   -0.370502           
H    -2.016647    2.857333    0.483714           
O     2.559519    2.890737    0.314648           
H     3.178385    1.551790    1.716076           
H     1.603226    1.162600    0.997188           
H     2.076983    2.872038   -0.535615           
H     2.372002   -1.347865    1.683253           
H    -2.630208   -1.312054   -1.697500  
 
Arabinose-borate 2:1 complex, optimized at B3LYP/6-31G** level with COSMO 
 C   -1.985824   -0.285168    1.420495              
 C   -2.394062   -1.401889    0.412022     
 C   -3.464574   -0.733209   -0.489464     
 O   -2.787124    0.861171    1.107078     
 O   -1.214204   -1.755710   -0.262672     
 O   -0.623787   -0.064722    1.230162     
 C    1.742270   -0.393812   -1.337040     
 C    2.187199   -1.473680   -0.306813     
 O    0.402439   -0.135830   -1.076864     
 C    3.456746   -0.887864    0.356184     
 O    1.105522   -1.623251    0.580376     
 O    2.615025    0.741757   -1.138608     
 B   -0.082220   -0.896487    0.125163     
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 H   -2.196403   -0.498418    2.477283     
 H   -2.845974   -2.278052    0.897636     
 H    1.879623   -0.666077   -2.392157     
 H    2.441897   -2.434535   -0.777544     
 O   -4.775655   -1.075227   -0.013271     
 C   -3.227974    0.768379   -0.267262     
 H   -3.343880   -1.039595   -1.535597     
 H   -4.176863    1.314820   -0.324040     
 C   -2.203374    1.431586   -1.195279     
 H    3.481060   -1.136207    1.424591     
 O    4.623691   -1.383764   -0.310822     
 C    3.342051    0.624876    0.105295     
 H    4.339319    1.049553   -0.063216     
 C    2.635145    1.456912    1.177955     
 H    3.273295    1.538376    2.066059     
 H    1.689429    0.988793    1.473261     
 O    2.423866    2.784782    0.706577     
 H    2.018690    2.682575   -0.174788     
 O   -1.905752    2.755975   -0.729480     
 H   -2.644698    1.546081   -2.197284     
 H   -1.280956    0.828728   -1.277390     
 H   -1.554839    2.643683    0.172074     
 H    5.117713   -1.943855    0.320158     
 H   -5.224098   -1.591660   -0.711232  
  
Ribose-borate complex formed via O2,O3-binding, optimized at B3LYP/6-31G** level with 
COSMO 
O   -3.738273    0.276142    0.228802   
O    3.738864    0.270717   -0.227894   
C    1.907851   -0.345995    1.117715   
C    2.324087   -1.580404    0.276436   
C    3.433441   -1.048491   -0.686427   
C    2.548936    0.831871    0.349152   
O    1.158684   -1.943993   -0.434232   
O    0.506104   -0.332727    1.137413   
C   -1.911474   -0.346183   -1.119175   
C   -2.328035   -1.578645   -0.275051   
O   -0.509389   -0.336371   -1.142542   
C   -3.436483   -1.044096    0.687214   
O   -1.163025   -1.940925    0.435874   
C   -2.547305    0.833754   -0.349509   
B   -0.001786   -1.120509   -0.001061   
H    2.309077   -0.384659    2.141674   
H    2.694911   -2.420415    0.878908   
H   -2.315897   -0.384549   -2.141849   
H   -2.699463   -2.419649   -0.875928   
H    4.378249   -1.602243   -0.627802   
O    2.979002   -1.059960   -2.010642   
H    1.856788    1.160164   -0.441310   
C    2.905572    2.013976    1.222599   
H   -4.382644   -1.595559    0.628241   
O   -2.982037   -1.056707    2.012825   
H   -1.853276    1.159515    0.440219   
C   -2.901106    2.016911   -1.222593   
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H    2.030364   -1.303764   -1.942850   
H   -2.034173   -1.307068    1.947774   
H    2.003738    2.290815    1.792361   
O    3.358776    3.089919    0.409282   
H    3.675797    1.700792    1.945784   
H    3.566642    3.845510    0.997198   
H   -2.000294    2.287644   -1.797013   
O   -3.343902    3.096656   -0.409234   
H   -3.676628    1.707262   -1.941532   
H   -3.555604    3.850572   -0.997957       
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General methods: Chemicals and solvents were either purchased puriss p. A. from 


commercial suppliers or purified by standards techniques. Catalysts 6 and 7 were 


prepared according to literature procedures.1 For thin-layer chromatography (TLC), silica 


gel plates Merck 60 F254 were used and compounds were visualized by irradiation with 


UV light and/or by treatment with a solution of phosphomolybdic acid (25 g), Ce(SO4)2


�g H2O (10 g), conc. H2SO4 (60 mL) and H2O (940 mL) followed by heating or by 


treatment with a solution of p-anisaldehyde (23 mL), conc. H2SO4 (35 mL), acetic acid 


(10 mL) and ethanol (900mL) followed by heating. Flash chromatography was performed 


using silica gel Merck 60 (particle size 0.040-0.063 mm), 1H NMR and 13C NMR spectra 


were recorded on Varian AS 400 or 300. Chemical shifts are given in !  relative to 


tetramethylsilane (TMS), the coupling constants J are given in Hz. The spectra were 


recorded in CDCl3 as solvent at room temperature, TMS served as internal standard (!  = 


0 ppm) for 1H NMR and CDCl3 was used as internal standard (!  = 77.16 ppm) for 13C 


NMR. GC was carried out using a Varian 3800 GC instrument. Chiral GC-column used: 


CP-Chiralsil-Dex CB 25m x 0.32 mm. HPLC was carried out using a Waters 2690 


Millenium with photodiode array detector. Optical rotations were recorded on a Perkin 


Elemer 241 Polarimeter (d = 589 nm, 1 dm cell). High-resolution mass (ESI) were 


obtained with a Bruker MicrOTOF spectrometer.  


 


General procedure for the condition screen for the reaction between cinnamic 


aldehyde and methyl 5-nitro-pentenoate: 


To a stirred solution of the catalyst (20 mol %) in solvent (0.5 mL) was added cinnamic 


aldehyde 1a (33 mg, 0.25 mmol), methyl 5-nitro-pentenoate 2a (48 mg, 0.3 mmol) and 


additive (0.025 mmol) at room temperature. The resulting reaction mixture was 


                                                
1. a) M. Marigo, T. C. Wabnitz, D. Fielenbach, K. A. J¿rgensen, Angew. Chem. Int. Ed. 2005, 44, 794. b) 
M. Marigo, D. Fielenbach, A. Braunton, A. Kjaersgaard, K. A. J¿rgensen, Angew. Chem. Int. Ed. 2005, 44, 
3703. c) J. FranzŽn, M. Marigo, D. Fielenbach, T. C. Wabnitz, A. Kjaersgaard, K. A. J¿rgensen, J. Am. 
Chem. Soc. 2005, 127, 18296. d) Y. Hayashi, H. Gotoh, T. Hayashi, M. Shoji, Angew. Chem. Int. Ed. 2005, 
44, 4212. e) M. Marigo, J. FranzŽn, T. B. Poulsen, W. Zhuang, K. A. J¿rgensen,  J. Am. Chem. Soc. 2005, 
127, 6964. g) H. SundŽn, I. Ibrahem, A. C—rdova, Tetrahedron Lett. 2006, 47, 99. h) I. Ibrahem, A. 
C—rdova, Chem. Commun. 2006, 1760. 







vigorously stirred and monitored by TLC analysis. Then the reaction mixture was washed 


with water and extracted with CH2Cl2. The organic layers were combined, dried over 


Na2SO4 and the solvent was removed under reduced pressure. The residue was purified 


by silica gel (pentane: ethyl acetate = 6:1) to give the corresponding product 3. 


 


General procedure for the reaction between different aldehydes and methyl 5-nitro-


pentenoate: 


To a stirred solution of the catalyst 6 (20 mol %) in CHCl3 (0.5 mL) was added aldehyde 


(0.25 mmol), methyl 5-nitro-pentenoate (66 mg, 0.3 mmol) and DABCO (0.025 mmol) at 


room temperature. Then the reaction was vigorously stirred and monitored by TLC 


analysis. The reaction mixture was washed with water and extracted with CH2Cl2. The 


organic layer was combined, dried over Na2SO4 and the solvent was removed. The 


residue was purified by silica gel (pentane: ethyl acetate = 6:1-4:1) to give product. 


 


O


O


O2N


O
H  


Methyl 2-((1S,2S,3R,4R)-2-formyl-4-nitro-3-phenylcyclopentyl)acetate 3a: [" ]D
25 = - 


52.1 (c = 1.0, CHCl3); 
1H NMR (400 MHz, CDCl3) δ 9.65 (d, J = 2.8 Hz, 1H), 7.37-7.22 


(m, 5H), 5.08-5.03 (m, 1H), 4.06 (dd, J = 7.6, 10.4 Hz, 1H), 3.70 (s, 3H), 3.03-2.99 (m, 


1H), 2.95-2.89 (m, 1H), 2.75-2.68 (m, 1H), 2.63 (dd, J = 6.0, 16.4 Hz, 1H), 2.54 (dd, J = 


6.4, 16.4 Hz, 1H), 2.29-2.21 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 199.9, 171.9, 137.9, 


129.5, 128.4, 127.4, 91.3, 62.6, 52.5, 52.1, 37.5, 37.4, 35.4; The enantiomeric excess was 


determined by HPLC with an AD column. (n-hexane: i-PrOH = 95:5, # =205 nm), 0.5 


mL/min; tR = major enantiomer 45.6 min, minor enantiomer  62.6 min. HRMS (ESI): 


calcd. for [M+Na]+(C15H17NO5Na) requires m/z 314.0999, found 314.1005. 


 


O


O


O2N


O
H  







Ethyl 2-((1S,2S,3R,4R)-2-formyl-4-nitro-3-phenylcyclopentyl)acetate 3b: [" ]D
25 = - 


62.9 (c = 1.0, CHCl3); 
1H NMR (400 MHz, CDCl3) δ  9.65 (d, J = 2.4 Hz, 1H), 7.37-7.22 


(m, 5H), 5.08-5.03 (m, 1H), 4.14 (q, J = 7.2 Hz, 2H), 4.06 (dd, J = 7.6, 10.4 Hz, 1H), 


3.03-3.00 (m, 1H), 2.95-2.89 (m, 1H), 2.75-2.68 (m, 1H), 2.61 (dd, J = 6.0, 16.4 Hz, 1H), 


2.52 (dd, J = 7.2, 16.4 Hz, 1H), 2.29-2.21 (m, 1H), 1.27 (t, J = 7.2 Hz, 3H); 13C NMR 


(100 MHz, CDCl3) δ 199.9, 171.9, 137.9, 129.5, 128.4, 127.4, 91.3, 62.6, 52.5, 52.1, 


37.5, 37.4, 35.4; The enantiomeric excess was determined by HPLC with an AD column. 


(iso-hexane: i-PrOH = 97:3, # =210 nm), 0.5 mL/min; tR  = major enantiomer 57.9 min, 


minor enantiomer  82.2 min. HRMS (ESI): calcd. for [M+Na]+(C16H19NO5Na) requires 


m/z 328.1155, found 328.1158. 


 


O


O


O2N


O
HCl  


Methyl 2-((1S,2S,3R,4R)-3-(4-chlorophenyl)-2-formyl-4-nitrocyclopentyl)acetate 3c: 


[" ]D
25 = - 76.1 (c = 1.0, CHCl3);


 1H NMR (400 MHz, CDCl3) δ 9.64 (d, J = 2.4 Hz, 1H), 


7.33 (d, J = 8.8 Hz, 2H), 7.18 (d, J = 8.8 Hz, 1H), 5.04-4.99 (m, 1H), 4.03 (dd, J = 8.0, 


10.4 Hz, 1H), 3.70 (s, 3H), 3.01-2.88 (m, 2H), 2.75-2.68 (m, 1H), 2.63 (dd, J = 6.0, 16.4 


Hz, 1H), 2.55 (dd, J = 6.4, 16.4 Hz, 1H), 2.30-2.21 (m, 1H); 13C NMR (100 MHz, 


CDCl3) δ 199.5, 171.9, 136.3, 134.4, 129.7, 128.8, 91.0, 62.4, 52.1, 51.8, 37.4, 37.2, 35.3; 


The enantiomeric excess was determined by HPLC with an AD column. (n-hexane: i-


PrOH = 90:10, # =205 nm), 0.5 mL/min; tR = major enantiomer 43.4 min, minor 


enantiomer  55.3 min. HRMS (ESI): calcd. for [M+Na]+(C15H16ClNO5Na) requires m/z 


348.0609, found 348.0607. 


 


 


O


O


O2N


O
H  







Methyl 2-((1S,2S,3R,4R)-2-formyl-3-(naphthalen-2-yl)-4-nitrocyclopentyl)acetate 


3d: [" ]D
25 = - 39.0 (c = 1.0, CHCl3); 


1H NMR (400 MHz, CDCl3) δ 9.68 (d, J = 2.17 Hz, 


1H), 7.87-7.77 (m, 3H), 7.69 (s, 1H), 7.51-7.47 (m, 2H), 7.34 (dd, J = 1.84, 6.72 Hz, 1H), 


5.19-5.12 (m, 1H), 4.23 (dd, J = 7.69, 2.56 Hz, 1H), 3.71 (s, 3H), 3.10-3.01 (m, 1H), 


2.80-2.72 (m, 1H), 2.70-2.53 (m, 2H), 2.30 (dt, J = 8.75, 3.03 Hz, 1H); 13C NMR (100 


MHz, CDCl3) δ 200.0, 172.0, 135.1, 135.6, 133.2, 129.7, 128.1, 127.9, 127.0, 126.7, 


124.7, 91.3, 62.6, 52.9, 52.2, 37.6, 37.5, 35.6; The enantiomeric excess was determined 


by HPLC with an AD column. (n-hexane: i-PrOH = 95:5, # =254 nm), 1.0 mL/min; tR  = 


major enantiomer 37.3 min, minor enantiomer  42.2 min. HRMS (ESI): calcd. for 


[M+Na]+(C19H19NO5Na) requires m/z 364.1155, found 364.1154. 


 


O


O


O2N


O
HBr  


Methyl 2-((1S,2S,3R,4R)-3-(4-bromophenyl)-2-formyl-4-nitrocyclopentyl)acetate 3e: 


[" ]D
25 = - 68.9 (c = 1.0, CHCl3); 


1H NMR (400 MHz, CDCl3) δ 9.63 (d, J = 2.8 Hz, 1H), 


7.47 (d, J = 8.8 Hz, 2H), 7.12 (d, J = 8.8 Hz, 1H), 5.04-4.98 (m, 1H), 4.02 (dd, J = 7.6, 


10.4 Hz, 1H), 3.73 (s, 3H), 3.00-2.87 (m, 2H), 2.74-2.67 (m, 1H), 2.62 (dd, J = 6.0, 16.8 


Hz, 1H), 2.54 (dd, J = 6.4, 16.8 Hz, 1H), 2.29-2.21 (m, 1H); 13C NMR (100 MHz, 


CDCl3) δ 199.5, 171.9, 136.9, 132.7, 129.3, 122.5, 91.0, 62.5, 52.2, 51.9, 37.5, 37.3, 35.4; 


The enantiomeric excess was determined by HPLC with an AD column. (n-hexane: i-


PrOH = 90:10, # =205 nm), 0.5 mL/min; tR = major enantiomer 47.7 min, minor 


enantiomer 59.8 min. HRMS (ESI): calcd. for [M+Na]+(C15H16BrNO5Na) requires m/z 


392.0104, found 392.0096. 
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O2N


O
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Cl  







Methyl 2-((1S,2S,3R,4R)-3-(3-chlorophenyl)-2-formyl-4-nitrocyclopentyl)acetate 3f: 


[" ]D
25 = - 47.9 (c = 1.0, CHCl3); 


1H NMR (400 MHz, CDCl3) δ 9.65 (d, J = 2.45 Hz, 1H), 


7.31-7.13 (m, 4H), 5.07-5.01 (m, 1H), 4.05 (dd, J = 7.8, 18.34 Hz, 1H), 3.70 (s, 3H), 


2.99-2.89 (m, 1H), 2.75-2.67 (m, 2H), 2.63-2.56 (m, 2H), 2.29-2.23 (m, 1H); 13C NMR 


(100 MHz, CDCl3) δ 199.5, 172.0, 140.0, 135.4, 131.0, 128.8, 127.7, 126.0, 91.0, 62.6, 


52.2, 52.0, 37.5, 37.4, 35.5; The enantiomeric excess was determined by HPLC with an 


ODH column. (n-hexane: i-PrOH = 95:5, # = 205 nm), 1.0 mL/min; tR  = major 


enantiomer 68.7 min, minor enantiomer  83.9 min. HRMS (ESI): calcd. for 


[M+Na]+(C15H16ClNO5Na) requires m/z 348.0609, found 348.0597. 


 


O


O


O2N


O
HO2N  


Methyl 2-((1S,2S,3R,4R)-2-formyl-4-nitro-3-(4-nitrophenyl)cyclopentyl)acetate 3g: 


[" ]D
25 = - 24.0 (c = 1.0, CHCl3); 


1H NMR (400 MHz, CDCl3) δ 9.68 (d, J = 2.02 Hz, 1H), 


8.22 (d, J = 8.88 Hz, 2H), 7.46 (d, J = 8.70 Hz, 2H), 5.14-5.10 (m, 1H), 4.19 (dd, J = 8.30, 


18.70 Hz, 1H), 3.72 (s, 3H), 3.03-2.97 (m, 2H), 2.79-2.73 (m, 1H), 2.64 (t, J = 6.6, 12.8 


Hz, 2H), 2.36-2.30 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 199.0, 172.0, 148.0, 145.3, 


128.8, 124.7, 90.6, 62.5, 52.3, 51.7, 37.4, 37.1, 35.4; The enantiomeric excess was 


determined by HPLC with an Ad column. (n-hexane: i-PrOH = 80:20, # =205 nm), 1.0 


mL/min; tR = major enantiomer 38.3 min, minor enantiomer  41.5 min. HRMS (ESI): 


calcd. for [M+Na]+(C15H16N2O7Na) requires m/z 359.0850, found 359.0837. 


 


O


O


O2N


O
HNC  


Methyl 2-((1S,2S,3R,4R)-3-(4-cyanophenyl)-2-formyl-4-nitrocyclopentyl)acetate 3h: 


[" ]D
25 = - 66.5 (c = 1.0, CHCl3);


1H NMR (400 MHz, CDCl3) δ 9.66 (d, J = 1.50 Hz, 1H), 


7.66 (d, J = 8.11 Hz, 2H), 7.38 (d, J = 8.18 Hz, 2H), 5.10-5.03 (m, 1H), 4.13 (dd, J = 8.04, 







2.40 Hz, 1H), 3.71 (s, 3H), 3.01-2.95 (m, 2H), 2.78-2.70 (m, 1H), 2.62 (dd, J = 5.78, 1.50 


Hz, 2H), 2.30 (dt, J = 8.43, 2.20 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 198.8, 171.7, 


143.1, 133.1, 128.4, 118.2, 112.3, 90.3, 62.1, 52.1, 51.7, 37.2, 40.0, 35.2;  The 


enantiomeric excess was determined by HPLC with an AD column. (n-hexane: i-PrOH = 


80:20, # =254 nm), 1.0 mL/min; tR = major enantiomer 28.6 min, minor enantiomer  40.4 


min; HRMS (ESI): calcd. for [M+Na]+( C16H16N2O5Na) requires m/z 339.0951, found 


339.0957. 


 


O


O


O2N


O
H  


Methyl 2-((1S,2S,3R,4R)-2-formyl-4-nitro-3-p-tolylcyclopentyl)acetate 3i: [" ]D
25 = - 


53.9 (c = 1.0, CHCl3); 
1H NMR (400 MHz, CDCl3) δ 9.64 (d, J = 2.4 Hz, 1H), 7.17-7.10 


(m, 4H), 5.05-5.00 (m, 1H), 4.01 (dd, J = 7.6, 10.4 Hz, 1H), 3.69 (s, 3H), 3.03-2.98 (m, 


1H), 2.92-2.86 (m, 1H), 2.74-2.67 (m, 1H), 2.62 (dd, J = 5.6, 16.4 Hz, 1H), 2.53 (dd, J = 


7.2, 16.4 Hz, 1H), 2.32 (s, 3H), 2.28-2.20 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 200.0, 


171.9, 138.2, 134.7, 130.1, 127.3, 91.4, 62.6, 52.3, 52.1, 37.6, 37.3, 35.3, 21.2; The 


enantiomeric excess was determined by HPLC with an AD column. (iso-hexane: i-PrOH 


= 90:10, # =210 nm), 0.5 mL/min; tR = major enantiomer 27.3 min, minor enantiomer  


32.5 min. HRMS (ESI): calcd. for [M+Na]+(C16H19NO5Na) requires m/z 328.1155, found 


328.1157. 
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Methyl 2-((1S,2S,3S,4R)-2-formyl-3-(furan-2-yl)-4-nitrocyclopentyl)acetate 3j : [" ]D
25 


= - 68.6 (c = 1.0, CHCl3); 
1H NMR (400 MHz, CDCl3) δ 9.74 (d, J = 2.4 Hz, 1H), 7.37-


7.36 (m, 1H), 6.32-6.31 (m, 1H), 6.21-6.20 (m, 1H), 5.10-5.06 (m, 1H), 4.01 (dd, J = 6.0, 


9.2 Hz, 1H), 3.70 (s, 3H), 3.01-2.89 (m, 2H), 2.71-2.66 (m, 1H), 2.62 (dd, J = 6.4, 16.4 


Hz, 1H), 2.53 (dd, J = 7.2, 16.4 Hz, 1H), 2.25-2.17 (m, 1H); 13C NMR (100 MHz, 







CDCl3) δ 199.5, 171.8, 150.9, 143.0, 110.8, 107.7, 88.8, 60.5, 52.1, 45.1, 37.9, 37.5, 35.6; 


The enantiomeric excess was determined by HPLC with an AD column. (n-hexane: i-


PrOH = 90:10, # =210 nm), 0.5 mL/min; tR = major enantiomer 25.5 min, minor 


enantiomer  32.3 min. HRMS (ESI): calcd. for [M+Na]+(C13H15NO6Na) requires m/z 


304.0792, found 304.0795. 


 


General procedure for the reduction of product 3 to the corresponding alcohol: 


Aldehyde 3 (0.1 mmol), dissolved in CH2Cl2 (0.5 ml), was diluted with MeOH (2 mL) 


and NaBH4 (15 mg, 0.4 mmol) was added. After 10 min, NH4Cl (sat.) was added and the 


water phase was extracted with CH2Cl2. The combined organic layers was dried over 


Na2SO4. The solvent was removed and the residue was purified by flash chromatography 


(pentane: ethyl acetate = 2:1) to give product 3. 


 


O


O


O2N


OH  


Methyl 2-((1S,2S,3R,4R)-2-(hydroxymethyl)-4-nitro-3-phenylcyclopentyl)acetate 8a: 


[" ]D
25 = - 66.8 (c = 1.0, CHCl3); 


1H NMR (400 MHz, CDCl3) δ 7.35-7.31 (m, 2H), 7.28-


7.24 (m, 1H), 7.21-7.19 (m, 2H), 5.00-4.95 (m, 1H), 3.70 (s, 3H), 3.67-3.58 (m, 2H), 3.47 


(br s, 1H), 2.74-2.61 (m, 3H), 2.48 (dd, J = 6.8, 16.4 Hz, 1H), 2.26 (m, 1H), 2.18-2.10 


(m, 1H), 1.95-1.92 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 173.4, 139.2, 129.1, 127.8, 


127.7, 91.1, 60.6, 54.3, 53.7, 52.0, 37.8, 37.3, 35.5; HRMS (ESI): calcd. for 


[M+Na]+(C15H19NO5Na) requires m/z 316.1155, found 316.1158. 


 


Procedure for the synthesis of ((1S,2R,3R,5S)-5-(2-Methoxy-2-oxoethyl)-3-nitro-2-


phenylcyclopentyl)methyl 2,4-dichlorobenzoate 9a. To a stirred solution of the 


aldehyde 3a (29 mg, 0.1 mmol) in MeOH (2 mL) at 0oC was added NaBH4 (15 mg, 0.4 


mmol). After 10 min., saturated NH4Cl aq. was added and the mixture was extracted with 


EtOAc (3 * 10 ml). The organic layers were collected and dried over Na2SO4. The 


solvent was removed and the residue was dissolved in CH2Cl2 (2 mL). Then 2,4-


dichlorobenzoyl chloride (0.1 mmol) and Et3N (0.1 mmol) was added. After stirring at 































 







 


 







 
 
 
 







 


 
 
 







 
 
 
 







 
 







 







 
 
 
 







 
 
 
 







 







 
 


 
 







NOE of compound 3c: 
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Experimental 


General 
 
1H, 13C and 19F NMR spectra were recorded at 500, 126 and 470 MHz respectively, using CDCl3 


as a solvent. The chemical shifts are reported in (ppm) values relative to CHCl3 (7.26 ppm for 1H 


NMR and 77.0 ppm for 13C NMR) and CFCl3 (0 ppm for 19F NMR), multiplicities are indicated 


by s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), h (hextet), m (multiplet) and br 


(broad). Coupling constants, J, are reported in Hertz. Coupling constants are reported in hertz 


(Hz). All air and/or moisture sensitive reactions were carried out under argon atmosphere. 


Solvents (tetrahydrofuran, ether, dichloromethane and DMF) were chemically dried using a 


commercial solvent purification system. All other reagents and solvents were employed without 


further purification. The products were purified using a Biotage flash+ system or Chromatotron 


apparatus or a regular glass column. TLC was developed on Merck silica gel 60 F254 aluminum 


sheets. Elemental analysis was performed at Atlantic Microlabs Inc., Norcross, Georgia 30091. 


When needed, reactions were monitored using 19F NMR and the mixture percentage yield was 


obtained using α,α,α-trifluoromethylbenzene as internal reference. 


 


Preparation and isolation of the indium complexes. 


F
F


In
R


Br


Br


F
F


In
R


F


F
R


Br


5a
5b
5c
5d


6a
6b
6c
6d


In, THF:H2O (1:4)
5-10oC, 5-6 h


Ether extraction


SiO2 flash chromatography
ether / 5% methanol


F
F


Br
R


1a, R = TIPS
1b, R=SiEt3
1c, R=(CH3)2CHCH2CH2


-


1d, R=SiPh3  







To a solution of (3-bromo-3,3-difluoroprop-1-ynyl)triisopropylsilane 1a (1.55 g, 5.0 mmol) in a 


mixture of 2% NH4Cl aqueous solution and THF (4:1) (35 mL) was added indium (570 mg, 5.0 


mmol). This mixture was sonicated at 5-10 oC for 6-8h. The temperature in the ultrasound bath 


was adjusted by addition of ice periodically. An aliquot was analyzed in CDCl3 by 19F-NMR to 


monitor the completion of the reaction. After the starting material was consumed, the reaction 


mixture was extracted by ether and the organic layer was washed by brine and dried over MgSO4. 


Then the solvent was removed in reduced pressure to almost complete dryness to give the crude 


indium complex. (Note: the indium complex is not stable when solvent was removed completely). 


Then the solution of crude indium complex in ether (5 mL) was charged into a column packed 


with SiO2 (80 g) in ether, and eluted with ether (300 mL) followed by 5% methanol in ether (300 


mL). DMSO (1 mL) was added to the two fractions collected, after evaporation of solvent two 


white solids were obtained, then they were filtered, washed with hexane, and dried in vacuum 


giving 5a (750 mg, 37%) and 6a (400 mg, 13%) as white solids. 


Bis(1,1-difluoro-3-(triisopropylsilyl)prop-2-ynyl)indium(III) bromide (5a) 


TIPS CF2
In Br


TIPS CF2


5a  


20a·3DMSO: mp 53-55 oC; 1H NMR (500 MHz, CDCl3) d 1.00-1.04 (m, 42 H); 13C NMR (126 


MHz, CDCl3) d 11.3, 18.8, 92.5, 104.0 (t, J = 24.4 Hz), 131.0 (t, J = 285 Hz); 19F NMR (470 


MHz, CDCl3) d -88.8 (s, 2F); Anal. Calcd. for C30H60BrF4InO3S3Si2 : C, 40.40; H, 6.78. Found: 


C, 40.59; H, 6.52. 


(1,1-Difluoro-3-(triisopropylsilyl)prop-2-ynyl)indium(III) bromide (6a) 







TIPS CF2


In
Br


Br


6a  


21a·3DMSO: mp 90-92 oC; 1H NMR (500 MHz, CDCl3) d 1.00-1.07 (m, 21 H); 13C NMR (126 


MHz, CDCl3) d 11.3, 18.8, 93.5, 103.0 (m), 130.0 (m); 19F NMR (470 MHz, CDCl3) d -89.1 (s, 


2F); Anal. Calcd. for C18H39Br2F2InO3S3Si: C, 29.20; H, 5.31. Found: C, 29.43; H, 5.23 


Bis(1,1-difluoro-3-(triethylsilyl)prop-2-ynyl)indium(III) bromide (5b) 


TES CF2
In Br


TES CF2


5b  
1H NMR (500 MHz, CDCl3) d 0.63 (q, J = 7.5 Hz, 12 H), 1.00 (t, J = 7.5 Hz, 18 H); 19F NMR 


(470 MHz, CDCl3) d -89.5 (s, 2F) 


 


Bis(1,1-difluoro-6-methylhept-2-ynyl)indium(III) bromide (5c) 


CF2
In Br


CF2


5c
 


13C NMR (126 MHz, CDCl3) d 17.0, 22.2, 27.1, 37.2, 78.6 (t, J = 25.7 Hz), 92.3, 132.2 (t, J = 


285 Hz); 19F NMR (470 MHz, CDCl3) d -86.9 (s, 2F) 


 


Bis(1,1-difluoro-3-(triphenyl)prop-2-ynyl)indium(III) bromide (5d) 


5d


Ph3Si CF2
In Br


Ph3Si CF2


 







1H NMR (500 MHz, CDCl3) d 7.28-7.41 (m, 18 H), 7.69-7.71 (m, 12 H); 19F NMR (470 MHz, 


CDCl3) d -91.1 (s, 2F) 


(1,1-difluoro-3-(triethylsilyl)prop-2-ynyl)indium(III) bromide (6b) 


TES CF2


In
Br


Br


6b  
1H NMR (500 MHz, CDCl3) d 0.62 (q, J = 8.0 Hz, 6 H), 0.99 (t, J = 8.0 Hz, 9 H); 19F NMR (470 


MHz, CDCl3) d -89.8 (s, 2F) 


(1,1-difluoro-6-methylhept-2-ynyl)indium(III) bromide (6c) 


CF2
In Br


Br6c  
1H NMR (500 MHz, CDCl3) d 0.83 (d, J = 6.5 Hz, 6H), 1.39-1.42 (m, 2H), 1.60-1.68 (m, 1H), 


2.26-2.28 (m, 2H); 19F NMR (470 MHz, CDCl3) d -89.1 (s, 2F); 


(1,1-difluoro-3-(triphenyl)prop-2-ynyl)indium(III) bromide (6d) 


Ph3Si CF2


In
Br


Br


6d  
1H NMR (500 MHz, CDCl3) d 7.28-7.41 (m, 9 H), 7.69-7.71 (m, 6H); 19F NMR (470 MHz, 


CDCl3) d -91.1 (s, 2F) 


 


 


 







Table 1. Physical properties of isolated indium complexes. 


Entry Complexes Mp 
oC 


19F-NMR 


ppm 


? max 


nm 


? max 


dm3mol-1cm-1 


1 5a 53-55 -88.8 284 6097 


2 5b 67-69 -89.5 nd nd 


3 5c nda -86.9 nd nd 


4 5d 136-138 -91.1 254, 290 5569, 3166 


5 6a 90-92 -89.1 254, 290 4429, 2537 


6 6b 72-75 -89.8 nd nd 


7 6c nda -89.1 nd nd 


8 6d 120-123 -91.1 254, 290 1603, 993 


                a not determined because it is not solid at room temperature. 


 


 


Figure 1. UV-Vis spectrum of 5a. 


 







 


Figure 2. UV-Vis spectrum of 5d. 


 


 


 


Figure 3. UV-Vis spectrum of 6a. 


 


 







 


Figure 4. UV-Vis spectrum of 6d. 


 


General procedure for monitoring of reaction by 19F NMR 


The reaction was conducted in a NMR tube with screw cap, before reaction, the NMR tube was 


flushed with argon; a sealed capillary filled with d6-benzene was used to facilitate lock and 


shimming when non-deuterated solvent was used. Variable temperature control (Varian Inova 


500) was used to control temperature of reaction during 19F NMR experiment.   







 


Figure 5. Reaction of 5c with CHOCOOH at RT monitored by 19F-NMR. 
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Figure 6. Reactivity of low valence indium species. 


 


 


Figure 7. Potential energy diagram for reaction of 6a with weak electrophiles. 


 







 


 


 


Figure 8. Increase of indium (III) complex intensity (repeated experiment). 
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DFT Data 


 


Complete reference 46 
 
Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. 
Montgomery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, 
G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. 
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R. 
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. 
Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. 
Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. 
Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M. 
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, and J. A. Pople, Gaussian, Inc., Wallingford CT, 
2004. 
 


Computed Cartesian coordinates, three lower frequencies PCM energy for allyl alcohol 


 


 Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1          6             0        1.840349    0.078411   -0.212304 
2          1             0        1.952039    1.079034   -0.627371 
3          1             0        2.732684   -0.542090   -0.187944 
4          6             0        0.667641   -0.364012    0.245849 
5          1             0        0.577351   -1.375384    0.642841 
6          6             0       -0.586364    0.451408    0.282604 
7          1             0       -0.429302    1.411035   -0.233304 
8          1             0       -0.845544    0.670539    1.332262 
9          8             0       -1.630601   -0.298594   -0.331633 
10          1             0       -2.472173    0.150778   -0.170314 


 
                    1                      2                      3 


A                      A                      A 
Frequencies --   114.9738               261.7225               330.7050 


Red. masses --     2.7366                 1.0825                 2.1670 
Frc consts  --     0.0213                 0.0437                 0.1396 
IR Inten    --     2.0584               143.8978                11.2576 


Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 
1   6     0.11   0.04   0.17    -0.02   0.02  -0.01    -0.02   0.10   0.01 
2   1     0.25   0.15   0.47    -0.03   0.04   0.03    -0.36   0.03  -0.24 
3   1     0.07   0.00   0.20    -0.01   0.03  -0.06     0.20   0.43   0.21 
4   6    -0.01  -0.04  -0.21     0.00  -0.01  -0.01     0.08  -0.14   0.06 
5   1    -0.14  -0.13  -0.49     0.01  -0.03  -0.05     0.30  -0.04   0.36 
6   6     0.02   0.02  -0.15     0.00  -0.01   0.03     0.07  -0.13  -0.08 
7   1    -0.02  -0.06  -0.32     0.01  -0.02   0.01     0.23  -0.19  -0.13 
8   1     0.20   0.19  -0.14     0.01   0.01   0.03     0.12  -0.01  -0.09 
9   8    -0.11  -0.03   0.15     0.01  -0.03   0.05    -0.13   0.10  -0.01 
10   1    -0.05   0.07   0.15     0.13   0.52  -0.83    -0.01   0.29   0.12 


 Total free energy in solution: 
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with all non electrostatic terms            (a.u.) =    -193.046154 
 


Computed Cartesian coordinates, three lower frequencies PCM energy for allylmethylamine 


 
Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1          6             0        0.022235    0.841742    0.327317 
2          1             0        0.100410    0.585041    1.402433 
3          1             0        0.124177    1.933526    0.248283 
4          6             0        1.155658    0.198309   -0.421429 
5          1             0        1.139878    0.350225   -1.501754 
6          6             0        2.139595   -0.508392    0.140418 
7          1             0        2.173606   -0.686912    1.214571 
8          1             0        2.949730   -0.929779   -0.450086 
9          7             0       -1.270442    0.488164   -0.250012 
10          1             0       -1.977357    1.140384    0.076311 
11          6             0       -1.687634   -0.876034    0.033761 
12          1             0       -1.730989   -1.114859    1.113612 
13          1             0       -2.677541   -1.051030   -0.400718 
14          1             0       -0.987943   -1.577500   -0.432970 


 
1                      2                      3 
A                      A                      A 


Frequencies --    97.0082               134.8804               217.3573 
Red. masses --     2.5492                 1.7342                 1.1770 
Frc consts  --     0.0141                 0.0186                 0.0328 
IR Inten    --     0.1126                 2.4916                 0.4397 
Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1   6     0.01  -0.11   0.02     0.01   0.07  -0.04     0.00  -0.04  -0.03 
2   1     0.00  -0.15   0.02     0.07   0.20  -0.01    -0.01  -0.08  -0.04 
3   1     0.10  -0.12   0.06     0.06   0.06  -0.18    -0.03  -0.03   0.03 
4   6    -0.03  -0.16   0.00    -0.07  -0.10  -0.01     0.06   0.05  -0.01 
5   1    -0.22  -0.40  -0.03    -0.16  -0.32  -0.04     0.18   0.17   0.01 
6   6     0.20   0.17   0.01    -0.04   0.00   0.05     0.01   0.01   0.03 
7   1     0.41   0.43   0.05     0.04   0.22   0.09    -0.11  -0.10   0.01 
8   1     0.19   0.18  -0.02    -0.10  -0.14   0.08     0.09   0.08   0.08 
9   7    -0.02   0.03   0.02    -0.04   0.06   0.08     0.00  -0.03  -0.03 
10   1     0.04   0.08   0.06    -0.05  -0.05   0.30     0.03   0.00  -0.02 
11   6    -0.16   0.05  -0.05     0.13  -0.03  -0.09    -0.06   0.00   0.03 
12   1    -0.19   0.00  -0.07     0.46  -0.27  -0.13     0.42  -0.09   0.02 
13   1    -0.17   0.17  -0.07     0.01   0.01   0.16    -0.30   0.20   0.49 
14   1    -0.22   0.01  -0.08     0.03   0.11  -0.44    -0.40  -0.07  -0.38 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =    -212.480062 


  


Computed Cartesian coordinates, three lower frequencies PCM energy for 
allylmethylammonium 
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Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1          6             0       -0.098859   -0.884741    0.394804 
2          1             0       -0.116558   -0.574391    1.442985 
3          1             0       -0.114037   -1.979473    0.349299 
4          6             0       -1.207749   -0.275708   -0.399656 
5          1             0       -1.320737   -0.620814   -1.428399 
6          6             0       -2.086312    0.588438    0.115700 
7          1             0       -2.031235    0.926232    1.149106 
8          1             0       -2.911984    0.970651   -0.477958 
9          7             0        1.268903   -0.474967   -0.149419 
10          1             0        1.990962   -1.040301    0.310086 
11          6             0        1.604140    0.976471    0.007075 
12          1             0        1.628691    1.212505    1.072019 
13          1             0        2.580629    1.162637   -0.443600 
14          1             0        0.833454    1.564849   -0.491161 
15          1             0        1.311177   -0.723888   -1.143982 


 
1                      2                      3 
A                      A                      A 


Frequencies --   100.7614               113.5803               220.8753 
Red. masses --     1.9089                 2.0868                 1.2216 
Frc consts  --     0.0114                 0.0159                 0.0351 
IR Inten    --     2.8472                 0.4514                 0.8127 
Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1   6    -0.02   0.04  -0.03     0.00  -0.12  -0.05     0.00   0.03  -0.02 
2   1    -0.06  -0.03  -0.01    -0.05  -0.26  -0.01     0.02   0.05  -0.03 
3   1    -0.09   0.04  -0.09     0.02  -0.11  -0.20     0.03   0.02   0.02 
4   6     0.05   0.15  -0.04     0.03  -0.01  -0.01    -0.07  -0.06   0.01 
5   1     0.23   0.41  -0.14    -0.04   0.03  -0.01    -0.18  -0.18   0.07 
6   6    -0.12  -0.10   0.08     0.16   0.09   0.04    -0.02   0.00   0.01 
7   1    -0.30  -0.37   0.17     0.24   0.06   0.05     0.09   0.12  -0.03 
8   1    -0.09  -0.05   0.07     0.18   0.22   0.08    -0.09  -0.08   0.06 
9   7     0.04  -0.04   0.08     0.02  -0.02   0.07     0.00   0.03  -0.04 


10   1    -0.02   0.01   0.24     0.02   0.12   0.23    -0.03  -0.02  -0.06 
11   6     0.04  -0.02  -0.10    -0.18   0.04  -0.06     0.08   0.00   0.03 
12   1    -0.17   0.16  -0.13    -0.50   0.21  -0.09    -0.41   0.07   0.02 
13   1     0.14  -0.12   0.07    -0.08   0.08   0.18     0.32  -0.14   0.49 
14   1     0.16  -0.08  -0.34    -0.11  -0.11  -0.35     0.39   0.07  -0.39 
15   1     0.16  -0.18   0.12     0.18  -0.12   0.10    -0.01   0.07  -0.05 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =    -212.908038 


  


Computed Cartesian coordinates, three lower frequencies PCM energy for water 
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Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1          8             0        0.000000    0.000000    0.117169 
2          1             0        0.000000    0.768778   -0.468677 
3          1             0        0.000000   -0.768778   -0.468677 


1                      2                      3 
A1                     A1                     B2 


Frequencies --  1674.7347              3765.6572              3892.9487 
Red. masses --     1.0833                 1.0446                 1.0827 
Frc consts  --     1.7901                 8.7273                 9.6678 
IR Inten    --   100.1900                 8.1389                56.0877 


Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 
1   8     0.00   0.00   0.07     0.00   0.00   0.05     0.00   0.07   0.00 
2   1     0.00  -0.42  -0.56     0.00   0.59  -0.39     0.00  -0.56   0.43 
3   1     0.00   0.42  -0.56     0.00  -0.59  -0.39     0.00  -0.56  -0.43 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =     -76.398371 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for methylamine 


 


Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1          6             0       -0.705665    0.000000    0.017872 
2          1             0       -1.112285    0.881605   -0.489107 
3          1             0       -1.081426   -0.000027    1.055425 
4          1             0       -1.112291   -0.881577   -0.489155 
5          7             0        0.747646    0.000000   -0.120311 
6          1             0        1.153235    0.816721    0.328890 
7          1             0        1.153236   -0.816723    0.328890 


 
1                      2                      3 
A                      A                      A 


Frequencies --   320.6655               852.8192               982.6267 
Red. masses --     1.0294                 1.2040                 1.0509 
Frc consts  --     0.0624                 0.5159                 0.5978 
IR Inten    --    45.7991               196.7206                 0.1438 


Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 
1   6     0.00   0.00   0.00    -0.03   0.00  -0.01     0.00  -0.06   0.00 
2   1    -0.08  -0.20  -0.30    -0.13   0.02   0.12     0.46   0.15  -0.01 
3   1     0.00   0.31   0.00     0.25   0.00   0.08     0.00   0.27   0.00 
4   1     0.08  -0.20   0.30    -0.13  -0.02   0.12    -0.46   0.15   0.01 
5   7     0.00   0.04   0.00     0.08   0.00  -0.09     0.00  -0.01   0.00 
6   1     0.04  -0.25   0.50    -0.35  -0.10   0.54    -0.43   0.13   0.15 
7   1    -0.04  -0.25  -0.50    -0.35   0.10   0.54     0.43   0.13  -0.15 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =     -95.826326 


 


 Computed Cartesian coordinates, three lower frequencies PCM energy for I 
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Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0        1.235278   -1.563254    0.053940 
2          1             0        1.231709   -2.661159   -0.827151 
3         15             0        1.234298    1.564515   -0.046981 
4          1             0        1.209966    2.666027    0.829017 
5          6             0       -2.254886    1.218836   -0.225468 
6          6             0       -2.253969   -1.227402   -0.164374 
7          6             0       -2.588048    0.011632    0.438075 
8          1             0       -2.359496    2.157558    0.311588 
9          1             0       -2.359274   -2.137855    0.419165 
10          1             0       -2.820526    0.038462    1.502244 
11          1             0       -2.344242    1.287585   -1.310596 
12          1             0       -2.344322   -1.350719   -1.244586 
13          1             0        1.430034   -2.219056    1.286310 
14          1             0        1.456155    2.217333   -1.276740 
15         78             0       -0.447905   -0.000918   -0.006418 
16          6             0        2.838494    0.706028    0.329639 
17          1             0        2.921731    0.655764    1.422119 
18          1             0        3.687086    1.294484   -0.034616 
19          6             0        2.847824   -0.701756   -0.280526 
20          1             0        3.687580   -1.288731    0.105831 
21          1             0        2.960056   -0.651034   -1.370427 


 
1                      2                      3 
A                      A                      A 


Frequencies --    61.6115               101.2650               120.7073 
Red. masses --     3.3585                 2.7003                 4.4292 
Frc consts  --     0.0075                 0.0163                 0.0380 
IR Inten    --     1.4251                 0.8237                 7.2836 
Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1  15     0.00  -0.01  -0.06     0.01   0.00  -0.07     0.08   0.01   0.03 
2   1     0.08   0.09  -0.18    -0.02   0.08  -0.17     0.19  -0.04   0.09 
3  15     0.00  -0.01  -0.07    -0.01   0.01   0.07    -0.08   0.01   0.00 
4   1    -0.07   0.09  -0.19    -0.06  -0.07   0.17    -0.16   0.01  -0.01 
5   6    -0.02   0.00   0.15     0.01  -0.01  -0.22     0.18   0.18   0.07 
6   6    -0.02   0.00   0.14    -0.01   0.00   0.23    -0.19   0.18  -0.06 
7   6     0.05   0.00   0.18     0.00   0.12   0.00     0.01   0.20   0.01 
8   1     0.04   0.00   0.16     0.02   0.10  -0.40     0.34   0.17   0.13 
9   1     0.04   0.00   0.15    -0.02   0.11   0.40    -0.33   0.16  -0.11 
10   1     0.15   0.00   0.21     0.01   0.32   0.00     0.02   0.18   0.02 
11   1    -0.14   0.00   0.16     0.06  -0.22  -0.24     0.16   0.26   0.08 
12   1    -0.13   0.01   0.15    -0.07  -0.20   0.25    -0.19   0.26  -0.07 
13   1    -0.14  -0.15  -0.11     0.05  -0.11  -0.14     0.12   0.10   0.07 
14   1     0.15  -0.15  -0.12     0.03   0.13   0.14    -0.15   0.02  -0.01 
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15  78     0.00   0.00  -0.04     0.00  -0.01   0.00     0.00  -0.06  -0.01 
16   6    -0.05   0.01   0.20    -0.02   0.00   0.05    -0.02   0.12  -0.02 
17   1    -0.23   0.01   0.21    -0.04  -0.08   0.05     0.00   0.15  -0.02 
18   1     0.00   0.01   0.33    -0.01   0.02   0.11    -0.06   0.16  -0.06 
19   6     0.05   0.01   0.20     0.00   0.04  -0.05     0.03   0.11   0.01 
20   1    -0.01   0.01   0.34     0.01   0.02  -0.10     0.07   0.16   0.01 
21   1     0.23   0.01   0.22    -0.02   0.12  -0.05     0.02   0.10   0.00 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =    -999.993789 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for TSI-II 


 


 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 


    1          6             0        2.381049    0.382259   -0.068722 
    2          6             0        1.197305   -1.828688   -0.171886 
    3          6             0        1.814908   -0.684332   -0.803496 
    4          1             0        2.538708    1.340021   -0.553069 
    5          1             0        0.968165   -2.688761   -0.797724 
    6          1             0        1.886900   -0.647686   -1.889836 
    7          1             0        2.310440    0.399884    1.014708 
    8          1             0        1.488826   -2.092305    0.846645 
    9          7             0        4.473805    0.095466    0.072326 
   10          1             0        4.578683   -0.845494    0.447561 
   11          1             0        4.811650    0.071199   -0.888296 
   12          6             0        5.203888    1.083324    0.874974 
   13          1             0        6.280947    0.881614    0.919425 
   14          1             0        5.052936    2.077910    0.446020 
   15          1             0        4.806972    1.082796    1.894019 


   16         78             0       -0.201005   -0.254882   -0.141644 
   17         15             0       -2.208209   -1.118381    0.492095 
   18         15             0       -1.292892    1.783953   -0.245284 
   19          1             0       -2.338694   -1.942353    1.628661 
   20          1             0       -2.876944   -1.916556   -0.460065 
   21          6             0       -3.397058    0.276132    0.821763 
   22          1             0       -1.212823    2.661326   -1.348093 
   23          1             0       -1.073526    2.715756    0.794178 
   24          6             0       -3.123162    1.448767   -0.129101 
   25          1             0       -4.433213   -0.066809    0.731855 
   26          1             0       -3.243541    0.581630    1.864101 
   27          1             0       -3.463604    1.207780   -1.143648 
   28          1             0       -3.665158    2.344229    0.192143 
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                    1                      2                      3 
                     A                      A                      A 


 Frequencies --  -248.3259                31.0082                42.5315 
 Red. masses --     5.9134                 2.8393                 3.8378 
 Frc consts  --     0.2148                 0.0016                 0.0041 
 IR Inten    --   692.0517                 0.1290                 4.8863 


 Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 
   1   6     0.50  -0.01   0.11    -0.01   0.04  -0.07    -0.03  -0.03   0.02 
   2   6     0.06   0.09   0.01     0.02   0.02   0.00    -0.01  -0.05  -0.01 
   3   6     0.03   0.17   0.08     0.00   0.01  -0.04     0.01  -0.05   0.00 
   4   1     0.21   0.09   0.17    -0.01   0.03  -0.10    -0.03  -0.04   0.01 
   5   1     0.10   0.12  -0.04     0.02   0.01   0.03     0.00  -0.04  -0.02 
   6   1     0.05   0.19   0.08    -0.02  -0.01  -0.05     0.04  -0.05   0.00 
   7   1     0.20   0.05   0.09     0.00   0.06  -0.07    -0.08  -0.02   0.01 
   8   1     0.06   0.02   0.00     0.04   0.05   0.00    -0.04  -0.05  -0.01 
   9   7    -0.28  -0.02  -0.04     0.00   0.03  -0.05    -0.05   0.05   0.13 


  10   1    -0.32  -0.03  -0.05    -0.03  -0.05  -0.26    -0.01   0.10   0.25 
  11   1    -0.34  -0.03  -0.06     0.06   0.26  -0.03     0.00  -0.04   0.15 
  12   6    -0.15  -0.05  -0.06    -0.05  -0.16   0.23    -0.16   0.19   0.06 
  13   1    -0.18  -0.19  -0.17    -0.06  -0.17   0.25    -0.15   0.27   0.14 
  14   1    -0.10  -0.05  -0.06    -0.02  -0.05   0.45    -0.20   0.13  -0.07 
  15   1    -0.08  -0.05  -0.04    -0.12  -0.40   0.20    -0.22   0.28   0.03 
  16  78     0.00  -0.01  -0.01     0.00   0.01  -0.02     0.00  -0.03  -0.04 
  17  15     0.00   0.01   0.02     0.04   0.00   0.10    -0.01   0.04   0.03 
  18  15     0.01  -0.01  -0.02    -0.04  -0.01  -0.07     0.07   0.01  -0.01 
  19   1    -0.08   0.00   0.02     0.11   0.05   0.14     0.01   0.00   0.00 
  20   1    -0.01   0.02   0.01     0.01  -0.05   0.17    -0.13   0.13   0.04 
  21   6    -0.01   0.01   0.00     0.04   0.00   0.10     0.09   0.10   0.17 
  22   1    -0.05   0.05   0.02    -0.10  -0.08  -0.13     0.02  -0.02  -0.03 
  23   1    -0.01  -0.02   0.00     0.00   0.05  -0.14     0.20   0.02  -0.04 
  24   6     0.00   0.00   0.00    -0.03  -0.04   0.03     0.06   0.10   0.16 
  25   1    -0.01   0.01   0.00     0.04  -0.02   0.17     0.07   0.15   0.26 
  26   1    -0.02   0.01   0.00     0.09   0.05   0.08     0.21   0.07   0.16 
  27   1    -0.01   0.00   0.00    -0.07  -0.09   0.06    -0.05   0.13   0.19 
  28   1     0.00   0.01   0.00    -0.02  -0.03   0.02     0.14   0.12   0.23 


   Total free energy in solution: 
  with all non electrostatic terms            (a.u.) =   -1095.802046 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for II 
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Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -1.570317    1.671103   -0.005537 
2          1             0       -1.621424    2.720279   -0.951481 
3          6             0       -3.329505    1.044953   -0.043242 
4         15             0       -2.024686   -1.414360    0.222656 
5          6             0       -3.438571   -0.293383    0.698496 
6          1             0       -2.555599   -2.142217   -0.866480 
7          1             0       -1.562568    2.463673    1.167478 
8          1             0       -2.095947   -2.423911    1.207326 
9          1             0       -3.594009    0.917690   -1.100421 
10          1             0       -4.019050    1.783506    0.378757 
11          1             0       -3.366364   -0.136795    1.782042 
12          1             0       -4.404007   -0.771539    0.502312 
13          6             0        1.583364   -1.281283   -0.388049 
14          6             0        1.896339    0.129086   -0.577815 
15          1             0        1.577883   -1.938031   -1.257983 
16          6             0        2.652264    0.910562    0.439726 
17          1             0        2.031796    0.489250   -1.602187 
18          1             0        2.441569    1.983410    0.393599 
19          1             0        2.492777    0.554691    1.461236 
20          1             0        1.899872   -1.782285    0.529605 
21          7             0        4.193521    0.822954    0.220020 
22          1             0        4.658245    1.517391    0.813980 
23          1             0        4.377211    1.105621   -0.747819 
24          6             0        4.799239   -0.519734    0.458677 
25          1             0        4.305596   -1.238635   -0.194603 
26          1             0        5.868757   -0.474901    0.243452 
27          1             0        4.637000   -0.792346    1.502710 
28         78             0       -0.147181   -0.145998   -0.148528 


 
1                      2                      3 
A                      A                      A 


Frequencies --    41.3809                55.6041                65.9187 
Red. masses --     3.9550                 4.4086                 2.4681 
Frc consts  --     0.0040                 0.0080                 0.0063 
IR Inten    --     6.6264                10.0865                 4.2767 


Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 
1  15     0.02   0.00   0.00    -0.11  -0.02  -0.06     0.02   0.01  -0.08 
2   1    -0.07  -0.03  -0.04    -0.19  -0.08  -0.12     0.01  -0.07  -0.15 
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3   6     0.01   0.03   0.22    -0.07  -0.15  -0.03     0.01   0.02   0.02 
4  15     0.01   0.01   0.04     0.10  -0.04   0.09    -0.01   0.02   0.03 
5   6     0.08   0.03   0.23     0.03  -0.12   0.05     0.03   0.05   0.07 
6   1    -0.12   0.07   0.06     0.12  -0.17   0.16    -0.07   0.01   0.07 
7   1     0.16   0.05  -0.03    -0.18   0.04  -0.10     0.06   0.10  -0.14 
8   1     0.08  -0.03   0.01     0.22   0.02   0.17     0.01   0.03   0.05 
9   1    -0.13   0.04   0.25    -0.05  -0.24  -0.02    -0.04  -0.01   0.04 
10   1     0.07   0.04   0.31    -0.12  -0.18  -0.08     0.03   0.04   0.02 
11   1     0.22   0.02   0.22     0.03  -0.05   0.04     0.08   0.08   0.06 
12   1     0.05   0.04   0.34     0.06  -0.19   0.09     0.01   0.06   0.14 
13   6     0.01  -0.01  -0.03    -0.02   0.05  -0.06     0.01   0.00   0.01 
14   6     0.01  -0.01  -0.03     0.02   0.05  -0.01     0.01   0.01   0.06 
15   1     0.03  -0.01  -0.03    -0.05   0.08  -0.08     0.03   0.03  -0.01 
16   6    -0.05   0.02  -0.01     0.05  -0.04   0.03    -0.04  -0.04   0.14 
17   1     0.03  -0.01  -0.03     0.04   0.08   0.00     0.05   0.05   0.08 
18   1    -0.05   0.02  -0.05     0.14  -0.02   0.06    -0.09  -0.04   0.24 
19   1    -0.12   0.05  -0.01     0.00  -0.05   0.01    -0.04  -0.14   0.10 
20   1    -0.02   0.00  -0.02    -0.01   0.01  -0.08     0.01  -0.03   0.00 
21   7    -0.04   0.01   0.10     0.05  -0.16   0.07    -0.04   0.06   0.14 
22   1    -0.08   0.06   0.07     0.09  -0.24   0.13    -0.07  -0.08   0.34 
23   1     0.02  -0.07   0.08     0.11  -0.11   0.10    -0.02   0.32   0.22 
24   6    -0.05   0.03   0.25    -0.07  -0.22   0.00     0.00   0.02  -0.20 
25   1     0.00  -0.03   0.28    -0.09  -0.14  -0.08     0.04   0.18  -0.40 
26   1    -0.03   0.02   0.32    -0.06  -0.29   0.07     0.01   0.12  -0.16 
27   1    -0.12   0.12   0.27    -0.15  -0.29  -0.03    -0.01  -0.27  -0.28 
28  78     0.00  -0.01  -0.06     0.00   0.06  -0.01     0.00  -0.01  -0.01 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1095.822962 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for II’ 


 


 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 


    1         15             0       -1.996100    1.931494   -0.029052 
    2          1             0       -1.712235    2.926458   -0.993327 
    3          6             0       -3.864706    1.967913   -0.003930 
    4         15             0       -3.501984   -0.795016    0.259191 
    5          6             0       -4.416504    0.755318    0.756666 
    6          1             0       -4.292121   -1.288875   -0.804544 
    7          1             0       -1.674139    2.687314    1.124819 
    8          1             0       -3.908545   -1.707161    1.258395 
    9          1             0       -4.192472    1.941591   -1.050724 
   10          1             0       -4.234820    2.903001    0.429450 
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   11          1             0       -4.261424    0.878952    1.835825 
   12          1             0       -5.493984    0.648594    0.592593 
   13          6             0       -0.070130   -1.928517   -0.417322 
   14          6             0        0.700099   -0.712158   -0.623025 
   15          1             0       -0.319132   -2.546440   -1.280186 
   16          6             0        1.712717   -0.241942    0.373016 
   17          1             0        0.939262   -0.433525   -1.654118 
   18          1             0        1.869789    0.840009    0.326837 
   19          1             0        1.449064   -0.513976    1.399213 
   20          1             0        0.068309   -2.502868    0.501248 
   21          7             0        3.104165   -0.842374    0.130575 
   22          1             0        3.808610   -0.348387    0.720543 
   23          1             0        3.370429   -0.632445   -0.836190 
   24          6             0        3.213576   -2.308242    0.354042 
   25          1             0        2.513685   -2.824110   -0.303177 
   26          1             0        4.238386   -2.622296    0.146583 
   27          1             0        2.967596   -2.520330    1.395967 


   28         78             0       -1.306770   -0.266761   -0.169632 
   29          1             0        5.219296    0.678357    2.494365 
   30          8             0        5.167313    0.448946    1.554390 
   31          6             0        6.093239    1.265251    0.802133 
   32          6             0        6.279747    0.645602   -0.546259 
   33          1             0        5.704727    2.287669    0.716352 
   34          1             0        7.050312    1.296598    1.338719 
   35          6             0        5.978258    1.258346   -1.695216 
   36          1             0        6.727924   -0.348904   -0.555722 
   37          1             0        5.557993    2.262905   -1.715729 
   38          1             0        6.177399    0.793652   -2.657750 


  
                    1                      2                      3 
                     A                      A                      A 


 Frequencies --    13.8596                19.9947                29.6361 
 Red. masses --     4.2275                 4.2701                 4.0653 
 Frc consts  --     0.0005                 0.0010                 0.0021 
 IR Inten    --     0.2163                 0.3898                 0.5075 
 Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


   1  15     0.07   0.01  -0.04     0.01   0.00  -0.11     0.09   0.00   0.06 
   2   1     0.10  -0.01  -0.05    -0.02  -0.07  -0.20     0.09   0.03   0.09 
   3   6     0.07   0.05  -0.06     0.01   0.02  -0.04     0.09   0.07   0.13 
   4  15     0.00   0.05   0.00     0.00   0.03   0.14     0.00   0.04   0.00 
   5   6     0.03   0.08  -0.04     0.04   0.07   0.07     0.07   0.05   0.10 
   6   1     0.00   0.05   0.00    -0.05  -0.04   0.21    -0.05   0.13  -0.01 
   7   1     0.07   0.02  -0.05     0.07   0.09  -0.18     0.16  -0.06   0.08 
   8   1    -0.03   0.08   0.01     0.04   0.11   0.22    -0.01   0.01  -0.04 
   9   1     0.08   0.04  -0.06    -0.03  -0.06  -0.02     0.05   0.13   0.14 
  10   1     0.09   0.07  -0.08     0.04   0.05  -0.09     0.14   0.06   0.19 
  11   1     0.02   0.10  -0.04     0.08   0.15   0.06     0.11   0.00   0.10 
  12   1     0.03   0.10  -0.05     0.03   0.07   0.13     0.06   0.10   0.13 


  13   6    -0.02  -0.04   0.04    -0.04  -0.04   0.04    -0.02  -0.04  -0.06 
  14   6     0.01  -0.06   0.02    -0.04  -0.06  -0.05     0.00  -0.05  -0.04 
  15   1    -0.03  -0.05   0.05    -0.08  -0.08   0.08    -0.03  -0.02  -0.07 
  16   6     0.01  -0.07   0.02     0.00  -0.02  -0.11    -0.01  -0.06  -0.03 
  17   1     0.02  -0.08   0.02    -0.07  -0.11  -0.08     0.00  -0.04  -0.03 
  18   1     0.03  -0.07   0.01     0.00  -0.02  -0.16     0.00  -0.06  -0.02 
  19   1     0.00  -0.05   0.02     0.04   0.02  -0.09    -0.03  -0.06  -0.03 
  20   1    -0.04  -0.03   0.05    -0.01   0.00   0.06    -0.04  -0.05  -0.07 
  21   7     0.00  -0.10   0.03    -0.01  -0.03  -0.13    -0.01  -0.07   0.00 
  22   1     0.01  -0.10   0.03     0.00  -0.03  -0.14    -0.02  -0.04  -0.01 
  23   1     0.01  -0.11   0.03    -0.02  -0.04  -0.14    -0.01  -0.10  -0.01 
  24   6    -0.03  -0.10   0.05    -0.01  -0.03  -0.13    -0.01  -0.06   0.04 
  25   1    -0.03  -0.09   0.05    -0.02  -0.03  -0.11    -0.02  -0.08   0.06 
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  26   1    -0.03  -0.12   0.06    -0.01  -0.03  -0.14    -0.01  -0.07   0.05 
  27   1    -0.04  -0.08   0.05     0.01  -0.02  -0.12    -0.01  -0.03   0.05 
  28  78     0.02  -0.01   0.01    -0.01  -0.01   0.00     0.01  -0.02  -0.02 
  29   1     0.08  -0.18   0.02    -0.16  -0.09   0.00    -0.24   0.25  -0.01 
  30   8     0.02  -0.10   0.00    -0.07  -0.04  -0.02    -0.17   0.17   0.01 
  31   6    -0.08   0.01   0.00    -0.02   0.01   0.10    -0.18   0.16  -0.01 
  32   6    -0.15   0.15  -0.07     0.10   0.09   0.09    -0.03   0.03   0.07 
  33   1    -0.14   0.00   0.13    -0.04   0.01   0.12    -0.24   0.12  -0.14 
  34   1    -0.04   0.01  -0.07    -0.07   0.01   0.19    -0.22   0.28   0.05 
  35   6    -0.28   0.23   0.01     0.21   0.15   0.09    -0.01  -0.12  -0.02 
  36   1    -0.10   0.17  -0.19     0.11   0.09   0.07     0.04   0.06   0.20 
  37   1    -0.33   0.21   0.13     0.20   0.15   0.11    -0.08  -0.15  -0.15 
  38   1    -0.33   0.33  -0.05     0.30   0.20   0.08     0.09  -0.20   0.04 


 Total free energy in solution: 
  with all non electrostatic terms            (a.u.) =   -1288.876803 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for III 


 
 


Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0        0.645841    1.691965   -0.055766 
2          1             0        0.898097    2.800556    0.802429 
3          6             0        2.216171    0.709467    0.302689 
4         15             0        0.645977   -1.691928    0.055842 
5          6             0        2.216190   -0.709327   -0.302793 
6          1             0        1.010214   -2.345801    1.264739 
7          1             0        1.010071    2.346260   -1.264437 
8          1             0        0.898486   -2.800746   -0.801997 
9          1             0        2.284173    0.647570    1.396389 


10          1             0        3.098519    1.261600   -0.044878 
11          1             0        2.284064   -0.647435   -1.396503 
12          1             0        3.098619   -1.261390    0.044680 
13         78             0       -0.776329   -0.000026   -0.000012 


 
1                      2                      3 
A                      A                      A 


Frequencies --   115.5374               203.3553               211.6561 
Red. masses --     2.5003                 7.5317                 1.8047 
Frc consts  --     0.0197                 0.1835                 0.0476 
IR Inten    --     0.4201                 0.0738                 0.0060 
Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1  15    -0.01   0.00   0.13     0.18  -0.15   0.02     0.02  -0.01  -0.03 
2   1    -0.05  -0.18   0.37     0.28  -0.01  -0.18     0.00   0.07  -0.13 
3   6     0.04  -0.01  -0.13     0.24  -0.03   0.03    -0.07  -0.07   0.15 
4  15     0.01   0.00   0.13     0.18   0.15  -0.02     0.02   0.01   0.03 
5   6    -0.04  -0.01  -0.13     0.24   0.03  -0.03    -0.07   0.07  -0.15 
6   1     0.06   0.29   0.27     0.15   0.35   0.10     0.15   0.16   0.08 
7   1    -0.06   0.29   0.27     0.15  -0.35  -0.10     0.15  -0.16  -0.08 
8   1     0.05  -0.18   0.37     0.28   0.01   0.18     0.00  -0.07   0.13 
9   1     0.22  -0.03  -0.14     0.28  -0.06   0.02    -0.31  -0.29   0.15 
10   1    -0.01  -0.01  -0.26     0.18   0.06   0.01     0.02  -0.04   0.43 
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11   1    -0.22  -0.03  -0.14     0.28   0.06  -0.02    -0.31   0.29  -0.15 
12   1     0.01  -0.01  -0.26     0.18  -0.06  -0.01     0.02   0.04  -0.43 
13  78     0.00   0.00  -0.03    -0.10   0.00   0.00     0.00   0.00   0.00 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =    -882.834072 


  


Computed Cartesian coordinates, three lower frequencies PCM energy for TSII’-IV 


 


 
Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -1.076517    0.642995    1.761164 
2          1             0       -0.642536    1.869465    2.335758 
3          6             0       -2.903846    1.004080    1.604654 
4         15             0       -2.575987   -0.304641   -0.852370 
5          6             0       -3.594960   -0.003467    0.681449 
6          1             0       -3.130187    0.637284   -1.759611 
7          1             0       -1.019733   -0.114028    2.957869 
8          1             0       -3.207899   -1.452109   -1.382855 
9          1             0       -2.981126    2.016559    1.188735 


10          1             0       -3.380136    1.022765    2.590816 
11          1             0       -3.696697   -0.973706    1.182250 
12          1             0       -4.602824    0.338053    0.421590 
13          6             0        0.366375   -2.234770   -0.856823 
14          6             0        1.154492   -1.819300    0.264012 
15          1             0        0.808748   -2.229939   -1.852617 
16          1             0       -0.385810   -3.006469   -0.712552 
17         78             0       -0.340776   -0.316515   -0.194981 
18          1             0       -0.582977    2.328592   -1.439869 
19          6             0        0.379929    1.836274   -1.312969 
20          6             0        0.688133    0.769168   -2.115533 
21          6             0        1.372028    2.645826   -0.521220 
22          1             0        1.704539    0.388983   -2.179869 
23          1             0        0.011771    0.442138   -2.897386 
24          1             0        1.039979    2.803755    0.508534 
25          1             0        1.473967    3.642139   -0.976001 
26          8             0        2.670073    2.048951   -0.421818 
27          1             0        3.140117    2.173755   -1.259835 
28          1             0        0.917524   -2.286045    1.222788 
29          6             0        2.620576   -1.534233    0.103477 
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30          1             0        2.890819   -1.299554   -0.930070 
31          1             0        3.240508   -2.376680    0.436905 
32          7             0        3.037124   -0.347350    0.939578 
33          1             0        2.753849    0.522852    0.430898 
34          1             0        2.475840   -0.359778    1.795927 
35          6             0        4.486017   -0.274699    1.265551 
36          1             0        5.055781   -0.285629    0.334622 
37          1             0        4.685470    0.652234    1.806489 
38          1             0        4.766147   -1.135183    1.875993 


 
1                      2                      3 
A                      A                      A 


Frequencies --   -95.7353                40.6497                57.4495 
Red. masses --     8.5826                 3.8992                 4.1781 
Frc consts  --     0.0463                 0.0038                 0.0081 
IR Inten    --     5.8529                 2.4018                 1.8855 
Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1  15    -0.02  -0.13   0.04     0.09  -0.01   0.00     0.03  -0.12   0.06 
2   1     0.03  -0.14   0.03     0.10   0.00  -0.03     0.09  -0.19   0.17 
3   6     0.00  -0.06   0.02     0.07  -0.05   0.10     0.06   0.02   0.06 


4  15    -0.01  -0.03   0.00    -0.03  -0.01   0.07     0.02   0.18  -0.05 
5   6    -0.02  -0.03   0.00     0.05  -0.05   0.13     0.00   0.16  -0.06 
6   1    -0.01  -0.03   0.00    -0.11  -0.02   0.11     0.17   0.33   0.01 
7   1    -0.06  -0.12   0.05     0.17   0.00   0.00    -0.03  -0.23  -0.01 
8   1    -0.03  -0.03   0.00    -0.04  -0.02   0.09    -0.10   0.30  -0.17 
9   1     0.04  -0.05   0.03     0.03  -0.04   0.12     0.14   0.07   0.16 


10   1    -0.02  -0.06   0.01     0.13  -0.07   0.13     0.04  -0.05   0.05 
11   1    -0.05  -0.03  -0.02     0.10  -0.06   0.13    -0.11   0.13  -0.14 
12   1    -0.01   0.00  -0.01     0.03  -0.08   0.19     0.04   0.28  -0.06 
13   6    -0.08  -0.10   0.20     0.01   0.03  -0.10     0.00  -0.05   0.02 
14   6    -0.03   0.01   0.10    -0.03  -0.03  -0.05     0.00  -0.03   0.01 
15   1    -0.15  -0.21   0.17     0.04   0.07  -0.08    -0.01  -0.05   0.02 
16   1    -0.12  -0.03   0.33    -0.01   0.03  -0.16     0.00  -0.05   0.03 
17  78     0.04   0.10  -0.06     0.01   0.02  -0.03     0.01  -0.03   0.01 
18   1    -0.08  -0.20   0.09    -0.01  -0.01  -0.05    -0.04  -0.09  -0.14 
19   6    -0.14  -0.28   0.23    -0.02  -0.01  -0.06    -0.03  -0.05  -0.07 
20   6    -0.10  -0.28   0.15    -0.02  -0.02  -0.05     0.04  -0.08  -0.01 
21   6    -0.10  -0.13   0.05     0.00  -0.01  -0.08    -0.09   0.03  -0.07 
22   1    -0.06  -0.16   0.07    -0.02  -0.02  -0.06     0.06  -0.04   0.05 
23   1    -0.02  -0.13   0.02    -0.03  -0.02  -0.04     0.09  -0.15  -0.02 
24   1    -0.01   0.00   0.05    -0.01   0.05  -0.09    -0.14   0.05  -0.09 
25   1    -0.16  -0.20  -0.10     0.03  -0.03  -0.12    -0.12   0.01  -0.10 
26   8    -0.06  -0.06   0.02    -0.02  -0.04  -0.04    -0.07   0.08   0.00 
27   1    -0.13  -0.13  -0.03     0.01  -0.06  -0.02    -0.04   0.10   0.02 
28   1    -0.03   0.16   0.17    -0.08  -0.07  -0.08     0.00  -0.02   0.02 
29   6    -0.03  -0.04   0.04    -0.03   0.00   0.04    -0.01   0.01   0.02 
30   1    -0.06  -0.08   0.02     0.04   0.01   0.06     0.00  -0.02   0.01 
31   1    -0.04  -0.04   0.05    -0.03   0.01   0.08     0.01   0.05   0.06 
32   7     0.01  -0.02  -0.01    -0.12   0.00   0.08    -0.06   0.06  -0.02 
33   1    -0.01  -0.03  -0.02    -0.07  -0.01   0.04    -0.08   0.04  -0.05 
34   1     0.04   0.01   0.01    -0.23   0.01   0.01    -0.07   0.08  -0.03 
35   6     0.02  -0.02  -0.05    -0.16   0.01   0.27    -0.07   0.13  -0.01 
36   1    -0.01  -0.04  -0.07    -0.04   0.01   0.34    -0.05   0.10   0.00 
37   1     0.03  -0.01  -0.08    -0.24   0.01   0.29    -0.11   0.16  -0.04 
38   1     0.03   0.00  -0.04    -0.24   0.01   0.31    -0.05   0.16   0.04 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1288.854361 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for IV 
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Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -1.027813   -0.717687    1.740445 
2          1             0       -0.590264   -0.227318    2.997077 
3          6             0       -2.839288   -0.277503    1.850754 
4         15             0       -2.547176    0.286569   -0.873736 
5          6             0       -3.543145   -0.475307    0.504938 
6          1             0       -3.114254    1.582491   -0.972966 
7          1             0       -1.058525   -2.089409    2.112670 
8          1             0       -3.171098   -0.277062   -2.009758 
9          1             0       -2.879205    0.777369    2.149314 


10          1             0       -3.331652   -0.858218    2.637985 
11          1             0       -3.636029   -1.543745    0.274672 
12          1             0       -4.556279   -0.060377    0.534005 
13          6             0        0.136523   -1.905173   -1.354886 
14          6             0        1.373839   -1.307068   -0.967585 
15          1             0       -0.149665   -1.887076   -2.403264 
16          6             0        2.194990   -1.940952    0.117782 
17          1             0        1.960423   -0.849110   -1.765396 
18          1             0        1.554204   -2.394432    0.878426 
19          1             0        2.881436   -2.712353   -0.257222 
20          1             0       -0.240792   -2.764875   -0.801732 
21          7             0        3.057479   -0.911097    0.810252 
22          1             0        3.246588   -1.206017    1.771130 
23          1             0        2.524339   -0.007259    0.863735 
24          6             0        4.352880   -0.639471    0.127431 
25          1             0        4.147489   -0.276272   -0.879298 
26          1             0        4.897730    0.123560    0.685739 
27          1             0        4.939132   -1.559201    0.084290 
28         78             0       -0.247475    0.004806   -0.373145 
29          1             0       -0.698307    2.701032    0.004600 
30          6             0        0.229592    2.139037   -0.116796 
31          6             0        0.556918    1.713350   -1.435176 
32          6             0        1.241775    2.597462    0.897493 
33          1             0        1.603693    1.574297   -1.699313 
34          1             0       -0.079926    1.994126   -2.270385 
35          1             0        0.813611    2.566991    1.907792 
36          1             0        1.519153    3.640633    0.682060 
37          8             0        2.444613    1.805967    0.867396 
38          1             0        3.162308    2.347787    1.225795 


 
1                      2                      3 
A                      A                      A 
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Frequencies --    30.2546                46.2140                57.9560 
Red. masses --     3.5461                 4.1574                 3.5410 
Frc consts  --     0.0019                 0.0052                 0.0070 
IR Inten    --     1.4645                 2.6181                 4.5242 
Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1  15     0.05  -0.03  -0.01     0.08   0.00   0.00    -0.05  -0.07  -0.02 
2   1     0.07  -0.04  -0.01     0.18  -0.02  -0.02     0.02  -0.18   0.00 
3   6     0.04  -0.08   0.04     0.12   0.13   0.09     0.01   0.17   0.02 
4  15    -0.02  -0.01   0.05     0.00   0.01   0.05     0.00   0.02  -0.01 
5   6     0.02  -0.06   0.05     0.03   0.13   0.14    -0.06   0.21   0.04 
6   1    -0.04  -0.02   0.09     0.05   0.03   0.01     0.12   0.07  -0.11 
7   1     0.09  -0.03  -0.03     0.00   0.01   0.01    -0.22  -0.08  -0.09 
8   1    -0.03   0.01   0.05    -0.08  -0.02   0.11    -0.04  -0.01   0.03 
9   1     0.02  -0.08   0.07     0.21   0.15   0.05     0.16   0.18  -0.02 


10   1     0.07  -0.11   0.04     0.12   0.20   0.14    -0.05   0.26   0.05 
11   1     0.04  -0.06   0.03    -0.05   0.13   0.18    -0.21   0.21   0.09 
12   1     0.01  -0.08   0.08     0.06   0.20   0.18     0.00   0.35   0.05 
13   6     0.05   0.08  -0.11     0.00  -0.01  -0.07     0.10   0.01  -0.03 
14   6     0.03   0.07  -0.01     0.00  -0.02  -0.06     0.07   0.07   0.02 
15   1     0.09   0.14  -0.12    -0.01   0.01  -0.07     0.13   0.02  -0.04 
16   6    -0.03   0.00  -0.02    -0.02  -0.04  -0.06     0.08   0.07   0.01 
17   1     0.06   0.12   0.05     0.01  -0.02  -0.05     0.06   0.12   0.04 
18   1    -0.06  -0.07  -0.09    -0.04  -0.10  -0.11     0.09   0.06   0.01 
19   1     0.00   0.03  -0.04     0.04   0.02  -0.06     0.08   0.07  -0.01 
20   1     0.03   0.04  -0.18    -0.01  -0.01  -0.08     0.13  -0.02  -0.06 
21   7    -0.07  -0.04   0.10    -0.11  -0.03   0.04     0.10   0.06   0.00 
22   1    -0.21  -0.05   0.13    -0.13  -0.07   0.03     0.07   0.08   0.01 
23   1    -0.03  -0.02   0.02    -0.18  -0.07   0.07     0.13   0.08  -0.03 
24   6     0.04  -0.10   0.28    -0.10   0.11   0.11     0.12   0.00   0.02 
25   1     0.19  -0.11   0.25    -0.09   0.19   0.14     0.16  -0.05  -0.01 
26   1    -0.01  -0.12   0.35    -0.17   0.09   0.20     0.12   0.02   0.00 
27   1     0.01  -0.13   0.37    -0.05   0.15   0.05     0.11  -0.01   0.09 


28  78    -0.01   0.02  -0.01     0.01  -0.02  -0.04    -0.02  -0.04   0.00 
29   1     0.00   0.01   0.04    -0.06  -0.02  -0.10    -0.05  -0.05   0.14 
30   6     0.00   0.02  -0.02    -0.04  -0.01  -0.04    -0.05  -0.03   0.08 
31   6    -0.08   0.02  -0.04     0.03  -0.01  -0.01    -0.08   0.03   0.05 
32   6     0.06   0.01  -0.08    -0.11   0.02   0.02    -0.02  -0.05   0.05 
33   1    -0.09   0.02  -0.10     0.05   0.00   0.04    -0.09   0.06   0.01 
34   1    -0.12   0.03  -0.01     0.07  -0.04  -0.05    -0.12   0.05   0.08 
35   1     0.12   0.03  -0.06    -0.20   0.08  -0.01     0.06  -0.16   0.08 
36   1     0.07   0.00  -0.11    -0.07   0.00   0.00    -0.10  -0.01   0.12 
37   8     0.05  -0.01  -0.15    -0.13  -0.01   0.17     0.04   0.04  -0.09 
38   1     0.09   0.00  -0.25    -0.17  -0.03   0.27     0.04   0.08  -0.17 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1288.856643 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for TSIV-V 
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Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -1.128193   -1.221110    1.422939 
2          1             0       -0.921980   -1.142602    2.822317 
3          6             0       -2.995993   -1.223642    1.377418 
4         15             0       -2.572504    0.222668   -0.989695 
5          6             0       -3.515842   -1.087381   -0.056141 
6          1             0       -3.387463    1.368067   -0.840746 
7          1             0       -0.845284   -2.610573    1.303068 
8          1             0       -2.933301   -0.087347   -2.324726 
9          1             0       -3.317510   -0.369842    1.985881 


10          1             0       -3.388443   -2.130102    1.850767 
11          1             0       -3.371739   -2.026560   -0.604746 
12          1             0       -4.589789   -0.872433   -0.060379 
13          6             0        0.482030   -0.912817   -2.037641 
14          6             0        1.705244   -0.730173   -1.464760 
15          1             0        0.135564   -0.233844   -2.809454 
16          6             0        2.413985   -1.823429   -0.720685 
17          1             0        2.284915    0.148521   -1.742433 
18          1             0        1.700012   -2.443848   -0.171957 
19          1             0        2.979028   -2.477759   -1.398953 
20          1             0       -0.040173   -1.863584   -1.960464 
21          7             0        3.414451   -1.302606    0.278768 
22          1             0        3.635214   -2.050718    0.941379 
23          1             0        2.969171   -0.513779    0.862679 
24          6             0        4.693373   -0.817848   -0.310923 
25          1             0        4.482288   -0.017480   -1.020168 
26          1             0        5.325879   -0.434278    0.492002 
27          1             0        5.195334   -1.641579   -0.823117 
28         78             0       -0.439904    0.354801   -0.107410 
29          1             0        0.095462    2.508797    1.498394 
30          6             0        0.665079    2.082864    0.671610 
31          6             0        0.191125    2.341797   -0.646761 
32          6             0        2.117899    1.857369    0.980094 
33          1             0        0.897404    2.352912   -1.478181 
34          1             0       -0.654969    3.011473   -0.782792 
35          1             0        2.534199    2.669087    1.586985 
36          1             0        2.703820    1.785942    0.054760 
37          8             0        2.311426    0.637878    1.749085 
38          1             0        1.401362    0.268438    1.801900 


 
1                      2                      3 
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A                      A                      A 
Frequencies --  -117.6024                38.9899                58.6183 


Red. masses --     9.1429                 3.7790                 3.5346 
Frc consts  --     0.0745                 0.0034                 0.0072 
IR Inten    --     2.9855                 3.4953                 0.3895 
Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1  15    -0.01  -0.01  -0.02    -0.09   0.02   0.02    -0.03   0.06   0.07 
2   1    -0.01  -0.03  -0.02    -0.11   0.05   0.02     0.01   0.15   0.06 
3   6    -0.01  -0.02  -0.02    -0.09   0.12  -0.01    -0.02   0.17   0.11 
4  15     0.01  -0.10  -0.09     0.02   0.04  -0.04     0.01  -0.07  -0.03 
5   6    -0.01  -0.05  -0.03    -0.06   0.11  -0.03    -0.04   0.06   0.11 
6   1     0.03  -0.08  -0.10     0.07   0.08  -0.10     0.04  -0.03  -0.18 
7   1     0.00  -0.01  -0.06    -0.16   0.01   0.05    -0.11   0.03   0.17 
8   1    -0.04  -0.13  -0.07     0.04   0.02  -0.04     0.02  -0.22   0.00 
9   1    -0.01   0.00  -0.04    -0.06   0.15  -0.04     0.04   0.24   0.04 


10   1    -0.01  -0.01   0.00    -0.15   0.15   0.00    -0.07   0.24   0.20 
11   1    -0.03  -0.07   0.00    -0.10   0.09   0.00    -0.10   0.00   0.19 
12   1    -0.01  -0.04  -0.03    -0.05   0.16  -0.05    -0.03   0.12   0.10 
13   6     0.27  -0.10  -0.14    -0.02  -0.13   0.07     0.07   0.15  -0.11 
14   6     0.30  -0.20  -0.27     0.00  -0.05   0.01     0.06   0.12  -0.06 
15   1     0.18  -0.02  -0.03    -0.07  -0.19   0.04     0.08   0.22  -0.05 
16   6     0.16  -0.13  -0.05     0.09   0.01   0.02     0.06   0.06  -0.15 
17   1     0.31  -0.20  -0.22    -0.05  -0.04  -0.07     0.05   0.15   0.04 
18   1     0.06   0.01  -0.01     0.15   0.01   0.09     0.05  -0.04  -0.27 
19   1     0.17  -0.28   0.11     0.08   0.01   0.01     0.12   0.16  -0.19 
20   1     0.12  -0.01   0.00     0.02  -0.14   0.15     0.08   0.14  -0.20 
21   7     0.09  -0.05  -0.03     0.13   0.09  -0.06    -0.02  -0.02  -0.03 
22   1     0.10  -0.02   0.00     0.26   0.10  -0.10    -0.09  -0.06  -0.06 
23   1     0.05  -0.05  -0.06     0.09   0.03   0.00    -0.04  -0.05  -0.02 
24   6     0.10  -0.02   0.00     0.03   0.23  -0.16     0.04   0.00   0.11 
25   1     0.10  -0.03  -0.01    -0.11   0.24  -0.11     0.10   0.03   0.13 
26   1     0.07  -0.01   0.02     0.07   0.25  -0.21    -0.04  -0.04   0.18 
27   1     0.13  -0.01   0.02     0.05   0.30  -0.24     0.08   0.02   0.12 
28  78    -0.07   0.07   0.07     0.00  -0.03   0.01     0.00  -0.03  -0.01 
29   1     0.12  -0.01  -0.01    -0.01  -0.03   0.01    -0.03  -0.05   0.02 
30   6     0.07  -0.04  -0.04     0.01  -0.04   0.02    -0.02  -0.03   0.02 
31   6     0.00  -0.01  -0.02     0.04  -0.03   0.01    -0.01  -0.01   0.02 
32   6     0.07  -0.07  -0.09     0.00  -0.05   0.05    -0.02  -0.03   0.04 
33   1    -0.04  -0.06  -0.06     0.06  -0.04   0.03     0.00   0.01   0.03 
34   1     0.04   0.06   0.03     0.05  -0.03  -0.01    -0.02  -0.02   0.03 
35   1     0.12  -0.07  -0.11    -0.01  -0.07   0.08    -0.04  -0.03   0.07 
36   1     0.04  -0.10  -0.11     0.01  -0.03   0.05     0.00   0.01   0.05 
37   8     0.04  -0.06  -0.08    -0.02  -0.07   0.02    -0.02  -0.04   0.01 
38   1     0.02  -0.04  -0.09    -0.02  -0.10  -0.06    -0.02  -0.04   0.02 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1288.850566 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for V 
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Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -2.882191    1.115085   -0.842732 
2          1             0       -2.936674    1.645635   -2.151737 
3          6             0       -4.387394    0.008695   -0.821056 
4         15             0       -2.650574   -1.626200    0.640725 
5          6             0       -4.358905   -0.908481    0.408058 
6          1             0       -2.729644   -2.833258   -0.093047 
7          1             0       -3.343182    2.257656   -0.145968 
8          1             0       -2.741126   -2.173681    1.940479 
9          1             0       -4.351831   -0.586657   -1.742048 
10          1             0       -5.310183    0.597701   -0.849032 
11          1             0       -4.585696   -0.335911    1.316133 
12          1             0       -5.112027   -1.698960    0.323944 
13          6             0        0.895926   -0.479630    0.501083 
14          6             0        0.822101    0.777093   -0.236081 
15          1             0        1.252218   -1.385106    0.001471 
16          6             0        1.039116    2.097119    0.439640 
17          1             0        1.130915    0.770581   -1.285175 
18          1             0        0.554416    2.903788   -0.120420 
19          1             0        0.653562    2.089970    1.465699 
20          1             0        1.072165   -0.465102    1.580208 
21          1             0        2.611877    3.299930    0.807125 
22          8             0        2.474741    2.394728    0.488678 
23          1             0        3.561497    1.110572    0.531522 
24          7             0        4.033587    0.170874    0.466573 
25          1             0        3.227974   -0.468188    0.392794 
26          6             0        4.791667   -0.115980    1.710893 
27          1             0        5.234083   -1.111106    1.647900 
28          1             0        5.579525    0.631499    1.823284 
29          1             0        4.106279   -0.059494    2.558478 
30          6             0        4.841896    0.106832   -0.802209 
31          1             0        5.671597    0.810319   -0.687198 
32          1             0        4.180665    0.481145   -1.591404 
33          6             0        5.324768   -1.278665   -1.098850 
34          1             0        4.557682   -2.029232   -1.296002 
35          6             0        6.615140   -1.608507   -1.187306 
36          1             0        7.409026   -0.881884   -1.023287 
37          1             0        6.923834   -2.616997   -1.448145 
38         78             0       -1.091851   -0.054247    0.005308 


 
1                      2                      3 
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A                      A                      A 
Frequencies --    17.4773                26.4520                38.8205 
Red. masses --     4.4028                 4.3002                 2.5321 
Frc consts  --     0.0008                 0.0018                 0.0022 
IR Inten    --     0.7993                 0.9588                 1.3816 
Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1  15    -0.04   0.04   0.07    -0.05   0.03   0.14     0.01   0.04   0.03 
2   1    -0.08   0.06   0.08    -0.12   0.13   0.18     0.02   0.08   0.05 
3   6    -0.06   0.06   0.11    -0.03   0.00   0.13     0.00   0.05  -0.02 


4  15    -0.02   0.01   0.02     0.07  -0.08  -0.08    -0.03  -0.01  -0.06 
5   6    -0.02   0.04   0.10     0.05  -0.09   0.05    -0.02   0.01  -0.05 
6   1    -0.07   0.02   0.00     0.07  -0.01  -0.19    -0.03   0.02  -0.10 
7   1     0.01   0.03   0.11    -0.04  -0.03   0.25     0.01   0.01   0.07 
8   1     0.02  -0.01   0.01     0.14  -0.19  -0.13    -0.05  -0.06  -0.08 
9   1    -0.10   0.08   0.10    -0.06   0.07   0.08     0.00   0.08  -0.04 


10   1    -0.05   0.08   0.16    -0.04  -0.01   0.22     0.00   0.06  -0.01 
11   1     0.02   0.03   0.12     0.08  -0.17   0.11    -0.03  -0.02  -0.04 
12   1    -0.04   0.06   0.11     0.06  -0.10   0.03    -0.03   0.02  -0.09 
13   6    -0.01  -0.04  -0.09     0.04   0.03  -0.12    -0.01  -0.02   0.01 
14   6    -0.02  -0.03  -0.07    -0.01   0.07  -0.05    -0.01  -0.01   0.02 
15   1    -0.04  -0.03  -0.12     0.04   0.06  -0.18    -0.01  -0.02   0.00 
16   6     0.01  -0.04  -0.06    -0.01   0.04   0.01     0.00  -0.02   0.03 
17   1    -0.05  -0.01  -0.08    -0.05   0.12  -0.06    -0.01  -0.01   0.02 
18   1     0.01  -0.02  -0.03    -0.06   0.05   0.07    -0.01  -0.02   0.05 
19   1     0.04  -0.05  -0.05     0.04  -0.02   0.03     0.02  -0.03   0.04 
20   1     0.02  -0.06  -0.10     0.06  -0.03  -0.12    -0.02  -0.03   0.01 
21   1     0.04  -0.07  -0.08    -0.03   0.07  -0.05     0.01  -0.02   0.01 
22   8     0.02  -0.06  -0.09    -0.02   0.07  -0.04     0.00  -0.02   0.01 
23   1    -0.02  -0.08  -0.06     0.02   0.08  -0.06     0.00  -0.01  -0.06 
24   7     0.02  -0.06  -0.05    -0.01   0.06  -0.01     0.03   0.00  -0.01 
25   1     0.05  -0.09  -0.13    -0.04   0.10   0.00     0.05  -0.05   0.13 
26   6    -0.08  -0.07   0.01    -0.06   0.09   0.02     0.16   0.17  -0.04 
27   1    -0.03  -0.05   0.01    -0.11   0.06   0.08     0.18   0.18   0.04 
28   1    -0.12  -0.04   0.10    -0.02   0.05   0.00     0.15   0.20  -0.21 
29   1    -0.15  -0.13  -0.05    -0.07   0.17   0.00     0.24   0.27   0.02 
30   6     0.13   0.01   0.02     0.01  -0.04   0.01    -0.08  -0.10  -0.07 
31   1     0.08   0.05   0.11     0.05  -0.09   0.00    -0.15   0.01  -0.26 
32   1     0.18  -0.01  -0.03     0.05  -0.03  -0.02    -0.20  -0.29  -0.07 
33   6     0.24   0.04   0.03    -0.08  -0.09   0.09     0.05  -0.09   0.09 
34   1     0.30   0.00  -0.05    -0.12  -0.04   0.09     0.12  -0.21   0.28 
35   6     0.26   0.12   0.14    -0.10  -0.19   0.15     0.08   0.06   0.00 
36   1     0.21   0.17   0.23    -0.05  -0.23   0.15     0.01   0.18  -0.20 
37   1     0.35   0.15   0.14    -0.16  -0.22   0.21     0.18   0.06   0.11 


38  78    -0.02   0.00  -0.02     0.01   0.01  -0.03    -0.01  -0.01   0.01 
Total free energy in solution: 


with all non electrostatic terms            (a.u.) =   -1288.875509 
 


Computed Cartesian coordinates, three lower frequencies PCM energy for TSV-I 
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Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 


--------------------------------------------------------------------- 


1         15             0       -3.055598    1.436964   -0.059365 


2          1             0       -3.278307    2.444659   -1.023060 


3          6             0       -4.647529    0.467204   -0.128744 


4         15             0       -2.880290   -1.676793    0.193509 


5          6             0       -4.501866   -0.863411    0.620989 


6          1             0       -3.203024   -2.495451   -0.910681 


7          1             0       -3.216467    2.218417    1.107646 


8          1             0       -2.749318   -2.671187    1.185687 


9          1             0       -4.860165    0.287366   -1.189826 


10          1             0       -5.480429    1.052032    0.275183 


11          1             0       -4.493470   -0.695067    1.705003 


12          1             0       -5.342386   -1.530230    0.401405 


13          6             0        0.599784   -0.942679   -0.294727 


14          6             0        0.722467    0.457076   -0.650804 


15          1             0        0.734911   -1.683466   -1.081253 


16          6             0        0.923125    1.483203    0.314314 


17          1             0        0.804282    0.740680   -1.699147 


18          1             0        0.670415    2.500670    0.036878 


19          1             0        0.820449    1.238059    1.367760 


20          1             0        0.954440   -1.271561    0.684502 


21          1             0        2.954563    2.515476    1.098802 


22          8             0        2.761121    1.900754    0.371703 


23          1             0        3.453729    1.050152    0.426281 


24          7             0        4.421229   -0.047063    0.379340 


25          1             0        3.927057   -0.816530   -0.075223 


26          6             0        4.834601   -0.479205    1.724533 


27          1             0        5.560129   -1.299813    1.695310 


28          1             0        5.292550    0.367666    2.245462 


29          1             0        3.952347   -0.798064    2.286999 


30          6             0        5.554650    0.360376   -0.491932 


31          1             0        6.066048    1.192964    0.004398 


32          1             0        5.112458    0.754895   -1.415566 


33          6             0        6.521688   -0.745599   -0.802864 


34          1             0        6.114573   -1.602454   -1.344213 


35          6             0        7.818896   -0.724450   -0.488772 


36          1             0        8.268398    0.116867    0.036451 


37          1             0        8.483856   -1.540076   -0.760329 


38         78             0       -1.301292   -0.069619   -0.147585 
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1                      2                      3 


A                      A                      A 


Frequencies --  -364.2561                 0.9598                17.3499 


Red. masses --     6.1334                 4.5199                 4.8237 


Frc consts  --     0.4795                 0.0000                 0.0009 


IR Inten    --  1881.8572                 0.8549                 1.6425 


Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1  15     0.02   0.00  -0.01    -0.03  -0.02   0.13     0.03   0.04   0.03 


2   1    -0.07   0.03   0.03    -0.12   0.00   0.17     0.04   0.06   0.04 


3   6     0.00   0.00   0.00    -0.02  -0.05   0.22    -0.01   0.11   0.07 


4  15    -0.01   0.00   0.02     0.05  -0.03  -0.02    -0.08   0.04   0.02 


5   6    -0.02   0.00   0.00     0.07  -0.08   0.15    -0.04   0.10   0.06 


6   1    -0.03   0.01   0.01    -0.01   0.03  -0.04    -0.15   0.06   0.02 


7   1    -0.01  -0.02   0.00     0.04  -0.06   0.16     0.08   0.05   0.04 


8   1    -0.11  -0.04   0.00     0.14  -0.09  -0.09    -0.10   0.02   0.01 


9   1     0.00   0.00   0.00    -0.10  -0.01   0.23    -0.04   0.12   0.07 


10   1     0.00   0.01   0.00     0.01  -0.09   0.32     0.02   0.14   0.09 


11   1    -0.02   0.00   0.00     0.16  -0.13   0.16     0.00   0.10   0.06 


12   1    -0.03   0.01   0.00     0.07  -0.09   0.19    -0.07   0.13   0.08 


13   6     0.02   0.06   0.02     0.01   0.05  -0.15    -0.06  -0.08  -0.05 


14   6    -0.05   0.09   0.06    -0.03   0.07  -0.10    -0.02  -0.08  -0.04 


15   1     0.00   0.08   0.00    -0.01   0.09  -0.19    -0.09  -0.08  -0.05 


16   6     0.51   0.12   0.07     0.00   0.03  -0.07     0.02  -0.09  -0.04 


17   1    -0.01   0.08   0.06    -0.07   0.11  -0.09    -0.04  -0.08  -0.04 


18   1     0.14   0.05   0.13    -0.02   0.04  -0.02     0.03  -0.08  -0.03 


19   1     0.18   0.07   0.04     0.04  -0.01  -0.07     0.03  -0.09  -0.04 


20   1     0.02   0.02   0.01     0.05   0.02  -0.18    -0.05  -0.09  -0.06 


21   1    -0.33  -0.11  -0.11     0.01   0.08  -0.16     0.03  -0.08  -0.11 


22   8    -0.19  -0.25  -0.04     0.00   0.03  -0.12     0.02  -0.12  -0.08 


23   1     0.21  -0.48  -0.03    -0.01   0.03  -0.07     0.05  -0.10  -0.07 


24   7    -0.08   0.10  -0.01    -0.02   0.01   0.00     0.09  -0.05  -0.05 


25   1    -0.08   0.09  -0.01    -0.02   0.01   0.00     0.16  -0.06  -0.10 


26   6    -0.05   0.04   0.00    -0.09   0.04   0.03     0.04  -0.06  -0.04 


27   1    -0.08   0.03  -0.11    -0.11   0.02   0.09     0.09  -0.02  -0.03 


28   1    -0.01   0.01   0.00    -0.10   0.04   0.03    -0.03  -0.05   0.01 


29   1    -0.04   0.03   0.00    -0.12   0.07   0.00     0.03  -0.12  -0.10 


30   6    -0.01   0.04  -0.01     0.02  -0.04   0.04     0.11   0.04   0.02 


31   1    -0.01   0.03  -0.01     0.02  -0.04   0.04     0.03   0.07   0.06 


32   1     0.00   0.03  -0.02     0.07  -0.06   0.01     0.14   0.03   0.00 


33   6    -0.04   0.00   0.02     0.01  -0.08   0.11     0.21   0.12   0.06 


34   1    -0.04   0.01   0.01     0.01  -0.08   0.11     0.30   0.10   0.02 


35   6    -0.03   0.01   0.00    -0.01  -0.11   0.18     0.19   0.21   0.13 


36   1    -0.02   0.01  -0.01    -0.01  -0.11   0.18     0.10   0.24   0.16 


37   1    -0.04   0.01  -0.02    -0.02  -0.13   0.23     0.27   0.26   0.15 


38  78     0.00  -0.01  -0.01     0.00   0.02  -0.04    -0.03  -0.02  -0.01 


 


Total free energy in solution: 


with all non electrostatic terms            (a.u.) =   -1288.847530 


 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for TSII-VI 
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Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1          7             0        2.915369    0.909764    0.616069 
2          6             0        3.029313   -0.552538    0.545558 
3          1             0        3.211223    1.260456    1.524811 
4          1             0        2.849070   -0.958448    1.545437 
5          1             0        4.035132   -0.859387    0.226520 
6          1             0       -3.367121    0.320209    1.494039 
7          6             0        1.095797   -2.127869   -0.116367 
8          1             0        0.719550   -2.768748   -0.910383 
9          1             0        1.094132   -2.570019    0.880108 


10          6             0        2.001362   -1.094543   -0.427707 
11          1             0        2.217765   -0.926754   -1.483807 
12          1             0        1.392807    0.793930    0.291232 
13          1             0       -2.552444   -2.179590    0.907607 
14         15             0       -2.167046   -1.164931    0.007770 
15          6             0       -3.342557    0.224187    0.401728 
16          1             0       -2.690609   -1.706260   -1.186529 
17         78             0        0.016808   -0.237703   -0.045076 
18          6             0       -2.865906    1.530658   -0.244591 
19          1             0       -4.358172   -0.020488    0.074045 
20         15             0       -1.045689    1.780781    0.041170 
21          1             0       -3.011481    1.499095   -1.331421 
22          1             0       -3.435176    2.385967    0.134945 
23          1             0       -0.712274    2.811512   -0.859344 
24          1             0       -0.984542    2.493455    1.257285 
25          6             0        3.565686    1.653431   -0.466317 
26          1             0        4.634063    1.416700   -0.552228 
27          1             0        3.073916    1.418264   -1.415607 
28          1             0        3.454426    2.724897   -0.281161 


 
1                      2                      3 
A                      A                      A 


Frequencies --  -397.2689                45.1649                61.7174 
Red. masses --     1.6597                 3.8776                 3.2059 
Frc consts  --     0.1543                 0.0047                 0.0072 
IR Inten    --  1591.4404                 2.9793                 1.4931 


Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 
1   7    -0.18  -0.02  -0.05    -0.03  -0.01   0.10    -0.03   0.07  -0.04 
2   6     0.00  -0.04  -0.01    -0.04  -0.01   0.10    -0.04   0.06   0.15 
3   1    -0.40   0.08   0.00    -0.12  -0.02   0.14    -0.05   0.18  -0.08 
4   1     0.01  -0.03   0.00    -0.12  -0.01   0.09    -0.12   0.18   0.18 
5   1     0.05   0.13   0.03    -0.03  -0.02   0.17    -0.02   0.01   0.25 







26 


 


6   1    -0.01   0.01   0.00     0.19   0.03   0.22     0.09  -0.13   0.09 
7   6    -0.04   0.02   0.00    -0.01   0.00  -0.02     0.00  -0.01   0.16 
8   1     0.00  -0.01   0.01     0.03   0.02  -0.05     0.05  -0.07   0.18 
9   1    -0.01   0.00  -0.01    -0.05  -0.01  -0.03    -0.07   0.07   0.19 
10   6    -0.02   0.02  -0.01     0.01   0.01   0.03     0.02  -0.03   0.14 
11   1     0.05  -0.05  -0.01     0.08   0.01   0.05     0.08  -0.12   0.13 
12   1     0.75   0.12   0.33    -0.02   0.01  -0.04     0.01   0.04  -0.05 
13   1    -0.01   0.01  -0.01     0.12   0.00   0.17    -0.02  -0.12  -0.27 
14  15     0.01   0.02   0.01     0.01  -0.01   0.11     0.00   0.01  -0.12 
15   6    -0.01   0.00   0.00     0.05  -0.01   0.22     0.02  -0.03   0.08 
16   1     0.04   0.02   0.00    -0.12  -0.03   0.18    -0.01   0.19  -0.20 
17  78     0.01  -0.01   0.00     0.00   0.00  -0.06     0.00   0.00  -0.02 
18   6     0.01   0.00   0.00    -0.04  -0.03   0.12    -0.01   0.03   0.17 
19   1    -0.01   0.01  -0.01     0.01  -0.02   0.36     0.00   0.00   0.12 
20  15     0.03   0.01   0.00    -0.01   0.00  -0.11     0.01   0.00   0.06 
21   1     0.01   0.00   0.00    -0.17  -0.07   0.14    -0.09   0.13   0.18 
22   1     0.02   0.00   0.00    -0.01  -0.02   0.15     0.02  -0.01   0.29 
23   1    -0.09   0.08   0.03    -0.11  -0.08  -0.24    -0.05   0.04   0.08 
24   1    -0.06   0.04  -0.01     0.12   0.12  -0.18     0.09  -0.06   0.08 
25   6    -0.06   0.02   0.00     0.10  -0.01   0.19     0.00  -0.08  -0.13 
26   1    -0.06   0.00   0.18     0.11   0.00   0.32    -0.01  -0.11  -0.08 
27   1     0.05  -0.02  -0.03     0.22  -0.01   0.12     0.01  -0.19  -0.11 
28   1    -0.09   0.01   0.00     0.07  -0.01   0.17     0.01  -0.06  -0.27 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1095.800035 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for VI 


 
Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1          1             0        5.310425    0.875762    0.848151 
2          6             0        4.356706    1.423464    0.772651 
3          7             0        3.374354    0.781051   -0.096974 
4          1             0        4.564127    2.428470    0.394709 
5          1             0        3.938482    1.523687    1.780137 
6          6             0        3.055866   -0.581904    0.287541 
7          1             0        3.709060    0.801525   -1.058255 
8          1             0        2.794045   -0.592506    1.351641 
9          1             0        3.912191   -1.273269    0.163196 


10          6             0        1.002647   -2.090134   -0.044521 
11          1             0        0.534371   -2.790399   -0.732705 
12          1             0        1.042529   -2.401097    0.999136 
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13          6             0        1.926903   -1.158991   -0.529709 
14          1             0        2.059700   -1.106685   -1.612008 
15          1             0        1.180853    0.845130   -0.466741 
16          1             0       -1.115464    2.652317   -1.276627 
17         15             0       -1.253263    1.775794   -0.185649 
18          6             0       -3.066451    1.383793   -0.117935 
19          1             0       -1.024853    2.652137    0.893345 
20         78             0       -0.055127   -0.156600   -0.161716 
21          6             0       -3.318796    0.159131    0.769657 
22          1             0       -3.386932    1.189413   -1.148737 
23          1             0       -3.632154    2.250538    0.240514 
24         15             0       -2.108907   -1.196020    0.372290 
25          1             0       -3.174421    0.411308    1.827227 
26          1             0       -4.348561   -0.195590    0.657422 
27          1             0       -2.246769   -2.092806    1.450379 
28          1             0       -2.745927   -1.939232   -0.643866 


 
1                      2                      3 
A                      A                      A 


Frequencies --    35.5301                47.5052                64.3087 
Red. masses --     4.1099                 4.1419                 3.1642 
Frc consts  --     0.0031                 0.0055                 0.0077 
IR Inten    --     2.4078                 7.8832                 1.1415 
Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1   1    -0.11   0.02   0.31     0.21  -0.32  -0.06     0.08   0.00  -0.09 
2   6    -0.10   0.01   0.21     0.27  -0.20   0.01     0.11   0.04  -0.10 
3   7    -0.01   0.00   0.10     0.14  -0.06   0.05     0.04   0.00   0.00 
4   1    -0.07   0.01   0.22     0.37  -0.22   0.02     0.14  -0.01  -0.21 
5   1    -0.21   0.01   0.16     0.35  -0.17   0.04     0.15   0.16  -0.10 
6   6    -0.04   0.00   0.08     0.01  -0.02   0.06    -0.01   0.06   0.15 
7   1     0.09   0.00   0.14     0.09  -0.09   0.04     0.01  -0.12  -0.01 
8   1    -0.11   0.00   0.06    -0.04   0.01   0.05    -0.07   0.18   0.13 
9   1    -0.03   0.00   0.14    -0.04  -0.10   0.11    -0.02   0.02   0.27 


10   6    -0.01  -0.01  -0.05    -0.01   0.04  -0.02     0.01   0.01   0.15 
11   1     0.02   0.01  -0.08    -0.01   0.06  -0.05     0.06  -0.04   0.17 
12   1    -0.05  -0.03  -0.05    -0.03   0.01  -0.03    -0.05   0.09   0.18 
13   6     0.01   0.00   0.01     0.01   0.04   0.02     0.02  -0.01   0.14 
14   1     0.07   0.01   0.01     0.03   0.06   0.02     0.08  -0.09   0.14 


15   1    -0.02  -0.01  -0.13    -0.05   0.06  -0.06    -0.01   0.00  -0.02 
16   1    -0.11  -0.08  -0.15    -0.16  -0.04  -0.07    -0.07   0.00   0.01 
17  15     0.00  -0.01  -0.07    -0.11  -0.02  -0.05     0.00   0.00   0.02 
18   6     0.00   0.01   0.14    -0.09  -0.12  -0.04    -0.01   0.05   0.17 
19   1     0.12   0.07  -0.16    -0.16   0.02  -0.07     0.11  -0.01   0.00 


20  78     0.00  -0.01  -0.06    -0.01   0.04  -0.01    -0.01  -0.01  -0.02 
21   6     0.10   0.05   0.22    -0.02  -0.10   0.01     0.04  -0.02   0.09 
22   1    -0.11  -0.03   0.18    -0.08  -0.17  -0.03    -0.12   0.14   0.19 
23   1     0.05   0.03   0.17    -0.14  -0.14  -0.07     0.06   0.03   0.30 
24  15     0.03   0.02   0.12     0.05  -0.04   0.06    -0.03  -0.01  -0.13 
25   1     0.22   0.08   0.19    -0.04  -0.05   0.00     0.14  -0.11   0.10 
26   1     0.08   0.05   0.35     0.00  -0.16   0.03     0.02   0.02   0.15 
27   1     0.14   0.05   0.16     0.13   0.00   0.10    -0.07  -0.18  -0.27 
28   1    -0.08   0.01   0.21     0.08  -0.14   0.10    -0.07   0.18  -0.24 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1095.805258 


  


Computed Cartesian coordinates, three lower frequencies PCM energy for TSVI-VII 
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Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1          1             0        5.389127    0.880338    1.015849 
2          6             0        4.467301    1.460551    0.845850 
3          7             0        3.536645    0.831129   -0.088087 
4          1             0        4.745067    2.446250    0.462322 
5          1             0        3.969983    1.605077    1.811104 
6          6             0        3.128842   -0.504499    0.301572 
7          1             0        3.955507    0.809945   -1.015751 
8          1             0        2.811595   -0.481127    1.350172 
9          1             0        3.937101   -1.257338    0.228292 


10          6             0        1.069995   -2.007818   -0.100448 
11          1             0        0.714994   -2.750124   -0.813547 
12          1             0        1.177171   -2.370988    0.922150 
13          6             0        1.992299   -1.010880   -0.561283 
14          1             0        2.196721   -1.009078   -1.634345 
15          1             0        1.335145    0.430684   -0.627892 
16          1             0       -1.061494    2.613291   -1.417305 
17         15             0       -1.188815    1.791067   -0.282236 
18          6             0       -3.017954    1.499574   -0.129528 
19          1             0       -0.889346    2.715893    0.738436 
20         78             0       -0.119848   -0.245701   -0.170221 
21          6             0       -3.296615    0.337500    0.833281 
22          1             0       -3.386316    1.264617   -1.135541 
23          1             0       -3.531029    2.408798    0.200726 
24         15             0       -2.161776   -1.090044    0.475588 
25          1             0       -3.107390    0.639855    1.870549 
26          1             0       -4.343428    0.021920    0.772542 
27          1             0       -2.274297   -1.918737    1.608250 
28          1             0       -2.851855   -1.864400   -0.479127 


 
1                      2                      3 
A                      A                      A 


Frequencies --  -469.3757                36.7080                52.9970 
Red. masses --     1.5125                 3.9340                 4.2328 
Frc consts  --     0.1963                 0.0031                 0.0070 
IR Inten    --    15.7524                 2.6968                 3.1326 


Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 
1   1    -0.02  -0.02  -0.02    -0.19   0.12   0.29    -0.15   0.31  -0.03 
2   6    -0.01  -0.01  -0.01    -0.20   0.08   0.17    -0.21   0.19  -0.09 
3   7    -0.03   0.00  -0.01    -0.07   0.02   0.08    -0.11   0.04  -0.09 
4   1    -0.01  -0.01  -0.01    -0.20   0.08   0.18    -0.30   0.20  -0.14 
5   1    -0.01  -0.01   0.00    -0.31   0.07   0.11    -0.26   0.19  -0.12 
6   6    -0.05   0.01   0.00    -0.05   0.01   0.05     0.00   0.02  -0.05 
7   1    -0.05   0.00  -0.01     0.03   0.03   0.12    -0.08   0.05  -0.08 
8   1    -0.01  -0.01   0.01    -0.10  -0.01   0.03     0.05   0.02  -0.04 
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9   1    -0.04   0.02  -0.02    -0.02   0.03   0.09     0.05   0.07  -0.08 
10   6     0.04  -0.07   0.00    -0.01  -0.02  -0.02     0.01  -0.04   0.03 
11   1    -0.09  -0.01   0.00     0.01  -0.02  -0.03     0.01  -0.06   0.05 
12   1    -0.06  -0.05   0.02    -0.03  -0.02  -0.02     0.02  -0.02   0.04 
13   6     0.00  -0.14   0.04     0.01  -0.03  -0.01    -0.01  -0.04   0.00 
14   1    -0.17   0.13   0.02     0.06  -0.04   0.00    -0.04  -0.05  -0.01 
15   1    -0.50   0.78   0.12     0.00  -0.04  -0.09     0.02  -0.05   0.03 
16   1     0.06  -0.07  -0.02    -0.06  -0.07  -0.12     0.21   0.10   0.17 
17  15    -0.01  -0.02   0.01     0.03   0.00  -0.06     0.11   0.02   0.10 
18   6     0.00   0.00   0.00     0.04   0.05   0.14     0.09   0.11  -0.01 
19   1     0.04  -0.03   0.00     0.16   0.05  -0.15     0.12  -0.07   0.18 
20  78     0.01   0.02   0.00     0.00  -0.02  -0.05     0.01  -0.04   0.02 
21   6     0.00   0.00   0.00     0.11   0.08   0.19    -0.01   0.07  -0.09 
22   1     0.00   0.00   0.00    -0.07   0.04   0.18     0.13   0.19  -0.04 
23   1     0.00   0.00   0.00     0.10   0.07   0.17     0.12   0.12   0.02 


24  15    -0.02  -0.03   0.00     0.03   0.04   0.09    -0.06   0.03  -0.10 
25   1     0.00   0.00   0.00     0.23   0.09   0.17    -0.05   0.00  -0.06 
26   1     0.00   0.01   0.00     0.09   0.11   0.32    -0.02   0.12  -0.16 
27   1    -0.09  -0.01   0.01     0.09   0.04   0.10    -0.18  -0.03  -0.15 
28   1    -0.08  -0.01   0.03    -0.09   0.07   0.15    -0.04   0.12  -0.19 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1095.800775 


  


Computed Cartesian coordinates, three lower frequencies PCM energy for VII 


 
Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1          1             0        5.580134    0.650933    1.054389 
2          6             0        4.734826    1.335309    0.872183 
3          7             0        3.755766    0.824027   -0.083906 
4          1             0        5.131946    2.285216    0.503509 
5          1             0        4.239409    1.529858    1.829837 
6          6             0        3.206226   -0.465447    0.286226 
7          1             0        4.188451    0.764483   -1.003632 
8          1             0        2.853918   -0.404252    1.322866 
9          1             0        3.934574   -1.296904    0.244279 


10          6             0        1.093908   -1.892557   -0.153348 
11          1             0        0.828445   -2.665147   -0.875286 
12          1             0        1.275055   -2.292341    0.846377 
13          6             0        2.035152   -0.844824   -0.616954 
14          1             0        2.309421   -0.944636   -1.672566 
15          1             0        1.482915    0.269289   -0.697672 
16          1             0       -1.193540    2.642162   -1.423260 
17         15             0       -1.260987    1.812757   -0.286885 
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18          6             0       -3.079544    1.472354   -0.092044 
19          1             0       -0.975005    2.754366    0.723242 
20         78             0       -0.172860   -0.251917   -0.172791 
21          6             0       -3.305537    0.302346    0.875601 
22          1             0       -3.466212    1.229120   -1.089070 
23          1             0       -3.610520    2.365050    0.253796 
24         15             0       -2.142552   -1.092555    0.493654 
25          1             0       -3.101982    0.608155    1.909194 
26          1             0       -4.343258   -0.046150    0.837450 
27          1             0       -2.185622   -1.925799    1.626934 
28          1             0       -2.812506   -1.888176   -0.456839 


 
1                      2                      3 
A                      A                      A 


Frequencies --    33.9778                50.5432                64.9154 
Red. masses --     4.0501                 4.2832                 3.0936 
Frc consts  --     0.0028                 0.0064                 0.0077 
IR Inten    --     2.6399                 1.9560                 0.7863 
Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1   1     0.20  -0.19  -0.22    -0.08   0.26  -0.12    -0.07  -0.04   0.02 
2   6     0.23  -0.12  -0.14    -0.15   0.17  -0.12    -0.11  -0.06   0.10 
3   7     0.11  -0.04  -0.06    -0.11   0.05  -0.10    -0.07   0.00   0.02 
4   1     0.27  -0.15  -0.17    -0.26   0.20  -0.15    -0.16   0.01   0.22 
5   1     0.33  -0.09  -0.10    -0.16   0.14  -0.12    -0.13  -0.22   0.11 
6   6     0.05   0.00  -0.02     0.00   0.00  -0.07     0.00  -0.07  -0.14 
7   1     0.03  -0.07  -0.10    -0.11   0.07  -0.10    -0.05   0.13   0.02 
8   1     0.10   0.03  -0.01     0.05  -0.02  -0.05     0.04  -0.22  -0.12 
9   1     0.01  -0.05  -0.04     0.06   0.05  -0.11     0.03  -0.04  -0.27 
10   6     0.01   0.04   0.03     0.00  -0.05   0.01    -0.02  -0.02  -0.14 
11   1     0.01   0.04   0.03    -0.01  -0.05   0.02    -0.09   0.04  -0.17 
12   1     0.02   0.04   0.03     0.00  -0.04   0.01     0.04  -0.08  -0.17 
13   6     0.00   0.05   0.02    -0.02  -0.05  -0.01    -0.03  -0.01  -0.13 
14   1    -0.04   0.07   0.01    -0.06  -0.03  -0.03    -0.07   0.04  -0.14 
15   1     0.01   0.05   0.09    -0.02  -0.03   0.01    -0.01   0.01  -0.06 
16   1     0.01   0.05   0.07     0.25   0.13   0.19     0.06  -0.01  -0.01 
17  15    -0.06   0.00   0.04     0.11   0.02   0.11    -0.01   0.00  -0.01 
18   6    -0.06  -0.08  -0.13     0.08   0.09  -0.07    -0.01  -0.07  -0.16 
19   1    -0.18  -0.03   0.10     0.07  -0.09   0.23    -0.13   0.01   0.01 
20  78    -0.01   0.03   0.04     0.01  -0.03   0.04     0.01   0.02   0.02 
21   6    -0.11  -0.10  -0.17    -0.05   0.05  -0.15    -0.04   0.00  -0.09 
22   1     0.04  -0.08  -0.17     0.16   0.15  -0.12     0.10  -0.16  -0.18 
23   1    -0.13  -0.10  -0.17     0.08   0.09  -0.08    -0.09  -0.07  -0.28 
24  15    -0.01  -0.04  -0.07    -0.06   0.02  -0.10     0.05   0.01   0.12 
25   1    -0.21  -0.10  -0.15    -0.15  -0.01  -0.12    -0.14   0.09  -0.10 
26   1    -0.09  -0.14  -0.27    -0.06   0.08  -0.27    -0.02  -0.05  -0.14 
27   1    -0.05  -0.03  -0.07    -0.18  -0.01  -0.12     0.10   0.17   0.24 
28   1     0.09  -0.09  -0.11    -0.01   0.07  -0.17     0.10  -0.17   0.24 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1095.805369 


  


Computed Cartesian coordinates, three lower frequencies PCM energy for TSVII-VIII 
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Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1          1             0        4.975715    1.570062    0.971984 
2          6             0        3.908874    1.696432    1.218566 
3          7             0        3.001296    1.095387    0.242757 
4          1             0        3.695854    2.766673    1.293443 
5          1             0        3.729534    1.248632    2.201921 
6          6             0        3.243019   -0.323893    0.031338 
7          1             0        3.098492    1.591671   -0.641926 
8          1             0        3.314441   -0.794535    1.017705 
9          1             0        4.192273   -0.533035   -0.491438 


10          6             0        1.191462   -1.913555   -0.011572 
11          1             0        0.878324   -2.813327   -0.543717 
12          1             0        1.466513   -2.117304    1.024472 
13          6             0        2.098939   -0.990898   -0.756800 
14          1             0        2.383799   -1.384219   -1.738835 
15          1             0        1.478827   -0.027274   -1.154093 
16          1             0       -1.354538    2.285157   -1.889371 
17         15             0       -1.246045    1.683177   -0.619828 
18          6             0       -3.016374    1.388211   -0.127209 
19          1             0       -0.857464    2.800173    0.148511 
20         78             0       -0.099098   -0.317132   -0.229226 
21          6             0       -3.086678    0.427663    1.068311 
22          1             0       -3.521560    0.956016   -0.999375 
23          1             0       -3.520891    2.330943    0.107368 
24         15             0       -1.944991   -1.011840    0.814347 
25          1             0       -2.760536    0.928247    1.988181 
26          1             0       -4.111110    0.076502    1.232913 
27          1             0       -1.832491   -1.616304    2.080459 
28          1             0       -2.704563   -1.973329    0.118524 


 
1                      2                      3 
A                      A                      A 


Frequencies --   -75.0788                38.2724                55.6786 
Red. masses --     2.3919                 3.8499                 4.0033 
Frc consts  --     0.0079                 0.0033                 0.0073 
IR Inten    --     0.6585                 2.7506                 0.9151 
Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1   1     0.14  -0.13   0.13     0.20  -0.14  -0.16     0.08  -0.17   0.26 
2   6     0.12   0.06  -0.05     0.23  -0.14  -0.04     0.07  -0.09   0.18 
3   7     0.17   0.08  -0.11     0.12  -0.06   0.02     0.09   0.00   0.10 
4   1     0.27   0.10  -0.21     0.26  -0.14   0.06     0.14  -0.08   0.20 
5   1    -0.10   0.21  -0.02     0.32  -0.20  -0.05    -0.04  -0.11   0.16 
6   6    -0.04   0.01   0.14     0.07  -0.05  -0.09     0.01  -0.01   0.08 
7   1     0.40  -0.06  -0.16     0.04   0.00   0.04     0.19   0.02   0.12 
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8   1    -0.27   0.14   0.22     0.16  -0.11  -0.13    -0.06  -0.03   0.07 
9   1     0.01  -0.24   0.33     0.02  -0.03  -0.20     0.02  -0.06   0.12 
10   6     0.00  -0.02  -0.07     0.00   0.04   0.02     0.00   0.02  -0.03 
11   1     0.02   0.03  -0.16    -0.02   0.03   0.05     0.01   0.04  -0.07 
12   1    -0.04  -0.11  -0.08     0.03   0.06   0.02    -0.02  -0.02  -0.04 
13   6    -0.01   0.07   0.05    -0.01   0.02  -0.03     0.01   0.05   0.02 
14   1     0.00   0.21   0.00    -0.09   0.01  -0.05     0.03   0.10   0.01 
15   1    -0.02   0.14   0.17     0.00   0.05   0.04     0.02   0.09   0.06 
16   1     0.03   0.01   0.03    -0.03  -0.02  -0.02    -0.22  -0.20  -0.18 
17  15     0.01   0.00   0.03    -0.08  -0.01  -0.02    -0.09  -0.05  -0.12 
18   6     0.00   0.01   0.01    -0.09  -0.13  -0.14    -0.04  -0.05   0.07 
19   1     0.01  -0.01   0.04    -0.20   0.01   0.01    -0.06   0.05  -0.28 
20  78    -0.01  -0.01   0.00     0.00   0.04   0.03    -0.01   0.01  -0.04 
21   6    -0.02  -0.01  -0.01    -0.11  -0.10  -0.12     0.09   0.04   0.15 
22   1     0.00   0.03  -0.01     0.01  -0.19  -0.17    -0.12  -0.12   0.15 
23   1     0.00   0.01   0.02    -0.18  -0.16  -0.20    -0.03  -0.04   0.05 
24  15    -0.04  -0.02  -0.03     0.00  -0.03  -0.01     0.06   0.03   0.11 
25   1    -0.02  -0.03   0.00    -0.20  -0.05  -0.11     0.19   0.10   0.08 
26   1    -0.03   0.00  -0.02    -0.10  -0.16  -0.18     0.11   0.05   0.28 
27   1    -0.05  -0.04  -0.04    -0.01   0.03   0.03     0.19   0.09   0.13 
28   1    -0.05   0.00  -0.05     0.10  -0.12   0.01     0.00  -0.01   0.23 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1095.799218 


  


Computed Cartesian coordinates, three lower frequencies PCM energy for VIII 


 
Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1          1             0        3.085807    2.698127    0.324730 
2          6             0        2.084147    2.275336    0.467333 
3          7             0        1.975785    0.959996   -0.203401 
4          1             0        1.347152    2.965585    0.051127 
5          1             0        1.898121    2.150755    1.536000 
6          6             0        3.107471    0.053236    0.168904 
7          1             0        2.052428    1.121729   -1.210693 
8          1             0        3.148622    0.028478    1.263599 
9          1             0        4.049845    0.477039   -0.201177 


10          6             0        1.423677   -1.755413    0.119699 
11          1             0        1.073583   -2.643686   -0.418862 
12          1             0        1.474088   -2.017987    1.187110 
13          6             0        2.801703   -1.321362   -0.386281 
14          1             0        3.582692   -2.030722   -0.079949 
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15          1             0        2.820557   -1.291616   -1.484487 
16          1             0       -1.453411    2.651494   -1.107350 
17         15             0       -1.447681    1.635962   -0.125768 
18          6             0       -3.118986    0.845457   -0.350422 
19          1             0       -1.629920    2.444571    1.019132 
20         78             0        0.136116   -0.124098   -0.026077 
21          6             0       -3.186386   -0.478287    0.421135 
22          1             0       -3.247638    0.672713   -1.425816 
23          1             0       -3.917431    1.523021   -0.031658 
24         15             0       -1.651661   -1.466592    0.106871 
25          1             0       -3.231842   -0.295687    1.501686 
26          1             0       -4.079157   -1.051234    0.148387 
27          1             0       -1.664243   -2.482743    1.081460 
28          1             0       -1.936456   -2.214501   -1.054189 


 
1                      2                      3 
A                      A                      A 


Frequencies --    49.6627                60.2636                97.3392 
Red. masses --     3.2130                 3.3442                 2.8605 
Frc consts  --     0.0047                 0.0072                 0.0160 
IR Inten    --     1.1685                 1.9144                 1.4852 
Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 


1   1    -0.03   0.04  -0.08    -0.06  -0.02   0.36    -0.11   0.06   0.00 
2   6    -0.05   0.06  -0.12    -0.06  -0.05   0.25    -0.11   0.05  -0.04 
3   7     0.00  -0.01   0.01     0.00   0.02   0.09    -0.04   0.02   0.00 
4   1    -0.01   0.02  -0.26    -0.04  -0.01   0.29    -0.10   0.01  -0.11 
5   1    -0.14   0.17  -0.12    -0.12  -0.19   0.22    -0.17   0.08  -0.04 
6   6    -0.03   0.02   0.19     0.00   0.00   0.04    -0.04   0.05   0.09 
7   1     0.09  -0.12   0.00     0.04   0.14   0.11     0.01  -0.02   0.00 
8   1    -0.17   0.06   0.20     0.00  -0.05   0.04    -0.17  -0.01   0.09 
9   1     0.01   0.02   0.30     0.00   0.03   0.06    -0.02   0.10   0.21 


10   6    -0.01  -0.01   0.01     0.01   0.00  -0.03     0.02  -0.03  -0.20 
11   1     0.05   0.01  -0.07     0.01   0.01  -0.06     0.06   0.08  -0.40 
12   1    -0.13  -0.06   0.01     0.01  -0.03  -0.04    -0.03  -0.24  -0.25 
13   6     0.06   0.00   0.19     0.00   0.03  -0.03     0.06   0.07  -0.03 
14   1     0.03   0.02   0.32     0.01   0.02  -0.06     0.06   0.08  -0.02 
15   1     0.21  -0.03   0.20    -0.01   0.08  -0.02     0.16   0.16  -0.03 
16   1    -0.05   0.02   0.07    -0.03  -0.15  -0.29     0.15   0.05   0.08 
17  15     0.01   0.01   0.05     0.01   0.00  -0.14     0.05   0.01   0.04 
18   6    -0.02   0.04   0.18    -0.02  -0.01   0.07     0.06   0.05  -0.11 
19   1     0.13  -0.01   0.08     0.08   0.18  -0.25    -0.02  -0.03   0.06 
20  78     0.00  -0.01  -0.04     0.00  -0.01  -0.03     0.00  -0.02   0.00 
21   6     0.03   0.01   0.13     0.04   0.05   0.18    -0.03   0.08  -0.06 
22   1    -0.12   0.09   0.18    -0.12  -0.09   0.10     0.17   0.01  -0.11 
23   1     0.02   0.04   0.28     0.02   0.02   0.10     0.04   0.07  -0.21 
24  15    -0.01   0.00  -0.06     0.00   0.01   0.08    -0.03   0.01   0.12 
25   1     0.13  -0.04   0.14     0.17   0.13   0.17    -0.11   0.13  -0.07 
26   1     0.00   0.04   0.18     0.00   0.04   0.32    -0.02   0.09  -0.10 
27   1     0.03  -0.08  -0.15     0.06   0.03   0.10    -0.07   0.16   0.27 
28   1    -0.10   0.11  -0.11    -0.12  -0.01   0.11    -0.02  -0.16   0.22 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1095.857481 


  


Computed Cartesian coordinates and PCM energy for II(PH3) with a P-Pt-P angle fixed at 90° 
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 Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -2.377431   -1.340773    0.350592 
2         78             0       -0.487740   -0.079526   -0.100571 
3         15             0       -1.749034    1.871834    0.071635 
4          1             0       -2.803748    2.043564   -0.853728 
5          1             0       -3.445000   -1.294872   -0.574171 
6          1             0       -1.199300    3.170944   -0.039700 
7          1             0       -2.302775   -2.743375    0.496349 
8          6             0        1.160480   -1.298613   -0.423762 
9          6             0        1.543345    0.096382   -0.587941 


10          1             0        1.085282   -1.928706   -1.310379 
11          6             0        2.375761    0.806212    0.426572 
12          1             0        1.671760    0.474393   -1.606978 
13          1             0        2.212053    1.888284    0.427711 
14          1             0        2.236878    0.420339    1.440159 
15          1             0        1.480093   -1.842655    0.467980 
16          7             0        3.895906    0.655677    0.140784 
17          1             0        4.416046    1.304605    0.740327 
18          1             0        4.057863    0.965859   -0.822681 
19          6             0        4.446286   -0.722027    0.307839 
20          1             0        3.894503   -1.393557   -0.349306 
21          1             0        5.507276   -0.717484    0.050235 
22          1             0        4.313157   -1.024259    1.347767 
23          1             0       -2.493015    2.093550    1.253608 
24          1             0       -3.116938   -1.060971    1.522182 


  Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1018.410425 


 


Computed Cartesian coordinates and PCM energy for II(PH3) with a P-Pt-P angle fixed at 100° 
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Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -2.310635   -1.454225    0.336010 
2         78             0       -0.529502   -0.058589   -0.091191 
3         15             0       -1.578926    1.995471    0.078989 
4          1             0       -2.458422    2.374568   -0.960260 
5          1             0       -3.076925   -1.885190   -0.769474 
6          1             0       -0.835357    3.198231    0.133829 
7          1             0       -2.052996   -2.718462    0.909386 
8          6             0        1.104292   -1.306857   -0.445757 
9          6             0        1.510844    0.080690   -0.592836 


10          1             0        1.011441   -1.921504   -1.341349 
11          6             0        2.356786    0.763249    0.428840 
12          1             0        1.638449    0.470314   -1.607357 
13          1             0        2.210273    1.847616    0.446387 
14          1             0        2.213509    0.364899    1.436990 
15          1             0        1.417090   -1.869253    0.436748 
16          7             0        3.874685    0.594313    0.139255 
17          1             0        4.404371    1.221626    0.753345 
18          1             0        4.042978    0.922909   -0.816983 
19          6             0        4.403407   -0.795029    0.277326 
20          1             0        3.841765   -1.444209   -0.393807 
21          1             0        5.464462   -0.801413    0.020062 
22          1             0        4.265163   -1.116853    1.310703 
23          1             0       -2.437586    2.268640    1.168763 
24          1             0       -3.378427   -1.073190    1.180689 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1018.412559 


 


Computed Cartesian coordinates and PCM energy for II(PH3) with a P-Pt-P angle fixed at 110° 
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Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -2.238880   -1.567913    0.304815 
2         78             0       -0.572993   -0.033987   -0.078394 
3         15             0       -1.417246    2.102929    0.083645 
4          1             0       -2.718163    2.431443   -0.361534 
5          1             0       -2.401605   -2.563523   -0.682735 
6          1             0       -0.735150    3.152899   -0.574819 
7          1             0       -2.069879   -2.412191    1.423942 
8          6             0        1.049289   -1.307108   -0.457388 
9          6             0        1.474242    0.072633   -0.598866 


10          1             0        0.934774   -1.915671   -1.354422 
11          6             0        2.347446    0.730039    0.416702 
12          1             0        1.591831    0.470913   -1.611060 
13          1             0        2.231422    1.818016    0.436777 
14          1             0        2.203370    0.334390    1.425736 
15          1             0        1.363315   -1.876986    0.419749 
16          7             0        3.858158    0.522017    0.111659 
17          1             0        4.409078    1.147206    0.709059 
18          1             0        4.021392    0.831717   -0.851824 
19          6             0        4.359087   -0.875967    0.265677 
20          1             0        3.778769   -1.523389   -0.391188 
21          1             0        5.417381   -0.908215   -0.000910 
22          1             0        4.223996   -1.179520    1.305001 
23          1             0       -1.497414    2.706201    1.360104 
24          1             0       -3.605288   -1.259276    0.497579 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1018.411095 


 


Computed Cartesian coordinates and PCM energy for II(PH3) with a P-Pt-P angle fixed at 120° 
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Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0        2.174466   -1.655427   -0.294469 
2         78             0        0.617685   -0.010352    0.065122 
3         15             0        1.227866    2.201342   -0.080643 
4          1             0        2.473682    2.702762   -0.525836 
5          1             0        2.381071   -2.537100    0.788578 
6          1             0        1.151648    2.936351    1.124184 
7          1             0        1.829556   -2.610460   -1.275633 
8          6             0       -0.986783   -1.303932    0.506681 
9          6             0       -1.440982    0.065451    0.605556 


10          1             0       -0.845753   -1.877070    1.422910 
11          6             0       -2.327794    0.670657   -0.430813 
12          1             0       -1.560003    0.494642    1.604423 
13          1             0       -2.232662    1.759181   -0.489944 
14          1             0       -2.174290    0.243654   -1.425534 
15          1             0       -1.291361   -1.910250   -0.348875 
16          7             0       -3.833509    0.444891   -0.118316 
17          1             0       -4.395135    1.041572   -0.734718 
18          1             0       -4.003437    0.780991    0.835142 
19          6             0       -4.310361   -0.965707   -0.229937 
20          1             0       -3.718747   -1.583564    0.445134 
21          1             0       -5.367554   -1.007872    0.039582 
22          1             0       -4.171801   -1.297470   -1.260126 
23          1             0        0.412387    3.048265   -0.868779 
24          1             0        3.528102   -1.477980   -0.664037 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1018.407615 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for TSII-VI(PH3) with a 
P-Pt-P angle fixed at 90° 
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Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -2.634237   -0.687690    0.047076 
2         78             0       -0.310361   -0.058485   -0.025507 
3         15             0       -0.908182    2.157514    0.044141 
4          7             0        2.812130    0.401918    0.580927 
5          6             0        2.577172   -1.042689    0.514093 
6          1             0        3.211377    0.667222    1.478497 
7          1             0        2.325522   -1.397849    1.517883 
8          1             0        3.472624   -1.583396    0.174298 
9          6             0        0.330654   -2.140744   -0.108985 


10          1             0       -0.196361   -2.674184   -0.897342 
11          1             0        0.249584   -2.575403    0.887475 
12          6             0        1.435341   -1.335620   -0.438789 
13          1             0        1.658393   -1.207892   -1.499097 
14          1             0        1.228191    0.617506    0.279086 
15          1             0       -3.047264   -1.524628    1.103577 
16          1             0       -3.188098   -1.400076   -1.036760 
17          1             0        0.037443    3.172217    0.285484 
18          1             0       -1.886582    2.522873    0.991607 
19          6             0        3.588377    0.972238   -0.522376 
20          1             0        4.565833    0.486237   -0.643372 
21          1             0        3.027120    0.869570   -1.456741 
22          1             0        3.745140    2.037749   -0.336228 
23          1             0       -3.621437    0.313527    0.170131 
24          1             0       -1.511244    2.658488   -1.127402 


 
1                      2                      3 
A                      A                      A 


Frequencies --  -157.4906                36.8460                48.7861 
Red. masses --     3.2889                 1.1357                 2.4125 
Frc consts  --     0.0481                 0.0009                 0.0034 
IR Inten    --   290.9877                 0.2837                 0.9955 


Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 
1  15     0.00   0.06   0.03     0.00   0.00   0.04     0.01  -0.03   0.15 
2  78     0.03  -0.02   0.00     0.00   0.00  -0.01    -0.01   0.00  -0.02 
3  15     0.09   0.00  -0.01     0.00   0.00  -0.01     0.00   0.01  -0.07 
4   7    -0.28   0.06  -0.04     0.00  -0.02   0.02     0.00  -0.02   0.06 
5   6    -0.05  -0.01  -0.03     0.00  -0.01  -0.01    -0.02  -0.02   0.00 
6   1    -0.50   0.19   0.03    -0.01  -0.04   0.03    -0.06  -0.06   0.10 
7   1    -0.01  -0.04  -0.03    -0.01  -0.04  -0.02    -0.05  -0.05  -0.02 
8   1     0.05   0.17  -0.02     0.00  -0.01  -0.02    -0.02  -0.01   0.00 
9   6    -0.06   0.00   0.00     0.00   0.00  -0.05     0.00   0.01  -0.09 
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10   1    -0.05  -0.03   0.02     0.00   0.02  -0.06     0.01   0.05  -0.12 
11   1    -0.04   0.00   0.00     0.00  -0.02  -0.06    -0.01  -0.04  -0.11 
12   6    -0.04  -0.02  -0.03     0.00   0.01  -0.03     0.00   0.02  -0.04 
13   1    -0.01  -0.10  -0.04     0.00   0.03  -0.02     0.03   0.07  -0.03 
14   1     0.40  -0.05   0.17     0.00  -0.01   0.01    -0.02   0.00  -0.03 
15   1    -0.02   0.02  -0.01    -0.04   0.45   0.39     0.18  -0.31  -0.01 
16   1     0.03   0.08   0.01     0.09  -0.50   0.32    -0.16   0.26   0.05 
17   1     0.01   0.10  -0.07    -0.02  -0.01   0.08    -0.03  -0.01   0.12 
18   1     0.11   0.00   0.02    -0.08   0.00  -0.09    -0.17   0.01  -0.24 
19   6    -0.16   0.12   0.06     0.01   0.01   0.05     0.09   0.00   0.14 
20   1    -0.09   0.22   0.29     0.01   0.01   0.05     0.10   0.01   0.21 
21   1     0.01  -0.04  -0.02     0.02   0.03   0.04     0.17   0.02   0.09 
22   1    -0.33   0.15   0.02     0.01   0.01   0.07     0.07   0.00   0.18 
23   1    -0.04   0.02   0.04    -0.04   0.02  -0.46     0.04  -0.05   0.57 
24   1     0.01  -0.03   0.02     0.09   0.01  -0.05     0.22   0.03  -0.17 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1018.383717 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for TSII-VI(PH3) with a 
P-Pt-P angle fixed at 100° 


 


Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -2.650429   -0.645016    0.049044 
2         78             0       -0.353697   -0.016575   -0.022963 
3         15             0       -0.562466    2.257592    0.041003 
4          7             0        2.801604    0.213327    0.579746 
5          6             0        2.463570   -1.210804    0.506567 
6          1             0        3.216696    0.445098    1.479689 
7          1             0        2.187877   -1.551639    1.508967 
8          1             0        3.318750   -1.811388    0.164195 
9          6             0        0.151551   -2.151943   -0.117689 


10          1             0       -0.408590   -2.649011   -0.906813 
11          1             0        0.046531   -2.583003    0.878020 
12          6             0        1.304216   -1.419367   -0.447039 
13          1             0        1.533134   -1.301011   -1.507026 
14          1             0        1.252848    0.542272    0.278822 
15          1             0       -3.040687   -1.496732    1.102086 
16          1             0       -3.175668   -1.372742   -1.038507 
17          1             0       -0.112790    2.958235   -1.095378 
18          1             0        0.122498    2.961033    1.050640 
19          6             0        3.622969    0.729052   -0.518641 
20          1             0        4.565941    0.177839   -0.631215 
21          1             0        3.063097    0.662303   -1.457081 
22          1             0        3.850386    1.781738   -0.332119 
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23          1             0       -3.661171    0.332184    0.167507 
24          1             0       -1.842121    2.834102    0.181210 


 
1                      2                      3 
A                      A                      A 


Frequencies --  -204.4253                49.7712                62.6671 
Red. masses --     2.7881                 2.8535                 1.0801 
Frc consts  --     0.0686                 0.0042                 0.0025 
IR Inten    --   487.4481                 2.1101                 0.7102 


Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 
1  15     0.01   0.04   0.03     0.01  -0.02   0.16     0.00   0.00   0.04 
2  78     0.02  -0.02   0.00     0.00   0.01  -0.02     0.00   0.00  -0.01 
3  15     0.07  -0.02  -0.01    -0.03   0.00  -0.06     0.01   0.00   0.00 
4   7    -0.27   0.07  -0.05     0.00  -0.04   0.08     0.00   0.00   0.01 
5   6    -0.05  -0.02  -0.03    -0.02  -0.03  -0.01     0.00   0.00  -0.01 
6   1    -0.49   0.23   0.02    -0.08  -0.09   0.13    -0.01  -0.01   0.02 
7   1    -0.02  -0.04  -0.03    -0.06  -0.08  -0.04     0.00  -0.01  -0.02 
8   1     0.07   0.15   0.00    -0.02  -0.03  -0.01     0.00   0.00  -0.02 
9   6    -0.05   0.01   0.00     0.00   0.01  -0.13     0.00   0.00  -0.02 


10   1    -0.05  -0.02   0.01     0.01   0.07  -0.17     0.00   0.01  -0.03 
11   1    -0.04   0.00   0.00    -0.02  -0.05  -0.16     0.01  -0.01  -0.03 
12   6    -0.04   0.00  -0.03     0.01   0.03  -0.06     0.00   0.01  -0.01 
13   1     0.00  -0.09  -0.03     0.04   0.08  -0.05     0.00   0.02  -0.01 
14   1     0.52  -0.08   0.22    -0.02  -0.01  -0.02     0.00   0.00   0.00 
15   1    -0.02   0.00  -0.01     0.13   0.07   0.27    -0.02   0.26   0.24 
16   1     0.05   0.05   0.00    -0.08  -0.12   0.27     0.04  -0.28   0.20 
17   1    -0.01   0.05  -0.01    -0.34  -0.07  -0.23     0.45   0.06   0.21 
18   1     0.04   0.08  -0.04     0.22   0.09  -0.29    -0.36  -0.08   0.30 
19   6    -0.12   0.09   0.04     0.10   0.00   0.18     0.01   0.01   0.02 
20   1    -0.07   0.15   0.29     0.11  -0.01   0.24     0.01   0.02   0.03 
21   1     0.04  -0.05  -0.03     0.19   0.04   0.12     0.02   0.02   0.02 
22   1    -0.25   0.12   0.01     0.09  -0.01   0.24     0.00   0.01   0.04 
23   1    -0.05  -0.01   0.02     0.01  -0.02   0.17    -0.01   0.02  -0.24 
24   1     0.06  -0.04   0.03    -0.01  -0.01   0.24    -0.03   0.02  -0.45 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1018.385484 


 


Computed Cartesian coordinates, three lower frequencies PCM energy for TSII-VI(PH3) with a 
P-Pt-P angle fixed at 110° 
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 Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -2.672340   -0.611218    0.033393 
2         78             0       -0.389286    0.042712   -0.016224 
3         15             0       -0.228063    2.313849    0.041683 
4          7             0        2.795270    0.012915    0.568587 
5          6             0        2.337467   -1.376999    0.502317 
6          1             0        3.233283    0.209315    1.466111 
7          1             0        2.036059   -1.689097    1.506647 
8          1             0        3.137431   -2.050393    0.161083 
9          6             0       -0.032924   -2.145551   -0.112732 


10          1             0       -0.628844   -2.603554   -0.899350 
11          1             0       -0.161603   -2.565837    0.884680 
12          6             0        1.163703   -1.496357   -0.447814 
13          1             0        1.394462   -1.389810   -1.508429 
14          1             0        1.262597    0.458353    0.273421 
15          1             0       -3.015519   -1.515479    1.058130 
16          1             0       -3.146672   -1.335860   -1.078921 
17          1             0        0.412076    2.905072   -1.064695 
18          1             0        0.525458    2.873020    1.091439 
19          6             0        3.657087    0.449918   -0.533491 
20          1             0        4.547428   -0.183042   -0.644856 
21          1             0        3.092963    0.429269   -1.471535 
22          1             0        3.977824    1.478850   -0.351596 
23          1             0       -3.739610    0.300798    0.173502 
24          1             0       -1.375870    3.130890    0.113892 


 
                    1                      2                      3 


A                      A                      A 
Frequencies --  -176.7704                49.5687                89.0287 


Red. masses --     3.0132                 3.7927                 2.1742 
Frc consts  --     0.0555                 0.0055                 0.0102 
IR Inten    --   360.3334                 2.3332                 8.2522 


Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 
1  15     0.01   0.04   0.03     0.01  -0.02   0.20     0.00  -0.01  -0.05 
2  78     0.02  -0.02   0.00     0.00   0.01  -0.03     0.00   0.01   0.04 
3  15     0.08  -0.03  -0.01    -0.04   0.01  -0.06    -0.02   0.01  -0.12 
4   7    -0.27   0.08  -0.04    -0.01  -0.04   0.10     0.02  -0.07   0.03 
5   6    -0.05  -0.02  -0.03    -0.03  -0.03  -0.01     0.02  -0.06  -0.10 
6   1    -0.48   0.26   0.03    -0.10  -0.09   0.15     0.05  -0.17   0.03 
7   1    -0.02  -0.05  -0.03    -0.09  -0.08  -0.04     0.07  -0.17  -0.12 
8   1     0.07   0.15  -0.01    -0.03  -0.03   0.00     0.01  -0.03  -0.20 
9   6    -0.06   0.01   0.00     0.00   0.01  -0.17    -0.01   0.00  -0.04 


10   1    -0.06  -0.01   0.01     0.02   0.08  -0.22    -0.04   0.04  -0.03 
11   1    -0.04   0.01   0.00    -0.02  -0.07  -0.20     0.03  -0.03  -0.05 
12   6    -0.05  -0.01  -0.04     0.02   0.04  -0.07    -0.02   0.01  -0.06 
13   1    -0.02  -0.09  -0.04     0.06   0.11  -0.06    -0.06   0.05  -0.07 
14   1     0.46  -0.10   0.19    -0.02   0.00  -0.04    -0.03  -0.03   0.09 
15   1    -0.01   0.00  -0.01     0.16   0.04   0.30     0.03  -0.32  -0.31 
16   1     0.03   0.05   0.01    -0.12  -0.10   0.31    -0.03   0.32  -0.26 
17   1     0.01   0.04  -0.02    -0.16   0.00  -0.13    -0.23  -0.09  -0.30 
18   1     0.08   0.05  -0.05     0.06   0.04  -0.14     0.17   0.12  -0.31 
19   6    -0.13   0.12   0.05     0.13  -0.02   0.21    -0.03   0.06   0.04 
20   1    -0.06   0.19   0.29     0.14  -0.03   0.30    -0.03   0.08  -0.07 
21   1     0.01  -0.04  -0.02     0.24   0.00   0.14    -0.07   0.16   0.06 
22   1    -0.28   0.17   0.03     0.11  -0.03   0.27    -0.03   0.04   0.14 
23   1    -0.03  -0.01   0.03     0.02  -0.03   0.28     0.00  -0.05   0.25 
24   1     0.07  -0.05   0.04    -0.04  -0.01   0.04    -0.01   0.00   0.02 


  Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1018.382788 
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Computed Cartesian coordinates, three lower frequencies PCM energy for TSII-VI(PH3) with a 
P-Pt-P angle fixed at 120° 


 


 Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0        2.701126   -0.570315   -0.018011 
2         78             0        0.423142    0.107658    0.007191 
3         15             0       -0.106261    2.321787   -0.035972 
4          7             0       -2.791088   -0.188266   -0.564212 
5          6             0       -2.210282   -1.529155   -0.497415 
6          1             0       -3.262980   -0.044749   -1.454364 
7          1             0       -1.882601   -1.814047   -1.501684 
8          1             0       -2.944634   -2.274380   -0.154954 
9          6             0        0.199743   -2.127904    0.118137 


10          1             0        0.825846   -2.540008    0.906652 
11          1             0        0.350655   -2.544188   -0.877595 
12          6             0       -1.031295   -1.555459    0.452030 
13          1             0       -1.263855   -1.445596    1.511787 
14          1             0       -1.239139    0.375265   -0.280157 
15          1             0        3.004530   -1.505584   -1.026699 
16          1             0        3.135823   -1.296237    1.109045 
17          1             0       -0.923924    2.744467    1.029081 
18          1             0       -0.882683    2.743634   -1.131548 
19          6             0       -3.672997    0.173805    0.548585 
20          1             0       -4.493552   -0.543635    0.685781 
21          1             0       -3.094993    0.223554    1.477184 
22          1             0       -4.100032    1.162356    0.361107 
23          1             0        3.810212    0.289171   -0.167929 
24          1             0        0.859881    3.350698   -0.015378 


 
                    1                      2                      3 


A                      A                      A 
Frequencies --   -92.1615                42.8380                87.8279 
Red. masses --     3.6496                 3.8474                 3.5355 
Frc consts  --     0.0183                 0.0042                 0.0161 
IR Inten    --   103.4697                 2.7846                10.5628 


Atom AN      X      Y      Z        X      Y      Z        X      Y      Z 
1  15     0.00  -0.04   0.05     0.01   0.02   0.20     0.00   0.03  -0.06 
2  78     0.02   0.02   0.00    -0.01  -0.01  -0.04     0.00  -0.01   0.06 
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3  15     0.11   0.05  -0.03    -0.04  -0.02  -0.03    -0.02  -0.02  -0.17 
4   7    -0.25  -0.09   0.00     0.00   0.04   0.09     0.04   0.12   0.05 
5   6    -0.06   0.01  -0.05    -0.03   0.02   0.01     0.03   0.09  -0.15 
6   1    -0.40  -0.21   0.07    -0.09   0.07   0.14     0.09   0.28   0.06 
7   1    -0.02   0.10  -0.07    -0.11   0.04  -0.02     0.07   0.26  -0.18 
8   1     0.07  -0.14  -0.08    -0.03   0.03   0.04     0.01   0.05  -0.29 
9   6    -0.06   0.01  -0.02     0.01  -0.02  -0.18     0.00  -0.01  -0.08 


10   1    -0.08   0.01   0.00     0.04  -0.09  -0.24    -0.04  -0.07  -0.09 
11   1    -0.04   0.01  -0.01    -0.04   0.07  -0.22     0.05   0.07  -0.11 
12   6    -0.06   0.02  -0.05     0.03  -0.04  -0.07    -0.01  -0.03  -0.10 
13   1    -0.06   0.08  -0.06     0.09  -0.11  -0.05    -0.06  -0.13  -0.10 
14   1     0.24   0.08   0.13    -0.02  -0.01  -0.07    -0.06   0.03   0.15 
15   1     0.00  -0.01   0.03     0.15  -0.03   0.30     0.00   0.14  -0.15 
16   1    -0.03  -0.06   0.05    -0.12   0.10   0.30     0.04  -0.07  -0.14 
17   1     0.09   0.03  -0.04    -0.13  -0.04  -0.09    -0.02   0.15  -0.24 
18   1     0.13   0.02  -0.06     0.04  -0.01  -0.09    -0.02  -0.19  -0.24 
19   6    -0.16  -0.20   0.10     0.14   0.06   0.19    -0.01  -0.06   0.08 
20   1    -0.03  -0.32   0.27     0.15   0.07   0.30    -0.03  -0.07  -0.11 
21   1    -0.05  -0.03   0.02     0.26   0.06   0.12    -0.05  -0.26   0.12 
22   1    -0.36  -0.28   0.10     0.13   0.06   0.24     0.04  -0.02   0.24 
23   1    -0.01  -0.02   0.09     0.02   0.03   0.29    -0.03   0.07   0.00 
24   1     0.13   0.03  -0.02    -0.06   0.00   0.06    -0.02  -0.01  -0.33 


  Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1018.376021 


 


Computed Cartesian coordinates and PCM energy for VI(PH3) with a P-Pt-P angle fixed at 90° 


 


Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -2.562735   -0.807859    0.452122 
2         78             0       -0.365380   -0.025993   -0.099702 
3         15             0       -1.130376    2.134085   -0.085345 
4          1             0        5.035805    0.294195    0.689143 
5          6             0        4.126584    0.915521    0.679866 
6          7             0        3.068180    0.392085   -0.182089 
7          1             0        4.396645    1.919502    0.341373 
8          1             0        3.752187    0.994238    1.705887 
9          6             0        2.641110   -0.958368    0.145795 


10          1             0        3.364963    0.439239   -1.154992 
11          1             0        2.471392   -1.016094    1.226545 
12          1             0        3.401975   -1.720484   -0.103642 
13          6             0        0.347820   -2.106501   -0.056224 
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14          1             0       -0.269994   -2.712416   -0.715827 
15          1             0        0.402025   -2.433850    0.982001 
16          6             0        1.384459   -1.337932   -0.598613 
17          1             0        1.454531   -1.291415   -1.687268 
18          1             0        1.061853    0.709356   -0.349553 
19          1             0       -0.215159    3.198449   -0.147715 
20          1             0       -1.896289    2.520151    1.032672 
21          1             0       -2.724523   -1.525954    1.653716 
22          1             0       -3.211979   -1.685223   -0.439626 
23          1             0       -3.592616    0.140857    0.619914 
24          1             0       -2.011591    2.482615   -1.127829 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1018.386233 


 


Computed Cartesian coordinates and PCM energy for VI(PH3) with a P-Pt-P angle fixed at 
100° 


 


Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -2.559474   -0.843637    0.438875 
2         78             0       -0.411564    0.010580   -0.089722 
3         15             0       -0.859144    2.248154   -0.070062 
4          1             0        5.039536    0.013864    0.663342 
5          6             0        4.173945    0.694635    0.676807 
6          7             0        3.072993    0.260243   -0.182105 
7          1             0        4.507538    1.684683    0.354235 
8          1             0        3.816818    0.778194    1.708562 
9          6             0        2.563737   -1.064974    0.129094 


10          1             0        3.365800    0.301713   -1.156594 
11          1             0        2.384829   -1.124539    1.208307 
12          1             0        3.279311   -1.869008   -0.124649 
13          6             0        0.228254   -2.110446   -0.102962 
14          1             0       -0.407396   -2.677569   -0.779878 
15          1             0        0.271857   -2.467658    0.925736 
16          6             0        1.293348   -1.368725   -0.624988 
17          1             0        1.364544   -1.293796   -1.711856 
18          1             0        1.054855    0.679502   -0.349536 
19          1             0       -0.085137    3.030950    0.804953 
20          1             0       -2.154271    2.694152    0.260747 
21          1             0       -2.663418   -1.678444    1.568856 
22          1             0       -3.184807   -1.662225   -0.522623 
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23          1             0       -3.618674    0.046386    0.709384 
24          1             0       -0.656820    2.926182   -1.285837 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1018.387901 


 


Computed Cartesian coordinates and PCM energy for VI(PH3) with a P-Pt-P angle fixed at 
110° 


 


Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -2.589660   -0.809648    0.423982 
2         78             0       -0.443989    0.054021   -0.074725 
3         15             0       -0.502577    2.332913   -0.079408 
4          1             0        4.976564   -0.267807    0.656179 
5          6             0        4.142577    0.449701    0.694327 
6          7             0        3.024015    0.090930   -0.178239 
7          1             0        4.519529    1.433996    0.403747 
8          1             0        3.788618    0.513739    1.728381 
9          6             0        2.457634   -1.222502    0.087165 


10          1             0        3.318504    0.153321   -1.151311 
11          1             0        2.288693   -1.316092    1.165418 
12          1             0        3.132967   -2.045518   -0.209018 
13          6             0        0.062968   -2.117848   -0.138407 
14          1             0       -0.609933   -2.635039   -0.819345 
15          1             0        0.100096   -2.499210    0.881768 
16          6             0        1.164315   -1.432137   -0.659867 
17          1             0        1.227780   -1.337783   -1.745666 
18          1             0        1.091080    0.593747   -0.298467 
19          1             0        0.382996    2.960165    0.814546 
20          1             0       -1.690149    3.041251    0.194983 
21          1             0       -2.653225   -1.693950    1.518412 
22          1             0       -3.180855   -1.615295   -0.569189 
23          1             0       -3.687532    0.019630    0.731760 
24          1             0       -0.123540    2.932457   -1.293913 


Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1018.384265 


 


Computed Cartesian coordinates and PCM energy for VI(PH3) with a P-Pt-P angle fixed at 
120° 







46 


 


 
 Center     Atomic     Atomic              Coordinates (Angstroms) 


Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 


1         15             0       -2.650082   -0.677864    0.413358 
2         78             0       -0.462534    0.107550   -0.057781 
3         15             0       -0.043118    2.348049   -0.113981 
4          1             0        4.843361   -0.565836    0.676793 
5          6             0        4.026668    0.167481    0.744997 
6          7             0        2.914414   -0.121751   -0.163360 
7          1             0        4.428745    1.157227    0.513074 
8          1             0        3.656520    0.181121    1.774866 
9          6             0        2.305284   -1.434196    0.018226 


10          1             0        3.221353   -0.009797   -1.128510 
11          1             0        2.159045   -1.599390    1.090863 
12          1             0        2.943897   -2.251018   -0.357787 
13          6             0       -0.157301   -2.120624   -0.162937 
14          1             0       -0.887385   -2.569509   -0.832979 
15          1             0       -0.126457   -2.519590    0.850553 
16          6             0        0.983020   -1.522336   -0.704660 
17          1             0        1.029224   -1.415117   -1.790116 
18          1             0        1.162599    0.449371   -0.202101 
19          1             0        0.908046    2.795874    0.820163 
20          1             0       -1.041806    3.330835    0.053859 
21          1             0       -2.713655   -1.590459    1.484111 
22          1             0       -3.245231   -1.457791   -0.597777 
23          1             0       -3.751159    0.139473    0.744729 
24          1             0        0.541607    2.793207   -1.313685 


  Total free energy in solution: 
with all non electrostatic terms            (a.u.) =   -1018.376501 
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General methods 
Reagents were purchased from Aldrich, Acros, Merck or Fluka and were used as 
provided, unless stated otherwise. All solvents were reagent grade. Enzymes used for the 
molecular biology procedures, DNA ladders, protein molecular weight standards, 
deoxynucleotide triphosphates (dNTPs), the high pure plasmid isolation kit, the high pure 
PCR product purification kit, and multipurpose agarose were purchased from F. 
Hoffmann-La Roche, Ltd. Oligonucleotides for DNA amplification and sequencing were 
synthesized by Sigma-Aldrich. All biocatalytic reactions were performed in 50 mL 
Greiner tubes, which were shaken at ~100 rpm in a waterbath at 37°C. Buffer and stock 
solutions of fumarate were prepared in distilled water and stored at 4°C. The pH of the 
solutions was adjusted with a Professional Meter PP-15 pH-meter from Sartorius. All 
moisture sensitive reactions were performed in round bottomed or modified Schlenk 
flasks, previously heated with a heatgun under oilpump vacuum, which were fitted with 
rubber septa under a positive pressure of nitrogen. Air- and moisture-sensitive liquids and 
solutions were transferred via syringe. Organic solutions were concentrated by rotary 
evaporation at 40–60°C. Lyophilization was performed with a ALPHA 2-4 LD plus 
freeze dryer from Christ. Flash column chromatography was performed as described by 
Still et al.[1] As stationary phase, Silia-P flash silica gel from Silicycle, size 40-63 µm, 
was used. For TLC analysis silica gel 60 from Merck (0.25 mm) impregnated with a 
fluorescent indicator (254 nm) was used. TLC plates were visualized by exposure to 
ninhydrin or phosphomolybdic acid (PMA) stain followed by brief heating with a 
heatgun. Ion exchange chromatography was performed with either Dowex 50 (H+ form) 
activated with 1N HCl and rinsed with distilled water until a neutral pH was obtained (as 
assessed with pH indicator paper), or Amberlite IRA 140 (Cl− form) activated with 1N 
NaOH until chloride free and washed with distilled water until a neutral pH was obtained. 
SPE SCX columns were purchased from IST. Optical rotations were recorded with a 
Polartronic MH8 polarimeter from Schmidt + Haensch. The concentrations are given in 
g/100 mL. 1H and 13C NMR spectra were recorded on a Varian VXR-300 (300 MHz) or a 
Varian Mercury Plus (400 MHz) spectrometer. Chemical shifts for protons are reported 
in parts per million scale (δ scale) downfield from tetramethylsilane and are referenced to 
residual protium in the NMR solvents (CHCl3: δ = 7.25, H2O: δ = 4.67). Chemical shifts 
for carbon are calibrated to the middle signal of the 13C-triplet of  the solvent CDCl3 (δ = 
77.0). HPLC spectra were obtained using a Shimadzu LC-20AD equipped with a 
Chiralpak OD-H column. Reversed phase HPLC was performed on a Shimadzu LC-
10AD VP using either a C6 Crownpack column or an Astec CLC-L column. Kinetic data 
were obtained on a Jasko V-550, V-560, or V-570 UV-spectrophotometer. Protein was 
analyzed by polyacrylamide gel electrophoresis (PAGE) under either denaturing 
conditions using sodium dodecyl sulfate (SDS) or native conditions on gels containing 
12% polyacrylamide. The gels were stained with Coomassie brilliant blue. Protein 
concentrations were measured using the Waddell method.[2] DNA sequencing was 
performed by GATC Biotech. 
 
[1] W. C. Still, M. Kahn, A. Mitra, J. Org. Chem. 1978, 43, 2923-2925. 
[2] W. J. Waddell, J. Lab. Clin. Med. 1956, 48, 311-314. 
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L-Aspartic acid from 2-hydrazinosuccinic acid 
The crude 2-hydrazinosuccinic acid (5.0 mmol) was dissolved in H2O (12 mL), and a 
catalytic amount of PtO2 followed by 3 drops of concentrated acetic acid were added. A 
hydrogen balloon was placed on top of the Schlenck flask and the solution stirred 
vigorously over night. The mixture was filtered over celite and the filtrate was evaporated. 
The crude aspartic acid was purified by IEC on cationic Dowex 50 (H+, 20-50 mesh, 
washed with water) by elution with 5% NH3-solution and lyophilized. 1H NMR (300 
MHz; D2O) δ = 2.55 (dd, 2J (2,2) = 17.4 Hz, 3J (2,1) = 8.7 Hz, 1H; CH2), 2.69 (dd, 2J (2,2) 
= 17.5 Hz, 3J (2,1) = 4.1 Hz, 1H; CH2), 3.76 (dd, 3J (1,2) = 9.0 Hz, 3J (1,2) = 3.6 Hz, 1H; 
CH); HPLC (Astec CLC-L, 2mM CuSO4 in H2O : MeOH 90 : 10, flow 1.0 mL/min, 
40°C) 6.3 min (D-Asp), 7.4 min (L-Asp), 99.5% ee.  
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 


 







 
L-Aspartic acid from N-hydroxyaspartic acid 
The crude N-hydroxyaspartic acid (1.0 mmol) was dissolved in H2O (5 mL), and a 
catalytic amount of PtO2 followed by 5 drops of concentrated acetic acid were added. A 
hydrogen balloon was placed on top of the Schlenck flask and the solution stirred 
vigorously over night. The mixture was filtered over celite and the filtrate was evaporated. 
The crude aspartic acid was purified via IEC on cationic Dowex 50 (H+, 20-50 mesh, 
washed with water) by elution with 5% NH3-solution, and lyophilized (0.16 g, 0.80 mmol, 
80%). HPLC (C6 Crownpack, HClO4, pH 2.0, flow 0.3 mL/min, 0°C) 4.33 min (D-Asp), 
6.23 (L-Asp), 97% ee)) 
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S1. Magnetic Susceptibility Measurements 







Magnetic susceptibility measurements were carried out for each of the materials 1, 


2a and 2b over the temperature range 4- 275 K in both the heating and cooling 


modes. The χMT versus temperature plots for 1 and 2b are located in the main text 


of the manuscript. Described here are the magnetic susceptibility measurements for 


2a and extra measurements for 2b not discussed in the text. 


Magnetic susceptibility measurements on 2a revealed a HS state for the iron(II) 


centres over all temperatures (Figure S1). The χMT values of ca. 3.5 cm3 K mol-1 


over the range 275 – 150 K are consistent with that expected for HS iron(II). Below 


150 K there is a slight decrease in χMT values to a minimum of ca. 3.25  cm3 K mol-


1 likely reflecting a small impurity of 1 as crystalline samples of these materials are 


formed together and must be separated by hand. The bulk of the sample is 2a thus it 


is not surprising that I would contain a small amount of 1. In any case it is obvious 


that it remains HS over all temperatures. Lastly, the drop in χMT values below 10 K 


is commonly observed for iron(II) SCO species and is due to combination of weak 


antiferromagnetic coupling and zero field splitting.  


Magnetic susceptibility measurements for the two-step SCO for 2b are reported in 


the text (Figure 3). Initially, a gradual one-step SCO was observed which showed 


significant trapping of a HS species at low temperatures with or without quench-


cooling (Figure S2). Firstly, the trapped HS species is due to torquing effects as 


when the sample was placed in Vaseline it was no longer observed. Additionally, 


when the sample was both cooled/heated at a slower rate, especially at low 


temperatures where longer equilibration times are often needed to avoid thermal 


trapping of HS species, this one-step behaviour was not observed only the reported 


two-step behaviour.     
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Figure S1. χMT versus temperature for Fe(NCS)2(bdpp), 2a, over the range 4-300 


K. 
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Figure S2. χMT versus temperature for Fe(NCSe)2(bdpp), 2b, over the range 4-275 


K. 







S2. LIESST Measurements by Magnetic Susceptibility 
 


The time-dependence of the relaxation of the metastable HS fraction of 2b in the 


absence of irradiation was carried out. The relaxation kinetics were carried out at 


the following temperatures; 40, 46, 50 and 55 K. At all temperatures the plots were 


fitted to a stretched exponential behavior. The Ea value calculated using the straight 


line fit through the data points in the Arrhenius plot is 165 cm–1. The stretched 


exponential shape of the relaxation curves and low the Ea value is consistent with 


low cooperativity in this system.  


These parameters, together with ko = 1.5 x 10-4 s-1 (the overestimated limit of the 


tunneling rate constant), were also used to confirm the stretched exponential model 


and simulate the T(LIESST) experimental curve given in Figure 3; the best fit 


curve, is very good (Figure S3). 
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Figure S3. Comparison of the T(LIESST) experimental and simulated (red curve) 
for 2b obtained from the thermodynamic parameters deduced from the kinetics : Ea 


= 165 cm-1, k∞ = 0.14 s-1 and k0= 1.5 10-4 s-1 
 
 







S3. Single Crystal X-ray Diffraction 
 


Single crystal diffraction for Fe(NCS)2(bdpp) (1 and 2a) and Fe(NCSe)2(bdpp) (2b) 


were carried out at various temperatures based on their individual magnetic 


susceptibility results. Polymorph 1 showed a two-step SCO. The appropriate 


temperatures for data collection where a plateau region was present were 25 K, 123 


K and 250 K. Thus the structures of polymorph were obtained in the 1LS-LS, 1LS-HS 


and 1HS-HS states. Polymorph 2a showed a HS state over all temperature so a 


standard structure was carried out at 123 K. The material 2b showed a two-step 


SCO occurring at higher temperatures than 1. The appropriate temperatures for data 


collection where a plateau region was present were 90 K, 150 K and 250 K. Thus 


the structures were obtained in the 2bLS, 2bLS/HS and 2bHS states.    


The numbering scheme of the materials, i.e. 1, 2a and 2b was chosen such that the 


isostructural materials 2a and 2b were group together rather than labeling the 


polymorphs 1 and 2a jointly. Furthermore, the superscript of the materials 1 and 2b 


at various temperatures refers to the spin state of the iron(II) centres and highlights 


that two crystallographically distinct metal sites were observed in 1 and one in 2b. 


Following are representative ORTEP diagrams of the structures 1LS-LS (Figure S4), 


2a (Figure S5) and 2bLS (Figure S6) with numbering schemes of all the atoms in the 


respective asymmetric units.    







 


Figure S4. ORTEP representation (50 % probability) of the crystal structure of 1 at 
25 K highlighting the numbering scheme. The same scheme is used for 1LS-LS, 1LS-


HS and 1HS-HS. 
 







 


Figure S5. ORTEP representation (50 % probability) of the crystal structure of 2a 
at 123 K highlighting the numbering scheme.  


 
 







 
Figure S6. ORTEP representation (50 % probability) of the crystal structure of 2b 
at 100 K highlighting the numbering scheme. The same scheme is used for 2bLS, 


2bLS/HS and 2bHS 
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1- Preparation and spectroscopic data for the monomer (norbornenyl)-


SnBu2(C6H4OMe) (2). 


2- Spectroscopic data for copolymers 4 and 6-8 


3- Spectroscopic data for the coupling products collected in Table 2 (main text) 
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7- Figures with NMR spectra showing the method used for the titration of polymers 


prior to the Stille reaction.  
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1- Preparation and spectroscopic data for the monomer 


(norbornenyl)SnBu2(C6H4OMe) (2). 


 


Dibutyl(p-methoxyphenyl)stannylnorbornene (2). A solution of 4-bromoanisole (2.719 


g, 14.536 mmol) in dry THF (30 mL) was added to iodine activated magnesium turnings 


(0.3862 g, 15.890 mmol) and refluxed for 8 h. The reaction mixture was cooled to 10 ˚C, 


and 1 (4.000 g, 11.063 mmol) was added to it. The mixture was stirred for 12 h at room 


temperature and then a 1:1 Et2O/H2O mixture (20 mL) was added. The organic layer was 


separated and the aqueous layer was washed twice with Et2O (2 x 15 mL). The combined 


organic solutions were washed with satured aqueous solutions of NH4Cl (15 mL) and NaCl 


(2 x 15 mL) and dried over MgSO4. The solvents were evaporated and a yellowish liquid  


was obtained. Isolated yield: 4.5856 g (95%). The product is a mixture of four isomers: 2a : 


2b : 2c : 2d = 45 : 41 : 7 : 7.  


 


(2-exo) 2a: 1H NMR (300.13 MHz, CDCl3): δ 7.47 (m, 2H, Hortho), 6.91 (m, 2H, Hmeta), 


6.11 (m, J = 3.0, 5.6 Hz, 1H, H6), 5.91 (m, J = 3.0, 5.6 Hz, 1H, H5), 3.81 (s, 3H, OCH3), 


2.99 (br, 1H, H4), 2.95 (br, 1H, H1), 1.87 (m, 1H, H3), 1.28 (m, 1H, H3’), 1.27 (m, 1H, H7), 


1.07 (m, 1H, H7’), 0.96 (m, 1H, H2), 0.95-1.7 (m, 12H, CH2, Bu), 0.87 (t, 6H, CH3, Bu). 


13C{1H} NMR (75.4 MHz, CDCl3): δ 159.9 (s, Cipso-OCH3), 137.2 (s, Cortho), 136.8 (s, 3JSn-C = 


52.0 Hz, C6), 132.5 (s, C5), 131.5 (s, Cipso-Sn), 113.4 (s, Cmeta), 55.0 (s, OCH3), 48.1 (s, 3JSn-C 


= 0 Hz, C7), 45.0 (s, C1), 43.0 (s, 3JSn-C = 11.5 Hz, C4), 29.1 (s, CH2), 28.5 (s, C3), 26.1 (s, 
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CH2), 21.2 (s, C2), 13.3 (s, CH3), 9.2 (s, CH2-Sn). 119Sn{1H} NMR (11.8 MHz, CDCl3): δ -


38.5 (s) 


(2-endo) 2b: 1H NMR (300.13 MHz, CDCl3): δ 7.47 (m, 2H, Hortho), 6.91 (m, 2H, Hmeta), 


6.00 (m, 1H, H5), 5.95 (m, 1H, H6), 3.81 (s, 3H, OCH3), 3.15 (br, 1H, H1), 2.96 (br, 1H, H4), 


2.08 (m, 1H, H3), 1.68 (m, 1H, H2), 1.5 (m, 1H, H7), 1.23 (m, 1H, H3’), 1.14 (m, 1H, H7’), 


0.95-1.7 (m, 12HBu), 0.87 (t, 6H, CH3). 13C{1H} NMR (75.4 MHz, CDCl3): δ 159.8 (s, Cipso-


OCH3), 137.2 (s, Cortho), 135.8 (s, C5), 135.2 (s, 3JSn-C = 23.4 Hz, C6), 131.5 (s, Cipso-Sn), 


113.4 (s, Cmeta), 55.0 (s, OCH3), 50.4 (s, 3JSn-C = 48.4 Hz, C7), 46.0 (s, C1), 42.0 (s, 3JSn-C = 19 


Hz C4), 29.1 (s, CH2), 28 (s, C3), 26.1 (s, CH2), 22 (s, C2), 13.3 (s, CH3), 10.1 (s, CH2-Sn). 


119Sn{1H} NMR (111.92 MHz, CDCl3): δ -44.2 (s) 


2c: 1H NMR (300.13 MHz, CDCl3): δ 7.47 (m, 2H, Hortho), 6.91 (m, 2H, Hmeta), 6.02 (m, 


2H, H5, H6), 3.81 (s, 3H, OCH3), 3.12 (br, 2H, H4, H1), 2.12 (m, 1H, H7), 0.95-1.7 (m, 16H, 


12HBu, H3, H3’, H2, H2’) 0.87 (t, 6H, CH3). 13C{1H} NMR (75.4 MHz, CDCl3): δ 159.9 (s, 


Cipso-OCH3), 137.2 (s, Cortho), 136.5 (s, C5,C6), 131.5 (s, Cipso-Sn), 113.4 (s, Cmeta), 55.0 (s, 


OCH3), 46.5 (s, C1,C 4), 32 (s, C7), 29.1 (s, CH2), 26.1 (s, CH2), 13.3 (s, CH3), 10.8 (s, CH2-


Sn). 119Sn{1H} NMR (11.8MHz, CDCl3): δ -56.3 (s)*. 


2d: 1H NMR (300.13 MHz, CDCl3): δ 7.47 (m, 2H, Hortho), 6.91 (m, 2H, Hmeta), 3.81 (s, 


3H, OCH3), 0.95-1.7 (m, 16H, 12HBu, H1-7), 0.87 (t, 6H, CH3). 119Sn{1H} NMR (111.92 


MHz, CDCl3): δ -55.9 (s)*. 


* The assignment of these two signals could be reversed. 
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2- Spectroscopic data for copolymers 5 and 7-9: 


 


Copol-NB-NB-SnBu2(CH=CH2) (4): 1H NMR (300.13 MHz, CDCl3): δ 6.4 (br, 1H, 


CH=CH2), 6.1 (br, 1H, CH=CHtransH), 5.6 (br, 1H, CH=CHHcis), 2.8-0.7 (br, HBu, H1-7). 


Copol-NB-NB-SnBu2(C6H4F-p) (7): 1H NMR (300.13 MHz, CDCl3): δ 7.4 (br, 2H, Hortho), 


7.0 (br, 2H, Hmeta), 2.8-0.7 (br, HBu, H1-7). 13C{1H} NMR (75.4 MHz, CDCl3): δ 163.2 (d, 1JC-


F = 244 Hz, Cpara-F), 138.0 (s, Cortho), 136.0 (s, Cipso-Sn), 115.1 (d, 2JC-F = 18.3 Hz, Cmeta), 


52.5-49.5 (br, C5,6), 48.0-45.0 (br, C1,4), 41.0-38.0 (br, C7), 36.5-34.0 (br, C1,2), 29.2 (s, Bu: -


CH2-CH2-CH2-), 27.5 (s, Bu: -CH2-CH3), 13.7 (s, Bu: CH3-), 9.3 (br, Bu: -CH2-Sn). 19F 


RMN (282 MHz, CDCl3): δ -113.9 (br).119Sn{1H} NMR (111.92 MHz, CDCl3): δ -43.1 


(br). 


Copol-NB-NB-SnBu2(C6H4CF3-p) (8): 1H NMR (300.13 MHz, CDCl3): δ 7.7-7.4 (br, 4H, 


Harom), 2.7-0.7 (br, HBu, H1-7). 13C{1H} NMR (75.4 MHz, CDCl3): δ 148.0 (br, Cpara-CF3), 


136.8 (s, Cortho), 129.8 (br, Cipso-Sn), 124.1 (s, Cmeta), 52.0-49.0 (br, C5,6), 48.0-46.0 (br, C1,4), 


42.0-39.0 (br, C7), 37.0-34.0 (br, C1,2), 29.1 (s, Bu: -CH2-CH2-CH2-), 27.5 (s, Bu: -CH2-


CH3), 13.7 (s, Bu: CH3-), 9.3 (br, Bu: -CH2-Sn). 19F RMN (282 MHz, CDCl3): δ - 63.21 


(br).119Sn{1H} NMR (111 .92 MHz, CDCl3): δ -45.0 (br). 


Copol-NB-NB-SnBu2(C2Ph) (9): 1H NMR (300.13 MHz, CDCl3): δ 7.5-7.3 (br, 2H, Hortho), 


7.3-7.1 (br, 3H, Hmeta, Hpara ), 2.7-0.6 (br, HBu, H1-7). 13C{1H} NMR (75.4 MHz, CDCl3): δ 


131.9 (s, Cortho), 128.1 (s, Cmeta), 127.8 (s, Cpara), 124.0 (s, Cipso), 110.5 (s, C≡C-Sn), 93 (s, 


C≡C-Ph), 52.0-50.0 (br, C5,6), 48.0-46.0 (br, C1,4), 41.0-38.0 (br, C7), 36.0-34.0 (br, C1,2), 
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29.0 (s, Bu, -CH2-CH2-CH2-), 27.1 (s, Bu, -CH2-CH3), 13.6 (s, Bu, CH3-), 11.0 (br, Bu, -


CH2-Sn). 119Sn{1H} NMR (111.92 MHz, CDCl3): δ -64.0 (br).  
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3- Spectroscopic data for the coupling products collected in Table 2 (main text): 


 


C6F5-CH=CH2 (10): 1H RMN (300.13 MHz, CDCl3): δ 6.60-6.65 (dd, 1H, H2), 6.10 (d, 1H, 


H1), 5.70 (d, 1H, H1’). 19F RMN (282 MHz, CDCl3): δ -163.5 (m, 2Fmeta), -156.5 (t, 2Fpara), -


143.9 (m, 2Fortho). 


CH2=CH-CH2-(C6H4F-p) (14): 1H RMN (300.13 MHz, CDCl3): δ 7.15 (m, 2H, H2,6), 6.97 


(m, 2H, H3,5), 5.89 (m, 1H, CH2=CH-CH2-), 5.09 (d, J = 10.7 Hz, 1H, CHH=CH-CH2-), 


5.03 (d, J = 16.1 Hz, 1H, CHH=CH-CH2-), 3.36 (d, J = 5.6 Hz, 2H, CH2=CH-CH2-). 
19F 


RMN (282 MHz, CDCl3): δ -116.5 (m).  


CH2=CH-CH2-(C6H4-CF3-p) (15): 1H RMN (300.13 MHz, CDCl3): δ 7.53 (m, 2H, H2,6), 


7.30 (m, 2H, H3,5), 5.89 (m, 1H, CH2=CH-CH2-), 5.13 (d, J = 11.4 Hz, 1H, CHH=CH-CH2-


), 5.09 (d, J = 15.7 Hz, 1H, CHH=CH-CH2-), 3.45 (d, J = 8.5 Hz, 2H, CH2=CH-CH2-). 
19F 


RMN (282 MHz, CDCl3): δ -63 (s).  


C6H5C(O)(C6H4-OMe-p) (16): 1H RMN (300.13 MHz, CDCl3): δ 7.73 (m, 2H, H2,6), 7.64 


(m, 2H, H2’,6’) 7.48 (m, 1H, H4), 7.39 (m, 2H, H3,5), 6.91 (m, 2H, H3’,5’), 3.89 (s, 3H, OCH3). 


C6H5C(O)(C6H4F-p) (17): 1H RMN (300.13 MHz, CDCl3): δ 7.82 (m, 2H, H2,6), 7.78 (m, 


2H, H2’,6’) 7.50 (m, 1H, H4), 7.39 (m, 2H, H3,5), 7.12 (m, 2H, H3’,5’). 19F RMN (282 MHz, 


CDCl3): δ -106.4 (s).  


O
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C6H5C(O)(C2C6H5) (18): 1H RMN (300.13 MHz, CDCl3): δ 8.24 (m, 2H, H2,6), 7.70 (m, 


2H, H3,5) 7.62 (m, 1H, H4), 7.50 (m, 2H, H2’,6’), 7.40 (m, 2H, H3’,5’ 


O
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4- Table with data of a second recycling experiment according to Scheme 3 and entry 


5, Table 2 (main text). 


 


Recycling experiments for copol-NB-NBSnBu2An (6) in the Stille reaction (entry 5, Table 


2) as shown in Scheme 3.[a]  


Cycle no. Step A, yield (%)[b] Step B, 4 yield (%) Step C, 6 yield (%) 


1 79 84 96 


2 75 98 95 


3 79 96 82 


4 70 100 100 


5 57 100  


[a] The polymers remain soluble throughout the cycles. [b] Yields were determined by 1H 


NMR of a sample of the reaction bulk before workup.  
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Introduction


One of the paramount paradigms in catalysis is that the cat-
alyst affects only the rate of the respective conversion,
whereas the equilibrium constant K is not altered. This is
surely true. The catalyst forms a transitional conjunction
with the reactants and vacates the conversion as it entered.
The transitional states are represented by a sequence of re-
action paths that are different to the noncatalysed case due
to chemical bonding to the catalyst. These “new” reaction
paths are associated with at least one lower activation barri-
er, leading to overall higher reaction rates kr!p (r= reac-
tants, p=products), but constant equilibrium K=kr!p/kp!r.
In heterogeneous catalysis, solid-state or molecular type,
catalytically active species are present at the interface of a
solid material. As a consequence, the maximisation of inter-
face becomes an important task. Porous materials or materi-
als composed of small particles may exhibit a large surface
area.[1] Ultimately, the catalyst itself might be produced in a
porous form, or in the form of small particles. Alternatively,
the catalyst can be immobilised on particles or on the inter-
nal surfaces of a porous support, metallocene polymerisation
catalysts bound to silica particles or attached to mesoporous
silica being nice examples.[2] Both subjects have already
been extensively described in several excellent review
articles.[3,4]


However, for chemical reactions occurring in the vicinity
of solid surfaces a possibility exists that an additional factor
influences the outcome of the reaction. Unlike in solution
or gas phase, the reactants cannot move freely in 3D space
anymore. In other words, the reacting system is restricted to


a confining reaction field (CRF). It is an interesting idea to
specify the strength of such a confinement by the mean cur-
vature of a surface (H), which is defined by two orthogonal
curvature radii [Eq. (1)].


H ¼ 0:5
�
1
�R1


þ 1
�R2


�
ð1Þ


The two principal curvatures can either be positive or
negative, depending on if the surface is locally convex or
concave. In the case of H�0, the mobility of a molecule at
the surface is only restricted due to geometric factors alone.
The degree of confinement will be influenced mainly by the
interaction between the reactants and the surface (see
Scheme 1, i). A volume surrounded by an interface with neg-
ative curvature (Scheme 1, iii) is most effective regarding


spatial restriction, more or less irrespective of the character
of interaction (attractive or repulsive). Because the surface
to volume ratio increases with increasing curvature, albeit
its sign, it is reasonable to argue that the chemical and phys-
ical properties of the surface will gain further importance
for large curvatures or small nanoscaled structures. Al-
though we believe that consideration of the mean curvature
is rather useful, it needs to be mentioned that nano-objects
with rectangular shape, for instance nanocubes, also possess
significant amounts of interface in relation to volume and
might also represent interesting candidates as CRFs, al-
though the interfaces themselves are not curved.
In the current paper we are interested in the influence of


CRFs on chemical processes impartial from a catalytic activ-
ity of the materials. However, it should be emphasised that
confinement effects are likely to play a role in catalysed re-
actions occurring in the vicinity of surfaces.


AGedanken Experiment—The Ideal Confining
Reaction Field


Although Scheme 1 illustrates a purely geometrical con-
struction, it is intuitive that surfaces with H<0 lead to the
separation of a particular volume. If this volume is small it


Abstract: The everyday routine of most chemists is dic-
tated by large numbers. The chemical rules for ensem-
bles of molar size (N�NA=6.022C1023) are well known
and can be understood in most cases by using Boltz-
mann distribution. It is an interesting question how a
small ensemble of a chemical system behaves and if it
differs from the respective large-ensemble counterpart.
The experimental approach presented in the current
paper involves the division of a macroscopic volume
into compartments that contain only a small number of
reactants. The compartments represent the pores of
tailor-made nanoporous materials.


Keywords: confinement effects · host–guest systems ·
mesoporous materials · nanochemistry · surface design
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Scheme 1. Schematic representation indicating a chemical reaction pro-
ceeding from reactant A to product B in the vicinity of the surface of a
system with i) positive curvature, H>0 (i.e., a particle), ii) zero curvature
(i.e., a flat surface) and iii) negative curvature, H<0 (i.e., a pore).
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leads to a significant spatial restriction. Therefore, strong
CRFs can be expected from porous materials with pore size
(Dpore) of just a few nanometers (mesopores with 2 nm>
Dpore>50 nm, or micropores Dpore<1 nm).


[5] Alternatively,
the interior of a small droplet, like in emulsions or micelles,
represent promising CRFs.[6] Due to the arguments men-
tioned above, one important criterion for a good CRF is the
ability to adjust the chemical and physical properties of the
interface surrounding the confinement, indicated as hierar-
chy level I in Scheme 2. Such an adjustment can only be


managed if one gains control over the functional groups at-
tached to the confining surface. The next key factor is the
option to generate CRFs with different dimensions of the
order 1–20 nm and as monodisperse in size as possible (hier-
archy level II in Scheme 2). The CRF volume (VCRF), at
given concentrations (c) of reactants, determines the size of
the ensemble per CRF, as indicated in Equation (2), with
NA=Avogadro constant. Note that NCRF considers only the
number of potential reactants and not the total number of
molecules per confinement, including solvent molecules.


NCRF ¼ c
�
mol
l


�
VCRFNA ð2Þ


The shape of the CRF (hierarchy level III) is also of some
interest as it allows us to investigate 3D confinements
(spherical compartments), 2D confinements (cylindrical
compartments) and 1D confinements (laminar compart-
ments). A crucial, and to a certain degree contradictory,
issue is the accessibility of a single CRF. An ideal CRF pre-
vents any mass and energy transfer to or from the environ-
ment. If the CRF was an isolated pore, separated from the
environment by a solid, robust wall, it would be extremely
difficult to open, fill, empty, or re-seal it. Thus, it became
impossible to study confined processes in porous solids. At
least limited accessibility of pores is inevitable. Although
there is no direct connection between micelles or emulsion
droplets, they may not necessarily represent ideal CRFs
with respect to criterion IV (Scheme 2). This is due to the


high dynamics, fusion and fission of self-assembled soft-
matter structures in solvents. However, there have been in-
dications that under certain circumstances emulsion droplets
are stable and do not exchange on a timescale of weeks.[7]


Because it is so difficult to gain control over criterion IV it
is important to take care that exchange processes taking
place between the individual CRFs (for instance mass ex-
change by diffusion) proceed on a timescale significantly
slower than the chemical processes for which confinement
effects are to be studied. Finally, it can be experimentally
very difficult to investigate one single compartment contain-
ing only a limited number of molecules. Therefore, it is prof-
itable to have a large number of identical CRFs available
that can be observed simultaneously. However, this creates
the additional problem that we need to ensure that single
CRFs are assembled in such a way that no additional
volume accessible for the ongoing chemical processes is
present.
In the following paragraphs it will be highlighted in how


far nanoporous materials fulfil the mentioned requirements
formulated for CRFs. Finally, some examples for chemistry
in confining reaction fields are described.


The preparation of mesoporous materials with narrow pore-
size distribution : Because a large number of excellent and
comprehensive review articles have already been published
on the preparation of mesoporous materials, only a very
brief description about the synthesis of this class of materi-
als is given here.[1,4,8] Porous materials in general can be gen-
erated from the combination of a cross-linking process form-
ing an inorganic network and a template. If the template
size is of the order of 2–50 nm, an attractive force between
the template surface and the inorganic network exists, and if
the crystallite size of the inorganic network is sufficiently
small, the pore size will be in the meso-regime after tem-
plate removal. The formation of inorganic oxides is most
frequently achieved by sol–gel processing starting from alk-
oxide precursors. Due to the narrow pore-size distributions
and the ordered pore systems, mesoporous materials origi-
nating from lyotropic phases as templates have gained enor-
mous impact since 1992, when MCM-41 was reported, a
silica material with �3 nm wide cylindrical pores aligned in
a hexagonal fashion.[9,10] Another classical example is the so-
called SBA-15 material, prepared from a lyotropic phase of
an amphiphilic PEO-PPO-PEO (PEO=poly(ethylene
oxide); PPO=poly(propylene oxide)) block copolymer
(Pluronic) and SiACHTUNGTRENNUNG(OEt)4 in acidic solution.


[11,12] The SiACHTUNGTRENNUNG(OEt)4
hydrolyses and polycondensates in the hydrophilic domains
of the liquid crystal. In an ideal case, the pore system repre-
sents a 1:1 replica of the template structure.[13] In addition to
the mesopores, it is known for many ordered mesoporous
materials (OMMs) that they also possess a significant
amount of micropores. For instance, the micropores in SBA-
15 are caused by PEO chains from the block-copolymer
template penetrating into silica network.[14] The micropores
might represent an additional CRF system. However, be-
cause their volume is rather small in comparison to the mes-


Scheme 2. Schematic representation indicating the hierarchy of require-
ments for confining reaction fields. Level I: properties of the confining
interface; level II: CRF size; level III: CRF shape; level IV: CRF accessi-
bility/connectivity; level V: macroscopic CRF assembly.
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opores, the confinement effect should be less significant
with respect to the entire system restricted to pores. In the
following, we will concentrate on silica OMMs as CRFs.


Hierarchical Features of Mesoporous Silica
Materials as Prototypes for Confining Reaction


Fields


Surface properties of mesoporous silica materials : Consider-
ing the preparation of mesoporous silica materials described
briefly in the previous section, different approaches can be
identified to influence the properties of the surfaces of the
CRFs (hierarchy level I; Scheme 2). Functional groups R
can be attached to the surfaces by post-synthetic modifica-
tion, meaning that the porous material is prepared first and
then treated with a functionalised compound reacting at the
interfaces. An alternative, more direct approach is to use al-
ready functionalised precursors leading to a modified net-
work composition and bringing the desired functional R
groups to the surface. Good progress has been made on
post-synthetic functionalisation, also known as grafting, for
silica materials. Grafting is possible because silica prepared
by sol–gel methods possesses reactive silanol groups (Si	
OH) at the surfaces, even after calcination. Typically, the
density of silanol groups in OMMs is of the order of 1–3
groups per nm2.[15] Surface modification with pendant organ-
ic groups can be achieved by Si-O-Si bond formation by
using suitable organosilanes. Both bond types, Si-O-Si and
Si	C are chemically inert. They are stable in air up to
300 8C (for Si	C), sometimes even higher, and stable in
acids (except Si-O-Si in hydrofluoric acid) and under moder-
ate basic conditions. Suitable organosilanes are R3SiCl (with
R=an organic group) or alkoxide precursors (R’O)3-
ACHTUNGTRENNUNGSiR.[16,17] Many different systems have been prepared by
using the grafting strategy; for example, relatively elementa-
ry surface modifications like attached alkyl or aminoalkyl
groups. In the meantime, the development has gone much
further, from very complex functions like surface-bound,
catalytically active, transition-metal complexes—for instance
the immobilisation of a bimetallic, ferrocene-containing, Pd-
catalyst on mesoporous silica[18]—to sensors or biological
active receptors,[19,20] to name only a few. However, there
are certain disadvantages associated with the grafting tech-
nique. The pendant organic substituent and potential gela-
tion of the surface modification agent leads to a decrease in
pore size, or even complete closure of the pore. Depending
on accessibility and density of Si	OH groups (see above),
only a fraction of the silanols are modified. The composition
of the materials has to be described as (SiO2)1	x· ACHTUNGTRENNUNG(RSiO1.5)x
in which x can be as high as 20%; cases of only 5% modifi-
cation have also been reported.[9,20] Thus, it is also very diffi-
cult to guarantee a homogeneous distribution of the organic
groups along the pore surface.
The ability of the mentioned organoalkoxysilanes to form


cross-linked organosilica gels can also be used as an advant-
age. The materials RSiO1.5 obtained from the pure precur-


sors (R’O)3SiR can be prepared in both a porous and non-
porous form.[17,21] Unfortunately, the preparation of OMMs
with a narrow pore-size distribution from organic liquid
crystals as templates was not possible unless the organosi-
lane is diluted with a source of pure silica: (1	x)Si(OR)4+
x ACHTUNGTRENNUNG(R’O)3SiR! ACHTUNGTRENNUNG(SiO2)1	x· ACHTUNGTRENNUNG(RSiO1.5)x. The described method
became known as the co-condensation approach and was
first applied to MCM-41-type materials in 1996.[22] However,
there are many problems associated with the co-condensa-
tion method that arise from the inevitable dilution of the or-
ganosilica matrix with pure silica. It was only possible to
derive a pore systems typical for OMMs from �25% or less
of (R’O)3SiR used during the sol–gel process. The reason for
this phenomenon is probably that the microphase separation
into hydrophobic and hydrophilic domains leading to the
lyotropic phase (the template) is hindered due to the stron-
ger hydrophobic character induced by the pendant organic
substituent in (R’O)3SiR and also its dipolar orientation.
Furthermore, the organic substituent attached to the silicon
atoms affects the hydrolysis kinetics of the Si-OR’ bonds in
comparison to the tetraalkoxysilanes. In an extreme case, if
the kinetics are significantly different, it might come to two,
more or less independent, gel-formation steps. All three fac-
tors, enhanced hydrophobicity, limited degree of organic
modification and changed gelation kinetics are negative fac-
tors with respect to a good homogeneity of the material and
the surfaces.
The problems mentioned for grafting and co-condensation


were solved when a new class of materials was introduced in
1999 by three independent groups: The so-called periodic
mesoporous organosilica (PMO) materials.[23–25] The meso-
porous materials were prepared by using silsesquioxane pre-
cursors possessing a bridging organic group R: (R’O)3Si-R-
SiACHTUNGTRENNUNG(OR’)3. Interestingly, the bridged silsesquioxane precursors
were known before the synthesis of OMMs.[26] It has to be
emphasised, that for real PMOs the organosilane precursor
is not further diluted with a precursor leading to pure SiO2,
as described in the co-condensation case. The enhanced hy-
drophobicity of the organic substituent R is compensated by
the two silicic acid building blocks arranged in such a way
that a weaker dipole results in comparison to (R’O)3SiR.
This allows the use of (R’O)3Si-R-Si ACHTUNGTRENNUNG(OR’)3 in an undiluted
form and the composition of the materials corresponds to
RSi2O3. As a result, the materials are very homogeneous.
Furthermore, due to the bridging mode of the organic
group, it does not protrude into the pore-volume anymore,
but is imbedded inside the pore surface. In the meantime a
large variety of new and highly interesting PMO materials
have been reported. A more comprehensive description can
be found in recent review articles.[27] To bring any desired
functional group to the surfaces, the corresponding silses-
quioxane precursors need to be synthesised first. Therefore,
it is challenging to develop multifunctional precursors that
can be transformed into a variety of functional entities at
the precursor state or even directly at the surfaces of the
mesoporous solid. Nice examples for such a multifunctional
system are PMOs with bridging ethylene, methylene or bro-
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mophenylene and the corresponding precursors.[25, 28,29] Eth-
ylene-bridged silica can react in bromination or Diels–Alder
reactions.[23,25] In our group we were able to achieve the
enantioselective, catalytic hydroboration of bis(trimethoxysi-
lyl)ethene followed by the preparation of a PMO materials
with chiral OH groups along the pore surfaces.[30] Another
interesting system are PMO materials with bridging Si-CH2-
Si units.[28, 31] Earlier, though not on PMO-materials, Corriu
showed that the precursor bis(triethoxysilyl)methane can be
deprotonated due to the negative hyperconjugation of the
molecular orbitals of the two C	H bonds with the antibond-
ing s* orbitals at the silicon atom. The resulting anion can
react with a variety of electrophiles according to nucleophil-
ic substitution reactions.[32]


In our group, we concentrated on a different system con-
taining a phenyl ring as a multifunctional entity.[33] PMO
materials with bridging phenyl located along the pore surfa-
ces are very interesting, because it is possible to achieve
crystalline pore walls.[34] While all other ordered mesoporous
silica and organosilica materials are amorphous, p–p interac-
tions between the phenyl rings can induce local ordering.
Furthermore, the thermal stability of the materials is very
high; under inert conditions they can be heated up to
�500 8C and in the presence of oxygen up to �380–400 8C
without degradation. Further derivatisation of the phenyl
ring has also been reported, for example, sulfonation, ami-
nation, and conversion to amine-functionalised silica or the


attachment organometallic complexes [-C6H4M(CO)3-].
[35]


We became interested in the development of a system of
even greater chemical versatility, namely a PMO precursor
and resulting mesoporous material containing a bridging
bromophenyl entity (see Figure 1).[29] From 1,5-bis(triisopro-
poxysilyl)-3-bromobenzene it is possible to synthesise a
meso ACHTUNGTRENNUNGporous organosilica material though not with a highly
ordered pore system. The advantage of this system is that
the entire range of derivatisation chemistry known for halo-
genated aromatic compounds can now be applied in the
field of PMOs. Different functional groups can be attached
to the precursor or alternatively directly in the preformed
pore (Figure 1).[29] To date, porous matrices containing ben-
zoic-acid, aninilin, ketones, chiral benzylalcohols or even
styrene can be provided with this approach.[36] Because each
of these building blocks can be further modified, it is possi-
ble to design the functional properties of the mesoporous
materials and their surfaces.


Pore-Size Adjustment


One blemish of the chemistry involved in the preparation of
mesoporous materials was that most of the obtained silica
structures were not discovered by planning, but more by ser-
endipity. Significant work has been devoted to gain more
control over the pore shape and size. There is, in principle,


Figure 1. Left-hand side: The formation of a new PMO material from the multifunctional precursor 1,5-bis(triisopropoxysilyl)-3-bromobenzene is shown.
The organisation of the bridging organic groups in an amorphous silicate network determined by force-field calculations is indicated. Right-hand side:
The variety of PMO materials that can be prepared starting from 1,5-bis(triisopropoxysilyl)-3-bromobenzene as a precursor is shown.
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no limitation for accessible pore sizes in amorphous silica
materials.[37] The amorphous silica in materials like MCM-41
is insignificantly less stable than the most stable form of
SiO2, crystalline quartz. This means that if a suitable experi-
mental path can be found to reach a certain pore size, then
the materials will be absolutely stable. Considering the re-
marks made about the synthesis of mesoporous materials, it
is straightforward to expect that the size of the template will
directly influence the size of pores. Consequently, three in-
dependent methods exist for pore-size adjustment:


1) The variation of the amphiphile size (especially the hy-
drophobic part). As larger amphiphilic molecules will
lead to larger self-assembled structures (lyotropic phases
with larger periodicities) there should be a correlation to
pore size.


2) Swelling of the lyotropic phase by addition of selective
solvents.


3) Change in reaction parameters like temperature or elec-
trolyte concentration.[38]


All these methods include changes in the packing parame-
ter (Ns) of the amphiphile given in Equation (3), in which
v=volume of the hydrophobic chain; l= length of the hy-
drophobic chain and a0=effective area of the head group.


Ns ¼
v
l a0


ð3Þ


One way to change pore sizes is to vary the temperature
during the preparation of the material;[11,39] the higher the
temperature, the larger the pores. Also the electrolyte con-
centration is an important factor.[38] A change in the electro-
lyte concentration changes the physical character of the
aqueous phase and due to interactions of the ions with the
ionic/polar head of the surfactant the head-group area.
Swelling of the lyotropic phase changes the volume of the
hydrophobic chain, which also is included in the packing pa-
rameter. Consequently, this can be used for pore-size expan-
sion.[40,41] The dependence of the pore size on the length of
ammonia-based surfactants was demonstrated by the first by
Beck, Vartuli, Kresge et al.[9,10,42]


An investigation in our group on Brij surfactants Cx(EO)y
showed that this dependency also applies to non-ionic tem-
plates, but that in this case the length of the hydrophilic
chain influences the pore size as well.[43] A quantitative rela-
tion between the size of the mesopore Dc and the composi-
tion of the used block copolymer (length of hydrophobic
and hydrophilic block) was derived. It was shown that the
size of a pore depends, in principle, just on the average
number of monomer units in the self-assembled amphiphile
structure.[43] This average number can be simply varied if
one uses mixtures of amphiphiles (for instance a small and a
large surfactant) in different amounts. Besides the predic-
tion of pore sizes from the molecular composition, this is a
key-result as it is now possible to obtain every pore size be-
tween two borders determined by the “parent templates”.


The use of liquid crystals of different non-ionic amphiphiles
ranging from cyclodextrins,[44] alkyl-poly(ethylene oxide)
surfactants, poly ACHTUNGTRENNUNG(styrene)-poly(ethylene oxide) block co-
polymers, to poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) triblock copolymers allows the prepa-
ration of mesoporous materials with pore sizes ranging from
1.5 nm to �10 nm (see Figure 2c).[43,45] Other groups could
even prepare porous materials with pores �20 nm in diame-
ter.[46] The mentioned range of pore sizes correlates to con-
fining volumes of several orders of magnitude as indicated
in Figure 2b.


Pore Shapes


The pore shape appears to be of minor importance from the
viewpoint of molecular reactions occurring under spatial
confinement. It is not clear if a reaction is affected by CRFs
with same volume but different shapes. However, the situa-
tion changes when solid-phases are produced inside the
pores of a mesoporous material, because here the shape of
the resulting particles often resembles the size and morphol-
ogy of the pores. Good examples are the synthesis of nano-


Figure 2. a) A representative TEM image of a mesoporous silica material
with a “wormhole” pore system. b) The range of accessible pore volumes.
c) DFT Pore-size distribution functions (cumulative pore-volumes) ob-
tained by N2 physisorption measurements.
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wires in cylindrical pores or the replication of the entire
pore system by carbon.[47] The pore shape, which is also re-
lated to pore connectivity (criterion IV; Scheme 2) is also
very important in catalytic applications of porous materials.
In catalysis, 3D pore systems possess advantages due to the
better mass transport of reactants and products. Like the
pore size, the pore shape is also directly connected to the
morphology of the intermediate organic–inorganic lyotropic
phase. The morphology of a liquid-crystalline phase is
mainly concentration-dependent. At first, at low amphiphile
concentrations micelles are formed. As the amphiphile con-
centration increases, more micelles are present that, due to
their monodisperse size, pack into ordered arrays of differ-
ent symmetry. The use of micelles as templates leads to iso-
lated, spherical pores randomly distributed in the silica
matrix. Depending on the density of the surrounding matrix
it might be impossible to remove the template and to access
the pores. The templating of ordered arrays of spherical mi-
celles leads to spherical pores that are eventually connected
at the points at which the micelles touch (Figure 3c).[48] De-
pending on the symmetry and the extend of micelle fusion,
different kinds of pores in the form of supercages and 3D
pore systems can be generated.[49]


At higher concentrations of amphiphiles, lyotropic phases
form with hexagonal symmetry containing cylindrical aggre-
gates. The use of the such structures as templates leads to
the formation of the well-known cylindrical pores reported
for MCM-41 or SBA-15 (Figure 3b).[9–11] Due to differences
in the formation of mesoporous materials prepared accord-
ing to the true liquid-crystal-templating and synergistic co-
assembly mechanisms, pores with a honeycomb cross-section
have been reported for MCM-41.[1,13,50] At higher amphi-
phile concentrations one typically finds lamellar structures,
and their use as templates should lead to 2D pores. Howev-
er, the resulting materials are only stable as long as the tem-
plate is not removed.[9,10] In the transition region between
the cylindrical and lamellar phase, another highly interesting
pore structure is possible, the so-called minimal gyroid
shape (Figure 3a).[51,52] The addition of swelling agents
during the synthesis of the mesoporous silica material can
either lead to a pore-size expansion (see previous para-
graph) or it can change the morphology of the template
more or less dramatically. A nice example is the template
transition from a hexagonal, cylindrical shape, through buck-
led cylinders to an emulsion system caused by the successive
addition of trimethylbenzene to a lyotropic crystal of a Plur-
onic block copolymer as a template (Figure 3d).[40] Interest-
ing effects can occur when the mesoporous material is pre-
pared as a thin film.[53,54] From a cylindrical phase the pores
can be contracted in such a way that an elliptical or rectan-
gular cross section results (Figure 3e).[55, 56] When Kanemite
is used for the synthesis instead of the liquid silica source,
interestingly, mesoporous materials with square channels
could be obtained (Figure 3f).[57]


Macroscopic Form


The first ordered mesoporous materials were prepared in
the form of powders that were precipitated from diluted sol-
utions.[9–12] The single mesoporous particles were typically
sized in the sub-micrometer domain and exhibited very un-
usual shapes.[59] Due to their high potential in diverse appli-
cations a lot of research was devoted to the development of
mesoporous silica spheres. In the meantime, such materials
are available with sphere sizes ranging from several tenth of
nanometers to �1 mm, most of them synthesised by a modi-
fied Stoeber process.[60] Mesoporous silica materials with
1D[61] and 2D extensions,[54] that is, fibres and films, respec-
tively, have also extensively studied. However, from the
viewpoint of performing chemistry under confined condi-
tions such shapes of mesoporous materials are not absolute-
ly suitable as CRFs. On the one hand it is preferable to
have a high number of confined processes happening at the
same time, on the other hand you have to make sure that
these processes take place exclusively inside the pores and
not in the volume between mesoporous particles. A macro-
scopic block, a so-called monolith, containing only the de-
sired mesoporous system and no additional porosity would
be ideally suited as a CRF. Although various reports on


Figure 3. Alternative pore shapes of silica materials. a) Gyroid phase in
MCM-48 (schematical image). Reprinted with permission from Chem.
Mater. 1996, 8, 1141. Copyright 1996, American Chemical Society. b) Cy-
lindrical, hexagonally aligned pores observed by SEM. Reprinted with
permission from Angew. Chem. 2003, 115, 2232; Angew. Chem. Int. Ed.
2003, 42, 2182 . Copyright 2003 Wiley-VCH. c) TEM-image of spherical
pores, densely packed. Reprinted with permission from Langmuir 2003,
19, 4455. Copyright 2003, American Chemical Society. d) Pores with
buckled cylinder morphology (schematical image). Reprinted with per-
mission from Langmuir 2000, 16, 8291. Copyright 2000, American Chem-
ical Society. e) TEM image of rectangular pores, Reprinted with permis-
sion from Non-Cryst. Solids 2005, 351, 2217. Copyright 2005 Elsevier.
f) TEM image of rectangular pores, Reprinted with permission from
Angew. Chem. 2000, 112, 4013; Angew. Chem. Int. Ed. 2000, 39, 3855.
Copyright 2000 Wiley-VCH


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9816 – 98299822


S. Polarz and A. Kuschel



www.chemeurj.org





monoliths have been published, it is difficult to prepare a
porous monolith with the mentioned characteristics.[62,63] It
is feasible to prepare a monolith with filled pores (with sol-
vent or template). A problem is to acquire empty pores. The
difficulties are not solely associated with an ordered pore
system, although here the template has to be removed prior
to drying. The same problems are encountered during the
synthesis of aerogels.[21] The problems are connected to the
interplay of increasing stiffness of the silica network during
condensation and the capillary stress created during drying.
At a certain point in the wet state, the silica matrix is not
flexible enough for deformation caused by the capillary
stress, but also not strong enough to avoid cracks. Therefore,
the monolith morphology can normally not be retained
under conditions of normal drying. Supercritical drying is re-
quired to obtain an ordered mesoporous monolith possess-
ing accessible pores after template removal by liquid–liquid
extraction and solvent exchange. On the other hand, granu-
lar monolithic silica materials have been reported by careful
calcination (see Figure 4).[63, 64] The disadvantage of such ma-
terials is that they possess only irregular shapes and some
cracks. However, the intrapore volume is much larger than
the external pore volume. Therefore, this last material fulfils
the criterion V indicated in Scheme 2.


Features of chemical processes in CRFs


Influence on chemical equilibria : Considering basic thermo-
dynamic rules, it is evident that many physicochemical pro-
cesses will be affected by confinements. For instance, a CRF
can be regarded as a capillary with very small diameter. The
imposed curvature of a liquid meniscus in capillaries gives
rise to a Laplace pressure and consequently to a change in
vapour pressure of the confined liquid. Typically, the vapour
pressure of the liquid decreases with decreasing pore size.
The correlation between pore size and vapour pressure is


based on Kelvin equation, which in a modified form is used
to determine pore-size distributions from physisorption
measurements.[65] It is much less evident that also other
phase transitions like freezing and melting or phase separa-
tions are influenced by spatial confinements.[66,67] However,
it was found for numerous systems that the melting point
decreases up to DT=70 K depending on the confinement
strength.[66,68] It has to be noted that also melting-point de-
pression is a surface effect. Such surface effects are all char-
acterised by the same scaling law typical for the so-called
surface dispersion (F) and the fraction of atoms located at
the surface: F/N	1/3/ r	1 in which N=number of atoms;
r=particle radius.[69] The function of the spatial confinement
is here to set an upper limit for the particle size 2 r and to
introduce a new type of interface excess energy (wall-solid
gws and wall-liquid gwf; see also level I, Scheme 2). The first
aspect has been clearly shown even for inorganic nanoparti-
cles growing in confinement.[45, 63] Due to quantum size ef-
fects, these particles may have special properties, for in-
stance in catalysis.[70] Melting-point depression DT can de-
scribed by the Gibbs–Thomson Equation [Eq. (4)] in which
Vm=molar volume and DHm=melting enthalpy.


DT ¼ 	2 ðgws	gwfÞVm


rDHm
ð4Þ


Considering the Gibbs–Thomson equation, a positive
value for DT is possible if gws<gwf, that is, if the attractive
interaction between the pore surface and the solid phase is
stronger than with the liquid phase. However, there are
other confinement effects than solely changes in tempera-
ture that are possible for phase transitions. The temperature
range in which the phase transition occurs can broaden sig-
nificantly.[71] The reason is that phase transitions are cooper-
ative processes whilst the ensemble inside a CRF is very
small.[72]


Such a small ensemble situation can also influence the
crystallisation process directly. In some cases alternative
crystal phases, amorphous, glassy or even supercooled liquid
states for otherwise crystalline materials have been reported
in CRFs.[73] A well-studied example is the crystallisation of
water in nanoporous silica materials. Here, co-existing ice
phases, that is, cubic and hexagonal, can be found.[74] Fur-
thermore, while under standard conditions first-order phase
transitions are normal, under spatial confinement the situa-
tion can be more complicated. One possibility is a crystal-
to-hexatic phase transition prior to liquidification, which
means the melting of a crystal occurs in two-dimensions.[75]


A small ensemble situation can also influence other chemi-
cal processes, which we would like to discuss in some detail
in the following paragraphs. Molecular equilibrium reactions
are of great interest for the investigation of confinement ef-
fects especially when they exhibit more than one possible
reaction path. A simple reaction of reactant A with reactant
B in equilibrium with a product C is considered in
Scheme 3. The number of potential reaction partners B that
species A might meet performing a random walk through


Figure 4. Photographic image of the infiltration of a granular, mesopo-
rous silica monolith prepared by mild calcination with a liquid reactant
solution.
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the volume is much higher under non-confined conditions in
comparison to the confined situation. Although the overall
concentration and distribution of molecules has not been
changed, the chance for finding a reaction partner has de-
creased.
The first reaction of the described type that we were in-


vestigating concerning the influence of a confining situation
was the formation of pyrene excimers.[76] Pyrene is a tetracy-
clic aromatic molecule (see Figure 5a) that can be excited
by light. The resulting excited pyrene can either relax by


fluorescence associated with three, well-defined fluorescence
signals I–III (see Figure 5b), or it can bind to an additional,
ground-state pyrene molecule forming the so-called excimer
complex (Figure 5a). The equilibrium between the mono-
meric pyrenes and the dimeric excimer complex can be ex-
pressed by the quotient of the two related fluorescence sig-
nals. To obtain a first impression about the role of pyrene–
silica interactions we investigated a solution of pyrene in dif-
ferent solvents, but of constant concentration. It is seen (Fig-
ure 5b) that in the nonpolar solvent heptane, excimer forma-
tion is suppressed completely. Under such conditions the
pyrene molecules are immobilised due to adsorption at the
SiO2 walls; this demonstrates the pivotal importance of
guest–wall interactions in CRFs. Excimer formation is
simply suppressed by immobilisation, but not due to a con-
finement effect. The adhesion of pyrene on the silica walls
can be prohibited when a solvent with similar polarity to the
silica surface (like butanol) is used.[77] Solutions of pyrene in
butanol with different concentrations have been infiltrated
into mesoporous silica materials possessing different pore
sizes. The fluorescence measurements were referenced to
non-confined solutions of pyrene in butanol.
In all cases it is seen that the excimer signal is significant-


ly lower after infiltration (see Figure 5b). Furthermore, the
smaller the pores get, the smaller the value for the “equilib-
rium coefficient” I(exc)/I(mon) (exc=excimer, mon=momer)
becomes and the more the equilibrium is shifted to the side
of the monomeric species. To understand this effect in more
detail, it should be noted that the average number of pyrene
molecules Npore is given by the average pore volume and the
pyrene concentration [see Eq. (2)]. A plot of I(exc)/I(mon)
against Npore is shown in Figure 6a. It is seen that all the ex-
perimental points lie on one curve, despite the fact that dif-
ferent materials with different pore sizes have been used.
The curve can be described by the following model: How
high is the probability for accidently finding two pyrene
molecules in one pore, provided that the pyrene molecules
at a particular concentration are randomly allocated into a
large number of pores? The answer is the Poisson distribu-
tion function also shown in Figure 6a. This result indicates
that in CRFs the pyrene equilibrium is dictated solely by
statistic factors, by the coincidental number of pyrene mole-
cules per pore. Interestingly, this has notable implications
beyond the partial suppression of excimer formation.
It is possible to determine thermodynamic parameters for


the pyrene–excimer system (DGexc, DHexc, and DSexc) by
using methods described in the literature by Stevens and
Ban.[78] The enthalpy DHexc was calculated by a plot of ln-
ACHTUNGTRENNUNG(Iexc/III) against T


	1 (see Figure 6b). Then, DSexc was deter-
mined. The difference between the enthalpies for excimer
formation for the non-confined in comparison to the con-
fined situation seems to depend linearly on the CRF diame-
ter (Figure 6b). For large pores above 9 nm there is only a
small difference to the value expected for the non-confined
situation. However, in very small pores the value for DHexc


differs significantly. The fact that DHexc does not scale with
the surface dispersion (/ r	1) is a clear indication that the


Figure 5. a) Scheme for the formation of pyrene excimers and the associ-
ated equilibrium. The light colour indicates that pyrene is in the excited
state. b) The fluorescence spectra for solutions of pyrene at a concentra-
tion of c=6C10	3 molL	1 in different solvents, infiltrated into a large
pore silica-material.


Scheme 3. Confined versus non-confined reaction. Note that neither the
distribution nor the density of reactants has been changed on the right-
hand side. The grey line indicates a potential random-walk through the
system.
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observed effects are caused by the restricted volume. Calcu-
lating the entropy for this process from the intercept in Fig-
ure 6b, an apparent change from DSexc=	37 JK	1mol	1 for
the normal solution to DSexc=	205 JK	1mol	1 for a 5.0 nm
confinement is found. In Figure 6a we can see that the prob-
ability for excimer formation is altered due to the confine-
ment to the porous host. From this perspective, and taking
into consideration that the equilibrium is shifted towards
less excimer formation due to the confinement, it is no
longer surprising that the entropy values are also altered.
The change of the values of the thermodynamic state func-
tions appears to be strange at first sight, but several points
have to be taken into account. It was shown that in the cur-
rent situation we are dealing with a very small ensemble of
pyrene molecules (Figure 6a). A classical thermodynamic
treatment does not account for this situation. On other
small ensemble systems the description “break-down of
thermodynamics” has been used.[72] However, the situation
in silica mesopores is somewhat similar to the microcanoni-
cal ensemble situation, which is well described in statistical
thermodynamics. In the microcanonical ensemble, the entro-
py depends directly on the probability for a particular mi-
crostate ps [Eq. (5)].


S ¼
X


S


psln ps ð5Þ


Changes in typical equilibrium parameters have also been
reported for other systems. It is interesting to note that the
enatiomeric excess (ee) of a reaction catalysed by a molecu-
lar catalyst immobilised at the surfaces of a mesoporous
silica host might be pore-size dependent. In the case of an
enantioselective, hydrogenation catalyst, the increase in ee
value was rationalised in such a way that the proximity of
the curved surface enhanced the stereospecific induction of
the chiral ligand attached to the organometallic Rh com-
plex.[79] However, it should also be considered that spatial
confinements might influence the electronic systems of
guests directly. For zeolites it is known that such effects are
induced on the one hand by strong electrostatic fields,[80]


and on the other hand by pure confinement.[81] Although
the pore size of MCM-41 is significantly larger than for zeo-
lites, the effect of the confinement on the electronic system
of a zinc–phenanthroline complex was reported.[82]


Influence on Kinetics


So far nothing was said about the kinetics of chemical pro-
cesses in CRFs. It is informative to return to the model
system discussed above, pyrene molecules confined to silica
mesopores. Lifetime measurements indicate that excited
states under confinement relax much slower than in the free
system (see Figure 6c,d). The energy once inserted into the
system can not be dispersed so easily into Boltzmann distri-
bution. Therefore, it is reasonable that the lifetime of a
single pyrene monomer differs very much in different pore


Figure 6. a) The dependence of the relative flourescence intensity I(exc)/
I(mon) on the average number of pyrene molecules per pore (Npore). b) The
Stevens and Bahn plot for one pore size (black), and the dependence of
the reaction enthalpy on pore size (grey). Life-time measurements of
pyrene monomers (c) and the excimers (d) under different confinement
conditions; no confinement (light grey), medium confinement (grey;
DCRF=8 nm) and strong confinement (black; DCRF=2 nm).
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systems (Figure 6c). It can also be seen that a pore size of
8–9 nm imposes practically no significant confinement on
the system. Very strong confinements can be found for CRF
sizes below 3 nm, which is in agreement with studies per-
formed on other systems.[66,67,83] The longer persistence of
excited states can also bee seen on other occasions. If one
follows the decomposition of guests located inside silica
mesopores using TGA, one frequently finds that the impor-
tant decomposition steps are shifted towards lower tempera-
tures.[29,45,84] This virtual decrease in activation barrier can
be explained by activated states that have a longer lifetime.
Thus, a higher probability for the reaction is given in CRFs
in comparison to non-confined reference systems. However,
one has to be careful with such a simple interpretation. It is
more likely to distinguish two cases: 1) that in which there
are no appropriate reaction partners present in the CRF to
react with the excited species and 2) that in which appropri-
ate reaction partners are present. Imagine reactive radical
species as key intermediates in a particular chemical reac-
tion. In silica pores, in the absence of suitable reaction part-
ners, the stability of the radicals is much higher, also be-
cause they cannot recombine with other radicals. There
were several reports describing the enhanced stability of
radicals in silica mesopores studied by EPR spectroscopy,
for instance during polymerisation reactions,[85] on surface-
confined ketyl radicals[86] and during photoinduced charge
separation.[87] However, in the opposite case, if suitable reac-
tion partners are present, the chances for a reaction of these
partners are greatly enhanced inside a CRF. This last type
of behaviour was demonstrated in a very elegant study in
2005; HOC radicals were generated by radiolysis and were
then trapped by the profluorescent compound coumarin.[88]


The reaction with coumarin competes with the reaction of
hydroxyl radicals with each other and the reaction of hy-
droxyl radicals with the pore-surface silanol groups. The au-
thors were able to show that under the described conditions
there is a significant enhancement for the reaction of the
radicals.[88]


Furthermore, the acceleration of chemical reactions plays
only a role as long as diffusion through the pore system
does not become the dominant factor. It was already men-
tioned in a previous paragraph that diffusion into the pore
system and outside from the pore system in the case of
porous materials is unavoidable to fill and empty the pores.
Several studies on mobility of guests inside porous materials
support the assumption that the diffusion coefficients in
CRFs can be significantly smaller.[89] The translational
motion of water in MCM-41 was studied by neutron-scatter-
ing techniques.[90] Interesting results have been obtained.
Not only was the mobility significantly reduced in the CRF,
the diffusion showed an Arrhenius type of temperature de-
pendence, unlike bulk water.[90,91] An impressive study on
diffusion in mesoporous hosts was presented by Bein
et al.[92] The authors were able to identify specific regions of
a thin mesoporous film, because they were marked with
polystyrene spheres and gold colloids. As a result the move-
ment of single-molecule probes could be followed by fluo-


rescence microscopy mapping, which was then correlated
with the pore structure known from TEM measurements re-
corded at the same position. The authors proved that the
shape of the pores determines the mobility of the guests.[92]


The movement was unidirectional in cylindrical channels.
Furthermore, detailed statements were made about the
change in dynamic properties at defects in the porous
framework.
Reduced diffusion not only makes the reaction slower, it


can also change the reaction order. To study the influence of
CRFs on kinetics experimentally, we used mesoporous silica
materials possessing different pore sizes and loaded them
with molybdenum trioxide (MoO3).


[93] The reduction of the
MoO3 was achieved by the infiltration of an aqueous solu-
tion of hydrazinium sulfate. This allowed us to monitor the
reaction by UV/Vis and EPR spectroscopy because Mov is
blue and paramagnetic (d1 system). At high concentrations
of hydrazinium salt, the reaction rate can be expressed as
Equation (6) in which c ACHTUNGTRENNUNG(MoVI) is the mole-fraction of the
MoVI centres.


dcðMoVIÞ
dt


¼ 	k0cðMoVIÞn ð6Þ


A plot of ln(c ACHTUNGTRENNUNG(MoVI)) against the time t is informative re-
garding the order of the reaction n. The corresponding plot
is shown in Figure 7 for a mesoporous silica material with
small pores (strong confinement) and a material with large
pores (weaker confinement). The relationship ln(c ACHTUNGTRENNUNG(MoVI))
against time is almost linear for strong confinement condi-
tions, indicating a first-order kinetic. Under weak confine-
ment, the reaction is much more complex and practically
identical to the non-confined state. The strong impact on ki-
netics was also verified by Monte-Carlo simulations on gen-
eral reactions of the type reactant A+ reactant B.[94] In rare
cases the two confinement effects (acceleration and reaction
rate reduction) interfere with each other and a maximum at
medium pore sizes is realised. An example is the activity of
a surface-bound 1-phospha-3,6-diphenyl-4,5-dimethyl-2-tri-


Figure 7. Kinetic plots for the reduction of MoO3-confined mesoporous
silica materials with different pore sizes (Dp�2 nm (triangles), Dp�5 nm
(squares)).[93]
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ACHTUNGTRENNUNGethoxysilylnorbornadienerhodium(I) complex; the hydroge-
nation reaction of post-functionalised 1-hexene reached a
maximum at intermediate pore sizes of �5 nm.[95]


Conclusion


The investigation of chemical processes composed of a small
ensemble of reactants is very interesting and delivers some
surprising results; different methods exist to obtain such en-
sembles. Among them, the approach to divide a macroscop-
ic volume into nanoscaled compartments by using porous,
inorganic materials appears to be very promising. One of
the many advantages of solid, inorganic, porous materials is
that they can be operated as CRFs with practically every
solvent, and in a very wide temperature (�550 8C for
normal silica materials) and pressure range. It was demon-
strated that is possible to adjust the properties of porous in-
organic solids on various length scales. In the meantime it is
possible to modify the surfaces of such materials in such a
way that the interaction with guests inside the pores can be
adjusted precisely. Here the target-oriented synthesis of
mesoporous organosilica materials is of particular impor-
tance. Porous materials with narrow pore-size distributions
can be produced in the pore-size range of �2–20 nm with
suitable lyotropic phases as templates. Different pore shapes
have been reported, and the materials can be obtained with
different macroscopic morphology. Ultimately, monolithic
materials are accessible, macroscopic objects avoiding unde-
sired volumes other than the pore volume. The field of
OMMs has evidently reached a very high level. However, it
seems that the developments highlighted in the current
paper regarding surface modification, pore sizes, pore
shapes and macroscopic appearance are viewed separately
from one another. From the viewpoint of CRFs, a remain-
ing, major challenge is to bring all these features together.
It could be shown that chemistry in confining reaction


fields is indeed different from the respective, non-confined
cases. Some general trends can be concluded. Matter inside
a CRF is automatically forced into a state in which the ratio
of surface species to volume becomes a dominating factor.
This and the additional interactions with the surfaces of the
pore walls lead to a significant change in basic processes de-
termined by thermodynamics, for example, all different
kinds of phase-transitions. Even when surface effects do not
play a dominant role, CRFs influence equilibrium processes
whenever intra- and intermolecular pathways compete. It
seems that the statistical number of reactants per CRF
(NCRF) determines the chemical behaviour. When NCRF<2,
intermolecular reactions are repelled. As a consequence of
this it is found that excited states possess a longer lifetime in
comparison to non-confined conditions. On the other hand,
for NCRF>2 it can even come to an enhancement of the
product of the intermolecular process. Furthermore, diffu-
sion in porous matrices is hindered. The restricted mobility
of reactants in CRFs can alter the kinetics of chemical pro-
cesses.


Summarising, one can say that the interaction of guests
with the CRF wall is of pivotal importance, and that a CRF
diameter of �2–5 nm is very effective. Weak confinement is
realised in CRFs with diameter 4–7 nm. Above this size con-
finement effects are only of minor importance.
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Electrophilic Bromination of Alkenes: Environmental, Health and Safety
Aspects of New Alternative Methods


Marco Eissen*[a] and Dieter Lenoir*[b]


Introduction


Bromination of organic molecules is an important task in
synthetic organic chemistry. Bromine can be added to al-
kenes and alkynes to yield vicinal dibromides. Alkynes and


prochiral alkenes are most often stereospecifically converted
to trans adducts an important class of synthons.[1] The rele-
vant mechanisms of electrophilic additions have been stud-
ied intensively over the last two decades.[2–4] Rather than
adding bromine to multiple bonds, bromine reacts with aro-
matic systems by substitution.[5] The importance of bromina-
tion reactions becomes evident by analysis of the large
number of examples found in the Beilstein Database.[6]


Today there are reported to be about 1980 different 1,2-di-
bromoalkanes prepared from various alkenes and 270 1,2-di-
bromoalkenes prepared from alkynes. Previously, bromina-
tion has been primarily performed by using molecular bro-
mine as reagent, mainly in chlorinated solvents. During the
last ten years, several new bromination methods have been
developed, which circumvent molecular bromine as reagent,
mostly to avoid its hazardous potential. However, in the al-
ternative protocols other problematic substances are often
used. In addition, resource demands often seem to be signif-
icantly higher than in the traditional procedure.


Resource efficient syntheses and production processes of
fine chemicals contribute significantly to sustainable devel-
opment.[7,8] This has also been pointed out in Agenda 21 of
the United Nations plan for sustainable development: “Pro-
mote efficient use of materials and resources, taking into ac-
count the life cycles of products, to realise the economic and
environmental benefits of using resources more efficiently
and producing fewer wastes” (Agenda 21, Chapter 9.18).[9]


We will compare different bromination methods to show
and evaluate promising new approaches, and we will point
out where improvements are necessary. Prior to a qualitative
discussion of health and safety aspects, the different synthe-
sis protocols are presented by using metrics regarding raw
material demand and waste production. Besides yield and
atom economy,[10,11] mass balances are established to inte-
grate solvents, catalytic systems and auxiliary materials for
chemical reactions. The preparation of such mass balances
can become very tedious. The Environmental Assessment
Tool for Organic Syntheses (EATOS)[12] is convenient soft-
ware for mass balancing substrates, solvents, auxiliary mate-
rials, catalysts, etc. The following two parameters will be
evaluated [Eqs. (1) and (2)]:


Mass index S�1 ¼
X raw materials ½kg�


product ½kg� ð1Þ


Environmental factor½13� E ¼
X waste ½kg�


product ½kg� ð2Þ
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Abstract: More than twenty new alternative methods
for bromination of alkenes have been evaluated taking
into consideration their resource demands, waste pro-
duction as well as environmental, health and safety as-
pects. The cost of bromine and the substances designat-
ed to circumvent the application of molecular bromine
have also been taken into account. As bromine is only
one of several problematic substances being used, its
avoidance—by applying bromine supported on solid
material or by performing the in situ generation of bro-
mine—does not significantly reduce the technological
requirements. On the contrary, the resource demands
and amount of waste produced by most new methods
are significantly higher compared to the standard meth-
ods, especially if the recycling of a carrying agent is not
efficient. The method using hydrobromic acid and hy-
drogen peroxide can be regarded as a competitive alter-
native to the standard method. The application of cer-
tain carrying agents could be interesting, because sol-
vents such as carbon tetrachloride or chloroform used
during synthesis could be replaced with less problematic
ones during work-up. However, problems associated
with these alternatives are not resolved as yet.


Keywords: bromination · mass balances ·
oxidation · oxone · waste prevention
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Regarding mass balances, the standard bromination
method, the method using pyridinium perbromide, and the
method that uses the oxidation of HBr with H2O2 have al-
ready been compared in literature.[14] We have extended this
approach with more detailed information. We also consider
costs of bromine and of the substances that are designated
to circumvent its application.


Results


The standard method for the generation of vicinal dibro-
mides is the conversion of unsaturated compounds with mo-
lecular bromine (Method I). The use of supported bromine
as an easy to handle carrying agent (summarised as Method
II) is considered an appropriate measure to circumvent the
hazardous potential of neat bromine. A third approach
(Method III) is the generation of bromine in situ by using
bromide compounds and oxidants. An overview of consid-
ered methods is schematically shown in Figure 1. These


methods are summarised in Table 1. Ideally, the comparison
of different bromination methods should be based on the
same alkene. The protocols chosen for this evaluation go
through different alkenes, which are shown in Figure 2. The
differences in reactivity and behaviour of these alkenes are
not significant.


The standard method for bromination of an alkene is car-
ried out in solvent; the alkene is dissolved in chloroform
then bromine is added[15,16] (entry 1, Table 1). Other proto-
cols can be found in the literature.[17–19] In special cases, bro-
mination can be performed in boiling water as solvent, for
example, in the bromination of fumaric acid[15,18] (entry 2,
Table 1). The synthesis in entry 3 makes use of a two-phase
reaction of bromination with perfluorohexane as the second
solvent.[20] Bromination can also be performed in ionic liq-
uids (entry 4, Table 1).[21]


Employing carrying agents as a transport medium for bro-
mine reduces the hazardous potential of molecular bromine,
examples include; sol—gel-entrapped pyridinium hydrobro-
mide perbromide (PHPB@s.g., entry 5, Table 1),[22] poly
(vinylpyrrolidone) (PVP, entry 6[23]),[23,24] pyridine hydrobro-
mide (entries 7 and 8),[25,26] pentylpyridinium bromide
(entry 9),[27] 1,2-dipyridiniumdibromide-ethane (entry 10),[28]


N-octylquinolinium bromide (entry 11),[29] and tetrameric
DABCO (TM)-bromine (DABCO=1,4-diazabicyclo-


ACHTUNGTRENNUNG[2.2.2]octane, entry 12).[30] The workshop script[25] refers to
the original procedure by Djerassi.[31] Another protocol that
uses polymer supported bromine was reported in 1996 by A.
Kessat and A. Babadjamian.[32]


The use of hydrogen bromide and bromide salts in the
presence of oxidizing reagents liberates bromine in situ
(Table 1). Oxidants used are sodium perborate (entry 13,
Table 1),[33] lead tetraacetate (entry 14),[34] cerium(IV)ammo-
nium nitrate (CAN, entry 15),[35] sodium periodate
(entry 16),[36] SelectfluorN (entry 17),[37] diacetoxyiodo ben-
zene (DIB, entry 18)[38] and hydrogen peroxide (entry 19).[39]


The latter was used to convert hydrobromic acid
(entry 20),[40,41] which can also be oxidised by using OxoneN


(2KHSO5·KHSO4·K2SO4, entry 21).[42] OxoneN is applied di-
rectly during the synthesis to convert the alkene into the di-
bromide (entry 21,[42] entry 22[43]), but also to regenerate the
reagent, which is a carrying agent (entry 10b),[29] an N-halo
compound (entry 23),[44,45] or another N-halo compound, N-
bromsuccinimide (NBS, entry 24).[46]


Overviews of applications of the oxidants sodium perbo-
rate,[50–52] CAN,[53–56] SelectfluorN[57,58] and other N-halo re-
agents,[59] sodium periodate,[60] DIB as a polyvalent iodine
compound[61–64] and OxoneN[65,66] can be found in the litera-
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Figure 1. Considered methods for electrophilic bromination of alkenes.
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ture. Special protocols such as enantioselective bromination
reactions,[67] the application of a CuBr2/LiBr-system


[68] or
special polymer supports[32] have not been considered here.
The alkenes considered in this paper are listed in Figure 2.


Table 1. Bromination methods considered in Figure 1: Entries 1–4 (Method I, neat bromine), Entries 5–12 (Method II, carrying agent), and Entries 13–24 (Meth-
od III, in situ generation of bromine).[47]


No. Stoichiometric equation Ref. No. Stoichiometric equation Ref.


1 [15] 12 [30][i]


2 [15] 13 [33][c]


3 [20] 14 [34]


4 [21] 15 [35][d,e]


5 [22][b] 16 [36]


6 [23][a] 17 [37]


7
8


[25]
[26]


18 [38]


19 [39]


9a [27] 20 [40]


9b [27] 21 [42][g]


10a [28] 22 [43][f]


10b [28][h] 23a [44]


11a [29] 23b [45]


11b [29] 24 [46]


[a] poly(vinylpyrrolidone)-bromine complex. [b] Sol–gel, pyridinium hydrobromide perbromide (PHPB@s.g.). [c] Na3BO3 is assumed to be the coupled product if
sodium perborate is used as the oxidizing agent. [d] [(NH4)2Ce ACHTUNGTRENNUNG(NO3)6], cerium(IV)ammonium nitrate (CAN). [e] Personal communication with V. Nair enabled
us to conjecture that the inorganic by-products of the reaction are cerium ACHTUNGTRENNUNG(III) nitrate, ammonium nitrate and potassium nitrate. Although this has not been veri-
fied experimentally the stoichiometry is plausible. [f] Cyclohexene (2 mmol), sodium bromide (6 mmol), OxoneN (4 mmol), water (1 mL), and carbon tetrachlor-
ide (5 mL). Personal communication with R. Karl Dieter allowed us to identify that no triethyl amine was used in this reaction, contrary to the table published in
Ref. [43]. [g] K. M. Kim does not agree with the stoichiometry noted here. In a personal communication he suggests an alternative to applying an equimolar
amount of OxoneN. He prefers the following: but-2-en-1,4-diol+2 HBr+1-OxoneN!2,3-dibromobutan-1,4-diol. The reason for us to deviate from this reaction
equation is that the preparation of a mass balance requires a correct stoichiometry in which the number of input-atoms has to equal the number of output-atoms.
[h] Discussions with B. K. Patel lead us to hypothesise that this is plausible if an additional H+ source is used, such as extra KHSO4. A stoichiometry is conceiva-
ble that uses potassium hydrogen peroxysulphate more efficiently (left scheme below).[48] Regarding the stoichiometry in entry 23b, we suggest that extra KHSO4


would result in a more efficient application of OxoneN (right below) similar to entry 10b.


[i] In ref. [30] one sixth of the 1,4-diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane (DABCO) was used in relation to the alkene (1 mmol). However, considering the molecular formula
we see that, stoichiometrically, one quarter of the amount of DABCO is necessary for the equation. We would like to suggest that a hydrogen source is missing in
the protocol of the DABCO synthesis.[49]
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In general, work-up procedures and methodologies
(Table S2 in the Supporting Information), such as washing
with brine, drying over sodium sulphate and chromatogra-
phy were not considered for various reasons, including that
details of these standard laboratory procedures are generally
not fully described in the literature considered. Further-
more, the work-up procedures can be very similar for a
number of syntheses, therefore this part of each protocol is
assumed to be alike. Lastly, work-up methodologies in the
laboratory will be different to those used in potential indus-
trial processes and, therefore, not particularly comparable.


Mass Balances


By using the software EATOS, mass balances were calculat-
ed for all syntheses, see Figure 3. The mass balances show a
huge disparity in resource demand and waste generation
and give a rough overview of which syntheses are most re-
source intensive. The higher a column the larger the amount
of raw material used and waste produced.


First, we will look at the protocols applying molecular
bromine. The amounts of substrate used in the Method I
syntheses are very similar (Figure 4) and there was no sub-
strate excess of bromine. Waste production for each of the
protocols aggregates to about 4.1 kg of waste per kg of prod-
uct except for protocol entry 4, 37 kgkg�1 (for details, see
Table S3 in the Supporting Information). In contrast, the ap-
proaches that use a carrying agent have a much higher re-
source demand (Figure 4). Even if 95% of the carrying
agent is assumed to be recyclable, and this is the reason to
use such reagents, a large amount of solvent is necessary for
reaction (Solvents) and extraction purposes (Auxiliaries
(isolation)). Since the “Recycling” segment of column en-
tries 5 and 6 in Figure 4 is very small and not identifiable,
we refer to the details given in Table S3 in the Supporting
Information. Interestingly, the dimension of solvent utiliza-
tion is similar in two references (Figure 4 and Table 2, en-
tries 5 and 6). Apparently, there is a need for a large quanti-
ty of solvent in these systems. The segment “Substrates”
demonstrates the necessity to apply bromine in excess for
these reactions (Figure 4b).


The carrying materials of entries 5 to 12 (Method II) are
potentially recyclable. The quantities are shown in Table 2
and the extent of their disposal depends on the recyclability,
the costs of which (Table 2) will diminish correspondingly.


In contrast to the procedures of methods I and II, the
generation of bromine in situ is strictly linked to a high pro-
duction volume of coupled products (Figure 5). When hy-
drobromic acid reacts with hydrogen peroxide (see entry 20,
Table 2) the lowest amount of coupled product, water
(about 0.15 kgkg�1) is produced. All other syntheses give
salts such as sodium borate, zink acetate, lead diacetate, or
lithium acetate in amounts up to 4.45 kgkg�1. For entry 18
D. C. Braddock et al. suggest that there is the possibility of a
recycling system for iodobenzene (0.72 kgkg�1). Regarding
the coupled product formation, the substrate quantities al-
ready indicate that the amounts of waste to be disposed of
are not low (Table S4 in the Supporting Information). Sol-
vent utilization of Method III is generally from 2.5 to
60 kgkg�1. Entry 17 in Table S4 uses 418 kg solvent per kg�1


synthesised product. This appears to be an exception and
the high potential for savings can easily be conceived. How-
ever, the solvent demand of Method III is relatively high
compared to Method I. Some reaction conditions and met-
rics are summarised in Table 2.


Substance Properties and Safety Aspects


Many of the chemicals used in these bromination methods
carry additional risk and require particular care. n-Hexane
is highly flammable and harmful, bears the risk of impairing
fertility and is an irritant (entries 3, 5, Table S3 in the Sup-
porting Information). Diethyl ether (entries 4, 11, 19), tetra-
hydrofuran (entry 18) or 1,4-diazabicycloACHTUNGTRENNUNG[2.2.2]octane
(DABCO) (entry 12) are extremely or highly flammable
and may form explosive peroxides. For dichloromethane,


Figure 2. Alkenes used for bromination in this study (1–8) and their trans
adducts (9–16).


Chem. Eur. J. 2008, 14, 9830 – 9841 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9833


MINIREVIEWBromination of Alkenes



www.chemeurj.org





chloroform and carbon tetrachloride there is evidence that
they might have carcinogenic effects (entries 1, 5, 6, 14–18,
20, 22). Concerning carcinogenic potential, pyridine (animal
carcinogen A3), quinoline (suspicion of carcinogenic effects)
and other aromatic amines are problematic substances,
which were used indirectly or directly in entries 5 to 11.
Generally, one should consider that non-polar alkyl chains
such as pentyl in pentylpyridinium bromide or octyl in octyl-
quinolinium bromide have negative toxicological effects,[69,70]


also valid for [bmim][Br] (bmim: 1-butyl-3-methylimidazali-
um) used in entry 4.[71] Acetic acid causes severe burns and
is flammable. Hydrogen peroxide (entries 19, 20) causes
burns and may react spontaneously in certain situations.[72,73]


These and other adverse effects are summarised in Table S1
in the Supporting Information. These reports are a formal
consideration, and may be important when applied to indus-
trial processes. Chemicals with harmful properties can be
handled by trained chemists by using appropriate measures
in the laboratory.


Costs


The availability of starting materials and the costs of the
overall process technology plays a dominant role in the final
costs assessment. To obtain a rough overview of economy,
the raw material costs of bromine or bromine compound
and carrying agent or oxidant have been calculated for the
conversion of one mole alkene (Table 2), regardless of the
costs for the alkene, solvent, auxiliary material, substrate
excess etc. The costs for Method II entries will depend on


the recyclability of the carrying agents (Table 2, right
column).


Discussion


All results obtained are based on the protocols given in lit-
erature. They allow a comparison of raw material consump-
tion and potential waste production, regardless of recycling
options, down stream processing etc. It is clear that the pro-
tocols given in literature, in which only milligrams of the
alkene had been converted (see scale in Table 2), are not
optimised. If these procedures were scaled up to kilogram
and ton scale for industrial purposes the amounts of solvents
and other auxiliary materials would be optimised. This
would also improve the mass balance of the procedures to a
certain extent. However, the relative amounts of coupled
products will remain unchanged during scaling up. Regard-
ing characteristic materials of the bromination methodology,
such as polymer support, we believe that a significant opti-
mization cannot be expected, because the effectiveness of
the bromination methodology is generally a major concern
for synthetic chemists, that is to say that the protocols po-
tential yield and ease of use is more important to them than
the amount of consumables used. Though no data exists, we
assume a general recyclability of 95% for some substances
as a first approach. Ideally this amount should be even
higher, ionic liquids, for example, should be recyclable to an
extent of 99% or more. As no modelling of technological
solutions has been conducted, this examination cannot be an
in-depth eco-efficiency or life cycle analysis. Instead of con-


Figure 3. Environmental factor E of syntheses shown for different bromination methods of Table 1. More detailed information is given in Figures 4 and
5.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9830 – 98419834


M. Eissen and D. Lenoir



www.chemeurj.org





sidering real or at least calculated emissions, substances are
discussed regarding their properties and resulting dangers.
Regarding the energy issue, there is insufficient data. This is
why we refer to reaction times and temperature (see
Table 2) as well as solvent demand, which becomes relevant
for the work-up procedures.


Health/safety requirements : The initial efforts in the litera-
ture focused on circumventing the use of molecular bromine
to reduce the hazard potential. Method II and the use of a
carrying agent merely causes a forward displacement of the
problem into an earlier reaction step. The overall hazard po-
tential remains because the inherent safety risk is connected
to the specific properties of a problematic substance. Expo-
sure to hazards is also dependent on technology so introduc-
ing a carrying agent only makes sense if the technological
equipment used for loading this agent with bromine increas-
es safety in the overall synthesis route. This means that an
appropriate production unit must exist at least for loading
the carrying agent. Multi-purpose equipment, which is not


particularly constructed for the
application of molecular bro-
mine, could then be used for
the electrophilic bromination
reaction. The loaded bromine
reagent could then be used
flexibly in various synthetic ap-
plications requiring different
technologies. However, during
the bromination step, a range
of technological equipment is
required to handle certain sub-
stances such as solvents that
have toxicological (n-hexane,
chloroform and carbon tetra-
chloride in entries 1, 3, 5, 12,
14, 20, 22, Table S1 in the Sup-
porting Information) and
chronic effects on health (n-
hexane, dichloromethane,
chloroform, carbon tetrachlor-
ide, entries 1, 3, 5, 6, 12, 14–18,
20, 22, Table S1). A number of
the solvents used in Method-
s I–III are flammable (3–5, 7,
10–13, 16, 17, 19, 23, 24) and
may form explosive peroxides
(entries 4, 11, 18, 19, 24).
Owing to these hazardous sub-
stances, the safety standard of
the available technological
equipment is possibly already
safe enough for the application
of molecular bromine. Conse-
quently, the question arises as
to whether the indirect way of
using a carrying system is justi-


fied. Instead of bromine, other substances such as acetic
acid, hydrogen peroxide and hydrobromic acid, which also
causes burns, are introduced (Table S1 in the Supporting In-
formation). In addition, aromatic amines such as pyridine
and quinoline show carcinogenic effects. They are used to
produce pyridinium hydrobromide perbromide (entries 7,
8), pentylpyridinium tribromide (entry 9), 1,2-dipyridinium-
ditribromide-ethane (entry 10) and N-octylquinolinium tri-
bromide (entry 11). The negative effect of alkylchains con-
cerning toxicology has been reported in literature.[69,70] It is
questionable whether the overall hazard potential is reduced
to a significant extent in these protocols. One has to keep in
mind that bromine is used regardless in the production line
of Method III (Figure 6). However, as bromine appears very
early on in the synthesis sequence concept, the technology
should already be adjusted appropriately.


Environmental issues : The protocols of Method I are nor-
mally relatively resource efficient, although there are excep-
tions (entry 4 in Table S3 represents a protocol that has a


Figure 4. a) Environmental factor E of Method I (entries 1 to 4) and Method II (entries 5 to 12) syntheses
(Table 1). Slightly magnified cutout of Figure 2. For details see Table S3 in the Supporting Information. b) En-
vironmental factor E of Method I (entries 1 to 4) and Method II (entries 5 to 12) syntheses (Table 1). Magni-
fied cutout of Figure 2. For details see Table S3 in the Supporting Information.
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high solvent demand). This is possibly owed to the very
small scale of the experiment, which does not allow handling
substance quantities in an optimised manner. Surprisingly,
no purification step for separation from by-products is re-
ported in literature. It is not clear how the ionic liquid is
treated and how large its overall loss is after several runs.
Even if 95% recyclability is assumed, waste production re-
sulting from the ionic liquid has to be reduced. Thus, recy-
clability must be even higher. However, stereoselectivity ob-
served for alkynes is better compared to that of normal sol-
vents. The applicability of Method II, among other things,
depends on the recyclability of the carrying agents. None-
theless, even if 95% recyclability is guaranteed, there will
be solid waste of up to 0.6 kg per kg of product, which
needs to be disposed of (Table S3 in the Supporting Infor-
mation). The use of large volumes of solvent is the second
issue, however in industry solvents are often recycled to a
high degree, although this environmental performance is
offset by the significant energy demand of recovery. This
has been shown to be the case in a biochemical procedure
in which the solvent demand is high compared to the chemi-
cal and extraction procedures that were necessary.[80] Even
without conducting an eco balance, mass balancing can pro-
vide valuable corresponding clues.[81] In this regard, the ap-
plication of pentylpyridinium tribromide (entry 9, Table S3)
and of N-octylquinolinium tribromide (entry 11) seem to be
two of the best variants of Method II, because no or only
few non-toxic solvents are used and recyclability is claimed
to be efficient. Unfortunately, the yield of entry 9, Table S3,
is not as high as in Method I protocols. Additionally, the
scale-up of the work-up procedure does not seem to be pos-
sible without significant changes, including the introduction
of a solvent for extraction and washing procedures. There-
fore, the potential ecotoxicological effects and biodegrada-
bility[82] of the carrier have to be taken into account.


Most Method III protocols suffer from a high coupled-
product formation, and furthermore, indirect processes
cause high levels of pollution. For example, propylene oxide
was investigated and described in detail by the Enquete
Commission of the German Bundestag as an example of a
chlorine-free end product produced by using chlorine.[83]


Since additional process steps are required, a compulsory
formation of coupled products is always less advantageous
than a direct process, as has been pointed out previously in
the literature.[7] Salts produced in Method III protocols rep-
resent a significant problem (spotlighted in Table S1 in the
Supporting Information). Moreover, the production of these
alkali metal salts already produces quite a large amount of
coupled products (Figure 6).


Other environmental problems such as ozone-depletion
potential or stress to the aquatic environment are indicated
in Table S1 in the Supporting Information. Emissions from
potential industrial processes will have to be minimised.
Corresponding technological equipment will also have a
positive impact on safety, and vice versa, safety concepts ad-
dressing chronic adverse effects on a company employeeRs
health or the fire and explosion hazard will reduce emissionsTa
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to the environment. In our opinion, all efforts will have to
be comprehensive in the sense that handling negative effects
of bromine will already be met to the greatest possible
extent. Especially when considering the significant waste


production (Table S1 in the
Supporting Information and
Figures 3–5), which is cost in-
tensive on the raw material
and the disposal side, the aim
to eliminate molecular bro-
mine is not justified.


The in situ oxidation of hy-
drobromic acid by using hy-
drogen peroxide seems to be
an alternative to the tradition-
al procedure that uses molecu-
lar bromine. However, as hy-
drobromic acid and hydrogen
peroxide, though not as vola-
tile as bromine, are also dan-
gerous substances, the safety
aspect is less of a motivation
than the sensible utilization of
the coupled product hydrogen
bromide resulting from the
bromination of hydrocarbons
(Figure 6). Regarding the con-
ditions listed in the conclusion
section, some Method II proto-
cols have to be considered as
well.


Costs : The protocols for bro-
mination of one mole of
alkene by standard procedures
(entries 1 to 4 in Table 2) show


the lowest costs at 5.03 Eurosmol�1, followed by the costs
when using sodium perborate and sodium bromide
(entry 13, 12.66 Eurosmol�1), HBr and H2O2 (entry 20,
13.59 Eurosmol�1), and NaBr and H2O2 as reagent


Figure 5. a) Environmental factor E of Method III syntheses (Table 1). Slightly magnified cut-out of Figure 2.
For details see Table S4 in the Supporting Information. b) Environmental factor E of Method III syntheses
(Table 1). Magnified cutout of Figure 2. For details see Table S4 in the Supporting Information.


Figure 6. Bromine and hydrobromic acid in the production of alkalimetalbromides from sodium bromide out of sea water. Sodium chloride is used by
means of electrolysis[74] to produce molecular chlorine and, by way of the the Solvay process,[75] to produce sodium carbonate. Calcium carbonate is pro-
duced from calcium hydroxide, that is, calcium oxide.[76] Sodium carbonate and calcium hydroxide are necessary to produce lithium carbonate[77] and lith-
ium hydroxide.[78] Potassium hydroxide is produced by electrolysis.[79]
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(entry 19, 10.30 Eurosmol�1, without ionic liquid). All other
protocols show significantly higher costs. In the cases in
which the carrying agents (Table 2, right column) are recy-
clable the extent of costs diminishes correspondingly and, in
ideal conditions, might be almost as low as the standard pro-
cedure. The oxidants and bromides used in protocols
entry 15 and entry 17 are very cost intensive with 834.57 and
2571.85 Eurosmol�1, respectively. Obviously, SelectfluorN


displays its potential as a fluorinating agent rather than as
an oxidant. Solvents etc. were not even considered and costs
frequently reflect, at least partially, the conditions under
which a substance has been produced. The synthesis of an
expensive starting material is supposed to be more elaborate
(e.g. more steps or expensive technology design etc.). There-
fore, in this preliminary examination, which only considers
the key substances for bromination, the traditional Method I
appears to be most cost efficient. If hydrogen bromide re-
sults from a synthesis as a coupled product (Method III,
entry 20), it can be reintroduced in another bromination re-
action in combination with hydrogen peroxide, which is rela-
tively low-priced (Table S6 in the Supporting Information).
However, the more expensive the alkene, the less important
the costs for bromine or bromine compounds and carrying
agent or oxidant become and the significance of the yield in-
creases (Table 2).


Aside from all bromination reactions considered in this
examination, it should at least be mentioned that bromina-
tion of the double bond of E-cinnamic acid has recently
been described by using a method without any solvent. Bro-
mine is transferred as gas, which flows on the surface of the
crystals of this compound. The reaction is clean, without for-
mation of side products, but the reaction has to be per-
formed on a very small scale in a desiccator under special
experimental conditions. In addition, the reaction needs
about one week to be complete for the amount of 100 mg; it
is an example of a very special case of a bromination reac-
tion.[84]


Several organic reactions have been performed recently
as solid/solid phase reactions, which avoid the use of sol-
vents.[85–88] However, their so-called process-intensity is
low,[89] meaning that the reaction conditions require long
performance times and upscaling may be difficult. It would
also be difficult to control the temperature for exothermic
reactions, such as the bromination of alkenes.


Conclusion


Most of the new bromination methods, which circumvent
the use of molecular bromine have severe disadvantages,
owing to waste production. Additionally, solvent demand is
significantly higher than in the traditional procedures and
necessitates energy intensive recycling operations. As safety
equipment has to allow for a range of toxic or dangerous
substances regardless, we do not consider the avoidance of
molecular bromine to be a significant improvement.


The application of hydrobromic acid with hydrogen per-
oxide (entry 20) might be an interesting alternative to sensi-
bly use the coupled product hydrogen bromide, which re-
sults from the production of bromohydrocarbons (Figure 6).
However, the problematic solvents used in the traditional
procedure (e.g. entries 1, 3, 20 in Tables S1, S3 and S4)
could potentially be avoided by application of a carrying
agent (see for example, entries 9, 11 in Tables 1, S1 and S3)
if this agent was proven to be the following:


a) Non-toxic[69,70] or created no emissions during the work-
up procedure (i.e. no solubility in any solvents that are
applied during or after synthesis, or if the work-up was
by distillation).


b) Recyclable to a degree much higher than 95% (for rele-
vant aspects concerning recycling see ref. [82]).


c) Prepared and worked-up in an agreeable manner. Pres-
ently, preparation and work-up of ionic liquids are not
environmentally benign.[90]


In our opinion, these prerequisites are currently not being
met, because thorough examinations have not been de-
scribed in literature. Nonetheless, the approach can be
judged as promising and in this regard more scientific work
is needed. In addition, the problematic substances pyridine
and quinoline still precede these concepts. Furthermore, the
argumentation concerning the technological equipment is
now valid, considering bromine on the one hand and sol-
vents such as chloroform on the other. However, the re-
placement of such solvents during reaction by less toxic
ones in the work-up procedure is progress and could orien-
tate itself by the literature.[91] In this regard, the bromination
through the oxidation of hydrobromic acid with oxygen in
acetonitrile in the presence of sodium nitrite as catalyst
could be an interesting alternative.[92] As some protocols are
similarly resource efficient, further examinations should
consider work-up procedures in more detail.


The method using a solid alkene and bromine vapour[84] is
favourable according to the mass balance, but the very low
space-time yield renders this method unattractive on prepa-
rative scale. For liquid alkenes micro reactors[93] could over-
come the problem of heat transport and, thus, make carrying
agents and solvents redundant. The applicability of micro re-
actors for halogenation reactions and specifically for the
bromination of thiophene was demonstrated by P. Lçb.[94,95]
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Reversible Conversion of Electronic Structures in a Cyclic Octacopper
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Redox-active molecular systems have received great at-
tention not only in the field of fundamental chemistry, but
also in many fields of application. In coordination chemistry,
a number of redox-active transition metal complexes have
been synthesized by using the non-innocent character of li-
gands, and their electronic structures as well as their optical
and magnetic properties have been extensively investigat-
ed.[1] For example, it has been reported that square-planar
metal complexes with non-innocent semiquinonate-type li-
gands show rich electrochemical behavior, which has been
attributed to ligand-centered redox processes.[2] The con-
struction of dimensional structures by using redox-active
metal complexes as building blocks has also been carried
out for the continuing development of functional materi-
als.[3] Conversely, reports on discrete redox-active com-
plexes, not metal-centered redox, with a high nuclearity are
limited in number, and much less is known about the elec-
tronic structures and properties of these species.[4] Herein,
we report a cyclic sulfur-bridged octacopper complex that
undergoes a clear interconversion between its neutral,
monocationic, and dicationic species. Notably, the monocat-
ionic and dicationic species exhibit characteristic, intense ab-


sorption in the near-infrared (NIR) region, which is an im-
portant property for applications involving telecommunica-
tions and optical data storage.[4,5] To the best of our knowl-
edge, this is the first example of a non-innocent polynuclear
system, the character of which comes from S-bridged metal-
core structure rather than organic ligands.
The reaction of 2-(4-dimethylaminophenyl)benzothiazo-


line with copper(II) acetate monohydrate in a 2:1 ratio in
1,2-dichloroethane under a nitrogen atmosphere gave an
almost black solution from which a dark brown powder ([1]-
ACHTUNGTRENNUNG[CuCl2]) was isolated by adding diethyl ether (Scheme 1).


The presence of a disulfide organic compound (2,2’-di(4-di-
methylaminophenylmethyleneaminophenyl)disulfide) in the
filtrate implies that 2-(4-dimethylaminophenyl)benzothiazo-
line acts not only as a ligand but also as a reducing agent for
copper(II).[6] The lack of the ñN�H vibration in the IR spec-
trum of this compound is in accordance with the coordina-
tion of the ligand in an iminothiolate-N,S mode.
The structure of [1]ACHTUNGTRENNUNG[CuCl2] was determined by single-crys-


tal X-ray analysis, which revealed the presence of discrete
complex cations and linear anions, [1]+ and [CuICl2]


� , re-
spectively. The 1:1 ratio of cations and anions in the unit
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Scheme 1. Synthesis of [1] ACHTUNGTRENNUNG[CuCl2]. Only one of eight ((4-
Me2NC6H4)C(H)=NC6H4) moieties is presented for clarity.
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cell implies that the complex cation is in a monocationic
form. As shown in Figure 1, the entire complex [1]+ con-
tains eight Cu atoms that are bridged by eight iminothiolate


ligands (L=S ACHTUNGTRENNUNG(C6H4)N=CH ACHTUNGTRENNUNG(C6H4NMe2)) through the S atoms
to construct a cyclic-ladder structure with a Cu8S8 octagonal
prism. Given that each Cu atom is in a +1 oxidation state
and each iminothiolate ligand is monoanionic, this octacop-
per complex should be neutral. Thus, one electron is re-
moved from the entire octanuclear structure to form the
monocationic [1]+ . Each copper atom in [1]+ is tetrahedral-
ly coordinated by N and S atoms from one chelating ligand
and two m3-S atoms from two neighboring ligands. The
Cu···Cu distances (2.569(2)–2.671(2) I) in [1]+ are apprecia-
bly shorter than the sum of van der Waals radii of 2.82 I,[7]


suggestive of the presence of metal–metal interactions (Fig-
ure S1 in the Supporting Information).[8] These distances
are much shorter than those found in related copper(I) thio-
late complexes.[9]


The electronic absorption spectrum of [1] ACHTUNGTRENNUNG[CuCl2] in 1,2-di-
chloroethane is characterized by a broad, intense band at
l=1770 nm (e=2.56J104m


�1 cm�1). On standing the solu-


tion of [1]ACHTUNGTRENNUNG[CuCl2] in 1,2-dichloroethane under aerobic condi-
tion, the band at l=1770 nm slowly decreased with the ap-
pearance and increase of a relatively sharp, intense band at
l=1220 nm (e=8.45J104m


�1 cm�1). This absorption spectral
change with time of [1]ACHTUNGTRENNUNG[CuCl2] was accelerated in polar sol-
vents such as methanol and ethanol, and thus a brown com-
pound ([1][(ClO4 or PF6)2]) that shows an intense band at
l=1220 nm was isolated from a methanol solution of [1]-
ACHTUNGTRENNUNG[CuCl2] by adding NaClO4 or NH4PF6.


[10] Single-crystal X-
ray analysis of [1]ACHTUNGTRENNUNG[(PF6)2] indicated the presence of two PF6


�


ions per one complex cation, implying that the entire com-
plex cation ([1]2+) is dicationic (Figure S2 in the Supporting
Information). The overall structure of [1]2+ is essentially the
same as that of [1]+ and has a cyclic ladder structure with a
Cu8S8 octagonal-prism core composed of eight Cu atoms
and eight iminothiolate ligands.
The cyclic voltammogram (CV) of [1] ACHTUNGTRENNUNG[CuCl2] was record-


ed in 1,2-dichloroethane containing 0.1m [Bu4N]BF4, as a
supporting electrolyte, at a glassy carbon working electrode
and an Ag/Ag+ reference electrode. The CV exhibits two
almost reversible redox waves at E1


1=2
=�0.36 V and E2


1=2
=


�0.77 V (Figure 2). The spectroelectrochemical experiments


Figure 1. a) Top view and b) side view of [1] ACHTUNGTRENNUNG[CuCl2]: copper, red; sulfur,
yellow; nitrogen, blue; chlorine, green; carbon, gray.


Figure 2. UV/Vis/NIR spectral changes for two successive electrochemi-
cal reductions from �0.2 V to �0.6 V (top) and from �0.6 V to �1.0 V
(bottom) for [1] ACHTUNGTRENNUNG[CuCl2] in ClCH2CH2Cl. The inset shows a cyclic voltam-
mogram of [1] ACHTUNGTRENNUNG[CuCl2] with a scan rate of 0.1 Vs


�1.
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were also carried out using an optically transparent thin
layer electrode (OTTLE) cell in 1,2-dichloroethane
(Figure 2). At �0.2 V, the absorption spectrum is the same
as that of [1]2+ , and has a characteristic intense band at l=


1220 nm, indicative of the existence of the dicationic species
at this potential. If the potential was decreased from �0.2 V,
the band at l=1220 nm gradually decreased with the ap-
pearance of a broad band at l=1770 nm, and the spectrum
recorded at �0.6 V was identical to that of [1]+ . Several iso-
sbestic points were maintained during the spectral change.
These results clearly indicate that [1]2+ and [1]+ are electro-
chemically interconvertible to each other, retaining the
cyclic octacopper structure. If the potentials were changed
from �0.6 V to �1.0 V, the broad band at l=1770 nm de-
creased and finally no absorption band was observed in the
NIR region at �1.0 V. The existence of several isosbestic
points establishes the quantitative interconversion between
[1]+ and its one-electron reduction species, [1]0. From these
results, it is reasonable to assume that [1]0 also has the same
S-bridged cyclic octacopper structure as those found in [1]2+


and [1]+ , although attempts to isolate [1]0 were unsuccessful.
The absorption spectral behavior of an isolated neutral spe-
cies ([1a]0) that matches well with that of [1]0, was achieved
by using benzothiazoline with trifluoromethyl group instead
of dimethylamino group (Figure S3 in the Supporting Infor-
mation), and its cyclic octacopper structure was unambigu-
ously confirmed by single-crystal X-ray analysis. As in the
case of [1]+ , the CV of [1a]0 in 1,2-dichloroethane displayed
two reversible redox waves. However, their potentials (E1


1=2
=


0.09 V and E2
1=2


=�0.28 V) are greatly positively shifted com-
pared with those for [1]+ , which led to the isolation of [1a]0.
To get insight into the electronic states of complexes, the


density functional theory (DFT) calculations using Gaussian
03 program suite[11] were performed for the model com-
pounds ([1b]2+ , [1b]+ , and [1b]0) of the Cu8L8 species in
which dimethylamino groups are replaced by hydrogens
(Figure S4–S6 in the Supporting Information). The DFT
calculations showed that the neutral species ([1b]0) is singlet
(S=0) and the HOMO (MO-320) is occupied by a couple of
electrons. The dicationic species ([1b]2+) is also singlet, but
the a-spin and b-spin electrons reside without complete pair-
ing in the lowest energy state; the occupied MO-317 for a-
spin is vacant for b-spin (MO-320), whereas the occupied
MO-317 for b-spin is unoccupied for a-spin (MO-320).[12]


On the other hand, the monocationic species ([1b]+) is dou-
blet (S= 1=2), and its Mulliken spin densities show the pres-
ence of 88% spins on the Cu8S8 core: Cu8, 0.328 (0.0351
~0.0451 for Cu atoms); S8, 0.554 (0.0607~0.0860 for S
atoms). The ESR spectrum in the solid state of [1] ACHTUNGTRENNUNG[CuCl2] at
77 K exhibited an isotropic signal centered at g=2.05 (peak-
to-peak line width of 12.5 G) without a Cu hyperfine cou-
pling. These findings indicate that the odd electron in [1]+ is
not localized on the metal centers to form a mixed-valence
CuI7Cu


II
1 state, but is distributed around the entire Cu8S8


core to give a non-innocent state. Absorption spectra in the
Vis-NIR region were also calculated for [1b]2+ , [1b]+ , and
[1b]0 by using time-dependent DFT calculation. The absorp-


tion spectra of [1b]+ and [1b]2+ , which were simulated
based on the calculated excitation energies and oscillator
strengths for 50 excitations (Figure S8 in the Supporting In-
formation),[13] reproduce fairly well the features of the ob-
served spectra of [1]+ and [1]2+ , respectively (Figure S9 in
the Supporting Information). In addition, the simulated
spectrum of [1b]0 is also in good agreement with the spec-
trum of [1]0 observed in the spectroelectrochemistry and ex-
hibits no absorption band in the NIR region. The calcula-
tions for [1b]+ and [1b]2+ indicated that the NIR absorption
bands are assigned to the intra Cu8S8 core transitions, i.e. ,
MO-312!MO-320 and MO-314!MO-320, owing to singlet
diradicals (S=0) for [1b]2+ and MO-317!MO-320, MO-
318!MO-320, and MO-319!MO-320, owing to a doublet
monoradical (S= 1=2) for [1b]


+ (Table S1 in the Supporting
Information). Thus, the time-dependent DFT calculations
provided a reasonable MO interpretation of the experimen-
tal electronic absorption spectra and a summary of all eluci-
dated electronic structures of octanuclear species is illustrat-
ed in Scheme 2.


In conclusion, from the reaction of 2-substituted benzo-
thiazoline with copper(II), we created a new type of redox-
active coordination system, in which dicationic ([1]2+),
monocationic ([1]+), and neutral ([1]0) species are intercon-
vertible to one another with retention of the cyclic Cu8S8
core structure. The dicationic and monocationic species pos-
sess radicals that are delocalized over the Cu8S8 core and


Scheme 2.
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show a characteristic intense absorption band in the NIR
region. Remarkably, this system displayed a drastic change
in NIR absorptions by changing the oxidation states among
[1]2+ , [1]+ , and [1]0. Current efforts are focusing on the con-
trol of redox potentials and NIR absorption energies of this
class of non-innocent complexes by means of the modifica-
tion of substituent groups on benzothiazolines.


Experimental Section


Experimental details, together with spectroscopic data, are given in the
Supporting Information.
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Towards the IR Limit of the Triplet–Triplet Annihilation-Supported
Up-Conversion: Tetraanthraporphyrin


Vladimir Yakutkin,[a] Sergei Aleshchenkov,[b] Sergei Chernov,[b] Tzenka Miteva,*[c]


Gabriele Nelles,[c] Andrei Cheprakov,*[b] and Stanislav Baluschev*[a]


The processes by which locally (or in situ) up-converted
photons are generated by NIR or IR excitation sources have
been very intensively studied and have remarkable applica-
tion potential in fields like up-conversion displays,[1] biologi-
cal imaging and sensing,[2] and photodynamic therapy of
cancer.[3] The blue-shifted emission generated in the known
and long-time studied up-conversion processes results from
either two-photon absorption (TPA) in organic molecules,
quantum dots or in proximity of metallic clusters,[1–3] or se-
quential energy transfer (ETU) in rare-earth ion-doped
glasses.[4] All these processes have a common characteristic:
they need an excitation source with very high brightness—in
the case of TPA-based processes because of the virtual
energy level used, in the case of the ETU-based processes
because of the finite width of the ionic energy levels used.
Additionally, both these processes need moderate or strong
optical pumping, normally in order of many kWcm�2 up to
MWcm�2.


Recently, a different approach for up-conversion (UC),
based on energetically conjoined triplet–triplet annihilation
(TTA) was demonstrated.[5] The fundamental advantage of
the TTA-supported UC is its inherent independence on the


coherence of the excitation light.[6] The TTA-supported UC
resolves also another demanding limitation of the above de-
scribed “conventional” methods for UC (e.g., the ETU and
all types of TPA)—the necessity to excite the samples with
extremely bright optical sources (e.g., lasers). In contrast,
for excitation of an efficient TTA–UC, optical sources with
spectral power density of 125 mWnm�1 are sufficient[7] and,
in particular, the excitation source can be the Sun.


The next advantage revealing the enormous application
potential of the energetically conjoined TTA–UC is the very
low intensity needed (on the order of 100 mWcm�2) to ach-
ieve high quantum yields, on the order of 2–4% in organic
solutions.[7,8] In a further step, the efficiency of the TTA–UC
in bulk solid-state films, composed of the sensitizer and
emitter molecules blended in inactive polymer matrix, has
to be optimized as it is significantly lower than in solu-
tions.[6b,9]


The TTA-supported up-conversion devices, based on or-
ganic solutions are very efficient, but cannot be easily sealed
for the long term. The solid-state devices of this kind can be
sealed easily, but they are not efficient enough. This obstacle
can be avoided when highly viscous matrices are used. In
fact, the energetically conjoined TTA–UC in highly viscous
matrices[10] possesses all the required characteristics: high
quantum yield (comparable with those in liquid organic so-
lution of the active species), very low excitation intensity
(�25 mWcm�2), extremely low spectral power density opti-
cal sources (�200 mWnm�1), and versatility in excitation
and emission wavelengths. These devices can be also sealed
easily. The combination of all these unique characteristics
and possibilities make energetically conjoined TTA–UC
ready for diverse applications, such as all-organic, flexible,
and transparent displays,[10] up-converter devices for increas-
ing the efficiency of, for example, dye-sensitized solar cells
and local, in situ, generator of blue-shifted photons.


To explore the above describe applications in their full,
the IR limit, that is, the lowest energy photons able to serve
as pumping source for the studied energetically conjoined
TTA is of crucial importance. The highest excitation wave-
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length reported so far is l=700 nm (FWHM�20 nm).[8] In
this communication we report for direct photon up-conver-
sion of low-intensity IR light (with maximum at l=790 nm,
FWHM�23 nm) into yellow emission (l=570 nm, FWHM
�65 nm).


To access this region of the light spectrum, we need the
respective sensitizer. The p-extended porphyrins used in ear-
lier studies (Pd or Pt derivatives of tetrabenzo- and tetra-
naphthoporphyrins) cannot reach as far into NIR with their
Q-bands, the most red-shifted of all these falling short by
almost 100 nm. Thus, a further extension of the p-system by
an extra layer of benzo rings is required, leading us to the
so far elusive tertraanthraporphyrin (TAP) system. Report-
ed earlier by Luk’yanets and Kobayashi et al. ,[11] the 5,10,15-
triarylsubstituted TAP derivative was obtained as a Zn com-
plex by high-temperature templated condensation. Tetraar-
yl–TAPs have so far been unknown. To develop a reliable
synthetic approach to TAP, we have employed the dihydroi-
soindole strategy, earlier elaborated for the synthesis of vari-
ous derivatives of tetrabenzoporphyrins (TBP) and tetra-
naphthaloporphyrin (TNP). [12]


The synthesis (shown on Scheme 1) started from a readily
available benzynefurane adduct (1), which was transformed
via compound 2 by the procedure described by Dehaen


et al.[13] into 1,4-dihydroanthracene (3). Compound 3 was
then transformed by the procedure earlier used in the syn-
thesis of TNP derivatives (see, for example, reference [12a]
into allylic sulfone 4. As we have shown, allylic sulfones are
perfectly useful as substrates in place of vinylic sulfones in
the sulfone-modification of the Barton–Zard reaction, if a
small excess of strong base is present in the reaction mixture
furnishing the conditions of reversible allylic–vinylic sulfone
isomerization. The obtained naphthoisoindolecarboxylate
(6) was cleanly transformed into 4,11-dihydro-2H-naphtho-
ACHTUNGTRENNUNG[2,3-f]isoindole (7), which was introduced to LindseyMs por-
phyrin synthesis. The intermediate porphyrin could not be
isolated, as the aromatization of annelated rings takes place
readily under the conditions of LindseyMs method, and the
target TAP (8) was obtained in good yield. In comparison
with the respective TNP,[12a] TAP shows rather unusual prop-
erties; in spite of the huge conjugated system, which could
be expected to render even higher liability to aggregation
and poor solubility, the porphyrin (8) is readily soluble in
common organic solvents both as a free base and the dipro-
tonated form. Good solubility is likely to account for unpre-
cedented ease of Pd insertion, which takes place at room
temperature within a few hours, as compared to other por-
phyrins, which usually require prolonged reflux in high boil-


ing solvents like PhCN. On the
other hand, TAP possesses a
much more marked sensitivity
towards photooxidation, so all
manipulations with solutions
should be done under inert at-
mosphere or in the dark.


The absorption spectra of the
sensitizer investigated in this
work is shown in Figure 1
(line). The absorption of the
emitting compound (Rubrene;
Figure 1 filled circles) is negligi-
ble at wavelengths longer than
620 nm. Consequently, no sin-
glet emission can be observed
when the emitter molecules are
exposed to light of l=785 nm
with the intensities used in the
experiment described further
below (around 1 Wcm�2, cw ex-
citation). The energy position
of the triplet state of PdTAP is
around 1.12 eV, with quantum
yield of the phosphorescence
less than 0.5% in toluene at
room temperature. The energy
position of the sensitizer triplet
state matches well the triplet
energy position of the emitter,
Rubrene.[7a]


The hypsochromic shift be-
tween the exciting and the


Scheme 1. Synthesis of tetrakis-5,10,15,20-(p-methoxycarbonylphenyl)tetraanthra[2,3-b,g,l,q]porphyrin
(PdTAP) (8). Reagents and conditions: a) sulfolene, NaHCO3, py, 120 8C, 10 h (64%); b) HCl, EtOH, reflux,
24 h (79%); c) i. PhSCl, CH2Cl2, RT, 2 h; ii. OxoneP, MeOH-H2O, RT, 7 days (78%); d) DBU, CH2Cl2, RT,
1 h, (97%); e) CNCH2COOEt, tBuOK, THF, RT, 12 h (67%); f) NaOH, ethyleneglycol, reflux, 1 h (73%); g)
i. p-MeOOCC6H4CHO, BF3·Et2O, CH2Cl2, RT, 1 h; ii. DDQ, CH2Cl2, RT, 1 h (36%); h) ZnACHTUNGTRENNUNG(OAc)2·2H2O,
CH2Cl2-py, 10 min (90%); i) Pd ACHTUNGTRENNUNG(OAc)2, Et3N, dioxane, RT, 5 h (75%).
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emitted photons is approximately DE=0.6 eV (Figure 2). In
Figure 3, the dependence of the UC quantum yield on the
relative concentration of the emitter/sensitizer is shown. The
UC quantum yield of the couple Rubrene/PdTAP at concen-
tration of 10�3


m/5R10�5 in toluene is 1.2%, estimated ac-
cordingly to the definition given in reference [7b] Therefore,
adding the anthraporphyrin-based sensitizer with Q-band
absorption centered at l=800 nm to the family of tetraben-


zo- and tetranaphthoporphyrins[7a] will allow for up-conver-
sion of the whole red band of the Solar irradiation with
wavelengths between 620–820 nm.


As shown in Figure 4, for excitation intensities between
20 mWcm�2 and 10 Wcm�2 the intensity dependences can be
fitted with power law equation: Pup�conv =aPb


exc in which b=


1.65�0.05 for the different relative molar concentrations of
Rubrene/PdTAP. Please, note that the demonstrated sublin-
ear intensity dependence of the UC signal is observed for
more than three orders of magnitude change of the excita-
tion intensity.


The sublinear dependence of the UC signal on the excita-
tion intensity is at a first glance contradictory to the classical
representation of the TTA process.[14] Actually, in the classi-
cal experiments for TTA in which emitter triplets are creat-
ed through direct absorption of a UV photon in the emitter
singlet state, followed by the strongly prohibited process of
ISC in the emitter molecule, there is linear dependence be-
tween the created triplet states and the excitation intensity.
Taking into account, that the probability for TTA depends
on square of the concentration of the excited emitter trip-
lets, the known quadratic dependence between the excita-
tion intensity and the intensity of the TTA signal is ob-
served. It is important to note, that in the classical TTA ex-
periments, delayed fluorescence is observed at excitation in-
tensities comparable with those for the other nonlinear opti-
cal processes,[15] namely by intensities on the order of many
kWcm�2.[14]


In the energetically conjoined TTA reported herein, the
concentration of the excited emitter triplet states is propor-
tional to the concentration of the excited sensitizer triplet
states. On other hand, the phosphorescence intensity of the
porphyrin molecules (related to the degree of population of
the sensitizer triplet states) is known to depend as the
square-root of the excitation intensity.[14] This dependence,
together with the process of triplet–triplet transfer (TTT)
between molecules with large differences in the ISC coeffi-
cients, is most probably the rectification mechanism, leading


Figure 1. Normalized absorption spectra of PdTAP (line) and Rubrene
(filled circles) in toluene.


Figure 2. Normalized fluorescence of Rubrene excited in up-conversion
regime at room temperature in toluene, excitation intensity 250 mWcm�2


(laser power 10 mW, collimated beam with diameter d=2 mm), l=


785 nm. Inset: A CCD-camera image of the up-converted fluorescence
inside the 1 mm cuvette, no optical filters were used.


Figure 3. Dependence of the UC quantum yield on the relative concen-
trations of the emitter Rubrene, at fixed concentration of the sensitizer -
PdTAP, 5R10�5


m.


Figure 4. Dependence of the energetically-conjoined TTA–UC on the ex-
citation laser intensity for three different molar concentrations of the UC
emitter and fixed concentration of the sensitizer. Solid lines are power
law fits. Excitation spot size is 4R10�4 cm2.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9846 – 98509848


S. Baluschev, A. Cheprakov, T. Miteva et al.



www.chemeurj.org





to the observed sublinear intensity dependence, shown in
Figure 4. Very importantly, the reported mechanism of ener-
getically conjoined TTA is efficient at intensities more than
six orders of magnitude lower than those of the “classical”
TTA.[14]


As shown in Figure 5, the rise time of the up-conversion
emission decreases with the increase of the relative concen-
tration of the emitter molecules from about 12 ms at 0.1R


10�3
m Rubrene down to approximately 8ms for 5.0R10�3


m.
Correspondingly, the decay time of the up-conversion emis-
sion decreases from about 25ms at 0.1R10�3


m Rubrene
down to approximately 18 ms for 5.0R10�3


m. The emitter
concentration in these examples increases more than 50
times, which corresponds to roughly 3.6 times decrease in
the intermolecular distance. The observed decrease of the
decay times (less then 25%) and, hence, the increase of the
strength of the up-conversion process, is much weaker than
expected.[14]


In summary, a convenient synthetic approach towards tet-
raanthraporphyrin using the dihydroisoindole strategy devel-
oped earlier was realized to allow us to obtain tetraaryl-
TAP in good yield. The palladium complex of this TAP was
used for the energetically conjoined TTA with excitation
wavelength in IR region (l�800 nm) and with ultralow-ex-
citation light intensity of 100 mWcm�2. The hypsochromic
shift between the energy of the exciting photons and the
emitted photons is DE�0.6 eV. The up-conversion process
has very high quantum yield of 1.2%. To the best of our
knowledge we demonstrate for the first time the most red-


shifted photon up-conversion based on energetically con-
joined TTA. The reported molecular system shows stable
operation for more than 60 days.


Experimental Section


The solutions were prepared and sealed in a nitrogen-filled glove-box
with de-aerated toluene as solvent. Note the crucial importance to keep
the oxygen amount less than 0.1 ppm. When the preparation is done at
0.1 ppm oxygen content in the glove-box, the degradation of the samples
is not observed even after 60 days. In contrast, when the samples are pre-
pared in 5–10 ppm oxygen-containing nitrogen atmosphere, the degrada-
tion of the samples starts immediately (ms) after their exposure to the
excitation light.


A single-mode cw diode laser (l=785 nm) was used as the pumping
source for the measurement of excitation intensity dependence. The
emission spectra were registered by Optical Multichannel Analyzer (Ha-
mamatsu Inc.). The excitation laser wavelength was effectively sup-
pressed (more than 106 times) by using a notch filter designed for l=


785 nm (Semrock Inc.).


The time-resolved spectra were measured on a Streak-Camera, Hama-
matsu C5680 in the single-pulse regime. Both, the rising and the decaying
pulse slope times of the excitation laser (l=785 nm) were less than
200 ns.


Keywords: energy transfer · IR excitation · palladium ·
porphyrinoids · triplet–triplet annihilation
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The synthesis and reactivity of polyoxometalates (POMs)
are of current interest owing to their enormous range of
shape, size, composition, acid–base, and redox properties, as
well as potential applications in catalysis, medicine, photo-
chemistry, and materials science.[1] One possible application
involves the use of lanthanide and actinide complexes in the
sequestration and storage of radioactive waste.[2] In addition,
lanthanides and actinides are of interest in recent POM
chemistry because of their larger flexible coordination num-
bers compared with 3d transition metals, including pentago-
nal-bipyramidal seven-coordination and hexagonal-bipyra-
midal eight-coordination.[3] Furthermore, uranium binds two
axial oxygen atoms to form the linear uranyl species (UO2


2+)ACHTUNGTRENNUNG
in its +6 oxidation state. The uranyl ion exhibits good sta-
bility and forms complexes with various oxygen-donor, ni-
trogen-donor, and sulfur-donor ligands.[4] Finally, the uranyl
ion has a rich structural chemistry and attractive magnetic
and electrochemical properties, which could lead to the de-
velopment of new functional compounds.


In 2003, O.Hare et al. reported uranyl phosphonate deriv-
atives,[5] and in 2005 Evans et al. reported octa-uranium
rings with alternating nitride and azide bridges [{(C5Me5)2U-
ACHTUNGTRENNUNG(m-N)U ACHTUNGTRENNUNG(m-N3) ACHTUNGTRENNUNG(C5Me5)2}4].


[6] In particular, Thu6ry.s group
has been quite active in this area, reporting several reduced
and mixed-valence organouranium compounds.[7]


We are currently investigating the structural and catalytic
properties of peroxo complexes.[8] The uranium–peroxo
system is also of interest for uranium separation chemistry.[9]


Despite the importance of uranium–peroxide complexes,


relatively little is known about their structure and stability.
In the early 1960s, Gurevich and co-workers isolated urani-
um–peroxide compounds from alkaline solutions but struc-
tures were not reported for these materials.[10] Until recently
the only inorganic uranium–peroxide reported was Na4-
ACHTUNGTRENNUNG[UO2(O2)3]·9H2O,[11] but since 2005 Burns and co-workers
have prepared several interesting examples.[12]


There are few well-characterized POMs containing ura-
nium(VI) as an addenda element. In 1999, Pope and co-
workers reported the first sandwich-type uranium–POM
complex [Na2ACHTUNGTRENNUNG(UO2)2 ACHTUNGTRENNUNG(PW9O34)2]


12� [13] and subsequently, they
have prepared several uranium-containing Keggin and
Wells–Dawson polyanions: [Na2ACHTUNGTRENNUNG(UO2)ACHTUNGTRENNUNG(GeW9O34)2]


14�, [{Na-
ACHTUNGTRENNUNG(H2O)}4ACHTUNGTRENNUNG(UO2)4 ACHTUNGTRENNUNG(SiW10O34)4]


22�, [(UO2)3ACHTUNGTRENNUNG(H2O)6As3W30O105]
15�,


[(UO2)3ACHTUNGTRENNUNG(H2O)5As3W29O104]
19�, [(UO2)12ACHTUNGTRENNUNG(m3-O)4ACHTUNGTRENNUNG(m2-H2O)12-


ACHTUNGTRENNUNG(P2W15O56)4]
32�, [(UO2)2ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(SbW9O33)2]


14�, [(UO2)2-
ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(TeW9O33)2]


12�, and [Na2As2W18U2O72]
12�.[14] Recently,


Xiaohong Wang and co-workers reported the uranium-con-
taining tungstogermanates [A-a-Na2ACHTUNGTRENNUNG(UO2)2ACHTUNGTRENNUNG(GeW9O34)2]


14�


and [A-b-Na2ACHTUNGTRENNUNG(UO2)2ACHTUNGTRENNUNG(GeW9O34)2]
14�, [15] and in 2008 Alizadeh


et al. reported the uranium-substituted tungstobismuth-
ACHTUNGTRENNUNGateACHTUNGTRENNUNG(III) [Na ACHTUNGTRENNUNG(UO2)2ACHTUNGTRENNUNG(H2O)4ACHTUNGTRENNUNG(BiW9O33)2]


13�,[16] but none of
ACHTUNGTRENNUNGthese uranium-substituted POM complexes contain peroxo
ACHTUNGTRENNUNGlinkages.


Our group has been interested in the interaction of 3d
and 4d transition-metal ions, lanthanides, and actinides with
T6z6.s lacunary, wheel-shaped 48-tungsto-8-phosphate
[H7P8W48O184]


33� (P8W48) and its half unit [H6P4W24O94]
18�


(P4W24) for some time.[17] Pope.s group prepared the first
lanthanide derivative {Ln4 ACHTUNGTRENNUNG(H2O)28[K�P8W48O184-


4


ACHTUNGTRENNUNG(H2O)28[K�P8W48O184 ACHTUNGTRENNUNG(H4W4O12)2Ln2 ACHTUNGTRENNUNG(H2O)10]
13�}x (Ln=La,


Ce, Pr, Nd),[18] and our group reported the first transition-
metal and organoruthenium derivatives, [Cu20Cl(OH)24-
ACHTUNGTRENNUNG(H2O)12(P8W48O184)]


25�,[19] [{KACHTUNGTRENNUNG(H2O)}3{Ru ACHTUNGTRENNUNG(p-cymene)-
ACHTUNGTRENNUNG(H2O)}4P8W49O186ACHTUNGTRENNUNG(H2O)2]


27�, [20] and [P8W48O184Fe16(OH)28-
ACHTUNGTRENNUNG(H2O)4]


20�.[21] Mialane and co-workers isolated the Cu20-
azide derivative [P8W48O184Cu20(N3)6(OH)18]


24�,[22] and MHl-
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ler.s group prepared the mixed-valence dodecavanadium
cluster [K8�{P8W48O184}{V


V
4V


IV
2O12ACHTUNGTRENNUNG(H2O)2}2]


24�.[23]


Although the 24-tungsto-4-phosphate P4W24 has been
known since 1985,[17] its reactivity towards electrophiles in
aqueous solution has remained pretty much unexplored. In
2006, our group reported the dimethyltin complex [{Sn-
ACHTUNGTRENNUNG(CH3)2}4(H2P4W24O92)2]


28� by using P4W24 as a precursor.[24]


This was the first structural evidence for the elusive P4W24


and at the same time the first evidence for a lacunary Prey-
ssler ion. To our knowledge, no other structural reports
using the P4W24 precursor have been reported.


Here we present the uranyl–peroxo containing 36-tung-
sto-8-phosphate [Li ACHTUNGTRENNUNG(H2O)K4ACHTUNGTRENNUNG(H2O)3ACHTUNGTRENNUNG{(UO2)4(O2)4ACHTUNGTRENNUNG(H2O)2}2-
(PO3OH)2P6W36O136]


25� (1; Figure 1). In contrast with the
various complexes mentioned above, only three “P2W12”
units combine in 1 to form a gapped ring encircling the cen-
tral U8–peroxo moiety. This is the first time that such a U-
shaped “ ACHTUNGTRENNUNG(P2W12)3” assembly has been seen. Polyanion 1 was


synthesized by reaction of the [H6P4W24O94]
18� (P4W24) pre-


cursor with UO2
2+ ions in a 1:3 ratio in aqueous medium at


pH 4.0. The polyanion was crystallized as a mixed potassi-
um–lithium salt in the monoclinic space group P21/n.[25] The
compound K6Li19[Li(H2O)K4(H2O)3{(UO2)4(O2)4(H2O)2}2-
(PO3OH)2P6W36O136]·74H2O (1a) has been fully character-
ized in the solid state by single-crystal X-ray diffraction,
thermogravimetric analysis/differential scanning colorimetry
(TGA/DSC), IR spectroscopy, and elemental analysis, as
well as in solution by 31P NMR spectroscopy. Interestingly, 1
cannot be obtained by using P2W12 as the reagent instead of
P4W24. Polyanion 1 is composed of three units of P2W12


fused via the respective caps and two dangling phosphates,
which hang outside of the polyanion where a fourth unit of
P2W12 would be placed in P8W48 (see Figure 1). There are
also four potassium ions inside the anion, which connect the
two independent, neutral [(UO2)(O2)]4 units. The third
P2W12 unit and two dangling phosphate groups are appa-
rently formed in situ by decomposition of some P4W24 pre-
cursor. The cavity of the newly generated polyanion
“P6W36” is filled by two symmetrical uranium–peroxo clus-
ters. This type of uranium cluster has been seen once before
with the 2,3,6,7-tetrahydroxy-9,10-dimethyl-9,10-dihydro-
9,10-ethnoanthacene organic ligand,[26] but this is the first
report of a uranium–peroxo cluster coordinated with an in-
organic nucleophile.


The central coordination complex inside 1 comprises eight
uranyl–peroxo units divided into two [(UO2)(O2)]4 squares,
the m2-peroxo ions being bound at right angles to each pair
of uranium atoms. The uranium ions in 1 are all eight-coor-
dinate. The two [(UO2)(O2)]4 squares (U1, U3, U5, U7 and
U2, U4, U6, U8) are displaced toward one end (the “top”)
of the P6W36 unit (see Figures 1 and 2). The square com-
posed of U1, U3, U5, and U7 is placed slightly above the
ring at about 4.5 R from the middle of the anion, and the
other (U2, U4, U6, U8) square is inside the “bottom” of the
anion at about 3.0 R from the center (the mean plane of the
eight P atoms). As a result, the two uranium–peroxo clusters
encapsulated by the “P6W36” framework somewhat resemble
satellite dishes that are 1) connected via four potassium ions
(K1, K2, K3, K4) and 2) capped by a lithium ion (Li1) or a
potassium ion (K8). The potassium ions K1 and K4 are con-
nected via a bridging water ligand.


The four K+ (K1, K2, K3, and K4) ions inside the anion
are also displaced toward the top by about 1 R from the
mean plane of the eight P atoms. Each uranium atom has
two trans-oxo atoms with bond lengths ranging from 1.73(2)
to 1.83(2) R. The four uranyl oxo atoms pointing into the
anion from U1, U3, U5, and U7 are coordinated to an atom
interpretable as a square-pyramidal Li (Li�O distances
ranging from 1.95(6) to 2.20(6) R) with an apical water
pointing toward the center of the anion (see Figure 1). Find-
ing a lithium atom in a polytungstate is unusual given that
the electron density of the W atoms generally obscures
them, but in this case the Li atom is held in the middle of
the anion and the position is well defined compared with
cations outside.


Figure 1. Combined polyhedral/ball-and-stick representations of 1. The
side view (top) shows the U-shaped “P6W36” POM ligand into which the
two neutral [(UO2)(O2)]4 units are incorporated. The top-down view
(bottom) from the “open” side of 1 (with the central “P2W12” POM frag-
ment in the back removed for clarity) highlights that the two uranyl–
peroxo clusters are 1) connected via four potassium ions (K1, K2, K3,
K4) and 2) displaced towards one side of the “P6W36” POM. The concave
surface of the “outer” [(UO2)(O2)]4 unit is capped by the square-pyrami-
dal Li1, whereas the “inner” [(UO2)(O2)]4 unit is capped by the seven-co-
ordinate K8. Color code: WO6 octahedra: red; PO4 tetrahedra: yellow;
U: green; P: yellow; K: pink; Li: blue; O: red.
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The oxo atoms of U2, U4, U6, and U8, which point below
the anion are coordinated to K8. Each uranium atom is also
coordinated to four peroxo oxygen atoms. The U�O2


2� bond
lengths range from 2.28(4) to 2.42(3) R. The bond lengths
within the peroxo group, O�O, range from 1.44(2) to
1.53(2) R. These values are virtually identical with the side-
on peroxo bridges (O�O 1.50(3) to 1.55(3) R) in our very
recently reported Zr6/Hf6–peroxo polyanions.[12]


The two remaining oxygen atoms of U5 (O2U5, O1U5),
U6 (O2U6, O3U6), U7 (O2U7, O4U7), and U8 (O3U8,
O4U8) bridge to tungsten atoms. For U1, U2, U3, and U4,
one remaining coordination site is occupied by a water mol-
ecule and the other oxygen bridges to the polyanion (see
Figures 1 and 2 ). All four water molecules (O1U1, O3U2,
O3U3, and O2U4) in 1 point towards the gap in the U-
shaped structure. The width of the anion is about 24 R using
the van der Waals radii. The width of the [(UO2)(O2)]4 clus-
ter is about 11 R, which is smaller than for the
{Cu20(OH)24}


16+ cluster (16 R) in [Cu20Cl(OH)24-
ACHTUNGTRENNUNG(H2O)12(P8W48O184)]


25� and the {Fe16(OH)28 ACHTUNGTRENNUNG(H2O)4}
20+ clus-


ter (14 R) in [P8W48O184Fe16(OH)28ACHTUNGTRENNUNG(H2O)4]
20�. Perhaps steric


constraints allow only three units of P2W12 to combine
rather than the usual four units. The average distances be-
tween the U atoms within the [(UO2)(O2)]4 units are 4.14(6)


and 4.19(7) R (and 7.329(2) R between the squares). In con-
trast, for Thuery.s complex the longest edge is 10.02 R be-
tween the two [(UO2)(O2)]4 squares, whereas the distances
between the U atoms in the square for Thuery.s complex
are the same as in the present compound (4.14 R).


To complement our solid-state X-ray diffraction results on
1 with solution studies, we performed room-temperature
183W and 31P NMR spectroscopy on 1a redissolved in 1m


CH3COOLi/CH3COOH at pH 4.0. We were unable to
obtain a decent 183W spectrum, but the 31P spectrum exhibit-
ed five signals (d=2.2, 0.5, �6.4, �6.7, �7.9 ppm) with ap-
proximate relative intensities 1:1:2:2:2 (Figure 3), instead of


the expected four peaks with intensity ratios 1:1:1:1. The
three upfield peaks at d=�6.4, �6.7, and �7.9 ppm are at-
tributed to the three nonequivalent pairs of phosphate
hetero groups. The peak at d=2.2 ppm also exhibits poorly
resolved, but visible satellites, indicating coupling (P�O(W))
to the two neighboring tungsten centers. Therefore, we
assign this signal to the two dangling phosphate groups that
actually appear to be in equilibrium with “free” phosphate
as seen by the singlet (without any satellites) at d=0.5 ppm.
Indeed, addition of extra phosphate to the solution results
in an increase of the signal at d=0.5 ppm. The exchange of
“free” and “bound” phosphate in 1 is slow on the NMR
timescale.


The two phosphate caps in 1 are bound via only two P�
O(W) bridges each to the “P6W36” fragment (P�O(W) 1.53–
1.57(2) R). The two remaining oxygen atoms are terminal,
and bond valence sum (BVS) calculations[27] indicate that
one of them (O1P7/O1P8) is actually a hydroxo group (P�
O(H) 1.56-1.57(3) R). This hydroxo group is stabilized by a
long interaction to K1/K4 (~2.8 R). The remaining terminal
PO4 oxygen atom is non-protonated (P�O 1.47(3) R) and
points away from the polyanion ligand.


We also performed TGA measurements on 1a from room
temperature to 900 8C to confirm the number of crystal
waters derived from elemental analysis (see Figure S1 in the
Supporting Information).


In summary, we have isolated a uranium–peroxo deriva-
tive of the hitherto unknown “P6W36” Wells–Dawson ion.
The title POM [Li(H2O)K4(H2O)3{(UO2)4(O2)4(H2O)2}2-


Figure 2. Ball-and-stick representation of the two uranium–peroxo
squares in 1. The upper [(UO2)(O2)]4 is located at the “top” of 1 (i.e.,
capped by Li1), whereas the lower [(UO2)(O2)]4 is located at the
“bottom” of 1 (i.e., capped by K8). The color code is the same as in
Figure 1.


Figure 3. Room-temperature 31P NMR spectrum of 1a redissolved in 1m


CH3COOLi/CH3COOH at pH 4.0.
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(PO3OH)2P6W36O136]
25� (1) was synthesized by using the


poorly investigated precursor [H6P4W24O94]
18� (P4W24).


Hence this work demonstrates that novel lacunary poly-
tungstate ligands can be stabilized by exotic coordination
complex templates. In future work we plan to examine the
acid–base and redox properties of 1 in more detail, including
electrochemistry and homogeneous oxidation catalysis stud-
ies with the green oxidant H2O2.


Experimental Section


Preparation of K6Li19[Li(H2O)K4(H2O)3{(UO2)4(O2)4(H2O)2}2-
(PO3OH)2P6W36O136]·74H2O (1a): A sample of UO2(NO3)2·7H2O
(0.042 g. 0.083 mmol) was dissolved in 1m CH3COOLi/CH3COOH buffer
(20 mL) at pH 4.0, followed by addition of K16Li2[H6P4W24O94]·33H2O
(0.181 g, 0.025 mmol; synthesized according to Contant and T6z6)[17] and,
after complete dissolution, 4–6 drops of 30% H2O2 were added. This so-
lution was heated to 50 8C for 1 h, and filtered hot. Then the filtrate was
layered with 1m NH4Cl solution (ca. 1 mL), and allowed to evaporate in
an open vial at room temperature. After about one week a yellow, crys-
talline product started to appear. Evaporation was allowed to continue
until the solution level had approached the solid product, which was fil-
tered off and air-dried. Yield: 0.044 g (32%, based on uranium). IR: ñ=


1138(s), 1089(s), 1025 (s), 986(sh), 955(sh), 928(s), 870(sh), 843(w),
770(s), 667 (w), 572(w), 530(w), 462(w) cm�1 (see also Figure S2 in the
Supporting Information); elemental analysis calcd (%) for 1a : K 2.9, Li
1.0, W 48.7, P 1.8, U 14.0; found: K 2.8, Li 1.1, W 47.0, P 1.7, U 13.8.
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[25] Crystal data for K6Li19[Li ACHTUNGTRENNUNG(H2O)K4 ACHTUNGTRENNUNG(H2O)3 ACHTUNGTRENNUNG{(UO2)4(O2)4 ACHTUNGTRENNUNG(H2O)2}2-
(PO3OH)2P6W36O136]·74H2O (1a): A yellow rod of 1a with dimen-
sions 0.27\0.03\0.03 mm3 was mounted in a Hampton cryoloop for
indexing and intensity data collection at 173 K on a Bruker D8
APEX II CCD single-crystal diffractometer using MoKa radiation
(l=0.71073 R). Of the 507786 reflections collected (2qmax =49.788,
99.4% complete), 42978 were unique (Rint =0.2858) and 22961 re-
flections were considered observed (I> 2s(I)). Routine Lorentz and
polarization corrections were applied and an absorption correction
was performed by using the SADABS program (Sheldrick, G. M.;
Siemens Analytical X-ray Instrument Division: Madison, WI, 1995).
Direct methods were used to locate the tungsten and uranium atoms
(SHELXS-97). Then the remaining atoms were found from succes-
sive Fourier maps (SHELXL-97). The final cycle of refinement, in-


cluding the atomic coordinates, anisotropic thermal parameters (W,
U, P, and K atoms) and isotropic thermal parameters (O and Li
atoms) converged at R=0.0806 (I> 2s(I)) and Rw =0.1966 (all
data). In the final difference map the deepest hole was �3.61 eR�3


(1.03 R from U6) and the highest peak 5.01 eR�3 (0.09 R from U7).
Further details of the crystal structure investigation may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: (+49) 7247-808-666; E-mail : crysda-
ta@fiz-karlsruhe.de) on quoting the depository number CSD-419629.
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Highly Enantioselective Hydrogenation of Enol Ester Phosphonates: A
Versatile Procedure for the Preparation of Chiral b-Hydroxyphosphonates


Sergio Vargas, Andr)s Su*rez, Eleuterio ,lvarez, and Antonio Pizzano*[a]


Chiral b-hydroxyphosphonates constitute an interesting
class of compounds, owing to their wide variety of biological
applications, such as antibacterial agents,[1] enzyme inhibi-
tors[2] or intermediates in biosynthetic processes.[3] Further-
more, owing to the widespread interest in phosphonates as
bioisosteric derivatives of carboxylic acid derivatives,[4] sev-
eral b-hydroxy ACHTUNGTRENNUNGphosphonates, such as phosphogabob and
phosphocarnitine among others, have been subject to con-
siderable attention.[5] These alcohols are also synthetically
valuable compounds, as they can be readily converted into
biologically active b-aminophosphonates.[6]


The need for the development of versatile and efficient
methods for the preparation of enantiopure b-hydroxy-
phosphonates is therefore apparent,[7] although studies to
this end have not been widely reported. For instance, inves-
tigation of particularly advantageous asymmetric catalytic
procedures[8,9] is mainly restricted to ketone hydrogenation
reactions using ruthenium catalysts. Noyori and co-workers
have reported the use of 2,2’-bis(diphenylphosphino)-1,1’-bi-
naphthyl (binap) derivatives in the reduction of several b-
alkyl- and b-phenylketophosphonates, including the applica-
tion of this catalytic system to a convenient synthesis of fos-
fomycin.[10] GenÞt and co-workers have applied 2,2’-bis(di-
phenylphosphino)-6,6’-bis-methoxy-1,1’-biphenyl (MeO-
biphep) catalysts to several substrates including a b-(3-thien-
yl) derivative.[11] Further study of synthetic methods for the
preparation of highly enantioenriched b-hydroxy-
ACHTUNGTRENNUNGphosphonates is thus of interest, either to widen the range
of available examples or to provide an alternative to ketone
hydrogenation.


A convenient procedure to generate alcohols using a hy-
drogenation reaction is based on the reduction of an enol
ester, followed by deprotection of the resulting product.[12]


This strategy relies on the efficiency of the asymmetric hy-
drogenation of chelating olefins.[13] Regarding a,b-unsaturat-
ed phosphonates, several groups have reported the highly
enantioselective hydrogenation of a-acyloxy derivatives.[14]


However, to our knowledge, the hydrogenation of enol


esters 1 has not been investigated as a useful approach for
the synthesis of b-hydroxy ACHTUNGTRENNUNGphosphonates 3 (Scheme 1).
Herein, we investigate this reaction sequence and demon-
strate the validity of this approach. We report an unprece-
dented olefin hydrogenation reaction, which gives access to
a wide variety of chiral b-acyloxyACHTUNGTRENNUNGphosphonates 2 with excel-
lent levels of asymmetric induction which, in addition, can
easily be converted into the corresponding alcohols.


In recent years, progress in the field of enantioselective
olefin hydrogenation has identified an important number of
interesting applications for catalysts bearing bifunctional
chiral ligands.[15] In this context, we have studied the applica-
tion of phosphane–phosphite ligands (P–OP, Scheme 2) 4
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Scheme 1. Synthesis of b-hydroxyphosphonates 3.


Scheme 2. Structure of P–OP ligands 4 and 5.
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and 5 in diverse hydrogenation reactions.[16] In an effort to
broaden the scope of these catalysts, unsaturated phospho-
nates 1 were chosen as substrates. Studies were initiated by
the development of a convenient procedure for the synthesis
of a set of olefins 1. These derivatives can be easily prepared
from readily available b-ketophosphonates by simple treat-
ment with sodium hydride and an acylating agent (either
BzCl or Bz2O see the Supporting Information). Notably, this
reaction yields olefins 1 as the Z isomers exclusively. This
feature is of practical interest, as separation of geometric
isomers is avoided, and confers a challenging aspect to the
hydrogenation of these olefins, since structurally related Z-
b-N-acylaminoacrylates usually give slower and less enantio-
selective reactions than their E counterparts.[17] In addition,
steric effects, resulting from the size of the phosphonate
group, can further reduce the reactivity of these alkenes.[18]


A set of rhodium precatalysts of formulation [Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(P–
OP)]BF4 (cod=cycloocta-1,5-diene, P–OP=4, 5 ; Scheme 2)


has been examined in the hydrogenation of the representa-
tive substrate 1a (Scheme 3, Table 1). Notably, this kind of
hydrogenation produces, in addition to the desired saturated
phosphonate 2a, a second product 6a, generated by elimina-
tion of the OBz group. Interestingly, both the amount of this
by-product and the enantioselectivity of the reaction can be
optimized by an appropriate choice of P–OP ligand. Thus,
among the catalysts investigated, that derived from phos-
phane–phosphite 4b produced excellent results, giving full
conversion and affording 2a with excellent chemo- and


enantioselectivity (Table 1, entry 2). Interestingly, catalysts
based on ligands 4a and 4b had low activity in the hydroge-
nation of related a-acyloxyACHTUNGTRENNUNGphosphonates.[16b]


Following the pleasing result obtained in the reduction of
1a, the scope of catalyst precursor [Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(4b)]BF4 was
examined. A variety of b-acyloxyACHTUNGTRENNUNGphosphonates were hydro-
genated with very high enantioselectivities using this cata-
lyst. Thus, b-alkyl product 2b was obtained with high che-
moselectivity and 99% ee (Table 2, entry 2). Conversely,


nBu-substituted 1c offered a lower selectivity for the de-
sired 2c, although this compound was also obtained with
very high enantioselectivity. A range of b-aryl derivatives
were also examined and, with exception of the p-anisyl de-
rivative 2 f , which showed a moderate chemoselectivity
(73%, Table 2, entry 6), gave high selectivities for the chiral
derivatives 2d–h. Moreover, for all aromatic substrates in-
vestigated, the reaction proceeds with very high enantiose-
lectivity, from 95% ee for 2 f to greater than 99% ee for the
other substrates.


We next examined the configuration of compounds 2a–h.
Firstly, X-ray crystallography, performed on derivative 2g,
established an absolute R configuration for this com-
pound.[19] Moreover, the same configuration has been as-
signed to b-alkyl 2a by comparison of the specific rotation
of the corresponding alcohol 3a (see below) with the value
reported in the literature.[8c] It is interesting to compare the
configuration of products resulting from hydrogenation of
a- and b-acyloxyvinylphosphonates.[20] According to a previ-
ous study, catalysts based on P–OP ligands with an S phos-
phite fragment produce S products from a-acyloxy deriva-
tives.[16b] Therefore, product configuration indicates that hy-
drogen addition occurs on opposed faces of the unsaturated
phosphonates (Scheme 4).


We then explored if compounds 2 can be deprotected to
the corresponding alcohols 3. A set of representative com-
pounds were converted into the desired alcohols without
loss of enantiomeric purity by a simple treatment with
Na2CO3 in methanol (Scheme 5).


Scheme 3. Hydrogenation of 1. cod=cycloocta-1,5-diene, P–OP=phos-
phane–phosphite ligand 4 or 5.


Table 1. Hydrogenation of 1a with [Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(P–OP)]BF4.
[a]


Entry P–OP Conv[b] Product distribution [%] ee 2a
[%][c]


Configuration


2a[d] 6a[d]


1 (S)-4a 46 36 10 33 R
2 (S)-4b 100 98 2 99 R
3 (S)-5a 41 33 8 31 R
4 (R)-5b 100 32 68 59 S


[a] Conditions: 4 atm H2, 25 8C, CH2Cl2, S/C (substrate/catalyst ratio)=


100, 24 h. [b] Conversion was determined by 1H NMR spectroscopy.
[c] Enantiomeric excess determined by chiral HPLC. Absolute configura-
tion assigned by comparison of optical rotation of alcohol 3a (resulting
from debenzylation of 2a), with literature value.[8c] [d] Based on starting
material 1a.


Table 2. Hydrogenation of 1 with [Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(4b)]BF4.
[a]


Entry Substrate Product distribution
[%]


Yield 2
[%][b]


ee 2
[%][c]


Configuration


2 6


1 1a 98 2 90 99 R
2 1b 98 2 82 99 R
3 1c 68 32 55 99 R
4 1d 98 2 93 99 R
5 1e 90 10 85 99 R
6 1 f 73 27 73 95 R
7 1g 96 4 87 99 R
8 1h 97 3 86 99 R


[a] Conditions: 4 atm H2, 25 8C, CH2Cl2, S/C=100, 24 h. Full conversion,
determined by 1H NMR spectroscopy, was detected in all reactions.
[b] Yield of isolated product. [c] Enantiomeric excess determined by
chiral HPLC. Absolute configuration was determined in 2g by X-ray
crystallography. This configuration has tentatively been assigned to the
rest of compounds of the series, assuming the same stereochemical
course of the reaction in all substrates.
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g-Amino-b-hydroxyphosphonates are of interest, owing to
their biological activity.[1,5–7] We thus investigated the effi-
ciency of our catalyst in the generation of species of this
type. For this purpose, the hydrogenation of substrate 1 i
was investigated (Scheme 6). Notably, our catalyst also hy-


drogenated this substrate with a 99% ee. The structure of
hydrogenated 2 i closely resembles those of phosphogabob
and phosphocarnitine.[5] For instance, 2 i has been converted
into the corresponding highly enantioenriched alcohol 3 i
which can be readily converted into phosphogabob.[21]


In summary, a versatile and highly enantioselective proce-
dure, based on asymmetric olefin hydrogenation reactions,
has been described for the synthesis of b-hydroxy-
ACHTUNGTRENNUNGphosphonates. The catalyst reported herein is active for the,
usually rather sluggish, reduction of Z-olefins, which are the
sole isomers obtained in the synthesis of substrates 1. The
utility of this hydrogenation reaction is enhanced by an easy
conversion of the products into valuable b-hydroxy-
ACHTUNGTRENNUNGphosphonates without racemization. Further examination of
mechanistic and synthetic aspects of this reaction is current-
ly in progress.


Experimental Section


General procedure for asymmetric hydrogenation of olefins 1 (as exem-
plified by 1a): In a nitrogen filled glove-box, a Fischer–Porter reactor
(80 mL) was charged with 1a (0.060 g, 0.22 mmol) and catalyst precursor
[Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(4b)]BF4 (0.002 g, 0.002 mmol) in CH2Cl2 (4 mL). The vessel
was brought outside the glove box, submitted to five evacuation–hydro-
gen cycles and, finally, pressurized to 4 atm. The reaction mixture was
stirred for 24 h, before the reactor was depressurized and the mixture
evaporated to dryness. Conversion and product distribution were deter-
mined by 1H NMR analysis of the resulting residue. Purification of the
residue by column chromatography on silica with ethyl acetate yielded
2a as a colorless oil (0.054 g, 0.2 mmol, 90%). Chiral HPLC analysis
(Chiralcel OJ, 30 8C, 1.0 mLmin�1, n-hexane/isopropanol: 90/10; (S) t1=


10.3 min, (R) t2=12.3 min) indicated a 99% ee.


General procedure for deprotection of benzyloxy esters 2 (as exemplified
by 2g): Na2CO3 (0.147 g, 1.4 mmol) was added to a solution of 2g
(0.141 g, 0.34 mmol) in MeOH (5 mL). The reaction mixture was stirred
for 16 h and the solvent removed under reduced pressure. The resulting
mixture was dissolved in ethyl acetate (10 mL), and washed with saturat-
ed aqueous solutions of NaHCO3 (10 mL) and NaCl (10 mL). The organ-
ic phase was dried over MgSO4, filtered, and the solvent removed under
reduced pressure. The residue was purified by column chromatography
on silica (eluent EtOAc/MeOH 9:1), affording 3g as a colorless oil
(0.055 g, 67%). HPLC analysis (Chiralcel OB, 30 8C, 1.0 mLmin�1, n-
hexane/isopropanol: 97/3; (S) t1=28.4 min, (R) t2=36.4 min) indicated a
99% ee.
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Noduliprevenone: A Novel Heterodimeric Chromanone with Cancer
Chemopreventive Potential


Alexander Pontius,[a] Anja Krick,[a] Stefan Kehraus,[a] Silke E. Foegen,[b]


Michael M2ller,[b] Karin Klimo,[c] Clarissa Gerh4user,[c] and Gabriele M. Kçnig*[a]


Chemoprevention is considered a new strategy in fighting
diverse types of cancer. To influence cancer development
and progression, signaling pathways,[1] for example, enzymes
like cyclooxygenase-2,[2] transcription factors like NF-kB,[3]


and several metabolic processes leading to activation or de-
activation of carcinogenic agents, are envisaged as promising
approaches.[4,5]


Cytochrome P450 (CYP) enzymes activate xenobiotics
and thus contribute to the generation of potent carcinogens.
Accordingly, inhibition of cytochrome P450 isoforms, such
as CYP1A enzymes, which play an important role in poly-
cyclic aromatic hydrocarbon (PAH) induced cancer forms, is
advantageous for chemoprevention.[6] In contrast, the induc-
tion of phase II enzymes inactivates carcinogens and acceler-
ates their renal or biliar elimination, forming conjugates
with polar ligands, such as glutathione, glucuronic acid, and
acetic or sulfuric acid.[7] NAD(P)H:quinone reductase (QR)
contributes in detoxification by catalysing the two-electron-
accepted reduction of quinones to their corresponding, low-
mutagenic hydroquinones and is therefore often used as bio-
marker.[8] Accordingly, the aim of cancer chemopreventive
strategy can include the inhibition of phase I enzymes ac-
companied with an increased phase II metabolism.


The fungus Nodulisporium sp. is an endophyte of a Medi-
terranean alga, and produces the novel polyketide noduli-
prevenone (1), an unprecedented structure consisting of two


uniquely modified xanthone-derived units. The absolute
configuration of compound 1, including four chiral centres
and a chiral axis, was assigned using CD-spectroscopy,
Mosher:s method and selective NOE gradient measure-
ments. Compound 1 was identified as a competitive inhibitor
of cytochrome P450 1A activity with an IC50 value 6.5�
1.6 mm and induces at the same time twofold NAD(P)H:qui-
none reductase (QR) activity in Hepa 1c1c7 mouse culture
cells with a concentration of 5.3�1.1 mm.


The molecular formula of compound 1 was deduced by
accurate mass measurement (HRESIMS) to be C33H34O15,
implying 17 degrees of unsaturation. UV absorption maxima
at 279 and 353 nm gave proof for an extended aromatic
system. The 13C NMR spectrum depicted 33 resonances, 32
of which could be recognised as pairs with close to identical
chemical shifts, indicating a heterodimeric structure with
almost the same substitution pattern of the subunits
(Table S1 in the Supporting Information). Each subunit in-
cludes three carbonyl groups and six sp2 carbons, the latter
forming the aromatic nucleus. Two of the aromatic carbon
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resonances were characterised by a downfield shift due to
substitution with oxygen (dC=161.7, C-1’/159.5 ppm, C-1;
dC=157.8, C-4a’/159.8 ppm, C-4a). The 1H NMR spectrum
contained two typical signals for chelated hydroxyl groups
(dH=11.47 ppm, OH-1’; dH=11.94 ppm, OH-1) characteris-
tic for the presence of phenolic moieties adjacent to carbon-
yl groups (dC=195.4 ppm, C-9’; dC=197.7 ppm, C-9). Since
only one uncoupled aromatic proton resonance (dH=


6.49 ppm, CH-2’; dH=6.43 ppm, CH-4) was present on each
aromatic system, the phenyl rings had to be fivefold substi-
tuted. From the data of 1H-13C HMBC experiments a hetero-
dimeric chromanone structure was deduced (Figure S1 in
the Supporting Information). The architecture of subunit I
was clarified by HMBC correlations of H2-8a’ to C-9a’, H-2’
to C-9’ and OH-1’ to C-9’. The substitution pattern of the ar-
omatic moiety was deduced on the basis of HMBC cou-
plings and supported by the NOESY cross-peaks from both
OH-1’ and CH3-11’ to CH-2’ proving their meta position to
each other. The chromanone heterocycle of subunit II was
assigned by HMBC correlations of H2-8a to C-9a, H-4 to
C-9, CH3-11 to C-4a and OH-1 to C-9. In contrast to sub-
unit I, here NOESY cross-peaks were only observed between
the vicinal residues CH3-11 and CH-4, proving that both
benzene moieties are not identically substituted. Taking all
information of spectroscopic analyses into account, the sub-
ACHTUNGTRENNUNGunits were linked asymmetrically through the remaining
quaternary carbons C-4’ of subunit I and C-2 of subunit II.
According to the degree of unsaturation one more ring had
to be present in 1. The 1H-1H COSY experiment revealed
two aliphatic spin systems due to couplings between H-5’,
H2-6’ and H2-7’, as well as from OH-5 through to H2-7.
Long-range HMBC correlations between H2-6’, H2-7’ and
the carbonyl group C-8’ (dC=176.0 ppm), but also between
H-5’ and C-8’ indicated a g-lactone ring in subunit I. HMBC
correlations of H2-6 and H2-7 to the carbonyl group C-8
(dC=173.8 ppm) in addition to the correlation of the me-
thoxyl group CH3-14 (dH=3.63 ppm) to C-8 suggested a 4-
hydroxy-butyric acid methyl ester moiety for subunit II. The
connection of the lactone ring to C-10a’ followed from the
HMBC cross-peaks between H-5’ and C-4a’, C-8a’ as well as
C-10a’, while the ester chain was found to be bonded to C-
10a because of cross-peaks between H-5 to both C-8a and
C-10a. Further HMBC correlations between the methoxyl
groups CH3-13’ (dH=3.70 ppm), CH3-13 (dH=3.77 ppm) and
the corresponding carbonyl groups C-12’ (dC=169.8 ppm),
C-12 (dC=170.9 ppm) evidenced two carboxymethyl func-
tionalities. Correlations of H2-8a’ to C-12’ and H2-8a to C-12
positioned these ester groups at the quaternary carbons 10a’
and 10a, respectively.


Compound 1 has a chiral axis between C-4’and C-2 as
well as four chiral centres. The absolute configuration of the
chiral axis was determined by using CD spectroscopy. The
CD spectrum of 1 was compared with that of the reference
molecule (M)-orsellinic acid camphanate, the absolute con-
figuration of which was established by X-ray crystallograph-
ic studies (Figure S2 in the Supporting Information).[9]


Sector rule lines depicted for the 1Lb band show that the


substitution pattern for both molecules is comparable.[10,11]


The nearly congruent CD curves with the same sign for the
1La and


1Lb band CD suggested the M absolute configuration
for compound 1 (Figure S2 in the Supporting Information).


NOE enhancements observed for the 1H NMR resonance
of H-8aa’ upon irradiation of the H-5’ and CH3-13’ resonan-
ces indicated that the methylene proton H-8aa’, the
carboxy ACHTUNGTRENNUNGmethyl group and H-5’ were located on the same
side of the molecule with proton 8aa’ and the carboxymeth-
yl group in pseudo-axial positions (Figure 1, and Figure S3


in the Supporting Information). Accordingly, as expected
for bulkier moieties the lactone ring must have pseudo-
equatorial orientation. This was confirmed by a further
NOE correlation between the lactone methylene group H2-
6’ and H-8ab’. For subunit II irradiation of the resonance for
H-5 caused enhancements of H-8aa and CH3-13, suggesting
the same orientation of the carboxymethyl group, H-5 and
H-8aa, with the ester chain in a pseudo-equatorial position
(Figure S3 in the Supporting Information). Consequently,
the relative configuration of the chiral centres was deduced
as 5’R*, 10a’S* and 5R*, 10aS*, respectively. Furthermore,
two important NOESY correlations between CH3-13’ and
CH3-11, as well as between H-7’a and 1-OH allowed us to
deduce, in conjunction with the M-configuration of the
chiral axis, the absolute configuration of both chiral carbons
of subunit I as 5’S and 10a’R (Figure 2 and Figure S4 in the
Supporting Information). By using a modified Mosher:s
method, the absolute configuration of the secondary alcohol
group at the chiral centre C-5 was assigned as 5R (Figure S5
in the Supporting Information).[12] Taking into account the
relative configuration deduced from NOE measurements
the absolute configuration of subunit II was assigned as 5R
and 10aS. We propose the trivial name noduliprevenone for
compound 1.


Biosynthetically, noduliprevenone (1) is an octaketide
presumably derived from anthraquinone and xanthone pre-
cursor molecules.[13] The chromanone basic structures of 1
are supposedly formed through a ring cleavage of the xan-


Figure 1. Selective gradient NOEs (black arrows) of both monomeric
subunits depicted as Newman projections (along the 5’-10a’/5-10a axis, re-
spectively).
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thone nucleus, finally creating the lactone and acyclic
methyl ester chain of subunits I and II as shown in Fig-
ure S6 in the Supporting Information.[14] Chromanone-type
structures substituted with a butanolide ring (called ergo-
chrome F unit) are extremely rare and have only been ob-
served in a few fungal derived compounds, that is, xantho-
quinodin A3 and B3,[14] ergoxanthin,[15] chaetomanone,[16]


and the lachnones 3, 4 and 5[17] (Figure S7 in the Supporting
Information). Substitution with an acyclic hydroxybutanoic
methyl ester is unprecedented. Also, noduliprevenone is
unique in being the first heterodimeric compound that incor-
porates two such unusually modified chromanone units. The
connection of the subunits probably resulted from oxidative
phenol coupling, involving two different activated sites of
the aromatic rings. Moreover, the linkage of the subunits
must be stereoselectively controlled, thus leading to the M
conformer of 1.


The chemopreventive potential of compound 1 was inves-
tigated applying two phase I and II metabolic enzymes.
First, the influence on the initiation of cancer development
was analysed by performing a CYP1A inhibition assay.
Noduliprevenone (1) was identified as an inhibitor of
CYP1A activity in vitro, with an IC50 value of 6.5�1.6 mm


(n=3; Figure 3A). The compound demonstrated competi-
tive inhibition with respect to the substrate 3-cyano-7-
ethoxy ACHTUNGTRENNUNGcoumarin, determined by Dixon– and Cornish–
Bowden plots (Figure 3B). Competitive inhibition was also
reflected by a decrease in IC50 values obtained with decreas-
ing substrate concentrations (data not shown). Otherwise,
after a 48 h treatment period, noduliprevenone (1) was
found to induce the twofold specific activity of QR in a
dose-dependent manner with a concentration of 5.3�1.1 mm


(n=3) (Figure 3C) without evident cytotoxicity at concen-
trations below 25 mm.


Experimental Section


The algal sample originates from Corfu (Greece). The sample was pro-
cessed immediately after collection. The isolation of the fungus was car-
ried out using an indirect isolation method. Algal samples were rinsed
three times with sterile water. After surface sterilisation with 70% EtOH
for 15 s the alga was rinsed in sterile artificial sea water (ASW). Subse-
quently the alga was aseptically cut into small pieces and placed on agar
plates containing isolation medium: agar (15 g/L), ASW (800 mLL�1),
glucose (1 gL�1), peptone from soymeal (0.5 gL�1), yeast extract
(0.1 gL�1), benzyl penicillin (250 mgL�1) and streptomycin sulfate
(250 mgL�1). Fungi growing out of the algal tissue were separated on bio-
malt medium (biomalt 20 gL�1, agar 10 gL�1, ASW 800 mLL�1) until the
culture was pure. The strain 707/GrKo3 was assigned as Nodulisporium
sp. and was identified by Dr. R. A. Samson, Centralbureau voor Schim-
mel Cultures, Utrecht (The Netherlands).


The fungal strain was cultivated for ten weeks on 10 L solid Czapek-Dox
medium (Becton Dickinson, France) with agar (15 gL�1) at room temper-
ature in Fernbach flasks. Fungal biomass and media were homogenised
by using an Ultra-Turrax apparatus and extracted with ethyl acetate. The
ethyl acetate extract (16.35 g) of the Nodulisporium fermentation was
separated by liquid–liquid extraction (hexane–MeOH). The MeOH ex-
tract was fractionated by using column chromatography over silica gel
(Merck, 63–200 mm, 7R23 cm) with a CH2Cl2/acetone/MeOH gradient
yielding 12 fractions. Fraction 4 (1.53 g) was further fractionated by RP
column chromatography (Macherey–Nagel Polygoprep 60–50 C18, 4R
23 cm) with a MeOH/H2O gradient. Subfraction 4 was then purified by
RP HPLC (Knauer C18 Eurosphere 100 250R8 mm, 5 mm) with a mobile
phase (2 mLmin�1) consisting of 55/45 MeOH/H2O resulting in 18 frac-


Figure 2. Selective gradient NOEs (white arrows) between the two sub-
units of 1. The preferred conformation was calculated using Cerius2 4.0
(MSI) molecular modeling software package.


Figure 3. A) Dose-dependent inhibition of CYP1A enzymatic activity by
1 (black bars, mm scale) in comparison with a-naphthoflavone (white
bars, nm scale), respectively. Means significantly different from control
(C) (*P<0.01, **P<0.001). B) Competitive inhibition of CYP1A activi-
ty by 1. Dixon (left) and Cornish Bowden plot (right) of the results of ki-
netic experiments using 2.5 mm (&), 5 mm (!), and 10 mm (*) CEC, respec-
tively, as a substrate. C) Induction of QR activity by 1 (*) in comparison
with sulforaphane used as a positive control (*).
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tions. Fraction 17 (18.2 mg) was finally separated (same RP18 HPLC
column) with mixture MeOH/H2O 55/45 (2.5 mLmin�1) affording the
pure compound 1 (12.0 mg).


Compound 1 was tested noneffectively in agar diffusion assays[18] against
the bacteria Bacillus megaterium, Escherichia coli, the fungi Microbo-
tryum violaceum, Eurotium rubrum and Mycotypha microspora, and the
green micro-alga Chlorella fusca. Cytotoxicity of the compound was in-
vestigated by using 36 cancer cell lines.[19] The pure compound showed no
activity in the assay at concentrations of 1 mgmL�1 and 10 mgmL�1, re-
spectively.


Data for 1: White solid; [a]24D =++89.44 (c=0.15 in CHCl3); 1D and 2D
NMR data: see Table S1 in the Supporting Information; IR (ATR): ñ=


2922, 2359, 1732, 1633, 1365, 1155 cm�1; UV/Vis (MeOH): lmax (loge)=


279 (4.13), 353 nm (3.60 mol�1 dm3cm�1); HR ESIMS: m/z calcd for
[C33H34O15Na]+ : 693.1795; found: 693.1807.


Keywords: cancer chemoprevention · heterodimeric
chromanone · medicinal chemistry · natural products ·
structure elucidation
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Base Catalyzed Hydrosilylation of b-Enamino Esters
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Optically active b-amino acids are very important chiral
building blocks for the synthesis of b-peptides, b-lactams,
natural products, and physiologically active substances.[1]


Therefore, efficient methods for the synthesis of optically
active b-amino acids would be of great value for drug dis-
covery and organic synthesis. Among the approaches to
chiral b-amino acids,[2] the most straightforward and atom
economic one is catalytic asymmetric reduction of b-enami-
no esters. Pioneered by Noyori et al.,[3a] many chiral transi-
tion-metal complexes were developed to catalyze high-pres-
sure hydrogenation of N-acyl b-enamino esters,[3] N-aryl b-
enamino esters,[4] or N-unprotected b-enamino esters[5] with
high enantioselectivities. However, transition-metal-cata-
lyzed hydrogenation cannot get rid of the problems of metal
leaching, high pressure, the cost of the catalyst, and its re-
generation.


Recently, asymmetric reactions involving the strategy of
Lewis base activation of Lewis acids attracted much atten-
tion.[6] Among these reactions, Lewis base catalyzed enantio-
selective hydrosilylation of ketimines has become an impor-
tant alternative to transition-metal catalysis in synthesis of
chiral amines.[7] However, there is only limited examples of


enantioselective hydrosilylation of b-enamino esters.[7b,8] To
our knowledge, a general, highly enantioselective Lewis
base organocatalyzed hydrosilylation of b-enamino esters
has not been reported, and thus remains an important chal-
lenge.


Herein, we describe the first general, highly enantioselec-
tive organocatalytic hydrosilylation of b-enamino esters.
Matsumura and co-workers reported the hydrosilylation of
unprotected b-enamino ester 1a catalyzed by N-picolinoyl-
pyrrolidine derivative 2a that resulted in poor yield and
enantioselectivity (Scheme 1).[7b] However, to our delight,
we found that the same catalyst 2a and its analogues dis-
played excellent activities and enantioselectivities in pro-
moting hydrosilylation of N-aryl b-enamino esters.


First, N-picolinoylpyrrolidine derivatives 2a–2e and N-pi-
colinoylephedrine (4)[7m] were evaluated in hydrosilylation
of (Z)-methyl 3-phenyl-3-(phenylamino)acrylate.[9] As can
be seen in Table 1, 10 mol% of catalysts 2a–2c delivered
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Scheme 1. Enantioselective hydrosilylation of b-enamino ester 1a report-
ed by Matsumura et al.[7b]
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satisfying yields and good enantioselectivities in chloroform
at 0 8C. The ee values (ee=enantiomeric excess) increased
slightly along with the increase of the size of the aryl groups
in the catalysts (Table 1, entries 1, 5, and 6). However, intro-
duction of a methoxy group on C4 of pyrrolidine ring of 2a
led to dramatic drop in enantioselection, no matter what the
configuration of the carbon atom is (Table 1, entries 7 and
8). Perhaps it is due to the undesired coordination of me-
thoxy group with trichlorosilane. Compound 4 gave the op-
posite enantiomer with moderate ee value (Table 1, entry 9).


Examination of the solvents revealed that chlorinated sol-
vents proved to be essential. Little reaction was observed in
nonprotic polar media such as THF (Table 1, entry 3). Reac-
tions performed in nonpolar solvent such as toluene gave
high yield but moderate ee value (Table 1, entry 4). The
most favorable solvent is chloroform (Table 1, entry 1).
Lowering the temperature from 0 8C to �30 8C resulted in
an evident improvement in enantioselectivities. The best
yield and enantioselectivity were obtained with catalyst 2c
at �30 8C for 48 h (Table 1, entry 17). Further lowering the
temperature to �40 8C led to decrease in both reactivity and
enantioselectivity (Table 1, entry 18).


Under the optimized conditions, the generality of the
Lewis base organocatalyzed hydrosilylation of various b-en-
amino esters were examined. In the presence of 10 mol% of
2c, b-enamino esters 1b–1y were reduced in chloroform at
�30 8C with trichlorosilane. The results were summarized in
Table 2. Interestingly, this catalytic system exhibited a high
sensitivity to the N-substituents. All of the N-aryl b-enamino
esters underwent the hydrosilylation smoothly to give corre-
sponding b-amino esters in good yields. However, N-acyl b-


enamino ester 1 i was totally inactive in this catalytic system
(Table 2, entry 8). Perhaps it is due to the difficulty for 1 i to
isomerize from enamine tautomer to imine tautomer. Vary-
ing the N-aryl substituent resulted in marginal changes in
enantioselectivity (Table 2, entries 1–7). In most cases, high
enantioselectivities (�90% ee) were observed with b-aryl-
N-aryl b-enamino esters (Table 2, entries 9–16). However,
pyridinyl-derived 1r and thienyl-derived 1s gave lower ee
values (Table 2, entries 17 and 18), suggesting a competing
coordination of the heteroatom in the substrate with tri-
chlorosilane. As to b-alkyl-N-aryl b-enamino esters, the ee


Table 1. Enantioselective hydrosilylation of b-enamino ester 1b.


Entry[a] Cat* Solvent T [ 8C] t [h] Yield [%][b] ee [%][c]


1 2a CHCl3 0 36 88 87
2 2a CH2Cl2 0 36 93 80
3 2a THF 0 36 trace –
4 2a toluene 0 36 90 67
5 2b CHCl3 0 36 92 88
6 2c CHCl3 0 36 84 90
7 2d CHCl3 0 36 96 57
8 2e CHCl3 0 36 94 55
9 4 CHCl3 0 36 88 �72


10 2a CHCl3 �10 36 88 89
11 2b CHCl3 �10 36 84 90
12 2a CHCl3 �20 36 90 91
13 2b CHCl3 �20 36 88 91
14 2a CHCl3 �30 36 76 92
15 2b CHCl3 �30 36 78 92
16 2b CHCl3 �30 48 86 92
17 2c CHCl3 �30 48 94 95
18 2a CHCl3 �40 72 90 83


[a] Unless specified otherwise, reactions were carried out with 10 mol%
of catalyst and 2.0 equiv of HSiCl3 on a 0.2 mmol scale in 2.0 mL of sol-
vent. [b] Isolated yield based on the b-enamino ester. [c] The ee values
were determined using chiral HPLC.


Table 2. Enantioselective hydrosilylation of b-enamino esters 1 catalyzed
by 2c.


Entry[a] b-Enamino ester Yield [%][b] ee [%][c] Conf.


1 1b 94 95 (�)
2 1c 82 95 S (�)[d]
3 1d 86 96 (�)
4 1e 92 92 (+)
5 1 f 96 92 (+)
6 1g 97 93 (+)
7 1h 97 92 (�)
8 1 i NR - –
9 1j 93 94 (+)


10 1k 91 92 (�)
11 1 l 92 92 (+)
12 1m 95 91 (�)
13 1n 84 90 (+)
14 1o 95 94 (�)
15 1p 95 95 (�)
16 1q 96 95 (+)
17 1r 84 70 (�)
18 1s 96 88 (�)
19 1t 93 28 (dr>99:1) (+)
20 1u 84 54 (dr>99:1) (�)
21 1v 91 17 (+)
22 1w 92 66 (+)
23 1x 96 80 (+)
24 1y 90 28 (dr>99:1) (+)


[a] Unless specified otherwise, reactions were carried out with 10 mol%
of catalyst and 2.0 equiv of HSiCl3 on a 0.2 mmol scale in 2.0 mL of
CHCl3 at �30 8C for 48 h. [b] Isolated yield based on the b-enamino
ester. [c] The ee values were determined using chiral HPLC. [d] deter-
mined by comparison of the optical rotation value of derivative of 3c
with literature data.[3n]
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values increased along with the increase of the size of the
alkyl groups in the substrates (Table 2, entries 21–23). Be-
sides, cyclic substrates 1 t, 1u, and 1y provided poor enantio-
selectivities but very high diastereoselectivities (Table 2, en-
tries 19, 20, and 24). It seems that the rigidity of the sub-
strate is very unfavorable to the coordination between cata-
lyst and substrate.


To test the practicality of the current method for the syn-
thesis of b-amino esters, the asymmetric hydrosilylation of
b-enamino esters 1c in a gram-scale was carried out using
10 mol% of 2c. The reaction proceeded smoothly to provide
3c in 82% yield and 95% ee (1.0 g, 3.5 mmol of 1c). Fur-
thermore, the N-PMP (PMP=p-methoxyphenyl) group of
product 3c was deprotected with CAN (CAN=ceric ammo-
nium nitrate) to give b-amino ester 5 in 65% yield without
racemization (Scheme 2). Fol-
lowing acetylation of the amino
group of 5 generated the
known compound N-acetyl b-
aminoester 3 i.[3n] The absolute
configuration of 3c was deter-
mined as S by measurement of
the optical rotation value of
compound 3 i.


Although detailed structural
and mechanistic studies remain
to be carried out, based on
these facts, we propose a mech-
anism shown in Scheme 3. First,
it is supposed that the reaction
proceeds through the imine tau-
tomer rather than the enamine
tautomer. The nitrogen atom of
the pyridine ring and the car-
bonyl oxygen atom of catalyst
2c are coordinated to Cl3SiH. Meanwhile, the imine is acti-
vated by the hydroxy group of 2c through hydrogen bond-
ing. The less hindered transition state A is consistent with
the experimentally observed si-facial selectivity of the reac-
tion. It can also be hypothesized that A will be stabilized by
arene–arene interactions between the aromatic systems of
the catalyst and the substrate.


In summary, we have demonstrated the first general,
highly enantioselective Lewis base organocatalyzed hydrosi-
lylation of b-enamino esters that enables the straightforward
and mild synthesis of a broad range of b-amino acid deriva-
tives in high yields (up to 97%) and enantioselectivities (up
to 96% ee). The absolute configuration of product 3c has
been determined as S. Finally, a plausible mechanism has
been proposed. Detailed investigations of the mechanism
are in progress.


Experimental Section


General procedure for asymmetric hydrosilylation of N-aryl b-enamino
esters : Trichlorosilane (41 mL, 0.40 mmol, 2.0 equiv) was added dropwise


to a solution of the catalyst (0.02 mmol) and the corresponding b-enami-
no ester (0.20 mmol) in dry CHCl3 (2 mL) at �30 8C. The reaction mix-
ture was stirred at �30 8C for 48 h. Then the reaction was quenched with
saturated aqueous solution of NaHCO3. The mixture was extracted with
EtOAc, and the combined extracts was washed with brine and dried over
anhydrous MgSO4. Concentration in vacuo followed by flash chromatog-
raphy on silica gel with petroleum ether/ethyl acetate as the eluent af-
forded the b-amino esters. The ee values were determined using estab-
lished HPLC techniques with chiral stationary phases.
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1315–1325; g) A. V. Malkov, S. Stončius, P. Kočovský, Angew. Chem.
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Organocatalytic Approach to Benzofused Nitrogen-Containing Heterocycles:
Enantioselective Total Synthesis of (+)-Angustureine


Santos Fustero,*[a, b] Javier Moscard3,[a] Diego Jim4nez,[a]


Mar5a Dolores P4rez-Carri3n,[b] Mar5a S7nchez-Rosell3,[a] and Carlos del Pozo[a]


Pyrrolidine and piperidine benzofused heterocyclic ring
systems have become attractive targets in organic and me-
dicinal chemistry. These families of compounds are extreme-
ly valuable scaffolds due to their widespread occurrence in
Nature, diverse biological activity, and interesting chemical
properties.[1] Therefore, the development of new strategies
for the generation of these heterocyclic frameworks, espe-
cially in a chiral nonracemic form, is of great interest in or-
ganic synthesis.


Regarding the piperidine family, strategies for the catalyt-
ic enantioselective preparation of tetrahydroquinolines are
mainly based either on the asymmetric hydrogenation of the
corresponding aromatic quinoline derivatives by using chiral
metal catalysts[2] or, more recently, chiral Brønsted acids;[3]


or alternatively an enantioselective aza-Diels–Alder reac-
tion.[4] In the same way, one of the common strategies used
to access enantiomerically enriched tetrahydroisoquinolines
is based on the asymmetric transfer hydrogenation of isoqui-
noline and dihydroisoquinoline skeletons.[5] However, proba-
bly the most popular method used to access these deriva-
tives relies on the addition of nucleophilic carbon species to
the C=N bond of dihydroisoquinolines.[6] In the pyrrolidine
benzofused family, the indoline core is the most important
substructure, and their synthesis is nowadays the subject of
intensive research. In recent years, several reports for the


enantioselective formation of indolines have appeared in
the literature.[7] However, the construction of the isoindoline
core is clearly underdeveloped and only one method for its
catalytic enantioselective preparation has been reported
very recently.[8]


The addition of nitrogen-centered nucleophiles to a,b-un-
saturated systems, that is, the so-called aza-Michael reaction,
is one of the simplest and most direct ways to create C�N
bonds. The intramolecular version is particularly relevant
because it allows the direct generation of nitrogen-contain-
ing heterocycles. Despite its synthetic potential, examples of
the enantioselective version of this intramolecular reaction[9]


are very scarce and all rely on the use of organocatalysts.
One of these examples described the organocatalytic synthe-
sis of tetrahydroisoquinolines by using amides as nitrogen
nucleophiles, although with poor enantiocontrol.[10] Very re-
cently, the synthesis of pyrazolo–indole compounds was per-
formed by using the indole nitrogen as a nucleophile in the
presence of a cinchonidine-derived catalyst.[11] The third ex-
ample of an organocatalytic intramolecular aza-Michael re-
action (IMAMR) reported to date was developed by our re-
search group,[12] and allowed for the generation of several
five- and six-membered heterocycles with excellent enantio-
selectivities by using carbamates as nitrogen nucleophiles.[13]


We envisioned the possibility of performing this organocata-
lytic IMAMR on ortho-substituted anilines and benzyl-
ACHTUNGTRENNUNGamines that have a pendant a,b-unsaturated moiety. Herein
we report the easy and enantioselective preparation of tetra-
hydroquinolines, tetrahydroisoquinolines, indolines, and iso-
indolines by following the aforementioned transformation.
The common synthetic strategy for the synthesis of these
four valuable heterocyclic derivatives is depicted in
Scheme 1. Our approach started with a cross metathesis
(CM) reaction of the terminal alkenylic chain of ortho-sub-
stituted N-protected anilines and benzylamines with acrolein
to afford the corresponding a,b-unsaturated derivatives that,
in turn, were subjected to an organocatalytic IMAMR and
subsequent aldehyde reduction. The starting N-protected
amines 1–4 (Table 1) were prepared according to procedures
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previously described in the literature (see the Supporting In-
formation).


Michael acceptors (5–8) for the organocatalytic conjugate
addition were assembled by a CM reaction between com-
pounds 1–4 and acrolein, catalyzed by second-generation
Hoveyda–Grubbs catalyst 9 Cl2ACHTUNGTRENNUNG(IMes)Ru=CH(o-iPrOC6H4).
The reaction proceeded at room temperature in dichlorome-
thane, giving rise to the desired aminoaldehydes 5–8 as
stable products in all cases and in moderate to good yields
(Table 1).


With a,b-unsaturated aldehydes 5–8 in hand, the first step
of our study was the optimization of the cyclization process
in terms of the reaction conditions and catalyst employed.
We decided to examine the process on N-Cbz benzylamine
5a as a model substrate. Diarylprolinols I and II and imida-
zolidinone III were chosen as catalysts for the organocata-
lytic process.[14] The screening process to identify the opti-
mum conditions is summarized in Table 2.


The first attempt was performed at 0 8C with catalyst I
(20 mol%) in CHCl3, in the presence of benzoic acid


(0.2 equiv) as the cocatalyst. The reaction took 1 h to run to
completion, affording the desired isoindoline 10a in 78%
yield and 82% enantiomeric excess (ee) after aldehyde re-
duction (Table 2, entry 1). With this encouraging result, the
next reaction was carried out at �20 8C to give 10a in 70%
yield and 92% ee after 12 h (Table 2, entry 2). To our de-
light, when the temperature was lowered to �30 8C, the
product was obtained in 72% yield with an excellent 98%
ee (Table 2, entry 3). Lower temperatures (�40 8C) led to
complete selectivity (>99% ee) although the yield was
slightly inferior. Other solvents, such as toluene, made the
process less efficient because 10a was obtained after 48 h in
45% yield and the ee dropped to 78%. In THF the process
did not take place even after the reaction mixture was
warmed up to room temperature (Table 2, entries 5 and 6).
It is worth noting that catalyst II also afforded the final
product with an excellent 99% ee at �30 8C (Table 2,
entry 7). However, under the same reaction conditions cata-
lyst III afforded isoindoline 10a in a modest 54% ee
(Table 2, entry 8). Therefore, optimized conditions were
found to involve exposure of substrate 5a to either catalyst
I or II in the presence of benzoic acid in CHCl3 at �30 8C,
which made the preparation of isoindoline (+)-10a in good
yield and excellent ee possible (Table 2, entries 3 and 7).


To explore the effects of nitrogen substitution on enantio-
selectivity, substrates 5a–d, which have carbamates, sulfon-
ACHTUNGTRENNUNGamides, or acetamides as nitrogen-protecting groups, were
synthesized. When the Boc protecting group was used (i.e. ,
5b), the process took place with a similar yield but with a
slight decrease in the ee compared to 5a (Table 3, entries 1,2
vs. 3,4). The use of tosylamide 5c as the starting material
followed the same trend, giving rise to isoindoline 10c in
good yield and ee with catalysts I and II (Table 3, entries 5
and 6). Finally, the use of acetamide 5d as the nitrogen nu-
cleophile in the IMAMR produced a dramatic decrease of
the yield and rendered 10d with modest ee (Table 3, en-
tries 7 and 8).


With these results in hand, it became apparent that the
decrease of the nucleophilicity of the nitrogen source in the
IMAMR resulted in lower yields and ee values of the final


Scheme 1. The synthetic strategy. PG=Protecting group.


Table 1. Preparation of starting N-protected amines 5–8.


Entry Substrate n m PG[a] Product Yield[b] [%]


1 1a 0 1 Cbz 5a 60
2 1b 0 1 Boc 5b 70
3 1c 0 1 Ts 5c 65
4 1d 0 1 Ac 5d 35
5 2 1 0 Cbz 6 50
6 3 1 1 Cbz 7 60
7 4 2 0 Cbz 8 73


[a] PG abbreviations: Cbz=benzyloxycarbonyl, Boc= tert-butyloxycar-
bonyl, Ts= tosyl, Ac=acetyl. [b] Isolated yields.


Table 2. Optimization of the reaction conditions.


Entry Catalyst Solvent T [8C] t [h] 10a[a] [%] ee[b] [%]


1 I CHCl3 0 1 78 82
2 I CHCl3 �20 12 70 92
3 I CHCl3 �30 12 72 98
4 I CHCl3 �40 12 56 >99
5 I toluene 0 48 45 78
6 I THF �40 to RT 24 trace –
7 II CHCl3 �30 16 68 >99
8 III CHCl3 �30 12 72 54


[a] Isolated yields. [b] Determined by chiral HPLC (see the Supporting
Information).
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products. Thus, conjugate addition with acetyl amides is
much slower (if compared with carbamates and tosyl
amides), and alternative reaction pathways promoted by
protons liberated during the process (Brønsted acid cataly-
sis) apparently became more important. This is a nonselec-
tive process that competes with the iminium activation by
the organocatalyst, which translates into the decrease of the
selectivity in the overall process.


The extension of this protocol to the synthesis of several
enantiomerically enriched benzofused heterocycles was ex-
amined next. Thus, when aniline derivative 6 was subjected
to the optimized conditions, indoline (+)-11 was obtained in
good yield and excellent ee (93% and 92% with catalysts I
and II, respectively; Table 4, entries 1 and 2). When benzyl-
ACHTUNGTRENNUNGamine derivative 7 was employed, the process gave tetrahy-
droisoquinoline (+)-12 in a complete enantioselective fash-


ion (99% ee ; Table 4, entries 3 and 4). Finally, when the or-
ganocatalytic protocol was performed on aniline derivative
8, tetrahydroquinoline (+)-13 was formed in up to 92% ee
(Table 4, entries 5 and 6).


It is worth noting that the IMAMR with benzylamines 5
and 7 led to slightly better ee values than aniline derivatives
6 and 8. This difference between both types of substrates
would be rationalized again in terms of nitrogen nucleophi-
licity because benzylamines possess a more nucleophilic car-
bamate and afford the corresponding bicyclic derivatives
with nearly complete selectivity.


The application of the present method to the enantiose-
lective synthesis of biologically active tetrahydroquinoline
alkaloid Angustureine[15] proved its utility.[16] Therefore,
after the organocatalytic aza-Michael reaction on compound
8, under the aforementioned conditions, aldehyde 14 was
obtained in 68% yield. Wittig reaction with propyltriphenyl-
phosphonium bromide, followed by carbamate reduction
with LiAlH4 and palladium-catalyzed hydrogenation, afford-
ed the desired natural product (S)-(+)-15 in a very simple
manner (Scheme 2). Additionally, oxidation of aldehyde 14
and further esterification with trimethylsilyldiazomethane
gave rise to tetrahydroquinoline b-amino acid derivative
(+)-16 (Scheme 2).


The synthesis of (S)-(+)-Angustureine allowed us to indi-
rectly determine the absolute configuration of tetrahydro-
quinoline 13. The newly created stereocenter was thus deter-
mined to be R, which is in agreement with the commonly
accepted mechanism to rationalize organocatalytic processes
through iminium activation. Once the iminium ion is formed
in its preferred E conformation (Scheme 3, intermediate A),
the attack on the nitrogen source that gives rise to enamine
intermediate B (Scheme 3) takes place from the bottom side
(Re face) of the diene moiety because the upper side is
shielded by the pyrrolidine substituent.[17]


Table 3. Influence of the nitrogen-protecting group in the IMAMR.


Entry 5 PG Catalyst 10 Yield [%] ee[a] [%]


1 5a Cbz I 10a 72 98
2 5a Cbz II 10a 68 99
3 5b Boc I 10b 72 94
4 5b Boc II 10b 68 91
5 5c Ts I 10c 61 94
6 5c Ts II 10c 63 91
7 5d Ac I 10d 36 64
8 5d Ac II 10d 28 58


[a] Determined by chiral HPLC (see the Supporting Information).


Table 4. Enantioselective synthesis of indolines, tetrahydroisoquinolines,
and tetrahydroquinolines.


Entry n m Substrate Catalyst Alcohol Yield
[%]


ee[a]


[%]


1 1 0 6 I 70 93
2 1 0 6 II 67 92


3 1 1 7 I 67 99
4 1 1 7 II 63 99


5 2 0 8 I 70[b] 92
6 2 0 8 II 60[b] 91


[a] Determined by chiral HPLC (see the Supporting Information).
[b] The formation of tetrahydroquinoline (+)-13 was slower than the
rest, and it was necessary to extend the reaction time to 24 h to obtain
the yields shown in the table.


Scheme 2. Enantioselective synthesis of (+)-Angustureine 15.
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In conclusion, we have developed an efficient and simple
method for the enantioselective synthesis of indolines, isoin-
dolines, tetrahydroquinolines, and tetrahydroisoquinolines
by means of an organocatalytic IMAMR of the correspond-
ing aniline and benzylamine derivatives. The process took
place with good yields and excellent ee values if diarylproli-
nols I and II were used as catalysts. The application of this
method to the synthesis of the alkaloid (+)-Angustureine
has also been presented. An investigation into further appli-
cations of this methodology is currently underway.


Experimental Section


Synthesis of adducts 10–13 : In a flame-dried, 10 mL, round-bottomed
flask, unsaturated aldehydes 5–8 (1 equiv) were dissolved in dry chloro-
form (0.1m) and the solution was cooled to �30 8C. A mixture of catalyst
I or II (20 mol%) and benzoic acid (0.2 equiv) in chloroform was added
to this solution, and the resulting solution was stirred at this temperature
for 12 h (except for substrate 8, which was maintained for 24 h). The mix-
ture was then diluted with methanol and NaBH4 (3 equiv) was added
portionwise. The mixture was allowed to reach 0 8C and, after 30 min at
this temperature, the reaction was quenched with saturated NH4Cl and
extracted with dichloromethane (3Q10 mL). The organic extracts were
washed with brine, dried over anhydrous Na2SO4, and concentrated to
dryness under vacuum. After flash chromatography over silica gel with
mixtures of hexane/ethyl acetate as the eluent, the corresponding alco-
hols 10–13 were obtained as colorless oils. The enantiomeric ratios were
determined by using HPLC analysis with a Chiracel IC column (25Q
0.46 cm).


Representative example : (1S)-N-Benzyloxycarbonyl-1-(2-hydroxyethyl)-
ACHTUNGTRENNUNGisoindoline (+)-10a was isolated by following the aforementioned proce-
dure and using flash chromatography with hexanes/ethyl acetate 3:1 as
the eluent to give a colorless oil (72% yield, 98% ee with catalyst I ;
68% yield, 99% ee with catalyst II). The ee was determined by using
HPLC analysis with a Chiralpack IC column (eluent: hexane/isopropanol
87:13); flow rate=1.1 mLmin�1, tmajor =36.9 min, tminor =39.2 min. [a]25


D =


+21.0 (c=1.0 in CHCl3);
1H NMR (300 MHz): d=1.60–1.69 (m, 1H),


2.16–2.27 (m, 1H), 3.70 (br s, 2H), 3.96 (br s, 1H), 4.63 (d, J=14.9 Hz,
1H), 4.91 (d, J=14.9 Hz, 1H), 5.22 (s, 2H), 5.38 (d, J=10.0 Hz, 1H),
7.21–7.40 ppm (m, 9H); 13C NMR (75 MHz): d =40.4 (CH2), 51.8 (CH2),
59.0 (CH2), 60.6 (CH), 67.5 (CH2), 122.4 (CH), 127.6 (2 CH), 128.0 (CH),
128.2 (CH), 128.6 (CH), 135.8 (C), 136.3 (C), 141.3 (C), 156.6 ppm (C);
HMRS (EI+ ): m/z calcd for C18H19NO3 [M+]: 297.1365; found:
297.1360.
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Reaction Control in the Organocatalytic Asymmetric One-Pot, Three-
Component Reaction of Aldehydes, Diethyl a-Aminomalonate and
Nitroalkenes: Toward Diversity-Oriented Synthesis


Yan-Kai Liu,[a] Hao Liu,[a] Wei Du,[a] Lei Yue,[a] and Ying-Chun Chen*[a, b]


The demand for enantiomerically enriched compounds is
continuously increasing as a result of the rapid development
of the pharmaceutical industry. Therefore, asymmetric syn-
thesis remains a major focus of organic chemistry over the
past decades. For instance, enormous efforts have been de-
voted to the catalytic stereoselective transformations of
imine derivatives of a-amino esters and a,b-unsaturated
compounds, either by Michael addition[1] or [3+2] dipolar
ACHTUNGTRENNUNGcycloaddition (via azomethine ylides)[2] reactions, leading to
the efficient synthesis of biologically important unnatural
amino acids, or pyrrolidines with multiple chiral centers.
Most studies in the literature have utilized a-imino esters as
the nucleophilic precursors,[3] and control of the reaction se-
lectivity (Michael addition or cycloaddition) has generally
been poor.[4] In the pursuit of more efficient methods for di-
versity-oriented synthesis,[5] it would be highly desirable that
the Michael adducts or dipolar cycloaddition products could
be selectively obtained from the same three-component re-
action of aldehydes, a-amino esters and activated alkenes
under easily controllable conditions, catalyzed by environ-
mentally benign organic molecules.[6]


Our strategy is based on the following considerations: al-
though a-amino esters might directly coordinate with a
metal cation, which would affect the formation of a-imino
esters with aldehydes and the subsequent reaction with the
activated alkenes, such processes should happen in the pres-
ence of a bifunctional organic thiourea–tertiary amine cata-


lyst.[7,8] As outlined in Scheme 1, the tertiary amine group
would activate the in situ formed a-imino esters to produce
azomethine ylides (or enolates). Nitroalkenes would be acti-
vated by the thiourea group, through a double hydrogen-
bonding interaction. Thus the synergistic communication
through bifunctional catalysis would ensure high stereoselec-
tivity in the subsequent Michael addition or dipolar cyclo-
ACHTUNGTRENNUNGaddition.[9,10]


We first investigated the reaction of a-imino acetate 2a
and nitrostyrene 3a, catalyzed by thiourea–tertiary amine
1a (Scheme 2, 10 mol%) in toluene at ambient temperature.
Unfortunately, no reaction occurred, probably because the
tertiary amine group of 1a could not remove the a-proton
of 2a to generate the azomethine ylide intermediate
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Scheme 1. Proposed organocatalytic three-component reaction of a-
amino esters, aldehydes and nitroalkenes. cat. 1= thiourea–tertiary amine
organocatalyst (see Scheme 2)


Scheme 2. The structures of bifunctional organocatalysts 1a–e.
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(Table 1, entry 1). 5 mol% of LiBr (or AgF with urea cata-
lyst 1b) was added in order to increase the acidity of the
proton by metal-coordination.[11] The dipolar cycloaddition
indeed occurred but only the racemic product 5a (R=H)


was isolated (Table 1, entries 2 and 3). We envisaged that
the introduction of another ethoxycarbonyl group at the a-
position of 2a would facilitate the generation of the azome-
thine ylide intermediate through tertiary amine activation.[2k]


In this case, employing 2b as the starting material, the
ACHTUNGTRENNUNGMichael adduct 4a (R=COOEt) was the major product,
isolated as a stable compound after 24 h with promising
enantioselectivity (91% ee, Table 1, entry 4). A low yield of
cycloaddition product 5b (20%) was delivered but with very
poor enantioselectivity (20% ee). Subsequently, the poten-
tial three-component reaction of benzaldehyde 6a, diethyl


a-aminomalonate 7 and nitrostyrene 3a was explored, cata-
lyzed by 1a in the presence of 4 I molecular sieves to
remove water (a by-product of the reaction). Although a
very low yield was attained when the three reagents were
added together in one vessel, the reaction proceeded much
better when 6a and 7 were previously stirred at 0 8C for 2 h,
before adding 3a.[8] A good yield with excellent enantiose-
lectivity for the Michael adduct 4a was obtained, whereas
the results for cyclic product 5b were still poor (Table 1,
entry 5). Other bifunctional thiourea–tertiary amine cata-
lysts 1c–1e with various chiral scaffolds were also screened,
affording the Michael adduct 4a with inferior enantioselec-
tivities (Table 1, entries 6–8). Pleasingly, the urea catalyst
1b[12] displayed better efficacy and excellent enantioslectivi-
ty (96% ee) with high chemoselectivity for the Michael reac-
tion was obtained (Table 1, entry 9). It should be noted that
poor enantioselectivities for cycloaddition product 5b were
detected in all the screened reactions.


Having found the favourable reaction conditions, we then
examined a variety of nitroalkene and aldehyde substrates
to establish the general utility of the catalytic transforma-
tion.[14] The one-pot, three-component Michael addition of
aldehydes 6, diethyl a-aminomalonate 7 and nitroalkene 3
was commonly performed with 10 mol% of 1b at 0 8C for
48 h (after prior stirring of 6 and 7 at 0 8C for 2 h). Only
trace amounts of dipolar cycloaddition products were
formed with all the tested substrates. As illustrated in
Table 2, for benzaldehyde 6a, excellent enantioselectivities
and high yields were obtained for nitrostyrenes 3a–h, bear-
ing diverse electron-withdrawing or -donating substituents
(Table 2, entries 1–8). High ee values were also attained for


Table 1. Screening studies of organocatalytic reaction of a-imino esters
and nitrostyrene.[a]


Entry Cat. Conditions. Yield [%][b] ee [%][c]


1[d] 1a A – –


2[e] 1a A 5a 80 5a 0


3[f] 1b A 5a 85 5a 0


4[g] 1a A 4a 50
5b 20


4a 91
5b 20


5 1a B 4a 70
5b 18


4a 93
5b 20


6 1c B 4a 30
5b 65


4a 57
5b 5


7 1d B 4a 81
5b 18


4a 82
5b 14


8 1e B 4a 66
5b 20


4a 90
5b 6


9 1b B 4a 93
5b 6


4a 96
5b 40


[a] Conditions A: reaction performed with 2 (0.1 mmol), 3a (0.12 mmol),
1 (10 mol%), and 4 I molecular sieves (MS, 50 mg) in toluene (0.8 mL)
at room temperature for 24 h. B: benzaldehyde 6a (0.1 mmol), diethyl a-
aminomalonate 7 (0.1 mmol) and 4 I MS (80 mg) were stirred at 0 8C for
2 h before adding nitrostyrene 3a (0.12 mmol) and catalyst 1 (10 mol%).
The mixture was then stirred for a further 48 h at 0 8C. 5a : R=H; 4a/5b :
R=COOEt. [b] Yield of isolated product. [c] Determined by HPLC anal-
ysis on chiral column, d.r.>99:1 for cyclic product 5. [d] 2a was used.
[e] 2a was used in addition to 5 mol% of LiBr. [f] 2a was used in addi-
tion to 5 mol% of AgF. [g] 2b was used.


Table 2. Asymmetric one pot, three-component Michael addition of alde-
hydes 6, diethyl a-aminomalonate 7 and nitroalkenes 3.[a]


Entry Ar R Yield [%][b] ee [%][c,13]


1 Ph Ph 4a 93 96
2 Ph p-ClPh 4b 87 98
3 Ph m-ClPh 4c 93 98
4 Ph o-ClPh 4d 80 94
5 Ph p-BrPh 4e 84 96
6 Ph p-FPh 4 f 83 98
7 Ph p-MePh 4g 95 96
8 Ph p-MeOPh 4h 83 95
9 Ph 2-thienyl 4 i 90 96


10 Ph 2-furyl 4j 89 98
11[d] Ph n-propyl 4k 56 97
12[d] Ph isopropyl 4 l 60 98
13[d] Ph cyclohexyl 4m 48 98
14 p-FPh Ph 4n 93 96
15 p-MePh Ph 4o 86 97
16[e] Ph Ph 4a 90 94


[a] Unless otherwise noted, reactions were performed with 6 (0.1 mmol),
7 (0.1 mmol), 3 (0.12 mmol), 1b (10 mol%), 4 I MS (80 mg), in toluene
(0.8 mL) at 0 8C for 48 h. [b] Yield of isolated product. [c] Based on
HPLC analysis on chiral column. [d] At room temperature for 72 h.
[e] At 5.0 mmol scale with respect to aldehyde 6, for 60 h.


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9873 – 98779874



www.chemeurj.org





nitroalkenes 3 i and 3 j, with heteroaryl groups (Table 2, en-
tries 9 and 10). Alkyl-substituted nitroalkenes exhibited
lower reactivity, although high enantioselectivities were still
obtained with moderate yields for reactions at ambient tem-
perature for 72 h (Table 2, entries 11–13). Furthermore,
other aryl aldehydes could be successfully applied in the
ACHTUNGTRENNUNGMichael addition reaction (Table 2, entries 14 and 15). This
catalytic reaction could be smoothly scaled up, affording
similar results (Table 2, entry 16). Conversely, aliphatic alde-
hydes failed to afford the desired Michael adducts under the
current catalytic conditions.


As the 1,3-dipolar cycloaddition products were generated
in low yields and enantioselectivities, we investigated wheth-
er these pyrrolidine derivatives could be synthesized in a
more enantioenriched manner. When chiral Michael adduct
4a (96% ee) was treated with various bases (1,8-
diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU), potassium tert-but-
ACHTUNGTRENNUNGoxide at room temperature, or lithium diisopropylamide
(LDA) at �40 8C), surprisingly, cyclic product 5b was isolat-
ed in its racemic form (Scheme 3). Drawing on the results of


the chiral urea (thiourea)–tertiary amine-catalyzed reaction
(see Table 1), we realized that the cyclic product was not
produced from the Michael-addition intermediate by intra-
molecular cyclization.[15] Instead, a retro-Michael reaction of
chiral 4a would occur in the presence of a strong base, and
the racemic 5b would form in a concerted [3+2] cycloaddi-
tion mechanism. In fact, we found that 5b could be directly
isolated in 61% yield from the three-component reaction of
benzaldehyde, diethyl a-aminomalonate and nitrostyrene
without any catalyst at 0 8C for 48 h. The Michael addition
product 4a was not detected (Scheme 3).[10] The presence of
a tertiary amine functionality seems to be essential for the
catalytic Michael addition, but not to be cooperative in the
dipolar cycloaddition. Moreover, it has been documented
that a-imino ester 2b can undergo thermal 1,2-prototropy to
produce the active azomethine ylide.[2k] The use of chiral
monofunctional thioureas with bulkier substituents might
aid stereocontrol in the asymmetric 1,3-dipolar cycloaddi-
tion.


To investigate these predictions, a range of catalysts 1 f–
m,[16] bearing only an active thiourea (or urea) moiety
(Scheme 4, 10 mol%), were screened in the one-pot, three-
component reaction of benzaldehyde, diethyl a-aminomalo-
nate and nitrostyrene in toluene at 0 8C (Table 3, entries 1–
8). Pleasingly, pyrrolidine 5b was isolated as the sole prod-


uct with complete endo-selectivity.[10] Thiourea–pyrrole com-
pound 1 l was identified as the optimal catalyst (Table 3,
entry 7). The ee value was improved to 81% at �20 8C with
20 mol% of 1 l (Table 3, entry 9), and even higher ee could
be attained in methyl tert-butyl ether (MTBE, Table 3,
entry 10). The reaction of imine 2b and nitrostyrene 3a was
also tested under the same catalytic conditions, affording
the cycloaddition product 5c in a better yield and with a


Scheme 3. Synthesis of [3+2] cycloaddition product 5b.


Scheme 4. The structures of chiral monofunctional thiourea (urea) cata-
lysts 1 f–m.


Table 3. Asymmetric one-pot, three-component [3+2] cycloaddition of
aldehydes 6, diethyl a-aminomanolonate 7 and nitroalkenes 3.[a]


Entry Cat. Conditions R R1 Yield [%][b] ee [%][c]


1 1 f A Ph Ph 5b 86 4
2 1g A Ph Ph 5b 88 0
3 1h A Ph Ph 5b 92 57
4 1 i A Ph Ph 5b 95 4
5 1 j A Ph Ph 5b 85 36
6 1k A Ph Ph 5b 88 65
7 1 l A Ph Ph 5b 93 76
8 1m A Ph Ph 5b 91 70
9[d] 1 l A Ph Ph 5b 70 81


10 1 l B Ph Ph 5b 73 90[e]


11[f] 1 l B Ph Ph 5b 92 89
12 1 l B Ph p-ClPh 5c 79 89
13 1 l B Ph m-ClPh 5d 83 90
14 1 l B Ph o-ClPh 5e 69 84
15 1 l B Ph p-FPh 5 f 73 86
16 1 l B Ph p-MeOPh 5g 75 91
17 1 l B Ph 2-furyl 5h 77 91
18 1 l B Ph n-propyl 5 i 62 60
19 1 l B p-ClPh Ph 5j 90 86
20 1 l B b-styryl Ph 5k 56 83
21[g] 1 l B Ph Ph 5b 80 85


[a] Unless otherwise noted, reactions were performed with 6 (0.1 mmol),
7 (0.1 mmol), 3 (0.12 mmol), 4 I MS (80 mg). Conditions A: with 1
(10 mol%) in toluene (0.8 mL) at 0 8C for 48 h; Conditions B: with 1 l
(20 mol%) in MTBE (0.8 mL) at �20 8C for 72 h. [b] Yield of isolated
product. [c] Based on chiral HPLC analysis. endo-selectivity>99:1.
[d] With 1 l (20 mol%) at �20 8C for 72 h. [e] The absolute configuration
of 5b was determined by X-ray crystallographic analysis after some deri-
vation (see Supporting Information). The others were assigned by analo-
gy. [f] With imine 2b. [g] At 3.0 mmol scale with respect to aldehyde 6,
for 120 h.
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similar ee value (Table 3, entry 11). Subsequently, the sub-
strate scope for the one-pot, three-component 1,3-dipolar
cycloaddition was explored. Highly stereoselective reactions
were proceeded using an array of nitrostyrenes with elec-
tron-withdrawing or donating substituents (Table 3, en-
tries 12–16). Excellent enantioselectivity was also gained for
2-furyl-substituted nitroalkene (Table 3, entry 17). The use
of an alkyl-substituted nitroalkene, however, led to more
modest ee values (Table 3, entry 18). The reaction of p-chloro-
benzaldehyde with nitrostyrene 3a afforded good results in
the cycloaddition reaction (Table 3, entry 19). Notably high
enantioselectivity was detected when cinnamaldehyde was
applied (Table 3, entry 20). We also tested the dipolar cyclo-
addition reaction at a larger scale, and a good ee value was
attained (Table 3, entry 21). However, aliphatic aldehydes
again could not be successfully used in the 1,3-dipolar cyclo-
addition.


Based on the absolute configuration of 5b, a plausible cat-
alytic mechanism for the concerted 1,3-dipolar cycloaddition
was proposed. The steric hindrance of the bulky 2,5-diaryl-
pyrrole substituent on the catalyst would lead to the forma-
tion of the aforementioned double hydrogen-bonding inter-
action between the thiourea moiety and nitrostyrene with
the b-phenyl group directed away from the catalyst. Subse-
quently, endo-attack on the in situ-formed azomethine ylide
from the re-face of nitrostyrene would generate the chiral
pyrrolidine product 5b (Scheme 5).


In conclusion, we have investigated the organocatalytic
one-pot, three-component reaction of aldehydes, diethyl a-
aminomalonate and nitroalkenes. Either the Michael addi-
tion or [3+2] dipolar cycloaddition products could be selec-
tively obtained in high enantioselectivities from the same re-
actants catalyzed by either a bifunctional urea–tertiary
amine or monothiourea compound, respectively, providing
facile methods to access diverse chiral nitrogen-containing
molecules. Furthermore, direct experimental evidence sug-
gests that the 1,3-dipolar cycloaddition of in situ-formed
azomethine ylides and nitroalkenes proceeds by a concerted
[3+2] mechanism, rather than a formal stepwise Michael ad-
dition–cyclization.[9] Investigation into further application of


thiourea (urea)-based asymmetric catalysis is currently in
progress in our laboratory.
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Introduction


Organic p-conjugated oligomers and polymers exhibit semi-
conducting properties and hence are used increasingly as
active materials in organic field-effect/thin-film transistors
(OFET/OTFTs),[1,2] organic light-emitting diodes
(OLEDs),[2–4] photovoltaic cells,[5] and sensor materials.[6]


The organic nature of these materials, when suitably modi-
fied, allows for low-cost deposition processes such as print-
ing, stamping, spin coating, and evaporation, and expensive
lithographic or vacuum-deposition steps are not required.[7]


Low-temperature solution processing, in particular, expands
the repertoire of tolerant substrates and allows fabrication
of flexible, lightweight, and inexpensive devices.[3,6a] A great
deal of attention has been focused on modification of the
electronic nature of the materials to obtain properties suita-
ble for the desired function (high charge-carrier mobility,
electroluminescence, etc.). The band gap of organic materi-
als and the degree of p-conjugation can generally be adjust-
ed by chemical transformations to tailor the optoelectronic
properties of these materials; these modifications can also
significantly influence their organization in the solid
state.[2,8] The solid-state morphology of conjugated materials,
in particular, plays an important role in the performance
characteristics of electronic devices.[2,6a,9] Both exciton mi-
gration and carrier mobility strongly depend on the solid-


state packing of the conjugated system. Greater intermolec-
ular overlap leads to increased bandwidth, which is directly
related to carrier mobility.[10] Pentacene was one of the first
organic materials successfully employed in OTFTs and
shows high field effect mobility and properties comparable
to those of classical transistors that rely on amorphous sili-
con as active material.[2] However, due the low solubility
and poor stability of pentacene towards oxidation, investiga-
tions focusing on improved materials that circumvent these
problems have been performed.[1,2] Heteropentacenes con-
taining annelated thiophene moieties such as pentathieno-
ACHTUNGTRENNUNGacenes (PTA),[11] tetraceno ACHTUNGTRENNUNG[2,3-b]thiophene (TCT),[12] and
anthradithiophene (ADT)[13] , for example, were found to ex-


hibit higher stability than the parent pentacene and also ex-
hibit good FET performance. However, most of these mate-
rials require tedious syntheses and purification processes.
Recently, dibenzo ACHTUNGTRENNUNG[d,d’]thieno[3,2-b ;4,5-b’]dithiophene
(DBTDT) was investigated as a new material for organic
electronics and showed not only promising semiconducting
properties, but also high thermal and photostability, as well
as easy accessibility.[14]


In the context of organic electronics, incorporation of
phosphorus centers into oligomeric or macromolecular ma-
terials has also recently drawn significant attention.[15]


Phosphole-containing materials are of particular interest. In
contrast to planar pyrroles, due to the pyramidal environ-
ment of the tricoordinate phosphorus center, efficient orbi-
tal interaction of the phosphorus lone pair with the conju-


Abstract: Benzo-condensed dithie-
no[3,2-b :2’,3’-d]phospholes have been
synthesized that allow convenient
tuning of properties that are essential
for application as semiconductor mate-
rials in organic field-effect transistor
(OFET) devices. The versatile reactivi-
ty of the trivalent phosphorus atom in
these heteropentacenes provides access
to a series of materials that show differ-
ent photophysical properties, signifi-
cantly different organization in the


solid state, and distinctly different elec-
trochemical properties that can be ach-
ieved by simple chemical modifications.
The materials show strong photolumi-
nescence in solution and in the solid
state that depends on the electronic


nature of the phosphorus center. Elec-
trochemical studies revealed that the
phosphorus atom intrinsically furnishes
materials with n-channel or ambipolar
behavior, also depending on its elec-
tronic nature. The experimental data
were verified by DFT quantum chemi-
cal calculations and suggest that the
phosphorus-based heteropentacenes
could be excellent candidates for n-
channel OFET semiconductor materi-
als.
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gated system is inhibited, and a low degree of lone-pair de-
localization results (Figure 1).[16] In addition, the phosphole
system exhibits a peculiar electronic structure resulting from


some interaction between the endocyclic p system of the bu-
tadiene moiety and the s* orbital of the exocyclic P�C bond
(s–p hyperconjugation).[17] This interaction leads to a low-
lying LUMO energy level that is particularly attractive for
organic electronics with respect to n-channel (or n-type)
semiconducting behavior. Furthermore, trivalent phosphorus
species can react with oxidizing agents or Lewis acids, and
they can also coordinate to transition metals.[18] This offers a
variety of synthetically facile possibilities that can be used
to efficiently modify the electronic properties of the product
materials.[19] RIau and co-workers were among the first to
incorporate the phosphole moiety into extended p-conjugat-
ed materials (A);[15,20] their systematic studies demonstrated
the advantageous electronic features of the incorporated
phosphorus centers in a series of phosphole-based OLED
devices.[21]


A few years ago, we introduced the dithieno[3,2-b :2’,3’-
d]phosphole system B into the field of organic electronics.[22]


This building block conjoins two thiophene subunits with a
central phosphole moiety by annelation and allows selective
tuning of the electronic properties of the materials by func-
tionalization of the phosphorus atom.[19e] Fused bithiophene
materials in general are promising candidates for application
in organic electronics, as they provide a high degree of p


conjugation due to their rigidified, planar structure, which
intrinsically affords smaller HOMO–LUMO gaps.[8,23] Our
extensive, systematic investigations to date have revealed
that this is also true of the dithienophosphole system B, and
we were able to confirm a
doping function of the phospho-
rus center, rather than its being
an integral part of the p-conju-
gated system.[19e,22] The materi-
als obtained in our studies dis-
play highly advantageous, un-
precedented photophysical


properties with respect to emission wavelengths, intensity,
and tunability. Parent dithienophospholes are very strong
blue-light emitters with photoluminescence efficiencies of
up to 90%. Notably, their photophysical properties can effi-
ciently be tuned by simple modifications at either the phos-
phorus center (E= lone pair) by oxidation (E=O, S), com-
plexation with main group centers (E=BH3, CH3


+) or tran-
sition metals (E=metal), or by variation of the substitution
pattern (R’ on the thieno units or R on the central phospho-
rus atom).[19e,22,24]


We now report the synthesis and properties of heteropen-
tacenes based on the dithieno[3,2-b :2’,3’-d]phosphole system
with potential application in OFET/OTFT devices in mind.
Expanding the p-conjugated framework over five rings, as
opposed to the three rings of the parent dithienophosphole
system, is expected to lead to improved intermolecular
packing, better p overlap, and higher thermal stability, all of
which are of central importance for the target application.
Not only we will show that the central trivalent phosphorus
atom plays an important part in tuning the electronic prop-
erties, but it also has a central role in the solid-state organi-
zation of the materials. Furthermore, interaction of the low-
lying s* P�C orbital with the low-lying unoccupied orbitals
of the extended p* system is expected to facilitate n-channel
conductivity in these compounds. The phosphorus center is
thus a tool for efficiently and effectively tuning a range of
materials properties, commonly not possible in this simplici-
ty with genuine organic semiconductors.


Results and Discussion


Synthesis and photophysical properties : In a modified pro-
cedure reported by Dahlmann and Neidlein,[25] oxidative
coupling of lithiated 2,3-dibromobenzo[b]thiophene (1) with
copper(II) chloride in diethyl ether at �78 8C gave 3,3’-di-
bromo-2,2’-diACHTUNGTRENNUNG(benzo[b]thiophene) (2). Benzannelated
phosphole 3 was obtained in good yield by our general
route to dithienophospholes[22,24] by using nBuLi in the pres-
ence of N,N,N,N-tetramethylethylenediamine to lithiate the
3,3’-positions, followed by treatment of the dilithio inter-
mediate with phenyldichlorophosphane in diethyl ether at
�78 8C (Scheme 1).


Compared to parent dithienophosphole B (R=Ph, R’=
H, E= lone pair),[22a] extension of the dithieno backbone
does not have a great impact on the 31P NMR shift of 3, and
a singlet at d=�25.1 ppm comparable to the signal for the
parent compound (d=�21.5 ppm) is observed. This penta-
cene-analogous, rigid annelated ring system has a high


Figure 1. Pyrrole versus phosphole versus thiophene.


Scheme 1. Synthesis of benzannelated phosphole 3.
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degree of p conjugation that is evident in bright blue fluo-
rescence emission at lem=440 nm in solution. Compared
with the parent dithienophosphole (lem=415 nm), the band
gap of 3 is narrower, as expected;[22] its quantum yield is
also reasonably high (63%). Remarkably, phosphole 3
shows extensive fluorescence, not only in solution but also
in the solid state (lex=450, lem=512 nm), for which a bright
green emission can be observed that suggests some intermo-
lecular interactions in the solid state (vide infra).


As mentioned in the introduction, the central phosphorus
atom provides a means to efficiently manipulate the materi-
als by simple chemical modifications that provide conven-
ient access to a family of materials with significantly altered
optoelectronic properties.[15,19e] Oxidation of the phosphorus
center in 3 with hydrogen peroxide and sulfur gives 4 and 5,
respectively, as air-stable solids in nearly quantitative yields
(Scheme 2). The phosphorus(V) 31P NMR resonances show


the typical low-field shift (4 : d=16.6 ppm; 5 : d=23.1 ppm)
relative to the trivalent phosphole 3.[19e,22,24] The optoelec-
tronic properties of 4 and 5 are very similar, but in the solid
state the relative intensity of 5 is significantly weaker, which
is consistent with other related thio derivatives, due to the
softness of sulfur (versus oxygen) quenching the luminescen-
ce.[22b] In solution, both compounds show excitation maxima
at lex=424 nm (4) and lex=435 nm (5) and emission at
lem=483 nm (4) and lem=473 nm (5) that are redshifted
compared to trivalent phosphole 3, as is commonly observed
for dithienophospholes.[19e,22,24] This redshift is caused by the
lowered LUMO level in the oxidized, pentavalent phospho-
rus form, as we showed in earlier studies on related dithie-
nophospholes.[22b,24e]


Borane adduct 6 was formed by addition of BH3 to phos-
ACHTUNGTRENNUNGphole 3. The 31P NMR resonance at d=16.9 ppm indicates


that the electronic nature of the phosphorus atom is very
similar to that of oxidized species 4 (d ACHTUNGTRENNUNG(31P)=16.6 ppm). The
excitation and emission maxima (lex=407 nm, lem=461 nm)
lie between those observed for phosphole 3 and oxidized
species 4, in accordance with the observations made for the
parent dithienophospholes and their oxidized relatives (B :
R=Ph, R’=H, SiR3, E=O). The broad 11B NMR signal at
d=�39.3 ppm further indicates formation of 6, by analogy
with related boron dithienophosphole compounds (d ACHTUNGTRENNUNG(11B)=


�40�1 ppm).[22,24e]


Addition of [AuACHTUNGTRENNUNG(tht)Cl] (tht= tetrahydrothiophene) to
phosphole 3 in dichloromethane at room temperature gave
gold complex 7 in 56% yield. Again, the low-field shift of
the 31P NMR resonance is in accordance with increased elec-
tron-acceptor character (d=2.4 ppm) and is comparable to
the 31P NMR resonances of related dithienophosphole gold
complexes (d=1.9–6.5 ppm).[24b,e] The fluorescence spectrum


for complex 7 also shows red-
shifted wavelengths of excita-
tion and emission (lex=398 nm,
lem=471 nm). However, low-
energy transitions that indicate
aurophilic interactions[21] could
not be observed in the fluores-
cence spectra of this compound.
This observation is consistent
with other dithienophosphole
gold complexes reported by us
earlier.[24d,e]


Methylation of the phospho-
rus center with methyl triflate
generates air- and water-stable
cationic phospholium com-
pound 8. Reaction of 3 with
methyl iodide as methylating
agent was significantly slower.
The 31P NMR spectrum of 8
shows a singlet at d=13.2 ppm
that is significantly shifted from
that of the starting material 3
(d=�25.1 ppm) and is charac-


teristic for dithienophospholium compounds.[24d] Compound
8 exhibits yellow fluorescence in solution (lex=433, lem=


520 nm) with the largest redshift of this family of materials,
due to the cationic nature of the phosphorus atom, which
makes it an exceptionally strong acceptor center. The higher
wavelength emission maximum of 8 with respect to dithie-
nophospholium
salt B (R=Ph, R’=H, E=Me+),[24d] and derivative A
ACHTUNGTRENNUNG(E=Me+) investigated by RIau et al.[20c] indicates further
lowering of the LUMO level in combination with an exten-
sively delocalized p system in 8.


All benzannelated compounds 3–8 show fluorescence in
the solid state. The common quenching effect of neighboring
molecules in the solid state is not observed.[26] This can be
attributed to the bulky structure around the tetrahedral
phosphorus center, which prevents extended p overlap of


Scheme 2. Derivatization of benzannelated phosphole 3.
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neighboring molecules. The solid-state excitation and fluo-
rescence emission of all compounds are further redshifted
from solution (lex=436–506 nm, lem=491–554 nm; for de-
tails, see Table 1), which is indicative of some intermolecular


interactions, likely through p-stacking (vide infra). However,
the solid-state fluorescence data do not show a similar trend
to that in solution, in which shifts in the fluorescence data
depend on the nature of the phosphorus center. Apparently,
intermolecular interactions dominate the fluorescence prop-
erties in the solid state and surmount the impact of the
phosphorus center on the photophysics of the materials. The
experimental optoelectronic data of benzannelated deriva-
tives 3–8 and the computed values are summarized in
Table 1.


Solid-state structures : The solid-state morphology of conju-
gated materials plays an important role in the performance
characteristics of electronic devices.[2,6a,9] If charge transport
occurs by a hopping mechanism, then the hopping rate con-
stant is also increased through a shorter distance and in-
creased overlap of electron density between neighboring
molecules.[27] Structural analysis of established OFET mate-
rials, such as pentacene and sexithiophene, show a herring-
bone motif in which the molecules are packed in an edge-
to-face two-dimensional layer.[1,2,28] However, p–p overlap
between adjacent molecules is minimized in this type of
solid-state arrangement. Intermolecular interaction is in-
creased by a face-to-face arrangement of the conjugated
molecules. The presence of p stacking can be inferred from
X-ray analysis; the typical interplanar distance for p stack-
ing is 3.4–3.6 N.[2,29] Most strategies to alter the features of
pentacenes and their derivatives are based on changing the
solid-state order from an edge-to-face (herringbone) ar-
rangement to a face-to-face arrangement that allows p


stacking.[2] Recent studies have explored the effect of solid-
state order on the electronic properties of films and crys-
tals.[9] As a result, new and improved pentacene-based mate-
rials have been developed for FETs[1,2] and LEDs.[30] Since
packing properties and molecular interactions have a major


impact on potential performance in OFET devices, the
solid-state structures of heteropentacenes 4, 5, and 8 were
investigated. These air- and moisture-stable materials are
soluble in a variety of organic solvents, so solution process-


ing for fabrication of OFET de-
vices may be possible. More-
over, preliminary differential
scanning calorimetry (DSC)
studies on 4 and 5 showed sig-
nificant thermal stability for
both compounds, which decom-
pose only at temperatures
above 400 8C (4 : 454 8C; 5 :
430 8C) and have a much lower
melting/sublimation point (4 :
252 8C; 5 : 232 8C), which poten-
tially would also allow vapor-
phase deposition onto OFET
devices.


Single crystals of heteropen-
tacene phosphole oxide 4 that
were suitable for an X-ray dif-


fraction study were obtained from a concentrated solution
of 4 in acetone at room temperature. Compound 4 has a
single molecule in the unit cell (Figure 2). All bond lengths
and angles of 4 are comparable to those observed for previ-
ously reported dithienophosphole derivatives,[22,24] and the
slight differences in bond-length alternation in 4 can be ex-
plained by further extension of the p-conjugated system
over five ring subunits. Compound 4 shows intermolecular
interactions between the oxygen and two sulfur atoms of
neighboring molecules (Figure 2, bottom; 2.78 and 2.80 N).
This solid-state arrangement could prove useful for potential
application in OFETs. As carrier transport in organic solids
is governed by intermolecular overlap, it can also be en-
hanced by chalcogen–chalcogen contacts.[31] Likely as a
result of these O···S interactions, the solid-state packing
motif of 4 exhibits an edge-to-face herringbone-type ar-
rangement of molecules (Figure 2, middle). In addition, the
layers within the structure themselves show some p-stacking
interactions in which two/three carbon atoms of the terminal
benzene rings of adjacent molecules overlap (3.54 and
3.78 N, see Supporting Information).


Heteropentacene phosphole sulfide 5, crystallized from a
concentrated solution of 5 in pentane at room temperature,
has two independent molecules in the unit cell (Figure 3,
top). Each has bond lengths and angles similar to those ob-
served for 4. Surprisingly, intermolecular chalcogen–chalco-
gen interactions are not observed in the solid-state arrange-
ment. This may be because the sulfide sulfur atom is too
large to fit between the two thiophene sulfur atoms of a
neighboring molecule, unlike the oxygen atom in 4. Howev-
er, the coplanar arrangement of the dithienophosphole
backbone in sulfur derivative 5 leads to p-stacking interac-
tions in two dimensions (interplane distance 3.6 N) between
neighboring molecules of the same identity in the unit cell
(Figure 3, bottom).


Table 1. Experimental and theoretical optical spectroscopic data for 3–8.


lex [nm][a] lem [nm][b] fPL [%] lex [nm][e] lem [nm][e]


3 385 440 63[c] 290, 420, 450 512
calcd 315, 325, 375 (0.39[f])
4 347, 424 483 68[c] 419, 452 509
calcd 321, 325, 407 (0.29[f])
5 370, 435 473 72[c] 456 498
calcd 324, 374, 422 (0.14[f])
6 407 461 51[c] 421, 444 491
7 338, 398 471 63[c] 356, 436 502
8 275, 362, 426 520 31[d] 495 554
calcd 363, 365, 445 (0.20[f])


[a] lmax for excitation in CH2Cl2(p–p* HOMO–LUMO transition in italics). [b] lmax for emission in CH2Cl2.
[c] Fluorescence quantum yield relative to quinine sulfate (0.1m H2SO4 solution), �10%, excitation at 365 nm.
[d] Fluorescence quantum yield, relative to rhodamine 101 (0.1 mm EtOH solution), �10%, excitation at the
excitation maximum (426 nm). [e] Excitation (p–p* HOMO–LUMO transition in italics) and emission in the
solid state. Calculated values are vertical excitation energies at the TDDFT B3LYP/6-31G* level. [f] Intensity.
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Cationic phospholium species 8 was obtained as single
crystals from a concentrated solution of 8 in acetone at
room temperature and has a single molecule in the unit cell
(Figure 4, top). Compared to the oxidized and sulfurized


compounds 4 and 5, the P�C bonds in 8 are significantly
shorter due to the cationic nature of the phosphorus center.
The P�Me bond length of 1.763(3) N is somewhat shorter
than that of the few other structurally characterized phos-
pholium salts (1.775(3)–1.787(5) N).[32] The bond lengths in
the dithienophosphole subunit are comparable to those in
phospholium salt B (R=Ph; R’=H, E=Me+).[24d] Again,
the slight differences can be explained by the more extend-
ed p system consisting of five rings. It is worth noting that
the ion pair of 8 is well separated in the solid state. Al-
though the arrangement of 8 in the solid state (Figure 4,
bottom) shows only weak interactions between the benzan-
nelated dithieno scaffold of neighboring molecules, distances
of 3.6 N indicate that p-stacking interactions are present
here as well.


These very different solid-state structures of the three rel-
atives of the same heteropentacene dithienophosphole
family nicely illustrate how the versatile reactivity of the
phosphorus center can efficiently be utilized to tune the or-


Figure 2. Top: Molecular structure of 4 in the solid state (50% probabili-
ty level); hydrogen atoms are omitted for clarity. Selected bond lengths
[N] and angles [8]: P1�O1 1.4876(14), P1�C7 1.793(2), P1�C10 1.804(2),
P1�C21 1.797(2), S1�C8 1.729(2), S1�C5 1.746(2), S2�C9 1.736(2), S2�
C12 1.745(2), C1�C2 1.381(3), C2�C3 1.411(3), C1�C6 1.407(3), C3�C4
1.383(3), C4�C5 1.393(3), C5�C6 1.416(3), C6�C7 1.429(3), C7�C8
1.381(3), C8�C9 1.475(3), C9�C10 1.375(3), C10�C11 1.429(3), C11�C12
1.411(3), C12�C13 1.404(3), C13�C14 1.380(3), C14�C15 1.409(3), C15�
C16 1.379(3), C11�C16 1.409(3); O1-P1-C7 118.47(9), O1-P1-C21
110.97(8), C7-P1-C21 108.93(9), O1-P1-C10 116.98(9), C7-P1-C10
91.70(9), C21-P1-C10 108.07(9). Middle: Molecular packing of 4.
Bottom: Space-filling representation of the O···S interactions between
neighboring molecules in the structure of 4 (H atoms omitted for clarity).


Figure 3. Top: Molecular structure of 5 in the solid state (50% probabili-
ty level); hydrogen atoms are omitted for clarity; selected bond lengths
[N] and angles [8]: P1�S1 1.9427(11), P1�C10 1.809(3), P1�C7 1.811(3),
P1�C21 1.824(3), S2�C8 1.728(3), S2�C5 1.759(3), S3�C9 1.731(3), S3�
C12 1.749(3), C1�C2 1.376(4), C1�C6 1.406(4), C2�C3 1.407(4), C3�C4
1.384(4), C4�C5 1.387(4), C5�C6 1.420(4), C6�C7 1.431(4), C7�C8
1.376(4), C8�C9 1.454(4), C9�C10 1.366(4), C10�C11 1.433(4), C11�C12
1.423(4), C12�C13 1.402(4), C13�C14 1.383(5), C14�C15 1.412(5), C15�
C16 1.374(4), C11�C16 1.409(4); C10-P1-C7 91.28(14), C10-P1-C21
107.03(13), C7-P1-C21 107.70(13), C10-P1-S1 117.08(10), C7-P1-S1
116.55(10), C21-P1-S1 114.56(10), C8-S2-C5 90.42(14), C9-S3-C12
90.13(15). Bottom: Molecular packing of 5.
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ganization in the solid state. Even the simplest variations,
such as replacing an oxygen atom with sulfur, have tremen-
dous impact on the packing motif and possibly on the per-
formance of corresponding OFET devices.


Electrochemical properties : Although organic semiconduc-
tors should intrinsically be able to conduct charge either
through their valence band (p-channel) or their conduction
band (n-channel), that is, they should show ambipolar be-
havior, in many materials the p-channel dominates.[1b] How-
ever, it is much more desirable to generate n-channel (or n-
type) materials, as this conduction mechanism is more effi-
cient in devices.[1] Much effort has therefore been dedicated
to the development of new organic n-type semiconduc-
tors.[1,2] As already indicated by the fluorescence properties
of the various members of this dithienophosphole family,
modification of the phosphorus center also has a significant
impact on the electronic structure. Increasing the acceptor
character of the phosphorus center significantly affects the
LUMO energy level,[15, 17] which is already fairly low in


phospholes to begin with. In general, the electron affinity of
molecules with heavier elements is higher than that of their
carbon analogues. For example, a P=C bond is very effective
in this respect: triphosphabenzene has a high electron affini-
ty, while that of benzene is negative (it repels electrons).[33]


Naphthalene is a better electron acceptor than benzene; its
electron affinity is �0.2 eV (�0).[34] Thus, larger p systems
are also better electron acceptors, and with increasing
number of phosphorus atoms in the system the stability of
the anion further increases. These features led us to investi-
gate the electrochemical behavior of the heteropentacene
dithienophospholes, in order to determine their preferred
conduction channel. Our recent studies suggested that di-
thienophospholes may be good candidates for ambipolar
semiconductors, or may even show dominant n-channel be-
havior.[22,24]


For the electrochemical studies, we chose trivalent phosp-
hole 3, oxidized/sulfurized species 4/5, and phospholium
cation 8 as a representative set of compounds. We found
that the electrochemical behavior strongly depends on the
nature of the central phosphorus atom (Table 2). Trivalent


phosphole 3 indeed shows ambipolar behavior with an irre-
versible oxidation at Eox=1.42 V (vs. Ag+/AgCl) that is
shifted somewhat from that of the parent system (Eox=


1.20 V vs. SCE),[22b] but more importantly also shows a qua-
sireversible reduction at Ered=�1.95 V, consistent with
strong electron affinity in this heteropentacene. Oxidation
of the phosphorus center in 4 significantly affects the redox
properties of the system. Phosphole oxide 4 still shows some
ambipolar behavior, but reduction is significantly more
dominant in this material. Due to the increased electron-ac-
ceptor character of the phosphorus center, oxidation (irre-
versible) is disfavored, as is evident in the further shift of
the oxidation potential (Eox=1.61 V) compared to the
parent dithienophosphole B (R=Ph, R’=H, E= lone
pair)[22b] and phosphole 3. Reduction in 4 is ideally reversi-
ble at Ered=�1.45 V, consistent with increased electron af-
finity and a very stable radical anion (Figure 5). Unfortu-
nately, the electrochemistry of the sulfurized species 5 could
not be determined under the conditions available to us.
Studies at scan rates of 100 and 500 mVs�1 revealed that,
likely due to the presence of the thio group at phosphorus, 5
was irreversibly adsorbed on the Pt electrode used for these
studies and that this process was rather slow. Neither oxida-
tion nor reduction potentials could be obtained. However,
judging from the photophysical properties of 5, as well as
from theoretical investigations, it can be assumed that the


Figure 4. Top: Molecular structure of 8 in the solid state; hydrogen atoms
are omitted for clarity (probability level 50%); selected bond lengths
[N]: P1�C1 1.763(3), P1�C8 1.777(2), P1�C11 1.773(2), P1�C21 1.783(2),
S1�C6 1.753(1), S1�C9 1.712(1), S2�C10 1.715(1), S2�C13 1.745(1), C2�
C3 1.367(4), C2�C7 1.395(3), C3�C4 1.396(4), C4�C5 1.381(4), C5�C6
1.387(3), C6�C7 1.412(3), C7�C8 1.422(3), C8�C9 1.370(3), C9�C10
1.456(3), C10�C11 1.369(3), C11�C12 1.422(3), C12�C13 1.410(3), C12�
C17 1.399(3), C13�C14 1.384(3), C14�C15 1.376(3). Bottom: Molecular
packing of 8.


Table 2. Cyclovoltammetric data (E1/2 vs. Ag/AgCl) for 3, 4, and 8.


Eox [V] Ered [V] DE [V]


3[a] 1.42[c] �1.95[d] 3.37
4[b] 1.61[c] �1.45[e] 3.06
8[b] – �1.25[d] –


[a] In THF. [b] In CH2Cl2. [c] Irreversible. [d] Quasireversible. [e] Rever-
sible (reduction peak separation ca. 60 mV).
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redox properties are likely similar to those of oxide 4. Me-
thylated phospholium compound 8 could be investigated
without further complications. Its even stronger electron-ac-
ceptor character, due to the presences of a cationic charge,
exclusively leads to characteristics necessary for n-type be-
havior; an oxidation process cannot be observed within the
available window (E�2.0 V), and the reduction process is
strongly favored (Ered=�1.25 V). We found reduction to be
rather slow. Investigation of the reduction potential of 8 at
different scan rates (10, 100, and 500 mVs�1) showed no
true reversibility; that is, the process is kinetically controlled
and quasireversible.[35] Notably, the preferred one-electron
reduction of a series of related phospholium compounds was
recently reported by Le Floch and co-workers,[32] who
showed that reduction of these cationic species provides
very stable neutral radicals. The values observed for 3, 4,
and 8 are also lower than those recently reported by
Matano et al. for somewhat related bithiophene-fused ben-
zo[c]phospholes.[36]


The electrochemical studies on heteropentacenes 3, 4, and
8 nicely show that the versatile reactivity of phosphorus can
also be used to effectively manipulate the electronic proper-
ties of the materials. More importantly, the presence of the
phosphorus center intrinsically gives rise to features impor-
tant for n-channel materials that can be easily tuned by
means of simple modifications.


Theoretical calculations : The B3LYP/6-31G* optimized
structures are similar to those obtained by X-ray crystallog-
raphy. In the case of 4, however, the phenyl group was opti-
mized to be in the mirror plane of the molecule, while the
X-ray structure of the molecule is asymmetric. Apparently
the interaction between molecules in the unit cell makes the
asymmetric arrangement favorable; the potential-energy
surface for rotation about P�C bond in the gas phase
proved to be quite flat. Interestingly, the computed TD
spectra of the two structures are similar (406 and 326 nm vs.
405 and 324 nm are predicted for the first two bands for the


X-ray and computed structures, respectively), that is, rota-
tion of the phenyl group about the P�C bond has a small
effect on the photophysical properties of the system. The
computed TD spectra are in good agreement with the mea-
sured absorption maxima in solution (Table 1).


To investigate the S···O(=P) interactions in more detail, a
dimer of 4 was also optimized. At the B3LYP/3-21G* level
the dimer has a structure similar to that found by X-ray dif-
fraction with S···O distances of 2.820 and 2.818 N and rota-
tion of the phenyl substituent at phosphorus from the sym-
metrical position. At the B3LYP/6-31G* level, however, the
S···O distance increased to 3.272 and 3.222 N. Similar distan-
ces were obtained for the dimer of B (R=Ph, R’=H, E=


O). The B3LYP/6-31G*//B3LYP/3-21G(*) electron density,
analyzed by the atoms in molecules (AIM) method of
Bader,[37] revealed two bond critical points, each between
the O and one of the two S atoms of the neighboring mole-
cule with an electron density of 0.015. Similar electron den-
sities were reported for bond critical points in molecular as-
semblies with S···O interactions.[31d,e] A ring critical point
was located for the �S�C=C�S�O fragment. The dimer was
more stable than two monomers by 2.1 kcalmol�1 (uncor-
rected for basis-set superposition error). To analyze the
effect of this interaction on the photophysical properties,
TDDFT calculations at the B3LYP/6-31G*//B3LYP/3-
21G(*) level were carried out on the dimer of 4. The com-
puted transition energy of the dimer of 509.9 nm (albeit
with low intensity) contrasts with the value of 406 nm
(Table 1) obtained for monomeric 4. This significant shift is
in accordance with the observed difference between the so-
lution and crystal-phase absorption spectra (Table 1).


We also investigated the redox properties of 3–5 and 8 by
means of theoretical calculations. Thus, we calculated ioniza-
tion energies of 3–5 and the electron-attachment energies of
3–5 and 8 by optimizing the radical anion and cation. These
calculations were carried out at the B3LYP/6-31+G* level
of theory, which was shown to give reliable values for anions
that have electron affinities more positive than about
�1 eV.[33] In each case the electron affinity of the molecules
is positive, and thus a stable anion is formed. The computed
ionization energies and electron affinities are compiled in
Table 3. From the data it is evident that the electron affini-
ties are larger for molecules with more extended p delocali-


Figure 5. Cyclic voltammogram of 4 at 293 K. Conditions: Pt wire as
working electrode; solution (ca. 0.1 mm) in CH2Cl2 with NBu4PF6 as sup-
porting electrolyte; scan rate 100 mVs�1; potentials are referred to an
Ag/AgCl/KCl 3m electrode.


Table 3. B3LYP/6-31+G* adiabatic ionization energies (aIE) [kcal
mol�1], electron affinities (aEA) [kcalmol�1], and Kohn–Sham HOMO
and LUMO energies [eV] of 3–5, 8 and related derivatives of B.


aIE aEA DACHTUNGTRENNUNG(IE,EA) HOMO LUMO


B (R’=H, R=Ph, E= lp[a]) 162.1 8.1 154.0 �5.67 �1.62
B (R’=H, R=Ph, E=O) 170.1 20.2 149.9 �6.03 �2.15
B (R’=H, R=Ph, E=S) 168.3 21.8 146.5 �5.98 �2.16
B+ (R’=H, R=Ph,
E=Me)


– 101.7 – �9.44 �5.66


3 155.6 19.9 135.7 �5.60 �1.95
4 161.4 30.3 131.1 �5.85 �2.39
5 164.5 32.5 132.0 �5.88 �2.44
8[b] – 105.8 – �8.94 �5.66


[a] lp= lone pair. [b] Cation part only.
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zation (3–5 and 8 have larger electron affinities than the cor-
responding B-type compounds). The largest electron affinity
is exhibited by cationic species 8. The P-oxide and P-sulfide
also have slightly higher electron affinity than their parent
phosphole. All these findings are in agreement with the re-
duction potentials observed for these compounds, that is, 4,
5, and especially 8 are good candidates for exhibiting n-type
behavior. To investigate the effect of other heteroatoms on
the electron-acceptor properties, we also computed the
redox properties of the arsenic analogues of 3 and 8. The As
compounds exhibit similar redox properties to their phos-
phorus analogues, and hence no further improvement of the
n-type conductivity can be expected by replacing phospho-
rus with its heavier analogue.


Conclusion


We have synthesized a series of phosphorus-based hetero-
pentacenes by simple chemical modifications at the trivalent
phosphorus center. This signature of organophosphorus p-
conjugated materials allows a whole family of derivatives to
be generated from just one precursor material. Chemical
modification of the central phosphorus atom provides mate-
rials with significantly altered properties, including organiza-
tion in the solid state, photoluminescence, and redox behav-
ior, all of which are of fundamental importance for organic
semiconductors. Even the simplest variations, such as replac-
ing an oxygen atom by a sulfur atom at the phosphorus
center, have tremendous impact on the solid-state packing
of the compounds, particularly the phosphole oxide, which
shows an intriguing intermolecular S···O interaction that
may improve the charge carrier mobility of the materials in
devices. Furthermore, intense photoluminescence of the
pentacene-analogous dithienophospholes in the solid state
suggests potential application as active materials in light-
emitting field-effect transistors (LEFETs). Most important-
ly, theoretical and electrochemical studies on representative
members of this family revealed that the phosphorus atom
intrinsically furnishes the materials with features important
for n-channel (or n-type) or ambipolar semiconductor be-
havior, which can again be efficiently manipulated by means
of the electronic nature of the phosphorus center. Our elec-
trochemical studies showed that phosphole oxide 4 exhibits
the best reversible reduction, whereas cationic phospholium
species 8 has the lowest reduction potential. These observa-
tions suggest that both materials may be excellent candi-
dates for n-type semiconductors. Studies on implementation
of 4 into an OFET device are underway and will also be ex-
tended to the other members of this heteropentacene
family.


Experimental Section


General procedures : Reactions were carried out in dry glassware under
an inert atmosphere of purified argon or nitrogen by using Schlenk tech-


niques. Solvents were dried over appropriate drying agents and then dis-
tilled. CuCl2, nBuLi (2.5m in hexane), H2O2 (30% in H2O), sulfur,
BH3·SMe2 (1m in CH2Cl2), and methyl triflate were used as received.
N,N,N,N-Tetramethylethylenediamine (TMEDA) and phenyldichloro-
phosphane were distilled prior to use. 2,3-Dibromobenzo[b]thiophene[38]


and [Au ACHTUNGTRENNUNG(tht)Cl][39] were prepared by literature methods. 1H NMR,
13C{1H} NMR, 31P{1H} NMR, and 11B NMR spectra were recorded on a
Bruker DRX 400, Varian Mercury 200, or Unity 500 MHz spectrometer.
Chemical shifts were referenced to external 85% H3PO4 (31P), BF3·Et2O
(11B), or TMS (13C, 1H). Elemental analyses were performed at the Mi-
croanalytical Laboratory of the Institut fSr Anorganische und Analyti-
sche Chemie, Johannes Gutenberg-UniversitUt, Mainz; the Institut fSr
Organische Chemie, RWTH-Aachen University; and the Department of
Chemistry at the University of Calgary. Crystal data and details of data
collection are provided in Table 4. Diffraction data for 4, 5, and 8 were
collected on a Bruker SMART D8 goniometer with APEX CCD detec-
tor by using graphite-monochromated MoKa radiation (l=0.71073 N).
The structures were solved by direct methods (SHELXTL) and refined
on F2 by full-matrix least-squares techniques. Hydrogen atoms were in-
cluded by using a riding model. EI mass spectra were recorded on a Fini-
gan SSQ 7000 spectrometer. Fluorescence spectra were recorded on a
JASCO FP6500 spectrofluorometer; for the solid-state measurements, a
polycrystalline sample was placed in the corresponding solid-state acces-
sory. Electrochemical studies were performed on an Autolab
PGSTAT302 instrument with a Pt wire electrode (flamed in a torch) as
working electrode, Pt mesh as counterelectrode, and an Ag/AgCl/KCl 3m


reference electrode; supporting electrolyte was NBu4PF6; standard scan
rates were 100 mVs�1 for 4, 5, and 8 and 200 mVs�1 for 3.


Synthesis of 2 : 2,3-Dibromobenzo[b]thiophene (1, 20 mmol, 5.84 g) was
dissolved in diethyl ether (250 mL) and nBuLi (21 mmol, 8.4 mL) was
added at �78 8C. The reaction mixture was stirred for 20 min at this tem-
perature, then for 1 h at �20 8C, during which a yellow suspension was
obtained. After cooling to �78 8C, CuCl2 (30 mmol, 4 g) was added and
the reaction mixture was allowed to warm to room temperature and was
further stirred at this temperature for 10 h. The brown precipitate was fil-
tered off and HCl (5n, 300 mL) was added at 0 8C. The product was ex-
tracted with CHCl3 and diethyl ether, and the red organic phase was
washed with HCl (5n) and H2O and dried with MgSO4. After evaporat-
ing all volatile materials the crude product was obtained as dark oil. The
pure product could be obtained as a pink-tinted solid after washing with
acetone. Needle-shaped crystals of 2 could be obtained by crystallization
from pentane (2.31 g, 54.5% yield). 1H NMR (200 MHz, CDCl3): d=


7.95–7.78 (m, 4H), 7.40–7.55 ppm (m, 4H); 13C{1H} NMR (125 MHz,
CDCl3): d=139.1, 137.94, 129.34, 126.30 (s; benz), 125.42 (s; benz),
123.99 (s; benz), 122.23 (s; benz), 110.83 ppm (s; ArBr).


Synthesis of 3 : nBuLi (2.83 mL, 7.08 mmol) was added dropwise to a so-
lution of 2 (1.80 g, 2 mmol) and TMEDA (2 mL, 10 mmol) in diethyl
ether (200 mL) at �78 8C. After stirring for 10 min, PhPCl2 (0.63 g,
3.54 mmol) was added and the resulting suspension was allowed to warm
quickly to room temperature. The solvent was then removed under
vacuum, and the residue taken up in CH2Cl2 (100 mL) and filtered
through neutral alumina. After evaporation of the solvent the residue
was washed with pentane and diethyl ether to give 3 as light yellow
powder (yield 72%). 31P{1H} NMR (80.9 MHz, CDCl3): d=�25.1 ppm
(s); 1H NMR (200 MHz, CDCl3): d =7.91–7.84 (br, 2H) 7.76–7.68 (br,
2H), 7.48–7.40 (br, 3H) 7.36–7.24 ppm (br, 6H); 13C{1H} NMR
(100 MHz, CDCl3): d=143.7 (d, 3J ACHTUNGTRENNUNG(C,P)=4.8 Hz; Ar), 143.1 (d,3J ACHTUNGTRENNUNG(C,P)=


9.58 Hz; Ar), 142.3 (d, 4J ACHTUNGTRENNUNG(C,P)=3.4 Hz; p-Ph), 138.3 (d, 1J ACHTUNGTRENNUNG(C,P)=


17.3 Hz; ipso-Ar), 133.5 (d, 2J ACHTUNGTRENNUNG(C,P)=21.1 Hz; o-Ph), 132.2 (d, 2J ACHTUNGTRENNUNG(C,P)=


13.4 Hz, o-Ph), 130.3 (s) 129.5 (d, 3J ACHTUNGTRENNUNG(C,P)=7.7 Hz; m-Ph), 125.7 (s;
benzo), 124.9 (s; benzo), 124.1 (s; benzo), 122.5 ppm (s; benzo); MS
(70 eV, EI): m/z (%): 372 (100) [M+], 340 (70) [M+�S], 295 (40) [M+


�Ph]; HRMS calcd for C22H13PS2 [M+]: 372.0196; found: 372.0180; ele-
mental analysis calcd (%) for C22H13PS2·0.5LiCl/Et2O (430.70 gmol�1): C
66.93, H 4.21; found: C 67.27, H 4.35.


Synthesis of 4 : Phosphole 3 (60 mg, 0.16 mmol) was dissolved in CH2Cl2
(25 mL), an excess of H2O2 (2 mL, 30% aqueous solution) was added,
and the mixture was then stirred for 2 h at room temperature. After
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quenching with water, the organic layer was separated and dried with
MgSO4, and all volatile materials were removed in vacuum. The product
4 was obtained as a light yellow solid and could be recrystallized from
acetone to give needle-shaped crystals (53 mg, 84% yield). 31P{1H} NMR
(80.9 MHz, CDCl3): d=�16.7 ppm; 1H NMR (200 MHz, CDCl3): d=


7.92–7.76 (m, 6H; Ar) 7.55–7.23 ppm (m, 7H; Ar); 13C{1H} NMR
(100 MHz, CDCl3): d =146.7 (d, 2J ACHTUNGTRENNUNG(C,P)=23.4 Hz; Ar), 143.4 (d, 3J-
ACHTUNGTRENNUNG(C,P)=13.4 Hz; Ar), 136.1 (d, 3J ACHTUNGTRENNUNG(C,P)=13.4 Hz; Ar), 133.9 (d, 1J ACHTUNGTRENNUNG(C,P)=


111.2 Hz; ipso-Ar), 132.5 (d, 3J ACHTUNGTRENNUNG(C,P)=2.9 Hz; benzo), 130.2 (d, 2J ACHTUNGTRENNUNG(C,P)=


11.5 Hz, o-Ph), 129.2 (d, 3J ACHTUNGTRENNUNG(C,P)=12.5 Hz; m-Ph), 126.3 (s; p-Ph), 125.3
(s; benzo), 123.5 (s; benzo), 123.1 (s; benzo), 121.8 ppm (d, J ACHTUNGTRENNUNG(C,P)=


96.8 Hz, ipso-Ph); elemental analysis calcd (%) for C22H13OPS2


(388.44 gmol�1): C 68.02, H 3.37, S 16.51; found: C 68.68, H 2.80, S 16.98.


Synthesis of 5 : Phosphole 3 (93 mg, 0.25 mmol) was dissolved in CH2Cl2
(30 mL) and sulfur (excess) was added. The mixture was stirred at room
temperature for 5 h until no further shift of the fluorescence could be ob-
served. All volatile materials were removed in vacuo. The product 5 was
obtained as a light yellow solid. The residue was taken up in n-pentane,
from a concentrated solution in which crystals formed (73 mg, 73%
yield). 31P{1H} NMR (80.9 MHz, CDCl3): d =23.1 ppm (s); 1H NMR
(200 MHz, CDCl3): d=7.97–7.78 (m, 6H; Ar) 7.55–7.30 ppm (m, 7H;
Ar); 13C{1H} NMR (100 MHz, CDCl3): d=145.1 (d, 2J ACHTUNGTRENNUNG(C,P)=20.1 Hz;
Ar), 143.4 (d,3J ACHTUNGTRENNUNG(C,P)=13.4 Hz; Ar), 135.7 (d, 1J ACHTUNGTRENNUNG(C,P)=92.9 Hz; ipso-Ar),
135.5 (d, 3J ACHTUNGTRENNUNG(C,P)=13.4 Hz; Ar), 132.5 (d, 3J ACHTUNGTRENNUNG(C,P)=3.9 Hz; benzo), 130.6
(d, 2J ACHTUNGTRENNUNG(C,P)=12.5 Hz, o-Ph), 129.1 (d, 3J ACHTUNGTRENNUNG(C,P)=13.4 Hz; m-Ph), 126.3 (s;
p-Ph), 125.4 (s; benzo), 123.6 (s; benzo), 1232.5 (s; benzo), 123.3 ppm (d,


1J ACHTUNGTRENNUNG(C,P)=52.7 Hz, ipso-Ph); elemental
analysis calcd (%) for C22H13S3P
(403.99 gmol�1): C 65.32, H 3.24, S
23.78; found: C 65.09, H 3.53, S 23.42.


Synthesis of 6 : An excess of BH3·SMe2


(2 mL, 1m in CH2Cl2) was added to
phosphole 3 (372 mg, 1 mmol) in
CH2Cl2 (30 mL) and the mixture was
stirred for 5 h at room temperature.
After evaporation of the solvent the
crude product could be obtained as a
yellow powder, which was washed
with n-pentane and recrystallized from
toluene (243 mg, 63% yield). 31P{1H}
NMR (80.9 MHz, CDCl3): d=


16.9 ppm (s); 11B{1H} NMR
(160.3 MHz, CDCl3): d =�39.3 ppm
(br s; BH3);


1H NMR (200 MHz,
CDCl3): d =7.92–7.76 (m, 6H; Ar)
7.55–7.30 (m, 7H; Ar); 1.28 ppm (s,
3H, BH3);


13C{1H} NMR (100 MHz,
CDCl3): d=145.7 (d, 3J ACHTUNGTRENNUNG(C,P)=


10.2 Hz; Ar), 143.3 (d, 3J ACHTUNGTRENNUNG(C,P)=


10.7 Hz; Ar), 136.4 (d, 3J ACHTUNGTRENNUNG(C,P)=


14.4 Hz; Ar), 134.2 (d, 1J ACHTUNGTRENNUNG(C,P)=


66.0 Hz; ipso-Ar), 133.1 (d, 2J ACHTUNGTRENNUNG(C,P)=


21.5 Hz; o-Ph), 132.2 (d, 4J ACHTUNGTRENNUNG(C,P)=


2.5 Hz; p-Ph), 132.04 (d, 3J ACHTUNGTRENNUNG(C,P)=


11.1 Hz; m-Ph), 129.3 (d, 3J ACHTUNGTRENNUNG(C,P)=


12.5 Hz; Ar), 126.1 (s; benzo), 125.4
(s; benzo), 123.7 (s; benzo), 122.7 ppm
(s; benzo).


Synthesis of 7: [Au ACHTUNGTRENNUNG(tht)Cl] (320 mg,
1 mmol) was added to a solution of 3
(372 mg, 1 mmol) in CH2Cl2 (20 mL).
After stirring for 2 h at room tempera-
ture, the yellow precipitate was fil-
tered off, washed with n-pentane, and
dried in vacuo (338 mg, 56% yield).
31P{1H} NMR (80 MHz, CDCl3): d=


2.44 ppm (s); 1H NMR (200 MHz,
CDCl3): d =7.99–7.96 (m, 2H; Ar) 7.83–7.79 (m, 2H; Ar) 7.77–7.71 (m,
2H; Ar) 7.58–7.53 (m, 1H; Ar) 7.48–7.41 ppm (m, 6H; Ar); 13C{1H}
NMR (100 MHz, CDCl3): d=143.4 (d, 3J ACHTUNGTRENNUNG(C,P)=2.5 Hz; Ar), 135.8 (d, 3J-
ACHTUNGTRENNUNG(C,P)=15.7 Hz; Ar), 133.6 (d, 3J ACHTUNGTRENNUNG(C,P)=18.9 Hz; Ar), 133.1 (d, 4J ACHTUNGTRENNUNG(C,P)=


2.5 Hz; p-Ph), 129.8 (d, 3J ACHTUNGTRENNUNG(C,P)=13.1 Hz; m-Ph), 126.6 (s; benzo), 125.8
(s; benzo), 123.9 (s; benzo), 122.3 ppm (s; benzo).


Synthesis of 8 : An excess of methyl triflate (200 mg, 1.2 mmol) was
added to a solution of phosphole 3 (406 mg, 1.09 mmol) in CH2Cl2
(25 mL) and the mixture was stirred for 24 h at room temperature. The
yellow suspension became dark orange. After evaporating all volatile ma-
terials in vacuo the remaining solid was washed with n-pentane, diethyl
ether, and acetone. The product 8 was obtained as a yellow-orange solid.
Recrystallization from acetone gave single crystals suitable for X-ray
analysis (400 mg, 74% yield). 31P{1H} NMR (80.9 MHz, CDCl3): d=


11.4 ppm (s); 1H NMR (200 MHz, CDCl3): d=8.01 (m, 2H; Ar) 7.91 (m,
4H), 7.69 (m, 1H; p-Ph), 7.61 (m, 2H), 7.54 (2H), 7.45 (2H), 3.01 ppm
(d, 3J ACHTUNGTRENNUNG(P,H) 14.8 Hz; PMe); 13C{1H} NMR (100 MHz, CDCl3): d=150.6 (d,
2J ACHTUNGTRENNUNG(C,P)=23.4 Hz; Ar), 143.5 (d,2J ACHTUNGTRENNUNG(C,P)=21.0 Hz; Ar), 141.6 (d, 1J ACHTUNGTRENNUNG(C,P)=


58.3 Hz; ipso-Ar), 136.3 (d, 4J ACHTUNGTRENNUNG(C,P)=3.0 Hz; Ar), 134.6 (d, 3J ACHTUNGTRENNUNG(C,P)=


14.2 Hz; benzo), 132.7 (d, 2J ACHTUNGTRENNUNG(C,P)=13.2 Hz, o-Ph), 131.3 (d, 3J ACHTUNGTRENNUNG(C,P)=


14.2 Hz; m-Ph), 128.5 (s; p-Ph), 127.4 (s; benzo), 124.3 (s; benzo), 122.9
(s; benzo), 121.7 (d, 1J ACHTUNGTRENNUNG(C,P)=81.5 Hz, ipso-Ph), 122.8 (s; Ar), 122.0 (s;
Ar), 6.9 ppm (d, 1J ACHTUNGTRENNUNG(C,P)=53.0 Hz; CH3); elemental analysis calcd (%)
for C24H16F3O3PS3 (563.55 gmol�1): C 53.72, H 3.01; found: C 53.80, H
3.24.


Calculations : Theoretical calculations were carried out at the B3LYP/6-
31G* level[40] by using the Gaussian 03 suite of programs.[41] This level of


Table 4. Crystal data and structure refinement for 4, 5, and 8.[a]


4 5 8


formula C22H13OPS2 C22H13SPS2 C24H16F3OPS3


Mr 388.41 404.47 536.52
T [K] 153(2) 110(2) 130(2)
l [N] 0.71073 0.71073 0.71073
crystal system monoclinic triclinic triclinic
space group P21/n P1̄ P1̄
a [N] 11.151(2) 8.292(2) 9.3146(13)
b [N] 10.998(2) 13.855(3) 10.6391(15)
c [N] 15.705(3) 17.940(4) 12.5703(18)
a [8] 90 110.977(5) 113.546(2)
b [8] 93.90(3) 91.980(5) 93.590(2)
g [8] 90 103.165(5) 93.141(2)
V [N3] 1749.2(6) 1858.5(7) 1135.4(3)
Z 4 4 2
1calcd [Mgm�3] 1.475 1.446 1.569
m [mm�1] 0.404 0.488 0.448
F ACHTUNGTRENNUNG(000) 800 832 548
crystal size [mm] 0.47W0.24W0.06 0.24W0.20W0.09 0.28W0.18W0.09
q range [8] 2.26–30.12 1.23–27.17 1.77–25.65
index ranges �14�h�13 �10�h�10 �11�h�11


�15�k�15 �17�k�17 �12�k�12
�22� l�21 �22 l�22 �15� l�15


reflections collected 22115 23875 12527
independent reflections 5038 (RACHTUNGTRENNUNG(int)=0.0508) 8210 (R ACHTUNGTRENNUNG(int)=0.0564) 4292 (R ACHTUNGTRENNUNG(int)=0.0520)
completeness to q [8] 30.12 (97.6%) 27.17 (99.4%) 25.65 (99.7%)
absorption correction empirical empirical empirical
max/min transmission 0.9762/0.8327 0.9574/0.89191 0.9608/0.8848
data/restraints/parameters 5038/0/235 82102/0/469 4292/0/371
GoF on F2 1.139 0.932 0.931
final R indices [I>2s(I)] R1=0.0520, wR2=0.1148 R1=0.0433, wR2=0.0864 R1=0.0370, wR2=0.0739
R indices (all data) R1=0.0632, wR2=0.1195 R1=0.0654, wR2=0.1123 R1=0.0550, wR2=0.0789
largest diff. peak/hole [eN3] 0.575/�0.331 0.530/�0.311 0.368/�0.328


[a] CCDC-693332 (4), CCDC-693333 (5) and CCDC-693334 (8) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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the theory has provided satisfactory results for phosphole–thiophene oli-
gomers.[20c,22b,24e] The geometries were fully optimized, and calculation of
second derivatives at the resulting structures revealed only positive ei-
genvalues of the Hessian matrix. The vertical excitation energies were
calculated at the optimized structures (and in case of 4 also at the X-ray
structure) by the time-dependent (TD) DFT method with the B3LYP
functional and the 6-31G* basis set. Further calculations were carried out
for 3–5 and the corresponding radical cations and radical anions at the
B3LYP/6-31+G* level, to properly account for the anionic states.
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Introduction


Open metal–organic frameworks (MOF�s) and, particularly,
porous coordination polymers (PCP�s) have attracted the in-
terest of chemists and material scientists, since the late nine-
ties, with the aim of finding inexpensive, chemically and
thermally stable materials for efficient gas storage[1,2] and
separation.[3] The pioneering work by Yaghi[4] and Kitaga-
wa[5] was soon followed by a blooming of interesting results,
particularly in the field of hydrogen-gas storage for mobile
applications, such as fuel cells, electrical power generation
for portable PC�s, mobile phones and, above all, vehicles.[6]


One of the current topics in the design and preparation of
PCP�s possessing valuable functional properties is the at-
tempt to recreate the topologies of inorganic microporous
zeolites, extensively studied and applied in separation, stor-
age, and heterogeneous catalysis.[7] Indeed, PCP�s would add
to the high thermal stability typical of zeolites, a higher
framework flexibility, an easier pore/surface modulation and
controllable pore size,[8] as well as additional physicochemi-


Abstract: The novel porous [{M ACHTUNGTRENNUNG(F-py-
mo)2}n]·2.5nH2O coordination networks
(M=Co, Zn; F-pymo=5-fluoropyrimi-
din-2-olate), possessing sodalitic topol-
ogy, have been synthesised and struc-
turally characterised by means of
powder diffraction methods. Thermo-
diffractometry demonstrated their plas-
ticity: when heated up to 363 K, they
reversibly transform into three-dimen-
sional dehydrated [{M ACHTUNGTRENNUNG(F-pymo)2}n] spe-
cies, with significantly different lattice
parameters. Further heating induces ir-
reversible polymorphic transformations
into layered phases, in which the origi-
nal MN4 coordination sphere changes
into an MN3O one. A mixed-metal
phase, [{CoxZn1�x ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O,
was also prepared, showing that zinc is


preferentially inserted, when starting
from a Co/Zn reagent ratio of 1:1. The
solid–gas adsorption properties of the
anhydrous 3D frameworks have been
explored towards N2, H2 (77 K) and
CH4, CO2 (273 K). These results show
that these materials permit the diffu-
sion of CO2 molecules only. Remarka-
bly, the CO2 adsorption process for the
[{Co ACHTUNGTRENNUNG(F-pymo)2}n] network proceeds in
two steps: the first step takes place at
low pressures (<600 kPa) and the
second one above a threshold pressure
of 600 kPa. By contrast, the [{Zn ACHTUNGTRENNUNG(F-


pymo)2}n] network only permits CO2


diffusion by applying pressures above
900 kPa. This type of behaviour is typi-
cal of porous networks with gated
channels. The high CO2 selectivity of
these systems over the rest of the es-
sayed probe gases is explained in terms
of flexibility and polarity of the porous
network. Finally, the magnetic studies
on the CoII systems reveal that the as
synthesised [{Co ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O
material behaves as an antiferromagnet
with a TN of about 29 K. At variance,
the [{Co ACHTUNGTRENNUNG(F-pymo)2}n] layered phase
shows an unusually weak ferromagnetic
ordering below 17 K, arising from a
spin-canting phenomenon.


Keywords: adsorption · cobalt ·
metal–organic frameworks · X-ray
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cal properties, such as magnetism, conductivity and optical
features.[9] Some advances in this sense have already been
done, involving, for example, a class of metal imidazo-
lates.[10,11]


In this context, we have recently prepared and character-
ised a number of zeolitic PCP�s of [{MACHTUNGTRENNUNG(pymo)2}n] formula,
based on the deprotonated hydroxypyrimidine (Hpymo) li-
gands. Metal variation and ligand substitution have been ex-


plored as a way to tune the structural aspects and the func-
tional properties of these materials, leading to the discovery
of dense 2D and 3D [{M ACHTUNGTRENNUNG(X-pymo)2}n] polymeric species
(M=Co, Zn; X-pymo=5-X-pyrimidin-2-olate; X=NO2,


[12]


Cl, Br, I[13]), or of porous materials, for example, the sodalit-
ic [{Cu ACHTUNGTRENNUNG(H-pymo)2}n]


[14] and [{Pd ACHTUNGTRENNUNG(X-pymo)2}n] (X=H, F)[15]


materials, and the gismondine-like [{Cu ACHTUNGTRENNUNG(F-pymo)2}n]
[16] one.


It is worth noting the solid–gas adsorptive properties of the
last system, which gives rise to an unusual ordering of the
stored gas molecules related to their ultramicroporous
nature.[17]


Prompted by these results, in search for new porous spe-
cies with increased functionality, we began to explore other


metal–ligand combinations. In this paper, we present the
new [{M ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O systems (M=Co, Zn), which
show a number of solid-to-solid, reversible or irreversible
phase changes, also involving polymorphic species. Overall,
these phase transformations allowed the isolation of 2D
dense phases or 3D porous frameworks, the latter being ca-
pable to accommodate H2O or CO2 molecules within their
nanometer-sized cavities with concomitant induced phase
changes.


Thermal analyses (TG, DSC), X-ray powder diffraction
(XRPD) structural determinations, thermodiffractometry
(TXRPD), electronic spectroscopy, magnetic and gas ad-
sorption measurements have been employed to give a coher-
ent picture of this complex system, aiming at investigating
and optimising its functionalities. For the sake of compre-
hension, the reader is referred to Scheme 1, in which the
phases later discussed, together with the labels adopted
throughout the paper, are reported.


Results and Discussion


Synthesis : The reaction of M ACHTUNGTRENNUNG(NO3)2·6H2O (M=Co, Zn)
salts with F-pymo (F-pymo=5-fluoropyrimidin-2-olate) in
aqueous solutions affords microcrystalline materials of for-
mula [{M ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (M=Co (a-Co) or Zn (a-
Zn)). The insolubility of these systems in common organic
solvents suggests their polymeric nature. In addition, we
have demonstrated that the formation of mixed-metal
phases is also possible. Indeed, in the presence of a Co/Zn
1:1 ratio, the [{Co0.21Zn0.79ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-CoZn)


Scheme 1. Summary of the observed structural transformations for the Co, Zn and mixed Co/Zn 5-fluoropyrimidinolates, highlighting the thermal proper-
ties and transformation temperatures, determined through a complementary use of thermodiffractometry and simultaneous thermal analysis (sweeping
rate 20 Kmin�1).
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species may be isolated, as revealed by an X-ray fluores-
cence (XRF) quantitative analysis. This occurrence suggests
that zinc(II) is preferentially included during the synthesis
of the mixed-metal system. To further support this observa-
tion, a synthesis was carried out in the presence of a Co/Zn
1:3 ratio, yielding a compound with an almost negligible
CoII content, consistent with the formula [{Co0.02Zn0.98 ACHTUNGTRENNUNG(F-py-
mo)2}n]·2.5nH2O (a-CoZn’, XRF evidence). On the other
hand, heating of the a-phases under nitrogen afforded, pro-
gressively, two novel species (Scheme 1). Indeed, as detailed
in the section below, when a-Co, a-Zn and a-CoZn are
heated above 360 K, the anhydrous [{M ACHTUNGTRENNUNG(F-pymo)2}n] species
(b-Co, b-Zn and b-CoZn, respectively) are obtained. Fur-
ther heating above 530 K yields the [{M ACHTUNGTRENNUNG(F-pymo)2}n] poly-
morphs (g-Co, g-Zn and g-CoZn, respectively).


Thermal behaviour of the a-phases : Possibly due to their
strict isomorphism (see below), all the a-phases show simi-
lar, yet not identical, responses when exposed to progressive
heating. To facilitate the comprehension of the following
discussion, the thermal behaviour of all the investigated spe-
cies has been sketched in Scheme 1.


[{Co ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-Co): As regards a-Co, a si-
multaneous thermal analysis (STA) showed that it under-
goes a mass loss of about 14% at 365 K, by means of an en-
dothermic process (DH=134 kJmol�1). The mass loss is
compatible with the release of all the clathrated water mole-
cules (theoretical value 13.6%) to form the anhydrous [{Co-
ACHTUNGTRENNUNG(F-pymo)2}n] (b-Co) phase. This phase undergoes a tempera-
ture-promoted exothermic transformation (DH=


�7 kJmol�1) at 573 K, without any mass loss, yielding a
polymorphic form of b-Co, namely g-Co, which is stable up
to 673 K, when decomposition starts. The TXRPD experi-
ments carried out on a-Co further substantiated the STA
observations, and concomitantly proved that 1) both the a-
Co!b-Co and b-Co!g-Co transformations directly yield
the final products and 2) the a-Co!b-Co phase change is
fully reversible, while the b-Co!g-Co one is not, allowing
g-Co to be recovered at room temperature. Notably, the X-
ray powder diffractograms of b-Co were of sufficient quality
to permit its complete structural characterisation (see
below); at variance, the modest crystallinity of the g-Co
compound (both at high and at room temperature) only al-
lowed us to assign the lattice metrics and the space group
symmetry, thanks to its isomorphism with the ZnII analogue
(see the Experimental Section).


An investigation of the thermal behaviour was carried out
in the case of b-Co, by performing a parametric Le Bail re-
finement[18] of the unit cell parameters (see the Experimen-
tal Section). The increase in temperature promotes a non-
negligible increase of the a and c axes, particularly of the
latter, increasing by nearly 2% (Figure 1). Possibly, this may
be due to the fact that, within a rhombohedral lattice, the c
axis constitutes a preferential direction of response to exter-
nal perturbations. The structural interpretation of this aniso-
tropic lengthening is provided below. Notably, the sodalitic


metal pyrimidinolates characterised up to now showed a
completely different behaviour, upon heating, in terms of
flexibility: for the cubic, sodalitic [{Pd ACHTUNGTRENNUNG(F-pymo)2}n] species,
the thermal perturbation is isotropic and of much lower
entity; for example, a @V/@T value of 5T10�6 K�1 was com-
puted,[15] to be compared to the ten times higher value of b-
Co (5T10�5 K�1).


[{Zn ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-Zn): In the case of a-Zn, an
STA analysis showed that the compound suffers a mass loss
of about 13.5% at 361 K, promoted by an endothermic pro-
cess (DH=124 kJmol�1). The mass loss is consistent with
the release of all the clathrated water molecules to form the
anhydrous [{Zn ACHTUNGTRENNUNG(F-pymo)2}n] species, b-Zn. This species un-
dergoes a temperature-promoted exothermic transformation
(DH=�15 kJmol�1) at 535 K, without any mass loss. The
obtained [{Zn ACHTUNGTRENNUNG(F-pymo)2}n] polymorph (g-Zn) is stable up to
673 K, when decomposition starts. As in the case of the CoII


analogue, the TXRPD experiments carried out on a-Zn
showed that both the a-Zn!b-Zn and the b-Zn!g-Zn
transformations directly yield the final product, with no
amorphous intermediates. Notably, at variance with g-Co, g-
Zn was recovered as a highly (poly)crystalline material at
room temperature, thus allowing its structure determination
by XRPD methods. Moreover, while the a-Co!b-Co phase
change does not alter the space group, the a-Zn!b-Zn one
clearly implies a symmetry loss, as witnessed by the manifest
splitting of the XRPD peaks (Figure 2).


Figure 1. Graphical representation of the relative changes (Dpar/par) for
the crystal cells of the b-Co species in the 338–618 K range (top) and of
the g-Zn one in the 583–703 K range (bottom), as obtained from a Le
Bail parametric refinement. a (diamonds), b (squares), c (triangles) and
V (circles). The absolute temperature values detected during the TXRPD
experiments differ from those observed by the STA experiments (see the
Experimental Section for the explanation)


www.chemeurj.org P 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9890 – 99019892


S. Galli, E. Barea et al.



www.chemeurj.org





An analysis of the thermal behaviour was carried out in
the case of g-Zn, by performing a parametric Le Bail refine-
ment. On raising the temperature, while the b axis shrinks,
the a and c cell axes increase, the cell volume overall slightly
expanding, with a volumetric thermal expansion coefficient
of only 4T10�6 K�1 (Figure 1).


[{Co0.21Zn0.79ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-CoZn): In spite of the
lower percentage of CoII with respect to ZnII, the thermal
behaviour of the a-CoZn molecular alloy seems to be
driven by the former metal. Indeed, as shown by coupling
STA and thermodiffractometry, raising the temperature up
to 380 K promotes an endothermic process of dehydration
(DH=106 kJmol�1, mass loss=13.2%), which yields the b-
CoZn phase, isomorphous to b-Co. Further heating up to
539 K causes an exothermic phase change (DH=


�15 kJmol�1) to give the anhydrous g-CoZn species, isomor-
phous to the g species of the end members. The compound
starts decomposing at about 673 K.


While the trend of the dehydration enthalpies of the a-
species cannot be easily explained, the DH values of the b-
M!g-M processes seem to depend on the degree of crystal-
linity observed by our TXRPD measurements. Thus, a-Co,
transforming only partially into a highly ordered (crystal-
line) phase, coherently possesses the least exothermic event
at 573 K.


As regards the thermal stability of the [{M(5-X-2-
pymo)2}n] species (M=Co, Zn; X=H, F, Cl, Br, I, NO2), the
highest decomposition temperatures are observed in the
presence of the unsubstituted 5-H-2-pymo ligands
(Figure 3). Lower thermal stabilities are observed for the
halo or nitro substitution, with the I-pymo species showing
decomposition temperatures below 673 K, which has been
attributed to the intrinsic lability of the I–arene bond.[13]


Crystal structures of the a-phases : The isomorphous a-Co
and a-Zn compounds crystallise in the trigonal R3m space
group. The asymmetric unit is composed of one metal
centre, in a general position, one F-pymo ligand in a general


position, two F-pymo ligands about a crystallographic
mirror plane (b Wyckoff position)—giving a total of two li-
gands per asymmetric unit—and four water molecules, one
in a general position and the other three about a crystallo-
graphic mirror plane—giving a total of two and a half water
molecules per asymmetric unit. Each metal ion possesses a
slightly distorted tetrahedral stereochemistry, and is coordi-
nated to four nitrogen atoms belonging to four distinct F-
pymo ligands. All the ligands adopt the common N,N’-exo-
bidentate coordination mode, bridging metal atoms that lie
5.49–5.62 V apart. Overall, the relative disposition of the
bridging ligands promotes the formation of three distinct
structural motifs: one rectangular [{M ACHTUNGTRENNUNG(F-pymo)}4] motif,
which can be ideally described as a metallacalix[4]arene in a
1,3-alternate conformation;[19] two distinct hexagonal [{M ACHTUNGTRENNUNG(F-
pymo)}6] motifs, one of which is centred about crystallo-
graphic 3m symmetry sites (Co6). In both haxagonal motifs,
the F-pymo ligands alternately protrude out of, or lie about,
the mean plane defined by the metal centres, with three flu-
orine atoms crowding the hexagonal entrance to the b-cage
(Figure 4). The Co6 ring is linked to consecutive ones by F-
pymo bridges running nearly along the c direction. On the
whole, the mutual interlocking of the three structural motifs
results in a polymeric three-dimensional network of the so-
dalite zeotype (Figure 5). The water molecules occupy the
empty space in the cavities (typically referred to as b-cages)
and are weakly involved in hydrogen-bond interactions with
each other and with the hexocyclic oxygen atoms decorating
the cavities� walls. Accordingly, as substantiated by the ther-
mal analyses (see above), they are easily lost upon moderate
heating, at about 363 K.


The [{Co0.21Zn0.79 ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O mixed-metal phase
a-CoZn shares similar structural features with the a-Co and
a-Zn end members. Notably, there is a linear dependence
between the unit cell parameters and the ZnII content.
Indeed, by applying Vegard�s law to the volume of the end
members, about 80% content of ZnII can be estimated in a-
CoZn, which is in good agreement with the XRF results.


Crystal structure of b-[{Co ACHTUNGTRENNUNG(F-pymo)2}n] (b-Co): Compound
b-Co crystallises in the trigonal R3m space group and is iso-


Figure 2. Comparison between the raw diffractograms of a-Zn (bottom)
and b-Zn, showing peaks splitting and broadening for the trigonal to tri-
clinic (a to b) phase conversion.


Figure 3. Decomposition temperatures for selected [{M(5-X-2-pymo)2}n]
species, with M=Co, Zn and X=H, F, Cl, Br, I and NO2. Heating rates
in our STA measurements: 20 Kmin�1.
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morphous to a-Co. As in the case of a-Co, the metal ions,
possessing a nearly tetrahedral stereochemistry, are bound
to four nitrogen atoms of four distinct F-pymo moieties. All
the ligands exhibit a N,N’-exo-bidentate coordination mode,
bridging metal centres 5.41–5.50 V apart. Overall, the same
structural motifs and three-dimensional network described
above for the a-species can be individuated. Thus, thermal


annealing promotes water removal with a concomitant cell
volume decrease of 13.4%, but leaving the main topological
features unaltered. This reasonably contributes to explain
the reversibility and rate of the a-Co!b-Co transformation.
Possibly, the observed thermal expansion anisotropy (see
above) may be ascribed to the F-pymo ligands bridging the
Co6 hexameric motifs, as if they were slightly reorienting
along the c axis, the Co6 hexamers behaving as stiff moieties.
Notably, b-Co possesses a non-negligible empty volume
(13%): the existence of residual empty volume in the anhy-
drous rhombohedral b-Co species may concur to explain the
a-Zn!b-Zn phase change, which implies a more pro-
nounced unit cell volume shrinkage.


Crystal structure of b-[{Zn ACHTUNGTRENNUNG(F-pymo)2}n] (b-Zn): Even in the
absence of a detailed structural model, which could not be
derived from XRPD data alone, the similarities among the
reduced cells of the four a-M and b-M species (Table 3), to-
gether with the ease of the reversible a!b transformations,
allow the derivation of important structural features for b-
Zn :


1) In spite of the symmetry decrease from the pristine
rhombohedral to the triclinic crystal system, the overall
network of b-Zn is still three-dimensional, with sodalitic
topology.


2) The lowering of the crystal system may be attributed to a
slight reorientation of the F-pymo ligands.


3) The relative position of the metal centres is basically un-
changed.


On the whole, the a-Zn!b-Zn transformation implies a
decrease in molar volume of 24.5%.


Crystal structure of the g-phases : Compounds g-Co, g-Zn
and g-CoZn are isomorphous and crystallise in the ortho-
rhombic space group Pcab. Due to its high degree of crystal-
linity, a complete structure determination was carried out
only in the case of g-Zn, on which the following discussion
is focused. The asymmetric unit comprises one crystallo-
graphically independent metal centre and two crystallo-
graphically independent F-pymo ligands, all lying in general
positions. Each metal ion possesses a slightly distorted tetra-
hedral stereochemistry of the ZnN3O kind, originating from
the distinct coordination modes of the two independent F-
pymo moieties. Actually, one of the independent F-pymo li-
gands exploits the N,N’-exo-bidentate mode, bridging two
metal centres 5.62 V apart, while the other one adopts the
less recurrent N,O-exo-bidentate mode, bridging two metal
ions separated by 4.83 V. Metal bridging generates two-di-
mensional slabs running along bc and stacking along a
(Figure 6). While the N,N’-bridging ligands are somehow
embedded within the slabs, the N,O-bridging ones protrude
outside and interdigitate in such a way as to prevent metal
bridging along the a axis, that is, the creation of a three-di-
mensional network, and significant inter-slab interactions
(shortest inter-slab contact F···N 3.4 V). It is worth noting


Figure 4. Representation of the hexanuclear [{Co ACHTUNGTRENNUNG(F-pymo)}6] Co6 rings in
the a-Co species, possessing a 3m symmetry site. Highlighted in a circle:
the F-pymo bridges connecting, almost along c, consecutive hexagonal
motifs. Cobalt: purple; carbon: grey; nitrogen: blue; oxygen: red; fluo-
rine: cyan. The hydrogen atoms have been omitted for the sake of clarity.


Figure 5. Representation along [001] of the 3D sodalitic network in a-Co.
At this drawing level, the picture may be considered representative of
the sodalitic network found also in the isomorphic a-Zn species and in
the b-Co one. Cobalt: purple; carbon: grey; nitrogen: blue; oxygen: red;
fluorine: cyan. The water molecules hosted in the a-M systems as well as
the hydrogen atoms have been omitted for the sake of clarity.


www.chemeurj.org P 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9890 – 99019894


S. Galli, E. Barea et al.



www.chemeurj.org





that the presence of polymeric slabs adequately substanti-
ates the higher preferred orientation correction (g=0.53 in
the March-Dollase formulation[41]) necessary along [100]
when dealing with the XRPD diffractograms of g-Zn. Nota-
bly, on assigning the F-pymo ligands as edges and the metal
ions as vertices, a wavy structural motif, composed of rectan-
gular meshes of 4.83T5.62 V2 dimensions, can be envisaged.


Comparative structural analysis involving the sodalitic spe-
cies : As already underlined above, the anionic X-pymo li-
gands, coupled to a variety of transition-metal ions, can
afford high-symmetry [{M ACHTUNGTRENNUNG(X-pymo)2}n] species belonging to
distinct crystal systems: cubic (hydrated and anhydrous [{Pd-
ACHTUNGTRENNUNG(H-pymo)2}n] and [{Pd ACHTUNGTRENNUNG(F-pymo)2}n],


[15] anhydrous [{Cu ACHTUNGTRENNUNG(H-
pymo)2}n]


[14]), trigonal (hydrated [{Cu ACHTUNGTRENNUNG(H-pymo)2}n],
[14] a-Co,


a-Zn) and tetragonal ([{Co ACHTUNGTRENNUNG(X-pymo)2}n] and [{Zn ACHTUNGTRENNUNG(X-
pymo)2}n] X=H,[20] Cl, Br, I;[13] [{Cu ACHTUNGTRENNUNG(F-pymo)2}n]


[16]). In the
following, to derive a comparative structural analysis involv-
ing the title compounds, we will focus the discussion on the
cubic and trigonal materials. The reader is referred to
Table 3, in which the relevant structural parameters of the
title compounds are compared with those of [{Cu ACHTUNGTRENNUNG(H-
pymo)2}n], representative of the previously characterised
species.


All the cubic and trigonal species considered here contain
3D frameworks of the sodalite type, based upon X-pymo
bridges linking metal ions lying slightly less than 6.0 V
apart, and forming fused four- and six-membered rings,
hinged about the MII nodes. The lattice parameters reported
in Table 3 clearly speak for a regularity in the overall pack-
ing, manifested especially by the limited variability of the a
and b axes. Provided that the space group symmetry and the
sodalitic topology are taken into account, even c is some-
what constant, with c/a ratios equal, or slightly lower, than
the ideal value of (3/2)1/2/2=0.612 expected for a trigonal


unit cell. The relative distortions from ideal sodalitic frame-
works are significant, approaching 23% in the anhydrous b-
Co phase.


Structurally speaking, the different phases combine dis-
tinct stereochemical features dictated, inter alia, by the pre-
ferred local coordination geometry of the metal ions: as ex-
pected, the MN4 chromophores are square planar in the
cubic phases and in the hydrated [{Cu ACHTUNGTRENNUNG(H-pymo)2}n] spe-
cies,[14] while they are tetrahedral in the cobalt(II) and
zinc(II) ones. The most evident consequence of this stereo-
chemical versatility is the relative disposition of the bridging
X-pymo ligands to the M···M edges of the sodalitic frame-
work: the 1,3,5-alternate six-membered rings and nearly
planar [{M ACHTUNGTRENNUNG(X-pymo)}6] hexagons of [{Cu ACHTUNGTRENNUNG(H-pymo)2}n] signif-
icantly change in a-Co and a-Zn as detailed above.


Another relevant structural parameter, helping the evalu-
ation and comparison of the gas sorption performances of
these nanoporous systems, is the empty percent volume,[21]


peaking at 43% in the anhydrous [{PdACHTUNGTRENNUNG(H-pymo)2}n],
[15] as


low as 13% in b-Co and negligible in B-Zn.


Comparative structural analysis involving the layered spe-
cies : While less diffuse than the N,N’-exo-bidentate coordi-
nation mode, the N,O-exo-bidentate mode found in the g-
compounds has been already exploited by both 4- and 2-pyr-
imidinolates: indeed, in the [{Zn ACHTUNGTRENNUNG(4-pymo)2}n] compound[22]


and in the isomorphous [{M(5-NO2-2-pymo)2}n] (M=Co,
Zn) species,[12] the two crystallographically independent li-
gands concomitantly adopted these two coordination fash-
ions. In the case of [{Zn ACHTUNGTRENNUNG(4-pymo)2}n], a three-dimensional
topology was generated, while in the [{M(5-NO2-2-pymo)2}n]
materials the same two-dimensional topology as in g-Zn was
present, with g-Zn being indeed isomorphous to them.
While the b and c cell parameters of these three isostructur-
al species are highly comparable (9.6084(5), 9.3685(5) V for
g-Zn ; 9.6270(3), 9.4320(3) V for [{Zn(5-NO2-2-pymo)2}n];
9.6718(7), 9.4462(6) V for [{Co(5-NO2-2-pymo)2}n]), the a
axis increases from 21.1279(7) up to 25.3238(8) V on passing
from g-Zn to [{Zn(5-NO2-2-pymo)2}n] due to the larger di-
mensions of the -NO2 (rather than the -F) substituents.


From a topological point of view, two-dimensional layers
based on rectangular (or square) [{MACHTUNGTRENNUNG(pymo)}4] meshes have
been already observed in [{M ACHTUNGTRENNUNG(4-pymo)2}n] (M=Co[23] and
Ni[22]); in this case, the metal centres were strictly coplanar
and, above all, the less common N,O-coordination mode
was the only type of ligand bridging, even if supported by
ancillary M···N long interactions.


Why a three-dimensional sodalitic framework reassem-
bles, upon heating, into a two-dimensional polymorph may
be understood by considering that the formation of stable
crystalline solids also benefits from the moderate (but signif-
icant) increase in energetically favourable dispersion inter-
actions granted by denser polymorphic phases. The perti-
nent numbers for the sodalitic b-Co and b-Zn species (1.709
and 1.913 gcm�3, respectively) and their layered g-counter-
parts (1.941 and 2.036 gcm�3, respectively) support this in-
terpretation. This behaviour further supports the analogies


Figure 6. Representation of the two-dimensional slabs running along bc,
and stacking along a, in g-Zn. The N,O-bridging ligands, protruding out-
side and interdigitating in such a way as to prevent metal bridging along
the a axis, are clearly visible. At this drawing level, the picture may be
considered representative of slabs stacking found also in the isomorphic
g-CoZn species. Zinc: green; carbon: grey; nitrogen: blue; oxygen: red;
fluorine: cyan. The hydrogen atoms have been omitted for the sake of
clarity.
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between the nature of this kind of system and that of the
metastable structurally and functionally related zeolites.[24]


Finally, the [{M(5-X-2-pymo)2}n] species (X=Cl, Br, I),
which are isomorphous and of the diamondoid type, possess
non-negligible, stabilising O···X interactions that have been
used to interpret their whole structure and thermal stabili-
ty.[13] Evidently, the same interactions cannot be at work in
the case of the F-containing derivatives, which adopt the so-
dalitic or layered structures above described.


Gas adsorption properties : The gas adsorption properties of
the evacuated b-Co and b-Zn materials were evaluated to-
wards N2 and H2 at 77 K, and CO2 and CH4 at 273 K. The
CO2 and CH4 adsorption isotherms for the b-Co and b-Zn
phases are shown in Figure 7. The results show that the


porous network of these systems does not allow the diffu-
sion of either N2 or H2 at 77 K (data not shown). This be-
haviour agrees with the observed significant shrinkage of
the unit cell volume after dehydration (see above) and the
probable rigidity of the materials at low temperatures. By
contrast, the CO2 molecules are able to diffuse through the
porous network of b-Co and b-Zn at 273 K. In the case of b-
Zn there is no CO2 adsorption up to about 900 kPa. Howev-
er, above this threshold pressure there is a steep rise in the
adsorbed amount of CO2 reaching a value of 8 mmolg�1 at
approximately 2800 kPa. At variance in b-Co, the adsorption
process takes place in two steps. First of all, we see the for-
mation of a reversible type I isotherm with a steep rise in
the low-pressure range indicative of moderate permanent
porosity, which accounts for a surface area of about
300 m2g�1 and a micropore volume of 0.11 cm3g�1 obtained
by applying the Dubinin–Radushkevich equation.[25] After-
wards, as in b-Zn, there is a sudden rise of the adsorbed
amount above a threshold pressure of 600 kPa reaching a
value of 7 mmolg�1 at 2800 kPa. By contrast, CH4 molecules
are not adsorbed in the whole pressure range studied (up to


2800 kPa) in either b-Zn or b-Co. The different adsorptive
behaviour of these two systems towards N2 and H2 at 77 K
relative to CO2 at 273 K should be attributed to both the
higher kinetics energy of the CO2 gas molecules and to the
higher thermal energy of the coordination networks them-
selves at 273 K, which may allow the breathing of the soda-
litic hexagonal windows permitting the diffusion of the CO2


molecules through a narrow porous network.[16] The high
CO2 threshold pressure of the b-Zn and b-Co phases should
be related to their small V/Z value, which suggests a struc-
tural phase-change back to the open a-Zn and a-Co net-
works, to accommodate a large amount of CO2 molecules in
their porous networks.[26] The selectivity of CO2 over CH4


seems to be related to a probable combination of size-exclu-
sion effects (kinetic diameter 3.3 V for CO2 vs 3.8 V for
CH4) and the polar nature of the pore windows. Whilst CO2


has a significant quadrupole moment (�1.4T10�35 C m),
CH4 has no specific moment. In this regard, it seems that
the interaction of CH4 with the porous network is so weak
that the applied pressures are not high enough to let the
pores of the b-Zn and b-Co phases “breathe”. A related be-
haviour has been previously described by FZrey and co-
workers on the MIL-53 material, which shows a remarkable
breathing effect upon application of high CO2 pressures and
a high selectivity over CH4 related to the polar nature of hy-
drated pores.[27] For comparative reasons, we have also stud-
ied the high-pressure performance of the related sodalitic
[{Cu ACHTUNGTRENNUNG(H-pymo)2}n]


[28] network, which possesses permanent
porosity, with approximately 28% empty volume, easily ac-
cessible to different probe gases, for example, H2, N2, CO
(77 K), CO2 and CH4 (273 K), at standard low-pressure ad-
sorption conditions. In contrast to the b-Zn and b-Co
phases, the high-pressure adsorption results for [{Cu ACHTUNGTRENNUNG(H-
pymo)2}n] show the formation of type I adsorption isotherms
and that considerable amounts of both CO2 (up to
5.5 mmolg�1 at 2600 kPa) and CH4 (up to 3.5 mmolg�1 at
2600 kPa) are adsorbed (Figure 7). The different perfor-
mance of the [{Cu ACHTUNGTRENNUNG(H-pymo)2}n] system relative to the b-Co
and the b-Zn phases may be related to a series of features:


1) [{Cu ACHTUNGTRENNUNG(H-pymo)2}n] possesses segregated polar and apolar
pore windows, while all the b-Co and the b-Zn pore win-
dows are of polar nature.


2) The differences in available pore volume in [{Cu ACHTUNGTRENNUNG(H-
pymo)2}n] (28%) versus b-Co (13%) and b-Zn (negligi-
ble).


3) The isotropic nature of the [{Cu ACHTUNGTRENNUNG(H-pymo)2}n] system
(cubic) versus the anisotropic one of b-Co (trigonal) and
b-Zn (triclinic) (Table 3).


These features apparently result in highly deformed
(dense) b-Co and b-Zn phases and polar channels unsuitable
for CH4 diffusion.


Electronic spectroscopy and magnetic behaviour of a-Co
and g-Co : The electronic absorption spectra of the CoII spe-
cies a-Co and g-Co (Figure 8) and their deep purple colour


Figure 7. CO2 and CH4 adsorption isotherms at 273 K for b-Co (circles),
b-Zn (squares) and [{Cu ACHTUNGTRENNUNG(H-pymo)2}n] (diamonds). Full and open symbols
denote CO2 and CH4, respectively.
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are consistent with a tetrahedral environment about cobalt
when surrounded by azaaromatic ligands.[12, 23,20,29] In the
spectra of both species, the absorption bands corresponding
to the 4A2!4T1 (n2) (a-Co : 9595 cm�1; g-Co : 8890,
10930 cm�1) and 4A2!4T1(P) (n3) (a-Co : 18350, 19455 cm�1;
g-Co : 18180, 19050 cm�1) electronic transitions are clearly
observed. However, the 4A2!4T2 (n1) one, occurring in the
NIR region, is not detectable. It is worth noting that the n2


and n3 transitions appear as multiple bands, as it is usually
found for tetrahedral CoII stereochemistries, which allow an
unequivocal distinction from octahedral geometries.[30] In
the case of tetrahedral complexes, the position of the maxi-
mum of the first electronic transition, n1, coincides with the
value of Dt. Since n1 is undetectable in the present case, its
value has been calculated from those of n2 and n3 by apply-
ing Dou�s method.[31] As n2 and n3 are multiple bands, an in-
termediate value of their maxima positions has been taken.
The obtained Dt values of 5650 cm�1 and 5890 cm�1 for the
a-Co and g-Co species, respectively, are in agreement with
other CoII species previously described by us, containing tet-
rahedral metal centres and pyrimidinolate ligands.[22,23,29a]


Thus, it can be reasonably concluded that both the position
of the exocyclic oxygen atom and the presence of different
substituents in the pyrimidine ring only marginally affect the
electronic properties of these systems.


The thermal dependence of the magnetic susceptibility for
the a-Co and g-Co materials is shown in Figure 9. Both of
them possess similar magnetic behaviour in the high-temper-
ature region. By contrast, in the low-temperature region,
substantially different magnetic behaviours are encountered.
Regarding the thermal dependence of the dc magnetic sus-
ceptibility (cM) for the a-Co phase, there is a maximum at
about 29 K and a smooth decrease of the cMT values from
1.87 cm3mol�1K at 250 K to 0.037 cm3mol�1K at 2 K. This
behaviour is typical of a system in which a significant anti-
ferromagnetic exchange is at work. The susceptibility data
have been satisfactorily fit to the Curie–Weiss equation cM =


C/ ACHTUNGTRENNUNG(T�q), [C=Ng2m2SACHTUNGTRENNUNG(S+1)/3k] with C=2.28(1) cm3Kmol�1,
q=�53.1(8) K. These values are in the same range as those


found for the 3D diamondoid [{Co ACHTUNGTRENNUNG(X-pymo)2}n] (X=Cl, Br,
I) series, which further agrees with the efficiency of the
N,N’-pymo bridges to transmit a magnetic interaction.[13]


Likewise, the high-temperature behaviour of the dc magnet-
ic susceptibility for g-Co is typical of an antiferromagnetic
material with a maximum at about 18 K and the cMT values
showing a smooth decrease from 1.74 cm3mol�1K at 250 K
to 0.56 cm3mol�1 K at 18K. Its susceptibility data have been
fit to the Curie–Weiss equation, cM =C/ ACHTUNGTRENNUNG(T�q), with C=


1.94(1) cm3Kmol�1 and q=�32.4(4) K. For both com-
pounds, the behaviour described is due to the antiferromag-
netic coupling of the cobalt(II) centres transmitted through
the N,N’- and N,O-F-pymo bridges. Alternatively, the mag-
netic behaviour of g-Co can be reasonably interpreted
through Equation (1), which is adequate to describe the
high-temperature dependence of cMT on a 2D Heisenberg
quadratic network of spins.


cT ¼ Ng2m2
BT


J
�


3qþ
P1
n¼1


Cn
qn�1


� ð1Þ


In Equation (1) the spin Hamiltonian is defined as H=


�J·SiSj,
[32] q=kT/JS ACHTUNGTRENNUNG(S+1), g is the Land[ factor, mB is the


Bohr magneton and N is the number of spins in the lattice;
the Cn coefficients have been taken from reference [32b].


Figure 8. Electronic absorption spectra of a-Co (black) and g-Co (grey).
The absorption maxima corresponding to the 4A2!4T1 (n2) and 4A2!
4T1(P) (n3) electronic transitions have been indicated in both cases.


Figure 9. Thermal behaviour of the cMT product for the a-Co (top) and
g-Co (bottom) phases. Full and open symbols denote measurements ap-
plying external magnetic fields of 5000 and 100 Oe, respectively.
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Fitting the data to Equation (1), g and J exchange values of
2.031(2) and �3.76(4) cm�1 were obtained. The J exchange
value found for g-Co is comparable to that obtained for the
related layered [{Co(5-NO2-pymo)2}n] system
(�4.82(2) cm�1), with the 5-nitropyrimidine-2-olate ligand
exhibiting both the N,N’- and the N,O-exo-bidentate coordi-
nation mode.[12]


It should be noted that, below the NZel temperature TN


(ca. 17 K), the magnetic susceptibility of the g-Co phase
shows a change in its trend, with the cM and cMT values
sharply increasing and becoming field dependant. Thus, at
an external field of 100 Oe, the cMT values reach a maxi-
mum value of 2.22 cm3Kmol�1 around 14 K. The sharp in-
crement of the cM and cMT values in the low-temperature
region and at low field strengths suggests a weak ferromag-
netic ordering arising from a spin-canting phenomenon. This
is unequivocally a trace of a partial ordering of the spins at
low temperature. However, this canting phenomenon should
be symmetrically forbidden, as the [{Co ACHTUNGTRENNUNG(F-pymo)2}n] layers
containing the magnetically active centres are centrosym-
metric (see the description above). To match (room-temper-
ature) crystallographic and (low-temperature) magnetic evi-
dence, one of the following events (or both) might occur: 1)
the structure at low temperature may be slightly distorted,
through a structural (perhaps displacive) phase transition
(which we cannot measure) or 2) the magnetic lattice does
not coincide with the crystallographic one. Indeed, magnetic
domains may form because of the symmetry.[33] The ac sus-
ceptibility measurements do not show any signal, which
agrees with a hidden spin-canted behaviour.


Conclusion


In this work, we proved the suitability of the self-assembly
process between transition-metal ions and symmetric pyri-
midinolates to build extended open coordination networks.
The modification of these systems� properties by external
stimuli (temperature, guest molecules) is also worth noting.
The structural changes taking place upon application of
high-pressure gases, moisture or thermal treatment, with for-
mation of either sorbatomorphic or polymorphic materials,
are indicative of unusually flexible coordination networks.
The remarkable CO2 selectivity over CH4 under high-pres-
sure conditions of this type of systems may open a way for
practical separation purposes. It is also worth noting that, al-
though the end members [{M ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-M)
and [{M ACHTUNGTRENNUNG(F-pymo)2}n] (g-M) are isomorphous, the intermedi-
ate [{Co ACHTUNGTRENNUNG(F-pymo)2}n] (b-Co) and [{Zn ACHTUNGTRENNUNG(F-pymo)2}n] (b-Zn)
phases are not. Finally, we should highlight that, in the ab-
sence of suitable single crystals, all the valuable structural
information presented on the title PCP�s have been re-
trieved by applying ab initio XRPD structure solution meth-
ods, sagaciously coupled to thermal XRPD investigations.[34]


Experimental Section


Starting materials (5-fluoro-2-hydroxypyrimidine and metal nitrate salts)
were purchased from Sigma-Aldrich and used as received.


Synthesis of the [{M ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-Co and a-Zn) phases : M-
ACHTUNGTRENNUNG(NO3)2·6H2O (2 mmol) was dissolved in distilled water (10 mL) and 5-
fluoro-2-hydroxypyrimidine (4 mmol dissolved in 20 mL of water) was
added under stirring. The clear solutions were kept at room temperature
for about 20 min and then the pH was raised to 5.0 by addition of 1m


NaOH. The purple (a-Co) and white (a-Zn) precipitates were filtered off
and washed with water, ethanol and diethyl ether. Yield: 60–70%. ele-
mental analysis calcd (%) for C8H9CoF2N4O4.5 : C 29.11, N 16.97, H 2.56;
found: C 28.83, N 16.96, H 2.56; elemental analysis calcd (%) for
C8H9F2N4O4.5Zn: C 29.24, N 17.05, H 2.76; found: C 28.87, N 16.82, H
2.67.


Synthesis of [{Co0.21Zn0.79 ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-CoZn): Co-
ACHTUNGTRENNUNG(NO3)2·6H2O (1 mmol) and Zn ACHTUNGTRENNUNG(NO3)2·6H2O (1 mmol) were dissolved to-
gether in distilled water (10 mL) and 5-fluoro-2-hydroxypyrimidine
(4 mmol dissolved in 20 mL of water) was added under stirring. The clear
solution was kept at room temperature for about 20 min and then the pH
was raised to 5.0 by addition of 1m NaOH. The pale purple (a-CoZn)
precipitate was filtered off and washed with water, ethanol and diethyl
ether. Yield: 60–70%; elemental analysis calcd (%) for
C8H9Co0.2F2N4O4.5Zn0.8 : C 29.13, N 16.17, H 2.65; found C 28.66, N 16.71,
H 2.70.


Synthesis of [{M ACHTUNGTRENNUNG(F-pymo)2}n] (g-M) phases : a-Co or a-Zn (50 mg) were
heated up to 600 K, under nitrogen at a heating rate of 20 Kmin�1 afford-
ing purple and white microcrystalline phases of [{Co ACHTUNGTRENNUNG(F-pymo)2}n] (g-Co)
and [{Zn ACHTUNGTRENNUNG(F-pymo)2}n] (g-Zn), respectively. Yield 100%; elemental analy-
sis calcd (%) for C8H4F2CoN4O2: C 33.71, N 19.65, H 1.41; found: C
33.56, N 1.37, H 19.42; elemental analysis calcd (%) for C8H4F2N4O2Zn:
C 32.96, N 19.22, H 1.38; found: C 32.35, N 18.69, H 1.06.


Synthesis of [{Co0.21Zn0.79 ACHTUNGTRENNUNG(F-pymo)2}n] (g-CoZn): a-CoZn (50 mg) was
heated up to 540 K under nitrogen at a heating rate of 20 Kmin�1 afford-
ing a pale purple phase of [{Co0.21Zn0.79ACHTUNGTRENNUNG(F-pymo)2}n] formula (g-CoZn).
Yield 100%; elemental analysis calcd (%) for C8H4Co0.2F2N4O2Zn0.8 : C
33.11, N 19.30, H 1.39; found: C 32.74, N 19.91, H, 1.47.


X-ray powder diffraction analysis : Polycrystalline samples of the investi-
gated phases were manually ground in an agate mortar and then deposit-
ed in the hollow of an aluminium holder equipped with a quartz mono-
crystal zero background plate. All the diffraction data (CuKa, 1.5418 V)
were collected on a q :q Bruker Axs D8 Advance vertical scan diffrac-
tometer; the generator was operated at 40 kV and 40 mA. For all the spe-
cies but the a-Co alloy, the diffractometer was equipped with a Ni filter
and a linear position sensitive detector (PSD), with the following optics:
primary and secondary Soller slits, 2.3 and 2.58, respectively; divergence
slit, 0.38 ; receiving slit, 8 mm. The nominal resolution for this setup was
0.088 2q (FWHM of the a1 component) for the LaB6 peak at about 21.38
(2q). In the case of a-Co, the diffractometer was equipped with a secon-
dary beam-curved graphite monochromator, a Na(Tl)I scintillation detec-
tor and pulse height amplifier discrimination, with primary and secondary
Soller slits, 2.38 ; divergence slit, 0.58, antiscatter slit, 0.58, receiving slit
0.2 mm. The nominal resolution for this setup was 0.078 2q (FWHM of
the a1 component) as measured from the Si ACHTUNGTRENNUNG(111) peak at 28.448 (2q).
When indexing seemed viable, overnight scans were performed in the 5–
1058 2q range, with D2q=0.028. Due to their metastable nature, data col-
lections of the b-phases were carried out at 403 K, taking advantage of
the experimental setting described in the next paragraph.


Indexing was performed in all cases with the aid of the single-value de-
composition approach,[35] as implemented in the TOPAS-R suite of pro-
grams[36] (see Table 1 for details). For the trigonal compounds, in the ab-
sence of extinction conditions other that those due to lattice centring, the
space groups R3, R3̄, R32, R3m and R3̄m were equally good candidates.
Eventually, R3m was chosen after a large number of tests, including fruit-
less structure solution attempts in some of the discarded space groups. In
the case of g-Zn and g-CoZn, the orthorhombic space group Pcab was as-
signed on the basis of the systematic extinction conditions and of the
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comparison of their diffractograms with those of the [{M(5-NO2-2-
pymo)2}n] (M=Co, Zn) species,[12] with which g-Zn (and g-CoZn) eventu-
ally proved to be isomorphous. All the chosen (trigonal or orthorhombic)
space groups were later confirmed by successful solutions and refine-
ments. In the XRPD pattern of the g-Co species, only a few peaks were
visible, lying at 2q angles similar to those of the layered g-Zn material,
possibly suggesting their isomorphous character. After assigning the
Miller indices to the g-Co reflections on the basis of those of the g-Zn
phase, a least-squares refinement of the resulting lattice parameters was
performed using UNITCELL,[37] followed by a Le Bail refinement
(Table 1), highlighting the purported isomorphism between g-Co and g-
Zn. In contrast, the XRPD pattern of b-Zn, very distinct from that of the
b-Co counterpart, showed many rather broad peaks, consistent with a
structure of lower metric symmetry. The observed symmetry was inter-
preted as a change of the trigonal R crystal system down to triclinic, with
a unit cell comparable with the rhombohedral description of the pristine
trigonal one, which was indeed the case (a=11.29, b=12.49, c=12.70 V,
a =106.1, b =107.6, g =105.28, V=1518 V3 versus a=14.09 V, a =111.58,
V=1973 V3, respectively). Table 1 gives the unit cells for all of the in-
dexed phases, resulting from Le Bail or Rietveld refinements; the former
were carried out when the complete structural model was not accessible.


Structure solutions for the archetypical a-Co and g-Zn phases were per-
formed by using the simulated annealing technique[38] implemented in
TOPAS-R. The F-pymo ligands were treated as rigid bodies, adopting the
geometrical parameters derived from ab initio quantomechanical compu-
tations.[39] The final refinements were performed by the Rietveld method
using TOPAS-R. In the case of a-Zn and b-Co a Rietveld refinement
was directly performed assuming, as a
starting point, the a-Co model (with
or without the water molecules, re-
spectively). Peak shapes were de-
scribed by the fundamental parame-
ters approach.[40] The experimental
background was fit by a polynomial
description. Systematic errors were
modelled with sample-displacement
angular-shift corrections and, in the
case of g-Zn only, with a correction of
the preferred orientation in the
March–Dollase formulation[41] along
the [100] pole. Metal atoms were
given a refinable, isotropic displace-
ment parameter (BM), while lighter
atoms were assigned a common B=


BM +2.0 V2 value. Scattering factors,
corrected for real and imaginary
anomalous dispersion terms, were
taken from the internal library of
TOPAS. Final Rp, Rwp, RBragg and de-
tails on data collections and analyses
can be found in Table 2.


CCDC-689641 (a-Co) CCDC-689642 (b-Co), CCDC-689643 (a-Zn) and
CCDC-689644 (g-Zn) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Thermodiffractometric measurements : A series of experiments was per-
formed in order to assess the thermal behaviour of the a-phases, by em-
ploying a custom-made sample heater (supplied by Officina Elettrotecni-
ca di Tenno, Italy), mounted on the Bruker AXS Advance D8 diffrac-
tometer. The compounds were manually ground in an agate mortar, then
deposited in the hollow of an aluminium sample holder. Typically, the
thermodiffractometric experiment was planned on the basis of the STA
results: a sequence of scans, in the 6–218 2q range, was performed heating
in situ from room temperature up to the temperature at which loss of
crystallinity was complete. All the b-phases are unstable at room temper-
ature, so that their complete diffractograms were acquired heating in situ
at 403 K, using a silicon monocrystal zero background plate.


To further substantiate the thermal behaviour, the b-Co and g-Zn species
were chosen as case studies treating, with a Le Bail parametric refine-
ment,[18] their diffraction data acquired in the 338–618 K and 583–703 K
ranges, respectively. Note that the absolute temperature values detected
during the TXRPD experiments differ from those observed by the STA
measurements: A thermal gradient exists between the temperature mea-
sured by the theromo couple of the TXRPD chamber and the actual tem-
perature of the sample, the temperature values measured by the STA ap-
paratus thus being more reliable. On applying the parametric refinement,


Table 1. Synoptic collection of the unit cell parameters for all of the indexed phases, as resulting from Le Bail or Rietveld refinements, the former car-
ried out when the complete structural model was not available.


a [V] b [V] c [V] a [8] b [8] g [8] V [V3] V/Z [V3] Rp Rwp


a-Co 23.059 23.059 12.505 90 90 120 5758.4 319.5 0.026 [b] 0.044
a-CoZn[a] 23.230 23.230 12.572 90 90 120 5874.1 326.3 0.080 0.107
a-Zn 23.279 23.279 12.583 90 90 120 5905.8 328.1 0.059 0.080
b-Co 23.641 23.641 10.299 90 90 120 4985.2 276.9 0.020 0.030
b-CoZn[a] 23.934 23.934 10.165 90 90 120 5042.9 280.2 0.021 0.027
b-Zn[a] 11.293 12.491 12.699 106.07 107.64 105.24 1518.3 253.0 0.010 0.014
g-Co[a] 22.017 9.450 9.372 90 90 90 1950.2 243.8 0.005 0.008
g-CoZn[a] 21.214 9.566 9.366 90 90 90 1900.7 237.6 0.007 0.012
g-Zn 21.128 9.608 9.368 90 90 90 1901.8 237.7 0.118 0.163


[a] Le Bail refinement results. [b] The significantly low agreement factors are mostly due to the high background levels, due to unavoidable Co K fluo-
rescence effects.


Table 2. Crystallographic data and details for the X-ray data collection and analyses for compounds a-Co, a-
Zn, b-Co and g-Zn.


a-Co a-Zn b-Co g-Zn


formula C8H9CoF2N4O4.5 C8H9F2N4O4.5Zn C8H4CoF2N4O2 C8H4F2N4O2Zn
Mr [gmol�1] 330.12 336.57 285.08 291.53
T [K] 298(2) 298(2) 403(2) 298(2)
system trigonal trigonal trigonal orthorhombic
space group R3m R3m R3m Pcab
Z 18 18 18 8
a [V] 23.0595(7) 23.2795(5) 23.6414(6) 21.1279(7)
b [V] 23.0595(7) 23.2795(5) 23.6414(6) 9.6084(5)
c [V] 12.5048(5) 12.5834(4) 10.2993(5) 9.3685(5)
V [V3] 5758.4(4) 5905.8(3) 4985.2(4) 1901.8(1)
1calcd [gcm�3] 1.687 1.678 1.709 2.036
F ACHTUNGTRENNUNG(000) 2988 3042 2538 1152
m ACHTUNGTRENNUNG(CuKa) [cm�1] 110.18 30.78 124.51 39.26
2q range [8] 5–105 5–105 5–105 5–105
Ndata 5001 5001 5001 5001
Nobs 816 705 838 1093
Rp/Rwp 0.026/0.044 0.059/0.080 0.020/0.030 0.118/0.163
RBragg 0.029 0.035 0.030 0.040
V/Z [V3] 319.5 328.1 276.9 237.7
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a temperature dependence of the unit cell parameters and of the sample
height displacement error was assumed of the kind par(T)=par0-
ACHTUNGTRENNUNG(1+par1DT), in which DT is the difference between the actual tempera-
ture T considered and the lower value of the temperature range in which
the parametric refinement is carried out.


Thermogravimetric and calorimetric analysis : Thermogravimetric and
differential calorimetric analyses were performed simultaneously, under
dinitrogen, on a Netzsch STA 409 PC Luxx instrument (University of In-
subria), at a heating rate of 20 Kmin�1.


X-ray fluorescence analyses : XRF quantitative analyses of the Co/Zn
composition in the a-CoZn and a-CoZn’ species were performed with a
Panalytical Minipal 2 instrument, equipped with a Cr source, on solutions
of the samples in aqueous nitric solution and on an equimolar solution of
Co/Zn in aqueous nitric solution (ca. 10�2


m) used as the standard. To
assess the relative Co/Zn ratio in our samples, we determined the relative
intensities of the well-separated K-lines fluorescence peaks of their solu-
tions, normalised to the values observed for the standard equimolar solu-
tion of Co/Zn. By this method, requiring only a careful weighing of the
original salts for the preparation of the reference solution, and, if neces-
sary, long(er) counting times (up to 30 min for the less concentrated solu-
tions), accuracy levels down to about 1% can be achieved.


Magnetism : Magnetic measurements were performed on polycrystalline
samples on a SQUID Quantum Design MPMS XL-5 (University of
Granada) in the temperature range 2–300 K applying external fields of
5000 and 100 Oe. The ac measurements were performed in the tempera-
ture range 2–30 K applying an external field of 1 Oe and a frequency of
100 Hz.


Gas adsorption measurements : Adsorption isotherms were measured on
a Micromeritics 2010m (Instituto Nacional del Carb^n, CSIC, Oviedo)
and on a Micromeritics Tristar 3000 (University of Granada) volumetric
instrument. High-pressure adsorption isotherms were measured in a
home-made volumetric adsorption instrument (University of Granada)
equipped with two Baratron absolute pressure transducers (MKS type
627B). Their pressure ranges are from 0 to 133.33 kPa and from 0 to
3333.25 kPa, respectively, and the reading accuracy was 0.05% of the
usable measurement range. Prior to measurement, powder samples were
heated at 303 K for 12 h and outgassed to 10�6 Torr using a Micromeritics
Flowprep.
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[a] R3̄m 21.31 21.31 26.10 90 90 120 10266 36 285 1.224[b] 0


[a] See reference [14] for the relationship between the anhydrous cubic and the hydrated rhombohedral phases. [b] In this case, the ideal value of 2T
0.612 should be considered for comparison purposes.
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Introduction


Metal–metal bonded dirhodium carboxylate bioinorganic
compounds with a lantern-type structure[1] are interesting
targets for research because of their considerable carcino-
static activity against various tumor cell lines,[2–9] their un-
usual binding modes to DNA,[10–15] and their documented in-
hibition of DNA replication, protein synthesis, and in vitro


transcription.[16–18] A closely related class of dirhodium com-
pounds to the tetracarboxylate series is one in which two
acetate ligands are substituted by the more robust amidinate
groups. Of particular note is the compound ACHTUNGTRENNUNGcis-[Rh2-
ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG(O2CCF3)2ACHTUNGTRENNUNG(H2O)2] (DTolF


�=N,N’-di-p-tolylforma-
midinate; Scheme 1), which exhibits comparable antitumor
activity to that of dirhodium carboxylate compounds and
cisplatin against Yoshida ascites and T8 sarcomas, but with
considerably reduced toxicity.[19] Despite the presence of
two labile trifluoroacetate bridging groups, which impart ap-
preciable reactivity to the complex, cis-[Rh2ACHTUNGTRENNUNG(DTolF)2-
ACHTUNGTRENNUNG(O2CCF3)2ACHTUNGTRENNUNG(H2O)2] was found to be virtually nontoxic.


[19]


Reactions of dirhodium compounds with purine nucleo-
bases,[13,20,21] nucleosides/nucleotides,[22–25] single-[10,11] and
double-stranded DNA[12,15] have received considerable at-
tention in light of DNA being the primary intracellular


Abstract: Reactions of cis-[Rh2-
ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG(NCCH3)6]ACHTUNGTRENNUNG(BF4)2 with the di-
nucleotides dACHTUNGTRENNUNG(GpA) and dACHTUNGTRENNUNG(ApG) pro-
ceed to form [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]
and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], respec-
tively, with bridging purine bases span-
ning the Rh–Rh unit in the equatorial
positions. Both dirhodium adducts ex-
hibit head-to-head (HH) arrangement
of the bases, as indicated by the pres-
ence of H8/H8 NOE cross-peaks in the
2D ROESY NMR spectra. The gua-
nine bases bind to the dirhodium core
at positions N7 and O6, a conclusion
that is supported by the absence of N7
protonation at low pH values and the
notable increase in the acidity of the
guanine N1H sites (pKa�7.4 in 4:1
CD3CN/D2O), inferred from the pH-
dependence titrations of the guanine


H8 proton resonances. In both dirhodi-
um adducts, the adenine bases coordi-
nate to the metal atoms through N6
and N7, which induces stabilization of
the rare imino tautomer of the bases
with a concomitant substantial de-
crease in the basicity of the N1H ade-
nine sites (pKa�7.0–7.1 in 4:1 CD3CN/
D2O), as compared to the imino form
of free adenosine. The presence of the
adenine bases in the rare imino form is
further corroborated by the observa-
tion of DQF-COSY H2/N1H and ROE
N1H/N6H cross-peaks in the 2D NMR
spectra of ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] and


ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] in CD3CN at
�38 8C. The 2D NMR spectroscopic
data and the molecular modeling re-
sults suggest the presence of right-
handed variants, HH1R, in solution for
both adducts (HH1R refers to the rela-
tive base canting and the direction of
propagation of the phosphodiester
backbone with respect to the 5’ base).
Complete characterization of
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] by 2D NMR
spectroscopy and molecular modeling
supports anti-orientation of the sugar
residues for both adducts about the
glycosyl bonds as well as N- and S-type
conformations for the 5’- and 3’-deoxy-
ribose residues, respectively.


Keywords: antitumor agents · bio-
inorganic chemistry · formamidi-
nates · nucleic acids · rhodium
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target of most metal-based anticancer agents. It is well-es-
tablished that 1,2-GG and AG intrastrand cross-links ac-
count for about 65% and 25%, respectively, of the DNA-
binding sites for cisplatin (a widely used anticancer
agent),[26–29] with 5’-G sites of 5’-GG-3’ cross-links being the
most electron-donating sites in B DNA.[30] In the case of di-
ACHTUNGTRENNUNGrhodium, findings in our laboratories have unequivocally es-
tablished that guanine bases bind to the metal core in a
manner involving unprecedented equatorial (eq) bridging in-
teractions through N7 and O6.[13] Head-to-head (HH)[31a]


cross-links with eq bidentate (N7/O6) guanine bases bridg-
ing the Rh�Rh bond were also identified in the dinucleotide
dirhodium adducts [Rh2ACHTUNGTRENNUNG(O2CCH3)2{d ACHTUNGTRENNUNG(GpG)}],


[22]


ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(O2CCH3)2{d ACHTUNGTRENNUNG(pGpG)}],
[23] and [Rh2 ACHTUNGTRENNUNG(DTolF)2-


{d ACHTUNGTRENNUNG(GpG)}].[24] Notable features of the adducts are the depro-
tonation of the guanine N1 site, that is, stabilization of the
enolate form of guanine, and a substantial increase in the
acidity of the N1H sites as a result of bidentate N7/O6 coor-
dination.[13,22–24] In the aforementioned d((p)GpG) com-
plexes, the presence of intense H8/H8 ROE (rotating frame
nuclear Overhauser effect) cross-peaks in the 2D ROESY
NMR spectra indicate a HH arrangement for the tethered
guanine bases. The [Rh2ACHTUNGTRENNUNG(O2CCH3)2 ACHTUNGTRENNUNG{dACHTUNGTRENNUNG(GpG)}] complex ex-
hibits two major right-handed conformers HH1R (�75%)
and HH2R (�25%),[22] as opposed to only one right-
handed HH1R conformer for [Rh2ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG{dACHTUNGTRENNUNG(GpG)}].


[24] In
the latter case, the detection of a single product is attributed
to the presence of the bulky, nonlabile formamidinate bridg-
ing groups, which serve to slow down the possible dynamic
processes for the adduct[32] that would lead to the formation
of the minor HH2R variant detected for the acetate.[22] The
terms HH1R and HH2R, initially proposed for platinum
compounds by Kozelka et al.,[33, 34] and refined by Marzilli,
Natile et al.,[32, 35–39] refer to the relative base canting[31b] and
the direction of propagation of the phosphodiester back-
bone with respect to the 5’ base.[22,24]


Dirhodium axial adducts with adenine derivatives and car-
boxylate bridging groups exhibit hydrogen bonds between
the purine exocyclic NH2(6) amino group (the base is coor-
dinated by N7) and the carboxylate oxygen atom of the
ACHTUNGTRENNUNGdirhodium unit.[13] The reaction of cis-[Rh2ACHTUNGTRENNUNG(DTolF)2-
ACHTUNGTRENNUNG(NCCH3)6] ACHTUNGTRENNUNG(BF4)2 with 9-ethyladenine (9-EtAdeH), however,
proceeds by substitution of the acetonitrile groups and af-
fords HT cis-[Rh2ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG(9-EtAdeH)2ACHTUNGTRENNUNG(NCCH3)] ACHTUNGTRENNUNG(BF4)2
with the adenine bases bridging through N7 and N6 at the


eq sites of the two rhodium atoms.[40,41] This unprecedented
adenine-bridging binding mode is also encountered in the
dinucleotide adduct [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApA)}].


[25] In the right-
handed HH1R dirhodium conformer of this adduct, the
tethered adenine bases exhibit a HH arrangement and are
found in the rare imino form, exhibiting a concomitant sub-
stantial decrease in the basicity of the N1H sites (pKa�7.0
in CD3CN/D2O) as compared to the imino form of the free
dinucleotide; this decrease is a result of coordination of the
N7/N6 adenine sites to the rhodium atoms.[25] In DNA, ade-
nine is mainly present as its amine tautomer,[42,43] which is
estimated to outnumber the rare imino form A* by a factor
of 104–105. Metal binding to the exocyclic amino group N6,
how ACHTUNGTRENNUNGever, may be accompanied by a concomitant shift of the
amino proton to site N1, thus generating a metalated form
of the rare adenine imino tautomer.[25,44–49]


The unprecedented binding modes and conformational
characteristics encountered in the homopurine adducts
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpG)}]


[24] and [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApA)}]
[25]


led us to undertake structural characterization of the mixed
purine complexes [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] by one- (1D) and two-dimensional
(2D) NMR spectroscopy, combined with molecular model-
ing studies. Moreover, the 1,2-ApG cross-links have been
extensively studied,[50–52] as they are the next most abundant
intrastrand adducts found for cisplatin (after the 1,2-GpG)
that are recognized by the HMG proteins.[53] For cisplatin,
GpA cross-links have been detected with dACHTUNGTRENNUNG(GpA) dinucleo-
tides[54,55] but not with double-stranded DNA.[51,52] In the
case of dirhodium compounds bridged by carboxylate
groups, single-stranded DNA oligonucleotides containing
mixed AG and GA purine sites have been studied by mass
spectrometry,[11] but to our knowledge, herein is the first de-
tailed NMR study of the products between the mixed-
purine DNA dinucleotides d ACHTUNGTRENNUNG(GpA) or dACHTUNGTRENNUNG(ApG) (Scheme 2)
and a metal–metal-bonded dirhodium formamidinate unit.


Results


1D 1H NMR spectroscopy: In the 1H NMR spectrum for
each of the dirhodium adducts [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], there is a triplet at d�7.45 ppm
(with twice the intensity of each purine H8 or H2 reso-
nance), which is ascribed to the two N-CH-N proton nuclei
of the two bridging formamidinate groups for each adduct
(the splittings are attributed to 1H coupling to the two
equivalent rhodium nuclei, 3J ACHTUNGTRENNUNG{103Rh–1H}�3.9 Hz). For cis-
[Rh2ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG(NCCH3)6]ACHTUNGTRENNUNG(BF4)2, dACHTUNGTRENNUNG(N-CH-N)=7.51 ppm in
CD3CN.


[24]


ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]: In the aromatic region of the
1H NMR spectrum for the dirhodium adduct in 4:1 CD3CN/
D2O at 20 8C, the two resonances at d=8.62 and 7.96 ppm
are assigned to the 5’-G and 3’-A H8 protons, respectively
(Table 1) by analysis of 2D NMR spectroscopic data (vide
infra); the aromatic resonance at d=7.81 ppm is attributed


Scheme 1. Structure of cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(O2CCF3)2L2]; R=CF3.
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to the 3’-A H2 proton, an assignment also confirmed by its
longer T1 relaxation time as compared to H8.


[56–58] Although
the NMR data for [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and dACHTUNGTRENNUNG(GpA)
were collected in different solvents (the complex is not solu-
ble in D2O only), a comparison of the aromatic proton
chemical shifts is still useful: the resonance of 5’-G H8 is
shifted downfield (Dd�1 ppm), whereas the 3’-A H8 and
H2 protons are shifted upfield by Dd�0.40 and 0.13 ppm,
respectively, as compared to the corresponding protons in
free d ACHTUNGTRENNUNG(GpA). Similar changes to the chemical shifts of the
aromatic proton resonances of metalated adenine rings have


been previously recorded in the literature.[47,48] Additionally,
downfield shifts of the guanine H8 proton indicate metal
binding to site N7 of the base.[22,23,59]


ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]: In a similar fashion to [Rh2-
ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}], the two aromatic resonances in the
1H NMR spectrum of [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}] in 4:1
CD3CN/D2O (at 20 8C) at d=8.74 and 7.70 ppm are assigned
to the 5’-A and 3’-G H8 protons, respectively (Table 1) by
analysis of 2D NMR spectroscopic data (see below). The
ACHTUNGTRENNUNGaromatic resonance at d=7.62 ppm is assigned to the 5’-A
H2 proton, an assignment also confirmed by its longer T1 re-
laxation time as compared to H8.[56–58] Although the H8 pro-
tons of purine bases metalated at N7 are typically shifted
downfield as compared to the free base, the 3’-G H8 of
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] exhibits an upfield shift as com-
pared to the free dinucleotide, which is attributed to the rel-
ative canting of the bases.[24,37]


pH-dependence titrations for dirhodium adducts : Since it is
known that protonation and metalation of the in-ring nitro-
gen atoms of purine nucleobases have profound effects on
the chemical shifts of the H8 aromatic protons,[60] 1H NMR
titrations as a function of pH were performed in 4:1
CD3CN/D2O for [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] (Figure 1) and
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (Figure 2). The pH-independent be-
havior of the H8 1H NMR signals at low pH corroborates


Scheme 2. Structure and atom numbering of the dinucleotides d ACHTUNGTRENNUNG(GpA)
and d ACHTUNGTRENNUNG(ApG).


Table 1. 1H and 31P NMR chemical shifts, d [ppm] for [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}].


d ACHTUNGTRENNUNG(BpB) species B H8 H2 H1’ 3JH1’–H2’/
3JH1’–H2’’


[c] H2’ H2’’ H3’ H4’ H5’/H5’’ N1H/N6H[f] Base sugar 31P[g]


ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}]
[a] 5’ 8.62 – 6.11 0/10.0(d) 2.11 2.58 4.75 3.93 3.84[d] anti �3.16


3’ 7.96 7.81 6.28 14.2/6.0(dd) 2.38 2.44 4.48 4.02 3.95/3.77[e] 10.32/6.98 anti
d ACHTUNGTRENNUNG(GpA)[b] 5’ 7.72 – 5.86 2.09 2.30 4.75 4.18 4.15[d] anti �4.06


3’ 8.36 7.94 6.35 2.55 2.82 4.80 4.23 4.12[d] anti
ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}]


[a] 5’ 8.74 7.62 6.14 0/7.0(d) 2.20 2.38 4.68 3.98 3.81[d] 7.29/7.10 anti �2.29
3’ 7.70 – 6.16 13.0/5.0(dd) 2.28 2.60 4.74 3.89 3.70[d] anti


d ACHTUNGTRENNUNG(ApG)[b] 5’ 7.91 7.97 5.94 2.41 2.70 4.73 4.16 4.12/4.08[e] anti �4.09
3’ 7.99 – 6.10 2.20 2.50 4.75 4.19 3.68[d] anti


[a] 2D NMR spectra collected in 4:1 CD3CN/D2O at 10 8C. [b] 2D NMR spectra collected in D2O at 5 8C. [c] In Hertz. [d] Overlapped resonances.
[e] Not stereospecifically assigned. [f] Chemical shifts at �38 8C. [g] Referenced to TMP at 0 ppm.


Figure 1. pH dependence of the 5’-G H8 (~), 3’-A H8 (&), 3’-A H2 (*)
1H NMR signals for [Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] in 4:1 CD3CN/D2O at 20 8C.
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the binding of the guanine bases to the dirhodium units
through N7 in both adducts (as protonation of these sites is
impeded by bound metal atoms). Moreover, inflection
points are observed for the 5’-G and 3’-G H8 protons of
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], re-
spectively, at pKa�7.4, which correspond to deprotonation
of the N1 sites of the two guanine bases. For free dACHTUNGTRENNUNG(GpG)
the pKa value for N1H deprotonation is ~10.0 in D2O;[22]


the pKa value of N1H deprotonation in CD3CN, however,
has been estimated to be higher than 10.0 (owing to the in-
solubility of dACHTUNGTRENNUNG(GpA) and d ACHTUNGTRENNUNG(ApG) in CH3CN, it is not possi-
ble to perform a pH-dependence titration of their guanine
aromatic protons in CD3CN).


[61–63] The substantial decrease
in the pKa values of the guanine N1H groups in
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] ACHTUNGTRENNUNG(pKa


�7.4), as compared to the guanine bases in the free dinu-
cleotides, is attributed to bidentate binding of the guanine
bases to the dirhodium units through N7 and O6
(Scheme 4).[22,24]


Regarding the adenine bases, protonation of the common
amino tautomer of adenine (Scheme 3a) at N1 in H2O takes
place at pKa�3–4 (which decreases to ~2 upon metal bind-
ing to N7).[64–65,67] Protonation of the adenine N7 position
takes place below pH 0,[68] whereas the exocyclic group N6H
is deprotonated at pKa 16.7.


[69] In the case of the rare imino
form of (methyl)adenine (Scheme 3b), however, the pKa


value for N1H deprotonation in H2O has been estimated to
be ~12.[70] Moreover, the expected pKa value for deprotona-
tion of the exocyclic groups N6H of deoxyadenosine is ap-
proximately 16, as a result of the inductive effect of the


(deoxy)ribose group;[71–73] the estimated pKa value for N1H
deprotonation for the imino form of deoxyadenosine in H2O
is ~11.[70] It is thus inferred that the estimated pKa values
for N1H deprotonation for the imino form of adenosine in
ACHTUNGTRENNUNGdACHTUNGTRENNUNG(GpA) and dACHTUNGTRENNUNG(ApG) in CD3CN/D2O should be much
higher than 11.[61,62] The inflection points from the pH-de-
pendence curves of the 3’-A and 5’-A H2 and H8 1H NMR
signals for [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] (Figure 1) and
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (Figure 2) in 4:1 CD3CN/D2O at
20 8C, respectively, at pKa�7.0 and 7.1, correspond to de-
protonation of the N1H groups of the adenine bases in the
rare imino form. Evidently, the pKa values of the adenine
exocyclic N6H sites in [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] are considerably decreased as com-
pared to the imino form of the adenine bases in dACHTUNGTRENNUNG(GpA)
and dACHTUNGTRENNUNG(ApG) in the same solvent. The substantial decrease
in the basicity of the adenine N1H groups in both of the bis-
formamidinate dinucleotide adducts is attributed to the
presence of the adenine bases in the rare imino form, which
is stabilized by the binding of N7 and N6 to the dirhodium
unit (Scheme 4).[25,47,49]


Figure 2. pH dependence of the 5’-A H8 (&), 5’-A H2 (~), 3’-G H8 (*)
1H NMR signals for [Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}] in 4:1 CD3CN/D2O at 20 8C.


Scheme 3. Amine and imino tautomeric forms of adenine.


Scheme 4. Structure and numbering of [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] (top
panel) and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (bottom panel). Note that bond
lengths are not to scale and that angles between atoms have been distort-
ed to render the structures more clear. Both A and G nucleotides are de-
picted in their neutral forms in the complexes (imino form for A, ketone
form for G) because they have essentially identical pKa values for N1 de-
protonation when bound to the dirhodium core (see text).
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2D NMR spectroscopy : 2D ROESY, [1H–1H] DQF-COSY
(double-quantum-filtered correlation spectroscopy) and
[1H–31P] HETCOR (heteronuclear shift correlation) NMR
spectra were collected to assess the structural features and
assign the proton resonances of the [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]
and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] adducts (Table 1).


ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]: In the aromatic region of the
2D ROESY NMR spectrum of [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}], the
two H8 resonances at d=8.62 and 7.96 ppm are well sepa-
rated and exhibit intense ACHTUNGTRENNUNG5’-G H8/3’-A H8 NOE (nuclear
Overhauser effect) cross-peaks (Figure 3, upper panel), fea-
tures that are consistent with HH base orientation
(Scheme 4) as previously reported for dirhodium
ACHTUNGTRENNUNGdACHTUNGTRENNUNG(GpG)[22–24] and d ACHTUNGTRENNUNG(ApA)[25] as well as platinum dACHTUNGTRENNUNG(GpG)
compounds.[32,35–37] Head-to-tail (HT) conformers do not
exhibit H8/H8 cross-peaks as a result of large H8–H8 distan-
ces.[32,35–37] The downfield H8 resonance at d=8.62 ppm is


unambiguously assigned to 5’-G because it exhibits a strong
H8/H3’ cross-peak in the 2D ROESY spectrum; moreover,
this H3’ proton (d=4.75 ppm) displays a cross-peak in the
[1H–31P] HETCOR spectrum to the phosphodiester
31P NMR signal at d=�3.16 ppm, whereas H5’/H5’’–31P and
H4’–31P cross-peaks are observed for 3’-A only (Figure 4). In
the 300 ms 2D ROESY NMR spectrum, the H3’ proton of
5’-G (d=4.75 ppm) has a much weaker cross-peak (in com-
parison to the intraresidue peak at ACHTUNGTRENNUNGd=8.62 ppm) to a reso-
nance in the aromatic region at ACHTUNGTRENNUNGd=7.96 ppm, which is as-
signed to H8 of 3’-A.


Both nucleotide residues in [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] ex-
hibit strong H8/H2’/H2’’ ROE cross-peaks and the sugar
rings have very weak (for 5’-G) or lack H8/H1’ ROE cross-
peaks, which are features consistent with anti glycosidic tor-
sion angles.[22–25,35–37,74] Furthermore, the 5’-G residue exhib-
its a strong H8/H3’ ROE cross-peak along with H1’-H2’’ (no
H1’–H2’ coupling; 3JH1’–H2’=0, Table 1) DQF-COSY cross-
peaks and a doublet coupling pattern for its H1’ in the
[1H–1H] DQF-COSY spectrum; these findings are character-
istic of an C3’–endo (N-type) deoxyribose conformation for
5’-G.[22–25,35–37,74,75] Conversely, the 3’-A sugar retains the
S (C2’–endo) conformation found in standard B-DNA,
which is indicated by the appearance of a strong H1’–H2’
DQF COSY cross-peak along with the doublet of doublets
coupling pattern observed for the H1’ reso-
nance.[22,23,25, 35–37,74,75]


ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]: As noted for the H8 aromatic reso-
nances of [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}], the two H8 resonances
for [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] at d=8.74 and 7.70 ppm are
well separated (~1 ppm) and exhibit intense ACHTUNGTRENNUNG5’-A H8/3’-G H8
NOE cross-peaks in the aromatic region of the 2D ROESY
NMR spectrum (Figure 3, lower panel), which indicates HH
base orientation (Scheme 4), as previously reported for


Figure 3. Aromatic regions of the 2D ROESY NMR spectra for [Rh2-
ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] (upper panel) and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (lower
panel) in 4:1 CD3CN/D2O at 10 8C, with labeled H8/H8 base cross-peaks.


Figure 4. ACHTUNGTRENNUNG[1H–31P] HETCOR NMR spectrum for [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]
in 4:1 CD3CN/D2O at 10 8C. The dashed and dotted lines indicate the 5’-
G and 3’-A deoxyribose proton resonances, respectively.
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dirhodium dACHTUNGTRENNUNG(GpG)[22–24] and dACHTUNGTRENNUNG(ApA)[25] as well as platinum
dACHTUNGTRENNUNG(GpG)[32,35–37] compounds. The downfield H8 resonance at
d=8.74 ppm is assigned to 5’-A as indicated by the strong
H8/H3’ cross-peak that it exhibits in the 2D ROESY spec-
trum. This H3’ proton (d=4.68 ppm) has a cross-peak in the
[1H–31P] HETCOR spectrum to the phosphodiester
31P NMR signal (d=�2.29 ppm), whereas H5’/H5’’–31P and
H4’–31P cross-peaks are observed for 3’-G only. In the
150 ms 2D ROESY NMR spectrum of [Rh2ACHTUNGTRENNUNG(DTolF)2-
{d(ApG)}], the H3’ proton of 5’-A (d=4.68 ppm) has a
much weaker cross-peak (as compared to the intraresidue
peak at d=8.74 ppm) to a resonance in the aromatic region
at d=7.70 ppm, which is assigned to the H8 of 3’-G. Both
nucleotide residues in [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] show
medium intensity H8/H2’ and very weak H8/H1’ ROE
cross-peaks, which indicate anti glycosidic torsion
angles.[22–25,35–37,74] Moreover, the 5’-A residue exhibits a
strong H8/H3’ ROE cross-peak, no H1’–H2’ DQF-COSY
cross-peaks (3JH1’–H2’=0, Table 1) and a doublet coupling pat-
tern for its H1’ in the [1H–1H] DQF-COSY spectrum, in
contrast to the 3’-G sugar which has a strong H1’–H2’ DQF
COSY cross-peak and a doublet of doublets coupling pat-
tern for the H1’ resonance. These findings indicate C3’–endo
(N-type) and S (C2’–endo) deoxyribose conformations for
the 5’-A and 3’-G sugar residues, respectACHTUNGTRENNUNGively.[22–25,35–37,74,75]


Imino form of the adenine bases : The presence of the ade-
nine rings of [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d-
ACHTUNGTRENNUNG(ApG)}] in the rare imino form was confirmed by [1H–1H]
DQF-COSY spectroscopy experiments performed at
�38 8C.[25,47] In the low-field region of the [1H–1H] DQF-
COSY spectrum for [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] in CD3CN at
�38 8C, cross-peaks are observed between the H2 resonan-
ce of dACHTUNGTRENNUNG(GpA) at 7.81 (3’-AH2) and a resonance at
d=10.32 ppm (N1H 3’-A) (3J1H–1H�3 Hz).[47,76] Likewise, in
the [1H–1H] DQF-COSY spectrum of [Rh2ACHTUNGTRENNUNG(DTolF)2-
{d ACHTUNGTRENNUNG(ApG)}] in CD3CN at �38 8C, cross-peaks are observed
between the 5’-A H2 resonance of dACHTUNGTRENNUNG(ApG) at d=7.62 ppm
and the 5’-A N1H resonance at d=7.29 ppm (Figure 5).[76]


The upfield value for the 5’-A N1H imino proton resonance
of ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], as compared to the 3’-A N1H
imino proton of [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}], is attributed to the
shielding effect on the 5’-A ring by the tolyl group of the
formamidinate bridge, as indicated by the models.
The previous H2/N1H DQF-COSY cross-peaks provide


unambiguous evidence that the N1 sites of the adenine
bases in [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG{d-
ACHTUNGTRENNUNG(ApG)}] are protonated and thus present in the rare imino
form, which is stabilized by the bidentate metalation of the
N7 and N6 sites.[25,47,49] Moreover, in the ROESY spectra in
CD3CN at�38 8C, ROESY cross-peaks are observed
ACHTUNGTRENNUNGbetween the 3’-A N1H (d=10.32 ppm) with 3’-A N6H
(d=6.98 ppm) resonances (for [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]) and
ACHTUNGTRENNUNGbetween 5’-A N1H (d=7.29 ppm) with 5’-A N6H
ACHTUNGTRENNUNG(d=7.10 ppm) resonances (for [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]), fur-
ther confirming protonation of the adenine N1H sites of the
adducts (the X-ray crystallographic study of cis-[Rh2-


ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG(9-EtAdeH)2]ACHTUNGTRENNUNG(BF4)2 showed that the adenine
N1H–N6H distance is 2.25 O[40,41]).


31P NMR spectroscopy: The 1D 31P NMR spectra of
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] in
CD3CN display resonances at d=�3.16 (Figure 4) and
�2.29 ppm, (Table 1), respectively, downfield from the re-
spective free dinucleotides dACHTUNGTRENNUNG(GpA) and d ACHTUNGTRENNUNG(ApG) at
d=�4.06 and �4.09 ppm, respectively; this behavior is typi-
cal of HH adduct phosphate groups, which resonate approx-
imately 1 ppm downfield from the free dinucleotides.[22–24]


Downfield shifts of the 31P NMR signals in DNA are typical-
ly characterized by changes in the R�O�P�OR’ torsion
angles.[77]


Molecular modeling : Each HH1R, HH2R, HH1L, and
HH2L conformer[24] of the tethered adducts [Rh2ACHTUNGTRENNUNG(DTolF)2-
{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] was independently
constructed and subjected to simulated annealing calcula-
tions. Initial right- and left-handed models produced mini-
mized conformers with the same canting as the original
models only. The lowest energy HH1R variant for
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] (Figure 6, upper panel) is more
stable by 3.5 kcalmol�1 than the lowest energy HH2L. In
the case of [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], the lowest energy
HH1R variant (Figure 6, lower panel) is higher in energy by
4.1 kcalmol�1 than the lowest energy HH2L conformer, but
the HH2L conformer was not considered because the NMR
spectroscopic data did not support a left-handed conformer.
The conformational features of the [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}]
and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] adducts, suggested by the NMR
spectroscopic data, were reproduced well by the calcula-
tions.
The H8/H8 cross-peaks in the 2D ROESY NMR spectra


of [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}]
(Figure 3) are in accordance with the H8/H8 distances for
the lowest energy HH1R models (~3.21 and ~3.25 O,


Figure 5. ACHTUNGTRENNUNG[1H–1H] DQF-COSY spectrum of [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] in
CD3CN at �38 8C.
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ACHTUNGTRENNUNGrespectively; Table 2) (see above). The NMR spectroscopic
data of the two adducts support the presence of all deoxyri-
bose residues in the anti orientation with respect to the gly-


cosyl bonds. For both dinucleotide adducts, the interproton
H8/H3’ distances (2.35 O) for the lowest energy HH1R con-
formers corroborate strong H8/H3’ ROESY cross-peaks and
thus N-type sugar pucker geometries for the 5’ sugar resi-
dues. Moreover, as indicated in the model for
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], the 5’-A N1H imino proton is in
the shielding cone of the formamidinate tolyl group
(Figure 6, bottom panel), thus giving rise to an upfield-shift-
ed resonance at d=7.29 ppm in the 1H NMR spectrum
(Table 1). Similarly to the dinucleotide adducts
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(O2CCH3)2{d ACHTUNGTRENNUNG(GpG)}],


[22] [Rh2ACHTUNGTRENNUNG(O2CCH3)2{d ACHTUNGTRENNUNG(pGpG)}],
[23]


[Rh2ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG{d ACHTUNGTRENNUNG(GpG)}],
[24] [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApA)}],


[25] and
cis-[Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG{d ACHTUNGTRENNUNG(pGpG)}],


[23] the purine bases in the mini-
mized ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] and ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]
HH1R conformers are destacked with interbase dihedral
angles between 3’-B and 5’-B�72–748.


Discussion


Conformational features of [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]: The dinucleotide aromatic protons
in the tethered adducts [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] are nonequivalent. Both adducts
give rise to well-dispersed H8 proton resonances and rela-
tively intense H8/H8 NOE cross-peaks (Figure 3), which are
consistent with HH base conformation.[31] Based on the 2D
NMR spectroscopic data analysis for each adduct,
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}], the
downfield and upfield H8 resonances are assigned to the 5’
and 3’ base H8 protons, respectively (Table 1). In addition to
the deshielding effect of the metal on both rings, each base
experiences an upfield shifting effect as a result of the ring-
current anisotropy of the other cis base.[38,39,78] In compliance
with the recently assessed rules for base canting in platinum
compounds,[32,36] the H8 resonance of the more canted base
moves upfield as a result of the ring current effects of the
less canted base.[79] As the 3’ base H8 resonance is more up-
field than the 5’ base H8 resonance for both dinucleotide
adducts (Table 1), it is concluded that the 3’ base is more
canted than the 5’ base in each adduct (Scheme 5). Taking
into consideration both the experimental evidence from the
NMR spectroscopic data and the molecular modeling re-
sults, the conformers present in solution for the
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] ad-
ducts are assigned to the right-handed variant HH1R for
each adduct (Scheme 5, Table 2). HH1R variants have prec-
edent for dirhodium acetate dACHTUNGTRENNUNG(GpG),[22] formamidinate
ACHTUNGTRENNUNGdACHTUNGTRENNUNG(GpG)[24] and d ACHTUNGTRENNUNG(ApA)[25] dinucleotide adducts. As in the
cases of the d ACHTUNGTRENNUNG(GpG) and dACHTUNGTRENNUNG(ApA) dirhodium adducts, the
bulk and the nonlabile character of the formamidinate
groups slow down the possible dynamic processes for the
mixed base dinucleotide adducts and favor the formation of
the HH1R conformers.[24,25] It is therefore evident that the
dirhodium formamidinate adducts give rise to R minihelix
variants and, in this respect, are good models for the duplex
DNA cisplatin cross-link lesion, because in duplexes with


Figure 6. Lowest energy conformers, resulting from simulated annealing
calculations, for the HH1R variants of [Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] (upper
panel) and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (lower panel). For each adduct, the 5’
residue is positioned to the left and the 3’ residue is the more canted
base. Rh green, N blue, O red, P yellow, C gray, H white.
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the cis-[Pt ACHTUNGTRENNUNG(NH3)2{dACHTUNGTRENNUNG(GpG)}] moiety, the HH1R variants
appear to dominate.[33,34,80]


The cisplatin[34] and Ru(II)-dimethyl sulfoxide[81] dACHTUNGTRENNUNG(ApG)
dinucleotide adducts are also right-handed conformers and
their metalated fragments have been isolated with both
ACHTUNGTRENNUNGdACHTUNGTRENNUNG(ApG) and dACHTUNGTRENNUNG(GpA) dinucleotides , a fact that can be at-
tributed to the conformational freedom of the smaller DNA
fragments.[54] It is well-established, however, that cisplatin
forms 1,2-intrastrand adducts with d ACHTUNGTRENNUNG(ApG) but not with
ACHTUNGTRENNUNGdACHTUNGTRENNUNG(GpA) in full-length double-stranded DNA.[51,52,68, 82] The
preference of the d ACHTUNGTRENNUNG(ApG) over the d ACHTUNGTRENNUNG(GpA) adduct, in the
case of cisplatin interacting with double-stranded DNA, is
attributed to the strong hydrogen bond established between
the axial ammine ligand and the phosphate backbone in the
dACHTUNGTRENNUNG(ApG) adduct, which reduces the energy of the relevant
transition state by 9–10 kcalmol�1.[52] In the present study of
the dirhodium formamidinate unit with the
dACHTUNGTRENNUNG(GpA) and d ACHTUNGTRENNUNG(ApG) dinucleotides, both reactions take
place, but the rate is slower for dACHTUNGTRENNUNG(ApG) than for dACHTUNGTRENNUNG(GpA),
which is also the case with the relevant RuII–dimethyl sulf-
oxide complexes.[81] Although it is known that, in the ab-
sence of guanine bases, 5’-A is a primary target for dirhodi-
um tetraacetate[15] and the energy of the transition state for
the reaction to form the bridging adenine N6/N7 adduct


with the dirhodium unit is significantly lowered in the pres-
ence of strong trans-labilizing ligands, such as formamidinate
groups,[49] further theoretical studies are necessary to eluci-
date the mechanism of interaction between the dirhodium
unit and short or longer DNA fragments.
In regards to the deoxyribose conformations for the ad-


ducts, the 2D NMR spectroscopic data for
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] sup-
port anti orientation of both the 5’- and 3’- sugar residues
about the glycosyl bonds, retention of the 3’-deoxyribose
residues in the native S-type (C2’-endo) conformations, and
adoption of N-type (C3’-endo) conformations for the 5’-
sugar residues. The aforementioned features of
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] bear
close resemblance to those of cisplatin with d ACHTUNGTRENNUNG(GpG), which
typically are HH cross-linked adducts with anti/anti 5’-G and
3’-G sugar residues in the N and S conformations, respec-
tively.[83] The change in sugar puckering geometry of the ACHTUNGTRENNUNG5’-
deoxyribose residues in the d ACHTUNGTRENNUNG(GpA), dACHTUNGTRENNUNG(ApG), d ACHTUNGTRENNUNG(GpG)[22–24]


and d ACHTUNGTRENNUNG(ApA)[25] dirhodium adducts is observed in all bifunc-
tional adducts of platinum. Theoretical studies support the
important role of this change to allow for a greater tilt angle
of the two purine bases and a more relaxed coordination
geometry at the metal centers.[52]


Bidentate binding and tautomers of the guanine and ade-
nine bases : As previously reported for [Rh2ACHTUNGTRENNUNG(DTolF)2-
(9-EtGuaH)2]ACHTUNGTRENNUNG(BF4)2 (9-EtGuaH: 9-ethylguanine) and
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpG)}],


[24] the pH-dependent 1H NMR ti-
tration curves for the H8 guanine resonances of [Rh2-
ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (Figures 1
and 2) indicate the absence of N7 protonation at low pH
values as well as a substantial enhancement in the acidity of
the guanine N1H sites (pKa�7.4) in the dirhodium mixed
purine adducts as compared to the free dinucleotides.[22, 23]


The latter effects are induced by the purine bidentate bind-
ing to the rhodium centers by N7 and O6 (also confirmed
by the X-ray crystallographic study of HH cis-[Rh2ACHTUNGTRENNUNG(DTolF)2-
ACHTUNGTRENNUNG(9-EtGuaH)2 ACHTUNGTRENNUNG(NCCH3)] ACHTUNGTRENNUNG(BF4)2)


[40] and indicate the presence
of the guanine bases in the enolate form at physiological pH
values.[22]


The pH-dependence curves of the 3’-A and 5’-A H2 and
H8 1H NMR signals in 4:1 CD3CN/D2O for the adducts
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}],


Table 2. Summary of lowest energy dirhodium formamidinate dinucleotide adducts.


Model Percent Energy c [8][b] P [8][c] 5’-B H8/ 3’-B/5’-B
[%][a] [kcalmol�1] 5’-B 3’-B 5’-B 3’-B 3’-B H8 [O] Dihedral angle[8][d]


ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] HH1R
[a] 100 306.9 �135 �161 20 162 3.21 73.4


ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}] HH1R
[a] 100 306.8 �137 �163 19 169 3.25 71.7


ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpG)}] HH1R
[a,e] 100 300.7 �137 �146 20 12 3.30 75.9


ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApA)}] HH1R
[a,f] 100 297.5 �135 �163 36 163 3.20 73.8


[a] Experimentally detected. [b] c=O4’–C1’–N9–C4; jc j> 908 and jc j< 908 correspond to the anti and syn range respectively, for torsion angles
�1808<c<+1808. [c] P=pseudorotation phase angle calculated from the equation tan P= (n4+ n1)� ACHTUNGTRENNUNG(n3+n0)/ ACHTUNGTRENNUNG[2n2(sin368+sin728)] (n0–4 are endocyclic
sugar torsion angles; 08�P�368 (�188) corresponds to an N sugar, whereas 1448�P�1908 (�188) indicates an S sugar; if n2<0, P=P+1808. [d] Di-
hedral angles between 5’-B and 3’-B bases were calculated by using atoms N1, N3, N7 of each purine ring. [e] Reported in reference [24]. [f] Reported in
reference [25].


Scheme 5. Head-to-head (HH) variants of [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}] with right (R) canting. Canting arises from the
fact that the purine bases are not oriented exactly perpendicular to the
N7-Rh-N7 plane. The 1 in HH1R refers to models with the 5’-base posi-
tioned to the left. The two rhodium atoms are depicted as face-to-face
square planes with the Rh atom attached to the purine N7 atoms shown
in the front and the N atoms of the attached bridging formamidinate
groups in the back; to show the structures clearly, the remaining coordi-
nation sites for the second Rh atom are not shown. Each A base is indi-
cated by an arrow having H8 at the tip and H2 at the other end, whereas
each G base is indicated with H8 at the tip. A complete description of all
the possible variants is given in reference [24].
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ACHTUNGTRENNUNG(Figures 1 and 2), indicate that the N1H groups are depro-
tonated at pKa 7.0–7.1, that is, at considerably reduced pH
values as compared to N1 (de)protonation of the adenosine
imino tautomer (estimated to be considerably higher than
11 in CD3CN/D2O).


[61,62,70] The decrease in the basicity of
the adenine N1H sites in the adducts has been correlated to
the presence of the rare imino form of the base, and results
from N6/N7 bidentate binding to the metal (Scheme 4).[45] A
similar behavior of the N1 sites, resulting from the metal
binding of the adenine N6 and N7 has also been recorded in
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApA)}] and HT cis-[Rh2ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG(9-
EtAdeH)2]ACHTUNGTRENNUNG(BF4)2,


[25] for which the X-ray structure has been
determined.[40,41] As indicated in the previous X-ray struc-
ture as well as in the models for [Rh2ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG{dACHTUNGTRENNUNG(GpA)}]
and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (Figure 6), only the anti orien-
tation is possible for the metal at N6 and the protonated N1
as a result of the bidentate N6/N7 binding.[25] The presence
of the adenine base in the rare imino form, resulting from
bidentate metalation of the N6/N7 sites in [Rh2ACHTUNGTRENNUNG(DTolF)2{d-
ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] is further corroborat-
ed by the H2/N1H cross-peaks in the [1H–1H] DQF-COSY
spectra (Figure 5 for [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]) and the N1H/
N6H cross-peaks in the ROESY spectra of the adducts in
CD3CN at �38 8C.[25,47] The ROESY data provide unambigu-
ous evidence that the N1 sites of the adenine bases in [Rh2-
ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] are proton-
ated below the determined pKa values (~7.0–7.1). The imino
form of adenine in metalated DNA lesions may result in nu-
cleobase mispairing by inducing AT�fiCG transversions or
AT�fiGC transitions, which can be lethal if not re-
paired.[45,46,70, 84–86]


Conclusion


The present study of the dinucleotide adducts [Rh2-
ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}] provides
unambiguous evidence that the mixed DNA–purine frag-
ments span the Rh�Rh bond in eq positions with N7/O6 and
N7/N6 bridges for the guanine and adenine bases, respec-
tively. Coordination of the adenine N7 and N6 sites to the
rhodium atoms in the adducts induces formation of the
metal-stabilized rare imino tautomer of adenine with a con-
comitant substantial decrease in the basicity of the N1H
sites.[25] Similarly, the N7/O6 binding of the guanine bases in-
duces a notable increase in the acidity of the N1H site (and
formation of the enolate form).[24] The shifting of the pKa


values of the bases in the physiological range and the stabili-
zation of rare base tautomers, resulting from binding of the
nucleotides to the dirhodium core, have a major influence
on the hydrogen-bonding properties of the bases with im-
portant biological implications.[45, 46,70]


In the dinucleotide adducts [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], the two rhodium centers are favor-
ably positioned to accommodate the bidentate binding of
the purine bases, which are almost completely destacked (di-
hedral angle 3’-B/5’-B=72–748) as compared to B DNA.


The backbone tether dictates the HH nature of the adducts,
whereas the bulky and nonlabile nature of the formamidi-
nate bridging groups leads to right-handed HH1R conform-
ers (Scheme 5, Table 2) in solution, as in the cases of the
ACHTUNGTRENNUNGhomopurine [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpG)}]


[24] and [Rh2ACHTUNGTRENNUNG(DTolF)2-
{d ACHTUNGTRENNUNG(ApA)}][25] adducts. The dirhodium formamidinate core
with purine dinucleotides gives rise to R minihelix variants
and thus provides good models for the duplex DNA–cispla-
tin
dACHTUNGTRENNUNG(GpG) cross-link lesions responsible for the antitumor
properties of the drug. The other conformational features of
the dirhodium adducts also resemble those of known plati-
num dACHTUNGTRENNUNG(GpG) adducts: all sugar residues have anti orienta-
tion about the glycosyl bonds and the 5’ bases of the adducts
adopt N-type conformations to accommodate the base bind-
ing to the metal centers. It remains to be determined if the
antitumor active compound cis-[Rh2ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(O2CCF3)2-
ACHTUNGTRENNUNG(H2O)2] and its derivatives form relevant cross-links with
ACHTUNGTRENNUNGdACHTUNGTRENNUNG(GpA) and dACHTUNGTRENNUNG(ApG) sites in double-stranded DNA.


Experimental Section


The starting material RhCl3·xH2O was obtained from Pressure Chemical
Co. (Pittsburgh, PA) and was used without further purification. The com-
plex cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(NCCH3)6] ACHTUNGTRENNUNG(BF4)2 was prepared according to litera-
ture procedures.[40] The dinucleotide d ACHTUNGTRENNUNG(GpA) was purchased as the crude
5’-O-dimethoxytrityl (DMT) protected material from the Gene Technolo-
gies Laboratory at Texas A&M University. It was purified by reverse-
phase HPLC and used as the sodium salt. The dinucleotide d ACHTUNGTRENNUNG(ApG) was
purchased from Sigma as the ammonium salt and was used as received.
Concentrations of the free dinucleotides were determined by UV spec-
troscopy at 260 nm (e260=2.7Q10


4
m
�1 cm�1). Deuterium oxide (D2O,


99.996%), deuterated acetonitrile (CD3CN, 99.8%), deuterium chloride
(DCl, 99.5%), sodium deuteroxide (NaOD, 99.5%) and DSS (sodium
2,2-dimethyl-2-silapentane-5-sulfonate) were purchased from Cambridge
Isotope Laboratories. TMP {(CH3O)3PO} was purchased from Aldrich.


Syntheses


a) [Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}]: In a typical reaction, [Rh2 ACHTUNGTRENNUNG(DTolF)2-
ACHTUNGTRENNUNG(NCCH3)6] ACHTUNGTRENNUNG(BF4)2 (2.4 mmol) in CD3CN (200 mL, brown solution) was
treated with of d ACHTUNGTRENNUNG(GpA) (2.4 mmol) in D2O (50 mL). Upon mixing the two
solutions, a white precipitate formed. After incubating the sample at
37 8C for two days, the white solid dissolved completely and the color of
the solution changed from brown to olive green. The progress of the re-
action was monitored by 1H NMR spectroscopy until no free dACHTUNGTRENNUNG(GpA)
could be detected. The reaction was complete in approximately 10 days.
MS-ESI (positive ion mode) m/z : 1232 ([Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]


+, see
Supporting Information, Figure S1).


b) [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]: In a typical reaction, [Rh2 ACHTUNGTRENNUNG(DTolF)2-
ACHTUNGTRENNUNG(NCCH3)6] ACHTUNGTRENNUNG(BF4)2 (2.4 mmol) in CD3CN (200 mL, brown solution) was
treated with d ACHTUNGTRENNUNG(ApG) (2.4 mmol) in D2O (50 mL). Upon mixing the two
solutions, a white precipitate formed. After incubating the sample at
37 8C for two days, the white solid dissolved completely and the color of
the solution changed from brown to dark green/brown. The progress of
the reaction was monitored by 1H NMR spectroscopy until no free
d ACHTUNGTRENNUNG(ApG) could be detected. The reaction is complete in approximately 12
days. MS-ESI (negative ion mode) m/z : 1231 ([Rh2 ACHTUNGTRENNUNG(DTolF)2-
{d ACHTUNGTRENNUNG(ApG)}-H]� , see Supporting Information, Figure S2).


Instrumentation : 1D 1H NMR spectra were recorded on a 500 MHz
Varian Inova spectrometer with a 5 mm switchable probehead. The
1H NMR spectra were typically recorded with 5000 Hz sweep width and
32 K data points. A presaturation pulse to suppress the water peak was
used when necessary. The 1D 31P NMR spectra were recorded on a
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Varian 300 MHz spectrometer operating at 121.43 MHz for 31P. The
1H NMR spectra were referenced to the residual proton impurity of
CD3CN. Trimethyl phosphate (TMP, d=0 ppm) was used as an external
reference for the 31P NMR spectra. The 1D NMR data were processed
using the Varian VNMR 6.1b software.


2D NMR data were collected at 10 8C on a Varian Inova 500 MHz spec-
trometer equipped with a triple-axis gradient penta probe. In general, the
homonuclear experiments were performed with a spectral width of ap-
proximately 5000 Hz in both dimensions, while some high resolution 2D
[1H–1H] DQF-COSY spectra were collected with 3000 Hz spectral width.
2D [1H–1H] ROESY spectra were collected with mixing times of 150 and
300 ms. A minimum of 2048 points were collected in t2 with at least 256
points in t1 and 32–64 scans per increment. 2D [


1H–1H] DQF-COSY spec-
tra, collected with 31P decoupling in both dimensions, resulted in a 1228Q
440 data matrix with 40 scans per increment. 2D [1H–31P] HETCOR ex-
periments were collected with 2048 points in t2, 112 points in t1 with 512
scans per increment. The 31P NMR spectral width was approximately
1500–3500 Hz. All data sets were processed using a 908 phase-shifted
sine-bell apodization function and were zero filled. The baselines were
corrected with first or second order polynomials. Two-dimensional (2D)
NMR data were processed using the program nmrPipe.[87]


The pH values of the samples were recorded on a Corning pH meter 430
equipped with a MI412 microelectrode probe by Microelectrodes, Inc.
The pH values of the samples were monitored in acetonitrile/water solu-
tions; calibration of the MI412 glass microelectrode probe was performed
in standard aqueous buffer solutions. The difference in the pH value of
the buffer measured in an aqueous solution and its pH* value in an ace-
tonitrile/water mixture primarily depends on the liquid-junction potential
of the electrode, which is negligible for the electrode used. It has been re-
ported that, for electrodes with a negligible liquid-junction potential, the
pH and pH* values for various buffers measured in aqueous and acetoni-
trile/water mixtures, respectively, differ by 0.01 to 0.2 pH units, which is
the precision expected for measurements in non-aqueous and mixed sol-
vents.[63,88] The pH-dependence of the chemical shifts for the purine
proton nuclei H8 and H2 was monitored by adding trace amounts of DCl
and NaOD solutions to the samples. No correction was applied to the pH
values for deuterium isotope effects on the glass electrode. The pH titra-
tion curves were fitted to the Henderson–Hasselbalch equation using the
program Kaleidagraph, with the assumption that the detected chemical
shifts are weighted averages according to the populations of the protonat-
ed and deprotonated species. The pKa(s) values for the dirhodium adducts
determined in acetonitrile/water mixtures, however, are not comparable
with the reported pKa(w) values of similar systems measured in water.
They are only comparable to the pKa(s) values of similar systems in aceto-
nitrile/water mixtures[24,25] or to the free ligands estimated in the same
acetonitrile/water solvent system, as the range of the pH scale for aceto-
nitrile (the pKa value for acetonitrile is 28.5) is different from that of
water.[89]


Electrospray mass spectra were acquired on an MDS Sciex API QStar
Pulsar mass spectrometer (Toronto, Ontario, Canada) using an electro-
spray ionization source. The UV spectra were collected with a Shimadzu
UV 1601PC spectrophotometer.


Molecular modeling : Molecular modeling results were obtained using the
software package Cerius2 4.6 (Accelrys Inc., San Diego). To sample the
conformational space of each compound, simulated annealing (SA) cal-
culations in the gas phase were performed using the Open Force Field
(OFF) program, with a modified version of the Universal Force Field
(UFF).[90–92] The SA was carried out for 80.0 ps, over a temperature range
of 300–500 K, with DT=50 K, using the NosR temperature thermostat, a
relaxation time of 0.05 ps and a time step of 0.001 ps. The compounds
were minimized (quenched) after each annealing cycle, producing 200
minimized structures. UFF is parameterized for octahedral RhIII, whereas
the molecules in the present study are metal–metal bonded RhII com-
pounds in a paddlewheel structure with axial ligands. To account for the
difference in the oxidation state and the coordination environment of the
metal, the valence bond parameter was modified. The appropriate va-
lence bond parameters for these types of complexes were previously de-
veloped[22,23] and were appropriately modified for the Rh�NDTolF bond by


taking into consideration the crystal structures of HH cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2-
ACHTUNGTRENNUNG(9-EtGuaH)2 ACHTUNGTRENNUNG(NCCH3)]


2+ and HT cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(9-EtAdeH)2]
2+ .[40,41]


The original valence bond value of 1.3320 O for RhIII was set to 1.2550 O
and all other parameters were unmodified. The bond orders for all
bonds, except those including the Rh atoms, were calculated using the
OFF bond order settings. The Rh�Rh and metal�ligand bond orders
were set to 1.0 and 0.5, respectively. The calculated Rh�Rh bond length
obtained for the lowest energy conformer of HT cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(9-
EtAdeH)2]


2+ is 2.50 O.[40, 41] The Rh�Rh, Rh�N6/N7 ACHTUNGTRENNUNG(adenine) and
Rh�NDTolF bond lengths are within 0.01, 0.08, and 0.1 O, respectively, of
the crystal structure values for HT cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(9-EtAdeH)2]


2+ .[40,41]


The distances from the crystal structure of HH cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(9-
EtGuaH)2 ACHTUNGTRENNUNG(NCCH3)]


2+ were not used, owing to the poor quality of the
data.[40]
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b-Cyclodextrin-Appended Giant Amphiphile: Aggregation to Vesicle
Polymersomes and Immobilisation of Enzymes
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Introduction


There is increasing interest in self-assembled nanostructures
of well-defined size and specific properties. b-Cyclodextrin
(bCD) is a water-soluble receptor molecule with a hydro-
phobic interior,[1] which forms aggregates when appended
with conventional (polymethylene) hydrophobic alkyl tails.[2]


It occurred to us that bCD (diameter=1.53 nm) might have
the correct dimension to serve as a polar head group in
functional amphiphiles based on polystyrene (PS),[3] which
nowadays can be easily prepared by atom-transfer radical
polymerisation (ATRP).[4,5] We have recently used the
copper-catalysed [3+2] cycloaddition of acetylene and azide
(“click” or Huisgen reaction)[6] to prepare conjugates of
polymers and biomolecules and other types of com-


pounds.[7,8] In previous studies we have also used bCD-azide
derivatives as intermediates for the preparation of bCD
dimers, which are excellent host molecules for different
types of guests.[9,10] This click reaction, therefore, was our
method of choice for the preparation of the target molecule,
PS-appended permethylated bCD (1), from acetylene-end-
capped PS (2)[7] and the monoazide bCD (3 ; Scheme 1).[11,12]


Vesicles of compound 1 can be used to mimic the process
of recognition of biomolecules by the biological cell mem-
brane, which is of interest to understand this phenomenon
better and to be able to prepare vesicles decorated with
functionalities that are specific for a certain target. As the
outer and inner surfaces of these vesicles are covered with
bCD receptors, they can also be used for the study of multi-
valent interactions, that is, the simultaneous binding of mul-
tiple ligands to one entity, which enhances binding affinity
and selectivity.[13] We have previously found that polymer-
somes without additional functionalisation can bind enzyme
molecules by non-specific, non-covalent interactions[14] or
covalent bonds;[15] this allows them to be used for the prepa-
ration of nanoreactors, in which cascade reactions are per-
formed by different enzymes. Herein we report on the non-
covalent interaction of a chemically modified enzyme with
the surface of multivalent polymersomes of 1. The enzyme
horseradish peroxidase (HRP; see Scheme 1 for a graphical
representation) was functionalised with adamantane groups,
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which are good guests for bCD, through a poly(ethylene
glycol) (PEG) spacer. We found that HRP shows enhanced
affinity for the polymersomes of 1 compared with non-func-
tionalised HRP, and that it retains its catalytic activity when
bound to the polymersome surface.


Results and Discussion


Synthesis and physical properties : Compound 2[7] was pre-
pared from propargyl alcohol (4) and bromide 5 to give 6,


which was then subjected to
ATRP with styrene
(Scheme 2). bCD derivative 3
was synthesised by a sequence
of reactions involving monoto-
sylation of bCD 7 on the pri-
mary side to give 8, azide sub-
stitution to give 9 and finally a
permethylation reaction.[11,12]


The product of the CuPMD-
TA-catalysed (PMDTA=N, ACHTUNGTRENNUNGN,-
ACHTUNGTRENNUNGN’, ACHTUNGTRENNUNGN’, ACHTUNGTRENNUNGN-pentamethyldiethylen-
triamine) click reaction be-
tween 2 and 3 was character-
ised by a variety of techniques.
Infrared spectroscopy showed
the disappearance of the vibra-
tions characteristic of the azide
and acetylene functional
groups.


Mass spectrometry (Figure 1)
and gel permeation chromatography (GPC; Figure 2) indi-
cated that the molecular weight of the polymer had in-
creased after the click reaction. It can be clearly observed
that the molecular weight distribution of the functionalised
polymer (Figure 1a) had shifted upward with respect to the
starting material (Figure 1b). The average mass of 1 corre-
sponds to the expected mass of 8450 gmol�1 [M+H] and the
difference with the average mass of 2 (Mr=7009) corre-
sponds to the mass of 3 (Mr=1441), which is the attached
permethylated bCD.


Scheme 1. Structures of 1, 2, 3 and the enzyme HRP. Red: lysines, light blue: haem group, dark blue: HRP ter-
tiary structure.


Scheme 2. Preparation of 1 and its precursors 2 and 3. Bottom right: schematic representation of 1. Reagents and conditions: i) diethyl ether, pyridine,
�30 8C!RT; ii) CuBr, PMDTA, anisole, 90 8C; iii) NaOH, TsCl, H2O; iv) NaN3, DMF, 60 8C; v) DMF, NaH, CH3I; vi) CuBr, PMDTA, THF under N2.
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In Figure 2, the GPC traces of PS-acetylene 2 and PS-
bCD 1 are presented. For the latter polymer, the peak was
narrower and slightly shifted to a higher molecular weight
than 2. This difference can be due in part to different inter-
actions of the two polymers with the column, but it is consis-
tent with the proposed formation of 1.


Aggregation studies : Injection of 1, dissolved in THF, into
water gave large vesicular structures (polymersomes) with a
diameter of up to 10 mm. TEM micrographs (Figure 3A,B)
revealed the presence of large circular structures with diam-
eters ranging from 100 nm to 10 mm. SEM images (Fig-
ure 3C) confirmed the spherical nature of the structures.


To establish if these spherical structures were eventually
completely closed or contained holes or defects, Cryo-SEM
pictures were taken after six days (Figure 3D).


When the polymersomes were prepared at high tempera-
ture, some of the structures were partly opened and found
to be hollow; this allowed the thickness of the outer layer to
be determined (Figure 3E). This thickness (34 nm) was
found to be approximately twice the length of a single ex-
tended molecule of 1 (17 nm), which suggested that the ob-
jects observed were polymersomes consisting of bilayers of
molecules of 1, presumably oriented with the apolar PS tails
pointing towards each other and the polar bCD head groups


facing the outer and inner aqueous compartments (Fig-
ure 3F). The polymersomes were similar in appearance to
the aggregates prepared previously by us from PS-appended
porphyrins,[5] but much larger than those formed from the
conventional bCD amphiphiles reported to date.[2]


To verify that the bCDs are accessible for guest molecules
we performed an inclusion experiment. We added propargyl
dansyl (10), which is known to shift in its fluorescence to-
wards lower wavelengths when interacting with a hydropho-
bic environment such as the interior of the CD, to a solution
of polymersomes of 1.[16] The shift, shown in Figure 4, dem-
onstrates that the bCDs are accessible for guests. This result
furthermore demonstrates that PS is not included in the
bCD cavity.


We realised that the observed shift could be due not only
to inclusion of 10 in the bCD cavities, but also to the non-
specific absorption of 10 in the hydrophobic region of the
PS tails in the inner part of the bilayer. To exclude this pos-
sibility we performed a competition experiment. We added
a solution of 1-adamantol (11), which is known to have
higher affinity for the cavity of methylated bCD
(4000m


�1),[17] to polymersomes containing 10. As shown in
Figure 5, this was found to restore the original fluorescence


Figure 1. MALDI-TOF spectra of a) 1 and b) 2.


Figure 2. GPC traces of 1 (c) and 2 (a) in THF at l=254 nm.


Figure 3. Electron microscope images of the aggregates formed after in-
jecting a solution of 1 in THF into water. A, B) TEM images taken di-
rectly after injection (scale bars represent 200 and 500 nm for A and B,
respectively). C) SEM image directly taken after injection. D) Cryo-SEM
image taken 6 d after injection (scale bars represent 1 mm for both C and
D). E) Electron micrograph indicating the thickness of the polymersomes
(100 8C). F) Schematic representation of the bilayer polymersomes pre-
pared from 1.
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of 10 to a large extent, illustrating the formation of an inclu-
sion complex of the bCDs of the polymersomes with 10,
which can be displaced by 11.


Functionalisation of HRP with
an adamantane–PEG spacer :
The enzyme peroxidase from
horseradish type VI (HRP) has
a molecular mass of around
44000 and catalyses the oxida-
tion of substrates by removal
of two hydrogen atoms, for ex-
ample, the oxidation of 2,2’-
azino-bis(3-ethylbenzothiazo-
line-6-sulfonate) (ABTS) to a
compound absorbing at 420 nm
by using H2O2 as the oxidant.
It is extensively used in conju-
gates in molecular biology, es-
pecially for its ability to ampli-


fy a weak signal and increase the detectability of a target
molecule. It is ideal, in many respects, for these applications
because it is smaller, more stable and less expensive than
other popular alternatives, such as alkaline phosphatase, and
itself has a characteristic absorption due to the haem group.


In the primary structure of HRP, six lysines are present
(illustrated in Scheme 1). By analysing the protein crystal
structure,[18] we found that two of the lysines are buried in
the protein interior, but four are solvent accessible, and
therefore, can be used to couple functional groups to the
enzyme surface. In our case, we decided to modify HRP
with adamantane moieties, which are good guests for bCD.
Since the four lysines on the enzyme are not located in close
proximity, it is necessary to have a long spacer between the
enzyme and the adamantane moieties to allow the simulta-
neous interaction of the adamantanes with the vesicle sur-
face. We decided to use PEG because it is very flexible and
water soluble. For the synthesis of this spacer, a commercial-
ly available poly(ethylene glycol) with a terminal carboxylic
acid moiety (Mr=3000; 12) was coupled with 13, followed
by the activation of the carboxylic acid of PEG as an N-hy-
droxysuccinimide ester (Scheme 3).


For the functionalisation of HRP with 15 (Scheme 4), the
enzyme was dissolved in acetate buffer (50 mm, pH 5.5) and
a solution of 15 (25 equiv) was added in distilled THF. The
reaction was gently stirred at 4 8C. After approximately 48 h,
the mixture was dialysed against acetate buffer (50 mm,
pH 5.5) to remove the unreacted PEG. The resulting solu-
tion was analysed by size-exclusion fast protein liquid chro-
matography (FPLC), using UV detection at 280 and 403 nm
(absorption of the haem group of the HRP) (Figure 6, left).


It was not possible to separate the modified and native
proteins by size-exclusion FPLC, probably due to the small
differences in their masses and the unfavourable interaction
of the PEG-adamantane tail with the column (Figure 6,
left). However, sodium dodecylsulfate–polyacrylamide gel
electrophoresis (SDS-PAGE; Figure 6, right) clearly con-
firmed the formation of a new conjugate with a higher mo-
lecular weight than the native HRP. The presence of a single


Figure 4. Fluorescence data of the inclusion of 10 in the CD cavities of
the polymersomes. lexc=305 nm, emission range 400–600 nm. Black line:
emission of free 10 in water (40 mm). Other traces: emission of the sus-
pension of the polymersomes after adding different aliquots (from 1 to
10 mL) of 10.


Scheme 3. Synthesis of adamantyl compound 15. Reagents and conditions: i) Et3N, dichloromethane; ii) N-hy-
droxysuccinimide, N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDCI), CH2Cl2, from 0 8C to RT.


Figure 5. Fluorescence data for the exclusion of DNS with 11. lexc=


305 nm, emission range 400–600 nm. Black line: emission of free 10 in
water (20 mm). Other traces: emission of the suspension containing poly-
mersomes and 10 after adding different aliquots (from 1 to 15 mL) of 11.
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new band on the gel, in addition to a band due to non-modi-
fied enzyme, suggested that an equal number of PEG-ada-
mantane tails were attached to the surface of each enzyme
molecule. However, the different nature of the PEG tail in-
teraction with the gel did not allow us to precisely quantify
the molecular weight of the conjugate, and thus, the number
of adamantanes attached to the HRP protein.


Interaction of modified HRP with polymersomes of 1: To
investigate the presence of specific interactions of the modi-
fied HRP with the polymersomes of 1, the following experi-
ment was carried out: a suspension of the polymersomes in
phosphate buffer was mixed with a solution of HRP func-
tionalised with adamantane (1L10�5m). In a control experi-
ment the polymersomes were mixed with the non-modified
HRP under otherwise identical conditions. After stirring for
2 h, the two suspensions were purified with several rinsing
steps by using eppendorf micro test tubes equipped with
filter units.


The control experiment was set up to establish when the
non-functionalised HRP would be completely removed from
the surface of the polymersomes, since some weak, non-spe-
cific interactions between the enzyme and the polymersomes
were expected to be present. However, because of the ab-
sence of adamantanes on the enzyme in the control experi-
ment, fewer washing steps should be required to completely


remove the enzyme molecules
from the surface of the poly-
mersomes.


In Figure 7 the catalytic ac-
tivity of the polymersomes
functionalised with the modi-
fied enzymes after 25 rinsing
steps (solid line) is reported.
The HRP–polymersomes were
catalytically active, whereas
the absence of activity in the
control shows that no enzyme
is present in the polymersomes
unless it is bound to them.


Due to the reversibility of
the binding, the bound HRP
can still be removed by centri-
fugation, but it requires a
higher number of washing
steps than the control experi-
ment. During the washing pro-
cess, after a certain number of
rinsing steps (5, 10, 17, 20, 25),
the enzyme activity in the elu-
ates of both the control experi-
ment and the sample was
tested. In Figure 7 the enzy-
matic activity of the eluate of
the experiment (dashed line)


and the control (dotted line) after the same number of fil-
trations (17) are presented. It can be observed that enzymat-
ic activity is still present when using the modified HRP,
whereas there are no enzyme molecules present in the con-
trol experiment. The stronger interaction of modified
enzyme with polymersomes of 1 is due to the interaction of
the adamantane moieties with the bCD cavities on the sur-
face of the polymersomes.


Scheme 4. Functionalisation of HRP (for detailed structure see Scheme 1) with compound 15 in acetate buffer.
Reagents and conditions: NaOAc buffer pH 5.5, 4 8C, 2 d.


Figure 6. Left: FPLC of HRP (c) and HRP modified with compound 15 (a) at l=403 nm. Right: SDS-
PAGE of a) HRP modified with compound 15 after dialysis ; b) HRP native (non-modified).


Figure 7. Activity measurements of HRP–PEG at l =420 nm: blank
eluate after 17 rinsing steps (g); experimental eluate after 17 rinsing
steps (b); activity retained in polymersomes after 25 rinsing steps
(c).
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Both samples from the experiment and the control were
analysed by TEM to confirm the presence of the vesicles
and to verify their integrity after the numerous centrifuga-
tion steps.


Conclusion


We have shown that PS-appended bCDs form well-defined
vesicular structures. The solvent accessibility of the bCDs
was proven by the subsequent addition of dansyl (10) and 1-
adamantol (11) apolar derivatives. We subsequently utilised
the host–guest interaction of bCD with adamantane to deco-
rate the polymersomes with PEG–adamantane-functional-
ised HRP. Activity studies confirmed that HRP remained
catalytically active and was successfully bound to the poly-
mersomes. This opens new routes for the construction of
polymersomes decorated with multiple enzymes that can act
in concert.


Experimental Section


Materials : THF was purified by distillation under nitrogen from sodium/
benzophenone. CH2Cl2 was distilled under nitrogen from CaH2. Com-
pounds 2 and 3 were prepared according to literature procedures.[7,11, 12]


All other chemicals were purchased from Aldrich, Fluka or Acros and
used as received. Analytical thin-layer chromatography (TLC) was per-
formed on Merck precoated silica gel 60 F-254 plates (layer thickness
0.25 mm) with visualisation by UV irradiation at l =254 nm and/or l=


366 nm and/or staining with phosphomolybdic acid reagent or KMnO4.
Silica gel chromatography was performed by using Acros (0.035–
0.070 mm, pore diameter ca. 6 nm) silica gel. Ultra pure water (R>18L
106 W) was used for the aggregation studies in aqueous solutions. Dialysis
membranes were purchased from Spectrum Laboratories and Dialyser
Tubes (Maxi, Midi or Mini) were purchased from Novagem. Peroxidase
from horseradish type VI (E.C.1.11.1.7) was purchased from Sigma.


NMR spectroscopy: 1H and 13C NMR spectra were recorded on Bruker
DPX300 or Varian inova 400 spectrometers at room temperature.
1H NMR chemical shifts are reported in ppm (d) relative to tetramethyl-
silane (d =0.00) as an internal standard when measured in CDCl3, other-
wise the residual solvent peak was used as a reference.


Multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), q
(quartet), dd (doublet of doublets), dt (doublet of triplets) or m (multip-
let). Broad peaks are indicated by the addition of br. Coupling constants
are reported as a J value in Hertz (Hz). The number of protons (n) for a
given resonance is indicated as nH, and is based on spectral integration
values. 13C NMR chemical shifts (d) are reported in ppm relative to
CDCl3 (d=77.0). Succ refers to the succinimide group.


Mass spectrometry : Electrospray LC/MS analysis was performed using a
Shimadzu LC/MS 2010A system. Matrix-assisted laser desorption/ionisa-
tion time-of-flight (MALDI-TOF) spectra were measured on a Bruker
Biflex III spectrometer and samples were prepared from solutions in
MeOH by using indoleacrylic acid (IAA) (20 mgmL�1) as a matrix.


Infrared spectroscopy: IR spectra were recorded on an ATI Matson Gen-
esis Series FTIR spectrometer with a fitted ATR cell. Frequencies (ñ) are
given in cm�1.


UV/Vis spectroscopy : UV/Vis spectra were recorded on a Varian Cary
50 spectrophotometer by using a quartz cuvette. For catalysis experi-
ments, the UV/Vis spectra were recorded on an Elisa Ryder spectropho-
tometer.


Fluorescence spectroscopy: Fluorescence spectra were measured on a
Perkin–Elmer LS 55 fluorescence spectrophotometer by using a 50 mL
quartz cuvette.


TEM : TEM images were obtained by using a JEOL JEM 1010 micro-
scope (60 kV) equipped with a CCD camera. Samples were prepared by
pouring a drop of the aggregate suspension onto a carbon-coated copper
grid, which was allowed to dry in air. The structures were visualised with-
out further treatment. The aggregate solution was prepared by desolving
amphiphile 1 (1 mg) in distilled THF (1 mL). The resulting solution was
then slowly injected into ultrapure (Millipore) water (1 mL). The sample
was shaken by hand to obtain a homogeneous mixture. Measurements of
the sealed sample were done after 5 min, 1 d, 3 d and 6 d.


SEM : SEM was performed on a JEOL JSM-6330F instrument by using
the same samples as prepared for TEM. Before measurement a 1.5 nm
layer of Pd/Au was sputtered on the grids with a Cressington 208 HR
sputter coater fitted with a Cressington layer-thickness controller.


GPC : Molecular weight distributions were measured with a Shimadzu
size-exclusion column equipped with a guard column and a PL gel 5 mm
mixed D column (Polymer Laboratories) with differential refractive
index and UV (l =254 nm and l=330 nm) detection using THF as an
eluent (1 mLmin�1 at 35 8C). PS standards were used for calibration.


Compound 1: Nitrogen was bubbled through distilled THF for 1 h prior
to use. Compounds 2 (0.05 g, 0.03 mmol) and 3 (0.24 g, 0.03 mmol) were
dissolved in THF (3 mL) under nitrogen. A solution of CuBr (0.005 g,
0.03 mmol) and PMDTA (0.007 mL, 0.03 mmol) in THF (2 mL) was
made free of air by bubbling N2 through it for 30 min and it was added to
the solution of 2 and 3. The mixture was stirred under a nitrogen atmos-
phere for 48 h. The solvent was removed by evaporation and the solid
obtained was purified by column chromatography (CHCl3!CHCl3/
MeOH 4:1 v/v). Product 1 was obtained as a white solid (0.12 g, 41%).
1H NMR (400 MHz, CDCl3): d =1.25–2.10 (brm; aliphatic protons of the
PS tail) 3.15–4.00 (m, 118H), 7.09 ppm (brm; aromatic protons of the PS
tail); IR: ñ=3023, 3053, 3088 (CH2); 2841, 2919 (CH); 1938, 1873, 1804,
1739 (C=O); 1600 (C=C); 1160 (O-Me); 693, 771 cm�1 (monosubsti-
tuted benzenes); the vibration of the N3 group of compound 3 had disap-
peared in compound 1.


1-[2-(1-Adamantyl)acetoxy]succinimide (13): 1-Adamantylacetic acid
(0.30 g, 1.5 mmol) and N-hydroxysuccinimide (0.19 g, 1.6 mmol) were dis-
solved in distilled CH2Cl2 under a nitrogen atmosphere. The mixture was
cooled to 0 8C and EDCI (0.33 g, 1.7 mmol) was added. The mixture was
stirred under a nitrogen atmosphere for 20 h. The solvent was removed
and the solid was redissolved in EtOAc and extracted with NH4Cl (2L),
dried over anhydrous sodium sulfate, filtered and evaporated to dryness.
Product 13 was obtained as a white solid (0.38 g, 87%). M.p. 134 8C;
1H NMR (400 MHz, CDCl3): d=1.67–1.74 (d, 12H), 2.01 (s, 3H), 2.33 (s,
2H), 2.82 ppm (s, 4H); 13C NMR (75 MHz, CDCl3): d=169.2 (CO succ),
166.2 (CO), 45.3 (adamantane-CH2-CO), 41.9, 36.5 (CH2 from adaman-
tane), 33.1 (quaternary C), 28.5 (CH from adamantane), 25.6 ppm (CH2


succ).


3-{2-[2-(1-Adamantyl)acetamido]ethyl[octahexaconta(oxyethylene)]}pro-
panoic acid (14): Compound 12 (0.20 g, 0.06 mmol) was dissolved in dis-
tilled CH2Cl2 (20 mL) under a N2 atmosphere followed by the addition of
triethylamine (19 mL, 0.13 mmol). The mixture was stirred for 10 min and
compound 13 (0.03 g, 0.10 mmol) was added. The reaction was stirred for
20 h and the resulting mixture extracted with a saturated aqueous solu-
tion of NaHCO3 (2L) and HCl (1m), dried over anhydrous sodium sul-
fate, filtered and evaporated to dryness. The product was precipitated in
Et2O and filtered. The solid was dissolved in CHCl3. The solvent was re-
moved in vacuo and the product was dried under high vacuum to give
compound 14 as a white powder (0.18 g, 50%). 1H NMR (300 MHz,
CDCl3): d =3.35–3.85 (brm, 276H), 2.58 (t, 2H), 1.95 (s, 3H), 1.92 (s,
2H), 1.57–1.70 ppm (m, 12H); 13C NMR (75 MHz, CDCl3): d=172.4
(CO), 170.5 (CO), 70.0 (CH2 repeating unit), 66.2, 65.3, (CH2), 51.0 (ada-
mantane-CH2-CO), 42.1, 36.3 (CH2 from adamantane), 28.1 (CH from
adamantane), 38.5 (O-CH2), 36.3 (CH2-COOH), 32.2 ppm (quaternary
C).


1-(3-{2-[2-(1-Adamantyl)acetamido]ethyl[octahexaconta(oxyethylene)]}-
propoxy) succinimide (15): Compound 14 (0.18 g, 0.06 mmol) and N-hy-
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droxysuccinimide (0.008 g, 0.07 mmol) were dissolved in distilled CH2Cl2
(15 mL) under a N2 atmosphere. The mixture was cooled to 0 8C and
EDCI (0.02 g, 0.12 mmol) was added. The reaction was stirred for 24 h
and the resulting mixture was extracted with HCl (0.5m), dried over an-
hydrous sodium sulfate, filtered and evaporated to dryness. The product
was precipitated in Et2O and the solid was dissolved in CHCl3. The sol-
vent was removed in vacuo and the product was dried under high
vacuum to give compound 15 as a white powder (0.15 g, 80%). 1H NMR
(300 MHz, CDCl3): d=3.38–3.87 (brm, 276H), 2.89 (t, 2H), 2.83 (s, 4H),
1.98 (s, 3H), 1.92 (s, 2H), 1.57–1.70 ppm (m, 12H); 13C NMR (75 MHz,
CDCl3): d =170.9 (CO), 168.8 (CO succ.), 166.6 (CO), 70.4 (CH2 repeat-
ing unit), 65.7, 65.6, (CH2), 51.5 (adamantane-CH2-CO), 42.5, 36.7 (CH2


from adamantane), 29.5 (CH from adamantane), 38.8, 32.0 (CH2), 32.6
(quaternary C), 25.5 ppm (CH2 succ).


Binding of 10 in polymersomes of 1: A suspension of the polymersomes
of 1 (0.5 mgmL�1) was prepared as described above and kept for 6 d in a
sealed tube to allow them to close completely. Before any fluorescence
measurements were recorded, the vesicles were dialysed against ultra-
pure water for one night to remove THF. In the inclusion experiment,
different aliquots of a stock solution of 10 (1 mm in THF) were added
until a final concentration of 40 mm was reached. The mixture was fol-
lowed in time by fluorescence spectroscopy. The competition experiment
was carried out after 18 h by using the suspension containing polymer-
somes and 10 mentioned before. Since the measured emission was off the
scale, the suspension was diluted to half the concentration and then dif-
ferent aliquots of a stock solution of 11 (2 mm in THF/H2O 1:1) were
added. Fluorescence measurements were then performed.


Functionalisation of HRP with the adamantane–PEG derivative: HRP
(1 mg) was dissolved in NaOAc buffer (160 mL, 50 mm, pH 5.5) followed
by the addition of a solution of 15 (1 mg) in distilled THF (30 mL). The
reaction was stirred for 48 h at 4 8C and dialysed by using dialysis tubes
(MWCO 12–14 KDa) against NaOAc buffer (50 mm, pH 5.5) for 24 h,
changing the buffer three times to remove the unreacted PEG. The solu-
tion obtained from dialysis (0.14 mm) was analysed and purified by
FPLC. Injections of aliquots (20 mL) of the samples in the FPLC column
(Superdex 200) at room temperature were monitored by UV detection at
280 and 403 nm. Fractions (60 mL) were collected in well plates. SDS-
PAGE was performed by using a 10% polyacrylamide gel containing 1%
SDS. The samples were neither heated nor treated with b-mercaptoetha-
nol before loading onto the gel. The concentration of the samples was
0.09 mm both for native HRP and for HRP modified with the adaman-
tane–PEG derivative.


Reaction between HRP modified with 15 and polymersomes of 1: A sus-
pension of the polymersomes of 1 (0.5 mgmL�1) was prepared as de-
scribed above and kept for 6 d in a sealed tube to allow them to close
completely. A volume (500 mL) of this suspension was dialysed against
phosphate buffer (20 mm, 100 mm NaCl, pH 7.2) by using dialysis bags
(MWCO 12–14 KDa). Only 300 mL of the resulting suspension were
mixed for 2 h at room temperature with a solution of HRP functionalised
with compound 15 (200 mL, 1L10�5m).


A control experiment was performed using the non-modified HRP, under
the same reaction conditions.


Free enzyme molecules were removed from the reaction mixture by fil-
tration using an eppendorf micro test tube fitted with a filter unit with
pores of 0.1 mm. The eppendorf micro test tube was centrifuged at
3000 rpm for 5 min and fresh buffer solution was added before the tube
was again subjected to centrifugation. This sequence was repeated 15–25
times after which time the eluate of the control experiment no longer
showed any enzymatic activity. The sample remaining on the filter was
redispersed in buffer solution (300 mL) and catalysis experiments were
performed. A sample (10 mL) prepared by the procedure described
above was added to a well plate (250 mL) followed by the subsequent ad-
dition of phosphate buffer (220 mL, 20 mm, pH 7.2), an aqueous solution
of ABTS (10 mL, 0.05m) and an aqueous solution of H2O2 (10 mL, 7%).


The sample was mixed thoroughly by using a pipette and the progress of
the reaction was monitored by UV/Vis spectroscopy, measuring the ab-
sorption at 420 nm.
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Introduction


Hydrogen bonds involving transition-metal mono- and poly-
hydrides as proton acceptors have attracted considerable at-
tention in recent years due to their involvement in inter-
mediates of fundamental processes such as enzymatic dihy-
drogen evolution and catalytic ionic hydrogenation.[1–6] As
proton acceptors, M–H moieties offer a relatively unencum-
bered site of attack, in which the proton-accepting orbital
sMH (mostly constituted by the spherically symmetrical 1s or-
bital of the H atom)[7] is relatively insensitive to angular lim-
itations for the best interaction with the proton donor (Fig-
ure 1a). Spectroscopic manifestations of hydrogen bonding
in (M)�H···H�A complexes are similar to those found in
the case of classical hydrogen bonding.[8] Accordingly, the


Abstract: The hydrogen-bonding and
proton-transfer pathway to complex
[Cp*W ACHTUNGTRENNUNG(dppe)H3] (Cp*=h5-C5Me5;
dppe=Ph2PCH2CH2PPh2) was investi-
gated experimentally by IR, NMR,
UV/Vis spectroscopy in the presence of
fluorinated alcohols, p-nitrophenol, and
HBF4, and by using DFT calculations
for the [CpWACHTUNGTRENNUNG(dhpe)H3] model (Cp=


h5-C5H5; dhpe=H2PCH2CH2PH2) and
for the real system. A study of the in-
teraction with weak acids
(CH2FCH2OH, CF3CH2OH,
(CF3)2CHOH) allowed the determina-
tion of the basicity factor, Ej=1.73�
0.01, making this compound the most
basic hydride complex reported to


date. A computational investigation re-
vealed several minima for the [CpW-
ACHTUNGTRENNUNG(dhpe)H3] adducts with CF3CH2OH,
(CF3)2CHOH, and 2 ACHTUNGTRENNUNG(CF3)2CHOH and
confirms that these interactions are
stronger than those established by the
Mo analogue. Their geometries and rel-
ative energies are closely related to
those of the homologous Mo systems,
with the most stable adducts corre-
sponding to H bonding with M–H sites,
however, the geometric and electronic


parameters reveal that the metal center
plays a greater role in the tungsten sys-
tems. Proton-transfer equilibria are ob-
served with the weaker proton donors,
the proton-transfer step for the system
[Cp*W ACHTUNGTRENNUNG(dppe)H3]/HOCH ACHTUNGTRENNUNG(CF3)2 in tolu-
ene having DH= (�3.9�0.3) kcalmol�1
and DS= (�17�2) calmol�1K�1. The
thermodynamic stability of the proton-
transfer product is greater for W than
for Mo. Contrary to the Mo system,
the protonation of the [Cp*W-
ACHTUNGTRENNUNG(dppe)H3] appears to involve a direct
proton transfer to the metal center
without a nonclassical intermediate, al-
though assistance is provided by a hy-
dride ligand in the transition state.
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Figure 1. Possibilities for the metal hydride interaction with proton
donors.
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(M)H···H-A angles tend to be linear in dihydrogen-bonded
complexes.[9] On the other hand, the dihydrogen-bonded
complexes of metals with a dn (n=2) configuration (namely,
possessing at least one metal-based lone pair) often feature
the nonlinear M�H···H(A) arrangement, such that the
proton-donor A�H bond approaches the M–H unit in a
side-on direction.[10] A typical H···M distance in such a case
was found to be 2.8 P, leading to a possible ambiguity, be-
cause a metalLs dp nonbonding orbital, if pointing between
the ligands, could, in principle, interact with the A–H proton
(Figure 1b). Providing the hydrogen bonding involving
metal lone pairs as proton acceptors is very well established
for metal complexes that do not contain hydride ligands
(e.g., LnM···HA with L¼6 H),[11–16] this may not only mean an
additional interaction, but may ultimately lead to the
proton-donor coordination to the metal center. However,
many examples are known in which the protonating reagent
attacks a hydride position, yielding a dihydrogen complex as
the kinetically controlled protonation product, even when
the classical di- or polyhydride product is thermodynamical-
ly favored.[17–22]


This general behavior for the protonation of hydride com-
plexes may be summarized as shown in Scheme 1, in which
the initial competition between a metal lone pair and a hy-


dride unit leads to the hydrogen-bonded adducts I and II,
respectively. In the second case, however, both the hydride
ligand and the metal atom could contribute to the interac-
tion, leading to either a dihydrogen complex or a cis-dihy-
dride, depending on the relative energy of these isomers.
Note that the isomerization process interconverting a dihy-
drogen complex and a cis-dihydride, in cases involving a
possible double minimum, is predicted to have a very small
activation barrier,[23] whereas much larger activation barriers
are associated with processes in which a more severe ligand
rearrangement occurs, such as in cis/trans isomeriza-
tions.[24–28]


Given the above scenario, it may be reasonable to expect
that the kinetic preference for attack at an M–H site versus
the metal lone pair should be greater for a polyhydride com-
pound than for a monohydride compound. Recently, we re-
ported detailed investigations[29,30] on the hydrogen bonding
and proton transfer to complex [Cp*Mo ACHTUNGTRENNUNG(dppe)H3], an elec-
tron-rich half-sandwich trihydride complex of MoIV.[31] The
protonation product observed by the use of either strong
(HBF4, CF3COOH) or moderate (perfluoro-tert-butanol
(PFTB), hexafluoroisopropanol (HFIP), p-nitrophenol)
acids is the classical tetrahydrido derivative, [Cp*Mo-
ACHTUNGTRENNUNG(dppe)H4]


+ , without detection of any nonclassical intermedi-
ate, even upon working at 200 K. On the other hand, use of
even weaker proton donors (2,2,2-trifluoroethanol (TFE), 2-
fluoroethanol (MFE)), and low temperatures (200 K),
backed up by a theoretical investigation, revealed that the
most likely site of attack is a hydride ligand. The calcula-
tions, which were carried out in the [CpMo ACHTUNGTRENNUNG(dhpe)H3] model
system (dhpe=H2PCH2CH2PH2), could also locate the non-
classical protonation product, [CpMo ACHTUNGTRENNUNG(dhpe) ACHTUNGTRENNUNG(h2-H2)H2]


+ , in
a shallow energy minimum and showed that its rearrange-
ment to the more stable (by 1.5 kcalmol�1 in the gas phase,
1.7 kcalmol�1 in CH2Cl2 solution) classical tetrahydrido
product occurs with an extremely small activation barrier of
1.8 kcalmol�1 in the gas phase (1.3 kcalmol�1 by use of the
polarizable continuum model (PCM) in CH2Cl2).


[29] Thus, it
appears that this complex undergoes a kinetically favored
protonation of a hydride ligand, however, the resulting dihy-
drogen complex does not accumulate at sufficiently high
concentration for detection before rearranging to the final
tetrahydrido product.
It is of interest to investigate trends of fundamental prop-


erties for series of compounds with the same stoichiometry
for metals within the same group. This kind of knowledge
for hydrogen bonding and proton transfer to transition-
metal hydrides is still scarce, the only two series of hydrides
studied to date being [PP3MH2] (M=Fe, Ru, Os; PP3=
P(CH2CH2PPh2)3)


[32,33] and [Cp*MH ACHTUNGTRENNUNG(dppe)] (M=Fe,
Ru).[24,25,27] Thus, we have proceeded to investigate the be-
havior of [Cp*W ACHTUNGTRENNUNG(dppe)H3] hydride


[31] in terms of hydrogen
bonding and proton transfer. The results of this investigation
and a comparison with those previously described for the
Mo analogue are reported here.


Results


The investigation of hydrogen bonding and proton transfer
to complex [Cp*WH3 ACHTUNGTRENNUNG(dppe)] followed a combined spectro-
scopic and theoretical protocol, similar to that used previ-
ously for complexes [Cp*M ACHTUNGTRENNUNG(dppe)H] (M=Fe, Ru),[24,25,27]


[Cp*MoACHTUNGTRENNUNG(dppe)H3],
[29,30] and [CpRuH(CO)ACHTUNGTRENNUNG(PCy3)].


[34]


Study of the starting trihydride complex : The synthesis and
full characterization of this compound has been reported
previously.[31, 35] An X-ray structure was reported for the Mo
analogue and the similarity of the spectroscopic properties


Scheme 1. Two pathways of proton transfer to transition-metal hydrides.
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and chemical behavior leave no reason to suspect that the
structure may be different for the W trihydride complex. It
must be underlined that [Cp*MoACHTUNGTRENNUNG(dppe)H3] adopts a pseudo-
trigonal prismatic structure (once the Cp* ligand is idealized
as occupying a single coordination position coinciding with
the ring centroid), instead of the much more common
pseudo-octahedral arrangement. However, the same geome-
try has since been observed for other isoelectronic half-
sandwich hydride complexes of Group6 metals, that is,
[(C5HiPr4)Mo ACHTUNGTRENNUNG(PMe3)2H3]


[36,37] and [WCp*(CO)2H2-
ACHTUNGTRENNUNG(SiH2Ph)].


[38] The adoption of the same structure by [Cp*W-
ACHTUNGTRENNUNG(dppe)H3] was also suggested by subsequent DFT geometry
optimizations, which were run at the B3LYP/LANL2DZ
level, on the smaller [CpW ACHTUNGTRENNUNG(dhpe)H3] model system in which
the methyl groups of the cyclopentadienyl ring and the
phenyl rings of the dppe ligand were substituted by hydro-
gens.[39]


To compare the structure of the trihydride compound
with those of the hydrogen-bonded adducts and proton-
transfer products, and to analyze the computational results
in greater detail, the optimization of the same model com-
plex [CpWH3 ACHTUNGTRENNUNG(dhpe)] was repeated with a more extensive
basis set (see Computational Details) and includes the fre-
quency calculations. Furthermore, selected calculations were
carried out on the real complex to check the appropriate-
ness of the smaller model. Cartesian coordinates of all opti-
mized geometries are available in the Supporting Informa-
tion.
As expected, the calculated structural parameters closely


match those obtained with the previous calculations and ex-
perimentally obtained for the Mo analogue, whereas the
spectroscopic parameters resemble those found for the mo-
lybdenum congener.[29] A view of the optimized geometry is
shown in Figure 2. As is perhaps best appreciated from the
top view in Figure 2c, the three hydride ligands are asym-
metrically disposed, one on one side and two on the oppo-
site side of the plane that contains the two P donors and the
Cp* ring centroid. Atoms H1 and H2, although being situat-
ed rather symmetrically across the ideal plane that contains
atoms W, H3, and the ring centroid, are not equivalent in
terms of the W–H distances and Mulliken charges, H1 being
closest to the metal atom and possessing a higher negative
charge than H2. The unique H3 atom exhibits the longest


W–H distance and bears the highest negative charge, thus
clearly appearing as the most hydridic site.
An IR study of complex [Cp*WH3ACHTUNGTRENNUNG(dppe)] was also previ-


ously reported,[39] although the low spectral quality prevent-
ed an unambiguous assignment of the three expected
normal modes for the WH3 moiety. Therefore, a higher qual-
ity spectrum has now been obtained. Like its molybdenum
analogue, [Cp*WH3ACHTUNGTRENNUNG(dppe)] displays a wide nMH band of
complex shape, which is superimposed with a few weaker
features belonging to overtones of the phenyl-group vibra-
tions. A band decomposition, performed after subtraction of
the dppe spectrum, shows the presence of three nMH vibra-
tions: 1964w, 1882m, 1846scm�1 in THF; 1959w, 1873s,
1822scm�1 in CH2Cl2 (see Figure S1 in the Supporting Infor-
mation). These were assigned on the basis of the computa-
tion of the W–H normal modes, which are represented sche-
matically in Figure 3. Thus, the higher-energy normal mode


(n1) is essentially a pure stretching vibration of the hydride
ligand H1, which shows the shortest (and therefore stron-
gest) bond. The other two vibrations are relatively close to
each other in frequency and are a mixture of the other two
M�H bond vibrations, the higher-frequency one (n2) being
an in-phase combination with the major contribution from


the shorter bond to H2, and
the lower-frequency one (n3)
being an out-of-phase combi-
nation with the major contribu-
tion from the longer bond to
H3. The intensities of the nMH
bands increase as the tempera-
ture is decreased. The absorb-
ance of the strongest band
changes upon cooling from 270
to 200 K from 59.5 to
75.9 Lmol�1 cm�1 in THF and
from 60.5 to 85.5 Lmol�1 cm�1


in CH2Cl2.


Figure 2. Optimized geometry of a) [CpW ACHTUNGTRENNUNG(dhpe)H3], b) [Cp*W ACHTUNGTRENNUNG(dppe)H3], and c) main geometrical parameters
(distances in P, angles in degrees) for the WH3 moiety. The values in parentheses correspond to those opti-
mized for the full system. The numbers on the three H atoms are the computed Mulliken charges.


Figure 3. The W–H normal modes of the DFT optimized [CpW ACHTUNGTRENNUNG(dhpe)H3]
with their frequency, intensity (A, 104 Lmol�1 cm�2), and potential-energy
distribution (major components are in bold italic). The Cp- and P-
bonded H atoms and ethylene backbone have been omitted for clarity.
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Hydrogen bonding to [Cp*W ACHTUNGTRENNUNG(dppe)H3]: Experimental infor-
mation : The IR study of the interaction of [Cp*WH3ACHTUNGTRENNUNG(dppe)]
with MFE and TFE in CH2Cl2, carried out in the nOH range,
shows the appearance of the expected low-frequency shifted
and quite broad nOH band for the hydrogen-bonded OH
group. It is important to underline that these measurements
are carried out with excess hydride, thus favoring the forma-
tion of 1:1 adducts. From the analysis of the nOH region of
the spectrum, the hydrogen-bond enthalpies, �DH8, were
obtained by two independent methods; the VanLt Hoff
method (Table 1)[8,40] and the empirical correlation outlined
in Equation (1):


�DH� ¼ 18Dn


Dnþ 720 ð1Þ


Subsequent use of the Iogansen relationship[41–43] gives the
basicity factor Ej reported in Table 1, making [Cp*WH3-
ACHTUNGTRENNUNG(dppe)] the most basic transition-metal hydride compound
reported so far.[9] This justifies the observation that even the
weakest fluorinated alcohol MFE is sufficiently acidic to
afford equilibrium amounts of the proton-transfer product
in CH2Cl2 (see below).


In an attempt to establish which of the four possible sites,
namely the W atom and the three hydride ligands, is used as
proton-acceptor site for hydrogen bonding, the IR spectra
were analyzed in the nMH stretching-vibration region in the
presence of proton donors. Following previous studies, dihy-
drogen bonding (i.e., H bonding to a hydride site) results in
a low-frequency shift of the corresponding M–H stretching
vibration band, whereas hydrogen bonding to a metal lone
pair causes a high-frequency shift.[8,9,40] However, the mixing
of bond vibrations in the normal modes for polyhydride
compounds makes the analysis of frequency shifts much
more complicated. This was clearly demonstrated for the
[Cp*MoH3 ACHTUNGTRENNUNG(dppe)]·alcohol system,


[29] in which the interac-
tion (excess MFE, CH2Cl2, 200 K) leads to broadening and
to a small (�5 cm�1) low-frequency shift of the nMoH band,
attributed to the effect of dihydrogen bonding. For the pres-
ent compound, similar and even more pronounced spectro-
scopic changes would be expected, due to the higher basicity
of the tungsten hydride complex, if the H bonding site was
the same as for the Mo analogue. Instead, a gradual high-
frequency shift and an intensity decrease for the major nWH
band of [Cp*WH3ACHTUNGTRENNUNG(dppe)] were observed in the presence of


increasing amounts of MFE in CH2Cl2 at 200 K (Figure 4).
However, no unambiguous band deconvolution was possible
for these spectra because of the occurrence of partial proton
transfer, even under these mild conditions. These spectro-
scopic changes underscore a difference between the nature
of the H-bonded adduct for the homologous Mo and W tri-


hydrides complexes, however,
the above-mentioned problem
of possible M–H vibration
mixing in the normal mode re-
quires caution for the extrapo-
lation of these observations to
a structural assignment.
Additional experimental evi-


dence was sought by 1H and
31P{1H} NMR spectroscopy
using the interaction of
[Cp*W ACHTUNGTRENNUNG(dppe)H3] with HFIP in
[D8]toluene. In the absence of


proton donor the hydride signal of [Cp*W ACHTUNGTRENNUNG(dppe)H3]
(d�5.99, 210 K) exhibits a minimum value of the longitudi-
nal relaxation time T1min of 0.425 s at 250 K (500 MHz).
Upon addition of approximately two equivalents of HFIP
this signal does not significantly shift and its T1min is only ap-
proximately 10% lower (0.391 s at 250 K). A summary of all
T1 measurements is available in the Supporting Information
(Figure S2). For unambiguous cases of hydrogen bonding to
hydrides, an upfield shift and a significant (e.g., 20% or
more) lowering of T1min is observed for the hydride reso-
nance, even for polyhydrides. For example, the magnitude of
the high-field signal shifts and T1 relaxation-time measure-
ments show preferential coordination of the alcohol to the
central hydride of [Cp2NbH3].


[44] Similarly, upfield shift and
T1min shortening found for one of the two hydride signals of
[P(CH2CH2PPh2)3OsH2]


[32] or [H2Re(CO)(NO) ACHTUNGTRENNUNG(PMe3)2]
[45] in


the presence of fluorinated alcohols was interpreted as evi-
dence for dihydrogen bonding to the more hydridic hydride
ligand. Thus, the NMR data, like the IR data, reported
herein do not allow an unambiguous assignment of the H-
bonding site. For these reasons, we have turned to a compu-
tational investigation of the H-bonding interaction.


Table 1. Parameters of the hydrogen bonding between [Cp*WH3 ACHTUNGTRENNUNG(dppe)] and MFE or TFE, and basicity fac-
tors of the hydride complex.


ROH nOH(free)
ACHTUNGTRENNUNG[cm�1]


nOH(bonded)
ACHTUNGTRENNUNG[cm�1]


Dn


ACHTUNGTRENNUNG[cm�1]
Dn1/2
ACHTUNGTRENNUNG[cm�1]


DH8 [a]


[kcalmol�1]
DH8 [b]


[kcalmol�1]
DS8 [b]


[calmol�1K�1]
Ej


MFE[c] 3608 3248 360 261 �6.0 1.74
TFE[c] 3604 3140 464 251 �7.1 �6.5�0.6 �18�2 1.72
HFIP[d] 3535 �7.6�0.9 �19�3 1.77


[a] DHo parameter calculated by the empirical relationship of Equation (1). [b] DH8 and DS8 parameters calcu-
lated by the VanLt Hoff method. [c] In CH2Cl2. [d] In toluene. In this solvent, maximum of nOH(bonded) band is
masked by nCH absorptions.


Figure 4. IR spectra of [Cp*W ACHTUNGTRENNUNG(dppe)H3] (0.04m) in the nW–H stretching
region in the presence of MFE at the following concentrations: a) 0m ;
b) 0.2m ; c) 0.4m ; d) 0.6m. CH2Cl2, 200 K.
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Hydrogen bonding to [Cp*W ACHTUNGTRENNUNG(dppe)H3]: A computational
insight : The formation of hydrogen-bonded adducts was in-
vestigated with both TFE and HFIP, using the model [CpW-
ACHTUNGTRENNUNG(dhpe)H3] system for most investigations. Because previous
studies have shown the importance of the cooperative effect
of two proton-donor molecules for the subsequent proton-
transfer process, selected calculations were also carried out
on bis-alcohol adducts. The evaluation of the interaction en-
ergies is subject to the basis set superposition errors
(BSSE), especially in cases such as this one in which the in-
teraction is weak and the basis sets used are not very
large.[44] The typical counterpoise correction was applied.[46]


In addition, the interaction energies were evaluated in di-
chloromethane solution by running single-point calculations
on the gas-phase optimized geometries with the polarizable
continuum model (PCM) (Figures 5 and 6).[47, 48] For com-


plex A (TFE)/A’ (HFIP), the proton donor interacts with
the unique hydride ligand H3. These adducts are those
showing the longest distance of the proton from the W
atom. For adducts B/B’, the proton donor is on the other
side of the P-W-P plane close to the hydride ligands H1 and
H2. It interacts simultaneously with both W�H bonds, more
strongly with one of the two (H2 for B and B2’, H1 for
B1’), and the separation from the W atom is also relatively
short. The O-H···H(W) angles are between 154 and 1628,
and the O-H···W angles are in the 160–1678 range. Notably,
the W···H(O) distance in these adducts is shorter that in the
related Mo complexes, thus suggesting the significant partic-
ipation of the metal atom to H
bonding.[29] The C (TFE) and
C1’, C2’ (HFIP) isomers fea-
ture a nearly linear O�H···W
moiety (172–1778) and the
shortest (O)H···W distances
and, thus, the strongest hydro-
gen bonds with the metal
center. The C2’ isomer also
shows a relatively short dis-
tance to H3 (1.809) and a rela-
tively wide O-H···H3 angle
(142.18). The main interaction,
however, is with the metal
center. Thus, it seems that a
metal lone pair contributes the
most to the interaction in these
adducts. Finally, species D/D’
feature very short W-


H3···H(O) “dihydrogen bonds”. At first glance, they should
be considered together with adducts A/A’. However, an ad-
ditional interaction with the tungsten atom in D/D’ is evi-
dent from the rather short W···H(O) distances and from the
wide O�H···W angles, closer to linearity than O�H···H3.
Species C2’ and D/D’ also show a significant tilting of the
dhpe ligand toward the Cp ring, relative to free [CpW-
ACHTUNGTRENNUNG(dhpe)H3]. Hydrogen-bond formation also leads to an elec-
tron-density shift, increasing the absolute value of the nega-
tive charge on the hydride ligand and/or tungsten atom in-
volved in the interaction (see Tables 2 and 3).
To gain an insight into the proton-transfer process, which


requires the addition of two proton-donor molecules (see
section “Kinetics of the proton-transfer process” below),
calculations were also carried out on bis-HFIP adducts, still
using the smaller [CpW ACHTUNGTRENNUNG(dhpe)H3] model. Details of these
calculations are given in the Supporting Information. As ex-
pected,[29,34] the second HFIP molecule further stabilizes en-
ergetically the hydrogen-bonded species by stabilizing the
partial negative charge on the oxygen atom through the ad-
ditional hydrogen bond with the second proton-donor mole-
cule. This O�H···O hydrogen bond further strengthens the
primary [CpW ACHTUNGTRENNUNG(dhpe)H3]·HFIP interaction, leading to short-


Figure 5. Optimized structures of the [CpW ACHTUNGTRENNUNG(dhpe)H3]·TFE adducts.


Figure 6. Optimized structures of the [CpW ACHTUNGTRENNUNG(dhpe)H3]·HFIP adducts.


Table 2. Main energetic, structural, and charge parameters of the [CpW ACHTUNGTRENNUNG(dhpe)H3]·TFE adducts. Energies are
given relative to the separated reactants.


A B C D


DEgas phase [kcalmol
�1] �9.7 �11.9 �11.0 �8.5


DEBSSE [kcalmol
�1] �5.0 �8.4 �6.4 �4.1


DEDCM [kcalmol
�1] �1.3 �3.4 �3.3 �2.4


dist. (O)H···H(W) [P] 1.742 2.126(H1)
1.771(H2)


2.273 1.673


dist. (O)H···W [P] 3.040 2.882 2.816 2.925
a O-H···H(W) 151.5 139.8(H1)


161.8(H2)
138.1 157.6


a O-H···W 152.9 159.6 173.8 162.5
rW�H1 [P]


[a] 1.693 (�0.003) 1.704 (0.008) 1.696 (0.000) 1.740 (0.044)
rW�H2 [P]


[a] 1.733 (0.007) 1.718 (�0.008) 1.738 (0.012) 1.725 (�0.001)
rW�H3 [P]


[a] 1.742 (0.005) 1.737 (0.000) 1.739 (0.002) 1.725 (�0.012)
DqW


[b] �0.005 �0.106 �0.163 0.016
DqH1


[b] 0.002 �0.015 0.015 0.007
DqH2


[b] 0.003 �0.041 0.011 �0.040
DqH3


[b] �0.064 0.011 0.003 �0.036


[a] Value of Dr (rcompl�rfree) in parentheses. [b] Dq=qcompl.�qfree.


Chem. Eur. J. 2008, 14, 9921 – 9934 M 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9925


FULL PAPERHydrogen Bonding and Proton Transfer



www.chemeurj.org





er (W)H···H(O) and W···H(O) distances in structures A’’–
D’’ and to nearly linear W···H�O angles in structures B’’–
D’’, illustrating the effect of cooperativity in hydrogen bond-
ing.
The most stable adducts are B for TFE (�11.9 kcalmol�1


relative to the separated species) and B1’ for HFIP
(�12.8 kcalmol�1), involving the main interaction with a hy-
dride ligand and the metal. However, the isomers involving
the main interaction with the metal atom (C for TFE and
C1’ for HFIP) are only marginally less stable, whereas the
adducts in which the proton donor interacts mostly with the
H3 site (A/A’ and D/D’) are significantly less stable, in spite
of the fact that this hydride ligand appears the most hydridic
in the trihydride ground-state structure (see Figure 2). Note
that, for each pair of structurally related adducts, HFIP
shows a stronger interaction than TFE by approximately
1 kcalmol�1, in agreement with the stronger acidity of the
former. In quantitative terms, the uncorrected gas-phase
values are too high, the gas-phase BSSE-corrected values
are closer, whereas the values calculated using the polariza-
ble continuum model for the solvent are too small. The or-
dering of the two most stable species is preserved upon in-
troducing the BSSE correction and the PCM.
The energy ordering found for the [CpWACHTUNGTRENNUNG(dhpe)H3]·TFE


adducts parallels that previously observed for the corre-
sponding [CpMo ACHTUNGTRENNUNG(dhpe)H3]·TFE adducts.


[29] For each pair of
structurally related adducts, the W complex shows a stron-
ger interaction than the Mo analogue, in agreement with the
stronger basicity of the former. The preference for B versus
C is nearly the same for the two metal systems. However, it
is interesting to note that the relative contribution of the
metal atom to the H-bonding interaction increases on going
from Mo to W in both adducts B and C (Figure 7). For both
species, the H···H distance only marginally shortens (for H2
in B) or lengthens (for H1 in B and for H3 in C), whereas
significant shortening would be expected for dihydrogen
bonding to a stronger base. At the same time, the M···H dis-
tance becomes significantly shorter on going from Mo to W.
In conclusion, the calculations suggest that the preferred H-


bonded species for the [CpM ACHTUNGTRENNUNG(dhpe)H3] (M=Mo, W) model
complexes feature bifurcate interactions with both M and
H, rather than with either a metal lone pair or hydride
ligand solely. However, the metal-atom contribution increas-
es on going from Mo to W.
The only previous theoretical work addressing the metal


influence on hydrogen bonding is the study of dihydrogen-
bonded complexes of [MH(CO)2(NO) ACHTUNGTRENNUNG(PH3)2] (M=Mo, W)
with HF by Orlova and Scheiner.[49] Their B3PW91 compu-
tations revealed the dihydrogen-bonded complex of tung-
sten hydride to be only 0.3 kcalmol�1 more stable than that
of molybdenum. The presence of strong p-accepting ligands,
CO and NO, makes the metal atom in these hydride com-
plexes a poor proton acceptor. Thus, the relatively short
M···H(F) contact found is only an additional interaction,
which, in contrast to the trihydrides discussed herein, length-
ens on going from MoH···HF to WH···HF.


The proton-transfer product, [Cp*W ACHTUNGTRENNUNG(dppe)H4]
+ : The quan-


titative protonation of complex [Cp*W ACHTUNGTRENNUNG(dppe)H3] by HPF6


Table 3. Main energetic, structural, and charge parameters of the [CpW ACHTUNGTRENNUNG(dhpe)H3]·HFIP adducts. Energies are given relative to the separated reactants.


A’ B1’ B2’ C1’ C2’ D’


DEgas phase [kcalmol
�1] �10.4 �12.8 �12.6 �12.3 �10.9 �9.6


DEBSSE [kcalmol
�1] �4.9 �8.6 �8.1 �6.6 �5.3 �3.5


DEDCM [kcalmol
�1] 0.4 �3.0 �2.5 �1.7 �1.9 �0.6


dist. (O)H···H(W) [P] 1.706 1.812(H1)
1.919(H2)


2.066(H1)
1.688(H2)


2.032 1.809 1.725


dist. (O)H···W [P] 3.020 2.792 2.822 2.690 2.612 2.898
a O�H···HW 151.7 154.0(H1)


140.8 (H2)
139.2 (H1)
158.0(H2)


133.0 142.1 151.5


a O�H···W 150.6 166.9 164.2 172.8 176.7 158.9
rW�H1 [P]


[a] 1.694 (�0.002) 1.706 (0.010) 1.715 (0.019) 1.696 (0.000) 1.723 (0.027) 1.739 (0.043)
rW�H2 [P]


[a] 1.734 (0.008) 1.718 (�0.008) 1.708 (�0.018) 1.734 (0.008) 1.734 (0.008) 1.723 (�0.003)
rW�H3 [P]


[a] 1.743 (0.006) 1.736 (�0.001) 1.737 (0.000) 1.739 (0.002) 1.728 (�0.009) 1.724 (�0.013)
DqW


[b] �0.005 �0.130 -0.102 �0.189 �0.149 0.024
DqH1


[b] 0.003 �0.014 �0.039 0.016 �0.002 0.012
DqH2


[b] 0.006 �0.067 �0.065 0.012 0.003 �0.038
DqH3


[b] �0.084 0.016 0.014 �0.018 �0.037 �0.067


[a] Value of Dr (rcompl�rfree) in parentheses. [b] Dq=qcompl�qfree [c] Calculated intensity in parentheses (A, 104 Lmol�1 cm�2).


Figure 7. Comparison of H-bond lengths and angles for the [CpM-
ACHTUNGTRENNUNG(dhpe)H3]·TFE adducts B and C (M=Mo, W).
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and the X-ray structure of the resulting product, [Cp*W-
ACHTUNGTRENNUNG(dppe)H4]PF6, have been described previously.


[31] The prod-
uct adopts a classical tetrahydride structure. In the present
study, we investigated the proton-transfer processes using
fluorinated alcohols of different strength and p-nitrophenol,
as well as the strong acid HBF4. NMR investigations carried
out at low temperature reveal that in all cases the tetrahy-
dride product is formed directly, without the detection of
any intermediate (notably nonclassical species). This behav-
ior is identical to that of the Mo analogue.[29] Before discus-
sing the details of the interaction with the weaker acids, we
analyze in more detail the nature of the proton-transfer
product from the experimental and computational points of
view.
The optimized geometry of the model [CpW ACHTUNGTRENNUNG(dhpe)H4]


+


complex (Figure 8) is in agreement with the X-ray data pre-
sented earlier for [Cp*W ACHTUNGTRENNUNG(dppe)H4]


+PF6
�.[31] An even closer


agreement is obtained by optimization of the system with
the real ligands (Figure 8). This geometry is also very close
to that optimized for the analogous Mo complex.[29] A
second, higher-energy isomer was also located (see Support-
ing Information). On the other hand, at variance with the
Mo analogue, no stable mini-
mum could be located for a
nonclassical isomer, namely a
dihydrogen complex of type
[CpW ACHTUNGTRENNUNG(dhpe) ACHTUNGTRENNUNG(h2-H2)H2]


+ . This
is in line with the preference of
(early) third-row transition-
metal polyhydrides to exist as
classical species.[50,51]


The coordination geometry
of the energy minimum can be
viewed as a distorted pentago-
nal bipyramid, with four hy-
dride ligands and one of the
phosphorus atoms describing
the pentagonal plane and the
second phosphorus atom and


the Cp* ring centroid in the axial positions. The hydride li-
gands bear similar small positive Mulliken charges of ap-
proximately 0.06 units, but differ in distance to the metal
(Figure 8). Correspondingly, the frequency calculations give
two pairs of normal modes that can be described as symmet-
ric and asymmetric stretching vibrations involving pairs of
equivalent hydrides (Figure 9). This is in good agreement
with the experimentally observed spectrum of [Cp*W-
ACHTUNGTRENNUNG(dppe)H4]


+BF4
�, which features two lower- and two higher-


intensity bands after the subtraction of dppe overtones (see
Figure S3 in the Supporting Information).
The proton affinity of the tungsten trihydride, calculated


as �DH (298 K) for the reaction with H+ , is 255.1 kcalmol�1


with respect to more stable [CpWH4 ACHTUNGTRENNUNG(dhpe)]
+ isomer, being


only 15 kcalmol�1 higher than that for the analogues molyb-
denum complex (240.3 kcalmol�1). When taking into ac-
count the real system, the proton affinities of the metal hy-
drides increase by about 20 kcalmol�1 for both the tungsten
and the molybdenum complexes, being 274.5 and 263.2 kcal
mol�1, respectively.


Experimental study of the proton-transfer thermodynamics :
As mentioned above, the interaction of [Cp*W ACHTUNGTRENNUNG(dppe)H3]
with fluorinated alcohols results in partial protonation, the
extent of which depends on the strength and amount of
proton donation. The proton-transfer equilibrium for the
[Cp*W ACHTUNGTRENNUNG(dppe)H3]/HFIP system was investigated in toluene
by UV spectroscopy in the 190–240 K range. The trihydride
complex shows a wide band at 425 nm (Dl1/2=100 nm) with
an extinction coefficient of 2128m


�1 cm�1, whereas the tetra-
hydride complex has a negligible absorption in this region
(Figure 10). The UV-visible properties of the hydrogen-
bonded complexes are essentially indistinguishable from
those of the free hydride complex.[24,29] Upon addition of
three equivalents of HFIP at 190 K, 90% of the complex
converts to the tetrahydride product, leading to a decrease
in absorption intensity. This intensity slowly increases upon
heating, demonstrating the reversibility of the proton-trans-
fer process, the equilibrium shifting toward the trihydride
complex as the temperature increases. These spectral


Figure 8. Left: Optimized geometry of the [CpWH4ACHTUNGTRENNUNG(dhpe)]
+ . W�H bond


lengths are in P. The values in parentheses correspond to those opti-
mized for the real cation (right).


Figure 9. W–H normal modes of the DFT optimized [CpWH4 ACHTUNGTRENNUNG(dhpe)]
+ with their frequency, intensity (A,


104 Lmol�1 cm�2), and potential-energy distribution (major components are in bold italic). The Cp- and P-
bonded H atoms and ethylene backbone have been omitted for clarity.
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changes allowed calculation of the proton-transfer equilibri-
um constants [Eq. (2)], assuming that the ionic complex has
the same 1:1 composition as determined for p-nitrophenol
(see below).


½WH3
 þRFOH¼ ½WH3
 � � �HORF¼ ½WH4
þ � � �ORF�


K1 K2
ð2Þ


Taking into account the K1
constants determined by IR
spectroscopy for the hydrogen-
bond formation (see above),
the vanLt Hoff analysis yielded
the proton-transfer-equilibrium
constant in toluene, K2, at each
temperature and consequently
DH2=�3.9�0.3 kcalmol�1
and accordingly DS2=
�17�2 calmol�1K�1. Unfortu-
nately, no direct comparison
can be made to thermodynam-
ics of hydrogen bonding and
proton transfer of other sys-
tems ([Cp*FeHACHTUNGTRENNUNG(dppe)]+
HFIP,[25] or [Cp*MoH3-
ACHTUNGTRENNUNG(dppe)]+TFE[29]) because the
latter were obtained in a more
polar solvent, CH2Cl2. However, considering that the less
polar toluene solvent should disfavor proton transfer, the
present system, [Cp*WH3ACHTUNGTRENNUNG(dppe)]+HFIP, gives the highest
proton-transfer-enthalpy value, in agreement with the great-
er basicity of the trihydride complex.
The [Cp*W ACHTUNGTRENNUNG(dppe)H3] protonation was also investigated


by using p-nitrophenol (PNP). This proton donor has the ad-
vantage of being a convenient chromophore, with an absorp-
tion band centered at quite different positions in the visible
region as a function of protonation state (neutral phenol, H-


bonded phenol, H-bonded or free anion). The exact band
positions and extinction coefficients are solvent and temper-
ature dependent: for example, PNP absorbs at 309–318 nm
(loge=9.36–9.57) in THF, at 305–312 nm (loge=8.99–9.21)
in CH2Cl2,


[25] and at 300–310 nm (loge=7.50–7.67) in tolu-
ene in the 290–200 K range. The p-nitrophenolate anion (as
Bu4N


+ salt) shows a band at 430–425 nm (loge=10.22–
10.24) in THF, and at 433–428 nm (loge=10.21–10.22) in
CH2Cl2 in the same range.
As was previously observed for other hydrides interacting


with p-nitrophenol ([Cp*FeHACHTUNGTRENNUNG(dppe)],[25] [Cp*MoH3-
ACHTUNGTRENNUNG(dppe)],[29] and [PP3MH2]


[33] with PP3=P(CH2CH2PPh2)3
and M=Fe, Ru, and Os), the UV/Vis spectra of
PNP/ ACHTUNGTRENNUNG[Cp*WH3ACHTUNGTRENNUNG(dppe)] mixtures at 200 K in toluene exhibit
a wide band of a complex shape, resulting from the overlap
of three bands of PNP in its different forms: free phenol
(310 nm), hydrogen-bonded phenol (339 nm), phenolate
(376 nm), as well as the broad band of the trihydride com-
plex at 425 nm. The phenolate band is blue-shifted from the
free p-nitrophenolate band by 36 nm, because of hydrogen
bonding to [Cp*WH4ACHTUNGTRENNUNG(dppe)]


+ . A titration experiment
(Figure 11) allowed establishment of the 1:1 stoichiometry
of hydrogen-bonded ion pair [Cp* ACHTUNGTRENNUNG(dppe)WH4]


+ ··· ACHTUNGTRENNUNG[OAr]� .
Note that an analogous study of complex [Cp*FeACHTUNGTRENNUNG(dppe)H]


showed instead a 1:2 bonding stoichiometry, suggesting for-
mation of a hydrogen-bonded ion pair between the non-
classical cation and the homoconjugated anion [Cp*FeACHTUNGTRENNUNG(h2-


H2)ACHTUNGTRENNUNG(dppe)]
+ ··· ACHTUNGTRENNUNG[ArOHOAr]� ,[25] whereas the molybdenum


analogue [Cp*MoACHTUNGTRENNUNG(dppe)H3] shows again formation of a 1:1
ion pair with the p-nitrophenolate, [Cp* ACHTUNGTRENNUNG(dppe)MoH4]


+


··· ACHTUNGTRENNUNG[OAr]� .[29]


The interesting solvent effect was noted for this system
when THF was used. The equilibrium between PNP and
[Cp*WH3ACHTUNGTRENNUNG(dppe)] or PNP-anion and [Cp*WH4ACHTUNGTRENNUNG(dppe)]BF4
(at 1:1 ratios) appeared to be completely shifted to the left
in this solvent (envelop of the overlapping bands of “free”
PNP and [Cp*WH3ACHTUNGTRENNUNG(dppe)] were observed in both cases),


Figure 10. UV/Vis spectra of [Cp*W ACHTUNGTRENNUNG(dppe)H3] (0.0015m in toluene, 0.22-
cm cell): a) alone; b) [Cp*W ACHTUNGTRENNUNG(dppe)H4]


+
ACHTUNGTRENNUNG[OCH ACHTUNGTRENNUNG(CF3)2]


� obtained by addi-
tion of 30 equiv HFIP, and c–d) in the presence of HFIP (0.0045m) over
10-K temperature increments in the 190–240 K range.


Figure 11. Left: UV/Vis spectra (toluene solution, 200 K, 0.12-cm cell) of: a) p-nitrophenol (3Y10�4m);
b) [Cp*W ACHTUNGTRENNUNG(dppe)H3] (3Y10


�4
m); c–h) p-nitrophenol in the presence of increasing amounts of [Cp*W ACHTUNGTRENNUNG(dppe)H3]:


3.7Y10�5m (c), 7.5Y10�5 (d), 1.5Y10�4 (e), 3Y10�4 (f), 4.5Y10�4 (g), 6Y10�4 (h). Right: intensity changes at
380 nm.
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probably due to highly favored specific solvation of the
phenol (hydrogen-bonding PNP·THF).


Kinetics of the proton-transfer process : The kinetics of
[Cp*W ACHTUNGTRENNUNG(dppe)H3] protonation was investigated by stopped-
flow with UV/Vis detection in CH2Cl2 and toluene. The ki-
netics were studied at variable WH3/HOR


F ratios under
pseudo-first-order conditions (large alcohol excess). The re-
action with TFE, HFIP, and PFTB was explored, however,
only the data obtained for PFTB lead to reliable results.
The representative plots are shown in Figure 12. Surprising-
ly, a nonlinear dependence on the HORF concentration was
found for the observed rate constant, kobs, in contrast to our
previous kinetics studies on [Cp*FeACHTUNGTRENNUNG(dppe)H].[24]


A straightforward rationalization of this behavior is possi-
ble on the basis of the previously established kinetic model,
shown in Scheme 2. The resulting expression for the ob-
served rate constant is represented in Equation (3):


kobs ¼
K1K2k½RFOH
2


1þK1½RFOH
 þK1K2½RFOH
2
ð3Þ


The last term (proportional to the 1:2 adduct) can reason-
ably be neglected to yield Equation (4). According to this
model, the [RFOH] dependence is a function of the hydro-
gen-bonding equilibrium: under conditions in which the
dominant species is free hydride, the expression simplifies to


yield a second-order dependence on [RFOH], whereas a
first-order behavior is expected if the dominant species is
the 1:1 adduct, [Cp*W ACHTUNGTRENNUNG(dppe)H3]···HOR


F. The observed be-
havior is consistent with Equation (4):


kobs �
K1K2k½RFOH
2
1þK1½RFOH



ð4Þ


in which the two terms in the denominator (proportional to
free hydride and 1:1 adduct) are equally important, which
allows a reasonable fit of the kinetics data, as shown in
Figure 12.
The two independent parameters adjusted by the least-


squares fitting are K1 (in Lmol
�1) and (K2k) (in s


�1 Lmol�1),
which are given in Table 4. The K2k parameter can be treat-


ed as an effective rate constant because the individual
values of K2 and k are highly dependent on each other,
making it impossible to derive them on the basis of these
data. The values resulting from the data fitting for HFIP
carry large uncertainties; no reasonable values could be ob-
tained for the reaction with this alcohol in CH2Cl2. Howev-
er, we include herein the data in toluene to discuss them at
the qualitative level.
The values of hydrogen-bond formation constants, K1, are


in agreement with those estimated using H-bond enthalpy
and entropy values obtained from IR data. Their increase
on going from HFIP to PFTB is consistent with the greater
proton-donor ability in H-bonding of PFTB. The K1 values
also increase on going from toluene to dichloromethane, as
one could expect based on the ability of toluene to bind
proton donors and, therefore, to lower their activity in hy-
drogen bonding.[45,52] The effective rate constants, K2k, are
higher for PFTB than for HFIP, in agreement with the
stronger acidity of the former. The reaction rate substantial-
ly increases in more polar dichloromethane, the K2k values
being more than double those in toluene, even at slightly
lower temperatures.
It is also interesting to compare the above results with


those obtained in the corresponding proton transfer by
HFIP and PFTB to [Cp*FeACHTUNGTRENNUNG(dppe)H].[24] For the Fe system,
more marked first-order behavior was observed for both
proton donors. This is probably not related to greater K1
values, because the iron hydride complex is a weaker base
(Ej=1.36�0.02) than the tungsten trihydride complex.
Rather, it is related to the greater [RFOH] used in that
study (in the 0.05–0.2m range). The effective rate constants,


Figure 12. Dependence of the observed rate constant for the [Cp*W-
ACHTUNGTRENNUNG(dppe)H3] protonation on the ROH concentration. ROH=HFIP in tolu-
ene at 293 K (*), PFTB in toluene at 293 K (^), CH2Cl2 at 288 K (~),
and CH2Cl2 at 283 K (&). The solid lines correspond to the fitting accord-
ing to Equation (4) (see text).


Scheme 2. Kinetic model for proton transfer to [Cp*WH3ACHTUNGTRENNUNG(dppe)].


Table 4. Hydrogen-bond formation and proton-transfer rate constants for
the reaction of [Cp*W ACHTUNGTRENNUNG(dppe)H3] with alcohols.


RFOH solvent T
[K]


K1
ACHTUNGTRENNUNG[Lmol�1]


K2k
[s�1Lmol�1]


DG�


[kcalmol�1]


HFIP toluene 293 13 165 14.2
PFTB toluene 293 31 214 14.0
PFTB CH2Cl2 288 62 528 13.3
PFTB CH2Cl2 283 75 463 13.1
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K2k, are higher for [Cp*W-
ACHTUNGTRENNUNG(dppe)H3] than for [Cp*Fe-
ACHTUNGTRENNUNG(dppe)H], in agreement with
higher basicity of the tungsten
complex and stronger interac-
tion at the first reaction step,
hydrogen bonding. The other
notable difference between the
two systems is that for the iron
compound, K2k changes by
more than one order of magni-
tude on going from PFTB to
HFIP in CH2Cl2 (156 and
5.4 s�1Lmol�1, respectively),
whereas the values are more
similar for the tungsten trihy-
dride complex and are mark-
edly higher at that. This difference could be due to a smaller
discrimination of the proton-donor strength in the case of
the more basic W compound.
The values of kobs do not greatly change in response to


temperature (Figure 12). This is probably due the to simulta-
neous dependence of K1, K2, and k on temperature: whilst
the two equilibrium constants are expected to decrease as
temperature increases (the H-bond formation is exother-
mic), the proton-transfer rate constant increases. Thus, two
effects cancel each other out. The activation free energy,
DG�, values calculated from the rate constants in Table 4
are notably lower than those for the above-mentioned
[Cp*Fe ACHTUNGTRENNUNG(dppe)H] system in CH2Cl2 (DG


�
298 K=14.5 kcal


mol�1 for PFTB and 16.5 kcalmol�1 for HFIP).


Computational study of the proton-transfer process : To esti-
mate the energy barrier and the energy gain associated with
the proton-transfer process, the reaction coordinate leading
from the hydrogen-bonded species to the tetrahydride prod-
uct was studied both in the gas phase and in CH2Cl2 by com-
putational methods. The calculations explain how several
factors, namely ion pairing, alcohol strength, substituent
(Me, Ph), and solvent effects, contribute to the product sta-
bilization, resulting in the net exothermic proton-transfer
process observed for the real system.
As mentioned above, [CpWH3ACHTUNGTRENNUNG(dhpe)] possesses quite


high proton affinity (energy of the reaction with H+ is
highly negative). However, when two neutral species (the
trihydride and the alcohol) are converted to two isolated
charged species in the gas phase, the proton-transfer prod-
ucts are highly destabilized because of the charge separation
(Table 5). This energy penalty, DEPT, is lowered upon consid-
ering the effect of a second alcohol molecule, which affords
a hydrogen-bonded (ROH)2 species on the side of the reac-
tants and a homoconjugate anion, (RO···H···OR)� on the
side of the product. As the presence of the methyl substitu-
ents on the Cp ring and the phenyl one on the P-ligands
allows a better stabilization of the positive charge, these en-
ergies appeared to be substantially lower for the real
system. As may be expected, the acidic strength of the


proton donor also affects considerably the thermodynamics
of the proton transfer, making it more favorable on going
from TFE to HFIP. Finally, the solvent plays a major role in
stabilizing the charged species: calculations with the polariz-
able continuum model (PCM) in CH2Cl2 show the markedly
reduced endothermicity. As a result, for the reaction of
[Cp*WH3ACHTUNGTRENNUNG(dppe)] with two HFIP molecules in CH2Cl2, the
separated ions are found 11.5 kcalmol�1 below the neutral
reactants.
Until now we have considered separated anion and cation


as the product, however, ion-pair formation between the tet-
rahydride cation and the anion may be expected in CH2Cl2
solution. Thus, ion pairs with one and two HFIP units were
optimized for the model and real cations (for the latter
structures, see Figure S5 in Supporting Information). Forma-
tion of a hydrogen-bonded ion pair with HFIP anions is
highly favorable not only in the gas phase, but also in solu-
tion (Table 5). Note that the ion-pairing energy, DEIP, is
lower for the homoconjugate anion, [(CF3)2CHO···H···OCH-
ACHTUNGTRENNUNG(CF3)2]


� , in agreement with its lower basicity relative to
simple [(CF3)2CHO]


� . This can also be appreciated from the
(W)H···O distances (with one HFIP the H···O distance is
2.460 P, and with two, the distance from the two oxygen
atoms are 3.143 and 3.166 P) As the result of the ion-pairing
stabilization, the proton-transfer reaction energy, DE’PT, be-
comes less endothermic and even exothermic and remains
such in solution. Notably, despite the destabilization of all
the species, passing from the gas phase to solution makes
the proton-transfer reaction more favorable.
To estimate the energy barrier associated with the proton-


transfer process, the reaction coordinate leading from the
hydrogen-bonded species to the tetrahydride product was
studied both in the gas phase and in CH2Cl2 by computa-
tional methods. The proton-transfer process from HFIP to
the model complex, [CpWH3ACHTUNGTRENNUNG(dhpe)], was the subject of a
more complete investigation along the proton-transfer path-
way, using the O–H distance of the HFIP molecule as the
key parameter. Species C2’, featuring interaction with the W
and H3 atoms, was chosen for the proton-transfer-coordi-
nate study by analogy to the previous Mo study.[29] The re-


Table 5. Calculated proton-transfer reaction energies [kcalmol�1].


Ion-pairing energy, DEIP
[a] Proton-transfer energy, DEPT


[b] Proton-transfer energy, DE’PT
ion pair in CH2Cl2 separated ions in CH2Cl2 ion pair in CH2Cl2


ACHTUNGTRENNUNG[CpWH3ACHTUNGTRENNUNG(dhpe)]
TFE 118.9 36.2
ACHTUNGTRENNUNG(TFE)2 88.7 22.9
HFIP �95.7 �15.1 98.0 22.0 13.3 (2.3)[c] 8.7 (6.9)
ACHTUNGTRENNUNG(HFIP)2 �74.0 �7.0 61.0 1.3 1.7 (�13.0)[d] �3.1 (�5.7)
ACHTUNGTRENNUNG[Cp*WH3 ACHTUNGTRENNUNG(dppe)] 99.2 28.6
ACHTUNGTRENNUNG(TFE)2 69.1 10.4
HFIP �81.8 �13.5 78.4 14.3 8.7 (�3.4)[e] 4.7 (0.8)
ACHTUNGTRENNUNG(HFIP)2 �65.0 �8.4 41.4 �11.5 �7.4 (�23.6)[e] �11.4 (�19.9)


[a] Relative to the separated ions. [b] Relative to the separated neutral reactants. [c] Ion pair relative to the H-
bonded adduct C2’ presented in the reaction coordinates (Figure 13) and, in parentheses, to the separated neu-
tral reactants. [d] Ion pair relative to the H-bonded adduct D’’ presented in the reaction coordinates
(Figure 14) and, in parentheses, to the separated neutral reactants. [e] For structures, see Figure S5 in Support-
ing Information.
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sults obtained in the gas phase and in dichloromethane are
presented in Figure 13. The coordinate presents a maximum
at 18.7 kcalmol�1 in the gas phase, and 14.9 kcalmol�1 in
CH2Cl2, for an O�H distance of 1.7 P. The W�H distance is
1.786 P and the distance between the transferring proton
and the closest hydride is 1.855 P. Thus, there is no indica-
tion for the formation of a nonclassical H2 complex along
this proton-transfer pathway.


The minimum located at the end of the reaction coordi-
nate presents a geometry close to that of the isolated tetra-
hydride complex, the W�H distances being 1.695, 1.693,
1.693, and 1.724 P (cf. 1.690, 1.692, 1.722, and 1.723 for the
isolated tetrahydride complex). The deprotonated base of
the proton donor is still in proximity and interacts with the
ligands. Instead of the expected (W)H···O(RF) bond, the
oxygen atom is located near a phosphine group,
(P)H···O(RF)=2.457 P, and the newly formed W�H bond is
in close proximity to one of the anion C�H bonds,
(W)H···H(C)=2.084 P. This result is clearly related to the
use of the dhpe model. The barriers calculated for this pro-
cess are sensibly lower than those for the same process oc-
curring at the analogous Mo complex (24.7 and 22.8 kcal
mol�1 in the gas phase and in CH2Cl2, respectively).


[29]


Because the proton-transfer reaction from fluorinated al-
cohols was shown to involve the active participation of a
second proton-donor molecule (see above), we also investi-
gated the reaction coordinates considering two HFIP mole-
cules. Two [CpW ACHTUNGTRENNUNG(dhpe)H3]·2HFIP minima (C2’’ and D’’, see
Supporting Information) were chosen for this study. Species
C2’’ is configurationally related to that of above-described
investigation with a single HFIP molecule, except that the
interaction is stronger with W and weaker with H3, whereas
D’’ exhibits a much stronger interaction with the H3 ligand
and a weaker one with W. Both pathways yield an earlier
maxima on the proton-transfer reaction coordinates and
lower energy barriers than the pathway involving a single
HFIP molecule, paralleling the results reported previously
for the ([Cp*Fe ACHTUNGTRENNUNG(dppe)H]+2CF3COOH) and ([Cp*Mo-


ACHTUNGTRENNUNG(dppe)H3]+2HFIP) systems.
[29] The lower-energy pathway


is that resulting from adduct D’’, the results being presented
in Figure 14 (those obtained from C2’’ are presented in the


Supporting Information). The maximum of the potential-
energy curve is located at 8.7 kcalmol�1 in the gas phase and
8.8 kcalmol�1 in dichloromethane, for an O�H distance of
1.3 P (cf. 10.6 and 9.0 kcalmol�1, respectively, for the C2’’
pathway). These barriers are lower than those calculated for
the Mo system (11.2 and 9.4 kcalmol�1 in the gas phase and
in dichloromethane, respectively). The geometry of the max-
imum shows a small H�H distance of 1.102 P and a W�H
distance for the transferring proton of 2.215 P. Thus, this
structure may be described as an asymmetric, nonclassical
species. However, no stable minimum corresponding to a
nonclassical intermediate could be located along the proton-
transfer pathway. The product of the proton transfer shows
once again the geometry of the stable tetrahydride mini-
mum, with W�H distances of 1.725, 1.698, 1.686, 1.710 P,
with weak interaction with the anionic group through the
transferred hydride ligand, (W)H···O=2.384 P, and the
phosphine H atom, (P)H···O=2.083 P.


Discussion


The main interest of this work resides in the comparison of
basicity, hydrogen bonding, and proton-transfer mechanism
of the two homologous complexes [Cp*M ACHTUNGTRENNUNG(dppe)H3] (M=


Mo, W). The two compounds adopt an identical structure
and are reversibly protonated to yield an identical classical
tetrahydrido product, [Cp*M ACHTUNGTRENNUNG(dppe)H4]


+ , without detection
of a nonclassical intermediate. However, whereas the Mo
complex can loose H2 in coordinating solvents or in the
presence of coordinating anions,[30,31] the W complex is
stable under the same conditions.[31] Thus, a reasonable
question is whether the preferred position of hydrogen
bonding and proton transfer may be the metal site and


Figure 13. Proton-transfer reaction coordinates for species C2’ in the gas
phase and in dichloromethane. Solid line and squares: in the gas phase;
dashed line and triangles: in dichloromethane solution. The O�H length
of the transferring proton was taken as the reaction coordinate.


Figure 14. Proton-transfer reaction coordinate for species D’’ in the gas
phase and in dichloromethane. Plain curve and squares: in the gas phase;
dashed line and triangles: in dichloromethane solution. The O�H length
of the transferring proton was taken as the reaction coordinate.
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whether the reaction mechanism may be different for two
metal hydrides. For the Mo species, the experimental re-
sults[29] suggest that the hydrogen bonding occurs at a hy-
dride ligand, and an additional interaction with the metal
atom is revealed by calculations. However, this H-bonded
intermediate leads to the final classical tetrahydride product
without experimental detection of an intermediate dihydro-
gen complex, [Cp*Mo ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h2-H2)H2]


+ . Calculations on
the proton-transfer pathway for the model [CpMoACHTUNGTRENNUNG(dhpe)H3]
system revealed the existence of the dihydrogen complex
[CpMoACHTUNGTRENNUNG(dhpe) ACHTUNGTRENNUNG(h2-H2)H2]


+ in a shallow local minimum, and
the rearrangement to the classical tetrahydrido isomer
occurs with an extremely small barrier.
The present [Cp*W ACHTUNGTRENNUNG(dppe)H3] system displays a record


high basicity in hydrogen bonding (Ej=1.74�0.03 compared
to the value of 1.42�0.02 for the Mo analogue). Thus, one
could expect similar but more pronounced spectroscopic
changes if the hydrogen-bonding sites would be the same
for two metal systems. But this is not the case; the different
IR-spectroscopic results observed for the hydrogen bonding
to two hydrides suggest differences in the structure of H-
complexes. The DFT calculations of the hydrogen-bonded
complexes reproduce the experimental finding of the stron-
ger interactions in the order W>Mo and HFIP>TFE. The
geometry optimization in the gas phase reveals also that for
either metal system the preferred H-bonded structures fea-
ture interactions with both metal atom and hydride ligand,
however, a M···HO contribution increases and a M�H···HO
contribution decreases on going from Mo to W.
A second important difference is that no [CpWACHTUNGTRENNUNG(dhpe) ACHTUNGTRENNUNG(h2-


H2)H2]
+ intermediate was located along the proton-transfer


pathway by the DFT calculations, but one of the possible re-
action-coordinate maxima (the lowest-energy one) has a
nonclassical character. It may be stated that the protonation
process involves a direct transfer to the metal site, although
involving assistance by a hydride ligand. The absence of a
nonclassical minimum is also suggested qualitatively by ex-
perimentally observed differences in reactivity. Whereas the
Mo complex loses H2 in coordinating solvents or in the pres-
ence of coordinating anions,[30,31] the W complex is stable
under the same conditions.[31]


As hydrogen bonding can be regarded as the incipient
stage of proton transfer, the protonation occurs easier, that
is, the proton-transfer barrier becomes lower, as the base be-
comes stronger. Indeed, the proton-transfer barrier estimat-
ed from the stopped-flow kinetic data for [Cp*WH3ACHTUNGTRENNUNG(dppe)]
is lower than for [Cp*FeHACHTUNGTRENNUNG(dppe)] with the same alcohols
(HFIP or PFTB), in agreement with the greater basicity of
the tungsten complex. This involves the active participation
of the second alcohol molecule, which as shown by theoreti-
cal calculations for this and other systems,[24,25] strengthens
the primary hydrogen bond through a cooperative effect
and lowers the proton-transfer barrier. However, the 1:1
composition was determined for the proton-transfer prod-
uct, the hydrogen-bonded ion pair [Cp*WH4 ACHTUNGTRENNUNG(dppe)]


+


···[OR]� , whereas a 1:2 stoichiometry was found for the pro-
tonation of [Cp*MHACHTUNGTRENNUNG(dppe)][25,27] and PP3MH2 hydrides,


[33]


yielding [LnM ACHTUNGTRENNUNG(h2-H2)]
+ ··· ACHTUNGTRENNUNG[ROHOR]� . A possible rationaliza-


tion of this phenomenon could be the weaker acidity of clas-
sical polyhydride species relative to nonclassical ones, so it
can be stabilized by stronger interaction with [OR]� and
withstand a deprotonation.[34] This rationalization finds sup-
port in the computational results.
According to both experimental and theoretical results


the protonation reaction is more exothermic for the W
system, in agreement with its greater basicity in hydrogen
bonding and proton affinity. The thermodynamic parameters
of hydrogen bonding and proton transfer were obtained for
[Cp*WH3ACHTUNGTRENNUNG(dppe)]+HFIP in toluene. Due to the solvent
effect[45,52] these values are lower than they would be in
CH2Cl2 (the solvent used for other studies, [Cp*FeH-
ACHTUNGTRENNUNG(dppe)]+HFIP,[25] or [Cp*MoH3 ACHTUNGTRENNUNG(dppe)]+TFE


[29]). Never-
theless, they exceed other systems in agreement with the
greater basicity of the tungsten trihydride complex.
The cumulative experimental and theoretical results allow


different reaction energy profiles to be drawn for the Mo
and W systems, as shown in Figure 15. The stronger H-bond-


ing, greater stability of the tetrahydrido protonation prod-
uct, and lower activation barrier for the proton-transfer step
are the salient features of the tungsten system in respect to
the molybdenum congener. The stronger participation of the
metal in hydrogen bonding assists the direct proton transfer
to the tungsten atom, and the dihydrogen complex found for
molybdenum disappears as a minimum along the reaction
pathway in the case of tungsten. Such differences in the
proton-transfer mechanism and the character of the energy
profile could be expected for hydride complexes of electron-
rich metals bearing donor ligands descending the group
(from 2nd to 3rd transition row).


Conclusion


Basic knowledge accumulated over the last two decades sug-
gests that a direct proton transfer to a metal lone pair is an
unlikely event in the presence of hydride ligands, which are
considered to be the kinetic site of the proton attack even if
a classical di-(poly)hydride would be a thermodynamic pro-
tonation product. According to both experimental and theo-


Figure 15. Qualitative energy profile for the proton transfer to [Cp*M-
ACHTUNGTRENNUNG(dppe)H3] (M=Mo, dashed curve; W, solid curve).
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retical results presented herein, the greater metal basicity
for tungsten in [Cp*W ACHTUNGTRENNUNG(dppe)H3] leads to stronger H-bond-
ing, and to the more exothermic protonation reaction
having a lower activation barrier, relative to the Mo ana-
logue. In this work evidence was obtained for the first time
for stronger (relative to the proton–hydride interaction) par-
ticipation of the metal in hydrogen bonding affecting the
subsequent proton-transfer profile, which involves a direct
proton transfer to the metal center without the formation of
a nonclassical intermediate.


Experimental Section


General : All manipulations were performed under an argon atmosphere
by using standard Schlenk techniques. All solvents were dried over ap-
propriate drying agents (Na/benzophenone for toluene or THF, CaH2 for
CH2Cl2) and freshly distilled under an argon atmosphere prior to use.
The NMR solvents (Aldrich) were degassed by three freeze–pump–thaw
cycles, and then purified by vacuum transfer at room temperature. Com-
pound [Cp*W ACHTUNGTRENNUNG(dppe)H3] was synthesized according to literature.


[31]


Spectroscopic studies


NMR investigations : Samples of the hydride [Cp*W ACHTUNGTRENNUNG(dppe)H3] in
[D8]toluene were prepared under an argon atmosphere in 5-mm NMR
tubes. The 1H and 31P{1H} data were collected by using a Bruker AV500
spectrometer, operating at 500.3 and 202.5 MHz, respectively. The tem-
perature was calibrated using a methanol chemical-shift thermometer;
the accuracy and stability was �1 K. All samples were allowed to equili-
brate at every temperature for at least 3 min. The spectra were calibrated
with the residual solvent resonance (1H) and with external 85% H3PO4
(31P). The conventional inversion-recovery method (180-t-90) was used
to determine the variable-temperature longitudinal relaxation time T1.
Standard Bruker software was used for the calculation of the longitudinal
relaxation time.


IR and UV/Vis investigations : The IR measurements were performed by
using the “Infralum 801” FTIR spectrometer with CaF2 cells of 0.04–
0.22-cm path length. The UV measurements were performed by using
Specord M-40 and Varian Cary5 spectrophotometers. All measurements
were carried out by use of a home-modified cryostat (Carl Zeiss, Jena) in
the 190–290-K temperature range. The cryostat modification allows oper-
ation under an inert atmosphere and transfer of the reagents (premixed
either at low or RT) directly into the cell pre-cooled to the required tem-
perature. The accuracy of the temperature adjustment was �1 K.
Computational details : Calculations were performed using the Gaussi-
an98[53] package at the DFT/B3LYP level.[54–56] Effective core potentials
(ECP) were used to represent the innermost electrons of the tungsten
atom as well as the electron core of phosphorous atoms.[57,58] The basis
set for the W and P atoms was that associated with the pseudopoten-
tial,[57,58] with a standard double-z LANL2DZ contraction,[53] supplement-
ed in the case of P with a set of d-polarization functions.[59] The carbon
and hydrogen atoms of the transition-metal complexes that are not
bonded to the metal atom, together with the atoms of proton-donor mol-
ecules (C, F, H) that are not involved in hydrogen bonds, were described
with a 6–31G basis set.[60] The carbon and hydrogen atoms directly
bonded to the metal and the proton-donor molecules (hydrogen and
oxygen atoms) involved in hydrogen bonding were described with a 6–
31G ACHTUNGTRENNUNG(d,p) set of basis functions.[61] Geometry optimizations were carried
out without symmetry restrictions. Given the impossibility of locating the
transition states in solution for technical reasons, the potential-energy
curves were explored from reactants to products by series of partial opti-
mizations in the gas phase. All the parameters were optimized except for
the O�H distance that was increased by 0.2 P at each step. The energy
corresponding to each O�H distance was then evaluated in solution, and
the maximum energy obtained along the resulting curve was taken to
give the maximum point of the coordinate. Solvent effects were taken


into account by means of polarized continuum model (PCM) calcula-
tions,[47,48] using standard options.[53] The solvation-free energies were
computed in dichloromethane (e=8.93) at the gas-phase optimized geo-
metries. The gas-phase complexation energies were corrected from the
basis-set superposition error according to the counterpoise method of
Boys and Bernardi.[46]
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Introduction


The guidelines for the marketing of chiral drugs issued by
the Food and Drug Administration (FDA) in 1992 were a
reminder of the importance of chirotechnology.[1] Amino
acids, being the basic biocomponents, are useful as potential


precursors in the manufacture of chiral drugs and as chiral
pools in ligand design and total synthesis.[2,3] Peptides are
known to exhibit bioactivities, for example, as high-intensity
sweeteners, opioids, or enzyme inhibitors.[4] Over the years,
there has been much interest in developing receptors for
binding optically pure amino acids and peptides.[5–8]


Although l-amino acids dominate the natural world, d-
serine and d-alanine have been found in biology as neuro-
transmitters and as building blocks for bacterial cell-wall
synthesis.[9–11] Biologically, l-amino acids are converted into
d-amino acids by pyridoxal phosphate (PLP) dependent en-
zymes that racemize amino acids (Scheme 1a).[12] This in-
volves the formation of a Schiff base type imine with a reso-
nance-assisted hydrogen bond (RAHB), which is well
known to increase the acidity of the a proton.[13] From an in-
dustrial point of view, the induction of deracemization,
which requires a combination of chirality, an RAHB, and
additional interactions, is more interesting. The compound
(S)-2-hydroxy-2’-(3-phenyluryl-benzyl)-1,1’-binaphthyl-3-car-
boxaldehyde (1) meets these necessary requirements
(Scheme 1b). Chiral receptor 1 reacts with an amino acid to


Abstract: (S)-2-Hydroxy-2’-(3-phenyl-
uryl-benzyl)-1,1’-binaphthyl-3-carboxal-
dehyde (1) forms Schiff bases with a
wide range of nonderivatized amino
acids, including unnatural ones. Multi-
ple hydrogen bonds, including reso-
nance-assisted ones, fix the whole ori-
entation of the imine and provoke
structural rigidity around the imine
C=N bond. Due to the structural differ-
ence and the increase in acidity of the
a proton of the amino acid, the imine
formed with an l-amino acid (1–l-aa)
is converted into the imine of the d-
amino acid (1–d-aa), with a d/l ratio of
more than 10 for most amino acids at
equilibrium. N-terminal amino acids in


dipeptides are also predominantly epi-
merized to the d form upon imine for-
mation with 1. Density functional
theory calculations show that 1–d-Ala
is more stable than 1–l-Ala by
1.64 kcalmol�1, a value that is in quali-
tative agreement with the experimental
result. Deuterium exchange of the a


proton of alanine in the imine form
was studied by 1H NMR spectroscopy
and the results support a stepwise
mechanism in the l-into-d conversion
rather than a concerted one; that is, de-


protonation and protonation take place
in a sequential manner. The deprotona-
tion rate of l-Ala is approximately 16
times faster than that of d-Ala. The
protonation step, however, appears to
favor l-amino acid production, which
prevents a much higher predominance
of the d form in the imine. Receptor 1
and the predominantly d-form amino
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ditions. Hence, 1 is a useful auxiliary to
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terest by the conversion of naturally
occurring l-amino acids or relatively
easily obtainable racemic amino acids.
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form the aldimine, in which the imine nitrogen atom is ori-
ented toward the phenol OH group due to an RAHB and
the carboxylate moiety is hydrogen bonded to the uryl
group. This provokes stereoselectivity between the l-amino
acid bound imine (1–l-aa) and the d-amino acid bound
imine (1–d-aa), and the acidity of the a proton induces de-
racemization of the amino acid.


We recently demonstrated that 1 binds 1,2-amino alcohols
with good stereoselectivity by formation of imines with an
internal RAHB.[14] Furthermore, our preliminary communi-
cation proved that 1 converts the l-amino acid bound imine
(1–l-aa) into the d-amino acid bound imine (1–d-aa).[15]


Herein, we report detailed studies on the stereoselective
molecular recognition and stereoconversion of amino acids,
including unnatural ones and
peptides, as well as mechanistic
insights proposed by a deuteri-
um-exchange study.


Results and Discussion


Synthesis of receptor 1: Recep-
tor 1 can be prepared by direct
reaction of 3-phenyluryl-benzyl
bromide with (S)-2,2’-dihy-
droxy-1,1’-binaphthyl-3-carbox-
aldehyde (2).[14] However, the
reaction produces a mixture of
products that are not easily
separable. Hence, a more ad-
vantageous modified proce-
dure was employed
(Scheme 2). The selective mo-
noprotection of 2 with methox-
ymethyl chloride in DMF gave


the mono-MOM-protected binol aldehyde 3 in 65% yield.
Addition of 3-phenyluryl-benzyl bromide led to the forma-
tion of the MOM-protected compound 4, which upon hy-
drolysis under acidic condition gave optically pure 1 in
almost quantitative yield. The yellow compound 1 is freely
soluble in organic solvents, such as DMF and dimethylsulf-
oxide (DMSO), and has been characterized by 1H NMR and
13C NMR spectroscopy and by HRMS. The signals of the al-
dehyde and phenol protons appear at d=10.30 and
10.20 ppm, respectively, in the 1H NMR spectrum; these sig-
nals are both significantly downfield shifted, which implies
the presence of an intramolecular hydrogen bond.


Stereoselective imine formation of 1 with amino acids and
epimerization : Stereoselective recognition of amino acids
with receptor 1 was studied by 1H NMR spectroscopy
(Figure 1). Addition of [Bu4N] ACHTUNGTRENNUNG[l-Ala] and [Bu4N] ACHTUNGTRENNUNG[d-Ala] to
1 in [D6]DMSO results in the formation of the correspond-
ing imines within 10 min. Figures 1a and b show the partial
1H NMR spectra for 1–l-Ala and 1–d-Ala, respectively. The
signals of the uryl NH, imine CH, benzylic CH2, and alanine
a protons for 1–l-Ala and 1–d-Ala are all well resolved. Fig-
ure 1c shows the partial 1H NMR spectrum for the mixture
of 1–l-Ala and 1–d-Ala formed by addition of two equiva-
lents of racemic alanine to 1. Integration of the signals due
to 1–l-Ala and 1–d-Ala in Figure 1c determines that the
ratio of 1–d-Ala/1–l-Ala is 2.7:1. This indicates the imine-
formation constant for 1–d-Ala is larger than that for 1–l-
Ala by a factor of about 2.72:1 or 7.4:1.[14] Even if 1–l-Ala is
formed first by addition of one equivalent of [Bu4N]ACHTUNGTRENNUNG[l-Ala],
the above equilibrium ratio is obtained within 10 min upon
addition of one equivalent of [Bu4N]ACHTUNGTRENNUNG[d-Ala] to the mixture.
In this experiment, the epimerization of 1–l-Ala into 1–d-
Ala is negligible, since the 1H NMR spectra in Figures 1a
and b do not change for a reasonable period of time.


Scheme 1. a) Racemization of amino acids by achiral PLP and b) epime-
rization of amino acids by chiral 1.


Scheme 2. Synthesis of 1. Reagents and conditions: a) Phenyl isocyanate, THF, 0.5 h, RT, 95%; b) PBr3, THF,
1 h, RT, 90%; c) DMF, NaH, MOMCl, RT, 65%; d) DMF, NaH, 3-phenyluryl-benzyl bromide, RT, 84%;
e) EtOH, HCl, 70 8C, 95%. THF= tetrahydrofuran; DMF=N,N-dimethylformamide; MOM=methoxymethyl.
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Under different experimental conditions, with the weak
base triethylamine, epimerization of the imine 1–l-Ala into
1–d-Ala has been observed by 1H NMR studies. In a typical
experiment, l-Ala (10 mm) and 1 (10 mm) were mixed in
[D6]DMSO to form the imine, 1–l-Ala, then triethylamine
(40 mm) was added. Figure 2a shows the time-dependent
changes in the 1H NMR spectrum due to epimerization of
the imine from 1–l-Ala into 1–d-Ala. The phenolic hydro-
gen signal of the RAHB shifts upfield from d=14.69 to
14.55 ppm as 1–l-Ala epimerizes into 1–d-Ala. The two
urea hydrogen signals shift dramatically downfield from d=


9.65 and 10.37 to 10.22 and 10.85 ppm, and the imine CH
signal shifts upfield from d=8.78 to 8.70 ppm as the epime-
rization proceeds. The apparent downfield shift of the signal
for the uryl NH protons upon epimerization from 1–l-Ala
into 1–d-Ala is certainly due to the strong hydrogen bond
between the uryl group of 1 and the carboxylate group of
alanine. At equilibrium, established in approximately 20 h,
the ratio of [1–d-Ala] to [1–l-Ala] is about 7 to 1, which is
comparable to the stereoselectivity of 7.4 to 1 calculated
from the study with [Bu4N]ACHTUNGTRENNUNG[Ala] described above.


Figure 2b shows the epimerization of the imine of gluta-
mate with two asymmetric carboxylate groups. The 1H NMR
spectra of 1–l-Glu, when compared with those of other
amino acids, suggest two different conformations, whereas
1–d-Glu has only one. Interestingly, both conformers of 1–l-
Glu are epimerized to a single conformer of 1–d-Glu. Fig-
ure 2c shows that the imine of a hydroxy-group-containing
amino acid, serine, also epimerizes.


The ratios of [1–d-aa] to [1–l-aa] at equilibrium for vari-
ous amino acids are listed in Table 1. The side chains of the
amino acids in Table 1 include basic (His) and acidic (Glu)
ones, as well as hydrophobic (Tyr, Trp, Phe, Leu, Ala) and
hydrophilic (Ser, Thr, Gln, Arg, Asn, Met) ones. Further-


Figure 1. Partial 1H NMR spectra indicating stereoselective imine forma-
tion of 1 with alanine in [D6]DMSO. a) 1+2 ACHTUNGTRENNUNG[Bu4N] ACHTUNGTRENNUNG[l-Ala]; b) 1+2
ACHTUNGTRENNUNG[Bu4N] ACHTUNGTRENNUNG[d-Ala]; c) 1+2 ACHTUNGTRENNUNG[Bu4N] ACHTUNGTRENNUNG[dl-Ala].


Figure 2. Partial 1H NMR spectra indicating the conversion of 1–l-aa into 1–d-aa. The peaks corresponding to 1–l-aa decrease while those corresponding
to 1–d-aa increase (from top to bottom). a) Conversion of l-Ala into d-Ala; b) conversion of l-Glu into d-Glu; c) conversion of l-Ser into d-Ser.


Table 1. The stereoselective ratios of [1–d-aa] to [1–l-aa] at equilibrium,
as determined by the integration of the 1H NMR spectra.


Amino acid d/l ratio Amino acid d/l ratio


threonine 20 methionine 11
glutamine 15 glutamic acid 11
histidine 14 serine 11
arginine 14 leucine 9
asparagine 13 tryptophan 8
tyrosine 12 alanine 7
phenylalanine 11 valine 0
3-(2-thienyl)alanine 18 4-nitrophenylalanine 14
norleucine 13 H-LysACHTUNGTRENNUNG(Cbz)-OH 14
O-methyltyrosine 10 Nw-nitroarginine 12
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more, six representative unnatural amino acids, 3-(2-thien-
ACHTUNGTRENNUNGyl) ACHTUNGTRENNUNGalanine, O-methyltyrosine, 4-nitrophenylalanine, H-Lys-
ACHTUNGTRENNUNG(Cbz)-OH, Nw-nitroarginine, and norleucine (Scheme 3),


have also been observed to form aldimines with 1 and to
participate in the epimerization. It is clear from the table
that the receptor binds all amino acids with the same sense
of stereoselectivity. Although the sense of the receptor ste-
reoselectivity for binding a-amino acids is the same as that
for binding 1,2-amino alcohols,[14] the magnitude of the re-
ceptor stereoselectivity is considerably greater for binding
a-amino acids. Stronger H-bonding between the urea group
and the carboxylate group over the H-bonding between the
urea group and the alcohol group may contribute to the
greater receptor streoselectivity in binding a-amino acids
over that in binding 1,2-amino alcohols.


Compound 1 reacts with a wide variety of natural and un-
natural amino acids and changes their chirality sense, except
with proline, which has a secondary amine group, and cys-
teine, the thiol group of which is involved in attacking the
aldehyde moiety. In the case of valine, the bulky tert-butyl
group hinders epimerization even though the imine is
formed stereoselectively. Aspartic acid showed low stereose-
lectivity (d/l�2:1), probably due to competition of the side-
chain carboxylate group for effective H-bonding to the urea
NH moiety. To our knowledge, 1 represents the most stereo-
selective small-molecule organic receptor for binding and
epimerizing a wide range of chiral amino acids.


Epimerization of peptides : Figure 3 illustrates the epimeri-
zation of the dipeptide l-Ala-Gly and the tripeptide l-Phe-
Gly-Gly after the formation of the imine with 1. The signals
for the uryl NH protons appear at d=10.62 and 11.04 ppm
for 1–l-Ala-Gly and at d=11.14 and 11.60 ppm for 1–d-Ala-
Gly. Significantly, much stronger hydrogen bonds are as-
sumed between the carboxylate and uryl groups for 1–d-
Ala-Gly than for 1–l-Ala-Gly. The stereoselectivity of 1 for
the dipeptide is comparable to that for alanine. However,
the stereoselectivity is only marginal and the epimerization


rate is much slower in the case of the tripeptide. Other di-
peptides, like l-Met-Gly, l-His-Gly, and l-Leu-Gly, have
also been studied for the epimerization in the imine form.
All of the amino acid residues in the peptides are achiral
glycine, except for the N-terminal ones; this was chosen for
simplicity. It is not unreasonable to assume that a similar ep-
imerization behavior would be applied to other peptides if
any other amino acids replaced the glycine residues. The ep-
imerization rates and stereoselective ratios for the dipepti-
des are not much different those of the corresponding
amino acids (Table 1).


It is noteworthy that compound 1 can be used as a chiral
shift agent (CSA) for discriminating the chirality sense of a
C-terminal amino acid by 1H NMR spectroscopy, as illustrat-
ed with Gly-l-Phe and Gly-d-Phe in Figure 4. One uryl NH
proton signal appears at d=10.68 ppm for 1–Gly-d-Phe and
at d=10.58 ppm for 1–Gly-l-Phe, and these signals are well
base-line resolved. Additionally, the signal of the benzylic
CH2 protons of 1–Gly-d-Phe appears as a distinct doublet of
doublets (dd) at d=4.15 ppm whereas that of 1–Gly-l-Phe
appears as an obscured dd pattern at d=4.20 ppm (not
shown). Under these experimental conditions, the stereo-
conversion of phenylalanine in the peptide was not detected
at all.


Dipeptides are prepared either chemically or enzymatical-
ly.[16,17] Enzymatic syntheses may have limitations in applica-
tion to a wide variety of stereoisomers of dipeptides, and
chemical syntheses require protection and deprotection pro-
cesses. Therefore, 1 may be practically helpful in the prepa-
ration of some stereoisomers of dipeptides.


Deuteration of the a proton and insight into the mecha-
nism : Figure 5 displays time-dependant 1H NMR spectra of
the imine 1–dl-Ala in [D6]DMSO containing 10% D2O.
The a proton of l-Ala (d=4.25 ppm) is deuterated faster
than that of d-Ala (d=3.98 ppm). The half life of the l-Ala


Scheme 3. Unnatural amino acids tested. Cbz: benzyloxycarbonyl.


Figure 3. Partial 1H NMR spectra indicating the stereoconversion of pep-
tides in [D6]DMSO. a) 1+l-Ala-Gly; b) 1+l-Phe-Gly-Gly.
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a proton (t1/2,l) is approximately 3 h and that of the d-Ala a


proton (t1/2,d) is approximately 48 h. Upon deuteration, the
amount of d-Ala increases and the reaction requires more
than ten days to reach equilibrium, at which point the d/l
ratio is around four. The D2O content tends to decrease the
selectivity and retards the reaction rate.


The epimerization may occur in a concerted way or a
stepwise way. In the concerted mechanism where deprotona-
tion and deuteration occurs simultaneously, l-Ala is expect-
ed to convert into d-Ala and vice versa upon deuterium ex-
change. Hence, in the concerted mechanism, the relative
amount of d-Ala in the imine will be higher than at least 0.9
in 1 day due to the fast deuteration of the l-Ala a proton.
But, as determined from Figure 5, the relative amount of d-
Ala observed in 1 day is less than 0.8, which does not sup-
port the concerted mechanism.


In the stepwise mechanism, sequential steps of deprotona-
tion and deuteration are supposed. If both l-Ala and d-Ala
are produced by the same probability in the deuteration
step, and if the deuterated alanines are not deuterated
again, then the relative amount of d-Ala in one day will be
approximately 0.7. However, when it is taken into account
that the deuterated alanines must be deuterated again, the
expected relative amount of d-Ala in the imine will be even
higher than the observed value of 0.78. Such analysis of the
data in Figure 5 supports the conclusion that l-Ala is
formed more favorably than d-Ala in the deuteration step;
this is considered to have an adverse effect for obtaining
higher d/l ratios in the final equilibrium.


The energy-minimized structures of imines 1–l-Ala and
1–d-Ala are shown in Figures 6a and b, respectively. The
density functional theory (DFT) calculations predict that 1–
d-Ala is more stable than 1–l-Ala by 1.64 kcalmol�1, a
result that is in qualitative agreement with the experimental
stereoselectivity. In 1–l-Ala, there appears to be considera-
ble steric hindrance between the methyl group of the ala-
nine and the imine CH moiety of the receptor. By contrast,


Figure 4. Partial 1H NMR spectra indicating the ability of 1 as a chiral
shift reagent for Gly-Phe. a) 1+Gly-dl-Phe; b) 1+Gly-d-Phe; c) 1+Gly-
l-Phe.


Figure 5. Time-dependent deuterium-exchange 1H NMR spectra for
a) the imine CH proton and b) the a proton of Ala in the imine. The
1H NMR spectra were measured in [D6]DMSO and D2O (90:10) with 1–
dl-Ala. c) Deuterium-exchange study for the a proton of Ala in 1–dl-
Ala. c : relative amounts of the l- and d-Ala in the imine; a : rela-
tive amounts of nondeuterated a proton. &: l-Ala; &: d-Ala.


Figure 6. Energy-minimized geometries at the B3LYP/6-31G* level. The
pink dotted lines represent hydrogen bonding. Red: oxygen atoms; blue:
nitrogen atoms.
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there is less steric hindrance between the a proton of the
alanine and the imine CH group of the receptor in 1–d-Ala.
The weaker steric interactions in 1–d-Ala should be the
origin of the stability. The easier deprotonation of the l-ala-
nine a proton is probably due to the instability of 1–l-Ala.


Why is l-Ala production favored in the deuteration step?
Figure 6c demonstrates the structure of the deprotonated
species determined by DFT calculations. The structure
shows almost perfect planar geometry of the deprotonated
alanine motif. Deuteration on this plane will lead to l-Ala
and d-Ala with the same probability. However, the structure
illustrates that the deuterium attacking space is more open
to the position leading to l-Ala, which may be the reason
why more l-Ala than d-Ala is produced in the deuteration
step.


The structure of the deprotonated species may, further-
more, be a clue to an explanation for the sluggish stereocon-
version of valine in the imine form. The acidity of the a


proton of amino acids in the imine form would have some
correlation with the structure of their deprotonated inter-
mediates, which must be present during the stereoconver-
sion. The energy-minimized structure for the deprotonated
form of the alanine-bound imine (Figure 6c) shows that the
imine CH proton and the alanine methyl group are in close
proximity. With the tert-butyl group of valine, the imine
would suffer more steric hindrance in its deprotonated inter-
mediate, which may be the reason for the low acidity of the
a proton and, thus, the sluggish stereoconversion.


The DFT calculations for the imine with the dipeptide re-
vealed that 1–l-Ala-Gly suffers more steric hindrance
around the imine bond than 1–d-Ala-Gly (Figures 6d and
e). The energy difference is 1.20 kcalmol�1, which again is in
qualitative agreement with the experimental result. On the
other hand, the marginal stereoselectivity for the tripeptide
that was shown by the 1H NMR study may be attributed to
the large degree of freedom in conformations of the pep-
tide.


Recycling of 1: Imine formation between 1 and an amino
acid is a thermodynamic equilibrium process, and catalytic
deracemization of the amino acid cannot be accomplished
with substoichiometric amounts of 1. Despite the thermody-
namic limitation, deracemization of amino acids can be
practically realized by using 1 as an auxiliary, as shown in
Scheme 4. Mixing of 1 and racemic amino acid in the pres-
ence of the weak base triethylamine in DMSO led to rever-
sible formation of the imine followed by stereoselective epi-
merization. At equilibrium, the reaction mixture was ex-
tracted with chloroform and water. Compound 1 and the
amino acids were separated into the organic and aqueous
phases, respectively. In a representative one-cycle experi-
ment with 1 (3.0 g) and racemic phenylalanine (1 equiv), we
recovered all of the 1 and 89% of the phenylalanine. The
d/l ratio of recovered phenylalanine was investigated by
HPLC and found to be 11.8:1, which is comparable to the
value (11:1) in Table 1.


Conclusion


In the past few decades, there has been much interest in de-
racemization of amino acids as a method for large-scale pro-
duction of d- or l-amino acids. Chemoenzymatic dynamic-
kinetic-resolution processes have recently been developed
for the deracemization of amino acids.[18] Many interesting
models of pyridoxamine, including chiral ones, have been
developed to convert a-keto acids into a-amino acids.[19]


Our receptor, 1, is a convenient auxiliary, which requires
mild conditions for binding and releasing its substrates.
Thus, the small organic receptor 1 may be industrially useful
for the production of d-amino acids from naturally obtaina-
ble l-amino acids or chemically synthesized dl-amino acids.


We have designed and synthesized (S)-2-hydroxy-2’-(3-
phenyluryl-benzyl)-1,1’-binaphthyl-3-carboxaldehyde (1),
which forms a chiral Schiff base type imine with a wide
range of amino acids, including unnatural ones, and converts
bound l-amino acids into d-amino acids. The ratio of 1–d-
aa/1–l-aa was observed to be more than 10 at equilibrium
for most amino acids. The deuteration data for the a proton
of alanine in its imine form suggest a stepwise mechanism
rather than a concerted one in the l-into-d conversion reac-
tion. We have demonstrated that the N-terminal amino
acids in dipeptides are also predominantly converted into
the d form upon imine formation. Computer-modeling stud-
ies on the imine forms have provided useful information
that gives explanations for the d-form stereoselectivity. We
have also demonstrated that 1 can be a practical auxiliary
converter of l- or dl-amino acids into d-amino acids by
showing the complete recovery of 1 under mild conditions
through an extraction process.


Experimental Section


Materials and methods : Melting points were obtained on an Electrother-
mal IA 9000 digital melting-point apparatus. Optical rotations were mea-


Scheme 4. The cycle process for conversion of an l-amino acid to a
d-amino acid with 1 as an auxiliary.
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sured on an ADP 220 digital polarimeter. NMR spectra were measured
on a Bruker AM 250 spectrometer. Chemical shifts (d) are given in ppm
with tetramethylsilane (TMS) as an internal standard. HRMS data were
obtained on Jeol-JMS 700 spectrometer in EI mode. HPLC was per-
formed with an Agilent 1100 instrument. (S)-2,2’-dihydroxy-1,1’-bi-
naphthyl-3-carboxaldehyde (2) was prepared according to the literature
procedure.[20] All other chemicals including amino acids and peptides are
commercially available and were used without further purification. The
solvents for dry reactions were dried with appropriate desiccants and dis-
tilled prior to use. For column chromatography, silica gel of 230–400
mesh was used.


Synthesis of 3-phenyluryl-benzyl alcohol : Phenylisocyanate (9.0 g,
75 mmol) was added to a solution of 3-aminobenzyl alcohol (9.3 g,
75 mmol) in THF (100 mL), and the mixture was stirred at ambient tem-
perature. The precipitate formed was filtered, washed with THF, and
dried in vacuo to give the desired product as a white solid (17.4 g, 95%
yield): m.p. 161 8C; 1H NMR ([D6]DMSO, 250 MHz): d=8.65 (s, 1H),
8.63 (s, 1H), 7.52–6.95 (m, 9H), 5.21 (t, 1H), 4.45 ppm (d, 2H); 13C NMR
([D6]DMSO, 62.5 MHz): d=152.9, 143.7, 140.2, 140.0, 129.2, 129.0, 128.9,
122.2, 120.4, 118.5, 116.9, 116.6, 63.3 ppm.


Synthesis of 3-phenyluryl-benzyl bromide : Phosphorus tribromide
(2.2 mL, 23 mmol) was added to a slurry of 3-phenyluryl-benzyl alcohol
(15 g, 62 mmol) in THF (100 mL) and the mixture was stirred at room
temperature. The precipitate formed was filtered, washed with THF, and
dried in vacuo to give the product as a white solid (18 g, 90% yield): m.p.
186 8C; 1H NMR ([D6]DMSO, 250 MHz): d=8.73 (s, 1H), 8.65 (s, 1H),
7.59–6.93 (m, 9H), 4.66 ppm (d, 2H); 13C NMR ([D6]DMSO, 62.5 MHz):
d=152.9, 140.4, 140.0, 139.0, 129.6, 129.2, 123.1, 122.3, 119.8, 119.2, 118.6,
118.5, 35.2 ppm.


Synthesis of (S)-2-methoxymethoxy-2’-hydroxy-1,1’-binaphthyl-3-carbox-
aldehyde (3): Sodium hydride (0.45 g, 11 mmol) was added portionwise
to a stirred solution of (S)-2,2’-dihydroxy-1,1’-binaphthyl-3-carboxalde-
hyde (2 ; 3.9 g, 12.4 mmol) in DMF (40 mL). The mixture was stirred for
another 1 h, and a solution of MOM chloride (1.08 mL, 12.4 mmol) in
DMF (40 mL) was added dropwise. After being stirred overnight at am-
bient temperature, the resulting mixture was extracted with ethyl acetate
several times. The combined organic layers were dried with anhydrous
magnesium sulfate, and the solvent was evaporated. The crude product
was purified by column chromatography with ethyl acetate/hexane (1:5)
as the eluent to give the product 3 as a yellow solid (2.9 g, 65% yield):
m.p. 164 8C; [a]D =�108.2 (c=0.42 in EtOH); 1H NMR (CDCl3,
250 MHz): d=10.59 (s, 1H), 8.62 (s, 1H), 8.09 (d, 1H), 7.99–7.88 (m,
2H), 7.54–7.27 (m, 6H), 7.07 (d, 1H), 5.08 (s, 1H), 4.74 (dd, 2H),
3.03 ppm (s, 3H); 13C NMR (CDCl3, 62.5 MHz): d=154.4, 151.0, 136.6,
133.3, 132.7, 130.0, 130.7, 130.3, 129.7, 128.2, 128.5, 127.3, 126.1, 125.4,
124.3, 124.7, 123.4, 118.5, 114.2, 100.8, 57.3 ppm; HRMS (EI): calcd for
C23H18O4: 358.1205; found: 358.1198.


Synthesis of (S)-2-methoxymethoxy-2’-(3-phenyluryl-benzyl)-1,1’-bi-
naphthyl-3-carbxaldehyde (4): Compound 3 (2.42 g, 6.75 mmol) in DMF
(20 mL) was added dropwise to a slurry of NaH (0.30 g, 7.43 mmol) in
DMF (50 mL) with stirring under ice-cooled conditions. After 1 h of stir-
ring, 3-phenyluryl-benzyl bromide (2.26 g, 7.42 mmol) was added, and the
stirring was continued at room temperature. After an additional 5 h of
stirring, the reaction mixture was extracted with ethyl acetate and
washed with water. The crude product was purified by silica column
chromatography with ethyl acetate/hexane as the eluent (1:1) to furnish
the product 4 as a yellow solid (3.3 g, 84% yield): m.p. 140 8C; [a]D =


�43.4 (c=0.42 in EtOH); 1H NMR (CDCl3, 250 MHz): d=10.48 (s, 1H),
8.51 (s, 1H), 7.98–7.09 (m, 20H), 6.87 (s, 1H), 6.75 (d, 1H), 5.07 (d, 2H),
4.71 (dd, 2H), 2.66 ppm (s, 3H); 13C NMR (CDCl3, 62.5 MHz): d=192.9,
153.9, 152.8, 152.0, 138.9, 138.7, 137.7, 137.3, 135.0, 133.4, 130.3, 130.2,
129.8, 129.0, 128.1, 127.0, 126.2, 125.0, 124.0, 123.1, 120.1, 119.7, 118.5,
118.3, 117.8, 114.5, 100.0, 69.8, 56.8 ppm; HRMS (EI): calcd for
C37H30N2O5: 582.2155; found: 582.2147.


Synthesis of (S)-2-hydroxy-2’-(3-phenyluryl-benzyl)-1,1’-binaphthyl-3-car-
boxaldehyde (1): Concentrated hydrochloric acid (37%, 0.28 mL,
3.43 mmol) was added to a solution of 4 (2.00 g, 3.43 mmol) in ethanol
(200 mL), and the mixture heated to 70 8C for 1 h. The solution was


evaporated to dryness, and the crude product was further purified by
column chromatography with ethyl acetate/hexane (1:1) as the eluent to
give 1 as a yellow solid (1.76 g, 95% yield): m.p. 217 8C; [a]D =�215.2
(c=0.58 in EtOH); 1H NMR ([D6]DMSO, 250 MHz): d=10.30 (s, 1H),
10.20 (s, 1H), 8.68 (s, 2H), 8.60 (s, 1H), 8.15–7.03 (m, 16H), 6.67 (s, 1H),
5.20 ppm (d, 2H); 13C NMR ([D6]DMSO, 62.5 MHz): d =196.9, 154.0,
152.9, 152.3, 139.6, 139.5, 137.9, 136.9, 136.7, 133.2, 130.1, 130.0, 129.7,
128.9, 128.7, 128.5, 128.1, 127.1, 126.6, 124.4, 124.3, 124.0, 123.6, 122.6,
121.7, 120.2, 118.1, 117.6, 117.3, 116.8, 115.6, 70.0 ppm; HRMS (EI):
calcd for C35H26N2O4: 538.1893; found: 538.1898.


Preparation of [Bu4N] ACHTUNGTRENNUNG[l-Ala], [Bu4N] ACHTUNGTRENNUNG[d-Ala], and [Bu4N]ACHTUNGTRENNUNG[dl-Ala]: l-
Ala (1.0 g, 11 mmol) was stirred in methanol, and a 1.0n [Bu4N][OH]
methanol solution (10.0 mL, 10.0 mmol) was added. The unreacted pre-
cipitate (l-Ala) was removed by filtration. The filtrate was evaporated to
dryness under high vacuum, which left [Bu4N] ACHTUNGTRENNUNG[l-Ala] as a white solid.
[Bu4N] ACHTUNGTRENNUNG[d-Ala] and [Bu4N] ACHTUNGTRENNUNG[dl-Ala] were prepared by the same method.


Energy calculations for the imines and the deprotonated intermediate :
To perform conformational searches for each molecular system, constant-
temperature molecular dynamics simulations were executed by using the
SANDER module of the AMBER program package and employing the
parm99 force field.[21] The molecular system was subjected to 1000 steps
of conjugate gradient energy minimization and then brought into an
equilibrium state for 100 ps by using the Berendsen coupling algorithm.
In all calculations, an 8.0 N nonbonded interaction cut-off was used and
nonbonded pair lists were updated every 20 integration steps. A 2 fs
timestep was used for the simulation. The simulations were performed
for 1 ns at 3 different temperatures, and the structures were saved every
5 ps for analyses. Thus, a total of 600 structures was collected during 3
trajectories. Geometry optimizations were then performed for those
structures by using the AM1 semiempirical method[22,23] to find the
energy minima that would be used as initial structures for a high-level ge-
ometry optimization. By using this method, energy-minima structures
were collected for each conformation and the structures were then con-
firmed by vibrational-frequency analysis at the AM1 level. Geometry op-
timization was then performed for those structures with DFT calculations
at the B3LYP/6-31G* level[24] followed by MPWB1K/6-31+G**//B3LYP/
6-31G* calculations[25] by using Gaussian 03 package.[26] Frequency calcu-
lations were performed to verify the identity of each stationary point as a
minimum. All energies discussed here are at the MPWB1K/6-31+G**//
B3LYP/6-31G* level unless otherwise noted.
1H NMR study for epimeric conversion of amino acids and peptides : In a
typical experiment, enantiomerically pure l-Ala (1.1 equiv, 2.0 mg,
22 mmol) and triethylamine (8.9 mg, 88 mmol) were added to 1 (11 mg,
20 mmol) in [D6]DMSO (1.0 mL). The reaction mixture was stirred at
room temperature. After complete imine formation (within 10 min),
1H NMR spectra were taken periodically. The integration ratio was care-
fully measured, and the d/l ratio of the equilibrated solution was deter-
mined. Epimerizations for other amino acids were tested by the same
method.


Recovery of receptor 1 and d-amino acids : This experiment was carried
out with phenylalanine as a representative amino acid. l-Phenylalanine
(0.93 g, 5.57 mmol) and triethylamine (3.1 mL, 22 mmol) were added to 1
(3.0 g, 5.57 mmol) dissolved in [D6]DMSO (30 mL). The reaction mixture
was stirred for 24 h at 40 8C. The 1H NMR spectrum for the solution con-
firmed that the ratio of 1–d-Phe/1–l-Phe had reached equilibrium. The
solution was extracted with CHCl3 (300 mL) and washed 7 times with
brine (30 mL), which removed remaining DMSO from the organic layer.
The organic layer was then extracted 3 times with a 1.0n HCl (50 mL)
solution to hydrolyze the imine. Evaporation of the organic layer gave 1
(3.0 g, 100% yield), the 1H NMR spectrum of which confirmed that the
purity has not been changed. Complete evaporation of the combined
aqueous layers gave triethylamine HCl and phenylalanine HCl salts. The
triethylamine HCl could be removed by washing with CHCl3, and the
phenylalanine HCl salt was recovered (1.01 g, 89% yield). The d/l ratio
of the recovered phenylalanine was assessed by HPLC to be 11.8:1. A
Chirosil RCA column was used, the mobile phase was a mixture of etha-
nol and water (7:3), and UV detection was performed at 210 nm. The re-
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tention times of the enantiomers were 3.21 (d-Phe; 92.2%) and 4.74 min
(l-Phe; 7.8%).


Acknowledgement


This research was supported by the Ministry of Science and Technology
of Korea through the NRL and SRC program of MOST/KOSEF at Ewha
Womans University (grant nos.: R0A-2006-000-10269-0 and R11-2005-
008-000000), by the Korea Research Foundation (grant no.: KRF-2004-
005-C00093), and by the SRC Research Center for WomenCs Diseases of
Sookmyung WomenCs University.


[1] The FDACs policy statement for the development of new stereoiso-
meric drugs: Chirality 1992, 4, 338.


[2] a) A. N. Collins, G. N. Sheldrake, J. Crosby, Chirality in Industry,
Vol. 1, Wiley, Chichester, 1992 ; b) A. N. Collins, G. N. Sheldrake, J.
Crosby, Chirality in Industry, Vol. 2, Wiley, Chichester, 1997.


[3] a) J. Kaiser, S. S. Kinderman, B. C. J. van Esseveldt, F. L. van Delft,
H. E. Schoemaker, R. H. Blaauw, F. P. J. T. Rutjes, Org. Biomol.
Chem. 2005, 3, 3435; b) J. L. Vicario, D. Badia, L. Carrillo, E. Reyes,
J. Etxebarria, Curr. Org. Chem. 2005, 9, 219; c) U. Kazmaier,
Angew. Chem. 2005, 117, 2224; Angew. Chem. Int. Ed. 2005, 44,
2186; d) E. R. Jarvo, S. J. Miller, Tetrahedron 2002, 58, 2481;
e) F. P. J. T. Rutjes, L. B. Wolf, H. E. Schoemaker, J. Chem. Soc.
Perkin Trans. 1 2000, 4197.


[4] a) K. Tokunaga, C. Yoshida, K. Suzuki, H. Maruyama, Y. Futamura,
Y. Araki, S. Mishima, Biol. Pharm. Bull. 2004, 27, 189; b) M. Satoh,
S. Kawajiri, M. Yamamoto, A. Akaike, Y. Ukai, H. Takagi, Neurosci.
Lett. 1980, 16, 319.


[5] X. X. Zhang, J. S. Bradshaw, R. M. Izatt, Chem. Rev. 1997, 97, 3313.
[6] a) P. Breccia, M. Van Gool, R. Perez-Fernandez, S. Martin-Santama-


ria, F. Gago, P. Prados, J. Mendoza, J. Am. Chem. Soc. 2003, 125,
8270; b) O. Hofstetter, H. Hofstetter, V. Schurig, M. Wilchek, B. S.
Green, J. Am. Chem. Soc. 1998, 120, 3251.


[7] J. Chin, S. S. Lee, K. J. Lee, S. Park, D. H. Kim, Nature 1999, 401,
254.


[8] a) C. Bombelli, S. Borocci, O. Cruciani, G. Mancini, D. Monti, A. L.
Segre, A. Sorrenti, M. Venanzi, Tetrahedron Asymmetry, 2008, 19,
124; b) T. Osawa, K. Shirasaka, T. Matsui, S. Yoshihara, T. Akiyama,
T. Hishiya, H. Asanuma, M. Komiyama, Macromolecules 2006, 39,
2460; c) C. Schmuck, L. Geiger, J. Am. Chem. Soc. 2004, 126, 8898.


[9] a) G. Kreil, Science, 1994, 266, 996; b) J. J. Corrigan, Science, 1969,
164, 142.


[10] a) K. Fujii, K. Maedal, T. Hikida, A. K. Mustafa, R. Balkissoon, J.
Xia, T. Yamada, Y. Ozekil, R. Kawahara, M. Okawa, R. L. Huganir,
H. Ujike, S. H. Snyder, A. Sawa, Mol. Psychiatry, 2006, 11, 150;
b) H. Wolosker, S. Blackshaw, S. H. Snyder, Proc. Natl. Acad. Sci.
USA 1999, 96, 13409; c) I. Wickelgren, Science, 1999, 286, 1265.


[11] L. Stryer, Biochemistry, W. H. Freeman, New York, 2000, pp. 201–
202.


[12] a) J. P. Shaw, G. A. Petsko, D. Ringe, Biochemistry, 1997, 36, 1329;
b) C. T. Walsh, J. Biol. Chem. 1989, 264, 2393.


[13] a) H.-J. Kim, W. Kim, A. J. Lough, B. M. Kim, J. Chin, J. Am. Chem.
Soc. 2005, 127, 16776; b) H.-J. Kim, H. Kim, G. Alhakimi, E. J.
Jeong, N. Thavarajah, L. Studnicki, A. Koprianiuk, A. J. Lough, J.
Suh, J. Chin, J. Am. Chem. Soc. 2005, 127, 16370; c) P. Gilli, V. Ber-
tolasi, V. Ferretti, G. Gilli, J. Am. Chem. Soc. 2000, 122, 10405; d) K.
Amornraksa, R. Grigg, H. Q. N. Gunaratne, J. Kemp, V. Sridharan,
J. Chem. Soc. Perkin Trans. 1 1987, 2285.


[14] K. M. Kim, H. Park, H.-J. Kim, J. Chin, W. Nam, Org. Lett. 2005, 7,
3525.


[15] H. Park, K. M. Kim, A. Lee, S. Ham, W. Nam, J. Chin, J. Am.
Chem. Soc. 2007, 129, 1518.


[16] D. T. Elmore in Amino Acids, Peptides, and Proteins, Vol. 33 (Eds.:
G. C. Barrett, J. S. Davies), RSC, London, 2002, pp. 83–134.


[17] a) J. Arima, Y. Uesugi, M. Uraji, M. Iwabuchi, T. Hatanaka, Appl.
Environ. Microbiol. 2006, 72, 4225; b) K. Yokozeki, S. Hara, J. Bio-
technol. 2005, 115, 211.


[18] N. J. Turner, Curr. Opin. Chem. Biol. 2004, 8, 114.
[19] a) L. Liu, W. Zhou, J. Chruma, R. Breslow, J. Am. Chem. Soc. 2004,


126, 8136; b) R. Breslow, Acc. Chem. Res. 1995, 28, 146.
[20] a) S. Matsunaga, J. Das, J. Roels, E. M. Vogl, N. Yamamoto, T. Iida,


K. Yamaguchi, M. Shibasaki, J. Am. Chem. Soc. 2000, 122, 2252;
b) H. C. Kim, S. Choi, H. Kim, K.-H. Ahn, Tetrahedron Lett. 1997,
38, 3959.


[21] AMBER 7, D. A. Case, D. A. Pearlman, J. W. Caldwell, T. E. Chea-
tham III, J. Wang, W. S. Ross, C. L. Simmerling, T. A. Darden, K. M.
Merz, R. V. Stanton, A. L. Cheng, J. J. Vincent, M. Crowley, V. Tsui,
H. Gohlke, R. J. Radmer, Y. Duan, J. Pitera, I. Massova, G. L.
Siebel, U. C. Singh, P. K. Weiner, P. A. Kollman, University of Cali-
fornia, San Francisco, 2002.


[22] M. J. S. Dewar, W. Thiel, J. Am. Chem. Soc. 1977, 99, 4899.
[23] M. J. S. Dewar, E. G. Zoebisch, E. F. Healy, J. J. P. Stewart, J. Am.


Chem. Soc. 1985, 107, 3902.
[24] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[25] Y. Zhao, D. G. Truhlar, J. Phys. Chem. A. 2004, 108, 6908.
[26] Gaussian 03, Revision D.02, M. J. Frisch, G. W. Trucks, H. B. Schle-


gel, G. E. Scuceria, M. A. Robb, J. R. Cheeseman, J. A. Montgom-
ACHTUNGTRENNUNGery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Fores-
man, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, D. J.
Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C.
Gonzalez, J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 2004.


Received: May 29, 2007
Published online: September 24, 2008


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9935 – 99429942


S. Ham, K. M. Kim et al.



http://dx.doi.org/10.1039/b507973j

http://dx.doi.org/10.1039/b507973j

http://dx.doi.org/10.2174/1385272053369105

http://dx.doi.org/10.1002/ange.200462873

http://dx.doi.org/10.1002/anie.200462873

http://dx.doi.org/10.1002/anie.200462873

http://dx.doi.org/10.1016/S0040-4020(02)00122-9

http://dx.doi.org/10.1039/b001538p

http://dx.doi.org/10.1039/b001538p

http://dx.doi.org/10.1248/bpb.27.189

http://dx.doi.org/10.1016/0304-3940(80)90018-X

http://dx.doi.org/10.1016/0304-3940(80)90018-X

http://dx.doi.org/10.1021/cr960144p

http://dx.doi.org/10.1021/ja026860s

http://dx.doi.org/10.1021/ja026860s

http://dx.doi.org/10.1021/ja973680n

http://dx.doi.org/10.1038/45751

http://dx.doi.org/10.1038/45751

http://dx.doi.org/10.1021/ma060064f

http://dx.doi.org/10.1021/ma060064f

http://dx.doi.org/10.1021/ja048587v

http://dx.doi.org/10.1073/pnas.96.23.13409

http://dx.doi.org/10.1073/pnas.96.23.13409

http://dx.doi.org/10.1021/ja0557785

http://dx.doi.org/10.1021/ja0557785

http://dx.doi.org/10.1021/ja055776k

http://dx.doi.org/10.1021/ja000921+

http://dx.doi.org/10.1039/p19870002285

http://dx.doi.org/10.1021/ol051267b

http://dx.doi.org/10.1021/ol051267b

http://dx.doi.org/10.1021/ja067724g

http://dx.doi.org/10.1021/ja067724g

http://dx.doi.org/10.1128/AEM.00150-06

http://dx.doi.org/10.1128/AEM.00150-06

http://dx.doi.org/10.1016/j.jbiotec.2004.07.017

http://dx.doi.org/10.1016/j.jbiotec.2004.07.017

http://dx.doi.org/10.1016/j.cbpa.2004.02.001

http://dx.doi.org/10.1021/ja048671a

http://dx.doi.org/10.1021/ja048671a

http://dx.doi.org/10.1021/ar00051a008

http://dx.doi.org/10.1021/ja993650f

http://dx.doi.org/10.1016/S0040-4039(97)00789-2

http://dx.doi.org/10.1016/S0040-4039(97)00789-2

http://dx.doi.org/10.1021/ja00457a004

http://dx.doi.org/10.1021/ja00299a024

http://dx.doi.org/10.1021/ja00299a024

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1021/jp048147q

www.chemeurj.org






DOI: 10.1002/chem.200801158


Use of Raman spectroscopy as an In Situ Tool to Obtain Kinetic Data for
Organic Transformations


Jason R. Schmink, Jennifer L. Holcomb, and Nicholas E. Leadbeater*[a]


Introduction


Microwave heating offers a fast, clean approach to synthe-
sis.[1] It is often possible to perform reactions in minutes in-
stead of hours and, in many cases, product yields can be im-
proved. Also, as the field progresses, new chemistry is being
discovered and developed. An issue with performing a reac-
tion with microwave apparatus is that monitoring its prog-
ress generally requires stopping it, allowing the reaction
mixture to cool and then using standard analysis techniques
such as IR and NMR spectroscopy. As a result, optimization
of reaction conditions such as time and temperature is often
a matter of trial and error. In the case of inorganic materials
chemistry, neutron and X-ray scattering have been used as
in situ monitoring tools.[2,3] These techniques are less appli-
cable to preparative organic chemistry. We have built on the
initial work of Pivonka and Empfield[4] and developed an
apparatus for in situ reaction monitoring using Raman spec-
troscopy.[5] It has been possible to determine the end-point


of reactions by using this apparatus and we have applied it
to a range of synthetic transformations.[6–8]


While quantitative in situ infrared spectroscopy (e.g., Re-
actIRTM) has seen significant use for determination of reac-
tion kinetics,[9,10] there are very few reports of analogous
studies with Raman spectroscopy.[11] In their seminal publi-
cation in 2004, Pivonka and Empfield used Raman spectros-
copy for the study of a microwave-mediated imine forma-
tion reaction and a Knoevenagel condensation.[4] For the
latter reaction, they probed the kinetics of the reaction and
also elucidated a reactive intermediate they believed to be
formed along the path of the reaction. Having used our in
situ Raman apparatus in synthetic chemistry applications,
we also wanted to explore the potential for using our experi-
mental set-up for real-time kinetic studies.


In many regards Raman spectroscopy in conjunction with
microwave heating is, in principle, an ideal tool for perform-
ing kinetic studies. The microwave offers reproducible non-
contact heating as well as precise temperature monitoring
and data recording. The Raman spectrometer is able to ac-
quire data at such a rate that quantitative data can be ex-
tracted for even the most rapid of reactions.[12] Furthermore,
since most spectroscopic techniques require a dark environ-
ment for accurate signal measurement, the fact that the mi-
crowave cavity is free of significant ambient light is an
added advantage. Finally, Raman spectroscopy is in theory
an effective means to measure concentration changes in a
dynamic system. To probe this and show the potential for
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been used as an in situ tool to obtain
kinetic data for an organic transforma-
tion. The model reaction studied was
the synthesis of 3-acetylcoumarin from
the condensation between salicylalde-
hyde and ethyl acetoacetate with piper-
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using Raman spectroscopy as a tool for real-time kinetic
analysis, we chose as a sharpening stone the synthesis of 3-
acetylcoumarin, formed from the base-catalyzed reaction of
salicylaldehyde with ethyl acetoacetate. We have previously
shown that this reaction can be monitored qualitatively
from a synthetic chemistry perspective[5] and Pivonka and
Empfield used an analogous reaction for their kinetic stud-
ies[4] (reaction of salicylaldehyde with benzyl acetoacetate).
We wanted to use these foundations to build upon. Our re-
sults are presented here. We demonstrate how, using this ap-
paratus, it is possible to quickly and easily obtain valuable
kinetic data as well as begin to probe reaction intermediates.
We show how we have built on previous work and deter-
mined orders of reaction for each reagent in units of con-
centration as well as1 Arrhenius parameters for the reac-
tion. In addition, by using our apparatus in conjunction with
calculations, we propose a mechanistic pathway for the reac-
tion that differs from that originally proposed.


Results and Discussion


Coumarins have been found to have multibiological activi-
ties.[13] They can be prepared by using a number of synthetic
routes[14] and microwave heating has been used as a tool.[15]


In our model reaction shown in Scheme 1 (synthesis of 3-


acetylcoumarin from salicylaldehyde with ethyl acetoace-
tate), we used piperidine as the catalyst and ethyl acetate as
the solvent. While this reaction on the outset looks simple,
the precise mechanism is still a matter of debate and small
changes in the system may result in very different reaction
pathways.[16] This added to our motivation to probe the reac-
tion in detail. Upon inspection of the Raman spectra of sali-
cylaldehyde, ethyl acetoacetate, and 3-acetylcoumarin we
found that there are two clearly defined signals in the prod-
uct (1563 cm�1, 1608 cm�1) that are not present in the start-
ing materials, so it is one of these (1608 cm�1) that we decid-
ed to follow in our reaction. The spectrum of 3-acetylcou-
marin taken in ethyl acetate with signals due to solvent sub-
tracted is shown in Figure 1.


To determine the nature of the stretching mode observed
at 1608 cm�1 we used a computational approach. The
stretching modes for 3-acetylcoumarin were calculated using
Gaussian 03,[17] applying the Becke exchange functional[18]


(B) coupled with the correlation functional developed by
Lee, Yang, and Parr[19] (LYP) at the 6-31G(d) basis set. The
calculations yielded an intense signal at 1666 cm�1 which,


after application of the appropriate scaling factor,[20] corre-
lated to a stretching frequency of 1602 cm�1, fitting well
with our observed value of 1608 cm�1. The complex stretch-
ing mode is shown in Figure 2.


Experimental considerations : The majority of microwave-
promoted reactions are performed using sealed tubes. To
ensure precise reaction monitoring conditions, for our kinet-
ic studies here we opted for an open-vessel configuration.
First, the salicylaldehyde, ethyl acetoacetate, and the ethyl
acetate solvent were brought to reflux at which point a
background scan was taken. Having the reaction at the de-
sired temperature before the catalyst was added alleviated
any peak intensity variation due to temperature effects
during a specific experiment. Second, this set-up allowed for
a quantitative t=0 spectrum to be obtained. The formation
of the coumarin can be effected at room temperature, so ad-
dition of piperidine to the reaction mixture prior to heating
(e.g., under sealed-vessel conditions) would initiate the reac-
tion before the introduction into the microwave cavity. Fi-
nally, to determine kinetic parameters accurately, it was es-


Scheme 1. Reaction of salicylaldehyde with ethyl acetoacetate to yield 3-
acetylcoumarin.


Figure 1. Raman spectrum of 3-acetylcoumarin (0.35m in ethyl acetate)
with signals due to solvent subtracted


Figure 2. Stretching mode giving rise to the observed Raman peak at
1602 cm�1 as calculated at the B3LYP-6/31G(d) theory level (observed
1608 cm�1)
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sential to have the reaction at the desired reaction tempera-
ture before adding the catalyst. Adding piperidine prior to
heating leads to dynamic, and consequently imprecise, kinet-
ic data being obtained during the ramp to the desired tem-
perature. While these issues are not crucial when monitoring
reactions in a qualitative manner, our desire to develop the
Raman spectrometer/microwave interface as a quantitative
tool demanded this precise control of reaction parameters.


Obtaining a calibration curve : To be able to measure prod-
uct concentration accurately and ultimately derive rate laws,
a calibration curve was required to translate signal strength
of the peak forming at 1608 cm�1 into units of concentration
in standard terms. To achieve this, solutions of known con-
centrations of 3-acetylcoumarin in ethyl acetate were pre-
pared. They were sequentially placed inside a round-bot-
tomed flask inside the microwave cavity, brought to reflux
(83–84 8C) using microwave irradiation and the Raman spec-
trum collected. After subtraction of signals due to the sol-
vent, a plot of signal intensity at 1608 cm�1 versus concentra-
tion was made (Figure 3) which yielded a straight line (R2=


0.9986).


Temperature scaling factor : When monitoring reactions
using Raman spectroscopy at different temperatures it is im-
portant to take into account that fact that the Stokes
Raman band (which is being monitored) is inversely propor-
tional to temperature. This relationship is due to the funda-
mental manner in which Raman spectroscopy probes a mol-
ecule; that is it excites it in the lowest energy electronic
state. As temperature increases, there is a smaller popula-
tion of molecules in that ground state to be excited, and so
the signal intensity drops. This being said, over small tem-
perature ranges the change in the Stokes shift is fairly negli-
gible, but, for analytical accuracy, we deemed it important in
our study to determine an appropriate scaling factor that
would allow us to compare peak intensities at different tem-


peratures with confidence.[21] This was achieved by measur-
ing the intensity of the 1608 cm�1 signal of known concentra-
tions of 3-acetylcoumarin at temperatures within our range
of interest. The average of ten scans at five temperatures
ranging from 35–75 8C and at four different concentrations
gave a total of 20 data points (Figure 4). From this, a scaling
factor was determined.


Determination of reaction orders : With the appropriate cali-
bration curve and scaling factor in hand, we wanted to use
the apparatus to determine the order of the reaction with
respect to each reagent. We postulated that precise reaction
rates could be determined by running a series of experi-
ments by varying concentrations of reagents and monitoring
the appearance of the signal at 1608 cm�1 due to product
formation followed by conversion of units of Raman intensi-
ty to units of molarity. To achieve this we set up a series of
reactions based around the kinetic method of initial rates
(varying the concentration of one reagent at a time and
measuring the rate of reaction at t=0) in conjunction with
the isolation method (performing experiments in which the
concentration of one or more reagents is kept constant to
determine rate dependence as a function of the reagent
being probed). We decided to focus attention initially on the
order of the reaction with respect to the piperidine catalyst.
Holding the concentrations of salicylaldehyde and ethyl ace-
toacetate constant at 1.00m, an initial range of piperidine
concentrations were screened, ranging from 0.0200m to
0.400m, the data being shown in Figure 5. At low catalyst
loadings (0.0200–0.0800m) the reaction appears to be first-
order with respect to the piperidine concentration. Howev-
er, at increasing catalyst loading, it becomes apparent that
the piperidine is implicated in numerous reversible steps in
the reaction mechanism and is of a complex order, since
there is significant deviation from linearity. At these higher
catalyst concentrations, the reaction rate is approximately
proportional to the square root of the concentration of pi-


Figure 3. Plot of Raman signal intensity of the peak arising at 1608 cm�1


versus [3-acetylcoumarin] yielding a line, f(x)=mx+b ; x= [3-acetylcou-
marin] in molL�1, m=47,393; R2=0.9986


Figure 4. Plot of Raman signal intensity vs. temperature at constant con-
centrations. A second-order polynomial proved the best fit line over the
temperature range: f(T)= (�2.259K10�5T2�1.558K10�3T+1.244)�1; T in
8C, R2=0.9934
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peridine used. The general rate law is given in Equation (1)
in which f([piperidine])� [piperidine]1 for concentrations
below 0.080m, and f([piperidine])� [piperidine]1/2 for con-
centrations from 0.100–0.400m


rate ¼ k ½salicylaldehyde�a ½ethyl acetoacetate�b f ð½piperidine�Þ
ð1Þ


The complex nature of the rate dependence upon the cat-
alyst concentration is not totally unexpected. The pipiridine
could be imagined to be involved in a range of equilibrium
processes. The pKa values in dimethyl sulfoxide (DMSO) for
the piperdinium cation, the phenolic proton of the salicylal-
dehyde, and the acidic proton of ethyl acetoacetate are 10.9,
14.8, and 14.1, respectively.[22]


We next turned attention to determining the order of the
reaction with respect to ethyl acetoacetate and salicylalde-
hyde. We decided to perform the kinetic measurements at a
piperidine concentration of 0.0800m. To simplify our future
calculations we reformulated Equation (1) to give us Equa-
tion (2), in which rateobs and kobs are the rate and rate con-
stant at 0.0800m piperidine catalyst loading.


rateobs ¼ kobs ½salicylaldehyde�a ½ethyl acetoacetate�b ð2Þ


All subsequent calculations could then be performed in
terms of rateobs and kobs. In the first series of experiments, in-
itial rates were measured as a function of various concentra-
tions of ethyl acetoacetate (0.0312–2.00m) holding the sali-
cyladehyde concentration constant at 1.00m and the piperi-
dine concentration constant at 0.0800m. Again the appear-
ance of the signal at 1608 cm�1 due to product formation
was monitored and the units of Raman intensity were con-
verted to molarity values. At ethyl acetoacetate concentra-


tions of 0.125, 0.250, and 0.500m, the reaction rate was
linear for approximately the first 60 s or six scans before be-
ginning to deviate from linearity. Data obtained in the
linear region is gathered in Table 1 and shown graphically in


Figure 6. At concentrations of 0.0625m and lower, the detec-
tion limit of the Raman spectrometer set to 10 s integrations
became a factor. At concentrations of 1.00m linearity is


maintained for only approximately the first 30 s (4 data
points) of the reaction. At the 2.00m concentration, the
signal intensityLs deviation from linearity was so rapid that
at most three points could be used to determine the initial
rate. As such, this data was deemed unusable. The experi-
ments were then repeated, holding the initial concentration
of ethyl acetoacetate at a constant 1.00m and similarly vary-
ing the concentrations of salicylaldehyde (Figure 7; Table 2).
For both ethyl acetoacetate and salicyladehyde, a plot of
rate of reaction versus initial concentration gives a straight
line showing that the reaction is first order in both of these
reagents. Thus the overall rate equation is given by Equa-
tion (3) in which rateobs and kobs are the rate and rate con-
stant at 0.08m piperidine catalyst loading or, more fully, by
Equation (4) in which f([piperidine]) � [piperidine]1 for
concentrations below 0.080m, and f([piperidine])� [piperi-
dine]1/2 for concentrations from 0.100–0.400m


Figure 5. Plot of rate of formation of 3-acetylcoumarin as monitored by
the peak forming at 1608 cm�1 versus piperidine concentration. Increas-
ing concentrations above 0.0800m show loss of linear dependence on cat-
alyst loading. Note: a linear approximation can be made at low catalyst
loadings.


Table 1. Data for the signal growing in at 1608 cm�1 [intensity s�1] and
conversion to units of rate [mmin�1] in the linear region at various con-
centrations of salicylaldehyde.


ACHTUNGTRENNUNG[aldehyde] [intensity s�1] rateobs [mmin�1]


2.00 314 0.398
1.00 167 0.211
0.50 81.7 0.103
0.25 44.4 0.056
0.125 24.3 0.031
0.063 17.1 0.022
0.031 9.41 0.012


Figure 6. Plot of Raman signal intensity due to the peak growing in at
1608 cm�1 versus time in the linear region at various concentrations of
salicylaldehyde, holding [ethyl acetoacetate] at 1.0m.
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rateobs ¼ kobs ½salicylaldehyde�1 ½ethyl acetoacetate�1 ð3Þ


rate ¼ k ½salicylaldehyde�1 ½ethyl acetoacetate�1 f ð½piperidine�Þ
ð4Þ


Determination of activation energy : Having obtained kinetic
data to ascertain the orders of the reagents our next objec-
tive was to determine the activation energy (Ea) for the re-
action. This was achieved by running the reaction at a range
of temperatures between 25 and 80 8C. The reactions were
performed using 1m concentrations of ethyl acetoacetate
and salicyladehyde and 0.08m piperidine and the product
signal at 1608 cm�1 was monitored. After translating Raman
signal intensity to units of concentration using our calibra-
tion curve and then compensating for temperature effects
using our temperature scaling factor, we obtained rate con-
stant data (kobs) in units of m


�1min�1 (Table 3). Plotting
lnkobs versus 1/T (Figure 8) gave a straight line, the slope of
which corresponds to �Ea/R, (R=8.314 JK�1mol�1). From
this, the activation energy for the reaction was calculated to
be 38.3 kJmol�1.


The quantitative data obtained was then used to extrapo-
late and calculate a rate constant (kobs) for other reaction
temperatures. We wanted to compare our results here with


those we obtained for our qualitative studies previously
when using the Raman apparatus simply as a tool for moni-
toring how long the reaction took to reach completion.


Performing the reaction at 130 8C we found that it took
approximately 8 min to reach completion. Extrapolating our
quantitative rate data to 130 8C we found that kobs=
0.972m


�1min�1 or 0.0162m
�1 s�1. Using the half-life equation


for a second-order reaction (t1/2=1/kobs), we calculated the
half-life for the reaction at 130 8C to be 62 seconds. After six
half-lives (�6 min) the projected yield would be �98.4%;
this corresponded with the observed product yields in the
reaction and fits well with our previous qualitative results.


Mechanistic insight : Our next objective was to probe the
mechanism of the reaction knowing the first-order depend-
ence on both the concentrations of ethyl acetoacetate and
salicylaldehyde. In their study Pivonka and Empfield saw
evidence for the formation of a transient intermediate in the
reaction of salicylaldehyde and benzyl acetoacetate.[4] They
proposed that the intermediate,
1, was the result of a Knoeve-
nagel condensation. This
seemed surprising to us given
that the restricted rotation
about the C=C double bond
would limit product formation
to a 50% theoretical yield, but


Figure 7. Plot of Raman signal intensity due to the peak growing in at
1608 cm�1 versus time in the linear region at various concentrations of
ethyl acetoacetate, holding [salicylaldehyde] at 1.0m.


Table 2. Data for the signal growing in at 1608 cm�1 [intensity s�1] and
conversion to units of rate [mmin�1] in the linear region at various con-
centrations of ethyl acetoacetate.


[ethyl acetoacetate] [intensity s�1] rateobs [mmin�1]


2.00 304 0.385
1.00 167 0.211
0.50 85.1 0.108
0.25 46.1 0.058
0.125 25.1 0.032
0.063 15.2 0.019
0.031 10.8 0.014


Table 3. Data for the signal growing in at 1608 cm�1 for 3-acetylcoumarin
in units of Raman intensity s�1, subsequent temperature-corrected (Tc)
values by using Equation (5), and conversion to units of kobs [m


�1 s�1] at
various temperatures.


T
[K]


1/T slope
ACHTUNGTRENNUNG[IUs�1]


scaled slope
Tc [IUs�1]


kobs
[m�1min�1]


� lnkobs


309.65 0.003229 27.8 24 0.0304 0.0018 �3.4945
320.3 0.003122 45.8 40.8 0.0517 0.0063 �2.9620
330.25 0.003028 68.4 63.2 0.0801 0.0009 �2.5248
340.8 0.002934 100.2 96.7 0.1224 0.0048 �2.1002
350.15 0.002856 132 133.5 0.1690 0.0050 �1.7779


Figure 8. Plot of ln kobs versus 1/T yielding a straight line, y=mx+b, m=


Ea/R=4602, b=11.407. R2=0.9990, average of 2 trials at each tempera-
ture.
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obtained product yields for the reaction are high, generally
greater than 90%. The two key reactions taking place in
their reaction and also ours are the Knoevenagel condensa-
tion and a transesterification. We decided to perform series
of experiments using model substrates with the aim of deter-
mining in which order these reactions occur. To address the
Knoevenagel condensation component we used o-anisalde-
hyde as a test substrate (Scheme 2). With this, while a Kno-


venagel condensation with ethyl acetoacetate can take
place, there is no potential for cyclization. We performed a
range of kinetic measurements holding the reagents at
1.00m in ethyl acetate, and again using 0.08m piperidine as
the catalyst and monitored formation of the carbon–carbon
double bond (Raman signal at 1601 cm�1). From the outset
it was clear that the reaction with o-anisaldehyde was much
slower than that using salicylaldehyde and that no observa-
ble reaction took place below 35 8C within 10 min of moni-
toring. Plotting the observed rate constants we obtained at
higher temperatures versus 1/T gave a straight line, from
which the activation energy for the reaction was calculated
to be 51.3 kJmol�1, significantly higher than for the conden-
sation to form 3-acetylcoumarin (38.3 kJmol�1). The fact
that the activation energy is higher when using o-anisalde-
hyde is not too surprising. The product shows significant de-


viation from planarity and the energy taken for the conden-
sation step and concomitant formation of the carbon–carbon
double bond could be imagined to be quite high. Analysis of
a product mixture from the reaction with o-anisaldehyde
showed the expected E and Z isomers of the condensation
product.


There are four plausible mechanistic pathways that would
exhibit first-order dependence upon both salicylaldehyde as
well as ethyl acetoacetate, denoted as 1, 2, 3 and 4 in
Scheme 3. Path 1 is the complete Knovenagel-type reaction
followed by ring closure proposed by Pivonka and Empfield.
We know that the activation energy for our model substrate
o-anisaldehyde was significantly higher than that observed
in the reaction with salicylaldehyde. Moreover, the relative
energy for intermediate 1c was calculated to 74.3 kJmol�1,
much higher than the observed activation energy for the re-
action. Based on these results, as well as the issues of re-
stricted rotation about the C=C double bond, we believe
that this is not the mechanism for the reaction. Path 4 in-
volves full transesterification followed by lactone formation
with loss of ethanol and then dehydration to form the prod-
uct. Calculation of the relative energy of intermediate 4b
along this pathway shows that the formation of the initial
transesterified compound requires more energy than the cal-
culated activation energy thereby ruling out this pathway.
Path 2 involves partial Knoevenagel reaction followed by
cyclization, concomitant loss of ethanol, and finally dehydra-
tion to yield the product. Path 3 involves partial transesteri-
fication reaction followed by cyclization, carbon–carbon
bond formation, loss of ethanol, and then dehydration to
yield the product. One of these two mechanisms seems the
most likely and fit our recorded kinetic data.


Observation of transient intermediates : In an attempt to
probe the mechanism further, we plotted in three dimen-


Scheme 2. Reaction of o-anisaldehyde with ethyl acetoacetate to yield
ethyl-(E/Z)-2-acetyl-3-(2-methoxyphenyl)-acrylate.


Scheme 3. The 4 most plausible reaction pathways for formation 3-acetylcoumarin from salicylaldehyde and ethyl acetoacetate.
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sions the formation of the 3-acetylcoumarin product as a
function of time and Raman intensity. Careful analysis of
the 3D profile in the region between 1500–1680 cm�1 shows
evidence for the formation and subsequent consumption of
a transient intermediate (Figure 9). A peak with a local


maximum at 1630 cm�1 grows in rapidly and then disappears
over the course of the reaction. This is clearly seen when
normalized Raman signal intensities for the intermediate
and the product are plotted versus time (Figure 10). We be-
lieve that the intermediate formed is most likely 2b/3b. The
optimized structure is calculated to have a very low every
(DG=++1.3 kJmol�1 vs. starting materials) and a calculated
Raman frequency slightly higher than the acetylcoumarin
product (1605 vs. 1602 cm�1). Though computational model-
ing predicts a slightly higher Raman active vibrational fre-
quency for intermediate 2c/3c as well, the relative energy
calculated is such that we believe there would not be a suffi-
cient population to be observable by Raman spectroscopy
under these conditions. No other intermediates modeled are
calculated to have a Raman active frequency between 1600
and 1650 cm�1. Moreover, the addition of piperidine catalyst
to a 1.00m solution of salicylaldehyde in ethyl acetate gives


rise to no new peaks in this region. The same can be said for
the addition of piperidine to a solution of ethyl acetoace-
tate; no new peaks arise within the Raman spectrum. There-
fore, the observable intermediate must be a new adduct be-
tween the salicylaldehyde and ethyl acetoacetate with a low
enough energy so as to build a sufficient population as to be
observable by Raman spectroscopy under these conditions,
thus implicating intermediate 2b/3b. However, even with a
putative characterization of the intermediate formed during
the reaction, it is still not possible to differentiate between
mechanisms 2 and 3.


Conclusion


We have built on previous work showing that Raman spec-
troscopy can employed as an in situ tool to obtain kinetic
data for organic transformations. The model reaction stud-
ied shows that precise kinetic data can be obtained quickly
and reproducibly, allowing for the facile determination of
both overall reaction order and reaction order with respect
to each component of the reaction. Additionally, Arrhenius
parameters such as activation energy for a reaction can be
readily obtained. This data-rich analysis technique also
allows for in-depth probing of mechanistic aspects of reac-
tions, especially when used in conjunction with results from
computational chemistry. Furthermore, microwave heating
proves to be an ideal tool for aiding in kinetic studies, offer-
ing reproducible noncontact heating as well as precise tem-
perature monitoring and data recording. Investigations are
currently underway to exploit further the full potential of
this combination of microwave heating and in situ Raman
spectroscopy with regard to kinetic studies of other reac-
tions.


Experimental Section


General experimental : All reagents were obtained from commercial sup-
pliers (Sigma-Aldrich or Fisher) and used without further purification. 1H
and 13C NMR spectra were recorded at 293 K on a 300 MHz spectrome-
ter.


Apparatus : Reactions were conducted using a monomode microwave
unit (CEM Discover


N


S-Class) interfaced with a Raman spectrometer
(Enwave Optronics) and is described in detail elsewhere and in the Sup-
porting Information.


Typical procedure for monitoring the formation of 3-acetylcoumarin : Sal-
icyaldehyde (6.106 g, 50.00 mmol) and ethyl acetoacetate (6.507 g,
50.00 mmol) were placed in a 50.00 mL volumetric flask. The reagents
were diluted with ethyl acetate (final volume 50.00 mL). This solution
was transferred to a 50 mL long-necked round-bottomed flask equipped
with a Teflon-coated stirbar. The flask was placed into the microwave
cavity, making sure that any company glassware markings were orthogo-
nal to the Raman laser path. The microwave attenuator was then locked
in place. A 5 cm adapter was connected to the round-bottomed flask to
allow a Claisen adapter with septum inlet to be placed atop the reaction
flask. A reflux condenser was placed on the Claisen adapter. The septum
inlet was capped with a rubber stopper with a 22-gauge syringe needle in-
serted through. The Raman probe was inserted into the microwave cavity
until the quartz light pipe just made contact with the side of the reaction


Figure 9. Formation of 3-acetylcoumarin as a function of time and
Raman intensity in the region from 1500 to 1680 cm�1 during the first
10 min of the reaction.


Figure 10. Plot of normalized signal intensity versus time for the Raman
signals at 1630 and 1608 cm�1.
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flask. The reaction mixture was brought to reflux (83–84 8C), at which
point a background scan of the reaction that would be subtracted from
all subsequent scans was taken. The Raman spectrometer was set to take
a scan every 10 s. and continuous scans commenced. After the first scan
(t=0), the piperidine catalyst (436 mg, 4.0 mmol, 8 mol%) was rapidly
injected into the reaction mixture through the septum in the Claisen
adaptor. After running the reaction for the requisite period of time, the
Raman data acquisition and the microwave heating were halted. The re-
action mixture was allowed to cool to room temperature and the product
isolated was stopped. Upon cooling, the product was collected by
vacuum filtration and recrystallized from ethanol. 1H NMR (300 MHz,
CDCl3): d=8.51 (s, 1H), 7.67 (m, 2H), 7.40 (m, 2H), 2.73 ppm (s, 3H).
13C NMR (300 MHz, CDCl3): d =195.4, 159.2, 155.3, 147.4, 134.4, 130.2,
125.0, 124.5, 118.2, 116.7, 30.5 ppm.
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Introduction


Many organophosphates (OPs) are highly neurotoxic be-
cause they disrupt the cholinesterase enzyme that regulates


the neurotransmitter acetylcholine,[1–5] which is needed for
proper nervous-system function. There are at least 13 types
of OPs and hundreds of OP compounds in use, which are
derivatives of phosphoric, phosphonic, or phosphinic acids.[6]


Most are used as pesticides, but a few have been used as
chemical weapons. After the tragic events of September 11,
2001, the perceived threat of a chemical attack by terrorists
has emphasized the need for effective countermeasures that
can rapidly diagnose and mitigate the effects of highly toxic
chemical exposures.[7,8] In general, a definitive diagnosis of
pesticide or nerve-agent exposure is required for the initia-
tion of appropriate medical countermeasures, whether expo-
sure is a result of chemical attack, accident, or self-inflict-
ed.[9] In addition, confirmation of exposure to nerve agents
is important for the health surveillance of persons handling
such agents for use as pesticides or as an indicator of illegal


Abstract: A nanoparticle-based elec-
trochemical immunosensor has been
developed for the detection of phos-
phorylated acetylcholinesterase
(AChE), which is a potential biomark-
er of exposure to organophosphate
(OP) pesticides and chemical warfare
nerve agents. Zirconia nanoparticles
(ZrO2 NPs) were used as selective
sorbents to capture the phosphorylated
AChE adduct, and quantum dots
(ZnS@CdS, QDs) were used as tags to
label monoclonal anti-AChE antibody
to quantify the immunorecognition
events. The sandwich-like immunoreac-
tions were performed among the ZrO2


NPs, which were pre-coated on a
screen printed electrode (SPE) by elec-
trodeposition, phosphorylated AChE
and QD-anti-AChE. The captured QD


tags were determined on the SPE by
electrochemical stripping analysis of its
metallic component (cadmium) after
an acid-dissolution step. Paraoxon was
used as the model OP insecticide to
prepare the phosphorylated AChE ad-
ducts to demonstrate proof of principle
for the sensor. The phosphorylated
AChE adduct was characterized by
Fourier transform infrared spectrosco-
py (FTIR) and mass spectroscopy. The
binding affinity of anti-AChE to the
phosphorylated AChE was validated
with an enzyme-linked immunosorbent


assay. The parameters (e.g., amount of
ZrO2 NP, QD-anti-AChE concentra-
tion,) that govern the electrochemical
response of immunosensors were opti-
mized. The voltammetric response of
the immunosensor is highly linear over
the range of 10 pm to 4 nm phosphory-
lated AChE, and the limit of detection
is estimated to be 8.0 pm. The immuno-
sensor also successfully detected phos-
phorylated AChE in human plasma.
This new nanoparticle-based electro-
chemical immunosensor provides an
opportunity to develop field-deploya-
ble, sensitive, and quantitative biosen-
sors for monitoring exposure to a vari-
ety of OP pesticides and nerve agents.
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sensors
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activity or for forensic purposes (e.g., verification of an al-
leged use of nerve agents). Finally, the verification of non-
exposure to nerve agents is of great importance to con-
cerned individuals.[10]


Following OP exposure in humans or animals the agent
can exist in several forms including: phosphyl-enzyme com-
plexes and protein adducts, unbound nerve agent, and hy-
drolysis products (phosphonic acids). Figure 1 represents the


biological fate of OPs (paraoxon as model compound)
within the human body. Organophosphates covalently bind
to several essential enzymes including: acetylcholinesterase
(AChE), butyrylcholinesterase (BChE), serine esterase, car-
boxylesterase (CaE), neuropathy target esterase (NTE),
trypsin, and chymotrypsin.[11–16] Furthermore, binding to a
tyrosine residue of human serum albumin has been ob-
served.[17] The persistence of unbound OPs in the body is de-
pendent on their physical-chemical properties and the activi-
ty of endogenous organophosphorus hydrolyzing enzymes.[18]


However, the high reactivity of these agents with biological
targets suggests that levels of unbound OP will be small.
Chemical or enzymatic decomposition of OPs results in the
formation of inactive phosphonic acids that are renally ex-
creted.[19]


In view of the fate of OPs in biological systems, different
analytical methods and technologies have been used to diag-
nose and retrospectively verify exposure to these nerve
agents. These methods include: a modified Ellman colori-
metric assay for cholinesterase activity,[20–22] identification
and quantification of unbound nerve agent,[23] analysis of de-
composition products by gas chromatography-mass spec-


trometry (GC-MS)[24] or liquid chromatography-mass spec-
trometry (LC-MS)/MS,[25,26] fluoride-induced reactivation of
inhibited AChE and BChE with reconstitution of the inhibi-
tor and analysis by GC-MS,[27] and analysis of phosphyl-pro-
tein-adducts in plasma by capillary electrophoresis-MS and
LC-MS/MS.[28–30] Of the approaches listed above, the colori-
metric assay remains a mainstay for the fast initial screening
of OP exposure, but it lacks sensitivity and specificity, and
control (or baseline) levels of cholinesterase activity must
be obtained from each subject before analyzing OP expo-
sure.[31] Mass spectrometry (MS) in connection with other
separation and detection technologies has been widely used
for detecting hydrolysis products, unbound nerve agents,
and phosphorylated cholinesterase adducts in biological ma-
trixes, such as red blood cells, plasma, and urine. MS meth-
ods provide very good sensitivity and accuracy, but are cur-
rently limited to laboratory analyses given the requirement
for sophisticated and expensive equipment. Hence, rapid,
sensitive, and field-deployable methods are still needed, and
new or improved diagnostic techniques or tools that can
provide rapid and reliable evaluation of nerve-agent expo-
sure will enhance our ability to respond quickly to an emer-
gency and thus improve our ability to medically counteract
the effects.


Electrochemical immunoassays and immunosensors have
evolved dramatically over the past two decades and are ide-
ally suited for meeting the portability requirements of de-
centralized point-of-care testing or field detection of chemi-
cals agents.[32] Recently, nanomaterial-based electrochemical
immunoassays and immunosensors have attracted considera-
ble interest given the potential for developing selective and
sensitive miniature diagnostic tools.[33–34] In this paper, we
demonstrate initial work toward developing a highly selec-
tive, ultrasensitive, and disposable immunosensor that can
detect sub-clinical exposure to OPs by using nanoparticle-
linked antibodies and metal chelation to selectively capture
phosphorylated AChE biomarkers followed by electrochem-
ical detection. Proof of principle is exhibited by detection of
organophosphate-modified human AChE in vitro.


Results and Discussion


Preparation and characterization of phosphorylated AChE
adducts : The biochemical mechanism of OP and inactivation
of AChE is a widely accepted process and is initiated by
precursory phosphorylation at the catalytic serine residue.[35]


In this study, paraoxon was used as a model of OP pesticide
and nerve agent to prepare diethylphosphoryl protein ad-
ducts for the development of an electrochemical immuno-
sensor. The diethylphosphoryl adduct can then undergo
aging and result in the loss of an alkyl group, leading to the
formation of monoethylphosphoryl adduct. Historically, al-
kylphosphoryl adducts of ChE are simply referred to as
phosphorylated ChE. In our study, the phosphorylated
AChE adduct was prepared by adding freshly prepared par-
aoxon solution (in acetone) to the purified human AChE


Figure 1. Various reaction paths of paraoxon after systemic exposure.
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(from red blood cells) in a tris-HCl buffer (pH 8.0) at a
molar ratio of 1.8:1 (paraoxon to AChE). The enzyme activ-
ity was measured with the modified Ellman colorimetric
method. The decrease in the AChE activity was monitored
until inhibition was complete. It was found that the AChE
activity decreased as a function of contact time, with nearly
complete enzyme inhibition being achieved within two
hours (Figure S1,Supporting Information). These results
were then used as the basis for all subsequent in vitro para-
oxon-AChE experiments.


FTIR spectroscopy and MS was used to confirm forma-
tion of the phosphorylated AChE adduct. The infrared spec-
tra of paraoxon, AChE, and phosphorylated AChE adduct
were recorded (Figure 2). Strong absorption bands resulting


from O�C�C stretching (ñ=1022 and 921 cm�1) are exhibit-
ed in the spectra of paraoxon and phosphorylated AChE,
but absent in the spectrum of AChE alone. In addition, sev-
eral bands associated with the nitrophenyl leaving group of
paraoxon were absent upon formation of the diethylphos-
phoryl adduct on AChE: C=C stretching associated with
conjugated double bonds and absorption bands of aryl-NO2


(Figure 2). Consistent with our understanding of OP to
AChE inhibition and FTIR analysis, the formation mecha-
nism of phosphorylated AChE is illustrated in Figure 1 (left
side). The phosphorylation of AChE by paraoxon is syn-
chronous with the release of p-nitrophenoxy (-OPhNO2) to
yield a stable, covalent diethylphosphoserine ester bond at
the active site serine (S234). The phosphorylated AChE can
usually undergo two possible post-inhibition fates, reactiva-
tion or “aging.” The reactivation process occurs by cleavage
of the phosphoester-serine bond, either spontaneously


(water) or mediated by oxime antidotes. The “aging” pro-
cess occurs when a phosphoester bond other than phospho-
serine is cleaved to produce a phosphate oxyanion; in this
case, the modification at the active site serine, diethylphos-
phoserine, ages to become monoethylphosphoserine, a nega-
tively charged anion at neutral pH. The “aged” phosphory-
lated AChE adduct is considered an irreversible inhibition
and the enzyme remains inactive.


LC MS/MS analyses confirmed the generation of OP
adduct. Paraoxon-modified huAChE (P22304) was chemi-
cally cleaved with CNBr followed by chymotrypsin proteoly-
sis and analyzed with nanoLC-ion trap MS/MS (see methods
below). The use of CNBr allowed for efficient initial cleav-
age of huAChE in the presence of the glycoinositol phos-


pholipid membrane anchor for
the erythrocyte associated pro-
tein, whereas chymotrypsin
generated smaller peptides,
which are ideal for MS/MS se-
quencing. Using MASCOT,
68% of the protein was detect-
ed and characterized for post-
translational modification (Fig-
ure S2, Supporting Informa-
tion). Generation and confirma-
tion of monoethylphophorylat-
ed (aged) AChE was confirmed
at the active site serine (S234)
by detection of peptide 222–
242, GGDPTpSVTLFGESA-
GAASVGMh (Mr =1987.88),
and subsequent neutral scan
loss of the fragmented peptide
as assigned by b- and y-ions
(Figure 3, Table S1). This pep-
tide was further confirmed by
identification of internal frag-
ments 4–10 (In4–10). Including
the overall, eighteen daughter
ions from the CID spectrum


were confidently assigned and an ion score of 24 was ob-
tained for the b- and y-ion assignment alone. Although
there are three serines in this peptide, only modification of
the active site serine is known to cause enzyme inhibition,
and therefore the modification is assigned accordingly. In
addition, we believe this is the first full LC MS/MS charac-
terization of huAChE from red blood cells to be published
(i.e., non-recombinant human red blood cell AChE).


QD based electrochemical immunosensing mechanism :
Recent studies in our group and others have shown that zir-
conium oxide (ZrO2) nanoparticles can selectively capture
OPs, pesticides, and phosphorylated peptides because of the
strong affinity of ZrO2 for the phosphoric group.[36,37] The
principle of immunosensing phosphylated protein biomark-
ers is similar to traditional sandwich immunoassays except
that primary recognition is performed by ZrO2 nanoparticle


Figure 2. Typical FTIR spectrums of paraoxon, AChE, and paraoxon-AChE adduct.
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chelation with the phosphorylated moiety of phosphylated
protein. Secondary recognition is performed by QD-tagged
anti-AChE antibodies. Figure 4 schematically illustrates the


procedure of electrochemical immunosensing of phosphory-
lated AChE adduct based on a QD label and a ZrO2 nano-
particle-modified screen printed electrode (SPE). The phos-
phorylated AChE is first captured by the ZrO2 nanoparti-
cles. The QD-tagged anti-AChE conjugate is introduced to
form the sandwich-like complex on the sensor surface. The
captured QDs are then dissolved by a drop of acid to re-
lease cadmium ions. This is followed by square-wave vol-
tammetric (SWV) detection of the released cadmium ions at
an in situ plated mercury film electrode. In this protocol, the
use of ZrO2 nanoparticles to capture the phosphorylated
AChE avoided the use of a capturing antibody, which would
need to be specific against the phosphorylated AChE
adduct and is currently not commercially available.


Evaluation of binding affinity of anti-AChE antibody to
phosphorylated AChE adduct : A monoclonal anti-AChE
antibody was purchased from Abcam (Cambridge, MA) and
the manufacturer instructions stated that it is specific to
human AChE. However, it was not clear whether this mono-
clonal antibody would also recognize phosphorylated AChE.
We studied its binding affinity using a traditional enzyme-
linked immunosorbent assay (ELISA). The monoclonal
anti-AChE was conjugated with horseradish peroxidase
(HRP) for ELISA application. Purified AChE and phos-
phorylated AChE were used as targets. The details are ex-
plained in the experimental section. Good responses were
observed for both AChE and phosphorylated-AChE (Fig-
ure S3, Supporting Information). Thus, the monoclonal anti-
AChE antibody has good affinity for both native and phos-
phorylated AChE. On the other hand, a significantly low re-
sponse was observed in the control experiment using bovine
serum albumin (BSA) as a target. This preliminary result
demonstrates that the monoclonal anti-AChE antibody can
be used for the development of an immunosensor for detec-
tion of phosphorylated AChE.


The monoclonal anti-AChE was thus conjugated with QD
tags for the development of electrochemical immunosensors
based on ZrO2-coated SPE. First, we investigated the bind-
ing affinity of QD-tagged anti-AChE to phosphorylated
AChE with the proposed electrochemical immunosensing
approach (atop ZrO2-coated SPE). Table 1 shows the typical
electrochemical responses of phosphorylated AChE, puri-
fied AChE, a mixture of phosphorylated AChE and AChE,
as well as BSA control on the immunosensors.


Theoretically, minimal absorption of AChE and BSA on
the ZrO2 SPE will occur, while strong absorption of phos-
phorylated AChE is expected. Subsequent detection of
ZrO2 captured material with the electrochemical detection
of QD-tagged antibody generated a well-defined voltammet-
ric peak current of 530 nA (peak potential of �0.78 V) from
stripping voltammetric detection of the cadmium component
of the QDs. Much lower responses (20 and 10 nA) were ob-
served in the control experiments of purified AChE and
nonspecific protein BSA, respectively. Signals from the con-
trol experiments are ascribed to the nonspecific adsorption
of QD-anti-AChE on the SPE surface. Such signal differen-


Figure 3. Mass spectrum of collision-induced dissociation of the 4+ ion,
497.76, from LC-MS/MS analysis of alkyphosphorylated AChE, retention
time 4.6 min. Assignment of the resulting fragments peaks (daughter
ions) can be confidently assigned to b- and y-ions and internal fragmenta-
tion of a subpeptide of the 21 amino acid sequence GGDPTSVTLFGE-
SAGAASVGMh (peptide 222–242) with a homoserine C-terminus (Mh,
due to incubation with CNBr). Assignments made from the amino termi-
nus of the parent peptide (far left, G) begin with b1 through b21 (left to
right), whereas those that begin from at the carboxyl terminus (far right,
Mh) are numbered y1 and through y21 (right to left). Each experimental
peak mass that can be matched to a subsection of the parent peptide is
labeled in the spectrum and the corresponding amino acid sequence for
the fragment is shown in the upper left of the figure. For example, b7 has
a mass of 614.28 (Table S1) and is assigned to GGDPTSV. Using the
MASCOT sequence mapping algorithm, an ion score greater than13 indi-
cates identity or extensive homology at p<0.05; a score of 24 was ob-
tained here. The match is further confirmed by detection of internal frag-
ments 4–10 (In4–10, PTSVTLF). Most importantly, a monoethyl-phos-
phoryl mass adduct of 107.998 Da is included in the assignment of y9, the
doubly charged y10++ , doubly charged a16++ , and y9–126 (neutral
loss of monoethylphosphate, Mr =126.01 from y9); the overlap of these
sequences pinpoints the OP adduct to Ser 13 within the parent peptide
(from left to right). In addition, only modification of active site serine
S234 (amino acid S13 of this peptide) by alkyphosphorylation is known
to yield inactive AChE as demonstrated by our Ellman assay.


Figure 4. The principle of electrochemical immunosensing of phosphory-
lated AChE, A) ZrO2 nanoparticle modified SPE; B) selective capturing
phosphorylated AChE adducts; C) Immunoreaction between bound
phosphorylated AChE adducts and QD-labeled anti-AChE antibody;
D) dissolution of nanoparticle with acid following an electrochemical
stripping analysis. AChE: purple, ZnO2: green, electrode: yellow.
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ces between the phosphorylated AChE and controls (AChE
and BSA) suggest preferential formation of ZrO2- phos-
phorylated AChE -anti-AChE-QD complexes. Since a mix-
ture of both AChE and phosphorylated AChE is to be ex-
pected in real biological samples at low levels of exposure, a
mixture of AChE and phosphorylated AChE was examined
as a sample to challenge our proposed approach. We ob-
tained an electrochemical response of 480 nA for the mix-
ture which is slightly lower than that of phosphorylated
AChE alone (530 nA), indicating that co-existing AChE
does not adversely affect the electrochemical response of
the immunosensor.


Optimization of the parameters for electrochemical immu-
nosensing phosphorylated AChE adduct : The principle of
the proposed electrochemical immunosensor is based on a
sandwich-like immunoreaction on the ZrO2-coated SPE.
ZrO2 nanoparticles are used as a capturing platform and im-
mobilized on the SPE surface to capture the phosphorylated
AChE moiety. The amount of ZrO2 immobilized influences
the amount of phosphorylated AChE bound to the surface
of the immunosensor, and this accounts for the amount of
QD-anti-AChE. Figure 5A displays the response current as
affected by the amount of ZrO2, which was controlled by
changing the cyclic voltammetric scanning cycles during the
preparation of ZrO2-coated SPE. The response current in-
creases upon raising the cyclic voltammetry (CV) cycles
from 2 to 10, and then it starts to decrease. Ten cycles of CV
scanning were used to prepare the electrode for the follow-
ing experiments. The decrease in current at higher amounts
of ZrO2 (more cycles) may be attributed to an increase in
electrode resistance, which decreases the sensitivity of metal
ion measurement.


Nonspecific adsorption is one of the important issues in
the development of nanoparticle-tag-based biosensors and
bioassays. In the current study, there was an electrochemical
response obtained from the control sample (in the absence
of phosphorylated AChE; see Table 1). This is due to non-
specific adsorption of QD-anti-AChE conjugate on the
sensor surface. To minimize such nonspecific adsorption, we
found that adding 0.5% BSA in the QD-anti-AChE conju-
gate solution and blocking the electrode surface (after cap-
turing paraoxon-AChE) with 1% BSA significantly de-


creased nonspecific adsorption. Figure 5B presents the elec-
trochemical responses of the sensors to 0.5 nm (sample) and
0 nm (control) phosphorylated AChE in the absence and
presence of BSA. Although the electrochemical signals of
both the sample and control decreased after using BSA as a
blocking agent, the signal to background ratio was improved
more than three times. A negligible signal was observed
from the control sample. Limiting of nonspecific adsorption
may be attributed to a shielding effect of BSA when ad-
sorbed on the surface of the QD and the sensor surface.


The response signal of the immunosensor depends on the
amount of QD-anti-AChE conjugate bound to the phos-
phorylated AChE on the surface of the ZrO2-coated elec-
trode. The optimal amount of QD-anti-AChE in the incuba-
tion solution was determined by incubating the phosphory-
lated AChE captured sensors with different concentrations
of QD-anti-AChE solution, which were prepared by diluting
the original conjugate solution. Figure 5C presents the elec-
trochemical responses of the sensors to 0.5 nm (sample) and


Table 1. Electrochemical responses of various species on immuno-
ACHTUNGTRENNUNGsensor.[a]


Sample Concentration
[nm]


Electrochemical
responses [nA]


phosphorylated AchE 1.0 530
AchE 5.0 20
BSA 5.0 10
phosphorylated AchE+ AChE 1.0+5.0 480


[a] Immunoreaction time: 1 h; QD-Ab conjugate (10 mL, 1/20, v/v) was
used during the incubation. [b] SWV measurements were performed by
using an in situ plated Hg film on the SPE by a 2 min accumulation at
�1.4 V. Subsequent stripping was performed after a 2-second rest period
from �1.0 V to �0.5 V with a step potential of 4 mV, amplitude of
25 mV, and frequency of 5 Hz.


Figure 5. A) The effect of the amount of ZrO2 on the response of the im-
munosensor; the amount of ZrO2 was controlled by the cycles of cyclic
potential scanning; B) BSA block effect on the immunosensor responses;
C) the effect of QD-anti-AChE concentration; concentration of phos-
phorylated AChE: 0.5 nm. The conditions of electrochemical measure-
ment are the same as in Table 1.
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0 nm (control) of phosphorylated AChE with different con-
centrations of QD-anti-AChE. Electrochemical responses of
samples and controls increase with increasing concentration
of conjugate. The optimum ratio of the sample to control
was obtained at the 1/50 dilution. So a 1/50 dilution of the
conjugate solution was used in most experiments.


Performance of the immunosensor : Under optimal experi-
mental conditions, we examined the performance of the im-
munosensor with different concentrations of phosphorylated
AChE. Figure 6 displays typical electrochemical responses
of the sensor with increasing concentrations of phosphory-
lated AChE from 10 pm to 4 nm. Well-defined stripping vol-
tammetric peaks (from cadmium ions) are observed across
the concentration range. The peak current intensities in-
crease with increasing phosphorylated AChE concentrations.
The resulting calibration plot of current versus known con-
centration of phosphorylated AChE (Figure 6 inset, bottom)
is linear over the 10 pm to 4 nm range and is suitable for
quantitative work. Also shown in Figure 6 top inset are the
SWV signals for a 10 pM phosphorylated AChE sample and
0 pm control, respectively. A small signal was observed in
the control experiment (in the absence of phosphorylated
AChE). Such behavior is ascribed to the blocking step with
1% BSA. The response of 10 pm phosphorylated AChE in-
dicates a detection limit of 8 pm (based on S/N=3), which is
comparable to that of mass spectrometric analysis of phos-
phylated cholinesterase adducts.[28] A series of six measure-


ments of 100 pm phosphorylated AChE yielded reproducible
electrochemical responses with an RSD of 4.3% (data not
shown). The target application of the immunosensor devel-
oped in this work is for biomonitoring of low-dose OP expo-
sure level (<15% inhibition of plasma cholinesterase). At
such exposure level, the victims will not show acute symp-
toms but may have a harmful biological effect. The average
AChE level at human plasma is around 8.0 ngmL�1


(�0.12 nm).[35] Based on a simple calculation, the OP-AChE
level in human plasma is around 0.018 nm for the low-dose
exposure victims. Therefore, the immunosensor developed
from this work should have the sensitivity for biomonitoring
of low-dose exposure to OPs.


Analysis of phosphorylated AChE in spiked human plasma
samples : To explore the use of the biosensor for monitoring
biological matrices, human plasma samples (Golden West
Biologicals) were spiked with phosphorylated AChE to final
concentrations of 25 and 80 pm. Plasma control samples
without the addition of phosphorylated AChE were also
evaluated. Analysis of 50 mL of sample was performed using
the immunosensor. Phosphorylated AChE concentrations of
the spiked samples were quantified based on the peak cur-
rent intensity generated from the samples and the calibra-
tion curve depicted in Figure 6. As shown in Table 2, the re-


coveries for these spiked samples obtained from the immu-
nosensor are calculated to be between 106% and 109%. A
more rigorous analysis of the analytical performance of the
immunosensor for use with biological matrices is underway;
however, these preliminary results demonstrate the potential
for characterizing very low levels of OP exposure using bio-
logical matrices.


Conclusion


We have presented a nanoparticle-based electrochemical im-
munosensor with the potential to measure phosphorylated
AChE as a biomarker of OP exposure. Under optimal con-
ditions, the immunosensor is very sensitive with the detec-
tion limit of 8.0 pm. Further, we have demonstrated the use


Figure 6. Typical electrochemical responses of the immunosensor with
the increasing phosphorylated AChE concentration (0.01, 0.05, 0.3, 0.5,
1.0, 2.0, 4 nm from a to g). The insets show the resulting calibration plot
(bottom) and the electrochemical responses of 10 pM and 0 pM (top)
paraoxon-AChE. Each concentration was measured three times with
three different immunosensors. The immunoreaction time was 1 hr;
10 mL of QD-Ab conjugate (1/50, v/v) was used during the incubation.
Electrochemical measurement conditions were the same as in Table 1.


Table 2. Electrochemical immunosensing of phosphorylated AChE in
human plasma.[a]


Sample Response
current [nA]


Phosphorylated
AChE [pm][b]


Recovery
[%]


Human plasma 6.1 ND N/A
Human plasma+25 pM
Posphoylated AChE


38.7�0.8 26.5�3.4 106


Human plasma +80 pM
Phosphorylated AChE


52.4�1.1 87.2�2.6 109


[a] samples were prepared by spiking purified phosphorylated AChE in
human plasma. [b] The concentration of the spiked phosphorylated
AChE was calculated by the obtained electrochemical response and the
calibration curve depicted in Figure 6. Each sample was measured three
times with three different electrodes.
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of the sensor to detect phosphorylated AChE in complex
biological matrices with satisfactory results. Other transi-
tional metal oxide such as titanium oxide has also been used
as capturing agents for OPs. TiO2 is generally used as a cap-
turing agent for photocatalytic decomposition of OPs.[23]


OP-specific antibody is a good capturing agent for develop-
ing immunoassay methods for detection of protein -OP ad-
ducts. However, the rare commercial availability of these
specific antibodies limits the development of antibody-based
methods. Because of the ease of fabrication and its high af-
finity to OPs, ZrO2 as capturing agents shows promising for
developing a portable and sensitive detector for measure-
ment of protein-OP adducts. The developed immunosensor
represents a new sensitive and quantitative tool for poten-
tially monitoring for a wide variety of OP exposures. Simul-
taneous detection of multiple phosphorylated esterase ad-
ducts could be realized by using different metallic nanopar-
ticle tags, such as CdS and PbS and specificity/selectivity
could be improved by using an QD-tagged anti-phosphory-
lated ChE antibody. Replacement of toxic metals (cadmium
and mercury) with environmentally friendly bismuth and an-
timony would further enhance the power of the new proto-
col.[38,39] Current research is being performed in these areas
as well as further validating the performance of these devi-
ces and fabrication of an affordable disposable version.[34c]


Overall, the immunosensor presented here shows great
promise for in-field and point-of-care diagnosis of OP pesti-
cides and nerve-agent exposures.


Experimental Section


Reagents : Paraoxon, non-recombinant human AChE from red blood
cells, acetylthiocholine iodide, zirconium oxychloride (ZrOCl2), 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), hydroxyl-
ACHTUNGTRENNUNGamine, CNBr, alpha-chymotrypsin (type I-S), 2-mercaptoethanol, N-hy-
droxysuccinimide (NHS), 2-(N-morpholino)ethanesulfonic acid (MES)
buffer, horseradish peroxidase (HRP) and 5,5-dithio-bis(2-nitrobenzoic
acid) were purchased from Sigma–Aldrich. Polyclonal and monoclonal
anti-AChE antibodies were purchased from Abcam. A Qdot@655 anti-
body conjugation kit was purchased from Invitrogen. Human plasma was
purchased from Golden West Biologicals. Other reagents were commer-
cially available and were of analytical reagent grade. Solutions were pre-
pared with ultrapure (18MW) water from a Nanopure purification system
(Billerica, MA).


Instruments : Square-wave voltammetric (SWV) measurements were per-
formed using an electrochemical analyzer CHI 660 (CH Instruments,
Austin, TX) connected to a personal computer. A disposable screen-
printed electrode (SPE) consisting of a carbon working electrode, a
carbon counter electrode, and an Ag/AgCl reference electrode was pur-
chased from Alderon Biosciences, Inc. for electrochemical measurements.
A sensor connector (Alderon Biosciences) allows for connecting the SPE
to the CHI electrochemical analyzer. LC MS/MS analyses of the phos-
phorylated AChE was performed using the Agilent 1200 series LC
system, Agilent HPLC-Chip cube and Agilent 6330 XCT ion trap. Centri-
fugal filter devices (AmiconUltra-15, 30000 MWCO, Millipore Corpora-
tion) were used to separate and concentrate the sample solution. Dialysis
was performed with Float-A-Lyzer (MWCO 25 000, Spectrum Laborato-
ries). The Disposable PD-10 desalting column packed with Sephadex G-
25 medium (exclusion limit 5000) was purchased from Amersham Biosci-
ence Corporation and used to purify the protein solution. Centrifugation
was performed with a Sorvall RC 26 plus (Kendro Laboratory Product).


Preparation of phosphorylated AChE adducts : AChE was diluted in
phosphate buffer (0.01m, pH 7.4, final concentration, 110 nm) before par-
aoxon addition. Paraoxon was diluted in an appropriate vehicle, such as
acetone, at less than 5% of the total volume and had no significant effect
on AChE activity or reactivity with anti-AChE. The final concentration
of paraoxon was 750 mm. AChE was incubated with paraoxon for 2 h at
room temperature. The decrease in enzyme activity was monitored until
inhibition was complete. The solution was dialyzed against phosphate
buffer (0.01m) with saline (PBS) (2P1 L) overnight at 4 8C, to remove
the excess of paraoxon. Finally, a volume of phosphorylated AChE was
decreased to approximately 0.4 mL by ultrafiltration (Millipore Ultra-
free-MC, Bedford, MA). The protein content of the concentration was
determined spectrophotometrically at l =280 nm using an absorption co-
efficients of E1% =16.


Preparation of phosphorylated AChE samples for mass spectrometry
(MS) analysis : Prior to the MS characterization, phosphorylated AChE
was precipitated with ice-cold acetone (1:4 vol/vol), the acetone was dec-
anted, and the remaining pellet dried in a speed-vac. The pellet was reso-
lubilized in of degassed HCl (100 mL, 0.1 N) and CNBr (2.5 mL of
20 nmolmL�1) was added (a 20-fold excess) to chemically cleave the lipo-
philic protein at the C-terminus of methionine residues for 12 h at room
temperature, in the dark. CNBr was removed by adding acetonitrile
(200 mL) and lyophilizing the sample to dryness in a speed-vac. Finally,
the pellet was resolubilized in ammonium bicarbonate (200 mL, 50 mm,
pH 7.8) and treated with chymotrypsin (10 mL, 0.1 mgmL�1) at a protein
to enzyme ratio of 1:20 for 12 h, at 37 8C. Proteolysis was stopped by
flash freezing at �80 8C.


Mass spectrometry analyses : LC MS/MS analyses of the huAChE pep-
tides was performed by using the Agilent 1200 series LC system, Agilent
HPLC-Chip cube and Agilent 6330 XCT ion trap. 100 nL of peptide solu-
tion were loaded onto a 4 mm, 40 nL enrichment column and separated
on a polymer embedded 75 mmP43 mm column containing 5 mm, 300 Q
ZORBAX SB-C18. The mobile phases employed were: 0.1% formic acid
in water (A phase) and 90% acetonitrile with 0.1% formic acid (B
phase). After initial loading at 3% B, the gradient increased to 70% B
over 10 minutes then ramped to 95% B in two minutes. The analytical
flow rate was 600 nLmin�1. Peptides were ionized using nano-electro-
spray in the positive mode and automatically detected in MS/MS mode
from 50–2200 m/z. Peptide mass mapping of MS/MS data was performed
using MASCOTR (MatrixScience) after configuring the “enzyme file” to
include a CNBr/Chymotrypsin cleavage and configuring the “modifica-
tions file” to include the following variable modifications: homoserine
and homoserine lactone at C-terminal methionines, diethylphosphoryla-
tion (DEP) of serine with neutral scan loss of 154.0395 (monoisotopic),
and monoethylphosphorylation of serine (which results from “aging” of
the DEP adduct) with a neutral scan loss of 126.0082 (monoisotopic).


AChE and phosphorylated AChE activity assay : A modified Ellman
assay was performed essentially as described.[20] AChE or phosphorylated
AChE was diluted serially in 0.1m phosphate buffer (pH 7.4) and 2 mL
added to a microtiter plate. The plate substrate acetylthiocholine iodide
(ATCh-I; 2 mL) provided a final concentration of 0.75 mm. A 5, 5-dithio-
bis (2-nitrobenzoic acid) (DNTB) was added to the assay solution to give
a final concentration of 0.32 mm. Absorbance was measured at OD l=


412 nm over a 3 min period at 25 8C on a versaMax microplate reader
with SOFTMAX PRO v. 3.0 software (Molecular Devices).


Fourier transform infrared spectroscopic characterization of phosphory-
lated AChE adducts : Infrared spectra were collected using a Bruker
IFS66/S Fourier transform infrared spectrometer (FTIR) with a Michel-
son interferometer. The spectrometer was purged for 10 minutes with ni-
trogen gas before spectral collection to decrease strong absorbances from
atmospheric carbon dioxide and water vapor. Spectra were collected
using a mid-infrared Globar source, a KBr beamsplitter, and a deuterated
triglycine sulfate (DTGS) detector. Spectra consisted of 512 co-added
scans acquired using double-sided/forward-backward mirror motion with
a 10 kHz mirror velocity. Each spectrum took over seven minutes to ac-
quire. Spectra were collected at 4 cm�1 resolution over the frequency
range of 5200 to 500 cm�1, with a 16 cm�1 phase resolution and a zero fill-
ing factor of 2, using a Blackman Harris three-term apodization, and
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Mertz phase correction. A 16 kHz low-pass filter was used to prevent ali-
asing. Absorbance spectra were obtained by rationing the attenuated
total reflectance (ATR) spectra of the samples to the ATR spectra of the
uncoated diamond crystal.


Preparation of HRP- anti-AChE conjugate : The HRP-anti-AChE conju-
gate was prepared by following a modified procedure described by Gra-
back and Gergely.[40] Briefly, HRP was activated by adding HRP (0.5 mg)
in activation buffer (1 mL) containing MES (0.1m) and NaCl (0.5m,


pH 6.0). A total of EDC (0.4 mg, final concentration �2 mm) and NHS
(0.6 mg, final concentration �5 mm) were added to the activated HRP
solution, and reacted for 15 minutes at room temperature. The EDC was
quenched by adding 2-mercaptoethanol (1.4 mL, final concentration of
20 mm). The excess reducing agent and inactivated crosslinker were re-
moved with a PD-10 column. The eluent was collected and concentrated
to 1 mL in an ultracentrifuge tube. An amount of Anti-AChE was added
at an equal molar equivalent to the HRP in the above solution, and the
reaction proceeded for 2 h at room temperature. The reaction was
quenched by adding hydroxylamine to a final concentration of 10 mm.
Excess hydroxylamine was removed using a PD-10 column and the
eluent was collected and kept at 4 8C for further use.


Preparation of QD-anti-AChE antibody conjugates : Qdot@655 antibody
conjugation kit from Invitrogen was used to conjugate the anti-hAChE
antibody to QDs. Before conjugation, anti-AChE from a human was pu-
rified with a gel-filtration column (Superose 12, Pharmacia-LKB) to
remove surfactants and other proteins, such as bovine serum albumin
(BSA). The collected eluent fractions (10 mm phosphate, 138 mm NaCl,
2.7 mm KCl, pH 7.4) were mixed and concentrated to 0.3 mL by a centri-
fugal filter device (Amicon Ultra-15). The concentration of anti-AChE
was �0.5 mgmL�1. Conjugation was performed according to the manu-
facturerSs procedure. Anti-AChE was reduced with dithiothreitol (DTT)
to expose free sulfhydryls and excess DTT was removed by size-exclusion
chromatography. QDs were activated using the hetero-bifunctional cross-
linker, 4-(maleimidomethyl-1cyclohexanecarboxylic acid N-hydroxysucci-
nimide ester (SMCC), yielding a maleimide-nanocrystal surface. Excess
SMCC was removed by size-exclusion chromatography. Activated QDs
were mixed with reduced anti-AChE and a coupling reaction proceeded
for 1 hr. The reaction was quenched by adding b-mercaptoethanol. The
produced conjugate was concentrated by ultrafiltration and purified
using size-exclusion chromatography. The eluted QDs-anti-AChE conju-
gate was collected and then stored at 4 8C for further use.


Preparation of ZrO2 nanoparticle-coated SPE : Before experiments, the
screen printed electrode (SPE) was washed with distilled water and dried
with nitrogen. ZrO2 nanoparticles were deposited onto bare SPE in an
aqueous electrolyte ZrOCl2 (5.0 mm) and KCl (0.1m) by cycling the po-
tential between �1.1 and + 0.7 V (versus Ag/AgCl) at a scan rate of
20 mVs�1 for 10 consecutive scans.[36] The SPE modified with zirconia
nanoparticles (ZrO2/SPE) was rinsed with water and dried with N2 prior
to use.


Enzyme linked immunosorbent assay of phosphorylated AChE adducts :
Phosphorylated AChE adduct or purified AChE (50 mL) with the desired
concentration was placed in each microtiter plate well. Control experi-
ments were performed by adding blocking buffer (50 mL, PBS containing
1% BSA) in the microplate wells. The plate was covered with an adhe-
sive plastic and incubated overnight at 4 8C. The coating solution was
then removed, and the plate washed twice by filling the wells with
200 mL PBS. The washes were removed by flicking the plate over a sink.
The remaining drops were removed by patting the plate on a paper
towel. The remaining protein-binding sites in the coated wells were
blocked by adding 200 mL of blocking buffer per well. The plate was in-
cubated for 2 h at room temperature. The plate was then washed twice
with PBS. HRP-Anti-AChE (100 mL, 1/100) in blocking solution was
added and the immunoreaction proceeded for 2 h at room temperature.
The plate was then washed four times with PBS. Substrate (100 mL,
TMB+H2O2) was added to each well and the enzyme catalyzed reaction
progressed for 20 minutes at room temperature. Hydrochloric acid
(100 mL, 1m) was then added to stop the enzymatic reaction, and the
plate was read on a microplate reader at l=450 nm.


Electrochemical immunosensing phosphorylated AChE with ZrO2/SPE
and QD labeled anti-AChE : Phosphorylated AChE solution (50 mL) at
the desired concentration was aliquoted atop a ZrO2-coated SPE surface
and incubated for 1 h in a humidified chamber. The phosphorylated
AChE attached SPE was then washed intensively with washing buffer
(0.05m phosphate buffer containing 0.1% w/w Tween, pH 7.4). The wash-
ing included a 1 min rinse from a washing bottle followed by a 5 min
wash in a Millipore stirring cell (model 8010). The SPE was blocked for
30 min with BSA (0.5%) in phosphate buffer (0.05m). After washing, the
SPE was incubated with QD-anti-AChE (10 mL, 1/50, v/v) for 1 h in the
humidified chamber, then thoroughly rinsed with PBS, and then shaken
with washing buffer following the above procedure to remove the physi-
cal adsorption of QD-anti-AChE on the electrode surface. The SPE was
rinsed with PBS again and dried under an N2 stream. An aliquot of HCl
(10 mL, 1m) was dropped on the working electrode surface of the SPE to
dissolve the captured QDs. The detection solution (1m) containing
10 mgmL�1 Hg in acetate buffer (0.2m, pH 4.6) was then added for elec-
trochemical measurement. Square-wave voltammetry (SWV) measure-
ments were performed using an in situ-plated Hg film on the SPE by a
2 min accumulation at �1.4 V. Subsequent stripping was performed after
a 2-second rest period from �1.0 V to �0.5 V with a step potential of
4 mV, amplitude of 25 mV, and frequency of 15 Hz.


Safety considerations : Organophosphates (paraoxon), cadmium, and mer-
cury are highly toxic and the wastes containing these compounds should
be collected in a specific container. Skin and eye contact and accidental
inhalation or ingestion should be avoided.
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Introduction


In contrast to the most abundant (and the most studied)
empty fullerenes C60 and C70, which exist only in a single iso-
meric form, nine isolated-pentagon-rule (IPR) isomers are
proposed for the C82 fullerene.


[1] The cage isomers of the


same fullerene usually exhibit substantial differences in
their electronic structure and, consequently, in their physico-
chemical properties. Only a few isomers of C82 can be gener-
ated in significant abundance in the fullerene-production
process. In contrast to these empty fullerenes, the most
abundant metallo- and multimetallofullerenes formed by the
Kr+tschmer–Huffman fullerene synthesis were found to
have either C82 or C84 cages.


[2–4] They have attracted much
attention due to their unique properties resulting from the
charge transfer between the encapsulated metal atom and
the fullerene cage as well as due to the properties of the en-
capsulated species. The C82-based endohedral metalloful-
lerenes have been widely studied both experimentally and
theoretically. In general, the encapsulated metal donates its
valence electrons to the C82 cage forming a nondissociating
salt consisting of a negatively charged cage and positively
charged metal ion (or metal cluster) inside the cage. The
number of transferred electrons depends on the nature of
the encapsulated species, and, hence, the cage isomerism in
C82-based metallofullerenes varies depending on this factor.
Therefore, it is of high interest to have detailed studies of
negatively charged, empty C82 isomers.
Most M@C82 metallofullerenes consist of the C2v(9)-C82


carbon cage.[5] However, there are several examples in the
M@C82 endohedral family in which the C82 host cage exhib-


Abstract: An extended study of the
spectroscopic and redox properties of
the C82 fullerene is presented. Among
the nine isolated-pentagon-rule (IPR)
isomers of the C82 fullerene the C82(3)
isomer with C2 symmetry is the only
stable, empty fullerene structure
formed in the arc burning process that
can be isolated in an isomerically pure
form. Here, its formation and isolation
are described and its structure is con-


firmed by experimental spectroscopic
studies as well as time-dependent DFT
calculations. The electrochemistry of
the C82(3) isomer is studied in detail by
cyclic voltammetry and spectroelectro-
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with the charge ranging from C82


� to
C82
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NIR) spectroscopy. The data give new
insights into the charged states of the
C82(3) fullerene.


Keywords: electrochemistry · EPR
spectroscopy · fullerenes · NMR
spectroscopy · spectroelectrochem-
istry · vibrational spectroscopy


[a] M. Zalibera, Dr. A. A. Popov, Dr. M. Kalbac, Dr. P. Rapta,
Prof. Dr. L. Dunsch
Department of Electrochemistry and Conducting Polymers
Leibniz Institute for Solid State and Materials Research
01069 Dresden (Germany)
Fax: (+49)351-465-9811
E-mail : L.Dunsch@ifw-dresden.de


[b] M. Zalibera, Dr. P. Rapta
Department of Physical Chemistry
Faculty of Chemical and Food Technology
Slovak University of Technology
81237 Bratislava (Slovak Republic)


[c] Dr. A. A. Popov
Chemistry Department, Moscow State University
Moscow 119992 (Russia)


[d] Dr. M. Kalbac
J. Heyrovsky Institute of Physical Chemistry
18223 Prague (Czech Republic)


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800591.


G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9960 – 99679960







its different isomeric structures, even for the same encapsu-
lated metal. For instance, three different isomers have been
identified for Tm@C82.


[6,7] Thus, a variety of C82 cages with
different symmetry and different charge on the host cage
were suggested or identified for Mn@C82 metallofullerenes
pointing to the complexity of the exact attribution of the C82
fullerene host cage symmetry, its charge, and their relation-
ship in endohedral metallofullerenes.
ESR and visible/near-infrared (Vis/NIR) spectra of


charged fullerenes are very important in the characterization
of the corresponding fulleride anions and fullerene cat-
ions.[8,9] However, ESR and Vis/NIR studies on the charged
C82 cage are quite rare, and there are no systematic investi-
gations on the negatively charged states of this prominent
fullerene cage. Recently, we succeeded in preparing macro-
scopic quantities of the pure C2(3)-C82 fullerene isomer.


[10]


In this contribution we report the isolation and detailed
spectroscopic, spectroelectrochemical, and theoretical char-
acterization of the C2(3)-C82 fullerene isomer in its neutral
and charged states.


Results and Discussion


Preparation and separation : As a by-product in the fuller-
ene synthesis, the fullerene C82 is available only through an
extensive separation procedure. Despite the fact that the
larger C84 cage is the third most abundant fullerene (next to
C60 and C70) in the arc synthesis according to Kr+tschmer
and Huffman, the total amount of C82 is so small that it is
not detectable in the separation procedure by a standard
UV/Vis detector cell in a HPLC system. Although it should
be considered as an “impurity,” it is well worth the separa-
tion, which, however, turns out to be rather extensive. We
used two fractions of the soot for the production of endohe-
dral fullerenes (preferably for lanthanum, but also for
cerium, yttrium and samarium) containing as the main prod-
uct C80 and C84, respectively. Three-step HPLC separation
by using several columns was necessary to achieve the full
separation of the isomer. The HPLC chromatograms from
the first stage and the recycling (inset) are shown in Figure 1
(top left). The purity of the sample was checked by mass
spectrometry (Figure 1, top right, inset) and no contamina-
tion by higher or lower cages was observed after the final
purification step.


13C NMR spectroscopy : The 13C NMR spectrum of the C82
fullerene sample in CS2 (Figure 1, bottom) consists of 41
lines of nearly equal intensity indicating C2 symmetry (41K
2C) in the C82 isomer. The chemical shifts of the NMR lines
are identical with those observed by Kikuchi et al.[11,12] for
the main C82 isomer. However, in addition to these 41
strong lines the authors of reference [11] detected 29 lines
with moderate intensity and some other lines with weaker
intensity in the 13C NMR spectrum of their sample and in-
terpreted them as the presence of two minor C82 isomers
with C2v and C3v symmetries. In the supporting information


of a more recent report (reference [13]), the 13C NMR spec-
trum of a C82 sample with a significantly improved isomeric
purity was presented, but some minor lines were detected
also in this case. These lines are evidently absent in the
spectrum of our sample and its purity with respect to other
fullerene cage sizes was also proved by laser desorption ion-
ization time-of-fight mass spectroscopic (LDI-TOF MS)
measurements (Figure 1, top right, inset). Note that the
exact isomeric structure of C82 cannot be unambiguously as-
signed based on a simple one-dimensional 13C NMR experi-
ment as three of the nine IPR-abiding isomers possess C2
symmetry that would lead to the 41 line pattern in the NMR
spectra. The 2D INADEQUATE experiment could answer
the question; however, a 13C-enriched sample would be nec-
essary for an effective measurement. Sun and Kertesz[14] per-
formed the theoretical calculation of the NMR spectra of all
nine IPR isomers of the C82 fullerene and reported the
C2(3)-C82


[1] isomer as the best candidate for the main C2
isomer. This was confirmed very recently by Gao et al. who
calculated the ultraviolet photoelectron spectra (UPS) of
C82 isomers using hybrid density functional theory.


[15]


UV/Vis/NIR spectroscopy : The UV/Vis/NIR spectrum of
the C2-C82 isomer in 1,2-dichlorobenzene (o-DCB) with
major absorption bands at 1180, 880, 743, 583 nm, a strong
absorption in the UV range and a spectral onset around
1315 nm (Figure 1, top right) is identical to that observed by
Fujitsuka et al.[13] in benzonitrile and by Kikuchi et al.[12] in
benzene. Absorption patterns of fullerenes in the visible
range are mainly due to the p!p* excitations and show re-
markable structural sensitivity. Bauernschmitt et al.[16] re-
ported that time-dependent (TD) DFT calculations provide
reliable predictions of the excitation energies and absorption


Figure 1. Top Left: HPLC of the fraction used to separate C2(3)-C82;
inset: recycling HPLC trace showing the two first (1, 2) and two last
cycles (20, 21) as well as the final cycle, indicating the pure C2(3)-C82
sample. Top right: UV/Vis/NIR absorption spectrum of C2(3)-C82 in o-
DCB; inset shows the LDI mass spectra of the sample measured in posi-
tive and negative modes. Bottom: 13C NMR spectrum of C2(3)-C82 (CS2
solution).
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intensities (oscillator strengths) of fullerenes in the visible
range. We employed this approach to confirm the isomeric
structure of the sample studied in this work. Figure 2 com-


pares the experimental spectrum of the C2-C82 fullerene to
the spectra simulated for C2(1), C2(3), and C2(5)-C82 isomers.
The spectrum calculated for C2(3)-C82 provides a very good
match to the experimental data, while the spectra of the
other isomers do not (note that TD-DFT systematically un-
derestimates the excitation energies, and the computed spec-
trum was uniformly shifted by 0.3 eV to the higher energy
range). Hence, this is an additional confirmation of the
C2(3)-C82 molecular structure of the major C82 isomer. In
fact, the agreement between experimental and calculated
spectra is so good that the assignment of individual bands in
the experimental spectrum (marked A–H in Figure 2) be-
comes possible and is provided in Table 1.


Vibrational spectroscopy: Isolation of isomerically pure
C2(3)-C82 in appreciable amounts enables its further charac-
terization by vibrational spectroscopy, which, to our knowl-
edge, has not yet been reported. Kikuchi etal. reported an
IR spectrum of the mixture of C2(3)-C82 with other unidenti-
fied isomers,[17] while the only Raman spectrum reported so
far for C82 was the spectrum of the sample comprising two
unidentified C2 isomers in about a 1:1 ratio.[18] Figure 3
shows the FTIR and Raman (514 nm excitation) spectra of
C2(3)-C82 along with the wavenumbers of the most promi-
nent peaks. Due to the strong fluorescence background, an
acceptable signal-to-noise ratio in the Raman spectrum was
obtained only with an excitation of 514 nm at a temperature
of 5 K. As could be expected on the basis of the low molec-
ular symmetry (which forces all 240 normal modes of C2(3)-
C82 to be both IR and Raman active), the spectra are very
complex with a quasi-continuous distribution of the peaks in


the whole range covering the fundamental vibrations of ful-
lerenes (about 200–1650 cm�1). Because of the different res-
onance conditions, the Raman spectrum measured in this
work is substantially different from that reported by Eisler
etal. ;[18] however, the breathing mode (at 421 cm�1) as well
as the multiplet arising from the squashing mode (209–
240 cm�1) can be identified at almost the same positions as
in the spectrum of the mixture of two C2 isomers (note that
the frequency of the breathing mode of the fullerenes was
proved to be independent of the isomeric structure and
scaled as the inverse root of the fullerenePs molecular
mass[18]). Significantly, though there is no inversion center in


Figure 2. Experimental absorption spectrum of C2-C82 in oDCB and the
results of the TD-DFT calculations for C2(1), C2(3), and C2(5) isomers.


Table 1. Experimental excitation energies (E, eV) in C2(3)-C82 and their
assignment based on TD-DFT calculations.


Experimental Calculated
band E


[eV]
S0!Sn[a] E


[eV]
f[b] Leading con-


figurations [%][c]


A 1.04 S0!S1 0.804 0.0009 246!247 (100)
B 1.21 S0!S2 1.027 0.0003 245!247 (100)
C 1.40 S0!S3 1.136 0.0060 246!248 (97)
sh 1.60 S0!S4 1.334 0.0016 244!247 (97)
D 1.67 S0!S5 1.356 0.0079 245!248 (96)
E 1.88 S0!S8 1.498 0.0049 242!247 (97)
F 2.13 S0!S14 1.834 0.0047 241!247 (85)
G 2.28 S0!S15 1.908 0.0047 244!249 (86)


S0!S16 1.958 0.0027 240!247 (70)
245!250 (20)


H 2.47 S0!S20 2.067 0.0065 242!249 (29)
238!247 (25)
245!250 (21)
240!247 (12)


S0!S21 2.095 0.0068 246!251 (48)
241!248 (12)
236!247 (10)


S0!S22 2.107 0.0043 242!249 (61)
245!250 (17)


S0!S23 2.108 0.0050 241!248 (56)
246!251 (16)
239!247 (10)


[a] S0 denotes the ground state, while Sn denotes the nth excited state
[b] Oscillator strength; only the most intense transitions are listed.
[c] Molecular orbitals are denoted by their numbers (in this notation,
HOMO and LUMO are 246 and 247, respectively), contributions less
than 10% are omitted.


Figure 3. FTIR (KBr substrate, room temperature) and Raman (lex=
514 nm, 5 K) spectra of C2(3)-C82.
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C2(3)-C82, the almost spherical shape of the fullerenes results
in the approximate fulfillment of the mutual exclusion rule.
That is, strong IR bands have no intense counterparts in the
Raman spectrum and vice versa.


Cyclic voltammetry : Electrochemical data evaluated from
the cyclic voltammetry (CV) of the C2(3)-C82 fullerene in o-
DCB/TBAPF6 (TBAPF6= tetrabutylammonium hexafluoro-
phosphate) are summarized in Table 2. Four reversible re-


duction steps and two oxidation steps were detected.[10] The
half-wave (E1/2) potentials of the second, third, and fourth
reduction steps as well as that of the first oxidation step are
almost identical to those observed by Suzuki et al.,[19] except
for a slightly more negative half-wave potential of �0.72 V
versus ferrocene/ferrocenium (Fc/Fc+) for the first reduction
step observed in this work as compared to �0.69 V versus
Fc/Fc+ reported in reference [19]. Note that Burbank
et al.[20] reported a different set of reduction potentials for
C82 in pyridine, which are systematically shifted to the catho-
dic range by about 0.1–0.2 V (Table 2). In addition to the
first oxidation peak, a second oxidation step at E1/2ffi1.15 V
versus Fc/Fc+ close to the edge of the potential window
available was detected.[10] Concerning the recently detailed
electrochemical studies of C82 and C84 empty fullerenes and
the variety of Mn@C82 and metallofullerenes performed by
Anderson et al.,[21] the C2(3)-C82 isomer can be attributed to
the electrochemical class of empty fullerenes, in which a
substantial gap between the second and third reduction step
appears. Although no clear relationship between the elec-
tronic structures of metallofullerenes and the corresponding
empty cages was observed in the recent square-wave vol-
tammetric experiments,[21] it should be noted that the exact
cage symmetry of all materials compared in the literature is
still not known and in many cases the symmetry was not ex-
actly proved by additional spectroscopic techniques.


ESR spectra of the charged C2(3)-C82 states : Reduction of
C82 to its monoanion provided the radical state of the C82C


�


monoanion and is reported in detail elsewhere.[10] Briefly,
the ESR spectra detected during the reduction of C82 in the
potential region of the first reduction step (see also
Figure 4, and 5, bottom inset) gave a very sharp and intense
central ESR line (DBpp=0.15 G) with a g factor of 2.0009,
accompanied with 13C satellites. Only one contribution by
other groups to the ESR spectra of the reduced C82 was
found in the literature. Fujitsuka et al.[13] detected a hint of a


narrow ESR line of the reduced C82 fullerene solution with
a weak signal at g=2.0021, which was strongly overlapped
by the signal of the TDAEC+ (TDAE= tetrakisdimethyl-
ACHTUNGTRENNUNGamino ethylene) ion. Our spectroelectrochemical experi-
ments proved the formation of the stable C2(3)-C82 monoan-
ion after reduction. Here, no interference with chemical re-
ducing agents occurs and, consequently, well-defined ESR
spectra could be observed.
Our spectroelectrochemical studies were further focused


on the monitoring of the ESR
response of multiply charged
C2(3)-C82. At more negative po-
tentials, including the second
reduction step, the intensity of
the ESR signal of C82


� de-
creased (Figure 4, bottom) due
to the reduction of the monoan-
ion, and no new ESR signal
was observed. This experiment
confirms the diamagnetic char-


acter of the dianion formed. During the back scan, the in-
tensity of the ESR signal increased after the reoxidation of
the dianion to the monoanion. The nonzero intensity of the


Table 2. Redox potentials of C2(3)-C82 fullerene.


Solvent/electrolyte
(electrochemical method)[a]


E1/2,ox(2) E1/2,ox(1) E1/2,red(1) E1/2,red(2) E1/2,red(3) E1/2,red(4) DEgap,ec [V]


o-DCB/TBAPF6 (CV) 1.15 0.72 �0.72 �1.03 �1.58 �1.94 1.44
o-DCB/TBAPF6 (CV)


[b] – 0.72 �0.69 �1.04 �1.58 �1.94 1.41
pyridine/TBAClO4 (SWV)


[c] – – �0.47 �0.80 �1.42 �1.84 –


[a] CV=cyclic voltammetry, SWV= square-wave voltammetry. [b] Reference [19]. [c] Reference [20].


Figure 4. Top: Vis/NIR spectra of C2(3)-C82 (c) and its anions detected
during in situ spectroelectrochemistry in the potential region of the first
(g) and the second (c) reduction step; inset: cyclic voltammogram
of this isomer in 0.2m TBAPF6/oDCB, scan rate=3 mVs�1. Bottom: the
potential dependence of the ESR spectra of C82


�· in the potential region
of the first and second reduction step.
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ESR signal at the potentials of the second reduction step
can easily be explained by the synproportionation reaction
C82


2�+C82Q2C82
�, which evidently occurs in the bulk solu-


tion in the potential region of the second electron transfer,
and by diffusion of the radical anion to the bulk solution
away from the electrode surface so that it is still detectable
by ESR.
During the reduction of the C2(3)-C82 isomer in the poten-


tial region of the third reduction step, a new ESR signal
with a g factor of 2.0020 and a line width DBpp=0.17 G ap-
peared (Figure 5, bottom; see also inset). This new signal
can be assigned to the trianion C82C


3�. This ESR signal ap-
pears at the third reduction step and disappears in the back
scan under reoxidation in the cyclovoltammetric experiment
(Figure 5, bottom). As the monoanion diffuses into the bulk
solution, its signal is still present in the ESR spectrum,
albeit to a low extent. However, by subtracting the monoan-
ion signal, we gained the ESR spectrum of the C82 trianion
characterized by a single sharp line, similar to that of the


monoanion signal, but with a completely different 13C satel-
lite pattern and a strongly shifted g value. At even more
negative electrode potentials, including also the fourth re-
duction step, a decrease of the C82C


3� ESR signal is observed
and no new ESR signals occurred (Figure 5, bottom). There-
fore, similar to the dianion, the tetraanion of the C82 fuller-
ene is diamagnetic and ESR silent.
An ESR signal was also observed in situ during the oxida-


tion of the C2(3)-C82 in the potential range of the first oxida-
tion peak. As shown very recently,[10] we observed for the
first time this stable cation of the empty fullerene at room
temperature in a non-acidic medium. Similar to the mono-
anion and the trianion, a very sharp ESR line width DBpp=


0.13 G and additional 13C satellites were observed. The g
value (2.0029) of the cation is even larger than that of the
trianion and the 13C satellite pattern is significantly different
for both mono- and trianion ESR signals. The different spin
distribution of the cage depending on the charge of the spe-
cies is discussed in the next section.


Spin density distribution in C82 radical ions : It is now estab-
lished that radical anions of C60 and C70 exhibit broad ESR
signals due to the degeneracy of the LUMOs in these ful-
lerenes, which result in the close energies of the singly occu-
pied molecular orbital (SOMO) and the next vacant orbital
in respective anions (see reference [8] for a review). The
small splitting of the molecular orbital (MO) levels results
in a fast spin-lattice relaxation and a respective broadening
of the ESR signal, while the spin-orbit coupling from un-
quenched angular momentum results in low g values. In con-
trast, as there is no symmetry-driven or accidental degenera-
cy of the LUMO energies in C2(3)-C82, the spectra of all
charged paramagnetic states of C82 exhibit sharp ESR fea-
tures. Furthermore, there is no Jahn–Teller distortion of C2-
C82 in the charged state, and hence the C2 symmetry is ex-
pected for all charged states of C82. In such a situation, the
spin density in the cation, anion, and trianion reflects the
HOMO, LUMO, and LUMO+1 orbital densities, respective-
ly, of the neutral molecule, and, hence, it is no wonder that
the 13C patterns are different for C82C


+ , C82C
�, and C82C


3�.
To gain further insight into the electronic structure of the


charged states of C82, we have performed a series of DFT
calculations. First, the structures of all charged states from
+1 to �4 were optimized at the PBE/TZ2P level. Though
the symmetry was not fixed in these calculations, optimiza-
tion resulted in C2 symmetric structures for all charged
states. The calculations have also shown that the separation
between frontier MO levels is sufficient to avoid the effects
leading to the broadening of ESR lines in the radical anions
of C60 and C70.
For the analysis of the spin density distribution and ESR


parameters, we employed the hybrid B3LYP functional be-
cause hybrid functionals are known to provide a more accu-
rate description of these quantities.[22] Unfortunately, the
large size and low symmetry of C82 preclude the use of the
large basis sets necessary for an accurate prediction of hy-
perfine constants (hfcs), and calculations were performed


Figure 5. Top: Vis/NIR spectra of C2(3)-C82 (black line) and its anions de-
tected during in situ spectroelectrochemistry in the potential region of
the first (red line), second (blue line), third (green line) and fourth
(orange line) reduction step, inset: cyclic voltammogram (0.2m TBAPF6/
oDCB, scan rate=4.5 mVs�1). Bottom: the potential dependence of ESR
spectra of C82


�· and C82C
3� in the potential region of the first, second,


third, and fourth reduction step, inset: ESR spectrum of C82C
3� overlapped


by the signal of C82C
� (red line) detected during the reduction of C2(3)-C82


at the potential of the third step, ESR spectrum of C82C
3� after subtraction


of monoanion signal (black line).
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with the use of the relatively moderate but computationally
efficient 6-311G* basis set. Figure 6a shows the B3LYP/6-
311G* spin density distribution in radical ions, which is


indeed found to vary considerably with the charge of the C82
fullerene. Figure 6b compares the distribution of the DFT
predicted 13C hfcs in C82


+ , C82
�, and C82


3�. Though the very
high density of hfc values almost precludes a detailed assign-
ment of the experimentally observed patterns (Figure 6c),
the main experimental features are evidently reproduced
and thus can be explained by computations. In agreement
with the experimental spectrum, DFT predicts that the
cation has the largest spread of 13C hfcs ranging from �2 to
+3 G. The feature marked A in the experimental spectrum
of C82C


+ with hfc of about 3 G can be assigned to the C32
(C43) and C52 (C63) atoms, the DFT predicted hfcs of
which are 2.778 G and 2.463 G (symmetry equivalent atoms
are listed in parentheses; see Figure 6d for the labeling of
the atoms). The tentative assignments of the features B and
C with hfcs of about 1.2–1.8 and 1 G, respectively, are shown
in Figure 6b. In general, having the largest spread of hfcs,
C82C


+ also exhibits the most resolved 13C satellite structure,
which is in line with the comparably sparse distribution of
its hfcs predicted by theory. In contrast to the cation, the
anion has a much smaller range of hfcs (�1.5 to +1.5 G)
and the least resolved ESR spectrum, which agrees with the


almost Gaussian-type distribution of hfcs predicted by
theory. That is, the largest density distribution is predicted
close to zero, and the distribution is rather dense so that no


prominent features can be dis-
tinguished in the ESR spec-
trum. Only the feature A’ can
be tentatively assigned to the
group of atoms C55 (C66), C54
(C65), C7 (C15), C1 (C4), C70
(C77), and C8 (C16) with DFT
predicted hfcs of 1.514, �1.458,
1.243, �1.221, 1.218, and
�1.191 G, respectively. The tri-
anion has a similar spread of
hfcs as the monoanion, but the
shape of the distribution is dif-
ferent. Most importantly, the
largest density of hfcs is expect-
ed at about �0.5 to �1.0 G,
which results in a better re-
solved ESR spectrum with a
clearly distinguished shoulder
(marked B’’) assigned to this
maximum in hfc distribution.
Assignment of the other experi-
mental feature, A’’, is also quite
clear from the analysis of the
distribution of hfc values (Fig-
ure 6b).


Vis/NIR spectra of the charged
states of C82 : As most of the en-
dohedrals consist of negatively
charged cages and positively
charged encapsulated units, the


Vis/NIR spectroscopic characteristics of charged, empty C82
isomers are highly interesting. Therefore, we performed in
situ Vis/NIR spectro ACHTUNGTRENNUNGelectrochemical experiments on the
C2(3)-C82 isomer to measure the characteristic optical bands
of the C2(3)-C82 isomer in different negatively as well as pos-
itively charged states.
The reduction of C2(3)-C82 in the first step causes the ap-


pearance of well-defined Vis/NIR bands with maxima at
670, 890, 1135, and 1850 nm (Figure 4, top). As the intensity
changes of these bands correlate well with the rise and de-
crease of the ESR signal during the voltammetric cycle, they
can be unambiguously assigned to the C2(3)-C82 monoanion
(see Supporting Information).
New absorption maxima at 843, 1637, and 1980 nm were


detected in the Vis/NIR spectra when the potential scan was
extended to the second reduction step (Figure 4, top). These
bands can be assigned to the C82 dianion due to the correla-
tion of their intensities with the charge transferred in the
second reduction step. As already observed in the ESR spec-
troelectrochemistry, a minor component of the C82 mono-
anion is still observable in the second electron transfer due
to its diffusion into the bulk solution.


Figure 6. a) Spatial distribution of spin density (+ blue, � green); b) distribution of 13C hfcs in respective ions
(bars represent individual hfc values, curves correspond to their broadening by the Gaussian function with a
half-width of 0.1 G); c) ESR spectra of C82 radical-ions (for the sake of comparison, the spectra were shifted
in the magnetic field scale); d) Schlegel diagram of C2(3)-C82 with IUPAC numbering schema.
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An increase of the two absorption maxima at 1322 and
1621 nm was observed at the potential of the third reduction
step, and the band of the dianion at 843 nm decreases at this
potential (Figure 5, top). The new bands can be assigned to
the trianion C82C


3�, even though the small absorption around
1322 nm was already observed in the spectra of the dianion.
The maximum at 1621 nm overlaps strongly with the dianion
band at 1637 nm. However, the strong increase in the inten-
sity in comparison to the dianion spectra points to the for-
mation of a new species (C82C


3�) rather than the accumula-
tion of the C82


2�. Moreover, the changes in the overlapping
bands (1322 and 1621 nm) correlate well with the change in
the ESR spectra of C82C


3�. Moving to even more negative po-
tentials, including the fourth reduction step, the decrease of
the most intense trianion band at 1621 nm was observed and
two new bands of a tetraanion with maxima at 725 and
1145 nm emerged (Figure 5, top).
Two absorption maxima at 890 and 1995 nm were detect-


ed during the oxidation of the C82 isomer under study in the
first oxidation step, as already reported elsewhere by our
group.[10] Their intensities correlate well with the intensity of
the simultaneously monitored ESR line (see Supporting In-
formation). Therefore, they can be clearly assigned to the
C82 radical cation. The stability of the C82 cations is lower
than that of the anions. At potentials of the second oxida-
tion peak in the voltammetric experiment, the working elec-
trode started to be covered by a film and a distortion of the
baseline in the Vis/NIR spectra occurs. This yet unidentified
reaction that forms the film at the electrode hindered our
attempts to observe Vis/NIR signals of the dication of the
C82 fullerene.


Conclusion


In this work, the separation procedure and detailed spectro-
scopic and spectroelectrochemical characterization of the
major isomer of the C82 fullerene is given. The results of our
study, including Vis/NIR spectra and TD-DFT calculations,
confirm the assignment of the structure of this fullerene to
the C2(3)-C82 isomer. The vibrational spectra (both IR and
Raman) of C2(3)-C82 are given for the first time in detail.
Special efforts were devoted to the generation and charac-
terization of the charged states of C2(3)-C82, and, thus, spec-
troscopic information on the charged C82 from +1 to �4 are
now available. These data include Vis/NIR absorption spec-
tra of all electrochemically generated charged states of C82
as well as ESR spectra of C82C


+ , C82C
�, and C82C


3� paramagnet-
ic fullerene ions. We have found remarkable differences in
the 13C satellites pattern of the C82C


+ , C82C
�, and C82C


3� radi-
cals. Variations of the spectra with charge were rationalized
by DFT calculations, and a tentative assignment of the most
prominent features in the spectra is provided.


Experimental Section


Synthesis and HPLC separation : As a starting material, the soot of the
arc synthesis of endohedral fullerenes (preferably for lanthanum, but also
for cerium, yttrium and samarium) was used as synthesized according to
Kr+tschmer and Huffman process using graphite rods and a metal/graph-
ite powder mixture.[23] Two fractions of the soot containing as the main
products C80 and C84, respectively, were collected by preparative HPLC
(Gilson, USA) using a Buckyprep column, 20x250 mm (Nacalai Tesque,
Japan) at room temperature at a flow rate of 10 mLmin�1 with toluene as
the eluent. The second separation step on an analytical HPLC (Agilent
1100, USA) was done with two analytical Buckyprep columns
4,6x250 mm (Nacalai Tesque, Japan) in a row at a temperature of 40 8C
and a flow rate of 1.6 mLmin�1 with toluene as an eluent. The final sepa-
ration was done by recycling HPLC (SunChrom, Germany) at a 5PYE
column 10x250 mm at room temperature, a flow rate of 5 mLmin�1, and
toluene as an eluent.


Spectroscopic measurements : A laser desorption ionization (LDI) time-
of-fight (TOF) Biflex 3 spectrometer (Bruker, Germany) and both nega-
tive and positive ion detection modes were used throughout for the char-
acterization of the fullerenes. No matrix was applied for the laser ioniza-
tion of the fullerenes. The 13C NMR spectrum of the C82 isomer sample
was recorded using a 500 MHz spectrometer (Avance II 500 MHz,
Bruker, Germany). The sample (ca. 1 mg) was dissolved in CS2 (0.4 mL),
a coaxial capillary tube filled with [D6]acetone was used as an external
lock. The cap of the NMR tube was wrapped with Teflon tape and spec-
tra were recorded at 288 K to minimize the evaporation of the solvent
during the measurement. Absorption spectra of the sample were mea-
sured using UV/Vis/NIR 3101-PC spectrometer (Shimadzu, Japan). FTIR
spectra were measured by using a IFS-66v spectrometer (Bruker) with a
resolution of 2 cm�1. The sample dissolved in toluene (1 mL) was drop-
coated onto a single crystal KBr disk. Residual solvent was removed by
heating the film in vacuo at 498 K for 3 h. The Raman spectrum was
measured using a T64000 triple monochromator spectro ACHTUNGTRENNUNGmeter (Jobin
Yvon, France). The spectrum was excited by the 514.5 nm line of Ar+


laser (Innova 300 series, Coherent, USA). The sample was drop-coated
on a copper substrate and cooled to 5 K.


Spectroelectrochemical measurements : For a typical electrochemical and
spectroelectrochemical study, C82 dissolved in toluene was dried, trans-
ported to a glove box (oxygen and water content below 1 ppm), and im-
mediately redissolved in 1,2-dichlorobenzene (o-DCB, anhydrous, 99%,
Aldrich) with the concentration ranging from 1K10�4 to 5K10�4 molL�1.
Tetrabutylammonium hexafluorophosphate (TBAPF6, Fluka, dried under
reduced pressure at 340 K for 24 h prior to use) was then added as the
supporting electrolyte with a concentration of 0.1–0.2 molL�1. The cyclic
voltammogram was obtained in a glove box with a PAR 273 potentiostat
(EG&G, USA) in a three-electrode system, with platinum wires as work-
ing and counter electrodes and a silver wire as a pseudo-reference elec-
trode. Ferrocene (Fc) was added as the internal standard after each mea-
surement and all potentials are corrected versus the Fc/Fc+ couple. A
PG 284 potentiostat (HEKA, Germany) was used as electrochemical
equipment in the in situ ESR/UV/Vis/NIR spectroelectrochemical stud-
ies. ESR spectra were recorded on an EMX X-Band ESR spectrometer
(Bruker, Germany), and optical spectra were obtained by the UV/Vis/
NIR spectrometer system TIDAS (J&M, Germany).


DFT calculations : Geometry optimization of C82 and its charged states
was performed using PBE functional[24] and the PRIRODA quantum
chemical code.[25,26] The code employed the expansion of the electron
density in an auxiliary basis set to accelerate evaluation of the Coulomb
and exchange correlation terms,[25] no symmetry constraints were adopt-
ed. Point-energy calculations at the B3LYP/6-311G* level of theory were
performed with the use of PC GAMESS.[27]
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Introduction


Chemically modified nucleic acids are of considerable inter-
est in the areas ranging from molecular biology and medici-
nal chemistry to bio- and nanotechnology. Covalent attach-
ment of hydrophobic structures, known as intercalating moi-


eties, is one of the attractive modifications of nucleic acids.
Nowadays, intercalators can be introduced in any desired
site of the sequence and, depending on the molecule�s
design, aromatic moieties can be positioned differently in
the interior of DNA secondary structures. As a result of
such research, we gain a deeper knowledge and understand-
ing of nucleic acid structures, which is pivotal for future
progress within nucleic acid technology and for the develop-
ment of novel approaches in nanotechnology and drug
design.
The pyrene residue has been studied a lot in nucleic acids


thanks to its p–p stacking interactions with nucleobases
(pyrene may occupy the area (220 %2) that is usually cov-
ered by two natural purine:pyrimidine base pairs
(269 %2)[1]), its fluorescence sensitivity to the microenviron-
ment (fluorescence is quenched in low polarity environ-
ments and increased in high polarity environments), and its
ability to participate in charge-transfer complexes[2–5] (see
reference [6] on electron transfer processes in DNA). An-


Abstract: A postsynthetic, on-column
Sonogashira reaction was applied on
DNA molecules modified by 2- or ACHTUNGTRENNUNG4-io-
dophenylmethylglycerol in the middle
of the sequence, to give the corre-
sponding ortho- and para-twisted inter-
calating nucleic acids (TINA) with 1-,
2-, and 4-ethynylpyrene residues. The
convenient synthesis of 2- and 4-
ethynyl ACHTUNGTRENNUNGpyrenes started from the hydro-
genolysis of pyrene that has had the
sulfur removed and separation of
4,5,9,10-tetrahydropyrene and
1,2,3,6,7,8-hexahydropyrene, which
were later converted to the final com-
pounds by successive Friedel–Crafts
acetylation, aromatization by 2,3-
dichloroACHTUNGTRENNUNG-5,6-dicyanoACHTUNGTRENNUNG-1,4-benzoquinone,
and a Vilsmeier–Haack–Arnold trans-


formation followed by a Bodendorf
fragmentation. Significant alterations
in thermal stability of parallel triplexes
and antiparallel duplexes were ob-
served upon changing the attachment
of ethynylpyrenes from para to ortho
in homopyrimidine TINAs. Thus, for
para-TINAs the bulge insertion of an
intercalator led to high thermal stabili-
ty of Hoogsteen-type parallel triplexes
and duplexes, whereas Watson–Crick-
type duplexes were destabilized. In the
case of ortho-TINA, both Hoogsteen
and Watson–Crick-type complexes


were stabilized. Alterations in the ther-
mal stability were highly influenced by
the ethynylpyrene isomers used. This
also led to TINAs with different
changes in fluorescence spectra de-
pending on the secondary structures
formed. Stokes shift of approximately
100 nm was detected for pyren-2-yl-
ACHTUNGTRENNUNGethynylphenyl derivatives, whereas
values for 1- and 4-ethynylpyrenyl-
phenyl conjugates were 10 and 40 nm,
respectively. In contrast with para-
TINAs, insertion of two ortho-TINAs
opposite each other in the duplex as a
pseudo-pair resulted in formation of an
excimer band at 505 nm for both 1-
and 4-ethynylpyrene analogues, which
was also accompanied with higher ther-
mal stability.
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other important feature of pyrene is the formation of an ex-
cimer, when two fluorescent molecules are positioned in a
close proximity to each other (�3.4 %). This is of particular
importance for studies of biological supramolecular mole-
cules. Pyrene is widely used in the design of probes for rec-
ognition of DNA,[7–10] RNA[11–14] sequences, DNA duplex-
es,[15–18] as well as for the detection of point mutations in
DNA (see reference [19]). Recently, several groups reported
the synthesis of nucleic acid structures with continuous heli-
cal arrangement of several pyrene moieties, which resulted
in the formation of the strong excimer band.[20–26] As high-
lighted in several articles, the spectroscopic properties of
ACHTUNGTRENNUNGalkynyl ACHTUNGTRENNUNGpyrene analogues are derived from those of the
parent pyrene.[27–30] Thus, substitutions of pyrene at positions
1, 3, 6, and/or 8 via an acetylene bridge leads to a batho-
chromic shift in the absorption/emission spectra accompa-
nied by high fluorescence quantum yields, even in the pres-
ence of oxygen.[27–29,31] Shifts to the longer wavelengths in
the fluorescence spectra are especially useful in molecular
biology applications because biomolecules can also be excit-
ed upon irradiation at the same wavelength as pyrene.[27]


Introduction of a slightly modified intercalating moiety
into a DNA structure can lead to significant changes in
properties. Recently, we have developed two types of
pyrene-containing nucleic acids that exhibit a totally differ-
ent thermal-stability gain depending on the DNA secondary
structure. Bulged insertions of (R)-1-O-(1-pyrenylmethyl)-
glycerol (P, Scheme 1) in the middle of oligonucleotides
(ONs), known as intercalating nucleic acids (INAs), resulted
in significantly increased affinities towards complementary
single-stranded (ss) DNA, whereas INA/RNA duplexes and
the Hoogsteen-type triplex and duplex were destabilized.[8,32]


In contrast to INAs, the extraordinary high thermal stability


of Hoogsteen-type triplexes and duplexes was observed
upon bulge insertions of (R)-1-O-[4-(1-pyrenylethynyl)phe-
nylmethyl]glycerol (monomer Z) into the middle of homo-
pyrimidine ONs. At the same time, Watson–Crick-type du-
plexes of an identical nucleotide content possessing mono-
mer Z were destabilized.[15] It was assumed that the pyrene
moiety of monomer Z is situated in the double-stranded
(ds) DNA part of the triplex, whereas the phenyl is sup-
posed to coaxially stack with the nucleobases of the triplex-
forming oligonucleotides (TFOs). A twist around the triple
bond allows the phenyl and pyrene groups to fit properly
inside the triplex, promoting stabilizing stacking interactions.
Because of these interactions, such phenylethynylpyrene in-
tercalators have been called twisted intercalating nucleic
acids (TINAs).[15] We were curious therefore, as to the effect
of different attachments of pyrene on binding affinity and
spectral properties of the TINA conjugates. Recently, a 2-
pyrenyl residue was attached to the 5-position of 2’-deoxy-
ACHTUNGTRENNUNGuridine and compared with the 5-(1-pyrenyl)-2’-deoxy-
ACHTUNGTRENNUNGuridine in the DNA duplex.[33] Herein, we present the syn-
thesis, thermal stability, and fluorescence properties of TINAs
possessing 1-, 2-, and 4-ethynylpyrene residues at the para
or ortho positions of (R)-1-O-phenylmethylglycerol (pTINA
and oTINA, respectively, Scheme 1) and compare them with
the properties of initial INA and TINA molecules.


Results and Discussion


The primary evaluation of aromatic structures in nucleic
acids is easier to perform by using postsynthetic oligonucleo-
tide modification, which is less time-consuming than the
routine preparation of several pseudo-nucleoside phosphor-
amidites. Previously, the palladium(0)-catalyzed Sonogashira
reaction was successfully applied in derivatization on a solid
support of ONs with 5-iodopyrimidines,[34,35] 8-bromo-
ACHTUNGTRENNUNGpurines,[36,37] as well as 4-iodobenzyl- and 4-ethynylbenzyl-
glycerols.[15, 38] The conversion during the Sonogashira cou-
pling was found to be dependent on Pd catalysis and on the
reactivity of aromatic iodides and acetylenes. Importantly,
no side reactions were observed for native nucleobases with
protective groups.[34, 35] Herein we decided to investigate dif-
ferent isomers of phenylethynylpyrene in the structure of
TINA through the introduction of 1-, 2-, or 4-ethynyl-
ACHTUNGTRENNUNGpyrenes into the para- or ortho- positions of (R)-1-O-phenyl-
methylglycerol inserted in ONs (Scheme 1). We assumed
that placing ethynylpyrene into the ortho position could lead
to TINAs, which should have properties similar to INAs,
that is, increased binding affinity towards ssDNA but de-
creased affinity towards ssRNA and dsDNA. At the same
time, more-attractive fluorescence properties might also be
ACHTUNGTRENNUNGobtained.


Synthesis of 2- and 4-ethynylpyrenes and their incorporation
into ONs : 2- and 4-Substituted pyrenes are not readily avail-
able owing to the fact that electrophilic substitution on
pyrene (8, Scheme 2) is directed to the electron-rich posi-


Scheme 1. Structure of intercalating nucleic acids with pyrene and phe-
nylethynylpyrene moieties.
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tion 1.[39] Pyrene derivatives substituted in positions 2[40–43]


and 4[44,45] can be prepared from 4,5,9,10-tetrahydropyrene
(9) and 1,2,3,6,7,8-hexahydropyrene (10), respectively, by
electrophilic substitution followed by aromatization. Al-
though 10 is commercially available, it is rather expensive.
Tetrahydropyrene 9 can be prepared by Pd/C hydrogenolysis
of commercial pyrene that has to be purified by column
chromatography on silica[43] or have the sulfur removed over
Raney nickel[42] prior to the reaction. In our experiments,
the hydrogenolysis of the pyrene that has had the sulfur re-
moved by Raney nickel gave a mixture of 9 and 10
(�3.5:1). We found that the mixture is easily separable by
chromatography on aluminum oxide. Compounds 9 and 10
were converted into the corresponding 2-ethynylpyrene (11)
and 4-ethynylpyrene (12) by using successive acetylation, ar-
omatization, Vilsmeier–Haack–Arnold transformation, and
Bodendorf fragmentation (Scheme 2), a reaction sequence
recently used for the synthesis of 1-ethynylpyrene.[46] The
method affords ethynylpyrenes 11 (66% yield from 9) and
12 (54% from 10) and is more convenient in comparison
with the previously published procedures for 2- and 4-
ethynyl ACHTUNGTRENNUNGpyrenes.[47–50]


The phosphoramidite 15 required for the preparation of
modified ONs was prepared in four steps from 2-iodo-
ACHTUNGTRENNUNGbenzylbromide and (S)-(+)-2,2-dimethyl-1,3-dioxolane-4-
methanol (13) in 40% overall yield by using a similar route
to that described earlier for the phosphoramidite of 4-iodo-


benzylglycerol[15] (Scheme 3). After completion of the DNA
synthesis without the final deprotection of the 4,4-
dimethoxyACHTUNGTRENNUNGtrityl group (DMT on ONs), the control-pore
glass (CPG) supports with ONs possessing iodophenyl moi-
eties were treated with a Sonogashira-coupling reagent mix-
ture containing [Pd ACHTUNGTRENNUNG(PPh3)4] (7.5 mm), CuI (7.5 mm), and the
corresponding ethynylpyrene (22.5 mm) in dry N,N-
dimethylformACHTUNGTRENNUNGamide (DMF)/Et3N (3.5/1.5, 500 mL) in 1 mL
syringes under dry conditions at RT. Plastic syringes and sol-
vents were flushed with argon prior to the reaction. After
the coupling reaction (3–4 h), the CPGs were flushed with
DMF (2K2 mL) and CH3CN (2K2 mL) and then dried by
evaporation under a stream of argon. The treatment with
the Sonogashira reaction mixture was repeated for ONs pos-
sessing double insertions of the TINA-precursor monomers
and for couplings with 2-ethynylpyrene. Then ONs were
cleaved from the CPG support with 32% NH4OH (2 h) and
deprotected at 55 8C (overnight). Semipreparative HPLC on
a C18 column was used to isolate the target TINA oligonu-
cleotides, which had longer retention times than unreacted
ONs. After the separation, DMT-on oligonucleotides were
treated with 80% aqueous AcOH (20 min), purified again
on HPLC, and precipitated from ethanol. The composition
was verified by MALDI-TOF and purity was found to be
over 90% using ion-exchange chromatography analysis.
Conversion of ONs during the Sonogashira reaction by
using 1- and 4-ethynylpyrenes was found to be 80–85% for
homopyrimidine sequences and 50–60% for sequences pos-
sessing purines. This is in agreement with our previous ob-
servations.[15] However, in the case of 2-ethynylpyrene, we
observed a considerable amount of sparingly soluble by-
product of Glaser oxidative dimerization that was formed
during the reaction, which resulted in a very low conversion
(<50%) and yield for the final ONs, especially in the pres-
ence of purines in the sequence. We have previously seen,
through our first attempts at performing the Sonogashira re-
action on oligonucleotides, that formation of 1,4-bis(1-pyre-
nyl)buta-1,3-diyne in the presence of atmospheric oxygen
leads to complete cleavage of DNA, so no oligonucleotide
sequences were observed during HPLC purification after
the reaction. This can be explained by DNA cleavage in the
presence of O2 and copper ions.


[51]


Thermal stabilities of the modified duplexes and triplexes :
The thermal stability of parallel triplexes, DNA/DNA, and
DNA/RNA duplexes with the synthesized ONs was assessed
by thermal denaturation experiments. The melting tempera-
tures (Tm 8C) determined as the first derivatives of the melt-
ing curves are listed in Tables 1 and 2.
Parallel triplexes and duplexes were still stabilized when


the attachment of ethynylpyrenes was changed from the
para (ON2–ON4, pTINA, Table 1) to ortho position (ON6–
ON8, oTINA) in comparison with unmodified sequences at
pH 6.0 (ON1 toward D1 and ON11, respectively). However,
the increase in thermal stability was lower for oTINA than
for pTINA. Having 1-ethynylpyrene in the structure of the
TINA at both para (pTINA) and ortho (oTINA) positions


Scheme 2. Reagents and conditions: i) H2 (160 atm), 10% Pd/C, EtOAc,
60 8C, 24 h; ii) Ac2O, AlCl3, CH2Cl2, 5 8C; iii) 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ), toluene, 110 8C, 1 h; iv) DMF, POCl3; v) KOH, di-
oxane, reflux, 2 h.


Scheme 3. Reagents and conditions: i) 2-iodobenzylbromide, KOH, tolu-
ene, reflux; ii) 80% aq. CF3COOH, RT; iii) DMTCl, pyridine, RT;
iv) NC ACHTUNGTRENNUNG(CH2)2OP ACHTUNGTRENNUNG(NiPr2)2, diisopropylammonium tetrazolide, CH2Cl2, 0 8C
to RT, overnight.
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was the most beneficial for Hoogsteen base pairing among
all of the ethynyl pyrenes studied in each series. It is an in-
teresting observation that changing the attachment of
pyrene from position 1 to 2 in pTINA resulted in a consider-
able drop of triplex thermal stability from 46.0 to 40.0 8C
and from 28.0 to 18.5 8C at pH 6.0 and 7.2, respectively. Tm


values for 4-ethynylpyrene (ON4) were in the range be-
tween 1- and 2-ethynylpyrene derivatives. In all cases, desta-
bilization of Watson–Crick-type duplexes was observed for
pTINA (DTm=�1.5···�3.5 8C, ON2–ON4/ON12). Contrary
to that, a bulge insertion of oTINA monomers resulted in
the stabilization of antiparallel duplexes, with the highest
value being obtained for the 1-ethynylpyrene derivative
(DTm(ON6/ON12–ON1/ON12)=++3.0 8C). Our expectations that at-
tachments of ethynylpyrenes in the ortho position of TINAs
would provide a molecule with the ability to induce thermal
stabilization were correct. Indeed, bulge insertion of oTINA
into homopyrimidine sequences led to increased thermal
stability of both Hoogsteen- and Watson–Crick-type com-
plexes, whereas pTINA showed discriminative binding to


Hoogsteen-type duplexes and triplexes over Watson–Crick-
type duplexes. It is impressive to see the difference in ther-
mal stability observed for different ethynylpyrenes. Thus, 1-
ethynylpyrene in the structure of oTINA (ON6) showed
higher stabilization for the parallel triplex and duplex in
comparison with its isomers (ON7 and ON8 toward D1 and
ON11), whereas for antiparallel duplexes, the Tm values for
all ethynylpyrenes were of the same range (ON6–ON8/
ON12). For all substituents, bulged insertion of the second
TINA monomer in the sequence as a next-nearest neighbor
(ON5, ON9, ON10) resulted in decreased thermal stability
in comparison with sequences possessing only one bulged in-
tercalator (ON2, ON6, and ON8, respectively). This could
be due to the large interruption of the double and triple
helices by two bulged (R)-1-O-methylglycerol linkers posi-
tioned very close to each other. We have previously seen
that duplexes and triplexes were more stable if two inser-
tions of the monomer Z were separated by two or three nu-
cleobases.[15]


Table 1. Tm [8C] data for triplex and duplex melting, taken from UV melting curves (l=260 nm).


No. Parallel triplex[a] Parallel duplex[b] Antiparallel duplex[c]


3’- ACHTUNGTRENNUNGCTGCCCCTTTCTTTTTT 5’- ACHTUNGTRENNUNGGACGGGGAAAGAAAAAA 3’-GGGGAAAGAAAAAA
5’- ACHTUNGTRENNUNGGACGGGGAAAGAAAAAA (ON11) (ON12)


(D1)
pH 6.0 pH 7.2 pH 6.0 pH 6.0


ON1 5’-CCCCTTTCTTTTTT 27.5 <5.0 19.0 48.0
ON2[d] 5’-CCCCTTZTCTTTTTT 46.0 28.0 33.5 46.5
ON3[e] 5’-CCCCTT2TCTTTTTT 40.0 18.5 24.5 44.5
ON4[e] 5’-CCCCTT3TCTTTTTT 44.5 23.5 28.5 45.0
ON5[d] 5’-CCCCTTZTZCTTTTTT 40.0 <5.0 26.5 41.0
ON6[f] 5’-CCCCTT5TCTTTTTT 37.5 15.0 21.5 51.0
ON7[f] 5’-CCCCTT6TCTTTTTT 30.5 <5.0 21.0 50.5
ON8[f] 5’-CCCCTT7TCTTTTTT 30.0 7.5 19.0 50.0
ON9[f] 5’-CCCCTT5T5CTTTTTT 29.5 <5.0 25.0 45.0
ON10[f] 5’-CCCCTT7T7CTTTTTT 23.5 <5.0 21.5 43.5


[a] Concentration of ONs=1.5 mm of ON1–ON10 and 1.0 mm of each strand of dsDNA (D1) in 20 mm sodium cacodylate, 100 mm NaCl, 10 mm MgCl2,
pH 6.0 and 7.2; duplex Tm=58.5 8C (pH 6.0) and 57.0 8C (pH 7.2). [b] C=1.0 mm of each strand in 20 mm sodium cacodylate, 100 mm NaCl, 10 mm MgCl2,
pH 6.0. [c] C=1.0 mm of each strand in 20 mm sodium cacodylate, 100 mm NaCl, 10 mm MgCl2, pH 6.0. [d] See reference [15]. [e] Prepared by a Sonoga-
shira reaction mixture with ON-possessing monomer 1: [Pd ACHTUNGTRENNUNG(PPh3)4] (7.5 mm), corresponding acetylene (22.5 mm), CuI (7.5 mm), dry DMF/Et3N (3.5/1.5,
500 mL), 3 h. [f] Prepared by a Sonogashira reaction mixture with ON possessing monomer 4 : [Pd ACHTUNGTRENNUNG(PPh3)4] (7.5 mm), corresponding acetylene (22.5 mm),
CuI (7.5 mm), dry DMF/Et3N (3.5/1.5, 500 mL), 3 h.


Table 2. Tm [8C] data for antiparallel duplex
[a] melting, taken from UV-melting curves (l =260 nm).


DNA DNA RNA
5’-AGCTTGCTTGAG 5’- ACHTUNGTRENNUNGAGCTTGXCTTGAG 5’- ACHTUNGTRENNUNGAGCUUGCUUGAG


X=P[b] X=Z[c] X=2[c] X=3[c] X=5[d] X=7[d]


ACHTUNGTRENNUNG(ON21) ACHTUNGTRENNUNG(ON22) ACHTUNGTRENNUNG(ON23) ACHTUNGTRENNUNG(ON24) ACHTUNGTRENNUNG(ON25) ACHTUNGTRENNUNG(ON26) ACHTUNGTRENNUNG(ON27) ACHTUNGTRENNUNG(ON28)


ON13 3’-TCGAACGAACTC 46.0 48.0 32.0 29.5 33.5 44.5 – 40.5
ON14[b] 3’-TCGAACPGAACTC 49.5 43.0 – – – – – 38.0
ON15[c] 3’-TCGAACZGAACTC 38.0 – 36.0 – – – – 30.5
ON16[c] 3’-TCGAAC2GAACTC 37.0 – – 33.5 – – – 30.5
ON17[c] 3’-TCGAAC3GAACTC 39.5 – – – 39.5 – – 32.5
ON18[d] 3’-TCGAAC5GAACTC 46.5 – – – – 42.0 – 34.0
ON19[d] 3’-TCGAAC6GAACTC 46.5 – – – – – – 33.5
ON20[d] 3’-TCGAAC7GAACTC 47.5 – – – – – 45.5 36.0


[a] Concentration of ONs=1.0 mm of each oligonucleotide in 140 mm NaCl, 10 mm sodium phosphate buffer solution, 1 mm EDTA, pH 7.0. [b] See refer-
ence [52]. [c] Prepared by a Sonogashira reaction mixture with ON-possessing monomer 1: [Pd ACHTUNGTRENNUNG(PPh3)4] (7.5 mm), corresponding acetylene (22.5 mm), CuI
(7.5 mm), dry DMF/Et3N (3.5/1.5, 500 mL), 3 h. [d] Prepared by a Sonogashira reaction mixture with ON-possessing monomer 4 : [Pd ACHTUNGTRENNUNG(PPh3)4] (7.5 mm),
corresponding acetylene (22.5 mm), CuI (7.5 mm), dry DMF/Et3N (3.5/1.5, 500 mL), 3 h.
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As was expected from the previous data for mono-
mer Z,[15] we observed a considerable drop in Tm values for
all mixed purine/pyrimidine antiparallel duplexes with
bulged pTINA monomers (ON15–ON17 toward ON21 and
ON28, Table 2) as compared with the wild-type duplexes
(ON13/ON21 and ON13/ON28). Changing the position of
ethynylpyrenes in TINAs from para to ortho led to ONs
with discriminative binding: duplexes with complementary
DNA (ON21) were slightly stabilized, whereas duplexes
with RNA (ON28) were strongly destabilized. Thus, oTINA
in the context of mixed purine/pyrimidine sequences showed
properties similar to INAs (ON14) though a thermal stabili-
ty gain for DNA/DNA duplexes was lower for oTINA. The
latter also resulted in a slightly destabilized duplex ON26/
ON13, whereas the duplex-containing INA monomer
showed higher thermal stability (ON22/ON13) than the ref-
erence (ON13/ON21). All duplexes with INA and TINA
monomers that interacted with RNA targets were destabi-
lized. We have recently observed that placing two INA mon-
omers opposite each other in the duplex led to the forma-
tion of so-called easily denaturing nucleic acids[53,54] in which
each of the INA sequences has a preference in binding to
the complementary unmodified DNA of the same length
rather than forming a duplex with each other.[26,52,53] A simi-
lar tendency was observed for oTINA with 1-ethynylpyrene,
that is, the duplex with an inserted pair of 5 (ON18/ON26)
had lower Tm (42.0 8C) than duplexes with the complementa-
ry DNA molecules (ON18/ON21 and ON26/ON13 with Tm


of 46.5 and 44.5 8C, respectively). None of the duplexes with
a bulged pair of intercalators in the middle of the sequence
showed an increased thermal stability in comparison with
the wild-type duplex. However, one duplex, ON20/ON27,
showed a Tm value of 45.5 8C, which is very close to the Tm


of the unmodified duplex ON13/ON21 (Tm=46.0 8C). The
Tm value for the duplex ON16/ON24 of 33.5 8C was the
lowest among the studied duplexes with pyrenes positioned
across from each other. This observation along with the
fluorescence properties of these duplexes discussed below
highlights the importance of the proper design of intercalat-
ing moieties as a pseudo-pair in the middle of the DNA
duplex.


UV and fluorescence measurements : The introduction of
the fluorescent labels into DNA was also confirmed by the
appearance of extra maxima peaks in the UV/Vis spectra in
the range 300 to 400 nm in addition to the absorption
maxima at approximately 260 nm, which is the peak location
inherent to ONs (Figure 1). As expected, differences in the
UV/Vis spectra were observed between ethynylpyrenes (Fig-
ure 1A) and their corresponding phenylethynylpyrene iso-
mers in the DNA structures ON18–ON20 (Figure 1B). The
long-wave maxima at 357 and 339 nm observed for ACHTUNGTRENNUNG1-
ethynyl ACHTUNGTRENNUNGpyrene were shifted to 336 and 321 nm for 2- and ACHTUNGTRENNUNG4-
ethynyl ACHTUNGTRENNUNGpyrenes, respectively (Figure 2A). For ON18 possess-
ing pyren-1-ylethynylphenyl residue we observed two peaks
at 371 and 395 nm, which is in agreement with previous ob-
servations for DNA molecules with 4-(pyren-1-ylethynyl)-


phenyl.[15,28] A blue shift of approximately 20 nm and lower
intensity in absorbance were detected for ON20 in compari-
son with ON18 with 4- and 1-ethynylpyrene, respectively.
Taking into account the similarity of the UV spectra for 2-
and 4-ethynylpyrenes above 300 nm, one could expect the
UV profiles for ON19 and ON20 to also be similar. Howev-
er, considerably lower absorbance in the region of 350–
400 nm and several shoulders at 302, 320, and 343 nm were
observed in UV spectrum of single-stranded ON19 with 2-
ethynyl ACHTUNGTRENNUNGpyrene. Comparing these results with the UV spectra
of the non-nucleoside model compounds with 4-(pyren-1ACHTUNGTRENNUNG(2
or 4)-yl ACHTUNGTRENNUNGethynyl)benzyl residues (unpublished results, see the
Supporting Information), we suspect that the through-space
interactions between pyren-2-ylethynylphenyl and the sur-
rounding nucleobases led to the decrease in the absorbance
between 350 and 400 nm for ON19. A more-detailed conclu-
sion might be obtained only upon insertion of these model
compounds into the structure of nucleosides and then into
oligonucleotide sequences, which is a subject of our on-
going studies. In any case, the considerable changes in the
UV/Vis absorbance spectra upon substitution of pyrene as
an individual monomer at different positions in the DNA se-


Figure 1. A) UV/Vis absorption spectra of 1-, 2-, and 4-ethynylpyrenes
(1-, 2-, and 4-EP) in 0.4% DMSO/ethanol (v/v), concentration of each
compound 10�5m. B) UV/Vis absorption spectra of single-stranded ONs
with 1-, 2-, and 4-ethynylpyrenes in the structure of oTINA at 1.0 mm in a
buffer solution at 10 8C (140 mm NaCl, 10 mm sodium phosphate buffer
solution, 1 mm EDTA, pH 7.0). DMSO=dimethyl sulfoxide, EDTA=


ethylenediaminetetracacetic acid.
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quence represents a difference in the electronic structure of
these dyes.
Next, we studied the changes in the fluorescence spectra


upon formation of a variety of complexes of ONs with
ACHTUNGTRENNUNGphenylethynylpyrene isomers with complementary strands in
a buffer solution. Profiles for fluorescence excitation and
emission spectra, as already expected from the UV spectra,
were different for each ethynylpyrene isomer. An excitation
maximum for the 1-ethynylpyrene analogue ON18 upon ob-
servation of the emission at 405 nm was detected at 392 nm
with a peak of lower intensity at 373 nm (Figure 2). Two


other ethynylpyrene derivatives showed their maxima at
shorter wavelengths. Thus, excitation maxima for 2-ethynyl-
pyrene oTINA (ON19) were detected at 304, 321, and
343 nm. A very broad peak with a plateau in between 350
and 370 nm was observed for the 4-ethynylpyrene analogue
ON20. From a practical point of view and taking into ac-
count the excitation spectra of ON18–ON20, exceptionally
large Stokes shifts of pyren-2-ylethynylphenyl (ca. 100 nm)
were calculated as the difference between positions of the
band maxima of the absorption and emission spectra. Values
for 1- and 4-ethynylpyrene derivatives are 10 and 40 nm, re-
spectively. Large Stokes shifts may result from excitation
into higher energy electronic states followed by a relaxation
to the common emitting states of phenylethynylpyrenes. The
position of substituents on the pyrene ring determines the
nature of the higher-energy electronic states. For conven-
ience, we performed all fluorescence emission spectra upon
excitation at 373 nm, where all analogues absorb energy to
differing extents. In the fluorescence emission spectra of 2-
ethynylpyrenyl derivatives, we observed a shoulder at 445–
465 nm in addition to the monomeric fluorescence maxima
at 405 and 425 nm (ON3, ON7, ON16, and ON19 ; Figure 3
and Figure 4). The latter maxima are similar to those of
ssONs with 1-ethynylpyrene. Spectra of ssONs containing 4-
ethynylpyrene are characterized by a broad peak of low in-
tensity in the range of 380–430 nm (ON4, ON8, ON17, and


ON20, Figure 3, Figure 4). Upon addition of the comple-
mentary strands, the fluorescence intensity of labeled ONs
changed depending on the phenylethynylpyrene isomer used
and the secondary DNA structure formed. A red shift of 3–
5 nm and an increase in fluorescence intensity were ob-
served upon formation of parallel triplexes/duplexes and an-
tiparallel duplexes for both para- and ortho-TINAs with 1-
and 2-ethynylpyrenes in comparison with ssONs (Fig-
ure 3A–D). For homopyrimidine ONs possessing 1- and 4-
ethynylpyrenes, a considerably higher fluorescence intensity
was observed upon antiparallel duplex formation relative to
the parallel triplexes and duplexes, except for oTINA with
4-ethynylpyrene (Figure 3A,B and 4E,F). In the latter case,
both duplexes had approximately the same fluorescence in-
tensity (Figure 3F). For 4-ethynylpyrene derivatives, a high
increase in fluorescence was also accompanied by formation
of more discrete peaks at 395 and 411 nm (Figure 3E,F).
The range of these values is lower than the range of mono-
meric fluorescent peaks of 1- and 2-ethynylpyrenes and
higher than those of the parent pyrene in the INA structure
(380 and 405 nm[8]).
The formation of Watson–Crick duplexes by purine–


pyrimidine sequences with TINA isomers resulted in a dif-
ferent fluorescence response in comparison with the homo-
pyrimidine sequences described above. Thus, only marginal
changes in the fluorescence spectra were observed for 1-
ethynylpyrene pTINA (ON15) upon hybridization with com-
plementary DNA and RNA and with an ON with the same
dye as the pseudo-pairs (Figure 4A), whereas formation of
the antiparallel duplex ON2/ON12 induced an increase in
fluorescence intensity (Figure 2A). The same was valid for
4-ethynylpyrene derivatives (Figure 3E and F and Figure 4E
and F), which represents the influence of the oligonucleo-
tide content on changes in the fluorescence spectra. For 2-
ethynylpyrene derivatives, a more than three-fold increase
in fluorescence was observed for pTINA upon formation of
the duplex with complementary DNA and RNA (Fig-
ure 4C), whereas no changes in fluorescence intensity could
be seen for oTINA (Figure 4D). Notably, even in the single-
stranded form, TINA monomers responded differently to
the sequence contents.
Marginal changes in fluorescence spectra were observed


for 1-ethynylpyrene analogues of pTINA (ON15 and
ON23), while almost a fourfold difference in intensity was
detected between ON16 and ON24 possessing 2-ethynyl-
ACHTUNGTRENNUNGpyrene. Taking into account that the next nearest neighbors
in ON15 and ON16 are purines and not pyrimidines as in
ON23 and ON24, we suspect that purines might result in a
more effective stacking of the monomer 2 with the neigh-
boring and/or next nearest neighboring purines than with
the monomer Z. Another explanation might be the different
response of monomers 2 and Z to the redox potentials of
the neighboring nucleobases in conjunction with the flank-
ing sequences. This is also the case for oTINA analogues
with 1- and 4-ethynylpyrene, as higher fluorescence intensi-
ties were observed for the sequence 5’-AAGXCAA-3’ than
for the sequence 5’-TTGXCTT-3’.


Figure 2. Fluorescence excitation spectra of single-stranded ONs with 1-,
2-, and 4-ethynylpyrenes in the structure of o-TINA. Measurement condi-
tions: 1 mm of each strand in a buffer solution at 20 8C (140 mm NaCl,
10 mm sodium phosphate buffer solution, 1 mm EDTA, pH 7.0), emission
405 nm (emission slit 0.0 nm), excitation 270–395 nm (excitation slit
4.0 nm). If= fluorescence intensity.
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None of the ethynylpyrene derivatives of pTINA dis-
played formation of an excimer in duplexes with bulged
identical dyes positioned opposite each other in the middle
of the duplex (ON15/ON23, ON16/ON24, ON17/ON25),
which is in agreement with previous observations for 4-
(pyren-1-ylethynyl)phenyl dyes.[15,28] However, upon chang-
ing the attachment of ethynylpyrenes from para- to ortho-
TINA, the excimer band was detected at approximately
505 nm for 1- and 4-ethynylpyrene dyes (Figure 4B and F,


respectively). Interestingly, the ratio between monomeric
and excimer fluorescence bands was different for these two
dyes in the duplex structure, that is, monomeric fluorescence
had a higher intensity than the excimer band for 1-ethynyl-
pyrene oTINA, whereas for 4-ethynylpyrene oTINA, it was
opposite. There is also a correlation between the thermal
stability and the formation of an excimer band. Thus, Tm


values of duplexes showing an excimer band (ON14/
ON22,[52,53] ON18/ON26, and ON20/ON27) are higher than


Figure 3. Fluorescence emission spectra of single-strands, antiparallel and parallel duplexes, and parallel triplexes formed by homopyrimidine ONs with
1-ethynylpyrene (1EP, Figures 2A and B), 2-ethynylpyrene (2EP, Figures 3C and D), and 4-ethynylpyrene (4EP, Figures 3E and F) in the structure of
para-TINA (pTINA, Figures 3A, C, and E) and ortho-TINA (oTINA, Figures 3B, D, and F). Measurement conditions: 1 mm of each strand in a buffer so-
lution at 10 8C (20 mm sodium cacodylate, 100 mm NaCl, 10 mm MgCl2, pH 6.0), excitation 373 nm (excitation slit 4.0 nm), emission 380–600 nm (emission
slit 2.5 nm for C, D, E, and F and 0.0 nm for A and B).
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the Tm values of duplexes with no excimer band in fluores-
cence spectra (ON15/ON23, ON16/ON24, and ON17/
ON25). This means that proper interstrand overlapping/
stacking of pyrene residues as a pseudo-pair in the middle
of the DNA duplex results in the formation of an excimer
band. This gives the thermodynamic gain that compensates
for the distortion of the backbone arising from the use of a
flexible glycerol linker. Owing to the difficulties with deriva-
tization of ONs by 2-ethynylpyrene, we could not obtain an


ON that was intended to be a pair for ON19. Previously, for-
mation of an excimer as a result of interstrand stacking in-
teractions of pyrenes in the core of a DNA duplex was ob-
served for INA (monomer P) at 480 nm (lex=340 nm


[53])
and for bis-substituted 1,8-pyrene at 493 nm (lex=
354 nm[21]). Next, an interstrand pyrene excimer band was
found to be useful in signaling full DNA complementari-
ty[53,55–57] and as evidence of the assembly of intermolecular
DNA triplexes in which a bis-substituted 1,8-pyrene deriva-


Figure 4. Fluorescence emission spectra of single strands and antiparallel duplexes formed by mixed purine–pyrimidine ONs with 1-ethynylpyrene (1EP,
Figures 4A and B), 2-ethynylpyrene (2EP, Figures 4C and D) and 4-ethynylpyrene (4EP, Figures 4E and F) in the structure of para-TINA (pTINA, Fig-
ures 4A, C, and E) and ortho-TINA (oTINA, Figures 4B, D, and F). Measurement conditions: 1 mm of each strand in a buffer solution at 10 8C (140 mm


NaCl, 10 mm sodium phosphate buffer solution, 1 mm EDTA, pH 7.0), excitation 373 nm (excitation slit 4.0 nm), emission 380–600 nm (emission slit
2.5 nm for A, B, E, and F and 0.0 nm for C and D).
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tive extended p–p stacking between two DNA triplexes.[16]


An excimer band was also observed upon insertion of more
than one dye into the DNA strand in close proximity to
each other. For 4-(pyren-1-ylethynyl)phenyl derivatives, a
strong pyrene excimer at approximately 505 nm was ob-
served for ssONs with two intercalators inserted as neigh-
bors[58] and as next-nearest neighbors.[15] A relatively higher
excimer band was observed for ssON with pTINA mono-
mers as next-nearest neighbors in comparison with the
oTINA analogues (ON5 and ON9, Figure 4A and B). Inter-


estingly, in contrast with phenylethynylpyrenes, there is no
typical red-shifted emission for pyrene excimers of 5-(pyren-
1-ylethynyl)-2’-deoxyuridine, which exhibits only a moderate
red shift in its fluorescence spectra from 455 nm for a single
insertion to 467 nm when placing two fluorescent nucleo-
tides as neighbors or next-nearest neighbors.[59,60]


As we have already seen for para- and ortho-TINAs with
1-ethynylpyrene, formation of the antiparallel duplex from
homopyrimidine probes with two TINAs as next-nearest
neighbors (ON5 and ON9 toward ON12, Figure 5C and D,


Figure 5. Fluorescence emission spectra of single strands, antiparallel and parallel duplexes, and parallel triplexes formed by homopyrimidine ONs with
two dyes as next-nearest neighbours, that is, 1-ethynylpyrene (1EP, Figures 5A–D), and 4-ethynylpyrene (4EP, Figures 5E) in the structure of para-TINA
(pTINA, Figures 5A and C) and ortho-TINA (oTINA, Figures 5B, D, and E). Measurement conditions: 1 mm of each strand in a buffer solution at 10 8C
(20 mm sodium cacodylate, 100 mm NaCl, 10 mm MgCl2, pH 6.0), excitation 373 nm (excitation slit 4.0 nm), emission 380–600 nm (emission slit 2.5 nm for
A, B, and E and 0.0 nm for C and D). ON5 and ON9 were used as references in spectra recorded under different conditions.
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respectively) also resulted in considerable fluorescence en-
hancement. Interestingly, it was accompanied with the disap-
pearance of an excimer band for oTINA, whereas it still re-
mained visible in the case of pTINA. This could mean that
after duplex formation, no or little overlapping of pyrene
was possible when 1-ethynylpyrene was positioned in the
ortho position. Remarkably, an increase in fluorescence in-
tensity and the disappearance of an excimer band were ob-
served upon formation of an antiparallel duplex for 4-
ethynyl ACHTUNGTRENNUNGpyrene oTINAs as next-nearest neighbors. The exci-
mer signal was, however, slightly higher for the triplex rela-
tive to the intensity of the single-stranded probe, which is
contrary to that found for 1-ethynylpyrene-labeled oTINA.
Another interesting observation was the formation of the
peak at 403 nm for the parallel duplex ON10/ON11 (Fig-
ure 5E). In general, the fluorescence properties of 4-ethy-
nylpyrene derivatives in the DNA structure differ from
those of 1- and 2-ethynylpyrenes and from the parent
pyrene. However, formation of different complexes with
complementary DNA molecules had a different effect on
the fluorescence properties. This means that derivatives of
4-ethynylpyrene, as well as pyrene and 1-ethynylpyrene, are
sensitive to microenvironmental changes. Low fluorescence
intensity and unstructured peaks of monomeric fluorescence
for single-stranded ONs and Watson–Crick duplexes with 4-
ethynylpyrene might be a result of efficient charge transfer,
which could be even more efficient than for 1-ethynylpyrene
derivatives.[61]


Conclusion


By using the Sonogashira-type postsynthetic modification of
ONs with either (R)-1-O-(4-iodophenyl)methylglycerol or
(R)-1-O-(2-iodophenyl)methylglycerol, we screened twisted
intercalating nucleic acids (TINAs) with 1-, 2-, and 4-
ethynyl ACHTUNGTRENNUNGpyrenes for their ability to increase the thermal sta-
bility of Hoogsteen-type triplexes/duplexes and Watson–
Crick-type duplexes. We found that the bulged insertion of
pTINA derivatives is more efficient for Hoogsteen-type tri-
plexes and duplexes, whereas oTINA analogues can stabilize
both Hoogsteen- and Watson–Crick-type complexes. 1-Ethy-
nylpyrene derivatives showed the highest increment in ther-
mal stabilities among the ethynylpyrenes studied, except for
antiparallel duplexes that were formed by mixed purine–pyr-
imidine sequences (the use of 4-ethynylpyrene resulted in
slightly higher Tm values). UV/Vis and fluorescence proper-
ties of each ethynylpyrene isomer were different from each
other. A remarkably large Stokes shift (ca. 100 nm) was ob-
served for pyren-2-ylethynylphenyl, whereas the Stokes
shifts for 1- and 4-ethynylpyrene conjugates were 10 and
40 nm, respectively. An interstrand excimer band at 505 nm
was observed for oTINA derivatives, when the dyes were
positioned opposite each other in the middle of the duplex
as bulges, whereas an excimer band could not be detected
for any of the duplexes with a pair of pTINAs. The current
study highlights the importance of intercalator positioning


within the core of DNA duplexes. Tiny structural alterations,
as, for example, the use of another ethynylpyrene isomer,
can lead to significant changes in the properties of the re-
sulting nucleic acid analogues. The design of DNA-based
tools is based on specificity, self-assembly, and high thermal
stability, and therefore knowledge of specific positioning of
reporter groups in the interior of DNA complexes is vital
for further development of DNA-based bio- and
ACHTUNGTRENNUNGnanotechnology.


Experimental Section


General methods : 500 MHz 1H and 125.7 MHz 13C NMR spectra were re-
corded on a Bruker DRX-500 spectrometer and referenced to CDCl3
(d=7.25 ppm for 1H and d =77.00 ppm for 13C). 1H–13C gradient-selected
HMQC and HMBC spectra were obtained by using 2048 (t2)K256 (t1)
complex point data sets, zero-filled to 2048 (F2)K1024 (F1) points. The
spectral widths were 13 ppm and 200 ppm for 1H and 13C dimensions, re-
spectively. HMBC spectra were measured with 50 ms delay for evolution
of long-range couplings. 1H–13C HMQC and HMBC spectra were used
for the assignment of signals in the 13C NMR spectra of ethynylpyrenes
11 and 12. Melting points were determined by using a Boetius heating
table and are uncorrected. Analytical thin-layer chromatography was per-
formed on Kieselgel 60 F254 precoated aluminum plates (Merck), spots
were visualized under UV light (254 nm). Silica gel column chromatogra-
phy was performed by using Merck Kieselgel 60 0.040–0.063 mm. Re-
agents and solvents obtained from commercial suppliers were used with-
out further purification unless otherwise noted. Dichloromethane was
always used freshly distilled over CaH2.


Synthesis of 2- and 4-ethynylpyrene : 4,5,9,10-tetrahydropyrene (2) and
1,2,3,6,7,8-hexahydropyrene (3): Pyrene (21.0 g, 104 mmol) was purified
by short column chromatography on silica gel in CHCl3, then dissolved in
EtOAc (250 mL), and the sulfur removed by stirring over Raney nickel
(10 g) for 48 h.[42] Nickel was filtered off, and the solution was hydrogen-
ated in the presence of 10% Pd/C (4 g) at 160 atm and 60 8C for 24 h.
The mixture was filtered and evaporated to give a crude mixture of 10
and 9 (Rf=0.65 and 0.56, respectively; aluminum oxide TLC plate, petro-
leum ether). The mixture was chromatographed on Al2O3 in petroleum
ether to yield 9 and 10. 4,5,9,10-Tetrahydropyrene (9, 16.2 g, 76%), color-
less crystals, m.p. 120–123 8C (96% aq. ethanol; lit. m.p. 126–127 8C,[40]


137–138 8C,[43] 119–120 8C[41]); 1H NMR (CDCl3): d=7.12 (m, 2H, J1,2=
7.1 Hz, 2-H, 7-H), 7.08 (m, 4H, J1,2=7.1 Hz, 1-H, 3-H, 6-H, 8-H),
2.89 ppm (s, 8H, CH2). 1,2,3,6,7,8-Hexahydropyrene (10, 4.3 g, 20%), col-
orless crystals, m.p. 128–130 8C (96% aq. ethanol; lit. m.p. 127 8C,[62,63]


129–130 8C,[64] 132–133 8C[65]); 1H NMR (CDCl3): d =7.13 (s, 4H, 4-H, 5-
H, 9-H, 10-H), 3.07 (t, 8H, J1,2=6.1 Hz, 1-H, 3-H, 6-H, 8-H), 2.06 ppm
(quintet, 4H, J1,2=6.1 Hz, 2-H, 7-H).


Synthesis of 2-ethynylpyrene (11): A solution of Ac2O (4.82 mL,
51 mmol) in CH2Cl2 (60 mL) was added dropwise over 30 min to a
stirred, ice-cooled solution of 4,5,9,10-tetrahydropyrene (9, 10.0 g,
48.5 mmol) and AlCl3 (14.46 g, 108 mmol) in CH2Cl2 (200 mL). The mix-
ture was kept at 0 8C for 1 h, then the cooling was removed, and the mix-
ture was stirred at ambient temperature for 3 h (the TLC analysis
showed the disappearance of the starting hydrocarbon). The mixture was
poured into the mixture of concentrated HCl (80 mL) in cold water
(500 mL). The organic layer was separated and the aqueous layer was ex-
tracted with DCM (100 mL). The organic solutions were combined and
washed with water (300 mL), 5% NaHCO3 (300 mL) followed by water
(300 mL), then dried over CaCl2 and evaporated. The residue was chro-
matographed on silica gel in toluene and then recrystallized from petrole-
um ether to yield 2-acetyl-4,5,9,10-tetrahydropyrene (12.04 g, 98%) as
yellow crystals, m.p. 107–108 8C (lit. m.p. 113–114 8C,[40] 110.5–112 8C[66]),
Rf=0.42 (5% EtOAc/toluene, v/v). 1H NMR (CDCl3): d=7.67 (s, 2H, 1-
H, 3-H), 7.18 (m, 1H, J6,7=7.4 Hz, 7-H), 7.10 (m, 2H, J6,7=7.4 Hz, 6-H,
8-H), 2.92 (m, 8H, CH2), 2.60 ppm (s, 3H, CH3);


13C NMR (CDCl3): d=
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198.00 (CO), 136.19 (2C), 135.59, 135.48 (2C), 135.30, 129.79, 128.36,
126.15 (2C), 126.13 (2C), 126.11, 28.23 (2C), 28.13 (2C), 26.60 ppm
(CH3). One portion of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ;
5.06 g, 22.3 mmol) was added to a solution of 2-acetyl-4,5,9,10-tetrahydro-
pyrene (2.38 g, 9.6 mmol) in toluene (150 mL) and the solution was re-
fluxed for 1 h, cooled, and then passed through an Al2O3 layer (4 cm) in
toluene to yield pure 2-acetylpyrene (2.0 g, 85%), m.p. 121–124 8C
(AcOH/H2O) (lit. m.p. 145–147 8C


[50] and 145–146 8C[40]), Rf=0.37 (5%
EtOAc/toluene, v/v). 1H NMR (CDCl3): d=8.72 (s, 2H, 1-H, 3-H), 8.20
(d, 2H, J6,7=7.7 Hz, 6-H, 8-H), 8.12 (m, 4H, J4,5=8.9 Hz, 4-H, 5-H, 9-H,
10-H), 8.06 (t, 1H, J6,7=7.7 Hz, 7-H), 2.89 ppm (s, 3H, CH3);


13C NMR
(CDCl3): d =198.69 (CO), 134.21, 131.81 (2C), 131.04 (2C), 128.29 (2C),
127.88 (2C), 127.11 (C7), 127.01, 125.49 (2C), 124.47 (2C), 124.27,
27.11 ppm (=CH3). The 2-acetylpyrene was transformed further into 3-(2-
pyrenyl)-3-chlor-2-propenal by using the following procedure: POCl3
(5.0 mL, 54 mmol) was added dropwise to ice-cooled DMF (4.3 mL,
55 mmol) over 1 h. The mixture obtained was added dropwise at RT to a
solution of 2-acetylpyrene (1.86 g, 7.6 mmol) in DMF (70 mL) and the re-
action mixture was left to stir overnight. Then the reaction mixture was
poured into cold water (500 mL), and solid AcONa·3H2O was added
until the pH value reached 6. The mixture was extracted with CHCl3
(200 mL), the organic layer was washed with water (3K300 mL), dried
over Na2SO4 and concentrated in vacuo. The residue was chromatograph-
ed on silica gel in toluene to yield 3-(2-pyrenyl)-3-chlor-2-propenal
(1.86 g, 84%) as a yellow solid. Rf 0.46 (5% EtOAc-toluene v/v). NMR
spectroscopy showed the compound to be the mixture of E- (97%) and
Z- (3%) stereoisomers. 1H NMR (CDCl3): d=10.34 (d, 0.97H, J=


6.8 Hz, (E)-CHO), 9.56 (d, 0.03H, J=7.6 Hz, (Z)-CHO), 8.48 (s, 2H, 1-
H, 3-H), 8.20 (d, 2H, J6,7=7.8 Hz, 6-H, 8-H), 8.13–8.02 (m, 5H, J4,5=
9.0 Hz, 4-H, 5-H, 7-H, 9-H, 10-H), 6.98 (d, 0.97H, J=6.8 Hz, (E)-
CHCHO), 6.74 ppm (d, 0.03H, J=7.6 Hz, (Z)-CHCHO). To a solution
of 3-(2-pyrenyl)-3-chlor-2-propenal (648 mg, 2.23 mmol) in dioxane
(90 mL), pulverized KOH (394 mg, 7.0 mmol) was added with stirring
under argon and the reaction mixture was refluxed for 2 h, cooled, and
then the pH value was adjusted to 3 through the addition of 5% aq.
citric acid. Solvents were removed in vacuo and the residue was dissolved
in toluene (150 mL), washed with water (3K200 mL), dried over Na2SO4,
and concentrated in vacuo. The residue was chromatographed on silica
gel by using a step gradient of 50!70!90!100% (v/v) of toluene in
ACHTUNGTRENNUNGpetroleum ether to give 2-ethynylpyrene (11) as colorless crystals. Yield
480 mg (95%). Rf 0.6 (CHCl3). m.p. 112–114 8C (ethanol; lit. m.p. 125–
127 8C,[50] 110–112 8C,[49] and 103–104 8C[47]). 1H NMR (500 MHz, CDCl3):
d=8.27 (s, 2H, 1-H, 3-H), 8.16 (d, 2H, J6,7=7.6 Hz, 6-H, 8-H), 8.06 (m,
2H, J4,5=9.1 Hz, 5-H, 9-H), 8.00 (m, 3H, 4-H, 7-H, 10-H), 3.24 ppm (s,
1H,=CH); 13C NMR (CDCl3): d=131.26 (2C, C5a, C8a), 131.00 (2C,
C3a, C10a), 128.16 (2C, C1, C3), 128.12 (2C, C5, C9), 126.82 (2C, C4,
C10), 126.41 (C7), 125.40 (2C, C6, C8), 124.46 (C10b), 124.29 (C10c),
119.39 (C2), 84.28 (ArC�), 77.43 ppm (�CH).
Synthesis of 4-ethynylpyrene (12): For a preliminary report, see refer-
ence [67]. In a manner similar to that described in the above procedure,
4-acetyl-1,2,3,6,7,8-hexahydropyrene was prepared from 10 (8.06 g,
39 mmol), AlCl3 (11.37 g, 85 mmol), and Ac2O (4.03 mL, 43 mmol). The
ketone was purified by chromatography on silica gel in toluene. Yield
8.93 g (92%), yellow crystals. Rf=0.31 (toluene). m.p. 78–79 8C (benzene;
lit. m.p. 85–86 8C[49]). 1H NMR (CDCl3): d=7.38 (s, 1H, 5-H), 7.19 (m,
2H, J=7.1 Hz, 9-H, 10-H), 3.28 (t, 2H, J=6.0 Hz, 3-H), 3.12–3.03 (m,
6H, 1-H, 6-H, 8-H), 2.64 (s, 3H, CH3), 2.10–1.97 (m, 4H, 2-H, 7-H) ppm;
13C NMR (CDCl3): d 203.31 (CO), 136.15, 134.73, 134.03, 134.00, 133.48,
131.27, 130.22, 125.38, 124.47, 122.40, 31.51, 31.30, 31.27, 30.56, 29.32,
23.19, 23.01 ppm. 4-Acetyl-1,2,3,6,7,8-hexahydropyrene (770 mg,
3.08 mmol) was aromatized with DDQ (2.27 g, 10 mmol) in toluene
(20 mL) to give 4-acetylpyrene as yellow crystals. Yield 560 mg (75%).
Rf=0.45 (toluene), m.p. 136–138 8C (toluene; lit. m.p. 132.5–133.5 8C[45]).
1H NMR (CDCl3): d =9.09 (d, 1H, J=8.0 Hz, 3-H), 8.52 (s, 1H, 5-H),
8.25–8.17 (m, 3H, 1-H, 6-H, 8-H), 8.08–7.97 ppm (m, 4H, 2-H, 7-H, 9-H,
10-H); 13C NMR (CDCl3): d=201.64 (CO), 134.90, 131.64, 131.11, 131.02,
129.17, 128.17, 127.34, 127.24, 126.71, 126.64, 126.48, 126.17, 125.92,
125.54, 125.27, 124.47, 29.83 ppm (CH3). 3-(4-Pyrenyl)-3-chlor-2-propenal
was prepared from 4-acetylpyrene (1.338 g, 5.5 mmol) and Vilsmeier re-


agent (POCl3 (3.6 mL, 39 mmol) with DMF (3.0 mL, 39 mmol)). Yield
1.49 g (94%), yellow solid. Rf=0.4 (5% EtOAc/toluene, v/v). 1H NMR
(CDCl3): d=10.46 (d, 0.46H, J=7.0 Hz, (E)-CHO), 9.43 (d, 0.54H, J=


7.4 Hz, (Z)-CHO), 8.45–8.05 (m, 9H, ArH), 6.90 (d, 0.54H, J=7.4 Hz,
(Z)-CHCHO), 6.71 ppm (d, 0.46H, J=7.0 Hz, (E)-CHCHO). 3-(4-Pyren-
yl)-3-chlor-2-propenal (291 mg, 1.0 mmol) in dioxane (10 mL) with KOH
(177 mg, 3.16 mmol) was converted to 4-ethynylpyrene (12), colorless
crystals, m.p. 103–104 8C (lit. m.p. 103–105 8C[47]). Yield 190 mg (84%).
Rf=0.6 (toluene). 1H NMR (CDCl3): d =8.69 (d, 1H, J=7.8 Hz, 3-H),
8.38 (s, 1H, 5-H), 8.22 (d, 1H, J=7.8 Hz, 1-H), 8.20 (d, 1H, J=7.8 Hz, 8-
H), 8.15 (d, 1H, J=7.3 Hz, 6-H), 8.11–8.04 (m, 3H, 2-H, 9-H, 10-H), 8.00
(m, 1H, 7-H), 3.55 ppm (s, 1H, �CH); 13C NMR (CDCl3): d=133.26
(C5), 131.22 (C10a), 131.03 (C8a), 130.30 (C3a), 130.07 (C5a), 127.61
(C10), 127.20 (C9), 126.25 (C8), 126.20 (C2), 126.12 (C7), 125.75 (C1),
125.23 (C6), 124.40 (2C, C10b, C10c), 123.72 (C3), 119.28 (C4), 82.01
(ArC�), 81.69 ppm (�CH).
Synthesis of DMT-protected oTINA precursor : (S)-1-(4,4’-dimethoxytri-
phenylmethyloxy)-3-(2-iodobenzyloxy)-propan-2-ol (DMT-14): (S)-(+)-
2,2-Dimethyl-1,3-dioxolane-4-methanol (13, 1.17 g, 8.9 mmol) and 2-iodo-
benzylbromide (2.5 g, 8.4 mmol) were refluxed under Dean–Stark condi-
tions in toluene (125 mL) in the presence of KOH (4.4 g, 77.0 mmol) for
7 h. The reaction mixture was allowed to cool and H2O (50 mL) was
added. After separation of the phases, the water layer was washed with
toluene (2K25 mL). The combined organic layers were washed with H2O
(30 mL) and concentrated in vacuo. The residue was treated with 80%
aq. CF3CO2H (25 mL) for 4 h at RT. The solvent was removed in vacuo
and the residue was coevaporated twice with toluene/EtOH (30 mL, 5:1,
v/v) and then with dry pyridine (20 mL). The residue was dried under di-
minished pressure to afford (R)-3-(2-iodobenzyloxy)propane-1,2-diol (14,
100%, 2.3 g) as yellowish oil that was used in the next step without fur-
ther purification. This oil (2.3 g, 8.4 mmol) was dissolved in anhydrous
pyridine (25 mL) and 4,4’-dimethoxytrityl chloride (3.5 g, 10.4 mmol) was
then added under nitrogen. After 24 h, ethanol (2 mL) followed by
EtOAc (150 mL) were added and the mixture was extracted with saturat-
ed aqueous NaHCO3 (3K40 mL). The water phase was extracted with
EtOAc (50 mL). The combined organic layers were dried (Na2SO4), fil-
tered, and evaporated under diminished pressure. The residue was coeva-
porated twice with toluene/EtOH (25 mL, 1:1, v/v). The residue was ad-
sorbed on silica gel (3.0 g) from EtOAc (30 mL) and purified by using
dry column vacuum chromatography with EtOAc (0–25%, v/v) in cyclo-
hexane to afford (S)-1-(4,4’-dimethoxytriphenylmethyloxy)-3-(2-iodo-
ACHTUNGTRENNUNGbenzyloxy)propane-2-ol (62%, 3.0 g) as a yellow foam. 1H NMR
(CDCl3): d =2.46 (d, 1H, J=5.0 Hz; OH), 3.25 (dd, 2H, J=1.9, 5.0 Hz;
CHOHCH2OCH2), 3.67 (m, 2H; CH2ODMT), 3.75 (s, 6H, 2KCH3), 4.00
(m, 1H; CHOH), 4.50 (s, 2H; CH2Ar), 6.81 (d, 4H, J=8.5 Hz; DMT),
6.97 (m, 1H; phenyl), 7.20–7.30 (m, 9H; phenyl+DMT), 7.41 (m, 2H;
phenyl), 7.80 ppm (d, 1H, J=7.9 Hz; phenyl). 13C NMR (CDCl3): d=


55.17, 55.19 (OCH3), 64.39 (CH2ODMT), 69.93 [CH(OH)CH2OCH2],
72.04 (CHOH), 76.9 (CH2-phenyl), 86.09 (CAr3), 97.79 (C-1) , 113.10
(DMT), 126.76 (DMT), 127.81 (iodophenyl), 128.11 (DMT), 128.17
(DMT), 128.87 (iodophenyl), 129.25 (iodophenyl), 130.04 (DMT), 135.96
(DMT), 139.17 (iodophenyl), 140.21 (iodophenyl), 144.8 (DMT),
158.45 ppm (DMT). HR-MALDI-MS: calcd for C31H31IO5Na [M+Na]+ :
m/z 633.1108; found: m/z 633.1082.


Synthesis of (S)-2-O-[2-cyanoethoxy(diisopropylamino)phosphino]-1-O-
(4,4’-dimethoxytriphenylmethyl)-3-O-(2-iodobenzyl)glycerol (15): (S)-1-
(4,4’-Dimethoxytriphenylmethyloxy)-3-(2-iodobenzyloxy)propane-2-ol
(1.5 g, 2.46 mmol) was dissolved under nitrogen in anhydrous CH2Cl2
(50 mL). N,N-Diisopropylammonium tetrazolide (0.660 g, 3.85 mmol) was
added followed by dropwise addition of 2-cyanoethyl tetraisopropyl-
ACHTUNGTRENNUNGphosphor ACHTUNGTRENNUNGdiamidite (0.854 g, 2.82 mmol) with external cooling with an ice-
water bath. After stirring overnight, analytical TLC showed no more
starting material, and the reaction was quenched with H2O (45 mL). The
layers were separated and the organic phase was washed with H2O
(30 mL). Combined water layers were washed with CH2Cl2 (25 mL). The
organic phase was dried (Na2SO4) and filtered, silica gel (1.5 g) and pyri-
dine (0.5 mL) were added, and solvents were removed under reduced
pressure. The residue was purified by using silica gel dry column vacuum
chromatography with Et3N (0.5%)/EtOAc (0–25%, v/v)/petroleum
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ether. Combined UV-active fractions were evaporated in vacuo to afford
the final compound 15 (1.28 g, 64%) as a foam that was used in DNA
synthesis. 32P NMR (CDCl3): d=150.3, 150.4 ppm (1:1 ratio). HR-
MALDI-MS: calcd for C40H49IO6N2PNa [M+Na]+ : m/z 833.2187; found:
m/z 833.2157.


Synthesis and purification of TINAs : DNA molecules were synthesized
on an Expedite nucleic acid synthesis system model 8909 from Applied
Biosystems by using 4,5-dicyanoimidazole as an activator and an in-
creased deprotection time (100 s) and coupling time (2 min) for a 0.075m


solution of the phosphoramidite 15 or the phosphoramidite of (S)-1-(4,4’-
dimethoxytriphenylmethyloxy)-3-(4-iodobenzyloxy)propane-2-ol[12] in a
1:1 mixture of dry MeCN/CH2Cl2. After the DNA synthesis, the columns
with CPG-supports and DMT-on oligonucleotides with 4-iodophenyl or
2-iodophenyl moieties were flushed with argon (2 min) prior to the cou-
pling reaction. The Sonogashira coupling reagent mixture containing
[Pd ACHTUNGTRENNUNG(PPh3)4] (7.5 mm), one of the ethynylpyrenes (22.5 mm), and CuI
(7.5 mm) in dry DMF/Et3N (3.5/1.5, 500 mL) was prepared in a 1 mL plas-
tic syringe under dry conditions at RT. Syringes were also flushed with
argon prior to use. The syringe with Sonogashira-coupling reagent mix-
ture was attached to the column with the CPG and another empty sy-
ringe was connected from another side of the column. The CPG-support
with modified oligonucleotide was washed with the reaction mixture sev-
eral times by full syringes. After every 45 min, the last operation was re-
peated. After 3–4 h, the reaction mixture was removed from the support,
and columns were washed with DMF (2K0.5 mL) and CH3CN (2K1 mL),
and then dried. In the cases of ON3, ON5, ON7, ON9, ON10, ON16, and
ON19 CPG supports were treated one more time with freshly prepared
Sonogashira-coupling reaction mixture.


Afterward, the 5’-DMT-on oligonucleotides were cleaved off from the
solid support (RT, 2 h) and deprotected (55 8C, overnight) by using 32%
aqueous ammonia. Purification of 5’-O-DMT-on TINAs was accom-
plished by using a reverse-phase semipreparative HPLC on a Waters
Xterra MS C18 column. The ONs were DMT deprotected in 100 mL
80% aqueous acetic acid (30 min), diluted with 32% aqueous ammonia
(1 mL), and purified again on HPLC. Corresponding fractions with ONs
were evaporated and diluted with 1m aqueous NaOAc (150 mL), and
ONs were precipitated from ethanol (550 mL). The modified ONs were
confirmed by MALDI-TOF analysis on a Voyager Elite biospectrometry
research station from PerSeptive Biosystems. The purity of the final ONs
was checked by ion-exchange chromatography by using a LaChrom
system from Merck Hitachi on a GenPak-Fax column (Waters) and was
found to be over 90%.


Melting temperature measurements : Melting temperature measurements
were performed on a Perkin-Elmer UV/Vis spectrometer Lambda 35
fitted with a PTP-6 temperature programmer. The triplexes were formed
by mixing the two strands of the Watson–Crick duplex, each at a concen-
tration of 1.0 mm followed by addition of the third (TFO) strand (1.5 mm)
in the corresponding buffer solution. The solution was heated to 80 8C for
5 min, cooled to RT, and then kept at 15 8C for 30 min. The duplexes
were formed by mixing the two strands, each at a concentration of 1.0 mm


in the corresponding buffer solution followed by heating to 70 8C for
5 min and then cooling to RT. The melting temperature (Tm 8C) was de-
termined as the maximum of the first derivative plots of the melting
curves obtained by measuring absorbance at 260 nm against increasing
temperature (1.0 8C per min). A lower speed of increasing the tempera-
ture (0.5 8C per min) resulted in the same curves. All melting tempera-
tures are within the uncertainty �0.5 8C as determined by repetitive
ACHTUNGTRENNUNGexperiments.


Fluorescence measurements : Fluorescence measurements were per-
formed on a Perkin-Elmer luminescence spectrometer LS-55 fitted with
a Julabo F25 temperature controller. The triplexes and duplexes were
formed in the same way and in the same buffer solution as for the Tm


measurements, except that only 1.0 mm of TFOs were used in all cases.
The single-stranded and hybridized samples were adjusted to an identical
optical density at an excitation wavelength of 373 nm. Fluorescence exci-
tation spectra of single-stranded ONs were performed on a Perkin-Elmer
luminescence spectrometer LS-50B. The selection of the emission slit


width of 0.0 nm gives a resolution of less than 2 nm on the above men-
tioned spectrometers.
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Models of the ox1 State of Methylcoenzyme M Reductase:
Where are the Electrons?


Emmanuel Gonzalez and Abhik Ghosh*[a]


Introduction


The methanogens are a class of the strictly anaerobic Arch-
aea that derive their energy by the stepwise reduction of
carbon dioxide to methane (the methanogenesis cycle).[1]


The elucidation of the biochemical pathway of methanogen-
esis, largely by the research groups of Wolfe[2] and Thauer,[3]


over the past quarter-century, stands as a landmark in bio-
chemistry. In the course of the methanogenesis process, a
one-carbon fragment is passed between a number of unusual
cofactors. Our focus here is on the last, methane-evolving


step of this process, which consists of the two-electron re-
duction of a methylthioether, coenzyme M (CH3-S-CoM),
by a thiol, coenzyme B (N-7-mercaptoheptanoylthreonine
phosphate, CoB-SH), as shown in Equation (1):


CoB-SH þ CH3-S-CoM! CoB-S-S-CoM þ CH4 ð1Þ


The reaction is catalyzed by the enzyme methylcoenzyme M
reductase (MCR).[4] A key component of the active site of
MCR is coenzyme F430,


[4] a unique and highly reduced nickel
hydroporphyrin, whose structure is shown in Figure 1. The
active form of the enzyme, referred to as MCRred1, features
the (presumably) tetracoordinate dx2�y2


1 nickel(I) state of the
cofactor,[4] whose stability is due primarily to the mono-
ACHTUNGTRENNUNGanionic nature of the F430 ligand (as distinguished from di-
ACHTUNGTRENNUNGanionic porphyrin ligands). Several additional forms of the
enzyme are known.


In this study, we are concerned with an enzymatically in-
active but “ready” form of the enzyme, MCRox1, which can


Abstract: The nature of the nickel
center in the ox1 form of methylcoen-
zyme M reductase (MCRox1), the
enzyme that catalyzes the last step of
biological methanogenesis, has long
been controversial. A recent pulse
electron paramagnetic resonance
(EPR) study suggested a NiIII-thiolate,
or equivalently a high-spin NiII thiyl
radical, description. The MCRox1 hyper-
fine parameters are best interpreted in
terms of a Ni dx2�y2 SOMO, although a
pure dx2�y2 SOMO does not explain the
fact that about 7 % of the spin-density
resides on the sulfur. The key goals of
this DFT (PW91) study were to judge
whether the NiIII-thiolate description is
chemically sensible and, if so, to pro-
vide a detailed molecular orbital (MO)
description of MCRox1. An NiIII-thio-


late description was indeed found to be
reasonable and was obtained as the
ground state for symmetrized (Cs) oxa-
porphyrin-, pyriporphyrin-, and isopor-
phyrin-based model complexes, as well
as for a more realistic, biomimetic
model. The model calculations yielded
a number of insights, key among which
are the following: 1) Although the
SOMO topology may be viewed as
dx2�y2-like, this MO also has a substan-
tial amount of metal dz2 character, al-
lowing it to overlap with a thiolate s


lone pair, which would otherwise be or-
thogonal. 2) In one case (isoporphyrin),


we were able to exploit the symmetry
of the molecule to independently opti-
mize the (dx2�y2)1 and (dz2)1 NiIII states,
which turned out to be very close in
energy. 3) The near-degeneracy of
these two states provides an elegant ex-
planation for the tendency of these two
orbitals to hybridize. Admixture of
substantial dz2 character into the dx2�y2-
type SOMO of our most realistic
model of MCRox1 results in a small but
distinct spin population of about 0.04
on the sulfur, apparently nicely con-
firming the conclusions derived from
the pulse EPR study. Other pure func-
tionals also confirm this picture, al-
though the hybrid functional B3LYP
yields a spin-density profile that is
clearly at odds with the EPR study.
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be readily reduced to the active red1 state. The MCRox1


form is to be distinguished from MCRox1-silent, an electron
paramagnetic resonance (EPR)-silent S=1 NiII state, that
cannot be readily reduced to red1. A crystal structure of
MCRox1-silent shows that the nickel center is axially coordinat-
ed by the thiolate sulfur of coenzyme M and the oxygen of
the Glna’147 residue.[5] MCRox1-silent may be converted to
MCRox1 by cryoirradiation (earlier thought of as cryoreduc-
tion),[6] suggesting that both states may share a similar coor-
dination sphere. The MCRox1 state is S= 1=2 and EPR-active
and resembles red1 in that in both cases the unpaired elec-
tron appears to reside in a Ni dx2�y2 orbital. Both the g-value
ordering (gk>g?>ge) and large hyperfine couplings (25–
36 MHz) to the F430 nitrogen atoms support this assignment.
Thus, a strong case has been that MCRox1, like red1, also has
a NiI center.


The oxidation state of MCRox1 has provoked controversy,
one that we will not recount here. The latest pulse EPR evi-
dence indicates that the nickel center is most likely NiIII


with a t2g


6dx2�y2
1 electronic configuration.[7,8] Though uncom-


mon, such an electronic structure is well-established for syn-
thetic Ni porphyrin[9] intermediates as well as for the crucial
NiIII-methyl/alkyl MCR catalytic intermediates, which have
been recently detected by a number of groups.[10] DFT cal-
culations also supported the viability of such intermediates
early on.[11, 12] Interestingly, the recent pulse EPR study[7] of
MCRox1 also indicated that the thiolate sulfur carries a small
but non-negligible amount of spin density, about 7 % of the
total, which cannot be explained in terms of a pure dx2�y2


1


electronic configuration.
If the NiIII-thiolate, or equivalently a high-spin NiII thiyl


radical, description is correct, then MCRox1 joins the grow-
ing ranks of bioinorganic intermediates featuring a formally
high-valent transition-metal complex with a highly reducing
anion as a ligand. High-valent intermediates of the heme-
thiolate proteins provide additional examples of such spe-
cies.[13] Thus, chloroperoxidase compound II is now recog-
nized as an S=1 FeIV–SCys species.[14] In the same vein,
Groves and co-workers reported a synthetic S= 1 FeIV-
ACHTUNGTRENNUNG(OMe)2 porphyrin species.[15] Such species are of electronic-
structural interest on account of the large number of low-
energy states that are potential contenders for the ground
state. By and large, heme-based intermediates of this type
have been studied in some detail by means of DFT calcula-
tions.[13, 14,15b] However, a similar theoretical exploration of
MCRox1 has not been reported, a gap in our understanding
that we have attempted to address in this study.


Notably, the dx2�y2
1 configuration of MCRox1 implied by


EPR measurements cannot be the only low-energy configu-
ration. Could the unpaired electron not reside in the dz2 or-
bital? Could we not have a low-spin NiII center bonded to a
thiyl radical?[16] Regular DFT calculations on “high-fidelity”
models of the MCRox1 active site cannot shed light on this
issue because such calculations can only yield the ground
state. Time-dependent DFT calculations are also not expect-
ed to be reliable in this context, given their inability to cor-
rectly describe long-range charge-transfer transitions.[17] To
explore the electronic-state manifold in more detail, we
chose to employ a series of symmetrized models that per-
mitted us to calculate multiple states by fixing different elec-
tron occupancies per irreducible representation. Our models
are based on a number of monoanionic (monoprotic) por-
phyrin analogues—oxaporphyrin (OxaP), pyriporphyrin
(PyP), and dimethylisoporphyrin (IsoP)—shown in Figure 1.
The results of these model studies proved insightful and
have helped place the electronic structure of MCRox1 in a
much clearer theoretical context.


Methods


The molecules studied were all optimized with the PW91[18] generalized
gradient approximation (GGA) for both exchange and correlation, all-


Figure 1. Structures of interest: a) coenzyme F430, b) our simplified model
F’430, and c) model ligands used in this study, including oxaporphyrin
(OxaP), pyriporphyrin (PyP), and dimethylisoporphyrin (IsoP).


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9981 – 99899982



www.chemeurj.org





electron Slater-type triple-z plus polarization basis sets, and a fine mesh
for numerical integration of matrix elements, as implemented in the
ADF-2007 program system.[19] A Cs symmetry constraint was exploited
for three model complexes, [Ni(L)ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ , in which L =OxaP,
PyP, and IsoP and AcNH2 =acetamide, allowing the optimization of mul-
tiple electronic states. In addition, a “high-fidelity”, asymmetric MCRox1


model [Ni ACHTUNGTRENNUNG(F’430) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ , with a simplified F430 ligand, was also
studied.


Although newer pure functionals such as OLYP[20] and hybrid functionals
such as B3LYP[21] have been shown to
perform better than classic pure func-
tionals such as PW91 in a number of
applications, the former should not be
viewed as perfect. A key flaw of
OLYP, B3LYP, etc. is that although
they describe stronger metal–ligand
bonds quite well, they often greatly
exaggerate the lengths of weak metal–
ligand bonds trans to the aforemen-
tioned strong bonds.[22, 23] We were thus
concerned that the weak-field AcNH2


ligand might fall off if we used OLYP,
B3LYP, and some of the other func-
tionals that we and others have tended
to favor recently. Indeed, this turned
out to be a serious problem for high-
spin NiII analogues of the compounds
studied here (details not shown), even
though a crystal structure of the corre-
sponding biological analogue MCRox1-


silent indicates an O-bound glutamine
ligand.[5]


In light of the above considerations,
the discussion below refers almost ex-
clusively to the PW91 optimizations.
Having said that, we did carry out a
limited analysis of the performance of
other functionals (OLYP and B3LYP)
by means of single-point calculations
on the PW91 optimized geometries.
Details of the various spin states stud-
ied and the energetics obtained with
different functionals are shown in
Table 1.


Results and Discussion


The oxaporphyrin-based model, [NiACHTUNGTRENNUNG(OxaP) ACHTUNGTRENNUNG(SMe)-
ACHTUNGTRENNUNG(AcNH2)]


+ : The model complexes in this study were chosen
with a view to possible future synthetic modeling. From this
point of view, oxaporphyrin,[24] being one of the more readi-


Table 1. Relative energies [eV] of different spin states of MCR ox1 models. Energy zero levels are indicated in bold.


Configuration State Occupations Configuration PW91 OLYP//PW91 B3LYP//PW91
A’: a/b
A’’: a/b


[Ni ACHTUNGTRENNUNG(oxaP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ 2A’ A’: 77/76 ACHTUNGTRENNUNG(dxy)
2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2
ACHTUNGTRENNUNG(dx2�y2)


1, MeS� 0.00 0.00 0.00
A’’: 46/46


2A’’ A’: 77/77 ACHTUNGTRENNUNG(dxy)
2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2
ACHTUNGTRENNUNG(dx2�y2)2, py-MeSC 0.72 0.59 1.11


A’’: 46/45
[Ni ACHTUNGTRENNUNG(pyriP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ 2A’ A’: 79/78 ACHTUNGTRENNUNG(dxy)


2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2
ACHTUNGTRENNUNG(dx2�y2)


1, MeS� 0.00 0.00 0.00
A’’: 47/47


2A’’ A’: 79/79 ACHTUNGTRENNUNG(dxy)
2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2
ACHTUNGTRENNUNG(dx2�y2)2, py-MeSC 0.72 0.47 1.13


A’’: 47/46
[Ni ACHTUNGTRENNUNG(isoP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ 2A’’ A’: 81/81 ACHTUNGTRENNUNG(dxy)


2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2
ACHTUNGTRENNUNG(dx2�y2)


1, MeS� 0.00 0.00 0.00
A’’: 50/49


2A’ A’: 82/81 ACHTUNGTRENNUNG(dxy)
2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2
ACHTUNGTRENNUNG(dz2)1, MeS� 0.15 �0.05 0.44


A’’: 49/49
2A’’ A’: 82/82 ACHTUNGTRENNUNG(dxy)


2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2
ACHTUNGTRENNUNG(dz2)2, py-MeSC 0.60 0.24 0.76


A’’: 49/48


Figure 2. Selected results on the lowest 2A’ and 2A’’ states of [Ni ACHTUNGTRENNUNG(OxaP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ . Bond lengths (N)
and Mulliken spin populations are shown in blue and magenta, respectively. Color code for atoms: C (black),
N (cyan), H (ivory), O (red), Ni (pink), and S (yellow). Majority and minority spin densities are shown in ul-
tramarine and magenta, respectively.
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ly accessible monoprotic porphyrin analogues, is an attrac-
tive ligand. On the flip side, the oxygen of the oxaporphyrin
is a rather weak ligand, somewhat at odds with the N4 core
of F430. Regardless, our ground-state results on [NiACHTUNGTRENNUNG(OxaP)-
ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ , summarized in Figure 2, proved illumi-
nating.


Although for brevity and convenience Table 1 describes
the electronic configuration as (dxy)


2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2
ACHTUNGTRENNUNG(dx2�y2)1, the


same as that expected for MCRox1, an examination of the
spin-density plot and the SOMO indicates that the quantiza-
tion of the d-orbital angular momenta is not quite the same
as in a fourfold-symmetric metalloporphyrin. The SOMO is


best described as an approximately 1:1 (19:18, to be precise)
dx2�y2/dz2 hybrid, in effect somewhat of a dx2 orbital, in which
the x direction has been identified with the O-Ni-N axis
lying on the molecular symmetry plane.


The above detailed comments notwithstanding, the over-
all ground-state spin-density profile does agree with that
qualitatively expected for MCRox1. As shown in Figure 2,
81 % of the majority spin density is localized on the Ni,
14 % on the nitrogen trans to the oxaporphyrin oxygen, and
the remainder is roughly evenly distributed among the other
oxaporphyrin nitrogens and the two oxygens. A small minor-
ity spin density of �0.024 resides on the thiolate sulfur.


Figure 3. Selected results on the lowest a) 2A’ and b) 2A’’ states [Ni ACHTUNGTRENNUNG(PyP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ . For explanation of text and color code, see Figure 2. Part a)
also depicts the SOMO.
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Moving a b-spin electron from A’’ to fill the b-spin A’
hole led to convergence to a 2A’’ thiyl p-radical state, about
0.7 eV (PW91) above the ground state. Some details of this
state are shown in part (b) of Figure 2, as well as in Table 1.
An examination of the MOs indicates that the nickel center
in this state is low-spin NiII, with a (dxy)


2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2
ACHTUNGTRENNUNG(dx2�y2)2


configuration, which should be distinguished from the (dxy)
2-


ACHTUNGTRENNUNG(dxz)
2
ACHTUNGTRENNUNG(dyz)


2
ACHTUNGTRENNUNG(dz2)2 configuration of “normal” low-spin NiII por-


phyrins. Of considerable interest in this connection is the
energy of the (dxy)


2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2
ACHTUNGTRENNUNG(dz2)1 state. Unfortunately, reg-


ular DFT calculations do not allow us to address this ques-
tion because both the dz2 and dx2�y2 orbitals transform as a’
for this oxaporphyrin-based model complex.


The pyriporphyrin-based model, [Ni ACHTUNGTRENNUNG(PyP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]
+ :


The pyriporphyrin[25] ligand, a newly reported porphyrin an-
alogue in which a pyrrole unit is replaced by pyridine, pro-
vides another excellent symmetric model for the mono-
anionic F430 ligand. Highlights of our results on [NiACHTUNGTRENNUNG(PyP)-
ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ , shown in Table 1 and Figure 3, are rather
similar to those described above for the oxaporphyrin com-
plex. The Ni spin population in the ground state is slightly
smaller than in the oxaporphyrin case, and the equatorial
spin populations, on average, are correspondingly slightly
higher. That said, the overall spin-density profile once again
reflects the shape of a SOMO that is best described as inter-
mediate between dx2�y2 and dx2.


Figure 4. Selected results on three of the lowest states [Ni ACHTUNGTRENNUNG(IsoP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ . For explanation of text and color code, see Figure 2.
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The shape of the SOMO merits some comment. Although
a pure dx2�y2 orbital is orthogonal to a thiolate s lone pair,
the orthogonality is lifted as dz2 character mixes in. (Stated
differently, an Ni dx2 orbital is not orthogonal to an S pz or-
bital.) Thus, observe (from Figure 3) that the majority-spin
HOMO of [Ni ACHTUNGTRENNUNG(PyP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ has a small amplitude
on the sulfur atom. Although in this particular case, the
sulfur harbors an overall small minority spin population, the
exact shape of the SOMO (20.3 % dx2�y2, 17.4 % dz2) provides
an attractive explanation of how a so-called (dx2�y2)1 elec-
tronic configuration may go hand in hand with a small ma-
jority-spin population on the sulfur.


Somewhat coincidentally, the 2A’’ thiyl p-radical state is
once again 0.7 eV (PW91) higher in energy than the ground
state. In this case, however, the radical is not as localized on
the sulfur as it is in the oxaporphyrin case. The SOMO in
this case is best viewed as an a’’ Ni ACHTUNGTRENNUNG(dyz)–S(py) p* MO with
roughly 1:2 Ni/S contributions. The significant Ni spin popu-
lation of 0.334 (see part b, Figure 3) implies that the descrip-
tion of the Ni center as low-spin NiII with a (dxy)


2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2-
ACHTUNGTRENNUNG(dx2�y2)2 configuration, though valid as a limiting-case de-
scription, is less accurate. An NiIII limiting-case descrip-
tion—(dxy)


2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


1
ACHTUNGTRENNUNG(dx2�y2)2—is also valid to some extent.


The isoporphyrin-based model, [Ni ACHTUNGTRENNUNG(IsoP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]
+ :


Isoporphyrin, a porphyrin tautomer with interrupted conju-
gation first postulated by Woodward,[26] has been known
since the 1970s. Our interest in isoporphyrin in relation to
this project stems from its symmetry properties. Though
nominally of the same point group as our oxaporphyrin- and
pyriporphyrin-based models, the mirror plane in the isopor-
phyrin complex does not pass through the equatorial nitro-
gens. Accordingly, unlike for the other model complexes,
the dx2�y2 and dz2 orbitals of [Ni ACHTUNGTRENNUNG(IsoP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ are
not of the same symmetry, but rather transform as a’’and a’,
respectively. This raised the prospect that we should be able
to separately optimize for the first time both the t2g


6dx2�y2
1


and t2g


6dz2
1 states of an MCRox1 model, which indeed turned


out to be possible. Thus, three relatively low-energy elec-
tronic states (as well as other high-energy states that we will
not discuss) could be independently converged for [Ni-
ACHTUNGTRENNUNG(IsoP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ , as shown in Table 1. Highlights of
the results are shown in Figure 4.


The 2A’’ ground state exhibits a clear (dxy)
2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2-
ACHTUNGTRENNUNG(dx2�y2)1 configuration. Unlike in the other cases, the SOMO
d contribution is relatively pure dx2�y2. This is not unexpected
because all four isoporphyrin nitrogens share a similar elec-
tronic character. However, the Ni spin population, 80 % of
the total (as shown in part (a), Figure 4), is essentially the
same as in the other cases. The remainder of the majority
spin is distributed evenly among the four nitrogens. As in
the other cases, a small amount of minority spin (�0.097) re-
sides on the sulfur.


A 2A’ (dxy)
2
ACHTUNGTRENNUNG(dxz)


2
ACHTUNGTRENNUNG(dyz)


2
ACHTUNGTRENNUNG(dz2)1 state turned out to be just


0.15 eV (PW91) higher in energy relative to the ground
state. The Ni spin population of 64 % of the total is some-
what lower than that in the ground state. Most interestingly,
the sulfur in this state exhibits a small but not insignificant
majority spin population of 0.051 (see part (b), Figure 4).
Given the very low energy of this state, we can easily envi-
sion scenarios with less symmetric equatorial ligands in
which the d-orbital angular momenta are quantized in such
a way as to engender a small majority spin population of
5 % or so on the thiolate sulfur of the ground electronic
state. As mentioned above, such a spin population has been
observed for MCRox1.


A second 2A’’ state proved to be a thiyl p-radical state of
the same type as described above for the other complexes.
The energy of this state turned out to be 0.6 eV (PW91) rel-
ative to the ground state, very much in line with what we
found with the other complexes.


Comparative studies of different functionals : To what extent
can we trust the above PW91 results? Generally there ap-
pears to be little cause for skepticism with respect to the
qualitative validity of the results. The PW91 exchange-corre-


Figure 5. B3LYP spin populations and spin-density plots for the lowest-energy states of [Ni ACHTUNGTRENNUNG(PyP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ . For explanation of text and color
code, see Figure 2.
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lation functional has been widely tested on a variety of tran-
sition-metal complexes, notably metalloporphyrins and iron–
sulfur clusters. However, like other older pure functionals
the PW91 functional sometimes exhibits an undue prefer-
ence for low-spin states of transition-metal compounds,
whereas B3LYP tends to err in the opposite direction.[22] In
this study, however, all pertinent electronic states are dou-
blets. The question of how well DFT (i.e., any of the com-
monly used functionals) performs with respect to spin-state
energetics is, therefore, not expected to be a particularly
troublesome one, as far as this study is concerned.


Consistent with these arguments, the relative energies of
the different spin states studied are in qualitative agreement
for the three functionals considered, PW91, OLYP, and
B3LYP. B3LYP predicts a somewhat higher energy for the
low-spin NiII thiyl radical state than for the other two func-
tionals. Similarly, whereas PW91 and OLYP predict nearly
equienergetic dx2�y2


1 and dz2
1 states for [Ni ACHTUNGTRENNUNG(IsoP) ACHTUNGTRENNUNG(SMe)-


ACHTUNGTRENNUNG(AcNH2)]+ , B3LYP predicts that the latter state is about
half an eV higher in energy than the former.


Figure 5 depicts the B3LYP ground-state spin density for
[Ni ACHTUNGTRENNUNG(PyP) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ , chosen as a representative exam-
ple. Note that the Ni carries significantly more majority spin
density (1.257 versus 0.782 with PW91) and, equally, that
the sulfur carries a significantly
greater amount of minority spin
density (�0.400 versus �0.040
with PW91). Careful examina-
tion of the blob of spin density
on the Ni (shown in ultramar-
ine in Figure 5) shows that it
has six distinct bulges, as ex-
pected from a superposition of
the dx2�y2 and dz2 orbitals. In
other words, B3LYP indicates
more of a high-spin NiII thiyl
radical-like description for this
species, whereas PW91 favors a
more covalent NiIII thiolate-like
description.[27] It is important to
recognize that the two descrip-
tions are equivalent from an or-
bital symmetry viewpoint (i.e.,
with respect to electron occupa-
tions per irreproducible repre-
sentation), but differ only with
respect to the degree of metal–
ligand covalency.


A “high-fidelity” MCRox1
model : The insights obtained
above proved invaluable when
analyzing the results for a more
realistic model of MCRox1, [Ni-
ACHTUNGTRENNUNG(F’430)ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ . The
F’430 ligand is the same as that
used in our previous modeling


studies of MCR, including one on the then-putative NiIIIMe
species.[11b] Selected PW91 results for this complex are
shown in Figure 6.


As in our earlier model studies of F430,
[11b] the Ni–N dis-


tances in the high-fidelity model show a considerable
spread, from 1.967 to 2.221 N, reflecting the electronic
asymmetry of the F430 (or F’430) ligand. At first glance, the
spin-density profile of [NiACHTUNGTRENNUNG(F’430) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ is quite
similar to those of the ground-state model complexes men-
tioned above. Closer examination of Figure 6, however, re-
veals a number of interesting twists:


1) The Ni spin population (about 0.7) is somewhat lower
than that in the oxaporphyrin- and pyriporphyrin-based
models.


2) As in the oxaporphyrin- and pyriporphyrin-based model,
the spin-density profile reflects a nearly 1:1 dx2�y2/dz2


hybrid SOMO. Such a SOMO permits a distinct Ni(dx2�y2/
dz2)–S(pz) antibonding interaction involving a sulfur s


lone pair.
3) Consonant with this orbital interaction, the PW91 spin-


density profile of [Ni ACHTUNGTRENNUNG(F’430) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ exhibits a
small but distinct majority spin population of 0.042 on
the sulfur.[28]


Figure 6. Selected PW91 results on the [Ni ACHTUNGTRENNUNG(F’430) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ . Top: distances and spin populations;
bottom left: SOMO; bottom right: spin-density plot. For explanation of text and color code, see Figure 2.
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It is tempting to interpret the PW91 sulfur spin popula-
tion 0.042 as a striking (if qualitative) affirmation of
Schweiger and co-workersQ conclusions based on their pulse
EPR study: “The SOMO is essentially a nickel dx2�y2 orbital
with contributions from the four hydropyrrolic nitrogens
and the thiolate sulfur of CoM. The thiolate sulfur has 7�
3 % of the spin density.”[7] However, a caveat needs to be
added.


A single-point B3LYP calculation on the optimized PW91
geometry of [NiACHTUNGTRENNUNG(F’430) ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ reveals a substan-
tially different spin-density profile. With B3LYP, the Ni spin
population is 1.311, whereas the sulfur harbors a substantial
amount (�0.402) of minority spin. In other words, the situa-
tion is entirely analogous to that depicted for [NiACHTUNGTRENNUNG(PyP)-
ACHTUNGTRENNUNG(SMe) ACHTUNGTRENNUNG(AcNH2)]+ in Figure 5. In this case, however,
Schweiger and co-workersQ pulse EPR study permits us to
arrive at a conclusion with regard to the relative merits of
the B3LYP and PW91 spin densities. The experimental re-
sults clearly rule out a large spin population on the sulfur,
such as that predicted by B3LYP. Thus, under the circum-
stances, it is tempting to view the PW91 spin density as rep-
resentative of reality.


Conclusion


When it comes to delineating complicated enzymatic reac-
tion mechanisms, computer simulations may readily go
astray in the absence of adequate guidance from experi-
ment. However, for a given enzymatic intermediate, DFT
calculations are generally eminently suitable for judging
whether a proposed electronic-structural description makes
chemical sense or not. As far as MCRox1 is concerned, the
present calculations indicate that a NiIII-thiolate, or equiva-
lently a high-spin NiII thiyl radical, description is a reasona-
ble one. Essentially the same ground-state description was
obtained for three symmetrized models as well as for a
more realistic structure.


Although the spin density of the various model complexes
is broadly interpretable as arising from an unpaired electron
in a nickel dx2�y2 orbital, careful examination of the SOMO
indicates that this orbital may also have a substantial
amount of dz2 character. (In other words, the spin density in
the equatorial plane is not quite fourfold symmetric.) The
dz2 contribution to the SOMO permits an Ni(dx2�y2/dz2)-S(pz)
antibonding interaction involving a thiolate s lone pair,
which would otherwise be symmetry-forbidden. With pure
functionals such as PW91, this orbital interaction manifests
itself in a small but distinct majority spin population of
0.042 on the sulfur in our most realistic MCRox1 model,
which is in reasonable agreement with that (about 7 %) de-
rived from a pulse EPR study.[7]
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Introduction


The term “RNA world” stands for the theory that presumes
that RNA played a critical role in the origin of life,[1,2] and it
hypothesizes that, on early earth, RNA functioned both as a


carrier of genetic information and as an enzyme that cata-
lyzed the synthesis of other RNAs. Although the theory re-
ceived considerable impetus after catalytic RNAs were dis-
covered,[3,4] its plausibility remains controversial. For exam-
ple, one of the main objections is that d-ribose, a component
of RNA, could not have accumulated under prebiotic condi-
tions.
Ribose and related aldopentoses (arabinose, lyxose, and


xylose), are formed during the formose reaction,[5] but it is
debatable whether this reaction could have led to the accu-
mulation of ribose on early earth.[6,7] New findings, however,
have cast a different light on this debate: in reference [8],
Ricardo et al. found that borate minerals do not interfere
with the formose reaction and, more importantly, that they
stabilize ribose. As borate minerals are not excluded from
early earth, Ricardo et al. argued that the accumulation of
ribose could not be ruled out either. Subsequently, Li et al.[9]


found that ribose has the strongest affinity for boron, fol-
lowed by lyxose, arabinose, and xylose. This implies that in
the presence of borate minerals, nature would have a prefer-
ence for accumulating ribose. The findings in referen-
ces [8,9] provide a way to stabilize and select ribose in prebi-
otic conditions, and in turn remove one of the major objec-
tions to the RNA-world theory. However, questions remain,


Abstract: Recent experimental studies
suggest that complexation with borate
minerals stabilizes ribose, and that the
borate complex of ribose is more stable
than those of related aldopentoses, that
is, arabinose, lyxose, and xylose. These
findings have revived the debate on the
plausibility of the RNA-world theory,
because they provide an explanation
for the stabilization and selection of
ribose in prebiotic conditions. In this
paper we unravel the factors that make
the ribose–borate complex the most
stable one. For this purpose, we have


investigated the structure and stability
of the ribose–, arabinose–, lyxose–, and
xylose–borate complexes using density
functional theory and a continuum sol-
vent approach. The computed results
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the most apparent one being why ribose has the strongest
affinity for boron.
Figure 1a shows the furanose form of the alpha and beta


isomers of ribose, arabinose, lyxose, and xylose. The binding
of two aldopentose molecules and B through the oxygen
atoms denoted as O1,O2 as well as O2,O3 are shown in Fig-
ure 1b and c, respectively. Ribose and lyxose can bind to B
through O1,O2 or O2,O3. The beta isomer of arabinose, as
well as the alpha isomer of xylose, can bind B through
O1,O2. These two aldopentose molecules do not bind to
borate through O2,O3, because their O2 and O3 atoms are
in the trans position. In Figure 1b and c the aldopentose
complexes are homogeneous, that is, these complexes in-
volve only one type of aldopentose.
In reference [8], Ricardo et al. assumed that the aldopen-


toses are in the furanose form, but then they provided only
tentative structures for their homogeneous borate com-
plexes. The study by Chapelle and Verchere,[10] on the other
hand, contains more structural information on homogeneous
aldopentose–borate complexes (no information on heteroge-
neous complexes is provided). They investigated the struc-
ture and stability constants of these complexes in aqueous
solution, and found that the aldopentose is always present in
a furanose form; for ribose and lyxose, the complexes
appear as a mixture of species, bound either through O1,O2
or O2,O3. They suggest that ribose and xylose form consid-
erably more stable borate complexes than arabinose and
lyxose. Although references [9,10] report different relative


stabilities of the aldopentose–borate complexes, they agree
that the borate complex of ribose is the most stable one.
The experimental information is consistent in that the


ribose–borate complex is the most stable one, but there is
no explanation as to why this is the case. In addition, instead
of the absolute stability of the borate complexes, both stud-
ies measure the stabilites relative to the free pyranose form
of the pentose molecules. It is, however, necessary to point
out that the primary product of the borate-assisted pentose
synthesis suggested by Ricardo et al. is not the free pentose,
but the pentose–borate complex. As all complexes are
formed from the same starting material, the free-energy
change upon pentose–borate complex formation is dictated
by the absolute stability of the product, that is, the pentose–
borate complex.
In the current work, for the first time, we attempt to de-


termine the order of absolute stabilities of the pentose–
borate 2:1 complexes. For this purpose we use quantum-
chemical calculations, which derive the absolute stability of
these complexes directly from their wavefunction. In con-
trast, experimental methods, based on the evaluation of
thermodynamic equilibria, always measure relative energies.
Thus, unless using the same reference compound, which, in
most cases, is not affordable, experiments do not measure
directly the order of absolute stabilities. A further advantage
of the theoretical calculations is that, in addition to the ener-
gies, they simultaneously provide tentative structural models
for these compounds, thus directly relating structures and


Figure 1. Aldopentoses of the a- and b-series (a) may bind to borate either in the 1,2 (b) or 2,3 (c) fashion.[9,10] R1=CH2OH, R2=H for ribose and
xylose. R1=H, R2=CH2OH for arabinose and lyxose. The numbers in bold italics on the top left structure show the numbering of the ring positions ac-
cording to the carbohydrate nomenclature.


Chem. Eur. J. 2008, 14, 9990 – 9998 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9991


FULL PAPER



www.chemeurj.org





energies. In this way a panoramic understanding of the
structure and stability of the aldopentose–borate 2:1 com-
plexes can be achieved. The objective of the current paper
is thus to provide a complex theoretical characterization of
the pentose–borate 2:1 complexes with a special emphasis
on the stabilities and structures of these compounds.


Computational Methods


All computations were carried out at the B3LYP level of theory[11–13]


with the Gaussian 03[14] computer code. The B3LYP functional is a
widely used density functional in quantum chemistry, which performs
very well for a broad spectrum of chemical problems. The 6-31G** basis
set was used for geometry optimization. Relative energies were evaluated
utilizing the considerably larger 6-31++G ACHTUNGTRENNUNG(2d,2p) basis set on the 6-
31G** optimized geometries. A similar approach was used in refer-
ence [15]; reference [16] shows that single-point calculations at the
B3LYP/6-31++G ACHTUNGTRENNUNG(2d,2p)//B3LYP/6-31G** level provide very good
energy estimates for carbohydrates, because of the very effective reduc-
tion of the intramolecular basis set superposition error[17] artifact. Thus,
due to compensation of errors, the level of calculations used here is opti-
mally tuned for the purpose of our investigation.


We use the following energy units throughout the paper: total electronic
energies are given in Hartree, while relative energies are in kcalmol�1.
The two energy units can be interconverted as follows: 1 Hartree=


627.509 kcalmol�1.


The presence of the aqueous medium (e=78.4) was accounted for with
the COSMO dielectric continuum method.[18, 19] The united atom topolog-
ical model and a scaling factor of 1.2 were used to define the atomic
radii. As the geometries of the aldopentose–borate complexes were opti-
mized in solution, we could not carry out zero-point and entropy correc-
tions of the computed energy data.


Analysis of the molecular orbitals was performed on the B3LYP/6-31++


G ACHTUNGTRENNUNG(2d,2p) wavefunction with the NBO3.0 program[20] implemented in the
Gaussian 03 code.


Results and Discussion


To provide reliable energy estimates, one needs correct
models of the aldopentose–borate complexes in solution.
The precise molecular structures of these complexes are not
known. Therefore, we first had to propose plausible model
geometries for these systems. This was done in a stepwise
manner by exploiting the available knowledge on the stabili-
ty of carbohydrates in the gas phase and in solution.
Anomeric and steric effects are the most important fac-


tors in determining the equilibrium conformation of the fur-
anose ring of gas-phase aldopentoses.[21,22] We first investi-
gate how these factors affect the conformation of the fura-
nose ring and its mode of binding to the borate anion.
These calculations were carried out in the gas phase.
Then we consider the effect of hydrogen-bonding interac-


tions, which is of primary importance in determining the sta-
bility of carbohydrates both in aqueous solution[15] and in
the gas phase.[21] Whereas in the gas phase the carbohydrates
tend to establish as many internal hydrogen bonds as possi-
ble,[21] in aqueous solutions the water molecules break the
intramolecular hydrogen bonds.[15] If no other effects are
present, the OH groups of the carbohydrate are oriented to


ensure a favorable contact with the solvent water mole-
cules.[15] Nevertheless, in the aldopentose–borate complexes
the negatively charged borate anion may compete with the
water molecules and thus change the orientation of the hy-
droxyl groups of the aldopentoses as compared to their ori-
entation adopted in noncomplexed form. All these alterna-
tives will be tested and accounted for upon constructing the
models.
Thus, to suggest plausible models for the aldopentose–


borate 2:1 complexes we will consider stereoelectronic and
steric effects in the gas phase as well as the effect of hydro-
gen bonding in solution. We begin with the description of
the stereoelectronic effects, since they are molecular orbital
effects and therefore will be largely unchanged even in the
presence of a polar solvent.[23]


Hyperconjugation—determining the conformation of the
furanose ring in the aldopentose–borate complexes : The six
models that we used to investigate how the conformation of
the furanose ring is affected by stereoelectronic and steric
effects are depicted in Scheme 1. Starting from the 2:1


Scheme 1.
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borate complex of ethylene glycol (1), we gradually extend-
ed our model up to the furanose–borate 2:1 complexes. At
each step of the model extension, we selected a model that
enabled the maximum extent of hyperconjugative stabiliza-
tion of the complex. Models with the maximum extent of
hyperconjugation could be easily proposed, knowing that in
aliphatic R-O-C-X linkages, in which X is an electronegative
atom or functional group (e.g., OH), the C�X group is
gauche with respect to R�O. This is because of the favorable
stereoelectronic orbital interaction between the antibonding
C�X and nonbonding O orbitals.[24]


In this way the following complexes were derived from
the 2:1 borate complex of ethylene glycol (1). Replacing
one of the hydrogen atoms of each ethylene glycol moiety
of 1 with a methoxy group, but keeping the C2 symmetry, re-
sulted in model 2. From the optimized geometry of 1 and 2,
we constructed two series of models representing binding of
the furanose rings to the borate anion through O1,O2 or
O2,O3. In 3, the etheric O is geminal to one of the borate O
atoms, and it describes the situation when B and the pentose
are bound through O1,O2. In 4, the etheric O is vicinal to
both borate oxygen atoms and it represents the O2,O3 bind-
ing. From the most stable geometries of 3 and 4, we con-
structed models 5 and 6, respectively. Model 5 contains an
OH group connected to C3; 6 has the OH group connected
to C1. All the models were optimized in the gas phase at
the B3LYP/6-31G** level. The
optimized geometries are de-
picted in Figure 2.
After the geometrical optimi-


zations we evaluated the stereo-
electronic effects with the natu-
ral bond orbitals (NBO, see ref-
erence [20]) analysis. This
method allows the tracking
down of stereoelectronic effects
in complex systems in an accu-
rate way.[25] The multicentered
orbitals were projected into lo-
calized bond orbitals, and the
stabilization energy brought
about by donor–acceptor inter-
actions between localized bond
orbitals was quantified by the
second-order stabilization ener-
gies. These energies are derived
from the nondiagonal elements
of the Fock matrix expressed
on the basis of natural bond or-
bitals.[26] Table 1 summarizes
the computed second-order sta-
bilization energies for the most
important orbital interactions in
compounds 1–6.
In the optimized geometry of


1, the dihedral angle between
the vicinal B�O1 and C1�C2


Table 1. The second-order stabilization energies due to the delocalization of the donor orbital into the accept-
or orbital (Eij, kcalmol�1) characterizing the main donor–acceptor interactions between localized NBO orbi-
tals.[26]


Model Donor!acceptor[a] Eij Model Donor!acceptor[a] Eij


1 n(O1)!s* ACHTUNGTRENNUNG(C1�H1) 10.9 4b n(O3)!s* ACHTUNGTRENNUNG(C3�C4) 8.8
n(O3)!s* ACHTUNGTRENNUNG(C3�H3) 7.2


2 n(O1)!s* ACHTUNGTRENNUNG(C1�H1) 4.3, 1.2[b] n(O4)!s* ACHTUNGTRENNUNG(C4�C3) 2.9, 1.8[b]


n(O1)!s* ACHTUNGTRENNUNG(C1�O4) 19.2 n(O4)!s* ACHTUNGTRENNUNG(C4�H4) 7.3
n(O4)!s* ACHTUNGTRENNUNG(C1�O1) 9.3 n(O2)!s* ACHTUNGTRENNUNG(C1�C2) 8.7
n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 10.2 n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 7.7


n(O4)!s* ACHTUNGTRENNUNG(C1�C2) 2.9, 1.8[b]


3a n(O1)!s* ACHTUNGTRENNUNG(C1�H1) 4.6, 1.2[b] n(O4)!s* ACHTUNGTRENNUNG(C1�H1) 7.4
n(O1)!s* ACHTUNGTRENNUNG(C1�O4) 20.2
n(O4)!s* ACHTUNGTRENNUNG(C1�O1) 12.7 5 n(O1)!s* ACHTUNGTRENNUNG(C1�H1) 5.0, 1.1[b]


n(O2)!s* ACHTUNGTRENNUNG(C2�C3) 9.0 n(O1)!s* ACHTUNGTRENNUNG(C1�O4) 18.7
n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 5.9, 0.8 [b] n(O4)!s* ACHTUNGTRENNUNG(C1�O1) 12.9


n(O2)!s* ACHTUNGTRENNUNG(C2�C3) 8.8
3b n(O1)!s* ACHTUNGTRENNUNG(C1�H1) 6.9, 0.9[b] n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 3.9, 1.6[b]


n(O1)!s* ACHTUNGTRENNUNG(C1�O4) 17.2 n(O3)!s* ACHTUNGTRENNUNG(C2�C3) 3.1, 2.0[b]


n(O4)!s* ACHTUNGTRENNUNG(C1�O1) 9.1 n(O3)!s* ACHTUNGTRENNUNG(C3�C4) 9.9
n(O2)!s* ACHTUNGTRENNUNG(C2�C3) 11.3
n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 3.5, 1.4[b] 6 n(O3)!s* ACHTUNGTRENNUNG(C3�C4) 11.5


n(O3)!s* ACHTUNGTRENNUNG(C3�H3) 1.5, 3.3[b]


4a n(O3)!s* ACHTUNGTRENNUNG(C3�C4) 11.7 n(O4)!s* ACHTUNGTRENNUNG(C3�C4) 1.4, 3.4[b]


n(O3)!s* ACHTUNGTRENNUNG(C3�H3) 3.9, 1.2[b] n(O4)!s* ACHTUNGTRENNUNG(C4�H4) 6.8
n(O4)!s* ACHTUNGTRENNUNG(C4�C3) 3.8, 1.2[b] n(O2)!s* ACHTUNGTRENNUNG(C1�C2) 8.7
n(O4)!s* ACHTUNGTRENNUNG(C4�H4) 6.6, 0.6[b] n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 5.7, 1.2[b]


n(O2)!s* ACHTUNGTRENNUNG(C1�C2) 9.4 n(O4)!s* ACHTUNGTRENNUNG(C1�C2) 2.1, 2.1[b]


n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 6.5, 0.7[b] n(O4)!s* ACHTUNGTRENNUNG(C1�O1) 14.0
n(O4)!s* ACHTUNGTRENNUNG(C1�C2) 3.1, 1.6[b] n(O1)!s* ACHTUNGTRENNUNG(C1�O4) 17.0
n(O4)!s* ACHTUNGTRENNUNG(C1�H1) 6.9 n(O1)!s* ACHTUNGTRENNUNG(C1�H1) 4.8, 0.7[b]


n(O1)!s* ACHTUNGTRENNUNG(C1�C2) 3.5


[a] For atom numbering refer to Scheme 1. [b] Two numbers refer to two different lone pair (donor) orbitals
centered on the same oxygen atom.


Figure 2. Gas-phase B3LYP/6–31G** optimized geometries of complexes
1–6. Atom colors: C-dark grey; O-red; H-light grey; B-pale pink. The
numbers refer to the computed total electronic energies (Hartree) ob-
tained at the B3LYP/6-31++G ACHTUNGTRENNUNG(2d,2p) level using the B3LYP/6-31G**
optimized geometries. 1 Hartree=627.509 kcalmol�1. Black asterisks in-
dicate the positions of the C1 atoms.
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bonds (for atom numbering refer to Scheme 1) is 268, which
enables a stabilizing n!s* hyperconjugation between the
O1 lone pair and the vicinal C1�H1 bond located in the an-
tiperiplanar position. This orbital interaction has a second-
order stabilization energy of 10.9 kcalmol�1.[27]


Model 2 was obtained from 1 by replacing one of the H
atoms[28] at C1 with a methoxy group (see Scheme 1). In 2,
the methyl group is antiperiplanar to H1 in order to ensure
an orientation of the C1-O4-C4 linkage similar to that in the
furanose ring. As a result of the attachment of the methoxy
group, a new hyperconjugation arises between the C1�O4
antibond and the lone pair of O1; this hyperconjugation
contributes 19.2 kcalmol�1 to the stability of 2 (see Table 1).
In the reverse direction, there is an electron donation from
O4 to the C1�O1 antibond, which results in a slightly
weaker (9.3 kcalmol�1) second-order stabilization energy.
By replacing one of the hydrogen atoms of the terminal


C4 methyl group in 2 with a �CH2� moiety we arrive at a
model representing the binding of the furanose ring to the
borate through O1,O2 (structure 3a in Figure 2). In 3a, the
C4�O4 bond is synclinal to the C1�C2 bond and all stabiliz-
ing effects discussed above are preserved. In addition, a new
(albeit less stabilizing) orbital interaction arises between the
lone pair of O2 and the C2�C3 antibond (see Table 1) as a
consequence of ring closure. Due to the rigidifying effect of
the strained chelate ring formed with the borate, the confor-
mation of 3a is the only one that enables optimum condi-
tions for a strong n(O4)!s* ACHTUNGTRENNUNG(C1�O1) hyperconjugation. We
tested this by creating another furanose–borate 2:1 complex,
denoted in Figure 2 as model 3b, by moving the C4�O4
bond into synperiplanar position with respect to the vicinal
C1�C2 bond. As shown in Table 1, on going from 3a to 3b
the n(O1)!s* ACHTUNGTRENNUNG(C1�O4) contribution is reduced from 20.2 to
17.2 kcalmol�1, while the n(O4)!s* ACHTUNGTRENNUNG(C1�O1) term decreas-
es from 12.7 to 9.1 kcalmol�1. In line with this, 3b is destabi-
lized with respect to 3a by about 6.4 kcalmol�1.
Model 4 represents the situation in which the borate and


the furanose rings are bound through O2,O3. We created
two models (4a and 4b) for this type of binding considering
the following points. In models in which the borate anion
and furanose rings are bound through O2,O3 the hypercon-
jugation between the borate O (either O2 or O3) and O4 is
absent, because these two atoms are separated by two
carbon atoms. On the other hand, remarkable stereoelec-
tronic orbital interactions between the borate O (O2,O3)
lone pairs and the adjacent C�H and C�C bonds are expect-
ed, as the steric hindrance introduced by B causes the lone
pair of the borate oxygen atoms (O2,O3) to be in an optimal
position to donate electrons to the adjacent C�H or C�C
antibonds. Favorable donor–acceptor orbital interactions be-
tween the lone pair of the etheric O (O4) and the adjacent
C�C and C�H bonds in 4a and 4b requires a staggered con-
formation between the C�O4 and the geminal C�H and C�
C bonds. Because of the geometrical restraints imposed by
the five-membered chelate ring formation with borate, the
staggered conformation can be achieved in only two differ-
ent ways: by placing the etheric O above or below the plane


defined by the other four ring atoms (i.e., anti or syn to the
borate, respectively). Models 4a and 4b, the optimized
structures of which are shown in Figure 2, represent the anti
and syn orientations, respectively. As expected, the orbital
interactions in 4a and 4b are not very different from each
other, and this is also reflected in their very similar total en-
ergies. In both complexes the leading stabilization term is
the n!s* hyperconjugation between the lone pair of borate
oxygens (O2,O3) and the adjacent C�C bonds, contributing
around 9–12 kcalmol�1 to the stability of the complex. This
value, however, is far less than the n!s* hyperconjugation
between the lone pair of the borate O (O1) and the geminal
C1�O4 bond in models 3a and 3b (20.2 and 17.2 kcalmol�1,
respectively, see Table 1). Similarly, hyperconjugation be-
tween the lone pair of O4 and the adjacent C1�O1 bond in
3a and 3b is considerably stronger (12.7 and 9.1 kcalmol�1,
respectively) than that between the O4 lone pair and the
geminal C�C bonds in 4a and 4b (4.7–5.0 kcalmol�1). This
weakening of the donor–acceptor orbital interactions is re-
flected by the stability of 4a and 4b being approximately
18 kcalmol�1 lower than that of 3a.
We have also considered the stereoelectronic effect of the


free (i.e., noncomplexed) hydroxyl groups of the aldopento-
ses. In the 1,2-borate complexes of aldopentoses the addi-
tional OH is bound to C3 and thus it is not in direct contact
with C�O bonds or oxygen lone pairs. In contrast, due to
the presence of the anomeric hydroxyl group in the 2,3-com-
plexes, one has to count on hyperconjugation between the
lone pair of O1 and the C1�O4 bond. This orbital interac-
tion is analogous to the strongly stabilizing n!s* hypercon-
jugation between the lone pair of O1 and the geminal C1�
O4 bond in 3a and 3b. Thus, it is reasonable to expect that
addition of the OH groups to the studied pentose–borate
complexes results in a more substantial stabilization of 4
(representing borate binding through O2,O3) than 3 (bind-
ing through O1,O2). To check this, we constructed two
models (5, 6) by adding an OH group to C3 and C1 of 3a
and 4a, respectively. In 6, the initial position of the added
hydroxyl was selected in such a way as to enable the maxi-
mum extent of hyperconjugation between the lone pair of
the added hydroxyl and the adjacent C1�O4 bond. Upon
geometry optimization, however, a hydrogen bond was
formed between one of the borate oxygen atoms and the
added OH, slightly displacing the OH group from its initial
position. In 5, the added OH was oriented in a similar posi-
tion, to enable hydrogen-bond formation with the adjacent
borate oxygen. In this complex the added OH is not in con-
tact with any oxygen atoms separated by a single C atom;
therefore here the 3-OH group does not participate to a sig-
nificant extent in stereoelectronic interactions. In contrast,
this model truly captures the neat effect of the hydrogen
bonding with the borate oxygen on the stability of 5 and 6.
Thus, the energy difference between 5 and 6 reflects the
effect brought about by the hyperconjugation between the
lone pair of O1 and the C1�O4 bond. The optimized ge ACHTUNGTRENNUNGom-
ACHTUNGTRENNUNGetries of complexes 5 and 6 are depicted in Figure 2. Indeed,
the energy difference between 5 and 6 is 9.9 kcalmol�1,
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which is half of the energy difference between 3a and 4a
(17.8 kcalmol�1). As anticipated, in 6 the main stabilizing
effect is the hyperconjugation between the lone pair of the
hydroxyl oxygen and the adjacent C1�O4 bond, which
amounts to 17.0 kcalmol�1. This structure is further stabi-
lized by another hyperconjugation between the lone pair of
O4 and the C1�O1 antibond, contributing 14.0 kcalmol�1 to
the stability (see Table 1). These two effects are quite sub-
stantial, but in total are still noticeably smaller than those
resulting from the analogous orbital interactions of the O1
oxygen of 3a (20.2 and 12.7 kcalmol�1 in 3a). Overall, 5 is
still 9.9 kcalmol�1 more stable than 6.
Since the 5-OH of the aldopentoses is separated from the


nearest oxygen atoms by at least two C atoms, it is reasona-
ble to expect that hyperconjugation between the CH2OH
group and the furanose ring is fairly weak. To check this we
added a CH2OH group to the C4 of 3a both in syn and anti
orientation with respect to the borate. In the optimized
models the strongest orbital interaction was found between
the lone pair of O4 and the C4�C5 bond of the syn model,
which contributes to the stabilization of the complex by
about 6.2 kcalmol�1. All other hyperconjugation effects are
even weaker. Since the analogous hyperconjugation effects
brought about by the OH groups are about 2–3 times stron-
ger (about 12–20 kcalmol�1), ignoring the hyperconjugation
between the 5-CH2OH group and the furanose rings seems
to be a reasonable approach.
In summary, the gas-phase results above show that for the


furanose–borate complexes bound through O1,O2 and
O2,O3 the most stable furanose conformations are those
given by models 3a and 4a, respectively. On the other hand,
the furanose–borate complex bound through O1,O2 is more
stable than that bound through O2,O3. In what follows, we
use model 3a to build the O1,O2-aldopentose–borate com-
plexes. Specifically, to make the O1,O2-aldopentose–borate
complexes, we connect an OH group to C3 of 3a and a
CH2OH group to C4.


Solvent effects—determining the structure of the aldopen-
tose–borate complexes : In the previous section we found
that models 3a and 4a contain the most stable furanose ring
conformations. In this section, we describe how we used
models 3a and 4a to build the aldopentose–borate com-
plexes of ribose, arabinose, lyxose, and xylose. These com-
plexes were then optimized in water within the continuum
solvent approximation.
In the O1,O2 borate complexes of aldopentoses the posi-


tions of the 3-OH and 5-CH2OH groups are as follows: in
ribose and lyxose the 3-OH is syn to the borate; in xylose
and arabinose the 3-OH is in anti position with respect to
the borate. In ribose and xylose the 5-CH2OH is anti to the
borate; in lyxose and arabinose the 5-CH2OH group is syn
to the borate. Nevertheless, this does not say anything about
the conformation of the 3-OH and 5-OH groups with re-
spect to the bonds connected to C3 and C5, respectively.
Since the stereoeletronic effects associated with the 3-OH
and 5-OH groups are insignificant, the directionality of


these groups is determined primarily by the solvation ef-
fects. Kirschner and Woods have shown that the CH2OH
group of methyl a-d-glucopyranoside and methyl a-d-galac-
topyranoside does not form an internal hydrogen bond with
the adjacent etheric O, but is instead fully exposed to the
solvent water molecules, similar to all other hydroxyl groups
present in carbohydrates.[15] This applies to neutral solutes.
The borate complexes of aldopentoses carry a charge of �1,
which dramatically changes the situation. In the neutral al-
dopentoses the strength of the hydrogen bonds formed with
neutral water molecules is similar to that of the internal hy-
drogen bonds in the neutral carbohydrates. In contrast, in
the borate complexes the equivalence of the internal and in-
termolecular hydrogen bonds is lost, due to the presence of
the negatively-charged borate oxygens. Thus, it is reasonable
to expect that in the borate complexes, hydroxyl groups
lying in the vicinity of the negative charge concentration
will prefer intramolecular hydrogen bonds rather than inter-
molecular ones with the solvent. To justify this assumption
we carried out two sets of calculations.
In the first set of calculations, we replaced one of the H


atoms at C3 of 3a with an OH group, and created four
models (T1–T4). These models differ in: 1) the configura-
tion of the 3-OH group with respect to the borate (i.e., syn
or anti for T3,T4 and T1,T2, respectively) and 2) the expo-
sure of the 3-OH to the solvent. The optimized geometries
of T1–T4 are depicted in Figure 3. The two anti complexes
(T1,T2) are very close in energy, but still weakly favor (by


Figure 3. Optimized geometries of the models used to evaluate the effect
of the orientation of the 3-OH group. Optimizations were carried out at
the B3LYP/6-31G** level of theory using the COSMO dielectric continu-
um method. Atom colors: C=dark grey; O= red; H= light grey; B=


pale pink. In T1 and T2 the 3-OH group is anti to the borate; in T3 and
T4 the 3-OH group is syn to the borate. In T1 and T3 the 3-OH is fully
exposed to the solvent; in T2 the 3-OH points towards O4; in T4 the 3-
OH points towards O2. The numbers refer to the computed total elec-
tronic energies (Hartree) obtained at the B3LYP/6-31++G ACHTUNGTRENNUNG(2d,2p) level
using the B3LYP/6-31G** optimized geometries and the COSMO implic-
it solvent model. 1 Hartree=627.509 kcalmol�1. Black asterisks indicate
the positions of the C1 atoms.
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0.3 kcalmol�1) the conformation in which the 3-OH is fully
exposed to the solvent. This is in agreement with the find-
ings of reference [15]. In contrast, the syn complex with the
3-OH exposed to the solvent (T3) is destabilized by
1.4 kcalmol�1 with respect to the syn complex that has the
3-OH forming a hydrogen bond with O2 (T4). This again
justifies our assumption that the negative charge of the
borate moiety alters the orientation of the vicinal syn OH
groups.
We then created model T5 by connecting a CH2OH


group to C4 of 3a. In T5, the OH group of CH2OH is in syn
orientation; its H points inwards (i.e., towards the borate);
its O is in the energetically favorable gauche–trans orienta-
tion.[15] We optimized T5 using the COSMO dielectric con-
tinuum approach. The optimized geometry is depicted in
Figure 4. Subsequently, we created model T6 by rotating the


OH of T5 by 1808 about the O�C bond. In this way, the
OH of T6 was fully exposed to water. We optimized T6 in
solution by relaxing all the structural parameters except the
H-O5-C5-C4 dihedral angle. Comparing the total energies
of T5 and T6, we found that T5 was 1.6 kcalmol�1 more
stable than T6. In other words, the 5-OH group in syn posi-
tion prefers to bind to the borate oxygen rather than to the
bulk solvent. This result justifies our assumption for the 5-
CH2OH group.
Thus, in the aldopentose–borate complexes, the conforma-


tion of the 3-OH and 5-OH groups with respect to the C4�
C5 bond was selected as follows: 1) OH groups syn to the
borate O were rotated to enable interaction with the borate
anion and 2) anti OH groups were exposed to the bulk
water. In all the models, O5 was gauche with respect to O4
and trans with respect to C3; this conformation of the
CH2OH group is the most energetically favored in carbohy-
drate solutions.[15] Then, models constructed in this way
were optimized at the B3LYP/6-31G** level of theory in
aqueous solution using the COSMO dielectric continuum
method.


Relative stability of the aldopentose–borate complexes : The
optimized geometries of the most stable 2:1 complexes for
ribose, xylose, lyxose, and arabinose are depicted in
Figure 5. Their relative energies (kcalmol�1) obtained at the


B3LYP/6-31++G ACHTUNGTRENNUNG(2d,2p)//B3LYP/6-31G** level vary as
follows: ribose (0)>xylose (1.5)> lyxose (6.9)>arabinose
(9.9). This order agrees with that reported by Chapelle and
Verchere.[10] Although the stability order suggested by Li
et al.[9] differs slightly from that of Chapelle and Verchere,[10]


both experimental studies agree that the most stable com-
plex is formed with ribose, which is also supported by our
computational results.
In general, the complexes with anti mutual orientation of


the borate and the 5-CH2OH (ribose and xylose, see Fig-
ure 5a and b) are more stable than their syn counterparts
(lyxose and arabinose, Figure 5c and d). The energy differ-
ence between the complexes carrying the 5-CH2OH group
in syn and anti position is more than 6.0 kcalmol�1. This is
not surprising in view of the electrostatic potential of the
furanose–borate 2:1 complexes (Figure 6). In the syn form
the partially negatively charged O5 is forced to interact with
the negatively charged region of the complex, resulting in a
repulsive electrostatic contact. In addition to this, steric re-
pulsion between the hydroxymethyl group and the rest of
the complex may further destabilize the apparently more
crowded syn complexes with respect to the anti forms.


Figure 4. Optimized geometry of the model used to evaluate the effect of
the orientation of the 5-OH group (T5). (Optimization was carried out
at the B3LYP/6-31G** level of theory using the COSMO dielectric con-
tinuum method). Atom colors: C=dark grey; O= red; H= light grey;
B=pale pink. The number refers to the computed total electronic energy
(Hartree) obtained at the B3LYP/6-31++G ACHTUNGTRENNUNG(2d,2p) level using the
B3LYP/6–31G** optimized geometry and the COSMO implicit solvent
model. 1 Hartree=627.509 kcalmol�1. Black asterisk indicates the posi-
tion of the C1 atom.


Figure 5. Predicted B3LYP/6–31G** optimized geometries of the most
stable aldopentose–borate 2:1 complexes. Optimizations were carried out
in solution using the COSMO dielectric continuum model to mimic the
aqueous environment. a) ribose, b) xylose, c) lyxose, and d) arabinose.
Atom colors: C=dark grey; O= red; H= light grey; B=pale pink. The
numbers refer to the computed total electronic energies (Hartree) ob-
tained at the B3LYP/6-31++G ACHTUNGTRENNUNG(2d,2p) level using the B3LYP/6-31G**
optimized geometries and the COSMO implicit solvent model. 1 Har-
tree=627.509 kcalmol�1. Black asterisks indicate the positions of the C1
atoms.
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For a given configuration of 5-CH2OH, the stability order
is determined by the position of the 3-OH: the syn position
is the energetically favored one, because of the internal hy-
drogen-bond formation with the strongly attractive O2; this
makes the 2:1 complexes of ribose and lyxose more stable
than those of xylose and arabinose, respectively.
For comparison, we computed the stability of the O2,O3


ribose–borate 2:1 complex. Its structure was built up analo-
gously to that of the O1,O2 complex, with the exception
that 4a was used as the furanose ring model instead of 3a.
The 1-OH was added to 3a in the a-position, due to the en-
ergetically favorable hydrogen-bond formation with the
borate oxygen at C2. The optimized geometry of the com-
plex is depicted in Figure 7. As expected, the stability of the
optimized model is lower than that of the O1,O2 isomer, by
4.4 kcalmol�1.


Conclusion


In the current paper, for the first time, we have applied elec-
tronic structure calculations to predict the structure and de-


termine the stability order of the 2:1 aldopentose–borate
complexes of ribose, arabinose, lyxose, and xylose. In con-
trast to experimental studies[9,10] published prior to this
work, our energy data are directly derived from the wave-
function and therefore do not depend on the choice of refer-
ence system.
The computed stability order of the aldopentose borate


2:1 complexes is as follows: ribose>xylose> lyxose>arabi-
nose. In general, O1,O2 binding is energetically more favor-
able than O2,O3 binding, due to the higher ring stability in
the O1,O2 form.
Our results clearly show that solution stability of the


ribose–borate 2:1 complex formed through O1,O2 binding
to the borate is superior to those of other aldopentose com-
plexes. This is attributable to the favorable configuration of
the �CH2OH group, complemented by a hydrogen-bonding
contact between the 3-OH group and one of the borate
oxygen atoms. Thus, we suggest that the fortuitous interplay
of intra- and intermolecular hydrogen bonding, electrostatic,
and steric interactions present in the hydrated ribose–borate
2:1 complexes also contributes to the fact that, among the
four aldopentoses, ribose had the greatest potential to sur-
vive in prebiotic conditions and serve as a building unit for
the first RNA architectures.[29]
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Chem. 2001, 40, 3269–3278.


[24] A. J. Kirby, The Anomeric Effect and Related Stereoelectronic Effects
at Oxygen, Springer, Berlin, 1983.


[25] F. Weinhold, C. Landis, Valency and Bonding, Cambridge University
Press, Cambridge, 2005, pp. 215–275.


[26] A. E. Reed, P. von R. Schleyer, J. Am. Chem. Soc. 1987, 109, 7362–
7373.


[27] In Table 1 we have listed the second order stabilization energies for
one of the two rings only. For symmetrical structures (1–4) the cor-
responding data are almost identical for both rings. In larger com-
plexes (models 5–6), we have added substituents only to one of the
rings. This, however, affected the energetics of the main donor–ac-
ceptor orbital interactions on the nonsubstituted ring by less than
8% relative to its symmetrical counterpart. All these stabilization
energies are negative values; in the text and Table 1 we give them in
absolute values.


[28] In what follows, H atoms are numbered according to the number of
the C atoms they are connected to; for example, if there are two H
atoms connected to C2 then they are labeled as H2 and H2’.


[29] Note added in proof: Stabilization of ribose by complexation with
borate was suggested for the first time by B. E. Prieur, C. R. Chim.
2001, 4, 667–670.


Received: May 20, 2008
Published online: September 22, 2008


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9990 – 99989998
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Introduction


Chiral inorganic-organic materials have received much at-
tention not only because of their potential applications, but


also owing to their intriguing variety of architectures and
topologies.[1–3] Polyoxometalates (POMs),[4] a unique class of
metal oxide clusters, have many properties that make them
attractive for applications in medicine, biology, magnetism,
materials science, and catalysis.[5] Assembly of chiral POM-
based compounds, which may incorporate functionality from
both POMs and chiral materials, is currently an active re-
search field.[6] In recent years, a few chiral POM-based com-
pounds have been observed, most of which are discrete or
low-dimensional structures.[7] The rational synthesis of chiral
high-dimensional frameworks constructed from POM units
is still a great challenge, however.


Two main approaches have been developed for the forma-
tion of chiral POM-based frameworks. The first method is
based on the use of chiral species (chiral organic linkers or
chiral metal complexes) as structure-directing agents; a few
prominent results based on this approach have been report-


Abstract: Four enantiomerically pure
3D chiral POM-based compounds,
[Ni2 ACHTUNGTRENNUNG(bbi)2 ACHTUNGTRENNUNG(H2O)4V4O12]·2H2O (1a and
1b) and [CoACHTUNGTRENNUNG(bbi) ACHTUNGTRENNUNG(H2O)V2O6] (2a and
2b) (bbi=1,1’-(1,4-butanediyl)bisimi-
dazole) based on the achiral ligand, dif-
ferent vanadate chains, and different
metal centers have been synthesized by
hydrothermal methods. Single-crystal
X-ray diffraction analyses revealed that
1a and 1b, and 2a and 2b, respectively,
are enantiomers. In 1a and 1b two
kinds of vanadate chains with different
screw axes link Ni cations to generate
3D chiral inorganic skeletons, which
are connected by the achiral bbi li-
gands to form complicated 3D 3,4-con-
nected chiral self-penetrating frame-
works with (72·8)ACHTUNGTRENNUNG(72·82·92) ACHTUNGTRENNUNG(73·82·10) top-


ology. They represent the first exam-
ples of chiral self-penetrating frame-
works known for polyoxometalate
(POM) systems. Contrary to 1a and
1b, in 2a and 2b the vanadate chains
link CoII cations to generate 3D chiral
inorganic skeletons, which are assem-
bled from two kinds of heterometallic
helical units of opposite chirality along
the c axes. The chiral inorganic skele-
tons are connected by bbi to form 3D
3,4-connected chiral POM-based
frameworks with (62·8)2(6


2·82·102) topol-
ogy. It is believed that the asymmetri-


cal coordination modes of the metal
cations in 1a–2b generate the initial
chiral centers, and that the formation
of the various helical units and the hy-
drogen bond interactions are responsi-
ble for preservation of the chirality and
spontaneous resolution when the chir-
ality is extended into the homochiral
3D-networks. This is the first known
report of chiral POM-based com-
pounds consisting of 3D chiral inorgan-
ic skeletons being obtained by sponta-
neous resolution upon crystallization in
the absence of any chiral source, which
may provide a rational strategy for syn-
thesis of chiral POM-based compounds
by using achiral ligands and POM heli-
cal units.
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ed recently thanks to the work of Pope, Hill, Yamase, and
Kortz.[8] The second approach is based on the use of achiral
ligands with spontaneous resolution without any chiral auxil-
iaries, which yields a conglomerate.[9] Statistically, between 5
and 10% of all racemates form conglomerate crystals,[10] in-
dicating that heterochiral interactions are prevalent and
more facile than homochiral interactions in the formation of
crystalline racemates.[11] To date, only two chiral POM-based
compounds have been obtained by spontaneous resolution
upon crystallization.[12] One was constructed from hafnium-
substituted polyoxometalate [Hf ACHTUNGTRENNUNG(PW11O39)2]


10� by Hill,[12a]


and the other, the first example of an enantiomerically pure
3D POM-based compound with achiral ligands, the
[V10O26]


4� polyoxoanion, and mixed-valence CuI/II, was syn-
thesized by our group.[12b]


One of the principal challenges in the construction of in-
organic–organic hybrid materials is the control of the di-
mensionality by the inorganic connectivity.[13] Inorganic
components are isolated by metal cations or polyoxoanion
clusters in the majority of POM-based compounds, and only
a very limited number of examples of 3D inorganic connec-
tivity are known.[14,15] Design of the construction of chiral
POM-based compounds is more difficult when inorganic
connectivity with spontaneous resolution is used without
any chiral auxiliary. Such compounds have not been ob-
served to date, and therefore the search for suitable achiral
organic molecules, metal cations, and POM building units to
construct them is one of the most challenging issues in syn-
thetic chemistry and materials science.


In accord with the literature,[16] we chose the flexible
ligand 1,1’-(1,4-butanediyl)bisimidazole (bbi) as the achiral
ligand, a vanadate chain as the polyoxoanion, and different
metal ions to synthesize chiral POM-based 3D frameworks
based on the following considerations: i) many chiral com-
pounds have been constructed on the basis of helical topolo-
gy,[17] and helical units can be formed by vanadate chains by
changing the reaction pH;[18] ii) in comparison with isolated
metal oxide clusters, 1D vanadate chains have great advan-
tages for constructing high-dimensional inorganic connectiv-
ity frameworks; iii) conformational changes of flexible bbi li-
gands often lead to the lack of a center of symmetry, with
the benefit that they then form chiral compounds. As accu-
rate prediction of the final structures is impossible, we have
tried different synthetic conditions and performed many ex-
periments. Fortunately, [Ni2ACHTUNGTRENNUNG(bbi)2 ACHTUNGTRENNUNG(H2O)4V4O12]·2H2O (1a
and 1b) and [CoACHTUNGTRENNUNG(bbi) ACHTUNGTRENNUNG(H2O)V2O6] (2a and 2b) are isolated
successfully by hydrothermal methods and separated man-
ually (Supporting Information, Figure S1). Single-crystal X-
ray diffraction analyses reveal that the structures of com-
pounds 1a and 1b, and 2a and 2b, respectively, are enantio-
mers. Their unit cell dimensions, volumes, related bond
lengths, and angles are only slightly different. To the best of
our knowledge, it is the first time that chiral POM-based
compounds consisting of 3D chiral inorganic skeletons have
been obtained by spontaneous resolution upon crystalliza-
tion in the absence of any chiral source, which may demon-
strate a rational strategy for synthesis of these compounds


by using achiral ligands and POM helical units. In addition,
1a–2b have been characterized further by elemental analy-
ses, IR, UV/Vis, and CD spectra, and thermogravimetric
analyses (TGAs).


Results and Discussion


Structures : Single-crystal X-ray diffraction analyses show
that 1a crystallizes in the chiral space group P41212, and 1b
in the space group P43212. They are made up of one kind of
Ni cation, two kinds of anions ((VO3)


� and (V2O6)
2�, respec-


tively), one kind of bbi ligand, and water molecules
(Figure 1). The Ni center exhibits a distorted octahedral ge-


ometry and is surrounded by two nitrogen atoms from dif-
ferent bbi ligands, two oxygen atoms from different anions
((VO3)


� and (V2O6)
2�, respectively), and two oxygen atoms


from two water molecules. The bbi ligand exhibits TTG
(T= trans ; G=gauche) conformation (Supporting Informa-
tion, Figure S2) and acts as a bidentate ligand coordinated
to two Ni cations. The dihedral angle between the two imi-
dazole rings is 89.88 for 1a and 90.38 for 1b. All the V cat-
ions are four-coordinated by four oxygen atoms in tetrahe-
dral geometries. Here, the VO4 tetrahedra of the V1 cations
are linked to each other in corner-sharing modes to generate
a [(VO3)


�]8 helical chain with a four-fold screw axis (a right-
handed helix in 1a with a 41 helical axis; a left-handed helix
in 1b with a 43 helical axis; the 41 and 43 axes are mirror
images of each other) (Figure 2) along the c axis, and those
of the V2 and V3 cations are linked each other in corner-
sharing modes to generate a [(V2O6)


2�]8 helical chain, with a
two-fold screw axis along the c axis (a left-handed helix in
1a ; a right-handed helix in 1b). It is interesting that the two
kinds of helical chains are connected by Ni cations to form a
3D chiral inorganic skeleton, which is a 3,4-connected
framework with (7·82)2 ACHTUNGTRENNUNG(7·85) topology (Supporting Informa-
tion, Figure S3). These inorganic skeletons are mirror
images in 1a and 1b (Figure 3). The bbi ligands link the Ni


Figure 1. ORTEP diagram showing the coordination environments for
the Ni atom in 1a with thermal ellipsoids at the 30% probability dis-
placement. Only some of the atoms are labeled, and all the hydrogen
atoms and lattice water molecules are omitted for clarity.
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cations to generate chains, which interweave like the ”warp”
and “weft” along the a and b axes to form a molecular
fabric structure (Supporting Information, Figure S4).[19] The
inorganic skeleton and the molecular fabric structure de-
scribed above are fused by sharing Ni centers to form a
complicated 3D POM-based chiral framework. In this net,
two crystalligraphically related rings with composition -Ni-
bbi-VO4-Ni-V4O13- are catenated with each other to give a
self-penetrating (self-catenation or polyknotting) 3D struc-
ture (Figure 4). Self-penetrating structures defined by Ciani
and coworkers are single nets that have the peculiarity that
the smallest topological rings are catenated by other rings
belonging to the same network.[20] A few coordination com-
pounds exhibiting self-penetrating network architectures
have been reported.[21] However, the 3D chiral POM-based
self-penetrating framework has not been observed. From
the topological viewpoint, the nets of 1a and 1b can be con-
sidered as 3D 3,4-connected frameworks based on each VO4


(V1) tetrahedron as a three-connected node, each VO4 (V2)
tetrahedron as a four-connected node, the Ni cation as a
four-connected node, and the bbi ligand and VO4 (V3) tetra-
hedron as linkers (Supporting Information, Figure S5). The
SchlPfli symbol is (72·8) ACHTUNGTRENNUNG(72·82·92)ACHTUNGTRENNUNG(73·82·10) (Figure 4c).


The results mentioned above encouraged us to expand
our studies to the CoII analogues. The naive expectation was


that the structural chemistry would be analogous to that of
NiII. In fact, the results are largely unexpected. Compounds
2a and 2b crystallize in the chiral space group P21212. X-ray
diffraction analyses reveal that there is one kind of Co
cation, one kind of (V2O6)


2� anion, one kind of bbi ligand,
and one water molecule in the crystallographically unique
unit (Figure 5). The Co center is in a distorted square pyra-


midal geometry that is coordinated by two nitrogen atoms
from different bbi ligands, two oxygen atoms from different
(V2O6)


2� anions, and one water molecule. The bbi ligand ex-
hibits a TTG conformation (Supporting Information, Fig-
ure S2) and acts as a bidentate ligand coordinated to two Co
cations. The dihedral angle between the two imidazole rings
is 55.48 for 2a and 58.28 for 2b. All V cations are four-coor-
dinated by four oxygen atoms in tetrahedral geometries.
These tetrahedra are linked each other in a corner-sharing
mode to generate a [(V2O6)


2�]8 chain along the a axis. Co
cations connect [(V2O6)


2�]8 chains to form a 3D chiral inor-
ganic skeleton with chiral (10,3)-a topology (Supporting In-
formation, Figure S6). Two kinds of heterometallic helical
units (I and II) exist with opposite helicity along the crystal-


Figure 2. a) Ball-and-stick representations of the 3D chiral inorganic skel-
eton in 1a. b) Ball-and-stick and polyhedral representations of the
[(VO3)


�]8 helical chain (a right-handed helix in 1a with a 41 helical axis).
c) Schematic representation of the [(VO3)


�]8 helical chain. d) Ball-and-
stick and polyhedral representations of the [(V2O6)


2�]8 helical chain (a
left-handed helix in 1a with a 21 helical axis). e) Schematic representation
of the [(V2O6)


2�]8 helical chain.


Figure 3. Schematic representations of mirror images of 3D chiral inor-
ganic skeletons in 1a (left) and 1b (right).


Figure 4. a) Ball-and-stick representations of the self-penetrating frame-
work in 1a. b) One ring with the composition -Ni-bbi-VO4-Ni-V4O13- in
the self-penetrating framework. c) Schematic representation of the (3,4)-
connected framework with (72·8) ACHTUNGTRENNUNG(72·82·92) ACHTUNGTRENNUNG(73·82·10) topology.


Figure 5. ORTEP diagram showing the coordination environments for
the Co atom in 2a with thermal ellipsoids at the 30% probability dis-
placement. Only some of the atoms are labeled, and all the hydrogen
atoms are omitted for clarity.
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lographic c axis. The helical unit I is made up of a -Co1-V1-
V2-Co1- chain (a right-handed helix in 2a and a left-handed
helix in 2b, with 21 helical axes). The helical unit II is made
up of a -Co1-V1-V2-V1-V2-Co1- chain (a left-handed helix
in 2a and a right-handed helix in 2b with 21 helical axes)
(Figure 6). Thus there are inorganic skeletons of opposite


chirality in the 2a and 2b frameworks (Figure 7). The bbi li-
gands link the Co cations to form a zigzag chain which
adorns the larger helical channel of the above 3D inorganic
skeleton (Figure 8a). The whole structures of 2a and 2b can
be considered as 3,4-connected chiral POM-based frame-
works based on the VO4 (V1 and V2) tetrahedra as two
kinds of three-connected nodes, the Co cation as a four-con-
nected node, and bbi ligands as linkers (Supporting Informa-
tion, Figure S7). The SchlPfli symbol denotes the
(62·8)2(6


2·82·102) topology (Figure 8b).
In this case, compounds 1 and 2 are both conglomerates.


They have been obtained by spontaneous resolution upon
crystallization in the absence of any chiral source based on
3D chiral inorganic skeletons. They are mechanical and rac-
emic mixtures of chiral crystals, in which each crystal is
enantiopure and crystallizes in a chiral space group. If we
can separate these racemic mixtures manually to obtain


enantiopure compositions, it is beneficial to exploit the
chiral properties of these species. Fortunately, two pairs of
enantiomers (1a and 1b, and 2a and 2b, respectively) can
be separated manually by using the polarized light micro-
scope (Supporting Information, Figure S1).


Spontaneous resolution, known as the segregation of en-
antiomers upon crystallization, was discovered as early as
1846 by Louis Pasteur,[22] and it is still a rare phenomenon
that cannot be predicted a priori because the laws of physics
determining the processes are not yet fully understood.[23]


For compounds 1a–2b, we investigated methods of generat-
ing initial chiral units without a chiral auxiliary, transferring
the chiral units into homochiral structures of higher dimen-
sionalities, and inducing spontaneous resolution. Offering
further insight into the nature of these intricate architec-
tures, we found that the Ni cations are coordinated to six
different groups, namely two different VO4 (V1 and V2) tet-
rahedra, two different bbi ligands, and two water molecules
(O2W and O3W), via covalent linkages in 1a and 1b. In 2a
and 2b, Co cations are coordinated to five different groups:
two different VO4 (V1 and V2) tetrahedra, two different bbi
ligands, and one water molecule (O1W) (Figure 9). The Ni
and Co cations are in asymmetrical coordination modes
without mirror or inversion symmetry, and are considered as
the initial chiral centers. Two kinds of vanadate helical
chains with different screw axes link the Ni cations, and the
chiral information may be transferred to the framework by
helical units with two- or four-fold rotation, which leads to
the chiral inorganic skeletons in compounds 1a and 1b.
They differ from compounds 1a and 1b in that the chiral


Figure 6. a) Ball-and-stick and polyhedral representations of the
[(V2O6)


2�]8 chain in 2a. b) Ball-and-stick representations of the 3D chiral
inorganic skeleton in 2a. c) Schematic representation of the heterometal-
lic helical unit I (a right-handed helix in 2a with a 21 helical axis).
d) Schematic representation of the heterometallic helical unit II (a left-
handed helix in 2a with a 21 helical axis). (The handedness of some heli-
ces is illustrated as arrows, and the center dot defines the direction as
into the page)


Figure 7. Schematic representations of mirror images of 3D chiral inor-
ganic skeletons in compounds 2a (left) and 2b (right). (The handedness
of some helices is illustrated as arrows, and the center dot defines the di-
rection as inside of the page)


Figure 8. a) Ball-and-stick representations of the zigzag chain consisting
of bbi ligands and Co cations in compound 2a. b) Schematic representa-
tion of the (3,4)-connected framework with (62·8)2(6


2·82·102) topology.


Figure 9. Ball-and-stick representations of the asymmetrical coordination
modes for a) the Ni cations and b) the Co cations.


www.chemeurj.org K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9999 – 1000610002


Z.-M. Su, E.-B. Wang et al.



www.chemeurj.org





centers are connected by (V2O7)
4� anions to give heterome-


tallic helical chains, which are related by the two-fold screw
axis and hence have the same chirality as the 3D skeletons
in compounds 2a and 2b. In addition, hydrogen bonds play
an important role in formation of the ultimate structures. As
both 1a and 1b have the same hydrogen bond interactions,
only that of 1a is described in detail herein. As shown in the
Supporting Information, Figure S8 and Table S1, one lattice
water molecule (O1W) and coordinated water molecule
(O3W) in 1a form a dimer with an OW···OW distance of
2.729(3) Q, while such distances in regular ice, liquid water,
and water vapor are 2.74, 2.85, and 2.98 Q, respectively.[24]


The water molecules O1W and O2W donate H bonds to
two oxygen atoms from different [(VO3)


�]8 and [(V2O6)
2�]8


chains (O1#7 and O5#8 for O1W, and O1#1 and O5#2 for
O2W), respectively. Similar hydrogen bonding interactions
exist in 2a and 2b. Figure S9 (Supporting Information)
shows hydrogen bonds in 2a. The coordinated water mole-
cule (O1W) donates two hydrogen bonds to two oxygen
atoms (O2 and O5#3) from two adjacent [(V2O6)


2�]8 chains.
These hydrogen bonding interactions link chiral centers and
two different helical chains in 1a and 1b, and two adjacent
chains [(V2O6)


2�]8 in 2a and 2b, respectively, which take
part in transferring chiral information and further stabilize
the 3D chiral inorganic frameworks. Clearly, the asymmetri-
cal coordination modes of the metal cations generate the in-
itial chiral centers, and the formation of the various helical
units and the hydrogen bond interactions are expected to be
responsible for the chirality preservation and spontaneous
resolution when the chirality is extended into the homochi-
ral 3D networks. To the best of our knowledge, it is the first
time that chiral POM-based compounds consisting of 3D
chiral inorganic skeletons have been obtained by spontane-
ous resolution upon crystallization in the absence of any
chiral source, which may provide a rational strategy for syn-
thesis of chiral POM-based compounds by using achiral li-
gands and POM helical units.


To characterize the compounds more fully in terms of
thermal stability, we have examined compounds 1a and 2a
using thermal gravimetric analysis (TGA) (Supporting Infor-
mation, Figure S10). The TG curve of compound 1a shows a
weight loss of 10.6% from room temperature to 257 8C, cor-
responding to the release of six lattice and coordinated
water molecules (calculated loss 10.8%). Decomposition of
the anhydrous composition begins at 365 8C and ends above
546 8C. The 38.5% weight loss corresponds to the loss of or-
ganic components (calculated loss 38.0%). The remaining
weight (50.9%) corresponds to the percentage (51.2%) of
Ni, V, and O components, indicating that the final product is
possibly the mixture of NiO and V2O5. The TG curve of 2a
shows a weight loss of 4.0% from room temperature to
152 8C, corresponding to the release of one coordinated
water molecule (calculated loss 3.9%). The anhydrous com-
position begins to decompose at 320 8C and ends above
710 8C. The 40.5% weight loss corresponds to the loss of or-
ganic components (calculated loss 40.9%). The remaining
weight of 55.5% corresponds to the percentage (55.2%) of


Co, V, and O components, indicating that the final product
is possibly the mixture of CoO and V2O5.


The X-ray powder diffraction patterns for 1a–2b are pre-
sented in Figure S11 (Supporting Information). The diffrac-
tion peaks of both simulated and experimental patterns
match well in key positions, thus indicating the phase puri-
ties of 1a–2b.


Circular dichroism (CD) spectroscopy has emerged as a
very useful technique in stereochemistry in recent years.[1c,25]


To examine the chiroptical and stable activities of all the
nantiopure compounds in the solution state, the CD spectra
of 1a–2b in DMSO have been investigated (Figure 10 and


Supporting Information, Figure S12). The CD spectra of
each pair of compounds 1a and 1b, and 2a and 2b, are
mirror images of each other, indicating that the two pairs of
compounds are the respective enantiomers. In the wave-
length range l=200–300 nm, 1a shows negative Cotton ef-
fects at l=212 and 244 nm and positive Cotton effects at
l=237 and 253 nm, whereas 2a shows a negative Cotton
effect at l=236 nm and positive Cotton effects at l=250
and 259 nm. Compounds 1b and 2b show Cotton effects of
the opposite signs to 1a and 2a at the same wavelengths.
However, EIMS of 1a and 2a in DMSO show that they de-
compose to some small fragments (Supporting Information,
Figure S13). The interesting CD spectral results indicate
that these small fragments retain the chirality, which may
suggest that there are stable interactions among small frag-
ments in solution.


Figure 10. a) The CD spectra of 1a and 1b in DMSO (1a : c=5.0S10�4m


and 1b : c=5.2S10�4m). b) The CD spectra of 2a and 2b in DMSO (2a :
c=6.0S10�4m and 2b : c=6.1S10�4m).
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Conclusion


In summary, we have prepared by hydrothermal methods
and characterized four enantiomerically pure 3D chiral
POM-based architectures based on an achiral ligand, differ-
ent vanadate chains, and different metal centers without any
chiral auxiliaries. These compounds consist of 3D chiral in-
organic skeletons which are assembled from different helical
units. In 1a and 1b, the 3D chiral inorganic skeletons are as-
sembled from two kinds of helical vanadate chains with dif-
ferent screw axes. Compounds 2a and 2b differ from 1a and
1b : the vanadate chains link Co cations to generate 3D
chiral inorganic skeletons, which are assembled from two
kinds of heterometallic helical units with opposite chirality
along the c axis. Compounds 1a and 1b represent the first
examples of chiral self-penetrating frameworks of POM sys-
tems known at present. To the best of our knowledge, it is
the first time that chiral POM-based compounds consisting
of 3D chiral inorganic skeletons have been obtained by
spontaneous resolution upon crystallization in the absence
of any chiral source. The successful isolation of these species
not only produces intriguing examples of enantiomerically
pure architectures but may also provide a rational strategy
for synthesis of chiral POM-based compounds by using achi-
ral ligands and POM helical units.


Experimental Section


Materials and methods : All reagents and solvents for syntheses were pur-
chased from commercial sources and used as received. The C, H, and N
elemental analyses were conducted by using a Perkin–Elmer 240C ele-
mental analyzer, and Ni, Co, and V were analyzed by using a Plasma-
Spec (I) ICP (inductively coupled plasma) atomic emission spectrometer.
The FTIR spectra were recorded from KBr pellets in the range ñ=4000–
400 cm�1 by using a Mattson Alpha-Centauri spectrometer. The X-ray
powder diffraction (XRPD) patterns
were recorded by using a Sie-
mens D5005 diffractometer with CuKa


(l=1.5418 Q) radiation. The UV/Vis
spectra were recorded by using a Hi-
tachi UV-3010 spectrophotometer.
The CD spectra for the enantiomers
were recorded by means of a Jasco
J-810 spectropolarimeter. Mass spec-
tra were collected by using a Bruker
microTOF Q mass spectrometer in
electrospray ionization (ESI) mode.
Thermogravimetric analyses of the
samples were performed by using a
Perkin–Elmer TG-7 analyzer heated
from room temperature to 800 8C
under nitrogen at a rate of
10 8Cmin�1.


Synthesis of [Ni2ACHTUNGTRENNUNG(bbi)2 ACHTUNGTRENNUNG(H2O)4V4O12]·
2H2O (1a and 1b): A mixture of
NH4VO3 (0.117 g, 1 mmol), BBI
(0.095 g, 0.5 mmol), Ni ACHTUNGTRENNUNG(NO3)2·6H2O
(0.145 g, 0.5 mmol), and H2O (10 mL)
was adjusted to pH�4 and stirred for
1 h, and then transferred and sealed
in a 25 mL Teflon-lined stainless steel


container, which was heated at 150 8C for 72 h and then cooled to room
temperature at a rate of 10 8Ch�1. Green crystals of 1 were collected in
52.1% yield based on Ni ACHTUNGTRENNUNG(NO3)2·6H2O. IR: ñ=3924 (m), 3897 (m), 3861
(s), 3845 (s), 3742 (s), 3679 (m), 3649 (w), 3115 (s), 1740 (w), 1678 (w),
1646 (m), 1563 (w), 1515 (s), 1455 (m), 1094 (w), 932 (s), 814 (s), 646 (s),
420 cm�1 (m); elemental analysis calcd (%) for C20H40N8O18Ni2V4


(1001.78): C 23.98, H 4.02, N 11.19, Ni 11.72, V 20.34; found: C 24.02, H
3.98, N 11.21, Ni 11.76, V 20.31.


Synthesis of [Co ACHTUNGTRENNUNG(bbi)ACHTUNGTRENNUNG(H2O)V2O6] (2a and 2b): A mixture of NH4VO3


(0.117 g, 1 mmol), BBI (0.095 g, 0.5 mmol), CoACHTUNGTRENNUNG(NO3)2·6H2O (0.146 g,
0.5 mmol), and H2O (10 mL) was adjusted to pH�2 and stirred for 1 h,
and then transferred and sealed in a 25 mL Teflon-lined stainless steel
container, which was heated at 150 8C for 72 h and then cooled to room
temperature at a rate of 10 8Ch�1. Black crystals of 2 were collected in
48.6% yield based on Co ACHTUNGTRENNUNG(NO3)2·6H2O. IR: ñ =3924 (m), 3861 (m), 3742
(s), 3679 (m), 3649 (m), 3621 (m), 3108 (s), 1740 (w), 1693 (w), 1646 (w),
1515 (s), 1454 (w), 1398 (w), 1283 (w), 1234 (w), 1106 (m), 928 (s), 791
(s), 659 (s), 419 cm�1 (s); elemental analysis calcd (%) for
C10H16N4O7CoV2 (465.08): C 25.83, H 3.47, N 12.05, Co 12.67, V 21.91;
found: C 25.80, H 3.51, N 12.8, Co 12.62, V 21.88.


Single-crystal structure analysis : Single-crystal X-ray diffraction data for
1a, 1b, 2a, and 2b were recorded by using a Bruker Apex CCD diffrac-
tometer with graphite-monochromated MoKa radiation (l=0.71073 Q) at
T=293 K. Absorption corrections were applied by using a multi-scan
technique. All the structures were solved by the direct method of
SHELXS-97[26] and refined by full-matrix least-squares techniques using
the SHELXL-97 program[27] within WINGX.[28] For 1a, 1b, 2a, and 2b,
all H atoms bonded to the organic ligands were positioned geometrically
and refined as riding atoms, and the water H atoms were located on a
difference Fourier map. The Flack parameters (0.001(10) for 1a,
0.014(14) for 1b, 0.013(17) for 2a, and 0.03(3) for 2b) indicate that the
absolute configurations are correct. The detailed crystallographic data
and structure refinement parameters are summarized in Table 1.
CCDC 683857 (1a), CCDC 686858 (1b), CCDC 686859 (2a) and
CCDC 683860 (2b) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Table 1. Crystal data and structure refinements for 1a, 1b, 2a, and 2b


1a 1b 2a 2b


formula C20H40N8O18Ni2V4 C20H40N8O18Ni2V4 C10H16N4O7CoV2 C10H16N4O7CoV2


Mr 1001.78 1001.78 465.08 465.08
crystal system tetragonal tetragonal orthorhombic orthorhombic
space group P41212 P43212 P21212 P21212
a [Q] 17.978(2) 17.983(3) 11.188(4) 11.192(7)
b [Q] 17.978(2) 17.983(5) 11.864(4) 11.952(8)
c [Q] 11.086(2) 11.083(5) 12.574(4) 12.538(8)
a [8] 90 90 90 90
b [8] 90 90 90 90
g [8] 90 90 90 90
V [Q3] 3583.1(9) 3584(2) 1669.0(10) 1677.2(19)
Z 4 4 4 4
1calcd [gcm


�3] 1.857 1.857 1.851 1.851
F ACHTUNGTRENNUNG(000) 2032 2032 932 932
reflns collected/unique 22139/4418 22141/4454 10365/3985 8607/2991
R ACHTUNGTRENNUNG(int) 0.0321 0.0469 0.0270 0.0392
GOF on F2 1.027 1.012 1.045 1.081
R1


[a] [I>2s(I)] 0.0219 0.0315 0.0258 0.0349
wR2


[b] 0.0499 0.0612 0.0593 0.0732
largest residuals [eQ�3] 0.246/�0.212 0.284/�0.349 0.296/�0.245 0.705/�0.469
Flack parameter 0.001(10) 0.014(14) 0.013(17) 0.03(3)


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= j�w(jFoj2MN�jFc j 2) j /� jw(F2
o)


2 j 1/2.
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Introduction


Domino, tandem, or cascade reactions, that involve the for-
mation of multiple carbon–carbon bonds and stereocenters
in one-pot, is a rapidly growing research field within the syn-
thesis of small molecules with complex molecular architec-
tures.[1] Domino reactions, a concept introduced by Tiet-
ze,[1a,b] have the advantages of including “green chemistry”
parameters, such as atom economy,[2] reduction of synthetic
steps, and reduction of waste and solvents.[3] In this context,
it is challenging and even more economic to develop catalyt-
ic asymmetric domino reactions. Therefore, there is intense
research into the development of new catalytic enantioselec-
tive domino and cascade transformations. The development
of organocatalytic asymmetric one-pot domino reactions is a
rapidly growing research area.[4–5] For example, the construc-


tion of highly functionalized carbocycles, such as cyclohex-
anes by Enders,[6a,c] Jørgensen,[6b,d] and Hayashi,[6e] as well as
cyclopentanes by Wang[6f,g] and our group[6h] have recently
been achieved by the employment of enantioselective amine
catalysis.[6] Inspired by these elegant reports, and our recent-
ly developed nitrocyclopropanation of enals [Eq. (1)],[7] we
became intrigued as to whether it would be possible to as-
semble highly functionalized cyclopentanes by a catalytic
cascade nitro-Michael/Michael reaction by using a,b-unsatu-
rated aldehydes as acceptors [Eq. (2)]. Heteroatom func-
tionalized cyclopentanes are valuable synthetic building
blocks and are present in several natural products, such as
prostaglandins.[8] Herein, we present a highly diastereo- and
enantioselective one-pot synthesis of nitrogen-, formyl-, and
ester-functionalized cyclopentane derivatives with four ste-
reocenters (97–99% ee).
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catalysis · conjugate additions ·
cyclopentanes · domino reactions ·
organocatalysis


Abstract: A highly enantioselective organocatalytic one-pot synthesis of nitro-,
formyl-, and ester-functionalized cyclopentanes with four stereocenters is present-
ed. The cyclopentanes were formed as a predominant diasteroisomer and isolated
in high yields with 97–99% ee.
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Table 1. Catalyst screening for the reaction between 1a and ester 2a.[a]


Entry Cat. Solvent Additive t [h] Yield [%][b] d.r.[c] ee [%][d]


1 4 CHCl3 none 48 15 4:1:2:0 38:nd
2 5 CHCl3 none 48 30 3:0:1:0 70:nd
3 6 CHCl3 none 96 67 3:1:1:1 94:86:95:99
4 7 CHCl3 none 48 traces nd nd
5 6 CHCl3 benzoic acid 16 89 2:1:1:1 68:94:91:99
6 6 CH2Cl2 none 68 82 4:1:1:1 99:84:91:99
7 6 CH3CN none 120 86 3:1:1:2 92:61:86:97
8 6 toluene none 120 67 3:1:2:1 92:61:86:97
9 6 CHCl3 DABCO 48 70 7:1:1:1 99:nd
10 6 CH2Cl2 DABCO 48 84 6:1:1:1 99:nd
11 6 CHCl3 TEA 48 64 7:0:1:1 97:nd
12 6 CHCl3 NaOAc 48 97 4:1:1:1 98:>10:86:93


[a] Experimental conditions: A mixture of 1a (0.25 mmol), 2a (0.30 mmol), and catalyst (20 mol%) in solvent (0.5 mL) was stirred at the temperature
and conditions displayed in the table. [b] Isolated yield of 3a and its diastereoisomers after silica-gel chromatography. [c] Determined by 1H NMR spec-
troscopic analysis of the crude reaction mixture. [d] Determined by chiral-phase HPLC analysis. nd=not determined; TMS= trimethylsilyl.


Table 2. Catalytic asymmetric domino reactions between crude 1 and ester 2.[a]


Entry R1 R2 Product t [h] Yield [%][b] d.r.[c] ee [%][d]


1 Me 3a 48 70 7:1:1:1 99


2 Et 3b 40 80 10:0:1:2 99


3 Me 3c 24 60 6:1:1:1 97


4 Me 3d 40 81 10:0:1:1 99


5 Me 3e 24 88 7:1:1:1 99


6 Me 3 f 24 75 7:0:1:1 98


7 Me 3g 24 80 7:0:1:1 99


8 Me 3h 26 72 12:0:1:2 99


9 Me 3 i 40 81 10:1:1:2 99


10 Me 3 j 24 73 12:1:1:2 99


[a] Experimental conditions: A mixture of enal 1 (0.25 mmol), 2a (0.30 mmol), catalyst (20 mol%), and DABCO (20 mol%) in CHCl3 (0.5 mL) was
stirred at room temperature for the time displayed in the table. [b] Isolated yield of 3 after silica-gel chromatography. [c] Determined by 1H NMR spec-
troscopic analysis of the crude reaction mixture. [d] Determined by chiral-phase HPLC analysis on the major isomer.
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Results and Discussion


In an initial catalyst screening, we found to our delight that
amines 4–7 catalyzed the asymmetric domino reaction be-
tween cinnamic aldehyde (1a) and methyl 5-nitro-pente-
noate (2a), which is simply derived by a Horner–Wads-
worth–Emmons reaction of 3-nitropropanal in CHCl3
(Table 1).


The transformation resulted in the assembly of the corre-
sponding cyclopentane derivative 3a with moderate diaste-
reoselectivity and 38–94% ee (entries 1–4). The protected
chiral diarylprolinol 6[9] exhibited the highest reactivity and
enantioselectivity. Thus, amine 6 was chosen as the catalyst
for further investigations. High enantioselectivity was also
achieved in other solvents (entries 6–8). The presence of an
acid additive increased the reactivity but decreased the dia-
stereoselectivity of the reaction (entry 5). Thus, we decided
to investigate the addition of a small amount of base (en-
tries 9–12). To our satisfaction, the rate and diastereo- and
enantioselectivity of the reaction increased. In particular,
the employment of organic bases 1,4-diazabicyclo-
ACHTUNGTRENNUNG[2.2.2]octane (DABCO) and triethylamine (TEA) allowed
for the formation of 3a with high diastereo- and enantiose-
lectivity (entries 9–11). The highest stereoselectivity (7:1 d.r.
and 99% ee ; d.r.=diasteromeric ratio) was achieved when
DABCO was used as the additive (entry 9). Based on these
results, we decided to investigate the chiral amine 6-cata-
lyzed enantioselective domino reactions between enals 1
and 5-nitro-pentenoate esters 2
in CHCl3 by using a small
amount of DABCO as an addi-
tive (Table 2).


The organocatalytic asym-
metric domino reactions gave
the corresponding cyclopen-
tanes 3a–j in high yields (60–
88%) as a predominant diaste-
reoisomer, which was readily
separated from the other minor
diastereoisomers by silica-gel
column chromatography. The
enantioselectivity of the reac-
tion was excellent (97–99% ee).
Thus, the one-pot procedure
allows for the construction of
four stereocenters with very
high stereocontrol. Notably,
when 2-heptenal was employed
as the acceptor enal, the corre-
sponding chiral cyclohexane de-
rivative A with three stereocen-
ters was formed with >19:1 d.r.
and 91% ee by a formal [3+3]
cycloaddition.[10]


To show the synthetic utility
of the transformation and the
possibility of employing it in di-


versity-oriented synthesis,[11] we further modified the cyclo-
pentane derivatives 3 (Scheme 1). Consequently, reduction
and oxidation gave the corresponding alcohols and acids 8
and 12, respectively, in high yields. Both of these transfor-
mations can also be performed as one-pot operations. The
alcohol moiety of 8 can be esterified to give functional cy-
clopentanes 9 and a Wittig reaction of aldehyde 3 gave the
corresponding cyclopentane 11. Reduction of the nitro
group and Boc protection (Boc= tert-butoxycarbonyl) gave
access to amine-functionalized cyclopentane 10a. The rela-
tive stereochemistry of 3c was established by NOE NMR
spectroscopic experiments, which confirmed a trans relation-
ship between all the neighboring substituents. This was also
confirmed by X-ray analysis (Figure 1) of 12c
(1R,2R,3S,4S).[12]


Based on these results and the chiral amine 6-catalyzed
reactions with enals,[9e] we propose the following domino re-
action mechanism to account for the observed stereochemis-
try of the reaction (Scheme 2).


Scheme 1. a) NaBH4, MeOH, 0 8C; b) 2,4-Cl2C6H3COCl, TEA, CH2Cl2; c) Ph3P=CHCO2Et, CHCl3; d) cat. Pd/
C, H2, MeOH; e) NaClO2 KH2PO4, (CH3)2C=CHCH3, tBuOH/H2O 5:1; f) (Boc)2O, TEA.


Chem. Eur. J. 2008, 14, 10007 – 10011 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 10009


FULL PAPERMichael/Michael Synthesis of Cyclopentanes



www.chemeurj.org





Thus, efficient shielding of the Re face of the chiral imini-
um intermediate I by the bulky aryl groups of 6 leads to ste-
reoselective Si-facial nucleophilic conjugate attack on the b-
carbon by 5-nitro-butanoate ester 2 from its pro-R face at
C-5 (Scheme 1). Next, the generated chiral enamine inter-
mediate II performs a perfectly aligned intermolecular con-
jugate attack on the a,b-unsaturated ester moiety and the
iminium intermediate III is formed. Hydrolysis gives the


corresponding cyclopentane product 3 and releases the
chiral amine catalyst. The role of the organic base additive
is possibly to enhance the deprotonation and proton-transfer
in the conjugate addition steps.


Conclusion


In summary, we have developed a highly diastereo- and
enantioselective one-pot cascade nitro-Michael/Michael re-
action for the synthesis of amino-, formyl-, and ester-func-
tionalized cyclopentanes with four stereocenters (97–
99% ee). These compounds can be used as scaffolds for fur-
ther diversification. The importance of the transformation is
additionally highlighted in that it correlates to the elegant
protocols for cyclohexene and cyclohexane synthesis report-
ed by the groups of Enders,[6a,c] Jørgensen,[6b,d] and Haya-
shi,[6e] as well as the cyclopentane synthesis developed by
WangQs[6f,g] and our group[6h] .
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Introduction


In nature, complex architectures are assembled using a lim-
ited set of well-selected modules, for example, twenty amino
acids, four nucleosides, and a series of monomeric carbohy-
drates, from which a sheer infinite variety of protein struc-
tures, nucleic acids, and linear or branched carbohydrate
oligo- and polymers can be generated. This modular strategy
is highly efficient in that it reduces the number of the re-


quired building blocks to a minimum, without restricting the
structural diversity of the end products. However, biopoly-
mers are not only diverse in structure, but also in function.
The implementation of functions such as catalysis, informa-
tion storage, or cell–cell communication has been realized in
living organisms. However, it requires more than just a mod-
ular approach to structurally diverse architectures. Nature#s
approach also makes structures programmable and optimiz-
able. The quite complex scaffolds of, for example, a large
protein allow evolution to optimize by adjusting the struc-
tures gradually in small steps. These great achievements
found in nature are a particularly stimulating source of in-
spiration to many chemists nowadays.


A realization of a similar modular strategy for the genera-
tion of structurally diverse, more complex artificial architec-
tures is still a challenge. In the field of supramolecular
chemistry, the application of this approach requires the
design of modules that need to fulfill the following criteria:
1) The number of building blocks should be limited. 2) They
should be synthetically accessible through inexpensive syn-
theses that provide high yields of the desired building
blocks. 3) Chemistry needs to be identified or developed
with which these units can be easily and flexibly combined
into numerous supramolecular architectures with desired
structures and functions, either through covalent or nonco-
valent bonding. Self-assembly may well be helpful in reduc-
ing the synthetic efforts.[1] Supramolecular chemists so far
have often followed the strategy to identify a goal, for ex-


Abstract: Tetralactam macrocycles can
be functionalized by a variety of cross-
coupling reactions. A modular “tool-
box” strategy is presented that allows
1) several tetralactam macrocycles to
be covalently connected with each
other or with a central spacer, 2) the
macrocycles to be substituted with or
connected to different chromophores,


and 3) metal-coordination sites to be
attached to the macrocycles. With this
approach a series of different oligo-


macrocyclic hosts was obtained with
great structural diversity and enormous
potential for further functionalization.
Rotaxanes made on the basis of these
macrocycles have been synthesized to
demonstrate their utility in building
more complex supramolecular architec-
tures.
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ample, binding a guest molecule by a host through molecu-
lar recognition, followed by the design of a specific molecule
that might fulfill the task. This molecule has then been eval-
uated and has often been found to be less than perfectly
suited. A detailed analysis may then lead to a new design
concept, which requires the synthesis of a new host through,
by and large, a completely new synthetic route. This ap-
proach of finding one individual synthetic pathway for each
target molecule is reasonable and often preferred when the
number of targets is small. The modular route is a more pro-
cess-oriented way of chemical thinking and provides much
higher adaptability if a part of the specific target molecule
design needs to be modified at a later stage. The modular
approach has been explicitly described for various supra-
molecular assemblies, for example, receptors and capsules;[2]


mechanically interlocked compounds,[3] such as rotaxanes or
catenanes; metal–porphyrin complexes;[4] and artificial
double helices.[5]


As one of the fundamental scaffolds in supramolecular
chemistry, macrocyclic molecules have been widely used not
only for the binding of small guest molecules,[6] but also for
the fabrication of mechanically interlocked architectures
such as rotaxanes or catenanes.[7] In recent years, assemblies
consisting of several (at least two) host macrocycles linked
to a single core,[8] which are shown in Figure 1a,b and which
we decide to simply call “branched multimacrocyclic hosts”,
have attracted increasing interest among supramolecular re-
searchers. The reason for this interest is the versatility of
these hosts which can either interact with mono-[8a] or multi-
valent[8e] guests without threading, or contain mono-[8c–d] or
multivalent[8b] guests threaded into them. In this contribu-
tion, we focus on hosts that open the gate to multiply me-
chanically interlocked architectures (MIAs). Among these
hosts, we further distinguish flexible branched multimacro-
cyclic hosts (FBMHs), in which each of the bonds between
macrocycle and core can rotate freely, from their rigid coun-
terparts (e.g., triptycene-[8d] or triphenylene-based plat-


forms[8b]), in which this rotation mode is disabled. Compared
with the inflexible hosts, FBMHs have the advantage that
1) they can better adapt to the structures of multivalent
guests, 2) they provide more possibilities for self-assembly,
and 3) one single FBMH can serve as precursor for quite
different MIAs (rotaxane-like as well as catenane-like
MIAs), inherently complying with the modular philosophy
of “few modules leading to many targets”.


FBMHs with this precursor function, which are rarely
known as such,[8b] have not been obtained in great structural
diversity through a modular approach so far. Herein, we de-
scribe the synthesis and characterization of a family of
easily accessible, tetralactam-based FBMHs in which amide
coupling, cross-coupling reactions, and metal templates are
applied to combine the well-selected modules. We demon-
strate that a broad structural variety is accessible, which en-
compasses covalently linked FBMHs as well as some exam-
ples for noncovalently linked analogues that are complexed
to a metal core through rather weak coordinative bonds. On
the other hand, chromophore-centered FBMHs are present-
ed which relate to future functions through their photo-
chemical properties. From some of the macrocyclic precur-
sors, rotaxanes have been made either substituted with a
chromophore or with a metal-binding site. As a proof of
principle, the metal-coordination approach is applied to a
rotaxane.


Results and Discussion


Our FBMHs are based on the well-known Hunter–Vçgtle
tetralactam macrocycle, which was reported by Hunter[9]


and Vçgtle et al.[10] Since these macrocycles provide four
converging hydrogen bonds for interaction with guests,[11]


they have been frequently applied in templated, high-yield
syntheses of mechanically interlocked molecules, such as
(pseudo-)rotaxanes and catenanes.[12,13] Another advantage
is that tetralactam macrocycles provide high chemical stabil-
ity under many reaction conditions.


We aim to functionalize the macrocycles with a broad se-
lection of different groups. Two pathways can be imagined
(Figure 2): One possibility is to introduce the functional


Figure 2. The pre- versus post-macrocyclization pathway used to arrive at
macrocycles with specific ligand functions, for example, the pyridine
moiety (indicated by the dark gray arrow). Note that for the pre-macro-
cyclization pathway, the ligand function is incorporated into the macro-
ACHTUNGTRENNUNGcycle.


Figure 1. Generic structures of branched multimacrocyclic hosts that
a) are connected to a common core through single bonds and can thus
freely rotate or b) are rigidified through multiple connection to the core.
c) to e) Examples for oligo-macrocycles that are not connected to a com-
ACHTUNGTRENNUNGmon core. In this contribution we focus on the group shown in part a.
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group, for example, the metal-coordinating site mentioned
in Figure 2, before macrocyclization. We call this route the
pre-macrocyclization pathway. In an earlier study,[14] we re-
ported bisquinoline-bearing macrocycles, catenanes, and ro-
taxanes that were synthesized according to this route. The
alternative is to first perform the macrocyclization step fol-
lowed by attachment of the desired functional group. This
so-called post-macrocyclization pathway[15] has the advant-
age that functionalization can start from a common macro-
cyclic intermediate. A variety of functional groups can thus
be introduced after the macrocyclization step—an approach
that saves a significant amount of synthetic effort.


On the post-macrocyclization route to our FBMHs, a cru-
cial key step is the connection of the macrocycles to a
common core. To limit the flexibility in these target mole-
cules to the rotation around the macrocycle core bond,
cross-coupling reactions were chosen to realize this key step.


Synthesis of a tetralactam macrocycle through the pre-mac-
rocyclization pathway : As illustrated in Scheme 1, the pyri-
dine-containing tetralactam macrocycle 3 is accessible by


well-known literature procedures in two steps starting from
Hunter#s diamine 1.[9] The pyridine nitrogen is in an exocy-
clic position and thus can be utilized for metal coordination,
through which several of these macrocycles can finally be
connected (see below). The pyridine is incorporated into the
corresponding building block before macrocyclization. The
advantage of this strategy is that the synthetic route is anal-
ogous to that of other well-known tetralactam macrocycles
and thus benefits from the experience that is available in
the chemical literature. However, the reaction conditions
still need to be significantly modified in the crucial and
yield-determining macrocyclization step due to solubility
problems with the intermediate extended diamine 2. This
optimization is quite time-consuming and such problems are
likely to be encountered when other functional groups are
attached to or incorporated into the building blocks. In our
experience, small structural changes in the building blocks


may significantly alter the macrocyclization yields. This
makes the pre-macrocyclization pathway less flexible with
respect to a toolbox approach. Consequently, the pre-macro-
cyclization pathway is quite limited.


Crystal structure of macrocycle 3 : X-ray quality crystals of 3
were grown after four weeks at the interface of a biphasic
system comprising a solution of 3 in dichloromethane and
an acidic (pH 4) aqueous solution of K2PtCl4. Conformation-
al isomorphism[16] is observed in the crystal structure: The
unit cell contains one macrocycle in its “all-in” conforma-
tion (3A), in which all four amide protons converge into the
macrocyclic cavity, and two macrocycles as the “two-in-two-
out” conformer 3B, in which the amide protons pointing
into the macrocycle alternate with those pointing out of it
(see arrows in Figure 3a,b). The presence of two different
conformations of the macrocycle in the crystal indicates that
both conformations are energetically not too distant from
each other and can interconvert without being hampered by
a high barrier. This is in excellent agreement with a previous
theoretical study,[11a] which predicted both features for simi-
lar macrocycles. The reason why both conformers appear in
the solid state presumably lies in crystal packing. In particu-
lar, intermolecular hydrogen bonds connect the macrocycles
and generate an infinite ribbon (Figure 3c,d). In this ribbon,
two macrocycles of 3B connect two molecules in conforma-
tion 3A. The latter macrocycle is disordered in the crystal
with respect to the positions of the pyridine and the tert-
butyl group. Either of the two possible orientations can
occur. The N�O distances of the intermolecular N�H···O=C
hydrogen bonds are 2.808 and 2.852 T. In the crystal struc-
ture, the hydrogen-bonded assembly of one molecule of 3A
and two of 3B serves as a noncovalent “monomer unit” for
the twisted, ribbonlike, hydrogen-bonded polymer, in which
two parallel strands of 3B are interconnected by 3A
ACHTUNGTRENNUNG(Figure 3d).


Synthesis of key intermediates and synthesis of macrocyclic
ligands using the post-macrocyclization pathway : To avoid
the above-mentioned potential weaknesses of the pre-mac-
rocyclization pathway, we explored the post-macrocycliza-
tion route to macrocyclic ligands. To be able to make use of
the large potential for cross-coupling reactions, a series of
key intermediates have been prepared that are already
equipped with the functional groups needed for cross-cou-
pling reactions (Scheme 2). From hydroxy-substituted mac-
rocycle 9, triflate 10 can be easily obtained with good yields.
Similarly, iodo- and bromo-substituted analogues 11 and 14
are obtained when extended diamine 6 or 7 is treated under
high-dilution conditions with the corresponding isophthaloyl
dichloride. Two more cross-coupling precursors are available
from the halogenated macrocycles: A Sonogashira cou-
pling[17] followed by deprotection of the trimethylsilyl group
with potassium hydroxide provides acetylene-substituted 13,
which may serve as a precursor in a second Sonogashira
coupling. Besides this, it can also be employed in Glaser–
Hay coupling reactions[18] (see below) or potentially in Huis-


Scheme 1. Synthesis of tetralactam macrocycle 3 : a) pyridine-3,5-dicar-
bonyl dichloride, NEt3, CH2Cl2, RT, 2 d, 64%; b) 5-tert-butylisophthaloyl
dichloride, pyridine, NEt3, CH2Cl2, high dilution, 40 8C, 2 d, 41%.
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gen–Sharpless–Meldal click chemistry[19] (not described
herein). From 14, pinacolato boronate-substituted macrocy-
cle 15 is easily available through Miyaura borylation[20] and
may, in addition to the two halogenated macrocycles 11 and
14, serve as another key intermediate for Suzuki cross-cou-
pling reactions.[21] The scope of the cross-coupling reactions
mentioned herein can certainly be extended beyond the
scope of the present study. Just to mention one example,
which has not been explored in our study, boronates such as
15 may also be used in Chan–Lam[22] couplings. Consequent-
ly, the set of key intermediates 10–15 represents a very ver-
satile and flexible, but at the same time compact, basis for
further functionalization of the tetralactam macrocycles.
This toolkit can be used for a broad spectrum of cross-cou-
pling reactions with a vast range of coupling agents and is


characterized, in accordance
with the principles of modular
approach, by its easy accessibil-
ity, great flexibility, and high
adaptability.


A quick view at the cycliza-
tion yields again reveals them
to be dependent on the sub-
stituent: Whereas 3 and 8 are
obtained in similar yields of 41
and 43%, respectively, the
yields are significantly lower in
the case of halogenated ana-
logues 11 (15%) and 14 (20%).
The sometimes quite drastic ef-
fects might be rationalized not
only by invoking different dis-
tributions of macrocycle and
undesired oligomeric side prod-
ucts. Another major product
usually found in substantial
amounts is the corresponding
catenane. It consists of two
identical macrocycles that
become intertwined during the
macrocyclization by a hydro-
gen-bond-mediated template
effect. This hydrogen-bonding
pattern is rather sensitive to
structural changes in the macro-
cycle structures.[11] Some of the
catenanes have been isolated
and fully characterized in the
course of the present study.
However, we refrain from de-
scribing them in detail herein,
since unfortunately they turned
out to be rather unreactive in
cross-coupling reactions.


The first Suzuki cross-cou-
pling reactions have been suc-
cessfully performed with


bromo-substituted 14 and the pinacolato boronates of
phenyl terpyridine, pyridine, and pyrimidine as shown in
Scheme 2. This approach turned out to be much more fruit-
ful compared with the second possible variant, that is,
Suzuki cross-coupling of 15 with the corresponding halogen-
ated heterocycles.[23] The products of these coupling reac-
tions (16–18) all carry heterocycles that can coordinate to
transition-metal ions. This set of molecules can thus be con-
nected to each other through the use of metal ions with
their wide variety of coordination geometries.


Rotaxane synthesis : Scheme 3 shows attempts to synthesize
rotaxanes with ether axles from some of the macrocycles
following the anion-mediated template developed by Vçgtle
et al.[24] Again, two different routes were explored. To shift


Figure 3. Crystal structure of 3 : a) ORTEP plot of all-in conformer 3A (conformer 1). b) ORTEP plot of two-
in-two-out conformer 3B (conformer 2) (both conformers shown with 50% probability ellipsoids). c) Intermo-
lecular hydrogen bonds (dashed) between 3A (black) and 3B (dark gray, gray) (hydrogen atoms omitted for
clarity, except for the amide protons involved in hydrogen bonding). d) Visualization of the infinite molecular
“chain” in the form of a twisted, ribbonlike, hydrogen-bonded polymer (all hydrogen atoms omitted for
ACHTUNGTRENNUNGclarity).
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the macrocycle functionalization step to as a late state of
the synthesis as possible, we first attempted to generate ro-
taxane 19 from bromo-substituted tetralactam macrocycle
14. Then, rotaxane 19 may serve as a precursor for the at-
tachment of a variety of different functional groups, such as
a pyridine moiety, finally yielding rotaxane 20. This ap-
proach would have another, practical advantage. Some of
the macrocycles cause solubility problems. As soon as the
axle is present, the resulting rotaxanes are usually soluble,
since the interactions of macrocycles with each other in the
crystal are disturbed by the stoppers protruding on both
sides. Consequently, rotaxane 19 would help to circumvent
solubility problems. From the Suzuki coupling of the pinaco-
lato boronate of pyridine with 19, only a disappointingly low
yield of around 6% of rotaxane 20 has been obtained. The
rotaxane can easily be identified by mass spectrometry[25] as
well as by its 1H NMR spectrum. Axle protons that are lo-
cated inside the cavity of the macrocycle experience a signif-
icant upfield shift of up to Dd=1.8 ppm[26] due to the aniso-


tropy of the aromatic rings incorporated in the Hunter
ACHTUNGTRENNUNGdiamines.


One of the major side products of this reaction is the free
axle. This finding may help to identify the reason for the
low yield: Since the tritylphenol stoppers efficiently prevent
deslipping of the axle, even at elevated temperatures,[27]


such a process is certainly not the reason for this finding.
Most likely, the cross-coupling catalyst activates the benzyl
ether bond and causes it to open and close reversibly. Once
it is cleaved, the mechanical bond is released and most of
the rotaxane is thus destroyed.


In the second approach, the order of the two steps is re-
versed. The pyridine is attached first to macrocycle 14 to
give 17 in an acceptable isolated yield of 83%. Rotaxane
synthesis with 17 then provided rotaxane 20 in 82% yield.
Thus, following this approach is by far superior compared
with the first strategy—at least when targeting rotaxanes
with ether axles. These experiments provide some insights
into some limitations that may occur. However, these limita-


Scheme 2. Synthesis of key intermediates and macrocyclic ligands: a) NEt3, CH2Cl2, RT, 1 d, 64% (6) or 74% (7); b) 5-acetoxyisophthaloyl dichloride,
NEt3, CH2Cl2, high dilution, RT, 1 d, 43%; c) KOH, dioxane, H2O, reflux, 8 h, 95%; d) Tf2O, pyridine, CH2Cl2, �25 8C, 2 h, 87%; e) 5-iodoisophthaloyl
dichloride, NEt3, CH2Cl2, high dilution, RT, 1 d, 15%; f) trimethylsilyl acetylene, CuI, [PdCl2 ACHTUNGTRENNUNG(PPh3)2], NEt3, DMF, RT, 15 h, 41%; g) KOH, MeOH/
CH2Cl2, RT, 75%; h) 5-tert-butylisophthaloyl dichloride, NEt3, CH2Cl2, high dilution, RT, 1 d, 20%; i) B2pin2, [PdCl2 ACHTUNGTRENNUNG(dppf)], KOAc, DMSO, 80 8C, 6 h,
82%; j) 4-(2,2’;6’,2’’-terpyridine-4’-yl)phenyl-B ACHTUNGTRENNUNG(pin), [PdACHTUNGTRENNUNG(PPh3)4], Cs2CO3, toluene/DMF, 120 8C, 2 d, 66%; k) (pyridine-4-yl)B ACHTUNGTRENNUNG(pin), [Pd ACHTUNGTRENNUNG(PPh3)4], Cs2CO3,
toluene/DMF, 120 8C, 2 d, 83%; l) (pyrimidine-5-yl)B ACHTUNGTRENNUNG(pin), [Pd ACHTUNGTRENNUNG(PPh3)4], Cs2CO3, toluene/DMF, 120 8C, 2 d, 83% (pin=pinacolato, dppf=1,1’-bis(diphe-
nylphosphino)ferrocene).
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tions are not serious, if one considers that the tetralactam
macrocycles can also serve as wheels for rotaxanes with
more stable amide axles,[13] which can certainly be expected
to survive the conditions of the cross-coupling reactions.


Synthesis of covalently linked, cross-coupled macrocycle
dimers and trimers : In principle, the key intermediates de-
scribed above can be converted into covalently linked
FBMHs in two ways: 1) by coupling two or more macrocy-
cles to a common core or 2) by homo- or heterocoupling of
two or more of the key intermediates directly to each other,
thus simultaneously building the joint core. According to
the first alternative, divalent benzene-centered FBMH 22
(Scheme 4) has been afforded through a standard Suzuki
coupling of bromo-substituted macrocycle 14 with diborylat-
ed benzene 21, a readily available core component. The use
of the brominated macrocycle requires elevated tempera-
tures (ca. 120 8C), but the yield of 90% is quite high. In a
similar manner, trivalent benzene-centered FBMH 24 could
be synthesized in a Sonogashira reaction between readily
available triethynylbenzene 23 and iodomacrocycle 11. No
separate core component is required for the Glaser–Hay ho-
mocoupling of two acetylene-substituted macrocycles 13 to
butadiyne-spacered dimer 25. This reaction is an example
for the second pathway described above.


The butadiyne product itself represents a functional group
that permits further functionalization: In a preliminary ex-
periment, we treated a few mg of 25 with Na2S


[28] and ana-
lyzed the raw product by mass spectrometry. In a fairly
clean ESI mass spectrum (Figure 4), minor amounts of reac-


tant 25 were observed together with product 26 (Scheme 4),
which corresponds to the dominant signal. Such a transfor-
mation induces a change in the geometry of the tether con-
necting the two macrocycles.


These three examples of different coupling reactions, that
is, the Suzuki, the Sonogashira, and the Glaser–Hay reac-
tions, together with the possibility of postfunctionalization
of the butadiyne spacer may suffice to provide evidence for
the utility of our toolbox concept. In the following section,
we now apply the concept to chromophore-substituted mac-
rocycles and metal-coordination.


Synthesis of chromophore-substituted macrocycles :
Scheme 5 shows the syntheses of chromophore-substituted


Scheme 3. Synthesis of pyridyl rotaxane 20 using two different routes:
a) a,a’-dibromo-p-xylene, 4-tritylphenol, dibenzo[18]crown-6, K2CO3,
CH2Cl2, RT, 7 d, 38%; b) (pyridin-4-yl)B ACHTUNGTRENNUNG(pin), [Pd ACHTUNGTRENNUNG(PPh3)4], Cs2CO3, tolu-
ene/DMF, 120 8C, 2 d, 6%; c) (pyridin-4-yl)B ACHTUNGTRENNUNG(pin), [Pd ACHTUNGTRENNUNG(PPh3)4], Cs2CO3,
toluene/DMF, 120 8C, 2 d, 83%; d) a,a’-dibromo-p-xylene, 4-tritylphenol,
dibenzo[18]crown-6, K2CO3, CH2Cl2, RT, 7 d, 82% (pin=pinacolato).


Scheme 4. Synthesis of FBMHs 22, 24, and 25 : a) [PdACHTUNGTRENNUNG(PPh3)4], Cs2CO3,
toluene, DMF, 120 8C, 1 d, 90%; b) CuI, PPh3, [Pd ACHTUNGTRENNUNG(PPh3)2Cl2], NEt3,
DMF, RT, 40 h, 40%; c) CuCl, O2, DMF, RT, 12 h, 26%; d) Na2S· ACHTUNGTRENNUNG(H2O)x,
THF, 3 d, 60 8C (pin=pinacolato).
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macrocycles starting with either bromo-substituted macrocy-
cle 14 or borylated analogue 15. All cross-coupling reactions
applied herein are Suzuki reactions. A naphthyl group is
easily coupled in good yields to one of the isophthalic acid
moieties of the macrocycle to provide easy access to 27.
Since pyrene boronic acid is commercially available, we ini-
tially attempted to use triflate-substituted macrocycle 10 to-
gether with pyrene boronic acid in an analogous Suzuki cou-
pling. Indeed, compound 28 could be isolated from that re-
action, but only with a disappointingly low yield of 19%.
Consequently, the procedure that had been successful for
naphthyl-attachment was applied and provided 28 in 87%
yield.


Boron dipyrromethene (BODIPY) dyes are interesting
chromophores because of their easy preparation, narrow ab-
sorption and emission bands, and high quantum yields,
which is of great importance for energy transfer and sensing
processes.[29] Thus, it seemed attractive to add a BODIPY-
substituted macrocycle to the series of chromophore-substi-
tuted compounds presented herein. Again, a Suzuki cross-
coupling reaction can be used to synthesize aldehyde precur-
sor 30 from which target compound 31 is available in a
three-step one-pot reaction.[30] The aldehyde is first convert-
ed into the corresponding dipyrromethane by an acid-cata-
lyzed reaction with 2,4-dimethyl pyrrole. The dipyrrome-
thane is oxidized to the dipyrromethene with p-chloranil
without workup of the intermediate. Finally, addition of
BF3·Et2O provides the desired product in 62% overall yield.


The last compound in the series of chromophore-substi-
tuted macrocycles (33) has a perylene as the core connecting
two macrocycles. It can be most easily prepared from bory-
lated macrocycle 15 and dibromo perylene 32. The yield of
45% is somewhat lower than that for the other Suzuki reac-
tions described so far and can be attributed to the rather
low solubility of the monosubstituted intermediate.


The UV/Vis spectra for compounds 28, 31, and 33 (shown
in Figure 5) display the typical absorbance patterns of the
photoactive groups in the host macrocycles. The absorbance
of the phenyl rings within the macrocycle body occurs up to
300 nm (the typical range is around 200 nm). In the case of
pyrene and perylene macrocycles, the absorbance maxima in


the visible range are 348 and 548 nm respectively. The
former maximum is not affected when the solvent was
changed from CH2Cl2 to acetonitrile, whereas the latter
shifts by about 10 nm, which is again expected from the sol-
vatochromic behavior of 1,7-substituted perylene dyes.[31]


The BODIPY macrocycle has the highest extinction coeffi-
cient (67200m


�1 cm�1 at 498 nm) with the typical sharp peak
shape.


Self-assembly of macrocyclic ligands to metal-centered
FBMHs—pyridine coordination : Metal-directed self-assem-


Figure 4. ESI-FTICR mass spectrum of the raw product obtained from
the reaction of 25 with Na2S· ACHTUNGTRENNUNG(H2O)x yielding thiophene-centered 26.


Scheme 5. Synthesis of chromophore-substituted macrocycles 27, 28, and
31 and FBMH 33. All coupling reactions are performed under standard
Suzuki conditions ([Pd ACHTUNGTRENNUNG(PPh3)4], Cs2CO3, toluene, DMF, 120 8C, 1 d) and
proceeded in the following yields: a) 76, b) 87, c) 84, and e) 45%.
BODIPY-substituted macrocycle 31 was synthesized from 30 in a one-pot
reaction with d) i) 2,4-dimethyl pyrrole, trifluoro acetic acid (cat.), ii) p-
chloranil, iii) BF3·Et2O, 62%.
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bly is a powerful approach to complex supramolecular struc-
tures with controllable, predefined sizes and geometries.[32]


It significantly reduces the synthetic effort that would be re-
quired for the generation of a similarly complex covalent
molecule. Other advantages of metal coordination com-
plexes are the variety of coordination geometries available,
the quite large range of accessible binding energies allowing
for weakly bound complexes that form reversible bonds as
well as for kinetically quite inert coordination.


Macrocycles 3 and 16–18 have been equipped with differ-
ent metal coordination sites. Two of these ligands, 3 and 17,
carry monodentate pyridine moieties pointing away from
the cavities of the macrocycles. Depending on the choice of
the central metal complex, different number of macrocycles
can be combined in different orientations. In this study, we
have investigated the coordination to different d8-metal cen-
ters: trans-[PdCl2], [Pd ACHTUNGTRENNUNG(MeCN)4] ACHTUNGTRENNUNG(BF4)2, and (dppp)Pt ACHTUNGTRENNUNG(OTf)2.
These metal centers provide access to quite different com-
plex geometries.


When 3 was reacted with [PdCl2ACHTUNGTRENNUNG(PhCN)2], which has two
trans-oriented coordination sites blocked with chloride, di-
valent Pd-centered FBMH 34 precipitated as a pale-yellow
solid (Scheme 6). Analogously, FBMH 36 (Scheme 7) was
obtained from macrocyclic ligand 17, which has a peripheral
pyridine attached to one of the isophthalic acid moieties.
Furthermore, tetravalent Pd-centered FBMH 352+ was af-
forded as the tetrafluoroborate salt upon addition of [Pd-
ACHTUNGTRENNUNG(MeCN)4] ACHTUNGTRENNUNG(BF4)2 to 3. By utilizing the cis-blocked platinum
corner (dppp)Pt ACHTUNGTRENNUNG(OTf)2, a reagent applied for the assembly
of metallosupramolecular squares,[33] we were able to obtain
divalent Pt-centered FBMH 372+ in which the macrocyclic
parts are almost perpendicular to each other. Since the pyri-
dine rings prefer to coordinate to the metal in an orientation
almost perpendicular to the plane defined by the four donor
atoms around the metal center, compounds 3 and 17 result
in different orientations of the macrocycles in the complex.
In 352+ , for example, the four macrocycles are likely to form
a propeller-shaped arrangement with the cavities opening
towards the neighbors. The analogous complex prepared


Figure 5. UV/Vis spectra of a) pyrene macrocycle 28 (1X10�6m ; multi-
plied by 10), b) BODIPY macrocycle 31 (5X10�6 m), and c) FBMH 33
(1.6X10�5m) in CH2Cl2.


Scheme 6. Self-assembly of 34 and 352+
ACHTUNGTRENNUNG(BF4


�)2: a) [PdCl2 ACHTUNGTRENNUNG(PhCN)2],
CH2Cl2, RT, 9 h, 49%; b) [Pd ACHTUNGTRENNUNG(MeCN)4] ACHTUNGTRENNUNG(BF4)2, CDCl3/CD3CN, RT, 1 d,
then cooling, 3 d, 33%.


Scheme 7. Self-assembly of 36 and 372+
ACHTUNGTRENNUNG(OTf�)2: a) [PdCl2ACHTUNGTRENNUNG(PhCN)2],


CH2Cl2, RT, 16 h, then 40 8C, 1 h, 44%; b) (dppp)PtACHTUNGTRENNUNG(OTf)2, DMF, 10 min,
quantitative (dppp=1,3-bis(diphenylphosphino)propane).
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from 17 would result in an arrangement in which the pyri-
dines obtain their preferred perpendicular orientation,
whereas due to the aryl-aryl bond the macrocycles are in a
more or less flat arrangement with their cavities opening to
above and below the complex. Due to the larger macrocy-
cle–metal distance, the rings are likely to be able to rotate
without substantial rotation barriers caused by steric conges-
tion.


The formation of metal-centered FBMHs is confirmed by
ESIMS spectra and 1H NMR spectra, in which the ortho-
pyridine protons show downfield shifts due to metal coordi-
nation. The (dppp)PtII corner in 372+ has the particular ad-
vantage that the Pt�P coupling constants are very sensitive
to the coordination of the two pyridines. The coupling con-
stant in 372+ is 1J ACHTUNGTRENNUNG(Pt,P)=3023 Hz, whereas it is 1J ACHTUNGTRENNUNG(Pt,P)=


3650 Hz in the (dppp)Pt ACHTUNGTRENNUNG(OTf)2 precursor, thus clearly indi-
cating the coordination of the pyridine rings.


Crystal structure of metal-centered FBMH 34 :[34] When 34
was dissolved in approximately a 2:1:1 mixture of 1,4-diox-
ane, dichloromethane, and methanol and the solution was
left to stand in a parafilm-closed test-tube for two months,
pale-brown needlelike single-crystals of 34 were obtained.
According to X-ray crystal structure analysis, two molecules
of 3 are bound to the Pd center through their pyridine moi-
eties, forming the expected square-planar trans-Pd-complex
(Figure 6a). Since each corner of the unit cell, which is the
crystallographic inversion center in the P1̄ space group, is
occupied by a Pd atom, compound 34 is a perfectly centro-
symmetric molecule in the solid state. Compared with the
crystal structure of 3, the striking difference is that all mac-


rocycles are arranged in the “all-in” conformation, which in-
dicates that 34 is a suitable host for the formation of multi-
ply interlocked architectures (MIAs). A highly interesting
feature of the crystal packing is the existence of infinite
channels passing through the macrocyclic cavities (Fig-
ure 6b). The channels, which are filled with quite disordered
solvent molecules in the crystal, might be an interesting
structural element for applications going beyond the use for
MIA formation.


Synthesis and molecular modeling of MIA 40 : As a proof-
of-principle for the formation of multiply interlocked archi-
tectures through metal coordination, rotaxane 39 has been
synthesized and subsequently coordinated to a trans-[PdCl2]
center (Scheme 8). The rotaxane can be easily made through
our previously published anion-template procedure.[12c] Axle
centerpiece 38 is deprotonated at the phenolic hydroxy
group. The anion can—supported by one of the carbonyl
groups—then form rather strong hydrogen bonds with tetra-
lactam macrocycle 3. The axle centerpiece is fixed inside the
wheel in an orientation that ensures that triphenyl acetyl
stoppers are attached to the two amino groups from oppo-
site sides of the macrocycle. The axle is thus trapped in the
cavity; a rotaxane forms. The mechanically interlocked
structure of the rotaxane can be identified from strong up-
field shifts of the 1H NMR signals of those protons that are
located in the macrocycle cavity. For 39, the methylene
spacers between the stoppers and the central phenol are af-


Figure 6. Crystal structure of 34 (solvent molecules are omitted for clari-
ty): a) ORTEP plot (shown with 50% probability ellipsoids). b) Crystal
packing, space-filling view along the diagonal between the crystallograph-
ic a and c axes, showing the infinite channels.


Scheme 8. Synthesis of rotaxane 39 and assembly of MIA 40 : a) tert-
butyl ACHTUNGTRENNUNGimino-tris(dimethylamino)phosphorane (P1 base), NEt3, triphenyl-
acetyl chloride, CH2Cl2, RT, 3 d, 14%; b) PdCl2ACHTUNGTRENNUNG(PhCN)2, CH2Cl2, RT, 1 d,
then cooling, 7 d, 11%.
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fected most (Dd=0.9–1.0 ppm; see analytical data below).
The threaded topology can be also determined from tandem
MS experiments. In these experiments, fragmentations are
induced by collisions of the mass-selected rotaxane ions
with a collision gas (Ar) in an FTICR mass spectrometer.
Mass-selected 39 was thus subjected to this experiment. The
same experiment was then conducted under exactly the
same conditions with a 1:1 mixture of macrocycle 3 and the
free, stoppered axle. During ionization these two compo-
nents form a non-interlocked, hydrogen-bonded complex
with the same m/z value as 39. The two MS/MS spectra
differ much: The MS/MS spectrum of 39 still shows the ro-
taxane ion as the base peak, whereas the free axle appears
as a fragment with around 30% relative intensity accompa-
nied by axle fragments. In the same experiment conducted
with the hydrogen-bonded complex, all parent ions have dis-
sociated and the free axle is the only fragment visible. This
indicates that it is energetically much easier to dissociate the
hydrogen-bonded complex than to fragment the rotaxane, in
which a covalent bond needs to be broken to release the
mechanical bond. We have reported similar experiments on
an analogous rotaxane before with a similar outcome.[12c,25]


Consequently, the rotaxane has unambiguously formed.
Subsequently, compound 39 was treated with [PdCl2-


ACHTUNGTRENNUNG(PhCN)2] to give MIA 40 through metal-directed self-assem-
bly. In the ESI-FTICR mass spectrum of 40, the only intense
ion observed is the sodium adduct of 40, which shows the
fairly high stability of this rotaxane dimer (Figure 7). The
characteristic isotope pattern confirms the presence of the
PdCl2 unit. Compared to 39, a downfield shift of the ortho-
pyridine protons was found in the 1H NMR spectrum of 40.
To obtain at least a rough idea of the structure of 40, molec-
ular modeling calculations were
performed with the augmented
MM2 force field implemented
in the CAChe 5.0 program.[35]


Figure 8 shows one example out
of many possible low-energy
conformations of 40.


Self-assembly of macrocyclic li-
gands to metal-centered
FBMHs–terpyridine coordina-
tion : From terpyridine-substi-
tuted macrocycle 16, rotaxane
41 (Scheme 9) was synthesized
by the same procedure as that
used for 19. Again, rotaxane
synthesis was successful if car-
ried out after cross-coupling the
terpyridine moiety to bromo-
macrocycle 14. Figure 9 (top)
shows the aromatic region of
the 1H NMR spectrum of 41.
The threaded topology of the
rotaxane can easily be deter-
mined from the unusual upfield


Figure 7. ESI-FTICR-MS spectrum of MIA 40.


Figure 8. Space-filling representation of one example out of many possi-
ble low-energy conformations of MIA 40 calculated at the MM2 level
(dark gray: FBMH part of the MIA, black and light gray: axle compo-
nents).


Scheme 9. Synthesis of the dimeric ZnII-complex 422+ of rotaxane 41. a) Zn ACHTUNGTRENNUNG(ClO4)2·6H2O, CDCl3, RT, quant.
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shifts of the protons located at the axle centerpiece (labeled
a, b, and c). They experience the anisotropy of the macrocy-
cle#s aromatic rings. In comparison to the signals of the free
axle, proton a shifts by around 1.7 ppm to higher field.


When half an equivalent of zinc perchlorate is added to
the solution of rotaxane 41, a 1H NMR spectrum is obtained
that contains only one set of well-resolved signals and thus
indicates that only one complex, that is, the ZnII-bridged
dimer of the rotaxane, is almost quantitatively formed. Most
of the signals in the aromatic region are shifted to some
extent upon complexation of the rotaxane to the metal ion.


Conclusion


In this study, we have developed a toolbox of building
blocks on the basis of tetralactam macrocycles for the supra-
molecular assembly of more complex, multiply interlocked
architectures. We can draw the following conclusions:


1) A quite limited set of five key intermediates, that is,
macrocycles with substituents suitable for cross-coupling
reactions, serves as the basis for quite different purposes.
Simple organic spacers can be used to connect several
macrocycles around a common core to provide access to
multivalent host molecules. Photoactive groups can be
attached and may have potential for future energy-trans-
fer studies. Metal-binding sites are easily coupled to the
macrocycles, which can then coordinate to a metal center
serving as a noncovalent core. Consequently, a large vari-
ety of different structures is now available based on the
small set of key intermediates.


2) Different key intermediates open the opportunity to use
almost any kind of cross-coupling reaction. Iodinated,
brominated, and borylated macrocycles have proven to
be excellent precursors for Suzuki cross-coupling reac-
tions. Iodinated and ethynyl derivatives can be utilized in
Glaser–Hay or Sonogashira reactions. Even the tosylated


macrocycle reacted in coupling reactions, however, with
unsatisfactory yields. This variety of different reactions
increases the range of accessible structures drastically.


3) Although only shown for one example, some of the
cross-coupling products can be converted into different
functional groups after the cross-coupling reaction, again
providing access to different geometries.


4) Rotaxanes can be made from almost all macrocycles re-
ported in this study—maybe with the exception of the
borylated macrocycle 15, which we did not test in the
threading reaction. As a proof of principle, we synthe-
sized two types of rotaxanes, one of which has benzyl
ether axles, the other one an amide axle. The benzyl
ethers do not survive a Suzuki coupling due to the Lewis
acidity of the catalyst. This finding points to a limitation
of our approach that, however, can be circumvented by
the use of other, more stable axles.


5) The formation of metal complexes has been demonstrat-
ed up to a tetravalent complex of the pyridine macrocy-
cle. These studies also include metal-bridged rotaxane
dimers.


The present toolbox approach to macrocyclic and inter-
locked molecules is thus extremely versatile in several dif-
ferent aspects and opens a new playground for supramolec-
ular synthesis that can rely on a large set of different struc-
tures accessible from our five key intermediates. The syn-
thetic approach is a convergent one, since more complex
substituents that are to be coupled to the macrocycles can
be prepared independently from the macrocycle synthesis
and then coupled to it afterwards.


Experimental Section


General methods : Reagents were purchased from Aldrich, ACROS, or
Fluka and used without further purification. Hunter#s diamine 1,[9,12a] ex-
tended diamines 6 and 7,[9,12a] 4-(2,2’;6’,2’’-terpyridine-4’-yl)phenylboronic
acid pinacol ester,[23] and perylene 32[36] were synthesized according to lit-
erature procedures. All acid chlorides were obtained from the corre-
sponding isophthalic acids by reaction with SOCl2.


[37] The only exception
was 5-iodoisophthaloyl dichloride, which was synthesized in two steps
from 5-aminoisophthalic acid. First, the amino group is converted into
the iodine substituent by a Schiemann reaction,[38] then the 5-iodoisoph-
thalic acid is converted into the acid chloride with oxalyl chloride.[39]


CH2Cl2, MeOH, EtOAc, and toluene were dried and distilled prior to use
by usual laboratory methods, whereas all other solvents were used from
commercial sources.


Thin-layer chromatography (TLC) was performed on precoated silica gel
60/F254 plates (Merck KGaA). Silica gel (0.04–0.063, 0.63–0.100 mm;
Merck) and Al2O3 (neutral; Riedel de HaZn) were used for column chro-
matography.
1H, 13C, and 31P NMR spectra were recorded with Bruker ECX 400, DPX
400, DRX 500, or Jeol Eclipse 500 instruments. All chemical shifts are re-
ported in ppm with solvent signals taken as internal standards; coupling
constants are in Hertz. Mass spectra were recorded with a Varian/Ion-
Spec QFT-7 FTICR mass spectrometer equipped with a micromass Z-
spray ESI ion source, a Micromass Q-TOF2 mass spectrometer equipped
with a Z geometry nanospray ion source, or a Bruker APEX IV Fourier-
transform ion-cyclotron-resonance (FT-ICR) mass spectrometer with an
Apollo ESI ion source equipped with an off-axis 708 spray needle.


Figure 9. Top: Partial 1H NMR spectrum of the rotaxane 41 synthesized
from terpyridine-substituted macrocycle 16. The unusual upfield shifts of
protons a, b, and c of the axle centerpiece indicate rotaxane formation.
Bottom: Partial 1H NMR spectrum of dimeric ZnII-complex 422+ of this
rotaxane. The appearance of one set of sharp signals at positions shifted
relative to those observed for the rotaxane indicates quantitative com-
plex formation.
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Elemental analyses of the macrocyclic compounds reported herein
almost always fail due to solvent molecules that are encapsulated inside
the cavities of the macrocycles. These solvents cannot be removed by
high vacuum, not even when the substances are heated. They appear in
the NMR spectra and are also visible in the crystal structures with some
disorder. Therefore, elemental compositions were assessed by isotope
pattern analysis of the corresponding ions observed in the mass spectra
and/or by exact mass measurements.


The following abbreviations are used: Ar=aryl, Cy=cyclohexyl, dppf=


1,1’-bis(diphenylphosphino)ferrocene, dppp=1,3-bis(diphenylphosphino)-
propane, isophth= isophthalamide moiety, naph=naphthyl, pin=pinaco-
lato, py=pyridyl, pyr=pyrimidyl, tpy=2,2’;6’2’’-terpyridyl.


Extended diamine 2 : At room temperature, a solution of pyridine-3,5-di-
carbonyl dichloride (1.0 g, 5.0 mmol) in CH2Cl2 (150 mL) was slowly
added over 5 h to a solution of 1 (10.2 g, 31.6 mmol) in CH2Cl2 (50 mL)
and NEt3 (2 mL). The mixture was left stirring at room temperature for
48 h. The solvents were then evaporated and the product was isolated by
column chromatography (silica gel, elution with a (1:2) CH2Cl2/EtOAc
mixture) as a white solid (2.5 g, 64%). Rf=0.4; 1H NMR (400 MHz,
CDCl3): d=1.43–1.53 (m, 20H; CH2), 2.13–2.16 (m, 24H; CH3), 6.83 (s,
4H; ArH), 6.99 (s, 4H; ArH), 7.57 (s, 2H; NH), 8.70–8.71 (m, 1H;
ArH(py)), 9.17 ppm (d, J=2.0 Hz, 1H; ArH(py)); 13C NMR (100 MHz,
CDCl3): d=18.2, 19.0, 23.2, 26.7, 37.4, 45.2, 121.7, 127.3, 127.4, 130.4,
130.6, 134.3, 134.8, 137.7, 140.4, 149.5, 150.9, 163.4 ppm; ESIMS: m/z
(%): 776 (100) [M+H]+ , 798 (49) [M+Na]+ ; HRMS (ESI�): m/z calcd
for C51H60N5O2


� : 774.4752 [M�H]� ; found: 774.4792.


Macrocycle 3 : A suspension that was obtained from adding 2 (2.44 g,
3.1 mmol) to a solvent mixture of CH2Cl2 (500 mL), pyridine (10 mL),
and NEt3 (0.3 mL) was stirred in an ultrasonic bath for 1 h to afford a
clear, light green solution. This solution and a solution of 5-tert-butyl-
ACHTUNGTRENNUNGisophthaloyl dichloride (0.77 g, 3.0 mmol) were simultaneously added
over 24 h to a flask containing CH2Cl2 (2000 mL) heated at reflux by
using an automatic solvent pump. The reaction mixture was heated at
reflux for another 24 h. The solvents were then evaporated and the resi-
due was purified by column chromatography (silica gel, eluting with a
50:50:3 mixture of CH2Cl2/EtOAc/pyridine). The solid obtained from the
purification was redissolved in toluene and the solvent was evaporated;
this was done two more times. The product was again purified by column
chromatography (silica gel, elution with a (14:2:1) CH2Cl2/EtOAc/MeOH
mixture) to afford 3 as a white solid (0.93 g, 31%). Rf=0.54 (CH2Cl2/
EtOAc/MeOH 14:2:1); 1H NMR (400 MHz, CDCl3/CD3OD (5:1)): d=


1.24 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.34–1.35 (br, 4H; CH2), 1.47 (br, 8H; CH2), 2.00
(s, 24H; ArCH3), 2.16 (br, 8H; CH2), 6.82 (s, 8H; ArH), 7.97 (br, 1H;
ArH), 8.01 (d, J=1.4 Hz, 2H; ArH), 8.74 (br, 1H; ArH(py)), 9.07 ppm
(d, J=1.9 Hz, 2H; ArH(py)); 13C NMR (100 MHz, CDCl3/CD3OD
(5:1)): d =18.3, 22.8, 26.2, 30.9, 35.0, 35.1, 45.0, 123.8, 126.1, 126.2, 128.3,
130.67, 130.73, 131.3, 134.0, 134.7, 134.9, 137.0, 147.8, 148.2, 149.5, 153.2,
163.6, 166.9 ppm; ESIMS: m/z (%): 960 (100) [M�H]� ; HRMS (ESI�):
m/z calcd for C63H70N5O4


� : 960.5433 [M�H]� ; found: 960.5396.


Macrocycle 8 : A solution of 5-acetoxyisophthaloyl dichloride (0.8 g,
3.1 mmol) in dry CH2Cl2 (250 mL) and a mixture of 6 (2.6 g, 3.1 mmol)
and triethylamine (1 mL) in dry CH2Cl2 (250 mL) were simultaneously
added dropwise to dry CH2Cl2 (1000 mL) from separate dropping fun-
nels, while the system was kept under argon atmosphere. The addition
was completed after 8 h, and the solution was stirred at room tempera-
ture for another 12 h. The solvents were evaporated under reduced pres-
sure. The residue was subjected to column chromatography (silica gel,
eluting with a (6:1) CH2Cl2/EtOAc mixture) to obtain 8 as a white prod-
uct (1.4 g, 43%). Rf=0.40; 1H NMR (400 MHz, CDCl3): d =1.40 (s, 9H;
C ACHTUNGTRENNUNG(CH3)3), 1.52 (br, 4H; CH2), 1.65 (br, 8H; CH2), 2.05 (br, 3H; CH3),
2.17 (br, 24H; CH3), 2.33 (br, 8H; CH2), 6.96 (br, 8H; ArH), 7.56 (br,
4H; NH), 7.87 (s, 2H; ArH), 8.04 (s, 1H; ArH), 8.12 (s, 1H; ArH),
8.19 ppm (s, 2H; ArH); 13C NMR (100 MHz, CDCl3): d =18.91, 18.92,
20.9, 22.9, 26.3, 31.2, 35.3, 45.1, 59.3, 122.8, 122.9, 124.8, 126.4, 126.5,
128.6, 130.8, 131.1, 134.7, 134.7, 136.4, 147.4, 148.1, 148.1, 151.9, 153.9,
164.2, 165.7, 171.3 ppm; ESIMS: m/z : 1020 [M+H]+ .


Macrocycle 9 : Macrocycle 8 (1.20 g, 1.18 mmol) was dissolved in a diox-
ane (30 mL)/water (20 mL) mixture together with KOH (1.46 g,


26 mmol). The mixture was heated at reflux for 8 h. The solvents were re-
moved in vacuo and the remaining solid was suspended in water (2 mL).
The free acid was generated by dropwise addition of concd HCl. The
product was collected by filtration and washed several times with water
(1.04 g, 90%). 1H NMR (300 MHz, CDCl3): d=1.34 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
1.46 (br, 4H; CH2), 1.57 (br, 8H; CH2), 2.09 (s, 12H; CH3), 2.10 (s, 12H;
CH3), 2.26 (br, 8H; CH2), 6.92 (br, 8H; ArH), 7.44 (s, 2H; ArH), 7.50 (s,
1H; ArH), 7.73 (s, 1H; ArH), 8.11 ppm (s, 2H; ArH); 13C NMR
(75 MHz, CDCl3): d =19.6, 24.3, 27.7, 32.2, 36.5, 36.8, 46.5, 119.1, 119.4,
125.4, 126.4, 127.7, 132.7, 132.8, 135.6, 136.42, 136.43, 137.3, 149.5, 149.6,
154.8, 160.0, 168.5, 168.7 ppm; ESIMS: m/z (%): 978 (6) [M+H]+ , 1000
(100) [M+Na]+ , 1016 (18) [M+K]+ , 1977 (16) [M+Na+].


Macrocycle 10 : A solution of 9 (1,15 g; 1,18 mmol) in CH2Cl2 (20 mL)
and pyridine (30 mL) was cooled to �30 8C. Trifluoromethanesulfonic
acid anhydride (0.78 mL) was added dropwise over 1 h taking care that
the temperature does not exceed �25 8C. After the mixture was then
stirred for 5 h at 0 8C, it was poured into ice (100 mL). The aqueous
phase was extracted two times with toluene and the combined organic
phases were washed with water, dried over MgSO4, and evaporated in
vacuo. The solid was purified by column chromatography (silica gel, elu-
tion with a (8:1) CH2Cl2/EtOAc mixture) to give 10 as a beige solid
(275 mg, 21%). Rf=0.50; 1H NMR (400 MHz, CDCl3/CD3OD): d=1.26
(s, 9H; CACHTUNGTRENNUNG(CH3)3), 1.36 (br, 4H; CH2), 1.49 (br, 8H; CH2), 2.01 (s, 24H;
CH3), 2.17 (br, 8H; CH2), 6.82 (s, 4H; ArH), 6.83 (s, 4H; ArH), 7.91 (s,
2H; 4,6-OTf-isophthH), 7.99 (s, 1H; 2-OTf-isophthH), 8.02 (s, 2H; 4,6-t-
Bu-isophthH), 8.30 ppm (s, 1H; 2-t-Bu-isophthH); 13C NMR (100 MHz,
CDCl3/CD3OD): d=18.11, 18.12, 22.6, 26.0, 30.7, 35.0, 44.9, 60.3, 116.8,
123.7, 123.8, 126.0, 126.3, 126.4, 128.1, 130.7, 131.1, 133.9, 134.72, 134.73,
136.8, 147.7, 148.0, 148.1, 149.9, 153.2, 164.1, 166.8 ppm; ESIMS: m/z
(%): 1110 (51) [M+H]+ , 1131 (100) [M+Na]+ , 1147 (5) [M+K]+ ; HRMS
(ESI�): m/z calcd for C65H72F3N4O7S1


+ : 1109.507 [M+H]+ ; found:
1109.503.


Macrocycle 11: A solution of 5-iodoisophthaloyl dichloride (0.33 g,
1 mmol) in dry CH2Cl2 (250 mL) and a mixture of 7 (0.83 g, 1 mmol) and
triethylamine (2 mL) in dry CH2Cl2 (250 mL) were simultaneously added
dropwise to dry CH2Cl2 (1200 mL) from separate dropping funnels, while
the system was kept under argon atmosphere. The addition was complet-
ed after 8 h and the solution was stirred at room temperature for another
72 h. The solvents were evaporated under reduced pressure. The residue
was purified by column chromatography (silica gel, eluting with a (6:1)
CH2Cl2/EtOAC mixture) to give 11 as a white solid (0.12 g, 11%).
1H NMR (500 MHz, CDCl3): d=1.36 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.40–1.50 (br,
4H; CH2) 1.51–1.63 (br, 8H; CH2), 2.08–2.11 (br, 24H; ArCH3), 2.27 (br,
8H; CH2), 6.92 (s, 8H; ArH), 8.03 (s, 1H; 2-t-Bu-isophthH), 8.12 (s, 2H;
4,6-I-isophthH), 8.20 (s, H; 2-I-isophthH), 8.41 ppm (s, 2H; 4,6-t-Bu
-isophthH); 13C NMR (125 MHz, CDCl3): d=19.0, 23.0, 26.4, 31.3, 35.0,
45.2, 95.5, 122.9, 126.4, 128.5, 130.8, 131.1, 134.7, 135.4, 136.4, 139.9,
148.0, 148.3, 153.9, 163.9 ppm; ESIMS: m/z (%): 1087 (40) [M+H]+ ,
1109 (100) [M+Na]+ ; HRMS (ESI+): m/z calcd for C64H71IN4O4Na+ :
1109.4412 [M+Na]+ ; found: 1109.4221.


Macrocycle 12 : Macrocycle 11 (0.05 g, 0.046 mmol), [PdCl2 ACHTUNGTRENNUNG(PPh3)2]
(0.0064 g, 0.001 mmol) and CuI (0.0017 g, 0.001 mmol) were dissolved in
dry DMF (5 mL) under an argon atmosphere. After the addition of tri-
ACHTUNGTRENNUNGethylamine (5 mL), trimethylsilyl acetylene (20 mL 0.14 mmol) was added
dropwise to the reaction mixture. After stirring for 15 h under an argon
atmosphere at room temperature the solvent was evaporated under re-
duced pressure. The residue was purified by column chromatography
(silica gel, eluting with a (15:1) CH2Cl2/EtOAc mixture) to give 12 as a
white solid (0.018 g, 41%). 1H NMR (400 MHz, CDCl3): d=0.26 (s, 9H;
SiC ACHTUNGTRENNUNG(CH3)3), 1.42 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.52–1.55 (br, 4H; CH2), 1.62–1.65
(br, 8H; CH2), 2.15–2.18 (br, 24H; ArCH3), 2.30–2.32 (br, 8H; CH2),
6.98 (br, 8H; ArH), 7.57 (br, 2H; 4,6-t-Bu-isophthH), 7.64 (br, 2H; 4,6-
acetylene-isophthH), 7.75 (s, H; 2-t-Bu-isophthH), 8.08 ppm (s, H; 2-acet-
ylene-isophthH); 13C NMR (125 MHz, CDCl3): d=�0.1, 19.1, 23.0, 26.4,
31.3, 35.4, 45.2, 97.5, 103.0, 122.9, 126.4, 128.7, 131.1, 131.3, 134.2, 134.8,
135.1, 148.1, 148.2, 153.9, 165.9 ppm; ESIMS: m/z (%): 1057 (100)
[M+H]+ , 1079 (90) [M+Na]+ .


Chem. Eur. J. 2008, 14, 10012 – 10028 K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 10023


FULL PAPERMultimacrocyclic Hosts as Precursors for Multiply Interlocked Architectures



www.chemeurj.org





Macrocycle 13 : Macrocycle 12 (0.02 g, 0.019 mmol) was dissolved in a 1:1
mixture of CH2Cl2/CH3OH. KOH (0.005 g, 0.095 mmol) was added and
the reaction mixture was stirred at room temperature for 12 h. Half of
the solvent was evaporated under reduced pressure and the remaining or-
ganic phase was washed three times with H2O. The organic phases were
collected, dried over MgSO4, and the solvent was evaporated under re-
duced pressure. Macrocycle 13 was obtained as a yellowish-white solid
(0.014 g, 75%). 1H NMR (400 MHz, CDCl3): d=1.42 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
1.52–1.55 (br, 4H; CH3), 1.62–1.66 (br, 8H; CH2), 2.16–2.18 (br, 24H;
ArCH3), 2.30–2.32 (br, 8H; CH2), 6.97 (br, 8H; ArH), 7.34 (br, 2H; 4,6-
t-Bu-isophthH), 7.43 (br, 3H; 4,6-acetylene-isophthH, 2-t-Bu-isophthH),
7.99 ppm (s, H; 2-acetylene-isophthH); 13C NMR (125 MHz, CDCl3): d=


19.0, 23.0, 26.5, 31.3, 35.4, 45.2, 79.9, 81.7, 122.9, 126.6, 128.6, 130.9, 131.1,
134.4, 134.7, 135.4, 148.1, 148.3, 154.0, 165.7 ppm; ESIMS: m/z (%): 985
(15) [M+H]+ , 1007 (100) [M+Na]+ ; HRMS (ESI+): m/z calcd for
C66H72N4NaO4


+ : 1007.5446 [M+Na]+ ; found: 1007.5360.


Macrocycle 14 : A solution of 5-tert-butyl isophthaloyl dichloride (0.26 g,
1 mmol) in dry CH2Cl2 (250 mL) and a mixture of 7 (0.85 g, 1 mmol) and
NEt3 (2 mL) were simultaneously added dropwise to dry CH2Cl2
(1200 mL) over 8 h by using an automatic solvent pump, while the
system was kept under an argon atmosphere. The cloudy solution was
stirred at room temperature overnight. The solvents were then evaporat-
ed and the product was isolated by column chromatography (silica gel,
eluting with a (15:1!6:1) CH2Cl2/EtOAc mixture) as a white solid
(0.21 g, 20%). 1H NMR (500 MHz, CDCl3/CD3OD (5:1)): d=1.33 (s,
9H; C ACHTUNGTRENNUNG(CH3)3), 1.43–1.44 (br, 4H; CH2), 1.55–1.56 (br, 8H; CH2), 2.08–
2.10 (br, 24H; ArCH3), 2.24 (br, 8H; CH2), 6.90 (s, 8H; ArH), 8.07 (s, H;
2-t-Bu-isophthH), 8.10 (s, 2H; 4,6-Br-isophthH), 8.19 (s, 2H; 4,6-t-Bu-
isophthH), 8.21 (s, H; 2-Br-isophthH), 8.65 (s, 2H; NH), 8.86 ppm (s, 2H;
NH); 13C NMR (125 MHz, CDCl3/CD3OD (5:1)): d=18.5, 31.1, 22.9,
26.4, 35.0, 45.1, 123.6, 126.0, 128.3, 131.2, 131.5, 133.9, 134.4, 135.3, 135.4,
136.1, 148.0, 148.2, 153.3, 164.9 ppm; ESIMS: m/z (%): 1041.5 (6)
[M+H]+ , 1063.4 (52) [M+Na]+ , 2081.9 (8) ACHTUNGTRENNUNG[2M+H+], 2102.9 (100)
[2M+Na+].


Macrocycle 15 : Macrocycle 14 (360 mg, 0.345 mmol), bis(pinacolato)di-
boron (92.4 mg, 0.362 mmol), [PdCl2ACHTUNGTRENNUNG(dppf)] (14.1 mg, 0.0173 mmol), and
dried potassium acetate (101.7 mg, 1.035 mmol) were added to dried and
argon-bubbled DMSO (10 mL). The mixture was kept at 80 8C overnight
under an argon atmosphere. After cooling to room temperature, CH2Cl2
(20 mL) and water (20 mL) were added and the product was extracted
into the organic phase, which was washed three times with water
(20 mL). The combined organic phases were dried in vacuo and the resi-
due was examined by TLC. No bromo macrocycle starting material was
detected on the TLC plate, so the residue was applied to a 10 cm column
(silica gel, eluting with a (1:1) CH2L2/EtOAc mixture). The only band
was collected and dried to give 15 as a white solid (308 mg, 82%).
1H NMR (250 MHz, CDCl3): d=1.35 (s, 12H CH3 (pinacol)), 1.40 (s, 9H;
C ACHTUNGTRENNUNG(CH3)3), 1.45–1.69 (b, 12H; CH2), 2.14 (s, 12H; ArCH3), 2.16 (s, 12H;
ArCH3), 2.38 (b, 8H; CH2), 6.94 (s, 8H; ArH), 7.94 (s, 1H; 2-isophthH),
8.19 (s, 2H; 4,6-isophthH), 8.31 (s, 1H; 2-isophthH), 8.51 ppm (s, 2H;
4,6-isophthH); 13C NMR (62.5 MHz, CDCl3): d=18.7, 22.7, 24.7, 26.2,
29.5, 31.0, 35.2, 45.0, 121.9, 126.2, 128.4, 128.8, 130.8, 134.2, 134.5, 136.5,
147.8, 153.7, 165.3 ppm; ESIMS: m/z (%): 1087.56 (100) [M+H]+ ,
1109.54 (30) [M+Na]+ , 1125.51 (46) [M+K]+ .


Macrocycle 16 : 4-(2,2’;6’,2’’-Terpyridine-4’-yl)phenylboronic acid pinacol
ester (52.3 mg, 0.120 mmol) was poured into a mixture of 14 (100 mg,
0.096 mmol), [PdACHTUNGTRENNUNG(PPh3)4] (3.45 mg, 0.003 mmol), and Cs2CO3 (46.9 mg,
0.144 mmol) in dry toluene (10 mL) and dry DMF (10 mL). The tempera-
ture was raised to 100 8C whilst argon was bubbled through the solution
and then it was heated at 120–130 8C for 2 d under argon before the sol-
vents were removed at reduced pressure. The remaining pale-pink solid
was first examined by TLC on silica gel with a 95:5 mixture of CH2Cl2/
CH3OH to show that no appreciable amount of starting material re-
mained. The residue was purified by column chromatography (neutral
Al2O3, eluting with 1% CH3OH in CH2Cl2) to give the product as a
white powder (80.2 mg, 66%). Rf=0.88; 1H NMR (400 MHz, CDCl3):
d=1.35 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.40–1.65 (br, 12H; CH2), 2.07 (s, 12H;
ArCH3), 2.09 (s, 12H; ArCH3), 2.26 (br, 8H; CH2), 6.92 (s, 8H; ArH),


7.24–7.28 (m, 2H; ArH(5,5’’-tpy)), 7.74 (d, J=8.3 Hz, 2H; ArH), 7.76–
7.81 (m, 2H; ArH(4,4’’-tpy)), 7.91 (d, J=8.3 Hz, 2H; ArH), 8.09 (s, 2H;
4,6-t-Bu isophthH), 8.13 (s, 1H; 2-t-Bu isophthH), 8.17 (s, 2H; 4,6-
isophthH), 8.37 (s, 1H; 2-isophthH), 8.43 (s, 4H; NH), 8.54 (d, J=8 Hz,
2H; ArH(3,3’’-tpy)), 8.64 (d, J=4.6 Hz, 2H; ArH(6,6’’-tpy)), 8.71 ppm (s,
2H; ArH(3’,5’-tpy)); 13C NMR (100 MHz, CDCl3/CD3OD (4:1)): d=


18.6, 22.9, 26.3, 31.1, 35.2, 36.6, 45.2, 118.8, 121.9, 123.7, 124.2, 126.2,
127.7, 127.9, 128.5, 128.6, 128.7, 129.5, 130.9, 131.4, 131.5, 131.9, 132.0,
132.3, 134.2, 135.0, 135.2, 137.4, 138.0, 140.0, 142.1, 148.0, 148.1, 148.9,
149.7, 153.4, 155.9, 156.0, 163.1, 166.4, 166.8 ppm; ESIMS: m/z (%): 1268
(100) [M+H]+ .


Macrocycle 17: Pyridine-4-boronic acid pinacol ester (0.025 g,
0.120 mmol) was poured into a mixture of 14 (0.1 g, 0.096 mmol), [Pd-
ACHTUNGTRENNUNG(PPh3)4] (0.0035 g, 0.003 mmol), and Cs2CO3 (0.047 g, 0.144 mmol) in dry
toluene (10 mL) and dry DMF (10 mL). The temperature was raised to
100 8C whilst argon was bubbled through the solution and then it was
heated at 120–130 8C for 2 d under argon before the solvents were re-
moved at reduced pressure. The residue was purified by column chroma-
tography (silica gel, eluting with a 95:5 mixture of CH2Cl2/CH3OH) to
give 10 as a white solid (82 mg, 83.4%). 1H NMR (400 MHz, [D7]DMF):
d=1.41 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.52–1.54 (br, 4H; CH2), 1.62–1.64 (br, 8H;
CH2), 2.18 (s, 12H; ArCH3), 2.20 (s, 12H; ArCH3), 2.47 (br, 8H; CH2),
7.23 (s, 8H; ArH), 7.87 (d, J=6.1 Hz, 2H; ArH(py)), 8.21 (s, 2H; 4,6-t-
Bu-isophthH), 8.49 (s, 2H; 4,6-py isophthH), 8.77 (s, H; 2-t-Bu-
isophthH), 8.78 (d, J=6.1 Hz, 2H; ArH(py)), 8.92 (s, H; 2-py-isophthH),
9.30 (s, 2H; NH), 9.47 ppm (s, 2H; NH); 13C NMR (CDCl3): d=18.9,
19.0, 22.9, 24.7, 26.4, 31.1, 31.3, 35.4, 36.5, 45.2, 121.7, 126.5, 128.5, 129.9,
131.2, 134.7, 134.9, 135.7, 150.3, 162.6, 164.7 ppm; ESIMS: m/z (%): 1038
(100) [M+H]+ .


Macrocycle 18 : Pyrimidine-5-boronic acid pinacol ester (51.5 mg,
0.250 mmol) was added to a mixture of 14 (208 mg, 0.200 mmol), [Pd-
ACHTUNGTRENNUNG(PPh3)4] (6.93 mg, 6.0 mmol), and Cs2CO3 (97.8 g, 0.300 mmol) in dry tolu-
ene (10 mL) and dry DMF (10 mL) under argon. The reaction was
heated at 120 8C for 2 d. All solvents were evaporated and the crude
product was purified by column chromatography (silica gel, eluting with
a (95:5) CH2Cl2/CH3OH). The product, obtained as the second band
from the column, was dried at high vacuum (166 mg, 83%). 1H NMR
(250 MHz, CDCl3): d=1.38 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.42–1.65 (b, 12H; CH2),
2.14 (s, 24H; ArCH3), 2.34 (b, 8H; CH2), 6.97 (s, 8H; ArH), 7.96 (s, 2H;
NH), 8.15 (s, 1H; 2-isophthH), 8.19 (s, 2H; 4,6-isophthH); 8.40 (s, 2H;
4,6-isophthH), 8.56 (s, 2H; NH), 8.64 (s, 1H; 2-isophthH), 9.04 (s, 2H;
ArH ACHTUNGTRENNUNG(pyr)), 9.16 ppm (s, 1H; ArH ACHTUNGTRENNUNG(pyr)) (the spectrum always showed
that there were two equivalents of DMF associated with the macrocycle
even after extensive drying); 13C NMR (62.5 MHz, CDCl3): d=18.7, 18.8,
22.6, 26.1, 29.5, 30.6, 31.0, 35.1, 36.2, 44.8, 122.9, 125.9, 126.1, 128.2, 128.4,
128.5, 129.7, 131.1, 131.3, 131.4, 131.5, 131.9, 132.8, 134.2, 134.5, 134.7,
135.7, 147.7, 148.2, 153.6, 154.8, 157.5, 162.4, 164.3, 165.5 ppm; ESIMS:
m/z (%): 1039.6 [M+H]+ ; HRMS (ESI+): m/z calcd for C68H75N6O4


+ :
1039.5844 [M+H]+ ; found: 1039.579.


Rotaxane 19 : Dibenzo[18]crown-6 (13.0 mg, 0.036 mmol), 14 (150 mg,
0.144 mmol), potassium carbonate (198 mg, 1.44 mmol), a,a’-dibromo-p-
xylene (38.0 mg, 0.144 mmol), and tritylphenol (96.9 mg, 0.288 mmol)
were stirred in dry CH2Cl2 (20 mL) for a week. The solvent was then
evaporated and the residue was eluted on a silica column with 2% meth-
anol in CH2Cl2. The second band was collected as the pure rotaxane
(100 mg, 38%). Rf=0.5; 1H NMR (250 MHz, CDCl3): d =1.27 (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3), 1.40–1.65 (br, 12H; CyCH2), 1.81 (s, 12H; PhCH3), 1.83 (s, 12H;
PhCH3), 2.26 (br, 8H; CyCH2), 4.22 (s, 4H; OCH2), 5.98 (s, 4H; PhHaxle),
6.34 (d, J=4.5 Hz, 4H; PhHstopper), 6.96 (s, 8H; PhH), 6.98 (d, J=4.5 Hz,
4H; PhHstopper), 7.07–7.18 (m, 30H; PhHstopper), 7.46 (s, 1H; 2-isophthH),
7.63 (s, 1H; 2-isophthH), 8.05 (s, 2H; 4,6-isophthH), 8.14 ppm (s, 2H;
4,6-isophthH); 13C NMR (62.5 MHz, CDCl3+2 drops of CD3OD): d=


18.3, 30.8, 35.0, 64.0, 110.5, 112.9, 113.1, 125.6, 125.8, 126.4, 126.5, 127.1,
127.2, 127.3, 127.4, 130.5, 130.6, 130.7, 130.8, 132.3, 134.7, 134.8, 135.9,
140.8, 140.3, 161.6 ppm; HRMS (ESI+): m/z calcd for C128H133BrN5O6


+ :
1914.9434 [M+HNEt3]


+ ; found: 1914.9560.


Rotaxane 20 (Synthesis starting from macrocycle 17): Dibenzo[18]crown-
6 (31.1 mg, 0.0863 mmol), 17 (367 mg, 0.345 mmol), potassium carbonate
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(476 mg, 3.45 mmol), a,a’-dibromo-p-xylene (91.0 mg, 0.345 mmol), and
tritylphenol (232 mg, 0.690 mmol) were stirred in dry CH2Cl2 (20 mL) for
a week. The solvent was then evaporated and the residue was eluted on a
silica column with 2% methanol in CH2Cl2. The second band collected
was the pure rotaxane (512 mg, 82%). Rf=0.23; 1H NMR (250 MHz,
CDCl3): d=1.40 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.49–1.72 (br, 12H; CyCH2), 1.88 (s,
24H; PhCH3), 2.32 (br, 8H; CyCH2), 4.34 (s, 4H; OCH2), 5.89 (s, 4H;
PhHaxle), 6.38 (d, J=9.1 Hz, 4H; PhHstopper), 6.96 (d, J=9.1 Hz, 4H;
PhHstopper), 7.00 (s, 8H; PhH), 7.01–7.22 (m, 30H; PhHstopper), 7.36 (s, 2H;
4,6-isophH), 7.53 (d, J=6.4, 2H; Hpy), 7.82 (s, 1H; 2-isophthH), 8.17 (s,
1H; 2-isophthH), 8.37 (s, 2H; 4,6-isophthH). 8.59 ppm (d, J=6.4 Hz, 2H;
Hpy);


13C NMR (62.5 MHz, CDCl3+2 drops of CD3OD): d=18.4, 22.7,
29.4, 30.8, 35.3, 45.1, 64.0, 70.3, 113.1, 122.5, 125.9, 126.5, 127.3, 128.9,
130.7, 130.8, 131.9, 132.4, 132.6, 134.7, 134.8, 135.6, 140.9, 146.3, 148.5,
148.9, 153.4, 160.6, 165.9 ppm; ESIMS: m/z : 1813 [M+H]+ .


Rotaxane 20 (Synthesis starting from rotaxane 19): Pyridine boronic acid
pinacol ester (11.3 mg, 0.055 mmol) was added to a mixture of rotaxane
19 (80 mg, 0.044 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (1.53 mg, 1.32 mmol), and Cs2CO3


(21.5 mg, 0.066 mmol) in dry toluene (5 mL) and dry DMF (5 mL) under
argon. The reaction was continued at 120 8C for 2 d. All solvents were
evaporated and the crude product was purified by column chromatogra-
phy (silica, eluting with 2% methanol in CH2Cl2). The product was ob-
tained as the third band from the column and dried at high vacuum
(4.8 mg, 6%). For NMR and MS characterization see above.


FBMH 22 : 1,4-Benzene diboronic acid pinacol ester (33.0 mg,
0.100 mmol) was added to a mixture of 14 (208 mg, 0.200 mmol), [Pd-
ACHTUNGTRENNUNG(PPh3)4] (7.0 mg, 6.0 mmol), and Cs2CO3 (97.8, 0.300 mmol) in dry toluene
(10 mL) and dry DMF (10 mL) under argon. The reaction was continued
at 120 8C for 1 d. All solvents were evaporated and the crude product
was purified by column chromatography (silica gel, eluting with a 10:1
mixture of CH2Cl2/CH3OH). The product, obtained as the first band
from the column, was dried at high vacuum. 1H NMR (500 MHz, CDCl3/
CD3OD (2:1)): d=1.39 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.45–1.65 (br, 24H; CH2),
2.16 (s, 24H; ArCH3), 2.18 (s, 24H; ArCH3), 2.31 (br, 16H; CH2), 6.98 (s,
16H; ArH), 7.86 (s, 2H; ArH), 8.16 (s, 4H; 4,6-t-Bu-isophthH), 8.17 (s,
2H; 2-isophthH), 8.37 (s, 2H; 4,6-t-Bu-isophthH), 8.43 ppm (s, 4H; 4,6-
isophthH); 13C NMR (62.5 MHz, CDCl3/CD3OD (2:1)): d=15.8, 17.9,
22.4, 25.9, 30.5, 34.7, 34.8, 44.7, 127.3, 128.1, 128.2, 128.4, 129.1, 131.0,
131.4, 131.5, 132.0, 133.7, 134.6, 141.6, 147.6, 147.7, 152.9, 160.7, 166.3,
166.7 ppm; ESIMS: m/z : 1997.151; HRMS (ESI+): m/z calcd for
C134H147N8O8


+ : 1996.1336 [M+H]+ ; found: 1996.151.


FBMH 24 : Macrocycle 11 (0.112 g 0.103 mmol) was placed under argon
atmosphere in a three-necked flask. Compound 23 (0.05 g, 0.033 mmol),
dry DMF (10 mL), and dry triethylamine (0.15 mL) were added. The sus-
pension was stirred until all of the starting material had dissolved, then
PPh3 (0.003 g, 0.099 mmol), [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] (0.004 g, 0.005 mmol), and
CuI (0.001 g, 0.005 mmol) were added. After stirring for 40 h at room
temperature, the solvent was evaporated under reduced pressure. The
residue was subjected to column chromatography (silica gel, eluting with
a 20:1 mixture of CH2Cl2/CH3OH) to obtain 24 as a dark yellowish solid
(0.04 g, 40%). 1H NMR (400 MHz, CD2Cl2/CD3OD (10:1)): d =1.38 (s,
27H; CACHTUNGTRENNUNG(CH3)3), 1.51–1.53 (br, 12H; CH2), 1.62–1.65 (br, 24H; CH2),
2.14–2.16 (br, 72H; ArCH3), 2.30–2.34 (br, 24H; CH2), 6.97 (br, 24H;
ArH), 7.73 (s, 3H; ArH), 8.11 (br, 3H; 2-t-Bu-isophthH), 8.14 (br, 6H;
4,6-t-Bu-isophthH), 8.27 (br, 6H; 4,6-acetylene-isophthH), 8.30 ppm (s,
H; 2-acetylene-isophthH); 13C NMR (125 MHz, CD2Cl2/CD3OD (10:1)):
d=15.8, 23.8, 27.1, 32.6, 42.7, 91.2, 123.7, 125.7, 128.9, 129.1, 131.8, 132.6,
132.7, 145.6, 152.4, 164.0 ppm; ESIMS: m/z (%): 1536 (50) ACHTUNGTRENNUNG[2M+Na]2+ ,
3027 (25) [M+H]+, 3050 (100) [M+Na]+ ; HRMS (ESI+): m/z calcd for
C204H216N12NaO12


+ : 3050.6618 [M+Na]+ ; found: 3050.5579.


FBMH 25 : Macrocycle 13 (0.014 g, 0.014 mmol) and CuCl (0.004 g,
0.0042 mmol) were dissolved in dry DMF (2 mL). After 12 h stirring at
room temperature the solvents were evaporated under reduced pressure.
The residue was purified by preparative TLC (silica gel, eluting with a
25:1 mixture of CH2Cl2/CH3OH) to obtain 25 as a white solid (0.007 g,
26%). 1H NMR (400 MHz, CDCl3/CD3OD (10:1)): d=1.31 (s, 18H; C-
ACHTUNGTRENNUNG(CH3)3), 1.41–1.43 (br, 8H; CH2), 1.52–1.55 (br, 16H; CH2), 2.06–2.08
(br, 48H; ArCH3), 2.22–2.24 (br, 16H; CH2), 6.9 (br, 16H; ArH), 8.09


(br, 3H; 4,6-t-Bu-isophthH, 2-t-Bu-isophthH), 8.17 (s, 4H; 4,6-acetylene-
isophthH), 8.30 ppm (s, 2H; 2-acetylene-isophthH); 13C NMR (125 MHz,
CDCl3): d=18.6, 22.7, 26.6, 31.1, 35.2, 45.2, 71.2, 71.9, 126.3, 127.6, 131.2,
131.4, 134.2, 134.7, 135.1, 147.6, 148.1, 153.4, 165.4 ppm; ESIMS: m/z
(%): 1969 (10) [M+H]+ , 1991 (100) [M+Na]+ ; HRMS (ESI+): m/z calcd
for C132H142N8NaO8


+ : 1991.0876 [M+Na]+ ; found: 1991.0860.


Macrocycle 27: 2-Naphthyl boronic acid pinacol ester (0.120 mmol) was
poured into an argon-purged mixture of bromo macrocycle 14 (100 mg,
0.096 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (3.45 mg, 0.003 mmol), Cs2CO3 (46.9,
0.144 mmol) in dry toluene (10 mL) and dry DMF (10 mL) at 100 8C.
Then it was kept at 120–130 8C for 2 d under argon. The solvents were
evaporated at reduced pressure to dryness. After column chromatogra-
phy on silica eluting with CH2Cl2/ethyl acetate (6:1), macrocycle 27 was
obtained as the first band from the column dried at high vacuum
(80.0 mg, 76%). 1H NMR (500 MHz, CDCl3+2 drops CD3OD): d =1.32
(s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.40–1.62 (br, 12H; CH2), 2.09 (s, 12H; PhCH3), 2.11
(s, 12H; PhCH3), 2.27 (br, 8H; CH2), 6.93 (s, 8H; PhH), 7.37–7.48 (m,
3H; ArHnaph), 7.71–7.79 (m, 4H; ArHnaph), 8.09 (s, 1H; 2-isophthH), 8.12
(s, 2H; 4,6-isophthH), 8.24 (s, 1H; 2-isophthH), 8.44 (s, 2H; 4,6-
isophthH), 8.62 (s, 2H; NH), 8.80 ppm (s, 2H; NH); 13C NMR
(62.5 MHz, CDCl3+2 drops CD3OD): d =18.4, 22.7, 26.1, 30.9, 34.9, 35.0,
44.9, 124.7, 125.9, 126.0, 126.3, 127.4, 128.1, 128.2, 128.5, 129.6, 131.1,
132.7, 133.3, 133.9, 134.9, 142.5, 147.7, 153.1, 166.4, 166.1 ppm; ESIMS:
m/z (%): 1088.61 (100) [M+H]+ , 544.31 (52) [M+2H]2+ ; HRMS (ESI+):
m/z calcd for C74H80N4O4


2+ : 544.3084 [M+2H]2+ ; found: 544.3072.


Macrocycle 28 : 1-Pyrenyl boronic acid pinacol ester (0.120 mmol) was
poured into an argon-purged mixture of bromo macrocycle 14 (100 mg,
0.096 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4](3.45 mg, 0.003 mmol), Cs2CO3 (46.9,
0.144 mmol) in dry toluene (10 mL) and dry DMF (10 mL) at 100 8C.
Then it was kept at 120–130 8C for 2 d under argon. The solvents were
evaporated at reduced pressure to dryness. After column chromatogra-
phy on silica eluting with CH2Cl2/ethyl acetate (8:1), macrocycle 28 was
obtained as the second band from the column and dried at high vacuum
(97.0 mg, 87%). 1H NMR (500 MHz, CD2Cl2): d=1.44 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
1.51–1.70 (br, 12H; CH2), 2.20 (s, 12H; PhCH3), 2.24 (s, 12H; PhCH3),
2.40 (br, 8H; CH2), 7.09 (s, 8H; PhH), 7.44 (s, 2H; 4,6-isophthH), 7.59 (s,
2H; 4,6-isophthH), 8.03–8.30 (m, ArHpyrene), 8.37 ppm (s, 4H; NH);
13C NMR (62.5 MHz, CDCl3): d =18.5, 19.1, 23.0, 26.4, 31.3, 35.5, 45.3,
58.5, 124.5, 124.8, 124.8, 125.0, 125.3, 125.6, 126.3, 126.6, 126.7, 127.4,
127.6, 128.0, 128.4, 128.5, 128.7, 130.9, 131.0, 131.3, 131.5, 133.1, 134.7,
134.8, 135.0, 135.3, 135.4, 143.8, 148.2, 154.1, 165.3, 165.7 ppm; ESIMS:
m/z (%): 1162 (100) [M+H]+ .


Macrocycle 30 : 4-Formyl benzene boronic acid pinacol ester
(0.120 mmol) was poured into an argon-purged mixture of bromo macro-
cycle 14 (100 mg, 0.096 mmol), [PdACHTUNGTRENNUNG(PPh3)4] (3.45 mg, 0.003 mmol),
Cs2CO3 (46.9, 0.144 mmol) in dry toluene (10 ml) and dry DMF (10 mL)
at 100 8C. Then it was kept at 120–130 8C for 2 d under argon. The sol-
vents were evaporated at reduced pressure to dryness. After column
chromatography on silica eluting with CH2Cl2/CH3OH (7:1), macrocycle
30 was obtained as a white powder (85.8 mg, 84%). 1H NMR (400 MHz,
CDCl3): d=1.37 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.47–1.70 (br, 12H; CH2), 2.12 (s,
24H; PhCH3), 2.31 (br, 8H; CH2), 6.97 (s, 8H; PhH), 7.48 (br, 4H; NH),
7.68 (d, J=10.3 Hz, 2H; PhH), 7.75 (d, J=10.3 Hz, 2H; PhH), 7.99 (s,
1H; 2-isophthH), 8.14 (s, 2H; 4,6-isophthH), 8.25 (s, 1H; 2-isophthH),
8.37 (s, 2H; 4,6-isophthH), 9.93 ppm (s, 1H; CHO); 13C NMR (100 MHz,
CDCl3): d=15.3, 19.1, 23.0, 26.4, 30.8, 31.3, 35.5, 45.3, 65.9, 122.7, 126.66,
126.74, 128.0, 128.6, 130.1, 130.4, 130.9, 131.1, 134.6, 134.8, 134.9, 135.1,
135.2, 135.3, 135.9, 141.9, 145.0, 148.1, 148.4, 154.1, 164.9, 165.8,
192.1 ppm; ESIMS: m/z (%): 1166.7 (100) [M+HNEt3]


+ (ionization
turned out to be significantly easier, when 0.5% of NEt3 were added
which forms a complex with the macrocycle in high abundances).


Macrocycle 31: 2,4-Dimethyl pyrrole (19 mg, 0.2 mmol, 17mL) and alde-
hyde 30 (106.5 mg, 0.1 mmol) were dissolved in dry CH2Cl2 (15 mL;
argon was bubbled for 10 min) under argon. One drop of trifluoroacetic
acid was added and the solution was stirred at room temperature for 4 h.
A solution of p-chloranil (24.5 mg, 0.1 mmol) in dry CH2Cl2 (5 mL) was
added and stirring was continued for 30 min. Then, BF3·Et2O was added
and the reaction mixture was stirred for another 30 min. The reaction
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mixture was washed three times with water and dried over MgSO4. The
solvent was evaporated and the residue was purified by silica gel column
chromatography eluting with CH2Cl2 (79.4 mg, 62%). 1H NMR
(250 MHz, CDCl3): d=1.39 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.41 (s, 6H; CH3 of
BODIPY), 1.45–1.65 (br, 12H; CH2), 2.30 (br, 8H; CH2), 2.47 (s, 24H;
PhCH3), 2.52 (s, 6H; CH3 of BODIPY), 5.97 (s, 2H; PyrroleH of
BODIPY), 6.97 (s, 8H; PhH), 7.38 (d, J=7.7 Hz, 2H; PhH), 7.38 (d, J=


7.7 Hz, 2H; PhH), 7.96 (s, 1H; 2-isophthH), 8.20 (s, 2H; 4,6-isophthH),
8.30 (s, 1H; 2-isophthH), 8.49 ppm (s, 2H 4,6-isophthH) (the spectrum
always shows three equivalents of DMF associated with the macrocycle
even after extensive drying); 13C NMR (62.5 MHz, CDCl3): d=14.4, 18.8,
22.6, 30.8, 31.0, 35.1, 36.2, 44.8, 121.1, 126.1, 127.8, 128.5, 131.2, 131.3,
134.2, 134.47, 134.54, 134.7, 135.1, 162.4 ppm; ESIMS: m/z (%): 1306.7
(28) [M+Na]+ , 1321.9 (100) [M+K]+ , 1384.9 (18) [M+HNEt3]


+ ; HRMS
(ESI+): m/z calcd for C89H106BF2N7O4: 1384.8404 [M+HNEt3]


+ ; found:
1384.854 (ionization turned out to be significantly easier when 0.5%
NEt3 was added to form a complex with the macrocycle in high abundan-
ces).


FBMH 33 : 1,7-Dibromoperylene-3,4,9,10-tetracarbonic acid cyclohexyl-
ACHTUNGTRENNUNGbis ACHTUNGTRENNUNGimide (71.2 mg, 0.100 mmol) was added to a mixture of 15 (219.5 mg,
0.2 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (6.93 mg, 6.0 mmol), and Cs2CO3 (97.8, 0.3 mmol)
in dry toluene (10 mL) and dry DMF (10 mL) under argon. The reaction
was continued at 120 8C for 2 d. All solvents were evaporated and the
crude product was purified by column chromatography (silica gel, eluting
with a 5:95 mixture of CH3OH/CH2Cl2). The product obtained was ana-
lyzed by 1H NMR spectroscopy and ESIMS and was found to be conta-
minated with bismacrocycle. Thus, a second column was employed to
yield the product (112 mg, 45%; after second column). 1H NMR
(250 MHz, CDCl3/CD3OD (10:1)) d =1.32 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.40–155
(br, 48H; CH2), 2.07 (s, 48H; ArCH3), 2.23 (br, 16H; CH2), 6.88 (s, 16H;
ArH), 8.02 (s, 2H; 2-isophthH), 8.05 (s, 4H; 4,6-isophthH), 8.10 (s, 4H;
4,6-isophthH), 8.23 (s, 2H; 2-isophthH), 8.40 (d, J=8.3 Hz, 2H;
ArHperylene), 8.51 (s, 2H; ArHperylene), 8.62 ppm (d, J=8.3 Hz, 2H;
ArHperylene); due to the poor solubility of 33, no 13C NMR could be mea-
sured; ESIMS: m/z (%): 2574 (8) [M+HNEt3]


+ ; HRMS (ESI+): m/z
calcd for C170H186N11O12


+ : 2573.428 [M+HNEt3]
+ ; found: 2573.440 (ioni-


zation turned out to be significantly easier when 0.5% NEt3 was added
to form a complex with the macrocycle in high abundances).


FBMH 34 : Under an argon atmosphere, a solution of 3 (25.9 mg,
0.027 mmol) was slowly added to a solution of bis(benzonitrile)palladi-
ACHTUNGTRENNUNGum(II)chloride (4.8 mg, 0.013 mmol). After stirring for 9 h, pale-yellow
precipitate was filtered and dried (13.5 mg, 49%). 1H NMR (400 MHz,
CDCl3/CD3OD (5:1)): d=1.31 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.43 (br, 8H; CH2),
1.55 (br, 16H; CH2), 2.06 (br, 48H; ArCH3), 2.24 (br, 16H; CH2), 6.88–
6.89 (m, 16H; ArH), 8.03 (br, 2H; ArH), 8.08 (br, 4H; ArH), 8.64 (br,
2H; ArH (py)), 9.38 ppm (br, 4H; ArH(py)); 13C NMR (125 MHz,
CDCl3/CD3OD (5:1)): d=18.4, 22.9, 26.3, 31.0, 35.0, 35.2, 45.1, 123.8,
126.1, 126.3, 128.3, 130.8, 131.3, 131.7, 134.0, 134.8, 135.0, 137.7, 147.9,
148.3, 153.3, 154.4, 162.1, 166.8 ppm; ESIMS: m/z (%): 2122 (100)
[M+Na]+ , 2138 (60) [M+K]+ ; HRMS (ESI�): m/z calcd for
C126H141Cl2N10O8Pd


� : 2099.9382 [M�H]+ ; found: 2099.9416.


FBMH 352+
ACHTUNGTRENNUNG(BF4


�)2 : A solution of 3 (27.3 mg, 0.028 mmol) was dissolved
in CDCl3 (500 mL) before a solution of tetra(acetonitrile)palladium(II)
tetrafluoroborate (2.6 mg, 0.006 mmol) in CD3CN (60 mL) was slowly
added under an argon atmosphere. After CDCl3 (400 mL) was added to
the mixture, it was stirred for a day and then stored in the refrigerator.
After 3 d the white precipitate obtained was filtered to give the product
(9 mg, 33%). 1H NMR (500 MHz, CDCl3/CD3OD (5:1)): d =1.31 (s,
36H; CACHTUNGTRENNUNG(CH3)3), 1.43 (br, 16H; CH2), 1.55 (br, 32H; CH2), 2.00–2.06 (br,
96H; ArCH3), 2.22 (br, 32H; CH2), 6.85–6.90 (m, 32H; ArH), 8.00 (br,
4H; ArH), 8.08 (d, J=1.6 Hz, 8H; ArH), 8.55 (br, 4H; ArH(py)),
9.71 ppm (d, J=1.7 Hz, 8H; ArH(py)); 13C NMR (125 MHz, CDCl3/
CD3OD (5:1)): d=18.4, 22.9, 26.3, 31.0, 35.1, 35.2, 45.1, 123.6, 126.2,
126.4, 128.3, 128.5, 130.4, 131.3, 134.1, 134.6, 134.8, 134.9, 147.9, 148.5,
152.2, 153.4, 162.1, 166.8 ppm; ESIMS: m/z (%): 3051 (100) [M�macro-
cycle+CH3COO]+ , 4014 (33) [M+CH3COO]+ ; HRMS (ESI+): m/z calcd
for C254H287N20O18Pd


+ : 4010.1222 [M+CH3COO]+ ; found: 4010.1530.


FBMH 36 : Macrocycle 17 (0.021 g, 0.02 mmol) and bis(benzonitrile)pal-
ladiumdichloride (0.004 g, 0.01 mmol) were dissolved in CH2Cl2 (20 mL)
under an argon atmosphere. After stirring for 16 h at room temperature,
the temperature was raised to 40 8C for 1 h. Two thirds of the solvent was
evaporated under reduced pressure and diethyl ether was slowly added.
The suspension was filtered and the crude product was recrystallized
from acetone/diethyl ether to give 36 as a brownish solid (0.010 g, 44%).
1H NMR (500 MHz, [D7]DMF): d=1.41 (s, 18H; CACHTUNGTRENNUNG(CH3)3), 1.52–1.55 (br,
8H; CH2), 1.62–1.67 (br, 16H; CH2), 2.19 (s, 24H; ArCH3), 2.21 (s, 24H;
ArCH3), 2.48 (br, 14H; CH2), 7.23 (s, 16H; ArH), 8.15 (d, J=6.1 Hz,
4H; ArH(py)), 8.20 (s, 4H; 4,6-t-Bu-isophthH), 8.57 (s, 4H; 4,6-py-
isophthH), 8.71 (s, 2H; 2-t-Bu-isophthH), 8.99 (s, H; 2-py-isophthH), 9.02
(d, J=6.1 Hz, 4H; ArH(py)), 9.35 (s, 4H; NH), 9.58 ppm (s, 4H; NH);
13C NMR (125 MHz, [D7]DMF): d=19.1, 23.8, 27.1, 27.6, 31.6, 45.1,
124.0, 126.8, 128.7, 130.1, 133.7, 133.9, 135.8, 135.9, 137.3, 147.9, 148.1,
165.2, 166.0 ppm; ESIMS: m/z (%): 2216.04 (100) [M�Cl]+ , 2254.25 (50)
[M�H]+ .


FBMH 372+
ACHTUNGTRENNUNG(OTf�)2 : [Pt ACHTUNGTRENNUNG(dppp)ACHTUNGTRENNUNG(OTf)2] (0.011 g, 0.012 mmol) and 10


(0.025 g, 0.024 mmol) were dissolved in DMF (0.5 mL) and stirred for
10 min at room temperature. The solvents were evaporated under re-
duced pressure to obtain the product as a green solid in quantitative
yield. 1H NMR (500 MHz, [D7]DMF): d=1.39 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.52–
1.61 (br, 24H; CH2), 2.15 (s, 48H; ArCH3), 2.23 (br, 4H; P-CH2), 2.45
(br, 16H; CH2), 3.45 (br, 2H; P-CH2), 7.20–7.22 (br, 16H; ArH), 7.47–
7.51 (br, 20H; PtArH), 7.85–7.88 (br, 4H; ArH(py)), 8.20 (br, 4H; 4,6-t-
Bu-isophthH), 8.30 (br, 4H; 4,6-t-Bu-isophthH), 8.66 (s, 2H; 2-t-Bu-
isophthH), 8.94 (s, 2H; 2-py-isophthH), 9.15–9.17 (br, 2H; ArH(py)),
9.25 (s, 4H; NH), 9.43 ppm (s, 4H; NH); 13C NMR (125 MHz,
[D7]DMF): d=19.2, 31.8, 24.0, 25.6, 27.3, 45.9, 126.9, 127.0, 129.7, 130.5,
132.9, 133.1, 133.7, 134.0, 134.4, 135.9, 136.0, 137.3, 138.0, 148.2, 148.3,
151.1, 153.6, 165.1, 166.2 ppm; 31P NMR (200 MHz, [D7]DMF): d=


�16.52 ppm (1J ACHTUNGTRENNUNG(Pt,P)=3023 Hz); ESIMS: m/z (%): 1794 (10)
[M�OTf�py-macrocycle]+ , 2833 (100) [M�OTf]+ ; HRMS (ESI+): m/z
calcd for C166H176F3N10O11P2PtS: 2833.2365 [M�OTf]+ ; found: 2833.2438.


Rotaxane 39 : Under an argon atmosphere, P1 base (0.24 mL, 1.02 mmol)
was added to a suspension of 38 (176 mg, 0.66 mmol) in CH2Cl2
(300 mL). After the reaction mixture was stirred for 1 h at room temper-
ature, macrocycle 3 (662 mg, 0.69 mmol) was added and stirring was con-
tinued for 15 min. Upon addition of triethylamine (0.18 mL), the reaction
mixture was cooled down to 0–5 8C, and a solution of triphenylacetyl
chloride (405 mg, 1.32 mmol) in CH2Cl2 (10 mL) was added dropwise.
The reaction mixture was stirred for 3 d at room temperature, washed
twice with saturated aqueous ammonium chloride solution and twice
with deionized water. The organic layer was dried over magnesium sul-
fate, the solvents were then evaporated, and the residue was purified by
column chromatography (silica gel, EtOAc) and again by column chro-
matography (silica gel, CH2Cl2/EtOAc/MeOH 14:2:1). The product was
redissolved in diethyl ether, and after evaporation of solvents, rotaxane
39 was obtained as a white solid (165 mg, 0.09 mmol, 14%). Rf=0.41
(CH2Cl2/EtOAc/MeOH 14:2:1); 1H NMR (500 MHz, CD2Cl2): d=1.46 (s,
9H; CACHTUNGTRENNUNG(CH3)3), 1.59 (s, 4H; CyCH2), 1.69 (br, 8H; CyCH2), 1.92–1.94 (br,
24H; ArCH3), 2.21–2.24 (br, 8H; CyCH2), 2.43 (br, 4H; NCH2, station
inside the wheel cavity), 3.52–3.63 (br, 4H; NCH2, station outside the
wheel cavity), 6.64 (br, 4H; NH), 6.81 (t, J=8.0 Hz, 1H; ArH), 6.97–7.22
(br, 40H; ArH), 8.15 (br, 2H; NH), 8.19 (br, 2H; NH), 8.52 (br, 2H;
ArH), 8.62 (br, 1H; ArH), 9.08 (br, 1H; ArH (py)), 9.25 (d, J=1.0 Hz,
2H; ArH (py)), 15.54 ppm (s, 1H; OH); 13C NMR (125 MHz, CD2Cl2):
18.6, 23.5, 26.7, 31.5, 35.6, 36.1, 37.0, 45.6, 119.4, 124.1, 126.7, 126.9, 127.1,
127.8, 128.4, 128.5, 129.9, 130.5, 131.5, 132.1, 134.1, 135.0, 135.6, 135.8,
149.2, 149.3, 152.3, 153.9, 161.7, 164.4, 166.4, 177.5 ppm; FTICR-MS
(ESI�, from MeOH): m/z (%): 1767 (100) [M�H]� ; HRMS (ESI�): m/z
calcd for C115H116N9O9


� : 1766.8901 [M�H]� ; found: 1766.8863.


MIA 40 : Under an argon atmosphere, a solution of rotaxane 39 (20.4 mg,
0.012 mmol) in CH2Cl2 (2.5 mL) was slowly added to a solution of bis-
ACHTUNGTRENNUNG(benzonitrile)palladium(II)dichloride (2.15 mg, 0.006 mmol) in CH2Cl2
(1.5 mL). The reaction mixture was stirred at room temperature for 1 d
and was then stored in the refrigerator. After a week, the pale precipitate
obtained was filtered to obtain the product (5 mg, 11%). 1H NMR
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(500 MHz, CDCl3): d=1.43 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 1.57–1.62 (br, 12H;
CyCH2), 1.88–1.95 (br, 24H; ArCH3), 2.15–2.21 (br, 8H; CyCH2), 2.34–
2.36 (br, 4H; NCH2), 3.55–3.68 (br, 4H; NCH2), 6.59 (br, 4H; NH), 6.85–
7.24 (br, 40H; ArH), 8.02 (br, 2H; NH), 8.17 (br, 2H; NH), 8.51–8.59
(br, 3H; ArH), 9.19 (br, 1H; ArH(py)), 9.53 ppm (br; 2H; ArH(py));
13C NMR (125 MHz, CDCl3): d =18.5, 23.1, 26.4, 31.5, 35.6, 36.1, 36.9,
45.3, 51.1, 119.5, 123.8, 127.1, 127.6, 127.9, 128.1, 128.4, 128.7, 130.2,
130.4, 130.5, 131.5, 131.6, 134.6, 135.0, 135.4, 135.8, 141.7, 142.7, 153.7,
155.6, 161.3, 161.4, 166.4 ppm; ESIMS: m/z (%): 3738 (100) [M+Na]+ ;
HRMS (ESI+): m/z calcd for C230H234Cl2N18NaO18Pd


+ : 3738.6328
[M+Na]+ ; found: 3738.6191.


Rotaxane 41: Dibenzo[18]crown-6 (13.0 mg, 0.036 mmol), 16 (150 mg,
0.144 mmol), potassium carbonate (198 mg, 1.44 mmol), a,a’-dibromo-
ACHTUNGTRENNUNGparaxylene (38.0 mg, 0.144 mmol), and tritylphenol (96.9 mg, 0.288 mmol)
were stirred in dry CH2Cl2 (20 mL) for a week. The solvent was then
evaporated and the residue was eluted on an alumina column with 2%
methanol in CH2Cl2. The second band collected was the pure rotaxane
(100 mg, 38%). 1H NMR (250 MHz, CDCl3): d=1.31 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
1.50–1.70 (br, 12H; CyCH2), 1.88 (s, 12H PhCH3), 1.90 (s, 12H; PhCH3),
2.33 (br, 8H; CyCH2), 4.36 (s, 4H; OCH2), 5.89 (s, 4H; PhHaxle), 6.40 (d,
J=4.5 Hz, 4H; PhHstopper), 6.99 (d, J=4.5 Hz, 4H; PhHstopper), 7.02 (s,
8H; PhH), 7.09–7.25 (m, 30H; PhHstopper), 7.31 (d, J=7.7 Hz, 2H; 5,5’’-
tpyH), 7.54 (s, 1H; 2-isophthH), 7.75 (s, 1H; 2-isophthH), 7.76 (d, J=


8.3 Hz, 2H; PhH), 7.87 (t, J=7.7 Hz, 2H; 4,4’’-tpyH), 7.97 (d, J=8.3 Hz,
2H; PhH), 8.14 (s, 2H; 4,6-isophthH), 8.42 (s, 2H 4,6-isophthH), 8.86 (d,
J=7.7 Hz, 2H; 3,3’’-tpyH), 8.73 (d, J=7.7 Hz, 2H; 6,6’’-tpyH), 8.78 ppm
(s, 2H; 3,5’-tpyH); 13C NMR (62.5 MHz, CDCl3): d =18.7, 23.1, 26.3,
31.2, 35.7, 45.4, 64.3, 70.9, 113.4, 118.8, 121.4, 121.7, 123.1, 123.8, 126.1,
126.9, 127.5, 127.8, 127.9, 129.2, 130.5, 130.9, 131.0, 131.2, 132.7, 134.6,
135.1, 135.4, 135.7, 136.9, 138.4, 139.5, 141.2, 142.9, 146.5, 149.1, 149.2,
149.2, 149.5, 154.2, 155.7, 156.1, 156.2, 165.2, 165.8 ppm; ESIMS: m/z
(%): 2043.0 (100) [M+H]+ , 2144.1 (40) [M+HNEt3]


+ ; HRMS (ESI+): m/
z calcd for C149H147N8O6


+ : 2144.144 [M+HNEt3]
+ ; found: 2144.144.


MIA 422+
ACHTUNGTRENNUNG(ClO4


�)2 : Rotaxane 41 (12.0 mg, 5.87 mmol) in CDCl3 was in-
troduced into a metal solution containing half an equivalent of metal ion
from a stock solution separately prepared from Zn ACHTUNGTRENNUNG(ClO4)2·6H2O in
CD3CN. Two drops of CD3OD (without which the NMR spectra seem to
be overwhelmingly broad in this case) was added to the mixture. The re-
sulting mixture was stirred for 1 d to yield the desired complex. 1H NMR
(500 MHz, CDCl3+2 drops CD3OD): d=1.27 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.34–
1.65 (br, 24H; CyCH2), 1.84 (s, 48H; ArCH3), 2.57 (br, 16, CyCH2), 4.35
(s, 8H; OCH2), 6.18 (s, 8H; PhHaxle), 6.43 (d, J=8.65 Hz, 8H; PhHstopper),
6.90 (d, J=8.65 Hz, 8H; PhHstopper), 6.99 (s, 8H; PhH), 6.85–6.92 (m, 8H;
6,6’’; 3,3’’-tpyH) 7.02–7.11 (m, 60H; PhHstopper), 7.30 (s, 2H; 2-isophthH),
7.41 (s, 4H; 4,6-isophthH), 7.60 (t, J=7.15 Hz, 4H; 5,5’’-tpyH), 7.70 (s,
2H; 2-isophthH), 7.83 (t, J=7.15 Hz, 4H; 4,4’’-tpyH), 7.97 (s, 4H; 4,6-
isophthH), 8.12 (d, J=7.05 Hz, 4H; PhH), 8.38 (s, 4H; 3’,5’-tpyH), 8.61
(d, J=7.05 Hz, 4H ; Ph), 8.85 ppm (s, 4H; NH); 13C NMR (125 MHz,
CDCl3+2 drops CD3OD): d=18.1, 22.5, 25.8, 29.1, 30.5, 34.7, 35.0, 44.8,
63.8, 69.4, 112.9, 116.4, 120.0, 121.0, 122.6, 125.5, 126.1, 127.1, 127.3,
127.5, 127.8, 128.1, 128.3, 129.6, 130.4, 130.9, 131.9, 133.8, 134.7, 134.7,
134.9, 135.5, 139.8, 141.0, 141.1, 146.3, 147.2, 147.3, 147.8, 148.2, 149.3,
153.3, 155.6, 165.5, 165.9.


X-ray crystallographic data for 3 : Chemical formula:
C67.33H82.33Cl11.33N5O4, Mw=1427.48; T=173.0(1) K; MoKa radiation
(0.71073 T); triclinic; P1̄; a=14.105(3), b=18.436(4), c=22.291(5) T;
a =70.38(3), b=88.36(3), g=89.41(3)8 ; V=5458(2) T3; Z=3; 1calcd=


1.303 gcm�3, m=0.480 mm�1; F ACHTUNGTRENNUNG(000)=2238; colorless; 0.40X0.12X
0.06 mm3 crystal; Bruker Nonius Kappa CCD diffractometer; 13974 In-
dependent reflections; 11756 with I>2s ; Gaussian absorption correction;
min and max transmission: 0.8311 and 0.9718; 2121 restraints; 1220 pa-
rameters; R1=0.1609; wR2=0.4740 [I>2s]; R1=0.1757; wR2=0.4863
[all data]; GOF=2.296; extinction coefficient=0.038(6); largest diff.
peak and hole: 2.57 and �1.04 e T�3.


X-ray crystallographic data for 34 : Chemical formula:
C144.40H164.40Cl3N10O23.80Pd; Mw=2633.63; T=173.0(1) K; CuKa radiation
(1.54184 T); triclinic; P1̄; a=12.0618(8), b=16.091(2), c=24.424(2) T;
a =72.443(4), b =82.028(4), g =69.181(3)8 ; V=4221.8(6) T3; Z=1;


1calcd=1.036 gcm�3, m=1.800 mm�1; F ACHTUNGTRENNUNG(000)=1388.2; colorless; 0.10X
0.15X0.20 mm3 crystal ; Bruker Nonius APEX II diffractometer; 9747 in-
dependent reflections; 5581 with I>2s ; multiscan absorption correction;
min and max transmission: 0.7148 and 0.8405; 2121 restraints; 883 param-
eters; R1=0.1457; wR2=0.3410 [I>2s]; R1=0.2167, wR2=0.3825 (all
data); GOF=1.067, largest diff. peak and hole: 1.078 and �0.66 eT�3.


CCDC-687761 and -687762 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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On the Nature of Organoindium Intermediates: the Formation of Readily
Isolable Difluoropropargylindium Reagents and their Regioselectivity
Towards Electrophilic Substitutions


Bo Xu and Gerald B. Hammond[a]


Introduction


During the last two decades, the use of indium in organic
synthesis has increased to the extent that nowadays this ele-
ment is regarded as an important tool in the arsenal of envi-
ronmentally friendly, metal-mediated organic reactions.[1–4]


The interaction of allylic or propargylic halides with indium
metal—through metal–halogen exchange/insertion or trans-
metalation—and subsequent addition to carbonyl com-
pounds, olefins, imines, or alkynes has been actively pur-
sued, but the mechanism of these reactions has eluded many
investigators due to the fleeting nature of the organoindium
intermediates.[5,6] Early on, it was suggested that a reactive
indium intermediate might possess a sesquihalide [In2R3X3]
structure.[7] In 1999, Chan proposed the intermediacy of an
indium(I) complex in a Barbier-type reaction of indium
metal with allyl bromide in aqueous media, ruling out both
the presence and participation of bromine or the indium sur-
face (Scheme 1).[8] In the reaction of propargyl bromide
with indium in THF, Chan and co-workers proposed the in-
termediacy of both indium(I) and indium ACHTUNGTRENNUNG(III) species, based
on NMR evidence (Scheme 2).[9] However, NMR alone
could not determine if one or two bromine atoms were pres-


ent in the indium ACHTUNGTRENNUNG(III) complex. According to the authors,
the competition for predominance by either InI or InIII spe-
cies in an allenyl–propargyl metaloprotic rearrangement de-
pended on steric factors and the solvent system utilized.[9] In
aqueous media, only an organoindium(I) discrete species
was observed. Although an allenylindium is favored at equi-
librium, methyl substitution shifts the equilibrium toward
propargylindium(I) and -indiumACHTUNGTRENNUNG(III) species. In all cases, the
products of their reaction with aldehydes have the regiose-
lectivity expected from an SE2’ pathway. Loh<s approach to
the subject consisted in examining the indium-mediated re-
action of trialkylsilyl propargyl bromide with aldehydes in
an effort to tune the regioselectivity toward the synthesis of
allenic alcohols or homopropargylic alcohols.[10] Chan<s earli-
er report produced allenic alcohols with moderate to good


Keywords: allenyls · Curtin–
Hammett principle · indium ·
NMR spectroscopy · propargyls
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Scheme 1. Allylindium complexes proposed by Chan et al.


Scheme 2. Propargylindium complex proposed by Chan et al.
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regiocontrol; Loh utilized a combination of solvent (THF or
THF/water), the steric and chelation effects of the silicon
group on the g-carbon, and a combination of indium(0) and
indium ACHTUNGTRENNUNG(III), to obtain either allenic alcohols or homopropar-
gylic alcohols with high regioselectivities. As in Chan<s
mechanistic analysis, Loh also invoked a SE2’ pathway to ex-
plain the regiochemical outcome of his experiments, but he
did not comment on the nature of his indium complex(es).
In other developments, Lee used a palladium-catalyzed
cross-coupling reaction mediated by In0 to exclusively syn-
thesize aryl-substituted allenes starting from propargyl bro-
mides.[11] The existence of organoindium(I) and -indiumACHTUNGTRENNUNG(III)
transient intermediates was also postulated by Baba and co-
workers in their indium(0)-mediated Reformatsky-type re-
action of bromoacetates with ketonesACHTUNGTRENNUNG(Scheme 3)).[6,12] The


interconversion of indium(I) to indiumACHTUNGTRENNUNG(III) complexes has
been proposed when an ionic liquid was used as solvent
(Scheme 4).[13] In addition to an indium(I) mechanism, in-


dium(II) species have also been reported to be products of
reaction of indium with perfluorinatedalkyl halide; these in-
dium(II) species exist in the form of dimers, and they tend
to disproportionate to indium ACHTUNGTRENNUNG(III) species and [InIX]
(Scheme 5).[14]


From the reports summarized above, it is apparent that
the nature, mechanism of formation, and regiochemistry of
indium-mediated propargylation or allenylation are still the
subject of debate. This is due partially to the fact that orga-
noindium complexes are transient and short-lived intermedi-
ates, and that indium-mediated reactions could only be


monitored by 1H NMR spectroscopy. We surmised that the
substitution of CH2 by CF2 in a propargyl system not only
would stabilize a nascent organoindium complex without in-
troducing unwanted steric modifications due to fluorine<s
small size, but also it would facilitate the study of their reac-
tions by 19F NMR spectroscopy without interference of sol-
vent or reagents. We now report the results of our investiga-
tions on the mechanism of formation of organofluoroindium
reagents and their regioselectivity toward electrophiles.


Results and Discussion


Synthesis and identification of difluoropropargylindium
complexes : For some time now we have been interested in
the reaction of indium with difluorobromopropargyl sub-
strates as a way to incorporate fluorine selectively in organic
molecules. Our earlier work on the reaction of difluoropro-
pargyl bromide 1a (R=TIPS= triisopropylsilyl) with indium
in predominantly aqueous media, after extraction with di-
ethyl ether, produced a stable crude complex, loosely repre-
sented as 2 (Scheme 6).[15] This crude organoindium reagent
2 yielded allenylic product 3 or propargylic product 4 de-
pending on the nature of the electrophile (E+) used
(Scheme 6).[15,16]


With the purpose of elucidating the structure of the
indium complex 2, a 1:1 mixture of 1a and indium metal in
predominantly aqueous media was sonicated at 5–10 8C
(bath) and monitored by 19F NMR spectroscopy. Two slowly
increasing resonance signals, centered at d=�89 ppm, were
detected after 0.5 h, and all the starting material was con-
sumed after 5–6 h (Figure 1a). Clearly, the 19F NMR spec-
trum of crude indium complex 2 has two peaks, which
means it contains at least two indium species. To get pure
indium complexes for further analysis, we isolated each
indium species using SiO2 flash chromatography, resulting in
two fractions, their 19F and 13C NMR spectra are shown in
Figure 1. We found that DMSO stabilized the indium com-
plexes to give white solids. These solids could be kept at
room temperature for several weeks without decomposition,
and stored for months in the refrigerator. Satisfactory
carbon and hydrogen analyses were also obtained. Their


Scheme 3. Formation of low-valent indium species in the Reformatsky
ACHTUNGTRENNUNGreaction.


Scheme 4. Allylindium complexes formation mechanism in ionic liquids.


Scheme 5. Mechanism invoking indium(II) species.


Scheme 6. Initial postulate on the nature of organofluoroindium species.
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19F NMR chemical shifts (d=�88.8 and �89.1 ppm) and
13C NMR signals seemed to support a propargyl structure. If
present, an allenyl indium complex would have shown a
large downfield shift for the central sp carbon (around d=


200 ppm in 13C NMR spectrum). In addition, IR showed a
strong signal at 2172 cm�1; this is further evidence support-
ing the propargylic nature of the complex. Based on that in-
formation, the structures of those indium complexes were
assigned as 5a and 6a (Scheme 7).


Since attempts to obtain suitable single crystals of 5a or
6a failed, we prepared a number of organoindium com-
plexes (Scheme 7). To our satisfaction, the triphenylsilyl-
substituted indium complex 5d crystallized by slow evapora-
tion of a saturated solution in mixture of DMSO and di-
chloromethane at room temperature. Its structure was deter-
mined by single-crystal X-ray techniques.[17] The other physi-
cal properties (melting points and UV absorption) of the
indium complexes were also examined (see Supporting In-


formation). The indium complexes also exhibit very strong
UV absorption, generally their lmax are around 250–300 nm,
and their emax are around 5000 dm


3mol�1 cm�1.


Reaction of difluoropropargylindium ACHTUNGTRENNUNG(III) complexes with
electrophiles : The reaction of indium complex 5a and 6a
with relatively reactive electrophiles like CHOCOOH
(glyoxylic acid) and NCS (N-chlorosuccinimide) was first
considered. Because both starting material and product con-
tain fluorine, it should be relatively easy to follow the reac-
tion process by 19F NMR spectroscopy. Both difluoropropar-
gylindium complexes 5 and 6 react with reactive electro-
philes (CHOCOOH, NCS, and bromine) to give difluoro-
ACHTUNGTRENNUNGallene (Figures 2 and 3). This kind of reaction is usually
completed in less than 0.5 h at 0–5 8C; the [InRBr2]-type
indium complex 6 is slightly more reactive than [InR2Br]-
type indium complex 5. This may be due to steric effects.
The reaction of alkyl-substituted propargylindium com-
plexes 5c and 6c with glyoxylic acid and NCS also gave the
corresponding allenyl product 4 (see Supporting Informa-
tion).


Figure 1. NMR of indium complexes. a) 19F NMR spectrum of crude
indium complex 2 ; b) 19F NMR spectrum of the first fraction 6a ; c)
19F NMR spectrum of the second fraction 5a ; d) 13C NMR spectrum of
6a (only three carbon atoms in propargyl system are shown).


Scheme 7. Preparation and separation of crude difluoropropargylindium
complex.


Figure 2. Reaction of indium ACHTUNGTRENNUNG(III) complexes with glyoxylic acid moni-
tored by 19F NMR spectroscopy.
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We also investigated the reaction of indium complex 5
and 6 with relatively unreactive electrophiles like aromatic
aldehydes. In contrast to the reactive electrophiles, such
electrophiles (e.g., benzaldehyde, p-nitrobenzaldehyde) give
only the propargyl product 3 ; this reaction usually proceeds
very slowly at room temperature and needs more than one
day to complete even at high temperatures (Figure 4).
From the above results, we can conclude the following: 1)


difluoropropargylindium complexes 5 and 6 (Scheme 8)
have similar regioselectivity towards electrophiles; 2) reac-
tion of 5 and 6 with reactive electrophiles give allenyl prod-
ucts 4 ; on the other hand reaction of 5 and 6 with relative
unreactive electrophiles yields propargyl products 3
(Scheme 8).
The reaction of propargylindium ACHTUNGTRENNUNG(III) with reactive elec-


trophiles to give difluoroallene through a SE2’ path can be
explained invoking an extension of electronic effects
through the triple bond. On the other hand, the reaction
with weak electrophiles that furnishes the difluoropropargyl
isomer could be explained using the Curtin–Hammett prin-
ciple.[18] This principle states that, for a reaction that has a
pair of reactive intermediates or reactants that interconvert
rapidly, each going irreversibly to a different product, the


product ratio will depend only on the difference in the free
energy of the transition state going to each product (DDG),
and not on the equilibrium constant between the intermedi-
ates. Taking indium complex 6a as an example, we proposed
that there is an equilibrium between propargylindium ACHTUNGTRENNUNG(III)
6a and its allenylic isomer 7a (Scheme 9). The interconver-


Figure 3. Reaction of indium ACHTUNGTRENNUNG(III) complexes with NCS monitored by
19F NMR spectroscopy.


Figure 4. Reaction of 5 with p-nitrobenzaldehyde monitored by 19F NMR
spectroscopy.


Scheme 8. Reaction pattern of propargyl indium complexes with electro-
philes.


Scheme 9. Pseudo-SE2 reaction of 6a with weak electrophiles.
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sion of propargyl metal species and allenyl metal species has
been well documented in literature.[19–21] A potential energy
diagram for reaction of 6a with weak electrophiles is shown
in the Supporting Information. In this case, the energy of ac-
tivation for the reaction of indium complex with electro-
philes may be greater than the equilibrium of the two
indium complexes 6a and 7a. When the electrophile is weak
or unreactive, the reaction of 6a with this electrophile to
give difluoroallene 4 is very slow; 6a may isomerize to 7a
and then 7a react with weak electrophile to give propargyl
product 3. Because the overall reaction goes from a prop-
argyl starting material to a propargyl product, we may call
this reaction a pseudo-SE2 reaction (Scheme 9).


Formation of propargylindium ACHTUNGTRENNUNG(III) complexes 5 and 6 : The
indium complexes 5 and 6 were capable of reacting with
electrophiles yielding allenes 3 or alkynes 4. However, this
result does not necessarily imply that other reactive indium
species cannot be formed during the reaction; it only means
that the indium ACHTUNGTRENNUNG(III) complexes 5 and 6 are thermally stable,
isolable, and capable of reacting with electrophiles. Indium-
ACHTUNGTRENNUNG(III) complexes 5 and 6 may be just final products of the re-
action of indium with propargyl bromide 1, and perhaps
there could be other short-lived transient indium species
produced during the reaction.
To investigate if there was any intermediate indium spe-


cies produced during the reaction, we monitored the reac-
tion of 1c with indium using 19F NMR spectroscopy. The re-
sults are shown in Figure 5.


According to the results shown in Figure 5, after 6 h, two
propargylindium ACHTUNGTRENNUNG(III) complexes 5c and 6c were the domi-
nant species after 6 h (Figure 5c). However, at the very be-
ginning of the reaction, we observed another pair of signals
(d=�88 and �112 ppm, Figure 5a), the intensities of which
decreased with time and disappeared after 6 h (Figure 5c).
These intermediates could be low-valence indium complexes
composed of a mixture of propargylic (�88 ppm) and alle-
nylic (�112 ppm) species. This is in contrast with indium-
ACHTUNGTRENNUNG(III) complexes that are propargylic in nature due to the
steric effects (Scheme 10). The low-valence indium com-


plexes could be indium(I) or indium(II) complexes. Indeed,
indium(II) complexes have been reported as intermediates
(Scheme 5),[14] but we believe that the formation of indiu-
m(II) is unlikely in our case, because a [InIIRBr]-type com-
plex would be paramagnetic, a property that would have
been readily apparent in our NMR experiments. We also
conducted EPR experiments on the intermediate indium
complex, and found no signs of the presence of paramagnet-
ic species. Thus, the low-valence indium complex peaks
were regarded as indium(I) complexes.
We then checked the reactivity of these low-valence in-


dium(I) complexes. These are much more reactive than the
corresponding indium ACHTUNGTRENNUNG(III) complexes. For example, when p-
chlorobenzaldehyde was added to the indium complexes
shown in Figure 5a, after only 5 min at room temperature,
the two low-valence indium complexes had disappeared,
and the signal corresponding to propargyl alcohol 3c had
formed. On the other hand, the signals corresponding to
indium ACHTUNGTRENNUNG(III) 5c and 6c remained unchanged even after
24 h.[22] The reaction of a low-valence indium complex with
aldehyde also yields propargyl product 3c (Scheme 11); this
could be explained by the Curtin–Hammett principle in a
similar way as the reaction of indium ACHTUNGTRENNUNG(III) complexes 5 and 6
with aldehyde.
Since we observed the existence of low-valence indium


complexes, one important question remains: do these com-
plexes convert to more stable indium ACHTUNGTRENNUNG(III) complexes or do
they decompose gradually? To answer this question, we fol-
lowed the progress of the reaction by 19F NMR spectroscopy


Figure 5. Monitor of the indium complex formation form 1c by 19F NMR
spectroscopy.


Scheme 10. Equilibrium between propargylindium and allenylindium
complexes.


Scheme 11. Reactivity of low-valence indium species with aldehyde.
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just after all the starting material 1c had been consumed.
For this purpose, we added an internal standard and sealed
the NMR tube. We did observe a signal increase corre-
sponding to the indium ACHTUNGTRENNUNG(III) complexes (5c+6c) with a con-
comitant decrease in the intensity of the signals correspond-
ing to indium(I) complexes; this result is shown in Figure 6.
This phenomenon was confirmed by repeated experi-
ments.[22]


How could an indium(I) complex convert to indium ACHTUNGTRENNUNG(III)
species? Although it is known that indium(I) species tend to
disproportionate to indium ACHTUNGTRENNUNG(III) and indium(0),[23] in our
case the indium(I) species contains no bromide, and hence it
could not disproportionate to propargylindium ACHTUNGTRENNUNG(III) bromide
5 or 6. To explain the conversion of low-valence indium to
indium ACHTUNGTRENNUNG(III) species, we have proposed a new mechanism
(Scheme 12). First, difluoropropargyl bromide 1c reacts with
indium to give an equilibrating mixture of propargyl and al-
lenyl indium(I) (7c and 8c) and InIBr (see also Scheme 3).
Difluoropropargyl bromide 1c could react with the InBr
produced to give propargylindium ACHTUNGTRENNUNG(III) dibromide 6c ; InBr
also could disproportionate to InBr3 and In


0.[24] Because the
indium(I) species is quite reactive (we can see it from its
fast reaction with aldehyde), the indium(I) complex would


react with InBr3 to give propargylindium ACHTUNGTRENNUNG(III) dibromide 6c.
This step is reasonable because it is similar to the reaction
of lithium reagents with InCl3 or InBr3, which is a common
way to make organoindiumACHTUNGTRENNUNG(III) complex.[25,26] Similarly,
complexes 7c or 8c also could react with propargylindium-
ACHTUNGTRENNUNG(III) dibromide 6c to give bis(difluoropropargyl)indium ACHTUNGTRENNUNG(III)
bromide 5c.
We were able to prepare complex 6c through an inde-


pendent route, by reacting 1c with InBr in THF. This is an-
other support for our mechanism (Scheme 13).


The in situ generation of an indium complex in the presence
of aldehyde : Unlike Grignard reagents many metal com-
plexes cannot be prepared in preformed fashion due to their
low thermal stability; the easiest way to overcome the stabil-
ity problem of a metal complex is its genesis in the presence
of electrophiles. So it is very common for the metal complex
to be generated in situ and then react with electrophiles in
real time before it undergoes decomposition. Our group has
reported several indium- or magnesium-mediated Barbier
type reactions of 1 with aldehyde, imine, and other electro-
philes.[15,27–29] From the above discussion, the formation of
indium ACHTUNGTRENNUNG(III) complexes may involve the intermediacy of low-
valence indium(I) complexes. Since a low-valence indium(I)
complex is much more reactive than corresponding indium-
ACHTUNGTRENNUNG(III) complex, the indium-mediated Barbier-type reaction of
1 in the presence of an electrophile like an aldehyde may
proceed through a different mechanism compared to the re-
action of preformed indium ACHTUNGTRENNUNG(III) complex with aldehydes. To
elucidate this question, we examined the reaction of 1c with
indium in the presence of an aldehydes (mole ratio of 1c/
indium/aldehyde=1:1:1); the reaction proceeded smoothly
at 0–5 8C, and after 2–3 h all the starting material 1c had dis-
appeared leaving behind two new signals in 19F NMR spec-
trum (Figure 7a), one of which corresponded to product 3c,
the other signal belonged to indium complex 6c (by compar-
ison with the isolated indium complex 6c, Figure 7b). This
phenomenon can be explained easily by the mechanism
shown in Scheme 14, similar to Scheme 12. First, difluoro-
propargyl bromide 1c reacts with indium to give an equili-
brating mixture of propargyl- and allenylindium(I) (7c and
8c) and InIBr. Difluoropropargyl bromide 1c could then
react with InBr formed to give propargylindium ACHTUNGTRENNUNG(III) dibro-
mide 6c ; InBr also could disproportionate to InBr3 and
In0.[24] However, in this case the reaction took place in the
presence of an aldehyde, which we knew was very reactive
to indium(I) complex (Scheme 11). Hence, the indium(I)
species 7c and 8c are no longer able to react with InBr3 or
6c to give propargylindium ACHTUNGTRENNUNG(III) dibromide 5c as they did in


Figure 6. Increase of indium ACHTUNGTRENNUNG(III) complex intensity.


Scheme 12. Mechanism for indium ACHTUNGTRENNUNG(III) complex formation.


Scheme 13. Synthesis of complex 6c from InBr.
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the absence of aldehyde (Scheme 12). Therefore in the end,
we obtained 6c and 3c as major products.


Conclusion


The structure and reactivity of the difluoropropargyl indium
complex has been investigated. Their reaction with electro-
philes produced a difluoroalkyne or -allene, depending on
the nature of the electrophiles. We have invoked a mecha-
nism based on the Curtin–Hammett principle to explain this
phenomenon. And we also have postulated a mechanism for
the formation of indiumACHTUNGTRENNUNG(III) complexes through the inter-
mediacy of indium(I) species, which can also explain the re-
action of indium with 1 in the presence of aldehydes.


Experimental Section


General procedure for monitoring of reaction by 19F NMR : The monitor-
ing of reactions was conducted in a NMR tube with screw cap. Before re-
action, the NMR tube was flushed with argon. A sealed capillary filled
with [D6]benzene was used to facilitate lock and shimming when non-
deuterated solvent was used. Variable-temperature control (Varian Inova
500) was used to control temperature of reaction during 19F NMR experi-
ment. The percentage yield was obtained using a,a,a-trifluoromethylben-
zene as internal reference.


For the experimental data for the synthesis and characterization of the
compounds described here, see the Supporting Information.
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Figure 7. Reaction of 1c and indium in the presence of aldehyde. a)
19F NMR spectrum of reaction mixture after 3 h. b) 19F NMR spectrum of
isolated 6c.


Scheme 14. Plausible mechanism for the reaction of 1c and indium in the
presence of p-chlorobenzaldehyde.
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Abstract: 5- and 6-Uracilmethyl-
phosphonate (5Umpa2� and 6Umpa2�)
as acyclic nucleotide analogues are in
the focus of anticancer and antiviral re-
search. Connected metabolic reactions
involve metal ions; therefore, we deter-
mined the stability constants of
M ACHTUNGTRENNUNG(Umpa) complexes (M2+ =Mg2+ ,
Ca2+ , Mn2+ , Co2+ , Cu2+ , Zn2+ , or
Cd2+). However, the coordination
chemistry of these Umpa species is also
of interest in its own right, for example,
the phosphonate-coordinated M2+ in-
teracts with (C4)O to form seven-mem-
bered chelates with 5Umpa2�, thus
leading to intramolecular equilibria be-
tween open (op) and closed (cl) iso-
mers. No such interaction occurs with
6Umpa2�. In both M ACHTUNGTRENNUNG(Umpa) series de-
protonation of the uracil residue leads
to the formation of M ACHTUNGTRENNUNG(Umpa�H)�


complexes at higher pH values. Their
stability was evaluated by taking into
account the fact that the uracilate resi-
due can bind metal ions to give
M2ACHTUNGTRENNUNG(Umpa�H)+ species. This has led to
two further important insights: 1) In
MACHTUNGTRENNUNG(6Umpa�H)�cl the H+ is released
from (N1)H, giving rise to six-mem-
bered chelates (degrees of formation of
ca. 90 to 99.9% with Mn2+ , Co2+ ,
Cu2+, Zn2+ , or Cd2+). 2) In
MACHTUNGTRENNUNG(5Umpa�H)�cl the (N3)H is depro-
tonated, leading to a higher stability of
the seven-membered chelates involving
(C4)O (even Mg2+ and Ca2+ chelates


are formed up to �50%). In both in-
stances the M ACHTUNGTRENNUNG(Umpa�H)�op species led
to the formation of M2ACHTUNGTRENNUNG(Umpa�H)+


complexes that have one M2+ at the
phosphonate and one at the (N3)�


(plus carbonyl) site; this proves that
nucleotides can bind metal ions inde-
pendently at the phosphate and the nu-
cleobase residues. X-ray structural
analyses of 6Umpa derivatives show
that in diesters the phosphonate group
is turned away from the uracil residue,
whereas in H2 ACHTUNGTRENNUNG(6Umpa) the orientation
is such that upon deprotonation in
aqueous solution a strong hydrogen
bond is formed between (N1)H and
PO3


2� ; replacement of the hydro
gen with M2+ gives the
M ACHTUNGTRENNUNG(6Umpa�H)�cl chelates mentioned.


Keywords: chelates · equilibrium
constants · isomeric equilibria ·
metal–ion binding · nucleotide
analogues · transition metals


[a] Prof. E. Freisinger
Institute of Inorganic Chemistry, University of Z9rich
8057 Z9rich (Switzerland)
Fax: (+41)44-635-6802
E-mail : freisinger@aci.uzh.ch


[b] Dr. R. Griesser, Dr. C. F. Moreno-Luque, Dipl.-Ing. B. P. Operschall,
Prof. H. Sigel
Department of Chemistry, Inorganic Chemistry
University of Basel, 4056 Basel (Switzerland)
Fax: (+41)61-267-1017
E-mail : Helmut.Sigel@unibas.ch


[c] Prof. B. Lippert
Department of Chemistry, Technische UniversitDt Dortmund
44227 Dortmund (Germany)


[d] Dr. C. F. Moreno-Luque, Prof. J. NiclFs-GutiGrrez
Department of Inorganic Chemistry, Faculty of Pharmacy
University of Granada, 18071 Granada (Spain)


[e] Prof. J. Ochocki
Department of Bioinorganic Chemistry
Faculty of Pharmacy, Medical University
90-151 ŁFdź (Poland)
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1. Introduction


Many phosphonate derivatives possess biological activities,
especially those considered to be nucleotide analogues,[1,2]


such as 5- and 6-uracilmethylphosphonate (5Umpa2� and
6Umpa2� ; Figure 1), which significantly prolong the survival


time of mice with lymphoid leukemia L-1210, also as the di-
methyl esters, if administered in combination with cispla-
tin.[3] Similarly, Na+ , K+/5Umpa2�, and some diester deriva-
tives inhibit the growth of human peripheral blood lympho-
cytes as well as colon adenocarcinoma cell lines HT 29.[4]


Within the large group of acyclic nucleotide analogues, 9-
[2-(phosphonomethoxy)ethyl]adenine (PMEA),[2] also
known as Adefovir,[5] turned out to be an especially success-
ful compound; it is active against a wide range of viruses, in-
cluding herpes viruses, poxviruses, hepadnaviruses, and ret-
roviruses, and it also has antineoplastic and immunomodula-
tory activities.[5] In its oral prodrug form, that is, its bis(piva-
loyloxymethyl)ester (Adefovir dipivoxil or Hepsera), it is
now on the market[6,7] for the treatment of hepatitis B pa-
tients infected with the HB DNA virus. In the cell the di-
ACHTUNGTRENNUNGanion of PMEA is diphosphorylated by kinases[5,8] to
become a triphosphate analogue that is initially recognized
by nucleic acid polymerases as a substrate; thus giving rise
to its biological action.[1,2]


Because, as indicated above, neutral diesters are em-
ployed as prodrugs, which allows easier passage through cell
membranes,[9,10] and because kinases and nucleic acid poly-
merases depend on metal ions for their activity,[1] we have
now partially studied both aspects with 5Umpa and 6Umpa
(Figure 1). First, the dimethyl and di(isopropyl) esters of
6Umpa could be crystallized and their solid-state structures
compared with that of the parent acid, H2ACHTUNGTRENNUNG(6Umpa).


[12]


Second, for Mg2+ , Ca2+ , Mn2+ , Co2+ , Cu2+ , Zn2+ , and Cd2+ ,


the M2+ binding properties in aqueous solution were deter-
mined by potentiometric pH titrations for 5Umpa2� and
6Umpa2� and it could be shown that the coordination
chemistry of these two isomeric uracil derivatives (Figure 1)
differs considerably. For example, with MACHTUNGTRENNUNG(5Umpa), seven-
membered chelates form by the interaction of the phospho-
nate-coordinated M2+ ion with the carbonyl oxygen (C4)O,
whereas in the MACHTUNGTRENNUNG(6Umpa) species only phosphonate binding
occurs; however, upon uracil deprotonation rather stable
chelates form with (N1)�. Furthermore, in both series
M2ACHTUNGTRENNUNG(Umpa�H)+ species exist.


2. Results and Discussion


2.1. Crystal structures of the dimethyl and di(isopropyl)
esters of 6Umpa : The solid-state structures of the neutral
6Umpame and 6Umpapr diesters, together with
H2 ACHTUNGTRENNUNG(6Umpa),


[12] are shown in Figure 2. The geometry of the
uracil moiety is in the normal range in all instances.
Although the overall orientation of the methylphospho-


nate entities would be, in principle, favorable for the forma-
tion of intramolecular hydrogen bonds between (N1)H of
the uracil moieties and the phosphonic acid residues, the ob-
served distances in the solid-state structures of 6Umpame,
6Umpapr, and H2 ACHTUNGTRENNUNG(6Umpa) are too long and the angles in-
volving the (N1)H proton deviate considerably from 1808
(6Umpame: N1···O13 3.627(5) S, (N1)H···O13 3.69(3) S,
N1�H···O13 78.8(3)8 ; 6Umpapr: N1···O14 3.196(3) S,
(N1)H···O14 2.98(3) S, N1�H···O14 96.5(3)8 ; H2ACHTUNGTRENNUNG(6Umpa):


[12]


N1···O13 3.158(3) S, (N1)H···O13 2.83(3) S, N1-H···O13
99.8(3)8]. As in H2ACHTUNGTRENNUNG(6Umpa), intramolecular hydrogen bond-
ing in 6Umpame and 6Umpapr might be impeded by the
formation of more favorable intermolecular hydrogen bonds
involving the (N1)H proton, as described below. However,
in aqueous solution the formation of a rather strong hydro-
gen bond between (N1)H and PO3


2� could be proven upon
deprotonation of the PO(OH)2 group.


[12]


With 6Umpame the molecules form infinite chains in a
zigzag arrangement along the x axis with one hydrogen
bond each between neighboring nucleobases (N3···O4 (0.5+


x, y, 0.5�z) and O4···N3 (�0.5+x, y, 0.5�z) 2.893(4) S;
Figure 3); the angle between the bases equals 127.4(1)8. The
shortest distance between the bases of one chain and the
methyl groups of the next chain in direction of the y axis
amounts to 3.455(7) S (C13···C5 (0.5�x, �0.5+y, z)). In the
direction of the z axis chains are linked by hydrogen bonds
between (N1)H and the not methylated phosphonic acid
oxygen O14 (2.844(4) S, 0.5+x, 0.5�y, 1�z).
Surprisingly, the solid-state structure of 6Umpapr shows


distinct similarities to that of H2 ACHTUNGTRENNUNG(6Umpa) (Figure 4). The
uracil bases of neighboring molecules are arranged in planar
infinite layers connected by two different pairs of hydrogen
bonds about centers of inversion (N3···O4 (�x, 1�y, �z)
2.809(3) S, N1···O2 (1�x, 2�y, �z) 2.798(3) S). As in
H2 ACHTUNGTRENNUNG(6Umpa), (C5)H in 6Umpapr appears to be involved in a
weak hydrogen bond (C5···O14 (�1+x, y, z) 3.264(3) S);


Figure 1. Chemical structures of 5- (5Umpa2�) and 6-uracilmethylphosph-
onate (6Umpa2�) as well as those of the two esters dimethyl 6-uracilme-
thylphosphonate (6Umpame) and di(isopropyl) 6-uracilmethylphospho-
nate (6Umpapr). For comparison, the two simple nucleobase derivatives
5-methyuracil (5MeUr= thymine) and 6-methyluracil (6MeUr) are also
considered in this study. The (N3)H (or (N1)H) deprotonated species of
Umpa2� are abbreviated as (Umpa�H)3� and should be read as Umpa
minus H+ .
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clearly, the distance of 3.264 S is rather long, but the geom-
etry is favorable.
Bifurcated hydrogen bonding between the uracil bases


and two phosphonic acid oxygen atoms of a neighboring
molecule as in H2ACHTUNGTRENNUNG(6Umpa)


[12] is not observed, probably due
to steric reasons. Also no stacking interactions between the
uracil bases are observed in either of the solid-state struc-
tures of these diesters. Though it is notable that the distan-
ces between the planes of the nucleobases are in the range
of 3.4–3.5 S, no substantial overlap between aromatic rings


is observed and any overlap between a uracil base and a
substituent of a neighboring base is small. These solid-state
results indicate that both esters exist in solution as mono-
meric species with little or no intramolecular interactions,
thus providing these neutral molecules with a high flexibility
that should facilitate their passage through cell membranes.


2.2. Definition of equilibrium constants and preliminary re-
sults : A phosphonate group may accept two protons, thus
leading to the P(O)(OH)2 group, but the release of the first
proton occurs with pKa<2.5, for example, pKa/1=2.10�
0.03[13] for CH3P(O)(OH)2 or pKa/1=1.71�0.10 for
CH3CH2OCH2CH2P(O)(OH)2;


[14] therefore, this reaction is
not of relevance in the pH range above four used in this
study. Herein, only the second deprotonation step needs to
be considered together with the deprotonation reaction of
the uracil residue[15,16] and this then gives rise to Equili-
bria (1) and (2), in which Umpa2� represents both 5Umpa2�


and 6Umpa2� :


HðUmpaÞ� Ð Umpa2�þHþ ð1aÞ


KH
HðUmpaÞ ¼


½Umpa2�
½Hþ

½HðUmpaÞ�
 ð1bÞ


Umpa2� Ð ðUmpa�HÞ3�þHþ ð2aÞ


KH
Umpa ¼


½ðUmpa�HÞ3�
½Hþ

½Umpa2�
 ð2bÞ


The corresponding acidity constants have recently been
determined:[12] pKH


Hð5UmpaÞ=7.15�0.01, pKH
5Umpa=10.25�0.02


and pKH
Hð6UmpaÞ=6.17�0.02, pKH


6Umpa=10.12�0.02 (25 8C;
I=0.1m, NaNO3). The deprotonation of the uracil residue is
expected to occur to the largest degree at (N3)H, but the


Figure 2. Molecular structure and atom numbering scheme of H2 ACHTUNGTRENNUNG(6Umpa)
(A),[12] 6Umpame (B), and 6Umpapr (C). Displacement ellipsoids are
drawn at the 50% probability level.


Figure 3. Section of the three-dimensional arrangement of 6Umpame
molecules in the solid-state structure viewed along the crystallographic x
axis. See Section 2.1 for details.
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acidity of the (N1)H unit is also not expected to be much
smaller. Regarding the tautomeric equilibrium for uracil
itself, it was concluded that the (N3)-deprotonated species
dominates at about 80% in aqueous solution.[12] The conclu-
sion that the (N3)H site is the more acidic one is also in ac-
cordance with a recent first principles quantum mechanics
calculation.[17]


Complex formation with a monoprotonated phosph ACHTUNGTRENNUNG(on)-
ACHTUNGTRENNUNGate group is very weak[18] and not of relevance here. Indeed,
the experimental data of the potentiometric pH titrations of
the metal-ion-containing systems can be fully described by
considering the two acid–base equilibria defined above
[Eqs. (1) and (2)], as well as the two complex forming equi-
libria given below [Eqs. (3) and (4)], provided that the eval-
uation of the data is restricted to the pH range before the
onset of the formation of hydroxo complexes, which was evi-
dent from the titration of M2+ without ligand (see Sec-
tion 4.2). Hence, initially the uncharged complex MACHTUNGTRENNUNG(Umpa)
forms [Eq. (3)], which may then lose a proton from the
uracil residue [Eq. (4)] to give the anionic species
M ACHTUNGTRENNUNG(Umpa�H)�:


M2þþUmpa2� ÐMðUmpaÞ ð3aÞ


KM
MðUmpaÞ ¼


½MðUmpaÞ

½M2þ
½Umpa2�
 ð3bÞ


MðUmpaÞ ÐMðUmpa�HÞ�þHþ ð4aÞ


KH
MðUmpaÞ ¼


½MðUmpa�HÞ�
½Hþ

½MðUmpaÞ
 ð4bÞ


The corresponding results, obtained from excellent fits of
the fitting procedures, are listed in columns 3 and 6 of


Table 1, respectively. It may be
added that the previously deter-
mined values for the Mg2+ and
Ca2+ complexes[19] are in per-
fect accordance with those re-
ported herein. Further, the
acidity constants [Eq. (4)]
for the formation
of CuACHTUNGTRENNUNG(5Umpa�H)� and
ZnACHTUNGTRENNUNG(5Umpa�H)� could not be
measured due to hydrolysis of
Cu2þðaqÞ and Zn2þðaqÞ. In addition,
the very low degree of forma-
tion of the Cu ACHTUNGTRENNUNG(6Umpa) com-
plex prevented measurement of
the stability constant with a rea-
sonable error limit; in other
words, once formed it lost a
proton and transformed
into the deprotonated
CuACHTUNGTRENNUNG(6Umpa�H)� complex.
Therefore, the formation of
CuACHTUNGTRENNUNG(6Umpa�H)� was evaluated


by keeping the calculated value (see below) for CuACHTUNGTRENNUNG(6Umpa)
constant; this procedure is justified because none of the
M ACHTUNGTRENNUNG(6Umpa) complexes showed an increased stability (Sec-
tion 2.3) and this is also true for the measured, though
error-prone, values (see above) for CuACHTUNGTRENNUNG(6Umpa).
Finally, it needs to be emphasized that the results listed in


column 6 (and also in column 7) of Table 1 are apparent
constants only because the formation of M2ACHTUNGTRENNUNG(Umpa�H)+


was ignored (see Section 2.4). In contrast, the stability con-
stants for the MACHTUNGTRENNUNG(Umpa) complexes are of a final nature and
they show the usual trends: for the alkaline earth ions, com-
plex stability decreases with increasing ionic radii, and for
the divalent 3d metal ions, the long-standing experience[20] is
confirmed that stabilities of phosph(on)ate–metal-ion com-
plexes often do not strictly follow[11,18,21] the Irving–Williams
series[22] because the Mn2+ complexes are especially
stable.[11,18,21]


2.3. Evaluation of the stabilities of the M ACHTUNGTRENNUNG(Umpa) complexes :
The following question needs to be answered for the
M ACHTUNGTRENNUNG(5Umpa) and M ACHTUNGTRENNUNG(6Umpa) complexes: Are the stabilities
of these species solely determined by the coordinating prop-
erties of the phosphonate group or does the uracil residue
also have an effect? An answer may be found by making
use of the earlier established straight-line correlations[21,23]


for logKM
MðR�PO3Þ versus pK


H
HðR�PO3Þ plots, in which R�PO3


2�


represents phosphate monoester[24] or phosphonate li-
gands,[25] of which R is unable to interact with metal ions.
Four examples of such plots are shown in Figure 5 for the
1:1 complexes of Ca2+ , Zn2+ , Cd2+ , and Cu2+ with eight
simple ligands allowing only a phosph(on)ate coordination
(open circles). The solid points refer to the 5Umpa2� and
6Umpa2� complexes of the mentioned metal ions. Evidently
the data points for all M ACHTUNGTRENNUNG(6Umpa) complexes fit on the cor-


Figure 4. Section of hydrogen-bonded network in H2 ACHTUNGTRENNUNG(6Umpa) (A)
[12] and 6Umpapr (B) as well as a superimpo-


sition of both structures with H2 ACHTUNGTRENNUNG(6Umpa) in gray to illustrate the similarities (C). Hydrogen atoms have been
omitted for clarity. See Section 2.1 for details.
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responding reference lines, whereas for some of the
M ACHTUNGTRENNUNG(5Umpa) species an enhanced stability is observed.
A quantitative evaluation of the situation seen in Figure 5


is possible: The parameters for the corresponding straight-
line equations, that is, the slopes m and the intercepts b with
the y axis, which are defined by Equation (5), were tabulat-
ed.[21,23,25,26]


logKM
MðR�PO3Þ ¼ m pKH


HðR�PO3Þþb ð5Þ


Hence, with a known pKa value for the deprotonation of a
P(O)2(OH)


� group, an expected stability constant can be
calculated for any phosph(on)ate–M2+ complex. Indeed, ap-
plication of pKH


Hð5UmpaÞ=7.15 and pK
H
Hð6UmpaÞ=6.17 to Equa-


tion (5) provides the calculated stability constants,
KM
MðUmpaÞcalcd, which are listed in column 4 of Table 1.
Stability enhancements, such as those seen in Figure 5,


can be quantified by the differences between experimentally
(exptl) measured stability constants and those calculated
(calcd) according to Equation (5); this is defined by Equa-
tion (6) and values are listed in Table 1, column 5.


logDM=Umpa ¼ logKM
MðUmpaÞexptl�logKM


MðUmpaÞcalcd ð6aÞ


¼ logKM
MðUmpaÞ�logKM


MðUmpaÞop ð¼ logDÞ ð6bÞ


Clearly, the expressions logKM
MðUmpaÞcalcd and logK


M
MðUmpaÞop


are synonymous because the calculated value equals the sta-


bility constant of the so-called
“open” (op) isomer,
M ACHTUNGTRENNUNG(Umpa)op (see below), in
which only a PO3


2�/M2+ inter-
action occurs.
The logDM/6Umpa values for all


M ACHTUNGTRENNUNG(6Umpa) systems are zero
within the error limits (Table 1,
column 5) and this means that
in all these complexes only a
PO3


2�/M2+ interaction occurs.
This is in contrast to the
M ACHTUNGTRENNUNG(5Umpa) complexes in which
a small but significant stability
enhancement is observed in
several instances, that is, logDM/


5Umpa>0. This result must
mean[21,27] that even though the
phosphonate group is the pri-
mary binding site, a further in-
teraction of the phosphonate-
coordinated metal ion must
occur; in other words, any sta-
bility enhancement according to
Equation (6) reflects an addi-
tional interaction.[27] The struc-
ture of 5Umpa2� in Figure 1 im-
mediately reveals that the only


additional binding site that the phosphonate-coordinated
M2+ can reach is the carbonyl oxygen at C4, thus giving rise
to the formation of a seven-membered chelate. Already
from the varying stability enhancements in Table 1
(column 5) it follows that this additional interaction varies
from metal ion to metal ion. Hence, we have to consider an
isomeric equilibrium between an open (op) and a closed (cl)
or chelated form:


Mð5UmpaÞop ÐMð5UmpaÞcl ð7Þ


The position of Equilibrium (7) is defined by the intramo-
lecular and dimensionless constant KI [Eq. (8)]:


KI ¼
½Mð5UmpaÞcl

½Mð5UmpaÞop



ð8Þ


The interrelation between KI and the stability enhance-
ment logDM/5Umpa is given by Equation (9) as reported previ-
ously:[18,21,23, 27]


KI ¼
KM
Mð5UmpaÞ


KM
Mð5UmpaÞop


�1 ¼ 10logD�1 ð9Þ


The percentage of the closed or chelated isomer in Equi-
librium (7) follows from Equation (10):


%Mð5UmpaÞcl ¼
100KI


1þKI
ð10Þ


Table 1. Logarithms of the stability constants of complexes of M ACHTUNGTRENNUNG(5Umpa) and M ACHTUNGTRENNUNG(6Umpa) [Eq. (3)] together
with the negative logarithms of the acidity constants [Eq. (4)], which are apparent (app) constants in these
cases (see Section 2.4), of the same M ACHTUNGTRENNUNG(Umpa) complexes as determined (exptl) by potentiometric pH titrations
in aqueous solution. For comparison the calculated (calcd) stability constants of the M ACHTUNGTRENNUNG(Umpa) complexes
[Eq. (5)] are also given, as well as the stability enhancements logDM/U [Eq. (6)] and the extent of the acidifica-
tion of the uracil residue in the M ACHTUNGTRENNUNG(Umpa) complexes as defined by DpKa/M/(Umpa) [Eq. (11)]; again, these are
apparent values (25 8C; I=0.1m, NaNO3).


[a]


U2� M2+ logKM
MðUmpaÞexptl logKM


MðUmpaÞcalcd logDM=Umpa pKH
MðUmpaÞapp DpKa=MðUmpaÞapp


5Umpa2� Mg2+ 1.79�0.03[b] 1.76�0.04 0.03�0.05 9.44�0.02[b] 0.81�0.03
Ca2+ 1.60�0.03[b] 1.57�0.05 0.03�0.06 9.48�0.03[b] 0.77�0.04
Mn2+ 2.52�0.03 2.38�0.05 0.14�0.06 9.09�0.07 1.16�0.07
Co2+ 2.26�0.02 2.15�0.06 0.11�0.06 8.69�0.08 1.56�0.08
Cu2+ 3.58�0.04 3.31�0.06 0.27�0.07 –[c] –
Zn2+ 2.58�0.02 2.45�0.06 0.13�0.06 –[c] –
Cd2+ 2.83�0.03 2.75�0.05 0.08�0.06 8.42�0.07 1.83�0.07


6Umpa2� Mg2+ 1.50�0.04[b] 1.56�0.04 �0.06�0.06 9.48�0.04[b] 0.64�0.04
Ca2+ 1.40�0.05[b] 1.44�0.05 �0.04�0.07 9.39�0.03[b] 0.73�0.04
Mn2+ 2.10�0.03 2.15�0.05 �0.05�0.06 8.51�0.06 1.61�0.06
Co2+ 1.92�0.06 1.93�0.06 �0.01�0.08 7.83�0.04 2.29�0.04
Cu2+ 2.85[d] 2.85�0.06 0 5.45�0.03 4.67�0.04
Zn2+ 2.11�0.10 2.11�0.06 0.00�0.12 6.35�0.10 3.77�0.10
Cd2+ 2.41�0.04 2.43�0.05 �0.02�0.06 7.01�0.03 3.11�0.04


[a] The error limits are three times the standard error of the mean value (3s) or the sum of the probable sys-
tematic errors, whichever is larger. The error limits (3s) of the derived data, here for columns 5 and 7 (and
also in the text), were calculated according to the error propagation after Gauss. The acidity constants of
H ACHTUNGTRENNUNG(5Umpa)� and H ACHTUNGTRENNUNG(6Umpa)� [Eqs. (1) and (2)] are pKH


Hð5UmpaÞ=7.15�0.01, pKH
5Umpa=10.25�0.02, pKH


Hð6UmpaÞ=


6.17�0.02 and pKH
6Umpa=10.12�0.02.[12] [b] These values are in excellent agreement with an earlier determina-


tion.[19] [c] These acidity constants could not be measured due to hydrolysis of M(aq)2+ . [d] Due to the low
degree of formation of the CuACHTUNGTRENNUNG(6Umpa) species this constant could not be measured with satisfying accuracy;
therefore, the calculated value (from column 4) was kept constant in the other calculations.
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Application of this procedure yields the results listed in
Table 2: The extent of chelate formation varies between
about zero (or traces) for the alkaline earth ions and about
45% for Cu2+ . For the other MACHTUNGTRENNUNG(5Umpa) complexes the per-
centages of the chelates vary between about 15 and 30%.
Simplified structures of the open and the closed species of
the M ACHTUNGTRENNUNG(5Umpa) complexes [Eq. (7)] are shown, together
with the structure of the M ACHTUNGTRENNUNG(6Umpa) species, in the left part
of Figure 6.


2.4. Considerations on M2+–Umpa 1:1 complexes with de-
protonated uracil residues and formation of M2ACHTUNGTRENNUNG(Umpa�H)+


species : In Section 2.2 we have already seen that the
M ACHTUNGTRENNUNG(Umpa) complexes may lose a proton, thus giving rise to
Equilibrium (4a). The corresponding acidity constants,
pKH


MðUmpaÞ, are listed in column 6 of Table 1. Since metal ion
coordination at the phosphonate group neutralizes the nega-


tive charge at the side chain, one expects that uracil depro-
tonation is facilitated compared with the situation in free
Umpa2� and the extent of this acidification can be quanti-
fied by Equation (11):


DpKa=MðUmpaÞ ¼ pKH
Umpa�pKH


MðUmpaÞ ð11Þ


Indeed, that such an acidification occurs is evident from
column 7 in Table 1. Furthermore, that in the chelated
M ACHTUNGTRENNUNG(5Umpa)cl species the deprotonation of (N3)H is further
facilitated by the interaction of M2+ with (C4)O (structure
in the upper part of Figure 6) is quite plausible. The very
strong acidification observed for the M ACHTUNGTRENNUNG(6Umpa) complexes
containing a 3d metal ion is more of a surprise. Clearly, this
can only mean that in these species (N1)H is deprotonated
(note, (N1)H is only somewhat less acidic than (N3)H; Sec-
tion 2.2) and that then six-membered chelates form; a sim-
plified structure of MACHTUNGTRENNUNG(6Umpa�H)�cl is shown in the lower
part of Figure 6.
The given interpretation for the MACHTUNGTRENNUNG(5Umpa�H)� and


M ACHTUNGTRENNUNG(6Umpa�H)� species appears to be quite straightforward,
yet there are two caveats here: 1) The extent of an acidifica-
tion of more than four pK units (Table 1, column 7) as ob-
served for Cu ACHTUNGTRENNUNG(6Umpa) appears to be very large. 2) Because
the experiments were carried out with an excess of metal
ions, relative to the Umpa concentration, one could specu-
late that the MACHTUNGTRENNUNG(Umpa�H)� species formed in Equilibri-
ACHTUNGTRENNUNGum (4a) would bind a second metal ion according to Reac-
tion (12) and that this would further facilitate the deproto-
nation reaction of the uracil residue.


MðUmpa�HÞ�þM2þ ÐM2ðUmpa�HÞþ ð12aÞ


KMðUmpa�HÞ
M2ðUmpa�HÞ ¼


½M2ðUmpa�HÞþ

½MðUmpa�HÞ�
½M2þ
 ð12bÞ


Indeed, in some experiments a slight dependence of
pKH


MðUmpaÞ on the M
2+ concentration used could be observed,


although it was never dramatic and always within the error
limits (Table 1, column 6).


Figure 5. Evidence for an enhanced stability of several M ACHTUNGTRENNUNG(5Umpa) com-
plexes and for the lack of such an enhanced stability of the M ACHTUNGTRENNUNG(6Umpa)
species (*) based on the relationship between logKM


MðR�PO3Þ and
pKH


HðR�PO3Þ for M ACHTUNGTRENNUNG(R�PO3) complexes of some simple phosphate monoest-
er and phosphonate ligands (R�PO3


2�) (*): 4-nitrophenyl phosphate
(NPhP2�), phenyl phosphate (PhP2�), uridine 5’-monophosphate
(UMP2�), d-ribose 5-monophosphate (RibMP2�), thymidine (=1-(2’-
deoxy-b-d-ribofuranosyl)thymine) 5’-monophosphate (dTMP2�), n-butyl
phosphate (BuP2�), methanephosphonate (MeP2�), and ethanephospho-
nate (EtP2�) (from left to right). The least-squares lines [Eq. (5)] are
drawn through the corresponding eight data sets (*) taken from ref. [24]
for the phosphate monoesters and from ref. [25] for the phosphonates.
The points due to the equilibrium constants for the M2+/Umpa2� systems
(*) are based on the values listed in Table 1. The vertical broken lines
emphasize the stability differences from the reference lines; they equal
logDM/Umpa, as defined in Equation (6), for the M/Umpa complexes. All
the plotted equilibrium constants refer to aqueous solutions at 25 8C and
I=0.1m (NaNO3).


Table 2. Extent of chelate formation in M ACHTUNGTRENNUNG(5Umpa) complexes [Eq. (7)][a]


as calculated from the stability enhancement logDM/5Umpa [Eq. (6)] and
quantified by the dimensionless equilibrium constant KI [Eqs. (8) and
(9)] and the percentage of the chelated isomers M ACHTUNGTRENNUNG(5Umpa)cl [Eq. (10)] in
aqueous solution (25 8C; I=0.1m, NaNO3).


[b]


M2+ logDM/5Umpa
[c] KI %M ACHTUNGTRENNUNG(5Umpa)cl


Mg2+ 0.03�0.05 0.07�0.12 0 (7�11)
Ca2+ 0.03�0.06 0.07�0.15 0 (7�12)
Mn2+ 0.14�0.06 0.38�0.19 28�10
Co2+ 0.11�0.06 0.29�0.18 22�11
Cu2+ 0.27�0.07 0.86�0.30 46�9
Zn2+ 0.13�0.06 0.35�0.19 26�10
Cd2+ 0.08�0.06 0.20�0.17 17�11


[a] The extent of chelate formation for the M ACHTUNGTRENNUNG(6Umpa) complexes is zero
within the error limits because there is no stability enhancement ob-
served for these species, that is, logDM/6Umpa is zero within the error limits
(see Table 1, column 5). [b] For the error limits see footnote [a] of
Table 1. [c] These values are from the upper part of column 5 in Table 1.
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Our attempts to fit the experimental data with a model
that also contained the M2ACHTUNGTRENNUNG(Umpa�H)+ species were not
successful. No constants for the M2ACHTUNGTRENNUNG(Umpa�H)+ species
were obtained and the already excellent fits were not im-
proved any further. Considering the fact that the formation
of the M2ACHTUNGTRENNUNG(Umpa�H)+ species is only a follow-up of the de-
protonation Reaction (4) this is not surprising. Therefore,
we took a different approach to the problem by employing
the straight-line plots of logKM


MðUr�HÞ versus pK
H
Ur [in analogy


to Eq. (5)], which had been recently determined for a series
of uridinate derivatives (Ur).[28] In other words, with a
known pKa value for the deprotonation of (N3)H, the metal
ion affinity of this site can be calculated. Since a metal ion
coordinated to the phosphonate residue gives rise to an un-
charged side chain, we concluded that the pKa values of
(N3)H in the open forms of M ACHTUNGTRENNUNG(5Umpa) and MACHTUNGTRENNUNG(6Umpa) are
well represented by the pKa values of 5-methyluracil
(pKH


5MeUr=9.82)
[12] and 6-methyluracil (pKH


6MeUr=9.55).
[12]


These acidity constants were used together with the straight-
line parameters[28] to calculate stability constants corre-
sponding to Equilibrium (12a) for the formation of the
M2ACHTUNGTRENNUNG(Umpa�H)+ complexes. It should be emphasized that, in
case the pKa values used should vary by 0.2 pK units, this
has only a minor effect on the calculated stability constants
because the slopes, m, of the straight lines [see also Eq. (5)]
only vary between about 0.1 and 0.4. In the case of Cu2+ the
slope (m=0.457) of the straight line is based on only two
points,[28] and therefore, the very large error limit[28] of 0.21
log units was used and also taken into account in the calcu-
lation for pKH


Cuð6UmpaÞ. To conclude, the stability constants for
the M2ACHTUNGTRENNUNG(Umpa�H)+ complexes [Eq. (12)] (see Table 3,
column 4) were kept constant in the fitting procedure and
values for pKH


MðUmpaÞ [Eq. (4)] were newly calculated; the sta-
bility constants of the M ACHTUNGTRENNUNG(Umpa) complexes [Eq. (3)] re-


mained unchanged. The fit was excellent in all instances and
the results are summarized in Table 3.
We are convinced that the pKH


MðUmpaÞ values listed in
Table 3 (column 5) are chemically more correct and that the
corresponding data given in Table 1 (column 6) are only ap-
parent constants. The DpKa/M(Umpa) values [Eq. (6)] listed in
column 6 of Table 3 are, as expected, somewhat smaller than
those given in Table 1. Clearly, the size of these DpKa/M(Umpa)


values still depends strongly on the M2+ considered and this
shows that the extent of chelate formation in the systems
must vary (see below). However, the fact that pKH


Mgð6UmpaÞ=


9.54�0.03 and pKH
Cað6UmpaÞ=9.49�0.04 (Table 3) are identi-


cal within the error limits with pKH
6MeUr=9.55�0.05[12] con-


firms the validity of the above assumptions; note, with
Mg ACHTUNGTRENNUNG(6Umpa�H)� and Ca ACHTUNGTRENNUNG(6Umpa�H)� only charge neutrali-
zation is in effect and no chelate formation occurs (see also
Section 2.5).


2.5. Extent of chelate formation in the M ACHTUNGTRENNUNG(Umpa�H)� com-
plexes : If one considers, for example, the acidification due
to the formation of the M ACHTUNGTRENNUNG(5Umpa�H)� complexes of the al-
kaline earth ions, which amounts to DpKa/M(5Umpa)�0.70 with
the corresponding value of DpKa/Co(5Umpa)�1.5 for the
CoACHTUNGTRENNUNG(5Umpa�H)� complex (Table 3; upper part), it is evident
that the “intensity” of the M2+ interaction with (C4)O
varies reflecting different degrees of formation of the
(N3)H-deprotonated chelates. The corresponding observa-
tions are made with the MACHTUNGTRENNUNG(6Umpa�H)� complexes. Hence,
the question arises, what is the position of the intramolecu-
lar Equilibrium (13a)?


MðUmpa�HÞ�opÐMðUmpa�HÞ�cl ð13aÞ


Figure 6. Metal-ion-binding modes in the various complexes formed with 5Umpa2� (upper part) or 6Umpa2� (lower part). In the complexes formed with
(Umpa�H)3� species and where the negative charge is shown on N it can be delocalized in part to the neighboring C(O) group. For a discussion of the
structures see text.
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K*I ¼
½MðUmpa�HÞ�cl

½MðUmpa�HÞ�op



ð13bÞ


Therefore, an interrelation between the extent of the
acidification and K*


I needs to be developed. There are vari-
ous ways to achieve this and a convenient procedure for the
present case is outlined below.[29] Since logKM


MðUmpa-HÞ is con-
nected with pKH


MðUmpaÞ [Eq. (4)] through Equation (14), the
stability enhancement, commonly expressed as logD [cf.
Eq. (6)], can also be defined by Equation (15), in which the
first term on the right-hand side is the acidity constant of
the open isomer [Eq. (16)], whereas the second one is the
experimentally measured constant as defined by Equilib-
ri ACHTUNGTRENNUNGum (4a) and Equation (4b).


logKM
MðUmpa-HÞ ¼ logKM


MðUmpaÞþpKH
Umpa�pKH


MðUmpaÞ ð14Þ


logD*M=ðUmpa-HÞ ¼ pKH
MðUmpaÞop�pKH


MðUmpaÞ ð¼ logD*Þ ð15Þ


KH
MðUmpaÞop ¼


½MðUmpa�HÞ�op
½Hþ

½MðUmpaÞ



ð16Þ


Clearly, by considering Equilibrium (13a), Equation (4b) can
be rewritten to give Equation (17a) and by taking into ac-
count Equation (13b) one obtains Equation (17d):


KH
MðUmpaÞ ¼


ð½MðUmpa�HÞ�op
þ½MðUmpa�HÞ�cl
Þ½Hþ

½MðUmpaÞ



ð17aÞ


¼ KH
MðUmpaÞopþKH


Mð5UmpaÞcl ð17bÞ


¼ KH
MðUmpaÞopþK*


IK
H
MðUmpaÞop ð17cÞ


¼ KH
Mð5UmpaÞopð1þK*I Þ ð17dÞ


Equation (18a) follows from Equation (17d), and by in-
cluding Equation (15) Equation (18b) can be obtained:


K*
I ¼


KH
MðUmpaÞ


KH
MðUmpaÞop


�1 ð18aÞ


¼ 10logD*�1 ð18bÞ


Now that K*
I is known, the percentage of the closed


isomer, M ACHTUNGTRENNUNG(Umpa�H)�cl, can be calculated in an analogous
manner to Equation (10).
To be able to apply Equations (15) and (18b), an acidity


constant for the open isomer, M ACHTUNGTRENNUNG(Umpa)op, needs to be esti-
mated. Again we use the argument already put forward in
Section 2.4, that is, pKH


Mð5UmpaÞop and pKH
Mð6UmpaÞop are well


represented by pKH
5MeUr=9.82 and pK


H
6MeUr=9.55, respective-


ly, because in all instances the proton at the uracil residue is
removed from a neutral species. To be on the safe side, we
enlarge the error limits[12] from 0.05 to 0.15 in the applica-
tion of KH


HðUmpaÞop (Table 4, column 3). We employ the given
estimation, being well aware that in the case of the forma-
tion of MACHTUNGTRENNUNG(6Umpa�H)�cl the proton needs to be removed
from the (N1)H site (and not from the (N3)H unit as is
more common),[12] although removal from (N3)H is also
compatible, and actually quite likely, for MACHTUNGTRENNUNG(6Umpa�H)�op
and is also required for M2 ACHTUNGTRENNUNG(6Umpa�H)+ (see Figure 6).
However, most importantly, the result obtained for the
alkali earth ion complexes, that is, logD*M=ð6Umpa-HÞ�0
(Table 4, column 5), indicating a very low degree of forma-
tion, or even one of zero, for the Mg ACHTUNGTRENNUNG(6Umpa�H)�cl and
Ca ACHTUNGTRENNUNG(6Umpa�H)�cl species, confirms the validity of the as-
sumptions made because the affinity of Mg2+ and Ca2+ to-
wards nitrogen sites is expected[28] to be small (see below).
The results based on Equations (15) and (18b) are assem-


bled in Table 4 and they reveal several interesting points, a
few of which are mentioned below:


1) For Mn2+ , Co2+ , and Cd2+ , the stability enhancements
and thus the degrees of formation of the seven-mem-
bered chelates M ACHTUNGTRENNUNG(5Umpa�H)�cl are smaller than those
for the corresponding six-membered MACHTUNGTRENNUNG(6Umpa�H)�cl
species; a behavior that is to be expected (and is also in
accordance if (N)� versus (C)O affinities are com-
pared).[30]


Table 3. Reevaluation of the experimental data of the potentiometric pH
titrations by taking into account the estimated stabilities of the
M2 ACHTUNGTRENNUNG(Umpa�H)+ species [Eq. (12)], leading to the logarithms of the stabil-
ity constants of M ACHTUNGTRENNUNG(Umpa) complexes [Eq. (3)] and the negative loga-
rithms of the acidity constants of the M ACHTUNGTRENNUNG(Umpa) species [Eq. (4)], from
which the extent of the acidification of the uracil residue in the
M ACHTUNGTRENNUNG(Umpa) complexes follows, as defined by DpKa/M(Umpa) [Eq. (11)]
(25 8C; I=0.1m, NaNO3).


[a]


U2� M2+ logKM
MðUmpaÞ


[b] logKMðUmpaÞ
M2ðUmpaÞcalcd


[c] pKH
MðUmpaÞ DpKa=MðUmpaÞ


5Umpa2� Mg2+ 1.79�0.03 0.82�0.05 9.52�0.02 0.73�0.03
Ca2+ 1.60�0.03 0.91�0.04 9.58�0.02 0.67�0.03
Mn2+ 2.52�0.03 1.44�0.05 9.13�0.06 1.12�0.06
Co2+ 2.26�0.02 1.78�0.05 8.79�0.06 1.46�0.06
Cu2+ 3.58�0.04 4.43�0.21[d] –[e] –
Zn2+ 2.58�0.02 2.68�0.07 –[e] –
Cd2+ 2.83�0.03 3.46�0.05 9.12�0.15[f] 1.13�0.15


6Umpa2� Mg2+ 1.50�0.04 0.79�0.05 9.54�0.03 0.58�0.04
Ca2+ 1.40�0.05 0.87�0.04 9.49�0.04 0.63�0.04
Mn2+ 2.10�0.03 1.39�0.05 8.58�0.03 1.54�0.04
Co2+ 1.92�0.06 1.69�0.05 7.90�0.04 2.22�0.04
Cu2+ 2.85 4.30�0.21[d] 6.49�0.27[g] 3.63�0.27
Zn2+ 2.11�0.10 2.56�0.07 6.52�0.07 3.60�0.07
Cd2+ 2.41�0.04 3.35�0.05 7.68�0.05 2.44�0.05


[a] For the error limits see footnote [a] of Table 1. [b] These values re-
mained unchanged and are identical to those listed in column 3 of
Table 1. [c] These values were calculated with the published[28] straight-
line parameters (see Section 2.4) and the acidity constants[12] of 5-methyl-
uracil (5MeUr= thymine), pKH


5MeUr=9.82 (upper part of the table), and 6-
methyluracil (6MeUr), pKH


6MeUr=9.55 (lower part). [d] This error limit is
a deliberately large estimate because the straight line in this case is only
based on two data points.[28] [e] These acidity constants could not be mea-
sured due to hydrolysis of M(aq)2+ . [f] The degree of formation of
Cd ACHTUNGTRENNUNG(5Umpa�H)� in the experiments was rather low, and therefore, the
error limit was increased from 0.09 (3s) to 0.15 to be on the safe side.
[g] This error limit is large because of the large error limit of 4.30�0.21
(column 4).
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2) Most interesting, however, especially in the context of
the previous point, is the fact that degrees of formation
for Mg2+ and Ca2+ of about 50% are observed for the
M ACHTUNGTRENNUNG(5Umpa�H)�cl species despite the unfavorable chelate-
ring size, whereas for the corresponding MACHTUNGTRENNUNG(6Umpa�H)�cl
species the degree of formation is zero within the error
limits. This confirms the well-known fact that Mg2+ and
Ca2+ have a significant affinity towards carbonyl oxygen
atoms[13,31,32] and only a very small one towards nitrogen
(including N�) sites.[28, 31]


3) Comparison of the degrees of formation of the
M ACHTUNGTRENNUNG(5Umpa)cl (Table 2) and MACHTUNGTRENNUNG(5Umpa�H)�cl species
(Table 4) confirms the expectation that deprotonation of
(N3)H leads to some delocalization of negative charge
towards (C4)O and thus to an increased degree of forma-
tion of the M ACHTUNGTRENNUNG(5Umpa�H)�cl isomers.


4) Also interesting is the very large degree of formation of
the M ACHTUNGTRENNUNG(6Umpa�H)�cl species of the 3d metal ions, includ-
ing Zn2+ and Cd2+ , but this is in accordance with the
properties of amide-type[30] binding sites.


5) Of further interest in this context is the hydrogen bond
previously described[12] between (N1)H and the phospho-
nate group of 6Umpa2� (see Section 2.1 and the structure
in Figure 2A) because replacing the hydrogen with M2+


gives the corresponding chelate seen for MACHTUNGTRENNUNG(6Umpa�H)�cl
in Figure 6 (lower part).


3. Conclusions


What have we learned from studying the coordination
chemistry of 5Umpa2� and 6Umpa2�? Several insights, some
of them trivial, others more surprising, have been obtained:


1) It is evident that the phos-
phonate group is the binding
site that determines the sta-
bility of the M ACHTUNGTRENNUNG(Umpa) com-
plexes to the largest degree
(Figure 5) as expected.


2) It is more of a surprise that
the carbonyl group (C4)O
has a significant affinity to-
wards all metal ions studied,
thus giving rise to the
formation of seven-mem-
bered M ACHTUNGTRENNUNG(5Umpa)cl and
M ACHTUNGTRENNUNG(5Umpa�H)�cl chelates
(Figure 6, upper part) and
deserves to be noted be-
cause corresponding interac-
tions are expected in nucleic
acids if a metal ion is cor-
rectly positioned.


3) Furthermore, such a carbon-
yl/M2+ interaction facilitates
deprotonation of the neigh-


boring (N3)H group, which in turn then leads to higher
degrees of formation of the chelated species, that
is, MACHTUNGTRENNUNG(5Umpa�H)�cl versus
M ACHTUNGTRENNUNG(5Umpa)cl (cf. Tables 2 and 4 and the structures in
Figure 6, upper part).


4) The amide-type[30] complex formation that results from
3d ions including Zn2+ and Cd2+ in the MACHTUNGTRENNUNG(6Umpa�H)�cl
species (Figure 6, lower part) is highly significant because
deprotonation of the NH group occurs in the physiologi-
cal pH range at around 7.5 (partly even below this
value).


5) Of special interest is the formation of the
M2ACHTUNGTRENNUNG(Umpa�H)+ complexes because this demonstrates
that under certain conditions in a nucleotide one metal
ion may bind to the phosphate group and another one to
the nucleobase residue.


The structures of the M2ACHTUNGTRENNUNG(Umpa�H)+ species mentioned
last deserve special comments as far as the nucleobase bind-
ing site is concerned because these are expected to depend
on the kind of metal ion involved. For example, for Co2+


(and Ni2+) it has been concluded[28] that in uridinate-type
complexes, CoACHTUNGTRENNUNG(Ur�H)+ , the metal ion is only coordinated
in a monodentate fashion to (N3)�, but for all other metal
ions (considered herein) chelate formation must be sur-
mised. Solid-state studies[33] of complexes containing a cyti-
dine residue and Cd2+ , Zn2+ , or Cu2+ show that distorted 4-
membered chelates form (see ref.[31] and references therein)
by coordinating N3 and (C4)O; corresponding structures are
expected[28] for uridinates and consequently also for the
M2ACHTUNGTRENNUNG(Umpa�H)+ species. However, in aqueous solution it is
highly likely that in addition to the four-membered rings, so-
called semichelates form in which M2+ is innersphere bound
to (N3)� and an M2+-coordinated water interacts with


Table 4. Extent of intramolecular chelate formation [Eq. (13)] in several M ACHTUNGTRENNUNG(Umpa�H)� complexes of
(5Umpa�H)3� and (6Umpa�H)3� as expressed by the dimensionless equilibrium constant K*


I [Eqs. (13b) and
(18)] and the percentage of the chelated isomers M ACHTUNGTRENNUNG(Umpa�H)� [analogous to Eq. (10)] in aqueous solution
(25 8C; I=0.1m, NaNO3).


[a]


U2� M2+ pKH
MðUmpaÞop


[b] pKH
MðUmpaÞ


[c] logD*
M=ðU�HÞ K*


I %M ACHTUNGTRENNUNG(U�H)�cl
5Umpa2� Mg2+ 9.82�0.15 9.52�0.02 0.30�0.15 1.00�0.70 50�17


Ca2+ 9.82�0.15 9.58�0.02 0.24�0.15 0.74�0.61 43�20
Mn2+ 9.82�0.15 9.13�0.06 0.69�0.16 3.90�1.82 80�8
Co2+ 9.82�0.15 8.79�0.06 1.03�0.16 9.72�3.99 91�4
Cd2+ 9.82�0.15 9.12�0.15 0.70�0.21 4.01�2.45 80�10


6Umpa2� Mg2+ 9.55�0.15 9.54�0.03 0.01�0.15 �0 �0
Ca2+ 9.55�0.15 9.49�0.04 0.06�0.16 �0 �0
Mn2+ 9.55�0.15 8.58�0.03 0.97�0.15 8.33�3.29 89�4
Co2+ 9.55�0.15 7.90�0.04 1.65�0.16 43.67�15.97 98�1
Cu2+ 9.55�0.15 6.49�0.27 3.06�0.31 1147�817 99.9�0.1
Zn2+ 9.55�0.15 6.52�0.07 3.03�0.17 1071�408 99.9�0.1
Cd2+ 9.55�0.15 7.68�0.05 1.87�0.16 73.13�26.99 98.7�0.5


[a] For the error limits see footnote [a] of Table 1. The calculations in this table are based on Equations (13) to
(18). No values are available for Cu ACHTUNGTRENNUNG(5Umpa�H)� and Zn ACHTUNGTRENNUNG(5Umpa�H)� because of hydrolysis of the M(aq)2+


species (see also Table 1 and Table 3). [b] It is assumed (see also text in Sections 2.4 and 2.5) that the acidity
constant of 5MeUr represents that of M ACHTUNGTRENNUNG(5Umpa)op well, that is, pK


H
Mð5UmpaÞop �pKH


5MeUr=9.82�0.05; analogous-
ly it is assumed that pKH


Mð6UmpaÞop �pKH
6MeUr=9.55�0.05.[12] To be on the safe side the error limits are increased


from �0.05 to�0.15 in both instances and these values are listed above. [c] These values are from column 5 in
Table 3.
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(C4)O, thus giving rise to an outersphere interaction (see
the two structures to the right of Figure 6). Of course, a
structure with two semichelates involving both (C2)O and
(C4)O in an outersphere manner could also form, especially
with larger cations, such as Cd2+ .
For Mn2ACHTUNGTRENNUNG(Umpa�H)+ one may propose the same struc-


tures as discussed above for Cd2+ , Zn2+ , or Cu2+ complexes.
However, there is also a crystal structure in which Mn2+ co-
ordinates to (C2)O of a cytidine residue with a rather short
bond (2.08 S).[33,34] Considering the partial delocalization of
the negative charge from (N3)� to (C2)O and (C4)O, a
semi ACHTUNGTRENNUNGchelate involving, for example, an innersphere (C4)O
and an outersphere (N3)� may well exist in aqueous solution
in equilibrium. The same kind of semichelate is expected to
occur with the alkaline earth ions; indeed, Ca2+ is known[35]


to coordinate innersphere to (C4)O of a uridine residue in
an RNA tetraplex. To conclude, M2+ binding to the depro-
tonated uracil residue in M2 ACHTUNGTRENNUNG(Umpa�H)+ species may occur
in different ways, and hence, isomeric equilibria are expect-
ed to exist in solution.


4. Experimental Section


4.1. Materials and equipment : 5- and 6-Uracilmethylphosphonic acid
were synthesized as described[36] and used recently.[12, 19] The methyl di-
ACHTUNGTRENNUNGester of 6Umpa (6Umpame) used in X-ray analysis was also prepared as
described in reference [36] and 6Umpapr was synthesized as described in
Section 4.3.


The disodium salt of 1,2-diaminoethane N,N,N’,N’-tetraacetic acid
(Na2H2EDTA) and the nitrate salts of all divalent metal ions (all pro ana-
lysi) were obtained from Merck (Darmstadt, Germany). The exact con-
centrations of the stock solutions of the divalent metal ions were deter-
mined by potentiometric pH titrations through their EDTA complexes
by measuring the equivalents of protons liberated from HACHTUNGTRENNUNG(EDTA)3�


upon complex formation. All the other reagents were the same as those
used previously.[12]


The potentiometric pH titrations were carried out with the equipment
described in the literature[12] and also the same buffer solutions were
used for calibration of the instrument (for details see ref. [37]). Always a
pair of solutions, that is, with and without ligand (also see below), were
titrated and evaluated. All equilibrium constants were calculated by
curve-fitting procedures by using a Newton–Gauss nonlinear least-
squares program, as described previously.[38]


4.2. Determination of the stability and acidity constants of the M ACHTUNGTRENNUNG(Umpa)
complexes: The conditions for the determination of the stability and acid-
ity constants, KM


MðUmpaÞ [Eq. (3)] and KH
MðUmpaÞ [Eq. (4)], were the same as


described[12] for the acidity constants [Eqs. (1) and (2)] of the ligands
H ACHTUNGTRENNUNG(5Umpa)� and H ACHTUNGTRENNUNG(6Umpa)�. This means aqueous 0.54 mm HNO3


(50 mL, 25 8C, I=0.1m, NaNO3) was titrated under N2 in the presence
and absence of approximately 0.3 mm 5Umpa2� or 6Umpa2� (obtained by
adjusting the stock solutions of the H2ACHTUNGTRENNUNG(Umpa) acids to pH 8.5) with
0.03 m NaOH (1.5 mL). The exact Umpa concentration was calculated
from the difference of the NaOH consumption between the two indicat-
ed titrations. In the titrations for the stability constants, NaNO3 was
partly or fully replaced by M ACHTUNGTRENNUNG(NO3)2 (M


2+ =Mg2+ , Ca2+ , Mn2+ , Co2+ ,
Cu2+ , Zn2+ , or Cd2+) by keeping I at 0.1m. The M2+/ligand ratios were
about as follows: for 5Umpa, Mg2+ and Ca2+ (111:1, 89:1), Mn2+ and
Zn2+ (14:1, 7:1), Co2+ (21:1, 14:1), Cu2+ (3:1, 1.5:1), and Cd2+ (7:1,
3.5:1); for 6Umpa, Mg2+ and Ca2+ (111:1, 89:1), Mn2+ (56:1, 28:1, 14:1),
Co2+ (21:1, 14:1, 7:1), Cu2+ (4:1, 2:1), Zn2+ (7:1, 3.5:1), and Cd2+ (7:1).


The differences in NaOH consumption between pairs of titrations with
and without Umpa were used in the calculations and the experimental


data were collected every 0.1 pH unit in the pH range from 4.5 to a maxi-
mum of 10 (with Ca2+). The data collection in the low pH range began
when the degree of formation of the M ACHTUNGTRENNUNG(Umpa) complexes of about 2%
was reached and the data collection in the upper pH range was terminat-
ed by the onset of the hydrolysis of M(aq)2+ ; this hydrolysis was evident
from the titrations without ligand.


In the calculation procedures we first took into account the species H+ ,
H ACHTUNGTRENNUNG(Umpa)�, Umpa2�, (Umpa�H)3�, M2+ , M ACHTUNGTRENNUNG(Umpa), and M ACHTUNGTRENNUNG(Umpa�H)�
and this led to the results assembled in Table 1 (Section 2.2). The curve
fit was excellent in all instances, but chemical reasoning (see Section 2.4)
and a slight dependence of pKH


MðUmpaÞ on the M
2+ concentration in a few


experiments also prompted us to include the M2 ACHTUNGTRENNUNG(Umpa�H)+ species.
However, the small concentration dependence indicated was always
within the error limits and it did not allow values for the M2 ACHTUNGTRENNUNG(Umpa�H)�
species to be calculated. Therefore, we calculated stability constants for
these species, as described in Section 2.4, and by keeping these values
constant we also took into account, aside from the species mentioned
above, the formation of these M2 ACHTUNGTRENNUNG(Umpa�H)� species in the final calcula-
tions. The curve fits were excellent throughout and no dependence on
the M2+ concentration was observed; these results are summarized in
Table 3 (Section 2.4). It may be added that in many instances the error
limits for pKH


MðUmpaÞ did indeed decrease somewhat (cf. the corresponding
values in Table 1 and Table 3). The results given are the averages of at
least four, on average six, independent pairs of titrations in each case.


4.3. Synthesis of di(isopropyl) 6-uracilmethylphosphonate (6Umpapr): 6-
Chloromethyluracil and triisopropyl phosphite [(CH3)2CHO]3P were pur-
chased from Sigma Aldrich. Melting points were determined with BoX-
tius apparatus. Microanalyses of C, H, and N were performed with a
Perkin Elmer 2400 analyzer. Infrared spectra were recorded on an ALT
Mattson Infinity Series FTIR spectrometer using KBr pellets. 1H and
31P NMR spectra were recorded on a Varian Mercury 300 spectrometer.
Chemical shifts are reported using the standard (d) notation in ppm with
respect to TMS (1%) as an internal standard and H3PO4 (85%) as exter-
nal standard. Triisopropyl phosphite was distilled immediately prior to
use.


6-Chloromethyluracil (1.56 mmol, 0.25 g) was added portionwise to a so-
lution of triisopropyl phosphite (20.27 mmol, 5 mL) by stirring under
reflux until a transparent solution had formed. The course of the reaction
was monitored by thin-layer chromatography. The solution was allowed
to cool to room temperature followed by separation of the crystalline
product, this was washed with ethanol and dried in vacuo to afford
6Umpapr as a white solid (0.21 g, 47%). M.p. 207–209 8C; 1H NMR
(300 MHz, DMSO): d=1.23 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.63, 12H; 4CH3), 2.95 (d,


2J-
ACHTUNGTRENNUNG(H,P)=22.35, 2H; CH2P), 4.58 (dq,


3J ACHTUNGTRENNUNG(H,H)=7.83, 2H; 2CH), 5.37 (d,
4J ACHTUNGTRENNUNG(H,H)=3.76, 1H; (aryl) H-C(5)), 10.75 (s, 1H; N(1)H), 11.02 ppm (s,
1H; N(3)H); 31P NMR (300 MHz, CDCl3): d=25.16 ppm; IR (KBr) ñmax :
(P-O-C) 983 (vs), (P=O) 1265 (vs), (C=O) 1724, 1649 (vs), (N-H) 2813–
3099 cm�1 (vs, br); elemental analysis calcd (%) for C11H19N2PO5


(290.26): C 45.52, H 6.60, N 9.65; found: C 45.56, H 6.78, N 9.63.


4.4. Crystal structure determinations of 6Umpame and 6Umpapr :
6Umpame and 6Umpapr were recrystallized from ethanol, which yielded
single crystals suitable for X-ray analysis. The diffraction data were col-
lected on an Enraf-Nonius KappaCCD diffractometer.[39] Data reduction
and cell refinement were performed by using the DENZO and SCALE-
PACK programs.[40] Structures were solved by direct methods[41] and re-
fined by full-matrix least-squares methods based on F2 by using the
SHELXTL-PLUS[42] and SHELXL-97[43] programs. To resolve the ambi-
guity of the two possible rotamers, that is, assignment of C5 versus N1,
both possibilities were tested and those resulting in the significantly
lower final R values were chosen.


In 6Umpapr, all non-hydrogen atoms were refined anisotropically and
hydrogen atoms were introduced at calculated positions with free refine-
ment of the isotropic displacement factors. In 6Umpame, the large
number of weakly observed reflections made it necessary to restrain
some of the non-hydrogen atoms from anisotropic refinement, that is, the
ring atoms N1 and C2, to save parameters and to attain a reflection-to-
parameter ratio of at least 7:1 as required for noncentrosymmetric space
groups and structures without heavy atoms. Coordinates and isotropic
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displacement factors of the hydrogen atoms were first refined freely until
convergence of the structure and then fixed for the final cycles to save
parameters. Details of the measurements and refinements are listed in
Table 5.


CCDC-688406 and -688407 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Table 5. Crystal and refinement data for 6Umpame and 6Umpapr.


6Umpame 6Umpapr


formula C7H11N2O5P C11H19N2O5P
formula weight 234.15 290.25
crystal system orthorhombic triclinic
space group Pbca P1̄
a [S] 7.383(1) 5.409(1)
b [S] 14.118(3) 8.704(2)
c [S] 19.250(4) 15.859(3)
a [8] 90 77.12(3)
b [8] 90 86.95(3)
g [8] 90 89.12(3)
V [S3] 2006.5(7) 726.8(3)
Z 8 2
T [K] 293(2) 293(2)
l [S] 0.71073 0.71073
m [mm�1] 0.279 0.206
reflns collected 5618 2441
independent reflns (Rint) 1650 1519
final R indices [I>2s(I)]: R1, wR2


[a] 0.0537, 0.1364 0.0478, 0.1014
final R indices (all data): R1, wR2


[a] 0.1118, 0.1594 0.0894, 0.1127


[a] R1=� j jFo j� jFc j j /� jFo j , wR2= [�w ACHTUNGTRENNUNG(Fo
2�Fc2)2/�w ACHTUNGTRENNUNG(Fo


2)2]1/2.
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Introduction


Synthesis of allyl amines is an active area of research be-
cause of their importance as building blocks in organic syn-
thesis and their occurrence in many biologically active and
natural compounds.[1–3] Over the last two decades, many ef-
forts have been devoted to the development of economically
viable catalytic procedures allowing their production from
simple and inexpensive starting materials. Among various
synthetic approaches, transition-metal-catalyzed allylation
processes, which involve a coupling reaction between an
amine and the tertiary carbon atom of the allyl moiety,
emerged as the most attractive method.[4,5] Though com-


plexes of many transition metals (Ni, Pd, Pt, Mo, W, Ir, Ru)
were shown to catalyze this coupling, most studies focused
on the use of palladium complexes as catalysts and activated
allylic alcohols as substrates. Initially, the introduction of a
good leaving group on the allylic alcohol (carboxylate, car-
bonate, phosphate, or related derivatives) was necessary to
overcome the poor leaving ability of the OH group. More
recently, direct use of allyl alcohols as substrates was sought
in order to make these C�N coupling reactions much more
attractive from an environmental and economical point of
view.[6] Efficient catalysts featuring palladium[7–16] and iridi-
um,[17,18] were devised but in most cases the presence of an
activator (usually a Lewis acid) was still needed to facilitate
departure of the OH group.[18–34] Two years ago, we reported
on a complete mechanistic study of the allylation of primary
amines catalyzed by palladium(0) complexes,[35] and we
showed that the use of a significant amount of Lewis acid
(at least in the case of palladium) is not a prerequisite pro-
vided that the ligands employed display a strong p-accepting
capacity to facilitate the release of substrates from the inter-
mediate 16-valence-electron(VE) complexes, and that traces


Abstract: The platinum-catalyzed ally-
lation of amines with allyl alcohols was
studied experimentally and theoretical-
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plex [Pt(CH2CH2CH2NHBn-k-C,N)-
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a catalytic intermediate. A DFT study
showed that the mechanism of the plat-
inum-catalyzed allylation of amines
with allyl alcohols differs from the pal-


ladium-catalyzed process, since it in-
volves an associative ligand-exchange
step involving formation of a tetracoor-
dinate 18-VE complex. This DFT study
also revealed that ligands with large
bite angles disfavor the formation of
platinum hydride complexes and there-
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of H+ are present to promote the release of water. The gen-
eral scheme of this coupling is depicted in Scheme 1.


On the basis of these findings
we then developed a very effi-
cient catalytic system for the al-
lylation of aryl amines with
allyl alcohols or allyl
ethers.[14,36] This catalytic
system, which relies on the use
of large-bite-angle ligand DPP-
Xantphos (Scheme 2), could
achieve complete allylation of


aniline at room temperature with 0.1 mol % of catalyst.
However, as observed with other palladium complexes, only
a very limited scope of amines (such as aryl amines and a
handful of secondary amines) could be converted.


In 2007 Ohshima, Mashima et al. reported on the success-
ful in situ combination of bidentate phosphorus ligands with
the PtCl2 fragment as catalyst in the direct allylation of
amines with allyl alcohols in refluxing dioxane.[37, 38] Contrary
to palladium catalysts, these platinum complexes exhibited
broad substrate compatibility, and alkyl amines could be
coupled with allyl alcohols to give mono-allyl amines with a
good selectivity. Importantly, they also evidenced an inter-
esting correlation between ligand bite angle and catalytic ac-
tivity. Thus, whereas complexes featuring bidentate ligands
with a standard bite angle (between 85 and 958) were found
to be almost inactive (conversion yields of less than 30 %
for aniline after 4 h in refluxing dioxane), complexes bearing
ligands such as DPEphos (1068) and Xantphos (1088) were
very efficient catalysts (91 and 86 %, respectively, for the
conversion of aniline; Scheme 3). Though no exhaustive
mechanistic studies were undertaken, Ohshima, Mashima
et al. concluded that the mechanism of this transformation
would probably be similar to that depicted in Scheme 1 for
palladium catalysts.


All these observations and our long-standing interest in
this important synthetic transformation prompted us to
launch a mechanistic study combining DFT calculations
with stoichiometric and catalytic experiments. We show that
16- and 18-VE platinum(0) complexes are involved as inter-


mediates in an associative process, contrary to the palladi-
um-catalyzed allylation reaction, which only involves 16-
and 14-VE intermediates. We also explain why the outcome
of the transformation is indeed highly dependant on the ge-
ometry of the ligand, and why this geometry affects the ac-
cessibility of platinum hydride complexes. In turn, stoichio-
metric and catalytic reactions allowed us to establish the ex-
istence of a deactivation process involving formation of 16-
VE cationic hydridopalladium complexes. Finally, experi-
mental and theoretical findings were successfully exploited
to develop the most efficient and versatile catalyst system so
far.


Results and Discussion


Reactivity of [Pt ACHTUNGTRENNUNG(h3-allyl) ACHTUNGTRENNUNG(dppe)]OTf toward amines: forma-
tion of a bicyclic aminopropyl complex : During their study,
Ohshima, Mashima et al. found that the in situ combination
of the 1,2-bis(diphenylphosphanyl)ethane (dppe) ligand with
a source of PtCl2 resulted in no catalytic activity.[37] Howev-
er, since the [PtCl2ACHTUNGTRENNUNG(dppe)] complex is not involved in the
proposed catalytic cycle, we investigated the reactivity of
the corresponding cationic platinum allyl complex [Pt ACHTUNGTRENNUNG(h3-
allyl) ACHTUNGTRENNUNG(dppe)]+ (2).[39] Complex 2 was readily obtained from
the reaction of [PtCl2ACHTUNGTRENNUNG(dppe)] (1) with allyltributyltin in the
presence of AgOTf as chloride abstractor in THF at room
temperature (Scheme 4). Complex 2, which was isolated as
an air-stable, gray powder, was fully characterized by NMR
spectroscopy, elemental analysis, and X-ray crystal structure
analysis.


The reactivity of 2 toward primary and secondary amines
such as aniline, benzylamine, n-butylamine, and benzylme-
thylamine was then examined. Only when the temperature
is above 50 8C does a reaction take place. In each case, a


Scheme 1. Palladium-catalyzed allylation of primary amines.


Scheme 2. [PdACHTUNGTRENNUNG(h3-allyl)(DPP-
Xantphos)]X.


Scheme 3. Platinum-catalyzed allylation of aniline.


Scheme 4. Synthesis of [Pt ACHTUNGTRENNUNG(h3-allyl) ACHTUNGTRENNUNG(dppe)]OTf (2).
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new complex was formed quantitatively after two hours of
heating, as shown by 31P NMR spectroscopy. All these new
complexes display similar spin system patterns with two
magnetically inequivalent phosphorus atoms exhibiting very
different 1JPt,P coupling constants. For example, compound 3,
formed on reaction with benzylamine, is characterized by
two singlets with platinum satellites at d ACHTUNGTRENNUNG(toluene)=


49.8 ppm (1JPt,P =1737 Hz) and dACHTUNGTRENNUNG(toluene)= 38.5 ppm
(1JPt,P =3714 Hz). According to the proposed mechanism, we
first postulated that this complex could be the cationic 16-
VE complex [Pt ACHTUNGTRENNUNG(dppe)(h2-benzylammonium)]+ resulting
from nucleophilic attack of the amine on the allyl ligand.
However, two important NMR data were found to be incon-
sistent with this proposal. First, the different magnitudes of
the two 1JPt,P coupling constants strongly suggests that the
two phosphorus atoms of dppe are located trans to ligands
having very different electronic properties.[40] Furthermore,
the lack of signals for vinylic protons in the 1H NMR spec-
trum clearly indicates that this species contains neither an
allyl fragment nor a double bond. The formulation of com-
plex 3 was established by a X-ray diffraction study on brown
single crystals grown by diffusion of hexanes into a saturated
solution of 3 in dichloromethane at room temperature
(Figure 1). Crystal data and structural refinement details for


complex 3 are presented in Table 1. This showed that 3 is
not the expected 16-VE complex but a bicyclic compound in
which the dppe ligand is coordinated to a platinum amino-
propyl fragment (Scheme 5). During their studies on the re-
activity of cationic [Pt ACHTUNGTRENNUNG(allyl) ACHTUNGTRENNUNG(DPCB)] complexes (DPCB=


diphosphinidenecyclobutene), Ozawa et al. isolated a similar
complex on reaction with aniline at 50 8C,[41] the constitution
of which was established on the basis of NMR data.


Complex 2 was subjected to catalytic conditions. Quite
unexpectedly we found that, contrary to dichloro platinum
complex 1, complex 2 could catalyze the coupling reaction.
Thus, benzylamine was converted to the corresponding allyl-
benzylamine with a low but significant yield of 15 % when
the reaction was conducted at 50 8C for 24 h with 1 mol % of
catalyst (Scheme 6). Interestingly, 10 % of the allyl amine
was already formed after 2 h, but only 18 % was obtained
after 96 h. Two competitive pathways are clearly involved:
the catalytic cycle and a deactivation process. Importantly,
only the formation of complex 3 was observed during the
catalysis, as shown by 31P NMR spectroscopy. More drastic
conditions (100 8C for 24 h) led to better conversion (47 %).


Finally, similar catalytic experiments were conducted with
isolated bicyclic aminopropyl complex 3. No conversion was
detectable after 24 h at 50 8C, and only 9 % conversion was
obtained after 24 h at 100 8C. These results prove that com-
plex 3 is not an intermediate of the catalytic cycle but rather


Figure 1. View of one complex cation of [Pt(CH2CH2CH2NHBn-k-C,N)-
ACHTUNGTRENNUNG(dppe)]OTf (3). The numbering is arbitrary and different from that used
in NMR spectra. Thermal ellipsoids are drawn at 30 % probability. Hy-
drogen atoms are omitted for clarity. Selected bond lengths [K] and
angles [8]: Pt1�P1 2.3053(8), Pt1�P2 2.2307(8), P1�C1 1.830(3), C1�C2
1.542(4), P2�C2 1.837(3), Pt1�N1 2.134(2), N1�C30 1.490(4), N1�C27
1.499(4), C27�C28 1.507(4), C28�C29 1.528(4), Pt1�C29 2.096(3); P2-
Pt1-P1 85.63(3), C27-N1-Pt1 109.0(2), N1-C27-C28 107.4(2), C27-C28-
C29 108.6(3), C28-C29-Pt1 106.5(2), C29-Pt1-N1 82.7(1).


Table 1. Crystallographic data for 3, 5, and 7.


3 5 7


empirical
formula


C36H37NP2Pt
·CF3O3S


C50H41OP2Pt
·PF6·3CH2Cl2


C50H42O2P2Pt
·CH2Cl2·C3H6O


Mr 890.77 1314.61 1074.87
crystal system monoclinic orthorhombic triclinic
space group P21/c Pccn P1̄
a [K] 16.778(1) 26.901(1) 12.011(1)
b [K] 11.396(1) 15.131(1) 13.184(1)
c [K] 18.459(1) 25.864(1) 16.089(1)
a [8] 90.00 90.00 102.534(1)
b [8] 97.226(1) 90.00 96.772(1)
g [8] 90.00 90.00 104.360(1)
V [K] 3501.4(4) 10527.7(9) 2369.3(3)
Z 4 8 2
1calcd [g cm�3] 1.690 1.659 1.507
m [mm�1] 0.421 0.312 0.319
crystal size [mm] 0.30 M 0.30 M 0.10 0.44 M 0.08 M 0.08 0.30 M 0.30 M 0.28
reflns collected 27 902 82151 31550
unique reflns (Rint) 10 142 (0.0422) 12052 (0.0533) 13756 (0.0426)
R [F>4s(F)] 0.0323 0.0378 0.0363
RwF (all F2) 0.0695 0.1124 0.1127
GOF 1.006 1.087 1.067


Scheme 5. Formation of the bicyclic aminopropyl platinum complex 3.


Scheme 6. Complex 2 as catalyst for allylation of benzylamine.
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the thermodynamically favored product of a deactivation
pathway.


Reactivity of [Pt ACHTUNGTRENNUNG(h3-allyl)(DPP-Xantphos)]PF6 toward ben-
zylamine: isolation of a 16-VE complex with h2-coordinated
allyl alcohol : To establish an additional experimental com-
parison between the dppe ligand and large-bite-angle li-
gands, we turned our attention to the catalytic activity of
platinum complexes of DPP-Xantphos. Previous structural
studies with cationic palladium allyl complexes showed that
the DPP-Xantphos ligand has a wider bite angle than the
classical Xantphos (116.08(4)8 for [Pd ACHTUNGTRENNUNG(h3-allyl)(DPP-Xant-
phos)]OTf and 108.11(7)8 for [Pd ACHTUNGTRENNUNG(h3-allyl) ACHTUNGTRENNUNG(Xantphos)]-
ACHTUNGTRENNUNGOTf),[14, 42] probably due to the steric crowding provided by
the two diphenylphosphole moieties. We therefore postulat-
ed that platinum complexes of this ligand could be efficient
catalysts. A first series of experiments was carried out under
the same experimental conditions as those used by Ohshi-
ma, Mashima et al. in the allylation of aniline. The combina-
tion of DPP-Xantphos with [PtCl2ACHTUNGTRENNUNG(cod)] proved to be slight-
ly superior to the DPEphos- and Xantphos-based catalysts:
93 % conversion was reached after 4 h in refluxing dioxane
with 1 mol% of catalyst (Scheme 7; cf. 91 % for DPEphos-


based catalyst and 86 % for Xantphos-based catalyst). Simi-
lar results were obtained with isolated [PtCl2(DPP-Xant-
phos)] (4), prepared separately by reaction of DPP-Xant-
phos with [PtCl2 ACHTUNGTRENNUNG(cod)] in toluene at 100 8C for 12 h. Com-
plex 4 was characterized by NMR spectroscopy, elemental
analysis, and X-ray crystal structure analysis.


Having shown, in the case of dppe, that cationic platinum
allyl complexes are more efficient catalysts, we synthesized
[Pt ACHTUNGTRENNUNG(h3-allyl)(DPP-Xantphos)]PF6 (5). This complex was
readily synthesized by using a similar procedure to that used
for the synthesis of 2 and fully identified by means of NMR
spectroscopy and elemental analysis (Scheme 8). Its formu-
lation was further confirmed by X-ray structure analysis
(Figure 2) on crystals grown by diffusion of hexanes into a
saturated solution of 5 in dichloromethane. The most signifi-
cant geometrical feature is its wide bite angle (P-Pt-P
115.98(4)8). Crystal data and structural refinement details
for 5 are presented in Table 1.[43]


Reaction of 5 with ten equivalents of benzylamine in tolu-
ene at room temperature led to formation of a single new


complex. Its 31P NMR spectrum revealed the presence of
two magnetically different phosphorus atoms exhibiting two
doublets with very close chemical shifts (dPA


=14.1, dPB
=


16.4 ppm, 2JPA,PB
=18.8 Hz), which suggests that the two


phosphorus atoms are probably located trans to ligands
having similar electronic properties. This complex is there-
fore undoubtedly not the DPP-Xantphos analogue of bicy-
clic aminopropyl complex 3. The comparable magnitude of
the two 1JPt,P coupling constants (1JPt,PA


= 3280, 1JPt,PB
=


3554 Hz) led us to propose that complex 6 could be a 16-VE
complex with an h2-allylbenzylammonium ligand. The mag-
nitudes of these 1JPt,P coupling constants are also in agree-
ment with those of reported 16-VE [Pt(h2-olefin)ACHTUNGTRENNUNG(PR3)2]
complexes.[40, 44,45]


Unfortunately, complex 6 could not be isolated in pure
form from this reaction and could not be satisfactory charac-
terized by means of 1H and 13C NMR spectroscopy because
of the presence of excess benzylamine. Evaporation of
excess amine from the crude reaction mixture led to slow
reformation of precursor 5. However, a partial 13C NMR
spectrum of the crude mixture in [D8]toluene clearly shows
the presence of an h2-coordinated allylic fragment (by com-
parison with the NMR data of complex 7, vide infra). Fur-
ther evidence for the formula of 6 was obtained from its re-
action with allyl alcohol. Indeed, reaction of a toluene solu-


Scheme 7. Formation of allylaniline with [PtCl2(DPP-Xantphos)].


Scheme 8. Synthesis of [Pt ACHTUNGTRENNUNG(h3-allyl)(DPP-Xantphos)]PF6 (5).


Figure 2. View of one complex cation of [Pt ACHTUNGTRENNUNG(h3-allyl)(DPP-Xantphos)]PF6


(5). The numbering is arbitrary and different from that used in NMR
spectra. Thermal ellipsoids are drawn at 30% probability. Hydrogen
atoms are omitted for clarity. Selected bond lengths [K] and angles [8]:
Pt1�C49 2.153(5), Pt1�C50 2.161(5), Pt1�C48 2.182(4), Pt1�P2 2.304(1),
Pt1�P1 2.310(1), C48�C49 1.372(8), C49�C50 1.323(7); P2-Pt1-P1
115.98(4), C49-Pt1-P2 119.9(2), C49-Pt1-P1 123.4(2).
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tion of 6 (containing 9 equiv of benzylamine) with 10 equiv
of allyl alcohol resulted in formation of complex 7 (6/7=


30:70 after 15 min) which exhibited very similar 31P NMR
data to 6 (Scheme 9). In complex 7, the two phosphorus


atoms appear as two doublets with satellites at dPA
=


14.2 ppm (1JPt,PA
= 3220, 2JPA,PB


=16.6 Hz) and dPB
= 15.6 ppm


(1JPt,PB
= 3554 Hz). The two complexes were found to be in


equilibrium, since addition of an excess of allyl alcohol
(30 equiv) led to complete disappearance of the 31P NMR
signal of 6. The close similarity between the 31P NMR data
of complexes 6 and 7 and those of analogous platinum com-
plexes led us to propose that 7 could be the 16-VE complex
[Pd(h2-allyl alcohol)(DPP-Xantphos)].


Despite varying the experimental conditions, 7 could not
be crystallized from the reaction mixture. To validate our


hypothesis, 7 was synthesized
by a different procedure. Re-
duction of 4 by NaBH4 in the
presence of allyl alcohol afford-
ed 7 in 94 % yield as a moder-
ately air stable orange powder
(Scheme 10). Complex 7 was
fully identified by NMR spec-
troscopy and its X-ray crystal


structure was determined on crystals grown by diffusion of
hexanes into a saturated solution of 7 in dichloromethane
(Figure 3). Crystal data and structural refinement details for
7 are presented in Table 1.


Note that heating a solution of 5 or 6 with a tenfold
excess of benzylamine did not lead to the formation of a bi-
cyclic aminopropyl analogue of 3. Importantly, heating a
mixture of 6 and 7 in the presence of equimolar amounts of
benzylamine and allyl alcohol led to decreased intensity of
the 31P NMR signals of both complexes and concomitant ap-
pearance of the signal of platinum allyl complex 5. Analysis
of the crude mixture after 6 h by 1H NMR spectroscopy in-
dicated quantitative coupling of allyl alcohol and benzyl-
ACHTUNGTRENNUNGamine, that is complexes 6 and 7 are catalytic intermediates.
Finally, a catalytic experiment with 1 mol % of 5 confirmed
that it is an excellent catalyst: quantitative conversion was
obtained after 18 h at 50 8C (vs. 18 % conversion in 96 h
with 2 as catalyst).


Conclusions on the reactivity of dppe- and DPP-Xantphos-
based catalysts : Several conclusions could be drawn from
the experiments reported above. First, as expected, cationic
platinum allyl complexes are better catalysts than the corre-
sponding PtCl2 derivatives.[39] The second major result is the
different reactivity of complexes 2 and 5 toward amines. The
most relevant mechanistic discovery is that bicyclic amino-
propyl platinum(II) complex 3 is formed from 2, whereas
16-VE platinum(0) complex 6 is obtained from complex 5.
Complex 6 is in equilibrium with h2-coordinated allyl alco-
hol platinum(0) complex 7 when allyl alcohol is added to
the solution. Moreover, complex 3 was shown to be a deacti-
vated form of catalyst 2, while 16-VE complexes 6 and 7
were shown to be intermediates of the catalytic cycle. With
these experimental data in hand, a theoretical study was car-
ried out with two aims. First, to propose a mechanism con-
sistent with the experimental data, and second to explain
why ligands with wide bite angle are particularly suitable for
this transformation.


DFT study : All calculations were carried out with the Gaus-
sian 03 suite of programs.[46] The B3PW91 functional[47, 48]


was used with the 6-31+G* basis set for all nonmetal atoms
and the Hay–Wadt[49] quasirelativistic effective core poten-
tial with the valence basis set (441s/2111p/21d) for platinum,
augmented with an f polarization function (exponent =


0.993).[50] The structure of the intermediates and transition
states were optimized without symmetry constraint. Transi-
tion states were identified by their having one imaginary fre-
quency in the Hessian matrix. To take into account the role
of the solvent, single-point calculations were carried out on
the optimized structures by using the polarized continuum
model (PCM)[51–54] with toluene as solvent.


We first addressed determining a catalytic cycle that ex-
plains the overall process. Since both synthesized complexes
(2 and 5) exhibited catalytic activity for the allylation of


Scheme 9. Reaction of 5 with benzylamine and allyl alcohol.


Scheme 10. Synthesis of 7
from 4.


Figure 3. View of one molecule of [Pt(h2-C3H5OH)(DPP-Xantphos)] (7).
The numbering is arbitrary and different from that used in NMR spectra.
Thermal ellipsoids are drawn at 30% probability. Hydrogen atoms are
omitted for clarity. Selected bond lengths [K] and angles [8]: Pt1�P1
2.268(1), Pt1�P2 2.2679(8), Pt1�C48 2.116(4), Pt1�C49 2.121(2), C48�
C49 1.430(5); P1-Pt1-P2, 116.96(3).
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benzylamine, calculations on the catalytic cycle with a
model of the dppe ligand were performed, because calcula-
tions on the xanthene backbone of the DPP-Xantphos
ligand is very computationally demanding. The dppe ligand
was modeled by the model ligand dppe-H in which the two
phenyl groups are replaced by H atoms, and benzylamine is
replaced by methylamine. Theoretical results are presented
in Scheme 11. The overall mechanism differs significantly
from that pertaining to palladium complexes. The first step
of this mechanism is nucleophilic attack of the amine on the
allyl ligand to form 16-VE complex II, which features an h2-
coordinated allylammonium ligand. This step is almost
athermic (DEPCM =�1.8 kcal mol�1) and requires an activa-
tion energy of DE�


PCM = 11.3 kcal mol�1. This nucleophilic
attack is followed by exchange of the allylammonium ligand
by allyl alcohol. A dissociative mechanism, which is usually
proposed for Tsuji–Trost reactions and involves transient
formation of 14-VE complex III, was ruled out because of
the considerable activation energy required to promote dis-
sociation of the allylammonium ligand (DE�


PCM = 50.7 kcal
mol�1).[55] Instead, a more favorable associative mechanism
was computed. In the first step, complex II’, which results
from hydrogen bonding between the coordinated allylam-
monium moiety of II and allyl alcohol, evolves to 18-VE
complex IV. This step is endothermic (DEPCM = 12.6 kcal
mol�1) and requires an activation energy of DE�


PCM =


14.1 kcal mol�1. In the second step, a small activation energy
(DE�


PCM =3.9 kcal mol�1) is needed to form the h2-allyl alco-
hol 16-VE complex V via TSIV–V. The last step, which is anal-
ogous to that computed for palladium complexes, involves
H+-promoted release of water and allylamine, and reforma-
tion of catalytic precursor I. This is the rate-determining


step and involves an energetic barrier of DE�
PCM = 17.6 kcal


mol�1.
The calculated catalytic cycle is somewhat related to the


mechanism proposed for the palladium-catalyzed process,[35]


yet differs from it by the ligand-exchange step (Scheme 12).
Indeed, it involves an associative mechanism with formation
of an 18-VE platinum complex with two h2-coordinated ole-
fins, whereas in the case of palladium, it involves the forma-
tion of a 14-VE complex by a dissociative mechanism.


The energetic profile of this catalytic cycle (Scheme 11) is
in good agreement with the experiments realized with [Pt-
ACHTUNGTRENNUNG(h3-allyl)(DPP-Xantphos)]PF6. Indeed, the formation of ana-
logues of complexes II and V could be observed by
31P NMR spectroscopy when benzylamine and allyl alcohol
were added to a solution of [Pt ACHTUNGTRENNUNG(h3-allyl)(DPP-Xant-


phos)]PF6 (5) in toluene. Impor-
tantly, we also note that an 18-
VE complex analogue of com-
plex IV could neither be isolat-
ed nor even observed, since its
formation is endothermic start-
ing either from complex II or
V.


We then tackled the issue of
the deactivation of the catalyst
observed in the case of the
dppe-based complex with for-
mation of bicyclic aminopropyl
complex 3. Formation of bicy-
clic aminopropyl complex VIII
(analogue of 3) can be decom-
posed into four successive steps
(Scheme 13). The first step is
still nucleophilic attack of the
amine on the allyl fragment of
complex I. This is followed by
proton transfer from the h2-co-
ordinated allylammonium
moiety of complex II to the
platinum center to afford hydri-Scheme 11. Energetic pathway accounting for formation of allylmethylamine with complex I as catalyst.


Scheme 12. Proposed mechanism for platinum-catalyzed amine allylation.
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do species VI. This step is endothermic (DEPCM = 11.1 kcal
mol�1) and requires an activation energy of DE�


PCM =


14.4 kcal mol�1. A view of the transition state TSII–VI is
shown in Figure 4. The geometry of this transition state is


close to T-shaped (P1-Pt-C1
96.8, P1-Pt-P2 85.2, P2-Pt-C1
178.08) and proton transfer
occurs on the vacant side of this
T-shaped structure (Pt�H 1.75,
H�N 1.56 K). The third step of
this process consists of retro b-
hydrogen transfer to form cat-
ionic alkyl complex VII. This
step is athermic and requires a
very low activation energy
(DE�


PCM =2.8 kcal mol�1). The
last step, which is highly exo-
thermic (DEPCM =�32.7 kcal
mol�1), involves coordination of
the amine ligand to the plati-
num atom to finally form bicy-
clic aminopropyl platinum com-
plex VIII. The overall process
requires only small activation


energies and is fully consistent with the experimental obser-
vations.


Comparison of the two energetic pathways depicted in
Schemes 11 and 13 allows the poor catalytic activity of the
dppe-based catalyst to be rationalized. These calculations
emphasize the importance of formation versus nonformation
of complex VIII, since it lies at a very low energy (EPCM =


�23.4 kcal mol�1) compared to all other calculated species
and therefore acts as a thermodynamic sink. In the case of
the dppe-H model, formation of complex VIII and the cata-
lytic cycle are in competition. Indeed, the relative energy of
the elimination step, which is the rate-determining step of
the catalytic cycle (TSV–I), is comparable to that of forma-


tion of hydride complex VI
(EPCM = 12.6 kcal mol�1 for
TSII–VI vs. EPCM = 11.8 kcal mol�1


for TSV–I) and eventually to bi-
cyclic aminopropyl complex
VIII. This energetic closeness
explains why dppe-based com-
plex 2 is a mediocre catalyst,
since the catalytic cycle and de-
activation are both competitive.
Therefore, to design efficient
catalysts, the formation of plati-
num hydride complexes must
be disfavored. Experimentally,
the formation of bicyclic amino-
propyl derivatives was not ob-
served in the case of [Pt ACHTUNGTRENNUNG(h3-al-
lyl)(DPP-Xantphos)]PF6 (5),
and more generally, complexes
featuring wide-bite-angle li-


gands were shown to efficiently catalyze this reaction.[37]


Thus, opening of the bite angle seems to strongly disfavor
formation of platinum hydride complexes.


Why do ligands with wide bite angle disfavor protonation at
platinum in d10 ML3 complexes? To assess the effect of
opening the P-Pt-P bite angle on formation of complex
VIII, we focused on formation of platinum hydride complex
VI and particularly the geometry of transition state TSII–VI,
which adopts a T-shaped structure (Figure 4). A simple MO
diagram reveals that, for ML3 d10 complexes adopting such a
geometry, the HOMO (2a1) is a polarized dx2�y2 orbital
which is mainly developed in the direction of an incoming
fourth ligand (H+ in our case). Importantly, this orbital is
antibonding between the ligand lone pairs and the metal d
orbital. Indeed, as can be seen from the perturbation dia-
gram in Scheme 14, opening the angle a between two neigh-
boring ligands stabilizes this orbital and therefore reduces
the susceptibility of the ML3 fragment to electrophilic
attack.


Support for this qualitative argument was obtained by
DFT calculations. The influence of a on the thermodynam-
ics and the kinetics of the proton-transfer step was comput-
ed for model complex cation [Pt ACHTUNGTRENNUNG(PH3)2(h2-allylmethylammo-
nium)]+ [56] at the same level of theory as used to determine
the catalytic cycle, with the P-Pt-P angle a set as a constant


Scheme 13. Energetic pathway accounting for formation of bicyclic aminopropyl platinum(II) complex VIII.


Figure 4. View of transition
state TSII–VI connecting struc-
tures II and VI as given by
DFT calculations. Selected
bond lengths [K] and
angles [8]: P1�Pt 2.37, P2�Pt
2.28, Pt�C1 2.18, Pt�C2 2.20,
C1�C2 1.41, Pt�H 1.75, H�N
1.56; P1-Pt-P2 85.2, P1-Pt-C1
96.8, P2-Pt-C1 178.0, Pt-H-N
148.2. Imaginary frequency at
�397.3 cm�1.


Scheme 14. Qualitative perturbation diagram showing stabilization of the
HOMO of a T-shaped ML3 d10 complex by increasing the angle between
two neighboring ligands.
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(a=90, 100, 110, 1208). As proposed, opening of the angle
between the two PH3 ligands results in a more endothermic
(from 15.2 to 19.5 kcal mol�1 on going from 90 to 1208) and
kinetically disfavored process (activation energy ranging
from 16.8 to 19.8 kcal mol�1 on going from 90 to 1208 ;
Scheme 15).


This study on the opening of the bite angle of the
[(PH3)2Pt] fragment is thus in very good agreement with the
nonformation of a bicyclic aminopropyl complex when
DPP-Xantphos is used as ligand. Furthermore, it explains
the increasing activity with increasing P-Pt-P bite angle re-
ported by Ohshima, Mashima et al.[37] Indeed, it results from
the disfavored formation of platinum hydride complexes
when wide-bite-angle ligands are used and thus deactivation
of the catalyst is prevented.


Scope of the allylation reaction with catalyst 5 : The encour-
aging results obtained in the allylation of benzylamine with
catalyst 5 prompted us to enlarge the scope of our experi-
mental study. Since the rate-determining step is proton-as-
sisted departure of water, we considered adding a proton
source in catalytic amounts. Addition of an ammonium salt
indeed resulted in significant enhancement of the reaction
rate (optimized with 20 mol % of NH4PF6). Without this ad-
ditive, complete conversion was also reached but with
longer reaction times. To optimize the selectivity for the
most valuable mono-allyl amine, two equivalents of amine
were used for one equivalent of allyl alcohol.


As shown by the results in Table 2, this catalyst system is
the most versatile and efficient to date. For allylation of
benzylamine and butylamine (Table 2, entries 1 and 3), mod-
erate selectivity was observed for the mono-allyl amine at
50 8C (>10 % bis-allyl amine). Decreasing the temperature
to 30 8C limited bis-allyl amine formation to 7 % for benzyl-
amine and 4 % for butylamine, but longer reaction times
were required (Table 2, entries 2 and 4). For other primary
amines (Table 2, entries 5–7), high selectivity for the mono-


allyl amine was observed, even though allylaniline formation
required heating at 80 8C (Table 2, entry 7). All secondary
amines tested in this catalytic reaction formed tertiary allyl
amines in high yields (Table 2, entries 8–10, yields up to
93 %), and quantitative conversions were obtained in less
than 8 h with low catalyst loadings (0.1–0.5%).


Complex 5 also efficiently promotes regioselective allyla-
tion of alkyl amines with cinnamyl alcohol (Table 2, en-
tries 11–14) at 50 8C. Indeed the branched product was
never observed in the reaction mixture. Catalyst activity is
not much affected by the change in allyl alcohol: complete
conversion required only slightly longer times. The selectivi-
ty for mono-allyl amine is slightly higher, probably because
of the steric hindrance of the mono-allyl amine, which there-
fore becomes less nucleophilic.


Scheme 15. Effects of opening of the bite angle on the thermochemistry
of a proton-transfer process in [Pt(h2-allylmethylammonium) ACHTUNGTRENNUNG(PH3)2].


Table 2. Catalytic allylation of aryl and alkyl amines with allyl alcohol
(8a) and cinnamyl alcohol (8b).[a]


Entry ACHTUNGTRENNUNG[Cat.]
ACHTUNGTRENNUNG[mol %]


Alcohol Amine T [8C] t [h] Yield[b]


(bis[c]) [%]


1 1.0 8a 50 8 66 (16)


2 1.0 8a 30 20 81 (7)


3 1.0 8a 50 16 79 (10)


4 1.0 8a 30 44 85 (4)


5 1.0 8a 50 8 81 (7)


6 0.5 8a 50 8 96 (<1)


7[d] 0.5 8a 80 3 93 (<1)


8 0.5 8a 50 4 96


9 0.1 8a 50 4 98


10 0.5 8a 50 8 93


11 1.0 8b 50 16 89 (4)


12 1.0 8b 50 12 73 (12)


13 0.5 8b 50 12 98 (<1)


14 0.5 8b 50 4 97


[a] Reaction conditions: 2 mmol of C3H5OH or C9H9OH, 4 mmol of
R1R2NH in 2 mL of toluene/acetonitrile (1:1). [b] Yield of isolated mono-
allyl amine. [c] Yield of isolated bis-allyl amine. [d] Only toluene as sol-
vent.
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Conclusion


A very efficient catalyst system based on [Pt ACHTUNGTRENNUNG(h3-allyl)(DPP-
Xantphos)]PF6 (5) was devised for the allylation of amines
with allyl alcohols. This system performs well even at low
temperatures (30–50 8C) with a broad variety of amines and
high selectivity for the desired mono-allyl amine product. To
our knowledge, this complex is one of the most versatile and
efficient catalysts for allylation of amines with allyl alcohol
derivatives.


Moreover, stoichiometric reactions with complexes 2 and
5 allowed monitoring by NMR spectroscopy and isolation of
several pertinent species, such as 16-VE platinum(0) com-
plex 7 and bicyclic aminopropyl platinum(II) complex 3.
With [Pt ACHTUNGTRENNUNG(h3-allyl) ACHTUNGTRENNUNG(dppe)]OTf (2), a deactivation pathway
leading to 3 was found. On the other hand, with [Pt ACHTUNGTRENNUNG(h3-al-
lyl)(DPP-Xantphos)]PF6 (5), only 16-VE catalytic inter-
mediates could be observed.


Finally, a theoretical study allowed the experimental find-
ings to be fully rationalized. A catalytic cycle which differs
from that proposed for palladium-catalyzed coupling of
amines and allyl alcohol was determined. Indeed, in the case
of platinum a dissociative ligand-exchange step (via a 14-VE
species) is highly unfavorable compared to the associative
pathway (via 18-VE species). This theoretical study also em-
phasized the importance of the ligand bite angle for the ac-
tivity of the catalyst. Thus, we established that a larger bite
angle in diphosphine chelate ligands prevents formation of
cationic platinum hydride complexes on protonation, and
that formation of these complexes eventually leads to deac-
tivation of the catalyst (Scheme 16). Further studies are un-
derway to exploit the particular geometry of the DPP-Xant-
phos ligand in other catalytic processes in which the bite
angle significantly affects the outcome.


Experimental Section


Synthesis : All reactions were routinely performed under an inert atmos-
phere of argon or nitrogen by using Schlenk and glove-box techniques
and dry deoxygenated solvents. Dry hexanes and tetrahydrofuran were
obtained by distillation from Na/benzophenone. Dry dichloromethane


and dry toluene were obtained by distilling over P2O5 and Na metal, re-
spectively. NMR spectra were recorded on a Bruker AC-300 SY spec-
trometer operating at 300.0 MHz for 1H, 75.5 MHz for 13C, and
121.5 MHz for 31P. Solvent peaks were used as reference relative to
Me4Si for 1H and 13C chemical shifts (ppm); 31P chemical shifts are rela-
tive to 85 % H3PO4 external reference; sat denotes platinum satellites.
DPP-Xantphos was prepared as previously reported.[14] [Pt ACHTUNGTRENNUNG(cod)Cl2]
(cod =1,5-cyclooctadiene) and [PtCl2 ACHTUNGTRENNUNG(dppe)] were prepared according to
established procedures;[57, 58] dppe, allyl alcohol, cinnamyl alcohol, allyltri-
n-butyltin, sodium borohydride, ammonium hexafluorophosphate, silver
trifluoromethanesulfonate (AgOTf), silver hexafluorophosphate, and all
amines were obtained from commercial suppliers and used as received.
Elemental analyses were performed by the Service dQanalyse du CNRS,
at Gif sur Yvette, France.


Synthesis of [Pt ACHTUNGTRENNUNG(h3-C3H5) ACHTUNGTRENNUNG(dppe)]OTf (2): Allyl(tri-n-butyl)tin (47 mL,
1 equiv) and AgOTf (39 mg, 1 equiv) were added to a solution of [PtCl2-
ACHTUNGTRENNUNG(dppe)] (100 mg, 0.151 mmol) in THF (10 mL) at room temperature. The
mixture was stirred for 4 h and completion was checked by 31P NMR
analysis. The solvent was removed under vacuum, dichloromethane
(5 mL) was added, and after removal of the silver salts by centrifugation,
the filtrate was concentrated. The resulting solid was washed five times
with dichloromethane/hexanes (1:10, 10 mL) to remove ClSnBu3 salts.
The resulting solid was dried under vacuum to afford a gray solid (97 mg,
82%). Gray needles of 2 suitable for X-ray structure analysis crystallized
on slow diffusion of hexanes into a saturated dichloromethane solution
of the complex at room temperature. 31P{1H} NMR (CD2Cl2): d =45.7
(s+ sat, 1JPt,P = 3709 Hz); 1H NMR (CD2Cl2): d= 2.52–2.82 (m, �J=


54.5 Hz, 4 H; PCH2), 3.00 (dd+ sat, 3JH,H =13.5, 3JPH = 9.0, 2JPt,H =45.1 Hz,
2H; Hallyl), 4.78 (m, �J=13.8 Hz, 2 H; Hallyl), 5.29 (vsept, �J=45.6 Hz,
1H; Hallyl), 7.49–7.64 ppm (m, 20 H; HPh); 13C NMR (CD2Cl2): d=28.6
(vdd + sat, �J=49.4, 2JC,Pt =51.6 Hz; PCH2), 63.9 (d+ sat, 2JC,P =29.0 Hz,
1JC,Pt =83.4 Hz; Callyl), 118.7 (br s + sat, 1JC,Pt =23.2 Hz; Callyl), 129.3 (d+


sat, 1JC,P =57.0, 2JC,Pt =50.0 Hz; Cipso-Ph), 129.4 (d+ sat, 1JC,P =57.5, 2JC,Pt =


41.4 Hz; Cipso-Ph), 130.0 (d, 3JC,P =11.8 Hz; Cmeta-Ph), 130.1 (d, 3JC,P =


11.6 Hz; Cmeta-Ph), 132.8 (Cpara-Ph), 132.9 (d, 2JC,P = 13.3 Hz; Cortho-Ph),
133.1 ppm (d, 2JC,P =14.1 Hz; Cortho-Ph); elemental analysis calcd (%) for
C30H29F3O3P2PtS: C 45.98, H 3.73; found: C 46.79, H 4.00.


Synthesis of [Pt(CH2CH2CH2NHBn-k-C,N) ACHTUNGTRENNUNG(dppe)]OTf (3): Benzylamine
(70 mL, 10 equiv) was added to a solution of complex 2 (50 mg,
0.064 mmol) in toluene (5 mL). The mixture was stirred at 50 8C for 2 h.
The solution was then totally homogeneous. The solvent was removed by
pumping and the residue was washed five times with dichloromethane/
hexanes (1:10, 10 mL). After centrifugation, the gray-brown solid was
dried under vacuum (39 mg, 68 %). 31P{1H} NMR (CD2Cl2): d= 38.5 (s+


sat, 1JPt,P =3714 Hz; trans to NHBn), 49.8 (s+ sat, 1JPt,P =1737 Hz; trans to
CH2); 1H NMR (CD2Cl2): d= 1.43–1.72 (m, 2H; PtCH2CH2), 1.85 (br s,
1H; NH), 2.05–2.60 (m, 5H; 1H from NHCH2CH2 and 4H from
PCH2CH2P), 2.64–2.94 (m, 1 H; NHCH2CH2), 3.64–6.79 (m, 1 H;
PhCH2N), 3.88 (br s, 1 H; PtCH2), 4.08–4.21 (m, 1H; PhCH2N), 4.91–5.22
(m, 1 H; PtCH2), 6.88 (d, 3JH,H =6.1 Hz, 2H; HPh(benzylamine)), 7.14–7.28 (m,
3H; HPh(benzylamine)), 7.49–7.69 (m, 14H; HPh(dppe)), 7.72–7.89 ppm (m, 6H;
HPh(dppe)); 13C NMR (CD2Cl2): d=28.7 (dd, 1JC,P =34.1, 2JC,P =6.9 Hz;
PCH2), 29.5 (dd, 1JC,P = 40.5, 2JC,P =15.7 Hz; PCH2), 30.9 (PtCH2CH2),
33.8 (dd, 2JC,Pcis


= 3.8, 2JC,Ptrans
=78.8 Hz; PtCH2), 57.6 (m, NHCH2CH2),


60.3 (m, PhCH2N), 128.7 (Cipso-Ph(dppe)), 129.0, 129.2, 129.5, 129.6 (d, JC,P =


11.5 Hz), 129.8 (d, JC,P =11.5 Hz), 130.1 (d, JC,P =10.0 Hz), 130.3 (d, JC,P =


10.1 Hz), 132.4 (m), 132.5 (d, JC,P =1.5 Hz), 132.7 (d, JC,P =2.5 Hz), 133.1
(d, JC,P =11.0 Hz), 133.8 (d, JC,P =12.2 Hz), 134.2 (d, JC,P =10.3 Hz), 134.4
(d, JC,P =9.5 Hz), 136.4 ppm (Cipso-Ph(benzylamine)); elemental analysis calcd
(%) for C37H38F3NO3P2PtS: C 49.89, H 4.30; found: C 50.09, H 4.34.


Synthesis of [PtCl2(DPP-Xantphos)] (4): DPP-Xantphos (181 mg,
1 equiv) was added to a solution of [PtCl2ACHTUNGTRENNUNG(cod)] (100 mg, 0.267 mmol) in
toluene (20 mL). The mixture was heated and stirred at reflux for 12 h,
dried under vacuum, washed with hexanes (30 mL), and filtered. The res-
idue was then dried to yield a yellow solid (245 mg, 97%). Yellow nee-
dles suitable for X-ray structure analysis of complex 4 crystallized on
slow diffusion of hexanes into a saturated dichloromethane solution of
the complex at room temperature. 31P{1H} NMR (CD2Cl2): d =�11.8 (s+


Scheme 16. Proposed mechanism for platinum-catalyzed allylation of
amines with allyl alcohol.
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sat, 1JPt,P =3686 Hz); 1H NMR (CD2Cl2): d=1.41 (s, 6 H; CH3), 7.03 (vt,
2H, �J=16.5 Hz; CHxanthene), 7.08–7.17 (m, 8 H; Hmeta-Ph), 7.18–7.24 (m,
8H; HPh), 7.28 (d, 2H, 3JH,P = 21.1 Hz, Hb-phosphole), 7.41 (d, 2H, 3JH,H =


7.5 Hz; CHxanthene), 7.74 ppm (d, 3JH,H =7.7 Hz, 8 H; Hortho-Ph) ; 13C NMR
(CD2Cl2): d=25.5 (CH3), 38.7 (C ACHTUNGTRENNUNG(CH3)2), 126.1 (vt, �J=7.7 Hz;
CHxanthene), 127.8 (CPh), 128.3 (CPh), 128.4 (CPh), 129.0 (CPh), 129.4 (CPh),
134.0 (vt, �J= 13.3 Hz; CxantheneP), 136.4 (vt, �J=12.6 Hz; Cb-phosphole),
138.7 (CPh), 148.1 (d, 3JP,P =64.3 Hz; Ca-phosphole), 159.4 ppm (CO); elemen-
tal analysis calcd (%) for C47H36Cl2OP2Pt: C 59.75, H 3.84; found: C
60.00, H 3.89.


Synthesis of [Pt ACHTUNGTRENNUNG(h3-C3H5)(DPP-Xantphos)]PF6 (5): Allyl(tri-n-butyltin)
(33 mL, 1 equiv) and AgOTf (27 mg, 1 equiv) were added to a solution of
the complex 4 (100 mg, 0.106 mmol) in THF (20 mL) at room tempera-
ture. The mixture was stirred for 4 h and completion was checked by
31P NMR analysis. The solvent was removed under vacuum, dichlorome-
thane (5 mL) was added, and after removal of the silver salts by centrifu-
gation, the filtrate was concentrated. The resulting solid was washed five
times with dichloromethane/hexanes (1:10, 10 mL) to remove ClSnBu3


salts. The corresponding solid was dried under vacuum to yield yellow 5
(104 mg, 92 %). 31P{1H} NMR (CD2Cl2): d=�0.4 (s+ sat, 1JPt,P =


4080 Hz), �146.2 (sept, 1JP,F =752 Hz); 1H NMR (CD2Cl2): d =1.59 (s,
3H; C ACHTUNGTRENNUNG(CH3)2), 1.62 (s, 3H; C ACHTUNGTRENNUNG(CH3)2), 2.68–2.86 (m, 2H; Hallyl), 3.70–3.81
(m, 2H; Hallyl), 4.95 (vsept, �J=57 Hz, 1H; Hallyl), 7.05–7.34 (m, 16H;
HPh), 7.37–7.66 ppm (m, 14 H; HPh); 13C NMR (CD2Cl2): d =26.7 (C-
ACHTUNGTRENNUNG(CH3)2), 38.3 (C ACHTUNGTRENNUNG(CH3)2), 72.3 (m+ sat, �2JC,P = 24 Hz, 1JPt,C =85 Hz;
CH2 allyl), 110.2 (d, 1JP,C = 51 Hz; CxantheneP), 115.7 (CHallyl), 126.5 (vt, �J=


8 Hz; CPh), 126.9 (d, JP,C =4 Hz; CPh), 127.0 (d, JP,C = 4,4 Hz; CPh), 129.0
(CPh), 129.7 (CPh), 129.8 (CPh), 129.9 (CPh), 133.0 (d, 2JC,P =7.9 Hz; Cipso-Ph),
133.1 (d, 2JC,P =7.1 Hz; Cipso-Ph), 134.7 (vt, �J=14.6 Hz; Cb-phosphole), 135.1
(vt, �J=14.1 Hz; Cb-phosphole), 137.7 (CPh), 148.0 (AXX’, �J=40.6 Hz;
Ca-phosphole), 148.7 (AXX’, �J= 40.6 Hz; Ca-phosphole), 158.1 ppm (vt, �J=


7.1 Hz; CO); elemental analysis calcd (%) for C50H41F6OP3Pt: C 56.66, H
3.90; found: C 56.17, H 3.91.


Synthesis of [Pt(h2-C3H5NH2 ACHTUNGTRENNUNG(PF6)Bn)(DPP-Xantphos)] (6): Benzyl-
ACHTUNGTRENNUNGamine (21 mL, 10 equiv) was added to a solution of 5 (20 mg, 0.019 mmol)
in [D8]toluene (1 mL) at room temperature. After few seconds, the mix-
ture became red and homogeneous, and 31P NMR spectroscopy con-
firmed complete formation of the 6. 31P{1H} NMR ([D8]toluene): d =14.1
(d+ sat, 1JPt,P =3280, 2JPAPB


= 18.8 Hz; PA), 16.4 (d+ sat, 1JPt,P =3554,
2JPAPB


= 18.8 Hz; PB), �146.2 (sept, 1JP,F =752 Hz); partial 13C NMR
([D8]toluene): d =26.1 (CHCH2NH2ACHTUNGTRENNUNG(PF6)Bn), 42.5 (CH2NH2 ACHTUNGTRENNUNG(PF6)Bn),
50.9 (NH2 ACHTUNGTRENNUNG(PF6)CH2Ph), 51.6 ppm (H2C=CHCH2NH2ACHTUNGTRENNUNG(PF6)Bn).


Synthesis of [Pt(h2-C3H5OH)(DPP-Xantphos)] (7): Allyl alcohol (72 mL,
10 equiv) and NaBH4 (20 mg, 5 equiv, in 1 mL of water) were added to a
solution of complex 4 (100 mg, 0.106 mmol) in THF (20 mL) at room
temperature. The solution, which became homogeneous and turned red,
was stirred for few minutes until 31P NMR spectroscopy indicated com-
plete conversion. The mixture was concentrated under vacuum, and the
residue was dissolved in dichloromethane and centrifuged in order to
remove insoluble salts. The resultant solution was evaporated and the
solid was washed with dichloromethane/hexanes (1:10), filtered off and
dried to yield desired orange 7 (93 mg, 94%). 31P{1H} NMR (CD2Cl2):
d=14.2 (d+ sat, 2JP,P = 16.6 Hz, 1JPt,P =3220 Hz), 15.6 (d+ sat, 2JP,P =


16.6 Hz, 1JPt,P =3554 Hz); 1H NMR (CD2Cl2): d =0.71–0.74 (m, 1 H; OH),
1.55 (s, 6 H; C ACHTUNGTRENNUNG(CH3)2), 1.68 (d, 1H, 3JH,H =8.9 Hz; H2C=CHCH2OH), 1.81
(d, 1H, 3JH,H =5.1 Hz; H2C=CHCH2OH), 2.88–3.11 (vqt, 1 H, �J=59 Hz;
CHCH2OH), 3.51–3.72 (m, 2H; CH2OH), 6.95–7.19 (m, 16H; HPh), 7.21
(dd, 4H, 3JHP =20.7 Hz; Hb-phosphole), 7.43 (d, 2H, 3JH,H =6.9 Hz; HPh), 7.72
(d, 6H, 3JH,H =7.1 Hz; HPh), 7.80 ppm (d, 2H, 3JH,H =7.1 Hz; HPh);
13C NMR (CD2Cl2): d =27.0 (C ACHTUNGTRENNUNG(CH3)2), 37.9 (C ACHTUNGTRENNUNG(CH3)2), 42.2 (s+ sat,
1JC,Pt =174 Hz; H2C=CHCH2OH), 62.7 (s+ sat, 1JC,Pt =238 Hz;
CHCH2OH), 65.4 (s+ sat, 2JC,Pt = 33.5 Hz; CH2OH), 116.7 (d, JPC =


31 Hz), 117.2 (d, JP,C =34 Hz), 124.6 (d, JP,C =4.7 Hz), 127.0 (d, JP,C =


7.6 Hz), 127.9 (d, JP,C =3.4 Hz), 129.2 (d, JP,C =4.3 Hz), 131.3 (d, 2JP,C =


12.0 Hz; Cb-phosphole), 131.8 (d, 2JP,C =12.2 Hz; Cb-phosphole), 132.1 (d, 2JP,C =


12.1 Hz; Cb-phosphole), 132.3 (d, 2JP,C =9.8 Hz; Cb-phosphole), 135.4–135.8 (m,
CxantheneP), 135.9 (d, 2JP,C =14.9 Hz; Cipso-Ph), 137.2 (d, 2JP,C =3.3 Hz; Cipso-Ph),


128.0–129.9 (m, Ca-phosphole), 159.2 (d, 2JP,C =11.6 Hz; CO); elemental anal-
ysis calcd (%) for C50H42O2P2Pt: C 64.44, H 4.54; found: C 64.36, H 4.56.


X-ray crystallography of 2–5 and 7: Crystals were grown as described in
the text for 3, 5, and 7, and as in the Experimental Section for 2 and 4.
Data were collected on a Nonius Kappa CCD diffractometer with graph-
ite-monochromated MoKa radiation (l=0.71073 K) at 150 K. The crystal
structures were solved with SIR 97[59] and SHELXL97,[60] and ORTEP
drawings were made with ORTEP III for Windows.[61] CCDC-687179 (2),
CCDC-687180 (3), CCDC-687181 (4), CCDC-687182 (5), and CCDC-
687183 (7) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


General procedure for allylation of amines : Complex 5 (21 mg for
1 mol %, 10.5 mg for 0.5 mol %, 2.1 mg for 0.1 mol %) was placed in a
Schlenk tube with 65 mg of NH4PF6 (20 mol %) and toluene/acetonitrile
(1:1, 2 mL). Allyl alcohol (136 mL, 2 mmol) and amine (4 mmol) were
then added. The mixture was stirred at the given temperature and for the
indicated time (see Table 2). The reaction mixture was then concentrated,
water was added (3 mL), and the product was extracted with diethyl
ether (3 mL). After conventional workup, the organic layer was purified
by flash column chromatography to yield the allyl amines listed in
Table 2. The NMR data obtained for the coupling products are in agree-
ment with the corresponding literature (allylbenzylamine,[62] allylbutyl-
ACHTUNGTRENNUNGamine,[63] allylhexylamine,[64] allyl-1-phenylethylamine,[65] allylbenzylme-
thylamine,[66] allylmorpholine,[67] allylbenzylisopropylamine,[68] allylaniline
and all the coupling products between amines and cinnamyl alcohol[37]).
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Introduction


The chemistry of metal-coordinated hydrazine and substitut-
ed hydrazines has been extensively studied, primarily be-
cause of the potential significance of coordinated hydrazine
in the reaction pathways of organometallic nitrogen-reduc-
ing systems.[1–3] The biological reduction of N2 to ammonia is
mediated by three main types of nitrogenase enzymes that
contain metal clusters of Fe, V and Mo at their active sites,[4]


and iron is the only metal common to all nitrogenase en-
zymes. The industrial reduction of N2, which uses the


Haber–Bosch process, also relies on an iron- or ruthenium-
based catalyst.[5] The significance of iron and ruthenium in
these two processes underlines the importance of Group 8
metal centres in the reduction of N2 to ammonia and has
sparked much interest in the synthesis of hydrazine and di-
ACHTUNGTRENNUNGazine complexes of Fe, Ru and Os.[6–13]


There are two possible binding modes of hydrazine and
substituted hydrazines with a single metal centre: either h2-
(side-on, bidentate) or h1- (end-on, monodentate), which is
the most common. Without X-ray crystallography, it is diffi-
cult to predict whether mono-substituted hydrazines prefer-
entially coordinate to the metal centre by the substituted b-
or unsubstituted a-nitrogen because of competing steric and
electronic effects. Structure determination by X-ray crystal-
lography has shown that the majority of known hydrazine
complexes contain substituted hydrazines bound by the a-ni-
trogen.[6]


NMR spectroscopy can be used to analyze the stereo-
chemistry and nature of hydrazine binding in metal com-
plexes of hydrazine in solution.[6,14,15] The most important
NMR spectroscopy parameters for such structural character-
isation are the Overhauser effect and scalar coupling con-
stants. NMR spectroscopic experiments have been devel-
oped previously for the sensitive detection of these NMR
parameters for compounds that contain a natural abundance


Abstract: The methylhydrazine com-
plex [RuACHTUNGTRENNUNG(NH2NHMe) ACHTUNGTRENNUNG(PyP)2]Cl ACHTUNGTRENNUNG(BPh4)
(PyP=1-[2-(diphenylphosphino)ethyl]-
pyrazole) was synthesised by addition
of methylhydrazine to the bimetallic
complex [Ru ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(PyP)2]2ACHTUNGTRENNUNG(BPh4)2. The
methylhydrazine ligand of the rutheni-
um complex has two different binding
modes: side-on (h2-) when the complex
is in the solid state and end-on (h1-)
when the complex is in solution. The
solid-state structure of [Ru ACHTUNGTRENNUNG(PyP)2-
ACHTUNGTRENNUNG(NH2NHMe)]Cl ACHTUNGTRENNUNG(BPh4) was determined


by X-ray crystallography. 2D NMR
spectroscopic experiments with 15N at
natural abundance confirmed that in
solution the methylhydrazine is bound
to the metal centre by only the -NH2


group and the ruthenium complex re-
tains an octahedral conformation. Hy-
drazine complexes [RuCl ACHTUNGTRENNUNG(PyP)2(h


1-


NH2NRR’)]OSO2CF3 (in which R=H,
R’=Ph, R=R’=Me and NRR’=
NC5H10) were formed in situ by the ad-
dition of phenylhydrazine, 1,1-dimeth-
ACHTUNGTRENNUNGylhydrazine and N-aminopiperidine, re-
spectively, to a solution of the bimetal-
lic complex [RuACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(PyP)2]2-
ACHTUNGTRENNUNG(OSO2CF3)2 in dichloromethane. These
substituted hydrazine complexes of
ruthenium were shown to exist in an
equilibrium mixture with the bimetallic
starting material.


Keywords: coordination modes ·
hydrazine · NMR spectroscopy ·
ruthenium · X-ray diffraction


[a] Dr. S. L. Dabb, Prof. B. A. Messerle
School of Chemistry
The University of New South Wales
Sydney, NSW 2052 (Australia)
Fax: (+61)2-9385-6141
E-mail : b.messerle@unsw.edu.au


[b] Prof. G. Otting, Dr. A. Willis
Research School of Chemistry
The Australian National University
Canberra, ACT 0200 (Australia)


[c] Dr. J. Wagler
Institut fDr Anorganische Chemie
TU Bergakademie Freiberg
Leipziger Str. 29
09596 Freiberg (Germany)


E 2008 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10058 – 1006510058







of 15N nuclei, but have not been widely applied to the analy-
sis of metal complexes of hydrazine.[16–18] The use of these
techniques can alleviate the expense of using 15N-labelled
hydrazines and provide an alternative to X-ray crystallogra-
phy for stereochemical analysis.


There are a very limited number of reported metal com-
plexes that contain a bidentate hydrazine ligand or substitut-
ed hydrazine ligand. The first X-ray crystal structure ob-
tained for a bidentate hydrazine ligand, h2-NH2NH2, was of
a cobalt complex that contained a tripodal P donor ligand,
[Co ACHTUNGTRENNUNG(CH3C ACHTUNGTRENNUNG(CH2PPh2)3)(h


2-NH2NH2)] ACHTUNGTRENNUNG(BPh4)2.
[19] Tungsten


and molybdenum complexes of h2-hydrazines, such as
[WCp* ACHTUNGTRENNUNG(Me3)(h


2-NH2NH2)]OSO2CF3
[20] (1) and [MoCpI(h2-


NHPhNH2)(NO)]BF4
[21] (2), have also been structurally


characterised. It has been postulated that a series of hydra-
zine complexes with a similar structure to tungsten complex
1, [MCp* ACHTUNGTRENNUNG(Me3)(h


2-NH2NHxMe2-x)]OSO2CF3 (in which M=


Mo,[22] W[23] or Re[24] and x=0–2), also have the hydrazine
ligand bound in a side-on fashion. Group 5 metal complexes
of 1,1-disubstituted h2-hydrazines, such as [VCl2(h


2-
H2NNMePh)2ACHTUNGTRENNUNG(NNMePh)]Cl,[25] have also been structurally
characterised.[25,26] Although there are limited examples of
the h2 binding mode of hydrazine and substituted hydrazine,
the potential is that such a binding mode might activate the
hydrazine unit towards reactivity with organic species or
cleavage of the N�N bond to a greater extent than is ob-
served in the h1-hydrazine complexes.


The first syntheses of Group 8 metal complexes that con-
tain a bidentate hydrazine ligand have only recently been
reported.[27,28] The hydrazine complexes cis-[Fe(h2-
NH2NH2) ACHTUNGTRENNUNG(P


_
P)2]ACHTUNGTRENNUNG(BPh4)2, in which P


_
P=1,2-bis ACHTUNGTRENNUNG[bis-


ACHTUNGTRENNUNG(methoxypropyl)phosphino]ethane (3) or 1,2-bis(dimethyl-
phosphino)ethane (4), were synthesised from the dichloride
iron precursor [FeCl2ACHTUNGTRENNUNG(P


_
P)2], hydrazine and two equivalents


of NaBPh4 (Scheme 1).[27,28]


The work reported here describes the synthesis and char-
acterisation of the first example of a substituted-hydrazine
complex of ruthenium in which the methylhydrazine ligand
assumes both a monodentate and bidentate coordination
mode (Scheme 2).


Results and Discussion


Synthesis and reactivity of [Ru ACHTUNGTRENNUNG(NH2NHMe) ACHTUNGTRENNUNG(PyP)2]Cl ACHTUNGTRENNUNG(BPh4)
(5; PyP=1-[2-(diphenylphosphino)ethyl]pyrazole): The re-
action of methylhydrazine with ruthenium dimer [RuACHTUNGTRENNUNG(m-Cl)-
ACHTUNGTRENNUNG(PyP)2]2ACHTUNGTRENNUNG(BPh4)2 (6)[29] gave new Ru hydrazine complex 5 as
either [Ru(h2-NH2NHMe) ACHTUNGTRENNUNG(PyP)2]Cl ACHTUNGTRENNUNG(BPh4) (5a) in which the
hydrazine acts as a bidentate ligand, or [RuCl(h1-
NH2NHMe) ACHTUNGTRENNUNG(PyP)2]BPh4 (5b) in which the hydrazine is
bound in an end-on fashion by the -NH2 group (Scheme 3).


The reaction was performed at room temperature in di-
chloromethane and gave 5 cleanly and in good yield (68%);
the reaction did not proceed at �30 8C. Complex 6 was syn-
thesised by heating a solution of trans,cis,cis-[RuCl2ACHTUNGTRENNUNG(PyP)2]
and NaBPh4 in ethanol at reflux, thereby following the re-
ported method.[29]


Loss of methylhydrazine from 5 in solution led to the for-
mation of starting material 6, which precipitated out of solu-
tions of 5 in tetrahydrofuran, chloroform and dichloro-
ACHTUNGTRENNUNGmethane. The tendency of 5 to lose methylhydrazine meant
there was little potential for undertaking further reactions
of the metal-bound hydrazine ligand.


Given the reversibility of hydrazine addition, it was
thought that the greater solubility of bimetallic Ru complex
[Ru ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(PyP)2]2ACHTUNGTRENNUNG(OSO2CF3)2 (7),[29] which contains a trif-
ACHTUNGTRENNUNGlate counterion, would lead to an increase in the stability of
proposed product [Ru ACHTUNGTRENNUNG(NH2NHMe) ACHTUNGTRENNUNG(PyP)2]Cl ACHTUNGTRENNUNG(OSO2CF3) (8)
by addition of methylhydrazine. Unfortunately, addition of
methylhydrazine to a solution of 7 in dichloromethane pro-
duced a number of products including the expected complex
8, as observed by 31P{1H} and 1H NMR spectroscopy.


Crystals of 5a were successfully grown by layering n-
hexane over a solution of 5 in tetrahydrofuran and a slight
excess of methylhydrazine. The excess methylhydrazine was
needed to prevent the preferential precipitation of BPh4


�


Scheme 1. Synthesis of complexes 3 and 4.


Scheme 2. The two possible binding modes of methylhydrazine.


Scheme 3. Synthesis of 5 from 6, showing the structures of 5a (side-on
binding of methylhydrazine) and 5b (end-on binding of methylhydra-
zine).
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dimer 6. Early attempts to grow crystals from solutions of 5
and methylhydrazine in dichloromethane resulted in the for-
mation of 1,4-dimethylhexahydro-1,2,4,5-tetrazine (9). Tetra-
zine 9 is intentionally synthesised by heating methylhydra-
zine and dichloromethane in diethyl ether at 34 8C for sever-
al hours.[30]


Solid-state structure of 5 : The solid-state structure of 5 was
confirmed by X-ray crystallography to be 5a. The ORTEP
diagram that shows the atomic numbering scheme for 5a is
shown in Figure 1. Selected bond lengths and angles for the
solid-state structure of 5a are presented in Table 1.


The asymmetric unit of the crystal structure obtained for
5a consists of one molecule of 5a, (the crystal lattice clearly
shows that both Cl� and BPh4


� anions are present), 1.5 mol-
ecules of methylhydrazine and one molecule of tetrahydro-
furan.


The geometry about the ruthenium metal centre of 5a is
pseudo-octahedral, in which the methylhydrazine ligand oc-
cupies two equatorial sites. The severe distortion from ideal
octahedral geometry is caused by the methylhydrazine
ligand, in which the N1-Ru1-N2 bite angle is only 39.1(2)8.
The angle between the plane occupied by P1-Ru-P2 and the


plane occupied by N1-Ru1-N2 is 2.9 ACHTUNGTRENNUNG(0.4)8. The Ru�P and
Ru�N bond lengths and N-Ru-P bite angles of the PyP li-
gands bound to 5a are all comparable to those found for
previously reported ruthenium complexes that contain two
PyP ligands.[29] The bond lengths for N1�N2, Ru1�N1 and
Ru1�N2 (1.423(9), 2.147(6) and 2.110(6) N, respectively)
are all within the ranges of Ru�N and N�N bond lengths
found for previously reported ruthenium complexes that
contain h1-hydrazine ligands[10,11,31] and Fe, Co, V, W and Mo
complexes 1–4, which contain bidentate hydrazine li-
gands.[19–21,25,27]


Although close to the limit of experimental error, the
Ru1�N1 bond (2.147(6) N) of the methylhydrazine ligand is
slightly longer than the Ru1�N2 bond (2.110(6) N), which
indicates that the -NH2 group of the methylhydrazine ligand
binds more strongly to the metal centre than the alkyl-sub-
stituted nitrogen, -NHMe. This is of note because no conclu-
sive data has been previously reported that distinguishes be-
tween the binding strengths of the a- and b-nitrogen atoms
of alkyl-substituted hydrazines.[6] A previous report on 2, a
molybdenum complex that contains the aryl-substituted hy-
drazine ligand h2-phenylhydrazine, also found the Mo�
NHPh bond (2.184(3) N) to be longer than the Mo�NH2


bond (2.134(3) N), as determined by X-ray crystallography.[21]


Solution-state structure of 5 : Extensive NMR spectroscopic
studies showed that in solution the methylhydrazine ligand
of 5 was bound in an end-on fashion by the -NH2 group as
in 5b. 1H-1H NOESY, 1H-1H ROESY and 1H-1H DQF-
COSY experiments were performed to assign the resonances
of the protons in the 1H NMR spectrum of 5b. The three
resonances due to the NH signals of the methylhydrazine
ligand appear as broad multiplets at three separate chemical
shifts that integrate to one proton each. The signals were as-
signed by using the 1H-1H DQF-COSY spectrum, which
contains cross peaks between the resonances from the
methyl protons of the methylhydrazine and the -NHMe
proton, and cross peaks between the resonances from the
protons bound to the two nitrogen atoms of methylhydra-
zine.


The geometry of the first coordination sphere of the Ru
ion was assessed by two-bond scalar coupling constants
across the metal centre. The octahedral geometry of the Ru
ion coordinated by PyP ligands, which was observed in the
crystal structure, appears to be conserved in solution. The
31P{1H} NMR spectrum showed a pair of doublets at d=38.8
and 28.7 ppm (2JACHTUNGTRENNUNG(P,P)=30 Hz; Figure 5b, later). This split-
ting pattern is consistent with a coupled pair of inequivalent
phosphorus nuclei that are cis to each other, as expected for
5a or 5b. In addition, the absence of any large 2J ACHTUNGTRENNUNG(P,N) cou-
plings of the PyP nitrogen atoms in a 1H-15N HSQC spec-
trum (recorded with INEPT delays of 25 ms) indicated that
none of the PyP nitrogen atoms were trans to a phosphorus
atom, which confirms the geometry of the compound as
either 5a or 5b.


A 1H-15N HSQC spectrum recorded with INEPT delays
of 6.7 ms provided experimental evidence for the end-on co-


Figure 1. ORTEP depiction of the cation of 5a, with thermal ellipsoids at
the 30% probability level. All H atoms except those of the methylhydra-
zine ligand have been omitted for clarity.


Table 1. Selected bond lengths and angles for the solid-state structure of
5a.


Bond lengths [N] Bond angles [8]


Ru1�N1 2.147(6) N1-Ru1-N2 39.1(2)
Ru1�N2 2.110(6) N3-Ru1-P1 95.02(15)
Ru1�N3 2.107(5) N3-Ru1-N5 174.99(19)
Ru1�N5 2.104(5) N5-Ru1-P2 92.64(14)
Ru1�P1 2.275(2) P1-Ru1-P2 92.79(6)
Ru1�P2 2.273(2)
N1�N2 1.423(9)


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10058 – 1006510060


B. Messerle et al.



www.chemeurj.org





ordination of the methylhydrazine ligand to the metal
centre by only the NH2 group. Sections of the 1H-15N HSQC
spectrum are shown in Figure 2. As can be seen from the


2D spectrum, the 15N resonance due to the methyl-substitut-
ed nitrogen appears as a singlet at d=66.7 ppm, and the res-
onance due to the -NH2 nitrogen appears as a doublet at d=


73.7 ppm. The large 2J ACHTUNGTRENNUNG(N,P) coupling constant (32.8 Hz) of
the -NH2 nitrogen is indicative of a nitrogen atom trans to
phosphorus. No such 2J ACHTUNGTRENNUNG(N,P) coupling to phosphorus was
observed for the -NHMe nitrogen resonance, which indi-
cates that this nitrogen is not bound to ruthenium. The large
2J ACHTUNGTRENNUNG(N,P) coupling constant observed for the -NH2 nitrogen
also confirms that the molecule has maintained its octahe-
dral geometry, with a single phosphorus atom trans to the
methylhydrazine ligand. The other phosphorus atom is most
likely trans to a chloride anion. The JACHTUNGTRENNUNG(N,P) coupling be-
tween the unsubstituted nitrogen and the cis-phosphines
could not be resolved, even with 15N linewidths less than
2.8 Hz, in agreement with 2J ACHTUNGTRENNUNG(N,cis-P) couplings smaller than
3 Hz in octahedrally coordinated Ru complexes.[17,18] As ex-
pected, the 3J ACHTUNGTRENNUNG(P,H) couplings between the two -NH2 protons
and the trans-phosphorus atoms were also small (3J ACHTUNGTRENNUNG(P,H)=


3.2 and 3.4 Hz, Figure 2).
The sixth coordination site of the Ru ion is most likely oc-


cupied by the chloride anion with weak binding affinity. In-
direct evidence for this was obtained from chemical ex-
change peaks between the signals of the two non-equivalent
PyP ligands observed in the ROESY spectrum. The ex-
change rate was about 5 s�1 at 25 8C and changed little at
4 8C. The most plausible mechanism would be the dissocia-
tion of the chloride ion from the complex followed by mi-
gration of the methylhydrazine ligand to the vacant site and
reassociation of the chloride ion. This mechanism would ex-
change the two PyP ligands without changing the coordina-
tion geometry of the methylhydrazine or the chirality of the
complex.


A second exchange process was observed between the
three nitrogen-bound protons of the methylhydrazine. This
exchange process could be efficiently suppressed by lower-
ing the temperature to 4 8C. These protons also showed ex-
change peaks to a resonance at d=1.53 ppm, and this is
most readily explained by intermolecular exchange with
water.


There are only a few reported examples of 15N NMR
spectroscopic data for metal complexes of hydrazine, partic-
ularly for those of the later transition metals, such as ruthe-
nium.[6] Relevant examples are given in Table 2. The chemi-


cal shifts of the resonances due to the nitrogen atoms of the
methylhydrazine ligand are similar to those found for the
rhodium complex [RhCl(h1-NH2NHMe) ACHTUNGTRENNUNG(PPh3)2], which also
contains the methylhydrazine bound in an end-on fashion
by the -NH2 group trans to a phosphorus atom (Entry 2,
Table 2).[14] The resonance due to the unsubstituted nitrogen
(a-N) of methylhydrazine shifts noticeably downfield on
binding to the ruthenium metal centre of 5b (from d=51.2
to 73.7 ppm), unlike the resonance due to the substituted ni-
trogen (b-N), which does not shift significantly. Similar
shifts are also observed for [RhCl(h1-NH2NHMe) ACHTUNGTRENNUNG(PPh3)2].


[14]


These results further confirm that the b-N of the methylhy-
drazine ligand of 5b is not bound to the metal centre. The
chemical shifts of the resonances due to the nitrogen atoms
of the end-on bound methylhydrazine ligands (Entries 2 and
5, Table 2) are significantly different to those of the biden-
tate hydrazine ligand of [FeACHTUNGTRENNUNG(P


_
P)2(h


2-NH2NH2)] ACHTUNGTRENNUNG(BPh4)2 (3
and 4 ; Entries 3 and 4, Table 2).[27] The 15N chemical shifts
may thus present a useful diagnostic tool for distinguishing
the two different binding modes of hydrazine ligands.


The 1H-1H ROESY spectrum also confirmed that the
methylhydrazine ligand of 5b is bound to the metal centre
by only the -NH2 group. 1H-1H ROESY was used instead of
1H-1H NOESY for determining the through-space interac-
tions of the resonances of the protons of 5b because the ro-
tational correlation time of the complex led to much more
intense ROE than NOE cross peaks.[35] Sections of the
1H-1H ROESY NMR spectrum are shown in Figures 3 and
4.


The two protons on the unsubstituted a-NH2 of methylhy-
drazine are magnetically inequivalent, and both exhibit


Figure 2. Sections of the 1H-15N HSQC spectrum (CDCl3, 600 MHz) of
5b, referenced externally to liquid ammonia.


Table 2. 15N chemical shifts for free and ligated hydrazines, referenced to
liquid ammonia.[a]


Entry Compound da-N [ppm] db-N [ppm]


1[14] NH2�NHMe 51.2[b] 64.2[b]


2[14]
ACHTUNGTRENNUNG[RhCl(h1-NH2NHMe) ACHTUNGTRENNUNG(PPh3)2] 68.1[b] 63.6[b]


3[27] 3 �13.1[c] –
4[28] 4 �7.7[b] –
5 5b 73.7 66.7


[a] a-N: unsubstituted nitrogen, b-N: substituted nitrogen. [b] Values of
d15N with respect to nitromethane have been converted to d15N with re-
spect to liquid NH3 by using d15NH3


=dMe15NO2
+380.2 ppm.[32,33] [c] Value is


incorrectly referenced in original paper[27] in regards to d15N formamide,
[33] and


has been adjusted.
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through-space interactions with the protons of the two in-
ACHTUNGTRENNUNGequivalent PyP ligands. ROESY cross peaks were observed
between the 1H NMR resonances of the a-NH protons and
the protons on the C5 position of the pyrazole group of
both PyP ligands, and those in the ortho positions of one of


the phenyl groups of both PyP ligands (Figure 3). The reso-
nances of both a-NH protons seem to exhibit through-space
interactions with protons of both PyP ligands, even though
the two pyrazole groups and two phenyl groups are oriented
on opposite sides of the molecule. This observation is most
readily explained by exchange-relayed ROEs, in which the
weaker set of cross peaks arises from two-step magnetiza-
tion transfers that involve both ROE and chemical ex-
change.


The section of the 1H-1H ROESY spectrum shown in
Figure 4 shows the cross peak between the resonance due to
the b-NH proton of methylhydrazine and one of the protons
of the ethylene backbone, -NCH2-, of one of the PyP li-
gands. This -NCH2- group most likely belongs to the PyP
ligand, the P and N donor atoms of which are both bound
to the metal centre in a cis fashion to the methylhydrazine
ligand (see the pictorial representation in Figure 4). This
through-space interaction would not be possible if the b-N
was bound to the ruthenium centre because the b-N would
then be bound trans to the P donor atom of this PyP ligand.
Cross peaks were also observed between the resonances of
the b-NH proton and the protons on the C5 position of the
pyrazole group of both PyP ligands.


The 1H-31P HMQC spectrum confirmed the orientation of
the two PyP ligands of 5b. A cross peak was observed be-
tween the resonances of one of the a-NH protons of methyl-
hydrazine and the trans-31P nucleus at d=28.7 ppm. No
cross peak was observed between the resonances due to the
a-NH protons and the cis-31P nucleus, which is expected be-
cause no 2JACHTUNGTRENNUNG(N,P) couplings could be resolved between the
methylhydrazine nitrogen atoms and the cis-phosphines in
the 1H-15N HSQC spectrum (Figure 2).


In situ synthesis of ruthenium complexes of hydrazine : Fol-
lowing the success of the reaction between methylhydrazine
and ruthenium bimetallic complexes 6 and 7, the scope of
the reaction was extended to include less reactive substitut-
ed hydrazines. The in situ reaction of phenylhydrazine, 1,1-
dimethylhydrazine, N-aminopiperidine and 1,2-diphenylhy-
drazine with 7 were first performed on an NMR scale. In
each case, excess substituted hydrazine was added to a solu-
tion of dimer 7 in [D2]dichloromethane and the reaction
monitored by variable temperature 31P{1H} NMR spectros-
copy. The addition of methylhydrazine to 6 gave the product
with an end-on bound methylhydrazine ligand in solution,
so therefore the products of the reactions between phenyl-
hydrazine, 1,1-dimethylhydrazine and N-aminopiperidine
with 7 were expected to be [RuCl(h1-NH2NRR’)-
ACHTUNGTRENNUNG(PyP)2]OSO2CF3, in which R=H, R’=Ph (10), R=R’=Me
(11) and NRR’=NC5H10 (12), respectively (Scheme 4).


Upon addition of phenylhydrazine to 7, product 10 was
formed immediately and exhibited a pair of doublets in the
31P{1H} NMR spectrum at d=44.3 and 33.4 ppm (2J ACHTUNGTRENNUNG(P,P)=


33.7 Hz; Figure 5c). Treatment of 7 with 1,1-dimethylhydra-
zine and N-aminopiperidine also produced new complexes
11 and 12, which both exhibited a pair of doublets in their
31P{1H} NMR spectra, but at lower chemical shifts than the


Figure 3. Section of the 1H-1H ROESY spectrum (CDCl3, 600 MHz,
200 ms mixing time) and a pictorial depiction of the structure of 5b that
shows the through-space interactions of the protons of the ligands
(PyH=pyrazolyl-H, ArH=aryl-H).


Figure 4. Section of the 1H-1H ROESY spectrum (CDCl3, 600 MHz,
200 ms mixing time) and a pictorial depiction of the structure of 5b that
shows the through-space interactions of the protons of the ligands.
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mono-substituted hydrazine (d=37.5 and 28.9 ppm for 11
and d=36.9 and 29.3 ppm for 12). The 31P nuclei of each of
the new complexes 10–12 have similar 2J ACHTUNGTRENNUNG(P,P) coupling con-
stants (33.7, 29.4 and 30.0 Hz, respectively; Figure 5). This
splitting pattern is consistent with each complex containing
mutually inequivalent P donor atoms that are cis to each
other. The 31P{1H} NMR spectra of these three reaction mix-
tures, starting material 7 and isolated complex 5b are de-
picted in Figure 5. The similarity of the chemical shifts and
coupling constants of the in situ-formed hydrazine com-
plexes of ruthenium to those of isolated complex 5b confirm
that substituted hydrazines phenylhydrazine, 1,1-dimethylhy-
drazine and N-aminopiperidine also give ruthenium com-
plexes with the hydrazine ligand coordinated by the -NH2


group in an end-on fashion, as depicted in Scheme 4.
The in situ reactions of phenylhydrazine with each of the


dimers 6, [Ru ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(PyP)2]2ACHTUNGTRENNUNG(BF4)2 and [RuACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(PyP)2]2-
ACHTUNGTRENNUNG(BArF)2 (in which BArF= tetrakis ACHTUNGTRENNUNG[3,5-bis(trifluoromethyl)-
phenyl]borate) were also performed on an NMR scale and
monitored by low-temperature 31P{1H} NMR spectroscopy.
The product of each of the three reactions had 31P{1H} NMR
spectra that were similar to that observed for the reaction of


phenylhydrazine with 7, which contains a triflate counterion
and was used in the formation of 10–12 (Figure 5c).


In the reactions of phenylhydrazine, 1,1-dimethylhydra-
zine and N-aminopiperidine with 7, the new hydrazine prod-
ucts formed (10–12) were found to be in equilibrium with
starting material 7, even at low temperatures (190 K) and
even though an excess of the hydrazine was used (note the
residual peak attributed to 7 in each of the spectra in Fig-
ure 5c, d and e). This indicates that the substituted hydra-
zines are weakly bound to the metal centre, which is also
confirmed by the broad resonances observed in the NMR
spectra at room temperature. The reaction with phenylhy-
drazine produced much sharper resonances in the
31P{1H} NMR spectra at higher temperatures (270–298 K)
than the reactions with the two 1,1-disubstitued hydrazines,
which indicates that 10 is less labile than 11 and 12.


1,2-diphenylhydrazine showed no reactivity towards 7 as
observed by 31P{1H} NMR spectroscopy, even after 24 h at
room temperature and a further 2 h at 60 8C. This is most
likely due to the steric bulk of the phenyl group and the fact
that the -NHPh nitrogen is less nucleophilic than the -NH2


nitrogen of phenylhydrazine because of the delocalisation of
electron density onto the aromatic ring. The fact that phe-
nylhydrazine binds to ruthenium whereas 1,2-diphenylhydra-
zine does not supports the conclusion that the substituted
hydrazine ligands bind in an end-on fashion in solution by
the -NH2 group.


Conclusion


Methylhydrazine complex 5 was synthesised by the addition
of methylhydrazine to dimeric species 6. The methylhydra-
zine ligand of 5 has two different binding modes, that is,
side-on when complex 5 is in the solid state (5a) and end-on
by the NH2 group only when complex 5 is in solution (5b).
The solid-state structure of 5 was determined by X-ray crys-
tallography and the solution-state structure of 5 was deter-
mined by using 2D NMR spectroscopy. 1H-15N HSQC ex-
periments provided particularly clear evidence that methyl-
hydrazine is bound to the metal centre by only the -NH2


group and that the ruthenium complex retains an octahedral
conformation in solution. It is proposed here that the sixth
vacant coordination site is filled by a chloride anion.


Hydrazine complexes [RuCl(h1-NH2NRR’) ACHTUNGTRENNUNG(PyP)2]-
ACHTUNGTRENNUNGOSO2CF3, in which R=H, R’=Ph (10), R=R’=Me (11)
and NRR’=NC5H10 (12), were formed in situ by the addi-
tion of phenylhydrazine, 1,1-dimethylhydrazine and N-ami-
nopiperidine, respectively, to a solution of 7 in dichloro-
ACHTUNGTRENNUNGmethane. Complexes 10–12 were observed in an equilibrium
mixture with dimeric ruthenium starting material 7.


Experimental Section


All reactions were performed under a N2 or Ar atmosphere. Solvents and
liquid reagents were purified and dried under Ar by using conventional


Scheme 4. Synthesis of complexes 10–12 from starting materials 6 or 7,
showing the end-on binding mode of the substituted hydrazines.


Figure 5. 31P{1H} NMR spectrum (250 K, 300 MHz) of a) 7 (N) in
CD2Cl2; b) 5b in CDCl3; c), d) and e) 7 and excess 10, 12 and 11, respec-
tively, in CD2Cl2.
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methods.[36] Except where specified, chemicals were purchased from
either Aldrich Chemical Company, Precious Metals Online PMO P/L or
Cambridge Isotope Laboratory. The 1H, 31P and 13C NMR spectra were
recorded by using Bruker DPX300, DMX500, DMX600 or Avance 600
NMR spectrometers. 1H and 13C NMR chemical shifts were referenced
internally to residual solvent resonances. 31P NMR chemical shifts were
referenced externally by using H3PO4 (85% in D2O) in a capillary that
was taken to be at 0.0 ppm. 15N NMR chemical shifts were referenced ex-
ternally to liquid ammonia, which was taken to be at 0 ppm. The 1H-15N
HSQC spectrum of Figure 2 was recorded with broadband 1H decoupling
during the evolution time to minimize the 15N linewidth in the presence
of 1H chemical exchange.[37] Elemental analyses were carried out at the
Campbell Microanalytical Laboratory, University of Otago, New Zea-
land. Single-crystal X-ray diffraction data were collected in f and w


scans by using a Nonius Kappa CCD diffractometer with MoKa radiation.
The structures were solved with direct methods (SHELXS97) and refined
by full-matrix least-squares refinement of F2 by using SHELXL97. De-
tails of crystallographic data for compound 5 are listed in the experimen-
tal section. CCDC-689122 (5) contains the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Mass spectra were acquired at the BioAnalytical Mass
Spectrometry Facility (BMSF), University of New South Wales. Com-
plexes 6, 7, [Ru ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(PyP)2]2 ACHTUNGTRENNUNG(BF4)2 and [RuACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(PyP)2]2 ACHTUNGTRENNUNG(BArF)2 were
synthesised by following the reported methods.[29]


Synthesis of [Ru ACHTUNGTRENNUNG(NH2NHMe) ACHTUNGTRENNUNG(PyP)2]Cl ACHTUNGTRENNUNG(BPh4) (5): Methylhydrazine
(50 mL, 0.950 mmol) was added to a solution of 6 (74.7 mg, 0.037 mmol)
in CH2Cl2 (10 mL). The solution was stirred for 1 h, then concentrated
under vacuum and Et2O added. The subsequent precipitate was collected
by filtration and dried under vacuum to give the title product as a pale
yellow solid (yield 53.6 mg, 68%). Crystals suitable for X-ray crystallog-
raphy were grown by layering n-hexane over a solution of methylhydra-
zine and the crude product in THF.


1H NMR (600 MHz, CDCl3, 298 K, TMS): d=7.60 (1H; H3), 7.41 (2H;
H’9), 7.38 (1H; H11), 7.36 (8H; o-CH of BPh4), 7.31 (2H; H10), 7.28
(1H; H’11), 7.22 (1H; H’5), 7.18 (1H; H8, H’10), 7.10 (2H; H’9), 7.00
(2H; H9), 6.95 (2H; H7), 6.94 (1H; H5), 6.90 (8H; m-CH of BPh4), 6.85
(2H; H’7), 6.77 (4H; p-CH of BPh4), 6.08 (1H; H’3), 5.99 (1H; H’4),
5.96 (2H; H6), 5.91 (2H; H’6), 5.86 (1H; H4), 5.38 (m, 1H; N’CH), 4.67
(brm; 1H, NH), 4.62 (m, 1H; NCH), 4.22 (m, 1H; N’CH), 4.12 (brm,
1H; NH), 3.84 (m, 1H; NCH), 2.87 (brm, 1H; NHCH3), 2.44 (brd, 3H;
NHCH3), 2.28 (m, 1H; N’CH), 2.17 (m, 1H; PCH), 2.16 (m, 1H; N’CH),
2.00 ppm (m, 1H; PCH); 31P{1H} NMR (202 MHz, 298 K, CDCl3): d=


38.8 (d, 2J ACHTUNGTRENNUNG(P,P)=30.0 Hz; PPh2), 28.7 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=30.0 Hz; P’Ph2);
15N{1H} NMR (61 MHz, 298 K, CDCl3): d =215.6 (N’1), 210.2 (N’2), 209.5
(N2), 209.4 (N1), 73.7 (d, J ACHTUNGTRENNUNG(P,N)=32.8 Hz; -NH2), 66.7 ppm (-NHCH3);
13C{1H} NMR (150 MHz, 298 K, CDCl3): d=164.1 (i-C of BPh4), 148.0
(C3), 142.8 (C’3), 136.4 (C5), 135.8 (C’5), 135.7 (o-C of BPh4), 133.1
(C’9), 130.6 (C9), 130.5 (C11), 129.9 (C6, C8, C’6), 129.3 (C’8), 129.2


(C10), 128.6 (C7), 128.0 (C’7, C’11), 127.1 (C’10), 125.4 (m-C of BPh4),
121.5 (p-C of BPh4), 106.3 (C’4), 105.9 (C4), 47.1 (NCH2), 47.0 (N’CH2),
43.1 (NCH3), 23.8 (PCH2), 25.0 ppm (PCH2); ESIMS (DCM): m/z (%):
697.07 (100) [RuClACHTUNGTRENNUNG(PyP)2


+]; elemental analysis calcd (%) for
C59H60BClN6P2Ru·H2O: C 65.59, H 5.78, N 7.78; found: C 65.49, H 5.72,
N, 8.03.


Crystallographic data : Empirical formula C59H60BClN6P2Ru·1.5
ACHTUNGTRENNUNG(NH2NHCH3)· ACHTUNGTRENNUNG(CH2)4O; Mr =1203.62 gmol�1; monoclinic; C2/c ; V=


12603.6(10) N3; Z=8; a=30.2824(13), b=10.8564(5), c=38.948(2) N;
T=200(2) K; F ACHTUNGTRENNUNG(000)=5048; b=100.162(1)8 ; completeness 99.7%; q


range 2.63–25.008 ; crystal size 0.31T0.14T0.04 mm; index ranges �35�
h�35, �12�k�12, �46� l�46; reflns measured 76226, unique reflns
11054; Rint =0.1492; GoF ACHTUNGTRENNUNG(all)=1.063; R1 [I>2s(I)] 0.0736; wR2 [I>
2s(I)] 0.1619; R1 (all data) 0.1519; wR2 (all data) 0.1836.


General procedure for all NMR spectroscopy scale reactions : Dried and
degassed CD2Cl2 (0.6 mL) was transferred into a NMR tube fitted with a
YoungUs valve that contained the bimetallic metal complex (6 or 7;
�10 mg). The YoungUs valve was replaced with a rubber septum in either
a N2 or Ar glove-box. The dried and degassed substituted hydrazine (1,1-
dimethylhydrazine, phenylhydrazine or N-aminopiperidine; �10 mL) was
injected into the NMR tube by using an air-tight syringe. The rubber
septum was quickly replaced by a YoungUs valve under a cone of Ar gas.
The reaction was monitored by variable-temperature 1H and
31P{1H} NMR spectroscopy. The 31P{1H} NMR spectroscopic data are
given in Table 3.
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Introduction


Complex nucleoside antibiotics comprise an extensive array
of natural products that combine the structural features of
nucleosides, higher monosaccharides, disaccharides, peptides
and lipids.[1] They exhibit a variety of biological activities in-
cluding antitumor, antiviral, antibacterial and antifungal
properties.[1,2] While an increasing number of compounds of
this class has been accessed by total synthesis,[3] there are


still notable targets that have been approached but not yet
synthesized. Amongst them, miharamycins A and B, isolated
forty years ago from Streptomyces miharaensis SF-489, dis-
play strong activity against the rice blast disease caused by
Pyricularia oryzae.[4] The structure of miharamycins was par-
tially elucidated twenty-five years ago with the help of ex-
tensive spectroscopic and chemical degradation studies.[5]


Miharamycins were found to be made up of an unusual
higher monosaccharide component, appended to an N-ter-
minal amino acid residue at C-6’, and a purine nucleobase
connected at N9. However, the absolute configuration at C-
6’ for both antibiotics remains undetermined. Although con-
siderable effort has been devoted to the total synthesis of
miharamycins because of their unique and complex struc-
ture,[6] none of these attempts has yet been successful.


Abstract: The relative configuration at
C-6’ of nucleoside antibiotic miharamy-
cin A has been elucidated by NMR
spectroscopy and proved to be S. The
total synthesis of miharamycin B has
also been investigated, which has led to
the unprecedented construction of its
core. The bicyclic sugar moiety has
been elaborated by means of a SmI2-


based keto–alkyne coupling. Elonga-
tion of its C-6 position towards a bicy-
clic sugar amino acid and conversion
into a suitable glycosyl donor enabled


efficient N-glycosylation with 2-amino-
purine to take place to afford the nu-
cleosidic part of miharamycin B. Final
peptide coupling with arginine afforded
the skeleton of miharamycin B. Un-
fortunately, attempts to deprotect this
scaffold failed to afford the complex
nucleoside antibiotic.
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Results and Discussion


Determination of the relative configuration at C-6’ of mihar-
amycin A : A prerequisite to the synthetic work was the con-
firmation of the relative structure of miharamycins and the
determination of their configuration at C-6’. This was inves-
tigated by NMR spectroscopy, combining complementary
standard 2D methods at 500 and 700 MHz (see the Support-
ing Information). The assignment of the 1H and 13C NMR
spectroscopic resonance signals collected for miharamycin A
supported the structure proposed by Seto.[5] Moreover, three
key features allowed the non-ambiguous deduction of an S
configuration for C-6’: a small JH5’H6’ value (1.8 Hz, gauche-
type major orientation), a large JH5’C7’ value (>8 Hz, anti-
type major orientation, C-7’ being the carboxylic carbon
atom) and the existence of a H-1’/H-2’’ NOE (associated
distance ca. 4 O). These three experimental observations
can only be accommodated by the S configuration of the C-
6’ stereogenic centre, along with the existence of a major
conformer in which the lateral chain is folded towards the
aminopurine moiety (see the Supporting Information).[7] Al-
though no sample of miharamycin B has been available to
us for NMR spectroscopic studies, it is highly probable that
miharamycins A and B share the same S configuration at C-
6’ since both antibiotics have been isolated from the same
microorganism and S-configured natural amino acids are
dominant in members of the peptidyl nucleoside family of
antibiotics.[1]


Chemical synthesis : We then concentrated our efforts to-
wards the total synthesis of miharamycin B, which incorpo-
rates an easily available l-arginine moiety. The synthetic
challenge of miharamycin B stands in its unique elongated
bicyclic sugar moiety and in the presence of an unusual 2-
aminopurine nucleobase, which suggests the four disconnec-
tions listed in Scheme 1. Tactics harvested in previously
completed complex nucleoside antibiotics syntheses usually
place the sugar moiety construction early in the synthesis
and the N-glycosylation step before the peptide coupling
due to the Lewis basicity of the amide bond that can some-
times interfere with glycosylation conditions.[1] We, there-
fore, relied on the following strategy: 1) construction of the
bicyclic carbohydrate unit, 2) elaboration of the amino acid
at C-6’, 3) nucleoside synthesis and 4) peptide coupling fol-
lowed by final deprotection (Scheme 1). Protection of hy-


droxyl and amino groups as benzyl ethers and O-benzyl car-
bamates respectively should ensure a clean final deprotec-
tion step under rather neutral conditions.


As part of a program exploiting samarium(II) iodide
methodology[8] to access and elucidate the framework of
natural products displaying unusual sugar-like moieties,[9] we
first investigated the synthesis of the bicyclic sugar moiety
of miharamycin (Scheme 2). This bicyclic sugar moiety can


be considered the equivalent of a ring-opened 3’-keto com-
pound and should be accessible by cyclisation of the corre-
sponding a-propargyloxy ketone 3. When treated with SmI2
in the presence of hexamethylphosphoramide (HMPA) and
tBuOH, ketone 3 smoothly afforded the desired exoalkene 4
through a 5-exo-dig ketyl–alkyne cyclisation.[10] Other ap-
proaches to the bicyclic carbohydrate core of miharamycins
have also been reported more recently.[11] Further, ozonoly-
sis of the olefin followed by NaBH4 reduction, occurring ex-
clusively from the exo face of the bicyclic system, furnished
the desired kinetic diol, which was then benzylated to afford
the tricyclic acetal 5. Construction of the sugar amino acid
core was then studied. Beside non-carbohydrate-based ap-
proaches that condense GarnerPs aldehyde as a masked
amino acid,[12] several methods are available to homologate
the C-6 position of a sugar pyranoside and construct the
amino acid. Although stereocontrolled ethynylation of a dia-
ldosugar has been reported,[13] we focused on a chain exten-
sion methodology, which used the vinyl group as a synthetic
equivalent of the carboxylic acid functionality; this led to a
lower degree of stereocontrol to obtain both epimers at C-6’
for further SAR studies. Regioselective benzylidene opening
yielded primary alcohol 6, which was further oxidized under


Scheme 1. Key disconnections planned for the synthesis of the miharamy-
cin B framework.


Scheme 2. Synthesis of azido ester 10. a) SmI2 (0.1m in THF), HMPA,
tBuOH, THF, 94%; b) O3, �78 8C, Me2S, CH2Cl2 then NaBH4, EtOH,
0 8C, 84% over two steps; c) BnBr, NaH, DMF, 95%; d) LiAlH4/AlCl3,
Et2O/CH2Cl2 2:1, 50 8C, 88%; e) (COCl)2, DMSO, Et3N, CH2Cl2, �78 8C
then CH2=CHMgBr, THF, �78 8C, 65% over 2 steps; f) O3, �78 8C,
Me2S, CH2Cl2 then NaClO2, NaH2PO4·H2O, tBuOH/H2O/2-methyl-but-2-
ene 2:2:1 then MeI, KHCO3, DMF, 65% over three steps; g) Tf2O, pyri-
dine, CH2Cl2, �78 8C then NaN3, DMF, 82% over 2 steps.
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Swern conditions to give the aldehyde; this was then directly
engaged in the alkylation step with vinyl magnesium bro-
mide to afford the diastereomeric allylic alcohols (S)-7 and
(R)-8 in a 3:2 ratio. The newly established C-6’ S configura-
tion of miharamycin A and the required double inversion at
C-6 to introduce the amino acid moiety prompted us to start
from the S-configured alcohol 7. Ozonolysis of allylic alco-
hol 7 and further oxidation to the carboxylic acid with
NaClO2 followed by esterification with iodomethane yielded
the C-6 (R)-methyl ester 9. Triflation of the free OH group
and subsequent displacement with sodium azide provided
the desired C-6 (S)-azido ester 10 as an oil (Scheme 2).


To firmly establish the stereochemistry of the azido ester
10 at C-6 (Scheme 3), the synthesis of the corresponding tri-
acetylated azido ester was envisioned for X-ray crystallogra-
phy purposes. Swapping hydroxyl protecting groups while
keeping the azido group as a masked amine required the ini-
tial removal of the benzyl groups in the presence of BCl3 at
low temperature.[14] Unfortunately, under these conditions, a
fused bistetrahydrofuran derivative A was isolated as the
sole product, the structure of which was confirmed by X-ray
crystallography (Figure 1).[15]


This skeleton rearrangement could be tentatively ex-
plained by a BCl3-induced endocyclic cleavage of the pyra-
nosidic ring to form an acyclic oxonium ion followed by an
intramolecular nucleophilic attack of the hydroxyl group at
the 4-position leading to an inversion of configuration of the
anomeric methoxy group. This problematic ring contraction
should be addressed because the key N-glycosylation step
requires similar Lewis acidic conditions. The azido ester
moiety of compound 10 was not implicated in this transfor-
mation and its S configuration was confirmed at this point.


Introduction of 2-aminopurine, an atypical nucleobase,[16]


was then investigated and required preliminary conversion
of the sugar amino acid precursor into a suitable glycosyl
donor. Acetolysis of the anomeric methoxy group in azido
ester 10 was optimised (Ac2O, 5% conc. H2SO4 in AcOH,
low temperature) to minimize pyranosidic ring contraction
and led to the corresponding glycosyl donor 11 in 39%


yield.[17] In a first approach, N-glycosylation with 2-amino-
purine under classical VorbrTggen conditions[18] that require
persilylation of the nucleobase was studied. Unfortunately,
all attempts to glycosylate 2-aminopurine as its bis-silylated
N-acetyl derivative by using Czernecki[6a] and GarnerPs[6b]


procedures (SnCl4, (CH2Cl)2/CH3CN, reflux and trimethyl-
silyl trifluoromethanesulfonate (TMSOTf), (CH2Cl)2, reflux,
respectively) reported with glucose peracetate failed and led
either to decomposition or recovery of the glycosyl donor
with no trace of the expected nucleoside.[19] Hence, the
more reactive 6-chloro-2-aminopurine was used as a masked
2-aminopurine. Coupling of the bis(trimethylsilyl) N-acetyl
derivative of 6-chloro-2-aminopurine 12 with the glycosyl
donor 11 under VorbrTggenPs conditions was examined
(Scheme 4, Table 1).


Glycosylation of purines is rarely regiospecific and usually
produces mixtures of N9 and N7 products despite numerous
studies aimed at finding ways to maximize N9 glycosyla-
tion.[21] While Garner[6b] devised conditions leading mainly
to the thermodynamic N9 regioisomer starting from glucose


Scheme 3. Proposed mechanism for the skeleton rearrangement of azi-
doester 10. a) BCl3 (1m in CH2Cl2), CH2Cl2, �78 to 0 8C, 65%.


Figure 1. X-ray structure of the fused tetrahydrofuran derivative A.


Scheme 4. N-glycosylation step. a) Ac2O, H2SO4 5% in AcOH, �20 to
0 8C, 39%; b) 12, TMSOTf, solvent and temperature (see Table 1).
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peracetate, the same conditions applied to the perbenzylated
glycosyl donor 11 afforded the kinetic N7 regioisomer 14 as
the major product (Table 1, entries 3 and 4). Since pyranosi-
dic ring contraction was observed either during BCl3-medi-
ated deprotection of benzyl ethers or during acetolysis of
the corresponding peracetylated methyl glycoside, benzyl
groups had to be kept and glycosylation conditions (solvent,
temperature) had to be finely tuned to favour the N9 regio-
isomer. Non-polar solvents and high reaction temperatures
usually lead to the thermodynamic N9 compound as the
major regioisomer,[22] but such harsh conditions (prolonged
reaction times, temperatures above 100 8C) resulted in de-
composition of the nucleobase and of the glycosyl donor 11.
Finally, glycosylation performed with TMSOTf in toluene at
85 8C for 4 h gave the best yield and N9/N7 ratio of the corre-
sponding b-N-nucleoside 13 (entry 7). Noteworthy is the ex-
clusive b-nucleoside formation observed in all cases, which,
in the absence of neighbouring-group participation, can be
tentatively explained by the steric hindrance of the a face of
the pyranosidic ring due to the presence of the bulky tetra-
hydrofuran ring. We next moved to the peptidyl coupling
step that required preliminary reduction of the azido group
in nucleoside 13. This reduction step was further exploited
to also remove the chlorine atom on the nucleobase and
concomitantly unmask the 2-aminopurine moiety. Optimised
hydrogenation (Pd/C) of 13
cleanly afforded the tribenzylat-
ed amino ester 15, which was di-
rectly engaged in the peptide
coupling reaction without purifi-
cation. While classical peptidyl
coupling conditions (1,3-dicyclo-
hexylcarbodiimide, 1-hydroxy-
benzotriazole) gave unsatisfac-
tory yields, activation of the N-
benzyloxycarbonyl-protected l-
arginine 16[23] with isobutyl
chloroformate[24] resulted in the
formation of the core of mihara-
mycin B 17 in 70% yield
(Scheme 5).


Unfortunately, removal of the protecting groups to afford
miharamycin B proved to be highly problematic (Scheme 6).
While hydrogenolysis (Pd/C) of the Z groups present on the
l-arginine moiety seemed to occur smoothly, the benzyl
groups present on the bicycle proved reluctant to undergo
hydrogenolysis under these conditions. Deprotection of
model compounds was thus explored. Successful hydroge-
nolysis under similar conditions of nucleobase-free bicyclic
sugar 10 and sugar amino acid 18 was observed to afford tri-
hydroxylated structures 19 and 20, respectively, but the nu-
cleoside 21 was totally inert to hydrogenolysis performed
with 10% Pd/C, Pd black, Pearlman catalyst at 30 psi or cat-
alytic hydrogen transfer, a behaviour also reported with
other benzylated nucleosides.[25] Nevertheless, hydrogenoly-
sis of nucleoside 21 under pressure (400 psi) with 10% Pd/C
afforded the fully deprotected nucleoside 22 after acetamide
and ester hydrolysis. When these hydrogenolysis conditions
(H2, 400 psi, 10% Pd/C, AcOH, 8 h) were applied to pro-
tected miharamycin 17, removal of the Z group on the argi-
nine moiety was observed as well as removal of all but one
of the benzyl groups. Iteration of this process to convert the
remaining monobenzylated compound led to decomposition
of the fully debenzylated molecule.


Table 1. TMSOTf-mediated N-glycosylation of persilylated N 2-acetyl 6-
chloropurine 12 with glycosyl donor 11.


Entry[a] Solvent T [8C] Reaction t [h] 14/13
ACHTUNGTRENNUNG(N7/N9)[b]


Yield [%]


1 CH3CN 65 3 1:0 55
2 ACHTUNGTRENNUNG(CH2Cl)2/CH3CN 85 3 8:1 53
3 ACHTUNGTRENNUNG(CH2Cl)2 85 3 2:1 43
4 ACHTUNGTRENNUNG(CH2Cl)2 85 16 2:1 40
5 ACHTUNGTRENNUNG(CH2Cl)2 85 16 –[c] –[c]


6 PhCH3 110 4 1:4[d] 32
7 PhCH3 85 4 1:3 58


[a] All reactions were carried out on a 0.05 mmol scale of sugar substrate
and yielded b-anomers exclusively. [b] The regioselectivity (N7/N9 ratio)
of the N-glycosylation was determined by HMBC.[20] [c] Decomposition
of the nucleobase and the glycosyl donor. [d] Deacetylation of the purine
nucleobase was observed.


Scheme 5. Synthesis of the skeleton of miharamycin B. a) H2, 10% Pd/C,
Et3N, EtOAc; b) 16, isobutyl chloroformate, Et3N, THF, �20 8C, 70%
over 2 steps.


Scheme 6. Debenzylation attempts on model compounds. a) H2 (30 psi), 10% Pd/C, glacial AcOH, 2.5 h; b) H2


(400 psi), 10% Pd/C, glacial AcOH, 8 h then NH4OH/MeOH 1:1, 60 8C, 24 h, 86%.
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Conclusion


We have confirmed the structure of miharamycin A and elu-
cidated for the first time its stereochemistry at C-6’. NMR
spectroscopic conformational analysis further suggested a
folding of the arginine appendage above the sugar ring to-
wards the 2-aminopurine nucleobase. Total synthesis of mi-
haramycin B was also undertaken and has led to the first
synthesis of the core of miharamycins 20, including construc-
tion of its unique bicyclic sugar amino acid moiety as well as
the regio- and stereoselective introduction of the atypical 2-
aminopurine nucleobase. Unfortunately, final deprotection
of this core proved reluctant to all conditions used. Never-
theless, this work has revealed and solved unexpected syn-
thetic problems (ring contraction, N-glycosylation) arising
from the unique structure of the miharamycins. The results
presented herein could be helpful for the construction of re-
lated complex nucleoside natural products, such as amipuri-
mycin,[26] a synthetic target under investigation,[27] but still to
be reached by total synthesis.


Experimental Section


NMR spectroscopic studies : NMR spectroscopic experiments in D2O so-
lution were carried out at 500 and 700 MHz and at 288 and 298 K. A con-
centration of ca. 18 mm of miharamycin A was used. A complete assign-
ment of the 1H NMR resonance signals of miharamycin A was achieved
on the basis of TOCSY, HMQC and HMBC experiments. NMR spectro-
scopic experiments were also performed in a mixture of H2O/D2O 90:10
to detect the NH resonance. In this case, a sample concentration ca. of
7 mm was used and the experiments were recorded at 500 MHz, 290 K
and with the Watergate pulse sequence for water suppression.


General methods : Melting points were determined with a BTchi B-510
capillary apparatus and are uncorrected. Optical rotations were measured
at (20�2) 8C with a Perkin–Elmer Model 241 digital polarimeter, by
using a 10 cm, 1 mL cell. Mass spectra (CI (ammonia) and FAB) were
obtained with a JMS-700 spectrometer. Elemental analysis were per-
formed by the service d’analyse de l’Universit: Pierre et Marie Curie,
75252 Paris cedex 05 (France). 1H NMR spectra were recorded at
400 MHz with a BrTker DRX 400 for solutions in CDCl3, [D6]DMSO or
D2O at room temperature. Assignments were confirmed by COSY ex-
periments. Multiplicity is indicated as follows: s (singlet), d (doublet), t
(triplet), dd (doublet of doublets), br s (broad singlet) etc. 13C NMR spec-
tra were recorded at 100.6 MHz with a BrTker DRX 400 spectrometer.
Assignments were confirmed by the J-mod technique, HMQC and
HMBC. Reactions were monitored by TLC on a precoated plate of Silica
Gel 60 F254 (layer thickness 0.2 mm; E. Merck, Darmstadt, Germany)
and detection by charring with H2SO4 10% in EtOH or with 0.2% w/v
cerium sulfate and 5% ammonium molybdate in 2m H2SO4. Flash
column chromatography was performed on silica gel 60 (230–400 mesh,
E. Merck).


Tricyclic exoalkene 4 : A suspension of samarium(II) iodide (170 mL of a
0.1m solution in THF, 17.28 mmol), HMPA (13.8 mL, 79.49 mmol) and
tBuOH (2.2 mL, 22.80 mmol) were stirred at room temperature under
argon. A solution of ketone 3 (2.2 g, 6.91 mmol) in dry THF (100 mL)
was added by syringe and the resulting mixture was stirred at room tem-
perature for 45 min under argon. At this point, TLC analysis indicated
the complete consumption of starting material and the formation of a
single compound. Dilute HCl (20 mL, 0.1m) was added and the reaction
mixture was then filtered through a Celite plug. The reaction mixture
was concentrated under reduced pressure and the residue obtained was
then diluted with CH2Cl2 (250 mL) and water (75 mL). The aqueous


layer was further extracted with CH2Cl2 (3V150 mL). The organic layers
were combined, washed with brine, dried (MgSO4), filtered and the sol-
vent removed under reduced pressure. The residue obtained was purified
by flash chromatography (cyclohexane/EtOAc 2:1) to yield the alkene 4
(2.1 g, 95%) as a white solid. Rf=0.40 (cyclohexane/EtOAc 1:1); m.p.
125–127 8C (ether/cyclohexane); [a]D=++151.0 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=7.55–7.41 (m, 5H; H
arom.), 5.87 (t, 1H, J8’a,9a=J8’a,9b=2.5 Hz; H-8’a), 5.58 (s, 1H; H-7), 5.10
(t, 1H, J8’b,9a=J8’b,9b=2.5 Hz; H-8’b), 4.84 (d, 1H; J1,2=5.5 Hz; H-1), 4.72
(m, 2H; H-9a, H-9b), 4.36 (dd, 1H; J6a,5=5.0, J6a,6b=10.0 Hz; H-6a), 4.16
(d, 1H, J2,1=5.5 Hz; H-2), 4.08 (d, 1H, J4,5=10.0 Hz; H-4), 3.95 (dt,
J5,6a=5.0 Hz, 1H, J5,4=J5,6b=10.0 Hz; H-5), 3.77 (t, 1H, J6b,5=J6b,6a=


10.0 Hz; H-6b), 3.41 (s, 3H; OCH3), 2.60 ppm (s, 1H; OH); 13C NMR
(100 MHz, CDCl3, 25 8C): d=147.5 (C-8), 137.2 (C arom., quat.), 129.2,
128.4, 126.2 (5CH arom.), 108.4 (C-8’), 102.6 (C-7), 100.1 (C-1), 83.7 (C-
2), 82.8 (C-4), 76.3 (C-3), 73.2 (C-9), 69.2 (C-6), 59.7 (C-5), 55.5 ppm
(OCH3); elemental analysis calcd (%) for C17H20O6: C 63.74, H 6.29;
found: C 63.48, H 6.29.


Bicycle 5 : Alkene 4 (0.75 g, 2.34 mmol) was dissolved in CH2Cl2
(120 mL) and cooled to �78 8C (note: this reaction cannot be performed
on a large scale (above 1 g) since monitoring of the reaction (detection
of the blue coloration) is difficult and results in a partial reaction or over-
oxidation of the product). Ozone was bubbled through the reaction mix-
ture until a blue coloration persisted (typically 8 min). Dimethylsulfide
(0.05 mL) was added and the mixture was allowed to warm to room tem-
perature over a period of 1 h. The solvent was then removed under re-
duced pressure and the crude ketone was used in the next step without
further purification. Sodium borohydride (98 mg, 2.58 mmol) was added
carefully to a solution of the crude ketone in ethanol (50 mL) at 0 8C.
The reaction mixture was allowed to reach room temperature. After 1 h,
TLC analysis indicated the complete consumption of starting material
and the formation of a single compound. Methanol (50 mL) was added,
the solvent was removed under reduced pressure and the residue was co-
evaporated with methanol (3V25 mL). Purification by flash column chro-
matography (cyclohexane/EtOAc 2:1 1:1) afforded the corresponding
diol (0.64 g, 84% over two steps) as a white crystalline solid. Rf=0.20
(cyclohexane/EtOAc 1:1); m.p. 167–169 8C (CH2Cl2/cyclohexane); [a]D=


+94 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=


7.58–7.41 (m, 5H; H arom.), 5.55 (s, 1H; H-7), 4.92 (d, 1H, J1,2=5.5 Hz;
H-1), 4.42 (dd, 1H, J9a,8=4.5, J9a,9b=9.5 Hz; H-9a), 4.40 (d, 1H, JOH,8=


11.5 Hz; OH), 4.35 (dd, 1H, J6a,5=5.0, J6a,6b=10.0 Hz; H-6a), 4.25 (dt,
1H, J5,6a=5.0, J5,4=J5,6b=10.0 Hz; H-5), 4.21 (dd, 1H, J8,9a=4.5, J8,OH=


11.5 Hz; H-8), 4.10 (d, 1H, J2,1=5.5 Hz; H-2), 3.99 (d, 1H, J9b,9a=9.5 Hz;
H-9b), 3.92 (d, 1H, J4,5=10.0 Hz; H-4), 3.68 (t, 1H, J6b,5=J6b,6a=10.0 Hz;
H-6b), 3.58 (s, 3H; OCH3), 2.63 ppm (s, 1H; OH); 13C NMR (100 MHz,
CDCl3, 25 8C): d=137.0 (C arom., quat.), 129.5, 128.4, 126.5 (5CH
arom.), 103.0 (C-7), 99.2 (C-1), 83.3 (C-4), 88.9 (C-2), 79.9 (C-3), 78.5 (C-
9), 77.1 (C-8), 69.9 (C-6), 60.5 (C-5), 55.8 ppm (OCH3); elemental analy-
sis calcd (%) for C16H20O7: C 59.25, H 6.22; found: C 59.19, H 6.22.


Sodium hydride (2.30 g, 45.35 mmol, 60% w/w) was added in portions to
a solution of the diol (3.68 g, 11.35 mmol) in anhydrous DMF (40 mL) at
0 8C whilst stirring. After 30 min, BnBr (8.10 mL, 68.09 mmol) was added
at 0 8C to the solution, which was then stirred for a further 2.5 h at room
temperature. MeOH (30 mL) was added and the mixture was concentrat-
ed under reduced pressure. The residue was then diluted with ether
(200 mL) and water (80 mL). The aqueous layer was extracted with ether
(3V150 mL), the organic layers were combined, dried (MgSO4), filtered
and concentrated under reduced pressure. Purification by flash chroma-
tography (cyclohexane/EtOAc 5:1) afforded the benzylated compound 5
(5.45 g, 95%) as a colourless oil. Rf=0.40 (cyclohexane/EtOAc 3:1);
[a]D=++73.6 (c=1.0 in CHCl3);


1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=7.48–7.24 (m, 15H; H arom.), 5.48 (s, 1H; H-7), 4.94 (d, 1H,
J1,2=5.8 Hz; H-1), 4.85 (d, 1H, J=12.2 Hz; CHPh), 4.77 (d, 1H, J=


12.3 Hz; CHPh), 4.75 (d, 1H, J=12.2 Hz; CHPh), 4.66 (d, 1H, J=


12.3 Hz; CHPh), 4.55 (dt, 1H, J5,6a=5.1, J5,4=J5,6b=10.8 Hz; H-5), 4.38
(dd, 1H, J8,9a=2.1, J 8,9b=4.9 Hz; H-8), 4.36–4.28 (m, 3H; H-6a, H-9a, H-
9b), 4.27 (d, 1H; J2,1=5.8 Hz; H-2), 4.11 (d, 1H, J4,5=10.8 Hz; H-4), 3.67
(t, 1H, J6b,5=J6b,6a=10.8 Hz; H-6b), 3.46 ppm (s, 3H; OCH3);


13C NMR
(100 MHz, CDCl3, 25 8C): d=138.8, 138.6, 137.6 (C arom., quat.), 129.1–
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126.2 (15CH arom.), 102.1 (C-7), 99.5 (C-1), 86.0 (C-3), 82.6 (C-2), 81.9
(C-4), 81.5 (C-8), 75.6 (C-9), 72.6 (CH2Ph), 70.0 (C-6), 67.0 (CH2Ph), 59.3
(C-5), 55.2 ppm (OCH3); HRMS (CIMS): m/z : calcd for C30H36O7N:
522.2486 [M+NH4]


+ ; found: 522.2480; elemental analysis calcd (%) for
C30H32O7: C 71.41, H 6.39; found: C 71.27, H 6.48.


Alcohol 6 : LiAlH4 (1.88 g, 49.54 mmol) was carefully added in three por-
tions to a solution of compound 5 (5.0 g, 9.91 mmol) in a CH2Cl2/Et2O
mixture 1:1 (100 mL) at 0 8C under argon. After 10 min, the reaction mix-
ture was warmed to 50 8C, and a solution of AlCl3 (3.96 g, 29.73 mmol) in
Et2O (50 mL) was added dropwise under argon. After the reaction mix-
ture had been stirred for 2.5 h, TLC analysis revealed complete consump-
tion of the starting material. The reaction mixture was cooled to 0 8C and
quenched by slow addition of EtOAc followed by water. The organic
layer was separated, dried (MgSO4), filtered and concentrated under re-
duced pressure. Purification by flash column chromatography (cyclohex-
ane/EtOAc 3:1 then 1:1) afforded alcohol 6 (4.38 g, 88%) as a colourless
oil. Rf=0.30 (cyclohexane/EtOAc 1:1); [a]D=++123.2 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =7.38–7.27 (m, 15H; H
arom.), 4.94 (d, 1H, J1,2=5.9 Hz; H-1), 4.95 (d, 1H, J=11.3 Hz; CHPh),
4.78 (d, 1H, J=11.3 Hz; CHPh), 4.67 (d, 1H, J=12.2 Hz; CHPh), 4.66
(d, 1H, J=11.9 Hz; CHPh), 4.63 (d, 1H, J=11.9 Hz; CHPh), 4.57 (d,
1H, J=12.2 Hz; CHPh), 4.38–4.30 (m, 4H; H-2, H-5, H-7, H-8a), 4.23
(dd, 1H, J8b,7=6.1, J8b,8a=13.7 Hz; H-8b), 4.17 (d, 1H, J4,5=10.1 Hz; H-
4), 3.90 (ddd, 1H, J6a,5=2.9, J6a,OH=4.9, J6a,6b=11.6 Hz; H-6a), 3.83 (ddd,
1H, J6b,5=3.7, J6b,OH=7.9, J6b,6a=11.6 Hz; H-6b), 3.44 (s, 3H; OCH3),
1.83 ppm (dd, 1H, JOH,6a=4.9, JOH,6b=7.9 Hz; OH); 13C NMR (100 MHz,
CDCl3, 25 8C): d=139.0, 139.0, 138.2 (C arom., quat.), 128.4–127.0
(15CH arom.), 99.1 (C-1), 89.6 (C-3), 85.0 (C-7), 78.3 (C-2), 75.3 (C-8),
74.8 (C-4), 74.5 (CH2Ph), 72.8 (CH2Ph), 68.3 (C-5), 64.8 (CH2Ph), 62.2
(C-6), 55.0 ppm (OCH3); HRMS (CIMS): m/z : calcd for C30H38O7N:
524.2643 [M+NH4]


+ ; found: 524.2640; elemental analysis calcd (%) for
C30H34O7: C 71.13, H 6.76; found: C 70.85, H 7.01.


Allylic alcohols 7 and 8 : Anhydrous DMSO (0.82 mL, 11.61 mmol) was
added dropwise to a stirred solution of oxalyl chloride (0.84 mL,
9.67 mmol) in anhydrous CH2Cl2 (30 mL) at �78 8C under argon. After
15 min, a solution of alcohol 6 (0.98 g, 1.93 mmol) in anhydrous CH2Cl2
(20 mL) was added dropwise. After 1 h, dry Et3N (2.16 mL, 15.48 mmol)
was added and the reaction mixture was allowed to reach room tempera-
ture. After 1.5 h, water was added (20 mL) and the aqueous layer was ex-
tracted with CH2Cl2 (3V80 mL). The organic layers were combined,
dried (MgSO4), filtered and concentrated under reduced pressure. The
crude aldehyde was coevaporated with toluene and used without further
purification. Crude aldehyde was dissolved in dry THF (10 mL) and the
solution cooled to �78 8C under argon. Vinyl magnesium bromide
(9.65 mL, 9.65 mmol, 1m in THF) was added dropwise to the solution
and the reaction mixture was allowed to reach room temperature. After
1 h, the reaction mixture was quenched by the slow addition of a saturat-
ed aqueous NH4Cl solution (10 mL) at 0 8C and was then diluted with
ether (50 mL). The organic layer was separated, and the aqueous layer
extracted with ether (3V50 mL). The organic layers were combined,
dried over MgSO4, filtered and concentrated. Purification by flash
column chromatography (cyclohexane/EtOAc 3:1 then 2:1) afforded the
allylic alcohol (6S)-7 (402 mg, 39%) as a colourless oil. Rf=0.66 (cyclo-
hexane/EtOAc 1:1); [a]D=++101.5 (c=10 in CHCl3);


1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=7.38–7.29 (m, 15H; H arom.), 5.96
(ddd, 1H; J7,6=5.1, J7,8b=10.6, J7,8a=17.3 Hz; H-7), 5.33 (dt, 1H, J8a,8b=


J8a,6=1.5, J8a,7=17.3 Hz; H-8a), 5.23 (dt, 1H, J8b,8a=J8b,6=1.5, J8b,7=


10.6 Hz; H-8b), 4.99 (d, 1H, J=11.2 Hz; CHPh), 4.94 (d, 1H, J1,2=


6.0 Hz; H-1), 4.82 (d, 1H, J=11.2 Hz; CHPh), 4.67 (d, 1H, J=11.8 Hz;
CHPh), 4.66 (s, 2H; CH2Ph), 4.58 (d, 1H, J=11.8 Hz; CHPh), 4.49–4.45
(m, 1H; H-6), 4.37 (dd, 1H, J5,6=1.4, J5,4=10.2 Hz; H-5), 4.34–4.19 (m,
5H; H-2, H-4, H-9, H-10a, H-10b), 4.01 (d, 1H, JOH,6=9.1 Hz; OH),
3.38 ppm (s, 3H; OCH3);


13C NMR (100 MHz, CDCl3, 25 8C): d=139.0
(C arom., quat.), 138.8 (C-7), 138.6, 138.3 (C arom., quat.), 128.4–127.1
(15CH arom.), 115.3 (C-8), 99.3 (C-1), 90.0 (C-3), 85.3 (C-9), 78.1 (C-2),
75.3 (C-10), 75.0 (C-5), 74.2 (CH2Ph), 72.9 (CH2Ph), 70.5 (C-6), 70.0 (C-
4), 64.8 (CH2Ph), 55.1 ppm (OCH3); HRMS (CIMS): m/z : calcd for
C32H40O7N: 550.2799 [M+NH4]


+ ; found: 550.2803; elemental analysis
calcd (%) for C32H36O7: C 71.98, H 6.81; found: C 72.16, H 6.81; further


elution afforded the allylic alcohol (6R)-8 (268 mg, 26%) as a colourless
oil. Rf=0.59 (cyclohexane/EtOAc 1:1); [a]D=++94.2 (c=10 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =7.39–7.27 (m, 15H; H
arom.), 6.00 (appddd, 1H, J7,6=6.3, J7,8a=10.4, J7,8b=17.0 Hz; H-7), 5.35
(dt, 1H, J8a,8b=J8a,6=1.2, J8a,7=17.0 Hz; H-8a), 5.26 (dt, 1H, J8b,8a=J8b,6=


1.5, J8b,7=10.4 Hz; H-8b), 4.97 (d, 1H, J1,2=5.8 Hz; H-1), 4.73 (d, 1H, J=


10.9 Hz; CHPh), 4.68 (s, 2H; CH2Ph), 4.66 (d, 1H, J=12.0 Hz; CHPh),
4.57 (d, 1H, J=12.0 Hz; CHPh), 4.48 (d, 1H, J2,1=5.8 Hz; H-2), 4.46–
4.42 (m, 2H; H-4, H-6), 4.22 (dd, 1H, J10b,9=1.7, J10b,10a=8.7 Hz; H-10b),
4.08 (dd, 1H, J5,6=2.3, J5,4=11.7 Hz; H-5), 3.44 (s, 3H; OCH3), 2.68 ppm
(d, 1H, JOH,6=5.1 Hz; OH); 13C NMR (100 MHz, CDCl3, 25 8C): d=


138.7, 138.1, 138.0, (C arom., quat.), 136.4 (C-7), 128.4–127.0 (15CH
arom.), 116.8 (C-8), 98.9 (C-1), 89.9 (C-3), 85.3 (C-9), 77.6 (C-2), 76.5 (C-
5), 75.2 (C-10), 74.3 (CH2Ph), 73.6 (C-4 or C-6), 72.9 (CH2Ph), 70.1 (C-4
or C-6), 65.0 (CH2Ph), 55.0 ppm (OCH3); HRMS (CIMS): m/z : calcd for
C32H40O7N: 550.2799 [M+NH4]


+ ; found: 550.2801; elemental analysis
calcd (%) for C32H36O7: C 71.98, H 6.81; found: C 71.90, H 6.63.


Hydroxy ester 9 : Allylic alcohol (6S)-7 (0.80 g, 1.50 mmol) was dissolved
in CH2Cl2 (120 mL) and cooled to �78 8C. Ozone was bubbled through
the reaction mixture until a blue colour persisted. Dimethylsulfide
(0.1 mL) was added and the reaction mixture was allowed to reach room
temperature. The solvent was evaporated and the crude aldehyde was
used in the next step without further purification. NaH2PO4·H2O (2.69 g,
19.5 mmol) and NaClO2 (2.44 g, 27 mmol) were added to a solution of
the crude aldehyde in 2-methyl-but-2-ene (3 mL), tBuOH (6 mL) and
water (6 mL). After stirring overnight at room temperature, the reaction
mixture was diluted with EtOAc (50 mL) and water (20 mL). The aque-
ous layer was extracted with EtOAc (3V50 mL). The organic layers were
combined, dried (MgSO4), filtered and concentrated. The crude carboxyl-
ic acid obtained was directly engaged in the next step. To a solution of
the crude carboxylic acid in DMF (8 mL) was added KHCO3 (1.50 g,
15 mmol) followed by the slow addition of methyl iodide (0.79 mL,
12.75 mmol). After the reaction mixture had been stirred overnight, the
solvent was removed and the crude residue diluted with Et2O (80 mL)
and water (30 mL). The aqueous layer was extracted with ether (3V
80 mL) and the organic layers were combined, dried (MgSO4), filtered
and concentrated under reduced pressure. Purification by flash chroma-
tography (cyclohexane/EtOAc 3:1) afforded the methyl ester (6R)-9
(550 mg, 65% over three steps) as a colourless oil; Rf=0.25 (cyclohex-
ane/EtOAc 2:1); [a]D=++80.5 (c=1.0 in CHCl3);


1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d =7.41–7.32 (m, 15H; H arom.), 5.03 (d, 1H, J=


11.2 Hz; CHPh), 4.96 (d, 1H, J1,2=5.8 Hz; H-1), 4.86 (d, 1H, J=11.2 Hz;
CHPh), 4.82 (dd, 1H, J5,6=1.6, J5,4=10.1 Hz; H-5), 4.75 (d, 1H, J=


11.9 Hz; CHPh), 4.69 (s, 2H; CH2Ph), 4.65–4.59 (m, 2H; H-6, CHPh),
4.41 (d, 1H, J4,5=10.1 Hz; H-4), 4.39–4.35 (m, 3H; H-2, H-8, H-9a),
4.28–4.24 (m, 1H; H-9a), 3.37 (s, 3H; OCH3), 3.12 (s, 3H; OCH3),
3.12 ppm (d, 1H, JOH,6=7.6 Hz; OH); 13C NMR (100 MHz, CDCl3,
25 8C): d=173.6 (C=O), 138.9, 138.5, 138.1 (C arom., quat.), 128.3,
�126.9 (15CH arom.), 99.4 (C-1), 89.6 (C-3), 85.0 (C-2 or C-8), 77.8 (C-2
or C-8), 75.1 (C-9), 74.6 (CH2Ph), 74.2 (C-4), 72.7 (CH2Ph), 69.3 (C-5
and C-6), 64.7 (CH2Ph), 54.9 (OCH3), 52.2 ppm (OCH3); HRMS
(CIMS): m/z : calcd for C32H40O9N: 582.2698 [M+NH4]


+ ; found:
582.2694; elemental analysis calcd (%) for C32H36O9: C 68.07, H 6.43;
found: C 68.27, H 6.58.


Azido ester 10 : Dry pyridine (1.40 mL, 17.28 mmol) was added to a solu-
tion of methyl ester (6R)-9 (610 mg, 1.08 mmol) in dry CH2Cl2 (18 mL),
followed by slow addition of Tf2O (1.45 mL, 8.64 mmol) at �78 8C under
argon. After the reaction mixture had been stirred for 90 min at room
temperature, water (10 mL) and CH2Cl2 (20 mL) were added. The organ-
ic layer was separated, dried (MgSO4), filtered and concentrated under
reduced pressure. The crude triflate was directly engaged in the next
step. Sodium azide (420 mg, 6.48 mmol) was added to a solution of the
crude triflate in anhydrous DMF (12 mL) at room temperature. After
stirring overnight, the reaction mixture was concentrated under reduced
pressure. The residue was then diluted with ether (80 mL) and water
(30 mL). The aqueous layer was extracted with ether (3V80 mL) and the
organic layers were combined, dried (MgSO4), filtered and concentrated
under reduced pressure. Purification by flash chromatography (cyclohex-
ane/EtOAc 4:1) afforded azido ester (6S)-10 (522 mg, 82% over two
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steps) as a colourless oil; Rf=0.58 (cyclohexane/EtOAc 2:1); [a]D=++


89.3 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=


7.42–7.29 (m, 15H; H arom.), 5.02 (d, 1H, J1,2=5.7 Hz; H-1), 5.01 (dd,
1H, J5,6=2.5, J5,4=10.3 Hz; H-5), 4.97 (d, 1H, J=10.0 Hz; CHPh), 4.74–
4.67 (m, 3H; CH2Ph, CHPh), 4.68 (d, 1H, J=12.3 Hz; CHPh), 4.53 (d,
1H, J=12.3 Hz; CHPh), 4.43–4.41 (m, 2H; H-2, H-6), 4.38 (dd, 1H,
J9a,8=5.5, J9a,9b=8.9 Hz; H-9a), 4.36 (d, 1H, J4,5=10.3 Hz; H-4), 4.31 (dd,
1H, J8,9a=5.4, J8,9b=1.7 Hz; H-8), 4.26 (dd, 1H, J9b,8=1.7, J9b,9a=8.9 Hz;
H-9b), 3.56 (s, 3H; OCH3), 3.29 ppm (s, 3H; OCH3);


13C NMR
(100 MHz, CDCl3, 25 8C): d=167.8 (C=O), 138.9, 138.0, 137.8 (C arom.,
quat.), 128.4–126.6 (15CH arom.), 99.6 (C-1), 89.8 (C-3), 85.6 (C-8), 77.2
(C-2), 75.3 (C-9), 74.4 (CH2Ph), 73.7 (C-4), 72.7 (CH2Ph), 68.9 (C-5), 64.5
(CH2Ph), 63.1 (C-6), 55.5 (OCH3), 52.0 ppm (OCH3); HRMS (CIMS):
m/z : calcd for C32H39O8N4: 607.2762 [M+NH4]


+ ; found: 607.2761.


Bistetrahydrofuran A : Boron trichloride (3.4 mL, 3.40 mmol, 1m in
CH2Cl2) was added dropwise to a stirred solution of azido ester (6S)-10
(100 mg, 0.17 mmol) in dry CH2Cl2 (4.5 mL) at �78 8C under argon. The
reaction mixture was allowed to reach 0 8C over a period of 7 h, and was
then quenched with a solution of CH2Cl2/MeOH 1:1 (12 mL) and concen-
trated under reduced pressure. Purification by flash chromatography (cy-
clohexane/EtOAc 1:2) afforded the azido ester (6S)-11 (35 mg, 65%) as
a white crystalline solid. Rf=0.30 (cyclohexane/EtOAc 1:2); m.p. 82 8C
(EtOAc); [a]D=�26.7 (c=1.0 in MeOH); 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d =4.89 (s, 1H; H-1), 4.74 (d, 1H, J5,4=5.6 Hz; H-5), 4.45
(t, 1H, J8,9a=J8,9b=5.6 Hz; H-8), 4.34–4.30 (m, 2H; H-4, H-6), 4.22 (s,
1H; H-2), 4.13 (dd, 1H, J9a,8=5.6, J9a,9b=9.5 Hz; H-9a), 3.88 (s, 3H;
OCH3), 3.84 (dd, 1H, J9b,8=5.6, J9b,9a=9.5 Hz; H-9b), 3.46 ppm (s, 3H;
OCH3),


13C NMR (100 MHz, CDCl3, 25 8C): d =170.0 (C=O), 108.9 (C-
1), 92.9 (C-2), 90.7 (C-3), 79.5 (C-4), 78.8 (C-8), 74.2 (C-5), 74.1 (C-9),
63.4 (C-6), 56.4 (OCH3), 53.3 ppm (OCH3); HRMS (CIMS): m/z : calcd
for C11H21O8N4: 337.1359 [M+NH4]


+ ; found: 337.1343.


Glycosyl donor 11: A solution of sulfuric acid (5% in AcOH, 70 mL) was
added dropwise at �20 8C to a solution of azido ester (6S)-10 (150 mg,
254 mmol) in acetic anhydride (5 mL). The reaction mixture was stirred
at �20 8C for 15 min and then neutralized by the slow addition of a
NaHCO3 saturated aqueous solution. The organic layer was separated
and the aqueous layer was extracted with CH2Cl2 (3V50 mL). The organ-
ic layers were combined, dried (MgSO4), filtered and concentrated. Pu-
rification by flash chromatography (cyclohexane/CH2Cl2/EtOAc 8:1:1) af-
forded the glycosyl donor (6S)-11 (61 mg, 39%) as a colourless oil. Rf=


0.44 (cyclohexane/EtOAc/CH2Cl2 4:1:1); [a]D=++23.9 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =7.37–7.22 (m, 15H; H
arom.), 6.09 (d, 1H, J1,2=7.7 Hz; H-1), 4.94 (d, 1H, J=9.7 Hz; CHPh),
4.79 (dd, 1H, J5,6=2.4, J5,4=9.7 Hz; H-5), 4.69 (s, 2H; CH2Ph), 4.59–4.56
(m, 3H; CH2Ph, CHPh), 4.49 (d, 1H, J6,5=2.4 Hz; H-6), 4.41 (d, 1H,
J4,5=9.7 Hz; H-4), 4.28 (d, 1H, J2,1=7.7 Hz; H-2), 4.22–4.20 (m, 2H; H-8,
H-9a), 4.04 (brd, 1H, J9b,9a=9.2 Hz; H-9b), 3.38 (s, 3H; OCH3), 2.19 ppm
(s, 3H; OAc); 13C NMR (100 MHz, CDCl3, 25 8C): d=167.4, 167.6 (2V
C=O), 137.7, 137.4, 137.3 (C arom., quat.), 128.6–127.5 (15CH arom.),
93.5 (C-1), 90.1 (C-3), 84.6 (C-8), 77.5 (C-2), 74.8 (C-5), 74.6 (C-9), 73.8
(CH2Ph), 72.8 (C-4), 72.6 (CH2Ph), 65.0 (CH2Ph), 63.1 (C-6), 52.3
(OCH3), 21.1 ppm (OAc); HRMS (CIMS): m/z : calcd for C33H39O9N4:
635.2712 [M+NH4]


+ ; found: 635.2719.


Nucleoside 13 : N,O-bis(trimethylsilyl)acetamide (30 mL, 123 mmol) was
added to a suspension of 2-acetamido-6-chloropurine (13 mg, 61 mmol) in
dry 1,2-dichloroethane (1 mL) under argon. The mixture was heated to
80 8C for 45 min and then evaporated to dryness to afford crude com-
pound 12. This residue was then dissolved in dry toluene (0.5 mL) and a
solution of the glycosyl donor 11 (25 mg, 41 mmol) in dry toluene
(0.5 mL) was added, followed by the slow addition of TMSOTf (59 mL,
328 mmol) under argon. The reaction mixture was stirred at 85 8C for 4 h,
cooled to room temperature and then diluted with CH2Cl2 (10 mL). The
organic layer was neutralized with a NaHCO3 saturated aqueous solution
(2V5 mL), dried (MgSO4), filtered and concentrated under reduced pres-
sure. Purification by flash chromatography (cyclohexane/EtOAc 3:1 then
2:1) afforded the N9 nucleoside 13 (13.5 mg, 43%) as a colourless oil.
Rf=0.63 (cyclohexane/EtOAc 1:1); [a]D=++25 (c=0.4 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =8.05 (s, 1H; H-8), 7.91 (br s,


1H; NH), 7.30–7.19 (m, 15H; H arom.), 6.08 (d, 1H, J1’,2’=8.9 Hz; H-1’),
4.95 (d, 1H, J=9.9 Hz; CHPh), 4.86 (brd, 1H, J2’,1’=8.9 Hz; H-2’), 4.79
(dd, 1H, J5’,6’=2.3, J5’,4’=9.8 Hz; H-5’), 4.74 (d, 1H, J=11.2 Hz; CHPh),
4.70 (d, 1H, J=11.2 Hz; CHPh), 4.58 (d, 1H, J=11.3 Hz; CHPh), 4.57–
4.55 (m, 2H; H-4’, CHPh), 4.52 (d, 1H, J=11.3 Hz; CHPh), 4.37 (d, 1H,
J6’,5’=2.3 Hz; H-6’), 4.27 (d, 1H, J8’,9’a=3.5 Hz; H-8’), 4.45 (dd, 1H, J9’a,8’=
3.5, J9’a,9’b=9.5 Hz; H-9’a), 4.04 (d, 1H, J9’b,9’a=9.5 Hz; H-9’b), 3.36 (s,
3H; OCH3), 2.41 ppm (s, 3H; NHAc); 13C NMR (100 MHz, CDCl3,
25 8C): d=170.5, 167.2 (2C=O), 152.6 (C-2 or C-6), 152.2 (C-4), 151.7 (C-
2 or C-6), 142.5 (C-8), 137.5, 137.1, 137.0 (C arom., quat.), 128.7–127.4
(15CH arom.), 128.1 (C-5), 89.86 (C-3’), 85.1 (C-8’), 82.8 (C-1’), 77.4 (C-
2’ or C-5’), 76.9 (C-2’ or C-5’), 74.8 (CH2Ph), 74.7 (C-9’), 73.5 (CH2Ph),
72.7 (C-4’), 65.4 (CH2Ph), 63.1 (C-6’), 52.6 (OCH3), 25.1 ppm (NHAc);
HRMS (FAB): m/z : calcd for C38H37O8N8 Na35Cl, C38H37O8N8 Na37Cl:
791.2321 [M+Na]+ , 793.2291; found: 791.2328, 793.2301; further elution
(cyclohexane/EtOAc 1:1 then 1:2) afforded the N7 nucleoside 14 (4.5 mg,
15%) as a colourless oil. Rf=0.16 (cyclohexane/EtOAc 1:1); [a]D=++35
(c=0.3 in CHCl3);


1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=8.45 (s,
1H; H-8), 8.05 (br s, 1H; NH), 7.41–7.30 (m, 15H; H arom.), 6.54 (d, 1H,
J1’,2’=8.8 Hz; H-1’), 5.05 (d, 1H, J=10.1 Hz; CHPh), 4.87 (dd, 1H, J5’,6’=
2.2, J5’,4’=9.7 Hz; H-5’), 4.81 (d, 1H, J=11.0 Hz; CHPh), 4.76 (d, 1H, J=


11.0 Hz; CHPh), 4.66–4.55 (m, 5H; H-2’, H-4’, CHPh, CH2Ph), 4.50 (d,
1H, J6’,5’=2.2 Hz; H-6’), 4.39 (d, 1H, J8’,9’a=3.3 Hz; H-8’), 4.35 (dd, 1H,
J9’a,8’=3.3, J9’a,9’b=9.4 Hz; H-9’a), 4.19 (d, 1H, J9’b,9’a=9.4 Hz; H-9’b), 3.47
(s, 3H; OCH3), 2.63 ppm (s, 3H; NHAc); 13C NMR (100 MHz, CDCl3,
25 8C): d=171.0, 167.1 (2C=O), 163.2 (C-4), 152.6 (C-2 or C-6), 145.8 (C-
8), 143.9 (C-2 or C-6), 137.5, 136.6, 136.8 (C arom. quat.), 128.8–127.4
(15CH arom.), 119.1 (C-5), 90.0 (C-3’), 84.9 (C-8’), 83.0 (C-1’), 77.5 (C-
2’), 77.3 (C-5’), 74.7 (CH2Ph), 74.4 (C-9’), 73.6 (CH2Ph), 72.7 (C-4’), 65.5
(CH2Ph), 63.1 (C-6’), 52.7 (OCH3), 25.2 ppm (NHAc); HRMS (FAB):
m/z : calcd for C38H37O8N8 Na35Cl, C38H37O8N8 Na37Cl: 791.2321
[M+Na]+ , 793.2291; found: 791.2317, 793.2277.


Protected miharamycin 17: 10% Pd/C (18 mg) and Et3N (5 mL) were
added to a solution of the N9 nucleoside 13 (18 mg, 45 mmol) in EtOAc
(1 mL). The solution was degassed three times and the air replaced by
H2. After stirring for 4 h at room temperature, the mixture was filtered
through a Rotilabo Nylon 0.45 mm filter and the solvent evaporated
under reduced pressure. The crude amine 15 was directly engaged in the
next step. Triethylamine (16 mL, 115 mmol) was added at �20 8C under
argon to a solution of protected l-arginine 16 (53 mg, 92 mmol) in anhy-
drous THF (1 mL) followed by slow addition of isobutylchloroformate
(12 mL, 92 mmol). This solution was stirred for 45 min at �20 8C and a so-
lution of the crude amine in dry THF (1 mL) was added at �20 8C under
argon. After the reaction mixture had been stirred for 2 h at �20 8C
under argon, the reaction was quenched by the addition of CH2Cl2/
MeOH 1:1 (1 mL) and the solvent removed under reduced pressure. Pu-
rification by flash chromatography (CH2Cl2/EtOAc/MeOH 8:2:0.1) af-
forded the core of miharamycin B 17 (20 mg, 70% over two steps) as a
colourless oil. Rf=0.24 (CH2Cl2/EtOAc/MeOH 1:1); [a]D=++8 (c=0.2 in
CHCl3);


1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=9.42, 9.30, 8.96
(br s, 3H; 3VNH), 8.87 (s, 1H; H-6), 8.80 (s, 1H; H-8), 7.40–7.21 (m,
30H; H arom.), 6.02 (d, 1H, J1’,2’=8.7 Hz; H-1’), 5.95 (d, 1H, JNH,H6’=


8.3 Hz; NH), 5.20 (d, 1H, J=12.2 Hz; CHPh), 5.16 (d, 1H, J=12.2 Hz;
CHPh), 5.13–4.97 (m, 7H; H-2’, H-6’, CHPh, 2CH2Ph), 4.79–4.57 (m,
7H; H-4’, H-5’, CHPh, 2CH2Ph), 4.39–2.29 (m, 1H; H-2“), 4.30 (d, 1H,
J8’,9’a=3.2 Hz; H-8’), 4.22 (dd, 1H, J9’a,8’=3.2, J9’a,9’b=9.4 Hz; H-9’a), 4.04
(d, 1H, J9’b,9’a=9.4 Hz; H-9’b), 3.98–3.75 (m, 2H; H-5”a, H-5“b), 3.53 (s,
3H; OCH3), 2.19 (s, 3H; NHAc), 1.82–1.48 (m, 4H; H-3”a, H-3“b, H-
4”a, H-4“b); 13C NMR (100 MHz, CDCl3, 25 8C): d =171.8, 171.0, 168.8,
163.5 (4VC=O), 160.8 (C=NH), 156.4, 155.8 (2VC=O), 152.9 (C-2), 152.2
(C-4), 149.8 (C-6), 143.0 (C-8), 137.7, 137.5, 137.0, 136.4, 136.3, 134.5 (C
arom., quat.), 131.1 (C-5), 128.8–127.2 (30CH arom.), 89.9 (C-3’), 84.6
(C-8’), 83.0 (C-1’), 77.5 (C-5’ or C-4’), 76.3 (C-2’), 74.7 (CH2Ph), 74.2 (C-
9’), 73.6 (C-4’ or C-5’), 73.8 (CH2Ph), 68.9 (CH2Ph), 67.1 (CH2Ph), 66.8
(CH2Ph), 65.2 (CH2Ph), 54.5 (C-2”), 52.6 (OCH3), 52.4 (C-6’), 44.3 (C-
5“), 29.7 (C-3” or C-4“), 25.2 (C-3” or C-4“), 24.9 ppm (NHAc); HRMS
(FAB): m/z : calcd for C68H70O15N10Na: 1289.4914 [M+Na]+ ; found:
1289.4920.
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