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Introduction


In recent years the search for secondary metabolites in
marine organism revealed a range of novel natural products
with interesting structures and biological activities.[1] Two il-
lustrative examples include leucascandralide A (1) and neo-
peltolide (2) (Scheme 1). Both feature an elaborate macro-
lactone to which an oxazole-containing side chain is at-
tached at C5 via an ester bond. Interestingly, this side chain
is identical in both compounds. Leucascandrolide A was iso-
lated in 1996 from the sponge Leucascandra careolata which
was collected at the east coast of New Caledonia.[2] In the


meantime it turned out that 1 is most likely the product of a
bacterium that colonized the sponge.[3] Leucascandrolide A
shows strong in vitro cytotoxicity against KB and P 388 cell
lines. Meanwhile, a range of total syntheses[4] or formal total
syntheses[5] for leucascondrolide A have appeared. However,
only recently the mode of action could be clarified. Thus,
the Kozmin group identified the cytochrome bc1 complex of
the mitochondrial respiratory chain as the principal cellular
target of these two natural products.[6,7] Recognizing the dif-
ferences in the macrolactone part of these two natural prod-
uct Kozmin et al. surmised that structural simplifications
should be tolerated. In fact, a simplified leucascandrolide
analogue (see below) was prepared and screened against a
commercially available library of 4900 yeast strains with dif-
ferent haploid nonessential gene deletions. Among the sen-
sitive mutants one was haploid in the SNF4 gene. The corre-
sponding gene product is a key regulator of glucose metabo-
lism in that it senses the cellular AMP/ATP ratio. This led
to the hypothesis that the two natural products interfere
with mitochondrial oxidative phosphorylation. This could be
supported by further studies, which revealed that the cyto-
chrome bc1 complex is the molecular target of leucascandro-
lide A and neopeltolide. This technique of target fishing
clearly is an interesting alternative to classical pull-down ap-
proaches. Neopeltolide (2) was also isolated from a
sponge.[8] The sponge of the family Neopeltidae was collect-
ed off the North Jamaican coast. Neopeltolide turned out to
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be a very potent antitumor agent, inhibiting the prolifera-
tion of various cell lines in the low nanomolar range.
Through total synthesis the stereochemistry of neopeltolide
was assigned[9,10] as shown herein. In the original paper, the
configurations at C11 and C13 were inverted. Since then
other syntheses of 2 have been published.[6,11, 12]


Our group recently reported a concise synthesis of the ne-
opeltolide lactone 16 a.[13] The seco acid 14 a/b was fashioned
from pyran 13 a/b ; the latter is the product of a Prins cycliza-
tion between aldehyde 11 and homoallylic alcohol 12
(Scheme 2). Key steps in the synthesis of aldehyde 11 were
a Noyori reduction[14] of ketoester 3, a Leighton allylation[15]


on aldehyde 5, and a Feringa-Minnaard stereoselective
methyl cuprate addition[16, 17] to the unsaturated thioester 8.
The overall sequence from ketoester 3 to macrolactone 16 a
consists of 17 steps providing lactone 16 a with a good over-
all yield of 23 %.


In order to complete the total synthesis of neopeltolide,
the side chain acid was required. In this paper we describe a
novel synthesis of the neopeltolide side chain from a simple
oxazolone, the synthesis of neopeltolide, and the synthesis
of some analogues.


Results and Discussion


In the literature five syntheses for this acid or precursors
have been described. Typically they require roughly 10–13
steps (Scheme 3). In some of them an oxazole 18 is formed
from an amide 17 containing an ethanolamine subunit. In
these cases the carboxylic acid part contains the carbamate
terminus. This approach was used by the groups of Leigh-ACHTUNGTRENNUNGton,[4a] Wipf,[18] and Kozmin.[4b] The Kozmin route is unique
in that a rhodium-catalyzed reaction of dimethyl diazomalo-
nate with an alkynyl nitrile was used. Another strategy
starts from a 2-hydroxyketone 19 from which an oxazolone
20 is created. In the approaches of Panek[4e] and Paterson,[4d]


all or most of the atoms of the C-terminus of the side chain
are part of the starting hydroxyketone. Target compounds
are usually the aldehyde 22 or the acid 23. Our strategy is
based on a simple oxazolone as starting material which is
then extended on both sides. This way we also hoped to


obtain modified side chains suitable for some structure ac-
tivity studies.


The synthesis started with the known oxazolone[19] 24
which was obtained by a condensation reaction between
ethyl 3-bromopyruvate with methyl carbamate (5 equiv) in
presence of pTsOH (0.1 equiv) and AgOTf (1 equiv)
(Scheme 4). Similar to the Paterson and Panek synthesis, the
oxazolone was converted to the corresponding triflate using
triflic anhydride (Tf2O) in presence of 2,6-lutidine. Triflate
25, obtained in 88 % yield was immediately subjected to a
Sonogashira coupling with alkyne[18] 26, using conditions
{[Pd ACHTUNGTRENNUNG(PPh3)4], CuI, 2,6-lutidine, 1,4-dioxane} developed by
Panek et al.[4e, 20] Subsequent Lindlar reduction of alkyne 27
provided the oxazole-4-carboxylate 28 with the Z-double
bond in the C2 substituent. The next task was to realize a
two-carbon extension to an aldehyde 22 or the correspond-
ing ester. We thought of preparing enoate 31 via a Wittig re-
action followed by selective reduction of the enoate double
bond. Accordingly, ester 28 was reduced with DIBAL-H in
CH2Cl2 furnishing aldehyde 29 (70 % yield) along with small
amounts of alcohol 30. The latter could be converted to the
aldehyde 29 by simple Dess–Martin oxidation. Stirring of al-
dehyde 29 with (methoxycarbonylmethylene)triphenylphos-
phorane in CH2Cl2 led to enoate 31 in high yields. However,
we could not find conditions that would selectively reduce
the enoate double bond without affecting the Z-double


Scheme 1. Structures of the related natural products leucascandrolide A
(1) and neopeltolide (2).


Scheme 2. Key steps in the synthesis of the neopeltolide hydroxylactone
16a ; Ar=pBrC6H4.
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bond. Thus, neither Mg in MeOH[21] nor the combination of
NiCl2/NaBH4 in MeOH,[22] were successful in this regard. In
both cases, LC-MS showed significant amounts of over-re-
duction products.


Therefore, we decided to use the two-carbon homologa-
tion method used by Kozmin[4b] in a similar context. Thus,
aldehyde 29 was reduced to alcohol 30 using NaBH4


(Scheme 5). Conversion of the primary alcohol 30 to the
corresponding bromide 32 was achieved using CBr4, PPh3,
and 2,6-lutidine in CH3CN.[23] In order for this reaction to
succeed the CBr4 should be very pure and without any trace
of water. Bromide 32 was then used as electrophile in the al-
kylation[24] of the lithium anion of imine[25] 33, derived from
acetaldehyde. Aqueous work-up afforded aldehyde 22 in
78 % yield. A final olefination reaction with the Still–Gen-
nari reagent[26] 34 delivered Z-enoate 35 with high selectivity
(Z/E 11:1). Saponification of ester 35 with LiOH in H2O/
THF completed the synthesis of the side chain 23.


Since the Prins cyclization furnished the pyran 16 a with
an all-equatorial arrangement of the substituents, a Mitsuno-
bu esterification was required in order to obtain neopelto-
lide (2). Indeed, treatment of the two fragments 16 a and 23
(1.6 equiv) with PPh3 and DIAD afforded neopeltolide (2)
in 80 % yield (Scheme 6). The NMR spectra of 2 were in ex-
cellent agreement with those reported in the literature.[8] In
the longest linear sequence this synthesis required 18 steps
with an overall yield of 18.7 %. So far it is the most efficient
synthesis of neopeltolide. The other known syntheses seem
to be less efficient [Panek synthesis[9] (19 steps, 1.3 %),
Scheidt synthesis[10] (19 steps, 0.52 %), Lee synthesis[11] (15
steps, 6.7 %), Fuwa/Sasaki synthesis[12] (23 steps, 7.2 %),
Kozmin synthesis[6] (15 steps, 5.3 %, racemic material)].


Synthesis of neopeltolide analogues : The larger macrolac-
tone ring in leucascandrolide A shows that variations in the
lactone part of both compounds should be possible. By
slight variations in the synthesis we hoped to probe the role


Scheme 3. General strategies for the synthesis of the oxazole containing
side chain of leucascandrolide A and neopeltolide.


Scheme 4. Synthesis of oxazole-4-carboxylate 28 and enoate 31.


Scheme 5. Completion of the synthesis of acid 23 by alkylation of imine
33 with bromide 32.
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of some of the configurations in the macrolactone part.
Moreover, we planned to probe the distance between the
macrolactone part and the oxazole ring. A first target
became 11-epi-neopeltolide (51) (Schemes 7 and 8). Accord-


ingly, the Leighton alkylation of aldehyde 5 was performed
with the (S,S)-reagent 6. The alcohol 36 was methylated
using the Meerwein salt in presence of proton sponge. Oxi-
dative degradation of the double bond allowed for chain ex-
tension of the resulting aldehyde to the unsaturated thioest-
er 40 with the Wittig reagent[27] 39. The stereoselective
methyl cuprate addition to 40 under Feringa–Minnaard con-
ditions[16] generated thioester 41 as a single diastereomer. A
subsequent Fukuyama-type reduction[28] of 41 produced al-
dehyde 42. Stirring of aldehyde 42 and homoallylic alcohol


12 (1.3 equiv) in presence of trifluoroacetic acid (10 equiv)
induced the Prins cyclization[29,30] yielding pyran 43 a/b in
71 % yield. Treatment of the trifluoroacetate 43 a/b with
K2CO3 in MeOH led to hydroxypyran 44 a/b. As in the case
of the epimeric aldehyde 11, the Prins cyclization of 42 and
12 afforded a small amount (ratio major/minor =9:1) of the
5-epi-diastereomer 43 b. This isomer could be separated at
the stage of lactone 49 (Scheme 8).


From pyran 44 a/b the same sequence of reactions that
were used in the synthesis of neopeltolide lactone were used
(Scheme 8). Thus, MOM protection of the secondary alcohol
44 a/b furnished pyran 45 a/b. Debenzylation to 46 a/b, oxida-
tion of 46 a/b, and removal of the silyl ether from acid 47 a/b
delivered seco-acid 48 a/b in good yields. The crucial Yama-
guchi lactonization[31,32] provided the separable lactones 49 a
and 49 b with high efficiency. Cleavage of the MOM acetal
of 49 a led to hydroxy lactone 50. Combination of lactone 50
with the acid 23 via Mitsunobu esterification gave rise to 11-
epi-neopeltolide (51).


A further analogue, namely 5-epi-neopeltolide (52) was
accessible from the minor diastereomer obtained in the
Prins cyclization of 11 and 12 (Schemes 2, 9). After the
Prins cyclization, the diastereomers were separated at the
stage of the MOM-protected lactone 15 a/b. The minor
isomer 15 b (5-epi) has an axial OH-group at C5. According-
ly, cleavage of the MOM protecting group of 15 b provided
hydroxy lactone 16 b. This reacted with acid 23 under Mitsu-
nobu conditions to 5-epi-neopeltolide (52). The alternative


Scheme 6. Completion of the synthesis of neopeltolide (2) by Mitsunobu
esterification.


Scheme 7. Synthesis of the carbon skeleton of 11-epi-neopeltolide.


Scheme 8. Completion of the synthesis of 11-epi-neopeltolide (51).
DMP =Dess Martin periodinane; DIAD =Diisopropylazodicarboxylate.
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formation of 52 from hydroxy lactone 16 a by classical
esterification with acid 23 was not tried, because of a possi-
ble isomerization of the side chain double bond.


Using the 1,3-oxazole-4-carboxylate 28 and other derived
compounds a few side chain analogues were prepared
(Scheme 10). Accordingly, saponification of ester 28 provid-
ed acid 53. In a similar manner enoate 31 was hydrolyzed to
unsaturated acid 54. Extending aldehyde 22 via Wittig reac-
tion using stabilized ylide (methoxycarbonylmethylene)tri-
phenylphosphorane gave (E)-enoate 55. Saponification of
the latter furnished acid 56. Enoate 31 served also as a pre-
cursor to unsaturated aldehyde 57, which could be obtained
from 31 via a reduction/oxidation sequence. Reaction of al-
dehyde 57 with the Still–Gennari reagent 34 provided the
Z,E-dienoate 58 in reasonable yield. This was hydrolyzed to
the corresponding acid 59. Likewise, reaction of aldehyde 57
with (methoxycarbonylmethylene)triphenylphosphorane
gave the E,E-dienoate 60 and the acid 61, respectively.


Condensation of the neopeltolide hydroxylactone 16 a
with acids 53, 54, 56, 59, and 61 using the proven Mitsunobu
conditions (PPh3, DIAD, benzene or benzene/THF) pro-
duced the neopeltolide analogues 62–66 in very good yields
(Scheme 11). The benzene/THF mixture was used to en-
hance solubility of some of the carboxylic acids.


Biological testing : Neopeltolide (2), as well as the analogues
51, 52 and 62–66 were tested for cytotoxicity against the
L929 mouse fibroblasts and A549 human lung carcinoma
cells, as well as for their inhibitory efficacy on NADH-oxi-
dation in submitochondrial particles of bovine heart. The
obtained IC50 values are listed in Table 1. The compounds
are ordered according to increasing IC50 values against the
L929 cell line, which mostly run parallel with the IC50


against A549 and the inhibition of NADH oxidation in sub-
mitochondrial particles of bovine heart, yet with some small-
er aberrations. Referring to the cytotoxicity of neopeltolides
against L929 mouse cells, Table 1 shows that the lactone
alone is not sufficient for biological activity (entry 9 and 10).
With regard to the lactone part one can conclude that some
modifications are tolerated (entry 4, 11-epi, entry 6, 5-epi).
In this context the recent study by Kozmin et al.[6] is sup-
porting our findings. Thus, natural (+)-leucascandrolide A


Scheme 9. Synthesis of 5-epi-neopeltolide (52).


Scheme 10. Synthesis of various acids analogues of the neopeltolide side
chain.


Scheme 11. Synthesis of neopeltolide analogues with modifications in the
side chain.
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and the unnatural enantiomer, both obtained by chromato-
graphic separation of the racemic mixture, showed similar
cytotoxic profiles against various cell lines with the natural
isomer being only two to three times more active. Accord-
ingly, modifications in the lactone part seem to be well toler-
ated. The Kozmin leucascandrolide A analogue 67
(Scheme 11) which lacks the methyl group at C12 and C21,
as well as the side-chain double bond also is still quite active
[IC50 (A549 cell line) = 0.8 nm]. Racemic neopeltolide
showed an IC50 of 0.5 nm against the same cell line[6] (cf.
entry 2, natural neopeltolide has an IC50 of 0.16 nm with this
cell line).


The analogues with modified side chain show that the dis-
tance of the oxazole ring to the macrolactone ring is impor-
tant. Thus, analogue 62 with a very short distance is essen-
tially inactive (entry 8). Analogue 64 with an E-double bond
is roughly 20 times less active (entry 5). A similar trend is
seen for the dienoate analogues 66 and 65. Surprisingly, the
Z,E compound is more active (IC50 =160 pm) than neopelto-
lide itself (IC50 =250 pm). The E,E-isomer 66 is about 12
times less active than the Z,E-isomer 65. It seems that the
diene part in 65 somehow corresponds to the bioactive con-
formation of the side chain. The inhibition seen in the
NADH oxidation study does roughly correlate with the cel-
lular assay data. However, the relative weak inhibition ob-
served with analogue 66 (entry 3) and analogue 64 (entry 5)
in comparison to analogue 51 (entry 4) and analogue 52
(entry 6) is striking. Compounds 51 and 52 are the analogues
with modifications in the lactone part but with an intact side
chain. This clearly underscores the importance of the correct
oxazole containing side chain at the target. It seems that an
E-double bond next to the carboxyl function of the side
chain slightly reduces the inhibition of the NADH oxida-
tion. This is evident by comparing the pairs 2/64 and 65/66.
In both pairs the corresponding E-isomer is less active.


With the L929 fibroblasts we observed typical morpholog-
ical alterations under the light microscope. The cells became
bigger and more circular in shape with an outspread cyto-
plasm (Figure 1). These changes resembled alterations that
were also induced by myxothiazol, an inhibitor of the respi-
ratory chain from myxobacteria.[33] This first hint about the
mode of action of neopeltolide was proven by NADH oxi-


dation assays with submitochondrial particles of bovine
heart as given in Table 1.


Conclusion


In this paper we describe the total synthesis of the potent
antitumor compound neopeltolide (2). This marine natural
product consists of a macrolactone part and an oxazole con-
taining side chain at C5. The macrolactone part was avail-
able by our previous developed route.[13] Key steps in this
very concise sequence include a Noyori reduction of a keto


ester, a Leighton allylation to
create the 1,3-diol subunit, a
stereoselective methyl cuprate
addition to an unsaturated thio-
ester, a Prins cyclization, and a
Yamaguchi lactonization. The
required side chain, acid 23,
was fashioned from the known
ethyl 2-oxo-2,3-dihydro-1,3-oxa-
zole-4-carboxylate (24). Using
established methods the re-
quired functionalities were in-
troduced via a Sonogashira cou-


pling reaction and elongation on the carboxylate position.
This way acid 23 could be obtained from oxazolone 24 in
nine steps with an overall yield of 18 %. Mitsunobu esterifi-
cation led to neopeltolide. Using the 5-epimer lactone 16 b,
5-epi-neopeltolide 52 was obtained. In addition, the 11-


Table 1. Biological activity of neopeltolide (2) and the analogues.


Entry Compound IC50 L929 IC50 A549 IC50 of NADH oxidation DescriptionACHTUNGTRENNUNG[ng mL�1] [nm] ACHTUNGTRENNUNG[ng mL�1] [nm] ACHTUNGTRENNUNG[ng mL�1] [nm]


1 65 0.094 0.16 0.12 0.22 7.6 12.9 neo-diene-Z,E
2 2 0.15 0.25 0.095 0.16 6.0 10.2 neopeltolide
3 66 1.2 2.0 1.2 2.0 38 64.6 neo-diene-E,E
4 51 1.3 2.2 0.53 0.90 8.2 13.9 11-epi-neo
5 64 2.6 4.4 3.4 5.8 34.5 58.4 neo-trans
6 52 5.0 8.5 3.3 5.6 9.8 16.6 5-epi-neo
7 63 630 1120 800 1300 2700 4800 neo-enoate
8 62 2400 4500 2800 5200 1850 3450 neo-oxazole
9 16 > 4000 >12000 >4000 >12000 >8097 >24 650 neo-lactone
10 50 > 4000 >12000 >4000 >12000 >8097 >24 650 11-epi-lactone


Figure 1. L929 mouse fibroblasts (top) were incubated with 2
(50 ng mL�1) for 1 d and stained with Giemsa. The treated cells are
bigger and show a widely outspread cytoplasm. The bottom picture
shows control cells.
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epimer of lactone 16 a, hydroxylactone 50, was made by em-
ploying the appropriate Leighton reagent and otherwise the
same reaction sequence used for the natural product. Final-
ly, derivatives of the oxazole 28 were prepared leading to a
range of side chain acids. These were condensed with hy-
droxy lactone 16 a under Mitsunobu conditions. Biological
testing revealed some interesting structure-activity informa-
tion. Thus, modifications in the stereochemistry of the mac-
rolactone part are tolerated to some degree. The drop in ac-
tivity is more pronounced if the modification is closer to the
side chain (5-epi- vs 11-epi-neo). With regard to the side
chain it seems that the distance between the lactone and the
oxazole ring is of relevance. For example, analogue 62
where the oxazole is close to the lactone is not active. The
configuration of the enoate double bond of the side chain
contributes roughly with a factor of 10 to the activity with
the Z-isomers being more active. Analogue 65 with an addi-
tional double bond is equally or even more potent than the
natural product itself (IC50 = 160 vs 250 pm, L929 cells). Neo-
peltolides exert their effects by inhibition of respiration as
was clearly shown by NADH oxidation assays with submito-
chondrial particles of bovine heart. The target within the mi-
tochondrial respiratory chain by neopeltolides has been pub-
lished recently.[6]


Experimental Section


General details and the experimental details for Schemes 7, 8, 10, 11, and
compounds 31, 52 are given in the Supporting Information.


Ethyl 2-{[(trifluoromethyl)sulfonyl]oxy}-1,3-oxazole-4-carboxylate (25):
A solution of oxazolone[19] 24 (2.01 g, 12.8 mmol) in CH2Cl2 (70 mL) was
cooled to �80 8C, before 2,6-lutidine (3.0 mL, 25.6 mmol, 2 equiv) was
added via syringe followed by the addition of Tf2O (3.21 mL, 19.2 mmol,
1.5 equiv). The reaction mixture was then allowed to warm to ambient
temperature with stirring for 40 min. The mixture was diluted with water
(150 mL) and extracted with CH2Cl2 (3 � 100 mL). The combined organic
layers were washed with brine, dried with MgSO4, filtered, and concen-
trated in vacuo. The residue was purified by flash chromatography (pe-
troleum ether/EtOAc, 4:1) to give triflate 25 (3.30 g, 88%) as a slightly
yellow amorphous solid. Triflate 25 was used immediately after prepara-
tion. TLC (petroleum ether/EtOAc 4:1): Rf =0.52; 1H NMR (400 MHz,
CDCl3): d= 1.31 (t, J= 7.2 Hz, 3 H, CH3), 4.33 (q, J=7.2 Hz, 2 H, CH2),
8.09 ppm (s, 1H, 5-H); 13C NMR (100 MHz, CDCl3): d=14.0 (CH3), 61.7
(CH2), 118.3 (q, J =322.0 Hz, CF3), 133.8 (C-4), 142.9 (C-5), 150.0 (C-2),
159.4 ppm (CO2Et).


Ethyl 2-{3-[(methoxycarbonyl)amino]prop-1-ynyl}-1,3-oxazole-4-carbox-
ylate (27): Triflate 25 (3.25 g, 11.1 mmol) and 2,6-lutidine (6.3 mL,
54.4 mmol) were dissolved in degassed 1,4-dioxane (45.0 mL) and
alkyne[18] 26 (2.51 g, 22.2 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (1.27 g, 1.11 mmol), and CuI
(422 mg, 2.22 mmol) were added. The reaction mixture was stirred at am-
bient temperature for 12 h, diluted with EtOAc (200 mL), filtered
through a thin pad of SiO2 and the filtrate concentrated in vacuo. Flash
chromatography (petroleum ether/EtOAc 7:3!1:1) afforded alkyne 27
(2.21 g, 79%) as a slightly yellow oil which crystallized upon standing in
the fridge (�20 8C). M.p. 76–78 8C; TLC (CH2Cl2/EtOAc 85:15): Rf =


0.35; 1H NMR (400 MHz, CDCl3): d=1.33 (t, J =7.2 Hz, 3H, CH2CH3),
3.66 (s, 3H, OCH3), 4.19 (d, J= 5.6 Hz, 2H, CH2NH), 4.33 (q, J =7.2 Hz,
2H, CH2CH3), 5.36 (br s, 1 H, NH), 8.14 ppm (s, 1 H, 5-H); 13C NMR
(100 MHz, CDCl3): d=14.1 (CH2CH3), 31.1 (CH2NH), 52.5 (OCH3), 61.4
(CH2CH3), 70.1 (C=CCH2), 89.7 (C=CCH2), 134.1 (C-4), 144.2 (C-5),


146.3 (C-2), 156.5 (CO2CH3), 160.3 ppm (CO2Et); HRMS (ESI): m/z :
calcd for C11H12NaN2O5: 275.06384, found 275.06386 [M+Na]+ .


Ethyl 2-{(1Z)-3-[(methoxycarbonyl)amino]prop-1-enyl}-1,3-oxazole-4-car-
boxylate (28): Alkyne 27 (1.21 g, 4.8 mmol, 1 equiv) and quinoline
(0.94 mL, 7.7 mmol, 1.6 equiv) were dissolved in EtOAc (280 mL), which
was followed by the addition of Lindlar�s catalyst (5 wt % Pd on CaCO3,
poisoned by lead (Fluka, No. 62145), 940 mg, 100 wt %). The reaction
was placed under H2 atmosphere and stirred until HPLC-MS analysis
showed complete consumption of the starting material (ca. 5–6 h). The
reaction mixture was filtered through a pad of celite and the filtrate con-
centrated in vacuo. The obtained oil was triturated with hexane (50 mL),
resulting in the crystallization of product. Hexane was decanted and this
procedure was repeated once more. Flash chromatography of the residue
(CH2Cl2/EtOAc 9:1!85:15!4:1) afforded ester (Z)-alkenoate 28
(1.085 g, 89 %) as a slightly yellow solid. M.p. 92–93 8C. TLC (CH2Cl2/
EtOAc, 85:15): Rf =0.36; 1H NMR (400 MHz, CDCl3): d =1.33 (t, J=


7.1 Hz, 3H, CH2CH3), 3.62 (s, 3H, OCH3), 4.28–4.37 (m, 4H, CH2NH,
CH2CH3), 5.47 (br s, 1H, NH), 6.10–6.19 (m, 1H, HC=CHCH2), 6.30 (d,
J =11.9 Hz, 1 H, HC=CHCH2), 8.14 ppm (s, 1H, 5-H); 13C NMR
(100 MHz, CDCl3): d=14.1 (CH2CH3), 39.6 (CH2NH), 52.1 (OCH3), 61.2
(CH2CH3), 115.2 (HC=CHCH2), 134.3 (C-4), 139.3 (HC=CHCH2), 143.1
(C-5), 157.1 (CO2CH3), 160.6 (CO2Et), 161.0 ppm (C-2); HRMS (ESI):
m/z : calcd for C11H14NaN2O5: 277.07949, found 277.07937 [M+Na]+ .


Methyl (2Z)-3-(4-formyl-1,3-oxazol-2-yl)prop-2-enylcarbamate (29):
DIBAL-H (1 m in hexane, 7.1 mL, 7.1 mmol, 2.5 equiv) was added drop-
wise at �80 8C to a solution of ester 28 (0.72 g, 2.83 mmol) in dry CH2Cl2


(15 mL). The reaction was stirred at �80 8C for 90 min, then quenched
with saturated aqueous NH4Cl solution and warmed up to room tempera-
ture. It was then treated with saturated potassium and sodium tartrate
(Rochelle salt)/EtOAc (100:100 mL) and the mixture was vigorously
stirred for 10 min. After the layers were separated, the aqueous layer was
extracted with EtOAc (3 � 100 mL). The combined organic extracts were
washed with saturated NaCl solution, dried over MgSO4, filtered, and
concentrated in vacuo. Flash chromatography of the residue (CH2Cl2/
MeOH 97:3!95:5) afforded aldehyde 29 (415 mg, 70 %) as a colorless
solid. Besides aldehyde 29 some overreduced alcohol 30 (85 mg, 14%)
was isolated. M.p. 75–76 8C; TLC (CH2Cl2/MeOH 9:1): Rf =0.61;
1H NMR (400 MHz, CDCl3): d =3.66 (s, 3H, OCH3), 4.32–4.42 (m, 2H,
CH2NH), 5.39 (br s, 1 H, NH), 6.20–6.29 (m, 1 H, HC=CHCH2), 6.33 (d,
J =11.6 Hz, 1H, HC=CHCH2), 8.21 (s, 1H, 5-H), 9.93 ppm (s, 1 H,
CHO); 13C NMR (100 MHz, CDCl3): d=39.7 (CH2NH), 52.2 (OCH3),
115.0 (HC=CHCH2), 140.4 (C-4), 141.5 (HC=CHCH2), 143.5 (C-5), 157.1
(CO2CH3), 161.1 (C-2), 184.1 ppm (CHO).


Methyl (2Z)-3-[4-(hydroxymethyl)-1,3-oxazol-2-yl]prop-2-enylcarbamate
(30): To a cooled (0 8C) solution of aldehyde 29 (380 mg, 1.81 mmol) in a
mixture of THF/MeOH (6:2 mL) was added sodium borohydride (87 mg,
2.35 mmol) and the reaction mixture was stirred at this temperature for
1 h. Then it was treated with saturated NH4Cl solution and the layers
were separated. The aqueous layer was extracted with CH2Cl2 (3 �
40 mL), and the combined organic extracts were washed with saturated
NaCl solution, dried over MgSO4, filtered and concentrated in vacuo.
Flash chromatography (CH2Cl2/MeOH 95:5) afforded alcohol 30
(364 mg, 95%) as a colorless solid. M.p. 125–126 8C, lit.[4a] m.p. 124–
125 8C; TLC (CH2Cl2/MeOH 9:1): Rf =0.42; 1H NMR (400 MHz,
CD3OD): d=3.53 (s, 3 H, OCH3), 4.16–4.22 (m, 2H, CH2NH), 4.38 (d,
J =5.1 Hz, 2H, CH2OH), 5.21 (t, J=5.1 Hz, 1 H, OH), 5.92–6.01 (m, 1 H,
HC=CHCH2), 6.28 (dt, J=11.9, 2.0 Hz, 1H, HC=CHCH2), 7.46 (t, J=


5.2 Hz, 1H, NH), 7.89 ppm (s, 1H, 5-H); 13C NMR (100 MHz, CD3OD):
d=39.8 (CH2NH), 51.4 (OCH3), 55.7 (CH2OH), 114.5 (HC=CHCH2),
135.3 (C-4), 138.4 (HC=CHCH2), 142.7 (C-5), 156.8 (CO2CH3),
159.6 ppm (C-2); HRMS (ESI): m/z : calcd for C11H14NaN2O5: 235.06948,
found 235.06952 [M+Na]+ .


Methyl (2Z)-3-[4-(bromomethyl)-1,3-oxazol-2-yl]prop-2-enylcarbamate
(32): A solution of alcohol 30 (62 mg, 0.29 mmol) and PPh3 (152 mg,
0.58 mmol) in CH3CN (3 mL) was treated with 2,6-lutidine (17 mL,
0.15 mmol) and CBr4 (Fluka, Nr. 86770) (192 mg, 0.58 mmol). After 1 h
the reaction mixture was partitioned between 5 % solution of NaHCO3


(10 mL) and Et2O (20 mL). The organic layer was separated and the
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aqueous layer extracted with Et2O (3 � 40 mL). The combined organic
layers were dried over MgSO4, filtered, and concentrated in vacuo. The
crude product was purified by flash chromatography (EtOAc/hexane
2:1!1:1!1:2) to give bromide 32 (64 mg, 81 %) as a white solid. M.p.
85–86 8C, lit.[4a] m.p. 86–87 8C; TLC (hexane/EtOAc 1:2): Rf =0.62;
1H NMR (400 MHz, CDCl3): d =3.67 (s, 3H, OCH3), 4.28–4.36 (m, 2H,
CH2NH), 4.37 (s, 2H, CH2Br), 5.42 (br s, 1 H, NH), 6.10–6.20 (m, 1 H,
HC=CHCH2), 6.29 (d, J =11.6 Hz, 1H, HC=CHCH2), 7.60 ppm (s, 1H, 5-
H); 13C NMR (100 MHz, CDCl3): d=39.8 (CH2NH), 51.4 (OCH3), 55.7
(CH2OH), 114.5 (HC=CHCH2), 135.3 (C-4), 138.4 (HC=CHCH2), 142.7
(C-5), 156.8 (CO2CH3), 159.6 ppm (C-2); HRMS (ESI): m/z : calcd for
C9H11BrNaN2O3: 296.98453, found 296.98477 [M+Na]+ .


Methyl (2Z)-3-[4-(3-oxopropyl)-1,3-oxazol-2-yl]prop-2-enylcarbamate
(22): A solution of diethylamine (52.4 mL, 0.51 mmol, 2.2 equiv) in THF
(0.5 mL) was cooled to �78 8C, and treated with nBuLi (2.5 m solution in
hexane, 204.0 mL, 0.51 mmol, 2.2 equiv). After 15 min, a solution of
imine[25] 33 (66.1 mg, 0.53 mmol, 2.3 equiv) in THF (0.5 mL) was added
to the reaction mixture, immediately followed by HMPA (68.2 mL,
0.393 mmol). The reaction was warmed to 0 8C, stirred for 10 min and
then cooled to �80 8C. The resulting yellow solution of the enolate was
transferred via cannula over a period of 5 min into a stirring solution of
bromide 32 (63 mg, 0.23 mmol) in THF (0.5 mL) at �30 8C. After 20 min
at �30 8C, the reaction was quenched with a 10% solution of tartaric
acid (2 mL), and allowed to warm to room temperature. After the mix-
ture was extracted with EtOAc (3 � 25 mL), the combined organic layers
were washed with saturated NaCl solution (10 mL), dried over MgSO4,
filtered, and concentrated in vacuo. Flash chromatography (CH2Cl2/
MeOH 98:2!95:5) afforded aldehyde 22 (43 mg, 78%) which was used
immediately in the next step. TLC (CH2Cl2/MeOH 9:1): Rf =0.48.


Methyl (2Z)-5-(2-{(1Z)-3-[(methoxycarbonyl)amino]prop-1-enyl}-1,3-
oxazol-4-yl)pent-2-enoate (35): A solution of [18]crown-6, freshly recrys-
tallized from acetonitrile, (269 mg, 1.02 mmol, 6 equiv) and bis(2,2,2-tri-
fluoroethyl)(methoxycarbonylmethyl) phosphonate (34) (86 mL,
0.41 mmol, 2.4 equiv) in THF (2.5 mL) was cooled to �80 8C, and treated
with KHMDS (0.5 m solution in toluene, 0.75 mL, 0.37 mmol, 2.2 equiv).
After 1 h, the solution of aldehyde 22 (41 mg, 0.17 mmol, 1 equiv) in
THF (0.5 mL) was added over a period of 5 min. After 1 h, TLC indicat-
ed complete consumption of aldehyde. Then the reaction was quenched
with saturated NH4Cl and warmed to room temperature. After the mix-
ture was extracted with EtOAc (3 � 20 mL), the combined organic layers
were washed with saturated NaCl solution (10 mL), dried over MgSO4,
filtered, and concentrated in vacuo. Flash chromatography (CH2Cl2/
MeOH 98:2) afforded ester 35 (32 mg, 65 % yield, 11:1 mixture of Z/E
isomers by 1H NMR analysis) as a colorless oil. TLC (CH2Cl2/MeOH
9:1): Rf =0.55; 1H NMR (400 MHz, CDCl3): d=2.68 (t, J= 7.2 Hz, 2H, 5-
H), 2.96–3.03 (m, 2 H, 4-H), 3.66 (s, 3 H, OCH3), 3.69 (s, 3H, CCO2CH3),
4.25–4.32 (m, 2 H, 3’-H), 5.59 (br s, 1H, NH), 5.80 (d, J =11.6 Hz, 1 H, 2-
H), 6.03–6.13 (m, 1 H, 2’-H), 6.21–6.30 (m, 2H, 3-H, 1’-H), 7.36 ppm (s,
1H, 5’’-H); 13C NMR (100 MHz, CDCl3): d =25.6 (C-5), 27.5 (C-4), 39.3
(C-3’), 51.1 (OCH3), 52.1 (OCH3), 116.7 (C-1’), 120.2 (C-2), 133.9 (C-5’’),
136.2 (C-4’’), 141.1 (C-2’), 148.9 (C-5’’), 157.1 (CO2CH3), 159.9 (C-2’’),
166.7 ppm (C-1); HRMS (ESI): m/z : calcd for C14H18NaN2O5: 317.11079,
found 317.11086 [M+Na]+ .


Acid 23 : A solution of ester 35 (15 mg, 0.05 mmol) in THF (0.5 mL) was
treated with LiOH (1 n solution in water, 0.5 mL, 0.5 mmol) at ambient
temperature and the reaction mixture was vigorously stirred until TLC
indicated complete consumption of the starting material (ca. 7 h). The re-
action was cooled to 0 8C and neutralized with aqueous HCl (1 n, 0.5 mL,
0.5 mmol). After the mixture was extracted with EtOAc (4 � 20 mL), the
combined organic layers were washed with saturated NaCl solution
(10 mL), dried over MgSO4, filtered, and concentrated in vacuo. Flash
chromatography (CH2Cl2/MeOH 95:5!9:1) afforded acid 23 (12.7 mg,
91%) as a colorless oil. TLC (CH2Cl2/MeOH 9:1): Rf =0.36; 1H NMR
(400 MHz, CDCl3): d =2.69 (t, J =7.3 Hz, 2 H, 5-H), 2.98 (m, 2H, 4-H),
3.66 (s, 3H, OCH3), 4.25–4.32 (m, 2H, 3’-H), 5.52 (br s, 1 H, NH), 5.81 (d,
J =11.5 Hz, 1H, 2-H), 6.03–6.10 (m, 1H, 2’-H), 6.25–6.32 (m, 2 H, 3-H, 1’-
H), 7.34 ppm (s, 1H, 5’’-H); 13C NMR (100 MHz, CDCl3): d= 25.5 (C-5),
27.4 (C-4), 39.3 (C-3’), 52.1 (OCH3), 116.6 (C-1’), 120.2 (C-2), 133.9 (C-


5’’), 136.4 (C-4’’), 141.0 (C-2’), 148.9 (C-5’’), 157.1 (CO2CH3), 159.9 (C-
2’’), 166.7 ppm (C-1); HRMS (ESI): m/z : calcd for C13H16NaN2O5:
303.09514, found 303.09511 [M+Na]+ .


Neopeltolide (2): Diisopropyl azodicarboxylate (88 mL, 0.5m solution in
benzene, 0.044 mmol, 1.76 equiv) was added to a solution of alcohol 16
(8.3 mg, 0.025 mmol, 1 equiv), acid 23 (11.2 mg, 0.04 mmol, 1.6 equiv)
and PPh3 (11.5 mg, 0.044 mmol, 1.76 equiv) in dry benzene (1 mL). After
stirring for 1 h at ambient temperature, the reaction mixture was concen-
trated in vacuo and the residue purified by flash column chromatography
(hexane/EtOAC 2:1!1:1!1:2) to afford neopeltolide (2) (12.0 mg,
80%) as a colorless oil. TLC (petroleum ether/EtOAc 1:1): Rf =0.36;
[a]20


D =++23.8 (c = 0.24, MeOH); 1H NMR (400 MHz, CD3OD): d=0.93
(t, J =7.3 Hz, 3 H, 16-H), 0.96 (d, J =6.6 Hz, 3 H, 17-H), 1.06–1.14 (m,
1H, 10-H), 1.20–1.42 (m, 6H, 8-H, 9-H, 12-H, 15-H), 1.45–1.60 (m, 4H,
10-H, 4-H, 6-H, 14-H), 1.63–1.75 (m, 2H, 6-H, 14-H), 1.78–1.89 (m, 2 H,
4-H, 12-H), 2.28 (dd, J =14.8, 11.0 Hz, 1H, 2-H), 2.65–2.74 (m, 3H, 2-H,
22-H), 2.96–3.04 (m, 2 H, 21-H), 3.27 (s, 3H, 11-OCH3), 3.55 (apt, J=


9.9 Hz, 1 H, 7-H), 3.62–3.70 (m, 4H, 29-OCH3, 11-H), 4.02–4.11 (m, 1 H,
3-H), 4.29 (d, J=4.6 Hz, 2H, 28-H), 5.12–5.21 (m, 2H, 13-H, 5-H), 5.87
(d, J =11.4 Hz, 1H, 19-H), 5.98–6.07 (m, 1H, 27-H), 6.26 (dt, J =11.9,
2.0 Hz, 1 H, 26-H), 6.36 (dt, J= 11.6, 7.4 Hz, 1H, 20-H), 7.65 ppm (s, 1 H,
24-H); 13C NMR (100 MHz, CD3OD): d=14.1 (C-16), 20.0 (C-15), 26.0
(C-17), 26.4 (C-22), 29.0 (C-21), 32.6 (C-9), 36.2 (C-4), 37.4 (C-6), 37.9
(C-14), 41.0 (C-12), 43.2 (C-2), 43.5 (C-10), 45.2 (C-8), 52.6 (29-OCH3),
56.4 (11-OCH3), 69.2 (C-5), 71.3 (C-3), 73.9 (C-13), 77.0 (C-7), 77.1 (C-
11), 115.9 (C-26), 121.7 (C-19), 135.9 (C-24), 139.2 (C-27), 142.3 (C-23),
150.0 (C-20), 159.6 (C-29), 161.9 (C-25), 166.9 (C-18), 173.0 ppm (C-1);
HRMS (ESI): m/z : calcd for C31H46NaN2O9: 613.30955, found 613.31039
[M+Na]+ .


Biological assays : The viability/toxicity of the compounds with L929 and
A549 were tested with an MTT assay after 5 d incubation of serial dilu-
tions of the samples.[34] The cell lines were from DSMZ and kept in
DME medium (Dulbecco�s Modified Eagle�s medium) as reported. Neo-
peltolide was checked for typical phenotypic effects with L929 cells and
Giemsa staining. Giemsa�s solution were from Merck. Preparations of
submitochondrial particles of bovine heart (SMP) and NADH oxidation
assays with SMP were performed as described previously.[33, 35] The sam-
ples contained 52 mgmL�1 of bovine heart protein. The rate of NADH
oxidation in the control without inhibitor was 1.8�0.2 mmol mg�1 min�1.
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Introduction


Electrochemical energy conversion and storage devices un-
doubtedly have a major role to play in the new clean energy
economy. There are probably two dominant types of energy
storage systems required for the new energy economy: one
related to static load levelling of renewables, and the other
related to transport. For both, cost and reliability are ex-
tremely important; energy and power density are also im-
portant, although to differing degrees. For energy storage re-
lated to transport, high-power batteries are being developed
for hybrid electric vehicles. Amongst the available energy


storage systems, the lithium-based rechargeable battery
system is of particular interest for hybrid electric vehicle ap-
plications. Of all the rechargeable battery systems, the lithi-
um-ion (Li-ion) battery possesses the greatest energy densi-
ty and has a power density close to that of the nickel–cadmi-
um (Ni–Cd) battery.[1,2]


However, despite their outstanding commercial success,
these batteries are still open to improvements. In particular,
improvements to the positive electrode are critical for the
progress of lithium-ion batteries. Indeed, considerable ef-
forts are presently directed towards the replacement of the
high-cost, partially toxic LiCoO2 with more affordable and
sustainable materials. Vanadium oxides such as V2O5, V6O13


and LiV3O8 appeared to be promising candidates as positive
electrode materials due to the advantages of higher capacity,
lower cost, and better safety features.[3–8] However, these
materials are not suitable for use in today�s lithium-ion bat-
teries, because they deliver no extractable lithium ions
during the first charge.


Chemical lithiation of vanadium oxides for producing
viable positive electrodes at an economical scale is indeed a
scientific and industrial challenge. Previous lithiation meth-
ods based on wet chemistry, in particular with LiI (in aceto-


Abstract: Li4V3O8 materials have been
prepared by chemical lithiation by Li2S
of spherical Li1.1V3O8 precursor materi-
als obtained by a spray-drying tech-
nique. The over-lithiated vanadates
were characterised physically by using
scanning electron microscopy (SEM)
and X-ray diffraction (XRD), and elec-
trochemically using galvanostatic
charge-discharge and cyclic voltamme-
try measurements in both the half-cell
(vs. Li metal) and full-cell (vs. graph-
ite) systems. The Li4V3O8 materials are
stable in air for up to 5 h, with almost
no capacity drop for the samples stored
under air. However, prolonged expo-


sure to air will severely change the
composition of the Li4V3O8 materials,
resulting in both Li1.1V3O8 and Li2CO3.
The electrochemical performance of
these over-lithiated vanadates was
found to be very sensitive to the con-
ductive additive (carbon black) content
in the cathode. When sufficient carbon
black is added, the Li4V3O8 cathode ex-
hibits good cycling behaviour and ex-


cellent rate capabilities, matching those
of the Li1.1V3O8 precursor material,
that is, retaining an average charge ca-
pacity of 205 mAh g�1 at 2800 mA g�1


(8C rate; 1C rate means full charge or
discharge of a battery in one hour),
when cycled in the potential range of
2.0–4.0 V versus Li metal. When ap-
plied in a non-optimised full cell
system (vs. graphite), the Li4V3O8 cath-
ode showed promising cycling behav-
iour, retaining a charge capacity (Li+


extraction) above 130 mAh g�1 beyond
50 cycles, when cycled in the voltage
range of 1.6–4.0 V, at a specific current
of 117 mA g�1 (C/3 rate).
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nitrile)[9] and nBuLi (in hexane),[10] have proven not to be
economically attractive. Another lithiation technique based
on electrochemical reduction was suggested, but was also
deemed ineffective and expensive.[11,12] Recently, Barker and
co-workers[13] proposed an economical lithiation method
based on a rapid, single-step carbothermal reduction (CTR)
approach to synthesise g-LiV2O5. Unfortunately, the maxi-
mum amount of lithium that could be electrochemically ex-
tracted was only 0.92 moles, which translates to a maximum
reversible specific capacity of 130 mAh g�1. A higher capaci-
ty is needed to compensate for the lower operating voltageACHTUNGTRENNUNG(�3 V) for vanadium-based positive electrodes to attain a
high energy density for the battery.


One possible solution would be to synthesize a Li1+xV3O8


(2<x<4) compound for which a theoretical reversible spe-
cific capacity above 200 mAh g�1 is achievable.[14–16] Herein,
we report on an inexpensive and industrially scalable
method for producing Li4V3O8 using a spray-drying method
to produce the Li1.1V3O8 precursor materials in the first in-
stance,[17] followed by chemical lithiation of the precursor
materials with Li2S in acetonitrile.[18] Systematic characteri-
sations of the lithiated vanadates in terms of their physical
properties (XRD and SEM) as well as their electrochemical
performance are discussed in detail. In addition, a compre-
hensive feasibility study of these over-lithiated vanadates
when applied as cathodes in the Li-ion battery full-cell con-
figuration is presented.


Results and Discussion


The determined Li/V ratio was 3.80(5)/3.00(5) for the as-
synthesised Li4V3O8 material, which is in good agreement
with the nominal value (4/3) when considering the accuracy
of the analytical method for each element. Therefore,
Li4V3O8 will be used as the common term throughout the
text because it has been shown in the literature[16] that the
chemical or electrochemical insertion of Li occurs in two
phases Li1+xV3O8: from x=a to x=1.9, Li is inserted in the
single phase Li1+ aV3O8; and from x=3 to x=4, Li is insert-
ed in the single phase Li4V3O8. In between, the mechanism
is a two-phase process with the transformation from
Li2.9V3O8 to Li4V3O8. Hereafter, the latter transformation is
called “Li3–Li4 transition”. For our compound, the x value
was determined to be approximately 2.8 by inductively cou-
pled plasma optical emission spectrometry (ICP-OES) mea-
surement. Therefore, our compound definitely consists of
two phases. Thus, the reason for the use of Li4V3O8 in this
paper is actually an average value based on the ICP-OES
measurements.


Figure 1 shows an SEM image of the as-synthesised
Li4V3O8 particles, which are mainly macro-sized (up to
20 mm, see Figure 1 a), dense, spherical agglomerates (see
Figure 1 b) consisting of rod-like nanostructures (100–
150 nm wide) as their building blocks (see Figure 1 c). This
observation is consistent with those reported for the spray-
dried Li1.1V3O8 precursor material,[17] and is also a general


type of morphology normally obtained for spray-dried com-
posite materials in air.[19,20] Thus we could conclude that the
chemical lithiation process did not alter the morphology of
the precursor material.


One of the most important challenges for an over-lithiat-
ed compound is to display stability in an ambient environ-
ment, due to the risk of oxidation of the as-synthesised ma-
terials in air. To test the stability of the as-synthesised
Li4V3O8 compound when exposed to ambient air, both long-
and short-term storage-in-air tests were performed with the
as-synthesised Li4V3O8 compound for both the powder and
electrode forms. For the long-term tests, after six months of
storage in ambient conditions (see Figure 2), the as-synthes-
ised Li4V3O8 compound, which previously consisted of two
coexisting phases (Li2.7V3O8 and Li4.8V3O8),[16] had been oxi-
dised and converted to both Li1.1V3O8


[21] and Li2CO3


(JCPDS Card No. 22–1141). The hkl indices listed in
Figure 2 are based on the monoclinic phase, Li1.1V3O8 struc-
ture (JCPDS Card No. 72–1193) reported by Wadsley in


Figure 1. SEM images of the as-synthesised Li4V3O8 material at different
magnifications.
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1957.[21] In general, our statement for the oxidation of
Li4V3O8 is based on the refinement of the XRD pattern. We
believe that the phase with a=0.1 is formed according to
the refined lattice parameters, which are close to those men-
tioned by Wadsley et al.[21]


Another proof of oxidation after prolonged storage in air
was the increase of mass for the as-synthesised Li4V3O8 ma-
terial with time of storage. As seen from Figure 3, an in-
crease of approximately 20 wt % is recorded after more than
six months of storage (> 200 days) in ambient conditions.
This weight increase can be explained by water and CO2


uptake from the air and the formation of a Li2CO3 layer
(see Figure 2 b). Note that our experimental measurement


of mass changes for the unlithiated Li1.1V3O8 precursor ma-
terial showed a negligible increase in mass (<1 wt %) even
after six months of storage in ambient air, which shows that
the over-lithiated Li4V3O8 material is more sensitive.


Hence, for the short-term tests, it was of great significance
for industrial applications to gauge the extent of oxidation
of the as-synthesised Li4V3O8 material, to prevent the loss of
electrochemical activity and available lithium due to the for-
mation of an insulating Li2CO3 layer on the surface of the
active Li4V3O8 material when exposed to air. To evaluate
the effect of the cathode material�s oxidation in air towards
the overall electrochemical activity, Li4V3O8 cathodes were
dried in air after doctor-blading, and exposed to ambient air
for various time durations. Figure 4 shows that the Li4V3O8


cathodes could maintain almost 100 % of their average
charge capacities over 10 cycles (at C/3 rate) when exposed
to ambient air for approximately five hours. This should pro-
vide ample handling time for practical industrial applica-
tions in ambient atmosphere, or possibly an even longer
period of time if manufactured under dry-room conditions.


Actually, Li2CO3 has been suggested as an additive (or
coating) for oxide electrodes to provide additional safety
measures (anti-overcharging) and to “catch” and neutralise
any hydrofluoric acid (HF) generation due to electrolyte de-
composition.[22–24] It is possible, therefore, that a small
amount of Li2CO3 in the Li4V3O8 material (in this case less
than 2 wt%) could be favourable. Note that Li2CO3 is disad-
vantageous for carbon dioxide development from oxide
electrodes at high potentials,[24] but the working potential
window for vanadates (<4 V vs. Li/Li+) is well below the
relevant potential limit.


The total capacity shown in Figure 4 corresponds to the
cumulative capacity of the galvanostatic part and the poten-


Figure 2. X-ray diffraction (XRD) patterns of the Li4V3O8 material:
a) as-synthesised, and b) after storage under ambient air for six months.
The hkl indices are indicated in parentheses (based on JCPDS Card No.
72–1193 for Li1.1V3O8 compound). Peaks that correspond to Li2.7V3O8,
Li4.8V3O8, and Li2CO3, are noted as (o), (#), and (*), respectively.


Figure 3. Increase of mass for the as-synthesised Li4V3O8 material (in
powder form) as a function of storage time under ambient air.


Figure 4. Average (over 10 cycles) and percentage of retained charge ca-
pacities of the Li4V3O8 electrodes with 50 wt % active mass after expo-
sure to ambient air for various lengths of time. Cycling took place be-
tween 2.0 and 3.3 V at 117 mA g�1 (C/3 rate). The solid columns represent
the galvanostatic part of the total capacities, and the patterned columns
indicate the contribution from the potentiostatic part of the total capaci-
ties.
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tiostatic part. However, importantly, normally only the gal-
vanostatic part of the capacity is relevant for practical appli-
cations.


Having considered the stability of these over-lithiated va-
nadate materials when exposed to ambient air, the next
question is about their electrochemical activity when applied
as cathodes in lithium-ion batteries. To gauge independently
the electrochemical properties of the as-synthesised Li4V3O8


material, influences from electrode engineering should be
kept to a minimum.


One of the key factors in electrode engineering is the
amount of conductive additive (carbon black in this case)
needed in the cathode to ensure a homogeneous electrical
connection between the active electrode materials (Li4V3O8


in this case).[25–29] As seen from Figure 5, when the amount
of carbon black (CB) added was increased from 10.5 wt %
(see Figure 5 a) to 43.0 wt % (see Figure 5 b), the charge ca-
pacity ratio, Qc, (ratio of galvanostatic charge over total
charge) was maintained above 98 % beyond 30 cycles for


the latter case, whereas, in the former case, the charge ca-
pacity ratio dropped significantly with cycling to less than
68 % after 30 cycles.


Panero et al. have reported that the resistivity of the
Li1+ xV3O8 material increases upon increasing lithiation (for
high x value).[30] Therefore, it is essential that a sufficient
amount of conductive additive is added for good perfor-
mance (up to 30 %).[30] As a result, all subsequent electro-
chemical measurements conducted for the Li4V3O8 cathodes
are performed using 50 wt % active electromaterials (or
43 wt % CB).


Another important cycling characteristic related to elec-
trode engineering is the cut-off potential for the overall
working voltage of a lithium-ion battery system. Because
the cathode plays an important role in lithium extraction (or
de-insertion), for it to act as a source of lithium, the charg-
ing characteristics will be the focus. Therefore, the cut-off
potential for the charging step will be investigated here.
Figure 6 shows the retention of the specific charge capacities


with cycling for two different cut-off potentials, that is, 3.3
and 4.0 V versus Li/Li+ . We can see clearly that, after 50
cycles, the charge capacity retention was increased from
78 % to 86 % when the cut-off potential was increased from
3.3 to 4.0 V. A possible explanation of this effect could be
the changing of the lithium extraction mechanism during cy-
cling: long-term cycling leads to the shifting of the potential
of one de-intercalation reaction of the multi-step Li extrac-
tion process to a higher voltage, [30–33] resulting in incomplete
Li extraction for the cell cycled with the cut-off voltage of
3.3 V. Pistoia et al.[30–33] also reported that only 80 % of the
capacity for the first charge could be recovered when charg-
ing to 3.3 V versus Li/Li+ . The remaining capacity could be
recovered by extending the charge limit above 3.8 V versus
Li/Li+ . Although the difference is not huge, this additional


Figure 5. The charge capacities of the Li4V3O8 electrodes containing dif-
ferent amounts of active mass: a) 86 wt % Li4V3O8, and b) 50 wt %
Li4V3O8. Cycling took place between 2.0 and 3.3 V at 117 mA g�1 (C/3
rate). The white areas represent the total Li+ extraction capacities, and
the patterned areas indicate the galvanostatic part of the total Li+ extrac-
tion capacities.


Figure 6. The cycling performance of the Li4V3O8 electrodes with 50 wt %
active mass when cycled at different cut-off potentials. The specific cur-
rent applied was 117 mA g�1 (C/3 rate). (& 2.0–3.3 V, & 2.0–4.0 V).
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capacity retention from the 3.3–4.0 V range contributes not
only to an increase in the specific charge capacity but also
to a higher overall working voltage for the lithium-ion bat-
tery, which would result in a higher energy density for the
battery system. Note that the stability window of the unlithi-
ated Li1.1V3O8 precursor material is different.[17,34–36]


In fact, we are confident about the strong influence of
electrode engineering on the electrochemical performance
of the Li4V3O8 cathode materials (see Figure 5); the next
question is on the rate capability of these over-lithiated va-
nadates. As demonstrated in Figure 7, when applied in the


half-cell (vs. Li metal), the Li4V3O8 electrodes exhibited
rather high average specific capacities, retaining
235 mAh g�1 (Li+ extraction) and 233 mAh g�1 (Li+ inser-
tion) when cycled in the potential range of 2.0–3.3 V (see
Figure 7 a), and 279 mAh g�1 (Li+ extraction) and
283 mAh g�1 (Li+ insertion) when cycled in the potential
range of 2.0–4.0 V (see Figure 7 b), at a specific current of
117 mA g�1 (C/3 rate). Furthermore, the Li4V3O8 electrodes


also demonstrated excellent rate capabilities, matching those
of the Li1.1V3O8 precursor material, retaining an average
specific charge capacity of 205 mAh g�1 at 2800 mA g�1 (8C
rate), when cycled in the potential range of 2.0–4.0 V versus
Li metal (see Figure 7 b).


The capacity contribution from the galvanostatic part de-
creased significantly with increasing C-rate during insertion
of Li ions. This could be attributed to the slower Li+ migra-
tion from the surface to the inside of the electrode when the
concentration of Li+ on the electrode-electrolyte surface is
high at higher C-rate.[17,18] In addition, the charge capacity
ratios, Qc, at high C-rates were also higher when the cut-off
potential was increased from 3.3 to 4.0 V vs. Li metal. This
could be due to the increase in electrochemical driving force
towards oxidation (charging step) since the potential differ-
ence was increased from (3.3�E) V to (4.0�E) V, where E
is the thermodynamic potential (vs. Li/Li+) of the oxide
electrode.[37]


As mentioned in the Introduction, the main objective of
this research work was to produce an over-lithiated vana-
date material that could provide lithium ions during the first
charge when applied as the cathode in Li-ion rechargeable
batteries. This leads us to the next important issue: the feasi-
bility of this Li4V3O8 material as a high capacity cathode
material when applied in a full-cell Li-ion battery system
configuration with a conventional graphite electrode as the
anode. To illustrate the electrochemical characteristics of a
full-cell system, Figure 8 shows typical first cycle charge-dis-


charge curves for both the individual cathode (Li4V3O8 in
this case) and anode (LBG1025 graphite in this case) plot-
ted with a normalised time frame (or similar C-rate). As can
be deduced from Figure 8, the plausible working region for
the operating cell voltage is between 1.6 and 4.0 V. In order


Figure 7. The average (over 10 cycles) capacities of the Li4V3O8 electro-
des (50 wt % active mass) cycled at different specific currents (C-rates)
for different cut-off potentials: a) 2.0–3.3 V (vs. Li/Li+), and b) 2.0–4.0 V
(vs. Li/Li+). Note that 1C rate is assumed to be 350 mA g�1 in all cases.


Figure 8. Typical first cycle charge-discharge curves of the individual
working electrodes (Li4V3O8 and LBG1025 graphite) when cycled against
a Li metal counter electrode. Note that the plot is normalised to the
same time scale (C-rate) for both working electrodes and the voltage dif-
ference is given by DE.
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to ensure complete charging of the full cell system, the
graphite anode is present in excess of active mass (>5–
10 wt %). Please note that this is a non-optimised electrode
configuration for a full-cell system.


When applied in a non-optimised full-cell system (vs.
LBG1025 graphite), the Li4V3O8 electrode showed promis-
ing cycling behaviour (see Figure 9), retaining a charge ca-


pacity (Li+ extraction) above 130 mAh g�1 and also a charge
efficiency above 98 % after 50 charge-discharge cycles, when
cycled in the voltage range of 1.6–4.0 V at a specific current
of 117 mA g�1 (C/3 rate). The lower specific capacity shown
by the full-cell system was due to the higher mass of the
graphite negative electrode and, therefore, a rather high ir-
reversible capacity “loss”. Note that: 1) the graphitic anode
thickness and density was not optimised, and 2) the SEI for-
mation on the graphite is a major factor for high irreversible
capacity “loss” during the first electrochemical Li+ insertion
into graphite materials.[38–40] This capacity “loss” means that
a significant fraction of the lithium from the oxide was im-
mobilised at the carbon electrode and, therefore, not avail-
able for full charging of the oxide electrode.


To demonstrate the significance of the electrochemical
redox contribution in the high voltage region (> 3.3 V),
cyclic voltammetry (CV) measurements of the Li4V3O8 elec-
trodes in a full-cell system (vs. LBG1025 graphite) were car-
ried out for two different cut-off cell voltages for charging,
that is, 3.3 and 4.0 V, as shown in Figure 10. Note that the in-
itial cell voltages (Uinitial, which is equivalent to the potential
difference between the anode and cathode) were quite simi-
lar in both cases, that is, approximately �0.4 V. A negative
cell voltage was observed due to the lower open circuit po-
tential for the over-lithiated vanadates (�2.6 V vs. Li/Li+)
when compared to the open circuit potential for the fresh
graphitic anodes (�3.0 V vs. Li/Li+). The broad redox peak
pair above 3.3 V (see Figure 10 b) represents the deep Li+


insertion/de-insertion from the Li1+ xV3O8 (0.02<x<0.32)


cathode.[41,42] In addition, a small anodic peak (�2.04 V)
was observed for both full cells, which corresponds to the
solid electrolyte interphase (SEI) film formation process for
the graphitic anode during the first charge of the cell.[38–40]


This led to the presence of an irreversible capacity “loss”
during the first cycle and also resulted in the shifting of the
redox peak pair during the subsequent charge-discharge
cycles, as confirmed in Figure 11. However, there was no
major capacity decrease, as observed from the peak intensi-
ties, even when cycled up to 10 cycles. This shows that the
Li4V3O8 cathode is a structurally stable compound with out-
standing ruggedness towards Li+ insertion/de-insertion.[30–33]


Conclusion


Li4V3O8 materials have been successfully prepared through
chemical lithiation by Li2S of spherical Li1.1V3O8 precursor
materials obtained from the spray-drying technique. The
Li4V3O8 materials are stable in air up to 5 h, with almost no
capacity drop for the samples stored under air. Prolonged


Figure 9. Cycle life behaviour of the Li4V3O8 electrode (50 wt % active
mass) in a full-cell (vs. graphite) system when cycled in the voltage range
between 1.6 and 4.0 V. The specific current applied was 117 mA g�1 (C/3
rate). (& charge, & discharge, * charge efficiency).


Figure 10. Cyclic voltammograms (CVs) of the Li4V3O8 electrodes
(50 wt % active mass) in a full-cell (vs. graphite) system when cycled at
different cut-off voltages: a) 1.6–3.3 V, and b) 1.6–4.0 V. The scan rate ap-
plied was 0.1 mV s�1. Note that the initial cell voltage is given by Uinitial.
(c : first cycle, c : second cycle, b : 10th cycle).
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exposure of these over-lithiated vanadates in ambient air
leads to surface oxidation, converting Li4V3O8 into the mon-
oclinic phase Li1.1V3O8 and the electrochemically inert
Li2CO3. When sufficient carbon black is added, the Li4V3O8


electrode exhibits good cycling behaviour and excellent rate
capabilities, matching those of the Li1.1V3O8 precursor mate-
rial, that is, retaining an average charge capacity of
205 mAh g�1 at 2800 mA g�1 (8C rate) when cycled in the po-
tential range of 2.0–4.0 V versus Li metal. When applied in
a non-optimised full-cell system (vs. graphite), the Li4V3O8


electrode shows promising cycling behaviour, retaining a
charge capacity above 130 mAh g�1 beyond 50 cycles when
cycled in the voltage range of 1.6–4.0 V at a specific current
of 117 mAg�1 (C/3 rate). We believe that with further syn-
thetic optimizations (increasing the degree of lithiation and/
or changing the morphology of the compound) and better
balancing of the electrodes� masses and densities (especially
for the graphitic anode), Li4V3O8 should be a viable candi-


date as a high capacity cathode material in commercial lithi-
um-ion batteries.


Experimental Section


Material synthesis : The Li1.1V3O8 precursor material was synthesised
through a spray-drying process in air using a Mobile Minor 2000 type
device, followed by heat treatment in air at 320 8C for 1 h.[17] Li4V3O8 was
prepared through reduction of this Li1.1V3O8 precursor material by Li2S
(Alfa-Aesar) under a dry nitrogen gas atmosphere. The reactants, with
molar ratio of Li/V (1.45/1), were heated under reflux in anhydrous ace-
tonitrile (99.99 %, Merck, Germany) at 80 8C for 24 h.[18] It is important
to note that there should be no reaction between the Li1.1V3O8 and the
anhydrous acetonitrile solvent. Therefore, any possible V dissolution
during this step would be negligible and should have no bearing on the
electrochemical properties of the final product, because the amount of
lithiation was calculated using ICP-OES based on the final dried product.
The by-product, S, was afterwards washed out by a warm (�50 8C) etha-
nol/toluene (1/1 v/v) solvent mixture, used alternately; that is, first etha-
nol, then toluene, and so forth.


Material characterization : The as-synthesised Li4V3O8 material was ana-
lyzed for lithium content using the atomic absorption spectroscopy
(AAS) technique in the emission mode. The vanadium content was deter-
mined by a potentiometric titration technique.[18] The materials were ana-
lyzed by X-ray diffraction (XRD) using a Bruker “D4-Endeavor”
equipped with a diffracted-beam monochromator (Cu-Ka radiation) in
the 5–708 (2qCu) range using a 0.028 (2qCu) step of 3.6 s duration. The unit
cell structural parameters were refined by the Rietveld method using the
Fullprof/Winplotr software package.[43] Scanning electron microscopy
(SEM) images were obtained using a JEOL JSM 6400F microscope. To
avoid charge accumulation, a thin layer of Au/Pd was deposited by catho-
dic sputtering on the powders.


Electrochemical measurements : The Li4V3O8 cathodes were prepared by
a solvent route where anhydrous acetonitrile (99.99 %, Aldrich) was used
as the dispersing medium. The Li4V3O8 active material, carbon black
(CB), and polymeric binder mixture (PVdF-HFP and PEO) were dis-
persed in the solvent under magnetic stirring for 1 h. The solvent quantity
was 4 mL for every 500 mg of the composite materials. The as-prepared
slurry was doctor-bladed on aluminium foil and dried in an argon-filled
glove box. After drying, electrode disks (1.3 cm2) were punched for test
cell assembly. The working electrodes now consist of 50 wt % Li4V3O8,
43 wt % carbon black (Super P, TIMCAL SA, Switzerland), and 7 wt %
polymeric binder mixture (1:1 by weight of PVdF-HFP, Kynar 2801, Ato-
chem) and PEO (Mw =300000, Aldrich). The mass loading of the catho-
des was typically 4–6 mg of active material per cm2. Hermetically sealed
laboratory test cells[44] were used in which the working and counter elec-
trodes (the latter from metallic lithium for a half-cell, and from
LBG1025 graphite (Superior Graphite Co., Switzerland) for a full cell)
were slightly pressed together (at �2 kg cm�2) against a glass fibre sepa-
rator soaked with a standard battery electrolyte (1 m LiPF6 in EC:DMC
(1:1 by weight), Ferro GmbH). The electrochemical cycling was per-
formed between 2.0–4.0 V (half-cell, vs. Li metal) or 1.6–4.0 V (full cell,
vs. LBG1025 graphite) in the galvanostatic mode, immediately followed
by a potentiostatic mode until the specific current decreased to 10% of
the current used in the galvanostatic mode. For determining the C-rate, a
theoretical specific charge of 350 mAh g�1 of the vanadates was assumed
for all cases. For the air sensitivity tests, the exposure time was calculated
based on the duration of time for the doctor-bladed electrode exposed
under ambient air. For the long-term cycling tests, the charge and dis-
charge rates in the galvanostatic mode were equal to C/3 rate. For the
rate capability tests, the specific current was varied from C/10 to 8C
rates. For each C-rate an average value was calculated for the first 10
cycles only. Please note that all terms related to charge (Li+ extraction)
or discharge (Li+ insertion) used throughout this paper were defined
based on the standard lithium-ion battery full-cell configuration.


Figure 11. Differential capacity plots of the individual working electrodes
when cycled against a Li metal counter electrode: a) Li4V3O8 and
b) LBG1025 graphite. The enlarged plot for (b) is shown in the inset, re-
vealing a reduction peak corresponding to the SEI formation during the
first charge. Note that the peak shift between the first and second cycle is
given by the voltage difference as DE, for both working electrodes. (c :
first cycle, c : second cycle, b : 10th cycle).
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Introduction


The discovery of stable magnetization at low temperatures
in certain molecular clusters sparked an expansion in the


field of molecular nanomagnetism in the early 1990s.[1,2]


These molecules, known as molecular nanomagnets or
single-molecule magnets, consist of a number (typically be-
tween 4 and 20) of paramagnetic transition metal ions,


Abstract: A highly asymmetric NiII


cluster [Ni4(OH) ACHTUNGTRENNUNG(OMe)3ACHTUNGTRENNUNG(Hphpz)4-ACHTUNGTRENNUNG(MeOH)3] ACHTUNGTRENNUNG(MeOH) (1) (H2phpz =3-
methyl-5-(2-hydroxyphenyl)pyrazole)
has been prepared and its structure de-
termined by means of single-crystal X-
ray diffraction by using synchrotron ra-
diation. Variable-temperature bulk-
magnetization measurements show that
the complex exhibits intramolecular-
ferromagnetic interactions leading to a
spin ground state S=4 with close-lying
excited states. Magnetization and high-
frequency EPR measurements suggest
the presence of sizable Ising-type mag-


netic anisotropy, with zero-field split-
ting parameters D =�0.263 cm�1 and
E=0.04 cm�1 for the spin ground state,
and an isotropic g value of 2.25. The
presence of both axial and transverse
anisotropy was confirmed through low-
temperature specific heat determina-
tions down to 300 mK, but no slow re-
laxation of the magnetization was ob-
served by AC measurements down to


1.8 K. Interestingly, AC susceptibility
measurements down to temperatures
as low as 23 mK showed no indication
of slow relaxation of the magnetization
in 1. Thus, despite the presence of an
anisotropy barrier (U�4.21 cm�1 for
the purely axial limit), the magnetiza-
tion relaxation remains extremely fast
down to the lowest temperatures. The
estimated quantum tunneling rate, G>


0.667 MHz, makes this complex a
prime candidate for observation of co-
herent tunneling of the magnetization.
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which are bridged by simple ligands and surrounded by an
organic ligand shell. The small size of these molecules, com-
bined with their absolute monodispersity, makes them po-
tential successors to the magnetic nanoparticles used cur-
rently for magnetic data storage. Many fascinating quantum
properties were observed in these systems, such as quantum
tunneling of the magnetization (QTM),[3,4] quantum phase
interference,[5] and quantum magnetic oscillations.[6]


The past intensive research, however, has shown that the
requirements for successful application of molecular nano-
magnets are quite stringent. The ions in the cluster need to
be coupled by the superexchange interaction so that the
cluster ground state has a large spin S. Furthermore, the ani-
sotropy of this spin ground state needs to be such that the
microstates with the largest magnetic moment (MS =�S)
are lowest in energy. This anisotropy, characterized by the
axial zero-field splitting (ZFS) parameter D and higher-
order parameters, creates an energy barrier for inversion of
the magnetic moment and hence stable magnetization at
low temperatures, with a barrier height given by U�DS2 (or
U�D ACHTUNGTRENNUNG(S2��1=4) if S is half-integer). The spin Hamiltonian
which defines the energy levels of the ground state is given
by Equation (1), in which the first term is the second-order
axial ZFS, and the second is the second-order transverse
anisotropy.


h
ZFS ¼ D½Ŝz


2�1=3SðSþ 1Þ� þ EðŜx
2�Ŝy


2Þ ð1Þ


Transverse ZFS changes the character of the eigenstates
of the system from pure MS states (denoted by jMS> ) to
symmetric and antisymmetric superpositions of the �MS


states, denoted by jMS>+ j�MS> , and jMS>�j�MS> ,
respectively, in which normalization constants have been
omitted. These states are split by an amount known as the
tunnel frequency, and in a time-dependent picture the mag-
netic moment will oscillate from up to down and back at
that frequency. This phenomenon has been named quantum
tunneling of the magnetization.[3,4] The process is usually in-
coherent: that is, quantum mechanical phase information is
lost before the magnetization can tunnel back and forth sev-
eral times.[7] For observation of coherent quantum tunneling
of the magnetization to be possible, the tunneling rate must
be greater than the rate of decoherence in the system. Deco-
herence in molecular nanomagnets is caused mainly by in-
termolecular dipolar and exchange interactions (which can
eventually cause long-range ordering),[8] and coupling to lat-
tice vibrations (phonons) and nuclear spins.[9] Coherent
quantum tunneling of the magnetization is a form of macro-
scopic quantum coherence. The observation of macroscopic
quantum coherence is a holy grail in the study of how the
quantum world of molecules transforms into the classical
world that we experience. Quantum tunneling of the mag-
netization is made possible by the occurrence of superposi-
tion states. These superposition states are the key feature of
quantum computing,[7] which is why molecular magnets that
show superposition states have recently been at the center


of much attention regarding quantum computing;[6,10–12] de-
coherence rates of 10+6–10+7 Hz were found.


Tetranuclear nickel(II) cubane complexes have proven to
be a class of complexes with highly interesting magnetic
properties. Although many such complexes have been re-
ported,[13] the magnetic properties of fewer than 20 have
been investigated in detail. Of these, in most cases the su-
perexchange interaction is predominantly ferromagnetic,
leading to a high-spin (S=4) ground state. In several cases
the magnetic anisotropy and/or the magnetization dynamics
have been investigated.[14–21] From these studies it can be
concluded that the second-order axial anisotropy is usually
negative, but that quantum tunneling of the magnetization is
often very efficient, sometimes to the point of disappearance
of any magnetic hysteresis. The actual tunneling rate has
been determined for only one [Ni4] cubane complex (ntunnel =


0.2 s�1 at 40 mK for [{Ni(hmp)(dmb)(Cl)}4] (Hhmp= 2-hy-
droxymethylpyridine; dmb= 3,3’-dimethyl-1-butanol), which
is also the highest reported rate for ground-state tunnel-
ing).[8] This is much slower than the rate of decoherence; the
tunneling will therefore be incoherent. This tunneling of the
magnetization persists in complexes that have fourfold sym-
metry, in which second-order transverse anisotropy is
absent. In that case, tunneling is a result of an effective
fourth-order transverse anisotropy, which has its origin in
the quantum mixing between the ground spin multiplet and
excited multiplets by the single-ion anisotropy[22] or by the
antisymmetric exchange interactions.[23,24] A decrease in the
cluster symmetry allows second-order transverse ZFS, which
can increase the QTM rate further, as shown for Mn4 com-
plexes.[25,26]


Here, we present the synthesis and experimental study of
a nickel(II) cubane complex of extremely low (C1) symme-
try, which cannot be increased by idealization of its struc-
ture. The complex was studied by magnetic resonance meth-
ods, specific heat measurements, and fast AC susceptibility
investigations. Of particular interest is the complete absence
of slow relaxation of the magnetization, down to 23 mK,
giving a huge value for the lower limit of the QTM rate,
Gtunnel = 5.8 �105 s�1, which is of the order of the expected de-
coherence rate, making this complex a prime candidate for
the observation of coherent tunneling of the magnetization.


Experimental Section


Synthesis : All syntheses were performed under aerobic conditions using
commercial reagents without further purification. The H2phpz ligand was
prepared according to reported procedures.[27]


[Ni4(OH)(OMe)3(Hphpz)4(MeOH)3](MeOH) (1): A solution of H2phpz
(161 mg, 0.9 mmol) and Bu4NOH (2 mmol, added as commercial 0.1 m


methanolic solution (2 mL) in methanol (10 mL) was added dropwise to
a solution of [Ni(ClO4)2]·6 H2O (365 mg, 1 mmol) in methanol (10 mL)
over a period of 1 min. A pale green microcrystalline precipitate formed
overnight (213 mg, 73%). Repeated analyses demonstrated that the
product rapidly exchanged MeOH solvate molecules for H2O molecules.
IR: ñ=2925.8 (m), 2815.7 (m), 1598.4 (s), 1558.1 (m), 1460.6 (s), 1305.7
(s), 1266.9 (m), 1254.3 (m), 1122.6 (w), 1040.5 (s), 848.2 (s), 789.8 (w),
753.5 (s), 641.6 (w), 575.7 (w), 454.8 cm�1 (m); elemental analysis calcd
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(%) for 1·5H2O(�MeOH): C 45.15; H 5.60; N 9.16; found: C 44.81; H
4.80; N 9.66.


Crystallography : Data for complex 1 were collected at 150 K by using a
Bruker APEX II CCD diffractometer on station 9.8 of the Synchrotron
Radiation Source at CCLRC Daresbury Laboratory, 0.6894 �, from a sil-
icon (111) monochromator. The structure was solved by direct methods
and refined using the SHELXTL suite of programs. All non-hydrogen
atoms were refined anisotropically except for those sites not fully occu-
pied. Displacement and geometrical restraints were used in modeling the
partially occupied molecules. If possible, the hydrogen atoms were placed
geometrically. Most methyl and hydroxyl hydrogen atoms were found in
the difference map. If they could not be found, they were omitted from
the refinement. The hydrogen atoms were refined using a riding model
for C�H bonds. For the O�H bonds the distance was restrained and the
displacement parameter ridden on the oxygen.


Magnetic measurements : Magnetic susceptibility (both DC and AC) and
magnetization measurements down to 1.8 K were performed with a
Quantum Design MPMS XL5 SQUID magnetometer. Corrections for di-
amagnetic contributions of the sample holder to the measured magneti-
zation and of the sample to the magnetic susceptibility were performed
experimentally and by using Pascal	s constants, respectively.


High-frequency and high-field electron paramagnetic resonance
(HFEPR): Measurements were performed at Stuttgart and at the Nation-
al High Magnetic Field Laboratory (NHMFL). A single-pass transmis-
sion-type spectrometer in which the sub-terahertz waves propagate in cy-
lindrical light pipes, as described previously, was used in the HFEPR ex-
periments at the NHMFL.[28] Sub-terahertz frequencies were generated
by Gunn oscillators, operating at either 95�3 or 110�3 GHz, respective-
ly. Higher frequencies were obtained using Schottky diode-based multi-
pliers. An Oxford Instruments 15/17 T superconducting magnet was used.
Experiments were performed on a pellet pressed from the neat material
mixed with KBr. The typical sample weight was 100 mg.


Measurements at Stuttgart were performed on a quasi-optical spectrome-
ter that uses backward-wave oscillators as tunable radiation sources, and
an Oxford Instruments Spectromag 4000 8 T optical split coil magnet.[29]


The spectrometer was converted for field-swept measurements by
changes in the software only.


The spectra were simulated using two different programs: a home-devel-
oped program Spin by A. Ozarowski, and Easy-Spin by S. Stoll.[30]


Specific heat : The specific heat of a powdered microcrystalline sample
was measured using a Quantum Design PPMS. The sample was mixed
with Apiezon N grease to increase the thermal contact with the calorime-
ter and the homogeneity in temperature across the sample. The relaxa-
tion method was used in which the temperature of the calorimeter block
was monitored over time after switching pulses of heat power on and
off.[31, 32] The pulses were calibrated to give maximum temperature steps
of about 2 % of the absolute temperature. The contributions arising from
the empty calorimeter and the grease were measured separately, and sub-
tracted from the data to obtain the heat capacity of the sample.


AC susceptibility experiments : The AC susceptibility was measured using
a combination of two different setups. In the first a home-made mutual
inductance susceptometer was thermally anchored to the mixing chamber
of a 3He–4He dilution refrigerator, which enabled measurements to be
performed from 0.09 K up to 3.5 K in the frequency range 333 Hz<nAC<


13 kHz. A powdered sample was fixed inside the secondary coil of the
susceptometer by mixing it with Apiezon N grease. To attain even lower
temperatures and higher frequencies, we made use of a second home-
made system in which the sample and susceptometer were installed
inside the plastic mixing chamber of an especially designed 3He–4He dilu-
tion refrigerator, therefore ensuring perfect thermal contact with the
3He–4He mixture and enabling experiments down to the base tempera-
ture of about 23 mK. To avoid any contamination of the mixture, the
powdered sample of 1 was embedded in Araldite. We checked that this
sample showed the same magnetic behavior above 1.8 K as the original
powder, both before the ultralow-temperature experiments and after-
ward, indicating that the complex remained intact. The susceptometers
consisted of two oppositely wound pickup coils and a superconducting
excitation coil. The two setups used a lock-in amplifier to detect the vol-


tages arising from in-phase and out-of-phase magnetic signals. Unfortu-
nately, the out-of-phase signals measured in the high-frequency suscep-
tometer were below its sensitivity limits. Therefore, we report c’’ data for
frequencies up to only 13 kHz. These low-temperature data were cali-
brated against susceptibility measurements performed with a Quantum
Design MPMS
 XL 5 SQUID magnetometer in the temperature region
of overlap between the two setups.


Other physical measurements : IR spectra were recorded as KBr pellet
samples on a Nicolet 5700 FTIR spectrometer. Elemental analyses were
performed in-house on a Perkin–Elmer Series II CHNS/O Analyzer
2400, at the Servei de Microan�lisi of CSIC, Barcelona, Spain.


Results


Synthesis : The reaction of [Ni(ClO4)2] and H2phpz in metha-
nol in the presence of the base Bu4NOH resulted in the im-
mediate formation of a microcrystalline precipitate. The
dropwise addition of the deprotonated ligand to the NiII so-
lution avoided an excess of Hphpz� (H2phpz = 3-methyl-5-
(2-hydroxyphenyl)pyrazole) in the system, thus preventing
the precipitation of the known monomeric adduct
[Ni(Hphpz)2],[33] which was otherwise found in variable
amounts in the crude product. The identity of the product as
crystallized from the reaction mixture was established by
synchrotron single-crystal X-ray crystallography to be
[Ni4(OH)(OMe)3(Hphpz)4(MeOH)3](MeOH) (1), formed
according to Equation (2).


4 ½NiðClO4Þ2� þ 4 H2phpzþ 8 Bu4NOHþ 7 MeOH!
½Ni4ðOHÞðOMeÞ3ðHphpzÞ4ðMeOHÞ3�ðMeOHÞ
þ8 Bu4NðClO4Þ þ 7 H2O


ð2Þ


Layering of chloroform or dichloromethane solutions of
this product with diethyl ether or hexane resulted in forma-
tion of diamagnetic [Ni(Hphpz)2]. This underscores the la-
bility of complex 1 in solvents other than MeOH, which
opens a facile route to the other thermodynamically stable
product observed in this reaction system, namely the mono-
meric species. The ability of H2phpz to induce the aggrega-
tion of metal ions into molecular clusters had already been
shown by the formation of octanuclear and trinuclear MnIII


complexes.[33, 34] The present results confirm that ability.


Crystal structure : Table 1 summarizes the crystallographic
details of 1, while selected structural parameters are given
in the Supporting Information, Table S1. Complex 1 consists
of a tetranuclear nickel(II) aggregate (Figure 1 and Support-
ing Information, Figure S1) with a pseudo-cubane [Ni4O4]
core composed of one pentacoordinated and three hexa-
coordinated NiII ions, and triply bridging oxygen atoms from
one hydroxide and three methoxide ligands. For each metal
ion, the octahedral coordination sphere (Ni1, Ni3, Ni4) is
completed by one chelating pyrazolyl/phenoxide ligand
Hphpz� and one terminal MeOH molecule. The pentacoor-
dinated NiII center (Ni2) lacks the MeOH ligand and shows
a distorted geometry, between square pyramidal and trigo-
nal bipyramidal (t=0.33).[35] Of the four chelating ligands,
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which are essentially flat, three form a kind of “crown”
around the cluster, each ligand forming an N�H···O hydro-
gen bond with the adjacent ligand. An idealized C3 cluster
symmetry is disrupted by the presence of the five-coordinate
NiII center, the m3-OH� ligand of the core, and the coordina-
tion sphere around Ni1. Thus, the pseudo-cubane cluster 1
has no idealized symmetry at all, which renders it a very
rare example within the family of [Ni4O4] cubanes (see
below). The structure of 1 also shows a solvate MeOH mol-
ecule interacting directly with the core of the cluster
through an O-H···O hydrogen bond (Figure 1).


The unexpected low symmetry of 1 led us to consider the
symmetries of reported [Ni4] cubanes. In a recently reported
survey of [Ni4O4] cubanes, the idealized symmetry and the
deviation from that symmetry were considered on the basis
of Ni�O bond lengths and angles only.[13] However, the


nature of the ligand carrying the oxygen atom has also been
shown to influence magnetic properties strongly,[36] and the
same is true for the nature of the remaining ligands.[37,38] In
addition, the nature and symmetry of the arrangement of all
the ligands around the metal centers will determine the pos-
sible presence and magnitude of the different ZFS parame-
ters. Therefore we have reexamined the structure of the 51
complexes with the [Ni4O4] core deposited at the Cambridge
Structure Database (version 5.28, May 2007), and have clas-
sified them into six groups, depending on their idealized
symmetry, taking into consideration the immediate ligand
environment of the metal centers and the connectivity be-
tween them which determines the number of different ex-
change coupling constants that can occur (Supporting Infor-
mation, Figure S2). Surprisingly, this survey shows that 1 is
one of the few [Ni4O4] cubanes with no (idealized) symme-
try elements at all; only three other examples are
known.[39,40]


Magnetic susceptibility : The variable-temperature bulk mag-
netization properties of 1 were studied by SQUID magneto-
metry in the 1.8–300 K range in an applied magnetic field of
0.5 T (Figure 2). At 300 K the cMT product is


5.72 cm3 K mol�1, which is slightly above the expected value
of four noncoupled NiII ions with commonly found g=


2.25[41] (5.07 cm3 K mol�1). This increases on cooling until a
maximum of 9.96 cm3 K mol�1 is reached at 8 K, after which
it decreases abruptly at lower temperatures, down to
7.37 cm3 K mol�1 at 1.8 K. These results suggest the presence
of predominantly ferromagnetic intramolecular interactions
leading to an S=4 ground state, although the cMT value for
this state (12.66 cm3 K mol�1 for g=2.25) is never reached.
This low maximum value and the decrease observed at
lower temperatures are attributed to ZFS, saturation effects,
and the possible mixing, induced by the applied field, of the
S= 4 multiplet with excited multiplets. This is supported by
AC susceptibility data measured at zero field. These experi-
ments give a cMT peak of about 11.6 cm3 K mol�1, which is
much closer to the value expected for an S=4 ground state,


Table 1. Crystallographic data for [Ni4(OH)(OMe)3(Hphpz)4(MeOH)3]-ACHTUNGTRENNUNG(MeOH) (1).


crystal shape/color lath/green
crystal size [mm3] 0.30 � 0.06 � 0.02
formula C47.75H65N8Ni4O12.75


formula wt [g mol�1] 1189.92
crystal system monoclinic
space group P21/c
a [�] 19.1695(15)
b [�] 20.6612(16)
c [�] 13.5460(11)
a [8] 90
b [8] 92.820(2)
g [8] 90
V [�3] 5358.6(7)
Z 4
T [K] 150(2)
1calc [gcm�3] 1.475
wavelength (synchrotron) [�] 0.6894
m [mm-1] 1.451
unique data 16 184
R,[a] wR2[b] (I>2s(I)) 0.0497, 0.1376 (11 863 reflns)


[a] R=� jFo j� jFc j j� jFo j . [b] wR2 = [�[w(Fo
2�Fc


2)2]/�[w(Fo
2)2]]1/2.


Figure 1. Representation of the molecular structure of 1, in which only Ni
atoms are labeled. Hydrogen atoms are not shown, and broken lines indi-
cate hydrogen bonding interactions.


Figure 2. The measured cMT product as a function of T at an applied field
of 0.5 T (&), and the fit using the parameters described in the text (c).
The inset shows the spin coupling scheme for this fit.
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and a three times smaller decrease at 2 K. An estimate of
the exchange coupling constants, and therefore of the mag-
netic energy level scheme, of complex 1 was obtained by
modeling the higher-temperature (T>10 K) experimental
data, using full diagonalization procedures implemented in
the program CLUMAG.[42] Despite the C1 symmetry of the
complex, which allows six distinct exchange interactions, an
approximation was sought by employing the minimum
number of J values, to avoid overparametrization. The use
of a single J value produced no satisfactory simulation, but a
good fit (Figure 3) was obtained with a two-J model, de-


scribed by the spin Hamiltonian given by Equation (3), con-
structed according to the numbering scheme of Figure 1.


h
ex ¼ �J1ðŜ1 � Ŝ2 þ Ŝ1 � Ŝ3 þ Ŝ2 � Ŝ3Þ


�J2ðŜ1 � Ŝ4 þ Ŝ2 � Ŝ4 þ Ŝ3 � Ŝ4Þ
ð3Þ


Here, the different Ni···Ni pathways for magnetic ex-
change were divided into two groups: those within Ni2 pairs
bridged by one m-OH� group and one m-OMe� ligand (J1),
and those involving two m-OMe� bridges. The calculation
provided the parameters J1 =++13.0 cm�1, J2 =++ 0.5 cm�1 and
g=2.29, with an error of R2 =4.6 � 105 (R2 =


�(cMTcalc�cMTobs)
2/�(cMTobs)


2). These results are in agree-
ment with reported magnetostructural correlations which
predict ferromagnetic interactions between NiII ions exhibit-
ing Ni�O�Ni angles smaller than 998.[40] In complex 1, only
one angle (99.348) is larger than this limit. The ferromagnet-
ic exchange interactions lead to an S=4 spin ground state
with first excited states S= 3 and S= 2 lying at only 1.84 and
3.22 cm�1 higher energies, respectively. Because of these
small energy separations, extensive mixing between the spin
states can be expected.


Variable-temperature isofield reduced magnetization data
were collected at various magnetic fields (0.5, 1, 2, 3, 4, and
5 T) to characterize the spin ground state. The isofield lines
are not superposable (Figure 3), indicating the presence of


ZFS of the ground state. These data were simulated through
a full diagonalization procedure by using the spin Hamilto-
nian in Equation (1) for the S=4 ground state. The fit
(Figure 3) produced the parameters D=�1.11 cm�1, E=


0.02 cm�1 and g= 2.33. Using a positive D value led to a
considerably worse fit, and gave D= 1.01 cm�1, E=


0.11 cm�1, and g= 2.30. The discrepancy between the experi-
mental and calculated points is because the S= 4 ground
state is not well isolated from the excited states, which leads
to both mixing between spin states (see below) and thermal
occupation of excited spin states. Thus, the calculated ZFS
and g value parameters should be taken as only approxi-
mate. Much more reliable parameter values can be obtained
from HFEPR measurements, which we therefore carried
out.


HFEPR measurements : Typical HFEPR spectra recorded
on powder samples of 1 in the high-frequency region
(�270–370 GHz) showed two very broad transitions
(Figure 4) that were interpreted as the parallel and perpen-
dicular turning points of the transition between the MS =�4
and MS =�3 levels of the S= 4 spin manifold. Lower-fre-
quency spectra had additional fine structure (Figure 4) su-
perposed on the broad resonances. The spectra were simu-


Figure 3. Isofield reduced magnetization as a function of H/T plots for 1,
collected at different constant magnetic fields (various symbols, defined
on the figure) and fits as described in the text (solid lines).


Figure 4. HFEPR spectra of 1 at T=5.0 K at n=369.8, 277.1, 195.3, and
92.76 GHz, as indicated on the figure. Solid traces are experiments; thick
black traces are simulations with D<0 (D =�0.263 cm�1, E= 0.04 cm�1,
giso =2.25); broken traces are simulations with D>0 (D=++0.30 cm�1,
E=0.04 cm�1, giso =2.4). The g strain parameters Dg?=0.15 and Dk=


0.10, as well as field-independent linewidths DH?=1000 G and DHk=


667 G were employed.
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lated using the second-order ZFS spin Hamiltonian [Eq. (4)]
acting on the S=4 spin ground multiplet. The best agree-
ment between the simulations and experiment was obtained
for the axial ZFS parameter D =�0.263�0.003 cm�1, and
E=0.04�0.01 cm�1, which therefore give a theoretical ani-
sotropy energy barrier U= 4.21 (5) cm�1. Importantly no
reasonable fit was obtained for positive values of D
(Figure 4). The fits are relatively insensitive to the E param-
eter, because of the large linewidth, especially at high fre-
quencies. Extensive simulations showed that the best fit is
obtained assuming a constant linewidth of 1000 G for per-
pendicular turning points and 667 G for parallel turning
points in addition to a sizable distribution of g parameters
(g strain) of Dg?=0.15 and Dgk= 0.10, which accounts for
the observed line broadening with increasing frequency/
field. This g strain is much larger than that found for other
molecular magnets, for example, Mn12Ac.[43, 44] The isotropic
g value is 2.25, which is typical for both single-ion NiII com-
plexes and their clusters.[41]


h ¼ bB � g � ŜþDðŜz
2�SðSþ 1Þ=3Þ þ EðŜx


2�Ŝy
2Þ ð4Þ


A survey of reported ZFS parameters for [Ni4] cubane
clusters (Table 2) shows that the D value of 1 is among the
lowest values reported for such clusters. The structure that
is visible in the lowest-frequency spectrum (93 GHz) shows
that many different transitions become allowed at low fields,
because ZFS and Zeeman terms are of comparable magni-
tude. This leads to extensive mixing between MS levels and
significant magnetic resonance intensity of nominally forbid-
den EPR transitions. Not all features in the experimental
spectrum are reproduced in the simulation. This raises the
possibility that we were observing an excited spin state (S=


3). However, a temperature-dependent experiment per-
formed at 93 GHz was inconclusive: although some temper-
ature-dependent spectral changes were indeed observed,
there was no clear thermal activation of particular spectral


features that would allow us to attribute them to an S= 3
spin state. Another explanation is that the additional fea-
tures are a result of mixing between the ground spin state
and the low-lying S=3 state which will allow intermultiplet
transitions, as was recently observed.[45] In summary, we ad-
vance the following explanation: at high frequencies and
fields, the MS = 4 state of the S= 4 multiplet is stabilized
with respect to the other states, and a relatively simple spec-
trum is observed. At low frequencies and fields, the multip-
lets are extensively mixed, rendering an analysis of the EPR
spectra in terms of separated multiplets impossible. At-
tempted fits in the full Hilbert space of the molecule are
doomed to fail because of the large number of free parame-
ters allowed by the low symmetry of 1.


Specific heat : The measurement of the specific heat pro-
vides information on the ZFS, the process of relaxation
toward thermal equilibrium, and the occurrence of long-
range magnetic ordering.[32] Above T= 3–4 K, the molar spe-
cific heat of a sample of 1 (Figure 5) is dominated by the
contribution of vibration modes. This contribution can be
fitted reasonably well up to room temperature by the sum
of three contributions: a Debye term, accounting for the
specific heat of acoustic phonon modes, plus two Einstein
terms that simulate the specific heat owed to intramolecular
vibrations (optical modes). This constitutes the simplest pos-
sible approximation to describe the complex vibrational
spectrum of this molecule. Therefore, the Debye tempera-
ture qD�25 K that ensued from these data must be taken as
an estimate. In any case, this value is of the same order of
magnitude as those found for other crystals of molecular
clusters.[26,32, 46] Below T= 3 K, additional contributions to
the specific heat appear. These are associated with the mag-
netic degrees of freedom of the molecules. The shape of the
experimental curve suggests the presence of a Schottky
anomaly, with a peak centered near 1.5 K. This anomaly is
associated with the ZFS of the magnetic levels as represent-


ed by the anisotropy terms of
the spin Hamiltonian. We have
calculated this contribution
using the simplest spin Hamil-
tonian [Eq. (1)] for the S=4
ground state multiplet and
taking D =�0.26 cm�1 as found
by HFEPR. The results calcu-
lated for E=0 lie clearly above
the measured values, whereas a
better agreement is obtained
for E=�D/3. A nonzero E
value reflects additional split-
tings in the low-lying spin levels
that are not a result of uniaxial
anisotropy. Other mechanisms
for inducing additional level
splittings include effects owed
to mixing between spin states,
which can be expected given


Table 2. Reported ZFS parameters for ferromagnetic [Ni4] cubane complexes.


Complex ZFS parameters [cm�1] Method Ref.


[Ni4(OH)(OMe)3(Hphpz)4(MeOH)3]
[a] D =�0.263, E=0.04 HFEPR this work


[Ni4(thme)4(MeCN)4]
[b] D =�0.43, E=0.0172 c [14]


[Ni4(sae)4(MeOH)4]
[c] D =�0.93, B4


0 =�0.00043,
jE j=0.023, B4


4 =�0.0021
INS, FDMRS[d] [17]


[Ni4(sae)4(MeOH)4]
[c] D =�1.01 M vs. H [17]


[Ni4(hmp)4(dmb)4(Cl)4]
[e] D =�0.60, B4


0 =�0.00012, B4
4 = 0.0004[f] HFEPR [18, 19]


[Ni4(hmp)4(MeOH)4(Cl)4]
[e] D =�0.715, B4


0 =�0.00017[f] HFEPR [18]
[Ni4(hmp)4(MeOH)4(Br)4]


[e] D =�0.632, B4
0 =�0.00015[f] HFEPR [18]


[Ni4(hmp)4(EtOH)4(Cl)4]
[e] D =�0.610, B4


0 =�0.00012[f] HFEPR [18]
[Ni4(pym)4(CH3OH)4(Cl)4]


[g] D =�0.47 c [20]
[Ni4(pym)4(CH3OH)4(N3)4]


[g] D =�0.10 c [20]
[Ni4(OMe)4(O2CCMe3)4(MeOH)4] D =�0.28 INS [16]
[Ni4(OH)4(dpa)4]


4+ [h] D =�2.0 c [21]
[Ni4(OAc)4(ampdH)4]


[i] D =�0.33 c [15]


[a] H2phpz =3-methyl-5-(2-hydroxyphenyl)pyrazole. [b] thme= trihydroxymethylethane. [c] H2sae= salicyli-
dene-2-ethanolamine. [d] INS= inelastic neutron scattering, FDMRS = frequency domain magnetic resonance
spectroscopy. [e] Hhmp =2-hydroxymethylpyridine, dmb=3,3’-dimethyl-1-butanol. [f] The spin Hamiltonian
parameters are given for the highest ZFS species only. [g] Hpym = pyridine-2-methoxide. [h] dpa=2,20-dipico-
lylamine. [i] ampdH2 =2-amino-2-methyl-1,3-propanediol
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the sizable anisotropy and the small energy gap to excited
spin multiplets. The optimum E parameter obtained from
the simulation of the specific heat data should therefore be
taken as a strong indication of the presence of interactions
beyond second-order axial ZFS, rather than being consid-
ered quantitatively accurate. Therefore, we believe the spe-
cific heat results agree with those from HFEPR. Further
contributions to the specific heat are observed below 0.6 K,
reflecting the existence of low-lying energy states (for exam-
ple, nuclear spin states) or small splittings caused by inter-
molecular magnetic–dipole interactions. Because the former
is not expected to exceed 0.04 R mol�1, we assume the latter
is the case.


AC susceptibility : In spite of the Ising-like anisotropy of 1,
AC susceptibility measurements down to 1.8 K show no sig-
nature of slow magnetization dynamics. Therefore we em-
barked on ultralow-temperature studies of the magnetiza-
tion dynamics. The frequency-dependent susceptibility of 1
measured down to 23 mK at frequencies up to 92 kHz show
typical (super)paramagnetic behavior (Figure 6). It is reas-
suring that data measured on two samples using two differ-
ent setups overlap very well in their common temperature
ranges. For temperatures above 300 mK the susceptibility is
independent of frequency nAC. Below this temperature, a
very small decrease in c’ with increasing nAC was observed
(see the data on the Figure 6 inset) accompanied by the
onset of a weak imaginary component c’’. Yet the difference
between the curves measured at 33 kHz and 91.55 kHz is
only 7 % at 23 mK. Despite possessing a sizable anisotropy


energy barrier (U�4.21 cm�1) compared with the experi-
mental temperature, Ni4 clusters show therefore no clear sig-
nature of the superparamagnetic blocking, or SMM behav-
ior, that is characteristic of other molecular nanomagnets
such as Mn12, Fe8, or Mn4.


[2] The susceptibility data show in-
stead that the spin reversal remains extremely fast even in
the neighborhood of the absolute zero of temperature. To
obtain a lower limit for the magnetic relaxation rate G, we
note that, for weakly interacting spins, the susceptibility is
expected to follow Debye	s law [Eqs. (5) and (6)], in which
ceq and c1 are the equilibrium and high-frequency (adia-
batic) limits of the susceptibility, respectively, and w= 2pnAC


is the angular frequency corresponding to the oscillation fre-
quency used in the AC susceptibility measurement. The
weak dependence of c’ on w and the very small values of c’’
indicate therefore that G is much larger than the highest AC
frequency employed, wmax = 5.8 � 105 rad s�1.


c0 ¼ c1 þ
ceq�c1


1þ ðw=GÞ2 ð5Þ


c00 ¼
ðceq�c1Þ


1þ ðw=GÞ2 ðw=GÞ ð6Þ


This is illustrated in the Figure 6 inset, in which the solid
lines show c’ and c’’ calculated using Equations (5) and (6)
(with c1= 0, for simplicity) for G=0.667 MHz. The same
data show also that G depends only weakly (that is, not ex-
ponentially) on temperature.


Figure 5. Specific heat measurements on 1, showing experimental data
(*), and the fit (c) with the calculated ZFS (a), and lattice (g)
contributions. The inset shows an expanded view of the low-temperature
region. Fits obtained for two E values are displayed.


Figure 6. AC susceptibility of 1 measured at different frequencies as indi-
cated in the figure. The inset shows the variation with frequency of c’
(filled symbols) and c’’ (open symbols) at two temperatures. Solid (c’)
and dotted (c’’) lines are calculated with the Debye equations (5) and (6)
using c1=0 and G=0.667 MHz.
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The relaxation mechanism must therefore involve direct
tunneling between the two lowest-lying states, with Ms =�4.
This is not unexpected, since the population of excited mag-
netic energy levels can be safely neglected below 100 mK.
However, as we argue next, conventional spin–lattice relaxa-
tion mechanisms do not seem to account for the very large
rates estimated from the experiments. At millikelvin temper-
atures, the only spin–phonon process that is expected to
contribute to tunneling relaxation is the direct one.[47, 48]


Two-phonon processes such as Raman and Orbach process-
es are expected to be negligible because of the absence of
phonons at these low temperatures.[47] Furthermore, they
always give rise to a strong dependence of G on tempera-
ture, which is not observed experimentally. The probability
of a direct phonon-induced tunneling transition between the
tunnel-split MS =�4 states can be estimated by Fermi	s
golden rule [Eq. (7)], in which q is a constant depending on
the strength of the spin–phonon interaction, DE is the
energy splitting of the ground-state doublet, and jVm =�4 j is
the matrix element of the spin–phonon interaction for the
tunnel-split MS =�4 states.[48–52] The latter depends on the
exact wavefunctions, and thus also on the different terms
contributing to the spin Hamiltonian. In particular, it de-
pends on the competing effects between terms of the Hamil-
tonian that induce tunneling (for example, transverse ZFS
and transverse dipolar and hyperfine fields) and those that
tend to block it (for example, bias magnetic fields induced
by dipolar interactions). It is therefore difficult to estimate
it accurately. Our preliminary calculations suggest neverthe-
less that Gm=�4<10�6 s�1, that is, remarkably, almost 12
orders of magnitude smaller than the lower limit found for
the spin–lattice relaxation rate of 1.


Gm¼�4 � qðDEÞ3jVm¼�4j2 ð7Þ


Clearly, another tunneling mechanism must dominate re-
laxation to equilibrium at very low temperatures.[26,48,53] For
a deeper insight into the physical nature of this mechanism,
susceptibility data extending to higher frequencies, in the
megahertz range, would be highly desirable, thus enabling a
direct determination of G as a function of temperature and
magnetic fields. These experiments are under way.


Conclusion


We have presented a comprehensive study of a novel ferro-
magnetically coupled [Ni4] cubane. We have shown that its
low symmetry leads to extraordinarily fast magnetization re-
laxation down to the lowest temperature; this is a result of a
combination of effects causing the loss of pure uniaxial ani-
sotropy, including second-order transverse zero-field split-
ting and spin-mixing effects. In Ni4 complexes, decoherence
rates are expected to be small, owing to the virtual absence
of metal nuclear spins and weak intermolecular dipolar in-
teractions. For this reason, 1 might be an excellent candidate
for observation of quantum coherent tunneling at zero field.


Such extremely fast tunneling might occur also in other low-
symmetry complexes such as some Fe4 complexes.[54]
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Difluorophosphido Groups
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Introduction


Development of the chemistry of homoleptic metal trifluor-
ophosphane complexes[1] [M ACHTUNGTRENNUNG(PF3)n] parallels that of metal
carbonyls, but is much more recent in origin. Thus the first
homoleptic metal carbonyl to be discovered was [Ni(CO)4],
which was first synthesized in 1890 by the reaction of finely
divided nickel with carbon monoxide at atmospheric CO
pressure.[2] However, [Ni(CO)4] was subsequently found to
be almost the only binary metal carbonyl that can be synthe-
sized efficiently at atmospheric CO pressure. Thus reactions
in autoclaves at high CO pressures were found to be neces-
sary for the synthesis of other metal carbonyls including the
very important [Fe(CO)5], [Mo(CO)6], and [Co2(CO)8], dis-
covered about a century ago and now commercially avail-
able for many years. Analogously, the first homoleptic metal
trifluorophosphane complex was [NiACHTUNGTRENNUNG(PF3)4], which was first
reported in 1951 by Irvine and Wilkinson,[3,4] who synthe-
sized it from [Ni ACHTUNGTRENNUNG(PCl3)4] and excess PF3. Further extensive
development of homoleptic metal trifluorophosphane
chemistry required the development of techniques for per-
forming reactions at elevated PF3 pressure with Kruck and


Abstract: The iron trifluorophosphane
complexes [Fe ACHTUNGTRENNUNG(PF3)n] (n= 4, 5), [Fe2-ACHTUNGTRENNUNG(PF3)n] (n=8, 9), [H2Fe ACHTUNGTRENNUNG(PF3)4], and
[Fe2ACHTUNGTRENNUNG(PF2)2 ACHTUNGTRENNUNG(PF3)6] have been studied by
density functional theory. The lowest
energy structures of [FeACHTUNGTRENNUNG(PF3)4] and [Fe-ACHTUNGTRENNUNG(PF3)5] are a triplet tetrahedron and a
singlet trigonal bipyramid, respectively.
Both cis and trans octahedral structures
were found for [H2Fe ACHTUNGTRENNUNG(PF3)4] with the
cis isomer lying lower in energy by
�10 kcal mol�1. The lowest energy
structure for [Fe2ACHTUNGTRENNUNG(PF3)8] has two [Fe-ACHTUNGTRENNUNG(PF3)4] units linked only by an iron–
iron bond of length 2.505 � consistent
with the formal Fe=Fe double bond


required to give both iron atoms the
favored 18-electron configuration. In
the lowest energy structure for
[Fe2(PF3)9] one of the iron atoms has
inserted into a P�F bond of one of
the PF3 ligands to give a structure
[(F3P)4Fe !PF2Fe(F)ACHTUNGTRENNUNG(PF3)4] with a
bridging PF2 group and a direct Fe�F
bond. A bridging PF3 group is found in
a considerably higher energy [Fe2-


ACHTUNGTRENNUNG(PF3)9] structure at �30 kcal mol�1


above the global minimum. However,
this bridging PF3 group keeps the two
iron atoms too far apart (�4 �) for
the direct iron-iron bond required to
give the iron atoms the favored 18-
electron configuration. The preferred
structure for [Fe2ACHTUNGTRENNUNG(PF2)2 ACHTUNGTRENNUNG(PF3)6] has a
bridging PF2 group, as expected. How-
ever, this bridging PF2 group bonds to
one of the iron atoms through an P�Fe
covalent bond and to the other iron
through an F!Fe dative bond, leaving
an uncomplexed phosphorus lone pair.
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interactions · phosphane ligands ·
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co-workers being the pioneers in this area.[5] This was very
challenging work from an experimental point of view, owing
to the need for large amounts of high purity PF3 to generate
the necessary pressures in the reaction autoclaves. Using
such reactions at elevated PF3 pressure, certain key homo-
leptic metal trifluorophosphane complexes such as [Cr-ACHTUNGTRENNUNG(PF3)6]


[6] and [Pt ACHTUNGTRENNUNG(PF3)4]
[7,8] were synthesized for the first


time. Subsequently the experimentally challenging need for
elevated PF3 pressure in syntheses of homoleptic metal tri-
fluorophosphane derivatives was partially superseded by
methods such as reactions of metal vapors with PF3 in a
metal-vapor reactor[9,10] or exhaustive photolysis[11] of the
corresponding metal carbonyls with PF3. In general, homo-
leptic neutral metal trifluorophosphane complexes were
found to be rather volatile, like the corresponding metal car-
bonyls, despite their considerably higher molecular weights.


The trifluorophosphane ligand in metal trifluorophos-
phane complexes is recognized as being a strong acceptor
ligand like carbon monoxide, undoubtedly because of the
electron withdrawing properties of the three highly electro-
negative fluorine atoms.[12–21] Thus PF3 ligands, like CO li-
gands, stabilize low formal oxidation states so that zerova-
lent metal derivatives, such as [Cr ACHTUNGTRENNUNG(PF3)6], [Fe ACHTUNGTRENNUNG(PF3)5], and
[Ni ACHTUNGTRENNUNG(PF3)4], are relatively stable towards air oxidation. Fur-
thermore, metal trifluorophosphane complexes have been
found to be more stable than the corresponding homoleptic
metal carbonyls. Good examples of metal trifluorophos-
phane complexes without stable currently known homolep-
tic metal carbonyl counterparts include [M2ACHTUNGTRENNUNG(PF3)8] (M =Rh,
Ir),[22] [Pt ACHTUNGTRENNUNG(PF3)4]


[7,8,23] , and [Pt4ACHTUNGTRENNUNG(PF3)8]
[24] .


These observations of the higher stability of metal tri-
fluorophosphane complexes relative to corresponding metal
carbonyls suggested that metal trifluorophosphane chemis-
try might develop into a more extensive area of inorganic
chemistry than even metal carbonyl chemistry. However, as
metal trifluorophosphane chemistry continued to evolve, it
became increasingly apparent that whereas metal trifluoro-
phosphane complexes with terminal PF3 groups were gener-
ally more stable than their carbonyl counterparts, metal tri-
fluorophosphane complexes with bridging PF3 groups analo-
gous to well-known metal carbonyls with bridging carbonyl
groups, such as [Fe2(CO)9] (or [Fe2(CO)6ACHTUNGTRENNUNG(m-CO)3]) and
Co2(CO)8 (or [Co2(CO)6ACHTUNGTRENNUNG(m-CO)2]), remained unknown. The
reasons for this instability or unfavorability of metal trifluor-
ophosphane derivatives with bridging PF3 groups has contin-
ued to remain obscure (Figure 1).


This paper describes density functional theory (DFT)
studies directed towards understanding the absence of bridg-


ing trifluorophosphane groups in metal trifluorophosphane
chemistry. Homoleptic iron trifluorophosphane iron deriva-
tives were chosen for this study for the following reasons:


1) The mononuclear derivatives [FeACHTUNGTRENNUNG(PF3)5]
[25,26] and [H2Fe-ACHTUNGTRENNUNG(PF3)4]


[27, 28,29] are known and are reasonable starting ma-
terials to synthesize any interesting new compounds pre-
dicted by our theoretical studies;


2) The binuclear iron carbonyl [Fe2(CO)6 ACHTUNGTRENNUNG(m-CO)3] with
three bridging CO groups is known[30, 31] and would sug-
gest [Fe2ACHTUNGTRENNUNG(PF3)6ACHTUNGTRENNUNG(m-PF3)3] as a reasonable candidate for a
homoleptic trifluorophosphane complex containing
bridging PF3 groups.


An important result from the present theoretical study is
the discovery of new types of unexpected interactions be-
tween the fluorine atoms of coordinated fluorophosphanes
and metal atoms in trifluorophosphane metal complexes. At
least for the binuclear iron complexes investigated in this
work, such interactions are predicted to occur in preference
to the formation of bridging trifluorophosphane complexes
analogous to well-known metal carbonyls with bridging car-
bonyl groups.


Theoretical Methods


Electron correlation effects were considered by using densi-
ty functional theory (DFT) methods, which have evolved as
a practical and effective computational tool, especially for
organometallic compounds.[32–40] Thus two DFT methods
were used in this study. The first functional is the B3 LYP
method, which is the hybrid HF/DFT method that uses a
combination of the three-parameter Becke functional (B3)
with the Lee-Yang-Parr (LYP) generalized gradient correla-
tion functional.[41,42] The other DFT method used in the
present paper is BP86, which combines Becke�s 1988 ex-
change functional (B) with Perdew�s 1986 gradient corrected
correlation functional method (P86).[43, 44] It has been noted
elsewhere that the BP86 method may be somewhat more re-
liable than B3 LYP for the types of organometallic systems
considered in this paper.[45,46, 47]


All computations were performed by using double-z plus
polarization (DZP) basis sets. The DZP basis sets used for
fluorine add one set of pure spherical harmonic d functions
with orbital exponents ad(F)=1.0 to the standard Huzina-
ga–Dunning contracted DZ sets[48, 49] and are designated
(9s 5p 1d/4s 2p1d). The DZP basis sets used for phosphorus
add a polarization d function with ad(P) =0.6 to Dunning�s
DZ (11s 7p1d/6s 4p 1d) set.[50] For hydrogen, a set of p polar-
ization functions ap(H)=0.75 is added to the Huzinaga–
Dunning DZ set. The loosely contracted DZP basis set for
the transition metals is the Wachters primitive set[51] aug-
mented by two sets of p functions and a set of d functions,
contracted following Hood, Pitzer and Schaefer,[52] designat-
ed (14s 11p6d/10s8p 3d).Figure 1. Two homoleptic binuclear metal carbonyls with bridging car-


bonyl groups with no known trifluorophosphane analogues.
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The geometries of all structures were fully optimized
using the DZP B3 LYP and DZP BP86 methods. Vibrational
frequencies were determined by evaluating analytically the
second derivatives of the energy with respect to the nuclear
coordinates. The corresponding infrared intensities were
also evaluated analytically. All of the computations were
carried out with the Gaussian 03 program,[53] exercising the
fine grid option (75 radial shells, 302 angular points) for
evaluating integrals numerically and the tight (10�8 hartree)
designation is the default for the self-consistent field (SCF)
convergence.


In the search for minima using all currently implemented
DFT methods, low magnitude imaginary vibrational fre-
quencies are suspect because of significant limitations in the
numerical integration procedures used in the DFT computa-
tions.[54] Thus all imaginary vibrational frequencies with a
magnitude less than 50i cm�1 are considered questionable,
and are given less weight in the analysis.[54, 55,56] Therefore,
we do not always follow such low imaginary vibrational fre-
quencies.


Results


Complex [Fe ACHTUNGTRENNUNG(PF3)4]: Three structures were optimized for
[Fe ACHTUNGTRENNUNG(PF3)4] (Figure 2, Table 1). Structure Ib has two small
imaginary frequencies, but the other structures are genuine
minima without any imaginary frequencies. The two lowest
lying structures (Ia and Ib) are both triplet electronic states
lying within 1.2 kcal mol�1 of each other. Both structures
have approximately tetrahedral FeP4 coordination and differ
only in the rotation of the PF3 ligands about the Fe�P
bonds. The only singlet [FeACHTUNGTRENNUNG(PF3)4] structure found in this
work, namely Ic lying 17.2 kcal mol�1 (B3 LYP) or
8.1 kcal mol�1 (BP86) above Ia, has the same tetrahedral
FeP4 coordination.


Complex [Fe ACHTUNGTRENNUNG(PF3)5]: The only structure found for [FeACHTUNGTRENNUNG(PF3)5]
is the expected trigonal bipyramidal structure II (Figure 3,
Table 2), which is a genuine minimum without any imagina-
ry frequencies. The length of the axial Fe�P bond is 2.160 �
(B3 LYP) or 2.139 � (BP86), and that of the equatorial
Fe�P bond is 2.123 � (B3LYP) or 2.111 � (BP86). Al-
though [Fe ACHTUNGTRENNUNG(PF3)5] has been synthesized as a relatively stable
compound,[25, 26] its structure has not been determined by X-
ray diffraction or other defini-
tive method.


Complex [H2Fe ACHTUNGTRENNUNG(PF3)4]: Two
[H2Fe ACHTUNGTRENNUNG(PF3)4] structures were
found (Figure 4 and Table 3).
The C2v structure IIIa for
[H2Fe ACHTUNGTRENNUNG(PF3)4] is the lowest
energy structure with two small
imaginary frequencies, namely
20i and 9i (B3LYP) or 7i
(BP86). The FeP4H2 coordina-


Figure 2. The three optimized [Fe ACHTUNGTRENNUNG(PF3)4] structures.


Table 1. Bond distances (in �), total energies (E in hartree), and relative energies (DE and DEZPVE in kcal
mol�1) for the [Fe ACHTUNGTRENNUNG(PF3)4] structures.


Ia (C2) Ib (C2v) Ic (C2v)
B3 LYP BP86 B3 LYP BP86 B3 LYP BP86


Fe�Pax 2.203 2.166 2.210 2.172 2.154 2.123
Fe�Peq 2.174 2.131 2.170 2.129 2.083 2.069
E �3828.05532 �3828.33175 �3828.05360 �3828.32988 �3828.02787 �3828.31889
DE 0.0 0.0 1.1 1.2 17.2 8.1
DEZPVE 0.0 0.0 1.0 1.0 17.9 8.5
imaginary
frequencies none none


24i, 23i 27i, 25i
none none


Figure 3. The optimized [Fe ACHTUNGTRENNUNG(PF3)5] structure.
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tion geometry in IIIa is approximately octahedral with a cis
arrangement of the two hydrogen atoms. The higher energy
D2d structure IIIb for [H2Fe ACHTUNGTRENNUNG(PF3)4] at 11.1 kcal mol�1


(B3 LYP) or 10.0 kcal mol�1 (BP86) above IIIa is a genuine
minimum without any imagina-
ry frequencies. The FeP4 unit in
IIIb is a tetrahedron distorted
from Td to D2d. The capping hy-
drogen atoms in IIIb have a
transoid arrangement with a
nearly linear H-Fe-H angle.


Although [H2Fe ACHTUNGTRENNUNG(PF3)4] has
been synthesized and some
studies of its chemistry have
been made,[27, 29] its structure
has not been determined by de-
finitive methods, such as X-ray


crystallography. However, multinuclear NMR studies in the
�70 8C to+ 80 8C temperature range suggest two intercon-
verting isomers. In addition, the Mçssbauer spectrum at
�70 8C has been interpreted as a mixture of cis and trans
isomers, which could correspond to IIIa and IIIb,ACHTUNGTRENNUNGrespectively.


Complex [Fe2ACHTUNGTRENNUNG(PF3)8]: Two structures were found for [Fe2-ACHTUNGTRENNUNG(PF3)8] Both structures are genuine minima without any
imaginary frequencies (Figure 5, Table 4). The lower energy
[Fe2ACHTUNGTRENNUNG(PF3)8] structure IVa has D2 symmetry and consists of
two [Fe ACHTUNGTRENNUNG(PF3)4] units linked by an unbridged iron-iron bond.
The length of the iron-iron bond is 2.505 � by either
method. This result is consistent with the formal Fe=Fe
double bond required to give both iron atoms the favored
18-electron configuration.


The higher energy [Fe2ACHTUNGTRENNUNG(PF3)8] structure IVb (Figure 5 and
Table 4) at 9.4 kcal mol�1 (B3 LYP) or 23.5 kcal mol�1 (BP86)
above IVa has two bridging PF3 groups and represents the


Table 2. Bond distances (in �) and total energies (E in hartree) for
[Fe ACHTUNGTRENNUNG(PF3)5].


II (C3h)
B3 LYP BP86


Fe�Pax 2.160 2.139
Fe�Peq 2.123 2.111
E �4469.14065 �4469.45776
imaginary
frequencies


none none


Figure 4. The two optimized [H2Fe ACHTUNGTRENNUNG(PF3)4]structures.


Table 3. Bond distances (in �), total energies (E in hartree), and relative
energies (DE and DEZPVE in kcal mol�1) for the [H2Fe ACHTUNGTRENNUNG(PF3)4] structures.


IIIa (C2v) IIIb (D2d)
B3 LYP BP86 B3 LYP BP86


Fe�Pax 2.137 2.117 2.103 2.088
Fe�Peq 2.091 2.084 – –
Fe�H 1.518 1.524 1.544 1.546
H-Fe-H 87.1 86.5 180.0 180.0
E �3829.27118 �3829.56700 �3829.25344 �3829.55110
DE 0.0 0.0 11.1 10.0
DEZPVE 0.0 0.0 10.3 9.2
imaginary
frequencies


20i,9i 7i
none none


Table 4. Bond distances (in �), total energies (E in hartree), and relative energies (DE and DEZPVE in kcal
mol�1) for [Fe2 ACHTUNGTRENNUNG(PF3)8] and [Fe2 ACHTUNGTRENNUNG(PF2)2ACHTUNGTRENNUNG(PF3)6].


IVa (D2) IVb (C2h) V (C2)
B3 LYP BP86 B3 LYP BP86 B3 LYP BP86


Fe�Fe 2.505 2.505 4.153 4.077 2.913 2.864
Fe�Pbridge – – 2.062 2.056 2.182 2.145
Fe�F – – 2.300 2.232 2.230 2.331
E �7656.08187 �7656.68984 �7656.06695 �7656.65238 �7456.20057 �7456.81091
DE 0.0 0.0 9.4 23.5 – –
DEZPVE 0.0 0.0 8.5 22.6 – –
imaginary
frequency none none none none


2i
none


Figure 5. The two optimized [Fe2 ACHTUNGTRENNUNG(PF3)8] structures.
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first example of a metal trifluorophosphane structure with
bridging PF3 groups. However, the bridging PF3 groups in
IVb are fundamentally different from the bridging carbonyl
groups found in metal carbonyls. Thus in most bridging car-
bonyl groups both metals are normally bonded to the car-
bonyl carbon and such bridging carbonyl groups are formal-
ly donors of two electrons. However, in the bridging PF3


groups in IVb one of the iron atoms is bonded to the phos-
phorus atom receiving two electrons from the phosphorus
lone pair and the other iron atom is bonded to a fluorine
atom and receives two electrons from a fluorine lone pair.
Thus the two bridging PF3 groups in IVb are both formal
four-electron donors leading to the favored 18-electron con-
figuration for both iron atoms without any direct iron-iron
bonding. This is consistent with the geometry of the Fe2P2F2


ring in IVb in which the iron atoms are in para positions
with an Fe···Fe distance of 4.153 � (B3 LYP) or 4.077 �
(BP86), which is far outside the reasonable bonding range.
The coordination environment of each iron atom in IVb is
an FeP4F trigonal bipyramid similar to that of [FeACHTUNGTRENNUNG(PF3)5]
(Figure 3). Two of the equatorial positions in the iron trigo-
nal bipyramids are Fe�P and Fe�F bonds in the central
Fe2P2F2 ring. The lengths of the Fe�P bonds in the Fe2P2F2


rings are 2.062 � (B3 LYP) or 2.056 � (BP86).


Complex [Fe2ACHTUNGTRENNUNG(PF2)2ACHTUNGTRENNUNG(PF3)6]: The reaction of iron vapor with
PF3 has been reported[9,10] to produce [Fe2 ACHTUNGTRENNUNG(PF2)2ACHTUNGTRENNUNG(PF3)6] of
unknown structure, which has been characterized only by
19F NMR and mass spectrometry. Our DFT studies on [Fe2-ACHTUNGTRENNUNG(PF2)2 ACHTUNGTRENNUNG(PF3)6] predict a structure V with two unprecedented
types of bridging PF2 groups in which the phosphorus atom
forms a normal two center two-electron bond with one iron
atom and one of the two PF2 fluorine atoms forms a dative
bond to the other iron atom (Figure 6, Table 4). This is de-
picted schematically in Figure 7, in which the unusual PF2


group in this structure is designated as a P,F-h2-m-PF2 group
to reflect the nature of its bonding to the pair of iron atoms.
Note that the phosphorus lone pair is not involved in the
bonding to the iron atoms in this type of bridge, undoubted-
ly a consequence of its weak basicity owing to the strongly
electron withdrawing properties of the two fluorine atoms.
In the bridging P,F-h2-m-PF2 group to the iron atoms in V,


the P�Fe distances are 2.182 � (B3 LYP) or 2.145 � (BP86)
and the F!Fe distances are 2.230 � (B3LYP) or 2.331 �
(BP86). The Fe�Fe bond in V is relatively long at 2.913 �
(B3 LYP) or 2.864 � (BP86) because of the geometry of the
Fe2P2F2 ring. Figure 7 also contrasts the unusual structure of
V with the [Fe2ACHTUNGTRENNUNG(m-PF2)2 ACHTUNGTRENNUNG(PF3)6] structure that might have
been expected a priori by analogy with the numerous
known [Fe2 ACHTUNGTRENNUNG(PR2)2(CO)6] derivatives as well as the known[57]


related [Co2ACHTUNGTRENNUNG(PF2)2 ACHTUNGTRENNUNG(PF3)6]. Thus in structure 7 a in Figure 7
the bridging phosphorus atoms are tetracoordinate with no
lone pairs and there are no iron-fluorine bonds. However, in
structure 7 b the bridging phosphorus atoms are tricoordi-
nate with a lone pair each and there is one iron-fluorine
bond for each PF2 group. A structure of the type 7 a
(Figure 7) for [Fe2ACHTUNGTRENNUNG(PF2)2 ACHTUNGTRENNUNG(PF3)6] was found by the DFT meth-
ods used in this paper to lie at a very high energy
(�70 kcal mol�1) above V (Figure 6) and to have a signifi-
cant imaginary vibrational frequency (�200i cm�1).


Complex [Fe2ACHTUNGTRENNUNG(PF3)9]: Two structures for [Fe2ACHTUNGTRENNUNG(PF3)9] were
found (Figure 8, Table 5). Both structures have small imagi-
nary frequencies, namely 7i (B3 LYP) or 8i cm�1 (BP86) for
VIa, and 20i (B3 LYP) or 26i and 9i cm�1 (BP86) for VIb. In
the global minimum [Fe2ACHTUNGTRENNUNG(PF3)9] structure one of the iron
atoms (the “right” iron atom in Figure 8) has inserted into
the P�F bond of a trifluorophosphane ligand to give an
Fe�F bond of length 1.904 � (B3LYP) or 1.925 � (BP86) as
well as a PF2 group with a P�Fe bond length of 2.194 �
(B3 LYP) or 2.177 � (BP86), leading to a+ 2 formal oxida-
tion state for this iron atom. This PF2 group coordinates to
the other iron atom (the “left” iron atom in Figure 8)
through the phosphorus lone pair with a P!Fe bond length
of 2.378 � (B3 LYP) or 2.399 � (BP86). The left iron atom
has a five-coordinate FeP5 environment, which is a distorted
version of the trigonal bipyramidal iron environment in [Fe-ACHTUNGTRENNUNG(PF3)5] and corresponds to iron(0). Thus in VIa one iron
atom has a five-coordinate environment and the other iron
atom has a six-coordinate environment. Each iron atom in
VIa has the favored 18-electron configuration, without re-
quiring an iron-iron bond consistent with the long non-
bonding Fe···Fe distance of 4.111 � (B3 LYP) or 4.085 �
(BP86).


The second structure found for [Fe2ACHTUNGTRENNUNG(PF3)9], namely VIb,
has an intact bridging PF3 group, but lies at the high energy
of 32.0 kcal mol�1 (B3 LYP) or 27.9 kcal mol�1 (BP86) above
VIa. In VIb both iron atoms are bonded to the phosphorusFigure 6. The optimized [Fe2(P,F-h2�m-PF2)2 ACHTUNGTRENNUNG(PF3)6] structure.


Figure 7. Alternative modes of PF2 bridging in [Fe2ACHTUNGTRENNUNG(m-PF2)2 ACHTUNGTRENNUNG(PF3)6].
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atom of the bridging PF3 group leading to distorted trigonal
bipyramidal coordination with the iron atoms in axial posi-
tions. The iron-iron distance in VIb at 4.233 � (B3 LYP) or
4.187 � (BP86) is far too long for a direct iron-iron bond.
This long Fe···Fe distance makes the bridging PF3 group dif-
ferent from the bridging carbonyl groups in most metal car-
bonyls, including [Fe2(CO)9] (Figure 1), where the bridging
carbonyl group is accompanied by a metal–metal distance
consistent with bonding.


Vibrational frequencies : The calculated n(PF) frequencies
for the compounds discussed in this paper using the BP86
method are listed in Table 6, including comparison with the
experimental values for the known compounds [FeACHTUNGTRENNUNG(PF3)5],
[H2Fe ACHTUNGTRENNUNG(PF3)4], and [Fe2ACHTUNGTRENNUNG(PF3)6ACHTUNGTRENNUNG(PF2)2]. The terminal n(PF) fre-
quencies were found in the broad range 750 to 920 cm�1.


The bridging n(PF) frequencies in the P�F!Fe units in the
binuclear derivatives IVb, V, and VIb are significantly lower
in the range 515 to 560 cm�1 just as bridging n(CO) frequen-
cies are significantly lower than terminal n(CO) frequencies.
In general, the predicted n(PF) frequencies are found to be
almost consistently lower than the experimental n(PF) fre-
quencies, typically by 40�20 cm�1.


Dissociation energies : Table 7 lists dissociation energies for
three reactions of particular interest in the chemistry of
these iron trifluorophosphane complexes. The energy for
dissociation of trifluorophosphane from [FeACHTUNGTRENNUNG(PF3)5] (II) to
give singlet [Fe ACHTUNGTRENNUNG(PF3)4] (Ic) is 33.6 kcal mol�1 (B3LYP) or
41.8 kcal mol�1 (BP86), which is comparable to the report-
ed[58] CO dissociation energy of 41�2 kcal mol�1 for
[Fe(CO)5]. The energy for dissociation of trifluorophos-
phane from [Fe2ACHTUNGTRENNUNG(PF3)9] to give [Fe2 ACHTUNGTRENNUNG(PF3)8] is significantly
less at 17.4 kcal mol�1 (B3 LYP) or 10.0 kcal mol�1 (BP86).
The energy for dissociation of H2 from [H2Fe ACHTUNGTRENNUNG(PF3)4] (IIIa)
to give singlet [Fe ACHTUNGTRENNUNG(PF3)4] (Ic), namely 41.6 kcal mol�1


(B3 LYP) or 45.7 kcal mol�1 (BP86), is roughly comparable.
The homolytic dissociation energy of [Fe2ACHTUNGTRENNUNG(PF3)8] to two


[Fe ACHTUNGTRENNUNG(PF3)4] fragments at 16.4 kcal mol�1 (B3 LYP) or 32.7 kcal
mol�1 (BP86) indicates that this species, for which we have
postulated a formal Fe=Fe double bond, is high enough to
indicate stability of this dimer towards dissociation. Howev-
er, the dissociation of [Fe2ACHTUNGTRENNUNG(PF3)9] (VIa) into the mononu-
clear fragments [FeACHTUNGTRENNUNG(PF3)5] (II) and singlet [Fe ACHTUNGTRENNUNG(PF3)4] (Ic) is
essentially thermoneutral within �1 kcal mol�1 suggesting
thermodynamic instability of [Fe2ACHTUNGTRENNUNG(PF3)9] relative to its mon-
onuclear fragments.


Discussion


The lowest energy structure for [Fe2ACHTUNGTRENNUNG(PF3)9] (VIa in Figure 8)
does not have any bridging intact PF3 groups analogous to
the bridging carbonyl groups in [Fe2(CO)9], which has three
bridging carbonyl groups, or [Os2(CO)9], which has a single
bridging carbonyl group. Instead one of the PF3 ligands in-
teracts with an iron atom to split a P�F bond forming a new
F!Fe bond and a PF2 group. This can be regarded as a
rather unusual oxidative addition reaction since the formal
oxidation state of the relevant iron atom increases from 0 to
+2. The resulting [(F3P)4Fe(F)PF2] unit, which has an octa-
hedrally coordinated d6 FeII, can be regarded as a Lewis
base, which coordinates to the [FeACHTUNGTRENNUNG(PF3)4] unit. Thus in VIa
one of the iron atoms (the one with the Fe�F bond) is for-
mally FeII and the other iron atom is formally Fe0.


A second much higher energy structure (VIb in Figure 8)
is found for [Fe2ACHTUNGTRENNUNG(PF3)9] with an intact bridging PF3 group,
and having a distorted trigonal bipyramidal phosphorus
atom. However, unlike the related [Os2(CO)9] (or
[Os2(CO)8 ACHTUNGTRENNUNG(m-CO)]) with a single bridging carbonyl
group,[59,60] the iron atoms in VIb are too far apart (�4 �)
for the formal iron-iron single bond required to give both
iron atoms the favored 18-electron configuration.


Figure 8. The two optimized [Fe2 ACHTUNGTRENNUNG(PF3)9] structures.


Table 5. Bond distances (in �), total energies (E in hartree), and relative
energies (DE and DEZPVE in kcal mol�1) for the two [Fe2ACHTUNGTRENNUNG(PF3)9] structures.


VIa (Cs) VIb (Cs)
B3 LYP BP86 B3 LYP BP86


Fe�Fe 4.111 4.085 4.233 4.187
Fe�Pbridge 2.194/2.378 2.177/2.399 2.249/2.309 2.253/2.316
Fe-P-Fe 128.0 126.3 136.4 132.9
E �8297.16873 �8297.77811 �8297.11771 �8297.73361
DE 0.0 0.0 32.0 27.9
DEZPVE 0.0 0.0 31.4 27.0
imaginary
frequency


7i 8i 20i 26i, 9i
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The dissociation energies summarized in Table 7 predict
[Fe2ACHTUNGTRENNUNG(PF3)9] to be a relatively unstable species, at least from a
theromodynamic point of view. Thus the dissociation energy
for loss of one PF3 ligand from [Fe2 ACHTUNGTRENNUNG(PF3)9] to give [Fe2-ACHTUNGTRENNUNG(PF3)8] is much smaller than that from [FeACHTUNGTRENNUNG(PF3)5] to give
[Fe ACHTUNGTRENNUNG(PF3)4]. More significantly, the dissociation of [Fe2 ACHTUNGTRENNUNG(PF3)9]
to give [Fe ACHTUNGTRENNUNG(PF3)5]+ [Fe ACHTUNGTRENNUNG(PF3)4] is essentially thermoneutral.


The coordinatively unsaturated binuclear [Fe2 ACHTUNGTRENNUNG(PF3)8] was
found to have an unbridged structure with two [FeACHTUNGTRENNUNG(PF3)4]
units linked solely by an iron-iron bond (IVa in Figure 5).
The �2.5 � length of this Fe=Fe bond is consistent with the
formal double bond required to give both iron atoms the fa-
vored 18-electron configuration. This dimer is stable ther-
modynamically with respect to dissociation into two mono-
nuclear [Fe ACHTUNGTRENNUNG(PF3)4] units unlike [Fe2ACHTUNGTRENNUNG(PF3)9] (Table 7).


We also studied the binuclear derivative [Fe2ACHTUNGTRENNUNG(PF3)6 ACHTUNGTRENNUNG(PF2)2],
expected to have two bridging PF2 groups. Such a structure
(V in Figure 6) was indeed found. However, the bridging
PF2 groups are an unusual kind, which bond to only one
iron atom through the phosphorus atom and to the other
iron atom through one of the fluorine atoms. An uncom-
plexed lone pair remains on the PF2 phosphorus atom in the
case of this unusual PF2 group. This unusual type of bridging
PF2 group is different from the typical bridging PX2 group


in [Fe2L6ACHTUNGTRENNUNG(m-PX2)2] derivatives
(L= most commonly CO),
where the PX2 phosphorus
atom is bonded to both iron
atoms and the X groups remain
as “innocent bystanders”.


The mononuclear derivatives
[Fe ACHTUNGTRENNUNG(PF3)4], [Fe ACHTUNGTRENNUNG(PF3)5], and
[H2Fe ACHTUNGTRENNUNG(PF3)4] were also investi-
gated during the course of this


work. The lowest energy structures of [FeACHTUNGTRENNUNG(PF3)4] were found
to be triplet electronic states displaying tetrahedral FeP4 co-
ordination, with the two rotamers Ia and Ib (Figure 2)
within 1.2 kcal mol�1 energetically of each other. These ro-
tamers differ only in rotation about the Fe�P bonds, leading
to different relative orientations of the PF3 ligands with no
significant change in the FeP4 coordination. Clearly, similar
rotamers are not possible for the corresponding [Fe(CO)4]
derivatives. The iron atom in these triplet structures of [Fe-ACHTUNGTRENNUNG(PF3)4] uses all nine orbitals of its sp3d5 manifold, but two of
these orbitals are only singly occupied, leading to the triplet
spin multiplicity. The corresponding singlet structure of [Fe-ACHTUNGTRENNUNG(PF3)4], namely Ic (Figure 2), was also found, but at a signif-
icantly higher energy (Table 1).


The tetrahedral structures for [Fe ACHTUNGTRENNUNG(PF3)4] are very different
from those of the carbonyl analogues. Thus a C2v structure
was suggested for triplet [Fe(CO)4] from a detailed study of
its infrared n(CO) frequencies in solid matrices and using
time-resolved infrared spectroscopy in the gas phase.[61] This
C2v structure proposed for triplet [Fe(CO)4] is derived from
a trigonal bipyramid by removing an axial CO group and
thus has lower local coordination symmetry around the iron
atom. A similar C2v structure was suggested for the singlet
transient [Fe(CO)4] generated by the photolysis of


Table 6. Infrared n ACHTUNGTRENNUNG(P�F) frequencies calculated using the BP86 method (calculated infrared intensities are given in parentheses in km mol�1; for theACHTUNGTRENNUNGexperimental infrared intensities vs, s, m, w, refer qualitatively to very strong, strong, medium, and weak, respectively).


Structures nACHTUNGTRENNUNG(P�F) [cm�1]


[Fe ACHTUNGTRENNUNG(PF3)4] (Ia) 798ACHTUNGTRENNUNG(374), 800 ACHTUNGTRENNUNG(385), 802 ACHTUNGTRENNUNG(266), 816(60), 821(4), 828 ACHTUNGTRENNUNG(220), 837(55), 843(0), 847 ACHTUNGTRENNUNG(498), 849 ACHTUNGTRENNUNG(450), 856 ACHTUNGTRENNUNG(478), 893(47)
[Fe ACHTUNGTRENNUNG(PF3)4] (Ib) 797ACHTUNGTRENNUNG(458), 798 ACHTUNGTRENNUNG(354), 802 ACHTUNGTRENNUNG(267), 817((39), 819(0), 824(41), 835(39), 841 ACHTUNGTRENNUNG(476), 849(0), 849 ACHTUNGTRENNUNG(494), 854 ACHTUNGTRENNUNG(610), 893(45)
[Fe ACHTUNGTRENNUNG(PF3)4] (Ic) 800ACHTUNGTRENNUNG(344), 801 ACHTUNGTRENNUNG(182), 806 ACHTUNGTRENNUNG(338), 812(90), 815(0), 825 ACHTUNGTRENNUNG(237), 825(78), 845 ACHTUNGTRENNUNG(584), 847 ACHTUNGTRENNUNG(229), 854(0), 863 ACHTUNGTRENNUNG(687), 901(35)
[Fe ACHTUNGTRENNUNG(PF3)5] (II) 801ACHTUNGTRENNUNG(413), 801 ACHTUNGTRENNUNG(413), 803(0), 816 ACHTUNGTRENNUNG(117), 819(0), 819(0), 819(0), 826(91), 826(91), 852ACHTUNGTRENNUNG(1043), 870(0), 870(0), 872ACHTUNGTRENNUNG(633), 872ACHTUNGTRENNUNG(633), 911(0)
[Fe ACHTUNGTRENNUNG(PF3)5] exptl[26] 851(vs), 864(w), 901(vs), 915(vs)ACHTUNGTRENNUNG[H2Fe ACHTUNGTRENNUNG(PF3)4] (IIIa) 817ACHTUNGTRENNUNG(242), 824 ACHTUNGTRENNUNG(367), 827(0), 836(0), 838(85), 849ACHTUNGTRENNUNG(242), 856(0), 857(66), 862ACHTUNGTRENNUNG(664), 869 ACHTUNGTRENNUNG(530), 872 ACHTUNGTRENNUNG(533), 903(2)ACHTUNGTRENNUNG[H2Fe ACHTUNGTRENNUNG(PF3)4] (IIIb) 813(82), 823ACHTUNGTRENNUNG(400), 823 ACHTUNGTRENNUNG(400), 836(0), 838(0), 839ACHTUNGTRENNUNG(127), 839 ACHTUNGTRENNUNG(127), 864 ACHTUNGTRENNUNG(590), 865(0), 868 ACHTUNGTRENNUNG(589), 868 ACHTUNGTRENNUNG(589), 903(0)ACHTUNGTRENNUNG[H2Fe ACHTUNGTRENNUNG(PF3)4] exptl[27] 871(vs), 864(w), 901(m), 918(vs), 939(w), 959(w)ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(PF3)8] (IVa) 785(11), 790(36), 798(0), 799(12), 799(71), 801ACHTUNGTRENNUNG(279), 801(85), 807ACHTUNGTRENNUNG(347), 811(6), 813(0), 820(29), 823(22), 825ACHTUNGTRENNUNG(114), 828ACHTUNGTRENNUNG(965),


828(0), 845ACHTUNGTRENNUNG(120), 846ACHTUNGTRENNUNG(148), 853(0), 857ACHTUNGTRENNUNG(965), 864(69), 867 ACHTUNGTRENNUNG(979), 872 ACHTUNGTRENNUNG(994), 875(0), 909(0)ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(PF3)8] (IVb) 540(0)[a] , 584 ACHTUNGTRENNUNG(437)[a] , 801 ACHTUNGTRENNUNG(450), 803(0), 803(0), 804(0), 809(91), 810 ACHTUNGTRENNUNG(255), 814 ACHTUNGTRENNUNG(192), 815(0), 818(0), 821(92), 823(0), 837 ACHTUNGTRENNUNG(524), 840-ACHTUNGTRENNUNG(600), 845(0), 854(0), 858(0), 859(35), 862 ACHTUNGTRENNUNG(710), 867 ACHTUNGTRENNUNG(921), 878(0), 880 ACHTUNGTRENNUNG(1045), 907(0)ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(PF2)2 ACHTUNGTRENNUNG(PF3)6] (V) 523(9)[a] , 546 ACHTUNGTRENNUNG(119)[a] , 747 ACHTUNGTRENNUNG(150), 748(13), 786(33), 801ACHTUNGTRENNUNG(132), 801(18), 808ACHTUNGTRENNUNG(406), 810ACHTUNGTRENNUNG(157), 815(5), 821ACHTUNGTRENNUNG(108), 831 ACHTUNGTRENNUNG(430), 833(17), 842-ACHTUNGTRENNUNG(122), 844ACHTUNGTRENNUNG(336), 850ACHTUNGTRENNUNG(927), 855(67), 862(5), 869ACHTUNGTRENNUNG(669), 870ACHTUNGTRENNUNG(220), 886 ACHTUNGTRENNUNG(340), 893(92)ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(PF2)2 ACHTUNGTRENNUNG(PF3)6]
exptl[10]


857(m), 870 (m), 890 ACHTUNGTRENNUNG(w,sh), 909ACHTUNGTRENNUNG(m,sh), 922(s), 927 (s)ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(PF3)9] (VIa) 738(46), 745(17), 796ACHTUNGTRENNUNG(308), 799 ACHTUNGTRENNUNG(159), 810(27), 812(8), 814 ACHTUNGTRENNUNG(248), 817(12), 820 ACHTUNGTRENNUNG(307), 830(27), 842 ACHTUNGTRENNUNG(270), 847 ACHTUNGTRENNUNG(351), 852(35), 856 ACHTUNGTRENNUNG(441),
856ACHTUNGTRENNUNG(189), 861 ACHTUNGTRENNUNG(400), 862(21), 867 ACHTUNGTRENNUNG(980), 875 ACHTUNGTRENNUNG(785), 876 ACHTUNGTRENNUNG(172), 881(86), 905(0), 907 ACHTUNGTRENNUNG(468), 911 ACHTUNGTRENNUNG(126)ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(PF3)9] (VIb) 515ACHTUNGTRENNUNG(180)[a] , 744(37), 794(92), 801(49), 803ACHTUNGTRENNUNG(160), 808(58), 809ACHTUNGTRENNUNG(304), 815 ACHTUNGTRENNUNG(312), 822 ACHTUNGTRENNUNG(129), 824(13), 826 ACHTUNGTRENNUNG(143), 834(93), 839 ACHTUNGTRENNUNG(506),
843(54), 845ACHTUNGTRENNUNG(210), 849 ACHTUNGTRENNUNG(1288), 850 ACHTUNGTRENNUNG(145), 851(48), 857(87), 865 ACHTUNGTRENNUNG(123), 874 ACHTUNGTRENNUNG(179), 878 ACHTUNGTRENNUNG(298), 890 ACHTUNGTRENNUNG(829), 893 ACHTUNGTRENNUNG(512), 902(44), 907(30)


[a] Bridging n ACHTUNGTRENNUNG(P-F···Fe) frequency.


Table 7. Dissociation energies (in kcal mol�1) with and without zero-point energy corrections, and the entropy
change (in calmol�1 K) for dissociation reactions.


DE DEZPVE DS
B3 LYP BP86 B3 LYP BP86 B3 LYP BP86


[Fe ACHTUNGTRENNUNG(PF3)5] (II)![Fe ACHTUNGTRENNUNG(PF3)4] (Ic)+PF3 33.6 41.8 31.6 39.7 44.5 50.0ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(PF3)9] (VIa)! ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(PF3)8] (IVa)+PF3 17.4 10.0 16.5 8.8 40.2 47.3ACHTUNGTRENNUNG[H2Fe ACHTUNGTRENNUNG(PF3)4] (IIIa)![Fe ACHTUNGTRENNUNG(PF3)4] (Ic)+ H2 41.6 45.7 37.3 41.5 45.7 38.2ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(PF3)8] (IVa)!2 [Fe ACHTUNGTRENNUNG(PF3)4] (Ic) 16.4 32.7 14.7 31.2 66.8 63.2ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(PF3)9] (VIa)![Fe ACHTUNGTRENNUNG(PF3)5] (II) + [Fe ACHTUNGTRENNUNG(PF3)4] (Ic) 0.1 0.9 �0.4 0.3 62.5 60.5


Chem. Eur. J. 2008, 14, 11149 – 11157 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 11155


FULL PAPERIron-Fluorine Bonds in Iron Complexes



www.chemeurj.org





[Fe(CO)5] and detected using ultrafast electron diffrac-
tion.[62,63] These differences between the analogous [Fe-ACHTUNGTRENNUNG(PF3)4] and [Fe(CO)4] may arise from the significantly great-
er steric demands of the PF3 ligand. These demands can best
be accommodated by distributing the PF3 ligands in [Fe-ACHTUNGTRENNUNG(PF3)4] as far apart as possible, corresponding to the vertices
of a tetrahedron rather than those of the less symmetrical
C2v polyhedron found in [Fe(CO)4].


The situation with the saturated [FeACHTUNGTRENNUNG(PF3)5] is relatively
simple, since only one structure II was found at reasonable
energies. This structure is the expected trigonal bipyramid,
which is analogous to the well established trigonal bipyra-
mid structure for the analogous [Fe(CO)5].


Both cis and trans isomers were found for the dihydride
[H2Fe ACHTUNGTRENNUNG(PF3)4] with the cis isomer IIIa being of significantly
lower energy than the trans isomer. The iron coordination in
the cis isomer appears to be nearly perfectly octahedral
whereas in the trans isomer the FeP4 coordination subunit is
distorted towards tetrahedral. Thus the six-coordinate
FeP4H2 unit in trans-[H2Fe ACHTUNGTRENNUNG(PF3)4] approaches that of a C2v


bicapped tetrahedron.


Conclusion


This work demonstrates for the first time in a concrete
manner some major differences between the PF3 and CO li-
gands in low-valent transition metal chemistry, particularly
with respect to an unanticipated role of the fluorine atoms
in the metal-ligand bonding. Thus, in binuclear metal tri-
fluorophosphane complexes the fluorine atoms of the PF3 li-
gands as well as the phosphorus atoms are involved in the
metal-ligand bonding as indicated by the lowest energy
structure VIa of [Fe2ACHTUNGTRENNUNG(PF3)9]. Even in the case of the bridging
PF2 group in [Fe2ACHTUNGTRENNUNG(PF3)6 ACHTUNGTRENNUNG(PF2)2], a fluorine lone pair is used
in preference to the phosphorus lone pair.
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Energetic Ionic Liquids based on Lanthanide Nitrate Complex Anions


Guo-Hong Tao,[a] Yangen Huang,[a] Jerry A. Boatz,[b] and Jean�ne M. Shreeve*[a]


Introduction


Ionic liquids are often considered as greener solvents, elec-
trolytes, and advanced materials.[1] Compared with tradition-
al energetic compounds such as 2,4,6-trinitrotoluene (TNT),
1,3,5,7-tetranitro-1,3,5,7-tetraazocane (HMX), and 1,3,5-tri-
nitroperhydro-1,3,5-triazine (RDX), many energetic ionic
liquids were reported with several advantages, including en-
hanced thermal stability, higher density, negligible vapor
pressure, and little or no vapor toxicity.[2] The relatively low
oxygen content of most known energetic ionic liquids con-
tributes to their poor performance.[3] This arises from the
fact that small anions such as NO3


�, ClO4
�, and N ACHTUNGTRENNUNG(NO2)2


�


have insufficient oxygen to completely oxidize the large fuel
cations to carbon monoxide. Thus, the preparation of CO-
balanced ionic liquids is important for improving their per-
formance as energetic materials. In 2006, the first CO-bal-
anced energetic ionic liquid, 1-ethyl-4,5-dimethyltetrazolium


tetranitratoaluminate, was reported.[3] It shows a glass transi-
tion temperature (Tg) at �46 8C. However, it is only stable
in dry air and thus must be protected from water. At 75 8C,
clear weight loss attributed to the loss of NO2 and oxygen,
accompanied by the formation of Al-O-Al bridges, was ob-
served. Its initial preparation involved the highly toxic and
corrosive chemicals N2O4 and NOCl.


Ligands which coordinate through oxygen atoms to a lan-
thanide ion give rise to stable complexes. Thus, higher air
and thermal stabilities may be obtained by introducing lan-
thanide nitrates as main components of ionic liquids. We
now report new energetic ionic liquids based on anionic lan-
thanide nitrate complexes Cat+


3[Ln ACHTUNGTRENNUNG(NO3)6]
3�. Based on CO


formation, some of these salts have a neutral or positive
oxygen balance. Compounds 11 and 12 (see Scheme 1) are
the first CO-balanced energetic ionic liquids which are
stable to moisture and air. Furthermore, important for ease
of synthesis and for environmental reasons, these liquids are
prepared by using readily available nitrate salts as precur-
sors.


Lanthanide-doped ionic liquids exhibit interesting lumi-
nescence properties and good photochemical stability.[4] In
addition to our present work, only one or two families of
lanthanide ionic liquids have been prepared,[5] for example,
the inorganic polyoxometalate salts Na13[Ln-ACHTUNGTRENNUNG(TiW11O39)2]·x H2O (x=27–44)[5a] and lanthanide complexes
of the pseudohalide SCN� in the hydrolytically unstable
[bmim]4Ln ACHTUNGTRENNUNG(SCN)7·H2O (bmim =1-butyl-3-methylimidazo-
lium).[5b] However, the former exist as hydrates, are not
stable in the absence of water of hydration, and are not typi-


Abstract: Energetic ionic liquids based
on anionic lanthanide nitrate com-
plexes Cat+


3[Ln ACHTUNGTRENNUNG(NO3)6]
3�, where Cat+


is guanidinium, 4-aminotriazolium, 4-
amino-1-methyltriazolium, 4-amino-1-
ethyltriazolium, 4-amino-1-butyltriazo-
lium, 1,5-diaminotetrazolium, and 1,5-
diamino-4-methyltetrazolium, were
prepared. The hexanitratolanthanateACHTUNGTRENNUNG(-cerate) salts with the last two cations,


which are the first CO-balanced ener-
getic ionic liquids that are stable to hy-
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ties of about 27 J. These ionic liquids
were obtained by an environmentally
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cal ionic liquids. The instability of [bmim]4Ln ACHTUNGTRENNUNG(SCN)7·H2O to
moisture and air also limits their applications. Since our new
lanthanide ionic liquids do not present these difficulties,
their potential for applications related to electrodeposition,
catalysis, energetics or photophysics may be realized.


Results and Discussion


Nitrate is a familiar stable ligand for lanthanides.[6] It is also
an energetic oxidizing anion and can be the oxidizer compo-
nent in energetic ionic liquids.[7] Lanthanides coordinate
with O-donor ligands more strongly than with N-donor li-
gands;[8] for example, ambient moisture irreversibly decom-
poses [bmim]4Ln ACHTUNGTRENNUNG(SCN)7·H2O ionic liquids by displacing the
isothiocyanate ligand.[5b] In our syntheses, guanidinium ni-
trate and lanthanum or cerium nitrate are dissolved in ace-
tonitrile and heated to reflux with triethyl orthoformate to
give 1 or 2. They are unchanged after being dissolved in
water and dried in vacuum. Compounds 1 and 2 can be crys-
tallized from water at room temperature to form colorless
blocklike crystals of (CH6N3)2[La ACHTUNGTRENNUNG(NO3)5ACHTUNGTRENNUNG(H2O)2] (1) and
(CH6N3)2[Ce ACHTUNGTRENNUNG(NO3)5ACHTUNGTRENNUNG(H2O)2] (2). The crystal structure of 1
was reported earlier.[9]


Because of strong hydrogen-bonding interactions, the
melting points of 1 and 2 exceed 100 8C. To lower the melt-
ing points, 4-amino-1,2,4-triazolium cations were introduced
to obtain salts 5–10 by using a minor modification of the lit-
erature method (Scheme 1).[10] Stoichiometric amounts of


triazolium iodide, AgNO3, and lanthanum nitrate hexahy-
drate were heated to reflux in acetonitrile in the absence of
light. After the silver iodide and the solvent were removed,
a viscous liquid remained. These salts have the characteris-
tics of room-temperature ionic liquids. It was also our aim
to increase the energy of these ionic liquids by using ener-
getic cations such as 1,5-diamino-4H-1,2,3,4-tetrazolium and
1,5-diamino-4-methyl-1,2,3,4-tetrazolium. The melting points
of salts 11 and 12, which contain the latter cation, of less
than 100 8C place them in the class of ionic liquids. This
preparative method for metal nitrate complexes is a rela-


tively green procedure that does not involve highly toxic or
corrosive chemicals.


In the IR spectra of these energetic ionic liquids, the main
N�O stretching modes of the lanthanide complex anions
[Ln ACHTUNGTRENNUNG(NO3)6]


3� are observed at about 1450–1470, 1320–1350,
1034–1040, and 815–820 cm�1. No other N�O stretching
mode was found. These observed bands are assigned to the
N�O stretching modes n4, n1, n2, and the bending mode n6.


[11]


Bands n4 and n1 are assigned to the N�O asymmetrical
stretching vibration. Band n2 is due to N�O symmetrical
stretching vibration, and n6 is the out-of-plane bending vi-
bration.[11c] Generally, the n3(E’) mode of the D3h point
group in symmetric NO3


� gives an IR absorbance band
around 1385 cm�1. When the oxygen atoms of NO3


� are co-
ordinated to a lanthanide, the N�O asymmetrical stretching
vibration is perturbed and has two different stretching
modes. Therefore, in the system with bidentate nitrato li-
gands, n3 is split into two peaks, n4 and n1.


[11b] In the
Cat+


3[Ln ACHTUNGTRENNUNG(NO3)6]
3� ionic liquids, the band separation n4�n1


approaches about 130 cm�1. For example, the n4 and n1 ab-
sorbance peaks of NO3


� in ionic liquids 5 and 8 are at 1454,
1325 cm�1 and 1470, 1313 cm�1 respectively (Figure 1). No


obvious absorbance peak near 1385 cm�1 was observed, in
support of the fact that no uncoordinated nitrate ions are
present in these ionic liquids, which distinguishes them from
conventional nitrate ionic liquids without coordination struc-
ture.[13] In the crystal of known tris(tributylammonium) Hex-
anitratolanthanate ([(C4H9)3NH]3[Ln ACHTUNGTRENNUNG(NO3)6]), the main ni-
trate vibrational frequencies are n4 =1469, n1 =1305, n2 =


1036, and n6 =819 cm�1.[12] These are consistent with the IR
data of Cat+


3[Ln ACHTUNGTRENNUNG(NO3)6]
3�. Thus, Cat+


3[Ln ACHTUNGTRENNUNG(NO3)6]
3� has a


structure analogous to [(C4H9)3NH]3[Ln ACHTUNGTRENNUNG(NO3)6] in which all
six of the nitrato ligands are coordinated to the lanthanide
ion in a chelating bidentate mode.


Salts Cat+
3[Ln ACHTUNGTRENNUNG(NO3)6]


3� are thermally stable over the
range of 185 to 235 8C in a nitrogen atmosphere. The cations


Scheme 1. Ionic liquids based on lanthanide nitrate complex anions


Figure 1. IR spectra of 5 and 8. The asterisks mark the typical N�O vi-
bration bands of the [Ln ACHTUNGTRENNUNG(NO3)6]


3� ions.
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play a more important role than the anions in determining
the decomposition temperature because they are less stable
than the anions. Their thermal stabilities generally meet the
criterion for energetic compounds. Salts 3–12 are all ionic
liquids (Table 1). The melting points/glass transition temper-
atures (Tm/Tg) were determined by differential scanning cal-
orimetry (DSC) from the first heating cycle. As the temper-
ature is increased, the solid samples exhibit distinct melting
points. The DSC curves of solid samples of 1 (Tm =137 8C),
4 (Tm = 76 8C), and 12 (Tm = 90 8C) are given in Figure 2.
However, on warming from �70 8C, liquid samples of 5–10
behave differently. Each displays a gradual step associated
with a phase transition temperature Tg between �20 and
�40 8C. Since there is no sharp endothermic peak that can
be associated with melting, as was observed in the solid sam-
ples, 5 was taken as representative and examined further.


When 5 was cooled to �70 8C, it became a glassy, transpar-
ent solid. After being warmed to above �25 8C, it gradually
became a very viscous transparent liquid. This indicates a
glasslike character similar to that of conventional ionic liq-
uids below the glass transition temperature.[14] Furthermore,
different cations clearly affect Tm and Tg. When the substitu-
ent on the 1-amino-1,2,4-triazolium cation is H (3) or CH3


(5), the product has a very different phase-transition point;
however, as expected, the difference in this property due to
different alkyl substituents (CH3, C2H5, and C4H9) is negligi-
ble. This phenomenon arises from the greater opportunity
for hydrogen bonding in 3. Although 3, 4, 11, and 12 are
solids, they readily form long-lived supercooled phases and
solidify only after standing at room temperature for several
days. The DSC and TGA spectra show no peaks or steps for
water of crystallization. This also confirms that the water
from the starting materials was removed under reflux with
triethyl orthoformate. In addition, there are no peaks which
can be assigned to the melting points of the corresponding
Cat+NO3, that is, these ionic liquids are single-component
systems.


The densities of these lanthanide ionic liquids vary from
about 1.6 (9, 10) to about 2.1 g cm�3 (11 and 12). The 1,5-di-
amino-4-methyl-1,2,3,4-tetrazolium cation strongly enhances
the density. The cation:anion ratio of 3:1 in the Cat+


3[Ln-ACHTUNGTRENNUNG(NO3)6]
3� ionic liquids increases the nitrogen content, since


most of the nitrogen atoms are present in the cation. The
calculated nitrogen content for CO-balanced aluminum-con-
taining ionic liquids is 28 %,[3] while the nitrogen content of
CO-balanced salts 11 and 12 is around 40 %. This will im-
prove their energetic performance.


These ionic liquids are hydrophilic and are soluble in
water and lower alcohols. Their water content was deter-
mined by by using a Karl–Fischer coulometer. The water
content, determined after the ionic liquid was dried under


Table 1. Properties of Cat+
3[Ln ACHTUNGTRENNUNG(NO3)6]


3�.


Tm (Tg)
[a]


[8C]
Td


[b]


[8C]
1[c]ACHTUNGTRENNUNG[gcm�3]


OBCO
[d]


[%]
DHf


[e] (cation)ACHTUNGTRENNUNG[kJ mol�1]
DHf


[f] (anion)ACHTUNGTRENNUNG[kJ mol�1]
DHL


[g]ACHTUNGTRENNUNG[kJ mol�1]
DHf


[h]ACHTUNGTRENNUNG[kJ mol�1]
DHf


[h]ACHTUNGTRENNUNG[kJ g�1]


1 137 225 1.95 10.4 575.9 �1924.5 2327.2 �2524.0 �3.65
2 138 220 1.96 10.4 575.9 �1911.6 2329.4 �2513.3 �3.63
3 81 211 1.87 6.3 910.7 �1924.5 2233.5 �1425.9 �1.86
4 76 212 1.88 6.3 910.7 �1911.6 2235.9 �1415.4 �1.84
5 ACHTUNGTRENNUNG(�24) 231 1.76 �5.9 866.6 �1924.5 2162.9 �1487.6 �1.84
6 ACHTUNGTRENNUNG(�28) 227 1.77 �5.9 866.6 �1911.6 2165.4 �1477.2 �1.82
7 ACHTUNGTRENNUNG(�32) 232 1.67 �16.9 828.2 �1924.5 2101.3 �1541.2 �1.81
8 ACHTUNGTRENNUNG(�33) 228 1.67 �16.9 828.2 �1911.6 2100.4 �1527.4 �1.79
9 ACHTUNGTRENNUNG(�33) 229 1.59 �36.0 782.6 �1924.5 2019.1 �1595.8 �1.71
10 ACHTUNGTRENNUNG(�37) 230 1.60 �35.9 782.6 �1911.6 2021.9 �1585.7 �1.69
11 88 185 2.06 0 974.3 �1924.5 2224.4 �1226.0 �1.43
12 90 187 2.08 0 974.3 �1911.6 2229.6 �1218.3 �1.42
13 – 187 2.00 11.8 1018.0 �1924.5 2237.6 �1108.1 �1.36
14 – 188 2.02 11.8 1018.0 �1911.6 2242.9 �1100.5 �1.35
OB-EIL3[i] – – – 0 836 �1486 419[j] �1069 �2.66


[a] Melting point (phase-transition temperature). [b] Thermal degradation. [c] Density, gas pycnometer, 25 8C. [d] CO oxygen balance: index of the defi-
ciency or excess of oxygen in a compound relative to the amount required to convert all C to CO, all H to H2O, and all Ln to Ln2O3. For a compound
with molecular formula CaHbNcOdLne, OBCO [%] =1600 [(d�a�b/2�3e/2)/M] (M= formula weight of salt). [e] Molar enthalpy of formation of cation.
[f] Molar enthalpy of formation of anion. [g] Lattice energy. [h] Molar enthalpy of formation of salt. [i] Ref. [3] (OB-EIL : oxygen-balanced energetic
ionic liquid). [j] Not considering the enthalpy of vaporization.


Figure 2. DSC curves of some typical Cat+
3[Ln ACHTUNGTRENNUNG(NO3)6]


3� ionic liquids.
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vacuum, ranges between 1900 and 4500 ppm. This is slightly
higher than is found in conventional ionic liquids.[13,15] In
aqueous solution, the IR spectra show an absorbance peak
at 1385 cm�1 assignable to the nitrate anion. After the liq-
uids were dried, the IR absorbance peaks of the bidentate
nitrato ligands near 1450 cm�1 and 1325 cm�1 reappeared
concomitantly. At the same time, the peak at 1385 cm�1 dis-
appeared. This is a reversible process and indicates that
these ionic liquids are moisture-stable.


Oxygen balance (OB) reveals the deficiency or excess of
oxygen in an energetic compound. In a CO-balanced ionic
liquid, the oxygen present must convert all of C to CO, all
H to H2O, and all Ln to Ln2O3. The OBCO data of these
ionic liquids are shown in Table 1. The OBCO values of 11
and 12 are zero, which indicates they are CO-balanced ionic
liquids. When 1 mg of 11 was heated to 200 8C in a micro
melting point apparatus, gases rapidly evolved to leave
white lanthanum oxide powder. The decomposition process
is in accord with the predicted idealized combustion process
[Eq. (1)].


2 ½N6C2H7�3þ½LaðNO3Þ6�3� ! La2O3 þ 24 N2 þ 21 H2Oþ 12 CO


ð1Þ


The theoretical performance
of Cat+


3[Ln ACHTUNGTRENNUNG(NO3)6]
3� as propel-


lants can be estimated from
data calculated by the
GAMESS[16] and Gaussian 03
suites of programs. The heat of
formation of the anions DHo


f


(anion) were estimated on the
basis of the gas-phase experi-
mental heats of formation of
NO3


�, F�, Cl�, LaF4
�, and


LaCl4
�. Geometry optimiza-


tions and single-point calcula-
tions on the anions were per-
formed by using second-order
many-body perturbation theory
(MBPT(2),[17] also known as
MP2) in conjunction with the
Stevens–Basch–Krauss–Jaisen–
Cundari (SBKJC) effective core
potentials and corresponding
valence-only basis sets.[18] The
SBKJC basis sets for carbon, ni-
trogen, oxygen, fluorine, and
chlorine were augmented with
a diffuse s+p shell[19] and a d-
type polarization function.[20]


The heats of formation of the
cations DHo


f ACHTUNGTRENNUNG(cation) were deter-
mined by using the method of
isodesmic reactions
(Scheme 2).[21] Geometric opti-


mization and the frequency analyses are carried out at the
B3LYP level up to 6-31 +GACHTUNGTRENNUNG(d,p) basis sets.[22] Single-point
energies were calculated at the MP2/6-311++G ACHTUNGTRENNUNG(d,p) lev-ACHTUNGTRENNUNGel.[17a,b] Heat of formation can be estimated on the basis of
Born–Haber energy cycles [Eq. (2)].[19] The lattice energy
DHL could be predicted by the formula suggested by Jenkins
et al. [Eqs. (3) and (4)].[23]


DHo
f ðionic salts, 298 KÞ ¼


X
DHo


f ðcation, 298 KÞ


þ
X


DHo
f ðanion, 298 KÞ�DHL


ð2Þ


DHL ¼ UPOT þ ½pðnM=2�2Þ þ qðnX=2�2Þ�RT ð3Þ


UPOT ½kJ mol�1� ¼ 2342:6 Ið1m=MmÞ1=3 þ 55:2 I ð4Þ


The calculated heats of formation for Cat+
3[Ln ACHTUNGTRENNUNG(NO3)6]


3�


are summarized in Table 1. Compound 14 has the highest
value, and the data show that the performance of Cat+


3[Ln-ACHTUNGTRENNUNG(NO3)6]
3� may be better than some important energetic ma-


terials, for example, hydrazine.[3]


The impact sensitivities of 11 and 12 were measured by
the BAM method.[24] The impact sensitivities of 11 and 12 of


Scheme 2. Isodesmic reactions and protonation reactions for calculating heats of formation of cations.
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27 J (3/6 and 2/6 explosions) show that they are impact-sen-
sitive energetic materials.[25]


Conclusion


Lanthanide nitrate complex anions are suitable for prepara-
tion of energetic ionic liquids. Ionic liquids Cat+


3[Ln-ACHTUNGTRENNUNG(NO3)6]
3� were obtained by an environmentally benign prep-


arative method from nitrate salts. Compounds 11 and 12 are
the first CO-balanced metal ionic liquids which are stable to
moisture and air. According to theoretical calculations,
these liquids are potential propellants. Their thermal stabili-
ties, phase behavior, densities, and water content were inves-
tigated. Salts Cat+


3[Ln ACHTUNGTRENNUNG(NO3)6]
3� may retain lanthanides in a


stable liquid and thus have potential for applications related
to electrodeposition, catalysis, and photophysics.


Experimental Section


Caution! Although we have not experienced any problems in handling
these compounds, with the exception of 11 and 12 their shock and impact
sensitivities have not been determined. Therefore, they should be synthe-
sized in amounts of less than 1 mmol and handled with extreme care.


General methods : All chemicals were obtained commercially as analyti-
cal-grade materials and used as received. Solvents were dried by standard
procedures. IR spectra were recorded by using KBr plates for neat liq-
uids and KBr pellets for solids on a Biorad model 3000 FTS spectrome-
ter. 1H and 13C NMR spectra were recorded on a Bruker 300 MHz nucle-
ar magnetic resonance spectrometer operating at 300 and 75 MHz, re-
spectively, by using CD3CN, D2O, or [D6]DMSO as locking solvent.
Chemical shifts are reported in parts per million relative to TMS. The
densities of the solid salts were measured at 25 8C on a Micromeritics Ac-
cupyc 1330 gas pycnometer. Differential scanning calorimetry (DSC)
measurements were performed on a calorimeter equipped with an auto-
cool accessory and calibrated against indium. The following procedure
was used in experiments for each sample: cooling from 40 8C to �80 8C
and heating to 400 8C at 10 8C min�1. Thermogravimetric analysis (TGA)
was carried out by heating samples at 10 8C min�1 from 25 to 500 8C in a
dynamic nitrogen atmosphere (flow rate 70 mL min�1). Elemental analy-
ses (H, C, N) were performed on a CE-440 Elemental Analyzer. The
metal content was determined by titration with ethylenediaminetetraace-
tic acid. The water content was determined by coulometric Karl–Fischer
titration on a Mettler Toledo DL39 Coulometer with a Hydranal Coulo-
mat reagent. Computations were performed by using the GAMESS[16]


and Gaussian 03[26] suites of programs.


Triguanidinium hexanitratolanthanate (1): Guanidinium nitrate (3 mmol,
366 mg) and lanthanum nitrate hexahydrate (1 mmol, 433 mg) were
heated to reflux in acetonitrile for 12 h. An excess of triethyl orthofor-
mate was added during reflux to remove coordinated water. After being
concentrated in vacuo, the resulting crude solid was washed with aceto-ACHTUNGTRENNUNGnitrile/diethyl ether. A quantitative yield of 1 as a white solid was ob-
tained after drying under vacuum (692 mg). IR (KBr): ñ=3493, 3417,
3383, 3214, 1695, 1660, 1581, 1472, 1420, 1355, 1323, 1294, 1034, 816, 743,
525 cm�1; 13C NMR (D2O): d=167.1 ppm; elemental analysis (%) calcd
for C3H18LaN15O18 (691.17): C 5.21, H 2.62, N 30.40, La 20.10; found: C
5.80, H 2.86, N 30.01, La 20.11.


Triguanidinium hexanitratocerate (2): The same procedure was used as
for 1. Guanidinium nitrate (3 mmol, 366 mg) and cerium nitrate hexahy-
drate (1 mmol, 434 mg) were used to obtain a quantitative yield of 2 as a
white solid (692 mg). IR (KBr): ñ =3493, 3416, 3380, 3214, 1693, 1660,
1580, 1472, 1418, 1358, 1325, 1296, 1035, 815, 743, 522 cm�1; 13C NMR
(D2O): d= 166.9 ppm; elemental analysis (%) calcd for C3H18CeN15O18


(692.38): C 5.20, H 2.62, N 30.34, Ce 20.24; found: C 5.39, H 3.01, N
30.24, Ce, 20.13.


Tris(4-amino-1H-1,2,4-triazolium) hexanitratolanthanate (3): The same
procedure was used as for 1. 4-Amino-1H-1,2,4-triazolium nitrate
(3 mmol, 441 mg) and lanthanum nitrate hexahydrate (1 mmol, 433 mg)
were used to obtain a quantitative yield of 3 as a colorless, viscous, trans-
parent liquid (760 mg) which became a light yellow solid after standing
at 25 8C for one week. IR (KBr): ñ= 3397, 3144, 1635, 1458, 1341, 1075,
1038, 939, 879, 825, 738, 617 cm�1; 1H NMR (CD3CN): d=8.97 (s, 2H),
3.84 ppm (br, 2H); 13C NMR (CD3CN): d=145.1 ppm; elemental analysis
(%) calcd for C6H15LaN18O18 (766.20): C 9.41, H 1.97, N 32.91, La 18.13;
found: C 9.53, H 2.06, N 33.66, La 17.91.


Tris(4-amino-1H-1,2,4-triazolium) hexanitratocerate (4): The same proce-
dure was used as for 1. 4-Amino-1H-1,2,4-triazolium nitrate (3 mmol,
441 mg) and cerium nitrate hexahydrate (1 mmol, 434 mg) were used to
obtain a quantitative yield of 4 as a colorless, viscous, transparent liquid
(764 mg) which became a light yellow solid after standing at 25 8C for
one week. IR (KBr): ñ =3200, 3136, 1636, 1456, 1323, 1075, 1039, 934,
878, 816, 738, 621 cm�1; 1H NMR (CD3CN): d =8.98 (s, 2H), 3.20 ppm
(br, 2H); 13C NMR (CD3CN): d=145.2 ppm; elemental analysis (%)
calcd for C6H15CeN18O18 (767.41): C 9.39, H 1.97, N 32.85, Ce 18.26;
found: C 9.57, H 1.96, N 32.67; Ce 18.13.


Tris(4-amino-1-methyl-1,2,4-triazolium) hexanitratolanthanate (5): The
basic technique used follows closely that employed in preparing tetra-ACHTUNGTRENNUNGbutylammonium hexanitratolanthanidate complexes.[10] 4-Amino-1-
methyl-1,2,4-triazolium iodide was obtained by using a slightly modified
literature procedure.[27] A mixture of 4-amino-1,2,4-triazole (2 mmol,
168 mg) and iodomethane (2 mmol, 284 mg) in acetonitrile (20 mL) was
stirred at room temperature for 5 days. The solution was concentrated
and added to an excess of ethyl acetate (3–5 times the volume of solu-
tion). After decanting the solvent, the residual solvent was removed from
the lower layer in vacuo to obtain a white solid (442 mg, 98%). IR
(KBr): ñ= 3484, 3223, 3119, 1609, 1567, 1443, 1405, 1170, 1067, 973, 867,
730, 610 cm�1; 1H NMR (CD3CN): d =9.54 (s, 1H), 8.66 (s, 1H), 6.15 (s,
2H), 4.06 ppm (s, 3H); 13C NMR (CD3CN): d=145.9, 143.9, 40.1 ppm. 4-
Amino-1-methyl-1,2,4-triazolium iodide (0.3 mmol, 68 mg), AgNO3


(0.3 mmol, 51 mg), and lanthanum nitrate hexahydrate (0.1 mmol, 43 mg)
were held at reflux in acetonitrile for 12 h with complete exclusion of
light. An excess of triethyl orthoformate was added during reflux to
remove coordinated water. After the silver iodide was filtered off, the fil-
trate was concentrated. The resulting crude liquid was purified by dis-
solving in methanol (ca. 10 mL), filtering, and adding the filtrate to di-ACHTUNGTRENNUNGethyl ether (3–5 times the volume of filtrate). The mixture was shaken,
allowed to separate, and the top layer was decanted off. This process was
repeated as often necessary to ensure removal of traces of silver iodide.
Light yellow, viscous liquid 5 was obtained after drying under vacuum.
Yield: 36 mg (45 %). IR (KBr): ñ =3332, 3241, 3148, 1632, 1574, 1454,
1325, 1172, 1072, 1038, 981, 877, 819, 735, 615 cm�1; 1H NMR (CD3CN):
d=9.43 (s, 1H), 8.58 (s, 1H), 6.13 (br, 2H), 4.07 ppm (s, 3 H); 13C NMR
(CD3CN): d=145.9, 144.0, 40.0 ppm; elemental analysis (%) calcd for
C9H21LaN18O18 (808.28): C 13.37, H 2.62, N 31.19, La 17.19; found: C
13.42, H 2.63, N 31.27, La 17.19.


Tris(4-amino-1-methyl-1,2,4-triazolium) hexanitratocerate (6): The same
procedure was used as for 5. 4-Amino-1-methyl-1,2,4-triazolium iodide
(0.3 mmol, 68 mg), AgNO3 (0.3 mmol, 51 mg), and cerium nitrate hexahy-
drate (0.1 mmol, 43 mg) were used to obtain 6 as a light yellow, viscous
liquid. Yield: 39 mg (48 %). IR (KBr): ñ=3338, 3238, 3148, 1634, 1574,
1456, 1323, 1172, 1073, 1038, 981, 878, 818, 736, 616 cm�1; 1H NMR
(CD3CN): d=9.62 (s, 1H), 8.71 (s, 1H), 6.30 (br, 2H), 4.20 ppm (s, 3H);
13C NMR (CD3CN): d=146.0, 144.2, 40.2 ppm; elemental analysis (%)
calcd for C9H21CeN18O18 (809.49): C 13.35, H 2.61, N 31.05, Ce 17.31;
found: C 13.68, H 2.56, N 30.90, Ce 17.25.


Tris(4-amino-1-ethyl-1,2,4-triazolium) hexanitratolanthanate (7): The
same procedure was used as for 5. 4-Amino-1-ethyl-1,2,4-triazolium
iodide was prepared by the method used for 4-amino-1-methyl-1,2,4-tri-ACHTUNGTRENNUNGazolium iodide. A mixture of 4-amino-1,2,4-triazole (2 mmol, 168 mg)
and iodoethane (2 mmol, 312 mg) in acetonitrile (20 mL) was heated at
50 8C for 1 d. The solution was concentrated and added to an excess of
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ethyl acetate (3–5 times the volume of solution). After decanting the sol-
vent, any residual solvent was removed from the lower layer in vacuo to
obtain a yellow liquid (462 mg, 96%). IR (KBr): ñ= 3455, 3233, 3121,
3051, 1621, 1560, 1449, 1406, 1165, 1074, 989, 964, 872, 722, 619 cm�1;
1H NMR (CD3CN): d =9.89 (s, 1H), 8.81 (s, 1 H), 6.39 (s, 2H), 4.43 (t,
2H, J =7.2 Hz), 1.53 ppm (t, 3 H, J=7.2 Hz); 13C NMR (CD3CN): d=


146.1, 143.3, 49.2, 14.2 ppm. 4-Amino-1-ethyl-1,2,4-triazolium iodide
(0.3 mmol, 72 mg), AgNO3 (0.3 mmol, 51 mg), and lanthanum nitrate
hexahydrate (0.1 mmol, 43 mg) were used to obtain 7 as colorless, viscous
liquid. Yield: 47 mg (55 %). IR (KBr): ñ=3332, 3233, 3135, 1631, 1566,
1459, 1323, 1198, 1167, 1075, 1038, 990, 872, 819, 735, 621 cm�1; 1H NMR
(CD3CN): d= 9.46 (s, 1H), 8.61 (s, 1H), 4.40 (t, 2H, J =7.2 Hz), 3.68 (br,
2H), 1.53 ppm (t, 3H, J= 7.2 Hz); 13C NMR (CD3CN): d =145.9, 143.2,
49.1, 13.9 ppm; elemental analysis (%) calcd for C12H27LaN18O18 (850.36):
C 16.95, H 3.20, N 29.65, La 16.33; found: C 17.01, H 3.50, N 29.68, La
16.29.


Tris(4-amino-1-ethyl-1,2,4-triazolium) hexanitratocerate (8): The same
procedure was used as for 7. 4-Amino-1-ethyl-1,2,4-triazolium iodide
(0.3 mmol, 72 mg), AgNO3 (0.3 mmol, 51 mg), and cerium nitrate hexahy-
drate (0.1 mmol, 43 mg) were reacted to obtain 8 as a colorless, viscous
liquid. Yield: 45 mg (53 %). IR (KBr): ñ=3335, 3239, 3139, 1634, 1567,
1470, 1313, 1209, 1165, 1076, 1038, 992, 878, 819, 737, 621 cm�1; 1H NMR
(CD3CN): d= 9.72 (s, 1H), 8.75 (s, 1H), 4.52 (t, 2H, J =7.2 Hz), 2.73 (br,
2H), 1.61 ppm (t, 3H, J= 7.2 Hz); 13C NMR (CD3CN): d =145.3, 143.5,
49.3, 14.0 ppm; elemental analysis (%) calcd for C12H27CeN18O18


(851.57): C 16.93, H 3.20, N 29.61, Ce 16.45; found: C 16.94, H 3.32, N
29.62, Ce 16.32.


Tris(4-amino-1-butyl-1,2,4-triazolium) hexanitratolanthanate (9): The
same procedure was used as for 5. 4-Amino-1-butyl-1,2,4-triazolium
iodide was prepared according to a similar method as for 4-amino-1-
methyl-1,2,4-triazolium iodide. A mixture of 4-amino-1,2,4-triazole
(2 mmol, 168 mg) and iodobutane (2 mmol, 368 mg) in acetonitrile
(20 mL) was stirred at 70 8C for 12 h. The solution was concentrated and
added to excess ethyl acetate (3–5 times the volume of solution). After
decanting the solvent, any residual solvent was removed from the lower
layer in vacuo to obtain a yellow liquid (516 mg, 96%). IR (KBr): ñ=


3460, 3246, 3120, 2961, 2874, 1622, 1561, 1524, 1462, 1407, 1381, 1163,
1073, 988, 864, 755, 617 cm�1; 1H NMR (CD3CN): d= 9.87 (s, 1 H), 8.77
(s, 1 H), 6.40 (s, 2H), 4.39 (t, 2H, J=7.2 Hz), 1.86–1.97 (m, 2H), 1.34–
1.42 (m, 2H), 0.95 ppm (t, 3H, J= 7.2 Hz); 13C NMR (CD3CN): d =146.1,
143.6, 53.4, 31.1, 19.8, 13.6 ppm. 4-Amino-1-butyl-1,2,4-triazolium iodide
(0.3 mmol, 80 mg), AgNO3 (0.3 mmol, 51 mg), and lanthanum nitrate
hexahydrate (0.1 mmol, 43 mg) were used to obtain 9 as colorless viscous
liquid. Yield: 49 mg (52 %). IR (KBr): ñ=3333, 3220, 3131, 2965, 2877,
1643, 1562, 1450, 1322, 1142, 1073, 1034, 993, 871, 820, 734, 631 cm�1;
1H NMR (CD3CN): d= 9.46 (s, 1H), 8.60 (s, 1 H), 6.11 (br, 2H), 4.37 (t,
2H, J=7.2 Hz), 1.86–1.92 (m, 2H), 1.35–1.42 (m, 2 H), 0.97 ppm (t, 3 H,
J =7.2 Hz); 13C NMR (CD3CN): d= 146.0, 143.5, 53.4, 31.1, 19.8,
13.5 ppm; elemental analysis (%) calcd for C18H39LaN18O18 (934.52): C
23.13, H 4.21, N 26.98, La 14.86; found: C 23.04, H 3.97, N 27.13, La
14.71.


Tris(4-amino-1-butyl-1,2,4-triazolium) hexanitratocerate (10): The same
procedure was used as for 9. 4-Amino-1-butyl-1,2,4-triazolium iodide
(0.3 mmol, 80 mg), AgNO3 (0.3 mmol, 51 mg) and cerium nitrate hexahy-
drate (0.1 mmol, 43 mg) were used to obtain 10 as a colorless, viscous
liquid. Yield: 52 mg (56 %). IR (KBr): ñ=3332, 3231, 3137, 2964, 2876,
1635, 1565, 1450, 1321, 1165, 1076, 1037, 990, 877, 819, 735, 618 cm�1;
1H NMR (CD3CN): d= 9.73 (s, 1H), 8.73 (s, 1 H), 6.30 (br, 2H), 4.50 (t,
2H, J=7.2 Hz), 1.96–2.05 (m, 2H), 1.38–1.50 (m, 2 H), 1.00 ppm (t, 3 H,
J =7.2 Hz); 13C NMR (CD3CN): d= 146.1, 143.7, 53.5, 31.2, 19.8,
13.5 ppm; elemental analysis (%) calcd for C18H39CeN18O18 (935.73): C
23.10, H 4.20, N 26.94, Ce 14.97; found: C 23.08, H 4.34, N 27.23, Ce
14.59.


Tris(1,5-diamino-4-methyl-1,2,3,4-tetrazolium) hexanitratolanthanate
(11): The same procedure was used as for 5. 1,5-Diamino-4-methyl-
1,2,3,4-tetrazolium iodide was obtained by a minor modification of the
literature procedure.[28] A mixture of 1,5-diamino-1,2,3,4-tetrazole
(2 mmol, 0.200 mg) and an excess of iodomethane (10 mmol, 1.42 g) in


acetonitrile (60 mL) was heated to reflux for 18 h. The solution was con-
centrated and added to an excess of diethyl ether (5 times the volume of
solution). The crude product was isolated by filtration. After washing
with diethyl ether, any residual solvent was removed in vacuo to obtain a
white solid (430 mg, 89 %). IR (KBr): ñ =3240, 3090, 1700, 1609, 1571,
1390, 1115, 1025, 785, 605, 522 cm�1; 1H NMR (CD3CN): d=7.65 (s), 6.12
(s, 2H), 4.00 ppm (s, 3H); 13C NMR: d =152.6, 36.7 ppm. 1,5-Diamino-4-
methyl-1,2,3,4-tetrazolium iodide (0.3 mmol, 73 mg), AgNO3 (0.3 mmol,
51 mg), and lanthanum nitrate hexahydrate (0.1 mmol, 43 mg) were used
to obtain 11 as a colorless, viscous liquid, which became a white solid
after standing for 3 d. Yield: 41 mg (48 %). IR (KBr): ñ =3335, 3233,
3055, 1700, 1616, 1451, 1352, 1118, 1037, 912, 818, 735, 581 cm�1;
1H NMR (CD3CN): d=7.61 (s), 6.02 (s, 2 H), 3.89 ppm (s, 3H); 13C NMR
(CD3CN): d=149.0, 35.6 ppm; elemental analysis (%) calcd for
C6H21LaN24O18 (856.28): C 8.42, H 2.47, N 39.26, La 16.22; found: C 8.43,
H 2.52, N 38.38, La 16.11.


Tris(1,5-diamino-4-methyl-1,2,3,4-tetrazolium) hexanitratocerate (12):
The same procedure was used as for 11. 1,5-Diamino-4-methyl-1,2,3,4-tet-
razolium iodide (0.3 mmol, 73 mg), AgNO3 (0.3 mmol, 51 mg), and
cerium nitrate hexahydrate (0.1 mmol, 43 mg) were used to obtain 12 as
a colorless, viscous liquid which became a white solid after standing at
25 8C for 1 day. Yield: 43 mg (50 %). IR (KBr): ñ=3339, 3260, 3050,
1700, 1617, 1459, 1350, 1118, 1038, 909, 818, 736, 576 cm�1; 1H NMR
(CD3CN): d =7.61 (s), 6.12 (s, 2H), 3.96 ppm (s, 3H); 13C NMR
(CD3CN): d=149.1, 35.7 ppm; elemental analysis (%) calcd for
C6H21CeN24O18 (857.49): C 8.40, H 2.47, N 39.20, Ce 16.34; found: C 8.36,
H 2.49, N 38.72, Ce 16.32.


Tris(1,5-diamino-4H-1,2,3,4-tetrazolium) hexanitratolanthanate (13): The
same procedure was used as for 1. 1,5-Diamino-4H-1,2,3,4-tetrazolium ni-
trate was obtained on the basis of the literature procedure.[28] 1,5-Diami-
no-4H-1,2,3,4-tetrazolium nitrate (0.15 mmol, 27 mg) and lanthanum ni-
trate hexahydrate (0.05 mmol, 22 mg) were used to obtain 13 as a white
solid. Yield: 47 mg (96 %). IR (KBr): ñ= 3324, 3273, 3156, 1721, 1658,
1467, 1330, 1110, 1038, 1004, 932, 816, 742, 689, 627 cm�1; 1H NMR
([D6]DMSO): d=4.83 ppm (s); 13C NMR ([D6]DMSO): d= 155.2 ppm;
elemental analysis (%) calcd for C6H21LaN24O18 (856.28): C 4.43, H 1.86,
N 41.29, La 17.06; found: C 4.77, H 1.85, N 41.09, La 16.91.


Tris(1,5-diamino-4H-1,2,3,4-tetrazolium) hexanitratocerate (14): The
same procedure was used as for 13. 1,5-Diamino-4H-1,2,3,4-tetrazolium
nitrate (0.15 mmol, 27 mg) and lanthanum nitrate hexahydrate
(0.05 mmol, 22 mg) were used to obtain 14 as a white solid. Yield: 48 mg
(98 %). IR (KBr): ñ =3343, 3266, 1717, 1629, 1466, 1329, 1130, 1037, 998,
925, 817, 740, 690, 623 cm�1; 1H NMR ([D6]DMSO): d=4.95 ppm (s);
13C NMR ([D6]DMSO): d=155.4 ppm; elemental analysis (%) calcd for
C6H21CeN24O18 (857.49): C 4.42, H 1.85, N 41.23, Ce 17.18; found: C 4.67,
H 1.84, N 41.12, Ce 17.12.
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Introduction


Due to their unique physicochemical characteristics, room-
temperature ionic liquids (RTILs) were designed as greener
solvents to replace conventional volatile solvents that were
believed to result in photochemical smog, ozone depletion,


and global climate change.[1] RTILs are showing more and
more promising perspectives in the diverse fields of synthe-
sis,[2] catalysis or biocatalysis,[3–7] materials science,[8] electro-
chemistry,[9] and separation technology[10–13] at the laboratory
level and even on the industrial scale.[14,15] With someACHTUNGTRENNUNGachieve ACHTUNGTRENNUNGment of industrial processes and commercial applica-
tions, certain factors that used to be neglected in the whole
life cycle[16] of RTILs, such as ultimate disposal and environ-
mental risk assessment, have to be taken into account. One
of the most important factors in risk assessment is the bio-
degradability of RTILs, because biodegradation is a main
process for removal of chemicals from the environment.[17]


However, several studies[1,18, 19] have shown that convention-
al or “first generation” RTILs are not biodegradable, which
means that when accidentally released, these ionic liquids
will stay intact and accumulate in the environment. This is
obviously against the tenth of the 12 Green Chemistry prin-


Abstract: It has been confirmed that
commonly used ionic liquids are not
easily biodegradable. When ultimately
disposed of or accidentally released,
they would accumulate in the environ-
ment, which strongly restricts large-
scale industrial applications of ionic liq-
uids. Herein, ten biodegradable ionic
liquids were prepared by a single, one-
pot neutralization of choline and surro-
gate naphthenic acids. The structures
of these naphthenic acid ionic liquids
(NAILs) were characterized and con-
firmed by 1H and 13C NMR spectrosco-
py, IR spectroscopy, and elemental
analysis, and their physical properties,
such as densities, viscosities, conductivi-
ties, melting points (Tm), glass transi-
tion points (Tg), and the onset temper-
atures of decomposition (Td), were de-


termined. More importantly, studies
showed that these NAILs would be
rapidly and completely biodegraded in
aquatic environments under aerobic
conditions, which would make them at-
tractive candidates to be utilized in in-
dustrial processes. To explore the un-
derlying mechanism involved in the
NAIL biodegradation reaction and
seek prediction of their biodegradabil-
ity under environmental conditions,
four molecular descriptors were
chosen: the logarithm of the n-octanol/
water partition coefficient (log P), van
der Waals volume (VvdW), energies of


the highest occupied molecular orbital
(EHOMO), and energies of the lowest un-
occupied molecular orbital (ELUMO).
Through multiple linear regression, a
general and qualified model including
the biodegradation percentage for
NAILs after the 28-day OECD 301D
test (%B28) and molecular descriptors
was developed. Regression analysis
showed that the model was statistically
significant at the 99 % confidence inter-
val, thus indicating that the %B28 of
NAILs could be explained well by the
quantum chemical descriptor EHOMO,
which might give some important clues
in the discovery of biodegradable ionic
liquids of other kinds.Keywords: biodegradability · green
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ciples[20] and will strongly restrict the large-scale industrial
applications of RTILs.


Fortunately, according to several reviews,[16, 21,22] we might
find a way to improve the biodegradability of RTILs
through rational molecular design,[23] structural adjustment,
and natural-sources screening. To produce biodegradable
ionic liquids, Gathergood et al.[24–27] attached an ether side
chain to the cationic core, Stolte et al.[28] introduced an octyl
group and its hydroxylated and carboxylated derivatives
into the side chain, and Harjani et al.[29] chose nicotinic acid,
an inexpensive natural product, as starting material, which
gives us a helpful hint to carry on our research.


Naphthenic acids, usually found in oil, were originally de-
fined as a complex mixture of monocarboxylic acids with
single or multiple rings, which comprise five or six carbon
atoms.[30–33] Previous studies[34–36] had shown that naphthenic
acids, especially low-molecular-weight surrogate naphthenic
acids, could be almost completely biodegraded to CO2 or
CH4 just by natural aging or by microbial activity in labora-
tory cultures.


Herein, we chose ten surrogate naphthenic acids as anions
and biodegradable choline[37,38] as cation to prepare naph-
thenic acid ionic liquids (NAILs). The structures of the
anions and the abbreviations of the synthesized NAILs are
presented in Table 1. In view of the fact that halogen con-
taminations introduced by metathesis routes would dramati-
cally affect the physicochemical properties of the ionic liq-
uids, a neutralization method[39–41] was adopted to prepare
the desired ionic liquids from a single, one-pot reaction (see
Scheme 1). The biodegradability of the obtained NAILs was
studied by means of the closed-bottle test (OECD 301D).[42]


Furthermore, based on four molecular descriptors, a biodeg-
radation model for NAILs was established to identify the
rate-limiting step and explore the underlying mechanism in-
volved in the NAILs biodegradation reaction.


Results and Discussion


Density, viscosity, and conductivity : The densities, viscosi-
ties, and conductivities of six NAILs that are liquid at room
temperature are presented in Table 2. Their densities range
from 1.03 to 1.18 g cm�3 at 40 8C. It can be seen that: 1) 1[Ch]


[CPC]>1[Ch][CPA] and 1[Ch][CHC]>1[Ch][CHP]: this may be attributed
to the incorporation of longer alkyl chains into the rings,
which results in the increasing disruption of crystal effective
packing; 2) 1[Ch][Sa]>1[Ch][Be]: introduction of the OH group
into the ring can generate hydrogen bonds between the
anions, then increase the density of [Ch][Sa]; and 3) ionic
liquids with aromatic naphthenic acids as anions were much
denser than their aliphatic naphthenic acid counterparts,
due to their planar phenyl groups which resulted in stacking
effects and interactions between them.


The viscosity of an ionic liquid appears to be governed es-
sentially by van der Waals interactions and hydrogen
bonds.[43] Table 2 shows that increased van der Waals inter-
actions between the alkyl chains contribute to higher viscos-


ities of both [Ch] ACHTUNGTRENNUNG[CPA] and [Ch] ACHTUNGTRENNUNG[CHP] compared with
those of their homologues without alkyl chains. Similarly,


Table 1. Structures of anions and the abbreviations used for the synthe-
sized NAILs.


Anions Ionic liquids Abbreviations


choline cyclopentane
carboxylate


[Ch] ACHTUNGTRENNUNG[CPC]


choline cyclopentyl
acetate


[Ch] ACHTUNGTRENNUNG[CPA]


choline cyclohexane
carboxylate


[Ch] ACHTUNGTRENNUNG[CHC]


choline 3-cyclohexyl
propionate


[Ch] ACHTUNGTRENNUNG[CHP]


choline benzoate [Ch][Be]


choline salicylate [Ch][Sa]


choline 2-naphthoxya-
cetate


[Ch] ACHTUNGTRENNUNG[NOA]


choline anthracene-9-
carboxylate


[Ch][AC]


choline deoxycholate [Ch] ACHTUNGTRENNUNG[DOC]


choline lithocholate [Ch][LC]


Scheme 1. Synthesis of NAILs.
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hydrogen bonding between the anions increases the viscosity
of [Ch][Sa] over [Ch][Be]. Generally, for the same cation,
the smaller the size of the anion, the lower the viscosity.
However, strong stacking effects and interactions between
aromatic rings dramatically increase the viscosities of
NAILs with an aromatic carboxylate as anion compared
with their aliphatic-ring counterparts, as is also the case for
the densities.


The conductivity is usually influenced by viscosity, density,
molecular weight, and ion size. Among these, viscosity plays
a dominating role; normally, the larger the viscosity, the
lower the conductivity. Besides the obvious influence of vis-
cosity, the effects of density and ion size must be stressed.
[Ch][Be], for instance, is more conducting than [Ch] ACHTUNGTRENNUNG[CHP],
in spite of its much higher viscosity. This might combine the
advantages of a larger density and a smaller anion size. Ad-
ditionally, the negative charge is delocalized more widely
over aromatic rings than aliphatic rings. The aromatic-ring
NAILs will therefore dissociate more easily than the corre-
sponding aliphatic-ring NAILs, which is another contributor
to higher conductivity.[44]


Abbott et al.[45–47] used the Stokes–Einstein relation to
derive an expression for the conductivity of ionic liquids. In
this study, the conductivities s of NAILs are also calculated
by using Equation (1):


s ¼ z2Fe
6ph


1


Mw
ðRþ�1 þ R�


�1Þ ð1Þ


where F is the Faraday constant, e is the electronic charge,
and z is the charge on the ion; 1, h, Mw, R+


�1, and R�
�1 are


all listed in Table 2. The relationship between calculated and
experimental conductivities is illustrated in Figure 1. An ex-
cellent correlation is observed, which means the conductivi-
ty of NAILs can be predicted with Equation (1) very well.


Melting and glass transition temperatures : Several stud-
ies[48–50] assumed that the introduction of carboxylic acid
groups to ionic liquids would readily produce strong hydro-
gen bonds, and thus result in high melting points (Tm) or
glass transition temperatures (Tg), so it was not appropriate
for carboxylic acid groups to be incorporated into the ions.
The fact is that all ten NAILs are obtained with the Tm or
Tg below 100 8C, and six of them (shown in Table 2) are
liquid at room temperature. The Tm and Tg values of the


NAILs are listed in Table 3,
and Figure 2 shows their differ-
ential scanning calorimetry
(DSC) traces. In most cases, the
glass transition temperatures
are in the region of �85 to
�50 8C for a wide range of
anions. The results indicate that
an increase of ion size and in-
corporation of an alkyl chain


into the ring will result in a gradual increase of Tg. This con-
firms the increasing importance of van der Waals forces
over Coulomb attractions because the latter decrease with
increasing size of the ions.[51–53] It is expected at first that the
Tg of [Ch][Be] and [Ch][Sa] should increase dramatically,
presumably as a consequence of the phenyl ring component
in this anion structure. Surprisingly, the opposite is observed,
which could probably be attributed to larger electron deloc-
alization.[49]


Table 2. Some properties of six room-temperature NAILs.


Ionic liquids 1[a] [gcm�3] 1[b] [g cm�3] h[c] [mPa s] s[d] [S m�1] Mw
[e] R�


�1 [f] [ � 109 m�1]


[Ch] ACHTUNGTRENNUNG[CPC] 1.087904 1.081890 172.7103 0.0958 217 2.192
[Ch] ACHTUNGTRENNUNG[CPA] 1.068976 1.062376 249.7639 0.0653 231 1.990
[Ch] ACHTUNGTRENNUNG[CHC] 1.064432 1.061194 292.3849 0.0497 231 1.999
[Ch] ACHTUNGTRENNUNG[CHP] 1.046285 1.038349 676.9422 0.0117 259 1.680
[Ch][Be] 1.138713 1.131199 1096.7305 0.0139 225 2.269
[Ch][Sa] 1.174111 1.168177 1192.3123 0.0101 241 2.082


[a] Density at 25 8C. [b] Density at 40 8C. [c] Viscosity at 40 8C. [d] Conductivity at 40 8C. [e] Molar mass. [f] In-
verse of the anionic radius. In the case of choline it is a cation (R+


�1): inverse of choline�s radius; R+
�1 =


1.955 � 109 m�1. R�
�1 and R+


�1 were calculated with the program Gaussian 03.


Figure 1. Conductivities calculated from Equation (1) (scalcd) versus those
measured in the experiment (sexp).


Figure 2. DSC curves for NAILs.
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Thermal stability : The onset points of decomposition (Td)
for the ten NAILs are given in Table 3, and Figure 3 shows
their thermogravimetric analysis traces. The four single-ali-
phatic-ring NAILs show only very minor weight loss until
above 175 8C; from that point, a rapid and complete decom-
position is observed. As for the aromatic-ring NAILs, that
point is above 200 8C, the highest being 230 8C for [Ch][Sa].
The thermal decomposition traces of [Ch] ACHTUNGTRENNUNG[DOC] and [Ch]
[LC] are a little different from those of the ionic liquids
mentioned above. These compounds decompose initially at
the first point (232 8C for [Ch] ACHTUNGTRENNUNG[DOC] and 218 8C for [Ch]
[LC]); after that, they have parallel humps in the decompo-
sition traces, perhaps indicating a similar decomposition
mechanism and products. Yoshizawa-Fujita et al.[54] found
that the thermal stability of an ionic liquid was primarily re-
lated to the nature of the anion, including the nucleophilici-
ty and Lewis basicity. They found that a stronger Lewis ba-
sicity of the anion tended to induce thermal decomposition
of RTILs at a lower temperature compared with typical
ionic liquids. In this study, the electron is delocalized more
widely over aromatic rings than aliphatic rings, so the ali-
phatic-ring anions have stronger Lewis basicity, which leads
to the lower onset temperatures of decomposition.


Ultimate biodegradability : The biodegradability of the ten
NAILs was studied by means of the closed-bottle test
(OECD 301D).[42] In this test, sodium dodecyl sulfate (SDS)
was used as reference compound. Other ionic liquids were
[BMIM]ACHTUNGTRENNUNG[BF4] (BMIM: 1-butyl-3-methylimidazolium),
[BMIM]ACHTUNGTRENNUNG[PF6], [BMIM]ACHTUNGTRENNUNG[HSO4], [BMIM]ACHTUNGTRENNUNG[CHC], [BMIM]
[Sa], and [BMIM] ACHTUNGTRENNUNG[NOA]; some common volatile organic
solvents (toluene, methylene chloride, acetonitrile, and etha-
nol) were tested for comparison. A test substance whose


biodegradation percentage after 28 days of incubation
(%B28) is higher than 60 % is referred to as readily biode-
gradable; therefore, it should be assumed that such a chemi-
cal will be rapidly and completely biodegraded in aquatic
environments under aerobic conditions.[18, 42] The biodegra-
dation data of all the test substances are illustrated in
Figure 4, which shows that almost all the NAILs pass the
closed-bottle test (%B28>60 %) during a 28-day incubation
period, except for [Ch] ACHTUNGTRENNUNG[NOA] and [Ch][AC]. Notably, as
the number of rings increases, biodegradability generally de-
creases; yet the two- and three-ring NAILs failed in the
closed-bottle test, but both of the four-ring NAILs passed.
Similar results[55] were obtained from naphthalene and phen-
anthrene under the MITI test, another aerobic biodegrada-
tion test method adopted by the Japanese Ministry of Inter-
national Trade and Industry. The negative results of [Ch]-ACHTUNGTRENNUNG[NOA] and [Ch][AC] may be attributed to their toxicity to
microorganisms because only these two had lag phases (0–
14 days) in their incubation curves, although the test sub-
stance concentration is only about 2 mgL�1. Another reason
might be the poor solubility of [Ch] ACHTUNGTRENNUNG[NOA] and [Ch][AC] in
the test medium, which results in a decrease of the actual
uptake of dissolved molecular oxygen.[19]


Under the same conditions, [BMIM]ACHTUNGTRENNUNG[BF4] and [BMIM]-ACHTUNGTRENNUNG[PF6] show a %B28 value lower than 25 %. The %B28 of
[BMIM]ACHTUNGTRENNUNG[HSO4] is even negative, which is probably due to
its strong inhibition of endogenous respiration of the micro-
organisms. The ultimate biodegradability of [BMIM]ACHTUNGTRENNUNG[CHC],
[BMIM][Sa], and [BMIM] ACHTUNGTRENNUNG[NOA] is much lower than that of
their [Ch] counterparts but significantly higher than that of
[BMIM]ACHTUNGTRENNUNG[BF4], [BMIM] ACHTUNGTRENNUNG[PF6], and [BMIM] ACHTUNGTRENNUNG[HSO4]. To some
extent, it might help us to conclude that the synthesized
ionic liquids would be biodegradable if the anions and cat-
ions are both easily biodegraded. Three out of four chosen
organic solvents pass the closed-bottle test. Except for etha-
nol, whose %B28 value reaches 95.1 %, the biodegradability
of eight NAILs which pass the test is equivalent to or even
higher than that of the chosen common volatile solvents, so
the NAILs can be competent as greener solvents to replace
conventional volatile ones.


To identify the rate-limiting step and explore the underly-
ing mechanism involved in the NAIL biodegradation reac-
tion, four molecular descriptors were chosen and calculated;
the results, together with the %B28 values of the NAILs, are
listed in Table 4. Through stepwise regression analysis car-
ried out by SPSS software, the regression equation for %B28


can be expressed as Equation (2):


%B28 ¼ 119:294þ 37:821EHOMO ð2Þ


Table 3. Thermal properties of ten NAILs.


Ionic liquids [Ch] ACHTUNGTRENNUNG[CPC] [Ch] ACHTUNGTRENNUNG[CPA] [Ch] ACHTUNGTRENNUNG[CHC] [Ch] ACHTUNGTRENNUNG[CHP] [Ch][Be] [Ch][Sa] [Ch] ACHTUNGTRENNUNG[NOA] [Ch][AC] [Ch] ACHTUNGTRENNUNG[DOC] [Ch][LC]


Tg [8C] �84.48 �81.31 �67.67 �66.21 �63.26 �67.76 �53.07 – – –
Tm [8C] – – 11.84 – – – – 86.22 70.72 88.45
Td [8C] 178.76 180.63 177.64 175.73 203.15 230.43 210.20 201.35 232.45 218.50


Figure 3. Thermogravimetric analysis traces for NAILs.
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n= 10, R= 0.875, S.E.=6.48, F=26.210>F0.01 (1, 8)= 11.93,
and p=0.001, where n is the number of observations, R is
the correlation coefficient, S.E. is the standard error, F is
the Fisher criterion, and p is the significance level. Multiple
linear regression analysis shows that the model is statistical-
ly significant at the 99 % confidence interval, thus indicating
that the %B28 of NAILs can be explained well by the quan-
tum chemical descriptor EHOMO. Under aerobic conditions,
the percentage of biodegradation is mainly governed by
three factors: hydrophobic, steric, and electronic parameters.
If a molecule or compound has proper hydrophobicity and
molecular volume, it will easily penetrate the membrane of
the cell, arrive at the active site of oxygenase, and then be
oxidized and degraded. In the model, EHOMO plays an impor-
tant role in the biodegradation reaction of NAILs. We can


conclude that the rate-limiting step of aerobic biodegrada-
tion of NAILs may be the attack on the ions by the electro-
philic oxygen of a monoxygenase or dioxygenase, because
EHOMO usually directs the nucleophilic reactivity of a com-
pound in the frontier molecular orbital theory. So the higher
the EHOMO, the easier it is for the compound to be attacked
by electrophilic oxygen, and the larger the %B value. Our
study and some others[56,57] on quantitative structure–biodeg-
radation relationships (QSBRs) confirmed that.


We can also explore the underlying mechanism and pre-
dict the most probable biodegradation procedure with the
frontier molecular orbital theory. Take [Ch] ACHTUNGTRENNUNG[CPA], for ex-
ample: complete dissociation is presumed due to its low
starting concentration (about 2 mg L�1), so the interactions
between the cation and anion are not considered. According
to its structure, generally, the cation [Ch] does not have
other biodegradation pathways than the one illustrated in
Scheme 2. As for the anion [CPA], when attacked by elec-
trophilic oxygen there are six positions available. By analyz-
ing the HOMO surfaces (Figure 5, left), we find that only
three positions (1–3) are easily attacked, because these posi-
tions have higher EHOMO values. Combined with atomic
charge analysis (Figure 5, right), we know that the most
probable position to be attacked is position 3, because it has
the highest electron density. The most probable biodegrada-
tion pathway of [Ch] ACHTUNGTRENNUNG[CPA] is illustrated in Scheme 2, which
needs to be proved further.


Figure 4. Biodegradation of all test substances; the %B28 values are given on the corresponding columns.


Table 4. %B28 values and some descriptors of ten NAILs.


Ionic liquids %B28 ELUMO [eV] EHOMO [eV] log P VvdW [�3]


[Ch] ACHTUNGTRENNUNG[CPC] 69.4 2.88 �1.20 0.59 110.41
[Ch] ACHTUNGTRENNUNG[CPA] 68.9 2.64 �1.22 1.33 126.89
[Ch] ACHTUNGTRENNUNG[CHC] 69.1 2.64 �1.22 1.33 126.86
[Ch] ACHTUNGTRENNUNG[CHP] 72.5 2.20 �1.22 1.99 159.68
[Ch][Be] 71.4 2.67 �1.61 1.56 110.01
[Ch][Sa] 60.1 2.45 �1.47 1.50 119.01
[Ch] ACHTUNGTRENNUNG[NOA] 41.9 1.50 �1.90 1.96 178.56
[Ch][AC] 49.4 1.17 �1.85 3.30 196.08
[Ch] ACHTUNGTRENNUNG[DOC] 78.3 0.95 �1.12 2.89 390.75
[Ch][LC] 83.2 1.12 �1.17 3.70 381.91
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Conclusion


Ten NAILs have been synthesized by neutralization of the
respective acid with choline hydroxide. The overall neutrali-
zation process is atom efficient and produces no waste.
Compared with metathesis routes, the neutralization method
provides a guideline for the synthesis of ionic liquids in a
very pure state without any halogen contamination. Further-
more, the simple preparation involved encourages commer-
cial applications of NAILs.


The densities, viscosities, conductivities, glass transition/
melting temperatures, and decomposition temperatures of
NAILs were measured. Studies indicate that these proper-
ties of NAILs are more influenced by van der Waals forces
and stacking effects of phenyl groups than Coulomb attrac-
tions and electron interactions. In addition, similar to other
ionic liquids, NAILs also have designable characteristics.
Their physicochemical properties can be adjusted by chang-
ing the following four factors: the alkyl chain connected to
the rings, the carbon number in the rings, the number of
rings, and whether aromatic or aliphatic rings. Therefore,
NAILs are more designable than common ionic liquids,
which can be adjusted just by the side chains connected to
the core.


In the closed-bottle test, the biodegradation values of
most NAILs are higher than 60 % during a 28-day incuba-


tion period. That means the NAILs will be rapidly and com-
pletely biodegraded under environmental conditions. One
point we should keep in mind is that the closed-bottle test
method is extremely stringent (relatively low density of mi-
croorganism, relatively short incubation period, absence of
other carbon and nitrogen sources), so that biodegradation
values lower than 60 % (larger than 40 %) do not necessarily
mean the test compound will persist under environmental
conditions; it may be sufficiently removed by using an ap-
propriate treatment system.[58] Due to their good biodegrad-
ability, we anticipate that these new NAILs will be attractive
in large-scale industrial processes and commercial applica-
tions in the near future. By comparing the biodegradability
of NAILs with that of other ionic liquids and some common
organic solvents, we can conclude that biodegradable ionic
liquids can be designed as successful substitutes for volatile
solvents through natural-sources (biodegradable cations and
anions) screening.


Although the biodegradation reaction is complicated, in-
fluenced by many factors, and hard to interpret in a simple
equation, through descriptor selection, regression analysis,
and model development we can draw the conclusion that
EHOMO is a dominant parameter governing the biodegrada-
bility of NAILs, which gives us a clear direction to discover
biodegradable ionic liquids of other kinds.


Experimental Section


Materials


Chemicals used in the synthesis of NAILs : Cyclopentane carboxylic acid,
cyclopentyl acetic acid, 3-cyclohexyl propionic acid, 2-naphthoxyacetic
acid, and anthracene-9-carboxylic acid were purchased from Lancaster.
Cyclohexane carboxylic acid, benzoic acid, salicylic acid, deoxycholic
acid, and choline hydroxide (45 wt. % aqueous solution) were purchased
from Acros Organics, and lithocholic acid was purchased from Fluka.


Chemicals used for comparison in the ultimate biodegradability test :
SDS, toluene, methylene chloride, acetonitrile, and ethanol were all ana-
lytical grade and produced by the Sinopharm Chemical Reagent Beijing
Co., Ltd. [BMIM] ACHTUNGTRENNUNG[BF4], [BMIM] ACHTUNGTRENNUNG[PF6], and [BMIM] ACHTUNGTRENNUNG[HSO4] were sup-
plied by Henan Lihua Pharmaceutical Co., Ltd. We synthesized [BMIM]-ACHTUNGTRENNUNG[CHC], [BMIM][Sa], and [BMIM] ACHTUNGTRENNUNG[NOA] and their preparation and char-
acterization can be found in the Supporting Information. All reagents
purchased were used as received without further purification.


General methods : Densities of NAILs were measured at 25 and 40 8C by
using a DMA 5000 density meter (Anton Parr) with a precision of
�10�6 gcm�3. Viscosities were measured at 40 8C by using an automated
microviscometer (Anton Parr) with an uncertainty in experimental mea-
surement of �0.0001 mPa s. Conductivities were measured with a DDS-


Scheme 2. Most probable biodegradation pathway of [Ch] ACHTUNGTRENNUNG[CPA].


Figure 5. HOMO surfaces (left) and atomic charges (right) of [Ch] ACHTUNGTRENNUNG[CPA].
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307 conductometer (Shanghai Precision & Scientific Instruments). The
glass transition and melting temperatures were determined from DSC
thermograms during heating scans (heating rate of 10 8C min�1 from
�120 to + 100 8C) on a modulated DSC 2910 apparatus (TA Instru-
ments). Thermogravimetric analyses were conducted in an air atmos-
phere on a TGA 2050 thermogravimetric analyzer (TA Instruments) be-
tween 25 and 400 8C (570 8C for [Ch] ACHTUNGTRENNUNG[DOC] and [Ch][LC]) at a heating
rate of 5 8C min�1. The 1H NMR spectra were recorded on an ARX400
NMR spectrometer (Bruker) at 400 MHz with dimethyl sulfoxide
(DMSO) as solvent and TMS as internal standard. 13C NMR spectra
were recorded on the same instrument at 100 MHz. IR studies were con-
ducted with a Nicolet 380 FTIR spectrometer (Thermo Nicolet). Elemen-
tal analyses were conducted with a Vario EL elemental analyzer (Ele-
mentar).


Synthesis : The obtained NAILs were prepared by neutralization of the
respective surrogate naphthenic acids dissolved in ethanol with choline
hydroxide. As an example, the synthesis procedure of [Ch] ACHTUNGTRENNUNG[CPC] is as
follows. Cyclopentane carboxylic acid (17.12 g, about 0.15 mol) dissolved
in ethanol (50 mL) was loaded into a flask (250 mL) with a magnetic stir-
rer, and then, under vigorous stirring, an equimolar amount of choline
hydroxide aqueous solution was added dropwise to the flask in about
20 min. The reaction lasted for 2 h at 25 8C. The solvent was removed in
vacuo at or below 50 8C in a rotary evaporator. The resultant residue was
dried under vacuum over P2O5 for 48 h at 80 8C to afford a colorless
product.


Characterization


[Ch] ACHTUNGTRENNUNG[CPC]: 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d =7.75 (br,
1H; HOCH2CH2), 3.87 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =15.1 Hz; HOCH2CH2), 3.46 (t,
2H, 3J ACHTUNGTRENNUNG(H,H) =9.9 Hz; HOCH2CH2), 3.15 (s, 9 H; N ACHTUNGTRENNUNG(CH3)3), 2.29 (m, 1 H,
3J ACHTUNGTRENNUNG(H,H) =23.8 Hz; OC(=O)C1HCCCC1), 1.63 (m, 4H, 3J ACHTUNGTRENNUNG(H,H) =


15.6 Hz; OC(=O)C1CH2CCC1H2), 1.52 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =4.2 Hz; OC(=
O)C1CCH2CC1), 1.40 ppm (m, 2H, 3J ACHTUNGTRENNUNG(H,H) =11.5 Hz; OC(=
O)C1CCCH2C1); 13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d=


179.31 (OC(=O)C1CCCC1), 67.40 (HOCH2CH2), 55.07 (HOCH2CH2),
53.19 (N ACHTUNGTRENNUNG(CH3)3), 47.59 (OC(=O)C1CCCC1), 30.61 (OC(=O)C1CCCC1),
25.71 ppm (OC(=O)C1CCCC1); IR: ñ=3381 (nOH), 2956 (nCH), 2870,
1552 (nasCOO), 1479 (dCH), 1397 (nsCOO), 1325, 1138 (nCN), 1089,
1007, 957, 867, 669 cm�1; elemental analysis calcd (%) for
C11H23NO3·2 H2O: C 52.15, H 10.74, N 5.53; found: C 52.34, H 10.59, N
5.49.


[Ch] ACHTUNGTRENNUNG[CPA]: 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d =7.87 (br,
1H; HOCH2CH2), 3.86 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =8.9 Hz; HOCH2CH2), 3.46 (t,
2H, 3J ACHTUNGTRENNUNG(H,H) =5.0 Hz; HOCH2CH2), 3.15 (s, 9 H; N ACHTUNGTRENNUNG(CH3)3), 2.12 (m, 1 H,
3J ACHTUNGTRENNUNG(H,H) =22.7 Hz; OC(=O)CC1HCCCC1), 1.87 (d, 2 H, 3J ACHTUNGTRENNUNG(H,H) =


7.3 Hz; OC(=O)CH2C1CCCC1), 1.67 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) =7.2 Hz; OC ACHTUNGTRENNUNG(=
O) ACHTUNGTRENNUNGCC1CCCC1H2), 1.52 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =7.7 Hz; OC(=O)-ACHTUNGTRENNUNGCC1CH2CCC1), 1.45 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) =9.1 Hz; OC(=O)ACHTUNGTRENNUNGCC1CCCH2C1),
1.07 ppm (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =13.8 Hz; OC(=O)ACHTUNGTRENNUNGCC1CCH2CC1); 13C NMR
(100 MHz, [D6]DMSO, 25 8C, TMS): d=175.81 (OC(=O)CC1CCCC1),
67.52 (HOCH2CH2), 55.00 (HOCH2CH2), 53.21 (N ACHTUNGTRENNUNG(CH3)3), 45.55 (OC(=
O)CC1CCCC1), 37.80 (OC(=O)ACHTUNGTRENNUNGCC1CCCC1), 32.63 (OC(=O)-ACHTUNGTRENNUNGCC1CCCC1), 24.84 ppm (OC(=O) ACHTUNGTRENNUNGCC1CCCC1); IR: ñ=3419 (nOH),
2952 (nCH), 2870, 1557 (nasCOO), 1487 (dCH), 1398 (nsCOO), 1319,
1134 (nCN), 1088, 1007, 956, 866, 667 cm�1; elemental analysis calcd (%)
for C12H25NO3·2 H2O: C 53.82, H 10.16, N 5.23; found: C 53.88, H 10.61,
N 5.19.


[Ch] ACHTUNGTRENNUNG[CHC]: 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d=7.90 (br,
1H; HOCH2CH2), 3.96 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =15.6 Hz; HOCH2CH2), 3.41 (t,
2H, 3J ACHTUNGTRENNUNG(H,H) = 10.0 Hz; HOCH2CH2), 3.08 (s, 9 H; N ACHTUNGTRENNUNG(CH3)3), 2.05 (m,
1H, 3J ACHTUNGTRENNUNG(H,H) =11.2 Hz; OC(=O)C1HCCCCC1), 1.71 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =


10.4 Hz; OC(=O)C1CH2CCCC1), 1.62 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) =7.6 Hz; OC(=
O) ACHTUNGTRENNUNGC1CCCCC1H2), 1.21 ppm (m, 6H, 3J ACHTUNGTRENNUNG(H,H) =12.0 Hz; OC(=O)-ACHTUNGTRENNUNGC1CCH2CH2CH2C1); 13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d=


178.86 (OC(=O)C1CCCCC1), 67.47 (HOCH2CH2), 55.03 (HOCH2CH2),
53.18 (N ACHTUNGTRENNUNG(CH3)3), 46.73 (OC(=O)C1CCCCC1), 30.55 (OC(=O)-ACHTUNGTRENNUNGC1CCCCC1), 26.36 (OC(=O)C1CCCCC1), 26.13 ppm (OC ACHTUNGTRENNUNG(=O)-ACHTUNGTRENNUNGC1CCCCC1); IR: ñ=3419 (nOH), 3025, 2928 (nasCH), 2852 (nsCH), 1567
(nasCOO), 1539, 1404 (nsCOO), 1279, 1221, 1137 (nCN), 1087, 960, 930,


892, 721, 668 cm�1; elemental analysis calcd (%) for C12H25NO3·H2O: C
57.80, H 10.91, N 5.62; found: C 57.81, H 10.69, N 5.51.


[Ch] ACHTUNGTRENNUNG[CHP]: 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d=7.70 (br,
1H; HOCH2CH2), 3.87 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =15.2 Hz; HOCH2CH2), 3.50 (t,
2H, 3J ACHTUNGTRENNUNG(H,H) =4.4 Hz; HOCH2CH2), 3.14 (s, 9H; N ACHTUNGTRENNUNG(CH3)3), 1.84 (t, 2 H,
3J ACHTUNGTRENNUNG(H,H) =15.6 Hz; OC(=O)CH2CC1CCCCC1), 1.66 (m, 5H, 3J ACHTUNGTRENNUNG(H,H) =


19.3 Hz; OC(=O)CCC1HCH2CCCC1H2), 1.33 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =


22.3 Hz; OC(=O)CCH2C1CCCCC1), 1.14 (m, 4 H, 3J ACHTUNGTRENNUNG(H,H) =16.4 Hz;
OC(=O)CCC1CCH2CCH2C1), 0.81 ppm (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =10.8 Hz;
OC(=O)CCC1CCCH2CC1); 13C NMR (100 MHz, [D6]DMSO, 25 8C,
TMS): d=176.73 (OC(=O)CCC1CCCCC1), 67.39 (HOCH2CH2), 55.05
(HOCH2CH2), 53.28 (N ACHTUNGTRENNUNG(CH3)3), 37.38 (OC(=O)CCC1CCCCC1), 36.13
(OC(=O)CCC1CCCCC1), 34.39 (OC(=O)CCC1CCCCC1), 33.05 (OC(=
O) ACHTUNGTRENNUNGCCC1CCCCC1), 26.43 (OC(=O)CCC1CCCCC1), 26.07 ppm (OC(=
O) ACHTUNGTRENNUNGCCC1CCCCC1); IR: ñ =3234 (nOH), 3026, 2923 (nasCH), 2851
(nsCH), 1558 (nasCOO), 1447 (dCH), 1394 (nsCOO), 1297, 1124 (nCN),
1092, 1008, 957, 887, 668 cm�1; elemental analysis calcd (%) for
C14H29NO3·H2O: C 60.61, H 11.26, N, 5.05; found: C 59.99, H 10.81, N
4.93.


[Ch][Be]: 1H NMR (400 MHz, D2O, 25 8C, TMS): d=7.75 (d, 2 H, 3J-ACHTUNGTRENNUNG(H,H) =9.6 Hz; OC(=O)c1cHcccc1H), 7.38 (t, 1H, 3J ACHTUNGTRENNUNG(H,H) =8.8 Hz;
OC(=O)c1cccHcc1), 7.34 (t, 2 H, 3J ACHTUNGTRENNUNG(H,H) =16.4 Hz; OC(=O)-ACHTUNGTRENNUNGc1ccHccHc1), 3.81 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) = 15.6 Hz; HOCH2CH2), 3.23 (t, 2 H,
3J ACHTUNGTRENNUNG(H,H) =10.0 Hz; HOCH2CH2), 2.91 ppm (s, 9H; N ACHTUNGTRENNUNG(CH3)3); 13C NMR
(100 MHz, [D6]DMSO, 25 8C, TMS): d =169.21 (OC(=O)ACHTUNGTRENNUNGc1ccccc1),
140.76 (OC(=O)c1ccccc1), 129.05 (OC(=O)c1ccccc1), 128.66 (OC(=
O)c1ccccc1), 127.21 (OC(=O)c1ccccc1), 67.42 (HOCH2CH2), 55.16
(HOCH2CH2), 53.25 ppm (N ACHTUNGTRENNUNG(CH3)3); IR: ñ =3203 (nOH), 1598
(nasCOO), 1558, 1486 (dCH), 1373 (nsCOO), 1136 (nCN), 1089, 1023,
957, 867, 829, 725, 672 cm�1; elemental analysis calcd (%) for
C12H19NO3·H2O: C 59.24, H 8.74, N 5.76; found: C 59.46, H 8.55, N 5.78.


[Ch][Sa]: 1H NMR (400 MHz, D2O, 25 8C, TMS): d=7.69 (d, 1 H, 3J-ACHTUNGTRENNUNG(H,H) =9.6 Hz; OC(=O)c1cHcccc1O), 7.31 (t, 1H, 3J ACHTUNGTRENNUNG(H,H) =10.0 Hz;
OC(=O)c1ccccHc1O), 6.84 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) = 23.6 Hz; OC(=O)-ACHTUNGTRENNUNGc1ccHcHcc1O), 3.87 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) = 15.6 Hz; HOCH2CH2), 3.29 (t,
2H, 3J ACHTUNGTRENNUNG(H,H) =10.0 Hz; HOCH2CH2), 2.97 ppm (s, 9H; N ACHTUNGTRENNUNG(CH3)3);
13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d =171.75 (OC(=O)-ACHTUNGTRENNUNGc1ccccc1O), 162.86 (OC(=O)c1ccccc1O), 131.56 (OC(=O)c1ccccc1O),
130.09 (OC(=O)c1ccccc1O), 120.59 (OC(=O)c1ccccc1O), 116.20 (OC ACHTUNGTRENNUNG(=
O) ACHTUNGTRENNUNGc1ccccc1O), 115.94 (OC(=O)c1ccccc1O), 67.20 (HOCH2CH2), 55.27
(HOCH2CH2), 53.28 ppm (N ACHTUNGTRENNUNG(CH3)3); IR: ñ =3296 (nOH), 1633, 1589
(nasCOO), 1486 (dCH), 1385 (nsCOO), 1140 (nCN), 1087, 1028, 956, 859,
810, 766, 707, 666 cm�1; elemental analysis calcd (%) for
C12H19NO4·0.85 H2O: C 56.25, H 8.20, N 5.47; found: C 56.10, H 8.21, N
5.51.


[Ch] ACHTUNGTRENNUNG[NOA]: 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d=7.80 (t,
2H, 3J ACHTUNGTRENNUNG(H,H) =16.6 Hz; OC(=O)COc1ccc2cHcccHc2c1), 7.73 (d, 1 H, 3J-ACHTUNGTRENNUNG(H,H) =8.1 Hz; OC(=O)COc1ccHc2ccccc2c1), 7.42 (t, 1H, 3J ACHTUNGTRENNUNG(H,H) =


13.9 Hz; OC(=O)COc1ccc2cccHcc2c1), 7.31 (t, 1H, 3J ACHTUNGTRENNUNG(H,H) =13.8 Hz;
OC(=O)COc1ccc2ccHccc2c1), 7.13 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H) =11.3 Hz; OC(=O)-ACHTUNGTRENNUNGCOc1ccc2ccccc2c1H), 7.08 (d, 1H, 3J ACHTUNGTRENNUNG(H,H) =2.3 Hz; OC(=O)-ACHTUNGTRENNUNGCOc1cHcc2ccccc2c1), 6.73 (br, 1H; HOCH2CH2), 4.24 (s, 2 H; OC(=O)-ACHTUNGTRENNUNGCH2Oc1ccc2ccccc2c1), 3.84 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) =9.5 Hz; HOCH2CH2), 3.42
(t, 2 H, 3J ACHTUNGTRENNUNG(H,H) =9.8 Hz; HOCH2CH2), 3.10 ppm (s, 9 H; N ACHTUNGTRENNUNG(CH3)3);
13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d =170.09 (OC(=O)-ACHTUNGTRENNUNGCOc1ccc2ccccc2c1), 157.04 (OC(=O)COc1ccc2ccccc2c1), 134.31 (OC(=
O)COc1ccc2ccccc2c1), 128.77 (OC(=O)COc1ccc2ccccc2c1), 128.10
(OC(=O)COc1ccc2ccccc2c1), 127.41 (OC(=O)COc1ccc2ccccc2c1), 126.45
(OC(=O)COc1ccc2ccccc2c1), 126.11 (OC(=O)COc1ccc2ccccc2c1), 123.01
(OC(=O)COc1ccc2ccccc2c1), 119.04 (OC(=O)COc1ccc2ccccc2c1), 106.63
(OC(=O)COc1ccc2ccccc2c1), 67.98 (OC(=O)COc1ccc2ccccc2c1), 67.16
(HOCH2CH2), 55.02 (HOCH2CH2), 53.07 ppm (N ACHTUNGTRENNUNG(CH3)3); IR: ñ=3362
(nOH), 1605 (nasCOO), 1471 (dCH), 1393 (nsCOO), 1260, 1216, 1179,
1121 (nCN), 1053, 953, 842, 752, 665 cm�1; elemental analysis calcd (%)
for C17H23NO4·1.1 H2O: C 62.73, H 7.75, N 4.31; found: C 2.89, H 8.00, N
4.33.


[Ch][AC]: 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d=8.29 (s, 1H;
OC(=O)c1c2ccccc2cHc3ccccc13), 8.18 (d, 2H, 3J ACHTUNGTRENNUNG(H,H) =3.3 Hz; OC(=
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O) ACHTUNGTRENNUNGc1c2cHcccc2cc3ccccHc13), 7.99 (d, 2H, 3J ACHTUNGTRENNUNG(H,H) =4.8 Hz; OC(=O)-ACHTUNGTRENNUNGc1c2ccccHc2cc3cHcccc13), 7.43 (t, 2 H, 3J ACHTUNGTRENNUNG(H,H) =12.2 Hz; OC(=O)-ACHTUNGTRENNUNGc1c2ccHcHcc2cc3ccccc13), 7.40 (t, 2H, 3J ACHTUNGTRENNUNG(H,H) =9.8 Hz; OC(=O)-ACHTUNGTRENNUNGc1c2ccccc2cc3ccHcHcc13), 6.86 (br, 1H; HOCH2CH2), 3.79 (m, 2H, 3J-ACHTUNGTRENNUNG(H,H) =9.6 Hz; HOCH2CH2), 3.36 (t, 2 H, 3J ACHTUNGTRENNUNG(H,H) =9.9 Hz;
HOCH2CH2), 3.07 ppm (s, 9 H; N ACHTUNGTRENNUNG(CH3)3); 13C NMR (100 MHz,
[D6]DMSO, 25 8C, TMS): d=171.10 (OC(=O)c1c2ccccc2cc3ccccc13),
134.58 (OC(=O)c1c2ccccc2cc3ccccc13), 131.20 (OC(=O)-ACHTUNGTRENNUNGc1c2ccccc2cc3ccccc13), 127.96 (OC(=O) ACHTUNGTRENNUNGc1c2ccccc2cc3ccccc13), 126.76
(OC(=O) ACHTUNGTRENNUNGc1c2ccccc2cc3ccccc13), 125.75 (OC(=O) ACHTUNGTRENNUNGc1c2ccccc2cc3ccccc13),
124.91 (OC(=O)c1c2ccccc2cc3ccccc13), 123.91 (OC(=O)-ACHTUNGTRENNUNGc1c2ccccc2cc3ccccc13), 122.35 (OC(=O)c1c2ccccc2cc3ccccc13), 67.08
(HOCH2CH2), 55.00 (HOCH2CH2), 53.07 ppm (N ACHTUNGTRENNUNG(CH3)3); IR: ñ=3423
(nOH), 1588 (nasCOO), 1423 (dCH), 1387 (nsCOO), 1318, 1276, 1133
(nCN), 1087, 1011, 955, 887, 861, 800, 742, 656, 559 cm�1; elemental anal-
ysis calcd (%) for C20H23NO3·1.3H2O: C 68.80, H 7.34, N 4.01; found: C
68.93, H 7.47, N 3.98.


[Ch] ACHTUNGTRENNUNG[DOC]: 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d=7.30 (br,
1H; HOCH2CH2), 4.26 (br, 1H), 3.85 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) =6.6 Hz;
HOCH2CH2), 3.79 (br, 1 H), 3.56 (m, 1H, 3J ACHTUNGTRENNUNG(H,H) = 11.2 Hz), 3.44 (t, 2H,
3J ACHTUNGTRENNUNG(H,H) =5.0 Hz; HOCH2CH2), 3.41 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) =13.1 Hz), 3.12 (s,
9H; N ACHTUNGTRENNUNG(CH3)3), 1.85 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =13.3 Hz), 1.77 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =


3.9 Hz), 1.69 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) =8.2 Hz), 1.61 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) =10.0 Hz),
1.55 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) = 7.7 Hz), 1.47 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =5.2 Hz), 1.43 (m,
2H, 3J ACHTUNGTRENNUNG(H,H) =4.1 Hz), 1.36 (m, 3 H, 3J ACHTUNGTRENNUNG(H,H) =7.1 Hz), 1.31 (m, 2H, 3J-ACHTUNGTRENNUNG(H,H) =7.6 Hz), 1.19 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) =14.7 Hz), 1.07 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =


9.5 Hz), 1.04 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) =14.0 Hz), 0.99 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) =5.4 Hz),
0.88 (m, 4H, 3J ACHTUNGTRENNUNG(H,H) =6.5 Hz), 0.84 (d, 3 H, 3J ACHTUNGTRENNUNG(H,H) =5.6 Hz), 0.58 ppm
(s, 3H); 13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d=176.79 (CC-ACHTUNGTRENNUNG(CCC(O)=O)C1CCC2C3CCC4CC(O)CCC4(C)C3CC(O)C12C), 71.16
(CC ACHTUNGTRENNUNG(CCC(O)=O) ACHTUNGTRENNUNGC1CCC2C3CCC4CC(O) ACHTUNGTRENNUNGCCC4(C) ACHTUNGTRENNUNGC3CC(O)C12C),
70.01 (CC ACHTUNGTRENNUNG(CCC(O)=O) ACHTUNGTRENNUNGC1CCC2C3CCC4CC(O) ACHTUNGTRENNUNGCCC4(C) ACHTUNGTRENNUNGC3CC(O)-ACHTUNGTRENNUNGC12C), 67.27 (HOCH2CH2), 55.06 (HOCH2CH2), 53.22 (NACHTUNGTRENNUNG(CH3)3), 47.50,
46.61, 46.01, 41.69, 36.32, 35.84, 35.72, 35.21, 33.87, 32.97, 30.24, 28.65,
27.05, 26.16, 23.63, 23.13, 17.32, 12.57 ppm; IR: ñ=3239 (nOH), 3030,
2939, 2850, 1576 (nasCOO), 1452 (dCH), 1379 (nsCOO), 1291, 1215, 1093
(nCN), 1078, 1052, 1014, 958, 922, 866, 781, 714, 618, 607 cm�1; elemental
analysis calcd (%) for C29H53NO5·1.0H2O: C 67.73, H 10.71, N 2.73;
found: C 67.68, H 10.65, N 2.71.


[Ch][LC]: 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d=7.50 (br,
1H; HOCH2CH2), 3.84 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =9.7 Hz; HOCH2CH2), 3.53 (m,
1H, 3J ACHTUNGTRENNUNG(H,H) = 9.2 Hz), 3.41 (t, 2H, 3J ACHTUNGTRENNUNG(H,H) =14.7 Hz; HOCH2CH2), 3.33
(m, 1H, 3J ACHTUNGTRENNUNG(H,H) =4.7 Hz), 3.28 (m, 1 H, 3J ACHTUNGTRENNUNG(H,H) =5.5 Hz), 3.11(s, 9 H; N-ACHTUNGTRENNUNG(CH3)3), 1.93 (m, 1 H, 3J ACHTUNGTRENNUNG(H,H) =6.4 Hz), 1.81 (m, 3 H, 3J ACHTUNGTRENNUNG(H,H) =15.3 Hz),
1.65 (m, 2H, 3J ACHTUNGTRENNUNG(H,H) = 4.3 Hz), 1.61 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =5.2 Hz), 1.59 (m,
2H, 3J ACHTUNGTRENNUNG(H,H) =5.7 Hz), 1.35 (m, 4 H, 3J ACHTUNGTRENNUNG(H,H) =14.1 Hz), 1.28 (m, 4 H, 3J-ACHTUNGTRENNUNG(H,H) =10.6 Hz), 1.24 (m, 4H, 3J ACHTUNGTRENNUNG(H,H) =6.0 Hz), 1.19 (m, 2 H, 3J ACHTUNGTRENNUNG(H,H) =


7.6 Hz), 1.15 (m, 3H, 3J ACHTUNGTRENNUNG(H,H) =10.0 Hz), 0.87 (m, 4H, 3J ACHTUNGTRENNUNG(H,H) =6.9 Hz),
0.83 (d, 3H, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz), 0.59 ppm (s, 3 H); 13C NMR (100 MHz,
[D6]DMSO, 25 8C, TMS): d= 176.60 (CC ACHTUNGTRENNUNG(CCC(O)=O)-ACHTUNGTRENNUNGC1CCC2C3CCC4CC(O)CCC4(C)C3CCC12C), 72.20, 70.03 (CC-ACHTUNGTRENNUNG(CCC(O)=O)C1CCC2C3CCC4CC(O)CCC4(C)C3CCC12C), 67.20
(HOCH2CH2), 64.63, 64.19, 60.07, 56.27, 55.19 (HOCH2CH2), 53.29 (N-ACHTUNGTRENNUNG(CH3)3), 42.35, 41.67, 36.38, 35.67, 35.53, 34.32, 30.45, 27.93, 27.01, 26.28,
24.02, 23.38, 20.53, 18.60, 12.05 ppm; IR: ñ= 3280 (nOH), 2926, 2862,
1564 (nasCOO), 1467 (dCH), 1398 (nsCOO), 1341, 1256, 1242, 1167, 1088
(nCN), 1071, 1046, 1013, 964, 950, 869, 786, 723, 617 cm�1; elemental
analysis calcd (%) for C29H53NO4·H2O: C 69.97, H 11.14, N 2.81; found:
C 71.20, H 10.87, N 2.80.


Ultimate biodegradability testing : The ultimate biodegradability of
NAILs was evaluated using the closed-bottle test (OECD 301D).[42] In
this test, solutions of test substances were added to an aerobic aqueous
medium inoculated with microorganisms derived from the second efflu-
ents of a local sewage treatment plant. The aerobic aqueous medium was
transferred into completely full, closed biochemical oxygen demand
(BOD) bottles. All transfer and filling operations were conducted by the
use of siphons to make the medium bubble-free. The closed BOD bottles
were kept in the dark and incubated at 25 8C at a rotation rate of


150 rpm in an incubator. The depletion of dissolved molecular oxygen
was measured at the desired test intervals (0, 7, 14, 21, and 28 days) with
a JPSJ-605 dissolved oxygen analyzer (Shanghai Precision & Scientific
Instruments). The depletion data were corrected for uptake by the use of
a blank inoculum run in parallel and then expressed as a percentage of
the theoretical oxygen demand to give the percentage of biodegradation
(%B).


Calculation of descriptors—statistical analysis : The logarithm of the n-oc-
tanol/water partition coefficient (log P) and van der Waals volume (VvdW)
of the anions were calculated by using Molecular Modeling Pro Plus
(ChemSW, Inc.); energies of the highest occupied molecular orbital
(EHOMO) and energies of the lowest unoccupied molecular orbital
(ELUMO) of the anions were all calculated with the program Gaussian 03
(Gaussian, Inc.). EHOMO and ELUMO were calculated at the B3LYP/6-311 +


G* level so that the overlap of the orbitals was considered.


All statistical analyses to develop the biodegradation model were carried
out by SPSS software (version 14.0, SPSS Inc.). Multiple linear regression
analysis with the stepwise method was used. The criterion for descriptors
to enter the model is the probability of F<=0.050; to remove, the proba-
bility of F>=0.100. Model quality was characterized by the number of
observations (n), the correlation coefficient (R), the standard error
(S.E.), the Fisher criterion (F), and the significance level (p).
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Introduction


The design of artificial molecular motors is of major impor-
tance for the development of nanomachines and dynamic
systems and devices. Natural systems, for example, ATPase[1]


and kinase,[2] which perform complex machine-like tasks
routinely, have inspired scientists to pursue the development
of systems that provide dynamic functionality at the molecu-
lar level.[3] Powering such devices requires motors that con-
vert one form of energy into another. To this end, several
approaches have been explored,[4] including linear shuttles,[5]


muscles[6] and rotary systems.[7] Repetitive unidirectional
rotary motion has been achieved in only a few cases.[8] In
our first unidirectional rotary motor two identical chiral
moieties were connected to a central double bond, which
functioned as the axis of rotation.[9] The second-generation
motors, which function by the same principle, use a symmet-
ric lower half stator unit, allowing for more possibilities in
terms of functionalisation. In this case a rotor is connected
through an alkene, which functions as the axis of rotation,
to a stator unit (Figure 1).[10]


The dynamic folding and conformational interconversion
during rotation of second-generation systems has been es-
tablished for a series of molecular motors, in which X and Y
are different atoms or groups (Figure 2). Structural studies
by X-ray crystallographic analysis, 1H NMR spectroscopy
and molecular modelling on several systems (X=CH2 or S;
Y=S, C ACHTUNGTRENNUNG(CH3)2 or – Figure 2) have shown that in the most
stable conformation the molecules adopt a helical shape
with a methyl group in a pseudo-axial orientation. The helic-
ity is dictated by the absolute configuration at the stereo-
genic centre, that is, the methyl group. These molecules
adopt an overall anti-folded conformation around the cen-


Abstract: The introduction of dibenzo-
cyclohepten-5-ylidene as part of a uni-
directional light-driven molecular
motor allows a more complete picture
of the pathway of thermal helix inver-
sion to be developed. The most stable
conformation is similar to that found in
related motors in that it has, overall, an
anti-folded structure with the substitu-
ent at the stereogenic centre adopting
an axial orientation. Photochemical cis/
trans isomerisation at �40 8C results in
the formation of an isomer in a syn-
folded conformation with the methyl
group in an axial orientation. This con-
trasts with previous studies on related


molecular rotary motors. The confor-
mation of the higher energy intermedi-
ate typically observed for this class of
compound is the anti-folded conforma-
tion, in which the methyl group is in an
equatorial orientation. This conforma-
tion is available through an energetical-
ly uphill upper half ring inversion of
the observed photochemical product.
However, this pathway competes with
a second process that leads to the more


stable anti-folded conformation in
which the methyl group is oriented ax-
ially. It has been shown that the confor-
mations and pathways available for
second-generation molecular motors
can be described by using similar over-
all geometries. Differences in the meta-
stable high-energy species are attribut-
able to the relative energy and position
on the reaction coordinate of the tran-
sition states. Kinetic studies on these
new molecular motors thus provide im-
portant insights into the conformation-
al dynamics of the rotation cycle.


Keywords: alkenes · conformation-
al dynamics · helical structures ·
molecular motors · nanotechnology
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tral double bond, with the X and Y groups pointing in oppo-
site directions (Figure 2, A and C).[10] For the case in which
the lower half is a fluorenyl moiety (Y=CH2, –), this geom-
etry is better described as planar-folded because of the ab-
sence of a folded conformation in the fluorene moiety.[11]


Higher energy, thermally unstable isomers B and D
(Figure 2) are different in that the methyl group at the ste-
reogenic centre is positioned in a more sterically hindered
pseudo-equatorial orientation. The overall geometry re-
mains helical, but with opposite helicity to that of the stable
form. However, an anti-folded geometry is encountered in


every case investigated. The
following describes the mecha-
nism for rotation (Figure 2): A
photochemical cis/trans isomer-
isation of stable form A results
in the formation of a second
isomer B, which has a higher
energy due to the more hin-
dered pseudo-equatorial orien-
tation of the methyl group at


the stereogenic centre. The overall helicity of the molecule
is inverted in this process, although the conformation
around the central double bond is still anti-folded. Fluorenyl
stator units are an exception to this because of the absence
of low-energy conformational folding due to the rigidity of
the planar fluorene. This results in a twisted conformation
for the higher energy conformer for such systems. However,
in this structure the substituent at the stereogenic centre
adopts the same pseudo-equatorial orientation. In all cases
conformational relaxation occurs through a thermally acti-
vated helix inversion, in which the equatorial!axial transi-
tion of the methyl substituent is accompanied by the naph-
thalene part passing over the lower half, thus restoring the
original stable geometry (Figure 2, C). A repetition of these
steps by the photochemical conversion of C to D results in a
higher energy conformer with opposite helicity. This is fol-
lowed by a second thermally activated helix inversion, con-
verting D to the original conformation A and completing
one 3608 rotation. The direction of rotation is dictated by
the absolute configuration at the stereogenic centre and the
unidirectionality of the thermal helix-inversion step is the
result of the lower energy associated with axial orientation.
During the full rotation cycle, no other conformational iso-
mers have been detected for second-generation motors,
even in cases in which high thermal barriers are involved.
However, stepwise helix inversion has been observed in a
first-generation system.[12]


These conformational changes are related to those ob-
served in conformational studies performed on structurally
related bistricyclic aromatic overcrowded alkenes
(Figure 3).[13]


For bisthioxanthylene, the anti-folded conformer was
found to be lowest in energy. The syn-folded conformer is
14 kJ mol�1 higher in energy and is not present in significant
amounts in the thermal equilibrium.[13b] The twisted confor-


Figure 1. First- (left) and second-generation (right) molecular motors.


Figure 2. Rotation mechanism (top) and energy profile (bottom) for
second-generation molecular motors.


Figure 3. General structure (left) and conformations (right) of bistricyclic
overcrowded alkenes (a more detailed overview of all possible conforma-
tions can be found in ref. [13]).
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mation corresponds to a thermally unstable saddle point for
these structures. In contrast, for overcrowded di-5H-diben-
zocyclohepten-5-ylidene, the most stable conformation is the
anti-conformer with the syn conformer being only
2.1 kJ mol�1 higher in energy.[13,14] Both species can be ob-
served in solution and thermal interconversion between
these two conformers proceeds readily at room temperature.
From these observations, it is evident that bis-5H-dibenzocy-
clohepten-5-ylidene constitutes an exception amongst the di-
tricyclic (bistricyclic for identical substituents) overcrowded
alkenes because it is the only example to have a stable syn-
folded conformation. In addition, it has been shown that
upon photochemical cis/trans isomerisation the anti confor-
mation is converted to the syn conformation.[13, 14] On this
basis it must be considered likely that the dibenzocyclohept-
en-5-ylidene overcrowded alkene motor (1) could display
comparable conformational behaviour.


The fact that syn-folded conformers have not been en-
countered in second-generation molecular motors can be at-
tributed to the asymmetric profile of steric hindrance in
comparison with that in bistricyclic aromatic overcrowded
alkenes. On one side of the double bond, second-generation
molecular motors comprise a naphthalene unit rather than a
phenyl unit, with a concomitant increase in steric hindrance.
On the other side of the double bond, the replacement of a
phenyl group with a (much smaller) methyl-substituted ste-
reogenic centre introduces an extra degree of freedom. The
possibility for this group to adopt either an equatorial or an
axial orientation gives rise to the second, higher energy con-
former, because a methyl group in an axial orientation expe-
riences less steric hindrance with the stator part than a
methyl group in an equatorial orientation. A twisted confor-
mation is suspected to be involved in the thermal pathway
to the lowest energy conformation, based on observations
for bistricyclic aromatic overcrowded alkenes.[13] Thermally
stable, twisted conformations have been characterised for
bisfluorenylidene,[15] and likewise for fluorenylidene
motors.[11] Moreover, in studies on the racemisation barriers
of symmetric bistricyclic aromatic overcrowded alkenes, it
was found that the aryl�X bond length affects the rates of
racemisation and isomerisation considerably.[16] This was ra-
tionalised by an increase in steric hindrance in the fjord
region with longer aryl�X bonds. A combination of confor-
mational flexibility and steric repulsion, which can be, to
some extent, governed by the aryl�X and aryl�Y bond
lengths, is therefore expected to be important in determin-
ing the mechanism and rate of motor rotation.


Introducing molecular motors into functional devices re-
quires detailed insight into the mechanism of rotation. For
this reason we present a study of the thermal helix-inversion
step in the mechanism of rotation of second-generation,
light-powered, unidirectional molecular motors (Scheme 1),
and additional insights obtained from one specific example
of an exceptional mechanism of rotation.


Results and Discussion


Irradiation of stable 1 a with 312 nm light at �40 8C over-
night resulted in a single higher energy isomer, denoted 1 b
(photostationary state stable 1 a/unstable 1 b= 58:42). In
contrast, irradiation with 312 nm light overnight at 20 8C re-
sulted in the formation of an additional isomer, denoted 1 c
(ratio of stable 1 a/unstable 1 b/unstable 1 c=58:25:18). Both
new isomers represent higher energy conformations of 1 a,
which is confirmed by the full conversion of the mixture of
1 a/1 b/1 c to 1 a upon heating (60 8C, 1 h). The small coupling
constants of the stereogenic proton with the neighbouring
protons 3J ACHTUNGTRENNUNG(HA,HB) and 3J ACHTUNGTRENNUNG(HA,HC) in isomer 1 b (J=7.7 and
5.9 Hz; Table 1) reveal that this isomer has its methyl sub-


stituent in an axial orientation and is comparable to the
most stable conformation 1 a (J= 8.2 and 5.1 Hz). On the
other hand, the higher values for the same coupling con-
stants in isomer 1 c (J= 11.9 and 7.0 Hz) indicate that here
the methyl group adopts an equatorial orientation.


Kinetic studies were performed on sample mixtures in
[D8]toluene irradiated at �40 8C for 5 h. Subsequently,
1H NMR spectra were recorded at a fixed temperature
every 2 min. It was found that conversion to the second un-
stable isomer, 1 c, does not go to completion, but rather 1 c
is in equilibrium with the first unstable isomer, 1 b. The
1 cÐ1 b equilibrium is reached more rapidly than conversion
to stable form 1 a. At temperatures below 20 8C the conver-
sion to 1 a is less then 2 % by the time 1 b and 1 c reach equi-
librium (t=8000 s, Figure 4B). Eyring analysis in the range
of �5 to +10 8C provided the activation parameters for the


Scheme 1. Molecular motors 1–5 described in this study.


Table 1. Chemical shifts, coupling constants of the proton at the stereo-
genic position (HA) with neighbouring ring protons HB and HC, and the
overall geometry for all stable isomers of 1 in [D8]toluene.


d [ppm] 3J ACHTUNGTRENNUNG(HA,HB) and
3J ACHTUNGTRENNUNG(HA,HC) [Hz]


d [ppm] Geometry


stable 1 a HA
eq, 3.69 8.2, 5.1 Meax, 0.52 anti


unstable 1b HA
eq, 3.10 7.7, 5.9 Meax, 0.77 syn


unstable 1c HA
ax, 2.20 11.9, 7.0 Meeq, 0.58 anti
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1 bÐ1 c equilibrium. We found the barrier of activation for
the conversion of unstable 1 b to unstable 1 c is
93.0 kJ mol�1, whereas the barrier of activation for conver-
sion of unstable 1 c to unstable 1 b is 91.8 kJ mol�1 (Table 2).
By analysis of the rate of formation of 1 a in the tempera-
ture range from 30 to 60 8C under 1 bÐ1 c equilibrium con-
ditions, we determined the barrier of activation for this pro-


cess to be 101.5 kJ mol�1 (Figure 5A). Unimolecular behav-
iour was observed for all processes.


Conversion to stable 1 a is accompanied by a relative in-
crease in unstable 1 c. At higher temperatures, at which 1 b
and 1 c rapidly equilibrate, the increase in unstable 1 c rela-
tive to unstable 1 b occurs faster, as does the conversion to
stable 1 a. This can be seen clearly by the slope of the [1c]/
[1b] quotient over time (Figure 5B). After an initial equili-
bration period during which the relative amount of 1 c in-
creases sharply, the ratio of 1 c relative to 1 b keeps rising.
This is apparent from the slope of the linear part of the
curve in the right-hand part of Figure 5B. At higher temper-
ature, the slope of this line increases, reflecting the faster
conversion to stable 1 a (Figure 5C). At 20 8C slow 1 bÐ1 c
equilibration (t= 0–8000 s) is observed and thereafter 1 b


Figure 4. Conversion of structures 1 aÐ1c at 0 (A), 20 (B) and 50 8C (C)
as determined by 1H NMR in [D8]toluene.


Figure 5. A) Eyring plot for the conversion of unstable 1b to stable 1a in
[D8]toluene. B) Relative increase in [1c] relative to [1b] in time at 20 8C.
C) Increase in [1c]/[1b] over time versus temperature under 1 bÐ1c equi-
librium conditions.


Table 2. Activation parameters for thermally activated transitions for
compound 1.


D�GA [kJ mol�1] D�HA [kJ mol�1] D�SA [JK�1 mol�1]


1b!1 a 101.5 85.4 �57.4
1b!1 c 93.0 68.9 �82.1
1c!1 b 91.8 71.1 �70.7
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and 1 c remain at equilibrium (t>8000 s, Figure 4B), as the
sample reverts to a. The observed rate of appearance of 1 a
is higher under non-equilibrium conditions, at which the
concentration of 1 b is much higher than that of 1 c. Under
equilibrium conditions at t>8000 s, the rate of recovery of
1 a is 3.2 � 10�6 s�1, whereas the average rate of recovery of
1 a in the time range 0–480 s is approximately three times
higher at 9.2 �10�6 s�1. Over the first 1200 s the relative con-
centration of 1 b diminishes relative to the shortest time in-
terval of 480 s due to equilibration with 1 c. However, the
two species are not at equilibrium at this point, and the
average rate of appearance of 1 a lies between both values
at 4.9 � 10�6 s�1. These observations are attributed to the fact
that only one of 1 b and 1 c converts to 1 a. From these data,
unstable 1 b is identified as the starting point of the pathway
to stable 1 a (Figure 6).


X-ray crystallographic analysis of 1 a showed that the
axial orientation of the methyl group and the overall anti-
folded geometry are key elements in this structure (Figure 7,
left). The length of the central double bond (1.343 �) is typ-
ical for an alkene, and the Newman projection viewed along
the central double bond reveals that it is not as twisted as
would be expected for an overcrowded alkene (torsion
angles: C14-C15-C16-C17= 1.1(3)8 and C1-C15-C16-C28=


2.7(3)8 ; Figure 7, right). This is due to the flexibility intro-
duced by the thiopyran and suberene subunits: the (least
square) planes C26-S-C27 and C6-C7-C8-C9 are almost par-
allel (difference between the planes =11.6(1)8), which
allows for relief of the steric strain.


DFT calculations were performed by using the Gaussi-
an 03 program package[18] to support the assignment of rela-
tive stabilities of the different conformers. In its lowest


energy conformation, compound 1 adopts an anti-folded ge-
ometry, with the methyl substituent at the stereogenic
centre in an axial orientation (Figure 8a, 1 a). A higher
energy conformation was identified as being syn-folded,
with the methyl group adopting an axial orientation (1 b in
Figure 8a). It has a calculated energy of 14.1 kJ mol�1 rela-
tive to 1 a. This structure is formally a twisted structure, al-
though it releases much of the strain by folding. A second
local minimum was identified as having an anti-folded ge-
ometry, with the methyl group adopting an equatorial orien-
tation (1 c in Figure 8a). Structure 1 c is higher in energy
than 1 b by 1.4 kJ mol�1.


Calculations on the transition state reached during the
isomerisation between 1 b and 1 c indicate that this process
has a lower barrier than that for the isomerisation of 1 b to
1 a. The transition state 1 ACHTUNGTRENNUNG(TS1) for the interconversion of 1 b
and 1 c (Figure 8a) was determined to involve an upper half
ring flip during which the naphthalene part of the molecule
passes the lower half, and was calculated to have an energy
of 97.8 kJ mol�1 relative to the lower energy isomer 1 b. On
the other hand, conversion of 1 b!1 a was found to proceed
through transition state 1 ACHTUNGTRENNUNG(TS2) with a flat suberene ring that
had an energy of 105.4 kJ mol�1 relative to 1 b. A schematic
representation of the potential-energy profile can be seen in
Figure 8b.


In previous work, a similar molecular motor in which the
thiopyran unit was substituted for a dihydrophenanthrene
unit[10] was described (2 in Scheme 1). However additional
stable conformations were not noted.[17]


Calculations on a second-generation molecular motor
composed of a thioxanthylene stator unit connected to a thi-
opyran rotor unit (3, Scheme 1)[10] suggest that thermal helix
inversion is in fact a two-step process (Figure 9). The photo-
chemical product observed experimentally by 1H NMR
spectroscopy (equatorial orientation of the stereogenic
methyl group, 3 c) is calculated to have a higher energy than
the lowest energy conformational isomer by 19.3 kJ mol�1.
The first step in thermal helix inversion to revert to the
most stable conformation proceeds via 3 ACHTUNGTRENNUNG(TS1), in which the
naphthalene unit of the rotor flips over the lower half
through an upper half ring flip. This pathway has a high
energy of activation and leads to a twisted local minimum
on the potential-energy surface with overall syn-folded ge-
ometry (3 b). In this conformation the strain of the formally
twisted, syn-folded geometry is relieved partly by the high
degree of folding. Intermediate 3 b was not observed experi-
mentally due to the much lower activation energy of the
second thermal process. This process involves a lower half
ring-flip, in which the stereogenic methyl group (or more
specifically, the proton on the methyl group that is closest to
the stator) passes the stator. It is represented by 3 ACHTUNGTRENNUNG(TS2) in
Figure 9a. The order of the two processes, through 3 ACHTUNGTRENNUNG(TS1)
and 3 ACHTUNGTRENNUNG(TS2), can theoretically be inverted, but results in a
higher activation energy for the rate-determining step,
making this pathway improbable.


Examination of the conformations of compound 4 at the
same level of theory indicates that conformation 4 b is un-


Figure 6. Representation of the observed photochemical/thermal equilib-
rium of 1.


Figure 7. PLUTO plot of the X-ray structure of 1 a (left) and the
Newman projection along the central double bond and numbering
scheme adopted (right).
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available with fluorenylidene stator units (Figure 10). This
confirms earlier studies on related structures,[11] in which the
higher energy isomer observed experimentally was found to
have an equatorial orientation of the methyl group at the
stereogenic centre and an overall twisted double bond. Due
to the equatorial orientation of the methyl group, conforma-
tion c represents the closest experimentally observed confor-
mation (Figure 10, 4 c). The difference is that in this case it
adopts a twisted geometry to minimise steric strain because
an overall anti-folding geometry similar to six- or seven-ring
stators is not possible for a fluorenylidene stator. The only
transition state in this pathway is 4 ACHTUNGTRENNUNG(TS1), in which the naph-
thalene part passes the lower half by an upper half ring flip.
Isomer 4 c is higher in energy by 19.4 kJ mol�1 relative to 4 a,
and 4 ACHTUNGTRENNUNG(TS1) has a calculated energy of 139.5 kJ mol�1 relative
to 4 c.


1H NMR spectroscopy verified the analysis of the isomeri-
sation processes of compound 4. Irradiation with 365 nm
light resulted in conversion to a metastable isomer that re-
verted to the lowest energy conformation upon heating at
130 8C overnight. The most stable conformation was charac-
terised as having the methyl group at the stereogenic centre
in an axial orientation by the coupling constants of the ring
protons (3J ACHTUNGTRENNUNG(HA,HB)= 7.4 and 3J ACHTUNGTRENNUNG(HA,HC)=4.8 Hz, compared


with Table 1). In the higher energy conformation, the
methyl group adopted an equatorial orientation
(3J ACHTUNGTRENNUNG(HA,HB)=12.4 and 3J ACHTUNGTRENNUNG(HA,HC)=3.9 Hz, see Table 1 for
comparison) and no other isomers were detected. Isosbestic
points identified by UV/Vis spectroscopy suggest a single
unimolecular process is observed (Figure 12). The photo-
chemical equilibrium of 4 was located almost quantitatively
to the side of the higher energy conformer, as determined
by 1H NMR spectroscopy (4 c/4 a=95:5). The rates of ther-
mal helix inversion in the conversion of 4 c!4 a were deter-
mined in the temperature range of 125–140 8C by UV/Vis
spectroscopy, and standard Eyring plot analysis provided ac-
tivation parameters for the process (Figure 13 and Table 3).
Compound 5 displayed behaviour comparable with that of
compound 4 in all respects.


The experimental data presented above support the fol-
lowing mechanism for thermal helix inversion of compound
1: Photochemical cis/trans isomerisation of the most stable
anti-folded conformation 1 a provides the syn-folded isomer
1 b with the stereogenic substituent remaining in an axial
orientation (Scheme 2). The most stable conformation, 1 a,
can be recovered from 1 b by a ring-flip of the lower half via
1 ACHTUNGTRENNUNG(TS2). Furthermore, syn-folded isomer 1 b is in thermal
equilibrium with anti-folded isomer 1 c, which has its stereo-


Figure 8. A) Conformations of second-generation motor 1 optimised by DFT calculations at the B3LYP 6-31G ACHTUNGTRENNUNG(d,p) level. From left to right: anti-folded
Meax (lowest energy) conformation 1a, anti-folded Meeq conformation 1 c (E=15.5 kJ mol�1), transition state 1 ACHTUNGTRENNUNG(TS1) for going from 1c to 1 b (E=


111.9 kJ mol�1), syn-folded, formally twisted Meax isomer 1 b (E=14.1 kJ mol�1), transition state 1 ACHTUNGTRENNUNG(TS2) for going from 1 b to 1a (E=119.5 kJ mol�1).
B) Schematic energy diagram of calculated energies [kJ mol�1] of conformations of 1 (experimental values in brackets). C) Schematic Newman projec-
tions of 1 a–c.
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genic substituent in an equatorial orientation, through an
upper half ring flip involving 1 ACHTUNGTRENNUNG(TS1). The availability of
both conformers allows the motor to function by photo-
chemical cis/trans isomerisation followed by lower half ring
interconversion from syn to anti-folded. Therefore, the
methyl group at the stereogenic centre is not required to
adopt the more hindered equatorial orientation to complete
a full half cycle, although it does so through the thermal
equilibrium of 1 b with 1 c. This is in stark contrast with the
mechanism reported for the second-generation molecular
motors described previously. In all previous examples, the


outcome of the photochemical
reaction involved a structure
in which the stereogenic sub-
stituent was arranged in an
equatorial orientation (confor-
mation c). The main difference
in the mechanism of thermal
helix inversion of 1 compared
to other molecular motors (in-
cluding 2–5) is therefore the
initial photoproduct, which has
its methyl group oriented in an
axial orientation. With all con-
formations available for thio-


pyran upper half motors present in 1, the different photo-
chemical product allows us to study the mechanism experi-
mentally in greater detail than has been possible thus far.


For the two thermally unstable isomers, the higher energy
of anti-folded isomer 1 c than syn-folded isomer 1 b is in con-
trast to the results for dibenzocyclohepten-5-ylidene.[13] In
the latter the anti conformer is lower in energy than the syn-
folded conformer. This is in complete agreement with previ-
ous studies of molecular motors, in which the equatorial po-
sition of the stereogenic methyl group raises the energy with
respect to axial orientation by steric repulsion with the


Figure 9. A) Conformations of second-generation motor 3 optimised by DFT calculations at the B3LYP 6-31G ACHTUNGTRENNUNG(d,p) level. From left to right: anti-folded
Meax (lowest energy) conformation 3a, anti-folded Meeq conformation 3 c (E=19.3 kJ mol�1), transition state 3 ACHTUNGTRENNUNG(TS1) for going from 3c to 3 b (E=


127.4 kJ mol�1), syn-folded, formally twisted Meax isomer 3 b (E= 15.7 kJ mol�1), transition state 3 ACHTUNGTRENNUNG(TS2) for going from 3b to 3a (E=80.7 kJ mol�1).
B) Calculated schematic energy levels [kJ mol�1] of different isomeric possibilities of molecular motor 3. C) Schematic Newman projections of 3 a–c.


Figure 10. Conformations of second-generation motor 4 optimised with DFT calculations at the B3LYP 6-31G-ACHTUNGTRENNUNG(d,p) level. From left to right: anti-folded Meax (lowest energy) conformation 4a, twisted Meeq conformation
4c (E=19.4 kJ mol�1) and transition state 4 ACHTUNGTRENNUNG(TS1) for going from 4c to 4a (E=158.9 kJ mol�1).
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stator unit. Therefore, calculated data are in full agreement
with experimental observations and support the mechanism
presented in Scheme 2.


With respect to 3, in previous studies only one higher
energy conformation has been observed experimentally, in
which the stereogenic substituent is in an equatorial orienta-
tion. However, the calculations in the present report suggest
that the thermal helix inversion is in fact a two-step process,
with the same intermediates as observed for 1. The differ-
ence in relative energies of the two transition states 3 ACHTUNGTRENNUNG(TS1)
and 3 ACHTUNGTRENNUNG(TS2) preclude observation of the second conforma-
tion. Analysis of the representations of the minima and
maxima on the potential-energy surface indicate that the
overall conformations for a, b, c, TS1 and TS2 are the same
in 1 and 3. The most stable conformation, a, is described by
an anti-folded geometry, with the methyl group at the ste-
reogenic centre oriented in an axial orientation. Two higher


energy conformations are distinguished, of which c is the
highest in energy. It is represented by an overall anti-folded


Figure 11. Comparison of the photochemistry and relative thermal stabili-
ties for isomers of 1 (c), 3 (g) and 4 (b).


Figure 12. Top: UV/Vis spectra for the unimolecular photoisomerisation
of 4. Compound 5 displayed similar behaviour. Bottom: photochemi-
calÐthermal equilibrium of compound 4.


Figure 13. Eyring plots for A) thermal 4c!4 a conversion and B) thermal
5c!5 a conversion.


Table 3. Activation parameters for thermal helix inversion of motors 4
and 5, and the extrapolated half-life at room temperature.


D�GA [kJ mol�1] D�HA [kJ mol�1 D�SA [JK�1 mol�1] t1=2
[h]


4 109.0 85.6 �79.4 829
5 105.8 61.9 �149.7 226


Scheme 2. Proposed mechanism for one half rotation of molecular
motor 1.
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geometry, with the methyl group at the stereogenic centre
oriented in an equatorial orientation. This conformation is
that described in our previous reports concerning the mech-
anism of thermal relaxation during rotation of second-gener-
ation molecular motors. However, during the process of
thermal relaxation there is an additional minimum on the
potential-energy profile, which had not been previously ob-
served. This conformation, b, is characterised by a formally
twisted, syn-folded geometry, with the methyl group at the
stereogenic centre oriented in an axial orientation. This con-
formation, which can be observed experimentally only for 1,
is involved in the thermal relaxation to the lowest energy
conformation a. The fact that we do not observe intermedi-
ate b in compound 2 indicates that, despite considerable
similarities with the overcrowded di-5H-dibenzocyclohept-
en-5-ylidene, the observation of this conformation is not due
solely to the presence of this stator unit. Rather, an intricate
steric interplay between the 5H-dibenzocyclohepten-5-yli-
dene stator unit and the thiopyran rotor unit is proposed to
be responsible for the observation of 1 b.


For 4, only one high-energy conformation is observed.
This can be attributed to the inability of the stator unit to
adopt low-energy folding conformations. For this reason, the
higher energy conformation comprises a twisted geometry
with the methyl group at the stereogenic centre oriented in
an equatorial orientation (conformation 4 c). One transition
state involving an upper half ring flip (4 ACHTUNGTRENNUNG(TS1)) connects 4 c
to the most stable conformation 4 a.


Based on the experimental results and calculations shown
above, a general pattern for the higher energy structure in
the rotation process of second-generation, light-driven mo-
lecular motors with thiopyran upper halves can be proposed.
Motors with five-, six- and seven-ring stator units connected
to a six-ring thiopyran rotor unit can be distinguished. A
five-ring (fluorenylidene) stator unit reduces the flexibility
of the structure overall, making isomer b inaccessible. The
photochemical product is defined by the twisted conforma-
tion, c, which can regain the lowest energy conformation a
through one transition state, involving an upper half ring
flip. Stators with a central six- (3) or seven-ring (1) have one
higher degree of conformational freedom, which results in
two higher energy isomers, only one of which, normally, is
observed experimentally. Syn- and anti-folded conforma-
tions can be distinguished; the anti-folded orientation is
higher in energy due to an equatorial orientation of the ste-
reogenic substituent.


However, the actual mechanism of rotation for these
structures varies with the initial photochemical product after
cis/trans isomerisation. For the central six-ring (thioxan-
thene) stator (3), the photochemical product has the overall
anti-folded conformation with an equatorial orientation of
the methyl group (3 c). For a central unsaturated seven-ring
(suberene) stator (1), the photochemical product is repre-
sented by the overall syn-folded conformation, with the
methyl group at the stereogenic centre in an axial orienta-
tion (1 b). The positions of the photochemical equilibriums
differ considerably however. This is possibly due to high


energy differences between the minima on the excited-state
energy surface. For both structures, similar thermal path-
ways via similar transition states TS1 and TS2 are available.
An important difference is the drastic change in energy of
the transition states that govern the thermal conversion
back to the most stable conformation, a (Figure 11 ), which
results, in most cases, in only a single isomer being experi-
mentally observed.


Re-analysing the activation parameters obtained for other
structures, it can be seen that, in contrast to the literature,[16]


the influence of the C�Y bond length on the isomerisation
barrier of molecular motors is less clear. The C�Y�C dis-
tance is a major factor in determining the amount of steric
hindrance in the fjord region, which is perceived to be an
important factor in controlling the rate of the rate-determin-
ing step for thermal helix inversion. This effect is partly ne-
gated by conformational flexibility (Table 4). The rate of


thermal helix inversion is seen to increase when changing
from fluorene to suberene to xanthene, with the rates for di-
methylanthracene and thioxanthene being comparable. The
relatively low barriers associated with a central ring flip
with these stator units are at the origin of this phenomenon.
Higher barriers are associated with inflexible stator units, in
particular the fluorenyl moiety.


Conclusion


A new mechanism for thermal helix inversion has been
identified for a dibenzocyclohepten-5-ylidene molecular
motor. The transition state for interconversion of both
higher energy isomers is lower than other comparable struc-
tures. Furthermore, the transition state for a lower-half ring
flip is higher than related compounds. This allows, for the
first time, experimental observation of both the syn- and the
anti-folded conformations of the molecular motors. During
the rotation cycle, the stereogenic substituent of this new
motor is never required to adopt a more hindered equatorial
orientation in contrast to all examples reported previously,
although it does so through a second thermal isomerisation
pathway.


Table 4. Gibbs energy of activation (D�GA) for second-generation molec-
ular motors [kJ mol�1] related to the distance (d) between the carbon
atoms connected to the central bridging atoms X and Y.


Y S CMe2 O suberene fluorene
X d [�] 2.64 2.46 2.33 3.0 1.46


CH2 2.48 92 94 n.d.[a] 103 129[19]


S 2.75 106 106 100 101 109


[a] n.d.=not determined.
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This mechanism allows for a generalisation of the mecha-
nistic pathway available for molecular motors. One stable
and two higher energy conformations can be distinguished,
with similar pathways connecting them. Fluorenylidene sta-
tors are different because these can only attain one higher
energy, “twisted” conformation. Photochemical cis/trans iso-
merisation results in one of the higher energy structures,
after which thermal pathways govern conversion to the
lowest energy conformation. The conformational flexibility
of the lower half is more important for the rate of thermal
helix inversion than the C�Y�C bond length, which is due
to extra flexibility in the transition state.


Experimental Section


General : 1H NMR spectroscopic measurements were performed on a
Varian Unity Plus spectrometer operating at 500 MHz and relative
amounts of isomers were calculated by integration. Irradiation was per-
formed in [D8]toluene (reference Me at d= 2.09 ppm) by using a Spectro-
line ENB-280C/FE UV lamp at 312 or 365 nm at room temperature or
by using a cryostatic bath as required. UV/Vis spectra were measured on
a Hewlett-Packard HP 8543 FT spectrophotometer equipped with a
Quantum Northwest Peltier-cooled temperature controller for tempera-
tures below 100 8C, with appropriate bandpass or cut-off filters in the
beam to minimise photochemistry during measurement. For the high-
temperature (>100 8C) measurements, a Jasco V-630 spectrophotometer
equipped with a home-built cell holder connected to an ethylene glycol
thermostatic bath was used. Calculations were carried out by using the
Gaussian 03 program package using the density functional hybrid theory
system (B3LYP).[18] Geometry optimisations were performed using the 6-
31G ACHTUNGTRENNUNG(d,p) basis set, and were followed by frequency calculations to con-
firm that real maxima or minima on the energy surface had been
reached. Single-point energies on optimised structures were performed
by using a 6-311+G ACHTUNGTRENNUNG(2d,p) basis set. Intrinsic reaction coordinate (IRC)
calculations were performed to verify that no minima had been omitted
from consideration.


Synthesis and characterisation : The compounds not previously reported
were prepared following procedures reported earlier for related molecu-
lar motors.[10, 11]


Compound 1:[10] 1H NMR (400 MHz, CD2Cl2, 20 8C): d= 7.64–7.35 (m,
8H), 7.24–7.07 (m, 5H), 6.80 (dt, J =7.5, 1.5 Hz, 1 H), 6.64 (dt, J =7.5,
1.5 Hz, 1 H), 6.50 (d, J =8.1 Hz, 1 H), 3.78 (m, 1 H), 3.54 (dd, J =11.7,
8.1 Hz, 1 H), 2.79 (dd, J=11.7, 4.8 Hz, 1H), 0.70 ppm (d, J=7.0 Hz, 3H);
13C NMR (CD2Cl2, 400 MHz, 20 8C): d=141.4 (C), 138.2 (C), 138.0 (C),
137.2 (C), 136.2 (C), 135.7 (C), 134.7 (C), 133.6 (C), 132.2 (CH), 131.8
(C), 131.6 (CH), 131.5(C), 128.6 (CH), 128.5 (CH), 128.44 (CH), 128.40
(CH), 128.2 (CH), 127.7 (CH), 127.5 (CH), 127.2 (CH), 127.1 (CH),
126.4 (CH), 126.2 (CH), 125.9 (CH), 125.5 (CH), 124.8 (CH), 37.9 (CH2),
34.5 (CH), 19.9 ppm (CH3): EIMS: m/z (%): 402 (100), 387 (12), 185
(13); HRMS (EI): m/z : calcd for C29H22S: 402.1442; found: 402.1453.


Compound 4 :[11] 1H NMR (400 MHz, CDCl3, 20 8C): d =8.08 (dd, J =6.2,
2.6 Hz, 1 H), 7.61–7.57 (m, 2 H), 7.87–7.83 (m, 3H), 7.79 (dd, J =6.2,
1.5 Hz, 1H), 7.43–7.40 (m, 2 H), 7.36 (dt, J =6.6, 1.1 Hz, 1H), 7.22 (dt,
J =7.0, 1.5 Hz, 1H), 7.30 (dt, J =7.3, 0.7 Hz, 1 H), 6.53 (dt, J =8.4, 1.1 Hz,
1H), 5.70 (d, J= 8.0 Hz, 1H), 4.73–4.81 (m, 1 H), 3.36 (dd, J =12.1,
7.3 Hz, 1 H), 2.60 (dd, J= 12.4 7.7 Hz, 1 H), 1.39 ppm (d, J=7.0 Hz, 3H);
13C NMR (400 MHz, CDCl3, 20 8C): d= 142.1 (C), 141.3 (C), 139.7 (C),
137.8 (C), 137.6 (C), 136.8 (C), 134.2 (C), 133.3 (C), 132.1 (C), 128.3
(CH), 128.2 (CH), 127.8 (CH), 127.3 (CH), 127.2 (CH), 127.1 (CH),
127.0 (CH), 126.7 (CH), 125.4 (CH), 125.2 (CH), 125.0 (CH), 124.6
(CH), 119.8 (CH), 118.8 (CH), 39.0 (CH2), 37.3 (CH), 18.6 ppm (CH3),
one (C) signal was not observed; EIMS: m/z (%): 376 (100), 334 (87.5),
198 (24.8); HRMS (EI): m/z : calcd for C27H20S: 376.1271; found:
376.1286.


Compound 5 :[11] 1H NMR (200 MHz, CDCl3, 20 8C): d =8.01–7.91 (m,
1H), 7.90–7.75 (m, 4 H), 7.70 (d, J=7.6 Hz, 1H), 7.45–7.33 (m, 2H), 7.28
(dt, J=7.4, 0.9 Hz, 1 H), 7.10–7.20 (m, 3 H), 6.72 (dt, J =7.6, 0.7 Hz, 1H),
6.53 (d, J =8.0 Hz, 1 H), 4.43 (m, 2H), 4.22 (m, 1H), 1.45 ppm (d, J=


7.0 Hz, 3 H); 13C NMR (500 MHz, CDCl3, 20 8C): d=153.4 (C), 140.6 (C),
139.5 (C), 138.3 (C), 137.9 (C,C), 132.6 (C), 131.9 (C), 131.8 (CH), 129.0
(C), 128.3 (CH), 127.3 (CH), 127.1 (CH), 127.0 (CH), 126.8 (CH), 126.5
(CH), 125.2 (CH), 125.0 (CH), 124.4 (CH), 123.5 (CH), 119.9 (CH),
118.9 (CH), 118.1 (CH), 113.7 (C), 72.3 (CH2), 33.0 (CH), 15.8 ppm
(CH3); HRMS (EI): m/z : calcd for C27H20O: 360.1514; found: 360.1503.
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Introduction


Exposure to carcinogens can occur through environmental
or work conditions, diet, smoking, and/or endogenous pro-
cesses. Poly- and monocyclic aromatic amines, such as ani-
line (1), p-toluidine (2), 4-aminobiphenyl (4), and 2-amino-
fluorene (6) (Figure 1), belong to the class of chemical carci-
nogens that form covalently bonded adducts with the DNA
double helix. Covalent damage of DNA (by electrophiles)
may be the reason for the induction of chemical carcinogen-
esis.[1] If such DNA damage is not repaired, it might com-
promise the fidelity of DNA replication, eventually leading
to mutations and possibly cancer.[2,3]


Arylamines belong to the group of indirect carcinogens
because they require metabolic activation in order to gener-


ate the so-called ultimate carcinogen (Scheme 1). The initial
step is a cytochrome P450-catalyzed oxidation of the aryl-ACHTUNGTRENNUNGamine to the corresponding N-hydroxylamine.[4] The N-hy-
droxylamine is then esterified to an N-acetoxy derivative by
N-acetyltransferase (NAT) or to a sulfate by a sulfotransfer-
ase (ST) to give the ultimate carcinogens. Solvolysis of these
compounds generates the highly reactive arylnitrenium ion
8.


The predominant reaction of the arylnitrenium ion occurs
at the C8-position of 2’-deoxyguanosine (dG) and 2’-deoxy-
adenosine (dA), leading to the corresponding adducts 9 a
and 9 b as major products. Moreover, N2-adducts of dG (10)
and N6-ortho-arylamine adducts of dA have been identified
as minor products.[5,6]


So far, the most extensively studied arylamine adducts
have been those derived from 2-aminofluorene (AF) and N-
acetyl-2-aminofluorene (AAF).[7] Zhou and Romano report-
ed on the synthesis of C8-deoxyguanosine phosphoramidite
reagents of 2-aminofluorene and its N-acetyl counterpart for
the site-specific synthesis of oligonucleotide strands contain-
ing these C8 adducts. As protecting group for the exocyclic
amino function of dG, the Fmoc group was used.[8,9]
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Figure 1. Carcinogenic arylamines.
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A strategy for obtaining the N-acetyl adducts was intro-
duced by Sch�rer and Gillet,[10] which involves transient di-
methoxytrityl (DMTr) protection of the N2-position of an 8-
Br-dG derivative. After a palladium-catalyzed cross-cou-
pling reaction of 8-Br-dG with the arylamine, the products
are subsequently acetylated at the N8-position. In 2005,
these authors reported the successful conversion of the N-
acetylated adducts into the corresponding phosphoramidites
(12 steps overall) and their site-specific incorporation into
oligonucleotides. It was proven that the N8-acetyl group was
not cleaved during the final deprotection.[11]


Recently, Rizzo reported the synthesis of oligonucleotides
containing C8 adducts of a heterocyclic amine, the dietary
mutagen 2-amino-3-methylimidazo ACHTUNGTRENNUNG[4,5-f]quinoline (IQ).[12]


In contrast, our interest is related to DNA adducts of
monocyclic aromatic amines that act as so-called borderline
carcinogens, such as toluidine, dimethylaniline, and anisi-
dine.[13,14] In contrast to arylamines such as 4-aminobiphenyl
(4), these are often used, for example, as pharmacophores.
In 2002, we reported on an efficient synthesis of a phosphor-
amidite building block for the C8-dG adduct of toluidine.[15]


In 2006, we published the synthesis and the site-specific in-
corporation of these C8-arylamine-modified dG-phosphor-
amidites into oligonucleotides.[16] Also in 2006, we reported
on the first synthesis of C8-dA adducts and their successful
conversion into the corresponding phosphoramidites as well
as their site-specific incorporation into an oligonucleotide.[17]


In 2007, we published a simple and efficient route for the
synthesis of the C8-N-Ac-dG adducts and their phosphor-
amidites, and recently we have developed a synthetic route
for the N2-hydrazinoaryl- and N2-azoaryl-dG adducts.[18, 19]


Here, we report on a highly efficient synthesis of these C8
adducts using palladium-catalyzed cross-coupling chemistry,


an improved synthesis of the 3’-phosphoramidites, and their
use in solid-phase DNA synthesis to give site-specifically
modified oligonucleotides of mixed sequences containing
several dGs or dAs. The effect of these modifications in re-
lation to the restriction of a damaged DNA duplex by
EcoRI is investigated. Moreover, the site-specific incorpora-
tion of C8-arylamine-damaged phosphoramidites into
30 mer oligonucleotides for DNA polymerase studies is re-
ported for the first time.


Results and Discussion


Synthesis of the C8 adducts of monocyclic arylamines : The
synthesis of C8-arylamine-dG adducts by simple electrophil-
ic amination has been reported to give only low yields.[20, 21]


Thus, this approach is not suitable as the key reaction for
the synthesis of phosphoramidites.[8,9] Attempts to optimize
the electrophilic amination used in these biomimetic reac-
tions failed in our hands (unpublished data). Also, the use
of nucleophilic substitution as reported for C8-Br-(ribo)gua-
nosine was unsuccessful because extensive depurination was
observed when fully protected 8-Br-2’-deoxyguanosine was
treated with arylamines.[22] C8�N bond formation was first
reported by Lakshman[23] and Johnson[24] in the synthesis of
N6-aryl adducts of adenosine and N2-aryl-dG adducts of gua-
nosine using palladium catalysts (Buchwald–Hartwig reac-
tion).[25] Schoffers prepared C8-arylamine adducts of tris-O-
TBDMS-(ribo)adenosine using the same reaction.[26] How-
ever, these compounds were never converted into their
phosphoramidites. In 2004, Rizzo et al. published the synthe-
sis of 2’-dG-phosphoramidites containing a heterocyclic food
mutagen (IQ) in the C8-position.[12] Their approach required
the use of strong bases such as LiHMDS or NaOtBu and/or
their protecting group chemistry was incompatible with the
conditions of automated oligonucleotide synthesis. In 2006,
we published the synthesis and site-specific incorporation of
C8-arylamine-modified 2’-deoxyguanosine phosphoramidites
into oligonucleotides.[16] In that work, the exocyclic amino
function of dG was protected using the isobutyryl group,
which is a standard protecting group in oligonucleotide syn-
thesis. A drawback of this group is the long reaction time
needed for the deprotection after the synthesis using ammo-
nia solution (8 h at 55 8C). Nevertheless, oligonucleotides in-
corporating the adducts were successfully isolated. Also, the
first primer template extensions using standing start as well
as standing start + 1 conditions were accomplished. Howev-
er, in these studies, no difference in primer extension was
observed between borderline and strong carcinogens.[27]


Due to the fact that C8-arylamine-damaged oligonucleo-
tides are base-labile, there was a pressing need to reduce the
time required for N2-deprotection. In this context, we re-
ported on the synthesis and incorporation of C8-arylamine-
modified 2’-dG phosphoramidites using formamidine as the
protecting group for the exocyclic amino function.[28] Using
this strategy, which allows for milder deprotection, the de-
protection was completed after 4 h at 40 8C instead of 8 h at


Scheme 1. Metabolism of arylamines and the adducts formed.
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55 8C, and the yield of modified oligonucleotides was four-
to fivefold higher as compared to that with the isobutyryl
strategy.


For the synthesis of the formamidine-protected C8-aryl-ACHTUNGTRENNUNGamine-2’-dG phosphoramidites 16, palladium-catalyzed
cross-coupling was again used as the key step. The O6-posi-
tion of guanine as well as the hydroxyl groups of the glycon
need to be blocked during the reaction. The fully protected
dG derivative was synthesized as described previously.[16]


However, protection of the exocyclic amino group of dG
was not necessary for the Buchwald–Hartwig reaction,
which was carried out starting from intermediate 11 under
previously published conditions (Scheme 2).[15] The coupling
proceeded smoothly to give the C8-arylamine adducts 12 a–f
in yields of 65–92 %. The C8-arylamine adducts 12 a–f were
converted into the corresponding phosphoramidites as sum-
marized in Scheme 2. The O6-position was deblocked using
Pd/H2 and the hydroxyl groups were desilylated using tri-
ethylamine trihydrofluoride to give the unprotected inter-
mediates. The formamidine group was introduced using di-
methylformamide diethyl acetal to give 14 a–f. These com-
pounds were 5’-O-dimethoxytritylated in yields of 78–84 %
and further converted into the 5’-O-DMTr-3’-O-phosphor-
amidites 16 a–f (57–88 % yields). No side reaction at the N8-
atom took place, neither during the introduction of the
DMTr group nor in the course of the phosphoramidite reac-
tion.


In the case of 2’-deoxyadenosine, nothing was known
about the synthesis of C8 adducts with aromatic amines
prior to our recent report on the synthesis of C8-arylamine-
modified 2’-dA adducts. Moreover, we proved that the ad-
ducts could be converted into the phosphoramidites and
they were successfully site-specifically incorporated into a
DNA sequence.[17] In contrast to the preparation of the dG-
C8 adducts, we selected the Markiewicz (TIPDS) protecting
group instead of the tert-butyldimethylsilyl group for the
protection of the 3’- and 5’-hydroxyl moieties of 2’-dA. This
was necessary because of incomplete cleavage of the tert-bu-
tyldimethylsilyl ethers from the N6-benzoyl-protected C8-


substituted 2’-dA adducts. Neither with tetrabutylammoni-
um fluoride nor with triethylamine trihydrofluoride as de-
protecting reagent could a satisfactory deprotection be real-
ized. Interestingly, the desilylation proceeded in nearly
quantitative yield after the Buchwald–Hartwig coupling
when the exocyclic N6-amino function was still unprotected.
Since this first report in 2006, improvements have been ach-
ieved using morpholine for the selective debenzoylation of
the N6-amino position instead of a mixture of aqueous am-
monia, water, and pyridine.[29] The commonly used tech-
nique with sodium methanolate failed in our hands. A modi-
fication of the reaction conditions was also necessary for the
5’-dimethoxytritylation because the originally used method
showed only poor regioselectivity and required long reaction
times (Scheme 3).


As a consequence, a considerable amount of the 3’,5’-bis-
dimethoxytritylated product was detected while there was
still starting material present. This problem was reduced by
the addition of one equivalent each of silver nitrate and
sym-collidine to accelerate the reaction, which led to a con-
siderable improvement in the yield of the 5’-DMTr-protect-
ed compound.[30]


To improve the yield of the cross-coupling, several com-
monly used ligands were studied. Thus, Buchwald�s
ligand,[31] PEPPSI-iPr,[32] benzyldi-1-adamantylphosphine,[33]


and Xantphos[34] were used, as well as rac-BINAP
(Figure 2).


The Buchwald ligand generated the desired product only
in moderate yield and with low purity. Use of the PEPPSI-
iPr ligand resulted in an undefined product, while the ben-
zyldi-1-adamantylphosphine showed no reaction at all.
Xantphos and rac-BINAP proved to be the most appropri-
ate ligands for the cross-coupling with aromatic amines. To
obtain very good to excellent yields with these two ligands,
it is necessary to pre-react the catalyst and ligand for 1 h
prior to addition of the nucleoside, amine, and base. This
pre-reaction procedure increased the yield from about 70 %
to over 90 % (Table 1).


Scheme 2. Synthesis of C8-arylamine-modified 2’-dG phosphoramidites.
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Site-specific synthesis of oligonucleotides containing C8-ad-
ducts of different arylamines : Compounds 16 a–f and 22 a,b,
which are readily soluble in acetonitrile, were employed in
oligonucleotide synthesis using a modified coupling protocol
with three coupling steps for the C8 adducts. In this way, we
synthesized a site-specifically modified 12mer oligonucleo-
tide including the NarI sequence 23 a–f (Table 2). Addition-
ally, we prepared 30 mer oligonucleotides 24 a–j (Table 3)
needed for DNA polymerase assays and 12 mer oligonucleo-
tides 25 a–q for an EcoRI assay (Table 4).


In the automated DNA synthesis, we used commercially
available protected phosphoramidites for the regular nucleo-
sides. For the incorporation of the adducts, the C8-modified
dG and dA phosphoramidites were dissolved in acetonitrile
(0.1 m solution) and the coupling step was repeated three


times with a total coupling ef-
ficiency of 60–70 % for the
modified 2’-deoxyguanosine
and a coupling efficiency of
>98 % for the modified 2’-de-
oxyadenosine phosphorami-
dites. The basic deprotection
step was completed within 4 h
at 45 8C according to Johnson
et al. by adding ethane-
thiol.[35, 36] They observed that
the C8-aminofluorene adduct
undergoes an oxidative rear-
rangement in the presence of
strong bases and oxygen, anal-
ogous to that observed for 8-
oxo-2’-dG. The addition of
ethanethiol to the degassed
ammonium hydroxide prevents
the oxidative side reaction
during the final deprotection.
The deprotected oligonucleo-
tides were purified by re-
versed-phase HPLC and char-
acterized by ESI mass spec-
trometry.


Melting temperature (Tm) and
circular dichroism studies : In
the past, dG adducts were in-
corporated in the middle of a


homo(T)14 sequence and hybridization experiments were
conducted.[16] For comparison, the unmodified (T)7(dG)(T)7


was hybridized to (dA)7(X)(dA)7 (X=dC, T, dA, dG). A
mismatch within the hybrid caused a decrease of the Tm


value of about 10 8C (Tm �28.5 8C). Incorporation of a dG*
adduct into the homo(T) sequence led to a reduction of 5 8C
in the case of the matched (dA)7(dC)(dA)7 strand, irrespec-
tive of the arylamine modification. Hybridization of the mis-
matched (dA)7(X)(dA)7 strand with the modified strand led
to the same thermal stability as in the case of the mis-
matched duplex and no stabilization from a possible Hoogs-
teen base pairing was observed (Tm �27.5 8C).[16]


For the present investigations, all oligonucleotides were
hybridized to complementary strands and the effect of the
C8-arylamine adduct on the thermal stability of the DNA


Scheme 3. Synthesis of C8-arylamine-modified 2’-dA phosphoramidites.


Figure 2. Ligands tested for the Buchwald–Hartwig reaction.


Table 1. Optimization of Buchwald–Hartwig cross-coupling for dA.


Ligand Base/
Solvent


Aryl-
amine


t [h] Yield [%] Pre-reaction of catalyst
and ligand


Product


rac-BINAP Cs2CO3/1,2-DME 4-anisidine 48 75 no 19a
rac-BINAP Cs2CO3/1,2-DME 4-aminobiphenyl 58 65 no 19b
rac-BINAP Cs2CO3/1,2-DME 3,5-dimethylaniline 48 73 no 19 c
rac-BINAP Cs2CO3/1,2-DME 2-aminofluorene 48 93 yes 19d
Xantphos Cs2CO3/1,2-DME 3,5-dimethylaniline 18 92 yes 19 c
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duplex was measured through UV melting temperature
analysis (Tm values). The data for the 12 mer oligonucleo-
tides 23 a–f are given in Table 2.


For C8-anisidine-damaged dG oligonucleotide 23 b, a de-
crease of 7 8C was observed compared to the Tm value of the
unmodified NarI oligonucleotide 23 a (Tm = 58 8C). Inter-
estingly, for the oligonucleotide bearing the abp lesion 23 c,
a dramatic decrease in thermal stability was observed (Tm =


40 8C). Thus, the second aromatic ring of the abp lesion has
a significant effect on the duplex stability. However, the sit-
uation was different in the case of the mutated NarI sequen-
ces 23 e and 23 f bearing a damaged dA nucleoside. As com-
pared with the unmodified reference oligonucleotide 23 d,
both lesions caused a similar destabilization of about 8 8C
(Table 2). Here, the strong carcinogen abp clearly did not
cause a further decrease in stability as in the case of the dG
adducts.


The data collected for the 30 mer oligonucleotides 24 a–j
are summarized in Table 3. For the C8-arylamine-2’-dG oli-
gonucleotides modified with borderline carcinogens 24 b–d,
no effect on the Tm value was observed with respect to the
unmodified oligonucleotide 24 a (62 8C). In contrast, the oli-
gonucleotides damaged by strong arylamine carcinogens
(24 e–g) showed a decrease in thermal stability (59 8C). This
decrease is certainly higher than the experimental error of
�0.5 8C. Astonishingly, the oligonucleotides modified with
different monocyclic aromatic amines always showed the
same thermal stability as compared to the non-damaged ref-
erence strands 24 a and 24 h.


Similar trends were observed for C8-arylamine-2’-dA oli-
gonucleotides 24 i,j. For the p-anisidine-modified oligonu-
cleotide 24 i, an identical Tm value was measured as for the
unmodified oligonucleotide 24 h (59 8C), whereas the oligo-


nucleotide modified with 4-aminobiphenyl 24 j showed a de-
crease of the Tm value (57 8C).


Thus, oligonucleotides modified by strong carcinogens
consistently showed a 2–3 8C reduction in Tm compared to
the reference. The conformational distortion as a result of
C8-dG or C8-dA damage of the DNA double-helix caused
by a borderline or a strong carcinogen is therefore signifi-
cantly different and is in the range of the hybridization con-
tribution of one G–C or one A–T base pair, respectively.


For the self-complementary 12 mer oligonucleotides of
the EcoRI sequence, the effect on the Tm values was much
more pronounced (Table 4). This was expected because in
the duplexes formed in this case one adduct occurs in each
strand.


A decrease in the thermal stabilities of the dG-adduct-
bearing oligonucleotides 25 b–g (Tm values decreased by 13–
18 8C) compared to reference oligonucleotide 25 a (Tm =


42 8C) was observed. Here, no significant difference between
the oligonucleotides damaged by monocyclic aromatic
amines and those damaged by a polycyclic aromatic amine
was measured. In contrast, a significant difference in the in-
fluences on thermal stability can be observed for the oligo-
nucleotides 25 h,i. Here, the monocyclic DNA damage leads


to a decrease of 7 8C to a Tm of
35 8C, whereas the polycyclic
DNA damage has a bigger in-
fluence leading to a Tm of
30 8C.


In the case of the dA-modi-
fied oligonucleotides, there is
no such strong influence on the
Tm value. The oligonucleotides
modified with p-anisidine
25 j,l,n,p showed only a 5–14 8C
decrease in the Tm value com-
pared to that of the unmodi-


Table 2. Synthesized oligonucleotides 23a–f and Tm values.


Oligonucleotide Tm [8C]


5’-CTC GGC GCC ATC-3’ 23 a 58
5’-CTC GGC G ACHTUNGTRENNUNG(anis)CC ATC-3’ 23b 51
5’-CTC GGC G ACHTUNGTRENNUNG(4-abp)CC ATC-3’ 23-c 40
5’-CTC GGC ACC ATC-3’ 23d 56
5’-CTC GGC A ACHTUNGTRENNUNG(anis)CC ATC-3’ 23 e 47
5’-CTC GGC A ACHTUNGTRENNUNG(4-abp)CC ATC-3’ 23 f 49


Table 3. Synthesized oligonucleotides 24a–j and Tm values.


Oligonucleotide Tm [8C]


5’-AAA TGA ACC TAT CCT CCT TCA GGA CCA ACG-3’ 24a 62
5’-AAA TG ACHTUNGTRENNUNG(anil)A ACC TAT CCT CCT TCA GGA CCA ACG-3’ 24 b 62
5’-AAA TG ACHTUNGTRENNUNG(tol)A ACC TAT CCT CCT TCA GGA CCA ACG-3’ 24 c 62
5’-AAA TG ACHTUNGTRENNUNG(anis)A ACC TAT CCT CCT TCA CGA CCA ACG-3’ 24d 62
5’-AAA TG ACHTUNGTRENNUNG(dma)A ACC TAT CCT CCT TCA GGA CCA ACG-3’ 24e 59
5’-AAA TG ACHTUNGTRENNUNG(4-abp)A ACC TAT CCT CCT TCA GGA CCA ACG-3 24 f 59
5’-AAA TG ACHTUNGTRENNUNG(2-af)A ACC TAT CCT CCT TCA GGA CCA ACG-3’ 24 g 59
5’-AAA TAA ACC TAT CCT CCT TCA GGA CCA ACG-3’ 24h 59
5’-AAA TA ACHTUNGTRENNUNG(anis)A ACC TAT CCT CCT TCA GGA CCA ACG-3’ 24 i 59
5’-AAA TA ACHTUNGTRENNUNG(4-abp)A ACC TAT CCT CCT TCA GGA CCA ACG-3’ 24 j 57


Table 4. Synthesized oligonucleotides 25a–q and corresponding Tm


values.


Oligonucleotide Tm [8C]


5’-GTAGAATTCTAC-3’ 25a 42
5’-GTAG ACHTUNGTRENNUNG(anil)AATTCTAC-3’ 25b 29
5’-GTAG ACHTUNGTRENNUNG(tol)AATTCTAC-3’ 25 c 24
5’-GTAG ACHTUNGTRENNUNG(anis)AATTCTAC-3’ 25 d 25
5’-GTAG ACHTUNGTRENNUNG(dma)AATTCTAC-3’ 25 e 24
5’-GTAG ACHTUNGTRENNUNG(4-abp)AATTCTAC-3’ 25 f 24
5’-GTAG ACHTUNGTRENNUNG(2-af)AATTCTAC-3’ 25 g 24
5’-G ACHTUNGTRENNUNG(anil)TA GAATTCTAC-3’ 25h 35
5’-G ACHTUNGTRENNUNG(4-abp)TAGAATTCTAC-3’ 25 i 30
5’-GTA ACHTUNGTRENNUNG(anis)GAATTCTAC-3’ 25j 29
5-GTA ACHTUNGTRENNUNG(4-abp)GAATTCTAC-3’ 25k 27
5’-GTAGA ACHTUNGTRENNUNG(anis)ATTCTAC-3’ 25 l 35
5’GTAGA ACHTUNGTRENNUNG(4-abp)GAATTCTAC-3’ 25m 42
5’-GTAGAA ACHTUNGTRENNUNG(anis)TTCTAC-3’ 25n 37
5’-GTAGAA ACHTUNGTRENNUNG(4-abp)TTCTAC-3’ 25 o 39
5’-GTAGAATTCTA ACHTUNGTRENNUNG(anis)C-3’ 25p 28
5’-GTAGAATTCTA ACHTUNGTRENNUNG(4-abp)C-3’ 25q 33
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fied oligonucleotide 25 a. Surprisingly, the influence on the
thermal stabilities of the oligonucleotides modified with the
strong carcinogen 4-aminobiphenyl 25 k,m,o,q was lower
than that for the monocyclic aromatic amines. Here, a de-
crease of 3–12 8C could be observed. For the oligonucleotide
25 m, the Tm value was found to be identical to that of the
non-damaged oligonucleotide 25 a.


In addition, the circular dichroism (CD) spectra of all of
the synthesized oligonucleotides as hybrids with the comple-
mentary strand were measured. CD spectra were recorded
to prove the overall conformation of the adduct-modified
DNA hybrids. For the NarI sequence 23 a–f, no difference
between the unmodified oligonucleotide and those bearing
lesions of dG and dA could be observed and all showed typ-
ical spectra of a B-type DNA conformation (see Supporting
Information).


The same result was obtained for the 2’-dA-damaged oli-
gonucleotides 24 i and 24 j and the unmodified strand 24 h
(Figure 3). Again, the three oligonucleotides are predomi-
nantly in a B-type DNA conformation. Thus, no conforma-
tional difference was observed between oligonucleotides
modified with a borderline or a strong carcinogen.


Moreover, all of the 30 mer oligonucleotide duplexes
modified at 2’-dG show the same characteristics, a maximum
at 280–290 nm and a minimum at 240–250 nm without signif-
icant changes in intensity (see the Supporting Information).
These features indicate that all of the 30 mer oligonucleo-
tides are in a B-type DNA conformation. The shifts of the
maxima in the CD spectra of the modified oligonucleotides
24 e,f to higher wavelength (6 and 9 nm, respectively) are
caused by the (partly) conjugated aromatic systems.


An analogous study was performed with the EcoRI se-
quences. Again, all of the modified 12 mer oligonucleotides
25 b–q exhibited the same overall conformation (see Sup-
porting Information).


EcoRI restriction assay : To investigate the effect on enzy-
matic cleavage of arylamine-modified oligonucleotides 25 by
an endonuclease, the EcoRI restriction assay was chosen.
EcoRI cleaved the self-complementary, undamaged 12 mer
oligonucleotide 25 a into a 4 mer (GTAG) and an 8 mer
strand (AATTCTAC). It is known that EcoRI cleaves both
strands of a DNA double-helix between dG4 and dA5. For
the reference oligonucleotide 25 a, a half-life of 2.5 h using
270 units of enzyme in a DTT buffer at 20 8C was deter-
mined (Figure 4). The half-life was calculated as described
previously.[37]


Performing the cleavage assay using the arylamine-modi-
fied oligonucleotides 25 b–g and 25 l–o under the same ex-
perimental conditions, no cleavage of any of the oligonucle-
otides could be detected. Even after incubation for 76 h, the
modified double-strands were not digested (Figure 5). Thus,
the arylamine damage of either dA or dG within the cleav-
age site evidently causes a conformational distortion in such
a way that the enzyme is unable to bind and/or to cleave the
DNA double-strand.


A modification by a mono- or polycyclic aromatic amine
away from the recognition site generally leads to an increase
in the half-life for the restriction assay. For polycyclic DNA
damage of dG1, a half-life of 4.5 h was calculated. Surpris-
ingly, a monocyclic modification has a more pronounced
effect, leading to a longer half-life (6.3 h). A similar effect
can be observed for modification at dA3 (see Table 5). Here
again, the monocyclic arylamine modification clearly results
in a greater structural change, which could be a reason for a
weaker binding of the enzyme or inferior recognition of the
acquired palindromic hexamer (see the example in
Figure 6).


Primer extension assay : As investigations of other DNA ad-
ducts have shown, covalent DNA modifications significantly


Figure 3. CD spectra of dA-modified oligonucleotides 24h–j.


Figure 4. HPLC chromatograms of the EcoRI assay with the unmodified
oligonucleotide 25a.
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hamper the selectivity and efficiency of lesion bypass syn-
thesis by replicative DNA polymerases, while other DNA
polymerases are effective in performing DNA synthesis
beyond the site of damage.[38] Thus, to gain some initial in-
sights, we investigated several DNA polymerases from dif-
ferent DNA polymerase families with regard to their effec-
tiveness in bypassing the C8-arylamine adducts studied here
(Figure 7).


We conducted experiments using a radioactively labeled
primer–template complex, which was designed in such a
way that the modified nucleotide in the template strand
codes for the first nucleotide after primer extension
(Figure 7). Single incorporations were examined in order to
gain first insights into the impact of the modification on se-
lectivity, in addition to experiments employing all four
dNTPs to study lesion bypass. First, we investigated the
high-fidelity Pyrococcus furiosus (Pfu) DNA polymerase
(3’!5’ exonuclease-deficient mutant),[3940] a replicative


DNA polymerase belonging to sequence family B, the same
as the human replicative DNA polymerases.


The investigated lesions significantly block the progress of
DNA synthesis by this enzyme, as indicated by a strong
pausing band after incorporation of only one nucleotide,
even when all four dNTPs are present (Figure 7B). Interest-
ingly, the ability to misincorporate a nucleotide significantly
depends on the chemical composition of the modification as
well as the modified nucleobase. While predominately the
canonical dC is incorporated opposite GACHTUNGTRENNUNG(4-abp) and the


Figure 5. HPLC chromatograms of the EcoRI assay with the modified
oligonucleotide 25b.


Table 5. Calculated half-lives for the EcoR1 restriction assay for oligonu-
cleotides 25 a–q.


Oligonucleotides t1/2 [h]


5’-GTAGAATTCTAC-3’ 25a 2.5
5’-GTAG ACHTUNGTRENNUNG(anil)AATTCTAC-3’ 25b n.r.
5’-GTAG ACHTUNGTRENNUNG(tol)AATTCTAC-3’ 25 c n.r.
5’-GTAG ACHTUNGTRENNUNG(anis)AATTCTAC-3’ 25 d n.r.
5’-GTAG ACHTUNGTRENNUNG(dma)AATTCTAC-3’ 25 e n.r.
5’-GTAG ACHTUNGTRENNUNG(4-abp)AATTCTAC-3’ 25 f n.r.
5’-GTAG ACHTUNGTRENNUNG(2-af)AATTCTAC-3’ 25 g n.r.
5’-G ACHTUNGTRENNUNG(anil)TA GAATTCTAC-3’ 25h 6.3
5’-G ACHTUNGTRENNUNG(4-abp)TAGAATTCTAC-3’ 25 i 4.5
5’-GTA ACHTUNGTRENNUNG(anis)GAATTCTAC-3’ 25j >24
5’-GTA ACHTUNGTRENNUNG(4-abp)GAATTCTAC-3’ 25k 3.1
5’-GTAGA ACHTUNGTRENNUNG(anis)ATTCTAC-3’ 25 l n.r.
5’-GTAGA ACHTUNGTRENNUNG(4-abp)ATTCTAC-3’’ 25m n.r.
5’-GTAGAA ACHTUNGTRENNUNG(anis)TTCTAC-3’ 25n n.r.
5’-GTAGAA ACHTUNGTRENNUNG(4-abp)TTCTAC-3’ 25 o n.r.


n.r.=no restriction.


Figure 6. HPLC chromatograms of the EcoRI assay with the modified
oligonucleotide 25k.


Figure 7. Effect of C8-arylamine adducts on DNA polymerases (A):
DNA sequences employed. X =modified dG or dA residues. (B–D): re-
actions catalyzed by the indicated DNA polymerase in the presence of
one dNTP or all four dNTPs (indicated by N).
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primer strand is extended by 60 %, G ACHTUNGTRENNUNG(anis) promotes misin-
corporation of dT and dA more efficiently, extending the
primer by 60 % and 54 %, respectively (see the Supporting
Information). On the other hand, incorporation opposite
AACHTUNGTRENNUNG(anis) is more selective and the most significant primer ex-
tension by 90 % was observed when the canonical dTTP was
present. However, AACHTUNGTRENNUNG(4-abp) promotes misinsertion of dA
more significantly (78 %). Comparing A ACHTUNGTRENNUNG(anis) with GACHTUNGTRENNUNG(anis),
the latter seems to promote mismatch formation to a greater
extent. In addition, we investigated the ability of the 3’!5’
exonuclease-proficient Pfu DNA polymerase to bypass the
studied lesions (see the Supporting Information). Interest-
ingly, we found that this enzyme was only able to bypass the
lesions in the case of GACHTUNGTRENNUNG(anis), indicating the proofreading
activity involved in the bypass process.


Next, we investigated human DNA polymerase b (Fig-
ure 7C). Interestingly, this enzyme, a member of the DNA
polymerase X family involved in DNA repair,[41] is able to
bypass the lesions and predominantly inserts the canonical
nucleotide opposite the lesion (see the Supporting Informa-
tion). When investigating single nucleotide insertion, it was
apparent that both modifications render primer extension
less efficient in most cases (47–63 %), as compared to reac-
tions employing the unmodified templates (80–83 %). How-
ever, the effects of nucleobase and composition of the modi-
fication have a lower impact on error formation when com-
pared to the family B Pfu DNA polymerase. Next, we stud-
ied Sulfolobus solfataricus P2 DNA polymerase IV (Dpo4),
which often serves as a functional and structural model for
Y-family DNA polymerases (Figure 7D).[42–45] This enzyme is
effective in bypassing these lesions, albeit with reduced effi-
ciency, as evidenced by a strong pausing band after nucleo-
tide insertion opposite the lesions when all four nucleotides
are employed. Single nucleotide incorporation assays show
that the canonical nucleotide is incorporated predominantly
opposite the lesion, as has also been shown for other le-
sions.[44,45] Only in the cases of the GACHTUNGTRENNUNG(4-abp) and GACHTUNGTRENNUNG(anis)
modifications insertion of the non-canonical dT was ob-
served to some extent (7–11 %).


Conclusion


We have presented detailed experimental procedures for the
successful synthesis of C8-arylamine-dG phosphoramidites
as well as for their hitherto unknown dA counterparts. The
amidites have been successfully site-specifically incorporated
into two different oligonucleotides. For both 30 mer oligonu-
cleotides and the self-complementary 12 mers, the thermal
stabilities of the damaged DNA strands showed a difference
between the compounds modified by a monocyclic aromatic
amine and those modified by 4-aminobiphenyl. Moreover,
the adduct-bearing oligonucleotides were found to be resist-
ant to digestion by EcoRI when these modifications were
present within the recognition sequence of the EcoRI
enzyme. An influence on the half-life of this enzymatic di-
gestion was also found. Surprisingly, monocyclic DNA dam-


ages were found to have a stronger influence, leading to
higher half-lives in this restriction assay. We have shown
that the effect of the damaged oligonucleotides on DNA
polymerases very much depends on the respective DNA
polymerase, the nucleobase, as well as the chemical nature
of the adduct. Interestingly, the most significant potential
for incorporating a non-Watson–Crick nucleotide was found
when a high-fidelity DNA polymerase promoted nucleotide
insertion opposite the lesion. Investigations concerning the
effect on repair enzymes of the different modified oligonu-
cleotides are currently in progress in our laboratories.


Experimental Section


General methods : All air- or water-sensitive reactions were performed in
flame-dried glassware under a nitrogen atmosphere. Commercial solvents
and reagents were used without further purification with the following
exceptions: 1,4-dioxane and 1,2-DME were distilled from potassium
under nitrogen; pyridine, dichloromethane, and acetonitrile were distilled
from calcium hydride under nitrogen. Water was purified on a Milli-Q
water system. NMR spectra are reported relative to the respective sol-
vent peaks (1H NMR: 2.50 ppm ([D6]DMSO), 7.26 ppm (CDCl3),
3.31 ppm (CD3OD), and 7.16 ppm (C6D6); 13C NMR: 39.52 ppm
([D6]DMSO), 77.16 ppm (CDCl3), 49.0 ppm (CD3OD), and 128.06 ppm
(C6D6)). Thin-layer chromatography (TLC) was performed on aluminium
sheets coated with silica gel 60 F254 from Merck.


O6-Benzyl-8-bromo-3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxyguanosine
(11) was prepared as described previously.[16]


General procedure I for the C�N bond formation of O6-benzyl-8-bromo-
3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxyguanosine derivatives by Pd-cat-
alyzed cross-coupling chemistry : A dried flask was purged with nitrogen
and charged with bromide 11, K3PO4 (1.5 equiv), tris(dibenzylideneaceto-
ne)dipalladium(0) ([Pd2dba3]; 10 mol %), racemic 2,2’-bis(diphenylphos-
phino)-1,1’-binaphthyl (rac-BINAP; 30 mol %), and the appropriate
amine (2 equiv). Dry 1,2-DME (15 mL) was added and the mixture was
stirred at 80 8C until the reaction was complete (TLC analysis). The mix-
ture was allowed to cool to room temperature, whereupon saturated
sodium hydrogencarbonate solution (1 mL) was added. After the addi-
tion of brine (10 mL), the layers were separated and the aqueous layer
was extracted with ethyl acetate (3 � 10 mL). The combined organic
layers were washed with brine (2 � 10 mL) and finally with a mixture of
brine (10 mL) and water (2 mL). The organic phase was then dried over
sodium sulfate and the solvent was removed in vacuo. Purification by
chromatography on silica gel, eluting with 10!30 % ethyl acetate in hex-
anes, gave the desired product.


O6-Benzyl-8N-(phenylamino)-3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxy-
guanosine (12 a): GP I was conducted with 3.00 g (4.51 mmol) of bromide
11 (reaction time 72 h), which afforded a yellow foam (1.97 g, 64%).
M.p. 161 8C; [a]20


546 =++13.88 (c =1.64, CHCl3); 1H NMR (400 MHz,
[D6]DMSO): d= 8.69 (s, 1 H), 7.59 (dd, J=7.6 Hz, 2 H), 7.49 (dd, J=


6.7 Hz, 2H), 7.40–7.38 (m, 1H, He), 7.37–7.33 (m, 2 H, Hg), 7.26 (ddd, J =


7.5, 7.5 Hz, 2H), 6.91 (ddd, J= 7.3, 7.3 Hz, 1 H), 6.31 (dd, J=6.9, 6.9 Hz,
1H), 6.05 (s, 2 H), 5.48 (s, 2H), 4.64 (ddd, J =3.1, 3.1, 6.2 Hz, 1 H), 3.88–
3.80 (m, 2H), 3.68 (dd, J =4.4, 10.0 Hz, 1H), 3.47–3.40 (m, 1H), 2.15–
2.10 (m, 1 H), 0.90 (s, 9H), 0.81 (s, 9 H), 0.12 (s, 6H), �0.02 (s, 3H),
�0.03 ppm (s, 3H); 13C NMR (101 MHz, [D6]DMSO): d =157.1, 156.9,
153.3, 145.5, 140.2, 136.4, 128.2, 128.0, 127.8, 127.8, 127.3, 120.4, 117.3,
86.6, 82.4, 72.1, 65.8, 62.4, 35.8, 25.2, 17.4, 17.2, �5.2, �5.4, �6.0 ppm; IR
(KBr): ñ=3227, 3034, 1180, 1005, 917, 895, 725, 669, 560, 505 cm�1; MS
(HRFAB): m/z : calcd for: 676.3589, found: 677.3616 [M+H+].


O6-Benzyl-8N-(4-methylphenylamino)-3’,5’-bis(tert-butyldimethylsilyl)-2’-
deoxyguanosine (12 b): GP I was conducted with bromide 11 (2.50 g,
3.76 mmol; reaction time 70 h), which afforded a yellow foam (1.96 g,
75%). M.p. 86 8C; [a]20


546 =++ 16.98 (c=0.9, CHCl3); 1H NMR (400 MHz,
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[D6]DMSO): d =8.56 (s, 1H), 7.49–7.47 (m, 2H), 7.40–7.30 (m, 3H), 7.07
(d, J =8.4 Hz, 2 H), 6.80 (d, J= 8.0 Hz, 2H), 6.30 (dd, J =6.9 Hz, 1 H),
6.01 (s, 2H), 5.47 (s, 2H), 4.62 (ddd, J=6.1, 3.0, 3.0 Hz, 1 H), 3.82–3.78
(m, 2H), 3.68 (dd, J=10.2, 4.5 Hz, 1 H), 3.42–3.38 (m, 1 H), 2.22 (s, 3H),
2.11–2.09 (m, 1H), 0.89 (s, 9H), 0.80 (s, 9 H), 0.11 (s, 6 H), �0.02 (s, 3H),
�0.03 ppm (s, 3H); 13C NMR (101 MHz, [D6]DMSO): d =157.6, 157.4,
146.4, 138.1, 137.0, 129.9, 129.2, 128.4, 128.3, 127.9, 123.9, 117.4, 111.0,
87.1, 83.0, 72.7, 66.4, 63.0, 36.5, 25.7, 20.3, 18.0, �4.6, �5.2 ppm; IR
(KBr): ñ=3465, 3348, 2953, 1600, 1409, 1257, 1105, 1060, 835, 698 cm�1;
MS (HRFAB): m/z : calcd for: 690.3745, found 691.3809 [M+H+].


O6-Benzyl-8N-(4-methoxyphenylamino)-3’,5’-bis(tert-butyldimethylsilyl)-
2’-deoxyguanosine (12 c): GP I was conducted with 3.02 g (4.54 mmol) of
bromide 11 (reaction time 70 h), which afforded a yellow foam (2.00 g,
62%). M.p. 117–121 8C; [a]20


546 =++158 (c =0.1, CHCl3); 1H NMR
(400 MHz, [D6]DMSO): d=8.47 (s, 1H), 7.51 (d, J =9.0 Hz, 2 H), 7.47 (d,
J =7.2 Hz, 2H), 7.38 (dd, J= 7.2 Hz, 3H), 6.88 (d, J= 9.0 Hz, 2H), 6.29
(dd, J=6.9 Hz, 1 H), 5.97 (s, 2H), 5.46 (s, 2 H), 4.63 (ddd, J =6.2, 3.1,
3.1 Hz, 1H), 3.84 (ddd, J= 13.2, 9.6, 5.5 Hz, 2H), 3.70 (s, 3H), 3.68 (dd,
J =13.2, 5.5 Hz, 1 H), 3.43 (ddd, J =13.3, 6.7 Hz, 1 H), 2.10 (ddd, J =13.3,
6.7, 3.2 Hz, 1H), 0.90 (s, 9H), 0.81 (s, 9 H), 0.12 (s, 6H), �0.02 (s, 3H),
�0.03 ppm (s, 3H); 13C NMR (101 MHz, [D6]DMSO): d =157.6, 157.4,
147.2, 139.1, 137.3, 133.9, 128.6, 128.5, 128.1, 120.0, 114.0, 87.3, 83.0, 72.9,
66.6, 63.2, 55.3, 36.6, 25.9, 18.0, �5.2 ppm; IR (KBr): ñ= 3332, 2952, 2929,
1633, 1605, 1565, 1414, 1256, 835 cm�1; MS (HRFAB): m/z : calcd for:
706.3718, found 707.3622 [M+H+].


O6-Benzyl-8N-(3,5-dimethylphenylamino)-3’,5’-bis(tert-butyldimethylsil-
yl)-2’-deoxyguanosine (12 d): GP I was conducted with 2.50 g (3.76 mmol)
of bromide 11 (reaction time 72 h), which afforded an orange solid
(1.74 g, 66 %). M.p. 135 8C; [a]20


546 =++158 (c =1.64, CHCl3); 1H NMR
(400 MHz, [D6]DMSO): d =8.38 (s, 1H), 7.46 (d, J=7.2 Hz, 2 H), 7.36 (t,
J =7.5 Hz, 2 H), 7.32–7.29 (dd, J =7.2, 8.2 Hz, 2 H), 7.25 (d, J =7.1 Hz,
1H), 6.55 (s, 1H), 6.26 (t, J=6.9 Hz, 1H), 6.02 (s, 2H), 5.49 (s, 2H),
4.61–4.59 (m, 1H), 3.85–3.79 (m, 2 H), 3.67 (dd, J =4.6, 5.8 Hz, 1H), 2.20
(s, 6 H), 2.11–2.08 (m, 2H), 0.88 (s, 9 H), 0.80 (s, 9H), 0.10 (s, 6H),
0.00 ppm (s, 6H); 13C NMR (101 MHz, [D6]DMSO): d=157.8, 154.9,
154.1, 149.3, 141.0, 137.7, 128.7, 128.5, 128.4, 128.3, 128.0, 120.8, 117.9,
87.2, 84.0, 72.8, 66.6, 63.2, 36.7, 25.9, 21.4, 17.4, 16.7, �5.2, �5.4,
�6.0 ppm; IR (KBr): ñ=3377, 3333, 2950, 2857, 1616, 1565, 1464, 1413,
1253, 1108, 833, 783 cm�1; MS (HRFAB): m/z : calcd for: 704.3902, found
705.3993 [M+H+].


O6-Benzyl-8N-(4-biphenylamino)-3’,5’-bis(tert-butyldimethylsilyl)-2’-de-
oxyguanosine (12 e): GP I was conducted with bromide 11 (1.40 g,
1.56 mmol, reaction time 55 h), which afforded a light-yellow foam
(1.03 g, 65%). M.p. 146 8C; [a]20


546 =++16.38 (c=0.32, CHCl3); 1H NMR
(400 MHz, [D6]DMSO): d =8.05 (s, 1H), 7.52–7.20 (m, 14H), 6.50 (s,
2H), 6.20 (dd, J=6.8, 7.4 Hz, 1H), 5.48 (s, 2H), 4.51 (ddd, J =6.7, 4.3,
4.3 Hz, 1 H), 3.81 (dd, J=10.6, 5.0 Hz, 1 H), 3.73 (ddd, J =5.0, 4.3, 6.0 Hz,
1H), 3.69 (dd, J =10.6, 6.0 Hz, 1H), 3.63 (ddd, J=13.0, 6.2, 6.8 Hz, 1 H),
2.26 (ddd, J=13.0, 4.3, 7.4 Hz, 1H), 0.89 (s, 9H), 0.85 (s, 9 H), 0.10 (s,
3H), 0.09 (s, 3H), �0.04 (s, 3H), �0.05 ppm (s, 3H); 13C NMR
(101 MHz, [D6]DMSO): d= 160.2, 159.9, 154.3, 148.5, 140.9, 137.8, 136.8,
128.9, 128.6, 128.4, 128.2, 127.5, 127.4, 127.2, 125.8, 125.5, 114.4, 82.5,
72.4, 72.3, 67.0, 62.9, 37.2, 26.0, 25.9, 18.1, 17.9, �4.5, �4.7, �5.2,
�5.3 ppm; IR (KBr): ñ=2940, 2908, 2877, 1607, 1559, 1423, 1159, 1005,
938, 785 cm�1; MS (HRFAB): m/z : calcd for: 752.3902, found 753.3992
[M+H+].


O6-Benzyl-8N-(2-aminofluorenyl)-3’,5’-bis(tert-butyldimethylsilyl)-2’-de-
oxyguanosine (12 e): GP I was conducted with bromide 11 (1.95 g,
2.91 mmol; reaction time 78 h), which afforded a yellow solid (2.05 g,
91%). M.p. 85 8C; [a]20


546 =�5.28 (c =0.5, CHCl3); 1H NMR (400 MHz,
[D6]DMSO): d=8.77 (s, 1 H), 7.91–7.88 (m, 1H), 7.76 (dt, J=7.8, 5.9 Hz,
1H), 7.59 (dd, J =8.3, 1.9 Hz, 1H), 7.52–7.46 (m, 3 H), 7.42–7.20 (m, 5H),
7.11–7.07 (m, 1 H), 6.34 (dd, J= 6.9 Hz, 1H), 6.07 (s, 2H), 5.50 (s, 2H),
4.63 (ddd, J =6.1, 3.1 Hz, 1 H), 3.92 (s, 2H), 3.89–3.86 (m, 2H), 3.71–3.69
(m, 1 H), 3.43 (ddd, J= 10.1, 6.5 Hz, 1H), 2.13 (ddd, J =10.1, 7.2, 3.5 Hz,
1H), 0.90 (s, 9H), 0.81 (s, 9H), 0.12 (s, 6H), �0.00 (s, 3 H), �0.01 ppm (s,
3H); 13C NMR (101 MHz, [D6]DMSO): d=157.8, 157.6, 153.9, 146.1,
143.8, 142.5, 141.3, 140.1, 137.0, 134.5, 128.4, 128.4, 127.9, 126.7, 124.9,


124.3, 120.1, 119.0, 116.8, 114.4, 111.3, 87.2, 83.0, 72.7, 66.5, 63.0, 57.9,
36.5, 25.7, 17.9, �4.7, �5.4 ppm; IR (KBr): ñ =3495, 3357, 2952, 2927,
1597, 1560, 1456, 1416, 1254, 835, 778 cm�1; MS (HRFAB): m/z : calcd
for: 764.3902, found 765.3974 [M+H+].


General procedure II for the debenzylation of O6-benzyl-8N-arylamino-
3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxyguanosine derivatives : A dried
flask was purged with nitrogen and then charged with the O6-benzyl-8N-
arylamino-3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxyguanosine derivative
and Pd/C. Dry methanol was added and the reaction mixture was stirred
under a hydrogen atmosphere at room temperature for 1–48 h. The reac-
tion mixture was centrifuged several times with methanol, filtered, and
concentrated in vacuo to give the pure product.


8N-(Phenylamino)-3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxyguanosine
(13 a): GP II was conducted with 12 a (1.90 g, 2.80 mmol; reaction time
24 h), which afforded a white solid (1.48 g, 90 %). M.p. 155 8C; [a]20


546 =


�10.88 (c =0.8, CHCl3); 1H NMR (400 MHz, [D6]DMSO): d=10.52 (s,
1H), 8.35 (s, 1H), 7.45 (dd, J=7.6 Hz, 2H), 7.23 (dd, J =8.5 Hz, 2H),
6.87 (dd, J =7.3, 7.3 Hz, 1 H), 6.22 (dd, J =7.1 Hz, 1H), 6.19 (s, 2H), 4.53
(ddd, J =3.1, 3.1, 6.2 Hz, 1H), 3.84–3.78 (m, 2H), 3.71 (ddd, J =8.2, 8.2,
8.1 Hz, 1H), 3.23–3.16 (m, 1 H), 2.18–2.14 (m, 1 H), 0.88 (s, 9 H), 0.83 (s,
9H), 0.10 (s, 6H), 0.00 ppm (s, 6H); 13C NMR (101 MHz, [D6]DMSO):
d=155.3, 152.0, 149.5, 143.2, 141.3, 128.2, 120.0, 116.5, 113.0, 86.8, 82.5,
72.3, 62.7, 36.5, 25.4, 25.3, 17.7, 17.4, �5.1, �5.3 ppm; IR (KBr): ñ=3353,
1179, 1006, 953, 692, 667, 576, 501 cm�1; MS (HRFAB): m/z : calcd for:
586.8736, found 587.8705 [M+H+].


8N-(4-Methylphenylamino)-3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxygua-
nosine (13 b): GP II was conducted with 12b (1.90 g, 2.74 mmol; reaction
time 24 h), which afforded a yellow solid (1.69 g, 85%). M.p. 119 8C;
[a]20


546 =�7.98 (c=0.47, CHCl3); 1H NMR (400 MHz, [D6]DMSO): d=


10.55 (s, 1 H), 8.22 (s, 1 H), 7.37 (d, J= 8.4 Hz, 2H), 7.04 (d, J =8.4 Hz,
2H), 6.20 (dd, J =7.0 Hz, 1H), 6.17 (s, 2 H), 4.55–4.52 (m, 1H), 3.84–3.81
(ddd, J=8.3, 9.3 Hz, 2H), 3.73–3.70 (m, 1H), 3.18 (ddd, J =13.2, 7.0,
6.7 Hz, 1 H), 2.23 (s, 3 H), 2.06 (ddd, J =13.2, 6.7, 3.0 Hz, 1H), 0.88 (s,
9H), 0.83 (s, 9H), 0.09 (s, 6H), 0.02 (s, 3H), 0.00 ppm (s, 3 H); 13C NMR
(101 MHz, [D6]DMSO): d= 155.7, 152.3, 146.0, 143.9, 139.0, 128.3, 123.9,
114.5, 111.0, 87.1, 82.9, 72.7, 63.1, 36.9, 25.7, 20.1, 18.1, �4.6, �5.3 ppm;
IR (KBr): ñ=3312, 2918, 1693, 1603, 1517, 1369, 1252, 1083, 837,
776 cm�1; MS (HRFAB): m/z : calcd for: 600.3276, found 601.3344
[M+H+].


8N-(4-Methoxyphenylamino)-3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxy-
guanosine (13 c): GP II was conducted with 12 c (1.92 g, 2.69 mmol; reac-
tion time 4 h), which afforded a white solid (1.58 g, 96%). M.p. 112 8C;
[a]20


546 =�9.98 (c=0.8, CHCl3); 1H NMR (400 MHz, [D6]DMSO): d=


10.53 (s, 1 H), 8.14 (s, 1 H), 7.42 (d, J= 9.0 Hz, 2H), 6.84 (d, J =9.0 Hz,
2H), 6.20 (dd, J =7.1 Hz, 1 H), 6.15 (s, 2 H), 4.52 (ddd, J =6.2, 3.1, 3.1 Hz,
1H), 3.85–3.83 (m, J=13.2, 9.6, 5.5 Hz, 2H), 3.70 (s, 3H), 3.68 (dd, J=


13.2, 5.5 Hz, 1 H), 3.20 (ddd, J=13.8, 6.6 Hz, 1H), 2.10 (ddd, J= 13.8, 6.6,
3.2 Hz, 1 H), 0.88 (s, 9H), 0.83 (s, 9 H), 0.10 (s, 6H), 0.00 (s, 3 H),
�0.03 ppm (s, 3H); 13C NMR (101 MHz, [D6]DMSO): d =155.8, 153.9,
152.2, 150.0, 144.7, 134.8, 128.4, 119.3, 114.0, 87.3, 83.0, 72.9, 63.3, 55.3,
37.0, 26.0, 25.9, 18.0, 17.9, �4.6, �5.2 ppm; IR (KBr): ñ =2929, 2856,
1698, 1613, 1513, 1248, 1108, 834, 777 cm�1; MS (HRFAB): m/z : calcd
616.3222, found 617.3312 [M+H+].


8N-(3,5-Dimethylphenylamino)-3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxy-
guanosine (13 d): GP II was conducted with of 12 d (1.17 g, 1.54 mmol; re-
action time 12 h), which afforded a white solid (739 mg, 78 %). M.p.
185 8C; [a]20


546 =�438 (c =0.8, CHCl3); 1H NMR (400 MHz, [D6]DMSO):
d=10.57 (s, 1 H), 8.04 (s, 1 H), 7.31–7.28 (m, 2H), 6.97 (s, 1H), 6.51 (s,
2H), 6.20–6.11 (m, 1 H), 4.49 (t, J= 2.8 Hz, 1H), 4.02 (q, J =7.1 Hz, 1H),
3.82–3.57 (m, 2H), 3.08 (q, J =6.8 Hz, 1H), 2.23–2.19 (m, 1H), 0.86 (s,
9H), 0.83 (s, 9H), 0.7 (s, 6 H), 0.00 ppm (s, 6H); 13C NMR (101 MHz,
[D6]DMSO): d= 155.9, 152.7, 150.2, 143.6, 142.0, 137.7, 119.7, 117.8,
112.2, 93.7, 87.2, 73.0, 63.2, 37.2, 30.5, 26.0, 26.0, 21.4, 18.3, 17.3, �4.7,
�6.1 ppm; IR (KBr): ñ=3489, 2928, 2857, 1696, 1596, 1497, 1406, 1285,
1091, 836, 775 cm�1; MS (HRFAB): m/z : calcd for: 614.3439, found
615.3510 [M+H+].


8N-(4-Biphenylamino)-3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxyguanosine
(13 e): GP II was conducted with 12 e (1.00 g, 1.32 mmol; reaction time
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16 h), which afforded a white solid (820 mg, 93%). M.p. decomposition
at 200 8C; [a]20


546 =�88 (c =0.3, CHCl3); 1H NMR (400 MHz, [D6]DMSO):
d=10.59 (s, 1 H), 7.87 (s, 1 H), 7.83 (d, J =8.3 Hz, 2 H), 7.60 (dd, J=


8.3 Hz, 4 H), 7.42 (dd, J =7.6 Hz, 2 H), 7.29 (dd, J =7.6 Hz, 1 H), 6.47 (s,
2H), 6.10 (dd, J =6.1, 7.6 Hz, 1H), 4.48 (ddd, J= 6.3, 5.3, 4.3 Hz, 1H),
3.81 (dd, J =10.2, 4.7 Hz, 1 H), 3.73 (ddd, J=6.3, 4.7, 4.3 Hz, 1H), 3.69
(dd, J= 10.2, 6.3 Hz, 1 H), 3.63 (ddd, J= 13.0, 6.1, 6.8 Hz, 1 H), 2.22 (ddd,
J =13.0, 4.3, 7.6 Hz, 1H), 0.88 (s, 9H), 0.86 (s, 9 H), 0.09 (s, 3 H), 0.08 (s,
3H), �0.03 (s, 3H), �0.04 ppm (s, 3 H); 13C NMR (101 MHz,
[D6]DMSO): d= 160.4, 159.9, 154.5, 148.6, 140.9, 139.8, 128.9, 127.6,
127.3, 127.2, 125.8, 125.5, 114.4, 82.3, 72.4, 72.3, 62.9, 37.2, 26.0, 25.9, 18.1,
17.9, �4.5, �4.7, �5.2, �5.3 ppm; IR (KBr): ñ= 3346, 3173, 2954, 2928,
1647, 1603, 1537, 1486, 1383, 1169, 1075, 776 cm�1; MS (HRFAB): m/z :
calcd for: 662.3432, found 663.3496 [M+H+].


8N-(2-Aminofluorenyl)-3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxyguano-
sine (13 f): GP II was conducted with 12 f (1.95 g, 2.55 mmol; reaction
time 48 h), which afforded a white solid (1.45 g, 84 %). M.p. 169 8C;
[a]20


546 =�218 (c =0.34, CHCl3); 1H NMR (400 MHz, [D6]DMSO): d=


10.61 (s, 1 H), 8.50 (s, 1 H), 7.80 (m, 1H), 7.75 (dt, J =7.9, 6.0 Hz, 1 H),
7.63 (dd, J =8.3, 1.9 Hz, 1H), 7.52–7.50 (m, 1H), 7.41 (dd, J =8.3, 2.0 Hz,
1H), 7.32 (dt, J= 7.6 Hz, 1H), 7.08–7.06 (m, 1 H), 6.55 (dd, J =6.6 Hz,
1H), 6.21 (s, 2H), 4.55–4.53 (m, 1H), 3.99 (s, 2H), 3.92–3.65 (m, 3H),
3.21 (dd, J =6.8 Hz, 1H), 2.11–2.09 (m, 1H), 0.87 (s, 9H), 0.84 (s, 9H),
0.09 (s, 6H), 0.08 (s, 3H), 0.01 ppm (s, 3 H); 13C NMR (101 MHz,
[D6]DMSO): d= 158.3, 157.3, 152.3, 149.8, 143.9, 143.5, 140.9, 140.1,
137.0, 126.9, 125.4, 124.8, 120.1, 118.9, 115.9, 113.4, 110.3, 87.2, 83.0, 72.6,
63.1, 57.9, 36.9, 25.8, 17.9, �4.7, �5.4 ppm; IR: (KBr): ñ= 3357, 2952,
2928, 1684, 1591, 1562, 1456, 1359, 1256, 836 cm�1; MS (HRFAB): m/z :
calcd 674.3432, found 675.3483 [M+H+].


General procedure III for the desilylation and N2-formamidine protec-
tion of 8N-arylamino-3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxyguanosine
derivatives : The 8N-arylamino-3’,5’-bis(tert-butyldimethylsilyl)-2’-deoxy-
guanosine derivative was dissolved in dichloromethane/tetrahydrofuran
1:1 and triethylamine (10 equiv) and triethylamine trihydrofluoride
(12.5 equiv) were added. The resulting mixture was stirred at room tem-
perature until the reaction was complete (TLC analysis). After the sol-
vent had been removed in vacuo, the residue was purified by chromatog-
raphy. The crude product, containing the deprotected adduct and triethyl-
ammonium salts, was subjected to co-evaporation of the volatiles with
pyridine and was then dissolved in dry pyridine. Dimethylformamide di-
ethyl acetal (2 equiv) was then added and the mixture was stirred at
room temperature for 16 h. Thereafter, the solvent was removed in vacuo
and the residue was purified by chromatography eluting with methanol
(0!30%) in dichloromethane.


N2-Formamidino-8N-(phenylamino)-2’-deoxyguanosine (14 a): GP III was
conducted with 13a (1.41 g, 2.40 mmol; reaction time 5 h for the first
step), which afforded a slightly yellow solid (800 mg, 81 %). M.p. 161 8C;
[a]20


546 =++18.88 (c=1.2, CH2Cl2/MeOH); 1H NMR (400 MHz,
[D6]DMSO): d= 11.26 (s, 1H), 8.72 (s, 1 H), 8.53 (s, 1H), 7.74 (dd, J=


7.7 Hz, 2 H), 7.26–7.21 (m, 2 H), 6.92 (dd, J =6.8, 7.5 Hz, 1 H), 6.44 (dd,
J =5.6, 9.3 Hz, 1H), 5.87 (dd, J=4.8, 4.8 Hz, 1H), 5.39 (d, J =3.9 Hz,
1H), 4.46–4.44 (m, 1H), 3.92 (d, J= 2.2 Hz, 2 H), 3.76 (dd, J =12.0,
4.6 Hz, 1 H), 3.17 (d, J=5.6 Hz, 1H), 3.15 (s, 3H), 3.02 (s, 3 H), 2.09–
2.04 ppm (m, 1H); 13C NMR (101 MHz, [D6]DMSO): d =157.1, 156.2,
155.5, 147.7, 143.9, 140.3, 128.1, 120.4, 117.1, 115.2, 86.8, 82.3, 70.7, 60.8,
38.0, 34.2 ppm; IR (KBr): ñ=3265, 1115, 991, 960, 915, 859, 504 cm�1;
MS (HRFAB): m/z : calcd for: 414.1812, found 415.2543 [M+H+].


N2-Formamidino-8N-(4-methylphenylamino)-2’-deoxyguanosine (14 b):
GP III was conducted with 13b (1.30 g, 2.16 mmol; reaction time 4 h for
the first step), which afforded a slightly yellow solid (590 mg, 72%). M.p.
182 8C; [a]20


546 =++28.58 (c =0.33, CH2Cl2/MeOH); 1H NMR (400 MHz,
[D6]DMSO): d= 11.24 (s, 1H), 8.64 (s, 1H), 8.52 (s, 1H), 7.63 (d, J =


8.5 Hz, 2H), 7.06 (d, J =8.4 Hz, 2H), 6.42 (dd, J =9.4, 5.9 Hz, 1 H), 5.87
(dd, J =4.7 Hz, 1H), 5.39 (d, J =3.8 Hz, 1H), 4.47–4.45 (m, 1H), 3.94–
3.91 (m, 1 H), 3.79–3.75 (m, 2 H), 3.01 (s, 3H), 3.14 (s, 3H), 2.57 (ddd, J=


13.1, 9.5, 6.4 Hz, 1 H), 2.24 (s, 3 H), 1.99–2.01 ppm (m, 1 H); 13C NMR
(101 MHz, [D6]DMSO): d= 157.5, 156.5, 155.8, 148.1, 144.5, 138.2, 129.5,
128.9, 117.6, 115.6, 87.2, 82.7, 71.1, 61.2, 38.3, 34.6, 20.3 ppm; IR (KBr):


ñ= 3307, 1667, 1632, 1533, 1344, 1114, 1061, 960, 819 cm�1; MS
(HRFAB): m/z : calcd for: 427.1968, found 428.2046 [M+H+].


N2-Formamidino-8N-(4-methoxyphenylamino)-2’-deoxyguanosine (14 c):
GP III was conducted with 13c (1.14 g, 1.86 mmol; reaction time 2 h for
the first step), which afforded a white solid (680 mg, 76%). M.p. 124 8C;
[a]20


546 =++8.48 (c =0.8, CH2Cl2/MeOH); 1H NMR (400 MHz, [D6]DMSO):
d=11.21 (s, 1H), 8.57 (s, 1 H), 8.51 (s, 1H), 7.64 (d, J =9.0 Hz, 2H), 6.85
(d, J= 9.0 Hz, 2H), 6.42 (dd, J=9.4, 5.9 Hz, 1 H), 5.86 (dd, J =4.8 Hz,
1H), 5.37 (d, J =3.8 Hz, 1H), 4.44 (ddd, J =5.7 Hz, 1H), 3.91 (ddd, J=


5.7 Hz, 2H), 3.73 (dd, J= 13.2, 5.5 Hz, 1H), 3.71 (s, 3 H), 3.40 (ddd, J =


13.8, 6.6 Hz, 1H), 3.14 (s, 3 H), 3.01 (s, 3H), 2.04 ppm (ddd, J =12.6,
5.9 Hz, 1H); 13C NMR (101 MHz, [D6]DMSO): d=158.3, 156.1, 153.8,
153.3, 149.9, 144.1, 120.8, 119.3, 113.9, 112.0, 87.5, 83.0, 71.7, 61.7, 55.4,
38.5, 34.7 ppm; IR (KBr): ñ =3338, 3161, 2944, 2910, 1651, 1599, 1531,
1475, 1361, 1139, 1038, 776 cm�1; MS (HRFAB): m/z : calcd for: 443.4699,
found 444.4802 [M+H+].


N2-Formamidino-8N-(3,5-dimethylphenylamino)-2’-deoxyguanosine
(14 d): GP III was conducted with 13 d (1.17 g, 1.75 mmol; reaction time
5 h for the first step), which afforded a yellow solid (280 mg, 46 %). M.p.
151 8C; [a]20


546 =�108 (c =1.0, CHCl3); 1H NMR (400 MHz, [D6]DMSO):
d=11.23 (s, 1H), 8.50 (s, 1 H), 8.49 (s, 1 H), 7.30 (s, 2H), 6.53 (s, 1H),
6.39 (dd, J =5.9, 6.7 Hz, 1 H), 5.81 (dd, J =4.6, 9.2 Hz, 1H), 5.34 (d, J=


3.9 Hz, 1H), 4.44–4.42 (m, 1 H), 3.88 (d, J =2.3 Hz, 1H), 3.73–3.68 (m,
2H), 3.12 (s, 3H), 2.99 (s, 3 H), 2.52–2.39 (m, 1H), 2.20 (s, 6 H), 2.04–
1.99 ppm (m, 1H); 13C NMR (101 MHz, [D6]DMSO): d =158.6, 157.8,
156.8, 156.6, 148.5, 144.5, 140.8, 137.6, 122.3, 115.6, 87.3, 82.1, 71.2, 61.3,
38.5, 34.8, 21.5 ppm; IR (KBr): ñ =3302, 2921, 1675, 1630, 1560, 1345,
1113 cm�1; MS (HRFAB): m/z : calcd for: 441.2120, found 442.2221
[M+H+].


N2-Formamidino-8N-(4-biphenylamino)-2’-deoxyguanosine (14 e): GP III
was conducted with 13 e (600 mg, 0.90 mmol; reaction time 3 h for the
first step), which afforded a white solid (332 mg, 64%). M.p. 245 8C;
[a]20


546 =++28.98 (c=0.5, CH2Cl2/MeOH); 1H NMR (400 MHz,
[D6]DMSO): d= 11.28 (s, 1H), 8.68 (s, 1H), 8.57 (s, 1H), 7.85 (d, J =


8.3 Hz, 2H), 7.63 (dd, J =8.3 Hz, 4H), 7.42 (dd, J =7.6 Hz, 2H), 7.29 (dd,
J =7.6 Hz, 1H), 6.46 (dd, J =9.3, 5.9 Hz, 1H), 5.93 (s, 1 H), 5.40 (s, 1H),
4.49–4.47 (m, 1 H), 3.94 (dd, J =12.1 Hz, 1H), 3.79–3.77 (m, 3H), 3.07 (s,
3H), 3.06 (s, 3 H), 2.08 ppm (ddd, J =13.0, 5.9 Hz, 1H); 13C NMR
(101 MHz, [D6]DMSO): d= 157.7, 156.7, 156.0, 149.7, 148.3, 140.4, 140.1,
132.7, 129.0, 126.9, 126.8, 126.2, 115.8, 87.4, 83.0, 71.3, 61.4, 38.6,
34.8 ppm; IR (KBr): ñ=3346, 3173, 2954, 2928, 1647, 1603, 1537, 1486,
1383, 1169, 1075, 776 cm�1; MS (HRFAB): m/z : calcd for: 489.2125,
found 490.2229 [M+H+].


N2-Formamidino-8N-(2-aminofluorenyl)-2’-deoxyguanosine (14 f): GP III
was conducted with 13 f (1.35 g, 2.00 mmol; reaction time 5 h for the first
step), which afforded a slightly red solid (237 mg, 31%). M.p. 209 8C;
[a]20


546 =++58 (c= 0.1, CH2Cl2/MeOH); 1H NMR (400 MHz, [D6]DMSO):
d=11.30 (s, 1H), 8.83 (s, 1 H), 8.53 (s, 1 H), 8.11 (d, J=1.3 Hz, 1H), 7.79–
7.77 (m, 2 H), 7.68 (dd, J =8.4, 1.8 Hz, 1H), 7.53 (d, J =7.4 Hz, 1 H), 7.33
(t, J=7.4 Hz, 1 H), 7.22 (dt, J= 7.4, 7.4, 1.0 Hz, 1H), 6.34 (dd, J =6.0,
9.3 Hz, 1H), 5.96 (t, J= 4.7 Hz, 1 H), 5.41 (d, J =3.7 Hz, 1H), 4.50–4.48
(m, 1 H), 3.99–3.94 (m, 1H), 3.90 (s, 2H), 3.83–3.79 (m, 2H), 3.15 (s, 3H),
3.02 (s, 3H), 2.65–2.61 (m, 1 H), 2.15–2.08 ppm (m, 1H); 13C NMR
(101 MHz, [D6]DMSO): d= 157.5, 156.6, 155.9, 152.8, 148.1, 144.2, 143.8,
142.4, 141.4, 139.9, 134.1, 126.7, 125.4, 124.9, 120.0, 119.0, 116.5, 115.6,
114.0, 87.2, 82.8, 71.1, 61.3, 48.6, 36.5, 34.6 ppm; IR (KBr): ñ =3283, 2923,
1673, 1630, 1343, 1113, 1058, 946, 731 cm�1; MS (HRFAB): m/z : calcd
501.2203, found 502.2237 [M+H+].


General procedure IV for the 5’-O-dimethoxytritylation of N2-formamidi-
no-8N-arylamino-2’-deoxyguanosine derivatives : The N2-formamidino-
8N-arylamino-2’-deoxyguanosine derivative was twice subjected to co-
evaporation of the volatiles with pyridine and then dissolved in dry pyri-
dine. Dimethoxytrityl chloride (2 equiv) was then added and the resulting
mixture was stirred at room temperature until the reaction was complete
(TLC analysis). The reaction was stopped by adding saturated aqueous
NaHCO3 solution. The layers were separated and the aqueous layer was
extracted three times with CH2Cl2. The combined organic layers were
dried over sodium sulfate and the solvent was removed in vacuo. Purifi-


Chem. Eur. J. 2008, 14, 11194 – 11208 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 11203


FULL PAPERSite-Specifically Damaged DNA Strands



www.chemeurj.org





cation of the residue by chromatography on silica gel eluting with metha-
nol (0!10%) in dichloromethane furnished the desired product.


N2-Formamidino-8N-(phenylamino)-5’-O-dimethoxytrityl-2’-deoxyguano-
sine (15 a): GP IV was conducted with 14 a (542 mg, 1.31 mmol; reaction
time 3.5 h), which afforded a slightly yellow solid (737 mg, 79%). M.p.
168 8C; [a]20


546 =�2.98 (c =1.0, CHCl3); 1H NMR (400 MHz, [D6]DMSO):
d=11.30 (s, 1H), 8.69 (s, 1H), 8.23 (s, 1 H), 7.66 (dd, J =7.7 Hz, 2H),
7.60 (dd, J= 7.7 Hz, 1 H), 7.33–7.30 (m, 2 H), 7.20–7.13 (m, 13 H), 6.37
(dd, J=5.0, 7.7 Hz, 1H), 5.36–5.35 (m, 1H), 4.59 (ddd, J= 5.5 Hz, 1H),
3.90 (ddd, J =3.1, 6.8, 6.9 Hz, 2 H), 3.70–3.68 (m, 7H), 3.17 (d, J =4.6 Hz,
1H), 2.99 (s, 3H), 2.97 (s, 3H), 2.24–2.20 ppm (m, 1H); 13C NMR
(101 MHz, [D6]DMSO): d= 157.2, 156.7, 156.5, 156.4, 155.6, 155.2, 155.0,
154.7, 153.7, 153.4, 146.7, 146.3, 143.6, 128.4, 128.3, 128.2, 128.1, 128.0,
127.8, 127.1, 126.5, 126.4, 126.2, 126.1, 125.1, 119.1, 115.7, 115.4, 111.8,
111.5, 84.0, 83.9, 81.0, 62.6, 36.1, 33.1 ppm; IR (KBr): ñ =2931, 2835, 914,
790, 777, 727, 583, 555, 503 cm�1; MS (HRFAB): m/z : calcd for: 715.3118,
found 716.3202 [M+H+].


N2-Formamidino-8N-(4-methylphenylamino)-5’-O-dimethoxytrityl-2’-de-
oxyguanosine (15 b): GP IV was conducted with 14 b (500 mg, 1.16 mmol;
reaction time 5 h), which afforded a white solid (675 mg, 81 %). M.p.
165 8C; [a]20


546 =�9.78 (c =0.69, CHCl3); 1H NMR (400 MHz, [D6]DMSO):
d=11.27 (s, 1H), 8.56 (s, 1 H), 8.23 (s, 1 H), 7.56 (d, J=8.5 Hz, 2H), 7.28–
7.13 (m, 8H), 7.06 (d, J= 8.4 Hz, 2 H), 6.77–6.68 (m, 5H), 6.42 (dd, J=


7.7, 5.1 Hz, 1 H), 5.34 (d, J =3.8 Hz, 1H), 4.50–4.48 (m, 1H), 3.93–3.90
(m, 1 H), 3.77–3.72 (m, 2H), 3.67 (s, 6H), 3.21–3.19 (m, 1H), 2.99 (s, 3H),
2.96 (s, 3H), 2.24 (s, 3H), 2.19 ppm (ddd, J=12.3, 6.7 Hz, 1 H); 13C NMR
(101 MHz, [D6]DMSO): d= 157.9, 157.8, 157.0, 156.6, 155.1, 148.1, 144.9,
138.7, 135.5, 129.6, 129.5, 129.3, 128.9, 127.6, 126.5, 117.4, 116.8, 112.9,
85.4, 82.3, 70.6, 64.0, 54.9, 37.5, 34.5, 20.3 ppm; IR (KBr): ñ =3361, 2927,
1674, 1628, 1527, 1342, 1247, 827 cm�1; MS (HRFAB): m/z : calcd for:
729.3275, found 730.3353 [M+H+].


N2-Formamidino-8N-(4-methoxyphenylamino)-5’-O-dimethoxytrityl-2’-
deoxyguanosine (15 c): GP IV was conducted with 14 c (650 mg,
1.46 mmol; reaction time 3.5 h), which afforded a white solid (850 mg,
79%). M.p. 131 8C; [a]20


546 =�10.68 (c =0.76, CHCl3); 1H NMR (400 MHz,
[D6]DMSO): d= 11.24 (s, 1H), 8.47 (s, 1H), 8.22 (s, 1H), 7.60 (d, J =


9.0 Hz, 2H), 7.26–7.13 (m, 10H), 6.86 (d, J =9.0 Hz, 2H), 6.75–6.70 (m,
5H), 6.42 (dd, J =7.5, 5.1 Hz, 1 H), 5.34 (d, J =5.4 Hz, 1H), 4.58 (ddd, J=


5.4 Hz, 1 H), 4.09 (ddd, J =5.2, 5.4 Hz, 2H), 3.73 (dd, J =13.2, 5.5 Hz,
1H), 3.71 (s, 3 H), 3.68 (s, 6H), 3.40 (ddd, J= 13.8, 6.6 Hz, 1H), 3.17 (s,
3H), 3.16 (s, 3 H), 2.32 ppm (ddd, J =12.6, 5.4 Hz, 1H); 13C NMR
(101 MHz, [D6]DMSO): d= 158.3, 156.1, 153.8, 153.3, 149.9, 144.1, 140.6,
139.9, 135.8, 135.7, 132.6, 129.7, 129.6, 128.9, 127.8, 127.4, 126.8, 126.6,
126.4, 126.0, 120.8, 119.2, 113.9, 113.1, 87.5, 83.0, 71.7, 61.7, 55.4, 38.5,
34.7 ppm; IR (KBr): ñ =3423, 3041, 2982, 1638, 1476, 1037 cm�1; MS
(HRFAB): m/z : calcd for: 745.3224, found 746.3215 [M+H+].


N2-Formamidino-8N-(3,5-dimethylphenylamino)-5’-O-dimethoxytrityl-2’-
deoxyguanosine (15 d): GP IV was conducted with 14 d (280 mg,
0.64 mmol; reaction time 12 h), which afforded a white solid (383 mg,
82%). M.p. 164 8C; [a]20


546 =++108 (c=1.0, CHCl3); 1H NMR (400 MHz,
[D6]DMSO): d =11.25 (s, 1 H), 8.41 (s, 1H), 8.20 (s, 1H), 8.05 (s, 1H),
7.24–7.10 (m, 11H), 6.68 (dd, J =8.9, 4.6 Hz, 4H), 6.29 (dd, J =5.1,
2.6 Hz, 1H), 5.28 (d, J =4.8 Hz, 1H), 4.52 (dd, J =5.7, 6.2 Hz, 1H), 3.86–
3.82 (m, 2 H), 3.64 (d, J= 1.1 Hz, 6 H), 3.12 (d, J=5.2 Hz, 1 H), 2.94 (d,
J =8.9 Hz, 6H), 2.18 (s, 7H), 1.99–1.86 (m, 1H); 13C NMR (101 MHz,
[D6]DMSO): d= 159.3, 159.2, 159.1, 158.6, 158.4, 156.3, 152.3, 149.5,
148.0, 146.6, 146.3, 136.1, 130.6, 129.8, 128.8, 118.9, 117.8, 113.7, 113.6,
85.9, 85.3, 80.0, 64.4, 54.9, 34.9, 24.7, 20.0 ppm; IR (KBr): ñ =3366, 2921,
1675, 1629, 1560, 1342, 1249, 1113, 1032, 830 cm�1; MS (HRFAB): m/z :
calcd for: 743.3430, found 744.3407 [M+H+].


N2-Formamidino-8N-(4-biphenylamino)-5’-O-dimethoxytrityl-2’-deoxy-
guanosine (15 e): GP IV was conducted with 14e (182 mg, 0.37 mmol; re-
action time 3.5 h), which afforded a white solid (247 mg, 84 %). M.p.
120 8C; [a]20


546 =�15.48 (c =0.5, CHCl3); 1H NMR (400 MHz, [D6]DMSO):
d=11.29 (s, 1 H), 8.81 (s, 1H), 8.24 (s, 1H), 7.65–6.70 (m, 22H), 6.39 (dd,
J =7.6, 5.1 Hz, 1H), 5.37–5.34 (m, 1 H), 4.60 (ddd, 1H), 3.91 (dd, J=


2.1 Hz, 1 H), 3.75–3.71 (m, 3 H), 3.67 (s, 6H), 3.00 (s, 3H), 2.98 (s, 4H),
2.22 ppm (ddd, J =5.1 Hz, 1 H); 13C NMR (101 MHz, [D6]DMSO): d=


157.7, 156.7, 156.0, 149.7, 148.3, 140.4, 140.1, 139.9, 135.8, 135.7, 132.7,
132.6, 129.7, 129.6, 129.0, 128.9, 127.8, 127.4, 126.9, 126.8, 126.2, 115.8,
87.4, 83.0, 71.3, 61.4, 55.4, 38.6, 34.8 ppm; IR (KBr): ñ =3380, 2931, 1672,
1628, 1527, 1343, 1249 cm�1; MS (HRFAB): m/z : calcd for: 791.3431,
found 792.3535 [M+H+].


N2-Formamidino-8N-(2-aminofluorenyl)-5’-O-dimethoxytrityl-2’-deoxy-
guanosine (15 f): GP IV was conducted with 14 f (200 mg, 0.39 mmol; re-
action time 3.5 h), which afforded a slightly reddish solid (247 mg, 78%).
M.p. 180 8C; [a]20


546 =�118 (c=0.3, CHCl3); 1H NMR (400 MHz,
[D6]DMSO): d= 11.32 (s, 1H), 8.79 (s, 1H), 8.25 (s, 1H), 8.03 (d, J =


1.3 Hz, 1H), 7.78–7.76 (m, 2H), 7.56 (dd, J =8.4, 2.0 Hz, 1H), 7.53–6.65
(m, 16 H), 6.40 (dd, J =5.1, 7.7 Hz, 1 H), 5.35 (d, J =3.6 Hz, 1 H), 4.61–
4.59 (m, 1 H), 3.96–3.91 (m, 1 H), 3.88 (s, 2H), 3.69–3.67 (m, 8H), 3.22–
3.18 (m, 1 H), 3.00 (s, 3H), 2.98 (s, 3H), 2.27–2.22 ppm (m, 1H);
13C NMR (101 MHz, [D6]DMSO): d =157.9, 157.8, 157.0, 156.7, 155.9,
152.8, 148.2, 145.0, 143.8, 142.4, 141.4, 140.0, 135.6, 134.9, 133.9, 129.6,
129.5, 126.7, 126.5, 125.5, 124.9, 120.1, 119.0, 116.9, 116.2, 113.6, 112.9,
85.5, 82.5, 70.6, 64.1, 54.9, 36.5, 34.5 ppm; IR (KBr): ñ =3354, 2928, 1674,
1628, 1455, 1424, 1342, 1175, 1031, 827, 765, 701 cm�1; MS (HRFAB):
m/z : calcd 803.3431, found 804.3483 [M+H+].


General procedure V for the phosphitylation of N2-formamidino-8N-aryl-
amino-5’-O-dimethoxytrityl-2’-deoxyguanosine derivatives : The N2-form-
amidino-8N-arylamino-2’-deoxyguanosine derivative was twice subjected
to co-evaporation of the volatiles with dry acetonitrile and then dissolved
in a mixture of anhydrous acetonitrile and dry dichloromethane (1:1). A
0.25 m solution of dicyanoimidazole in anhydrous acetonitrile (1 equiv)
and bis-N,N’-diisopropylamino-(2-cyanoethyl)phosphite (1.5 equiv) were
added. The resulting mixture was stirred at room temperature until the
starting material could no longer be detected (TLC analysis). The reac-
tion was then stopped by adding saturated aqueous NaHCO3 solution.
The layers were separated and the aqueous layer was extracted three
times with CH2Cl2. The combined organic layers were dried over sodium
sulfate and the solvent was removed in vacuo. Purification of the residue
by chromatography on alumina furnished the desired product, which was
obtained as a fine powder after lyophilization from benzene.


N2-Formamidino-8N-(phenylamino)-5’-O-dimethoxytrityl-2’-deoxyguano-
sin-3’-yl-b-cyanoethyl-N,N’-diisopropylphosphoramidite (16 a): GP V was
conducted with 15a (200 mg, 0.21 mmol; reaction time 1 h), which afford-
ed a white solid (140 mg, 61%). M.p. 136 8C; [a]20


546 =++78 (c =0.1,
CHCl3); 1H NMR: (400 MHz, C6D6): d= 11.29 (s, 2 H), 8.36 (s, 1H), 8.23
(s, 1 H), 7.62–6.62 (m, 38H), 6.41 (dd, J=6.1, 6.1 Hz, 1H), 6.31 (dd, J =


6.3, 6.3 Hz, 1H), 4.89–4.86 (m, 1H), 4.85–4.81 (m, 1 H), 4.41–4.37 (m,
2H), 3.56–3.30 (m, 38H), 2.81–2.77 (m, 1H), 2.61–2.58 (m, 2 H), 2.23
(ddd, 1H), 1.85 (dd, J=6.1, 6.1 Hz, 2 H), 1.15–0.96 ppm (m, 24H);
13C NMR (101 MHz, C6D6): d =178.7, 159.3, 159.2, 158.2, 147.6, 147.5,
145.3, 145.3, 136.3, 133.2, 130.9, 130.8, 130.7, 130.6, 130.5, 129.3, 128.8,
128.7, 128.6, 128.4, 118.4, 118.2, 114.6, 113.7, 113.6, 87.1, 86.6, 85.6, 75.0,
74.8, 74.0, 73.8, 64.1, 64.0, 58.7, 58.6, 58.5, 58.5, 55.1, 54.9, 54.8, 43.6, 43.6,
43.5, 43.5, 38.6, 38.4, 37.7, 30.2, 24.8, 24.7, 24.6, 20.6, 20.5, 20.3 ppm;
31P NMR (161 MHz, C6D6): d=148.03, 148.21 ppm; IR (KBr): ñ=3385,
2964, 2930, 1628, 1527, 1509, 1344, 1250, 1032, 978 cm�1; UV (MeCN):
lmax =345, 256 nm; MS (ESI): m/z : calcd for: 915.4197, found 938.4091
[M+Na+].


N2-Formamidino-8N-(4-methylphenylamino)-5’-O-dimethoxytrityl-2’-de-
oxyguanosin-3’-yl-b-cyanoethyl-N,N’-diisopropylphosphoramidite (16 b):
GP V was conducted with 15 b (50 mg, 0.05 mmol; reaction time 1 h),
which afforded a white solid (43 mg, 68%). M.p. 111 8C; [a]20


546 =�218
(c= 0.07, CHCl3); 1H NMR (400 MHz, C6D6): d=12.04 (s, 2H), 8.47 (s,
1H), 8.42 (s, 1H), 8.00–6.66 (m, 36H), 6.43 (dd, J =6.1, 6.1 Hz, 1H), 6.39
(dd, J =6.3, 6.3 Hz, 1H), 5.04–5.00 (m, 1 H), 4.94–4.91 (m, 1H), 4.37–4.33
(m, 2 H), 3.51–3.32 (m, 38H), 2.89–2.85 (m, 1H), 2.62–2.54 (m, 8 H), 2.05
(ddd, 1 H), 1.81 (dd, J =6.2, 6.2 Hz, 1H), 1.76–1.72 (m, 1H), 1.15–
1.10 ppm (m, 24H); 13C NMR (101 MHz, C6D6): d=159.2, 158.3, 155.5,
155.4, 148.1, 147.1, 145.3, 145.3, 136.1, 135.9, 133.9, 133.8, 130.6, 130.5,
129.7, 128.8, 127.2, 127.2, 120.4, 120.3, 118.9, 118.8, 117.3, 116.1, 114.6,
113.6, 113.6, 87.1, 86.9, 85.6, 75.0, 74.8, 74.0, 73.8, 64.1, 64.0, 54.9, 43.6,
43.6, 43.5, 43.5, 40.7, 38.6, 38.4, 36.3, 30.2, 24.6, 20.8, 19.6 ppm; 31P NMR
(161 MHz, C6D6): d=148.93, 148.87 ppm; IR (KBr): ñ=3853, 3744, 3675,
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2927, 2219, 1669, 1628, 1528, 1249, 1115 cm�1; UV (MeCN): lmax =330,
297 nm; MS (ESI): m/z : calcd for: 929.4353, found 952.4256 [M+Na+].


N2-Formamidino-8N-(4-methoxyphenylamino)-5’-O-dimethoxytrityl-2’-
deoxyguanosin-3’-yl-b-cyanoethyl-N,N’-diisopropylphosphoramidite
(16 c): GP V was conducted with 15c (200 mg, 0.21 mmol; reaction time
1 h), which afforded a white solid (140 mg, 61 %). M.p. 122 8C; [a]20


546 =


+ 158 (c =0.1, CHCl3); 1H NMR (400 MHz, C6D6): d =10.99 (s, 2H), 8.35
(s, 1H), 8.31 (s, 1 H), 7.68 (s, 1H), 7.66 (s, 1 H), 7.59–6.71 (m, 34 H), 6.44
(dd, J= 6.3, 6.3 Hz, 1H), 6.37 (dd, J=6.6, 6.6 Hz, 1H), 4.95–4.92 (m,
1H), 4.87–4.85 (m, 1H), 4.41–4.36 (m, 2H), 3.64–3.16 (m, 44H), 2.83–
2.80 (m, 1 H), 2.60–2.54 (m, 2H), 2.20 (ddd, 1H), 1.89 (dd, J=6.2, 6.2 Hz,
1H), 1.86–1.83 (m, 1H), 1.24–1.10 ppm (m, 24H); 13C NMR (101 MHz,
C6D6): d =178.7, 159.3, 159.2, 158.3, 155.5, 155.4, 147.6, 147.5, 145.3,
145.3, 136.1, 136.0, 136.0, 135.9, 133.9, 133.8, 130.7, 130.6, 130.6, 130.5,
128.8, 128.7, 128.6, 128.3, 128.2, 128.0, 127.2, 127.2, 120.4, 120.3, 118.9,
118.8, 118.2, 114.6, 113.6, 113.6, 87.1, 86.6, 86.5, 86.4, 86.3, 86.2, 85.6, 75.0,
74.8, 74.0, 73.8, 64.1, 64.0, 58.8, 58.6, 58.6, 58.5, 55.2, 54.9, 54.9, 43.6, 43.6,
43.5, 43.5, 38.6, 38.4, 37.7, 30.2, 24.8, 24.7, 24.6, 20.6, 20.5, 20.3 ppm;
31P NMR (161 MHz, C6D6): d=147.34, 148.63 ppm; IR (KBr): ñ=3411,
2965, 2360, 1628, 1527, 1510, 1344, 1247, 1114 cm�1; UV (MeCN): lmax =


331, 258, 224 nm; MS (ESI): m/z : calcd for: 945.4302, found 968.4191
[M+Na+].


N2-Formamidino-8N-(3,5-dimethylphenylamino)-5’-O-dimethoxytrityl-2’-
deoxyguanosin-3’-yl-b-cyanoethyl-N,N’-diisopropylphosphoramidite
(16 d): GP V was conducted 15d with (100 mg, 0.22 mmol; reaction time
1 h), which afforded a white solid (122 mg, 57 %). M.p. 124 8C; [a]20


546 =


�288 (c =0.1, CHCl3); 1H NMR (400 MHz, C6D6): d =11.61 (s, 1H),
11.43 (s, 1 H), 8.51 (s, 1H), 8.43 (s, 1H), 7.65–6.54 (m, 36 H), 6.46 (dd, J=


5.5, 5.5 Hz, 1 H), 6.36 (dd, J= 6.2, 6.2 Hz, 1H), 5.02–4.96 (m, 1H), 4.85–
4.79 (m, 1H), 4.37–4.33 (m, 2 H), 3.74–3.33 (m, 26H), 2.79–2.59 (m,
13H), 2.46–2.29 (m, 3 H), 2.16 (s, 6H), 2.18 (s, 6 H), 1.94–1.89 (m, 2H),
1.16–0.91 ppm (m, 24H); 13C NMR (101 MHz, C6D6): d= 159.3, 159.2,
158.4, 158.0, 156.2, 146.1, 145.4, 145.3, 140.9, 140.7, 138.7, 138.6, 136.1,
116.5, 116.4, 113.7, 87.1, 86.8, 85.0, 84.8, 78.6, 78.7, 73.9, 73.1, 63.6, 62.9,
59.1, 57.2, 56.8, 54.9, 43.7, 43.6, 43.5, 41.1, 39.8, 34.8, 34.7, 24.7, 24.6, 24.5,
21.6, 21.5, 21.4, 20.6, 20.2, 20.1, 16.0 ppm; 31P NMR (161 MHz, C6D6): d=


149.3, 148.7 ppm; IR (KBr): ñ =3411, 2965, 1686, 1629, 1528, 1341, 1250,
1103 cm�1; MS (ESI): m/z : calcd for: 943.4510, found 965.7158 [M+Na+].


N2-Formamidino-8N-(4-biphenylamino)-5’-O-dimethoxytrityl-2’-deoxy-
guanosin-3’-yl-b-cyanoethyl-N,N’-diisopropylphosphoramidite (16 e):
GP V was conducted with 15 e (45 mg, 0.05 mmol; reaction time 1 h),
which afforded a yellow solid (30 mg, 60%). M.p. 64 8C; [a]20


546 =++138
(c= 0.1, CHCl3); 1H NMR (400 MHz, C6D6): d=12.23 (s, 2 H), 8.36 (s,
1H), 8.34 (s, 1H), 7.96 (s, 2H), 7.52–6.67 (m, 44H), 6.34 (dd, J =6.6,
6.6 Hz, 1H), 6.29 (dd, J=6.3, 6.3 Hz, 1 H), 5.04–5.00 (m, 2H), 4.35–4.29
(m, 2H), 3.64–3.29 (m, 38H), 2.84–2.80 (m, 1H), 2.37–2.31 (m, 3H),
1.85–1.81 (m, 2H), 0.99–0.96 ppm (m, 24H); 13C NMR (101 MHz, C6D6):
d=177.3, 158.2, 158.1, 157.3, 154.6, 154.2, 146.6, 146.5, 144.3, 144.2, 136.1,
136.0, 136.0, 135.9, 133.9, 133.8, 130.7, 130.6, 130.6, 130.5, 128.8, 128.7,
128.6, 128.3, 128.2, 128.0, 127.2, 127.2, 120.4, 120.3, 118.9, 118.8, 118.2,
114.6, 113.6, 113.6, 87.1, 86.6, 86.5, 86.4, 86.3, 86.2, 85.6, 75.0, 74.8, 74.0,
73.8, 64.1, 64.0, 58.8, 58.6, 58.6, 58.5, 55.2, 46.6, 46.6, 46.5, 46.5, 38.6, 38.4,
37.7, 30.2, 24.8, 24.7, 24.6, 19.6, 19.5, 19.3 ppm; 31P NMR (161 MHz,
C6D6): d=149.04, 149.01 ppm; IR (KBr): ñ=3422, 2926, 1629, 1529, 1384,
1249, 1103 cm�1; UV (MeCN): lmax =330, 296, 251, 226 nm; MS (ESI):
m/z : calcd for: 991.4510, found 1014.4410 [M+Na+].


N2-Formamidino-8N-(2-aminofluorenyl)-5’-O-dimethoxytrityl-2’-deoxy-
guanosin-3’-yl-b-cyanoethyl-N,N’-diisopropylphosphoramidite (16 f):
GP V was conducted 15 f with (50 mg, 0.06 mmol; reaction time 1 h),
which afforded a white solid (60 mg, 88 %). M.p. 112 8C; [a]20


578 =++38 (c=


0.21, CHCl3); 1H NMR (400 MHz, C6D6): d= 11.05 (s, 2H), 8.39 (s, 2H),
8.10 (s, 1 H), 8.08 (s, 1 H), 8.05–8.02 (m, 2H), 7.81–7.76 (m, 4 H), 7.62–
7.36 (m, 26H), 7.28 (d, J=7.3 Hz, 2 H), 7.23–7.21 (m, 2H), 7.09–7.03 (m,
4H), 6.59 (dd, J =6.7 Hz, 1H), 6.53 (dd, J =6.1 Hz, 1H), 5.05–5.01 (m,
1H), 4.94–4.91 (m, 1H), 4.44–4.39 (m, 2H), 3.74–3.70 (m, 10H), 3.39–
3.33 (m, 12H), 2.69–2.63 (m, 14 H), 1.89 (ddd, J =5.6, 11.5 Hz, 2 H), 1.12
(dd, J =6.1 Hz, 12H), 1.06 (d, J=6.7 Hz, 6 H), 0.93 ppm (d, J =6.7 Hz,
6H); 13C NMR (101 MHz, C6D6): d=160.7, 159.2, 158.2, 157.9, 156.1,


155.7, 149.3, 143.4, 136.1, 135.8, 130.6, 128.8, 128.6, 128.5, 128.3, 128.0,
127.8, 113.6, 54.9, 43.6, 34.7, 24.7, 24.6, 21.2, 20.5, 20.1, 8.4 ppm; 31P NMR
(202 MHz, C6D6): d =162.0, 161.78 ppm; IR (KBr): ñ =3377, 2966, 2930,
2836, 2760, 2722, 1681, 1607, 1575, 1457, 1427, 1344, 1301, 1251, 1178,
1154, 1115, 1076, 1033, 978, 829, 767, 732, 703 cm�1; UV (MeCN): lmax =


336 nm; MS (ESI): m/z : calcd for: 1003.4823, found 1026.4440 [M+Na+].


8-Bromo-2’-deoxyadenosine (17) was prepared as described previously.[46]


8-Bromo-3’,5’-O-tetrakisisopropyldisiloxanediyl-2’-deoxyadenosine (18):
8-Bromo-2’-deoxyadenosine (17; 515 mg, 1.56 mmol) was subjected to co-
evaporation of the volatiles with anhydrous pyridine three times, and
then suspended in anhydrous pyridine (10 mL) under a nitrogen atmos-
phere. 1,3-Dichloro-1,1,3,3-tetraisopropyldisiloxane (TIPDS-Cl2) (530 mL,
526 mg, 1.67 mmol) was then added and the reaction mixture was stirred
for 16 h at room temperature. The reaction was stopped by the addition
of methanol (1 mL). The mixture was diluted with dichloromethane and
washed once with water and once with brine. The solvent was removed
in vacuo, and the residue was purified by flash chromatography on silica
gel (5 % MeOH in CH2Cl2) and recrystallized from hexane to give 18 as
a colourless solid (880 mg, 1.54 mmol, 98%). M.p. 158 8C; [a]20


546 =�53.98
(c= 0.750, CHCl3); 1H NMR (400 MHz, [D6]DMSO): d=8.22 (s, 1H),
6.29 (dd, J=9.0, 2.9 Hz, 1 H), 5.76 (s, 2 H), 5.47 (dd, J =14.9, 8.0 Hz, 1H),
4.01–3.93 (m, 2H), 3.89 (ddd, J =6.4, 4.4 Hz, 1H), 3.22 (ddd, J =13.5, 8.9,
2.9 Hz, 1H), 2.60 (ddd, J =13.4, 8.5, 4.2 Hz, 1 H), 1.26–1.05 ppm (m,
28H); 13C NMR (100 MHz, [D6]DMSO): d= 159.8, 152.5, 150.4, 122.2,
85.6, 84.5, 72.2, 63.1, 38.6, 17.7–17.1, 13.4–12.7 ppm; IR (KBr): ñ =3329,
3174, 2945, 2893, 1662, 1602, 1574, 1461, 1388, 1351, 1321, 1299, 1280,
1252, 1178, 1139, 1097, 1035, 885, 693 cm�1; MS (HRFAB): m/z : calcd
for: 571.1646, found 572.1723 [M+H+].


General procedure VIa for the amination of 3’,5’-O-silyl-protected 8-Br-
dA derivatives (19 a,b): Racemic 2,2’-bis(diphenylphosphino)-1,1’-bi-
naphthyl (rac-BINAP; 30 mol %), tris(benzylideneacetone)dipalladi-
um(0) ([Pd2dba3]; 10 mol %), 18, the amine (2 equiv), and Cs2CO3


(1.5 equiv) were dissolved in anhydrous 1,2-dimethoxyethane (50 mL)
and the mixture was stirred under reflux until the reaction was complete
(30–48 h). The reaction mixture was allowed to cool to room tempera-
ture, whereupon saturated sodium hydrogencarbonate solution (1 mL)
was added. After the addition of brine (10 mL), the layers were separat-
ed and the aqueous layer was extracted with ethyl acetate (3 � 10 mL).
The combined organic layers were washed with brine (2 � 10 mL) and
with a mixture of brine (10 mL) and water (2 mL). The organic layer was
dried over sodium sulfate and the solvent was removed in vacuo. Purifi-
cation of the residue by flash chromatography on silica gel, eluting with
0!50% ethyl acetate in hexane, gave the desired product.


8N-(4-Methoxyphenylamino)-3’,5’-O-(1,1,3,3-tetrakis(isopropyl)-1,3-disi-
loxanediyl)-2’-deoxyadenosine (19 a): GP VIa was conducted with 18
(2.34 g, 4.09 mmol), which afforded the desired product as a pale-yellow
foam (1.85 g, 3.01 mmol, 74 %). M.p. 59–61 8C; [a]20


546 =�29.08 (c =0.400,
CHCl3); 1H NMR (400 MHz, CDCl3): d =8.16 (s, 1 H), 7.48 (m, 2H), 7.41
(br s, 1 H), 6.88 (m, 2H), 6.31 (dd, J=7.8, 3.8 Hz, 1H), 5.34 (br s, 2H),
4.90 (dd, J =15.2, 7.9 Hz, 1 H), 4.16 (dd, J =9.2, 3.4 Hz, 1H), 3.98 (dd, J=


12.5, 5.0 Hz, 1 H), 3.90 (ddd, J =7.0, 4.9, 3.4 Hz, 1H), 3.79 (s, 3H), 3.06
(ddd, J=13.4, 8.1, 3.6 Hz, 1H), 2.59 (ddd, J=13.4, 7.9 Hz, 1H), 1.13–
0.89 ppm (m, 28 H); 13C NMR (100 MHz, CDCl3): d=155.8, 152.5, 149.4,
132.5, 121.5, 117.4, 114.5, 85.3, 83.8, 70.5, 61.9, 55.7, 38.8, 17.6–17.0, 13.5–
12.6 ppm; IR (KBr): ñ=3378, 2945, 2867, 1638, 1607, 1561, 1511, 1465,
1420, 1342, 1286, 1246, 1180, 1114, 1037, 886, 827, 780, 697, 598, 460 cm�1;
MS (HRFAB): m/z : calcd for: 614.3068, found 615.3149 [M+H+].


8N-(4-Aminobiphenyl)-3’,5’-O-(1,1,3,3-tetrakis(isopropyl)-1,3-disiloxane-
diyl)-2’-deoxyadenosine (19 b): GP VIa was conducted with 18 (2.35 g,
4.10 mmol), which afforded the desired product as a pale-yellow foam
(1.76 g, 2.67 mmol, 65 %). M.p. 102 8C; [a]20


546 =�58.48 (c =0.125, CHCl3);
1H NMR (400 MHz, CDCl3): d=8.19 (s, 1 H), 7.78 (br s, 1 H), 7.69 (m,
2H), 7.58 (m, 4H), 7.44 (m, 2H), 7.33 (m, 1 H), 6.35 (dd, J=7.5, 3.8 Hz,
1H), 5.59 (s, 2 H), 4.88 (dd, J =15.2, 7.9 Hz, 1 H), 4.16 (dd, J =12.6,
3.6 Hz, 1 H), 4.04 (dd, J=12.5, 4.8 Hz, 1 H), 3.95 (ddd, J =7.3, 4.4, 3.0 Hz,
1H), 3.07 (ddd, J =13.4, 8.0, 3.6 Hz, 1H), 2.59 (ddd, J= 13.4, 7.8 Hz, 1H),
1.12–0.91 ppm (m, 28H); 13C NMR (100 MHz, CDCl3): d =156.7, 152.4,
149.7, 148.3, 140.9, 132.5, 121.5, 117.4, 114.5, 85.3, 83.8, 70.5, 61.9, 55.7,
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38.8, 17.6–17.0, 13.5–12.6 ppm; IR (KBr): ñ=3367, 2364, 1972, 1954,
1908, 1892, 1811, 1659, 1624, 1577, 1495, 1474, 1449, 1179, 1123, 1073,
1001, 918, 847, 771, 703, 685, 650, 635, 614, 530, 414 cm�1; MS (HRFAB):
m/z : calcd for: 660.3276, found 661.3377 [M+H+].


General procedure VIb for the amination of 3’,5’-O-silyl-protected 8-Br-
dA derivatives (19 c,d): This procedure was the same as VIa, but with a
pre-incubation of Pd2dba3 and rac-BINAP for 1 h.


8N-(3,5-Dimethylphenylamino)-3’,5’-O-(1,1,3,3-tetrakis(isopropyl)-1,3-
disiloxanediyl)-2’-deoxyadenosine (19 c): GP VIb was conducted with 18
(829 mg, 1.45 mmol), which afforded the desired product as a pale-yellow
foam (818 mg, 1.33 mmol, 92%). M.p. 184 8C; [a]20


546 =�378 (c =1,
CHCl3); 1H NMR (400 MHz, CDCl3): d=8.18 (s, 1 H), 7.99 (s, 1 H), 7.41
(s, 1H), 7.18 (s, 2H), 6.29 (dd, J =7.5, 4.0 Hz, 1 H), 5.30 (s, 2 H), 4.88 (dd,
J =14.3, 7.5 Hz, 1H), 3.93–3.91 (m, 2H), 3.89–3.84 (m, 1H), 3.11 (ddd,
J =13.4, 8.0, 3.9 Hz, 1 H), 2.60–2.52 (m, 1H), 2.31 (s, 6H), 1.11–1.03 (m,
24H), 0.93 ppm (s, 4 H); 13C NMR (100 MHz, CDCl3): d=152.5, 150.4,
146.9, 142.8, 139.1, 138.9, 124.8, 119.4, 116.8, 85.3, 84.0, 70.9, 62.3, 38.9,
21.6, 17.9, 17.8, 17.7, 17.6, 17.5, 17.5, 17.4, 17.4, 17.3, 13.9, 13.5, 13.1,
12.9 ppm; IR (KBr): ñ=3370, 3178, 3055, 2944, 2866, 1637, 1567, 1465,
1437, 1387, 1336, 1289, 1251, 1186, 1116, 1035, 947, 920, 885, 836, 776,
746, 699, 560, 575, 541, 524, 458 cm�1; MS (HRFAB): m/z : calcd for:
612.3276, found 613.3339 [M+H+].


8N-(2-Aminofluorenyl)-3’,5’-O-(1,1,3,3-tetrakis(isopropyl)-1,3-disiloxane-
diyl)-2’-deoxyadenosine (19 d): GP VIb was conducted with 18 (331 mg,
0.579 mmol), which afforded the desired product as a pale-yellow foam
(362 mg, 0.538 mmol, 93 %). M.p. 99 8C; [a]20


546 =�278 (c =0.1, CHCl3);
1H NMR (400 MHz, CDCl3): d =8.21 (s, 1 H), 7.91 (br s, 1 H), 7.70 (d, J=


8.0 Hz, 1H), 7.63 (d, J =7.8 Hz, 2H), 7.56 (d, J =8.0 Hz, 1H), 7.31 (s,
1H), 7.18 (dd, J =7.4, 7.4 Hz, 2H), 6.35 (dd, J =7.5, 3.8 Hz, 1H), 5.22 (s,
2H), 4.89 (dd, J= 15.0, 7.9 Hz, 1 H), 4.12 (dd, J =14.3, 7.0 Hz, 2 H), 4.07–
4.02 (m, 1H), 3.97–3.94 (m, 2H), 3.13–3.07 (m, 1 H), 2.61–2.54 (m, 1H),
1.11–1.04 (m, 18H), 0.96–0.91 ppm (m, 10H); 13C NMR (100 MHz,
CDCl3): d =152.3, 149.7, 149.3, 148.8, 144.8, 143.3, 141.9, 138.3, 137.2,
128.5, 127.2, 126.4, 125.3, 120.6, 119.7, 118.6, 117.6, 85.6, 84.4, 70.4, 62.0,
45.8, 39.8, 17.9, 17.8, 17.7, 17.6, 17.5, 17.5, 17.4, 17.4, 17.3, 13.9, 13.5, 13.1,
12.9 ppm; IR (KBr): ñ=3365, 3189, 3060, 2945, 2866, 1708, 1637, 1600,
1560, 1493, 1459, 1430, 1404, 1331, 1288, 1251, 1184, 1117, 1038, 946, 919,
885, 826, 765, 731, 698, 580, 422 cm�1; MS (HRFAB): m/z : calcd for:
672.3276, found 673.3370 [M+H+].


General procedure VII for the N6-benzoylation and 3’,5’-desilylation of
C8-arylamine-dA adducts (20 a,b): The 3’,5’-O-silyl-protected C8-aryl-
amine-modified dA derivative 19 a,b was dissolved in anhydrous pyridine
(30 mL) under an atmosphere of nitrogen and distilled benzoyl chloride
(1.5 equiv) was added. The reaction mixture was stirred for 2 h at room
temperature. It was then diluted with dichloromethane (200 mL) and
washed with saturated sodium hydrogencarbonate solution, and the aque-
ous layer was extracted twice with dichloromethane. After removal of
the dichloromethane in vacuo, morpholine (2.5 equiv) was added and the
resulting mixture was stirred at room temperature for a further 2 h. The
reaction mixture was again diluted with dichloromethane (200 mL) and
then washed twice with 0.5m sodium dihydrogenphosphate solution. The
aqueous layer was extracted three times with dichloromethane. After
complete removal of the dichloromethane in vacuo, the residue was dis-
solved in tetrahydrofuran and tetrabutylammonium fluoride (2.5 equiv)
was added. After complete desilylation, the solvent was removed in
vacuo and the residue was purified by flash chromatography on silica gel,
eluting with dichloromethane containing 10 % methanol, to yield the
product.


N6-Benzoyl-8N-(4-aminobiphenyl)-2’-deoxyadenosine (20 a): GP VII was
conducted with 19 a (2.30 g, 3.74 mmol), which gave the desired product
as a pale-yellow solid (1.28 g, 2.69 mmol, 72%). M.p. 161 8C; [a]20


546 =�278
(c= 1, MeOH); 1H NMR (400 MHz, CD3OD): d= 8.44 (s, 1H), 7.97 (m,
2H), 7.59 (tt, J= 7.4, 1.3 Hz, 1H), 7.49–7.43 (m, 4 H), 6.84 (d, J =8.9 Hz,
2H), 6.73 (dd, J =9.0, 5.7 Hz, 1H), 4.64–4.58 (m, 1 H), 4.14–4.10 (m, 1H),
3.94 (dd, J =11.7, 2.5 Hz, 1 H), 3.88 (dd, J=11.7, 1.7 Hz, 1H), 3.73 (s,
3H; OMe), 2.81 (ddd, J =13.5, 9.4, 6.1 Hz, 1H), 2.27 ppm (ddd, J =13.4,
5.9, 1.7 Hz, 1 H); 13C NMR (100 MHz, CD3OD): d=156.2, 152.2, 150.1,
135.0, 132.6, 131.8, 129.5, 129.0, 128.8, 128.0, 123.1, 114.4, 87.9, 84.5, 72.4,


63.3, 55.7, 39.5 ppm; IR (KBr): ñ =3353, 3060, 2932, 2835, 2550, 2348,
2254, 2125, 2048, 1911, 1692, 1654, 1611, 1565, 1444, 1248, 1176, 1028,
828, 703, 582 cm�1; MS (HRESI): m/z : calcd for: 476.1808, found
499.1706 [M+Na+].


N6-Benzoyl-8N-(4-aminobiphenyl)-2’-deoxyadenosine (20 b): GP VII was
conducted with 19b (1.60 g, 2.42 mmol), which gave the desired product
as a pale-yellow solid (906 mg, 1.89 mmol, 78 %). M.p. 151 8C; [a]20


546 =


+ 4.38 (c= 0.5, CH3OH); 1H NMR (400 MHz, CD3OD): d=8.41 (s, 1H),
7.91–7.85 (m, 2 H), 7.69–7.64 (m, 2H), 7.49 (tt, J =7.4, 1.2 Hz, 1 H), 7.47–
7.43 (m, 4H), 7.42–7.39 (m, 2H), 7.36–7.30 (m, 2 H), 7.24 (tt, J =7.4,
1.2 Hz, 1H), 6.71 (dd, J=9.4, 5.8 Hz, 1 H), 4.62–4.55 (m, 1H), 4.13–4.08
(m, 1H), 3.94 (dd, J=11.6, 2.4 Hz, 1H), 3.87 (dd, J=11.7, 2.5 Hz, 1H),
2.74 (ddd, J =13.5, 9.4, 6.2 Hz, 1H), 2.24 ppm (ddd, J= 13.4, 5.9, J =


1.6 Hz, 1H); 13C NMR (100 MHz, CD3OD): d =168.3, 154.0, 150.0, 141.7,
138.0, 135.4, 133.5, 129.8, 129.6, 129.2, 128.5, 128.1, 127.6, 122.7, 120.1,
89.3, 85.4, 73.4, 62.8, 39.9 ppm; IR (KBr): ñ =3447, 3277, 3050, 3031,
2927, 2874, 2362, 2344, 1719, 1709, 1696, 1685, 1624, 1555, 1486, 1448,
1271, 1174, 1088, 836, 763, 697 cm�1; MS (HRFAB): m/z : calcd for:
522.2016, found 523.2094 [M+H+].


General procedure VIII for the 5’-O-dimethoxytritylation of N6-benzoy-
lated C8-arylamine-dA adducts (21 a,b): The N6-benzoylated C8-aryl-
amine-dA adduct (20a,b) was dissolved in anhydrous pyridine (30 mL)
under a nitrogen atmosphere and 4,4’-dimethoxytrityl chloride
(1.2 equiv) and silver nitrate (1.2 equiv) were added. The mixture was
stirred at room temperature until the reaction was complete (�3 h). It
was then diluted with dichloromethane (200 mL) and washed with satu-
rated sodium hydrogencarbonate solution and brine. The aqueous layer
was extracted twice with dichloromethane. The organic layers were com-
bined, dried over sodium sulfate, and filtered, and the solvent was re-
moved in vacuo. The residue was purified by flash chromatography on
silica gel eluting with 0!10 % methanol in dichloromethane to afford
the desired product.


N6-Benzoyl-8N-(4-methoxyphenylamino)-5’-O-dimethoxytrityl-2’-deoxy-
adenosine (21 a): GP VIII was conducted with 20a (1.10 g, 2.31 mmol),
which gave the desired product as a pale-yellow foam (1.32 g, 1.69 mmol,
73%). M.p. 93 8C; [a]20


546 =�37.28 (c =0.5, CH3OH); 1H NMR (400 MHz,
[D6]DMSO): d=10.78 (s, 1H), 9.32 (s, 1H), 8.27 (s, 1 H), 8.04–7.99 (m,
2H), 7.78 (d, J =9.2 Hz, 2H), 7.64–7.58 (m, 1H), 7.56–7.50 (m, 2H),
7.33–7.27 (m, 2 H), 7.22–7.14 (m, 7H), 6.86 (d, J =9.2 Hz, 2H), 6.81–6.74
(m, 4 H), 6.53 (dd, J =9.0, 2.9 Hz, 1 H), 5.41 (d, J =4.3 Hz, 1 H), 4.74–4.67
(m, 1 H), 4.01 (dd, J =9.8, 4.7 Hz, 1H), 3.70 (s, 3H), 3.69 (s, 6H), 3.59–
3.49 (m, 1 H), 3.25 (dd, J= 10.0, 4.2 Hz, 1H), 3.15 (dd, J =10.0, 6.0 Hz,
1H), 2.31–2.22 ppm (m, 1H); 13C NMR (100 MHz, [D6]DMSO): d=


165.3, 158.0, 154.7, 152.8, 150.4, 147.9, 145.0, 144.6, 135.8, 135.6, 134.0,
132.8, 129.7, 129.6, 128.4, 128.3, 127.6, 126.5, 126.2, 120.8, 113.8, 113.0,
85.6, 85.3, 82.9, 70.8, 63.7, 55.2, 55.0, 36.4 ppm; IR (KBr): ñ =3356, 3057,
2999, 2932, 2835, 2361, 1735, 1670, 1609, 1563, 1462, 1444, 1372, 1301,
1177, 1034, 910, 828, 791, 754, 726, 617, 584 cm�1; MS (HRFAB): m/z :
calcd for: 778.3115, found 779.3193 [M+H+].


N6-Benzoyl-8N-(4-aminobiphenyl)-5’-O-dimethoxytrityl-2’-deoxyadeno-
sine (21 b): GP VIII was conducted with 20b (880 mg, 1.684 mmol),
which gave the desired product as a pale-yellow foam (1.056 g,
1.280 mmol, 76%). M.p. decomposition at 132 8C; [a]20


546 =++148 (c =0.5,
CHCl3); 1H NMR (400 MHz, [D6]DMSO): d =10.86 (br s, 1 H), 9.60 (br s,
1H), 8.32 (s, 1 H), 8.07–7.93 (m, 4H), 7.67–7.59 (m, 5H), 7.57–7.51 (m,
2H), 7.45–7.38 (m, 2 H), 7.33–7.27 (m, 3H), 7.22–7.14 (m, 7 H), 6.81–6.74
(m, 4H), 6.62–6.56 (m, 1 H), 5.43 (dd, J=4.3 Hz), 4.76–4.69 (m, 1H),
4.06–4.00 (m, 1 H), 3.69 (s, 3H), 3.68 (s, 3H), 3.60–3.51 (m, 1 H), 3.29–
3.23 (m, 1 H), 3.20–3.13 (m, 1H), 2.34–2.25 ppm (m, 1H); 13C NMR
(100 MHz, [D6]DMSO): d= 165.3, 158.0, 149.7, 148.3, 145.2, 145.0, 139.8,
139.3, 135.8, 135.6, 133.9, 133.8, 132.1, 129.7, 129.6, 128.9, 128.5, 128.3,
127.7, 126.8, 126.2, 125.8, 119.3, 113.1, 85.7, 83.1, 70.7, 63.7, 55.0,
36.4 ppm; IR (KBr): ñ=3416, 3056, 2931, 2834, 2348, 2282, 1701, 1607,
1577, 1557, 1508, 1487, 1445, 1339, 1299, 1250, 1176, 1047, 1033, 828, 700,
583 cm�1; MS (HRFAB): m/z : calcd 824.3322, found 825.3424 [M+H+].


General procedure IX for phosphitylation of N6-benzoyl-(8N-arylamino)-
5’-O-dimethoxytrityl-2’-deoxyadenosine (22 a,b): The N6-Bz-8-N-(aryl-
amino)-5’-O-DMTr-2’-dA (21a,b) was dissolved in anhydrous CH2Cl2


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 11194 – 1120811206


C. Meier et al.



www.chemeurj.org





(4 mL) and anhydrous CH3CN (3 mL) under an atmosphere of nitrogen
and treated with a 0.25 m solution of 4,5-dicyanoimidazole in CH3CN
(2 equiv) and 2-cyanoethyl-N,N,N’,N’-tetraisopropylphosphordiamidite
(1.5 equiv). After stirring the mixture for 30 min at room temperature,
the reaction was stopped by adding CH3OH (0.5 mL). The solution was
diluted with CH2Cl2 (50 mL) and washed sequentially with 5% aqueous
NaHCO3 solution and brine. The organic layer was dried and concentrat-
ed to dryness. The residue was purified by chromatography on silica gel,
eluting with CH2Cl2 containing 2% NEt3. The product was redissolved in
CH2Cl2 and further washed with H2O to give the product as a solid after
freeze-drying from benzene.


N6-Benzoyl-8N-(4-methoxyphenylamino)-5’-O-dimethoxytrityl-2’-deoxy-
adenosin-3’-yl-b-cyanoethyl-N,N’-diisopropylphosphoramidite (22 a):
GP IX was conducted with 21a (200 mg, 0.257 mmol), which gave the de-
sired product as a pale-yellow solid (189 mg, 0.193 mmol, 75%). M.p. de-
composition at 82 8C; 1H NMR (400 MHz, C6D6): 2 diastereomers + 2
rotamers: d= 9.55 (m, 2 H), 9.18 (s, 1H), 9.16 (s, 1H), 8.90 (m, 2H), 8.67
(s, 1 H), 8.66 (s, 1 H), 8.29 (s, 1 H), 8.27 (s, 1 H), 7.91 (m, 2 H), 7.82 (m,
5H), 7.75 (m, 3 H), 7.70–7.64 (m, 4H), 7.62–7.54 (m, 6H), 7.53–7.43 (m,
8H), 7.32 (m, 12 H), 7.32 (m, 5H), 7.16–7.08 (m, 8H), 7.06–6.87 (m,
22H), 6.80–6.64 (m, 24 H), 6.13–5.99 (m, 2H), 5.91 (m, 2H), 5.25 (m,
2H), 5.07 (m, 4H), 4.64–4.50 (m, 2H), 4.41 (m, 2H), 3.93–3.81 (m, 4H),
3.75–3.61 (m, 4 H), 3.62–3.44 (m, 16H), 3.43–3.22 (m, 36H), 2.53–2.28 (m,
4H), 2.00–1.68 (m, 12H), 1.23–1.11 ppm (m, 48 H); 13C NMR (100 MHz,
C6D6): d =165.9, 165.1, 159.2, 159.2, 159.9, 154.1, 152.6, 151.1, 150.1,
149.4, 146.1, 145.9, 145.3, 144.2, 142.0, 136.9, 136.8, 136.0, 135.8, 135.0,
132.7, 132.6, 130.9, 130.8, 130.5, 128.6, 127.1, 127.0, 124.0, 123.4, 121.6,
121.5, 117.8, 117.6, 115.4, 114.6, 113.6, 113.5, 111.7, 86.9, 86.8, 86.0, 85.4,
82.5, 82.3, 64.9, 63.4, 63.2, 59.2, 59.1, 59.0, 58.8, 58.6, 55.0, 54.9, 54.9, 43.6,
43.6, 37.5, 37.2, 30.5, 30.2, 24.8, 24.8, 24.7, 20.2, 20.1, 20.1 ppm; 31P NMR
(161 MHz, C6D6): d=149.20, 148.95, 148.84, 148.20 ppm; IR (KBr): ñ=


3426, 3061, 2964, 2930, 2362, 2344, 2253, 1701, 1686, 1676, 1670, 1664,
1655, 1618, 1612, 1569, 1511, 1491, 1483, 1250, 1178, 1034, 829, 704,
582 cm�1; MS (HRESI): m/z : calcd for: 978.4193, found 1001.4120
[M+Na+].


N6-Benzoyl-8N-(4-aminobiphenyl)-5’-O-dimethoxytrityl-2’-deoxyadeno-
sin-3’-yl-b-cyanoethyl-N,N’-diisopropylphosphoramidite (22 b): GP IX
was conducted with 21b (200 mg, 0.242 mmol), which gave the desired
product as a pale-yellow solid (171 g, 0.167 mmol, 69%). M.p. 77–79 8C;
1H NMR (400 MHz, C6D6): 2 diastereomers + 2 rotamers: d =9.87 (m,
2H), 8.94 (s, 1H), 8.92 (s, 1H), 8.85 (s, 1H), 8.84 (s, 1 H), 8.60 (m, 2H),
8.44 (s, 1 H), 8.42 (s, 1 H), 8.24 (s, 1H), 8.21 (s, 1 H), 8.03 (m, 4H), 7.92
(m, 4 H), 7.86 (m, 4 H), 7.69 (m, 12H), 7.63–7.49 (m, 20H), 7.40 (m,
12H), 7.32 (m, 12 H), 7.22 (m, 10 H), 7.18–7.04 (m, 12 H), 6.97 (m, 2H),
6.85 (m, 8 H), 6.77 (m, 10H), 6.03–5.87 (m, 2H), 5.34–5.17 (m, 2H), 5.15–
4.99 (m, 2 H), 4.66–4.54 (m, 2 H), 4.41 (m, 2 H), 3.88 (m, 4 H), 3.74 (m,
2H), 3.66–3.57 (m, 10 H), 3.31 (m, 12H), 3.30 (m, 12H), 3.16–3.00 (m,
8H), 2.62–2.28 (m, 4H), 1.97–1.70 (m, 10 H), 1.10–1.01 ppm (m, 48H);
13C NMR (100 MHz, C6D6): d =159.2, 149.7, 141.1, 136.0, 135.9, 134.9,
132.6, 131.9, 130.8, 130.6, 129.0, 129.0, 128.7, 128.6, 127.9, 127.1, 127.0,
119.7, 117.6, 117.0, 116.3, 113.6, 113.5, 87.0, 86.8, 85.8, 59.2, 59.0, 58.0,
58.0, 54.8, 45.4, 45.3, 43.7, 43.6, 24.8, 24.8, 24.7, 24.6, 23.7, 22.9, 22.8, 22.8,
22.8, 20.6, 20.1, 20.1, 19.5, 19.4 ppm; 31P NMR (161 MHz, C6D6): d=


149.37, 149.11, 148.69, 148.38 ppm; IR (KBr): ñ=3377, 3057, 3032, 2966,
2931, 2872, 2836, 2362, 2344, 2252, 1734, 1700, 1607, 1508, 1250, 1179,
1034, 978, 829, 700, 526, 419, 406 cm�1; MS (HRFAB): m/z : calcd for:
1024.4401, found 1025.4433 [M+H+].


Synthesis of the oligonucleotides : Oligonucleotides were synthesized on
a 1 mmol scale using benzoyl-protected dA, dmf-protected dG, acetyl-pro-
tected dC, and T phosphoramidites on a 394 DNA synthesizer (Applied
Biosystems) using phosphoramidites and solid supports purchased from
ChemGenes. The manufacturer�s standard synthesis protocol was used,
except that at the incorporation position of the modified phosphorami-
dites the coupling was repeated three times, each for a duration of 500 s.


The oligonucleotides were purified by HPLC using triethylammonium
acetate buffer (pH 6.9) (solvent 1) and acetonitrile (solvent 2) on a C-18
reversed-phase column with UV detection. The solvent gradient was as


follows: initially 99 % solvent 1, then a 50 min linear gradient to 23 % sol-
vent 2; 10 min with 100 % solvent 2; 10 min with 100 % solvent 1.


ESI-MS for 23a : m/z : calcd for [M�H+]: 3582.4, found 3581.2


ESI-MS for 23b : m/z : calcd for [M�H+]: 3703.4, found 3702.3


ESI-MS for 23c : m/z : calcd for [M�H+]: 3750.4, found 3751.8


ESI-MS for 23d : m/z : calcd for [M�H+]: 3566.4, found 3565.2


ESI-MS for 23e : m/z : calcd for [M�H+]: 3688.6, found 3687.3


ESI-MS for 23 f : m/z : calcd for [M�H+]: 3734.6, found 3733.2


ESI-MS for 24a : m/z : calcd for [M�H+]: 9099.5, found 9101.2


ESI-MS for 24b : m/z : calcd for [M�H+]: 9191.6, found 9192.5


ESI-MS for 24c : m/z : calcd for [M�H+]: 9205.6, found 9206.5


ESI-MS for 24d : m/z : calcd for [M�H+]: 9221.6, found 9220.0


ESI-MS for 24e : m/z : calcd for [M�H+]: 9219.7, found 9220.1


ESI-MS for 24 f : m/z : calcd for [M�H+]: 9271.2, found 9273.2


ESI-MS for 24g : m/z : calcd for [M�H+]: 9283.2, found 9284.5


ESI-MS for 24h : m/z : calcd for [M�H+]: 9087.0, found 9086.5


ESI-MS for 24 i : m/z : calcd for [M�H+]: 9209.2, found 9208.6


ESI-MS for 24j : m/z : calcd for [M�H+]: 9255.2, found 9253.9


ESI-MS for 25a : m/z : calcd for [M�H+]: 3643.4, found 3644


ESI-MS for 25b : m/z : calcd for [M�H+]: 3736.6, found 3737


ESI-MS for 25c : m/z : calcd for [M�H+]: 3749.6, found 3746


ESI-MS for 25d : m/z : calcd for [M�H+]: 3765.6, found 3766


ESI-MS for 25e : m/z : calcd for [M�H+]: 3764.7, found 3764


ESI-MS for 25 f : m/z : calcd for [M�H+]: 3812.7, found 3810.5


ESI-MS for 25g : m/z : calcd for [M�H+]: 3822.7, found 3820.5


ESI-MS for 25h : m/z : calcd for [M�H+]: 3736.6, found 3737


ESI-MS for 25 i : m/z : calcd for [M�H+]: 3812.7, found 3809


ESI-MS for 25j : m/z : calcd for [M�H+]: 3765.6, found 3765


ESI-MS for 25k : m/z : calcd for [M�H+]: 3812.7, found 3811


ESI-MS for 25 l : m/z : calcd for [M�H+]: 3765.6, found 3764


ESI-MS for 25m : m/z : calcd for [M�H+]: 3812.7, found 3812


ESI-MS for 25n : m/z : calcd for [M�H+]: 3765.6, found 3760


ESI-MS for 25o : m/z : calcd for [M�H+]: 3812.7, found 3811


ESI-MS for 25p : m/z : calcd for [M�H+]: 3765.6, found 3766


ESI-MS for 25q : m/z : calcd for [M�H+]: 3812.7, found 3811.


Thermal melting studies : Equal amounts of the two complementary
strands (2 nmol) were dissolved in 1 mL of buffer (10 mm phosphate
buffer, 140 mm NaCl, 1 mm EDTA, pH 6.8). The UV absorption at
260 nm was monitored as a function of temperature. The temperature
was increased at a rate of 0.5 8C min�1 over the range 5–80 8C.


Circular dichroism measurements : CD measurements were carried out at
25 8C with the same solutions as used for the Tm studies. Samples were
scanned from 350 to 220 nm at 0.5 nm intervals averaged over 1 s.


EcoRI cleavage assay : An amount of 0.4 OD oligonucleotide was dis-
solved in 100 mL DTT buffer [pH 7.5; MgCl2 (190.4 mg), NaCl (1.17 g),
Tris (1.21 g), and DTT (15.4 mg) in water (200 mL)]. The solution was
heated at 708C for 2 min and then cooled in an ice-bath. After the addi-
tion of 270 units of EcoRI, the solution was incubated at 23 8C. Aliquots
of 20 mL were withdrawn, which were analyzed by HPLC using triethyl-
ammonium acetate buffer (pH 8.0) containing 5% acetonitrile (solvent 1)
and acetonitrile (solvent 2) on a C-18 reversed-phase column with UV
detection. The solvent gradient was as follows: initially 99 % solvent 1,
then a 20 min linear gradient to 25% solvent 2; 5 min with 100 % sol-
vent 2; 5 min with 100 % solvent 1.


Primer extension reactions : The recombinant enzymes were purified as
described in the literature (Pfu DNA polymerase, see ref. [40]; human
DNA polymerase b : adapted from ref. [47]; Dpo4 DNA polymerase:
adapted from ref. [48]). 20 mL of the reaction mixture contained 150 nm


32P-labeled primer F25 (5’-(CGT TGG TCC TGA AGG AGG ATA
GGT)-3’, 225 nm of the different templates, 200 mm dNTPs in 1x reaction
buffer [for Pfu DNA polymerase: 20 mm TrisHCl (pH 8.8), 10 mm


Chem. Eur. J. 2008, 14, 11194 – 11208 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 11207


FULL PAPERSite-Specifically Damaged DNA Strands



www.chemeurj.org





(NH4)2SO4, 10 mm KCl, 2 mm MgSO4, 0.1 % (v/v) Triton X-100, 0.2%
(w/v) BSA; for human DNA polymerase b : 50 mm TrisHCl (pH 8.0),
10 mm MgCl2, 2 mm DTT, 20 mm NaCl, 20 mm KCl, 1% (v/v) glycerol;
for Dpo4 DNA polymerase: 50 mm TrisHCl (pH 7.8), 5 mm DTT, 50 mm


NaCl, 5 mm MgCl2, 5% (v/v) glycerol]. The final enzyme concentration
in the reaction mixture was 10 nm for Pfu DNA polymerase, 300 nm for
human DNA polymerase b, and 50 nm for Dpo4 DNA polymerase. The
template sequences used are depicted in Figure 7. F25 was labeled using
[g32P]-ATP according to standard techniques. Annealing of the primer to
the template strand was conducted in 20 mm TrisHCl (pH 7.5) and 50 mm


NaCl from 95 8C to 25 8C over at least 1 h (. Mixtures were incubated for
30 min at different temperatures (68 8C for Pfu DNA polymerase; 37 8C
for human DNA polymerase b and Dpo4 DNA polymerase) and the re-
actions were stopped by the addition of 45 mL stop solution [80 % (v/v)
formamide, 20 mm EDTA, 0.025 % (w/v) bromophenol blue, 0.025 %
(w/v) xylene cyanol]. The mixtures were separated using a 12% denatur-
ing PAGE with visualization by phosphoimaging.


Efficiencies of primer extension reactions : The primer extension reac-
tions were quantified by phosphoimaging (BioRad FX) of the dried poly-
acrylamide gels. The ratio of primer extension was determined by sub-
tracting the intensity of the band corresponding to the remaining primer
from the total intensity in the lane. The results presented below are aver-
ages from repeated experiments.


Primer extension reactions employing Pfu ACHTUNGTRENNUNG(exo+) DNA polymerase : The
reaction mixtures (20 mL) contained 150 nm of 32P-labeled primer F25 (5’-
(CGT TGG TCC TGA AGG AGG ATA GGT)-3’, 225 nm of the differ-
ent templates, 200 mm each of dATP, dGTP, dTTP, and dCTP in 1x reac-
tion buffer [20 mm TrisHCl (pH 8.8), 10 mm (NH4)2SO4, 10 mm KCl,
2 mm MgSO4, 0.1% (v/v) Triton X-100, 0.2 % (w/v) BSA]. The final
enzyme concentration in the mixture was 10 nm. The template sequences
used are depicted in Figure 7. F25 was labeled using [g32P]-ATP accord-
ing to standard techniques. Annealing of the primer to the template
strand was conducted in 20 mm TrisHCl (pH 7.5) and 50 mm NaCl from
95 8C to 25 8C over at least 1 h (see Supporting Information). Mixtures
were incubated for 30 min at different temperatures (68 8C for Pfu DNA
polymerase) and the reactions were stopped by the addition of 45 mL
stop solution [80 % (v/v) formamide, 20 mm EDTA, 0.025 % (w/v) bro-
mophenol blue, 0.025 % (w/v) xylene cyanol]. The mixtures were separat-
ed using a 12% denaturing PAGE with visualization by phosphoimaging.
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Introduction


Azobenzene-containing polymeric systems are well known
for their photochromic properties related to the trans-cis-
trans photoisomerisation of the azo-chromophore, and have
been proposed for reversible data storage, signal modulation


and switching.[1] The induction of helical polymers has been
the subject of intense research, not only because of its po-
tential applications in chiroptical switching, reversible opti-
cal storage,[2–6] chiral amplification[7] and chiral discrimina-
tion,[8] but also its possible occurrence at the early stages of
life on earth.[9] Optically active polymers containing a chiral
group and an azobenzene chromophore show a well-pro-
nounced circular dichroism (CD) signal in the absorption
region of azobenzene, demonstrating that the chiral centre
induces a predominant helical screw-sense in the polymer
both as film and in solution.[10–12] Recently, the fascinating
possibility of inducing circular birefringence (optical activi-
ty) in nonchiral azobenzene-containing polymers by using
circularly polarised light (CPL) has also been reported. This
phenomenon was observed for the first time by Nikolova
and co-workers in switches obtained by the direct irradiation
of films of liquid-crystalline cyanoazobenzene polyes-
ters.[13, 14] Upon illumination with CPL at 488 nm, the films
are provided with an unusually strong optical activity: right
circularly polarised (r-CPL) radiation induces right-hand ro-


Abstract: The synthesis of chiral liquid-
crystalline polymers of well-controlled
structure (linear and three-armed star-
shaped) with distinct average chain
lengths and low polydispersity was ach-
ieved by atom transfer radical polymer-
isation (ATRP) of a new optically
active monomer (S)-4-[6-(2-methacry-
loyloxypropanoyloxy)hexyloxy)]-4’-
ethoxyazobenzene [(S)-ML6A], con-
taining the l-lactic residue of one abso-
lute configuration in the side-chain. All
the obtained polymeric samples, char-
acterised by differential scanning calo-
rimetry (DSC), X-ray diffraction
(XRD) and polarised optical microsco-
py (POM), exhibit a smectic A1/2 (fully
interdigitated) liquid-crystalline phase


and high cleaning points, with transi-
tion temperatures dependent on the
average polymerisation degree and the
macromolecular structure. The chirality
originated at the molecular level by the
asymmetric functionality of the l-lactic
acid residue provides the polymers, in
the smectic phase, of highly homogene-
ous conformations with a prevailing
chirality related to the presence of H-
aggregates having conformational dis-
symmetry of one prevailing screw-


sense. By irradiating with circularly po-
larised light (CPL), it is possible to
photomodulate the chiroptical proper-
ties of these intrinsically chiral poly-
meric thin films. Upon irradiation with
left-handed CPL (l-CPL), the circular
dichroism (CD) spectra of the films
show enhancement of ellipticity and a
net inversion of sign. The effect is re-
versible and the mirror image of the
CD spectrum can be restored by pump-
ing with right-handed CPL radiation (r-
CPL). The results show the ability of l-
CPL to invert the supramolecular chir-
ality of the materials and demonstrate
the essential role of azoaromatic aggre-
gates.
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tation of the probe beam polarisation, the reverse being ob-
served with left circularly polarised (l-CPL) pump light. In a
first report,[13] the authors suggested that the observed effect
may be initiated by a transfer of angular momentum from
the CPL to the azobenzene chromophores and that the ob-
served phenomena are related to the presence of liquid-crys-
talline (LC) ordering (smectic-A phase) in the polymer
films prior to irradiation. Analogous results have been
found for an amorphous cyanoazobenzene methylmethacry-
late copolymer previously ordered by illumination with line-
arly polarised light.[15] In a further work, Nikolova et al. dis-
covered a self-induced rotation of the azimuth of elliptically
polarised light (EPL) on passing through films of photobire-
fringent azopolymers.[16] The EPL propagating through the
sample was found to induce an optical axis that gradually
rotates along the propagation direction, thus inducing a
chiral orientation of the azobenzene chromophores with the
same sense of rotation as that of the input light electric
vector. The whole film assumes a chiral structure similar to
that found in cholesteric liquid crystals with large pitch. The
control of chirality with CPL on films of a smectic-A liquid-
crystalline nitroazobenzene methyl-methacrylate polymer
was also achieved by Natansohn and co-workers.[17] The au-
thors found that, by irradiation with CPL at 514 nm, the ini-
tially achiral films became chiral and showed strong CD sig-
nals. The CD spectra of two different films, one irradiated
with r-CPL and the other with l-CPL, exhibited opposite
signs and were virtually mirror images of each other. In con-
trast, the amorphous films (not annealed) did not show any
induced circular anisotropy, thus pointing out the essential
role of the LC arrangement and suggesting that the original
circular polarisation of the incoming light is made elliptical
by the first layers of the smectic domains of the film. In this
way, on the basis of the model proposed by Nikolova
et al. ,[16] the EPL radiation that propagates into the film pro-
duces a progressive rotation of the optical axis of each LC
domain, resulting in a supramolecular helical arrangement
of the smectic domains to form an organisation similar to a
twisted grain boundary (TGB) phase.


According to Kim,[18] chirality can be induced also in
amorphous epoxy-based side-chain azopolymers by illumi-
nation with one-handed EPL. In this context, we reported
the first example of chiroptical switching with only r- or l-
CPL of amorphous thin films of chiral polymethacrylates
containing azoaromatic moieties in the side-chain, in the ab-
sence of preliminary alignment with linearly polarised (LP)
light.[19–21] Hore et al. reported the observation of a selective
circular Bragg reflection in the CD spectra of a nematic
glassy thin film (100 nm thick) of a side-chain LC azopoly-
mer irradiated with CPL, which was assigned to the struc-
ture produced by superposition of the forward-propagating
wave and the back-reflected wave.[22] Although several
mechanisms of the photoinduced chirality process in side-
chain azobenzene-containing polymers have been proposed,
the model based on a helical arrangement of aggregated
chromophores in the side-chain[22] appears more realistic.


More recently, Tejedor et al. discussed the influence of
LC structures and detected a circular Bragg reflection in
thin films (200 nm) of achiral glassy nematic azopoly-
mers,[23, 24] but not in a homologous smectic one[23] irradiated
with CPL of opposite sign.


To induce chirality in soft matter, two different structural
levels must be mainly considered: the molecular and supra-
molecular. The first level is provided by the chirality of mol-
ecules, which is of configurational and conformational
origin. The second level of chirality arises from the organisa-
tion of molecules with formation of a chiral superstructure
by means of long-range positional and orientational orders
of molecules.[25] As described above, several research groups
have contributed to the experimental findings on chirality
induced by CPL (or EPL) stimuli in achiral polymer systems
with azobenzene moieties in their side-chains, but studies of
liquid-crystalline polymers containing a chiral group of one
absolute configuration and an azobenzene chromophore in
the side-chain suitable to demonstrate CPL-induced chirality
have not been reported. Furthermore, from all these investi-
gations it appears that polymeric samples with a well-de-
fined structure are needed for a better understanding of the
structure–proprieties correlation; hence, derivates with a
carefully selected molecular mass and low polydispersity are
required.


This goal can be achieved easily by use of a controlled
polymerisation procedure such as atom transfer radical poly-
merisation (ATRP). Herein, we compare the behaviour of
linear and star-shaped liquid-crystalline polymers under irra-
diation with CPL aimed at a better understanding of the
role played by the macromolecular structure in the photoin-
duction of chiral supramolecular arrangements. In particu-
lar, we have considered the polymers depicted in Scheme 1:
a linear one, poly[(S)-4-[6-(2-methacryloyloxypropanoyl-ACHTUNGTRENNUNGoxy)hexyloxy)]-4’-ethoxyazobenzene] {poly[(S)-ML6A]-14},
and four related three-armed branched macromolecular de-
rivatives with controlled average molecular weight, star[(S)-
4-[6-(2-methacryloyloxypropanoyloxy)hexyloxy)]-4’-ethoxya-
zobenzene] {star[(S)-ML6A]-2 through star[(S)-ML6A]-24},
obtained by ATRP of the novel chiral monomer (S)-4-[6-(2-
methacryloyloxypropanoyloxy)hexyloxy)]-4’-ethoxyazoben-
zene [(S)-ML6A], containing the intrinsically chiral l-lactic
acid residue suitable to affect the supramolecular organisa-
tion of the liquid-crystal phase. With the aim to investigate
the structure–property relationships of these systems, they
have been compared with the analogous polydisperse linear
derivative poly[(S)-ML6A]-AIBN (Scheme 1) obtained by
2-2’-azobisisobutyronitrile (AIBN) free-radical polymeri-
sation.


All these polymeric materials display LC behaviour and
give glassy smectic thin films. The chiroptical properties of
the films before and after irradiation with r-CPL and/or l-
CPL were investigated in detail by CD spectroscopy and
their dependence on the macromolecular structure is dis-
cussed.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 11209 – 1122111210



www.chemeurj.org





Results and Discussion


Synthesis and structural characterisation of monomer and
polymeric derivatives : The key intermediate 4-(6-hydroxy-
hexyloxy)-4’-ethoxyazobenzene (H6A) was prepared under
milder conditions and in higher yields than those reported
in the literature[26, 27] (see Experimental Section). The direct
esterification of methacryloyl-l-lactic acid (ML) with H6A
in the presence of N,N-diisopro-
pylcarbodiimide (DIPC) and 4-
(diphenylamino)piridinium 4-
toluensulfonate (DPTS) as cou-
pling agent and condensation
activator, respectively,[28] gave
(S)-ML6A with a total yield of
28 % (Scheme 2).


This monomer was then ho-
mopolymerised in three differ-
ent ways, that is, by free-radical
polymerisation using AIBN as
thermal initiator, and by ATRP


polymerisation using allyl 2-bromo-2-methylpropionate
(ABIB) as monofunctional initiator or 1,3,5-(2’-bromo-2’-
methylpropionato)benzene (BMPB) as trifunctional initia-
tor, thus affording linear and three-armed star-shaped poly-
mers, respectively. The most relevant data of the syntheses
are reported in Table 1.


Poly[(S)-ML6A]-AIBN, prepared by AIBN free-radical
polymerisation over a long polymerisation time, was ob-
tained in quite high yield (85 %), with average molecular
weight appreciably high and molecular-weight distribution
typical of a free-radical-polymerisation process (Table 1).
The polymers synthesised by ATRP show low values of
polydispersity index (M̄w/M̄n) in accordance with this poly-
merisation method (Table 1). In the 1H NMR spectra of the
samples obtained by ATRP, the signals related to the ali-
phatic and aromatic protons of the initiators are overlapped
with those of the repeating units in the case of the star de-
rivatives (see Experimental Section and Supporting Infor-
mation). For example, the star-shaped sample obtained at
shorter reaction times {star[(S)-ML6A]-2} displays the reso-
nances of the methylene and methyl groups bonded to the
quaternary carbon atom bearing the terminal Br atom at 1.9
and 2.3 ppm, respectively (see Supporting Information). The
living character of the polymerisation is confirmed by
13C NMR spectra, which display signals related to the qua-
ternary carbon atom bonded to Br at d 58.0 ppm and to the
methyl and methylene carbon atoms of the growing chain
end-group at 27.5 and 38.9 ppm, respectively. An analysis of


Scheme 1. Synthetic procedures and chemical structures of the investigat-
ed polymers.


Table 1. Characterisation data of polymeric derivatives.


Sample Reaction time [h] Yield[a] [%] M̄n,th
[b] M̄n,SEC


[c] M̄w/M̄n [a]25
D [F]25


D
[d]


(S)-ML6A – – – – – �4.0 �17.1
poly[(S)-ML6A]-AIBN 72 85 – 15400 1.54 �26.9 �115.3
poly[(S)-ML6A]-14 14 37 26 700 13900 1.19 �27.6 �118.3
star[(S)-ML6A]-2 2 10 7800 8000 1.22 �26.8 �114.8
star[(S)-ML6A]-4 4 14 10 900 11400 1.20 �27.0 �115.7
star[(S)-ML6A]-8 8 35 18 700 19000 1.16 �27.8 �119.1
star[(S)-ML6A]-24 24 48 35 600 27600 1.15 �28.5 �122.1


[a] Calculated as (g of polymer/g of monomer) � 100. [b] M̄n,th calculated by using Equation (1). [c] Determined
by SEC in THF at 25 8C. [d] Molar optical rotation, calculated as ([a]25


D � M
100), in which M represents the molec-


ular weight of one repeating unit of poly[(S)-ML6A] or star[(S)-ML6A].


Scheme 2. Synthetic procedure for (S)-ML6A.
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the yields and of the molecular weights of the star polymers
obtained with different polymerisation times shows that the
polymerisation rates followed effective first-order kinetics.
Figure 1 shows a linear relationship between ln([M]0/[M]t)
(in which [M]0 and [M]t are the initial and at time t mono-
mer concentrations, respectively) and the reaction time, in-
dicating clear first-order kinetics of the polymerisation rate
with respect to the monomer concentration, and a relatively
constant concentration of the growing species throughout
the process, also at relatively high conversion, thus proving
the living character of the process.


The plot of the number-average molecular weight of the
resulting star-shaped polymers as determined by the surface
electroclinic effect (SEC) (M̄n,SEC) against monomer conver-
sion (determined by collecting the unreacted monomer from
the polymerisation mixture) is also shown in Figure 1. The
theoretical values of M̄n (M̄n,th), that are valid only in the ab-
sence of chain termination and transfer reactions, may be
calculated by Equation (1):[29]


�Mn,th ¼ conversion� ðMðSÞ-ML6A=MBMPBÞ �MWðSÞ-ML6A
þMWBMPB


ð1Þ


in which M(S)-ML6A and MBMPB are the initial amounts in
moles of monomer and trifunctional initiator, respectively,
and MW(S)-ML6A


and MWBMPB
their respective molecular weights.


As reported in Figure 1, calculated and experimental (by
SEC) values are coincident only at low values of monomer
conversion, however, as the conversion increases, they di-
verge to an increasing extent. Such behaviour, previously re-
ported for star-shaped chiral photochromic polymethacry-
lates,[30] cannot be ascribed to termination reactions taking
place under the real polymerisation conditions, as proved by
the low and almost constant values of M̄w/M̄n (in the range


1.15–1.22), reported in Table 1, but rather to the particular
molecular structure of multiarmed polymers. In fact, it is
well known that star polymers have a smaller hydrodynamic
volume relative to that of linear polystyrenes having the
same polymerisation degree. As a consequence, SEC analy-
sis gives underestimated molecular-weight values for star-
shaped polymers if measured with reference to the usually
adopted linear polystyrene standards.[31,32] However, the ap-
proximately linear correlation between M̄n,SEC and time is in-
dicative of the living character of the ATRP process, and
SEC analysis proves to be useful in confirming that a steady
increment of the average molecular weight with conversion
has taken place, as shown by the chromatograms reported in
Figure 2. In conclusion, all the instrumental characterisation


techniques confirm that three-armed star polymers with C3


symmetry and varying molecular size have been successfully
obtained. Each chain contains a bromine atom as end group
that could be replaced through a variety of reactions leading
either to end-functionalised polymers or used as the initiat-
ing site for the polymerisation of a different monomer to
obtain novel and interesting star-shaped block copolymers
as well as linear block copolymers, starting, for example,
from poly[(S)-ML6A]-14.


POM, DSC and XRD characterisation : With the aim to
study their LC properties, all polymeric derivatives were
characterised by differential scanning calorimetry (DSC),
polarised optical microscopy (POM) and X-ray diffraction
(XRD). Phase-transition temperatures determined by DSC
are summarised in Table 2: all the samples display on heat-
ing a glass-transition temperature (Tg) and a liquid-crystal
phase with a consequent isotropisation temperature (Ti).
The high enthalpy of isotropisation, about 9.6 Jg�1, is related
to the presence of a typical smectic phase.


In all cases, on cooling, the latter transitions show a
modest degree of supercooling (4–5 8C) and a stable, frozen
liquid-crystal mesophase is achieved and maintained at
room temperature.


Figure 1. Evolution of ln([M]0/[M]t) (&) and of the number-average mo-
lecular weight determined by SEC in THF at 25 8C (~) and calculated
values (*) versus time in the ATRP of (S)-ML6A in THF for the
star[(S)-ML6A] series.


Figure 2. Normalised molecular-weight distributions of star[(S)-ML6A]
polymers as determined by SEC in THF at 25 8C.
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XRD studies were carried out at variable temperature on
some representative compounds such as poly[(S)-ML6A]-14,
star[(S)-ML6A]-2 and star[(S)-ML6A]-24. Firstly, X-ray pat-
terns were recorded at room temperature on the above sam-
ples annealed for two hours 40 8C above the Tg, in order to
develop the mesophase. Patterns were also taken at variable
temperatures on virgin and unannealed samples. Finally,
these compounds were mechanically aligned with the aim to
obtain oriented patterns. The diffractograms of poly[(S)-
ML6A]-14 under these several physical conditions are re-
ported in the Supporting Information. In all cases the dif-
fractograms are qualitatively very similar: all of them dis-
play a sharp Bragg reflection in the low-angle region and a
diffuse, broad maximum in the high-angle region. This kind
of pattern is characteristic of a liquid-crystal phase with a
layered structure and confirms that the mesophase order
exists at room temperature and is stable at high tempera-
tures. The high-angle diffuse halo corresponds roughly to a
mean distance of 4.4 � and is associated with the liquid-like
lateral interactions of the azoaromatic mesogenic groups.
The measured spacing, deduced by applying Bragg	s law to
the low-angle reflection, is very close to 16 � in all cases, re-
gardless of the compound examined, the conditions of tem-
perature and the thermal treatment (see Supporting Infor-
mation). The predicted length of the mesogenic moiety cal-
culated from Dreiding stereomodels, assuming a fully ex-
tended conformation of the hydrocarbon chains, is 31 �
(33 � including the methacrylate group). Therefore, it ap-
pears that the observed low-angle maximum corresponds to
the second order (d002) reflection and the actual layer spac-
ing is close to 32 �, which is comparable to the value ex-
pected for a SmA arrangement of the mesogenic monomers.
The fact that the first order (d001) reflection is not visible
must arise from the presence of a period d/2 in the projec-
tion of the electron-density profile along the normal to the
layers. This phenomenon has been described for other side-
chain LC polymers and is accounted for by the confinement
of the polymeric backbones in a thin sublayer perpendicular
to the director, so that the polymeric backbones produce an
electron-density maximum comparable to that of the meso-
genic cores.[33] These features are consistent with a fully in-
terdigitated smectic A (SmA1/2) mesophase (Figure 3). The
absence of significant differences in layer periodicity by
changing the macromolecular shape or the average molecu-
lar weight indicates that the same structural model is valid


for all the samples, both with a linear polymeric backbone
and a star-like arrangement.


Finally, mechanically aligned samples of poly[(S)-ML6A]-
14 and star[(S)-ML6A]-24 were obtained by shearing the


samples on the capillary wall with a metal rod at a tempera-
ture at which the mesophase is fluid. Oriented patterns were
obtained if the samples submitted to this treatment were ir-
radiated at room temperature (see Supporting Information).
In the resulting patterns the low-angle reflection appears as
a pair of sharp spots aligned along the direction perpendicu-
lar to the shearing, whereas the high-angle halo becomes a
pair of diffuse crescents centred in the shearing direction.


These features indicate that the smectic planes are orient-
ed along the stretching direction with the mesogenic units
oriented perpendicular to that direction. This behaviour is
common for side-chain LC polymers. An accurate analysis
of the nature of this mesophase was achieved by the obser-
vation of their typical optical texture by POM in analogy
with previous studies on similar azopolymers.[34] All the sam-
ples, during the heating/cooling process, show textures that
indicate the presence of macrodomains with a SmA phase,
as shown, for example, for poly[(S)-ML6A]-14 in Figure 4.
In particular, the thin film slowly cooled from the isotropic
melt at 128 8C shows small drops of birefringent mesophases
separating from the melt (Figure 4a) that develop after
shearing and annealing at 110 8C for 48 h into cylindrical LC
domains on an homeotropic background (Figure 4b). A
polymeric film after isotropisation and annealing at 120 8C
develops a typical cylindrical conicofocal texture like a SmA
phase (Figure 4c).


Table 2. Thermal transitions[a] and mesomorphism determined by DSC,
POM and XRD.


Sample Thermal transition [8C]


poly[(S)-ML6A]-AIBN G 53 SmA1/2 129 I
poly[(S)-ML6A]-14 G 56 SmA1/2 129 I
star[(S)-ML6A]-2 G 48 SmA1/2 114 I
star[(S)-ML6A]-4 G 49 SmA1/2 117 I
star[(S)-ML6A]-8 G 59 SmA1/2 132 I
star[(S)-ML6A]-24 G 61 SmA1/2 133 I


[a] Obtained from the second heating DSC thermal cycle in nitrogen at-
mosphere (10 8C min�1).


Figure 3. Smectic layer spacings of a fully interdigitated side-chain chro-
mophoric configuration determined by XRD (R= chromophoric moieties
located in the side-chain outside the layer).
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UV-visible spectra and chiroptical properties in solution :
The UV-visible absorption spectra (Figure 5) in CHCl3 solu-
tion of all the investigated linear and star polymers, as well
as the monomer (S)-ML6A, exhibit, in the 250–550 nm spec-
tral region, two bands related to the n!p* and p!p* elec-
tronic transitions of the trans-azobenzene chromophore with
maxima centred at about 440 nm (effi1500 Lmol�1 cm�1) and
360 nm (effi28 000 L mol�1 cm�1), respectively,[35] appearing,
within the limits of experimental error, qualitatively and
quantitatively independent from molecular structure and
polymerisation degree. The UV spectra do not exhibit any
variation on passing from the monomer to the polymer, in-
dicating the substantial absence of electrostatic dipole–
dipole interactions between neighbouring aromatic moieties,
the symmetry of the absorption band at 360 nm providing
evidence that the azoaromatic chromophores are essentially
isolated in solution. The monomer and all high-molecular-


weight samples in the trans configuration are optically active
in chloroform solution at the sodium D-line (Table 1).
Indeed, the macromolecules investigated display molar opti-
cal-rotatory powers [a]25


D for repeating units constantly
around �28, seven times larger than that of (S)-ML6A
([a]25


D =�4.0), thus suggesting that the macromolecules are
characterised by an appreciable conformational chirality.


The CD spectrum of (S)-ML6A in chloroform solution
(Figure 5) displays one weak positive dichroic absorption
with maximum at 360 nm (De�+0.35 L mol�1 cm�1), strictly
related to the UV-visible absorption maximum connected
with the p!p* electronic transition. Similarly, the CD spec-
tra of the polymeric samples in solution exhibit in the spec-
tral region related to the p!p* electronic transition only
one positive dichroic band centred at about 350–360 nm
(De�+0.2 L mol�1 cm�1), in close correspondence with the
UV absorption (Figure 5) and related to isolated chromo-
phores. This is in a similar manner as the monomeric com-
pound, with no influence by the average molecular-weight
value and macromolecular shape, in agreement with the spe-
cific optical-rotatory powers (Table 1).


This behaviour is different from that reported in the liter-
ature for chiral, rigid methacrylic amorphous polymers that
exhibit an increase in optical activity as molecular weight in-
creases,[36] or on passing from linear to star-shaped struc-
tures.[30] The contribution to the overall optical activity in so-
lution by the conformational dissymmetry of liquid-crystal
polymeric derivatives, characterised by longer and flexible
aliphatic spacer between the main-chain and the azoaromat-
ic chromophore, thus appears of limited extent, as suggested


Figure 4. POM microphotographs of poly[(S)-ML6A]-14 (sample pre-
pared between two glasses) a) at 128 8C upon cooling from the isotropic
liquid, b) thin film annealed for 48 h at 110 8C after isotropisation and
shear and c) thin film annealed for 24 h at 120 8C after isotropisation.


Figure 5. CD (top) and UV/Vis (bottom) spectra of (S)-ML6A (c) and
poly[(S)-ML6A]-14 (b) in CHCl3.
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also by the specific optical-rotatory power at the sodium D-
line.


UV-visible spectra and chiroptical properties in thin film :
The UV-visible spectra and chiroptical properties of the syn-
thesised polymers were investigated also in the solid state,
as thin films prepared by casting from dichloromethane so-
lution over clean slides of fused silica. By inspection with
POM, the virgin films at room temperature appear optically
isotropic: neither birefringence nor scattering being ob-
served.


The main UV-visible data of relevant polymeric samples
are collected in Table 3 and the absorption spectra of
poly[(S)-ML6A]-14 in the solid state are reported as an ex-
ample in Figure 6a: in addition to the typical p!p* and n!
p* electronic transitions of the azoaromatic chromophore
centred at around 357 and 440 nm, respectively, an addition-
al band at around 248 nm, associated with the p!p* transi-
tion of the single aromatic ring, is present.


The absorption band of the p!p* transition in the virgin
films appears broader with respect to the spectra in solution,
with two additional shoulders at 340 and 380 nm, related re-
spectively to the formation of H- (blue-shift) and J-like
(red-shift) aggregates[37] imposed by the structural con-
straints of the macromolecules in the solid state. The rela-
tively high absorbance of the transition at 340 nm indicates
a high concentration of H aggregates in the amorphous solid
state.


To develop the mesophase, a thermal treatment consisting
of heating above the clearing-point temperature (Ti) for
5 min followed by annealing for 15 min at a temperature re-
duced by a factor of about 0.7 (Tanneal/Ti) was carried out.


The annealed film of poly[(S)-ML6A]-14 displays broad-
er, less intense absorption bands (Figure 6a and Table 3)
and produces LC domains as observed by POM. The main
absorption band is characterised by a small bathochromic
shift of the p!p* azoaromatic absorption maximum to
362 nm. In addition, the shoulders related to the H- and J-
aggregates located around 340 and 380 nm, increase relative-


ly in importance. This can be
related to development of ag-
gregates and thus to more or-
dered dipolar intra- and inter-
chain interactions that the chro-
mophores experience in the
SmA1/2 phase (Figure 3) relative
to the solution and the amor-
phous solid state.


In particular, the decrease in
absorbance of the p!p* transi-
tion can be attributed to aggre-
gation of the azobenzene frag-
ments possessing elevated an-ACHTUNGTRENNUNGisotropy,[38,39] whereas the p!
p* band at 248 nm of the single
aromatic ring, not influenced by
orientation, remains substan-
tially unaffected. Finally, the in-
crease in absorbance at wave-
lengths over 400 nm can be
mainly associated with the light
scattering due to formation of
the birefringent domains of the
liquid-crystal phase after an-
nealing.


By comparing several CD
spectra recorded at different
film positions and rotated
around the light beam direction
it was also confirmed that the
contribution of linear dichroism
and linear birefringence to the
CD spectra of the polymeric
films is negligible.


The CD spectrum of a fresh
film of poly[(S)-ML6A]-14 (Fig-


Figure 6. CD (top) and UV/Vis (bottom) spectra of a thin film of a) poly[(S)-ML6A]-14 and b) star[(S)-
ML6A]-24 in the virgin state (c) and after isotropisation and annealing at 90 8C for 15 minutes (b).


Table 3. UV/Vis data of the investigated compounds in CHCl3 solution and as thin films after different treat-
ments.


Sample lf!f*[a] lp!p*[a] lH-agg.[a,b] lJ-agg.[a,b] ln!p*[a,b]


(S)-ML6A solution –[c] 360 – – 440
poly[(S)-ML6A]-14 solution –[c] 360 – – 440
star[(S)-ML6A]-24 solution –[c] 360 – – 440
poly[(S)-ML6A]-14 virgin film 248 357 340 380 440
poly[(S)-ML6A]-14 annealed film 248 362 340 385 440
poly[(S)-ML6A]-14 irradiated film 248 360 345 385 440
star[(S)-ML6A]-24 virgin film 248 360 340 378 440
star[(S)-ML6A]-24 annealed film 248 360 340 380 440
star[(S)-ML6A]-24 irradiated film 248 360 344 385 440


[a] Wavelength of maximum absorbance in nm. [b] Shoulder. [c] Not observed due to solvent cut-off.
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ure 6a) exhibits two relatively intense dichroic signals of op-
posite sign and similar intensity, connected to the p!p*
electronic transitions of the azoaromatic chromophores,
with a crossover point at around 335 nm, close to the UV
maximum absorption. This behaviour is typical of exciton
splitting determined by cooperative dipole–dipole interac-
tions between neighbouring side-chain azobenzene chromo-
phores arranged in a mutual chiral geometry of one prevail-
ing handedness.[4,36,40, 41] Significantly, the CD spectrum of
the same sample in dilute solution (Figure 5) displays only
one weak positive dichroic signal at 360 nm, indicative of
the absence in solution of chiral chromophore aggregates.


The thermal annealing strongly affects the chiroptical
properties of the film (Figure 6a). Upon prolonged heating,
a strong enhancement of CD signals takes place, and the el-
lipticity values become much more intense than those ob-
served before annealing.


The crossover point of the couplets in the solid state ap-
pears blue-shifted with respect to the UV maximum absorb-
ance (ellipticity=0 at around 335 nm compared to a UV
lmax at 360 nm). Because the negative band appears of
higher intensity, and close to the electronic transition wave-
length associated with chiral H-aggregates (340 nm), the CD
spectrum can be interpreted as originating from the overlap-
ping of a exciton-splitted CD band given by the H-aggre-
gates with a negative CD band having its maximum at
385 nm, corresponding to the maximum absorbance of J-ag-
gregated chromophores, differently sensitive to the chiral
geometry of the material.[23]


The UV-visible and CD spectra of star polymers of com-
parable thickness appear essentially similar to those of
poly[(S)-ML6A]-14, as shown, for example, in Figure 6b for
star[(S)-ML6A]-24. The star-shaped polymers as native
films, as well as in the LC state, exhibit CD couplets with
crossover points centred at 340 and 332 nm, respectively, of
the same sign and shape as the related linear derivatives,
but always less intense at equal film thickness.


From the CD spectra it can be clearly seen how branching
affects the chirality of the system: the films of star[(S)-
ML6A]-24 always exhibit a lower optical-rotation power
than those of poly[(S)-ML6A]-14, thus suggesting that chir-
ality is related in a certain way to the main-chain conforma-
tional order and/or to supramolecular liquid-crystalline or-
ganisation. A less ordered LC phase in the star-shaped de-
rivatives could originate from the stiffness of the rigid cen-
tral unit that creates defects in the LC supramolecular con-
formation. In any case, the above findings suggest that
similar conformational arrangements with a prevailing chir-
ality are assumed both in the amorphous and particularly in
the LC phase, regardless of the molecular structure.


It is generally accepted that chirality is induced in these
materials as a consequence of chiral interchromophoric in-
teractions, however, short-range chromophoric aggregates in
liquid-crystal arrangements could not be the only factor re-
sponsible for the remarkable amplification of chirality that
is observed. Examples of amorphous azopolymeric systems,
in which the chirality is related to the presence of chromo-


phores aggregated in a mutual chiral arrangement, are re-
ported in the literature, but these systems display lower opti-
cal-rotation values.[30, 36,41]


In the present case, the presence of exciton couplets and
surprisingly high ellipticity (up to 9000 mdeg mm�1 at
361 nm, Figure 6a) are quite noticeable for a normal smectic
A phase with uniaxial symmetry and hence, lacking of any
kind of supramolecular chirality. Consequently, the high chir-
optical properties observed could suggest the presence of a
chiral liquid-crystal phase similar to a planar twist-grain-
boundary (TGB) phase or Sm-A* phases, reported only
when chiral mesogens with high helical twisting power are
present.[42,43] However, POM observation of thick films, as
mentioned above, clearly suggests the presence of a normal
smectic A phase. In the SmA phase, in which the chromo-
phoric molecules are arranged perpendicular to the layer
planes, the mesogenic moieties cannot adopt a supramolec-
ular helical structure perpendicular to the layers. It can only
occur parallel to the layers and only for systems with a
strong twisting power. Therefore, a helical superstructure is
only possible if screw dislocations punctuate the layers,
giving rise to the so-called twisted-grain-boundary A phase
(TGBA).[44,45] In the present case the formation of this par-
ticular mesophase appears highly improbable.


Moreover, thin films of chiral smectic A liquid crystals
possessing high chirality due to the surface electroclinic
effect (SEC) that induce in the film a chiral smectic C phase
are reported in literature: the polar interaction between the
glass wall and the LC material induces a polarisation result-
ing in a chiral reorientation of the LC director near the sur-
face.[46,47]


It was not possible to obtain further information by XRD
and polarised optical microscopy (texture analysis) regard-
ing the molecular arrangement in these thin films (100–
200 nm) as thicker film samples are required and the behav-
iour may be different when compared to the thin films in-
vestigated here.


Photoinduced switching of supramolecular chirality : An-
nealed thin films of poly[(S)-ML6A]-14 and star[(S)-
ML6A]-24 of thickness about 140 nm in the glassy liquid-
crystal state were irradiated with r-CPL and l-CPL, respec-
tively, with an Ar+ laser (power=20 mW cm�2) at 488 nm
for 30 min. The UV-visible spectra of irradiated polymers
are similar to those of annealed corresponding films
(Table 3 and Figure 7). These results suggest that the dipolar
azoaromatic aggregations (H- and J-aggregates) in the
liquid-crystalline phase remain substantially unaffected by
CPL irradiation.


Upon irradiation of poly[(S)-ML6A]-14 with r-CPL, the
CD spectrum displays a net inversion of sign as well as a rel-
evant amplification of chirality, particularly evident for the
dichroic bands associated with the p!p* azoaromatic elec-
tronic transition (see, for example, Figure 7).


According to the chiral exciton-coupling rules,[48] this be-
haviour suggests that r-CPL induces a right-handed screw-
sense of coupled neighbouring azobenzene chromophores.
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The CD spectra of this polymer after a cycle of illumination
with r-CPL and l-CPL are presented in Figure 8. In all cases,
no linear dichroism was observed before and after irradia-
tion by comparing several CD spectra recorded at different
angles around the incident light beam.


Similar results, but with lower ellipticity values, were also
obtained from star[(S)-ML6A]-24 (Figure 8). One negative
Cotton effect, with the same crossover wavelength (333 nm)
as the non-irradiated film (334 nm) but which changes alter-
natively the sign in the 250–600 nm spectral region, was ob-
tained with both the investigated polymers. The observed ef-
fects are reversible: when the handedness of the pump
beam was switched from right to left and the irradiation per-
formed on the same illuminated region for 30 min, similar
and opposite CD spectra of poly[(S)-ML6A]-14 and
star[(S)-ML6A]-24 were obtained (Figure 8).


The resulting spectra actually appear as mirror images of
each other both for linear and star-shaped samples. Again,
the CD spectra of the linear polymer display higher elliptici-
ty values than the CD spectra of the star one.


The irradiation with l-CPL of another annealed film of
poly[(S)-ML6A]-14 afforded also an induced optical activity
of similar magnitude to that observed after irradiation with
r-CPL, but of opposite sign.


As a first conclusion, the photoinduced experiments sug-
gest that r-CPL induces right-handed supramolecular chirali-


ty of the materials, which can be erased and reinscribed with
l-CPL, as reported elsewhere for other smectic, achiral azo-
polymers.[17, 24] However, the induced circular anisotropy has
to be erased in the latter case by heating the irradiated sam-
ples to the isotropisation temperature.


The observed phenomena appear to be related to the in-
duction of chirality by irradiation with CPL of achiral azo-
benzene-containing polymers reported by Nikolova,[13,15] Na-
tansohn,[17] Sourisseau[49] and Tejedor,[23,24] even though the
measured absolute ellipticity of our samples, normalised to
film thickness, is of considerably higher magnitude. Indeed,
in our case, an intrinsic chirality of the samples related to
optical activity of the l-lactic acid residue interposed be-
tween the azo-chromophores and the polymer backbone is
present, and the chiral geometry of the mesogenic aggre-
gates in the annealed films gives rise to thermodynamically
stable and unusual chiral LC phases with a predominant hel-
ical conformation, as previously reported when chiral meso-
gens are present.[42,43] These observations reveal that the
photoinduced chirality in liquid-crystal polymers is more ef-
ficiently achieved when dissymmetric groups and chiral LC
phases are present.


The mechanism of reversible chiroptical inversion induced
by CPL radiation is not well understood. In any case, for the
investigated polymers, it appears to be related to a prelimi-
nary chiral supramolecular ordering of the azobenzene moi-
eties, as demonstrated in our experiments. In fact, no repro-
ducible circular anisotropies can be photoinduced in the
native films (not annealed), indicating the essential role of
the liquid-crystalline arrangement. This also indicates that
orientational preorganisation is required to obtain a con-
trolled photomodulation of chirality.[15]


Moreover, the photoinduced change of chiroptical proper-
ties does not perturb the texture of the investigated poly-
meric films, as shown by POM analysis of the irradiated


Figure 7. CD (top) and UV/Vis (bottom) spectra of a thin film of
poly[(S)-ML6A]-14 in the virgin state (c), in smectic phase (b) and
after irradiation with r-CPL at 488 nm for 30 min (g).


Figure 8. CD spectra of films of poly[(S)-ML6A]-14 irradiated with r-
CPL (c) or l-CPL (b), and star[(S)-ML6A]-24 irradiated with r-
CPL (g) or l-CPL (d) for 30 min after isotropisation and annealing
at 90 8C for 15 min.
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area, before and after application of CPL (see Supporting
Information).


Natansohn reported the photoinduction of a similar chiral
supramolecular structure by illumination of an achiral azo-
polymer with CPL.[17] The results were attributed to the abil-
ity of the chiral CPL propagating through the film to pro-
duce a progressive rotation of the optical axis of each LC
domain, resulting finally in a supramolecular helical ar-
rangement of the smectic domains to form an organisation
similar to a TGB phase.


In the case of the investigated polymers, it is reasonable
to hypothesise that the LC phase in the annealed films as-
sumes a helical supramolecular structure with a prevailing
twist sense due to the thermodynamically favoured chiral in-
teraction between neighbouring l-lactic-azoaromatic moiet-
ies, thus conferring a prevailing chirality to the material.
Thus, the CPL should be able to alter this interaction be-
tween the chromophores and consequently the chiral supra-
molecular structure, so as to reverse the macroscopic chirali-
ty of the material without modifying the observable LC tex-
ture (see Supporting Information, Figure S4). This phenom-
enon would thus resemble the enantioselective CPL photo-
chemical formation of optically active compounds from
prochiral starting materials[50, 51] and the CPL photoresolu-
tion of photochemically interconvertible enantiomers.[52, 53]


In fact, it is known that chiral circularly polarised electro-
magnetic radiation is able to induce enantioselective conver-
sion[54] and tends to align the azobenzene side groups along
directions close to the light propagation.[14,55] It is possible
that transfer of angular momentum from the CPL to the
medium, as occurs when a CP photon is absorbed, induces a
precession of the chromophores with a sense of rotation
congruent to the sense of the CPL. This would mean that l-
CPL induces a left-handed organisation of the azobenzene
molecules, whereas r-CPL induces a right-handed one. In
this way, the sign of the CD signals associated with the con-
formational aggregation of neighbouring chromophores can
be inverted, as we have recently observed on the dimeric
model derivative 2,4-dimethylglutaric acid bis-(S)-3-[1-(4’-
nitro-4-azobenzene)pyrrolidine ester, corresponding to the
smallest section of the polymeric chain in which side-chain
interchromophore interactions are relevant.[41] Its CD spec-
trum shows an exciton couplet of strong amplitude which
suggests that the chiral interactions between a couple of
chromophores in solution are already important and that
the optical activity of these materials should be substantially
related to relatively short-chain sections with chromophoric
aggregates having conformational dissymmetry of one pre-
vailing screw-sense.


These observations are also supported by recent studies
of photoinduced chirality onto a Bx liquid-crystalline phase
of bent-shaped twin dimeric compounds, in which two alk-
oxyazobenzene groups linked together by a polymethylene
spacer spontaneously segregate in chiral domains of the two
possible dimeric conformers (racemic form).[56] Selective r-
or l-CPL irradiation, as a method of photoresolution of en-
antiomers, interconverts the two native domains producing


an enantiomeric excess of one of them, and as a result, a
macroscopically measurable CD chirality related to the pref-
erential screw-sense of the irradiating CPL.


All the aforementioned CD effects persist for at least one
month at room temperature and are well reproducible.
Clearly, for technological applications, the switching time
would also be important. Further investigations of the dy-
namics of the observed phenomena are in progress.


Conclusions


Atom transfer radical polymerisation was successfully used
to prepare a series of linear and three-armed star-shaped
chiral liquid-crystalline polymers with different average mo-
lecular weights and low polydispersity. The liquid-crystalline
behaviour of the synthesised polymers was confirmed by
DSC measurements, with XRD and POM characterisations
evidencing the presence of smectic A1/2 phase in the materi-
al.


As assessed by UV-visible and CD spectroscopy, the mac-
romolecules assume in the smectic phase highly homogene-
ous conformations with a prevailing chirality that appears
related to the presence of H-aggregates, with conformation-
al dissymmetry of one prevailing screw-sense due to thermo-
dynamically favoured chiral interactions between neighbour-
ing l-lactic-azoaromatic moieties. The CD spectra of the
three-armed derivatives as solid thin films display similar
behaviour, but lower ellipticity values than the CD spectra
of linear derivatives with the same thickness. Actually, the
area values of the CD signals indicate a chirality of the star
polymer of about 2/3 of that of the linear polymer. The ob-
served behaviour is due to the different structure of the
polymeric samples and not to differences in the starting LC
phase, as demonstrated by XRD. It thus appears that the
branching of the macromolecular chain acts as a defect in
the liquid-crystalline phase, leading to a less ordered supra-
molecular structure with lower chirality. In any case, the po-
sition of the CD exciton couplets is unaffected by the molec-
ular structure of both the star and the linear polymer.


A larger chirality extent is photoinduced into the material
by irradiation with r- or l-CPL, as seen by the enhanced in-
tensity of the CD exciton couplets. Moreover, by changing
the CPL handedness it is possible to switch between two
configurationally opposite organisations of the macromole-
cules. This effect may be interpreted at the molecular level
as a photoinduced inversion of the prevailing chiral confor-
mation of the aggregated chromophores driven by a transfer
of angular momentum from the CPL to the azobenzene
chromophores.


To the best of our knowledge, these are the first examples
of reversible chiroptical switching between two enantiomeric
supramolecular structures obtained by irradiation with l- or
r-CPL on highly chiral liquid-crystalline polymers. This fea-
ture makes these materials potentially suitable to be used as
chiroptical switches and of interest in nanoscale technologies
for the all-optical manipulation of information.
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Experimental Section


Physico-chemical measurements : 1H- and 13C NMR spectra were ob-
tained at RT in 5–10 % CDCl3 solutions, using a Varian NMR Gemini300
spectrometer. Chemical shifts are given in ppm from tetramethylsilane
(TMS) as the internal reference. 1H NMR spectra were run at 300 MHz
under the following experimental conditions: 24,000 data points, 4.5 kHz
spectral width, 2.6 s acquisition time, 128 transients. 13C NMR spectra
were recorded at 75.5 MHz under full proton decoupling, under the fol-
lowing experimental conditions: 24,000 data points, 20 kHz spectral
width, 0.6 s acquisition time, 64,000 transients. FTIR spectra were ob-
tained by using a Perkin–Elmer 1750 spectrophotometer, equipped with
an Epson Endeavour II data station, on samples prepared as KBr pellets.
UV/Vis absorption spectra were recorded at 25 8C in the 700–250 nm
spectral region by using a Perkin–Elmer Lambda 19 spectrophotometer
in CHCl3 solutions and with cell pathlengths of 0.1 cm. Concentrations of
azobenzene chromophore of about 3� 10�4 mol L�1 were used. Optical ac-
tivity was measured at 25 8C in CHCl3 solutions (c�0.250 g dL�1) by
using a Perkin–Elmer341 digital polarimeter, equipped with a Toshiba
sodium bulb, using a cell pathlength of 1 dm. Specific {[a]25


D } and molar
{[F]25


D } rotation values at the sodium D-line are expressed as
deg dm�1 g�1 cm�3 and deg dm�1 mol�1 dL, respectively. Circular dichroism
(CD) spectra were obtained at 25 8C in CHCl3 solutions by using a Jasco
810 A dichrograph, using the same pathlengths and solution concentra-
tions as for the UV/Vis measurements. De values, expressed as
L mol�1 cm�1, were calculated from the following expression: De = [V]/
3300, in which the molar ellipticity [V] in deg cm�2 dmol�1 refers to one
azobenzene chromophore. Number-average molecular weights of the
polymers (M̄n) and their polydispersity indexes (M̄w/M̄n) were determined
in THF solution by SEC using the HPLC Lab Flow 2000 apparatus,
equipped with an injector Rheodyne 7725i, a Phenomenex Phenogel 5-
micron MXL column and a UV/Vis detector Linear Instrument model
UVIS-200, working at 254 nm. The calibration curve for the MXL
column was obtained by using monodisperse polystyrene standards in the
range 800–35 000. Phase-transition temperatures were determined by dif-
ferential scanning calorimetry (DSC) on a TA Instrument DSC 2920
modulated apparatus at a heating/cooling rate of 10 K min�1 under a ni-
trogen atmosphere on samples weighing 5–9 mg. Tg values were mea-
sured as the midpoint in the heat-capacity increase and the other thermal
transitions were taken as the maximum of the transition peak. Texture
observation of the liquid-crystalline behaviour was carried out with an
Zeiss Axioscope2 polarising microscope equipped with a Nikon Cool-
pix E995 digital camera through crossed polarisers fitted with a Linkam
THMS 600 hot stage. X-ray diffraction (XRD) studies were carried out
using a Pinhole camera (Anton–Paar) operating with a point-focused Ni-
filtered CuKa beam. The samples were held in Lindemann glass capillaries
(1-mm diameter) and heated, when necessary, with a variable-tempera-
ture attachment. The diffraction patterns were collected on a flat photo-
graphic film perpendicular to the X-ray beam.


Polymer-film preparation, characterisation and irradiation with circularly
polarised light : Thin films were prepared by casting solutions of the LC
polymers in dichloromethane (0.4 mg into 200 mL of solvent) onto clean,
fused silica slides and subsequently drying at 30 8C under vacuum over
24 h. The film thickness, measured by a Tencor P-10 profilometer, was in
the range 150–300 nm, so as to give UV/Vis spectra with maximum ab-
sorbance values of between 0.7 and 1.5, depending on the procedure con-
ditions. The obtained films were then heated above the clearing tempera-
ture (Ti) for 5 min and annealed for 15 min at lower temperature (Tanneal/
Ti around 0.7). Then, the samples were placed on a metal block at 25 8C
for 30 min to get a glassy liquid-crystalline phase. Annealed films were ir-
radiated for 30 min with l-CPL or r-CPL, respectively, by 488 nm light of
an Ar+ laser (power 20 mW cm�2). The UV/Vis and CD spectra of the
native and illuminated films were recorded under the same instrumental
conditions as the related solutions after having left the samples in the
dark at RT for 30 min. To exclude any optical effect (linear dichroism
and linear birefringence) due to anisotropy of orientation in the ordered
systems, the polymeric films of both native and irradiated samples were
placed in a rotating holder around the probe beam and UV/Vis and CD


spectra were recorded every 608 without observing any difference in the
spectra.


Materials : (S)-(�)-Methacryloyl-l-lactic (ML) acid {[a]25
D =�28.0 (c =1,


EtOH)} was synthesised as previously reported.[57] Methacryloyl chloride
(Aldrich) was distilled under inert atmosphere, in the presence of traces
of 2,6-di-tert-butyl-p-cresol as polymerisation inhibitor just before use. 4-
Dimethylaminopyridinium 4-toluenesulfonate (DPTS) was prepared
from 4-dimethylaminopyridine and 4-toluensulfonic acid as described.[28]


4-Hydroxy-4’-(ethoxy)-azobenzene was synthesised as previously de-
scribed.[26, 27] 2–2’-azobisisobutyronitrile (AIBN) was crystallised from
methanol before use. THF and CH2Cl2 were purified and dried according
to reported procedures[58] and stored under nitrogen. The trifunctional in-
itiator 1,3,5-(2’-bromo-2’-methylpropionato)benzene (BMPB) was pre-
pared as previously described.[59, 60] (+)-l-Lactic acid (Aldrich), 1,3-diiso-
propylcarbodiimide (DIPC, Aldrich), 4-dimethylaminopyridine (Aldrich),
the monofunctional initiator allyl 2-bromine 2-methylpropionate (ABIB)
(Aldrich), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA),
copper bromide and all other reagents and solvents (Aldrich) were used
as received.


4-(6-Hydroxyhexyloxy)-4’-ethoxyazobenzene [H6A]: This intermediate
was prepared by following a different method than that reported.[26, 27] 6-
Chlorine hexanol (6.9 mL, 0.0496 mol) was added dropwise under vigo-
rous stirring to a solution of 4-hydroxy-4’-(ethoxy)-azobenzene (6 g,
0.0248 mol), KOH (0.6 g, 0.011 mol) and KI (1.64 g, 0.0099 mol) in 96%
ethanol (80 mL) at reflux. The reaction was followed by TLC (CH2Cl2/
EtOAc 4:1) until the total conversion of 4-hydroxy-4’-(ethoxy)-azoben-
zene (48 h) was observed. The precipitated material was filtered off, the
solvent volume reduced to 15 mL under vacuum, then aq 1% NaOH was
added under vigorous stirring. The solid formed was filtered and crystal-
lised twice with absolute ethanol to give a orange crystalline material
(6.35 g, 77 %). 1H NMR (CDCl3): d=7.90 (d, 4H; arom 2-H, 2’-H), 6.90
(d, 4 H; arom 3-H, 3’-H), 4.15 (m, 4H; CH3-CH2-O, CH2-CH2-O), 3.65 (t,
2H; CH2-OH), 1.85–1.40 ppm (m, 12 H; CH2-CH2-CH2-CH2, CH3-CH2-O,
OH); FTIR (KBr): ñ =3308 (nOH), 3069 (nCH, arom), 2978 and 2864 (nCH,
aliph), 1600 and 1517 (nC=C, arom), 1150 and 1111 (nC�O ether), 845 and
815 cm�1 (dCH 1,4 disubst. arom ring).


(S)-4-[6-(2-Methacryloyloxypropanoyloxy)hexyloxy)]-4’-ethoxyazoben-
zene [(S)-ML6A]: The monomer (S)-ML6A was prepared by esterifica-
tion of methacryloyl-l-lactic acid (ML) with H6A in the presence of
N,N-diisopropylcarbodiimide (DIPC) and DPTS, as coupling agent and
condensation activator, respectively,[28] the reaction being described in
detail as follows: a solution of ML (2.0 g, 0.0126 mol), 2.6-di-tert-butyl-p-
cresol (0.05 g) as polymerisation inhibitor and H6A (4.34 g, 0.0126 mol)
in 50 mL of anhydrous CH2Cl2 was placed in a 100-mL three-necked
round-bottomed vessel and kept under dry nitrogen atmosphere. Then
DPTS (3.64 g, 0.0126 mol) and DIPC (2.60 mL, 0.0168 mol) were succes-
sively added under magnetic stirring. The reaction mixture was left at RT
for 72 h, the solid N,N-diisopropylurea thus formed filtered off and the
liquid phase washed with several portions of aq 1 m HCl, aq 5% Na2CO3


and water, in that order. After drying the organic layer on anhydrous
Na2SO4 and evaporation of the solvent under vacuum, the crude product
was purified by column chromatography on silica gel (70–230 mesh) by
using CH2Cl2 as eluent, and finally crystallised from methanol to give
pure (S)-ML6A as a red-orange crystalline material (2.49 g, 41%).
1H NMR (CDCl3): d=7.90 (d, 4H; arom 2-H, 2’-H), 6.90 (d, 4H; arom
3-H, 3’-H), 6.20 and 5.60 (dd, 2H; CH2=), 5.1 (m, 1 H; CH-CH3), 4.10 (m,
2H; CH3-CH2-O and 4 H; CH2-CH2-O), 2.05 (s, 3 H; CH3-C=), 1.85–
1.40 ppm (m, 14H; CH2-CH2-CH2-CH2, CH3-CH2-O, CH-CH3); 13C NMR
(CDCl3): d=176,9 (CO methacrylic), 171.1 (CO lactic ester), 161.7 and
161.6 (arom 4-C, 4’-C), 147.7 (arom 1-C, 1’-C), 136.1 (C=CH2), 127.0
(CH2 =C), 125.0 (arom 2-C, 2’-C), 115.3 (arom 3-C, 3’-C), 69.6 (CH-
CH3), 68.7 (CH2-CH2-O-), 65.9 (CH3-CH2-O-), 64.4 (COO-CH2-), 29.8,
29.1, 26.4, 26.3 (aliph spacer CH2), 18.9 (C-CH3), 17.7 (CH3-CH),
15.4 ppm (CH3-CH2); FTIR (KBr): ñ=3067 (nCH, arom), 2993 and 2864
(nCH, aliph), 1738 (nC=O lactic ester), 1720 (nC=O methacrylic ester), 1638
(nC=C methacrylic), 1600 and 1517 (nC=C, arom), 1150 and 1112 (nC�O


ether), 845 and 815 cm�1 (dCH 1,4 disubst. arom ring).
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Polymerisation of monomer (S)-ML6A : Several homopolymeric samples
with different average molecular weights, polydispersity values and mo-
lecular structure were obtained from (S)-ML6A through three different
synthetic methods as described below. Relevant data for the synthesised
polymeric derivatives are reported in Table 1. All the products were char-
acterised by FTIR, 1H- and 13C NMR.


Linear poly[(S)-ML6A]-AIBN : The reaction mixture [0.2 g of (S)-
ML6A, 2 % wt. of 2,2’-azoisobutyronitrile (AIBN) as free-radical initiator
in 3 mL of dry THF] was introduced into a glass vial under nitrogen at-
mosphere, submitted to several freeze-thaw cycles and heated at 60 8C
for 72 h. The polymerisation was then stopped by pouring the mixture
into a large excess (100 mL) of methanol, and the coagulated polymer fil-
tered off. The solid product was redissolved in CH2Cl2, precipitated again
into methanol and finally dried at 50 8C under vacuum for several days to
constant weight.


Linear poly[(S)-ML6A]-14 by ATRP : The homopolymerisation of (S)-
ML6A was carried out in glass vials using ABIB as the linear monofunc-
tional initiator, HMTETA as the ligand, Cu(I)Br as catalyst and dry THF
as solvent [(S)-ML6A/THF 1/15 gmL�1]. The reaction mixture [(S)-
ML6A/ABIB/HMTETA/CuBr 50:1:1:1 by mol] was introduced into a
glass vial under nitrogen atmosphere, submitted to several freeze–thaw
cycles and heated at 60 8C. To stop the polymerisation reaction, the vial
was frozen after 14 h with liquid nitrogen and the obtained linear poly-
mer purified by precipitation in a large excess of methanol (100 mL).
The final purification of the product was achieved as described above.


Star[(S)-ML6A] series by ATRP : All homopolymerisations of (S)-ML6A
were carried out in several glass vials using BMPB as the three-armed
star-shaped trifunctional initiator, HMTETA as the ligand and Cu(I)Br
as catalyst in dry THF [(S)-ML6A/THF =1/15 gmL�1]. The mixture [(S)-
ML6A/BMPB/HMTETA/CuBr 150:1:3:3 by mol] was introduced into
each vial under nitrogen atmosphere, submitted to several freeze–thaw
cycles and heated at 60 8C. To stop the polymerisation reaction, each vial
was frozen in liquid nitrogen after reaction times ranging from 2 to 24 h,
and the obtained polymeric products (star[(S)-ML6A]-2 through star[(S)-
ML6A]-24) were purified as described above. As an example, the spec-
troscopic data for star[(S)-ML6A]-8, obtained after 8 h of reaction, are
reported here: 1H NMR (CDCl3): d=7.90 (d, 4H; arom 2-H, 2’-H), 6.90
(m, 3H; arom core and 4 H; 3-H, 3’-H), 5.10–4.90 (m, 1H; CH-CH3),
4.10–3.80 (m, 2 H; CH3-CH2-O and 4 H; CH2-CH2-O), 2.20 (CH2-C-Br),
1.95 (m, 3H; CH3-C-Br), 1.85–0.90 ppm (m, 19 H; aliph spacer CH2, CH3-
CH2-O, CH-CH3, backbone CH3, CH2 and 18H; C ACHTUNGTRENNUNG(CH3)2-COO);
13C NMR (CDCl3): d=176.9 (CO methacrylic repeating unit), 171.1 (CO
lactic ester), 167.8 (CO core), 161.7 and 161.6 (arom 4-C, 4’-C), 153.1 (C-
O arom core), 147.6 (arom 1-C, 1’-C), 125.0 (arom 2-C, 2’-C), 115.3
(arom 3-C, 3’-C), 113.1 (arom C-H core), 70,0 (CH-CH3), 68.7 (CH2-CH2-
O-), 65.7 (CH3-CH2-O-), 64.4 (COO-CH2-), 58.0 (CACHTUNGTRENNUNG(CH3)-Br), 54.2
(main-chain C-CH2), 46.2 and 45.9 (main-chain CH2-C), 42.2 (C ACHTUNGTRENNUNG(CH3)2-
CH2), 38.9 (CH2-C ACHTUNGTRENNUNG(CH3)-Br), 27.5 (C ACHTUNGTRENNUNG(CH3)-Br), 29.8, 29.1, 26.5, 26.4
(aliph spacer CH2), 23.2 (C ACHTUNGTRENNUNG(CH3)2-CH2), 19.9 and 17.7 (main-chain CH3),
17.7 (CH3-CH), 15.4 ppm (CH3-CH2); FTIR (KBr): ñ=3069 (nCH, arom),
2980 and 2865 (nCH, aliph), 1733 (nC=O lactic ester and nC=O main-chain
methacrylic ester), 1598 and 1517 (nC=C, arom), 1150 and 1111 (nC�O


ether), 844 and 815 cm�1 (dCH 1,4 disubst. arom ring).


Acknowledgements


The financial support by MIUR (PRIN 2007), Consortium INSTM, Uni-
versity of Bologna (CLUSTERCAT-Strategic project 2006) and CICYT-
FEDER (CTQ2006-15611-C02-01) is gratefully acknowledged.


[1] M. Irie, Chem. Rev. 2000, 100, 1683 – 1684.
[2] Y. Agata, M. Kobayashi, H. Kimura, M. Takeishi, Polym. Int. 2005,


54, 260 –266.
[3] E. G. Nadal, J. Veciana, C. Rovira, D. Amabilino, Adv. Mater. 2005,


17, 2095 –2098.


[4] L. Angiolini, T. Benelli, L. Giorgini, E. Salatelli, Polymer 2005, 46,
2424 – 2432.


[5] T. Kaneko, Y. Umeda, T. Yamamoto, M. Teraguchi, T. Aoki, Macro-
molecules 2005, 38, 9420 – 9426.


[6] B. L. Feringa, R. A. V. Delden, N. Koumura, E. M. Geertsema,
Chem. Rev. 2000, 100, 1789 –1816.


[7] Y. Oaki, H. Imai, J. Am. Chem. Soc. 2004, 126, 9271 –9275.
[8] T. J. Wigglesworth, D. Sud, T. B. Norsten, V. S. Lekhi, N. R. Branda,


J. Am. Chem. Soc. 2005, 127, 7272 – 7273.
[9] T. Kajitani, H. Masu, S. Kohmoto, M. Yamamoto, K. Yamaguchi, K.


Kishikawa, J. Am. Chem. Soc. 2005, 127, 1124 – 1125.
[10] L. Angiolini, T. Benelli, L. Giorgini, E. Salatelli, R. Bozio, A.


Dauru, D. Pedron, Eur. Polym. J. 2005, 41, 2045 –2054.
[11] L. Angiolini, D. Caretti, L. Giorgini, E. Salatelli, Macromol. Chem.


Phys. 2000, 201, 533 – 542.
[12] G. D. Jaycox, J. Polym. Sci. Part A: Polym. Chem. 2004, 42, 566 –


577.
[13] L. Nikolova, T. Todorov, M. Ivanov, F. Andruzzi, S. Hvilsted, P. S.


Ramanujam, Opt. Mater. 1997, 8, 255 – 258.
[14] I. Nayadenova, L. Nikolova, P. S. Ramanujam, S. Hvilsted, J. Opt.


A: Pure Appl. Opt. 1999, 1, 438 – 441.
[15] M. Ivanov, I. Nayadenova, T. Todorov, L. Nikolova, T. Petrova, N.


Tomova, V. Dragostinova, J. Mod. Opt. 2000, 47, 861 – 867.
[16] L. Nikolova, L. Nedelchev, T. Todorov, T. Petrova, N. Tomova, V.


Dragostinova, P. S. Ramanujam, S. Hvilsted, Appl. Phys. Lett. 2000,
77, 657 –659.


[17] G. Iftime, F. L. Labarthet, A. Natansohn, P. Rochon, J. Am. Chem.
Soc. 2000, 122, 12646 –12650.


[18] M.-J. Kim, B.-G. Shin, J.-J. Kim, D.-Y. Kim, J. Am. Chem. Soc. 2002,
124, 3504 –3505.


[19] L. Angiolini, R. Bozio, L. Giorgini, D. Pedron, A. Daur
, G. Turco,
Chem. Eur. J. 2002, 8, 4241 – 4247.


[20] L. Angiolini, T. Benelli, R. Bozio, A. Dauru, L. Giorgini, D. Pedron,
Synth. Met. 2003, 139, 743 –746.


[21] L. Angiolini, L. Giorgini, R. Bozio, D. Pedron, Synth. Met. 2003,
138, 375 –379.


[22] D. Hore, Y. Wu, A. Natansohn, P. Rochon, J. App. Phys. 2003, 94,
2162 – 2166.


[23] R. M. Tejedor, M. Millaruelo, L. Oriol, J. L. Serrano, R. Alcal�, F. J.
Rodr�guez, B. Villacampa, J. Mater. Chem. 2006, 16, 1674 –1680.


[24] R. M. Tejedor, L. Oriol, J. L. Serrano, F. P. UreÇa, J. J. L. Gonz�lez,
Adv. Func. Mater. 2007, 17, 3486 –3492.


[25] E. L. Eliel, S. H. Wilen, L. N. Mander, Stereochemistry of Organic
Compounds, Wiley-VCH, New York, 1994.


[26] D. Wolff, H. Cackovic, H. Kr�ger, J. R�bner, J. Springer, Liq. Cryst.
1993, 14, 917 –928.


[27] A. S. Angeloni, D. Caretti, C. Carlini, E. Chiellini, G. Galli, A. Alto-
mare, R. Solaro, M. Laus, Liq. Cryst. 1989, 4, 513 – 527.


[28] J. S. Moore, S. I. Stupp, Macromolecules 1990, 23, 65– 70.
[29] X. Z. Wang, H. L. Zhang, D. C. Shi, J. F. Chen, X. Y. Wang, Q. F.


Zhou, Eur. Polym. J. 2005, 41, 933 – 940.
[30] L. Angiolini, T. Benelli, L. Giorgini, E. Salatelli, Macromolecules


2006, 39, 3731 –3737.
[31] K. Matyjaszewski, P. J. Miller, J. Pyun, G. Kickelbick, S. Diamanti,


Macromolecules 1999, 32, 6526 – 6535.
[32] S. Angot, K. S. Murthy, D. Taton, Y. Gnanou, Macromolecules 1998,


31, 7218 –7225.
[33] P. Davidson, A. M. Levelut, M. F. Achard, F. Hardouin, Liq. Cryst.


1989, 4, 561 –571.
[34] M. Kozlovsky, B. J. Jungnickel, H. Ehrenberg, Macromolecules 2005,


38, 2729 –2738.
[35] H. H. Jaff�, M. Orchin, Theory and Application of Ultraviolet Spec-


troscopy, Wiley, New York, 1962.
[36] L. Angiolini, T. Benelli, L. Giorgini, E. Salatelli, Polymer 2006, 47,


1875 – 1885.
[37] M. Shimomura, T. Kunitake, J. Am. Chem. Soc. 1987, 109, 5175 –


5183.
[38] J. G. Meier, R. Ruhmann, J. Stumpe, Macromolecules 2000, 33, 843 –


850.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 11209 – 1122111220


L. Angiolini et al.



http://dx.doi.org/10.1021/cr980068l

http://dx.doi.org/10.1021/cr980068l

http://dx.doi.org/10.1021/cr980068l

http://dx.doi.org/10.1002/pi.1664

http://dx.doi.org/10.1002/pi.1664

http://dx.doi.org/10.1002/pi.1664

http://dx.doi.org/10.1002/pi.1664

http://dx.doi.org/10.1016/j.polymer.2005.02.023

http://dx.doi.org/10.1016/j.polymer.2005.02.023

http://dx.doi.org/10.1016/j.polymer.2005.02.023

http://dx.doi.org/10.1016/j.polymer.2005.02.023

http://dx.doi.org/10.1021/ma050864a

http://dx.doi.org/10.1021/ma050864a

http://dx.doi.org/10.1021/ma050864a

http://dx.doi.org/10.1021/ma050864a

http://dx.doi.org/10.1021/cr9900228

http://dx.doi.org/10.1021/cr9900228

http://dx.doi.org/10.1021/cr9900228

http://dx.doi.org/10.1021/ja048661+

http://dx.doi.org/10.1021/ja048661+

http://dx.doi.org/10.1021/ja048661+

http://dx.doi.org/10.1021/ja050190j

http://dx.doi.org/10.1021/ja050190j

http://dx.doi.org/10.1021/ja050190j

http://dx.doi.org/10.1021/ja0438664

http://dx.doi.org/10.1021/ja0438664

http://dx.doi.org/10.1021/ja0438664

http://dx.doi.org/10.1016/j.eurpolymj.2005.04.005

http://dx.doi.org/10.1016/j.eurpolymj.2005.04.005

http://dx.doi.org/10.1016/j.eurpolymj.2005.04.005

http://dx.doi.org/10.1002/(SICI)1521-3935(20000301)201:5%3C533::AID-MACP533%3E3.0.CO;2-E

http://dx.doi.org/10.1002/(SICI)1521-3935(20000301)201:5%3C533::AID-MACP533%3E3.0.CO;2-E

http://dx.doi.org/10.1002/(SICI)1521-3935(20000301)201:5%3C533::AID-MACP533%3E3.0.CO;2-E

http://dx.doi.org/10.1002/(SICI)1521-3935(20000301)201:5%3C533::AID-MACP533%3E3.0.CO;2-E

http://dx.doi.org/10.1002/pola.10806

http://dx.doi.org/10.1002/pola.10806

http://dx.doi.org/10.1002/pola.10806

http://dx.doi.org/10.1016/S0925-3467(97)00046-3

http://dx.doi.org/10.1016/S0925-3467(97)00046-3

http://dx.doi.org/10.1016/S0925-3467(97)00046-3

http://dx.doi.org/10.1063/1.127076

http://dx.doi.org/10.1063/1.127076

http://dx.doi.org/10.1063/1.127076

http://dx.doi.org/10.1063/1.127076

http://dx.doi.org/10.1021/ja001244m

http://dx.doi.org/10.1021/ja001244m

http://dx.doi.org/10.1021/ja001244m

http://dx.doi.org/10.1021/ja001244m

http://dx.doi.org/10.1002/1521-3765(20020916)8:18%3C4241::AID-CHEM4241%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3765(20020916)8:18%3C4241::AID-CHEM4241%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3765(20020916)8:18%3C4241::AID-CHEM4241%3E3.0.CO;2-W

http://dx.doi.org/10.1016/S0379-6779(03)00323-0

http://dx.doi.org/10.1016/S0379-6779(03)00323-0

http://dx.doi.org/10.1016/S0379-6779(03)00323-0

http://dx.doi.org/10.1016/S0379-6779(02)01302-4

http://dx.doi.org/10.1016/S0379-6779(02)01302-4

http://dx.doi.org/10.1016/S0379-6779(02)01302-4

http://dx.doi.org/10.1016/S0379-6779(02)01302-4

http://dx.doi.org/10.1063/1.1592291

http://dx.doi.org/10.1063/1.1592291

http://dx.doi.org/10.1063/1.1592291

http://dx.doi.org/10.1063/1.1592291

http://dx.doi.org/10.1039/b518269g

http://dx.doi.org/10.1039/b518269g

http://dx.doi.org/10.1039/b518269g

http://dx.doi.org/10.1002/adfm.200700202

http://dx.doi.org/10.1002/adfm.200700202

http://dx.doi.org/10.1002/adfm.200700202

http://dx.doi.org/10.1080/02678299308027769

http://dx.doi.org/10.1080/02678299308027769

http://dx.doi.org/10.1080/02678299308027769

http://dx.doi.org/10.1080/02678299308027769

http://dx.doi.org/10.1080/02678298908033186

http://dx.doi.org/10.1080/02678298908033186

http://dx.doi.org/10.1080/02678298908033186

http://dx.doi.org/10.1021/ma00203a013

http://dx.doi.org/10.1021/ma00203a013

http://dx.doi.org/10.1021/ma00203a013

http://dx.doi.org/10.1021/ma060148o

http://dx.doi.org/10.1021/ma060148o

http://dx.doi.org/10.1021/ma060148o

http://dx.doi.org/10.1021/ma060148o

http://dx.doi.org/10.1021/ma9904823

http://dx.doi.org/10.1021/ma9904823

http://dx.doi.org/10.1021/ma9904823

http://dx.doi.org/10.1021/ma980712y

http://dx.doi.org/10.1021/ma980712y

http://dx.doi.org/10.1021/ma980712y

http://dx.doi.org/10.1021/ma980712y

http://dx.doi.org/10.1080/02678298908033191

http://dx.doi.org/10.1080/02678298908033191

http://dx.doi.org/10.1080/02678298908033191

http://dx.doi.org/10.1080/02678298908033191

http://dx.doi.org/10.1021/ma047631o

http://dx.doi.org/10.1021/ma047631o

http://dx.doi.org/10.1021/ma047631o

http://dx.doi.org/10.1021/ma047631o

http://dx.doi.org/10.1016/j.polymer.2006.01.044

http://dx.doi.org/10.1016/j.polymer.2006.01.044

http://dx.doi.org/10.1016/j.polymer.2006.01.044

http://dx.doi.org/10.1016/j.polymer.2006.01.044

http://dx.doi.org/10.1021/ja00251a022

http://dx.doi.org/10.1021/ja00251a022

http://dx.doi.org/10.1021/ja00251a022

http://dx.doi.org/10.1021/ma990823c

http://dx.doi.org/10.1021/ma990823c

http://dx.doi.org/10.1021/ma990823c

www.chemeurj.org





[39] I. Zebger, M. Rutloh, U. Hoffmann, J. Stumpe, H. W. Siesler, S.
Hvilsted, Macromolecules 2003, 36, 9373 – 9382.


[40] F. Ciardelli, C. Carlini, R. Solaro, A. Altomare, O. Pieroni, J. L.
Houben, A. Fissi, Pure Appl. Chem. 1984, 56, 329 – 342.


[41] A. Painelli, F. Terenziani, L. Angiolini, T. Benelli, L. Giorgini,
Chem. Eur. J. 2005, 11, 6053 – 6063.


[42] L. M. Blinov, M. Kozlovsky, G. Cipparrone, Chem. Phys. 1999, 245,
473 – 485.


[43] G. Srajer, R. Pindak, M. A. Waugh, J. W. Goodby, Phys. Rev. Lett.
1990, 64, 1545 –1548.


[44] J. W. Goodby, Struct. Bonding 1999, 95, 83– 147.
[45] A. C. Ribeiro, H. T. Nguyen, Y. Galerne, D. Guillon, Liq. Cryst.


2000, 27, 27–34.
[46] M. S. Spector, S. K. Prasad, B. T. Weslowski, R. D. Kamien, J. V. Se-


linger, B. R. Ratna, R. Shashidhar, Phys. Rev. E 2000, 61, 3977 –
3983.


[47] J. Xue, N. A. Clark, Phys. Rev. E 1990, 64, 307 –310.
[48] N. Berova, K. Nakanishi, R. W. Woody, Circular Dichroism Princi-


ples and Applications, Wiley-VCH, New York, 2000.
[49] S. Pags, F. Lagugn� Labarthet, T. Buffeteau, C. Sourisseau, Appl.


Phys. B 2002, 75, 541 – 548.
[50] T. Fujiwara, N. Nanba, K. Hamada, F. Toda, K. Tanaka, J. Org.


Chem. 1990, 55, 4532 –4537.


[51] A. Moradpour, J. F. Nicoud, G. Balavoine, H. Kagan, G. Tsoucaris,
J. Am. Chem. Soc. 1971, 93, 2353 – 2354.


[52] K. S. Burnham, G. B. Schuster, J. Am. Chem. Soc. 1999, 121, 10245 –
10246.


[53] N. P. M. Huck, W. F. Jager, B. de Lange, B. L. Feringa, Science 1996,
273, 1686 –1688.


[54] S. W. Choi, S. Kawauchi, N. Y. Ha, H. Takezoe, Phys. Chem. Chem.
Phys. 2007, 9, 3671 – 3681.


[55] S. Sajti, A. Kerekes, M. Barab�s, E. Lçrincz, S. Hvilsted, P. S. Rama-
nujam, Opt. Commun. 2001, 194, 435 – 442.


[56] S. W. Choi, T. Izumi, Y. Hoshino, Y. Takanishi, K. Ishikawa, J. Wata-
nabe, H. Takezoe, Angew. Chem. 2006, 118, 1410 – 1413; Angew.
Chem. Int. Ed. 2006, 45, 1382 – 1385.


[57] V. A. Miller, R. R. Brown, E. B. Gienger, Jr., US 3067 180, 1962.
[58] D. D. Perrin, W. L. F. Amarego, D. R. Perrin, Purification of Labora-


tory Chemicals, Pergamon Press, Oxford, 1966.
[59] D. M. Haddleton, C. Waterson, Macromolecules 1999, 32, 8732 –


8739.
[60] A. Carlmark, R. Vestberg, E. M. Jonsson, Polymer 2002, 43, 4237 –


4242.


Received: June 23, 2008
Published online: November 5, 2008


Chem. Eur. J. 2008, 14, 11209 – 11221 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 11221


FULL PAPERLiquid-Crystal Azopolymers



http://dx.doi.org/10.1021/ma034517h

http://dx.doi.org/10.1021/ma034517h

http://dx.doi.org/10.1021/ma034517h

http://dx.doi.org/10.1351/pac198456030329

http://dx.doi.org/10.1351/pac198456030329

http://dx.doi.org/10.1351/pac198456030329

http://dx.doi.org/10.1002/chem.200401081

http://dx.doi.org/10.1002/chem.200401081

http://dx.doi.org/10.1002/chem.200401081

http://dx.doi.org/10.1016/S0301-0104(99)00104-4

http://dx.doi.org/10.1016/S0301-0104(99)00104-4

http://dx.doi.org/10.1016/S0301-0104(99)00104-4

http://dx.doi.org/10.1016/S0301-0104(99)00104-4

http://dx.doi.org/10.1103/PhysRevLett.64.1545

http://dx.doi.org/10.1103/PhysRevLett.64.1545

http://dx.doi.org/10.1103/PhysRevLett.64.1545

http://dx.doi.org/10.1103/PhysRevLett.64.1545

http://dx.doi.org/10.1103/PhysRevE.61.3977

http://dx.doi.org/10.1103/PhysRevE.61.3977

http://dx.doi.org/10.1103/PhysRevE.61.3977

http://dx.doi.org/10.1021/jo00302a014

http://dx.doi.org/10.1021/jo00302a014

http://dx.doi.org/10.1021/jo00302a014

http://dx.doi.org/10.1021/jo00302a014

http://dx.doi.org/10.1021/ja9923033

http://dx.doi.org/10.1021/ja9923033

http://dx.doi.org/10.1021/ja9923033

http://dx.doi.org/10.1126/science.273.5282.1686

http://dx.doi.org/10.1126/science.273.5282.1686

http://dx.doi.org/10.1126/science.273.5282.1686

http://dx.doi.org/10.1126/science.273.5282.1686

http://dx.doi.org/10.1039/b702835k

http://dx.doi.org/10.1039/b702835k

http://dx.doi.org/10.1039/b702835k

http://dx.doi.org/10.1039/b702835k

http://dx.doi.org/10.1016/S0030-4018(01)01308-6

http://dx.doi.org/10.1016/S0030-4018(01)01308-6

http://dx.doi.org/10.1016/S0030-4018(01)01308-6

http://dx.doi.org/10.1002/ange.200503767

http://dx.doi.org/10.1002/ange.200503767

http://dx.doi.org/10.1002/ange.200503767

http://dx.doi.org/10.1002/anie.200503767

http://dx.doi.org/10.1002/anie.200503767

http://dx.doi.org/10.1002/anie.200503767

http://dx.doi.org/10.1002/anie.200503767

http://dx.doi.org/10.1021/ma991323m

http://dx.doi.org/10.1021/ma991323m

http://dx.doi.org/10.1021/ma991323m

http://dx.doi.org/10.1016/S0032-3861(02)00258-6

http://dx.doi.org/10.1016/S0032-3861(02)00258-6

http://dx.doi.org/10.1016/S0032-3861(02)00258-6

www.chemeurj.org






DOI: 10.1002/chem.200801378


Transmetalation Reactions from Fischer Carbene Complexes to Late
Transition Metals: A DFT Study


Israel Fern�ndez,*[a] Mar�a J. MancheÇo,[a] Rub�n Vicente,[b, c] Luis A. L�pez,[b] and
Miguel A. Sierra*[a]


We dedicate this paper to Professor Jos� Barluenga for his outstanding contributions to the development of the applications of
organometallic reagents in organic synthesis


Introduction


As the 50th anniversary of the preparation of the first
metal–carbene complex by Fischer and Maasbçl ap-


proaches,[1] the use of these complexes in organic synthesis
remains restricted to stoichiometric reactions.[2] On the
other hand, stoichiometric metal-to-metal carbene transfer
was reported in the early 70s,[3] but this methodology re-
mained undeveloped until our report on the catalytic trans-
fer of a carbene ligand from a Group 6 Fischer carbene
complex to a palladium reagent.[4] At that time the mecha-
nism depicted in Scheme 1 was proposed to explain the ob-
served results. Transmetalation of the carbene ligand from
complex 1 to the palladium catalyst leads to a new Pd–car-
bene complex such as 2, probably through a heterobimetal-
lic intermediate 3 that evolves to 2 by extrusion of the
[M(CO)5] (M=Cr, W) fragment. Subsequent transmetala-
tion from a new molecule of the carbene complex 1 leads to
the Pd–biscarbene complexes 4. Elimination of Pd0 leads to
the observed dimerization products 5.


Following this original proposal, the isolation and charac-
terization of pallada–carbene complex 6 by the transmetala-
tion of aminotungsten(0)–carbene complex 7 to [PdPfBr-ACHTUNGTRENNUNG(MeCN)2] followed by the reaction with PMe3 was report-
ed.[5] More recently, pallada–biscarbene complexes 8 have
been isolated (Scheme 2).[6] Note that neither complex 6 nor
complexes 8 evolve to form self-dimerization products.


Abstract: Transmetalation reactions
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complexes to late-transition-metal
complexes (palladium(0), copper(I),
and rhodium(I)) have been studied
computationally by density functional
theory. The computational data were
compared with the available experi-
mental data. In this study, the different
reaction pathways involving the differ-
ent metal atoms have been compared
with each other in terms of their acti-


vation barriers and reaction energies.
Although the reaction profiles for the
transmetalation reactions to palladium
and copper are quite similar, the com-
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erobimetallic species, the transmetala-
tion reaction to rhodium leads to a
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Furthermore, the self-dimerization of the carbene ligand
on the Fischer carbene complexes 10 with [Cu ACHTUNGTRENNUNG(MeCN)4]-ACHTUNGTRENNUNG[PF6] as a catalyst has been described.[7] CuBr also allowed
the efficient and selective cross-coupling of the carbene
ligand derived from complexes 10 with those obtained from
the decomposition of the diazo compound 11. Evidence for
the formation of late-transition-metal–carbene complexes by
a transmetalation reaction was demonstrated by the isola-
tion and full characterization of the corresponding copper–
carbene complex 13, which possesses a bulky stabilizing
group that prevents the self-dimerization process
(Scheme 3).


The above examples are a few of the many transmetala-
tion processes that have led to new carbene complexes and
they exhibit exceedingly different chemical behavior in re-


spect of the starting Group 6 metal complex. Moreover, the
new carbene complexes may also show an enhanced reactiv-
ity with respect to the precursor complex or it may undergo
reaction pathways different from the starting carbene com-
plex, which opens the door to the synthesis of new classes of
compounds.[8] Although the transmetalation reaction has
been employed in the development of new and efficient syn-
thetic methodologies, a detailed mechanistic study has not
yet been reported. This is interesting because the isolation
of the diverse intermediates discussed above and other ex-
perimental evidence point to the correctness of the pro-
posed mechanism.[4] We report herein an extensive theoreti-
cal study on the transmetalation reaction from chromi-
um(0)–carbene complexes to palladium, copper, and rhodi-
um catalysts.[2p, 9] Moreover, the structure and bonding situa-
tion of the different heterobimetallic intermediates, which
lead to mono- and biscarbene complexes of palladium,
copper, and rhodium, shall be compared and discussed.


Computational Details


All the calculations reported in this paper were obtained with the Gaussi-
an 03 suite of programs.[10] Electron correlation was partially taken into


Abstract in Spanish: La reacci�n de transmetalaci�n catal�ti-
ca desde cromo(0) Fischer carbenos a metales de transici�n
tard�a (Pd0, CuI and RhI) se ha estudiado computacionalmen-
te usando DFT. Los resultados computacionales se han com-
parado con los datos experimentales disponibles. Las barre-
ras y las energ�as de reacci�n se han comparado en los cami-
nos de reacci�n obtenidos para los metales considerados.
Mientras que los perfiles de reacci�n para la transmetalaci�n
desde Cr a Pd o Cu son similares, los valores calculados indi-
can que aquellos procesos que implican catalizadores de Pd
son m�s favorables que los que implican Cu. En claro con-
traste con estas transformaciones, que ocurren a trav�s de es-
pecies heterobimet�licas con geometr�a triangular, la reacci�n
con Rh forma nuevas especies heterobimet�licas en las que se
ha transferido un ligando carbonilo desde el complejo de Fis-
cher al catalizador de Rh. Adicionalmente, se discute la es-
tructura y la forma de enlace de �stos complejos heterobi-
met�licos no aislados hasta este momento.


Scheme 1. Proposed transmetalation catalytic cycle from Cr0– and W0–
carbene complexes to Pd0.[4]


Scheme 2. The isolation of Pd–monocarbene 6 and Pd–biscarbene com-
plexes 8 by transmetalation from W0– and Cr0–carbene complexes.


Scheme 3. Examples of copper transmetalation and the isolation of Cu–
monocarbene complex 13. Ment= Menthyl.
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account by using the BP86[11] functional in combination with the standard
6-31G(d) basis set[12] for hydrogen, carbon, oxygen, nitrogen, and phos-
phorus atoms and the Hay–Wadt small-core effective core potential
(ECP) that includes a double-x valence basis set[13] for the metal atoms
(LanL2DZ keyword). Zero-point vibrational energy (ZPVE) corrections
were computed at the BP86/LANL2DZ&6-31G(d) level and were not
scaled. Reactants and products were characterized by frequency calcula-
tions[14] and have positive definite Hessian matrices. Transition structures
(TSs) show only one negative eigenvalue in their diagonalized force con-
stant matrices, and it was confirmed by using the intrinsic reaction coor-
dinate (IRC) method that their associated eigenvectors correspond to the
motion along the reaction coordinate under consideration.[15]


Bond orders and donor–acceptor interactions were computed by using
the natural bond orbital (NBO) method.[16]The energies associated with
these two-electron interactions were computed according to Equa-
tion (1), in which F̂ is the DFT equivalent of the Fock operator and f
and f* are two filled and unfilled natural bond orbitals with ef and ef*


energies, respectively, and nf is the occupation number of the filled orbi-
tal.


DEð2Þ��* ¼ �n�
h�*jF̂j�i2


e�*�e�


Geometry optimizations (BP86/6-31G(d)&LanL2DZ) were carried out
starting with the anti form (an orientation in which the methyl group of
the methoxy substituent is directed towards the metal fragment) of the
Fischer carbene complex 14 (Scheme 4). This species is the most stable
isomer in both the gas phase and in the solid state.[17]


Results and Discussion


Transmetalation to palladium : Transmetalation from Fischer
carbene complex 14 to [Pd ACHTUNGTRENNUNG(PH3)4] was studied first as a
model for the experimentally thoroughly studied reaction
between the benzyloxycarbenechromium(0) complex 15 and
[Pd ACHTUNGTRENNUNG(PPh3)4], which exclusively produces the self-dimeriza-
tion product 16 (E/Z ratio 1.1:1) without traces of the corre-
sponding b-elimination product 17 (Scheme 5).[4]


The transmetalation step that leads to the predicted mon-
ocarbene complex 20 from complex 14 in the presence of
[Pd ACHTUNGTRENNUNG(PH3)4] was first studied. No transition-state structure
connecting complex 14 and [Pd ACHTUNGTRENNUNG(PH3)4] with the correspond-


ing heterobimetallic complex 18 by an associative reaction
pathway was found. Instead the process starts with the disso-
ciation of one of the catalyst	s phosphine ligands to produce
the unsaturated species [Pd ACHTUNGTRENNUNG(PH3)3], which, in the presence
of complex 14, leads to the formation of complex 18 via the
saddle point TS1-Pd (Scheme 6). The activation barrier for


this transformation is only 7.4 kcal mol�1 in the gas phase
and the reaction energy is �2.0 kcal mol�1. These values are
in very good agreement with the mild reaction conditions
used experimentally for this transformation. Heterobimetal-
lic complex 18, with the former carbene ligand as a bridge
between the palladium and chromium atoms, evolves to the
pallada–carbene complex 20 by the sequential, slightly exo-
thermic dissociation of another PH3 ligand (leading to unsa-
turated complex 19) followed by the extrusion of the
[(CO)5Cr] fragment. The latter process is likely to be assist-
ed by a solvent molecule in the condensed phase (see
below).


The coordinatively unsaturated palladium(0)–carbene
complex 20 experiences a second transmetalation reaction
with a new molecule of the Fischer carbene complex 14 to
yield a new heterobimetallic complex 21 via the transition
state TS2-Pd (a saddle point associated with the formation
of a palladium�carbon bond). The slightly higher barrier of
this second transmetalation reaction compared with the con-
version of 14 into 18 (activation barrier of 8.6 vs.
7.4 kcal mol�1, respectively) may be attributed to the de-
creased nucleophilicity of the palladium center in complex
20 due to the more electron-accepting nature of the carbene


Scheme 4. The syn and anti forms of chromium(0) (Fischer) carbene com-
plex 14.


Scheme 5. The [Pd ACHTUNGTRENNUNG(PPh3)4]-catalyzed self-dimerization of complex 15.[4]


Scheme 6. The first steps in the chromium-to-palladium transmetalation
mechanism: The formation of the key Pd–carbene 20. All structures cor-
respond to fully optimized BP86/LANL2DZ&6-31G(d) geometries.
Bond lengths and energies are given in � and kcal mol�1, respectively.
The numbers under the arrows correspond to the relative energies be-
tween the corresponding structures. Zero-point vibrational energy correc-
tions have been included [kcal mol�1].
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ligand. This hypothesis is supported by the second-order
perturbation theory of the NBO method, which shows a
strong two-electron stabilizing donation from an occupied d
atomic orbital of palladium to the p* (C�OMe) molecular
orbital of the carbene ligand in complex 20 (associated
second-order energy of �14.1 kcal mol�1), which makes the
palladium atom less nucleophilic (Figure 1). Evidently, this


two-electron donation is not possible in [Pd ACHTUNGTRENNUNG(PH3)3]. Interest-
ingly, the formation of complex 21 is strongly exothermic
(�10.5 kcal mol�1), which is again in good agreement with
experimental findings. Furthermore, one of the PH3 ligands
in 21 is weakly bonded to the palladium atom (Pd�P bond
length of 4.892 � with a corresponding Wiberg NBO bond
order of 0.032). This clearly indicates that this species is a
true intermediate complex, which easily evolves to complex
22 in which this PH3 ligand is totally dissociated. Similarly
to the first transmetalation step (see Scheme 6), elimination
of the [(CO)5Cr] fragment leads to the palladium–biscar-
bene complex 23 (Scheme 7).


The catalytic cycle that connects the starting chromi-
um(0)–carbene complex 14 with the self-dimerization prod-
uct 24 ends with the formation of the carbon�carbon bond


in complex 23 and the entry of the catalyst into a new cycle.
For simplicity, the formation of the Z isomer is the only one
considered (it is reasonable to assume that the E isomer is
also formed from 23 by rotation of the Pd�C bond). The ad-
dition of one molecule of PH3 saturated the coordination va-
cancy in 23 to yield the 18-valence-electron complex 25
(Scheme 8). This step is slightly endothermic (reaction


energy of 2.6 kcal mol�1). From this stationary point, com-
plex 26 is produced via transition state TS3-Pd, a saddle
point that is associated with C�C bond formation between
the two carbene carbon atoms. The activation barrier for
this step is 17.3 kcal mol�1 and as a consequence it is the bot-
tleneck of the overall catalytic cycle. Nevertheless, the trans-
formation of 25 into 26 is strongly favored by its strong exo-
thermicity (reaction energy of around �56 kcal mol�1). Fi-
nally, the coordinated dimerization product in 26 is replaced
by a PH3 ligand to close the catalytic cycle and liberate the
alkene 24.


Scheme 7. The formation of pallada–biscarbene complex 23. See the
legend of Scheme 6 for details.


Scheme 8. Final step in the transmetalation reaction from complex 23.
See the legend of Scheme 6 for details.


Figure 1. Two-electron interactions and associated second-order perturba-
tional energies in intermediates 20 and 30.
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Alternatively, the C�C bond may be formed directly from
Pd–biscarbene 23. In this case, complex 27 is produced via
the corresponding transition state TS4-Pd. Although the ac-
tivation barrier for the transformation 23!27 (17.7 kcal
mol�1) is similar to that for the reaction 25!26, the former
pathway is less exothermic (�42.4 kcal mol�1) than the
latter. From 27 a new molecule of PH3 can coordinate to the
metal center to form 26 or can replace the alkene ligand to
form [Pd ACHTUNGTRENNUNG(PH3)2] and the metal-free olefin 24. As the ligand
interchange is supposed to be fast, we cannot safely discard
one reaction pathway in favor of the other on the basis of
the computed energies (Scheme 8).


According to the available experimental data[4] there is an
additional pathway to be disentangled in this mechanism,
namely the possible b-elimination process from pallada–car-
bene complexes 20, which produces enol ether 28 depending
on the reaction conditions (these compounds are formed
normally in the reaction of chromium(0)–carbene complexes
with hydrogen atoms a to the carbene carbon atom and [Pd-ACHTUNGTRENNUNG(OAc)2]/Et3N. Scheme 9 shows the computational results for


these competitive processes. The computed activation barri-
er for the 20!29 transformation is 31.8 kcal mol�1, which
makes the b-elimination process kinetically unfavorable
compared with the transmetalation step 20!21 (activation
barrier of 8.6 kcal mol�1). Moreover, the b-elimination pro-
cess is also endothermic (reaction energy of 7.5 kcal mol�1)
and therefore it is thermodynamically disfavored. The com-
puted energies are in very good agreement with the nonfor-
mation of enol ethers observed experimentally using [Pd-ACHTUNGTRENNUNG(PPh3)4] as the catalyst for the transmetalation reaction.


Transmetalation to copper : The reaction profile of the reac-
tion of Fischer carbene complex 14 and [Cu ACHTUNGTRENNUNG(MeCN)4]


+ has
been computed as the model reaction for the transmetala-
tion from chromium(0) Fischer carbene complexes to
copper catalysts (Scheme 3c). The essentials of this pathway
are shown in Scheme 10. The calculated reaction profile
(BP86/6-31G(d)&LanL2DZ) for the transmetalation reac-
tion to CuI is very similar to the corresponding process in-
volving Pd0. Again, two different transmetalation steps were
found, the second one being more difficult and more endo-
thermic (activation barrier of 10.0 kcal mol�1 and reaction
energy of 5.9 kcal mol�1) than the first one (activation barri-


er of 4.2 kcal mol�1 and reaction energy of �1.3 kcal mol�1).
Similarly to the palladium reaction, the lower nucleophilicity
of the copper(I)–carbene complex 30 compared with [Cu-ACHTUNGTRENNUNG(MeCN)3]


+ , due to the exchange of a MeCN ligand for the
more electron-accepting carbene ligand, may explain the
computed values. In fact, the second-order perturbation
theory of the NBO method shows again a strong two-elec-
tron stabilizing donation from an occupied d atomic orbital
of the copper to the p* (C�OMe) molecular orbital of the
carbene ligand in complex 30 (associated second-order
energy of �8.5 kcal mol�1) making the copper atom less nu-
cleophilic (Figure 1). The structure of the copper(I)–carbene
complex 30 is quite similar to that of carbene 13 determined
by X-ray diffraction.[7a] In fact, the computed structure
shows a carbene ligand perpendicular to the plane formed
by the [Cu ACHTUNGTRENNUNG(MeCN)2] fragment and with a similar Cu�C
bond length (calcd: 1.914 �, X-ray structure: 1.882 �).[7a]


Note that complex [(CO)5CrACHTUNGTRENNUNG(MeCN)] was detected by
NMR spectroscopy of the crude of the reaction shown in
Scheme 3c and its structure was assigned by comparison
with an authentic sample.[7a] Therefore, it is very likely that
the direct decoordination of one MeCN ligand and the elim-
ination of the pentacarbonylchromium(0) fragment, which
directly leads to the transformation of complex 31 into 30,
may be solvent-assisted in view of the lower endothermicity
of this process compared with the elimination of MeCN to
form 32 and subsequent extrusion of the [Cr(CO)5] frag-
ment. A similar process may be assumed in the transforma-
tion of complex 33 into the mononuclear copper(I)–biscar-
bene complex 34 and, by analogy, in the transmetalation
from chromium to palladium discussed above. The evolution
of intermediate 34 to the alkene 24 follows similar reaction
pathways to those discussed above in the transmetalation
from chromium to palladium. Thus, either direct C�C bond
formation through TS4-Cu to form complex 37 followed by
the liberation of the alkene 24 after coordination of a mole-
cule of MeCN or, alternatively from 35 via TS3-Cu (associ-
ated again with C�C bond formation) to form complex 36,
which produces the alkene 24 and [Cu ACHTUNGTRENNUNG(MeCN)3]


+ . This C�C
bond formation step is kinetically demanding (computed ac-
tivation barrier ca. 22 kcal mol�1) but it is thermodynamical-
ly strongly favored (reaction energies of ca. �40 kcal mol�1).
Therefore, this process is more difficult from both kinetic
and thermodynamic points of view than the analogous evo-
lution of palladium intermediate 23 (Scheme 8), which has a
lower activation barrier and reaction energy.


Transmetalation to rhodium : The transmetalation to rhodiu-
m(I) complexes[18] was the last process studied. We consid-
ered the reaction shown in Scheme 12 as a model reaction
of the experimentally studied transformation depicted in
Scheme 11, which produces rhodium complexes 39 from
Fischer carbene complexes 38.[18i]


In contrast to the transmetalation from chromium to pal-
ladium or copper discussed above, the reaction of chromi-
um(0) Fischer carbene complex 14 and RhI complex 40
leads to a new type of heterobimetallic complex 41 through


Scheme 9. The b-elimination process in pallada–carbene 20 bearing alkyl
substituents. See the legend of Scheme 6 for details.
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a strongly exothermic transfor-
mation (Scheme 12). Complex
41 has two bridging ligands
(one a carbene ligand and one
a carbonyl group) tethering the
two metal centers.[18d, i,19] There-
fore, and in agreement with ex-
perimental findings, transmeta-
lation of the Fischer carbene
complexes to rhodium occurs
with carbonylation leading to


rhodium–carbene complexes like 42, which incorporate a
carbonyl ligand into their structures. Again, the optimized
geometry of 42 fully matches the structure of similar report-
ed RhI–carbene complexes characterized by X-ray diffrac-
tion (i.e. , Rh�C bond length: exp.: 2.011 calcd: 1.983 �).[18i]


Scheme 10. The full computed mechanism for the transmetalation of chromium(0) Fischer carbene complexes to CuI catalysts. All structures correspond
to fully optimized BP86/LANL2DZ&6-31G(d) geometries. Bond lengths and energies are given in � and kcal mol�1, respectively. Numbers over the
arrows correspond to the relative energies between the corresponding structures. Zero-point vibrational energy corrections have been included [kcal
mol�1].


Scheme 11. Stoichiometric rhodium transmetalation reaction of Fischer
carbene complexes. IMes =N,N’-1,3-bis(2,4,6-trimethylphenyl)imidazol-2-
ylidene.


Scheme 12. Transmetalation reaction from Fischer carbene 14 and RhI complex 40. Bond lengths and bond
orders (in brackets) are given in � and a.u., respectively.
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Bonding in heterobimetallic intermediates : The structures
and bonding situation of the so far elusive Pd–Cr heterobi-
metallic complexes 18, 19, and 22 and the corresponding
Cu–Cr analogues 31–33 deserve further analysis. The essen-
tial geometric features and NBO partial charges of these
species are compiled in Table 1. The AIM method[20] clearly
indicates that, as expected, all the species are characterized
by the presence of a carbene ligand, which acts as a bridging
ligand between the two metal atoms in each complex. Thus,
the Laplacian of the electron-density plots of complexes 18
and 31 shows that the electron density of the carbon atom
(former carbene carbon atom in Fischer carbene complex
14) is directed towards the chromium and the palladium or
copper atoms (Figure 2).


Strikingly, whereas the palladium complexes have quite
similar Cr�C and Pd�C NBO bond orders (ca. 0.45 a.u.),
the corresponding NBO bond orders in the analogous
copper complexes are rather different (Cr�C bond order of
ca. 0.55 a.u. and Cu�C bond order of ca. 0.25 a.u.). This
means that the interactions between the ligand and the two
metal atoms in palladium complexes 18, 19, and 22 are simi-
lar, whereas in the corresponding copper complexes the in-
teraction with the chromium moiety is stronger than with
the copper fragment. This effect is of course reflected in
longer Cr�C bond lengths in the palladium complexes
(>2.15 �) with respect to their copper analogues (ca.
2.1 �). This is also seen in the Laplacian plot of 31 in which
the charge density of the carbon atom is mainly directed to-
wards the chromium atom whereas in 18 it is equally orient-
ed in the direction of both the metal fragments (Figure 2).
Moreover, both types of complexes exhibit almost negligible
values of the computed Wiberg bond orders (less than
0.1 a.u.) for the M�Cr bond. In addition, a (3,�1) bond criti-
cal point between the two metal atoms cannot be found by
using the AIM method. Therefore we can conclude that the
interaction between the two metal atoms is indeed very
weak.


The replacement of a PH3 ligand in 19 by a carbene
ligand in 22 results in only slight changes in the structure of


the complex. Thus, the Pd�C ACHTUNGTRENNUNG(bridge) bond is shortened due
to the higher acceptor ability of the palladium moiety in 22
due to the presence of the acceptor carbene ligand. This re-
sults in a stronger Pd–C interaction at the expense of a


Table 1. Selected bond lengths (r ACHTUNGTRENNUNG(X�Y)), bond orders (BACHTUNGTRENNUNG(X�Y) [a.u.] , in parentheses), and NBO partial charges for heterobimetallic complexes 18, 19,
22, 31–33.[a]


r ACHTUNGTRENNUNG(Cr�C) [�] 2.169 2.186 2.203 2.075 2.088 2.132ACHTUNGTRENNUNG(0.446) ACHTUNGTRENNUNG(0.448) ACHTUNGTRENNUNG(0.419) ACHTUNGTRENNUNG(0.584) ACHTUNGTRENNUNG(0.577) ACHTUNGTRENNUNG(0.520)
r ACHTUNGTRENNUNG(M�C) [�] 2.173 2.113 2.098 2.242 2.100 2.111ACHTUNGTRENNUNG(0.406) ACHTUNGTRENNUNG(0.445) ACHTUNGTRENNUNG(0.463) ACHTUNGTRENNUNG(0.223) ACHTUNGTRENNUNG(0.263) ACHTUNGTRENNUNG(0.296)
r ACHTUNGTRENNUNG(Cr�M) [�] 2.798 2.714 2.754 2.593 2.565 2.677ACHTUNGTRENNUNG(0.079) ACHTUNGTRENNUNG(0.096) ACHTUNGTRENNUNG(0.083) ACHTUNGTRENNUNG(0.073) ACHTUNGTRENNUNG(0.081) ACHTUNGTRENNUNG(0.067)
q(Cr) �1.33 �1.34 �1.34 �1.37 �1.37 �1.35
q(M) 0.27 0.24 0.31 0.96 0.93 0.93
q(C) 0.16 0.15 0.11 0.25 0.20 0.14


[a] All data were computed at the BP86/6-31(d)&LanL2DZ level of theory.


Figure 2. Laplacian 521(r) plot for complexes (a) 18 and (b) 31 (down).
Solid lines indicate areas of charge concentration (521(r)<0) and
dashed lines show areas of charge depletion (521(r)>0).
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weaker Cr–C interaction, and this is nicely reflected in the
lengthening of the latter bond (from 2.186 � in 19 to
2.203 � in 22). Similar conclusions can be drawn when one
compares the copper complexes 32 and 33, the latter con-
taining a carbene ligand in its structure. Again, a stronger
interaction between the bridging ligand and the copper
moiety provokes a lengthening of the Cr�C bond length
(from 2.088 � in 32 to 2.132 � in 33, Table 1).


To complete this study the double-bridged structure of
the rhodium(I) complex 41 was analyzed by both the NBO
and AIM methods. The computed M–C Wiberg bond orders
are quite similar for all M�C bonds (ca. 0.5 a.u., see
Scheme 12), which indicates that the bonding interactions of
the two bridging ligands with each of the metal fragments
are essentially the same. This is also supported by the Lapla-
cian plot of 41 (Figure 3), which clearly shows that the
charge density of both carbon atoms is uniformly oriented
towards both metal atoms.


Conclusion


From the computational study reported in this paper the fol-
lowing conclusions can be drawn: 1) The transmetalation re-
action from Fischer carbene complexes to Pd0 or CuI leads
to the dimerization of the carbene ligands in metalla–biscar-
bene complexes. 2) In both cases C�C bond formation is the
most difficult step in the overall reaction mechanism al-
though it is thermodynamically strongly favored. 3) Al-
though the reaction profiles of the transmetalation reactions
to palladium and copper are quite similar, the computed ac-
tivation barriers and reaction energies indicate that the pro-
cess involving palladium as catalyst is more favorable than
that involving copper. 4) The transmetalation step leads to
triangular heterobimetallic species in which the former car-
bene ligand acts as a bridging ligand between the two metal
atoms. Interestingly, the interaction between the two metal


nuclei is rather weak. 5) In contrast to these transforma-
tions, the transmetalation reaction to rhodium(I) leads to a
new heterobimetallic species in which a carbonyl ligand is
also transferred from the Fischer carbene complex to the
rhodium catalyst.
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Donor–Acceptor Interactions in Red-Emitting Thienylbenzene-Branched
Dendrimers with Benzothiadiazole Core
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Introduction


Dendrimers are attractive as molecular architectures for
studying energy harvesting properties[1] and for their ability
to encapsulate small band gap chromophores within bulky
peripheral masking units.[2] With a view to applications, the
recently developed site-isolation strategy has greatly extend-
ed their usefulness in the design of functional molecules
with multichromophore units.[3] This approach is beneficial
for avoiding detrimental interchromophore interactions, par-
ticularly for small-band-gap chromophores that are subject
to aggregation because of dipole–dipole or p-stacking inter-


actions. These interactions normally result in crystallinity
and hence deviations of luminescence properties such as
shift in emission color and reduced emission yield.[4] Proto-
typical examples are the perylenediimides, which are often
in a crystalline form that displays less intense emission in
both solid and solution phases. It is also possible to suppress
intermolecular interactions by doping such chromophores
into an amorphous matrix. However, the physically blended
systems, obtained by either evaporation or solution casting,
may lead to uneven distribution of guests. As a result, local-
ized high concentrations can lead to detrimental quenching
effects. Alternatively, an efficient way of controlling molecu-
lar interactions is to deposit them at the molecular level, so
that the chromophores can be organized precisely within the
molecular framework. Dendrimers offer a suitable platform
for such endeavors. In sharp contrast to the bulk properties,
incorporation of a small-band-gap chromophore into the
dendrimer core may enhance the emission features simply
due to prohibition of interchromophore interactions and
possible energy transfer from peripheral chromophores. On
this basis, for typical dendrimers with the emission originat-
ing from the core functional group, the fluorescence quan-
tum yield may rapidly increase with increasing generation,
in the absence of other side effects such as electron-transfer
quenching by the peripheral functional groups (vide infra).
Moreover, multifunctional dendrimers may be beneficial for


Abstract: Synthesis and characteriza-
tion of dendrimers containing thienyl-
benzene repeating units, red-emitting
benzothiadiazole core, and triarylamine
peripheries that bear naphthyl units
are reported. The relevant dendrimers
of different generations are classified
as Gnb (n= 1–3), while the tert-butyl
dendrimers Gna with the acceptor alone
were also synthesized to serve as con-
trol chromophores that avoid donor–
acceptor interactions. The resulting


dendrimers are capable of harvesting
photon energy through efficient energy
transfer among donor–acceptor moiet-
ies, so that highly luminescent red fluo-
rophores result. Transient fluorescence
studies suggest that the energy transfer
and its efficiency are approximately


unity in all Ga dendrimers, whereas the
rate of energy transfer for the Gb den-
drimers is suppressed, that is, charge
transfer from the core to the periphery
is a significant quenching pathway.
These dendrimers are amorphous in
nature with high glass transition tem-
peratures (176–201 8C). Electrolumi-
nescent devices were fabricated by
using the dendrimers as hole-transport-
ing emitters, and the devices exhibit
promising red emission parameters.
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charge transport as the dendrimer framework may provide a
facile vectorial contribution to the hopping/migration/trap-
ping pathways.


Recently, we and others have demonstrated that peripher-
al triarylamines can be effectively used to encapsulate
small-band-gap cores such as thienylpyrazine,[5] benzothia-
diazole,[6] and peryleneimide.[7] Here we describe the synthe-
sis and characterization of a new family of dendrimers in
which thienylbenzene branches are peripherally decorated
with N-phenylnaphthylamine units and focally converge at a
benzothiadiazole core. In this approach, rigid and conjugat-
ed dendrimers were selected because they potentially have
enhanced thermal stability and fewer nonradiative deactiva-
tion pathways (vide infra). Thienyl[8] and phenylene[9] p-con-
jugated dendrimers have been recently synthesized and their
photophysical properties were found to be unique when
compared to other nonconjugated, flexible dendrimers.
However, to the best of our knowledge, dendrimers having
thienylbenzene repeating units are rare in the literature.
Normally, polythiophenes and thiophene oligomers exhibit
diminished quantum efficiency, partly due to the heavy-
atom effect in combination with oxidative quenching. Re-
placement of one or more thio-
phene moieties by a phenyl unit
improves the fluorescence prop-
erties with a slight compromise
in the emission peak wave-
length.[10] Accordingly, the title
dendrimers, which contain red-
emitting benzothiadiazole as
core, thienylbenzene repeating
units, and triarylamine periph-
eries bearing naphthyl units
should establish an efficient
energy-transfer framework
leading to highly luminescent
red fluorophores. We used
time-resolved spectroscopic
methods to unravel the energy-
migration pathways in these
dendrimers. In light of their
high glass transition tempera-
tures (176–201 8C), these new
dendrimers may pave a new
avenue for applications in elec-
troluminescent devices.


Results and Discussion


Synthesis and characterization :
Our main focus is on two types
of thienylbenzene-branch-based
dendrimers having surface
groups of different natures—
tert-butyl or N-(4-tert-butyl-
phenyl)-N-phenylnaphthalen-1-


amine—but the same core structure, namely, the long conju-
gated aromatic segment 4,7-bis(5-phenylthiophen-2-
yl)benzo[c]ACHTUNGTRENNUNG[1,2,5]thiadiazole. The dendrimers with triaryla-
mine peripheries Gnb (n= 1–3) have donor–acceptor archi-
tecture and hence are considered to be functional dendrim-
ers, while the tert-butyl dendrimers Gna (n=1–3) with the ac-
ceptor alone serve as control chromophores devoid of
donor–acceptor interactions. Thus, these dendrimers allow
us to unravel the donor–acceptor interactions in a dendritic
environment.


One can perceive a feasible energy-transformation path-
way in these functional dendrimers: First, the energy ab-
sorbed by the periphery may migrate to the core by an effi-
cient energy-transfer pathway, the mechanism of which is
most likely of the Fçrster type, that is, dipole-induced
dipole-transition energy transfer. The energy accumulated at
the core can then be released either as core (red) emission
or deactivated (quenched) by an electron transfer process
from the periphery. In the latter case, it is necessary to
match the redox potentials between periphery and core.
Bearing these concepts in mind, we designed and synthe-
sized dendrimers in which the associated chromophores can
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be bifunctional, that is, undergo energy and electron trans-
fer.


Generally, in modular dendrimer synthesis, the core unit
and dendrons are prepared separately and finally tethered
together to achieve the dendritic configuration. Conversely,
in our approach, the core unit can be self-assembled in the
final step and the dendron itself generally contains part of
the core segment. Schemes 1 and 2 outline the synthetic
methodologies for the dendrons, while Scheme 3 shows the
synthetic route to the dendrimers. Monodendrons 2 a and 2 b


were obtained by different routes (Scheme 1), elaborated in
the following.


The G1a dendron 2 a was synthesized from 3,5-di-tert-bu-
tylphenyl trifluoromethanesulfonate by treatment with thio-
phen-2-ylmagnesium bromide in the presence of [Pd-ACHTUNGTRENNUNG(PPh3)2Cl2] as catalyst, and G1b dendron 2 b by C�N cou-
pling between N-(4-tert-butylphenyl)naphthalen-2-amine
and 2-(3,5-dibromophenyl)thiophene (1) catalyzed by [Pd-ACHTUNGTRENNUNG(dba)2]/tBu3P. Subsequently, by treatment with nBuLi and
nBu3SnCl, the thiophenyl-substituted dendrons were con-
verted to stannylene derivatives, which were treated with 2-
(3,5-dibromophenyl)thiophene (1) in a [Pd ACHTUNGTRENNUNG(PPh3)2Cl2]-cata-
lyzed Stille reaction to give G2 dendrons 3 (Scheme 2). The
above two steps were repeated on G2 dendrons to generate
G3 dendrons 4. Finally, the dendrimers were obtained in
moderate to good yield by twofold Stille coupling between
the corresponding stannylene derivatives of the dendrons
and 4,7-dibromobenzothiadiazole (Scheme 3). The dendrim-
ers are red or deep red in appearance and soluble in most
organic solvents. The structural composition of the new


compounds was determined by
NMR (1H, 13C) spectroscopy,
mass spectrometry, and elemen-
tal analysis.


Linear optical spectroscopy :
We characterized dendrons and
corresponding dendrimers by
absorption and emission spec-
troscopy. The steady-state pho-
tophysical parameters are listed
in Table 1, and the absorption
and emission spectra of the
dendrimers recorded in CH2Cl2


are displayed in Figures 1–4.
The main absorption for naph-
thylamine dendrons 2 b–4 b ap-
pears at about 305 nm with a
shoulder peaking at 345 nm.
The shoulder grows into a
prominent peak for higher gen-
erations. Because the control
dendrons 2 a–4 a and dendrim-
ers G1a–G3a display a single
band in the lower wavelength
region at about 340 nm, it is
plausible to assign the 345 nm


Scheme 1. Synthesis of the first-generation dendrons. dba= trans,trans-di-
benzylideneacetone.


Scheme 2. Growth of the higher generation dendrons by an iterative procedure.


Scheme 3. Preparation of the dendrimers.
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band as originating from at least two neighboring units of
the thienylbenzene backbone. As the generation increases,
both the population and effective conjugation length of the
thienylbenzene segment increase, so the intensity of the
peak at 345 nm increases monotonically (Figure 1). Accord-
ingly, the higher energy transition at 305 nm is attributed to
the naphthyl moiety.[11] This assignment is also supported by
the linear correlation observed between the extinction coef-
ficient at 305 nm and the number of naphthalene units in
the dendrimer (Figure 2). The absorption spectra of the den-
drimers display an additional redshifted transition at about
495 nm, which may be attributed to conjugation of benzo-
thiadiazole core and the neighbouring two units of thienyl-
benzene backbone. However, interestingly, the absorption
band originating from the benzothiadiazole core of G1 den-
drimers G1a and G1b is redshifted when compared to the G2


and G3 analogues. We believe that this is attributable to the
proximal conjugative effect of surface groups in G1. As the
generation grows, the peripheral units are located farther


from the core, and significant interaction with the benzo-
thiadiazole unit is prevented.[12]


The emission spectral features recorded for the dendrons
and dendrimers in CH2Cl2 are presented in Figures 3 and 4,
respectively. Close inspection of the emission peak positions
reveals the following trends: The emission profile of the
dendrons shifts bathochromically with increasing generation,
while for the dendrimers the emission peak wavelength is
blueshifted on growth of the dendron. These results can be
plausibly explained if we first elucidate the origin of emis-
sion in dendrons and dendrimers. The dendrimers display
red emission, which is characteristic of the core and corre-
sponds to the absorption at about 495 nm, while for the den-
drons the emission seems to originate from the thienylben-
zene bridges. The latter assumption is reasonable because
dendrons with a higher generation should elongate the con-
jugation of the backbone due to the meta effect and thus
result in a redshift of the emission spectral feature. A similar


Table 1. Physical properties of the dendrons and dendrimers.


Compd labs [nm][a] Tg (Tm) [8C][b] Td [8C][b,c]


2a 284 – -
2b 294, 347 99 320 (331)
G1a 349, 496 85 (232) 330 (355)
G1b 265, 304, 354, 499 176 425 (450)
3a 337 86 (191) 340 (375)
3b 305, 345 170 425 (463)
G2a 346, 491 154 (366) 500 (530)
G2b 266, 307, 348, 489 201 427 (440)
4a 346 152 502 (530)
4b 267, 308, 345 197 450 (471)
G3a 346, 485 173 505 (527)
G3b 265, 306, 343, 488 189 340 (361)


[a] Absorption and emission spectra were recorded for dichloromethane
solutions. [b] Scan rate: 10 8C min�1. [d] Onset values and temperature at
5% weight loss in parentheses are reported.


Figure 1. Absorption spectra of the control dendrons 2 a (~), 3 a (*), 4a
(&) and dendrimers G1a (~), G2a (*), G3a (&) recorded in dichlorome-
thane.


Figure 2. Absorption spectra of dendrons 2b (~), 3b (*), 4b (&) and
naphthylamine terminated dendrimers G1b (~), G2b (*), G3b (&) recorded
in dichloromethane. Inset shows the linear correlation of the increase in
optical density (305 nm) due to naphthylamine units.


Figure 3. Normalized emission spectra of tert-butyl dendrons 3 a (*), 4 a
(&) and tert-butyl dendrimers G1a (~), G2a (*), G3a (&) recorded in di-
chloromethane.
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effect was previously identified in meta-substituted polyacet-
ylene dendrons and dendrimers.[13] Conversely, on increasing
the generation, the blueshift of the core emission in the den-
drimers may be attributed to a combination of two factors:
1) The aforementioned proximal conjugative effect of sur-
face groups. As the generation grows, the peripheral units
are located farther from the core, and conjugative interac-
tion with the benzothiadiazole unit is reduced. 2) Less sol-
vent (CH2Cl2) perturbation with increasing the dendron size,
so that the core chromophore embedded in higher genera-
tions is subject to a more nonpolar environment.


An interesting aspect of these dendrimers is their efficient
energy-harvesting behavior. As is evident in Figure 5, the
emission of donor part, that is, naphthylamine in 2 b, over-
laps well with the absorption of the parent acceptor core (as
in G1a). This fulfils the prerequisite for efficient energy
transfer according to the Fçrster mechanism. In accordance
with this expectation, the emission peak position of den-
drimers G1b–G3b is fairly insensitive to the excitation wave-
length, with most of the emission centered at 640 nm corre-


sponding to the dendritic core. This result provides direct
evidence that efficient energy transfer takes place from the
triarylamine unit at the periphery to the core. For dendrim-
ers G1b and G2b, negligible residual emission due to the pe-
riphery was resolved in the emission spectra on excitation at
305 nm, which corresponds to the absorption of the surface
naphthylamine groups. For G3b a small donor-component
emission (ca. 470 nm, see Figure 4) is realized in addition to
the strong, red emission of the core, that is, the energy-trans-
fer efficiency decreases slightly in higher generations.


In a steady-state approach, we quantified the energy-
transfer efficiency by comparing the absorption and excita-
tion spectrum (monitored at the emission peak) of the den-
drimers. The efficiency of energy transfer can be readily de-
duced from the excitation spectrum of the energy accept-
or.[11] At a given wavelength, the magnitude of the excitation
spectrum of the energy acceptor (A) is related to the trans-
fer efficiency E and the extinction coefficients of the energy
donor eD and acceptor eA by the expression A= eA + EeD.
Thus, energy-transfer efficiency was deduced to be 99, 95,
and 83 % for G1b, G2b, and G3b, respectively. A similar ap-
proach was used for G1a–G3a, and their energy-transfer effi-
ciencies were all calculated to be near unity. Qualitatively,
the results for G1b–G3b seem to fit the trend documented in
the literature, that is, energy-transfer efficiency decreases in
higher generation dendrimers.[14]


Finally, the trend of emission quantum yield between
classes G1a–G3a and G1b–G3b as a function of solvent polarity
also attracts our attention. For example, with increasing sol-
vent polarity from toluene to dichloromethane to dimethyl-
formamide the acceptor (i.e. , the dendritic core) emission
yield decreased significantly from 0.72 to 0.23 to 0.01, re-
spectively, for G1b. A similar dependence of emission yield
on solvent polarity was also observed for G2b (0.66, 0.60,
0.06) and G3b (0.84, 0.61, 0.22). Note that as the generation
grows the magnitude of solvent effect on emission yield de-
creases. In contrast, the emission yield changed less signifi-
cantly for G1a–G3a in these three solvents (see Table 3).
Owing to the low ionization potential of naphthylamine in
the Gb series, the results indicate that excited-state electron
transfer may be operative for G1b–G3b dendrimers. If this is
the case, it is possible that dynamics of energy transfer and
electron transfer are two competing pathways. To gain de-
tailed insight into the relaxation dynamics, time-resolved
studies based on the femtosecond fluorescence upconversion
technique were carried out.


Transient fluorescence studies : Excited-state relaxation dy-
namics of the dendrons and dendrimers in toluene, dichloro-
methane, and dimethylformamide were measured. The three
solvents were selected on the basis of their different polarity
indices and sufficient solubility for all compounds under in-
vestigation, which allowed us to differentiate between the
energy- and electron-transfer pathways operative in G1b–
G3b. The emission population lifetimes compiled in Table 2
can be summarized as follows: 1) For a given generation the
excited-state lifetime of the tert-butyl dendrons (2 a–4 a) and


Figure 4. Normalized emission spectra of naphthylamine-containing den-
drons 2b (~), 3 b (*), 4 b (&) and dendrimers G1b (~), G2b (*), G3b (&)
recorded in dichloromethane (lex�375 nm).


Figure 5. Spectral overlap between naphthylamine donor (2 b) and core
acceptor (G1a) in dichloromethane.
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dendrimers (G1a–G3a) is insensitive to solvents. 2) The life-
time of the naphthylamine dendrons (2 b–4 b) increases as
the solvent polarity increases from toluene to DMF. 3) For
dendrimers G1b–G3b, a reverse trend (c.f. 2 b–4 b) is wit-
nessed. For lower generation dendrimers such as G1b the
lifetime of core emission rapidly decreases with increasing
solvent polarity. A similar trend was observed in higher gen-
eration dendrimers such as G2b and G3b ; however, the de-
crease in lifetime with changing polarity is not as significant.
4) For Gnb dendrimers, the lifetime increases in polar sol-
vents with increasing generation, but in the nonpolar solvent
toluene the excited-state lifetime remains almost the same.
These observations can be rationalized by a mechanism in-
corporating energy- and electron-transfer processes. For the
control compounds G1a–G3a, in which only the core acceptor
unit is present, only very weak interaction of the core chro-
mophore with the solvent and a lack of interchromophore
perturbations are found. The slight alteration observed for
G1a on changing the solvent polarity can be attributed to in-
termolecular solute–solvent interactions. As the generation
grows these intermolecular interactions are prohibited due
to steric inhibition.


On the contrary, for G1b–G3b excited-state electron trans-
fer takes place from naphthylamine groups to the core chro-
mophore, the efficiency of which, in theory, depends on cou-
pling distance and solvent polarity. With increasing solvent
polarity the energy difference between reactant (neutral
species) and product (charge-transfer species) becomes
larger, and hence the rate of electron transfer (emission
quenching) increases. As a result, the lifetime of G1b is sig-
nificantly shortened in polar solvents. On the other hand,
the electron coupling matrix is reduced, so the rate of elec-
tron transfer decreases with increasing generation, that is,
donor–acceptor distance. This, in combination with the inac-
cessibility of the core to the solvent due to encapsulation of
the core by dendritic wedges, explains the relatively insensi-
tive solvent-polarity-dependent shortening of the lifetime
for G2b and G3b. The result differs from those recently re-
ported for Fr�chet dendrimers[15] incorporating benzothia-
diazole core and pyrenylamine peripheries, in which charge
transfer from the core to the periphery is a significant
quenching pathway.


Detailed fitting parameters for early-time relaxation dy-
namics at selected wavelengths for all studied dendrimers
are listed in Table 3. Independent of the solvent, the time-
resolved fluorescence of G1a and G2a monitored at less than
500 nm, which is ascribed to the emission of the donor
moiety, was established by a system-response-limited (<
150 fs) decay. As for G3a, the decay is also fast but resolva-
ble and is fitted to be about 300–500 fs, depending on the
solvent. These values correlate well with the early dynamics
monitored at the core emission (see Table 3), which show in-
stant rise (<150 fs) for G1a and G2a and 300–500 fs rise com-
ponents for G3a. The results are consistent with data ob-
tained from steady-state measurements, that is, energy trans-
fer and its efficiency are approximately unity in all Ga den-
drimers.


For the Gb dendrimers, the addition of a naphthylamine
moiety further elongates the donor–acceptor distance. Thus,
the rate of energy transfer should be suppressed, especially
in the case of G3b, as was confirmed in the steady-state stud-
ies (vide supra). As depicted in Figure 6, the decay of the


Table 2. Emission properties of dendrons and dendrimers.


Toluene Dichloromethane DMF
lem


[nm]
Ff


[%]
t


[ns]
lem


[nm]
Ff


[%]
t


[ns]
lem


[nm]
Ff


[%]
t


[ns]


2a – p.l.[a] 360 0.12 – p.l.[a]


2b 420 0.18 3.03 443 0.28 5.30 442 0.18 6.23
G1a 623 0.72 6.61[a] 645 0.54 7.53[b] 660 0.48 7.08[a]


G1b 612 0.70 5.37[a] 644 0.23 4.26[b] 662 0.003 0.04[a]


3a 391, 408 0.31 1.89 408 0.27 1.77 412 0.26 1.44
3b 445 0.15 4.22 482 0.15 5.76 498 0.09 7.94
G2a 615 0.72 5.40[b] 637 0.63 6.34[b] 644 0.56 6.49[b]


G2b 615 0.66 5.44[a] 630 0.61 10.57[b] 644 0.06 1.49[b]


4a 401 0.35 1.09 409 0.26 1.54 423 0.20 2.10
4b 446 0.16 4.48 482 0.15 5.84 500 0.08 8.64
G3a 615 0.71 5.32[b] 625 0.62 6.42[b] 642 0.49 6.59[a]


G3b 607 0.64 5.83[b] 630 0.61 12.01[b] 644 0.22 4.85[a]


[a] Pulse limit. [b] The population decay dynamics was obtained by moni-
toring at the red core emission.


Table 3. Early dynamics parameters observed for the donor and acceptor
emissions in dendrimers.[a]


tdonor (decay dynamics) tacceptor


Toluene CH2Cl2 DMF Toluene CH2Cl2 DMF


G3a 309 fs
(0.986)


484 fs
(0.944)


352 fs
(0.964)


352 fs
(�0.435)


511 fs
(�0.486)


329 fs
(�0.473)


G2b 409 fs
(0.853)


251 fs
(0.932)


240 fs
(0.946)


216 fs
(�0.036)


197 fs
(�0.481)


564 fs
(�0.095)


12.1 ps
(0.147)


4.7 ps
(0.068)


3.4 ps
(0.054)


13.5 ps
(�0.332)


3.6 ps
(�0.02)


1.8 ps
(�0.015)


G3b 365 fs
(0.332)


352 fs
(0.630)


273 fs
(0.683)


277 fs
(�0.436)


218 fs
(�0.087)


253 fs
(�0.473)


16.1 ps
(0.237)


5.9 ps
(0.154)


4.3 ps
(0.230)


15.7 ps
(�0.155)


4.9 ps
(�0.216)


3.8 ps ACHTUNGTRENNUNG(�0.07)


[a] For clarity, the population lifetime of the acceptor is not included in
this table. For dendrimers G1a, G2a, and G1b the decay times were faster
than the system response of 150 fs�1.


Figure 6. Decay dynamics of donor emission (monitored at 470 nm, lex


�375 nm) for G3b in various solvents.
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donor moiety of G3b (i.e., naphthylamine, monitored at
470 nm) consists of a component with a few hundred femto-
seconds and a fast but resolvable component on the order of
several to tens of picoseconds. The ultrafast decay compo-
nent is nearly at the system response limit; therefore, the
fitted time constant listed in Table 3 should not be treated
as a trend to correlate with the solvent parameters. Howev-
er, its value, to a certain extent, seems to reveal solvent de-
pendency. On the other hand, the fast decay component of a
few picoseconds is evidently dependent on solvent polarity;
it decreases from 16.1 ps in toluene to 4.3 ps in DMF. More-
over, the picosecond decay component correlates well with
the rise component of the core emission (monitored at
655 nm, see Figure 7 and Table 3), which was measured to


be 15.7, 4.9, and 3.8 ps in toluene, CH2Cl2 and DMF, respec-
tively. This result clearly indicates a precursor–successor
type of relationship between donor and acceptor moieties.
We thus attribute this picosecond decay component to
energy dissipation of the excited donor moiety through
energy/electron transfer to the core (acceptor) moiety. As
such, it is reasonable to ascribe the decay component on a
timescale of a few hundred femtoseconds to vibrational and/
or solvent relaxation dynamics following Franck–Condon
excitation. Note that, on monitoring at 655 nm (see
Figure 7), in addition to the picosecond rise component, a
certain system-response-limited rise component is attributed
to direct core excitation. Similar results were obtained for
G2b, except that the relaxation dynamics of the donor are
faster (12.1, 4.7 and 3.4 ps in toluene, CH2Cl2 and DMF, re-
spectively; see Figure 8 and Table 3). First-generation G1b


exhibits a system-response-limited (<150 fs) decay for the
donor moiety in three studied solvents, consistent with the
trend of transfer efficiency of G3b<G2b<G1b deduced from
steady-state studies (vide supra).


Thermal properties : The thermal properties of the com-
pounds were studied by both thermogravimetric analysis
and differential scanning calorimetry measurements (see


Table 1 for relevant parameters). The glass transition tem-
perature for the dendrons and tert-butyl dendrimers G1a–G3a


gradually increases with increasing generation. However, for
the functional dendrimers, after a initial raise in Tg for G2b,
a slight decrease in Tg is observed for G3b. This is probably
due to the mobility induced by the voluminous structure of
G3b. In general, the glass transition temperatures observed
for the dendrimers are higher when compared to commonly
employed amorphous electroluminescent materials 1,4-
bis(1-naphthylphenylamino)biphenyl (NPB) and 1,4-bi-
s(phenyl-m-tolylamino)biphenyl (TPD).[16]


Electrochemical and electroluminescence studies : Electro-
chemical studies revealed that the dendrimers are bipolar in
nature. Oxidation due to the peripheral amine groups and
reduction due to the central benzothiadiazole core were ob-
served in the cyclic voltammograms of the dendrimers at
about 0.4 and �1.7 V respectively (Table 4). For the G3b


benzothiadiazole reduction is irreversible, possibly due to in-
accessibility of the core at the electrode surface. This so-
called dendritic effect has been well documented for a wide
array of redox-responsive dendrimers.[17] The HOMO and
LUMO energies derived from the redox potentials are on
the order of 5.2 and 3.1 eV respectively.


All the aforementioned properties make these dendrimers
attractive candidates for electroluminescence applications.


Figure 7. Rise dynamics of acceptor emission (monitored at 655 nm, lex


�375 nm) for G3b in various solvents.


Figure 8. Decay dynamics of donor emission (monitored at 470 nm, lex


�375 nm) for G1b, G2b, and G3b in DMF.


Table 4. Redox properties of the amino-substituted dendrons and den-
drimers.


compd Eox (DEp) [mV][a] Ered [mV][a] HOMO [eV][b] LUMO [eV]


2b 389 (55) – 5.189 –
G1b 430 (86) �1697 (70) 5.230 3.103
3b 430 (85) – 5.230 –
G2b 437 (83) �1656 (63) 5.237 3.144
4b 420 (108) – 5.220 –
G3b 421 (89) �1716 (i) 5.221 3.084


[a] Potentials are quoted with reference to ferrocene as internal standard;
scan rate: 100 mV s�1; i : irreversible. [b] Frontier orbital energies were
deduced from Eorb =4.8+Eox/red.
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Since dendrimers G1b and G2b exhibit good thermal stability,
vapor deposition was successful for these two compounds
despite their high molecular weights. Two types of devices
were made from the above two dendrimers: 1) ITO/G1b or
G2b/TPBI/LiF/Al and 2) ITO/NPB/G1b or G2b/TPBI/LiF/Al
(ITO= indium tin oxide, TPBI =1,3,5-tris(N-phenylbenzimi-
dazol-2-yl)benzene). The triple-layer devices were found be
better than the double-layer devices in all respects. This in-
dicates that better balance in charge transport and more ef-
ficient recombination are achieved with an additional hole-
transporting layer consisting of NPB. The I–V–L curves for
the devices are displayed in Figure 9. The devices fabricated
from G1b displayed pure red emission with chromaticity co-
ordinates x=0.61, y=0.34, maximum luminance of
8500 cd m�2, and external quantum efficiency of 1.84 % at a
current density of 20 mAcm�2.


Conclusion


In summary, we have designed and synthesized new red-
emitting dendrimers with thienylbenzene backbones, naph-
thylamine peripheries, and benzothiadiazole cores. These
donor–acceptor molecules exhibit efficient energy transfer
and are highly luminescent red fluorophores. Energy-trans-
fer dynamics, monitored by transient fluorescence studies,
reveal that these rigid meta-substituted dendrimers are sig-
nificantly different from flexible dendrimers having similar
donor–acceptor architecture (benzothiadiazole/triarylamine)
and Fr�chet branches. Additionally, their amorphous nature
with high glass transition temperatures (176–201 8C) opens
an avenue for application in electroluminescent devices.


Experimental Section


General information : All reactions and manipulations were carried out
under N2 by standard inert-atmosphere and Schlenk techniques. Solvents
were dried by standard procedures. All column chromatography was per-
formed under N2 on silica gel (230–400 mesh, Macherey-Nagel GmbH &


Co.) as stationary phase in a column 30 cm long and 2.0 cm in diameter.
The 1H NMR spectra were measured on a Bruker AC300 or AMX400
spectrometer. Mass spectra were recorded on a JMS-700 double-focusing
mass spectrometer (JEOL, Tokyo, Japan). Elemental analyses were per-
formed on a Perkin-Elmer 2400 CHN analyzer. Cyclic voltammetry ex-
periments were performed with a BAS-100 electrochemical analyzer. All
measurements were carried out at room temperature with a conventional
three-electrode configuration consisting of a glassy carbon working elec-
trode, a platinum wire auxiliary electrode, and a nonaqueous Ag/AgNO3


reference electrode. The E1/2 values were determined as (Ea
p +Ec


p)/2,
where Ea


p and Ec
p are the anodic and cathodic peak potentials, respective-


ly. The potentials are quoted against ferrocene internal standard. The sol-
vent in all experiments was dichloromethane and the supporting electro-
lyte was 0.1m tetrabutylammonium hexafluorophosphate. Electronic ab-
sorption spectra were obtained with a Perkin Elmer Lambda 900 UV/
Vis/NIR spectrophotometer on dichloromethane solutions. Emission
spectra were recorded in deoxygenated solutions at 298 K with a Jobin
Yvon SPEX Fluorolog-3 spectrofluorometer. The emission spectra were
collected on samples with o.d.<0.1 at the excitation wavelength. The
spectra were corrected for instrumental response. UV/Vis spectra were
checked before and after irradiation to monitor possible sample degrada-
tion. Emission maxima were reproducible to within 2 nm. Luminescence
quantum yields Fem were calculated by using Coumarin 1 as primary
standard (Fem =0.99 in ethyl acetate) for blue fluorophores or 4-dicyano-
methylene-2-methyl-6-p-diethylaminostyryl-4-H-pyran (DCM, Fem =0.40
in acetonitrile) as secondary reference for red fluorophores.[11]


Nanosecond lifetime studies were performed with an Edinburgh FL 900
photon-counting system with a hydrogen-filled or nitrogen lamp as exci-
tation source. The emission decays were analyzed by the sum of exponen-
tial functions, which allows partial removal of instrument time broaden-
ing and consequently affords a temporal resolution of about 200 ps. The
setup of picosecond dynamical measurements consists of a femtosecond
Ti:sapphire oscillator (82 MHz, Spectra Physics). The fundamental train
of pulses was pulse-selected (Neos, model N17389) to reduce its repeti-
tion rate to typically 0.8–8 MHz, and then used to produce second har-
monics (375–425 nm) as an excitation light source. A polarizer was
placed in the emission path to ensure that the polarization of the fluores-
cence was set at the magic angle (54.78) with respect to the pump laser to
eliminate fluorescence anisotropy. An Edinburgh OB 900 L time-corre-
lated single-photon counting system was used as detector, with a tempo-
ral resolution of about 15 ps. The fluorescence upconversion measure-
ments were performed by using a femtosecond optically gated system
(FOG-100, CDP). The fundamental of a Ti:sapphire laser (Spectra Phys-
ics) at 750–850 nm with an average power of 0.5 W and a repetition rate
of 82 MHz was used to produce second harmonics (SH) at 375–425 nm
by focusing onto a 0.5 mm-thick BBO type-I crystal. The SH was then
separated from the fundamental pulses with a dichroic mirror and used
as pump pulses. The pump pulses were focused onto a rotating cell, and
the optical path length was 1.0 mm. The resulting fluorescence was col-
lected by an achromatic lens and then focused on another BBO type-I
crystal (0.5 mm). The optically delayed remaining fundamental pulses
were also focused on the BBO crystal and used as gate pulses for sum-
frequency generation. A half-wave plate was placed in the pump beam
path to ensure that the polarization of the pump laser was set at the
magic angle (54.78) with respect to the probe laser to eliminate fluores-
cence anisotropy. The up-converted signal was then separated by an F/4.9
(f=380 mm) single monochromator (CDP2022) and detected by a
photon-counting photomultiplier tube (R1527P, Hamamatsu). The cross-
correlation between SH and the fundamental had a full width at half-
maximum (fwhm) of about 150 fs, which was chosen as a response func-
tion of the system.


2-(3,5-Dibromophenyl)thiophene (1): A mixture of 1,3,5-tribromoben-
zene (3.15 g, 10 mmol), 2-thienylmagnesium bromide (1.87 g, 10 mmol,
freshly prepared from 2-bromothiophene and magnesium), [Pd-ACHTUNGTRENNUNG(PPh3)2Cl2] (70 mg), and tetrahydrofuran (70 mL) was heated at 70 8C for
24 h. After cooling, the reaction mixture was poured into ice water. It
was extracted with diethyl ether and evaporated to leave a tan solid,
which was adsorbed on silica gel and subjected to column chromatogra-
phy. After the first fraction containing the unconverted 1,3,5-tribromo-


Figure 9. I–V–L characteristics observed for the devices fabricated with
dendrimers G1b and G2b.
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benzene the desired compound was eluted with hexanes. Colorless solid.
Yield: 1.34 g (42 %). 1H NMR (300 MHz, CDCl3, 25 8C): d=7.07 (t, J=


4.7 Hz, 1 H), 7.28 (d, J =3.5 Hz, 1 H), 7.32 (d, J=4.7 Hz, 1H), 7.54 (t, J =


2.1 Hz, 1 H), 7.64 ppm (d, J=2.1 Hz, 2H); 13C NMR (75 MHz, CDCl3,
25 8C): d=123.3, 124.6, 126.4, 127.5, 128.2, 132.5, 137.7, 140.9 ppm;
HREIMS calcd for C10H6Br2S: 315.8557; found: 315.8556.


N-(4-tert-Butylphenyl)naphthalen-1-amine : A mixture of naphthalen-1-
amine (1.72 g, 12 mmol), 1-tert-butyl-4-bromobenzene (2.13 g, 10 mmol),
[Pd ACHTUNGTRENNUNG(dba)2] (58 mg), tBu3P (30 mg), tBuONa (1.44 g, 15 mmol) and tolu-
ene (30 mL) was stirred at room temperature overnight. After the reac-
tion was complete, as evidenced by the disappearance of 1-tert-butyl-4-
bromobenzene, it was quenched by addition of water and extracted with
diethyl ether. The organic extracts were collected, washed with brine,
and evaporated to leave a pale yellow syrup. It was purified by column
chromatography on silica gel by eluting with hexanes/dichloromethane
(3/1). Colorless solid. Yield: 2.4 g (87 %). 1H NMR (300 MHz,
[D6]acetone, 25 8C): d=1.30 (s, 9H), 7.07 (d, J=8.5 Hz, 2 H), 7.29–7.51
(m, 8 H), 7.86 (d, J=8.1 Hz, 1H), 8.20 ppm (d, J=8.5 Hz, 1H); 13C NMR
(75 MHz, [D6]acetone, 25 8C): d=31.8, 34.6, 114.3, 118.6, 122.1, 123.1,
125.8, 126.6, 126.7, 126.9, 128.1, 129.1, 135.8, 141.1, 143.2, 143.7 ppm;
HREIMS calcd for C20H21N: 275.1674; found: 275.1671.


2-(3,5-Di-tert-butylphenyl)thiophene (2 a): A solution of 3,5-di-tert-butyl-
phenyl trifluoromethanesulfonate (3.38 g, 10 mmol), thiophen-2-ylmagne-
sium bromide (2.25 g, 12 mmol, freshly prepared from 2-bromothiophene
and magnesium), [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] (70 mg, 0.1 mmol), and tetrahydrofuran
was refluxed under nitrogen atmosphere for 24 h. After cooling, the reac-
tion mixture was quenched with ice water and extracted with diethyl
ether (3 � 50 mL). The combined organic extract was dried over anhy-
drous MgSO4 and evaporated to dryness to leave a colorless viscous
liquid. It was purified by column chromatography on silica gel with hex-
anes as eluant. Yield: 2.12 g (78 %). 1H NMR (300 MHz, CDCl3, 25 8C):
d=1.35 (s, 18 H), 7.05–7.08 (m, 1H), 7.24–7.29 (m, 2H), 7.36 (d, J=


3.8 Hz, 1 H), 7.43 ppm (d, J=1.8 Hz, 1H); 13C NMR (75 MHz, CDCl3,
25 8C): d=31.4, 34.9, 120.7, 121.8, 122.8, 124.3, 127.8, 133.7, 145.7,
151.3 ppm; HREIMS calcd for C18H24S: 272.4482; found: 272.4474.


N1,N3-Bis(4-tert-butylphenyl)-N1,N3-bis(naphthalen-1-yl)-5-(thiophen-2-
yl)benzene-1,3-diamine (2 b): A mixture of 2-(3,5-dibromophenyl)thio-
phene (3.18 g, 10 mmol), N-(4-tert-butylphenyl)naphthalen-1-amine
(5.78 g, 21 mmol), [Pd ACHTUNGTRENNUNG(dba)2] (116 mg), tBu3P (60 mg), tBuONa (2.88 g,
30 mmol), and toluene (40 mL) was stirred at 80 8C overnight. After
quenching with water, it was extracted with diethyl ether. The combined
organic extracts were dried over anhydrous MgSO4 and evaporated to
dryness to yield a pale yellow solid. It was purified by column chroma-
tography on silica gel with hexanes/dichloromethane (4/1) as eluant. Pale
yellow solid. Yield: 6.1 g (86 %). 1H NMR (300 MHz, CDCl3, 25 8C): d=


1.27 (s, 18H), 6.50 (t, J= 2.1 Hz, 1 H), 6.72 (d, J= 2.1 Hz, 2 H), 6.83–6.88
(m, 5H), 6.92–6.93 (m, 1 H), 7.02–7.08 (m, 5H), 7.29 (d, J =7.1 Hz, 2H),
7.36–7.41 (m, 4H), 7.48 (t, J=7.1 Hz, 2H), 7.69 (d, J=8.1 Hz, 2H), 7.87
(d, J=8.1 Hz, 2 H), 7.95 ppm (d, J =8.5 Hz, 2H); 13C NMR (75 MHz,
CDCl3, 25 8C): d=31.4, 34.1, 111.3, 112.8, 121.8, 123.1, 124.3, 124.4, 125.6,
125.9, 126.2, 127.0, 127.5, 128.3, 131.2, 135.2, 125.6, 143.2, 144.6, 144.7,
145.1, 149.4 ppm; FABMS: m/z 707.2 [M+H]+ ; elemental analysis calcd
(%) for C50H46N2S: C 84.94, H 6.56, N 3.96; found: C 84.75, H 6.69, N
3.88.


4,7-Bis[5-(3,5-di-tert-butylphenyl]thiophen-2-yl)benzo[c] ACHTUNGTRENNUNG[1,2,5]thiadiazole
(G1a): A solution of 2-(3,5-di-tert-butylphenyl)thiophene (2.73 g,
10 mmol) in tetrahydrofuran (50 mL) was cooled to �75 8C and n-butyl
lithium (6.9 mL, 1.6 m in hexanes, 11 mmol) added dropwise over 10 min.
After stirring at this temperature for 30 min, it was again cooled to
�75 8C. Tributyltin chloride (3.58 g, 11 mmol) was added and the mixture
allowed to stir at room temperature overnight. It was quenched by addi-
tion of ice water and extracted with diethyl ether. The combined organic
extracts were dried over anhydrous MgSO4 and evaporated to dryness to
leave the stannylene derivative. It was immediately mixed with 4,7-dibro-
mobenzothiadiazole (1.47 g, 5 mmol), [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] (35 mg), and DMF
(15 mL). The resulting mixture was heated at 80 8C for 18 h. A red solid
formed. After cooling the mixture, methanol (40 mL) was added to com-
plete the precipitation. The solids were filtered and washed with liberal


amounts of methanol. The red solid obtained was dissolved in CH2Cl2


and subjected to column chromatography on silica gel. The desired com-
pound was obtained by elution with hexanes/dichloromethane (2/1) in
67% yield. 1H NMR (400 MHz, CDCl3, 25 8C): d =1.38 (s, 36H), 7.39–
7.41 (m, 4H), 7.53 (d, J =1.8 Hz, 4H), 7.89 (s, 2 H), 8.13 ppm (d, J=


3.8 Hz, 2H); 13C NMR (100 MHz, CDCl3, 25 8C): d=31.5, 35.0, 120.5,
122.3, 123.9, 125.2, 125.8, 128.6, 133.5, 128.3, 146.8, 151.4, 152.6 ppm;
FABMS: m/z 676.2 [M]+ ; elemental analysis calcd (%) for C42H48N2S3: C
74.51, H 7.15, N 4.14; found: C 74.32, H 7.03, N 4.20.


5-{5-[4-(5-{3,5-Bis[N-(4-tert-butylphenyl)-N-(naphthalen-1-yl)amino]phe-
nyl}thiophen-2-yl)benzo[c] ACHTUNGTRENNUNG[1,2,5]thiadiazol-7-yl]thiophen-2-yl}-N1,N3-
bis(4-tert-butylphenyl)-N1,N3-bis(naphthalen-1-yl)benzene-1,3-diamine
(G1b): A mixture of dendron 2b (2.83 g, 4 mmol) and tetrahydrofuran
(50 mL) was cooled to �75 8C, and n-butyl lithium (2.8 mL, 1.6 m in hex-
anes) added dropwise over 10 min. Over 1 h it was slowly allowed to
warm to 0 8C. After stirring at this temperature for 30 min, it was again
cooled to �75 8C. Tributyltin chloride (1.63 g, 5 mmol) was added and the
mixture allowed to stir at room temperature overnight. It was quenched
by addition of ice water and extracted with diethyl ether. The combined
organic extracts were dried over anhydrous MgSO4 and evaporated to
dryness to leave the stannylene derivative. It was immediately mixed
with 4,7-dibromobenzothiadiazole (0.53 g, 1.8 mmol), [Pd ACHTUNGTRENNUNG(PPh3)2Cl2]
(14 mg), and DMF (10 mL). The resulting mixture was heated at 80 8C
for 18 h. A red solid formed. After cooling the mixture, methanol
(40 mL) was added to complete the precipitation. The solids were collect-
ed by filtration and washed with liberal amounts of methanol. The red
solid obtained was dissolved in CH2Cl2 and subjected to column chroma-
tography on silica gel. The desired compound was obtained by elution
with hexanes/dichloromethane (1/1). Yield: 2.0 g (72 %). 1H NMR
(400 MHz, CDCl3, 25 8C): d=1.24 (s, 36H), 6.44 (t, J =2.1 Hz, 2 H), 6.76
(d J =2.1 Hz, 4H), 6.80–6.84 (m, 8H), 6.96 (d, J=3.7 Hz, 2 H), 6.99–7.03
(m, 8H), 7.26 (dd, J =7.3, 1.1 Hz, 4 H), 7.33–7.39 (m, 8 H), 7.45 (dt, J =


7.3, 1.1 Hz, 4H), 7.60 (s, 2H), 7.67 (d, J =8.1 Hz, 4H), 7.85 (d, J =8.5 Hz,
4H), 7.88 (d, J =3.7 Hz, 2 H), 7.92 ppm (d, J =8.1 Hz, 4 H); 13C NMR
(100 MHz, CDCl3, 25 8C): d =31.4, 34.1, 11.3, 113.2, 121.8, 124.3, 124.4,
125.2, 125.7, 126.0, 126.2, 126.3, 127.0, 128.3, 128.4, 131.2, 135.2, 135.4,
138.3, 143.2, 144.7, 145.1, 145.7, 149.5, 152.4 ppm; FABMS: m/z 1545.6
[M+H]+ ; elemental analysis calcd (%) for C106H92N6S3: C 82.34, H 6.00,
N 5.44; found: C 81.84, H 5.81, N 5.37.


5,5’-[5-(Thiophen-2-yl)-1,3-phenylene]bis[2-(3,5-di-tert-butylphenyl)thio-
phene] (3 a): 3 a was prepared by following a procedure similar to that
described above for G1a with the exception that 2-(3,5-dibromophenyl)th-
iophene was used instead of 4,7-dibromobenzothiadiazole. Colorless
solid. Yield: 82%. 1H NMR (300 MHz, CDCl3, 25 8C): d =1.38 (s, 36H),
7.12 (dd, J =3.8, 3.8 Hz, 1H), 7.30 (d, J =3.8 Hz, 2H), 7.33 (d, J =3.8 Hz,
1H), 7.38–7.41 (m, 4 H), 7.44 (d, J =3.8 Hz, 1 H), 7.48 (d, J =1.8 Hz, 4H),
7.75 (d, J =1.8 Hz, 2 H), 7.79 ppm (t, J=1.8 Hz, 1H); 13C NMR (75 MHz,
CDCl3, 25 8C): d=31.5, 34.9, 120.4, 121.9, 122.1, 122.3, 123.8, 123.9, 124.6,
125.3, 128.1, 133.5, 135.8, 142.2, 143.6, 145.6, 151.5 ppm; FABMS: m/z
700.1 [M]+ ; elemental analysis calcd (%) for C46H52S3: C 78.80, H 7.48;
found: C 78.59, H 7.25.


5-{5-[3-(5-{3,5-Bis[N-(4-tert-butylphenyl)-N-(naphthalen-1-yl)amino]phe-
nyl}thiophen-2-yl)-5-(thiophen-2-yl)phenyl]thiophen-2-yl}-N1,N3-bis(4-
tert-butylphenyl)-N1,N3-bis(naphthalen-1-yl)benzene-1,3-diamine (3 b):
3b was prepared by following a procedure similar to that described
above for G1b with the exception that 2-(3,5-dibromophenyl)thiophene
was used instead of 4,7-dibromobenzothiadiazole. Pale yellow solid.
Yield: 79%. 1H NMR (300 MHz, CDCl3, 25 8C): d= 1.24 (s, 36 H), 6.45 (t,
J =2.1 Hz, 2 H), 6.71 (d, J =2.1 Hz, 2H), 6.80–6.83 (m, 8 H), 6.88 (d, J=


3.7 Hz, 2H), 6.99–7.07 (m, 9 H), 7.12 (d, J =3.7 Hz, 2H), 7.25–7.30 (m,
6H), 7.33–7.40 (m, 8 H), 7.43–7.53 (m, 7H), 7.67 (d, J =8.1 Hz, 4H), 7.85
(d, J=8.5 Hz, 4 H), 7.92 ppm (d, J =8.1 Hz, 4H); 13C NMR (75 MHz,
CDCl3, 25 8C): d=31.4, 34.1, 111.2, 113.1, 121.8, 122.3, 123.8, 124.1, 124.3,
124.4, 125.3, 125.7, 126.0, 126.2, 127.0, 128.0, 128.3, 131.2, 135.2, 135.4,
135.5, 142.2, 143.2, 143.4, 144.6, 144.7, 145.1, 149.5 ppm; FABMS: m/z
1569.8 [M+H]+ ; elemental analysis calcd (%) for C110H96N4S3: C 84.14, H
6.16, N 3.57; found: C 83.79, H 6.07, N 3.50.
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4,7-Bis(5-ACHTUNGTRENNUNG{3,5-bis[5-(3,5-di-tert-butylphenyl)thiophen-2-yl]phenyl}thio-
phen-2-yl)benzo[c] ACHTUNGTRENNUNG[1,2,5]thiadiazole (G2a): G2a was obtained as red solid
in 74% yield from 3 a and 4,7-dibromobenzothiadiazole as described for
G1a.


1H NMR (400 MHz, CDCl3, 25 8C): d =1.39 (s, 72H), 7.32 (d, J=


3.8 Hz, 4 H), 7.40 (t, J =1.8 Hz, 4 H), 7.42 (d, J=3.8 Hz, 4H), 7.51 (d, J =


1.8 Hz, 8 H), 7.54 (d, J =3.8 Hz, 2 H), 7.80 (t, J=1.8 Hz, 2H), 7.82 (d, J =


1.8 Hz, 4 H), 7.92 (s, 2H), 8.14 ppm (d, J=3.8 Hz, 2H); 13C NMR
(100 MHz, CDCl3, 25 8C): d= 31.5, 34.9, 120.3, 121.7, 121.9, 122.1, 123.8,
124.7, 125.2, 125.5, 128.5, 133.5, 135.3, 135.7, 139.1, 142.1, 144.5, 145.5,
151.4, 152.4 ppm; FABMS: m/z 1533.9 [M]+; elemental analysis calcd
(%) for C98H104N2S7: C 76.71, H 6.83, N 1.83; found: C 76.56, H 6.80, N
1.76.


5-(5-{3-[5-(4-{5-[3,5-Bis(5-ACHTUNGTRENNUNG{3,5-bis[N-(4-tert-butylphenyl)-N-(naphthalen-
1-yl)amino]phenyl}thiophen-2-yl)phenyl]thiophen-2-yl}benzo[c]-ACHTUNGTRENNUNG[1,2,5]thiadiazol-7-yl)thiophen-2-yl]-5-(5-{3,5-bis[N-(4-tert-butylphenyl)-
N-(naphthalen-1-yl)amino] phenyl}thiophen-2-yl)phenyl}thiophen-2-yl)-
N1,N3-bis(4-tert-butylphenyl)-N1,N3-bis(naphthalen-1-yl)benzene-1,3-di-ACHTUNGTRENNUNGamine (G2b): G2b was obtained in 75% yield as described above for G1b


from 3 b and 4,7-dibromobenzothiadiazole. Red solid. 1H NMR
(400 MHz, CDCl3, 25 8C): d=1.23 (s, 72H), 6.45 (t, J =2.1 Hz, 4 H), 6.73
(d, J =2.1 Hz, 8 H), 6.81–6.84 (m, 16H), 6.89 (d, J =3.7 Hz, 4 H), 7.00–
7.04 (m, 16 H), 7.15 (d, J =3.7 Hz, 4 H), 7.26 (dd, J =7.3, 1.1 Hz, 8H),
7.33–7.52 (m, 28 H), 7.62–7.68 (m, 12H), 7.83–7.87 (m, 10H), 7.92 (d, J =


8.5 Hz, 8H), 8.09 ppm (d, J= 3.7 Hz, 2H); 13C NMR (100 MHz, CDCl3,
25 8C): d =31.5, 34.2, 11.4, 113.3, 122.0, 122.2, 124.3, 124.6, 125.5, 125.8,
126.1, 126.3, 126.4, 127.1, 128.5, 128.7, 131.3, 135.4, 135.6, 135.7, 139.3,
142.3, 143.4, 144.8, 145.3, 149.7, 152.7 ppm; MALDI MS: 3273.7 [M+H]+;
elemental analysis calcd (%) for C226H192N10S7: C 82.95, H 5.91; N 4.28;
found: C 82.79, H 5.87, N 4.23.


5,5’,5’’,5’’’-(5,5’-{5,5’-[5-(Thiophen-2-yl)-1,3-phenylene]bis(thiophene-5,2-
diyl)}bis(benzene-5,3,1-triyl))tetrakis[2-(3,5-di-tert-butylphenyl)thio-
phene] (4 a): Pale yellow solid, prepared in 79 % yield from 3a and 2-
(3,5-dibromophenyl)thiophene as described above for 3a. 1H NMR
(400 MHz, CDCl3, 25 8C): d=1.38 (s, 72 H), 7.15 (dd, J=3.8, 3.8 Hz, 1 H),
7.32 (d, J=3.8 Hz, 4 H), 7.36 (d, J =3.8 Hz, 1H), 7.39 (t, J= 1.8 Hz, 4H),
7.44 (d, J =3.8 Hz, 4 H), 7.46–7.50 (m, 13H), 7.81 (s, 8H), 7.85 ppm (s,
1H); 13C NMR (100 MHz, CDCl3, 25 8C): d=31.5, 35.0, 120.4, 121.9,
122.2, 122.6, 123.8, 124.0, 124.7, 124.9, 125.5, 128.1, 133.5, 135.5, 135.6,
135.9, 142.1, 143.2, 143.5, 145.7, 151.5 ppm; FAB MS: m/z 1558.0 [M]+ ;
elemental analysis calcd (%) for C102H108S7: C 78.61, H 6.99; found: C
78.54, H, 6.82.


4,7-Bis{5- ACHTUNGTRENNUNG[3,5-bis(5- ACHTUNGTRENNUNG{3,5-bis[5-(3,5-di-tert-butylphenyl)thiophen-2-yl]phe-
nyl}thiophen-2-yl)phenyl]thiophen-2-yl}benzo[c] ACHTUNGTRENNUNG[1,2,5]thiadiazole (G3a):
Prepared from 4a and 4,7-dibromobenzothiadiazole as described above
for G1a. Red solid. Yield: 69 %. 1H NMR (400 MHz, CDCl3, 25 8C): d=


1.39 (s, 144 H), 7.30 (d, J=3.8 Hz, 8H), 7.41(t, J=1.8 Hz, 8 H), 7.41 (d,
J =3.8 Hz, 8H), 7.48 (d, J=1.8 Hz, 16 H), 7.55 (d, J =3.8 Hz, 4H), 7.80 (t,
J =1.8 Hz, 4 H), 7.82 (d, J =1.8 Hz, 8H), 7.89 (s, 2 H), 7.91 (s, 4H),
8.14 ppm (d, J =3.8 Hz, 4 H); 13C NMR (100 MHz, CDCl3, 25 8C): d=


31.4, 34.8, 120.3, 121.7, 121.8, 122.0, 123.8, 124.1, 124.7, 125.0, 125.3,
125.6, 128.0, 128.5, 133.5, 135.4, 135.6, 136.0, 139.1, 142.2, 143.1, 143.6,
144.5, 145.6, 151.4, 152.4 ppm; MALDI MS: m/z 3247.1 [M]+ ; elemental
analysis calcd (%) for C210H216N2S15: C 77.63, H 6.70, N 0.86; found: C
77.45, H 6.56, N 0.81.


5-(5-{3-[5-(3-{5-[3,5-Bis(5-ACHTUNGTRENNUNG{3,5-bis[N-(4-tert-butylphenyl)-N-(naphthalen-
1-yl)amino]phenyl}thiophen-2-yl)phenyl]thiophen-2-yl}-5-(thiophen-2-yl)-
phenyl)thiophen-2-yl]-5-(5-{3,5-bis[N-(4-tert-butylphenyl)-N-(naphthalen-
1-yl)amino]phenyl}thiophen-2-yl)phenyl}thiophen-2-yl)-N1,N3-bis(4-tert-
butylphenyl)-N1,N3-bis(naphthalen-1-yl)benzene-1,3-diamine (4 b): Com-
pound 4b was obtained in 86% yield as described above for 3 b from 3b
and 2-(3,5-dibromophenyl)thiophene. Pale yellow solid. 1H NMR
(400 MHz, CDCl3, 25 8C): d= 1.22 (s, 72H), 6.72 (d, J=2.1 Hz, 8H),
6.80–6.83 (m, 16 H), 6.88 (d, J =3.7 Hz, 4H), 6.99–7.02 (m, 16H), 7.13–
7.15 (m, 5H), 7.27 (d, J=7.2 Hz, 8 H), 7.32–7.39 (m, 21H), 7.42–7.51 (m,
11H), 7.57 (d, J=1.5 Hz, 4H), 7.66 (d, J=8.5 Hz, 8 H), 7.74 (s, 3H), 7.84
(d, J =8.1 Hz, 8H), 7.92 ppm (d, J= 8.5 Hz, 8 H); 13C NMR (100 MHz,
CDCl3, 25 8C): d=31.4, 34.1, 111.2, 113.1, 121.8, 122.4, 124.1, 124.4, 124.8,
125.7, 126.0, 126.2, 127.0, 128.3, 131.2, 135.2, 135.4, 135.6, 142.1, 143.2,


144.7, 145.1, 149.6 ppm; MALDI MS: m/z 3297.6 [M+H]+ ; elemental
analysis calcd (%) for C230H196N8S7: C 83.80, H 5.99, N 3.40; found: C
83.67, H 5.98, N 3.46.


Dendrimer G3b was obtained in 75 % yield as described above for G1b


from 4 b and 4,7-dibromobenzothiadiazole. Red solid. 1H NMR
(400 MHz, CDCl3, 25 8C): d=1.21 (s, 144 H), 6.46 (s, 8H), 6.54 (s, 2 H),
6.71 (d, J=2.1 Hz, 16 H), 6.79–6.88 (m, 40H), 6.98–7.02 (m, 32H) 7.13 (t,
J =2.1 Hz, 6 H), 7.26 (d, J =7.3 Hz, 12 H), 7.32–7.46 (m, 62H), 7.51–7.58
(m, 10 H), 7.65 (d, J=8.1 Hz, 18H), 7.79–7.84 (m, 22H), 7.89–7.96 (m,
18H), 8.18 ppm (s, 2 H); 13C NMR (100 MHz, CDCl3, 25 8C): d=31.4,
34.1, 111.3, 111.7, 113.2, 121.8, 124.2, 124.4, 125.7, 126.0, 126.2, 127.0,
128.3, 131.2, 135.2, 143.2, 144.7, 145.1, 149.6 ppm; MALDI MS: m/z
6726.5 [M+H]+ ; elemental analysis calcd (%) for C466H392N18S15: C 83.22,
H 5.88, N 3.75; found: C 82.98, H 5.91, N 3.62.
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General Information: Unless otherwise indicated, all compounds and reagents were 


purchased from commercial suppliers and used without further purification. Proton 


nuclear magnetic resonance spectra are recorded at 300 MHz. All chemical shifts (d) 


are given in ppm. NMR spectra were recorded on Varian EM-360A, Varian EM90 or 


Brucker AMX-300 NMR spectrometer. IR spectra were recorded on a Perkin-Elmer 


983G instrument. MS or HRMS was recorded on a HP-5989A spectrometer. Melting 


points were determined on a METTLER-TOLEDO FP62 melting point apparatus and 


are uncorrected. Elemental analysis was performed on a Carlo-ERBA1106 instrument. 


HPLC analysis was carried out on WATERS equipment. 


 


General procedure for the synthesis of catalysts 3a-i (3g was prepared according to 


known procedure[1]) 


 


CO2HR


NH2


CO2MeR


NH2 HClMeOH,rt


R'NH2


MeOH , rt


R


NH2


O


NHR'


SOCl2


LAH


THF, Reflux


R


NH2


NHR'


3a-i  


Typical Procedure for the Esterifation of Amino Acid 


To a suspension of L-phenylalanine (10.0 g, 60.0 mmol) in ice-cooled dry methanol 


(120 mL) was added dropwise thionyl chloride (10.0 g, 85.0 mmol). After the solution 


was stirred at room temperature overnight, the solvent was removed under reduced 


pressure to give L-phenylalanine methyl ester hydrochloride as a colorless crystalline 


solid quantitative ly, which was directly used in the next step without further 


purification. 


Typical Procedure for the Preparation of Amino Amide [2] 


A solution of L-phenylalanine methyl ester hydrochloride (23.3 mmol) and 


propylamine (233.0 mmol) in anhydrous methanol (50 mL) was stirred at room 
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temperature for 3 days. The reaction mixture was concentrated, and the residue was 


purified by column chromatography on silica gel using petroleum ether / ethyl acetate 


(2:1) as eluant to give the (S )-2-amino-3-phenyl-N-propylpropanamide  (3.9g). 


Typical Procedure for the Reduction of Amino Amide to Diamine[3] 


To a solution of (S)-2-amino-3-phenyl-N-propylpropanamide (3.4 g, 16.3 mmol), in 


THF (60 mL) was added lithium aluminum hydride (3.7 g, 97.8 mmol) at 0 ? . After 


being stirred for 30 min at 0 °C, the reaction was allowed to heat at reflux for 48 h 


before the reaction was quenched with Na2SO4 and water with vigorous stirring at 0 


? . The white-gray suspension was filtered and the filtrate was concentrated. The 


crude product was purified by column chromatography on silica gel petroleum using 


petroleum ether / ethyl acetate (1:1) to give the desired product 


(S)-3-phenyl-N1-propylpropane-1,2-diamine (3d) (2.69 g, 86% yield). 


(S)-3-phenylpropane-1,2 -diamine  (3a)[4] 


NH2


NH2


 


Colorless oil; [α]D
 27 = -16.2 (c = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 1.36 


(brs, 4H), 2.45-2.57 (m, 2H), 2.74-2.82 (m, 2H), 2.91-2.99 (m, 1H), 7.18-7.33 (m, 5H) 


ppm.  


(S)-N1-methyl -3-phenylpropane -1,2 -diamine (3b)[5] 


NH2


N
H


 


Colorless oil; [α]D
 25 = -2.0 (c  = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 1.51 


(brs, 3H), 2.41-2.54 (m, 2H), 2.44 (s, 3H), 2.66 (dd, J = 4.9, 11.7 Hz, 1H ), 2.79 (dd, J 


= 4.8, 13.5 Hz, 1H), 3.06-3.15 (m, 1H), 7.18-7.30 (m, 5H) ppm. 


(S)-N1-ethyl-3-phenylpropane -1,2 -diamine (3c) 


NH2


N
H


 


Colorless oil; [α]D
 27 = -1.9 (c = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 1.10 (t, 


J = 7.5 Hz, 3H), 1.28 (brs, 3H), 2.43-2.53 (m, 2H), 2.62-2.82 (m, 4H), 3.06-3.17 (m, 
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1H), 7.19-7.33 (m, 5H) ppm; 13C NMR (CDCl3, 100 MHz) d 15.3, 42.9, 44.2, 52.5, 


55.9, 126.1, 128.3, 129.2, 139.2 ppm; IR (neat): 3290, 2965, 2925, 1666, 1601, 1495, 


1453, 1377, 1128, 745, 701 cm-1; HRMS calc. C11H18N2 (M+): 178.1470. Found: 


178.1474.  


(S)-3-phenyl-N1-propylpropane -1,2-diamine (3d) 


NH2


N
H


 


Colorless oil; [α]D
 27 = 4.3 (c = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 0.92 (t, 


J = 6.9 Hz, 3H), 1.51-1.64 (m, 2H), 2.51-2.71 (m, 7H), 2.75-2.83 (m, 2H), 3.15-3.24 


(m, 1H), 7.18-7.33 (m, 5H) ppm; 13C NMR (CDCl3, 100 MHz) d 11.8, 22.5, 42.6, 


51.6, 52.0, 55.1, 126.6, 128.7, 129.5, 138.7 ppm; IR (neat): 3273, 3026, 2929, 1661, 


1602, 1495, 1454, 746, 701 cm-1; HRMS calc. C12H20N2 (M+): 192.1626. Found: 


192.1623. 


(S)-N1-butyl-3-phenylpropane-1,2 -diamine  (3e) 


NH2


N
H


 


Colorless oil; [α]D
 27 = 3.1 (c = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 0.91 (t, 


J = 7.5 Hz, 3H), 1.28-1.40 (m, 2H), 1.44-1.54 (m, 2H), 1.82 (brs, 3H), 2.45-2.55 (m, 


2H), 2.58-2.68 (m, 2H), 2.71-2.82 (m, 2H), 3.09-3.18 (m, 1H), 7.19-7.33 (m, 5H) ppm; 


13C NMR (CDCl3, 100 MHz) d 14.2, 20.6, 32.0, 42.9, 49.8, 52.4, 55.9, 126.5, 128.7, 


129.4, 139.1 ppm; IR (neat): 3285, 3026, 2927, 1665, 1602, 1495, 1454, 1377, 1129, 


746, 701 cm-1; HRMS calc. C13H22N2 (M+): 206.1783. Found: 206.1778.  


(S)-4-methyl-N1-propylpentane -1,2-diamine (3g) 


NH2


N
H


 


Colorless oil; [α]D
 27 = 12.5 (c = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 


0.88-0.95 (m, 9H), 1.19 (t, J = 6.9 Hz, 2H), 1.46-1.58 (m, 5H), 1.65-1.80 (m, 1H), 


2.33 (dd, J = 8.4, 8.7 Hz, 1H), 2.54-2.65 (m, 3H), 2.84-2.93 (m, 1H) ppm; 13C NMR 


(CDCl3, 100 MHz) d 11.5, 21.7, 23.0, 23.3, 24.4, 45.5, 48.5, 51.7, 56.9 ppm; IR (neat): 


3301, 2956, 2929, 2872, 1465, 807 cm-1; HRMS calc. C 9H22N2 (M+): 158.1783. Found: 







5 


158.1787. 


(S)-2-phenyl-N1-propylethane -1,2 -diamine (3h) 


NH2


N
H


 


Colorless oil; [α]D
 27 = 18.1 (c = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 0.86 (t, 


J = 7.2 Hz, 3H), 1.41-1.48 (m, 2H), 1.67 (brs, 3H), 2.51-2.57 (m, 2H), 2.68-2.77 (m, 


2H), 3.97-4.02 (m, 1H), 7.22-7.31 (m, 5H) ppm; 13C NMR (CDCl3, 100 MHz) d 11.6, 


23.0, 51.6, 55.4, 57.6, 126.3, 127.0, 128.3, 144.7 ppm; IR (neat): 3295, 2958, 2931, 


2874, 1667, 1602. 1493, 1454, 1379, 760, 701 cm -1; HRMS calc. C11H18N2 (M+): 


178.1470. Found: 178.1467. 


(S)-3-(1H-indol-3-yl)-N1-propylpropane-1,2-diamine  (3i) 


NH2


N
HHN  


Yellow oil; [α]D
 26 = -0.8 (c = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 0.91 (t, J 


= 7.5 Hz, 3H), 1.45-1.54 (m, 5H), 2.48-2.62 (m, 3H), 2.63-2.71 (m, 1H), 2.79 (dd, J = 


3.9, 11.7 Hz, 1H), 2.64 (dd, J = 4.5, 11.4 Hz, 1H), 3.20-3.28 (m, 1H), 7.03 (d, J =1.8 


Hz, 1H), 7.11 (t, J = 6.9 Hz, 1H), 7.20 (t, J = 7.2 Hz, 1H), 7.36 (d, J = 7.8 Hz, 1H), 


7.62 (d, J = 7.5 Hz, 1H), 8.42 (brs, 1H) ppm; 13C NMR (CDCl3, 100 MHz) d 11.7, 


22.7, 31.9, 51.1, 51.6, 55.5, 111.5, 111.6, 118.7, 119.0, 121.6, 123.4, 127.7, 136.6 ppm; 


IR (neat): 3244, 2928, 1619, 1456, 1340, 1104, 740, 702 cm -1; HRMS calc. for 


C14H21N3 (M+): 231.1735. Found: 231.1728. 


General procedure for the Michael reaction. 


To a mixture of enone  2  (0.5 mmol), catalyst 3 (0.1 mmol) and TFA (0.1 mmol) in 


CHCl3 (1.0 mL) was added malonate 1 (1.0 mmol) at ambient temperature. After 24 h 


of stirring, the reaction mixture was quenched with 1 M aqueous HCl solution and 


extracted with EtOAc. The combined organic layer was dried over Na2SO4, filtered, 


and concentrated to afford the corresponding Michael adduct 4 after flash column 


chromatography on silica gel (petroleum ether/Et2O as eluent).  
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Dimethyl 2-(3-oxo-1-phenylbutyl)malonate  (4aa)[6] 


O


CH(CO2Me)2


  


White solid; [α ]D 25 = -14.1 (c = 1.0 in CHCl3); m.p. 43-44 ? ; 1H NMR (300 MHz, 


CDCl3) d 2.03 (s, 3H), 2.87-3.02 (m, 2H), 3.50 (s , 3H), 3.72 (s, 3H), 3.73 (d, J = 9.6 


Hz, 1H), 3.94-4.02 (m, 1H ), 7.17-7.30 (m, 5H) ppm; enantiometric excess: 97%, 


determined by HPLC (Chiralpak AD column, hexane/i-PrOH 90:10, flow rate 1 


mL/min; tmajor =13.5 min, tminor = 15.4 min, ? = 254 nm). 


Diethyl 2-(3-oxo-1-phenylbutyl)malonate (4ba)[6] 


O


CH(CO2Et)2


  


White solid; [α ]D 26 = -15.5 (c = 1.0 in CHCl3); m.p. 40-42 ? ; 1H NMR (300 MHz, 


CDCl3) d 1.01 (t, J = 7.2 Hz, 3H), 1.26 (t, J = 7.2 Hz, 3H), 2.02 (s , 3H), 2.86-3.01 (m, 


2H), 3.69 (d, J = 9.6 Hz, 1H), 3.91-4.01(m, 3H), 4.19 ( q , J = 7.2 Hz, 2H), 7.16-7.30 


(m, 5H) ppm; enantiometric excess: 98%, determined by HPLC (Chiralpak AD 


column, hexane/i-PrOH 90:10, flow rate 1 mL/min, tmajor = 12.5 min, tminor = 18.6 min, 


? = 254 nm). 


Diisopropyl 2-(3-oxo-1-phenylbutyl)malonate (4ca)[6] 


O


CH(CO2i-Pr)2


  


Colorless oil; [α]D
 26 = -19.4 (c = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 0.96 


(d, J = 6.6 Hz, 3H), 1.03 (d, J = 6.9 Hz, 3H), 1.23 (dd, J = 1.5, 6.0 Hz, 6H), 2.00 (s, 


3H), 2.84-2.99 (m, 2H), 3.64 (d, J = 10.2 Hz, 1H), 3.90-3.98 (m, 1H), 4.71-4.83 (m, 


1H), 4.99-5.11(m, 1H), 7.15-7.30 (m, 5H) ppm; enantiomeric excess: >99%, 


determined by HPLC (Chiralpak AD column, hexane/i-PrOH 90:10, flow rate 1 
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mL/min, tmajor = 9.6 min, tminor =13.8 min, ? = 254 nm).    


 


 


Diallyl 2-(3-oxo-1-phenylbutyl)malonate (4da)[6] 


O


CH(CO2Allyl)2


 


Colorless oil; [α]D
 26 = -12.1 (c = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 2.02 


(s, 3H), 2.87-3.02 (m, 2H), 3.78 (d, J = 9.6 Hz, 1H), 3.96-4.04 (m, 1H), 4.38 (d, J = 


5.7 Hz 2H), 4.63 (d, J = 5.4 Hz, 2H), 5.10-5.15 (m, 2H), 5.22-5.34 (m, 2H), 


5.57-5.70(m, 1H), 5.81-5.94 (m, 1H), 7.17-7.30 (m, 5H) ppm; enantiomeric excess: 


98%, determined by HPLC (Chiralpak AD column, hexane/i-PrOH 90:10, flow rate 1 


mL/min, tmajor =13.6  min, tminor = 20.3 min, ? = 254 nm). 


Dibenzyl 2-(3-oxo-1-phenylbutyl)malonate (4ea) [6] 


O


CH(CO2Bn)2


                                 


White solid; [α ]D 26 = -7.1 (c = 1.0 in CHCl3); m.p. 85-88 ? ; 1H NMR (300 MHz, 


CDCl3) d 1.95 (s, 3H), 2.88 (d, J = 6.9 Hz, 2H), 3.82 (d, J = 9.6 Hz, 1H), 3.96-4.04 (m, 


1H), 4.89 (s, 2H), 5.13 (s, 2H), 7.04-7.07 (m, 2H), 7.18-7.38 (m, 13H) ppm; 


enantiomeric excess: 99%, determined by HPLC (Chiralpak AD column, 


hexane/i-PrOH 90:10, flow rate 1 mL/min, tmajor =33.0 min, tminor = 46.0 min, ? = 254 


nm). 


Dibenzyl 2-(1-(naphthalen-2-yl)-3-oxobutyl)malonate (4eb) [6] 


O


CH(CO2Bn)2


 


White solid; [α ]D 25 = -7.6 (c = 1.0 in CHCl3); m.p. 66-68 ? ; 1H NMR (300 MHz, 


CDCl3) d 1.94 (s, 3H), 2.89-3.04 (m, 2H), 3.94 (d, J = 9.6 Hz, 1H), 4.14-4.22 (m, 1H), 


4.84 (s, 2H), 5.15 (s, 2H), 6.90 (d, J = 7.5 Hz, 2H), 7.01 (t, J = 6.9 Hz, 2H), 7.18 (t, J 
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= 7.2 Hz, 1H), 7.25-7.36 (m, 6H), 7.43-7.47 (m, 2H), 7.64 (m, 1H), 7.72-7.78 (m, 3H) 


ppm; enantiomeric excess: 99%, determined by HPLC (Chiralpak AD column, 


hexane/i-PrOH 80:20, flow rate 0.75 mL/min, tmajor =35.6 min, tminor = 47.8 min, ? = 


254 nm). 


 


Dibenzyl 2-(1-(4-fluorophenyl)-3-oxobutyl)malonate  (4ec) 


O


CH(CO2Bn)2


F                                                   


White solid; [α]D
 25 = -8.5 (c = 1.0 in CHCl3); m.p. 105-107 ? ; 1H NMR (300 MHz, 


CDCl3) d 1.95 (s, 3H ), 2.84 (d, J = 6.3 Hz, 2H), 3.77 (d, J = 9.6 Hz, 1H), 3.94-4.01 (m, 


1H), 4.91 (s, 2H), 5.14 (s, 2H), 6.87 (t, J = 9.6 Hz, 2H), 7.08-7.16 (m, 4H), 7.26-7.35 


(m, 8H) ppm;  13C NMR (CDCl3, 100MHz) d 30.5, 39.9, 47.3, 57.5, 67.4, 67.6, 


115.5, 115.7, 128.5, 128.6, 128.7, 128.9, 130.0, 135.2, 135.4, 136.2, 167.5, 168.0, 


205.9 ppm; IR (neat): 3068, 1745, 1714, 1603, 1512, 1256, 1153, 757, 700 cm -1; MS 


(70 ev): m/z (%): 357 (0.68) [M+-Bn], 91 (100); Anal. calcd. for C 27H25FO5: C: 72.31; 


H: 5.62. Found: C: 72.28; H: 5.63. enantiomeric excess: 99%, determined by HPLC 


(Chiralpak AD column, hexane/i-PrOH 80:20, flow rate 0.75 mL/min, tmajor =27.1 min, 


tminor = 43.4 min, ? = 254 nm). 


Dibenzyl 2-(1-(4-chlorophenyl)-3-oxobutyl)malonate  (4ed) [6] 


O


CH(CO2Bn)2


Cl  


White solid; [α ]D 25 = -8.7 (c = 1.0 in CHCl3); m.p. 82-84 ? ; 1H NMR (300 MHz, 


CDCl3) d 1.95 (s, 3H), 2.84 (d, J = 6.9 Hz, 2H), 3.77 (d, J = 9.6 Hz, 1H), 3.91-4.00 (m, 


1H), 4.92 (s, 2H), 5.14 (s, 2H), 7.07-7.09 (m, 2H), 7.11-7.16 (m, 4H), 7.26-7.35 (m, 


8H) ppm; enantiomeric excess: >99%, determined by HPLC (Chiralpak AD column, 


hexane/i-PrOH 80:20, flow rate 0.75 mL/min, tmajor =27.6 min, tminor = 44.3 min, ? = 


254 nm). 


Dibenzyl 2-(1-(3-chlorophenyl)-3-oxobutyl)malonate  (4ee) 
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O


CH(CO2Bn)2
Cl


 


White solid; [α ]D 25 = -8.3 (c = 1.0 in CHCl3); m.p. 66-68 ? ; 1H NMR (300 MHz, 


CDCl3) d 1.97 (s, 3H), 2.86 (d, J = 7.2 Hz, 2H), 3.79 (d, J = 9.9 Hz, 1H), 3.94-4.01 (m, 


1H), 4.92 (s, 2H), 5. 13 (s, 2H), 7.07-7.34 (m, 14H) ppm; 13C NMR (CDCl3, 100MHz) 


d 30.2, 39.9, 46.7, 56.9, 67.2, 67.4, 126.5, 127.5, 128.2, 128.3, 128.5, 128.6, 129.7, 


134.2, 134.8, 135.0, 142.5, 167.1, 167.6, 205.3 ppm; IR (neat): 3064, 1731, 1597, 


1570, 1455, 1259, 1156, 746, 696 cm-1; MS (70 ev): m/z (%): 373 (1.06) [M+-Bn], 91 


(100); Anal. calcd. for C27H25ClO5: C: 69.75; H: 5.42. Found: C: 69.70; H: 5.36. 


enantiomeric excess: 99%, determined by HPLC (Chiralpak AD column, 


hexane/i-PrOH 80:20, flow rate 0.75 mL/min, tmajor =21.3 min, tminor = 24.9 min, ? = 


254 nm). 


Dibenzyl 2-(1-(2-chlorophenyl)-3-oxobutyl)malonate  (4ef) 


O


CH(CO2Bn)2Cl


 


Colorless oil; [α]D
 25 = -0.2 (c = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 1.99 (s, 


3H), 2.92-3.10 (m, 2H), 4.10 (d, J = 9.0 Hz, 1H), 4.43-4.50 (m, 1H ), 4.99 (s, 2H), 


5.10 (d, J = 1.5 Hz, 2H), 7.09-7.32 (m, 14H) ppm; 13C NMR (CDCl3, 100MHz) d 30.2, 


37.3, 45.3, 55.1, 67.4, 67.5, 127.2, 128.4, 128.5, 128.6, 128.7, 128.8, 130.4, 134.2, 


135.3, 135.4, 137.8, 167.7, 168.1, 206. 1 ppm; IR (neat): 3033, 1730, 1498, 1476, 


1455, 1375, 1216, 751, 697 cm-1; MS (70 ev): m/z (%): 429 (0.68) [M+-Cl], 91 (100); 


Anal. calcd. for C27H25ClO5: C: 69.75; H: 5.42. Found: C: 69. 84; H: 5.52. 


enantiomeric excess: 99%, determined by HPLC (Chiralpak AD column, 


hexane/i-PrOH 80:20, flow rate 0.75 mL/min, tmajor =22.0min, tminor = 28.0 min, ? = 


254 nm). 


Dibenzyl 2-(1-(4-bromophenyl)-3-oxobutyl)malonate  (4eg) 
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O


CH(CO2Bn)2


Br  


White solid; [α ]D 24 = -6.9 (c = 1.0 in CHCl3); m.p. 77-80 ? ; 1H NMR (300 MHz, 


CDCl3) d 1.95 (s, 3H), 2.83 (d, J = 6.9 Hz, 2H), 3.77 (d, J = 9.6 Hz, 1H), 3.91-3.99 (m, 


1H), 4.92 (s, 2H), 5.14 (s, 2H), 7.03-7.07 (m, 4H), 7.26-7.35 (m, 10H) ppm; 13C NMR 


(CDCl3, 100MHz) d 30.5, 40.0, 47.1, 57.2, 67.5, 67.6, 121.4, 128.6, 128.8,128.9, 


130.2, 131.9, 135.1, 135.3, 139.6, 167.5, 167.9, 205.7 ppm; IR (neat): 3034, 1735, 


1491, 1456, 1408, 1261, 1133, 755, 699 cm-1; MS (70 ev): m/z (%): 417 (0.42) 


[M+-Bn], 91 (100); Anal. calcd. for C27H25BrO5: C: 63.66; H: 4.95. Found: C: 63.72; 


H: 5.05. enantiomeric excess : 99%, determined by HPLC (Chiralpak AD column, 


hexane/i-PrOH 80:20, flow rate 0.75 mL/min, tmajor =30.0min, tminor = 49.0 min, ? = 


254 nm). 


Dibenzyl 2-(3-oxo-1-p-tolylbutyl)malonate (4eh) 


O


CH(CO2Bn)2


 


White solid; [α ]D 25 = -8.1 (c = 1.0 in CHCl3); m.p. 86-89 ? ; 1H NMR (300 MHz, 


CDCl3) d 1.94 (s, 3H), 2.28 (s, 3H), 2.85 (d, J = 6.9 Hz, 2H), 3.79 (d, J = 9.9 Hz, 1H), 


3.92-4.00 (m, 1H), 4.90 (s, 2H), 5.13 (s, 2H), 7.00-7.09 (m, 6H), 7.25-7.33 (m, 8H) 


ppm; 13C NMR (CDCl3, 100MHz) d 21.3, 30.5, 40.4, 47.4, 57.7, 67.3, 67.5, 128.2, 


128.4, 128.5, 128.7, 128.8, 129.5, 135.4, 135.5, 137.0, 137.4, 167.7, 168.2, 206.3 ppm; 


IR (neat): 3033, 1739, 1709, 1514, 1496, 1297, 1222, 732, 698 cm-1; MS (70 ev): m/z 


(%): 444 (0.42) [M+], 91 (100); Anal. calcd. for C28H28O5: C: 75.65; H: 6.35. Found: 


C: 75.82; H: 6.37. enantiomeric excess: >99%, determined by HPLC (Chiralpak AD 


column, hexane/i-PrOH 80:20, flow rate 0.75 mL/min, tmajor =23.8min, tminor = 36.5 


min, ? = 254 nm). 


Dibenzyl 2-(1-(4-methoxyphenyl)-3-oxobutyl)malonate  (4ei) 
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O


CH(CO2Bn)2


MeO  


White solid; [α ]D 25 = -10.2 (c = 1.0 in CHCl3); m.p. 54-56 ? ; 1H NMR (300 MHz, 


CDCl3) d 1.94 (s, 3H), 2.83 (d, J = 6.9 Hz, 2H), 3.75-3.79 (m, 4H), 3.91-4.00 (m, 1H), 


4.90 (s, 2H), 5.14 (s, 2H), 6.74 (d, J = 8.7 Hz, 2H), 7.07-7.12 (m, 4H), 7.26-7.32 (m, 


8H) ppm; 13C NMR (CDCl3, 100MHz) d 30.2, 39.8, 47.2, 55.1, 57.5, 67.0, 67.2, 113.9, 


128.1, 128.2, 128.4, 128.5, 129.1, 132.0, 135.0, 135.2, 158.6, 167.4, 167.9, 206.0 ppm; 


IR (neat): 3066, 2953, 1745, 1715, 1611, 1517, 1456, 1249, 1139, 696 cm-1; MS (70 


ev): m/z (%): 460 (0.78) [M+], 91 (100); Anal. calcd. for C28H28O6: C:73.03; H: 6.13. 


Found: C: 73.28; H: 6.19. enantiomeric excess: >99%, determined by HPLC 


(Chiralpak AD column, hexane/i-PrOH 80:20, flow rate 0.75 mL/min, tmajor =35.5min, 


tminor = 60.9 min, ? = 254 nm). 


Dibenzyl 2-(1-(4-nitrophenyl)-3-oxobutyl)malonate (4e j) [6] 


O


CH(CO2Bn)2


O2N  


Yellow solid; [α]D
 25 = -9.0 (c = 1.0 in CHCl3); m.p. 67-69 ? ; 1H NMR (300 MHz, 


CDCl3) d 1.96 (s, 3H), 2.88-2.91 (m, 2H), 3.82 (d, J = 9.3 Hz, 1H), 4.03-4.11 (m, 1H), 


4.93 (s, 2H), 5.15 (s, 2H), 7.07 (d, J = 6.3 Hz, 4H), 7.23-7.35 (m, 10H), 7.96 (d, J = 


8.7 Hz, 2H) ppm; enantiomeric excess: 99%, determined by HPLC (Chiralpak OD-H 


column, hexane/i-PrOH 80:20, flow rate 0.75 mL/min, tmajor =43.4min, tminor =39.2 


min, ? = 254 nm). 


Dibenzyl 2-(1-(furan-2-yl)-3-oxobutyl)malonate  (4ek) [6] 


O


CH(CO2Bn)2


O
 


Colorless oil; [α]D
 25 = -3.5 (c = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 2.02 (s, 


3H), 2.80-3.00 (m, 2H), 3.90 (d, J = 7.8 Hz, 1H), 4.10-4.17 (m, 1H), 5.04 (s, 2H), 


5.12 (s, 2H), 6.02 (d, J = 3.3 Hz, 1H), 6.19 (dd, J = 1.5, 3.0 Hz, 1H), 7.21-7.33 (m, 
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11H) ppm; enantiomeric excess: 99%, determined by HPLC (Chiralpak AD column, 


hexane/i-PrOH 80:20, flow rate 0.75 mL/min, tmajor =21.5min, tminor = 25.2 min, ? = 


254 nm). 


Dibenzyl 2-(3-oxo-1-phenylpentyl)malonate (4el) [6] 


Et O


CH(CO2Bn)2


 


White solid; [α ]D 25 = -0.9 (c = 1.0 in CHCl3); m.p. 69-71 ? ; 1H NMR (300 MHz, 


CDCl3) d 0.88 (t, J = 7.2 Hz, 3H), 2.08-2.32 (m, 2H), 2.78-2.93 (m, 2H), 3.84 (d, J = 


9.9 Hz, 2H), 3.98-4.06 (m, 1H), 4.88 (s, 2H), 5.13 (d, J = 1.5 Hz), 7.04-7.32 (m, 14H) 


ppm; enantiomeric excess: 99%, determined by HPLC (Chiralpak AD column, 


hexane/i-PrOH 80:20, flow rate 0.75 mL/min, tmajor =24.4min, tminor = 40.6min, ? = 


254 nm). 


Dibenzyl 2-(3-oxo-1,3 -diphenylpropyl)malonate  (4em)[7] 


O(BnO2C)2HC


 


White solid; [α ]D 25 = -14.7 (c = 1.0 in CHCl3); m.p. 87-89 ? ; 1H NMR (300 MHz, 


CDCl3) d 3.44 (d, J = 6.6 Hz, 2H), 3.95 (d, J = 9.6 Hz, 1H), 4.18-4.26 (m, 1H), 4.91 (s, 


2H), 5.14 (d, J = 4.5 Hz), 7.05-7.08 (m, 2H), 7.18-7.28 (m, 13H), 7.36-7.41 (m, 2H), 


7.48-7.54 (m, 1H), 7.81 (d, J = 7.8 Hz, 2H) ppm; enantiomeric excess: >99%, 


determined by HPLC (Chiralpak AD column, hexane/i-PrOH 80:20, flow rate 0.75 


mL/min, tmajor = 43.4min, tminor = 89.3min, ? = 254 nm). 


Dibenzyl 2-(2-oxooctan-4-yl)malonate  (4en) [6] 


O


CH(CO2Bn)2


 


Colorless oil; [α]D
 27 = -5.1 (c = 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3) d 


0.80-0.84 (m, 3H), 1.20-1.33 (m, 6H), 2.03 (s, 3H), 2.41-2.50 (m, 1H), 2.63-2.69 (m, 


2H), 3.66 (d, J = 5.4 Hz, 1H), 5.12-5.14 (m, 4H), 7.26-7.31 (m, 10H) ppm; 
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enantiomeric excess: 98%, determined by HPLC (Chiralpak OD-H column, 


hexane/i-PrOH 95:5, flow rate 1.0 mL/min, tmajor 10.0 min, tminor = 9.3min, ? = 254 


nm). 


Dibenzyl 2-(3-oxocyclohexyl)malonate  (4eo) [6] 


O


CH(CO2Bn)2


 


White solid; [α ]D 25 = -14.7 (c = 1.0 in CHCl3); m.p. 62-64 ? ; 1H NMR (300 MHz, 


CDCl3) d 1.39-1.53 (m, 1H), 1.57-1.71 (m, 1H), 1.88-1.92 (m, 1H), 1.98-2.06 (m, 1H), 


2.14-2.28 (m, 2H), 2.35-2.50 (m, 2H), 2.51-5.61 (m, 1H), 3.41 (d, J = 7.8 Hz, 1H), 


5.15 (d, J = 1.8 Hz, 4H), 7.26-7.34 (m, 10H) ppm; enantiomeric excess: 90%, 


determined by HPLC (Chiralpak AS-H column, hexane/i-PrOH 95:5, flow rate 1.0 


mL/min, tmajor 56.4 min, tminor = 47.5 min, ? = 254 nm). 
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General. 1H NMR spectra were recorded on a Bruker AV-600 (600 MHz), Bruker AMX-400 (400 
MHz) or Bruker DPX-300 (300 MHz). Chemical shifts are reported in ppm from tetramethylsilane with 
the residual solvent resonance as the internal standard (CHCl3: δ 7.26). Data are reported as follows: 
chemical shift, multiplicity (s: singlet, d: doublet, dd: double doublet, td: triplet of doublets, t: triplet, q: 
quartet, br: broad, m: multiplet), coupling constants (J in Hz), integration and assignment. 13C NMR 
spectra were recorded on a Bruker AV-600 (150 MHz), Bruker AMX-400 (100 MHz) or Bruker DPX-
300 (75 MHz) with complete proton decoupling. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance as internal standard (CDCl3: d= 76.95 ppm). 
Bidimensional NMR experiments (COSY, HSQC, HMBC and NOESY) were recorded on a Bruker 
AMX-400 (400 MHz). High-resolution mass spectrometry was carried out on a Finnigan-Mat 95 
spectrometer. All reactions were conducted in dried glassware under an inert atmosphere of argon. 
Solvents were dried and deoxygenated with a PureSolv® column system before use. PtCl2(COD) and 
AgSbF6 were obtained from commercial sources and stored under an inert atmosphere of argon. 


 


 


Synthesis of furo[3,2-c]quinolines 4: The corresponding imine 2 (2.0 mmol) was placed in a carrousel 
tube under an atmosphere of argon and dissolved in acetonitrile (1 ml). PtCl2(COD) (9.3 mg; 5 mol%) 
and AgSbF6 (17.1 mg; 10 mol%) were added and stirred for 10 minutes. Alkynol 1 (0.5 mmol) was 
dissolved separately in acetonitrile (1 ml) under an inert atmosphere of argon. This solution was added 
to the solution of imine 2 and the catalyst using a syringe-pump at a rate of 150 µl/h. After the addition, 
the slurry was stirred at room temperature for additional 17 hours. The reaction was filtered through a 
short plug of celite. Solvent was removed in vacuo and the crude was purified by flash column 
chromatography on silica gel to give pure compounds 4. 
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(3’aR*,4’S*,9’bR*)-8’-methoxy-4’-phenyl-9’b-[(E)-4-styryl]-3a’,4’,5’,9’b-tetrahydro-2’H-
spiro[cyclopentane-1,3’-furo[3,2-c]quinoline] (4a).  


White solid. Rf 0.45 (hexane : diethyl ether, 3:1). 1H NMR (401 MHz, CDCl3) d = 7.36 - 7.03 (m, 10H; 
H10-12 and H15-17), 6.88 (d, J= 2.2 Hz, 1H; H9’), 6.64 (broad d, J= 8.1 Hz, 1H; H7’), 6.53 (broad s, 1H; 
H6’), 6.42 (d, J= 15.8 Hz, 1H; H14), 5.99 (d, J= 15.8 Hz, 1H; H13), 4.17 (broad s, 1H; H4’), 3.66 (s, 3H; 
H18), 3.61 (d, J= 8.4 Hz, 1H; H2’a), 3.59 (d, J= 8.4 Hz, 1H; H2’b), 2.71 (d, J= 5.6 Hz, 1H; H3’a’), 1.73 – 
1.10 (m, 8H; H2-5). 13C NMR (100 MHz, CDCl3) d = 137.2, 135.7, 128.3, 127.1, 126.7, 126.5, 125.8, 
115.2, 114.5, 112.3, 82.5, 77.7, 59.1, 57.1, 55.7, 54.3, 38.0, 32.2, 24.3, 23.0. HRMS calcd. for 
C30H31NO2 437.2353, found 437.2353. 


 


(3’aR*,4’S*,9’bR*)-8’-tert-butyl-4’-(4-fluorophenyl)-9’b-[(E)-4-fluorostyryl]-3a’,4’,5’,9’b-
tetrahydro-2’H-spiro[cyclohexane-1,3’-furo[3,2-c]quinoline] (4b). 
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White solid. Rf 0.59 (hexane : ethyl acetate, 5:1). 1H NMR (400 MHz, CDCl3) d = 7.40 - 7.30 (m, 3H; 
H9’ and H15), 7.16 (dd, J= 8.3, 2.3 Hz, 1H; H7’), 7.08-7.02 (m, 2H; H10), 6.98 (t, J= 8.6 Hz, 2H; H11), 
6.91 (t, J= 8.7 Hz, 2H; H16), 6.60 (d, J= 8.3 Hz, 1H; H6’), 6.31 (d, J= 15.7 Hz, 1H; H14), 5.85 (d, J= 
15.7 Hz, 1H; H13), 4.45 (d, J= 3.5 Hz, 1H; H4’), 3.83 (d, J= 8.8 Hz, 1H; H2’a), 3.79 (d, J= 8.8 Hz, 1H; 
H2’b), 2.34 (d, J= 3.5 Hz, 1H; H3’a’), 1.72 – 1.53 (m, 6H; H2-4), 1.48 – 1.34 (m, 4H; H5 and H6), 1.30 (s, 
9H; H18). 13C NMR (101 MHz, CDCl3) d = 162.0 (d, J= 246.1 Hz), 161.8 (d, J= 246.5 Hz), 141.4, 
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140.6, 135.8, 133.4 (d, J= 2.4 Hz), 128.7 (d, J= 5.8 Hz), 127.9 (d, J= 7.0 Hz), 125.3, 124.4, 124.0, 
115.2 (d, J= 21.6 Hz), 113.2, 81.3, 74.3, 62.6, 54.3, 46.7, 37.6, 34.2, 31.6, 25.9, 24.5, 23.5. HRMS 
calcd. for C34H37NOF2 513.2838, found 513.2838. 


 


(3aR*,4S*,9bR*)-4-(4-chlorophenyl)-9b-[(E)-4-chlorostyryl]-3,3,6-triphenyl-2,3,3a,4,5,9b-
hexahydrofuro[3,2-c]quinoline (4c). 


White solid. Rf 0.67 (hexane : diethyl ether, 5:1). 1H NMR (401 MHz, CDCl3) d = 7.40 – 6.98 (m, 24H; 
H9-11 and H15-25), 6.96 (d, J= 7.3Hz, 1H; H7), 6.82 (t, J= 7.3Hz, 1H; H8), 6.48 (d, J= 16.3Hz, 1H; H14), 
5.91 (d, J= 16.3Hz, 1H; H13), 4.86 (d, J= 9.4Hz, 1H; H2a), 4.55 (d, J= 3.3Hz, 1H; H4), 4.20 (d, J= 
9.4Hz, 1H; H2b), 3.76 (d, J= 3.3Hz, 1H; H3a’). 13C NMR (100 MHz, CDCl3) d = 145.8, 144.4, 142.3, 
139.5, 138.7, 136.0, 135.4, 133.1, 132.8, 130.9, 129.5, 129.4, 129.2, 128.7, 128.6, 128.5, 128.3, 128.1, 
127.8, 127.6, 127.4, 127.2, 127.1, 127.0, 126.7, 126.6, 126.5, 126.3, 124.5, 124.4, 117.7, 82.3, 79.6, 
77.3, 77.0, 76.7, 59.1, 56.3, 54.1. HRMS calcd. for C43H33NOCl2 649.1937, found 649.1941. 


 


(3aR*,4S*,9bR*)-4-(4-fluorophenyl)-9b-[(E)-4-fluorostyryl]-3,3-dimethyl-2,3,3a,4,5,9b-
hexahydrofuro[3,2-c]quinoline (4d). 
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White solid. Rf 0.48 (hexane : ethyl acetate, 5:1). 1H NMR (300 MHz, CDCl3) d = 7.36 (d, J= 7.8 Hz, 
1H; H9), 7.34 (d, J= 8.7 Hz, 2H; H15), 7.16-7.07 (m, 3H; H7 and H10), 7.02 (t, J= 8.7 Hz, 2H; H16), 6.92 
(t, J= 8.7 Hz, 2H; H11), 6.81 (t, J= 7.8 Hz, 1H; H8), 6.65 (d, J= 7.8 Hz, 1H; H6), 6.42 (d, J= 15.8 Hz, 
1H; H14), 5.92 (d, J= 15.8 Hz, 1H; H13), 4.32 (d, J= 5.9 Hz, 1H; H4), 3.68 (d, J= 8.7 Hz, 1H; H2a), 3.65 
(d, J= 8.7 Hz, 1H; H2b), 2.49 (d, J= 5.9 Hz, 1H; H3a’), 1.08 (s, 3H; H17), 1.06 (s, 3H; H18). 13C NMR 
(75 MHz, CDCl3) d = 164.4 (d, J= 246.1 Hz), 164.3 (d, J= 246.0 Hz), 146.2, 142.4 (d, J= 2.4 Hz), 
137.8, 137.8, 135.5 (d, J=3.1 Hz), 131.1 (d, J= 7.8 Hz), 130.6, 130.3, 130.2 (d, J= 7.6 Hz), 128.4, 
126.5, 121.6, 117.9 (d, J= 13.8 Hz), 117.6 (d, J= 13.8 Hz), 116.4, 84.3, 81.9, 64.2, 57.7, 45.2, 29.5, 
25.4. HRMS calcd. for C27H25NOF2 417.1904, found 417.1898. 


 


(3aR*,4S*,9bR*)-3,3-dimethyl-4-phenyl-9b-[(E)-styryl]-2,3,3a,4,5,9b-hexahydrofuro[3,2-
c]quinoline (4e). 


 


White solid. Rf 0.40 (hexane : diethyl ether, 5:1). 1H NMR (300 MHz, CDCl3) d = 7.46 - 7.17 (m, 11H; 
H9-12 and H15-17), 7.13 (t, J= 7.6 Hz, 1H; H7) 6.83 (t, J= 7.6 Hz, 1H; H8), 6.68 (d, J= 7.6 Hz, 1H; H6), 
6.55 (d, J= 15.8 Hz, 1H; H14), 6.04 (d, J= 15.8 Hz, 1H; H13), 4.37 (d, J= 5.7 Hz, 1H; H4), 3.72 
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(apparent s, 2H; H2), 2.61 (d, J= 5.7 Hz, 1H; H3a’), 1.15 (s, 3H; H18), 1.10 (s, 3H; H19). 13C NMR (75 
MHz, CDCl3) d = 144.3, 143.9, 137.1, 135.8, 128.5, 128.2, 127.8, 127.3, 127.1, 127.0, 126.9, 126.4, 
126.0, 124.6, 118.9, 113.9, 81.9, 79.5, 61.4, 55.8, 42.8, 26.9, 22.9. HRMS calcd. for C27H27NO 
381.2087, found 381.2088. 


 


(3aR*,4S*,9bR*)-4-(4-chlorophenyl)-9b-[(E)-4-chlorostyryl]-3,3-dimethyl-6-phenyl-2,3,3a,4,5,9b-
hexahydrofuro[3,2-c]quinoline (4f).  


White solid. Rf 0.40 (hexane : ethyl acetate, 5:1). 1H NMR (300 MHz, CDCl3) d = 7.43 (apparent d, J= 
4.3 Hz, 4H; H10 and H15), 7.34 (m, 3H; H9 and H18), 7.23 (m, 5H; H7, H11 and H16), 7.12 – 7.03 (m, 3H; 
H17 and H19), 6.86 (t, J= 7.6 Hz, 1H; H8), 6.45 (d, J= 15.8 Hz, 1H; H14), 5.96 (d, J= 15.8 Hz, 1H; H13), 
4.27 (d, J= 5.3 Hz, 1H; H4), 3.68 (apparent s, 2H; H2), 2.45 (d, J= 5.3 Hz, 1H; H3a’), 1.11 (s, 3H; H20), 
1.07 (s, 3H; H21). 13C NMR (75 MHz, CDCl3) d = 142.6, 140.5, 138.8, 136.2, 135.5, 133.0, 132.6, 
129.3, 129.2, 129.0, 128.7, 128.5, 128.3, 127.6, 127.4, 127.1, 125.7, 124.2, 118.5, 82.0, 79.6, 61.3, 
54.9, 42.8, 27.2, 22.8. HRMS calcd. for C33H29NOCl2 525.1626, found 525.1625. 


 


(3aR*,4S*,9bR*)-4-(4-fluorophenyl)-9b-[(E)-4-fluorostyryl]-3,3-diphenyl-2,3,3a,4,5,9b-
hexahydrofuro[3,2-c]quinoline (4g). 
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White solid. Rf 0.52 (hexane : dichloromethane, 4:1). 1H NMR (401 MHz, CDCl3) d = 7.43 (d, J= 7.7 
Hz, 1H; H9), 7.31 – 7.01 (m, 15H; H7, H10, H15 and H17-22), 6.98 (t, J= 9.6 Hz, 2H; H16), 6.93 (t, J= 9.0 
Hz, 2H; H11), 6.84 (t, J= 7.7 Hz, 1H; H8), 6.46 (d, J= 15.8 Hz, 1H; H14), 6.35 (d, J= 7.7 Hz, 1H; H6), 
6.02 (d, J= 15.8 Hz, 1H; H13), 4.82 (d, J= 9.0 Hz, 1H; H2a), 4.25 (d, J= 9.0 Hz, 1H; H2b), 4.24 (d, J= 
6.0 Hz, 1H; H4), 3.84 (d, J= 6.0 Hz, 1H; H3a’). 13C NMR (75 MHz, CDCl3) d = 162.1 (d, J= 246.0 Hz), 
145.6, 144.6, 143.4, 139.0, 135.0, 133.0 (d, J= 2.9 Hz), 129.6, 129.3, 129.2, 128.3, 128.1, 128.0 (d, J= 
7.5 Hz), 127.7, 127.2, 126.6, 126.3, 124.4, 119.2, 115.6, 115.5, 115.4 (d, J= 21.2 Hz), 115.3 (d, J= 
21.7 Hz), 114.2, 82.9, 79.4, 59.5, 57.8, 56.0. HRMS calcd. for C37H29NOF2 541.2212, found 541.2210. 


 


(3R*,3aR*,4S*,9bR*)-4-(4-chlorophenyl)-9b-[(E)-4-chlorostyryl]-3,6-diphenyl-2,3,3a,4,5,9b-
hexahydrofuro[3,2-c]quinoline (4h). 
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Colorless oil. Rf 0.30 (hexane : dichloromethane, 2:1). 1H NMR (300 MHz, CDCl3) d = 7.58 – 7.45 (m, 
5H; H21-23), 7.41 (d, J= 7.6 Hz, 1H; H9), 7.40 (d, J= 7.6 Hz, 1H; H7), 7.34 – 7.15 (m, 9H; H10, H15 and 
H18-20), 7.11 (d, J= 8.5 Hz, 2H; H11), 7.04 (d, J= 8.5 Hz, 2H; H16), 6.90 (t, J= 7.6 Hz, 1H; H8), 6.55 (d, 
J= 15.9 Hz, 1H; H14), 5.85 (d, J= 15.9 Hz, 1H; H13), 4.33 (t, J= 8.7 Hz, 1H; H2a), 4.24 (d, J= 4.9 Hz, 
1H; H4), 4.07 (t, J= 8.7 Hz, 1H; H2b), 3.58 (q, J= 8.7 Hz, 1H; H3), 2.78 (dd, J= 8.7, 4.9 Hz, 1H; H3a’). 
13C NMR (75 MHz, CDCl3) d = 141.0, 140.8, 139.9, 138.9, 135.4, 135.0, 133.1, 132.9, 130.9, 129.9, 
129.5, 129.2, 129.1, 128.8, 128.6, 128.5, 128.2, 127.7, 127.6, 127.5, 127.2, 127.0, 126.4, 123.7, 118.3, 
82.2, 77.4, 77.0, 76.6, 72.7, 59.7, 55.8, 50.0. HRMS calcd. for C37H29NOCl2 573.1624, found 
573.1626. 


 


(3R*,3aR*,4S*,9bR*)-8-chloro-3,4-diphenyl-9b-[(E)-styryl]-2,3,3a,4,5,9b-hexahydrofuro[3,2-
c]quinoline (4i). 


 


White solid. Rf 0.37 (hexane:ethyl acetate, 5:1). 1H NMR (401 MHz, CDCl3) d = 7.45 (d, J= 2.4 Hz, 
1H; H9), 7.39 – 7.21 (m, 13H; H10-11, H15-17 and H18-19), 7.20 - 7.13 (m, 3H; H7, H12 and H20), 6.72 (d, 
J= 15.9 Hz, 1H; H14), 6.71 (d, J= 8.8 Hz, 1H; H6), 5.88 (d, J= 15.9 Hz, 1H; H13), 4.34 (t, J= 8.5 Hz, 
1H; H2a), 4.33 (d, J= 5.2 Hz, 1H; H4), 4.11 (t, J= 8.5 Hz, 1H; H2b), 3.60 (q, J= 8.5 Hz, 1H; H3), 2.90 
(dd, J= 8.5, 5.2 Hz, 1H; H3a’). 13C NMR (101 MHz, CDCl3) d = 142.1, 142.0, 140.9, 136.8, 133.8, 
129.5, 128.9, 128.8, 128.7, 128.5, 127.9, 127.6, 127.5, 127.4, 127.0, 126.9, 126.6, 125.7, 123.3, 115.6, 
81.9, 72.9, 59.7, 56.6, 50.0. HRMS calcd. for C31H26NOCl 463.1697, found 463.1693. 


 


(3aR*,4S*,9bR*)-4-phenyl-9b-[(E)-styryl]-2,3,3a,4,5,9b-hexahydrofuro[3,2-c]quinoline (4j). 
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White solid. Rf 0.32 (hexane : ethyl acetate, 5:1). 1H NMR (300 MHz, CDCl3) d = 7.77 (dd, J= 7.6, 1.2 
Hz, 1H; H9), 7.34-7.19 (m, 10H; H10-12 and H15-17), 7.14 (td, J= 7.6, 1.2 Hz, 1H; H7), 7.07 (d, J= 15.3 
Hz, 1H; H14), 6.88 (td, J= 7.6, 1.2 Hz, 1H; H8), 6.43 (dd, J= 7.6, 1.2 Hz, 1H; H6), 6.11 (d, J= 15.3 Hz, 
1H; H13), 3.96 (d, J= 9.4 Hz, 1H; H2a), 3.95 (d, J= 9.4 Hz, 1H; H2b), 3.79 (d, J= 10.6 Hz, 1H; H4), 2.45 
(ddd, J= 10.6, 7.6, 1.2 Hz, 1H; H3a’), 1.85 (dtd, J= 13.0, 9.4, 7.6 Hz, 1H; H3a), 1.55 (dtd, J= 13.0, 5.9, 
1.2 Hz, 1H; H3b). 13C NMR (75 MHz, CDCl3) d = 145.2, 142.4, 137.3, 134.5, 131.2, 128.5, 128.4, 
128.4, 127.7, 127.2, 127.1, 126.7, 123.7, 118.8, 114.9, 83.7, 64.6, 57.9, 50.0, 27.6. HRMS calcd. for 
C25H23NO 353.1774, found 353.1772. 


 


(3aR*,4S*,9bR*)-8-methoxy-4-phenyl-9b-[(E)-styryl]-2,3,3a,4,5,9b-hexahydrofuro[3,2-c]quinoline 
(4k). 


White solid. Rf 0.54 (hexane : dichloromethane, 4:1). 1H NMR (300 MHz, CDCl3) d = 7.46-7.08 (m, 
10H; H10-12 and H15-17), 6.90-6.81 (m, 1H; H9), 6.73 (d, J= 15.8 Hz, 1H; H14), 6.70-6.47 (m, 2H; H6 and 
H7), 6.06 (d, J= 15.8 Hz, 1H; H13), 4.06 – 3.95 (m, 2H; H2), 3.86 (d, J= 10.9 Hz, 1H; H4), 3.62 (s, 3H; 
H18), 2.51 – 2.36 (m, 1H; H3a’), 2.07-1.91 (m, 1H; H3a), 1.70-1.56 (m, 1H; H3b). 13C NMR (75 MHz, 
CDCl3) d = 152.8, 141.9, 139.1, 136.9, 133.7, 128.7, 128.6, 128.2, 128.0, 127.4, 126.6, 124.0, 116.2, 
114.6, 83.5, 65.3, 58.7, 55.9, 49.9, 27.7. HRMS calcd. for C26H25NO2 383.1880, found 383.1876. 
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(3aR*,4S*,9bR*)-4-(4-methylphenyl)-9b-[(E)-4-methylstyryl]-2,3,3a,4,5,9b-hexahydrofuro[3,2-
c]quinoline (4l).  


White solid. Rf 0.38 (hexane : ethyl acetate, 5:1). 1H NMR (300 MHz, CDCl3) d = 7.64 (dd, J= 7.0, 1.1 
Hz, 1H; H9), 7.35-7.11 (m, 8H; H10-11 and H15-16), 7.10 (td, J= 7.0, 1.1 Hz, 1H; H7), 7.06 (d, J= 16.0 
Hz, 1H; H14), 6.81 (td, J= 7.0, 1.1 Hz, 1H; H8), 6.39 (dd, J= 7.0, 1.1 Hz, 1H; H6), 6.03 (d, J= 16.0 Hz, 
1H; H13), 4.12 (d, J= 8.5 Hz, 1H; H2a), 4.08 (d, J= 8.5 Hz, 1H; H2b), 3.86 (d, J= 10.0 Hz, 1H; H4), 2.41 
(ddd, J= 10.0, 7.1, 1.2 Hz, 1H; H3a’), 2.39 (s, 3H; H12), 2.31 (s, 3H; H17), 1.78 (dtd, J= 12.8, 9.4, 7.1 
Hz, 1H; H3a), 1.57 (dtd, J= 12.8, 5.9, 1.0 Hz, 1H; H3b). 13C NMR (75 MHz, CDCl3) d = 153.2, 150.1, 
146.0, 142.3, 138.1, 137.1, 131.4, 128.5, 128.4, 128.0, 127.9, 127.2, 127.1, 126.5, 123.9, 119.0, 115.4, 
81.2, 65.9, 58.3, 45.2, 32.8, 29.6, 25.2. HRMS calcd. for C27H27NO 381.2090, found 381.2095. 
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Supplementary material 


 
 
Synthesis of [2](Br)2 
200 mg (0.24 mmol) of the tetraimidazolium salt H4-1(Br)4 and 113 mg (0.48 mmol) Ag2O were 
suspended in 20 mL of water. The suspension was stirred at room temperatureand protected from light 
for 16 h and afterwards warmed to 35°C for one hour. After cooling the resulting suspension was 
filtrated twice through Cellite to remove the AgBr and insoluble residues. Removal of the solvent 
without warming gave [2](Br)2 as brownish solid. Yield: 130 mg (60%). 
 
Synthesis of [2](PF6)2·2AgPF6 
The same procedure as described above was followe using H4-1(PF6)4 as imidazolium source and 
acetonitrile as solvent. The compound can be recrystalized from acetonitrile/ diethyether and was 
isolated as pale brown powder. Yield: 139 mg (60%). 
 
Synthesis of [3](PF6)2 


150 mg of [2](PF6)2·2PF6 were dissolved in 10 mL of acetonitrile. To this solution were added 4.4 eq 
(128 mg) of solid [AuCl(SMe2)]. The solution turns purple within 3 minutes and a grey solid starts to 
precipitate. The mixture was stirred at room temperature for 12 h and filtered through Cellite at least 
three times to remove all purple solids. The resulting solution was dropped slowly into 40 mL of 
diethyl ether. Upon addition a white solid precipitates that was collected by filtration, washed with 
diethyl ether and dried in vacuo. Yield: 76 mg (65%). 
 
Synthesis of [4](PF6)3 


200 mg (0.18 mmol) H4-1(PF6)4 and 47 mg (0.18 mmol) AgPF6 were dissolved in 20 mL of acetonitrile. 
To this solution were added 10 mg (0.40 mmol) of sodium hydride. The reaction mixture was stirred 
over night at room temperature, filtered through Cellite and poured into 50 mL of diethyl ether. The 
resulting white precipitate was collected by filtration and recrystallized from acetonitrile/diethyl ether. 
Yield: 86 mg (45%). Single crystals suitable for an X-ray analysis were obtained by slow diffusion of 
diethyl ether into a saturated solution of the compound in acetonitrile. 
 
Synthesis of [5](PF6)3 
[5](PF6)3 was prepared following the procedure described for [3](PF6)2 using 70 mg (0.0067 mmol) of 
[4](PF6)3 and 20 mg (0.0067 mmol) of [AuCl(SMe2)] in 10 mL of acetonitrile. The reaction mixture 
turns orange. After filtration and removal of the solvent a pale yellow solid was obtained. 
Recrystallization from acetonitrile/diethyl ether gave  [5](PF6)3 as white needles. Yield: 36 mg (48%). 
Single crystals suitable for an X-ray analysis were obtained by slow diffusion of diethyl ether into a 
saturated solution of the compound in acetonitrile. 
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SUPPLEMENTARY MATERIAL 
 


 


General and Materials 


General reagents and chemicals of analytical grade or higher quality were from Alfa-


Aesar, Fisher Scientific or Sigma-Aldrich. 2-Phenyl-1-butene and trans-2-phenyl-2-


butene were from ChemSampCo, New Jersey. a-D-Cumene (2-phenylpropane-2-D1) 


and [ß-D6]-cumene (2-phenylpropane-1,1,1,3,3,3-D6) were from CDN Isotopes, 


Quebec. 3-Phenyl-1-butene, which was not commercially available, was prepared by 


microdistillation of 3-phenyl-1-butanol over potassium hydrogen sulphate.[1] Epoxides 


were prepared from trans-ß-methylstyrene, allylbenzene, a-methylstyrene, p,a-


dimethylstyrene, 2-phenyl-1-butene and trans-2-phenyl-2-butene by treating an ice-


cold solution of the alkene in dichloromethane with 3-chloroperbenzoic acid, also in 


dichloromethane.[2] Solvents of HPLC quality were from Rathburn Chemicals (UK), 


Sigma-Aldrich and Merck. Buffer components were from Anachem, UK. NADPH 


(tetrasodium salt) was from Apollo Scientific.  


 


Variants 


Four CYP102A1 variants were employed: KT5 (F87A/A330P/E377A/D425N), KSK19 


(F87A/H171L/Q307H/N319Y), A330P[3] and the GVQ variant (A74G/F87V/L188Q) 


developed by Schmid and co-workers[4] along with the wild-type enzyme (WT). The 


procedures used for directed evolution, screening, protein expression and purification 


were as described.[3] Variants containing F87A or F87V typically gave relatively high 


desaturation percentages. ? -Hydroxylation, where observed, was most pronounced 


with KT5. 


 


In vitro oxidation assays 


UV/visible spectra and in vitro assays were run at 30 °C on a Varian Cary 50 


spectrophotometer. NADPH turnovers were run in 1250 µL of 50 mM oxygenated 


Tris/HCl, pH 7.4 at 30 °C, containing 0.25 µM enzyme, 125 µg bovine liver catalase 


and 1 mM substrate added as a 100 mM stock in DMSO. Protein concentration was 


determined as described.[5] Assays were held at 30 °C for 1 min prior to NADPH 


addition as a 20 mg mL–1 stock to a final concentration of ~320 µM (equivalent to 


2AU). The NADPH consumption rate was derived using e340 = 6.22 mM- 1 cm- 1, after 


correction for the small leak rates recorded under the same conditions in the 


presence of substrate-free DMSO. All data are means of at least three experiments 


with standard deviations less than 5% of the mean. For each substrate, turnovers 
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were also run on the benzylic hydroxylation product if available (e.g. p,a,a-


trimethylbenzylalcohol for p-cymene) to ensure that desaturation had not resulted 


from dehydration, either in situ or on the gas chromatography (GC) column. Peroxide 


uncoupling was assessed as described.[6] 


 


Product analysis 


3 µL of 4-benzylphenol (100 mM in DMSO) was added to 1000 µL of each completed 


turnover prior to extraction into 400 µL of ethyl acetate. Centrifugation was carried 


out at 19,000g for 3½ minutes in 1500 µL microcentrifuge tubes. Products were 


identified by matching the GC elution times observed to those of authentic samples, 


and by co-elution. GC analysis was carried out on a Thermo Finnigan Trace 


instrument equipped with a flame-ionisation detector (FID) and a 7-metre DB-1 fused 


silica capillary column. The carrier gas was helium. The injector was maintained at 


200 °C and the FID at 250 °C. The oven temperature was held at 60 °C for 1 min and 


then raised at 15 °C min–1 to 150 °C. FID responses were calibrated using 


compounds representative of both major product types (mono-oxygenation and 


desaturation) on the assumption that isomeric products within each group would give 


comparable responses. Epoxides, which typically formed only in small percentages, 


were assumed to give the same FID responses as desaturation products. Samples 


containing a range of calibrant concentrations in 50 mM Tris/HCl, pH 7.4 and 1% v/v 


in DMSO were extracted as above. Integrated peak areas were expressed as ratios 


of internal standard peak areas and plotted against product concentration to derive 


calibration factors for the following products (corresponding substrate in brackets): 1-


phenyl-1-propanol, trans-ß-methylstyrene (propylbenzene); 1-phenyl-1-ethanol, 


styrene (ethylbenzene); 2-phenyl-2-propanol, a-methylstyrene (cumene); p,a,a-


trimethylbenzylalcohol, p,a-dimethylstyrene (p-cymene); 2-phenyl-2-butanol, trans-2-


phenyl-2-butene (sec-butylbenzene); p-isopropylphenol (p-isopropylanisole). GC-MS 


analysis was carried out on an Agilent 6890 instrument equipped with a 15-metre ZB-


5 fused silica capillary column linked to a Micromass GCT TOF spectrometer 


operating in CI mode. 1H NMR spectra of the reaction mixture obtained from the 


oxidation of 5mM a-D-cumene by KT5 using an NADPH regenerating system were 


acquired in CDCl3 on a Varian Unity Plus 500 MHz spectrometer at ambient 


temperature. Three of the aliphatic resonances could be matched against an 


authentic sample of a-methylstyrene: d=2.13 ppm (dd, 4J(a-Me, ß-Hc)=1.7 Hz, 4J(a-


Me, ß-Ht)=0.7 Hz, 3H; a-Me), 5.06 ppm (quin, 4J(ß-Hc, a-Me)= 2J(ß-Hc, ß-Ht)=1.7 Hz, 


1H; cis-ß-CH), 5.35 ppm (dq, 2J(ß-Ht, ß-Hc)=1.7 Hz, 4J(ß-Ht, a-Me)=0.7 Hz, 1H; trans-


ß-CH).
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Fig. S1 Desaturation substrates[7-10] (all also give hydroxylation products)
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Table S1. In vitro oxidation selectivity of wild-type CYP102A1 and variants with propylbenzene. 
 % a-ol % ß-ol % ?-ol % ortho % cis-aß- 


alkene 
% trans-aß- 


alkene 
% ß?- 
alkene 


% epoxide 


        
2


 
WT 98.7 0.3 – 0.6 0.2 – 0.2 – 
A330P 67.7 1.8 – 30.4 0.1 – – – 
GVQ 77.2 14.4 – 7.8 0.2 0.2 0.2 – 
KSK19 53.1 46.5 – – 0.3 – 0.1 – 
KT5 20.3 78.3 0.3 – 0.4 0.2 0.4 0.1 


Products were 1-phenyl-1-propanol (a-ol, 3.84 min), 2-phenyl-1-propanol (ß-ol, 3.67 min), 3-phenyl-1-propanol (?-ol, 4.56 min), cis- and trans- ß-
methylstyrene (cis- and trans- aß-alkene, 2.41 min & 2.71 min), allylbenzene (ß?-alkene, 2.03 min), cis-ß-methylstyrene oxide (alkene epoxide, 3.41 min) and 
ortho-propylphenol (aromatic, 4.47 min). 
 
 
 
 
 


 
Table S2. In vitro oxidation selectivity of wild-type CYP102A1 and variants with ethylbenzene. 


 % a-ol % ß-ol % ortho % alkene 


     
WT 90.2 – 9.8 – 
A330P 72.9 – 27.1 – 
GVQ 99.4 – – 0.6 
KSK19 97.2 – – 2.8 
KT5 93.2 3.9 – 2.9 


Products were 1-phenylethanol (a-ol, 3.03 min), 2-phenylethanol (ß-ol, 3.56 min), styrene (alkene, 1.62 min) and ortho-ethylphenol (ortho, 4.55 min). 
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Table S3. In vitro oxidation selectivity of wild-type CYP102A1 and variants with sec-butylbenzene. 
 % a-ol % ß-ol 


 
% ß’-ol % ?-ol % ortho % para % cis-


aß-
alkene 


% trans-
aß- 


alkene 


% aß’-
alkene 


% cis-aß-
alkene 


epoxide 


% trans-
aß-alkene 
epoxide 


% aß’-
alkene 


epoxide 


 
2 +


 
 


 
  


+2


  
  


   


WT 63.2 32.8 – – 1.1 0.7 – 1.0 0.5 – 0.6 0.1 
A330P 33.7 54.1 1.7 – 2.4 4.4 – 0.1 2.7 – 0.5 0.4 
GVQ 48.9 41.2 0.6 – 4.0 – 2.2 1.0 0.4 0.8 0.9 – 
KSK19 51.1 42.0 0.7 – – – 2.3 0.8 1.1 1.0 0.8 0.2 
KT5 (*) 30.5 52.1 4.2 1.1 – – 4.6 1.6 1.7 1.4 1.7 0.1 
(*) Percentages do not sum to 100 due to a minority product (0.9%). Products were 2-phenyl-2-butanol (a-ol, 4.07 min), 3-phenyl-2-butanol (ß-ol, two 
diastereomers, 4.24 & 4.34 min), 2-phenyl-1-butanol (ß’-ol, 4.74 min), 3-phenyl-1-butanol (?-ol, 4.96 min), 2-phenyl-2-butene (cis- and trans- aß-alkene, 2.71 
and 3.53 min), 2-phenyl-1-butene (aß’-alkene, 3.0 min), the oxide formed by cis-2-phenyl-2-butene (3.44 min, cis-aß-alkene epoxide), the oxide formed by 
trans-2-phenyl-2-butene (3.96 min, trans-aß-alkene epoxide), the oxide formed by 1-phenyl-2-butene (4.02 min, aß’-alkene epoxide), o-sec-butylphenol (4.98 
min, ortho) and p-sec-butylphenol (5.27 min, para). 3-phenyl-1-butene (3.23 min, ß?-alkene) was not observed in turnovers. Cis-2-phenyl-2-butene was not 
commercially available, but the GC-MS profile of the peak at 2.71 min closely resembled that of the trans-2-phenyl-2-butene peak (principal mass fragments 
at 133.2, 132.2, 117.2, 115.2 and 91.2). The oxide from cis-2-phenyl-2-butene was therefore not synthesised, but the GC-MS profile of the peak at 3.44 min 
closely resembled that of the trans-2-phenyl-2-butene epoxide peak at 3.96 min (principal mass fragments at 166.2, 149.2, 105.2 and 70.2). 
 
 


Table S4. In vitro oxidation selectivity of wild-type CYP102A1 and variants with cumene. 
 % a-ol % ß-ol % ortho % para % alkene % epoxide 


   
 


   


WT 81.0 – 10.5 – 8.5 – 
A330P 74.9 0.5 15.1 2.1 7.4 – 
GVQ 69.5 1.1 0.6 – 28.0 0.8 
KSK19 79.0 0.7 – – 19.5 0.8 
KT5 69.2 3.2 – – 26.7 0.9 
Products were 2-phenyl-2-propanol (a-ol, 3.26 min), 2-phenyl-1-propanol (ß-ol, 4.05 min), a-methylstyrene (alkene, 2.34 min), a-methylstyrene oxide (alkene 
epoxide, 3.3 min), o-isopropylphenol (ortho, 4.29 min), p-isopropylphenol (para, 4.53 min). 
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Table S5. In vitro oxidation selectivity of wild-type CYP102A1 and variants with p-cymene. 
 % a-ol % a’-ol % ß-ol % thymol % carvacrol % alkene % epoxide % others 


      
  


 2  
 


WT 82.0 1.7 – 3.6 6.8 5.9 – – 
A330P 34.8 19.1 – 19.2 15.7 3.2 1.0 7.0 
GVQ 71.2 1.2 – – – 25.6 1.2 0.8 
KSK19 75.7 1.2 – – – 22.4 0.7 – 
KT5 75.8 2.1 – – – 18.9 3.2 – 


Products were p,a,a-trimethylbenzylalcohol (a-ol, 4.16 min), 4-isopropylbenzylalcohol (a’-ol, 5.07 min), p,a-dimethylstyrene (alkene, 3.3 min), p,a-
dimethylstyrene oxide (epoxide, 4.33 min), thymol (5.03 min) and carvacrol (5.17 min). 2-p-tolyl-1-propanol (ß-ol) was not commercially available, but might 
be expected from the GC of cumene to have an elution time between 4.8 and 5.1 min (Fig. S2). 
 
 
 
 
 
 


Table S6. In vitro oxidation selectivity of wild-type CYP102A1 and variants with p-isopropylanisole. 
 % a-ol % ß-ol % aromatic % alkene % epoxide % dealkylation % others 


  
 
 


 
 
 


 
 


 
 
 


 
 


 
 
 


 
 
 


WT 60.8 – 23.3 4.9 – 11.0 – 
A330P 56.1 – 16.5 4.7 – 21.4 1.3 
GVQ 60.9 – – 31.2 1.1 6.8 – 
KSK19 69.3 – – 24.3 0.5 5.9 – 
KT5 72.0 – – 22.1 0.6 5.3 – 
Prospective products were 2-p-methoxyphenyl-2-propanol (a-ol, 5.47 min), 2-p-methoxyphenyl-1-propanol (ß-ol), 2-p-methoxyphenylpropene (alkene, 4.68 
min), 2-p-methoxyphenylpropene oxide (alkene epoxide, 5.66 min), 2-isopropyl-5-methoxyphenol or 2-methoxy-5-isopropylphenol (aromatic, 5.52 min) and p-
isopropylphenol (dealkylation, 4.55 min). Of these, only p-isopropylphenol was commercially sourced. The remaining peaks were assigned on the basis of the 
GC data obtained for the related substrates, cumene and p-cymene (Fig. S2). The absence of any peak beyond 5.66 min suggests that no ß-alcohol formed. 
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Table S7. In vitro activity of wild-type CYP102A1 (WT) and variants in the oxidation of alkylbenzenes. 
 WT A330P GVQ KSK19 KT5 


 N C (%) PFR N C (%) PFR N C (%) PFR N C (%) PFR N C (%) PFR 
Propylbenzene 866 71 615 1810 39 706 3172 32 1015 2079 52 1081 1062 66 701 
Ethylbenzene 123 28 34 720 55 396 2201 26 572 710 25 178 488 31 151 
Cumene 419 31 130 1687 31 523 2571 21 540 1755 34 597 755 37 279 
p-Cymene 467 36 168 1040 26 270 2799 28 784 2721 53 1442 1403 50 702 
sec-Butylbenzene 620 30 186 1489 18 268 2998 24 720 2697 42 1133 1582 35 554 
p-Isopropylanisole 308 30 92 303 16 48 2755 50 1378 3036 83 2520 1111 75 833 
Rates in nmol min–1 (nmol P450)–1. N = NADPH turnover rate. C = coupling. PFR = Product formation rate. p-Isopropylphenol is an imperfect GC calibrant for 
p-isopropylanisole as it lacks the methoxy substituent possessed by the other oxidation products. Coupling and PFR data for this substrate may therefore be 
overstated.
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Fig. S2 GC analysis of p-isopropylanisole, cumene and p-cymene oxidation by KT5 (R = OMe, H, Me respectively)  
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Highly Ylidic Imidazolin-Based Fulvenes as Suitable Precursor 
for the Synthesis of Imidazolium Substituted Metallocenes 


Doris Kunz,* Erik Ø. Johnsen, Birgit Monsler (née Breuninger), and Frank Rominger 


 
 
Experimental 


General Comments: All manipulations were performed under a pure dry Ar or N2 atmosphere 


unless otherwise noted. All reagents were obtained from commercial sources and used as 


received. All solvents were degassed and dried according to literature[1]. Silica gel was 


degassed and stored under nitrogen. 1,3,4,5-tetramethylimidazolin-2-on (1)[2] and tert-Butyl-


cyclopentadienyllithium were prepared according to a literature procedure.[3]


 


Synthesis of 2-ethoxy-1,3,4,5-tetramethylimidazoliumtetrafluoroborate (2):  


 


N N


O
Et


CH3 CH3


CH3CH3


+


BF4
-


O


N N CH3CH3


CH3CH3


Et3OBF4


- Et2O


1 2


2
13


4 5 


 


 


 


 


5.20 g (37.2 mmol) 1,3,4,5-tetramethylimidazol-2-on and 8.60 g (45.3 mmol) triethyl-


oxoniumtetrafluoroborate were dissolved in 40 mL of dichloromethane. The colour changes 


from yellow to red within 10 min, after 2 h the solvent is evaporated in vacuo and impurities 


extracted with hot toluene to yield 2 (8.70 g, 92 %) as light pink crystals.[12] Mp 118.0 °C. 1H 


NMR (250.13 MHz, CD2Cl2): δ = 1.53 (t, 3JHH = 7.1 Hz, 3H, H-12), 2.17 (s, 6H, H-8/9), 3.54 


(s, 6H, H-6/7), 4.50 (q, 3JHH = 7.1 Hz, 2H, H-11). 13C{1H} NMR (75.47 MHz, CD2Cl2): δ = 


8.6 (C8/9), 15.7 (C12), 30.8 (C6/7), 76.3 (C11), 122.5 (C4/5), 146.6 (C2). MS (ESI+): m/z 


(%) = 169.1 [M-BF4]+ (100.0), 140.1 [M-BF4-Et]+. Elemental analysis (%) calcd for 


C9H17N2OBF4: C 42.22, H 6.69, N 10.94; found: C 42.24, H 6.80, N 10.91. 
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Synthesis of 2-(cyclopenta-2,4-dien-1-ylidene)-1,3,4,5-tetramethyl-2,3-dihydro-1H-imidazol 


(3a):  


N N CH3CH3


CH3CH3


- LiBF4
- Cp-H


3a


1


2


34


5


6


Li+-


- LiOEt
N N


O
Et


CH3 CH3


CH3CH3


+


BF4
-


2


2
 


 


 


 


 


 


To a suspension of 512 mg (2.00 mmol) of 2 in 6 mL of tetrahydrofuran is added a solution of 


289 mg (4.00 mmol) cyclopentadienyllithium in 18 mL of tetrahydrofuran at rt and the colour 


changes from red to orange within a few min. After 90 min 6 mL of dichloromethane are 


added to quench unreacted cyclopentadienyllithium. The white solid is filtered off and 


extracted with tetrahydrofuran. The product is precipitated with pentane to give 3a (253 mg 


67 %) as a red solid. m.p. 148 °C (dec). 1H NMR (300 MHz, CD2Cl2): δ = 2.18 (s, 6H, C-


CH3), 3.71 (s, 6H, N-CH3), 6.04-6.06 (m, 2H, H2/5), 6.19-6.21 (m, 2H, H3/4). 13C{1H} NMR 


(75 MHz, CD2Cl2): δ = 9.4 (C-CH3), 33.8 (N-CH3), 98.0 (C1), 110.4 (C2/5), 111.2 (C3/4), 


122.1 (C8/9), 148.3 (C6). HR-MS (EI+): for C12H16N2: calcd: 188.1314; found: 188.1310. IR 


(KBr): ν~  = 2963 (w), 2922 (w), 1553 (vs), 1491 (w), 1339 (m), 1261(w), 1104 (m), 1053 (m), 


800 (m), 712 cm-1 (m). UV/VIS (CH2Cl2): λ1 = 254 nm (log ε = 2.71), λ2 = 338 nm (log ε = 


3.56). 


 


 


Synthesis of 2-(3-tert-butylcyclopenta-2,4-dien-1-ylidene)-1,3,4,5-tetramethyl-2,3-dihydro-


1H-imidazol (3b):  


 


N N CH3CH3


CH3CH3
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3b


1


2


34


5


6


Li+-
tBu


- LiOEt
N N


O
Et


CH3 CH3


CH3CH3


+


BF4
-


2


2 


 


 


 


 


 


384 mg (1.50 mmol) of the uronium salt 2 are suspended in 10 mL of tetrahydrofuran. A 


solution of 398 mg (3.10 mmol) (2.1 eq) t-Bu-CpLi in 6 mL of tetrahydrofuran is added 


dropwise within a period of ten minutes. The reaction mixture turns yellow to orange. After 
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48 h the solvent is evaporated in vacuo, the residue extracted with 15 mL of toluene dried in 


vacuo. The yellow residue is chromatographically purified with 6 mL tetrahydrofuran over 


neutral alumoxane. This yields 216 mg (59 %) of 3b as pale yellow plates with a pearly shine. 


Mp 110 °C (dec). 1H NMR (400 MHz, [D8]THF): δ = 1.23 (s, 9H, C(CH3)3), 2.15 (s, 6H, C-


CH3), 3.64 (s, 6 H, N-CH3), 5.89 - 5.94 (m, 2H, H-2, H-4), 5.99 - 6.02 (m, 1H, H-5). 1H NMR 


(250 MHz, CD3CN): δ = 1.24 (s, 9H, C(CH3)3), 2.15 (s, 6H, C-CH3), 3.64 (s, 6H, N-CH3), 


5.90 (dd, 3JHH = 3.8 Hz, 4JHH = 2.3 Hz, 1H, H-4, H-5), 5.98 (dd, 4JHH = 2.3 Hz, 4JHH = 2.5 Hz, 


1H, H-2), 6.02 (dd, 3JHH = 3.9 Hz, 4JHH = 2.5 Hz, 1H, H-4. H-5). 13C{1H} NMR (100 MHz, 


THF-d8): δ = 8.8 (C-CH3), 32.6 (C(CH3)3), 33.4 (C(CH3)3), 33.6 (N-CH3), 96.1 (C1), 105.9 


(C2), 109.8 (C4), 111.0 (C5), 121.5 (C8/9), 138.4 (C3), 149.8 (C6). IR (KBr): ν~  = 2954 (s), 


1556 (vs), 1482 (w), 1433 (w), 1401 (w), 1335 (m), 1249 (w), 1073 (w), 906 (w), 783 (w), 


668 cm-1 (w). HR-MS (EI+): for C16H24N2: calcd: 244.1939; found: 244.1937 


 


 


Synthesis of 1,1-bis(1,3,4,5-tetramethylimidazolium-2-yl)ferrocene bis(tetrafluoroborate) 


(5a):  


FeCl2, 2 NaBF4


- 2 NaCl
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9.8 mg (50 µmol) of fulvene 3a, 3.5 mg (27 µmol) FeCl2 and 5.8 mg (53 µmol) NaBF4 


are suspended in 2 mL of tetrahydrofuran and stirred for 12 h. The solvent is decanted, the 


residue dried in vacuo and dissolved in 0.5 mL of acetone-d6. The MS (ESI+) spectrum shows 


the product [M-BF4]+ signal and no formation of the complex 5a with a [FeCl4]2- counterion. 
1H NMR (300 MHz, aceton-d6): δ = 2.30 (s, 12H,C-CH3), 3.96 (s, 12H, N-CH3), 5.03 (s, 4H, 


Cp-H), 5.21 (s, 4H, Cp-H). HR-MS (ESI+): for C24H32N4BF4Fe [M-BF4+H]+: calcd: 


519.2048; found: 519.2017. 
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Synthesis of 3,3’-Di-tert-butyl-1,1’-bis(1,3,4,5-tetramethylimidazolium-2-yl)ferrocene bis(tet-


To a solution of 30.0


rafluoroborate) (5b):  


 mg (123 µmol) of fulvene 3b in 3 mL of THF are added 7.8 mg 


3


FeCl2, 2 NaBF4


- 2 NaCl
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(61 µmol) FeCl2 as a solid. The reaction mixture turns red, 15.2 mg (138 µmol) 


sodiumtetrafluoroborate are added and stirred for 24 h. The solvent is removed in vacuo, and 


the residue washed with toluene and extracted with 0.5 mL of [D6]acetone. 1H NMR (250 


MHz, [D6]acetone, ratio 2:1): major isomer: δ = 1.28 (s, 9H, C(CH3)3), 2.38 (s, 6H, C-CH3), 


4.03 (s, 6H, N-CH3), 4.86, 5.25, 5.43 (each br s, each 1H, Cp-H), minor isomer: δ = 1.31 (s, 


9H, C(CH3)3), 2.36 (s, 6H, C-CH3), 4.01 (s, 6H, N-CH3), 5.05, 5.09, 5.13 (each br s, each 1H, 


CpH). 1H NMR (400 MHz, CD3CN): major isomer: δ = 1.24 (s, 9H, C(CH3)3), 2.22 (s, 6H, C-


CH3), 3.73 (s, 6H, N-CH3), 4.58, 4.86, 5.02 (each br s, each 1H, Cp-H), minor isomer: δ = 


1.21 (s, 9H, C(CH3)3), 2.26 (s, 6H, C-CH3), 3.71 (s, 6H, N-CH3), 4.63, 4.68, 4.86 (each br s, 


each 1H, Cp-H); the signal at δ = 4.86 is covered by the signal of the major isomer. 13C NMR 


(from HSQC, 100 MHz, [D6]acetone): major isomer: δ = 9.0 (C-CH3), 31.6 (C(CH )3), 34.8 


(N-CH3), 69.3, 73.1, 73.4 (CpH); minor isomer: δ = 9.0 (C-CH3), 31.6 (C(CH3)3), 34.8 (N-


CH3), 69.4, 72.5, 72.8 (CpH). HR-MS (ESI+) C32H48BF4FeN4: m/z calcd: 631.32583, found: 


631.32620 [M-BF4]+. 
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Synthesis of 1’,2’,3’,4’,5’-pentamethyl-(3-tert-butyl-1-(1,3,4,5-tetramethylimidazolium-2-yl)-


ruthenocene triflate (6):  


Ru


N


N
+


t-Bu


−OTf


6


[Cp*Ru(NCCH3)3]OTf3b
N N CH3CH3


CH3CH3


tBu
3b


1
23


4
5


A solution of 10.8 mg (44.2 µmol) of fulvene 3b in 0.3 mL THF-d8 is combined with a 


solution of 22.9 mg (45.0 µmol) trisacetonitril(pentamethylcyclopentadienyl)ruthenium(II)-


triflat in 0.2 mL of THF-d8. The reaction mixture turnes brownish and is characterized by 


NMR after 48 h and by HR-MS. 
1H NMR (400 MHz, [D8]THF): δ = 1.21 (s, 9H, C(CH3)3), 1.84 (s, 15H, Cp*), 2.30 (s, 6H, C-


CH3), 3.87 (s, 6H, N-CH3), 4.50, 4.81 (br s, 1H, H4, 5), 4.83 (s, 1H, H2). 1H NMR (250 MHz, 


[D8]toluene): δ = 1.19 (s, 9H, C(CH3)3), 1.73 (s, 15H, Cp*), 2.02 (s, 6H, C-CH3), 3.51 (s, 6H, 


N-CH3), 4.16 (br s, 1H, H2, 4, 5), 4.60 (br s, 2H, H2, 4, 5). 13C{1H} NMR (100 MHz, 


[D8]THF): δ = 8.8 (C-CH3), 11.8 (Cp*), 31.2 (C(CH3)3), 31.5 (C(CH3)3), 34.3 (N-CH3), 71.8 


(C1), 73.1 (C2), 74.0, 74.7 (C4, C5), 87.7 (Cp*), 110.1 (C3), 127.4 (C8/9), 143.5 (C6); 


chemical shift of C6 taken from HMBC experiment. HR-MS (ESI+) for C26H39N2Ru [M-


OTf]+: calcd: 481.2157; found: 481.2158  


 


 


References: 
[1] W. L. F. Armarego, C. L. L. Chai, Purification of Laboratory Chemicals, Butterworth-


Heinemann, Amsterdam, 2003. 


[2] J. Akester, J. Cui, G. Fraenkel, J. Org. Chem. 1997, 62, 431-434. 


[3] R. A. Howie, G. P. McQuillan, J. Organomet. Chem. 1986, 303, 213-220. 
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Experimental section 
 
Synthesis 


Me2tpa ligand was synthesised according to literature methods.[17,18] The complexes were 


obtained mixing methanol solutions containing cobalt chloride and the ligand in 1:1 ratio with a 


solution of the catecholate and triethylamine (1:2.5 ratio) in the same solvent under inert 


atmosphere. The metal(II)-catecholato complexes were oxidised with atmospheric dioxygen and 


the resulting products were precipitated by adding an aqueous solution of KPF6. 


 


Photomagnetic characterization 


The photomagnetic characterization of the sample was performed by irradiating thin pellets (1–2 


mg) of polycrystalline powder. The experiments were performed by a S600 Cryogenic SQUID 


Magnetometer equipped with an optical fiber and a specifically designed sample holder. Earlier 


calibration of the setup was accomplished to remove any stray contributions due to the 


arrangement. The data have been recorded exciting the sample at 9 K until the steady state was 


reached, then raising the temperature and letting it stabilise for 300 s. This is the time zero in the 


relaxation measurements. The relaxation data have been recorded exciting the sample at 9 K 


until the steady state was reached (10 hours), then raising the temperature to desired value and 


letting it stabilise for 300 s. This is the time zero of the relaxation measurements. 


 


Diffractometric analysis 
 
X-ray data collection for 1 was performed on an Oxford Instrument XcaliburPX Ultra 
diffractometer equipped with a 165 mm CCD area detector and using graphite monochromated 
CuKα radiation from the Enhance high-brilliance sealed tube. The diffraction data were collected 
at 100 and 160 K using an Oxford Cryostream liquid-nitrogen cooling system. Details of the unit 
cell and the partial refinement results are reported in Tables S1 and S2; selected parameters at the 
two temperatures are given in Tables S3.  


 


 


 


 


 







 


Table S1.  Crystal data and structure refinement for 1 at 100 K 


 


Empirical formula  C82 H100 Co2 F12 N8 O4 P2  


Formula weight  1669.5  


Temperature  100(2) K  


Wavelength  1.5418 Å  


Crystal system  Monoclinic  


Space group  P 1 21/c 1  


Unit cell dimensions a = 11.475(5) Å α= 90°. 


 b = 31.009(5) Å β= 94.458(5)°. 


 c = 21.784(5) Å γ = 90°. 


Volume 7728(4) Å3  


Z 4  


Density (calculated) 1.435 Mg/m3  


Absorption coefficient 4.481 mm-1  


F(000) 3488  


Crystal size 0.21 x 0.14 x 0.05 mm3  


Theta range for data collection 3.86 to 54.3°.  


Index ranges -12=h=12, -32=k=29, -22=l=22  


Reflections collected 28930  


Independent reflections 9314 [R(int) = 0.1036]  


Completeness to theta = 54.3° 98.6 %   


Absorption correction Semi-empirical from 


equivalents 


 


Max. and min. transmission 0.9 and 0.36  


Refinement method Full-matrix least-squares on F2  


Data / restraints / parameters 9314 / 11 / 890  


Goodness-of-fit on F2 1.888  


Final R indices [I>2sigma(I)] R1 = 0.1846, wR2 = 0.4846  


R indices (all data) R1 = 0.2592, wR2 = 0.529  


Largest diff. peak and hole 1.885 and -0.793 e.Å-3  


 


 


 


 







Table S2  Crystal data and structure refinement for 1 at 160 K 


 


Empirical formula  C82 H100 Co2 F12 N8 O4 


P2 


 


Formula weight  1669.5  


Temperature  160(2) K  


Wavelength  0.71069 Å  


Crystal system  Monoclinic  


Space group  P 1 21/c 1  


Unit cell dimensions a = 11.559(5) Å α= 90.000(5)°. 


 b = 31.395(5) Å β= 94.837(5)°. 


 c = 21.918(5) Å γ = 90.000(5)°. 


Volume 7926(4) Å3  


Z 4  


Density (calculated) 1.399 Mg/m3  


Absorption coefficient 4.37 mm-1  


F(000) 3488  


Crystal size 0.21 x 0.14 x 0.05 mm3  


Theta range for data collection 1.77 to 21.91°.  


Index ranges -12=h=12, -32=k=29, -


23=l=22 


 


Reflections collected 30621  


Independent reflections 9464 [R(int) = 0.0913]  


Completeness to theta = 21.91° 98.7 %   


Absorption correction Semi-empirical from 


equivalents 


 


Max. and min. transmission 0.991 and 0.8874  


Refinement method Full-matrix least-squares on 


F2 


 


Data / restraints / parameters 9464 / 7 / 921  


Goodness-of-fit on F2 2.137  


Final R indices [I>2sigma(I)] R1 = 0.1957, wR2 = 0.5230  


R indices (all data) R1 = 0.2593, wR2 = 0.5605  


Largest diff. peak and hole 2.136 and -0.619 e.Å-3  


 
 







Table S3 Selected bond distances (Å) for 1 at 100 K and 160 K 
 
 


100 K 160 K 


Co1-O1 1.873(11) Co1-O1 1.987(13) 


Co1-O2 1.893(12) Co1-O2 2.050(12) 


Co1-N1 1.988(13) Co1-N1 2.099(13) 


Co1-N3 2.013(15) Co1-N2 2.126(15) 


Co1-N2 2.028(15) Co1-N3 2.142(17) 


Co1-N4 2.042(16) Co1-N4 2.168(16) 


O1-C11 1.32(2) O1-C11 1.33(2) 


O2-C12 1.302(19) O2-C12 1.28(2) 


C11-C12 1.39(2) C11-C12 1.49(2) 


Co2-O4 1.870(11) Co2-O3 1.879(12) 


Co2-O3 1.880(11) Co2-O4 1.879(13) 


Co2-N5 1.961(14) Co2-N7 1.991(14) 


Co2-N7 2.000(14) Co2-N5 1.995(15) 


Co2-N8 2.007(15) Co2-N8 2.020(16) 


Co2-N6 2.034(16) Co2-N6 2.041(15) 


O3-C32 1.32(2) O3-C32 1.34(2) 


O4-C33 1.375(18) O4-C33 1.351(19) 


C32-C33 1.39(2) C32-C33 1.41(2) 
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General information: All reagents were purchased from commercial suppliers and 


used without further purification. FeCl3 was purchased from Merck (98% purity). 


Acetanilides 1 were prepared following standard acetylation procedures from the 


corresponding commercially available anilines. All experiments were carried out under 


argon. Flash chromatography was carried out with Merck silica gel 60 (63-200 mesh). 


Analytical TLC was performed with Merck silica gel 60 F254 plates, and the products 


were visualized by UV detection. 1H-NMR and 13C-NMR spectra were recorded in 


CDCl3. Chemical shifts (!) are reported in ppm using TMS as internal standard, and 


spin-spin coupling constants (J) are given in Hz. Mass spectra were acquired on a 


Varian MAT 212 spectrometer (CI, 100 eV and EI, 70 eV). Microanalyses were 


obtained with a Vario EL element analyzer.  


 


 


 


General procedure for the synthesis of diarylamines: A sealable tube equipped with 


a magnetic stir bar was charged with acetanilide 1 (1.0 equiv), aryl iodide 2 (1.5 equiv, 


if solid), Cs2CO3 (2.0 equiv) and FeCl3 (0.15 equiv). The aperture of the tube was then 


covered with a rubber septum, and an argon atmosphere was established. Aryl halide 2 


(1.5 equiv, if liquid), N,N’-dimethylethylendiamine (0.30 equiv) and toluene (1 


mL/mmol of acetanilide) were added via syringe. The septum was then replaced by a 


teflon-coated screw cap, and the reaction vessel was placed in an oil bath kept at a 135 


°C. After stirring at this temperature for 24 h, the heterogeneous mixture was cooled to 


room temperature and NaOMe (9.0 equiv) along with toluene (0.5 mL) was added. 


Stirring under reflux for 1.5 h was followed by cooling of the reaction mixture to room 


temperature and diluting with dichloromethane. The resulting solution was directly 


filtered through a pad of silica and concentrated to yield the diarylamine 4, which was 


purified by silica gel chromatography. The identity and purity of the known products 


was confirmed by 1H-and 13C-NMR spectroscopic analysis, and the new products were 


fully characterized. 
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N,N-Diphenylamine (4a).1 Following the general procedure using acetanilide (100 mg, 


0.74 mmol) and phenyl iodide (0.12 mL, 1.11 mmol) provided 114 mg (91% yield) of 


the coupling product as a brown solid after purification by flash chromatography 


(dichloromethane/pentane 2/8) of the crude oil.  
H
N


 
1H-NMR (400 MHz, CDCl3) ! 7.34 (dd, J = 8.5, 7.3 Hz, 4H), 7.13 (dd, J = 8.6, 1.1 Hz, 


4H), 7.00 (t, J = 7.3 Hz, 2H), 5.72 (br s, 1H). 
13C-NMR (100 MHz, CDCl3) ! 143.1 (C), 129.3 (CH), 120.9 (CH), 117.8 (CH). 


All spectral data correspond to those given in the literature. 


 


N-(3-Trifluoromethylphenyl)-N-phenylamine (4b).2 Following the general procedure 


using acetanilide (100 mg, 0.74 mmol) and 3-iodobenzotrifluoride (0.16 mL, 1.11 


mmol) provided 115.6 mg (66% yield) of the coupling product as a brown oil after 


purification by flash chromatography (dichloromethane/pentane 2/8) of the crude oil.  
H
N CF3


 
1H-NMR (400 MHz, CDCl3) ! 7.38-7.29 (m, 4H), 7.22-7.12 (m, 4H), 7.08-7.04 (m, 


1H), 5.82 (br s, 1H). 
13C-NMR (100 MHz, CDCl3) ! 143.9 (C), 141.6 (C), 131.6 (q, J = 32.0 Hz, C), 129.7 


(CH), 129.5 (CH), 125.6 (q, J = 201.0 Hz, C), 122.2 (CH), 119.6 (CH), 118.9 (CH), 


116.8 (q, J = 3.8 Hz, CH), 113.1 (q, J = 3.85 Hz, CH). 


All spectral data correspond to those given in the literature. 


 


N-(4-Methoxyphenyl)-N-(3-methylphenyl)amine (4c).3 Following the general 


procedure using 4-methoxyacetanilide (100 mg, 0.61 mmol) and 3-iodotoluene (0.11 


mL, 0.91 mmol) provided 114 mg (88% yield) of the coupling product as a white solid 


after purification by flash chromatography (dichloromethane/pentane 5/5) of the crude 


oil.  
                                                 
1 A. S. Gajare, K. Toyota, M. Yoshifuji, F. Ozawa, J. Org. Chem. 2004, 69, 6504. 
2 X. Huang, K. W. Anderson, D. Zim, L. Jiang, A. Klapars, S. L. Buchwald, J. Am. Chem. Soc. 
2003, 125, 6653. 
3 C. Desmarets, R. Schneider, Y. Fort, J. Org. Chem. 2002, 67, 3029. 
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H
N Me


MeO  
1H-NMR (400 MHz, CDCl3) ! 7.20-7.10 (m, 3H), 6.92 (d, J = 8.9 Hz, 2H), 6.79-6.72 


(m, 3H), 5.50 (br s, 1H), 3.85 (s, 3H), 2.35 (s, 3H). 
13C-NMR (100 MHz, CDCl3) ! 155.1 (C), 145.1 (C), 139.0 (C), 135.8 (C), 129.1 (CH), 


122.1 (CH), 120.4 (CH), 116.3 (CH), 114.6 (CH), 112.7 (CH), 55.4 (CH3), 21.5 (CH3). 


All spectral data correspond to those given in the literature. 


 


N-(4-Fluorophenyl)-N-(4-methoxyphenyl)amine (4d).4 Following the general 


procedure using 4-methoxyacetanilide (100 mg, 0.61 mmol) and 1-fluoro-4-


iodobenzene (0.10 mL, 0.91 mmol) provided 105 mg (80% yield) of the coupling 


product as a yellow solid after purification by flash chromatography (dichloro-


methane/pentane 5/5) of the crude oil.  


Alternatively, following the general procedure using 4-fluoroacetanilide (100 mg, 0.65 


mmol) and 4-iodoanisole (234 mg, 0.98 mmol) provided 131 mg (92% yield) of the 


coupling product as a yellow solid after purification by flash chromatography 


(dichloromethane/pentane 5/5) of the crude oil. 
H
N


MeO F 
1H-NMR (400 MHz, CDCl3) ! 7.01 (d, J = 8.9 Hz, 2H), 6.97-6.86 (m, 6H), 5.40 (br s, 


1H), 3.81 (s, 3H). 
13C-NMR (100 MHz, CDCl3) ! 156.9 (d, J = 237.7 Hz, C), 154.8 (C), 140.9 (d, J = 2.2 


Hz, C), 136.4 (C), 121.0 (CH), 117.6 (d, J = 7.6 Hz, CH), 115.6 (d, J = 22.4 Hz, CH), 


114.6 (CH), 55.5 (CH3). 


All spectral data correspond to those given in the literature. 


 


N-(4-Methoxyphenyl)-N-(3-trifluoromethylphenyl)amine (4e).5 Following the 


general procedure using 4-methoxyacetanilide (100 mg, 0.61 mmol) and 3-


iodobenzotrifluoride (0.13 mL, 0.91 mmol) provided 76 mg (47% yield) of the coupling 


                                                 
4 R. A. Altman, K. W. Anderson, S. L. Buchwald, J. Org. Chem. 2008, 73, 5167. 
5 U. Nettekoven, F. Naud, A. Schnyder, H.-U. Blaser, Synlett 2004, 2549. 
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product as a yellow solid after purification by flash chromatography (dichloro-


methane/pentane 5/5) of the crude oil.  
H
N


MeO


CF3


 
1H-NMR (400 MHz, CDCl3) ! 7.29 (t, J = 7.9 Hz, 1H), 7.12-7.08 (m, 3H), 7.05 (dd, J 


= 7.7, 0.6 Hz, 1H), 7.01 (dd, J = 8.2, 1.9 Hz, 1H), 6.91 (d, J = 8.9 Hz, 2H), 5.64 (br s, 


1H), 3.83 (s, 3H) 
13C-NMR (100 MHz, CDCl3) ! 155.9 (C), 145.9 (C), 134,2 (C), 131.5 (q, J = 31.8 Hz, 


C), 129.6 (CH), 124.5 (q, J = 184.1 Hz, C), 123.4 (CH), 117.7 (CH), 115.4 (q, J = 3.9 


Hz, CH), 114.8 (CH), 111.1 (q, J = 3.9 Hz, CH), 55.5 (CH3). 


All spectral data correspond to those given in the literature. 


 


N-(3-Chlorophenyl)-N-(3-methylphenyl)amine (4f).6 Following the general procedure 


using 3-methylacetanilide (100 mg, 0.67 mmol) and 1-chloro-3-iodobenzene (0.13 mL, 


1.01 mmol) provided 120 mg (82% yield) of the coupling product as a brown oil after 


purification by flash chromatography (dichloromethane/pentane 1/9) of the crude oil.  
H
N ClMe


 
1H-NMR (400 MHz, CDCl3) ! 7.26-7.16 (m, 2H), 7.05 (t, J = 2.1 Hz, 1H), 6.96-6.86 


(m, 5H), 5.68 (br s, 1H), 2.37 (s, 3H). 
13C-NMR (100 MHz, CDCl3) ! 144.8 (C), 141.7 (C), 139.2 (C), 134.8 (C), 130.1 (CH), 


129.1 (CH), 122.8 (CH), 120.1 (CH), 119.6 (CH), 116.5 (CH), 115.9 (CH), 114.9 (CH), 


21.5 (CH3). 


All spectral data correspond to those given in the literature. 


 


N-(4-Fluorophenyl)-N-phenylamine (4g).7 Following the general procedure using 4-


fluoroacetanilide (100 mg, 0.65 mmol) and phenyl iodide (0.11 mL, 0.98 mmol) 


provided 115.1 mg (94% yield) of the coupling product as a brown oil after purification 


by flash chromatography (dichloromethane/pentane 2/8) of the crude oil.  


                                                 
6 R. B. Moffet, B. D. Aspergren, J. Am. Chem. Soc. 1959, 82, 1600. 
7 M. A. Carroll, R. A. Wood, Tetrahedron 2007, 63, 11349. 







S6 


 


                                                                                                                                      


H
N


F  
1H-NMR (400 MHz, CDCl3) ! 7.33-7.28 (m, 2H), 7.12-6.94 (m, 7H), 5.60 (br s, 1H). 
13C-NMR (100 MHz, CDCl3) ! 158.0 (d, J = 240.1 Hz, C), 143. 9 (C), 138.9 (d, J = 2.4 


Hz, C), 129.3 (CH), 120.6 (CH), 120.5 (d, J = 7.3 Hz, CH), 116.7 (CH), 115.9 (d, J = 


22.5 Hz, CH). 


All spectral data correspond to those given in the literature. 


 


N-(3-Chlorophenyl)-N-(4-fluorophenyl)amine (4h). Following the general procedure 


using 4-fluoroacetanilide (100 mg, 0.65 mmol) and 1-chloro-3-iodobenzene (0.15 mL, 


0.98 mmol) provided 131.2 mg (91% yield) of the coupling product as a brown oil after 


purification by flash chromatography (dichloromethane/pentane 2/8) of the crude oil.  
H
N


F


Cl


 
1H-NMR (400 MHz, CDCl3) ! 7.15 (t, J = 8.0 Hz, 1H), 7.10-6.99 (m, 4H), 6.93 (t, J = 


2.1 Hz, 1H), 6.86 (ddd, J = 7.9, 1.9, 0.9 Hz, 1H), 6.80 (ddd, J = 8.2, 2.3, 0.9 Hz, 1H), 


5.60 (br s, 1H). 
13C-NMR (100 MHz, CDCl3) ! 158.6 (d, J = 241.6 Hz, C), 145.6 (C), 137.7 (d, J = 2.5 


Hz, C), 135.0 (C), 130.3 (CH), 121.9 (d, J = 7.9 Hz, CH), 120.0 (CH), 116.2 (CH), 


115.8 (d, J = 21.4 Hz, CH), 114.1 (CH). 


MS (EI) m/z (%) 223 (M++2, 40), 221 (M+, 100), 185 (71), 93 (34). 


Calcd. for C12H9ClFN: C, 65.02; H, 4.09; N, 6.32; found C, 65.29; H, 4.18; N, 6.05. 
 


N,N-Bis(4-fluorophenyl)amine (4i).8 Following the general procedure using 4-


fluoroacetanilide (100 mg, 0.65 mmol) and 1-fluoro-4-iodobenzene (0.11 mL, 0.98 


mmol) provided 67 mg (50% yield) of the coupling product as a white solid after 


purification by flash chromatography (dichloromethane/pentane 3/7) of the crude oil.  
H
N


F F  


                                                 
8 J. Cao, J. R. Lever, T. Kopajtic, J. L. Katz, A. T. Pham, M. L. Holmes, J. B. Justice, A. H. 
Newman, J. Med. Chem. 2004, 47, 6128. 
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1H-NMR (400 MHz, CDCl3) ! 6.98-6.95 (m, 8H), 5.46 (br s, 1H). 
13C-NMR (100 MHz, CDCl3) ! 157.7 (d, J = 239.6 Hz, C), 139.8 (d, J = 2.2 Hz, C), 


119.4 (d, J = 7.7 Hz, CH), 115.9 (d, J = 22.5 Hz, CH). 


MS (EI) m/z (%) 205 (M+, 100), 83 (53). 


Calcd. for C12H9F2N: C, 70.24; H, 4.42; N, 6.38; found C, 70.22; H, 4.45; N, 6.65. 
 


N-(4-Isopropylphenyl)-N-phenylamine (4j).9 Following the general procedure using 


4-isopropylacetanilide (100 mg, 0.56 mmol) and phenyl iodide (0.09 mL, 0.84 mmol) 


provided 94 mg (80% yield) of the coupling product as a brown oil after purification by 


flash chromatography (dichloromethane/pentane 5/5) of the crude oil.  
H
N


iPr  
1H-NMR (400 MHz, CDCl3) ! 7.35 (dd, J = 8.5, 7.4 Hz, 2H), 7.25 (d, J = 8.5 Hz, 2H), 


7.15-7.11 (m, 4H), 6.99 (t, J = 7.3 Hz, 1H), 5.69 (br s, 1H), 2.98 (sept, J = 7.0 Hz, 1H), 


1.37 (d, J = 6.9 Hz, 6H). 
13C-NMR (100 MHz, CDCl3) ! 143.8 (C), 141.9 (C), 140.6 (C), 129.2 (CH), 127.1 


(CH), 120.2 (CH), 118.6 (CH), 116.9 (CH) 33.4 (CH), 24.1 (CH3). 


All spectral data correspond to those given in the literature. 


 


N-(4-Isopropylphenyl)-N-(3-methylphenyl)amine (4k). Following the general 


procedure using 4-isopropylacetanilide (100 mg, 0.56 mmol) and 3-iodotoluene (0.10 


mL, 0.84 mmol) provided 105 mg (63% yield) of the coupling product as a brown oil 


after purification by flash chromatography (dichloromethane/pentane 5/5) of the crude 


oil.  
H
N


iPr


Me


 
1H-NMR (400 MHz, CDCl3) ! 7.22-7.18 (m, 3H), 7.09 (d, J = 8.5 Hz, 2H), 6.92-6.89 


(m, 2H), 6.78 (d, J = 7.7 Hz, 1H), 5.62 (br s, 1H), 2.94 (sept, J = 6.9 Hz, 1H), 2.37 (s, 


3H), 1.32 (d, J = 6.9 Hz, 6H). 


                                                 
9 K. Kunz, U. Scholz, O. Gaertzen, D. Ganzer, J. Wesener (Bayer Chemicals AG), EP 1437355, 
2004 [Chem. Abstr. 2004, 141, 123760]. 
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13C-NMR (100 MHz, CDCl3) ! 143.6 (C), 141.7 (C), 140.6 (C), 138.9 (C), 128.9 (CH), 


127.0 (CH), 121.1 (CH), 118.5 (CH), 117.6 (CH), 114.0 (CH), 33.4 (CH), 24.2 (CH3), 


21.6 (CH3). 


MS (EI) m/z (%) 225 (M+, 100), 211 (74), 194 (36), 180 (51). 


Calcd. for C16H19N: C, 85.28; H, 8.50; N, 6.22; found C, 85.36; H, 8.45; N, 6.57. 
 


N-(4-Chlorophenyl)-N-(4-isopropylphenyl)amine (4l).10 Following the general 


procedure using 4-isopropylacetanilide (100 mg, 0.56 mmol) and 1-chloro-4-


iodobenzene (199.9 mg, 0.84 mmol) provided 87 mg (83% yield) of the coupling 


product as a white solid after purification by flash chromatography 


(dichloromethane/pentane 5/5) of the crude oil.  
H
N


iPr Cl 
1H-NMR (400 MHz, CDCl3) ! 7.21-7.16 (m, 4H), 7.02 (d, J = 8.6 Hz, 2H), 6.95 (d, J = 


8.9 Hz, 2H), 5.60 (br s, 1H), 2.90 (sept, J = 6.9 Hz, 1H), 1.27 (d, J = 6.9 Hz, 6H). 
13C-NMR (100 MHz, CDCl3) ! 142.6 (C), 140.1 (C), 129.1 (CH), 127.3 (CH), 124.7 


(C), 118.9 (CH), 117.9 (CH), 33.4 (CH), 24.1 (CH3). 


All spectral data correspond to those given in the literature. 


 


N-(3,4,5-Trimethoxyphenyl)-N-phenylamine (4m). Following the general procedure 


using 3,4,5-trimethoxyacetanilide (100 mg, 0.44 mmol) and phenyl iodide (0.08 mL, 


0.66 mmol) provided 77.5 mg (68% yield) of the coupling product as a brown oil after 


purification by flash chromatography (ethyl acetate/pentane 3.5/6.5) of the crude oil.  
H
N


MeO


MeO


OMe  
1H-NMR (400 MHz, CDCl3) ! 7.26 (t, J = 7.9 Hz, 2H), 7.04 (d, J = 7.7 Hz, 2H), 6.91 


(t, J = 7.3 Hz, 1H), 6.33 (s, 2H), 5.67 (br s, 1H), 3.82 (s, 3H), 3.80 (s, 6H). 
13C-NMR (100 MHz, CDCl3) ! 153.6 (C), 143.4 (C), 139.1 (C), 132.6 (C), 129.2 (CH), 


120.5 (CH), 117.3 (CH), 96.1 (CH), 60.9 (CH3), 55.9 (CH3). 


                                                 
10 T. Tamura, H. Kuriyama, M. Agoh, Y. Agoh, M. Soga, T. Mori (Maruishi Pharmaceutical 
Co. Ltd.), EP 1081138, 2001 [Chem. Abstr. 2001, 134, 207726]. 
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MS (EI) m/z (%) 259 (M+, 81), 244 (100), 216 (18), 77 (16). 


Calcd. for C15H17NO3: C, 69.48; H, 6.61; N, 5.40; found C, 69.12; H, 6.24; N, 5.41. 
 


N-(3-Chlorophenyl)-N-(3,4,5-trimethoxyphenyl)amine (4n). Following the general 


procedure using 3,4,5-trimethoxyacetanilide (100 mg, 0.44 mmol) and 1-chloro-3-


iodobenzene (0.1 mL, 0.66 mmol) provided 73.7 mg (57% yield) of the coupling 


product as a yellow solid after purification by flash chromatography (ethyl 


acetate/pentane 3.5/6.5) of the crude oil.  
H
N


MeO


MeO


OMe


Cl


 
1H-NMR (400 MHz, CDCl3) ! 7.14 (t, J = 8.0 Hz, 1H), 6.99 (t, J = 2.1 Hz, 1H), 7.01-


6.94 (m, 1H), 6.85 (dt, J = 8.1, 7.8, 2.1 Hz, 2H), 6.34 (s, 2H), 5.69 (br s, 1H), 3.83 (s, 


3H), 3.81 (s, 6H). 
13C-NMR (100 MHz, CDCl3) ! 153.7 (C), 145.2 (C), 137.8 (C), 134.9 (C), 133.4 (C), 


130.2 (CH), 119.9 (CH), 116.2 (CH), 114.6 (CH), 97.5 (CH), 61.0 (CH3), 56.1 (CH3). 


MS (EI) m/z (%) 295 (M++2, 40), 293 (M+, 83), 278 (100), 250 (25), 113 (18). 


Calcd. for C15H16ClNO3: C, 61.33; H, 5.49; N, 4.77; found C, 61.15; H, 5.38; N, 4.68. 
 


N-(2-Chlorophenyl)-N-phenylamine (4o).11 Following the general procedure using 2-


chloroacetanilide (100 mg, 0.59 mmol) and phenyl iodide (0.10 mL, 0.88 mmol) 


provided 51.5 mg (43% yield) of the coupling product as a yellow oil after purification 


by flash chromatography (dichloromethane/pentane 0.5/9.5) of the crude oil.  
H
N


Cl  
1H-NMR (400 MHz, CDCl3) ! 7.39-7.27 (m, 4H), 7.20-7.11 (m, 3H), 7.06 (t, J = 7.3 


Hz, 1H), 6.82 (ddd, J = 7.9, 7.3, 1.5 Hz, 1H), 6.12 (br s,1H). 
13C-NMR (100 MHz, CDCl3) ! 141.5 (C), 140.3 (C), 129.7 (CH), 129.4 (CH), 127.4 


(CH), 122.6 (CH), 121.5 (C), 120.3 (CH), 120.2 (CH), 115.5 (CH). 


All spectral data correspond to those given in the literature. 


 


                                                 
11 R. E. Tundel, K. W. Anderson, S. L. Buchwald, J. Org. Chem. 2006, 71, 430. 
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N-(2-Chlorophenyl)-N-(3-methylphenyl)amine (4p). Following the general procedure 


using 2-chloroacetanilide (100 mg, 0.59 mmol) and 3-iodotoluene (0.12 mL, 0.88 


mmol) provided 48.5 mg (38% yield) of the coupling product as a yellow oil after 


purification by flash chromatography (dichloromethane/pentane 0.5/9.5) of the crude 


oil.  
H
N


Cl


Me


 
1H-NMR (400 MHz, CDCl3) ! 7.38 (dd, J = 7.9, 1.5 Hz, 1H), 7.32-7.21 (m, 2H), 7.18-


7.13 (m, 1H), 7.02-7.00 (m, 2H), 6.90 (d, J = 7.5 Hz, 1H), 6.82 (dt, J = 7.7, 7.6, 1.5 Hz, 


1H), 6.09 (br s, 1H), 2.37 (s, 3H). 
13C-NMR (100 MHz, CDCl3) ! 141.4 (C), 140.4 (C), 139.3 (C), 129.7 (CH), 129.2 


(CH), 127.4 (CH), 123.5 (CH), 121.4 (C), 120.9 (CH), 120.2 (CH), 117.2 (CH), 115.6 


(CH), 21.5 (CH3). 


MS (EI) m/z (%) 219 (M++2, 29) 217 (M+, 100), 182 (70), 167 (97), 127 (15), 90 (22), 


83 (57). 


Calcd. for C13H12ClN: C, 71.72; H, 5.56; N, 6.43; found C, 71.54; H, 5.49; N, 6.81. 
 


N-(2-Methoxyphenyl)-N-phenylamine (4q).1 Following the general procedure using 


2-methoxyacetanilide (100 mg, 0.61 mmol) and phenyl iodide (0.10 mL, 0.92 mmol) 


provided 66.5 mg (55% yield) of the coupling product as a yellow oil after purification 


by flash chromatography (dichloromethane/pentane 3/7) of the crude oil.  
H
N


OMe  
1H-NMR (400 MHz, CDCl3) ! 7.36-7.28 (m, 3H), 7.20-7.17 (m, 2H), 7.00-6.88 (m, 


4H), 6.18 (br s, 1H), 3.92 (s, 3H). 
13C-NMR (100 MHz, CDCl3) ! 148.2 (C), 142.7 (C), 132.9 (C), 129.2 (CH), 121.1 


(CH), 120.8 (CH), 119.8 (CH), 118.5 (CH), 114.6 (CH), 110.5 (CH), 55.6 (CH3). 


All spectral data correspond to those given in the literature. 
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N,N-Diphenylamine (4a) 
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N-(3-Trifluoromethylphenyl)-N-phenylamine (4b) 
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N-(4-Methoxyphenyl)-N-(3-methylphenyl)amine (4c) 
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N-(4-Fluorophenyl)-N-(4-methoxyphenyl)amine (4d) 
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N-(4-Methoxyphenyl)-N-(3-trifluoromethylphenyl)amine (4e) 
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N-(3-Chlorophenyl)-N-(3-methylphenyl)amine (4f) 
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N-(4-Fluorophenyl)-N-phenylamine (4g) 
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N-(3-Chlorophenyl)-N-(4-fluorophenyl)amine (4h) 
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N,N-Bis(4-fluorophenyl)amine (4i) 
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N-(4-Isopropylphenyl)-N-phenylamine (4j) 
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N-(4-Isopropylphenyl)-N-(3-methylphenyl)amine (4k) 
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N-(4-Chlorophenyl)-N-(4-isopropylphenyl)amine (4l) 
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N-(3,4,5-Trimethoxyphenyl)-N-phenylamine (4m) 
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N-(3-Chlorophenyl)-N-(3,4,5-trimethoxyphenyl)amine (4n) 
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N-(2-Chlorophenyl)-N-phenylamine (4o) 
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N-(2-Chlorophenyl)-N-(3-methylphenyl)amine (4p) 
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N-(2-Methoxyphenyl)-N-phenylamine (4q) 
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Synthesis and Characterization 


[{Pt(tBu3-trpy)}3(µ3-?1,?2-C≡C-)](PF6)4 (1·PF6) was obtained as a by-product from the treatment of the 


dinuclear alkynylplatinum(II) terpyridyl precursor, [Pt(tBu3-trpy)(C≡C)Pt(tBu3-trpy)](OTf)2, with an 


excess amount of [Cu(MeCN)4]PF6 in acetone. After removal of solvent under vacuum, the solid residue 


was washed with THF and yellowish-orange crystals of 1·PF6 were obtained after recrystallization from 


dichloromethane/n-hexane. X-Ray quality crystals can be obtained from slow vapor diffusion of n-hexane 


into a solution of 1·PF6 in acetone. Yield: 10 %. Positive ESI-MS: m/z 2250 [M−PF6]+, 1052 


[M−2(PF6)]2+; elemental analysis (%) calcd for C83H105F24N9P4Pt3·CH2Cl2 (found): C 39.70 (39.67), H 


4.21 (4.38), N 4.96 (5.22). 


[{Pt(tBu3-trpy)}3(µ3-?1,?2-C≡C-)](OTf)4 (1·OTf) was prepared by the reaction of [Pt(tBu3-


trpy)(C≡C)Pt(tBu3-trpy)](OTf)2 with [Pt(tBu3-trpy)(MeCN)](OTf)2 in acetone. After stirring for 12 


hours, a clear orange solution was obtained and the solvent was removed under vacuum. Subsequent 


recrystallization from slow vapor diffusion of n-hexane into a solution of 1·OTf in dichloromethane 


yielded the pure form of 1·OTf as yellowish-orange crystals. Yield: 85 %. 1H NMR (500 MHz, 


CD3COCD3, 298 K, relative to Me4Si): d = 1.34 (18H, tert-butyl H), 1.49 (s, 9H, tert-butyl H), 7.63 (dd, 


2.0 and 6.0 Hz, 2H, 3- and 3’-protons on terpyridine), 8.74 (d, J = 2.0 Hz, 2H, 5- and 5”-protons on 


terpyridine), 8.80 (s, 2H, 3’-protons on terpyridine), 9.65 (d, J = 6.0 Hz, 2H, 2- and 2”-protons on 


terpyridine); 13C{1H} NMR (125.8 MHz, CD3COCD3, 298 K, relative to Me4Si): d = 29.2 and 29.4 


(primary C on tert-butyl group), 36.1 and 37.1 (quaternary C on tert-butyl group), 108.9 (C≡C), 121.8, 


123.7, 126.5 and 154.0 (tertiary C on terpyridine), 154.6, 158.9, 167.4 and 168.6 (quaternary C on 


terpyridine); 195Pt{1H} NMR (107.2 MHz, CD2Cl2, 298 K, relative to Na2PtCl4 in D2O): d = −2898; 


positive ESI-MS: m/z 2261 [M−OTf]+, 1056 [M−2OTf]2+; Raman: 1895 cm−1 ?(C≡C); elemental analysis 


(%) calcd for C83H105F24N9P4Pt3·2CH2Cl2 (found): C 41.63 (41.64), H 4.36 (4.29), N 4.86 (4.82).  


13C enriched [{Pt(tBu3-trpy)}3(µ3-?1,?2-13C≡13C-)](OTf)4 was prepared according to a procedure similar 
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to that of [{Pt(tBu3-trpy)}3(µ3-?1,?2-13C≡13C-)](OTf)4 except 13C enriched [Pt(tBu3-


trpy)(13C≡13C)Pt(tBu3-trpy)](OTf)2 was used. Yield: 85 %. 13C{1H} NMR (125.8 MHz, CD3COCD3, 298 


K, relative to Me4Si): d = 29.2 and 29.4 (primary C on tert-butyl group), 36.1 and 37.1 (quaternary C on 


tert-butyl group), 108.9 (C≡C, 195Pt satellite signals with JC−Pt = 574 Hz), 121.8, 123.7, 126.5 and 154.0 


(tertiary C on terpyridine), 154.6, 158.9, 167.4 and 168.6 (quaternary C on terpyridine). 


 


X-Ray Structure Determination 


Crystal data for [{Pt(tBu3-trpy)}3(µ3-?1,?2-C≡C-)](PF6)4·(CH3)2CO: C83H105F24N9P4Pt3·C3H6O, Mr = 


2451.99, crystal dimensions 0.38 × 0.14 × 0.06 mm, triclinic, space group P1, a = 17.926(5), b = 


18.616(5), c = 19.583(4) Å, a = 65.881(7), ß = 77.724(6), ? = 80.102(8) °, V = 5949(3) Å3, Z = 2, ?calcd 


= 1.369 gcm−3, µ(MoKa) = 3.649 mm−1, F(000) = 2416, T = 294 K. Final R = 0.0822, wR2 = 0.1504 with 


I > 2s (I); GOF = 0.987 for 1220 parameters and a total of 39406 reflections, of which 26778 were 


independent (Rint = 0.1938); Bruker CCD area diffractometer, MoKa radiation (? = 0.71073 Å); collection 


range 2? = 3.52 − 55.32°; phi and omega scan applied for diffraction measurement; 2416 frames taken in 


four shell.  


 


Computational Details 


Calculations were carried out using the Gaussian03 software package.1 To reduce computational cost, 


model complexes [Pt(trpy)3(µ3-η1,η2-C=C-)]4+ 1' and [Pt(trpy)2(C=C)Pt(trpy)]2+ 2' were used to mimic 


the complexes 1 and 2, in which the tert-butyl groups at the 4-position of the pyridyl groups were 


replaced by hydrogen atoms. Geometry optimizations of 1' (with C2 symmetry), the transition state of the 


topomerization (with C2 symmetry) and 2' (with D2 symmetry) were performed using density functional 


theory (DFT) at the hybrid Perdew, Burke, and Ernzerhof functional (PBE1PBE)2 level of theory. 


Vibrational frequencies were calculated for all stationary points to verify that each was a minimum 


(NIMAG = 0) or a transition state (NIMAG = 1) on the potential energy surface. Based on the ground-
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state optimized geometries in the gas phase, a nonequilibrium time-dependent (TDDFT) method at the 


same level was employed to study the nature of the low-lying singlet-singlet and singlet-triplet transitions. 


For all the calculations, the Stuttgart effective core potentials (ECPs) and the associated basis set were 


applied to describe Pt,3 while the 6-31G basis set4a,b was used for all other atoms. Polarization functions 


have been added for the Pt atom (ζf(Pt)=0.997),5 and the N and C atoms which are directly coordinated 


to the metal center [ζd(N) and ζd(C) = 0.8)].4c  
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Figure S1 Optimized geometry of 1'. Hydrogen atoms have been omitted for clarity.
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Table S1 Selected structural parameters of the PBE1PBE optimized geometries in 1' (with the 


experimental structural parameters of 1 in parentheses). Bond distances and angles are in 


Å and °, respectively. The atomic numbering is shown in Figure S1. 


 
 1' 


Pt(3)−C(1) 2.262 (2.198) 
Pt(3)−C(2) 2.262 (2.198) 
Pt(1)−C(1) 2.001 (1.953) 
Pt(2)−C(2) 2.001 (2.043) 
C(1)−C(2) 1.266 (1.249) 


Pt−Na 2.022 (1.971) 
Pt(1)−C(1)−C(2) 159.6 (154.6) 
Pt(2)−C(2)−C(1) 159.6 (154.8) 
Pt(3)−C(1)−C(2) 73.7 (73.5) 


φPt(1)
b 42.4 (43.5) 


φPt(2)
b 42.4 (43.2) 


φPt(3)
b 70.0 (68.2) 


 


aAverage Pt−N distance. bInterplanar angles between the triangular plane [Pt(3), C(1) and C(2) atoms] 
and [Pt(trpy)] plane.  







S 8 


Table S2 TDDFT vertical excitation wavelength (nm) of selected low-lying singlet (Sn) and the first 


triplet excited states (T1) in 1' and 2' with the orbitals involved in the dominant excitation 


(H = HOMO and L = LUMO) 


 


Complex Transition Dominant excitation vertical excitation 
wavelength (nm) 


1' S0? S1 (0.016)a H ?  L  (0.69)b 470 
 S0? T1 (0.000)a H ?  L  (0.68)b 490 
    


2' S0? S3 (0.317)a H ?  L (0.48)b 520 
  H−1 ?  L+1 (0.48)b  
 S0? T1 (0.000)a H ?  L  (0.51)b 616 
  H−1 ?  L+1 (0.51)b  


 


aOscillator strengths (f). bTransition coefficients.  
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Table S3 Cartesian coordinates for the PBE1PBE optimized structures of 1', the transition state for 
the topomerization, and 2' with the calculated electronic energy (Hartree) in parenthesis. 


 
1' (−2657.653077) 
 
1  Pt       0.000000    0.000000    1.848861 
2   C       0.150486    0.615062   -0.322429 
3   C      -0.150486   -0.615062   -0.322429 
4  Pt       0.762298    2.395200   -1.000140 
5  Pt      -0.762298   -2.395200   -1.000140 
6   N       1.403817    4.098346   -1.772117 
7   C       2.272714    4.044772   -2.802810 
8   C       0.957664    5.254089   -1.238909 
9   C       2.753145    5.232139   -3.355660 
10  C       1.409727    6.467922   -1.756933 
11  C       2.314488    6.446428   -2.821384 
12  H       3.451560    5.226110   -4.182648 
13  H       1.073149    7.413642   -1.351845 
14  H       2.677258    7.379109   -3.237495 
15  N       1.973914    1.675257   -2.483105 
16  C       2.591207    2.666446   -3.212406 
17  C       2.196338    0.388726   -2.811522 
18  C       3.442347    2.351957   -4.267477 
19  C       3.037471    0.022953   -3.859570 
20  H       1.677566   -0.350973   -2.214915 
21  C       3.674279    1.016556   -4.599030 
22  H       3.921337    3.141178   -4.833405 
23  H       3.185148   -1.025368   -4.087536 
24  H       4.335468    0.763712   -5.419704 
25  N      -0.259236    3.726155    0.169847 
26  C      -1.148367    3.452084    1.140466 
27  C       0.000000    5.041848   -0.141015 
28  C      -1.812900    4.449852    1.848883 
29  H      -1.314318    2.402511    1.343821 
30  C      -0.632888    6.076539    0.540889 
31  C      -1.551538    5.784303    1.549261 
32  H      -2.524765    4.180425    2.619023 
33  H      -0.419117    7.106854    0.285444 
34  H      -2.052325    6.584358    2.081834 
35  N      -1.973914   -1.675257   -2.483105 
36  C      -2.591207   -2.666446   -3.212406 
37  C      -2.196338   -0.388726   -2.811522 
38  C      -3.442347   -2.351957   -4.267477 
39  C      -3.037471   -0.022953   -3.859570 
40  H      -1.677566    0.350973   -2.214915 
41  C      -3.674279   -1.016556   -4.599030 
42  H      -3.921337   -3.141178   -4.833405 
43  H      -3.185148    1.025368   -4.087536 
44  H      -4.335468   -0.763712   -5.419704 
45  N      -1.403817   -4.098346   -1.772117 
46  C      -0.957664   -5.254089   -1.238909 
47  C      -2.272714   -4.044772   -2.802810 
48  C      -1.409727   -6.467922   -1.756933 
49  C      -2.753145   -5.232139   -3.355660 
50  C      -2.314488   -6.446428   -2.821384 
51  H      -1.073149   -7.413642   -1.351845 
52  H      -3.451560   -5.226110   -4.182648 
53  H      -2.677258   -7.379109   -3.237495 
54  N       0.259236   -3.726155    0.169847 
55  C       1.148367   -3.452084    1.140466 
56  C       0.000000   -5.041848   -0.141015 
57  C       1.812900   -4.449852    1.848883 
58  H       1.314318   -2.402511    1.343821 
59  C       0.632888   -6.076539    0.540889 
60  C       1.551538   -5.784303    1.549261 
61  H       2.524765   -4.180425    2.619023 
62  H       0.419117   -7.106854    0.285444 
63  H       2.052325   -6.584358    2.081834 


64  N       0.000000    0.000000    3.814692 
65  C       1.181299    0.145544    4.453430 
66  C      -1.181299   -0.145544    4.453430 
67  C       1.204750    0.150753    5.848312 
68  C      -1.204750   -0.150753    5.848312 
69  C       0.000000    0.000000    6.540744 
70  H       2.132087    0.267386    6.394642 
71  H      -2.132087   -0.267386    6.394642 
72  H       0.000000    0.000000    7.624722 
73  N      -2.006310   -0.214281    2.191963 
74  C      -2.991532   -0.299696    1.281362 
75  C      -2.322957   -0.272015    3.530657 
76  C      -4.328413   -0.451174    1.645146 
77  H      -2.683190   -0.250060    0.245853 
78  C      -3.641530   -0.428608    3.945573 
79  C      -4.661053   -0.521090    2.995489 
80  H      -5.089920   -0.513562    0.877756 
81  H      -3.879460   -0.478249    5.000973 
82  H      -5.691291   -0.642915    3.309484 
83  N       2.006310    0.214281    2.191963 
84  C       2.991532    0.299696    1.281362 
85  C       2.322957    0.272015    3.530657 
86  C       4.328413    0.451174    1.645146 
87  H       2.683190    0.250060    0.245853 
88  C       3.641530    0.428608    3.945573 
89  C       4.661053    0.521090    2.995489 
90  H       5.089920    0.513562    0.877756 
91  H       3.879460    0.478249    5.000973 
92  H       5.691291    0.642915    3.309484 
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The transition state for the topomerization (−2657.645301) 
 
1  Pt       0.000000    0.000000    2.854224 
2   C       0.000000    0.000000    0.911349 
3   C       0.000000    0.000000   -0.361310 
4  Pt       1.273849    1.282007   -1.417923 
5  Pt      -1.273849   -1.282007   -1.417923 
6   N       0.000000    0.000000    4.838277 
7   C       1.159727    0.258493    5.476854 
8   C      -1.159727   -0.258493    5.476854 
9   C       1.184720    0.265821    6.871526 
10  C      -1.184720   -0.265821    6.871526 
11  C       0.000000    0.000000    7.563791 
12  H       2.096351    0.470834    7.418022 
13  H      -2.096351   -0.470834    7.418022 
14  H       0.000000    0.000000    8.647637 
15  N      -1.963527   -0.437035    3.211941 
16  C      -2.931720   -0.639001    2.298948 
17  C      -2.279017   -0.501882    4.550750 
18  C      -4.247653   -0.912602    2.662424 
19  H      -2.631015   -0.579179    1.259899 
20  C      -3.579585   -0.773361    4.963045 
21  C      -4.580350   -0.981128    4.012960 
22  H      -4.995180   -1.066267    1.894313 
23  H      -3.816635   -0.820621    6.018572 
24  H      -5.596493   -1.190069    4.326586 
25  N       1.963527    0.437035    3.211941 
26  C       2.931720    0.639001    2.298948 
27  C       2.279017    0.501882    4.550750 
28  C       4.247653    0.912602    2.662424 
29  H       2.631015    0.579179    1.259899 
30  C       3.579585    0.773361    4.963045 
31  C       4.580350    0.981128    4.012960 
32  H       4.995180    1.066267    1.894313 
33  H       3.816635    0.820621    6.018572 
34  H       5.596493    1.190069    4.326586 
35  N       2.414217    2.506225   -2.459959 
36  C       2.274548    3.834307   -2.264203 
37  C       3.282210    1.975891   -3.346369 
38  C       3.054770    4.721434   -3.006287 
39  C       4.084292    2.823781   -4.111273 
40  C       3.962294    4.203969   -3.934144 
41  H       2.966677    5.792427   -2.875547 
42  H       4.789939    2.430228   -4.831667 
43  H       4.575786    4.878146   -4.520441 
44  N       2.350179   -0.076506   -2.503325 
45  C       3.251829    0.504879   -3.365523 
46  C       2.276218   -1.418044   -2.452254 
47  C       4.071067   -0.272463   -4.178390 
48  C       3.077089   -2.241906   -3.239646 
49  H       1.546222   -1.824732   -1.767355 
50  C       3.988089   -1.664038   -4.119652 
51  H       4.773906    0.199679   -4.853400 
52  H       2.982965   -3.317695   -3.160098 
53  H       4.623570   -2.277642   -4.747497 
54  N       0.630683    3.079832   -0.673006 
55  C      -0.295116    3.298925    0.280314 
56  C       1.267847    4.160455   -1.241062 
57  C      -0.635274    4.579670    0.710096 
58  H      -0.759030    2.416533    0.701748 
59  C       0.962659    5.460024   -0.846840 
60  C       0.000000    5.679659    0.139113 
61  H      -1.386673    4.704570    1.479964 
62  H       1.472031    6.300136   -1.302300 
63  H      -0.243312    6.688646    0.451313 
64  N      -2.350179    0.076506   -2.503325 
65  C      -3.251829   -0.504879   -3.365523 
66  C      -2.276218    1.418044   -2.452254 
67  C      -4.071067    0.272463   -4.178390 
68  C      -3.077089    2.241906   -3.239646 
69  H      -1.546222    1.824732   -1.767355 
70  C      -3.988089    1.664038   -4.119652 
71  H      -4.773906   -0.199679   -4.853400 
72  H      -2.982965    3.317695   -3.160098 
73  H      -4.623570    2.277642   -4.747497 
74  N      -2.414217   -2.506225   -2.459959 


75  C      -3.282210   -1.975891   -3.346369 
76  C      -2.274548   -3.834307   -2.264203 
77  C      -4.084292   -2.823781   -4.111273 
78  C      -3.054770   -4.721434   -3.006287 
79  C      -3.962294   -4.203969   -3.934144 
80  H      -4.789939   -2.430228   -4.831667 
81  H      -2.966677   -5.792427   -2.875547 
82  H      -4.575786   -4.878146   -4.520441 
83  N      -0.630683   -3.079832   -0.673006 
84  C       0.295116   -3.298925    0.280314 
85  C      -1.267847   -4.160455   -1.241062 
86  C       0.635274   -4.579670    0.710096 
87  H       0.759030   -2.416533    0.701748 
88  C      -0.962659   -5.460024   -0.846840 
89  C       0.000000   -5.679659    0.139113 
90  H       1.386673   -4.704570    1.479964 
91  H      -1.472031   -6.300136   -1.302300 
92  H       0.243312   -6.688646    0.451313 
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2' (−1797.456632) 
 
1   C       0.000000    0.000000    7.268156 
2   C       0.000000    1.215025    6.577834 
3   C       0.000000    1.190124    5.183113 
4   N       0.000000    0.000000    4.548566 
5   C       0.000000   -1.190124    5.183113 
6   C       0.000000   -1.215025    6.577834 
7  Pt       0.000000    0.000000    2.578221 
8   N       0.000000    1.994824    2.911260 
9   C       0.000000    2.330526    4.246039 
10  C       0.000000    3.664985    4.638475 
11  C       0.000000    4.670476    3.671299 
12  C       0.000000    4.313573    2.325523 
13  C       0.000000    2.964207    1.980561 
14  C       0.000000   -2.330526    4.246039 
15  N       0.000000   -1.994824    2.911260 
16  C       0.000000   -2.964207    1.980561 
17  C       0.000000   -4.313573    2.325523 
18  C       0.000000   -4.670476    3.671299 
19  C       0.000000   -3.664985    4.638475 
20 Pt       0.000000    0.000000   -2.578221 
21  N      -1.994824    0.000000   -2.911260 
22  C      -2.330526    0.000000   -4.246039 
23  C      -3.664985    0.000000   -4.638475 
24  C      -4.670476    0.000000   -3.671299 
25  C      -4.313573    0.000000   -2.325523 
26  C      -2.964207    0.000000   -1.980561 
27  C      -1.190124    0.000000   -5.183113 
28  N       0.000000    0.000000   -4.548566 
29  C       1.190124    0.000000   -5.183113 
30  C       1.215025    0.000000   -6.577834 
31  C       0.000000    0.000000   -7.268156 
32  C      -1.215025    0.000000   -6.577834 
33  C       2.330526    0.000000   -4.246039 
34  N       1.994824    0.000000   -2.911260 
35  C       2.964207    0.000000   -1.980561 
36  C       4.313573    0.000000   -2.325523 
37  C       4.670476    0.000000   -3.671299 
38  C       3.664985    0.000000   -4.638475 
39  H       2.621427    0.000000   -0.952712 
40  H       5.064436    0.000000   -1.545676 
41  H       5.712460    0.000000   -3.968280 
42  H       3.921487    0.000000   -5.690497 
43  H       2.149988    0.000000   -7.123342 
44  H       0.000000    0.000000   -8.351520 
45  H      -2.149988    0.000000   -7.123342 
46  H      -3.921487    0.000000   -5.690497 
47  H      -5.712460    0.000000   -3.968280 
48  H      -5.064436    0.000000   -1.545676 
49  H       0.000000    2.621427    0.952712 
50  H       0.000000    5.064436    1.545676 
51  H       0.000000    5.712460    3.968280 
52  H       0.000000    3.921487    5.690497 
53  H       0.000000   -2.621427    0.952712 
54  H       0.000000   -5.064436    1.545676 
55  H       0.000000   -5.712460    3.968280 
56  H       0.000000   -3.921487    5.690497 
57  H       0.000000    2.149988    7.123342 
58  H       0.000000    0.000000    8.351520 
59  H       0.000000   -2.149988    7.123342 
60  H      -2.621427    0.000000   -0.952712 
61  C       0.000000    0.000000   -0.619310 
62  C       0.000000    0.000000    0.619310 
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Crystal data for complex K[3]: C20H23IrKN3, Mr = 536.71, rough platelet translucent dark red 


crystal (0.21 × 0.10 × 0.03 mm), monoclinic, space group P 21/n, a = 12.039(2), b = 10.4751(10), c 


= 14.844(2) Å, β = 99.197(10)°, V = 1847.9(4) Å-3, Z = 4, ρcalcd = 1.929 g cm-3, F(000) = 1040, T 


= 208(2) K, MoKα radiation. Data collected with a Nonius KappaCCD diffractometer. Of 29099 


measured reflections (2θ: 4.1-50°), 3224 were unique (Rint = 0.1139); a multi-scan absorption 


correction[s1] was applied (SADABS program) with min./max. transmission factors of 0.33/0.80 


Structure solved by direct methods and difference-Fourier maps; refined using SHELXTL.[s2] Final 


agreement factors were R1 =0.0509 (2349 obs. reflections, F2 > 2σ(F2)) and wR2 = 0.1036; 


data/restrains/parameters 3224/0/226; GOF = 1.057.  


 


 


DFT calculations  


The geometry of 3− was optimized with the Turbomole program[S3] coupled to the PQS Baker 


optimizer.[S4] The geometry was fully optimized as a minimum at the at the b3-lyp level[S5] using the 


polarized triple-ζ def-TZVP basis[S3c,f] (small-core pseudopotential[S3c,e] on Rh or Ir). Orbitals and 


spin densities were visualized with the Molden program.[S6]
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Selected spectra for the new complexes 2 and K[3]. 
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Figure S1. 1H NMR (d8-toluene, -40 ºC) of the amido complex [Ir(bpa-H)(cod)] (2). 
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Figure S2. 13C{1H }-apt NMR (d8-toluene, -40 ºC) of the amido complex [Ir(bpa-H)(cod)] (2). * 


denotes the CH2 of the diethyl ether. 
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Figure S3. 1H NMR (d8-thf, − 70 ºC) of the anionic complex K[Ir(bpa-2H)(cod)] (K[3]). 


 


 


 


A2
A4 B4 CH


A2
A4 B4 CHB4


A2
A4 CH HC=


160.0 140.0 120.0 100.0


A5


A3


B5


B2B3B1


CH2


A1


HC=


50.0 40.0    ppm


CH2


160.0 140.0 120.0 100.0


A5


A3


CH2


A1


B5


B2B3B1


CH2


50.0 40.0    ppm  


 


Figure S4. 13C{1H }-apt NMR (d8-thf, − 70 ºC) of the anionic complex K[Ir(bpa-2H)(cod)] (K[3]) 
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Stability of biphephos (20) in acidic media 
 
As stability of biphephos was questionable in our reaction conditions, some experiments were conducted. 
Analyses were made by 31P NMR of the crude reaction mixture.  
 


Biphephos 20. 31P NMR (CDCl3, 81 MHz) δ 146.5. 
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Table 1.  Stability of biphephos.[a] 
 


Entry Solvent Rh(CO)2acac 
(eq.) 


Acid (eq.) Conditions 31P NMR picks 
observed (ppm) 


Spectrum 
(see below) 


1 CH2Cl2 - TFA (25) reflux, 12 h 14.1; 11.5  1 
2 CH2Cl2 1 TFA (25) reflux, 12 h 145.5; 142.7 2 
3 THF - pTSA (5) 70 °C, 12 h 146.5, 146.2, 1.6, 


-3.0 
3 


4 THF 1 pTSA (5) 70 °C, 12 h 146.5, 146.2, 11.0, 
-3.0, -3.5 


4  


[a] biphephos 20 (5 mg, 0.006 mmol), [20] = 0.01 M. 
 
Entry 1 showed that biphephos was hydrolysed after heating for 12 h in presence of 25 eq. of TFA 
(Spectrum 1). But when Rh(CO)2acac was added to the reaction mixture (entry 2), biphephos remained 
intact (Spectrum 2). In THF with 5 eq. of pTSA without (entry 3) or with Rh catalyst (entry 4) in the 
reaction mixture, some biphephos remained after 12 h. 
In conclusion, these results showed that the complex rhodium-biphephos is stable under strong acidic 
conditions. Indeed we can observed by 31P NMR some biphephos after heating for 12 h in acidic media. 
Thus, hydroformylation could be done with acids additives and allows us to make domino reactions. 
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Spectrum 1 


 
 
 
 
 
 


 
 


 
Spectrum 2 
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Spectrum 3 


 
 
 
 
 
 
 
 
 
 
 
 


 
Spectrum 4 
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Crystal data for 27:  CCDC 696805 
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General Experimental Considerations. 


Melting points were recorded on a Reichert melting point stage and are uncorrected. Infrared 


spectra were recorded on a SHIMADZU FTIR-8400S Fourier transform infrared spectrophotometer, 


as solutions in chloroform. Intensity abbreviations used are: w, weak; m, medium; s, strong. 


Ultravioletvisible spectra were routinely recorded on a Cary 5E UV-Vis-NIR spectrophotometer in 


ethanol free chloroform that was deacidified by filtration through a column of alumina. 


1H NMR spectra were recorded on a Bruker DPX-400 (400 MHz) and signals are quoted in ppm 


relative to the residual protiated solvent peak.[1] The two dimensional NMR spectra discussed were 


recorded on the same instrument using standard Bruker pulse programs. Temperature was controlled 


using a Bruker B-VT 2000 variable temperature unit. 119Sn NMR (149 MHz) chemical shifts are 


quoted relative to external dihydroxo[5,10,15,20-tetrakis-(3,5-di-tert-


butylphenyl)porphyrinato]tin(IV) (119Sn = -569.2)[2] Deuteriated chloroform was dried and 


deacidified by filtration through a plug of anhydrous potassium carbonate and activated neutral 


alumina prior to use. Other deuteriated solvents were used as received. Signals are recorded in terms 


of chemical shift (in ppm), relative integral, multiplicity, coupling constants (in Hz) and assignment, 


in that order. The following abbreviations for multiplicity are used: s, singlet; d, doublet; app t, 


apparent triplet; m, multiplet; br, broad. For accurate volume measurements solvents were delivered 


by Hamilton microlitre syringe.  


Homonuclear 2D NMR experiments (dqf-COSY, NOESY, ROESY) were typically run using a 90° 


pulse of 7.75 µs and a relaxation delay of 3.0 s over a spectral width of 8000 Hz using 2048 data 


points, giving an acquisition time of 0.12 s. Experiments were acquired over 512 increments each 


with 24 accumulated scans. Linear prediction of 128 t1 data points and zero filling were applied prior 


to transformation, giving a 4k x 4k data matrix. Shifted sinebell window functions were applied in 


both dimensions. Mixing times for NOESY experiments were varied from 400 to 800 ms; ROESY 


experiments were carried out using mixing times ranging from 200 to 400 ms. 


Heteronuclear 2D experiments (1H-13C HMBC, 1H-13C HSQC, 1H-119Sn HMQC) employed 


parameters for the 1H (acquisition) dimension as described for homonuclear experiments. For 1H-13C 


experiments the 13C dimension utilised a 90° pulse of 12 µs, with 512 increments collected over a 
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spectral width of 22000 Hz with 24 scans accumulated for each increment. Data collection was 


optimised for coupling constants of 125 Hz (HSQC) and 8 Hz (HMBC). Data was linear predicted in 


the 13C dimension over 128 points, and a squared sinebell function applied. An exponential line 


broadening of 2 Hz was applied to the acquisition dimension and zero filling was employed in both 


dimensions to give a 4k x 4k data matrix. 1H-119Sn HMQC experiments utilised a 119Sn 90° pulse of 


15 µs, with 64 increments collected over a spectral width of 1500 Hz with 24 scans accumulated for 


each increment. Data collection was optimised according to the coupling constant to the central 119Sn 


nucleus and data was zero filled in both dimensions to give a 4k x 1k data matrix. 


Electrospray ionisation (ESI) were recorded on a ThermoQuest Finnigan LCQ DECA instrument. 


High resolution electrospray ionization Fourier transform ion cyclotron resonance (HR-ESI-FT/ICR) 


spectra were acquired at the Research School of Chemistry, Australian National University on a 


Bruker Daltonics BioAPEX II FT/ICR mass spectrometer equipped with a 4.7 Tesla MAGNEX 


superconducting magnet and an Analytica external ESI source. 


Column chromatography was routinely carried out using the gravity feed column technique on 


Merck silica gel Type 9385 (230-400 mesh). Analytical thin layer chromatography (TLC) analyses 


were performed on Merck silica gel 60 F254 precoated sheets (0.2 mm). Alumina refers to Merck 


aluminium oxide 90 active neutral I, type 1077. 


Solvents and reagents were purified using standard techniques.[3] All commercial solvents were 


routinely distilled prior to use. Light petroleum refers to the fraction of b.p. 60-80 °C. Where solvent 


mixtures were used, proportions are given by volume. 


 







 


S4 


Figure S1. 1H NMR (400 MHz, CDCl3, 300 K) for dizinc(II) asymmetric bis-porphyrin 3. 
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Figure S2. 1H NMR (400 MHz, CDCl3, 300 K) for free-base asymmetric bis-porphyrin 4. 
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Figure S3. 1H NMR (400 MHz, CDCl3, 300 K) for di[dihydroxotin(IV)] asymmetric  


bis-porphyrin, host 5. 
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Figure S4. Free-base asymmetric Tröger’s base bis-porphyrin 4.                                               


MS (HR-ESI-FT/ICR): found [M + 2H]2+ 1148.2740. C161H192N12 + 2H+ requires 1148.2785. 


 


Figure S5. Di[dihydroxotin(IV)] asymmetric Tröger’s base bis-porphyrin, host 5. 


MS (HR-ESI-FT/ICR): found [M – 2OH]2+ 1281.1619. C161H190N12O2Sn2 (2+) requires 1281.1614. 
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Figure S6. 1H NMR (400 MHz, CDCl3, 300 K) showing responses in the methanodiazocine bridge 


protons and the “cavity aryl proton” signal of 5 (a) to the binding of 0.6 mole equivalents formate 6 


(b), acetate 7 (c) and pivalate 8 (d). Note the development of one major new “cavity aryl proton” 


signal [these aryl signals are coincident for the monoacetate complex in (c)] and the appearance of 


six new doublets (indicated by arrows) in the bridge region. Signals for residual 5 are indicated by 


the dashed lines. Expansions of the regions for bound acetate 7 and pivalate 8 are shown in (e) and 


(f). Bound 6 is indistinguishable beneath the tBu signals of the host.  


cavity aryl H 
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Figure S7. 1H NMR (400 MHz, CDCl3, 300 K) showing the response of the “cavity aryl proton”, the 


methanodiazocine bridge region and the bound acetate region to titration of host 5 with acetic acid 7. 


(a) 5. Note six doublets in the bridge region. (b) 5 + 0.95 mole equivalents (eq) 7. Spectrum shows a 


70% yield of one new dihydroxo – hydroxo-acetato complex. (c) 5 + 2.0 eq 7. Spectrum complicates 


dramatically. (d) 5 + 3.0 eq 7. (e) 5 + 6.0 eq 7. Spectrum simplifies to a single di(diacetato) complex. 


Note six doublets in the bridge region and four bound acetate signals. 


cavity aryl H 
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Figure S8. 1H119Sn HMQC (CDCl3, 300 K) for complexes generated by the addition of 2.0 mole 


equivalents acetic acid 7 to 5. (See Figure S7(c)) Note the random binding of the second equivalent 


of 7. (a) Full spectrum. The sample is comprised of complexes possessing dihydroxotin(IV) nuclei (δ 
119Sn ~−572 ppm), many acetato-hydroxotin(IV) nuclei (δ 119Sn −602 to −604 ppm) and 


diacetatotin(IV) nuclei (δ 119Sn −636 to −638 ppm). (b) Expansion of boxed signals. 
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Figure S9. 1H NMR (400 MHz, CDCl3, 300 K) showing the binding of subaric acid 12 to host 5. (a) 


Host 5. Inset shows methanodiazocine bridge region, six doublets of a single complex. (b) Host 5 


+ 0.5 mole equivalent (eq) 12, 30 min. Signals due to ditopic H-bonded 1:1 host 5 – 12 complex. 


(c) Host 5 + 0.5 eq 12, 17 h, near complete 1:1 ditopic tin(IV) – carboxylate binding. (d) Host 5 + 1.0 


eq 12, 17 h, complete 1:1 ditopic tin(IV) – carboxylate binding. Inset (c) shows methanodiazocine 


bridge region, six doublets of a single ditopically bound subarate – host 5 complex. (e) Host 5 + 2.0 


eq 12, 1 h. A higher yield of one of the two possible products of ligand exchange forms, signals 


denoted 1 and 2. (f) Host 5 + 3.0 eq 12, 10 h. Complete 3:1 host 5 – 12 complex formation. Note 


development of second set of externally bound subarate signals. The C-7-methylene for external 


subarate is obscured beneath the tBu signals. 
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1H and 13C NMR spectra of selected compounds are reported below. All NMR spectra 


were measured on a Bruker Avance 300 instrument (1H: 300.1 MHz, 13C: 75.5 MHz, T = 


300 K) in CDCl3 unless otherwise reported.  
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A) 


 


B) 


 


Figure S1. Sugar parts of 13C NMR spectra of compounds 22a (A) and 22e (B) (75 MHz, DMSO-d6, 


8196 scans). 
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Table S1. MALDI-MS of synthesized oligonucleotides.[a] 


# Sequence, 5′→3′ Found m/z [M–H] Calc. m/z [M–H] 


ON1 GTG AM1A TGC 3107 3109 


ON2 GCA M1AT CAC 3035 3038 


ON3 GCA TAM1 CAC 3035 3038 


ON4 GTG AM1A M1GC 3461 3465 


ON5 GCA M1AM1 CAC 3392 3394 


ON6 GTG AM2A TGC 3108 3109 


ON7 GCA M2AT CAC 3037 3038 


ON8 GCA TAM2 CAC 3037 3038 


ON9 GTG AM2A M2GC 3463 3465 


ON10 GCA M2AM2 CAC 3394 3394 


ON11 GTG AM3A TGC 3207 3209 


ON12 GCA M3AT CAC 3139 3138 


ON13 GCA TAM3 CAC 3135 3138 


ON14 GTG AM3A M3GC 3666 3665 


ON15 GCA M3AM3 CAC 3641 3644 


ON16 GTG AM4A TGC 3208 3209 


ON17 GCA M4AT CAC 3138 3138 


ON18 GCA TAM4 CAC 3137 3138 


ON19 GTG AM4A M4GC 3665 3665 


ON20 GCA M4AM4 CAC 3663 3661 


ON21 GTG AM5A TGC 3310 3309 


ON22 GCA M5AT CAC 3239 3238 


ON23 GCA TAM5 CAC 3239 3238 


ON24 GTG AM5A M5GC 3865 3866 


ON25 GCA M5AM5 CAC 3794 3794 


ON26 CGLT TTLA TLAM5 ATLC AMeCL G 5255 5251 


ON27 CGLT TTLA M5AM5 ATLC AMeCL G 5780 5779 


ON28 CGLT TM5A TLATL AM5C AMeCL G 5803 5803 
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ON29 GTG AM6A TGC 3306 3309 


ON30 GCA M6AT CAC 3234 3238 


ON31 GCA TAM6 CAC 3237 3238 


ON32 GTG AM6A M6GC 3868 3866 


ON33 GCA M6AM6 CAC 3791 3794 


ON34 CGLT TTLA TLAM6 ATLC AMeCL G 5253 5251 


ON37 CGLT TTLA TLAT ATLC AMeCL G 4679 4681 


ON38 CGLT TTLA TAT ATLC AMeCL G 4650 4653 


ON39 CGLT TTA TLATL ATC AMeCL G 4680 4681 


ON40 CGLT GATLAM5A TAA ACG 5184 5183 


ON41 CGLT GAM5ATLA TAA ACG 5179 5183 


[a] TL = thymin-1-yl LNA monomer, MeCL = 5-methylcytosin-1-yl LNA monomer, GL = guanin-9-yl LNA 
monomer; see Scheme 2 for the structures of monomers M1–M6. 
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Table S2. Thermal denaturation properties for “+1” and “–1 zipper” duplexes containing combined 


monomers M1–M6.[a] 
 Tm/ºC 


 


5´-d(GTG AMA TGC) 


3´-d(GCA MAT CAC) 


5'
3'


strand 1


strand 2 


5´-d(GTG AMA TGC) 


3´-d(GCA TAM CAC) 


5'
3'


strand 1


strand 2 


M: strand 1 


strand 2 M1 M2 M3 M4 M5 M6 M1 M2 M3 M4 M5 M6 


M1 < 10 24.0 34.0 37.0 < 10 38.0 31.9 38.0 29.0 35.5 37.0 36.0 


M2 34.0 39.5 38.5 31.0 38.5 51.0 40.0 60.0 33.5 no clear 
transition 24.0 41.0 


M3 37.0 30.0 30.5 23.0 44.0 no clear 
transition 30.0 < 10 33.5 no clear 


transition 42.0 34.0 


M4 no clear 
transition 29.0 25.5 31.0 24.0 46.0 32.0 no clear 


transition 32.0 34.0 42.0 36.5 


M5 35.0 28.0 44.0 31.0 34.3 37.5 31.0 40.0 33.0 36.0 50.5 42.0 


M6 no clear 
transition 26.5 40.0 34.0 43.0 36.5 34.0 < 10 40.0 32.0 34.0 40.0 


[a] Thermal denaturation temperatures recorded using the same conditions as described in Table 1. Tm values of the duplexes 
modified with the same fluorochrome in the both strands 1, 2 are placed on the diagonal and set off in bold. The droplets 
represent monomers M1–M6. 
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A)    B)    


 


 


 


 


C)    D) 


 


 


 


 


Figure S2. Thermal denaturation curves of duplexes containing monomers M2 (A), M4 (B), M5 (C) and 
M6 (D). Recorded in medium salt buffer. 
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A)    B) 


 


 


 


   


C)    D) 


 


  


 


 


E)    F) 


 


 


 


 


Figure S3. UV-visible absorption and excitation spectra of ON1 (A), ON 11 (C) and ON28 (E); UV-


visible absorption spectra of ON1 (B), ON11 (D), ON28 (E) and corresponding duplexes with 


complementary DNA (ON1, ON11) and DNA and RNA (ON28). Spectra recorded in medium salt 


buffer at 19 °C; for the excitation spectra emission wavelengths of 420 nm (ON1), 450 nm (ON11) and 


480 nm (ON28) were used. Absorption and excitation spectra were obtained using 0.5 μM and 0.1 μM 


concentrations, respectively, and not normalized. 
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Fluorescence steady-state emission studies and quantum yield determinations 


Fluorescence spectra were obtained in a medium salt buffer using a PerkinElmer LS 55 luminiscence 


spectrometer equipped with a Peltier temperature controller. For recording of fluorescence spectra 0.1 


μM concentrations of the ss probe or corresponding duplex were used. For weakly fluorescent samples 


concentration was increased to 0.5 μM. Excitation spectra were obtained recording emission at 420 nm 


(monomers M1, M2 and M4), 440 nm (monomer M3), or 460 nm (monomers M5, M6). The fluorescence 


quantum yields (ΦF) were measured by the relative method using standards of highly diluted solution of 


9,10-diphenylantracene (ФF 0.95)[1] in cyclohexane as a first standard and perylene (ФF 0.93)[2] in 


cyclohexane and 5-(pyren-1-ylethynyl)-2´-deoxyuridine[3] in abs. EtOH as second standards. For 


fluorescence quantum yields determination 0.5 μM solutions were used. In all cases, absorption in the 


range 310–520 nm did not exceed 0.1, and was not less than 0.01. Control experiments with an 


elimination of dissolved oxygen in the buffer solution did not show significant change of fluorescence 


intensity compared to non-degassed solutions. Thus, the samples used in quantum yield measurements 


were not degassed. Steady-state fluorescence emission spectra were obtained as an average of 5 scans 


using an excitation wavelength of 375 nm (M1), 370 nm (M2), 415 nm (M3), 395 nm (M4), 425 nm (M5 


6), or 420 nm (M6), excitation slit of 4.0 nm, emission slit of 2.5 nm and scan speed of 120 nm/min. The 


fluorescence quantum yield of 5-(pyrene-1-ylethynyl)-2´-deoxyuridine[3] in abs. EtOH and perylene (ФF 


0.93)[2] in cyclohexane relative to 9,10-diphenylantracene in cyclohexane (lit. (1) ФF 0.95) in these 


experimental settings were measured to be 0.45 and 0.93, respectively. 


Emission quantum yields of modified ONs ФF (ON) were determined according to:[4]  


2


2


( )( )( ) ( )
( ) ( )


ex


ex


buffer
F F


ref


OD refI ON nON ref
I ref OD ON n


λ


λ


Φ = Φ × × ×  


where ФF (ref) is the cross-calibrated (by using of 9,10-diphenylantracene in cyclohexane as a first 


standard) value of the fluorescence quantum yield of 5-(pyren-1-ylethynyl)-2´-deoxyuridine in abs. 


EtOH (monomers M1 and M2), or perylene in cyclohexane (monomers M3–M6); I (ON) is the area of 
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the fluorescence emission spectra of the sample, I (ref) is the area of the second standard’s emission 


spectra at the same region, n buffer and n ref are the refractive indexes of the buffer (1.334), ethanol 


(1.361), or cyclohexane (1.426), respectively. High quantum yields (ФF > 0.2) were determined as the 


average of two measurements within ±10%. Determinations of low quantum yields (ФF < 0.1) may be 


associated with considerably larger error. 
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Figure S4. Steady-state fluorescence emission spectra of M1- and M2-modified oligonucleotides and of 


the corresponding duplexes with complementary DNA/RNA. For conditions see Figure 3.  
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Figure S5. Steady-state fluorescence emission spectra of M3- and M4-modified oligonucleotides and of 


the corresponding duplexes with complementary DNA/RNA. For conditions see Figure 3.  


 







 


- 14 -


A)    B) 


 


0


5


10


15


2 0


2 5


4 4 0 4 9 0 54 0 59 0


Wavelength (nm )


Fl
uo


re
sc


en
ce


 in
te


ns
ity


 
(a


rb
. u


ni
ts


)
O N  2 7
O N  2 7 :D N A
O N  2 7 :R N A


 


0


50


100


150


440 490 540 590 640


Wavelength (nm)


Fl
uo


re
sc


en
ce


 in
te


ns
ity


, 
ar


b.
 u


ni
ts


ON 28
ON 28:DNA
ON 28:RNA


 


C) 


0


50


10 0


4 4 0 4 9 0 54 0 59 0


Wavelength (nm )


Fl
uo


re
sc


en
ce


 in
te


ns
ity


 
(a


rb
. u


ni
ts


)


O N  2 9
O N  2 9 :D N A


0


4


8


12


4 4 5 4 9 5 54 5 59 5


Wavelength (nm )


Fl
uo


re
sc


en
ce


 in
te


ns
ity


 
(a


rb
. u


ni
ts


)


O N  3 2
O N  3 2 :D N A
O N  3 2 :R N A


 


Figure S6. Steady-state fluorescence emission spectra of M5- and M6-modified oligonucleotides and of 


the corresponding duplexes with complementary DNA/RNA. For conditions see Figure 3.  
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Figure S7. Left: steady-state fluorescence emission spectra of the 15-mer duplexes containing monomer 


M5 in both complementary strands. For conditions see Figure 3. Right: photographs of the fluorescence 


in medium salt buffer of ON26:ON41 (vial 1); ON16:ON18 (vial 2) and single stranded ON4 (vial 3) 


(2.0 μM solutions). For conditions see Figure 4. The green and black droplets represent monomer M5 


and LNA monomers, respectively. 
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Figure S8. Representative steady-state fluorescence emission spectra of “+1 zipper” duplexes 


containing combined monomers M1–M6 in both complementary strands. For conditions see Figure 3. 
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CD measurements  


CD spectra were recorded on JASCO J-815 CD Spectrometer equipped with CDF 4265/15 


temperature controller. Samples for CD measurements were prepared as described in the thermal 


denaturation studies section except that a concentration of 2.0 μM of both the complementary strands 


was used. Quartz optical cells with a path-length of 0.5 cm were used. 
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Figure S9. CD spectra of modified duplexes. The spectra were recorded in medium salt buffer at 19 ºC 


using 1.5 μM concentration of complementary strands. 
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1. Spectrophotometric data 


 


Figure 1. Spectrophotometric titration of ligand 1 with Al3+ ([1] = 2.0*10-5 M, MeOH/H2O : 10/90; 


0.10 M TRIS; 0.02 M HCl buffer; pH = 8.95); top: CD spectra; bottom: UV-vis absorption spectra. 
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Figure 2. Spectrophotometric titration of ligand 1 with Ga3+ ([1] = 2.0*10-5 M, MeOH/H2O : 10/90; 


0.10 M TRIS; 0.02 M HCl buffer; pH = 8.95); top: CD spectra; bottom: UV-vis absorption spectra. 
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Figure 3. Spectrophotometric titration of ligand 1 with In3+ ([1] = 2.0*10-5 M, MeOH/H2O : 10/90; 


0.10 M TRIS; 0.02 M HCl buffer; pH = 8.95); top: CD spectra; bottom: UV-vis absorption spectra. 
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Figure 4. Spectrophotometric titration of ligand 1 with Fe3+ ([1] = 2.0*10-5 M, MeOH/H2O : 10/90; 


0.10 M TRIS; 0.02 M HCl buffer; pH = 8.95); top: CD spectra; bottom: UV-vis absorption spectra. 
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Figure 5. Spectrophotometric titration of ligand 1 with Ge(OCH3)4 ([1] = 2.0*10-5 M, MeOH/H2O : 


10/90; 0.10 M TRIS; 0.02 M HCl buffer; pH = 8.95); top: CD spectra; bottom: UV-vis absorption 


spectra. 
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Figure 6. Spectrophotometric titration of ligand 1 with Ti(iOPr)4 ([1] = 2.0*10-5 M, MeOH/H2O : 


10/90, 0.10 M TRIS / 0.02 M HCl buffer, pH = 8.95); top: CD spectra; bottom: UV-vis absorption 


spectra. 
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2. Determination of virtual binding constants 
 
Titration experiments for the determination of the association constants were performed with 
the instrument assembly according to Figure 7. Keeping the concentration of ligand 1 ([L] = 
2.0*10-5 M) constant, the metal to ligand molar ratio (X = [M]/[L] ) was increased from zero to 
several equivalents in 50 discrete steps. After each addition, molecular spectra were taken 
after adequate mixing and equilibration time. From the measured UV-vis absorption (A(λ,X)) 
and ellipticity (Θ(λ,X)) data set, molar extinction (ε(λ,X)) and molar circular dichroism 
(∆ε(λ,X)) values were calculated according to Lambert-Beer law. Equations (1) and (2) 
expressing explicitly the spectral changes as a function of metal to ligand ratio were used to 
evaluate the virtual association constants (for a particular wavelength) by nonlinear square 
fitting to the obtained data ∆ελ(X) and ∆ελ(X), respectively. Numeric analysis was performed 
with Microcal Origin software program by using Lewenberg-Marquardt iteration method. 
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Figure 7. 1.) „Jasco J-815“ spectropolarimeter; 2.) „Jasco ATS-443“ automatic titration unit; 3.) 


detector; 4.) titrant solution intake; 5.) titrant solution inject; 6.) sample solution disposal; 7.) sample 


solution withdrawal; 8.) stirring magnet; 9.) fluorescence quartz cuvette (l = 1 cm); 10.) cell cap with 


nozzles; 11.) magnetic valve (changeover the sample inlet/outlet ports.); 12.) Hamilton MicroliterTM 


syringe (V = 2500 µl); a.) titrant solution; b.) waste solution; c.) titrant solution. 
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3. Nuclear magnetic resonance data 
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Figure 8. 1H- and 13C-NMR spectra of methyl protected ligand 8a in CDCl3. 
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Figure 9. 1H- and 13C-NMR spectra of benzyl protected ligand 8b in CDCl3. 
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Figure 10. 1H- and 13C-NMR spectra of ligand 1 in MeOH-d4. 
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Figure S1. Structure (ortep at 50% level) of the second independent molecule of cation [3]+


 
 
 
 
 
 


 
 
Figure S2. Structure (ortep at 50% level) of [4]+
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Figure S3. Structure (ortep at 50% level) of the second independent molecule of cation [7]+


 


 


Table S1. Selected bond distances (Å) and angles (º) of complex [7]+


 


Ir1-C2 


Ir1-C3 


Ir1-C4 


Ir1-C5 


Ir1-C6 


2.328(7), 2.305(8) 


2.247(8), 2.244(8) 


2.311(8), 2.320(7) 


2.259(7), 2.280(7) 


2.239(7), 2.235(7) 


Ir1-Ct1[a]


Ir1-Ct2[a] 


N1-C1 


Ir1...C1 


2.017(8), 2.004(8) 


2.009(9), 1.983(9) 


1.338(9), 1.370(9) 


2.438(7), 2.416(7) 


Ct1[a]-Ir1-Ct2[a] 


C3-Ir1-C6 


86.2(3), 86.7(3) 


76.3(3), 76.7(3) 


Ct1[a]-Ir1-C3 


Ct2[a]-Ir1-C6 


100.8(3), 99.1(3) 


99.0(3), 98.4(3) 


[a] Ct1 and Ct2 are the midpoints between C9-C10 and C13-C14, respectively. 
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Figure S4. HOMO of the 2,2-dimethylaziridinate anion 
 
 


 
 


Figure S5. HOMO-1 of the 2,2-dimethylaziridinate anion 
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Figure S6. HOMO of complex [3]+  
 
 
 


 
 
Figure S7. HOMO-2 of complex [3]+
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Figure S8. HOMO-8 of complex [3]+


 
 
 
 
 


 
 
Figure S9. HOMO-9 of complex [3]+
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Figure S10. HOMO-11 of complex [3]+  
 
 
 
 
 


 
 
Figure S11. HOMO-12 of complex [3]+  
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Figure S12. HOMO-13 of complex [3]+  
 
 
 
 
 
 


 
 
Figure S13. HOMO-15 of complex [3]+ (top view).  
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Figure S14. HOMO-15 of complex [3]+ (side view).  
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GED Model for H3 
The ratios of the four conformers shown in Figure S1 were determined by three independent 


parameters: p1, p56 and p57. These were defined as the molar fraction of H3a (p1), the fraction 


of H3c divided by the sum of the molar fractions of H3b, H3c and H3d (p56) and finally, the 


fraction of H3b divided by the sum of the fractions of H3b and H3d (p57). 


The geometries of the four conformers of were described in terms of 55 independent 


parameters, p2 to p55 and p58, as shown in Table S1. All bonded distances were used in the 


models using a separate average distance for each atom pair type. Where the differences 


between bonded distances of the same type were calculated to be greater than ca. 0.002 Ǻ, 


these were also included as parameters. The only exception being the C–H distances which, 


on the basis of the low scattering cross-section for hydrogen, were assumed to be identical. 


The models for conformers H3b, H3c and H3d were built in the following way: Local 


C3 symmetry was assumed for the SiH3 group, the geometry of which was determined using 


the average H–Si–H angle, p50, plus half the difference from the H3a conformer, p51. The Si–


H bond lengths in these conformers were equal in length and were defined by the average Si–


H distance, p11, minus a difference (0.08333*p12). (The calculations predicted an elongation 


of one of the S–H bonds in H3a.) The heavy atom Si–C–C–C–N chains were positioned using 


a z-matrices, with independent Si–C–C–C and C–C–C–N dihedral angles for each conformer 


(p26 to p31). The angles were defined in a different manner. An average Si–C–C angle was 


used, p18, with a difference for conformer H3b, p19. Due to the similarity of the non-bonded 


C···C and C···N distances, an average of the C–C–C and C–C–N angles was used, p20, in 


conjunction with a difference, p21. In addition, a second difference was used for the C–C–C 


angle in H3d, p22. The methyl carbon atoms were placed using an average internal C–N–C 


angle, p14. No local symmetry was assumed, as in each conformer one of the C–N–C angles 


was calculated to be appreciably different from the others. (The average angle was calculated 


to be similar for all conformers.) Two difference parameters were therefore included; one for 


H3a and one for H3b and H3d (p16 and p17, respectively). The orientation of the methyl 


carbon atoms, relative to the rest of the molecule was defined using the C–C–N–C(28/51/73) 


dihedral angles, which were defined separately for each conformer (p32 to p34).  


The model for H3a was written in a different way to the models for conformers b, c 


and d. This made use of the Si–N distance (p2) so that the Si–C–C–C–N chain was described 


in terms of a 5-membered ring, rather than by a z-matrix. The angles used to construct the ring 


were the C–Si···N and Si···N–C angles, p46 and p47, and the C–Si···N–C and C(4)–


C(1)···C(5)–N dihedral angles, p48 and p49.  Another difference between the model for H3a 


and those for the other conformers was that the orientation of the NMe2 group with respect to 


the silicon atom was defined in terms of the difference between the Si···C3–N–C(7/8) dihedral 


angles, p55, rather than the C–C–N–C(7) angle. The final point is that local Cs symmetry 


(rather than C3) was assumed for the SiH3 group, with the hydrogen atom facing away from 


the molecule being considered different to the other two atoms. This Si–H bond length was 


calculated to be longer than all the others (= p11 + 0.91667*p12) and this hydrogen atom was 


positioned using the H–Si–C angle, p53, and the H–Si–C···N dihedral angle, p54. The two 


remaining hydrogen atoms were then placed using internal H–Si–H angles, which were 


derived from the average H–Si–H angle (p50) minus half the difference between the average in 


H3a and the other conformers (p51), and the difference between the angle spanning the local 


mirror plane (the larger one) and the two symmetrically equal angles, p52.  


The hydrogen atoms bonded to carbon were positioned in a similar manner in all four 


conformers. Those on the propylene chain were positioned using local Cs symmetry and local 


C2v symmetry with respect to the bond angles. The only refining parameter was therefore the 







H–C–H angle, which was defined in terms of an average of all H–C–H angles, p35, and a 


difference between H–C–H in the chain and H–C–H in the methyl groups, p36. All that 


remains is the orientation of the methyl groups. For these, local C3 symmetry was assumed, 


making use of the internal H–C–H angle defined as above. For each conformer, separate C–


N–C–H dihedral angles were used for the methyl groups, p38 to p45, where the chosen 


hydrogen atoms were those farthest from Si. Finally, a tilt of the methyl groups was also 


employed, p37. This was defined as an increase in the N–C–H angle, where the hydrogen was 


again the one farthest from Si.  


 


 
Figure S1 – Atom numbering used in the GED refinement. 


 


 


 


 


 


Table S1 – Data analysis parameters. Units of s are nm
-1


, nozzle-to-plate distances are mm 


and the electron wavelengths are Angstroms. 
Dataset Rg Rd Scale Factor Corr. 


Parameter 


∆s smin sw1 sw2 smax Nozzle-


to-plate 


distance 


Electron 


wavelength 


1 8.51% 4.80% 0.776(10) 0.4726 2 70 90 268 312 252.78 0.0535 


2 2.20% 1.96% 0.755(8) 0.1197 2 70 90 194 226 252.78 0.0535 


3 6.57% 4.41% 0.679(6) 0.3697 2 24 44 134 150 503.5 0.0534 


 


 


 


 


 


 


 


 







Table S2 – Refined (rh1) independent parameters, selected dependent parameters, 


corresponding calculated values and applied restraints. 
Independent 


parameter 


Description Conformers GED 
a
 MP2/TZVPP 


b
 


p1  Molar ratio of H3a a /(a +b +c +d) 0.25(3) 0.48 


p2  r Si···N a 2.912(35) 2.728 


p3  r Si–C average a,b,c,d 1.888(2) 1.890 


p4  r Si–C difference a - b,c,d 0.017(5) 0.016(5) 


p5  r C–C average a,b,c,d 1.529(3) 1.526 


p6  r C–C difference [C(1)–C(4) - C(4)–C(5)]
 c
 a,b,c,d 0.007(2) 0.007(2) 


p7  r C–C difference  b,c,d - a 0.002(1) 0.003(1) 


p8  r C–N average a,b,c,d 1.461(1) 1.454 


p9  r C–N difference [C(5)–N - C(7/8)–N]
 c
 a,b,c,d 0.004(2) 0.004(2) 


p10  r C(4)–N difference 
c
 a - b,c,d 0.004(2) 0.004(2) 


p11  r Si–H average a,b,c,d 1.491(7) 1.482 


p12  r Si–H difference  a 0.012(5) 0.012(5) 


p13  r C–H  a,b,c,d 1.105(1) 1.095 


p14  a C–N–C average a,b,c,d 110.1(2) 110.4(10) 


p15  a C–N–C difference  a 1.7(5) 1.6(5) 


p16  a C–N–C difference  c 1.7(5) 1.6(5) 


p17  a C–N–C difference  b,d 2.0(5) 1.6(5) 


p18  a Si–C–C average  b,c,d 113.7(3) 113.5 


p19  a Si–C–C difference  b – c,d 2.1(5) 1.9(5) 


p20  a C–C–C, C–C–N average  b,c,d 113.2(3) 112.8 


p21  a C–C–C minus C–C–N  b,c,d 1.6(4) 1.0(5) 


p22  a C–C–C difference d – b,c 1.6(5) 1.3(5) 


p23  d H–Si–C–C c 180.0(20) 180.1(20) 


p24  d H–Si–C–C b 188.4(20) 188.0(20) 


p25  d H–Si–C–C d 180.1(20) 180.1(20) 


p26  d Si–C–C–C c 180.9(17) 182.1(20) 


p27  d Si–C–C–C b 300.3(16) 302.6(20) 


p28  d Si–C–C–C d 180.1(20) 180.3(20) 


p29  d C–C–C–N c 58.8(18) 55.6(20) 


p30  d C–C–C–N b 310.3(14) 309.4(20) 


p31  d C–C–C–N d 187.6(19) 186.9(20) 


p32  d C–C–N–C(28) c 67.0(17) 65.9(20) 


p33  d C–C–N–C(51) b 170.9(13) 171.4(20) 


p34  d C–C–N–C(73) d 170.1(19) 171.3(20) 


p35  a H–C–H average a,b,c,d 107.0(3) 107.5(5) 


p36  a H–C–H difference a,b,c,d 1.9(5) 2.0(5) 


p37  a Methyl tilt a,b,c,d 1.3(5) 1.5(5) 


p38  d H–C(7)–N–C(5) a 64.3(20) 64.3(20) 


p39  d H–C(8)–N–C(5) a -61.3(20) -61.5(20) 


p40  d H–C(28)–N–C(26) c 56.8(20) 56.9(20) 


p41  d H–C(29)–N–C(26) c -61.2(20) -61.4(20) 


p42  d H–C(51)–N–C(45) b 60.8(20) 61.0(20) 


p43  d H–C(50)–N–C(45) b -57.6(19) -58.0(20) 


p44  d H–C(73)–N–C(70) d 61.2(20) 61.2(20) 


p45  d H–C(72)–N–C(70) d -57.4(20) -57.5(20) 


p46  a C–Si···N a 73.1(11) 76.3(100) 


p47  a Si···N–C a 94.7(10) 97.4(100) 


p48  d C–Si···N–C4 a 2.5(35) 9.0(100) 


p49  d N–C5···C1–C4 a 124.3(21) 125.1(200) 


p50  a H–Si–H average a,b,c,d 107.7(10) 108.1(10) 


p51  a H–Si–H difference of average angles b,c,d - a 1.1(5) 1.1(5) 







p52  a H–Si–H difference in H3a a 7.5(5) 7.5(5) 


p53  a H–Si–C a 104.1(10) 104.2(10) 


p54  d H–Si–C···N a 178.3(20) 178.4(20) 


p55  d Si···C–N–C(7/8) difference a 2.9(19) 4.7(20) 


p56  Ratio of H3c  c /(b + c + d) 0.48(7) 0.29 


p57  Ratio of H3b  b / (b + d) 0.74(13) 0.68 


p58  r Si–C difference b - c,d 0.004(2) 0.004(2) 


Dependant parameters 


d1  r Si–H, C–N difference a,b,c,d 0.030(8) 0.028(10) 


d2  a Si–C–C  a 117.7(5) 117.1 


d3  a C–C–C a 110.3(6) 110.9 


d4  a C–C–N a 111.7(5) 110.2 


d5  a Si–C–C b 115.1(4) 114.8 


d6  a C–C–C b 112.4(4) 112.9 


d7  a C–C–N b 114.0(3) 113.0 


d8  r Si–C a 1.897(4) 1.898 


d9  r Si–C b 1.882(2) 1.885 


d10  r Si–C c 1.878(2) 1.880 


d11  r Si–C d 1.878(2) 1.882 


d12  r C(1)–C(4) a 1.532(3) 1.528 


d13  r C(4)–C(5) a 1.525(3) 1.520 


d14  r C(45)–C(47) b 1.534(3) 1.531 


d15  r C(47)–C(48) b 1.527(3) 1.524 


d16  r C(24)–C(25) c 1.534(3) 1.529 


d17  r C(25)–C(26) c 1.527(3) 1.524 


d18  r C(5)–N a 1.465(2) 1.459 


d19  r C(7)–N a 1.459(2) 1.453 


d20  r C(5)–N 
c
 b,c,d 1.461(2) 1.455 


d21  r C(7)–N 
c
 b,c,d 1.459(2) 1.452 


d22  r C–C–C–N difference a,b,c,d 0.069(4) 0.072(5) 


d23  d Si–C–C–C a 63.0(34) 52.9 


d24  d C–C–C–N a 62.6(24) 60.6 
a
 The numbers in parentheses are one standard deviation, obtained from the least-squares fit. 


b
 Where the theoretical value is followed by a number in brackets, this value was used as a 


restraint in the GED refinement with an uncertainty equal to the number in parentheses. 
c
 The atom numbers refer to those in Figure S1 for H3a and those in topologically equivalent 


positions in the other conformers. 


 


 


 


 


 


 


 


Table S3 – Least-squares correlation matrix. All elements have been multiplied by 100 and 


only off-diagonal elements with greater than 50% correlation have been included. k1, k2 and k3 


are the scale factors for datasets 1, 2 and 3, respectively. 
 p4 p14 p20 p46 p48 p49 u120 u571 k2 k3 


p2    -74 -51      


p3 67          


p5   -55    -73    


p8  -80     54    


p14       -52    


p18        53   







p20        -51   


p27    -52 -50      


p46     90 -50     


p47     -65 86     


p48      -77     


u55         50  


u120         62 53 


k1         59  


k2          56 


 


 


 


Table S4 – Selected inter-nuclear distances (ra), refined (GED) and calculated (MP2/6-31G*) 


amplitudes of vibration (u), and distance corrections (kh1) for curvilinear motion. 
 Atom pair Distance (ra) u kh1 u (MP2/6-31G*) 


u3  C(1)-H(11) 1.103(1) 0.081(1) 0.004 0.076 


u466  C(45)-H(56) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u4  C(1)-H(12) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u465  C(45)-H(55) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u697  C(67)-H(78) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u696  C(67)-H(77) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u238  C(24)-H(42) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u18  C(7)-H(22) 1.103(1) 0.082(Tied to u3) 0.004 0.077 


u20  C(8)-H(18) 1.103(1) 0.082(Tied to u3) 0.004 0.077 


u237  C(24)-H(41) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u709  C(72)-H(79) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u712  C(73)-H(82) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u713  C(73)-H(83) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u252  C(29)-H(35) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u479  C(50)-H(65) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u481  C(51)-H(61) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u19  C(8)-H(17) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u247  C(28)-H(30) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u478  C(50)-H(64) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u250  C(29)-H(33) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u249  C(28)-H(32) 1.103(1) 0.082(Tied to u3) 0.004 0.077 


u710  C(72)-H(80) 1.103(1) 0.082(Tied to u3) 0.004 0.077 


u21  C(8)-H(19) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u483  C(51)-H(63) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u16  C(7)-H(20) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u248  C(28)-H(31) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u482  C(51)-H(62) 1.103(1) 0.082(Tied to u3) 0.004 0.077 


u480  C(50)-H(66) 1.103(1) 0.082(Tied to u3) 0.004 0.077 


u714  C(73)-H(84) 1.103(1) 0.082(Tied to u3) 0.004 0.077 


u251  C(29)-H(34) 1.103(1) 0.082(Tied to u3) 0.004 0.077 


u711  C(72)-H(81) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u17  C(7)-H(21) 1.103(1) 0.080(Tied to u3) 0.004 0.075 


u10  C(4)-H(14) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u471  C(47)-H(57) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u240  C(25)-H(39) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u12  C(5)-H(15) 1.103(1) 0.082(Tied to u3) 0.004 0.077 


u474  C(48)-H(59) 1.103(1) 0.083(Tied to u3) 0.004 0.078 


u703  C(69)-H(86) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u706  C(70)-H(88) 1.103(1) 0.083(Tied to u3) 0.004 0.078 


u243  C(26)-H(43) 1.103(1) 0.083(Tied to u3) 0.004 0.078 







u241  C(25)-H(40) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u472  C(47)-H(58) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u9  C(4)-H(13) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u702  C(69)-H(85) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u705  C(70)-H(87) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u475  C(48)-H(60) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u13  C(5)-H(16) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u244  C(26)-H(44) 1.103(1) 0.081(Tied to u3) 0.004 0.076 


u707  N(71)-C(72) 1.458(2) 0.053(Tied to u14) 0.001 0.048 


u245  N(27)-C(28) 1.458(2) 0.053(Tied to u14) 0.001 0.048 


u477  N(49)-C(51) 1.458(2) 0.053(Tied to u14) 0.001 0.048 


u246  N(27)-C(29) 1.458(2) 0.053(Tied to u14) 0.001 0.048 


u476  N(49)-C(50) 1.458(2) 0.053(Tied to u14) 0.001 0.048 


u708  N(71)-C(73) 1.458(2) 0.053(Tied to u14) 0.001 0.048 


u14  N(6)-C(7) 1.458(2) 0.053(1) 0.001 0.048 


u15  N(6)-C(8) 1.458(2) 0.053(Tied to u14) 0.001 0.048 


u704  C(70)-N(71) 1.460(2) 0.054(Tied to u14) 0.001 0.048 


u242  C(26)-N(27) 1.460(2) 0.054(Tied to u14) 0.001 0.048 


u473  C(48)-N(49) 1.460(2) 0.054(Tied to u14) 0.001 0.048 


u11  C(5)-N(6) 1.465(2) 0.054(Tied to u14) 0.001 0.048 


u469  Si(46)-H(54) 1.487(7) 0.096(Tied to u14) 0.003 0.087 


u468  Si(46)-H(53) 1.487(7) 0.096(Tied to u14) 0.003 0.087 


u233  Si(23)-H(36) 1.487(7) 0.096(Tied to u14) 0.003 0.087 


u700  Si(68)-H(76) 1.487(7) 0.096(Tied to u14) 0.003 0.087 


u699  Si(68)-H(75) 1.487(7) 0.096(Tied to u14) 0.003 0.087 


u235  Si(23)-H(38) 1.487(7) 0.096(Tied to u14) 0.003 0.087 


u234  Si(23)-H(37) 1.487(7) 0.096(Tied to u14) 0.003 0.087 


u698  Si(68)-H(74) 1.487(7) 0.096(Tied to u14) 0.003 0.087 


u467  Si(46)-H(52) 1.487(7) 0.096(Tied to u14) 0.003 0.086 


u7  Si(2)-H(10) 1.487(7) 0.096(Tied to u14) 0.004 0.087 


u5  Si(2)-H(3) 1.487(7) 0.096(Tied to u14) 0.004 0.087 


u6  Si(2)-H(9) 1.499(8) 0.097(Tied to u14) 0.004 0.088 


u8  C(4)-C(5) 1.524(3) 0.055(Tied to u14) 0.001 0.050 


u470  C(47)-C(48) 1.526(3) 0.056(Tied to u14) 0.001 0.050 


u239  C(25)-C(26) 1.526(3) 0.056(Tied to u14) 0.001 0.050 


u701  C(69)-C(70) 1.526(3) 0.055(Tied to u14) 0.001 0.050 


u2  C(1)-C(4) 1.531(3) 0.056(Tied to u14) 0.001 0.050 


u695  C(67)-C(69) 1.533(3) 0.056(Tied to u14) 0.001 0.051 


u464  C(45)-C(47) 1.533(3) 0.056(Tied to u14) 0.001 0.051 


u236  C(24)-C(25) 1.533(3) 0.056(Tied to u14) 0.001 0.051 


u694  C(67)-Si(68) 1.877(3) 0.055(Tied to u1) 0.001 0.052 


u232  Si(23)-C(24) 1.877(2) 0.055(Tied to u1) 0.001 0.052 


u463  C(45)-Si(46) 1.882(2) 0.056(Tied to u1) 0.001 0.052 


u1  C(1)-Si(2) 1.896(4) 0.056(1) 0.001 0.053 


u118  C(7)...C(8) 2.374(5) 0.063(Tied to u90) 0.000 0.068 


u795  C(72)...C(73) 2.381(3) 0.063(Tied to u90) 0.000 0.068 


u564  C(50)...C(51) 2.381(3) 0.063(Tied to u90) 0.000 0.068 


u333  C(28)...C(29) 2.382(3) 0.063(Tied to u90) 0.000 0.068 


u766  C(70)...C(73) 2.383(3) 0.064(Tied to u90) 0.000 0.069 


u535  C(48)...C(51) 2.383(3) 0.062(Tied to u90) 0.000 0.068 


u304  C(26)...C(29) 2.385(3) 0.064(Tied to u90) 0.001 0.069 


u90  C(5)...C(7) 2.405(3) 0.062(2) 0.001 0.068 


u91  C(5)...C(8) 2.405(3) 0.064(Tied to u90) 0.001 0.069 


u303  C(26)...C(28) 2.409(5) 0.062(Tied to u90) 0.000 0.068 


u765  C(70)...C(72) 2.411(5) 0.063(Tied to u90) 0.000 0.068 







u534  C(48)...C(50) 2.412(5) 0.063(Tied to u90) 0.000 0.068 


u507  Si(46)...H(56) 2.463(3) 0.110(Tied to u90) -0.003 0.119 


u506  Si(46)...H(55) 2.464(3) 0.110(Tied to u90) -0.002 0.119 


u45  Si(2)...H(12) 2.466(5) 0.112(Tied to u90) -0.003 0.121 


u737  Si(68)...H(77) 2.467(3) 0.110(Tied to u90) -0.003 0.119 


u267  Si(23)...H(42) 2.467(3) 0.110(Tied to u90) -0.003 0.119 


u738  Si(68)...H(78) 2.467(3) 0.110(Tied to u90) -0.003 0.119 


u266  Si(23)...H(41) 2.467(3) 0.110(Tied to u90) -0.003 0.119 


u44  Si(2)...H(11) 2.468(5) 0.110(Tied to u90) -0.002 0.119 


u75  C(4)...N(6) 2.470(7) 0.060(Tied to u90) -0.003 0.065 


u23  C(1)...C(5) 2.502(9) 0.066(Tied to u90) -0.004 0.071 


u287  C(25)...N(27) 2.503(4) 0.061(Tied to u90) -0.002 0.066 


u518  C(47)...N(49) 2.503(4) 0.061(Tied to u90) -0.002 0.065 


u749  C(69)...N(71) 2.504(4) 0.063(Tied to u90) -0.002 0.068 


u715  C(67)...C(70) 2.517(9) 0.068(Tied to u90) -0.002 0.073 


u484  C(45)...C(48) 2.540(6) 0.064(Tied to u90) -0.003 0.070 


u270  C(24)...C(26) 2.540(6) 0.065(Tied to u90) -0.002 0.071 


u253  Si(23)...C(25) 2.844(6) 0.097(Tied to u41) -0.004 0.090 


u732  Si(68)...C(69) 2.845(6) 0.097(Tied to u41) -0.004 0.090 


u501  Si(46)...C(47) 2.882(6) 0.091(Tied to u41) -0.004 0.084 


u41  Si(2)...N(6) 2.911(35) 0.205(6) 0.013 0.190 


u39  Si(2)...C(4) 2.933(8) 0.082(Tied to u41) -0.004 0.076 


u24  C(1)...N(6) 2.963(23) 0.128(Tied to u41) -0.009 0.119 


u288  C(25)...C(28) 3.015(19) 0.147(Tied to u41) -0.001 0.136 


u271  C(24)...N(27) 3.019(17) 0.134(Tied to u41) -0.002 0.124 


u750  C(69)...C(72) 3.034(21) 0.159(Tied to u41) 0.000 0.148 


u76  C(4)...C(7) 3.163(39) 0.121(Tied to u41) -0.003 0.112 


u502  Si(46)...C(48) 3.301(19) 0.145(Tied to u40) -0.004 0.155 


u40  Si(2)...C(5) 3.360(33) 0.119(6) -0.002 0.128 


u486  C(45)...C(50) 3.546(25) 0.133(Tied to u40) -0.018 0.142 


u272  C(24)...C(28) 3.662(41) 0.279(Tied to u42) -0.019 0.273 


u503  Si(46)...N(49) 3.672(37) 0.272(Tied to u42) -0.014 0.266 


u77  C(4)...C(8) 3.703(12) 0.077(Tied to u42) -0.011 0.075 


u42  Si(2)...C(7) 3.744(38) 0.236(10) 0.005 0.231 


u751  C(69)...C(73) 3.753(4) 0.075(Tied to u42) -0.017 0.073 


u289  C(25)...C(29) 3.758(4) 0.073(Tied to u42) -0.015 0.071 


u520  C(47)...C(51) 3.767(4) 0.120(Tied to u42) -0.002 0.118 


u43  Si(2)...C(8) 3.784(39) 0.263(Tied to u42) 0.002 0.257 


u25  C(1)...C(7) 3.938(28) 0.158(Tied to u42) -0.017 0.154 


u26  C(1)...C(8) 4.017(50) 0.167(Tied to u254) -0.021 0.166 


u733  Si(68)...C(70) 4.203(6) 0.083(Tied to u254) -0.023 0.082 


u254  Si(23)...C(26) 4.215(4) 0.082(3) -0.025 0.082 


u487  C(45)...C(51) 4.224(19) 0.203(Tied to u254) -0.012 0.202 


u273  C(24)...C(29) 4.271(19) 0.155(Tied to u254) -0.023 0.154 


u717  C(67)...C(72) 4.432(19) 0.122(Tied to u254) -0.026 0.121 


u505  Si(46)...C(51) 4.510(44) 0.267(Tied to u504) -0.037 0.275 


u255  Si(23)...N(27) 4.738(14) 0.149(Tied to u504) -0.034 0.154 


u504  Si(46)...C(50) 4.761(41) 0.330(15) -0.022 0.341 


u256  Si(23)...C(28) 5.072(44) 0.327(Tied to u504) -0.036 0.337 


u734  Si(68)...N(71) 5.323(7) 0.111(5) -0.031 0.110 


u735  Si(68)...C(72) 5.716(28) 0.199(10) -0.028 0.204 


u257  Si(23)...C(29) 6.059(16) 0.174(8) -0.065 0.165 


u736  Si(68)...C(73) 6.516(8) 0.105(5) -0.052 0.105 


 


 







 


Table S5 – Refined GED atomic coordinates (distances in Å). 


Atom X Y Z 


C1 0.551413 0.078174 1.813064 


Si2 0.000000 0.000000 0.000000 


H3 0.375020 -1.250997 -0.716122 


C4 1.888297 0.759530 2.121076 


C5 3.033267 0.000000 1.460229 


N6 2.912377 0.000000 0.000000 


C7 3.510014 1.204395 -0.567031 


C8 3.570064 -1.170265 -0.572002 


H9 -1.499032 -0.040622 0.075352 


H10 0.303837 1.218454 -0.800949 


H11 -0.237640 0.592172 2.390624 


H12 0.593229 -0.953974 2.204594 


H13 1.871937 1.805669 1.766535 


H14 2.046242 0.809650 3.213283 


H15 3.998262 0.450048 1.754535 


H16 3.055014 -1.039818 1.832625 


H17 3.447600 -1.179572 -1.669859 


H18 4.651851 -1.191869 -0.349192 


H19 3.120523 -2.096144 -0.170709 


H20 3.341247 1.237963 -1.658253 


H21 3.050180 2.105282 -0.122814 


H22 4.599081 1.253918 -0.388555 


Si23 10.000000 0.000000 0.000000 


C24 11.877908 0.000000 0.000000 


C25 12.477911 1.411993 0.000000 


C26 14.004706 1.395943 -0.022703 


N27 14.575645 0.704981 -1.176579 


C28 14.295158 1.423550 -2.415226 


C29 16.018665 0.574889 -1.003287 


H30 14.775468 0.914595 -3.270001 


H31 13.206889 1.452245 -2.602899 


H32 14.664028 2.464464 -2.386813 


H33 16.458761 0.028294 -1.856471 


H34 16.520740 1.556271 -0.931280 


H35 16.243868 0.008051 -0.082226 


H36 9.468276 0.695692 1.204885 


H37 9.468276 -1.391307 0.000044 


H38 9.468276 0.695615 -1.204929 


H39 12.127343 1.962489 0.891308 


H40 12.101216 1.973591 -0.873546 


H41 12.244535 -0.554148 -0.882541 


H42 12.244535 -0.554148 0.882541 


H43 14.377674 2.435592 -0.002736 


H44 14.375221 0.920724 0.903181 


C45 1.882101 10.000000 0.000000 


Si46 0.000000 10.000000 0.000000 


C47 2.532930 11.389298 0.000000 


C48 2.134619 12.218963 -1.218557 


N49 2.284987 11.517377 -2.491348 


C50 3.689484 11.273172 -2.802817 


C51 1.680971 12.309500 -3.557634 


H52 -0.531724 10.513065 -1.293251 







H53 -0.531724 8.623479 0.202298 


H54 -0.531724 10.863456 1.090953 


H55 2.238616 9.439293 0.882541 


H56 2.238616 9.439293 -0.882541 


H57 2.252267 11.928864 0.922210 


H58 3.632020 11.282507 0.031132 


H59 2.740270 13.142576 -1.240924 


H60 1.084947 12.544693 -1.106920 


H61 0.607504 12.471263 -3.352997 


H62 2.160529 13.298793 -3.665795 


H63 1.768232 11.780620 -4.523576 


H64 4.141412 10.613687 -2.040442 


H65 3.782662 10.774238 -3.784018 


H66 4.277979 12.207420 -2.837876 


C67 11.877908 10.000000 0.000000 


Si68 10.000000 10.000000 0.000000 


C69 12.477911 11.411993 0.000000 


C70 14.003867 11.354317 -0.003056 


N71 14.649004 12.653252 0.174127 


C72 14.444432 13.512938 -0.987058 


C73 16.079121 12.460487 0.390616 


H74 9.468276 8.608695 0.002136 


H75 9.468276 10.697503 1.203838 


H76 9.468276 10.693803 -1.205974 


H77 12.244535 9.445853 -0.882541 


H78 12.244535 9.445853 0.882541 


H79 14.971670 14.473888 -0.849327 


H80 14.815466 13.050776 -1.919321 


H81 13.369117 13.729498 -1.118107 


H82 16.575764 13.433445 0.555153 


H83 16.249813 11.834761 1.284878 


H84 16.568925 11.968410 -0.468644 


H85 12.120077 11.973705 -0.881367 


H86 12.123557 11.972226 0.883711 


H87 14.341571 10.670712 0.796327 


H88 14.346985 10.906631 -0.952910 


 







Least-squares fitting procedure to determine the relative amount of


H3a in H3 by a combination of IR spectroscopy and first-principles


computations


IR spectra based on the harmonic approximation of the PES have been calculated for eight conform-


ers of H3 (H3a-h) using the RI-MP2(fc)/TZVPP method and numerical gradient computations,


(see Computational Part for references).


• In a first step the calculated IR intensities and wavelengths were tranformed into simulated,


continuous IR spectra by a convolution procedure using Gaussian functions [G(ν̄;wi, ni, hi)]


with fixed half-widths wi, maxima ni at the calculated frequencies and heights hi of the


calculated intensities


MP2IRH3x(ν̄)
convolution
−−−−−−−→


wi fixed


simIRH3x(ν̄). (1)


• A linear combination of all non-five-membered-ring conformers (H3b-h, each showing only


one signal in the ν(SiH) region at similar wavelengths) with Boltzmann factors as conformer


ratio coeffients was constructed


simIRopen(ν̄) =


h∑


x=b


simIRH3x(ν̄) · e
−


MP2∆G298.15
0


(H3a → H3x)


RT . (2)


• In a next step


– a single Gaussian function G0 = G(ν̄;w0, n0, h0), was fitted to the simulated open-ring


conformer spectrum [simIRopen(ν̄)] in the Si-H stretching frequency region


simIRopen(ν̄)
fit


−−−−−→
w0,n0,h0


G0, ν̄ ∈ [2000; 2400] (3)
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– and a linear combination of two Gaussian functions G1 = G(ν̄;w1, n1, h1), G2 =


G(ν̄;w2, n2, h2) was fitted to the simulated IR spectrum simIRH3a(ν̄) of the five mem-


bered ring species H3a [showing one maximum n1 for the νas,sym(SiH2) and one n2 for


the νtrans(SiH) vibrational mode]


simIRH3a(ν̄)
fit


−−−−−→
w1 n1 h1


w2 n2 h2


G1 + G2, ν̄ ∈ [2000; 2400]. (4)


• Instead of fitting aG0 + b(G1 + G2) to the IR spectra via the parameters a and b, it was


necessary to introduce further parameters and some assumptions on wi, ni and hi for i = 0,


..., 2.


−log[expIR(ν̄)]
fit


−−−→
a b c
n0 n2


a ( b fH3a + (1 − b) fopen), ν̄ ∈ [2050; 2250] (5)


with


fopen = G(ν̄;w0 · c, n0, h0) (6)


fH3a = G(ν̄;w1 · c, n0, h1) + G(ν̄;w2 · c, n2, h2). (7)


The parameters w0, w1, w2 resulting from 3 and 4, are describing the width of the calculated


peaks. They were kept at a constant ratio with respect to each others in fopen and fH3a, as


well as the used peak heights h0, h1, h2 within each of the two functions. This was necessary


since all information about the relative calculated conformer- and peak-ratios is kept in these


six parameters. In addition to a, b and c, the peak positions n0 and n2 were included as pa-


rameters into the fitting procedure, since the difference between the experimentally observed


frequencies νas,sym(SiH2) − νtrans(SiH) is considerably smaller than the calculated difference


at the MP2 level of theory. In order to avoid a discrimination of wavelength differences within


H3a and those between H3b-h, n1 was not refined independently but was set to be equal


n0 in fH3a. The ratios bi of conformere H3a resulting from the fitting procedure (applied to


seven independently recorded IR spectra) are given in the following table:
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i bi σa


1 0.239305 0.005854


2 0.239157 0.005880


3 0.236933 0.005852


4 0.234722 0.005806


5 0.233105 0.005807


6 0.239305 0.005854


7 0.235645 0.005928


mean 0.236882


max. 0.005928


σb 0.002494


a asymptotic standard error


b standard deviation


After conversion into absorbances {−log[expIR(ν̄)]}, all IR spectra are overlapping satisfac-


torily:
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20502100215022002250


∆ν  /  cm
-1 →


←
  a


bs
. IR1


IR2
IR3
IR4
IR5
IR6
IR7


Cartesian Coordinates for Experimental and Calculated Struc-


tures in Atomic Units


DFTa/SV(P)


H3a


3.27215232611767 0.42116360200535 1.58779568378074 c


0.95214572994985 -0.29190081674796 3.19547798027996 c


-1.51460792265173 0.88787019178127 2.22682714032676 c


-2.14841947822118 0.03198326178200 -0.33206804816926 n


-3.69146145164985 1.83018984179622 -1.73183164825107 c


3.11857767736742 -0.15536773941154 -1.98353120210590 si


-3.23865228982316 -2.49577362618229 -0.39077086290114 c


1.85310690414652 1.90968571696504 -3.48338303560378 h
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5.85408083841311 -0.13271023541135 -2.86244446431919 h


2.11081967567388 -2.72582606865758 -2.69299395404807 h


4.96221775793916 -0.62311827027119 2.28644633273164 h


3.72983684237382 2.46442219837306 1.85002097623432 h


0.75723691365680 -2.38695663772500 3.27184005936754 h


1.23721836502461 0.32066871204013 5.19155796584508 h


-3.10084200909895 0.51424347009062 3.59192344663596 h


-1.27248361293479 2.97690840720978 2.15441130016917 h


-3.97753277301189 1.14031276987421 -3.69629866189628 h


-5.60949493956593 2.13773319237998 -0.86588160365880 h


-2.71552397965009 3.68726982425225 -1.84052744637605 h


-3.44491346497740 -3.13667963311546 -2.38118419325518 h


-1.98299340092734 -3.86570695953677 0.58273368791628 h


-5.15089881745374 -2.58465208288305 0.53684411385035 h


H3b


2.71417569978841 1.61263865009877 1.02693014500181 c


4.75982000005389 -0.62808778729120 -0.92023827598647 si


0.61729781672058 0.40353224835598 2.65802830679799 c


-1.48177939552885 -1.12133602960081 1.32711494387297 c


-3.31433588684043 0.39090488869854 -0.10268419862608 n


-2.63029872662299 0.78349795882088 -2.73629658222399 c


-5.89033830917512 -0.54797590294689 0.11302650305767 c


3.37270431836960 -1.78230569505078 -3.12689425560966 h


7.00384294570833 0.79392149213991 -1.95889695657874 h


5.72915618325797 -2.75527556809218 0.71710146826077 h
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4.04675147355196 2.63431662752350 2.30196682198440 h


1.92956376517602 3.09867486292919 -0.24117427726257 h


1.52999565031043 -0.89469790978572 4.04656438444043 h


-0.32834150240996 1.90954508732247 3.78585061750833 h


-2.54105072142687 -2.11809557561650 2.84327801226974 h


-0.63247304028463 -2.65888579637416 0.12353015458093 h


-7.20961948573759 0.77218227409325 -0.85661289357884 h


-6.17522251128418 -2.47675160894110 -0.74895467741320 h


-6.46551988954620 -0.65049637525686 2.13182258541093 h


-3.97662178801554 2.12880977135281 -3.63175067028752 h


-0.71206119680793 1.61069812007678 -2.89854179679157 h


-2.65038241746490 -1.01217790400411 -3.88434990844742 h


H3c


-5.69504866468237 -0.40462615017112 -0.38697002905296 si


-2.30707937838620 -0.74525928958178 0.74420613157924 c


-0.74796135918366 1.71407302542910 0.71668128355375 c


2.04499864328317 1.31051696391578 1.43861987561033 c


3.38550157095676 -0.47961139072955 -0.18395529427593 n


3.85083897747643 0.48661707829168 -2.71446847821698 c


5.69103744168083 -1.42316088120424 0.97616842871958 c


4.75500799953808 -1.00298661001043 -3.89011230615387 h


2.04978466022555 1.01964873223622 -3.65274119361913 h


5.12368783947872 2.19670863064989 -2.73641364482269 h


6.55729213388544 -2.89674994618589 -0.24881364564620 h


7.15969886956068 0.08710782348940 1.30086863278611 h
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5.25641229219666 -2.30477954563742 2.83424853831580 h


-7.13981606037778 1.44989938325062 1.23284225831665 h


-7.05308838968696 -2.91087668414981 -0.29105016309046 h


-5.76879686624689 0.54665396152023 -3.07772921154553 h


-1.55737956824194 3.11222357781584 2.06724624245491 h


-0.87094093601019 2.63142986100723 -1.17587858466439 h


-1.33832554501857 -2.18539696600608 -0.44837763866440 h


-2.33975982801168 -1.55351750538952 2.69179165909890 h


3.02967553764093 3.20090864559867 1.49645541625589 h


2.11133886792333 0.54796695068044 3.39924851019594 h


H3d


3.04320796647078 -1.16878426786011 0.69903473270214 c


6.18073957272206 0.31409802606399 -0.23624082763876 si


0.69510877375609 0.24333066400431 -0.28989724334182 c


-1.79062231457118 -1.02554293237868 0.52810976281052 c


-4.05694240656760 0.10739154811188 -0.56753535392036 n


-4.60420180377369 2.62029443417054 0.40090890382285 c


-6.24300216527038 -1.54428904893829 -0.36377235202512 c


8.35837170280816 -1.18973166578992 0.82759041557401 h


6.45345345602450 0.40360536959311 -3.07409741413402 h


6.36630132404391 2.98351892176360 0.75539023534176 h


2.98968563048787 -1.28810685401052 2.80391397606857 h


3.03936460875451 -3.16278167875473 0.01256686839429 h


-6.27967816405193 3.41341906043902 -0.58998831090170 h


-5.01758096623278 2.64304180671949 2.49378493673059 h
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-2.99643469876531 3.92346151109308 0.05070543346348 h


-7.88193252741087 -0.68840958572832 -1.36500277682594 h


-5.83554944008513 -3.39950144144359 -1.26557653118856 h


-6.84437847616422 -1.91872560868586 1.64739833367155 h


0.74865635994432 2.23510041915952 0.38901208985254 h


0.71771222340784 0.33620432157320 -2.39289914562255 h


-1.73064729437584 -3.03501778211735 -0.09589637712415 h


-1.88379837625326 -1.07383763352947 2.66120644430617 h


H3e


-1.01185639743571 -5.35561333117457 -0.16343565104834 si


1.83185788429116 -3.27234294995634 0.57928788683507 c


1.83184477170416 -0.57437368235228 -0.53474223208532 c


-0.18659595888625 1.16056889624026 0.63168130458303 c


-0.33448596345092 3.66215143156288 -0.52704165698329 n


-2.66562868113618 4.96283787672831 0.12315374428361 c


1.86228341782508 5.23798034261126 -0.03515198078268 c


-2.78811032883078 6.77877028483433 -0.92936602764186 h


-4.32423684011567 3.79034793378133 -0.41924801029076 h


-2.84005855302397 5.41135049243249 2.20055644075637 h


1.65955909359987 7.06969730480595 -1.04531801332952 h


2.14254369974561 5.66764972228591 2.03562991030533 h


3.61421705282992 4.32473227283682 -0.74395541936513 h


-3.43010285023918 -4.39103847718299 1.00132679301375 h


-0.55534966911066 -7.98397564294950 0.84623933244729 h


-1.40298808648823 -5.52966404580982 -2.98484219259433 h
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1.52677783268363 -0.63316590268386 -2.61682261849025 h


3.74219502301672 0.26146842110153 -0.24576401270891 h


3.51614019906641 -4.32060849253146 -0.13094755324977 h


2.05949137148695 -3.19661070601683 2.67482835984400 h


-2.07144646666030 0.25702076643361 0.38895160398800 h


0.13264145385792 1.28720958380097 2.73974864785600 h


H3f


-0.79934965978936 5.20448910331221 0.86888705849182 si


1.01641987960871 3.34319994656662 -1.62736818438691 c


1.76018483154050 0.60271755691625 -0.95722364661256 c


-0.51943544173748 -1.13948546171350 -0.50580256153266 c


0.12589385445731 -3.81885457063102 -0.34975851495000 n


1.61522008288136 -4.46246344942459 1.86893461192210 c


-2.08909929563619 -5.42867158868576 -0.57382162386148 c


2.12217839331825 -6.50169763927179 1.81379868127693 h


3.40684333201569 -3.37075669604550 1.90697166808040 h


0.58998230813330 -4.09985433762214 3.70441342151902 h


-1.50304530937899 -7.44733584304969 -0.62564899167731 h


-3.47255965651871 -5.20106608458549 1.03211253035555 h


-3.11159347159288 -5.00853785874637 -2.36209356323446 h


-3.47976252551704 4.29040775317643 1.19622520766800 h


-0.91209372397967 7.95128265080330 0.10550450513784 h


0.51524914993980 5.03021490255061 3.39573799173521 h


3.00656941492887 0.62869591865046 0.73881665713673 h


2.90093656499364 -0.22753865455827 -2.52082324867738 h
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2.75977133700033 4.45268741707180 -2.03888955531728 h


-0.11114204440367 3.38002945140744 -3.40934230784306 h


-1.58785998053278 -0.49185737689081 1.22785390075277 h


-1.84987166770593 -0.91297330096458 -2.12212084200369 h


H3g


-0.80565036384727 -5.34947820051213 0.26910689429009 si


1.88782981873998 -3.10381055996914 -0.55440215015032 c


1.17512812959804 -0.34514942455705 -1.18100540875527 c


0.14503544570775 1.14052662596912 1.12005229491542 c


-0.45716447697372 3.80506741807558 0.75147279454157 n


1.69075511054398 5.44019066790942 0.28065123638906 c


-2.59257625588719 4.30688564566389 -0.89105801010612 c


1.10813859247553 7.45264832713958 0.49022041220004 h


3.19948239167434 5.06200546199970 1.69629362106010 h


2.55846251291549 5.24403474904621 -1.65424874079346 h


-3.17455406142005 6.32097462654989 -0.70009139144421 h


-2.22887989672060 3.95816427849650 -2.95996348350646 h


-4.22749788993874 3.11220989851284 -0.32295038831975 h


-2.09567678351312 -4.69607256750711 2.72698481705306 h


0.20831357440726 -8.00511943784952 0.50350504732261 h


-2.77915153192890 -5.32138333435427 -1.79373498653264 h


-0.24371184479410 -0.31561735264230 -2.73890868708356 h


2.87853795106062 0.64281989195778 -1.92827072041156 h


2.87718155081350 -3.97056742694726 -2.20080716733627 h


3.28197699051508 -3.15176128616804 1.02890601879709 h
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-1.59837727189470 0.19399426918373 1.83417932304644 h


1.55631187738352 1.01590886374289 2.68448299536376 h


H3h


-5.97001452294174 0.64968836112377 0.03426199899051 si


-3.00719103109404 -1.37465183097155 -0.08019207826492 c


-0.50550302910248 0.11962431375397 -0.02019085313230 c


1.83363163966214 -1.64584903909586 -0.07766805825869 c


4.32742146341592 -0.48395634182317 -0.00617492309069 n


5.02091503507872 0.93993961870018 -2.24164761100665 c


4.96588885281082 0.78455247115165 2.33701757993631 c


7.07894059938716 1.37961493506213 -2.19144324593150 h


4.65561198709884 -0.20951235735805 -3.96451371111241 h


3.99593989955176 2.79228367139341 -2.47116245759014 h


7.03526789748488 1.16728960386719 2.39976657201287 h


3.97824786932560 2.64627849195435 2.64295836326039 h


4.49917927220755 -0.45674645609721 3.96903425887795 h


-6.06310864324733 2.44440164397853 -2.18193457068526 h


-6.02783218659179 2.19570308431152 2.43256511954549 h


-8.31140948249415 -0.98006195126178 -0.03316608471741 h


-0.43907390167799 1.31437721686124 1.71418423183423 h


-0.42413016070149 1.44664401164997 -1.65274884939956 h


-3.09330474914965 -2.56107548537887 -1.82224144591086 h


-3.09135346071777 -2.72768801539829 1.53635275623046 h


1.70029571848443 -2.97623984042877 1.55497859911479 h


1.72460760536437 -2.83509645792167 -1.81625510602921 h
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SCF/TZVPP


H3a


3.20314500756381 0.50728922999925 1.66646744502990 c


0.82259614978194 -0.35937046754832 3.07453790452023 c


-1.62223205049966 0.82328243859105 2.11581452848281 c


-2.28807693718746 0.02587515788458 -0.42309932980148 n


-3.84311582628656 1.85719345883769 -1.71959548439261 c


3.48913877840137 -0.16395655685546 -1.83994607777060 si


-3.42891139566666 -2.45508245891896 -0.49516095230674 c


2.22309768635120 1.72325620648182 -3.46120208584174 h


6.22677779337502 -0.04347418239479 -2.46837746348432 h


2.60644218960830 -2.73659198226481 -2.49170717550244 h


4.83741618309233 -0.37656229296726 2.54179458960269 h


3.46754965505953 2.52891169388252 1.93300851120527 h


0.68839123664739 -2.40233037663675 3.00464158921443 h


1.01053926830874 0.12193826568328 5.06076985618548 h


-3.15208238287433 0.42255433417714 3.44428970037930 h


-1.38814887481553 2.85776983648659 2.10067980489130 h


-4.20121391145898 1.23121396861607 -3.63347583926784 h


-5.66756631262440 2.15301988377525 -0.79634693483234 h


-2.87862546299576 3.65672446891797 -1.81766056858441 h


-3.68704374431938 -3.04262353507001 -2.43677872281660 h


-2.22767681930146 -3.83406794629871 0.41079361916214 h


-5.26982624105684 -2.49927975797483 0.44140204682118 h
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H3b


2.51379751446168 0.89561978716692 1.64280178037420 c


4.67330506810218 0.25883047776132 -1.12531587418066 si


0.63538611837189 -1.19472250743011 2.35942675041399 c


-1.35105508262099 -1.79255152232387 0.35255442534730 c


-2.82530572570484 0.36548116058120 -0.46673870384512 n


-4.20103981188849 -0.16952855481445 -2.76202365401991 c


-4.47930201120085 1.34194543872326 1.47231703708969 c


3.29774717958369 0.08281244054602 -3.55500903560089 h


6.54459039462109 2.33043501561212 -1.33788685725072 h


6.06229657354576 -2.14806287183812 -0.74858507462799 h


3.73427580982762 1.27072019540077 3.25250763706121 h


1.50792508196203 2.64094822707086 1.26626077189849 h


1.64847592035810 -2.93711495545859 2.74612819254705 h


-0.28653169800009 -0.69419849312403 4.11937298559973 h


-2.57394627350675 -3.29877818258408 1.07140162337267 h


-0.41480777871677 -2.55700138480905 -1.29982041316433 h


-5.49409972523679 2.96583042443776 0.75479933778736 h


-5.87057745632505 -0.04978410961812 2.10617138102793 h


-3.41184542273468 1.95429113048588 3.10162914724152 h


-5.17864480746308 1.51185744189091 -3.39491394657356 h


-2.90706035559631 -0.73975337451878 -4.23868022279957 h


-5.60443323700929 -1.66914602528355 -2.52587701590835 h


13







DFTb/TZVPP


H3a


3.22783788508821 0.44392341565082 1.56293142682030 c


0.94970671010960 -0.31799158986603 3.15455442371768 c


-1.49376241302302 0.85215370622215 2.21305250403102 c


-2.08831464653403 0.03514820739195 -0.33765529637978 n


-3.65943410753215 1.82291324650739 -1.67205212045628 c


3.05895316930069 -0.14657108320484 -1.96360257434564 si


-3.17368397763016 -2.46948139907615 -0.41194407350130 c


1.79919326432508 1.87988380822063 -3.45426162570717 h


5.75443579041831 -0.14617638720682 -2.85169222735338 h


2.03985610514082 -2.68651430381995 -2.62727795957175 h


4.91467903792923 -0.54446532559439 2.23500140950549 h


3.62787061794808 2.46025405122829 1.82099302253310 h


0.77452159693017 -2.37790238781108 3.17958553783825 h


1.23102510642441 0.24598990122498 5.12492974620350 h


-3.06007459418241 0.44366471222009 3.52778686468277 h


-1.27167959681989 2.90762356699281 2.17966898840741 h


-3.95220250347562 1.18143853113393 -3.61058607130945 h


-5.53077292419541 2.06956943049054 -0.78807000705792 h


-2.72754524267774 3.66072795837744 -1.74420085664889 h


-3.38969862326138 -3.07545614718616 -2.37122167065290 h


-1.93821132778170 -3.82518365871992 0.52407291489129 h


-5.04249705911561 -2.54824598108971 0.50872736490359 h
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H3b


2.46053020781151 0.95222596170509 1.60465354212185 c


4.68698343952701 0.23753259229859 -1.07779217049820 si


0.63973109011602 -1.17153354694236 2.31754928903333 c


-1.30693523340984 -1.76595341837420 0.28620491413607 c


-2.82252010646167 0.39068314515702 -0.45634042932846 n


-4.18354865731142 -0.10390679616355 -2.76690832509997 c


-4.52071853999914 1.20659504219179 1.51543756100527 c


3.35125560127843 -0.17082647475343 -3.52500335086415 h


6.49202938459997 2.37204494054244 -1.42696672412124 h


6.17113029495998 -2.09591514608963 -0.51583111646444 h


3.63570331774448 1.44683535100216 3.23346252669964 h


1.39107534203765 2.64964138426319 1.10944642271442 h


1.68535416127626 -2.91269984693052 2.70948431742817 h


-0.32085518158989 -0.69577354779980 4.08606948202911 h


-2.51153847044098 -3.34602241703141 0.93804767307658 h


-0.33185034973998 -2.43929029334194 -1.40816816924838 h


-5.57642469124584 2.86065079183386 0.88055015398212 h


-5.89731670535349 -0.27064209054013 2.04987148671320 h


-3.47486676084003 1.74407199941999 3.20736848118867 h


-5.20847081268680 1.58814280889229 -3.35250439014154 h


-2.86170851698276 -0.60441666784568 -4.26893828850180 h


-5.56766804632740 -1.65641005511474 -2.57947293618134 h
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MP2b/TZVPP


H3a


3.23569003573404 0.42708232201529 1.50762987975374 c


1.00269464681409 -0.30237046356463 3.18663084513250 c


-1.42817881057433 0.89569794953834 2.23541293859710 c


-1.97572970920523 0.03310194917608 -0.32451737393200 n


-3.59969886855464 1.79801936705994 -1.66014159065191 c


2.89158470404515 -0.15443052899778 -2.01484756195090 si


-3.10906519987924 -2.46890639711356 -0.32567327720453 c


1.65221988966284 1.89873453151591 -3.45408585413700 h


5.54669637158782 -0.18470995955836 -2.97584273115908 h


1.85425655869188 -2.67493541603694 -2.65005266936388 h


4.93057908426718 -0.58583330852799 2.10551952102710 h


3.66501413840044 2.43440889865560 1.75509828060790 h


0.79842973783569 -2.35352754945276 3.23383925917782 h


1.32484758076542 0.29462543587163 5.13510275145345 h


-3.02177320843965 0.51750544380255 3.51670200714238 h


-1.16977274606425 2.94233612675982 2.16509500283486 h


-3.91464777731435 1.12284114683844 -3.57822647652313 h


-5.44476474700484 2.02126987278684 -0.73217663750416 h


-2.68361896121847 3.63645241934385 -1.76228616730676 h


-3.34412593379944 -3.11003107914079 -2.26620290233770 h


-1.88824864865969 -3.80967339892185 0.63887244471845 h


-4.96543579189458 -2.47138122527855 0.60777981361323 h
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H3b


2.47819256396648 0.88819452951350 1.73402115681085 c


4.32456477568956 0.27221001461416 -1.24859614476728 si


0.65783168650812 -1.22906514465381 2.49183500843952 c


-1.26753813276989 -1.84176559047834 0.43947644717454 c


-2.56637592545423 0.38650924743709 -0.51125801837504 n


-4.07634359444298 -0.28041792746475 -2.70246500011246 c


-4.16779336914466 1.49666376524695 1.41990863887654 c


2.69107868302121 0.22957439578736 -3.51833055752062 h


6.26787959365503 2.25686154683050 -1.59624418865962 h


5.61849624301921 -2.20982293242424 -1.06549813668398 h


3.83776105506668 1.21608312346312 3.25208134896903 h


1.43664327719649 2.64729763695042 1.46858839493273 h


1.71225013889439 -2.95636045830138 2.89538242552467 h


-0.31296744445364 -0.73179057805081 4.24179624106038 h


-2.62956359854857 -3.24881665447577 1.15877227883927 h


-0.30247563784089 -2.71495819714807 -1.16289938774162 h


-5.15856701162060 3.11872463923499 0.63351400749367 h


-5.58452774484143 0.14811331805956 2.13445439755012 h


-3.03631828975280 2.14837606933080 3.00751360200344 h


-5.00858851514011 1.39935108752620 -3.43828281960446 h


-2.85778693481668 -1.04848062859347 -4.17136009195406 h


-5.53703987456476 -1.69422487023940 -2.25404743321542 h


H3c
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-5.61523994663003 -0.30055887420465 -0.37769982611318 si


-2.24440521666848 -0.89858225191248 0.56990559945044 c


-0.72656869494349 1.53352018794595 0.93090255981337 c


2.02888857118553 1.03385596447380 1.60542461426994 c


3.32341053452769 -0.56658993939930 -0.21830787139909 n


3.55361839222367 0.68276622336670 -2.64986140689467 c


5.81716547780145 -1.21332736501936 0.72548356836904 c


4.61692130174353 -0.52174954105037 -3.93411697939392 h


1.69999037302221 1.01010237092267 -3.47520640399323 h


4.53905323954188 2.51179657373150 -2.50234950766193 h


6.76196228609145 -2.45977715481485 -0.61079506551006 h


7.01418658324427 0.46624230517275 1.00936190257922 h


5.64350906591171 -2.19486177066729 2.52477412055863 h


-6.91879129636914 1.23882880870200 1.56673686375449 h


-7.02720009391302 -2.69445910606155 -0.70779127239132 h


-5.68455750965175 1.11662591076403 -2.79386417460137 h


-1.54708545050317 2.66580940538393 2.44884223500317 h


-0.83359140616732 2.70066235310337 -0.76682949898573 h


-1.33306309584260 -2.07232601021586 -0.85982887176022 h


-2.21612621861041 -2.00246403369057 2.31511743273441 h


3.02939649518419 2.85167960886514 1.83212932050046 h


2.09820103133001 0.06856089860301 3.42842060744034 h


H3d


2.98943979980790 -1.24649592200703 0.62319232441543 c


6.07303312069451 0.33031201379190 -0.18733452689914 si
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0.68963105990303 0.25259945266616 -0.28836845411554 c


-1.76896596608222 -1.06536896482156 0.40855512774852 c


-4.00237804688339 0.12166415227303 -0.67170770503026 n


-4.44465295249132 2.59765988414549 0.42891322685555 c


-6.19458358891304 -1.47143155652782 -0.23160522294397 c


8.25123320205193 -1.16942354941846 0.72839515294403 h


6.29461958341251 0.63128449909789 -2.96172276903540 h


6.17981111617816 2.87126207172585 0.98464698286073 h


2.89910382957233 -1.50560009273249 2.66991688881522 h


2.97419994906691 -3.13720769525142 -0.20648237536424 h


-6.17144449873516 3.39157881516427 -0.35727357409330 h


-4.65297587403270 2.50534006307577 2.49958849471085 h


-2.89939069169584 3.87499700880280 -0.01437068248915 h


-7.85755230303232 -0.61076428744799 -1.08329515102007 h


-5.89755034240916 -3.31461208697641 -1.09473090747090 h


-6.57207954329262 -1.75073878142200 1.79671000661005 h


0.73993932474471 2.14273228911946 0.53287355774027 h


0.74167393803776 0.48368587430986 -2.33755245108035 h


-1.69278222793242 -3.00174047209709 -0.30082690021837 h


-1.92061256667330 -1.18698526753252 2.48862123291406 h


H3e


-1.01986625328390 -5.21180308233204 -0.17625532545220 si


1.82411903411252 -3.22740398537119 0.64997672338944 c


1.86023079213914 -0.57297600822819 -0.51279092053545 c


-0.21272282880189 1.10414637113187 0.55956593744016 c
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-0.34982284348012 3.57821261111926 -0.63399713051665 n


-2.61592879435510 4.87956539561371 0.20943177781729 c


1.84946535284348 5.10557596632170 -0.02833027395242 c


-2.74731971990423 6.71066284047841 -0.71839448489844 h


-4.27709972302680 3.77368565350841 -0.28868178161768 h


-2.62728565900953 5.18955944087424 2.26797404337449 h


1.63585578985819 6.96769890012447 -0.87535265118713 h


2.08917984331835 5.34746045050832 2.02667670586904 h


3.55694034894470 4.25639715298509 -0.78887239541880 h


-3.35740945552962 -4.27006490267553 1.04141100886250 h


-0.61679887220040 -7.85431568716367 0.65249910613981 h


-1.40472014959190 -5.18100294671118 -2.95015611624664 h


1.61974447665509 -0.67540261015639 -2.55864467312690 h


3.70025013107059 0.28535235870658 -0.16548072774089 h


3.48090711243265 -4.28169360791059 0.01438667679616 h


1.98484842026764 -3.10291150193466 2.70511852673914 h


-2.04000886880298 0.19105155763635 0.27264196881486 h


0.04630250427152 1.28622714422100 2.62537628185663 h


H3f


-0.96466891512939 5.00358576104989 0.76081021691064 si


1.29452626722157 3.32639248270247 -1.43054364093974 c


1.93515453592144 0.60171470769538 -0.68320335105491 c


-0.39782425057478 -1.07694535248013 -0.61421005952942 c


0.19458556823452 -3.75692952151221 -0.44406468651390 n


1.40628149753025 -4.35382262653532 1.94656679122610 c
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-2.11451104739317 -5.22236410127037 -0.68690981314231 c


1.73449387179217 -6.38135053127332 2.05302119741554 h


3.22183122112410 -3.40592825312901 2.09350471942692 h


0.23553233326678 -3.79547821626906 3.57649990527677 h


-1.67033150747098 -7.22969466806508 -0.61712344512415 h


-3.47800727880777 -4.80194521085128 0.82909085760050 h


-3.00896766534425 -4.81198821593454 -2.49316685053090 h


-3.58468176392205 4.06059506324945 0.48702945174594 h


-0.96824992557286 7.74901507390420 0.21580863315915 h


-0.16198499107043 4.61381836600680 3.41706705176650 h


2.85696533772843 0.60993092826914 1.16046461948481 h


3.26865300659581 -0.21522390538811 -2.02723727787246 h


3.02328263455845 4.45175657651843 -1.49112971160097 h


0.51492395598436 3.36985316812285 -3.34230795955712 h


-1.64261991968033 -0.50056522403116 0.96150737391406 h


-1.47084615641933 -0.78963478733909 -2.35496153975217 h


H3g


-0.81000758943015 -5.16430226556918 0.28542197740582 si


1.91568526771055 -3.03961838763759 -0.59671691871579 c


1.19216746062382 -0.29761795136917 -1.19283006799781 c


0.10380853227319 1.04963248727764 1.12327359401988 c


-0.52516784403085 3.71434866488544 0.84639733605086 n


1.66170596641254 5.28271066222301 0.33269006321784 c


-2.49834437427326 4.14806715191085 -1.00461718874728 c


1.12001636339692 7.26383355136734 0.47365751895655 h
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3.12172484707157 4.91166668304196 1.73549104358919 h


2.47659717262450 4.98496076764612 -1.55474321753443 h


-3.11435968098519 6.10913809199184 -0.89242766817650 h


-1.89612691665584 3.78525133931791 -2.95959023140500 h


-4.11168582771548 2.93891523999345 -0.58911845137884 h


-1.80045251229033 -4.61430035639829 2.84326313359025 h


0.00433394481534 -7.84107103500944 0.22715577193282 h


-2.89344856690619 -4.81421054783255 -1.55549935608286 h


-0.18291682791793 -0.26871068852417 -2.73018958864265 h


2.85720922587700 0.71867061145701 -1.86049535549674 h


2.82801355428816 -3.89428058539333 -2.23915377268076 h


3.31502430605406 -3.08599690105870 0.92197928163028 h


-1.61478140165945 0.08193238479832 1.73489683705574 h


1.45735316819470 0.88819645217971 2.67653881963865 h


H3h


-5.82152627983882 0.66846928092391 0.01057536301265 si


-2.94177637803488 -1.41763165499799 -0.02805519341502 c


-0.46717561511674 0.08107315232131 0.00207218516359 c


1.81716838344159 -1.69562609521996 -0.02538203071054 c


4.31725986825981 -0.54832309394982 -0.00487844384345 n


4.81596320298009 0.95265304842575 -2.24191015252548 c


4.80397250545590 0.89778475735569 2.27091499561013 c


6.79830943395025 1.50715352254368 -2.25708241887251 h


4.44750353206427 -0.17342483539099 -3.92505803874073 h


3.67580575437513 2.68591763339627 -2.35063150624920 h
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6.79342516322056 1.42331618484347 2.32810735177190 h


3.68549801501447 2.64372116225619 2.40020326834771 h


4.39367849182800 -0.25850990026696 3.92363050349591 h


-5.80683111810531 2.35271931324015 -2.22616835173175 h


-5.80937631308020 2.26373043910015 2.31165597090362 h


-8.17876619755681 -0.83992567538962 -0.02036522447051 h


-0.40379396535206 1.27923471964245 1.68050849236831 h


-0.39944222007444 1.33843519153901 -1.63221356000192 h


-3.01533511656016 -2.62205718194800 -1.70412819150945 h


-3.01728768476600 -2.68443822859508 1.60139696954160 h


1.69344002524563 -2.94697906648230 1.61346808356198 h


1.69642697740511 -2.89369576456202 -1.70375578140342 h


H3a r(Si-N) = 2.50


3.32225830675031 0.25725323020565 1.30294196136625 c


1.21177274477103 -0.17622766922719 3.22153808280726 c


-1.21666724135585 1.03076818362725 2.27798887224155 c


-1.82772127758265 0.02484005770221 -0.21985767693972 n


-3.55474471330376 1.68571145116071 -1.57069767251970 c


2.47386347979105 -0.12725416103842 -2.16892439017952 si


-2.91613727427187 -2.49845519403298 -0.05534588255136 c


1.26999480656675 2.07830244842356 -3.40886189247915 h


5.04835795865801 -0.15572982939841 -3.36342350748662 h


1.39560703237984 -2.59553518466915 -2.94190731857033 h


4.92525867038912 -0.98405780024373 1.67630926342665 h


4.05286094325417 2.18309868902838 1.48723572119063 h
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0.92033237270150 -2.19544635709343 3.51141549903056 h


1.69096720754514 0.61093744486047 5.06625641739016 h


-2.79340548749299 0.76795221440240 3.60416342282637 h


-0.91268144118230 3.06136819321306 2.06659880800907 h


-3.92238991232994 0.91356928326894 -3.44230533400714 h


-5.36078097846177 1.89319464566093 -0.57269018405644 h


-2.69444747414413 3.53958813456770 -1.79115021812420 h


-3.20258598756103 -3.23572958392497 -1.95372741186855 h


-1.63714822392248 -3.76858057937916 0.92773800219911 h


-4.73567846483650 -2.47584063228852 0.94101903745591 h


H3a r(Si-N) = 2.65


3.27916574877107 0.41848016043471 1.54487099482654 c


1.09887732509929 -0.35767363814195 3.27153046390486 c


-1.47038828576786 0.93124334692657 2.21449167747488 c


-1.95079508614046 0.06387196770039 -0.35728023324253 n


-3.59384270479241 1.80326603863433 -1.70302383023342 c


2.78888522452974 -0.16976443104778 -1.95912817728256 si


-3.06513146551279 -2.44662844545558 -0.36790414735708 c


1.50795045347973 1.88293490505529 -3.36218229255292 h


5.40680756921560 -0.20160944012201 -3.01721174590630 h


1.74043276345564 -2.69498078068715 -2.55622751573618 h


5.00561946804510 -0.57648288230488 2.07923055578474 h


3.68496677574505 2.43174367349938 1.78366789926500 h


0.90620022392088 -2.41006485062297 3.31336383828684 h


1.42522430268102 0.25340882199615 5.21492635500241 h
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-3.09212810368995 0.55101308999482 3.45934651832166 h


-1.20709932664677 2.97747357689286 2.15087551304263 h


-3.89347132059556 1.11871333498215 -3.62023493614075 h


-5.44474651779212 2.00434409766688 -0.78164468715559 h


-2.70209014970926 3.65350504379426 -1.80729831986275 h


-3.28564974752832 -3.08648963233347 -2.31055639563110 h


-1.83902558738385 -3.77962058493728 0.60069190291241 h


-4.92606421274901 -2.46459958426434 0.55625329103412 h


H3a r(Si-N) = 2.80


3.32619357267146 0.41207569490727 1.52850269886371 c


1.10481780841990 -0.33378851749612 3.21569016392257 c


-1.50043303255080 0.92401763174704 2.21053649816854 c


-2.05072990900222 0.05681087363116 -0.34724776766507 n


-3.69272723726415 1.80920998309357 -1.67730986213137 c


2.97374750778614 -0.17272386118910 -1.99260623732903 si


-3.16523167563658 -2.45363632607931 -0.34386723002054 c


1.71380267647365 1.87078096063774 -3.42772169182024 h


5.62552818749004 -0.18325386199111 -2.96318374141219 h


1.95309558343328 -2.70108214683058 -2.62361481440461 h


5.03079543745529 -0.58795966623470 2.12044509525140 h


3.74131727478381 2.42262300187293 1.77406378392751 h


0.91614009924075 -2.38640909052010 3.26399845366334 h


1.42951063070029 0.26600610741453 5.16287600289324 h


-3.08650433381726 0.53412575116160 3.49764209168155 h


-1.25766609119065 2.97252004955785 2.13892432877035 h
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-4.00951907589563 1.13129582871581 -3.59412061605852 h


-5.53605251863672 2.01878346700980 -0.74272562409181 h


-2.79085842384524 3.65445353097268 -1.78308820250830 h


-3.40247577396580 -3.09690412116161 -2.28342135159538 h


-1.93090360968155 -3.78499548045483 0.61649676584573 h


-5.01814975033324 -2.46986602110416 0.59628798480404 h


H3a r(Si-N) = 2.90


3.35731777888284 0.40789015909409 1.51662961621415 c


1.10878427966384 -0.31774912646364 3.17643984083179 c


-1.51985393135014 0.91902224204494 2.20668651795290 c


-2.11733122423170 0.05205015398049 -0.34056981918871 n


-3.75877935214552 1.81299874971534 -1.65997541510971 c


3.09738646734226 -0.17427573441140 -2.01295045451944 si


-3.23212439580806 -2.45823548364829 -0.32741837358872 c


1.85195341399202 1.86301422773309 -3.46941034832634 h


5.77006268497138 -0.17073177933060 -2.92446656611707 h


2.09559729963448 -2.70458344195777 -2.66598886395243 h


5.04612770132659 -0.59576155852046 2.14650128344876 h


3.77882946364224 2.41645141531029 1.76750406237895 h


0.92272716831839 -2.37051391144360 3.22862867549954 h


1.43227262624587 0.27370585003132 5.12637522766002 h


-3.08125848942173 0.52278697480586 3.52171202307791 h


-1.29096371592435 2.96894844206019 2.13027912188816 h


-4.08748934719535 1.13934327482351 -3.57628076040378 h


-5.59673332307496 2.02838327609539 -0.71617906915328 h
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-2.85014017521642 3.65483118878430 -1.76725205489168 h


-3.48101812151195 -3.10388121021559 -2.26472111657202 h


-1.99226561351419 -3.78857168410487 0.62722175264917 h


-5.07940384799076 -2.47303823672223 0.62379144897674 h


H3a r(Si-N) = 3.00


3.23455896882997 0.42100376571303 1.50737197143502 c


1.00095869140427 -0.29762029001085 3.19119442886724 c


-1.43054644725085 0.89523615176541 2.23723235561812 c


-1.97242033724503 0.03326063987028 -0.32399538430926 n


-3.59663502501417 1.79636020772597 -1.66169511708513 c


2.88764842788395 -0.15233456353884 -2.01627440646011 si


-3.10270947550918 -2.47036227739367 -0.32721897784655 c


1.64771593453059 1.90623339566164 -3.44768269696961 h


5.54299206407906 -0.17844389208589 -2.97902516820425 h


1.85060730015584 -2.67083253305071 -2.66089381915223 h


4.92545536844261 -0.59872260184592 2.10519097613293 h


3.67397770007564 2.42624694954341 1.75442195816779 h


0.79677270221232 -2.34838620261420 3.24840080137980 h


1.32683249255472 0.30719157478883 5.13654978761940 h


-3.02515618310472 0.51410987560170 3.51603699540750 h


-1.17560028443383 2.94218581664761 2.16754474978939 h


-3.90932807690463 1.12023092209068 -3.57988791511659 h


-5.44274453768905 2.01829315460407 -0.73567233278689 h


-2.68219958577528 3.63559436755820 -1.76405796166058 h


-3.33468992038032 -3.11184683277572 -2.26803936711178 h
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-1.88125693456344 -3.81000803389622 0.63824224890456 h


-4.95989737531380 -2.47591952619409 0.60445458178907 h


GED/rh1


H3a


1.04202041562421 0.14772749219326 3.42619462756001 c1


0.00000000000000 0.00000000000000 0.00000000000000 si2


0.70868434848631 -2.36404295378942 -1.35327521567167 h3


3.56836556747188 1.43530314787266 4.00825462842248 c4


5.73204609436395 0.00000000000000 2.75943329818568 c5


5.50359552623086 0.00000000000000 0.00000000000000 n6


6.63296666714918 2.27597640003518 -1.07153322179159 c7


6.74644513123830 -2.21148154079090 -1.08092799789923 c8


-2.83276055088253 -0.07676390960712 0.14239373868550 h9


0.57416850231565 2.30254444514280 -1.51357392552126 h10


-0.44907426637126 1.11904302881157 4.51762515933703 h11


1.12103971400423 -1.80275010409559 4.16608025298753 h12


3.53744945028418 3.41221990991068 3.33826829152420 h13


3.86683882328535 1.53001624824780 6.07222675147710 h14


7.55562268704543 0.85046713854149 3.31559119361675 h15


5.77314103525198 -1.96497236671597 3.46316089363360 h16


6.51502107820018 -2.22906941582086 -3.15557764352068 h17


8.79072686937714 -2.25230662871138 -0.65987800000249 h18


5.89693589514255 -3.96113864043918 -0.32259316002852 h19


6.31404411219186 2.33941225645722 -3.13364434202798 h20
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5.76400590758791 3.97840752960833 -0.23208489045236 h21


8.69100637128903 2.36956303434620 -0.73426198784959 h22


H3b


3.55665719901010 18.89726663510319 0.00000000000000 c45


0.00000000000000 18.89726663510319 0.00000000000000 si46


4.78654460191453 21.52266029823742 0.00000000000000 c47


4.03384606279040 23.09050037051871 -2.30274040979781 c48


4.31800029275646 21.76469403265516 -4.70796598779244 n49


6.97211572247671 21.30321389971062 -5.29655726194934 c50


3.17657534134227 23.26159036448027 -6.72295507292021 c51


-1.00481283145569 19.86682000160778 -2.44389108628405 h52


-1.00481283145569 16.29601819852130 0.38228773560214 h53


-1.00481283145569 20.52896189415316 2.06160335068191 h54


4.23037234456082 17.83768347781364 1.66776182625906 h55


4.23037234456082 17.83768347781364 -1.66776182625906 h56


4.25616975913506 22.54229161029770 1.74272558224652 h57


6.86352579229341 21.32085393119649 0.05883097048840 h58


5.17836204010809 24.83587553852013 -2.34500679224455 h59


2.05025308542286 23.70604103662392 -2.09177642734551 h60


1.14801650698917 23.56727727388636 -6.33624707767944 h61


4.08280850269662 25.13108277974106 -6.92735074343548 h62


3.34147534664485 22.26215078181961 -8.54832255956069 h63


7.82613668098160 20.05696788897085 -3.85587803069166 h64


7.14819799633794 20.36036388274276 -7.15075970980299 h65


8.08421079326455 23.06868631077847 -5.36280994493601 h66
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H3c


18.89726663510319 0.00000000000000 0.00000000000000 si23


22.44599888740453 0.00000000000000 0.00000000000000 c24


23.57984074366338 2.66827987592659 0.00000000000000 c25


26.46506709871361 2.63795032989525 -0.04290246444167 c26


27.54398537230620 1.33222120399550 -2.22341214110831 n27


27.01394160963818 2.69012020286745 -4.56411621471271 c28


30.27089874228486 1.08638307185878 -1.89593781710794 c29


27.92159660133415 1.72833474678589 -6.17940845735074 h30


24.95741047429380 2.74434590947688 -4.91876688683368 h31


27.71100451708924 4.65716314308863 -4.51042378896772 h32


31.10256026593443 0.05346735929936 -3.50822255976100 h33


31.21968250097614 2.94092642640254 -1.75986408027589 h34


30.69647010019671 0.01521475628592 -0.15538466463380 h35


17.89245380364750 1.31466696610016 2.27690312199096 h36


17.89245380364750 -2.62918955708322 0.00008333694586 h37


17.89245380364750 1.31452259098306 -2.27698664790949 h38


22.91736247977189 3.70856703425504 1.68432849300006 h39


22.86799110301569 3.72954659070066 -1.65076354594812 h40


23.13882446075799 -1.04718730626758 -1.66776182625906 h41


23.13882446075799 -1.04718730626758 1.66776182625906 h42


27.16987410603173 4.60260314383243 -0.00517048112403 h43


27.16523747269014 1.73991650356121 1.70676446178525 h44
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H3d


22.44599888740453 18.89726663510319 0.00000000000000 c67


18.89726663510319 18.89726663510319 0.00000000000000 si68


23.57984074366338 21.56554651102979 0.00000000000000 c69


26.46348067317960 21.45655539187583 -0.00577576057435 c70


27.68261420855999 23.91118749554261 0.32905224576440 n71


27.29602828966169 25.53575942993447 -1.86526982103117 c72


30.38514443539937 23.54691395730571 0.73815709244841 c73


17.89245380364750 16.26808029055530 0.00403702307126 h74


17.89245380364750 20.21535589619097 2.27492382228360 h75


17.89245380364750 20.20836371856331 -2.27896065638219 h76


23.13882446075799 17.85007932883561 -1.66776182625906 h77


23.13882446075799 17.85007932883561 1.66776182625906 h78


28.29236380730488 27.35169170031672 -1.60499512204856 h79


27.99718169944857 24.66239995361855 -3.62699188056262 h80


25.26397705146176 25.94499901412960 -2.11291585466687 h81


31.32366338782713 25.38553901032671 1.04908780437308 h82


30.70770509212928 22.36446285105405 2.42806878287581 h83


31.31074011409338 22.61702368579621 -0.88560849557613 h84


22.90363323761616 22.62702941053416 -1.66554347612877 h85


22.91020854154184 22.62423544966216 1.66997242851003 h86


27.10164949327169 20.16472841812153 1.50484036477318 h87


27.11187915061927 20.61055046490489 -1.80073905698029 h88
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STable 1. Observed Interlayer Spacing (kd Å) from the Pronounced (0k0) Reflections of 


As-synthesized Cu(SC12H25)2 Precursor 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 
SFigure 1. The enlargement of Figure 4 (left), and the d value-anneal time-dependence plots(right). 


 


 


dobs (Å) k kd (Å) 


17.8429 2 35.6858 


11.9361 3 35.8083 


8.9698 4 35.8792 


7.1618 5 35.8090 


5.9795 6 35.8770 


5.1219 7 35.8533 


4.4587 8 35.6696 


3.9929 9 35.9361 
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SFigure 2. The tilted TEM images of Cu2S nanodisks. Blue circles represent the nanodisks lying flat on 


the substrate; red ellipse represent the standing nanodisks. 


 


 


 


 


 


 
SFigure 3. Some samples showing the gradually development of round nanodisks into faceted nanodisks 


with six-fold symmetry. 
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SFigure 4. SEM images of Cu2S nanodisks (left) and their sinters (right) that are obtained by re-anneal 


under N2 flow at 220 °C for 2 hours. 


 


 


 


 


 


SFigure 5. The FTIR spectra of (a) 1-dodecanethiol and the products by heating Cu(SC12H25)2 precursor at 


220 °C for (b) 2 hours and (c) 10 hours and (d) after washing the product in (b) with dichloromethane to 


remove organic byproducts. 
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SFigure 6. The yellow-green precursor (left) turns black (right) by heat treatment at N2 atmosphere. 


 


 


 


 


 


 


 


 


 


SFigure 7. Diameter distributions for Cu2S nanodisks produced at 200 °C for 10 hours; the average 


diameter is ~25.2 nm (s  = ±16.7%). 
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SFigure 8. Thickness distributions for Cu2S nanodisks produced at 200 °C for 10 hours; the average 


thickness is ~11.8 nm (s  = ±7.3%). 


 


 
SFigure 9. Diameter distributions for Cu2S nanodisks produced at 210 °C for 2 hours; the average 


diameter is ~8.3 nm (s  = ±11.8%). 
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SFigure 10. Diameter distributions for Cu2S nanodisks produced at 210 °C for 10 hours; the average 


diameter is ~25.8 nm (s  = ±15.3%). 


 


SFigure 11. Particle thickness size distributions for Cu2S nanodisks produced at 210 °C for 10 hours; the 


average thickness is ~12.0 nm (s  = ±7.1%). 







 


 8


 


SFigure 12. Particle diameter size distributions for Cu2S nanoparticles produced at 220 °C for 0.5 hour; 


the average diameter is ~5.5 nm (s  = ±7.7%). 


 


SFigure 13. Particle diameter size distributions for Cu2S nanodisks produced at 220 °C for 1 hour; the 


average diameter is ~21.7 nm (s  = ±24.1%). 
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SFigure 14. Particle thickness size distributions for Cu2S nanodisks produced at 220 °C for 1 hour; the 


average thickness is ~11.9 nm (s  = ±6.3%). 


 


SFigure 15. Particle diameter size distributions for Cu2S nanodisks produced at 220 °C for 2 hours; the 


average diameter is ~23.2 nm (s  = ±18.5%). 
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SFigure 16. Particle thickness size distributions for Cu2S nanodisks produced at 220 °C for 2 hours; the 


average thickness is ~12.0 nm (s  = ±5.3%). 


 


 


SFigure 17. Particle diameter size distributions for Cu2S nanodisks produced at 220 °C for 4 hours; the 


average diameter is ~26.0 nm (s  = ±14.9%). 
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SFigure 18. Particle thickness size distributions for Cu2S nanodisks produced at 220 °C for 4 hours; the 


average thickness is ~12.3 nm (s  = ±6.5%). 


 


 


SFigure 19. Particle diameter size distributions for Cu2S nanoplatelets produced at 220 °C for 10 hours; 


the average diameter is ~27.5 nm (s  = ±14.7%). 
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SFigure 20. Particle thickness size distributions for Cu2S nanoplatelets produced at 220 °C for 10 hours; 


the average thickness is ~12.7 nm (s  = ±5.4%). 
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(2S)-3-(4-Methoxybenzyloxy)-2-methyl propanal (15): p-Methoxybenzylalcohol (20.0 g, 144.7 mmol, 1.0 equiv) was added to a suspension of NaH (60 % in 
mineral oil, 0.58 g, 14.5 mmol, 0.1 equiv) in anhydrous diethyl ether (45 mL) over 30 min at 20 °C. The mixture was stirred for 1 h and cooled to 0 °C. 
Trichloroacetonitrile (23.0 g, 16 mL, 159.2 mmol, 1.1 equiv) was then introduced over 10 min. After 1.5 h the solution was concentrated in vacuum. The crude 
residue was treated with a mixture of pentane (150 mL) and methanol (0.6 mL), stirred at 20 °C for 30 min, and filtered through a pad of celite. Concentration 
gave the trichloroimidate (40.2 g, 98 % yield) as yellow oil which was used without further purification. A solution of commercial methyl (S)-(+)-3-hydroxy-2-
methylpropionate 14 (13.9 g, 118 mmol, 1.0 equiv) and pyridinium p-toluene sulfonate (PPTS, 1.48 g, 5.9 mmol, 0.05 equiv) in an anhydrous mixture of CH2Cl2 


(50 mL)/cyclohexane (100 mL) was cooled to 0 °C and treated with crude trichloroimidate (40.2 g, 142 mmol, 1.2 equiv) over 10 min. After 3 h, the mixture was 
warmed to 20 °C and stirred for 24 h. The solution was filtered through a pad of celite and the solvents were removed under reduced pressure. The crude (2R)-3-
(4-methoxybenzyloxy)-2-methyl propionate was directly used in the next step without further purification. RN: 132969-71-2; [α] 20


D  = + 8.3 (c = 1.57, CHCl3); 
1H NMR (400.0 MHz, CDCl3): δ = 7.26 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 4.50 (s, 2H), 3.80 (s, 3H), 3.70 (s, 3H), 3.65 (dd, J = 8.9, 7.3 Hz, 1H), 3.48 
(dd, J = 8.9, 5.9 Hz, 1H), 2.79 (dqd, J = 7.3, 7.3, 5.9 Hz, 1H), 1.19 (d, J = 7.3 Hz, 3H, CH3); 


13C NMR (100.5 MHz, CDCl3) δ = 174.9 (C), 158.9 (C), 129.9 
(2CH), 128.9 (C), 113.4 (2CH), 72.4 (CH2), 71.3 (CH2), 54.8 (CH3), 51.3 (CH3), 39.8 (CH), 13.6 (CH3); MS: (GC, CI, CH4): m/z: 267 (M++ 29), 237, 223, 207, 
187, 161, 149, 137, 121, 101, 87; IR (Film) ν = 2939, 2858, 1741, 1729, 1612, 1513, 1462, 1364, 1302, 1248, 1200, 1175, 1089, 1034, 820 cm-1. 


A solution of the above ester compound (28.1 g, 118 mmol, 1.0 equiv) in anhydrous THF (50 mL) was added to a suspension of LiAlH4 (5.0 g, 130 mmol, 1.1 
equiv) in THF (110 mL) at 0 °C. The reaction mixture was stirred for 3 h at 20 °C then cooled to 0 °C and quenched by successive addition of water (5 mL), 15 
% NaOH (5 mL), and then water (15 mL). The resulting mixture was filtered through a pad of celite then treated with MgSO4, filtered, and the solvent was 
removed under reduced pressure. The residue was then purified by chromatography on silica gel (cyclohexane/ethyl acetate 80:20 to 50:50) to give 20.0 g (81 % 
yield over 2 steps) of (2R)-3-(4-methoxybenzyloxy) 2-methyl propanol. RN: 136320-64-4; [α] 20


D  = + 14.6 (c = 0.87, CHCl3); 
1H NMR (400.0 MHz, CDCl3) δ = 


7.26 (d, J = 8.6 Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H), 4.47 (s, 2H), 3.82 (s, 3H), 3.62 (bd, J = 5.9 Hz, 2H), 3.54 (dd, J = 9.2, 5.0 Hz, 1H), 3.41 (dd, J = 9.2, 7.7 Hz, 
1H), 2.64 (bs, 1H, OH), 2.07 (dqdd, J = 7.7, 6.9, 5.9, 5.0 Hz, 1H), 0.87 (d, J = 6.9 Hz, 3H, CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 159.2 (C), 130.0 (C), 129.2 
(2CH), 113.8 (2CH), 75.3 (CH2), 73.0 (CH2), 68.0 (CH2), 55.2 (CH3), 35.5 (CH), 13.4 (CH3); MS (GC, CI, CH4): m/z 239: (M+ + 29), 210, 201, 161, 149, 137, 
121, 103, 91, 73, 55; IR (Film) ν = 3301, 2952, 2859, 1612, 1513, 1462, 1363, 1302, 1246, 1173, 1090, 1034, 819 cm-1. 


To a vigorously stirred solution of (2R)-3-(4-methoxybenzyloxy) 2-methyl propanol (6.0 g, 28.5 mmol, 1.0 equiv), NaHCO3 (7.2 g, 86 mmol, 3 equiv), KBr (3.4 
g, 28.5 mmol, 1.0 equiv) and TEMPO (90 mg, 0.57 mmol, 0.2 equiv) in CH2Cl2 (60 mL) / H2O (30 mL) at 0 °C was added dropwise a solution of NaOCl 9.6 % 
(33 mL, 57 mmol, 1.9 equiv). The mixture was stirred for 10 min and then quenched with a solution of Na2S2O3 1M and extracted with diethyl ether. The organic 
layer was washed with water and brine, dried over MgSO4 and the solvent removed under reduced pressure to give the title compound 15 as an orange oil (5.8 g, 
98 % yield) which was used directly without further purification. (15): RN: 132969-60-9; 1H NMR (400.0 MHz, CDCl3): δ = 9.72 (d, J = 1.7 Hz, 1H), 7.25 (d, J 
= 8.6 Hz, 2H), 6.89 (d, J = 8.6 Hz, 2H), 4.47 (s, 2H), 3.82 (s, 3H), 3.65 (dd, J = 9.2, 6.4 Hz, 1H), 3.62 (dd, J = 9.2, 5.3 Hz, 1H), 2.66 (qddd, J = 7.3, 6.4, 5.3, 1.7 
Hz, 1H), 1.13 (d, J = 7.3 Hz, 3H, CH3). 


(1Z,3R,4R,5S)-1-((N,N-Diisopropyl)carbamoyloxy)-3,5-dimethyl-4-hydroxy-6-(4-methoxybenzyloxy) hex-1-ene (16): To a quick stirred solution of (E)-
crotyldiisopropylcarbamate (749 mg, 3.74 mmol, 2.0 equiv) and (-)-sparteine (885 mg, 3.74 mmol, 2.0 equiv) in pentane (5.0 mL) and cyclohexane (830 µL) at -
78 °C, was added a solution of nBuLi (1.6 M in hexanes, 2.3 mL, 3.74 mmol, 2.0 equiv) and after 10 min white crystals appeared. After 3 h of crystallisation at -
78 °C, a precooled (-40 °C) solution of titane tetraisopropoxide (Ti(OiPr)4, 3.4 mL, 11.2 mmol, 6.0 equiv) in pentane (2.0 mL) was quickly added via cannula to 
the reaction mixture of lithiocarbamate which became limpid and turn orange. After 1 h at -78 °C aldehyde 15 (390 mg, 1.87 mmol, 1.0 equiv) in pentane (1.5 
mL) was slowly added to the orange solution. The reaction mixture was stirred for 3 h at -78 °C and quenched by addition of methanol (7.0 mL). The solution 
was poured into a mixture of diethyl ether-aqueous hydrochloric acid solution (0.5 N). After extraction with diethyl ether, the organic layer was washed with 
brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue was purified by chromatography on silica gel 
(cyclohexane/diethyl ether 90:10 to 50:60) to give the desired compound 16 (598 mg) and its 3,4-bis-epi diastereomer (19 mg) (85 % yield, selectivity 97:3). 
(16): 1H NMR (270.0 MHz, CDCl3): δ = 7.18 (d, J = 8.9 Hz, 2H), 7.05 (d, J = 6.6 Hz, 1H), 6.79 (d, J = 8.9 Hz, 2H), 4.63 (dd, J = 9.9, 6.6 Hz, 1H), 4.37 (s, 2H), 
4.08 (bs, 1H), 3.73 (s, 3H, CH3), 3.68 (bs, 1H), 3.54 (dd, J = 8.9, 6.2 Hz, 1H), 3.49 (dd, J = 9.2, 2.7 Hz, 1H), 3.45 (dd, J = 8.9, 5.7 Hz, 1H), 2.87 (ddq, J = 9.9, 
9.2, 6.9 Hz, 1H), 2.28 (bs, 1H, OH), 2.00 (qddd, J = 6.9, 6.2, 5.7, 2.7 Hz, 1H), 1.30-1.10 (m, 12H, 4CH3), 0.90 (d, J = 6.9 Hz, 3H, CH3), 0.87 (d, J = 6.9 Hz, 3H, 
CH3); 


13C NMR (67.5 MHz, CDCl3): δ = 158.9 (C), 152.8 (C), 135.9 (CH), 130.3 (C), 129.0 (2CH), 113.6 (3CH), 75.7 (CH), 74.0 (CH2), 72.7 (CH2), 55.0 (CH3), 
46.8 (CH), 45.4 (CH), 35.1 (CH), 33.8 (CH), 21.4 (2CH3), 20.2 (2CH3), 17.2 (CH3), 9.8 (CH3); MS (GC, CI, CH4): m/z: 407, 348, 319, 262, 199, 174, 137, 121. 
(3,4-bis-epi diastereomer of 16): 1H NMR (270.0 MHz, CDCl3) : δ = 7.20 (d, J = 8.9 Hz, 2H), 7.08 (d, J = 6.6 Hz, 1H), 6.79 (d, J = 8.9 Hz, 2H), 4.89 (dd, J = 
9.5, 6.2 Hz, 1H), 4.39 (s, 2H), 4.10 (bs, 1H), 3.75 (s, 3H, CH3), 3.73 (bs, 1H), 3.54 (m, 1H), 3.49 (m, 1H), 3.43 (dd, J = 8.9, 5.7 Hz, 1H), 2.90 (m, 1H), 2.25 (m, 
1H), 2.21 (bs, 1H, OH), 1.21 (m, 12H, 4CH3), 1.10 (d, J = 6.9 Hz, 3H, CH3), 0.80 (d, J = 6.9 Hz, 3H, CH3). 


(3R,4R,5S)-3,5-Dimethyl-6-(4-methoxybenzyloxy)-4-(triethylsilyloxy)-1-(trimethylsilyl) hex-1-yne (17): To a solution of carbamate 16 (3.0 g, 7.43 mmol, 
1.0 equiv) in dried CH2Cl2 (65 mL) at 0 °C were added 2,6-lutidine (2.6 mL, 22.3 mmol, 3.0 equiv) and TESOTf (2.4 mL, 11.1 mmol, 1.5 equiv). After stirring 
for 2 h at 20 °C, the reaction was partitioned between diethyl ether and a saturated aqueous NH4Cl solution and extracted with diethyl ether. The organic layer 
was washed with brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue was purified by chromatography on silica gel 
(cyclohexane/diethyl ether 100:0 to 85:15) to give the (1Z,3R,4R,5S)-1-((N,N-diisopropyl)carbamoyloxy)-3,5-dimethyl-4-(triethylsilyloxy)-6-(4-
methoxybenzyloxy) hex-1-ene (3.77 g, 97 % yield) as a yellow oil. 1H NMR (270.0 MHz, CDCl3): δ = 7.16 (d, J = 8.6 Hz, 2H), 6.94 (d, J = 6.6 Hz, 1H), 6.79 (d, 
J = 8.6 Hz, 2H), 4.71 (dd, J = 9.9, 6.6 Hz, 1H), 4.32 (s, 2H), 4.01 (bs, 1H), 3.72 (s, 3H, CH3), 3.68 (bs, 1H), 3.58 (dd, J = 4.8, 3.8 Hz, 1H), 3.33 (dd, J = 8.9, 6.3 
Hz, 1H), 3.15 (dd, J = 8.9, 6.9 Hz, 1H), 2.78 (m, 1H), 1.86 (m, 1H), 1.25-1.10 (m, 12H, 4CH3), 0.91 (d, J = 7.9 Hz, 3H, CH3), 0.86 (t, J = 7.6 Hz, 9H, 3CH3), 
0.83 (d, J = 6.9 Hz, 3H, CH3), 0.51 (q, J = 7.6 Hz, 6H, 3CH2); 


13C NMR (67.5 MHz, CDCl3): δ = 158.9 (C), 152.7 (C), 134.4 (CH), 130.5 (C), 128.9 (2CH), 
113.5 (CH), 113.4 (2CH), 76.3 (CH), 72.8 (CH2), 72.4 (CH2), 54.9 (CH3), 46.4 (CH), 45.4 (CH), 37.7 (CH), 34.2 (CH), 21.2 (2CH3), 20.1 (2CH3), 18.6 (CH3), 
11.8 (CH3), 6.9 (3CH3), 5.3 (3CH2); MS (GC, CI, CH4): m/z: 420, 313, 251, 193, 161, 128, 115; elemental analysis calcd (%) for C29H51NO5Si: C 66.75, H 9.85, 
N 2.68; found: C 66.28, H 9.91, N 2.42.  


To a solution of the preceding carbamate (3.77 g, 7.23 mmol, 1.0 equiv) in diethyl ether (80 mL) at -30 °C was added dropwise tBuLi (1.5 M in pentane, 9.5 mL, 
14.3 mmol, 1.98 equiv). The resulting solution was stirred for 45 min between -25/-20 °C and then quenched by addition of a saturated aqueous NH4Cl solution 
and extracted with diethyl ether. The organic layer was washed with brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The 
residue was purified by chromatography on silica gel (cyclohexane/diethyl ether 90:10) to give the (3R,4R,5S)-3,5-dimethyl-6-(4-methoxybenzyloxy)-4-
(triethylsilyloxy) hex-1-yne (2.3 g, 84 % yield) as a yellow oil. 1H NMR (270.0 MHz, CDCl3): δ = 7.17 (d, J = 8.2 Hz, 2H), 6.77 (d, J = 8.2 Hz, 2H), 4.33 (s, 
2H), 3.70 (s, 3H, CH3), 3.70-3.67 (m, 1H), 3.33 (dd, J = 8.9, 6.3 Hz, 1H), 3.20 (dd, J = 8.9, 6.3 Hz, 1H), 2.54-2.50 (m, 1H), 1.97-1.91 (m, 2H), 1.08 (d, J = 6.9 
Hz, 3H, CH3), 0.88 (t, J = 7.5 Hz, 9H, 3CH3), 0.81 (d, J = 6.9 Hz, 3H, CH3), 0.57 (q, J = 7.5 Hz, 6H, 3CH2); 


13C NMR (67.5 MHz, CDCl3): δ = 159.0 (C), 130.6 
(C), 129.2 (2CH), 113.6 (2CH), 87.5 (C), 75.0 (CH), 73.0 (CH2), 72.5 (CH2), 69.6 (CH), 55.1 (CH3), 36.5 (CH), 31.4 (CH), 17.4 (CH3), 11.3 (CH3), 7.0 (3CH3), 
5.4 (3CH2); MS (GC, CI, CH4): m/z: 347 (M+29), 323, 227, 187, 173, 137, 121. 


To a solution of the preceding alkyne (2.3 g, 6.11 mmol, 1.0 equiv) in THF at -78 °C was added nBuLi (1.6 M in hexane, 4.0 mL, 6.42 mmol, 1.05 equiv). After 
10 min the bath was removed and the reaction mixture was stirred for 1 h at 0 °C. The solution was cooled to -78 °C and freshly distilled TMSCl was added (2.1 







mL, 24.4 mmol, 4.0 equiv). The solution was warmed to 20 °C overnight. After addition of Et3N (6.0 equiv) the mixture was partitioned between diethyl ether 
and a saturated aqueous NH4Cl solution and extracted with diethyl ether. The organic layer was washed with brine, dried over MgSO4, filtered and the solvent 
removed under reduced pressure. The residue was purified by chromatography on silica gel (cyclohexane/diethyl ether 100:0 to 90:10) to give protected alkyne 
17 (2.54 g, 92 % yield). (17): 1H NMR (270.0 MHz, CDCl3): δ = 7.12 (d, J = 8.6 Hz, 2H), 6.74 (d, J = 8.6 Hz, 2H), 4.29 (2d, J = 11.5 Hz, 2H), 3.67 (s, 3H, CH3), 
3.63 (dd, J = 6.6, 3.0 Hz, 1H), 3.30 (dd, J = 9.2, 7.3 Hz, 1H), 3.12 (dd, J = 9.2, 6.6 Hz, 1H), 2.45 (quint, J = 6.6 Hz, 1H), 1.87 (ddd, J = 7.3, 7.2, 6.6 Hz, 1H), 
0.99 (d, J = 7.2 Hz, 3H, CH3), 0.83 (t, J = 7.2 Hz, 9H, 3CH3), 0.73 (d, J = 6.6 Hz, 3H, CH3), 0.52 (q, J = 7.2 Hz, 6H, 3CH2), 0.00 (s, 9H, 3CH3); 


13C NMR (67.5 
MHz, CDCl3): δ = 159.0 (C), 130.6 (C), 129.2 (2CH), 113.6 (2CH), 110.8 (C), 85.2 (C), 75.0 (CH), 73.0 (CH2), 72.4 (CH2), 55.1 (CH3), 36.4 (CH), 32.5 (CH), 
17.6 (CH3), 10.9 (CH3), 7.0 (3CH3), 5.4 (3CH2), 0.00 (3CH3); MS (GC, EI): m/z: 449, 433, 341, 323, 269, 227, 187, 173, 137, 121. 


(1E/Z,3S,4R,5S)-3,5-Dimethyl-1-methoxy-4-(triethylsilyloxy)-7-(trimethylsilyl) hept-6-yn-1-ene (18): At 0 °C, a solution of protected alcohol 17 (2.08 g, 
4.64 mmol, 1.0 equiv) in CH2Cl2 (48 mL) was treated with water (2.4 mL) and DDQ (1.27 g, 5.57 mmol, 1.2 equiv). The mixture was stirred for 10 min at 0 °C, 
warmed to 20 °C and stirred an additional 30 min. The mixture was quenched with a saturated aqueous NaHCO3 solution, diluted with CH2Cl2, washed with 
water and brine. The combined organic layers were dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue was purified by 
chromatography on silica gel (cyclohexane/ethyl acetate 80:20) to give the (2S,3R,4R)-2,4-dimethyl-3-(triethylsilyloxy)-1-(trimethylsilyl) hex-5-yn-1-ol (1.31 g, 
86 % yield). 1H NMR (270.0 MHz, CDCl3): δ = 3.58-3.49 (m, 3H), 2.53-2.48 (m, 1H), 1.90 (bs, 1H, OH), 1.79-1.70 (m, 1H), 1.03 (d, J = 7.3 Hz, 3H, CH3), 0.83 
(t, J = 7.6 Hz, 9H, 3CH3), 0.74 (d, J = 6.9 Hz, 3H, CH3), 0.50 (q, J = 7.6 Hz, 6H, 3CH2), 0.00 (s, 9H, 3CH3); 


13C NMR (67.5 MHz, CDCl3): δ = 110.0 (C), 86.0 
(C), 76.5 (CH), 65.3 (CH2), 39.4 (CH), 31.5 (CH), 17.6 (CH3), 12.4 (CH3), 7.0 (3CH3), 5.3 (3CH2), 0.0 (3CH3); MS (GC, EI): m/z: 327, 299, 269, 225, 203. 


To a solution of IBX (2.72 g, 9.72 mmol, 2.2 equiv) in DMSO (35 mL) at 20 °C was added the preceding alcohol (1.45 g, 4.42 mmol, 1.0 equiv) in DMSO (10 
mL). The mixture was stirred for 3 h, and then cooled to 0 °C. H2O was added and the solution was filtered through a pad of celite and then extracted with diethyl 
ether (3X). The organic layer was washed with water, brine, dried over MgSO4 and the solvent removed under reduced pressure. The crude (2S,3S,4S)-2,4-
dimethyl-3-(triethylsilyloxy)-6-(trimethylsilyl) hex-5-yn-1-al was used without further purification (1.31 g, 90 % yield). 1H NMR (270.0 MHz, CDCl3): δ = 9.71 
(s, 1H), 3.96 (t, J = 5.0 Hz, 1H), 2.54 (qd, J = 6.9, 5.0 Hz, 1H), 2.43 (qd, J = 7.3, 5.0 Hz, 1H), 1.05 (d, J = 7.3 Hz, 3H, CH3), 0.98 (d, J = 6.9 Hz, 3H, CH3), 0.83 
(t, J = 7.6 Hz, 9H, 3CH3), 0.50 (q, J = 7.6 Hz, 6H, 3CH2), 0.00 (s, 9H, 3CH3). 


To a cooled (-10 °C) stirred suspension of (methoxymethyl)triphenylphosphonium chloride (3.14 g, 9.15 mmol, 2.3 equiv) in 30 mL of anhydrous THF was 
added 7.96 mL of lithium bis(trimethylsilyl)amide (1.0 M in THF, 7.96 mmol, 2.0 equiv) which became deep red. After 5 min aldehyde prepared before (1.31 g, 
3.98 mmol, 1.0 equiv) in THF (5 mL, 5 mL rinse) was added via cannula. The resulting solution was kept at -10 °C for 1 h and then diluted with a saturated 
aqueous NaHCO3 solution. After extraction with Et2O and concentration of the organic layer, the residue was rapidly filtered through a pad of silice 
(cyclohexane/ethyl acetate 90:10) to remove most of the phosphine by-product and concentrated again. Olefin 18 was used without further purification in the 
lactonisation step (selectivity Z/E 4:6). (18): Trans isomer: 1H NMR (270.0 MHz, CDCl3): δ = 6.18 (d, J = 12.9 Hz, 1H), 4.53 (dd, J =12.9, 9.2 Hz, 1H), 3.43 (s, 
3H, CH3), 3.24 (dd, J = 5.9, 5.0 Hz, 1H), 2.50 (m, 1H), 2.20 (m, 1H), 1.02 (d, J = 6.9 Hz, 3H, CH3), 0.85 (t, J = 7.9 Hz, 9H, 3CH3), 0.80 (d, J = 6.9 Hz, 3H, CH3), 
0.51 (q, J = 7.9 Hz, 6H, 3CH2), 0.00 (s, 9H, 3CH3). Cis isomer: 1H NMR (270.0 MHz, CDCl3): δ = 5.67 (d, J = 6.3 Hz, 1H), 4.20 (dd, J = 9.6, 6.3 Hz, 1H), 3.37 
(s, 3H, CH3), 3.36 (dd, J = 5.9, 5.3 Hz, 1H), 2.50 (m, 1H), 2.20 (m, 1H), 1.01 (d, J = 6.9 Hz, 3H, CH3), 0.84 (t, J = 7.9 Hz, 9H, 3CH3), 0.80 (d, J = 6.9 Hz, 3H, 
CH3), 0.51 (q, J = 7.9 Hz, 6H, 3CH2), 0.00 (s, 9H, 3CH3); MS (GC, EI): m/z: 354, 337, 309, 269, 229, 199, 175, 155, 139. 


(2R/S,4S,5R(1S))-4-Methyl-5-(1-methyl-3-(trimethylsilyl)-prop-2-yn-1-yl) tetrahydrofuran-2-ol (19): Compound 18 was dissolved in acetone/water (9:1, 40 
mL) and concentrated HCl (140 µL) was added. Then the solution was heated at 65 °C for 1 h, and the reaction was quenched by addition of a saturated aqueous 
NaHCO3 solution and extracted with Et2O. The organic layer was washed with water, brine, dried over MgSO4 and concentrated. The residue was purified by 
chromatography on silica gel (cyclohexane/Et2O 80:20) to give 553 mg of lactol 19 (61 % yield from alcohol 17). (19): 1H NMR (270.0 MHz, CDCl3): δ = 5.50 
(d, J = 5.0 Hz, 1H), 3.89 (dd, J = 6.9, 4.6 Hz, 1H), 3.23 (bs, 1H, OH), 2.41 (m, 1H), 2.22 (m, 1H), 1.97 (m, 1H), 1.75 (m, 1H), 1.08 (d, J = 6.9 Hz, 3H, CH), 0.95 
(d, J = 6.9 Hz, 3H, CH3), 0.00 (s, 9H, 3CH3); 


13C NMR (67.5 MHz, CDCl3): δ = 109.4 (C), 98.3 (CH), 85.2 (C), 84.4 (CH), 41.2 (CH2), 33.9 (CH), 28.6 (CH), 
18.7 (CH3), 13.5 (CH3), 0.00 (3CH3); MS (GC, EI): m/z: 208, 193, 173, 126, 117, 109, 87. 


(2R/S,4S,5R(1S))-4-Methyl-5-(1-methyl-3-(trimethylsilyl)-prop-2-ynyl)-2-phenylsulfanyl tetrahydrofuran (20): To an ice-cold solution of lactol 19 (553 
mg, 2.44 mmol, 1.0 equiv) and thiophenol (290 µL, 2.78 mmol, 1.14 equiv) in anhydrous Et2O (25 mL) containing activated 4Å molecular sieves, was added 
dropwise via syringe BF3.OEt2 (460 µL, 3.78 mmol, 1.55 equiv). After 1 h the reaction was quenched by the addition of a 4N NaOH solution and extracted with 
Et2O. The organic layer was washed with water, brine, dried over MgSO4 and concentrated. The residue was purified by chromatography on silica gel 
(cyclohexane/Et2O 95:5) to give 622 mg of thio-product 20 (80 % yield). (20): 1H NMR (270.0 MHz, CDCl3): δ = 7.45 (dd, J = 7.9, 1.7 Hz, 2H), 7.13 (d, J = 1.7 
Hz, 2H), 7.09 (d, J = 7.9 Hz, 1H), 5.51 (dd, J = 6.9, 5.0 Hz, 1H), 3.84 (dd, J = 7.6, 5.2 Hz, 1H), 2.46 (m, 1H), 2.18 (m, 2H), 2.02 (m, 1H), 1.05 (d, J = 7.3 Hz, 
3H, CH3), 0.81 (d, J = 6.9 Hz, 3H, CH3), 0.00 (s, 9H, 3CH3); 


13C NMR (67.5 MHz, CDCl3): δ = 135.4 (C), 132.0 (2CH), 128.5 (2CH), 127.0 (CH), 109.0 (C), 
86.2 (CH), 85.2 (C), 83.3 (CH), 40.8 (CH2), 34.1 (CH), 27.7 (CH), 17.8 (CH3), 13.6 (CH3), 0.00 (3CH3); MS (GC, EI): m/z: 318, 209, 193, 167, 151, 137, 121. 


(4R,5S(1S))-4-Methyl-5-(1-methyl-3-(trimethylsilyl)-prop-2-ynyl)-2,3-dihydrofuran (21): a) To a solution of the thio-ether 20 (300 mg, 0.9 mmol) and DBU 
(160 µl, 1.05 mmol, 1.1 equiv) was rapidly heated (40 min) at 200 °C in a short distillation apparatus (Kugelrorh), then the mixture was distilled under vacuum 
(15 mmHg) at 200-240°C to furnish the title compound 21 (60 mg, 30% yield). b)To a solution of the thio-ether 20 (335 mg, 1.05 mmol, 1.0 equiv) in dry 
benzene (30 mL) containing NaHCO3 (88 mg, 3.16 mmol, 3.0 equiv) was added at 0 °C m-CPBA (70-75 % purity, 310 mg, 1.26 mmol, 1.2 equiv) in benzene. 
After 1 h Et3N (440 µL, 3.16 mmol, 3.0 equiv) the resulting sulfoxyde was added and the mixture was heated at reflux for 1 h then cooled to 20 °C. The solution 
was partitioned between a saturated aqueous NaHCO3 solution and Et2O. After extraction the organic layer was washed with water in order to remove most of the 
benzene, dried over MgSO4 and concentrated carefully. The residue was distilled in a Kugelrohr apparatus (80-90 °C, 7.10-2 Torr) to give dihydrofuran 21 (42 
mg, 19 % yield). (21): 1H NMR (270.0 MHz, CDCl3): δ = 6.26 (dd, J = 2.6, 1.6 Hz, 1H), 4.91 (t, J = 2.6 Hz, 1H), 4.09 (t, J = 8.3 Hz, 1H), 2.78 (m, 2H), 1.19 (d, 
J = 7.3 Hz, 3H, CH3), 0.92 (d, J = 6.6 Hz, 3H, CH3), 0.00 (s, 9H, 3CH3); 


13C NMR (67.5 MHz, CDCl3): δ = 144.8 (CH), 108.5 (C), 107.5 (CH), 86.4 (CH), 83.3 
(C), 37.6 (CH), 27.5 (CH), 18.7 (CH3), 14.0 (CH3), 0.00 (3CH3); MS (GC, EI): m/z: 208, 193, 126, 119, 109, 97, 83. 


(3S,4R,5S,6Z)-3,5-Dimethyl-4-hydroxy-7-(tributylstannyl)-1-trimethylsilyl-oct-6-en-1-yne (22): To a suspension of CuCN (12 mg, 0.12 mmol, 2.0 equiv) in 
dry Et2O (3 mL) at -30 °C was added MeLi (1.6 M solution in diethyl ether, 1.9 mL, 3.0 mmol, 5.0 equiv). The solution was stirred at -30 °C for 5 min and 
allowed to warm up to 0 °C for 20 min (pale yellow colour). To a solution of 2,3-dihydrofurane 21 (125 mg, 0.6 mmol, 1.0 equiv) in dry THF (3 mL) at -60 °C 
was added tBuLi (1.5 M solution in pentane, 0.45 mL, 0.7 mmol, 1.2 equiv). The mixture was stirred at 0 °C for 50 min. Then the solution of the lithio-
dihydrofurane, prepared above, was diluted with 4 mL of THF and added via cannula to the cyanocuprate and the reaction mixture was heated to 35 °C for 3 h. 
The mixture was cooled at -30 °C and tri-n-butyltin chloride (0.85 mL, 3.0 mmol, 5.0 equiv) was added. The reaction mixture was allowed to warm up to 20 °C 
over 12 h. Finally the reaction mixture was poured into a mixture of a saturated aqueous NH4Cl solution and concentrated ammonia (4:1) at 0 °C and stirred for 1 
h at 20 °C before extraction with diethyl ether. The organic layer was washed with water, brine, dried over MgSO4 and the solvent was removed under reduced 
pressure. The crude residue was purified by chromatography on silica gel (cyclohexane/diethyl ether 100:0 to 50:50) to give the title compound 22 (48 mg, 20 % 
yield). (22): 1H NMR (400.0 MHz, CDCl3): δ = 5.87 (dq, J = 9.6, 1.8 Hz, J 1H-117Sn = J 1H-119Sn = 135.0 Hz, 1H), 3.17 (ddd, J = 9.0, 7.5, 3.2 Hz, 1H), 2.73 (m, 1H), 
2.32 (m, 1H), 1.90 (d, J = 2.0 Hz, J 1H-117Sn = J 1H-119Sn = 41.0 Hz, 3H, CH3), 1.74 (d, J = 9.0 Hz, 1H, OH), 1.53-1.42 (m, 6H, 3CH2), 1.34 (sext, J = 7.5 Hz, 6H, 







3CH2), 1.26 (d, J = 7.0 Hz, 3H, CH3), 1.08 (d, J = 7.0 Hz, 3H, CH3), 1.0-0.90 (m, 6H, 3CH2), 0.87 (t, J = 7.5 Hz, 9H, 3CH3), 0.00 (s, 9H, 3CH3); 
13C NMR (100.5 


MHz, CDCl3): δ = 142.9 (CH, J 13C-117Sn = J 13C-119Sn = 28.8 Hz), 138.1 (C), 109.0 (C), 85.0 (C), 78.0 (CH), 43.5 (CH, J 13C-117Sn = J 13C-119Sn = 33.6 Hz), 30.2 (CH), 
29.0 (3CH2, J 13C-117Sn = J 13C-119Sn = 19.2 Hz), 27.1 (3CH2, J 13C-117Sn = J 13C-119Sn = 58.7 Hz), 27.0 (CH3, J 13C-117Sn = J 13C-119Sn = 44.0 Hz), 18.4 (CH3), 17.0 (CH3), 
13.4 (3CH3), 9.7 (3CH2, J 13C-117Sn = 314.4 Hz, J 13C-119Sn = 328.8 Hz), 0.00 (3CH3). 


(3Z)-4-(Tributylstannyl) pent-3-en-1-ol (12): To a suspension of CuCN (10.5 g, 120 mmol, 2.0 equiv) of in dry Et2O (60 mL) at -30 °C was added MeLi (1.6 M 
solution in diethyl ether, 188 mL, 300 mmol, 5.0 equiv). The solution was stirred at -30 °C for 5 min and allowed to warm up to 0 °C for 20 min (pale yellow 
colour). To a solution of commercial 2,3-dihydrofurane 8 (4.6 g, 60 mmol, 1.0 equiv) in dry THF (60 mL) at -60 °C was added tBuLi (1.5 M solution in pentane, 
48 mL, 72 mmol, 1.2 equiv). The mixture was stirred at 0 °C for 50 min. Then the solution of the lithio-dihydrofurane, prepared above, was diluted with 80 mL 
of THF and added via cannula to the cyanocuprate and the reaction mixture was heated to 35 °C for 3 h. The mixture was cooled at -30 °C and tri-n-butyltin 
chloride (49.1 mL, 181.2 mmol, 5.0 equiv) was added. The reaction mixture was allowed to warm up to 20 °C over 12 h. Finally the reaction mixture was poured 
into a mixture of a saturated aqueous NH4Cl solution and concentrated ammonia (4:1) at 0 °C and stirred for 1 h at 20 °C before extraction with diethyl ether. 
The organic layer was washed with water, brine, dried over MgSO4 and the solvent was removed under reduced pressure. The crude residue was purified by 
chromatography on silica gel (cyclohexane/diethyl ether 100:0 to 50:50) to give the title compound 12 (11.0 g, 49 % yield). (12): 1H NMR (400.0 MHz, CDCl3): 
δ = 6.05 (tq, J = 6.4, 1.4 Hz, J 1H-117Sn = J 1H-119Sn = 128.7 Hz, 1H), 3.63 (q, J = 7.3 Hz, 2H), 2.25 (td, J = 7.3, 6.4 Hz, 2H), 1.92 (d, J = 1.4 Hz, J 1H-117Sn = J 1H-119Sn 
= 41.7 Hz, 3H, CH3), 1.50-1.42 (m, 7H, OH, 3CH2), 1.31 (sext, J = 7.3 Hz, 6H, 3CH2), 0.95-0.91 (m, 6H, 3CH2), 0.90 (t, J = 7.3 Hz, 9H, 3CH3); 


13C NMR (100.5 
MHz, CDCl3): δ = 142.0 (C, J 13C-117Sn = J 13C-119Sn = 377.6 Hz), 136.1 (CH, J 13C-117Sn = J 13C-119Sn = 26.7 Hz), 62.3 (CH2), 38.0 (CH2, J 13C-117Sn = J 13C-119Sn = 33.4 
Hz), 29.3 (3CH2, J 13C-117Sn = J 13C-119Sn = 19.3 Hz), 27.5 (3CH2, J 13C-117Sn = J 13C-119Sn = 57.1 Hz), 27.0 (CH3, J 13C-117Sn = J 13C-119Sn = 46.0 Hz), 13.5 (3CH3), 10.0 
(3CH2, J 13C-117Sn = 314.4 Hz, J 13C-119Sn = 328.0 Hz); MS (GC, CI, CH4): m/z: 319 (M+-57), 289, 261, 245, 233, 207, 177, 137, 121. 


(R)-mandelic ester of 29:  


(R)-mandelic ester of 31: a) from pure carbamate 29: To a solution of compounds 29 (150 mg, 0.24 mmol, 1.0 equiv), obtained from optically pure aldehyde 
28, in CH2Cl2 (5 mL) at 20 °C were successively added (R)-(-)-methoxyphenylacetic acid (80 mg, 0.48 mmol, 2.0 equiv), DCC (100 mg, 0.48 mmol, 2.0 equiv) 
and DMAP (10 mg, 0.09 mmol, 0.4 equiv). The resulting mixture was stirred for 4 h at 20 °C then quenched with a saturated aqueous NaHCO3 solution and 
extracted with Et2O. The organic layers were washed with water and brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The 
residue was purified by chromatography on silica gel (cyclohexane/Et20 85:15) to give 154 mg (84 % yield) of the title (R)-mandelic ester of 29 compound. b) 
from a mixture of carbamates 29 and 31: To a solution of compounds 29 and 31 (125 mg, 0.21 mmol, 1.0 equiv), obtained from racemic aldehyde (+/-)-28, in 
CH2Cl2 (5 mL) at 20 °C were successively added (R)-(-)-methoxyphenylacetic acid (71 mg, 0.43 mmol, 2.0 equiv), DCC (88 mg, 0.43 mmol, 2.0 equiv) and 
DMAP (5 mg, 0.08 mmol, 0.4 equiv). The resulting mixture was stirred for 4 h at 20 °C then quenched with a saturated aqueous NaHCO3 solution and extracted 
with Et2O. The organic layers were washed with water and brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue was 
purified by chromatography on silica gel (cyclohexane/Et20 85:15) to give 85 mg (54 % yield) of the (R)-mandelic ester of 29 and 14 mg of its 3,4-bis epi 
diastereomer ((R)-mandelic ester of 31, 9 % yield). ((R)-mandelic ester of 29): [α] 20


D  = + 42.1 (c = 1.4, CHCl3); 
1H NMR (400.0 MHz, CDCl3); δ = 7.46-7.42 


(m, 2H), 7.38-7.22 (m, 3H), 6.82 (d, J = 6.4 Hz, 1H), 5.68 (dq, J = 9.6, 1.8 Hz, J 1H-117Sn = J 1H-119Sn = 131.2 Hz, 1H), 4.83 (t, J = 6.0 Hz, 1H), 4.77 (s, 1H), 4.46 
(dd, J = 9.6, 6.4 Hz, 1H), 4.17-4.03 (bs, 1H), 3.67-3.53 (bs, 1H), 3.43 (s, 3H, CH3), 2.90 (dqd, J = 9.6, 6.9, 6.0 Hz, 1H), 2.23 (dqd, J = 9.6, 6.9, 6.0 Hz, 1H), 1.77 
(d, J = 1.8 Hz, J 1H-117Sn = J 1H-119Sn = 41.7 Hz, 3H, CH3), 1.52-1.42 (m, 6H, 3CH2), 1.31 (sext, J = 7.3 Hz, 6H, 3CH2), 1.25-1.18 (m, 12H, 4CH3), 0.93-0.87 (m, 
18H, 4CH3 + 3CH2), 0.71 (d, J = 6.9 Hz, 3H, CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 170.6 (C), 152.7 (C), 142.0 (CH, J 13C-117Sn = J 13C-119Sn = 29.7 Hz), 139.1 
(C, J 13C-117Sn = J 13C-119Sn = 384.4 Hz), 136.7 (C), 135.6 (CH), 128.8 (2CH), 128.6 (2CH), 127.4 (CH), 110.8 (CH), 83.0 (CH), 80.6 (CH), 57.5 (CH3), 47.1 (CH), 
45.5 (CH), 40.8 (CH, J 13C-117Sn = J 13C-119Sn = 30.7 Hz), 32.9 (CH), 29.3 (3CH2, J 13C-117Sn = J 13C-119Sn = 20.1 Hz), 27.6 (3CH2, J 13C-117Sn = J 13C-119Sn = 57.5 Hz), 
27.2 (CH3, J 13C-117Sn = J 13C-119Sn = 42.2 Hz), 21.7 (2CH3), 20.4 (2CH3), 17.9 (CH3), 17.0 (CH3), 13.8 (3CH3), 10.0 (3CH2, J 13C-117Sn = 314.4 Hz, J 13C-119Sn = 328.8 
Hz); IR (Film) ν = 2960, 2928, 2872, 2851, 1751, 1710, 1453, 1439, 1374, 1308, 1288, 1210, 1174, 1152, 1135, 1120, 1056, 1000 cm-1; elemental analysis calcd 
(%) for C38H65NO5Sn: C 62.13, H 8.92, N 1.91; found: C 62.20, H 9.05, N 1.85. ((R)-mandelic ester of 31): [α] 20


D  = - 36.7 (c = 0.9, CHCl3); 
1H NMR (400.0 


MHz, CDCl3): δ = 7.47-7.41 (m, 2H), 7.40-7.30 (m, 3H), 7.05 (d, J = 6.4 Hz, 1H), 5.12 (dq, J = 9.6, 1.8 Hz, J 1H-117Sn = J 1H-119Sn = 131.7 Hz, 1H), 4.77 (dd, J = 
7.8, 4.6 Hz, 1H), 4.69 (s, 1H), 4.67 (dd, J = 9.6, 6.4 Hz, 1H), 4.29-4.12 (bs, 1H), 3.85-3.71 (bs, 1H), 3.43 (s, 3H, CH3), 3.00 (dqd, J = 9.6, 6.9, 7.8 Hz, 1H), 2.13 
(dqd, J = 9.6, 6.4, 4.6 Hz, 1H), 1.58 (d, J = 1.8 Hz, J 1H-117Sn = J 1H-119Sn = 42.1 Hz, 3H, CH3), 1.50-1.39 (m, 6H, 3CH2), 1.38-1.19 (m, 18H, 3CH2 + 4CH3), 0.98 
(d, J = 6.9 Hz, 3H, CH3), 0.93-0.87 (m, 15H, 3CH2 + 3CH3), 0.69 (d, J = 6.4 Hz, 3H, CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 170.2 (C), 153.0 (C), 142.1 (CH, 
J 13C-117Sn = J 13C-119Sn = 27.8 Hz), 138.6 (C), 136.9 (C), 135.8 (CH), 128.8 (2CH), 128.7 (2CH), 127.5 (CH), 112.4 (CH), 82.6 (CH), 80.4 (CH), 57.6 (CH3), 47.2 
(CH), 45.6 (CH), 40.2 (CH, J 13C-117Sn = J 13C-119Sn = 32.6 Hz), 32.9 (CH), 29.3 (3CH2, J 13C-117Sn = J 13C-119Sn = 20.1 Hz), 27.5 (3CH2, J 13C-117Sn = J 13C-119Sn = 58.5 
Hz), 27.0 (CH3, J 13C-117Sn = J 13C-119Sn = 45.1 Hz), 21.8 (2CH3), 20.5 (2CH3), 17.6 (CH3), 15.0 (CH3), 13.8 (3CH3), 9.7 (3CH2, J 13C-117Sn = J 13C-119Sn = 328.8 Hz); 
IR (Film) ν = 2959, 2928, 2873, 2851, 1752, 1710, 1455, 1439, 1373, 1310, 1285, 1210, 1172, 1154, 1118, 1063, 1005 cm-1.  


(S)- mandelic ester of 29: 
(S)- mandelic ester of 31: : a) from pure carbamate 29: To a solution of compound 29 (150 mg, 0.24 mmol, 1.0 equiv), obtained from optically pure aldehyde 
28, in CH2Cl2 (5 mL) at 20 °C were successively added (S)-(-)-methoxyphenylacetic acid (80 mg, 0.48 mmol, 2.0 equiv), DCC (100 mg, 0.48 mmol, 2.0 equiv) 
and DMAP (10 mg, 0.09 mmol, 0.4 equiv). The resulting mixture was stirred for 4 h at 20 °C then quenched with a saturated aqueous NaHCO3 solution and 
extracted with Et2O. The organic layers were washed with water and brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The 
residue was purified by chromatography on silica gel (cyclohexane/Et20 85:15) to give 160 mg (87 % yield) of the (S)-mandelic ester of 29 compound. b) ) from 
a mixture of carbamates 29 and 31: To a solution of compounds 29 and 31 (97 mg, 0.165 mmol, 1.0 equiv), obtained from racemic aldehyde (+/-)-28, in CH2Cl2 
(5 mL) at 20 °C were successively added (S)-(-)-methoxyphenylacetic acid (55 mg, 0.33 mmol, 2.0 equiv), DCC (68 mg, 0.33 mmol, 2.0 equiv) and DMAP (4 
mg, 0.07 mmol, 0.4 equiv). The resulting mixture was stirred for 4 h at 20 °C then quenched with a saturated aqueous NaHCO3 solution and extracted with Et2O. 
The organic layers were washed with water and brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue was purified by 
chromatography on silica gel (cyclohexane/Et20 85:15) to give 82 mg (68 % yield) of (S)-mandelic ester of 29 and 24 mg of (S)-mandelic ester of 31 (20 % 
yield). ((S)- mandelic ester of 29): [α] 20


D = + 58.6 (c = 1.1, CHCl3); 
1H NMR (400.0 MHz, CDCl3): δ = 7.49-7.41 (m, 2H), 7.40-7.30 (m, 3H), 7.04 (d, J = 6.4 


Hz, 1H), 5.13 (dq, J = 9.4, 1.6 Hz, J 1H-117Sn = J 1H-119Sn = 131.9 Hz, 1H), 4.77 (dd, J = 7.8, 4.6 Hz, 1H), 4.69 (s, 1H), 4.67 (dd, J = 9.9, 6.4 Hz, 1H), 4.28-4.11 (bs, 
1H), 3.88-3.71 (bs, 1H), 3.43 (s, 3H, CH3), 3.0 (ddq, J = 9.9, 7.8, 6.9 Hz, 1H), 2.13 (dqd, J = 9.4, 6.9, 4.6 Hz, 1H), 1.58 (d, J = 1.6 Hz, J 1H-117Sn = J 1H-119Sn = 41.7 
Hz, 3H, CH3), 1.49-1.38 (m, 6H, 3CH2), 1.37-1.19 (m, 18H, 3CH2 + 4CH3), 0.98 (d, J = 6.9 Hz, 3H, CH3), 0.93-0.83 (m, 15H, 3CH2, + 3CH3), 0.69 (d, J = 6.9 
Hz, 3H, CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 170.2 (C), 153.0 (C), 142.1 (CH, J 13C-117Sn = J 13C-119Sn = 30.7 Hz), 138.6 (C, J 13C-117Sn = 368.1 Hz, J 13C-119Sn = 
396.8 Hz), 136.9 (C), 135.8 (CH), 128.8 (2CH), 128.7 (2CH), 127.5 (CH), 112.4 (CH), 82.6 (CH), 80.4 (CH), 57.6 (CH3), 47.2 (CH), 45.6 (CH), 40.3 (CH, J 13C-


117Sn = J 13C-119Sn = 33.6 Hz), 32.9 (CH), 29.3 (3CH2, J 13C-117Sn = J 13C-119Sn = 19.2 Hz), 27.5 (3CH2 J 13C-117Sn = J 13C-119Sn = 57.5 Hz), 27.0 (CH3, J 13C-117Sn = J 13C-


119Sn = 45.1 Hz), 21.8 (2CH3), 20.5 (2CH3), 17.6 (CH3), 15.4 (CH3), 13.8 (3CH3), 9.7 (3CH2, J 13C-117Sn = J 13C-119Sn = 327.8 Hz); IR (Film) ν = 2960, 2928, 2873, 
2852, 1753, 1710, 1454, 1440, 1373, 1309, 1288, 1210, 1175, 1152, 1133, 1118, 1060, 1005 cm-1; elemental analysis calcd (%) for C38H65NO5Sn: C 62.13, H 
8.92, N 1.91; found: C 62.220, H 9.04, N 1.96. ((S)- mandelic ester of 31): [α] 20


D  = - 37.2 (c = 1.2, CHCl3); 
1H NMR (400.0 MHz, CDCl3): δ = 7.47-7.41 (m, 


2H), 7.40-7.29 (m, 3H), 6.82 (d, J = 6.4 Hz, 1H), 5.68 (dq, J = 9.6, 1.4 Hz, J 1H-117Sn = J 1H-119Sn = 130.7 Hz, 1H), 4.83 (t, J = 6.0 Hz, 1H), 4.77 (s, 1H), 4.45 (dd, J 
= 9.6, 6.4 Hz, 1H), 4.29-4.08 (bs, 1H), 3.73-3.61 (bs, 1H), 3.43 (s, 3H, CH3), 2.90 (dqd, J = 9.6, 6.9, 6.0 Hz, 1H), 2.23 (dmd, J = 9.6, 6.0 Hz, 1H), 1.77 (d, J = 1.4 
Hz, J 1H-117Sn = J 1H-119Sn = 41.2 Hz, 3H, CH3), 1.50-1.39 (m, 6H, 3CH2), 1.36-1.18 (m, 18H, 3CH2 + 4CH3), 0.95-0.81 (m, 18H, 4CH3 + 3CH2), 0.70 (d, J = 6.9 Hz, 
3H, CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 170.6 (C), 152.7 (C), 142.0 (CH, J 13C-117Sn = J 13C-119Sn = 26.8 Hz), 139.1 (C), 136.9 (C), 135.5 (CH), 128.8 (2CH), 







128.7 (2CH), 127.5 (CH), 110.7 (CH), 83.0 (CH), 80.6 (CH), 57.5 (CH3), 47.0 (CH), 45.4 (CH), 40.8 (CH, J 13C-117Sn = J 13C-119Sn = 33.6 Hz), 32.9 (CH), 29.3 
(3CH2, J 13C-117Sn = J 13C-119Sn = 21.1 Hz), 27.6 (3CH2, J 13C-117Sn = J 13C-119Sn = 57.5 Hz), 27.2 (CH3, J 13C-117Sn = J 13C-119Sn = 44.1 Hz), 21.7 (2CH3), 20.5 (2CH3), 
17.9 (CH3), 17.0 (CH3), 13.8 (3CH3), 10.0 (3CH2, J 13C-117Sn = 317.3 Hz, J 13C-119Sn = 329.7 Hz); IR (Film) ν = 2960, 2927, 2870, 2849, 1752, 1710, 1454, 1439, 
1375, 1309, 1288, 1210, 1174, 1152, 112, 1056, 1007 cm-1.  


S)-3-Benzyloxy-2-methyl-propanal (44): Benzyl alcohol (20.0 g, 184.9 mmol, 1.0 equiv) was added to a suspension of NaH (60 % in mineral oil, 0.740 g, 18.5 
mmol, 0.1 equiv) in anhydrous ether (45 mL) over 30 min at 20 °C The mixture was stirred for 1 h and cooled to 0 °C. Trichloroacetonitrile (distilled) (20.5 mL, 
204.5 mmol, 1.09 equiv.) was then introduced over 10 min. After 1.5 h the solution was concentrated with the water-bath temperature maintained below 40 °C. 
The residue was treated with a mixture of pentane (150 mL) and methanol (0.6 mL), stirred at 20 °C for 30 min, and filtered through a pad of celite. 
Concentration gave the trichloroimidate (44.0 g) as yellow oil, which was used without further purification.  


A solution of methyl (S)-(+)-3-hydroxy-2-methylpropionate 14 (10 mL, 90.2 mmol, 1.0 equiv) in an anhydrous mixture of CH2Cl2/cyclohexane (1:2, 120 mL) 
was cooled to 0 °C and treated with crude trichloroimidate (27.3 g, 108.1 mmol, 1.2 equiv) and triflic acid (800 µL, 9.0 mmol, 0.1 equiv) over 10 min. After 3 h, 
the mixture was warmed to 20 °C and stirred for 40 h. The solution was filtered through a pad of celite and concentrated. The residue was purified by 
chromatography on silica gel (cyclohexane/ethyl acetate 90:10) to give 15.8 g (84 %yield) of (S)-3-benzyloxy-2-methyl-propionic acid methyl ester as a yellow 
oil. RN: 74924-27-9; 1H NMR (400.0 MHz, CDCl3): δ = 7.37-7.27 (m, 5H), 4.52 (s, 2H), 3.69 (s, 3H), 3.65 (dd, J = 9.3, 1.7 Hz, 1H), 3.49 (dd, J = 9.3, 4.9 Hz, 
1H), 2.79 (qdd, J = 7.1, 4.9, 1.7 Hz, 1H), 1.18 (d, J = 7.1 Hz, 3H); 13C NMR (100.5 MHz, CDCl3): δ = 175.3 (C), 138.1 (C), 128.3 (2CH), 127.6 (2CH), 127.5 
(CH), 73.0 (CH2), 71.9 (CH2), 51.7 (CH3), 40.1 (CH), 13.9 (CH3); MS (GC, EI, CH4): m/z: 208, 176, 148, 121, 107, 102, 91, 85, 79, 65, 51. 


A solution of the above compound (15.8 g, 75.8 mmol, 1.0 equiv) in anhydrous THF (50 mL) was cooled to 0 °C and slowly added to a solution of LiAlH4 (1 M 
in THF, 68 mL, 68.2 mmol, 0.9 equiv) over 10 min, warmed gradually to 20 °C, and stirred for 3 h. The reaction mixture was cooled to 0 °C and quenched by 
addition of water (11 mL), 15 % NaOH (9 mL), and water (11 mL). The resultant mixture was treated with MgSO4, filtered, and the solvent removed under 
reduced pressure. The residue was then purified by chromatography on silica gel (cyclohexane/ethyl acetate 90:10 to 80:20) to give 12.9 g (94 % yield) of (S)-3-
benzyloxy-2-methylpropan-1-ol as an orange oil. RN: 63930-49-4; 1H NMR (400. 0MHz, CDCl3): δ = 7.38-7.27 (m, 5H), 4.52 (s, 2H), 3.64-3.53 (m, 3H), 3.42 
(dd, J = 9.1, 8.2 Hz, 1H), 2.57 (dd, J = 6.7, 4.7 Hz, 1H, OH), 2.13-2.00 (m, 1H), 0.88 (d, J = 7.0 Hz, 3H, CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 137.9 (C), 
128.4 (CH), 127.7 (2CH), 127.6 (2CH), 75.4 (CH2), 73.3 (CH2), 67.8 (CH2), 35.5 (CH), 13.4 (CH3); MS (GC, EI, CH4): m/z: 180, 161, 120, 107, 91, 79, 65, 51. 


To a solution of IBX (36.2 g, 129.4 mmol, 2.2 equiv) in DMSO (400 mL) at 20 °C was added the preceding alcohol (10.6 g, 58.8 mmol, 1.0 equiv) in DMSO (50 
mL). The mixture was stirred for 3 h, and then cooled to 0 °C. H2O was added and the solution was filtered through a pad of celite and then diluted with diethyl 
ether. The organic layer was washed with water (5X), brine (2X), dried over MgSO4 and the solvent removed under reduced pressure. The crude (S)-3-
benzyloxy-2-methyl-propanal 44 was used without further purification (10.1 g, 96 % yield). (44): RN: 79027-28-4; 1H NMR (400.0 MHz, CDCl3): δ = 9.65 (d, J 
= 1.7 Hz, 1H), 7.31-7.19 (m, 5H), 4.45 (s, 2H), 3.62-3.55 (m, 2H), 2.63-2.55 (m, 1H), 1.05 (d, J = 6.9 Hz, 3H, CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 203.9 
(C), 137.9 (C), 128.4 (2CH), 127.8 (2CH), 127.7 (CH), 73.5 (CH2), 70.0 (CH2), 46.7 (CH), 10.6 (CH3); MS (GC, EI, CH4): m/z: 209, 108, 91, 79, 63, 51. 


(2S,3S,4S)-1-Benzyloxy-2,4-dimethyl-hex-5-en-3-ol (45): To a solution of freshly sublimed potassium tert-butoxide (9.77 g, 87.1 mmol, 1.55 equiv) in THF 
(130 mL) at -78 °C was slowly added to a solution of trans-2-butene (26 mL) in THF (25 mL); nBuLi (1.6 M in hexane, 55 mL, 87.8 mmol, 1.55 equiv) was then 
added and the yellow mixture was stirred at -78 °C for 5 min and at -45 °C for 20 min. The resulting orange solution was cooled to -78 °C, and a solution of (-)-
B-diisopinocamphenylmethoxyborane (25.1 g, 79.3 mmol, 1.4 equiv) in 46 mL of diethyl ether was added over ca. 15 min. The resulting white solution was 
stirred at -78 °C for 40 min. Boron trifluoride etherate (12.6 mL, 102.0 mmol, 1.8 equiv) was added followed after 5 min by addition of a solution of aldehyde 44 
(10.1 g, 56.7 mmol, 1.0 equiv) in THF (25 mL). The resulting solution was stirred at -78 °C for 5 h. The reaction was then quenched by addition of aqueous 
NaOH (2.5 N, 66 mL) followed by aqueous H2O2 (30 %, 20 mL). The acetone-dry ice bath was then removed, and the mixture was heated at 45 °C for 45 min. 
The cloudy solution was cooled to 20 °C, diluted with diethyl ether (45 mL), washed with brine, dried over MgSO4, filtered and the solvent was removed under 
reduced pressure. The crude residue was purified by chromatography (cyclohexane/ethyl acetate 100:0 to 90:10) to give 11.0 g (83 % yield) of 45 and 1.27 g (9 
% yield) of its 3,4-bis epi diastereomer (92 % overall yield, ee 100 %, de 90:10). (45): [α] 20


D  = +12.1 (c = 5.5, CHCl3); RN: 106357-28-2; 1H NMR (400.0 MHz, 
CDCl3): δ = 7.27-7.22 (m, 5H), 5.72 (ddd, J = 18.8, 10.6, 8.6 Hz, 1H), 5.07-5.01 (m, 2H), 4.44 (s, 2H), 3.50 (dd, J = 8.9, 5.9 Hz, 2H), 3.55-3.42 (m, 2H), 2.48-
2.40 (m, 1H + OH), 1.92-1.87 (m, 1H), 0.90 (d, J = 7.3 Hz, 3H, CH3), 0.88 (d, J = 7.3 Hz, 3H, CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 141.8 (CH), 138.2 (C), 
128.3 (2CH), 127.5 (3CH), 115.6 (CH2), 75.5 (CH), 74.7 (CH2), 73.4 (CH2), 41.9 (CH), 34.9 (CH), 15.1 (CH3), 9.8 (CH3); MS (GC, EI): m/z: 234, 215, 187, 107, 
91, 79; IR (Film) ν = 2868, 1074, 1110, 997 cm-1. (3,4-bis epi isomer of 45): RN: 106357-29-3; 1H NMR (400.0 MHz, CDCl3): δ = 7.31-7.18 (m, 5H), 5.83 
(ddd, J = 18.1, 9.6, 8.6 Hz, 1H), 4.97 (m, 2H), 4.44 (s, 2H), 3.54-3.44 (m, 2H), 3.32-3.30 (m, 1H), 2.40-2.21 (m, 1H), 1.91-1.81 (m, 1H), 1.54 (bs, 1H, OH), 1.03 
(d, J = 6.9 Hz, 3H, CH3), 0.82 (d, J = 6.9 Hz, 3H, CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 139.7 (CH), 137.7 (C), 128.4 (2CH), 127.7 (2CH), 127.6 (C), 115.2 
(CH2), 79.7 (CH), 75.4 (CH2), 73.4 (CH2), 41.0 (CH), 36.2 (CH), 17.7 (CH3), 13.8 (CH3). 


(2S,3R,4R,5S)-1-Benzyloxy-2,4-dimethyl-5,6-epoxy-hexan-3-ol (46) 


(2S,3R,4R,5R)-1-Benzyloxy-2,4-dimethyl-5,6-epoxy-hexan-3-ol (47): To a solution of VO(acac)2 (12 mg, 0.042 mmol, 2 mol %) in CH2Cl2 (6 mL) at 0 °C 
were added olefin 45 (500 mg, 2.13 mmol, 1.0 equiv) in CH2Cl2 (15 mL) and t-BHP (solution 5 M in decane, 640 µL, 3.20 mmol, 1.5 equiv). The temperature 
was maintained for 20 min and the reaction mixture was stirred overnight at 20 °C. The reaction mixture was partitioned between diethyl ether and a saturated 
aqueous solution of ammonium chloride and extracted with diethyl ether. The organic layer was washed with brine, dried over MgSO4, filtered and the solvent 
removed under reduced pressure. The residue was purified by chromatography on silica gel (cyclohexane/ethyl acetate 90:10) to give 374 mg (70 % yield) of 46, 
42 mg (8 % yield) of its C5 isomer 47 (78 % overall yield, selectivity 9:1) and 110 mg of starting material 45 (22 % recovered yield). (46): [α] 20


D  = + 0.82 (c = 
0.7, CHCl3); 


1H NMR (400.0 MHz, CDCl3): δ = 7.25-7.16 (m, 5H), 4.48 (s, 2H), 3.72-3.69 (m, 1H), 3.50 (dd, J = 8.9, 6.3 Hz, 1H), 3.41 (dd, J = 8.9, 5.3 Hz, 1H), 
2.92-2.87 (m, 1H), 2.84 (bs, 1H, OH), 2.64 (t, J = 4.6 Hz, 1H), 2.39 (dd, J = 4.6, 3.0 Hz, 1H), 1.94-1.83 (m, 1H), 1.43-1.29 (m, 1H), 0.84 (d, J = 6.9 Hz, 3H, 
CH3), 0.80 (d, J = 6.9 Hz, 3H, CH3); 


13C NMR (100.5 MHz, CDCl3): δ =138.2 (C), 128.2 (2CH), 127.4 (3CH), 76.1 (CH), 74.2 (CH2), 73.2 (CH2), 55.5 (CH), 
44.8 (CH2), 39.0 (CH), 35.2 (CH), 12.4 (CH3), 9.4 (CH3); IR (Film) ν? = 3471, 2968, 2862, 1653, 1559, 1541, 1496, 1461, 1453, 1410, 1365, 1310, 1258, 1205, 
1103, 987, 886 cm-1; MS (GC, EI): m/z: 250 (M+•), 248, 232, 217, 201, 187, 177, 160, 148, 141, 123, 115, 107, 91, 79, 65, 55; elemental analysis calcd (%) for 
C15H22O3: C 71.97, H 8.86; found: C 71.78, H 9.06. (47): 1H NMR (400.0 MHz, CDCl3): δ = 7.37-7.19 (m, 5H), 4.44 (s, 2H), 3.67-3.63 (m, 1H), 3.50 (d, J = 5.3 
Hz, 2H), 2.89 (ddd, J = 6.9, 3.9, 2.9 Hz, 1H), 2.77 (dd, J = 4.3, 3.9 Hz, 1H), 2.64 (dd, J = 4.3, 2.9 Hz, 1H), 1.86-1.84 (m, 1H), 1.51-1.43 (m, 1H), 0.87 (d, J = 6.9 
Hz, 3H, CH3), 0.86 (d, J = 6.9 Hz, 3H, CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 137.9 (C), 128.4 (2CH), 127.7 (2CH), 127.5 (CH), 75.3 (CH2), 73.4 (CH2), 55.9 
(CH), 47.6 (CH2), 38.9 (CH), 34.7 (CH), 13.1 (CH3), 9.3 (CH3); MS (GC, EI): m/z: 250 (M+•), 209, 189, 177, 160, 142, 123, 108, 91, 79, 65, 55. 


(2S,3R,4S,5S)-1-Benzyloxy-2,4-dimethyl-oct-7-en-3,5-diol (48): To a solution of vinyl bromide (1 mL, 13.8 mmol, 4.8 equiv) in diethyl ether (20 mL) at – 78 
°C was slowly added tBuLi (1.7 M, 16.3 mL, 27.7 mmol, 9.6 equiv). The temperature was maintained for 10 min and then the mixture was stirred for 2 h at 20 
°C. In a second flask CuCN (620 mg, 6.9 mmol, 2.4 equiv) was introduced and purged (3 times). THF (10 mL) was added and the resulting suspension was 
cooled to –78 °C. The freshly prepared solution of vinyl lithium was then slowly added, and the resulting yellow solution was stirred at –20 °C for 25 min. The 
solution was cooled to –78 °C and the epoxide 46 (722 mg, 2.88 mmol, 1.0 equiv) in THF (10 mL) was added. The resulting mixture was stirred at 0 °C 







overnight. A 25 % aqueous ammonia solution was added and the resulting biphasic solution was stirred vigorously until the aqueous layer turned night blue The 
organic layer was washed with brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue was purified by chromatography 
on silica gel (cyclohexane/ethyl acetate 70:30) to give 48 (692 mg, 86 % yield). (48): 1H NMR (400.0 MHz, CDCl3): δ = 7.28-7.16 (m, 5H), 5.82 (tdd, J = 14.4, 
10.5, 7.9 Hz, 1H), 5.24-5.18 (m, 2H), 4.60 (s, 2H), 4.15 (bs, 1H, OH), 4.05 (bs, 1H, OH), 3.70-3.66 (m, 1H), 3.61 (dt, J = 7.6, 3.0 Hz, 1H), 3.50-3.44 (m, 2H), 
2.3-2.26 (m, 1H), 2.06 (dt, J = 15.0, 7.5 Hz, 1H), 1.93-1.81 (m, 1H), 1.66-1.52 (m, 1H), 1.05 (d, J = 6.9 Hz, 3H, CH3), 0.85 (d, J = 6.9 Hz, 3H, CH3); 


13C NMR 
(100.5 MHz, CDCl3): δ = 137.8 (C), 134.9 (CH), 128.2 (2CH), 127.5 (2CH), 127.4 (CH), 117.1 (CH2), 78.1 (CH), 75.1 (CH2), 75.0 (CH), 73.2 (CH2), 40.0 (CH), 
38.8 (CH2), 34.9 (CH), 12.4 (CH3), 9.1 (CH3); IR (Film) ν = 3371, 2957, 2886, 1653, 1636, 1559, 1454, 1206, 1097, 1028, 983, 911 cm-1; MS (GC, EI): m/z: 253, 
219, 190, 179, 160, 145, 129, 118, 107, 91, 80, 69, 57, 55; elemental analysis calcd (%) for C17H26O3: C 73.34, H 9.41; found: C 72.69, H 9.15. 


(4S,5S,6R,7S)-4,6,8-Tris-(tert-butyldimethylsilyloxy)-5,7-dimethyl-oct-1-ene (49): To a night blue solution of lithium metal (124 mg, 17.9 mmol, 1.0 equiv) 
in liquid ammonia and anhydrous THF (10 mL) at –78 °C was added the benzyl product 48 (500 mg, 1.79 mmol, 1.0 equiv) in dry THF (10 mL). The reaction 
mixture was stirred at –78 °C for 1 h. Then the solution was quenched by addition of solid NH4Cl (10 g) and the ammonia was allowed to evaporate by 
permitting the reaction to warm to 20 °C. A saturated aqueous solution of NH4Cl was then added and the aqueous layer was extracted with ethyl acetate. The 
organic layer was washed with brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The crude (2S,3R,4S,5S)-2,4-dimethyl-oct-7-
ene-1,3,5-triol compound was used without further purification in the next step (300 mg).: 1H NMR (400.0 MHz, CDCl3): δ = 5.69 (ddt, J = 14.2, 8.2, 5.9 Hz, 
1H), 5.10-5.06 (m, 2H), 4.75 (bs, 1H, OH), 4.08 (bs, 1H, OH), 3.79-3.75 (m, 1H), 3.68-3.55 (m, 3H), 2.29-2.23 (m, 1H), 2.08 (quint, J = 7.6 Hz, 1H), 1.81-1.76 
(m, 1H), 1.65-1.54 (m, 1H), 0.86 (d, J = 7.3 Hz, 3H, CH3), 0.70 (d, J = 7.3 Hz, 3H, CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 134.5 (CH), 118.1 (CH2), 78.5 
(CH), 75.8 (CH), 67.3 (CH2), 40.2 (CH), 39.4 (CH2), 36.0 (CH), 12.5 (CH3), 8.6 (CH3); MS (GC, EI): m/z: 188, 171, 161, 142. 


To a solution of the preceding triol (200 mg, 1.06 mmol, 1.0 equiv) in dry CH2Cl2 (10 mL) at 0 °C were added 2,6-lutidine (1.1 mL, 9.56 mmol, 9.0 equiv) and 
TBSOTf (1.1 mL, 4.78 mmol, 4.5 equiv). The reaction mixture was stirred at 20 °C for 3 h, then quenched by addition of a saturated aqueous solution of NH4Cl 
and extracted with CH2Cl2. The organic layer was washed with brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue 
was purified by chromatography on silica gel (cyclohexane/ethyl acetate 98:2) to give the title compound 49 (560 mg, 99 % yield). (49): [α] 20


D  = - 2.70 (c = 1.2, 
CHCl3); 


1H NMR (400.0 MHz, CDCl3): δ = 5.79 (dd, J = 17.5, 10.1, 7.1 Hz, 1H), 5.04-4.97 (m, 2H), 3.89 (dt, J = 8.2, 4.0 Hz, 1H), 3.77 (d, J = 7.9 Hz,1H), 3.44 
(t, J = 9.2 Hz, 1H), 3.32 (dd, J = 9.2, 7.3 Hz, 1H), 2.23-2.02 (m, 2H), 1.90-1.74 (m, 2H), 0.86 (s, 9H, 3CH3), 0.85 (s, 9H, 3CH3), 0.84 (d, J = 7.9 Hz, 3H, CH3), 
0.83 (s, 9H, 3CH3), 0.80 (d, J = 7.9 Hz, 3H, CH3), 0.00 (s, 6H, 2CH3), -0.02 (s, 6H, 2CH3), -0.05 (s, 6H, 2CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 136.2 (CH), 
116.4 (CH2), 72.1 (CH), 72.0 (CH), 66.1 (CH2), 43.7 (CH), 38.7 (CH), 36.6 (CH2), 26.3 (3CH3), 25.9 (3CH3), 25.3 (3CH3), 18.3 (C), 18.2, (C), 18.1 (C), 10.6 
(CH3), 10.0 (CH3), -2.9 (2CH3), -3.4 (CH3), -4.1 (CH3), -4.2 (CH3), -4.3 (CH3); IR (Film) ν = 2955, 2930, 2886, 2858, 1645, 1472, 1388, 1361, 1254, 1069, 1044, 
1005, 912, 833 cm-1; MS (GC, EI): m/z: 474 (M+•- t-Bu), 433, 391, 357, 341, 317, 259, 243, 225, 185, 169, 147, 131, 115, 89, 73, 55; elemental analysis calcd 
(%) for C28H62O3Si3: C 63.33, H 11.77; found: C 63.12, H 11.98. 


 
(2S)-3-(tert-Butyldimethylsilyloxy)-2-methyl-propanal (50): To a solution of commercial methyl-(S)-(+)3-hydroxy-2-methylpropionate 14 (3.70 g, 31.3 mmol, 
1.0 equiv) in dry DMF (30 mL) were added imidazole (6.70 g, 98.4 mmol, 3.0 equiv) and tert-butyldimethylsilyl chloride (7.06 g, 47 mmol, 1.5 equiv). After 3 h 
at 20 °C the mixture was quenched with a saturated aqueous NH4Cl solution and diluted with diethyl ether. The organic layer was washed with water and brine, 
dried over MgSO4, filtered, and the solvent removed under reduced pressure. The crude residue was purified by chromatography on silica gel 
(cyclohexane/diethyl ether 100:0 to 90:10) to give 6.80 g (94 % yield) of (2S)-methyl-3-(tert-butyldimethylsilyloxy)-2-methyl propanoate as a colourless oil. RN: 
93454-85-4; 1H NMR (400.0 MHz, CDCl3): δ = 3.78 (dd, J = 9.6, 6.9 Hz, 1H), 3.68 (s, 3H, CH3), 3.66 (dd, J = 9.6, 6.0 Hz, 1H), 2.66 (qdd, J = 6.9, 6.9, 6.0 Hz, 
1H), 1.14 (d, J = 6.9 Hz, 3H, CH3), 0.88 (s, 9H, 3CH3), 0.04 (s, 6H, 2CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 175.4 (C), 65.3 (CH2), 51.3 (CH3), 42.6 (CH), 
25.8 (3CH3), 18.3 (C), 13.5 (CH3), -5.5 (2CH3); IR (Film) ν = 2930, 2885, 2858, 1744, 1472, 1436, 1389, 1362, 1257, 1199, 1176, 1098, 837, 777, 668 cm-1; MS 
(GC, CI, NH3): m/z: 250 (MH+ + NH3), 233 (MH+), 201, 175, 132, 106, 91. 


To a solution of (S)-3-(tert-butyldimethylsilyloxy)-2-methyl-propionic acid methyl ester (5.50 g, 23.7 mmol, 1.0 equiv) in CH2Cl2 (25 mL) at -35 °C was added 
diisobutylaluminium hydride (1 M solution in CH2Cl2, 50.0 mL, 50.0 mmol, 2.1 equiv). The solution was stirred 30 min at -20 °C. Then the mixture was 
quenched by addition of 10 % aqueous NaOH solution (55 mL of water, 5.50 g of NaOH, 137.5 mmol, 5.8 equiv). The mixture was allowed to warm to 20 °C 
and then diluted with diethyl ether. The organic layer was washed with water and brine, dried over MgSO4, filtered and the solvent removed under reduced 
pressure. The crude residue was purified by chromatography on silica gel (cyclohexane /diethyl ether 80:20 to 50:50) to give 4.46 g (92 % yield) of (2S)-3-(tert-
butyldimethylsilyloxy)-2-methyl-propan-1-ol as a colourless oil. RN: 112057-64-4; 1H NMR (400.0 MHz, CDCl3): δ = 3.76 (dd, J = 9.6, 4.3 Hz, 1H), 3.66 (ddd, 
J = 11.2, 7.0, 4.6 Hz, 1H), 3.60 (ddd, J = 11.2, 7.8, 3.9 Hz, 1H), 3.55 (dd, J = 9.6, 8.2 Hz, 1H), 2.93 (dd, J = 7.0, 3.9 Hz, 1H, OH), 1.95 (ddqdd, J = 8.2, 7.8, 6.9, 
4.6, 4.3 Hz, 1H), 0.91 (s, 9H, 3CH3), 0.83 (d, J = 6.9 Hz, 3H, CH3), 0.08 (s, 6H, 2CH3); 


13C RMN (100.5 MHz, CDCl3): δ = 68.9 (CH2), 68.5 (CH2), 36.9 (CH, C-
2), 25.8 (3CH3), 18.1 (C), 13.0 (CH3), -5.6 (2CH3); IR (Film) ν = 3354, 2955, 2857, 1472, 1389, 1361, 1258, 1090, 1040, 939, 836, 775, 667 cm-1; MS (GC, CI, 
NH3): m/z: 222 (MH+ + NH3), 205 (MH+), 132, 92, 76, 74. 


To a solution of oxalyl chloride (1.8 mL, 21.4 mmol, 1.2 equiv) in CH2Cl2 (60 mL) at -55 °C was added DMSO (3.1 mL, 42.9 mmol, 2.4 equiv). This was 
followed 5 min later with the addition via cannula of a solution of the preceding alcohol (3.65 g, 17.9 mmol, 1.0 equiv) in CH2Cl2 (20 mL). The resulting slurry 
was stirred for 1 h at -55 °C. Then triethylamine (12.5 mL, 89.3 mmol, 5.0 equiv) was added. The solution was warmed to 20 °C 5 min later and stirred for an 
additional hour at 20 °C. The solution was diluted with CH2Cl2 (80 mL) and washed with 90 mL of ice-cold 1M HCl and 90 mL of water. These phases were 
extracted with CH2Cl2 (180 mL). The combined organic layers were washed with brine, dried over MgSO4, filtered and the solvent removed under reduced 
pressure. The crude (S)-3-(tert-butyldimethylsilyloxy)-2-methyl-propanal 50 was used without further purification (3.40 g, 94 % yield). (50): RN: 104701-87-3; 
1H NMR (400.0 MHz, CDCl3): δ = 8.86 (d, J = 1.5 Hz, 1H), 3.78 (dd, J = 9.6, 6.9 Hz, 1H), 3.66 (dd, J = 9.6, 6.0 Hz, 1H), 2.66 (qddd, J = 6.9, 6.9, 6.0, 1.5 Hz, 
1H), 1.14 (d, J = 6.9 Hz, 3H, CH3), 0.88 (s, 9H, 3CH3,), 0.04 (s, 6H, 2CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 204.7 (C), 63.4 (CH2), 48.8 (CH), 25.8 (3CH3), 
18.2 (C), 10.3 (CH3), -5.5 (2CH3); IR (Film) ν = 2956, 2930, 2885, 2858, 1737, 1472, 1389, 1362, 1256, 1100, 1033, 838, 771, 668 cm-1; MS (GC, CI, NH3): 
m/z: 220 (MH+ + NH3), 203 (MH+), 145, 132, 115, 106, 91, 76, 74. 


(R)-Mandelate ester of 56: To a solution of compound 56 (40 mg, 0.045 mmol, 1.0 equiv) in CH2Cl2 (1 mL) at 20 °C were successively added (R)-(-)-
methoxyphenylacetic acid (15 mg, 0.091 mmol, 2.0 equiv), DCC (9.5 mg, 0.091 mmol, 2.0 equiv) and DMAP (2 mg, 0.022 mmol, 0.4 equiv). The resulting 
mixture was stirred for 12 h at 20 °C then quenched with a saturated aqueous NaHCO3 solution and extracted with Et2O. The organic layers were washed with 
water and brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue was purified by chromatography on silica gel 
(cyclohexane/AcOEt 95:5 to 70:30) to give 29 mg (63 % yield) of the title compound. ((R)-Mandelate ester of 56): [α] 20


D  = - 29.5 (c = 0.52, CHCl3); 
1H NMR 


(400.0 MHz, CDCl3): δ = 7.50-7.47 (m, 4H), 7.36-7.30 (m, 6H), 6.01 (dq, J = 9.6, 1.4 Hz, J 1H-117Sn = J 1H-119Sn = 131.2 Hz, 1H), 5.83 (dt, J = 11.5, 1.8 Hz, 1H), 
4.79 (d, J = 6.9 Hz, 1H), 4.78 (s, 1H), 4.74 (s, 1H), 4.68 (d, J = 6.9 Hz, 1H), 3.65 (t, J = 9.2 Hz, 1H), 3.46 (dd, J = 9.2, 5.5 Hz, 1H), 3.45 (s, 3H, CH3), 3.44 (s, 
3H, CH3), 3.25 (t, J = 5.5 Hz, 1H), 3.24 (d, J = 10.9 Hz, 1H), 2.75 (qdd, J = 6.9, 5,5, 1.8 Hz, 1H), 2.48 (td, J = 9.6, 1.8 Hz, 1H), 2.18 (dqd, J = 9.6, 6.9, 5.5 Hz, 
1H), 2.11 (ddd, J = 11.9, 11.5, 1.8 Hz, 1H), 1.90 (d, J = 1.4 Hz, J 1H-117Sn = J 1H-119Sn = 42.1 Hz, 3H, CH3), 1.87 (dqd, J = 9.2, 6.9, 5.5 Hz, 1H), 1.73 (ddd, J = 11.9, 
9.6, 1.8 Hz, 1H), 1.53-1.44 (m, 6H, 3CH2), 1.45-1.42 (m, 1H), 1.32 (sext, J = 7.8 Hz, 6H, 3CH2), 1.16 (d, J = 6.9 Hz, 3H, CH3), 0.98 (d, J = 6.9 Hz, 3H, CH3), 
0.94 (s, 9H, 3CH3), 0.95-0.90 (m, 6H, 3CH2), 0.90 (m, 9H, 3CH3), 0.81 (d, J = 6.9 Hz, 3H, CH3), 0.52 (d, J = 6.4 Hz, 3H, CH3), 0.07 (s, 3H, CH3), 0.06 (s, 3H, 
CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 169.4 (C), 144.2 (CH), 138.8 (C), 137.7 (C, J 13C-117Sn = J 13C-119Sn = 384.0 Hz), 137.0 (C), 129.0 (CH), 128.9 (2CH), 







128.3 (CH), 128.0 (2CH), 127.6 (2CH), 125.9 (2CH), 99.0 (CH), 98.3 (CH2), 88.3 (C), 85.2 (CH), 82.3 (CH), (C), 79.6 (CH), 76.7 (CH), 65.1 (CH2), 60.1 (CH), 
57.3 (CH3), 56.3 (CH3), 42.0 (CH), 39.5 (CH2), 36.7 (CH), 34.8 (CH), 30.3 (CH), 29.4 (3CH2, J 13C-117Sn = J 13C-119Sn = 19.2 Hz), 27.5 (3CH2, J 13C-117Sn = J 13C-119Sn 
= 57.5 Hz), 27.4 (CH3, J 13C-117Sn = J 13C-119Sn = 42.6 Hz), 26.1 (3CH3), 18.5 (C), 18.2 (CH3), 16.3 (CH3), 13.9 (3CH3), 11.5 (CH3), 10.1 (3CH2), 9.8 (CH3), -5.3 
(CH3), -5.2 (CH3); IR (Film) ν = 2956, 2871, 2855, 1759, 1454, 1462, 1166, 1152, 1114, 1102, 1031 cm-1; elemental analysis calcd (%) for C55H90O8SiSn: C 
64.38, H 8.84; found: C 64.15, H 9.02. 


(S)-Mandelate ester of 56: To a solution of compound 56 (40 mg, 0.045 mmol, 1.0 equiv) in CH2Cl2 (1 mL) at 20 °C were successively added (S)-(+)-
methoxyphenylacetic acid (15 mg, 0.091 mmol, 2.0 equiv), DCC (9.5 mg, 0.091 mmol, 2.0 equiv) and DMAP (2 mg, 0.022 mmol, 0.4 equiv). The resulting 
mixture was stirred for 12 h at 20 °C then quenched with a saturated aqueous NaHCO3 solution and extracted with Et2O. The organic layers were washed with 
water and brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue was purified by chromatography on silica gel 
(cyclohexane/AcOEt 95:5 to 70:30) to give 25 mg (62 % yield) of the title compound. ((S)-Mandelate ester of 56): [α] 20


D  = - 1.40 (c = 0.60, CHCl3); 
1H NMR 


(400.0 MHz, CDCl3): δ = 7.51-7.47 (m, 4H), 7.37-7.27 (m, 6H), 6.00 (dq, J = 9.6, 1.8 Hz, J 1H-117Sn = J 1H-119Sn = 134.6 Hz, 1H), 5.82 (ddd, J = 11.0, 2.3, 1.8 Hz, 
1H), 5.00 (s, 1H), 4.84 (s, 1H), 4.72 (d, J = 6.9 Hz, 1H), 4.60 (d, J = 6.9 Hz, 1H), 3.67 (dd, J = 9.6, 9.2 Hz, 1H), 3.49 (dd, J = 9.6, 6.0 Hz, 1H), 3.49-3.46 (m, 
1H), 3.46 (s, 3H, CH3), 3.40 (s, 3H, CH3), 3.19 (t, J = 5.5 Hz, 1H), 3.10 (ddd, J = 11.9, 10.5, 1.8 Hz, 1H), 2.66 (qdd, J = 7.3, 5,5, 1.8 Hz, 1H), 2.31 (ddd, J = 
11.9, 11.5, 2.3 Hz, 1H), 2.13 (dqd, J = 9.6, 6.9, 5.5 Hz, 1H), 1.96 (mdqd, J = 9.2, 6.9, 6.0 Hz, 1H), 1.88 (d, J = 1.4 Hz, J 1H-117Sn = J 1H-119Sn = 42.1 Hz, 3H, CH3), 
1.84 (ddd, J = 11.5, 11.0, 1.8 Hz, 1H), 1.61-1.60 (m, 1H), 1.56-1.43 (m, 6H, 3CH2), 1.31 (sext, J = 7.8 Hz, 6H, 3CH2), 1.10 (d, J = 7.3 Hz, 3H, CH3), 0.93 (d, J = 
6.9 Hz, 3H, CH3), 0.94 (s, 9H, 3CH3), 0.93-0.89 (m, 6H, 3CH2), 0.89 (t, 9H, J = 7.3 Hz, 3CH3), 0.84 (d, J = 6.9 Hz, 3H, CH3), 0.72 (d, J = 6.9 Hz, 3H, CH3), 0.05 
(s, 6H, 2CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 169.8 (C), 144.2 (CH, J 13C-117Sn = J 13C -119Sn = 28.8 Hz), 138.8 (C), 137.7 (C), 136.4 (C), 128.8 (CH), 128.7 
(2CH), 128.3 (CH), 128.0 (2CH), 126.9 (2CH), 125.9 (2CH), 99.4 (CH), 98.2 (CH2), 88.4 (C), 85.2 (CH), 83.1 (CH), 83.0 (C), 80.0 (CH), 79.0 (CH), 65.1 (CH2), 
61.3 (CH), 57.5 (CH3), 56.2 (CH3), 42.0 (CH), 39.1 (CH2), 36.7 (CH), 35.1 (CH), 30.3 (CH), 29.3 (3CH2, J 13C-117Sn = J 13C -119Sn = 18.2 Hz), 27.6 (3CH2, J 13C-117Sn 
= J 13C -119Sn = 57.5 Hz), 27.6 (CH3), 26.1 (3CH3), 18.5 (C), 18.3 (CH3), 16.2 (CH3), 13.9 (3CH3), 11.7 (CH3), 10.0 (3CH2, J 13C-117Sn = 325.9, J 13C -119Sn = 312.5 
Hz), 9.8 (CH3), -5.3 (CH3), -5.2 (CH3); IR (Film) ν = 2955, 2855, 1755, 1456, 1464, 1155, 1098, 1074, 1031 cm-1; elemental analysis calcd (%) for 
C55H90O8SiSn: C 64.38, H 8.84; found: C 64.70, H 9.26. 


(R)-Mandelate ester of 57: To a solution of compound 57 (100 mg, 0.11 mmol, 1.0 equiv) in CH2Cl2 (2 mL) at 20 °C were successively added (R)-(-)-
methoxyphenylacetic acid (38 mg, 0.23 mmol, 2.0 equiv), DCC (47 mg, 0.23 mmol, 2.0 equiv) and DMAP (3 mg, 0.022 mmol, 0.2 equiv). The resulting mixture 
was stirred for 12 h at 20 °C then quenched with a saturated aqueous NaHCO3 solution and extracted with Et2O. The organic layers were washed with water and 
brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue was purified by chromatography on silica gel 
(cyclohexane/AcOEt 95:5 to 70:30) to give 89 mg (79 % yield) of the title compound. ((R)-Mandelate ester of 57): [α] 20


D  = + 1.76 (c = 1.44, CHCl3); 
1H NMR 


(400.0 MHz, CDCl3): δ = 7.50-7.47 (m, 4H), 7.39-7.30 (m, 6H), 6.00 (dq, J = 9.6, 1.4 Hz, J 1H-117Sn = J 1H-119Sn = 132.8 Hz, 1H), 5.71 (ddd, J = 9.6, 5.0, 1.4 Hz, 
1H), 5.48 (s, 1H), 4.72 (s, 1H), 4.70 (d, J = 6.9 Hz, 1H), 4.57 (d, J = 6.9 Hz, 1H), 3.74-3.65 (m, 2H), 3.50 (dd, J = 9.6, 6.0 Hz, 1H), 3.45-3.39 (m, 1H, H-5), 3.35 
(s, 3H, CH3), 3.29 (s, 3H, CH3), 3.19 (t, J = 5.5 Hz, 1H), 2.64 (qdd, J = 6.9, 5.0, 1.4 Hz, 1H), 2.22-2.08 (m, 3H), 2.05-1.97 (m, 1H), 1.89 (d, J = 1.4 Hz, J 1H-117Sn 
= J 1H-119Sn = 41.9 Hz, 3H, CH3), 1.73-1.67 (m, 1H), 1.52-1.46 (m, 6H, 3CH2), 1.32 (sext, J = 7.3 Hz, 6H, 3CH2), 1.10 (d, J = 7.3 Hz, 3H, CH3), 0.97-0.87 (m, 
15H, 3CH2 + 3CH3), 0.94 (d, J = not calculated, 3H, CH3), 0.90 (s, 9H, 3CH3), 0.86 (d, J = not calculated, 3H, CH3), 0.81 (d, J = 6.9 Hz, 3H, CH3), 0.05 (s, 6H, 
2CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 169.3 (C), 144.2 (CH, J 13C-117Sn = J 13C -119Sn = 30.6 Hz), 138.8 (C), 137.5 (C, J 13C-117Sn = J 13C -119Sn = 371.8 Hz), 
135.9 (C), 128.6 (CH), 128.5 (2CH), 128.4 (CH), 128.0 (2CH), 127.4 (2CH), 125.9 (2CH), 99.8 (CH), 98.0 (CH2), 89.3 (C), 84.9 (CH), 82.5 (CH), 80.2 (C), 79.2 
(CH), 78.3 (CH), 64.9 (CH2), 63.4 (CH), 57.3 (CH3), 56.1 (CH3), 42.3 (CH, J 13C-117Sn = J 13C -119Sn = 32.6 Hz), 38.4 (CH2), 36.6 (CH), 34.8 (CH), 30.3 (CH), 29.2 
(3CH2, J 13C-117Sn = J 13C -119Sn = 19.2 Hz), 27.4 (3CH2, J 13C-117Sn = J 13C -119Sn = 57.4 Hz), 27.3 (CH3, J 13C-117Sn = J 13C -119Sn = 46.0 Hz), 25.9 (3CH3), 18.4 (C), 18.3 
(CH3), 15.8 (CH3), 13.7 (3CH3), 11.5 (CH3), 9.9 (3CH2, J 13C-117Sn = 313.4 Hz, J 13C -119Sn = 327.8 Hz), 9.7 (CH3), -5.5 (CH3), -5.4 (CH3); IR (Film) ν = 2955, 
2871, 2855, 1758, 1462, 1455, 1250, 1149, 1102, 1031, 1002, 837, 698 cm-1; elemental analysis calcd (%) for C55H90O8SiSn: C 64.38, H 8.84; found: C 64.22, H 
9.12.  


(S)-Mandelate ester of 57: To a solution of compound 57 (100 mg, 0.11 mmol, 1.0 equiv) in CH2Cl2 (2 mL) at 20 °C were successively added (S)-(-)-
methoxyphenylacetic acid (38 mg, 0.23 mmol, 2.0 equiv), DCC (47 mg, 0.23 mmol, 2.0 equiv) and DMAP (3 mg, 0.022 mmol, 0.2 equiv). The resulting mixture 
was stirred for 12 h at 20 °C then quenched with a saturated aqueous NaHCO3 solution and extracted with Et2O. The organic layers were washed with water and 
brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue was purified by chromatography on silica gel 
(cyclohexane/AcOEt 95:5 to 70:30) to give 81 mg (72 % yield) of the title compound. ((S)-Mandelate ester of 57): [α] 20


D  = + 22.0 (c = 1.38, CHCl3); 
1H NMR 


(400.0 MHz, CDCl3): δ = 7.46-7.40 (m, 4H), 7.36-7.29 (m, 6H), 6.00 (dq, J = 9.6, 1.8 Hz, J 1H-117Sn = J 1H-119Sn = 133.2 Hz, 1H), 5.71 (ddd, J = 10.0, 4.6, 1.4 Hz, 
1H), 5.43 (s, 1H), 4.76 (d, J = 6.9 Hz, 1H,), 4.73 (s, 1H), 4.66 (d, J = 6.9 Hz, 1H), 3.72-3.61 (m, 3H), 3.49 (dd, J = 9.6, 5.0 Hz, 1H), 3.40 (s, 3H, CH3), 3.38 (s, 
3H, CH3), 3.24 (dd, J = 5.5, 5.0 Hz, 1H), 2.73 (qdd, J = 6.9, 5.0, 1.4 Hz, 1H), 2.19 (qdd, J = 9.6, 6.9, 5.5 Hz, 1H), 2.06 (td, J = 10.0, 2.3 Hz, 1H), 2.00-1.93 (m, 
1H), 1.90 (d, J = 1.8 Hz, J 1H-117Sn = J 1H-119Sn = 42.6 Hz, 3H, CH3), 1.81 (ddd, J = 13.7, 10,0, 4.6 Hz, 1H), 1.65-1.64 (m, 1H), 1.53-1.46 (m, 6H, 3CH2), 1.33 (sext, 
J = 7.3 Hz, 6H, 3CH2), 1.19 (d, J = 6.9 Hz, 3H, CH3), 1.00 (d, J = 6.9 Hz, 3H, CH3), 0.97-0.86 (m, 15H, 3CH2, + 3CH3), 0.90 (s, 3CH3), 0.84 (d, J = 6.9 Hz, 3H, 
CH3), 0.74 (d, J = 6.4 Hz, 3H, CH3), 0.04 (s, 6H, 2CH3); 


13C NMR (100.5 MHz, CDCl3): δ = 169.2 (C), 144.1 (CH, J 13C-117Sn = J 13C -119Sn = 27.8 Hz), 138.7 (C), 
137.7 (C), 135.9 (C), 128.6 (CH), 128.5 (2CH), 128.3 (CH), 127.9 (2CH), 127.2 (2CH), 125.9 (2CH), 99.7 (CH), 98.0 (CH2), 89.2 (C), 85.1 (CH), 82.3 (CH), 
80.1 (C), 78.9 (CH), 78.5 (CH), 65.8 (CH2), 65.1 (CH), 57.3 (CH3), 56.1 (CH3), 42.3 (CH, J 13C-117Sn = J 13C -119Sn = 31.6 Hz), 38.2 (CH2), 36.5 (CH), 34.6 (CH), 
30.3 (CH), 29.2 (3CH2, J 13C-117Sn = J 13C -119Sn = 19.2 Hz), 27.7 (3CH2, J 13C-117Sn = J 13C -119Sn = 57.4 H), 27.4 (CH3, J 13C-117Sn = J 13C -119Sn = 40.2 Hz), 25.9 (3CH3), 
18.6 (CH3), 18.2 (C), 16.1 (CH3), 13.7 (3CH3), 11.6 (CH3, CH3-4), 9.9 (3CH2, J 13C-117Sn = 314.4 Hz, J 13C -119Sn = 331.6 Hz), 9.6 (CH3), -5.5 (2CH3); IR (Film) ν = 
2955, 2928, 2871, 2855, 1757, 1454, 1250, 1165, 1148, 1102, 1073, 1031, 1003, 837, 698 cm-1; elemental analysis calcd (%) for C55H90O8SiSn: C 64.38, H 8.84; 
found: C 64.61, H 8.99. 
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General 


1H NMR and 13C NMR spectra were recorded on a Varian Mercury 400 (400 MHz) or Brucker AM-500 


(500 MHz) instruments. Chemical shifts are expressed in ppm referred to TMS, coupling constans in 


Hertz. Mass spectra were recorded on an AMD 604 Inectra GmbH (EI ionization) and Mariner (ESI 


ionization) spectrometers. GLC analyses were performed on HP 6890 chromatograph with HP-5 capillary 


column. Melting points are uncorrected. 


Silica gel Merck 60 (230-400 mesh) was used for column chromatography. Kieselgel 60/F254 (Merck) 


plates on aluminum foil were used for TLC. All solvents used for column chromatography, extraction and 


crystallization were distilled. DMF was purified by distillation over CaH2, THF was distilled over 


benzophenone potassium, extra pure DMSO was used. All reactions were carried out in argon 


atmosphere. 


Most of the reagents were commercially available. 


Isopropyl 4-nitro- and 2-nitrobenzoates were obtained according to known procedure from appriopriate 


acids.[1] Chloromethyl phenyl sulfone was synthetised according to known procedure.[2]  


Preparative VNS reaction of nitroarenes with sulfone 1, general procedure 


To a solution of tBuOK (1.02 g, 9 mmol) in THF or DMF (5 mL) cooled to -78°C (THF) or  


-40°C (DMF) a solution of chloromethyl phenyl sulfone (0.570 g, 3 mmol) and nitroarene (3 mmol) in 


THF or DMF was added. After 20 min the reaction mixture was quenched with acetic acid (3mL) or 


aqueous (1:10) HCl (5 mL), diluted with water (100 mL) and extracted with CH2Cl2. Combined extracts 


were washed with water, dried with Na2SO4. Products were isolated and purified by column 


chromatography or/and recrystallization. 


The VNS reaction under thermodynamic conditions 


To a solution of nitroarene (1 mmol) in DMSO (5 mL) at room tempetarure carbanion of chloromethyl 


phenyl sulfone generated from the solution of sulfone 1 (1.9 g, 10 mmol) in DMSO (20 mL) passed 







through a layer of grinded KOH was introduced during 10 minutes. The mixture was acidified with 


aqueous HCl (1:10) and products were isolated in the same way as in proceeding procedure. 


 


Spectral data of products formed in VNS reaction between nitroarenes and sulfone 1 


The most products of VNS reaction with chloromethyl phenyl sulfone are described in the literature.[2,3] 


 


  Reaction of 4-thiophenylnitrobenzene with 1 (1 product) 


(2-nitro-5-phenylthio)benzyl phenyl sulfone: yield 79%; m.p. 147-149°C (EtOH); 1H NMR (500 MHz, 


CDCl3): δ  = 4.86 (s, 2H), 7.08 (d, J = 2.10, 1H), 7.12 (dd, J = 8.68, J = 2.10, 1H), 7.44-7.53 (m, 7H), 


7.63-7.70 (m, 3H), 7.85 (d, J = 8.68, 1H); 13C NMR (125 MHz, CDCl3): δ = 58.66, 123.95, 126,14, 


127.12, 128.38, 129.21, 129.81, 129.82, 130.08, 131.29, 134.11, 134.66, 137.98, 135.80, 147.24; MS (EI) 


m/z (%): 385 (75) [M+], 244 (100), 214 (41), 184 (28), 171 (21), 109 (22), 77 (70), 51 (37); HRMS (EI): 


m/z calcd for C19H15NO4S2: 385.04425 [M+]; found: 385.04334. 


Reaction of 4-isopropylnitrobenzene with 1 (1 product) 


(5-isopropyl-2-nitro)benzyl phenyl sulfone: yield 33%; yellow oil; 1H NMR (400 MHz, CDCl3): δ = 


1.23 (d, J = 6.90, 6H), 2.96 (septet, J = 6.90, 1H), 4.96 (s, 2H), 7.18 (d, J = 1.92, 1H), 7.35 (dd, J = 8.52, 


J = 1.92, 1H), 7.45-7.50 (m, 2H), 7.60-7.70 (m, 3H), 7.94 (d, J = 8.52, 1H); 13C NMR (100 MHz, CDCl3): 


δ = 23.39, 33.88, 58.78, 123.08, 125.82, 127.89, 128.43, 129.18, 132.46, 134.03, 137.94, 147.14, 155.15; 


MS (EI) m/z (%): 273 (8), 178 (100), 105 (22), 77 (24); HRMS (ESI): m/z calcd for C16H17NO4NaS: 


342.07705 [M+]; found: 342.07754. 


Reaction of 4-carboisopropoxynitrobenzene with 1 (1 product) 


(5-carboisopropoxy-2-nitro)benzyl phenyl sulfone: yield 68%; m.p.135-136°C (EtOH); 1H NMR (400 


MHz, CDCl3): δ  = 1.39 (d, J = 6.25, 6H), 4.96 (s, 2H), 5.27 (septet, J = 6.25, 1H), 7.49-7.55 (m, 2H), 


7.40-7.70 (m, 1H), 7.05-7.45 (m, 2H), 8.00 (d, J = 1.85, 1H), 8.02 (d, J = 8.46, 1H), 8.17 (dd, J = 8.46, J 


= 1.85, 1H); 13C NMR (100 MHz, CDCl3): δ = 21.83, 58.45, 69.99, 123.21, 125.52, 128.42, 129.37, 







131.03, 134.29, 135.04, 135.27, 137.87, 151.70, 163.44; MS (EI) m/z (%): 304 (19), 222 (100), 180 (68), 


77 (17); HRMS (ESI): m/z calcd for C17H17NO6NaS: 386.0674 [M+]; found: 386.0669. 


 Reaction of 1-nitronaphtalene with 1 (2 products) 


(1-nitro-2-naphthyl)methyl phenyl sulfone: yield 87%; m.p. 210-212°C (EtOH); 1H NMR (400 MHz, 


CDCl3): δ = 4.62 (s, 2H), 7.43-7.48 (m, 2H), 7.61-7.70 (m, 7H), 7.91-7.95 (m, 1H), 8.00 (d, J = 8.53, 


1H); 13C NMR (100 MHz, CDCl3): δ = 58.21, 118.54, 122.15, 124.42, 127.68, 128.10, 128.23, 128.47, 


129.07, 129.28, 131.18, 133.75, 134.29, 137.64, 148.69; MS (EI) m/z (%): 327 (1) [M+], 251 (20), 173 


(41), 139 (19), 156 (100), 77 (21); HRMS (EI): m/z calcd for C17H13NO4S: 327.05653 [M+]; found: 


327.05588. 


(4-nitro-1-naphthyl)methyl phenyl sulfone: yield 6%; m.p. 270-271°C (EtOH); 1H NMR (400 MHz, 


CDCl3): δ = 5.13 (s, 2H), 7.35-8.30 (m, 10H), 8.43 (d, J = 8.20, 1H); 13C NMR (100 MHz, CDCl3): δ = 


59.20, 117.99, 121.78, 124.44, 127.56, 128.08, 128.15, 128.37, 129.00, 129.15, 131.36, 134.00, 134.18, 


137.67, 148.75; MS (EI) m/z (%): 327 (3) [M+], 251 (15), 173 (36), 156 (100), 77 (21); HRMS (EI): m/z 


calcd for C17H13NO4S: 327.05653 [M+]; found: 327.05576. 


 Reaction of 2-tert-butoxynitrobenzene with 1 (2 products) 


(2-nitro-3-tert-butoxy)benzyl phenyl sulfone: yield 21%; m.p.169-170°C (EtOH); 1H NMR (400 MHz, 


CDCl3): δ = 1.32 (s, 9H), 4.37 (s, 2H), 7.21 (dd, J = 8.10, J = 1.20, 1H), 7.27 (dd, J = 8.10, J = 1.20, 1H), 


7.37 (t, J = 8.10, 1H), 7.45-7.50 (m, 2H), 7.61-7.68 (m, 3H); 13C NMR (100 MHz, CDCl3): δ = 28.84, 


57.63, 82.71, 121.79, 123.53, 125.83, 128.59, 129.17, 130.41, 134.21, 137.50, 146.58, 148.48; MS (EI) 


m/z (%): 294 (15), 152 (100), 122 (10), 77 (23), 57 (52); HRMS (ESI): m/z calcd for C17H19NO5NaS: 


372.08762 [M+]; found: 372.08612. 


(4-nitro-3-tert-butoxy)benzyl phenyl sulfone: yield 17%; m.p. 129-131°C (EtOH); 1H NMR (400 MHz, 


CDCl3): δ = 1.36 (s, 9H), 4.32 (s, 2H), 6.83 (dd, J = 8.25, J = 1.80, 1H), 7.05 (d, J = 1.80, 1H), 7.50-7.55 


(m, 2H), 7.60 (d, J = 8.25, 1H), 7.62-7.71 (m, 3H); 13C NMR (100 MHz, CDCl3): δ = 28.71, 62.15, 83.33, 


124.72, 124.86, 126.50, 128.48, 129.27, 133.24, 134.17, 137.55, 145.08, 149.21; MS (EI) m/z (%): 294 







(27), 276 (8), 152 (96), 141 (19), 135 (36), 122 (33), 77 (63), 57 (100); HRMS (ESI): m/z calcd for 


C17H19NO5NaS: 372.08762 [M+]; found: 372.08617. 


Reaction of 2-cyanonitrobenzene with 1 (2 products) 


(3-cyano-2-nitro)benzyl phenyl sulfone: yield 52%; m.p. 194-195°C (hexane/ethyl acetate); 1H NMR 


(400 MHz, CDCl3): δ = 4.42 (s, 2H), 7.56-7.60 (m, 2H), 7.61 (d, J = 1.87, 1H), 7.66 (dd, J = 8.53, J = 


1.87, 1H), 7.72-7.75 (m, 3H), 8.28 (d, J = 8.53, 1H); 13C NMR (100 MHz, CDCl3): δ = 61.35, 108.43, 


114.14, 125.76, 128.42, 129.61, 134.82, 135.71, 135.85, 137.19, 137.41; MS (EI) m/z (%): 302 (6) [M+], 


141 (83), 131 (38), 115 (12), 77 (100), 51 (29); HRMS (EI): m/z calcd for C14H10N2O4S: 302.03613 [M+]; 


found: 302.03584. 


(3-cyano-4-nitro)benzyl phenyl sulfone: yield 43%; m.p. 180-182°C (hexane/ethyl acetate); 1H NMR 


(400 MHz, CDCl3): δ = 4.70 (s, 2H), 7.53-7.58 (m, 2H), 7.69-7.75 (m, 4H), 7.82 (dd, J = 7.90, J = 1.55, 


1H), 7.88 (dd, J = 7.9, J = 1.55, 1H); 13C NMR (100 MHz, CDCl3): δ = 57.60, 108.66, 113.65, 123.98, 


128.30, 129.63, 132.14, 134.14, 135.07, 137.34, 137.98, 151.19; MS (EI) m/z (%): 190 (1), 161 (63), 141 


(42), 103 (20), 77 (100), 51 (23); HRMS (ESI): m/z calcd for C14H10N2O4NaS: 325.02535 [M+]; found: 


325.02548. 


Reaction of 2-carboisopropoxynitrobenzene with 1 (2 products) 


(3-carboisopropoxy-2-nitro)benzyl phenyl sulfone: yield 27%; m.p. 110-112°C (isopropanol); 1H 


NMR (400 MHz, CDCl3): δ = 1.28 (d, J = 6.24, 6H), 4.46 (s, 2H), 5.16 (septet, J= 6.24, 1H), 7.49-7.54 


(m, 2H), 7.60 (t, J = 7.85, 1H), 7.64-7.72 (m, 3H), 7.77 (dd, J = 7.85, J = 1.47, 1H), 7.94 (dd, J = 7.85, J 


= 1.47, 1H); 13C NMR (100 MHz, CDCl3): δ = 21.25, 57.27, 70.76, 121.57, 126.00, 128.54, 129.37, 


130.54, 131.55, 134.44, 136.04, 137.49, 162.86; MS (EI) m/z (%): 317 (7), 304 (15), 222 (68), 180 (100), 


163 (36), 134 (17), 104 (28), 77 (45); HRMS (ESI): m/z calcd for C17H17NO6NaS: 386.06688 [M+]; 


found: 386.06617. 


(3-carboisopropoxy-4-nitro)benzyl phenyl sulfone: yield 32%; m.p. 134-135°C (isopropanol); 1H 


NMR (400 MHz, CDCl3): δ = 1.32 (d, J = 6.23, 6H), 4.39 (s, 2H), 5.22 (septet, J = 6.23, 1H), 7.36 (d, J = 


2.02, 1H), 7.41 (dd, J = 8.34, J = 2.02, 1H), 7.51-7.57 (m, 2H), 7.65-7.72 (m, 3H), 7.82 (d, J = 8.34, 1H); 







13C NMR (100 MHz, CDCl3): δ = 21.35, 61.77, 70.76, 124.08, 128.44, 128.55, 129.37, 132.08, 133.68, 


133.72, 134.39, 137.27, 148.02, 164.01; MS (EI) m/z (%): 363 (1) [M+], 321 (7), 304 (30), 222 (85), 163 


(100), 133 (73), 106 (87), 89 (50), 77 (59), 63 (24), 51 (23); HRMS (EI): m/z calcd for C17H17NO6S: 


363.07766 [M+]; found: 363.07588. 


Reaction of 2,6-dichloronitrobenzene with 1 (1 product) 


(3,5-dichloro-4-nitro)benzyl phenyl sulfone: yield 56%; m.p. 227-229°C (EtOH); 1H NMR (400 MHz, 


CDCl3): δ = 4.27 (s, 2H), 7.21 (s, 2H), 7.56-7.62 (m, 2H), 7.70-7.73 (m, 1H), 7.74-7.78 (m, 2H); 13C 


NMR (100 MHz, CDCl3): δ = 61.24, 126.65, 128.48, 129.51, 131.07, 132.36, 134.64, 137.26, 148.11; MS 


(EI) m/z (%): 345 (3) [M+], 204 (30), 174 (28), 141 (100), 123 (29), 77 (84); HRMS (EI): m/z calcd for 


C13H9NO4SCl2: 344.96294 [M+]; found: 344.96421. 


Reaction of 2-chloro-4-trifluoromethylnitrobenzene with 1 (1 product) 


(3-chloro-2-nitro-5-trifluoromethyl)benzyl phenyl sulfone: yield 88%; m.p. 165°C (EtOH); 1H NMR 


(400 MHz, CDCl3): δ = 4.43 (s, 2H), 7.54-7.60 (m, 2H), 7.65 (br.s, 1H), 7.69-7.75 (m, 3H), 7.81 (br.s, 


1H); 13C NMR (100 MHz, CDCl3): δ = 57.49, 121.87 (q, J = 273.71), 127.41, 128.20 (q, J = 3.45), 


128.45, 128.75 (q, J = 3.45), 129.61, 133.30 (q, J = 34.92), 134.82, 137.15, 151.39; MS (EI) m/z (%): 314 


(2), 238 (35), 221 (10), 141 (61), 77 (100), 51 (21); HRMS (ESI): m/z calcd for C14H9NO4F3NaSCl: 


401.97851 [M+]; found: 401.97833. 


 


Preparative reaction ONSH of nitroarenes with nBuMgCl procedure. 


To a solution of nitroarene (2.0 mmol) in THF (10 mL) cooled to -78°C a 1.5 mL 2 M solution of n-


butylmagnesium chloride in THF (3 mmol) was added dropwise. After 5 min powdered KMnO4 (0.4 g, 


2.5 mmola) and liquid NH3 (5 mL) was added and after 1 min the reaction mixture was treated with 


powdered NH4Cl (0.5 g), then ammonia evaporated. Crude reaction mixture was treated with water, 


Na2SO3 to the decolourization and aqueous HCl (1:10), extracted with CH2Cl2 (100 mL), washed with 


water. Extracts were dried with MgSO4, products were isolated and purified by column chromatography. 


 







Spectral data of product formed in ONSH reaction 


The most products of ONSH reaction with chloromethyl phenyl sulfone is described in the literature.[4]  


 


2-nbutyl-4-cyano-1-nitrobenzene: yield: 67%; yellow oil; 1H NMR (400 MHz, CDCl3): δ = 0.96 (t, J = 


7.32, 3H); 1.42-1.46 (m, 2H), 1.60-1.66 (m, 2H), 2.86-2.91 (m, 2H), 7.65 (dd, J = 8.24, J = 1.83, 1H), 


7.68 (dd, J = 1.83, J = 0.46, 1H), 7.92 (d, J = 8.24, 1H); 13C NMR (100 MHz, CDCl3): δ = 13.68, 22.51, 


32.08, 32.43, 116.37, 116.97, 125.09, 130.49, 135.62, 138.72, 151.69; MS (EI) m/z (%): 204 (9) [M+], 


187 (100), 169 (24), 145 (63), 117 (40), 102 (36), 90 (35), 43 (30); HRMS (EI): m/z calcd for 


C11H12O2N2: 204.08988 [M+]; found: 204.09008. 


 


Calculation of total relative activities of competing nitroarenes 


0A - starting concentration of nitroarene A 


0B - starting concentration of nitroarene B 


A - final concentration of nitroarene A 


B - final concentration of nitroarene B 


PA - final concentration of product(s) formed from nitroarene A 


PB - final concentration of product(s) formed from nitroarene B 


C - final concentration of carbanion 


S - conversion of sulfone 1 


kA - relative rate constant of the addition of carbanion to nitroarene A 


kB - relative rate constant of the addition of carbanion to nitroarene B 


yA - yield of the product(s) formed from nitroarene A, determined by GLC analysis using internal 


standard 


yB - yield of the product(s) formed from nitroarene B, determined b GLC analysis using internal 


standard 


 







Final concentration of nitroarene A and B can be described by the equations: 


APAA −= 0  


BPBB −= 0  


Equations describing rates of competing reactions: 


CAk
dt
dA


dt
dP


A
A ⋅⋅=−=  


CBk
dt
dB


dt
dP


B
B ⋅⋅=−=  


Dividing above equations: 
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After taking into account the solution of the integral: 
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Calculation of partial relative activities of various positions in competing nitroarenes 







On the basis of one example we show the calculation of ratios of rate constans for ortho and para 


substitution, which were then re-calculated to obtain relative activities reffered to that of the one ortho 


position in nitrobenzene, equals 1. 


Numerals in parenthesis, e.g. (4-) means position „4” in nitroarene. 


Term A)(4
2


−
−  means ratio of amounts of isomer 4- to isomer 2- in nitroarene A; otherwise: )2(


)4(


−


−


A


A


k
k


. )4( −
Ak  


means rate constant of the reaction (addition) of carbanion with nitroarene A in position 4-. 


 


Version: A = o-Z1-nitrobenzene i B = o-Z2-nitrobenzene 
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Total rate constant of reaction A (or B) with carbanion is the sum of rates of formation isomers 4- and 2-: 


)2()4()2()4( −−−+− += AAA kkk   [iv] 


)2()4()2()4( −−−+− += BBB kkk   [v] 


After substitution of eq. [ii] and [iii] to [iv] and [v]: 
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The result of division is eq.[vi]: 
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 can be calculated from known ratio of total rate constants of addition to A and B and ratio of 


isomer 4- to isomer 2- in nitroarene A and B. 


Then from the simple calculation the wanted relations can be determined. 
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Version: A = p-Z1-nitrobenzene and B = o-Z2-nitrobenzene 
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Version: A = o-Z1-nitrobenzene and B = m-Z2-nitrobenzene 
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Version: A = nitrobenzene and B = o-Z-nitrobenzene 
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Version: A = nitrobenzene and B = p-Z-nitrobenzene 
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Version: A = nitrobenzene and B = m-Z-nitrobenzene 
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Version: A = p-Z1-nitrobenzene and B = p-Z2-nitrobenzene 
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Version: A = p-Z1-nitrobenzene and B = m-Z2-nitrobenzene 
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Version: A = m-Z1-nitrobenzene and B = m-Z2-nitrobenzene 
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Version: A = 2,4-diZ1-nitrobenzene and B = o-Z2-nitrobenzene 
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Version: A = 2,4-diZ1-nitrobenzene and B = p-Z2-nitrobenzene 
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Version: A = 2,4-diZ1-nitrobenzene and B = m-Z2-nitrobenzene 
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Version: A = 2,4-diZ1-nitrobenzene and B = 2,4-diZ2-nitrobenzene 


)6(


)6(


)2(


)2(


−


−


−


−


=
A


B


A


B


k
k


k
k


 


 







2,6-disubstituted nitroarenes in which reaction proceeds only in 4- position, should be treated as 


2,4-disubstituted. 2,6-disubstituted nitrobenzene forming two products, in positions 2- and 4-, shoud be 


treated as ortho-substituted nitroarene. 


meta-Z-nitrobenzene giving only two isomers should be treated as ortho-substituted nitrobenzene; 


analogously – only one isomer – as 2,4-disubstituted nitroarene. 


 


Results of competitive experiments 


 


NO2


Z1


NO2


Z2


A


B


Cl SO2Ph


1-


kA


kB


NO2


Z1


NO2


Z2


SO2Ph


SO2Ph


product A


product B  


Scheme 1. Competition between nitroarene A and B with carbanion 1-. 


 


Table 1. Results of competitive experiment of VNS reactions for para-substitited nitroarenes, according to Scheme 1 


No Nitroarene A 
Z1 


Nitroarene B 
Z2 


kB/ kA 


(competing positions) 
Standard 
deviation [%] 


1 H 4-tBu 0.36 (2-/2-) 2.7 


2 H 4-MeO 0.92 (2-/2-) 0.74 


3 H 4-PhO 2.7 (2-/2-) 3.9 


4 H 4-Cl 130 (2-/2-)[a] 1.3 


5 2-Cl 4-Cl 14 (2-/6-)[a] 2.6 
   13 (2-/4-)[a]  


6 4-Cl 4-Br 1.2 (2-/2-)[a] 0.83 


7 4-iPr 4-MeO 3.1 (2-/2-) 2.6 


8 4-MeO 4-tBu 0.42 (2-/2-) 0.82 


9 4-MeO 4-CH(OCH2)2 1.0 (2-/2-) 1.7 


10 4-F 4-Cl 2.5 (2-/2-) 1.1 


11 4-MeS 4-MeO 4.2 (2-/2-) 3.9 


12 4-PhS 4-Cl 10.8 (2-/2-) 2.5 


13 4-I 4-Cl 2.8 (2-/2-) 2.9 







14 4-COO-iPr 4-Cl 7.3 (2-/2-) 3.7 


15 4-COO-iPr 4-F 3.7 (2-/2-) -[b] 


16 4-CF3 2,4-Cl2 1.1 (2-/2-) 1.1 


17 4-Cl 4-CN 8.5 (2-/2-) 4.8 


18 2,4-Cl2 1-nitronaphthalene 6.6 (2-/2-) 2.1 


19 4-CF3 1-nitronaphthalene 6.7 (2-/2-) 0.4 
[a] Results in agreement with data published earlier.[5] 


[b] Only one experiment was made. 
 


 


Table 2. Results of competitive experiment of VNS reactions for ortho-substituted nitroarenes, according to Scheme 1.  


No Nitroarene A 
Z1 


Nitroarene B 
Z2 


kB/ kA 


(competing positions) 
Standard 
deviation [%] 


1 H - 1.4 (2-/4-)[a] 1.0 


5 H 2-Cl 8.5 (6-/2-)[a] 5.6 


   8.8 (4-/2-)[a]  


6 2-Cl 2-Br 0.80 (6-/6-)[a] 5.4 


   0.72 (4-/6-)[a]  


7 2-F 4-Cl 5.7 (2-/2-) 7.9 


   5.9 (2-/6-)  


   5.2 (2-/4-)  


8 2-I 4-MeO No product of A 
reaction 


- 


9 4-Cl 2-CN 14 (6-/2-) 6.7 


   9.3 (4-/2-)  


10 2-COO-iPr 4-Cl 8.6 (2-/6-) 9.4 


   13 (2-/4-)  


11 4-Cl 2-CF3 0.93 (2-/2-) 3.5 


   0.49 (4-/2-)  
[a] Results in agreement with data published earlier.[5] 
 


 


 


 


Table 3. Results of competitive experiment of VNS reactions for disubstituted nitroarenes, according to Scheme 1.  


Nr Nitroarene A 
Z1 


Nitroarene B 
Z2 


kB/ kA 


(competing positions) 
Standard 
deviation [%] 


1 2-Cl 2,4-Cl2 75 (6-/6-)[a] 1.6 


2 4-Cl 2,4-Cl2 6.2 (6-/2-)[a] 2.2 


3 2,4-Cl2 2-Cl,4-CF3 5.2 (6-/6-) 7.2 


4 2,4-F2 2,4-Cl2 1.0 (6-/2-) 6.0 


   1.7 (6-/6-)  


5 2,6-Cl2 4-MeO 1.4 (2-/4-) 1.9 







6 2-MeO,5-NO2 3-CN 1.5 (2-+4-+6-/4-) 2.3 


7 2,6-F2 4-Cl 1.2 (2-/2-) 4.9 


   0.86 (2-/4-)  
[a] Results in agreement with data published earlier.[5]  
 


 


Table 4. Results of competitive experiment of VNS reactions for meta-substituted nitroarenes, according to Scheme 1.   


No Nitroarene A 
Z1 


Nitroarene B 
Z2 


kB/ kA 


(competing positions) 
Standard 
deviation [%] 


1 4-Cl 3-Cl 4.7 (2-/2-) 3.0 


   0.85 (6-/2-)  


2 4-Cl 3-Br 2.9 (2-/2-) 0.63 


   0.69 (6-/2-)  


3 4-Cl 3-I 0.50 (2-/2-) 4.6 


   0.16 (6-/2-)  


4 4-Cl 3-F 0.14 (2-/2-) 5.8 


   0.026 (6-/2-)  


   0.21 (4-/2-)  


5 2-Cl, 4-CF3 3-CN 1.2 (2-/6-) 2.3 


   0.35 (6-/6-)  


   2.7 (4-/6-)  


6 4-Cl 3-COOMe 31 (6-/2-) 3.4 


   7.8 (4-/2-)  


7 4-PhO 3-MeO 0.23 (2-/2-) 7.0 


   0.078 (6-/2-)  


   0.83 (4-/2-)  


8 4-tBu 3-Me 1.0 (2-/2-) 5.0 


   0.52 (6-/2-)  


   1.7 (4-/2-)  


9 2,4-Cl2 3-CF3 7.0 (6-/6-) 4.3 


 


 


 


Table 5. Data used for construction of plot on Fig. 6 in main text of the paper. 
No Nitroarene, Z s m


[6] kZ/ k0 log kZ/ k0 


1 4-tBu -0.09 0.36 -0.44 


2 4-iPr -0.08 0.29 -0.54 


3 H 0 1 0.00 


4 4-MeO 0.1 0.89 -0.05 


5 4-MeS 0.14 11 1.04 


6 4-PhO 0.25 2.7 0.43 







7 4-F 0.34 50 1.70 


8 4-I 0.34 44 1.64 


9 4-COO-iPr 0.35 15 1.18 


10 4-Cl 0.37 125 2.10 


11 4-Br 0.37 145 2.16 


12 4-CF3 0.46 640 2.81 


13 4-CN 0.62 1050 3.02 


 


Results of relative activities of nitroarenes calculated on the basis of more than one competitive 


experiment of VNS reactions. 


 


Table 6. 


1 
No Nitroarene, Z 


partial overall 


1 4-iPr 2-  0.28-0.30 0.56-0.60 


2 4-tBu 2-  0.36 0.72 


3 3-Me 2-  0.36 
4-  0.61 
6-  0.19 


1.2 


4 2,6-Cl2 4-  1.2-1.3 1.2-1.3 


5 4-MeO 2-  0.85-0.92 1.7-1.8 


6 4-CH(OCH2)2 2-  0.87-0.97 1.7-1.9 


7 H 2-  1.0 
4-  0.70 


2.7 


8 3-MeO 2-  0.62 
4-  2.2 
6-  0.21 


3.0 


9 4-PhO 2-  2.7 5.4 


10 4-MeS 2-  3.8 7.6 


11 2-Br 4-  6.2 
6-  6.9 


13 


12 2-Cl 4-  8.8 
6-  8.6 


17 


13 4-PhS 2-  11-12 22-24 


14 2-COOiPr 4-  9.3-10 
6-  14-15 


23-25 


15 4-COOiPr 2-  13-18 26-36 


16 3-F 2-  17-18 
4-  25-27 
6-  3.1-3.4 


45-48 


17 2-F 2-  21-23 
4-  23-25 
6-  20-22 


64-70 


18 3-I 2-  60-65 
6-  19-21 


79-86 


19 4-I 2-  43-46 86-92 







20 4-F 2-  48-52 96-100 


21 2-CF3 2-  110-120 
4-  59-64 


170-180 


22 4-Cl 2-  120-130 240-260 


23 4-Br 2-  140-150 280-300 


24 2,6-F2 2-  100-110 
4-  140-150 


340-370 


25 3-Br 2-  350-380 
6-  83-90 


430-470 


26 3-Cl 2-  560-610 
6-  100-110 


660-720 


27 2,4-Cl2 6-  640-780 640-780 


28 2,4-F2 2-  620-760 
6-  370-460 


990-1200 


29 4-CF3 2-  580-700 1200-1400 


30 4-CN 2-  1000-1100 2000-2200 


31 2-CN 4-  1100-1200 
6-  1600-1800 


2700-3000 


32 2-Cl-4-CF3 6-  3300-4100 3300-4100 


33 1-nitronaphthalene 2-  3900-5200 3900-5200 


34 3-COOMe 4-  940-1000 
6-  3800-4000 


4700-5000 


35 3-CF3 6-  4500-5400 4500-5400 


36 3-NO2,4-MeO 6-  8000-10000 9000 


37 3-CN 2-  3100-4900 
4-  9000-11000 
6-  1200-1400 


13000-17000 
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Figure S1. XRD pattern (a) for Ti(OCH2CH2O)2 (TG) obtained by our method and (b) the 
simulated XRD pattern on the basis of the single crystal structure of TG.  


 


 
 


Figure S2. XRD patterns for Mn-TiO2 with different RMn/(Ti+Mn) obtained at 400 °C. 


 


 


 







 


Figure S3. XRD patterns for 0.25% Fe-TiO2 obtained at 350 °C and 400 °C. 
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Remaining experimental details 
1H- and 13C NMR spectra of important compounds 
 







 3


General. Unless otherwise noted, all reactions were performed in oven-dried glassware. All 
solvents used in the reactions were purified before use. Dry diethyl ether, tetrahydrofuran, and 
toluene were distilled from sodium and benzophenone, whereas dry CH2Cl2, dimethylformamide, 
methanol, ethyl acetate, benzene, and triethylamine were distilled from CaH2. Petroleum ether with 
a boiling range of 40–60 °C was used. Reactions were generally run under argon or nitrogen 
atmosphere. All commercially available compounds (Acros, Aldrich, Fluka, Merck) were used 
without purification. 1H and 13C NMR: Bruker Avance 400, spectra were recorded at 295 K either 
in CDCl3 or CD3OD; chemical shifts are calibrated to the residual proton and carbon resonance of 
the solvent: CDCl3 (δH 7.25, δC 77.0 ppm), CD3OD (δH 3.30, δC 49.0 ppm). Melting points: Büchi 
Melting Point B-540, uncorrected. HRMS (FT-ICR): Bruker Daltonic APEX 2 with electron spray 
ionization (ESI). Analytical LC-MS: HP 1100 Series connected with an ESI MS detector Agilent 
G1946C, positive mode with fragmentor voltage of 40 eV, column: Nucleosil 100-5, C-18 HD, 5 
mm, 70 × 3 mm Machery Nagel, eluent: NaCl solution (5 mM)/acetonitrile, gradient: 0-10-15-17-
20 min with 20-80-80-99-99% acetonitrile, flow: 0.5 mL min–1. Flash chromatography: J. T. Baker 
silica gel 43–60 mm. Thin-layer chromatography Machery-Nagel Polygram Sil G/UV254. Optical 
rotations: Perkin-Elmer Polarimeter 341, sodium D line (589 nm), c = g per 100 mL.  
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Methyl (2E)-3-(2-{(1Z)-3-[(methoxycarbonyl)amino]prop-1-enyl}-1,3-oxazol-4-yl)acrylate 
(31): To a solution of aldehyde 29 (67 mg, 0.32 mmol, 1 equiv) in CH2Cl2 (5 mL) at ambient 
temperature was added (methoxycarbonylmethylene)triphenylphosphorane[1] (213.8 mg, 0.64 
mmol, 2 equiv). The reaction mixture was stirred for 3 h, concentrated in vacuo and purified by 
flash column chromatography (CH2Cl2/MeOH, 98:2) to afford unsaturated ester 31 (78.3 mg, 92%) 
as a colorless solid; m.p. 117–118 °C. TLC (CH2Cl2/MeOH, 9:1): Rf = 0.59; 1H NMR (400 MHz, 
CDCl3): δ = 3.67 (s, 3H, 4’-OCH3), 3.71 (s, 3H, 1-OCH3), 4.33–4.40 (m, 2H, 3’-H), 5.49 (br s, 1H, 
NH), 6.13–6.24 (m, 1H, 2’-H), 6.30 (d, J = 11.9 Hz, 1H, 1’-H), 6.63 (d, J = 15.4 Hz, 1H, 2-H), 7.48 
(d, J = 15.4 Hz, 1H, 3-H), 7.72 (s, 1H, 5’’-H); 13C NMR (100 MHz, CDCl3): δ = 39.4 (C-3’), 51.7 
(OCH3), 52.2 (OCH3), 115.6 (C-1’), 120.0 (C-2), 132.1 (C-5’’), 138.1 (C-4’’), 138.5 (C-3), 139.0 
(C-2’), 157.2 (CO2CH3), 160.7 (C-2’’), 167.1 (C-1); HRMS (ESI): calcd for C12H14NaN2O5 
[M+Na]+: 289.07949, found 289.07953.  
 
TBDPSO OH


36
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1


 
(4R,6S)-6-{[tert-Butyl(diphenyl)silyl]oxy}non-1-en-4-ol (36): To a cooled (–20 °C) solution of 
(S,S)-6 (22.3 g, 40.4 mmol, 1.1 equiv) in CH2Cl2 (190 mL) was added aldehyde[2] 5 (13.0 g, 36.7 
mmol, 1.0 equiv). The reaction mixture was then placed into a freezer (–10 °C) and maintained at 
that temperature for 24 h (without stirring). The reaction was quenched while cold with 1N HCl 
(100 mL) and EtOAc (100 mL) and the mixture was vigorously stirred at room temperature for 15 
min. The obtained white precipitate of (S,S)-N,N’-bis-(4-bromobenzyl)-cyclohexane-1,2-diamine 
dihydrochloride was filtered, washed with Et2O (3 × 50 mL) and dried in vacuo (recovered 18.6 g, 
91% of (S,S)-diamine dihydrochloride). The filtrate layers were separated and the aqueous layer 


                                                
[1] a) R. W. Lang, H. J. Hansen, Org. Synth. 1984, 62, 202-209; Org. Synth., Coll. Vol. 7, 1990, 232-236, b) T. M. 


Werkhoven, R. Van Nispen, J. Lugtenburg, Eur. J. Org. Chem. 1999, 2909-2914. 
[2] V. V. Vintonyak, M. E. Maier, Org. Lett. 2008, 10, 1239-1242. 
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was extracted with Et2O (3 × 100 mL). The combined organic extracts were washed with H2O (100 
mL), saturated NaCl solution (100 mL), dried (MgSO4), and filtered. The filtrate was concentrated 
in vacuo to give the crude product, which was purified by flash chromatography (petroleum 
ether/EtOAc, 20:1? 10:1) to give homoallylic alcohol 36 (12.30 g, 85%) as a colorless oil. TLC 
(petroleum ether/EtOAc, 10:1): Rf = 0.41; [α]20


D = +6.7 (c 3.0, CH2Cl2); 1H NMR (400 MHz, 
CDCl3): δ = 0.62 (t, J = 7.3 Hz, 3H, 8-CH3), 1.06 (s, 9H, Si(C(CH3)3)), 1.13–1.45 (m, 4H, 7-H, 8-
H), 1.59–1.67 (m, 2H, 5-H), 2.08–2.21 (m, 2H, 3-H), 2.66 (d, J = 3.0 Hz, 1H, OH), 3.80–3.90 (m, 
1H, 4-H), 3.93–4.02 (m, 1H, 6-H), 5.03–5.07 (m, 1H, 1-H), 5.08–5.10 (m, 1H, 1-H), 5.70–5.84 (m, 
1H, 2-H), 7.35–7.47 (m, 6H, mCH, pCH ar Ph), 7.69–7.74 (m, 4H, oCH ar Ph); 13C NMR (100 
MHz, CDCl3): δ = 13.8 (8-CH3), 18.0 (C-8), 19.3 (Si(C(CH3)3)), 27.0 (Si(C(CH3)3)), 39.4 (C-7), 
42.0 (C-3), 42.6 (C-5), 69.4 (C-4), 73.3 (C-6), 117.6 (C-1), 127.5, 127.6, 129.6, 129.7, 133.7, 134.4 
(C of SiPh2), 134.7 (C-2), 134.8, 135.9 (C of SiPh2); HRMS (ESI): calcd for C25H36NaO2Si 
[M+Na]+: 419.23768, found 419.23758.  
 
TBDPSO OMe
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tert-Butyl{[(1S,3R)-3-methoxy-1-propylhex-5-enyl]oxy}diphenylsilane (37): To a solution of 
alcohol 36 (8.51 g, 21.4 mmol) in CH2Cl2 (220 mL) in the dark at room temperature was added 
Me3OBF4 (11.1 g, 74.9 mmol) and proton sponge (22.9 g, 107 mmol). The mixture was allowed to 
stir for 48 h. After complete reaction (monitoring by TLC) H2O was added (50 mL) and the mixture 
extracted with CH2Cl2 (3 × 100 mL). The combined organic extracts were washed with 1N HCI, 
saturated NaHCO3 and saturated NaCl solution, dried over MgSO4, filtered, and concentrated in 
vacuo. Flash chromatography of the residue (petroleum ether/EtOAc, 40:1? 20:1) afforded methyl 
ether 37 (7.64 g, 87% yield) as a colorless oil. TLC (petroleum ether/EtOAc, 10:1): Rf = 0.57; 
[α]20


D = –7.9 (c 2.1, CH2Cl2); 1H NMR (400 MHz, CDCl3): δ = 0.74 (t, J = 7.3 Hz, 3H, 8-CH3), 1.08 
(s, 9H, Si(C(CH3)3)), 1.15–1.36 (m, 2H, 8-H), 1.37–1.60 (m, 3H, 7-H, 5-H), 1.74–1.82 (m, 1H, 5-
H), 1.99–2.08 (m, 1H, 3-H), 2.10–2.19 (m, 1H, 3-H), 3.23 (s, 3H, OCH3), 3.34–3.42 (m, 1H, 4-H), 
3.81–3.89 (m, 1H, 6-H), 4.92–5.02 (m, 2H, 1-H), 5.64–5.77 (m, 1H, 2-H), 7.35–7.46 (m, 6H, mCH, 
pCH ar Ph), 7.68–7.74 (m, 4H, oCH ar Ph); 13C NMR (100 MHz, CDCl3): δ = 14.0 (8-CH3), 17.9 
(C-8), 19.4 (Si(C(CH3)3)), 27.1 (Si(C(CH3)3)), 37.6 (C-3), 39.1 (C-7), 40.1 (C-5), 56.0 (OCH3), 70.6 
(C-6), 77.2 (C-4), 116.8 (C-1), 127.4, 127.5, 129.4, 129.5, 134.4, 134.6 (C of SiPh2), 134.7 (C-2), 
135.9 (C of SiPh2); HRMS (ESI): calcd for C26H38NaO2Si [M+Na]+: 433.25333, found 433.25335.  
 
TBDPSO OMe O


H
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(3S,5S)-5-{[tert-Butyl(diphenyl)silyl]oxy}-3-methoxyoctanal (38): To a solution of alkene 37 
(6.50 g, 15.9 mmol) in a mixture of THF/tBuOH (200/40 mL) was added 4-methyl-morpholine-N-
oxide (4.30 g, 31.8 mmol) and an aqueous solution of OsO4 (10 mL of a 0.032M solution, 0.32 
mmol, 2 mol%, prepared from K2OsO4·2H2O (118 mg, 0.32 mmol)) at 0 ºC. After being stirred at 
room temperature for 20 h, 10% Na2S2O3 solution (50 mL) was added to the mixture. After 30 min, 
the diol was extracted with EtOAc and the combined organic extracts were washed with water, 
saturated NaCl solution, dried over MgSO4, filtered, and concentrated in vacuo. The residue was 
filtered through a short pad of silica gel followed by rinsing the pad with EtOAc. Removal of the 
solvent from the combined filtrate gave the crude diol. NaIO4 (5.1 g, 24.0 mmol, 1.5 equiv) was 
added to a solution of crude diol in 90% MeOH (200 mL). After stirring at room temperature for 1 
h, most of the methanol was removed in vacuo and the residue extracted with Et2O (3 × 150 mL). 
The combined organic extracts were washed with water, saturated NaCl solution, dried over 
MgSO4, and filtered. After concentration, the residue was purified by flash chromatography 
(petroleum ether/EtOAc, 10:1? 5:1) to give aldehyde 38 as a colorless oil (6.11 g, 93% for 2 steps). 
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TLC (petroleum ether/EtOAc, 10:1): Rf = 0.37; [α]20
D = –3.6 (c 1.4, CH2Cl2); 1H NMR (400 MHz, 


CDCl3): δ = 0.75 (t, J = 7.3 Hz, 3H, 7-CH3), 1.05 (s, 9H, Si(C(CH3)3)), 1.14–1.33 (m, 2H, 7-H), 
1.38–1.60 (m, 3H, 6-H, 4-H), 1.86–1.94 (m, 1H, 4-H), 2.15–2.30 (m, 2H, 2-H), 3.21 (s, 3H, OCH3), 
3.72–3.82 (m, 2H, 3-H, 5-H), 7.33–7.44 (m, 6H, mCH, pCH ar Ph), 7.63–7.69 (m, 4H, oCH ar Ph), 
9.54–9.57 (m, 1H, CHO); 13C NMR (100 MHz, CDCl3): δ = 14.0 (7-CH3), 17.9 (C-7), 19.3 
(Si(C(CH3)3)), 27.1 (Si(C(CH3)3)), 39.2 (C-6), 40.1 (C-4), 47.9 (C-2), 56.3 (OCH3), 70.2 (C-5), 73.5 
(C-3), 127.5, 127.6, 129.6, 129.7, 134.0, 134.3, 135.9, 135.9 (C of SiPh2), 201.5 (C-1); HRMS 
(ESI): calcd for C25H36NaO3Si [M+Na]+: 435.23259, found 435.23257.  
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S-Ethyl (2E,5R,7S)-7-{[tert-butyl(diphenyl)silyl]oxy}-5-methoxydec-2-enethioate (40): A 
solution of aldehyde 38 (6.10 g, 14.8 mmol) and ylide[3] 39 (8.1 g, 22.2 mmol) in CH2Cl2 (250 mL) 
was heated at reflux for 10 h. The solution was concentrated under reduced pressure and purified by 
flash chromatography (petroleum ether/EtOAc, 40:1? 20:1) to afford the desired α,β-unsaturated 
thioester 40 as a colorless oil (6.71 g, 91% ). TLC (petroleum ether/EtOAc, 10:1): Rf = 0.51; [α]20


D 
= –22.3 (c 3.2, CH2Cl2); 1H NMR (400 MHz, CDCl3): δ = 0.74 (t, J = 7.3 Hz, 3H, 9-CH3), 1.05 (s, 
9H, Si(C(CH3)3)), 1.14–1.33 (m, 5H, 9-H, SCH2CH3), 1.38–1.52 (m, 3H, 6-H, 8-H), 1.76–1.84 (m, 
1H, 6-H), 1.99–2.08 (m, 1H, 4-H), 2.13–2.20 (m, 1H, 4-H), 2.93 (q, J = 14.7 Hz, 2H, SCH2CH3), 
3.21 (s, 3H, OCH3), 3.37–3.43 (m, 1H, 5-H), 3.75–3.80 (m, 1H, 7-H), 5.96 (d, J = 15.7 Hz, 1H, 2-
H), 6.70–6.79 (m, 1H, 3-H), 7.34–7.46 (m, 6H, mCH, pCH ar Ph), 7.64–7.70 (m, 4H, oCH ar Ph); 
13C NMR (100 MHz, CDCl3): δ = 14.0 (9-CH3), 14.8 (SCH2CH3), 18.0 (C-9), 19.3 (Si(C(CH3)3)), 
23.0 (SCH2CH3), 27.1 (Si(C(CH3)3)), 36.2 (C-4), 39.2 (C-8), 40.3 (C-6), 56.3 (OCH3), 70.3 (C-7), 
76.5 (C-5), 127.4, 127.6, 129.5, 129.7 (C of SiPh2), 130.5 (C-2), 134.1, 134.4, 135.9 (C of SiPh2), 
141.3 (C-3), 189.8 (C-1); HRMS (ESI): calcd for C29H42NaO3SSi [M+Na]+: 521.25161, found 
521.25170.  
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S-Ethyl (3S,5R,7S)-7-{[tert-butyl(diphenyl)silyl]oxy}-5-methoxy-3-methyldecanethioate (41): 
CuBr·Me2S (7.1 mg, 0.034 mmol, 3 mol%) and (S,RFe)-Josiphos 9 (26.0 mg, 0.04 mmol, 3.6 mol%) 
were dissolved in tBuOMe (10 mL) and stirred at room temperature for 30 min under nitrogen. The 
mixture was cooled to –75 °C and MeMgBr (3M solution in Et2O, 465 µL, 1.4 mmol, 1.2 equiv) 
was added dropwise. After stirring for 10 min, a solution of unsaturated thioester 40 (572 mg, 1.15 
mmol, 1 equiv) in tBuOMe (1.2 mL) was added via a syringe pump over 2 h. The reaction mixture 
was stirred at –75 °C for 12 h, then quenched by the addition of MeOH and allowed to warm to 
room temperature. Saturated aqueous NH4Cl solution was then added, the phases were separated 
and the aqueous layer extracted with Et2O (2 × 50 mL). The combined organic layers were dried 
over MgSO4, filtered, concentrated under reduced pressure and purified by flash chromatography 
(petroleum ether/EtOAc, 30:1? 20:1) to afford the desired 1,4-addition adduct 41 as a colorless oil 
(501 mg, 85%). TLC (petroleum ether/EtOAc, 10:1): Rf = 0.57; [α]20


D = –6.8 (c 1.5, CH2Cl2); 1H 
NMR (400 MHz, CDCl3): δ = 0.72 (t, J = 7.3 Hz, 3H, 9-CH3), 0.86 (d, J = 6.6 Hz, 3H, 3-CH3), 1.04 (s, 
9H, Si(C(CH3)3)), 1.14–1.31 (m, 7H, 4-H, 9-H, SCH2CH3), 1.34–1.53 (m, 3H, 6-H, 8-H), 1.72–1.81 (m, 
1H, 6-H), 2.00–2.12 (m, 1H, 3-H), 2.13–2.21 (m, 1H, 2-H), 2.48 (dd, J = 14.4, 4.8 Hz, 1H, 2-H), 2.86 
(q, J = 14.9 Hz, 2H, SCH2CH3), 3.16 (s, 3H, OCH3), 3.24–3.30 (m, 1H, 5-H), 3.76–3.82 (m, 1H, 7-H), 
7.33–7.44 (m, 6H, mCH, pCH ar Ph), 7.64–7.69 (m, 4H, oCH ar Ph); 13C NMR (100 MHz, CDCl3): δ 
= 14.0 (9-CH3), 14.8 (SCH2CH3), 17.9 (C-9), 19.4 (Si(C(CH3)3)), 20.2 (3-CH3), 23.2 (SCH2CH3), 


                                                
[3] G. E. Keck, E. P. Boden, S. A. Mabury, J. Org. Chem. 1985, 50, 709-710. 
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27.1 (Si(C(CH3)3)), 27.8 (C-3), 39.0 (C-8), 40.6 (C-6), 41.2 (C-4), 50.8 (C-2), 55.7 (OCH3), 70.6 
(C-7), 75.9 (C-5), 127.4, 127.5, 129.5, 129.5, 134.3, 134.6, 136.0 (C of SiPh2), 199.0 (C-1); HRMS 
(ESI): calcd for C30H46NaO3SSi [M+Na]+: 537.28291, found 537.28327.  
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(3S,5R,7S)-7-{[tert-Butyl(diphenyl)silyl]oxy}-5-methoxy-3-methyldecanal (42): To a stirred 
mixture of the thioester 41 (470 mg, 0.92 mmol) and Pd/C (47.0 mg, 10% wt) in CH2Cl2 (5 mL) 
was added Et3SiH (438 µL, 2.76 mmol, 3 equiv) at room temperature under nitrogen. The reaction 
mixture was stirred at room temperature for 30 min. The catalyst was filtered off through a pad of 
celite and washed with CH2Cl2. The filtrate was concentrated under reduced pressure and purified 
by flash chromatography (petroleum ether/EtOAc, 10:1? 5:1) to give the pure aldehyde 42 (397 
mg, 95%) as a colorless oil. TLC (petroleum ether/EtOAc, 10:1): Rf = 0.36; [α]20


D = –3.0 (c 1, 
CH2Cl2); 1H NMR (400 MHz, CDCl3): δ = 0.73 (t, J = 7.3 Hz, 3H, 9-CH3), 0.87 (d, J = 6.3 Hz, 3H, 3-
CH3), 1.04 (s, 9H, Si(C(CH3)3)), 1.14–1.30 (m, 4H, 4-H, 9-H), 1.37–1.52 (m, 3H, 6-H, 8-H), 1.73–
1.83 (m, 1H, 6-H), 1.98–2.09 (m, 2H, 2-H, 3-H), 2.25–2.32 (m, 1H, 2-H), 3.14 (s, 3H, OCH3), 3.25–
3.32 (m, 1H, 5-H), 3.76–3.81 (m, 1H, 7-H), 7.33–7.44 (m, 6H, mCH, pCH ar Ph), 7.64–7.70 (m, 4H, 
oCH ar Ph), 9.61–9.64 (m, 1H, CHO); 13C NMR (100 MHz, CDCl3): δ = 14.0 (9-CH3), 18.0 (C-9), 
19.4 (Si(C(CH3)3)), 20.8 (3-CH3), 24.7 (C-3), 27.1 (Si(C(CH3)3)), 39.2 (C-8), 40.3 (C-6), 41.1 (C-4), 
50.5 (C-2), 55.4 (OCH3), 70.6 (C-7), 75.7 (C-5), 127.4, 127.5, 129.5, 129.6, 134.3, 134.5, 136.0 (C of 
SiPh2), 202.9 (C-1); HRMS (ESI): calcd for C28H42NaO3Si [M+Na]+: 477.28009, found 477.27978.  
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Trifluoroacetate 43a/b (Prins cyclization): Trifluoroacetic acid (0.78 ml, 8.2 mmol, 10 equiv) was 
added to a solution of alcohol[2] 12 (220 mg, 1.07 mmol, 1.3 equiv) and aldehyde 42 (372 mg, 0.82 
mmol) in CH2Cl2 (8 mL) at –5 °C under a nitrogen atmosphere. The reaction mixture was stirred for 
1 h at this temperature and then saturated aqueous NaHCO3 solution (10 mL) was added dropwise. 
The layers were separated and the aqueous phase was extracted with CH2Cl2 (3 × 30 mL). The 
combined organic extracts were washed with saturated NaCl solution (20 mL), dried over MgSO4, 
filtered, concentrated in vacuo and purified by column flash chromatography (petroleum 
ether/EtOAc, 15:1? 10:1) to afford trifluoracetate 43a/b (major/minor = 9:1) as a colorless oil (437 
mg, 71%). TLC (petroleum ether/EtOAc, 4:1): Rf = 0.75; [α]20


D = –2.7 (c 3.8, CH2Cl2); 1H NMR 
(400 MHz, CDCl3): δ = 0.65 (t, J = 7.3 Hz, 3H, 16-H), 0.76 (d, J = 6.8 Hz, 3H, 9-CH3), 0.98 (s, 9H, 
Si(C(CH3)3)), 1.03–1.54 (m, 12H, 14-H, 15-H, 6-H, 8-H, 2-H, 10-H), 1.64–1.82 (m, 3H, 12-H, 9-
H), 1.84–2.00 (m, 2H, 4-H), 3.10 (s, 3H, OCH3), 3.19–3.37 (m, 2H, 7-H, 3-H), 3.41–3.60 (m, 3H, 
11-H, 1-H), 3.70–3.79 (m, 1H, 13-H), 4.40 (s, 2H, PhCH2O), 4.96–5.07 (m, 1H, 5-H), 7.18–7.37 
(m, 11H, mCH, pCH ar SiPh2, Ph of Bn), 7.59–7.67 (m, 4H, oCH ar SiPh2); 13C NMR (100 MHz, 
CDCl3): δ = 14.0 (C-16), 17.9 (C-15), 19.4 (Si(C(CH3)3)), 19.9 (9-CH3), 25.6 (C-9), 26.5, 27.1 
(Si(C(CH3)3)), 36.1 (C-2), 36.7 (C-4), 37.3 (C-10), 39.0 (C-6), 40.9 (C-14), 42.3 (C-12), 42.9 (C-8), 
55.7 (OCH3), 66.4 (C-1), 70.6 (C-13), 71.9 (C-11), 72.5 (C-7), 73.1 (PhCH2O), 75.4 (C-5), 76.0 (C-
3), 114.5 (q, J = 286 Hz, CF3), 127.4, 127.4, 127.6, 127.6, 127.7, 128.4, 129.5, 129.6, 134.4, 134.5, 
135.9, 138.3 (C of SiPh2 and Ph of Bn), 156.9 (q, J = 42 Hz, COCF3); HRMS (ESI): calcd for 
C43H59F3NaO6Si [M+Na]+: 779.39252, found 779.39261.  
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Tetrahydropyran 44a/b: To a solution of trifluoracetate 43a/b (360 mg, 0.476 mmol) in methanol 
(5 mL) were added K2CO3 (131 mg, 0.95 mmol) and water (0.2 ml). The reaction mixture was 
stirred at room temperature for 1 h, then diluted with water (5 mL) and extracted with Et2O (3 × 30 
mL). The combined organic layers were washed with saturated NaCl solution (20 mL), dried over 
MgSO4, filtered, and concentrated in vacuo. Flash chromatography of the residue (petroleum 
ether/EtOAc, 3:1? 2:1) provided alcohol 44a/b (290 mg, 92% yield) as a colorless oil. TLC 
(petroleum ether/EtOAc, 2:1): Rf = 0.30; [α]20


D = –19.1 (c 1.8, CH2Cl2); 1H NMR (400 MHz, 
CDCl3): data for major isomer: δ = 0.65 (t, J = 7.3 Hz, 3H, 16-H), 0.76 (d, J = 6.6 Hz, 3H, 9-CH3), 
0.98 (s, 9H, Si(C(CH3)3)), 1.02–1.54 (m, 12H, 14-H, 15-H, 6-H, 8-H, 2-H, 10-H), 1.62–1.80 (m, 
5H, 12-H, 9-H, 4-H, 2-H), 1.83–1.89 (m, 1H, 4-H), 3.10 (s, 3H, OCH3), 3.20–3.30 (m, 2H, 7-H, 11-
H), 3.34–3.42 (m, 1H, 3-H), 3.47–3.58 (m, 2H, 1-H), 3.64–3.81 (m, 2H, 5-H, 13-H), 4.41 (s, 2H, 
PhCH2O), 7.18–7.34 (m, 11H, mCH, pCH ar SiPh2, Ph of Bn), 7.59–7.64 (m, 4H, oCH ar SiPh2); 
13C NMR (100 MHz, CDCl3): δ = 14.0 (C-16), 17.8 (C-15), 19.4 (Si(C(CH3)3)), 19.9 (9-CH3), 25.8 
(C-9), 27.1 (Si(C(CH3)3)), 36.2 (C-2), 38.9 (C-10), 41.0 (C-4), 41.4 (C-6), 41.9 (C-14), 42.4 (C-12), 
43.2 (C-8), 55.7 (OCH3), 66.8 (C-1), 68.3 (C-13), 70.7 (C-5), 72.2 (C-11), 72.9 (C-7), 73.1 
(PhCH2O), 76.1 (C-3), 127.4, 127.4, 127.5, 127.6, 128.3, 129.4, 129.4, 134.4, 134.6, 135.9, 135.9, 
138.5 (C of SiPh2 and Ph of Bn); HRMS (ESI): calcd for C41H60NaO5Si [M+Na]+: 683.41022, 
found 683.41103.  
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Methoxymethyl ether 45a/b: To a stirred, cooled (0 °C) solution of alcohol 44a/b (278 mg, 0.44 
mmol) in DMF (2 mL) were added N,N-diisopropylethylamine (0.68 mL, 4.0 mmol), 
chloromethylmethyl ether[4] (182 µL, 2.4 mmol), and tetrabutylammonium iodide (15 mg, 0.04 
mmol). The reaction mixture was warmed to room temperature. After stirring for 4 h, saturated 
aqueous NaHCO3 solution (5 mL) was added followed by Et2O (20 mL). After separation of the 
layers, the aqueous phase was extracted with Et2O (3 × 20 mL). The combined organic extracts 
were washed with 1N HCl, saturated NaHCO3 and saturated NaCl solution, dried over MgSO4, 
filtered and concentrated under reduced pressure. Flash chromatography (petroleum ether/EtOAc, 
5:1) afforded MOM ether 45a/b (304 mg, 98% yield) as a colorless oil. TLC (petroleum 
ether/EtOAc, 4:1): Rf = 0.58; [α]20


D = –6.5 (c 3.0, CH2Cl2); 1H NMR (400 MHz, CDCl3): data for 
major isomer: δ = 0.65 (t, J = 7.3 Hz, 3H, 16-H), 0.76 (d, J = 6.6 Hz, 3H, 9-CH3), 0.99 (s, 9H, 
Si(C(CH3)3)), 1.03–1.55 (m, 11H, 14-H, 15-H, 6-H, 8-H, 2-H, 10-H), 1.64–1.94 (m, 6H, 12-H, 9-H, 
4’-H, 2-H), 3.10 (s, 3H, CHOCH3), 3.20–3.28 (m, 2H, 7-H, 11-H), 3.31 (s, 3H, CH2OCH3), 3.35–3.43 
(m, 1H, 3-H), 3.46–3.59 (m, 2H, 1-H), 3.61–3.71 (m, 1H, 5-H), 3.73–3.81 (m, 1H, 13-H), 4.41 (s, 2H, 
PhCH2O), 4.63 (s, 2H, CH2OCH3), 7.17–7.37 (m, 11H, mCH, pCH ar SiPh2, Ph of Bn), 7.57–7.65 (m, 
4H, oCH ar SiPh2); 13C NMR (100 MHz, CDCl3): δ = 14.0 (C-16), 17.8 (C-15), 19.4 (Si(C(CH3)3)), 
19.9 (9-CH3), 25.8 (C-9), 27.1 (Si(C(CH3)3)), 36.3 (C-2), 38.7 (C-4), 38.9 (C-10), 39.3 (C-6), 41.0 (C-


                                                
[4] M. Reggelin, S. Doerr, Synlett 2004, 1117. 







 8


14), 42.5 (C-12), 43.3 (C-8), 55.2 (CH2OCH3), 55.8 (CHOCH3), 66.8 (C-1), 70.7 (C-13), 72.3 (C-11), 
72.9 (C-7), 73.1 (PhCH2O), 73.2 (C-5), 76.1 (C-3), 94.3 (CH2OCH3), 127.4, 127.4, 127.5, 127.6, 128.3, 
129.4, 129.4, 134.4, 134.7, 135.9, 138.5 (C of SiPh2 and Ph of Bn); HRMS (ESI): calcd for 
C43H64NaO6Si [M+Na]+: 727.43644, found 727.43571.  
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Primary alcohol 46a/b: A Parr hydrogenation vessel was charged with benzyl ether 45a/b (195 
mg, 0.276 mmol), Pd/C (20 mg), methanol (20 mL), attached to a hydrogen source and hydrogen 
was introduced into the reaction vessel until the pressure gauge indicated 2 atm. The pressure was 
carefully released to 1 atm by opening the stop valve. This procedure was repeated three times, and 
finally hydrogen was pressurized to 5 atm. The reaction mixture was vigorously shaken at room 
temperature for 10 h during which time the hydrogen cylinder was kept connected. After the stop 
valve was opened, excess hydrogen was carefully bled off, and the apparatus was disassembled. 
The catalyst was filtered off through a pad of Celite and washed with EtOAc. The filtrate was 
concentrated under reduced pressure and purified by flash chromatography (petroleum 
ether/EtOAc, 2:1) to give the alcohol 46a/b (158 mg, 93%) as a colorless oil. TLC (petroleum 
ether/EtOAc, 2:1): Rf = 0.27; [α]20


D = +6.0 (c 2.0, CH2Cl2); 1H NMR (400 MHz, CDCl3): data for 
major isomer: δ = 0.70 (t, J = 7.3 Hz, 3H, 16-H), 0.82 (d, J = 6.6 Hz, 3H, 9-CH3), 1.04 (s, 9H, 
Si(C(CH3)3)), 1.06–1.60 (m, 11H, 14-H, 15-H, 6-H, 8-H, 2-H, 10-H), 1.65–1.80 (m, 4H, 12-H, 9-H, 
2-H), 1.84–1.97 (m, 2H, 4-H), 2.58 (br s, 1H, OH), 3.14 (s, 3H, CHOCH3), 3.26–3.40 (m, 5H, 7-H, 
11-H, CH2OCH3), 3.46–3.55 (m, 1H, 3-H), 3.65–3.84 (m, 4H, 1-H, 5-H, 13-H), 4.69 (s, 2H, 
CH2OCH3), 7.31–7.43 (m, 6H, mCH, pCH ar SiPh2), 7.64–7.70 (m, 4H, oCH ar SiPh2); 13C NMR 
(100 MHz, CDCl3): δ = 14.0 (C-16), 17.9 (C-15), 19.4 (Si(C(CH3)3)), 20.1 (9-CH3), 25.8 (C-9), 
27.1 (Si(C(CH3)3)), 37.9 (C-4), 38.6 (C-10), 39.0 (C-2), 39.0 (C-6), 40.8 (C-14), 42.4 (C-12), 43.0 
(C-8), 55.3 (CH2OCH3), 55.5 (CHOCH3), 61.3 (C-1), 70.7 (C-13), 72.9 (C-5), 73.6 (C-11), 75.7 (C-
7), 75.9 (C-3), 94.4 (CH2OCH3), 127.4, 127.4, 129.4, 129.5, 134.4, 134.6, 135.9 (C of SiPh2); 
HRMS (ESI): calcd for C36H58NaO6Si [M+Na]+: 637.38949, found 637.38926.  
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Acid 47a/b: a) Preparation of aldehyde: To a cooled (0 °C) solution of alcohol 46a/b (155 mg, 
0.25 mmol) in CH2Cl2 (3 mL) was added a solution of Dess-Martin periodinane[5] (15% wt, 0.83 
mL, 0.4 mmol). After stirring for 0.5 h at 0 °C and for 2 h at room temperature, the reaction mixture 
was concentrated, loaded on a flash silica gel column, and eluted with petroleum ether/EtOAc, 4:1 
to give 147 mg (96%) of the corresponding aldehyde, which was used directly in the next reaction. 
TLC (petroleum ether/EtOAc, 4:1): Rf = 0.76.  
b) Preparation of acid 47a/b: The aldehyde obtained in the previous step (147 mg, 0.24 mmol) 
was dissolved in tBuOH (4 mL) and 2,3-dimethyl-2-butene (0.8 mL).[6] A solution of NaClO2 (65 


                                                
[5] R. K. Boeckman, Jr., P. Shao, J. J. Mullins, Org. Synth. 2000, 77, 141-152; Org. Synth., Coll. Vol. 10, 2004, 


696-702. 
[6] B. S. Bal, W. E. Childers, H. W. Pinnick, Tetrahedron 1981, 37, 2091-2096. 







 9


mg, 0.72 mmol) and NaH2PO4·2H2O (336 mg, 2.16 mmol) in water (3 mL) was added slowly at 0 
°C. After stirring for 30 min at room temperature the mixture was diluted with water (5 mL), 
extracted with EtOAc (4 × 20 mL), washed with saturated NaCl solution, dried (Na2SO4), filtered, 
and concentrated under reduced pressure. Flash chromatography of the residue (petroleum 
ether/EtOAc/HOAc, 2:1:0.01? 1:1:0.01) provided acid 47a/b (151 mg, 98% yield) as a colorless 
oil. TLC (petroleum ether/EtOAc, 2:1): Rf = 0.54; [α]20


D = –2.3 (c 1.3, CH2Cl2); 1H NMR (400 
MHz, CDCl3): data for major isomer: δ = 0.70 (t, J = 7.3 Hz, 3H, 16-H), 0.80 (d, J = 6.6 Hz, 3H, 9-
CH3), 1.04 (s, 9H, Si(C(CH3)3)), 1.06–1.60 (m, 12H, 14-H, 15-H, 6-H, 8-H, 9-H, 10-H), 1.69–1.81 
(m, 2H, 12-H), 1.85–1.93 (m, 1H, 4-H), 2.01–2.08 (m, 1H, 4-H), 2.42–2.62 (m, 2H, CH2COOH), 
3.15 (s, 3H, CHOCH3), 3.26–3.43 (m, 5H, 7-H, 11-H, CH2OCH3), 3.66–3.84 (m, 3H, 3-H, 5-H, 13-
H), 4.69 (s, 2H, CH2OCH3), 7.31–7.43 (m, 6H, mCH, pCH ar SiPh2), 7.65–7.70 (m, 4H, oCH ar 
SiPh2); 13C NMR (100 MHz, CDCl3): δ = 14.0 (C-16), 17.9 (C-15), 19.4 (Si(C(CH3)3)), 20.1 (9-
CH3), 25.7 (C-9), 27.1 (Si(C(CH3)3)), 37.9 (C-4), 38.9 (C-10), 39.0 (C-6), 40.8 (C-14), 40.9 
(CH2COOH), 42.3 (C-12), 42.9 (C-8), 55.3 (CH2OCH3), 55.7 (CHOCH3), 70.7 (C-13), 71.9 (C-5), 
72.7 (C-3), 73.7 (C-7), 76.0 (C-11), 94.5 (CH2OCH3), 127.4, 127.5, 129.4, 129.5, 134.4, 134.6, 135.9 
(C of SiPh2), 174.5 (COOH); HRMS (ESI): calcd for C36H56NaO7Si [M+Na]+: 651.36875, found 
651.36884.  
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Seco-acid 48a/b: To a solution of acid 47 (149 mg, 0.237 mmol) in THF (1 mL) was added 
TBAF·3H2O (450 mg, 1.44 mmol) at room temperature. The reaction mixture was stirred for 48 h. 
After addition of saturated NH4Cl solution the mixture was extracted with EtOAc (3 × 25 mL). The 
combined organic layers were washed with water (10 ml), saturated NaCl solution (20 mL), dried 
over MgSO4, filtered, and concentrated in vacuo. Flash chromatography (petroleum 
ether/EtOAc/HOAc, 1:1:0.01? 0:1:0.01) afforded seco-acid 48a/b (92 mg, 99% yield) as a colorless 
oil. TLC (petroleum ether/EtOAc/HOAc, 2:1:0.01): Rf = 0.2; [α]20


D = –18.8 (c 1.2, CH2Cl2); 1H NMR 
(400 MHz, CDCl3): δ = 0.84–0.94 (m, 6H, 16-H, 9-CH3), 1.12–1.75 (m, 14H, 14-H, 15-H, 6-H, 8-H, 
9-H, 10-H, 12-H), 1.86–1.94 (m, 1H, 4-H), 2.00–2.07 (m, 1H, 4-H), 2.42–2.60 (m, 2H, CH2COOH), 
3.31–3.47 (m, 8H, CHOCH3, 7-H, 11-H, CH2OCH3), 3.68–3.83 (m, 3H, 3-H, 5-H, 13-H), 4.67 (s, 2H, 
CH2OCH3), 6.42 (br s, 2H, OH, COOH); 13C NMR (100 MHz, CDCl3): δ = 14.1 (C-16), 18.6 (C-15), 
19.6 (9-CH3), 26.3 (C-9), 38.0 (C-4), 38.8 (C-10), 39.7 (C-6), 40.8 (C-14), 40.9 (CH2COOH), 41.3 
(C-12), 43.8 (C-8), 55.3 (CH2OCH3), 56.1 (CHOCH3), 71.4 (C-5), 72.1 (C-13), 72.7 (C-11), 74.0 (C-
7), 80.5 (C-3), 94.5 (CH2OCH3), 174.4 (COOH); HRMS (ESI): calcd for C20H38NaO7 [M+Na]+: 
413.25097, found 413.25110.  
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Macrolactone 49a (11-epi): To an ice-cooled solution of seco-acid 48a/b (85 mg, 0.21 mmol, 1.0 
equiv) in THF (2.5 mL) was added Et3N (177 µL, 1.26 mmol, 6.0 equiv) followed by 2,4,6-
trichlorobenzoyl chloride (164 µL, 1.05 mmol, 5.0 equiv). The mixture was stirred at 0 °C for 1 h 
and then allowed to warm to room temperature, whereupon toluene (7.5 mL) was added. This 
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solution was added over 8 h by syringe pump to a solution of DMAP (51 mg, 4.2 mmol, 20 equiv) 
in toluene (150 mL). Upon completion of the addition, stirring was maintained for an additional 2 h. 
The mixture was concentrated to dryness and filtered over silica gel (using petroleum ether/EtOAc 
2:1 as eluant). The filtrate was concentrated under reduced pressure. Purification by flash 
chromatography (petroleum ether/EtOAc, 4:1) afforded lactone 49a (69 mg, 85% yield) as a 
colorless oil and its 5-epi isomer 49b (7.0 mg, 9% yield). TLC (petroleum ether/EtOAc, 2:1): Rf = 
0.33; [α]20


D = +10.8 (c 1.2, CH2Cl2); 1H NMR (600 MHz, CDCl3): δ = 0.84–0.90 (m, 6H, 15-CH3, 
9-CH3), 1.07 (t, J = 11.7 Hz, 1H, 6-H), 1.14–1.50 (m, 8H, 6-H, 10-H, 12-H, 8-H, 14-H, 15-H), 
1.56–1.64 (m, 1H, 14-H), 1.77–1.89 (m, 3H, 4-H, 8-H, 9-H), 1.96–2.01 (m, 1H, 4-H), 2.01–2.07 (m, 
1H, 12-H), 2.31–2.38 (m, 1H, 2-H), 2.58–2.63 (m, 1H, 2-H), 3.18–3.25 (m, 1H, 7-H), 3.28–3.36 (m, 
7H, 11-H, CHOCH3, CH2OCH3), 3.63–3.73 (m, 2H, 3-H, 5-H), 4.65 (s, 2H, CH2OCH3), 4.86–4.94 
(m, 1H, 13-H); 13C NMR (150 MHz, CDCl3): δ = 14.0 (C-16), 18.4 (C-15), 24.6 (9-CH3), 28.9 (C-
9), 37.2 (C-4), 37.9 (C-14), 38.1 (C-6), 39.3 (C-12), 40.2 (C-10), 42.6 (C-2), 44.2 (C-8), 55.2 
(CH2OCH3), 56.1 (CHOCH3), 71.3 (C-13), 71.5 (C-5), 72.7 (C-3), 76.7 (C-11), 77.0 (C-7), 94.4 
(CH2OCH3), 170.2 (C-1); HRMS (ESI): calcd for C20H36NaO6 [M+Na]+: 395.24041, found 
395.24036.  
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Hydroxylactone 50: To a cooled (0 °C) solution of MOM-ether 49a (57.4 mg, 0.154 mmol) in 
MeOH (3 mL) was added concentrated HCl (100 µL). After stirring for 0.5 h at 0 °C and for 24 h at 
room temperature, the reaction mixture was quenched with saturated aqueous NaHCO3 solution (5 
mL), extracted with EtOAc (4 × 20 mL), washed with brine, dried (MgSO4), filtered, and 
concentrated under reduced pressure. Flash chromatography of the residue (petroleum 
ether/EtOAc/HOAc, 2:1? 1:1) provided alcohol 50 (48.6 mg, 96% yield) as a colorless oil. TLC 
(petroleum ether/EtOAc, 2:1): Rf = 0.24; [α]20


D = +9.1 (c 0.8, CH2Cl2); 1H NMR (600 MHz, 
CD3OD): δ = 0.82–0.89 (m, 6H, 15-CH3, 9-CH3), 0.94–1.14 (m, 3H, 6-H, 8-H), 1.17–1.33 (m, 3H, 
10-H, 9-H), 1.36–1.61 (m, 4H, 12-H, 14-H, 15-H), 1.69–1.86 (m, 3H, 14-H, 8-H, 4-H), 1.86–1.95 
(m, 1H, 4H), 1.97–2.07 (m, 1H, 12-H), 2.16–2.24 (m, 1H, 2-H), 2.64–2.71 (m, 1H, 2-H), 3.23–3.35 
(m, 5H, 7-H, 11-H, CHOCH3), 3.61–3.72 (m, 2H, 3-H, 5-H), 4.83–4.93 (m, 1H, 13-H); 13C NMR 
(150 MHz, CD3OD): δ = 14.4 (C-16), 19.5 (C-15), 24.9 (9-CH3), 30.5 (C-9), 38.1 (C-4), 39.1 (C-
14), 41.3 (C-6), 41.6 (C-12), 42.9 (C-2), 43.5 (C-10), 45.4 (C-8), 56.5 (CHOCH3), 68.4 (C-5), 72.3 
(C-13), 72.9 (C-3), 78.2 (C-11), 78.5 (C-7), 172.5 (C-1); HRMS (ESI): calcd for C18H32NaO5 
[M+Na]+: 351.21420, found 351.21413.  
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11-epi-neopeltolide (51): To a solution of alcohol 50 (7.6 mg, 0.023 mmol, 1 equiv), acid 23 (10.3 
mg, 0.037 mmol, 1.6 equiv) and PPh3 (10.5 mg, 0.040 mmol, 1.74 equiv) in absolute benzene (1 
mL) was added diisopropyl azodicarboxylate (80 µL of a 0.5M solution in benzene, 0.040 mmol, 
1.74 equiv). After stirring for 1 h at ambient temperature the reaction mixture was concentrated in 
vacuo and the residue purified by flash chromatography (hexane/EtOAC, 2:1? 1:1? 1:2) to afford 
11-epi-neopeltolide (51) (11.7 mg, 86%) as a colorless oil. TLC (petroleum ether/EtOAc, 1:1): Rf = 
0.5; [α]20


D = +19.4 (c 0.8, CH2Cl2); 1H NMR (400 MHz, CD3OD): δ = 0.88 (d, J = 6.8 Hz, 3H, 9-
CH3), 0.92 (t, J = 7.3 Hz, 3H, 16-H), 1.02–1.10 (m, 1H, 10-H), 1.20–1.42 (m, 5H, 8-H, 9-H, 15-H), 
1.43–1.70 (m, 7H, 10-H, 4-H, 6-H, 14-H), 1.75–1.93 (m, 3H, 4-H, 14-H, 12-H), 2.06 (ddd, J = 14.1, 
10.9, 3.0 Hz, 1H, 12-H), 2.21 (dd, J = 14.4, 11.1 Hz, 1H, 2-H), 2.66–2.73 (m, 3H, 2-H, 22-H), 
2.96–3.04 (m, 2H, 21-H), 3.32–3.40 (m, 4H, 11-OCH3, 7-H), 3.64 (s, 3H, 29-OCH3), 3.75 (apt, J = 
9.9 Hz, 1H, 11-H), 3.98–4.08 (m, 1H, 3-H), 4.29 (d, J = 5.1 Hz, 2H, 28-H), 4.90–4.98 (m, 1H, 13-
H), 5.17–5.21 (m, 1H, 5-H), 5.85 (d, J = 11.4 Hz, 1H, 19-H), 5.98–6.07 (m, 1H, 27-H), 6.27 (dt, J = 
11.9, 2.0 Hz, 1H, 26-H), 6.36 (dt, J = 11.5, 7.6 Hz, 1H, 20-H), 7.65 (s, 1H, 24-H); 13C NMR (100 
MHz, CD3OD): δ = 14.3 (C-16), 19.5 (C-15), 24.8 (C-17), 26.4 (C-22), 29.0 (C-21), 30.5 (C-9), 
36.2 (C-4), 37.3 (C-6), 38.1 (C-14), 39.1 (C-10), 41.2 (C-12), 43.5 (C-2), 45.1 (C-8), 52.6 (29-
OCH3), 56.4 (11-OCH3), 69.2 (C-5), 70.4 (C-3), 72.4 (C-13), 75.1 (C-7), 78.5 (C-11), 115.9 (C-26), 
121.6 (C-19), 135.9 (C-24), 139.2 (C-27), 142.3 (C-23), 150.1 (C-20), 159.6 (C-29), 161.9 (C-25), 
166.8 (C-18), 172.6 (C-1); HRMS (ESI): calcd for C31H46NaN2O9 [M+Na]+: 613.30955, found 
613.30863.  
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Deprotected macrolactone 16b (5-epi): To a cooled (0 °C) solution of MOM-ether 15b (5-epi) 
(6.8 mg, 0.018 mmol) in MeOH (2 mL) was added concentrated HCl (70 µL). After stirring for 0.5 
h at 0 °C and for 24 h at room temperature, the reaction mixture was quenched with saturated 
aqueous NaHCO3 solution (5 mL), extracted with EtOAc (4 × 10 mL), washed with saturated NaCl 
solution, dried (MgSO4), filtered, and concentrated under reduced pressure. Flash chromatography 
of the residue (petroleum ether/EtOAc/HOAc, 2:1? 1:1) provided alcohol 16b (5-epi) (5.2 mg, 88% 
yield) as a colorless oil. TLC (petroleum ether/EtOAc, 1:1): Rf = 0.31; [α]20


D = +7.2 (c 0.5, 
CH2Cl2); 1H NMR (400 MHz, CDCl3): δ = 0.87–0.94 (m, 6H, 15-CH3, 9-CH3), 1.11–1.22 (m, 3H, 6-
H, 8-H), 1.23–1.44 (m, 6H, 10-H, 12-H, 8-H, 9-H), 1.45–1.80 (m, 6H, 10-H, 12-H, 14-H, 15-H, OH), 
1.84–1.92 (m, 1H, 14-H), 1.92–2.02 (m, 2H, 4-H), 2.36 (dd, J = 12.1, 2.0 Hz, 1H, 2-H), 2.47 (dd, J = 
12.1 Hz, 1H, 2-H), 3.00–3.07 (m, 1H, 11-H), 3.30 (s, 3H, CHOCH3), 3.35–3.44 (m, 1H, 7-H), 3.55 
(apt, J = 10.9 Hz, 1H, 3-H), 3.78–3.89 (m, 1H, 5-H), 5.04–5.12 (m, 1H, 13-H); 13C NMR (100 MHz, 







 12


CDCl3): δ = 13.9 (C-16), 18.9 (C-15), 24.3 (9-CH3), 24.4 (C-9), 36.9 (C-4), 39.3 (C-14), 39.7 (C-6), 
40.8 (C-12), 42.0 (C-2), 42.4 (C-10), 45.1 (C-8), 56.9 (CHOCH3), 67.9 (C-5), 72.8 (C-13), 74.1 (C-
3), 74.8 (C-11), 76.9 (C-7), 172.7 (C-1); HRMS (ESI): calcd for C18H32NaO5 [M+Na]+: 351.21420, 
found 351.21429.  
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5-epi-neopeltolide (52): To a solution of alcohol 16b (5-epi) (4.0 mg, 0.012 mmol, 1 equiv), acid 
23 (5.4 mg, 0.019 mmol, 1.6 equiv) and PPh3 (5.5 mg, 0.021 mmol, 1.75 equiv) in absolute benzene 
(0.7 mL) was added diisopropyl azodicarboxylate (42 µL of 0.5M solution in benzene, 0.021 mmol, 
1.75 equiv). After stirring for 1 h at ambient temperature the reaction mixture was concentrated in 
vacuo and the residue was purified by flash chromatography (hexane/EtOAC, 2:1? 1:1? 1:2) to 
afford 5-epi-neopeltolide (52) (5.4 mg, 76%) as a colorless oil. TLC (petroleum ether/EtOAc, 1:1): 
Rf = 0.57; [α]20


D = –3.3 (c 0.4, CH2Cl2); 1H NMR (400 MHz, CD3OD): δ = 0.90–0.96 (m, 6H, 16-
H, 9-CH3), 1.11 (apt, J = 12.1 Hz, 1H, 10-H), 1.24–1.42 (m, 6H, 8-H, 9-H, 12-H, 15-H), 1.44–1.57 
(m, 3H, 10-H, 4-H, 14-H), 1.57–1.93 (m, 8H, 6-H, 14-H, 4-H, 12-H), 2.28–2.37 (m, 2H, 2-H), 2.69 
(t, J = 7.3 Hz, 2H, 22-H), 2.94–3.02 (m, 2H, 21-H), 3.12–3.20 (m, 1H, 11-H), 3.64 (s, 3H, 29-
OCH3), 3.71–3.81 (m, 1H, 7-H), 3.89–4.01 (m, 1H, 3-H), 4.29 (d, J = 4.6 Hz, 2H, 28-H), 4.95–5.03 
(m, 1H, 13-H), 5.19–5.23 (m, 1H, 5-H), 5.82 (d, J = 11.6 Hz, 1H, 19-H), 5.99–6.07 (m, 1H, 27-H), 
6.27 (dt, J = 11.9, 2.0 Hz, 1H, 26-H), 6.34 (dt, J = 11.6, 7.3 Hz, 1H, 20-H), 7.65 (s, 1H, 24-H); 13C 
NMR (100 MHz, CD3OD): δ = 14.2 (C-16), 20.0 (C-15), 24.6 (C-17), 25.4 (C-9), 26.4 (C-22), 29.0 
(C-21), 36.5 (C-4), 37.5 (C-6), 37.9 (C-14), 40.4 (C-12), 40.6, (C-10), 43.2 (C-2), 46.4 (C-8), 52.6 
(29-OCH3), 57.2 (11-OCH3), 69.0 (C-5), 71.2 (C-3), 73.4 (C-13), 75.4 (C-7), 78.3 (C-11), 116.0 (C-
26), 121.5 (C-19), 136.0 (C-24), 139.1 (C-27), 142.2 (C-23), 150.2 (C-20), 161.9 (C-29), 166.8 (C-
18), 174.8 (C-1); HRMS (ESI): calcd for C31H46NaN2O9 [M+H]+: 591.32761, found 591.32815.  
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2-{(1Z)-3-[(Methoxycarbonyl)amino]prop-1-enyl}-1,3-oxazole-4-carboxylic acid (53): A 
solution of ester 28 (21 mg, 0.08 mmol) in MeOH (1 mL) was treated with LiOH (1N solution in 
water, 0.8 mL, 0.8 mmol) at ambient temperature and the reaction mixture was stirred until TLC 
indicated complete consumption of the starting material (ca. 2 h). The reaction was cooled to 0 °C 
and neutralized with aqueous HCl (1N, 0.8 mL, 0.8 mmol). After the mixture was extracted with 
EtOAc (4 × 20 mL), the combined organic layers were washed with saturated NaCl solution (5 
mL), dried over MgSO4, filtered, and concentrated in vacuo to afford acid 53 (18 mg, 94%) as a 
slightly yellow solid; m.p. 153–155 °C. TLC (CH2Cl2/MeOH, 9:1): Rf = 0.2; 1H NMR (400 MHz, 
CD3OD): δ = 3.64 (s, 3H, OCH3), 4.32 (d, J = 4.8 Hz, 2H, CH2NH), 6.12–6.22 (m, 1H, 
HC=CHCH2), 6.34 (d, J = 11.9 Hz, 1H, HC=CHCH2), 8.47 (s, 1H, 5-H); 13C NMR (100 MHz, 
CD3OD): δ = 40.9 (CH2NH), 52.6 (OCH3), 115.3 (HC=CHCH2), 135.5 (C-4), 141.6 (HC=CHCH2), 
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145.4 (C-5), 159.6 (CO2CH3), 162.4 (C-2), 164.0 (CO2H); HRMS (ESI): calcd for C9H10NaN2O5 
[M+Na]+: 249.04819, found 249.04838.  
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(2E)-3-(2-{(1Z)-3-[(Methoxycarbonyl)amino]prop-1-enyl}-1,3-oxazol-4-yl)acrylic acid (54): A 
solution of ester 31 (16.0 mg, 0.06 mmol) in THF (0.6 mL) was treated with LiOH (1N solution in 
water, 0.6 mL, 0.6 mmol) at ambient temperature and the reaction mixture was vigorously stirred 
until TLC indicated complete consumption of the starting material (ca. 7 h). The reaction was 
cooled to 0 °C and neutralized with aqueous HCl (1N, 0.6 mL, 0.6 mmol). After the mixture was 
extracted with EtOAc (4 × 15 mL), the combined organic layers were washed with saturated NaCl 
solution (5 mL), dried over MgSO4, filtered, and concentrated in vacuo. Flash chromatography 
(CH2Cl2/MeOH, 95:5? 9:1) afforded acid 54 (14.4 mg, 92% yield) as a colorless solid; m.p. 134–
136 °C. TLC (CH2Cl2/MeOH, 9:1): Rf = 0.30; 1H NMR (400 MHz, CD3OD): δ = 3.65 (s, 3H, 
OCH3), 4.36 (d, J = 4.3 Hz, 2H, 3’-H), 6.10–6.18 (m, 1H, 2’-H), 6.32 (dt, J = 11.9, 2.0 Hz, 1H, 1’-
H), 6.56 (d, J = 15.4 Hz, 1H, 2-H), 7.52 (d, J = 15.4 Hz, 1H, 3-H), 8.10 (s, 1H, 5’’-H); 13C NMR 
(100 MHz, CD3OD): δ = 41.1 (C-3’), 52.6 (OCH3), 115.4 (C-1’), 121.4 (C-2), 133.9 (C-5’’), 139.4 (C-
4’’), 140.9 (C-3), 141.2 (C-2’), 159.7 (CO2CH3), 162.5 (C-2’’), 170.0 (C-1); HRMS (ESI): calcd for 
C11H12NaN2O5 [M+Na]+: 275.06384, found 275.06377.  
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Methyl (2E)-5-(2-{(1Z)-3-[(methoxycarbonyl)amino]prop-1-enyl}-1,3-oxazol-4-yl)pent-2-
enoate (55): To a solution of aldehyde 22 (7 mg, 0.029 mmol, 1 equiv) in CH2Cl2 (1 mL) at 
ambient temperature was added (methoxycarbonylmethylene)triphenylphosphorane[1] (19.4 mg, 
0.058 mmol, 2 equiv). The reaction mixture was stirred for 2 h, concentrated in vacuo and purified 
by flash chromatography (CH2Cl2/MeOH, 98:2) to afford unsaturated ester 55 (7.9 mg, 93%) as a 
colorless oil. TLC (CH2Cl2/MeOH, 9:1): Rf = 0.57; 1H NMR (400 MHz, CDCl3): δ = 2.57 (q, J = 7.4 
Hz, 2H, 4-H), 2.70 (t, J = 7.3 Hz, 2H, 5-H), 3.67 (s, 3H, OCH3), 3.71 (s, 3H, CCO2CH3), 4.30 (d, J 
= 4.3 Hz, 2H, 3’-H), 5.52 (br s, 1H, NH), 5.86 (d, J = 15.7 Hz, 1H, 2-H), 6.05–6.14 (m, 1H, 2’-H), 
6.29 (d, J = 11.6 Hz, 1H, 1’-H), 6.97 (dt, J = 15.7, 6.8 Hz, 1H, 3-H), 7.35 (s, 1H, 5’’-H); 13C NMR 
(100 MHz, CDCl3): δ = 24.8 (C-5), 30.7 (C-4), 39.4 (C-3’), 51.5 (OCH3), 52.2 (OCH3), 116.6 (C-
1’), 121.8 (C-2), 133.9 (C-5’’), 136.5 (C-4’’), 140.6 (C-2’), 147.8 (C-5’’), 157.2 (CO2CH3), 160.1 
(C-2’’), 166.9 (C-1); HRMS (ESI): calcd for C14H18NaN2O5 [M+Na]+: 317.11079, found 
317.11064.  
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(2E)-5-(2-{(1Z)-3-[(Methoxycarbonyl)amino]prop-1-enyl}-1,3-oxazol-4-yl)pent-2-enoic acid 
(56): A solution of ester 55 (6.5 mg, 0.022 mmol) in THF (0.5 mL) was treated with LiOH (1N 
solution in water, 0.22 mL, 0.22 mmol) at ambient temperature and the reaction mixture was 
vigorously stirred until TLC indicated complete consumption of the starting material (ca. 6 h). The 
reaction was cooled to 0 °C and neutralized with aqueous HCl (1N, 0.22 mL, 0.22 mmol). After the 
mixture was extracted with EtOAc (4 × 10 mL), the combined organic layers were washed with 
saturated NaCl solution (5 mL), dried over MgSO4, filtered, and concentrated in vacuo. Flash 
chromatography (CH2Cl2/MeOH, 95:5? 9:1) afforded acid 56 (5.7 mg, 92% yield) as a white solid; 
m.p. 108–110 °C. TLC (CH2Cl2/MeOH, 9:1): Rf = 0.38; 1H NMR (400 MHz, CDCl3): δ = 2.60 (q, J 
= 7.2 Hz, 2H, 4-H), 2.72 (t, J = 7.1 Hz, 2H, 5-H), 3.67 (s, 3H, OCH3), 4.26–4.34 (m, 2H, 3’-H), 
5.51 (br s, 1H, NH), 5.87 (d, J = 15.7 Hz, 1H, 2-H), 6.05–6.14 (m, 1H, 2’-H), 6.29 (d, J = 11.9 Hz, 
1H, 1’-H), 7.08 (dt, J = 15.5, 6.8 Hz, 1H, 3-H), 7.36 (s, 1H, 5’’-H); 13C NMR (100 MHz, CDCl3): δ 
= 24.6 (C-5), 30.9 (C-4), 39.4 (C-3’), 52.2 (OCH3), 116.5 (C-1’), 121.4 (C-2), 133.9 (C-5’’), 136.5 
(C-4’’), 140.5 (C-2’), 150.1 (C-5’’), 157.2 (CO2CH3), 160.1 (C-2’’), 170.4 (C-1); HRMS (ESI): 
calcd for C14H18NaN2O5 [M+Na]+: 303.09514, found 303.09516.  
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Methyl (2Z)-3-{4-[(1E)-3-oxoprop-1-enyl]-1,3-oxazol-2-yl}prop-2-enylcarbamate (57): a) 
Reduction to the allyl alcohol: To a solution of ester 31 (46 mg, 0.17 mmol) in CH2Cl2 (3 mL), at 
–80 °C, was added dropwise DIBAL-H (1M in hexanes, 0.43 mL, 0.43 mmol, 2.5 equiv). The 
reaction was stirred at –80 °C for 1 h, quenched with saturated aqueous NH4Cl solution and warmed 
up to room temperature. It was then treated with saturated potassium and sodium tartrate (Rochelle 
salt)/EtOAc (20:20 mL) and the mixture was vigorously stirred for 10 min. After the layers were 
separated, the aqueous layer was extracted with EtOAc (3 × 20 mL). The combined organic extracts 
were washed with saturated NaCl solution, dried over MgSO4, filtered, and concentrated in vacuo. 
Flash chromatography of the residue (CH2Cl2/MeOH, 97:3? 95:5) afforded the corresponding 
alcohol (37.2 mg, 92% yield) which was subjected to Dess-Martin periodinane oxidation. TLC 
(CH2Cl2/MeOH, 9:1): Rf = 0.38. 
b) Preparation of aldehyde 57: To a cooled (0 °C) solution of alcohol obtained in the previous 
step (37.2 mg, 0.16 mmol) in a mixture of CH2Cl2 (2 mL) and CH3CN (0.8 mL) was added a 
solution of Dess-Martin periodinane (15% wt, 0.66 mL, 0.32 mmol), followed by addition of 
pyridine (26 µL, 0.32 mmol). After stirring for 10 min at 0 °C and for 1.5 h at room temperature, 
the reaction mixture was concentrated, loaded on a flash silica gel column, and eluted with 
petroleum ether/EtOAc, 4:1 to give 34 mg (93%) of aldehyde 57, which was used directly in the 
next reaction. TLC (CH2Cl2/MeOH, 9:1): Rf = 0.47; 1H NMR (400 MHz, CDCl3): δ = 3.67 (s, 3H, 
OCH3), 4.37 (dd, J = 5.9 Hz, 2H, 3’-H), 5.45 (br s, 1H, NH), 6.18–6.27 (m, 1H, 2’-H), 6.32 (d, J = 
11.9 Hz, 1H, 1’-H), 6.86 (dd, J = 15.5 Hz, 8.0 Hz, 1H, 2-H), 7.31 (d, J = 15.6 Hz, 1H, 3-H), 7.85 (s, 
1H, 5’’-H), 9.68 (d, J = 7.8 Hz, 1H, CHO); 13C NMR (100 MHz, CDCl3): δ = 39.6 (C-3’), 52.2 (OCH3), 
115.4 (C-1’), 125.9 (C-2), 130.3 (C-5’’), 135.1 (C-4’’), 139.1 (C-3), 139.3 (C-2’), 157.1 (CO2CH3), 161.0 
(C-2’’), 193.0 (C-1).  
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Methyl (2Z,4E)-5-(2-{(1Z)-3-[(methoxycarbonyl)amino]prop-1-enyl}-1,3-oxazol-4-yl)penta-
2,4-dienoate (58): A solution of 18-crown-6, freshly recrystallized from acetonitrile, (100 mg, 0.38 
mmol, 6 equiv) and bis(2,2,2-trifluoroethyl)(methoxycarbonylmethyl) phosphonate[7] (34) (32 µL, 
0.15 mmol, 2.4 equiv) in THF (2.0 mL) was cooled to –80 °C, and treated with KHMDS (0.5M 
solution in toluene, 260 µL, 0.13 mmol, 2.2 equiv). After 1 h, a solution of aldehyde 57 (15 mg, 
0.063 mmol, 1 equiv) in THF (0.5 mL) was added over a period of 5 min. After 1 h, TLC indicated 
complete consumption of aldehyde. Now the reaction was quenched with saturated NH4Cl and 
warmed to room temperature. After the mixture was extracted with EtOAc (3 × 15 mL), the 
combined organic layers were washed with saturated NaCl solution (5 mL), dried over MgSO4, 
filtered, and concentrated in vacuo. Flash chromatography (CH2Cl2/MeOH, 98:2) afforded ester 58 
(12.6 mg, 68% yield) as a colorless oil. TLC (CH2Cl2/MeOH, 9:1): Rf = 0.65; 1H NMR (400 MHz, 
CDCl3): δ = 3.68 (s, 3H, 4’-OCH3), 3.75 (s, 3H, 1-OCH3), 4.37 (dd, J = 5.9 Hz, 2H, 3’-H), 5.55 (br 
s, 1H, NH), 5.74 (d, J = 11.1 Hz, 1H, 2-H), 6.14–6.23 (m, 1H, 2’-H), 6.30 (d, J = 11.9 Hz, 1H, 1’-
H), 6.61–6.72 (m, 2H, 3-H, 5-H), 7.67 (s, 1H, 5’’-H), 8.13 (dd, J = 15.4, 11.9 Hz, 1H, 4-H); 13C 
NMR (100 MHz, CDCl3): δ = 39.4 (C-3’), 51.3 (1-OCH3), 52.2 (4’-OCH3), 116.1 (C-1’), 118.2 (C-
5), 127.0 (C-2), 128.5 (C-4), 136.4 (C-5’’), 138.1 (C-4’’), 139.7 (C-2’), 143.7 (C-3), 157.2 (C-4’), 
160.4 (C-2’’), 166.7 (C-1); HRMS (ESI): calcd for C14H16NaN2O5 [M+Na]+: 315.09514, found 
315.09542.  
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(2Z,4E)-5-(2-{(1Z)-3-[(Methoxycarbonyl)amino]prop-1-enyl}-1,3-oxazol-4-yl)penta-2,4-dienoic 
acid (59): A solution of ester 58 (11.2 mg, 0.038 mmol) in THF (0.5 mL) was treated with LiOH 
(1N solution in water, 0.5 mL, 0.5 mmol) at ambient temperature and the reaction mixture was 
vigorously stirred until TLC indicated complete consumption of the starting material (ca. 8 h). The 
reaction was cooled to 0 °C and neutralized with aqueous HCl (1N, 0.5 mL, 0.5 mmol). After the 
mixture was extracted with EtOAc (4 × 15 mL), the combined organic layers were washed with 
saturated NaCl solution (5 mL), dried over MgSO4, filtered, and concentrated in vacuo. Flash 
chromatography (CH2Cl2/MeOH, 95:5? 9:1) afforded acid 59 (9.8 mg, 93% yield) as a colorless 
solid; m.p. 158–160 °C. Rf = 0.47 (CH2Cl2/MeOH, 9:1); 1H NMR (400 MHz, CD3OD): δ = 3.64 (s, 
3H, 4’-OCH3), 4.36 (d, J = 5.8 Hz, 2H, 3’-H), 5.72 (d, J = 11.4 Hz, 1H, 2-H), 6.06–6.14 (m, 1H, 2’-
H), 6.30 (d, J = 11.9 Hz, 1H, 1’-H), 6.72–6.80 (m, 2H, 3-H, 5-H), 7.95 (s, 1H, 5’’-H), 8.13 (dd, J = 
15.4, 11.9 Hz, 1H, 4-H); 13C NMR (100 MHz, CD3OD): δ = 41.1 (C-3’), 52.6 (4’-OCH3), 115.6 (C-
1’), 119.9 (C-5), 128.1 (C-2), 129.3 (C-4), 138.9 (C-5’’), 140.6 (C-2’), 141.0 (C-4’’), 144.9 (C-3), 
159.7 (C-4’), 162.3 (C-2’’), 170.0 (C-1); HRMS (ESI): calcd for C13H14NaN2O5 [M+Na]+: 
301.07949, found 301.07988.  
 


                                                
[7] W. C. Still, C. Gennari, Tetrahedron Lett. 1983, 24, 4405-4408. 
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Methyl (2E,4E)-5-(2-{(1Z)-3-[(methoxycarbonyl)amino]prop-1-enyl}-1,3-oxazol-4-yl)penta-
2,4-dienoate (60): To a solution of aldehyde 57 (14.2 mg, 0.06 mmol, 1 equiv) in CH2Cl2 (1 mL) at 
ambient temperature was added (methoxycarbonylmethylene)triphenylphosphorane[1] (40.0 mg, 
0.12 mmol, 2 equiv). The reaction mixture was stirred for 4 h, concentrated in vacuo and purified 
by flash chromatography (CH2Cl2/MeOH, 98:2) to afford unsaturated ester 60 (15.2 mg, 87%) as a 
colorless solid; m.p. 132–134 °C. Rf = 0.67 (CH2Cl2/MeOH, 9:1); 1H NMR (400 MHz, CDCl3): δ = 
3.68 (s, 3H, 4’-OCH3), 3.75 (s, 3H, 1-OCH3), 4.35–4.42 (m, 2H, 3’-H), 5.47 (br s, 1H, NH), 6.02 (d, 
J = 15.4 Hz, 1H, 2-H), 6.12–6.20 (m, 1H, 2’-H), 6.30 (d, J = 11.9 Hz, 1H, 1’-H), 6.69 (d, J = 15.2 
Hz, 1H, 5-H), 7.04 (dd, J = 15.2, 11.6 Hz, 1H, 4-H), 7.38 (dd, J = 15.2, 11.5 Hz, 1H, 3-H) 7.62 (s, 
1H, 5’’-H); 13C NMR (100 MHz, CDCl3): δ = 39.6 (C-3’), 51.6 (1-OCH3), 52.2 (4’-OCH3), 115.9 
(C-1’), 121.8 (C-5), 127.3 (C-4), 128.3 (C-2), 136.6 (C-5’’), 138.3 (C-4’’), 139.4 (C-2’), 143.9 (C-3), 
157.2 (C-4’), 160.5 (C-2’’), 167.4 (C-1); HRMS (ESI): calcd for C14H16NaN2O5 [M+Na]+: 
315.09514, found 315.09519.  
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(2E,4E)-5-(2-{(1Z)-3-[(Methoxycarbonyl)amino]prop-1-enyl}-1,3-oxazol-4-yl)penta-2,4-dienoic 
acid (61): A solution of ester 60 (12.1 mg, 0.04 mmol) in THF (0.5 mL) was treated with LiOH (1N 
solution in water, 0.5 mL, 0.5 mmol) at ambient temperature and the reaction mixture was 
vigorously stirred until TLC indicated complete consumption of the starting material (ca. 7 h). The 
reaction was cooled to 0 °C and neutralized with aqueous HCl (1N, 0.5 mL, 0.5 mmol). After the 
mixture was extracted with EtOAc (4 × 15 mL), the combined organic layers were washed with 
saturated NaCl solution (5 mL), dried over MgSO4, filtered, and concentrated in vacuo. Flash 
chromatography (CH2Cl2/MeOH, 95:5? 9:1) afforded acid 61 (10.2 mg, 92% yield) as a colorless 
solid; m.p. 177–179 °C. Rf = 0.51 (CH2Cl2/MeOH, 9:1); 1H NMR (400 MHz, CD3OD): δ = 3.65 (s, 
3H, 4’-OCH3), 4.37 (d, J = 5.3 Hz, 2H, 3’-H), 6.01 (d, J = 15.4 Hz, 1H, 2-H), 6.07–6.15 (m, 1H, 2’-
H), 6.31 (d, J = 11.9 Hz, 1H, 1’-H), 6.85 (d, J = 15.2 Hz, 1H, 5-H), 7.08 (dd, J = 15.2, 11.4 Hz, 1H, 
4-H), 7.40 (dd, J = 15.0, 11.2 Hz, 1H, 3-H), 7.96 (s, 1H, 5’’-H); 13C NMR (100 MHz, CD3OD): δ = 
41.1 (C-3’), 52.6 (4’-OCH3), 115.5 (C-1’), 123.3 (C-5), 129.0 (C-4), 129.3 (C-2), 139.0 (C-5’’), 
140.7 (C-2’), 145.7 (C-3), 159.7 (C-4’), 162.3 (C-2’’), 170.4 (C-1); HRMS (ESI): calcd for 
C13H14NaN2O5 [M+Na]+: 279.09755, found 279.09812.  
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Neo-oxazole 62: To a solution of alcohol 16 (5.3 mg, 0.016 mmol, 1 equiv), acid 53 (7.7 mg, 0.032 
mmol, 2.0 equiv) and PPh3 (9.2 mg, 0.035 mmol, 2.2 equiv) in a mixture of absolute benzene (0.8 
mL) and THF (1.5 mL), was added diisopropyl azodicarboxylate (70 µL, 0.5M solution in benzene, 
0.035 mmol, 2.2 equiv). After stirring for 1 h at ambient temperature the reaction mixture was 
concentrated in vacuo and the residue purified by flash chromatography (hexane/EtOAC, 
2:1? 1.5:1? 1:1) to afford neopeltolide analogue 62 (7.5 mg, 88%) as a colorless oil. Rf = 0.58 
(petroleum ether/EtOAc, 1:1); [α]20


D = +28.8 (c 0.7, CH2Cl2); 1H NMR (400 MHz, CD3OD): δ = 
0.93 (t, J = 7.3 Hz, 3H, 16-H), 0.99 (d, J = 6.6 Hz, 3H, 17-H), 1.08–1.16 (m, 1H, 10-H), 1.22–1.44 
(m, 6H, 8-H, 9-H, 12-H, 15-H), 1.45–1.64 (m, 4H, 10-H, 4-H, 6-H, 14-H), 1.65–1.83 (m, 2H, 6-H, 
14-H), 1.86–1.97 (m, 2H, 4-H, 12-H), 2.31 (dd, J = 14.8, 11.0 Hz, 1H, 2-H), 2.73 (dd, J = 14.7, 4.3 
Hz, 1H, 2-H), 3.28 (s, 3H, 11-OCH3), 3.59–3.75 (m, 5H, 7-H, 29-OCH3, 11-H), 4.15–4.24 (m, 1H, 
3-H), 4.34 (d, J = 4.8 Hz, 2H, 24-H), 5.14–5.22 (m, 1H, 13-H), 5.36–5.41 (m, 1H, 5-H), 6.15–6.23 
(m, 1H, 23-H), 6.37 (dt, J = 11.9, 2.0 Hz, 1H, 22-H), 8.62 (s, 1H, 20-H); 13C NMR (100 MHz, 
CD3OD): δ = 14.1 (C-16), 20.0 (C-15), 26.0 (C-17), 32.5 (C-9), 36.2 (C-4), 37.4 (C-6), 37.9 (C-14), 
41.1 (C-12), 43.2 (C-2), 43.6 (C-10), 45.3 (C-8), 52.6 (25-OCH3), 56.4 (11-OCH3), 70.7 (C-5), 71.2 (C-
3), 73.9 (C-13), 76.9 (C-7), 77.1 (C-11), 115.2 (C-22), 135.2 (C-20), 141.9 (C-23), 145.8 (C-19), 159.6 
(C-25), 161.8 (C-21), 162.5 (C-18), 173.1 (C-1); HRMS (ESI): calcd for C27H40NaN2O9 [M+Na]+: 
559.26260, found 559.26265.  
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Neo-enoate 63: To a solution of alcohol 16 (4.1 mg, 0.0125 mmol, 1 equiv), acid 54 (5.6 mg, 0.02 
mmol, 1.6 equiv) and PPh3 (5.8 mg, 0.022 mmol, 1.76 equiv) in absolute benzene (0.7 mL) was 
added diisopropyl azodicarboxylate (44 µL, 0.5M solution in benzene, 0.022 mmol, 1.76 equiv). 
After stirring for 1 h at ambient temperature the reaction mixture was concentrated in vacuo and the 
residue was purified by flash column chromatography (hexane/EtOAC, 2:1? 1:1? 1:2) to afford 
neopeltolide analogue 63 (5.6 mg, 76%) as a colorless oil. Rf = 0.57 (petroleum ether/EtOAc, 1:1); 
[α]20


D = +20.5 (c 0.4, CH2Cl2); 1H NMR (400 MHz, CD3OD): δ = 0.93 (t, J = 7.3 Hz, 3H, 16-H), 
0.99 (d, J = 6.6 Hz, 3H, 17-H), 1.07–1.14 (m, 1H, 10-H), 1.21–1.42 (m, 6H, 8-H, 9-H, 12-H, 15-H), 
1.44–1.61 (m, 4H, 10-H, 4-H, 6-H, 14-H), 1.67–1.79 (m, 2H, 6-H, 14-H), 1.84–1.95 (m, 2H, 4-H, 12-
H), 2.31 (dd, J = 14.7, 10.9 Hz, 1H, 2-H), 2.72 (dd, J = 14.7, 4.3 Hz, 1H, 2-H), 3.28 (s, 3H, 11-
OCH3), 3.62–3.74 (m, 5H, 7-H, 27-OCH3, 11-H), 4.10–4.19 (m, 1H, 3-H), 4.38 (d, J = 4.6 Hz, 2H, 
26-H), 5.14–5.22 (m, 1H, 13-H), 5.23–5.28 (m, 1H, 5-H), 6.11–6.19 (m, 1H, 25-H), 6.34 (dt, J = 11.9, 
2.0 Hz, 1H, 24-H), 6.65 (d, J = 15.7 Hz, 1H, 19-H), 7.59 (d, J = 15.4 Hz, 1H, 20-H), 8.15 (s, 1H, 22-
H); 13C NMR (100 MHz, CD3OD): δ = 14.1 (C-16), 20.0 (C-15), 26.0 (C-17), 32.5 (C-9), 36.3 (C-
4), 37.4 (C-6), 37.9 (C-14), 41.1 (C-12), 43.3 (C-2), 43.5 (C-10), 45.3 (C-8), 52.6 (27-OCH3), 56.4 
(11-OCH3), 69.8 (C-5), 71.3 (C-3), 74.0 (C-13), 77.1 (C-7), 77.1 (C-11), 115.3 (C-24), 121.0 (C-
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19), 134.1 (C-22), 139.3 (C-25), 141.2 (C-20), 141.3 (C-21), 159.7 (C-27), 162.5 (C-23), 167.4 (C-
18), 173.1 (C-1); HRMS (ESI): calcd for C29H42NaN2O9 [M+Na]+: 585.27825, found 585.27827.  
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Neo-trans 64: To a solution of alcohol 16 (4.1 mg, 0.0125 mmol, 1 equiv), acid 56 (5.6 mg, 0.02 
mmol, 1.6 equiv) and PPh3 (5.8 mg, 0.022 mmol, 1.76 equiv) in absolute benzene (0.7 mL) was 
added diisopropyl azodicarboxylate (44 µL, 0.5M solution in benzene, 0.022 mmol, 1.76 equiv). 
After stirring for 1 h at ambient temperature the reaction mixture was concentrated in vacuo and the 
residue purified by flash chromatography (hexane/EtOAC, 2:1? 1:1? 1:2) to afford 19-trans 
neopeltolide 64 (5.6 mg, 76%) as a colorless oil. Rf = 0.44 (petroleum ether/EtOAc, 1:1); [α]20


D = 
+31.0 (c 0.4, CH2Cl2); 1H NMR (400 MHz, CD3OD): δ = 0.93 (t, J = 7.3 Hz, 3H, 16-H), 0.99 (d, J = 
6.8 Hz, 3H, 17-H), 1.08–1.15 (m, 1H, 10-H), 1.23–1.42 (m, 6H, 8-H, 9-H, 12-H, 15-H), 1.44–1.62 
(m, 4H, 10-H, 4-H, 6-H, 14-H), 1.64–1.76 (m, 2H, 6-H, 14-H), 1.78–1.93 (m, 2H, 4-H, 12-H), 2.28 
(dd, J = 14.9, 11.1 Hz, 1H, 2-H), 2.60 (q, J = 7.2 Hz, 2H, 21-H), 2.66–2.77 (m, 3H, 2-H, 22-H), 
3.27 (s, 3H, 11-OCH3), 3.58 (apt, J = 10.0 Hz, 1H, 7-H), 3.62–3.72 (m, 4H, 29-OCH3, 11-H), 4.03–
4.12 (m, 1H, 3-H), 4.30 (d, J = 4.6 Hz, 2H, 28-H), 5.13–5.21 (m, 2H, 13-H, 5-H), 5.95 (d, J = 15.7 
Hz, 1H, 19-H), 5.99–6.07 (m, 1H, 27-H), 6.28 (dt, J = 11.9, 2.0 Hz, 1H, 26-H), 7.03 (dt, J = 15.5, 
6.8 Hz, 1H, 20-H), 7.65 (s, 1H, 24-H); 13C NMR (100 MHz, CD3OD): δ = 14.1 (C-16), 20.0 (C-15), 
25.5 (C-22), 26.0 (C-17), 31.8 (C-21), 32.6 (C-9), 36.2 (C-4), 37.4 (C-6), 38.0 (C-14), 41.1 (C-12), 
43.2 (C-2), 43.5 (C-10), 45.3 (C-8), 52.6 (29-OCH3), 56.4 (11-OCH3), 69.4 (C-5), 71.2 (C-3), 74.0 
(C-13), 77.1 (C-7), 77.1 (C-11), 115.9 (C-26), 123.2 (C-19), 136.1 (C-24), 139.3 (C-27), 141.9 (C-
23), 149.7 (C-20), 161.9 (C-25), 167.2 (C-18), 173.1 (C-1); HRMS (ESI): calcd for C31H46NaN2O9 
[M+Na]+: 613.30955, found 613.31007.  
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Neo-diene-Z,E 65: To a solution of alcohol 16 (4.6 mg, 0.014 mmol, 1 equiv), acid 59 (7.8 mg, 
0.028 mmol, 2.0 equiv) and PPh3 (8.1 mg, 0.031 mmol, 2.2 equiv) in a mixture of absolute benzene 
(1.0 mL) and THF (1.0 mL) was added diisopropyl azodicarboxylate (62 µL, 0.5M solution in 
benzene, 0.031 mmol, 2.2 equiv). After stirring for 1 h at ambient temperature the reaction mixture 
was concentrated in vacuo and the residue purified by flash chromatography (hexane/EtOAC, 
2:1? 1.5:1? 1:1) to afford neopeltolide analog 65 (7.0 mg, 85%) as a colorless oil. Rf = 0.61 
(petroleum ether/EtOAc, 1:1); [α]20


D = +30.5 (c 0.6, CH2Cl2); 1H NMR (400 MHz, CD3OD): δ = 
0.92 (t, J = 7.3 Hz, 3H, 16-H), 0.97 (d, J = 6.8 Hz, 3H, 17-H), 1.08–1.15 (m, 1H, 10-H), 1.26–1.42 
(m, 6H, 8-H, 9-H, 12-H, 15-H), 1.44–1.62 (m, 4H, 10-H, 4-H, 6-H, 14-H), 1.63–1.76 (m, 2H, 6-H, 
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14-H), 1.84–1.92 (m, 2H, 4-H, 12-H), 2.30 (dd, J = 14.8, 11.0 Hz, 1H, 2-H), 2.71 (dd, J = 14.8, 4.2 
Hz, 1H, 2-H), 3.27 (s, 3H, 11-OCH3), 3.56–3.72 (m, 5H, 7-H, 29-OCH3, 11-H), 4.07–4.16 (m, 1H, 
3-H), 4.36 (dd, J = 4.6 Hz, 2H, 28-H), 5.12–5.20 (m, 1H, 13-H), 5.21–5.25 (m, 1H, 5-H), 5.81 (d, J 
= 11.4 Hz, 1H, 19-H), 6.06–6.14 (m, 1H, 27-H), 6.32 (d, J = 11.9 Hz, 1H, 26-H), 6.77–6.87 (m, 2H, 
20-H, 22-H), 7.98 (s, 1H, 24-H), 8.15 (dd, J = 15.5, 11.8 Hz, 1H, 21-H); 13C NMR (100 MHz, 
CD3OD): δ = 14.1 (C-16), 20.0 (C-15), 25.9 (C-17), 32.5 (C-9), 36.3 (C-4), 37.4 (C-6), 37.9 (C-14), 
41.0 (C-12), 43.2 (C-2), 43.5 (C-10), 45.3 (C-8), 52.6 (29-OCH3), 56.4 (11-OCH3), 69.2 (C-5), 71.3 
(C-3), 74.0 (C-13), 77.0 (C-7), 77.1 (C-11), 115.7 (C-26), 119.1 (C-22), 127.8 (C-19), 130.1 (C-24), 
139.1 (C-27), 140.6 (C-23), 141.0 (C-21), 145.6 (C-20), 159.7 (C-29), 162.3 (C-25), 167.0 (C-18), 
173.1 (C-1); HRMS (ESI): calcd for C31H44NaN2O9 [M+Na]+: 611.29390, found 611.29403.  
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Neo-diene-E,E 66: To a solution of alcohol 16 (4.4 mg, 0.013 mmol, 1 equiv), acid 61 (7.2 mg, 
0.026 mmol, 2.0 equiv) and PPh3 (7.6 mg, 0.029 mmol, 2.2 equiv) in a mixture of absolute benzene 
(1.0 mL) and THF (1.0 mL) was added diisopropyl azodicarboxylate (58 µL, 0.5M solution in 
benzene, 0.029 mmol, 2.2 equiv). After stirring for 1 h at ambient temperature the reaction mixture 
was concentrated in vacuo and the residue purified by flash chromatography (hexane/EtOAC, 
2:1? 1.5:1? 1:1) to afford neopeltolide analogue 66 (6.6 mg, 86%) as a colorless oil. Rf = 0.64 
(petroleum ether/EtOAc, 1:1); [α]20


D = +47.5 (c 0.6, CH2Cl2); 1H NMR (400 MHz, CD3OD): δ = 
0.93 (t, J = 7.3 Hz, 3H, 16-H), 0.99 (d, J = 6.6 Hz, 3H, 17-H), 1.08–1.17 (m, 1H, 10-H), 1.26–1.43 
(m, 6H, 8-H, 9-H, 12-H, 15-H), 1.45–1.62 (m, 4H, 10-H, 4-H, 6-H, 14-H), 1.67–1.77 (m, 2H, 6-H, 
14-H), 1.83–1.95 (m, 2H, 4-H, 12-H), 2.30 (dd, J = 14.8, 11.0 Hz, 1H, 2-H), 2.71 (dd, J = 14.9, 4.3 
Hz, 1H, 2-H), 3.28 (s, 3H, 11-OCH3), 3.59–3.72 (m, 5H, 7-H, 29-OCH3, 11-H), 4.07–4.16 (m, 1H, 
3-H), 4.38 (d, J = 4.6 Hz, 2H, 28-H), 5.14–5.24 (m, 2H, 13-H, 5-H), 6.07–6.16 (m, 2H, 19-H, 27-
H), 6.31 (dt, J = 11.9, 2.0 Hz, 1H, 26-H), 6.91 (d, J = 15.2 Hz, 1H, 22-H), 7.11 (dd, J = 15.2, 11.4 
Hz, 1H, 21-H), 7.46 (dd, J = 15.2, 11.1 Hz, 1H, 20-H), 7.97 (s, 1H, 24-H); 13C NMR (100 MHz, 
CD3OD): δ = 14.1 (C-16), 20.0 (C-15), 26.0 (C-17), 32.5 (C-9), 36.3 (C-4), 37.4 (C-6), 38.0 (C-14), 
41.1 (C-12), 43.3 (C-2), 43.5 (C-10), 45.3 (C-8), 52.6 (29-OCH3), 56.4 (11-OCH3), 69.6 (C-5), 71.2 
(C-3), 74.0 (C-13), 77.0 (C-7), 77.1 (C-11), 115.5 (C-26), 122.9 (C-22), 129.2 (C-21), 129.5 (C-19), 
139.2 (C-24), 140.7 (C-27), 140.7 (C-23), 145.8 (C-20), 159.7 (C-29), 162.3 (C-25), 167.8 (C-18), 
173.1 (C-1); HRMS (ESI): calcd for C31H46NaN2O9 [M+H]+: 589.31196, found 589.31195.  
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Supplementary Material 2 
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Table S1. Selected interatomic distances (Å) and angles (deg.) for complex 1. 4 


Ni1–O1 2.052(2) O2–Ni2–O21 155.39(9) 


Ni1–O2 2.073(2) O2–Ni2–N21 98.78(10) 


Ni1−O4 2.075(2) O3–Ni2–O21 118.26(9) 


Ni1–O5 2.146(3) O3–Ni2–N21 101.26(9) 


Ni1–O11 1.985(3) O21–Ni2–N21 88.91(10) 


Ni1–N11 2.023(3) O1–Ni3–O3 81.57(8) 


Ni2–O1 2.033(2) O1–Ni3–O4 81.03(8) 


Ni2–O2 2.032(2) O1–Ni3–O6 88.79(9) 


Ni2–O3 2.009(2) O1–Ni3–O31 173.34(9) 


Ni2–O21 2.004(2) O1–Ni3–N31 98.76(9) 


Ni2–N21 1.986(2) O3–Ni3–O4 82.23(8) 


Ni3–O1 2.042(2) O3–Ni3–O6 169.29(9) 


Ni3–O3 2.082(2) O3–Ni3–O31 99.81(8) 


Ni3–O4 2.045(2) O3–Ni3–N31 95.67(9) 


Ni3–O6 2.259(2) O4–Ni3–O6 91.70(9) 


Ni3–O31 1.976(2) O4–Ni3–O31 92.67(8) 


Ni3–N31 2.018(3) O4–Ni3–N31 177.90(9) 


Ni4–O2 2.084(2) O6–Ni3–O31 89.24(9) 


Ni4–O3 2.096(2) O6–Ni3–N31 90.38(10) 


Ni4–O4 2.082(2) O31–Ni3–N31 87.61(9) 


Ni4–O7 2.120(2) O2–Ni4–O3 79.94(8) 


Ni4–O41 2.010(2) O2–Ni4–O4 81.74(8) 


Ni4–N41 2.039(2) O2–Ni4–O7 90.63(8) 


Ni1⋅⋅⋅Ni2 3.1061(6) O2–Ni4–O41 90.00(8) 


Ni1⋅⋅⋅Ni3 3.1211(6) O2–Ni4–N41 171.89(9) 


Ni1⋅⋅⋅Ni4 3.1149(6) O3–Ni4–O4 81.01(8) 


Ni2⋅⋅⋅Ni3 3.0508(6) O3–Ni4–O7 162.92(8) 


Ni2⋅⋅⋅Ni4 3.1020(6) O3–Ni4–O41 98.35(8) 


Ni3⋅⋅⋅Ni4 3.1295(6) O3–Ni4–N41 93.86(9) 


N42−H⋅⋅⋅O31 2.662(3) O4–Ni4–O7 83.57(8) 


N32−H⋅⋅⋅O21 2.889(3) O4–Ni4–O41 171.70(8) 


N22−H⋅⋅⋅O41 2.625(3) O4–Ni4–N41 102.60(8) 
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O1−H⋅⋅⋅O1S 2.734(4) O1–Ni2–O21 88.81(9) 


O7−H⋅⋅⋅O11 2.644(3) O1–Ni2–N21 175.15(9) 


O1–Ni1–O2 80.18(8) O2–Ni2–O3 83.30(8) 


O1–Ni1–O4 80.07(8) O7–Ni4–O41 95.85(9) 


O1–Ni1–O5 90.93(11) O7–Ni4–N41 96.64(9) 


O1–Ni1–O11 171.58(9) O41–Ni4–N41 85.70(9) 


O1–Ni1–N11 98.18(11) Ni1–O1–Ni2 98.97(10) 


O2–Ni1–O4 82.17(8) Ni1–O1–Ni3 99.34(9) 


O2–Ni1–O5 168.30(10) Ni2–O1–Ni3 96.94(9) 


O2–Ni1–O11 93.91(9) Ni1–O2–Ni2 98.34(9) 


O2–Ni1–N11 98.02(10) Ni1–O2–Ni4 97.05(8) 


O4–Ni1–O5 88.85(9) Ni2–O2–Ni4 97.82(9) 


O4–Ni1–O11 93.25(9) Ni2–O3–Ni3 96.45(8) 


O4–Ni1–N11 178.19(11) Ni2–O3–Ni4 98.17(9) 


O5–Ni1–O11 94.08(11) Ni3–O3–Ni4 97.03(8) 


O5–Ni1–N11 90.72(11) Ni1–O4–Ni3 98.50(8) 


O11–Ni1–N11 88.53(12) Ni1–O4–Ni4 97.05(8) 


O1–Ni2–O2 81.63(9) Ni3–O4–Ni4 98.61(8) 
O1–Ni2–O3 83.59(8)   


 1 


2 







 4


 1 
Figure S1. ORTEP representation at the 50% level of probability of complex 2 


[Ni4(OH)(OMe)3(Hphpz)4(MeOH)3]. Only heteroatoms are labeled and hydrogen atoms 3 


are not shown. 4 


 5 


 6 


 7 
Figure S2. Idealized symmetry groups of complexes with a [Ni4O4] core, with the 8 


distribution of intramolecular magnetic interactions. Blue and red balls are Ni and O 9 
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atoms, respectively. Each type of interaction is represented by a different color of the bars 1 


connecting Ni atoms. 2 


 3 


Among the collection of compounds in the Cambridge Structure Database, only two 4 


examples display pentacoordinated NiII centers (two of the four metals in each case).[55, 56] 5 


In D2d or S4 symmetry there are two different sets (of 2 and 4, respectively) of pairwise 6 


exchange couplings (Figure S1). Complexes with this symmetry constitute the largest 7 


group (34 examples, e.g. [8, 57]). The next largest group is that of C2 symmetry in which 8 


there are four different sets of exchange couplings with 2, 2, 1, and 1 members, 9 


respectively (8 cases, e.g. [58, 59]). The other symmetries are less common: C2v (three sets 10 


of couplings with 4, 1, and 1 members, respectively; 3 examples),[16, 60] C1 (all couplings 11 


different, 3 examples),[39, 40] D2 (three sets of couplings with 2, 2, and 2 members, 12 


respectively; 2 examples)[61, 62] and Td (all coupling constants equal, 1 example).[63] This 13 


survey shows that 1 is one of the few [Ni4O4] cubanes with no (idealized) symmetry 14 


elements at all. 15 
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TABLE S1. Calculated (B3LYP/6-31+G**//MP2/6-311++G**) Total Energy (E0), 


Zero-Point Energy (ZPE), Values of Thermal Correction (HT), and Heats of 
Formation (HOF) of the cations. 


Name E0 


(au) 
ZPE 
(au) 


HT 


(kJ/mol) 
HOF 


(kJ/mol) 
guanidinium cation -205.2570379 0.088421 16. 4 575.9 


4-amino-1H-1,2,4-triazolium cation -297.2005028 0.089612 15.5 910.7 
4-amino-1-methyl-1,2,4-triazolium cation -336.4026071 0.116980 18.1 866.6 
4-amino-1-ethyl-1,2,4-triazolium cation -375.6060696 0.145786 23.2 828.2 
4-amino-1-butyl-1,2,4-triazolium cation -453.9995324 0.202675 30.4 782.6 
1,5-diamino-4-methyl-tetrazolium cation -407.63759 0.121200 23.7 974.3 


1,5-diamino-4H-tetrazolium cation -368.4345101 0.093584 18.9 1018.0 
1,2,4-triazolium cation -242.00879 0.07324 12.0 835.0[1] 


1,2,3,4-tetrazolium cation -257.98206 0.06029 11.8 1016.5 
CH4 -40.3796224 0.044793 10.0 -74.6[2] 


CH3NH2 -95.59384 0.06403 11.5 -23.0[2] 
NH2NH2 -111.5836915 0.05331 11.0 95.4[2] 


NH3 -56.4154647 0.034384 10.0 -45.9[2] 
CH3CH3 -79.571631 0.07461 11.6 -84.0[2] 


CH3CH2CH3 -118.76734 0.10328 14.4 -103.8[2] 
 
Geometry Coordinates 
B3LYP/6-31+G(d,p) optimized geometries (Å) 
guanidinium cation 
N        -1.321565   -0.205759   -0.001103 
H        -1.712671   -1.117729   -0.190869 
H        -1.970964    0.542506    0.196530 
N        0.482509    1.247196   -0.000648 
H        -0.111583    2.041503   -0.192387 
H        1.455076    1.435319    0.197728 
C        -0.000067   -0.000207    0.000163 
N        0.839274   -1.041242    0.000175 
H        0.515935   -1.978052    0.195878 
H        1.823085   -0.923670   -0.196822 
 
4-amino-1H-1,2,4-triazolium cation 
C        -0.172838   -1.076494    0.000083 
N        0.646548   -0.011281    0.000012 
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H        0.138613   -2.111769    0.000087 
N        -1.420322    0.777774    0.000105 
C        -0.158532    1.114920   -0.000022 
H        0.217205    2.128611   -0.000051 
N        2.040327   -0.142025   -0.000050 
H        2.429365    0.280973   -0.840035 
H        2.429399    0.280570    0.840123 
N       -1.401764   -0.583657   -0.000104 
H       -2.279887   -1.094613   -0.000224 
 
4-amino-1-methyl-1,2,4-triazolium cation 
C        0.006248   -0.892372    0.000023 
N        1.094927   -0.099125    0.000000 
H        0.023968   -1.972845    0.000022 
N       -0.672815    1.221604   -0.000062 
C        0.633882    1.200485    0.000071 
H        1.273413    2.071788    0.000093 
N        2.397847   -0.610898   -0.000041 
H        2.889464   -0.311583   -0.839054 
H        2.889422   -0.311798    0.839074 
N       -1.048666   -0.091165    0.000002 
C       -2.477522   -0.450248    0.000000 
H       -2.708511   -1.025521   -0.897763 
H       -2.708536   -1.025431    0.897815 
H       -3.033921    0.485286   -0.000055 
 
4-amino-1-ethyl-1,2,4-triazolium cation 
C       -0.453418   -0.887568   -0.137908 
N       -1.533490   -0.103428    0.053323 
H       -0.465042   -1.967675   -0.154799 
N        0.204983    1.230107   -0.213824 
C       -1.083823    1.199207   -0.001677 
H       -1.720357    2.065219    0.113005 
N       -2.816937   -0.624592    0.253783 
H       -3.169571   -0.342863    1.165488 
H       -3.438629   -0.317566   -0.490684 
N        0.581950   -0.079408   -0.297782 
C        2.006363   -0.427326   -0.524049 
H        2.025570   -1.498340   -0.738854 
H        2.307146    0.113529   -1.424300 
C        2.877284   -0.063878    0.674751 
H        2.578027   -0.615324    1.570632 
H        3.913068   -0.326452    0.443355 
H        2.835814    1.008113    0.880951 
 
4-amino-1-butyl-1,2,4-triazolium cation 
C       -1.468585   -0.855263   -0.221426 
N       -2.546990   -0.156485    0.187768 
H       -1.423537   -1.930526   -0.314183 
N       -0.947058    1.301181   -0.244621 
C       -2.183445    1.173298    0.158119 
H       -2.840937    1.987160    0.429243 
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N       -3.754124   -0.770754    0.540764 
H       -3.976720   -0.569096    1.512693 
H       -4.498727   -0.457806   -0.077781 
N       -0.516687    0.026648   -0.479700 
C        0.875809   -0.214898   -0.925207 
H        0.902993   -1.239757   -1.304759 
H        1.045223    0.469640   -1.759876 
C        1.890069    0.004538    0.201158 
H        1.668208   -0.680790    1.029579 
H        1.784042    1.025836    0.584477 
C        3.327571   -0.223032   -0.294010 
H        3.420364   -1.241373   -0.694116 
H        3.535969    0.460086   -1.127533 
C        4.364487   -0.010810    0.814701 
H        4.204225   -0.702692    1.648806 
H        5.376146   -0.177806    0.434653 
H        4.321326    1.010001    1.209300 
 
1,5-diamino-4-methyl-tetrazolium cation 
C        0.015400    0.608371   -0.000002 
N        1.070948   -0.235973   -0.000003 
N        0.625821   -1.539709    0.000001 
N       -0.637344   -1.512320    0.000018 
N       -1.057975   -0.198681   -0.000015 
N        0.084884    1.933576    0.000021 
H        1.000085    2.369554    0.000013 
H       -0.739521    2.516578   -0.000035 
N        2.388355    0.176842   -0.000005 
H        2.860771   -0.162415    0.836451 
H        2.860759   -0.162380   -0.836482 
C       -2.483670    0.137308   -0.000003 
H       -2.734056    0.702498    0.900845 
H       -2.733930    0.703009   -0.900565 
H       -3.027312   -0.807060   -0.000310 
 
1,5-diamino-4H-tetrazolium cation 
C       -0.169518    0.731015    0.000001 
N       -0.332230   -0.611344    0.000001 
N        0.900190   -1.238153   -0.000001 
N        1.789356   -0.344684    0.000000 
N        1.165458    0.884456    0.000001 
N       -1.144434    1.625521   -0.000005 
H       -2.102518    1.291838   -0.000001 
H       -0.969528    2.620728    0.000020 
N       -1.564057   -1.232884    0.000000 
H       -1.669006   -1.803784   -0.837399 
H       -1.669015   -1.803770    0.837407 
H        1.727190    1.728519   -0.000002 
 


TABLE S2. Calculated (MP2/SBKJC+d[3]) Total Energy (E0), Scaled Zero-Point Energy 
(ZPE),[4] Values of Thermal Correction (HT), and Heats of Formation (HOF) of [M(NO3)6]3-, 
[M(L)4]-, [NO3]-, and [L]- anions (M = La,Ce; L = F,Cl). 
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Name  E0 (au) ZPE (au) HT 
(kJ/mol) 


HOF 
(kJ/mol) 


[La(NO3)6]3- -375.386523 0.094049 75.3 -1924.5 
[Ce(NO3)6]3- -382.505659 0.094215 74.9 -1911.6 
[LaF4]- -127.762092 0.005142 22.2 -1996.9[5] 
[LaCl4]- -90.962002 0.003179 25.5 -1254.2[5] 
[CeF4]- -134.899719 0.005168 22.2 -1998.2[5] 
[NO3]- -57.334849 0.013808 10.9 -306.2[6] 
[F]- -24.018946 0 0 -265.1[6] 
[Cl]- -14.871336 0 0 -233.8[6] 


 
Geometry Coordinates 
MP2/SBKJC+(d) optimized geometries (Å) 
[La(NO3)6]3- anion 
La       .000000     .000000     .000000 
O      -1.610453    -.929796    1.926717 
O       1.610453    -.929796    1.926717 
O        .000000   -1.859591   -1.926717 
O       1.610453     .929796   -1.926717 
O      -1.610453     .929796   -1.926717 
O        .000000    1.859591    1.926717 
N      -2.534764   -1.463447    1.187168 
N       2.534764   -1.463447    1.187168 
N        .000000   -2.926893   -1.187168 
N       2.534764    1.463447   -1.187168 
N      -2.534764    1.463447   -1.187168 
N        .000000    2.926893    1.187168 
O      -2.397008   -1.383913    -.090771 
O       2.397008   -1.383913    -.090771 
O        .000000   -2.767826     .090771 
O       2.397008    1.383913     .090771 
O      -2.397008    1.383913     .090771 
O        .000000    2.767826    -.090771 
O      -3.539128   -2.043317    1.716065 
O       3.539128   -2.043317    1.716065 
O        .000000   -4.086633   -1.716065 
O       3.539128    2.043317   -1.716065 
O      -3.539128    2.043317   -1.716065 
O        .000000    4.086633    1.716065 
 
[Ce(NO3)6]3- anion 
Ce       .000000     .000000     .000000 
O      -1.555958    -.898333    1.902795 
O       1.555958    -.898333    1.902795 
O        .000000   -1.796666   -1.902795 
O       1.555958     .898333   -1.902795 
O      -1.555958     .898333   -1.902795 
O        .000000    1.796666    1.902795 
N      -2.488875   -1.436953    1.177648 
N       2.488875   -1.436953    1.177648 
N        .000000   -2.873905   -1.177648 
N       2.488875    1.436953   -1.177648 
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N      -2.488875    1.436953   -1.177648 
N        .000000    2.873905    1.177648 
O      -2.363399   -1.364509    -.101132 
O       2.363399   -1.364509    -.101132 
O        .000000   -2.729018     .101132 
O       2.363399    1.364509     .101132 
O      -2.363399    1.364509     .101132 
O        .000000    2.729018    -.101132 
O      -3.487490   -2.013503    1.721882 
O       3.487490   -2.013503    1.721882 
O        .000000   -4.027006   -1.721882 
O       3.487490    2.013503   -1.721882 
O      -3.487490    2.013503   -1.721882 
O        .000000    4.027006    1.721882 
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Preparation and characterization of [BMIM]NA 


 


Preparation of [BMIM]OH[1] 


 


Solid potassium hydroxide (25.930 g, 0.462 mol) was added to a solution of [BMIM]Br 


(101.131 g, 0.462 mol) in dry methylene chloride (200 mL), and the mixture was stirred vigorously 


at room temperature for 24h. The precipitated KBr was filtered off, and the filtrate was evaporated 


to leave the crude [BMIM]OH as a viscous liquid that was washed with ether (3×50 mL) and dried 


at 90?  for 10h to prepare the pure [BMIM]OH.  


 


Preparation of [BMIM]NA: [BMIM][CHC], [BMIM][Sa], [BMIM][NOA] 


 


To prepare [BMIM]NA, the equilimolar neutralization method similar to the procedure to 


synthesize [Ch]NA was adopted. [CHC] (5.962 g, about 0.047 mol) (6.420 g for [Sa], and 9.412 for 


[NOA], respectively) dissolved in ethanol (50 mL) was loaded into a flask (250 mL) with a 


magnetic stirrer, and then, under vigorous stirring, equimolar [BMIM]OH in 50 mL ethanol was 


added to the flask. The reaction lasted for 2 h at room temperature. The solvent was removed in 


vacuo at 50?  in a rotary evaporator. The resultant residue was dried under vacuum over P2O5 for 


48 h at 80?  to afford desired products. They were characterized by spectroscopic data: 


 


[BMIM][CHC]  


 


1H NMR, (400 MHz, DMSO, 25? , TMS): d= 8.88 (s, 1H; c1cncHn1), 7.71 (d, 1H, 3J (H,H) 


=3.6 Hz; c1Hcncn1), 7.65 (d, 1H, 3J (H,H) =3.2 Hz; c1cHncn1), 4.35 (t, 2H, 3J (H,H) =14.6 Hz; 


-NCH2CH2CH2CH3), 4.03 (s, 3H; -NCH3), 2.09 (m, 1H, 3J (H,H) =11.3 Hz; 


OC(=O)C1HCCCCC1), 1.94 (m, 2H, 3J (H,H) =14.6 Hz; -NCH2CH2CH2CH3), 1.79 (m, 2H, 3J 


(H,H) =10.1 Hz; OC(=O)C1CH2CCCC1), 1.70 (m, 2H, 3J (H,H) =3.8 Hz; OC(=O)C1CCCCC1H2), 


1.41 (m, 2H, 3J (H,H) = 12.0 Hz; -NCH2CH2CH2CH3), 1.31 (m, 6H, 3J (H,H) =12.2 Hz; 


OC(=O)C1CCH2CH2CH2C1), 0.97 (t, 3H, 3J (H,H) = 14.0 Hz; -NCH2CH2CH2CH3) ppm; 13C 


NMR, (100 MHz, DMSO, 25? , TMS): d= 178.28 (OC(=O)C1CCCCC1), 137.53 (c1cncn1), 







124.67 (c1cncn1), 123.32 (c1cncn1), 50.09 (-NCH2CH2CH2CH3), 47.86 (OC(=O)C1CCCCC1), 


36.47 (-NCH3), 32.69 (-NCH2CH2CH2CH3), 30.70 (OC(=O)C1CCCCC1), 25.78 


(OC(=O)C1CCCCC1), 19.91 (-NCH2CH2CH2CH3), 13.64 (-NCH2CH2CH2CH3) ppm; elemental 


analysis calcd (%) for C15H33N2O2: C 57.78, H 8.90, N 7.78; found: C 57.62, H 9.12, N 7.69.  


 


[BMIM][Sa] 


 


1H NMR, (400 MHz, D2O, 25? , TMS): d= 8.69 (s, 1H; c1cncHn1), 7.77 (d, 1H, 3J (H,H) =7.8 


Hz; c1Hcncn1), 7.62 (d, 1H, 3J (H,H) =3.2 Hz; c1cHncn1), 7.54 (d, 1H, 3J (H,H) =2.3 Hz; 


OC(=O)c1cHcccc1O), 7.40 (t, 1H, 3J (H,H) =8.4 Hz; OC(=O)c1ccccHc1O), 6.93 (m, 2H, 3J (H,H) 


=25.5 Hz; OC(=O)c1ccHcHcc1O), 4.29 (t, 2H, 3J (H,H) =8.9 Hz; -NCH2CH2CH2CH3), 4.00 (s, 3H; 


-NCH3), 1.91 (m, 2H, 3J (H,H) =12.0 Hz; -NCH2CH2CH2CH3), 1.46 (m, 2H, 3J (H,H) = 9.6 Hz; 


-NCH2CH2CH2CH3), 0.92 (t, 3H, 3J (H,H) = 16.7 Hz; -NCH2CH2CH2CH3) ppm; 13C NMR, (100 


MHz, DMSO, 25? , TMS): d= 171.21 (OC(=O)c1ccccc1O), 163.08 (OC(=O)c1ccccc1O), 137.76 


(c1cncn1), 132.79 (OC(=O)c1ccccc1O), 131.14 (OC(=O)c1ccccc1O), 124.89 (c1cncn1), 123.56 


(c1cncn1), 120.73 (OC(=O)c1ccccc1O), 116.34 (OC(=O)c1ccccc1O), 115.75 (OC(=O)c1ccccc1O), 


50.55 (-NCH2CH2CH2CH3), 36.20 (-NCH3), 32.94 (-NCH2CH2CH2CH3), 20.27 


(-NCH2CH2CH2CH3), 13.88 (-NCH2CH2CH2CH3) ppm; elemental analysis calcd (%) for 


C15H20N2O3: C 62.44, H 6.53, N 7.52; found: C 62.26, H 6.71, N 7.46. 


 


[BMIM][NOA] 


 


1H NMR, (400 MHz, DMSO, 25? , TMS): d= 8.82 (s, 1H; c1cncHn1), 7.78 (t, 2H, 3J (H,H) 


=9.4 Hz; c1Hcncn1), 7.69 (d, 2H, 3J (H,H) =8.2 Hz; c1cHncn1), 7.61 (d, 1H, 3J (H,H) =7.2 Hz; 


OC(=O)COc1ccc2cHcccHc2c1), 7.41 (t, 1H, 3J (H,H) =16.1 Hz; OC(=O)COc1ccHc2ccccc2c1), 


7.29 (t, 1H, 3J (H,H) =15.0 Hz; OC(=O)COc1ccc2cccHcc2c1), 7.11 (dd, 1H, 3J (H,H) =11.2 Hz; 


OC(=O)COc1ccc2ccHccc2c1; OC(=O)COc1ccc2ccccc2c1H), 7.07 (d, 1H, 3J (H,H) =2.2 Hz; 


OC(=O)COc1cHcc2ccccc2c1), 4.29 (t, 2H, 3J (H,H) =7.6 Hz; -NCH2CH2CH2CH3), 4.20 (s, 2H; 


OC(=O)CH2Oc1ccc2ccccc2c1), 3.99 (s, 3H; -NCH3), 1.87 (m, 2H, 3J (H,H) =9.4 Hz; 


-NCH2CH2CH2CH3), 1.36 (m, 2H, 3J (H,H) = 19.7 Hz; -NCH2CH2CH2CH3), 0.94 (t, 3H, 3J (H,H) = 







11.2 Hz; -NCH2CH2CH2CH3) ppm; 13C NMR, (100 MHz, DMSO, 25? , TMS): d= 169.22 


(OC(=O)COc1ccc2ccccc2c1), 157.18 (OC(=O)COc1ccc2ccccc2c1), 137.69 (c1cncn1), 134.32 


(OC(=O)COc1ccc2ccccc2c1), 128.62 (OC(=O)COc1ccc2ccccc2c1), 128.00 


(OC(=O)COc1ccc2ccccc2c1), 127.35  (OC(=O)COc1ccc2ccccc2c1), 126.38 


(OC(=O)COc1ccc2ccccc2c1), 126.00 (OC(=O)COc1ccc2ccccc2c1), 124.74 (c1cncn1), 123.31 


(c1cncn1), 123.01 (OC(=O)COc1ccc2ccccc2c1), 119.07 (OC(=O)COc1ccc2ccccc2c1), 106.62 


(OC(=O)COc1ccc2ccccc2c1), 67.58 (OC(=O)COc1ccc2ccccc2c1), 50.39 (-NCH2CH2CH2CH3), 


36.41 (-NCH3), 32.63 (-NCH2CH2CH2CH3), 19.98 (-NCH2CH2CH2CH3), 13.45 


(-NCH2CH2CH2CH3) ppm; elemental analysis calcd (%) for C20H24N2O3: C 56.34, H 6.67, N 5.84; 


found: C 56.17, H 6.82, N 5.76. 


 


[1] B. C. Ranu, S. Banerjee, Org. Lett. 2005, 7, 3049-3052. 
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ESI-MS-spectra of 23f 
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ESI-MS-spectra of 25b 


 
ESI-MS-spectra of 25c 
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ESI-MS-spectra of 25e 







 
ESI-MS-spectra of 25f 
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ESI-MS-spectra of 25h 
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ESI-MS-spectra of 25i 
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ESI-MS-spectra of 25j 
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ESI-MS-spectra of 25k 
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ESI-MS-spectra of 25l 
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ESI-MS-spectra of 25m 
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ESI-MS-spectra of 25o 
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ESI-MS-spectra of 25p 
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ESI-MS-spectra of 25q 
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CD-spectra for 23a-c 
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 CD-spectra for 23d-f 
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CD-spectra for 24a-g 
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CD-spectra for 25a-g 
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CD-spectra for 25h,i 
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HPLC chromatograms of the EcoRI assay for oligonucleotides 25b-i after 8 hours 
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HPLC chromatograms of the EcoRI assay with the modified oligonucleotide 25i 


 
 
 
 
 
 
 
 
 


 







 
Efficiencies of primer extension reactions 


The primer extension reactions were quantified by phosphorimaging (BioRad FX) of the dried 


polyacrylamide gels. The ratio of primer extension was determined by subtracting the 


intensity of the band corresponding to the remaining primer from the total intensity in the 


lane. The results depicted below are averages from repeated experiments. 


 


Pfu DNA polymerase (exo-): 


Template 
Nucleobase 


dNTP Extension 
[%] 


 Template 
Nucleobase 


dNTP Extension 
[%] 


G A 21 ± 3  A A 33 ± 4 


 C 92 ± 1   C 31 ± 5 


 G 13 ± 1   G 4 ± 1 


 T 26 ± 2   T 95 ± 1 


G(4-abp) A 29 ± 3  A(4-abp) A 78 ± 8 


 C 60 ± 7   C 10 ± 1 


 G 5 ± 1   G 11 ± 2 


 T 10 ± 1   T 90 ± 1 


G(anis) A 54 ± 3  A(anis) A 19 ± 3 


 C 77 ± 8   C 7 ± 1 


 G 10 ± 1   G - 


 T 60 ± 3   T 90 ± 1 


 







human DNA polymerase β: 


Template 
Nucleobase 


dNTP Extension 
[%] 


 Template 
Nucleobase 


dNTP Extension 
[%] 


G A 9 ± 1  A A 10 ± 1 


 C 73 ± 1   C - 


 G -   G - 


 T -   T 79 ± 2 


G(4-abp) A 7 ± 1  A(4-abp) A 10 ± 1 


 C 55 ± 1   C - 


 G 4 ± 1   G - 


 T -   T 63 ± 1 


G(anis) A 7 ± 1  A(anis) A 5 ± 1 


 C 47 ± 1   C - 


 G 4 ± 1   G - 


 T 7 ± 1   T 84 ± 1 


- : below 2%. 







Dpo4 DNA polymerase: 


Template 
Nucleobase 


dNTP Extension 
[%] 


 Template 
Nucleobase 


dNTP Extension 
[%] 


G A -  A A 20 ± 1 


 C 80 ± 1   C - 


 G -   G - 


 T -   T 83 ± 1 


G(4-abp) A -  A(4-abp) A - 


 C 49 ± 4   C - 


 G -   G - 


 T 7 ± 2   T 49 ± 3 


G(anis) A -  A(anis) A - 


 C 65 ± 2   C - 


 G -   G - 


 T 11 ± 2   T 64 ± 2 


- : below 2%. 


 







Primer extension reactions employing Pfu (exo+) DNA polymerase  


 


 


Figure: Action of C8-arylamine adducts on Pfu (exo+) DNA polymerase. (A): DNA sequences 
employed. X = modified dG or dA residues. (B): reactions catalyzed by the indicated Pfu (exo+) DNA 
polymerase in the presence of all four dNTPs and the indicated DNA template. 
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Table S1. Spacing, determined by applying Bragg’s law to the small-angle reflection observed in 
the patterns, in the smectic A mesophase of Poly[(S)-ML6A]-14, Star[(S)-ML6A]-2 and Star[(S)-
ML6A]-24 measured by XRD at variable temperatures. 
 
Figure S1: 1H-NMR spectra of (S)-ML6A (up) and of Star[(S)-ML6A]-2 (down). Starred signals 
refer to solvent resonance. 
 
Figure S2: X-ray diffraction pattern of the SmA mesophase of Poly[(S)-ML6A]-14 recorded at 
room temperature after heating at 135ºC. 
 
Figure S3: Oriented X-ray diffraction pattern of the SmA mesophase of Poly[(S)-ML6A]-14 
recorded at room temperature. The sample was mechanically aligned in the direction of the thick 
arrow.  
 
Figure S4: Optical microscopy images of a smectic thin film of Poly[(S)-ML6A]-14 before (a) and 
after irradiation with l-CPL for 30 minutes (b).  
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Table S1. Spacing, determined by applying Bragg’s law to the small-angle reflection observed in 
the patterns, in the smectic A mesophase of Poly[(S)-ML6A]-14, Star[(S)-ML6A]-2 and Star[(S)-
ML6A]-24 measured by XRD at variable temperatures. 
 


Sample Conditions Measured d002 spacing (Å)[a] Layer spacing (Å)[a] 


Poly[(S)-ML6A]-14 25ºC, Virgin  


25ºC, Annealed  


25ºC, Aligned 


75ºC 


15.5 


16.5 


16.3 


15.8 


31.0 


33.0 


32.6 


31.6 


Star[(S)-ML6A]-2 25ºC, Annealed 16.5 33.0 


Star[(S)-ML6A]-24 25ºC, Virgin  


25ºC, Annealed  


25ºC, Aligned 


75ºC 


15.8 


16.5 


16.1 


15.7 


31.6 


33.0 


32.2 


31.4 


[a] The spacing was measured with an estimated accuracy of ± 0.5Å.  
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Figure S1: 1H-NMR spectra of (S)-ML6A (up) and of Star[(S)-ML6A]-2 (down). Starred signals 
refer to solvent resonance. 
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Figure S2: X-ray diffraction pattern of the SmA mesophase of Poly[(S)-ML6A]-14 recorded at 
room temperature after heating at 135ºC. 
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Figure S3: Oriented X-ray diffraction pattern of the SmA mesophase of Poly[(S)-ML6A]-14 
recorded at room temperature. The sample was mechanically aligned in the direction of thick arrow.  
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Figure S4: Optical microscopy images of a smectic thin film of Poly[(S)-ML6A]-14 before (a) and 
after irradiation with l-CPL for 30 minutes (b).  
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Cartesian coordinates (in Å) and total energies (in a. u., non corrected zero-point 
vibrational energies included) of all the stationary points discussed in the text. All 
calculations have been performed at the BP86/LANL2DZ&6-31G(d) + ΔZPVE level 
of theory.  


 
Transmetallation to Palladium 
 
14: E= -846.129067 
 


 
C       -0.164667000     -1.550754000     -1.034732000 
Cr       0.371945000     -0.066602000      0.000839000 
C        2.091042000     -0.833737000      0.027913000 
O        3.158634000     -1.307460000      0.045144000 
O       -0.401422000     -2.497062000     -1.680820000 
C        0.782793000      0.875771000     -1.583879000 
O        1.029090000      1.467356000     -2.559922000 
C        1.081574000      1.347921000      1.032947000 
O        1.563293000      2.198015000      1.672886000 
C       -0.092819000     -0.974080000      1.589872000 
O       -0.359266000     -1.533354000      2.581502000 
C       -1.426291000      0.892413000     -0.033726000 
C       -1.545620000      2.405396000     -0.037782000 
O       -2.672154000      0.432821000     -0.033188000 
C       -2.984932000     -0.982421000      0.003630000 
H       -2.563478000      2.744523000     -0.299041000 
H       -0.807605000      2.857281000     -0.720031000 
H       -1.303787000      2.777784000      0.976771000 
H       -2.406202000     -1.487870000      0.789022000 
H       -4.061466000     -1.029209000      0.222132000 
H       -2.776031000     -1.429639000     -0.979256000 
 
Pd(PH3)4: E= -1499.423292 
 
Pd       0.001001000      0.001742000     -0.000592000 
P       -1.617815000      0.926105000     -1.450950000 
H       -1.707550000      0.575137000     -2.840701000 
H       -3.028864000      0.777651000     -1.227206000 
H       -1.712369000      2.336325000     -1.705501000 
P        1.374960000     -1.508594000     -1.192453000 
H        1.219446000     -1.757598000     -2.598394000 
H        2.799854000     -1.353635000     -1.283649000 
H        1.454911000     -2.903812000     -0.860291000 
P        1.334189000      1.732373000      0.899563000 
H        1.133754000      3.115785000      0.568962000 
H        1.429463000      1.987626000      2.309647000 
H        2.754937000      1.794432000      0.697548000 
P       -1.093125000     -1.153653000      1.745239000 
H       -0.888529000     -2.553530000      1.995536000 
H       -0.949900000     -0.789360000      3.127452000 
H       -2.524332000     -1.252590000      1.822866000 
 
 
Pd(PH3)3: E= -1156.281290 
 
Pd      -0.005523000     -0.003798000     -0.023833000 
P        0.798024000      2.178267000      0.008555000 
H        2.025688000      2.604590000     -0.601503000 







H        0.066219000      3.326958000     -0.446685000 
H        1.110274000      2.753196000      1.284017000 
P        1.508408000     -1.767985000      0.009545000 
H        2.127294000     -2.092975000      1.260896000 
H        1.210792000     -3.134977000     -0.315913000 
H        2.741716000     -1.765117000     -0.724190000 
P       -2.298107000     -0.402852000      0.009441000 
H       -3.299613000      0.515708000     -0.455220000 
H       -2.927932000     -1.539426000     -0.600684000 
H       -2.925254000     -0.604672000      1.282497000 
 
Pd(PH3)2: E= -813.131109 
 
P        2.276570000      0.004364000     -0.000998000 
Pd       0.000064000     -0.003907000      0.000887000 
P       -2.276739000      0.004358000     -0.001001000 
H        3.023148000     -0.245288000      1.194206000 
H        3.023950000     -0.901195000     -0.819302000 
H        3.013577000      1.170906000     -0.380342000 
H       -3.023985000     -0.887187000     -0.834656000 
H       -3.023378000     -0.265516000      1.189770000 
H       -3.013710000      1.177181000     -0.360510000 
 
TS1-Pd: E= -2002.398565 
 
P        2.596727000      0.307041000      2.133636000 
Pd       1.788121000     -0.152673000     -0.008716000 
C       -0.931195000      1.478176000      0.475386000 
C       -0.684515000      1.959374000      1.888848000 
O       -0.750423000      2.397444000     -0.478545000 
C       -0.200534000      3.716384000     -0.200036000 
P        2.406847000      1.291359000     -1.750235000 
P        2.160668000     -2.418356000     -0.588981000 
H        1.844193000      0.501744000      3.343188000 
H        3.467950000      1.421112000      2.384444000 
H        3.485719000     -0.647969000      2.726607000 
H       -0.682826000      1.115827000      2.591307000 
H       -1.516047000      2.636284000      2.181626000 
H        0.255128000      2.528586000      2.006444000 
H        0.848817000      3.621856000      0.128932000 
H       -0.249656000      4.251919000     -1.158145000 
H       -0.796033000      4.247589000      0.560426000 
H        3.000610000      0.742608000     -2.933677000 
H        3.441486000      2.269403000     -1.566565000 
H        1.546308000      2.183653000     -2.475185000 
H        2.947991000     -3.267598000      0.255771000 
H        2.879091000     -2.755712000     -1.782625000 
H        1.132380000     -3.395499000     -0.799454000 
C       -0.753590000     -0.513585000     -1.611324000 
O       -0.344247000     -0.670551000     -2.696357000 
Cr      -1.789740000     -0.285160000     -0.020872000 
C       -2.980061000      0.667857000     -1.125064000 
O       -3.728848000      1.262353000     -1.795825000 
C       -3.020600000     -0.023890000      1.375643000 
O       -3.808051000      0.140895000      2.225126000 
C       -0.734954000     -1.268492000      1.228016000 
O       -0.299823000     -1.942503000      2.081787000 
C       -2.633177000     -1.914514000     -0.446241000 
O       -3.160707000     -2.924575000     -0.709800000 
 







18: E= -2002.413522 
 
P       -2.757240000      0.664170000     -1.672152000 
Pd      -1.230244000     -0.127188000     -0.034439000 
C        0.621365000     -1.466041000      1.133449000 
O        0.310543000     -2.237211000      1.971096000 
Cr       1.560380000     -0.325103000     -0.063925000 
C        2.165186000      0.513868000      1.512927000 
O        2.568155000      1.004418000      2.493906000 
C        0.280185000      1.396632000     -0.380997000 
C        0.190687000      2.055814000     -1.756260000 
C        2.753329000      0.750665000     -1.026745000 
O        3.520277000      1.423298000     -1.601635000 
C        0.888243000     -1.126416000     -1.642475000 
O        0.566854000     -1.647141000     -2.643950000 
C        2.910468000     -1.596368000     -0.000538000 
O        3.765347000     -2.397285000      0.023672000 
O        0.293054000      2.308713000      0.660727000 
C       -0.020924000      3.702388000      0.457663000 
P       -1.941020000      0.726910000      2.213384000 
H       -2.464858000      0.719558000     -3.074081000 
H       -3.315752000      1.982790000     -1.617212000 
H       -4.016143000      0.001239000     -1.831257000 
H        0.159698000      1.290094000     -2.544552000 
H        1.084877000      2.683829000     -1.944980000 
H       -0.690111000      2.718513000     -1.870969000 
H       -1.066355000      3.839664000      0.123182000 
H        0.110475000      4.172615000      1.443709000 
H        0.663232000      4.177706000     -0.266706000 
H       -2.963656000      0.165965000      3.050137000 
H       -2.403829000      2.073529000      2.365589000 
H       -0.968827000      0.817334000      3.256897000 
P       -2.251662000     -2.380184000      0.047919000 
H       -3.441391000     -2.679012000     -0.691699000 
H       -2.698774000     -2.970945000      1.270738000 
H       -1.522733000     -3.524789000     -0.400351000 
 
19: E= -1659.283949 
 
C       -0.533591000     -1.467009000     -1.160139000 
Cr      -1.413313000     -0.276180000      0.029165000 
C       -2.805602000     -1.502457000      0.057193000 
O       -3.682698000     -2.277461000      0.092483000 
Pd       1.297647000     -0.159765000     -0.030686000 
P        2.348345000     -2.366593000     -0.058076000 
P        3.266964000      1.100156000      0.019910000 
C       -0.065796000      1.432147000      0.236923000 
O       -0.110191000      2.298420000     -0.837253000 
C        0.192410000      3.701093000     -0.692165000 
O       -0.225292000     -2.249107000     -1.987111000 
C       -2.055652000      0.529427000     -1.555864000 
O       -2.484013000      0.996064000     -2.535677000 
C       -2.505315000      0.906254000      0.988690000 
O       -3.204824000      1.651126000      1.559944000 
C       -0.741494000     -1.066469000      1.610937000 
O       -0.408171000     -1.579896000      2.612266000 
C        0.151818000      2.110038000      1.588121000 
H        3.379260000      2.419209000      0.566277000 
H        3.882261000      1.416859000     -1.231554000 
H        4.457596000      0.604829000      0.640636000 







H        0.248704000      1.353660000      2.380963000 
H       -0.708981000      2.757365000      1.851622000 
H        1.055254000      2.749601000      1.610556000 
H        1.249961000      3.863620000     -0.411498000 
H        0.010157000      4.138171000     -1.685095000 
H       -0.462987000      4.189688000      0.050058000 
H        3.499886000     -2.633511000      0.747419000 
H        2.873659000     -2.933797000     -1.259705000 
H        1.614195000     -3.522956000      0.345052000 
 
20: E= -1006.137673 
 
Pd       0.388689000     -0.000035000     -0.008420000 
C       -1.589374000     -0.000044000      0.199479000 
C       -2.265697000     -0.000049000      1.557215000 
O       -2.426962000     -0.000060000     -0.855822000 
C       -3.877007000     -0.000097000     -0.704873000 
P        1.813107000     -1.851272000     -0.081666000 
P        1.812799000      1.851440000     -0.081682000 
H       -2.911983000     -0.892833000      1.694421000 
H       -2.912004000      0.892722000      1.694418000 
H       -1.505207000     -0.000039000      2.351484000 
H       -4.223601000      0.902411000     -0.172436000 
H       -4.272111000     -0.000094000     -1.730712000 
H       -4.223556000     -0.902637000     -0.172459000 
H        3.031148000     -1.961838000     -0.839722000 
H        1.354513000     -3.159559000     -0.452546000 
H        2.409446000     -2.291642000      1.146344000 
H        1.354119000      3.159235000     -0.454191000 
H        3.031816000      1.961980000     -0.838200000 
H        2.407327000      2.293000000      1.146779000 
 
TS2-Pd: E= -1852.253042 
 
C       -4.235510000      0.688667000      0.070746000 
C       -2.741849000      0.957955000      0.068587000 
Pd      -1.487928000     -0.594115000     -0.004567000 
Cr       1.947950000      0.260543000     -0.293178000 
C        3.219344000      0.135586000     -1.655963000 
O        4.021377000      0.072138000     -2.508330000 
O       -2.400748000      2.241776000     -0.122370000 
C       -3.380137000      3.300726000     -0.351190000 
P       -1.093796000     -2.537517000      1.338225000 
P       -1.702527000     -1.535670000     -2.190978000 
C        0.648037000      0.621488000      1.300635000 
O        0.724547000     -0.202825000      2.369166000 
C        0.026796000      0.091078000      3.606703000 
C        0.086611000      1.996753000      1.596683000 
C        1.446658000     -1.500295000     -0.805623000 
O        1.369510000     -2.610427000     -1.177990000 
C        3.093314000     -0.575876000      0.945601000 
O        3.813579000     -1.093520000      1.706458000 
C        2.739015000      1.908116000      0.142560000 
O        3.270402000      2.918796000      0.401206000 
C        0.767210000      1.134118000     -1.488704000 
O        0.131998000      1.722167000     -2.276723000 
H       -4.733737000      1.040970000     -0.857215000 
H       -4.726398000      1.211618000      0.918299000 
H       -4.420975000     -0.388843000      0.183799000 
H       -4.096100000      3.368734000      0.485183000 







H       -2.790456000      4.225522000     -0.418003000 
H       -3.920880000      3.134476000     -1.297823000 
H       -2.036864000     -3.600870000      1.161848000 
H       -1.187706000     -2.540902000      2.768964000 
H        0.057555000     -3.389726000      1.300709000 
H       -2.916797000     -1.260764000     -2.898382000 
H       -1.693639000     -2.931533000     -2.520986000 
H       -0.842611000     -1.145351000     -3.264910000 
H       -0.136392000      2.524895000      0.662122000 
H        0.865306000      2.574485000      2.141040000 
H       -0.825336000      1.994093000      2.216409000 
H       -1.063116000      0.099087000      3.421617000 
H        0.292467000     -0.729980000      4.288106000 
H        0.352156000      1.053410000      4.035330000 
 
21: E= -1852.283480 
 
C        2.332413000     -1.497167000      0.259480000 
C        3.286204000     -0.975431000      1.302328000 
O        2.778407000     -2.657939000     -0.199315000 
C        2.032005000     -3.333216000     -1.249612000 
H        4.104999000     -1.679268000      1.540587000 
H        2.721432000     -0.718228000      2.215892000 
H        3.708956000     -0.017042000      0.942401000 
H        1.729061000     -4.315847000     -0.855824000 
H        1.157484000     -2.721207000     -1.530035000 
H        2.720138000     -3.465652000     -2.099001000 
Pd       0.773318000     -0.395587000     -0.368580000 
C       -0.682923000     -1.106323000      0.953967000 
C       -0.978846000     -2.591731000      0.740677000 
O       -0.446779000     -0.762806000      2.279952000 
C       -0.085775000     -1.770462000      3.239003000 
P        3.565628000      3.333010000      1.127635000 
P        1.881066000      0.639882000     -2.281675000 
H       -1.157001000     -2.792193000     -0.326588000 
H       -1.891270000     -2.899477000      1.291200000 
H       -0.152838000     -3.245954000      1.079999000 
H        0.859606000     -2.277045000      2.958240000 
H        0.058777000     -1.231674000      4.188011000 
H       -0.877372000     -2.530264000      3.369561000 
H        4.481500000      4.235167000      1.767593000 
H        2.603903000      3.433328000      2.186110000 
H        2.948326000      4.375760000      0.362008000 
H        2.668009000     -0.171780000     -3.156747000 
H        2.887375000      1.622523000     -2.037724000 
H        1.198692000      1.357530000     -3.312328000 
C       -0.575723000      1.756824000     -0.572119000 
O        0.018538000      2.754171000     -0.793878000 
Cr      -1.844072000      0.428593000     -0.119040000 
C       -1.948927000      1.361655000      1.521509000 
O       -2.037591000      1.969069000      2.514280000 
C       -3.234125000     -0.664419000      0.502904000 
O       -4.107531000     -1.326528000      0.914298000 
C       -1.691704000     -0.540688000     -1.728799000 
O       -1.661482000     -1.134010000     -2.742489000 
C       -3.103285000      1.523692000     -0.922796000 
O       -3.903681000      2.205830000     -1.440398000 
 
22: E= -1509.154124 
 







C        2.831767000      0.473769000     -0.351689000 
C        3.313067000      0.951835000     -1.698571000 
O        3.790286000      0.660253000      0.544615000 
C        3.565030000      0.226018000      1.913951000 
H        4.205690000      1.602046000     -1.638842000 
H        2.488224000      1.461144000     -2.224264000 
H        3.563784000      0.061546000     -2.309013000 
H        3.661332000      1.113277000      2.558903000 
H        2.561699000     -0.225874000      1.994054000 
H        4.355800000     -0.501105000      2.155944000 
Pd       1.028370000     -0.383528000     -0.164533000 
C       -0.062378000      1.367715000      0.215111000 
C        0.324901000      1.983912000      1.559302000 
O       -0.069752000      2.270561000     -0.841118000 
C        0.620600000      3.526928000     -0.732882000 
P        1.650499000     -2.743567000     -0.256987000 
H        0.308751000      1.213329000      2.344493000 
H       -0.392974000      2.774833000      1.858260000 
H        1.333311000      2.440163000      1.546006000 
H        1.708903000      3.379814000     -0.580934000 
H        0.454244000      4.034499000     -1.695347000 
H        0.222771000      4.155524000      0.083806000 
H        2.667756000     -3.215270000      0.629702000 
H        2.232988000     -3.278135000     -1.447195000 
H        0.741438000     -3.823917000     -0.033101000 
C       -1.088578000     -1.353938000     -1.194529000 
O       -0.947432000     -2.126909000     -2.075378000 
Cr      -1.699717000     -0.100461000      0.086813000 
C       -2.310485000      0.853653000     -1.426726000 
O       -2.722718000      1.416340000     -2.362207000 
C       -2.520159000      1.213969000      1.141436000 
O       -3.047321000      2.046682000      1.773160000 
C       -1.054106000     -1.020190000      1.600892000 
O       -0.724573000     -1.597484000      2.570046000 
C       -3.250165000     -1.110978000      0.177131000 
O       -4.228487000     -1.752093000      0.250480000 
 
23: E= -855.998743 
 
P       -0.109610000      2.617030000     -0.260100000 
Pd       0.010330000      0.298136000      0.070888000 
H       -0.934624000      3.470836000      0.546750000 
H        0.997899000      3.533720000     -0.274148000 
H       -0.645938000      3.071190000     -1.508223000 
C        1.831458000     -0.466854000      0.181296000 
O        2.524760000     -0.841686000     -0.918353000 
C        2.519767000     -0.732510000      1.506738000 
C        3.821876000     -1.490067000     -0.831994000 
H        1.892725000     -0.355582000      2.328399000 
H        2.688661000     -1.817014000      1.674728000 
H        3.512200000     -0.236715000      1.566831000 
H        4.116332000     -1.688289000     -1.872889000 
H        4.571483000     -0.834090000     -0.354861000 
H        3.758691000     -2.443237000     -0.277785000 
C       -1.794140000     -0.511730000      0.182988000 
O       -2.479101000     -0.907477000     -0.913956000 
C       -2.468821000     -0.800358000      1.510618000 
C       -3.747295000     -1.611420000     -0.822687000 
H       -1.849029000     -0.408252000      2.330616000 
H       -3.473785000     -0.330726000      1.575154000 
H       -2.608696000     -1.889184000      1.676600000 







H       -4.043262000     -1.810366000     -1.862961000 
H       -3.636663000     -2.567037000     -0.280435000 
H       -4.519370000     -0.994001000     -0.330423000 
 
24: E= -386.079743 
 
C        0.952338000      0.321811000     -0.062512000 
C       -0.382096000      0.587390000     -0.142947000 
O       -1.242248000     -0.430397000     -0.567978000 
C       -2.389288000     -0.663651000      0.255824000 
C       -1.024969000      1.932347000      0.089019000 
C        2.041766000      1.347177000      0.130199000 
O        1.541352000     -0.920345000     -0.212542000 
C        0.840870000     -2.095030000      0.214089000 
H       -2.929483000     -1.506653000     -0.204158000 
H       -3.066323000      0.212052000      0.293911000 
H       -2.099288000     -0.936978000      1.291653000 
H       -1.671295000      2.201657000     -0.768767000 
H       -0.279936000      2.731248000      0.217680000 
H       -1.664034000      1.944637000      0.994276000 
H        2.529989000      1.229988000      1.116310000 
H        1.684367000      2.383238000      0.038273000 
H        2.824581000      1.187077000     -0.634340000 
H        1.614686000     -2.874196000      0.318944000 
H        0.080379000     -2.414997000     -0.516403000 
H        0.351802000     -1.931409000      1.194748000 
 
25: E= -1199.126022 
 
C       -2.125187000     -1.832690000     -1.116948000 
C       -1.744619000     -0.449408000     -0.628681000 
Pd       0.000014000     -0.000020000      0.239538000 
P       -0.609163000      1.900446000      1.604356000 
O       -2.667177000      0.515148000     -0.870399000 
C       -3.928644000      0.233965000     -1.532807000 
P        0.608986000     -1.900454000      1.604357000 
C        1.744712000      0.449409000     -0.628575000 
C        2.125223000      1.832713000     -1.116837000 
O        2.667308000     -0.515109000     -0.870263000 
C        3.928722000     -0.233906000     -1.532754000 
H        0.524362000     -2.075944000      3.032567000 
H        0.077663000     -3.212091000      1.339759000 
H        1.972391000     -2.339507000      1.536701000 
H       -1.336654000     -2.550704000     -0.851022000 
H       -3.086091000     -2.186668000     -0.685624000 
H       -2.242763000     -1.851180000     -2.221132000 
H       -4.437251000      1.205905000     -1.613752000 
H       -3.769583000     -0.185656000     -2.541681000 
H       -4.550202000     -0.459206000     -0.938402000 
H        1.336611000      2.550664000     -0.850976000 
H        3.086053000      2.186753000     -0.685396000 
H        2.242918000      1.851230000     -2.221009000 
H        4.437423000     -1.205810000     -1.613569000 
H        3.769582000      0.185535000     -2.541688000 
H        4.550239000      0.459419000     -0.938488000 
H       -1.973150000      2.338042000      1.538940000 
H       -0.522080000      2.076942000      3.032294000 
H       -0.079760000      3.212491000      1.337940000 
 
 







TS3-Pd: E= -1199.098522 
 
C       -0.934427000     -1.876273000      1.751579000 
C       -1.068843000     -0.812949000      0.676689000 
Pd       0.711888000     -0.065445000     -0.049909000 
P        2.617415000      1.445073000      0.320212000 
O       -2.180849000     -0.916591000     -0.101049000 
C       -3.051508000     -2.070161000     -0.043440000 
P        1.737833000     -1.978609000     -0.798479000 
C       -0.653604000      1.564839000     -0.180137000 
C       -0.975397000      2.412800000      1.040206000 
O       -1.594754000      1.527809000     -1.141804000 
C       -2.958570000      1.984768000     -0.897902000 
H        3.080946000     -2.358639000     -0.462229000 
H        1.182695000     -3.273372000     -0.517926000 
H        1.896376000     -2.239525000     -2.203496000 
H        0.031914000     -1.762046000      2.264389000 
H       -1.730504000     -1.746032000      2.515686000 
H       -1.015930000     -2.922431000      1.380052000 
H       -3.885667000     -1.842999000     -0.724101000 
H       -2.530810000     -2.978775000     -0.396649000 
H       -3.442455000     -2.244222000      0.975718000 
H       -0.199785000      2.262139000      1.807159000 
H       -0.960449000      3.484239000      0.742356000 
H       -1.960423000      2.231240000      1.514727000 
H       -3.498866000      1.801166000     -1.838415000 
H       -3.423042000      1.409465000     -0.080806000 
H       -2.978360000      3.063561000     -0.662849000 
H        3.917668000      1.278962000      0.930043000 
H        3.149704000      2.039851000     -0.868588000 
H        2.350350000      2.703054000      0.955593000 
 
26: E= -1199.215226 
 
C        1.339384000      1.629477000      1.664591000 
C        1.285185000      0.794494000      0.395461000 
Pd      -0.754146000     -0.104744000      0.056541000 
P       -1.731878000     -2.190257000     -0.379163000 
O        1.809454000      1.407986000     -0.749150000 
C        1.220637000      2.641806000     -1.146232000 
P       -2.419676000      1.516575000     -0.009937000 
C        1.358175000     -0.632644000      0.389860000 
C        1.517697000     -1.467428000      1.651541000 
O        1.836505000     -1.281908000     -0.769447000 
C        3.261248000     -1.193158000     -0.933345000 
H       -3.706914000      1.287855000      0.582423000 
H       -2.296613000      2.841725000      0.532641000 
H       -2.948781000      1.966240000     -1.265253000 
H        0.922004000      1.082681000      2.523724000 
H        2.389230000      1.902710000      1.901439000 
H        0.764548000      2.566688000      1.570300000 
H        1.726653000      2.934550000     -2.080326000 
H        0.135110000      2.511020000     -1.337952000 
H        1.361476000      3.446838000     -0.397179000 
H        0.962591000     -1.050696000      2.507106000 
H        1.143167000     -2.489425000      1.470716000 
H        2.583928000     -1.551892000      1.950979000 
H        3.494744000     -1.735928000     -1.863906000 
H        3.589673000     -0.142485000     -1.028692000 
H        3.804491000     -1.677138000     -0.095278000 







H       -3.084794000     -2.576467000     -0.092634000 
H       -1.771803000     -2.625939000     -1.742202000 
H       -1.166301000     -3.410775000      0.117241000 
 
TS4-Pd: E= -855.970545 
 
P       -2.698824000     -1.057461000     -0.268481000 
Pd      -0.466025000     -0.744148000     -0.003951000 
H       -3.434527000     -1.882193000      0.644793000 
H       -3.709973000     -0.024953000     -0.306644000 
H       -3.169536000     -1.704510000     -1.457091000 
C       -0.001315000      1.234983000      0.304197000 
O       -0.094378000      2.047339000     -0.763041000 
C       -0.385233000      1.844419000      1.633731000 
C       -0.613557000      3.412244000     -0.668943000 
H       -0.228312000      1.112632000      2.440161000 
H        0.214009000      2.751186000      1.859182000 
H       -1.456280000      2.145343000      1.654795000 
H       -0.589555000      3.802145000     -1.696212000 
H       -1.648998000      3.414309000     -0.289232000 
H        0.026082000      4.031758000     -0.016963000 
C        1.575137000     -0.921813000      0.201226000 
O        2.312547000     -0.825674000     -0.926856000 
C        2.308037000     -0.658124000      1.504958000 
C        3.601252000     -0.155990000     -0.939387000 
H        1.579665000     -0.589463000      2.327416000 
H        2.951891000     -1.538743000      1.717896000 
H        2.966665000      0.233800000      1.535158000 
H        3.966998000     -0.244809000     -1.973071000 
H        3.480497000      0.911485000     -0.677261000 
H        4.319578000     -0.632921000     -0.249472000 
 
27: E= -856.066338 
 
P       -3.100098000     -0.067472000     -0.327346000 
Pd      -0.876006000     -0.312386000     -0.011770000 
H       -3.920942000     -1.214749000     -0.581314000 
H       -3.952951000      0.481253000      0.683178000 
H       -3.639639000      0.717171000     -1.397543000 
C        1.106431000      0.645575000      0.536574000 
O        1.534927000      1.535763000     -0.439714000 
C        0.985083000      1.205789000      1.942055000 
C        0.794503000      2.755531000     -0.560555000 
H        0.680599000      0.432607000      2.662283000 
H        1.962523000      1.622522000      2.263720000 
H        0.239156000      2.015750000      1.999160000 
H        1.178957000      3.251792000     -1.465329000 
H       -0.284518000      2.534354000     -0.681091000 
H        0.943130000      3.426203000      0.308259000 
C        1.279389000     -0.725355000      0.231874000 
O        1.752675000     -1.099849000     -1.035701000 
C        1.418454000     -1.838495000      1.255514000 
C        3.146366000     -0.820062000     -1.252792000 
H        0.932650000     -1.605750000      2.215691000 
H        0.969552000     -2.765486000      0.860089000 
H        2.490305000     -2.050805000      1.455138000 
H        3.390680000     -1.247186000     -2.238690000 
H        3.343692000      0.266535000     -1.259316000 
H        3.782362000     -1.307576000     -0.485340000 
 







 
28: E= -193.021801 
 
C        1.886604000     -0.070114000      0.041609000 
C        0.613997000      0.353749000     -0.037778000 
O       -0.448771000     -0.511633000     -0.072272000 
C       -1.729601000      0.112110000      0.048351000 
H        0.352826000      1.421671000     -0.100416000 
H       -2.476986000     -0.684004000     -0.090303000 
H       -1.879000000      0.888345000     -0.728943000 
H       -1.867766000      0.569924000      1.047871000 
H        2.701844000      0.656306000      0.031204000 
H        2.133253000     -1.133656000      0.105669000 
 
 
TS5-Pd: E= -1006.086940 
 
Pd      -0.458326000     -0.118276000      0.121242000 
C        1.624465000     -0.150528000      0.555556000 
C        1.817897000     -1.491406000      0.987557000 
O        2.443992000      0.396046000     -0.377404000 
C        3.585209000     -0.352293000     -0.872790000 
P       -0.646801000      2.328696000      0.068403000 
P       -2.421302000     -1.206208000     -0.410039000 
H        2.717425000     -2.096364000      0.759948000 
H        0.465919000     -1.621937000      0.276818000 
H        1.324730000     -1.766109000      1.926873000 
H        3.256843000     -1.254101000     -1.420001000 
H        4.110947000      0.330215000     -1.556417000 
H        4.258292000     -0.646319000     -0.046665000 
H       -1.639596000      3.279711000     -0.363615000 
H        0.446052000      3.005321000     -0.557221000 
H       -0.458152000      2.936254000      1.349482000 
H       -2.466421000     -1.951223000     -1.629921000 
H       -3.685141000     -0.558000000     -0.603556000 
H       -2.943730000     -2.257086000      0.408968000 
 
29: E= -1006.125703 
 
Pd      -0.500476000     -0.296311000     -0.007123000 
C        1.495731000     -0.685093000      0.156309000 
C        2.066056000     -1.633670000      0.936823000 
O        2.212157000      0.236755000     -0.592795000 
C        3.637902000      0.077515000     -0.633304000 
P       -0.067806000      2.032400000      0.351146000 
P       -2.838390000     -0.408765000     -0.241310000 
H        3.148798000     -1.715925000      1.094174000 
H       -0.502413000     -1.866482000     -0.294276000 
H        1.432031000     -2.350511000      1.461174000 
H        3.910812000     -0.934965000     -0.987103000 
H        4.009710000      0.836459000     -1.339181000 
H        4.092461000      0.243219000      0.363779000 
H       -1.043160000      2.960973000      0.837835000 
H        0.364364000      2.827101000     -0.751327000 
H        0.970715000      2.402846000      1.252010000 
H       -3.349797000     -0.944847000     -1.460343000 
H       -3.778693000      0.669251000     -0.142686000 
H       -3.535365000     -1.297877000      0.629480000 
 







Transmetallation to copper: 
 
Cu(MeCN)4+: E= -726.978791 
 
Cu      -0.005005000      0.009164000     -0.003490000 
C       -0.311089000     -1.883111000      2.559143000 
C        1.380588000      2.760630000      0.851540000 
C        1.829551000     -1.470723000     -2.171250000 
C       -2.894918000      0.588301000     -1.238295000 
N        0.874910000      1.751933000      0.536878000 
N        1.158275000     -0.930361000     -1.377859000 
N       -1.836828000      0.374482000     -0.783656000 
N       -0.195320000     -1.186813000      1.624470000 
C        2.666018000     -2.146628000     -3.157186000 
H        3.622339000     -1.608707000     -3.276094000 
H        2.876743000     -3.179914000     -2.831917000 
H        2.152560000     -2.179991000     -4.133605000 
C        2.011098000      4.015243000      1.246840000 
H        3.108632000      3.932122000      1.165409000 
H        1.666068000      4.837575000      0.596657000 
H        1.752927000      4.254952000      2.292798000 
C       -0.451499000     -2.752785000      3.721816000 
H        0.385540000     -3.470973000      3.761027000 
H       -0.448349000     -2.154614000      4.649309000 
H       -1.400094000     -3.314041000      3.664533000 
C       -4.214021000      0.853202000     -1.802334000 
H       -4.960970000      0.172084000     -1.359125000 
H       -4.514037000      1.894319000     -1.592841000 
H       -4.197835000      0.701974000     -2.895413000 
 
Cu(MeCN)3+: E= -594.251521 
 
Cu       0.000159000     -0.000170000     -0.004223000 
C       -2.248137000     -2.165082000      0.001000000 
C        2.999815000     -0.864637000      0.000713000 
C       -0.753249000      3.028974000      0.001636000 
N       -0.472676000      1.891594000     -0.002555000 
N        1.874249000     -0.539737000     -0.001743000 
N       -1.404764000     -1.352026000     -0.003101000 
C       -3.297731000     -3.175271000      0.005283000 
H       -3.647958000     -3.349350000      1.037669000 
H       -4.151040000     -2.837069000     -0.607908000 
H       -2.914003000     -4.124290000     -0.407735000 
C       -1.098946000      4.444183000      0.004833000 
H       -2.011039000      4.613768000     -0.593333000 
H       -1.281606000      4.784258000      1.039124000 
H       -0.272930000      5.036678000     -0.425472000 
C        4.399494000     -1.268060000      0.004825000 
H        4.766762000     -1.339595000      1.043481000 
H        4.512237000     -2.252392000     -0.481900000 
H        5.009827000     -0.526539000     -0.539412000 
 
Cu(MeCN)2+: E= -461.516109 
 
C       -4.467718000      0.000975000      0.000098000 
C       -3.014701000      0.000139000      0.000004000 
N       -1.844007000     -0.000435000     -0.000035000 
Cu      -0.000012000     -0.000535000     -0.000061000 
N        1.843979000     -0.000299000     -0.000070000 
C        3.014684000      0.000188000      0.000038000 







C        4.467802000      0.000923000      0.000126000 
H       -4.843756000     -0.927815000     -0.463750000 
H       -4.842910000      0.064015000      1.036670000 
H       -4.842561000      0.867590000     -0.572351000 
H        4.842515000      1.036595000      0.078886000 
H        4.843443000     -0.584799000      0.857470000 
H        4.843407000     -0.448291000     -0.936004000 
 
TS1-Cu: E= -1440.373907 
 
N       -2.315507000     -0.223838000      1.820316000 
Cu      -1.731597000      0.053628000     -0.062994000 
N       -2.083011000     -1.460253000     -1.301818000 
N       -2.014780000      1.875298000     -0.790514000 
C       -2.369929000     -2.189086000     -2.172771000 
C       -2.721429000     -3.082428000     -3.269311000 
C       -2.783105000     -0.216885000      2.894611000 
C       -3.360591000     -0.195229000      4.232656000 
C       -2.137540000      2.961094000     -1.211375000 
C       -2.279840000      4.313803000     -1.733973000 
H       -1.927473000     -3.064223000     -4.035938000 
H       -3.668867000     -2.755408000     -3.731716000 
H       -2.843924000     -4.115869000     -2.902379000 
H       -3.301514000     -1.196096000      4.693797000 
H       -4.420100000      0.109930000      4.180816000 
H       -2.813954000      0.524584000      4.866280000 
H       -2.057658000      4.327727000     -2.814938000 
H       -1.579293000      4.992057000     -1.216682000 
H       -3.310191000      4.675914000     -1.575234000 
C        1.150200000     -1.463101000      0.692656000 
C        0.884486000     -1.810046000      2.139069000 
O        1.099397000     -2.489902000     -0.156341000 
C        0.836780000     -3.864273000      0.268525000 
C        0.712356000      0.227387000     -1.591389000 
O        0.234334000      0.171187000     -2.657890000 
Cr       1.729206000      0.340119000      0.003130000 
C        3.079125000     -0.545431000     -0.995040000 
O        3.911448000     -1.090792000     -1.597235000 
C        2.981768000      0.411952000      1.423755000 
O        3.767531000      0.456220000      2.282567000 
C        0.557623000      1.291994000      1.140968000 
O       -0.025837000      1.958571000      1.908706000 
C        2.333899000      2.025848000     -0.608063000 
O        2.688737000      3.069389000     -0.988998000 
H        0.807881000     -0.904087000      2.754316000 
H        1.721146000     -2.419996000      2.539231000 
H       -0.037319000     -2.410086000      2.265613000 
H       -0.196840000     -3.964066000      0.638936000 
H        0.975434000     -4.468378000     -0.638012000 
H        1.553456000     -4.179496000      1.043385000 
 
31: E= -1440.382619 
 
N       -2.160339000     -0.303039000      1.723872000 
C       -2.921845000     -0.220199000      2.609191000 
C       -3.866715000     -0.110720000      3.714885000 
H       -3.771269000      0.878840000      4.194243000 
H       -3.664662000     -0.891262000      4.468357000 
H       -4.899648000     -0.231164000      3.345772000 
Cu      -0.917732000     -0.097037000      0.042117000 







C        0.638060000      0.599353000     -1.646808000 
O        0.220323000      0.737434000     -2.732231000 
Cr       1.623379000      0.414849000     -0.032439000 
C        2.713332000     -0.731111000     -1.080392000 
O        3.390270000     -1.421293000     -1.725855000 
C        0.813179000     -1.306877000      0.796340000 
C        2.904452000      0.246655000      1.352211000 
O        3.710929000      0.142161000      2.184526000 
C        0.638017000      1.587076000      1.084835000 
O        0.146456000      2.365727000      1.807757000 
C        2.600817000      1.919466000     -0.612168000 
O        3.190140000      2.858626000     -0.966730000 
O        0.826419000     -2.417445000      0.038431000 
C        0.627777000     -3.752101000      0.591411000 
H       -0.395786000     -3.857790000      0.988014000 
H        0.775348000     -4.431253000     -0.258838000 
H        1.368539000     -3.967462000      1.378153000 
N       -1.847012000     -1.491959000     -1.288513000 
C       -2.273401000     -2.079402000     -2.206899000 
C       -2.798799000     -2.805968000     -3.357620000 
H       -2.064645000     -2.786148000     -4.181432000 
H       -3.736387000     -2.339272000     -3.705050000 
H       -3.003445000     -3.855954000     -3.087192000 
N       -2.032496000      1.605249000     -0.650536000 
C       -2.487702000      2.614344000     -1.030007000 
C       -3.043125000      3.876069000     -1.506415000 
H       -2.692596000      4.077389000     -2.533294000 
H       -2.718056000      4.702422000     -0.851144000 
H       -4.145653000      3.833254000     -1.507536000 
C        0.645354000     -1.542480000      2.282791000 
H       -0.207329000     -2.204503000      2.521060000 
H        1.557585000     -2.035269000      2.678508000 
H        0.517353000     -0.592195000      2.818437000 
 
32: E= -1307.662552 
 
N        2.586612000     -1.327447000     -0.343346000 
Cu       1.097234000      0.015700000      0.015882000 
C       -0.302571000      0.877948000     -1.632337000 
O        0.257250000      1.376371000     -2.531854000 
Cr      -1.444753000      0.098134000     -0.319493000 
C       -1.237131000      1.592207000      0.838150000 
O       -1.138861000      2.533548000      1.515500000 
C       -0.373245000     -1.116199000      0.999308000 
C       -2.831283000     -0.597953000      0.768844000 
O       -3.680180000     -1.033753000      1.432839000 
C       -1.623575000     -1.352869000     -1.520526000 
O       -1.749065000     -2.215788000     -2.293023000 
C       -2.837424000      1.005354000     -1.215777000 
O       -3.697268000      1.569554000     -1.756042000 
O       -0.121657000     -0.590422000      2.225331000 
C        0.162527000     -1.413074000      3.401245000 
N        2.114674000      1.765318000      0.207419000 
C        3.439855000     -2.013736000     -0.759126000 
C        4.500661000     -2.866958000     -1.278075000 
C        2.605562000      2.819055000      0.342618000 
C        3.210531000      4.133848000      0.506152000 
H        1.120345000     -1.945269000      3.282282000 
H        0.228138000     -0.696287000      4.230200000 
H       -0.657304000     -2.127099000      3.577889000 
H        4.081841000     -3.830770000     -1.615435000 







H        5.252891000     -3.057143000     -0.493131000 
H        4.994143000     -2.373484000     -2.133308000 
H        4.125805000      4.057834000      1.117939000 
H        2.499818000      4.814799000      1.005586000 
H        3.472740000      4.551720000     -0.481233000 
C       -0.272997000     -2.621783000      0.917166000 
H       -0.302887000     -2.969076000     -0.123423000 
H        0.649382000     -3.005648000      1.391817000 
H       -1.126839000     -3.086311000      1.451679000 
 
30: E= -654.545210 
 
Cu       0.125213000     -0.001849000     -0.122495000 
C        2.011518000     -0.012351000     -0.446195000 
C        2.583057000     -0.018669000     -1.831812000 
O        2.976771000     -0.015211000      0.438442000 
C        2.663549000     -0.010136000      1.860593000 
N       -1.132751000      1.558876000      0.012463000 
C       -1.800457000      2.520551000      0.049087000 
C       -2.631357000      3.716665000      0.093643000 
N       -1.151627000     -1.546819000      0.013222000 
C       -1.832279000     -2.499295000      0.051892000 
C       -2.678589000     -3.684493000      0.097626000 
H        2.199585000      0.863860000     -2.379974000 
H        3.686319000     -0.024777000     -1.854143000 
H        2.189813000     -0.899375000     -2.375933000 
H        1.570011000      0.004915000      2.007280000 
H        3.112149000     -0.918162000      2.290073000 
H        3.136649000      0.886158000      2.288322000 
H       -3.171044000      3.766003000      1.055149000 
H       -3.368355000      3.694669000     -0.727701000 
H       -2.004802000      4.619133000     -0.011803000 
H       -2.063302000     -4.584947000      0.267188000 
H       -3.220037000     -3.796619000     -0.857698000 
H       -3.414332000     -3.593604000      0.915264000 
 
TS2-Cu: E= -1500.658383 
 
Cu       1.413229000      0.094516000     -0.282440000 
C       -0.956183000      0.533670000      1.608660000 
O       -0.548746000      0.759891000      2.680657000 
Cr      -1.826008000      0.218043000     -0.042437000 
C       -3.120247000     -0.762228000      0.941209000 
O       -3.917426000     -1.361001000      1.539673000 
C       -0.946953000     -1.590447000     -0.359619000 
C       -2.861090000     -0.078216000     -1.601813000 
O       -3.518010000     -0.236054000     -2.551003000 
C       -0.773019000      1.357401000     -1.130522000 
O       -0.331657000      2.175796000     -1.846307000 
C       -2.848056000      1.771314000      0.303401000 
O       -3.474025000      2.726916000      0.531554000 
O       -0.714287000     -2.366805000      0.700470000 
C       -0.315829000     -3.768728000      0.590618000 
C       -0.776689000     -2.268282000     -1.699888000 
C        2.202651000     -0.315002000     -2.029614000 
C        1.670659000      0.155211000     -3.349437000 
O        3.355244000     -0.911665000     -2.234802000 
C        4.145947000     -1.406928000     -1.116630000 
H        0.706803000     -3.846364000      0.185996000 
H       -0.344876000     -4.149303000      1.620329000 
H       -1.022269000     -4.332866000     -0.038427000 







H        0.158053000     -2.854479000     -1.778490000 
H       -1.615615000     -2.978443000     -1.859115000 
H       -0.811811000     -1.536825000     -2.517070000 
H        1.739733000      1.261921000     -3.357717000 
H        2.223355000     -0.250016000     -4.214526000 
H        0.592729000     -0.060938000     -3.436558000 
H        3.556005000     -1.368331000     -0.187780000 
H        4.437860000     -2.435726000     -1.374441000 
H        5.041155000     -0.770002000     -1.048313000 
N        1.822976000     -0.904564000      1.542734000 
C        2.010804000     -1.164289000      2.669530000 
C        2.216872000     -1.466649000      4.080592000 
H        1.366603000     -1.075814000      4.666241000 
H        3.145995000     -0.992345000      4.440602000 
H        2.290212000     -2.556343000      4.237454000 
N        1.782942000      1.980302000      0.506638000 
C        1.960382000      3.099867000      0.800208000 
C        2.168141000      4.497151000      1.160757000 
H        1.705315000      5.152269000      0.402530000 
H        3.247363000      4.721181000      1.214328000 
H        1.709411000      4.708573000      2.141969000 
 
33: E= -1500.664969 
 
Cu       0.971292000     -0.092665000     -0.214247000 
C       -0.696036000      1.700000000      0.787994000 
O       -0.283639000      2.606144000      1.402522000 
Cr      -1.668240000      0.341306000     -0.103544000 
C       -2.002646000     -0.319617000      1.643774000 
O       -2.204479000     -0.680623000      2.731761000 
C       -0.607689000     -1.466338000     -0.493929000 
C       -3.029911000     -0.777692000     -0.782285000 
O       -3.898084000     -1.446861000     -1.176395000 
C       -1.186869000      0.987536000     -1.809124000 
O       -0.899102000      1.389315000     -2.868253000 
C       -3.064643000      1.591282000     -0.009451000 
O       -3.934796000      2.363600000      0.031794000 
O       -0.556922000     -2.342993000      0.545356000 
C       -0.543138000     -3.784622000      0.349160000 
H        0.364311000     -4.110649000     -0.187315000 
H       -0.551614000     -4.206931000      1.363337000 
H       -1.440807000     -4.114036000     -0.199176000 
N        1.539212000      0.034668000      1.974154000 
C        1.600424000      0.260232000      3.122191000 
C        1.660598000      0.552597000      4.550272000 
H        1.259308000      1.562859000      4.741340000 
H        2.703188000      0.509219000      4.908788000 
H        1.057169000     -0.180188000      5.112918000 
N        1.869233000      1.834964000     -0.596900000 
C        2.285244000      2.901782000     -0.840738000 
C        2.789235000      4.237481000     -1.138329000 
H        2.340107000      4.969309000     -0.444918000 
H        2.525722000      4.519684000     -2.172238000 
H        3.886746000      4.266774000     -1.027700000 
C       -0.585076000     -2.113332000     -1.871288000 
H        0.261176000     -2.812465000     -2.006445000 
H       -1.509727000     -2.701800000     -2.035431000 
H       -0.541011000     -1.352195000     -2.662527000 
C        2.384204000     -1.100617000     -1.217588000 
C        2.726214000     -0.712591000     -2.623496000 
H        3.046820000      0.346983000     -2.608484000 







H        3.514798000     -1.336107000     -3.079367000 
H        1.812620000     -0.727757000     -3.245672000 
O        3.179330000     -2.056677000     -0.818177000 
C        3.076749000     -2.581208000      0.542535000 
H        2.144685000     -2.236426000      1.012011000 
H        3.121746000     -3.675927000      0.449367000 
H        3.957540000     -2.216429000      1.091928000 
 
34: E= -714.829738 
 
Cu      -0.085994000     -0.099650000      0.211949000 
C        1.794164000      0.327715000      0.306540000 
O        2.480366000      0.343870000     -0.815094000 
C        3.935933000      0.577431000     -0.863535000 
H        4.461002000     -0.176209000     -0.256505000 
H        4.199694000      0.473785000     -1.923311000 
H        4.164019000      1.594031000     -0.506820000 
N       -1.277323000      1.549154000     -0.029184000 
C       -1.955625000      2.493202000     -0.175063000 
C       -2.799111000      3.668016000     -0.356841000 
H       -2.415613000      4.283838000     -1.188635000 
H       -2.801033000      4.276335000      0.564155000 
H       -3.834870000      3.362803000     -0.585017000 
C        2.549156000      0.560891000      1.582918000 
H        3.266217000     -0.267143000      1.765298000 
H        3.146475000      1.494090000      1.547210000 
H        1.862608000      0.611638000      2.441028000 
C       -1.118137000     -1.734135000      0.384305000 
C       -1.661825000     -2.222065000      1.693592000 
H       -2.302370000     -1.433551000      2.133451000 
H       -2.226358000     -3.166949000      1.612576000 
H       -0.820248000     -2.351317000      2.401887000 
O       -1.394921000     -2.593767000     -0.564954000 
C       -0.965898000     -2.315341000     -1.930097000 
H       -0.199524000     -1.521685000     -1.929826000 
H       -0.564286000     -3.258511000     -2.327283000 
H       -1.856125000     -2.010502000     -2.500978000 
 
35: E= -847.548582 
 
Cu      -0.082923000      0.012410000      0.207695000 
C       -1.175189000     -1.485424000     -0.369615000 
O       -2.385445000     -1.249314000     -0.839628000 
C       -3.322900000     -2.320402000     -1.217179000 
H       -3.512521000     -2.984149000     -0.359111000 
H       -4.242561000     -1.798611000     -1.510791000 
H       -2.918939000     -2.892449000     -2.067331000 
N        0.150019000      1.425551000     -1.340653000 
C        0.278681000      2.203218000     -2.206977000 
C        0.438905000      3.173230000     -3.285504000 
H        0.997847000      2.721424000     -4.123118000 
H        0.991781000      4.057755000     -2.924733000 
H       -0.549366000      3.497969000     -3.654333000 
N        2.042103000     -0.745499000     -0.068298000 
C        3.140830000     -1.131865000     -0.198203000 
C        4.510287000     -1.612301000     -0.360279000 
H        4.627295000     -2.106947000     -1.339749000 
H        4.757001000     -2.336664000      0.434836000 
H        5.218960000     -0.768399000     -0.302792000 
C       -0.772580000     -2.925743000     -0.219850000 
H       -1.414261000     -3.436522000      0.528609000 







H       -0.884590000     -3.488582000     -1.168828000 
H        0.272312000     -2.995738000      0.114327000 
C       -0.004182000      0.844676000      1.970408000 
C        1.085774000      0.581444000      2.968285000 
H        2.037724000      0.959268000      2.547246000 
H        0.904419000      1.042532000      3.954866000 
H        1.222680000     -0.510601000      3.075391000 
O       -0.899513000      1.645237000      2.504225000 
C       -2.048027000      2.052823000      1.705982000 
H       -2.174125000      1.364654000      0.853793000 
H       -2.916489000      2.026590000      2.380031000 
H       -1.867196000      3.082875000      1.362008000 
 
TS3-Cu: E=-847.514527 
 
N        1.511127000     -0.320198000      0.978190000 
C        2.206061000     -0.364482000      1.921313000 
C        3.070537000     -0.434761000      3.092867000 
H        3.456079000      0.567482000      3.348021000 
H        3.925224000     -1.103360000      2.890401000 
H        2.507654000     -0.831823000      3.955345000 
Cu       0.296865000     -0.533695000     -0.557532000 
C       -1.394975000      0.878869000     -0.485548000 
O       -2.108591000      0.843668000      0.612174000 
C       -1.111675000      2.219037000     -1.099634000 
C       -2.626800000      2.056428000      1.284414000 
C       -1.294490000     -1.410825000     -1.172075000 
O       -2.070546000     -1.998292000     -0.262324000 
C       -1.844302000     -1.240869000     -2.573745000 
C       -3.503534000     -2.197129000     -0.482400000 
H       -0.584645000      2.098654000     -2.057268000 
H       -2.042072000      2.798927000     -1.267478000 
H       -0.468737000      2.830928000     -0.429925000 
H       -3.131563000      1.685639000      2.185071000 
H       -1.791482000      2.722787000      1.548911000 
H       -3.340410000      2.571235000      0.622076000 
H       -1.205402000     -0.553152000     -3.148843000 
H       -1.779701000     -2.233658000     -3.066428000 
H       -2.895952000     -0.909220000     -2.655236000 
H       -3.863040000     -2.700564000      0.425099000 
H       -4.011824000     -1.225646000     -0.603115000 
H       -3.680040000     -2.835830000     -1.362778000 
N        1.641535000      0.174262000     -2.101027000 
C        2.418758000      0.220406000     -2.977785000 
C        3.386625000      0.265587000     -4.068741000 
H        4.057890000      1.133365000     -3.950010000 
H        2.865252000      0.348350000     -5.037841000 
H        3.994154000     -0.655964000     -4.071399000 
 
36: E= -847.613412 
 
C       -0.144222000     -2.438592000      1.482409000 
C       -0.706371000     -1.630513000      0.333039000 
Cu       0.339707000      0.324938000      0.168932000 
N       -0.000664000      2.291991000     -0.022218000 
O       -0.646744000     -2.160377000     -0.935907000 
C        0.430985000     -3.059049000     -1.256678000 
N        2.294132000      0.063481000      0.005609000 
C       -1.566431000     -0.521903000      0.483313000 
C       -2.121807000     -0.024901000      1.805365000 
O       -2.248646000     -0.028326000     -0.629886000 







C       -3.312491000     -0.880832000     -1.122984000 
C        3.462695000     -0.005113000     -0.045086000 
C        4.915786000     -0.088888000     -0.109741000 
C       -0.323977000      3.402857000     -0.200599000 
C       -0.728400000      4.784625000     -0.424223000 
H       -0.223428000     -1.895668000      2.434908000 
H       -0.714233000     -3.382696000      1.583164000 
H        0.915633000     -2.702114000      1.333217000 
H        0.290175000     -3.308402000     -2.318009000 
H        1.411254000     -2.564846000     -1.121581000 
H        0.388854000     -3.984295000     -0.655901000 
H       -1.471592000     -0.237262000      2.668721000 
H       -2.284118000      1.064183000      1.752451000 
H       -3.105581000     -0.495371000      2.001416000 
H       -3.814047000     -0.299593000     -1.910657000 
H       -2.912183000     -1.817166000     -1.545264000 
H       -4.037590000     -1.106571000     -0.318716000 
H        5.248800000     -0.045734000     -1.161259000 
H        5.264566000     -1.035704000      0.337639000 
H        5.366966000      0.754371000      0.441355000 
H       -0.129080000      5.227778000     -1.238084000 
H       -0.576160000      5.376914000      0.494528000 
H       -1.795494000      4.824158000     -0.703221000 
 
TS4-Cu: E= -714.793877 
 
N       -2.414285000     -0.342987000     -0.085057000 
Cu      -0.567283000     -0.671130000      0.058722000 
C        0.759835000      1.096892000      0.430860000 
O        1.134739000      1.687418000     -0.671598000 
C        0.456820000      1.944864000      1.629788000 
C        1.266207000      3.159928000     -0.809368000 
C        1.223117000     -1.256927000      0.171908000 
O        1.898593000     -1.314552000     -0.970007000 
C        1.968950000     -1.460563000      1.470982000 
C        3.361938000     -1.263904000     -1.006222000 
C       -3.575893000     -0.257624000     -0.217010000 
C       -5.018894000     -0.171207000     -0.384099000 
H        0.195287000      1.318327000      2.496051000 
H        1.325575000      2.579233000      1.901435000 
H       -0.390187000      2.635975000      1.431256000 
H        1.560579000      3.317587000     -1.853997000 
H        0.299294000      3.640172000     -0.595572000 
H        2.045756000      3.524001000     -0.122591000 
H        1.342508000     -1.163471000      2.326563000 
H        2.146600000     -2.551608000      1.569665000 
H        2.952302000     -0.962629000      1.550433000 
H        3.619648000     -1.336725000     -2.070923000 
H        3.721589000     -0.306821000     -0.592575000 
H        3.794446000     -2.112469000     -0.452940000 
H       -5.489608000      0.163040000      0.556812000 
H       -5.425808000     -1.161203000     -0.655545000 
H       -5.265904000      0.548581000     -1.183798000 
 
37: E= -714.878879 
 
N       -2.520992000      0.008775000     -0.031840000 
Cu      -0.666648000     -0.167809000      0.193548000 
C        1.446877000      0.560296000      0.421840000 
O        1.676841000      1.218400000     -0.751995000 
C        1.642432000      1.295098000      1.728472000 







C        1.627761000      2.664249000     -0.775445000 
C        1.262998000     -0.840184000      0.315844000 
O        1.304066000     -1.459395000     -0.932176000 
C        1.377040000     -1.824022000      1.469141000 
C        2.571413000     -1.418946000     -1.645307000 
C       -3.681778000      0.046278000     -0.182385000 
C       -5.123011000      0.094086000     -0.367633000 
H        1.369884000      0.671105000      2.590715000 
H        2.710155000      1.568941000      1.834738000 
H        1.054046000      2.225833000      1.781915000 
H        1.834829000      2.936281000     -1.819391000 
H        0.624734000      3.030321000     -0.490280000 
H        2.395889000      3.105995000     -0.119247000 
H        1.100666000     -1.401181000      2.447229000 
H        0.737996000     -2.700657000      1.273129000 
H        2.420152000     -2.190170000      1.537619000 
H        2.448024000     -2.112836000     -2.488748000 
H        2.793362000     -0.405592000     -2.014527000 
H        3.387311000     -1.774783000     -0.990574000 
H       -5.498771000      1.106336000     -0.137247000 
H       -5.612270000     -0.632939000      0.303990000 
H       -5.375918000     -0.154792000     -1.413129000 
 
Transmetallation to Rhodium: 
 
40: E= -874.537400 
 
N       1.347580    1.203119   -0.142227 
C       2.686600    1.046413    0.200149 
C       2.896108   -0.289424    0.416459 
N       1.679455   -0.930312    0.206615 
C       0.698194   -0.019900   -0.157650 
Rh     -1.102862   -0.389735   -0.563227 
Cl     -2.048755    0.539560    1.281101 
C       1.426923   -2.357522    0.388821 
C       0.702301    2.479447   -0.445914 
H       3.370993    1.890179    0.255305 
H       3.796416   -0.832201    0.696067 
H       0.329206   -2.486835    0.379423 
H       1.881882   -2.948624   -0.425446 
H       1.834443   -2.690017    1.358369 
H      -0.370127    2.273337   -0.590940 
H       0.834910    3.178603    0.396563 
H       1.129915    2.917394   -1.364723 
 
 
 
41: E= -1720.752811 
 
N        2.947584000     -1.119167000     -0.741521000 
C        3.870429000     -1.908245000     -0.060161000 
C        3.587489000     -1.795159000      1.270703000 
N        2.496256000     -0.936523000      1.379357000 
C        2.075185000     -0.527151000      0.139588000 
Rh       0.634050000      0.747529000     -0.322468000 
C       -0.343587000     -0.706754000     -1.464506000 
O        0.044085000     -1.100585000     -2.519163000 
Cr      -1.721679000     -0.596712000     -0.039705000 
C       -2.694982000      0.398149000     -1.334669000 
O       -3.347305000      0.945323000     -2.131617000 
C       -1.061685000      1.153515000      0.815729000 







C       -3.202162000     -0.443288000      1.087993000 
O       -4.116506000     -0.310711000      1.806246000 
C       -0.918615000     -1.711407000      1.234291000 
O       -0.498198000     -2.468960000      2.027255000 
C       -2.398812000     -2.166759000     -0.805155000 
O       -2.813364000     -3.152921000     -1.277690000 
O       -1.150343000      2.239937000     -0.083620000 
C       -0.853560000      3.608627000      0.333118000 
Cl       2.332477000      2.390778000     -0.436315000 
C        1.972509000     -0.466168000      2.660743000 
C        3.015763000     -0.872635000     -2.187577000 
C       -1.017982000      1.537557000      2.275656000 
H        4.643200000     -2.466527000     -0.583077000 
H        4.060980000     -2.235079000      2.144992000 
H        0.203904000      3.702727000      0.633600000 
H       -1.038040000      4.216767000     -0.563266000 
H       -1.538967000      3.907760000      1.142646000 
H        1.393023000      0.446882000      2.474618000 
H        1.329926000     -1.231774000      3.122960000 
H        2.817884000     -0.227738000      3.326050000 
H        2.664883000      0.150052000     -2.387094000 
H        4.068529000     -0.957755000     -2.498795000 
H        2.393387000     -1.590924000     -2.740393000 
H       -1.988083000      1.991511000      2.564714000 
H       -0.886120000      0.637493000      2.893548000 
H       -0.222355000      2.267098000      2.520184000 
 
42: E= -1180.974601 
 
Rh      -0.416888000      0.024317000     -0.002468000 
C       -2.376198000     -0.277083000     -0.063560000 
C       -0.634444000      1.788532000      0.450571000 
C        1.683331000      0.184410000      0.051692000 
Cl       0.094719000     -2.275937000     -0.593656000 
O       -0.721207000      2.920804000      0.751889000 
C       -3.061506000     -1.598433000     -0.282563000 
O       -3.191441000      0.771684000      0.125031000 
C       -4.641045000      0.647469000      0.122061000 
N        2.518513000     -0.224251000      1.055385000 
N        2.527966000      0.609288000     -0.938454000 
C        2.049280000     -0.845676000      2.293370000 
C        3.855714000     -0.080400000      0.692125000 
C        3.862747000      0.448270000     -0.569714000 
C        2.075429000      1.101819000     -2.238245000 
H       -2.313321000     -2.369775000     -0.516551000 
H       -3.608306000     -1.898483000      0.635630000 
H       -3.807344000     -1.538970000     -1.100477000 
H       -5.007285000      0.351784000     -0.875446000 
H       -4.979143000     -0.081315000      0.877106000 
H       -5.010865000      1.651183000      0.373908000 
H        2.127580000     -1.943251000      2.221804000 
H        0.989984000     -0.575863000      2.423364000 
H        2.643600000     -0.474631000      3.144949000 
H        4.672273000     -0.359690000      1.354310000 
H        4.686189000      0.725447000     -1.224158000 
H        2.484226000      2.108710000     -2.429811000 
H        0.975265000      1.140602000     -2.211136000 
H        2.392875000      0.412307000     -3.038614000 
 








14/35 2008


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


Concept
Cobalt- and Nickel-Catalyzed Regio- and Stereoselective


Reductive Coupling of Alkynes, Allenes, and Alkenes with Alkenes
C.-H. Cheng and M. Jeganmohan


New ISI
Impact Factor


5.330


Supported by







… of N-substituted maleimides is
introduced by J.-F. Lutz and S.
Pfeifer in their Full Paper on
p. 10949 ff. The atom transfer radi-
cal copolymerization of these fasci-
nating monomers with styrene
allows the design of well-defined
macromolecules with tailor-made
comonomer sequences. Back-
ground painting: nature morte aux
livres by Ozias Leduc, 1892. Oil on
canvas 32�40 cm. Collection:
Mus�e national des beaux-arts du
Qu�bec, n8 98.07. � Mus�e
national des beaux-arts du Qu�bec.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and published
by Wiley-VCH. This group of
Societies has banded
together as Chemistry
Publishing Society
(ChemPubSoc) Europe for
its combined publishing
activities. The journal is also
supported by the Asian
Chemical Editorial Society
(ACES).


Metallocene Chemistry
In their Communication on page 10909 ff., D. Kunz et al.
describe how aromatic stabilization of imidazolium salts
leads to the most pronounced zwitterionic structure of 6,6-
diaminofulvenes prepared from CpLi and an uronium salt.
The use of fulvenes as suitable precursors for imidazolium-
substituted Group 8 metallocenes is also investigated.


Domino Reactions
In their Full Paper on page 10938 ff. , A. Mann et al.
describe the development of domino reactions of vinyl acet-
amides by using hydroformylation as the trigger. Regiose-
lective hydroformylation of terminal double bonds provides
a transient N-acyliminium that can be trapped by various
nucleophiles to give several aza-heterocylic scaffolds in a
diastereoselective manner.


Being selective
In their Concept article on 10876 ff., C.-H. Cheng and M.
Jeganmohan investigate the cobalt- and nickel-catalyzed
reductive coupling of two different carbon–carbon multiple
bonds, which is an economical and selective route to a wide
variety of products in good yields and high regio- and
stereoselectivity.


Chem. Eur. J. 2008, 14, 10859 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10859


A complete library…



http://dx.doi.org/10.1002/chem.200801237

http://dx.doi.org/10.1002/chem.200801237

http://dx.doi.org/10.1002/chem.200801237

http://dx.doi.org/10.1002/chem.200801956

http://dx.doi.org/10.1002/chem.200801956

http://dx.doi.org/10.1002/chem.200801956

http://dx.doi.org/10.1002/chem.200801795

http://dx.doi.org/10.1002/chem.200801795

http://dx.doi.org/10.1002/chem.200801795

http://dx.doi.org/10.1002/chem.200800904

http://dx.doi.org/10.1002/chem.200800904

www.chemeurj.org






CORRIGENDUM


C. G. Francisco, C. C. Gonz�lez,
A. R. Kennedy, N. R. Paz,
E. Su�rez . . . . . . . . . . . . . . . . . . . . . . 6704–6712


Fragmentation of Carbohydrate
Anomeric Alkoxyl Radicals: New Syn-
thesis of Chiral 1-Fluoro-1-halo-1-
iodoalditols


Chem. Eur. J. , 2008, 14


DOI: 10.1002/chem.200800734


In the Full Paper by Gonz�lez, Su�rez et al. , a mistake has been noted. In Table 1,
the four structures immediately above entries 21–24 and 25–28 should be replaced
with the following structures:


The authors apologise for this oversight.
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Introduction


The development of mild, chemo-, regio-, and stereoselec-
tive methods for the coupling of two different carbon–
carbon p components catalyzed by metal complexes to con-
struct carbon–carbon bonds has received considerable atten-
tion recently.[1–3] Examples of these coupling reactions in-
clude reductive coupling of alkyne/alkyne, alkyne/alkene,
allene/alkene, and alkene/alkene.[1–3] Most of these coupling
reactions are believed to proceed mechanistically via metal-
lacycle intermediates. These coupling reactions provide con-
venient methods for the synthesis of various alkenes and
functionalized alkanes in a highly regio- and stereoselective
manner. It is known that ruthenium, rhodium, cobalt, nickel,
and palladium complexes are efficient catalysts for these
types of reactions.


The proposed mechanisms for the transition-metal-cata-
lyzed coupling of an alkyne and alkene generally involves
the coordination of these two substrates to a low-valence
metal center followed by oxidative cyclometalation to give a
metallacyclopentene intermediate as key steps. Theoretical-
ly, three types of metallacycles including metallacyclopenta-
diene 1, metallacyclopentene 2, and metallacyclopentane 3
can be formed in the reaction [see Eq. (1), the substituents


on the alkyne and alkene are neglected for clarity]. In view
of the fact that alkyne generally shows higher coordination
ability and reactivity than alkene, we expect that the forma-
tion of 1 from an alkyne and alkene solution should be
more favorable than 2 and 2 in turn is more favorable than
3. To our surprise, in many of the coupling reactions of al-
kynes and alkenes, 2 appears to form more readily than the
other two metallacycles.


A possible explanation for the high chemoselectivity of
metallacyclopentene 2 relative to 1 is based on the bond-
angle strain of the metallacycle rings. Lower bond-angle
strain is expected for 2 than for 1 and 3, due to the differ-
ence of normal bond angle of sp3 and sp2 carbon atoms in
the metallacycle ring. It is known that for a planar five-
membered ring, the total of the five angles of the ring is
5408, which is the largest value for a five-membered ring.
The value becomes smaller, if the five-membered ring be-
comes nonplanar. By assuming that the normal bond angle
for a carbon–metal–carbon in a five-membered metallacycle
is �808 (based on the results of X-ray structural determina-
tion of five-membered metallacycles)[4–6] and the bond
angles for sp2 and sp3 carbons are 120 and 109.58, the ideal
total value of the five angles in the ring for 1, 2, and 3
should be 560, 539, and 5188, respectively. Comparing with
the value of 5408 for a planar five-membered ring, the bond
angle strain of metallacyclopentene 2 is expected to be
smallest, because the ideal total angle of 5398 is very close
to the value of 5408. However, for the formation of metalla-
cycle 1, substantial contraction of the bond angle from 560
to 5408 is necessary and thus, its bond-angle strain is expect-
ed to be larger than that of 2. It is worth noting that a non-
planar structure (<5408) of 1 further increases the angle
strain, but should reduce the repulsion between the substitu-
ents on the ring. For metallacycle 3, some angle strain is ex-
pected, if the metallacycle is close to planar. However, the
angle strain can be reduced, if the metallacycle becomes
nonplanar. As a result, we expect that 3 should also have a
small bond-angle strain, but is likely to be bigger than 2. In
the literature, the structures of many five-membered metal-
lacycles have been reported.[4–6] In agreement with the
above analysis, structure 1 is generally planar, 3 is nonpla-
nar, and 2 generally showed slight distortion to the planar
structure. Thus, the bond-angle strain analysis appears to
favor the formation of 2 relative to 1 and 3. In addition, for
disubstituted alkynes, the formation of metallacyclopenta-
diene 1 is further inhibited by the steric repulsion raised by
the substituents on the planar ring. Based on our experience
and the results of literature reports, a suitable pairing of


Abstract: Transition-metal-catalyzed coupling of two
different C�C p components through a metallacycle in-
termediate is a highly atom economical method to con-
struct C�C bonds in organic synthesis. The metal-cata-
lyzed coupling of an alkene and alkyne generally gives
an Alder-ene or reductive coupling product. In this arti-
cle, we focus on the cobalt- and nickel-catalyzed reduc-
tive coupling of alkynes, allenes, and alkenes with al-
kenes. These reductive coupling reactions provide con-
venient methods for the synthesis of various alkenes,
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alkyne and alkene for an enyne coupling reaction would be
a disubstituted alkyne and an activated alkene.


For the enyne coupling to be beneficial to organic synthe-
sis, the control of regiochemistry of metallacyclopentene in-
termediate is crucial. In principle, four different regioiso-ACHTUNGTRENNUNGmers of metallacyclopentenes 2 a–d can be formed from the
intermolecular coupling of an unsymmetrical alkyne and
alkene [Eq. (2)]. Such control can be achieved by tuning
both electronic and steric effects of the alkyne and alkene
substrates and the choice of the catalyst. In general, a large
or electron-withdrawing group prefers to stay at the ortho
position near to the metal of the metallacyclopentene. As a
result, 2 a or 2 b is more favorable than the other two re-
gioisomers. Moreover, if R1 is more electron-withdrawing or
larger in size than R2, 2 a should be most favorable.


There are two familiar types of products, Alder-ene and
reductive coupling products, from transition-metal-catalyzed
intermolecular coupling reaction of alkynes and alkenes.
Metallacyclopentene is a common intermediate in both re-
actions. If b-hydride elimination of the metallacyclopentene
intermediate is faster than protonation, the Alder-ene type
product 4 a or 4 b is obtained [Eq. (3)]. On the other hand,
if protonation is faster than b-hydride elimination, the re-
ductive coupling product 5 is produced [Eq. (4)]. The reac-
tion type is mainly determined by the nature of metal com-
plex, reaction conditions, and alkenes used.[1–3]


Previously, the Alder-ene type enyne coupling reaction
was reviewed by Trost�s group[1a–c] and the reductive-type
three-component coupling reactions and the coupling of
carbon–carbon p components with carbonyl compounds or
imines were reviewed by Montgomery,[2b–c] Ikeda,[2d–e] and
Jamison.[2f–g] Up to now, there is no review available in the


literature mainly for the reductive coupling of two different
carbon–carbon p components. In this article, we will high-
light cobalt- or nickel-catalyzed reductive coupling reactions
of alkynes, alkenes, and allenes with alkenes and the related
reactions.


Cobalt-Catalyzed Intermolecular Reductive Enyne
Coupling


In 2001, we observed a cobalt-catalyzed intermolecular re-
ductive coupling of alkynes and activated alkenes using
water as a proton source and zinc as a reducing agent.[7a]


Thus, the reaction of 1-phenyl-1-propyne (6 a) with n-butyl
acrylate (7 a) in the presence of [Co ACHTUNGTRENNUNG(PPh3)2I2] (5 mol %),
PPh3, water, and zinc metal in CH3CN at 80 8C gave reduc-
tive coupling product 8 a in excellent yield (Scheme 1). The


catalytic reaction is highly regio- and stereoselective with
the b-carbon of acrylate group attached to the methyl-sub-
stituted alkyne carbon and the phenyl and methyl groups
from the alkyne moiety cis to each other. The presence of
suitable amount of PPh3 and water are crucial for the suc-
cess of catalytic reaction.


Under similar reaction conditions, 1-phenyl-1-propyne
(6 a) also undergoes reductive coupling with acrylonitrile
and vinyl phenyl sulfone to provide products 8 b and 8 c in
98 and 85 % yields, respectively. Similarly, various symmetri-
cal and unsymmetrical alkynes react with activated alkenes
to give the corresponding reductive coupling products 8 in
48–81 % yields in a highly regio- and stereoselective
manner. The structures and yields of products 8 a–c are
shown in Scheme 1.


A possible reaction mechanism for the reductive enyne
coupling is shown in Scheme 2. Reduction of CoII to CoI by
zinc powder initiates the catalytic reaction. Highly chemose-
lective coordination of an alkyne and alkene to the CoI


center followed by regioselective oxidative cyclometalation
yields cobaltacyclopentene intermediate 9. Protonation of 9
by water affords reductive coupling product 8 in a highly
regio- and stereoselective manner and a CoIII species. The
latter is then reduced by Zn to regenerate the active CoI


species. An isotope-labeling experiment with D2O as the
proton source for the reductive coupling of 6 a and vinyl sul-
fone 7 c supports the proposed protonation step (Scheme 2).


Scheme 1. Cobalt-catalyzed intermolecular reductive coupling of alkynes
and activated alkenes.
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In product 8 d, the olefinic proton and one of the protons at-
tached to the a-carbon of SO2Ph in 8 d were deuterated in
84 and 96 %, respectively.


Although the present cobalt-catalyzed reductive enyne
coupling reaction worked well with acrylates, acrylonitrile,
and vinyl sulfone, the reductive coupling does not proceed
with enones and enals. Fortunately, we observed that use of
the Lewis acid ZnI2 successfully led to the reductive cou-
pling of enone and enal with alkyne in the presence of a bi-
dentate cobalt complex, Zn, and water.[7b] Other Lewis acids
such as ZnCl2, CuI, and CuCl were also active. Thus, treat-
ment of 6 a with methyl vinyl ketone (10 a) in the presence
of [CoI2ACHTUNGTRENNUNG(dppe)] (5 mol %; dppe=1,2-bis(diphenylphosphi-
no)ethane), ZnI2 (10 mol %), water, and zinc metal powder
in CH3CN at 80 8C gave reductive coupling product 11 a in
excellent yield (Scheme 3). A similar regio- and stereoselec-
tivity as that shown in Scheme 1 was also found for the pres-
ent reaction. Examples of the structures of products 11 and
yields are shown in Scheme 3. ZnI2 probably plays two roles
in the reaction. First, it likely acts as a mild Lewis acid to
remove a halide from the CoI center and to assist the coor-
dination of the alkynes and alkenes to the CoI center.
Second, it activates the vinyl ketone through coordination to
the keto oxygen.


The catalytic reaction is compatible with various internal
alkynes and substituted enones and enals. Interestingly, even
cyclic enones efficiently participate in the reductive coupling
with alkynes.


Cobalt-Catalyzed Intramolecular Reductive
Coupling of Alkynes with Activated Alkenes


An intramolecular version of reductive enyne coupling was
also examined under the cobalt-catalyzed reaction condi-
tions shown in Scheme 4.[7b] Enyne 12 a with an electron-de-


ficient trans-alkene tethered to a terminal alkyne moiety
was converted to cyclic product 13 a in 99 % yield in the
presence of [CoI2 ACHTUNGTRENNUNG(dppe)], ZnI2, water, and zinc metal
powder in CH3CN. Under similar reaction conditions, cis-
enyne 12 b also worked equally well to give the same prod-
uct 13 a in 98 % yield. It is interesting to note that in the in-
termolecular enyne reductive coupling, terminal alkynes
generally do not react with activated alkenes, but undergo
self cyclotrimerization to give the corresponding aromatics.[8]


Internal alkynes with an aryl or alkyl substituent are com-
patible for the intramolecular reductive coupling. Similarly,
acrylonitrile- and acrylate-tethered alkynes also worked
very well.


Cobalt-Catalyzed Intermolecular Reductive
Coupling of Propargyl Alcohols with Activated


Alkenes


The cobalt-catalyzed reductive enyne coupling methodology
was successfully applied to the synthesis of various six-mem-
bered lactones and lactams (Scheme 5).[7b] The reductive
coupling of 3-phenylpropargyl alcohol (14 a) with methyl ac-
rylate (7 b) in the presence of [CoI2ACHTUNGTRENNUNG(dppe)] (5 mol %), PPh3,
water, and zinc metal powder in an 1:3 ratio of CH3CN and
1,4-dioxane at 80 8C provided six-membered lactone 15 a in
80 % yield with an excellent Z stereoselectivity of the exo
carbon–carbon double bond (Scheme 5). The use of the
mixed CH3CN/1,4-dioxane solvent is crucial to get 15 a in


Scheme 2. A proposed mechanism for the reductive coupling of alkyne
and acrylate.


Scheme 3. Cobalt-catalyzed intermolecular reductive coupling of alkynes
and enones or enals.


Scheme 4. Cobalt-catalyzed intramolecular reductive enyne coupling.
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very high yield. Similarly, various propargyl alcohols gave
six-membered ring lactones 15 in good yields. In addition,
the synthesis of lactam 18 was achieved from propargylcar-
bamate 16 and methyl acrylate under similar cobalt-cata-
lyzed reaction conditions, followed by treatment of product
17 with TFA in THF (Scheme 5).


This methodology was further applied to the synthesis of
seven-membered lactones (Scheme 6).[7b] 2-(3-Hydroxyprop-
1-ynyl)benzoate 19 a possessing an ester group at the ortho
position of the phenyl ring reacted with n-butyl acrylate
(7 a) in the presence of [CoI2 ACHTUNGTRENNUNG(dppe)] (5 mol %), water, and
zinc metal powder in CH3CN at 80 8C to give seven-mem-
bered lactone 20 a in 65 % yield. In the reaction two differ-
ent types of lactonization products are possible. As in


Scheme 6, the hydroxyl group at the propargyl alcohol
moiety might cyclize with the ester group on the acrylate
moiety to afford a six-membered-ring product. Another pos-
sibility is an intramolecular cyclization of the hydroxyl
group to the ester group on the phenyl ring to give a seven-
membered lactone. In the reaction, the seven-membered
cyclic lactone was only observed. These results are interest-
ing in view of the fact that it is generally more favorable for
the formation of a six-membered ring than of a seven-mem-
bered ring. This high selectivity might be explained based
on the cobaltacycles formed in the reaction. The cobaltacy-
clopentene intermediate will place the hydroxyl group in
proximity to the aromatic ester group, thereby facilitating
the formation of seven-membered ring lactone even before
the catalytic cycle is complete. Various activated alkenes 7
and alkynes 19 with different substituents at the propargylic
position were successfully employed in the reaction. In all
cases, seven-membered ring lactone 20 was observed exclu-
sively in good to moderate yields.


Cobalt-Catalyzed Coupling of Alkynes and
Unactivated Alkenes


Very recently, Hilt and Treutwein reported a cobalt-cata-
lyzed intermolecular coupling (Alder-ene reaction) of unac-
tivated alkenes with alkynes (Scheme 7).[9] In the reaction,


alkynes 6 couple with alkenes 21 in the presence of [CoBr2-ACHTUNGTRENNUNG(dppe)], Zn, and ZnI2 in CH2Cl2 to give 1,4-diene products
23 in good to excellent yields with a high stereoselectivity.
The structures of products 23 a,b and the corresponding
yields are shown in Scheme 7.


It is surprising that in the cobalt-catalyzed reaction of al-
kynes with activated alkenes, the reductive coupling product
8 or 11 was observed, but in the present reaction the 1,4-
diene coupling product was formed. Presumably, exo b-hy-
drogen elimination of the cobaltacyclopentene intermediate
22 from an alkyne and unactivated alkene is very efficient
relative to other competing processes (Scheme 7).


Scheme 5. Cobalt-catalyzed reductive coupling of propargyl alcohols and
amines with methyl acrylate.


Scheme 6. Cobalt-catalyzed reductive coupling of substituted 3-arylpro-
pargyl alcohols and activated alkenes.


Scheme 7. Cobalt-catalyzed Alder-ene reaction of alkynes and unactivat-
ed alkenes.
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Nickel-Catalyzed Reductive Coupling of Alkynes
and Activated Alkenes


Recently, Montgomery�s group reported a nickel-catalyzed
intermolecular reductive coupling of alkynes and activated
alkenes using BEt3 as the hydride source (Scheme 8).[10] The


reaction of 1-phenyl-1-propyne (6 a) with methyl vinyl
ketone (10 a) in the presence of [NiACHTUNGTRENNUNG(cod)2] (cod =cycloocta-
diene), PBu3, and BEt3 in 8:1 mixture of MeOH/THF at
50 8C provided reductive coupling product 24 a in 85 % yield
with a 95:5 E/Z ratio.[10a] The catalytic reaction is highly re-
gioselective with the b-carbon of methyl vinyl ketone group
attached to the methyl-substituted carbon of alkyne. Various
alkynes and acyclic and cyclic enones are compatible with
the catalytic reaction.


Under similar reaction conditions, enals 25 reacted with
alkynes 6 to give [3+2] cycloaddition products, cyclopenta-
nol derivatives, 26 in good to excellent yields with high dia-
stereoselectivity (Scheme 8).[10b] The catalytic reaction pro-
ceeds through chemoselective coordination of an alkyne and
alkene to the Ni0 center followed by regioselective oxidative
cyclometalation with the assistance of MeOBEt2 yielding
nickelacycle intermediate 27 (Scheme 9). Protonation of in-
termediate 27 by MeOH affords an alkenyl–nickel inter-
mediate 28. If the R3 group is H, the alkenyl group of inter-
mediate 28 adds intramolecularly to the tethered aldehyde,
further hydrolysis affords [3+2] reductive cycloaddition
product 26. Alternatively, if the R3 group is an aryl or alkyl,
an ethyl group is transferred from boron to nickel in inter-
mediate 28 to produce 29. b-Hydride elimination followed
by reductive elimination gives reductive coupling product 11
and regenerates the active Ni0 catalyst.


Nickel-Catalyzed Reductive Ring-Opening
Coupling of Bicyclic Alkenes and Propiolates


7-Oxa- and azabicyclic alkenes are a class of activated al-
kenes that show substantial coordinating ability to transi-
tion-metal centers due to the large bond-angle strain of the
alkene group.[11] We had observed that they were efficient
ene substrates for the reductive coupling reaction with vari-
ous propiolates (Scheme 10).[12] Thus, the reaction of 7-oxa-
benzonorbornadiene (31 a) and methyl but-2-ynoate (32 a)
in acetonitrile at room temperature in the presence of [Ni-ACHTUNGTRENNUNG(dppe)Br2] (5 mol%) and zinc powder gave a reductive
ring-opening coupling product 33 a in 60 % yield
(Scheme 10).[12a] Addition of water (1.5 mmol) in the reac-
tion mixture greatly increased the yield of 33 a to 91 %
yield. This catalytic reaction is highly regio- and stereoselec-
tive, that is, the propiolate moiety is added to bicyclic
alkene 31 a at the exo face (cis to the oxygen atom) exclu-


Scheme 8. Nickel-catalyzed intermolecular reductive coupling of alkynes
and activated alkenes.


Scheme 9. Proposed mechanism for nickel-catalyzed intermolecular re-
ductive coupling of alkynes and activated alkenes.


Scheme 10. Nickel-catalyzed reductive ring-opening coupling of oxa- and
azabenzonorbornadienes and propiolates.
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sively and the C�C bond formation occurs specifically at the
triple-bonded carbon distal to the ester group of propiolate
moiety. The present catalytic reaction is similar to an enyne
reductive coupling except that the coupling is accompanied
by a C�O bond cleavage leading to ring-opening of the bicy-
clic moiety. Likewise, various 7-oxabenzonorbornadienes
and 7-azabenzonorbornadiene 31 also underwent reductive
ring-opening coupling with alkyl propiolates 32 giving the
corresponding cis-1,2- dihydronaphthalene derivatives 33 or
34 in good to excellent yields.


The scope of the reductive ring-opening coupling reaction
was successfully extended to 7-oxanorbornenes (Scheme 11).
The reaction of oxabicyclic alkene 35 a bearing two


CH2OMe groups with methyl but-2-ynoate (32 a) proceeded
efficiently to give 3-cyclohexenol derivatives 36 a with all
four substituents on the cyclohexene ring cis to each other
in 81 % yield. Very interestingly, the reaction of oxabicyclic
alkene 35 b, bearing two ester groups, with methyl but-2-
ynoate (32 a) gave reductive cyclization product bicyclic g-
lactone 37 a in 87 % yield, instead of the expected reductive
coupling product 36. The formation of product 37 a can be
explained by the reductive ring-opening coupling of 35 b and
32 a leading to 38, followed by chemoselective cyclization of
the hydroxyl group with one of the ester groups on the cy-
clohexene ring. It is worth noting that the skeleton of these
bicyclic g-lactones are useful intermediates in the synthesis
of natural products.[13]


A possible reaction mechanism is proposed for reductive
ring-opening coupling of bicyclic alkenes and propiolates
(Scheme 12). Reduction of NiII to Ni0 by zinc powder ini-
tiates the catalysis reaction. Highly regioselective exo coor-
dination of a bicyclic alkene 31 and propiolate 32 to the Ni0


center followed by oxidative cyclometalation leads to a nick-


elacyclopentene intermediate 39. Subsequent b-heteroatom
elimination of intermediate 39 to give 40 followed by proto-
nation affords reductive ring-opening coupling product 33
and NiII species. The latter is then reduced by Zn to regener-
ate the Ni0 species. The proposed mechanism in Scheme 12
was strongly supported by the following isotope-labeling ex-
periment. The reaction of 31 a with 32 a in the presence of
D2O (99.5 %) instead of H2O was carried out. The result
showed that in product 33 c, the ester-substituted olefinic
carbon is 75 % deuterated.


Nickel-Catalyzed Ring-opening Cyclization of Oxa
Bicyclic Alkenes and Propiolates


In the absence of water, the reaction of 7-oxabenzonorbor-
nadiene (31 a) with methyl but-2-ynoate (32 a) at 80 8C in
the presence of [Ni ACHTUNGTRENNUNG(dppe)Br2] (5 mol %) and zinc powder in
CH3CN provided benzocoumarin derivative 41 a in 87 %
yield (Scheme 13) instead of the reductive ring-opening cou-
pling product 33.[12b] Various 7-oxabenzonorbornadienes 31
were treated efficiently with propiolates 32 to give the cor-
responding benzocoumarin derivatives 41 in 62–89 % yields.
Similarly, treatment of 7-oxanorbornene 35 a with methyl 3-
(trimethylsilyl)propiolate (32 c) gave tetrahydrocoumarin 42
in a highly regio- and stereoselective manner. In the reac-
tion all substituents in the ring are present in a cis fashion.
It is important to say that benzocoumarins and tetrahydro-
coumarins are key intermediates in various natural product
synthesis.[14] In addition, benzocoumarins are also known as
electron-transporting emitters.[15]


Similar to the reductive ring-opening coupling
(Scheme 12), we believe that the present ring-opening cycli-
zation also involves nickelacyclopentene 39 and the subse-
quent b-oxygen elimination product 40 as key intermediates
(Scheme 14). In the absence of a proper proton source, b-
hydride elimination of intermediate 40 dominates giving


Scheme 11. Reductive ring-opening coupling of oxanorbornenes and pro-
piolates.


Scheme 12. A proposed mechanism for nickel-catalyzed reductive ring-
opening coupling of oxabicyclic alkenes with propiolates.
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Ni�H intermediate 43. Enolization and reductive elimina-
tion give product 44 a and Ni0 species. E/Z isomerization of
44 a to 44 b followed by lactonization of 44 b provides the
ring-opening cyclization product 41. It should be noted that
the reductive coupling product 33 failed to convert to ben-
zocoumarin 41 under the catalytic conditions, although we
cannot completely rule out 33 as an intermediate for the for-
mation of 41.


Nickel-Catalyzed Coupling of Benzynes, Activated
Alkenes, and Organoboronic acids


In the reductive coupling of carbon–carbon p components,
the most commonly employed p systems are alkynes, al-
kenes, dienes, allylic halides, and allenes. Very recently we
demonstrated arynes also work as an efficient p component


in the reductive coupling reaction.[16] Treatment of benzyne
precursor 45 (2-(trimethylsilyl)phenyl triflate), ethyl vinyl
ketone (10 b) with (E)-2-phenylvinyl boronic acid (46 a) in
the presence of [NiACHTUNGTRENNUNG(cod)2] (10 mol %), PPh3, and CsF in
CH3CN at 40 8C gave coupling product 47 a in 92 % yield
(Scheme 15). In the reaction, organoboronic acid likely


plays dual roles acting as a proton source and as a carbon
nucleophile. Under similar reaction conditions, a variety of
aryne precursors 45, organoboronic acids 46, acyclic and
cyclic enones, acrylates, and acrylonitrile also worked well
for this coupling reaction. A possible catalytic reaction
mechanism of coupling of benzynes, activated alkenes and
organoboronic acids is proposed in Scheme 16. Coordinative


cyclometalation of enone and aryne (generated from precur-
sor 45 and CsF) with Ni0 forms a nickelacycle 48. Protona-
tion of the a-carbon of ketone moiety in intermediate 48 by
the boronic acid and transmetalation of the organic group
onto the nickel center leads to intermediate 49. Subsequent
reductive elimination gives coupling product 47 and regener-
ates the Ni0 catalyst.


Similar types of nickel-catalyzed three-component reduc-
tive couplings of p components, such as alkynes/alkenes, al-
kynes/allylic halides, and alkynes/imines or aldehydes with


Scheme 13. Nickel-catalyzed ring-opening cyclization of oxabicyclic al-
kenes and propiolates.


Scheme 14. A proposed mechanism for nickel-catalyzed ring-opening cyc-
lization of oxabenzonorbornadienes with propiolates.


Scheme 15. Nickel-catalyzed coupling of benzynes, activated alkenes, and
organoboronic acid.


Scheme 16. A proposed mechanism for nickel-catalyzed coupling of ben-
zynes, activated alkenes, and organoboronic acids.
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organometallic reagents or metal hydrides are known in the
literature.[17–19] Ikeda�s group studied intermolecular three-
component reductive coupling of alkynes and activated al-
kenes with alkynyl stannanes[17] and Montgomery�s group
explored intramolecular three-component reductive cou-
pling of enynes with organometallic reagents.[18] Recently,
several other research groups also have paid considerable
attention in this area.[19]


Cobalt-Catalyzed Reductive [3+2] Cycloaddition
of Allenes and Enones


The observed reductive coupling of alkynes and alkenes
prompted us to examine the feasibility of reductive coupling
of allenes and alkenes (Scheme 17).[20] The reaction of


phenyl allene (50 a) with methyl vinyl ketone (10 a) in the
presence of [CoI2ACHTUNGTRENNUNG(dppe)] (5 mol %), Zn, ZnI2 (10 mol %),
and water in CH3CN gave cyclopentanol derivative 51 a in
88 % yield (Scheme 17). The catalytic reaction is highly
regio- and chemoselective, in that the internal double bond
of allene is involved in the [3+2] cycloaddition and the
phenyl and the methyl substituents in 51 a were trans to
each other. The use of ZnI2 and water were crucial for the
success of the reaction. No [3+2] cycloaddition occurred
without ZnI2 and water. Various enones 10 and allenes 50
undergo reductive cyclization to give the corresponding cy-
clopentanols 51 in good yields with excellent diastereomeric
selectivity. Very interestingly, a similar reaction using allenyl
esters 52 a,b as the allene substrate gave tri- and bicyclic lac-
tones 53 a and 53 b as a single diastereomer in 51 and 73 %
yields, respectively (Scheme 17).


A similar type of [3+2] cycloaddition of allenes and
enones catalyzed by phosphine is known in the literature.[21]


In the reaction, allene act as a three-carbon group adding to
enone yielding cyclopentenes, whereas in our cobalt-cata-


lyzed reaction, enone act as a three-carbon group adding to
the internal double bond of allene leading to cyclopentanols.
Meanwhile, a ruthenium-catalyzed intermolecular coupling
of allenes and alkenes is also known in the literature. In this
reaction, the Alder-ene type product (a 1,3-diene) was ob-
served.[21]


A plausible mechanistic rationale of the reductive [3+2]
cycloaddition is proposed in Scheme 18. Reduction of CoII


to CoI by zinc powder initiates the catalytic reaction. Che-


moselective coordination of an internal double bond of
phenyl allene and methyl vinyl ketone to the CoI center fol-
lowed by oxidative cyclometalation gives cobaltacyclopen-
tene intermediate 54. This intermediate 54 is in equilibrium
with the O-enolate 55. Selective protonation of the Co�O
bond of intermediate 55 by water followed by carbonyl in-
sertion into the Co�C bond in 56 affords cobaltalkoxide in-
termediate 57. Protonation of 57 leads to 51 a and CoIII spe-
cies. The latter is then reduced by Zn to regenerate the CoI


species. At the moment, the observed excellent diastereose-
lectivity of 51 a is unclear.


The proposed mechanism is supported by the following
isotope-labeling experiment (Scheme 18). The reaction of
phenyl allene (50 a) with methyl vinyl ketone (10 a) was car-
ried out in the presence of D2O at 80 8C to provide 51 d. The
results showed that the 5-position in the cyclopentanol ring
and the alcohol group of 51 d were deuterated.


Cobalt-Catalyzed Reductive Dimerization of
Alkenes


The reductive coupling of alkynes and alkenes could be ex-
tended to alkenes alone (Scheme 19).[21] Thus, n-butyl acry-
late (7 a) undergoes reductive self-dimerization in the pres-
ence of [CoI2ACHTUNGTRENNUNG(PPh3)2] (5 mol %), PPh3, zinc metal powder,
and water in CH3CN at 80 8C to provide di ACHTUNGTRENNUNG(n-butyl) adipate
(58 a) in 90 % yield. The catalytic reaction is completely re-
gioselective and only the tail-to-tail product was observed.
The addition of extra PPh3 (16 mol %) was crucial to in-


Scheme 17. Cobalt-catalyzed intermolecular reductive [3+2] cycloaddi-
tion of allenes and enones.


Scheme 18. A proposed mechanism for the cobalt-catalyzed intermolecu-
lar [3+2] cycloaddition of allenes and enones.
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crease the yield of product 58 a, but if the amount of PPh3


exceeds 16 mol %, the catalytic activity was inhibited. The
catalytic reductive dimerization was successfully extended to
other acrylates, acrylonitrile, phenyl vinyl sulfone, and N,N-
disubstituted acrylamide 7. A similar type of dimerization of
alkenes were previously studied by various metal catalysts
such as Rh, Ru, Pd, and Ni.[22–23]


The dimerization instead of reductive dimerization of vi-
nylarenes occur using cobalt complexes as the catalyst
(Scheme 19). Under slightly modified reaction conditions,
[CoCl2ACHTUNGTRENNUNG(PPh3)2] (5 mol %), PPh3, zinc metal, and EtOH, sty-
rene 59 dimerizes to give alkene 60 a in 88 % yield. The cat-
alytic reaction is highly regioselective, only head-to-tail di-
merization product was observed. It is worth noting that
tail-to-tail reductive dimerization was observed for activated
alkenes. Various substituted vinylarenes were successfully
employed in the reaction.


The catalytic reaction mechanism of the reductive dimeri-
zation of activated alkenes is probably similar to that of
enyne reductive coupling as shown in Scheme 2. Formation
of regioselective cobaltacyclopentane intermediate 61 from
two alkenes and CoI and further protonation of 61 are prob-
ably the key steps for the tail-to-tail reductive dimerization.


For the catalytic dimerization of styrenes, the key inter-
mediate might also be a cobaltacyclopentane intermediate
62 with a different regiochemistry from 59 and CoI. Further
b-hydride elimination of 62 affords the coupling product 60.
Another possible mechanism involves a cobalt ACHTUNGTRENNUNG(III) hydride
intermediate from the protonation of CoI with EtOH. Coor-
dinative insertion of vinylarene to the CoIII-H species gives
intermediate 63 (Scheme 20). Further coordinative insertion
of vinylarene to the CoIII�C species provides intermediate
64. Subsequent b-hydrogen elimination of intermediate 64


affords the dimerization product 60 and regenerates the
CoIII hydride for further catalytic cycle.


Very recently, Vogt�s group demonstrated a cobalt-cata-
lyzed highly selective hydrovinylation of styrene
(Scheme 21).[24] Treatment of styrene (59 a) with ethylene


(p=30 bar) in the presence of [CoCl2(BPC6-phos)] (see
ref. [24] for details of BPC6-phos) and Et2AlCl in CH2Cl2 at
0 8C for 1.5 h gave 3-phenyl-1-butene (65) in 95 % yield.
Under the catalytic reaction conditions, other phosphine li-
gands, such as PPh3 and bis(diphenylphosphino)methane,
were also active for the reaction. Hydrovinylation of styr-
enes catalyzed by other metals such as Ni, Pd, Ru, Rh, and
Ir are also known in the literature.[24] In addition, 1,4-hydro-
vinylation of styrenes with 1,3-dienes was-studied by Hilt�s
group.[25]


Conclusion


In this concepts article, we have described various cobalt-
and nickel-catalyzed reductive coupling of alkynes, allenes,
and alkenes with alkenes. Mechanistically, we propose that
the reactions proceed via metallacyclopentenes or metalla-
cyclopentanes as key intermediates. In most of these reduc-
tive coupling reactions, zinc was used as the reducing agent
and water as the proton source. These reactions are highly
regio- and stereoselective providing an efficient route for
the synthesis of various highly substituted alkenes, alkanes,
cyclopentanols, and cyclic allylic alcohols and amines. The
methodologies were also successfully applied to the synthe-
sis six- and seven membered lactones, six-membered lac-
tams, and benzocoumarin derivatives.


Scheme 19. Cobalt-catalyzed reductive dimerization of alkenes.


Scheme 20. A proposed mechanism for the dimerization of styrenes.


Scheme 21. Cobalt-catalyzed hydrovinylation of styrene with ethylene.
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Organocatalyzed Highly Enantioselective Michael Additions of Malonates to
Enones by Using Novel Primary–Secondary Diamine Catalysts


Ying-Quan Yang[a] and Gang Zhao*[a, b]


The Michael reaction is one of the fundamental bond-
forming processes in organic chemistry and its asymmetric
version offers an extremely powerful tool for the synthesis
of a variety of useful chiral functionalized organic mole-
cules.[1] Particularly, the catalytic asymmetric addition reac-
tion of malonates to a,b-unsaturated ketones would produce
useful products which could be easily converted to syntheti-
cally useful optically active d-ketoesters after simple decar-
boxylation procedures.[2] As a result, a variety of chiral
metal catalysts[3] as well as organocatalysts[2,4] have been de-
veloped for this transformation. However, only very recently
did Kobayashi et al. report the highest enantioselectivity
(mostly >95 % ee) for this reaction with di-n-propyl malo-
nates and chalcones using a new strontium based catalysts.[5]


In the field of organocatalysis, imidazoline catalyst,[2a] pro-
line-derived tetrazole catalysts,[2b, c] phase-transfer catalysts,[6]


and Cinchona alkaloid-derived chiral thioureas[7] have been
introduced to catalyze this reaction. Nevertheless, these cat-
alytic systems more or less suffer several drawbacks such as
long reaction times (2–6 d), the need for a large excess of
malonates, and unsatisfactory enantioselectivities (generally
below 95 % ee). Therefore, the development of a more effi-
cient organocatalyst system is highly desirable in order to
make this transformation more practical for use in organic
synthesis.


On the other hand, chiral diamines, especially those bear-
ing a primary amine moiety, have recently found many suc-


cessful applications in organocatalysis.[8] Despite the recent
inspiring successful applications of primary amine salts in
the iminium catalysis of enones,[9] little examples have been
reported for the use of primary–secondary diamine catalysts
in the Michael addition reactions of enones. As part of our
ongoing efforts in developing efficient organocatalysts for
the asymmetric reactions of a,b-enones,[10] we report herein
a novel primary–secondary diamine catalyst readily avail-
able from primary amino acids in three steps[11] for the Mi-
chael additions of malonates to a,b-unsaturated ketones.


Initially, the Michael reaction of dimethyl malonate 1 a
with benzylideneacetone 2 a was selected as a model reac-
tion for catalyst evaluation (Table 1). While catalyst 3 a
(Figure 1) bearing two primary amino groups derived from


l-phenylalanine promoted this reaction with poor yield and
enantioselectivity, its monomethylated analogue 3 b provid-
ed much better results (Table 1, entries 1 and 2). The length
of the alkyl chain was found to influence the catalytic abili-
ties of the catalysts and the n-propylated catalyst 3 d gave
the highest yield and ee value (Table 1, entry 4).[12] Surpris-
ingly, the primary–tertiary 3 f exhibited very low activity in
this reaction, which highlighted the importance of the secon-
dary amine moiety in the catalyst (Table 1, entry 6). More-
over, variation of the benzyl group of 3 d yielded the opti-
mum catalyst 3 i derived from l-tryptophan, which provided
the desired product 4 aa with 91 % ee (Table 1, entry 9).
Next, we are pleased to find that decreasing the amount of
1 a to 2 equiv had little influence on both the yield and ee


[a] Y.-Q. Yang, Prof. Dr. G. Zhao
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University of Science and Technology of China
Hefei, Anhui 230026 (China)
Fax: (+86) 21-64166128
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Laboratory of modern synthetic chemistry
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Chinese Academy of Sciences


Supporting information for this article is available on the WWW
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Figure 1. Structures of the catalysts studied.
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values (Table 1, entry 10). Our further optimizing efforts
were shifted to the examination of the effect of several acid
additives, which are well-documented to be beneficial for
the formation of an iminium intermediate.[9] To our delight,
the addition of acid additives not only improved the yield
and ee values, but also decreased the reaction time signifi-
cantly from 48 to 24 h (Table 1, entries 11–15). Thus, the re-
action was best performed using a 1:1 combination of 3 i/
TFA (trifluoro acetic acid) with 99 % yield and 97 % ee
(Table 1, entry 13). The absolute configuration of the prod-
uct 4 aa was determined by comparison of the specific opti-
cal rotation with that of the literature data.


Subsequently, the addition of a series of malonates 1 to
enone 2 a was performed under the optimized conditions
(Table 2). It seems that the reaction was quite sensitive to
the steric hindrance on the malonates. While excellent
yields and enantioselectivity were obtained for the less steri-
cally demanding malonates 1 a, b, d, and e, a lower yield was
observed for the diisopropyl malonate 1 c but still with up to
>99 % ee (Table 2, entry 3). The reaction even failed to pro-
ceed when the more sterically demanding di-tert-butyl malo-
nates 1 f was employed (Table 2, entry 6). The use of diben-
zyl malonate 1 e furnished the best results with up to 99 %
yield and ee value (Table 2, entry 5). Notably, it is favorable
to use dimethyl or dibenzyl malonates for further useful
conversions of the Michael adducts in organic synthesis.[2]


Then the scope of the addition of dibenzyl malonate to a
variety of enones 2 was explored (Table 3). For 4-aryl-3-
buten-2-ones 2 a–j, almost optically pure products could be
obtained in excellent yields, irrespective of the electronic


nature or positions of the substituents on the phenyl ring
(Table 3, entries 1–10). Heterocyclic furan enone 2 j also per-
formed well to give the desired product in 92 % yield and
99 % ee (Table 3, entry 11). No decrease in yield and ee
value was observed for the slightly sterically hindered enone
2 l (Table 3, entry 12). Interestingly, chalcone 2 m, which was
presumed to be a better Michael acceptor for this type of re-
action,[4–7] was found to react rather slowly and a longer re-
action time was required to obtain good yield, however, ex-
cellent enantioselectivity was still achieved (Table 3,
entry 13). Poor reactivity was also observed for the alkyl-
substituted enone 2 n and 2-cyclohexenone 2 o, in which only
moderate yields were obtained while still in excellent enan-
tioselectivities with prolonged reaction times (Table 3, en-
tries 14 and 15).


A bifunctional iminium mechanism similar to those previ-
ously proposed for the primary amine salt catalysts in the
iminium catalysis[9] of enone may be invoked to explain the
observed enantioselectivity. We presume that the reaction
may proceed via the iminium ion I (Figure 2), in which the
primary amine moiety of the catalyst 3 i activates the enone
2 via the formation of an iminum ion while the secondary
amine activates the nucleophile malonate 1. The Re face of
the enone in this pretransition state assembly I is shielded
by the bulky indolyl group driving the malonate to attack
the Si face of the enone 2. The strong acid additives may fa-
cilitate the formation of the iminium ion and foster the re-
generation of the catalyst in the hydrolysis of the enamine
intermediate after the addition step. However, the exact ex-
isting or functioning forms of the strong acid additives in
the reaction system are difficult to be determined.


In summary, we have devel-
oped a novel readily available
primary–secondary diamine cat-
alyst system for the Michael ad-
ditions of malonates to enones.
Excellent yields and enantiose-
lectivities were achieved for a
range of both malonates and
enones. Efforts are being fo-


Table 1. Screening of catalysts for the asymmetric Michael addition of di-
methyl malonate 1 a to benzylideneacetone 2 a.[a]


Entry Catalyst 3 Additive Yield [%][b] ee [%][c]


1 3a none 27 36
2 3b none 43 79
3 3c none 51 81
4 3d none 93 90
5 3e none 85 87
6 3 f none trace –
7 3g none 77 82
8 3h none 55 36
9 3 i none 92 91
10[d] 3 i none 90 91
11[d,e] 3 i PhCO2H 98 93
12[d,e] 3 i CH3CO2H 99 94
13[d,e] 3 i CF3CO2H 99 97
14[d,e] 3 i CF3SO3H 93 96
15[d,e] 3 i d-CSA 97 96


[a] Reaction conditions: 2a (1.0 equiv), 1 a (10.0 equiv), 3 (20 mol %),
CHCl3 (1.0 mL). [b] Yield of the isolated product after column chroma-
tography. [c] The ee value was determined by HPLC on a chiral phase.
[d] Two equiv of 1 a was used. [e] The reaction was run for 24 h. d-CSA:
d-camphor sulfonic acid.


Table 2. Examination of different malonates 1 with the 3 i/TFA combina-
tion.[a]


Entry 1 R1 Product Yield [%][b] ee [%][c]


1 1 a Me 4aa 99 97
2 1 b Et 4ba 97 98
3 1 c iPr 4ca 72 >99
4 1 d allyl 4da 99 98
5 1 e Bn 4ea 99 99
6[d] 1 f tBu – – –


[a] Reaction conditions: 2a (1.0 equiv), 1 (2.0 equiv), 3 i/TFA (20 mol %),
CHCl3 (1.0 mL). [b] Yield of the isolated product after column chroma-
tography. [c] The ee value was determined by HPLC on a chiral phase.
[d] No reaction was detected.


Figure 2. Pretransition state I.
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cused on further application of the catalyst system to other
related reactions as well as a more detailed mechanistic un-
derstanding of the reaction.


Experimental Section


Typical procedure : To a mixture of enone 2a (0.5 mmol), catalyst 3 i
(0.1 mmol) and TFA (0.1 mmol) in CHCl3 (1.0 mL) was added dibenzyl
malonate 1 e (1.0 mmol) at ambient temperature. After 24 h of stirring,
the reaction mixture was quenched with 1m aqueous HCl, and extracted
with EtOAc. The combined organic layer was dried over anhydrous
Na2SO4, filtered, concentrated and purified by flash column chromatogra-
phy on silica gel (petroleum ether/Et2O 10:1) to afford the Michael
adduct 4ea[2a] (213 mg, 99 %) as a white solid.
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Synthesis of Furoquinolines by a One-Pot Multicomponent Cascade Reaction
Catalyzed by Platinum Complexes


Jos� Barluenga,* Abraham Mendoza, F�lix Rodr�guez, and Francisco J. FaÇan�s[a]


Tetrahydroquinolines have been found as a key structural
unit in many bioactive natural products and pharmaceuti-
cals.[1] In particular, furoquinoline derivatives are alkaloids
mainly isolated from Rutaceae and Solanaceae plant spe-
cies.[2] Owing to the relevant biological properties of both
natural and synthetic analogues of these molecules,[3] which
include antitumoral, antimicrobial, antibacterial, insecticide,
analgesic, antipyretic, antiplatelet, and cytotoxic activities,
the isolation and synthesis of new furoquinoline derivatives
is an active and rewarding research area.[4] In this connec-
tion, the Povarov reaction is a powerful transformation that
offers an easy entry to the furoACHTUNGTRENNUNG[3,2-c]quinoline skeleton
through a formal [4+ 2] cycloaddition between N-arylaldi-
mines (as diene) and 2,3-dihydrofuran (as dienophile).[5]


One of the main limitations of this reaction stems from the
enol ether counterpart, since very few functionalized 2,3-di-
hydrofuran derivatives are available. In fact, the great ma-
jority of the furo ACHTUNGTRENNUNG[3,2-c]quinoline derivatives synthesized by
this strategy are derived from the commercially available
2,3-dihydrofuran and basically no effort has been directed to
the synthesis and study of the biological activity of furo ACHTUNGTRENNUNG[3,2-
c]quinoline derivatives substituted at the furan ring. In this
context, we thought that an easy entry to this kind of com-
pounds could be a Povarov reaction[6] in which a functional-
ized furan was generated in situ from an alkynol derivative
by a cycloisomerization reaction. Thus, we have recently re-
ported a new synthesis of spirofuranquinoline derivatives by
reaction of in situ generated N-arylaldimines and exocyclic
enol ethers in a process in which a platinum complex and a
Brønsted acid are used as catalysts (Scheme 1).[7] Further
studies in this field led us to discover an unprecedented plat-


inum-catalyzed three-component coupling reaction that
allows the easy and diastereoselective synthesis of function-
alized furoquinoline derivatives (Scheme 1),[8] and details of
this process are given herein.


As previously reported,[7] cationic platinum complexes
were appropriate catalysts for the in situ formation of enol
ethers by intramolecular hydroalkoxylation reactions. In
that work the cationic platinum catalyst was formed from
[(cod)PtMe2] (cod= 1,5-cyclooctadiene) by treatment with a
protic acid. Another possibility for the in situ generation of
the cationic platinum complex is the treatment of
[(cod)PtCl2] with a silver salt under nonacidic conditions.


Accordingly, in an initial experiment we treated pentynol
derivative 1 a with two equivalents of the imine 2 a in the
presence of a cationic platinum complex generated in situ
by mixing 5 mol % of [(cod)PtCl2] and 10 mol % of AgSbF6.
This reaction led to a 3:1 mixture of the spirofuranquinoline
derivative 3 a and the furo ACHTUNGTRENNUNG[3,2-c]quinoline 4 a (Table 1,
entry 1). Bearing in mind our previous results,[7] the forma-
tion of compound 3 a, as a mixture of two diastereoisomers,
could be considered as expected. Much more surprising was
the isolation of the styryl-substituted furoquinoline 4 a. The
formation of this compound supposes the coupling of three
components, a unit of the alkynol 1 a and two units of the
imine 2 a, in a process in which a molecule of 4-methoxyani-
line is delivered. Moreover, furoquinoline 4 a was formed as


[a] Prof. Dr. J. Barluenga, A. Mendoza, Dr. F. Rodr�guez,
Dr. F. J. FaÇan�s
Instituto Universitario de Qu�mica Organomet�lica “Enrique Moles”
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Scheme 1. Two different quinoline derivatives obtained from alkynols
and N-arylaldimines.
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a single diastereoisomer and remarkably, a quaternary ste-
reocenter is generated. All these interesting structural fea-
tures led us to consider the possibility of steering the reac-
tion toward the formation of the vinyl-substituted furoqui-
noline 4 a. Thus, we tried the reaction under different condi-
tions. We observed that the addition of one equivalent of
the protic acid HBF4 led to the exclusive formation of the
spirofuranquinoline 3 a (Table 1, entry 2). In contrast, the
amount of compound 3 a was decreased by the addition of
an excess (4 equiv) of the starting imine 2 a (Table 1,
entry 3). In particular, formation of compound 3 a was prac-
tically suppressed by the slow addition, over a period of 7 h,
of the alkynol 1 a to a solution of the imine 2 a and the cata-
lyst (Table 1, entry 4). However, using the slow addition
conditions but reducing the amount of imine 2 a to two
equivalents, led to a 1:1 mixture of 3 a and 4 a (Table 1,
entry 5). Thus, we have suitable conditions to direct the re-
action to the formation of the spirofuranquinoline 3 a (by
adding a protic acid) or to the vinyl-substituted furoquino-
line 4 a (by using a fourfold excess of the starting imine 2 a
under slow addition conditions).


As previously mentioned, the structure of the vinyl-substi-
tuted furoquinoline 4 is very attractive and thus the sub-
strate generality was examined under the optimized condi-
tions. Various kinds of alkynols 1 and imines 2 were tested,
and, as shown in Scheme 2, several vinyl-substituted furoqui-
noines 4 were synthesized and isolated in high yield and as
single diastereoisomers in all cases attempted. Structural as-
signments of these new compounds were based on a series
of NMR studies. Additionally, the structure of compound 4 i
was confirmed by single-crystal X-ray diffraction analysis.[9]


Those products containing fluorine atoms in their structure
(4b,d,g) may prove to be particularly interesting, and the
chlorine-substituted products 4 c, f, h, i could be interesting


for further functionalization by well-established carbon–
carbon couplings. The furoquinolines 4h, i are also remark-
able as they are derived from a chiral alkynol derivative. In
these cases, we only observed the formation of a single dia-
stereoisomer corresponding to those structures shown in
Scheme 2. These results indicate that the substrate-con-
trolled synthesis of enantiomerically pure furoquinoline de-
rivatives 4 is possible.


A catalytic mechanism that explains the formation of fu-
roquinolines 4 is shown in Scheme 3 (for simplicity substitu-
ents on the alkynol derivative 1 and the imine 2 are not con-
sidered). In this reaction, we suppose the formation of a re-
active cationic platinum complex from [(cod)PtCl2] by reac-
tion with AgSbF6.


[10] The reaction is initiated by coordina-
tion of the metallic complex to the triple bond of the
starting alkynol 1 to form intermediate 5. Intramolecular ad-
dition of the hydroxy group to the internal carbon of the


Table 1. Platinum-catalyzed reaction of alkynol 1a and imine 2a under
different conditions.


Entry Equiv 2a Additive Conditions Ratio 3 a :4a[a]


1 2 none standard[b] 3:1
2 2 HBF4 (1 equiv)[c] standard[b] >20:1
3 4 none standard[b] 1:2
4 4 none slow addition[d] 1:>20
5 2 none slow addition[d] 1:1


[a] Determined by 1H NMR analysis of the crude reaction mixture.
[b] All reagents mixed at room temperature and the reaction mixture
was stirred for 24 h. [c] Reagents mixed at �30 8C. [d] Alkynol 1 a slowly
added to a solution of imine 2a and the catalyst over a period of 7 h at
room temperature. The reaction mixture was stirred for an additional
17 h.


Scheme 2. Furoquinolines 4 obtained by a catalytic three-component cou-
pling reaction.
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triple bond generates 6. Protodemetallation of the latter af-
fords the enol ether 7 and releases the catalytic species.[11]


Once enol ether 7 is formed, it enters the second catalytic
cycle. Thus, the coordination of the nitrogen atom of the
imine 2 to the platinum catalyst forms 8 and favors the addi-
tion of the enol ether 7 to give the intermediate 9 through a
Mannich-type process.[12] Further reaction of the basic nitro-
gen atom with one of the acidic protons in the a-position to
the oxonium group leads to the amine derivative 10. An
elimination of aniline in 10 gives the diene intermediate 11
which reacts with the previously formed imine complex 8
through a typical Povarov process to furnish the intermedi-
ate 12.[13] Intramolecular nucleophilic addition of the elec-
tron-rich aromatic ring to the oxonium ion, followed by
rearomatization and protodemetallation leads to the final
product 4 closing the second catalytic cycle. To explain the
stereochemistry observed in products 4 we suppose that the
cyclization step in 12 occurs through a chairlike conforma-
tion in which the phenyl group occupies an equatorial posi-
tion (see 12A in Scheme 3; bold bonds were drawn to facili-
tate the visualization of the chairlike conformation).


Formation of the spirofuranquinoline 3 a under acidic con-
ditions (see Table 1, entry 2), is easily understood by a
mechanism analogous to that discussed in our previous
work.[7] In a similar way, under neutral conditions, formation
of the spirofuranquinoline 3 a could be explained by intra-
molecular nucleophilic addition of the aromatic ring to the
oxonium ion in 9. When an excess of imine 2 is used, and in
particular under the slow addition conditions previously de-
scribed, the concentration of imine 2 in the reaction media
is high and we suppose that the ligand-exchange reaction in
9 to form 8 and the product 10 is favored. Thus, under the
slow addition conditions, the intramolecular protonation in
9 seems to be more favored than the intramolecular nucleo-
philic addition of the aromatic ring to the oxonium ion.


In summary, we have developed a new platinum-catalyzed
reaction for the diasteresoselective construction of furo ACHTUNGTRENNUNG[3,2-


c]quinoline derivatives. The reaction is very straightforward,
the starting materials are simple, and the products obtained
cannot be easily synthesized by other methods. The new
process supposes a one-pot three-component coupling reac-
tion between a unit of an alkynol derivative and two units
of an N-arylaldimine. Formally, the reaction could be con-
sidered a Povarov reaction in which the enol ether counter-
part is generated in situ. This strategy allows the functionali-
zation of the furan ring and leads to diastereomerically pure
furoquinoline derivatives, thereby surpassing some of the
limitations of the conventional Povarov reaction. Moreover,
the presence of a vinyl moiety in the final products would
allow further functionalization. The easy generation of mo-
lecular diversity coupled with the importance of furoquino-
line derivatives in medicinal chemistry makes the reaction
described herein an appropriate alternative for the synthesis
of potentially bioactive compounds.
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A Secondary Amine Amide Organocatalyst for the Asymmetric Nitroaldol
Reaction of a-Ketophosphonates


Xiaohong Chen,[a] Jun Wang,[a] Yin Zhu,[a] Deju Shang,[a] Bo Gao,[a] Xiaohua Liu,[a]


Xiaoming Feng,*[a, b] Zhishan Su,[a] and Changwei Hu*[a]


The nitroaldol (Henry) reaction is a fundamental synthet-
ic tool for the construction of nitrogen-containing com-
pounds in the organic synthesis.[1] Transformation of Henry
reaction adducts, such as reduction to amines or oxidation
(i.e., Nef reaction) to carbonyl compounds, could yield a va-
riety of useful synthetic intermediates.[2] Over the past sever-
al years, many efficient catalytic asymmetric versions of this
reaction have been developed.[3] However, compared with
the substantial progress made with aldehydes,[4] few efficient
catalysts have been developed for the asymmetric nitroaldol
reactions of ketones.[5] The only example using a-keto-
phosphonates as the acceptor was reported by Zhao�s
group.[5h] The products could be converted into optically
active b-amino-a-hydroxy phosphonates, which are of signif-
icant biological activity intermediates, such as the inhibition
of renin and HIV protease.[6]


To the best of our knowledge, chiral organocatalysts uti-
lized in direct nitroaldol reactions mainly contain cinchona
alkaloids derivatives, guanidine and thiourea to form the ni-
tromethide intermediates.[3] Until now, no secondary amine
has yet been reported as an efficient catalyst. Thus, the
search for an effective catalyst system based on secondary
amines is very interesting. However, the literature revealed
that less steric hindered organic bases, such as triethylamine
or diethylamine, could not be incorporated in the nitroaldol
reactions of aryl-substituted a-ketophosphonates.[7a,b] The


poor performance of the catalyst and extremely low yield
was ascribed to the serious rearrangement of the aryl-substi-
tuted nitroaldol product (as well as potential C�C or C�P
bond cleavages) initiated by the deprotonation of the prod-
uct under the reaction conditions.[7c–e] Excitingly, during the
course of our studies, it was found that secondary amines,
such as diethylamine or piperidine, could efficiently promote
the nitroaldol reaction of a-ketophosphonate 3 a in THF at
0 8C, to give the desired product in high yields (Table 1, en-
tries 1–2). It might be that the appropriate solvent and low
reaction temperature efficiently suppressed further transfor-
mation of the product. Encouraged by this result, we fo-
cussed on the development of an asymmetric version of the
secondary amine catalyzed asymmetric nitroaldol reaction
of a-ketophosphonate.


Accordingly, a series of excellent chiral secondary amine
amides[8] 1 a–g (Figure 1) was synthesized and evaluated in
the reaction of a-ketophosphonate 3 a with nitromethane
using THF as the solvent at 0 8C (Table 1). The l-pipecolic
acid derivative 1 b with a (R,R)-1,2-diphenylethylenediamine
backbone was superior to l-proline-derived 1 a and gave the
desired product 4 a in 54 % yield with 56 % ee (Table 1,
entry 4 vs 3). Only 11 % ee were obtained using (R,R)-1,2-
diaminocyclohexane as chiral diamine backbone (Table 1,
entry 5). Moreover, for the achiral ethylenediamine 1 d
backbone, rather poor results were obtained (10 % yield and
9 % ee ; Table 1, entry 6), which suggested that the chiral di-
amine backbone moiety is of great importance. Trace
amounts of product with low enantioselectivity (35%) were
obtained when two nitrogen hydrogen atoms of the piperi-
dine moiety in catalyst 1 b were replaced by methyl groups
(Table 1, entry 7). Furthermore, only 28 % ee were obtained
with 1 f derived from (S,S)-1,2-diphenylethylenediamine and
l-pipecolic acid (Table 1, entry 8 vs 4), indicating that
matched chirality between diamine and piperidine was very
important for the high catalytic efficiency. When mono-
amide 1 g was synthesized to catalyze this reaction, mostly
racemic product was obtained (Table 1, entry 9 vs 4), which
implied that the cooperation of the C2-symmetric two amino
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amide units played a crucial role for the asymmetric induc-
tion.


A solvent survey revealed that tBuOMe showed higher ee
while PhOMe provided higher yield (Table 1, entries 10–11).


The best result could be obtained in a 2:1 mixture of
tBuOMe and PhOMe (68 % yield and 63 % ee ; Table 1,
entry 12).[9] When the temperature was decreased to �20 8C,
the enantioselectivity was slightly increased to 65 % ee
(Table 1, entry 13). Furthermore, the catalyst loading could
be reduced to 5 mol% without affecting the enantioselectiv-
ity (Table 1, entry 14). When the concentration of the sub-
strate was decreased, the enantioselectivity was dramatically
improved to 78 % ee but the reactivity was further reduced
(Table 1, entry 15). Fortunately, when the amount of nitro-
methane was increased, the reactivity and enantioselectivity


were greatly improved (66 % yield and 84 % ee ; Table 1,
entry 16).


Table 1. Optimization of reaction conditions.


Entry[a] X ([mol %]) Solvent [mL] T [8C] Yield [%][h] ee [%][i]


1 Et2NH (10) 0.1 0 76 0
2 piperidine (10) 0.1 0 80 0
3 1 a (10) 0.1 0 40 11
4 1 b (10) 0.1 0 54 56
5 1 c (10) 0.1 0 43 11
6 1 d (10) 0.1 0 10 9
7 1 e (10) 0.1 0 trace 35
8 1 f (10) 0.1 0 56 28
9 1 g (10) 0.1 0 72 5
10[b] 1 b (10) 0.1 0 47 66
11[c] 1 b (10) 0.1 0 64 60
12[d] 1 b (10) 0.1 0 68 63
13[d,e] 1 b (10) 0.1 �20 54 65
14[d,e] 1 b (5) 0.1 �20 52 66
15[d,f] 1 b (5) 1.8 �20 38 78
16[d,f,g] 1 b (5) 1.8 �20 66 84


[a] Unless noted otherwise, the reactions were carried out with 3a
(0.1 mmol), nitromethane (0.1 mL), 10 mol % catalyst in THF at 0 8C for
24 h. [b] tBuOMe as solvent. [c] PhOMe as solvent. [d] tBuOMe/PhOMe
(2/1) as solvent. [e] The reaction time was 48 h. [f] The reaction time was
80 h. [g] 0.3 mL nitromethane was used. [h] Isolated yield. [i] Determined
by chiral HPLC.


Figure 1. Catalysts evaluated in this study.


Table 2. Phenols screened in this reaction.


Entry[a] Additive pKa
[b] Yield [%][c] ee [%][d]


1 phenol (2a) 9.9 64 82
2 4-nitrophenol (2 b) 7.14 76 88
3 2,4-dinitrophenol (2 c) 4.01 83 96
4 2,4,6-trinitrophenol (2 d) 1.02 88 80


[a] Unless noted otherwise, the reactions were carried out with 0.1 mmol
a-ketophosphonate 3a, 0.3 mL nitromethane, 5 mol % 1 b, 6 mol % addi-
tive and 1.8 mL tBuOMe/PhOMe (2/1) at �20 8C for 80 h. [b] Relative
pKa


[10] in water. [c] Isolated yield. [d] Determined by chiral HPLC.


Table 3. Substrate scope for the enantioselective nitroaldol reaction of a-
ketophosphonates with nitromethane.


Entry[a] R1 R2 Product Yield [%][b,c] ee [%][d]


1 Me 4a 86 94


2 Et 4b 83 96
3 iPr 4c 73 92
4 Et 4d 88 99
5 Me 4e 90 99


6 Et 4 f 93 96(R)[e]


7 Me 4g 90 97


8 Et 4h 92 91


9 Et 4 i 73 98
10 Me 4j 76 92


11 Et 4k 67 95
12 Me 4 l 68 93


13 Et 4m 85 97
14 Me 4n 78 92


15 Et 4o 88 91
16 Me 4p 86 90


17 Et 4q 80 91
18 Me 4r 81 90


19 Et 4s 81 96
20 Me 4t 83 93


21 Et 4u 66 84
22 Me 4v 73 86


23 Et 4w 54 88


24 Et 4x 95 99


25 Et 4y 90 91
26 Me 4z 90 84


[a] Unless noted otherwise, the reactions were carried out with 0.1 mmol
a-ketophosphonate 3, 0.3 mL nitromethane, 5 mol % 1b, 6 mol % 2 c and
1.8 mL tBuOMe/PhOMe (2/1) at �20 8C for 1–4.5 days. [b] Isolated yield.
[c] For detailed reaction time, see Supporting Information. [d] Deter-
mined by chiral HPLC. [e] Determined by X-ray diffraction analysis.[11]
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To further optimize the results, some achiral additives
were screened. Phenols were found to be positive effect to
the reaction (for details, see Supporting Information). When
2,4-dinitrophenol (2 c) was used as additive, both the yield
and enantioselectivity were improved drastically (83 % yield
and 96 % ee ; Table 2, entry 3). The slightly less acidic
phenol (2 a) or 4-nitrophenol (2 b) gave lower yields and ee
(Table 2, entries 1, 2 vs 3),
while the stronger acidic 2,4,6-
trinitrophenol (2 d) exhibited
high reactivity and low enantio-
selectivity (80 % ee ; Table 2,
entry 4 vs 3). Extensive screen-
ing showed that the optimal re-
action conditions were 5 mol %
organocatalyst 1 b, 0.1 mmol a-
ketophosphonate 3 a, 0.3 mL ni-
tromethane in 1.8 mL tert-butyl
methyl ether together with ani-
sole (2:1 ratio), 6 mol % 2 c as
additive at �20 8C. Additional-
ly, this process was tolerant to
air and moisture.


Under the optimized reaction
conditions, a wide range of a-
ketophosphonates were investi-
gated (Table 3). Aryl-substitut-
ed a-ketophosphonates with
varying ester alkyl groups, such as Me, Et and iPr, were
found to be tolerable in this reaction and good results were
obtained (Table 3, entries 1–3). Also, benzoylphosphonates
with different substituents on the aromatic ring could give
the desired nitroaldol products in good to excellent results.
Substrates with either electron-donating, such as methyl,
methoxyl and tert-butyl substituents or electron-withdrawing
including halogen substituents, reacted smoothly with nitro-
methane to give moderate to high yields with excellent
enantioselectivities (Table 3, entries 4–20). Moreover, the
disubstituted aromatic, heteroaromatic and aliphatic a-keto-
phosphonates could also be converted to the desired prod-
ucts with good to excellent enantioselectivities (Table 3, en-
tries 21–26). In addition, the absolute configuration of prod-
uct 4 f was determined to be R through X-ray diffraction
analysis.[11]


A preliminary study on the mechanism of this direct ni-
troaldol reaction of a-ketophosphonate has been investigat-
ed by theoretical calculations. As shown in Figure 2 for the
two transition states, one of the piperidine moiety is proton-
ated by the acidic additive 2 c, which activates the a-keto-
phosphonate via hydrogen bonding; the other deprotonates
the hydrogen atom from nitromethane to protonate itself,
which stabilizes the nitromethide by an intermolecular hy-
drogen bond.[12] According to the computational results, the
energy of TS1 is lower than that of TS2 by �3.7 kcal mol�1.
Furthermore, the hydrogen bond between the carbonyl
group of the substrate and the piperidine moiety of the cata-
lyst 1 b in TS1 is shorter than that in TS2 (1.588 vs 1.791 �),


which elongates the carbonyl bond of the substrate in TS1
(1.287 vs 1.285 �).[9] A hydrogen bond is observed between
the phosphorus oxygen and the amide moiety in TS1, which
greatly contributes to the stability of the transition state.
Therefore, TS1 is evidently the favorable transition state
which leads to the formation of major R product, which is in
accordance with the experimental results.


In conclusion, we have developed an efficient secondary
amine amide catalyst system for the asymmetric nitroaldol
reaction of a-ketophosphonates under mild conditions. In
the presence of 5 mol % organocatalyst 1 b, excellent enan-
tioselectivities (up to 99 % ee) and moderate to high yields
were achieved for most substrates. Additionally, a theoreti-
cal study on the transition states revealed that this secon-
dary amine amide catalyst could be involved in hydrogen-
bond interactions, which is important for the reactivity and
enantioselectivity of this reaction.


Experimental Section


Typical experimental procedure : A solution of catalyst 1b (2.17 mg, 5
mol %) and nitromethane (0.3 mL) in tBuOMe and PhOMe (1.8 mL, 2:1
ratio) was stirred for 10 min at ambient temperature. After it was cooled
to �20 8C, a-ketophosphonate 3a (24 mL, 0.1 mmol) and 2c (1.2 mg,
6 mol %) were added successively. The mixture was stirred at �20 8C for
80 h and quenched with satd. NH4Cl (2 mL). The aqueous layer was ex-
tracted with ethyl acetate (10 mL � 2). The combined organic layers were
washed with satd. NaHCO3, brine, dried over anhydrous Na2SO4, and
concentrated in vacuo. The crude product was purified by flash chroma-
tography by using EtOAc/PE to afford 4a as a white solid.
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Synthesis of Silver(I) and Gold(I) Complexes with Cyclic
Tetra- and Hexacarbene Ligands


F. Ekkehardt Hahn,* Christian Radloff, Tania Pape, and Alexander Hepp[a]


Cyclic polyimidazolium salts have been investigated with
respect to their function as anion receptors and cyclophane-
like tetraimidazolium tetracations have been shown to bind
anions inside the ring cavity.[1] Cyclic polyimidazolium cat-
ions can also serve as precursors for N-heterocyclic carbenes
(NHCs) and their complexes.[2] Complexes of cyclic di-NHC
ligands have been generated from bisazolium cyclophanes
like A. However, such dicarbene ligands coordinate in a cis-
fashion to the metal center.[3] They act as classical bidentate
ligands rather than encapsulating the metal in a manner typ-
ical for macrocyclic ligands. Only one cyclic tetradentate di-
carbene ligand is known to form a saddle-shaped macrocy-
clic complex B with nickel(II).[4] We have described the first
complex with a macrocyclic tetracarbene ligand C.[5] The
rhenium complex of a tridentate, facially coordinated
[11]ane-P2C


NHC macrocycle has also been reported.[6]


Since the preparation of complex C in a metal-template
controlled domino-reaction is cumbersome we became inter-
ested in the preparation of complexes with macrocyclic
poly-NHC ligands from cyclic polyimidazolium cations. This
approach has previously been applied successfully for the
preparation of some mono (PdII) and dinuclear (CuI, AgI)
carbene complexes from the cyclic tetraimidazolium salt
D.[7]


We became particularly interested in the lutidine-bridged
tetraimidazolium salt H4-1 ACHTUNGTRENNUNG(Br4)


[8] which upon C2 deprotona-
tion would yield a potentially hexadentate ligand possessing
two CNHC-N-CNHC pincer-type binding sites. Here we de-
scribe the mono and dinuclear silver(I) complexes with the
carbene ligands derived from H4-1(Br)4 and the transfer of
the carbene ligand to yield the mono and dinuclear gold(I)
complexes (Scheme 1). A slight modification in the synthesis


protocol employed for the preparation of H4-1(Br)4 yields
the cyclic hexaimidazolium salt H6-6Br ACHTUNGTRENNUNG(BPh4)5 (Scheme 2).
The preparation and molecular structure of the hexanuclear
silver(I)-NHC complex derived from this ligand is alsoACHTUNGTRENNUNGdescribed.


The tetraimidazolium salt H4-1(Br)4 is soluble in water.[8]


Anion exchange gave the salt H4-1 ACHTUNGTRENNUNG(PF6)4, which is freely
soluble in acetonitrile, but insoluble in water. The dinuclear
silver(I) complexes [2](Br)2 and [2] ACHTUNGTRENNUNG(PF6)2 were prepared in a
yield of about 60 % by the procedure described by Wang
and Lin[9] from the salts H4-1(Br)4 or H4-1 ACHTUNGTRENNUNG(PF6)4, respective-
ly, and two equivalents of Ag2O (Scheme 1). The counter-
ions in the salts of type H4-1(X)4 determine, which solvent
had to be used for the preparation of the dinuclear silver
complexes. Both the salt H4-1(Br)4 and the carbene com-
plex[2](Br)2 dissolve well in water and DMSO, whereas the
hexafluorophosphate H4-1 ACHTUNGTRENNUNG(PF6)4 and [2] ACHTUNGTRENNUNG(PF6)2 are only solu-
ble in acetonitrile, DMF and acetone. The silver carbene
complex [2]Br2 is much less stable towards heat than
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ACHTUNGTRENNUNG[2] ACHTUNGTRENNUNG(PF6)2. The decomposition of [2](Br)2 at temperatures
above 50 8C leads to the formation of a silver mirror in the
reaction vessel. The hexafluorophosphate salt [2]ACHTUNGTRENNUNG(PF6)2 can
be manipulated in boiling acetonitrile without any notice-ACHTUNGTRENNUNGable decomposition. After workup both dinuclear silver car-
bene complexes were isolated as pale brown solids.


Formation the carbene complex [2](Br)2 was detected by
1H NMR spectroscopy. The resonance of the imidazolium
proton of H4-1(Br)4 disappears upon complex formation. In
addition, the methylene resonances of the tetraimidazolium
cation were detected as singlets, although these protons
become diastereotopic in the carbene complex and give rise
to a doublet for each proton (AA’ spin system). The imida-
zolium N-CH-N resonance of H4-1(X)4 (d= 138 ppm) is
absent in the 13C NMR spectrum of [2](Br)2 and the reso-
nance for the carbene carbon atom was observed at d=


181.3 ppm. The 109Ag NMR spectrum of [2](Br)2 shows a
resonance at d=702 ppm.


The salt [2](Br)2 could not be crystallized partly owing to
its instability upon heating for solvent removal. The hexa-
fluorophosphate salt [2]ACHTUNGTRENNUNG(PF6)2 crystallized from the reaction
mixture upon addition of a small amount of DMSO asACHTUNGTRENNUNG[2] ACHTUNGTRENNUNG(PF6)2·2 AgPF6·6 DMSO. The X-ray analysis of these crys-
tals shows the expected dinuclear silver tetracarbene com-


plex (Figure 1, top). Compound [2] ACHTUNGTRENNUNG(PF6)2 co-crystallized
with two equivalents of AgPF6 and six equivalents DMSO
(Figure 1, bottom). The complex dication [2]2+ resides on a
crystallographic twofold axis which bisects the Ag1–Ag1*
vector. The two silver atoms are bound inside of the cavity
of the macrocyclic tetracarbene ligand are each coordinated
by two carbene donor groups. The co-crystallized silver
atoms are connected to the cation [2]2+ by Ag2�Ag1 and
Ag2�Ccarbene interactions (Figure 1, bottom). They complete
their coordination sphere by coordination of DMSO mole-
cules. The Ag1�Ag1* (2.874(2) �) and Ag1�Ag2
(2.705(2) �) separations differ slightly in lengths.


Transmetalation of [2] ACHTUNGTRENNUNG(PF6)2·2 AgPF6 with [AuCl ACHTUNGTRENNUNG(SMe2)]
in acetonitrile yields after 3 h at ambient temperature exclu-
sively the homodinuclear gold complex [3]ACHTUNGTRENNUNG(PF6)2 (Scheme 1)
regardless of the amount of [AuClACHTUNGTRENNUNG(SMe)2] used. The hetero-
bimetallic Ag/Au complex was not observed. The maximum
yield of [3]ACHTUNGTRENNUNG(PF6)2 (50%) was obtained in the reaction of 1
equivalent of [2] ACHTUNGTRENNUNG(PF6)2 with 2.2 equivalents of [AuCl-ACHTUNGTRENNUNG(SMe2)]. Recrystallization of [3] ACHTUNGTRENNUNG(PF6)2 from acetonitrile/di-
ethyl ether gave the dinuclear gold carbene complex as a
white solid.


The NMR spectra of [3]ACHTUNGTRENNUNG(PF6)2 are similar to those of
[2](Br)2 and exhibit the AA’spin system typical for the
methylene protons upon complex formation. The resonance
for the carbene carbon atom was observed at d= 182.9 ppm.


Attempts to synthesize a mononuclear silver carbene
complex from the tetraimidazolium cation [1]4+ were suc-
cessful when a stoichiometric amount of AgPF6 and an ex-
ternal base like NaH were used instead of Ag2O. The mono-


Scheme 1. Preparation of mono and dinuclear carbene complexes. i) H4-
1(Br)4/2 Ag2O/H2O or H4-1 ACHTUNGTRENNUNG(PF6)4/2 Ag2O/acetonitrile, ii) H4-1 ACHTUNGTRENNUNG(PF6)4/
2AgPF6/NaH/acetonitrile, iii) 2 ACHTUNGTRENNUNG[AuCl ACHTUNGTRENNUNG(SMe2)], �2AgCl, �2SMe2,
iv) [AuCl ACHTUNGTRENNUNG(SMe2)], �AgCl, �SMe2.


Scheme 2. Synthesis of H6-6BrACHTUNGTRENNUNG(BPh4)5 and of the hexanuclear complex
[7]Br ACHTUNGTRENNUNG(BPh4)5.
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nuclear silver complex [4] ACHTUNGTRENNUNG(PF6)3 was obtained this way in
45 % yield as a brownish solid (Scheme 1). The 1H NMR
spectrum of [4] ACHTUNGTRENNUNG(PF6)3 shows the signal for the remaining two
imidazolium C2 protons essentially unshifted relative toACHTUNGTRENNUNG1]ACHTUNGTRENNUNG(PF6)4.


[8] Only one triplet was observed at d=7.99 ppm for
the Hpara protons of the pyridine ring indicating that [4]3+


possesses an inversion center in solution. The resonance for
the carbene carbon atoms was found at d=183.7 ppm in the
13C NMR spectrum exhibiting the rare Ag–C coupling (dd,
1JCAg(107) =184 Hz, 1JCAg(109) = 212 Hz).[11] The 109Ag NMR
spectrum shows the resonance for the silver atom at d=


634 ppm.
An X-ray diffraction analysis with crystals ofACHTUNGTRENNUNG[4] ACHTUNGTRENNUNG(PF6)3·MeCN·H2O confirmed the conclusions drawn from


the NMR spectra (Figure 2). The silver cation in [4]3+ is co-
ordinated by two carbene carbon atoms, which are related
by a pseudo-inversion center in an almost linear fashion
(angle C1-Ag-C15 172.6(5)8). The Ag�C bond lengths are
comparable (Ag�C1 2.077(11) �, Ag�C15 2.057(11) �) and
fall in the range previously observed for similar silver-dicar-
bene complexes.[9–11]


The carbene ligand in [4]3+ can be transferred to gold(I)
to yield the complex [5]ACHTUNGTRENNUNG(PF6)3 (Scheme 1). Similarly to the
dinuclear silver and gold complexes [2]2+ and [3]2+ the
mono ACHTUNGTRENNUNGnuclear gold complex [5]3+ leads to better resolved
NMR spectra than observed for the silver complex [4]3+ .
For example four resolved proton resonances have been ob-
served for the methylene groups bridging the pyridine
moiety to the ylidene and imidazolium nitrogen atoms, re-
spectively.


Crystals of composition [5] ACHTUNGTRENNUNG(PF6)3·2 MeCN·0.5 H2O were
grown from an acetonitrile solution. The structure analysis
(Figure 2) reveals, that the complex cations [4]3+ and [5]3+


are almost isostructural. The major difference are the gener-
ally shorter M�Ccarbene distances[12] in [5]3+ compared to
[4]3+ . The molecular structures of the cations [4]3+ and [5]3+


allow for a direct comparison of the bond parameters of co-
ordinated imidazolin-2-ylidenes and their parent imidazoli-
um moieties present in the same molecule.[13] Upon deproto-
nation of the imidazolium cation the N�C bond distances
expand slightly and the N-C-N angle becomes more acute in
accordance with theoretical predictions[14] and previous ob-
servations.[2]


Prolongation of the time used for the addition of 2,6-bis-ACHTUNGTRENNUNG(bromomethyl)pyridine to methylenediimidazol (both in
acetonitrile) from 30 min to 5 h results in the formation of
an approximately 1:1 mixture of H4-1(Br)4 and H6-6(Br)6


(Scheme 2). The hexaimidazolium salt leads to a resonance
at d�10 ppm for the proton bound to C2 in the 1H NMR
spectrum (in [D6] DMSO), while this proton is observed at
d�11 ppm in H4-1(Br)4. The remaining proton chemical
shifts are almost identical in H4-1(Br)4 and H6-6(Br)6. Sepa-


Figure 1. Molecular structure of [2]2+ (top) and [2]2+ ·2 Ag+ ·4DMSO
(bottom) in [2] ACHTUNGTRENNUNG(PF6)2·2AgPF6·6DMSO. Selected bond lengths [�] and
angles [8]: Ag1�Ag1* 2.874(2), Ag1�Ag2 2.705(2), Ag1�C1 2.186(10),
Ag1�C11 2.106(9), Ag2�C1 2.219(11); C1-Ag1-C11 169.9(4).


Figure 2. Molecular structure of [4]3+ in [4] ACHTUNGTRENNUNG(PF6)3·MeCN·H2O and [5]3+


in [5] ACHTUNGTRENNUNG(PF6)3·2 MeCN·0.5H2O. Selected bond lengths [�] and angles [8] for
[4]3+ and the [5]3+in square brackets: M�C1 2.077(11) [1.999(4)], M�C15
2.057(11) [2.007(4)], N1�C1 1.371(14) [1.356(5)], N2�C1 1.324(13)
[1.344(5)], N4�C11 1.313(13) [1.320(5)], N5�C11 1.331(13) [1.330(5)],
N6�C15 1.362(14) [1.355(5)], N7�C15 1.359(13) [1.340(5)], N9�C25
1.312(13) [1.311(5)], N10�C25 1.324(13) [1.327(5)]; C1-M-C15 172.6(5)
[177.29(15)], N1-C1-N2 103.6(10) [104.1(3)], N4-C11-N5 109.6(10)
[108.6(3)], N6-C15-N7 103.2(09) [104.4(3)], N9-C25-N10 108.4(10)
[108.7(3)].
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ration of these two compounds is difficult, owing to their vir-
tually identical solubility. Attempts to differentiate the solu-
bility by the use of different counterions were only partially
successful.


Attempts to exchange all six bromo counterions for tetra-
phenyl borato anions did not proceed to completion and
gave the salt H6-6Br ACHTUNGTRENNUNG(BPh4)5 most likely owed to the superb
halogen-receptor properties of the hexaimidazolium salt.
Anion exchange in H6-6(Br)6 with NaBPh4 and subsequent
reaction of the formed H6-6BrACHTUNGTRENNUNG(BPh4)5 with Ag2O in acetoni-
trile at 50 8C for 8 h yielded the hexanuclear complex [7]Br-ACHTUNGTRENNUNG(BPh4)5 as a pale brown solid (Scheme 2). Recrystallization
from acetone gave [7]Br ACHTUNGTRENNUNG(BPh4)5 as colorless crystals in 10 %
yield.


The X-ray structure analysis of the acetone solvate [7]Br-ACHTUNGTRENNUNG(BPh4)5·8 C3H6O shows a sandwich like hexanuclear silver(I)
complex. The silver atoms form a slightly distorted hexagon
coordinated between the two hexacarbene ligands
(Figure 3). Bond lengths and angles in the cation [7]Br5+


fall in the typical range observed previously for linear silver
dicarbene complexes.[9,11] Like the hexaimidazolium salt the
hexacarbene complex acts also as an anion receptor by en-
capsulating of a bromide in the center of the silver hexagon.
The five additional tetraphenylborate anions show no re-
markable contacts to the complex cation.


We have shown that cyclophane-like tetraimidazolium
salts can be used for the preparation of mono and dinuclear
silver carbene complexes with macrocyclic polycarbene li-
gands. Both the dinuclear and mononuclear silver complexes
can be used in transmetalation reactions to produce the
gold(I) complexes. A hexaimidazolium salt and its conver-
sion into a hexacarbene ligand are also reported. Further
work is directed towards the expansion of the bridge be-
tween the imidazolium units, which should allow to accom-
modate two square-planar metal centers in a double-pincer
style coordination environment in the lutidine-bridged tet-
raimidazolium salts.


Experimental Section


Spectroscopic data for [2](Br)2 : 1H NMR (200.1 MHz, [D6]DMSO): d=


7.94 (t, 3JHH =7.7 Hz, 2H, Ar-Hpara), 7.77 (s, 4 H, NCH=CHN), 7.62 (s,
4H, NCH=CHN), 7.57 (d, 3JHH =7.7 Hz, 4H, Ar-Hmeta), 7.12, (d, 2JHH =


14.2 Hz, 2 H, NCHHN), 6.27 (d, 2JHH =14.2 Hz, 2 H, NCHHN), 5.46, (d,
2JHH =14.2 Hz, 4 H, CCHHN), 5.28 ppm (d, 2JHH =14.2 Hz, 4 H,
CCHHN); 13C{1H} NMR (50.1 MHz, [D6]DMSO): d =181.3 (Ccarbene),
154.6 (Ar-Cipso), 138.4 (Ar-Cpara), 128.6 (NC=CN), 122.7 (Ar-Cmeta), 121.7
(NC=CN), 63.8 (NCH2N), 55.6 ppm (CCH2N); MALDI-MS (positive
ions): m/z (%): 611 (100) [2�Ag]+ , 797 (30) [2+Br]+ .


Data for [3] ACHTUNGTRENNUNG(PF6)2 : 1H NMR (400.1 MHz, [D7]DMF): d =8.20 (d, 3JHH =


2.0 Hz, 4 H, NCH=CHN), 8.08 (t, 3JHH =7.6 Hz, 2H, Ar-Hpara), 7.93 (d,
3JHH =2.0 Hz, 4 H, NCH=CHN), 7.82 (d, 3JHH =7.6 Hz, 4H, Ar-Hmeta),
7.21 (d, 2JHH = 14.0 Hz, 2H, NCHHN), 6.52 (d, 2JHH =14.0 Hz, 2 H,
NCHHN), 5.80 (d, 2JHH =13.3 Hz, 4 H, CCHHN), 5.53 ppm (d, 2JHH =


13.3 Hz, 4H, CCHHN; 13C{1H} NMR (400.1 MHz, [D7]DMF): d=182.9
(Ccarbene), 155.3 (Ar-Cipso), 141.0 (Ar-Cpara), 126.9 (NC=CN), 125.7 (Ar-
Cmeta), 121.4 (NC=CN), 65.9 (NCH2N), 57.5 ppm (CCH2N); MALDI-MS
(positive ions): m/z (%): 1041 (100) [3+PF6]


+).


Data for [4] ACHTUNGTRENNUNG(PF6)3 : 1H NMR (400.1 MHz, [D7]DMF): d =9.78 (s, 2 H,
NCHN, imidazolium), 7.99 (t, 3JHH =7.7 Hz, 2 H, Ar-Hpara), 7.94 (s, 2H,
NCH=CHN, ylidene), 7.91 (s, 4 H, NCH=CHN, imidazolium), 7.66 (s,
2H, NCH=CHN, ylidene), 7.72, 7.62 (d, 3JHH =7.7 Hz, 4 H, Ar-Hmeta), 6.76
(d, 2JHH =14.2 Hz, 4H, NCH2N), 5.73 ppm (d, 2JHH =14.2 Hz, 8H,
CCH2N); 13C{1H} NMR (100.6 MHz, [D7]DMF): d =183.7 (dd, 1JCAg(107) =


184 Hz, 1JCAg(109) =212 Hz, Ccarbene), 155.7 (Ar-Cipso), 153.6 (Ar-Cipso), 139.8
(Ar-Cpara), 139.3 (NCHN, imidazolium), 125.9 (NCH=CHN, imidazoli-
um), 124.9 (NCH=CHN, ylidene), 124.4 (Ar-Cmeta), 123.5 (Ar-Cmeta), 122.7
(NCH=CHN, ylidene), 122.4 (NCH=CHN, imidazolium), 62.5 (NCH2N),
57.8 (CCH2N, ylidene), 54.2 ppm (CCH2N, imidazolium); MALDI-MS
(positive ions): m/z (%): 901 (100) [4+2 PF6]


+ ; MALDI-MS (negative
ions): m/z (%): 1192 (100) [4+H+4 PF6)].


Data for [5] ACHTUNGTRENNUNG(PF6)3 : 1H NMR (400.1 MHz, [D7]DMF): d=10.30 (s, 2 H,
NCHN, imidazolium), 8.11 (d, 3JHH =2.0 Hz, 2 H, NCH=CHN, ylidene),
8.03 (d, 3JHH =2.0 Hz, 4H, NCH=CHN, imidazolium), 8.01 (t, 3JHH =


7.5 Hz, 2H, Ar-Hpara), 7.80 (d, 3JHH =2.0 Hz, 2 H, NCH=CHN, ylidene),
7.69, 7.63 (d, 3JHH =7.5 Hz, 4H, Ar-Hmeta), 7.48 (d, 2JHH =13.3 Hz, 2H,
NCHHN), 6.79 (d, 2JHH =13.3 Hz, 2 H, NCHHN), 5.83 (d, 2JHH =15.8 Hz,
2H, CCHHN, N-imidazolium), 5.78 (d, 2JHH =14.7 Hz, 2H, CCHHN, N-
ylidene), 5.67 (d, 2JHH =15.8 Hz, 2 H, CCHHN, N-imidazolium), 5.51 ppm
(d, 2JHH =14.7 Hz, 2H, CCHHN, N-ylidene), 13C{1H} NMR (100.6 MHz,
[D7]DMF): d=186.6 (Ccarbene), 155.7 (Ar-Cipso), 153.3 (Ar-Cipso), 140.5
(NCHN, imidazolium), 139.5 (Ar-Cpara), 125.3 (NCH=CHN, imidazoli-
um), 124.6 (NCH=CHN, ylidene), 123.8 (Ar-Cmeta), 123.3 (Ar-Cmeta), 122.5
(NCH=CHN, ylidene), 122.0 (NCH=CHN, imidazolium), 61.5 (NCH2N),
56.2 (CCH2N, ylidene), 53.8 ppm (CCH2N, imidazolium); MALDI-MS
(positive ions): m/z (%): 991 (100) [5+2PF6]


+ .


Crystal data for [2] ACHTUNGTRENNUNG(PF6)2·2 AgPF6·6 DMSO : C40H62N10Ag4F24O6S6, M=


1982.72, monoclinic, P2/n, a =13.955(6), b=12.887(6), c=19.000(9) �,
b=90.991(11)8, V =3416(3) �3, T =153(2) K, l =0.71073 �, Z=2, m=


Figure 3. Molecular structure of the cation [7]Br5+ in [7]Br-ACHTUNGTRENNUNG(BPh4)5·8C3H6O viewed parallel (top) and perpendicular (bottom) to the
Ag6 hexagon. Selected bond lengths [�] and angles [8]: range Ag�C
2.080(9)–2.112(8), range N�Ccarbene 1.333(9)–1.372(10), range Ag···Ag
three short distance 3.2055/(8)–3.3348(8) and three longer distances
3.8221(9)–3.9540(8), range Ag···Br 3.4644(12)–3.7469(13); range C-Ag-C
161.4(3)–165.3(3) N-Ccarbene-N 103.0(7)–105.1(8).
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1.522 mm�1, 23344 data measured, 5062 unique data, R =0.0735, wR=


0.18.23 for 3990 contributing reflections [I�2s(I)], refinement against j
F2 jwith anisotropic thermal parameters for all non-hydrogen atoms and
hydrogen atoms on calculated positions. [4] ACHTUNGTRENNUNG(PF6)3·MeCN·H2O:
C30H33N11AgF18OP3, M =1106.45, monoclinic, P21/n, a= 8.631(2), b=


13.336(3), c =37.317(9) �, b =90.442(14)8, V= 4295(2) �3, T=153(2) K,
l= 1.54178 �, Z=4, m =5.935 mm�1, 22 467 data measured, 6827 unique
data, R=0.0841, wR=0.21.29 for 3318 contributing reflections [I�
2s(I)], refinement against jF2 jwith anisotropic thermal parameters for
all non-hydrogen atoms and hydrogen atoms on calculated positions. [5]-ACHTUNGTRENNUNG(PF6)3·2 MeCN·0.5H2O: C32H35N12AuF18O0.5P3, M =1227.60, monoclinic,
P21/n, a=8.5550(13), b =13.224(2), c =37.159(6) �, b=90.633(3)8, V=


4203.5(11) �3, T =153(2) K, l=0.71073 �, Z=4, m=3.740 mm�1, 48243
data measured, 12324 unique data, R =0.0412, wR=0.0888 for 9377 con-
tributing reflections [I�2s(I)], refinement against jF2 jwith anisotropic
thermal parameters for all non-hydrogen atoms and hydrogen atoms on
calculated positions. [7]BrACHTUNGTRENNUNG(BPh4)5·8 C3H6O: C228H226N30Ag6B5BrO8, M =


4295.57, triclinic, P1̄, a =17.9810(6), b=19.5407(7), c =31.1327(12) �, a=


89.417(2), b=88.514(2), g= 76.024(2)8, V =10611.4(7) �3, T=153(2) K,
l= 1.54178 �, Z=2, m=5.079 mm�1, 62 845 data measured, 35 503 unique
data, R=0.0784, wR=0.2192 for 23 486 contributing reflections [I�
2s(I)], refinement against jF2 jwith anisotropic thermal parameters for
all non-hydrogen atoms except solvent molecules where one common iso-
tropic thermal parameter was defined and hydrogen atoms on calculated
positions.


CCDC-655903 ([2] ACHTUNGTRENNUNG(PF6)2·2 AgPF6·6DMSO), 655904 ([4] ACHTUNGTRENNUNG(PF6)3·Me-ACHTUNGTRENNUNGCN·H2O), 655905 ([5] ACHTUNGTRENNUNG(PF6)3·2Me ACHTUNGTRENNUNGCN·0.5H2O) and 705373 ([7]Br-ACHTUNGTRENNUNG(BPh4)5·8C3H6O) 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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Desaturation of Alkylbenzenes by Cytochrome P450BM3 (CYP102A1)


Christopher J. C. Whitehouse, Stephen G. Bell, and Luet-Lok Wong*[a]


Cytochrome P450 monooxygenases catalyse the oxidation
of a broad array of endogenous and exogenous organic sub-
strates, typically inserting an oxygen atom from atmospheric
dioxygen into a carbon�hydrogen bond to give the corre-
sponding alcohol.[1] Other known types of activity include
olefin epoxidation, carbon�carbon bond cleavage, heteroa-
tom oxidation, dealkylation and dehydrogenation across C�
O, C�N and C�C bonds.[2] Few examples of dehydrogena-
tion by bacterial P450 systems have been reported.
CYP102A1 (P450BM3), a medium- to long-chain fatty acid
hydroxylase from Bacillus megaterium, has been shown to
aromatise Nifedipine by C�N dehydrogenation,[3] and a
triple mutant was able to oxidise acetaminophen by C�N
and C�O dehydrogenation.[4] Wild-type CYP102A1 gave
0.9 % C�C dehydrogenation (desaturation) with a-thujone
(Figure S1), while CYP101A1 (P450cam) from Pseudomonas
putida gave 13.7 %.[5] Substrates found to undergo desatura-
tion in microsomal systems include valproic and lauric
acids,[6,7] ezlopitant[8] and capsaicinoids[9] (Figure S1). In
some cases, aromatisation or the formation of conjugated
products, such as styrenes, appeared to provide a driving
force for the reaction.[9–11]


Wild-type CYP102A1 (WT) monooxygenates most non-
natural substrates at nugatory rates, although directed evolu-
tion and site-specific mutagenesis may be employed to en-
hance activity.[12–14] Introducing mutations can cause sub-
strates to bind in altered orientations, allowing different C�
H bonds to be oxidised and transforming product profiles.
During an investigation into the oxidation of p-cymene by a
family of recently reported variants,[15] we were interested to
encounter significant quantities of a product that seemed
unlikely, on the basis of its short gas chromatography (GC)


elution time (Figure S2), to arise from monooxygenase ac-
tivity. This was in due course identified as the C�C desatura-
tion product, p,a-dimethylstyrene, using GC co-elution with
an authentic sample. Small amounts of p,a-dimethylstyrene
oxide, the further oxidation product, were also produced. In
the light of this finding, the oxidation of a series of alkylben-
zenes structurally related to p-cymene was investigated in a
search for complementary examples of desaturase activity.
In addition to WT CYP102A1, a selection of variants was
studied, with F87A/A330P/E377A/D425N (KT5)[15] giving
the most striking product distributions (Figure 1, Table 1).


Desaturation took place between the a- and b-positions
of the alkyl substituents of all the substrates studied, though
to varying extents. WT gave small quantities, while higher
percentages were obtained from F87A-containing variants
such as KT5. Isopropylbenzene (cumene) gave 29 % a,b-de-
saturation (including a-methylstyrene oxide formation) with
variant KT5, while sec-butylbenzene gave 11 %, ethylben-
zene 3 % and propylbenzene just 0.7 %. p-Cymene and p-
isopropylanisole gave 22 and 23 %, respectively (Tables S5
and S6). Desaturation was therefore most pronounced when
the a-carbon of the alkyl substituent was branched and the


[a] C. J. C. Whitehouse, Dr. S. G. Bell, Dr. L.-L. Wong
Department of Chemistry, University of Oxford
Inorganic Chemistry Laboratory, South Parks Road
Oxford OX1 3QR (UK)
Fax: (+44) 1865 272690
E-mail : luet.wong@chem.ox.ac.uk


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801927.


Figure 1. Product distributions in the oxidation of alkylbenzenes by wild-
type CYP102A1 (WT) and variant KT5 (F87A7A330P/E377A/D425N).
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b-carbon(s) terminal. NADPH utilisation efficiencies (cou-
pling) and product formation rates (PFRs) did not appear to
be adversely affected by high desaturation levels. p-Cymene,
for example, gave a PFR of 702 nmol min�1 (nmol P450)�1


with KT5 at a coupling efficiency of 50 % (Table S7). The
principal oxidation pathway was generally a-hydroxylation,
but significant levels of b-hydroxylation occurred in sub-
strates possessing a sub-terminal b-carbon (e.g., 33 % from
sec-butylbenzene with WT). Substrates with terminal b-
carbon atoms gave smaller quantities of b-alcohols, consis-
tent with C�H bond reactivity trends, while terminal g-alco-
hols were produced by substrates possessing a g-carbon
atom. With certain substrates, o-hydroxylation or O-deme-
thylation (Table S6) were encountered. Interestingly, trace
amounts of b,g-desaturation were observed with propylben-
zene (though not with sec-butylbenzene). In addition to
giving higher desaturation percentages than WT across all
substrates, KT5 also gave more b-hydroxylation (e.g., 78 vs
0.3 % with propylbenzene), while WT gave more o-hydrox-
ylation than KT5 (e.g., 11 vs 0 % with cumene).


The formation of b- and g-alcohols indicates that the first
hydrogen abstraction by the P450 oxyferryl compound I spe-
cies can take place from the b- or g-carbon of an alkyl sub-
stituent as well as from the more activated benzylic a-
carbon. Desaturation between Ca and Cb could therefore be
initiated either by a- or b-abstraction (Scheme 1). Intramo-
lecular deuterium isotope effects show that the first abstrac-
tion in the desaturation of valproic acid and ezlopitant (see
Figure S1) by microsomal P450s takes place from one of the
more activated carbon atoms.[6,8] By contrast, the desatura-


tion of capsaicinoids is thought to be initiated by abstraction
from the less activated w-position.[9] Carbocation formation
via electron transfer from the incipient w-radical to the oxi-
dising species then occurs, followed by rearrangement to the
more stable w-1 carbocation. In principle, an analogous
mechanism could operate in CYP102A1, with successive ab-
stractions taking place from the less activated b-carbon. b-
Abstraction followed by electron transfer would yield a b-
cation with an intrinsic tendency to rearrange to the more
highly substituted benzylic a-cation (Scheme 1). Rearrange-
ment should be facile in cumene, where the a-carbon is ter-
tiary and the b-carbon terminal, potentially allowing a,b-de-
saturation to compete effectively against b-hydroxylation as
well as a-hydroxylation. In propylbenzene, however, there
would be a limited probability of rearrangement, which
could explain the low desaturation levels observed (0.7 %
with KT5 vs 29 % for cumene).


In a search for evidence of a carbocationic rearrangement,
we investigated the oxidation of a-[D]cumene to establish
whether desaturation entailed the migration of the single a-
deuterium to the b-carbon. GC-MS analysis gave the mass
of the a-methylstyrene formed as 118.176 versus a theoreti-
cal mass for the non-deuterated product of 118.176, while
NMR spectroscopy showed the non-aromatic protons to be
in a 1:1:3 ratio, with no loss of fine structure at any of the
three resonances when compared to an authentic sample.
The absence of deuterium in the product demonstrated that
desaturation did not proceed via carbocationic rearrange-
ment with a-to-b proton transfer. The NADPH consumption
rates measured in these experiments were similar to those
observed with non-deuterated cumene, but coupling and
PFRs were substantially lower (Table 2). Peroxide uncou-
pling levels were unchanged, indicating that the oxidase
pathway was primarily responsible for the decrease in cou-


Table 1. Product distributions in the oxidation of alkylbenzenes by wild-
type CYP102A1 (WT) and KT5 (F87A/A330P/E377A/D425N).


% Hydroxylation % Desaturation
a- b- g- o- a,b- b,g- oxides


propylbenzene
WT 98.7 0.3 – 0.6 0.2 0.2 –
KT5 20.3 78.3 0.3 – 0.6 0.4 0.1


ethylbenzene
WT 90.2 – n/a 9.8 – n/a –
KT5 93.2 3.9 n/a – 2.9 n/a –


sec-butylbenzene
WT 63.2 32.8 – 1.8[a] 1.5 – 0.7
KT5[b] 30.5 56.3 1.1 – 7.9 – 3.2


cumene
WT 81.8 – n/a 9.3 8.9 n/a –
KT5 67.9 3.2 n/a – 27.5 n/a 1.4


a-[D]cumene
WT 44.0 – n/a 47.5 8.5 n/a –
KT5 54.1 16.3 n/a – 28.8 n/a 0.8


b-[D6]cumene
WT 84.3 – n/a 8.8 6.9 n/a –
KT5 72.3 – n/a – 25.5 n/a 2.2


p-cymene
WT 83.7 – n/a 10.4 5.9 n/a –
KT5 77.9 – n/a – 18.9 n/a 3.2


[a] Includes 0.7% p-sec-butylphenol. [b] percentages do not sum to 100
due to a minority product. n/a= not applicable. See Tables S1–S6 for de-
tailed product profiles.


Scheme 1. Possible reaction pathways in the oxidation of alkylbenzenes
by CYP102A1 (R1, R2, R3 =H or Me).
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pling. a-Deuteration resulted in significant levels of meta-
bolic switching. KT5 gave higher b-hydroxylation levels at a
higher absolute PFR while WT gave higher o-hydroxylation
percentages, again at a higher PFR. The isotope effects ob-
served for desaturation were lower than those for a-hydrox-
ylation. These metabolic switching levels and isotopic sensi-
tivities were higher than those observed in the microsomal
P450 oxidation of monodeuterated ezlopitant[8] (Figure S1),
which has the same desaturation site structure as a-
[D]cumene. b-Deuteration of cumene[16] had contrastingly
little impact on oxidation profiles, the only significant iso-
tope effect being that associated with the abolition of b-hy-
droxylation in KT5.


The fact that the desaturation of cumene by CYP102A1 is
sensitive to a-deuteration but relatively insensitive to b-
deuteration implies that the first of the two hydrogen ab-
stractions takes place predominantly from the a-carbon.[6]


Given that a-hydroxylation is more sensitive to a-deutera-
tion than a,b-desaturation, there could, however, be a com-
peting desaturation pathway initiated by b-abstraction. The
increased b-hydroxylation percentages given by KT5 with
most substrates suggest that the b-carbon lies closer to the
ferryl oxygen in KT5 than in WT, but the concomitantly
high desaturation yields given by KT5 do not in fact sub-
stantiate the existence of a desaturation pathway initiated
by b-abstraction, since a partition shift in favour of desatura-
tion would also be expected if the first abstraction took
place from the a-carbon. Nor is the relatively short oxyferr-
yl–Cb distance in KT5 sufficient in itself to tilt the hydroxyl-
ation/desaturation partition in favour of desaturation.


Whereas desaturation competes effectively against hydroxyl-
ation in the oxidation of cumene by KT5, hydroxylation
dominates when propylbenzene is the substrate even though
Ca and Cb are both accessible to the ferryl oxygen (1 % de-
saturation vs 20 % a-hydroxylation and 78 % b-hydroxyl-
ation). Evidently, the substitution pattern at Ca and Cb is
critical; in this context, it is worth noting that the isopropyl
group has featured prominently among the examples of de-
saturation reported in other P450 enzymes.[5,8,9] It remains to
be established whether substitution levels influence desatu-
ration yields by retarding radical rebound, accelerating the
second hydrogen abstraction, causing substrates to orientate
differently in the active site, or by some other means. It is
also unclear at this point whether electronic effects are in-
volved. While we have demonstrated that deuterium does
not migrate to Cb during the oxidation of a-[D]cumene,
which argues against the involvement of b-cation rearrange-
ment, this mechanism cannot yet be ruled out as the
FeIII(OH) intermediate could capture the a-proton while in
transit to the b-carbon in preference to abstracting a second
b-proton.


In conclusion, the oxidation of alkylbenzenes, a relatively
simple class of compounds, by CYP102A1 involves a gamut
of competing P450 activity types: terminal, sub-terminal,
benzylic and aromatic hydroxylation, terminal and sub-ter-
minal desaturation, epoxidation of the resulting olefins and,
in one case, O-dealkylation (p-isopropylanisole, Table S6).
Research into alkylbenzenes with different branching struc-
tures and other compound types will be required to support
and develop the mechanistic framework outlined above. It
will be interesting, for example, to see whether natural sub-
strates, such as unsaturated fatty acids, particularly branched
fatty acids,[17] are as prone to desaturation as non-natural
substrates.[7,18] CYP102A1 is a convenient vehicle to explore
desaturation as it is self-sufficient and has variants that can
rapidly oxidise a wide array of non-natural substrates in
vitro. KT5 is also well suited for the study of the partition
between desaturation and w-hydroxylation,[19, 20] as it is an
effective desaturase and also possesses some w-hydroxylase
activity. However, even the wild-type enzyme shows slight
desaturase activity with most of the substrates investigated,
suggesting that this rarely reported P450 activity type may
occur more widely than hitherto supposed.
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Table 2. Product formation rates (PFRs) and isotopic sensitivities for the
oxidation of cumene (H), a-[D]cumene (a-[D]) and b-[D6]cumene (b-
[D]) by wild-type CYP102A1 (WT) and variant KT5.


PFR PFR(H)/PFR(D)
H a-[D] b-[D] a-[D] b-[D]


WT
a-hydroxylation 106 26 116 4.0 0.9
b-hydroxylation – – – – –
o-hydroxylation 12 29 12 0.4 1.0
a,b-desaturation 12 5.1 10 2.3 1.2
a,b-oxide formation – – – – –
TOTAL 130 60 138 2.2 0.9
coupling (%) 31 13 34
peroxide (%) 33 33 34
KT5
a-hydroxylation 189 45 217 4.2 0.9
b-hydroxylation 8.9 13 – 0.7 Inf.
o-hydroxylation – – – – –
a,b-desaturation 77 24 76 3.2 1.0
a,b-oxide formation 3.9 0.7 6.6 5.9 0.6
a,b-desaturation
+ a,b-oxide formation


81 25 83 3.3 1.0


total 279 83 300 3.4 0.9
coupling [%] 37 10 41
peroxide [%] 14 14 14


Coupling= total product formation as % of NADPH consumption. Inf.=
infinite. PFRs expressed in nmol min�1 (nmol P450)�1. All data are means
of at least three experiments with standard deviations <5 % of the mean.
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Highly Ylidic Imidazoline-Based Fulvenes as Suitable Precursors for the
Synthesis of Imidazolium-Substituted Metallocenes


Doris Kunz,* Erik Ø. Johnsen, Birgit Monsler, and Frank Rominger[a]


Pentafulvenes are very useful
precursors for the synthesis of
functionalized metallocenes
and half-sandwich complexes.[1]


Owing to the electrophilic C6
carbon at the exocyclic double
bond they can be easily trans-
formed into the respective cy-
clopentadienides by reaction
with nucleophiles, or alterna-
tively by deprotonation of a C6
substituent (i.e. a methyl group)
to receive the reactive cyclo-
pentadienide and subsequent transmetallation to give the
h5-Cp complex. A third possibility is to first prepare a h6-ful-
vene metal complex and react it further to the h5-Cp com-
plex. An ylidic structure is often drawn to describe fulvenes
due to their enhanced polarity, even though the ylidic char-
acter is rather low.[1a,2] This is displayed by alternating single
and double bond lengths that are typically found for ful-
venes (Figure 1, type I). However, the polarity of fulvenes
can be enhanced by electron-donating substituents at C6.
Mueller-Westerhoff has shown that 6,6-bis(dimethylamino)-
fulvene (II) can react with iron(II) chloride in refluxing tet-
rahydrofuran to give the respective ferrocenylformamidini-
um salts.[3] This behavior is mainly attributed to the strong
dipolar character of 6,6-bis(dimethylamino)fulvene.


We were interested in metallocenes[8] that bear an imida-
zolium substituent attached via its C2 position to the Cp
ring. Metallocenes of this type could exhibit interesting
properties for applications in ionic liquids (ILs),[9] as the imi-
dazolium unit is also found in the most common ILs. Re-


ports of imidazolium salts attached to metallocenes at the
C2 position are rare and the known examples mainly con-
cern dangling imidazolium groups at an alkyl chain.[10]


We envisaged that attaching the imidazolium salt moiety
directly to the Cp ligand would create products whose solu-
bility properties are close to those of imidazolium-based ILs
or that the complexes themselves would act as ionic liquids.
To the best of our knowledge, apart from imidazolidinoxyl
ferrocenes,[11] C2-imidazolium-substituted metallocenes have
not been reported so far. For the synthesis of such com-
plexes one could start from 1,1’-diimidazolylmetallocenes[12]


with subsequent formation of the imidazolium salt by addi-
tion of alkyl halides (Scheme 1). However, this would re-
quire to start from 1,1’-metallocenedicarboxaldehydes,[13]


compounds that are readily available only for Group 8
metals. In addition, only N’-alkylation would be possible
starting from imidazolylferrocenes, whereas N’-arylation
could not be achieved. All these aspects are strongly limit-
ing and therefore we tried to develop a more general and
modular approach. Employing the fulvene route developed
by Mueller-Westerhoff could fulfil these demands, however
the necessary fulvene was not known in literature, even
though various other 6,6-diaminofulvenes including imidazo-
lidinfulvene III[14] had been synthesized before (Figure 1).


We synthesized the desired fulvene 3 a by using a modi-
fied version of the route used by Meerwein and Hafner[14a,b]


in which we avoided exposure of the reagents and products


[a] Dr. D. Kunz, E. Ø. Johnsen, B. Monsler, Dr. F. Rominger
Organisch-Chemisches Institut
Ruprecht-Karls-Universit�t Heidelberg
Im Neuenheimer Feld 270 (Germany)
Fax: (+49) 6221-54-4885
E-mail : Doris.Kunz@oci.uni-heidelberg.de


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801956.


Figure 1. X-ray data and dipole moment (where available) show the increasing ylidic character of fulvenes I–
III[4,5] and cyclopentadienylides IV and V.[6a, 7]
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to air and moisture not only during the course of reaction
but also during workup (Scheme 2): the so far unknown uro-
nium salt 2, prepared from the imidazolone 1[15] by addition


of triethyloxonium tetrafluoroborate (Meerwein�s reagent),
was allowed to react with two equivalents of cyclopentadie-
nyllithium (CpLi). According to the literature, nucleophilic
attack of CpLi at the C2 of an uronium salt and subsequent
elimination of ethanol should lead to the desired fulve-
ne.[14a,b] In our case however, we propose the imidazolium
salt Z as a rather stable intermediate, owing to the strong ar-
omatic stabilization of the imidazolium moiety. Evidently,
this intermediate is concurrently deprotonated by CpLi
acting as a base. Therefore a second equivalent of CpLi is
necessary to achieve complete conversion of the uronium
salt 2 along with formation of one equivalent of cyclopenta-
diene. Attempts to use one equivalent of lithium diisopropyl-
amide (LDA) and one equivalent of CpLi also resulted in
complete conversion of the uronium salt 2, however, the re-
action turned out to be not as clean.


The formation of fulvene 3 a is observed in the 1H NMR
spectrum by the presence of two characteristic multiplets for
the fulvene protons H2,5 (d= 6.04–6.06 ppm) and H3,4 (d=


6.19–6.21 ppm). In the 13C NMR spectrum, the signals for
C2,5 and C3,4 are detected at d= 110.4 and 111.2 ppm and
are even more highfield shifted than those of the imidazoli-


dine-derived fulvene III (d=


113.4 and 114.0 ppm).[14d,e] The
signals of the quarternary
carbon atoms are found at d=


98.0 (C1) and 148.3 (C6) ppm.
According to Neuenschwander
et al. , the highfield chemical
shift of C2,5 and C3,4 correlates
with the Hammett sp


+ con-
stant.[14e] By slow evaporation
of a saturated solution of 3 a in
tetrahydrofuran, we were able


to obtain pale red single crystals.[16] The molecular structure
of compound 3 a confirms the strong single-bond character
with a C1–C6 bond length of 1.430(3) � (Figure 2). To the


best of our knowledge this is the longest bond found for an
exocyclic C1–C6 bond of a fulvene to date.[17] The other
bond lengths in the Cp ring display little alternating single-
and double-bond character. This is in contrast to typical ful-
venes of type I and to a less extent type II (Figure 1).[18]


Comparing the bond lengths with those available in the lit-
erature, it becomes clear that our imidazoline-based fulvene
3 a holds a position that is close to that of the Ramirez ylide
IV.[6] The fulvene is not planar, but the imidazole and Cp
planes are twisted by 32.08.


The special electronic structure, as already displayed by
the geometric parameters, indicates a special reactivity of
fulvene 3 a that is also found for the Ramirez ylide IV[6b,19]


and pyridinium cyclopentadienides of type V.[20] In contrast
to other 6,6-disubstituted fulvenes, compounds 3 a and 3 b
turned out to be extremely sensitive towards air, but not to-
wards moisture. An excess of 100 equivalents of D2O in a
solution of 3 b in [D8]THF leads to H/D exchange of all ful-
venic protons within 30 min.


However, 3 a reacts with water in the presence of salts
such as NaBF4 to give the cyclopentadiene-substituted imi-


Scheme 1. Strategy for the synthesis of imidazolium salt substituted metallocenes from metallocene dicarbalde-
hydes and via fulvenes.


Scheme 2. Synthesis of the imidazole-derived, highly dipolar fulvenes 3 a
and 3 b.


Figure 2. Molecular structure of the imidazole-derived fulvene 3 a. Select-
ed bond lengths [�] and angles [8]: C1–C2 1.422(3), C2–C3 1.374(3), C3–
C4 1.410(3), C4–C5 1.381(3), C1–C5 1.417(3), C1–C6 1.430(3), C6–N7
1.351(2), N7–C8 1.391(3), C8–C9 1.349(3), C9–N10 1.396(3), C6–N10
1.359(2); C5-C1-C2 106.36(18), N7-C6-N10 105.68 (17), a imi-Cp 32.0.
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dazolium salt 4 a in the form of two out of three possible iso-
meric species in a 1:1 ratio (4 a-I and 4 a-II ; Scheme 3). Crys-
tals of isomer 4 a-I were obtained from a concentrated solu-


tion of this mixture in tetrahydrofuran and characterized by
X-ray diffraction analysis (Figure 3).[16] The C1–C6 single
bond of 1.451(2) � is only 0.02 � longer than in fulvene 3 a,
which confirms again the strong zwitterionic character of
the fulvene. The imidazolium plane and the Cp plane form
an angle of 43.88.


Fulvene 3 a can be reobtained from the protonated spe-
cies 4 a by deprotonation with LDA. Leaving a sample of
fulvene 3 a under nitrogen at room temperature leads to de-
composition after several weeks. Therefore we tried to
shield the bonds of the Cp ring sterically by introducing a
tert-butyl substituent. Following the route shown in
Scheme 2 we prepared fulvene 3 b that indeed shows a
higher stability and can be purified by filtration under nitro-
gen over a short column of neutral alumoxane to give the
product as pale yellow crystalline plates with a pearly shine
in 59 % yield. The spectroscopic data is similar to that of ful-
vene 3 a, with characteristic shifts for the C1 and C6 signals
at d= 96.1 and 149.8 ppm. Single crystals suitable for struc-
ture analysis were obtained from a concentrated solution of
fulvene 3 b in tetrahydrofuran, and the molecular structure


is shown in Figure 4; however, the quality of the structure
data is reduced due to disorder in the tert-butyl substituent.
The C1–C6 “double” bond for fulvene 3 b is exceptionally


long (1.436(7) �). This under-
lines again the highly dipolar
structure of the imidazoline-
based fulvene. The imidazole
and Cp planes are twisted by
23.88.


Reacting the fulvenes 3 a and
3 b with one equivalent of
iron(II) chloride[3] leads to the
formation of the imidazolium-
substituted 1,1’-ferrocenes 5 a


and 5 b with [FeCl4]
2� as the counterion (Scheme 4). In con-


trast to the procedure employed by Mueller-Westerhoff
using 6,6-bis(dimethylamino)fulvene II, our reaction already
proceeds at room temperature, which again displays the en-
hanced ylidic character of the fulvenes 3 a and 3 b. The para-
magnetic dianion [FeCl4]


2� can be exchanged upon addition
of two equivalents of sodium tetrafluoroborate or lithium
tetrakis(pentafluorophenyl)borate. We find that formation
of tetrachloroferrate can be avoided completely if sodium
tetrafluoroborate is added already at the beginning of the
reaction. In contrast to ferrocene, the imidazolium-substitut-
ed ferrocenes 5 a and 5 b are air-sensitive. The 1H NMR
spectrum ([D6]acetone) of complex 5 a shows the formation
of the ferrocene with characteristic Cp signals at d= 5.03
and 5.21 ppm as broad singlets. The electron-withdrawing
imidazolium unit leads to a lowfield shift of about 1 ppm in
comparison to ferrocene (d=4.14 ([D6]acetone), 4.17 ppm
(CDCl3)) and 0.3 to 0.4 ppm lowfield shifted compared to
1,1’-ferrocenedicarboxaldehyde (d=4.65 and 4.9 ppm,
CDCl3).[13] Reaction of the prochiral fulvene 3 b leads to the
two diastereomeric complexes rac-5 b and meso-5 b. The
compound is dissolved readily in the IL [BMIM]ACHTUNGTRENNUNG[BF4]


[21] or


Scheme 3. Facile hydrolysis of fulvene 3 a leading to the imidazolium salt substituted cyclopentadienes 4a-I
and 4 a-II.


Figure 3. Molecular structure of the imidazolium-substituted cyclopenta-
diene 4a. Selected bond lengths [�] and angles [8]: C1–C2 1.481(2), C2–
C3 1.479(3), C3–C4 1.349(4), C4–C5 1.434(3), C1–C5 1.364(2), C1–C6
1.451(2), C6–N7 1.342(2), N7–C8 1.379(2), C8–C9 1.353(2), C9–N10
1.385(2), C6–N10 1.344(2); C5-C1-C2 108.75(15), N7-C6-N10 106.9(11),
C5-C1-C6-N10 42.3.


Figure 4. Molecular structure of the imidazole–derived fulvene 3b. Se-
lected bond lengths [�] and angles [8]: C1–C2 1.425(7), C2–C3 1.390(7),
C3–C4 1.432(8), C4–C5 1.381(8), C1–C5 1.432(7), C1–C6 1.436(7), C6–
N7 1.377(6), N7–C8 1.393(7), C8–C9 1.342(7), C9–N10 1.398(6), C6–N10
1.358(6); C5-C1-C2 106.3(5), N7-C6-N10 105.9 (5), a imi-Cp 23.8.
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acetone. The 1H NMR spectrum ([D6]acetone) shows two
sets of signals with a 2:1 ratio. Cp-H signals are found as
broad singlets at d=4.86, 5.25, and 5.43 ppm for the major
isomer and d=5.05, 5.09 and 5.13 ppm for the minor isomer.
In the 13C NMR spectrum, the signals of the Cp-CH carbon
atoms are found at d= 69.3, 73.1, and 73.4 ppm for the
major and at d=69.4, 72.5, and 72.8 for the minor isomer.


Figure 5 shows the molecular structure of complex 5 b-
(R,S)p that was obtained from red single crystals in the case
of [FeCl4]


2� as a counter ion.[16] Both cyclopentadienyl rings
are uniformly h5-coordinated to the iron center with Fe�C
bond lengths in a typically relatively narrow range of
2.047(4)–2.074(5) �. The C�C bonds of the five-membered
rings of the Cp units are all very similar in length 1.406(7)–
1.432(6) � [1.406(6)–1.436(6) �]. The imidazolium plane is


distorted from the Cp plane by
33.78 [30.38]. The bond between
the two rings is 1.465(7) �
[1.443(6) �] and thus only 0.01–
0.03 � longer than that of ful-
vene 3 a, demonstrating again
the strong zwitterionic charac-
ter of imidazole-derived ful-
venes. The Cp rings are orient-
ed gauche with an angle of 878
between the two imidazolium
substituents. a-Metallocenylcar-
benium ions are usually stabi-
lized by iron d-orbitals which
leads mainly to a displacement
of the carbenium ion out of the


Cp plane towards the iron center, resulting in an angle a


and a shift Dx of the iron–Cp bond out of the Cp-gravity
point towards the carbenium substituent (see Figure 4).[22]


This is also found for a cyclopropenium substituent in
which the positive charge is stabilized by the aromatic char-
acter.[23] In contrast to this observation the opposite geomet-
ric behavior is found for the imidazolium-substituted ferro-
cene 5 b : the carbenium ion is bent away from the iron
center and the Cp plane with a negative angle a of �4.58
(Cp1) and �3.08 (Cp2). The Fe–Cp bond is shifted by Dx=


�0.023 � (Cp1) and �0.052 � (Cp2) from the gravity point.
The negative values indicate that the shift is in the opposite
direction to that observed for a-ferrocenylmethylium ions.
The reasons for this unusual behavior might be the already
strong stabilization of the carbenium ion in the imidazolium
ring together with steric reasons.


An experiment on the NMR scale shows the formation of
the ruthenocene complex 6 upon reaction of [Cp*Ru-ACHTUNGTRENNUNG(NCCH)3]OTf with fulvene 3 b (Scheme 4). Characteristic
signals of the Cp protons are observed as broad singlets at
d= 4.50, 4.81, and 4.83 ppm ([D8]THF), and the Cp* signal
is shifted lowfield to d= 1.84 ppm in comparison to that in
the starting material (d=1.59 ppm).


Our results show that aromatic stabilisation of imidazoli-
um salts leads to the most pronounced zwitterionic structure
of 6,6-diaminofulvenes in fulvene 3 so far. This is displayed
by the easy hydrolysis to cyclopentadiene 4 a, a typical reac-
tion of cyclopentadienyl anions. We demonstrated that these
fulvenes are suitable precursors for imidazolium-substituted
Group 8 metallocenes. Modifications of the ferrocenyl com-
plexes to obtain ionic liquids and the synthesis of imidazoli-
um metallocenes of other transition metals are currently
under investigation in our laboratory.
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Scheme 4. Synthesis of the imidazolium-substituted metallocene complexes 5 a, 5 b, and 6.


Figure 5. Left: Molecular structure of the imidazolium-substituted ferro-
cene meso-5 b. The [FeCl4]


2� counterion is omitted for clarity. Selected
bond lengths [�] and angles [8]: C1–C2 1.432(6), C2–C3 1.406(7), C3–C4
1.430(6), C4–C5 1.414(7), C1–C5 1.425(6), C1–C11 1.465(7), C11–N12
1.342(6), N12–C13 1.379(6), C13–C14 1.350(6), C14–N15 1.381(6), C11–
N15 1.351(6), Fe–C1 2.070(5), Fe–C2 2.058(5), Fe–C3 2.074(5), Fe–C4
2.049(4), Fe–C5 2.047(4), Fe–Cpcentroid 1.668; N12-C11-N15 106.8(4).
Right: Definition of the angle a and the distance Dx to describe the geo-
metric properties of a-ferrocenylmethylium ions.
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Complete Direct and Reverse Optically Induced Valence Tautomeric
Interconversion in a Cobalt–Dioxolene Complex


Paolo Dapporto,[a] Andrea Dei,*[b] Giordano Poneti,[b] and Lorenzo Sorace[b]


The investigation of systems undergoing intramolecular
electron transfer (ET) processes involves two intriguing
goals.[1–5] The first goal is the elucidation of factors control-
ling the efficiency of the process. The second concerns their
potential technological application as molecular-scale devi-
ces. With this aim particular attention is devoted to mole-
cules which may show interplay between charge mobility,
magnetic properties and optical irradiation. The basic re-
search work in the field has been developed with the synthe-
sis of molecular systems containing two appropriate redox
active units, provided that their electronic coupling is rela-
tively small.


Typical examples of these systems are molecular mixed-
valence complexes of class II containing two distinct
sites.[6–9] In these molecules an external perturbation, like
changes in temperature or optical irradiation, may induce
an ET process affording a redox isomer of the initial com-
pound. An appealing situation is encountered when the
redox moieties are different, a situation found in cobalt–di-
oxolene complexes undergoing valence tautomerism
(VT).[4,5,10–14] In the simplest case, that is, a 1:1 complex, this
may exist in two well defined charge distributions with dif-
ferent magnetic properties: diamagnetic ls-cobaltACHTUNGTRENNUNG(III)–cate-
cholato and paramagnetic hs-cobalt(II)–semiquinonato.[15–19]


In recent publications we have shown how the charge dis-
tribution of a series of cobalt–dioxolene complexes of for-
mula [Co ACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(diox)] ACHTUNGTRENNUNG(PF6) (Mentpa=methyl derivatives
of tris(2-pyridylmethyl)amine, diox= catecholato (Cat) or
semiquinonato (SQ) forms of o-quinones) can be qualita-


tively related to the difference between the redox potentials
of the metal acceptor and of the coordinated dioxolene
ligand, which can be independently observed in a series of
appropriate reference compounds.[17,18] This allowed us to
justify the observation of entropy driven valence tautomeric
interconversion for some of these complexes as well as the
trend of the relaxation decay rates of the optically induced
metastable redox isomers at cryogenic temperatures. The
observed data showed that the intramolecular ET process in
these 1:1 adducts were, as expected, extremely sensitive to
lattice energies. This observation was not surprising since it
was expected that free energy of the ET process should be
strongly dependent on vibronic coupling with the environ-
ment.[20–23] For this reason we decided to synthesize different
solvates of the [CoACHTUNGTRENNUNG(Me2tpa) ACHTUNGTRENNUNG(DBCat)] ACHTUNGTRENNUNG(PF6) complex (1,
DBCat=3,5-di-tert-butylcatecolato) which was observed to
undergo both entropy driven and optically induced valence
tautomerism. The results we obtained for the toluene sol-
vate provide, when compared to those previously reported
for other derivatives,[17,18] an intriguing benchmark for the
description of these systems.


The temperature dependence of the magnetic susceptibili-
ty of 1 is shown in Figure 1. At low temperatures the cMT
value (0.25 emu K mol�1) is consistent with a CoIII–Cat
charge distribution, the residual paramagnetism being attrib-
utable to the TIP of CoIII and to an unavoidable presence of
high-spin fraction. Around 100 K the cMT value starts to
rise, which indicates the occurrence of a thermally induced
valence tautomeric process; this results, above 270 K, in
CoII–SQ charge distribution. The value observed (cMT=


2.96 emu K mol�1) at 300 K is indeed in agreement with what
is expected for the sum of the two contribution of uncou-
pled CoII (2.6 < cMT < 3.1 emu K mol�1) and a radical spe-
cies (cMT = 0.375 emuK mol�1) as well as with previous re-
ports.[24] An intriguing and hitherto unreported feature for
valence tautomeric interconversion processes is clearly evi-
denced in the transition region: the transformation between
the two redox isomers takes place in two separated steps at
125 and 185 K (inset of Figure 1) with a plateau centered at
155 K, where 50 % of conversion occurs. The two-step char-
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acter of the conversion suggests the presence of two non-
equivalent Co–diox molecules in the crystal lattice, whereas
the absence of thermal hysteresis for both steps indicates a
negligible cooperativity. It is interesting to note that the
presence of toluene shifts down the transition temperature
of about 200 K with respect to the ethanol solvate. This con-
firms the major role of the intermolecular interactions and
crystal packing in determining the relative stability of the
different charge distributions in valence tautomeric com-
plexes.[17,18]


The presence of two distinct Co centers in the lattice is
confirmed by the solution of X-ray structures at 100 and
160 K (Figure 2), even if we could only obtain a partial re-
finement[25] due to the probable formation of spin-like do-
mains.[26] Notwithstanding these limitations, we can safely
conclude that at both temperatures the asymmetric unit con-
sists of two crystallographically independent [CoACHTUNGTRENNUNG(Me2tpa)-ACHTUNGTRENNUNG(DBdiox)]+ moieties, two (PF6)


� anions and two toluene
molecules. Most importantly, at 100 K the bond lengths
characterising both cobalt ions indicate the same charge dis-
tribution (CoIII–Cat), whereas at 160 K they agree with the
two molecules being in two different charge distributions,
CoII–SQ (Co1) and CoIII–Cat (Co2) (see caption to
Figure 2).


The effect of the lattice-softening effect induced by tolu-
ene is also evident in the variation of the photomagnetic
properties of the system. When irradiated at 904 nm and 9 K
(ca. 1 mW cm�2), the system evolves to the metastable high-
spin state, according to the valence tautomeric interconver-
sion, CoIII–Cat ! CoII–SQ. Taking as a reference the 9 K
cMT value of [Co ACHTUNGTRENNUNG(Me3tpa)DBSQ]+ [18] not undergoing VT,
the steady-state conversion has been estimated to 85 % of
the total molar amount of cobalt after irradiation. Such a
high percentage of conversion, compared with the ethanol
solvate,[17,18] may be attributed to the increase of the lattice
volume per molecule (3863 �3 at 100 K for the toluene sol-
vate vs 3799 �3 at 150 K for the ethanol solvate). This may
account by itself for the improved conversion capabilities of
the cation, by reducing the lattice pressure. After switching


off the light and increasing the temperature, cMT recovered
the pristine value around T=80 K. The data suggest that
the decay process does not occur in two well defined steps.
The relaxation of the photoinduced high-spin metastable
state has been monitored at different temperatures. The re-
sults obtained, normalized to the photoinduced fraction g


(Figure 3), were fitted using a stretched exponential law:[27]


gðtÞ ¼ gð0Þexpð�t=tÞb


where the b parameter takes into account the time evolving
crystal forces acting on a single reference molecule during
the decay, due to the different molecular volumes of the
high- and low-spin species, and t is the relaxation time of
the system at the temperature T.[28] This procedure gave for
the lowest temperature a relaxation time of 1.18 ACHTUNGTRENNUNG(�0.02) �
106 s (R2 =0.997) which should be compared with
4.5 ACHTUNGTRENNUNG(�0.1) � 105 s obtained for the ethanolato derivative.[18]


Two distinct dependencies of t with temperature were ob-
served (Figure 3): in the high-temperature range (30–55 K)
an Arrhenius behavior (t(T)= t0expACHTUNGTRENNUNG(DE/kBT), in which t0


represents the pre-exponential factor and DE the energy
barrier) with an energy barrier of 269 ACHTUNGTRENNUNG(�27) cm�1 and a pre-
exponential factor of 4 (�1) s was obtained (R2 =0.997).
The activation energy of the thermally induced relaxation
agrees well with a mechanism involving the total-symmetric
vibrational breathing mode of the Co�O bond, expected to
be about 300 cm�1. The comparison with previous results for
ethanol solvate of 1 (DE=242 cm�1, t0 =4.5 s)[17] points out
the single-molecule nature of the LIESST phenomenon.[29]


On the other side, the low temperature (9–20 K) behavior of
the relaxation time exhibits a very weak dependence on
temperature. A best fitting procedure with the Arrhenius re-
lation gave DE =1.3 cm�1 and t0 =9.5 � 105 s, which is in
agreement with a temperature independent tunneling of the
system from the metastable high-spin state to the low-spin
stable state at low temperature according to the Jortner
theory.[30]


Figure 1. cMT vs T for 1 measured before (*) and after (^) irradiation at
904 nm. The crosses indicate the increase of the cMT product with time
upon irradiation of the sample. The occurrence of two steps thermal in-
duced transition at well defined temperatures is evidenced in the inset,
where d ACHTUNGTRENNUNG(cMT)/dT vs T is plotted.


Figure 2. View of the two crystallographically independent cationic units
of 1. Selected bond lengths [�]: Co1�O1 1.873(11), Co1�O2 1.898(12),
Co2�O4 1.869(11), Co2�O3 1.880(11) at 100 K; Co1�O1 1.986(12), Co1�
O2 2.037(12), Co2�O3 1.883(12), Co2�O4 1.884(12) at 160 K.
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Another important feature of this system is the possibility
to enhance the rate of the relaxation process of the photoin-
duced metastable high-spin state by irradiation on its MLCT
band located in the red region of the visible spectrum. This
process, called reverse LIESST effect, discovered almost
twenty years ago for spin-crossover compounds by
Hauser,[31] took 16 years to be observed for a 1:2 Co/dioxo-
lene based valence tautomer.[32] Its importance for a techno-
logical use of these compounds is obvious, candidating them
as potential light triggered bistable switches or data storage
media. Herein we report for the first time in a 1:1 Co–dioxo-
lene species, which undergoes valence tautomerism. As
shown in Figure 4, when the high-spin state is irradiated at
9 K with a 658 nm laser diode, its relaxation is much faster
than in the dark. A stretched exponential fit gave a relaxa-
tion time of 1.58 ACHTUNGTRENNUNG(�0.04) �105 s (R2 = 0.993); this indicates
that irradiation increases the relaxation rate of one order of
magnitude (tdarkACHTUNGTRENNUNG(9 K)=1.18 � 106 s). The possibility of this


being a thermal effect is ruled out by considering that the
observed rate under irradiation at 9 K (power of ca.
1 mW cm�2) is faster than that in the dark at 35 K
(Figure 4). The reversibility of the process has been checked
as well, assuring no degradation of the sample during sever-
al cycles of irradiation and relaxation.


In conclusion, we reported the effect of the change of re-
crystallisation solvent on the temperature and light depend-
ence of the VT process of a 1:1 Co–dioxolene compound,
showing a new way to tune its magnetic properties. In par-
ticular, the different dependence on the chemical surround-
ings of the thermal and light induced valence tautomeric
transition paves the way for the development of new molec-
ular magnetic materials with properties which may be con-
trolled by chemical techniques.
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Synthesis of Diarylamines Catalyzed by Iron Salts


Arkaitz Correa, M�nica Carril, and Carsten Bolm*[a]


Diarylamines constitute a valuable family of organic com-
pounds that are of utmost importance in biological, pharma-
ceutical, and material sciences.[1] Therefore, the search and
development of simple and improved procedures towards
the assembly of such a desirable framework represents an
elusive goal of particular interest for industrial and academ-
ic chemists. The transition-metal-catalyzed cross-coupling of
anilines and aryl halides or their equivalents is one of the
most powerful and straightforward methods for the prepara-
tion of diarylamines. Palladium,[2] copper,[3] and nickel[4] are
among the most widely used metals to perform such
carbon–nitrogen bond-forming processes, and highly effi-
cient methods are currently available. Nevertheless, aside
from the reliability of the existing protocols, the develop-
ment of a novel catalyst based on cheaper and environmen-
tally benign metals would clearly represent a major advance
of significant synthetic practical value.


Owing to its low price, sustainability, and exceptional ver-
satility, iron has attracted a great deal of attention in the
field of catalysis, and it is lately evolving into an increasingly
powerful and convenient alternative to accomplish a vast
array of organic transformations.[5] In this respect, we have
recently demonstrated that the adequate combination of
FeCl3 and certain supporting ligands results in the formation
of catalysts suitable to effect important arylation reactions,
rendering novel protocols that display complementary ad-
vantages to the previously well-established palladium- and
copper-catalyzed arylations. In particular, the use of N,N’-di-
methylethylendiamine (DMEDA) was found to be crucial
for N-[6a–c] and S-arylations[7] as well as Sonogashira couplin-
g.[ 8a] The success of the cross-coupling of aryl halides with
oxygen nucleophiles relied on the use of FeCl3 in combina-
tion with 2,2,6,6-tetramethyl-3,5-heptanedione (TMHD).[9]


Although several nitrogen nucleophiles (N-heterocycles,[6a]


primary amides,[6c] and sulfoximines[6b]) smoothly underwent
the target cross-couplings, all early attempts conducted with
anilines failed, and the corresponding diarylamines were
never observed. The poor nucleophilicity of the aniline
moiety has also been manifested in the selective arylation of
other nucleophiles in the presence of competing free-amino
groups.[8a] Very recently, Fu and co-workers developed an al-
ternative iron/copper co-catalyzed N-arylation process of
both aliphatic and aromatic amines featuring the use of
10 mol % of FeCl3, 10 mol % of CuO, and 20 mol % of rac-
BINOL as the catalyst system.[6f] Likewise, after the present
work was complete, Liu and co-workers disclosed a novel ar-
ylation protocol involving the use of Fe2O3 and l-proline in
DMSO at 135 8C and NaOtBu as base.[10] Despite the poten-
tial of the latter method for the N-arylation of aliphatic
amines, only three examples of aniline substitutions were re-
ported with the highest yield obtained for the corresponding
diarylamine being 54 %. Apparently, an effective iron-cata-
lyzed N-arylation of anilines is still to be found. In this con-
text, we hypothesized that the use of activated substrates
could lead to a solution. Thus, the iron-catalyzed arylation
of N-protected anilines, followed by NH-liberation of the re-
sulting arylated products was proposed to provide diaryla-
mines in a new and practical tandem process.


We first evaluated the influence of acetyl as an N-protect-
ing group, and thus the coupling of acetanilide (1 a) and io-
dobenzene (2) was selected as a model reaction to optimize
the reaction conditions. The results of this preliminary
screening are summarized in Table 1. When applying the
previously reported conditions for the iron-catalyzed N-ary-
lation (Table 1, entries 1 and 2), diarylamine 3 a was ob-
tained in low yield along with unreacted starting material
1 a. The choice of the base was found to be critical for the
reaction outcome, and the use of Cs2CO3 led to the desired
arylated product in a better yield (Table 1, entry 3), albeit
full conversion was again not achieved. Other bases
(Na2CO3, Ag2CO3, BaCO3, Li2CO3, NaOAc) provided only
trace amounts of product 3 a. With toluene as the solvent
better yields were achieved than with chlorobenzene
(Table 1, entries 3 and 16). Other solvents such as butanol
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and acetonitrile proved entirely inadequate, leading to de-
protection of 1 a and unreacted starting material, respective-
ly. In reference to the nature of the catalyst, the most effec-
tive system resulted from combining FeCl3 with DMEDA,
while other iron sources and diamine-type ligands exhibited
lower catalytic activity (Table 1, entries 5–15).[11] Interesting-
ly, increasing the catalyst loading (to 15 mol % of FeCl3 and
30 mol % of DMEDA) had a perceptibly beneficial effect
on the reaction outcome, and full conversion was achieved.
Now, however, a considerable amount of the N-deprotected
4 a was obtained along with the desired N-acetyl diarylamine
3 a. By performing a basic hydrolysis with NaOMe[12] after
the the iron-catalyzed arylation, diphenylamine (4 a) was
isolated in a remarkable 91 % yield (Table 1, entry 17). A
one-pot synthesis of diphenylamine (4 a) was performed by
adding NaOMe to the N-arylation reaction mixture once the
acetanilide (1 a) was completely consumed. Notably, other
N-protecting groups (benzoyl, trifluoroacetyl, tert-butyloxy-
carbonyl (Boc), tosyl, and benzyl) were not suitable under
the optimized conditions of the N-arylation. Either no reac-
tion occurred or deprotection was observed to yield the cor-


responding aniline. As expected, in the absence of catalyst
the formation of the target product was not detected.


Next the scope of the process was investigated by explor-
ing the cross-coupling of numerous acetanilides with differ-
ently substituted aryl iodides[13] under the optimized condi-
tions for the synthesis of 4 a (Table 2). A variety of acetani-
lides bearing both electron-donating and electron-withdraw-
ing substituents smoothly underwent the arylation/deprotec-
tion sequence to deliver the corresponding diarylamines in
good to excellent yields (Table 2, entries 1–15). Likewise,
variously substituted aryl iodides could be employed but
several electronic restrictions were observed. Whereas the
coupling of 4-iodoanisole and 4-fluoroacetanilide (Table 2,
entry 9) took place to lead to diarylamine 4 d in excellent
yield, other experiments performed with such an electron-
rich aryl iodide and related acetanilides were unsuccessful.
Moreover, the steric effect was highly significant, and when
using ortho-substituted aryl iodides only trace amounts of
the desired diarylamines 4 were obtained regardless of the
electronic nature of the substituent. Interestingly, ortho sub-
stituents in the acetanilide were better tolerated, and the
corresponding diarylamines 4 could be accessed, albeit in
moderate yields (Table 2, entries 16–18).


In summary, we have developed a practical and conven-
ient synthesis of diarylamines based on a tandem iron-cata-
lyzed N-arylation of acetanilides followed by cleavage of the
acetyl group. This strategy overcomes the synthetic limita-
tions associated with the poor reactivity of aromatic amines
under iron catalysis and serves as a complementary alterna-
tive approach for the preparation of diarylamines.


Experimental Section


General procedure for the synthesis of diarylamines : A sealable tube
equipped with a magnetic stir bar was charged with acetanilide 1
(1.0 equiv), aryl iodide 2 (1.5 equiv, if solid), Cs2CO3 (2.0 equiv), and
FeCl3 (0.15 equiv). The aperture of the tube was then covered with a
rubber septum, and an argon atmosphere was established. Aryl halide 2
(1.5 equiv, if liquid), N,N’-dimethylethylendiamine (0.30 equiv), and tolu-
ene (1 mL mmol�1 of acetanilide) were added by using a syringe. The
septum was then replaced by a teflon-coated screw cap, and the reaction
vessel was placed in an oil bath kept at 135 8C. After the mixture had
been stirred at this temperature for 24 h, it was cooled to room tempera-
ture, and NaOMe (9.0 equiv) and toluene (0.5 mL) were added. After
the reaction mixture had been stirred under reflux for 1.5 h, it was
cooled to room temperature and then diluted with dichloromethane. The
resulting solution was directly filtered through a pad of silica and concen-
trated to yield the diarylamine 4, which was purified by silica gel chroma-
tography. The identity and purity of the known products was confirmed
by 1H and 13C NMR spectroscopic analysis, and the new products were
fully characterized.
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Table 1. Reagent screening for the iron-catalyzed coupling of acetanilide
(1a) with phenyl iodide (2).[a]


Entry Fe source Ligand Base Solvent 3a [%][b]


1 FeCl3 L1 K3PO4 PhMe 10
2 FeCl3 L1 K2CO3 PhMe 21
3 FeCl3 L1 Cs2CO3 PhMe 75
4 FeCl3 L1 NaOMe PhMe traces[c]


5 FeCl3 L2 Cs2CO3 PhMe 65
6 FeCl3 L2 K2CO3 PhMe 23
7 FeCl3 L3 Cs2CO3 PhMe 0
8 FeCl3 L4 Cs2CO3 PhMe traces
9 FeCl3 L5 Cs2CO3 PhMe traces
10 FeCl3 L6 Cs2CO3 PhMe traces
11 FeCl3 L6 Cs2CO3 PhMe traces
12 Fe ACHTUNGTRENNUNG(acac)3 L1 Cs2CO3 PhMe traces
13 FeCl3·6H2O L1 Cs2CO3 PhMe traces
14 Fe2O3 L1 Cs2CO3 PhMe traces
15 Fe ACHTUNGTRENNUNG(OAc)2 L1 Cs2CO3 PhMe traces
16 FeCl3 L1 Cs2CO3 PhCl 41
17 FeCl3 L1 Cs2CO3 PhMe 4a (91)[c]


[a] Reaction conditions: 1a (1.0 equiv), 2 (1.5 equiv), Fe source
(0.1 equiv), ligand (0.2 equiv), base (2.0 equiv), solvent (1 mL mmol�1),
135 8C, under argon. [b] Yield of isolated product after flash chromatog-
raphy. [c] FeCl3 (0.15 equiv) and DMEDA (0.30 equiv) were employed.
Yield of isolated diphenylamine (4 a) after arylation and subsequent de-
protection with NaOMe; acac=acetylacetonate.
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Table 2. Synthesis of various diarylamines 4.[a]


Entry 1 2 4[b] Yield
[%]


1 4 a 91


2 4 b 66


3 4 c 88


4 4 d 80


5 4 e 47


6 4 f 82


7 4 g 94


8 4 h 91


9 4 d 92


10 4 i 50


11 4 j 80


12 4 k 63


13 4 l 83


14 4 m 68


15 4 n 57


16 4 o 43


17 4 p 38


18 4 q 55


[a] Reaction conditions: i) 1 (1.0 equiv), 2 (1.5 equiv), FeCl3 (0.15 equiv),
DMEDA (0.3 equiv), Cs2CO3 (2.0 equiv), toluene (1 mL mmol�1), 135 8C,
under argon, 24 h; ii) MeONa (9.0 equiv), toluene (0.5 mL), reflux, 1.5 h.
[b] Yield of isolated product after flash chromatography.
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DCC-Assisted Esterification of a Polyoxometalate-Functionalized Phenol
with Carboxylic Acids (DCC: Dicyclohexylcarbodiimide)


Li Zhu,[a, b, c] Yulin Zhu,[b] Xianggao Meng,[d] Jian Hao,[b] Qiang Li,[b] Yongge Wei,*[b] and
Yuanbin Lin[a]


In recent years the efforts to construct organic–inorganic
hybrid functional materials based on covalently linked poly-
oxometalates (POMs) have increased,[1] owing to the nano-
sized geometry, molecular, and electronic structural diversity
of the incorporated POM clusters and their significance in
catalysis, medicine, and materials science.[2,3] One of the
most important strategies for fabricating such hybrid materi-
als is based on the functionalization of POM precursors with
suitable organic ligands and the subsequent or concomitant
coupling of the organically derived POMs through common
organic synthetic techniques under controllable condi-
tions.[1c,d] So far, a few hybrid materials with covalently
anchored POMs have been successfully obtained, for instan-
ces, nanoscale molecular dumbells of Lindquist type
POMs,[4] catalytic POM terminated dendrimers,[5] and poly-
mers with covalently bound POMs.[1d,6]


Amongst the organically derived POMs,[7] organoimido
derivatives have gained increasing interest[1d,4, 8,9] after the
pioneering work of Maatta, Errington, and Proust,[10–12] as
the organic p electrons in arylimido derivatives of POMs
may extend their conjugation to the inorganic framework,
which could give birth not only to “value-adding proper-
ties”, but also to possible synergistic effects in resulting


hybrid materials. Although the reaction chemistry of other
types of organic derivatives of POMs has made considerable
progress,[13] the side-chain reactivity of organoimido substi-
tuted POMs is relatively under developed,[1d] an area which
is crucial for the development of POM-based hybrids.
Herein, we report, for the first time, the synthesis and
esterification reaction of a phenolic hydroxyl functionalized
organoimido substituted hexamolybdate, [(nBu4N)2]-ACHTUNGTRENNUNG[Mo6O18 ACHTUNGTRENNUNG(NAr)] (Ar=p-hydroxyl-o-toyl), [(Bu4N)2]-1, with
carboxylic acids in the presence of 1,3-dicyclohexylcarbodi-ACHTUNGTRENNUNGimide (DCC) as a dehydrating agent.[14] This reaction opens
a novel pathway to make hybrid materials, which contain co-
valently bonded POM clusters and organic conjugated seg-
ments, in more controllable and rational manner.


Compound [(Bu4N)2]-1 was synthesized according to pre-
viously reported procedures with some modification.[8]


Scheme 1 shows the synthesis of the hybrid POMs
[(Bu4N)2]-2 a–e, their yields are collected in Table 1.


First attempts to prepare the hybrid compounds
[(Bu4N)2]-2 a–e by the reactions of [(Bu4N)2]-1 and acid
chlorides failed since the derivatives decomposed into hexa-ACHTUNGTRENNUNGmolybdate by HCl, a strong acid, formed during the reac-
tions. Although [(Bu4N)2]-2 a can be formed using acetic an-
hydride as the acylation agent, we observed that, in the
presence of DCC, [(Bu4N)2]-2 a–e were both easily synthe-
sized directly using carboxylic acids as acylation agents.[14]


For example, when a mixture of [(Bu4N)2]-1, one equivalent
carboxylic acid such as acetic acid, p-methylbenzoic acid, p-
chlorobenzoic acid, propanoic acid or acrylic acid, and one
equivalent DCC was refluxed for 10 h in anhydrous acetoni-
trile, the esterification reaction proceeded smoothly, and
[(Bu4N)2]-2 a–e were formed in good to excellent yields.
Here, common to classic organic chemistry, DCC served as
a dehydration agent and promoted the esterification and
[(Bu4N)2]-1 behaved as a functionalized phenol during the
reactions. Without DCC, however, the esterification of 1 is
hard to take place even after refluxing for a prolonged time,
which is totally different from common phenols.[14] Instead,
the decomposition of 1 is observed, presumably owing to
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[c] L. Zhu
Department of Chemistry and Chemical Engineering
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the limited stability under the reaction conditions and other
characteristic in composition and electronic structure of the
POM group vastly different from common functional
groups, i.e., nitro or sulphonic groups, in organic chemistry.


The 1HNMR spectra of these hybrids show clearly re-
solved signals, all of which can be unambiguously assigned.
In [(Bu4N)2]-1, the signals for the aromatic protons appear
as one singlet and two doublets at d= 6.62, 6.59, and
7.05 ppm, respectively. The methyl and hydroxyl protons at-
tached to the benzene ring appear as singlets at d=2.56 and
10.04 ppm, respectively. Compared to [(Bu4N)2]-1, although
there is no obvious change of the methyl protons attached
to the benzene ring, the hydroxyl signal was not observed
for [(Bu4N)2]-2 a–e, and there are the significant downfield
shifts of the three aromatic protons, owing to the replace-
ment of H atom by the electron-withdrawing acyl groups.
Furthermore, there are several additional signals for
[(Bu4N)2]-2 a–e, which originate from the acyl groups of cor-
responding carboxylic acids. These facts imply that the
hybrid [(Bu4N)2]-1 has realized esterification reactions with
carboxylic acids and the targeted hybrids have indeed
formed.


The IR spectra of [(Bu4N)2]-1, [(Bu4N)2]-2 a–e in the low
wavenumber region (ñ<1000 cm�1) are similar to each
other, owing to the same POM framework. However, they
show obvious discrepancies in the high wavenumber region
as a result of the incorporation of different organoimido li-
gands. In [(Bu4N)2]-1, there is a medium and wide band at
ñ=3420 cm�1 observed for the vibration of n ACHTUNGTRENNUNG(O�H). As ex-
pected, this band is not observed for [(Bu4N)2]-2 a–e, in ac-
cordance with the formation of esters, as a result of the acy-
lation. Instead, there are the characteristic stretching vibra-
tions of the C=O group observed as medium peaks at 1756,


1735, 1737, 1760, and
1740 cm�1, in [(Bu4N)2]-2 a–e,
respectively, which definitely
implies the formation of esters.


The electronic properties of
these functionalized hexamo-
lybdates were studied by UV/
Vis absorption. The ligand to
metal charge-transfer (LMCT)
band for [Mo6O19]


2� anion is at
l=325 nm.[10a, 11a] After func-


tionalization, the lowest energy electronic transition is
batho ACHTUNGTRENNUNGchromically shifted from the parent hexamolybdate
anion to [(Bu4N)2]-1 (365 nm) owing to strong electron-do-
nating nature of the hydroxyl functionalized organoimido
ligand, indicating that the Mo�N p bond is formed and de-
localized with the organic conjugated p electrons.[15] On the
contrary, after acylation of hybrid [(Bu4N)2]-1, this lowest
energy electronic absorption is continuously hypochromati-
cally shifted significantly from [(Bu4N)2]-1 to hybrid
[(Bu4N)2]-2 a (354 nm), [(Bu4N)2]-2 d (353 nm), [(Bu4N)2]-2 e
(352 nm), [(Bu4N)2]-2 b (350 nm) and [(Bu4N)2]-2 c (348 nm)
because of the enhanced electron-withdrawing ability of the
corresponding acyl groups. It also indicates that the -COO-
bond is formed in hybrid [(Bu4N)2]-2 a–e and that there are
electronic interactions to some extent between the metal–
oxygen cluster and the organic-conjugated ligands in all
these hybrid compounds.


The crystal structures of [(Bu4N)2]-1, [(Bu4N)2]-2 a, -2 c,
and -2 e have been determined by single-crystal X-ray dif-
fraction studies, which substantially confirm the targeted
molecular structures. Figure 1 depicts the ORTEP diagrams
of the molecular structures of the corresponding anions 1,
2 a, 2 c, and 2 e, respectively. As can be seen, 2 a, 2 c, and 2 e
are indeed assembled from 1 with the hydrogen atom of its
hydroxyl group replaced by acetyl, p-chlorobenzoyl and
acryloyl groups, respectively. The acetyl, p-chlorobenzoyl
and acryloyl groups are linked to the organoimido substitut-
ed hexamolybdate with the C8-O19 bond lengths of
1.274(4), 1.360(12), 1.350(9) � in 2 a, 2 c, and 2 e, respective-
ly. Compared to their hexamolybdate cages in 1, 2 a, 2 c, and
2 e, they all show some typical features of the reported orga-
noimido derivatives in the literatures:[4,8,10–12] For example,
their Mo�N bonds have substantial triple bond character, as
evidenced by the short bond lengths (1.724(3), 1.721(2),
1.734(7), 1.701(8) � in 1, 2 a, 2 c, and 2 e, respectively) and
nearly liner Mo�N�C bond angles (173.1(3)8, 173.2(2)8,
176.9(7)8, 174.8(9)8 in 1, 2 a, 2 c, and 2 e, respectively). After
esterification, there are no obvious changes in the C�C
bond distances of the corresponding aryl groups in 2 a, 2 c,
and 2 e in comparison with 1. However, there are considera-
bly enlargements of the C4�O19 bond distances (1.353(5),
1.454(4), 1.414(11), 1.403(17) � in 1, 2 a, 2 c, and 2 e, respec-
tively) related to the hydroxyl group of 1, as a result of the
acylation. In [(Bu4N)2]-1, there is an interesting supramolec-
ular assembly originating from the hydrogen bonding inter-
actions of the OH groups of cluster anions. A pair of O�


Scheme 1. Esterification of [(Bu4N)2]-1 with carboxylic acids.


Table 1. The esterification of [(Bu4N)2]-1 with selected carboxylic acids.[a]


Entry R t [h] Products[b] Yield[c] [%]


1 CH3 10 ACHTUNGTRENNUNG[(Bu4N)2]-2a 82
2 p-C6H4CH3 10 ACHTUNGTRENNUNG[(Bu4N)2]-2b 75
3 p-C6H4Cl 10 ACHTUNGTRENNUNG[(Bu4N)2]-2c 80
4 C2H5 10 ACHTUNGTRENNUNG[(Bu4N)2]-2d 77
5 C2H3 10 ACHTUNGTRENNUNG[(Bu4N)2]-2e 75


[a] Reaction conditions: [(Bu4N)2]-1 (1.0 mmol), carboxylic acid
(1.5 mmol), DCC (2.0 mmol), acetonitrile (20 mL), refluxing at 85 8C).
[b] All products were characterized by 1H NMR, UV/Vis and IR spec-
troscopy. [c] Isolated yield.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10923 – 1092710924



www.chemeurj.org





H···O hydrogen bonds (O19�H19···O7#1, 2.776(4) �, 168.68,
symmetry code #1: �x+1/2, y+1/2, �z+1/2) between a clus-
ter anion and its two neighbors arrange the cluster anions of
1 into 1D zigzag chain (Figure 2) parallel to the crystallo-
graphic a axis, in which the organoimido ligands are sand-
wiched by two rows of hexamolybdate clusters related by a
21 screw axis.


In conclusion, we have successfully synthesized a novel or-
ganoimido derivative of hexamolybdate with a remote phe-


nolic-hydroxyl group, in which there is an interesting hydro-
gen-bonding supramolecular assembly in the solid state, and
established that it can undergo an esterification reaction
easily with various carboxylic acids. This study opens a way
to prepare a new class of organic derivatives of POMs and
corresponding hybrid materials. Extension of this esterifica-
tion to other functionalized carboxylic acids, including cin-
namic acids and bibasic acids, which are considered for
making novel POM-based polymer hybrids and supramolec-
ular building blocks, is also under study in our laboratory
and will be published in subsequent papers.


Experimental Section


Synthesis of [(Bu4N)2]-1: A mixture of [Bu4N]4 ACHTUNGTRENNUNG[a-Mo8026] (1.0 mmol),
DCC (2.5 mmol), the hydrochloride salt of 4-amino-m-cresol (1.34 mmol)
was refluxed under nitrogen in anhydrous acetonitrile (10 mL) for about
12 h. During the course of the reaction the color of the solution changed
into black-brown and some white precipitates (1, 3-dicyclohexylurea)
were formed. The resulting brown-black solution was cooled down to
room temperature and the brown precipitates were removed by filtration.
Most of the acetonitrile was evaporated slowly in the open air. The black
precipitate was collected by filtration, and recrystallized twice from the
mixture of acetone and ethanol (1:1). The product was deposited as
black-brown X-ray quality crystals in a yield of �70%. [(Bu4N)2]-1:
1H NMR (300MHZ, [D6]DMSO): d =0.98 (t, 24 H; CH3, [Bu4N]+), 1.60
(m, 16H; CH2), 1.34 (m, 16H; CH2, [Bu4N]+), 2.56 (s, 3 H; CH3, CH3Ar),
3.40 (t, 16 H; NCH2, [Bu4N]+), 6.59 (d, 1 H; ArH), 6.62 (s, 1 H; ArH),
7.05 (d, 1H; AH), 10.04 ppm (s, Ar-OH); IR (KBr): ñ= 975 (m), 953 (s)
[n(Mo=N, Mo=O)], 795 (s) [n ACHTUNGTRENNUNG(MoOMo)], 3420 cm�1 (m, w) [n(OH)];
UV/Vis (MeCN): lmax =226, 252, 365 nm; elemental analysis (%) calcd
for C39H79Mo6N3O19 (1469.69): C 31.87, H 5.42, N 2.86; found: C 31.91, H
5.38, N 2.90.


Synthesis of [(Bu4N)2]-2 : A mixture containing [(Bu4N)2]-1 (1.0 mmol), a
carboxylic acid (1.5 mmol) in anhydrous acetonitrile (15 mL) was heated
ahead for 15 min, then was added DCC (2.0 mmol in 5 mL anhydrous
acetonitrile). The reaction mixture was refluxed at a temperature of
85 8C for 10 h. After being cooled to room temperature, the resulting
red-brown solution was filtered to remove some yellow-green precipi-
tates. The red-brown filtrate was poured into 40 mL ice-water mixture
with stirring continuously. Then the resulting brown solid product was
collected by filtration. After being dried, the crude product was dissolved
in 15 mL acetonitrile for recrystallization, and the product was obtained
on evaporation as red-brown block crystals within 3 days (yield 75 to
82%). X-ray quality single crystals were grown in a test tube by slow dif-


Figure 1. The ORTEP diagrams showing of molecular structures of the
cluster anions 1, 2 a, 2 c, and 2e (from top to bottom) with atomic label-
ing schemes.


Figure 2. 1D hydrogen bonding chain through O�H···O hydrogen bonds
in the crystals of [(Bu4N)2]-1.
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fusion of the layered on Et2O into an acetonitrile solution of the crude
product.


Synthesis of [(Bu4N)2]-2 a : A mixture containing ([(Bu4N)2]-1)
(1.0 mmol), acetic anhydride (1.0 mmol), and NaHCO3 (1.0 mmol) was
refluxed in anhydrous acetonitrile (20 mL) for about 10 H; then the re-
sulting red-brown solution was filtered to remove some yellow-brown
precipitates. The red-brown filtrate was poured into 40 mL ice-water mix-
ture under continuous stirring, and the resulting red-brown solid product
was collected by filtration. After being dried, the crude product was re-
dissolved in 15 mL acetonitrile. The pure [(Bu4N)2]-2a was deposited on
evaporation as red-brown block crystals in �85 % yield within 3 days. X-
ray quality single crystals were grown in a test tube by slow diffusion of
the layered on Et2O into an acetonitrile solution of the crude product.


Data for [(Bu4N)2]-2 a : 1H NMR (300 MHz, [D6]DMSO): d=0.96 (t,
24H; CH3), 1.32 (sextet, 16H; CH2), 1.56 (m, 16 H; CH3), 2.26 (s, 3H;
ArO-CO-CH3), 2.55 (s, 3H; CH3-Ar), 3.16 (t, 16 H; NCH2), 7.06 (d, 1 H;
ArH), 7.08 (s, 1 H; ArH), 7.22 ppm (d, 1H; ArH); IR (KBr): ñ =976 (m),
952 (s) [n(Mo=N, Mo=O)], 795 (s) [n ACHTUNGTRENNUNG(MoOMo)], 1756 (m) [n ACHTUNGTRENNUNG(C=O)],
1197 cm�1 (m) [n ACHTUNGTRENNUNG(C-O-C)]; UV/Vis (MeCN): lmax =243, 251, 354 nm; ele-
mental analysis (%) calcd for C41H81Mo6N3O20 (1511.73): C 32.58, H 5.40,
N 2.78; found: C 32.45, H 5.32, N 2.70.


Data for [(Bu4N)2]-2 b : 1H NMR(300 MHz, [D6]DMSO): d= 0.96 (t,
24H; CH3), 1.32 (sextet, 16H; CH2) ,1.59 (m, 16 H; CH3), 2.32 (s, 3H;
CH3-Ar), 2.55 (s, 3 H; CH3-Ar), 3.14 (t, 16H; NCH2), 7.06 (d, 1H; ArH),
7.20 (s, 1 H; ArH), 7.22 (d, 1H; ArH), 7.42 (d, 2H; ArH), 7.88 ppm (d,
2H; ArH); IR (KBr): ñ= 973 (m), 964 (s) [n(Mo=N, Mo=O)], 797 (s) [n-ACHTUNGTRENNUNG(MoOMo)], 1735 (m) [n ACHTUNGTRENNUNG(C=O)], 1210 cm�1 (m) [n ACHTUNGTRENNUNG(C-O-C)]; UV/Vis
(MeCN): lmax =245, 253, 350 nm; elemental analysis (%) calcd for
C47H85Mo6N3O20 (1587.82): C 35.55, H 5.40, N 2.65; found: C 35.48, H
5.42, N 2.58.


Data for [(Bu4N)2]-2 c : 1H NMR (300 MHz, [D6]DMSO, 300k): d =0.96
(t, 24 H; CH3), 1.32 (sextet, 16H; CH2), 1.59(m, 16H; CH3), 2.59 (s, 3H;
CH3-Ar), 3.14 (t, 16 H; NCH2), 7.06 (d, 1 H; ArH), 7.26 (s, 1 H; ArH),
7.28 (d, 1H; ArH), 7.58 (d, 2H; ArH), 7.95 ppm (d, 2H; ArH). IR
(KBr): ñ= 973 (m), 952 (s) [n(Mo=N, Mo=O)], 794 (s) [nACHTUNGTRENNUNG(MoOMo)],
1737 (m) [n ACHTUNGTRENNUNG(C=O)], 1216 cm�1 (m) [n ACHTUNGTRENNUNG(C-O-C)]; UV/Vis (MeCN): lmax =


244, 251, 348 nm; elemental analysis (%) calcd for C46H82ClMo6N3O20


(1608.24): C 34.35, H 5.14, N 2.61; found: C 34.42, H 5.08, N 2.69.
(1608.24):


Data for [(Bu4N)2]-2 d : 1H NMR (300 MHz, [D6]DMSO): d=0.94 (t,
24H; CH3), 1.06 (t, 3 H; CH3), 1.31 (sextet, 16 H; CH2), 1.57 (m, 16H;
CH3), 2.28 (q, 2 H; ArO-CO-CH2), 2.55 (s, 3 H; CH3-Ar), 3.16 (t, 16 H;
NCH2), 7.07 (d, 1H; ArH), 7.14 (s, 1 H; ArH), 7.24 ppm (d, 1H; ArH);
IR (KBr): ñ=976 (m), 952 (s) [n(Mo=N, Mo=O)], 794 (s) [n ACHTUNGTRENNUNG(MoOMo)],
1760 (m) [n ACHTUNGTRENNUNG(C=O)], 1221 cm�1 (m) [n ACHTUNGTRENNUNG(C-O-C)]; UV/Vis (MeCN): lmax =


242, 250, 353 nm; elemental analysis (%) calcd for C42H83Mo6N3O20


(1525.75): C 33.06, H 5.48, N 2.75; found: C 33.19, H 5.40, N 2.71.


Data for [(Bu4N)2]-2 e : H NMR (300 MHz, [D6]DMSO): d=0.94 (t,
24H; CH3), 1.31 (sextet, 16H; CH2), 1.57 (m, 16 H; CH3), 2.55 (s, 3H;
CH3-Ar), 3.16 (t, 16H; NCH2), 6.16 (d, 1 H; =CH2), 6.32 (d, 1 H;
OOCCH=), 6.46 (d, 1H; =CH2), 7.06 (d, 1H; ArH), 7.15 (s, 1 H; ArH),
7.23 ppm (d, 1H; ArH); IR (KBr): ñ=976 (m), 951 (s) [n(Mo=N, Mo=


O)], 792 (s) [n ACHTUNGTRENNUNG(MoOMo)], 1740 (m) [n ACHTUNGTRENNUNG(C=O)], 1213 cm�1 (m) [n ACHTUNGTRENNUNG(C-O-
C)]; UV/Vis (MeCN): lmax =228, 250, 352 nm; elemental analysis (%)
calcd for C42H81Mo6N3O20 (1523.74): C 33.11, H 5.36, N 2.76; found: C
33.32, H 5.30, N 2.80.


Suitable crystals of [(Bu4N)2]-1, [(Bu4N)2]-2 a, 2c, and 2e were covered
with mineral oil, mounted onto glass fibers, and transferred directly to a
Bruker APEX CCD area-detector diffractometer at room temperature.
Structures were solved by direct methods by using SHELXS-97 and re-
fined against F2 by full matrix least squares by using SHELXL-97. All
non-hydrogen atoms were refined anisotropically, with the exception of
some disordered atoms on the tetrabutylammonium cations, which were
fixed after several cycles of refinement. Hydrogen atoms were located at
their ideal calculated positions with riding model during the structure re-
finements. The largest peaks in the final difference Fourier map were of
no chemical significance.


X-ray data for [(Bu4N)2]-1: C39H79Mo6N3O19, Mr =14 669.69, monoclinic,
space group C2/c, a =42.716(2) �, b=12.7263(6) �, c= 23.8487(15) �,
b=120.165(2)8, V=11 208.9(10) �3, Z=8, 1calcd =1.742 gcm�3, T=


292(2) K, F ACHTUNGTRENNUNG(000) =5888, m ACHTUNGTRENNUNG(MoKa)= 1.368 mm�1, block crystal with size=


0.30 � 0.20 � 0.10 mm3, 43101 reflections measured, 11019 unique (Rint =


0.0839), 632 parameters, R1 =0.0408 [I>2s(I)], wR2 =0.0763 [I>2s(I)],
GOF= 0.899.


X-ray data for [(Bu4N)2]-2 a : C41H81Mo6N3O20, Mr =1511.73, triclinic,
space group P1̄, a=12.6830(4) �, b=12.8276(4) �, c =19.4757(6) �, a=


74.5620(10)8, b= 72.162(2)8. g=77.5080(10)8, V =2875.87(16) �3, Z =2,
1calcd =1.746 gcm�3, T=293(2) K, F ACHTUNGTRENNUNG(000) =1520, m ACHTUNGTRENNUNG(MoKa) =1.337 mm�1,
block crystal size=0.51 � 0.13 � 0.10 mm3


, 16913 reflections measured,
10094 unique (Rint =0.0490), 604 parameters, R1=0.0247 [I>2s(I)],
wR2=0.0706 [I>2s(I)], GOF=1.082.


X-ray data for [(Bu4N)2]-2 c : C46H82ClMo6N3O20, Mr =1608.24, triclinic,
space group P1̄, a= 12.3593(6) �, b =12.9224(6) �, c= 20.4793(11) � a=


78.010(3)8, b=76.326(3)8, g=78.683(3)8, V= 3071.3(3) � 3, Z =2, 1calcd =


1.739 gcm�3, T=293 ACHTUNGTRENNUNG(2 K, F ACHTUNGTRENNUNG(000) =1616, m ACHTUNGTRENNUNG(MoKa) =1.300 mm�1, block
crystal with size =0.52 � 0.43 � 0.21 mm3


, 20 907 reflections measured,
10349 unique (Rint =0.0257), 686 parameters, R1=0.0406 [I>2s(I)],
wR2=0.0892 [I>2s(I)], GOF=0.994.


X-ray data for [(Bu4N)2]-2 e : C42H81Mo6N3O20, Mr =1523.74, triclinic,
space group P1̄, a= 12.7096(14) �, b=12.9021(13) �, c= 19.504(2) �,
a =73.892(4)8, b=72.916(4)8. g =79.245(4)8, V= 2917.9(5) �3, Z =2,
1calcd =1.734 gcm�3, T=293 ACHTUNGTRENNUNG(2 K, F ACHTUNGTRENNUNG(000) =1532, m ACHTUNGTRENNUNG(MoKa)= 1.319 mm�1,
plate crystal with size=0.40 � 0.21 � 0.11 mm3, 17 634 reflections mea-
sured, 9743 unique (Rint =0.0364), 598 parameters, R1 =0.0586 [I>2s(I)],
wR2=0.1147 [I>2s(I)], GOF=1.018.


CCDC 691254 ([(Bu4N)2]-1), 691255 ([(Bu4N)2]-2a), 691256 ([(Bu4N)2]-
2c), and 691257 ([(Bu4N)2]-2e) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif


Acknowledgements


This work is sponsored by NFSC No. 20871073, 20671054 and 20373001,
and THSJZ.


Keywords: carboxylic acids · esterification · imido
complexes · organic–inorganic hybrid composites ·
polyoxometalates


[1] a) E. Coronado, C. J. G�mez-Garc�a, Chem. Rev. 1998, 98, 273;
b) P. J. Hagrman, D. Hagrman, J. Zubieta, Angew. Chem. 1999, 111,
2798; Angew. Chem. Int. Ed. 1999, 38, 2638; c) C. Sanchez, G. J.
de A. A. Soler-Illia, F. Ribot, T. Lalot, C. R. Mayer, V. Cabuil,
Chem. Mater. 2001, 13, 3061; d) Z. Peng, Angew. Chem. 2004, 116,
948; Angew. Chem. Int. Ed. 2004, 43, 930.


[2] a) M. T. Pope in Comprehensive Coordination Chemistry II (Ed.:
A. G. Wedd), Elsevier, Oxford, 2004, chap. 4, p. 635; b) C. L. Hill in
Comprehensive Coordination Chemistry II (Ed.: A. G. Wedd),
Elsevier, Oxford, 2004, chap. 4, p. 679; c) C. L. Hill, Chem. Rev.
1998, 98, 1 –389; d) Polyoxometalate Chemistry: From Topology via
Self-Assembly to Applications (Eds.: M. T. Pope, A. M�ller),
Kluwer, Dordrecht, 2001; e) Polyoxometalate Chemistry for Nano-
Composite Design (Eds.: T. Yamase, M. T. Pope), Kluwer Academic,
New York, 2002.


[3] a) D.-L. Long, E. Burkholder, L. Cronin, Chem. Soc. Rev. 2007, 36,
105 – 121; b) A. M�ller, P. Kogerler, A. W. M. Dress, Coord. Chem.
Rev. 2001, 222, 193 –218; c) T. Liu, E. Diemann, H. Li, A. W. M.
Dress, A. M�ller, Nature 2003, 426, 59 –62.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10923 – 1092710926


Y. Wei et al.



http://dx.doi.org/10.1021/cr970471c

http://dx.doi.org/10.1002/(SICI)1521-3757(19990917)111:18%3C2798::AID-ANGE2798%3E3.0.CO;2-U

http://dx.doi.org/10.1002/(SICI)1521-3757(19990917)111:18%3C2798::AID-ANGE2798%3E3.0.CO;2-U

http://dx.doi.org/10.1002/(SICI)1521-3773(19990917)38:18%3C2638::AID-ANIE2638%3E3.0.CO;2-4

http://dx.doi.org/10.1021/cm011061e

http://dx.doi.org/10.1002/ange.200301682

http://dx.doi.org/10.1002/ange.200301682

http://dx.doi.org/10.1002/anie.200301682

http://dx.doi.org/10.1021/cr960395y

http://dx.doi.org/10.1021/cr960395y

http://dx.doi.org/10.1021/cr960395y

http://dx.doi.org/10.1021/cr960395y

http://dx.doi.org/10.1039/b502666k

http://dx.doi.org/10.1039/b502666k

http://dx.doi.org/10.1039/b502666k

http://dx.doi.org/10.1039/b502666k

http://dx.doi.org/10.1016/S0010-8545(01)00391-5

http://dx.doi.org/10.1016/S0010-8545(01)00391-5

http://dx.doi.org/10.1016/S0010-8545(01)00391-5

http://dx.doi.org/10.1016/S0010-8545(01)00391-5

http://dx.doi.org/10.1038/nature02036

http://dx.doi.org/10.1038/nature02036

http://dx.doi.org/10.1038/nature02036

www.chemeurj.org





[4] a) J. L. Stark, A. L. Rheingold, E. A. Maatta, J. Chem. Soc. Chem.
Commun. 1995, 1165; b) M. Lu, Y. G. Wei, B. Xu, C. F. C. Cheung,
Z. Peng, D. Powell, Angew. Chem. 2002, 114, 1636; Angew. Chem.
Int. Ed. 2002, 41, 1566.


[5] H. Zeng, G. R. Newkome, C. L. Hill, Angew. Chem. Int. Ed. 2000,
39, 1771.


[6] a) P. Judeinstein, Chem. Mater. 1992, 4, 4; b) C. R. Mayer, R. Thou-
venot, T. Lalot, Chem. Mater. 2000, 12, 257; c) A. R. Moore, H.
Kwen, A. B. Beatty, E. A. Maatta, Chem. Commun. 2000, 1793;
d) M. Lu, B. Xie, J. Kang, F.-C. Chen, Y. Yang, Z. Peng, Chem.
Mater. 2005, 17, 402.


[7] P. Gouzerh, A. Proust, Chem. Rev. 1998, 98, 77.
[8] a) J. Hao, Y. Xia, L. Wang, L. Ruhlmann, Y. Zhu, Q. Li, P. Yin, Y.


Wei, H. Guo, Angew. Chem. 2008, 120, 2666 –2670; Angew. Chem.
Int. Ed. 2008, 47, 2626 – 2630; b) Q. Li, Y. Wei, J. Hao, Y. Zhu, L.
Wang, J. Am. Chem. Soc. 2007, 129, 5810 – 5811; c) Y. Wei, B. Xu,
C. L. Barnes, Z. Peng, J. Am. Chem. Soc. 2001, 123, 4083.


[9] a) I. Bar-Nahum, K. V. Narasimhulu, L. Weiner, R. Neumann, Inorg.
Chem. 2005, 44, 4900; b) J. C. Duhacek, D. C. Duncan, Inorg. Chem.
2007, 46, 7253 –7255.


[10] a) Y. Du, A. L. Rheingold, E. A. Maatta, J. Am. Chem. Soc. 1992,
114, 345; b) T. R. Mohs, G. P. A. Yap, A. L. Rheingold, E. A.
Maatta, Inorg. Chem. 1995, 34, 9; c) J. B. Strong, G. P. A. Yap, R.
Ostrander, L. M. Liable-Sands, A. L. Rheingold, R. Thouvenot, P.
Gouzerh, E. A. Maatta, J. Am. Chem. Soc. 2000, 122, 639.


[11] a) A. Proust, R. Thouvenot, M. Chaussade, F. Robert, P. Gouzerh,
Inorg. Chim. Acta 1994, 224, 81; b) C. Dablemont, A. Proust, R.
Thouvenot, C. Afonso, F. Fournier, J.-C. Tabet, Inorg. Chem. 2004,
43, 3514.


[12] a) W. Clegg, R. J. Errington, K. A. Fraser, C. Lax, D. G. Richards in
Polyoxometalates: From Platonic Solids to Anti-Retroviral Activity
(Eds.: M. T. Pope, A. M�ller), Kluwer, Dordrecht, 1994, p. 113;
b) W. Clegg, R. J. Errington, K. A. Fraser, S. A. Holmes, A. Sch�fer,
J. Chem. Soc. Chem. Commun. 1995, 455.


[13] a) S. Bareyt, S. Piligkos, B. Hasenknopf, P. Gouzerh, E. Lac	te, S.
Thorimbert, M. Malacria, J. Am. Chem. Soc. 2005, 127, 6788; b) I.
Bar-Nahum, H. Cohen, R. Neumann, Inorg. Chem. 2003, 42, 3677 –
3684; c) S. Favette, B. Hasenknopf, J. Vaissermann, P. Gouzerh, C.
Roux, Chem. Commun. 2003, 2664; d) X. Wei, M. H. Dickman,
M. T. Pope, J. Am. Chem. Soc. 1998, 120, 10254; e) J. F. W. Keana,
M. D. Ogan, Y. Lu, M. Beer, J. Varkey, J. Am. Chem. Soc. 1986, 108,
7957.


[14] B. Neises, W. Steglich, Angew. Chem. 1978, 90, 556; Angew. Chem.
Int. Ed. Engl. 1978, 17, 522.


[15] W. Nugent, J. E. Mayer, Metal-Ligand Multiple Bonds, Wiley: New
York, 1988 ; pp. 112.


Received: September 5, 2008
Published online: November 12, 2008


Chem. Eur. J. 2008, 14, 10923 – 10927 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10927


COMMUNICATIONEsterification of a Polyoxometalate-functionalized Phenol



http://dx.doi.org/10.1039/c39950001165

http://dx.doi.org/10.1039/c39950001165

http://dx.doi.org/10.1002/1521-3757(20020503)114:9%3C1636::AID-ANGE1636%3E3.0.CO;2-A

http://dx.doi.org/10.1002/1521-3773(20020503)41:9%3C1566::AID-ANIE1566%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/1521-3773(20020503)41:9%3C1566::AID-ANIE1566%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/(SICI)1521-3773(20000515)39:10%3C1771::AID-ANIE1771%3E3.0.CO;2-D

http://dx.doi.org/10.1002/(SICI)1521-3773(20000515)39:10%3C1771::AID-ANIE1771%3E3.0.CO;2-D

http://dx.doi.org/10.1021/cm00019a002

http://dx.doi.org/10.1021/cm991078l

http://dx.doi.org/10.1039/b005022i

http://dx.doi.org/10.1021/cm049003r

http://dx.doi.org/10.1021/cm049003r

http://dx.doi.org/10.1021/cr960393d

http://dx.doi.org/10.1002/ange.200704546

http://dx.doi.org/10.1002/ange.200704546

http://dx.doi.org/10.1002/ange.200704546

http://dx.doi.org/10.1002/anie.200704546

http://dx.doi.org/10.1002/anie.200704546

http://dx.doi.org/10.1002/anie.200704546

http://dx.doi.org/10.1002/anie.200704546

http://dx.doi.org/10.1021/ja070600z

http://dx.doi.org/10.1021/ja070600z

http://dx.doi.org/10.1021/ja070600z

http://dx.doi.org/10.1021/ja004033q

http://dx.doi.org/10.1021/ic050473c

http://dx.doi.org/10.1021/ic050473c

http://dx.doi.org/10.1021/ic701024c

http://dx.doi.org/10.1021/ic701024c

http://dx.doi.org/10.1021/ic701024c

http://dx.doi.org/10.1021/ic701024c

http://dx.doi.org/10.1021/ja00027a046

http://dx.doi.org/10.1021/ja00027a046

http://dx.doi.org/10.1021/ic00105a005

http://dx.doi.org/10.1021/ja9927974

http://dx.doi.org/10.1016/0020-1693(94)04110-5

http://dx.doi.org/10.1021/ic0499042

http://dx.doi.org/10.1021/ic0499042

http://dx.doi.org/10.1039/c39950000455

http://dx.doi.org/10.1021/ja050397c

http://dx.doi.org/10.1021/ic034095s

http://dx.doi.org/10.1021/ic034095s

http://dx.doi.org/10.1021/ic034095s

http://dx.doi.org/10.1039/b308889h

http://dx.doi.org/10.1021/ja980993p

http://dx.doi.org/10.1021/ja00285a013

http://dx.doi.org/10.1021/ja00285a013

http://dx.doi.org/10.1002/ange.19780900718

http://dx.doi.org/10.1002/anie.197805221

http://dx.doi.org/10.1002/anie.197805221

www.chemeurj.org






DOI: 10.1002/chem.200801842


A Luminescent Trinuclear Platinum(II) Pt3C2 System with a “Naked”
C�C2� Ligand That Fluctuates amongst Three Unsupported Platinum(II)
Moieties
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Vivian Wing-Wah Yam*[a]


There has been growing interest in transition metal alkyn-
yl, oligoynyl, and polyynyl systems owing to their potential
applications in nanotechnology. The use of transition-metal
centers to stabilize linear polyynes by the end-capping of
both termini to form [M]�ACHTUNGTRENNUNG(C�C)n�[M] has been illustrated
and studied.[1–3] An interesting and unprecedented trinuclear
alkynylplatinum(II) terpyridyl complex, [{Pt(tBu3�trpy)}3(m3-
h1,h2�C�C�)]4+ (1) was formed in the course of our study
on the p coordination of a dinuclear alkynylplatinum(II)
complex to d10 metal ions. To the best of our knowledge,
this represents the first example of a [Pt]3C2, which has been
characterized by X-ray crystallography, with a “naked” C�
C2� moiety coordinated to three unsupported platinum(II)
fragments. The fluxional behavior and the photophysical
properties were studied, the results of which have been sup-
ported by DFT and time-dependent (TD) DFT calculations.


The trinuclear alkynylplatinum(II) terpyridyl complex,
[{Pt(tBu3�trpy)}3(m3-h


1,h2�C�C�)] ACHTUNGTRENNUNG(PF6)4 (1·PF6), was ob-
tained unexpectedly as a byproduct (10 % yield) from the
reaction of [Pt(tBu3�trpy) ACHTUNGTRENNUNG(C�C)Pt(tBu3�trpy)] ACHTUNGTRENNUNG(OTf)2


(2·OTf) with [Cu ACHTUNGTRENNUNG(MeCN)4]PF6 in acetone. The correspond-
ing OTf� salt of the same complex (1·OTf) could also be
prepared in high yield (85%) by the reaction of the dinu-


clear precursor (2) with one equivalent of [Pt(tBu3�trpy)-ACHTUNGTRENNUNG(MeCN)] ACHTUNGTRENNUNG(OTf)2 in acetone (Scheme 1). The complexes gave
satisfactory elemental analysis, and were characterized by


positive-ion ESI mass spectrometry; 1H, 13C, and 195Pt NMR
spectroscopy; and Raman spectroscopy. The crystal struc-
ture of 1·PF6 was also determined by X-ray crystallography.


The crystal structure of the complex cation of 1·PF6


(Figure 1) shows a propeller-like structure with the three
square-planar platinum(II) terpyridyl moieties forming the
blades. The C�C2� unit s coordinates to two platinum(II)
atoms at the two ends and connects to the third platinum(II)
atom in a h2-bonding fashion with the primary Pt–alkynyl in-
teraction involving the p electrons of the ethynyl unit. Al-
though it is well known that C�C2� can form a number of
[M]nC2 systems with various bonding modes,[1f, 4] and that
transition metal alkynyls can serve as h2 metalloli-ACHTUNGTRENNUNGgands,[1a,b,e,f, 5, 6] the present system is unusual because the
three discrete platinum(II) units are not linked by any other
groups or bridging auxiliary ligands except the “naked” ACHTUNGTRENNUNGC�
C2� rod. The three platinum(II) ions are coplanar with isos-
celes-triangle-like geometry (Pt(1)�Pt(2)=4.8883(10),
Pt(1)�Pt(3)=3.8477(10), Pt(2)�Pt(3)=3.7712(10) �; Pt(1)-
Pt(3)-Pt(2)=79.816(10), Pt(3)-Pt(1)-Pt(2) =49.405(7), Pt(3)-
Pt(2)-Pt(1)=50.779(8)8). The rodlike C�C2� unit lies
almost in the plane, with one carbon slightly above and the
other slightly below (0.062(3) and 0.066(3) �). To minimize
the mutual repulsions arising from the coplanar arrange-
ment, the three platinum(II) terpyridyl planes are twisted
with respect to each other, with the dihedral angle between
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Scheme 1. Synthesis of 1.
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the s- and p-coordinated platinum(II) terpyridyl planes and
that between the two s-coordinated platinum(II) terpyridyl
planes being 83.387(12)–88.683(19) and 81.023(18)8, respec-
tively. The two s-bound platinum(II) atoms in 1 are bent
about the C�C2� unit (Pt(1)-C(1)-C(2) =154.844 ACHTUNGTRENNUNG(212),
Pt(2)-C(2)-C(1) =154.633 ACHTUNGTRENNUNG(209)8) with the Pt(1)-C(1)-C(2)-
Pt(2) torsion angle being 34.139 ACHTUNGTRENNUNG(984)8, which is probably
due to the p back donation from the platinum(II) center to
the alkynyl ligand as well as the steric strain introduced by
the three platinum(II) terpyridyl units. The C�C bond
length of 1.249(3) � is slightly longer than those found in
other related platinum(II) systems,[2a,b, 3b, 6c] which indicates a
weakening of the C�C bond upon p coordination to plati-
num(II), in accordance with the observation of a lower C�
C stretching frequency of 1895 cm�1 in the Raman spectrum.
The bond lengths of Pt(1)�C(1) and Pt(2)�C(2) of 1.953(2)
and 2.043(3) �, respectively, are normal and correlate with
those found in other alkynylplatinum(II) systems.[2a,b, 3b, 6c]


The Pt(3)�C(1) and Pt(3)�C(2) bond lengths of 2.198(3) �
are comparable with those in other PtII�(h2-alkynyl) sys-ACHTUNGTRENNUNGtems.[7a,b]


The s- and p-coordinated [Pt(tBu3�trpy)] fragments are
in nonequivalent environments, so two sets of terpyridyl sig-
nals in a 2:1 ratio and two platinum resonances would be
anticipated in the NMR spectroscopic study. However, only
one set of 1H, 13C and 195Pt signals were observed in all the
corresponding NMR spectra of 1·OTf, even upon cooling to
�80 8C. These results suggest that a dynamic fluxional pro-
cess may be occurring, which arises from an exchange of the
s- and p-coordinated platinum(II) atoms about the C�C2�


unit (Scheme 2). Time-averaged 1H, 13C and 195Pt resonances
were observed on the NMR timescale. The exchange pro-
cess could arise from rotation of the alkynyl ligand inside


the triangle of three platinum(II) atoms. The observation of
time-averaged resonances, even at low temperature, suggests
a small activation barrier for the s–p alkynyl exchange,
which is supported by the DFT calculation (see below).


Reports on isolated species of alkynes that are p coordi-
nated to platinum(II) remain relatively scarce,[5f, 7,8] probably
due to their lability and instability arising from the weak
PtII�(h2-alkynyl) interaction, in which the presence of a
four-electron destabilization interaction between the occu-
pied out-of-plane p orbital of the alkynyl ligand and the
symmetry-adapted filled metal dp orbital significantly weak-
ens the overall metal–ligand bonding interaction.[9] More-
over, such p-coordinated alkynylplatinum(II) species have
been suggested as reactive intermediates in the reactions of
platinum(II) complexes with simple alkynes because the p-
coordinated alkynyl group would usually readily undergo
oligo- or polymerization or further rearrangements resulting
from nucleophilic attack of the solvent, insertion reactions,
or alkynyl formation.[7,8] The fluxionality arising from the ACHTUNGTRENNUNGs–
p exchange process, analogous to the exchange of the three
platinum(II) fragments, might play an important role in sta-
bilizing the trinuclear complex, which has relatively labile p


coordination between the platinum(II) atom and the C�C
alkynyl ligand, particularly in solution.


The electronic absorption spectrum of 1 in dichlorome-
thane at room temperature shows intense high-energy intra-
ligand absorptions and low-energy absorption bands at
about 400–450 nm (Figure 2a), which can be assigned to a
[dp(Pt)!p*(tBu3�trpy)] metal-to-ligand charge-transfer
(MLCT) transition, mixed with [pACHTUNGTRENNUNG(C�C)!p*(tBu3�trpy)]
alkynyl-to-terpyridine ligand-to-ligand charge-transfer
(LLCT) character.[3b] Such an assignment is supported fur-
ther by the TDDFT calculation (see below). The observa-
tion of the low-energy absorption band in 1 (400–450 nm) at
higher energy than that found in the dinuclear precursor
complex 2, which absorbs at about 496–532 nm, is in accord-
ance with the assignment of a MLCT/LLCT transition. Co-
ordination of the third cationic platinum(II) metal center to
the C�C unit renders the Pt�C�C�Pt moiety more elec-


Figure 1. Perspective drawing of 1 with atomic numbering scheme. Hy-
drogen atoms have been omitted for clarity. Thermal ellipsoids are drawn
at the 30% probability level. Selected bond lengths [�] and angles [8]:
Pt(1)�C(1) = 2.043(3), Pt(2)�C(2) =1.953(19), Pt(3)�C(1) =2.197(4),
Pt(3)�C(2) = 2.198(3), C(1)�C(2) =1.249(3); Pt(1)-C(1)-C(2)=154.8(3),
Pt(2)-C(2)-C(1)=154.6(3), C(1)-Pt(3)-C(2) =33.01(8), Pt(1)-C(1)-Pt(3) =


130.28(14), Pt(2)-C(2)-Pt(3) =130.52(13).


Scheme 2. Proposed dynamic fluxional process of 1.
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tron deficient and hence lowers the dp(Pt) and p ACHTUNGTRENNUNG(C�C) orbi-
tal energies, giving rise to a higher-energy MLCT/LLCT
transition.


Upon photoexcitation, complex 1 exhibits intense emis-
sion bands at about 550–565 nm in the solid state at 298 and
77 K as well as in a low-temperature glass (Figure 2b and c).
On the basis of the spectroscopic study of 2,[3b] an emission
origin of a 3MLCT/LLCT excited state is tentatively as-
signed. Complex 1 emits at higher energy than the precursor
complex 2 in all cases, similar to the results of the electronic
absorption study, and is attributed to the p coordination of
the Pt�C�C�Pt moiety to the [Pt(tBu3�trpy)] unit, which
leads to a higher 3MLCT/LLCT emission energy. It is inter-
esting to note that 1 is essentially non-emissive in dichloro-
methane at room temperature in contrast to the precursor
complex 2, which shows intense emission under the same
conditions. Topomerization of 1 in solution, arising from the
dynamic s–p exchange process of the alkynyl ligand, may
account for this lack of emission.


To gain insight into the activation barrier that must be
overcome for the s–p exchange of the alkynyl unit with the
three Pt centers in 1 to take place, DFT calculations on a
model complex [{Pt ACHTUNGTRENNUNG(trpy)}3(m3-h


1,h2�C�C�)]4+ (1’), in
which all the tBu-groups of the terpyridyl ligands were re-
placed by hydrogen atoms, at the PBE1PBE level of theory
(for computational details, see the Supporting Information)
were performed to study the topomerization (Scheme 2). In
general, the optimized structural parameters are in agree-
ment with the experimental data of 1 obtained by X-ray
crystallography (see Figure S1 and Table S1 in the Support-
ing Information), implying that the level of theory and basis
sets applied are reliable. In the transition state of the topo-
merization process (Figure 3a), the [(trpy)Pt(2)�C(2)] group
was found to be further away from the Pt(3) metal center
and closer to the Pt(1) center, with an increase in the Pt(3)�
C(2) length of 0.686 �, while the Pt(1)�C(2) distance de-
creased by 0.270 �. The C(1)�C(2) distance is 1.273 � in
the transition-state, which indicates a partial C�C bond
character in the transition-state structure. The activation en-
thalpy (DH�) calculated for the topomerization of 1’ is


4.3 kcal mol�1. It is anticipated that the tert-butyl groups on
the terpyridyl ligand should not significantly affect the cal-
culated barrier for the topomerization. The small barrier
calculated for the topomerization in 1’ is consistent with the
experimental observation of a facile exchange for the s and
p coordination of the alkynyl unit among the three Pt cen-
ters in 1, even at low temperature. A similar exchange of
the s and p coordination of the alkynyl unit has also been
proposed for other related M3C2 complexes.[5b,e]


A nonequilibrium TDDFT calculation at the PBE1PBE
level was employed to investigate the nature of the low-
lying excited states in 1’ and the model complex [Pt ACHTUNGTRENNUNG(trpy)-ACHTUNGTRENNUNG(C�C)Pt ACHTUNGTRENNUNG(trpy)]2+ (2’) to provide a better understanding of
the lowest-energy absorption and emission origins. The
lowest-energy dipole-allowed singlet–singlet transitions and
the first singlet–triplet transitions calculated for 1’ and 2’ are
listed in the Supporting Information (Table S2). For 1’, the
S0!S1 and S0!T1 transitions calculated at 470 and 490 nm,
respectively, correspond to the excitation from the HOMO


Figure 2. a) Electronic absorption spectra of 1 (c) and 2 (b) in di-
chloromethane at 298 K. Solid-state emission spectra of 1 (c) and 2
(b) at b) 298 and c) 77 K .


Figure 3. a) The optimized geometry of the transition state for the s–p al-
kynyl exchange of 1’ with selected structural parameters (bond lengths in
�). Hydrogen atoms have been omitted for clarity. b) Spatial plots (iso-
value=0.03) of the HOMOs and LUMOs for 1’ (left) and 2’ (right) with
the orbital symmetry in parentheses.
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to the LUMO. The HOMO mainly receives contributions
from the antibonding combination of the interaction be-
tween the p orbital of the alkynyl unit and the dp orbitals of
the three platinum(II) centers, whereas the LUMO is a p*
orbital localized on the terpyridyl ligand of the p-coordinat-
ed [Pt ACHTUNGTRENNUNG(trpy)] fragment (Figure 3b). This is understandable
because the terpyridyl ligand of the p-coordinated [Pt ACHTUNGTRENNUNG(trpy)]
fragment should be the one that is most electron deficient
and hence the strongest p-acceptor ligand. Therefore, the
lowest-energy absorption and emission of 1’ can be assigned
as the transitions derived from an admixture of the
[dp(Pt)!p* ACHTUNGTRENNUNG(trpy)] MLCT and [p ACHTUNGTRENNUNG(C�C)!p* ACHTUNGTRENNUNG(trpy)] LLCT
excited states, which involve a charge transfer from the
Pt3C2 core to the terpyridyl unit of the p-coordinated [Pt-ACHTUNGTRENNUNG(trpy)] fragment. Similarly, the S0!S3 and the S0!T1 transi-
tions for 2’ calculated at 520 and 616 nm, respectively, are
also attributed to an admixture of the [dp(Pt)!p* ACHTUNGTRENNUNG(trpy)]
MLCT and [pACHTUNGTRENNUNG(C�C)!p* ACHTUNGTRENNUNG(trpy)] LLCT transitions. The
larger HOMO–LUMO energy difference found in 1’
(3.5 eV) compared with 2’ (3.1 eV) is in agreement with the
observed experimental findings, in which the lowest-energy
absorption and emission of 1 is higher that those of 2.


In summary, an interesting trinuclear platinum(II) terpyr-
idyl complex, in which three discrete unsupported [Pt ACHTUNGTRENNUNG(trpy)]
fragments are linked by a “naked” C�C2� alkynyl rod in
both s- and p-coordination modes, has been isolated and
structurally characterized. The photophysical and fluxional
behavior have been described and correlate with theoretical
calculations.
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The combination of transition-metal Lewis acidity and
radical-type reactivity of “redox non-innocent” ligands
bound to the same metal plays a pivotal role in the bio-
chemistry of several important metalloenzymes, thus ena-
bling them to perform transformations which would other-
wise be difficult to perform. The catalytic mechanism of al-
cohol oxidation by galactose oxidase is probably the most
well known.[1] Bio-inorganic chemists are successfully apply-
ing non-innocent or radical ligands to create catalytically
active, and thus functional models of these enzymes.[1b]


Therefore, it is to be expected that combining typical organ-
ometallic transformations with ligand-radical reactivity will
lead to unexpected and new (catalytic) reactivity. In organo-
metallic chemistry, however, the observation of ligand radi-
cals is still rare. In this paper we show that the poly-ACHTUNGTRENNUNG(picolyl)amine ligand can be transformed into a ligand radi-
cal, even in the coordination sphere of a coordinative unsa-
turated organometallic IrI ACHTUNGTRENNUNG(cod) fragment. The N-donor li-
gands poly ACHTUNGTRENNUNG(picolyl)amines and a variety of structurally
closely related ligands are widely applied in coordination
chemistry[2] and catalysis. Many first row transition-metal
complexes (Fe, Cu, Mn) of these ligands are excellent struc-


tural and functional models for the active sites of a variety
of enzymes, such as cytochrome C oxidase,[3] catalases,[4] Cu-
based oxidases and oxygenases,[5] and non-heme Fe oxidases
and oxygenases.[6] Also these ligands are valuable in late
transition metal (organometallic) chemistry, especially in
alkane oxidation (Ru),[7] olefin oxidation (Rh, Ir),[8] and sta-
bilisation of reactive organometallic radical complexes (Rh,
Ir).[9] Neutral poly ACHTUNGTRENNUNG(picolyl)amine ligands are generally quite
robust “spectator” or “innocent” ligands, stable towards a
variety of oxidizing and radical-like reagents. In fact, oxy-
genation of coordinated picolyl fragments in these and relat-
ed ligands has been reported only in exceptional cases.[10]


However, their stability or “chemical innocence” under
basic conditions has not been explored in detail. Thus far,
only limited examples of complexes containing deprotonat-
ed polyACHTUNGTRENNUNG(picolyl)amine ligands have been reported. Obvious-
ly, amine deprotonation of these ligands is to be expected
and easily leads to the formation of amido-bridged dinuclear
species.[11] Amine-deprotonated bis ACHTUNGTRENNUNG(picolyl)amine (bpa) was
recently used to stabilize a mononuclear goldACHTUNGTRENNUNG(III) com-
plex.[12] On the other hand, the “benzylic” methylene pro-
tons of this type of ligands are less acidic,[12] and we are thus
not aware of any stable methylene deprotonated bis/tris-(pi-
colyl)amine (bpa/tpa) complexes with the single exception
of our recently reported compound [Rh2 ACHTUNGTRENNUNG(m-bpa�2H)-ACHTUNGTRENNUNG(nbd)2].[13] In marked contrast, methylene deprotonated (pi-
colyl)phosphane-type ligand (late) TM complexes have been
reported,[14] and interestingly the resulting anionic ligands
are not just “spectator” ligands; they directly participate in
(catalytic) heterolytic H�H and C�H bond-breaking reac-
tions.[15] Radical ligands are more reactive, and thus compa-
rable cooperative substrate activation by the metal and a
radical ligand should allow faster reactions and/or conver-
sion of less reactive substrates. In general, radical ligands
are fascinating because of their unusual redox properties,
their ability to stabilize metals in unusual oxidation states,[16]


and their ability to participate in (bio)catalytic reactions.[17]


In view of the importance of bpa-like ligands, we now
report our findings on the deprotonation reactions of the
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complex [IrACHTUNGTRENNUNG(bpa) ACHTUNGTRENNUNG(cod)]PF6 that reveal the loss of innocence
of the bis ACHTUNGTRENNUNG(picolyl)amine (bpa) ligand under basic aerobic
conditions.


Treatment of [Ir ACHTUNGTRENNUNG(bpa) ACHTUNGTRENNUNG(cod)]PF6 ([1]PF6)
[18] with two


molar-equiv of potassium tert-butoxide (KOtBu) in THF re-
sulted in a color change from light-yellow to deep-red.
NMR spectroscopical analysis indicated selective formation
of the doubly deprotonated product [3]� . Complex K[3] was
isolated by recrystallization in THF/hexane as dark-red mi-
crocrystals. Besides the expected deprotonation of the
weakly acidic amine proton, one of the methylene back-
bones of [1]+ had also been deprotonated unexpectedly, re-
sulting in formation of the anionic [Ir ACHTUNGTRENNUNG(bpa�2H) ACHTUNGTRENNUNG(cod)]�


([3]�) (Scheme 1).


The reaction was found to occur stepwise through the
mono-deprotonated intermediate amido compound [Ir-ACHTUNGTRENNUNG(bpa�H) ACHTUNGTRENNUNG(cod)] (2), observable when using only one molar
equivalent of KOtBu. On a preparative scale, complex 2 can
be straightforwardly prepared by reacting [{Ir ACHTUNGTRENNUNG(m-OMe)-ACHTUNGTRENNUNG(cod)}2] with bpa (1:2 molar ratio) in diethyl ether, while
K[3] was easily isolated from the reaction of 2 with one
molar equivalent of KOtBu, since only alcohols are pro-
duced in both reactions. Complex K[3] was found to be
moisture-sensitive and easily protonated to complex 2 with
acids.


Recrystallization of complex K[3] from THF/hexane ren-
dered dark-red monocrystals; their X-ray structure[19] (see
Figure 3) revealed polymer chain {K[3]}n.


Complex {K[3]}n can be described as an electrostatically
enforced host–guest complex in which the K+ is embedded
in the organometallic framework [Ir ACHTUNGTRENNUNG(bpa�2H) ACHTUNGTRENNUNG(cod)]� . The
organometallic host, [3]� , (Figure 1) contains a square-
planar iridium chelated by the double deprotonated
{bpa�2H}2� ligand[20] and the diolefin 1,5-cyclooctadiene.
Both the C5–C6 and the C6–N3 distances are unusually
short, suggesting a considerable delocalization of electron
density between these atoms. Within the pyridine ring, both
C�N bonds and two C�C bonds become longer than the
other two C�C bonds pointing to a substantial contribution
of the resonance structures depicted in Figure 2.


The potassium cation is sandwiched by two five-mem-
bered metallacycles similar to a pentahapto cyclopentadien-
yl (h5-Cp) ligand,[21] and shows an additional interaction
with N2 (K�N2 2.782(9) �). In addition, the metallacycle in-
teracts, on both sides, with K+ forming the “supersandwich”


complex depicted in Figure 3. The angle at the potassium
with the two centroids of the metallacyles is 139.68, which is
very different from the value of 1808 expected for a typical
sandwich compound. This is due to the distortion generated
on the coordination sphere of K+ by the additional interac-
tion with N2. As a result, a regular zig–zag polymeric chain
structure was formed (Figure 3). Overall, the structure of
K[3] is related to the organic polymeric chain {K-ACHTUNGTRENNUNG[(Me3Si)C5H4]}n.


[22]


Aromatic five-membered rings sandwiching potassium
ions are well-known in organic chemistry; around one hun-
dred of this type of structures can be found in the CCDB.
However, K+–sandwich complexes involving metallacycles


Figure 1. Structure (ORTEP at 50% level) of K[3] Left: geometry
around Ir, right: geometry around K+ (the cod ligands have been omitted
for clarity). Selected lengths [�] for K+ : K�N2 2.782(9), K�Ir 3.299(3)
[3.362(3)], K�N1 3.150(9) [3.030(9)], K�C5 3.086(11) [3.027(11)], K�C6
3.024(11) [3.060(12)], K�N3 3.005(9)ACHTUNGTRENNUNG[3.103(8)] (distances to the unla-
beled complex are in brackets).


Figure 2. Left: selected distances for the {bpa�2H}2� ligand in [3]� , right:
main resonant forms of the {bpa�2H}2� ligand in the anion [3]� .


Figure 3. View of the coordination polymeric chain of the complex
{K[3]}n.


Scheme 1. Double deprotonation of [Ir ACHTUNGTRENNUNG(bpa) ACHTUNGTRENNUNG(cod)]+ , i) KOtBu.
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are hardly known and just two Zn complexes have been
crystallographically characterized up to date.[23] Interestingly,
these zincates contain 1,2-diamidoethene ligands (doubly re-
duced a-diimine ligands), which noticeably are redox active
ligands. The binding mode of K+ in K[3] may point to some
aromatic character of the (bpa�2H)Ir chelate ring.[24] From
the similarity of K[3] and the zincate ones, a “redox activi-
ty” of the {bpa�2H}2� ligand could be envisaged, and we
indeed observe this behavior (see below).


The 1H NMR spectrum of K[3] showed broad resonances
at room temperature, which became sharp at �70 8C. At this
temperature, the methine proton attached to C6 from the
{bpa�2H}2� ligand was easily identified as a singlet at d =


6.38 ppm. The signals of one of the two pyridine moieties of
this new ligand are substantially upfield shifted, suggestive
for increased electron density at the pyridyl moiety bound
to the iridium. In particular, those corresponding to the pro-
tons attached to C3 and C2 were unusually upfield shifted
(d=4.56 and 3.91 ppm, respectively, see Supporting Infor-
mation) in agreement with the resonance forms depicted in
Figure 2. The dianionic charge of the {bpa�2H}2� ligand, in-
troduced by the double deprotonation, is thus delocalized
over the methine unit and the adjacent pyridyl group, and
leads to a substantially increased donor capacity of the
ligand. As a result, the electron-rich iridium center prefers
to dissociate its other pyridyl fragment, which was coordi-
nated in the starting material [1]+ .


The easy double deprotonation of the bpa ligand bound
to the electron-rich Ir center (with filled dp orbitals repelling
the increased p-electron density at the bpa�H and bpa�2H
ligands) is remarkable and unexpected. It seems that in-
creased Ir!C=C p-back donation to the cod double bonds
upon deprotonation of the bpa fragment is at least in part
responsible for the ease of these reactions. Deprotonation of
[1]+ to 2 leads to dissociation of one of the pyridine arms,
and thus the average Ir!C=C p-back donation hardly
changes (average olefinic 13C chemical shifts: [1]+ : d =


56.6 ppm; 2 : d =59.0 ppm). However, the two cod olefins
in 2 are non-equivalent, and not exchanging on the NMR
timescale, with substantially lower field 13C chemical shifts
for the olefinic carbons trans to the anionic amido fragment
(d = 53.5 ppm) compared with the olefinic carbons trans to
the neutral Py fragment (d =64.4 ppm). After the second
deprotonation in formation of [3]� , the two olefinic frag-
ments are shifted further upfield, but now have almost iden-
tical chemical shifts (d =48.0 and 46.0 ppm). These data
suggest that the increased p-electron density at Ir (intro-
duced by unfavourable mixing of the Ir dp orbitals with the
increased ligand p density upon deprotonation) is effectively
passed-through from Ir to the olefinic double bonds of cod,
thus explaining the relatively easy (double) deprotonation
of [(bpa)IrI ACHTUNGTRENNUNG(cod)]+ .


The envisaged ligand oxidation of K[3] was revealed from
the redox behavior towards oxidizing reagents. Thus, in situ
chemical oxidation of K[3] with one equivalent of Ag+ , fol-
lowed by rapid-freeze quenching, allowed us to detect the
neutral 1e� oxidized complex [Ir ACHTUNGTRENNUNG(bpa�2H) ACHTUNGTRENNUNG(cod)] [4]C by


EPR spectroscopy. The EPR spectrum in frozen solution re-
vealed a slightly rhombic signal, with g values very close to
ge, suggesting that the unpaired electron of [4]C is mainly lo-
cated at the {bpa�2H}C·� ligand (Figure 4).


This assignment is in good agreement with the calculated
(DFT) spin density distributions of [4]C (Figure 5). The un-
paired electron is delocalized over the imine and pyridine
fragments, but mainly resides at the “a-diimine” fragment.
Part of the spin density is also located at the C2 and C3
atoms (Figure 5). There is virtually no spin density at the
metal and thus, [4]C is best described as a ligand radical com-
plex. Rare examples of related first-row TM ligand radical
complexes, obtained by chemical reduction of pyridine-2-
imine complexes, were recently disclosed by Wieghardt
et al.[16]


Complex 4C is relatively stable in dilute solutions at room
temperature, but slowly (within hours) decomposes at
higher concentrations, presumably via a bimolecular path-
way to yield (a) yet unidentified product(s). The fate of 4C is
currently under investigation.


A THF solution of diamagnetic K[3] exposed to air, for a
short period, produced an identical EPR spectrum as shown
in Figure 4, first growing in intensity then decreasing again


Figure 4. EPR spectrum of [4]C. Conditions: freq.= 9.43194 GHz, T=


20 K, att. =30 dB, mod. amp.=3 G. The simulated spectrum was obtained
with the following g-tensor: g11 =2.015, g22 =2.004, g33 =1.994.


Figure 5. Spin density plot of [4]C.
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in time upon prolonged exposure to air. This is quite re-
markable, because in our experience four- and five-coordi-
nate RhI ACHTUNGTRENNUNG(cod) and IrI ACHTUNGTRENNUNG(cod) complexes with N-donor ligands
tend to easily react with O2 to form 2-metallaoxetanes and
related species.[8] Considering the presence of the coordina-
tively unsaturated and electron rich, oxidizable IrI ACHTUNGTRENNUNG(cod) frag-
ment, it is thus quite remarkable that reaction of [3]� with
O2 leads to formation of a ligand radical derived from bpa
instead of the expected oxygenation of the IrI ACHTUNGTRENNUNG(cod) frag-
ment. We are currently investigating the reactivity of K[3]
towards O2 in more detail.


In conclusion, we demonstrated that IrI ACHTUNGTRENNUNG(cod) complexes
with bpa ligands are easily doubly deprotonated. The first
and expected deprotonation occurs at the amine donor, fol-
lowed by a second deprotonation at a neighboring methyl-
ene unit. Subsequent chemical oxidation by Ag+ or O2 leads
to a ligand radical complex. This sequence clearly demon-
strates the chemical reactivity of bpa and the redox activity
of the deprotonated bpa ligand. This unusual behaviour has
important chemical consequences: Although poly-ACHTUNGTRENNUNG(picolyl)amine ligands are widely used as stable, robust and
non-reactive ligands, they may not always be as “innocent”
as they seem.


Experimental Section


[Ir ACHTUNGTRENNUNG(bpa�H) ACHTUNGTRENNUNG(cod)] (2): A suspension of [{Ir ACHTUNGTRENNUNG(m-OMe) ACHTUNGTRENNUNG(cod)}] (200.0 mg,
0.30 mmol) in diethyl ether (20 mL) was slowly added to a solution of
bis ACHTUNGTRENNUNG(picolyl)amine (bpa) (112 mL, 0.60 mmol) in diethyl ether (4 mL). An
immediate red solution was formed after mixing the reagents. The solu-
tion was evaporated to ca. 5 mL and kept undisturbed at �20 8C over-
night to render dark-red crystals, which were washed with cold hexane
(3 � 3 mL) and vacuum-dried. Yield: 233.4 mg (78 %). 1H NMR
(500 MHz, [D8]toluene, �40 8C): d=8.35 (d, J=3.9 Hz, 1H, HA1), 7.58 (d,
J =7.8 Hz, 1 H, HA4), 7.34 (d, J= 5.6 Hz, 1H, HB1), 6.85 (td, J =7.6,
1.7 Hz, 1 H, HA3), 6.37 (t, J =6.1 Hz, 1 H, HA2), 6.32 (t, J =7.3 Hz, 1 H,
HB3), 6.10 (d, J= 7.8 Hz, 1 H, HB4), 5.82 (d, J=6.3 Hz, 1 H, HB2), 4.56,
3.91 (2 s, 2� 1H, CH2 bpa), 3.63, 2.67 (2 m, � 2H, HC=cod), 2.32, 2.17
(2 m, � 2H, CH2


exo cod), 1.73, 1.63 ppm (2 m, � 2H, CH2
endo cod); 13C{1H}


NMR (500 MHz, [D8]toluene, �40 8C): d=171.1 CA5, 164.6 CB5, 149.2
CA1, 145.1 CB1, 136.0 CA3, 135.0 CB3, 121.3 CB2, 121.1 CA2, 120.3 CA4, 119.8


CB4, 69.2 and 59.8 CH2 bpa, 64.4 and
53.5 HC=cod, 32.6 and 32.1 ppm CH2


cod (see Figure 6 for the labeling of
protons and carbons); elemental anal-
ysis calcd (%) for C20H24N3Ir (498.6):
C 48.17, H 4.85, N 8.43; found: C
48.25, H 4.73, N 8.36.


K[Ir ACHTUNGTRENNUNG(bpa�2H) ACHTUNGTRENNUNG(cod)] (K[3]): A brown
solution of [IrACHTUNGTRENNUNG(bpa�H)ACHTUNGTRENNUNG(cod)] (2)
(75.0 mg, 0.15 mmol) in THF (4 mL)
was treated with solid KOtBu
(20.2 mg, 0.18 mmol). After stirring for
2 h at RT, the resulting red-brown so-
lution was carefully layered with
hexane (10 mL) and kept undisturbed
at �20 8C for 3 d. The brown-red crys-


tals were separated by decantation, washed with cold diethyl ether
(3 mL), then with hexane (2 � 3 mL) and vacuum-dried. Yield: 40.2 mg
(49.5 %). 1H NMR (400 MHz, [D8]THF, �70 8C): d=8.36 (d, J =4.0 Hz,
1H, HA1), 7.61 (td, J=7.3, 1.5 Hz, 1 H, HA3), 7.09 (m, HA2 A4), 6.72 (d, J=


6.2 Hz, 1 H, HB1), 6.39 (d, J =8.8 Hz, 1 H, HB4), 6.11 (s, 1 H, N=CH), 5.50


(t, J =7.3 Hz, 1H, HB3), 4.71 (t, J =6.2 Hz, 1H, HB2), 4.64 (s, 2H, CH2


bpa), 3.00, 2.56 (2 m, � 2H, HC=cod), 2.07, 1.96 (2 m, � 2H, CH2
exo cod),


1.71 ppm (m, 4H, CH2
endo cod; 13C{1H} NMR (400 MHz, [D8]THF,


�70 8C): d=163.6 CA5, 146.2 CA1, 140.1 CB1, 134.4 CA3, 134.4 CB5, 119.6
CA4, 118.9 CA2, 118.1 CB4, 117.2 N =CH, 113.1 CB3, 94.9 CB2, 56.7 CH2


bpa, 48.8 and 46.0 HC=cod, 30.9 and 30.7 ppm CH2 cod (see Figure 6 and
Supporting Information for the labeling of protons and carbons); elemen-
tal analysis calcd (%) for C20H23N3IrK (536.7): C 44.76, H 4.32, N 7.83;
found: C 44.69, H 4.22, N 7.77.
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Introduction


The sequence of forming successively two or more new
chemical bonds in a single transformation without the isola-
tion of the intermediate has been defined as a domino se-
quence.[1–4] Originally fuelled by the quest of step- and
atom-economy in the syntheses of complex targets from nat-
ural sources,[5–7] domino reactions have found large applica-
tions in the synthesis of new cyclic or heterocyclic structures
from open-chain substrates.[8] The optimal design of domino
reactions should deliver complex compounds starting from
easily available reagents and implementing simple reactions.


Hydroformylation of alkenes is a powerful example of ef-
ficient C�C bond formation.[9–12] This reaction, by carbon ac-
tivation, introduces an aldehyde onto a double bond, provid-
ing a new functional group suitable for multistep sequences.
The application of hydroformylation in domino processes
has been investigated as a strategy to prepare different het-
erocycles, and several creative applications have been re-
ported.[13–17]


Based on our previous experiences in the preparation of
aldehydes by hydroformylation,[18–19] we ambitioned to
expand the concept of carbonylative-based domino reac-
tions[20] in designing new synthetic routes. In this work, a
general approach to aza-heterocycles by domino sequences
driven by hydroformylation is disclosed. Our strategy is il-
lustrated in Scheme 1: the key substrate (A) features a ter-
minal double bond and a nucleophile linked through an
amide group working itself as an additional nucleophile.
Indeed, upon hydroformylation, the amide NH will react
with the newly formed aldehyde yielding a highly activated
N-acyliminium ion C.[21–22] Then, a second nucleophilic
attack, completing the sequence of the domino cyclohydro-
carbonylation (CHC)[14b] delivers the final polycyclic prod-


ucts D. The structure of the products obtained with this
strategy will be subordinated to the nature of the three reac-
tive centers (vinyl, amide, and nucleophile) and their rela-
tive locations.


Results and Discussion


The starting substrates were easily prepared by a one-step
coupling reaction between 3-butenoic acid (1) and several
amines (Scheme 2). Indeed by using different chiral amino
alcohols, products 3 a–d were obtained with an OH as
second nucleophile suitable for cyclization to give bicyclic
oxazole derivatives. When phenethylamine derivatives,
tryptamine or tryptophan methyl ester were coupled with 1,
compounds 4–9 were produced as ideal substrates for
domino CHC Pictet–Spengler reactions. Finally the amide
10 derived from 5-bromopent-2-enyltrimethylsilane was em-
ployed to test the feasibility of a domino CHC/aza-Sakurai–
Hosomi reaction.


Initially, the optimization work was done by using com-
pound 2. All the possible products (11–16) that can be
formed during the hydroformylation of 2 are reported in
Table 1. As the clean generation of the linear aldehyde 11
by hydroformylation is crucial for the domino sequence, dif-
ferent variables, such as the solvent, the ligand for RhI, the
temperature, acid additives, and the nature of the conditions
needed for the domino sequence were addressed. The ratios
of 11–16 were easily quantified by 1H NMR spectroscopy
and the data are summarized in Table 1.


Keywords: cyclohydrocarbonyla-
tion · diastereoselectivity · domino
reactions · heterocycles · hydrofor-
mylation


Abstract: The development of hydroformylative domino reactions of easily acces-
sible vinyl acetamides is described. Extremely regioselective hydroformylation of
terminal double bounds provides a transient N-acyliminium that can be trapped by
various nucleophiles to give several aza-heterocylic scaffolds in a diastereoselective
manner.
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Scheme 1. The hydroformylation of linear vinylacetamides (A) to termi-
nal aldehydes (B) is triggering domino reactions with appended nucleo-
philes (Nu) via a transient N-acyliminium (C) towards complex heterocy-
cles (D).
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The syngas (H2/CO 1:1) pressure was fixed at 5 bar and
[Rh ACHTUNGTRENNUNG(acac)(CO)2] was chosen as the precatalyst.[9] All the li-
gands (PPh3 (17), xantphos (18), 6-DPPon (19),[23] biphephos
(20))[24,25] produced full conversions to linear or branched al-
dehydes 11 or 12, with some amounts of the fully reduced
adduct 13 (Table 1, entries 1–4). As expected, the bulky di-
phosphite biphephos favored the formation of the linear al-
dehyde, whereas xantphos, PPh3, or 6-DPPon gave higher
amounts of the branched aldehyde.


Next, the influence of Brønsted or Lewis acids (pTSA,
PPTS, BF3·Et2O, and Zn ACHTUNGTRENNUNG(OTf)2) were examined. The stabili-
ty of biphephos in acidic media was questionable as a water
molecule will be released during the cyclohydrocarbonyla-
tion step. Interestingly, no notable changes were detected in
the conversion balance (Table 1, entries 5–10), except that
now the major adducts are enamides 15 or 16, and the
chemistry went a step forward. The transient aminals, de-
rived from aldehydes 11 and 12, respectively, underwent de-
hydration to enamides 15 and 16, which, in this particular
case, results from further p-isomerization. The stability of
our catalytic system (RhI and biphephos) was proved by
31P NMR spectroscopic experiments.[26] Moreover, biphe-
phos, either in THF, toluene, or CH2Cl2 favors the formation
of linear aldehyde (Table 1, entries 5, 6, and 7). A point to
note is that at room temperature the major pathway is the
conversion of 2 to 14 by double-bond isomerization
(entry 11), as a result of a rhodium hydride addition–elimi-


nation. But at 70 8C, the catalytic cycle is set for hydrofor-
mylation: the linear aldehyde 11 is produced as the major
adduct, and the corresponding branched aldehyde 12 is the
minor one. These results suggest that, at 70 8C, the presence
of electron-rich heteroatoms (N, O) in substrate 2 does nei-
ther compete with the complexation of biphephos to RhI


nor to the ligation of the alkene. Thus, biphephos was select-
ed as the ligand of choice in further experiments.


From this prelude, it appears that the optimal hydrofor-
mylation conditions of 2 are achieved by using biphephos as
the ligand for RhI in THF at 70 8C and that the presence of
acid additives does not compromise the RhI-promoted cata-
lytic cycle.


The application of these conditions to amide 3 a with acid
additives gave similar results and the oxazolopiperidone 21 a
was obtained as a mixture of two diastereomers (21 a/21 a’
91:9) separable by chromatography (Table 2, entry 1).


This result confirmed that the linear hydroformylation
was the predominant pathway in the domino cyclohydrocar-
bonylation. The main diastereomer was identified as the
trans adduct by comparison with reported data.[27,28] Indeed,
compound 21 a (trans adduct) has already been prepared by
different routes. Furthermore, the reactivity of the latent
iminium in 21 a to various organometallic reagents was used
towards the synthesis of natural compounds. According to
Bosch,[28] the trans diastereomer is the most valuable for fur-
ther chemical transformations.


This seminal example of a hydroformylation-based
domino reaction proved to be of general use, as oxazolopi-
peridones derived from phenylalaninol 3 b, valinol 3 c, and
norephedrine 3 d were converted into bicyclic 21 b–21 b’,
21 c–21 c’, and 21 d–21 d’ adducts in good yields with compa-
rable diastereoselectivities (ca. 90:10).


Our approach towards the oxazolopiperidones 21 a–d has
some advantages relative to the existing methods as the es-
sential aldehyde function is generated in situ from an inex-
pensive alkene 1. As many other similar alkenes are avail-
able from the feedstock, extensions of this domino CHC/
heteroatoms addition are conceivable.


Next, we decided to examine if an electron-rich aromatic
ring could be used as the nucleophile partner in a domino
CHC/Pictet–Spengler sequence.[29] Phenethylamine deriva-
tives (Table 3) and indole derivatives (Table 4) were pre-
pared for that purpose and submitted to the standard hydro-
formylative conditions in presence of Brønsted or Lewis
acids.


The expected adducts 22–27 were isolated in good to very
good yields. They result from a linear hydroformylation of
4–9 and a subsequent quenching of the transient N-acylimi-
nium with the electron-rich aromatic ring. Depending on the
substrates, various quantities of acid additives were necessa-
ry to obtain good yields. The domino CHC/Pictet–Spengler
reaction works well with Brønsted or Lewis acid (Table 3,
entries 1–6) and provides benzo[a]quinolizidine-type prod-
ucts in very good yields and with good diastereoselectivity
for 24. With indole derivatives 7 and 8, BF3·Et2O gave
better results (Table 4, entries 1–4) and indoloquinolizidines


Scheme 2. General procedure for peptide couplings: a) 1, DCC, HOBt,
CH2Cl2, RT, 24 h; b) 1, EDC, HOBt, CH2Cl2, RT, 24 h; Substrates for
peptide couplings: (1R)-2-methoxy-1-phenylethanamine 32 for 2, (R)-
(�)-2-amino-2-phenylethanol for 3a, (R)-2-amino-3-phenyl-1-propanol
for 3b, (S)-(+)-2-amino-3-methyl-1-butanol for 3 c, d-(+)-norephedrine
for 3 d, 2-(3-methoxyphenyl)ethylamine for 4, 2-(3,4-dimethoxyphenyl)-
ethylamine for 5, (S)-methyl 2-amino-3-(3,4-dimethoxyphenyl)propa-
noate 33 for 6, tryptamine for 7, 5-bromotryptamine for 8, (S)-methyl 2-
amino-3-(1H-indol-3-yl)propanoate 34 for 9, and 5-(trimethylsilyl)pent-3-
en-1-amine 36 for 10. DCC = N,N’-dicyclohexylcarbodiimide; EDC =N’-
(3-dimethylaminopropyl)-N-ethyl-carbodiimide; HOBt =1-hydroxyben-
zotriazole.
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25 and 26 were obtained with 85 and 73 % yields, respective-
ly. Surprisingly, with tryptophan methyl ester derivative 9,


the nature of the acid additive
has a great influence on the dia-
stereoselectivity of the reaction.


Indeed, in presence of pTSA
(Table 4, entry 5), a mixture of
27 and 27’, separable by chro-
matography, was obtained with
95 % yield with a good diaste-
reoselectivity (88:12: the con-
figuration of the major diaste-
reomer was confirmed by X-ray
diffraction analysis[30]). Where-
as, with BF3·Et2O (entry 6), a
1:1 mixture of the two diaste-
reomers was obtained.[31] As ex-
pected, the in situ formation of
the linear aldehyde gave the
domino sequence CHC/Pictet–
Spengler reaction, allowing a
very straightforward access to
N-containing polycyclic com-
pounds starting from carefully
designed starting materials. To
the best of our knowledge, this
represents the first application
of a domino CHC/Pictet–Spen-
gler reaction applied to elec-
tron-rich aromatic rings or in-
doles nucleus.


Finally, we decided to investi-
gate the nucleophilic reactivity
of allylsilane in the context of
cyclohydrocarbonylation. For
that purpose, we prepared sub-
strate 10 in four steps passing
through bromallylsilane 28 by
cross-metathesis (Scheme 3).[32]


We expected that a chemose-
lective hydroformylation would
operate to produce the linear
aldehyde leaving intact the
double bound of the allylsilane.
Then, the CHC to the amidic
nitrogen atom should produce
an N-acyliminium ready for an
aza-Sakurai–Hosomi reaction.
The newly formed vinyl alkene
30 could be again hydroformy-
lated regioselectively to pro-
duce the terminal aldehyde in
adduct 31 (Scheme 3).


Thus several conditions were
tested (Table 5). Depending on
the solvent and the acid addi-
tives, three different adducts 29,


30, and 31, corresponding to each singular step could be iso-
lated. Enamide 29 (entry 1) is obtained in 78 % yield in


Table 1. Optimization of the experimental conditions for the hydroformylation of 2.[a]


Entry Additive (10 mol %) Ligand Hydroformylation ([%]) Regioselectivity


1 – 17 11+ 12 (95) 11/12 67:33
2 – 18 11+ 12 (94) 11/12 72:28
3 – 19 11+ 12 (95) 11/12 67:33
4 – 20 11+ 12 (93) 11/12 92:8
5 pTSA 20 15+ 16 (94) 15/16 96:4
6[b] pTSA 20 15+ 16 (90) 15/16 91:9
7[c] pTSA 20 15+ 16 (85) 15/16 86:14
8 PPTS 20 15+ 16 (93) 15/16 96:4
9 BF3·Et2O 20 15+ 16 (94) 15/16 96:4
10 Zn ACHTUNGTRENNUNG(OTf)2 20 15+ 16 (94) 15/16 96:4
11[d] pTSA 20 15+ 16 (15)[e] n.d.


[a] [Rh(CO)2acac]/ligand/2 1:2:50, [2]= 0.04 m, THF (3 mL), 5 bar H2/CO 1:1, 70 8C, 12 h. Ratios were deter-
mined by 1H NMR spectroscopic analysis on the crude reaction mixtures. Full conversion was observed in
each case [b] Reaction in toluene. [c] Reaction in CH2Cl2 at 50 8C. [d] Reaction at room temperature. [e] 85 %
of 14 was isolated. n.d.=not determined. PPTS =pyridinium tosylate; pTSA=p-toluenesulfonic acid.


Table 2. Domino CHC/hetero nucleophilic addition on 3 a–d.[a]


Entry Substrate Additive [mol %] Yield [%][b] Products (trans/cis)


1 3 a pTSA (10) 94 21a/a’ 91:9
2 3 b pTSA (10) 90 21b/b’ 90:10
3 3 c pTSA (10) 78 21c/c’ 91:9
4 3 d PPTS (5) 91 21d/d’ 86:14


[a] [Rh ACHTUNGTRENNUNG(acac)(CO)2]/20/3a–d 1:2:100, [3a–d]=0.04 m, THF, 5 bar H2/CO 1:1, 70 8C, 12 h. [b] Isolated yield.
acac =acetylacetonate.
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THF with PPTS (5 mol %), which establishes that the hydro-
formylation is selective for the terminal double bound. No
hydroformylation of the internal alkene (allylsilane) was ob-
served, that left room for the subsequent aza-Sakurai–
Hosomi reaction.


When compound 29 was isolated and treated with four
equivalents of trifluoroacetic acid (TFA) in CH2Cl2, adducts
30 were obtained as a mixture of two diastereomers (cis/
trans 90:10) in 89 % yield.[33] It was also possible to isolate
30 in a one-pot operation if the hydroformylation was car-
ried out without acid additive, and after the autoclave had
been cooled and degassed, TFA was added at room temper-
ature to give 30 in 82 % yield (entry 2) with the same diaste-
reoselectivity. Then, hydroformylation of 30 in classical con-
ditions (without acid additive) gave 31 with 78 % yield.


Now, we decided to produce 31 in a domino reaction.
When allylsilane 10 was mixed in CH2Cl2 with one equiva-
lent of TFA and submitted to hydroformylation conditions,
after 12 h at 55 8C, adduct 31 could be isolated in 63 % yield
(entry 3). Use of a Lewis acid additive in CH2Cl2 (entry 4)
does not improve the yield of the reaction. The best result
was obtained by using 0.5 equivalents of BF3·Et2O in THF
(entry 5) to give 31 with 69 % yield as a mixture of two dia-
stereomers (cis/trans 90:10).


This result confirms that four reactions were involved in
the domino sequence involving selective hydroformylation
of the terminal alkene, cyclization, aza-Sakurai–Hosomi re-


action on the transient N-acyli-
minium, and a final regioselec-
tive hydroformylation. In this
sequence, from the linear
adduct 10, two cycles and nine
new bounds are formed in the
same chemical operation. A
domino sequence that included
hydroformylation was described
by Hoffmann in which an allyl-
borane was involved.[8] The ad-
vantage of the process depicted
in Scheme 3 is a straightforward
access to the allylsilane deriva-
tive 10. Additionally, upon cer-
tain reaction conditions, com-
pounds 29, 30, and 31 can be
obtained separately allowing
further potential transforma-
tions into biomolecules. We be-
lieve that the elaboration of
other allylsilanes for the


Table 3. Domino CHC/Pictet–Spengler reaction on 4–6.[a]


Entry Substrate Additive [mol %] Product Yield [%][b]


1 4 pTSA (50) 22 90
2 4 BF3·Et2O (20) 22 85
3 5 pTSA (20) 23 88
4 5 BF3·Et2O (20) 23 95
5 6 pTSA (10) 24 67[c]


6 6 BF3·Et2O (10) 24 84[c]


[a] [Rh ACHTUNGTRENNUNG(acac)(CO)2]/20/4–6 1:2:100, [4–6] =0.04 m, THF, 5 bar H2/CO 1:1,
70 8C, 12 h. [b] Isolated yield. [c] Only one diastereomer was isolated.


Table 4. Domino CHC/Pictet–Spengler reaction on 7–9.[a]


Entry Substrate Additive [mol %] Product Yield [%][b]


1 7 pTSA (10) 25 66
2 7 BF3·Et2O (10) 25 85
3 8 pTSA (20) 26 70
4 8 BF3·Et2O (10) 26 73
5 9 pTSA (10) 27 +27’ 95[c]


6 9 BF3·Et2O (10) 27 +27’ 85[d]


[a] [Rh ACHTUNGTRENNUNG(acac)(CO)2]/20/7–9 1:2:100, [7--9]=0.04 m, THF, 5 bar H2/CO 1:1, 70 8C, 12 h. [b] Isolated yield. [c] 27/
27’ 88:12; the structure of 27 was confirmed by X-ray diffraction analysis.[30d] 27/27’ 54:46.


Scheme 3. Access to indolizinones by means of CHC/aza-Sakurai–
Hosomi/hydroformylation.
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domino cyclohydrocarbonylation/aza-Sakurai–Hosomi/hy-
droformylation may lead to series of analogues of 29, 30, or
31.


Conclusion


We have developed new domino reactions for the synthesis
of aza-heterocycles by using hydroformylation as the trigger.
Our strategy allows full control over product formation: by
fine-tuning of the reaction conditions, various heterocycles
can be obtained from simple, readily available materials
from the feedstock. Moreover, complex, aza-polycyclic sys-
tems can be efficiently built in a diastereoselective fashion.
Our present work has shown that domino reactions based
on hydroformylation have a great potential in organic syn-
thesis, the combination of RhI and biphephos is ideal for
linear hydroformylation even in the presence of multiple
components in the reaction mixture. Work is in progress by
our group to experiment with other domino sequences in as-
sociation with the hydroformylation reaction.


Experimental Section


General : All reagents were used as purchased from commercial suppliers
without further purification. The reactions were carried out in oven-dried
or flamed vessels and performed under argon. Solvents were dried and
purified by conventional methods prior use. Et2O and THF were freshly
distilled from sodium/benzophenone and dichloromethane was distilled
from CaH2. Toluene was distilled from sodium. Flash column chromatog-
raphy was performed with Merck silica gel 60, 0.040–0.063 mm (230–400
mesh). Merck aluminum-backed plates pre-coated with silica gel 60
(UV254) were used for TLC and were visualized by staining with KMnO4.
1H, 13C, and 31P NMR spectra were recorded on Bruker (300/75/
121 MHz) or (200/50/81 MHz) spectrometers. Conditions are specified
for each spectrum (temperature 25 8C unless specified). Splitting patterns
are designated as s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet;
sext, sextuplet; br, broad. Chemical shifts (d) are given in ppm relative to
the resonance of their respective residual solvent peak, CHCl3 (1H: d=


7.27, 13C: 77.16 ppm, the middle peak). IR spectra were taken with a
Nicolet 380 FTIR spectrometer. HR and LRMS analyses were conducted
by the Institut F�d�ratif de Recherche 85 at the Louis Pasteur University,
Strasbourg. Melting points were determined on a B�chi Melting Point B-
540 apparatus in open capillary tubes and are uncorrected. Specific rota-
tions were measured with a Perkin–Elmer apparatus by using a 10 cm
cell with a Na 589 nm filter: values are given in 10�1 8cm2 g�1.


General procedure A for the formation of products 2–10 : But-3-enoic
acid (1 equiv) was added to a solution of the desired substrate (1 equiv)
in anhydrous CH2Cl2 (0.3 m) in an ice bath. Then, DCC (1.05 equiv, for


compounds 2, 3a, 3b, 3 c, 3d, and 4) or EDC (1.1 equiv, for compounds
5, 6, 7, 8, 9, and 10) and HOBt (1 equiv) were added and the solution
was stirred at room temperature for 24 h. The suspension was filtered off
and the organic layer was washed with saturated aqueous NaHCO3 solu-
tion, dried (Na2SO4), filtered, and concentrated to give a yellow oil.


General procedure B for hydroformylation : In a stainless steel autoclave
under an inert atmosphere, a solution of dicarbonylacetylacetonato rho-
dium (1 mol %) and biphephos (2 mol %) in anhydrous degassed solvent
(3 mL), prepared in a Schlenk glassware under inert atmosphere, was
added to a solution of the desired olefin (1 equiv) and acid if necessary
in anhydrous degassed solvent to reach a final concentration of 0.04 m.
The autoclave was flushed with H2/CO (1:1) three times. Then, the auto-
clave was filled with 5 atm. of H2/CO (1:1) and was heated at the desired
temperature with stirring for 12 h. Then, the autoclave was cooled to
room temperature and gases were slowly and carefully released. The re-
action mixture was then concentrated under reduced pressure to give an
oil. The residue was purified by flash chromatography.


N-[(1R)-2-Methoxy-1-phenylethyl]but-3-enamide (2): Compound 2 was
prepared by following the general procedure A as described above from
32 (1.88 g, 12.4 mmol). The residue was purified by flash chromatography
(70:30 to 60:40 pentane/EtOAc) to give 2 as a white solid (2.29 g, 84%).
[a]20


D =�30.1 (c =1.0 in CHCl3); m.p. 39–40 8C; IR (neat): ñ =3297, 2871,
1640, 1537 cm�1; 1H NMR (CDCl3, 200 MHz): d= 7.35–7.25 (m, 5H), 6.36
(br d, J =7.7 Hz, 1 H), 5.97 (m, 1 H), 5.28 (m, 1 H), 5.22 (m, 1 H), 5.17 (dt,
J =7.8, 4.7 Hz, 1 H), 3.65 (d, J =4.7 Hz, 2H), 3.35 (s, 3H), 3.06 ppm (dt,
J =7.0, 1.3 Hz, 2 H); 13C NMR (CDCl3, 75 MHz) d 170.1 (C), 139.9 (C),
131.4 (CH), 128.6 (CH), 127.6 (CH), 126.8 (CH), 119.8 (CH2), 75.0
(CH2), 59.2 (CH3), 52.6 (CH), 41.7 ppm (CH2); HRMS-ESI: m/z : calcd:
220.1332 [M+H]+ ; found: 220.1332 (D =0.2 ppm).


N-[(1R)-2-Hydroxy-1-phenylethyl]but-3-enamide (3 a): Compound 3a
was prepared by following the general procedure A as described above
from (R)-(�)-2-amino-2-phenylethanol (1.00 g, 7.29 mmol). The residue
was purified by flash chromatography (98:2 CH2Cl2/MeOH) to give 3 a as
a white solid (1.14 g, 76 %). [a]20


D =�42.1 (c=1.0 in CHCl3); m.p. 105–
106 8C; IR (neat): ñ=3307, 1644, 1632, 1493, 1454 cm�1; 1H NMR
(CDCl3, 200 MHz): d =7.45–7.26 (m, 5H), 6.39 (br d, J =7.2 Hz, 1H),
6.10–5.89 (m, 1H), 5.32–5.23 (m, 2H), 5.09 (dt, J =7.2, 4.7 Hz, 1H), 3.90
(d, J =4.7 Hz, 2 H), 3.1 (dt, J=7.2, 1.1 Hz, 2 H), 2.52 ppm (br s, 1H);
13C NMR (CDCl3, 75 MHz): d= 171.4 (C), 139.1 (C), 131.2 (CH), 129.0
(CH), 127.9 (CH), 126.7 (CH), 120.0 (CH2), 66.3 (CH2), 55.9 (CH),
41.5 ppm (CH2); HRMS-ESI: m/z : calcd: 206.1176 [M+H]+ ; found:
206.1175 (D= 0.2 ppm).


N-[(2R)-1-Hydroxy-3-phenylpropan-2-yl]but-3-enamide (3 b): Compound
3b was prepared by following the general procedure A as described
above from (R)-2-amino-3-phenyl-1-propanol (800 mg, 5.29 mmol). The
residue was purified by flash chromatography (98:2 CH2Cl2/MeOH) to
give 3b as a white solid (798 mg, 69%). [a]20


D =++ 33.8 (c= 1.0 in CHCl3);
m.p. 69–70 8C; IR (neat): ñ =3286, 1645, 1549, 1450, 1428 cm�1; 1H NMR
(CDCl3, 200 MHz): d =7.37–7.21 (m, 5H), 6.02 (br d, J =7.4 Hz, 1H),
5.96–5.75 (m, 1H), 5.24–5.12 (m, 2H), 4.26–4.10 (m, 1H), 3.70 (dd, J =


11.0, 3.7 Hz, 1H), 3.60 (dd, J =11.0, 5.1 Hz, 1H), 3.24 (br s, 1 H), 2.98
(br d, J =7.1 Hz, 2 H), 2.90 ppm (dd, J =7.3, 3.1 Hz, 2H); 13C NMR
(CDCl3, 50 MHz): d =171.4 (C), 137.6 (C), 131.1 (CH), 129.4 (CH), 128.7
(CH), 126.8 (CH), 120.1 (CH2), 64.1 (CH2), 53.1 (CH), 41.7 (CH2),
37.0 ppm (CH2); HRMS-ESI: m/z : calcd: 220.1332 [M+H]+ ; found:
220.1328 (D= 2.0 ppm).


N-[(2S)-1-Hydroxy-3-methylbutan-2-yl]but-3-enamide (3 c): Compound
3c was prepared by following the general procedure A as described
above from (S)-(+)-2-amino-3-methyl-1-butanol (300 mg, 2.91 mmol).
The residue was purified by flash chromatography (98:2 CH2Cl2/MeOH)
to give 3c as a yellow oil (318 mg, 64%). [a]20


D =�50.0 (c =1.0 in CHCl3);
IR (neat): ñ =3292, 2960, 1632, 1545 cm�1; 1H NMR (CDCl3, 300 MHz):
d=6.02–5.85 (m, 2 H), 5.24–5.18 (m, 2 H), 3.72–3.58 (m, 4H), 3.02 (br d,
J =7.0 Hz, 2 H), 1.92–1.81 (m, 1H), 0.93 (d, J =6.8 Hz, 3H), 0.89 ppm (d,
J =6.8 Hz, 3 H); 13C NMR (CDCl3, 75 MHz): d =171.8 (C), 131.4 (CH),
120.0 (CH2), 63.7 (CH2), 57.2 (CH), 41.8 (CH2), 29.1 (CH), 19.6 (CH3),
18.8 ppm (CH3); LRMS-ESI: m/z : 194 [M+Na], HRMS-ESI: m/z : calcd:
172.1332 [M+H]+ ; found: 172.1328 (D =2.4 ppm).


Table 5. Domino CHC/aza-Sakurai–Hosomi/hydroformylation on 10.[a]


Entry Solvent (T [8C]) Additive [equiv] Product Yield [%][b]


1 THF (70) PPTS (0.05) 29 78
2 CH2Cl2 (55) TFA (1) 30 82[c]


3 CH2Cl2 (55) TFA (1) 31 63
4 CH2Cl2 (55) BF3·Et2O (0.5) 31 61
5 THF (70) BF3·Et2O (0.5) 31 69


[a] [Rh ACHTUNGTRENNUNG(acac)(CO)2]/20/10 1:2:100, [10] =0.04 m, 5 bar H2/CO 1:1, 12 h.
cis/trans ratios were 90:10 in all cases. Determined by 1H NMR spectros-
copy for 30 and GCMS analyses for 31. [b] Isolated yield. [c] Reaction
for 4 h, then TFA (1 equiv), 12 h, RT.
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N-[(1R,2S)-2-Hydroxy-1-methyl-2-phenylethyl]but-3-enamide (3 d): Com-
pound 3 d was prepared by following the general procedure A as de-
scribed above from d-(+)-norephedrine (500 mg, 2.66 mmol). The residue
was purified by flash chromatography (98:2 CH2Cl2/MeOH) to give 3d as
a white solid (497 mg, 85 %). [a]20


D =++88.4 (c= 1.0 in CHCl3); m.p. 78–
79 8C; IR (neat): 3304, 2921, 2850, 1646, 1540 cm�1; 1H NMR (CDCl3,
300 MHz): d= 7.34–7.27 (m, 5H), 5.89 (ddt, J =17.2, 10.5, 7.0 Hz, 1H),
5.88 (br s, 1H), 5.23–5.16 (m, 2H), 4.83 (d, J=3.0 Hz, 1H), 4.29 (dqd, J =


8.2, 6.9, 2.9 Hz, 1 H), 3.77 (br s, 1H), 2.99 (dt, J=7.1, 1.2 Hz, 2 H),
0.99 ppm (d, J =6.9 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d 171,4 (C),
140.8 (C), 131.2 (CH), 128.3 (CH), 127.6 (CH), 126.4 (CH), 120.0 (CH2),
76.5 (CH), 51.1 (CH), 41.6 (CH2), 14.6 ppm (CH3); HRMS-ESI: m/z :
calcd: 226.1414 [M+Li]+ ; found: 226.1415 (D=0.6 ppm).


N-[2-(3-Methoxyphenyl)ethyl]but-3-enamide (4): Compound 4 was pre-
pared by following the general procedure A as described above from 2-
(3-methoxyphenyl)-ethylamine (500 mg, 3.31 mmol). The residue was pu-
rified by flash chromatography (60:40 to 50:50 pentane/EtOAc) to give 4
as a white solid (677 mg, 93%). M.p. 40–41 8C; IR (neat): ñ= 3249, 3077,
2942, 1637, 1553, 1486 cm�1; 1H NMR (CDCl3, 300 MHz): d=7.25–7.20
(m, 1H), 6.79–6.72 (m, 3H), 5.87 (ddt, J =17.0, 10.3, 7.2 Hz, 1H), 5.73
(br s, 1H), 5.21–5.13 (m, 2H), 3.79 (s, 3 H), 3.50 (dt, J=6.6, 6.6 Hz, 2H),
2.96 (dt, J =7.0, 1.1 Hz, 2 H), 2.78 ppm (t, J =7.0 Hz, 2 H); 13C NMR
(CDCl3, 75 MHz): d =170.6 (C), 159.9 (C), 140.5 (C), 131.4 (CH), 129.7
(CH), 121.2 (CH), 119.8 (CH2), 114.5 (CH), 112.0 (CH), 55.3 (CH3), 41.7
(CH2), 40.7 (CH2), 35.8 ppm (CH2); HRMS-ESI: m/z : calcd: 220.1332
[M+H]+ ; found: 220.1336 (D= 1.8 ppm).


N-(3,4-Dimethoxyphenethyl)but-3-enamide (5): Compound 5 was pre-
pared by following the general procedure A as described above from 2-
(3,4-dimethoxyphenyl)ethylamine (400 mg, 2.21 mmol). The residue was
purified by flash chromatography (50:50 pentane/EtOAc) to give 5 as a
yellow solid (522 mg, 95%). M.p. 75–76 8C; IR (neat): ñ =3246, 3077,
2938, 1633, 1568, 1512, 1256, 1136, 1022 cm�1; 1H NMR (CDCl3,
200 MHz): d=6.81–6.77 (m, 1 H), 6.72–6.69 (m, 2H), 5.87 (ddt, J =16.8,
10.3, 7.3 Hz, 1H), 5.74 (br s, 1 H), 5.20–5.10 (m, 2H), 3.84 (s, 6H), 3.47
(td, J =7.0, 5.8 Hz, 2 H), 2.95 (dt, J=7.0, 1.3 Hz, 2H), 2.74 ppm (t, J =


7.1 Hz, 2 H); 13C NMR (CDCl3, 75 MHz): d=170.6 (C), 149.1 (C), 147.8
(C), 131.4 (CH), 131.3 (C), 120.7 (CH), 119.7 (CH2), 112.0 (CH), 111.5
(CH), 56.0 (CH3), 41.7 (CH2), 40.9 (CH2), 35.3 ppm (CH2); HRMS-ESI:
m/z : calcd: 250.1438 [M+H]+ ; found: 250.1431 (D =2.8 ppm).


(S)-Methyl 2-(but-3-enamido)-3-(3,4-dimethoxyphenyl)propanoate (6):
Compound 6 was prepared by following the general procedure A as de-
scribed above from 33 (634 mg, 2.65 mmol). The residue was purified by
flash chromatography (50:50 pentane/EtOAc) to give 6 as a white solid
(749 mg, 92%). [a]20


D =++ 69.2 (c= 1.0 in CHCl3); m.p. 122–123 8C; IR
(neat): ñ= 3311, 1748, 1642, 1540, 1521, 1270, 1162 cm�1; 1H NMR
(CDCl3, 200 MHz): d=6.80–6.76 (m, 1H), 6.64–6.60 (m, 2 H), 6.05 (br d,
J =7.4 Hz, 1H), 5.89 (ddt, J =16.7, 10.6, 7.1 Hz, 1H), 5.25–5.15 (m, 2H),
4.85 (dt, J =7.8, 5.8 Hz, 1H), 3.86 (s, 3 H), 3.84 (s, 3H), 3.73 (s, 3H), 3.07
(br d, J= 5.8 Hz, 2 H), 3.01 ppm (dt, J=7.1, 1.3 Hz, 2 H); 13C NMR
(CDCl3, 75 MHz): d =172.1 (C), 170.1 (C), 149.0 (C), 148.2 (C), 130.9
(CH), 128.2 (C), 121.4 (CH), 120.0 (CH2), 112.4 (CH), 111.3 (CH), 55.92
(CH3), 55.89 (CH3), 53.2 (CH), 52.4 (CH3), 41.5 (CH2), 37.5 ppm (CH2);
HRMS-ESI: m/z : calcd: 308.1492 [M+H]+ ; found: 308.1489 (D=


1.1 ppm).


N-[2-(1H-Indol-3-yl)ethyl]but-3-enamide (7): Compound 7 was prepared
by following the general procedure A as described above from trypta-
mine (753 mg, 4.70 mmol). The residue was purified by flash chromatog-
raphy (60:40 to 50:50 pentane/EtOAc) to give 7 as an off-white solid
(843 mg, 78 %). M.p. 68–69 8C; IR (neat): ñ=3384, 3254, 3081, 1633,
1557, 1455, 1341, 1217 cm�1; 1H NMR (CDCl3, 300 MHz): d 8.37 (br s,
1H), 7.61 (d, J=7.9 Hz, 1H), 7.39 (d, J=7.9 Hz, 1H), 7.25–7.11 (m, 2H),
7.02 (d, J =2.2 Hz, 1 H), 5.87 (ddt, J =16.9, 10.3, 7.2 Hz, 1H), 5.75 (br s,
1H), 5.18–5.11 (m, 2H), 3.60 (dt, J =6.6, 6.5 Hz, 2 H), 3.00–2.95 ppm (m,
4H); 13C NMR (CDCl3, 50 MHz): d 170.7 (C), 136.5 (C), 131.4 (CH),
127.4 (C), 122.24 (CH), 122.20 (CH), 119.8 (CH2), 119.5 (CH), 118.8
(CH), 112.9 (C), 111.4 (CH), 41.8 (CH2), 40.0 (CH2), 25.3 ppm (CH2);
HRMS-ESI: m/z : calcd: 229.1335 [M+H]+ ; found: 229.1338 (D=


1.1 ppm).


N-[2-(5-Bromo-1H-indol-3-yl)ethyl]but-3-enamide (8): Compound 8 was
prepared by following the general procedure A as described above from
5-bromotryptamine (300 mg, 1.25 mmol). The residue was purified by
flash chromatography (50:50 pentane/EtOAc) to give 8 as a white solid
(347, 90 %). M.p. 104–105 8C; IR (neat): ñ=3277, 1618, 1560, 1436,
1188 cm�1; 1H NMR (CDCl3, 300 MHz): d=8.42 (br s, 1H), 7.71 (d, J=


1.1 Hz, 1H), 7.30–7.23 (m, 2 H), 7.02 (d, J= 1.5 Hz, 1 H), 5.86 (ddt, J=


17.3, 10.0, 7.1 Hz, 1H), 5.77 (br s, 1H), 5.20–5.13 (m, 2H), 3.56 (td, J=


6.8, 6.2 Hz, 2H), 2.98 (dt, J =7.1, 1.0 Hz, 2 H), 2.92 ppm (t, J =6.8 Hz,
2H); 13C NMR (CDCl3, 75 MHz): d=170.9 (C), 135.1 (C), 131.3 (CH),
129.3 (C), 125.1 (CH), 123.4 (CH), 121.4 (CH), 120.2 (CH2), 112.9 (CH),
112.85 (C), 112.80 (C), 41.8 (CH2), 40.2 (CH2), 25.2 ppm (CH2); HRMS-
ESI: m/z : calcd: 307.0441 [M+H]+ , 309.0421; found: 307.0433, 309.0419
(D=2.4 ppm).


(S)-Methyl 2-(but-3-enamido)-3-(1H-indol-3-yl)propanoate (9): Com-
pound 9 was prepared by following the general procedure A as described
above from 34 (1.62 g, 7.45 mmol). The residue was purified by flash
chromatography (50:50 pentane/EtOAc) to give 9 as a waxy solid (1.99 g,
93%). [a]20


D =++44.6 (c =1.0 in CHCl3); IR (neat): ñ=3293, 2951, 1734,
1652, 1515, 1434, 1204 cm�1; 1H NMR (CDCl3, 300 MHz): d=8.41 (br s,
1H), 7.55–7.51 (m, 1 H), 7.39–7.34 (m, 1H), 7.24–7.07 (m, 2 H), 6.96 (d,
J =2.2 Hz, 1 H), 6.16 (d, J =7.9 Hz, 1 H), 5.84 (ddt, J =16.8, 10.5, 7.1 Hz,
1H), 5.18–5.07 (m, 2 H), 4.95 (dt, J= 7.9, 5.3 Hz, 1 H), 3.70 (s, 3H), 3.33
(dt, J =5.4, 0.7 Hz, 2 H), 2.98 ppm (dt, J=7.1, 1.2 Hz, 2H); 13C NMR
(CDCl3, 75 MHz): d =172.4 (C), 170.4 (C), 136.2 (C), 130.8 (CH), 127.8
(C), 122.9 (CH), 122.3 (CH), 120.0 (CH2), 119.7 (CH), 118.7 (CH), 111.4
(CH), 109.9 (C), 53.2 (CH3), 52.5 (CH), 41.4 (CH2), 27.6 ppm (CH2);
HRMS-ESI: m/z : calcd: 287.1390 [M+H]+ ; found: 287.1397 (D=


2.4 ppm).


N-[5-(Trimethylsilyl)pent-3-enyl]but-3-enamide (10): Compound 10 was
prepared by following the general procedure A as described above from
36 (500 mg, 3.18 mmol). The residue was purified by flash chromatogra-
phy (85:15 pentane/EtOAc) to give 10 as a colorless oil (615 mg, 86%).
IR (neat): ñ=3292, 3081, 2953, 1648, 1552, 1247 cm�1; 1H NMR (CDCl3,
300 MHz): d =5.98–5.84 (m, 1H), 5.67 (br s, 1H), 5.56–5.42 (m, 1H),
5.23–5.12 (m, 3H), 3.28–3.22 (m, 2H), 2.99–2.96 (m, 2 H), 2.23–2.14 (m,
2H), 1.48–1.41 (m, 2H), 0.00 (s, 2.7 H), �0.01 ppm (s, 5.7 H); 13C NMR
(CDCl3, 75 MHz): major isomer: d=170.5 (C), 131.6 (CH), 129.5 (CH),
124.8 (CH), 119.6 (CH2), 41.7 (CH2), 39.4 (CH2), 32.7 (CH2), 22.9 (CH2),
�1.9 ppm (CH3); HRMS-ESI: m/z : calcd: 226.1622 [M+H]+ ; found:
226.1626 (D= 2.1 ppm).


4-Formyl-N-[(R)-2-methoxy-1-phenylethyl]butanamide (11) (regioiso-
meric mixture, diagnostic peak only): Compound 11 was prepared by fol-
lowing the general procedure B as described above from 2 (50 mg,
0.023 mmol) in THF. 1H NMR (CDCl3, 300 MHz): d =9.78 (t, J =1.3 Hz,
1H), 3.66 (d, J =4.9 Hz, 2H), 3.38 (s, 3 H), 2.56–2.51 (m, 2 H), 2.34–2.29
(m, 2 H), 1.99 ppm (t, J =7.1 Hz, 2 H).


3-Formyl-N-[(R)-2-methoxy-1-phenylethyl]butanamide (12) (diastereo-
meric mixture, diagnostic peak only): Compound 12 was prepared by fol-
lowing the general procedure B as described above from 2 (50 mg,
0.023 mmol) in THF. 1H NMR (CDCl3, 300 MHz): d=9.74 (d, J =0.9 Hz,
0.5H), 9.71 (d, J =0.9 Hz, 0.5H), 1.21 (d, J =7.4 Hz, 1.5 H), 1.17 ppm (d,
J =7.4 Hz, 1.5H).


N-[(1R)-2-Methoxy-1-phenylethyl]butanamide (13): Compound 13 was
prepared by following the general procedure B as described above from
2 (50 mg, 0.023 mmol) in THF. Purification conditions: 50:50 pentane/
EtOAc; slightly yellow oil; [a]20


D =�61.7 (c =0.67 in CHCl3); IR (neat):
ñ= 3292, 2961, 2928, 2873, 1640, 1540 cm�1; 1H NMR (CDCl3, 300 MHz):
d=7.34–7.26 (m, 5H), 6.19 (d, J= 6.6 Hz, 1H), 5.19 (dt, J =7.9, 4.8 Hz,
1H), 3.66 (d, J =4.8 Hz, 2H), 3.36 (s, 3H), 2.22 (t, J =7.5 Hz, 2H), 1.69
(sext, J =7.5 Hz, 2 H), 0.95 ppm (t, J =7.5 Hz, 3 H); 13C NMR (CDCl3,
75 MHz): d=172.6 (C), 140.1 (C), 128.6 (CH), 127.5 (CH), 126.9 (CH),
75.1 (CH2), 59.2 (CH3), 52.4 (CH), 38.8 (CH2), 19.3 (CH2), 13.9 ppm
(CH3); HRMS-ESI: m/z : calcd: 222.1489 [M+H]+ ; found: 222.1485 (D=


1.5 ppm).


(2E)-N-[(1R)-2-Methoxy-1-phenylethyl]but-2-enamide (14): Compound
14 was prepared by following the general procedure B as described
above from 2 (50 mg, 0.023 mmol) in THF. Purification conditions: 50:50
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pentane/EtOAc; white solid; [a]20
D =�74.3 (c =1.0 in CHCl3); m.p. 86–


87 8C; IR (neat): ñ=3275, 2882, 1669, 1633, 1556 cm�1; 1H NMR (CDCl3,
300 MHz): d=7.25–7.15 (m, 5 H), 6.78 (dq, J=15.1, 6.9 Hz, 1H), 6.18
(br d, J =7.6 Hz, 1H), 5.79 (dq, J =15.1, 1.6 Hz, 1H), 5.16 (dt, J =7.6,
4.9 Hz, 1 H), 3.60 (m, 2 H), 3.27 (s, 3H), 1.77 ppm (dd, J= 6.9, 1.5 Hz,
3H); 13C NMR (CDCl3, 75 MHz): d 165.5 (C), 140.4 (CH), 140.0 (C),
128.6 (CH), 127.5 (CH), 126.9 (CH), 125.0 (CH), 75.0 (CH2), 59.1 (CH3),
52.5 (CH), 17.8 ppm (CH3); HRMS-ESI: m/z : calcd: 220.1332 [M+H]+ ;
found: 220.1328 (D=1.7 ppm).


1-[(1R)-2-Methoxy-1-phenylethyl]-3,4-dihydropyridin-2(1H)one (15):
Compound 15 was prepared by following the general procedure B as de-
scribed above from 2 (50 mg, 0.023 mmol) in THF. Purification condi-
tions: 50:50 pentane/EtOAc; slightly yellow oil; [a]20


D =�89.0 (c =1.0 in
CHCl3); IR (neat): ñ =2894, 1662 cm�1; 1H NMR (CDCl3, 200 MHz): d=


7.37–7.29 (m, 5H), 6.07 (dt, J=8.0, 1.5 Hz, 1 H), 6.05 (t, J =6.7 Hz, 1H),
5.15 (dt, J =8.0, 4.2 Hz, 1H), 3.89 (m, 2 H), 3.43 (s, 3H), 2.63 (m, 2H),
2.33 ppm (m, 2H); 13C NMR (CDCl3, 75 MHz): d =169.7 (C), 137.7 (C),
128.7 (CH), 127.7 (CH), 127.6 (CH), 126.6 (CH), 106.3 (CH), 72.1 (CH2),
59.0 (CH3), 53.6 (CH), 31.7 (CH2), 20.0 ppm (CH2); HRMS-ESI: m/z :
calcd: 232.1332 [M+H]+ ; found: 232.1335 (D=1.1 ppm).


1-[(1R)-2-Methoxy-1-phenylethyl]-4-methyl-1,5-dihydro-2H-pyrrol-2-one
(16): Compound 16 was prepared by following the general procedure B
as described above from 2 (50 mg, 0.023 mmol) in THF. Purification con-
ditions: 50:50 pentane/EtOAc; slightly yellow oil; [a]20


D =�60.5 (c =1.0 in
CHCl3); IR (neat): ñ =2922, 1672 cm�1; 1H NMR (CDCl3, 300 MHz): d=


7.28–7.18 (m, 5 H), 5.78 (m, 1 H), 5.44 (dd, J=6.9, 5.6 Hz, 1H), 3.89 (d,
J =19.5 Hz, 1H), 3.88 (dd, J =10.2, 2.8 Hz, 1H), 3.75 (dd, J =10.2, 5.4 Hz,
1H), 3.57 (d, J= 19.5 Hz, 1H), 3.32 (s, 3H), 1.93 ppm (d, J =1 Hz, 3H);
13C NMR (CDCl3, 75 MHz): d 172.3 (C), 155.8 (C), 138.1 (C), 128.7
(CH), 127.7 (CH), 127.6 (CH), 122.6 (CH), 72.5 (CH2), 58.9 (CH3), 53.2
(CH2), 53.0 (CH), 15.4 ppm (CH3); HRMS-ESI: m/z : calcd: 232.1332
[M+H]+ ; found: 232.1337 (D= 2.2 ppm).ACHTUNGTRENNUNG(3R,8aS)-3-Phenyltetrahydro-2H-oxazolo ACHTUNGTRENNUNG[3,2-a]pyridin-5(3H)one (21 a):
Compound 21a was prepared by following the general procedure B as
described above from 3 a (150 mg, 0.73 mmol) in THF. The residue was
purified by flash chromatography (98:2 CH2Cl2/MeOH) to give 21 a as
pale-yellow solid (135 mg, 85 %). [a]20


D =�87.5 (c=0.6 in CH2Cl2) (lit. :[27]


[a]22
D =�88.0 (c =0.6 in CH2Cl2); m.p. 87–88 8C (lit. :[28] m.p. 88–90 8C); IR


(neat): ñ=2930, 2871, 1650, 1443, 1307, 996, 698 cm�1; 1H NMR (CDCl3,
200 MHz): d=7.40–7.23 (m, 5H), 5.28 (t, J=7.9 Hz, 1H), 5.03 (dd, J=


8.9, 4.6 Hz, 1 H), 4.50 (dd, J =8.9, 7.8 Hz, 1H), 3.77 (dd, J =8.9, 7.8 Hz,
1H), 2.54 (ddm, J =18.0, 6.0 Hz, 1H), 2.38 (m, 1 H), 2.34 (ddd, J =18.0,
11.4, 6.4 Hz, 1H), 1.98 (m, 1 H), 1.75 (m, 1H), 1.55 ppm (dddd, J =13.0,
12.2, 9.0, 3.6 Hz, 1H); 13C NMR (CDCl3, 50 MHz): d =168.9 (C), 139.6
(C), 128.8 (CH), 127.5 (CH), 126.1 (CH), 88.7 (CH), 72.4 (CH2), 58.1
(CH), 31.3 (CH2), 28.4 (CH2), 17.1 ppm (CH2); LRMS-ESI: m/z : 218
[M+H]+ , 240 [M+Na]; HRMS-ESI: m/z : calcd: 218.1176 [M+H]+ ;
found: 218.1169 (D=3.0 ppm).ACHTUNGTRENNUNG(3R,8aR)-3-Phenyltetrahydro-2H-oxazoloACHTUNGTRENNUNG[3,2-a]pyridin-5(3H)one (21 a’):
Purification conditions: 98:2 CH2Cl2/MeOH; waxy solid (13 mg, 8%);
[a]20


D =�52.2 (c=0.6 in CH2Cl2) (lit. :[3] [a]22
D =�51.0 (c= 2.2 in CH2Cl2));


IR (neat): ñ =2956, 2872, 1651, 1467 cm�1; 1H NMR (CDCl3, 200 MHz):
d=7.33–7.22 (m, 5H), 4.92 (dd, J= 6.4, 1.0 Hz, 1 H), 4.84 (dd, J =9.3,
3.5 Hz, 1H), 4.15 (dd, J=9.0, 6.7 Hz, 1 H), 4.01 (dd, J =9.0, 1.2 Hz, 1H),
2.43–2.26 (m, 3 H), 2.03 (m, 1H), 1.82–1.73 ppm (m, 2H); 13C NMR
(CDCl3, 50 MHz): d =167.5 (C), 141.6 (C), 128.7 (CH), 127.6 (CH), 126.5
(CH), 89.0 (CH), 73.9 (CH2), 58.9 (CH), 31.2 (CH2), 28.4 (CH2),17.9 ppm
(CH2); HRMS-ESI: m/z : calcd: 218.1176 [M+H]+ ; found: 218.1170 (D=


2.5 ppm).ACHTUNGTRENNUNG(3R,8aS)-3-Benzylhexahydro-5H-[1,3]oxazoloACHTUNGTRENNUNG[3,2-a]pyridin-5-one (21 b):
Compound 21b was prepared by following the general procedure B as
described above from 3 b (200 mg, 0.91 mmol) in THF. The residue was
purified by flash chromatography (98:2 EtOAc/MeOH) to give 21b as a
white solid (172 mg, 82 %). [a]20


D =�30.7 (c =1.0 in CHCl3); m.p. 65–
66 8C; IR (neat): ñ =1637, 1450, 1412, 999, 702 cm�1; 1H NMR (CDCl3,
300 MHz): d=7.32–7.17 (m, 5 H), 4.54–4.45 (m, 2 H), 4.01 (dd, J =9.0,
7.6 Hz, 1H), 3.61 (dd, J=9.0, 7.6 Hz, 1 H), 3.27 (dd, J= 13.3, 3.6 Hz, 1 H),
2.79 (dd, J =13.3, 9.2 Hz, 1H), 2.50 (ddt, J =18.1, 6.2, 1.6 Hz, 1H), 2.32


(dd, J =11.6, 6.5 Hz, 1H), 2.26–2.16 (m, 1H), 1.89 (ddtd, J =13.9, 6.6, 3.8,
2.0 Hz, 1H), 1.62 (tddd, J= 13.8, 11.5, 6.0, 2.6 Hz, 1H), 1.39 ppm (dddd,
J =13.7, 12.5, 9.1, 3.2 Hz, 1 H); 13C NMR (CDCl3, 50 MHz): d =168.7 (C),
136.9 (C), 129.6 (CH), 128.6 (CH), 126.7 (CH), 87.3 (CH), 69.3 (CH2),
55.1 (CH), 37.8 (CH2), 31.4 (CH2), 28.2 (CH2), 17.2 ppm (CH2); HRMS-
ESI: m/z : calcd: 232.1332 [M+H]+ ; found: 220.1330 (D =0.8 ppm).ACHTUNGTRENNUNG(3R,8aR)-3-Benzylhexahydro-5H-[1,3]oxazoloACHTUNGTRENNUNG[3,2-a]pyridin-5-one (21 b’)
(nonisolated, diagnostic peak only): 1H NMR (CDCl3, 300 MHz): d=4.68
(dd, J =9.9, 3.4 Hz, 2H), 4.24 (ddd, J=9.4, 6.5, 3.2 Hz, 2H), 3.78–
3.73 ppm (m, 2 H).ACHTUNGTRENNUNG(3S,8aR)-3-Isopropylhexahydro-5H-[1,3]oxazoloACHTUNGTRENNUNG[3,2-a]pyridin-5-one
(21 c): Compound 21c was prepared by following the general procedure
B as described above from 3c (100 mg, 0.58 mmol) in THF. The residue
was purified by flash chromatography (98:2 CH2Cl2/MeOH) to give 21 c
as a yellow oil (76 mg, 71 %). [a]20


D =++3.2 (c= 1.0 in CHCl3) (lit. :[34]


[a]20
D =++13 (c=1.1 in EtOH)); IR (neat): ñ =2957, 2873, 1648, 1464 cm�1;


1H NMR (CDCl3, 300 MHz): d= 4.73 (dd, J =8.6, 4.7 Hz, 1 H), 4.19 (br dt,
J =7.3, 6.9 Hz, 1H), 4.03 (dd, J =8.3, 8.0 Hz, 1H), 3.66 (dd, J =8.6,
6.9 Hz, 1H), 2.49 (br ddt, J=17.9, 5.8, 1.9 Hz, 1H), 2.34–2.10 (m, 3H),
1.95–1.85 (m, 1 H), 1.75–1.60 (m, 1H), 1.49–1.37 (m, 1 H), 0.92 (d, J=


6.5 Hz, 3H), 0.89 ppm (d, J =6.5 Hz, 3H); 13C NMR (CDCl3, 50 MHz):
d=169.3 (C), 87.7 (CH), 66.6 (CH2), 59.2 (CH), 31.7 (CH2), 30.1 (CH),
28.5 (CH2), 19.1 (CH2), 17.0 ppm (CH3); HRMS-ESI: m/z : calcd:
184.1332 [M+H]+ ; found: 184.1328 (D =2.4 ppm).ACHTUNGTRENNUNG(3S,8 aS)-3-Isopropylhexahydro-5H-[1,3]oxazolo ACHTUNGTRENNUNG[3,2-a]pyridin-5-one
(21 c’) (nonisolated, diagnostic peak only): 1H NMR (CDCl3, 300 MHz):
d=4.65 (dd, J=9.6, 3.2 Hz, 1H), 3.97–3.94 (m, 1 H), 2.86–2.75 (m, 1H),
0.76 ppm (d, J =7.0 Hz, 3 H).


(2S,3R,8 aS)-3-Methyl-2-phenylhexahydro-5H-[1,3]oxazoloACHTUNGTRENNUNG[3,2-a]pyridin-
5-one (21 d): Compound 21d was prepared by following the general pro-
cedure B as described above from 3d (150 mg, 0.68 mmol) in THF. The
residue was purified by flash chromatography (30:70 to 0:100 pentane/
EtOAc) to give 21d as a colorless oil (123 mg, 78 %). [a]20


D =++77.3 (c=


1.0 in CHCl3); IR (neat): ñ=2958, 1628, 1448, 1329 cm�1; 1H NMR
(CDCl3, 300 MHz): d =7.38–7.26 (m, 5 H), 5.28 (dd, J =9.3, 4.2 Hz, 1H),
5.14 (d, J =6.1 Hz, 1 H), 4.87 (dq, J =6.6, 6.6 Hz, 1H), 2.53–2.44 (m, 1H),
2.41–2.29 (m, 2H), 1.99–1.90 (m, 1H), 1.78–1.63 (m, 1 H), 1.61–1.48 (m,
1H), 0.81 ppm (d, J =6.6 Hz, 3H); 13C NMR (CDCl3, 50 MHz): d=167.6
(C), 137.4 (C), 128.4 (CH), 127.8 (CH), 126.1 (CH), 86.0 (CH), 80.0
(CH), 53.4 (CH), 30.9 (CH2), 29.3 (CH2), 16.7 (CH2), 14.1 ppm (CH3);
HRMS-ESI: m/z : calcd: 232.1332 [M+H]+ ; found: 232.1330 (D=


1.0 ppm).


(2S,3R,8 aR)-3-Methyl-2-phenylhexahydro-5H-[1,3]oxazolo ACHTUNGTRENNUNG[3,2-a]pyridin-
5-one (21 d’): Colorless oil; yield: 20 mg, 13 %; [a]20


D =++59.2 (c =1.0 in
CHCl3); IR (neat): ñ =2953, 1635, 1442, 1399, 1328 cm�1; 1H NMR
(CDCl3, 200 MHz): d= 7.39–7.30 (m, 5 H), 5.11 (d, J =6.2 Hz, 1H), 4.93
(dd, J= 9.4, 3.2 Hz, 1H), 4.33 (dq, J=6.3, 6.2 Hz, 1H), 2.44–2.33 (m,
3H), 2.10–1.96 (m, 1 H), 1.85–1.60 (m, 2 H), 0.88 ppm (d, J= 6.3 Hz, 3H);
13C NMR (CDCl3, 50 MHz): d= 168.2 (C), 135.7 (C), 128.4 (CH), 128.0
(CH), 126.2 (CH), 88.2 (CH), 81.5 (CH), 55.0 (CH), 31.1 (CH2), 28.9
(CH2), 17.5 (CH2), 14.5 ppm (CH3); HRMS-ESI m/z : calcd: 232.1332
[M+H]+ ; found: 232.1335 (D= 1.2 ppm).


1,2,3,6,7-Hexahydro-9-methoxy-4H-benzo[a]quinolizin-4-one (22): Com-
pound 22 was prepared by following the general procedure B as de-
scribed above from 4 (100 mg, 0.46 mmol) in THF. The residue was puri-
fied by flash chromatography (20:80 to 0:100 pentane/EtOAc) to give 22
as a yellow oil (94 mg, 90%). IR (neat): ñ =2929, 2837, 1606, 1503, 1464,
1237 cm�1; 1H NMR (CDCl3, 300 MHz): d=7.12 (d, J =8.4 Hz, 1H), 6.79
(dd, J= 8.4, 2.7 Hz, 1 H), 6.67 (d, J =2.7 Hz, 1 H), 4.81–4.75 (m, 1 H), 4.61
(dd, J= 10.3, 4.6 Hz, 1 H), 3.79 (s, 3 H), 2.97–2.87 (m, 2 H), 2.75–2.68 (m,
1H), 2.59–2.48 (m, 2H), 2.36 (ddd, J=17.6, 11.4, 6.4 Hz, 1H), 1.99–1.80
(m, 2H), 1.74–1.61 ppm (m, 1H); 13C NMR (CDCl3, 75 MHz): d =169.5
(C), 158.2 (C), 136.5 (C), 129.7 (C), 126.1 (CH), 113.5 (CH), 112.8 (CH),
56.6 (CH), 55.4 (CH3), 39.8 (CH2), 32.3 (CH2), 30.7 (CH2), 29.3 (CH2),
19.7 ppm (CH2); HRMS-ESI: m/z : calcd: 232.1332 [M+H]+ ; found:
232.1328 (D= 1.7 ppm).


1,2,3,6,7-Hexahydro-9,10-dimethoxy-4H-benzo[a]quinolizin-4-one (23):[35]


Compound 23 was prepared by following the general procedure B as de-
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scribed above from 5 (100 mg, 0.40 mmol) in THF. The residue was puri-
fied by flash chromatography (98:2 EtOAc/MeOH) to give 23 as a yellow
oil (92 mg, 88%). IR (neat): ñ=2935, 2835, 1609, 1511, 1463, 1255 cm�1;
1H NMR (CDCl3, 300 MHz): d=6.68 (s, 1 H), 6.63 (s, 1H), 4.91–4.85 (m,
1H), 4.62 (dd, J =10.6, 4.4 Hz, 1H), 3.87 (s, 6 H), 2.33–2.90 (m, 6H),
1.65–2.00 ppm (m, 3 H); 13C NMR (CDCl3, 50 MHz): d=169.5 (C), 147.9
(C), 147.8 (C), 129.2 (C), 127.4 (C), 111.6 (CH), 108.3 (CH), 56.8 (CH),
56.2 (CH3), 56.0 (CH3), 39.8 (CH2), 32.3 (CH2), 31.0 (CH2), 28.6 (CH2),
19.7 ppm (CH2); HRMS-ESI: m/z : calcd: 262.1438 [M+H]+ ; found:
262.1431 (D= 2.5 ppm).ACHTUNGTRENNUNG(6S,11 bR)-Methyl 2,3,4,6,7,11 b-hexahydro-9,10-dimethoxy-4-oxo-1H-
pyridoACHTUNGTRENNUNG[2,1-a]isoquinoline-6-carboxylate (24): Compound 24 was prepared
by following the general procedure B as described above from 6 (150 mg,
0.49 mmol) in THF. The residue was purified by flash chromatography
(EtOAc) to give 24 (131 mg, 84%) as a white solid. [a]20


D =++123.2 (c=


1.0 in CHCl3); m.p. 149–150 8C; IR (neat): ñ =2931, 2855, 1735, 1640,
1621, 1514 cm�1; 1H NMR (CDCl3, 300 MHz): d =6.62 (br s, 2H), 5.75
(dd, J=5.9, 3.5 Hz, 1 H), 4.79 (dd, J =11.0, 4.2 Hz, 1H), 3.87 (s, 3H), 3.86
(s, 3H), 3.65 (s, 3H), 3.17 (dd, J= 15.8, 3.5 Hz, 1H), 3.06 (dd, J =15.8,
6.6 Hz, 1 H), 2.66 (dtd, J=17.7, 4.7, 1.3 Hz, 1H), 2.51–2.40 (m, 2 H), 2.05–
1.94 (m, 2 H), 1.75–1.64 ppm (m, 1H); 13C NMR (CDCl3, 50 MHz): d=


171.5 (C), 170.5 (C), 148.2 (C), 148.1 (C), 128.0 (C), 124.2 (C), 111.4
(CH), 108.4 (CH), 56.1 (CH3), 56.0 (CH3), 54.8 (CH), 52.4 (CH3), 50.5
(CH), 31.9 (CH2), 31.6 (CH2), 30.2 (CH2), 19.6 ppm (CH2); HRMS-ESI:
m/z : calcd: 320.1492 [M+H]+ ; found: 320.1483 (D =2.8 ppm).


1,2,3,6,7,12 b-Hexahydroindolo ACHTUNGTRENNUNG[2,3-a]quinolizin-4 ACHTUNGTRENNUNG(12H)one (25): Com-
pound 25 was prepared by following the general procedure B as de-
scribed above from 7 (200 mg, 0.88 mmol) in THF. The residue was puri-
fied by flash chromatography (99:1 EtOAc/MeOH) to give 25 (180 mg,
85%) as a white solid. M.p. 240–241 8C; IR (neat): ñ=3200, 2921, 2851,
1607, 1437 cm�1; 1H NMR (CDCl3 +CD3OD, 300 MHz): d=7.49 (br d,
J =7.5 Hz, 1H), 7.33 (br d, J=7.9 Hz, 1H), 7.16 (td, J =7.5, 1.4 Hz, 1 H),
7.10 (td, J=7.5, 1.5 Hz, 1 H), 5.17–5.07 (m, 1 H), 4.78 (brdd, J =9.8,
4.8 Hz, 1H), 2.89–2.74 (m, 3H), 2.63–2.55 (m, 1H), 2.50–2.34 (m, 2H),
1.98–1.91 (m, 1 H), 1.87–1.72 ppm (m, 2H); 13C NMR (CDCl3 +CD3OD,
50 MHz): d=170.2 (C), 136.4 (C), 133.4 (C), 126.6 (C), 121.8 (CH), 119.4
(CH), 118.2 (CH), 111.1 (CH), 108.6 (C), 54.7 (CH), 40.5 (CH2), 32.2
(CH2), 28.7 (CH2), 21.0 (CH2), 19.2 ppm (CH2); HRMS-ESI: m/z : calcd:
241.1335 [M+H]+ ; found: 241.1342 (D =2.6 ppm).


9-Bromo-1,2,3,6,7,12b-hexahydroindolo ACHTUNGTRENNUNG[2,3-a]quinolizin-4 ACHTUNGTRENNUNG(12H)one (26):
Compound 26 was prepared by following the general procedure B as de-
scribed above from 8 (100 mg, 0.33 mmol) in THF. The residue was puri-
fied by flash chromatography (EtOAc purum) to give 26 (76 mg, 73%)
as a white solid. M.p. 272–274 8C; IR (neat): ñ =3165, 2934, 1609, 1437,
1311 cm�1; 1H NMR (CDCl3 +CD3OD, 300 MHz): d=7.59 (d, J =1.6 Hz,
1H), 7.24–7.17 (m, 2H), 5.15–5.05 (m, 1 H), 4.75 (br dd, J=9.6, 4.5 Hz,
1H), 2.87–2.67 (m, 3H), 2.63–2.54 (m, 1H), 2.50–2.32 (m, 2 H), 1.96–
1.71 ppm (m, 3H); 13C NMR (CDCl3 +CD3OD, 75 MHz): d=170.2 (C),
135.1 (C), 134.8 (C), 128.3 (C), 124.4 (CH), 120.7 (CH), 112.5 (CH),
112.4 (C), 108.2 (C), 54.6 (CH), 40.4 (CH2), 32.2 (CH2), 28.5 (CH2), 20.8
(CH2), 19.1 ppm (CH2); HRMS-ESI: m/z : calcd: 319.0441 [M+H]+ ,
321.0421; found: 319.0446, 321.0429 (D=1.7 ppm).ACHTUNGTRENNUNG(6S,12 bR)-Methyl 1,2,3,4,6,7,12,12b-octahydro-4-oxoindolo ACHTUNGTRENNUNG[2,3-a]quinoli-
zine-6-carboxylate (27): Compound 27 was prepared by following the
general procedure B as described above from 9 (150 mg, 0.52 mmol) in
THF. The residue was purified by flash chromatography (25:75 pentane/
EtOAc) to give 27 (139 mg, 89%) as a pale-yellow solid. M.p. 165–
167 8C; IR (neat): ñ =3273, 2952, 2850, 1737, 1610, 1429 cm�1; 1H NMR
(CDCl3, 300 MHz): d=8.07 (br s, 1H), 7.53 (dd, J=6.6, 2.0 Hz, 1H),
7.35–7.30 (m, 1H), 7.24–7.09 (m, 2 H), 6.12 (dd, J= 6.4, 1.4 Hz, 1H),
5.11–5.03 (m, 1H), 3.63 (s, 3H), 3.46 (dt, J =15.7, 1.6 Hz, 1H), 3.07 (ddd,
J =15.7, 6.4, 2.4 Hz, 1H), 2.78–2.64 (m, 1 H), 2.54–2.40 (m, 2 H), 2.07–1.97
(m, 2H), 1.83–1.75 ppm (m, 1H); 13C NMR (CDCl3, 50 MHz): d =171.6
(C), 170.5 (C), 136.6 (C), 132.5 (C), 126.8 (C), 122.4 (CH), 119.9 (CH),
118.5 (CH), 111.1 (CH), 106.6 (C), 52.6 (CH3), 52.2 (CH), 50.1 (CH),
32.2 (CH2), 29.8 (CH2), 22.9 (CH2), 19.7 ppm (CH2); [a]20


D =++129.2 (c =1
in CHCl3); HRMS-ESI: m/z : calcd: 299.1390 [M+H]+ ; found: 299.1385
(D=1.9 ppm).


(6S,12bS)-Methyl 1,2,3,4,6,7,12,12b-octahydro-4-oxoindolo ACHTUNGTRENNUNG[2,3-a]quinoli-
zine-6-carboxylate (27’): The residue was purified by flash chromatogra-
phy (25:75 to 0:100 pentane/EtOAc) to give 27’ as a yellow solid. [a]20


D =


�40.2 (c =1 in CHCl3); m.p. 197 8C; IR (neat): ñ= 3269, 2919, 2852, 1742,
1615, 1467 cm�1; 1H NMR (CDCl3, 200 MHz): d=8.51 (br s, 1 H), 7.54–
7.50 (m, 1H), 7.37–7.31 (m, 1H), 7.23–7.12 (m, 2 H), 4.98–4.92 (m, 1H),
4.43 (dd, J =8.4, 4.9 Hz, 1H), 3.72 (s, 3 H), 3.45 (ddd, J =15.7, 8.4, 1.9 Hz,
1H), 3.05 (ddd, J =15.7, 4.9, 1.9 Hz, 1H), 2.53–2.35 (m, 3H), 2.23–2.15
(m, 1H), 2.00–1.74 ppm (m, 2H); 13C NMR (CDCl3, 50 MHz): d =172.2
(C), 170.8 (C), 136.4 (C), 133.2 (C), 126.9 (C), 122.4 (CH), 120.0 (CH),
118.4 (CH), 111.3 (CH), 108.9 (C), 56.8 (CH), 54.9 (CH), 52.4 (CH3),
32.5 (CH2), 27.2 (CH2), 22.7 (CH2), 18.4 ppm (CH2); HRMS-ESI: m/z :
calcd: 299.1390 [M+H]+ ; found: 299.1392 (D=0.5 ppm).


5-Bromopent-2-enyl)trimethylsilane (28): Grubbs II catalyst (44 mg,
0.052 mmol) was added to a solution of 1-bromo-3-butene (700 mg,
5.19 mmol) and allyltrimethylsilane (3.30 mL, 20.74 mmol). The suspen-
sion was heated under microwaves for 1 min at 60 8C. After cooling, the
excess of the reactive compounds were evaporated under reduced pres-
sure and the residue was purified by flash chromatography (heptane
purum) to give 28 as a colorless oil (769 mg, E/Z 63:37, 67%). IR (neat):
ñ= 2954, 1246, 837 cm�1; 1H NMR (CDCl3, 300 MHz): d =5.61–5.48 (m,
1H), 5.31–5.17 (m, 1 H), 3.36–3.35 (m, 2H), 2.59–2.51 (m, 2 H), 1.51–1.43
(m, 2H), 0.02 (s, 3.3H), 0.01 ppm (s, 5.7H); 13C NMR (CDCl3, 50 MHz):
minor Z isomer: d=128.9 (CH), 123.6 (CH), 32.6 (CH2), 30.9 (CH2), 19.0
(CH2), �1.7 ppm (CH3); 13C NMR (CDCl3, 50 MHz): major E isomer:
d=130.2 (CH), 124.9 (CH), 36.4 (CH2), 33.4 (CH2), 23.0 (CH2),
�1.9 ppm (CH3); GCMS m/z : 222 [M]+ , 139, 73.


3,4-Dihydro-1-[5-(trimethylsilyl)pent-3-enyl]pyridine-2(1H)one (29):
Compound 29 was prepared by following the general procedure B as de-
scribed above from 10 (100 mg, 0.44 mmol) in THF. The residue was pu-
rified by flash chromatography (85:15 pentane/EtOAc) to give 29 a color-
less oil (82 mg, 78%). IR (neat): ñ=2951, 1668, 1406, 1384, 1246,
837 cm�1; 1H NMR (CDCl3, 200 MHz): d =6.02–5.96 (m, 1H), 5.52–5.36
(m, 1H), 5.24–5.04 (m, 2 H), 3.43 (br t, J= 7.3 Hz, 2H), 2.52–2.43 (m,
2H), 2.32–2.20 (m, 4 H), 1.46 (dd, J =8.5, 1.0 Hz, 0.6 H), 1.39 (dd, J =7.8,
1.0 Hz, 1.4H), �0.01 (s, 2.3H), �0.04 ppm (s, 5.6 H); 13C NMR (CDCl3,
75 MHz): major E isomer: d= 169.2 (C), 130.2 (CH), 129.2 (CH), 124.6
(CH), 105.7 (CH), 46.6 (CH2), 32.2 (CH2), 31.6 (CH2), 22.9 (CH2), 20.4
(CH2), �1.9 ppm (CH3); 13C NMR (CDCl3, 75 MHz): minor Z isomer:
d=169.3 (C), 130.1 (CH), 128.3 (CH), 123.0 (CH), 105.8 (CH), 46.2
(CH2), 33.7 (CH2), 31.6 (CH2), 26.5 (CH2), 18.7 (CH2), �1.7 ppm (CH3);
HRMS-ESI: m/z : calcd: 238.1622 [M+H]+ ; found: 238.1629 (D=


3.2 ppm).


Hexahydro-1-vinylindolizin-5(1H)one (30):[33b] In a stainless steel auto-
clave under an inert atmosphere, a solution of dicarbonylacetylacetonato
rhodium (1.7 mg, 0.007 mmol) and biphephos (10.5 mg, 0.013 mmol) in
anhydrous degassed CH2Cl2 (3 mL), prepared in a Schlenk glassware
under an inert atmosphere, was added to a solution of 10 (150 mg,
0.665 mmol) in anhydrous degassed CH2Cl2 to reach a final concentration
of 0.04 m. The autoclave was flushed with H2/CO 1:1 three times. Then,
the autoclave was filled with 5 atm of H2/CO 1:1 and was heated at 60 8C
with stirring for 4 h. Then, the autoclave was cooled to room temperature
and the gases were slowly and carefully released. TFA (49 mL,
0.665 mmol) was added and the solution was stirred at room temperature
for 12 h. The reaction mixture was then concentrated under reduced
pressure to give an oil. The residue was purified by flash chromatography
(98:2 CH2Cl2/MeOH) to give 30 as a pale-yellow oil (90 mg, 82%) as a
mixture of isomers (cis/trans 90:10). IR (neat): ñ =2946, 2878, 1613, 1467,
1412, 1331 cm�1


Major isomer (cis 30): 1H NMR (CDCl3, 200 MHz): d =5.60 (ddd, J=


17.8, 9.5, 9.5 Hz, 1H), 5.08 (dd, J =11.5, 1.5 Hz, 2 H), 3.72–3.41 (m, 3H),
2.79 (dt, J= 9.3, 5.5 Hz, 1H), 2.48–2.23 (m, 2 H), 2.03–1.61 (m, 5 H), 1.40–
1.25 ppm (m, 1H); 13C NMR (CDCl3, 75 MHz): d=169.8 (C), 135.8
(CH), 116.7 (CH2), 61.8 (CH), 46.6 (CH), 43.5 (CH2), 31.0 (CH2), 28.6
(CH2), 25.5 (CH2), 20.9 ppm (CH2).


Minor isomer (trans 30’, diagnostic peak only): 1H NMR (CDCl3,
200 MHz): d=3.06 (td, J =10.5, 3.2 Hz, 1H); HRMS-ESI: m/z : calcd:
166.1226 [M+H]+ ; found: 166.1228 (D =0.8 ppm).
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3-(Octahydro-5-oxoindolizin-1-yl)propanal (31): Compound 31 was pre-
pared by following the general procedure B as described above from 10
(100 mg, 0.44 mmol) in THF. The residue was purified by flash chroma-
tography (96:4 CH2Cl2/MeOH) to give 31 as a colorless oil (60 mg, 69%)
and as a mixture of isomers (cis/trans 90:10). IR (neat): ñ =2944, 2873,
1716, 1601, 1470, 1412 cm�1


Major isomer (cis 31): 1H NMR (CDCl3, 300 MHz): d= 9.78 (br t, J =


1.0 Hz, 1H), 3.61–3.39 (m, 3H), 2.57–2.37 (m, 3H), 2.30–2.09 (m, 3H),
2.00–1.66 (m, 5 H), 1.47–1.21 ppm (m, 2 H); 13C NMR (CDCl3, 75 MHz):
d=201.6 (CH), 169.5 (C), 61.9 (CH), 43.0 (CH2), 41.9 (CH2), 40.7 (CH),
31.1 (CH2), 26.5 (CH2), 24.9 (CH2), 21.1 (CH2), 19.5 ppm (CH2).


Minor isomer (trans 31’, diagnostic peak only): 1H NMR (CDCl3,
300 MHz): d=2.99 (td, J =10.4, 4.0 Hz, 1H); HRMS-ESI: m/z : calcd:
196.1332 [M+H]+ ; found: 196.1327 (D =2.6 ppm).


(1R)-2-Methoxy-1-phenylethanamine (32): (R)-(�)-2-Amino-2-phenyle-
thanol (2.00 g, 14.58 mmol) in THF (20 mL) was added dropwise to a sus-
pension of sodium hydride 60% in mineral oil (1.224 g, 30.62 mmol) in
THF (10 mL), and the suspension was stirred for 2 h at room tempera-
ture. Iodomethane (0.95 mL, 15.31 mmol) was added and the solution
was stirred for 1 h, then heated to reflux for a further 3 h. The reaction
mixture was cooled, diluted with cold brine, extracted with diethyl ether,
dried (Na2SO4), and evaporated. The residue was purified by flash chro-
matography (95:5 CH2Cl2/MeOH) to give 32 as a colorless oil (1.894 g,
86%). [a]20


D =�47.4 (c=0.67 in CHCl3); IR (neat): ñ=2885, 1452, 1111,
699 cm�1; 1H NMR (CDCl3, 200 MHz): d= 7.33–7.18 (m, 5 H), 4.12 (dd,
J =8.8, 3.8 Hz, 1H), 3.44 (dd, J= 9.2, 3.8 Hz, 1 H), 3.31 (s, 3 H), 3.29 (dd,
J =9.3, 8.8 Hz, 1 H), 1.71 ppm (br s, 2H); 13C NMR (CDCl3, 50 MHz): d=


142.5 (C), 128.4 (CH), 127.4 (CH), 126.8 (CH), 79.0 (CH2), 58.9 (CH3),
55.4 ppm (CH); LRMS-ESI: m/z : 152 [M+1], 135 [M�16].


(S)-Methyl 2-amino-3-(3,4-dimethoxyphenyl)propanoate (33): Acetyl
chloride (0.66 mL, 9.32 mmol) was added dropwise to MeOH (5 mL) at
0 8C under an argon atmosphere. After 5 min, 3-(3,4-dimethoxyphenyl)-l-
alanine (700 mg, 3.11 mmol) was added and the solution was stirred at
reflux for 2 h. After cooling, the solvent was evaporated and the residue
was dissolved in water. Saturated aqueous NaHCO3 solution was added
(30 mL) and the aqueous layer was extracted with CH2Cl2 (3 � 30 mL).
The organic layer was dried over Na2SO4, filtered, and concentrated to
give 33 as a yellow solid (687 mg, 92 %), which was used without further
purification. [a]20


D =++4.5 (c= 1.0 in CHCl3); m.p. 55–56 8C; IR (neat): ñ=


3375, 2962, 2936, 2835, 1729, 1514 cm�1; 1H NMR (CDCl3, 300 MHz): d=


6.78 (d, J =8.1 Hz, 1 H), 6.70 (d, J=8.1 Hz, 1H), 6.69 (s, 1 H), 3.84 (s,
3H), 3.83 (s, 3H), 3.70 (s, 3H), 3.69 (m, 1H), 3.01 (dd, J=13.6, 5.2 Hz,
1H), 2.80 (dd, J =13.6, 7.7 Hz, 1H), 1.54 ppm (br s, 2 H); 13C NMR
(CDCl3, 75 MHz): d =175.5 (C), 149.0 (C), 148.0 (C), 129.6 (C), 121.4
(CH), 112.4 (CH), 111.3 (CH), 55.90 (2 CH3), 55.86 (CH), 52.0 (CH3),
40.6 ppm (CH2); LRMS-ESI: m/z : 240.1 [M+H]+ , 223.0 [M�NH2]


+ .


(S)-Methyl 2-amino-3-(1H-indol-3-yl)propanoate (34): Acetyl chloride
(2.09 mL, 29.4 mmol) was added dropwise to MeOH (13 mL) at 0 8C
under an argon atmosphere. After 5 min, l-tryptophane (2.00 g,
9.8 mmol) was added and the solution was stirred at reflux for 2 h. After
cooling, the solvent was evaporated and the residue was dissolved in
water. Saturated aqueous NaHCO3 solution was added (50 mL) and the
aqueous layer was extracted with CH2Cl2 (3 � 30 mL). The organic layer
was dried over Na2SO4, filtered, and concentrated to give 34 as a pale-
yellow solid (1.68 g, 79 %), which was used without further purification.
[a]20


D =++16.9 (c=1.0 in CHCl3); m.p. 91–92 8C; IR (neat): ñ=3259, 3295,
1727, 1567, 1450, 1224 cm�1; 1H NMR (CDCl3, 300 MHz): d=8.23 (br s,
1H), 7.63 (d, J=7.8 Hz, 1H), 7.36 (d, J=7.8 Hz, 1H), 7.23–7.11 (m, 2H),
7.06 (d, J=1.5 Hz, 1H), 3.85 (m, 1 H), 3.73 (s, 3H), 3.30 (dd, J =14.2,
4.7 Hz, 1 H), 3.07 (dd, J=14.2, 7.9 Hz, 1 H), 1.63 ppm (br s, 2H);
13C NMR (CDCl3, 75 MHz): d=175.8 (C), 136.4 (C), 127.5 (C), 123.1
(CH), 122.2 (CH), 119.6 (CH), 118.8 (CH), 111.3 (CH), 111.1 (C), 55.1
(CH), 52.1 (CH3), 30.8 ppm (CH2); LRMS-ESI: m/z : 219.0 [M+H]+ ,
202.0 [M�NH2]


+ .


5-Azidopent-2-enyltrimethylsilane (35): Sodium azide (1.538 g,
23.67 mmol) was added to a solution of 28 (1.745 g, 7.89 mmol) in DMF
(8 mL). The suspension was stirred overnight at 70 8C. After cooling,
Et2O (50 mL) was added and the organic layer was washed by H2O (3 �


30 mL), dried over Na2SO4, filtered, and evaporated to give 35 as a
slightly yellow oil (1.325 g, E/Z 63:37, 92 %), which was used without fur-
ther purifications. IR (neat): ñ=2954, 2089, 1247, 838 cm�1; 1H NMR
(CDCl3, 200 MHz): d =5.64–5.46 (m, 1H), 5.33–5.14 (m, 1H), 3.31–3.21
(m, 2H), 2.36–2.24 (m, 2H), 1.54–1.43 (m, 2 H), 0.02 (s, 3.3H), 0.00 ppm
(s, 5.7H); 13C NMR (CDCl3, 50 MHz): minor Z isomer: d= 128.9 (CH),
122.3 (CH), 51.2 (CH2), 26.9 (CH2), 18.8 (CH2), �1.8 ppm (CH3);
13C NMR (CDCl3, 50 MHz) major E isomer: d= 129.9 (CH), 123.8 (CH),
51.5 (CH2), 32.4 (CH2), 22.9 (CH2), �2.0 ppm (CH3); GCMS: m/z : 183
[M]+ , 101, 86, 73.


5-(Trimethylsilyl)pent-3-en-1-amine (36): Lithium aluminum hydride
(0.311 g, 8.20 mmol) was added portionwise to a solution of 35 (1.253 g,
6.83 mmol) in Et2O (30 mL) at 0 8C. The suspension was stirred overnight
at room temperature. After this time, in an ice bath, H2O (0.31 mL) then
NaOH 15% (0.31 mL) and H2O (0.93 mL) were added and the suspen-
sion was stirred for 2 h. The suspension was filtered off, and the organic
layer was dried over Na2SO4, filtered, and evaporated to give 36 as a
slightly yellow oil (1.05 g, E/Z 63:37, 98 %), which was used without fur-
ther purifications. IR (neat): ñ =2952, 1246, 837 cm�1; 1H NMR (CDCl3,
200 MHz): d=5.59–5.38 (m, 1H), 5.31–5.11 (m, 1H), 2.75–2.65 (m, 2H),
2.20–2.06 (m, 2H), 1.52–1.40 (m, 2H), 1.34 (br s, 2 H), 0.01 (s, 3.3H),
�0.01 ppm (s, 5.7H); 13C NMR (CDCl3, 50 MHz): minor Z isomer: d=


127.8 (CH), 124.3 (CH), 31.2 (CH2), 29.7 (CH2), 18.7 (CH2), �1.8 ppm
(CH3); 13C NMR (CDCl3, 50 MHz): major E isomer: d= 128.8 (CH),
125.7 (CH), 42.0 (CH2), 36.9 (CH2), 22.9 (CH2), �1.9 ppm (CH3);
HRMS-ESI: m/z : calcd: 158.1360 [M+H]+ ; found: 158.1361 (D=


0.8 ppm).
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Development of a Library of N-Substituted Maleimides for the Local
Functionalization of Linear Polymer Chains


Sebastian Pfeifer and Jean-FranÅois Lutz*[a]


Introduction


The control of macromolecular structure is one of the main
topics in polymer chemistry today.[1] Very important advan-
ces have been accomplished in this field of research over
the past decades, in particular since the emergence of living-
polymerization methods such as anionic polymerization and
controlled radical polymerizations.[2,3] For instance, consider-
able progress has been made in controlling polymer topolo-
gy (i.e. , the shape of synthetic macromolecules). Nowadays,
complex architectures, such as block copolymers, graft co-
polymers, stars, miktoarm stars, macrocycles and macromo-
lecular brushes, can be routinely synthesized via a variety of
synthetic routes.[4,5] On the other hand, relatively little work


have been done for controlling the microstructure (i.e., tac-
ticity and monomer sequences) of synthetic polymers, even
though this aspect is of particular scientific relevance. For
example, polymers with controlled microstructures play a
key role in nature. Indeed, the whole complexity of the bio-
logical world relies principally on sequence-defined biopoly-
mers such as proteins and nucleic acids. In the same way,
one may think that synthetic macromolecules with tailor-
made microstructures may open new avenues for the design
of highly-organized nanomaterials.


Only a few experimental processes allow efficient synthe-
sis of sequence-defined macromolecules. The most common-
ly used strategy is the step-by-step solid-phase synthesis in-
troduced by Merrifield in the early 1960s.[6] In this approach,
bifunctional monomers are sequentially linked one to anoth-
er using successive reaction/purification cycles on a solid
support. This method has been principally applied for syn-
thesizing sequence-defined biopolymers such as oligopep-ACHTUNGTRENNUNGtides, oligonucleotides and oligosaccharides.[7] However, this
strategy can be theoretically extended to any kind of step-
growth polymerizations. For instance, solid-phase synthesis


Abstract: A novel kinetic process was
investigated for functionalizing “on-
demand” local regions of well-defined
linear polystyrene chains. This concept
relies on the atom transfer radical co-
polymerization (ATRP) of functional
N-substituted maleimides with styrene.
This copolymerization is a controlled
radical process, which combines two
unique kinetic features: i) all the poly-
mers chains are growing simultaneous-
ly and ii) the cross-propagation of the
comonomers is highly-favored as com-
pared to homopolymerization. Thus,
discrete amounts of N-substituted
male ACHTUNGTRENNUNGimides (e.g., 1 equiv as compared
to initiator) are consumed extremely
fast in the copolymerization process


and are therefore locally incorporated
in narrow regions of the growing poly-
styrene chains. MALDI-TOF analysis
of model copolymers indicated that
this kinetic concept is efficient. Al-
though a sequence distribution is ob-
served, well-defined polymer chains
having only one or two functional
male ACHTUNGTRENNUNGimide units per chain were found
to be the most abundant species. Fur-
thermore, the position of the functional
groups in the polystyrene chains can be
kinetically-controlled by adding the N-
substituted maleimides at desired times


during the course of the polymeri-
zation. This method is very versatile
and can be applied to a wide variety of
N-substituted maleimides. Herein, a li-
brary of 20 different maleimides bear-
ing various functional groups (e.g., aro-
matic moieties, fluorinated groups, hy-
droxy functions, protected esters, pro-
tected amines, light-responsive moie-ACHTUNGTRENNUNGties, fluorophores and biorelevant
functions such as short poly(ethylene
glycol) segments or biotin moieties)
was investigated. In most cases, the
functional N-substituted maleimides
could be efficiently incorporated in the
polystyrene chains.Keywords: macromolecular engi-
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has been explored for preparing new types of sequence-de-
fined polymers such as peptide-nucleic acids, oligoureas, oli-
gocarbamates, oligoesters, polyamides and polyamido-ACHTUNGTRENNUNGamines.[8]


Controlling monomer sequences in a chain-growth poly-
merization (i.e., polymerizations consisting of chain-initia-
tion and chain-propagation steps) is, theoretically speaking,
much more challenging than in a step-growth process.[9]


Indeed, propagation steps rely on highly reactive transient
species (e.g., radicals or ions), which are difficult to tame.
Thus, chain copolymerizations are in general statistical pro-
cesses leading to random microstructures.


However, in some rare cases, sequences can be controlled.
One interesting exception is, for example, the radical co-
polymerization of styrene with cyclic monomers such as
maleic anhydride or N-substituted maleimides. In such co-
polymerizations, the cross-propagation (i.e. , the reaction of
one comonomer with the other) is exceptionally favored as
compared to homopolymerization.[10] Thus, conventional- or
controlled-radical polymerizations (CRP) of these comono-
mer pairs typically lead to perfectly sequence-defined alter-
nating copolymers.[11] In fact, this tendency toward alterna-
tion is so pronounced that even for comonomer feeds con-
taining high excess of styrene, the cross-propagation still
occurs in the early stages of the reaction, followed by the
homopolymerization of the excess of styrene. For instance,
Hawker and Russell elegantly demonstrated that, if com-
bined with a CRP process (i.e., a living-polymerization
mechanism, in which all chains grow simultaneously), this
kinetic behavior could result in the formation of well-de-
fined block copolymers composed of short copolymer se-
quences connected to long polystyrene segments.[12]


We recently pushed this concept further and reported a
novel sequential copolymerization strategy for preparing
macromolecules with programmed sequences of functional
comonomers.[13] This concept relies on the controlled se-
quential addition of various functional N-substituted male-
imides (MI) during the atom transfer radical polymerization
(ATRP) of styrene (S). As a first proof of concept, four dif-
ferent N-substituted maleimides have been sequentially in-
corporated in growing polystyrene chains using this simple
kinetic concept. Indeed, the formed copolymers are not
strictly sequence-defined at the molecular level (i.e., they
still exhibit a sequence distribution). However, they un-
doubtedly possess a pre-programmed distribution of func-
tional side-groups along the polymer backbone.[13]


The goal of the present article is to explore further the
potential of this novel kinetic strategy for preparing well-de-
fined functional polymers. In particular, three main aspects
are addressed in this manuscript: i) the possibility of adding
a discrete functional group into a precise region of the poly-
styrene chains, ii) the shape of the resulting sequence-distri-
bution (i.e. , how many functional moieties are incorporated
in average in each chain) and iii) the versatility of this ap-
proach. To demonstrate this last point, a complete library of
functional N-substituted maleimides (Scheme 1) was devel-
oped and studied. The atom transfer radical copolymeriza-


tion of these various monomers with styrene was studied in
details using 1H NMR, SEC and MALDI-TOF measure-
ments.


Results and Discussion


Synthesis of N-substituted maleimides : The main objective
of this study is to demonstrate that functional maleimides
constitute a unique and versatile platform for functionalizing
polystyrene chains. Thus, a wide variety of N-substituted
maleimides were synthesized and tested in the present work
(Scheme 1). Numerous synthetic strategies have been re-
ported in the literature for synthesizing N-substituted malei-
mides. The most commonly used method is the reaction of
maleic anhydride with primary amine derivatives leading to
maleamic acid intermediates, which are subsequently dehy-
drated into the corresponding cyclic maleimides. Several
variations of this main method have been described within
past years. However, other straightforward routes can be
utilized. Another convenient pathway involves, for example,
the direct reaction of primary amine derivatives with N-me-
thoxycarbonyl maleimide.[14] This straightforward method
leads in one step to N-substituted maleimides in relatively
high yields. Alternatively, an elegant Mitsunobu was report-
ed by Walker in the mid 1990s. In this approach, alcohol de-
rivatives are reacted with maleimide in the presence of tri-
phenylphosphine and a dialkyl azodicarboxylate.[15] Still,
most of the structures presented in Scheme 1 have been syn-
thesized using the conventional reaction of maleic anhydride
and primary amines (see Experimental Section).


Our library of N-substituted maleimides contains 20
model compounds, which exhibit different types of function-
al moieties. The simplest structures carry alkyl- or aryl- sub-
stituents. For instance, N-methyl maleimide (1), N-propyl
maleimide (2), N-decyl maleimide (3), N-phenyl maleimide
(5) and N-benzyl maleimide (6) were investigated in the
present work. N-propargyl maleimide (4) was selected as a
model for reactive moieties. Indeed, terminal acetylene
functions have become lately very popular in polymer and
materials science as they can easily be involved in practical
reactions such as Sonogashira coupling or copper-catalyzed
azide-alkyne Huisgen cycloaddition.[5,16] The structures 8–12
are examples of functional maleimides bearing heteroatoms
(i.e., thioether, trifluoromethyl and perfluorophenyl func-
tions). The N-substituted maleimides 13, 15, 19, and 20 were
designed for incorporating functional groups such as alco-
hols, amines or carboxylic acids into polystyrene backbones.
Indeed, the functionalization of apolar polymer backbones
with polar reactive functions is of prime importance in poly-
mer synthesis. However, free carboxylic acids, primary
amines or secondary amines are usually problematic in
ATRP as they may interact with transition metal catalysts.[3]


Thus, protected structures should be used in ATRP. For in-
stance, the amine function in 13 was protected by a tBoc
functionality, whereas the acid groups of 19 and 20 were
transformed into labile esters (i.e. , tert-butyl ester and
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benzyl ester, respectively). The controlled radical copoly-
merization of functional maleimides with styrene could also
be used for incorporating specific substituents (e.g., fluores-
cent dyes, stimuli-responsive moieties, surface anchors) at
precise locations in well-defined polystyrene chains. As ex-
amples, the light-responsive monomer N-(4-azobenzene)
maleimide (16) and the fluorescent monomer N-(1-pyrenyl)
maleimide (17) were studied. The N-substituted maleimides
14 and 18 contain biorelevant moieties such as a short hy-
drophilic oligo(ethylene glycol) segment and a biotin
moiety. The latter is a standard bio-linker, which binds with
larger glycoproteins such as avidin or streptavidin.[17]


Model copolymerizations : The concept for local chain-func-
tionalization investigated in this paper relies on the atom
transfer radical copolymerization of large excess of styrene
(i.e., 100 equiv) with discrete amounts of functional male-ACHTUNGTRENNUNGimides (i.e., 1 equiv). As styrene/maleimides comonomer
pairs generally exhibit exceptionally high cross-propagation
rates, this strategy theoretically allows a fast and local incor-
poration of the N-substituted maleimides in the growing
polystyrene chains. In order to demonstrate the feasibility of
this kinetic strategy, two model monomers N-propyl male-ACHTUNGTRENNUNGimide (2) and N-benzyl maleimide (6) were first examined.
Both monomers exhibit a very strong tendency toward alter-
nation with styrene. For instance, the reactivity ratios mea-
sured for the radical copolymerization of 6 and styrene were
reported to be 0.013 and 0.058, respectively.[18]


At first, the kinetics of model batch copolymerizations
were studied. In these cases, the functional maleimide (2 or
6) and styrene were added together at the beginning of the
polymerization (Scheme 2, top). The atom transfer radical


copolymerizations were performed at 110 8C in the presence
of the initiator 1-bromoethyl benzene and the catalyst com-
bination copper(I) bromide/4,4’-dinonyl-2,2’-bipyridine.[19]


Several samples were taken during the course of the copoly-
merization and were analyzed by 1H NMR spectrosco-
py.[20,21]


In all copolymerizations, it appears that, although present
in very low amounts, the N-substituted maleimides are effec-
tively consumed much faster than styrene. For instance,
after 10 minutes of polymerization, the conversion of the
maleimides was found in all cases to be above 99 %, where-
as the conversion of styrene was below 10 %. After that
point, the homopolymerization of styrene was solely ob-
served. After purification and isolation, the final copolymers
exhibited a controlled molecular weight and a narrow mo-
lecular weight distribution (i.e. , Mw/Mn < 1.2). Moreover,
1H NMR spectroscopy confirmed the presence of functional
moieties (i.e. , propyl or benzyl groups) in the purified poly-
mer chains. For PACHTUNGTRENNUNG(S-co-2) a broad signal due to the methyl-
ene protons neighboring the imide function was observed at
d 3–3.4 ppm, whereas for P ACHTUNGTRENNUNG(S-co-6), the same types of pro-
tons resonated at 4.1–4.6 ppm.[13]


Moreover, these kinetic data strongly suggest that the
functional moieties are effectively locally incorporated close
to the a-extremity of the polymer chains. Indeed, it was
demonstrated in previous publications that in these particu-
lar experimental conditions: i) the initiation step takes place
in less than 5 min, ii) transfer reactions are kinetically negli-
gible and iii) experimental molecular weight increases linear-
ly with monomer conversion.[20] Thus, all chains grow simul-
taneously in this copolymerization process and therefore in-
corporate the functional maleimides at the early stages of


Scheme 1. Library of N-substituted maleimides investigated in the present work for functionalizing “on demand” well-defined polystyrene chains.
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their formation. These results are in very good agreement
with the data reported by Hawker and co-workers for the
nitroxide mediated copolymerization of styrene and maleic
anhydride.[12]


Yet, these kinetic data do not imply that all copolymer
chains exhibit a single maleimide monomer unit. The co-
polymers are prepared via a chain-growth polymerization
process and should therefore exhibit a chain-composition
distribution.


The shape of the sequence distribution of models copoly-
mers PACHTUNGTRENNUNG(S-co-2) and PACHTUNGTRENNUNG(S-co-6) was investigated by MALDI-
TOF mass spectrometry. Both copolymers were ionized
from a dithranol matrix using NaI as a cationization salt.[22]


However, MALDI-TOF copolymerization spectra should be
cautiously interpreted as some comonomer combinations
may overlap. For example, the molar mass of four styrene
units coincides with that of three units of 2. Hence, the
MALDI-TOF spectrum of PACHTUNGTRENNUNG(S-co-2) did not allow a de-
tailed characterization of the sequence-distribution. On the
other hand, the spectrum of PACHTUNGTRENNUNG(S-co-6) gave substantial infor-
mation about the copolymerization process (Figure 1). At a
first glance, the spectrum appears quite complex, but is in
fact rather simple to interpret. Indeed, a single type of poly-
mer chain was observed in this spectrum (the proposed mo-
lecular structure is shown in Figure 1). An excellent agree-
ment between measured and calculated isotopic distribu-
tions (Figure 1, bottom-right) was observed for this particu-


lar type of macromolecules. These chains contain an initia-
tor a-moiety, a variable amount of styrene and benzyl
maleimide monomer units and an unsaturated moiety at the
w-chain end. The latter point should be briefly discussed as
this terminal double bond could result from a HBr elimina-
tion step occurring either during the course of the copoly-
merization or during the MALDI ionization process. Al-
though both scenarios were described in the literature,[20, 23,24]


in the present case the elimination mostly takes place during
the ionization step. Indeed, the model copolymerizations for
MALDI-TOF analysis were stopped at an early polymeri-
zation stage (i.e., conversion of styrene of approximately
25 %), where elimination processes are kinetically disfa-
vored.[20] Thus, after copolymerization and purification, the
1H NMR spectra of the formed copolymers clearly exhibit a
broad chain-end signal at d 4.3–4.65 ppm, which corresponds
to protons neighboring terminal bromine atoms (i.e., stan-
dard bromine-capped ATRP chains).[20, 21,25] Hence, as previ-
ously described in the literature, the elimination of HBr ob-
viously occurs upon ionization.[24]


Five main series of peaks, which correspond to polysty-ACHTUNGTRENNUNGrene chains containing 0, 1, 2, 3 or 4 maleimide moieties,
were observed in the MALDI-TOF spectrum of PACHTUNGTRENNUNG(S-co-6).
The intensities of these different series reflect the sequence
distribution of the copolymers. For example, the zoom in
Figure 1 (top-right) compares the intensity of chains possess-
ing 20 styrene units (including initiator moiety and unsatu-
rated end-group). It appears clearly that the nonfunctional-
ized chains (i.e. , no maleimide in the backbone) or over-
functionalized chains (i.e., polymers containing three or
more maleimides) are minor components of the sequence
distribution. For instance, the peak corresponding to chains
with four maleimides (m/z 2852) is barely distinguishable.
Thus, copolymer chains with five maleimides or more are
probably absent or only present in traces in this distribu-
tion.[26] In fact, the most intense peaks correspond to copoly-
mer chains with 1 (i.e., the desired microstructure) or 2
functional maleimides. Chains with a single functional malei-
mide are predominant in the low molecular-weight part of
the spectrum (i.e., m/z < 3000), whereas chains with two
maleimides are more abundant in the high-molecular weight
region. The latter is probably due to bimolecular coupling
terminations.[20] Nevertheless, these MALDI-TOF data indi-
cate a sequence-controlled copolymerization of styrene and
6 leading to a relatively narrow sequence-distribution.


Thus, this copolymerization concept can be pushed further
and used for functionalizing polystyrene chains at different
location of their backbones. For instance, Scheme 2 high-
lights different copolymerization strategies studied in the
present work. The N-substituted maleimides can be added
at the beginning of the reaction (copolymerization of type
A, see above) but also at any time during the course of the
ATRP of styrene (copolymerization of type B). The latter
scenario should allow a precise inner-functionalization of
the polystyrene chains. For example, functional maleimides
could be precisely incorporated in the middle of the poly-
mer backbones. This challenging case was studied using


Scheme 2. Synthetic strategies for preparing well-defined model copoly-
mers P ACHTUNGTRENNUNG(S-co-2) with different sequence distributions: (top) direct atom
transfer radical copolymerization of 100 equiv styrene and 1 equiv 2 ;
(middle) controlled addition of 1 equiv of 2 during the ATRP of styrene
(100 equiv); (bottom) atom transfer radical copolymerization of styrene
and 2 (100:1) with controlled addition of 1 equiv 2 at the end of the poly-
merization.
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1H NMR (Table 1, type B). The atom transfer radical poly-
merization of styrene was first started in the absence of 2.
Thus, a polystyrene homopolymer was grown up to a styrene
conversion of 35 %. At this stage of the reaction, 1 equiv 2
was added in the reaction mixture (most the N-substituted
maleimides are solids and should therefore be dissolved in
small amounts of degassed toluene prior to addition). The


NMR monitoring of the copolymerization confirmed that
the copolymerization of styrene and 2 is kinetically favored
as compared to styrene homopolymerization. One hour
after its addition, the conversion of 2 was found to be
almost quantitative, whereas styrene conversion increased
only by a few percent. After that point, styrene was homo-
polymerized up to 80 % conversion. These kinetic data sug-
gest that the functional maleimide were effectively incorpo-
rated in the middle of the polystyrene chains. Furthermore,
the final copolymer exhibits a controlled molecular weight
(experimental molecular weight was found to be
9060 g mol�1, whereas theoretical molecular weight is
8660 g mol�1) and a narrow molecular weight distribution
(Mw/Mn = 1.21).


More complex chain-functionalization scenarios may be
performed via styrene/maleimide copolymerization ap-
proaches. For instance, polystyrene chains can be functional-
ized on both extremities. Such types of chains could be ob-
tained by two different strategies: i) the homopolymeriza-
tion of styrene is first started in the presence of a difunction-
al ATRP initiator and a N-substituted maleimide is added in
the reaction medium at the end of the reaction (i.e., at high
styrene conversion), ii) the ATRP of 100 equiv styrene and
1 equiv maleimide is first started and a second equivalent of
the maleimide is added at the end of the reaction
(Scheme 2, copolymerization of type C). The latter approach


Figure 1. MALDI-TOF spectrum measured for a model copolymer P ACHTUNGTRENNUNG(S-co-6) prepared using ATRP. The spectrum was recorded from a dithranol matrix
and in the presence of NaI as a cationization agent. The Scheme shows the probable molecular structure of the ionized polystyrene chains. The acronyms
I, S, BzMI and E stand for initiating moiety, styrene, N-benzyl maleimide and elimination moiety, respectively. The spectrum on top-right shows a zoom
of the region m/z 2005–2865. The two spectra on bottom-right compare the shape of the measured (left, zoom of the region m/z 2288–2300 of the main
spectrum) and calculated (right) isotopic distribution for the copolymer structure [I�S18�BzMI1�E+Na]+ .


Table 1. Characterization of copolymers P ACHTUNGTRENNUNG(S-co-2) with different micro-
structures.


Type[a] tACHTUNGTRENNUNG[min]
Conv.S


[b]


[%]
Conv.MI


[b]


[%]


B 0 0 –
B 78 34.5 –
addition of 1 equiv of 2
B 108 39.2 75
B 138 42.1 >99
B 1380 80.2 >99
C 0 0 0
C 85 61.8 >99
addition of 1 equiv 2
C 300 77 >99


[a] See Scheme 1 for cartoons. Type B: controlled addition of 1 equiv 2
during the ATRP of styrene (100 equiv); Type C: atom transfer radical
copolymerization of styrene and 2 (100/1) with controlled addition of
1 equiv 2 at the end of the polymerization. In all cases: 110 8C, styrene/in-
itiator/CuBr/dNbipy =100/1/1/2. [b] Monomer conversions measured by
1H NMR.
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is probably more versatile as it allows a hetero-functionali-
zation of the polystyrene chains (i.e., two different male-ACHTUNGTRENNUNGimides can be used for functionalizing the chains).[13] Thus,
the feasibility of this approach was studied using 2 as a
model maleimide (Table 1, type C). The bulk ATRP of sty-
rene and 2 was first started. As described above, the small
amount of functional maleimide was incorporated in the
chain in the early instants of the copolymerization (i.e. ,
within the first 10 units of the polymer chains). Afterwards,
styrene was allowed to homopolymerize up to a conversion
of approximately 60 %. At this stage, a second equivalent of
2 was added in the reaction medium and the copolymeriza-
tion was pursued for several hours. The 1H NMR monitoring
of the copolymerization indicated that this additional equiv-
alent of 2 was quantitatively incorporated within the last 15
monomer units of the polymer chains (Table 1). Further-
more, the resulting copolymer exhibited a well-defined mo-
lecular structure (Mn =8920 g mol�1, Mw/Mn =1.14).


“On demand” functionalization of polymer chains : It was
demonstrated in the previous paragraph that model N-sub-
stituted maleimides allow a precise local functionalization of
polystyrene chains. Thus, it was tempting to extend this
straightforward concept to a wide variety of functional mal-
eimides (Scheme 1). The bulk ATRP of styrene was investi-
gated in the presence of various N-substituted maleimides
(Table 2). In all cases, styrene (100 equiv) and maleimides
(1 equiv) were mixed before reaction (copolymerization of
type A) and atom transfer radical copolymerizations were
performed at 110 8C in the presence of the initiator 1-bro-
moethyl benzene and the catalyst combination copper(I)
bromide/4,4’-dinonyl-2,2’-bipyridine.


In most cases, well-defined copolymers with a controlled
molecular weight and a narrow molecular weight distribu-
tion were obtained (Table 2). Moreover, for several malei-
mides (e.g., 1–4, 6–8, 15–17 and 20), the favored cross-prop-
agation with styrene was experimentally verified. Indeed,
the 1H NMR analysis of reaction samples taken at the early
stages of the copolymerization indicated a fast incorporation
of the N-substituted maleimides in the growing polymer
chains. In general, methylene protons neighboring the imide
function, which typically resonate in the region d 3–4 ppm,
were followed by NMR. However, for maleimides 7, 16 and
17, methyl ester protons at 3.93 ppm, azobenzene protons at
7.9–8.05 ppm and pyrene protons at 7.8–8.3 ppm were stud-
ied, respectively. In some other cases (e.g., 5, 9–12 and 13),
the kinetics of copolymerization could not be monitored by
NMR as maleimide peaks lie under polystyrene signals.
Nevertheless, in these particular cases, the successful incor-
poration of the functional maleimides in the chains was con-
firmed by NMR analysis of the purified copolymers. For ex-
ample, 19F NMR was used for characterizing copolymers
containing fluorinated functions. Typical signals due to mon-
omers 9 (�63.1 ppm), 10 (�63.2 ppm), 11 (�63.5 ppm) and
12 (�142.5, �151.6 and �161.3 ppm) were observed in the
polymer spectra.[27]


For maleimide 14, distinct signals due to the methylene-
oxy (3.64 ppm) and methoxy protons (3.38 ppm) of polyeth-
ylene glycol can be seen throughout the reaction. However,
these broad oligomeric signals do not allow calculation of
the maleimide conversion (i.e., monomer and polymer sig-
nals are indistinguishable from another). Yet, the incorpora-
tion of this macromonomer in the growing chains was exper-
imentally confirmed by the 1H NMR spectrum of the puri-
fied copolymers (Figure 2).


A few monomers of the library were found to be prob-
lematic and obviously interfered with the polymerization


Table 2. Characterization of copolymers P ACHTUNGTRENNUNG(S-co-MI) synthesized by
ATRP.[a]


MI Conv.S 1 h
[b]


[%]
Conv.MI, 1h


[b]


[%]
Conv.S, 5h


[c]


[%]
Mn


[d]ACHTUNGTRENNUNG[g mol�1]
Mw/Mn


[d]


1 21.6 >99 50.7 5500 1.06
3 34 >99 61.6 6800 1.24
4 20.2 >99 28.2 5100 1.70
5 28.7 [f] �45[e] 5100 1.21
7 8.4 >99 �20[e] 3600 1.16
8 31.6 >99 43.8 4870 1.19
9 – [f] 75.6 8850 1.10
10 – [f] 75.5 8800 1.13
11 – [f] 59.8 6150 1.07
12 10 [f] 22.3 2700 1.21
13 6.8 [f] 14.7 2100 1.19
14 13 [f] 26.8 3300 1.23
15 23.2 >99 41.5 4600 1.24
16 26.9 >99 52.2 5900 1.22
17 10.2 >99 35.5 4050 1.28
18 – – 51.1 4850 1.14
19 – – 85.3 9700 1.14
20 32.2 >99 83.4 9400 1.13


[a] Experimental conditions: bulk, 110 8C, S/MI/PEB/CuBr/dNbipy=100/
1/1/1/2. The acronyms S, MI and PEB stand for styrene, N-substituted-
maleimide and 1-phenyl ethyl bromide (a.k.a. (1-bromoethyl) benzene),
respectively. [b] Monomer conversions measured by 1H NMR after 1
hour of polymerization. [c] Monomer conversions measured by 1H NMR
(unless noted) after 5 h of polymerization. [d] Measured by SEC in THF.
[e] Determined gravimetrically. [f] No specific 1H NMR peak allowing
calculation of MI conversion.


Figure 2. 1H NMR spectrum of a purified well-defined copolymer P ACHTUNGTRENNUNG(S-co-
14) (Table 2, entry 14) recorded at room temperature in CDCl3.
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process. For example maleimide 4 led to the formation of
ill-defined copolymers with a broad molecular weight distri-
bution (i.e., bimodal SEC traces). This behavior is probably
due to coupling reactions induced by the terminal acetylene
functions.[28] Some authors already reported that monomers
bearing unprotected alkynes may affect radical polymeri-
zations.[29] Yet, this problem can be easily solved by using
trimethylsilyl-protected alkynes. Copolymerizations in the
presence of maleimide 13 proceeded in rather low yields.
This polymerization behavior is most probably due to a
phenol-induced inhibition of the radical propagation. Never-
theless, as previously reported, 13 can be polymerized to
some degree in a free-radical process.[30] Monomer 18 exhib-
ited a low solubility in apolar medium. Thus, the bulk co-
polymerization of styrene and 18 was heterogeneous and led
to very low maleimide incorporation in the polymer chains.
Homogeneous copolymerizations could be performed using
N,N-dimethylformamide as a cosolvent. However, in homo-
geneous medium, 18 obviously interfered with the ATRP
catalyst (experiments turned rapidly dark green and no
polymerization was observed). This problem is probably due
to the hydrazide function of this commercial maleimide and
could be solved by selecting other types of linkers.


Conclusion


The controlled/living radical copolymerization of styrene
and N-substituted maleimides is a straightforward and versa-
tile approach for functionalizing “on demand” well-defined
polystyrene chains. Due to the kinetically favored cross-
propagation of styrene/maleimide comonomer pairs, discrete
amount of functional maleimides are rapidly incorporated in
narrow regions of the growing polystyrene chains. Thus, the
microstructure of the polymers can be precisely controlled
by adding maleimides at different stages of the reaction.
SEC, NMR and MALDI-TOF confirmed that the formed
copolymers exhibit a controlled molecular weight, a narrow
molecular weight distribution and a controlled sequence dis-
tribution. Moreover, a wide library of N-substituted male-ACHTUNGTRENNUNGimides can be used as functional comonomers. Hence, this
simple kinetic strategy appears as a “universal” platform for
functionalizing polystyrene chains.


Experimental Section


General : 1H, 13C and 19F NMR were recorded in CDCl3 with 300 and
400 MHz Bruker Avance instruments. Molecular weights and molecular
weight distributions were determined by SEC performed at 25 8C in tet-
rahydrofuran (THF) as eluent (flow rate: 1 mL min�1), using three SDV
columns (Polymer Standards Service GmbH) with a particle size of 5 m


and a porosity of 103, 105 and 106 � (the porosity values do not corre-
spond to real pore diameters but to manufacturer standards). The detec-
tion was performed with a RI- (Shodex RI-71) and a UV detector (TSP
UV 1000; 260 nm). For calibration, linear polystyrene standards (Polymer
Standards Service GmbH) were used. MALDI-TOF measurements were
performed on a Bruker Reflex II (Bruker Daltonik, Bremen, Germany)
in the positive ion and reflection mode using external calibration


(ACTH). Dithranol was used as a matrix (10 mg mL�1 in THF). Matrix,
ionization agent (NaI), and polymer sample were mixed in a 10:1:1 ratio.
A volume of 0.3 mL of the mixed solution was applied on the target. Cop-
per(I) bromide (Acros, 98%), styrene (Aldrich, 99 %), (1-bromoethyl)
benzene (Acros, 97 %), 4,4’-dinonyl-2,2’-bipyridine (dNbipy) (Aldrich,
97%), 2,2’-bipyridyl (Fluka, 98%), N-methyl maleimide (1) (Aldrich,
97%), N-propyl maleimide (2) (Aldrich, 95%), N-phenyl maleimide (5)
(Fluka, 98%), N-benzyl maleimide (6) (Aldrich, 99%), N-methoxycar-
bonyl maleimide (7) (Fluka, 97 %), a-methoxy-w-maleimide polyethylene
glycol (14) (Mn =750 gmol�1, Rapp Polymere GmbH), N-(4-azobenzene)
maleimide (16) (Aldrich, 97%), N-(1-pyrenyl) maleimide (17) (Sigma,
99%) and N-biotinoyl-N’-(6-maleimidohexanoyl)-hydrazide (18) (Sigma,
95%) were used as received. N-Decyl maleimide (3), N-propargyl male-ACHTUNGTRENNUNGimide (4),[31] N-(3-trifluoromethylphenyl) maleimide (9),[27] N-(4-trifluoro-
methylphenyl) maleimide (10),[27] N-[3,5-bis(trifluoromethyl)phenyl]
male ACHTUNGTRENNUNGimide (11),[27] N-pentafluorophenyl maleimide (12),[27] N-(4-hydroxy-
phenyl)maleimide (13),[32] N-(2-(amino-Boc)ethylen)maleimide (15) [14]


and benzyl N,N-maleoylglycinate (20)[33] were synthesized according to
published procedures.


General procedure for the atom transfer radical copolymerization of sty-
rene and N-substituted maleimides : Copper bromide (1 equiv) and 4,4’-
dinonyl-2,2’-bipyridine (2 equiv) were added into a Schlenk tube. The
tube was sealed with a septum and subsequently purged with dry argon
for a few minutes. Then, degassed styrene (100 equiv) was added with a
degassed syringe through the septum. The mixture turned dark brown, in-
dicating complexation of CuIBr and dNBipy. Lastly, (1-bromoethyl) ben-
zene (1 equiv) was added with a precision syringe. The mixture was
heated at 110 8C in an oil bath for several hours. The functional N-substi-
tuted maleimides (monomers 1–20, 1 equiv) were added at different
stages of the styrene polymerization, depending on the targeted micro-
structure. In most cases, the maleimides were present when the polymeri-
zation started (i.e., they were introduced in the flask at the same time as
CuIBr and dNBipy). In some other cases, they were introduced during
the course of the polymerization through the septum with a degassed sy-
ringe (most of the studied N-substituted maleimides are solids and
should therefore be dissolved in small amounts of degassed toluene prior
to addition).


N-(2-Ethylthio ethyl)maleimide (8): Maleic anhydride (900 mg,
9.18 mmol), 2-ethylthio ethylamine (962 mg, 9.18 mmol), and glacial
acetic acid (9 mL) were added into a dry, argon purged three neck flask
with cooler and stirred first under mild reflux at 50 8C for 4 h, then over-
night at RT. After reaction, acetic acid was removed by rotary evapora-
tion. Then, the product was precipitated in water and dried. The resulting
compound N-(2-ethylthio ethyl)maleamic acid was used without further
purification and added with toluene (40 mL, water free), p-toluene sul-
fonic acid (0.26 g, 1.38 mmol), zinc acetate (0.5 mg, 0.003 mmol), and hy-
droquinone (1.0 mg, 0.01 mmol) into a 100 mL-round bottom flask with a
water separator and cooler. The mixture was refluxed for 6 h and stirred
at RT overnight. After adding p-toluene sulfonic acid (0.12 g) for acid
treatment, the mixture was heated again to 70 8C for 1 h. The mixture
was allowed to cool down to RT and filled into a separation funnel to-
gether with toluene and water. The organic phase was extracted, washed
with water (5 � 50 mL) and dried over Na2SO4. The solvent was removed
by rotary evaporation. 1H NMR (400 MHz, CDCl3): d =6.71 (s, 2H, CH=


CH), 3.72 (t, 2H; CH2-CH2-S), 2.74 (t, 2 H; CH2-CH2-S), 2.58 (q, 2 H;
CH2-CH3), 1.26 ppm (t, 3 H; CH3); 13C NMR (101 MHz, CDCl3): d=


170.5 (2 C, C=O), 134.2 (2 C, CH=CH), 36.9 (1 C, CH2-CH2-S), 29.5 (1 C,
CH2-CH2-S), 25.4 (1 C, CH2-CH3), 14.5 ppm (1 C, CH3); ESI-MS: m/z :
calcd for C8H12NO2S: 186:06; found: 186.0591 [M+H]+ .


tert-Butyl 3-[2-(2-(2-maleimidoethoxy)ethoxy)ethoxy]propionate (19):
tert-Butyl 3-[2-(2-(2-aminoethoxy)ethoxy)ethoxy] propionate (1 g,
2.9 mmol) and toluene (50 mL) were added into a dry, argon purged,
three-neck round bottom flask equipped with a Dean–Stark apparatus.
Then, maleic anhydride (0.34 g, 3.4 mmol) was added and the mixture
was heated at 70 8C for 30 minutes. Afterwards, zinc acetate (1.2 mg,
6.54 mmol) and hydroquinone (0.6 mg) were added and the mixture was
heated at reflux over night. After some hours of reaction, p-toluenesul-
fonic acid monohydrate (0.05 g, 0.26 mmol) was added. After reaction,
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the mixture was allowed to cool down to RT and filled into a separation
funnel together with ethyl acetate (20 mL) and water (30 mL). The or-
ganic phase was extracted and washed with water (3 � 20 mL). The aque-
ous phases were combined, saturated with NaCl and extracted with dieth-
yl ether (3 � 20 mL). The organic phases were combined and dried over
Na2SO4. Solvents were removed by rotary evaporation. The crude prod-
uct was purified on a silica gel column using hexane/ethyl acetate 3:7.
1H NMR (300 MHz, CDCl3): d=6.70 (s, 2H; CH=CH), 3.54–3.79 (m,
14H; CH2-O and CH2-N), 2.50 (t, 2 H; CH2-COO), 1.45 ppm (s, 9 H;
CH3); 13C NMR (75 MHz, CDCl3): d =170.90 (1 C, COO), 170.63 (2 C,
CO-N), 134.15 (2 C, CH=CH), 80.50 (1 C, C ACHTUNGTRENNUNG(CH3)3), 70.1–70.6 (4 C, CH2-
O), 67.83 (1 C, CH2-CH2-N), 66.92 (1 C, CH2-CH2-COO), 37.18 (1 C, CH2-
N), 36.31 (1 C, CH2-COO), 28.12 ppm (3 C, CH3); ESI-MS: m/z : calcd for
C17H27NO7Na: 380.17; found: 380.1697 [M+Na]+ .
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Asymmetric 1,4-Addition of Oxazolones to Nitroalkenes by Bifunctional
Cinchona Alkaloid Thiourea Organocatalysts: Synthesis of a,a-Disubstituted
a-Amino Acids


Jos� Alem�n, Andrea Milelli, Silvia Cabrera, Efraim Reyes, and
Karl Anker Jørgensen*[a]


Introduction


In the last few years, organocatalysis has proved to be a
powerful tool in the development of a large number of
enantioselective reactions.[1] During the development of or-
ganocatalytic methodologies, the asymmetric 1,4-conjugate
additions have emerged as powerful strategies to obtain
chiral organic compounds in an easy way.[2] There are two
main organocatalytic activation modes for carrying out the
1,4 addition: i) a covalent strategy, which often takes place
after the formation of an iminium ion by the reaction of an
unsaturated carbonyl compound with a chiral amine,[3] or ii)
a non-covalent activation method in which, for example, the
cinchona alkaloids represent a cornerstone in the functional-
ization of nitroalkenes.[4] Using the former concept, we have
recently reported the addition of oxazolones to a,b-unsatu-
rated aldehydes using secondary amines as catalysts obtain-
ing excellent enantioselectivities and good diastereoselecti-
vies.[5] However, we believe that optically active addition


products of nitroalkanes are also attractive substrates which
can be used due to the numerous transformations that allow
further reactions towards the nitro functionality, and also
allow us to study the non-covalent method for the addition
of important oxazolones to nitroalkenes. To the best of our
knowledge, this reaction has been never explored before.


Peptides and proteins are an area of interest in bioorganic
chemistry.[6] The synthesis of non-natural amino acids is an
important target as these compounds can be incorporated
into the peptide chain and might cause a dramatically
change in the properties of, for example, proteins. The a,a-
disubstituted quaternary a-amino acids are a particular class
of non-natural amino acids of particular importance.[7] There
are several reasons for the importance of these a,a-disubsti-
tuted a-amino acids; they increase the stability of proteins
avoiding in vivo racemization, restrict the conformational
flexibility, which is highly important for, for example, the
secondary structure of proteins, and which can lead to an
improvement of the resistance against chemical and enzy-
matic degradation.[8] Furthermore, a,a-disubstituted quater-
nary a-amino acids are also present in some antibiotics (for,
e.g., lactacystin).[9]


The importance of a,a-disubstituted a-amino acids has
caused an increased interest in the development of efficient
methodologies for the asymmetric synthesis of these valua-
ble optically active compounds. One of the synthetic chal-
lenges is to develop procedures that provide flexible and


Abstract: An easy and simple synthetic
approach to optically active a,a-quater-
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tion of oxazolones to nitroalkenes cata-
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provides the corresponding a,a-quater-
nary a-amino acid derivatives with
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simple methods for obtaining optically active a,a-disubsti-
tuted a-amino acids and which, furthermore, give diversity
in structural and electronic properties.


Several different catalytic approaches have been devel-
oped for the synthesis of optically active amino acids.[10]


Thus, one classical procedure for the synthesis of a-amino
acid derivatives is the Strecker reaction.[11] This reaction is
well-established for the asymmetric synthesis of chiral a-
substituted amino acids starting from aldimines, although
the synthesis of chiral a,a-disubstituted a-amino acids using
ketimines is now in progress, but shows some limitations.[12]


These limitations are related to the lower reactivity and
easy enolization of the ketimines, as well as the difficulties
to synthesize them. A more recent approach for the prepa-
ration of optically active a,a-disubstituted a-amino acids is
the alkylation of imines derived from Schiff bases with
chiral phase-transfer catalysis.[13]


Oxazolones are masked amino acids, but the use of these
compounds for the synthesis of amino acid derivatives is
more scarce.[14] These aza species have been mainly em-
ployed as an electrophile source; for example, in the Steg-
lich reaction which generates a,a-disubstituted amino acids
by ring-opening reaction of chiral oxazolones.[15] The use of
oxazolones as nucleophiles has only been shown in a few ex-
amples using metal catalysis for these funtionalizations.[16]


In this work we present our efforts to use the racemic ox-
azolones 1 as masked amino acid nucleophiles and their re-
action with nitroalkenes 2 to afford the corresponding opti-
cally active addition products with two new chiral centers, in
which one is a quaternary and the other a tertiary center
(Scheme 1). The optically products obtained are highly fun-
tionalized molecules, containing nitro, ester and imine
groups, which allow us to create diversity-oriented synthesis
using different reactions.


Results and Discussion


Our initial screening reactions between the oxazolone and
the a,b-unsaturated nitroalkene occur in the presence of cin-
chona alkaloid derivatives 3 as the catalyst. Unfortunately,
our preliminary results showed that only rather low enantio-
selectivity was obtained with this catalyst system. However,
it has been found that, bifunctional thiourea cinchona alka-
loid catalysts can be used with good results for reactions
with nitroalkenes as electrophile partner.[17] These thiourea
cinchona alkaloid catalysts 4 a–d are really accessible from
commercial available cinchona alkaloids by using the


method developed by So�s et al.[18] This method applies
modified Mitsunobu conditions, obtaining the amine inter-
mediate with inversion of configuration from the corre-
sponding commercial available cinchona alcohols 3 a–d.
Therefore, the catalysts 4 a–d were obtained by addition of
the intermediate amine to 3,5-bis(trifluoromethyl)phenyl-
isothiocyanate (Scheme 2). It was our hope that these cata-
lysts might give good results for the addition of oxazolones
to nitroalkenes. Table 1 presents some of the screening re-
sults, in which racemic oxazolones rac-1 a,b are reacted with
nitroalkene 2 a using catalysts 4 a–d (5 mol %).


The results in Table 1 show that full conversion was ob-
tained when catalyst 4 a,c were used at RT with the oxazo-
lone 1 a in toluene as the solvent, and the addition product
5 a was formed in a 90:10 diastereomeric ratio, 44 and 20 %
ee, respectively (Table 1, entries 1, 2). The enantioselectivity
of the major diastereomer was increased to 74 % ee when
the temperature was decreased to �24 8C using 4 c as the
catalyst (Table 1, entry 3). No improvement of the enantio-
selectivity was obtained when lower temperature, such as
�78 8C, was applied. Thus, at �40 8C the enantioselectivity
was 58 and 68 % ee with catalyst 4 a and c, respectively
(Table 1, entries 4, 5). Solvents as CH2Cl2 and xylene did not
improve the enantioselectivity (Table 1, entries 7–9). Further
attempts to increase the enantioselectivity by for example,
lowering the concentration (0.2 and 0.1 m) did not give any
improvements (Table 1, entries 10, 11). However, a change
in the structure of the nucleophile by using 1 b, a tert-butyl
instead of p-tolyl as the R group (Table 1, entries 12–16)
gave an increase of the enantioselectivity. The highest enan-
tioselectivity was obtained when catalyst 4 c was used at
�24 8C in toluene where 83 % ee was obtained (Table 1,
entry 14).


Scheme 1. Organocatalytic enantioselective synthesis of optically active
a,a-disubstituted-a-amino acids.


Scheme 2. Synthesis of bifunctional thiourea catalyst 4 a–d used in this
work.
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With these conditions at hand we investigated the scope
of different nitroalkenes 2 and oxazolone 1 b as the nucleo-
phile (Table 2). For every entry in the table we have
checked the four catalysts 4 a–d (Scheme 2) and the best re-
sults of every reaction are shown. The reaction could be per-
formed with aromatic substituted nitroalkenes containing
electron-donating groups, allowing the synthesis of com-
pound 5 c in a good yield, good diastereomeric ratio and ac-
ceptable 72 % ee (Table 2, entry 2). We have also found that
an electron-withdrawing group at the aromatic substituent
in the nitroalkene, such as a nitro group in the para-position,
reacts smoothly, providing 5 d with good diastereoselectivity;
however, slighter lower yield and enantioselectivity were ob-
tained (Table 2, entry 3). The
reaction took also place with
heteroaromatic substituents as
thiophene with excellent yield,
good diastereomeric ratio and
enantioselectivity (Table 2,
entry 4). An ortho-chloro sub-
stitution, as well as bulkier
groups, such as naphthyl could
be used obtaining the optically
active products 5 f and g with
similar good results (Table 2,
entries 5, 6). Interestingly, alkyl
chains in the nitroalkene could
also be applied, obtaining in all
the cases good yield, diastereo-
selectivity and slighter lower
enantioselectivity, exemplified


with a methyl substituent,
giving the oxazolone derivative
5 h (Table 2, entry 7) and a thio-
ether alkyl chain (5 i) (Table 2,
entry 8).


The results in Table 2, in
which the electrophile—the
nitroalkene—was varied, gave
us interesting compounds with
two stereocenters in good yield,
diastereomeric ratio, and from
moderate to good enantioselec-
tivity. It should be noted that
these compounds have different
masked functions that could be
transformed (see below).


We have also studied the ad-
dition of different oxazolones
1 a–h to nitroalkenes 2 and the
results are shown in Table 3.
The reaction took place with ar-
omatic ring imine function at
R2, aromatic and alkyl groups
(R1) at C-4/2. Thus, compounds
5 a and j were obtained with
high diastereomeric ratio and


moderate to high enantioselectivities (Table 3, entries 1, 2).
Bulkier R1 groups at C-4 in the oxazolone, such as iBu,


gave in one case a slightly lower diastereo- and enantiose-
lectivity compared with the other oxazolones studied
(Table 3, entry 3). Interestingly, the enantioselectivity in-
creased up to 82 % ee when this reaction was carried out
with an o-Cl-C6H4 substituent at R2 and only one diastereo-
isomer could be detected (Table 3, entry 4). The later nucle-
ophile was additionally used for two different nitroalkenes,
p-MeOC6H4 and thiophen-2-yl derivatives (Table 3, en-
tries 5, 6). These reactions took placed in excellent yields,
enantioselectivities up to 90 % ee and only one diastereoiso-
mer was obtained for both oxazolones.


Table 1. Screening of various reaction conditions.[a]


Entry Cat. T 1 Solvent dr[b] ee [%][c]


1 4c RT 1a Tol 90:10 44
2 4a RT 1a Tol 90:10 �20
3 4c �24 1a Tol 91:9 74
4 4c �40 1a Tol 94:6 68
5 4a �40 1a Tol 97:3 �58
6 4b �24 1a Tol 91:9 �48
7 4c RT 1a CH2Cl2 90:10 50
8 4c �24 1a CH2Cl2 83:17 52
9 4c �24 1a Xyl 80:20 57
10 4c �24 1a Tol[d] 91:9 53
11 4c �24 1a Tol[e] 92:8 55
12 4a �30 1b Tol >95:<5 70[f]


13 4b �30 1b Tol >95:<5 53[f]


14 4c �24 1b Tol >95:<5 83[f]


15 4d �30 1b Tol >95:<5 �54[f]


16 4c �30 1b Tol >95:<5 80[f]


[a] Performed with 1 (0.20 mmol), 2 (0.21 mmol) and catalyst 4 (5 mol %) in the corresponding solvent
(0.2 mL). All the reactions were stopped after 16 h, and full conversion was observed in all the cases. [b] De-
termined by 1H NMR spectroscopy [c] Determined by chiral-stationary phase HPLC. [d] Performed at 0.2m.
[e] Performed at 0.1m. [f] ee was determined by transformation to product 6b (see below).


Table 2. Scope of oxazolone 1b with nitroalkenes 2.[a]


Entry R Cat. Yield [%][b] dr[c] ee [%][d]


1 Ph 4c 65 (5b) >95:<5 83[e]


2 p-MeO-C6H4 4d 90 (5c) 93:7 72
3 p-NO2-C6H4 4c 65 (5d) 81:19 72
4 thiophen-2-yl 4d 91 (5e) 91:9 70[e]


5 o-Cl-C6H4 4c 80 (5 f) 92:8 74
6 naphth-2-yl 4c 54 (5g) >95:<5 66
7 Me 4b 88 (5h) 95:5 66
8 MeSCH2CH2- 4d 65 (5 i) >95:<5 67


[a] Performed with 1 (0.20 mmol), 2 (0.20 mmol) and catalyst 4 (5 mol %) in toluene (0.2 mL). [b] Overall
yield. [c] Determined by 1H NMR. [d] Determined by chiral stationary phase HPLC. [e] ee was determined
after transformation into compound 6 (see Table 4).
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Encouraged by these results, we also introduced a fluorine
substituent in the ortho-position of a phenyl group at R2


(Table 3, entries 7–12). The o-F-C6H4 substituent had a posi-
tive influence on the enantioselectivity and in this case 91 %
ee was obtained (Table 3, entry 7) compared to the o-Cl-
C6H4 substituent which gave 82 % ee (Table 3, entry 4). We
have also shown that this reaction could be performed in
2 mmol scale giving an excellent diastereomeric ratio and a
slightly higher enantioselectivity (Table 3, entry 8). We then
explored different nitroalkenes for the reaction with the o-
F-C6H4-substituted oxazolone. For the nitroalkenes having a
p-NO2-C6H4 substituent (Table 3, entry 9), a heteroaromatic
group (Table 3, entry 10, 12), and o-Cl-C6H4 substituent
(Table 3, entry 11), the optically active addition products
were formed in all cases in good yields and excellent diaste-
reoselectivities and enantiomeric excesses from 64–87 % ee.
Finally, we explored also the effect of an electron-withdraw-
ing group in the para-position of the phenyl substituent at
R2 in the oxazolone ring system. For this substrate having a
nitro substituent in the para-position, a slightly lower enan-
tioselectivity of the addition product 5 t was obtained
(Table 3, entry 13) compared to the o-F- and o-Cl-C6H4 sub-
stituents (Table 3, entries 4, 7).


The absolute configuration of the two stereocenters was
determined as R,R by X-ray analysis of the crystals of com-
pound 5 e (Figure 1).[19]


Transformations of the optically active products : One of our
objectives of this work was to develop new synthetic meth-
odologies for optically active a,a-quaternary a-amino acids
and their derivatives. Therefore, we decided to investigate
the ring-opening reactions of some of the optically active
oxazolone addition products 5 a–c,e,g by using the protocol
developed by Trost et al.[16] (Table 4). This reaction was per-
formed with TMSCl in MeOH for 30 min with complete


conversion and the amino acid
esters 6 a–e were obtained in
very high yields. This method is
compatible with oxazolones
with phenyl and alkyl group at
R1 (Table 4, entries 1, 2). The
reaction could also be carried
out with different substituents
at R2, such as electron-donating
groups (Table 4, entries 3, 4)
and bulkier groups as the naph-
thyl ring (Table 4, entry 5). In
these reaction, the correspond-
ing products 6 a–e were ob-
tained without loss of enantio-
selectivity.


This reaction can also be car-
ried out as a one-pot procedure
by first the conjugate 1,4-addi-
tion of the oxazolone to the


nitroalkene catalyzed by 4 c, followed by the direct addition
of TMSCl and MeOH. This one-pot procedure allows the
direct synthesis of a,a-quaternary amino acid derivatives
without loss of enantioselectivity compared with the two-
step procedure and 6 b was formed in moderate isolated
yield (Scheme 3).


Furthermore, we were able to transform the optically
active oxazolones 5 to various compounds by using different


Table 3. Scope of different oxazolones 1 a–h with nitroalkenes 2.[a]


Entry R1/R2 R3 Cat. Yield [%][b] dr[c] ee [%][d]


1 Ph/p-Tol Ph 4c 98 (5 a) 91:9 74
2 Me/Ph Ph 4c 82 (5 j) 93:7 66
3 iBu/Ph Ph 4c 93 (5 k) 80:20 65
4 iBu/o-Cl-Ph Ph 4c 95 (5 l) >95:<5 82
5 iBu/o-Cl-Ph p-MeO-C6H4 4d 82 (5 m) >95:<5 90
6 iBu/o-Cl-Ph 2-thienyl 4c 84 (5 n) >95:<5 80
7 iBu/o-F-Ph Ph 4d 93 (5 o) >95:<5 91
8[e] iBu/o-F-Ph Ph 4d 94 (5 o) >95:<5 92
9 iBu/o-F-Ph p-NO2-Ph 4d 91 (5 p) 95:5 75
10 iBu/o-F-Ph 2-thienyl 4d 82 (5 q) >95:<5 87
11 iBu/o-F-Ph o-Cl-C6H4 4d 85 (5 r) >95:<5 77
12 iBu/o-F-Ph 2-Furyl 4d 61 (5 s) >95:<5 64
13 iBu/p-NO2-Ph Ph 4d 64 (5 t) >95:<5 70


[a] Performed with 1 (0.20 mmol), 2 (0.21 mmol) and catalyst 3 (5 mol %) in toluene (0.2 mL). [b] Overall
yield. [c] Determined by 1H NMR. [d] Determined by chiral stationary phase HPLC. [e] Reaction performed
at 2.0 mmol scale.


Figure 1. X-ray structure of compound 5 e.


Table 4. Ring-opening reaction of oxazolones with TMSCl.[a]


Entry Starting
material


R1 R2 Yield [%]


1 5a Tol Ph 99 (6a)
2 5b tBu Ph 95 (6b)
3 5c tBu p-MeOC6H4 87 (6c)
4 5e tBu thiophene-2-yl 99 (6d)
5 5g tBu 2-naphthyl 99 (6e)


[a] Performed with 4 (0.20 mmol), and TMSCl (0.20 mmol) and 0.4 mL of
MeOH.
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strategies. Thus, compound 5 b and h were transformed to
the corresponding amino-acid derivatives 7 a and b with
conc. HCl in CH3CN in good yields (top, Scheme 4). The
nitro group in 5 could also be converted to the amine inter-
mediate by nickel boride reduction to give the 3,4-disubsti-
tuted pyrrolidin-2-one 8 by an intramolecular ring-opening
of the oxazolone intermediate (bottom, Scheme 4).


Conclusion


We have presented an easy and simple synthetic approach
to optically active a,a-quaternary a-amino acids using asym-
metric non-covalent organocatalysis. The addition of oxazo-
lones to nitroalkenes catalyzed by thiourea cinchona deriva-
tives achieved the corresponding a,a-quaternary a-amino
acid derivatives with good yields, excellent diastereoselecti-
vies, up to 98 % dr, and from moderate to good enantiose-
lectivities, up to 92 % ee. The reaction can be performed in
a large scale and the oxazolones could be opened in one-pot
reaction to the corresponding ester–amide derivatives. Addi-
tional transformations were also presented, such as synthesis
of synthesis of optically active amido esters, amido acids,
and 3,4-disubstituted pyrrolidin-2-ones.


Experimental Section


General : NMR spectra were acquired on a Varian AS 400 spectrometer,
running at 400 and 100 MHz for 1H and 13C, respectively, at room tem-
perature. Chemical shifts (d) are reported in ppm relative to residual sol-
vent 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. Mass spectra were recorded on a Micromass LCT spectrometer
using electrospray (ES+) ionisation techniques. Analytical thin layer
chromatography (TLC) was performed using pre-coated aluminium-
backed plates (Merck Kieselgel 60 F254) and visualised by ultraviolet ir-
radiation or KMnO4 dip. Optical rotations were measured on a Perkin-
Elmer 241 polarimeter. The enantiomeric excess (ee) of the products was
determined by chiral stationary phase HPLC (Daicel Chiralpak AD or
Daicel Chiralcel OD, OJ columns).


Materials : Analytical grade solvents and nitroalkenes 2 were purchased
by Aldrich and used as received. Oxazolones were prepared according to
literature procedures. Flash chromatography (FC) was carried out using
Iatrobeads 6RS-8060 (spherical silica gel). Racemic samples were pre-
pared using DABCO as the catalyst. Catalyst 4a–d were obtained in two
step synthesis from cinchona commercial available catalyst.[18a]


General procedure for the addition of oxazolones to nitroalkenes : An or-
dinary vial equipped with a magnetic stirring bar was charged with oxa-
zolone 1 (0.2 mmol) and the nitroalkene (0.2 mmol) in toluene (0.2 mL)
at �20 8C. After 15 min the corresponding catalyst 4 was added. The stir-
ring was maintained at �20 8C overnight and the crude reaction mixture
was directly charged onto Iatrobeads and subjected to FC.


(�)-4-(2-Nitro-1-phenylethyl)-4-phenyl-2-p-tolyloxazol-5(4H)-one (5 a):
The title compound was obtained according to the general procedure
using 5 mol % of catalyst 4 c after FC (hexane/Et2O 5:1) as a white solid
(72 mg, 90 %). M.p. 129–131 8C; [a]20


D =�13.5 (c =0.3 in CH2Cl2);
1H NMR: d=7.79–7.73 (m, 4H), 7.42–7.10 (m, 10H), 5.00 (dd, J =13.2,
11.2, 1H), 4.46–4.37 (m, 2 H), 2.35 ppm (s, 3 H); 13C NMR: d=176.3,
161.5, 144.1, 135.6, 132.8, 129.6, 129.2, 129.1, 129.1, 128.8, 128.7, 128.0,
126.1, 122.3, 76.0, 75.4, 52.6, 21.7 ppm; HRMS: m/z : calcd for
C24H20N2NaO4: 423.1320; found 423.1317 [M+Na]+ . The ee was deter-
mined by HPLC analysis using a Chiralpak AD column (hexane/iPrOH
80:20); flow rate 1.0 mL min�1; tminor =6.5 min, tmajor =16.8 min (74 % ee).


(�)-2-tert-Butyl-4-(2-nitro-1-phenylethyl)-4-phenyloxazol-5(4H)-one
(5 b): The title compound was obtained according to the general proce-
dure using 5 mol % of catalyst 4c after FC (hexane/Et2O 20:1) as a white
solid (48 mg, 65 %). M.p. 97–99 8C; [a]20


D =�52.1 (c=0.7 in CH2Cl2);
1H NMR: d=7.78 (d, J=7.2 Hz, 2 H), 7.48–7.31 (m, 8H), 5.09 (td, J=


14.8, 4.4 Hz, 1 H), 4.43–4.37 (m, 2H), 1.13 ppm (s, 9H); 13C NMR: d=


176.9, 171.4, 135.4, 132.7, 129.3 (2 C), 128.9, 128.9, 128.5, 125.8, 125.7,
75.1, 74.9, 51.8, 34.1, 26.4 ppm; HRMS: m/z : calcd for C21H22N2NaO4:
389.1477; found 389.1487 [M+Na]+ . The ee was determined after trans-
formation into the product 6b (83 % ee).


(�)-2-tert-Butyl-4-[1-(4-methoxyphenyl)-2-nitroethyl]-4-phenyl oxazol-
5(4H)-one (5 c): The title compound was obtained according to the gener-
al procedure using 5 mol % of catalyst 4d after FC (hexane/Et2O 9:1) as
a yellow oil (71 mg, 90%). [a]20


D =�50.2 (c=0.9 in CH2Cl2); 1H NMR:
d=7.77–7.75 (m, 2H), 7.47–4.38 (m, 3 H), 7.22 (d, J=8.8 Hz, 2H), 6.84
(d, J =8.8 Hz, 2 H), 4.94 (dd, J=14.4, 12.4 Hz, 1 H), 4.38–4.33 (m, 2H),
3.76 (s, 3 H), 1.16 ppm (s, 9 H); 13C NMR: d =177.1, 171.4 159.8, 135.5,
129.2, 125.8, 124.4, 113.9, 75.3, 75.2, 55.2, 51.3, 34.1, 26.4 ppm; HRMS:
m/z : calcd for C22H24N2NaO5: 419.1582; found 419.1582 [M+Na]+ . The
ee was determined by HPLC analysis using a Chiralcel OD column
(hexane/iPrOH 90:10); flow rate 1.0 mL min�1; tminor =5.4 min, tmajor =


6.4 min (72 % ee).


(+)-2-tert-Butyl-4-[2-nitro-1-(4-nitrophenyl)ethyl]-4-phenyl oxazol-
5(4H)-one (5 d): The title compound was obtained according to the gen-
eral procedure using 5 mol % of catalyst 4c after FC (pentane/AcOEt
9:1) as a white solid (53 mg, 65%). M.p. 152–153 8C; [a]20


D =++63.4 (c =1.0
in CH2Cl2); 1H NMR: d= 8.23–8.19 (m, 2 H), 7.77–7.74 (m, 2H), 7.56–
7.41 (m, 4 H), 5.01 (dd, J= 13.9, 11.5 Hz, 1H), 4.51 (dd, J =11.5, 4.0 Hz,
1H), 4.43 (dd, J=14.0, 4.1 Hz, 2H), 1.16 ppm (s, 9 H); 13C NMR: d=


176.4, 172.2, 148.1, 140.2, 134.6, 130.4, 129.7, 129.5, 125.7, 123.6, 74.6,
74.5, 51.3, 34.3, 26.5 ppm; HRMS: m/z : calcd for C21H21N3NaO6:
434.1328; found 434.1335 [M+Na]+ . The ee was determined by HPLC
analysis using a Chiralcel OJ column (hexane/iPrOH 90:10); flow rate
1.0 mL min�1; tminor =22.6 min, tmajor = 30.8 min (72 % ee).


(+)-2-tert-Butyl-4-[2-nitro-1-(thiophen-2-yl)ethyl]-4-phenyl oxazol-
5(4H)-one (5 e): The title compound was obtained according to the gen-


Scheme 3. One-pot synthesis of optically active a,a-quaternary a-amino
acids.


Scheme 4. Different transformation of compounds 5.
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eral procedure using 5 mol % of catalyst 4 d after FC (hexane/Et2O 15:1)
as an inseparable mixture of diastereoisomers (91:9) (68 mg, 91%). M.p.
110–112 8C; [a]20


D =++ 58.1 (c= 1.0 in CH2Cl2); 1H NMR: d =7.76 (d, J =


7.2 Hz, 2 H), 7.48–7.41 (m, 3H), 7.26 (d, J =5.2 Hz, 1 H), 7.04 (d, J=


2.8 Hz, 1H), 6.96 (dd, J =8.8, 5.2 Hz, 1 H), 4.86 (dd, J =13.2, 11.6 Hz,
1H), 4.75 (dd, J =12.0, 3.6 Hz, 1H), 4.40 (dd, J =13.7, 3.6 Hz, 1H),
1.22 ppm (s, 9H); 13C NMR: d =176.8, 172.3, 135.0 134.7, 129.3, 129.1,
128.6, 126.9, 126.1, 125.7, 76.5, 75.2, 47.6, 34.2, 26.3 ppm; HRMS: m/z :
calcd for C19H20N2NaO4S: 395.1041; found 395.1041 [M+Na]+ . The ee
was determined after transformation into the product 6d (70 % ee). Rep-
resentative 1H NMR signals of the minor diastereoisomer: d=7.70 (d,
J =5.2 Hz, 2H), 7.20 (d, J =4.8 Hz, 1 H), 6.90 (dd, J =8.4, 4.8 Hz, 1H),
5.07 (dd, J =14.0, 12.4 Hz, 1H), 4.54–4.48 (m, 1H), 1.07 ppm (s, 9H).


(�)-2-tert-Butyl-4-[1-(2-chlorophenyl)-2-nitroethyl]-4-phenyl oxazol-
5(4H)-one (5 f): The title compound was obtained according to the gener-
al procedure using 5 mol % of catalyst 4c after FC (pentane/AcOEt 9:1)
as a colorless oil (64 mg, 80 %). [a]20


D =�41.2 (c=0.5 in CH2Cl2);
1H NMR: d =7.84–7.79 (m, 2H), 7.51–7.39 (m, 4H), 7.32 (dd, J =7.2,
2.3 Hz, 1 H), 7.28–7.19 (m, 2 H), 5.27 (dd, J =11.5, 3.9 Hz, 1 H), 4.92 (dd,
J =13.7, 11.7 Hz, 1H), 4.48 (dd, J= 13.9, 4.0 Hz, 1H), 1.25 ppm (s, 9H);
13C NMR: d=175.9, 171.9, 136.1, 135.7, 131.3, 130.7, 129.9, 129.3, 129.3,
128.3, 126.4, 125.9, 75.5, 74.6, 46.1, 34.2, 26.5 ppm; HRMS: m/z : calcd for
C21H21ClN2NaO4: 423.1088; found 423.1088 [M+Na]+ . The ee was deter-
mined by HPLC analysis using a Chiralcel OD column (hexane/iPrOH
98:2); flow rate 1.0 mL min�1; tmajor =6.5 min, tminor =7.3 min (74 % ee).


(�)-2-tert-Butyl-4-[1-(naphthalen-2-yl)-2-nitroethyl]-4-phenyl oxazol-
5(4H)-one (5 g): The title compound was obtained according to the gen-
eral procedure using 5 mol % of catalyst 4 c after FC (hexane/Et2O 15:1)
as a white solid (45 mg, 54 %). M.p. 74–76 8C; [a]20


D =�84.0 (c =0.5 in
CH2Cl2); 1H NMR: d= 7.85–7.80 (m, 6H), 7.51–7.25 (m, 6H), 5.15 (dd,
J =13.6 11.6 Hz, 1 H), 4.60 (dd, J =11.6, 4 Hz, 1H), 4.49 (dd, J =13.6,
4.0 Hz, 1H), 1.07 ppm (s, 9H); 13C NMR: d=176.9, 171.5, 135.4, 133.2,
132.7, 130.2, 129.3, 129.2, 128.8 (2 C), 128.3, 127.9, 127.6, 126.6, 126.5,
125.8, 75.2 (2 C), 51.9, 34.1, 26.3 ppm; HRMS: m/z : calcd for
C25H24N2NaO4: 439.1633; found 439.1636 [M+Na]+ . The ee was deter-
mined by HPLC analysis using a Chiralpak AD column (hexane/iPrOH
90:10); flow rate 1.0 mL min�1; tmajor =5.4 min, tminor =5.9 min (66 % ee).


(+)-2-tert-Butyl-4-(1-nitropropan-2-yl)-4-phenyloxazol-5(4H)-one (5 h):
The title compound was obtained according to the general procedure
using 5 mol % of catalyst 4b after FC (pentane/AcOEt 9:1) as a white
solid (53 mg, 88 %). M.p. 150–152 8C; [a]20


D =++46.7 (c=1.0 in CH2Cl2);
1H NMR: d=7.61 (d, J =8.1 Hz, 2H), 7.46–7.34 (m, 3H), 4.27 (dd, J=


12.7, 10.7 Hz, 1 H), 4.18 (dd, J =12.8, 3.5 Hz, 1 H), 3.30–3.20 (m, 1H),
1.35 (s, 9 H), 0.99 ppm (d, J= 6.6 Hz, 3H); 13C NMR: d =177.8, 172.0,
135.6, 129.1, 129.0, 125.6, 77.1, 74.6, 40.8, 34.5, 26.9, 12.7 ppm; HRMS:
m/z : calcd for C16H20N2NaO4: 327.1321; found 327.1307 [M+Na]+ . The
ee was determined by HPLC analysis using a Chiralcel OJ column
(hexane/iPrOH 90:10); flow rate 1.0 mL min�1; tminor =5.0 min, tmajor =


5.8 min (66 % ee).


(+)-2-tert-Butyl-4-[4-(methylthio)-1-nitrobutan-2-yl]-4-phenyl oxazol-
5(4H)-one (5 i): The title compound was obtained according to the gener-
al procedure using 5 mol % of catalyst 4 d after FC (pentane/AcOEt 9:1)
as a colorless oil (47 mg, 65 %). [a]20


D =++61.3 (c =1.0 in CH2Cl2);
1H NMR: d =7.62–7.60 (m, 2H), 7.45–7.35 (m, 3H), 4.32 (dd, J =8.4,
5.7 Hz, 2H), 3.40–3.26 (m, 1H), 2.61–2.43 (m, 2H), 2.05 (s, 3H), 1.66–
1.60 (m, 2 H), 1.34 ppm (s, 9H); 13C NMR: d=177.9, 171.8, 135.5, 129.1,
129.0, 125.9, 75.3, 75.0, 44.3, 44.3, 34.4, 31.1, 28.2, 26.8 ppm; HRMS: m/z :
calcd for C18H24N2NaO4S: 387.1354; found 387.1357 [M+Na]+ . The ee
was determined by HPLC analysis using a Chiralpak AD column
(hexane/iPrOH 98:2); flow rate 1.0 mL min�1; tminor =6.8 min, tmajor =


7.5 min (67 % ee).


(+)-4-Methyl-2-(2-nitro-1-phenylethyl)-2-phenyloxazol-5(2H)-one (5 j):
The title compound was obtained according to the general procedure
using 5 mol % of catalyst 4 c after FC (hexane/Et2O 5:1) as a white solid
(53 mg, 82%). M.p. 150–152 8C; [a]20


D =++50.0 (c=0.4 in CH2Cl2);
1H NMR: d= 7.63–7.61 (m, 2H), 7.46–7.27 (m, 8H), 4.93 (dd, J =13.3,
11.2 Hz, 1 H), 4.59 (dd, J= 13.6, 4.4 Hz, 1H), 4.43 (dd, J =11.2, 4.4 Hz,
1H), 1.90 ppm (s, 3H); 13C NMR: d =164.5, 160.1, 135.7, 131.5, 129.7,


129.5, 129.1, 128.7, 128.6, 125.9, 105.6, 74.9, 53.0, 13.4 ppm; HRMS: m/z :
calcd for C18H16N2NaO4: 347.1007; found 347.1011 [M+Na]+ . The ee was
determined by HPLC analysis using a Chiralpak AD column (hexane/
iPrOH 90:10); flow rate 1.0 mL min�1; tminor = 7.0 min, tmajor =9.0 min
(66 % ee).


(+)-4-Isobutyl-2-(2-nitro-1-phenylethyl)-2-phenyloxazol-5(2H)-one (5 k):
The title compound was obtained according to the general procedure
using 5 mol % of catalyst 4c after FC (pentane/AcOEt 9:1) as a colorless
oil (68 mg, 93% as a mixture of diastereoisomers). [a]20


D =++27.4 (c =0.5
in CH2Cl2); 1H NMR: d=7.67–7.61 (m, 2H), 7.44 (m, 3 H), 7.37–7.16 (m,
5H), 4.92 (dd, J= 13.3, 11.4 Hz, 1 H), 4.60 (dd, J =13.5, 4.2 Hz, 1 H), 4.45
(dd, J =11.1, 4.2 Hz, 1 H), 2.21–2.08 (m, 2 H), 1.85–1.73 (m, 1 H), 0.69–
0.63 ppm (m, 6H); 13C NMR: d=164.7, 162.5, 136.2, 131.8, 129.6, 129.4,
129.0, 128.8, 128.8, 125.9, 105.8, 75.3, 52.9, 36.2, 26.1, 22.3, 22.1 ppm;
HRMS: m/z : calcd for C21H22N2NaO4: 389.1477; found 389.1480
[M+Na]+ . The ee was determined by HPLC analysis using a Chiralpak
AD column (hexane/iPrOH 98:2); flow rate 1.0 mL min�1; tminor =


10.1 min, tmajor =11.3 min (65 % ee).


(+)-2-(2-Chlorophenyl)-4-isobutyl-2-(2-nitro-1-phenylethyl) oxazol-
5(2H)-one (5 l): The title compound was obtained according to the gener-
al procedure using 5 mol % of catalyst 4c after FC (pentane/AcOEt 9:1)
as a colorless oil (76 mg, 95 %). [a]20


D =++35.6 (c =0.5 in CH2Cl2);
1H NMR: d=7.53 (dd, J=9.4, 8.1 Hz, 2 H), 7.35 (t, J =7.7 Hz, 1H), 7.32–
7.21 (m, 6 H), 5.34 (dd, J= 10.5, 4.4 Hz, 1H), 4.91 (dd, J =13.4, 10.7 Hz,
1H), 4.56 (dd, J=13.5, 4.5 Hz, 1 H), 2.20–2.16 (m, 2 H), 1.88–1.76 (m,
1H), 0.70 (d, J =6.8 Hz, 3H), 0.68 ppm (d, J=6.8 Hz, 3 H); 13C NMR:
d=164.4, 163.6, 133.8, 132.6, 132.5, 132.2, 131.2, 129.7, 129.0, 128.5, 128.4,
127.5, 106.0, 75.6, 48.9, 36.4, 26.3, 22.5, 22.4 ppm; HRMS: m/z : calcd for
C21H21ClN2NaO4: 423.1088; found 423.1103 [M+Na]+ . The ee was deter-
mined by HPLC analysis using a Chiralcel OD column (hexane/iPrOH
90:10); flow rate 1.0 mL min�1; tminor =10.2 min, tmajor =13.2 min (82 %
ee).


(�)-2-(2-Chlorophenyl)-4-isobutyl-2-[1-(4-methoxyphenyl)-2-nitroethy-
l]oxazol-5(2H)-one (5 m): The title compound was obtained according to
the general procedure using 5 mol % of catalyst 4d after (pentane/
AcOEt 9:1) as a colorless oil (70 mg, 82%). [a]20


D =�21.4 (c= 0.5 in
CH2Cl2); 1H NMR: d= 7.57–7.50 (m, 2 H), 7.35 (td, J =7.9, 1.7 Hz, 1H),
7.31–7.25 (m, 1H), 7.16 (d, J=8.7 Hz, 2 H), 6.80 (d, J =8.8 Hz, 2H), 5.28
(dd, J =10.7, 4.5 Hz, 1H), 4.85 (dd, J= 13.2, 10.8 Hz, 1 H), 4.52 (dd, J=


13.3, 4.5 Hz, 1 H), 3.75 (s, 3 H), 2.22–2.18 (m, 2 H), 1.92–1.80 (m, 1H),
0.72 (d, J =6.8 Hz, 3 H), 0.70 ppm (d, J=6.7 Hz, 3H); 13C NMR: d=


164.1, 163.3, 159.7, 133.6, 132.5, 132.2, 130.9, 130.6, 128.2, 127.3, 123.6,
114.1, 105.9, 75.6, 55.1, 47.9, 36.2, 26.1, 22.3, 22.1 ppm; HRMS: m/z : calcd
for C22H23ClN2NaO5: 453.1193; found 453.1194 [M+Na]+ . The ee was de-
termined by HPLC analysis using a Chiralpak AD column (hexane/
iPrOH 90:10); flow rate 1.0 mL min�1; tmajor =8.6 min, tminor =14.0 min
(90 % ee).


(+)-2-(2-Chlorophenyl)-4-isobutyl-2-[2-nitro-1-(thiophen-2-yl)ethyl]oxa-
zol-5(2H)-one (5 n): The title compound was obtained according to the
general procedure using 5 mol % of catalyst 4 c after FC (pentane/AcOEt
9:1) as a colorless oil (68 mg, 84 %). [a]20


D =++29.5 (c= 0.2 in CH2Cl2);
1H NMR: d =7.55 (ddd, J =15.6, 7.9, 1.5 Hz, 2 H), 7.37 (td, J=7.9, 1.7 Hz,
1H), 7.29 (td, J =7.7, 1.3 Hz, 1H), 7.23 (dd, J=5.1, 1.0 Hz, 1 H), 6.98 (dd,
J =3.7, 1.0 Hz, 1H), 6.92 (dd, J =5.1, 3.5 Hz, 1H), 5.65 (dd, J =10.5,
4.3 Hz, 1 H), 4.77 (dd, J= 13.3, 10.5 Hz, 1H), 4.55 (dd, J =13.3, 4.3 Hz,
1H), 2.33–2.21 (m, 2H), 1.98–1.88 (m, 1 H), 0.78–0.75 ppm (m, 6H);
13C NMR: d=164.1, 163.5, 133.6, 133.2, 132.4, 132.2, 131.1, 128.8, 128.2,
127.3, 127.1, 126.7, 105.2, 76.7, 44.4, 36.3, 26.1, 22.2, 22.2 ppm; HRMS:
m/z : calcd for C19H19ClN2NaO4: 429.0652; found 429.0645 [M+Na]+ . The
ee was determined by HPLC analysis using a Chiralpak AD column
(hexane/iPrOH 90:10); flow rate 1.0 mL min; tminor =8.1 min�1, tmajor =


10.8 min (80 % ee).


(�)-2-(2-Fluorophenyl)-4-isobutyl-2-(2-nitro-1-phenylethyl)oxazol-5(2H)-
one (5 o): The title compound was obtained according to the general pro-
cedure using 5 mol % of catalyst 4 d after FC (pentane/AcOEt 9:1) as a
colorless oil (71 mg, 93%). [a]20


D =�38.2 (c=1.0 in CH2Cl2); 1H NMR:
d=7.22 (m, 9 H), 4.96–4.83 (m, 2H), 4.61 (dd, J= 12.5, 3.6 Hz, 1H), 2.23–
2.09 (m, 2H), 1.84–1.72 (m, 1 H), 0.66 (d, J =6.7 Hz, 3 H), 0.63 ppm (d,
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J =6.7 Hz, 3H); 13C NMR: d=164.4, 163.4, 159.4 (d, J ACHTUNGTRENNUNG(C,F)=252.0 Hz),
131.9 (d, J ACHTUNGTRENNUNG(C,F) = 8.5 Hz), 131.8, 129.5, 128.8, 127.3 (d, J ACHTUNGTRENNUNG(C,F)=2.4 Hz),
124.6 (d, J ACHTUNGTRENNUNG(C,F)=3.6 Hz), 123.5 (d, J ACHTUNGTRENNUNG(C,F) =11.1 Hz), 117.2 (d, J ACHTUNGTRENNUNG(C,F)=


22.1 Hz), 104.5 (d, J ACHTUNGTRENNUNG(C,F) =6.1 Hz), 75.5, 50.3, 50.2, 36.2, 26.2, 22.3,
22.1 ppm; HRMS: m/z : calcd for C21H21FN2NaO4: 407.1383; found
407.1399 [M+Na]+ . The ee was determined by HPLC analysis using a
Chiralcel OD column (hexane/iPrOH 90:10); flow rate 1.0 mL min�1;
tmajor =9.8 min, tminor =12.0 min, (92 % ee).


(�)-2-(2-Fluorophenyl)-4-isobutyl-2-[2-nitro-1-(4-nitrophenyl)ethyl]oxa-
zol-5(2H)-one (5 p): The title compound was obtained according to the
general procedure using 5 mol % of catalyst 4d after FC (pentane/AcOEt
9:1) as a colorless oil (78 mg, 91 %). [a]20


D =�31.0 (c =1.0 in CH2Cl2);
1H NMR: d =8.15 (d, J =8.8 Hz, 2 H), 7.51–7.41 (m, 3H), 7.38 (td, J =7.7,
1.6 Hz, 1H), 7.22 (ddd, J =11.3, 8.3, 0.9 Hz, 1H), 7.16 (td, J =7.7, 1.0 Hz,
1H), 5.00–4.88 (m, 2H), 4.65 (dd, J=13.2, 3.7 Hz, 1 H), 2.33–2.19 (m,
2H), 1.94–1.82 (m, 1 H), 0.71 (d, J= 6.7 Hz, 3 H), 0.68 ppm (d, J =6.7 Hz,
3H); 13C NMR: d =164.2, 163.8, 159.3 (d, J ACHTUNGTRENNUNG(C,F)=251.8 Hz), 148.0,
139.5, 132.3 (d, J ACHTUNGTRENNUNG(C,F)=8.0 Hz), 130.6, 127.3, 124.8 (d, J ACHTUNGTRENNUNG(C,F) =3.3 Hz),
123.8, 123.0 (d, J ACHTUNGTRENNUNG(C,F)=11.1 Hz), 117.3 (d, J ACHTUNGTRENNUNG(C,F) =22.0 Hz), 104.0 (d,
J ACHTUNGTRENNUNG(C,F)= 5.9 Hz), 74.9, 49.9, 36.3, 26.2, 22.2, 22.0 ppm; HRMS: m/z : calcd
for C21H20FN3NaO6: 452.1234; found 452.1248 [M+Na]+ . The ee was de-
termined by HPLC analysis using a Chiralpak AD column (hexane/
iPrOH 95:5); flow rate 1.0 mL min�1; tmajor =17.2 min, tminor =22.4 min
(75 % ee).


(�)-2-(2-Fluorophenyl)-4-isobutyl-2-[2-nitro-1-(thiophen-2-yl)ethyl]oxa-
zol-5(2H)-one (5 q): The title compound was obtained according to the
general procedure using 5 mol % of catalyst 4d after FC (pentane/AcOEt
9:1) as a colorless oil (64 mg, 82 %). [a]20


D =�31.6 (c =1.0 in CH2Cl2);
1H NMR: d =7.51–7.41 (m, 2H), 7.25–7.13 (m, 3H), 6.98 (dd, J =3.6,
1.1 Hz, 1H), 6.92 (dd, J=5.1, 3.5 Hz, 1 H), 5.19 (dd, J= 10.7, 4.2 Hz, 1 H),
4.80 (ddd, J =13.3, 10.7, 0.6 Hz, 1 H), 4.61 (dd, J=13.4, 4.2 Hz, 1H), 2.26
(dd, J=7.0, 0.8 Hz, 2 H), 1.96–1.84 (m, 1 H), 0.70–0.66 ppm (m, 6H);
13C NMR: d=164.4, 163.6, 159.5 (d, J ACHTUNGTRENNUNG(C,F) =251.7 Hz), 133.3, 132.1 (d,
J ACHTUNGTRENNUNG(C,F)= 8.5 Hz), 128.9, 127.3 (d, J ACHTUNGTRENNUNG(C,F)=2.4 Hz), 127.2, 126.7, 124.8 (d,
J ACHTUNGTRENNUNG(C,F)= 3.6 Hz), 123.1 (d, J ACHTUNGTRENNUNG(C,F)=11.3 Hz), 117.3 (d, J ACHTUNGTRENNUNG(C,F)=22.0 Hz),
104.0 (d, J ACHTUNGTRENNUNG(C,F)=6.3 Hz), 76.8, 45.8, 36.3, 26.2, 22.2 ppm (2 C); HRMS:
m/z : calcd for C19H19FN2NaO4S: 413.0947; found 413.0959 [M+Na]+ . The
ee was determined by HPLC analysis using a Chiralcel OD column
(hexane/iPrOH 95:5); flow rate 1.0 mL min�1; tmajor =10.3 min, tminor =


11.7 min (87 % ee).


(�)-2-[1-(2-Chlorophenyl)-2-nitroethyl]-2-(2-fluorophenyl)-4-isobutyloxa-
zol-5(2H)-one (5 r): The title compound was obtained according to the
general procedure using 5 mol % of catalyst 4d after FC (pentane/AcOEt
9:1) as a colorless oil (71 mg, 85 %). [a]20


D =�36.0 (c =1.0 in CH2Cl2);
1H NMR: d=7.55–7.15 (m, 8 H), 5.70 (dd, J =10.8, 4.3 Hz, 1H), 4.91 (dd,
J =13.6, 11.0 Hz, 1H), 4.68 (dd, J =13.8, 4.4 Hz, 1 H), 2.26–2.12 (m, 2H),
1.85–1.73 (m, 1 H), 0.68 (d, J =6.7 Hz, 3H), 0.63 ppm (d, J =6.7 Hz, 3H);
13C NMR: d=164.4, 163.6, 159.5 (d, J ACHTUNGTRENNUNG(C,F) =252.6 Hz), 136.7, 132.1 (d,
J ACHTUNGTRENNUNG(C,F)= 8.6 Hz), 130.5, 130.1, 129.9, 128.3, 127.4 (d, J ACHTUNGTRENNUNG(C,F)=2.5 Hz),
127.1, 124.6 (d, J ACHTUNGTRENNUNG(C,F) =3.7 Hz), 123.1 (d, J ACHTUNGTRENNUNG(C,F)=11.1 Hz), 117.4 (d,
J ACHTUNGTRENNUNG(C,F)= 22.0 Hz), 104.7 (d, J ACHTUNGTRENNUNG(C,F)=5.9 Hz), 75.4, 45.3, 36.2, 26.3, 22.1,
22.0 ppm; MS: calcd for C21H20ClFN2NaO4: 441.0993; found 441.1004
[M+Na]+ . The ee was determined by HPLC analysis using a Chiralpak
AD column (hexane/iPrOH 95:5); flow rate 1.0 mL min�1; tminor =8.7 min,
tmajor =10.0 min (77 % ee).


(�)-2-(2-Fluorophenyl)-2-[1-(furan-2-yl)-2-nitroethyl]-4-isobutyl oxazol-
5(2H)-one (5 s): The title compound was obtained according to the gener-
al procedure using 5 mol % of catalyst 4 d after FC (pentane/AcOEt 9:1)
as a colorless oil (46 mg, 61 %). [a]20


D =�25.6 (c=1.0 in CH2Cl2);
1H NMR: d=7.51–7.42 (m, 2 H), 7.33 (br s, 1 H), 7.26–7.17 (m, 2H), 6.28
(br s, 2H), 5.00 (dd, J= 10.7, 3.7 Hz, 1 H), 4.87 (dd, J =13.5, 10.7 Hz, 1H),
4.56 (dd, J=13.5, 3.9 Hz, 1 H), 2.34–2.24 (m, 2H), 1.95 (sept, J =6.8 Hz,
1H), 0.83–0.79 ppm (m, 6 H); 13C NMR: d=164.2, 163.5, 159.5 (d,
J ACHTUNGTRENNUNG(C,F)= 252.0 Hz), 132.1 (d, J ACHTUNGTRENNUNG(C,F)=8.5 Hz), 127.2 (d, J ACHTUNGTRENNUNG(C,F)=2.4 Hz),
124.8 (d, J ACHTUNGTRENNUNG(C,F)=3.6 Hz), 122.7 (d, J ACHTUNGTRENNUNG(C,F) =11.1 Hz), 117.3 (d, J ACHTUNGTRENNUNG(C,F)=


22.0 Hz), 111.1, 110.6, 104.0, 74.2, 44.6, 36.3, 26.0, 22.4, 22.2 ppm; HRMS:
m/z : C19H19FN2NaO5: 397.1176; found 397.1165 [M+Na]+ . The ee was
determined by HPLC analysis using a Chiralpak AD column (hexane/


iPrOH 90:10); flow rate 1.0 mL min�1; tmajor =7.2 min, tminor =9.0 min
(64 % ee).


(�)-4-Isobutyl-2-(2-nitro-1-phenylethyl)-2-(4-nitrophenyl)oxazol-5(2H)-
one (5 t): The title compound was obtained according to the general pro-
cedure using 5 mol % of catalyst 4 d after FC (pentane/AcOEt 9:1) as a
white solid (53 mg, 64%). M.p. 129–133 8C; [a]20


D =�35.6 (c =1.0 in
CH2Cl2); 1H NMR: d=8.32–8.26 (m, 2 H), 7.82–7.77 (m, 2H), 7.34–7.28
(m, 3 H), 7.13–7.15 (m, 2H), 4.87 (dd, J=13.4, 10.3 Hz, 1H), 4.58 (dd, J=


13.5, 4.8 Hz, 1 H), 4.43 (dd, J=10.3, 4.9 Hz, 1H), 2.26–2.15 (m, 2 H), 1.85
(sept, J =6.4 Hz, 1H), 0.72 (d, J =6.7 Hz, 3 H), 0.69 ppm (d, J =6.7 Hz,
3H); 13C NMR: d=163.9, 163.8, 148.4, 142.8, 131.3, 129.4, 129.1, 128.9,
127.4, 124.0, 105.0, 74.9, 52.7, 36.3, 26.0, 22.3, 22.1 ppm; HRMS: m/z :
C21H21N3NaO6: 434.1328; found 434.1301 [M+Na]+ . The ee was deter-
mined by HPLC analysis using a Chiralpak AD column (hexane/iPrOH
90:10); flow rate 1.0 mL min�1; tmajor =14.2 min, tminor =18.5 min (70 %
ee).


General procedure for the ring opening of oxazolones with TMSCl :[16a]


An ordinary vial equipped with a magnetic stirring bar was charged with
MeOH (0.20 mL) and the corresponding oxazolone 5 (0.1 mmol). Then,
TMSCl (0.1 mmol) was added in one portion. The stirring was main-
tained at room temperature until consumption of the starting material.
Then, the solvent was evaporated and the product was obtaining pure
without further purification.


(+)-Methyl 2-(4-methylbenzamido)-4-nitro-2,3-diphenylbutanoate (6 a):
The title compound was obtained according to the general procedure
starting from 5 a as a colorless oil (43 mg, 99 %). [a]20


D =++4.8 (c=1.0 in
CH2Cl2); 1H NMR: d= 7.72 (d, J=8.0 Hz, 2H), 7.56 (d, J=7.6 Hz, 1H),
7.43 (t, J= 7.2 Hz, 1H), 7.38–7.20 (m, 5 H), 5.33 (dd, J= 14.0, 2.4 Hz,
1H), 5.24 (dd, J= 11.2, 2.0 Hz, 1 H), 5.01 (dd, J =14.0, 11.6 Hz, 1 H), 3.66
(s, 3H), 2.44 ppm (s, 3 H); 13C NMR: d= 171.5, 166.3, 142.8, 135.1, 134.7,
130.9, 127.5, 129.3, 129.2, 128.7, 128.5, 127.1, 126.2, 77.9, 53.9, 49.1,
21.5 ppm; HRMS: m/z : calcd for C25H24N2NaO5: 455.1582; found
455.1570 [M+Na]+ . The ee was determined by HPLC analysis using a
Chiralcel OD column (hexane/iPrOH 90:10); flow rate 1.0 mL min� ;
tminor =8.9 min, tmajor =10.9 min (74 % ee).


(�)-Methyl 4-nitro-2,3-diphenyl-2-(pivalamido)butanoate (6 b): The title
compound was obtained according to the general procedure starting
from 5b as a white solid (38 mg, 95 %). M.p. 72–75 8C; [a]20


D =�10.0 (c=


0.2 in CH2Cl2); 1H NMR: d= 7.35–7.12 (m, 10 H), 7.08 (br s, 1 H), 5.16
(dd, J =16.4, 2.4 Hz, 1H), 5.04 (dd, J= 11.6, 2.8 Hz, 1 H), 4.75 (dd, J=


14.0, 11.6 Hz, 1 H), 3.56 (s, 3H), 1.20 ppm (s, 9 H); 13C NMR: d =177.5,
171.6, 135.3, 134.7, 129.3, 129.1, 128.7, 128.6, 128.5, 125.8, 77.7, 67.7, 53.6,
48.5, 39.4, 27.5 ppm; HRMS: m/z : calcd for C22H26N2NaO5: 421.1739;
found 421.1737 [M+Na]+ . The ee was determined by HPLC analysis
using a Chiralcel OD column (hexane/iPrOH 90:10); flow rate
1.0 mL min�1; tmajor =6.5 min, tminor = 7.5 min (83 % ee).


(�)-Methyl 3-(4-methoxyphenyl)-4-nitro-2-phenyl-2-(pivalamido)buta-
noate (6 c): The title compound was obtained according to the general
procedure starting from 5c as a colorless oil (37 mg, 87%). [a]20


D =�1.3
(c= 0.7 in CH2Cl2); 1H NMR: d =7.42–7.35 (m, 5H), 7.17 (br s, 1 H), 7.10
(d, J=8.8 Hz, 2H), 6.84 (d, J =8.8 Hz, 2 H), 5.20 (dd, J=14.0, 2.4 Hz,
1H), 5.08 (dd, J= 12.0, 2.4 Hz, 1 H), 4.78 (dd, J =14.0, 12.0 Hz, 1 H), 3.79
(s, 3H), 3.63 (s, 3H), 1.29 ppm (s, 9 H); 13C NMR: d=177.4, 171.7, 159.6,
135.4, 130.3, 129.0, 128.4, 126.4, 125.8, 113.9, 77.9, 67.8, 55.2, 53.7, 47.9,
39.4, 27.5 ppm; HRMS: m/z : calcd for C23H28N2NaO6: 451.1845; found
451.1840 [M+Na]+ . The ee was determined by HPLC analysis using a
Chiralcel OD column (hexane/iPrOH 90:10); flow rate 1.0 mL min�1;
tminor =8.6 min, tmajor =10.1 min (58 % ee, starting from a sample of 58%
ee).


(+)-Methyl 4-nitro-2-phenyl-2-(pivalamido)-3-(thiophen-2-yl)butanoate
(6 d): The title compound was obtained according to the general proce-
dure starting from 5e as a white solid (40 mg, 99 %). M.p. 150–153 8C;
[a]20


D =++40.7 (c =0.3 in CH2Cl2); 1H NMR: d=7.43–7.25 (m, 7H), 6.50
(dd, J =4.8, 3.6 Hz, 1 H), 6.91 (d, J =2.8 Hz, 1 H), 5.49 (dd, J =11.2,
2.0 Hz, 1 H), 5.22 (dd, J= 14.0, 2.0 Hz, 1H), 4.68 (dd, J =13.6, 11.6 Hz,
1H), 3.62 (s, 3H), 1.31 ppm (s, 9 H); 13C NMR: d =177.8, 171.7, 137.2,
135.0, 129.5, 128.8, 128.6, 126.8, 126.7, 125.9, 79.7, 67.9, 54.2, 45.6, 39.7,
27.7 ppm; HRMS: m/z : calcd for C20H24N2NaO5S: 427.1303; found
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427.1302 [M+Na]+ . The ee was determined by HPLC analysis using a
Chiralcel OD column (hexane/iPrOH 98:2); flow rate 1.0 mL min�1;
tmajor =9.5 min, tminor =10.7 min (70 % ee).


(+)-Methyl 3-(naphthalen-2-yl)-4-nitro-2-phenyl-2-(pivalamido)butanoate
(6 e): The title compound was obtained according to the general proce-
dure starting from 5g (44 mg, 99%). M.p. 60–63 8C; [a]20


D =++6.0 (c =0.3
in CH2Cl2); 1H NMR: d =7.84–7.65 (m, 4 H), 7.51–7.39 (m, 7 H), 7.29 (dd,
J =8.8, 1.6 Hz, 1H), 7.15 (br s, 1H), 5.35–5.30 (m, 2H), 4.98 (dd, J =14.4,
12.0 Hz, 1H), 3.65 (s, 3 H), 1.30 ppm (s, 9H); 13C NMR: d=177.6, 171.6,
135.3, 133.1, 132.9, 132.2, 129.1, 128.9, 128.6, 128.3, 127.8, 127.6, 126.6,
126.5, 125.9, 77.8, 53.7, 48.6, 39.4, 27.5 ppm; HRMS: m/z : calcd for
C25H24N2NaO5: 471.1895; found 471.1879 [M+Na]+ . The ee was deter-
mined by HPLC analysis using a Chiralcel OD column (hexane/iPrOH
90:10); flow rate 1.0 mL min�1; tmajor =10.6 min, tminor =15.2 min (66 %
ee).


General procedure for the ring opening of the oxazolones with HCl : An
ordinary vial equipped with a magnetic stirring bar was charged with
CH3CN (0.30 mL) and the corresponding oxazolone 5 (0.1 mmol). Then,
HCl conc. (0.5 mmol) was added in one portion. The stirring was main-
tained at room temperature until consumption of the starting material.
Then, the solvent was evaporated and the crude reaction mixture was di-
rectly charged onto Iatrobeads and subjected to FC.


(+)-3-Methyl-4-nitro-2-phenyl-2-pivalamidobutanoic acid (7 a): The title
compound was obtained according to the general procedure after FC
(pentane/AcOEt 2:1) as a white solid (23 mg, 70 %). M.p. 146–150 8C;
[a]20


D =++41.7 (c =1.0 in CH2Cl2); 1H NMR: d=10.55 (br s, 1 H), 7.52–7.27
(m, 5 H), 4.77 (dd, J =13.6, 2.0 Hz, 1 H), 4.26–4.00 (m, 1 H), 3.66–3.53 (m,
1H), 1.25 (s, 9H), 1.06 ppm (d, J =6.7 Hz, 3 H); 13C NMR: d =179.8,
173.2, 135.0, 128.9, 128.6, 125.7, 79.6, 68.6, 39.5, 39.2, 27.3, 14.5 ppm;
HRMS: m/z : calcd for C16H21N2NaO5: 345.1426; found 345.1415
[M+Na]+ .


(�)-4-Nitro-2,3-diphenyl-2-(pivaloyl)butanoic acid (7 b): The title com-
pound was obtained according to the general procedure after FC (pen-
tane/AcOEt 2:1) as a white solid (32 mg, 84 %). M.p. 169–173 8C; [a]20


D =


�29.3 (c=1.0 in EtOAc); 1H NMR: d =7.49–7.27 (m, 8H), 7.17–7.15 (m,
2H), 7.03 (br s, 1H), 5.15 (dd, J=13.8, 2.3 Hz, 1 H), 5.06–4.92 (m, 1 H),
4.69 (t, J =12.6 Hz, 1H), 1.17 ppm (s, 9 H); 13C NMR: d=179.2, 172.5,
134.4, 134.1, 129.6, 128.9, 128.8, 128.7, 128.7, 126.2, 77.4, 67.6, 48.5, 39.4,
27.3 ppm; HRMS: m/z : calcd for C21H24N2NaO5: 407.1583; found
407.1579 [M+Na]+ .


(+)-N-(2-Oxo-3,4-diphenylpyrrolidin-3-yl)pivalamide (8): To a solution
of 5 b (20 mg, 0.05 mmol) and NiCl2·6 H2O (12 mg, 0.05 mmol) in EtOH
(0.5 mL) was added NaBH4 (19 mg, 0.5 mmol) at room temperature. The
reaction was stirred for 2 h before quenched with sat. aq. solution of
NH4Cl (5 mL). The reaction was extracted with CH2Cl2 (2 � 5 mL), the or-
ganic layer was dried over MgSO4 and filtered though a pad of Celite-Ia-
trobeads. The solvent was eliminated in vacuo to afford 8 (12 mg, 72%).
[a]20


D =++8.8 (c =0.5 in CH2Cl2); 1H NMR: d =7.19–7.03 (m, 6H), 6.72 (d,
J =8.0 Hz, 2H), 6.59 (d, J=7.2 Hz, 2 H), 6.28 (br s, 1 H), 5.98 (br s, 1H),
4.94 (dd, J =10.4, 8.0 Hz, 1H), 3.60 (d, J =8.4 Hz, 1 H), 3.45 (d, J=


10.4 Hz, 1 H), 1.23 ppm (s, 9H); 13C NMR: d=179.1, 174.5, 136.1, 135.4,
129.0, 128.6, 128.4, 127.9, 127.4, 126.4, 126.3, 77.2, 47.8, 42.2, 39.1, 29.7,
27.5 ppm; HRMS: m/z : calcd for C21H24N2NaO2: 359.1735; found
359.1730 [M+Na]+ .
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Regioselective Reactivity of an Asymmetric Tetravalent
Di[dihydroxotin(IV)] Bis-Porphyrin Host Driven by Hydrogen-Bond
Templation


Peter R. Brotherhood, Ian J. Luck, Iain M. Blake, Paul Jensen, Peter Turner, and
Maxwell J. Crossley*[a]


Introduction


Biological systems are adept in the use of labile interactions
to define selectivity in molecular interactions through equili-
bration to a thermodynamically or kinetically stable confor-
mation.[1] These conformations are often then stabilised by
the formation of covalent bonds between assembled compo-
nents. Stabilisation of protein quaternary structure by disul-
fide bonds is an obvious example.[2] Mimicry of biological


assembly phenomena in artificial supramolecular systems
has afforded many structures that have strong potential for
application in technology. As in nature, artificial systems are
assembled with selectivity that is dictated by thermodynamic
control. Multiple labile forces between components may act
in concert to define the assembly outcome,[3] or conditions
are employed under which covalent bond formation be-
tween components is reversible.[4] The topic of this paper,
ligand exchange chemistry of dihydroxotin(IV) porphyrins,
is a system that offers the potential to use both labile inter-
action to define selective assembly of components and, ulti-
mately, covalent strength association of components.[5]


Tin(IV) porphyrins have been used in supramolecular
chemistry due to their spontaneous, chemoselective, cova-
lent strength binding of oxyanions at the six-coordinate
tin(IV) metal centre.[6–9] Many examples also utilise the in-
teresting optical and electronic properties of the tin(IV) por-
phyrin.[10] These studies have largely generated complexes
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with symmetric axial ligation about the six-coordinate
tin(IV) metal centre.


Ligand exchange at dihydroxotin(IV) porphyrins proceeds
by initial outer-sphere hydrogen-bond equilibrium between
an incoming protic oxygen molecule (typically a carboxylic
acid) and the oxygen of the bound hydroxo ligand.[5–8, 11]


Subsequently, the protonated hydroxo ligand (water) disso-
ciates and the carboxylate anion may then associate by an
ester-like bond at the tin(IV) centre. Once bound at the
tin(IV) centre, carboxylate ligands tend only to exchange in
the presence of free acid of comparable or greater strength
than that bound.[11,12] It is the initial hydrogen-bond equilib-
rium that offers the potential for kinetic or thermodynamic
control over the site of interaction of the carboxylic acid
with the dihydroxotin(IV) porphyrin host.


Herein we describe the design, synthesis and crystallo-
graphic characterisation of an asymmetric tetravalent di[di-
hydroxotin(IV)] bis-porphyrin host molecule 5 that possess-
es four non-equivalent binding sites, and binding studies
with this host and carboxylic acids. These allow us to identi-
fy factors that are symptomatic of the host asymmetry, and
that result in the highly regioselective binding of carboxylate
anions at specific sites on host 5. This work identifies factors
that may be utilised to control facial selectivity in ligand ex-
change at tin(IV) porphyrins, expanding their utility in
supramolecular chemistry.


Results and Discussion


Synthesis and crystal structure analysis of asymmetric host
5 : The precursor to host 5, free-base, asymmetric bis-por-
phyrin 4, was synthesised by the acid-catalysed condensation
of the 2-aminoporphyrin 1 and the aminoquinoxalinopor-
phyrin 2 with formaldehyde (Scheme 1).[13–15] A two molar
equivalent excess of the less-reactive 1 was employed. The
three major products from the crude reaction mixture could
be isolated by chromatography over silica gel and separation
was best achieved as their dizinc(II) chelates. The homo-
coupled dizinc(II) Trçger�s base bis-porphyrin[16] was isolat-
ed in 52 % yield and extended dizinc(II) Trçger�s base bis-
quinoxalinoporphyrin[14,17] was obtained in 48 % yield. Once
isolated, dizinc(II) asymmetric bis-porphyrin 3 was demetal-
lated by treatment with hydrochloric acid to yield the free-
base asymmetric bis-porphyrin 4 in 14 % overall yield from
2.


Formation of the asymmetric bis-porphyrin product dem-
onstrates the applicability of the Trçger�s base reaction to
the cross-condensation of arylamines of quite different elec-
tronic structures, in this case a macrocyclic heteroaromatic
amine 1 and an aromatic fused aniline 2.[18] This reaction, in
a single step, has also imparted asymmetry, chirality, concav-
ity and rigidity on the host framework.


Free-base asymmetric bis-porphyrin 4 was then treated
with tin(II) chloride in pyridine at reflux,[19,20] and hydro-
lysed to di[dihydroxotin(IV)] host 5 in 80 % yield by heating
at reflux in 4:1 tetrahydrofuran/aqueous potassium carbon-


ate,[21] see Scheme 1. 1H NMR and high-resolution electro-
spray ionisation Fourier transform ion cyclotron resonance
(HR-ESI-FT/ICR) spectra for 3, 4 and 5 are provided in the
Supporting Information. Recrystallisation of 5 from di-
chloromethane/acetonitrile yielded crystals suitable for X-
ray crystal structure analysis.


Crystal structure analysis allows identification of many of
the design features of host 5, depicted in Figure 1. The
asymmetric surface is immediately evident. The concavity
imparted by the methanodiazocine Trçger�s base bridge re-
sults in the formation of a shallow cavity at one face of the
host, into which two of the hydroxo-ligand–carboxylate in-
teraction sites project. The remaining two binding sites of
the host, one on the porphyrin and one on the quinoxalino-
porphyrin, project outwards from the exterior of the cavity.
The distance between the tin(IV) metal centres across the
interior of the cavity is 12.8 �, which is sufficient to allow


Scheme 1. Synthesis of di[dihydroxotin(IV)] asymmetric host 5.
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the ditopic binding of aliphatic dicarboxylic acids in the
order of six to ten carbons in length.[22] Note the steric envi-
ronment about these intracavity binding sites. In the solid
state, the binding sites at the interior and exterior face of
the quinoxalinoporphyrin and at the exterior face of the por-
phyrin are sterically unencumbered. The binding site at the
interior face of the porphyrin, however, is obscured from
one side by a 3,5-di-tert-butylphenyl group appended at a
meso position of the quinoxalinoporphyrin. This arrange-
ment is indicated in Figure 1c and d. Indeed, the para-aryl


proton on this meso-aryl substituent to the quinoxalinopor-
phyrin, hereafter referred to as the cavity aryl proton (indi-
cated by the orange arrows in Figure 1), resonates character-
istically upfield at d=5.99 ppm, confirming its orientation in
close proximity to the shielding effect of the porphyrin mac-
rocycle. Only protons in close vertical proximity above or
below the plane of the porphyrin macrocycle fall within this
shielding zone.[23] The other aryl protons on 5 resonate be-
tween d=7.59 and 8.32 ppm. The cavity aryl proton reso-
nates at even higher field in the free-base 4 and dizinc(II)
analogues of host 5, at d=5.15 and 4.96 ppm, respectively
(see Figures S1 and S3 in the Supporting Information).


As well as the steric and cavity influences on the tin(IV)
ligation sites identified by crystallography, there are known
electronic-structure differences between the porphyrin mac-
rocycle and the quinoxalinoporphyrin macrocycle that may
affect the rate of ligand exchange at each tin(IV) metal
centre. It is known from the electrochemistry of monomeric
quinoxalinoporphyrins that the addition of the quinoxalino
group activates the reduction of the porphyrin macrocycle
and the reduction of electroactive metal centres bound at
the inner periphery.[18, 24] These electronic effects may also
influence the strength of tin(IV)–hydroxo bonds, the basicity
of the hydroxo oxygen, and its capacity to accept hydrogen
bonds from incoming carboxylic acid guests, thereby slowing
the rate of ligand exchange at the quinoxalinoporphyrin
macrocycle compared with the rate of exchange at the por-
phyrin. We describe experiments designed to test this hy-
pothesis later in the discussion.


These factors, the presence of a shallow cavity, the steric
environment at each of the binding sites and the electronic
differences between the two macrocycles, operate in concert
such that there are significant differences in the propensity
of ligand exchange at each of these four sites. The experi-
ments subsequently described in this paper identify the op-
eration of these factors in leading to regioselective ligand
exchange at 5. We have identified, by NMR spectroscopy,
the preferred site for ligand exchange as being on the exteri-
or of the porphyrin macrocycle (indicated by the green
arrows in Figure 1a and b) and positively identified the fac-
tors that lead to binding regioselectivity.


Binding studies with monodentate carboxylic acids : Formic
acid (6), acetic acid (7) and pivalic acid (8) were selected for
their variation in steric demand immediately about the car-
boxylate functionality. When these acids are introduced in-
dependently to host 5 in �1 molar equivalent aliquots,
ligand exchange occurs primarily at only one of the four
sites on the host, to form new dihydroxotin(IV)–carboxyla-
tohydroxotin(IV) complexes 5·6, 5·7 and 5·8 in 60–80 %
yield, depending on the carboxylic acid used. The remaining
carboxylic acid binds to the host in a random fashion, either
to form other 1:1 complexes or complexes with higher car-
boxylate/5 ratios. At the completion of binding no free car-
boxylic acid is detected.


1H–119Sn HMQC provides major evidence that regioselec-
tive ligand exchange occurs at only one of the four binding


Figure 1. X-ray crystal structure of 5. Distances are given in �. a) View
into the cavity. b) Side view, (3,5-tBu2C6H3 groups removed for clarity).
c) View into the cavity showing the proximity of the cavity aryl group to
the hydroxo ligand at the interior face of the porphyrin. d) Full structure
(solvent and disorder removed) view into cavity. The cavity aryl proton is
indicated with the orange arrows. The “preferred” site of ligand exchange
at �1 molar equivalents monodentate guest (identified by NMR spec-
troscopy) is indicated by the green arrows.
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sites on host 5 with the initial �1 molar equivalent aliquot
of carboxylic acid guest. The 119Sn chemical shift is sensitive
to the functionality of the porphyrin macrocycle and to the
nature of axial ligation and there are characteristic chemical
shift ranges for dihydroxotin(IV) nuclei, hydroxocarboxyla-
totin(IV) nuclei and dicarboxylatotin(IV) nuclei.[25] The
1H–119Sn HMQC for complex 5·7, depicted in Figure 2a,
identifies the b-pyrrolic resonances and the acetate reso-
nance corresponding to the hydroxoacetato 119Sn nucleus
and confirms the assignment of the initial site of ligand ex-
change discussed below.


Regioselective binding is also evident by 1D 1H NMR
spectroscopy. There are three regions of the 1H NMR spec-
trum in which this is most easily identified: the methanodia-
zocine bridge resonances (d= 4 to 5 ppm), the resonance for
the cavity aryl proton (d=6 to 7 ppm), identified in
Figure 1, and the resonance for the bound ligand (d= 0 to
�2 ppm). The protons in each of these environments are
particularly sensitive to changes in the pattern of ligation
about the host and dispersion of these signals is good, allow-
ing identification of signals due to new complexes. 1H NMR
spectra for complexes 5·6, 5·7 and 5·8 show six new doublets
in the methanodiazocine bridge region and a single new res-
onance for the cavity aryl proton. For 5·7 and 5·8, single car-
boxylate ligand environments are apparent at d=�1.15 and
�1.30 ppm, respectively. The bound formate resonance for
5·6 coincides with the tert-butyl proton resonances. These
1H NMR spectra are shown in Figure S6 in the Supporting
Information.


An important control experiment is one in which the out-
come of random ligand exchange is examined. An addition
of 1 to �3 molar equivalents of 7 results in formation of
many complexes resulting from non-selective ligand ex-
change at the three remaining sites on the host once binding
is complete at the first, “preferred” site. The 1H NMR spec-
tra for mixtures of complexes thus generated are too com-
plicated to interpret and the 1H–119Sn HMQC at two molar
equivalents of 7 shows many 119Sn environments, see Figur-
es S7 and S8 in the Supporting Information.


These titration experiments demonstrate regioselective
ligand exchange upon addition of �1 molar equivalent of 6,


Figure 2. NMR spectroscopy characterisation of regioselective 1:1 acetate
binding at host 5. a) Complete 1H–119Sn HMQC (400 MHz, CDCl3,
300 K) of host 5+0.95 molar equivalents acetic acid 7 (5·7). Note the
presence of only one new hydroxoacetatotin(IV) environment (119Snd=


�601 ppm). C Ar indicates the signal for the cavity aryl proton defined
in Figure 1. b) Expansion of boxed regions in a.
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7 or 8 to host 5. These results show that the morphology of
host 5 and the electronic effects at each macrocycle act to
direct ligand exchange preferentially to only one of the four
binding sites. The next sections are devoted to identification
of the preferred binding site and the factors that are impor-
tant in its selection.


Identification of the preferred binding site by NMR : Detec-
tion of NOE and through-bond interactions[9a,b] between the
nuclei of bound 7 and 8 in complexes 5·7 and 5·8, and the
nuclei of the host framework, allow paths of connectivity to
be established such that the initial site of ligand exchange
can be identified. During the course of these investigations,
we also made a full 1H and 119Sn NMR assignment for host 5
and its di[diacetatotin(IV)] complex.[26] Identical pathways
exist in these complexes to those that allow the assignment
of 5·7 and 5·8.


The experiments used to identify these paths of connectiv-
ity in host 5 and the carboxylate complexes were NOESY,
ROESY employing varied mixing times, double quantum fil-
tered correlation spectroscopy (DQF-COSY),
1H–119Sn HMQC, 1H–13C HMBC and 1H–13C HSQC. For
these experiments, 5·7 and 5·8 were generated by adding
0.9 molar equivalents of 7 and 0.7 molar equivalents 8, re-
spectively. It was found that the ROESY experiments gave
better results at lower temperature. The spectra discussed in
this section were obtained at 250 K, after sufficient time at
room temperature was allowed for binding to go to comple-
tion.


For 5·7 and 5·8, two paths of NOE and through-bond con-
nectivity were identified, which show that the preferred site
of exchange at �1 molar equivalent of guest is at the exteri-
or cavity position of the porphyrin macrocycle (this position
is indicated in Figure 1 by the green arrows). The first of
these paths is shown in Figure 3 by the red arrows. In Fig-
ure 3a the bound ligand is 7, however, this connectivity was
also established for 5·8. The quinoxalino proton adjacent to
the methanodiazocine bridge is the “anchor” in the frame-
work of host 5 to which the position of the bound ligand can
be tied. This quinoxalino proton experiences NOE interac-
tion (interaction 1 (red) in Figure 3) with one of the bridge
methylene protons. This bridge proton couples with its part-
ner on the same carbon (interaction 2 (red) in Figure 3),
which in turn connects through space to an ortho proton of
a meso-aryl group on the porphyrin macrocycle (interaction
3 (red) in Figure 3). This pathway establishes the position of
this ortho aryl proton as being exterior to the cavity of host
5. This aryl proton then connects (interaction 4 in Figure 3)
through NOE to the bound ligand protons. Further evidence
for the facial assignment comes from the connectivity (inter-
actions A and B in Figure 3) between the endocyclic bridge
methylene proton and the ortho-aryl proton projecting into
the cavity (interaction A in Figure 3). Coupling of the interi-
or cavity and exterior cavity ortho protons (interaction B in
Figure 3) was detected by DQF-COSY and 1H–13C HMBC.


The second path of connectivity defining the initial site of
complexation for 5·7 and 5·8 is indicated by the blue arrows


in Figure 3b. NOE connectivity (interaction 1 (blue) in
Figure 3) to one of the tert-butyl groups appended to the
cavity aryl group (I ring, identified by its NOE connectivity
to the cavity aryl proton) allows identification of the signal
arising from a II ring ortho proton. DQF-COSY (interaction
2 (blue) in Figure 3) distinguishes the interior and exterior


Figure 3. a) ROESY (400 MHz, CDCl3, 250 K) spectrum showing one
pathway of connectivity (red arrows) that allows assignment of the posi-
tion at which the first molar equivalent of 7 binds to host 5, forming 5·7
(see red arrows in part b). Dashed arrows indicate spin-coupling. b) Dia-
grammatic representation of the NOE (solid arrows) and spin-coupled
(dashed arrows) connectivity for 5·7 and 5·8 that identify the initial site
of complexation. Red indicates pathway one and blue indicates pathway
two (see text). Arrows and symbols in part b correspond to those in part
a. The I ring is the cavity aryl group defined in Figure 1.
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cavity ortho protons on the B ring and subsequent NOE
connectivity (interaction 3 in Figure 3) defines the position
of the guest ligands on the asymmetric host 5 surface. The
bound ligand also connects through NOE to the other two
ortho protons on the same face of the porphyrin macrocycle
indicated in Figure 3.


Together these two paths of connectivity can only be ex-
plained by the binding of ligands at the exterior face of the
porphyrin. Measurements, in the crystal structure, of the dis-
tances between the host nuclei identified in these experi-
ments were also in good agreement with the connectivities
determined by ROESY. The next section describes control
experiments that allow rationalisation of the factors leading
to this binding selectivity.


Factors that determine binding selectivity : We discussed
above, in light of the crystal structure data for host 5, the
steric environment at each of the binding sites and the pres-
ence of a shallow cavity at one face of the host. We have
also drawn attention to the electronic differences between
porphyrins and quinoxalinoporphyrins.[18,24] The following
series of experiments specifically identifies the importance
of each of these factors.


Steric influences : Addition of �4 molar equivalents of
guests 6, 7 and 8 to host 5 results in ligand exchange at all
four binding sites on the host to form the di[dicarboxylato-
tin(IV)] complexes of host 5. The di[diformatotin(IV)] and
di[diacetatotin(IV)] complexes form within 15 and 30 min,
respectively, upon addition of six molar equivalents 6 or 7.
It is not possible, however, to form the di[dipivalatotin(IV)]
complex in quantitative yield under these conditions. Addi-
tion of eight molar equivalents of 8 to host 5 and a reaction
time of 36 h results in the formation of a mixture comprised
of the di[dipivalatotin(IV)] complex and only one of the
four possible dipivalatotin(IV)–hydroxopivalatotin(IV) com-
plexes (hereafter referred to as the 3:1 complex).
1H–119Sn HMQC of the mixture, depicted in Figure 4d,
allows detection of a single hydroxopivalatotin(IV) nucleus
along with two dipivalatotin(IV) nuclei. The dipivalato-
tin(IV) nucleus of the 3:1 complex is coincident with those
signals for the di[dipivalatotin(IV)] complex.


This result shows that the steric environment at one of
the binding sites offers a significant deterrent to ligand ex-
change for 8, the bulkiest of the carboxylate guests. From
the crystal structure analysis for host 5 (Figure 1) it is clear
that this hindered binding site is that on the interior cavity
position of the porphyrin, which is partially obscured by the
cavity aryl group identified in Figure 1b. Complete di[dipi-
valatotin(IV)] complex formation does not occur because
steric interaction at this binding site results in mechanical
strain in the tin(IV)–pivalato bond, activating it to hydroly-
sis by water released during binding.


Examination of the chemical shifts for the cavity aryl
proton (identified in Figure 1 by the orange arrows) in the
di[dicarboxylatotin(IV)] complexes shows that as ligands in-
crease in steric demand from hydroxo, through formato and


acetato to pivalato, there is increasing downfield shift in the
resonance for this proton that correlates with the steric
demand of the ligand, see Figure 5. This is consistent with
steric interaction between the bound ligand and the cavity
aryl group and displacement of the cavity aryl proton away
from the major shielding zone of the porphyrin macrocycle.
The chemical shift for the cavity aryl proton in the 3:1 com-
plex is very similar to that in host 5, which indicates that in
this complex this binding site maintains a hydroxo ligand.
The proximity of the cavity aryl proton to this binding site
was also detected by ROESY experiments on host 5.[26] To-
gether these experiments clearly show the steric impedance
to ligand exchange at the interior cavity site of the porphy-
rin macrocycle.


Macrocyclic electronic structure influences : The effect of the
electronic differences between the porphyrin and quinoxali-
noporphyrin macrocycles of host 5 on ligand exchange rates
was tested in such a way as to control the morphology of
the host. The binding of 7 to a 1:1 molar ratio of model
compounds dihydroxotin(IV) porphyrin 9 a[21] and dihydrox-
otin(IV) quinoxalinoporphyrin 10 a[21] was examined by em-
ploying concentrations such that the NMR spectroscopy ti-
tration experiment was precisely analogous to those per-
formed on host 5.


This 1H NMR spectroscopy titration, depicted in Figure 6,
shows that the presence of the quinoxalino group at the por-
phyrin periphery significantly reduces the rate of ligand ex-
change at the tin(IV) centre. The electron-withdrawing
effect of the quinoxalino group increases the Lewis acidity


Figure 4. 1H–119Sn HMQC (400 MHz, CDCl3, 300 K) showing expansions
of the b-pyrrolic proton region. a) Host 5. b) Host 5+6.0 molar equiva-
lents 6, 15 min, di[diformatotin(IV)] complex. c) Host 5+6.0 molar
equivalents 7, 30 min, di[diacetatotin(IV)] complex. d) Host 5+8.0 molar
equivalents 8, 36 h, di[dipivalatotin(IV)] complex and one isomer of the
3:1 pivalato–host complex.
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of the tin(IV) metal centre, thereby reducing the basicity of
the hydroxo ligand oxygen (the hydrogen-bond acceptor in
the initial stage of acidolysis) and strengthening the hydroxo
ligand bond to the tin(IV) metal centre. As a result, ligand
exchange kinetics are more rapid at the porphyrin tin(IV)
centre and these sites bind the majority of the initial aliquot
of carboxylic acid guest.


Hydrogen-bonding mode : The experiments described above
show a clear influence on the rate of ligand exchange at
binding sites on host 5 by both steric factors and the elec-
tron-withdrawing effect of the fused quinoxaline group.
These factors work in concert to direct the first molar equiv-
alent aliquot of monodentate carboxylic acid guest to bind
at their preferred site, the exterior, sterically non-congested
site on the electronically favoured porphyrin macrocycle.
However, these factors are overridden in the binding of di-
carboxylic acid guests of appropriate length to bridge the
two tin(IV) centres across the interior of the cavity.


Adipic acid 11 and subaric acid 12 form ditopic hydrogen-
bond interactions with host 5 between the intracavity hy-
droxo ligands in the initial stage of the ligand exchange pro-
cess. This organises the guest into a regioselective interac-
tion with the tetravalent host, which is detected by 1H NMR
spectroscopy (see Figure 5b and Figure S9b in the Support-


Figure 5. 1H NMR spectrum (400 MHz, CDCl3, 300 K) for the cavity aryl
proton (Ar) defined in Figure 1. a) Host 5. b) Host 5+ 6.0 molar equiva-
lents 6, 15 min, di[diformatotin(IV)] complex. c) Host 5 +6.0 molar equi-
valents 7, 30 min, di[diacetatotin(IV)] complex. d) Host 5 +8.0 molar
equivalents 8, 36 h di[dipivalatotin(IV)] complex and one isomer of the
3:1 pivalato–host complex (3:1). Note the downfield shift with the in-
creasing steric demand of the ligands. The 3:1 complex maintains a hy-
droxo ligand adjacent to the cavity aryl group.


Figure 6. a) 1H NMR (400 MHz, CDCl3, 300 K) titration of a 1:1 molar
ratio mixture of 9 and 10 with 7. i) 0.6, ii) 1.2, iii) 2.0 and iv) 3.0 equiva-
lents 7. Each acetate environment was identified by 1H–119Sn HMQC.
b) Plot showing the proportion of binding site consumed on 9 (^) and 10
(&) after each addition of aliquot and 30 min binding time.


Chem. Eur. J. 2008, 14, 10967 – 10977 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10973


FULL PAPERRegioselective Reactivity of an Asymmetric Tetravalent Di[dihydroxotin(IV)] Bis-porphyrin



www.chemeurj.org





ing Information). The guest is then trapped to the host in
this orientation by tin(IV)–carboxylate bond formation. This
exclusive intracavity binding may be predicted by the “mo-
lecular ruler” concept.[22] At completion of ditopic binding
the methanodiazocine bridge region of the 1H NMR spec-
trum simplifies to six geminally coupled doublets, indicative
that there is one host–guest complex in solution (See Fig-
ure 7c inset and Figure S9c, inset in the Supporting Informa-
tion).


The binding of 11 and 12 subjects them to the asymmetric
environment of the host 5 cavity. In this environment each
of the methylene protons of the aliphatic backbone are non-
equivalent and give rise to complex splitting patterns in the
1H NMR spectrum. For 11 these eight resonances are clearly
resolved in the upfield region of the spectrum typical for
binding modes between porphyrin centres,[5] see Figure 7d.
As subsequent aliquots of 11 and 12 are added, binding
occurs at the exterior of the host. Guests bound at the exte-
rior are also subject to a non-symmetric environment, but
rapid rotation about methylene–methylene bonds reduces
dispersion of the signals for the diastereotopic protons ap-
pended to each carbon. The signals for the interior and exte-
rior bound ligands are readily identified by chemical shift.


The electronic effect differences between the porphyrin
and the quinoxalinoporphyrin identified in the previous sec-
tion are also evident in the titration of 11 and 12 with host
5. When the second molar equivalent aliquot of diacid is
added to host 5, one major set of external bound-ligand sig-
nals appears. Addition of the third molar equivalent aliquot
results in appearance of a second set of externally bound
ligand signals 0.1 to 0.2 ppm upfield of the original signals,
which indicates that ligand exchange is favoured at one of
the exterior cavity sites, most likely that at the exterior face
of the porphyrin macrocycle. See signals marked 1 and 2 in
Figure 7e and f and Figure S9 in the Supporting Informa-
tion.


These experiments with dicarboxylic acids 11 and 12 show
that while the steric and electronic influences on monoden-
tate ligand binding are significant, these are overcome by
guests that possess the facility to form ditopic hydrogen
bonds between the interior cavity hydroxo ligands in the ini-
tial stage of the ligand exchange process. This ditopic hydro-
gen-bonding mode represents the thermodynamic product
of the pre-equilibrium and essentially renders the first
tin(IV)–carboxylate bond formation to be an intramolecular
process, resulting in the rapid kinetic trapping of this mode
of interaction.


Conclusion


Steric and electronic influences and the operation of cavity
effects are shown to result in exquisite control over hydro-
gen-bonding propensity, ligand exchange, and hence, carbox-
ylate binding to a tetravalent di[dihydroxotin(IV)] bis-por-
phyrin host (5) designed to identify the significance of these
factors. These steric, electronic and cavity-effect properties
operate by influencing the kinetics and/or thermodynamics
of hydrogen-bond interactions in the pre-equilibrium to
ligand exchange. Ligand exchange may then proceed from
this dynamic hydrogen-bonded mode of interaction with dis-
sociation of a molecule of water and tight binding of the
oxygen anion at the tin(IV) centre, siphoning material out
of the hydrogen-bond pre-equilibrium to yield a tin(IV)-
bound complex that reflects the incidence of favoured inter-
actions established by hydrogen bonding. This results in the


Figure 7. 1H NMR (400 MHz, CDCl3, 300 K) spectrum showing the bind-
ing of 11 to host 5. a) Host 5. Inset shows the methanodiazocine bridge
region. b) Host 5 +0.4 molar equivalents 11, 30 min. c) Host 5 +0.4 equiv-
alents 11, 17 h. Inset shows methanodiazocine bridge region, six doublets
of a single complex. d) Host 5+0.9 equivalents 11, 17 h. e) Host 5+


2.0 equivalents 11, 1 h. f) Host 5 +3.0 equivalents 11, 10 h. The C5-meth-
ylene for external adipate is obscured beneath the tBu signals. 1 and 2,
see text for explanation.
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facility for simple carboxylic acid guests to bind with signifi-
cant site specificity on the asymmetric surface of host 5.


It is worth noting that all of the information required to
direct this regioselective binding at host 5 was installed with
a single facile condensation of 1 and 2 with formaldehyde to
generate the methanodiazocine Trçger�s base linker between
the macrocycles. The Trçger�s base condensation of these
two achiral and electronically distinct arylamines defines the
steric environment at each binding site, the presence of the
cavity, the rigidity and the asymmetry of the host.


This work shows there is potential for expanding the ap-
plication of tin(IV) porphyrins in the generation of molecu-
lar devices, beyond the formation of complexes that are
symmetrical about the six-coordinate tin(IV) metal centre.
Tuning the outcome of the hydrogen-bond pre-equilibrium
to ligand exchange and kinetic trapping of this mode of in-
teraction offers chemoselective and regioselective binding of
oxygen anions at the tin(IV) centre as well as covalent
strength association.


Experimental Section


General procedures : 1H NMR spectra were recorded on a Bruker DPX-
400 (400 MHz) spectrometer and signals are quoted in ppm relative to
the residual protiated solvent peak.[27] The 2D NMR spectra discussed
were recorded on the same instrument by using standard Bruker pulse
programs. Temperature was controlled by using a Bruker B-VT 2000 var-
iable temperature unit. 119Sn NMR (149 MHz) chemical shifts are quoted
relative to the external standard dihydroxo[5,10,15,20-tetrakis-(3,5-di-tert-
butylphenyl)porphyrinato]tin(IV) (119Sn=�569.2 ppm)[21] CDCl3 was
dried and deacidified by filtration through a plug of anhydrous potassium
carbonate and activated neutral alumina prior to use. Other deuteriated
solvents were used as received. See the Supporting Information for addi-
tional details and routine synthetic procedures.


Synthesis of 4 : Freshly prepared 1[16] (185 mg, 0.170 mmol) and 2[14]


(101 mg, 86.0 mmol) were dissolved in tetrahydrofuran (16 mL) and nitro-
gen was bubbled through the solution for 10 min. A solution of hydro-
chloric acid (32 % w/v, 2 mL) in ethanol (4 mL) was added and nitrogen
was passed over the solution for 10 min. Formaldehyde (37 % w/v,
0.45 mL) was added and the reaction was heated at 65 8C under nitrogen
for 36 h. The reaction was diluted with diethyl ether (100 mL), washed
with water (4 � 100 mL) and the organic solvent was removed. The resi-
due was precipitated from dichloromethane/methanol (1:1) to yield an
amorphous purple residue (205 mg) composed of three major products,
as determined by TLC (1:1 dichloromethane/light petroleum). The resi-
due was dissolved in chloroform (20 mL) and treated with zinc(II) ace-
tate dihydrate (300 mg, 1.37 mmol) dissolved in methanol (10 mL) at
reflux for 5 min and the organic solvents were evaporated to dryness.
TLC analysis (1:1 dichloromethane/light petroleum) indicated complete
consumption of the starting material. The residue was purified by chro-
matography over silica (dichloromethane/light petroleum, 1:2). The first
major fraction was evaporated to yield dizinc(II) Trçger�s base bis-por-
phyrin[16] (103 mg, 52 %) with identical spectral properties as those re-
ported previously. The second major band was collected to yield 3
(37 mg) as a purple residue. This material was not analytically pure, but
identification by 1H NMR spectroscopy was possible. 1H NMR
(400 MHz, CDCl3, 300 K): d=�0.23 (br s, 18H; tBu H), 1.33 (s, 18H;
tBu H), 1.38 (s, 9H; tBu H), 1.42 (br s, 9 H; tBu H), 1.44 (s, 9H; tBu H),
1.47 (s, 9H; tBu H), 1.48 (br s, 9H; tBu H), 1.49 (9 H; s, tBu H), 1.51 (s,
9H; tBu H), 1.53 (s, 9H; tBu H), 1.56 (s, 18H; tBu H), 1.57 (s, 9 H;
tBu H), 1.65 (s, 9H; tBu H), 3.99 (d, 1 H; J=18.4 Hz, methylene H), 4.02
(d, 1 H; J =12.4 Hz, methylene H), 4.15 (d, 1H; J= 17.5 Hz, methyle-
ne H), 4.46 (d, J =18.4 Hz, 1H; methylene H), 4.53 (d, J= 12.4 Hz, 1H;


methylene H), 4.85 (d, J=17.5 Hz, 1 H; methylene H), 4.96 (dd, J =


1.8 Hz, 1H; Ar H), 7.48 (d, J =9.2 Hz, 1 H; quinoxalino H), 7.53 (dd, J =


1.8 Hz, 1H; Ar H), 7.60 (d, J =9.2 Hz, 1H; quinoxalino H), 7.72–7.75 (m,
4H; Ar H), 7.77 (dd, J =1.8 Hz, 1H; Ar H), 7.79 (dd, J= 1.8 Hz, 1H;
Ar H), 7.85 (dd, J =1.8 Hz, 1 H; Ar H), 7.88 (dd, J=1.8 Hz, 1H; Ar H),
7.89 (dd, J= 1.8 Hz, 1 H; Ar H), 7.91 (dd, J= 1.8 Hz, 1 H, Ar H), 7.96
(br dd, J =1.8 Hz, 1H; Ar H), 8.08 (dd, J=1.8 Hz, 1H; Ar H), 8.13 (dd,
J =1.8 Hz, 1H; Ar H), 8.14 (dd, J =1.8 Hz, 1H; Ar H), 8.17 (dd, J=


1.8 Hz, 1H; Ar H), 8.25 (dd, J =1.8 Hz, 1H; Ar H), 8.28 (dd, J =1.8 Hz,
1H; Ar H), 8.41 (d, J =4.9 Hz, 1 H; b-pyrrolic H), 8.70 (d, J =4.7 Hz, 1 H;
b-pyrrolic H), 8.77–8.80 (m, 3H; b-pyrrolic H), 8.87 and 8.88 (ABq, J=


4.9 Hz, 2H; b-pyrrolic H), 8.97 (d, J =4.7 Hz, 1H; b-pyrrolic H), 9.00–9.03
(m, 3 H; b-pyrrolic H), 9.07 ppm (d, J =4.7 Hz, 1 H; b-pyrrolicH).


The third major fraction was collected to yield dizinc(II) extended Trç-
ger�s base bis-porphyrin[14, 17] (53 mg, 48%) with identical spectral proper-
ties to those previously reported. Compound 3 (37 mg) was dissolved in
dichloromethane (20 mL) and shaken with hydrochloric acid (32 % w/v,
10 mL) for 5 min. The organic layer was washed with water (4 � 50 mL)
and evaporated. The residue was purified by chromatography over silica
(dichloromethane/light petroleum, 1:2). The major band was collected,
evaporated to dryness and the residue was recrystallised from dichloro-
methane/methanol (1:1) to yield 4 as a purple microcrystalline powder
(27 mg, 14%). M.p.>300 8C; 1H NMR (400 MHz, CDCl3, 300 K): d=


�2.49 (br s, 2H; inner NH), �2.21 (br s, 1H; inner NH), �2.17 (br s, 1 H;
inner NH), �0.14 (br s, 18 H; tBu H), 1.35 (s, 18H; tBu H), 1.39 (s, 9 H;
tBu H), 1.43 (s, 18H; tBu H), 1.46 (s, 18 H; tBu H), 1.51 (br s, 9H; tBu H),
1.53–1.54 (m, 36H; tBu H), 1.58 (s, 9H; tBu H), 1.65 (s, 9 H; tBu H), 3.89
(d, J =18.1 Hz, 1H; methylene H), 3.99 (d, J= 12.2 Hz, 1 H; methyle-
ne H), 4.07 (d, J =17.4 Hz, 1 H; methylene H), 4.20 (br d, J =18.1 Hz, 1 H;
methylene H), 4.52 (d, J= 12.2 Hz, 1H; methylene H), 4.74 (d, J =


17.4 Hz, 1H; methylene H), 5.15 (dd, J=1.5 Hz, 1 H; Ar H), 7.37 (d, J =


9.3 Hz, 1 H; quinoxalino H), 7.49 (br dd, 2H; Ar H), 7.50 (d, J =9.3 Hz,
1H; quinoxalino H), 7.55 (dd, J =1.7 Hz, 1 H; Ar H), 7.72 (dd, J =1.7 Hz,
1H; Ar H), 7.73–7.76 (m, 3H; Ar H), 7.79 (dd, J =1.7 Hz, 1 H; Ar H),
7.84 (dd, J =1.7 Hz, 1 H; Ar H), 7.86–7.87 (m, 2H; Ar H), 7.89–7.90 (m,
3H; Ar H), 7.97 (dd, J =1.7 Hz, 1 H; Ar H), 8.00 (br s, 2H; Ar H), 8.07
(dd, J =1.7 Hz, 1 H; Ar H), 8.14–8.16 (m, 2H; Ar H), 8.30 (dd, J =1.7 Hz,
1H; Ar H), 8.32 (dd, J=1.7 Hz, 1 H; Ar H), 8.42 (d, J =5.1 Hz, 1H; b-pyr-
rolic H), 8.62–8.66 (m, 3H; b-pyrrolic H), 8.72 (d, J =4.9 Hz, 1 H; b-pyrro-
lic H), 8.81–8.88 (m, 6H; b-pyrrolic H), 8.92 ppm (d, J =5.1 Hz, 1 H; b-
pyrrolic H); IR (CHCl3): ñ= 3337 (w), 2964 (s), 2905 (m), 2868 (m), 1593
(s), 1477 (m), 1466 (m), 1458 (m), 1425 (w), 1394 (w), 1364 (m), 1292
(w), 1263 (w), 1248 (m), 1126 (w), 999 (w), 922 (m), 883 cm�1 (m); UV/
Vis (CHCl3): lmax (log e): 423 (5.50), 440 sh (5.41), 523 (4.46), 601 (4.12),
650 nm (3.72); MS (ESI): m/z : 2295.38 [M]+ ; MS (HR-ESI-FT/ICR): m/
z : calcd for C161H192N12 + 2H+ : 1148.2785; found: 1148.2740 [M+2H]2+ .


Synthesis of 5 : Bis-porphyrin 4 (20.0 mg, 8.71 mmol) and anhydrous
tin(II) chloride (50.0 mg, 0.264 mmol) were combined and pyridine
(4 mL) was added. The mixture was heated to reflux with efficient stir-
ring for 12 h. The cooled reaction was diluted with diethyl ether
(100 mL), washed with water (4 � 100 mL) and the solvent was evaporat-
ed under reduced pressure until there was no trace of pyridine. The resi-
due was purified by chromatography over neutral alumina (class IV, di-
chloromethane/light petroleum, 1:1) and the major band was collected
and evaporated. The residue was dissolved in tetrahydrofuran (100 mL)
and a solution of anhydrous potassium carbonate (560 mg, 4.05 mmol) in
distilled water was added. The mixture was heated at reflux and stirred
efficiently for 12 h, diluted with freshly distilled diethyl ether (100 mL),
washed with deionised water (3 � 100 mL), dried over anhydrous sodium
sulfate, filtered and evaporated. The residue was recrystallised from
freshly distilled dichloromethane/acetonitrile (1:1) to yield 5 as lustrous
purple crystals suitable for X-ray crystallography (18 mg, 80%). M.p.>
300 8C; 1H NMR (400 MHz, CDCl3, 300 K): d =�7.44 (br s, 1H; OH
ligand), �7.05 (br s, satellites 2J ACHTUNGTRENNUNG(H,Sn)=36 Hz, 2 H; OH ligand), �6.56
(br s, satellites 2J ACHTUNGTRENNUNG(H,Sn) =34 Hz, 1 H; OH ligand), 0.43 (br s, 18H; tBu H),
1.35 (br s, 18 H; tBu H), 1.46 (s, 9H; tBu H), 1.49 (s, 9H; tBu H), 1.499 (s,
9H; tBu H), 1.503 (s, 9H; tBu H), 1.51 (s, 9H; tBu H), 1.54 (s, 9 H;
tBu H), 1.55 (s, 9 H; tBu H), 1.58 (s, 9H; tBu H), 1.59 (s, 9 H; tBu H), 1.60
(s, 9H; tBu H), 1.620 (s, 9H; tBu H), 1.626 (s, 9H; tBu H), 4.11 (d, J=
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12.5 Hz, 1 H; methylene H), 4.17 (d, J= 18.5 Hz, 1H; methylene H), 4.38
(d, J =17.6 Hz, 1H; methylene H), 4.46 (d, J= 12.5 Hz, 1 H; methyle-
ne H), 4.59 (d, J =18.5 Hz, 1H; methylene H), 4.90 (d, J= 17.6 Hz, 1H;
methylene H), 5.99 (br dd, J=1.7 Hz, 1 H; Ar H), 7.59 (dd, 1.8 Hz, 1 H;
Ar H), 7.61 (d, J =9.1 Hz, 1 H; quinoxalino H), 7.70 (d, J=9.1 Hz, 1H;
quinoxalino H), 7.83–7.84 (m, 3H; Ar H), 7.88 (dd, 1.7 Hz, 1H; Ar H),
7.93 (dd, 1.5 Hz, 1H; Ar H), 7.95 (dd, 1.8 Hz, 1 H; Ar H), 7.80–7.81 (m,
2H; Ar H), 8.04 (dd, 1.7 Hz, 1 H; Ar H), 8.08–8.10 (m, 2H; Ar H), 8.16
(dd, 1.7 Hz, 1 H; Ar H), 8.17–8.18 (m, 2H; Ar H), 8.26 (dd, 1.7 Hz, 1H;
Ar H), 8.30 (dd, 1.7 Hz, 1H; Ar H), 8.31–8.32 (m, 2H; Ar H), 8.92 (d, J =


4.9 Hz, satellites 4J ACHTUNGTRENNUNG(H,Sn) =10 Hz, 1 H; b-pyrrolic H), 8.93 (d, J =4.9 Hz,
satellites 4J ACHTUNGTRENNUNG(H,Sn) =10 Hz, 1 H; b-pyrrolic H), 8.99–9.07 (m, 5H; b-pyrro-
lic H), 9.10 (d, J =4.9 Hz, satellites 4J ACHTUNGTRENNUNG(H,Sn) =10 Hz, 1 H; b-pyrrolic H),
9.13–9.18 (m, 3H; b-pyrrolic H), 9.22 ppm (d, J =4.6 Hz, satellites 4J-ACHTUNGTRENNUNG(H,Sn) =10 Hz, 1H; b-pyrrolic H); 119Sn NMR (149 MHz, CDCl3,
SnMe4): d=�571.3, �570.9 ppm; IR (CHCl3): ñ=3693 (w), 3618 (w),
2964 (s), 2905 (m), 2870 (m), 1593 (s), 1477 (m), 1468 (m), 1427 (m),
1394 (m), 1364 (m), 1344 (w), 1294 (w), 1265 (s), 1248 (m), 1229 (m),
1194 (w), 1169 (w), 1150 (w), 1128 (w), 1055 (w), 1032 (w), 1020 cm�1


(w); UV/Vis (CHCl3): lmax (log e)=429 (5.63), 466 (5.38), 565 (4.53), 584
(4.38), 598 (4.36), 640 nm (4.29); MS (ESI): m/z : 1288.8 [M�OH]2+ ;
1281.5 [M�2OH]2+ ; MS (HR-ESI-FT/ICR): m/z : calcd for
C161H190N12O2Sn2: 1281.1614; found: 1281.1619 [M�2 OH]2+ .
1H NMR binding experiments : Host 5 (4 mg, 1.5 mmol) was dissolved in
CDCl3 (600 mL, �2.5 mm) in 5 mm ID NMR tubes. Standard solutions of
carboxylic acid guests 6, 7 and 8 were prepared in CDCl3 (2.00 mL,
�0.100 m). Standard solutions of dicarboxylic acid guests 11 and 12 were
prepared in [D6]DMSO/CDCl3 (10:90, 2.00 mL, �0.100 m). Precise molar
equivalent aliquots of guests 6–8, 11 and 12 were added to host 5 by mi-
crolitre syringe and the mixture was immediately stirred. Monitoring by
1H NMR spectroscopy then commenced (�2 min post aliquot addition)
and continued until a cessation in spectral changes indicated binding had
reached equilibrium. Further characterisation by the NMR spectroscopy
techniques indicated was then performed on these equilibrium systems.


CCDC-699388 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Echinacea extracts are one of the top selling herbal rem-
edies in the USA and Europe to treat upper respiratory
tract infections.[1] Some studies show that Echinacea is an ef-
fective immunostimulant,[2,3] while others do not,[4] and
much controversy on the efficacy of these extracts exists.[5]


The extracts consist of a complex mixture of caffeic acid de-
rivatives, glycoproteins, polysaccharides and alkamides,[6]


from 3 species of Echinacea : E. purpura, E. pallida and E.
angustifolia.[7] The major components of E. purpurea and E.
angustifolia extracts are alkamides, while E. pallida extracts
consist of mainly ketoalkenes and ketoalkenynes.[8]


Echinacea products on the market may contain only one
of the above mentioned species or mixtures of all 3 species,
and are not required to guarantee content, quality, variabili-
ty, or contamination of the supplement.[9] Studies have
shown that Echinacea extracts are wide-spectrum immuno-
modulators, but the exact phytochemical responsible for the
active nature of the extracts has not been identified.[10]


Determining the activity of Echinacea extracts as an effec-
tive herbal remedy is of high interest and intense research
on the subject is being conducted, but further studies to elu-
cidate the mode of action are required.[1–3, 7,10]


Alkamides have been isolated and tested for biological
activity and have been shown to bind with high affinity to
the human cannabinoid 2 receptor (CB2R), and may be con-
sidered a molecular mode of action explaining the immuno-
modulatory effects.[7,11,12] In order to investigate the biologi-
cal activity of ketoalkenes and ketoalkenynes found in many
Echinacea extracts, we report a versatile synthetic route to
the ketones found in E. pallida (Figure 1), and present the
results from functional GTPase assays of these newly syn-
thesized compounds at the CB1R and the CB2R. To deter-
mine any structure activity relationship responsible for re-
ceptor activation, we describe the synthesis and testing re-
sults of structurally similar ketone containing analogues.


Abstract: Despite its popularity and
widespread use, the efficacy of Echina-
cea products remains unclear and con-
troversial. Among the various com-
pounds isolated from Echinacea, ke-
toalkenes and ketoalkenynes exclusive-
ly found in the pale purple coneflower
(E. pallida) are major components of
the extracts. In contrast to E. purpurea
alkamides, these compounds have not
been synthesized and studied for im-
munostimulatory effects. We present a


practical and useful synthetic approach
to the ketoalkenes using palladium-cat-
alyzed cross-coupling reactions and the
pharmaceutical results at the human
cannabinoid receptors. The synthetic
route developed provides overall good
yields for the ketoalkenes and is appli-


cable to other natural products with
similar 1,4-diene motifs. No significant
activity was observed at either recep-
tor, indicating that the ketoalkenes
from E. pallida are not responsible for
immunomodulatory effects mediated
via the cannabinergic system. However,
newly synthesized non-natural ana-
logues showed micro-molar potency at
both cannabinoid receptors.
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Results and Discussion


Synthesis : In contrast to other Echinacea species, only E.
pallida contains ketoalkenes and ketoalkenynes (Figure 2).


The syntheses of monoalkene 1 and bisacetylenes 2 and 3
have recently been reported by Dickschat et al[13] and Kraus
et al.[14, 15] Despite the large interest in obtaining synthetic
samples of the remaining unsaturated compounds for bio-
logical evaluation the other ketoalkenes have not been pre-
pared so far. We therefore planned to synthesize the poly-
enes 5--8 and test their activity at the human cannabinoid
receptors in a functional GTPase assay. Our synthetic strat-
egy was to obtain the 1,4-diene motifs via Pd-catalyzed
cross-coupling reactions of appropriate allyl acetates with
vinyl zinc halides that were derived from aldehyde 11. This
route not only enabled us to prepare all compounds via one
aldehyde precursor but also allowed for access to non-natu-
ral conjugated analogues via Sonogashira and Suzuki cross-
coupling reactions of the vinyl iodide intermediate 10
(Scheme 1).


Aldehyde 11 was previously synthesized from methylace-
toacetate in 8 steps with an overall yield of 38 %.[16] Alterna-
tively, we started from commercially available cyclohepta-


none which was converted into methylcycloheptanol in
quantitative yield. Retro-Barbier fragmentation[17] and pro-
tection of the resulting keto group resulted in bromide 15,
which was then oxidized to aldehyde 11 (Scheme 2).[18] The
synthesis of aldehyde 11 could thus be shortened by 4 steps
and the overall yield increased to 59 %. Conversion to the
vinyl iodide 10 was finally achieved by the method of Stork
and Zhao in good yield and high stereoselectivity.[19]


The synthesis of the 1,4-dienes required the selective
preparation of E- and Z-allyl acetates. (Z)-Hex-2-enyl ace-
tate 17 was directly obtained from the commercially avail-
able corresponding alcohol, whereas (Z)-oct-2-enyl acetate
21 was prepared by hydroboration of the THP protected
propargyl alcohol 19, followed by deprotection and acetyla-
tion. Reduction of the propargyl acetate was also attempted
but turned out to be less selective and gave higher amounts
of the undesired E-isomer. Direct conversion of the THP
protected alcohol 20 into the acetate[20] 21 was inferior to
the sequence of deprotection followed by acetylation be-


Figure 1. Echinacea pallida.


Figure 2. Ketoalkenes and ketoalkenynes isolated from E. pallida.


Scheme 1. Retrosynthetic analysis of the natural products found in E. pal-
lida and their conjugated analogues.


Scheme 2. Improved synthesis of aldehyde 11 and its conversion into the
vinyl iodide intermediate 10. a) MeLi (1.1 equiv), Et2O, �78 8C, 100 %;
b) Br2, K2CO3, CHCl3, 0 8C, 93%; c) ethylene glycol, pTsOH, toluene,
reflux, 92%; d) trimethylammonium-N-oxide, DMSO, RT, 69 %; e)
ICH2PPh3I, NaHMDS, RT; 11, �78 8C, 81%.
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cause the yield was lower and separation was more difficult
(Scheme 3).


Diene coupling partners 26 and 31 were prepared from
1,3-enynes 24 and 29, which were synthesized by Sonoga-
shira cross-coupling of cis- or trans-1-bromo-1-propene and
(THP-protected) propargyl alcohol. The E-allyl acetate 26
was then prepared via trans-hydroalumination while the Z-
isomer 31 was again synthesized as described above
(Scheme 4).


Pd-catalyzed cross-coupling between the vinyl zinc chlo-
ride 9 and the corresponding allyl acetates gave the desired
1,4-dienes which were finally deprotected to yield the ke-
toalkenes 5–8 (Scheme 5).


The ketoalkenes of E. pallida share two common structur-
al motifs: a skipped conjugation in the unsaturated part and
the combination of a methyl ketone and a polyene moiety
connected by a flexible alkyl chain. In order to explore
whether the skipped conjugation plays an important role in


a potential mechanism of action we prepared a series of
conjugated analogues via Suzuki and Sonogashira cross-cou-
pling reactions of the vinyl iodide intermediate 10
(Scheme 6) and compared their activity at the CBRs to the


natural products. We also investigated the influence of an
amide versus a methylketone head group, which is the main
difference between E. purpurea alkamides and E. pallida ke-
toalkenes. For that reason we replaced the amide group of
the endogenous ligand anandamide by a simple methylke-
tone, which was prepared by derivatization of arachidonic
acid (Scheme 7).


Scheme 3. Synthesis of allyl acetates 17 and 21. a) Ac2O, DMAP, NEt3,
CH2Cl2, RT, 99%; b) DHP, pTsOH, CH2Cl2, RT, 96 %; c) BH3·Me2S, cy-
clohexene, Et2O, 0 8C to RT; 19, 0 8C to RT; HOAc, 0 8C to RT, 89 %; d)
1) pTsOH, MeOH, RT, 87 %; 2) Ac2O, DMAP, NEt3, CH2Cl2, RT, 99 %.


Scheme 4. Synthesis of the diene coupling partners. a) [PdCl2ACHTUNGTRENNUNG(PPh3)2]
(2 mol %), CuI (4 mol %), piperidine, RT, 91 %; b) LiAlH4, THF, �10 8C
to RT, 97%; c) Ac2O, DMAP, NEt3, CH2Cl2, RT, 99 %; d) [PdCl2 ACHTUNGTRENNUNG(PPh3)2]
(2 mol %), CuI (4 mol %), piperidine, RT, 92%; e) BH3·Me2S, cyclohex-
ene, Et2O, 0 8C to RT; 29, 0 8C to RT; HOAc, 0 8C to RT, 91%; f)
pTsOH, MeOH, RT, 84%; g) Ac2O, DMAP, NEt3, CH2Cl2, RT, 99 %.


Scheme 5. Synthesis of the 1,4-dienes 5–8 via Pd-catalyzed cross-coupling.
a) tBuLi, THF, �78 8C, then ZnCl2, �78 8C to RT; b) [PdCl2 ACHTUNGTRENNUNG(PPh3)2]
(3 mol %), ROAc, RT, 20–27 %; c) 1m HCl, THF, RT, quant.


Scheme 6. Preparation of non-natural conjugated analogues. a) RCCH
(1.2 equiv), [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (5 mol %), CuI (5 mol %), NEt3, RT, 67–71 %;
b) TBAF, THF, RT, 76%; c) 1 m HCl, THF, RT, 80–96 % d) PhB(OH)2


(1.1 equiv), Pd ACHTUNGTRENNUNG(OAc)2 (5 mol %), NaOH (2.5 equiv), THF, reflux, 61%.


Scheme 7. Structure of anandamide and synthesis of its keto analogue 44.
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Pharmacology : Cannabinoid receptors couple to Gi/Go pro-
teins and the nucleotide exchange can be monitored as an
increase in steady-state GTPase activity.[21] All synthesized
compounds were tested for agonistic activity at the CBRs in
a steady-state GTPase assay (see Table 1). Compounds were
considered to be CBR agonists when GTPase activation was
more than 20 % compared to basal GTPase activity [3 %ACHTUNGTRENNUNG(v/v) DMSO]. The maximal stimulatory effect of the most
abundant endogenous CBR agonist 2-arachidonoyl glycerol
(2-AG) was set at 100 % to determine Emax values of active
compounds. The second endogenous CBR agonist, ananda-
mide (ANA), was a full agonist at the CB1R and a partial
agonist at the CB2R. Compounds 36 and 39 are analogues of
the natural ketoalkenynes from E. pallida with a keto group
at C2, a cis-double bond at C8 and a triple bond at C10. In-
troduction of a phenyl ring in compound 39 led to partial
agonism at both CBRs with a potency in the micromolar
range. Protection of the keto group at C2 (36) resulted in a
complete loss of efficacy at the CB1R and partial agonism at
the CB2R. The potency of compound 36 at the CB2R was in
the micromolar range. Compound 44, an analogue of the en-
dogenous agonist anandamide, was a full agonist at both
CBRs. Replacement of the isobutylamide head group by a
methyl ketone even led to a higher efficacy at the CB2R
compared to anandamide. However, the logEC50 values of
compound 44 were only in the micromolar range compared
to anandamide or 2-AG. This finding suggests that substitu-
tion of the carboxyl group at C1 with a larger or an amine-
containing group, for example, ethanolamine (anandamide)
or glycerol (2-AG) is necessary for a high potency at CBRs.


Conclusion


We have developed a versatile synthetic route for the prepa-
ration of E. pallida ketoalkenes and new non-natural conju-
gated analogues. A particular advantage of our synthetic
strategy is the possibility of preparing different conjugated


and non conjugated polyene motifs found in many natural
products starting from only one common precursor and fol-
lowing the same reaction procedures. The simplicity of the
reactions involved and the inexpensive commercially avail-
able starting materials are also advantageous.


Both classes of compounds were tested for their ability to
activate the human cannabinoid receptors 1 and 2 (CB1R
and CB2R). In contrast to the alkamides of E. purpurea,
which have been shown to be CB2R agonists,[7] no agonistic
activity at either receptor was found in the functional
GTPase assay for the ketoalkenes from E. pallida. If the ob-
served immunomodulatory activity of Echinacea products is
mediated via the CBR system, E. pallida ketoalkenes will
not contribute to this effect. However, a different mode of
action for these compounds or synergic effects cannot be ex-
cluded and may be responsible for the observed physiologi-
cal activity of Echinacea extracts. Interestingly, the non-nat-
ural phenylacetylene containing analogue 39 as well as its
keto-protected precursor 36 showed micromolar activity at
both receptors. The same was true for the keto analogue 44
of anandamide, indicating that an amide or ester moiety is
not necessarily important for activation but for high affinity
at the CBRs.


Experimental Section


General : Commercial reagents and starting materials were purchased
from Aldrich, Fluka, Lancaster or Acros and used without further purifi-
cation. THF was distilled from sodium/benzophenone. Flash chromatog-
raphy was performed on Acros silica gel 60 A (35–70 mm). TLC was per-
formed on alumina plates coated with silica gel (Merck silica gel 60 F254,
thickness 0.2 mm) and products were detected after staining with 15%
phosphomolybdic acid in ethanol. NMR spectra were recorded with
Bruker Avance 300 (1H: 300.1 MHz, 13C: 75.5 MHz, T=300 K), Bruker
Avance 400 (1H: 400.1 MHz, 13C: 100.6 MHz, T=300 K) and Bruker
Avance 600 (1H: 600.1 MHz, 13C: 150.1 MHz, T=300 K) instruments.
Chemical shifts are reported in d ppm relative to external standards and
coupling constants J are given in Hz. Abbreviations for the characteriza-
tion of the signals are: s= singlet, d =doublet, t= triplet, m =multiplet,
br s= broad singlet, dt=double triplet. The relative number of protons is
determined by integration. Error of reported values: chemical shift
0.01 ppm (1H NMR), 0.1 ppm (13C NMR), coupling constant 0.1 Hz. The
used solvent for each spectrum is reported. Mass spectra were recorded
with Finnigan MAT SSQ 710 A (CI) and Finnigan MAT 95 (HRMS), IR
spectra with a Bio-Rad FT-IR Excalibur FTS 3000 MX spectrometer and
UV/Vis spectra with a Cary BIO 50 UV/Vis/NIR spectrometer (Varian).
The following compounds were prepared as described above and have
been reported before: 1-methylcycloheptanol (13),[22] 8-bromooctan-2-
one (14),[17] 2-(6-bromohexyl)-2-methyl-1,3-dioxolane (15),[23] (iodo-ACHTUNGTRENNUNGmethyl)triphenylphosphonium iodide,[24] 6-(2-methyl-1,3-dioxolan-2-yl)-
hexanal (11),[16] (Z)-hex-2-enyl acetate (17),[25] 2-(oct-2-ynyloxy)-tetrahy-
dro-2H-pyran (19),[26] (Z)-oct-2-en-1-ol,[27] (Z)-hex-4-en-2-yn-1-ol (24),[28]


(2E,4Z)-hexa-2,4-dien-1-ol (25),[28] (E)-2-(hex-4-en-2-ynyloxy)-tetra-ACHTUNGTRENNUNGhydro-2H-pyran (29),[29] (2Z,4E)-hexa-2,4-dien-1-ol.[30]


General procedure A for the semi-reduction of alkynes to the corre-
sponding (Z)-alkenes : Borane/dimethylsulfide complex (1.1 equiv) was
added to dry Et2O (�1 m) and cooled to 0 8C. Cyclohexene (2.2 equiv)
was slowly added by syringe and the mixture was stirred at 0 8C for
15 min before it was warmed to RT and stirred for 1 h. The white suspen-
sion was again cooled to 0 8C and the alkyne (1 equiv) was slowly added
via syringe. The mixture was stirred for 1 h at 0 8C and 1.5 h at RT until
the white precipitate completely dissolved, then the reaction mixture was


Table 1. Stimulation of GTPase activity, Emax values and logEC50 values
of 2-AG, anandamide (ANA) and synthesized compounds.[a]


Compound (CBR) GTPase activation [%] Emax [%] logEC50


2-AG (CB1R) 69�6 100 �6.60�0.12
2-AG (CB2R) 74�25 100 �6.53�0.51
ANA (CB1R) 80�8 116�19 �6.80�0.10
ANA (CB2R) 49�6 66�15 �6.36�0.44
36 (CB1R) <20 n.a. n.a.
36 (CB2R) 33�3 45�6 �5.23�0.62
39 (CB1R) 41�20 59�35 �5.28�0.27
39 (CB2R) 44�11 59�18 �5.84�0.19
44 (CB1R) 68�6 99�9 �5.71�0.44
44 (CB2R) 85�7 114�9 �5.46�0.29


[a] GTPase activity was determined in Sf9 insect cell membranes ex-
pressing CBRs, Gai2, Gb1g2 and RGS4. Results are expressed as percen-
tages of mean values �S.D. compared to basal GTPase activation as-
sessed by 3% (v/v) DMSO. Emax values represent the stimulation relative
to the endogenous agonist 2-AG (defined as 100 % stimulation). Data
represents three independent experiments performed with different
membrane preparations.
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again cooled to 0 8C and acetic acid (�9 equiv) was slowly added. The
ice bath was removed and the solution was stirred at RT for 2 h. Et2O
was added and the organic phase was washed with water (4 � ), dried
over MgSO4, concentrated and purified by flash chromatography on
silica gel (petroleum ether/EtOAc).


General procedure B for the acetylation of allyl alcohols : To a 0.3 m solu-
tion of the alcohol in dry CH2Cl2, triethylamine (1.3 equiv), freshly dis-
tilled acetic anhydride (1.1 equiv) and catalytic amounts of DMAP were
added. The mixture was stirred at RT until complete consumption of the
alcohol (�4 h), diluted with CH2Cl2 and washed with water. The aqueous
phase was extracted with CH2Cl2 and the organic phases were dried over
MgSO4. The solvent was removed and the product purified by flash chro-
matography on silica gel (pentane/Et2O).


General procedure C for the Sonogashira cross-coupling of 1-bromo-1-
propene and different acetylenes : To a 0.3 m solution of bromopropene
(1.1 equiv) in freshly distilled piperidine, [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (2 mol %), the
terminal acetylene (1 equiv) and CuI (4 mol %) were added. The mixture
was stirred at RT until complete consumption of the acetylene, quenched
with saturated solution of NH4Cl and extracted with Et2O. The combined
organic phases were washed with brine, dried with MgSO4, concentrated
and purified by flash chromatography on silica gel (pentane/Et2O).


General procedure D for the Pd-catalyzed cross-coupling of vinyl zinc
chlorides and allyl acetates : Under an argon atmosphere a 0.2m solution
of vinyl iodide 11 in freshly distilled dry THF (Na/benzophenone) was
cooled to �78 8C. tBuLi (1.6 m in pentane, 2.2 equiv) was added via sy-
ringe and the mixture was stirred for 1 h at �78 8C. Dry ZnCl2 (1.1 equiv)
was added and the mixture was slowly warmed to RT. [PdCl2 ACHTUNGTRENNUNG(PPh3)2]
(5 mol %) and the allyl acetate were then added and the mixture was
stirred at RT overnight, concentrated under a stream of nitrogen,
quenched with saturated NH4Cl and extracted with CH2Cl2. The com-
bined organic phases were washed with brine, dried with MgSO4, concen-
trated and purified by flash chromatography on silica gel (petroleum
ether/EtOAc).


General procedure E for the deprotection of 1,3-dioxolane-protected ke-
tones : The dioxolane was dissolved in THF (5 mL) and 1 m HCl (1 mL)
was added. The mixture was stirred at RT overnight, diluted with Et2O,
washed with aqueous saturated solution of NaHCO3 and dried with
MgSO4. The solvents were removed under reduced pressure and the
products were purified by flash chromatography on silica gel (petroleum
ether/EtOAc).


(Z)-2-(7-Iodohept-6-enyl)-2-methyl-1,3-dioxolane (10): To a suspension
of (iodomethyl)triphenylphosphonium iodide (5.1 g, 9.7 mmol) in dry
THF (75 mL), 1m sodium bis-(trimethylsilyl)amide in THF (11 mmol)
was added. The orange suspension was cooled to �78 8C and N,N’-dime-
thylpropyleneurea (DMPU) (5.9 mL) was added. After 15 min aldehyde
11 (1.2 g, 6.4 mmol) was added via syringe and the mixture was slowly
warmed to RT. The solvent was removed under reduced pressure and the
resulting brown oil was dissolved in CH2Cl2, washed with water and con-
centrated. Byproducts were removed by precipitation with petroleum
ether, the mother liquor was concentrated and the product was purified
by flash chromatography on silica gel to yield vinyl iodide 10 as colour-
less oil (1.6 g, 81 %). Rf =0.31 (petroleum ether/EtOAc 9:1); 1H NMR
(300 MHz, CDCl3): d=6.19–6.12 (m, 2H; CH), 3.98–3.88 (m, 4 H;
OCH2), 2.17–2.10 (m, 2 H; CH2), 1.66–1.61 (m, 2 H; CH2), 1.46–1.33 (m,
6H; CH2), 1.31 ppm (s, 3H; CH3); 13C NMR (75 MHz, CDCl3): d=141.3
(+), 110.1 (Cquat), 82.3 (+), 64.6 (�), 39.1 (�), 34.6 (�), 29.3 (�), 27.9
(�), 23.9 (�), 23.8 ppm (+); IR (neat): ñ=2981, 2937, 1375, 1069 cm�1;
MS (CI, NH3): m/z (%): 311 (100) [M+H+], 328 (12) [M+NH4


+].


(Z)-2-(Oct-2-enyloxy)-tetrahydro-2H-pyran (20): The compound was pre-
pared following general procedure A and isolated as colourless oil.
Yield: 1.39 g, 83 %. Rf =0.29 (petroleum ether/EtOAc 19:1); 1H NMR
(300 MHz, CDCl3): d=5.63–5.50 (m, 2H), 4.64 (t, 3J =2.2 Hz, 1 H), 4.29–
4.23 (m, 1H), 4.10–4.04 (m, 1H), 3.92–3.85 (m, 1 H), 3.55–3.47 (m, 1H),
2.10–2.04 (m, 2H; CH2), 1.88–1.50 (m, 6 H; CH2), 1.41–1.21 (m, 6H;
CH2), 0.88 ppm (t, 3J=6.7 Hz, 3H; CH3); 13C NMR (75 MHz, CDCl3):
d=133.9, 125.7, 97.9, 62.8, 62.2, 31.4, 30.7, 29.3, 27.5, 25.5, 22.5, 19.6,
14.1 ppm; IR (neat): ñ =2925, 2856, 1455, 1025 cm�1; CI-MS (NH3): m/z
(%): 102 (100) [DHP+NH4


+], 230 (18) [M+NH4
+].


(Z)-Oct-2-enyl acetate (21): The compound was prepared following gen-
eral procedure B and isolated as colourless oil. Yield: 0.56 g, 99%. Rf =


0.31 (petroleum ether/EtOAc 19:1); 1H NMR (300 MHz, CDCl3): d=


5.69–5.48 (m, 2 H; CH), 4.61 (d, 3J =6.6 Hz, 2 H; OCH2), 2.12–2.03 (m,
5H; CH2/CH3), 1.42–1.23 (m, 6H; CH2), 0.88 ppm (t, 3J=7.0 Hz, 3H;
CH3); 13C NMR (75 MHz, CDCl3): d=171.0 (Cquat), 135.6 (+), 123.2 (+),
60.4 (�), 31.4 (�), 29.1 (�), 27.5 (�), 22.5 (�), 21.0 (+), 14.0 ppm (+);
IR (neat): ñ =3024, 2928, 1739, 1372, 1225 cm�1; CI-MS (NH3): m/z (%):
188 (100) [M+NH4


+].ACHTUNGTRENNUNG(2E,4Z)-Hexa-2,4-dienyl acetate (26): The compound was prepared fol-
lowing general procedure B and isolated as colourless oil. Yield: 0.48 g,
99%. Rf = 0.33 (petroleum ether/EtOAc 9:1); 1H NMR (300 MHz,
CDCl3): d= 6.65–6.55 (m, 1H), 6.01 (dt, 4J =1.4, 3J =11.0 Hz, 1H), 5.73
(dt, 3J=7.0, 3J =15.4 Hz, 1H), 5.57 (dq, 3J =7.3 Hz, 3J= 11.0 Hz, 1H),
4.62 (d, 3J=6.6 Hz, 2H; CH2), 2.07 (s, 3 H; CH3), 1.77 ppm (dd, 3J =7.1,
4J=1.6 Hz, 3 H; CH3); 13C NMR (75 MHz, CDCl3): d=170.8 (Cquat),
129.6 (+), 128.2 (+), 128.2 (+), 125.9 (+), 65.0 (�), 21.0 (+), 13.4 ppm
(+); IR (neat): ñ=3023, 1738, 1373, 1222 cm�1; CI-MS (NH3): m/z (%):
158 (10) [M+NH4


+], 98 (100) [M+NH4
+�HOAc].


2-((2Z,4E)-Hexa-2,4-dienyloxy)-tetrahydro-2H-pyran (30): The com-
pound was prepared following general procedure A and isolated as col-
ourless oil. Yield: 1.32 g, 91%. Rf =0.36 (CH2Cl2); 1H NMR (300 MHz,
CDCl3): d =6.40–6.29 (m, 1 H), 6.11 (t, 3J=11.0 Hz, 1 H), 5.75 (dq, 3J =


6.7, 3J=14.8 Hz, 1 H), 5.44 (dt, 3J= 7.1, 3J =11.0 Hz, 1H), 4.66–4.64 (m,
1H), 4.38–4.16 (m, 2 H), 3.93–3.86 (m, 1H), 3.56–3.49 (m, 1 H), 1.78 (d,
3J=6.3 Hz, 3H; CH3), 1.88–1.50 ppm (m, 6H; CH2); 13C NMR (75 MHz,
CDCl3): d= 131.8 (+), 131.6 (+), 126.6 (+), 124.4 (+), 97.8 (+), 62.8 (�),
62.3 (�), 30.7 (�), 25.5 (�), 19.5 (�), 18.3 ppm (+); IR (neat): ñ =3024,
2940, 1117, 1021 cm�1; CI-MS (NH3): m/z (%): 102 (100) [DHP+NH4


+],
200 (22) [M+NH4


+].ACHTUNGTRENNUNG(2Z,4E)-Hexa-2,4-dienyl acetate (31): The compound was prepared fol-
lowing general procedure B and isolated as colourless oil. Yield: 0.73 g,
99%. Rf =0.39 (CH2Cl2); 1H NMR (300 MHz, CDCl3): d=6.39–6.30 (m,
1H), 6.15 (t, 3J =11.1 Hz, 1 H), 5.81 (dq, 3J =7.0, 3J =14.8 Hz, 1H), 5.40
(dt, 3J =7.5, 3J =11.0 Hz, 1 H), 4.72 (d, 3J =7.4 Hz, 2H; CH2), 2.07 (s, 3 H;
CH3), 1.80 ppm (d, 3J=6.0 Hz, 3 H; CH3); 13C NMR (75 MHz, CDCl3):
d=171.0 (Cquat), 133.2 (+), 132.9 (+), 126.0 (+), 121.5 (+), 60.5 (�), 21.0
(+), 18.4 ppm (+); IR (neat): ñ =3031, 1735, 1372, 1223 cm�1; CI-MS
(NH3): m/z (%): 158 (71) [M+NH4


+], 98 (100) [M+NH4
+�HOAc].


2-Methyl-2-((6Z,9E,11Z)-trideca-6,9,11-trienyl)-1,3-dioxolane (33): The
compound was prepared following general procedure D and isolated as
colourless oil. Yield: 70 mg, 27 %. Rf =0.36 (CH2Cl2); 1H NMR
(300 MHz, CDCl3): d =6.39–6.30 (m, 1 H), 6.03–5.93 (m, 1H), 5.63 (dt,
3J=7.0 Hz, 3J =15.1 Hz, 1 H), 5.49–5.34 (m, 3 H), 3.98–3.88 (m, 4 H;
OCH2), 2.84 (t, 3J =6.4 Hz, 2H; CH2), 2.07–2.01 (m, 2 H, CH2), 1.73 (dd,
3J=6.9 Hz, 4J =1.6 Hz, 3H; CH3), 1.65–1.58 (m, 2H; CH2), 1.43–1.31 (m,
6H; CH2), 1.30 ppm (s, 3H; CH3); 13C NMR (75 MHz, CDCl3): d=132.3
(+), 131.0 (+), 129.4 (+), 126.9 (+), 125.6 (+), 124.4 (+), 110.2 (Cquat),
64.6 (�), 39.2 (�), 30.6 (�), 29.6 (�), 29.5 (�), 27.1 (�), 24.0 (�), 23.7
(+), 13.3 ppm (+); IR (neat): ñ =2981, 2935, 1375, 1064 cm�1; CI-MS
(NH3): m/z (%): 265 (100) [M+H+], 282 (26) [M+NH4


+].


(8Z,11E,13Z)-Pentadeca-8,11,13-trien-2-one (6): The compound was pre-
pared following general procedure E and isolated as colourless oil in
quantitative yield (30 mg). Rf = 0.33 (CH2Cl2); 1H NMR (600 MHz, C6D6,
COSY): d =6.48–6.44 (m, 1H, H(11)), 6.10–6.06 (m, 1 H, H(12)), 5.62 (dt,
3J=6.9, 3J =15.1 Hz, 1 H, H(10)), 5.52–5.42 (m, 2H, H(7)/H(8)), 5.34 (dq,
3J=7.1, 3J =10.7 Hz, 1H, H(13)), 2.81 (t, 3J=6.7 Hz, 2 H, CH2; H(9)),
1.99–1.95 (m, 2H, CH2; H(6)), 1.90 (t, 3J =7.3 Hz, 2 H, CH2; H(2)), 1.64
(s, 3 H, CH3; H(1)), 1.62 (dd, 3J=7.2, 4J=1.8 Hz, 3H, CH3; H(14)), 1.43
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(q, 3J= 7.6 Hz, 2H, CH2; H(3)), 1.23 (q, 3J=7.5 Hz, 2H, CH2; H(5)),
1.14–1.09 ppm (m, 2 H, CH2; H(4)); 13C NMR (75 MHz, CDCl3): d=


209.3 (Cquat), 132.2 (+), 130.7 (+), 129.3 (+), 127.1 (+), 125.6 (+), 124.4
(+), 43.7 (�), 30.6 (�), 29.9 (+), 29.4 (�), 28.8 (�), 27.0 (�), 23.7 (�),
13.3 ppm (+); IR (neat): ñ =3014, 2932, 2856, 1716, 1358 cm�1; CI-MS
(NH3): m/z (%): 238 (100) [M+NH4


+].


2-Methyl-2-((6Z,9Z,11E)-trideca-6,9,11-trienyl)-1,3-dioxolane (32): The
compound was prepared following general procedure D and isolated as
colourless oil. Yield: 71 mg, 21%. Rf =0.27 (petroleum ether/EtOAc
24:1); 1H NMR (300 MHz, CDCl3): d =6.03–5.28– (m, 6 H), 3.94–3.84 (m,
4H; OCH2), 2.88–2.73 (m, 2 H; CH2), 2.00 (quint, 3J =6.0 Hz, 2H; CH2),
1.69 (d, 3J =6.6 Hz, 3H; CH3), 1.62–1.57 (m, 2H; CH2), 1.40–1.29 (m,
6H; CH2), 1.27 ppm (s, 3H; CH3); 13C NMR (75 MHz, CDCl3): d=131.5
(+), 130.8 (+), 130.5 (+), 129.9 (+), 127.2 (+), 127.1 (+), 110.2 (Cquat),
64.6 (�), 39.2 (�), 30.3 (�), 29.6 (�), 29.5 (�), 27.1 (�), 24.0 (�), 23.7
(+),18.0 ppm (+); CI-MS (NH3): m/z (%): 187 (100) [(C11H22O2)H+],
204 (61) [(C11H22O2)NH4


+].


(8Z,11Z,13E)-Pentadeca-8,11,13-trien-2-one (5): The compound was pre-
pared following general procedure E and isolated as colourless oil in
quantitative yield (39 mg). Rf =0.47 (petroleum ether/EtOAc 4:1);
1H NMR (300 MHz, CDCl3): d= 6.07–5.33 (m, 6H), 2.92–2.77 (m, 2H;
CH2), 2.41 (t, 3J =7.7 Hz, 2H; CH2), 2.13 (s, 3H; CH3), 2.04 (quint, 3J =


6.3 Hz, 2H; CH2), 1.73 (d, 3J =6.9 Hz, 3H; CH3), 1.62–1.52 (m, 2H;
CH2), 1.41–1.25 ppm (m, 4H; CH2); 13C NMR (75 MHz, CDCl3): d=


209.3 (Cquat), 131.5 (+), 130.6 (+), 130.5 (+), 129.8 (+), 127.3 (+), 127.2
(+), 43.7 (�), 30.3 (�), 29.9 (+), 29.4 (�), 28.8 (�), 26.9 (�), 23.7 (�),
18.1 ppm (+); IR (neat): ñ =3013, 2927, 2855, 1716, 1359 cm�1; CI-MS
(NH3): m/z (%): 238 (100) [M+NH4


+], 221 (4) [M+H+].


2-Methyl-2-((6Z,9Z)-pentadeca-6,9-dienyl)-1,3-dioxolane (35): The com-
pound was prepared following general procedure D and isolated as col-
ourless oil. Yield: 56 mg, 20 %. Rf =0.42 (petroleum ether/EtOAc 9:1);
1H NMR (300 MHz, CDCl3): d =5.50–5.34 (m, 4H; CH), 4.00–3.90 (m,
4H; OCH2), 2.74 (t, 3J =5.5 Hz, 2H; CH2), 2.08–1.96 (m, 4 H; CH2),
1.67–1.60 (m, 2H; CH2), 1.46–1.28 (m, 15H; CH2/CH3), 0.90 ppm (t, 3J =


7.0 Hz, 3 H; CH3); 13C NMR (75 MHz, CDCl3): d =130.9 (+), 130.3 (+),
128.3 (+), 127.9 (+), 110.2 (Cquat), 64.6 (�), 39.2 (�), 32.6 (�), 31.4 (�),
30.5 (�), 29.6 (�), 29.5 (�), 29.2 (�), 27.1 (�), 24.0 (�), 23.7 (+), 22.6
(�), 14.1 ppm (+); IR (neat): ñ =2925, 2855, 1376, 1067 cm�1; CI-MS
(NH3): m/z (%): 295 (100) [M+H+], 312 (16) [M+NH4


+].ACHTUNGTRENNUNG(8Z,11Z)-Heptadeca-8,11-dien-2-one (8): The compound was prepared
following general procedure E and isolated as colourless oil in quantita-
tive yield (36 mg). Rf =0.20 (petroleum ether/EtOAc 19:1); 1H NMR
(300 MHz, CDCl3): d =5.50–5.33 (m, 4H; CH), 2.74 (t, 3J=5.6 Hz, 2 H;
CH2), 2.44 (t, 3J =7.5 Hz, 2 H; CH2), 2.15 (s, 3H, CH3), 2.09–1.96 (m, 4 H,
CH2), 1.65–1.55 (m, 2H, CH2), 1.44–1.26 (m, 10H, CH2), 0.90 ppm (t, 3J =


6.7 Hz, 3 H; CH3); 13C NMR (75 MHz, CDCl3): d =209.2 (Cquat), 130.9
(+), 130.1 (+), 128.2 (+), 128.0 (+), 43.8 (�), 32.5 (�), 31.4 (�), 30.5
(�), 29.9 (+), 29.4 (�), 29.2 (�), 28.8 (�), 26.9 (�), 23.7 (�), 22.6 (�),
14.1 ppm (+); IR (neat): ñ =3008, 2925, 2855, 1717 cm�1; HRMS (PI-EI):
m/z : calcd for C17H30O: 250.2297, found: 250.2295 [M]+ .


2-Methyl-2-((6Z,9Z)-trideca-6,9-dienyl)-1,3-dioxolane (34): The com-
pound was prepared following general procedure D and isolated as col-
ourless oil (116 mg, 26 %). Rf = 0.31 (pentane/Et2O 9:1); 1H NMR
(300 MHz, CDCl3): d =5.42–5.32 (m, 4H), 3.98–3.88 (m, 4H; OCH2),
2.72 (t, 3J=5.2 Hz, 2H; CH2), 2.09–1.98 (m, 4H; CH2), 1.65–1.60 (m, 2 H;
CH2), 1.42–1.25 (m, 11H), 0.88 ppm (t, 3J =8.0 Hz, 3H; CH3); 13C NMR
(75 MHz, CDCl3): d=130.6 (+), 130.3 (+), 128.5 (+), 127.9 (+), 110.2
(Cquat), 64.6 (�), 39.2 (�), 34.7 (�), 30.5 (�), 29.6 (�), 29.5 (�), 27.1 (�),
24.0 (�), 23.7 (+), 22.7 (�), 13.7 ppm (+); IR (neat): ñ =2933, 2873,
1069, 627 cm�1; CI-MS (NH3): m/z (%): 267 (100) [M+H+], 284 (13)
[M+NH4


+].ACHTUNGTRENNUNG(8Z,11Z)-Pentadeca-8,11-dien-2-one (7): The compound was deprotected
following general procedure E and obtained in quantitative yield
(74 mg). Rf = 0.29 (pentane/Et2O 9:1); 1H NMR (300 MHz, CDCl3): d=


5.39–5.29 (m, 4H), 2.68 (t, 3J =5.5 Hz, 2H; CH2), 2.38 (t, 3J=8.0 Hz, 2 H;
CH2), 2.09 (s, 3H; CH3), 2.03–1.89 (m, 4 H; CH2), 1.59–1.49 (m, 2 H;
CH2), 1.40–1.22(m, 6H; CH2), 0.84 ppm (t, 3J= 8.0 Hz, 3 H; CH3);
13C NMR (75 MHz, CDCl3): d=209.3 (Cquat), 130.6 (+), 130.1 (+), 128.4


(+), 128.0 (+), 43.8 (�), 34.7 (�), 30.5 (�), 29.9 (+), 29.4 (�), 28.8 (�),
26.9 (�), 23.7 (�), 22.7 (�), 13.7 ppm (+); IR (neat): ñ =2936, 2867,
1711, 631 cm�1; CI-MS (NH3): m/z (%): 240 (100) [M+NH4


+].


Trimethyl((Z)-9-(2-methyl-1,3-dioxolan-2-yl)non-3-en-1-ynyl)silane (37):
To a dry flask 10 (0.23 g, 0.74 mmol), [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (10 mg,
0.032 mmol), CuI (5 mg, 0.026 mmol), and NEt3 (3 mL) was added under
an inert atmosphere. To the cloudy yellow solution TMS-acetylene
(0.10 g, 1.03 mmol) was added. The reaction was stirred at RT for 4 h,
quenched with water (15 mL), extracted with ether (4 � 15 mL), washed
with brine and purified by flash chromatography to afford 0.15 g (71 %)
of product. Rf =0.40 (petroleum ether/EtOAc 9:1); 1H NMR (300 MHz,
CDCl3): d=5.99–5.90 (m, 1H), 5.48 (dt, 4J =1.4, 3J =10.8 Hz, 1 H), 3.97–
3.91 (m, 4 H; OCH2), 2.37–2.27 (m, 2H; CH2), 1.68–1.61 (m, 2H; CH2),
1.47–1.35 (m, 6H; CH2), 1.32 (s, 3H; CH3), 0.20 ppm (s, 9H; SiMe3);
13C NMR (75 MHz, CDCl3): d=145.5, 110.1, 109.1, 102.8, 102.1, 64.6,
39.1, 30.2, 29.4, 28.7, 23.9, 23.7, 0 ppm; IR (neat): ñ= 2941, 2878,
2146 cm�1; HRMS (PI-EI): m/z : calcd for C16H28O2Si: 280.1859, found:
280.1855 [M]+ .


(Z)-Undec-8-en-10-yn-2-one (40): The compound was prepared following
general procedure E and isolated as colourless oil in 83% yield (23 mg).
1H NMR (300 MHz, CDCl3): d= 6.03–5.93 (m, 1H), 5.48–5.41 (m, 1H),
3.07 (d, 4J =1.9 Hz, 1H), 2.43 (t, 3J =7.3 Hz, 2H; CH2), 2.36–2.30 (m, 2H;
CH2), 2.13 (s, 3 H; CH3), 1.65–1.54 (m, 2H; CH2), 1.46–1.28 ppm (m, 4H;
CH2); 13C NMR (75 MHz, CDCl3): d= 209.2, 145.8, 108.3, 81.3, 80.5, 43.7,
30.0, 29.9, 28.6, 28.5, 23.6 ppm; IR (neat): ñ =3290, 3263, 2934, 2858,
2151, 2022, 1712 cm�1; HRMS (PI-EI): m/z : calcd for C11H15O: 163.1123,
found: 163.1123 [M+H+].


(Z)-11-Phenylundec-8-en-10-yn-2-one (39): The compound was prepared
following general procedure E and isolated as colourless oil in 80 % yield
(30 mg). 1H NMR (300 MHz, CDCl3): d =7.45–7.41 (m, 2H), 7.34–7.28
(m, 3H), 5.71–5.65 (m, 1 H), 6.10–5.91 (m, 1H), 2.46–2.38 (m, 4H; CH2),
2.11 (s, 3 H; CH3), 1.67–1.30 ppm (m, 6H; CH2); 13C NMR (75 MHz,
CDCl3): d=209.2, 143.9, 131.4, 128.3, 128.1, 109.3, 86.4, 43.7, 30.2, 29.9,
28.7, 28.6, 23.7 ppm; IR (neat): ñ =3019, 2929, 2855, 2197 cm�1; HRMS
(PI-EI): m/z : calcd for C17H20O: 240.1514, found: 240.1517 [M]+.


(Z)-9-Phenylnon-8-en-2-one (42): The compound was prepared following
general procedure E and isolated as colourless oil in 96% yield (23 mg).
1H NMR (300 MHz, CDCl3): d=7.32–7.13 (m, 5 H), 6.36 (m, 1H), 5.59
(m, 1H), 2.36 (t, 3J =7.4 Hz, 2H; CH2), 2.34–2.22 (m, 2H; CH2), 2.07 (s,
3H; CH3), 1.46–1.16 ppm (m, 6H; CH2); 13C NMR (75 MHz, CDCl3): d=


209.2, 137.7, 132.8, 128.9, 128.7, 128.1, 126.5, 43.7, 29.9, 29.7, 28.8, 28.4,
23.7 ppm; IR (neat): ñ =3006, 2929, 2855, 2206, 2006 cm�1; HRMS (PI-
EI): m/z : calcd for C15H20O: 216.1514, found: 216.1513 [M]+ .


(6Z,9Z,12Z,15Z)-Henicosa-6,9,12,15-tetraen-2-one (44): Arachidonic acid
43 (0.25 g, 0.8 mmol) was dissolved in dry THF (2 mL). MeLi (1.6 m in
Et2O, 2.1 mL, 3.3 mmol) was added at 0 8C resulting in a dark red solu-
tion. After 2 h, freshly distilled TMSCl (0.6 mL, 4.8 mmol) was added
and the mixture was allowed to warm to RT. The resulting colourless so-
lution was treated with 2 m HCl (2 mL), diluted with Et2O, washed with
water and brine, dried (MgSO4) and concentrated. Purification by flash
chromatography on silica gel gave 44 as colourless oil (150 mg, 62%).
Rf = 0.40 (hexane/Et2O 4:1); 1H NMR (300 MHz, CDCl3): d=5.44–5.28
(m, 8H), 2.85–2.78 (m, 6 H; CH2), 2.43 (t, 3J =7.9 Hz, 2H; CH2), 2.13 (s,
3H; CH3), 2.11–2.02 (m, 4 H; CH2), 1.64 (quint, 3J =7.8 Hz, 2H; CH2),
1.39–1.25 (m, 6H; CH2), 0.88 ppm (t, 3J =6.7 Hz, 3 H; CH3); 13C NMR
(75 MHz, CDCl3): d=208.9, 130.5, 129.2, 128.8, 128.6, 128.2, 128.2, 127.9,
127.5, 43.0, 31.5, 29.9, 29.3, 27.2, 26.5, 25.7, 23.6, 22.6, 14.1 ppm; IR
(neat): ñ= 3011, 2925, 2857, 1715, 631 cm�1; CI-MS (NH3): m/z (%): 320
(100) [M+NH4


+].


Pharmacological materials : GTP, ATP, adenylyl imidodiphosphate, crea-
tine kinase, creatine phosphate, bovine serum albumin and salts (highest
purity available) were purchased either from Roche (Mannheim, Germa-
ny) or Sigma (St. Louis, MO, USA). Dimethyl sulfoxide was from Merck
(Darmstadt, Germany). Tris base was purchased from USB (Cleveland,
OH, USA). The cannabinoid receptor ligands 2-arachidonyl glycerol and
anandamide were purchased from Tocris Cookson (Ballwin, MO, USA).
[g-32P]GTP was synthesized through enzymatic phosphorylation of GDP
and [32P]orthophosphoric acid (8000 Ci mmol�1, Perkin–Elmer Life Scien-
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ces, Boston, MA, USA) as described previously.[31] Mono(cyclohexyl)-am-
moniumphosphoenolpyruvate, pyruvate kinase and myokinase were from
Sigma (St. Louis, MO, USA). Stock solutions of 2-arachidonyl glycerol,
anandamide and synthesized compounds (10 mm each) were prepared in
dimethyl sulfoxide. Dilutions of ligands were prepared in such a way that
the dimethyl sulfoxide concentration was 30% (v/v) and that the final di-
methyl sulfoxide concentration in the GTPase assay tubes was 3 % (v/v).


Pharmacological methods : The steady-state GTPase assay is an estab-
lished approach to study G-protein coupling of GPCRs at a very proxi-
mal point of the signal transduction cascade. The GTPase assay was per-
formed as described previously.[32] Recombinant baculo viruses encoding
FLAG- and hexahistidine-tagged hCB1R and hCB2R, Gai2, Gb1g2 and
RGS4 (Regulator of G-protein Signaling 4) were generated in Sf9 insect
cells using the BaculoGOLD transfection kit (BD PharMingen, San
Diego, CA, USA).[21, 32, 33] For transfection, cells were seeded (cell density
3.0� 106 cellsmL�1) and infected with a 1:100 dilution of high-titer bacu-
lovirus stocks. Cells were cultured for 48 h, Sf9 membranes were pre-
pared as described previously[33] and used in the steady-state GTPase
assay. Assay tubes contained Sf9 membranes (15 mg of protein per tube),
1.0 mm MgCl2, 0.1 mm EDTA, 0.1 mm ATP, 100 nm GTP, 0.1 mm adenylyl
imidodiphosphate, 5 mm creatine phosphate, 40 mg of creatine kinase,
0.2% (w/v) bovine serum albumin in 50 mm Tris/HCl, pH 7.4, and synthe-
sized or reference compounds at various concentrations. Reaction mix-
tures (80 mL) were incubated for 2 min at 25 8C before the addition of
20 mL of [g-32P]GTP (0.1 mCi/tube). All stock and work dilutions of
[g-32P]GTP were prepared in 20 mm Tris/HCl, pH 7.4. Reactions were
conducted for 20 min at 25 8C. Reactions were terminated by the addition
of 900 mL of slurry consisting of 5 % (w/v) activated charcoal and 50 mm


NaH2PO4, pH 2.0. Charcoal absorbs nucleotides but not 32Pi. Charcoal-
quenched reaction mixtures were centrifuged for 7 min at room tempera-
ture at 15000 � g. 600 mL supernatant fluid of reaction mixtures was re-
moved, and 32Pi was determined by Čerenkov radiation in 3 mL water.
Enzyme activities were corrected for spontaneous degradation of
[g-32P]GTP. Spontaneous [g-32P]GTP degradation amounted to <1% of
the total amount of radioactivity added. The experimental conditions
chosen ensured that not more than 10 % of the total amount of
[g-32P]GTP added was converted to 32Pi. The GTPase activity was calcu-
lated and expressed as pmoles of Pi released per mg of membrane pro-
tein per min.
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Introduction


The reduction or oxidation of closed-shell metal complexes
often provides interesting and unexpected electronic distri-
butions and reaction pathways.[1] The nature of the metal
center and the ligands plays a crucial role in determining
the outcome of the electron-transfer reaction resulting in
metal-centered and ligand-centered processes, which are
well documented in the literature for group 9 transition
metals.[2] When applied to the electron rich amido/alkoxo
complexes of these metals, the one-electron oxidation could
result in a redox isomerism between the amido/alkoxo and
the aminyl/alkoxyl forms (Scheme 1). Gr�tzmacher et al.
have recently reported that the one-electron oxidation of
mononuclear amido rhodium(I) complexes based on the
dibenzo ACHTUNGTRENNUNG[a,d]cycloheptene-5-yl platform produces unprece-
dented, thermally stable, aminyl radical complexes, species


Abstract: Reactions of the methoxo
complexes [{M ACHTUNGTRENNUNG(m-OMe)ACHTUNGTRENNUNG(cod)}2] (cod=


1,5-cyclooctadiene, M= Rh, Ir) with
2,2-dimethylaziridine (Haz) give the
mixed-bridged complexes [{M2 ACHTUNGTRENNUNG(m-az)ACHTUNGTRENNUNG(m-
OMe) ACHTUNGTRENNUNG(cod)2}] [(M =Rh, 1; M= Ir, 2).
These compounds are isolated inter-
mediates in the stereospecific synthesis
of the amido-bridged complexes [{M ACHTUNGTRENNUNG(m-
az) ACHTUNGTRENNUNG(cod)}2] (M =Rh, 3 ; M= Ir, 4). The
electrochemical behavior of 3 and 4 in
CH2Cl2 and CH3CN is greatly influ-
enced by the solvent. On a preparative
scale, the chemical oxidation of 3 and 4
with [FeCp2]


+ gives the paramagnetic
cationic species [{M ACHTUNGTRENNUNG(m-az) ACHTUNGTRENNUNG(cod)}2]


+


(M= Rh, [3]+ ; M= Ir, [4]+). The Rh
complex [3]+ is stable in dichlorome-
thane, whereas the Ir complex [4]+


transforms slowly, but quantitatively,
into a 1:1 mixture of the allyl com-
pound [(h3,h2-C8H11)Ir ACHTUNGTRENNUNG(m-az)2IrACHTUNGTRENNUNG(cod)]
([5]+) and the hydride compound
[(cod)(H)Ir ACHTUNGTRENNUNG(m-az)2IrACHTUNGTRENNUNG(cod)] ([6]+). Addi-
tion of small amounts of acetonitrile to
dichloromethane solutions of [3]+ and
[4]+ triggers a fast disproportionation
reaction in both cases to produce equi-
molecular amounts of the starting ma-
terials 3 and 4 and metal�metal
bonded MII�MII species. These new
compounds are isolated by oxidation of
3 and 4 with [FeCp2]


+ in acetonitrile as


the mixed-ligand complexes
[(MeCN)3M ACHTUNGTRENNUNG(m-az)2MACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(cod)]-ACHTUNGTRENNUNG(PF6)2 (M =Rh, [8]2+ ; M= Ir, [9]2+).
The electronic structures of [3]+ and
[4]+ have been elucidated through
EPR measurements and DFT calcula-
tions showing that their unpaired elec-
tron is primarily delocalized over the
two metal centers, with minor spin den-
sities at the two bridging amido nitro-
gen groups. The HOMO of 3 and 4 and
the SOMO of [3]+ and [4]+ are essen-
tially M�M d–d s*-antibonding orbi-
tals, explaining the formation of a net
bonding interaction between the metals
upon oxidation of 3 and 4. Mechanisms
for the observed allylic H-atom ab-
straction reactions from the paramag-
netic (radical) complexes are proposed.
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in which the unpaired electron mainly resides on the nitro-
gen atom.[3] Moreover, the related iridium aminyl radicals
are efficient catalysts in the dehydrogenation of functional-
ized primary alcohols to the corresponding aldehydes.[4]


A survey of the literature on this topic made us aware of
the absence of data about the redox behavior of dinuclear
RhI and IrI amido derivatives. Dinuclear amido complexes
of these metals are well-known,[5] and some of them have
been reported as useful precursors for the synthesis of imido
complexes,[6] for the transfer of the amido group to olefins,[7]


and in catalyzed C�C bond formation reactions.[8] Further,
studies of the oxidative addition reactions of halocarbons al-
lowed the synthesis of IrI/IrIII derivatives[9] and the detection
of SN


2 profiles in the activation of chloro compounds.[10]


Herein we report on the synthesis of new dinuclear amido
complexes of rhodium and iridium derived from aziridines
as well as on their electrochemical behavior. We were
searching for dinuclear complexes with aminyl radical char-
acter. The choice of the aziridine molecule as ligand was not
arbitrary. Aziridines are extremely useful and versatile func-
tional reagents in organic synthesis,[11] with an inherent reac-
tivity toward ring opening with a wide range of nucleo-
philes.[12] However, there are only two reports on the reac-
tions of aziridines with late transition metal complexes that
afford isolable aza-metalla-cyclobutanes,[13] despite the fact
that they have been invoked as intermediates in catalytic
transformations. This possibility has not been reported for
rhodium and iridium yet, for which the coordination and or-
ganometallic chemistry with aziridines is still poorly devel-
oped.[14]


Results and Discussion


Synthesis and characterization of complexes 1–4 : The reac-
tion of the methoxo derivatives [{M ACHTUNGTRENNUNG(m-OMe)ACHTUNGTRENNUNG(cod)}2] (cod=


1,5-cyclooctadiene, M= Rh, Ir) with 2,2-dimethylaziridine
(Haz) in toluene produces the mixed bridging-ligand com-
plexes [{M ACHTUNGTRENNUNG(cod)}2ACHTUNGTRENNUNG(m-az) ACHTUNGTRENNUNG(m-OMe)] (M= Rh (1), Ir (2),
Scheme 2), which did not spontaneously proceed to ex-
change the aziridine for the methoxo fragment, even in the
presence of an excess of the aziridine. Because the incorpo-
ration of the aziridinato ligand into the dinuclear entity is
associated with the elimination of methanol, the synthesis of
the bis(m-aziridinato) complexes [{M ACHTUNGTRENNUNG(m-az) ACHTUNGTRENNUNG(cod)}2] (M=Rh
(3), Ir (4), Scheme 2) was achieved by refluxing [{M ACHTUNGTRENNUNG(m-


OMe) ACHTUNGTRENNUNG(cod)}2] and 2,2-dimethylaziridine in toluene in the
presence of molecular sieves (5 �). This methodology repre-
sents an easy and clean way to deprotonate poorly acidic li-
gands, because the elimination of methanol from the reac-
tion media shifts the reaction to completion. Once isolated,
complexes 1–4 are stable in the air for months.


A view of the molecular structure of 2 is shown in
Figure 1. Selected bond lengths and angles are given in
Table 1. The oxygen and the nitrogen atoms from the bridg-
ing methoxo and aziridinato ligands, respectively, together
with a 1,5-cyclooctadiene ligand on each metal, complete a
distorted square-planar coordination geometry for both
metal atoms. The centroids of the olefinic bonds (Ct1-Ct4)
are located 0.136(7), 0.091(7), 0.204(6) and 0.106(7) �, re-
spectively, below the IrN2 planes, directed towards the
pocket of the complex. The four-membered ring “IrNIrO”
shows a folded conformation (dihedral angle between the
coordination planes defined by O1-Ir1-N2 and O1-Ir2-N2 is


Scheme 1. Resonance forms of radical amide/aminyl complexes.
Scheme 2. Synthesis of complexes 1–4 (Haz=2,2-dimethylaziridine).


Figure 1. Structure (ortep at 50% level) of complex 2.


Table 1. Selected bond lengths [�] and angles [8] for complex 2.


Ir1�O1 2.083(4) Ir2�O1 2.089(4)
Ir1�N2 2.068(4) Ir2�N2 2.068(4)
Ir1�Ct1 1.966(7) Ir2�Ct3 1.999(6)
Ir1�Ct2 1.990(7) Ir2�Ct4 1.952(7)
O1-Ir1-N2 74.22(16) O1-Ir2-N2 74.35(16)
O1-Ir1-Ct1[a] 171.3(2) O1-Ir2-Ct3[a] 99.7(2)
O1-Ir1-Ct2[a] 171.3(2) O1-Ir2-Ct4[a] 171.5(2)
Ir1-O1-Ir2 85.01(14) Ir1-N2-Ir2 85.62(16)


[a] Ct1, Ct2, Ct3 and Ct4 are the midpoints between C9-C10, C13-C14,
C17-C18 and C21-C22, respectively.
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116.44(12)8), which produces a relatively short intermetallic
distance (2.8191(4) �).


Regarding the groups connected to the bridging atoms,
the relative positions of the methyl fragment on the oxygen
(equatorial) and the C(Me)2 fragment (axial) define a bent-
anti-a stereochemistry[5e] and, on the whole, the structure of
2 was found to be similar to previously reported amido/
alkoxo or amido/methoxo complexes of late transition met-
als.[5e]


The molecular structure of complex 3 is shown in Figure 2
and Table 2 collects the selected bond lengths and angles. In
complex 3, two rhodium centers are bridged by the nitrogen


atoms of two aziridinato ligands, and a distorted square-
planar coordination geometry for each metal is completed
by the 1,5-cyclooctadiene groups. Again, the centroids of the
olefinic bonds (Ct1 and Ct2) are shifted from the RhN2
plane towards the pocket of the complex by 0.080(4) and
0.403(4) �, respectively. Notably, a rather short intermetallic
distance in 3, 2.7868(5) � is observed. Accordingly, the
angle between the coordination planes defined by N1-Rh1-
N2 and N1-Rh2-N2 is quite small 117.78(8)8. Related dinu-
clear rhodium(I) amido complexes showed longer interme-
tallic distances, which are associated with wider folding
angles of the four-membered metallacycles.[5d]


We ascribe the relatively short metal–metal distances and
the folded geometries of 3 and 4 to special binding interac-
tions of the aziridinato ligands revealed by DFT calcula-
tions. Although a straightforward interpretation of the bond-
ing orbital interactions in the optimized geometries (b3-lyp,
TZVP) of 3 and 4 is somewhat complicated by these bond-


ing interactions being spread-out over several molecular or-
bitals, it is clear that they are dominated by 3c-4e interac-
tions between the two metal atoms and the aziridinato nitro-
gen atoms (Figure 3).


The nitrogen p-orbital is the sole contributing atomic or-
bital to the HOMO of the aziridinate anion, whereas the
HOMO-1 is essentially a nitrogen sp2 hybrid orbital in bond-
ing combination with two p-orbitals at the adjacent carbon
units (a so-called banana bond). Both the aziridinate anion
HOMO and HOMO-1 are involved in 3c-4e interactions
with the two metal atoms in 3 and 4 as depicted in Figure 3
(see the Supporting information for some representative or-
bitals). The 3c-2e interaction with the nitrogen “sp2 hybrid”
results in a net metal–metal interaction, thus explaining the
relatively short metal–metal distances (see Table 2 for the
experimental distances and Table 5 for the calculatedACHTUNGTRENNUNGdistances).


In solution NMR spectra, the mixed-ligand complexes 1
and 2 reveal only one isomer, showing the symmetry plane
bisecting the N and O atoms. This one species observed in
solution should correspond to the stereoisomer found in the
solid-state (bent-anti-a),[5e] as deduced from the nOe en-
hancements observed for the two closest olefinic protons
upon irradiation of the CH2 protons from the aziridine
group and the methyl group from the methoxo ligand.


NMR spectra of complexes 3 and 4 also indicated the
presence of only one isomer in solution. Analysis of their
NMR data indicated that they possess syn configurations (as
found in the solid state for 3) (Figure 4), as deduced from
the C2v symmetry reflected by the spectra. Thus, six cod sig-
nals and two singlets for the equivalent methyl and methyl-
ene protons of the aziridinato fragment, respectively, were
observed in the 1H NMR spectra. Furthermore, the NOESY
spectra revealed the expected nOe cross-peaks between the
methyl protons of the aziridinato ligand and the olefinic
protons outside of the pocket of the complexes. In addition,
the methylenic protons of the aziridinato ligand produced


Figure 2. Structure (ortep at 50% level) of complex 3.


Table 2. Selected bond lengths [�] and angles [8] for complex 3[a] .


Rh1�N1 2.078(3) Rh1�Ct1 2.004(4)
Rh1�N1’ 2.091(3) Rh1�Ct2 1.997(4)
N1-Rh1-N1’ 77.34(13) N1-Rh1-Ct1[b] 174.08(13)
Rh1-N1-Rh1’ 83.89(11) N1-Rh1-Ct2[b] 96.91(13)


[a] Primed atoms are related to the unprimed ones by the symmetry op-
eration �x+ 1=2, �y+ 1=2, z. [b] Ct1 and Ct2 represent the centroids of the
olefinic bonds C9�C10 and C13�C14, respectively.


Figure 3. Simplified representation of the 3c-4e bonding interactions be-
tween the aziridinato fragments (top) and the metal centers in 3 and 4 as
derived from DFT calculations (b3-lyp, TZVP).
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nOe cross-peaks with the olefinic protons inside and outside
of the pocket, suggesting that the complexes are static on
the NMR time scale, and do not display inversion of the
four-membered M2N2 metallacycle as is usually observed in
related dinuclear complexes.[15]


The stereospecific formation of 3 and 4 as the folded syn
configurations only is noteworthy. The geometries remain
unmodified even after prolonged heating under reflux in tol-
uene. This was quite surprising to us, because the related
bis ACHTUNGTRENNUNG(m-amido) compounds derived from anilines [{M ACHTUNGTRENNUNG(m-
NHR) ACHTUNGTRENNUNG(cod)}2] (R=Ph, 4-MeC6H4), isolated as the syn con-
figurations (the kinetic product), readily equilibrate to syn/
anti mixtures at room temperature in solution.[5d] We argue,
for the aniline complexes, that the bulkiness of ancillary and
bridging ligands is the driving force for the isomerization to
the anti isomers (the thermodynamic products) and, in fact,
the related compound [{Rh ACHTUNGTRENNUNG(m-NHtBu) ACHTUNGTRENNUNG(cod)}2], with the
even bulkier tert-butyl group was directly isolated having an
anti configuration. We thus wondered whereas the folded
syn configurations of 3 and 4 are also the kinetic products,
or in this case also the thermodynamically preferred prod-
ucts. Therefore we decided to investigate this further with
DFT.


The planar (syn and anti) conformations are not stable ac-
cording to DFT calculations (b3-lyp, TZVP), and geometry
optimizations in all cases converged to the folded geome-
tries. The folded syn isomers of 3 and 4 are most stable. The
folded anti isomers of 3 and 4 are +5.6 kcal mol�1 and
+5.9 kcal mol�1 higher in energy than the folded syn iso-
mers, respectively. Thus, isomerization of the folded syn iso-
mers to the folded anti isomers is not to be expected for
thermodynamic reasons, in good agreement with the experi-
mental findings.


Redox behavior of complexes 3 and 4 : The electrochemistry
of complexes 3 and 4 was investigated by linear-sweep vol-
tammetry (rotating-disk electrode; RDE) and cyclic voltam-
metry. The oxidation response of the dinuclear complex 3 at
the RDE at room temperature in dichloromethane over the
potential range 1500 to �1500 mV (vs SCE) consists of two
well-defined oxidation waves with similar limiting currents
per concentration unit. The reversibility of these oxidations
was established by cyclic voltammetry, as well-shaped reduc-
tion waves were seen in the backward scan (Figure 5, top).


The characteristics of these waves are E1
0 =�40, E2


0 =


967 mV; DEp = 75, 76 mV, Ib/If = 1.01, 0.99 and iPa versus v1/2


constant. Thus, compound 3 is electrochemically oxidized by
two stepwise, reversible one-electron transfers, showing an
EE oxidation mechanism (EE: electron transfer, electron
transfer), which can be reasonably attributed to the [3]/[3]+


and [3]+/[3]2+ couples.
Analogous oxidation processes were observed in dichloro-


methane solutions for the iridium counterpart, complex 4
(Figure 5, bottom). The couple 4/[4]+ appears as a reversible
one-electron redox process (E0 =�28 mV; DEp =76 mV,
Ib/If =1.00, and iPa versus v1/2 constant), whereas the couple
4+/[4]2+ (EPa = 896 mV) was found to be quasi-reversible, in-
dicating that structural changes or further reactions are
taking place on the time scale of the experiment. On the
whole, the CV measurements reveal subsequent EECirr


(EECirr : electron transfer, electron transfer and irreversible
chemical reaction) processes for the oxidation of iridium
complex 4.


The two oxidation waves are well separated by 1007 mV
(3) and 924 mV (4), indicative of a reasonable stability for
the radicals [3]+ and [4]+ towards a disproportionation reac-
tion into the neutral (3, 4) and dicationic ([3]2+ , [4]2+) com-
plexes, respectively. The estimated Kdisp values were found
to be 3.2 � 10�18 (DG0 =23.2 kcal mol�1) for the rhodium
complex ([3]+) and 8.9 � 10�17 (DG0 = 21.3 kcal mol�1) for the
iridium counterpart ([4]+).


In a coordinating solvent like acetonitrile (Figure 5) a
considerable shift of the second wave to lower potentials is
observed in both cases. The effect is most substantial for the


Figure 4. Configurations and conformations for bis(m-aziridinato) com-
plexes.


Figure 5. Cyclic voltammograms for complexes 3 (top) and 4 (bottom) in
dichloromethane and acetonitrile. E values are given in mV versus SCE.
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iridium complex, for which both oxidation processes col-
lapse to a single wave (at 21 mV) in MeCN, as a conse-
quence of the E2


0 potential being �E1
0. This clearly indi-


cates 4+ to be thermodynamically unstable in acetonitrile
with respect to disproportionation into 4 and 42+ . Thus, the
wave in Figure 5 (bottom) should correspond to a two-elec-
tron oxidation process. For the rhodium counterpart, 3+ , the
Kdisp value in acetonitrile can be estimated at �5.3 � 10�5


from the 250 mV separation between the two detectable
waves (�30 and 220 mV). Although the first couple 3/3+


corresponds to an E mechanism, the oxidation of 3+ into
32+ is followed by a chemical reaction, probably with the
solvent, according to the shape of the reduction wave in the
reverse scan.


The strong influence of the solvent on the redox poten-
tials of the complexes 3 and 4 is noteworthy. From the two
well-separated waves observed in dichloromethane, two
close waves for 3, collapsing to a single one for 4, are detect-
ed in the coordinating solvent acetonitrile. We wondered
whether this is an effect of solvent destabilization of the
mono-cationic species [3]+ and [4]+ or solvent stabilization
of the final dicationic species [3]2+ and [4]2+ . To shed some
light on this observation we decided to optimize the mono
and bis-acetonitrile adducts with DFT (b3-lyp, TZVP).ACHTUNGTRENNUNGNeither the neutral species (3 and 4) nor the mono-cationic
species ([3]+ and [4]+) form stable MeCN adducts according
to these calculations. Attempts to optimize the geometries
of mono- and bis-MeCN adducts in all these cases led to
spontaneous MeCN dissociation from the metal, and the ge-
ometries finally converged to unmodified species 3, 4, [3]+ ,
and [4]+ . Apparently, MeCN activation does not explain the
easier oxidation of [3]+ and [4]+ in MeCN. The dicationic
species [3]2+ and [4]2+ , on the other hand, are substantially
stabilized by MeCN coordination (Scheme 3). According to


the DFT calculations, the mono-MeCN adducts
[3 ACHTUNGTRENNUNG(NCMe)]2+ and [4 ACHTUNGTRENNUNG(NCMe)]2+ are about 20 kcal mol�1, and
the bis-MeCN adducts [3 ACHTUNGTRENNUNG(NCMe)2]


2+ and [4 ACHTUNGTRENNUNG(NCMe)2]
2+


about 30 kcal mol�1, more stable than the bare dicationic
species [3]2+ and [4]2+ . These energy values are not correct-
ed for entropy effects, but these do not likely play a large
role in the experimental system anyway, where MeCN is
used as the solvent.


The DFT calculations thus suggest that the marked easier
electrochemical oxidation of [3]+ and [4]+ to [3]2+ and [4]2+


in MeCN is owed to substantial thermodynamic stabilization
of the dicationic species [3]2+ and [4]2+ by MeCN coordina-
tion to the metals (in good agreement with the disproportio-
nation reactivity of [3]+ and [4]+ in MeCN described
below).


Synthesis and characterization of the metallo-radicals [3]+


and [4]+ : The low potentials for the oxidation of [{M ACHTUNGTRENNUNG(m-az)-ACHTUNGTRENNUNG(cod)}2] (M=Rh, 3 ; Ir, 4), in both dichloromethane and ace-
tonitrile suggest that the formation of the cationic com-
pounds [{M ACHTUNGTRENNUNG(m-az)ACHTUNGTRENNUNG(cod)}2]


+ (M= Rh, [3]+ ; Ir, [4]+) should be
readily achieved with mild chemical oxidants. With this in
mind [FeCp2]PF6 was chosen as oxidant. In agreement with
the above CV results, different results were obtained in
CH2Cl2 and in MeCN solvents. The reactions in dichlorome-
thane and acetonitrile are described separately below.


After addition of one molar equivalent of [FeCp2]PF6 to a
solution of complexes 3 and 4 in dichloromethane, the
1H NMR spectra showed the immediate disappearance of
the starting materials and the simultaneous appearance of
broad resonances at unusual chemical shifts. This is a clear
indication of quantitative formation of the paramagnetic
compounds [3]+ and [4]+ . After layering both solutions with
diethyl ether, single crystals of [3]PF6 and [4]PF6, suitable
for X-ray diffraction studies, were obtained. The structure of
one of the independent cations [3]+ is shown in Figure 6
(for the isostructural complex [4]PF6 see the Supporting In-
formation) and selected bond lengths and angles are given
in Table 3 (the data of the second independent molecule
within brackets). The data for complex [4]PF6 are included
in Table 3 for comparison.


Both structures are quite similar, and not very different
from the structure of the precursor complex 3. Removal of
one electron in 3 and 4 strengthens the M�M interaction, as
indicated by the shortening of the intermetallic distance by
about 0.1 � in [3]+ relative to the related neutral precursor
3. The second relevant difference upon oxidation of complex
3 is the elongation of the Rh�C distances by about 0.06 �.


Scheme 3. Relative energies (kcal mol�1) of DFT (b3-lyp, TZVP) opti-
mized geometries [3]2+ , [4]2+ , [3 ACHTUNGTRENNUNG(NCMe)]2+ , [4 ACHTUNGTRENNUNG(NCMe)]2+ , [3 ACHTUNGTRENNUNG(NCMe)2]


2+


and [4 ACHTUNGTRENNUNG(NCMe)2]
2+ .


Figure 6. Structure (ortep at 50% level) of the cation [3]+ .
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EPR spectroscopy and electronic structures of [3]+ and [4]+ :
The EPR spectra recorded at 20 K for the radicals [3]+ and
[4]+ , generated in situ by reacting complexes 3 and 4 with
one molar equivalent [FeCp2]PF6 in acetone is shown in
Figure 7. To improve the quality of the spectra, nBu4NPF6


(around 0.1 m) was added. The simulated spectra were gen-
erated by using the “best fit” spectral parameters listed in
Table 4.


Simulation of the apparent axial spectrum of rhodium
complex [3]+ (Figure 7, top) revealed that the species ac-
tually has a slightly rhombic g-tensor (Table 4). Hyperfine
interaction (HFI) with two equivalent Rh nuclei (65 MHz)
is resolved along g33(z). The DFT calculated Euler angles of
the two equivalent ARh-tensors with respect to the g-tensor
were applied in the spectral simulation, but simulation with
coinciding interaction tensors (same principle axes) gave
almost identical results. The spectrum of [3]+ reveals no re-
solved superhyperfine interactions with the nitrogen nuclei
or any other nucleus.


The spectrum of iridium complex [4]+ is more complicat-
ed, and attempts to simulate the spectrum without contribu-
tions from the large nuclear quadrupole interactions (NQI)
of iridium did not lead to satisfactory results. In EPR
powder simulations of spectra from quadrupolar first- and
second-row transition metals, the quadrupole interaction
term IIr·P·IIr is usually neglected in the spin Hamiltonian,
because it contributes only marginally to the spectral fine
structure. For iridium, however, the NQI is comparable to
the iridium HFI and therefore this approximation is no
longer valid. The “quadrupole effect” causes shifts and in-
tensity redistributions within the HFI multiplet, so that
these multiplets are no longer equally spaced. The NQI can
also cause the appearance of “forbidden” (DmI =2) transi-
tions.[16, 17,18] These effects severely complicated the spectral
simulation of [4]+ . “Easy approach” attempts to simulate
the spectrum of [4]+ , such as assuming all interaction ten-


Table 3. Selected bond lengths [�] and angles [8] for [3]+ and [4]+ .


M=Rh ([3]+)[a] M = Ir ([4]+)


M1�M2 2.6698(7) ACHTUNGTRENNUNG[2.6781(7)] 2.6840(5)
M1�N1 2.035(5) ACHTUNGTRENNUNG[2.042(5)] 2.050(8)
M1�N2 2.055(5) ACHTUNGTRENNUNG[2.048(5)] 2.057(7)
M2�N1 2.038(5) ACHTUNGTRENNUNG[2.049(5)] 2.056(8)
M2�N2 2.057(6) ACHTUNGTRENNUNG[2.030(5)] 2.053(7)
M�Ct1[b] 2.066(8) ACHTUNGTRENNUNG[2.067(8)] 2.036(14)
M1�Ct2[b] 2.059(7) ACHTUNGTRENNUNG[2.066(8)] 2.038(11)
M2�Ct3[b] 2.056(8) ACHTUNGTRENNUNG[2.070(8)] 2.034(10)
M2�Ct4[b] 2.067(8) ACHTUNGTRENNUNG[2.044(7)] 2.046(12)
N1-M1-N2 80.4(2) ACHTUNGTRENNUNG[80.5(2)] 78.4(3)
N1-M2-N2 80.3(2) ACHTUNGTRENNUNG[80.7(2)] 78.3(3)
N1-M1-Ct1[b] 169.6(3) ACHTUNGTRENNUNG[173.4(3)] 170.1(4)
N1-M1-Ct2[b] 95.9(3) ACHTUNGTRENNUNG[95.4(3)] 96.0(4)
N1-M2-Ct3[b] 95.3(3) ACHTUNGTRENNUNG[96.5(3)] 96.0(4)
N1-M2-Ct4[b] 172.2(3) ACHTUNGTRENNUNG[167.3(3)] 170.4(4)
M1-N1-M2 81.9(2) ACHTUNGTRENNUNG[81.8(2)] 81.7(3)
M1-N2-M2 81.0(2) ACHTUNGTRENNUNG[82.12(19)] 81.5(3)


[a] Data of the second independent cation of [3]+ are shown in square
brackets. [b] Ct1, Ct2, Ct3 and Ct4 are the midpoints between C9�C10,
C13�C14, C17�C18, and C21�C22, respectively.


Figure 7. Experimental and simulated X-band EPR spectra of [3]+ (top)
and [4]+ (bottom). Experimental conditions: T =20 K, attenuation=


30 dB, field modulation amplitude= 4 Gauss, ñ=9.377282 GHz for [3]+


(top) and 9.277588 GHz for [4]+ (bottom). The simulated spectra were
obtained with the parameters given in Table 4.


Table 4. Experimental and DFT calculated EPR parameters of [3]+ and
[4]+ .


Complex [3]+ Complex [4]+


Exp[a] ACHTUNGTRENNUNG(calc)[b] Exp[a] ACHTUNGTRENNUNG(calc)[b]


g11 2.171 ACHTUNGTRENNUNG(2.194) 2.418 ACHTUNGTRENNUNG(2.486)
g22 2.159 ACHTUNGTRENNUNG(2.174) 2.350 ACHTUNGTRENNUNG(2.314)
g33 2.115 ACHTUNGTRENNUNG(2.100) 2.212 ACHTUNGTRENNUNG(2.154)
AM


11 NR[e] ACHTUNGTRENNUNG(�35.3) 145 ACHTUNGTRENNUNG(112)
AM


22 NR[e] ACHTUNGTRENNUNG(�50.8) 88 ACHTUNGTRENNUNG(127)
AM


33 �65.0 ACHTUNGTRENNUNG(�70.1) 127 ACHTUNGTRENNUNG(147)
Euler angles AM 0, 45, 0 ACHTUNGTRENNUNG(0, 45, 0) 0, 13, 0 (�2, 42, 2)
h[c] ACHTUNGTRENNUNG(2�39.7 %) ACHTUNGTRENNUNG(2�43.4 %)
PIr


11
[d] �17 ACHTUNGTRENNUNG(�108)


PIr
22 �164 ACHTUNGTRENNUNG(�50)


PIr
33 181 ACHTUNGTRENNUNG(158)


Euler angles PIr 44, 38, �13 (�2, 38, �2)
AN


11 NR[e] ACHTUNGTRENNUNG(�1.9) NR[e] ACHTUNGTRENNUNG(�1.3)
AN


22 NR[e] ACHTUNGTRENNUNG(�1.7) NR[e] ACHTUNGTRENNUNG(�1.0)
AN


33 NR[e] ACHTUNGTRENNUNG(�10.8) NR[e] ACHTUNGTRENNUNG(�6.9)
Euler angles AN (�34, 88, �2) (�32, 92, 91)
h[c] ACHTUNGTRENNUNG(2�10.5%) ACHTUNGTRENNUNG(2�6.9 %)


[a] Parameters from spectral simulations, [b] DFT calculated parameters
(ADF, BP86/TZP), [c] Mulliken spin density population (ADF, BP86/
TZP), [d] NQI tensor, [e] Not resolved in the experimental X-band EPR
spectra.
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sors to coincide (same principle axes) or by using Euler
angles obtained from DFT EPR property calculations (vide
infra), did not lead to any satisfactory results. Only by trial-
and-error approaches (i.e. systematic variation of the g-, A-
and P-tensors, their respective Euler angles and the line
widths), we succeeded in obtaining a satisfactory simulation
(Figure 7, bottom). From this simulation it is clear that
rhombic spectrum of [4]+ is dominated by iridium hyperfine
and quadrupole interactions (Table 4).[19]


As expected for heavier transition metals with larger spin-
orbit couplings, the g-anisotropy of the iridium complex is
larger than that of the rhodium complex. The iridium HFI�s
are also larger than the rhodium HFI�s. For both complexes
the agreement between the experimental and the DFT cal-
culated principle g-values is remarkably good. The HFI
terms of rhodium complex [3]+ are also predicted well by
the DFT calculations. Assuming that the simulation in
Figure 7 (bottom) represents a unique fit of the experimen-
tal data, the HFI and NQI terms of iridium complex [4]+


are predicted less well by the DFT calculations.[19] The
agreement between the principle values is reasonable, but
the calculated Euler angles, especially those belonging to
the NQI P-tensor, clearly deviate from the experimental
ones. Apart from that, the DFT calculated EPR properties
represent the experimental data quite well.


For both complexes, DFT spin density plots (turbomole)
reveal that the unpaired electron is delocalized over the two
metal centers and the two aziridinato N-donors, but it is
mainly residing at the two metal centers (Figure 8). Mulli-
ken spin-density populations from the ADF calculations at
these nuclei are included in Table 4.


The relatively small spin-density populations of the N-
donors (7–11% per nitrogen nucleus) accounts for absence
of resolved nitrogen HFI�s in the EPR spectra. The spin-
density populations at the metal centers are much larger
(40–43 % per metal nucleus). The SOMO of the complexes


is mainly built from two metal d-orbitals in an antibonding
combination. Two aziridinato nitrogen p-orbitals contribute
to the SOMO with smaller coefficients (Figure 8). Similar
orbital interactions build the HOMO of the neutral com-
plexes 3 and 4, where occupation of this molecular orbital
with two electrons makes the Rh�Rh interaction essentially
repulsive.


Removal of one electron from the HOMO of 3 and 4 to
obtain the SOMO of [3]+ and [4]+ leads to an increased
metal�metal bond order, and thus a shortening of the M�M
bonds. As expected, and in good agreement with the experi-
mental structures, the M�N bond lengths become shorter,
whereas the M-olefin interactions become weaker upon oxi-
dation of 3 and 4 to [3]+ and [4]+ , respectively. Selected cal-
culated bond lengths of 3, [3]+ , 4 and [4]+ are shown in
Table 5.


Reactivity of the metallo-radicals [3]+ and [4]+ : Notably,
the quite similar radicals [3]+ and [4]+ have remarkably dif-
ferent thermal stabilities in dichloromethane. The rhodium
compound [3]+ is stable in CH2Cl2 for days, and solid [3]PF6


was obtained in very good yields after crystallization, where-
as only few microcrystals of the iridium counterpart [4]PF6


could be isolated. Monitoring the change of [4]PF6 in di-
chloromethane by NMR spectroscopy, sharp resonances cor-
responding to diamagnetic products were observed to rise
slowly. The transformation of [4]PF6 was quantitative in
36 h, and the products were found to be the allyl complex
[(h3,h2-C8H11)Ir ACHTUNGTRENNUNG(m-az)2IrACHTUNGTRENNUNG(cod)]PF6 ([5]PF6) and the hydride


Table 5. Selected bond lengths [�] and angles [8] of the DFT optimized
geometries of 3, [3]+ , 4 and [4]+ .


3 (M=Rh) [3]+ (M=Rh) 4 (M= Ir) [4]+ (M= Ir)


M1 M2 2.871 2.767 2.924 2.814
M1�N1 2.130 2.088 2.146 2.111
M1�N2 2.131 2.086 2.149 2.111
M2�N1 2.132 2.086 2.150 2.112
M2�N2 2.131 2.088 2.146 2.111
M1�Ct1[a] 2.054 2.135 2.046 2.105
M1�Ct2[a] 2.055 2.129 2.047 2.102
M2�Ct3[a] 2.054 2.129 2.048 2.102
M2�Ct4[a] 2.053 2.134 2.045 2.105
N1-M1-N2 77.22 79.07 76.37 78.31
N1-M2-N2 77.20 79.06 76.36 78.29
N1-M1-Ct1[a] 97.71 97.60 98.27 97.78
N1-M1-Ct2[a] 169.69 169.50 169.75 169.24
N1-M2-Ct3[a] 97.52 97.26 98.09 97.58
N1-M2-Ct4[a] 173.56 173.46 173.09 173.09
M1-N1-M2 84.70 83.03 85.80 83.56
M1-N2-M2 84.71 83.04 85.81 83.59


[a] Ct1, Ct2, Ct3 and Ct4 are the midpoints between C9-C10, C13-C14,
C17-C18 and C21-C22, respectively.


Figure 8. SOMO (top) and spin density (bottom) plots of [4]+ . The
SOMO and spin density distribution of [3]+ are almost identical.
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compound [(cod)(H)Ir ACHTUNGTRENNUNG(m-az)2IrACHTUNGTRENNUNG(cod)]PF6 ([6]PF6)
(Scheme 4), formed in equimolar amounts.


The allyl compound [(h3,h2-C8H11)Ir ACHTUNGTRENNUNG(m-az)2Ir ACHTUNGTRENNUNG(cod)]PF6


([5]PF6) was isolated as a purple crystalline solid after sever-
al fractional crystallizations from dichloromethane/diethyl
ether. The allyl fragment of the h3,h2-cyclooctadienyl ligand
was easily identified from its spectroscopic features (see the
Experimental Section). The most relevant resonance was
the triplet at d=3.16 ppm corresponding to the central allyl-
ic proton, which was found to be coupled with two signals at
d= 5.68 and 5.22 ppm, while the intact cod ligand showed
the expected twelve signals in the 1H NMR spectrum.


In addition, four methyl groups from the aziridinato li-
gands, according to the lack of symmetry in [5]PF6, were
easily identified. Moreover, complex [5]PF6 was obtained as
a single species with the stereochemistry depicted in
Scheme 4, according to the NOESY spectrum. Therefore,
from the eight allylic-cod protons just one of the four placed
outside of the pocket of the complex (marked in Scheme 4)
undergoes this allylic activation.


The hydride complex [(cod)(H)IrACHTUNGTRENNUNG(m-az)2IrACHTUNGTRENNUNG(cod)]+ ([6]+)
was identified by comparison of its spectroscopic features
with that of pure samples obtained by alternative methods.
Thus, [6]BF4 was easily prepared as a brown solid by react-
ing [{Ir ACHTUNGTRENNUNG(m-az) ACHTUNGTRENNUNG(cod)}2] (4) with HBF4 in diethyl ether. The hy-
dride ligand was easily located as a singlet at d=


�25.29 ppm in the 1H NMR spectrum of the complex, which
was found to be stable in solution for weeks. There is exclu-
sive protonation at the metal even in the presence of amido
ligands in 4. Moreover, it is remarkable that 3 and 4 can be
handled and stored for months in the air without observing
decomposition/hydrolysis, whereas the related bis-ACHTUNGTRENNUNG(amido)complexes are, in our experience, easily hydrolyzed
in the presence of traces of water.[5d]


For comparative purposes, we carried out the protonation
of the previously reported complex [{Ir ACHTUNGTRENNUNG(cod)(m-NHC6H4-
Me)}2] derived from p-toluidine. In this case, the reaction re-
quired two molar equivalents of HBF4 to go to completion
and, in spite of the less basic character of p-toluidine com-
pared to dimethylaziridine, both amido ligands were proton-


ated. The product was found to be the mononuclear h5-aryl
compound [IrACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG{h5-(H2NC6H4-Me)}]BF4 ([7]BF4) whose
structure is drawn in Figure 9 (for selected bond lengths and
angles, see the Supporting Information).


Thus, compared to related amido-bridged species, the sta-
bility of the metal�nitrogen bonds of the bis(m-aziridinato)
compounds 3 and 4 is remarkable, resisting moisture and air
in the solid state and in solution, and for which even reac-
tion with strong acids such as HBF4 does not lead to proto-
nation of the amido fragment in case of 4. The remarkable
inertness of the metal-amido nitrogen bonds of 3 and 4 is
likely the result of the special binding modes of the aziridi-
nato ligands through 3c-4e interactions, as depicted in
Figure 3.


Addition of ligands, such as acetonitrile, to dichlorome-
thane solutions of [6]PF6 did not lead to insertion of hydride
into the metal-olefin bond, neither to hydrogen transfer to
the neighboring nitrogen atom to form aziridine. Neverthe-
less, solutions of complex [6]PF6 in [D6]acetone show a slow
disappearance of the resonance corresponding to the hy-
dride due to an exchange with deuterium. The acidic charac-
ter of this hydride in complex [6]+ is clearly shown by the
quantitative transformation into complex 4 by treatment
with hexamethyltetraamine (hmta). More interesting, the re-
action between [6]+ and TEMPOC (1:1 molar ratio) resulted
in the quantitative formation of the radical [4]+ and
TEMPO-H, indicating that [6]+ is not only a carrier for pro-
tons but also for radicals HC. In other words, the Ir�H bond
in [6]+ can be cleaved in a homolytic or heterolytic way, de-
pending on the reagent employed.


Formation of the MIII(h3,h2-C8H11) (M =Rh, Ir) moieties
from typical 1,5-cyclooctadiene (cod) complexes [MI(h2,h2-
C8H12)], although still rare, has been previously observed for
mononuclear anionic complexes of the type [M ACHTUNGTRENNUNG(cod)ACHTUNGTRENNUNG(h5-L)]�


(L= C2B9H9Me2,
[20] C2B9H9Ph2,


[21] Cp ligands[22]), mononu-
clear cationic compounds with P-based[23] and N-based li-
gands,[24] whereas the chloride[25] and pyrazolate[26] bridged
complexes are the single examples for dinuclear complexes.


The panoramic picture on this reaction, and the condi-
tions to achieve it, still remain quite elusive. On one hand, a
typical allylic C�H activation reaction promoted by a dia-


Scheme 4. Transformation of radical species [4]+ in dichloromethane to
form [5]+ and [6]+ .


Figure 9. Structure (ortep at 50% level) of cation [7]+ .
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magnetic MI center is the commonly accepted first step of
the reaction, which can be followed by spontaneous[21] or de-
liberate H� abstraction (with [CPh3]BF4)


[20] (path a,
Scheme 5), insertion into an alkyne present in the reaction


medium[23a,26] (path b, Scheme 5) or a reductive-elimination
reaction (path c, Scheme 5).[25] In other instances, a preacti-
vation process is required which, in general, corresponds to
an oxidation reaction as that reported by Togni[23b] with
iodine (path d, Scheme 5) or after the neat transfer of one
electron described by Green[22] and de Bruin[24] (path e,
Scheme 5). For the dicationic metallo-radicals [IrII ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(N-
ligand)]2+ derived from poly ACHTUNGTRENNUNG(picolyl)amines,[24] a direct hy-
drogen-atom abstraction from an allylic C�H bond by an-
other metallo-radical has been proposed to account for the
simultaneous formation of the “IrIII(h3,h2-C8H11)” and
“IrIII(H) ACHTUNGTRENNUNG(cod)” moieties (Scheme 5). Several points of evi-
dence were gathered in favor of a direct hydrogen atom ab-
straction from an allylic position of one species by the metal
of another. The electrochemical data revealed DG�


disp


values for disproportionation larger than 29 kcal mol�1 for
the fastest reacting species, reacting even at �80 8C, and the
species revealing lower DG�


disp values were shown to react
much slower. Thus, it is very improbable that the reaction
would proceed through initial electron transfer disproportio-
nation. The reaction was shown to be 2nd order in Ir, and
the complexes with the least steric bulk around the metal
react much faster than the ones being more open. Further-
more, those reactions were shown to be accelerated by H+ ,
which speaks against a reversible disproportionation equilib-
rium followed by a rate limiting deprotonation of {IrIII ACHTUNGTRENNUNG(cod)}
to {IrIII ACHTUNGTRENNUNG(allyl)}.


In case of [4]+ , however, the situation could well be dif-
ferent. First of all, the disproportionation is less unfavorable
for [4]+ , presumably owed to the 1+ charge instead of a 2+


charge. The DG0
disp value for disproportionation of [4]+ to 4


and [4]2+ derived from the electrochemical data amounts to
21 kcal mol�1. Therefore, the activation barrier for dispro-
portionation must be DG�


disp>21 kcal mol�1. Although sub-
stantial, this value is very close to that expected for a very
slow reaction in solution at room temperature (taking 36 h
to be complete). The Rh analog [3]+ has a larger DG�


disp


value of at least +23 kcal mol�1. This could be sufficient to
prevent the reaction to occur at an appreciable rate at room
temperature. Furthermore, the oxidation of Ir complex [4]+


to [4]2+ is associated with a clearly detectable follow-up
chemical reaction in the CV measurements, whereas oxida-
tion of the Rh analog [3]+ to [3]2+ is completely reversible.
The EC mechanism observed for oxidation of [4]+ most ap-
preciably involves cod deprotonation after oxidation to [4]2+.
Apparently, the cod protons of [4]2+ are more acidic than
those of [3]2+ , owing to stronger metal olefin interactions to
IrIII compared to RhIII. The electrochemical data are thus
strongly in favor of a mechanism in which two species [4]+


disproportionate to form 4 and [4]2+ , followed by deproto-
nation of [4]2+ at an allylic position of its cod fragment to
form the allyl species [5]+ , after which the proton ends-up
at the metal of 4 to form hydride species [6]+ (Scheme 6). A
space filling CPK model of [4]+ also indicates that a direct
metal-centered hydrogen-abstraction is severely hindered by
the ancillary ligands, which is in favor of a preceding outer-
sphere electron transfer disproportionation reaction.


According to the cyclic-voltammograms of complexes 3
and 4 in acetonitrile described above, addition of small
amounts of acetonitrile to freshly prepared dichloromethane
solutions of the metallo-radicals [3]+ and [4]+ triggers an
immediate disproportionation reaction to equimolecular
amounts of the starting materials 3 and 4 and metal-bonded
MII�MII complexes.


The coupled chemical reaction associated to the oxidation
process, envisaged by CV, was found to be the decoordina-
tion of one of the cod ligands and the incorporation of four
molecules of acetonitrile to the dinuclear entity to produce
the dicationic compounds [(MeNC)3M ACHTUNGTRENNUNG(m-az)2MACHTUNGTRENNUNG(NCMe)-ACHTUNGTRENNUNG(cod)] ACHTUNGTRENNUNG(PF6)2 (M =Rh [8]ACHTUNGTRENNUNG(PF6)2; Ir, [9] ACHTUNGTRENNUNG(PF6)2) (Scheme 7).
Most logically, the first steps towards the formation of [8]2+


and [9]2+ will be the coordination of MeCN (Scheme 3),


Scheme 5. Proposed mechanisms for the formation of “M(h3,h2-C8H11)”
moieties. a) Allylic activation followed by hydride abstraction. b) Allylic
activation followed by alkyne insertion. c) Allylic activation followed by
reductive elimination. d) Two-electron oxidation by iodine followed by
allylic deprotonation. e) One-electron oxidation followed by binuclear H-
transfer.


Scheme 6. Proposed mechanism for the formation of complexes [5]+ and
[6]+ .
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after which apparently only one of the two cod fragments
dissociates. On a preparative scale, both complexes were
prepared in good yields by reacting 3 and 4 with two molar
equivalents of [FeCp2]PF6 in acetonitrile.


Both complexes have been fully characterized, including a
X-ray crystallographic study on complex [9]ACHTUNGTRENNUNG(PF6)2. The mo-
lecular structure of dicationic [9]2+ is shown in Figure 10
while selected distances and angles are given in Table 6.


The overall geometry of [9]2+ may be described roughly
as formed by two square pyramids sharing an edge of the
bases, in such a way that the environment of one metal can
be considered distorted octahedral if the other metal occu-
pies the sixth position of coordination. Each Ir center shares
the nitrogen atoms of two cis-aziridinato ligands and the
apex of each pyramid is occupied by the nitrogen of one


acetonitrile ligand. In addition, the Ir1 atom completes its
coordination environment with a chelating cyclooactadiene,
whereas Ir2 completes its coordination environment with
two additional acetonitrile ligands. The short separation be-
tween the iridium atoms, 2.5418(4) �, indicates that they are
linked by a metal�metal bond, and accordingly the M–M
antibonding orbital, similar to that of the SOMO of complex
[4]+ , is empty. The longer Ir�N bond lengths in the apical
positions can be explained by the trans-influence of the
metal�metal bond, or due to the antibonding character in
these apical bonds of the HOMO.[8a]


The structure found in the solid state for complex [9]2+ is
maintained in solution for both complexes, according to the
NMR spectra. Thus, two non-equivalent faces of the bridg-
ing aziridinato ligands (pointing at the “M ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(CH3CN)”
and “M ACHTUNGTRENNUNG(CH3CN)3” moieties, respectively) were deduced by
the two signals of the methyl groups in the 1H NMR spec-
trum. According to the structure, two coupled olefin signals
are observed, as expected from the folded conformation of
the M2N2 ring and of the symmetry plane of the cation. The
acetonitrile ligands in the “M ACHTUNGTRENNUNG(CH3CN)3” moiety in the rho-
dium complex [8]2+ are labile, as they undergo a fast ex-
change with the deuterated acetonitrile solvent, whereas
those in the iridium complex [9]2+ remain coordinated. In
both complexes, the acetonitrile in the “M ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(CH3CN)”
moiety is observed as a broad signal in the 1H NMR spectra.


Conclusion


The amido-bridged complexes [{M(m-az) ACHTUNGTRENNUNG(cod)}2] (M =Rh, 3 ;
M= Ir, 4) are unusually stable towards hydrolysis, and the
metal�amido bonds even survive reactions with strong acids.
This unusual inertness of the aziridinato metal�nitrogen
bonds is ascribed to the unusual bridging bonding modes of
the aziridinato ligands with the two metal centers, involving
3c-4e interactions for each aziridinato ligand. These interac-
tions also explain the relative short intermetallic distance of
these complexes. The electrochemical behavior of 3 and 4 is
greatly influenced by the solvent. Chemical oxidation of 3
and 4 in CH2Cl2 gives the paramagnetic cationic species [{M-ACHTUNGTRENNUNG(m-az) ACHTUNGTRENNUNG(cod)}2]


+ (M =Rh, [3]+ ; M= Ir, [4]+) resulting from
one-electron oxidation. The electron is removed from the
M–M d–d s*-antibonding HOMO, resulting in stronger
metal–metal interactions in [3]+ and [4]+ . EPR measure-
ments and DFT calculations are in good agreement, con-
firming that the unpaired electron is delocalized over the
two metal centers, with minor spin densities at the two
bridging amido nitrogen groups, and is the result of a delo-
calized M–M d–d s*-antibonding SOMO. These dinuclear
species, therefore, do not form aminyl radical complexes
upon one electron oxidation. While Rh complex [3]+ is
stable in dichloromethane, the Ir complex [4]+ transforms
slowly, but quantitatively, into a 1:1 mixture of the allyl com-
plex [(h3,h2-C8H11)Ir ACHTUNGTRENNUNG(m-az)2IrACHTUNGTRENNUNG(cod)] ([5]+) and the hydride
compound [(cod)(H)Ir ACHTUNGTRENNUNG(m-az)2IrACHTUNGTRENNUNG(cod)] ([6]+). The mechanism
proposed for this reaction involves initial disproportionation


Scheme 7. Synthesis of the dicationic complexes [8] ACHTUNGTRENNUNG(PF6)2 and [9] ACHTUNGTRENNUNG(PF6)2.


Figure 10. Structure (ortep at 50 % level) of the dicationic complex [9]2+ .


Table 6. Selected bond lengths [�] and angles [8] for complex [9]2+ .


Ir1�N1 2.100(6) Ir2�N1 2.026(6)
Ir1�N2 2.085(5) Ir2�N2 2.008(6)
Ir1�N3 2.157(6) Ir2�N4 2.070(6)
Ir1�Ct1[a] 2.038(8) Ir2�N5 2.028(6)
Ir1�Ct2[a] 2.049(7) Ir2�N6 2.034(6)
N1-Ir1-N2 76.0(2) N1-Ir2-N2 79.4(2)
N1-Ir1-N3 100.4(2) N1-Ir2-N4 108.5(2)
N2-Ir1-N3 100.8(2) N2-Ir2-N4 110.5(2)
N4-Ir2-Ir1 154.50(16) N3-Ir1-Ir2 139.62(16)
N1-Ir1-Ct1[a] 159.3(3) N1-Ir2-N5 165.1(2)
N2-Ir1-Ct2[a] 158.1(2) N2-Ir2-N6 163.8(2)
Ct1-Ir1-Ct2 86.0(3) N5-Ir2-N6 88.5(2)


[a] Ct1 and Ct2 are the midpoints between C9-C10 and C13-C14, respec-
tively.
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of [4]+ to 4 and [4]2+ (DG0 = ++21 kcal mol�1) followed by
proton transfer from [4]2+ to 4 to form [5]+ and [6]+ . A sim-
ilar disproportionation reaction of Rh complex [3]+ in
CH2Cl2 is apparently too much uphill (DG�>+


23 kcal mol�1) to occur at an appreciable rate at room tem-
perature. In accordance with the electrochemical studies, the
addition of small amounts of acetonitrile to dichlorome-
thane solutions of [3]+ and [4]+ triggers a fast disproportio-
nation in both cases, leading to equimolecular amounts of
the starting materials 3 and 4 and metal�metal bonded,
mixed ligand MII�MII species.


Experimental Section


Starting materials and physical methods : All the operations were carried
out under argon atmosphere by using standard Schlenk-tube techniques.
Solvents were purified by standard procedures. 2,2-dimethylaziridine,[27]


[{M ACHTUNGTRENNUNG(m-OMe) ACHTUNGTRENNUNG(cod)}2] (M=Rh, Ir),[28] and [FeCp2] ACHTUNGTRENNUNG[PF6]
[29] were prepared


according to the literature methods. HBF4 (Aldrich, 54% w/w in Et2O)
was commercially available and was used as received. Elemental analyses
were performed by using a Perkin–Elmer 2400 microanalyzer. Mass spec-
tra (MALDI) were recorded with a Bruker MicroFlex spectrometer
using DCTB (1,1-dicyano-4-t-butylphenyl-3-methylbutadiene) as matrix.
NMR spectra were recorded by using a Bruker AV 300 and AV 500 oper-
ating at 300.13 and 500.13 MHz, respectively, for 1H. Chemical shifts are
referenced to SiMe4. Electrochemical experiments were performed by
means of an EG&G Research Model 273 potentiostat/galvanostat. A
three-electrode glass cell consisting of a platinum-disk working electrode,
a platinum-wire auxiliary electrode and a KCl saturated calomel refer-
ence (SCE) electrode was employed. Linear voltamperometry was per-
formed by using a rotating platinum electrode (RDE) as the working
electrode. The supporting electrolyte solution (NBu4PF6, 0.1m) was
scanned over the solvent window to ensure the absence of electroactives
impurities curves. A concentration of the analyte of about 2.5 10�4


m was
employed in all the measurements.


Synthesis of the complexes: [{Rh ACHTUNGTRENNUNG(cod)}2 ACHTUNGTRENNUNG(m-az)ACHTUNGTRENNUNG(m-OMe)] (1): Neat 2,2-di-
methylaziridine (Haz) (0.154 mL, 0.813 mmol) was added to a solution of
[{Rh ACHTUNGTRENNUNG(m-OMe) ACHTUNGTRENNUNG(cod)}2] (100.0 mg, 0.413 mmol) in toluene (10 mL). The so-
lution was stirred for 12 h at RT. Thereafter, the resulting solution was
evaporated to dryness. The residue was dissolved in hexane and the re-
sulting solution was kept at �18 8C overnight to allow a green microcrys-
talline solid to form, complex 1. The mother liquor was decanted and the
solid was dried under vacuum. Yield: 47.5 mg (44 %); 1H NMR (C6D6,
25 8C) (assigned from the 1H,1H-COSY spectrum): d =4.03 (m, 2H), 3.86
(m, 2H) and 3.54 (m, 4 H; HC=), 3.21 (s, 3 H; OMe), 2.69 (m, 2H), 2.51
(m, 2H), 2.36 (m, 2 H), 2.23 (m, 2H; H2C


exo), 1.94–1.71 (m, 6 H), 1.43 (m,
2H; H2C


endo), 1,64 (s, 6 H; Me2CCH2N), 0.68 ppm (s, 2H; Me2CCH2N);
13C{1H} NMR (C6D6, 25 8C): d=82.1 (d, J ACHTUNGTRENNUNG(C,Rh)=12.1 Hz), 80.2 (d,
J ACHTUNGTRENNUNG(C,Rh)=11.7 Hz), 73.7 (d, J ACHTUNGTRENNUNG(C,Rh)=14.8 Hz), 72.6 (d, J ACHTUNGTRENNUNG(C,Rh)=


15.1 Hz) (HC=), 55.0 (OMe), 40.2 (Me2CCH2N), 32.7, 31.4, 30.9 and 30.9
(H2C), 32.1 (Me2CCH2N), 29.3 ppm (Me2CCH2N); elemental analysis
calcd (%) for C21H35NORh2 (523.3): C 48.20, H 6.74, N 2.68; found: C
48.08, H 6.40, N 2.66.


[{Ir ACHTUNGTRENNUNG(cod)}2 ACHTUNGTRENNUNG(m-az) ACHTUNGTRENNUNG(m-OMe)] (2): Complex 2 was prepared, as reported for
1, starting from [{IrACHTUNGTRENNUNG(m-OMe) ACHTUNGTRENNUNG(cod)}2] (100.0 mg, 0.106 mmol) and Haz
(0.120 mL, 0.633 mmol) to render orange microcrystals suitable for X-ray
diffraction studies. Yield: 38 mg (36 %); 1H NMR (C6D6, 25 8C) (assigned
from the 1H,1H-COSY spectrum): d=3.74 (m, 2H), 3.62 (m, 2H), 3.35
(m, 2H), 2.68 (m, 2H; HC=), 3.62 (s, 3H; OMe), 2.27 (m, 4H), 2.17 (m,
2H), 2.07 (m, 2 H; H2C


exo), 1.67 (m, 2H), 1.55 (m, 6 H; H2C
endo), 1.51 (s,


6H; Me2CCH2N), 1.29 ppm (s, 2H; Me2CCH2N); 13C{1H} NMR (C6D6,
25 8C): d=65.2, 63.7, 55.3, and 54.1 (HC=), 56.6 (OMe), 44.4
(Me2CCH2N), 33.1, 32.3, 32.2, and 32.0 (H2C), 32.7 (Me2CCH2N),


29.3 ppm (Me2CCH2N); elemental analysis calcd (%) for C21H35NOIr2


(701.9): C 35.93, H 5.03, N 2.00; found: C 35.66, H 4.97, N 1.94.


[{Rh ACHTUNGTRENNUNG(m-az) ACHTUNGTRENNUNG(cod)}2] (3): To a solution of [{Rh ACHTUNGTRENNUNG(m-OMe) ACHTUNGTRENNUNG(cod)}2] (198.0 mg,
0.818 mmol) in toluene (10 mL), containing activated molecular sieves
(5 �), Haz (1.6 mL, 8.4 mmol) was added. The suspension was stirred at
80 8C for 21 h. The resulting deep orange solution was filtered off, partial-
ly evaporated (�2 mL), and kept a �18 8C overnight to yield complex 3
as a deep orange microcrystalline solid. The mother liquor was decanted
and the crystals were dried under vacuum. Yield: 163.6 mg (71 %);
1H NMR (C6D6, 25 8C): d= 3.77 (m, 4H), 3.01 (m, 4H; HC=), 2.62 (m,
4H), 2.23 (m, 4H; H2C


exo), 1.86 (m, 8 H; H2C
endo), 1.52 (s, 12 H;


Me2CCH2N), 0.80 ppm (s, 4 H; Me2CCH2N); 13C{1H} NMR (C6D6, 25 8C):
d=80.0 (d, J ACHTUNGTRENNUNG(C,Rh)=13 Hz), 77.1 (d, J ACHTUNGTRENNUNG(C,Rh)=13 Hz) (HC=), 40.3
(Me2CCH2N), 32.6 (Me2CCH2N), 31.5 and 31.4 (H2C), 29.1 ppm
(Me2CCH2N); elemental analysis calcd (%) for C24H40N2Rh2 (562,4): C
51.25, H 7.17, N 4.98; found: C 51.09, H 7.46, N 5.09.


[{Ir ACHTUNGTRENNUNG(m-az) ACHTUNGTRENNUNG(cod)}2] (4): Complex 4 was obtained as dark-purple crystals as
described for 3 starting from [{IrACHTUNGTRENNUNG(m-OMe) ACHTUNGTRENNUNG(cod)}2] (200.0 mg, 0.301 mmol)
and Haz (0.50 mL, 2.60 mmol). Yield: 174.2 mg (78 %); 1H NMR (C6D6,
25 8C): d=3.51 (m, 4H), 2.90 (m, 4H; HC=), 2.35 (m, 4 H), 2.20 (m, 4 H;
H2C


exo), 1.82 (m, 4H), 1.60 (m, 4H; H2C
endo), 1.52 (s, 12H; Me2CCH2N),


1.31 ppm (s, 4H; Me2CCH2N); 13C{1H} NMR (C6D6, 25 8C): d=63.0, 61.3
(HC=), 44.5 (Me2CCH2N), 32.5 (Me2CCH2N), 31.5 and 32.4 (H2C),
28.6 ppm (Me2CCH2N); elemental analysis calcd (%) for C24H40N2Ir2


(741.0): C 38.90, H 5.44, N 3.78; found: C 39.11, H 6.06, N 3.66.


[{Rh ACHTUNGTRENNUNG(m-az) ACHTUNGTRENNUNG(cod)}2]PF6 ([3]PF6): A solution of [{Rh ACHTUNGTRENNUNG(m-az) ACHTUNGTRENNUNG(cod)}2] (3)
(112.6 mg, 0.200 mmol) in dichloromethane (5 mL) was treated with
[FeCp2]PF6 (66.3 mg, 0.200 mmol). After stirring for 12 h, the solution
was carefully layered with diethyl ether (15 mL) and kept undisturbed
for three days. The mother liquor was decanted and the deposited crys-
tals, suitable for X-ray analyses, were dried under vacuum. Yield:
120.0 mg (85 %); 1H NMR (CD2Cl2, 25 8C): d=27.9, 8.77, 0.22, �3.55,
�14.3 ppm; elemental analysis calcd (%) for C24H40N2Rh2PF6 (707.4): C
40.75, H 5.70, N 3.96; found: C 40.54, H 5.60, N 4.00.


[(h3,h2-C8H11)Ir ACHTUNGTRENNUNG(m-az)2Ir ACHTUNGTRENNUNG(cod)]PF6 ([5]PF6): A solution of [{Ir ACHTUNGTRENNUNG(m-az)-ACHTUNGTRENNUNG(cod)}2] (4) (148.0 mg, 0.200 mmol) in dichloromethane (5 mL) was treat-
ed with [FeCp2]PF6 (66.3 mg, 0.200 mmol). The reaction was monitored
by 1H NMR to observe the quantitative transformation of the intermedi-
ate [4]PF6 (which gives broad signals at d=42 and 21 ppm) into equimo-
lar amounts of [5]PF6 and [6]PF6 in �36 h at 25 8C. A spectroscopic an
analytically pure sample of [5]PF6 was isolated as a purple solid after
three recrystallizations of the reaction mixture in dichloromethane/di-ACHTUNGTRENNUNGethyl ether. Yield: 46.0 mg (26 % relative to the starting material).


1H (CD2Cl2, 25 8C): d=5.68 (pseudo-q, 1H; H1), 5.22 (pseudo-q, 1H;
H3), 4.37 (m, 1 H; H14), 4.11 (m, 2 H; H6,9), 3.72 (m, 1 H; H10), 3.53 (m,
1H; H13), 3.45 (m, 1H; H4a), 3.38 (m, 1H; H5a), 3.16 (m, J ACHTUNGTRENNUNG(H,H) =7.5 Hz,
1H; H2), 2.67 (m, 1H; H7), 2.59–2.35 (m, 7H; H4b,5b,8a,11a,11b,15a,16a), 2.28 (m,
1H; H12a), 2.17 (m, 2H; H12b,15b), 2.12 (s, 1H; Me2CCH2N


1), 2.06 (s, 1H;
Me2CCH2N


1), 1.95 (m, 1H; H16b), 1.84 (s, 5 H; Me2CCH2N
1 +


Me2CCH2N
2), 1.53 (s, 3 H; Me2CCH2N


1), 1.48 (s, 3 H; Me2CCH2N
2), 1.45


(m, 1 H; H8b), 1.28 ppm (s, 3 H; Me2CCH2N
2); 13C{1H} NMR (CD2Cl2,


25 8C): d=85.5 (C14), 85.1 (C6), 82.5 (C2), 81.0 (C9), 78.3 (C10), 74.4 (C13),
69.0 (C1), 48.7 and 47.7 (Me2CCH2N), 41.5 (C5), 37.1 (Me2CCH2N


2), 35.8
(Me2CCH2N


1), 34.3 (C15), 31.5 (C7), 31.3 (C11), 31.0 (C16), 30.95 (C3),
30.92 (Me2CCH2N


1), 29.0 (C8), 28.2 (C12), 27.6 (Me2CCH2N
2), 25.2


(Me2CCH2N
1), 25.1 (Me2CCH2N


2), 21.9 ppm (C4); MS [m/z (%)]: 739.2
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(100 %) M+ ; elemental analysis calcd (%) for C24H39N2Ir2PF6 (884.98): C
32.57, H 4.44, N 3.17; found: C 32.61, H 4.51, N 3.10.ACHTUNGTRENNUNG[(cod)(H)Ir ACHTUNGTRENNUNG(m-az)2Ir ACHTUNGTRENNUNG(cod)]PF6 ([6]PF6): Addition of HBF4 (29.3 mL, 54 %
in Et2O, 0.213 mmol) to a solution of [{Ir ACHTUNGTRENNUNG(m-az) ACHTUNGTRENNUNG(cod)}2] (4) (157.0 mg,
0.424 mmol) in diethyl ether (5 mL) produced the immediate precipita-
tion of a brown solid. The solid was filtered, washed with diethyl ether
(3 � 2 mL) and vacuum-dried. Yield: 162.4 mg (92 %).


1H NMR (CD2Cl2, 25 8C): d= 4.44 (m,
2H; H7), 3.74 (m, 2H; H6), 4.17 (m,
2H; H3), 3.80 (m, 2H; H2), 2.61 (m,
2H; H4a), 2.55–2.25 (m, 12H;
H1a,1b,4b,5a,5b,8a), 2.04 (m, 4H; CH+H8b),
1.67 (s, 2H; CH’), 1.52 (s, 6 H; Me’),
1.48 (s, 6 H; Me), �25.29 ppm (s, 1H;
IrH); 13C{1H} NMR (CD2Cl2, 25 8C):
d=83.8 (C3), 76.2 (C2), 33.3 (C1), 30.1
(C4), 83.7 (C7), 78.0 (C6), 32.6 (C8),


29.0 (C5), 36.9 (CH2), 32.2 (Me’), 23.2 ppm (Me); elemental analysis
calcd (%) for C24H41N2Ir2BF4 (828.83): C 34.78, H 4.99, N 3.38; found: C
34.87, H 4.91, N 3.19.


[Ir ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(h5-{H2NC6H4-Me}]BF4 ([7]BF4): A solution of [{IrACHTUNGTRENNUNG(cod)(m-
NHC6H4-Me)}2] (90.0 mg, 0.11 mmol) in CH2Cl2 (5 mL) was treated with
HBF4 (30.3 mL, 0.22 mmol). After 4 h stirring, the resulting solution was
concentrated to 2 mL and layered with Et2O. After three days, the
mother liquor was decanted and the crystals were dried under vacuum.
Yield: 72.0 mg (66 %). 1H NMR (CDCl3, 25 8C): d=6.11 (d, J ACHTUNGTRENNUNG(H,H) =


6.6 Hz, 2 H; NC6H4Me), 6.04 (d, J ACHTUNGTRENNUNG(H,H) =6.6 Hz, 2H; NC6H4Me), 5.45
(br, 2H; NH2), 4.10 (m, 4 H; HC=), 2.23 (s, 3H; NC6H4Me), 2.18 (m, 4 H;
H2C


exo), 1.99 ppm (m, 4H; H2C
endo); 13C{1H} NMR (CDCl3, 25 8C): d=


138.8 (C1), 108.0 (C4), 94.7 (C3), 76.4 (C2) (NC6H4Me), 64.4 (HC=), 33.0
(CH2), 18.1 ppm (NC6H4Me); MS [m/z (%)]: 408 (100 %) M+ ; elemental
analysis calcd (%) for C15H21IrNBF4 (494.36): C 36.44, H 4.28, N 2.83;
found: C 36.29, H 4.67, N 2.68.ACHTUNGTRENNUNG[(MeNC)3Rh ACHTUNGTRENNUNG(m-az)2Rh ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(cod)] ACHTUNGTRENNUNG(PF6)2 [8] ACHTUNGTRENNUNG(PF6)2 : A suspension of
[{Rh ACHTUNGTRENNUNG(m-az)ACHTUNGTRENNUNG(cod)}2] (3) (25.3 mg, 0.045 mmol) in CH3CN (2 mL) was treat-
ed with [FeCp2] ACHTUNGTRENNUNG[PF6] (30.1 mg, 0.09 mmol). After stirring for 3 h, the re-


sulting brown-orange solution was evaporated to dryness. The residue
was washed with diethyl ether (3 � 5 mL) to remove [FeCp2] and recrys-
tallized from acetonitrile/diethyl ether to render red-brown crystals,
which were decanted and vacuum-dried. Yield: 32.1 mg (79 %). 1H NMR
(CD3CN, 25 8C): d= 4.60 (br, 2 H), 3.91 (br, 2H; HC=), 2.90 (m, 2H),
2.66 (m, 2 H; H2C


exo), 2.45 (m, 2H), 2.37 (m, 2 H; H2C
endo), 2.10 (br, 3H;


CH3CN), 1.99 (s, 9H; free MeCN), 1.50 (s, 6H), 1.33 (s, 6H;
Me2CCH2N), 0.94 (br, 2 H), 0.55 ppm (br, 2H; Me2CCH2N);
13C{1H} NMR (CD3CN, 25 8C): d=105.4 (d, J ACHTUNGTRENNUNG(C,Rh)=9 Hz), 91.3 (d,
J ACHTUNGTRENNUNG(C,Rh)=6 Hz) (HC=), 41.6 (Me2CCH2N), 40.2 (Me2CCH2N), 31.9 and
28.5 (H2C), 26.8 and 25.3 (Me2CCH2N), 3.62 ppm (m, J ACHTUNGTRENNUNG(C,D)=21 Hz, 3C,
Rh ACHTUNGTRENNUNG(CD3CN)3); elemental analysis calcd (%) for C24H40N6Rh2P2F12


(908.3): C, 31.73; H, 4.44; N, 9.25; found: C, 31.68; H, 4.30; N, 9.45.ACHTUNGTRENNUNG[(MeNC)3Ir ACHTUNGTRENNUNG(m-az)2Ir ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(cod)] ACHTUNGTRENNUNG(PF6)2 [9] ACHTUNGTRENNUNG(PF6)2 : Complex 9 was ob-
tained as red-yellow crystals as described for [8] ACHTUNGTRENNUNG(PF6)2 starting from
[{Ir ACHTUNGTRENNUNG(m-az) ACHTUNGTRENNUNG(cod)}2] (75.0 mg, 0.101 mmol) and [FeCp2] ACHTUNGTRENNUNG[PF6] (66.8 mg,
0.202 mmol). Yield: 92.2 mg (84 %). 1H NMR (CD3CN, 25 8C): d =4.23
(br, 2H), 3.56 (br, 2H; HC=), 2.70 (s, 9 H; CH3CN), 2.65 (m, 2H), 2.56
(m, 2 H; H2C


exo), 2.31 (m, 2 H), 2.23 (m, 2H; H2C
endo), 2.18 (br, 3H;


CH3CN), 1.46 (s, 6 H), 1.35 (s, 6H; Me2CCH2N), 1.02 (br, 2H), 0.69 ppm
(br, 2 H; Me2CCH2N); 13C{1H} NMR (CD3CN, 25 8C): d =84.9 and 71.5
(HC=), 44.7 (Me2CCH2N), 40.7 (Me2CCH2N), 33.5 and 28.3 (H2C), 26.4
and 24.2 (Me2CCH2N), 3.19 ppm (IrACHTUNGTRENNUNG(CH3CN)3); elemental analysis calcd
(%) for C24H40N6Ir2P2F12 (1087.0): C, 26.52; H, 3.71; N, 7.73; found: C,
27.30; H, 3.36; N, 7.48.


EPR spectroscopy: Experimental X-band EPR spectra were recorded by
using a Bruker EMX spectrometer equipped with a He temperature con-
trol cryostat system (Oxford Instruments). The spectra were simulated by
iteration of the anisotropic g values, (super)hyperfine coupling constants,
the iridium nuclear quadrupole tensor (complex 3+), and line widths by
using XSophe EPR simulation software (Bruker BioSpin Corporation).
The spectra were simulated with the general spin Hamiltonian in Equa-
tion (1) with two equivalent nuclei:


h ¼ bB � g � Sþ S �A � IM þ S �A � IN þ IM � P � IM ð1Þ


Table 7. Selected crystallographic data of 2, 3, [3]PF6, [4]PF6, [7]BF4 and [9] ACHTUNGTRENNUNG(PF6)2·CH2Cl2.


2 3 [3]PF6 [4]PF6 [7]BF4 [9] ACHTUNGTRENNUNG(PF6)2·CH2Cl2


formula C21H35Ir2NO C24H40N2Rh2 C24H40F6N2PRh2 C24H40F6Ir2N2P C15H21BF4IrN C25H42Cl2F12Ir2N6P2


formula weight 701.90 562.40 707.37 885.95 494.34 1171.89
color red red-orange red red red-orange yellow
crystal system tetragonal orthorhombic monoclinic monoclinic triclinic monoclinic
space group P43212 Fdd2 P21/c P21/n P1̄ P21/c
a [�] 13.1713(8) 18.9524(15) 13.0695(9) 9.2913(7) 10.8446(14) 16.2592(11)
b [�] 13.1713(8) 26.108(2) 24.2257(16) 23.8159(19) 12.6003(16) 8.8001(6)
c [�] 23.7804(14) 9.2663(7) 17.8312(12) 12.7132(10) 12.8111(16) 27.2505(19)
a [8] 90 90 90 90 107.675(2) 90
b [8] 90 90 109.2360(10) 109.1510(10) 103.752(2) 106.3520(10)
g [8] 90 90 90 90 102.441(2) 90
V [�3] 4125.5(4) 4585.0(6) 5330.5(6) 2657.5(4) 1539.9(3) 3741.4(4)
Z 8 8 8 4 4 4
F ACHTUNGTRENNUNG(000) 2640 2304 2856 1684 944 2240
1calcd [gcm�3] 2.260 1.629 1.763 2.214 2.132 2.080
m [mm�1] 12.898 1.452 1.357 10.124 8.706 7.422
crystal size [mm] 0.20 � 0.18 � 0.16 0.29 � 0.13 � 0.12 0.08 � 0.05 � 0.04 0.30 � 0.11 � 0.04 0.10 � 0.09 � 0.06 0.13 � 0.09 � 0.02
T [K] 293(2) 173(2) 100(2) 100(2) 100(2) 100(2)
q limits [8] 1.77–27.00 2.57–28.00 1.47–26.00 1.71–26.00 1.76–27.00 1.56–26.00
collected reflns. 26345 13731 31420 15 648 18202 39115
unique reflns (Rint) 4510 (0.0406) 2735 (0.0436) 10466 (0.0623) 5228 (0.0358) 6671 (0.0456) 7344 (0.0691)
reflns with [I>2s(I)] 4257 2628 7936 4464 5473 6037
parameters/restraints 229/0 130/1 625/91 292/54 399/0 443/34
R1 (on F, [I>2s(I)]) 0.0233 0.0273 0.0575 0.0431 0.0407 0.0425
wR2 (on F2, all data) 0.0488 0.0628 0.1304 0.1118 0.0944 0.0910
Goodness-of-fit 1.039 1.104 1.025 1.021 1.019 1.086
max/min D1 [e ��3] 0.760/�0.501 1.068/�0.477 1.843/�1.745 1.890/�1.378 2.558/�2.358 2.427/�1.629
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DFT geometry optimizations and EPR parameter calculations : All ge-
ometry optimizations were carried out by means of the Turbomole pro-
gram[30a] coupled to the PQS Baker optimizer.[31] Geometries were fully
optimized as minima at the b3-lyp level[32] by using the Turbomole TZVP
basis[30c,f] (small-core pseudopotential[30c,e] on Rh or Ir). EPR parame-
ters[33] were calculated with the ADF[34] program system by using the
bp86[35] functional with the ZORA/TZP basis set supplied with the pro-
gram (all electron, core double zeta, valence triple zeta polarized basis
set on all atoms), using the coordinates from the structures optimized in
Turbomole as input. Orbital and spin density plots were generated with
Molden.[36]


Structural analysis of 2, 3, [3]PF6, [4]PF6, [7]BF4 and [9]ACHTUNGTRENNUNG(PF6)2·CH2Cl2 :
X-ray data were collected by using a Bruker Smart Apex CCD diffrac-
tometer, with graphite-monochromated MoKa radiation (l=0.71073 �)
using w scans (0.38). Data were corrected for absorption using a multi-
scan method applied with SADABS program.[37] Selected crystallographic
data can be found in Table 7. The structures were solved by direct meth-
ods and refined by full-matrix least-squares on F2, with the program
SHELX97[38] in the WINGX[39] package. All non-hydrogen atoms except
those involved in disorders were refined with anisotropic displacement
parameters. The disordered parts are the PF6 anions in [3]PF6 and [4]PF6,
a cod ligand in [4]PF6 and another cod ligand in [9] ACHTUNGTRENNUNG(PF6)2·CH2Cl2, and
were refined with isotropic displacement parameters and with restraints
in the geometry. Hydrogen atoms were included in calculated positions
except those ones of carbon atoms bonded to the metals, which were lo-
cated in difference-Fourier maps. All of them were refined riding on the
corresponding atom with an isotropic displacement parameter related to
that of the bonded atom. The highest electronic residuals were observed
in close proximity of the metal centers and make no chemical sense.


CCDC-696922 (2), 696923 (3), 696924 ([3]PF6), 696925 ([4]PF6), 696926
([7]BF4), and 696927 ([9] ACHTUNGTRENNUNG(PF6)2·CH2Cl2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.


Acknowledgements


The generous financial support from MEC-FEDER (Project CTQ2005-
06807), Gobierno de Arag�n (GA, Project PM36/2007), the University of
Amsterdam, and the Netherlands Organization for Scientific Research
(NWO-CW) is gratefully acknowledged. V.P. thanks CSIC for an I3P
postdoctoral contract.


[1] D. Astruc, Electron Transfer and Radical Processes in Transition-
Metal Chemistry, 1995, Wiley-VCH, New York.


[2] See for example: B. de Bruin, D. G. H. Hetterscheid, A. J. J. Koek-
kock, H. Gr�tzmacher, Prog. Inorg. Chem. 2007, 55, 247 – 354.


[3] a) P. Maire, M. Kçnigsmann, A. Sreekanth, J. Harmer, A. Schweiger,
H. Gr�tzmacher, J. Am. Chem. Soc. 2006, 128, 6578 – 6580; b) T.
B�ttner, J. Geier, G. Frison, J. Harmer, C. Calle, A. Schweiger, H.
Schçnberg, H. Gr�tzmacher, Science 2005, 307, 235 –238.


[4] a) M. Kçnigsmann, N. Donati, D. Stein, H. Schçnberg, J. Harmer,
A. Sreekanth, H. Gr�tzmacher, Angew. Chem. 2007, 119, 3637 –
3640; Angew. Chem. Int. Ed. 2007, 46, 3567 –3570; b) N. Donati, M.
Kçnigsmann, D. Stein, L. Udino, H. Gr�tzmacher, C. R. Chim. 2007,
10, 721 –730.


[5] a) H. Arita, K. Ishiwata, S. Kuwata, T. Ikariya, Organometallics
2008, 27, 493 –496; b) K. Ishiwata, S. Kuwata, T. Ikariya, Organome-
tallics 2006, 25, 5847 –5849; c) S. Thewissen, M. D. M. Reijnders,
J. M. M. Smits, B. de Bruin, Organometallics 2005, 24, 5964 –5972;
d) C. Tejel, M. A. Ciriano, M. Bordonaba, J. A. L�pez, F. J. Lahoz,
L. A. Oro, Chem. Eur. J. 2002, 8, 3128 –3138; e) C. Tejel. M. A. Cir-
iano, M. Bordonaba, J. A. L�pez, F. J. Lahoz, L. A. Oro, Inorg.
Chem. 2002, 41, 2348 – 2355; f) H. Matsuzaka, T. Kamura, K. Ariga,
Y. Watanabe, T. Okubo, T. Ishii, M. Yamashita, M. Kondo, S. Kita-


gawa, Organometallics 2000, 19, 216 – 218; g) R. Dorta, A. Togni,
Helv. Chim. Acta 2000, 83, 119 –127; h) J.-J. Brunet, J.-C. Daran, D.
Neibecker, L. Rosenberg, J. Organomet. Chem. 1997, 538, 251 –256;
i) M. K. Kolel-Veetil, M. Rahim, A. J. Edwards, A. L Rheingold,
K. J. Ahmed, Inorg. Chem. 1992, 31, 3877 –3878; j) A. L. Casalnuo-
vo, J. C. Calabrese, D. Milstein, Inorg. Chem. 1987, 26, 971 – 973.


[6] L. A. Oro, M. A. Ciriano, C. Tejel, M. Bordonaba, C. Graiff, A. Tiri-
picchio, Chem. Eur. J. 2004, 10, 708 – 715.


[7] P. Zhao, C. Krug, J. F. Hartwig, J. Am. Chem. Soc. 2005, 127, 12066 –
12073.


[8] a) E. Sola, F. Torres, M. V. Jim�nez, J. A. L�pez, S. E. Ruiz, F. J.
Lahoz, A. Elduque, L. A. Oro, J. Am. Chem. Soc. 2001, 123, 11925 –
11932; b) M. V. Jim�nez, E. Sola, F. J. Lahoz, L. A. Oro, Organome-
tallics 2005, 24, 2722 –2729.


[9] M. K. Kolel-Veetil, A. L. Rheingold, K. J. Ahmed, Organometallics
1993, 12, 3439 –3446.


[10] C. Tejel, M. A. Ciriano, J. A. L�pez, S. Jim�nez, M. Bordonaba,
L. A. Oro, Chem. Eur. J. 2007, 13, 2044 – 2053.


[11] Aziridines and Epoxides in Organic Synthesis, (Ed.: A. K. Yudin),
Wiley-VCH; Weinheim, Germany, 2006.


[12] a) K. Arai, S. Li, M. M. Dalter, K. Ohta, Y. Yamashita, S. Kobaya-
shi, J. Am. Chem. Soc. 2007, 129, 8103 –8111; b) Z.-B. Luo, J.-Y. Wu,
X.-L. Hou, L.-X. Dai, Org. Biomol. Chem. 2007, 5, 3428 –3430;
c) J. D. G. Watson, L. Yu, A. K. Yudin, Acc. Chem. Res. 2006, 39,
194 – 206.


[13] a) J. E. Ney, J. P. Wolfe, J. Am. Chem. Soc. 2006, 128, 15 414 –15 422;
b) B. L. Lin, C. R. Clough, G. L. Hillhouse, J. Am. Chem. Soc. 2002,
124, 2890 –2891.


[14] R. Bobka, J. N. Roedel, B. Neumann, T. Nigst, I.-P. Lorenz, Poly-
hedron 2008, 27, 955 –961, and references therein.


[15] C. Tejel, J. M. Villoro, M. A. Ciriano, J. A. L�pez, E. Eguiz	bal, F. J.
Lahoz, V. I. Bakhmutov, L. A. Oro, Organometallics 1996, 15, 2967 –
2978.


[16] N. G. Connely, D. J. H. Emslie, P. Klangsinsirikul, P. H. Rieger, J.
Phys. Chem. A 2002, 106, 12 214 – 12220.


[17] D. G. H. Hetterscheid, J. Kaizer, E. Reijerse, T. P. J. Peters, S. The-
wissen, A. N. J. Blok, J. M. M. Smits, R. de Gelder, B. de Bruin, J.
Am. Chem. Soc. 2005, 127, 1895 – 1905.


[18] D. G. H. Hetterscheid, M. Klop, R. J. N. A. M Kicken, J. M. M.
Smits, E. J. Reijerse, B. de Bruin, Chem. Eur. J. 2007, 13, 3386 –3405.


[19] Considering the large amount of parameters contributing to the
shape and HFI multiplets in the spectrum of [4]+ , it is not clear how
unique the obtained fit is to the particular set of parameters in
Table 4.


[20] J. C. Jeffery, F. G. A. Stone, I. Topaloǧlu, Polyhedron 1993, 12, 319 –
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Racemic b-Sheets as Templates for the Generation of Homochiral (Isotactic)
Peptides from Aqueous Solutions of (RS)-Valine or -Leucine N-Carboxy-
anhydrides: Relevance to Biochirogenesis


Irina Rubinstein,[a] Gilles Clodic,[b] Gerard Bolbach,[b] Isabelle Weissbuch,[a] and
Meir Lahav*[a]


Introduction


One of the open questions about the origin of life deals with
the timing and possible scenarios that might have been re-
sponsible for the emergence of homochiral biopolymers in
the achiral prebiotic environment. Two central surmises
have been proposed: one suggests that homochirality
emerged after the development of the primeval biological
system,[1] whereas the second maintains that enantiomeri-


cally pure compounds are a prerequisite for the evolution of
living species and that “mirror-symmetry breaking” must
have taken place before the emergence of life.[2–6] In the ab-
sence of reliable fossils, it is difficult to track down this his-
torical event; however, by performing laboratory experi-
ments, one may cast light on possible reaction pathways that
demonstrate the feasibility of converting racemic activated
monomers of amino and nucleic acids into homochiral bio-
polymers. Such a scenario involves two central problems:
first, the production of long polymeric chains composed
from residues of the same handedness (isotactic chains) by
starting from racemic reagents and overriding the difficulties
of binomial kinetics in the polymerization of multicompo-
nent monomers in an isotropic medium; second, the ach-
ievement of mirror-symmetry breaking in the racemic mix-
tures of isotactic peptides.


Previously, a number of models have been proposed to
highlight the problem of biochirogenesis of peptides on
Earth, including those by Bonner and co-workers,[7] by
Brack,[8] and by Luisi and co-workers.[9,10]
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biochirogenesis of homochiral peptides
from racemic precursors, we report the
feasibility of obtaining peptides with
homochiral sequences composed of up
to 25 residues of the same handedness
in the polymerization of racemic valine
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aqueous solutions, as initiated by
amines. The composition of the oligo-
peptides was determined by MALDI-
TOF mass spectrometry, and the se-
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riched with isotactic diastereoisomers,
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chitectures that serve as regio-enantio-
selective templates in the ensuing pro-
cess of chain elongation; 3) homochiral
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gates exert efficient enantioselection,
which results in the formation of long
isotactic oligopeptides. The final diaste-
reoisomeric distribution of the peptides
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In our approach, we have followed a working hypothesis
that comprises several steps: the formation of libraries of
short oligomers composed from blocks of homochiral se-
quence, followed by the self-assembly of the oligomers
through hydrogen bonding into aggregates that operate as
regio-enantiospecific templates and control the ensuing pro-
cess of chain elongation.[11–15] Such a scenario has common
features with the process of crystallization, which comprises
the steps of crystal nucleation and stereospecific growth.


Herein, we report a regio-enantioselective process in the
polymerization of N-carboxyanhydrides of racemic leucine
(Leu-NCA) or valine (Val-NCA) in aqueous solution to
yield isotactic oligopeptides.


Results


Polymerization of racemic Val-NCA or Leu-NCA, enantio-
selectively tagged with 8 and 10 deuterium atoms, respec-
tively, was performed in aqueous solution by dissolving the
monomer in water and, after 5 min for the first system and
1 min for the second, adding 5, 10, or 25 % (mol/mol) of ini-
tiator, namely n-butylamine or enantiopure methyl ester of
Val (Val-OMe), Leu (Leu-OMe), or phenylalanine (Phe-
OMe), under a continuous vortex. The reaction started at
room temperature as a clear solution; however, foam ap-
peared after 30 s to a few minutes, due to CO2 evolution,
and the solution became turbid as a result of the formation
of colloidal peptide aggregates. The X-ray diffraction pat-
terns of these colloids were measured, either in situ with the
aqueous solution in a capillary, as shown for racemic Val-
NCA initiated by n-butylamine in Figure 1a, or at the end of
the reaction after centrifugation, water decantation, and
drying (Figure 1b, c). These patterns are very similar, are in-
dependent of the concentration of the initiator, and display
Bragg peaks at d spacings of 4.7 � for both the Val and Leu
oligopeptides, indicative of interchain hydrogen bonding be-
tween the peptide bonds, and of 9.7 and 12 � for oligo-Val
and oligo-Leu, respectively, indicative of the peptide inter-
layer spacing. The dry oligopeptides also displayed a d spac-
ing of 6.9 �, which corresponds to an extended peptide
backbone.


The FTIR spectra of both systems showed the C=O
amide I stretching-vibration band at ñ= 1633 cm�1 and the
N�H amide II band at ñ=1540 cm�1. The XRD and FTIR
measurements are in keeping with the formation of b-sheet-
like structures that are stacked in architectures through the
hydrophobic side groups. Additional evidence is provided
by AFM images (for example, Figure 2) of the colloidal ag-
gregates formed after �10 min of polymerization and de-
posited on a mica support. The morphology appears fila-
ment-like, of 40–60 nm in width, and with thicknesses in the
range of 1.0–2.8 nm.


The MALDI-TOF mass spectra of the oligopeptides ob-
tained from the polymerization of racemic Val-NCA with
25, 10, and 5 % (mol/mol) of n-butylamine initiator are
shown in Figure 3a–c. In the spectra, the isotactic oligopepti-


des, (of homochiral sequence), labeled Rn and Sn, are locat-
ed at the wings of each group of signals originating from
various diastereoisomers of a given length n, whereas those
peptides containing heterochiral residues, labeled RhSd in
which h+d= n, are located between them. In our previous
studies, we have demonstrated that the molar fractions of
the diastereoisomeric oligopeptides of a given length are


Figure 1. X-ray powder diffraction patterns measured from a) a heteroge-
neous reaction mixture of (RS)-Val-NCA initiated with 25% (mol/mol)
n-butylamine inserted in a capillary; b and c) the water-insoluble oligo-
peptides obtained in the polymerization of (RS)-Val-NCA and (RS)-Leu-
NCA, respectively, with 25 % (mol/mol) n-butylamine.


Figure 2. AFM image of the colloidal architectures formed after 10 min
of polymerization of (RS)-Val-NCA in an aqueous solution in the pres-
ence of n-butylamine and subsequent transfer to a mica support.
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proportional to the relative intensities of their signals.
Therefore, one can clearly deduce from the spectra in
Figure 3 that the diastereoisomeric distribution of the oligo-
peptides strongly depends on the concentration of initiator
used in the reaction. The signal intensities corresponding to
the isotactic oligopeptides increase significantly, in compari-
son with those of their heterochiral counterparts, with an in-
crease in the amount of initiator. The common feature of
these spectra is that the short peptides comprise all possible
diastereoisomers in similar molar fractions, independent of
the concentration of initiator. On the other hand, the molar
fractions of the isotactic diastereoisomers beyond the hep-
tamers (7–14-mers) and of those containing one heterochiral
residue, labeled (n�1) and (1�n), increase with length. This
result significantly departs from the binomial distribution
for either the Val or Leu reaction systems.


Histograms of the molar fractions (Figure 4), calculated
from the signal intensities in the mass spectra, show the dis-
tribution of the diastereoisomers of each length n obtained
in the polymerization of racemic Val-NCA in water with 25


and 5 % (mol/mol) of n-butylamine initiator, along with the
corresponding values calculated for a theoretical binomial
distribution. At 25 % initiator, the isotactic peptides are the
most dominant diastereoisomers for longer oligopeptides
comprising 7–14 residues (Figure 4a). At 5 % initiator, the
mole fractions of the isotactic peptides appear to be some-
what smaller than those of the corresponding heterochiral
ones, (Figure 4b); however, they are significantly higher
than those calculated by assuming a theoretical binomial
distribution (Figure 4c). The observed peptide distribution
implies the operation of enantioselection in the chain-elon-
gation process.


The MALDI-TOF mass spectra of oligopeptides obtained
in the polymerization of racemic Leu-NCA in THF and
water with n-butylamine initiator are shown in Figure 5. In
the organic solvent, the reaction takes place under homoge-
neous conditions.[16] The isotactic di- and tripeptides are
formed more commonly than in a random process (Fig-
ure 5a) as a result of the operation of a Markov mechanism,
by which a homochiral residue at the N terminus of the pep-
tide chain adds preferentially, upon reaction, another amino
acid residue of the same handedness.[9,10] Such partial asym-


Figure 3. MALDI-TOF MS analysis of the Na+-cationized oligopeptides
obtained from the polymerization of racemic Val-NCA initiated with n-
butylamine at a) 25, b) 10, and c) 5% (mol/mol). Oligopeptides initiated
by traces of water are labeled with *.


Figure 4. Histograms showing the distribution of the diastereoisomers of
each length n obtained in the polymerization of racemic Val-NCA in
water as initiated by n-butylamine at a) 25 and b) 5 % (mol/mol). c) His-
togram showing the calculated values with assumption of a binomial dis-
tribution of the diastereoisomers.
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metric induction introduced by isolated chains should drive
the reaction towards random diastereoisomeric distribution
of the long oligopeptide chains. By contrast, the distribution
of the longer oligopeptides obtained by polymerization in
water (Figure 5b and c) shows a significant departure from
the random distribution. This difference in the diastereoiso-
meric distribution of the oligopeptides in the two solvents
suggests the occurrence of self-assembly of the short hydro-
phobic isotactic and atactic oligopeptides into clusters in
water, but not in the organic solvent; these clusters then op-
erate as templates and induce regio-enantioselection in the
later stages of the reaction.


The homochiral enhancement obtained in the polymeri-
zation of racemic Val-NCA initiated with 25 and 5 % (mol/
mol) of n-butylamine was evaluated by dividing the experi-
mental molar fractions of isotactic oligopeptides of each
length with those calculated for a theoretical binomial distri-
bution (Figure 6). Thus, the homochiral enhancement for
dodecapeptides has a value of 550 at 25 % initiator and only
200 at 5 % initiator, but it increases to �7000 for the 18-
mer peptides.


Some of the short peptides are water-soluble, as shown by
the MALDI-TOF MS of the supernatant solution after re-
moval of the water-insoluble fraction (Figure 7a–c). The
water-soluble fraction contains primarily the di- and tripep-
tide diastereoisomers and only heterochiral tetra- to hexa-
peptides, whereas the isotactic penta- and hexapeptides are
water insoluble. The importance of this result is considered
in the discussion of the mechanism of the reaction (see
below).


Figure 5. MALDI-TOF MS analysis of the oligopeptides obtained from
polymerization of racemic Leu-NCA a) in THF with 25% (mol/mol) of
n-butylamine; b and c) in water with 25 and 10% (mol/mol) of n-butyla-
mine, respectively. Oligopeptides initiated by traces of water are labeled
with *.


Figure 6. Plot of the normalized homochiral enhancement of the isotactic
oligo-Val chains of various lengths n obtained with 25 (^) and 5% (mol/
mol) (&) of n-butylamine. The insert shows a magnified plot for n =2–7.


Figure 7. MALDI-TOF spectra of the water-soluble oligopeptides ob-
tained from the polymerization of racemic Val-NCA in water with a) 25,
b) 10, and c) 5 % (mol/mol) n-butylamine initiator. Isotactic oligopeptides
are marked arrows and labeled Rn or Sn. Oligopeptides initiated by traces
of water are labeled with *.
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To obtain additional insight into the sequences of the het-
erochiral peptides, they were analyzed by MALDI-TOF-
TOF MS. In this analysis, fragmentation of the ions by a
metastable decomposition and/or collision-induced dissocia-
tion showed two main fragmentation series (see the Experi-
mental Section). Data analysis shows that the n-butylamine
initiator (I), located at the C terminus, is linked to R or S
residues. For the heterochiral oligopeptides, at 25 % initia-
tor, the fragmentation studies clearly highlight the presence
of a block sequence. Typically, for n=6, the overexpressed
sequences (N to C terminus) were SRRRRR�I and
RRRRRS�I for (5,1), SSRRRR�I and RRRRSS�I for (4,2),
RRRSSS�I and SSSRRR�I for (3,3), RRSSSS�I and
SSSSRR�I for (2,4), and RSSSSS�I and SSSSSR�I for (1,5).
The single residue of opposite handedness for the oligopep-
tides labeled (n�1,1) and (1,n�1), in which n= 4–9, is locat-
ed at either the N or the C terminus of the chains. Similarly,
for the oligopeptides comprising two residues of opposite
handedness, labeled (n�2,2) and (2,n�2), the sequence has
two blocks grouping residues of same handedness. For
longer oligopeptides, n>7, with a similar number of R and
S residues, blocks of 2–4 residues of the same handedness
were observed.


A more complex picture was observed for MALDI-TOF-
TOF analysis of heterochiral peptides obtained in the poly-
merization of (RS)-Val-NCA with 10 or 5 % n-butylamine.
The oligopeptides bearing one heterochiral residue, (n�1,1)
and (1,n�1) in which n=5–9, showed this residue in a
rather random location. For the diastereoisomers that con-
tain more than one residue of opposite handedness, smaller
blocks of 2 or 3 residues of the same handedness were
found, in contrast to the results obtained with 25 % initiator.


Desymmetrization of the racemic mixtures : In our attempts
to desymmetrize the racemic mixtures of the isotactic pep-
tides, we performed the polymerization reactions with the
methyl esters of Val, Leu, or Phe of either absolute configu-
ration. The distributions of the diastereoisomeric oligopepti-
des obtained in the polymerization of racemic Val-NCA
with 25, 10, and 5 % S-Val-OMe are shown in Figure 8 and
the corresponding results for racemic Leu-NCA with 25, 10,
and 5 % S-Leu-OMe are in Figure 9. The enantiomeric
excess (ee) values of the isotactic peptides as a function of
length for the Val and Leu systems with 25 % initiator are
shown in Figure 10 (left). From these plots, we notice that
the enantiopure initiator engenders asymmetric induction in
the initiation of the polymerization and the ee value de-
creases around the tetramer–hexamer region. Beyond this
length, a reversal in the ee value occurs, such that the oligo-
peptide chains composed from residues of the opposite
handedness to that of the initiator are formed in excess.
Note that, by symmetry, S- and R-Val-OMe yielded mirror-
symmetry-related results.


When the polymerization of either racemic Leu-NCA or
racemic Val-NCA was initiated with 10 or 5 % methyl ester,
the di- to hexapeptides were formed with an excess of
chains composed from residues with the same absolute con-


Figure 8. MALDI-TOF MS analysis of the Na+-cationized oligopeptides
obtained from the polymerization of racemic Val-NCA initiated with S-
Val-OMe at a) 25, b) 10, and c) 5 % (mol/mol).


Figure 9. MALDI-TOF MS analysis of the Na+-cationized oligopeptides
obtained from the polymerization of racemic Leu-NCA initiated with S-
Leu-OMe at a) 25, b) 10, and c) 5% (mol/mol).
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figuration as the initiator. The ee value increases for the
tetra- to hexapeptides and then it decreases slowly to almost
racemic composition (Figure 10, middle and right).


The polymerization of racemic Leu-NCA with 25 % R- or
S-Leu-OMe initiator (Figure 9a) demonstrates the formation
of detectable isotactic peptides of 25 residues in length. The
distribution of the short peptides is comparable to that ob-
tained from racemic Val-NCA; however, the peptides
formed beyond the hexa- and heptamers are primarily iso-
tactic oligopeptides or those containing one residue of oppo-
site handedness (Figure 9a), which, according to the
MALDI-TOF MS/MS analysis, is located either at the N ter-
minus or adjacent to the initiator at the C terminus of the
peptide chains.


Discussion


The feasibility of forming racemic mixtures of oligopeptides
of homochiral sequence, of up to 25 residues, during poly-
merization in aqueous solutions of racemic Leu-NCA and
Val-NCA has been demonstrated. These isotactic peptides
are formed in concentration orders of magnitudes higher
than those anticipated from a random polymerization reac-
tion. Moreover, the racemic mixtures of isotactic peptides
could be desymmetrized if the polymerization was initiated
by enantiopure methyl esters of a-amino acids.


The mechanism of this reaction is very complex because it
starts and proceeds in its early stages under homogeneous


conditions. Once the tetra-, penta-, and hexapeptides have
been formed, they self-assemble into water-insoluble colloi-
dal aggregates, such that the ensuing process of chain elon-
gation continues heterogeneously at the colloidal-particle/
solution interface. Nevertheless, in spite of this complica-
tion, one may outline some of the mechanistic details of the
reaction by analyzing, by mass spectrometry, the final com-
position of the diastereoisomeric oligopeptides and the se-
quences of some of the chains containing heterochiral resi-
dues.


Stereospecific templates from oligopeptides comprising en-
antiomeric blocks : The MALDI-TOF MS analysis of whole
reaction mixtures shows that the di-, tri-, and tetramers are
enriched with isotactic diastereoisomers composed of resi-
dues of the same handedness (Figure 4), in comparison with
a random distribution. This result implies that the NH2 end
group of the ultimate homochiral amino acid exerts asym-
metric induction in the early stages of the chain-propagation
process, which occurs in the isotropic solution, by preferen-
tially selecting residues of the same handedness. The short
peptides are water soluble, as indicated by the MALDI-
TOF MS analysis of the aqueous solution after removal of
the precipitate (Figure 7).


The relative composition of the short peptides and their
solubility in water determines the structure and chemical
properties of the colloidal self-aggregates that operate as
templates in the formation of the longer peptides. By chang-
ing the concentration of the initiator, one varies the diaste-


Figure 10. Plots of ee% Sn =100([Sn]�[Rn])/([Sn]+[Rn]) of the isotactic oligopeptides for each length n obtained from the polymerization of racemic Val-
NCA (top) and racemic Leu-NCA (bottom) in water with 25, 10, or 5% (mol/mol) of R initiator (~) or S initiator (&. Error bars are the average of five
samples.
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reoisomeric composition of the
short peptides, and consequent-
ly, the composition and chemi-
cal properties of the colloidal
aggregates. When 5 or 10 % ini-
tiator is used, peptides longer
than 25 residues were observed.
The diastereoisomeric libraries
are composed from complex
mixtures of isotactic and atactic
peptides. Nevertheless, the rela-
tive composition of the longer
peptides as a function of length
indicates that they depart sig-
nificantly from a theoretical
random distribution (Figure 4b
and c). Thus, with 5 % initiator,
the normalized homochiral en-
hancement, defined as the
molar fraction of isotactic pep-
tides normalized to those for
random polymerization
(Figure 6) increases with chain
length and reaches a value of
�7000 for the 18-mer isotactic
peptides. In addition, the rela-
tive composition of the isotactic
versus heterochiral diastereo-
isomeric peptides decreases
only slightly as a function of
chain length. The histograms of
the diastereomeric distribution of the polymerization prod-
ucts of racemic Val-NCA in water initiated by 5 % n-butyla-
mine (Figure 4b) suggest that the reaction assumes a regio-
enantioselective pathway beyond a certain length and that
most of the heterochiral residues are inserted in the chains
in the early stages of the polymerization and are thus pri-
marily located close to the C terminus of the peptide chains.
Further support for this model is obtained from the
MALDI-TOF-TOF MS/MS results for the oligopeptides ob-
tained in the polymerization of racemic Val-NCA initiated
by 10 % S-Val-OMe, as represented by an evolving tree of
penta- to undecapeptides (amenable to the analysis) in
Figure 11. The oligopeptides composed from homochiral
residues, S5�IS and R5-IS, evolved into longer isotactic ones,
S11�IS and R11�IS, but also into oligopeptides composed
mainly from two blocks of homochiral sequences. All of the
shortest heterochiral sequences present in the insoluble frac-
tion have the two-block sequence with S residues linked to
IS (R�SSSS�IS, RR�SSS�IS, RRR�SS�IS, and RRRR�S�IS)
and they evolved into heterochiral sequences containing two
blocks of opposite handedness, such as RRRRRR�SSSS�IS,
RRRRRRRR�SSS�IS, RRRRRRRR�SS�IS, and
RRRRRRRRRR�S�IS. One notices that, as a result of the
asymmetric induction of the S initiator, the formation of
short chains containing an excess of S residues close to the
initiator is favored. When these long blocks react with an


amino acid of opposite handedness, they either undergo
chain termination or, presumably, form an additional block.


On the basis of these results, we propose that, once a li-
brary of short racemic oligopeptides composed of short
blocks of enantiomeric residues is formed, the oligopeptides
self-assemble into colloidal templates. The FTIR spectra
and X-ray diffraction patterns measured from these tem-
plates suggest the formation of b-sheet-like architectures,
due to hydrogen-bond formation between chains composed
of short homochiral blocks of opposite handedness and
sheet stacking through hydrophobic contacts. Although the
composition of these colloidal particles is racemic, all of the
chains expose NH2 end groups of homochiral amino acid
residues of either handedness to the periphery. As a result
of the asymmetric induction exerted by these groups, the
process of chain elongation continues to be regio-enantiose-
lective. The newly formed isotactic blocks on the surfaces of
the colloidal templates can continue to self-assemble be-
tween themselves or with short peptides from the solution
to yield more robust sheets.


Rippled b-sheets as templates for the formation of isotactic
peptides : To increase the concentration of longer isotactic
oligopeptides, it was imperative to find conditions under
which one may generate, at an early stage of the reaction,
colloidal templates that are composed primarily from short


Figure 11. Schematic representation of the evolution of the most representative sequences of pentapeptide dia-
stereoisomers as suggested by MALDI-TOF-TOF MS data analysis of the products obtained from the poly-
merization of racemic Val-NCA initiated with 10% (mol/mol) S-Val-OMe.
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isotactic oligopeptides. The analysis of the water-soluble
fractions of the polymerization of racemic Leu-NCA and
racemic Val-NCA demonstrates that the isotactic tetra- to
hexapeptides (Figure 7) were less soluble than the hetero-
chiral oligopeptides. Consequently, if enhanced concentra-
tions of these isotactic peptides are obtained during the
early stages of polymerization, one can design polymeri-
zation conditions whereby these peptides can separate from
the others as ordered b-sheet templates that can promote
the formation of long isotactic peptides. Indeed, when the
reaction was performed with 25 % enantiopure Val-OMe or
Leu-OMe, we obtained isotactic peptides and those that
contained one residue of opposite handedness attached to
the initiator as the dominant diastereoisomers.


The powder X-ray diffraction, AFM, and FTIR measure-
ments cannot differentiate, within these colloidal particles,
between parallel (p) and antiparallel (ap) b-sheets or be-
tween racemic and pleated sheets. The racemic (rippled) b-
sheets might be more favored for kinetic and thermodynam-
ic reasons. In kinetic terms, provided that the rippled and
pleated sheets are of the same stability, the rate of self-as-
sembly of racemic b-sheet aggregates should depend upon
the concentrations of the S and R chains, whereas the for-
mation of the enantiomorphous pleated sheets, because they
are thermodynamically separated phases, should depend
upon the concentration of only one of the enantiomers
(Figure 12).


The rippled b-sheets are composed of alternating isotactic
peptide chains of opposite handedness. Indeed, Pauling and
Corey demonstrated the possibility of the formation of such
b-sheets.[17] Support for the proposed structures of our tem-
plates is also provided by the racemic rippled ap b-sheets
observed in the crystal structures of the glycine tripeptide[18]


and the high-molecular-weight polyglycine I polymorph.[19–21]


These achiral peptides of glycine have the option of crystal-
lizing in the form of either pleated or racemic b-sheets and
they prefer to form the racemic rippled ap b-sheet motif.
Another reported example is a solubility study showing that
the mixing of equal amounts of water-soluble polylysine of
opposite handedness results in the precipitation of the race-
mate.[22,23]


The formation of rippled ap b-sheets and rippled p b-
sheets has been reported in the polymerization of racemic
crystals of (RS)-Phe-NCA[11, 12,24] and (RS)-Val-NCA,[13] re-


spectively, suspended in an organic solvent or water contain-
ing the initiator. On the other hand, NMR spectroscopy
studies of short racemic oligopeptides forming b-sheet-like
architectures in chloroform have shown that the interactions
between residues residing in neighboring chains of the same
handedness are more stable than those of opposite handed-
ness by 0.6–0.8 kcal per residue.[25] Consequently, it is of in-
terest to prove experimentally the structure of the b-sheet
templates under the present reaction conditions. For this
purpose, we took advantage of the structural differences be-
tween the various motifs. Homochiral rims delineate the rip-
pled b-sheet templates and, therefore, they can induce
regio-enantioselection in the formation of the longer pep-
tides. Such enantioselection can be shown schematically for
the arrangement of the NCA monomer molecules at the
growing enantiomeric sites of the template. An NCA mole-
cule of R configuration can react enantioselectively with the
NH2 group of an R chain, with assistance in the transition
state from two hydrogen bonds, one between the to-be-re-
acted C=O carbonyl group and an N�H group of a neigh-
boring S chain and the second between the N�H group of
the NCA molecule and the C=O bond of the amide C-ter-
minal end group of a different neighboring S chain
(Scheme 1). Such interactions will organize the NCA mono-
mer molecule with the alkyl group away from the surface of
the template and will bring the to-be-reacted C=O group
into a proper orientation to form a new residue of the same
absolute configuration as that of the growing peptide chain.
Such a transition state should reduce the energy of activa-
tion in comparison with that of the reaction of an NCA mo-
nomer molecule with an isolated peptide chain. At the same
time, if an R-NCA molecule approaches the NH2 reactive
group of an S chain, as required for chain elongation, it will
sense steric hindrance between its iPr group and the iPr
group of an adjacent R chain (Scheme 1).


Figure 12. Schematic representation of the self-assembly of a racemic
mixture of short isotactic peptides into either rippled b-sheets or racemic
mixtures of enantiomorphous pleated b-sheets.


Scheme 1. Schematic representation of an R-Val-NCA molecule interact-
ing with the NH2 end group of an R chain (in black) and an S chain (in
red) confined in a rippled ap b-sheet template. These interactions ac-
count for the enantioselectivity of the chain-elongation process.
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Experimental support for the preferred formation of rip-
pled ap b-sheets, rather than a racemic mixture of pleated
sheets, could be obtained from the reversal in the ee value
of the oligopeptide chains as a function of length when
enantiopure initiators are used. Such polymerization initia-
tors should yield different diastereoisomeric oligopeptides
according to different possible motifs, as illustrated schemat-
ically in Figure 13.


The analysis of the architectures in Figure 13 suggests
that, if the reaction is initiated by an enantiopure methyl
ester of, say, S absolute configuration, this residue will
reside at the C terminus of isotactic peptide chains com-
posed from repeat homochiral residues of either handed-
ness. Such a residue will be integrated coherently within the
chains composed of S residues and will not interfere with
the growth of the nearer peptide chains comprising R resi-
dues (Figure 13a). On the other hand, the presence of the
same initiator at the C terminus of an R chain creates a
defect at the rim of the growing template. In the case of a
racemic ap b-sheet (Figure 13a), such an initiator residue
will introduce steric hindrance to the growing NH2 group of
the neighboring peptide chains composed from S residues,
which will result in an excess of the isotactic oligopeptide
chains composed of R residues, that is, of a configuration
opposite to that of the initiator. An opposite effect is antici-
pated in the case of enantiomorphous pleated-sheet forma-
tion because an S initiator will integrate straightforwardly
within the b-sheets composed from S strands (Figure 13b),
whereas it will engender asymmetric hindrance and rate im-
pediment in the growth of R strands (Figure 13c). The oper-
ation of the hindrance mechanism in the formation of rip-
pled ap b-sheets was reported in the polymerization of
(RS)-Phe-NCA crystals.[12]


The above-described experimental results from the poly-
merization of either racemic Val-NCA or racemic Leu-
NCA, first dissolved in water and then treated with 25 %
enantiopure initiator, showed a reversal in the ee value of
the long oligopeptides with respect to that of the short ones
(Figure 10, left), a result in keeping with the formation of


rippled ap b-sheets. A comparison between the symmetrical
chain elongation in the presence of an achiral initiator and
the inhibition in chain elongation of an S strand introduced
by an S initiator linked at the C terminus of an adjacent R
strand (R5-S-OMe) is modeled in Figure 14.


Additional evidence was provided by a comparison be-
tween the distributions of the homochiral oligopeptides ob-
tained from the polymerization of enantiopure S-Val-NCA
in water initiated with either the R- or S-Val-OMe initiators,
but otherwise under same conditions. The polymerization of
enantiopure monomers can yield only the pleated b-sheets.
MALDI-TOF MS analysis of the oligopeptides clearly dem-
onstrates (Figure 15) that, beyond octamers, after the self-
assembly into pleated b-sheets, the S oligopeptides obtained
with S-Val-OMe are in excess over those obtained with R-
Val-OMe; this result is in keeping with the formation of
pleated ap b-sheets and is in contrast with the results ob-
tained in the polymerization of racemic monomers. No


Figure 13. Different types of ap b-sheets comprising four strands of ho-
mochiral sequences with an S* residue of the initiator attached at the C
terminus. a) Racemic b-sheet of alternating oligo-R and oligo-S strands,
in which the S* residue of the initiator is attached to the oligo-R chains
and impedes the growth of adjacent S chains. b and c) Enantiomorphous
pleated b-sheets of either oligo-S or oligo-R strands: b) The S* initiator
attached to the oligo-S chains in a pleated motif will not hinder the
growth of chains of the same absolute configuration as that of the initia-
tor; c) the S* residue is attached to the C terminus of the oligo-R chains
and should hinder the growth of these chains. The horizontal arrows rep-
resent the direction of chain elongation and the inclined lines represent
sites where the S* initiator residue impedes the growth of adjacent
strands


Figure 14. Top and side views of rippled ap b-sheets composed of alter-
nating R and S strands with an achiral initiator (left) and with an S-Val-
OMe initiator (right) that causes growth impediment due to steric hin-
drance.


Figure 15. MALDI-TOF mass spectra of the oligopeptides obtained from
the polymerization in water of S-Val-NCA with a) R-Val-OMe and b) S-
Val-OMe initiators. The signal corresponding to the octapeptides is indi-
cated by an arrow. In (b), there are relatively large amounts of short (n=


5-–8) oligopeptides initiated by hydrolyzed Val-NCA, labeled with *; this
is in keeping with slower polymerization.
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steric hindrance by the initiator linked at the C terminus is
anticipated in parallel b-sheets, be they racemic or pleated,
since this group will be located far away from the NH2


growing chain ends.
Another factor to be taken into consideration is a possible


kinetic effect that might influence the ee value of isotactic
peptides as a function of length. On one hand, the enantio-
pure initiators exert an asymmetric induction in the early
stages of the reaction to enrich the solution with short oligo-
peptides composed from residues of the same handedness,
but on the other hand, the solution is depleted of monomers
of opposite handedness. As a result of the complexity of the
polymerization process, it is difficult to evaluate the role of
this kinetic effect. However, if the kinetic effect were re-
sponsible for the dramatic reversal in the ee value as a func-
tion of length for the polymerization with 25 % initiator, we
should have observed a related effect in the reactions with 5
and 10 % initiator. Under the latter conditions, the ee value
decreased gradually for the longer oligopeptides, but no re-
versal in ee value was observed (Figure 10). These results
are clearly dependent on the nature of the templates formed
at different concentrations of initiator. With 5 and 10 % ini-
tiator, the templates also contain heterochiral oligopeptide
chains, but comprise block sequences of homochiral residues
that compel the chains to assemble in motifs that are very
different from those of the rippled b-sheets formed with
25 % initiator.


Conclusion


The formation of long hydrophobic oligopeptides of homo-
chiral sequence in the polymerization of racemic NCA mon-
omers, in the presence of initiator, in water, and in the ab-
sence of enzymes, is demonstrated. Although pure NCAs
are unstable derivates of a-amino acids, they have been pro-
posed as possible intermediates for the formation of the
early peptides.[26–30]


The generation of isotactic peptides comprises several
steps that must operate in tandem. The present mechanism
suggests that the simple formation of short racemic b-sheets
and their operation as efficient stereoselective templates for
the formation of isotactic peptides might suggest a plausible
scenario by which the homochiral peptides emerged prior to
the early enzymes. One of the important results in this study
is that, although the templates can be composed of different
racemic mixtures of short isotactic and atactic peptides com-
prising four to six residues and depending upon the initial
concentration of the initiator, they can still exert regio-enan-
tioselection in the chain-elongation processes. Such a mech-
anism has great advantages over the theoretical model pro-
posed by Wald[31] of using a-helices as templates for the
spontaneous formation of long isotactic peptides,[32] because
spontaneous self-assembly into helices would require the
formation of peptides that have at least eight residues of the
same handedness before they can exert asymmetric induc-
tion in the elongation of the peptide chains. The relative


ease of formation of the racemic b-sheets and their role as
efficient templates in the generation of homochiral peptides
suggests that they might have emerged prior to the a-helices
or the pleated b-sheets[33] in times of early evolution.


Studies on the design of other synthetic routes for the for-
mation of homochiral peptides from racemic a-amino acids
are under current investigation.


Experimental Section


Materials


N-Carboxyanhydrides of valine and leucine : Val-NCA and Leu-NCA
were prepared according to the method of Daly and Poch�, with minor
adjustments.[34] Finely ground R-Val or R-Leu (1 mmol, 0.5 equiv) and S-
Val or S-Leu (d8 or d10, 98%, Cambridge Isotope Laboratories; 1 mmol,
0.5 equiv) were suspended in dry THF and heated to reflux under argon.
Solid triphosgene (0.8 mmol, 1.2 equiv) was added and after 0.5 h triphos-
gene portions (0.4 mmol, 0.6 equiv) were consecutively added every 0.5 h
until a clear solution was obtained (2 or 3 portions were usually needed).
The reaction was then continued for an additional hour. The clear solu-
tion was allowed to warm to room temperature and the THF was evapo-
rated under reduced pressure. CH2Cl2 (approximately 5 mL) was added
and then hexane (about 50 mL) was added with mixing. A white precipi-
tate appeared almost immediately; the suspension was cooled to 4 8C for
2–3 h and then the crystals were filtered off. The small needle-like crys-
tals of NCA were characterized by FTIR spectroscopy.


Methyl esters of amino acids : The free amine was prepared from commer-
cially available monohydrochlorides of the amino acid methyl ester
(Sigma) by suspending the material in dry CH2Cl2 and bubbling with am-
monia gas for a few minutes. The resulting solid NH4Cl was filtered off
and the CH2Cl2 was removed by evaporation.


Polymerization procedure : Val-NCA or Leu-NCA (10 mg) was weighed
into a microcentrifuge tube and dissolved in water (1 mL). The appropri-
ate amount of n-butylamine or amino acid methyl ester was added after
5 min for Val-NCA and 1 min for Leu-NCA. The reaction was stirred vig-
orously for 24 h. The tubes were then subjected to centrifugation and the
supernatant was carefully decanted and filtered to remove any residual
precipitate. The precipitate and the supernatant were dried by lyophiliza-
tion.


MALDI-TOF mass spectra and analysis : For sample preparation, a small
amount of the sample (<1 mg) was placed into a polypropylene micro-
centrifuge tube and dissolved in trifluoroacetic acid (TFA; 20 mL). THF
(80 mL) was then added. A volume (0.5 mL) of a 1:1 (v/v) mixture of the
matrix (dithranol) solution in chloroform and a saturated solution of NaI
in THF was placed on the target plate and dried. The solution to be ana-
lyzed (0.5 mL) was then deposited. MALDI-TOF positive-ion mass spec-
tra were obtained in reflector mode with a Bruker Reflex III instrument
equipped with an N2 laser. Mass spectra resulted from a signal average of
at least several hundred laser shots on different spots of the target, to get
reliable statistics about the ion peaks. Mass assignments of Na-cationized
oligopeptides were made by using both the m/z values and the isotopic
distributions. The following notation code is used for the peptide mole-
cules: oligopeptide (h,d) assigns all molecules composed of h residues of
R configuration (protonated) and d residues of S configuration (deuter-
ated), with n=h+d being the total number of repeat units. The ionization
yield is expected to be very similar for oligopeptides (h,d) of the same
length n, due to their similar chemical properties and identical Na+-ion
affinity. One proof is given by a random polymerization for which the rel-
ative abundance of the different Na-cationized oligopeptides (h,d) of the
same length perfectly fitted the binomial law. In addition, similar detec-
tion efficiencies are expected, due to very close masses and velocities in
the TOF analysis. Thus, the ion intensities of the different diastereoiso-
meric oligopeptides (h,d) of the same length are directly and reliably
comparable. The relative mole fraction of each type of oligopeptide (h,d)
was obtained by dividing the intensity of the signals from a particular
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molecule by the total intensity of the signals from all molecules of the
same length n. For example, the relative abundance of tetrapeptide (1,3),
composed of one R (protonated) and three S (deuterated) residues, was
calculated according to Equation (1):


Mole fraction of ð1,3Þ ¼ intensity of ð1,3Þ
intensity of ð4,0Þþð3,1Þþð2,2Þþð1,3Þþð0,4Þ ð1Þ


MALDI-TOF-TOF spectra were obtained from an Applied Biosystems
4700 Proteomics instrument by using a time–ion selector over a mass
window (�3 u) centered on the first isotope. Fragmentation of these ions
by metastable decomposition and/or collision-induced dissociation (N2,
2� 10�7 Torr, ion energy= 1 keV) showed that two main fragmentation
series are produced for all of the initiators. These two series comprise
either the N or the C terminus of the oligopeptide and are Na+ cation-
ized (Scheme 2).


The y-type fragmentation series [yk+Na�H]+ allows, typically, the explo-
ration of the sequence of residues at the N terminus up to the half-way
point. The a-type fragmentation series [ak�H+Na]+ allows the explora-
tion of the sequence at the C terminus, also over the length of half of the
oligopepetides. Thus, both series have to be used to get sequence infor-
mation. In all MALDI-TOF-TOF experiments, the number of laser shots
was typically 10000 on 50 different spots on the target. This measurement
allows us to obtain reliable statistics on the ion intensities.
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Highly Fluorescent Conjugated Pyrenes in Nucleic Acid Probes:
(Phenylethynyl)pyrenecarbonyl-Functionalized Locked Nucleic Acids


Irina V. Astakhova,[a, b] Vladimir A. Korshun,*[a] and Jesper Wengel*[b]


Introduction


Currently, there is remarkable growth in the use of synthetic
oligonucleotide analogues in bioorganic chemistry, medicine,
and molecular biology. Thus, fluorescently labeled oligonu-
cleotides have now widely been introduced for the detection
and study of nucleic acids in complex environments. Pyrene-
based dyes are of increasing interest for these applications
because of pyrene�s photophysical properties, such as the


long lifetime of its excited state, sensitivity towards micro-
environmental changes, and propensity to p-stacking.[1] A
pyrene label covalently attached to the sugar part of nucleo-
sides has been used for the detection of nucleic acid hybridi-
zation.[2] Recently, 2’-amino variants of locked nucleic acid
(LNA) derivatives that contain pyrene fluorochrome have
been reported (Scheme 1). It has been shown that the bicy-
clic skeleton of 2’-amino-LNA and a short linkage act to
direct hydrophobic pyrene residues into the minor groove of
nucleic acid duplexes.[3] Oligonucleotide probes with
pyrene–LNA modifications displayed a high affinity towards
DNA/RNA complements,[4] high fluorescence quantum
yields,[3] remarkable fluorescence energy resonance transfer
(FRET) efficiency,[5] an ability to form interstrand exci-
mers,[6] and sensitivity of the pyrene fluorescence to nucleic
acid hybridization.[3,7] These properties make these probes a
promising tool for homogeneous fluorescence assays[4b–f, 5]


and �ngstrçm-scale chemical engineering.[6,8]


However, the relatively short absorption wavelengths of
pyrene are an obstacle for its use in in vivo experiments be-
cause of the cell autofluorescence observed upon excitation
at the same wavelengths.[1a, 9] This limitation of pyrene can
be overcome by altering its chemical functionalization and


Abstract: In recent years, fluorescently
labeled oligonucleotides have become
a widely used tool in diagnostics, DNA
sequencing, and nanotechnology. The
recently developed (phenylethynyl)pyr-
enes are attractive dyes for nucleic acid
labeling, with the advantages of long-
wave emission relative to the parent
pyrene, high fluorescence quantum
yields, and the ability to form excimers.
Herein, the synthesis of six (phenyl-ACHTUNGTRENNUNGethynyl)pyrene-functionalized locked
nucleic acid (LNA) monomers M1–M6


and their incorporation into DNA olig-
omers is described. Multilabeled du-
plexes display higher thermal stabilities


than singly modified analogues. An in-
crease in the number of phenylethynyl
substituents attached to the pyrene re-
sults in decreased binding affinity to-
wards complementary DNA and RNA
and remarkable bathochromic shifts of
absorption/emission maxima relative to
the parent pyrene fluorochrome. This
bathochromic shift leads to the bright
fluorescence colors of the probes,


which differ drastically from the blue
emission of unsubstituted pyrene. The
formation of intra- and interstrand ex-
cimers was observed for duplexes that
have monomers M1–M6 in both com-
plementary strands and in numerous
single-stranded probes. If more phenyl-
ethynyl groups are inserted, the detect-
ed excimer signals become more in-
tense. In addition, (phenylethynyl)pyr-
enecarbonyl–LNA monomers M4, M5,
and M6 proved highly useful for the de-
tection of single mismatches in DNA/
RNA targets.
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thereby affecting the spectroscopic and photophysical prop-
erties of the fluorochrome. Recently, the 1-(phenylethynyl)-
pyrene (1-PEPy) fluorochrome was introduced as an im-
proved dye for nucleic acid labeling.[9a,10] Thus, the presence
of one or more phenylethynyl groups induced an increase in
the pyrene�s absorption together with a bathochromic shift
in the absorption and emission maxima (l�50 and 30 nm,
respectively), a decrease in the Stokes� shift and excited life-
time, and an increased emission quantum yield. More re-
cently, systematic photophysical evaluations of 1-PEPy, 1,6-
bisPEPy, and DP1–DP3 were reported (Scheme 2).[9] Upon
incorporation of the second phenylethynyl group, the ab-


sorbance and fluorescence maxima of 1,6-bisPEPy were red-
shifted by l�25 and 30 nm, respectively, compared with
monoPEPy, and l�75 and 60 nm, respectively, compared
with unsubstituted pyrene. In turn, attachment of bulky ary-
lethynyl groups to positions 6 and 8 of the pyrene dimers
DP1–DP3 resulted in a �45 nm red shift of the fluorescence
maxima compared to the reference unsubstituted compound
(Scheme 2; R=H). Additionally, compounds DP1–DP3 ex-
hibited high fluorescence quantum yields (FF = 0.88 for DP2
in cyclohexane) and remarkable excimer emission at lmax


�525 nm. The fluorescence quantum yields of 1,6-bisPEPy
and 1-PEPy in EtOH were observed to be FF =0.79 and
0.90, respectively, and the lifetimes of the excited state of 1-
PEPy and 1,6-bisPEPy in EtOH were 7.72 ns and 1.65 ns, re-
spectively. Thus, a short excited lifetime implies that PEPy
excimers should confirm the preassociation of two PEPy
moieties, not just their mutual spacial attainability, which
makes PEPy a specified probe of choice for structural stud-
ies of biomolecules.[10e]


The high-affinity hybridization of 2’-amino-LNAs func-
tionalized with PEPy has recently been realized, but the
spectral and photochemical properties of these conjugates
were not thoroughly investigated (Scheme 2, monomers X1–
X3 and Y1–Y3).[4e] Thus, stimulated by the attractive fea-
tures of modified LNAs[3,4,6–8] and of the PEPy fluoro-ACHTUNGTRENNUNGchrome,[9a,10] we have investigated mono-, bis-, and tris(phe-
nylethynyl)pyrene dyes attached to 2’-amino-LNAs at the
first or second position of the pyrene nuclei via amide link-
age. Herein, we describe the synthesis of mono-, bis-, and
tris ACHTUNGTRENNUNG(phenylethynyl)pyrenecarbonyl (mono-, bis-, and trisPE-
Pyc) LNA monomers (3-phenylethynyl-1-carbonyl (M1), 6-
phenylethynyl-2-carbonyl (M2), 3,6-bis(phenylethynyl)-1-car-
bonyl (M3), 6,8-bis(phenylethynyl)-2-carbonyl (M4), 3,6,8-
tris ACHTUNGTRENNUNG(phenylethynyl)-1-carbonyl (M5), 3,6,8-tris(phenylethyn-
yl)-2-carbonyl (M6)) and their incorporation into DNA olig-
omers and thermal denaturation studies, and also the spec-
tral properties of conjugates that contain PEPyc moieties
positioned either in a probe strand or in each of two com-
plementary strands (“zipper” duplexes).


Results and Discussion


Synthesis of PEPyc-modified LNA phosphoramidites : The
general approach to the preparation of PEPy carboxylic
acids and their conjugation with 2’-amino-LNA is shown in
Schemes 3 and 4, respectively. The bromination of starting
1-acetylpyrene 1 with one or two equivalents of bromine
was performed according to the published procedure,[11] with
modified temperature and time conditions. Hereby, we ob-
tained mixtures of isomeric bromo products that were used
directly in the next step, which was followed by purification
of the corresponding PEPy derivatives. The reaction of 1
with three equivalents of bromine at 120 8C[12] resulted in
full conversion of the starting compound to tribromopyrene
derivative 4. In turn, mono-, di-, and tri-brominations of iso-
meric 5[13] afforded the desired products 6–8 in high yields


Scheme 1. The chemical structures of the pyrene fluorochrome and LNA,
2’-amino-LNA, and its 1-pyrenemethyl[4b] and 1-pyrenoyl[3] derivatives;
T= thymin-1-yl.


Scheme 2. The chemical structures of 1-PEPy, 1,6-bisPEPy,[9a] DP1–DP3,
[9b] and 1-, 2-, and 4-PEPy–LNA monomers X1–X3 and Y1–Y3 ;[4e] T=


thymin-1-yl.
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under the same conditions as for 1-acetylpyrene. In the case
of exhaustive bromination of 2-acetylpyrene, formation of
the ortho isomer with respect to the acetyl group might take
place due to a significant contribution from radicals to the
bromination mechanism at high temperature.


The obtained acetylbromopyrenes are prospective build-
ing blocks for further modification by a wide range of transi-
tion-metal-catalyzed reactions, including possible transfor-
mations of the acetyl groups. Phenylethynyl substitution was
of interest to us because it would improve the spectroscopic
and photophysical properties of the pyrene. Thus, com-
pounds 2–4 and 6–8 were cross-coupled with phenylacety-


lene under Sonogashira reac-
tion conditions[14] to give
mono-, bis-, and tris-PEPy de-
rivatives 9–14. The yields of
compounds 9 and 11 after sep-
aration of the isomers were
29 % and 53 %, respectively,
for two steps, whereas the So-
nogashira reaction of pure bro-
mopyrenes 4–8 resulted in
overall yields of 40–80 %. The
structure of compound 11 was
confirmed by HMQC and
HMBC NMR spectroscopy. In
our strategy, the attachment of
PEPy fluorochromes had to be
carried out by acylation, and
therefore products 9–14 were
subsequently converted to the
corresponding carboxylic acids


15–20 under haloform oxidation conditions[15] to prepare for
conjugation by amide bond formation.


N2-acylation of 2’-amino-LNA monomer 21[16] with 15–20
was performed in DMF by using HBTU (O-(benzotriazol-1-
yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate)[17]


as the coupling reagent. For compounds 17–20, 1,1-dichloro-
ethane had to be added because of the low solubility of the
bis- and trisPEPy acids in DMF. The steric effect of phenyl-
ethynyl substituents on the accessibility of the carboxylic
group may explain why the highest coupling yield (90 %)
was obtained for least-hindered 16, whereas the most-hin-
dered 20 gave a yield of only 42 %.


Scheme 3. Synthesis of compounds 9–20. Reagents and conditions: i) Br2, CCl4, 60 8C; ii) Br2, PhNO2, 120 8C; iii) phenylacetylene, [PdCl2 ACHTUNGTRENNUNG(PPh3)2], PPh3,
CuI, NEt3, THF, 70 8C; iv) NaOH, Br2, 1,4-dioxane, water, 0 8C.


Scheme 4. Synthesis of compounds 22–24 from 21. Reagents and conditions: i) 15–20, HBTU, DIEA, DMF (or
DMF-1,1-dichloroethane); ii) NC ACHTUNGTRENNUNG(CH2)2OP(N ACHTUNGTRENNUNG(iPr)2)2, diisopropylammonium tetrazolide, CH2Cl2; iii) DNA
synthesizer. DMT =4,4’-dimethoxytrityl.
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Surprisingly, the 13C NMR spectra of modified nucleosides
22 c–f did not show signals from the C1’–C5’ and C5’’ carbon
atoms, whereas the 13C NMR spectra of monoPEPyc ana-
logues 22 a–b displayed unusually broad nucleoside peaks.
However, 13C NMR spectroscopy experiments for deriva-
tives 22 c–f, recorded by using 8192 scans, showed broad sig-
nals in the d= 100–50 ppm region that were similar to those
in the 13C NMR spectra of 22 a–b (Figure S1, Supporting In-
formation) for the corresponding nucleoside carbon atoms.
The same effect has been previously reported for 3’,5’-silyl-
protected ara-uridine-2’-carbamates that contain 1-PEPy.[10e]


Thus, attachment of bulky modifications to 2’-amino-LNA
results in unusual shielding of nucleoside carbon atoms, in
the same way as the presence of large silyl groups and aryl
carbamate residues does in
ara-uridine. However, the
nature of this shielding still
needs to be clarified.


The nucleoside derivatives
22 a–f were phosphitylated
with bis(N,N-diisopropylami-
no)-2-cyanoethoxyphosphine
in CH2Cl2 and in the presence
of diisopropylammonium tetra-
zolide to give phosphorami-
dites 23 a–f.


Synthesis of modified oligonu-
cleotides (ONs): PEPyc-modi-
fied LNA monomers 23 a–f
were used in automated ON
synthesis to prepare a series of
modified ONs. The sequences
of mixed base 9-mer ONs were
similar to those previously de-
signed for studies of pyrene-
functionalized LNA.[3,4e, 6] In
addition, 15-mer ONs were de-
signed based on the reported
13-mer sequence used for the
study of 2’-N-(pyren-1-yl)car-
bonyl–2’-amino-LNA.[3]


Synthesis of modified ONs
was performed by following
standard protocols, except for
incorporation of sterically hin-
dered monomers M5 and M6,
for which a double coupling
procedure with an extended
coupling time (2 �30 min) was
used. For all the modified
monomers, 1H-tetrazole was
used as the activator. The re-
sulting stepwise coupling yields
of monomers M1–M6, based on
the absorbance of the dimeth-ACHTUNGTRENNUNGoxytrityl cation released after


each coupling step, were 85–95 %. The coupling efficiencies
of commercial DNA and LNA amidites varied between 98
and 100 %. All ONs were purified by reverse-phase HPLC
(RP-HPLC) and their identity confirmed by MALDI-TOF
mass spectrometry (Table S1, Supporting Information).


Hybridization of ONs containing monomers M1–M6 with
complementary DNA and RNA : Thermal denaturation tem-
peratures were determined in medium salt buffer by using
1.0 mm of the two complementary strands, and were com-
pared to the denaturation temperatures of the correspond-
ing unmodified duplexes (Table 1). Except for
ON24,ON25 :DNA/RNA and ON32,ON33 :DNA/RNA, the
thermal denaturation curves of all the duplexes displayed S-


Table 1. Thermal denaturation temperatures (Tm) for duplexes of modified ONs and DNA/RNA comple-ACHTUNGTRENNUNGments.[a]


5’!3’ sequence DNA duplex
Tm (DTm/mod)[b] [8C]


RNA duplex
Tm (DTm/mod) [8C]


ON1 GTG AM1ATGC 20.0 (�8.0) 19.5 (�6.5)
ON2 GCAM1ATCAC 21.5 (�6.5) 24.5 (0.0)
ON3 GCATAM1 CAC 42.5 (+ 14.5) 22.5 (�2.0)
ON4 GTG AM1AM1GC 34.5 (+ 3.3) 33.0 (+3.5)
ON5 GCAM1AM1 CAC 29.0 (+ 0.5) 32.0 (+3.8)
ON6 GTG AM2ATGC 33.5 (+ 5.5) 34.0 (+8.0)
ON7 GCAM2ATCAC 34.0 (+ 6.0) 33.5 (+9.0)
ON8 GCATAM2 CAC 32.5 (+ 4.5) 32.0 (+7.5)
ON9 GTG AM2AM2GC 45.0 (+ 8.5) 43.5 (+8.8)
ON10 GCAM2AM2 CAC 43.5 (+ 7.8) 43.5 (+9.5)
ON11 GTG AM3ATGC 25.0 (�3.0) <10 (>�16)
ON12 GCAM3ATCAC <10 (>�18) 24.0 (�0.5)
ON13 GCATAM3 CAC 41.0 (+ 13.0) <10 (>�14)
ON14 GTG AM3AM3GC >70 (>+21) 47.5 (+10.8)
ON15 GCAM3AM CAC 42.0 (+ 7.0) 37.0 (+6.3)
ON16 GTG AM4ATGC 32.5 (+ 4.5) 30.0 (+4.0)
ON17 GCAM4ATCAC 28.0 (0.0) 29.0 (+5.5)
ON18 GCATAM4 CAC 23.0 (�3.0) 23.0 (�1.5)
ON19 GTG AM4AM4GC 44.5 (+ 8.3) 40.5 (+7.3)
ON20 GCAM4AM4 CAC 37.0 (+ 4.5) 33.0 (+4.3)
ON21 GTG AM5ATGC <10 (>�18) <10 (>�16)
ON22 GCAM5ATCAC <10 (>�18) <10 (>�14)
ON23 GCATAM5 CAC <10 (>�18) <10 (>�14)
ON24 GTG AM5AM5GC n.t. n.t.
ON25 GCAM5AM5 CAC n.t. n.t.
ON26 CGLTTTLATLAM5 ATLCAMeCLG 44.0 (�11.5) 54.5 (�7.5)
ON27 CGLTTTLAM5AM5 ATLCAMeCLG 32.5 (�9.0) 45.0 (�6.0)
ON28 CGLTTM5ATLATL AM5CAMeCLG 42.0 (�4.3) 34.0 (�11.5)
ON29 GTG AM6A TGC 30.5 (+ 2.5) <10 (>�16)
ON30 GCAM6ATCAC <10 (>�18) <10 (>�14)
ON31 GCATAM6 CAC 32.0 (+ 4.0) <10 (>�14)
ON32 GTG AM6AM6GC n.t. n.t.
ON33 GCAM6AM6 CAC n.t. n.t.
ON34 CGLTTTLATLAM6 ATLCAMeCLG 54.0 (�1.5) >70 (>+ 8)
ON35 GTG ATATGC 28.0 26.0
ON36 GCATATCAC 28.0 24.5
ON37 CGLTTTLATLATATLCAMeCLG 55.5 62.0
ON38 CGLTTTLATATATLCAMeCLG 50.5 57.0
ON39 CGLTTTATLATL ATCAMeCLG 50.5 57.0


[a] TL = thymin-1-yl LNA monomer, MeCL =5-methylcytosin-1-yl LNA monomer, GL =guanin-9-yl LNA mono-
mer; see Scheme 4 for the structures of monomers M1–M6. n.t.=no clear melting transition detected by UV
melting experiment. [b] Tm values were measured as the maximum of the first derivatives of the melting
curves (A260 vs. temperature), and reported Tm values are the average of at least two measurements. All Tm


values were recorded in medium salt buffer. DTm/mod: the change in Tm per modification relative to the corre-
sponding reference duplex).
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shaped monophasic transitions similar to those of the un-
modified reference duplexes (Figure S2, Supporting Infor-
mation). In the case of ON24, ON25, ON32, and ON33, for-
mation of duplexes with DNA and RNA complements was
confirmed by fluorescence spectroscopy and circular dichro-
ism (CD).


Previously, it was reported that insertion of an unsubsti-
tuted 2’-amino-LNA monomer into a 9-mer mixed-base se-
quence induces a significant increase in the thermal stability
of duplexes with both complementary DNA and RNA.[4a]


Conjugation of the pyrene to 2’-amino-LNA by a short rigid
amide linker does not decrease binding affinity of the ONs
due to a double helix geometry that allows accommodation
of the polyaromatic group in the minor groove of the du-
plexes.[3] However, monomer M1 showed a destabilizing
effect, except for an extraordinarily high stabilization in the
case of the ON3 :DNA duplex (DTm/mod =++14.5 8C). Per-
haps the presence of a phenylethynyl group in M1 that is
close to the site of attachment of PEPy to 2’-amino-LNA
causes difficulties for accommodation of the modification in
the narrow minor groove of the resulting duplexes. Addi-
tionally, DNA:RNA hybrids, and especially LNA-modified
ones, are duplexes of the A/B transition type.[18] This implies
alterations of the double-helix parameters from the pure B-
type, such as widening of the minor groove, which correlates
with the higher Tm values of M1-modified DNA:RNA du-
plexes.


Insertion of two M1 monomers results in increased bind-
ing affinity of ONs towards both complementary DNA and
RNA, which suggests a stabilizing interaction between PEPy
residues in the complementary complexes (Table 1; data for
the duplexes of ON4 and ON5 with DNA/RNA comple-
ments). This interaction might arise due to the spatial pre-
association of two pyrene residues in the duplex. Addition-
ally, replacement of modification M1 with isomeric, less ster-
ically hindered M2 in a 9-mer mixed-base sequence resulted
in thermal stabilities of the same magnitude as for 2’-N-
(pyren-1-yl)carbonyl–2’-amino-LNAs (Table 1; data for
ON6–ON8 :DNA/RNA).[3]


If the number of phenylethynyl substituents attached to
the pyrene core is increased, the singly labeled duplexes
formed with both complementary DNA and RNA are dra-
matically destabilized, which most likely results from the
distortion of the double helix geometry by the bulky modifi-
cations M3, M5, and M6 (Table 1; Tm values for ON11,
ON12, ON21–ON23, and ON29–ON31 towards DNA/RNA
complements). Interestingly, a M3-modified duplex with a
constitution analogous to that of ON3 :DNA displayed a re-
markable stabilizing effect as well, which was probably due
to the intercalation of the modifications into the double
helix (Table 1, ON13 :DNA). It is worth noting that duplexes
that contain M4 display higher thermal denaturation temper-
atures than those that contain M3, M5, and M6, which might
be explained by less steric hindrance from modification M4.
Furthermore, duplexes with two insertions of M3 or M4 ex-
hibit impressive increases in the thermal denaturation tem-
peratures compared with singly modified analogues, which


underlines an effective communication between PEPy
groups in the double stranded constructs (Table 1; e.g., du-
plexes of ON14, ON15, ON19, and ON20 with DNA/RNA
complements, compared with the duplexes formed by
ON11–ON13 and ON16–ON18). In turn, thermal denatura-
tion curves of duplexes that contain two insertions of M5 or
M6 do not exhibit a clear melting transition, whereas CD
spectra of the single-stranded probes and the corresponding
duplexes are rather similar (Figure S9H, Supporting Infor-
mation). This suggests that interaction between two PEPyc
monomers might stabilize single-stranded helical conforma-
tion of the doubly M5 or M6-labeled ONs, which resembles
the conformation of the probes within the duplexes.


Hybridization of ONs containing monomers M1–M6 with
mismatched DNA and RNA : In addition, we evaluated the
Watson–Crick selectivity of singly modified probes ON16,
ON26, and ON34 towards DNA and RNA strands that con-
tained a single mismatched nucleotide at the central three
positions (Table 2). Probe ON16 exhibits excellent mismatch
discrimination, except against its DNA target with mis-
matched nucleotides at position 6. In this case, the thermal
stability of the mismatched duplexes is similar to or higher
than the one for fully matched duplex ON16 :DNA. This
suggests that the presence of mismatched nucleotides direct-
ly opposite monomer M4 might promote an intercalation of
the PEPy residue into the duplexes. At the same time,
probe ON16 does not bind to any other mismatched DNA/
RNA targets at temperatures above 10 8C, which makes it a
promising tool for mismatch-sensitive nucleic acid detection.


As expected, longer sequences ON26 and ON34, which
contain five affinity-enhancing LNA monomers, bind com-
plementary DNA and RNA more strongly and are thus less
mismatch-selective than ON16 (Table 2; Tm values for ON26
and ON32 against complementary and singly mismatched
DNA/RNA, compared with duplexes of ON16). Neverthe-
less, the presence of mismatches decreases the thermal de-
naturation temperatures of the complexes compared with
the corresponding fully matched duplexes. Probe ON34 con-
taining monomer M6 showed better mismatch discrimination
relative to M5-modified analogue ON26, and both ON26
and ON34 exhibit the best Watson–Crick discrimination of
DNA targets with mismatched nucleotides at position 10.
This is in disagreement with previously reported data that
shows that mismatches opposite the LNA monomers are
more efficiently discriminated against than those opposite
unmodified nucleotides.[19] For RNA targets, probe ON26
showed the best Watson–Crick discrimination with mis-
matches that were opposite modification M5 (position 9). In
turn, single mismatches at positions 8–10 of the RNA target
were all equally well discriminated by probe ON32, as dem-
onstrated by a decrease in Tm values of more than 15 8C.


Spectral and photophysical properies of PEPyc-modified
oligomers and their duplexes with complementary DNA and
RNA : The UV/Vis absorption and steady-state fluorescence
emission spectra were obtained in medium salt buffer with
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0.1–1.0 mm of the single stranded probe or the two comple-
mentary strands. For recording fluorescence spectra, excita-
tion wavelengths of l=375 (M1), 370 (M2), 415 (M3), 395
(M4), 425 (M5), and 420 nm (M6) were used. Fluorescence
emission quantum yields of PEPyc-modified ONs and du-
plexes were determined relative to reference standards. A
highly diluted solution of 9,10-diphenylanthracene (FF =


0.95)[20] in cyclohexane was the first reference standard. The
fluorescence quantum yields of 5-(pyren-1-ylethynyl)-2’-de-
oxyuridine[21] in ethanol and perylene (FF =0.93)[22] in cyclo-
hexane were measured to be FF =0.45 and 0.93, respective-
ly, relative to the first standard. The optical densities of the
solutions used for quantum yield measurements were kept
between 0.1–0.01 to avoid uncertainties. The FF values were
corrected with the refractive index of the solvents. The
quantum yields of several samples were also measured in
degassed buffer solutions, but no significant difference was
found when compared with nondegassed solutions. Thus, all
the FF values presented were determined for air-saturated
solutions.


Table 3 lists the spectral and
photophysical properties of the
M1–M4-functionalized ONs
(SSP) and their duplexes with
DNA and RNA complements.
All the UV/Vis spectra for
mono ACHTUNGTRENNUNGPEPyc monomers M1 and
M2 contain two main absorp-
tion bands near the visible
region, with lmax�391–399 and
369–381 nm. Absorbances by
M2-containing ONs are blue-
shifted by �5 nm relative to
M1-containing ONs, and both
modifications display a 1–5 nm
shift in lmax upon hybridization
to complementary DNA, but
not RNA. The absorption
maxima are slightly redshifted
and the absorption coefficients
increase with increasing
number of incorporated mono-
mers M1 and M2. There is a
minor difference in the excita-
tion spectra obtained for ONs


and duplexes that contain monomers M1 and M2 compared
to their absorbance spectra (Figure S3, Supporting Informa-
tion).


The fluorescence spectra of ONs and duplexes that con-
tain single insertions of M1 and M2 lie within the l= 400–
480 nm region, and none of them exhibit significant vibra-
tional features (Figure S4, Supporting Information). The
Stokes� shift for monoPEPyc monomers is �25 nm. Singly
labeled ON1 and ON6 reveal a broad unstructured band at
lmax�430 nm, which slightly shifts (1–4 nm) to shorter wave-
lengths upon hybridization. If the emission spectra of single-
stranded probes are compared with those of the correspond-
ing duplexes, no perceptible changes in the shape of the
spectral curves or the fluorescence intensities are observed.
Doubly modified ON9 displays a broad, unstructured band
of excimer emission at lmax�490 nm, which does not appear
upon hybridization with DNA/RNA complements (Fig-
ure S4, Supporting Information). However, excimer forma-
tion is not taking place in the case of M1-mofidied ON4. Al-
though excimer emission is not observed, there might be an-


Table 2. Thermal denaturation temperatures for duplexes of ON19, ON26, and ON32 and their DNA/RNA
complements with single mismatches.[a]


ON:target[b] Tm [8C]
DNA target, B : RNA target, B :


A C G T A C G U


ON16
target


5’-GTG AM4ATGC
3’-CAC BATACG


<10 <10 <10 32.5 <10 <10 <10 30.0


5’-GTG AM4ATGC
3’-CAC TBTACG


32.5 33.0 33.0 36.0 30.0 <10 <10 <10


5’-GTG AM4ATGC
3’-CAC TABACG


<10 <10 <10 32.5 <10 <10 <10 30.0


ON26
target


5’-CGLTTTLATLAM5 ATLCAMeCLG
3’-GCAAATABATAGTGC


40.5 43.0 41.5 44.0 51.0 50.0 52.5 54.5


5’-CGLTTTLATLAM5 ATLCAMeCLG
3’-GCAAATATB TAGTGC


44.0 41.0 44.0 42.0 54.5 48.0 47.0 47.5


5’-CGLTTTLATLAM5 ATLCAMeCLG
3’-GCAAATATA BAGTGC


34.0 37.0 36.0 44.0 50.0 48.5 49.0 54.5


ON32
target


5’-CGLTTTLATLAM6 ATLCAMeCLG
3’-GCAAATABATAGTGC


43.5 43.5 45.0 54.0 53.0 53.0 55.0 >70


5’-CGLTTTLATLAM6 ATLCAMeCLG
3’-GCAAATATB TAGTGC


54.0 47.0 47.0 48.5 >70 51.0 52.5 52.5


5’-CGLTTTLATLAM6 ATLCAMeCLG
3’-GCAAATATA BAGTGC


41.0 44.5 45.0 54.0 51.5 51.0 53.0 >70


[a] For the conditions of the thermal denaturation experiments, see Table 1; the melting temperatures of fully
matched duplexes are shown in bold. The melting temperatures of unmodified duplexes are 28.0 and 26.0 8C
for ON16 :DNA and ON16 :RNA, respectively, and 55.5 and 62.0 8C for ON26 ACHTUNGTRENNUNG(ON32):DNA and ON26-ACHTUNGTRENNUNG(ON32):RNA, respectively. [b] DNA targets are shown. RNA targets have the same sequences and contain U
nucleosides instead of T.


Table 3. Spectroscopic and photophysical properties of modified ONs and duplexes that contain monomers M1–M4.


lmax
abs bands I, II [nm] lmax


fl [nm] FF FB[a]


SSP[b] DNA RNA SSP DNA RNA SSP DNA RNA SSP DNA RNA


ON1 398, 378 394, 379 397, 379 423 422 424 0.43 0.39 0.32 18.7 25.4 18.0
ON4 399, 381 397, 376 398, 378 444 425 425 0.09 0.09 0.07 5.1 5.4 5.2
ON6 393, 372 390, 369 393, 373 423 420 419 0.27 0.45 0.28 14.9 26.6 22.4
ON9 397, 375 392, 370 391, 370 417 418 418 0.07 0.08 0.08 4.6 4.6 4.6
ON11 435, 413 435 n.d.[c] 443 443 n.d. 0.65 0.39 n.d. 32.8 27.1 n.d.
ON14 433, 413 428 432, 419 452 466 453 0.11 0.04 0.03 6.2 2.9 1.8
ON16 414, 395 417, 396 408, 391 425 427 423 0.21 1.00 0.75 8.8 33.0 22.6
ON19 411, 392 410, 392 403, 388 500 422 420 0.07 0.03 0.03 5.9 2.0 1.8


[a] FB= fluorescence brightness FB=e425 � FF. [b] SSP=Single-strand probe. [c] n.d.=no duplex formed above 10 8C; see Table 1.[3]
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other mechanism of fluorescence quenching that results in
the reduced quantum yields of ON4 and its duplexes (e.g.,
interaction with nucleobases). It is also worth noting that
the fluorescence spectrum of single-stranded ON4 is entirely
redshifted by 19 nm with regard to ON4 :DNA/RNA. At the
same time, the fluorescence quantum yields of ONs and du-
plexes with single incorporations of M1 or M2 are remark-ACHTUNGTRENNUNGably higher than typical quantum yields[23] of pyrene on
DNA (Table 3; data for ON1, ON6, and the corresponding
duplexes). The high quantum yields measured for PEPyc–
LNAs can be explained by the decreased lifetime of the ex-
cited state accompanied by the direction of the functionali-
ties attached to 2’-amino-LNA by an amide linker to the
minor groove of the nucleic acid helix, thus reducing the
quenching of fluorescence.[3,4,24]


As can be seen from data presented in Table 3, expansion
of the p-system of pyrene by two phenylethynyl groups has
a significant effect on its spectral and photophysical proper-
ties. Thus, there is a complete shift in both the absorption
maxima to the visible region on going from mono- to bisPE-
Pyc modifications. The absorption bands of ONs and du-
plexes with monomer M3 are observed at lmax�433–435 and
413–419 nm, and at �20 nm shorter wavelengths for M4-
modified analogues. Absorbance spectra by the M3 conju-
gates are faintly affected by hybridization, whereas the
maxima of the M4 ones are 5–6 nm blueshifted upon hybrid-
ization with RNA. As expected, the emission shifts to
longer wavelengths on increasing the number of attached
phenylethynyl groups, whereas the Stokes� shifts are de-
creased from l= 25 nm for monoPEPyc to l=8 nm for bis-
PEPyc modifications. Similarly to M1- and M2-modified ONs
and duplexes, there is a minor difference between the exci-
tation spectra obtained for M3- and M4-modified ONs and
duplexes compared with their absorbance spectra (Fig-
ure S3, Supporting Information).


Singly modified ON11 and ON11:DNA conjugates display
essential superiority in their fluorescence quantum yields
and fluorescence brightness compared with monoPEPyc
monomers. However, in the same manner as described
above, insertion of a second M3 monomer leads to quenched
structureless fluorescence and decreased fluorescence quan-
tum yields of single-stranded probes and duplexes (Table 3;
data for ON14, ON19, and their duplexes with complemen-
tary DNA and RNA). Interestingly, this correlates with the
higher thermal stabilities of the doubly modified duplexes
relative to the singly modified ones (Table 1). Additionally,
the fluorescence spectra of M3- and M4-containing conju-
gates have a shoulder (lmax�468 and 450 nm, respectively)
that is less clear for isomeric monomer M3.


If incorporated once in ONs and duplexes, monomer M4


displays the same emission wavelengths as monoPEPyc fluo-
rochrome M1 (lmax�420 nm). The fluorescence intensity of
ON16 at l=415 nm is found to be about 3 times and 3.6
times increased upon hybridization with RNA and DNA
complements, respectively, and the fluorescence quantum
yields of the resulting ON16 :DNA and ON16 :RNA duplex-
es are extraordinarily high (FF =1.00 and 0.75, respectively;


Figure S5, Supporting Information). However, the emission
spectra of ONs and duplexes with double insertions of M4


are similar to those of ON14 and its duplexes (spectra are
not shown).


As mentioned above, probe ON16 displays remarkable
Watson–Crick selectivity for singly mismatched DNA and
RNA targets. Therefore, there are no duplexes formed
above 10 8C for all the targets except for DNA strands that
contain mismatches at position 6 (Table 2). We recorded the
fluorescence spectra of the duplexes, and found that the
presence of single mismatches opposite monomer M4 does
not significantly affect fluorescence intensity relative to that
of fully matched duplexes (Figure S5E, Supporting Informa-
tion). Moreover, the fluorescence spectrum of the monomer
is seen to be independent of the nature of the mismatch.
This might be explained by intercalation of the fluoro-
chrome within a double helix in the presence of a single mis-
match. Intercalation might also explain the increased ther-
mal stabilities of the mismatched duplexes compared with
the fully matched one.


As described above, single incorporations of M5 and M6


into 9-mer ONs dramatically reduces their binding affinity,
whereas upon double insertion these monomers result in in-
creased Tm values for the duplexes (Table 1). Singly labeled
ON21–23 do not bind to the DNA and RNA complements
above 10 8C and, therefore, can be studied by spectroscopy
only as single strands. In turn, M6-modified ON29 and
ON31 form duplexes with complementary DNA at room
temperature and, hence, are characterized by UV/Vis ab-
sorption and fluorescence spectroscopy.


The spectral and photophysical properties of the conju-
gates that contain modifications M5 and M6 are collected in
Table 4. Representative absorption spectra, steady-state
emission spectra and photographs of fluorescence of 9-mer
probes singly modified with monomers M1–M6 are shown in
Figure 1. Absorption bands of ONs that contain trisPEPyc
monomers are observed at lmax�449–461 and 421–435 nm.
Modifications M4–M6 exhibit an additional absorption band
at lmax�310–340 nm (Figure 1). The spectral broadening at
longer wavelengths exhibited by M5 and M6 indicates the in-
crements of different vibrational levels of the p-expanded
system.[9a] As in the case of M1–M4, we observed a slight dif-
ference in the excitation spectra for the trisPEPyc mono-
mers compared with their absorbance spectra (Figure S3,
Supporting Information).


Fluorescence emission by modifications M5 and M6 ob-
served within the l=440–540 nm region (with lmax


�465 nm) revealed the bathochromic shift to be around
100 nm compared to the emission by the parent pyrene.[9a]


Such a significant redshift of fluorescence results in bright
green and blue emissions by M5 and M6, respectively
(Figure 1). Insertion of three phenylethynyl groups into the
pyrene core also results in an additional emission band at
lmax�490 nm and an even shorter Stokes� shift than ob-
served for bisPEPyc modifications (l�5 nm).


Single incorporations of monomers M5 and M6 into 9-mer
ONs leads to brightly fluorescent probes. In good agreement
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with the properties of mono- and bisPEPyc analogues, inser-
tion of a second fluorochrome into 9-mer probes results in
dramatic quenching of fluorescence and remarkable excimer


formation (Figure S6, Supporting Information). Taking into
account the large destabilization effect of M5 and M6, we de-
signed 15-mer probes that contained an additional number
of affinity-enhancing LNA monomers (Table 1; data for
ON26–ON28 and ON34). Then we investigated the fluores-
cence properties of trisPEPyc monomer M5 incorporated
into the 15-mer ONs (Table 4).


Singly modified ON26 and its duplexes with complemen-
tary DNA and RNA exhibit high fluorescence quantum
yields (FF =0.50–0.65) and brightness values close to those
of the analogues duplexes with four insertions of pyrenecar-
bonyl–LNA.[3] On the contrary, doubly modified ON27
shows quenched fluorescence for both the single-stranded
probe and its duplexes with DNA/RNA, and this was ac-
companied by remarkable excimer emission at lmax�520 nm
(Figure S6, Supporting Information). Interestingly, fluores-
cence spectra of ON28 and its duplexes show excimer sig-
nals as well, even though there are five base pairs separating
the PEPyc-modified M5 nucleotides. Emission of the trisPE-
Pyc excimer reaches l=590 nm, which results in a bright
yellow fluorescence of ON28 and its duplexes. Probably in-
termolecular stacking between phenyl groups of the PEPyc
residues is a key interaction that determines the structural
preference of the excimer formation even with a larger dis-
tance separating the fluorochromes. At the same time, exci-
mer formation in solution is a diffusion-controlled collision
process.[25] Therefore, the increased molecular radii of the
PEPyc fluorochromes may significantly affect the rate pa-
rameters involved in excimer association and dissociation in
solution.


Formation of duplexes with DNA and RNA by the M6-
containing probe ON34 leads to about a 6-fold increase of
the quantum yield (Table 4). Thus, long-wave emission of
trisPEPyc fluorochromes attached to 2’-amino-LNA may
become a useful tool for the detection of nucleic acid hy-
bridization.


Fluorescence of PEPy dyes in duplexes of modified ONs
with mismatched DNA and RNA : Owing to the promising
fluorescence properties of trisPEPyc monomers, we wanted
to apply their long-wave emission for detection of single
mismatched nucleotides in DNA and RNA target strands.
Thus, we investigated duplexes of probes ON26 and ON34
with singly mismatched DNA/RNA complements. The ob-


Table 4. Spectroscopic and photophysical properties of modified ONs and duplexes that contain monomers M5 and M6.


lmax
abs , bands I, II [nm] lmax


fl [nm] FF FB[a]


SSP DNA RNA SSP DNA RNA SSP DNA RNA SSP DNA RNA


ON21 461, 434 n.d.[b] n.d. 466 n.d. n.d. 0.42 n.d. n.d. 16.7 n.d. n.d.
ON24 460, 432 433 432 520 520 520 0.02 0.04 0.04 1.6 3.2 3.2
ON26 456, 428 454, 430 448, 426 468 462 462 0.50 0.62 0.62 21.2 37.6 41.3
ON27 460, 434 454 515 520 515 510 0.09 0.13 0.14 10.8 16.6 17.8
ON28 462, 435 462, 435 461, 434 520 520 520, 66 0.20 0.20 0.27 20.5 22.6 33.9
ON29 455, 428 454, 430 n.d. 492, 461 489, 460 n.d. 0.18 0.37 n.d. 9.1 17.7 n.d.
ON32 456, 432 435 434 461 520 520 0.03 0.06 0.04 1.5 2.8 1.9
ON34 449, 425 443, 420 441, 421 460 455 456 0.14 0.59 0.65 12.2 31.9 36.9


[a] FB= fluorescence brightness FB=e425 � FF. [b] n.d.=no duplex formed above 10 8C; see Table 1. [3]


Figure 1. A) Absorption spectra of ONs modified with monomers M1–M6


recorded in medium salt buffer at 19 8C with ONs (1.0 mm) and normal-
ized at 260 nm, and B) steady-state emission spectra normalized at the
fluorescence maximum, obtained in medium salt buffer at 19 8C with ex-
citation wavelengths of l=375 (ON1), 370 (ON6), 415 (ON11), 395
(ON16), 425 (ON21), or 420 nm (ON29) and 0.1 mm of ONs and comple-
mentary strands. For both sets of spectra, c : ON1, c : ON6, c :
ON11, c : ON16, c : ON21, c : ON29. C) Photographs of the fluo-
rescence in medium salt buffer of 2.0 mm ON1 (vial 1), ON6 (vial 2),
ON11 (vial 3), ON16 (vial 4), ON21 (vial 5), and ON29 (vial 6). Photo-
graphs were taken with a digital camera and a laboratory UV lamp (lex =


365 nm).
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served fluorescence intensities and representative fluores-
cence spectra are shown in Figure 2. As can be seen, the
fluorescence intensity of the duplex ON26 :DNA is two
times greater with the presence of an A:C mismatch at posi-
tion 8 and two times smaller with a T:G mismatch at posi-
tion 9. On the contrary, the fluorescence intensity of probe
ON34 is slightly affected by the presence of mismatched nu-
cleotides in the DNA target. As regards duplexes with
RNA, ON26 is seen to be sensitive to A:A, A:C, and T:G
mismatches, whereas ON34 displays the strongest fluores-
cence in response to a T:G mismatch at position 8
(Figure 2). Thus, the fluorescence of M5- and M6-labeled
probes is sensitive to the nature of the neighboring nucleo-
tides and can be used to discriminate matched from mis-
matched base pairs.


CD studies with duplexes that contain modifications in one
strand : CD is a convenient method for determination of nu-
cleic acid conformations in solution. Therefore, we em-
ployed CD spectroscopy for the structural characterization
of modified duplexes. Duplexes ON1:DNA and ON6 :DNA
exhibit CD spectra of normal B-type duplexes, which seems
to change towards an intermediate A/B form upon hybridi-
zation of ON1 and ON6 with the RNA complement (Fig-
ure S9, Supporting Information).


CD spectra obtained for the duplexes of ON4 with both
DNA and RNA have an additional negative band at l


�300 nm, which is not observed for either unmodified or
singly modified analogues. This suggests that upon double
insertion of monomer M1, some preorganized duplex struc-
ture might be formed, which also correlates with increased
thermal denaturation temperatures and quenched fluores-
cence of ON4 :DNA/RNA compared with singly modified
ON1:DNA/RNA (Table 1, Table 3). CD spectra of 15-mer
duplexes ON26–ON27:DNA/RNA indicate similar confor-
mation to the parent LNA-modified duplexes ON37:DNA
and ON37:RNA (Figure S9, Supporting Information). Hy-
bridization of ON26 and ON27 with complementary DNA
results in intermediate A/B-type geometry of the duplexes,
whereas ON26 :RNA and ON27:RNA exhibit remarkable
conformational changes towards the A-form. It is worth
noting that the CD spectra are not significantly affected by
the introduction of an additional monomer M5 (ON27),
which suggests successful accommodation of both trisPE-
Pyc-modified monomers in the minor groove of the 15-mer
duplexes.


Thermal denaturation studies on zipper duplexes : Thermal
denaturation temperatures of duplexes with two strands
each modified by a PEPyc monomer M1–M6 were deter-


Figure 2. Fluorescence intensities of duplexes between complementary or singly mismatched DNA/RNA targets and A) ON26 or B) ON34. Representa-
tive steady-state fluorescence emission spectra of C) ON26 and D) ON34 and their duplexes with complementary and singly mismatched DNA. The con-
ditions were as described in Figure 1B. The green and black loops on the zipper schematic indicate M5–M6 and LNA, respectively.
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mined as described above. The measured Tm values were
compared with those of the corresponding unmodified
dsDNA (dsDNA=double-stranded DNA) and are collected
in Table 5. In general, the positioning of two modified mon-


omers in various zipper constitutions increase the thermal
stabilities compared with duplexes with modifications in one
strand only (data presented in Table 5 compared with data
in Table 1). For all monomers M1–M6, the Tm values increase
in the order +1<�1<1+2<2+ 2 zipper duplexes, which
suggests an effective stabilizing interstrand communication
between PEPyc functionalities in the created motifs.


In addition, we studied thermal stability of +1 and �1
zipper duplexes that contained all possible combinations of
monomers M1–M6 in both complementary strands
(Table S2). As for the above-mentioned zipper constructs,
the �1 constitution proved to be more stable than the + 1
constitution, and for both of them the thermal stability in-
creases as the number of attached phenylethynyl groups in-
creases. Similarly, interstrand communication between M5-
residues in 15-mer zippers (together with incorporation of
additional LNA monomers) significantly compensate for the
destabilizing effect of the modification (data in Table 6 com-
pared with Table 1; e.g., 44.0 and 66 8C for ON26 :DNA and
ON26 :ON41, respectively).


Spectral properties of zipper
duplexes : The UV/Vis absorp-
tion and steady-state fluores-
cence emission spectra of the
various interstrand zipper ar-
rangements of monomers M1–
M6 were obtained by using the
same conditions as described
for the ONs and duplexes that
contained modifications in one
strand. The spectroscopic and
photophysical data evaluated
for monomers M1–M6 in +1


and �1 zippers are listed in Table 6. Fluorescence spectra of
the various multilabeled duplexes are shown in Figure 3. As
one can see, the fluorescence quantum yield of the M1-con-
taining �1 zipper is of the same magnitude as of the parent


ON1:DNA (Table 3). All duplex-
es with monomer M1 in both com-
plementary strands displayed an
unstructured monomer emission
band at lmax�420 nm, whereas
doubly modified ON4 exhibits an
excimer peak at lmax�500 nm,
which is not detected for �1 and
2+ 1 zippers (Figure 3A).


Previously, it was reported that
the 2+ 2 zipper arrangement of
the pyrene–LNA is the most pref-
erable for the excimer formation
compared with the other zip-
pers.[6] Indeed, the 2+2 zipper
duplex that contains monomer M1


displayed remarkable excimer for-
mation that correlates with the
high thermal denaturation tem-


perature of ON4 :ON5. Incorporation of monomer M2 into
the �1 zipper motif resulted in the same quantum yield as
for the singly labeled ON4 :DNA. However, for the + 1
zipper analogue the quantum yield was two times lower. It
is also worth noting that M2-modified duplexes displayed
more effective excimer formation than the analogous M1-
modified duplexes (Figure 3B). Fluorescence quantum
yields of both M3-containing +1 and �1 zippers were of the
same magnitude as for ON11:DNA, and both these com-
plexes exhibited intensive monomer emission (Figure 3C).
Next, insertion of the third monomer, M3, induced a weak
excimer peak, whereas quadruply modified ON14 :ON15
showed dramatical quenching of the fluorescence together
with �1:1 excimer-to-monomer fluorescence intensity ratio
(Figure 3C). Double incorporation of M4-monomers into + /
�1 zippers resulted in reduced fluorescence quantum yields
for both ON16 :ON17 and ON16 :ON18 compared with an
extraordinarily high quantum yield for ON16 :DNA (FF =


1.0). The latter was accompanied by a remarkable excimer


Table 5. Thermal denaturation temperatures for modified duplexes with monomers M1–M6 in both comple-
mentary strands.[a]


Tm (DTm/mod) [8C]
5’-d(GTGAMATGC)
3’-d(GCATAM CAC)


5’-d(GTG AMATGC)
3’-d(GCAMATCAC)


5’-d(GTG AMATGC)
3’-d(GCAMAM CAC)


5’-d(GTGAMAMGC)
3’-d(GCA MAMCAC)


+1 zipper �1 zipper 1+2 zipper 2 +2 zipper


M1 <10 (>�9) 31.9 (+2.0) 36.7 (+2.9) 48.0 (+5.0)
M2 39.5 (+ 5.8) 60.0 (+16.0) 62.5 (+11.5) 85.0 (+14.3)
M3 30.5 (+ 1.3) 33.5 (+2.8) 39.0 (+3.7) 41.0 (+3.3)
M4 31.0 (+ 1.5) 34.0 (+3.0) 41.5 (+4.5) 43.0 (+3.8)
M5 34.3 (+ 3.2) 50.5 (+11.3) n.t.[b] n.t.
M6 36.5 (+ 4.3) 40.0 (+6.0) 40.0 (+4.0) >70 (>+11)


[a] Thermal denaturation temperatures were recorded under the same conditions as described in Table 1. The
black loops represent monomers M1–M6. [b] n.t. =no clear transition.


Table 6. Spectroscopic and photophysical properties of duplexes that contain monomers M1–M6 in +1 zipper
and �1 zipper constitutions.[a]


lmax
abs bands I, II [nm] lmax


fl [nm] FF FB[b] lmax
abs bands I, II [nm] lmax


fl [nm] FF FB[b]


M1 n.d.[c] n.d. n.d. n.d. 395, 378 424 0.32 30.5
M


2 391, 369 425 0.27 22.1 393, 372 427 0.41 38.5
M


3 434 444 0.45 58.3 433 443 0.51 60.0
M


4 415, 396 520, 424 0.37 24.5 421, 402 518 0.35 25.0
M


5 457, 435 468 0.23 39.1 438 468 0.23 39.2
M


6 455, 430 490, 461 0.16 16.1 450, 432 491, 460 0.18 18.0


[a] Thermal denaturation temperatures were recorded under the same conditions as described in Table 1. The
black loops represent monomers M1–M6. [b] FB= fluorescence brightness FB= e425 � FF. [c] n.d.=no duplex
formed above 10 8C.[3]
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signal at lmax�512 nm, which is much more intense for the
�1 zipper constitution than for the +1 constitution (Fig-
ure 3D).


Furthermore, hybridization of M5- and M6-modified
probes with complementary DNA strands that contained
trisPEPyc monomers dramatically decreased the quantum


yields, especially in the case of monomer M6. As for M1–M4-
modified analogues, the �1 zippers with trisPEPyc fluoro-
chromes exhibit more intensive excimer signals than their
+1 analogues (Figure 3D, E). Note that increasing the
number of phenylethynyl substitutes attached to the pyrene
core leads to more effective interstrand excimer formation


Figure 3. Steady-state fluorescence emission spectra of multilabeled duplexes that contain monomers M1–M6 in various zipper constitutions. For condi-
tions, see Figure 1B.
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(Figure 3; ON16 :ON18, ON32 :ON33, compared with
ON1:ON5, ON4 :ON5).


15-Mer duplexes containing monomer M5 in both comple-
mentary strands showed increasing thermal stabilities and
more effective excimer formation in the order
ON26 :ON40<ON26 :ON41<ON27:ON40<ON27:ON41
(Table 5; Figure S7, Supporting Information). Long-wave ex-
cimer emission of M5-modified duplexes exceeds 600 nm,
which leads to vivid yellow fluorescence, whereas less red-
shifted bis- and monoPEPyc excimers result in yellow-green
and blue-green solutions, respectively.


Next, we studied PEPyc interstrand excimer formation for
combined modifications M1–M6 in DNA duplexes of +1 and
�1 zipper arrangements. The steady-state fluorescence emis-
sion spectra of the duplexes were recorded by using the
same conditions as described above, except for the use of
excitation wavelengths of l=350 (combinations of mono-/
trisPEPyc monomers), 390 (combinations of mono-/bisPE-
Pyc monomers), or 420 nm (combinations of bis-/trisPEPyc
monomers); the representative fluorescence spectra of com-
binarorial zipper duplexes are shown in Figure S8 (Support-
ing Information). Excimer fluorescence was detected as a
broad structureless band at lmax�500–530 nm, whereas mo-
nomer emission by combined duplexes was observed at lmax


�440–460 nm. We used the excimer-to-monomer fluores-
cence intensity ratio, Iex/Im, as a criterion of the excimer for-
mation. The resulting Iex/Im values are presented in Figure 4.
As can be seen, the intensity of excimer fluorescence is
always higher for combinations of monomers with increased
numbers of phenylethynyl groups. The configuration of the
�1 zipper is more preferable for excimer formation than
that of the +1 zipper, which is in good agreement with the
increased thermal denaturation values of �1 zippers relative
to + 1 zippers (Table S2, Supporting Information). Weak ex-
cimer signals were detected for two monoPEPyc monomers
M1 and M2 in dsDNA, and higher signals for various combi-
nations of M4, M5, and M6. This might be caused by inter-
strand stacking of phenyl groups that could promote the
spatial preorganization of two pyrene residues, and also by
the increased molecular radii of bis- and trisPEPyc modifi-
cations.


Conclusion


Development of highly emissive fluorochromes for nucleic
acid labeling is of considerable interest due to the possibility
of their use in both in vitro and in vivo fluorescence assays.
Herein, the synthesis of six long-wave emission 2’-(phenyl-ACHTUNGTRENNUNGethynyl)pyrenecarbonyl–2’-amino-LNA monomers, M1–M6,
their incorporation into ONs, their thermal denaturation
studies, and their spectral and photophysical properties are
described. For the preparation of monomers M1–M6, meth-
ods for the selective electrophilic mono, di, and tri substitu-
tions of 1- and 2-acetylpyrene were developed by employing
transition-metal-catalyzed reactions.


Probes containing phenylethynyl-substituted pyrene
mono ACHTUNGTRENNUNGmers M1–M6 were demonstrated to be very promising


due to significant improvement in the spectral and photo-
physical characteristics of pyrene. As the number of phenyl-
ethynyl substitutuents increases, the absorption/emission
maxima are drastically redshifted. This results in the change
in the fluorescence colors from purple for monoPEPyc to
vivid green and blue for trisPEPyc fluorochromes. At the
same time, fluorescence quantum yields and the ability to
form excimers were enchanced. Duplexes with a single in-
corporation of M1–M6 display lower thermal stabilities and
higher fluorescence quantum yields than their doubly modi-
fied analogues. On this basis, we propose an effective elec-
tronic interaction between PEPy residues in the multila-
beled constructs, which was confirmed by the detection of
excimer emission. The fluorescence of a single-stranded
probe that contains a single insertion of monomer M4 is
quenched, whereas upon hybridization with complementary
DNA and RNA, the fluorescence quantum yields increase
up to FF = 1.00 and 0.75, and this accompanied by excellent


Figure 4. Fluorescent properties of A) +1 and B) �1 zipper duplexes
with different combinations of monomers M1–M6 in their complementary
strands. The spectra were recorded in medium salt buffer at 19 8C with
0.1 mm complementary strands and at the excitation wavelengths men-
tioned in the text.
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Watson–Crick mismatch discrimination. Selectivity against
singly mismatched DNA/RNA targets is likewise considera-
ble for longer 15-mer ONs that contain M5 and M6, which in
turn display significant changes in fluorescence intensity in
the presence of mismatched nucleotides compared with fully
matched duplexes. Duplexes with monomers M1–M6 in both
complementary strands revealed remarkable thermal stabili-
ties accompanied by high fluorescence quantum yields and
effective excimer formation.


The long-wave emission of these novel probes allows exci-
tation at longer wavelengths without irradiation of intrinsic
cell fluorochromes. Taking this advantage into account to-
gether with an increased ability to form excimers, sensitivity
to the neighboring base pairs, and high fluorescence quan-
tum yields of singly labeled probes, we propose the possibili-
ty of applying PEPyc fluorochromes attached to 2’-amino-
LNA for both in vitro and in vivo nucleic acid fluorescence
assays. Applications of such probes for the in vivo detection
of single-nucleotide polymorphisms, fluorescence in situ hy-
bridization including the detection of specific RNAs in
living cells, and analysis of gene expression will be especially
interesting.


Experimental Section


General : Reagents were obtained from commercial suppliers (Sigma–Al-
drich–Fluka) and were used as received; 2-acetylpyrene,[26] 5-(pyren-1-
ylethynyl)-2’-deoxyuridine,[21] and diisopropylammonium tetrazolide[27]


were synthesized as described. Perylene, 5-(pyren-1-ylethynyl)-2’-deoxy-
uridine and 9,10-diphenylantracene were used as standards for emission
quantum yield measurements after recrystallization. HPLC-grade toluene
and acetone were distilled and stored over activated 4 � molecular
sieves. CH2Cl2 was always freshly distilled over CaH2 before being used.
Other solvents were used as received. Photochemical studies were per-
formed with spectroscopy-grade cyclohexane and absolute (abs.) ethanol.
NMR spectra were recorded at 303 K by using Varian Gemini 2000
300 MHz and Bruker DRX 500 MHz instruments. Chemical shifts are re-
ported in ppm relative to solvent peaks (CDCl3: 7.26 ppm for 1H and
77.0 ppm for 13C; [D6]DMSO: 2.50 ppm for 1H and 39.5 ppm for 13C;
85% aq. H3PO4 (external standard): 0.00 ppm for 31P). 1H NMR spectros-
copy coupling constants are reported in Hz and refer to apparent multi-
plicities. ESI mass spectra were obtained by using a Finnigan SSQ 710
mass spectrometer. High-resolution mass spectra were recorded in posi-
tive-ion mode by using a IonSpec Fourier Transform ICR mass spectrom-
eter (MALDI) or PESCIEX QSTAR pulsar mass spectrometer (ESI). IR
spectra were recorded by using a Perkin–Elmer 1720 infrared fourier
transform spectrometer. Melting points were determined by using a Boe-
tius heating table and are uncorrected. Analytical thin-layer chromatog-
raphy was performed on Kieselgel 60 F254 precoated aluminium plates
(Merck). Silica-gel column chromatography was performed by using
Merck Kieselgel 60 0.040–0.063 mm. ON synthesis was carried out by
using a PerSpective Biosystems Expedite 8909 instrument on a 200 nmol
scale with the manufacturer�s standard protocols. In the case of LNA
phosphoramidites (monomers TL, GL, MeCL), the coupling-step time was
extended to 15 min. Additionally, in the case of monomers M3–M6, a
double-coupling procedure was applied. Step-wise coupling yields of 85–
95% for monomers M1–M6 were obtained based on the absorbance of
the dimethoxytrityl cation released after each coupling. The coupling effi-
ciencies of standard DNA and LNA amidites varied between 98 and
100 %. Cleavage from solid support and removal of nucleobase protect-
ing groups was performed by using standard conditions (32 % aqueous
ammonia for 12 h at 55 8C). Unmodified DNA/RNA strands were ob-


tained from commercial suppliers and used without further purification,
and all the modified ONs were purified by using DMT-ON RP-HPLC
with the Waters Prep LC 4000 equipped with Xterra MS C18-column
(10 mm, 300 � 7.8 mm). Elution was performed with an initial isocratic
hold of A-buffer (95 % NH4HCO3 (0.1 m), 5% CH3CN) for 5 min, fol-
lowed by a linear gradient to 55% B-buffer (25 % NH4HCO3 (0.1 m),
75% CH3CN) over 75 min at a flow rate of 1.0 mL min�1. RP-purification
was followed by detritylation (80 % aq. AcOH, 20 min), precipitation
(abs. EtOH, �18 8C, 12 h), and washing three times with abs. EtOH. The
identity of ONs was verified by MALDI-TOF mass spectrometry
(Table S1, Supporting Information). UV/Vis absorption spectra and ther-
mal denaturation experiments were performed on a Perkin–Elmer
Lambda 35 UV/Vis spectrometer equipped with a Peltier Temperature
Programmer 6 in a medium salt buffer (NaCl (100 mm), Na-phosphate
(10 mm), EDTA (0.1 mm), pH 7.0). The concentrations of ONs were cal-
culated by using the following extinction coefficients (OD260/mmol): G
10.5, A 13.9, T/U 7.9, C 6.6, M1 33.5, M2 34.2, M3 31.7, M4 30.2, M5 35.1,
M6 34.9. ONs (1.0 mm per strand) were thoroughly mixed, denaturated by
heating, and subsequently cooled to the starting temperature of experi-
ment. Thermal denaturation temperatures (Tm, 8C) were determined to
be the maximum of the first derivative of the thermal denaturation curve
(A260 vs. temperature). Reported Tm values are an average of two meas-
urements within �1.0 8C. Fluorescence spectra were obtained in a
medium salt buffer by using a Perkin–Elmer LS 55 luminescence spec-
trometer equipped with a Peltier temperature controller. For recording
fluorescence spectra, 0.1 mm concentrations of the single-stranded probe
or corresponding duplex were used. For weakly fluorescent samples the
concentration was increased to 0.5 mm. The fluorescence quantum yields
were measured by the relative method using 9,10-diphenylantracene
(FF =0.95)[20] in cyclohexane as the first standard and 5-(pyrene-1-yle-
thynyl)-2’-deoxyuridine[21] in abs. EtOH and perylene (FF =0.93)[22] in cy-
clohexane as the second standard. For fluorescence quantum yield deter-
minations, 0.5mm solutions were used. CD spectra were recorded by using
a JASCO J-815 CD spectrometer equipped with a CDF 4265/15 tempera-
ture controller.


General procedure for the monobromination of acetylpyrenes : A solu-
tion of bromine (769 mL, 15 mmol) in CCl4 (25 mL) was added dropwise
over 30 min to a stirred solution of the corresponding acetylpyrene (1 or
5 ; 2.44 g, 10 mmol) in CCl4 (50 mL) at RT. After the addition was com-
plete, the mixture was heated to 60 8C, kept at this temperature for 1 h,
and then allowed to cool to RT to yield a precipitate that was filtered,
washed with ethanol (2 � 30 mL), and dried in vacuo.


1-Acetyl-3-bromopyrene (2): The monobromination of 1 resulted in a
mixture of isomeric 3-, 6-, and 8-bromopyrenes (yellow solid; 3.05 g,
95%), which was used directly in the next step without further purifica-
tion. IR (KBr; signals for intense bands are given): ñ=3436, 1672, 1587,
1503, 1349, 1235, 846, 713, 674, 632 cm�1; ESI-MS (70 eV): m/z (%):
calcd for C18H10BrO+ : 321, 322, 323, 324 [M+�H]; found: 321 (100 %),
323 (98 %), 322 (60 %), 324 (22 %).


2-Acetyl-6-bromopyrene (6): The title compound was obtained as a
yellow solid (2.88 g, 90%). Rf = 0.46 (40 % petroleum ether/toluene);
m.p. 155–156 8C (recrystallized from PhNO2, washed with 96 % aq.
EtOH); IR (KBr; signals for intense bands are given): ñ=3434, 1695,
1590, 1454, 1293, 1169, 1014, 842, 820, 704, 658, 600 cm�1; ESI-MS
(70 eV): m/z (%): calcd for C18H10BrO+ : 321, 322, 323, 324 [M+�H];
found: 321 (100), 323 (100), 322 (67), 324 (33).


General procedure for the dibromination of acetylpyrenes : A solution of
bromine (1.28 mL, 25 mmol) in CCl4 (50 mL) was added dropwise over
30 min to a vigorously stirred solution of the corresponding acetylpyrene
(2.44 g, 10 mmol) in CCl4 (50 mL) at RT. The reaction mixture was
heated to 60 8C, kept at this temperature for 6 h, and then cooled to RT
to yield a precipitate that was filtered, washed with ethanol (2 � 30 mL)
and dried in vacuo.


1-Acetyl-3,6-dibromopyrene (3): The dibromination of 1 resulted in a
mixture of isomeric 3,6-, 3,8- and 6,8-dibromoproducts (3.29 g, red solid),
which was used directly in the next step without further purification. IR
(KBr; signals for intense bands are given): ñ=3435, 1682, 1581, 1514,
1365, 1242, 844, 755, 701, 654, 611 cm�1; ESI-MS (70 eV): m/z (%): calcd
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for C17H7Br2O
+ : 387, 385, 389, 388 [M+�CH3]; found: 387 (100 %), 389


(48 %), 385 (43 %), 388 (26 %).


2-Acetyl-6,8-dibromopyrene (7): The title compound was obtained as a
yellow solid (3.61 g, 90%). Rf = 0.56 (40 % petroleum ether/toluene);
m.p. 218 8C (10 % EtOH (96 % aq.)/CCl4); IR (KBr; signals for intense
bands are given) ñ =3435, 1698, 1589, 1458, 1291, 1172, 1024, 821, 702,
661 cm�1; ESI-MS (70 eV): m/z (%): calcd for C18H10Br2O


+ : 402, 400,
404, 403 [M+]; found: 400 (100 %), 403 (68 %), 402 (57 %), 404 (37 %).


General procedure for the tribromination of acetylpyrenes : Bromine
(2.05 mL, 40 mmol) was added dropwise under vigorous stirring to a solu-
tion of corresponding acetylpyrene (2.44 g, 10 mmol) in nitrobenzene
(20 mL) at 120 8C over a period of 15 min. The mixture was kept at
120 8C for 4 h, then allowed to cool to RT yielding a precipitate, which
was filtered, washed with ethanol (2 � 30 mL) and dried in vacuo.


1-Acetyl-3,6,8-tribromopyrene (4): The title compound was obtained as a
yellow solid (4.43 g, 92%). Rf = 0.60 (50 % petroleum ether/toluene);
m.p. 188–190 8C (recrystallized from PhNO2, washed with 96 % aq.
EtOH); IR (KBr; signals for intense bands are given): ñ=3435, 1695,
1596, 1524, 1348, 1227, 1021, 976, 876, 814, 706, 659, 621 cm�1; ESI-MS
(70 eV): m/z (%): 478 (60), 480 (100), 482 (44), 484 (40) [M+].


2-Acetyl-1,6,8-tribromopyrene (8): The title compound was obtained as a
yellow solid (3.79 g, 79%). Rf = 0.52 (50 % petroleum ether/toluene);
m.p. 215–216 8C (recrystallized from o-dichlorobenzene, washed with
96% aq. EtOH); IR (KBr; signals for intense bands are given) ñ=3436,
1722, 1589, 1455, 1283, 1055, 994, 878, 812, 760, 673, 608 cm�1; ESI-MS
(70 eV): m/z (%): 477 (60 %), 479 (97 %), 481 (100 %), 483 (46 %) [M+


�H].


General procedure for the Sonogashira coupling of bromopyrenes : Phe-
nylacetylene, [PdCl2 ACHTUNGTRENNUNG(PPh3)2], PPh3, and CuI were successively added to a
degassed solution of the corresponding starting compound in NEt3


(20 mL) and THF (20 mL). The reaction mixture was stirred under argon
at 70 8C for 16 (9, 10), 24 (11, 12), or 48 h (13, 14). After conversion of
the starting material was complete (as monitored by TLC), the mixture
was poured into CHCl3 (150 mL). The resulting solution was washed with
3% Na2 ACHTUNGTRENNUNG(edta) (4 � 100 mL) and water (2 � 100 mL), dried over Na2SO4,
and evaporated to dryness. The crude products were purified by column
chromatography on silica gel as indicated in the individual cases.


1-Acetyl-3-(phenylethynyl)pyrene (9): Prepared from 2 (1.29 g, 4 mmol),
phenylacetylene (658 mL, 6 mmol), [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (280 mg, 0.4 mmol),
PPh3 (210 mg, 0.8 mmol), and CuI (76 mg, 0.4 mmol). The product was
purified by column chromatography on silica gel by eluting with 50%
CHCl3/petroleum ether. Combined fractions containing the product were
evaporated and purified by column chromatography on silica gel by using
a gradient elution of 50!70% petroleum ether/toluene to give the prod-
uct as a yellow solid (426 mg, 29% for two steps). Rf = 0.55 (5 % EtOAc/
toluene); m.p. 160 8C (CHCl3); 1H NMR (500 MHz, CDCl3): d=8.98 (d,
J =7.6 Hz, 1 H), 8.57 (d, J=7.6 Hz, 1H), 8.52 (s, 1 H), 8.25–8.18 (m, 2H),
8.17–8.15 (m, 2 H), 8.02 (app. t, J=6.2 Hz, 1H), 7.74 (d, J =6.4 Hz, 2H),
7.49–7.41 (m, 3 H), 2.90 ppm (s, 3H); 13C NMR (500 MHz, CDCl3): d=


201.4, 134.2, 131.7 (2C), 131.5, 130.9, 130.8, 130.6, 130.3, 130.2 (2C),
129.3, 128.7, 128.5, 126.9, 126.6, 126.5, 125.2, 124.9, 124.8, 123.9, 123.2,
117.0, 95.5, 87.9, 30.4 ppm; MALDI-HRMS: m/z calcd for C26H16O


+ :
344.1196 [M+]; found 344.1193.


2-Acetyl-6-(phenylethynyl)pyrene (10): Prepared from 6 (1.29 g, 4 mmol),
phenylacetylene (658 mL, 6 mmol), [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (280 mg, 0.4 mmol),
PPh3 (210 mg, 0.8 mmol), and CuI (76 mg, 0.4 mmol). The product was
purified by column chromatography on silica gel by using a gradient elu-
tion of 50!80% toluene/petroleum ether to give the product as a yellow
solid (728 mg, 53 %). Rf =0.39 (5 % EtOAc/toluene); m.p. 140–142 8C
(CHCl3); 1H NMR (300 MHz, CDCl3): d =8.46 (s, 2H), 8.40 (d, J=


9.0 Hz, 1 H), 8.04 (d, J= 8.1 Hz, 1H), 7.93–7.80 (m, 4 H), 7.65 (d, 2H),
7.39–7.36 (m, 3 H), 2.77 ppm (s, 3H); 13C NMR (300 MHz, CDCl3): d=


198.3, 134.1, 132.2, 131.7 (2C), 131.5, 130.8, 130.6, 130.4, 128.5 (2C), 128.4
(2C), 128.3, 127.8, 126.2, 126.1, 124.8 (2C), 124.7 (2C), 124.1, 123.8, 95.5,
88.1, 27.0 ppm; MALDI-HRMS: m/z calcd for C26H16O


+ : 344.1196 [M+];
found: 344.1190.


1-Acetyl-3,6-bis(phenylethynyl)pyrene (11): Prepared from 3 (1.21 g,
3 mmol), phenylacetylene (988 mL, 9 mmol), [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (421 mg,
0.6 mmol), PPh3 (315 mg, 1.2 mmol), and CuI (114 mg, 0.6 mmol). The
product was purified by column chromatography on silica gel by using a
gradient elution of 20!80% CHCl3/petroleum ether. The combined frac-
tions containing the product were evaporated and purified by column
chromatography on silica gel by using a gradient elution of 40!50% tol-
uene/petroleum ether to give the product as an orange solid (858 mg,
53% for two steps). Rf =0.63 (5 % EtOAc/toluene); m.p. 195–199 8C
(CHCl3); 1H NMR (300 MHz, CDCl3): d= 9.02 (d, J=9.6 Hz, 1H), 8.69
(d, J =9.6 Hz, 1H), 8.55 (d, J =9.0 Hz, 1H), 8.50 (s, 1 H), 8.17–8.09 (m,
3H), 7.68–7.65 (m, 4H), 7.40–7.37 (m, 6 H), 2.87 ppm (s, 3H); 13C NMR
(300 MHz, CDCl3): d=201.6, 134.6, 134.3, 133.9, 132.2, 132.1, 132.0,
131.6, 131.5, 131.3, 131.2, 130.7, 130.6, 130.5, 129.5, 129.1, 129.0, 128.9,
128.8, 128.6, 126.7, 126.2, 126.0, 124.9, 124.2, 123.6, 123.4, 120.0, 117.9,
96.7, 96.2, 88.6, 88.2, 30.8 ppm; MALDI-HRMS: m/z calcd for C34H20O


+ :
444.1509 [M+]; found: 444.1528.


2-Acetyl-6,8-bis(phenylethynyl)pyrene (12): Prepared from 7 (1.21 g,
3 mmol), phenylacetylene (988 mL, 9 mmol), [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (421 mg,
0.6 mmol), PPh3 (315 mg, 1.2 mmol), and CuI (114 mg, 0.6 mmol). The
product was purified by column chromatography on silica gel using a gra-
dient elution of 30!50 % CHCl3/petroleum ether. The combined frac-
tions containing the product were evaporated and purified by column
chromatography on silica gel using a gradient elution of 70!90% tolu-
ene/petroleum ether to give the product as a yellow solid (587 mg, 44%).
Rf = 0.39 (5 % EtOAc/toluene); m.p. 221 8C (50 % CHCl3/96% aq.
EtOH); 1H NMR (300 MHz, CDCl3): d=8.55 (s, 2 H), 8.38 (d, J =9.0 Hz,
2H), 8.24 (s, 1H), 7.99 (d, J =9.0 Hz, 2 H), 7.72–7.64 (m, 4 H), 7.52–7.38
(m, 6H), 2.79 ppm (s, 3H); 13C NMR (300 MHz, CDCl3): d=198.6, 134.8,
134.2 (2C), 132.4, 132.3 (4C), 131.3 (2C), 129.4 (2C), 129.0 (2C), 128.9
(4C), 126.4 (2C), 126.3, 125.6 (2C), 124.2, 123.5 (2C), 118.6 (2C), 96.1
(2C), 87.8 (2C), 27.2 ppm; MALDI-HRMS: m/z calcd for C34H20O


+ :
444.1509 [M+]; found: 444.1505.


1-Acetyl-3,6,8-tris(phenylethynyl)pyrene (13): Prepared from 4 (1.44 g,
3 mmol), phenylacetylene (1.49 mL, 13.5 mmol), [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (632 mg,
0.9 mmol), PPh3 (472 mg, 1.8 mmol), and CuI (171 mg, 0.9 mmol). The
product was purified by column chromatography on silica gel using a gra-
dient elution of 50!80% toluene/petroleum ether to give the product as
a red solid (1.37 g, 84 %). Rf =0.63 (5 % EtOAc/toluene); m.p. 234 8C
(30 % CHCl3/ethanol); 1H NMR (300 MHz, CDCl3): d =8.88 (d, J=


9.3 Hz, 1H), 8.47–8.34 (m, 4H), 8.18 (s, 1H), 7.67–7.60 (m, 6H), 7.35–
7.34 (m, 9 H), 2.80 ppm (s, 3H); 13C NMR (300 MHz, CDCl3): d=201.0,
133.9, 133.5, 132.1, 132.0, 131.8 (5C), 131.6 (2C), 131.3, 131.0, 130.7,
129.1, 128.6 (3C), 128.5 (5C), 127.8 (2C), 126.1, 126.0, 124.0, 123.4, 123.1,
122.7, 119.4, 119.2, 117.8, 96.4, 96.3, 96.2, 87.8, 87.6, 87.5, 29.7 ppm;
MALDI-HRMS: m/z calcd for C42H24O


+ : 544.1822 [M+]; found:
544.1806.


2-Acetyl-1,6,8-tris(phenylethynyl)pyrene (14): Prepared from 8 (1.44 g,
3 mmol), phenylacetylene (1.49 mL, 13.5 mmol), [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (632 mg,
0.9 mmol), PPh3 (472 mg, 1.8 mmol), and CuI (171 mg, 0.9 mmol). The
product was purified by column chromatography on silica gel using a gra-
dient elution of 40!50 % CHCl3/petroleum ether. The combined frac-
tions containing the product were evaporated and purified by repeated
column chromatography on silica gel using a gradient elution of 80!
100 % toluene/petroleum ether to give the product as a brown solid
(1.25 g, 77%). Rf =0.50 (5 % EtOAc/toluene); m.p. 171–173 8C (CHCl3);
1H NMR (300 MHz, CDCl3): d=8.51 (d, J= 9.0 Hz, 1H), 8.36 (d, J=


9.0 Hz, 1H), 8.32 (d, J =9.3 Hz, 1H), 8.25 (s, 1H), 8.16 (s, 1H), 7.85 (d,
J =9.3 Hz, 1H), 7.65–7.61 (m, 6 H), 7.38–7.34 (m, 9H), 2.92 ppm (s, 3 H);
13C NMR (300 MHz, CDCl3): d=201.2, 139.0, 133.8, 132.4, 131.8, 131.7–
131.5 (8C), 131.4, 130.2, 128.9, 128.6, 128.5–128.4 (6C), 126.9, 126.6,
126.5, 125.4, 125.3, 124.6, 123.2, 123.1, 123.0, 118.7, 118.6, 116.1, 101.7,
96.1, 96.0, 87.5, 87.4, 87.3, 30.5 ppm; MALDI-HRMS: m/z calcd for
C42H24O


+ : 544.1822 [M+]; found: 545.1907).


General procedure for haloform oxidation : Sodium hydroxide (870 mg,
22 mmol) was dissolved in water (12 mL). The solution was cooled to
0 8C and bromine (308 mL, 6 mmol) was added. After stirring for 10 min
at RT, the resulting yellow solution was diluted with 1,4-dioxane (12 mL),
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and the corresponding ketone (1 mmol) was added in five portions over
a period of 10 min. The solution was stirred at 0 8C for 3 h and then left
overnight at RT. Saturated Na2SO3 (2 mL) was added, and the mixture
stirred at RT for 1 h. After acidification with 1m aq. citric acid (to pH 3–
4), the reaction mixture was transferred into a separating funnel and ex-
tracted three times with CHCl3. The combined organic phases were dried
over Na2SO4 and evaporated. Recrystallization from the solvents men-
tioned below in each case gave analytical-quality samples of the com-
pounds, whereas the main portions of the products were used directly in
the next step without further purification.


3-Phenylethynylpyrene-1-carboxylic acid (15): By using the general proce-
dure, 9 (344 mg, 1 mmol) was converted into the title product (yellow
solid; 342 mg, 95%). Rf =0.60 (5 % MeOH/CH2Cl2); m.p. >250 8C (1 %
DMF/MeNO2); MALDI-HRMS: m/z calcd for C25H14O2


+: 346.0989 [M+];
found: 346.0991.


6-Phenylethynylpyrene-2-carboxylic acid (16): Prepared from 10 (344 mg,
1 mmol) to give the title compound as a yellow solid (331 mg, 92 %). Rf =


0.48 (5 % MeOH/CH2Cl2); m.p. >250 8C (1 % DMF/MeNO2); MALDI-
HRMS: m/z calcd for C25H14O2


+ : 346.0989 [M+]; found: 346.0988.


3,6-Bis(phenylethynyl)pyrene-1-carboxylic acid (17): Prepared from 11
(444 mg, 1 mmol) to give the title compound as an orange solid (420 mg,
94%). Rf =0.60 (5 % MeOH/CH2Cl2); m.p. >250 8C (1 % DMF/MeNO2);
MALDI-HRMS: m/z calcd for C33H18O2


+ : 446.1301 [M+]; found:
446.1303.


6,8-Bis(phenylethynyl)pyrene-2-carboxylic acid (18): Prepared from 12
(444 mg, 1 mmol) to give the title compound as a yellow solid (402 mg,
90%). Rf =0.41 (5 % MeOH/CH2Cl2); m.p. >250 8C (1 % DMF/MeNO2);
MALDI-HRMS: m/z calcd for C33H18O2


+ : 446.1301 [M+]; found:
446.1305.


3,6,8-Tris(phenylethynyl)pyrene-1-carboxylic acid (19): By using the gen-
eral procedure, 13 (545 mg, 1 mmol) was converted into the title com-
pound (red solid; 544 mg, 99%). Rf = 0.50 (5 % MeOH/CH2Cl2); m.p.
>250 8C (1 % DMF/MeNO2); MALDI-HRMS: m/z calcd for C41H22O2


+ :
546.1614 [M+]; found: 546.1615.


3,6,8-Tris(phenylethynyl)pyrene-2-carboxylic acid (20): Prepared from 14
(545 mg, 1 mmol) to give the title compound as a red solid (502 mg,
92%). Rf = 0.40 (5 % MeOH/CH2Cl2); m.p. 163–166 8C (1 % DMF/
MeNO2); MALDI-HRMS: m/z calcd for C41H22O2


+ : 546.1614 [M+];
found: 546.1610.


General procedure for the preparation of compounds 22 a–f : Diisopropy-
lethylamine (132 mL, 0.76 mmol) was added as one portion to a stirred
solution of the corresponding acid (0.39 mmol) and HBTU (137 mg,
0.36 mmol) in DMF (3 mL) (15, 16) or DMF (2 mL) and 1,1-dichloro-
ethane (1 mL) (17–20). The mixture was stirred for 10 min at RT and
then added dropwise to a stirred solution of 21[16] (200 mg, 0.35 mmol) in
DMF (3 mL). After stirring for 1.5 h, TLC monitoring showed that the
reaction was complete. The reaction mixture was diluted with CH2Cl2


(100 mL) and washed with water (2 � 150 mL), 5% NaHCO3 (2 �
150 mL), and water (3 � 150 mL). The organic layer was dried over
Na2SO4 and evaporated. The residue was purified by column chromatog-
raphy on silica gel using a gradient elution of 1:5!30% Et3N/acetone/
toluene.


(1R,3R,4R,7S)-1-(4,4’-Dimethoxytrityloxymethyl)-7-hydroxy-5-(3-phenyl-ACHTUNGTRENNUNGethynylpyren-1-carbonyl)-3-(thymin-1-yl)-2-oxa-5-azabicycloACHTUNGTRENNUNG[2.2.1]heptane
(22a): Prepared from 15 (135 mg) to give the title compound as an
orange foam (rotameric mixture �1:0.5 by 1H NMR; 214 mg, 68%). Rf


0.33 (1:50% NEt3/acetone/toluene); 1H NMR (300 MHz, [D6]DMSO; the
signals are given for the major rotamer): d=1.60 (br s, 1H), 8.77 (d, J=


9.0 Hz, 1H), 8.56–8.50 (m, 3H), 8.46–8.39 (m, 2H), 8.30–8.25 (m, 2H),
7.92–7.88 (m, 2H), 7.65–7.56 (m, 5H), 7.48–7.25 (m, 8 H), 7.05–7.02 (m,
4H), 6.36 (d, J =3.6 Hz, 1H), 6.02 (s, 1H), 5.26 (s, 1 H), 4.29 (d, J =


4.2 Hz, 1H), 3.81 (s, 6H), 3.70 (d, J =11.0 Hz, 1H), 3.60 (d, J =11.0 Hz,
1H), 3.45–3.26 (m, 2H, partial overlap with H2O), 1.51 ppm (s, 3H);
13C NMR (75 MHz, [D6]DMSO; the signals are given for the major rota-
mer): d=169.2, 164.8, 159.2 (2C), 150.9, 145.6, 136.3, 136.0, 135.9, 135.8,
132.6, 132.5, 132.4, 132.2, 131.5 (2C), 131.4, 130.8 (2C), 130.7 (2C), 130.5,
129.9 (2C), 129.8 (2C), 128.9 (2C), 128.8 (2C), 128.7 (2C), 128.0, 127.8,


127.6, 125.7, 124.7, 124.3, 123.2, 117.6, 114.3 (4C), 109.2, 96.5, 88.8, 88.5,
86.7, 86.6, 69.9, 66.0, 60.2, 56.0 (2C), 52.3, 13.3 ppm; MALDI-HRMS:
m/z calcd for C57H45N3O8Na+ : 922.3090 [M++Na]; found: 922.3137.


(1R,3R,4R,7S)-1-(4,4’-Dimethoxytrityloxymethyl)-7-hydroxy-5-(6-phenyl-ACHTUNGTRENNUNGethynylpyren-2-carbonyl)-3-(thymin-1-yl)-2-oxa-5-azabicycloACHTUNGTRENNUNG[2.2.1]heptane
(22b): Prepared from 16 (135 mg) to give the title compound as a yellow
foam (rotameric mixture �9:1 by 1H NMR; 284 mg, 90%). Rf =0.44
(1:50% NEt3/acetone/toluene); 1H NMR (300 MHz, [D6]DMSO; the sig-
nals are given for the major rotamer): d=11.34 (br s, 1H), 8.74–8.10 (m,
8H), 7.73–7.15 (m, 15H), 6.90–6.84 (m, 4H), 6.01 (s, 1H), 5.93 (d, J=


3.6 Hz, 1H), 4.46 (s, 1H), 4.14–4.12 (m, 1 H), 3.88 (s, 6H), 3.71–3.40 (m,
4H, partial overlap with H2O), 1.39 ppm (s, 3 H); 13C NMR (75 MHz,
[D6]DMSO; the signals are given for the major rotamer): d= 169.0, 161.2,
158.1 (2C), 150.2, 144.5, 135.2, 134.9, 134.1, 133.5, 132.7, 132.4, 132.1,
131.5 (2C), 130.9, 130.4, 130.1, 130.0, 129.7 (2C), 129.1, 128.9, 128.8 (2C),
128.4, 127.9 (2C), 127.6 (2C), 126.8 (2C), 125.3 (2C), 124.7, 124.4, 123.8,
122.8, 120.4, 120.0, 113.2 (4C), 108.6, 97.7, 89.0, 87.9, 86.7, 85.8, 69.0, 67.5,
66.8, 65.9, 54.9 (2C), 12.2 ppm; MALDI-HRMS: m/z calcd for
C57H45N3O8Na+ : 922.3135 [M++Na]; found: 922.309).


(1R,3R,4R,7S)-1-(4,4’-Dimethoxytrityloxymethyl)-7-hydroxy-5-[3,6-bis-ACHTUNGTRENNUNG(phenylethynyl)pyren-1-carbonyl]-3-(thymin-1-yl)-2-oxa-5-azabicyclo-ACHTUNGTRENNUNG[2.2.1]heptane (22c): Prepared from 17 (174 mg) to give the title com-
pound as an orange foam (rotameric mixture �1:0.2:0.9 by 1H NMR;
262 mg, 75%). Rf =0.49 (1:60% NEt3/acetone/toluene); 1H NMR
(300 MHz, [D6]DMSO; the signals are given for the major rotamer): d=


11.45 (br s, 1 H), 8.78–8.68 (m, 1 H), 8.48–8.34 (m, 3H), 7.82–7.80 (m,
1H), 7.67–7.49 (m, 17 H), 7.39–7.16 (m, 5H), 6.96–6.92 (m, 4 H), 6.30 (d,
J =3.9 Hz, 1 H), 5.98 (s, 1H), 5.31 (s, 1 H), 4.23 (d, J =4.5 Hz, 1H), 3.87
(s, 6H), 3.71–3.60 (m, 2 H), 3.41–3.20 (m, 2 H, partial overlap with H2O),
1.43 ppm (s, 3 H); 13C NMR (75 MHz, [D6]DMSO; the signals are given
for the major rotamer): d =169.1, 164.8, 159.2 (2C), 150.9, 145.6, 136.3
(2C), 136.0, 135.9 (2C), 135.8, 134.3, 133.0 (2C), 132.9 (2C), 132.7 (2C),
132.6 (2C), 132.5 (2C), 132.3 (2C), 131.8, 130.8 (2C), 130.6 (2C), 129.8
(2C), 129.7 (2C), 129.5 (2C), 129.1 (2C), 128.6 (3C), 124.2 (2C), 123.2
(2C), 119.1, 114.3 (4C), 109.2, 97.1, 97.0, 88.9, 88.4, 87.4, 87.0, 86.7, 70.0,
66.0, 60.2, 56.0 (2C), 46.6, 13.2 ppm; ESI-HRMS: m/z calcd for
C65H49N3O8Na+ : 1022.3412 [M++Na]; found: 1022.3365.


(1R,3R,4R,7S)-1-(4,4’-Dimethoxytrityloxymethyl)-7-hydroxy-5-[6,8-bis-ACHTUNGTRENNUNG(phenylethynyl)pyren-2-carbonyl]-3-(thymin-1-yl)-2-oxa-5-azabicyclo-ACHTUNGTRENNUNG[2.2.1]heptane (22d): Prepared from 18 (174 mg) to give the title com-
pound as an orange foam (rotameric mixture �1:3.3 by 1H NMR;
227 mg, 65%). Rf =0.43 (1:50% NEt3/acetone/toluene); 1H NMR
(300 MHz, [D6]DMSO; the signals are given for the major rotamer): d=


11.41 (br s, 1H), 8.84–8.55 (m, 3 H), 8.35 (s, 1 H), 7.87–7.83 (m, 2 H), 7.69–
7.55 (m, 19H), 7.38 (d, J=8.7 Hz, 2H), 6.99–6.96 (m, 4H), 6.14 (s, 1H),
6.05–6.03 (m, 1H), 4.56 (s, 1H), 4.28 (br s, 1 H), 3.85 (d, J= 11.7 Hz, 1H),
3.80 (s, 6H), 3.62–3.51 (m, 3 H), 1.50 ppm (s, 3H); 13C NMR (75 MHz,
[D6]DMSO; the signals are given for the major rotamer): d= 169.8, 164.6,
159.2 (2C), 151.2, 145.6, 136.3, 135.9, 134.3, 134.2 (2C), 134.0, 132.9 (4C),
132.8 (4C), 132.6 (2C), 132.5 (2C), 132.3 (2C), 130.0 (2C), 129.9 (2C),
129.7 (4C), 129.6 (4C), 128.9, 128.6, 127.8, 127.2, 126.2, 123.0, 118.2, 114.3
(4C), 109.6 (2C), 96.8 (2C), 88.0, 87.2, 86.7, 80.1 (2C), 70.1, 67.1, 56.0
(2C), 52.9, 13.3 ppm. ESI-HRMS: m/z calcd for C65H49N3O8Na+ :
1022.3412 [M++Na]; found: 1022.3402.


(1R,3R,4R,7S)-1-(4,4’-Dimethoxytrityloxymethyl)-7-hydroxy-5-[3,6,8-tris-ACHTUNGTRENNUNG(phenylethynyl)pyren-1-carbonyl]-3-(thymin-1-yl)-2-oxa-5-azabicyclo-ACHTUNGTRENNUNG[2.2.1]heptane (22e): Prepared from 19 (213 mg) to give the title com-
pound as an orange foam (304 mg, 62%). Rf =0.25 (1:50 % NEt3/acetone/
toluene); 1H NMR (500 MHz, [D6]DMSO; the signals are given for the
major rotamer): d=11.50 (br s, 1 H, exchange with D2O), 8.90–8.74 (m,
4H), 8.56 (s, 1 H), 8.38–8.36 (m, 1H), 7.86–7.82 (m, 5H), 7.54–7.47 (m,
11H), 7.38–7.14 (m, 9 H), 6.96–6.94 (m, 4 H), 6.26 (d, J=3.5 Hz, 1H),
5.94 (s, 1H), 5.18 (s, 1H), 4.20 (d, J=2.5 Hz, 1 H), 3.77 (s, 6 H), 3.59 (d,
J =10.0 Hz, 1H), 3.49 (d, J =11.0 Hz, 1H), 3.27–3.22 (m, 2 H, partial
overlap with H2O), 1.41 ppm (s, 3H); 13C NMR (125 MHz, [D6]DMSO;
the signals are given for the major rotamer): d=168.7, 164.8, 159.2 (2C),
150.9, 145.6, 136.3 (2C), 136.0, 135.9 (2C), 135.8, 135.3, 134.8, 134.1 (2C),
133.5 (2C), 132.7 (2C), 132.6 (4C), 132.5, 132.4, 132.3, 131.9 (2C), 130.8
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(2C), 130.7 (2C), 130.5, 130.3, 129.8 (4C), 129.7, 128.9, 128.7, 128.6, 128.5,
127.6 (2C), 124.4, 124.3, 124.1, 123.0 (2C), 122.9, 119.0, 114.3 (4C), 109.6,
109.2, 97.7, 97.6, 97.5, 97.3, 88.8, 88.0, 86.8, 69.9, 66.0, 60.2, 55.9 (2C),
52.4, 13.5 ppm; ESI-HRMS: m/z calcd for C73H53N3O8Na+ : 1122.3724
[M++Na]; found: 1122.3719.


(1R,3R,4R,7S)-1-(4,4’-Dimethoxytrityloxymethyl)-7-hydroxy-5-[3,6,8-tris-ACHTUNGTRENNUNG(phenylethynyl)pyren-1-carbonyl]-3-(thymin-1-yl)-2-oxa-5-azabicyclo-ACHTUNGTRENNUNG[2.2.1]heptane (22 f): Prepared from 20 (213 mg) to give the title com-
pound as an orange foam (rotameric mixture �1:0.9:0.5 by 1H NMR;
162 mg, 42%). Rf 0.30 (1:60% NEt3/acetone/toluene); 1H NMR
(300 MHz, [D6]DMSO; the signals are given for the major rotamer): d=


11.06 (br s, 1 H), 8.71–8.52 (m, 2 H), 7.97–7.92 (m, 3H), 7.84–7.77 (m,
2H), 7.67–7.29 (m, 24H), 7.06–7.03 (m, 4H), 5.95 (s, 1H), 5.91 (d, J=


3.9 Hz, 1 H), 4.25–4.23 (m, 1H), 4. 11 (s, 1H) 3.88 (s, 6H), 3.84–3.80 (m,
2H), 3.69–3.59 (m, 2H), 1.49 ppm (s, 3H); 13C NMR (75 MHz,
[D6]DMSO; the signals are given for the major rotamer): d= 167.8, 164.5,
159.2 (2C), 150.9, 145.6, 136.3 (2C), 136.0, 135.9, 135.8, 134.0, 132.7 (4C),
132.5 (2C), 132.4, 132.3 (2C), 131.9 (2C), 130.7 (4C), 129.9 (4C), 129.7,
129.6, 129.5, 129.0 (2C), 128.9 (2C), 128.6 (2C), 127.8, 127.6, 127.5, 124.4,
124.3, 124.1, 123.0, 122.9, 119.4, 119.3, 119.2, 119.1, 119.0, 114.3 (4C),
109.7, 109.5, 97.7, 97.6, 97.5, 97.4, 88.4, 88.1, 86.8, 68.3, 66.0, 60.2, 56.0
(2C), 52.0, 11.7 ppm; ESI-HRMS: m/z calcd for C73H53N3O8Na+ :
1122.3724 [M++Na]; found: 1122.3710.


General procedure for the preparation of compounds 23a–f : The rele-
vant LNA nucleoside derivative (0.2 mmol) was evaporated with dry
CH2Cl2 (2 � 30 mL), dissolved in anhydrous CH2Cl2 (20 mL), then diiso-
propylammonium tetrazolide (52 mg, 0.3 mmol) and bis(N,N-diisopropyl-ACHTUNGTRENNUNGamino)-2-cyanoethoxyphosphine (96mL, 0.3 mmol) were added under
argon and the resulting mixture was stirred for 12 h. The mixture was
then diluted with CH2Cl2 (100 mL) and washed with saturated aqueous
solutions of NaHCO3 (2 � 100 mL) and brine (100 mL). The organic layer
was dried over Na2SO4 and evaporated, and the crude material was puri-
fied by chromatography on silica gel eluted with 1:30% NEt3/acetone/tol-
uene.


(1R,3R,4R,7S)-7-(2-Cyanoethoxy(diisopropylamino)phosphinoxy)-1-(4,4’-
dimethoxytrityloxymethyl)-7-hydroxy-5-(3-phenylethynylpyren-1-carbon-
yl)-3-(thymin-1-yl)-2-oxa-5-azabicycloACHTUNGTRENNUNG[2.2.1]heptane (23a): Yellow foam
(202 mg, 92 %). Rf =0.52, 0.48 (1:50 % NEt3/acetone/toluene); 31P NMR
(120 MHz, [D6]DMSO): d= 149.20, 149.17 ppm (1:1); MALDI-HRMS:
m/z calcd for C66H62N5O9PNa+ : 1122.4177 [M++Na]; found: 1122.4170.


(1R,3R,4R,7S)-7-(2-Cyanoethoxy(diisopropylamino)phosphinoxy)-1-(4,4’-
dimethoxytrityloxymethyl)-7-hydroxy-5-(6-phenylethynylpyren-2-carbon-
yl)-3-(thymin-1-yl)-2-oxa-5-azabicycloACHTUNGTRENNUNG[2.2.1]heptane (23b): Yellow foam
(188 mg, 85 %). Rf =0.46, 0.42 (1:50 % NEt3/acetone/toluene); 31P NMR
(120 MHz, [D6]DMSO): d=150.89, 149.12 ppm (1:1.3); MALDI-HRMS:
m/z calcd for C66H62N5O9PNa+ : 1122.4177 [M++Na]; found: 1122.4194.


(1R,3R,4R,7S)-7-(2-Cyanoethoxy(diisopropylamino)phosphinoxy)-1-(4,4’-
dimethoxytrityloxymethyl)-7-hydroxy-5-[3,6-bis(phenylethynyl)pyren-1-
carbonyl]-3-(thymin-1-yl)-2-oxa-5-azabicyclo ACHTUNGTRENNUNG[2.2.1]heptane (23c): Orange
foam (216 mg, 90 %). Rf = 0.39, 0.37 (1:30 % NEt3/acetone/toluene);
31P NMR (120 MHz, [D6]DMSO; the signals for the major rotamer are
given): d= 148.96, 147.77 ppm (1:1); MALDI-HRMS: m/z calcd for
C74H66N5O9PNa+: 1222.4490 [M++Na]; found: 1222.4484.


(1R,3R,4R,7S)-7-(2-Cyanoethoxy(diisopropylamino)phosphinoxy)-1-(4,4’-
dimethoxytrityloxymethyl)-7-hydroxy-5-[6,8-bis(phenylethynyl)pyren-2-
carbonyl]-3-(thymin-1-yl)-2-oxa-5-azabicyclo ACHTUNGTRENNUNG[2.2.1]heptane (23d):
Orange foam (237 mg, 97 %). Rf =0.59 (1:50 % NEt3/acetone/toluene);
31P NMR (120 MHz, [D6]DMSO; the signals are given for the major rota-
mer): d =149.13, 147.90 ppm (1:2.2); ESI-HRMS: m/z calcd for
C74H66N5O9PNa+: 1222.4490 [M++Na] found: 1222.4468.


(1R,3R,4R,7S)-7-(2-Cyanoethoxy(diisopropylamino)phosphinoxy)-1-(4,4’-
dimethoxytrityloxymethyl)-7-hydroxy-5-[3,6,8-tris(phenylethynyl)pyren-1-
carbonyl]-3-(thymin-1-yl)-2-oxa-5-azabicyclo ACHTUNGTRENNUNG[2.2.1]heptane (23e): Orange
foam (247 mg, 95 %). Rf = 0.44, 0.42 (1:50 % NEt3/acetone/toluene);
31P NMR (120 MHz, [D6]DMSO): d= 149.69, 148.07 ppm (1:1.2); ESI-
HRMS: m/z calcd for C82H70N5O9PNa+ : 1322.4803 [M++Na]; found:
1322.4842.


(1R,3R,4R,7S)-7-(2-Cyanoethoxy(diisopropylamino)phosphinoxy)-1-(4,4’-
dimethoxytrityloxymethyl)-7-hydroxy-5-[3,6,8-tris(phenylethynyl)pyren-2-
carbonyl]-3-(thymin-1-yl)-2-oxa-5-azabicyclo ACHTUNGTRENNUNG[2.2.1]heptane (23 f): Orange
foam (231 mg, 89 %). Rf = 0.53, 0.48 (1:50 % NEt3/acetone/toluene);
31P NMR (120 MHz, [D6]DMSO): d= 149.02, 147.81 ppm (1:0.4); ESI-
HRMS: m/z calcd for C82H70N5O9PNa+ : 1322.4803 [M++Na]; found:
1322.4813.
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Introduction


Organosilicon compounds have attracted attention for a
number of decades, because they have found applications in
both industry and everyday life. Examples include silicones
in the form of the materials themselves and as cross-linkers;
additives for paints, inks, adhesives (adhesion promoters)
and cosmetics; and water-repellent agents.[1] Some of the si-


lanes already in use are also hypervalent silicon compounds,
which are gaining in importance.


In recent years so called a-silanes, that is, silanes with a
donor function in geminal position relative to the silicon
centre, are replacing and complementing the industrially
used organofunctional silanes with donor functions in the d


position due to their higher reactivity.[1] The fact that the
properties of silanes with donor functions in the b position
differ strongly from those with a donor in d position was
first established in the 1950s.[2] Later Kostyanovskii et al. ex-
amined the basicity of amines with a group 4 element in
geminal position and found that amines with geminal ac-
ceptor atoms showed reduced basicity. This was explained
by the formation of a geminal donor–acceptor interaction
between the group 4 and nitrogen atoms[3] and was contrast-
ed in this respect to the behaviour of the g-silanes. This in-
teraction between silicon and nitrogen leads to pentacoordi-
nate Si atoms, which were established to undergo much
faster nucleophilic substitution reactions than tetra- or hexa-
coordinate derivatives.[4]


Abstract: N,N-Dimethylaminopropylsi-
lane H3Si ACHTUNGTRENNUNG(CH2)3NMe2 was synthesised
by the reaction of (MeO)3Si-ACHTUNGTRENNUNG(CH2)3NMe2 with lithium aluminium
hydride. Its solid-state structure was
determined by X-ray diffraction, which
revealed a five-membered ring with an
Si···N distance of 2.712(2) �. Investiga-
tion of the structure by gas-phase elec-
tron diffraction (GED), ab initio and
density functional calculations and IR
spectroscopy revealed that the situa-
tion in the gas phase is more compli-
cated, with at least four conformers
present in appreciable quantities. Infra-
red spectra indicated a possible Si···N
interaction in the Si�H stretching
region (2000–2200 cm�1), as the ap-


proach of the nitrogen atom in the
five-membered ring weakens the bond
to the hydrogen atom in the trans posi-
tion. Simulated gas-phase IR spectra
generated from ab initio calculations
(MP2/TZVPP) exhibited good agree-
ment with the experimental spectrum.
A method is proposed by which the
fraction of the conformer with a five-
membered ring can be determined by a
least-squares fit of the calculated to ex-
perimental absorption intensities. The
abundance of this conformer was deter-


mined as 23.7(6) %, in good agreement
with the GED value of 24(6) %. The
equilibrium Si···N distance predicted by
theory for the gas-phase structure was
highly variable, ranging from 2.73
(MP2) to 3.15 � (HF). The value ob-
tained by GED is 2.91(4) �, which
could be confirmed by a scan of the
potential-energy surface at the DF-
LCCSD[T] level of theory. The nature
of the weak dative bond in H3Si-ACHTUNGTRENNUNG(CH2)3NMe2 can be described in terms
of attractive inter-electronic correlation
forces (dispersion) and is also inter-
preted in terms of the topology of the
electron density.
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Many intramolecular datively bonded ring systems are
known,[5] but no detailed studies on simple flexible systems
and the relative stability of ring versus open chain conform-
ers have been performed so far.


We recently demonstrated that such silicon–donor interac-
tions strongly depend on the substitution patterns of the sili-
con and donor atoms, as well as on the nature of the spacer
function bridging these atoms. This work was done experi-
mentally and theoretically by analysing model compounds
including F3SiCH2NMe2,


[6] (F3C)F2SiONMe2,
[7] F3SiN(R)-


NMe2 (R=Me, SiMe3, SnMe3),[8] MeHSi[ON ACHTUNGTRENNUNG(BH3)Me2]2
[9]


and ClH2SiONMe2.
[10] It transpires that the composition of


the spacer function is highly important for enabling or dis-
abling a silicon–donor interaction. No example of an attrac-
tive silicon–donor interaction in geminally donor substituted
silanes with a methylene unit (CH2) as spacer function is
known. In contrast, the hydroxylamine (F3C)F2SiONMe2


with an O spacer exhibits a short Si···N distance and an ex-
tremely acute angle at the spacer function (solid state:
1.904(2) �, 74.1(1)8).[7] However, as for other compounds
exhibiting dative bonding,[5] this effect is exaggerated in the
solid state and the Si-O-N angle of the above compound in
the gas phase was determined to be 84(3)8 for the anti con-
former and 88(2)8 for the gauche conformer.[7]


The loss of the silicon–nitrogen interaction when the
oxygen spacer is replaced by a methylene group could be
due to any one of a number of reasons. These include the
greater rigidity of the methylene spacer, rearrangement of
charge, which would alter the electrostatic forces, and re-
duced electron deficiency of silicon making it less inclined
to accept electron density from nitrogen by way of a dative
bond. By increasing the number of spacer units, it should be
possible to evaluate the importance of the rigidity of the
CH2 spacer. This paper therefore presents a detailed investi-
gation of the structure and conformational preference of
H3SiACHTUNGTRENNUNG(CH2)3NMe2 (3), in which the presence of three CH2


spacer groups allows greater freedom for the Si···N interac-
tion. Where relevant, the results are also compared with re-
lated compounds H3SiCH2NMe2 (1), which was described
earlier,[12] and H3SiACHTUNGTRENNUNG(CH2)2NMe2(2), which we prepared for
spectroscopic comparison. Note that, in contrast to earlier
studies on compounds with rigid backbones between the Si
and N atoms, such as 1,8-naphthyl groups,[5a] the highly flexi-
ble backbone of 3 does not enforce an Si···N interaction, as
the molecules can adopt linear (open chain) conformations
and ring-type conformations in which an intramolecular in-
teraction may take place.


Results and Discussion


Synthesis : The syntheses of the model compounds H3Si-ACHTUNGTRENNUNG(CH2)nNMe2 with n= 1 (1), 2 (2) and 3 (3) are straightfor-
ward procedures. The corresponding methoxy-substituted si-
lanes (MeO)3Si ACHTUNGTRENNUNG(CH2)nNMe2 (n= 1–3) can be reduced with
lithium aluminium hydride (LiAlH4) to give the correspond-
ing hydrido silanes (Scheme 1).


Compound 1 was analysed and described earlier,[12] but
we list some of its properties here for the sake of discussion.
Compounds 2 and 3 are liquids at ambient temperature with
boiling points of 47 8C at 530 mbar for 2 and 60 8C at
200 mbar for 3. The compounds were purified by fractional
condensation on a high-vacuum line prior to analysis.


NMR spectroscopy : NMR spectroscopic parameters such as
chemical shifts and coupling constants are very sensitive to
changes in the electronic environment of the observed nu-
cleus. Thus, a change in NMR properties may provide infor-
mation about the conformation of the molecule and a possi-
ble Si···N interaction. Table 1 lists some experimental multi-
nuclear NMR spectroscopic data of 1–3.


Neither the chemical shifts nor the 1JSiH coupling con-
stants change in such a way upon increasing the chain


Abstract in Midwestern Bavarian: Mia hamma des N,N-Di-
methylaminobrobilsilan ausm (MeO)3Si ACHTUNGTRENNUNG(CH2)3NMe2 und am
Liziumaluminiumhidrid gmachd. Wenn ma des im fesdn
Zuaschdand ois oanzeine Grisdalle durchleichd (OGD),
kimds auf, das do Ringal vo j�weis fimbf Adome drinna
hand, bei dene wo de Siliziumadome und de Schdigschdoffa-
dome grod 2.712(2) � ausananda hand. Ois a Gas, eleggdro-
na-gschdraad (GES), IR schbeggdrosgobbisch undasuachd
un ab-initio un Dichtefunktional-massig ber�chned, kimmd
gee aussa, das do guadding drei andaschde Konformera, ois
wia des oane mid de Ringal a no drinna hand. Am IR kend
mas deswengn scho, das do de Ringal drinn hand, wei de
symm�drischen und de ned-symm�drischen Si–H
Schdreggschwingunga um 200 Weinzoin ausanandagengand.
Vo dem hea muas des a so sei, das do no a Schdiggschdoff
an des Silizium hikoordiniad. Do is hoid naa des Wassasch-
doffadom auf da drendan Seidn vom Schdiggschdoffadom
nimma so fest hibundn an des Siliziumadom herend. Wenn
mia ofd no de IR schbeggdren ausdar�chned (MP2/TZVPP)
bassds guad mid den zam wo ma gmessn ham, awa das des
naa a aggradd bassd, muas ma no zeaschd ausm IR Schbegg-
drum aussadalesn wiavui vohaidnissmassig vo dem Konform-
er mid de Ringal drinna is. Des sei Vohaidniss hamma
nochm gleansdn F��la im Kwadrad oobassd. Ganz zlezd is
aussakemma, das ma am IR 23.7(6) % Ringal sichd und bei
da GES 24(6) %. Beim Ber�chna, wia weid das des
Schdigschdoffadom vo dem Siliziumadom in dene Ringal
wegga is, is vo 2.73 bis 3.15 � (HF, MP2) ausanandaganga.
Bei da GES hand do 2.91(7) � aussakemma.


Scheme 1. Synthesis of H3Si ACHTUNGTRENNUNG(CH2)nNMe2, with n= 1 (1), 2 (2) and 3 (3).
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length that a conclusion on the coordination number of sili-
con can be drawn. To gain some insight it is helpful to com-
pare these results to those of similar compounds which lack
donor functions. The 29Si chemical shifts of H3SiCH3 and
H3SiCH2CH2CH3 are �65.2 and �59.4 ppm, respectively,[13]


and the similarity of these values to those in Table 1 suggest
that no significant interactions are present. However, two
important intramolecular effects might have a strong influ-
ence on the 29Si chemical shifts. On the one hand there is an
inductive effect, which leads to deshielding of the Si nucleus
by bond polarisation and therefore to a low-field shift of the
29Si signals. In 1 this effect should be relatively strong, whilst
in 3 it should be weaker. On the other hand, a silicon–nitro-
gen interaction leads to a pentacoordinate silicon centre and
consequently to a high-field shift of the 29Si signal. These ef-
fects may cancel each other out, so that information on the
existence of a Si···N interaction cannot be concluded from
these NMR data.


Another piece of evidence that, if any, only a very weak
Si···N interaction may be present, is the observation that
upon cooling 3 to 220 K, the NMR spectra do not exhibit
large changes (Figures 1 and 2). In general, the NMR spec-


troscopic data of pure 3 differ little from those in solution.
In the 29Si NMR spectrum small shifts of 2 ppm
([D8]toluene) and 3 ppm (neat sample) of the signals to-
wards higher field is observed after cooling the sample. Ab
initio calculations and gas-phase electron diffraction (GED)
analysis indicate that many conformers are present in the
gas phase, and that cyclic conformer 3 a may have the lowest
zero-point energy. This change in the 29Si chemical shift


may, therefore, be due to increased abundance of the cyclic
conformer.


In summary, the multinuclear NMR spectroscopic data
are inconclusive but indicate that, in solution, 3 is in a state
of dynamic equilibrium between cyclic and open-chain con-
formers. This dynamic process, even at low temperatures,
appears to be too fast for observation of the single species
by NMR methods.


Crystal structure : A single crystal was grown in situ on the
diffractometer from a solid/liquid equilibrium established at
a temperature of �102 8C. Compound 3 crystallises in the
tetragonal space group I4m, with eight molecules in the unit
cell. The structure of 3 is depicted in Figure 3, and selected
structural parameters are listed in Table 2. Compound 3
crystallises as a monomeric, five-membered-ring conformer,
with no intermolecular distances shorter than the sum of the


Table 1. Selected NMR spectroscopic data of 1–3.


H3Si ACHTUNGTRENNUNG(CH2)nNMe2 Solvent d ACHTUNGTRENNUNG(29Si)
[ppm]


d ACHTUNGTRENNUNG(1H,SiH3)
[ppm]


1JSiH [Hz]


1: n= 1[12] C6D6 �66 3.63 196
2 : n =2 CDCl3 �62 3.37 195
3 : n =3 CDCl3 �60 3.44 193
3 : n =3 [D8]toluene �62 3.77 193


Figure 1. Variable-temperature 1H NMR spectra of 3 (in [D8]toluene).


Figure 2. 29Si NMR spectra of 3 at 220 and 300 K (in [D8]toluene).


Figure 3. X-ray structure of H3SiCH2CH2CH2NMe2 (3) with thermal ellip-
soids at 50 % probability.


Table 2. Selected bond lengths [�] and angles [8] of
H3SiCH2CH2CH2NMe2 (3) in the solid state as determined by X-ray dif-
fraction.


Si1···N1 2.719(2) H2AA-Si1-N1 179.6(13)
Si1�H2AA 1.47(3) H2AA-Si1-C1 103.5(13)
Si-H1AB/H1AA 1.37(2) Si1-C1-C2 118.6(2)
Si1�C1 1.875(5) C1-C2-C3 112.4(4)
C1�C2 1.507(5) C2-C3-N1 108.1(3)
C2�C3 1.518(5)
C3�N1 1.476(4)
N1�C4/C5 1.451(2)
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van der Waals radii of the respective atoms. The intramolec-
ular Si···N distance of 2.712(2) � is shorter than in the gas-
phase structure of H3SiCH2NMe2 (2.828(7) �).[12] The
H2AA-Si1-N1 angle is very close to 1808 (179.6(13)8). These
are important structural features consistent with an attrac-
tive Si···N interaction. Since the molecule lies on a crystallo-
graphic mirror plane, atoms C1 to C3 are disordered, and
the angles to hydrogen atoms H1AA and H1AB are uncer-
tain. However, the coordination geometry about the silicon
atom is between tetrahedral and trigonal bipyramidal, with
the silicon atom positioned 0.349(13) � above the plane de-
fined by H1AA, H1AB and C1.


IR spectroscopy: The solid-state, liquid and gas-phase IR
spectra of 3 each show two strong absorption bands in the
region between 1950 and 2250 cm�1 (Figure 4), which can be


attributed to Si�H stretching modes of the silane group.
Spectra were calculated for five-membered ring structure
3 a, and one peak was assigned to the Si�H stretch involving
the hydrogen atom pointing away from the nitrogen atom
(ntransACHTUNGTRENNUNG(SiH), 2008–2107 cm�1). The other band was assigned
to overlapping contributions of the symmetric and asymmet-
ric stretching modes of the remaining SiH2 moiety (ns ACHTUNGTRENNUNG(SiH2)
and nasACHTUNGTRENNUNG(SiH2), 2149–2161 cm�1). Comparison of the experi-
mental and simulated spectra reveals a considerable mis-
match of the relative intensities of the two observable
peaks, as shown in Figure 5, which is more pronounced in
the gas-phase and liquid-phase spectra than in the solid-
state spectrum. To explain this observation, a systematic
conformational analysis of 216 possible open-chain conform-
ers was performed. This resulted in finding eight different
low-energy conformers including 3 a (the five-membered-
ring conformer) and seven open-chain conformers 3 b–h that
are distinct minima on the potential-energy surface (see
Figure 6).


Spectral fitting : The relative abundance of conformer 3 a at
ambient temperature was determined from gas-phase IR
spectra by employing a least-squares fitting procedure. For
that purpose, IR spectra were simulated for open-chain con-
formers 3 b–h by using the calculated intensities for the peak
heights and a constant value for the peak widths. These si-
mulated spectra were then combined by using a Boltzmann
weighting with the Boltzmann factors based on calculated
DG298:15


0 values (MP2/TZVPP). The transmittance (t= I/I0)
values from seven separate IR spectra were transformed
into absorbance values (A=�lg t), prior to the fitting proce-
dure. The ratio of conformer 3 a to those of the open-chain
conformers was then determined by a least-squares fit of the
two simulated IR spectra to each of the gas phase IR spec-
tra in the region from 2050 to 2250 cm�1. The gas-phase


Figure 4. Detail of the solid-state, liquid and gas-phase IR spectra of 3,
showing the Si�H stretching region. The numbers refer to the maxima of
the neighbouring peaks.


Figure 5. Gas-phase IR spectrum of 3 and simulated (see text) IR spectra
for 3a showing the Si�H stretching region. The calculated frequencies
were scaled (HF 0.933, MP2 0.948, DFT 0.972) to match the experimen-
tally observed peak at 2107 cm�1. Lorentzian functions with a fixed half-
width were used for simulation of peak shapes. Note the mismatch in rel-
ative intensities of the calculated bands with respect to the experimental-
ly observed bands, and the variation in wavenumber differences with re-
spect to the employed method.


Figure 6. Conformers of 3 showing the molar fraction of each as deter-
mined by GED (upper value, where the number in parentheses is 2s)
and calculated at the MP2/TZVPP level of theory.
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abundance of 3 a at ambient temperature determined in this
way is 23.7(6) %, whereby the variation from one spectrum
to another is less than one standard deviation. Figure 7
shows the individual simulated spectra, the resulting fitted


simulated spectrum and the experimental spectrum. Figure 8
compares the gas-phase IR spectrum with the simulated IR
spectra over a broader range of frequencies (500–
3100 cm�1), also obtained by using the fitted ratio of 3 a. In-
terestingly, Gaussian functions gave a closer fit of the peak
shapes to the experimental spectra than Lorentzian func-
tions (see Supporting Information for a detailed description
of the fitting procedure).


Phase dependence of IR spectra : The spectra show different
relative intensities of the two Si�H stretching bands that re-
flect different abundances of conformers in the various
phases and at various temperatures. From the crystal struc-
ture determination, only cyclic conformer 3 a is present in
the crystal. The wavenumber difference Dñ ACHTUNGTRENNUNG(SiH) between
the ntransACHTUNGTRENNUNG(SiH) vibrational mode and the nasACHTUNGTRENNUNG(SiH2) and ns-ACHTUNGTRENNUNG(SiH2) vibrational modes is 54 cm�1 in the gas phase,
64 cm�1 in the liquid phase and 100 cm�1 in the solid state
(see Figure 4). This variance indicates the flexibility (weak-
ness) of the Si···N interaction in this compound. In summary,
the Si···N interaction appears to be considerably affected by
the state of aggregation, although effects of thermal motion
may also play a role.


Dependence of calculated IR spectra on level of theory :
The calculated values of Dñ ACHTUNGTRENNUNG(SiH) also vary with the em-
ployed level of theory. As shown in Figure 5, Dñ ACHTUNGTRENNUNG(SiH) in-
creases with an increasing contribution of dynamical correla-
tion inherent in the level of theory (as in the sequence HF,
DFT, MP2). Parallel to the increase in Dñ ACHTUNGTRENNUNG(SiH) the calculat-
ed Si···N distance decreases (Figure 9). Because Hartree–
Fock calculations do not account for dispersion forces, it
may be concluded that far-reaching, weak interactions like
van der Waals forces are crucial for the occurrence of Si···N
interactions in 3.


Theoretical structures and relative energies : To investigate
the gas-phase composition of 3 in terms of conformations
and respective molecular structures, the IR and GED inves-
tigations were complemented with first-principles calcula-
tions. The following questions were addressed:


Figure 7. Gas-phase IR spectrum of 3 and functions used in the fitting
procedure for determination of the relative fraction of 3a (the five-mem-
bered-ring conformer) in 3. The IR intensity data and the scaled relative
wavenumbers in the region of 2200 to 2140 are taken from ab initio cal-
culations (MP2).


Figure 8. Gas-phase IR spectrum of 3 versus a linear combination of si-
mulated IR spectra of conformers 3a–h, also obtained by using the fitted
ratio of conformer 3 a. The asterisk denotes a band originating from CO2.


Figure 9. Wavenumber difference between the ntrans ACHTUNGTRENNUNG(SiH) vibrational
mode and the nas ACHTUNGTRENNUNG(SiH2), nsACHTUNGTRENNUNG(SiH2) modes plotted against the equilibrium
distance between silicon an nitrogen in 3 a, calculated at different levels
of theory. For comparison, the experimental rh1 value from this work is
also depicted. Both the Si···N distance and the value of Dñ ACHTUNGTRENNUNG(SiH) can be
viewed as indicators for the strength of the Si···N interaction. (For a de-
tailed description of the levels of theory employed, see Computational
Details.)
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1) Which conformers are of major importance for the gas-
phase composition?


2) What is their respective ratio in the equilibrium under
the experimental conditions?


3) Which kind of structural restraints can be used for the
GED analysis and how do the predicted geometries com-
pare to those from the GED refinement?


4) Is there an intramolecular Si···N interaction, and if so
which type of interaction is it?


Theoretical conformational analysis : Both NMR and IR
spectroscopy confirm that more than one conformer is of
importance for a proper description of 3 a in the gas phase
and in solution. To account for all important conformers, all
216 possible molecular geometries arising from all combina-
tions of the three dihedral angles qi (i=1, 2, 3; see
Scheme 2) with qi2 {0, 60, 120, 180, 240, 300} were generat-


ed automatically. In a first step all chiral pairs were identi-
fied and all structures containing atom pairs lying closer
than 0.5 � to each other were rejected. This resulted in 80
molecular geometries including four Cs-symmetric conform-
ers and 76 with a chiral counterpart. To restrict this number
further, conformations with non-eclipsed configurations
were chosen; this yielded eight chiral pairs and one Cs-sym-
metric conformer. However, out of interest, the three Cs-
symmetric conformers which were rejected in the previous
step were also chosen for further investigation. These 12
(neglecting chirality) different conformers were first opti-
mised with respect to their geometries by using an efficient
DFT method [RI-DFT ACHTUNGTRENNUNG(BP86)/SV(P)], and second by using
an accurate MP2 method (RI-MP2(fc)/TZVPP). At the
MP2 level of theory the three Cs-symmetric confers (those
having an eclipsed conformation) and one asymmetric con-
former did not correspond to minima on the potential-
energy hypersurface, so seven asymmetric (3 a–g) and one


Cs-symmetric (3 h) conformers remained for further investi-
gation (Figure 6).


Theoretical estimation of conformer ratios : Total energy dif-
ferences from geometry optimisations yield DE, and rota-
tional and vibrational contributions from the vibrational fre-
quency analysis DG298:15


0 , values. Using these calculated ener-
gies and applying a Boltzmann distribution to the abundan-
ces of the conformers allows the respective ratios in thermo-
dynamic equilibrium to be estimated (Table 3).


Calculated structure of conformer 3 a : The calculated equi-
librium structure of 3 a showed the largest variations of all
conformers under consideration between the different levels
of theory. Table 4 lists some selected structural parameters
for this conformer (numbering scheme according to the crys-
tal structure in Figure 5). The largest deviations are found in
the parameters that are influenced strongly by an intramo-
lecular Si···N interaction. The shortest Si···N distance is pre-
dicted by the MP2 calculation; this again reflects the impor-
tance of dispersion interactions, which are known to be
overestimated by MP2.[14]


Si···N potential-energy curve of 3 a : The ab initio Si···N de-
formation potential of 3 a (Figure 10) is very shallow. Any


Scheme 2. Definition of dihedral angles qi used for the description of the
conformers of H3SiCH2CH2CH2NMe2. q3 is the C-C-N-C(4) dihedral
angle.


Table 3. Equilibrium energy differences DE [kJ mol�1], calculated at various levels of theory for each conformer of 3, and free energy differences
DG298:15


0 [kJ mol�1], calculated at the MP2 level of theory by invoking the rigid-rotor and harmonic-oscillator approximations. Uncertainties in the GED
values correspond to 2s.


HF DFT MP2 HF DFT MP2 HF DFT MP2 GED IR
DE DE DE DG298:15


0 DG298:15
0 DG298:15


0 ratio ratio ratio ratio ratio


3a ACHTUNGTRENNUNG(0.0) ACHTUNGTRENNUNG(0.0) ACHTUNGTRENNUNG(0.0) ACHTUNGTRENNUNG(0.0) ACHTUNGTRENNUNG(0.0) ACHTUNGTRENNUNG(0.0) 11.9 16.3 43.8 24(6) 23.7(6)
3b �0.9 4.4 7.6 �3.1 0.6 3.9 18.5 14.4 15.3 37(6) –
3c 0.9 1.8 8.0 �0.4 -2.4 2.6 12.8 23.6 23.0 28(5) –
3d �3.4 2.8 11.0 �6.2 �7.3 4.8 22.0 30.1 11.0 11(5) –
3e 2.5 7.0 14.8 �0.5 4.1 7.8 13.2 5.2 3.6 – –
3 f 1.9 6.4 13.6 1.1 3.6 9.0 9.2 6.1 2.3 – –
3g 6.9 11.9 20.1 3.9 9.1 13.8 4.1 0.8 0.3 – –
3h[a] 0.8 7.2 16.1 �2.1 4.1 9.9 8.4 2.6 0.8 – –


[a] Cs-symmetric.


Table 4. Selected structural parameters of five-membered-ring conformer
3a (bond lengths [�] and angles [8]). The atoms are numbered according
to Figure 3.


HF DFT MP2


Si···N 3.149 2.858 2.728
Si�C1 1.895 1.894 1.898
Si�H1 1.488 1.502 1.494
C3�N 1.452 1.452 1.459
C4�N 1.445 1.444 1.453
C4A�N 1.446 1.445 1.454
C1�C2 1.534 1.525 1.528
C2�C3 1.524 1.518 1.520
H1-Si-C1 106.8 105.3 104.2
H1-Si-N 175.6 177.9 178.4
C1-C2-C3 114.4 112.6 110.9
C2-C3-N 113.3 111.6 110.2
C1-C2-C3-N 67.1 61.8 60.7
Si-C1-C2-C3 �61.4 �54.6 �52.9
C4-N-C3-C2 78.9 78.7 79.6
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weak forces can therefore influence the molecular structure
considerably, and the differences between the HF and MP2
geometries can be interpreted as an effect emerging from
the neglect and overestimation of dispersion-type interac-
tions in HF and MP2 theory,[14] respectively (as discussed
above for the IR spectra). This view is confirmed by the re-
sults of coupled-clusters calculations (CCSD[T],
MOLPRO[15]). Expectedly, the overestimation of correlation
contributions (and hereby of the attractive part of the inter-
electronic correlation, i.e. , the dispersion contribution) by
the MP2 calculation is (over)compensated by inclusion of
triple excitations in the cluster expansion, which leads to a
minimum-energy Si···N distance of about 2.9 �, which lies
between the corresponding HF and MP2 values. However,
the small 2-norm of the t1 vector of the coupled-cluster cal-
culation (0.005) clearly shows that the large deviation be-
tween HF and MP2 equilibrium geometries is not a conse-
quence of an inappropriate single-reference ansatz, but
rather a rapid convergence of geometry and potential ener-
gies within the series HF, MP2, CCSD[T] can be expected.
Already, the relative stability of 3 a at the HF level of
theory (see Table 3) demonstrates that electrostatic interac-
tions are important. Due to the large Si···N distance of 2.73–
3.14 � any significant p!s* interaction between the nitro-
gen lone pair and the antibonding Si�H orbital is unlikely.
In summary, the Si···N interaction in 3 a can be regarded as
a synergism of conformational flexibility with electrostatic
and dispersion (van der Waals) interactions.


Gas-phase electron diffraction (GED): Electron diffraction
data were acquired for 3 and interpreted in terms of four
conformers, 3 a–d (Figure 6), which were each calculated at
the MP2/TZVPP level to have greater than 5 % abundance


at 298 K. The geometries of all four conformers were de-
scribed in terms of 55 independent parameters, all of which
were refined by the SARACEN method,[16] with incorpora-
tion of flexible restraints derived from fully optimised geo-
metries at the MP2/TZVPP level of theory.


The final experimental and difference molecular-intensity
curves are shown in Figure 11, whilst those for the radial-
distribution function are shown in Figure 12. The conformer
ratios were determined by an iterative process, whereby the
R factor was determined as a function of the ratio of a given
conformer, with this ratio fixed to the minimum in the cor-
responding curve, repeating for each degree of freedom
until self-consistent. This yielded the set of curves shown in
Figure 13.


The molar fraction of 3 a was determined to be signifi-
cantly lower than that predicted theoretically (24(6) vs
44 %), but is in good agreement with the value of 23.7(6) %
estimated by fitting IR intensities for the Si�H stretches.


Figure 10. Relative ab initio potential-energy curve for the Si···N distance
in 3 a. The experimentally determined equilibrium distance of 2.91(4) �
lies approximately between the HF and MP2 values. The large uncertain-
ty in the GED value can be explained by the shallowness of the curve,
which reflects the conformational flexibility of 3. Due to this shallowness
the Si···N distance is particularly sensitive to small energetic effects such
as inter-electronic correlation.


Figure 11. Experimental and difference (experimental minus theoretical)
molecular-intensity curves for 3.


Figure 12. Experimental and difference (experimental minus theoretical)
weighted radial-distribution function for 3. Molecular scattering intensi-
ties were multiplied by s·exp[(�0.00003 s2)/ ACHTUNGTRENNUNG(ZSi�fSi) ACHTUNGTRENNUNG(ZC�fC)] prior to
Fourier inversion.
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The molar ratio of 3 b was correspondingly much greater
than predicted (37(6) vs 15 %), whilst the molar fractions of
two remaining conformers did not differ significantly. The
GED values of selected internuclear distances in 3 a and 3 b
are shown alongside the corresponding theoretical values in
Figure 14. In general, the GED structure parameters are
close to those obtained at the MP2/TZVPP level of theory,
the only significant difference being the Si···N distance of
2.91(4) �, which compares to 2.73 � by MP2 theory, a value
which was clearly confirmed by CCSD[T] calculations (see
section Si···N Potential-Energy Curve of 3 a). During the re-
finement it was observed that the Si···N distance is correlat-
ed to the fraction of 3 a, which was fixed to the value corre-
sponding to a minimum in RG.


Topology of the electron density : We recently showed for
(F3C)F2SiONMe2


[7] and F3SiONMe2
[18] that, despite the pres-


ence of relatively short Si···N distances and acute angles at
the oxygen atoms in the three-membered SiON rings, the
electron-density topology analysed in terms of the quantum
theory of atoms in molecules (QTAIM)[19] describes these as
open-chain systems. This means that no bond paths (bp) or
bond critical points (bcp) between silicon and nitrogen
atoms can be found in the electron-density maps, although
the electron-density distribution and its features are similar
to those of related non-cyclic silane–amine adducts along
the Si�N vectors. It is thus of interest whether the long
Si···N interaction in the five-membered ring system of con-
former 3 a would show the electron density topology of a
normal silane–amine adduct. For this purpose the electron
density was calculated from the wave function obtained at
the MP2/TZVPP level of theory and analysed in terms of
the QTAIM approach. Selected results are listed in Table 5
and the electron density and Laplacian maps are displayed
in Figures 15 and 16.


The bond paths derived from the charge density recover
the molecular graph drawn from classical chemical consider-
ations, including the Si···N bonding interaction. Note that


Figure 13. RG factor as a function of the molar fraction of 3a (solid), 3b
(dashed) and 3 c (dot-dashed). The dotted line is the 95% confidence
limit (2 s), given by an R-factor ratio of 1.03, as determined from Hamil-
ton�s tables.[15]


Figure 14. Molecular geometries of 3a and 3b showing selected GED
(upper values, where the values in parentheses are s) and MP2/TZVPP
distances.


Table 5. Parameters of the electron-density topology for selected bonds
in 3 a in the calculated ground state, obtained at the MP2/TZVPP level
of theory: Distances of the bond critical points (bcp) to the nuclear posi-
tions along the bond paths [�], electron densities 1ACHTUNGTRENNUNG(rBCP) [e ��3], Lapla-
cians 521 ACHTUNGTRENNUNG(rBCP) [e ��5] and ellipticities e at the bcp.


A�B d ACHTUNGTRENNUNG(A–bcp) d ACHTUNGTRENNUNG(B–bcp) 1 ACHTUNGTRENNUNG(rbcp) 521 ACHTUNGTRENNUNG(rbcp) e


Si···N 1.253 1.485 0.15 0.96 0.55
Si�Hanti 0.717 0.768 0.78 6.08 0.05
Si�Hgauche 0.713 0.758 0.80 6.43 0.01
Si�Hgauche 0.714 0.758 0.80 6.27 0.02
Si�C 0.722 1.177 0.78 5.67 0.04
N�CMe 0.865 0.588 1.84 �17.7 0.04
N�CMe 0.857 0.597 1.80 �16.1 0.08
N�Cring 0.870 0.589 1.83 �17.3 0.04
CN�C 0.770 0.749 1.72 �16.0 0.03
CSi�C 0.760 0.768 1.65 �14.4 0.01


Figure 15. Calculated electron-density map for 3a obtained at the MP2/
TZVPP level of theory, showing bond-critical points as solid dots (lines
printed at values of 0.002 � 10n, 0.004 � 10n and 0.008 � 10n e��1, with n=


0, 1, 2, 3…).


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 11027 – 1103811034


N. W. Mitzel et al.



www.chemeurj.org





the Si···N distance in the equilibrium geometry of the under-
lying calculations is shorter than experimentally determined
by GED.


Most of the bonds show the typical values of the descrip-
tors used to characterise their nature in bonding. The C�C
and N�C bonds have all high electron densities and negative
Laplacian values at their bcps, indicative of their covalent
nature. In contrast the Si�H bonds and even the Si�C bond
have values of less than half the density of the former and
positive Laplacians. This is normally seen as an indication
for closed-shell or ionic interactions.


In this respect the electron-density topology is similar to
that of other hypervalent silicon compounds such as the hex-
acoordinate difluorobis[N-(dimethylamino)phenylacetimi-
dato-N,O]silicon with an SiO2F2 core plus two nitrogen
donor substituents, recently investigated by Stalke et al.[20]


This compound has much shorter and stronger Si···N inter-
actions than 3 a, and consequently we find a much smaller
electron density at the bcp of the Si···N bonding interaction
for 3 a of 0.15 e ��3 compared with difluorobis[N-(dimethyl-
amino)phenylacetimidato-N,O]silicon (0.50 e ��3). The de-
scription of the Si···N interaction in 3 a as a closed-shell in-
teraction follows from the positive Laplacian value, but its
magnitude is much less than those of the other bonds about
the silicon atom and also less than in the compound investi-
gated by Stalke et al. The relatively high ellipticity of 0.55 at
the bcp is noteworthy, but care is suggested in not over-in-
terpreting this value due to the low electron density at this
bcp.


The Laplacian plot of 3 a (Figure 16) shows the local
charge concentration at the nitrogen atom, which corre-
sponds to the lone pair of electrons. It points towards the sil-
icon atom, which is charge-depleted. Despite the very low
electron density along the bond path in 3 a, it seems to be
this alignment of charge accumulation and depletion in con-
junction and the absence of another large electron density
basin in close proximity which makes the Si···N bond path
determinable in this case. In (F3C)F2SiONMe2 the contribu-


tion of the oxygen electron density overlays the closed-shell
Si···N interaction, and therefore a Si···N bond path cannot
be found, although the electron density in this compound is
more than three times higher at the minimum point on the
Si�N vector.


Conclusions


The nature of the intramolecular Si··N interaction in N,N-di-
methylaminopropyl silane (3) has been investigated by a
number of experimental and theoretical techniques. The
solid state consists of a single molecular conformation, ar-
ranged as a five-membered ring, which is a prerequisite for
such an interaction. The Si···N distance of 2.719(2) � and
partial distortion of the coordination sphere around Si from
a tetrahedral towards a trigonal-bipyramidal arrangement
are indicative of a weak interaction. The 1H and 29Si NMR
spectra of 3 exhibit similar chemical shifts and coupling con-
stants for the SiH3 group to those for the related compounds
H3SiCH2NMe2 (1) and H3SiACHTUNGTRENNUNG(CH2)2NMe2 (2), for which the
Si···N interaction ought to be very weak or absent. Variable-
temperature 1H and 29Si NMR spectra exhibit some changes
in the chemical shifts, but no significant change in the 1H
coupling constants, and hence a strong interaction in solu-
tion is ruled out.


Infrared spectra also provide information regarding this
interaction by way of the Si�H stretching frequencies and
intensities in the region 2000–2200 cm�1. In cyclic conformer
3 a, approach of the nitrogen atom towards silicon weakens
the Si�H bond trans to the nitrogen atom and results in
splitting of the absorption band. This effect is most pro-
nounced in the solid phase, but is also clearly observable in
the liquid- and gas-phase spectra. The calculated relative in-
tensities for cyclic conformer 3 a and seven open-chain con-
formers 3 b–h could be used to determine the abundance of
3 a in the gas phase to be 23.7(6) % by fitting the measured
IR absorptions. This value was confirmed independently by
GED (24(6) %), whilst the abundances predicted by theory
vary from 12 to 44 % at the HF and MP2 levels, respectively.
As 3 a is not the dominant conformer in the gas phase, the
Si···N interaction must be relatively weak. However, given
the large number of possible conformations, the presence of
this conformer in significant proportions is indicative of a
stabilising intramolecular interaction.


The Si···N distance obtained by GED of 2.91(4) � lies be-
tween the values predicted by HF and MP2 theory of 3.14
and 2.73 �, and is very close to an interpolated CCSD[T]
value (see Figure 10). As was observed in similar cases, it is
significantly longer than in the solid state.[11] The large dis-
crepancy between the geometries calculated at HF and MP2
levels in this case is a consequence of the shallow deforma-
tion potential in 3 a, which causes high sensitivity of the
Si···N distance to small effects like electronic correlation
contributions treated differently at varying levels of theory.
So the Si···N interaction is not purely electrostatic in charac-
ter, but must also have contributions from dispersion inter-


Figure 16. Calculated map of the Laplacian of the electron density for 3a
obtained at the MP2/TZVPP level (lines printed at values of �0.002 �
10n, �0.004 � 10n and �0.008 � 10n e��1, with n =0, 1, 2, 3, …). Positive
values are printed as blue and negative values as black lines.)
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actions, which are unaccounted for in HF, overestimated by
MP2[14] and more accurately described in CCSD[T].


Despite 3 a having a long and weak Si···N interaction, ac-
cording to the quantum theory of atoms in molecules a
bond path and bond critical point are found between silicon
and nitrogen. This is in contrast to (F3C)F2SiONMe2 and
F3SiONMe2, which have three-membered rings and a much
stronger Si···N interaction, but no detectable bond path and
bond critical point.


This work has demonstrated that only the combination of
many experimental and theoretical methods allows detailed
insight into the complicated conformational behaviour of
such a simple compound as H3Si ACHTUNGTRENNUNG(CH2)3NMe2 and a consis-
tent description of a system determined by a weak intramo-
lecular dative bond.


Experimental Section


General : All reactions were carried out under a dry and oxygen-free
argon or nitrogen atmosphere by using standard Schlenk techniques. Sol-
vents were purified by using standard methods and were distilled under
inert-gas atmosphere prior to use. All compounds other than those men-
tioned below were commercially available. NMR measurements were
carried out a Bruker Avance 400 and a Bruker Avance 200 spectrometer.
Chemical shifts are reported in parts per million (ppm) with reference to
the residual solvent signals for 1H and 13C NMR spectroscopy, to tetrame-
thylsilane for 29Si NMR spectroscopy and to trichlorofluoromethane for
19F NMR spectroscopy. IR spectra were recorded on a Midac Prospect
IR spectrometer. Liquid compounds were analysed as a film between
two KBr plates.


General preparation procedure for aminoalkyl silanes : Lithium alumini-
um hydride was suspended in diethyl ether. At 0 8C (N,N-dimethylami-
noalkyl)trimethoxysilane was slowly added with stirring of the reaction
mixture. The suspension was stirred overnight and allowed to warm to
room temperature. The volatile compounds were separated from the
solid by-products by condensation. The aminoalkyl silanes can be isolated
by distillation and purified by fractional distillation.


(N,N-Dimethylaminoethyl)silane (2): The starting material (N,N-dime-
thylaminoethyl)trimethoxysilane was prepared by a literature proce-
dure.[21] For the preparation of 2 the general procedure mentioned above
was applied using lithium aluminium hydride (0.91 g, 24 mmol), diethyl
ether (40 mL) and (N,N-dimethylaminoethyl)trimethoxysilane (3.86 g,
20 mmol). The product (1.70 g, 16.5 mmol, 83%) was isolated as a clear
liquid upon distillation at 47 8C and 500 mbar. 1H NMR (400 MHz,
CDCl3, 25 8C) d=0.85 (m, 2H; SiCH2), 2.08 (s, 6H; NCH3), 2.26 (t,
3J ACHTUNGTRENNUNG(H,H) =7.9 Hz, 2 H; CH2N), 3.37 (t, 3J ACHTUNGTRENNUNG(H,H) =3.8 Hz; SiH3); 13C NMR
(100 MHz, CDCl3, 25 8C) d =5.1 (t, 1J ACHTUNGTRENNUNG(C,H)=122 Hz; SiC), 44.6 (q,
1J ACHTUNGTRENNUNG(C,H)=133 Hz; NCH3), 56.4 (t, 1J ACHTUNGTRENNUNG(C,H)= 133 Hz; NCH2); 29Si NMR
(79 MHz, CDCl3, 25 8C) d=�62 (q, 1J ACHTUNGTRENNUNG(Si,H) =195, 3J ACHTUNGTRENNUNG(H,H) =3.8 Hz; Si);
IR (gas phase): ñ =619 (w), 703 (w), 760 (w), 860 (w), 937 (vs, SiH3),
1052 (m), 1143 (s, NMe2), 1362, 2151 (s, SiH), 2783 (m, CH), 2870 (m,
CH), 2981 cm�1 (m, CH); MS (70 eV): m/z (%): 103 (8) [M+], 72 (8)
[M+�SiH3], 59 (26) [M+�NMe2], 58 (100) [CH2NMe2


+], 44 (12) [NMe2
+],


31 (60) [SiH3].


(N,N-Dimethylaminopropyl)silane (3): The general procedure mentioned
above was applied using lithium aluminium hydride (0.91 g, 24 mmol), di-
ethyl ether (40 mL) and (N,N-dimethylaminopropyl)trimethoxysilane
(4.15 g, 20 mmol). The product was purified by fractional condensation
on a vacuum line. The pure product was isolated at �40 8C, while in the
cold trap held at �78 8C a mixture of product and diethyl ether was iso-
lated, which could by purified by repeated condensation (1.68 g,
14.4 mmol, 72%). M.p. �102 8C; 1H NMR (400 MHz, CDCl3, 25 8C) d=


0.69 (m, 2 H; SiCH2), 1.15 (m, 2 H; CCH2C) 2.12 (s, 6 H; NCH3), 2.20 (t,


3J ACHTUNGTRENNUNG(H,H) =7.2 Hz, 2 H; NCH2), 3.44 (t, 3J ACHTUNGTRENNUNG(H,H) =3.9 Hz; SiH3); 13C NMR
(100 MHz, CDCl3, 25 8C) d =3.9 (t, 1J ACHTUNGTRENNUNG(C,H)=121 Hz; SiC), 24.1 (t,
1J ACHTUNGTRENNUNG(C,H)=127 Hz; CCH2C), 45.2 (q, 1J ACHTUNGTRENNUNG(C,H) =133 Hz; NCH3),61.7 (t,
1J ACHTUNGTRENNUNG(C,H)=131 Hz; NCH2); 29Si NMR (79 MHz, CDCl3, 25 8C) d =�60 (q,
1J ACHTUNGTRENNUNG(Si,H) =193 Hz; Si); IR (gas phase): ñ =604 (w), 687 (w), 802 (w), 938
(vs, SiH3), 1043 (w), 1144 (w), 1267 (w), 1466 (m), 2107 (s, SiH), 2160 (vs,
SiH), 2780 (m, CH), 2824 (m, CH), 2945 cm�1 (m, CH); MS (70 eV): m/z
(%): 117 (7) [M+], 86 (7) [M+�SiH3], 59 (25) [M+�CH2NMe2], 58 (100)
[CH2NMe2


+], 44 (10) [NMe2
+], 43 (14) [C3H7


+], 31 (67) [SiH3].


Crystal-structure determination : A single crystal of
H3SiCH2CH2CH2NMe2 was grown by slowly cooling the melt after estab-
lishing a solid–liquid equilibrium of the sample in a sealed glass capillary.
All but one of the crystals (an optically selected, very small seed crystal)
were then melted by locally warming the sample. Data were collected on
a Nonius Kappa CCD diffractometer. Graphite-monochromated MoKa


radiation was used (l=0.71073 �). Crystal data: space group I4m, a=


14.992(1), c=8.976(1) �, V=2017.3(2) �3,, T=108(2) K, 20909 scattering
intensities measured, 1548 of which were unique (Rint =0.0546). The
structure was solved by direct methods and refined with the full-matrix
least-squares procedure (SHELXTL)[22] against F2. The hydrogen atoms
at Si1 were refined isotropically, and the other hydrogen atoms at calcu-
lated positions by using a riding model. The unit cell contains two voids,
each with a volume of 219 �3, with indefinable electron density, which
was removed by using the SQUEEZE program.[23] To exclude the pres-
ence of impurities like disordered solvent molecules in these voids, the
crystallisation experiments were repeated four times with independent
samples. The sealed capillaries were checked before and after the diffrac-
tion experiments by NMR spectroscopy for purity and no change was ob-
served. CCDC 689072 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Computational details : All calculations (but DF-LCCSD[TF]/TZVPP
single points of 3 a) were performed with the TURBOMOLE program
package (version 5.7),[24] and geometries were optimised by using redun-
dant internal coordinates[25] and employing either the TURBOMOLE
dscf routine[26] (RHF level of theory), the RI-MP2[27–30] level of theory
(using the TURBOMOLE RI-CC2 routine[28–30] and frozen core orbitals)
or density functional theory[31, 32] using the BP86 local density function-
al,[33–38] the RI-method[39] in connection with the m3 quadrature[34, 38] (de-
noted in the article as RI-DFT) or the PBE0 gradient density function-
al[43–45] in connection with the m4 quadrature[37, 42] (denoted in the article
as DFT). For partially optimised (MP2) geometries of 3a (at Si···N dis-
tances of 2.728 (MP2 equilibrium geometry), 2.8, 2.9 and 3.0 �, single-
point energies at the DF-LCCSD[T]/TZVPP (fully iterative triples treat-
ment) were calculated with MOLPRO (2006.1).[15]


Basis sets of either SV(P)[38] or TZVPP quality[48] in connection with the
corresponding auxiliary basis sets for RI-DFT[36, 37] and for RI-MP2[29, 47]


were used for all elements. All converged structures were verified as
minima by frequency analyses. For the RI-DFT level of theory this was
done by using the aoforce routine, while for all other levels of theory, the
NumForce routine was used.[48]The following abbreviations for the level
of theory are used in this work: RI-DFT =RI-DFT/SV(P) for RI-DFT-ACHTUNGTRENNUNG(BP86)/SV(P)/grid m3; DFT= DFT/TZVPP for DFT ACHTUNGTRENNUNG(PBE0)/TZVPP/
grid m4; HF= HF/TZVPP, MP2=MP2/TZVPP =RI-MP2(fc)/TZVPP;
CCSD[T] =RI-MP2(fc)/TZVPP//DF-LCCSD[T]/TZVPP.


GED experimental and computational details : Electron scattering inten-
sities for 3 were recorded at room temperature on reusable Fuji imaging
plates by using a Balzers KD-G 2[49] Gas-Eldigraph at the University of
Bielefeld (formerly operated in T�bingen by H. Oberhammer[50]),
equipped with a new electron source (STAIB Instruments), operating at
about 50 kV and with a beam current of about 200 nA. During data ac-
quisition the background pressure rose from 1.3� 10�6 to 2.5� 10�5 mbar,
and the optimal exposure time was 45–60 s. Exposed imaging plates were
scanned with a commercially available Fuji FLA 3000 scanner to yield
digital 16-bit grey-scale image data. The image data were reduced to
total intensities by using T. G. Strand�s program PIMAG[51] (version
040827) in connection with a sector curve, which is based on experimen-
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tal xenon diffraction data and tabulated scattering factors of xenon. Fur-
ther data reduction (yielding molecular-intensity curves), the molecular
structure refinement, and the electron wavelength determination (from
benzene data) were performed with version 2.4 of the ed@ed program.[52]


The scattering factors employed were those of Ross et al.[53] Further de-
tails about the Bielefeld GED apparatus and methods will be published
elsewhere.[54] Table S1 (Supporting Information) gives the data analysis
parameters for each data set: R factors (RD and RG), scale factors, corre-
lation parameter values, data ranges, weighting points, nozzle-to-plate
distances and electron wavelengths. Amplitudes of vibration u and dis-
tance corrections for curvilinear perpendicular motion kh1 were calculat-
ed by using the program SHRINK,[55] making use of frequency calcula-
tions at the MP2/6-31G** level of theory,[56, 57] performed with the Gaussi-
an 03 software package.[58]


GED model : All bonded distances were used in the models, with a sepa-
rate average distance for each atom-pair type. Where the differences be-
tween bonded distances of the same type were calculated to be greater
than 0.002 �, these differences were also included as parameters. The
only exceptions were the C�H distances, which, given the low scattering
cross-section for hydrogen, were assumed to be identical. Local symmetry
was assumed for all hydrogen atom positions, although that of the SiH3


group in 3 a was lowered to Cs, whereas C3v symmetry was applied to the
other conformers. The main difference in the models of the different con-
formers was in the description of the Si-C-C-C-N chain. For 3a this was
described in terms of a five-membered ring, so that the Si···N distance
could be refined directly. In the other three conformers the heavy-atom
chain was described in z-matrix form. The geometry around the nitrogen
atom was calculated to be similar for all four conformers, and thus a
single average C-N-C angle was assumed, although within each confor-
mer one of these angles was allowed to differ from the others. A full list
of independent parameters and detailed descriptions can be found in
Table S2 in the Supporting Information.


GED refinement : The geometries and relative abundances of the four
conformers calculated at the MP2/TZVPP level served as a starting point
for the GED refinement. Prior to refining any of the geometric parame-
ters, the fraction of each conformer was varied then fixed at the value
corresponding to a minimum in the R factor (RG). This was done in the
order 3 a, 3 b then 3c (the fraction of 3d was dependent on the others)
until self-consistency was achieved. The molecular geometries were then
refined by the SARACEN method[14] with restraints calculated at the
MP2/TZVPP level of theory. The only parameters refined completely un-
restrained were the average C�H and Si�C bond lengths and Si···N dis-
tance in 3a. The average C�C, C�N and Si�H distances were refined
with restraints on the differences [C�C minus C�N] and [C�N minus
Si�H]. The remaining parameters describing the geometry of the five-
membered ring in 3 a were mostly refined without restraints being ap-
plied directly, as were the average Si-C-C angle, and the combined aver-
age of the C-C-C and C-C-N angles in 3 b–d. However, the difference be-
tween the Si-C-C angles in 3 a and b were restrained, as were those for
the C-C-C and C-C-N angles. Little information was contained in the
GED data for the remaining parameters. This is evident from Table S1
(Supporting Information), in which the values of these parameters are
close to those of the restraints and e.s.d. similar to the uncertainties are
placed on the restraints. Fifteen amplitudes of vibration were refined,
with restraint uncertainties of 5 % of the calculated values and with those
corresponding to distances under a single peak in the radial-distribution
curve tied together. Following preliminary refinement of the geometry
and amplitudes of vibration, further scans of the R factor as functions of
the conformer ratios were performed. These conformer ratios were then
fixed to those corresponding to the minima in Figure 13, and at this point
the final set of refined parameter values was obtained.
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Noncovalent Interactions between ([18]Crown-6)-Tetracarboxylic Acid and
Amino Acids: Electrospray-Ionization Mass Spectrometry Investigation of
the Chiral-Recognition Processes


Pascal Gerbaux,*[a] Julien De Winter,[a] David Cornil,[b] Katia Ravicini,[a]


Ga�lle Pesesse,[a] J�r�me Cornil,[b] and Robert Flammang[a]


Introduction


Chiral recognition is nowadays an active area of research in
mass spectrometry (MS).[1] Actually, it has long been consid-
ered that, because mass spectrometry is intrinsically a non-
chiral methodology, it is insensitive to chiral differences.


Indeed, chiral discrimination is a challenging endeavor in
mass spectrometry investigations because enantiomeric iso-
mers present, by definition, identical mass to charge ratios
(m/z) and similar dissociation pathways. Consequently, they
are indistinguishable by either MS or MSMS experiments.
The formation of diastereoisomeric noncovalent complexes
in the gas phase is currently an elegant methodology to
access the configuration of chiral molecules by taking ad-
vantage of the potential differences in the relative stability
of the generated stereoisomeric complexes.[2] In this context,
the study of chiral recognition by MS requires the use of an
optically pure host molecule to play the role of chiral selec-
tor. When both enantiomeric compounds under investiga-
tion are threaded in the host molecule, two diastereoisomer-
ic complexes will be produced.


Chiral crown ethers as chiral macrocyclic receptors have
been extensively reported to be very efficient for the enan-


Abstract: Chiral recognition of enan-
tiomers by host compounds is one of
the most challenging topics in modern
host–guest chemistry. Amongst the
well-established methods, mass spec-
trometry (MS) is increasingly used
nowadays, due to its low detection
limit, short analysis time, and suitabili-
ty for analyzing mixtures and for study-
ing chiral effects in the gas phase. The
development of electrospray-ionization
(ESI) techniques provides an invalua-
ble tool to study, in the gas phase, dia-
stereoisomeric complex ions prepared
from enantiomer ions and a chiral se-
lector. This paper reports on an ESIMS
and ESIMSMS study of the molecular
mechanisms that intervene in the
chiral-recognition phenomena observed


between amino acids and a chiral
crown ether. The modified crown
ether, namely (+)-([18]crown-6)-
2,3,11,12-tetracarboxylic acid, is used
as the chiral selector when covalently
bound on a stationary phase in liquid
chromatography. This study was stimu-
lated by the fact that, except with
threonine and proline, consistent elu-
tion orders were observed, which indi-
cates that the d enantiomers interact
more strongly with the chiral selector
than the l enantiomers. For proline,
the lack of a primary amino group is


likely to be responsible for the nonre-
solution of the two forms, whereas the
second stereogenic center on threonine
could explain the reversed elution
order. In light of those observations,
we performed mass spectrometry ex-
periments to understand more deeply
the enantiomeric recognition phenom-
ena, both in solution by the enantio-
mer-labeled guest method and in the
gas phase by gas-phase ligand-ex-
change ion/molecule reactions. The re-
sults have been further supported by
quantum chemical calculations. One of
the most interesting features of this
work is the identification of a nonspe-
cific interaction between proline and
the crown ether upon ESIMS analysis.
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tiomeric distinction of primary amine compounds, such as
amino acids in solution, for instance, by NMR spectroscopy
or UV/Vis measurements.[3] The fundamental binding inter-
action between an amino acid and a crown ether in either
acidic or neutral solutions is a tripod hydrogen bonding,
which, for example, in the case of [18]crown-6 (18C6), in-
volves three oxygen atoms of the crown ether ring and three
hydrogen atoms of the ammonium group (Scheme 1, left).[4]


On the other hand, it is thought that the amino acid is com-
plexed through the carboxylate function in basic media
(Scheme 1, right).[5] In this case, ion-pair receptors exhibit-
ing cooperative and allosteric effects were proposed to ac-
count for the formation of the supramolecular structure.[5]


Chiral crown ethers are so efficient for the chiral recogni-
tion of primary amines and amino acids that they have been
extensively developed as chiral selectors in chromatographic
techniques with chiral stationary phases (CSP). Such CSPs
achieve good enantiomer separation for analytical and prep-
arative purposes.[6] For instance, (+)-([18]crown-6)-2,3,11,12-
tetracarboxylic acid ((+)-18C6TA; Scheme 2), when cova-


lently bound to aminopropyl silica gel, is employed for the
resolution of racemic a-amino acids and several drugs con-
taining primary amines (such as DOPA and baclofen) by
liquid chromatography.[7] (+)-18C6TA is typically prepared
from l-tartaric acid.[8] It was demonstrated that all 27 natu-
ral and unnatural racemic a-amino acids could be resolved
from acidic solutions on a CSP prepared from (+)-18C6TA


and that reasonable separation factors were measured,
except with proline, which lacks a primary amino group.
This study also revealed that, except for the threonine ana-
lyte, consistent elution orders of the examined amino acids
were observed; this result showed that the d enantiomers
always interact more strongly with the chiral selector than
the l enantiomers.[9] In a search for the origin of the chiral
recognition of a-amino acids in the presence of 18C6TA as
a chiral selector, the interactions responsible for the differ-
ential affinities towards enantiomers were investigated for
the specific case of phenylglycine by NMR spectroscopy and
molecular dynamics calculations.[10] It was revealed that the
polyether ring forms a bowl that is shaped by intramolecular
hydrogen bonding involving the carboxylic groups located
under the plane of the ring and situated on carbon atoms 3
and 12 of the polyether ring (Scheme 2). As a consequence,
the upper face is open to allow intermolecular hydrogen
bonding between the hydrogen atoms of the ammonium
group and three oxygen atoms of the crown ether. The key
features for enantiomeric discrimination are 1) the three +


NH···O hydrogen bonds in a tripod arrangement between
polyether oxygen atoms and the ammonium moiety of the l


or d enantiomer, 2) a hydrophobic interaction between the
polyether ring of the host molecule and the phenyl moiety
of the enantiomers, and 3) a hydrogen bond between the
carboxylic acid of the crown ether and the carbonyl oxygen
atom for the d enantiomer only.[10] This additional hydrogen
bond is considered to be crucial for effective chiral discrimi-
nation because, as a consequence, the d isomer of phenyl-
glycine would form a more favorable complex with chiral
(+)-18C6TA than the l isomer.[10] Chiral discrimination re-
quires the cooperative interaction of several weak forces,
such as dipole–dipole, hydrophobic, electrostatic, van der
Waals, and hydrogen-bonding interactions. The three-point
interaction model was developed to describe more generally
the nature of the interactions and relies on the combination
of two attractive forces and one repulsive interaction to effi-
ciently achieve enantioselectivity.[11]


Electrostatic noncovalent associations can be transferred
to the gas phase of a mass spectrometer by the intermediacy
of a soft-ionization methodology, such as electrospray ioni-
zation.[12] The first prerequisite for mass spectrometry char-
acterization of a supramolecular entity is that the structure
can be successfully charged and transferred into the gas
phase without destruction. This requirement is totally met in
the present case because the noncovalent interaction is be-
tween an ammonium group and the crown ether, at least if
the entity is sprayed from an acidic or neutral solution. The
aim of the present work is to investigate, by electrospray-
ionization mass spectrometry, the 18C6TA/amino acid
system to shed light on the different behaviors observed
with phenylglycine, threonine, and proline. Results in the lit-
erature revealed that, with (+)-18C6TA as the chiral selec-
tor, the elution orders were reversed between threonine and
phenylglycine, with d-phenylglycine interacting more strong-
ly with the 18C6TA-derived CSP than the l enantiomer. On
the other hand, a racemic mixture of proline cannot be re-


Scheme 1. Fundamental binding interactions between an amino acid and
a crown ether in different types of solution.


Scheme 2. Structure of (+ )-([18]crown-6)-2,3,11,12-tetracarboxylic acid
((+ )-18C6TA).
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solved with this kind of chiral-phase liquid chromatography
and this was explained by the fact that no primary amino
moiety is present in proline. Our experimental results are
discussed in the light of the literature results[10] and are fur-
ther supported by the results of quantum chemical calcula-
tions.


Results and Discussion


When the MS experiments on the amino acid (ester)/chiral
crown ether systems were started, the dextrogyre optical
isomer of 18C6TA used in the literature[9,10] was no longer
commercially available, unlike the levogyre enantiomer
((�)-18C6TA; Scheme 2). As a consequence, the expected
enantioselectivity for our measurements should be reversed
relative to the literature results. Table 1 summarizes the


binding constants in methanol determined by NMR spec-
troscopy for the enantiomers of phenylglycine (PG) and
phenylglycine methyl ester (PG-CH3; Scheme 3).[10]


Preliminary ESI time-of-flight (TOF) measurements : A typ-
ical spectrum from an ESI-TOF mass spectrometry analysis
of a solution containing 10�5


m amino acid and 10�5
m (�)-


18C6TA in methanol is presented in Figure 1a. This spec-
trum, obtained from an l-phenylglycine/(�)-18C6TA mix-
ture, features intense signals at m/z 152, 463, and 479, which
correspond to protonated phenylglycine and the sodium and


potassium adducts of the crown ether, respectively. More in-
terestingly, the base peak of the spectrum is observed at m/z
592 and confirms that the noncovalent complex between
protonated phenylglycine and the crown ether can be trans-
ferred from the solution in methanol to the gas phase of the
mass spectrometer by the electrospray process. The key pa-
rameter for the detection of such a signal is the cone volt-
age, which must be kept below 20 V to avoid collision-in-
duced decomposition of the fragile ions during the flight be-
tween the sample and the extractor cones. It must be em-
phasized that, under the conditions used for the ESIMS
measurements, chiral recognition cannot be achieved.
Indeed, the spectrum obtained with the d enantiomer of
phenylglycine is extremely similar to the spectrum presented
in Figure 1a, even though the complex between d-PG and
the chiral selector is, according to the literature, less
stable.[10] The important piece of information is that both
(protonated) diastereoisomeric complexes can be detected
by mass spectrometry upon electrospray ionization. The
same conclusion was obtained for the enantiomers of threo-
nine, for which the protonated diastereoisomeric complexes


Table 1. NMR-determined binding constants (KA [mol�1]) for phenylgly-
cine (PG) and phenylglycine methyl ester (PG-Me) enantiomers with
18C6TA.


(+)-18C6TA[a] (�)-18C6TA
KA(d) KA(l) a ACHTUNGTRENNUNG(d/l) KA(d) KA(l) a ACHTUNGTRENNUNG(d/l)


PG 1034 238 4.34 238 1034 0.23
PG-Me 1992 1159 1.72 1159 1992 0.58


[a] Values reported in the literature.[10]


Scheme 3. Structures of some of the a-amino acids and a-amino esters
used in this work.


Figure 1. ESI-TOF MS analysis of an equimolar solution (10�5
m in meth-


anol) of a) l-phenylglycine (aa) and b) d-proline (aa) with (�)-18C6TA
(M).
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with the chiral crown ether could also be detected in the gas
phase of the mass spectrometer.


More surprisingly, as revealed by the ESIMS spectrum
shown in Figure 1b, protonated noncovalent complexes asso-
ciating protonated proline and 18C6TA were also detected
(m/z 556) in quite good yield, whatever the configuration of
proline. Such an observation
was definitely unexpected,
given the fact that no resolution
is achieved for racemic proline
by CSP liquid chromatography
with 18C6TA as the chiral se-
lector.[9] In other words, the
lack of a primary amino group
in proline is likely to prevent
this amino acid from associating
with the crown ether, thereby
ruling out any chiral discrimina-
tion. The absence of a noncova-
lent complex between proline
and 18C6TA in solution ration-
alizes the nonresolution of a
racemic mixture on the CSP.
We tentatively suggest that the
observed complexes between
protonated proline and 18C6TA are electrostatic adducts
formed during the electrospray process and, as a conse-
quence, can be classified amongst the nonspecific noncova-
lent complexes.[13]


Probing chiral recognition in solution: Enantiomer-labeled
(EL) guest method : Sawada et al. described an elegant
method for the determination of the chiral-recognition abili-
ty of chiral organic compounds (hosts) towards chiral guests.
This methodology is based on the study of the host–guest
complexation by fast-atom-bombardment (FAB) MS[14] or
ESIMS.[15] The method relies on the preparation of a 1:1
mixture of unlabeled (GR) and deuterium-labeled (GS–Dn)
guest enantiomers in the presence of a large deficit of chiral
host (H). Such conditions were chosen to induce competi-
tion between the two complexation reactions in solution
[Eq. (1), (2)]. Isotope labeling is, of course, useful to create a
mass difference between the diastereoisomeric complexes,
namely GR·H and GS–Dn·H. Sawada et al. demonstrated that
the relative peak intensity (I) in the measured ESI spectrum
is a measure of the chiral-recognition ability.[13, 14] In this
paper, we will use the terminology of Sawada et al. by intro-
ducing the IRIS value, which corresponds to the relative
peak intensity [Eq. (3)].


GRþHÐ GR �H KAðRÞ ð1Þ


GS �DnþHÐ GS �Dn �H KAðSÞ ð2Þ


IRIS ¼ IðRÞ
IðSÞ ¼


IðGR �HÞ
IðGS �Dn �HÞ


¼KAðRÞ
KAðSÞ


ð3Þ


To investigate our amino acid/crown ether systems by the
EL-guest methodology, we prepared several labeled and un-
labeled amino esters, with the isotope labeling introduced
by replacement of CH3 by CD3 in the enantiomers (see the
Experimental Section for details). The prepared molecules
are shown in Scheme 4. The phenylglycine methyl ester en-


antiomers were particularly interesting because the binding
constants in methanol were determined by NMR spectrosco-
py to be 1159 and 1992 m


�1 for KA(d) and KA(l), respective-
ly (Table 1).[10] Before starting to assess the chiral-recogni-
tion ability of (�)-18C6TA towards the phenylglycine
methyl ester enantiomers, we wanted to determine first
whether the introduction of the deuterium atoms would
play a role in the chiral-recognition process. That would be
the case if the methyl group of the amino ester were to par-
ticipate in the noncovalent association. The fact that the iso-
tope labeling does not affect the complexation was unam-
biguously demonstrated by electrospray analysis of a 1:10:10
ternary solution containing (�)-18C6TA, d-PG-CH3, and d-
PG-CD3. No discrimination is observed in the recorded
ESIMS spectrum (Figure 2a): the intensities of the signals
corresponding to the noncovalent association between both
protonated isotopomers and the chiral selector are similar.


On the other hand, in the ESI-TOF mass spectrum (Fig-
ure 2b) obtained from a 1:10:10 ternary solution prepared
with (�)-18C6TA, l-PG-CH3, and d-PG-CD3, which incor-
porates both pseudoenantiomers, chiral discrimination is im-
mediately observed and the measured IRIS value amounts
to 0.61. This result reveals that l-PG-CH3 is more strongly
bound to the chiral crown ether than the d enantiomer, a
fact that is in complete agreement with the literature data.
The IRIS value obtained here, IRIS=0.61, compares re-
markably well to the binding constant ratio in Table 1 (a ACHTUNGTRENNUNG(d/
l)=aACHTUNGTRENNUNG(R/S)= 0.58).


Quantum chemical calculations were performed at the
AM1 level on the isolated molecules, as well as on the
charged noncovalent complexes. We focus here exclusively
on phenylglycine because this is the system that is the most


Scheme 4. Structures of some of the labeled and unlabeled a-amino acids and a-amino esters used for the en-
antiomer-labeled-guest methodology.
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characterized at the experimental level; moreover, the ri-
gidity of the system introduced by the hydrogen bonds and
the benzene ring of the backbone facilitates the search of
the complex geometry to yield the global energy minimum.
Table 2 shows the total energies of the different species in-
volved and Figure 3 exhibits some representative structures.
The geometry optimization of the crown ether (18C6TA in
Figure 3b) yields a structure in agreement with that previ-


ously reported from molecular mechanics calculations.[10] In
particular, the polyether ring is found to adopt a bowl shape
due to the intramolecular hydrogen bonding O30�H···O23
(Figure 3a). As a consequence, the upper face of the poly-
ether ring is open, which allows additional hydrogen bonds
with the ammonium group of a (protonated) amino acid
(Figure 3b).


Figure 3c presents the AM1 structure of the noncovalent
complex associating protonated
d-phenylglycine and the chiral
crown ether. During complexa-
tion, three hydrogen bonds are
created between the ammoni-
um group of the d enantiomer
and three oxygen atoms of the
crown ether ring. An additional
hydrogen bond is also observed
between a carboxylic acid
group of the crown ether and
the carboxylic acid group of the
protonated amino acid. The
AM1 geometry obtained from
optimization of the noncovalent
complex associating the l enan-
tiomer and the crown ether fea-


Figure 2. ESI-TOF analysis of 1:10:10 ternary solutions in methanol containing a) (�)-18C6TA, d-PG-CH3, and d-PG-CD3; b) (�)-18C6TA, l-PG-CH3,
and d-PG-CD3; c) (�)-18C6TA, l-Thr-CH3, and d-Thr-CD3; and d) (�)-18C6TA, l-Pro-CH3, and d-Pro-CD3.


Table 2. Total energies obtained by using the AM1 methodology.


Structure Geometry AM1 calculations [eV]


isolated molecules and ions:
(+)18C6TA Figure 3a and b �6867.139
d-phenylglycine (d-PG) �1996.164
protonated d-phenylglycine (d-PGH) �2003.280
protonated l-phenylglycine (l-PGH) �2003.280
ammonia �248.591


noncovalent complexes:ACHTUNGTRENNUNG[d-PG·(+)-18C6TA]H+ Figure 3c �8872.762ACHTUNGTRENNUNG[l-PG·(+)-18C6TA]H+ Figure 3d �8872.740


ligand-exchange-process products and intermediates:ACHTUNGTRENNUNG[d-PG·(+)-18C6TA·NH3]H
+ Scheme 5 �9121.333


[(+)-18C6TA·NH3]H
+ Scheme 5 �7122.754


[(+)-18C6TA·NH4
+] Scheme 5 �7125.283
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tures a smaller number of hydrogen bonds (three hydrogen
bonds; Figure 3d) than the previous diastereoisomeric com-
plex (four hydrogen bonds; Figure 3c). As a consequence,
the stabilization of the system upon complexation is calcu-
lated to be larger in the case of the d enantiomer
[Eq. (4), (5)]. At variance with the optimized structure pre-
viously reported,[10] we observe from our quantum chemical
calculations that the three hydrogen bonds linking the am-
monium group of the l enantiomer to the crown ether in-
volve two oxygen atoms of the crown ether ring and a car-
boxylic acid group of the crown ether (Figure 3c). The dif-
ference in the stabilization energies, DDE= 2.1 kJ mol�1,
from Equations (4) and (5) and Table 2 can be used to esti-
mate the binding-constant ratio in a first approximation by
inserting the energy difference into the well-known relation-
ship DDE=DEL�DED = RT lnACHTUNGTRENNUNG(KD/KL). The obtained value
of KD/KL =2.33 is fully consistent with the value of 4.34 de-
termined by NMR spectroscopy for a solution in methanol
(Table 1 and reference [10]).


The EL-guest methodology was then applied to the pseu-
doenantiomers of threonine, d-Thr-CD3 and l-Thr-CH3


(Scheme 4; see Figure 2c for the ESIMS spectrum). As ex-


pected, chiral recognition
(IRIS= 1.64) is reversed rela-
tive to the phenylglycine
methyl ester. This observation
is also in line with the reversed
order of elution in the CSP
liquid chromatography experi-
ments.[9]


As far as proline is con-
cerned, we have already men-
tioned in this paper that obser-
vations based upon electrospray
of the noncovalent complexes
between protonated proline
and the crown ether are quite
tricky. The formation of electro-
static adducts during the ESI
desolvation process is likely to
be responsible for the detection
of nonspecific interactions. We
submitted an equimolar solu-
tion of pseudoenantiomers of
proline methyl ester, l-Pro-CH3


and d-Pro-CD3, and (�)-
18C6TA to electrospray ioniza-
tion. The recorded spectrum is
presented in Figure 2d; the sig-


nals corresponding to the diastereoisomeric complexes are
detected in the same intensity. At first sight, this finding
could match the CSP chromatography results.[9] However,
given the fact that both noncovalent complexes associating
protonated proline methyl ester and 18C6TA are diastereo-
isomeric, the observation of an IRIS value of one, from an
equimolar solution of both enantiomers, is just statistical
and our feeling that we are dealing with nonspecific interac-
tions is reinforced.


Probing chiral recognition in the gas phase: Collision-in-
duced dissociation (CID) experiments : As already explained
in the Introduction, chiral recognition between the enantio-
mers of phenylglycine and (�)-18C6TA originates from an
additional hydrogen bond that binds the l enantiomer to
the crown ether.[10] It is well known that electrostatic inter-
actions are strengthened upon evaporation from methanolic
or aqueous solutions as the competitive effect of the solvent
is removed. Therefore, we decided to probe the presence of
this additional hydrogen bond by collision-induced dissocia-
tion experiments. In the particular case of protonated diaste-
reoisomeric complexes, the sole expected difference would


Figure 3. Optimized geometries obtained at the semiempirical Hartree–Fock AM1 level of theory: a) Structure
of the (+)-18C6TA crown ether; b) the (+)-18C6TA crown ether; c) noncovalent complex between protonated
d-phenylglycine and the crown ether; and d) noncovalent complex between protonated l-phenylglycine and
the crown ether.
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be the dissociation threshold. This value can be approached
by performing a kinetic-energy-resolved CID experiment,
that is, by measuring the signal-intensity ratio between the
parent and fragment ions at various center-of-mass energies
(Ecom). When the kinetic energy of the incident ions prior to
the collision step is increased, competitive, as well as consec-
utive, decomposition reactions are expected. We thus decid-
ed to quantify the decomposition extent of the parent ions
by the parameter Iparent/�I. In this relationship, Iparent stands
for the intensity of the parent-ion signal and �I corresponds
to the sum of the intensities of all peaks in the CID spec-
trum. Unfortunately, as shown in Figure 4, this experiment


is totally unsuccessful for distinction between the two pro-
tonated diastereoisomeric complexes.


Probing chiral recognition in the gas phase: Gas-phase
ligand-exchange reactions : Molecular recognition of enan-
tiomers by a chiral receptor has been probed on several oc-
casions by investigating ligand-displacement reactions in the
gas phase by ESI-FT-ICR mass spectrometry.[16] This pecu-
liar ion/molecule reaction between noncovalent diastereo-
isomeric complexes and a nonchiral reagent can be used to
reveal distinct enantioselectivities.[16] Indeed, when submit-
ted to ion/molecule reactions toward a selected nonchiral re-
actant G2, the noncovalent complex [H·G1]+ can undergo
exchange of its ligand molecule with the nonchiral guest ac-
cording to the reactions described by Equations (6) and (7),
in which H stands for the host receptor and G1(R), G1(S),
and G2 are the R and S enantiomers of guest molecule 1
and the nonchiral guest molecule, respectively. The relative
pseudo-first-order rate constants measured with the FT-ICR
mass spectrometer can be exploited for the description of
the enantioselectivity of chiral host H towards both enantio-
meric guest molecules G1(R) and G1(S).


½H �G1ðRÞ�þþG2 kðRÞ
��!½H �G2�þþG1ðRÞ ð6Þ


½H �G1ðSÞ�þþG2 kðSÞ
��!½H �G2�þþG1ðSÞ ð7Þ


The interaction between mass-selected m/z 592 cations, in
which protonated l-phenylglycine is associated to (�)-
18C6TA, and ammonia in the hexapole cell of our QToF in-
strument led to different ion/molecule reaction products. In
particular, as presented in Figure 5a, this low-kinetic-energy


interaction affords m/z 458 cations in quite a good yield.
These ions, easily identified as a noncovalent complex be-
tween the crown ether and the ammonium cation, result
from exchange of the amino acid with ammonia in the mass-
selected m/z 592 ions. Interestingly (see below), addition of
neutral ammonia to the noncovalent complex also occurs
and the corresponding ions are observed at m/z 609. These
ions are likely to be the intermediate species in the gas-
phase ligand-exchange process.


When reacting with the neutral reagent, noncovalent com-
plex ions incorporating the d enantiomer of phenylglycine
also undergo the ligand-exchange reaction (indicated by the
m/z 458 peak in Figure 5b) and neutral ammonia addition
(to give ions at m/z 609). The m/z 458 signal is far more in-
tense in Figure 5b (d enantiomer) than in Figure 5a (l enan-
tiomer); this observation is a clear-cut demonstration that
the protonated l enantiomer of phenylglycine is more
strongly bound to (�)-18C6TA than the d enantiomer.
These results are again fully consistent with the NMR-deter-
mined binding constants (see Table 1) and with the previous
data derived from the EL-guest method (see above).


The same set of experiments was then performed with the
enantiomers of threonine. As expected on the basis of the
already mentioned inversion in enantioselectivity relative to
that of phenylglycine, the exchange reaction between the
noncovalent complex associating protonated l-threonine
and the crown ether with ammonia is significantly faster.
This is readily observed by comparing Figure 6a (l enantio-
mer) with Figure 6b (d enantiomer). Ammonia addition to
the mass-selected complex ions is once again detected.


Figure 4. Kinetic-energy-resolved CID experiments: Breakdown curves
presenting the ion survival yield versus the center-of-mass energy for the
[d-PG·(�)-18C6TA]H+ (^) and [l-PG·(�)-18C6TA]H+ (*) diastereoiso-
meric complexes.


Figure 5. Associative ion/molecule reaction between ammonia and the
protonated noncovalent complex associating the phenylglycine enantio-
mers and the chiral crown ether (m/z 592): ESIMSMS analysis from ini-
tial a) [l-PG·(�)-18C6TA]H+ and b) [d-PG·(�)-18C6TA]H+ diastereo-
isomeric complexes.
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The experiments involving proline as the guest molecule
are very informative. Indeed, chiral discrimination can be
clearly measured on the basis of the spectra presented in
Figure 7a (l enantiomer) and Figure 7b (d enantiomer). It is


interesting to note that, under the same experimental condi-
tions as those used for phenylglycine and threonine, the ex-
change reaction is far more efficient, whatever the configu-
ration of proline. Both spectra are dominated by the associa-
tive ion/molecule reaction product signals at m/z 458 (ex-
change process) and m/z 573 (ammonia addition on the
complex ion). The really small intensity of the signal corre-
sponding to the mass-selected precursor ions unambiguously
reveals that the noncovalent interactions inside the proline
complex are different from those prevailing in the complex
between protonated threonine or phenylglycine and the
crown ether. The enantioselectivity of the exchange reaction
is measured by calculating the I458/(I458+I556+I573) intensity


ratio, for which I458+I556+I573 =�I. The I/�I value amounts
to 62 and 49 % for d- and l-proline, respectively. In other
words, the d-amino acid is more rapidly exchanged than the
l enantiomer. The observation of such a difference can be
attributed to the fact that both noncovalent complexes are
diastereoisomers and, as a consequence, their chemical reac-
tivities are likely to be different. This experimental observa-
tion has to be considered in respect of the EL-guest experi-
ment results, which did not allow a distinction between the
diastereoisomeric complexes.


The next step was to measure the gas-phase ligand-ex-
change-reaction efficiency, I/�I, with solutions in methanol
containing a mixture of both enantiomers in different ratios.
To do this, we decided to use two different solutions: 1) sol-
utions in methanol with a large excess of amino acids to
induce competition for binding to the crown ether, and
2) solutions containing a large deficit of amino acids relative
to the crown ether. In the first case, the ratio between the
diastereoisomeric noncovalent complex ions in the ion beam
must be correlated to the relative binding constants because
competition conditions are created. On the other hand, for
the solutions with a deficit of amino acids, it is expected that
the ion-beam composition is determined by the enantiomer-
ic excess of the prepared solution. Indeed, under such condi-
tions, all amino acids (d or l) present in the solution are
likely to be bound to the crown ether.


Gas-phase ligand-exchange reactions with solutions contain-
ing an excess of amino acids : Figure 8 presents the results of


Figure 6. Associative ion/molecule reaction between ammonia and the
protonated noncovalent complex associating the threonine enantiomers
and the chiral crown ether (m/z 560): ESIMSMS analysis from initial
a) [l-Thr·(�)-18C6TA]H+ and b) [d-Thr·(�)-18C6TA]H+ diastereoiso-
meric complexes.


Figure 7. Associative ion/molecule reaction between ammonia and the
protonated noncovalent complex associating the proline enantiomers and
the chiral crown ether (m/z 556): ESIMSMS analysis from initial a) [l-
Pro·(�)-18C6TA]H+ and b) [d-Pro·(�)-18C6TA]H+ diastereoisomeric
complexes.


Figure 8. Gas-phase ligand-exchange reactions between protonated non-
covalent complexes and ammonia: Reaction efficiency (I/�I) versus en-
antiomeric excess for complexes associating a) phenylglycine (^) and
threonine (&) and b) proline, from initial solutions containing an excess
of amino acids.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 11039 – 1104911046


P. Gerbaux et al.



www.chemeurj.org





the gas-phase ligand-exchange reactions realized for the
three amino acids of interest, phenylglycine, threonine, and
proline. These plots present the evolution of the ligand-ex-
change-reaction efficiency (I458/�I) as a function of the
molar ratios (l/l+d) of the initial solutions in methanol.


In the case of phenylglycine and threonine, linear rela-
tionships are obtained by plotting the natural logarithm of
the intensity ratio (I/�I) versus the molar ratio between the
enantiomers in the starting solutions (l/l+d). The enantio-
selectivity is immediately described by the slope of the
linear relationship. For instance, the negative slope for phe-
nylglycine (Figure 8a) reveals that the exchange reaction is
faster for the d enantiomer. The opposite conclusion is de-
rived from Figure 8a for threonine and this confirms the re-
versed enantioselectivity for this amino acid.


Proline once again presents a different behavior because
a linear relationship is immediately obtained by plotting the
intensity ratio (I/�I) versus the molar ratio (l/l+d, Fig-
ure 8b). As discussed below, this points once more towards
a nonspecific interaction. Nevertheless, the negative slope
also confirms that enantioselectivity occurs between both
diastereoisomeric complex ions. Further confirmation of the
nonspecific nature of the noncovalent interaction between
protonated proline and the crown ether was obtained by an-
alyzing the gas-phase exchange propensity of the noncova-
lent complexes generated by electrospray ionization of solu-
tions containing an excess of the crown ether.


Gas-phase ligand-exchange reactions with solutions contain-
ing a deficit of amino acids : As already explained, these
conditions were selected to prepare ion beams, the composi-
tions of which are determined by the enantiomeric excess of
the prepared solution, without the intermediacy of the bind-
ing constants. As a consequence, the relationship between
the intensity ratio (I/�I) versus the molar ratio (l/l+d) is
expected to be linear (Figure 9), whereas logarithm func-
tions were previously observed (Figure 8). From an analyti-
cal point of view, such plots can be used to measure the en-
antiomeric excess of an unknown solution.[16a]


As far as proline is concerned, the obtained results (not
shown) are similar to those previously determined with a so-
lution containing an excess of amino acids. The observation
of a linear relationship whatever the initial solution repre-
sents definitive proof that the protonated proline–crown
ether noncovalent interaction is nonspecific.


It is also possible to characterize the intrinsic enantiose-
lectivity by measuring the slope of the obtained linear rela-
tionship. For phenylglycine, threonine, and proline, this
value is �4.36, +13.45, and �12.68, respectively. These re-
sults clearly demonstrate the reversed enantioselectivity be-
tween phenylglycine and threonine. It is also revealed that,
whereas enantioselectivity is not observed for proline in so-
lution, the enantioselectivity detected for this amino acid in
the gas phase is even more pronounced than that for phenyl-
glycine.


The mechanism leading to the gas-phase exchange of the
neutral amino acid by ammonia inside the protonated non-
covalent complex deserves further attention. We have decid-
ed to focus our discussion and our calculations on the asso-
ciative ion/molecule reaction between the [d-PGH+ ·(+)-
18C6TA] mass-selected ion (m/z 592) and ammonia to give
[NH4


+ ·(+)-18C6TA] plus neutral d-phenylglycine. Different
ionic products are observed when m/z 592 ions react with
neutral ammonia (Figure 5). Besides the mass-selected cat-
ions detected at m/z 592, signals are also observed at m/z
458 and 609, which correspond to the exchange-reaction
product and to the addition of neutral ammonia to the
mass-selected cations, respectively. At first sight, this ter-
body species can be considered as the key intermediate
along the way to the exchange process [Eq. (8)].


½d-PGHþ � ðþÞ-18C6TA�þNH3 !
m=z 592


½d-PGHþ � ðþÞ-18C6TA �NH3� !
m=z 609


½ðþÞ-18C6TA �NH4
þ�þd-PG


m=z 458


ð8Þ


Scheme 5 schematically presents the key structures that
are expected to play a significant role during the gas-phase
exchange reaction. Just after the low-kinetic-energy colli-
sion, a terbody complex associating protonated d-phenylgly-
cine, the chiral crown ether, and a molecule of ammonia in
the vicinity of one of the carboxylic acid groups of the
crown ether is created (Scheme 5). This process is calculated
to be endothermic by 2 kJ mol�1 at the AM1 level. There-
fore, because this reaction can be considered as a thermo-
neutral process, the observation of the corresponding signal
at m/z 609 amongst the ion/molecule reaction products
(Figure 5) is consistent. Nevertheless, direct elimination of
neutral phenylglycine from this complex is not likely to
occur, given the high energy requirement calculated for this
process (about 235 kJ mol�1 from the terbody species). This
reaction will afford a noncovalent complex associating the


Figure 9. Gas-phase ligand-exchange reactions between protonated non-
covalent complexes and ammonia: Reaction efficiency (I/�I) versus en-
antiomeric excess for complexes associating phenylglycine (^) and threo-
nine (&), from initial solutions containing a deficit of amino acids.
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ring-protonated crown ether with a molecule of ammonia lo-
cated close to one carboxylic acid group (Scheme 5). On the
other hand, the production of a noncovalent complex that
binds the ammonium cation with the crown ether ring with
three hydrogen bonds appears to be a favorable process and
the inherent exothermicity, which amounts to 10 kJ mol�1,
explains the production of the m/z 458 cations.


Conclusion


ESIMS and ESIMSMS analyses of the amino acid/18C6TA
system were performed to gain information on the molecu-
lar mechanisms that drive the chiral-recognition process.
Phenylglycine, threonine, and proline as amino acids and
amino esters were selected in this work because qualitative
and quantitative results have been reported in recent arti-
cles. Experiments were performed to probe the chiral-recog-
nition ability of the chiral selector towards the selected
amino acids, both in solution (by the enantiomer-labeled-
guest method) and in the gas phase (by kinetic-energy-re-
solved collision-induced dissociation methodology or by gas-
phase ligand-exchange ion/molecule reactions). All of the
experimental results were in close agreement with the previ-
ously reported data as far as the reverse enantioselectivities
of phenylglycine and threonine were concerned. For proline,
comparison of the obtained experimental data points to a
nonspecific electrostatic interaction because the noncovalent
complexes observed by ESIMS are likely to be generated
during the electrospray ionization process. Semiempirical


Hartree–Fock calculations were also performed to ascertain
the structures of the noncovalent complexes based on phe-
nylglycine and to propose a mechanism for the gas-phase
ligand-exchange reaction; the good agreement observed be-
tween theory and experiment encourages further calcula-
tions to elucidate the structural and energetic properties of
other complexes.


Experimental Section


Mass spectrometry investigations : All experiments were performed on a
Waters QToF2 mass spectrometer. The analyte solutions were delivered
to the ESI source by a Harvard Apparatus syringe pump at a flow rate of
5 mLmin�1. Typical ESI conditions were: capillary voltage 3.1 kV, cone
voltage 15 V, source temperature 80 8C, and desolvation temperature
120 8C. Dry nitrogen was used as the ESI gas. For the recording of single-
stage ESIMS spectra, the quadrupole (rf-only mode) was set to pass ions
from 50 to 800 Th, and all ions were transmitted into the pusher region
of the time-of-flight analyzer where they were mass analyzed with a 1 s
integration time. Data were acquired in continuum mode until acceptable
averaged data were obtained. For the ESIMSMS CID experiments, the
ions of interest were mass selected by the quadrupole mass filter. The
precursor ion resolution was adjusted to select only the monoisotopic
signal amongst the complete isotopic cluster. The selected ions were then
submitted to collision against argon in the rf-only hexapole collision cell
(pressure estimated at 0.9–1 mBar), and the laboratory-frame kinetic
energy was selected to afford sufficiently intense fragment-ion signals.
All ions coming out of the hexapole cell, either fragments or the nondis-
sociated precursor ions, were finally mass measured with the oa-ToF ana-
lyzer. As far as the ligand-exchange experiments are concerned, the rf-
only hexapole cell was pressurized with ammonia (see below) to reach a
constant and reproducible pressure of approximately 1.0 � 10�4 mBar on
the penning gauge situated outside the cell. The kinetic energy of the in-


Scheme 5. Gas-phase ligand-exchange reaction: proposed reaction mechanism and intermediates. Energies obtained at the semiempirical Hartree–Fock
AM1 level of theory (see Table 2).
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cident ions was then fixed at approximately 5 eV to maximize the yield
of the associative ion/molecule reaction processes and to avoid any disso-
ciation processes. Again, all ions coming out of the hexapole cell, either
the ion/molecule reaction products or the unreacted precursor ions, were
finally mass measured with the oa-ToF analyzer.


Materials : All samples used in the present work were commercially avail-
able, except for the a-amino esters, which were prepared according to a
procedure described in the literature.[17]


d- and l-phenylglycine and (�)-
([18]crown-6)-2,3,11,12-tetracarboxylic acid were purchased from Sigma–
Aldrich, whereas d-and l-proline and d-and l-threonine were purchased
from Acros Organics. Ammonia used as the ligand-exchange reagent was
a synthetic mixture of 1 % ammonia in argon obtained from Praxair Bel-
gium.


Calculations : The geometry of the isolated molecules was optimized at
the semiempirical Hartree–Fock Austin Model 1 (AM1) level with the
AMPAC package.[18] This method is well adapted to describe the geome-
try of systems containing hydrogen bonds. (+)-([18]Crown-6)-2,3,11,12-
tetracarboxylic acid was fully optimized in its neutral conformation,
whereas all amino acids were optimized in their protonated form
(charge=++1).


The complexation energies were determined from the difference between
the total AM1-calculated energies of 1) the fully optimized complex with
the amino acid initially positioned near the top of the (+)-18C6TA host
(so that the global minimum is reached and is ensured by a frequency
analysis) and 2) the two isolated molecules in their equilibrium geometry.
The choice of the AM1 method is validated by the fact that the forma-
tion of the complexes is mostly driven by electrostatic interactions that
are properly described at this level of theory.
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Introduction


2,2’-Bipyridine (bipy) and related heterocyclic systems rep-
resent versatile ligands in the coordination chemistry of
transition metals. Their complexes have received widespread
interest, for example in the assembly of supramolecular net-
works,[1] to serve as molecular devices of photochemical
relevance,[2] to act as pre-catalysts in polymerization process-
es,[3] to provide useful intermediates in synthesis,[4] or to
afford insight in intrinsic reactivity features by probing their
gas-phase properties.[5]


With regard to the timely topic of metal-mediated bond
activation, the mechanistically intriguing “roll-over” cyclo-
metalation of 2,2’-bipyridines, which entails a sequence of
decomplexation, rotation around the central C(2)�C(2’)
bond, and cleavage of the C(3)�H bond of a pyridine ring
(Scheme 1), has received quite some attention.[6] While the
structures of the resulting, still rather rare C�Pt cyclometa-
lated 2,2’-bipyridines are now confirmed after a long and
controversial debate, mechanistic details of the reaction are
far from being settled conclusively.[6]


Abstract: In a combined experimental/
computational investigation, the gas-
phase behavior of cationic [Pt ACHTUNGTRENNUNG(bipy)-ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG((CH3)2S)]+ (1) (bipy= 2,2’-bi-
pyridine) has been explored. Losses of
CH4 and (CH3)2S from 1 result in the
formation of a cyclometalated 2,2’-bi-
pyrid-3-yl species [Pt ACHTUNGTRENNUNG(bipy�H)]+ (2).
As to the mechanisms of ligand evapo-
ration, detailed labeling experiments
complemented by DFT-based computa-
tions reveal that the reaction follows
the mechanistically intriguing “roll-
over” cyclometalation path in the
course of which a hydrogen atom from
the C(3)-position is combined with the


Pt-bound methyl group to produce
CH4. Activation of a C�H-bond of the
(CH3)2S ligand occurs as well, but is
less favored (35 % versus 65 %) as
compared to the C(3)�H bond activa-
tion of bipy. In addition, the thermal
ion/molecule reactions of [Pt-ACHTUNGTRENNUNG(bipy�H)]+ with (CH3)2S have been
examined, and for the major pathway,
that is, the dehydrogenative coupling of
the two methyl groups to form C2H4, a


mechanism is suggested that is compat-
ible with the experimental and compu-
tational findings. A hallmark of the
gas-phase chemistry of [Pt ACHTUNGTRENNUNG(bipy�H)]+


with the incoming (CH3)2S ligand is the
exchange of one (and only one) hydro-
gen atom of the bipy fragment with the
C�H bonds of dimethylsulfide in a re-
versible “roll-over” cyclometalation re-
action. The PtII-mediated conversion of
(CH3)2S to C2H4 may serve as a model
to obtain mechanistic insight in the de-
hydrosulfurization of sulfur-containing
hydrocarbons.


Keywords: bipyridine · bond
activation · cyclometalation ·
dehydrosulfurization · platinum
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Here, we report gas-phase experiments of PtII complexes
of 2,2’-bipyridine, generated by electrospray ionization
(ESI)[7] and probed by mass-spectrometric methods. These
experiments, complemented by labeling studies and density-
functional calculations, provide for the first time evidence
for the operation of the “roll-over” cyclometalation of an
unsubstituted 2,2’-bipyridine by a “bare” cationic PtII core in
the gas phase (Scheme 2).[8] In addition, mechanistic variants
operative in the course of the ligand evaporation from [Pt-ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(CH3)ACHTUNGTRENNUNG((CH3)2S)]+ (1) will be discussed as well as
unique interligand hydrogen-exchange processes that prevail
in the dissociation of 1 and in the ion/molecule reactions
(IMR) of the resulting product [Pt ACHTUNGTRENNUNG(bipy�H)]+ ion (2) with
neutral (CH3)2S.


Experimental and Computational Details


The present experiments were performed with a VG BIO-Q mass spec-
trometer of QHQ configuration (Q: quadrupole, H: hexapole) equipped
with an ESI source as described in detail previously.[9] In brief, millimolar
solutions of dimeric [Pt ACHTUNGTRENNUNG(CH3)2(m- ACHTUNGTRENNUNG(CH3)2S)]2 (prepared according to refer-
ence[10]) and the desired ligand bipy (or analogous heterocycles) in pure
methanol were introduced through a fused-silica capillary to the ESI
source via a syringe pump (ca. 3 mL min�1). All heterocyclic ligands em-
ployed were either purchased or synthesized according to literature-re-
ported standard procedures. For the generation of complexes with
(CD3)2S as a ligand instead of (CH3)2S, an excess of (CD3)2S was added
to the solution. Nitrogen was used as a nebulizing and drying gas at a
source temperature of 80 8C. Maximal yields of the desired [Pt ACHTUNGTRENNUNG(bipy)-ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG((CH3)2S)]+ complex 1 and related platinum complexes were ach-
ieved by adjusting the cone voltage (Uc) between 20 and 60 V, which de-
termines the degree of collisional activation of the incident ions in the
transfer from the ESI source to the mass spectrometer.[11] The identity of
the ions was confirmed by comparison with the expected isotope pat-
terns,[12] collision-induced dissociation (CID) experiments, and extensive
labeling studies. The isotope pattern also assisted in the choice of the ad-
equate precursor ion in order to avoid coincidental mass overlaps of iso-
baric species in the mass-selected ion beam.[13] For CID experiments, the
ions of interest were mass-selected using Q1, interacted with Xe as a col-


lision gas (typically p =10�4 mbar) at variable collision energies of Elab =


0–20 eV, while scanning Q2 to monitor the ionic products. Parent-ion
scans, in which the first analyzer scans a regular mass spectrum while the
second mass analyzer is fixed to the m/z value of the desired product ion,
were used to identify all ions (“parents”) which give rise to a particular
product ion. The ion/molecule reactions of [Pt ACHTUNGTRENNUNG(bipy�H)]+ (2) and related
complexes with (CH3)2S and its isotopologues were probed at a collision
energy (Elab) set to nominally 0 eV, which in conjunction with the ca.
0.4 eV kinetic energy width of the parent ion at peak half height[9a]


allows the investigation of quasi-thermal reactions, as demonstrated pre-
viously.[14] In order to also recognize secondary reactions, the pressure of
the neutral substrate was deliberately increased to multiple-collision con-
ditions.[15] In the case of ion 2, the ESI source was operated at a cone
voltage of Uc =60 V. Harsher conditions lead to further fragmentation
and undesired overlap of isobaric signals, whereas lower cone voltages
decrease the yield of the desired product ion 2.


In the computational studies, which primarily aim at a qualitative de-
scription of the unimolecular reactions of 1 and the ion/molecule reac-
tions of 2 with (CH3)2S, the geometries of all species were optimized at
the B3LYP level of theory[16] as implemented in the Gaussian03 program
package[17] using basis sets of approximately triple-x quality. For H, C, N,
and S atoms these were the triple-x plus polarization basis sets (TZVP)
of Ahlrichs and co-workers.[18] For platinum, the Stuttgart–Dresden scalar
relativistic pseudopotential (ECP60MDF replacing 60 core electrons) was
employed in conjunction with the corresponding (8s,7p,6d)/ ACHTUNGTRENNUNG[6s,5p,3d]
basis set describing the 6s5d valence shell of Pt.[19] The nature of the sta-
tionary structures as minima or saddle points was elucidated by frequen-
cy analysis, and intrinsic reaction coordinate (IRC) calculations were per-
formed to link the transition structures with the respective intermedi-
ates.[20] Energies (given in kJ mol�1) are corrected for (unscaled) zero-
point vibrational energy contributions. The discussion of the computa-
tional findings will be confined to the singlet states of the various plati-
num cations, because exploratory calculations show that the triplet states
are generally much higher in energy for all species investigated.


Results and Discussion


Under soft ionization conditions (i.e. , Uc up to about 30 V),
the ESI ion-source mass spectra of a methanolic solution of
[Pt ACHTUNGTRENNUNG(CH3)2(m- ACHTUNGTRENNUNG(CH3)2S)]2 and bipy (Figure 1) are dominated
by a signal which we attribute to the formation of the cat-
ionic complex [Pt ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(CH3)ACHTUNGTRENNUNG((CH3)2S)]+ (1). As expected,
the extent of fragmentation of 1 increases with increasing
Uc ; the latter controls the amount of energizing collisions
occurring in the source region.[9,11,21] When increasing the
cone voltage starting from Uc = 30 V, one observes first the
elimination of CH4, then of (CH3)2S and, at yet higher ener-
gies, a combination of the two neutral fragments resulting in
the formation of [Pt ACHTUNGTRENNUNG(bipy�H)]+ (2). In addition, some of
the primary fragment ions undergo consecutive reactions,
for example, the combined losses of CH4 and C2H4 formally
yielding [1�CH4�C2H4].[22] As also shown in Figure 1, sever-
al ions form adducts with N2 used as the drying gas in ESI
and the amount of the N2 complexes heavily depends on the
experimental conditions chosen. Assignment of these ions as
genuine N2 complexes has been confirmed by variation of
the ESI solvent, that is, CD3OD and CH3CN, and is also
consistent with the data obtained in the labeling experi-
ments.


The generation of the fragment ions is further elucidated
by a series of CID spectra of mass-selected [Pt ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(CH3)-


Scheme 2. Gas-phase generation of C-Pt cyclometalated 2,2’-bipyridine 2.
The path 1![1� ACHTUNGTRENNUNG(CH3)2S]!2 is a high-energy process (see below) and
does not compete at lower energies with the alternative sequence 1!ACHTUNGTRENNUNG[1�CH4]!2.
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ACHTUNGTRENNUNG((CH3)2S)]+ (1) which imply the sequence of dissociation re-
actions shown in Scheme 2. At low collision energies, the
losses of methane and dimethylsulfide are observed as the
first fragments with apparent thresholds of AEACHTUNGTRENNUNG(�CH4)=


(0.9�0.2) eV and AE(� ACHTUNGTRENNUNG(CH3)2S)= (1.2�0.2) eV (Figure 2),
where these values should only be considered as a rough ori-
entation for the energy demands of the fragmentations.[23]


Note further, that the threshold behavior of 1 is of compo-
site nature and that there is another component, most likely
a direct fragmentation pathway becoming predominant at a
collision energy of about 3 eV. At a collision energy of
about 2 eV, the combined loss of CH4/ ACHTUNGTRENNUNG(CH3)2S starts to
appear and the branching of these three channels (see inset
in Figure 2) implies that this is mostly due to loss of CH4


followed by that of (CH3)2S because the [1�CH4] fragment
serves as a feed for the [Pt ACHTUNGTRENNUNG(bipy�H)]+ fragment (2), where-
as the fraction of [1�ACHTUNGTRENNUNG(CH3)2S] remains relatively constant.
A parent-ion scan for 2 performed at Uc =30 V further con-
firms the reaction sequence depicted in Scheme 2; we note
in passing that also the N2 clustered species [Pt-ACHTUNGTRENNUNG(bipy�H)(N2)]+ and [Pt ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(CH3)(N2)]+ serve as “pa-
rents” for 2. At elevated collision energies, also the expul-
sion of neutral Pt-species concomitant with formation of the
protonated ligand LH+ is observed; according to the label-
ing data, the additional proton stems from the dimethylsul-
fide ligand. According to the CID results, the formation of
LH+ occurs as a consecutive fragmentation of the primary
fragments at elevated collision energies, e.g. [1�Me2S]!ACHTUNGTRENNUNG(bipy+H)+ + PtCH2. Therefore, and because this reaction
only occurs at higher energies and leads to the degradation
of the platinum cations, this pathway is not discussed in fur-
ther detail.


Labeling experiments with [Pt ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG((CD3)2S)]+


and [Pt([D8]bipy) ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG((CH3)2S)]+ as precursor ions reveal
that methane is generated from the (intact) Pt-bound
methyl group together with a hydrogen atom which is pro-
vided mostly by the bipy ligand (ca. 65 %); only up to 35 %
originate from the dimethylsulfide group. As to the evapora-
tion of dimethylsulfide from 1, this process is a clean reac-
tion in that prior to ligand loss no hydrogen-exchange reac-
tions of the ligands of 1 seem to occur in the gas phase.
When mass selected [1�CH4] is subjected to a collision ex-
periment, the major reaction amounts to the elimination of
Dm 28. CID experiments with the labeled ions [Pt ACHTUNGTRENNUNG(bipy�H)-ACHTUNGTRENNUNG((CD3)2S)]+ and Pt([D8]bipy�D) ACHTUNGTRENNUNG((CH3)2S)]+ result in losses
of Dm 31 and 32 from the former compared to Dm 28 and
29 from the latter precursor ion. While the relative ratios of
Dm 31 versus 32 and of Dm 28 versus 29 vary with the colli-
sion energy applied, at Elab =10 eV the two channels are of
comparable importance for each isotopologue. Obviously, in
the course of this reaction one (and only one) hydrogen
atom of the heterocyclic ligand is exchanged with a hydro-
gen atom of the dimethylsulfide group prior to the elimina-
tion of ethene. The occurrence of such a process is further
supported by CID of the ion [1�CH4�C2H4], in which one
observes a signal due to the loss of Dm 34 (H2S) while in
the spectrum of the respective ion generated from [Pt ACHTUNGTRENNUNG(bipy)-ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG((CD3)2S)]+ this signal splits into Dm 35 and 36 (in a
1:1 ratio).


As will be shown later, all these findings can consistently
be explained by invoking a gas-phase “roll-over” cyclometa-
lation of 1 in the course of its fragmentation; indirect sup-
port that the final product does indeed correspond to cyclo-
metalated 2 is provided experimentally as well as by theory.


Figure 1. ESI-source mass spectra of a dilute methanolic solution of [Pt-ACHTUNGTRENNUNG(CH3)2(m- ACHTUNGTRENNUNG(CH3)2S)]2 and 2,2’-bipyridine at different cone voltages.


Figure 2. Energy dependence of the parent ion (^) and the primary cat-
ionic fragments [1� ACHTUNGTRENNUNG(CH3)2S] (~) and [1�CH4] (&) in the CID spectra of
mass-selected [Pt ACHTUNGTRENNUNG(bipy)ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG((CH3)2S)]+ (1) at various collision energies.
Note that secondary fragments are summed into the ion abundances for
the primary channels. The inset shows the branching ratio of the compet-
ing losses of CH4 and (CH3)2S, respectively, and of the [Pt ACHTUNGTRENNUNG(bipy�H)]+


fragment (2) resulting from the combined elimination, that is,
CH4/ ACHTUNGTRENNUNG(CH3)2S.
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For example, DFT-based calculations reveal that the “roll-
over” product 2 is 138 kJ mol�1 more stable than its conceiv-
able isomer 3 (X= CH); the latter ion would arise upon an
energetically demanding activation of the C(6)�H bond ac-
companied by a complete sacrifice of the stabilizing chela-
tion of the platinum center by the nitrogen atom of the
second pyridine ring.


Using 2,2’-bipyrimidine (bipyrm) instead of bipy as a
ligand leads to the ion-source spectra shown in Figure 3.
From [Pt ACHTUNGTRENNUNG(bipyrm) ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG((CH3)2S)]+ (4) a signal due to the


loss of CH4 is observed as well, but the fourth hydrogen
atom is provided exclusively by the dimethylsulfide group as
unequivocally shown by labeling experiments with the isoto-
pologous (CD3)2S-containing complex of 4, which shows no
discernible contribution from the heterocyclic C�H bonds.
Further, in the collision-induced formation of ethene from
[Pt ACHTUNGTRENNUNG(bipyrm)ACHTUNGTRENNUNG((CD3)2S�D)]+ , no hydrogen/deuterium ex-
change precedes the reaction and exclusive elimination of
C2D4 is observed. As the 2,2’-bipyrimidine complex 4
(Scheme 3) lacks a C(3)�H bond, a “roll-over” cyclometala-
tion is impossible for this substrate on structural ground.
Consequently, and as shown later in the context of the dis-
cussions of the ion/molecule reactions of [Pt ACHTUNGTRENNUNG(bipy�H)]+ (2)
with dimethylsulfide, the very existence of a structural unit
such as 2 constitutes a prerequisite for the exchange of one
hydrogen atom of the heterocycle with the hydrogen atoms
of the dimethylsulfide ligand coordinated to the platinum
core. In Table 1, CID data for [Pt(L) ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG((CH3)2S)]+ cat-
ions with L=2-phenyl pyridine (phpy), 2,2’-bipyridine
(bipy), 2,2’-pyridylpyrimidine (pypyrm), and 2,2’-bipyrimi-


dine (bipyrm) is summarized. Fully consistent with the pro-
posed “roll-over” mechanism, the loss of methane is most
pronounced for phpy, which does not require a “roll-over”
prior to activation of an aromatic C�H bond, and in the
case of bipyrm the consecutive CH4/ ACHTUNGTRENNUNG(CH3)2S loss is of no im-
portance.


Next, the results of the DFT-based calculations for the
process 1!2 are mentioned briefly with a focus on the ener-
getics for the competitive eliminations of CH4 and (CH3)2S.
For the former, only the “roll-over” path will be dealt with,
as activation of a pyridine C�H bond corresponds to the
major channel (ca. 65 %) as compared to C�H-bond activa-
tion of the dimethylsulfide ligand. Also the details of the
combined C2H4/H2S loss from [1�CH4] will not be ad-
dressed in the present context, as the mechanism(s) of this
formal dehydrosulfurization[24] will be discussed in some
detail further below; there, we will describe the ion/molecule
reaction of 2 with (CH3)2S leading to the loss of C2H4. Struc-
tural details and selected geometry data of the relevant spe-
cies involved in the process 1!2 are collected below (se-
lected bond lengths given in � of the minima and transition
structures depicted in Figure 4; charges have been omitted
for the sake of clarity), and a simplified potential-energy
surface (PES) is given in Figure 4. The brief discussion of
the PES will be arranged along the color code used in
Figure 4 for the various mechanistic alternatives.


In the overall endothermic transformation 1!2, the four
competing pathways for ligand evaporation accompanied
with cyclometalation fall into two categories which are clear-
ly distinguished energetically. In the most favored one, the
first step corresponds to methane elimination in the pres-


Figure 3. ESI source mass spectra of a dilute methanolic solution of [Pt-ACHTUNGTRENNUNG(CH3)2(m- ACHTUNGTRENNUNG(CH3)2S)]2 and 2,2’-bipyrimidine at different cone voltages.


Table 1. Product branching ratios (normalized to �=100) in the CID
spectra of mass-selected [Pt(L) ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG((CH3)2S)]+ cations with L =2-
phenyl pyridine (phpy), 2,2’-bipyridine (bipy), 2,2’-pyridylpyrimidine
(pypyrm), and 2,2’-bipyrimidine (bipyrm) at a collision energy of Elab =


25 eV.


L �CH4 �ACHTUNGTRENNUNG(CH3)2S �ACHTUNGTRENNUNG(CH4/ ACHTUNGTRENNUNG(CH3)2S) LH+


phpy 61 2 27 10
bipy 9 59 26 6
pypyrm 3 73 6 18
bipyrm 6 74 2 20


Scheme 3. Conceivable cyclometalation pathways for PtII complexes of
2,2’-bipyridine (X=CH) and 2,2’-bipyrimidine (X =N).
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ence of the stabilizing dimethylsulfide ligand (pathways
given in blue and red); in contrast, when the (CH3)2S ligand
is initially evaporated from 1 (i.e. 1!12), the remaining
bond activation and bond formation steps (indicated by the
green and pink curves in Figure 4) are significantly higher in
energy. In fact, according to the DFT data the energy re-
quirements of several of the transition structures that con-
nect intermediate 12 with the final products 2/CH4/ ACHTUNGTRENNUNG(CH3)2S
exceed the exit channel substantially. Thus, this pathway is
unlikely to play a role in the formation of 2 near threshold
conditions of the CID experiments, even though the routes
via 2 might compete at elevated collision energies. In con-
trast, in the initial step for the production of CH4, complexes
6 and 10 (either of which may then serve as intermediates
for the final evaporations of CH4 and (CH3)2S to generate
2) are more easily accessible energetically and the rate-de-
termining steps 5!6 and 8!9 are associated with the “roll-
over” metalation reaction, that is, the activation and trans-
formation of an agostic C(3)�H bond. There are, however,
subtle mechanistic differences, and a few of them are
worthy of mentioning. In the “blue” reaction path, 1!5!
6!7!2, platinum retains its formal oxidation state PtII, and
the crucial step 5!6 has the signature of a s-bond metathe-
sis reaction.[25] In contrast, the related steps 8!9!10 are
better described in terms of an oxidative addition/reductive
elimination reaction that is, PtII!PtIV!PtII. Another, rather
general structural aspect concerns the geometric arrange-
ment of the dimethylsulfide ligand in the (CH3)2S com-
plexes. A preference for a trans-alignment of the N-Pt-S
unit seems to exist, as shown for 6 and 7.[26] This feature
bears some resemblance with the X-ray structure of [Pt(Cl)-ACHTUNGTRENNUNG(L�H) ACHTUNGTRENNUNG((CH3)2S)] with L=6-tert-butyl-2,2’-bipyridine;[6h] in
this cyclometalated complex, the (CH3)2S ligand occupies a
trans-position with a Pt�N-bond length of 2.042 � and a Pt�
S-bond length of 2.263 �. The DFT-derived data for the cor-
responding N-Pt-S unit in the gas-phase, structure 7, are
2.069 and 2.346 �, respectively. A stereoisomer of 7, with a


cis N-Pt-S alignment, could not be located as a minimum in
our rather extensive PES screening.


As mentioned above, CID of [1�CH4] yields a signal due
to the loss of C2H4. This observation prompted us to address
the ion/molecule reaction of (CH3)2S with mass-selected [Pt-ACHTUNGTRENNUNG(bipy�H)]+ (2), where the latter has been generated from 1
at Uc = 60 V. The dominant product ions of the IMR at Elab


nominally set to 0 V (Figure 5) correspond to the loss of


C2H4 (55 % of all product ions formed) and the generation
of protonated bipy (m/z 157) with 15 % of the branching
ratio. Obviously, the first process corresponds to a formal
dehydrosulfurization of (CH3)2S and an oxidative C�C cou-
pling of the two methyl groups to liberate C2H4. In the pro-
duction of m/z 157, one hydrogen atom and one proton are
transferred from the incoming (CH3)2S ligand to the
(bipy�H) fragment, yielding (bipy+H)+ . When this ion/
molecule reaction is conducted with (CD3)2S, the spectrum
shown in Figure 6 is obtained. Obviously, all relevant signals,
that is, losses of, for example, ethene (Dm 28) and thiofor-


Figure 4. Schematic PES for the reaction: [Pt ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG((CH3)2S)]+


(1)![Pt ACHTUNGTRENNUNG(bipy�H)]+ (2)+ CH4 + (CH3)2S (see text for details).


Figure 5. Ion/molecule reactions of mass-selected [Pt ACHTUNGTRENNUNG(bipy�H)]+ (2) with
(CH3)2S.


Figure 6. Ion/molecule reactions of mass-selected [Pt ACHTUNGTRENNUNG(bipy�H)]+ (2) with
(CD3)2S. The signals for the loss of protonated bipyridine are shown as
inset.
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maldehyde (Dm 46) or the formation of protonated bipy,
are split into doublets. For example, for the latter ion, one
does not only observe a signal due to the expected transfer
of only two deuterium atoms from the (CD3)2S ligand to
(bipy�H), resulting in m/z 159; rather, a third deuterium
has been incorporated through hydrogen exchange giving
rise to m/z 160. Similarly, in the eliminations of ethene and
thioformaldehyde, the expected signals of C2D4 and CD2S
are accompanied by signals due to the eliminations of
C2D3H and CDHS, respectively. Quite clearly, prior to these
dissociation processes one (and only one) hydrogen atom
from the heterocyclic (bipy�H) fragment undergoes an H/D
exchange process with the dimethylsulfide ligand. Such a
scenario is expected to occur for a cyclometalated structure
16 (Scheme 4) in which the still available C(3’)�H bond un-
dergoes the H/D exchange with the dimethylsulfide ligand


(depicted as RH in Scheme 4).
Thus, an unprecedented reversi-
ble “roll-over” process is opera-
tive. For a system lacking this
structural feature, as in the cy-
clometalated PtII complex 22 of
2’-pyridinyl-2-pyrimidine
(pypyrm), one does not expect
any of these exchange processes
to occur. In fact, as shown in
Figure 7, the ion/molecule reac-
tion of mass-selected [Pt-ACHTUNGTRENNUNG(pypyrm�H)]+ with (CH3)2S


does not exhibit any evidence for H/D exchange between
the two ligands prior to product formation.


A closer inspection of Figure 6 reveals, however, that the
actual mechanism of ethene elimination, which forms the
focus of our interest, actually seems more subtle than to
follow a simple combination of intracomplex hydrogen ex-
change between ligands terminated by a specific transfer of
“H2S” from the dimethylsulfide ligand to the [Pt ACHTUNGTRENNUNG(bipy�H)]+


core. Therefore, a rather extensive labeling study employing
[D8]bipy, CH3SCD3, and (CD3)2S, was conducted; the exper-
imental isotope distributions in the formations of C2H4-x (x=


0–4) was subjected to a detailed kinetic modeling.[27] In this
kinetic model, we take into account i) the existence of aver-
aged primary kinetic isotope effects for the various transfers
of H/D atoms (KIEtrans) and of a secondary isotope effect as-
sociated with the formation of C2H4�xDx (KIEsec), ii) a statis-
tical exchange process of one hydrogen/deuterium atom
from the bipy fragment with any of the six hydrogen/deute-
rium atoms of the dimethylsulfide ligand (we abbreviate the
fraction of this “scrambling” reaction fscr), and iii) the possi-
bility that the two hydrogen atoms of dimethylsulfide are
transferred directly, that is, without H/D exchange, to the
[Pt ACHTUNGTRENNUNG(bipy�H)]+ fragment (fsel). For the “direct” path we fur-
ther distinguish two mechanistic variants, that is, a formal
1,1-transfer (both hydrogen atoms originate from the same
methyl group) or a 1,3-process (the notations f1,1 and f1,3 are
used for these two alternatives). As shown in Table 2, one


Scheme 4. a) Hydrogen exchange between C(3’)-H of a Pt-bound 2,2’-bi-
pyridine fragment and RH (R stands for CH3SCH2); b) reversible hydro-
gen transfer from RH to a Pt-bound 2’-pyridinyl-2-pyrimidine fragment.


Figure 7. Ion/molecule reactions of mass-selected [Pt ACHTUNGTRENNUNG(pypyrm�H)]+ with
(CD3)2S.


Table 2. Experimentally observed and computationally derived distributions for the formation of C2H4�xDx


(x=0–4) in the ion/molecule reactions of [Pt ACHTUNGTRENNUNG(bipy�H)]+ (2) and [Pt([D8]bipy�D)]+ with dimethylsulfide
(DMS) and its isotopologues.[a]


[Pt ACHTUNGTRENNUNG(bipy�H)]+ [Pt([D8]bipy�D)]+


DMS [D3]DMS [D6]DMS DMS [D3]DMS [D6]DMS


C2H4 100 (100) 2.0 (2) – 56.6 (57) – –
C2H3D – 28.3 (28) – 43.5 (43) 11.3 (11) –
C2H2D2 – 55.9 (56) – 54.7 (54) –
C2HD3 – 13.8 (14) 43.5 (44) 31.6 (32) –
C2D4 – – 56.6 (57) 2.4 (3) 100 (100)


[a] The distributions are normalized to �=100 %. Numbers given in parentheses refer to the experimental
data.
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obtains excellent agreement between the experimental find-
ings for all six independent reactions and the kinetic model-
ing for the following modeling parameters: fscr =0.74, fsel =


0.26, f1,1 =0.32, f1,3 = 0.68; KIEtrans =1.1 and KIEsec =0.95. As
can be seen from these values, the loss of ethene is preceded
by a rather strong but not complete scrambling (fscr =0.74)
of one hydrogen atom from the (bipy�H) ligand and the six
hydrogen atoms from (CH3)2S. This is also reflected in the
low value of 1.1 for KIEtrans. Moreover, for the selective
channel one finds a preference for a 1,3-elimination mecha-
nism (f1,3 =0.68).


Further insight into mechanistic aspects of the rather un-
usual C2H4 generation from the encounter complex [Pt-ACHTUNGTRENNUNG(bipy�H)]+/ ACHTUNGTRENNUNG(CH3)2S is obtained from DFT-based calcula-
tions. As applied for the reaction sequence 1!2, also in the
ion/molecule reaction of 2 with (CH3)2S only singlet states
are considered because the triplets are invariably much
higher in energy. Further, here we report only the reaction
path that commences with a C�H-bond activation of the in-
coming (CH3)2S ligand, and we will confine ourselves to the
1,3-hydrogen-atom transfer variant which forms the major
component in this rather complicated system (see Table 2).
The conceivable initial activation of a C�S bond by oxida-
tive insertion of platinum in this bond has also been ad-
dressed computationally.[27b] However, due to the unavoida-
ble involvement of high-energy PtVI species in this path of
bond activation and C�C-bond formation, this reaction var-
iant was found to proceed via transition states that are locat-
ed well above (> 115 kJ mol�1) the entrance channel; thus,
they do not play a role in the thermal experiment and will
not be discussed here.


The simplified PES of the IMR of [Pt ACHTUNGTRENNUNG(bipy�H)]+ with
(CH3)2S is shown in Figure 8, and relevant geometric details
are shown below (selected bond lengths given in �; charges
omitted for clarity). The reaction commences with the for-
mation of the rather stable encounter complex 7 (for the ge-
ometry of 7, see above). The energy gained in this step is
substantial (�224 kJ mol�1) and is contained as ro-vibration-
al energy in the encounter complex to drive the system
toward product formation. Actually, all intermediates and
their connecting transition structures are located energeti-
cally below the entrance channel; the overall reaction to
form C2H4 and [Pt ACHTUNGTRENNUNG(bipy)(H)(S)]+ (32) is exothermic.[28] The
most stable structure is 26 in which the C�H-bond activa-
tion of dimethylsulfide delivers a hydrogen atom for re-es-
tablishing the aromatic C�H bond of the nitrogen ligand, re-
sulting in a formal coordination of deprotonated dimethyl-
sulfide to the platinum center.[29,30] There are two steps
which are rather high in energy. The first one, TS 7/25, is as-
sociated with the platinum-mediated transfer of a hydrogen
from the incoming (CH3)2S ligand associated with Pt�C
cleavage and C-H-bond formation (7!25); next, in a se-
quence of events 25 gives rise to 28 (from which also CH2S
may be liberated). The crucial C�C-bond forming-step, to
generate a precursor for the eventual formation of C2H4,
commences from 28 to give rise to 29. The latter structure
has all requirements to rearrange via a conventional g-hy-


drogen transfer (29!30) followed by a cycloreversion of the
metallacycle. This process (30!31), once more, is rather
energy-demanding; in contrast, the evaporation of C2H4


from 31, which terminates the dehydrosulfurization of
(CH3)2S, is facile. While elimination of neutral ethene is also
observed in the ion/molecule reaction of mass-selected [Pt-ACHTUNGTRENNUNG(pypyrm�H)]+ with (CH3)2S (Figure 7), this does not hold
true for the analogous reaction of [Pt ACHTUNGTRENNUNG(phpy�H)]+ with
(CH3)2S. Assuming a mechanism analogous to that depicted
in Scheme 2 is operative for all three heterocyclic systems
(Scheme 5), the deviating behavior of the [Pt ACHTUNGTRENNUNG(phpy�H)]+/ ACHTUNG-TRENNUNG(CH3)2S couple can be related to the step 25!26, which is
accompanied by an energy gain of about 105 kJ mol�1 for
the bipy system because of the second nitrogen atom that
coordinates to the platinum core in this step. In the related
phpy system, however, no such coordination is possible;
consequently, the exit channel would be higher by this
amount of energy in comparison to the bipy system. In
future work we will address various structural and mechanis-
tic aspects of this technologically rather important process
of hydrocarbon refining in more detail.


Conclusion


The combined experimental/theoretical investigation of the
fragmentation behavior of cationic [Pt ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(CH3)-ACHTUNGTRENNUNG((CH3)2S)]+ (1) provides insight into various bond-activation
and bond-coupling reactions promoted by cationic platinum


Scheme 5. Structural representations of [Pt ACHTUNGTRENNUNG(bipy�H)]+ (2), [Pt-ACHTUNGTRENNUNG(pypyrm�H)]+ , and [Pt ACHTUNGTRENNUNG(phpy�H)]+ .


Figure 8. Simplified PES for the ion/molecule reaction of [Pt ACHTUNGTRENNUNG(bipy�H)]+


(2) with (CH3)2S to generate C2H4 (see text for details).
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complexes in the gas phase. In the competitive loss of meth-
ane and dimethylsulfide, methane is mostly formed from the
Pt-bound methyl group and one C(3)�H hydrogen atom
from the bipy ligand, and a “roll-over” cyclometalation
mechanism is operative. This reaction is without precedence
in the gas phase. Further fragmentation yields the cyclome-
talated species [Pt ACHTUNGTRENNUNG(bipy�H)]+ (2). The genesis of the latter
ion was furthermore studied theoretically using DFT calcu-
lations. In ion/molecule reactions of [Pt ACHTUNGTRENNUNG(bipy�H)]+ with di-
methylsulfide we probe a part of the potential energy sur-
face that is also accessed in the CID experiments of
[1�CH4]. Labeling experiments demonstrate that the expul-
sion of ethene is accompanied by an extensive scrambling of
one (and only one) hydrogen atom from the heterocyclic
ligand with the six hydrogen atoms of the dimethylsulfide
unit. This, and other experiments, are best interpreted as
evidence for the reversibility of the cyclometalation process
in the gas phase. An extensive labeling study of this reaction
permits to derive a kinetic model of the data, revealing a
preferred 1,3-hydrogen transfer from dimethylsulfide to [Pt-


ACHTUNGTRENNUNG(bipy�H)]+ in the course of ethene liberation. The ion/mol-
ecule reaction of [Pt ACHTUNGTRENNUNG(pypyrm�H)]+ with dimethylsulfide
further suggests that the “active” hydrogen in the bipy
ligand must be the C(3)�H hydrogen atom and thus further
support the operation of a reversible “roll-over” cyclometa-
lation process. To elucidate the mechanism of the unusual
oxidative C�C-coupling reaction in the transformation
CH3SCH3!CH2=CH2, exploratory DFT calculations were
carried out. As a main result, together with the experiment,
the driving force for the whole reaction sequence is the for-
mation of a second Pt–N coordination in the course of the
retro “roll-over” process.
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Synthesis and Investigation of a Chiral Enterobactin Analogue Based on a
Macrocyclic Peptide Scaffold


�ron Pint�r and Gebhard Haberhauer*[a]


Introduction


Enterobactin is a well-known triscatecholamide-type sidero-
phore discovered almost 40 years ago. It is produced by Es-
cherichia coli and related enteric bacteria in order to over-
come iron-deficient conditions in living host organisms.[1]


This low-molecular-weight ironACHTUNGTRENNUNG(III) carrier is made up of
three (S)-serine units that form a cyclic trilactone scaffold
bearing three 2,3-dihydroxybenzamide binding arms.


Enterobactin possesses an extremely high affinity for FeIII


ions, and the proton-independent stability constant (b110) of
the [Fe ACHTUNGTRENNUNG(ent)]3� complex has been estimated to be 1049


m
�1.[2]


In addition, its octahedrally coordinated complexes of 1:1
stoichiometry with a variety of metal ions, such as CrIII,[3]


GaIII,[4] AlIII,[4a,5] InIII,[4a,5] ScIII,[4a,5, 6] RhIII,[7] and VIV[8] have
been described. The FeII complex of fully protonated entero-
bactin has also been verified.[9]


A matter of particular interest is the stereochemistry at
the metal centres of the enterobactin metal complexes, as it
is known that the configuration of the coordinated iron


centre is crucial for the biological activity of the sidero-
phore.[10] In enterobactin, the configuration at the C3-sym-
metric metal centre is predetermined by the chiral cyclic tri-
lactone scaffold, and the corresponding D-FeIII complex is
formed stereoselectively.[11] However, the calculated energy
differences between the L and the D diastereomers of ferric
enterobactin are low, varying between 2.1 and 8.6 kJ mol�1


according to the level of theory,[12] which may be explained
by the high flexibility of the trilactone platform.


Although various enterobactin analogues based on C3-
symmetric oligo- or macrocyclic central units—such as 1,5,9-
triaminocyclododecane,[13] 2,6,10-triaminotrioxatricornan,[14]


cyclodextrin[15] or perhydrophenalene[16]—have been devel-
oped,[17] there are only a few examples of synthetic entero-
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bactin analogues that display diastereoselective metal com-
plex formation.[18,19] In contrast with naturally occurring en-
terobactin, these analogues are each made up of three chiral
binding arms attached to an achiral centre or achiral scaf-
fold.


Our intention was to develop an enterobactin analogue
consisting of a chiral scaffold and three achiral catecholate
arms that would exhibit predictable and highly diastereose-
lective metal complex formation. As we had already used
cyclic peptides containing imidazole and oxazole units in
their backbones for the control of axial and planar chirali-
ty[20, 21] and for chirality transfer in C3-symmetric com-
pounds,[22,23] we decided also to use this type of chiral scaf-
fold for the design of a chiral synthetic enterobactin ana-
logue. Here we report the synthesis of the triscatecholate
ligand (SSS)-1 and an extended study of the diastereoselec-
tive complex formation of 1 with various metal ions.


Results and Discussion


Synthesis of the ligand : The synthetic pathway for ligand 1
is depicted in Scheme 1. Firstly, methyl- and benzyl-protect-
ed acid chlorides 6 a and 6 b were synthesized by known pro-
cedures.[24] Deprotection of the tris(phthalimidomethyl)oxa-
zole peptide scaffold 7[23] by hydrazinolysis, followed by acy-
lation with 6 a and 6 b, gave the corresponding protected li-
gands 8 a and 8 b, respectively. Deprotection of 8 a was ac-
complished by treatment with boron tribromide in
dichloromethane, while 8 b was debenzylated by catalytic
hydrogenolysis to afford the chiral triscatecholamide-type
ligand 1.


Analyses of the ligand 1, as well as of the two precursors
8 a and 8 b, by ESI-MS, NMR and UV/Vis spectroscopy are
in agreement with their structures. The 1H NMR spectrum
of 1 in [D4]MeOH confirms an ideal C3 symmetry with three
catecholate binding arms rotating rapidly on the NMR time-
scale, as the diastereotopic protons of the amidomethyl
groups show only a broad singlet at d=4.88 ppm. In the
cases of the 1H NMR spectra of 8 a and 8 b in CDCl3 the
methylene signals are separated by 0.15 ppm as doublets of
doublets. The spectrum of 8 b additionally reveals a small
anisotropy of 0.03 ppm for the methylene protons of the
ortho-benzyloxy protecting group. The methylene protons of
the meta-benzyloxy group show only a singlet. The restricted
rotation of the side arms is probably caused by intramolecu-
lar hydrogen bonds between the amide oxygens of the mac-
rocyclic scaffold and the catecholamide protons, which ex-
plains their low-field chemical shifts (d= 8.69 ppm for 8 a
and d=8.55 ppm for 8 b). The hindered rotation of the
ortho-benzyloxy group is a consequence of steric hindrance
rather than intrastrand hydrogen bonding between ether
oxygen and the neighbouring catecholamide proton.


Investigation of metal complex formation by HR-ESI mass
spectroscopy: Complex formation by the triscatecholate
ligand 1 with various trivalent and tetravalent metal ions at


room temperature was first investigated by electrospray ion-
ization mass spectroscopy. For this purpose, aqueous metha-
nolic solutions (MeOH/H2O 10:90) containing the ligand 1
and the appropriate metal salt in equal concentrations (5.0 �
10�5


m) together with NaOH (10�2
m) were prepared and


measured with negative and positive ion detection. In both
modes the measured mass spectra show signals of highest in-
tensity for the doubly charged ions [L6�+Mn++ACHTUNGTRENNUNG(4�n)H+]2�


and [L6�+Mn++ ACHTUNGTRENNUNG(8�n)Na+]2+ , respectively. Whereas for the
ions AlIII, GaIII, InIII, FeIII, ScIII, YIII, TiIV and GeIV the peaks
of the corresponding metal complexes were found, for the
other metal complexes no signals could be detected (Table 1
and Table 2). Interestingly, the exact masses of the dianion
peaks obtained for the InIII and ScIII complexes do not corre-
spond to the single protonated metal complexes but to the
fully deprotonated ligand with the metal cation lacking one
negative charge. This may be attributed to the formation of
radical anions under the conditions of negative ionization.


Investigation of complex formation by UV/Vis absorption
and CD spectroscopy: In a first step, the kinetics of the
metal ion binding were investigated by mixing the ligand 1
and the metal solutions in a molar ratio of 1:1.5 and simulta-
neous measuring UV absorption and CD spectra as a func-
tion of time. For the AlIII, InIII and FeIII ions, relatively slow
complex formation was found (Figure 1). To attain 95 % of
the final UV absorption change (at 270 nm), 4 minutes


Scheme 1. Synthesis of ligand 1: i) MeOH, SOCl2, RT, 99%; ii) BnCl,
K2CO3, DMF, 150 8C, 97 %; iii) NaOH, MeOH/H2O, 100 8C, then aq. HCl,
97%; iv) SOCl2, D, 96% for 6a and 99% for 6b ; v) 1) N2H4·H2O, THF/
CH2Cl2/EtOH, RT; 2) 6 a/6b, CH2Cl2, Et3N, RT, 99 % for 8 a and 61 % for
8b. vi) BBr3, CH2Cl2, RT then MeOH, 96 %; vii) H2/Pd(OH)2/C, MeOH,
96%.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 11061 – 1106811062



www.chemeurj.org





under the given conditions (MeOH/H2O 10:90, 0.10 m tris,
0.02 m HCl, pH 8.95, 20 8C) were required for AlIII, 30 mi-
nutes for FeIII and 40 minutes for InIII.


However, the shapes of the corresponding CD kinetic
curves differ significantly. In the case of AlIII the same cut-
off value of the ellipticity change (at 265 nm) is obtained
after about 32 minutes, while the FeIII and InIII complexes
require more than 60 minutes to obtain equilibrium. The in-
congruity of the normalized UV absorption and CD kinetic
curves indicates continuous conformational changes of the
formed complexes after coordination of the metal centre
until the adoption of the final equilibrium conformation. In
the cases of GaIII, GeIV and TiIV ions, both complexation and
adoption of the equilibrium conformation occur within a
few seconds, and accordingly no time dependency—neither
for the extinction nor for the ellipticity values—could be ob-
served.


For the determination of thermodynamic parameters of
the metal complexes of 1, discontinuous titration experi-
ments were performed with an automated titration unit con-
nected to the spectropolarimeter. In the cases of RuIII, RhIII,
CrIII, ScIII, YIII, LaIII, ZrIV and SnIV, titration of 1 failed to
produce any detectable spectral changes, indicating that
there is no complex formation at constant basic pH value.
In contrast, the electronic spectrum of 1 showed gradual
changes if AlIII, GaIII, InIII, FeIII, GeIV or TiIV ions were used
as guests. The UV spectrum of 1 shows three main absorp-
tions, located at wavelengths around 220, 250 and 325 nm.
The oxazole scaffold and catecholamide side arms contrib-
ute to the absorption at the shortest wavelength, whereas
the other transitions can only be attributed to the newly
formed chromophore. If titration was conducted with GaIII


ions, all absorption bands showed a moderate bathochromic


shift, while changes in the CD spectrum were more striking
(Figure 2). With increasing metal/ligand ratio, two strong
positive Cotton effects emerge at 267 and 244 nm, accompa-
nied by a small negative one at 322 nm, which could not be
found in the spectrum of the uncomplexed ligand. The
strong positive bands represent an exciton coupling due to
the proximity of the helically coordinated catecholate arms
around the metal centre, whereas the sign of their elliptici-
ties implies a left-handed (L) orientation as the preferred
conformation.[19b]


The UV spectral changes at different wavelengths upon
addition of GaIII to 1 are shown in Figure 3. The same spec-
tral changes in the UV region could also be observed during
the titration of 1 with AlIII, FeIII and InIII, although longer
mixing times of up to 15 minutes were required after each
incremental addition of the titrant.


In the case of GeIV, only one narrow and strong positive
Cotton effect arose between 250 and 280 nm as a result of
complexation, and the final bathochromic shift of the ab-
sorption signals was the smallest among the observed com-
plexes. If titration of ligand 1 was performed with TiIV, a sig-
nificant bathochromic shift of all absorption bands and a
yellow colouration could be observed, but the CD spectra
showed no characteristic exciton coupling bands for octahe-
dral complex formation. These observations may be ex-


Table 1. Calculated and experimentally measured exact masses of the
complexes of 1 with trivalent metal ions recorded in the negative ion
mode.


Metal ion Formula Calcd mass Exptl mass


Al3+ [C48H46N9O15+Al]2� 507.6470 507.6451
Ga3+ [C48H46N9O15+Ga]2� 528.6190 528.6145
In3+ [C48H45N9O15+In]2� 551.1043 551.1034
Fe3+ [C48H46N9O15+Fe]2� 522.1237 522.1254
Ru3+ [C48H46N9O15+Ru]2� 545.1079 –
Rh3+ [C48H46N9O15+Rh]2� 545.6084 –
Cr3+ [C48H46N9O15+Cr]2� 520.1259 –
Sc3+ [C48H45N9O15+Sc]2� 516.1303 516.1269
Y3+ [C48H46N9O15+Y]2� 538.6091 538.6026
La3+ [C48H46N9O15+La]2� 563.6089 –


Table 2. Calculated and experimentally measured exact masses of the
complexes of 1 with tetravalent metal ions recorded in the negative ion
mode.


Metal ion Formula Calcd mass Exptl mass


Ti4+ [C48H45N9O15+Ti]2� 517.6266 517.6244
Zr4+ [C48H45N9O15+Zr]2� 538.6047 538.6024
Ge4+ [C48H45N9O15+Ge]2� 530.6135 530.6111
Sn4+ [C48H45N9O15+Sn]2� 553.6040 –


Figure 1. Complex formation kinetics of 1 with different metals (^: AlIII,
&: FeIII, ~: InIII) ([1]=2.4 � 10�5


m, [M]/[L] = 1.5, MeOH/H2O 10:90; 0.10 m


tris; 0.02 m HCl buffer, pH 8.95). Top) UV absorption measured at
270 nm. Bottom) Ellipticity measured at 265 nm.
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plained in terms of a low stability of the TiIV octahedral
complex and the formation of yellow polymeric TiIV/cate-
cholate compounds.[25] CD spectral data obtained for the
triscatecholate ligand 1 and for its metal complexes are sum-
marized in Table 3.


With the exception of titration with TiIV ions, UV and CD
spectra each showed one set of isosbestic points during the
whole process of titration, which indicates that only two


photoactive species predominate in each solution. Addition-
al Job plot analyses of the two-component systems of 1 with
AlIII, GaIII, FeIII and GeIV gave evidence of pure 1:1 stoichi-
ometry (Figure 4).


The affinities of ligand 1 for the metals under the condi-
tions employed were evaluated as virtual binding constants
according to Equation (1), which represents a simplified as-
sociation constant involving all protonation/deprotonation
and metal ion coordination steps. Although this constant is
only applicable for the pH value applied for the measure-
ment, it can provide information about the selectivity
toward different cationic guests.


Figure 2. Spectrophotometric titration of ligand 1 with Ga3+ ([1] =2.0�
10�5


m, MeOH/H2O 10:90; 0.10 m tris; 0.02 m HCl buffer; pH 8.95).
Top) UV absorption spectra. Bottom) CD spectra.


Figure 3. UV absorption titration curves (^: 355, &: 315, ~: 270, � :
240 nm) for complexation of 1 and Ga3+ at different wavelengths ([1]=


2.0� 10�5
m, MeOH/H2O 10:90; 0.10 m tris; 0.02 m HCl buffer; pH 8.95).


Table 3. CD spectra of the complexes of ligand 1 with metal ions Mn+


([1]=2.0 � 10�5
m and 1/Mn+ = 1:1) in MeOH/H2O (10:90; 0.10 m tris,


0.02 m HCl) at pH 8.95.


Mn+ De [mol�1 cm�1] (l [nm])


– �42.7 (234) – +4.8 (263)
Al3+ �66.6 (231) +86.7 (247) +56.0 (266) �9.5 (330)
Ga3+ �74.9 (232) +82.7 (247) +52.7 (267) �9.2 (328)
In3+ �45.2 (232) – +12.7 (264) �2.5 (328)
Fe3+ �43.6 (233) – +15.9 (265) �3.9 (329)
Ge4+ �19.3 (232) – +63.3 (262) �7.0 (323)


Figure 4. UV absorption and CD Job plots for complexation of 1 with
Ga3+ at different wavelengths ([1]+ ACHTUNGTRENNUNG[GaCl3] =3.0� 10�5


m, MeOH/H2O
10:90, 0.10 m tris/0.02m HCl buffer, pH 8.95). Top) {y= Aobs.�AL�
(AM�AL) � x versus x= [GaCl3]/ ACHTUNGTRENNUNG([GaCl3]+[1])}. Bottom) {y =qobs.�qL�
(qM�qL)� x versus x= [GaCl3]/ ACHTUNGTRENNUNG([GaCl3]+[1])}.
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Kvirt
LM ¼


½LM�
ð½L�tot�½LM�Þð½M�tot�½LM�Þ ð1Þ


The virtual association constants of the complexation sys-
tems were calculated by nonlinear least-squares fitting ac-
cording to the modified Benesi–Hildebrand equation from
both UV absorption and CD data set.[26] The best reproduci-
ble results and the smallest errors could be obtained if ab-
sorption values between 265 and 275 nm or ellipticity values
in the range of the exciton coupling band were used for
evaluation. The obtained binding constants and free energy
changes of 1 with cations are summarized in Table 4.


The relative order of stability of the trivalent metal com-
plexes with the macrocyclic ligand 1 is Al3+ > Ga3+ >


Fe3+ > In3+ , suggesting that the maximum stability is ach-
ieved with the smallest cation. However, it is unlikely that
the observed trend in complex stability constants for the
metal ions can be entirely attributed to the size of the metal
cation radii, since the ionic radii of GaIII and FeIII (62 and
64.5 pm)[27] are quite similar.


In order to provide more exact information about the
sense of chirality at the metal centre in the complexes of 1,
absorption and CD spectra of the ironACHTUNGTRENNUNG(III) complex in the
visible region were investigated (Figure 5). Upon coordina-
tion of Fe3+ ions a red-coloured complex is formed from 1
in basic solution. The broad absorption band at 509 nm (e=


5905 mol�1 dm3 cm�1) is assigned to a ligand-to-metal charge
transfer (LMCT) band, which is characteristic for ironACHTUNGTRENNUNG(III)
octahedrally coordinated by three catecholate units. The cor-
responding CD spectrum shows a positive Cotton effect at
longer wavelengths and a negative Cotton effect at shorter
wavelengths relative to the LMCT band. Comparison with
CD spectra of CrIII[3] and FeIII[28] enterobactin complexes
clearly indicates that octahedral metal complexes of ligand 1
occur as stereoisomers with helicity opposite to that ob-
served with naturally occurring enterobactin: namely L-fac.


The extent of diastereoselective complex formation
caused by the chiral macrocyclic scaffold of ligand 1 was fur-
ther investigated by ab initio calculations.[29] Full geometry
optimizations were performed for the (SSS,D)- and (SSS,L)-
complexes of 1 and for the D- and L-complexes of entero-
bactin by the DFT method (for a schematic representation
of the two possible conformers of the metal triscatecholate
complexes of 1 see Figure 6). In the case of the InIII com-
plexes the structures were calculated at the B3LYP/
Lan2LDZ level of theory; for all other complexes the
B3LYP/6-31G* approximation was used (Table 5). The
energy differences between the diastereomers of 1 vary be-
tween 51 and 55 kJ mol�1 in favour of the (SSS,L)-stereoiso-
mers, which accounts for a complete diastereoselectivity at
room temperature according to the Boltzmann–Gibbs distri-
bution. Interestingly, these energy differences are four to six
times larger than the values calculated for the corresponding


Table 4. Virtual binding constants (Ka) and overall free energy of com-
plexation (�DG8) between 1 and cations as determined by UV titration
experiments (MeOH/H2O 10:90; 0.10 m tris; 0.02 m HCl buffer; pH 8.95,
20 8C).


Mn+ Ka [dm3 mol�1] �DG8 [kJ mol�1] R2


Al3+ (2.64�0.28) � 106 [a] 36.0 0.99935
Ga3+ (1.45�0.46) � 106 [a] 34.6 0.99651
In3+ (1.10�0.10) � 104 [b] 22.7 0.99608
Fe3+ (2.45�0.08) � 104 [c] 24.6 0.99944
Ge4+ (2.50�0.26) � 106 [d] 35.9 0.99937


Association constants were determined: [a] at 270 nm. [b] At 273–
266 nm. [c] At 274–267 nm from UV absorption data set. [d] At 265–
258 nm from CD data set.


Figure 5. UV/Vis and CD spectra of 1 with 0.0 (c), 0.5 (c) and 1.0 (c) equivalents of FeIII ([1] =1.25 � 10�4
m in MeOH/H2O 80:20; 0.10 m tris


buffer).
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enterobactin complexes. On the assumption that the enthal-
py of hydrolysis does not differ significantly for the two pos-
sible helical isomers, this stereoselectivity must persist in so-
lution, too. This is in accordance with the results obtained
by the CD measurements.


The optimized structures of the energetically favoured
(SSS,L)-configured complexes of 1 show distorted octahe-
dral geometries, in which twist angles (608 for perfect octa-
hedral geometry) vary between 44 and 548. In addition, the
calculated M�Ometa bond lengths are 0.04–0.10 � shorter
than those of the M�Oortho bonds. This may be due to the
considerable diameter of the cyclohexapeptide platform,
which is oversized in comparison with the only 12-mem-
bered and conformationally more flexible macrocyclic frame
of enterobactin. To minimize constraints in the octahedral
coordination sphere, complex formation is accompanied by
considerable changes in platform conformation in relation
to the structures of oxazole cyclohexapeptides without coor-
dinatively or covalently anchored side arms. While platforms
7, 8 a and 8 b exist in conformations with slight deviations of


the oxazole rings from the reference planes, the 18-mem-
bered backbones of the modelled complexes of 1 adopt
deeper, bowl-like conformations, through turning of the oxa-
zole units inward when viewed from the direction of the
metal centre. The identical vicinal 3JHN,CH values of 7.8–
7.9 Hz for the protected ligands 8 a and 8 b and for the pro-
tected platform 7 correspond to dihedral angles of 145 < V


< 1508,[30] which are in good agreement with the calculated
and X-ray structures of the unsubstituted C3-symmetric oxa-
zole analogue from a previous study.[31] In these systems the
dihedral angles c [Namide-Ca-Coxazole-Ooxazole] can be taken to
express the extent of deviation from planarity. In the case of
complete planarity, this angle is 1808. While the optimized
structures of unsubstituted oxazole cyclohexapeptides dis-
play cone angles of 160–1698, values of only 115–1178 for
the (SSS,L) isomers and 122–1238 for the (SSS,D) isomers
were obtained for the calculated complexes of 1. Conse-
quently, the preference for the L isomer in metal complexes
of 1 cannot be a result of conformational constraints that
exist within the 18-membered macrocycle. The reason for
the large energy gap between the isomers is probably the
distance between the carbonyl groups of the side chains and
the carbonyl groups of the macrocyclic scaffold. In the case
of the L isomers, the distance between the oxygen atoms of
these groups are almost 6 �, whereas in the case of the D


isomers it is calculated to be 3.48–3.78 �. This short distance
causes repulsive interactions between the side arms and the
scaffold, thus explaining the high energetic discrimination
between the isomers.


Conclusion


In summary, we have been able to show that a C3-symmetric
oxazole-containing macrocyclic peptidic scaffold can be
used for the construction of a siderophore ligand. Like the
naturally occurring enterobactin, this siderophore consists of
three achiral catecholate arms attached to a chiral backbone
and forms octahedral metal complexes with high diastereo-
selectivity. Although ironACHTUNGTRENNUNG(III) and gallium ACHTUNGTRENNUNG(III) have similar
charge/radius ratios and normally produce similar octahe-
dral complexes, the behaviour of the siderophore analogue
towards these ions is different. While iron ACHTUNGTRENNUNG(III) ions are
bonded slowly, the incorporation of GaIII proceeds within
seconds and the corresponding binding constant is higher by
two orders of magnitude. The often used postulation that
the group 13 metal ion gallium ACHTUNGTRENNUNG(III) can serve as an excellent
surrogate marker of the ironACHTUNGTRENNUNG(III) failed in this case.


Experimental Section


General remarks : All chemicals were reagent grade and were used as
purchased. Reactions were monitored by TLC analysis with silica gel
60 F254 thin-layer plates. Flash chromatography was carried out on silica
gel 60 (230–400 mesh). 1H and 13C NMR spectra were measured with
Bruker Avance DMX 300 and Avance DRX 500 spectrometers. All
chemical shifts (d) are given in ppm relative to TMS. The spectra were


Table 5. Relative energies of the conformers of 1·M(6�n)� and
enterobactin·M ACHTUNGTRENNUNG(6�n)� calculated (B3LYP) in kJ mol�1.


Basis set Isomer AlIII GaIII InIII TiIV GeIV


6-31G* ACHTUNGTRENNUNG(SSS,L)-1 0.0 0.0 0.0 0.0ACHTUNGTRENNUNG(SSS,D)-1 52.4 54.9 53.1 50.9
L-enterobactin 9.2 7.9 9.6 12.6
D-enterobactin 0.0 0.0 0.0 0.0


Lan2DZ ACHTUNGTRENNUNG(SSS,L)-1 0.0ACHTUNGTRENNUNG(SSS,D)-1 55.4
L-enterobactin 8.4
D-enterobactin 0.0


Figure 6. Top) Schematic representation of the two possible conformers
of the triscatecholate complexes of 1. Bottom) Molecular structures of
the diastereomers of the complex 1·Ga3� calculated at the B3LYP/6-31G*
level of theory; all hydrogen atoms have been omitted for clarity.
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referenced to deuterated solvents indicated in brackets in the analytical
data. HRMS spectra were recorded with a Bruker BioTOF III Instru-
ment. IR spectra were measured on a Varian 3100 FT-IR Excalibur
Series spectrometer. UV/Vis absorption spectra were obtained with a
Varian Cary 300 Bio instrument, whereas CD absorption spectra were
taken with a Jasco J-815 spectrophotometer fitted with a Jasco ATS-443
automatic titration unit.


Abbreviations : PhtN: phthalimido. THF: tetrahydrofuran. Tris: tris(hy-
droxymethyl)aminomethane.


Methyl 2,3-bis(benzyloxy)benzoate (4): A mixture of methyl ester 3
(1.345 g, 8.0 mmol), K2CO3 (3.428 g, 24.8 mmol), benzyl chloride (2.431 g,
19.2 mmol) and DMF (10 mL) was stirred at 150 8C for 60 minutes. After
completion of the reaction, the mixture was cooled down, water
(100 mL) was added, and the product was extracted with CH2Cl2 (3 �
50 mL). The organic layer was dried over MgSO4, filtered and evaporated
to give an oily product, which was further exhaustively dried in vacuo
(<1 mbar, 60 8C) to yield 4 (2.704 g, 97.0 %) as a clear yellowish oil.
1H NMR (300 MHz, CDCl3): d=7.47–7.41 (m, 4 H; BnO CH), 7.39–7.31
(m, 7H; BnO CH and Ph CH-6), 7.16 (dd, 3JH,H =8.0 Hz, 4JH,H =1.7 Hz,
1H; CH-4), 7.09 (t, 3JH,H =8.0 Hz, 1H; CH-5), 5.15 (s, 2 H; m-BnO CH2),
5.13 (s, 2 H; o-BnO CH2), 3.86 ppm (s, 2H; CO2CH3); 13C NMR
(75 MHz, CDCl3): d= 166.8 (q; CO2CH3), 152.8 (q; Ph C-2), 148.3 (q; Ph
C-3), 137.4 (q; o-BnO C-1), 136.6 (q; m-BnO C-1), 128.5 (t; o/m-BnO
CH-3,5), 128.2 (t; m-BnO CH-2,6), 128.0 (t; o-BnO CH-4), 127.9 (t; m-
BnO CH-4), 127.5 (t; o-BnO CH-2,6), 126.9 (q; Ph C-1), 123.9 (t; Ph
CH-5), 122.9 (t; Ph CH-6), 118.1 (t; Ph CH-4), 75.6 (s; o-BnO CH2), 71.3
(s; m-BnO CH2), 52.1 ppm (p; CO2CH3); IR (KBr): ñ =3064, 3032, 2949,
2880, 1730, 1580, 1489, 1474, 1433, 1374, 1263, 1147, 1083, 979, 916, 861,
783, 754, 697 cm�1; UV/Vis (CH2Cl2): lmax (e)=246 (3550), 294 nm
(2630 mol�1 dm3 cm�1); FAB-MS: m/z (%): 348.3 (35) [M]+ , 371.3 (3)
[M+Na]+ .


2,3-Bis(benzyloxy)benzoic acid (5 b): Aqueous NaOH (2 m, 6.0 mL,
12.0 mmol) was added to a solution of 4 (2.090 g, 6.0 mmol) in MeOH
(24 mL) and the mixture was stirred at 100 8C for 60 min. After the mix-
ture had cooled down, water (100 mL) and HCl (2 m, 15 mL, 30.0 mmol)
were added and the product was extracted with CH2Cl2 (3 � 50 mL). The
organic layer was dried over MgSO4, filtered and concentrated to give
benzoic acid 5b (1.943 g, 96.9 %) as a white powder. 1H NMR (300 MHz,
CDCl3): d=7.65 (dd, 3JH,H =7.8 Hz, 4JH,H =1.5 Hz, 1H; Ph CH-6), 7.42–
7.28 (m, 5 H; BnO CH), 7.26 (s, 5 H; BnO CH), 7.18 (dd, 3JH,H =7.8 Hz,
4JH,H = 1.5 Hz, 1H; Ph CH-4), 7.10 (t, 3JH,H =7.8 Hz, 1H; Ph CH-5), 5.18
(s, 2 H; m-BnO CH2), 5.11 ppm (s, 2 H; o-BnO CH2); 13C NMR (75 MHz,
CDCl3): d =165.3 (q; CO2H), 151.3 (q; Ph C-2), 147.1 (q; Ph C-3), 135.8
(q; o-BnO C-1), 134.7 (q; m-BnO C-1), 129.2 (t; o/m-BnO CH-3,5),
128.79 (t; m-BnO CH-2,6), 128.77 (t; o-BnO CH-2,6), 128.5 (t; o-BnO
CH-4), 127.7 (t; m-BnO CH-4), 125.0 (t; Ph CH-5), 124.4 (t; Ph CH-6),
123.1 (q; Ph C-1), 119.0 (t; Ph CH-4), 77.1 (s; o-BnO CH2), 71.5 ppm (s;
m-BnO CH2); IR (KBr): ñ= 3442, 3063, 3032, 2876, 2675, 2976, 1694,
1599, 1577, 1498, 1474, 1455, 1415, 1378, 1313, 1262, 1220, 1036, 967, 767,
752, 698 cm�1; UV/Vis (CH2Cl2): lmax (e) =246 (6310), 300 nm
(4470 mol�1 dm3 cm�1); EI-MS: m/z (%): 334.2 (3) [M]+ , 243.1 (4), 225.1
(1), 181.2 (23), 91.1 (100), 65.2 (7).


2,3-Bis(benzyloxy)benzoyl chloride (6 b): 2,3-Bis(benzyloxy)benzoic acid
(0.669 g, 2.0 mmol) was stirred at reflux in thionyl chloride (10 mL) for
three hours, and volatiles were then evaporated in vacuo to yield acid
chloride 6b (0.701 g, 99.4 %) as a yellowish oil. 1H NMR (300 MHz,
CDCl3): d=7.61 (dd, 3JH,H =8.0 Hz, 4JH,H =1.5 Hz, 1H; Ph CH-6), 7.49–
7.34 (m, 10 H; o/m-BnO CH-2,3,4,5,6), 7.27 (dd, 3JH,H =8.0 Hz, 4JH,H =


1.5 Hz, 1H; Ph CH-4), 7.17 (t, 3JH,H =8.0 Hz, 1H; Ph CH-5), 5.19 (s, 2H;
m-BnO CH2), 5.16 ppm (s, 2 H, o-BnO CH2); 13C NMR (75 MHz,
CDCl3): d=164.7 (q; COCl), 152.7 (q; Ph C-3), 148.0 (q; Ph C-2), 136.5
(q; m-BnO C-1), 136.0 (q; o-BnO, C-1), 128.79 (t; m-BnO CH-3,5),
128.65 (t; o-BnO CH-3,5), 128.32 (t; o-BnO CH-2,6), 128.26 (t; o-BnO
CH-4), 128.19 (t; m-BnO CH-4), 127.5 (t; m-BnO CH-2,6), 124.4 (t; Ph
CH-5), 124.0 (t; Ph CH-6), 119.8 (t; Ph CH-4), 75.7 (s; o-BnO CH2),
71.4 ppm (s; m-BnO CH2).


Methyl- and benzyl-protected precursors 8a and 8b : Hydrazine monohy-
drate (0.250 g, 5.0 mmol) was added to a solution of platform 7 (0.098 g,


0.10 mmol) in CH2Cl2/THF/EtOH 2:2:1 (25 mL), and stirring was contin-
ued at room temperature for 24 h. Volatiles were then removed in a
rotary evaporator, and the residue was dried in vacuo (<1 mbar, 50 8C,
2 h). The remaining solid was suspended in CH2Cl2 (30 mL), followed by
addition of the appropriate acid chloride (1.0 mmol) and triethylamine
(0.152 g, 1.5 mmol). After the system had been stirred for 6 h at room
temperature, the solvent was removed, and the residual solid was subject-
ed to column chromatography (CH2Cl2/EtOAc/MeOH 75:25:0 ! 75:25:5
for 8 a, EtOAc/MeOH 100:0 ! 100:3 for 8b) to provide the product.


Data for 8a : Yield: 0.099 g (99.2 %); TLC: Rf =0.55 (CH2Cl2/EtOAc/
MeOH 75:25:5; silica); 1H NMR (500 MHz, CDCl3): d=8.69 (t, 3JH,H =


6.0 Hz, 1H; CONHCH2), 8.17 (d, 3JH,H =7.9 Hz, 1 H, CONH), 7.67 (dd,
3JH,H = 7.9 Hz, 4JH,H =1.6 Hz, 1H; Ph CH-6), 7.11 (t, 3JH,H =7.9 Hz, 1 H;
Ph CH-5), 7.02 (dd, 3JH,H =7.9 Hz, 4JH,H =1.6 Hz, 1 H, Ph CH-4), 5.087
(dd, 2JH,H =15.8 Hz, 3JH,H =6.3 Hz, 1 H; CONHCH2), 5.087 (dd, 3JH,H =


7.9 Hz, 3JH,H =4.7 Hz, 1H; Val a-CH), 4.94 (dd, 2JH,H =15.8 Hz, 3JH,H =


6.3 Hz, 1 H; CONHCH2), 3.86 (s, 6H; CH3O), 2.37–2.30 (m, 1H; Val b-
CH), 1.04 (d, 3JH,H =6.6 Hz, 3H; Val CH3), 1.01 ppm (d, 3JH,H =6.6 Hz,
3H; Val CH3); 13C NMR (125 MHz, CDCl3): d=165.2 (q; CONHCH2),
161.5 (q; oxazole C-2), 160.4 (q; CONH), 153.2 (q; oxazole C-5), 152.6
(q; Ph C-3), 147.7 (q; Ph C-2), 130.0 (q; oxazole C-4), 126.0 (q; Ph C-1),
124.2 (t; Ph CH-5), 122.8 (t; Ph CH-6), 115.7 (t; Ph CH-4), 61.4 (p;
CH3O-2), 56.0 (p; CH3O-3), 53.1 (p; Val a-CH), 34.2 (s; CONHCH2),
33.5 (t; Val b-CH), 18.4 (p; Val CH3), 18.2 ppm (p; Val CH3); UV/Vis
(CH2Cl2): lmax (e)=296 nm (8130 mol�1 dm3 cm�1); CD (CH2Cl2): l


(De)=250 nm (+8.6 mol�1 dm3 cm�1); ESI-HRMS: m/z : calcd for
[C54H64N9O15]


+ : 1078.4516; found: 1078.4561.


Data for 8b : Yield: 0.094 g (61.2 %). TLC: Rf = 0.68 (CH2Cl2/EtOAc/
MeOH 75:25:3; silica); 1H NMR (500 MHz, CDCl3): d=8.55 (t, 3JH,H =


5.8 Hz, 1 H; CONHCH2), 8.17 (d, 3JH,H =7.8 Hz, 1 H; CONH), 7.71 (dd,
3JH,H = 5.7 Hz, 4JH,H = 3.9 Hz, 1H; Ph CH-6), 7.44–7.41 (dd, 3JH,H =8.0 Hz,
4JH,H = 1.5 Hz, 2H; o-BnO CH-2,6), 7.39–7.33 (m, 3H; BnO CH-3,4,5),
7.22–7.20 (dd, 3JH,H =7.8 Hz, 4JH,H =1.8 Hz, 2H; m-BnO CH-2,6), 7.18–
7.12 (m, 5H; BnO CH-3,4,5, Ph CH-4,5), 5.12 (s, 2H; o-BnO CH2), 5.08
(d, 2JH,H = 10.6 Hz, 1H; m-BnO CH2), 5.05 (d, 2JH,H =10.6 Hz, 1 H; m-
BnO CH2), 5.01 (dd, 2JH,H = 15.9 Hz, 3JH,H =6.3 Hz, 1 H; CONHCH2), 4.99
(dd, 3JH,H =7.8 Hz, 3JH,H =4.6 Hz, 1 H; Val a-CH), 4.86 (dd, 2JH,H =


15.9 Hz, 3JH,H =5.4 Hz, 1H; CONHCH2), 2.32–2.26 (m, 1 H; Val b-CH),
1.00 (d, 3JH,H =6.8 Hz, 3H; Val CH3), 0.97 ppm (d, 3JH,H =6.8 Hz, 3 H; Val
CH3); 13C NMR (125 MHz, CDCl3): d=165.1 (q; CONHCH2), 161.5 (q;
oxazole C-2), 160.1 (q; CONH), 152.6 (q; oxazole C-5), 151.7 (q; Ph C-
2), 146.7 (q; Ph C-3), 136.3 (q; o-BnO C-1), 136.0 (q; m-BnO C-1), 129.8
(q; oxazole C-4), 128.55 (t; BnO CH), 128.51 (t; BnO CH), 128.36 (t;
BnO CH), 128.13 (t; BnO CH), 127.5 (t; BnO CH), 126.9 (q; Ph C-1),
124.3 (t; Ph CH-5), 123.2 (t; Ph CH-6), 117.3 (t; Ph CH-4), 76.1 (s; m-
BnO CH2), 71.2 (s; o-BnO CH2), 53.0 (t; Val a-CH), 34.1 (s;
CONHCH2), 33.4 (t; Val b-CH3), 18.3 (p; Val CH3), 18.1 ppm (p; Val
CH3); UV/Vis (CH2Cl2): lmax (e)=296 nm (8510 mol�1 dm3 cm�1); CD
(CH2Cl2): l (De) =250 nm (+10.1 mol�1 dm3 cm�1); ESI-HRMS: m/z :
calcd for [C90H88N9O15]


+ : 1535.6426; found: 1535.6483.


Ligand 1


Preparation from 8a : A BBr3 solution (1 m in CH2Cl2, 0.70 mL,
0.70 mmol) was added to a solution of 8a (0.054 g, 0.05 mmol) in CH2Cl2


(3 mL), and the mixture was stirred at room temperature for 16 h.
MeOH was then added, and solvents were evaporated in vacuo. The resi-
due was purified by column chromatography on silica gel (CH2Cl2/
MeOH/HCO2H 95:5:0.4) to give 1 (0.048 g, 96.4 %) as a grey solid.


Preparation from 8b : A solution of 8b (0.031 g, 0.02 mmol) in MeOH
(20 mL) was hydrogenated under atmospheric pressure for 6 h in the
presence of Pearlman	s catalyst (20 % Pd(OH)2 on charcoal, 0.050 g).
The catalyst was then filtered off, and the solvents were evaporated to
give pure 1 (0.019 g, 95.7 %) as a white solid.
1H NMR (500 MHz, [D4]MeOH): d =7.16 (dd, 3JH,H = 8.0 Hz, 4JH,H =


1.4 Hz, 1H; Ph CH-6), 6.89 (dd, 3JH,H =8.0 Hz, 4JH,H =1.4 Hz, 1H; Ph
CH-4), 6.66 (t, 3JH,H = 8.0 Hz, 1 H; Ph CH-5), 5.10 (d, 3JH,H =4.8 Hz, 1H;
Val a-CH), 4.88 (s, 2 H; CONHCH2), 2.32–2.25 (m, 1 H; Val b-CH), 0.99
(d, 3JH,H =6.9 Hz, 3 H; Val CH3), 0.92 ppm (d, 3JH,H =6.9 Hz, 3H; Val
CH3); 13C NMR (125 MHz, [D4]MeOH): d=171.5 (q; CONHCH2), 162.8
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(q; oxazole C-2), 162.0 (q; CONH), 154.2 (q; oxazole C-5), 150.4 (q; Ph
C-2), 147.4 (q; Ph C-3), 130.8 (q; oxazole C-4), 119.9 (t; Ph CH-4), 119.7
(t; Ph CH-5), 118.8 (t; Ph CH-6), 116.3 (q; Ph C-1), 54.5 (t; Val a-CH),
35.4 (s; CONHCH2), 34.7 (t; Val b-CH3), 18.7 (p; Val CH3), 18.5 ppm (p;
Val CH3); ESI-HRMS: m/z : calcd for [C48H52N9O15]


+ : 994.3577; found:
994.3521.


UV absorption and CD spectrophotometric titrations : For the UV ab-
sorption and CD spectrophotometric titrations, titrant solution containing
only 1 ([1] =2.0� 10�5


m in MeOH/H2O 10:90; tris/HCl buffer 0.10 m/
0.02 m at pH 8.95) and titrant solution containing both 1 and the appro-
priate metal salt ([1]=2.0 � 10�5


m, [Mn+]=3.0 � 10�4–5.0 � 10�4
m in


MeOH/H2O 10:90 in tris/HCl buffer 0.10 m/0.02 m at pH 8.95) were pre-
pared. Titrant solution (2500 mL) was placed in the 1 cm-pathlength
quartz cuvette containing a stirring magnet. Automatized titrations were
performed at 20 8C by addition of titrant solution in discrete steps
(10 mL) and recording of spectra after a suitable mixing time (3–15 min).


A manual titration experiment for Job plot analysis was performed with
ligand and metal salt solutions of the same concentration (3.0 � 10�5


m in
MeOH/H2O 10:90; tris/HCl buffer 0.10 m/0.02 m at pH 8.95). Ligand solu-
tion (2500 mL) was placed in the cuvette, and spectra were measured. In
each titration step an aliquot (100 ! 1000 mL) was removed from the
cuvette and the same volume of metal salt solution was added. After suf-
ficient equilibrating time, spectra were measured. Finally, spectra from
the pure metal salt solution were taken.
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The Structure-Controlling Solventless Synthesis and Optical Properties of
Uniform Cu2S Nanodisks


Yu-Biao Chen, Ling Chen, and Li-Ming Wu*[a]


Introduction


Nanocrystalline semiconductors have been extensively in-
vestigated because of their unique physical–chemical proper-
ties.[1–3] Generally, these properties are heavily dependent on
the size and morphology,[4,5] and nanocrystals with aniso-
tropic features, such as nanowires, nanorods, nanotubes,
nanoribbons, nanofilms, nanodisks, nanoplates, nanocubes,
and nanoprisms, have more advantages over nanospheres in
technological application.[6–9] Among these examples, lamel-
lar nanostructures are a favorite for the fabrication of nano-
devices; for example, anisotropic nanodisks are very good
building blocks for constructing nanodevices, with the crys-
tal orientation controlled by a bottom-up method.[10–13]


The newly established solventless thermolytic method has
proved to be successful in producing anisotropic nanomate-
rials.[14–20] As a first example, uniform Ag nanodisks were
obtained by the thermolysis of layered precursor AgSC12H25,


which has large interlayer spaces. The disk morphology is
proposed to be self-controlled on the atomic level by the
structure of the precursor.[18] However, the thickness of the
Ag nanodisks (�2.3 nm) is about 15 times larger than the
1.5 � thickness of the central Ag/S slab of the precursor,
and the reviewers raised a doubt concerning the mechanism
of this layered-precursor-to-lamellar-nanoproduct (LPLP)
conversion. Unfortunately, an intermediate between the pre-
cursor and the nanoproduct is not currently available, but
an isostructural Bi precursor, Bi ACHTUNGTRENNUNG(SC12H25)3, has subsequently
been synthesized. The interruption of the thermolysis pro-
cess of this Bi precursor at an early stage during heating al-
lowed the capture of an amorphous Bi nanofilm several
atoms in thickness (0.6 nm), which sustains the idea that the
early growth is constrained by the layered structure of the
Bi precursor. A parallel experiment without interruption
generated monolayer arrays of large lamellar nanorhombi
(�22 nm in length and �0.9 nm in height).[19] Although the
physical layered arrangement of the rhombi and their uni-
form lamellar morphology suggest some relation to the
nanofilm, an intermediate between small nanoparticles and
large nanorhombi is still needed and therefore, there is still
a great degree of guesswork in the interpretation of the late
growth stage of the LPLP conversion. Herein, we present
interesting and important observations regarding Cu2S to il-
lustrate the late growth stage. These facts, together with pre-
vious observations on nanofilms[19] and Ag disks,[18] substan-
tiate the whole growth mechanism of a structure-controlling
solventless method.


Abstract: Uniform Cu2S nanodisks
have been synthesized from a well-
characterized layered copper thiolate
precursor by structure-controlling sol-
ventless thermolysis at 200–220 8C
under a N2 atmosphere. The develop-
ment from small Cu2S nanoparticles
(diameter �3 nm) to nanodisks (diam-
eter 8.3 nm) and then to faceted nano-
disks (diameter 27.5 nm, thickness


12.7 nm) is accompanied by a continu-
ous phase transition from metastable
orthorhombic to monoclinic Cu2S, the
ripening of small particles by aggrega-


tion, and finally the crystallization pro-
cess. The growth of the nanoproduct is
constrained by the crystal structure of
the precursor and the in situ-generated
thiol molecules. Such controlled aniso-
tropic growth leads to a nearly constant
thickness of faceted nanodisks with dif-
ferent diameters, which has been con-
firmed by TEM observations and opti-
cal absorption measurements.
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Bulk Cu2S (band gap energy Eg = 1.21 eV) has been ex-
tensively investigated and used as a solar cell material.[21,22]


The quantum size effect of nano Cu2S materials[23] results in
the tunable band gaps of these materials, which is desirable
in photoelectric applications. Recently, Cu2S nanocrystals
with different morphologies, such as wires,[17,24,25] rib-
bons,[26, 27] tubes,[25] rods,[14] disks, and plates,[10,13, 14] have been
prepared by using different approaches, for example, solid,
solution, hydrothermal, and solventless methods. The sol-
ventless method has shown advantages in producing uniform
nanoproducts,[14,17] however, high yields from this method
are impossible because of the extreme difficulty of separat-
ing Cu2S nanoproducts from the raw products (a mixture of
several insoluble byproducts and unreacted reactants).
Herein, we utilize [CuACHTUNGTRENNUNG(SC12H25)2] as a precursor, in place of
a mixture of copper salt, thiol, and surfactants, to produce
uniform Cu2S nanodisks on a gram scale. The possible for-
mation mechanism and the dependence of optical properties
on the morphology and size are also reported.


Results and Discussion


Structure and thermal properties of the [Cu ACHTUNGTRENNUNG(SC12H25)2] pre-
cursor : The yellow-green powdery precursor was synthe-
sized from a 4:1 molar ratio of 1-dodecanethiol and copper
nitrate in ethanol and water (see the Experimental Section).
The excess dodecanethiol ensured the complete precipita-
tion of Cu2+ ions. The formula of the precursor was deter-
mined to be [Cu ACHTUNGTRENNUNG(SC12H25)2] by using elemental analysis,
which also satisfies the charge-balance requirement. The
powder X-ray diffraction (PXRD) pattern of the [Cu-ACHTUNGTRENNUNG(SC12H25)2] precursor (after the excess dodecanethiol was
washed off) is presented in Figure 1. The intense narrow re-
flections correspond to successive 0k0 (k=2–9) orders of
the diffractions from a layered structure with a large d spac-
ing and preferred orientation. The measured kd values of all
8 reflections fall within the range 35.67 to 35.94 �, with an
average of 35.81 � (see the Supporting Information,


Table S1), which is about twice the expected length of the
alkyl chain (L). This layered motif is similar to that of silver
and bismuth dodecanethiolate,[18,19] which have interlayer
spacings of 34.6 and 31.49 �, respectively. Therefore, the
structure of as-synthesized [Cu ACHTUNGTRENNUNG(SC12H25)2] is also proposed
to consist of a central layer of Cu/S with the alkyl chain tails
extending out from both sides of the central layer. The inter-
layer distance of [Cu ACHTUNGTRENNUNG(SC12H25)2] (�2 L) is larger than that
of the silver or bismuth analogues, which may result from
different features of the intralayer structure. We have not
successfully obtained a suitable single crystal of [Cu-ACHTUNGTRENNUNG(SC12H25)2], which is needed to determine the detailed intra-
layer structure not revealed by the powder diffraction pat-
terns. However, knowing the anisotropic layered nature of
the [Cu ACHTUNGTRENNUNG(SC12H25)2] precursor gives some helpful insights into
the LPLP conversion process.


The temperature dependence of the decomposition of the
[Cu ACHTUNGTRENNUNG(SC12H25)2] precursor was examined by differential ther-
mal analysis, thermogravimetric analysis, and quadrupole
mass spectrometry (DTA/TG/QMS; Figure 2). The DTA


curve displays a sharp peak at 142.3 8C that results from
cleavage of the C�S bond to generate Cu2S and a broad
peak at 275.9 8C that corresponds to the evaporation of 1-
dodecanethiol (of which the boiling point is 266–283 8C). On
the other hand, the TG curve shows no weight change up to
143 8C and slight weight loss between 143 and 225 8C, which
corresponds to the volatilization of the in situ-generated or-
ganic molecule (C12H25SH), and rapid weight loss between
225 and 290 8C caused by the evaporation of C12H25SH.
Therefore, the DTA and TG data suggest the decomposition
of the precursor starting at 143 8C, and the remaining of the
in situ generated C12H25SH molecule in the reaction system
up to 225 8C. The organic molecule, C12H25SH, contributes
greatly to the control of the morphologies of the uniform
Cu2S nanoproducts (see the LPLP Conversion Mechanism
section).


Figure 1. The PXRD pattern (CuKa radiation) of the [Cu ACHTUNGTRENNUNG(SC12H25)2]ACHTUNGTRENNUNGprecursor.


Figure 2. a) DTA, b) TG, and c) QMS curves of the thoroughly washed
[Cu ACHTUNGTRENNUNG(SC12H25)2] precursor, heated from 40 to 500 8C under a N2 atmos-
phere. The DTA scale refers to exponential values.
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Structure and morphology of the Cu2S nanoproducts : A rep-
resentative PXRD pattern of Cu2S nanoproducts in Figure 3
shows that all the diffraction peaks match well with ortho-


rhombic Cu2S (JCPDS file no. 02-1294, stored in the Inter-
national Centre for Diffraction Data). It is the first time
that nano Cu2S has been formed in the orthorhombic phase.
Bulk orthorhombic Cu2S is metastable at low temperature
and transforms into hexagonal chalcocite at 103.5 8C.[28] In-
terestingly, we found that nano orthorhombic Cu2S continu-
ously transforms into the monoclinic phase, as indicated in
Figure 4. For example, nanoparticles produced at 220 8C for
1 h are orthorhombic Cu2S (JCPDS file no. 02-1294), and
those produced after 10 h are monoclinic Cu2S (JCPDS file
no. 83-1462). For extremely long reaction times (7 d) the
products are mainly monoclinic Cu2S (JCPDS file no. 83-
1462) with a minor tetragonal phase (JCPDS file no. 72-
1071; Figure 5). More interestingly, the d values, which cor-
respond to the two most intense diffraction peaks at around
46 and 488 in Figure 4, increase linearly as the annealing
time lengthens (see the Sup-
porting Information, Figure S1).
These relationships indicate a
gradual phase transition that
may be caused by the twinning
relationship of orthorhombic
and monoclinic Cu2S, as found
in previous reports.[29,30]


The effects of reaction tem-
perature and time on the mor-
phology have been investigated
by performing a batch of ex-
periments loaded with similar
amounts of [Cu ACHTUNGTRENNUNG(SC12H25)2] pre-
cursor. The details of each reac-
tion and the descriptions of the
products are summarized in


Figure 3. The PXRD pattern of Cu2S nanoproducts synthesized under N2


at 210 8C for 10 h. The pattern matches well with orthorhombic Cu2S
(JCPDS file no. 02-1294).


Figure 4. The PXRD patterns of Cu2S nanoproducts synthesized under
N2 at 220 8C for a) 1, b) 2, c) 4, and d) 10 h. The PXRD patterns for e) or-
thorhombic and f) monoclinic Cu2S are also shown.


Figure 5. The PXRD pattern of Cu2S products synthsized under N2 at
220 8C for 7 days. Peaks marked with * and & match well with monoclinic
Cu2S (JCPDS file no. 83-1462) and tetragonal Cu2S (JCPDS file no. 72-
1071), respectively.


Table 1. Experimental conditions for the preparation of Cu2S nanoparticles of different sizes from
[Cu ACHTUNGTRENNUNG(SC12H25)2] at different annealing temperatures (T) and times (t).


Description of the nanoproducts[b]


T[a] [8C] t [h] Morphology[c] Diameter [nm] (s [%]) Thickness [nm] (s [%])


200 2 I �3.0 –
200 10 II 25.2 (�16.7) 11.8 (�7.3)
210 2 II 8.3 (�11.8) –
210 10 III 25.8 (�15.3) 12.0 (�7.1)
220 0.5 I 5.5 (�7.7) –
220 1 II 21.7 (�24.0) 11.9 (�6.3)
220 2 II 23.2 (�18.5) 12.0 (�5.3)
220 4 II 26.0 (�14.9) 12.3 (�6.5)
220 10 III 27.5 (�14.7) 12.7 (�5.4)


[a] Heating from RT to the desired temperature occurred within 2 h. [b] The morphologies and sizes of nano-
products were judged from TEM images, and their average diameter and thickness were obtained from count
plots (see the Supporting Information, Figures S7–S20). [c] I, II, and III indicate small nanoparticles, nano-
disks, and faceted nanodisks, respectively.
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Table 1, and these results clearly show that both the reaction
temperature and the time influence the size and shape of
the Cu2S nanoproducts. For example, samples annealed for
a fixed 2 h showed an increase in diameter from �3 to
23.2 nm as the temperature was increased from 200 to
220 8C, and the morphology changed from small particles to
disks. Note that the nanodisks shown in Figure 6b also ex-


hibit a typical quasi-close packing.[10] These nanodisks are
lying flat on the substrate, which indicates a large diameter-
to-thickness ratio. However, the faceted nanodisks in Fig-
ure 6c tend to stack together into an extended chain, as indi-
cated by the circled area. Interestingly, some disk-like is-
lands made of these small nanoparticles are produced under
N2 at 200 8C after 2 h (Figure 7). Such small-particle aggre-
gation clearly shows an intermediate from small nanoparti-
cles to nanodisks during the growth process.


Results of parallel experiments annealed for 10 h at these
three temperatures are shown in Figure 6d–f, and also reveal
the shape evolution from nanodisks (produced at 200 8C)
into faceted nanodisks (220 8C). The nanodisks formed at


200 8C are almost all lying flat on the substrate and have a
considerable size distribution (Figure 6d); the average diam-
eter is 25.2 nm (s=�16.7 %). At 210 8C (Figure 6e), some
nanodisks tend to stack together into extended chains, a fea-
ture that was not seen when the duration time was only 2 h
(Figure 6b), and the average diameter increases to 25.8 nm
(s=�15.3 %). Faceted nanodisks were obtained at 220 8C


(Figure 6f), most of which are
perpendicular to the substrate
and stacked together into chain
motifs with different lengths
and orientations. This stacking
motif may reduce the exposed
surface areas and, therefore,
reduce the surface energy of
the nanodisks. In addition, the
average diameter of the faceted
nanodisks increased to 27.5 nm
(s=�14.7 %).


The TEM images of the
products of four parallel reac-
tions annealed at 220 8C for
30 min, 1, 4, and 10 h are shown
in Figure 8. The monodispersed
nanoparticles are produced by
annealing for 30 min and have
an average diameter of 5.5 nm
(s=�7.7 %, Figure 8a), and
have a quasi-close-packed as-


sembly similar to that in Figure 6b. The other three reac-
tions produce nanodisks, and as the reaction time was in-
creased from 1 (Figure 8b) to 4 h (Figure 8c), the number of
perpendicular faceted nanodisks is increased. After anneal-
ing for 10 h (Figure 8d), nearly all of the nanodisks are fac-
eted. Judging from the PXRD patterns and TEM images,
the monoclinic phase tends to show faceted disk morpholo-
gy, this is in agreement with the generally accepted fact that


Figure 6. TEM images of Cu2S nanoproducts produced under N2 for 2 h at a) 200, b) 210, and c) 220 8C, and
for 10 h at d) 200, e) 210, and f) 220 8C.


Figure 7. TEM images of small Cu2S nanoparticles and the fused small-
particle aggregation produced under N2 at 200 8C for 2 h. Right: An en-
larged view of the selected area.


Figure 8. The TEM images of Cu2S nanoproducts produced under N2 at
220 C for a) 30 min, b) 1, c) 4, and d) 10 h.
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longer annealing times give better crystallinity. The metasta-
ble orthorhombic Cu2S shows worse crystallinity and gives
less clear HRTEM images that provide no detailed structur-
al information.


When the faceted nanodisk stands perpendicularly to the
substrate, it looks like a rod,
thus the thickness of the disks
is defined as the width of the
rod and was also measured.
This disk–rod relationship has
also been confirmed by the
tilted TEM observations (see
the Supporting Information,
Figure S2). Interestingly, all our
experiments (Table 1) indicate
that these nanodisks show a
visible increase in diameter
with increasing temperature or
prolonged annealing time, but a
negligible change in thickness.
For example, as the annealing
time is extended from 1 to 10 h,
an obvious increase in diameter
(�27 %) was found, whereas
only a 7 % increase in thickness
was found (Table 1). This indi-
cates that the growth of the la-
mellar nanoproducts is substan-
tially anisotropic. A more de-
tailed discussion of growth
mechanism is presented below.


The LPLP conversion mechanism : In the previous report on
Ag nanodisks,[18] we mentioned that the formation of nano-
disks involves two processes, nucleation and growth, which
are controlled by the crystal structure of the precursor.
However, direct TEM observation is lacking because of the
difficulty of separating small Ag nanoparticles from the
AgSR precursor shortly after firing. The subsequent re-
search on Bi has provided a substantial intermediate, Bi-
nanofilm that is several atoms thick, to prove that the nucle-
ation and early growth of the nanoparticles are indeed con-
strained by the crystal structure of the precursor. The low
reaction temperature of the Bi system allows the capture of
the nanofilm intermediate, which is impossible in the Ag
system. On the other hand, the low melting point of Bi
makes the fusion and conglomeration of small particles re-
markably speedy, so an intermediate for such interparticle
growth is undetectable. Herein, small Cu2S nanoparticles
have been repeatedly obtained because interparticle growth
occurs well after the complete decomposition of the precur-
sor. We were thus able to capture an intermediate of this in-
terparticle growth; this is significant because intermediates
are usually metastable, and can rarely be observed in differ-
ent and suitable systems. Bi-nanofilm[19] and these inter-
mediates in different systems, for example, Bi, Ag, Cu2S,
have been integrated to investigate the nucleation and


growth process of the structure-controlling solventless syn-
thesis.


The LPLP conversion mechanism of Cu2S is sketched in
Figure 9. First, small Cu2S nanoparticles are produced under
low temperature or short reaction times, such as 200 8C for


2 h or 220 8C for 30 min. These small Cu2S nanoparticles
tend to arrange in a quasi-layered pattern that is thought to
be restrained by the layered structure of the [Cu ACHTUNGTRENNUNG(SC12H25)2]
precursor. The in situ-generated C12H25SH can distribute on
both sides of this assembly by absorbance on the surface of
each Cu2S particle. During the subsequent heat treatment,
these small nanoparticles fuse into disk-like islands
(Figure 7) by an aggregation and coalescence process. The
quasi-layered distribution of small nanoparticles leads to iso-
tropic intralayer and anisotropic interlayer diffusions. The
hindrance of the long organic chains also results in a “long
path” for interlayer diffusion. During the subsequent crystal-
lization of the islands into nanodisks, the growth in diameter
is thus markedly faster (intralayer diffusion) than that of
thickness (interlayer diffusion). As shown in Figures 6 and
8, the thickness shows no significant increase, as described
above. Eventually, faceted nanodisks with hexagonal sym-
metry are crystallized (see the Supporting Information Fig-
ure S3).


Note that C12H25SH has a crucial impact on the disk mor-
phology. A parallel experiment was designed as follows:
Faceted nanodisks formed at 220 8C for 2 h (Table 1) were
thoroughly washed with dichloromethane until free of
C12H25SH. The absence of C12H25SH was verified by check-
ing for the characteristic vibrations in the FTIR spectrum
(see the Supporting Information, Figure S4). Once free of


Figure 9. The supposed mechanism of conversion from the layered precursor (top left) to small nanoparticles
(top right) to small-particle aggregation (bottom right) to nanodisks (bottom middle) to faceted nanodisks
(bottom left).
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C12H25SH, the pure Cu2S nanodisks were re-annealed at
220 8C for 2 h. The results show agglomerative Cu2S chunks
that are totally different from the nanodisks formed in the
presence of C12H25SH (see Figure S5 in the Supporting In-
formation and Figure 8c).


Optical properties : The UV/Vis absorption spectra of sus-
pensions of Cu2S nanoproducts in CH2Cl2 are shown in
Figure 10. Small Cu2S nanoparticles with diameters less than


6 nm (average diameter �3 or 5.5 nm) display similar spec-
tra (curves a and b) that both lack a sharp maximum. The
general explanation is that the sizes of the nanoparticles are
smaller than the exciton bohr radius. Unfortunately, the ex-
citon bohr radius of Cu2S is not available. However, it is
likely to be larger than 5.5 nm, because both 3 nm and
5.5 nm particle samples exhibit absorption edges at around
475 nm, which show clear blueshifts compared with that of
bulk Cu2S (1022 nm).[23] The absence of sharp maxima in
these two absorption spectra indicates that the dispersed
size distribution is in agreement with the TEM observations
(Figure 6a, Figure 7a).


Two nanodisk samples with diameters of 21.7 and
26.0 nm, respectively, exhibit a sharp absorption peak at
274 nm. The overall absorption behavior is similar to that of
Cu2S nanowires.[24] Distinctively, different diameters change
the position of the absorption peak of Cu2S nanowires,[24]


but not in the case of our nanodisks. It is possible that the
smaller dimension (thickness vs. diameter) governs the
band-gap energy, as found in ZnS sheets.[31] The TEM obser-
vations suggest a nearly constant thickness for the as-synthe-
sized nanodisks, therefore two nanodisk samples with differ-
ent diameters have the same absorption maximum. The
average thickness of the nanodisks can be calculated accord-
ing to the band-gap-energy shift (DEg) in Equation (1):[32]


DEg �
h2


8myLy
2


ð1Þ


in which my is the reduced effective mass of the exciton and
Ly is the crystallite thickness. Therefore, DEg � Ly


2 should be
a constant. The value of DEg �Ly


2 calculated from Cu2S
nanoribbons[26] is 40.96 eV nm2. As shown in Figure 10, the
absorption maximum at l=274 nm and the absorption edge
at l=293 nm (curves c and d), give DEg = 0.29 eV, and the
average thickness is then calculated to be �12 nm, which is
in good agreement with the thickness obtained from TEM
observations.


The optical diffuse reflectance spectra of Cu2S nanodisks
have also been measured and are plotted in Figure 11.
Tauc�s plots by the extrapolation method give Eg values of
2.03 and 1.99 eV for 21.7 and 26.0 nm nanodisks, respective-
ly. Both samples exhibit blue band-gap shifts compared with
bulk Cu2S, which indicates a strong quantum size effect.


Conclusion


In summary, uniform Cu2S nanoproducts have been ob-
tained from a layered copper-thiolate precursor. The nearly
constant thickness of the faceted nanodisks with different di-
ameters suggests isotropic growth. This isotropic growth is
thought to be restrained by the physical arrangement of the
small particles (Figures 6b and 7a), which was highly influ-
enced by the layered crystal structure of the precursor
during the nucleation stage. The anisotropic interparticle
growth is also influenced by the in situ-generated RSH mol-
ecules. Interestingly, the ripening and crystallization of these
nanodisks reveal a continuous orthorhomic-to-monoclinic
phase transition process. These nanoproducts show an in-
crease in the band gap and a blueshift of the absorption
edge compared with that of bulk Cu2S.


Finally, the Cu2S small-particle aggregation intermediate
substantiates that both the nucleation process and the late
growth process (i.e. , the interparticle growth stage) in this


Figure 10. RT UV/Vis absorption spectra of suspensions of a) small Cu2S
nanoparticles (diameter �3 nm), b) small Cu2S nanoparticles (diameter
5.5 nm), c) Cu2S nanodisks (diameter 21.7 nm, thickness 11.9 nm), and
d) Cu2S nanodisks (diameter 26.0 nm, thickness 12.3 nm) in dichloro-ACHTUNGTRENNUNGmethane.


Figure 11. Tauc�s plots for the estimation of the band gaps of Cu2S nano-
disks with a) diameter 21.7 nm, thickness 11.9 nm and b) diameter
26.0 nm, thickness 12.3 nm.
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structure-controlling solventless method are controlled by
the layered crystal structure of the precursor and the thiol
byproduct.


Experimental Section


Chemicals : 1-Dodecanethiol (C12H25SH, 98%, Labcaster), copper nitrate
(Cu ACHTUNGTRENNUNG(NO3)2·3H2O, A.R., Shanghai), ethanol (A.R., Shanghai), and di-
chloromethane (A.R., Shanghai) were used as purchased without further
purification. N2 gas (99.99 %) was purchased from Fuzhou Xinhang Gas
Co.


Synthesis of the [Cu ACHTUNGTRENNUNG(SC12H25)2] precursor : 1-Dodecanethiol (19.3 mL,
80 mmol) was dissolved in ethanol (40 mL), then aqueous copper nitrate
(20 mL, 1.0 mol L�1) was slowly added to the mixture with vigorous stir-
ring to give a yellow-green suspension. After stirring for 30 min, the pre-
cipitation was collected by filtration, washed two or three times with dis-
tilled water and ethanol to ensure the removal of all soluble materials,
and then dried in an evacuated vacuum desiccator to remove the residual
solvent. Finally, the yellow-green powdery precursor (9.250 g) was ob-
tained (99.2 % yield based on Cu, indicating complete precipitation of
the Cu2+ ions). Elemental analysis calcd (%) for [Cu ACHTUNGTRENNUNG(SC12H25)2]: C 61.8,
H 10.8, N 0, S 13.8; found: C 62.3, H 10.7, N <0.3, S 13.7.


Syntheses of Cu2S nanodisks : In a representative reaction, [Cu ACHTUNGTRENNUNG(SC12H25)2]
(0.694 g) was placed in a small Pyrex tube (1.5 � 15 cm) and transferred
into a larger long jacket Pyrex tube (6 cm � 1 m), which was capped on
both ends by stoppers with gas outlets, purged with N2 gas for 5 min,
heated in a program-controlled tube furnace at 220 8C for 10 h, and al-
lowed to cool to RT by radiation in the furnace. The yellow-green precur-
sor turned black after heating (see the Supporting Information, Fig-
ure S6). The raw product was dispersed in dichloromethane, centrifuged
at 4000 rpm for 5 min to remove the byproducts, and then collected
(0.108 g, 91.3 % yield based on the amount of [Cu ACHTUNGTRENNUNG(SC12H25)2]). The exper-
imental conditions for Cu2S nanoproducts are summarized in Table 1.
The black product was characterized to be nano Cu2S (see the Results
and Discussion Section). The Cu:S stoichiometry was further confirmed
to be 1.99:1.00 by elemental analysis.


Sample characterization : Powder X-ray diffraction (PXRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM),
and high-resolution TEM (HRTEM) were used to characterize the crys-
tal structure, composition, size, and shape of the products, respectively.
The SEM images were obtained by using a JSM 6700F scanning electron
microscope equipped with a field emission gun operating at 10 kV. The
TEM and HRTEM images were obtained by using a JEM 2010 transmis-
sion electron microscope equipped with a field emission gun operating at
200 kV. The digital images were obtained by using the imaging software
system (DigitalMicrograph 3.11.2) designed for a Gatan multipole scan-
ning CCD camera. For TEM observation, each sample was prepared by
depositing a drop of a dilute suspension of the corresponding nanoprod-
uct in dichloromethane onto a 200 mesh carbon-film-coated Cu grid.ACHTUNGTRENNUNGElemental analyses were performed by using a Vario EL III instrument
(Elementar Co.) for C, H, N, and S and an Ultima-2 inductively coupled
plasma optical emission spectrometer (ICP-OES) for Cu. The PXRD
patterns were collected at room temperature with the aid of a Rigaku
DMAX 2500 powder diffractometer with ultra 18 kW CuKa radiation.
The DTA/TG/QMS measurements were performed by using a
NETZSCH STA449C instrument in connection with a QMS403C spec-
trometer. The UV/Vis absorption and diffuse-reflectance spectra were
measured by using a Perkin–Elmer Lambda-900 spectrophotometer. The
optical band gaps of the Cu2S nanodisks were estimated by using a
Tauc�s plot.[32]
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Introduction


The use of water as a reaction medium is of great interest
for organometallic catalysis.[1] Among various solvents,
water is the most preferred solvent, because it is inexpen-
sive, safe, clean, and abundant.[2] Moreover, owing to the
amphoteric behavior in the Brønsted sense, the reaction
rates and the selectivities can be varied by changing the pH
of the solution.[3–8] Extensive studies by Jo� on pH-switcha-
ble chemoselective hydrogenation of cinnamaldehyde areACHTUNGTRENNUNGintriguing.[3,9–12]


Transfer hydrogenation (TH) reaction using a formate as
a hydrogen donor in water has received much attention, be-


cause it avoids the use of explosive molecular hydrogen and
harmful organic solvents.[6–8,13–20] Although highly efficient
TH catalysts in iPrOH have been reported recently,[21–25]


aqueous TH reactions, which usually require high reaction
temperatures and low substrate/catalyst (S/C) ratios, seem
to be sluggish except for an iridium complex with monotosy-
lated ethylenediamine (turnover frequency (TOF) up to
132 000 h�1 at 80 8C).[26] On the other hand, attempts have
been made at the chemoselective TH of a,b-unsaturated car-
bonyl compounds in iPrOH.[27–31] The pH-dependent chemo-
selective TH of a,b-unsaturated carbonyl compounds in an
aqueous formate solution was reported by Frost for the first
time in 2007.[32] However, further improvements in catalyst
efficiency, selectivity, and versatility are required.


Recently, we have reported two important developments
in aqueous catalysis. First, the half-sandwich bipyridine com-
plexes [MCp* ACHTUNGTRENNUNG(bpy)Cl]Cl (Cp*=C5Me5; M= Rh, Ir; bpy=


2,2’-bipyridine) serve as efficient catalysts for the TH ofACHTUNGTRENNUNGketones in an acidic formate solution.[6,33] Although it is
known that the rhodium complex shows poor activity in TH
(TOF= 0.2 h�1) under neutral formate conditions,[34] we
have revealed that the reactivity toward ketones is strongly
pH-dependent (TOF=66 h�1 at pH 2.5). Second, remark-
able catalytic activation has been achieved by the introduc-
tion of a hydroxyl group into the pyridine ligand (i.e., 4,4’-
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dihydroxy-2,2’-bipyridine (DHBP) and 4,7-dihydroxy-1,10-
phenanthroline (DHPT)) for the hydrogenation of bicarbon-
ates.[35] This is attributed to the strong electron-donating
ability of the oxyanion generated by deprotonation of the
phenolic hydroxy group under basic conditions.[36,37] In par-
ticular, the iridium series is most strongly affected by the
electronic substituent effect among ruthenium, rhodium,
and iridium complexes. In fact, in comparison with the ini-
tial TOF of the unsubstituted bipyridine complex, the TOF
of the iridium–DHBP complex is increased about 1300
times.


These two findings have prompted us to develop efficient
and chemoselective TH by using DHBP complexes. Herein,
we report that the catalytic activity and chemoselectivity of
the TH catalyzed by an iridium–DHBP complex in an aque-
ous formate solution is strongly pH-dependent. The catalytic
activity is discussed on the basis of the acid–base equilibri-
um of the hydroxyl group of the ligand and the Hammett
rule under acidic and basic conditions. The pH-dependent
chemoselective TH of a,b-unsaturated carbonyl compounds
is also investigated.


Results and Discussion


pH-Dependent TH of 2-cyclohexen-1-one : To probe the
effect of pH, the TH of a water-soluble cyclic enone,


2-cyclohexen-1-one, was select-
ed as the model reaction. The
TH of 2-cyclohexen-1-one
(2 mmol) was carried out with
the water-soluble iridium aqua
catalyst 1-SO4 (0.5 mmol) at
40 8C in 1 m formate solution
(20 mL) at various pH values
by adjusting the HCO2H/
HCO2Na/NaOH [formate/sub-
strate/catalyst (F/S/C) mole
ratio= 40000:4000:1]. The ini-


tial TOFs of TH were measured after 10 min (Figure 1 a).
From pH 6.7 to 9.0, cyclohexanone was exclusively formed
with high TOFs (>4000 h�1) through 1,4-reduction, but the
substrate was not consumed completely under these condi-
tions (turnover number (TON) >ca. 3500). An almost quan-
titative yield was obtained under an S/C ratio of 2000.[38]


However, the activity of the chemoselective TH of 2-cyclo-
hexen-1-one is far superior to earlier studies.[28,29]


At pH 4 and below, the TOFs decreased below 1400 h�1.
After 8 h, a mixture of cyclohexanone, cyclohexanol, and a
small amount of 2-cyclohexen-1-ol as a 1,2-reduction prod-
uct was obtained. An analysis of the progress of the reaction
by GC showed that cyclohexanone was generated at first
and then the amount of cyclohexanol increased gradually
with a TOF of up to 700 h�1. After 24 h, 2-cyclohexen-1-one
was consumed completely at pH 2.6, and a mixture of cyclo-
hexanol (94 %) and 2-cyclohexen-1-ol (6 %) was obtained.


The pH of the reaction solution changed during the
course of the reaction, due to the consumption of HCO2H
as a hydrogen donor and/or the generation of CO2, which
produces bicarbonates and carbonates under basic condi-
tions.[4,38] For example, the initial pH values changed from
7.3 and 2.6 to 8.5 and 2.8, respectively, at the end of the re-
action. The TH in air without inert gas protection proceeded
with high initial TOF at the beginning of the reaction. How-
ever, the catalyst degraded gradually and lower yields were
obtained.[26] The use of an excess of formate was required to
obtain a high yield of the desired reduction product.


Correlation with the Hammett substituent constant (sp
+) at


pH 2.6 and 7.3 : Next, we systematically examined the elec-
tronic substituent effect on the TH of 2-cyclohexen-1-one by
using a series of iridium complexes 1–5 at pH 2.6 and 7.3.
As expected, the catalytic activities were strongly affected
by the substituents in the bipyridine ligand. At pH 2.6, the
TOF of 1 was 19 and 1.9 times higher than the TOFs of 2
and 4, respectively. Figure 2 a shows a good correlation be-
tween log TOF and the sþp value[39] of the respective sub-


Figure 1. pH-Dependent profile of initial TOFs for the TH of a) 2-cyclo-
hexen-1-one (2.0 mmol) with 1-SO4 (0.5 mmol), b) cyclohexanone
(2.0 mmol) with 1-SO4 (1.0 mmol), and c) 2-cyclohexen-1-one (2.0 mmol)
with 4-SO4 (2.0 mmol) in an aqueous 1m formate solution (20 mL) at
40 8C.


Figure 2. Plot for the correlation between sþp and the initial TOF for the
TH of 2-cyclohexen-1-one at pH 2.6 and 7.3 with catalyst 1–5 (20–
0.5 mmol) at 40 8C.
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stituents (R). A similar result was observed for the TH of
cyclohexanone at pH 3.0.


At pH 7.3, although the TOF of 1 was approximately
three times higher than that at pH 2.6, the TOFs of 2–5
were decreased significantly. Although the correlation
among the TOFs of 2–4 was unchanged, 1 and 5 showed a
different correlation due to the deprotonation of the acidic
substituents. Namely, the sþp values for 1 and 5 are regarded
as �2.30 (-O�) and �0.02 (-CO2


�), respectively.[37] The Ham-
mett plot according to the interpretation shows a good cor-
relation (Figure 2 b). In addition, high reaction constants
(1=�1.3 and �1.2 at pH 2.6 and 7.3, respectively) of the
Hammett plots were observed, which were similar to those
observed for the hydrogenation of bicarbonates (1=


�1.3).[37] The strong electronic substituent effect has never
been observed in other catalyst ligands (e.g., phosphorus li-
gands and 1,2-dephenylethylendiamine).[30,40–42] It is apparent
that the remarkable activation of 1 can be attributed to the
strong electron-donating ability of the oxyanion (i.e., low sþp
value) and the strong substituent effect (i.e., high 1 value).


TH with various substrates : The scope of TH using 1 was
examined with various substrates at pH 2.6 and 7.3, and the
results are summarized in Table 1. In the TH of all the
enones at pH 7.3, the 1,4-reduction proceeded exclusively
with high TOFs to give ketones (entries 1–3 at pH 7.3). The
generated ketones were tolerated under basic conditions.
Equilibrium, which was dependent on reaction conditions,
seems to exist.[38] Lowered S/C ratio led to increased yield.


On the other hand, although at pH 2.6 the substrates were
consumed completely, the distributions of 1,4- and 1,2-re-
duction products were influenced by a steric hindrance at
the b-position of the enones. While 2-cyclohexen-1-ol was
generated in 6 % yield from 2-cyclohexen-1-one (entry 1 at
pH 2.6), no 1,2-reduction product was observed in the case
of methyl vinyl ketone (entry 2 at pH 2.6). The TH of 4-


hexen-3-one (entry 3 at pH 2.6) yielded a mixture of 1,4-re-
duction products (58 %) and 1,2-reduction product (41 %;
Scheme 1). To avoid the formation of the mixed product,
the reaction was carried out in 1m HCO2Na solution at first,
followed by the addition of formic acid to give 3-hexanolACHTUNGTRENNUNGexclusively.


The TH of cinnamaldehyde at pH 2.6 afforded cinnamyl
alcohol as the major 1,2-reduction product in 85 % yield
(entry 4). The minor 1,4-reduction product was further re-
duced to give 3-phenyl-1-propanol in 15 % yield. On the
other hand, the TH at pH 7.3 showed highly selective 1,4-re-
duction with high TOF, and the product distributions and
the yields were temperature-dependent (Table 2). The gen-
erated hydrocinnamaldehyde was tolerated at 40 8C
(entry 1), while the aldehyde moiety was smoothly reduced
at 80 8C (entry 3). It is interesting that the pH-dependent
product distribution is the inverse of that of biphasic hydro-
genation using ruthenium complexes with sulfonated phos-
phine ligands.[9] Unfortunately, the C=C bond in ethyl croto-
nate was not reduced.


Next, other substrates were examined. The TH of a-keto
acid, pyruvic acid, gave lactic acid under both acidic and
basic conditions (entry 5 in Table 1).[43, 44] The reduction of
benzaldehyde proceeded with a high TOF at pH 7.3 (entry 6
in Table 1). The highest TOF of 81 000 h�1 and almost quan-
titative yield were obtained at 80 8C. However, high sub-


Table 1. TH catalyzed by 1[a]


pH 2.6 pH 7.3
Substrate t [h] TOF [h�1] Yield [%] Product t [h] TOF [h�1] Yield [%] Product


1 24 1100 94[b] 2[c] 4300 >99


2 24[c] 1500 72[d] 0.5[c] 5300 >99


3 24[c] 700 29[e] 3 2700 >99


4 8[c] 1200 85[f] 0.2[c] 4100 17[g]


5 MeC(=O)CO2H 8 620 >99 MeCH(OH)CO2H 8 1100 >99 MeCH(OH)CO2H
6 PhCHO 6 1400 >99 PhCH2OH 0.2[h] 81000 >99 PhCH2OH


7 8[c] 820 >99 8[c] 15 6


8 PhCOMe 8[c] 480 >99 PhCH(OH)Me 6[c] 80 7 PhCH(OH)Me


[a] The reaction was carried out at 40 8C in an aqueous 1 m formate solution (20 mL) with a substrate (2 mmol) and 1-SO4 (0.5 mmol); F/S/C=


40000:4000:1; yields were determined by a GC or HPLC analysis. The initial TOF was measured after 10 min. [b] 2-Cyclohexenol (6 %) was formed.
[c] The reaction was carried out by using 1-SO4 (1 mmol); F/S/C=20000:2000:1. [d] 2-Butanone (28 %) was formed. [e] 4-Hexen-3-ol (41 %) and 3-hexa-
none (29 %) were formed. [f] 3-Phenyl-1-propanol (15 %) was formed. [g] The reaction reached equilibrium. [h] The reaction was carried out at 80 8C in
an aqueous 2 m formate solution (20 mL) with a substrate (4 mmol) and 1-SO4 (0.5 mmol); F/S/C=80 000:8000:1] The initial TOF was measured after
5 min.


Scheme 1. TH of 4-hexen-3-one catalyzed by 1.
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strate concentration led to decreased TOF and yield due to
phase separation.[38] In the TH of the water-soluble cyclo-
hexanone and insoluble acetophenone at pH 2.6, the TOFs
improved significantly compared with that of unsubstituted
analog 2 (entries 7, 8 in Table 1). The high TOF of 4000 h�1


at pH 2.6 was obtained in the TH of acetophenone at 80 8C.
On the other hand, the TH at pH 7.3 showed poor activities
toward ketones. The pH-dependent profiles for the TH of
cyclohexanone with 1, in which the TOFs improved signifi-
cantly compared with the TOFs of unsubstituted analog 2
under acidic conditions, are consistent with a previous obser-
vation (Figure 1 b).[6] The pH dependence of the reduction
of ketones can be explained by the activation of the carbon-
yl moiety by protons.[44] Consequently, the order of the reac-
tivity at pH 2.6 is aldehyde >C=C bond of a,b-unsaturated
carbonyl compounds>ketone, while that at pH 7.3 is C=C
bond of a,b-unsaturated carbonyl compounds>aromaticACHTUNGTRENNUNGaldehyde @ ketone.


Next, the reactivities of substituted cyclic eneones at
pH 7.3 were investigated (Table 3). The TH of 2-cyclopent-
en-1-one showed high activity similar to that of 2-cyclohex-
en-1-one (entry 1). While the activity for 2-metlyl-2-cyclo-
penten-1-one somewhat decreased (entry 2), the THs of 3-
methyl-substituted analogues were sluggish (entries 3 and
4). The decrease in activity due to steric hindrance in TH is
known.[28,29] Since the influence of a-substituted enone was
relatively small, (R)-(�)-carvone could be efficiently con-
verted to dihydrocarvone as a trans/cis mixture (entry 5).


Effect of acid-base equilibrium of DHBP : The acid–base
equilibrium of 1, which has two types of proton-donating
groups (i.e., two phenolic hydroxyl groups and an aqua
ligand), was examined using absorption spectra as a function
of pH adjusted by H2SO4/KOH (Figure 3). Figure 4 a shows
the percentage change in the optical density of 1 at 265 nm
against the pH. From our previous studies, the change from
pH 3 to 6 can be attributed to the acid–base equilibrium of
the hydroxy groups in 1.[36] On the other hand, the change
from pH 8 to 10 may be attributed to that of the aqua
ligand.[46] Thus, the complex seems to exist as a protonated
form 1 at pH 2.6, a deprotonated form 6 at pH 7.3, and a
hydoxo complex 7 at pH above 10 (Scheme 2).


The degree of pH dependence of the catalytic activation
of 1 was examined by comparing it with the methoxy ana-
logue 4, in which the electronic effect of the methoxy group
was independent of pH. The pH-dependent profile for the
TH of 2-cyclohexen-1-one with 4, the trend for which is op-
posite compared to 1, is shown in Figure 1 c. The TOF ratio
of 1/4 on a logarithmic scale as a function of pH is shown in
Figure 4 b. A sharp increase of the TOF ratio from 2 to 85
times was observed from pH 3 to 7. Interestingly, the curve
overlapped appreciably with the above-mentioned curve of
the absorbance change. This result strongly suggests that the
increase in activity can be attributed to the increase in the
electron-donating effect due to the deprotonation of theACHTUNGTRENNUNGhydroxyl group.


The observations made at various pH values can be ex-
plained by the reaction path depicted in Scheme 2. In the
pH range from 2 to 10, the iridium complex reacted easily
with formate to generate the corresponding hydride com-


Table 2. TH of cinnamaldehyde[a]


T
[8C]


TOFACHTUNGTRENNUNG[h�1]


1 40 5000 79 19 1 <1
2 60 17 000 35 48 16 1
3[b] 80 28 000 0 27 72 1
4[c] 40 1200 0 0 15 85


[a] The reaction was carried out in an aqueous 2m HCO2Na solution
(20 mL) with a substrate (2 mmol) and 1-SO4 (0.5 mmol) for 3 h; F/S/C=


80000:4000:1; yields were determined by a GC and 1H NMR analyses.
The initial TOF was measured after 5 min. [b] The reaction was carried
out for 8 h. [c] The reaction was carried out in an aqueous 1m formate so-
lution (pH 2.6) with a substrate (2 mmol) and 1-SO4 (1 mmol) for 8 h;
F/S/C= 20000:2000:1.


Table 3. TH of cyclic enones into ketones at pH 7.3[a]


Entry Substrate t [h] TOF [h�1] Yield [%]


1 2 3600 >99


2 6 2200 >99


3 8 130 14


4 8 560 31


5 1.5 2000 >99[b]


[a] The reaction was carried out at 40 8C in an aqueous 1 m formate solu-
tion (20 mL) with a substrate (2 mmol) and 1-SO4 (0.5 mmol); F/S/C=


40000:4000:1; yields were determined by a GC analysis. [b] The reaction
was carried out using a substrate (1 mmol) and 1-SO4 (1 mmol); F/S/C=


20000:1000:1; dihydrocarvone was isolated as a mixture (trans/cis=


1.7:1).[45]


Figure 3. Absorption spectra of 1 (0.1 mm) in an aqueous solution as a
function of pH. Curves 1, 2, 3, 4, 5, 6, 7, 8, and 9 were obtained at
pH 3.0, 4.0, 4.5, 5.0, 5.5, 6.0, 8.0, 9.0, and 10.0, respectively.
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plexes 8 or 9 as active species. It is worth noting that the for-
mation of hydride complex 9 may be unaffected by the hy-
droxo complex 7.[44] The generated hydride complexes
showed catalytic activities that were dependent on the elec-
tronic effect of the substituent in the bipyridine ligand. Al-
though the catalytic activities decreased significantly under
basic conditions due to the increase in the protonic charac-
ter of the hydride,[4447] the activation of 9 by the strong elec-
tronic effect of the oxyanion surpassed the inherentACHTUNGTRENNUNGdeactivation.


Conclusion


The results clearly showed that the reaction activity and
chemo ACHTUNGTRENNUNGselectivity in the TH catalyzed by the iridium–DHBP


complex 1 were controlled by pH. We demonstrated that
catalyst activation by the electronic effect of the oxyanion
was applicable to TH in an aqueous formate solution. It was
confirmed that the substantial change in the catalytic activi-
ty of 1 was due to the electronic effect based on the acid–
base equilibrium of the hydroxyl group by means of the
comparison with that of methoxy analogue 4. The TOF
values of 1 at pH 7.3 can be more than 1000 times the value
of the unsubstituted analogue 2. The highest TOF of
81 000 h�1 was obtained in the TH of benzaldehyde at 80 8C.
In addition, the DHBP catalyst exhibited pH-dependent
chemoselectivity for a,b-unsaturated carbonyl compounds.
Selective reductions of the C=C bond of enone with high
TOF were observed under basic conditions. The ketone moi-
eties can be reduced with satisfactory activity under acidic
conditions. In particular, pH-selective chemoselectivity of
the C=O versus C=C bond reduction was observed in the
TH of cinnamaldehyde. From the viewpoint of green
chemistry, we believe that TH, through improvement in re-
action efficiency, has the potential to be a safe and innocu-
ous alternative to the hydrogenation reaction.


Experimental Section


General considerations : All manipulations were carried out under an
argon atmosphere. All aqueous solutions were degassed prior to use. 1H
and 13C NMR spectra were recorded on a Varian INOVA 400 spectrome-
ter using sodium 3-(trimethylsilyl)-1-propanesulfonate (DSS) as an inter-
nal standard. Mass spectra were recorded on Waters ZQ2000 (ESI). Ele-
mental analyses were carried out on an Eager 200 instrument. FT-IR
spectra were recorded on a Perkin–Elmer Spectrum One spectrometer.
The pH values were measured on an Orion Model 290 A pH meter with
a glass electrode after calibration to standard buffer solutions. [IrCp*-ACHTUNGTRENNUNG(H2O)3] ACHTUNGTRENNUNG[SO4] was prepared according to the literature procedure.[48] The
4,4’-dihydroxy-2,2’-bipyridine[49] and 4-SO4


[50] were prepared according to
the literature procedures.


DHBP complex (1-SO4): A aqueous solution (30 mL) of [IrCp* ACHTUNGTRENNUNG(H2O)3]-ACHTUNGTRENNUNG[SO4] (400 mg, 0.84 mmol) and 4,4’-dihydroxy-2,2’-bipyridine (158 mg,
0.84 mmol) was stirred at 40 8C for 12 h. The solution was filtered. The
volume of the filtrate was reduced to �5 mL in vacuo. The solution was
placed in a refrigerator to give a yellow solid 1-SO4 (370 mg, 70%).
1H NMR (400 MHz, D2O): d=8.77 (d, J =6.4 Hz, 2H), 7.77 (br s, 2H),
7.24 (dd, J=6.4, 2.6 Hz, 2 H), 1.66 ppm (s, 15 H); 13C NMR (100 MHz,
D2O): d=170.37, 160.38, 154.94, 119.13, 114.41, 90.94, 10.48 ppm;
1H NMR (400 MHz, D2O/KOD): d= 8.25 (d, J =6.6 Hz, 2H), 7.13 (d, J=


2.7 Hz, 2 H), 6.63 (dd, J =6.6, 2.7 Hz, 2H), 1.56 ppm (s, 15H); 13C NMR
(100 MHz, D2O/KOD): d =178.61, 159.76, 152.91, 121.50, 115.95, 87.47,
10.23 ppm; IR (KBr): ñ=1622, 1498, 1457, 1027 cm�1; ESIMS: m/z : 515
[M�SO4�H2O�H]+ ; elemental analysis calcd (%) for C20H25IrN2O7S: C
38.15, H 4.00, N 4.45, S 5.09; found: C 38.16, H 4.09, N 4.42, S 5.03.


4,4’-Dimethyl-2,2’-bipyridine complex (3-SO4): This compound was pre-
pared from [IrCp* ACHTUNGTRENNUNG(H2O)3] ACHTUNGTRENNUNG[SO4] (192 mg, 0.4 mmol) and 4,4’-dimethyl-
2,2’-bipyridine (74 mg, 0.4 mmol) according to the procedure described
for the preparation of 1-SO4. Recrystallization from water gave yellow
powder; yield 200 mg (80 %). 1H NMR (400 MHz, D2O): d=8.92 (d, J=


5.9 Hz, 2H), 8.35 (br s, 2H), 7.71 (dd, J =5.9, 1.0 Hz, 2H), 2.64 (s, 3 H),
1.66 ppm (s, 15 H); 13C NMR (100 MHz, D2O): d=158.31, 157.56, 153.38,
132.56, 127.53, 91.60, 23.44, 10.43 ppm; IR (KBr): ñ =1621, 1484, 1452,
1031 cm�1; ESIMS: m/z : 511 [M�SO4�H2O�H]+ ; elemental analysis
calcd (%) for C22H29IrN2O5S: C 42.23, H 4.67, N 4.48, S 5.12; found: C
42.14, H 4.72, N 4.50, S 5.29.


Figure 4. a) Absorbance change of 1 at 265 nm as a function of pH. b)
TOF ratio of 1 vs. 4 as a function of pH on a logarithmic scale.


Scheme 2. Behavior of 1 at various pH values.
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4,4’-Dicarboxy-2,2’-bipyridine complex (5-SO4): This compound was pre-
pared from [IrCp*ACHTUNGTRENNUNG(H2O)3] ACHTUNGTRENNUNG[SO4] (192 mg, 0.4 mmol) and 4,4’-dicarboxy-
2,2’-bipyridine (98 mg, 0.4 mmol) according to the procedure described
for the preparation of 1. Purification by chromatography over Sephadex
LH-20 with water gave yellow powder; yield 145 mg (53 %). 1H NMR
(400 MHz, D2O): d=9.38 (d, J=5.7 Hz, 2H), 9.18 (d, J =1.6 Hz, 2H),
8.44 (dd, J=5.7, 1.7 Hz, 2 H), 3.7–3.4 (br s, 2H), 1.78 ppm (s, 15H);
13C NMR (100 MHz, D2O): d=169.32, 159.41, 155.38, 146.59, 131.54,
126.93, 92.83, 10.48 ppm; 1H NMR (400 MHz, D2O/KOD): d=9.05 (d,
J =5.7 Hz, 2H), 8.80 (d, J =1.6 Hz, 2 H), 8.10 (dd, J =5.7, 1.6 Hz, 2H),
1.65 ppm (s, 15H); 13C NMR (100 MHz, D2O/KOD): d=173.14, 158.72,
154.12, 150.62, 130.23, 125.51, 90.24, 10.14 ppm; IR (KBr): ñ=1725, 1560,
1454, 1408 cm�1; ESIMS: m/z : 571 [M�SO4�H2O�H]+ ; elemental analy-
sis calcd (%) for C22H25IrN2O9S·H2SO4·H2O: C 32.95, H 3.65, N 3.49, S
8.00; found: C 32.71, H 3.46, N 3.46, S 8.20.


General procedure for transfer hydrogenation : A solution of complex
(0.5 mmol) in water (0.1 ml) was added to a degassed aqueous 1m formate
solution (20 mL) of a substrate (2 mmol). The reaction was carried out at
40 8C in an argon atmosphere with vigorous stirring. The reaction solu-
tion was analyzed by GC (PEG-HT 5%, Uniport HT 60/80, 2 m packed
column, 100 8C) or HPLC (Tosoh TSKgel SCX(H+)).


UV studies of acid–base equilibrium : Stock solutions of 1-SO4 (0.1 mm)
in 0.05 m H2SO4 and 0.1 m KOH were prepared. The pH of the solutions
was adjusted by mixing. The UV/Vis spectra were measured after reading
the pH value.
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Electronic and Vibronic Contributions to Two-Photon Absorption in
Donor–Acceptor–Donor Squaraine ACHTUNGTRENNUNGChromophores


Shino Ohira, Indranil Rudra, Karin Schmidt, Stephen Barlow, Sung-Jae Chung,
Qing Zhang, Jon Matichak, Seth R. Marder, and Jean-Luc Br�das*[a]


Introduction


Organic materials with large two-photon absorption (TPA)
cross sections (d) are of interest due to potential optical,
materials fabrication, and biological applications.[1–6] High
TPA cross sections have been observed for chromophores


with various structural motifs, including donor–acceptor–
donor (D-A-D) conjugated chromophores. Among this class
of chromophores, the linear and nonlinear optical properties
of D-A-D squaraines (also known as squarylium dyes) con-
sisting of two electron-donor terminal groups (D) and a cen-
tral electron-poor 1,3-disubstituted C4O2-unit (A) have been
extensively studied, because of their narrow and intense
one-photon absorption (OPA) bands and large real and
imaginary third-order non-linear optical (NLO) respons-
es.[7–22]


High TPA cross sections ranging from 750[13] to
33 000 GM[16] (1 GM [Goeppert-Mayer]=10�50 cm4 s�1 per
photon) have been measured at photon energies close to the
OPA edge for a variety of squaraines. Assuming centrosym-
metric conformations,1 this corresponds to excitation to a


Abstract: Many squaraines have been
observed to exhibit two-photon absorp-
tion at transition energies close to
those of the lowest energy one-photon
electronic transitions. Here, the elec-
tronic and vibronic contributions to
these low-energy two-photon absorp-
tions are elucidated by performing cor-
related quantum-chemical calculations
on model chromophores that differ in
their terminal donor groups (diarylami-
nothienyl, indolenylidenemethyl, dime-
thylaminopolyenyl, or 4-(dimethylami-
no)phenylpolyenyl). For squaraines
with diarylaminothienyl and dimethyl-ACHTUNGTRENNUNGaminopolyenyl donors and for the


longer examples of 4-(dimethylamino)-
phenylpolyenyl donors, the calculated
energies of the lowest two-photon
active states approach those of the
lowest energy one-photon active (1Bu)
states. This is consistent with the exis-
tence of purely electronic channels for
low-energy two-photon absorption
(TPA) in these types of chromophores.
On the other hand, for all squaraines
containing indolinylidenemethyl


donors, the calculations indicate that
there are no low-lying electronic states
of appropriate symmetry for TPA. Ac-
tually, we find that the lowest energy
TPA transitions can be explained
through coupling of the one-photon ab-
sorption (OPA) active 1Bu state with bu


vibrational modes. Through implemen-
tation of Herzberg–Teller theory, we
are able to identify the vibrational
modes responsible for the low-energy
TPA peak and to reproduce, at least
qualitatively, the experimental TPA
spectra of several squaraines of this
type.
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absorption · vibronic coupling
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Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801055. It contains the com-
plete synthetic procedures and characterization data for the new
squaraine compounds 2, 7, and 8, the details of the TPA measure-
ments, and the details of the quantum-chemical calculations


1 Even though, as discussed in the results and discussion section, squar-
aine compounds can adopt several non-centrosymmetric conformations,
the behavior of their excited states typically remains strongly reminis-
cent of the properties of strictly ungerade and gerade states found in
the centrosymmetric conformers; this is particularly true for extended
molecules. We have, therefore, referred to all excited states assuming
inversion symmetry, that is, as (one-photon active) Bu or (two-photon
active) Ag states, even if the structure of a particular conformer devi-
ates from centrosymmetry.
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singlet Ag state referred to here as peak 3 (see Figure 1 for
general peak labeling). Some of these cross sections are re-
markably large, even when normalized for the number of p


electrons in the molecules, and originate largely from reso-
nance enhancement, that is, from the appropriate photon
energy closely approaching the one-photon transition
energy.[16] It is worth pointing out that is possible to observe
the effects of resonance enhancement, that is, to probe TPA
with excitation energies very close to the OPA transition,
due to the remarkably sharp OPA absorption edge. Howev-
er, in squaraines with indolinylidenemethyl donor groups, in
addition to the strong high-energy TPA state, there is evi-
dence for another TPA state (referred to here as peak 2) at
state energy similar to that of the lowest energy OPA transi-
tion; this lower energy TPA then occurs with maxima in the
near-infrared spectral region at photon wavelengths of 1.1–
1.4 mm, with cross sections ranging from 45[15] to 500 GM[13]


(this is shown below for the new compound 8 in Figure 2).
Recently, we have also found a low-energy TPA active state


at energy similar to the lowest OPA active state in an exam-
ple of a squaraine in which the donors are substituted pyr-
roles with extended conjugation, with cross sections of 800
and 1600 GM at photon wavelengths of 1.3 and 1.5 mm, re-
spectively.[16] Despite the cross section of peak 2 typically
being considerably lower than that of the near-resonant
state (peak 3), peak 2 can be of importance for optoelec-
tronic applications, since, depending on the molecular struc-
ture, this absorption is located close to or within the tele-
communications band of the near-infrared (1.30–1.55 mm).
TPA in this region can potentially be exploited for applica-
tions such as all-optical beam stabilization and dynamic
range compression, while the presence of a TPA-allowed
state close to this region will affect the telecommunication-
band dispersion of the real part of the third-order polariza-
bility g, which can be exploited for all-optical switching.


To take full advantage of such TPA in the near-IR region,
it is important to better understand the origin of the associ-
ated excited state. However, previous quantum-chemical
studies on such compounds have considered only purely
electronic channels for TPA and have neither addressed the
nature of this state in detail nor been successful in reproduc-
ing the small energetic separations observed between peak 1
(the OPA peak) and peak 2, that is, in general <0.2 eV.[17–20]


Rather than assigning peak 2 to a low-lying electronic state,
Scherer et al. proposed an alternative origin for peak 2,[13]


suggesting the possibility of vibronic coupling between the
first excited electronic 1Bu state and vibrational modes of bu


symmetry. Furthermore, the presence of both centroymmet-
ric and non-centrosymmetric conformational isomers, which
is supported by NMR experiments for certain squar-
aines,[21,23] has also been put forward as an explanation for
the closely spaced peaks 1 and 2;[20, 21] in this case, peak 2
would primarily originate from the lowest electronic excited
state, that is, a strongly OPA active state, of the non-centro-
symmetric conformers. In such non-centrosymmetric con-
formers, the OPA active state is not of strict ungerade (i.e. ,
Bu) character and can, therefore, in principle, exhibit a non-
zero TPA cross section due to TPA through purely electron-
ic channels. The observed energetic offset between the OPA
peak 1 and TPA peak 2 signals could then potentially be at-
tributed to somewhat different OPA state energies for cen-
trosymmetric and non-centrosymmetric conformers.2


Thus, there can be three possible origins for the lowest-
energy TPA active state in squaraines: 1) peak 2 is primarily
of electronic nature and due to TPA into the lowest OPA
excited states of noncentrosymmetric conformers; 2) peak 2
is primarily electronic in nature and arises from a TPA-al-
lowed 2Ag state close in energy to the OPA-allowed 1Bu; or
3) the state corresponding to peak 2 has the same electronic
nature as the OPA 1Bu state, but acquires cross section due
to vibronic coupling (non-zero coupling of 1Bu state to
higher lying Ag states (Figure 1) through bu modes). In the


2 Moreover, the TPA maximum is typically shifted towards higher ener-
gies with respect to the corresponding OPA maximum, since Franck–
Condon coupling can redistribute TPA cross section from the (0–0)
into the (0–1) vibrational transition.[22]


Figure 1. Illustration of the one-photon (light line) and two-photon (bold
line) absorption processes in squaraines. Left: Sketch of the absorption
spectra of squaraines. Middle: peak 2 is purely electronic. Right: peak 2
has the same electronic nature as the 1Bu state.


Figure 2. OPA spectrum of 8 (solid line) compared with a degenerate
TPA spectrum from Z-scan measurements (open squares, dotted line)
and with nondegenerate TPA spectra acquired using the WLC method
with pump wavelengths of 1180 and 1600 nm (solid circles, dot-dash line
and open triangles, dashed line, respectively). All data were acquired in
CH2Cl2 solution.
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third scenario, the electronic sum-over-states model must be
extended to account for vibronic coupling. In the linear cou-
pling regime, this can be achieved by applying Herzberg–
Teller (HT) theory.[24]


In this contribution based on joint theoretical and experi-
mental studies, we seek to provide insight into various struc-
tural aspects of squaraines that can lead to a peak 2 absorp-
tion in their TPA spectra through one of the three different
origins described in the previous paragraph or a combina-
tion thereof. Here, we consider a series of squaraines with
different terminal donor groups. To ease the systematic
study of their TPA spectra, the squaraines we have experi-
mentally studied have been classified into different groups
depending on the nature of their terminal groups:


1) Group I consists of squaraines with diarylaminothienyl
donors, new compound 2 and model compound 1.


2) Group II consists of squaraines 3–5 (4 being used as a
model for 5), in which the N-alkylation of indolinylide-
nemethyl donors is varied.


3) Group III consists of 6 and new compounds 7–8, in
which the role of attaching additional p-conjugated
groups to the 5-position of indolinylidenemethyl donors
is investigated.


4) On the theoretical side, we also consider the hypothetical
compounds of group IV, in which the effect of increasing
the p-conjugation length (n=1–4) between the terminal
donor and central acceptor units are studied in the
model dimethylaminopolyenyl and 4-(dimethylamino)-
phenylpolyenyl-substituted squaraine series 9-n and 10-n.


The TPA spectra of compounds 2, 7, and 8 are reported
for the first time, while TPA spectra for 3–6 can be found in
the literature.[13, 15,18]


This paper is structured as follows. First, we describe the
TPA spectra available for the compounds investigated here.
We then discuss the results of computational studies on the
effect of molecular conformation on the TPA spectra, focus-
ing on the possibility of TPA into the lowest lying OPA
state of non-centrosymmetric conformers. We turn next to a


theoretical analysis of the possibility of low-lying electroni-
cally allowed TPA states in the different types of squaraines
under consideration. Finally, we investigate how vibronic
coupling of the lowest OPA state to antisymmetric vibra-
tional modes can give rise to low-energy TPA in squaraines
with indolinylidenemethyl donors.


Results and Discussion


Two-photon spectra : The TPA spectra for 4, 5, and 6 have
previously been acquired by using Z-scan and two-photon-
induced fluorescence methods,[13, 15] while the positions of
peaks 2 and 3 in the TPA spectrum of 3 have been obtained
from the spectral dispersion of third-harmonic generation.[18]


The three group II squaraines, 3–5, are all reported to show
OPA (peak 1) at a state energy of 1.95 eV, a low-energy
TPA peak (peak 2) at approximately 2.1 eV, and a strong
TPA peak (peak 3) at higher energy (3.0 eV for 4 and 5 and
3.3 eV in the case of 3, for which the maximum is only im-
precisely determined).3 The previously studied type-III
squaraine 6 shows OPA and TPA spectra qualitatively simi-
lar to the group II examples, but with all excited states ob-
served at slightly lower energy. The new compounds 2, 7,
and 8 were synthesized as described in the Supporting Infor-
mation; degenerate and non-degenerate two-photon spectra
were acquired by the group of Prof. E. W. Stryland at the
University of Central Florida using the open-aperture fs Z-
scan technique[25,26] and the white-light continuum (WLC)
pump-probe method.[27] The TPA spectra for compound 8
are shown in Figure 2, while those for 2 and 7 are given in
the Supporting Information (S2-1 and S2-2). As shown in
Figure 2, the WLC data afford larger cross sections than the
Z-scan data; these cross sections increase as the wavelength
difference between pump and probe is increased, as expect-
ed from pre-resonance enhancement effects.[28] Compound 2
shows no clear maximum in the high-energy TPA feature
(peak 3); however, the data suggest a degenerate TPA peak
cross section of at least 1300 GM at a detuning energy of
less than 0.25 eV (the detuning energy corresponds to the
difference between the OPA energy and the fundamental
photon energy). Compounds 7 and 8 show high-energy TPA
maxima (peak 3) with degenerate cross sections of 3000–
4000 GM at detuning energies of about 0.4–0.5 eV. All three
compounds show low-energy TPA peaks (peak 2) with
maxima at state energies some 0.13–0.14 eV higher in
energy than the OPA maxima (peak 1) with non-degenerate
TPA cross sections of a few hundred GM (degenerate TPA
cross sections would be anticipated to be somewhat small-
er). The OPA and TPA spectra for 7 and 8 closely resemble
those for the other group III squaraine previously reported
by Scherer et al. , compound 6, in terms of detuning energies
and TPA cross sections, the main difference being that the


3 An additional high-energy TPA peak was observed for 4 at about
3.5 eV.[15] In another example of a group II squaraine (R1 =Me, R2 =H)
only the high-energy range was studied; however, peak 1 and 3 energies
were similar to those reported for 4 and 5.[22]
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excited-state energies are consistently about 0.1 eV lower in
the present compounds.


Effect of coexistence of different conformers : We first stud-
ied the effect of molecular (centrosymmetric and non-cen-
trosymmetric) conformations on the TPA spectra of squar-
aines, in order to investigate the likelihood that the experi-
mentally observed lowest lying two-photon active peaks,
that is, peak 2, could be attributed to purely electronic TPA
into the lowest lying one-photon state of non-centrosymmet-
ric conformers. Among the investigated squaraines, we
found that, in general, the approximately planar C2h/Ci cen-
trosymmetric (conformers i and iii) and the C2v/C2 non-cen-


trosymmetric conformers (conformers ii and iv) are more
stable relative to conformations with a twisted p-systems4


and are, thus, likely to predominate at room temperature.
Among squaraines 1 (used as a model for experimentally
studied compound 2), 3 and 4, it is only in the case of 3 that
the non-centrosymmetric conformation (3’’; conformation ii)
is energetically more favorable than the centrosymmetric
conformer (3’; conformation i); the energy difference be-
tween the 3’ and 3’’ isomers calculated at the B3 LYP/SV(P)
level is 0.06 eV (equivalent to �700 K). These results are in
agreement with those of the theoretical and experimental
work of Dirk et al. ,[21] in which the larger stability of 3’’
compared to 3’ had been attributed to the formation of en-
ergetically more stable hydrogen bonds in 3’’ between both
of the indole-ring nitrogen atoms and the same carbonyl
oxygen atom of the central unit.


In the case of squaraines 4’ (centrosymmetric) and 4’’
(non-centrosymmetric), the possibility for strong hydrogen
bonding is removed, while steric hindrance effects between


donor and acceptor groups increase as the hydrogen atoms
are replaced by alkyl groups. As a result, 4’ is more stable
than 4’’ by 0.22 eV (equivalent to �2,500 K). On the other
hand, the energy difference between the two isomers of
squaraine 1 was computed to be negligibly small. Although
our calculations indicate that the non-centrosymmetric con-
formation iv and centrosymmetric conformation iii have
slightly higher energies compared to conformations ii and i
for squaraines 3 and 4, respectively, the possibility of isomer-
ic mixtures (i and iii or ii and iv) cannot be completely ruled
out in solution at ambient temperature. Thus, assuming that
solvation does not substantially affect the relative energies
of the conformers, squaraines 1, 3, and 4 are predicted to be
present at ambient temperature as a mixture; that is, 3 pre-
dominantly as the C2v/C2 conformer (mostly ii and probably
iv), 4 overwhelmingly as the C2h/Ci conformer (mostly i and
probably iii), and 1 as a mixture in which no particular con-
former is dominant. We now discuss the electronic structures
and TPA activity for these two conformers in squaraines 1,
3, and 4.


INDO/MRDCIS calculations (see Tables S3-2, S3-9 and
S3-11 in Supporting Information for details) suggest very
similar OPA and TPA spectra for both centro- and non-cen-
trosymmetric conformers of 1, 3, and 4. This is true irrespec-
tive of which isomers (i–iv) are considered (we present the
theoretical details for squaraine 4 in table S3–19 under Sup-
porting Information). In particular, the TPA cross section of
the lowest OPA active state, S1, remains negligibly smallACHTUNGTRENNUNG(<4 GM); therefore, purely electronic TPA channels into S1


in the non-centrosymmetric conformers can be ruled out as
a possible origin of peak 2. By taking squaraine conformers
3’ and 3’’ as representative examples, we can distinguish two
reasons for this absence of TPA-activity for the lowest OPA
state, despite the lack of an inversion center. Since 3’’ has a
non-zero static dipole moment, change of this dipole
moment upon excitation to the one-photon state could, in
principle, give rise to a non-zero TPA cross section. How-


4 Roughly planar geometries were observed in NMR experiments by
Dirk et al.[21] as well as in crystal structures obtained by Kobayashi
et al.[29] In the case of conformation i of squaraine 3, semiempirical
INDO/MRDCI calculations on the isolated molecule indicate that the
conformation with a twist of 10o is 0.12 eV higher in energy than the
fully planar conformation, suggesting the existence of mostly planar
structures.
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ever, the excited state in both squaraine conformers 3’ and
3’’ can be described principally as arising from a HOMO–
LUMO transition. The HOMO and LUMO of the molecule
(Figure 3) indicate rather little change in the spatial extent


of the electron-density distribution and, as a result, the
change in static dipole moment between the two states
(Dm01) is also quite small (�0.1 D), while the corresponding
transition dipole moment (M01) is large (�10 D). Consider-
ing the relation between Dm01, M01 and TPA cross section d


according to the two-state model for TPA into the 1Bu


state,[10, 30–32] d/ (Dm2
01M


2
01)/ ACHTUNGTRENNUNG(E01��hw)2 (in which �hw is the fun-


damental photon energy), it can be easily understood why a
small Dm01 would result in a very small TPA cross section for
the first excited state of squaraine 3’’.


Possible electronic origin of lowest TPA state (peak 2): In
the previous section, we demonstrated that non-centrosym-
metric conformers do not exhibit significant TPA cross sec-
tions into S1, the lowest energy OPA state, through purely
electronic channels. Considering the close similarity of the
OPA and TPA spectra calculated for centro- and non-cen-
trosymmetric conformers, we will henceforth restrict our dis-
cussion to the centrosymmetric conformers.5


To find out whether structural modifications of the termi-
nal donor group can result in a TPA active electronic state
at the position of peak 2, we now turn to a systematic study
of the OPA and TPA spectra of squaraines belonging to
groups I, II, III, and IV. As in the previous section, we use


squaraine 1 to model new com-
pound 2. The INDO/MRDCI
computed energies of the
lowest OPA and TPA active
states of 1 are 1.76 and 2.02 eV,
respectively, which are in good
agreement with the experimen-
tal peak 1 and peak 2 maxima
of 1.77 and 1.92 eV, respective-
ly, found for 2 (Figure 4). A
second TPA peak between 2.8
and 3.7 eV6 is consistent with
the experimental feature at
higher energy, which apparently
represents the tail of a TPA
feature with a maximum at a
state energy of approximately
3 eV or higher. It is interesting
to note that the lowest TPA
active state is quite close in
energy (calculated to be within
0.26 eV) to the OPA active 1Bu state. We would like to
point out that a similar energy-level alignment of peak 2
(with TPA cross section less than 100 GM) with respect to
peaks 1 and 3 was calculated for some extended pyrrole-sub-
stituted squaraines[16] (see the Supporting Information of
reference [16], section on Details of Quantum Chemical
Calculations). The similar behavior of the compounds dis-
cussed in reference [16] to that of 1 and 2, in contrast to that
for group II and III squaraines (vide infra), thus suggests
that they can also be classified as group I compounds. Note
that, although the calculations suggest that peak 2 for this
group is principally electronic in origin, some contributions
from vibronic coupling cannot be ruled out. The model
squaraines of group IV also exhibit low-energy TPA active
states (see Figure 5). In general, the lowest TPA state falls
in energy with conjugation length more rapidly than the
OPA state.


In contrast to groups I and IV, a TPA active electronic
state was not calculated to appear in the vicinity of experi-
mental peak 2 (i.e. , close to peak 1) in the bis(indolinylide-
nemethyl) species of groups II and III. Instead, the calculat-
ed OPA state energies and the lowest electronic TPA active
state energies of the molecules were consistent with the ex-
perimental values for peaks 1 and 3, with two TPA states ap-
pearing in the vicinity of the experimentally observed
peak 3 (Figure 6). The energies of both transitions are
rather insensitive to alkylation on the indole nitrogen atoms
(4 vs. 3) and also to extension of conjugation at the 4-posi-
tion of the indole ring system in series III. The insensitivity
to extended conjugation reflects the lack of a direct conjuga-
tion pathway from the six-membered ring of the indole to
the squarylium acceptor; this can be seen from the localiza-


Figure 3. Representation of the HOMO (highest occupied molecular or-
bital) and LUMO (lowest unoccupied molecular orbital) wavefunctions
for two conformations of 3, calculated at the DFT-B3 LYP/SV(P) level.


Figure 4. INDO/MRDCIS-cal-
culated state energies for two
conformers of 1. See Support-
ing Information for the experi-
mental spectra of 2.


5 In the context of having multiple species (such as conformers) possibly
simultaneously present, it is worth noting that the existence of broken-
symmetry structures (in either ground or first excited states), analogous
to those seen in a few cyanines, can be ruled out due to the absence of
substantial solvatochromism in absorption or fluorescence spectra.[22]


6 Exact assignment of the TPA peak is made ambiguous due to the pres-
ence of multiple calculated TPA active electronic states in the higher
energy region of interest (see Tables S3–16, S3–17, and S3–18 in Sup-
porting Information for details).
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tion of the HOMO and LUMO (which are the key orbitals
involved in the lowest OPA and TPA transitions) in the cen-
tral unit between the two indole nitrogen atoms (Figure 3).
The insensitivity to extended conjugation in compounds of
group III can be contrasted to that in the group IV model
squaraines in which the terminal donor is in direct conjuga-
tion with the acceptor, as shown in Figure 5. The insensitivi-
ty of both peak 1 and peak 3 states to extension in group III
compounds is fully reproduced in D’-D-p-C4O2-p-D-D’-type
model structures. In a series of compounds constructed in
this way, 9-1, 11, and 12 (see also Figures S3-1 and S3-2 of
the Supporting Information for more details), the evolution
of the first and second TPA active-state energies remained
essentially independent of the length of p conjugation
beyond the primary donor group. Thus, a p-conjugation ex-


tension of the molecules
beyond the primary donor
group cannot participate effec-
tively in the conjugation with
the core moiety and, thus, is not
able to sufficiently stabilize the
lowest TPA state to explain the
origin of peak 2.


Even though indole groups
block through-conjugation into
the thienyl and aminostyryl
substituents of the group III
chromophores, the actual structure of the terminal groups
nonetheless plays an important role in quantitatively deter-
mining the overall nonlinear optical properties. To get a
better quantitative understanding of the d values calculated
with the correction-vector method (CVM), see Table 1, we


also used the three-state model [Eq. (1)], which includes the
transition dipole moments between the initial and inter-
mediate states, m01, and between the intermediate and final
states, m12, and the transition energies E01 and E02 between
the relevant excited states and the ground state.


d3-state � m2
01� m2


12�
�


E02


E01�E02=2


�2


ð1Þ


From Table 1, it can be seen that both the simple three-
state model and CVM approach predict an increase in TPA
cross section into the 3Ag state (peak 3) with conjugation
length, that is, in going from 4 to 8. From the parameters en-
tering Equation (1), is it clear that this increase in d upon
extending the conjugated bridge is caused by an increase in
the transition dipole moments m01 and m12 and, to a much
lesser extent, by a slighly enlarged resonance enhancement
factor, E02/(E01�E02/2). This calculated trend is in agreement
with experiment[15] as the cross section associated with the
second TPA peak (peak 3) is measured to be higher for 8
than for 5 (d=4000 and �750 GM,[15] respectively). It is im-
portant to note that the number of p-electrons has direct
impact on the nAg states (n>2), but relatively little effect
on the strength of peak 2, that is, transitions to the 2Ag


state. However, the significantly higher computational cost
associated with modeling the NLO properties of complexes


Figure 5. INDO/MRDCIS-calculated state energies of 9 (left) and 10
(right) as a function of size of the polyenic segment.


Figure 6. INDO/MRDCIS-calculated OPA and TPA state energies for
compounds 3–8 and experimental values for 3,[18] 4 and 6,[13] 5,[15] and 7
and 8 (see Supporting Information). For 3 and 4, the theoretical data are
obtained for two conformations while the same experimental data (which
refer to an equilibrium mixture of conformations) are plotted twice.


Table 1. TPA cross-section values into the 3Ag state in 4 (top) and 8
(bottom) calculated with the correction vector method (CVM), dCVM, and
a three-state model, d3-state, with the corresponding three-state parameters
from MR-DCI calculations with singles.


E [eV] m01 [D] m12 [D] d3-state [GM] dCVM [GM]


1Bu 1.76 13
3Ag 2.86 5.6 4.0 � 105 2.8 � 103


E [eV] m01 [D] m12 [D] d3-state [GM] dCVM [GM]


1Bu 1.74 15
3Ag 2.89 7.1 1.1 � 106 7.7 � 103
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with such large numbers of p-electrons makes a quantitative
comparison between theory and experiment a challenging
task.


The contribution of the donor group to the major molecu-
lar orbitals of the low-lying excited states determines the
electronic properties of the squaraines in groups I, II and
III. From our studies, we conclude that peak 2 in group I
squaraines can be attributed to an electronically TPA-al-
lowed state (2Ag) lying close in energy to the lowest energy
OPA state (although the possibility of additional vibronic
contributions cannot be ruled out). In contrast, the experi-
mentally observed peak 2 in squaraines from groups II and
III with indolinylidenemethyl donor fragments cannot be ex-
plained in terms of an electronic origin. We now turn to an
examination of the role of vibronic coupling.


Formation of a low-lying TPA active state (peak 2) due to
vibronic coupling : To obtain a physical insight into the
origin of peak 2 in group II and III compounds, we have ex-
plored vibronic coupling within Herzberg–Teller (HT)
theory as a possible mechanism. Note that, given the ap-
proximations related to the implementation of HT theory, it
is not expected that the absolute values of the TPA cross
sections computed by this means be quantitatively accu-
rate;[33] also, the experimental cross sections cannot directly
be compared in all cases to the calculated degenerate TPA
cross sections, since the experimental data for peak 2 in
some of the compounds are based on non-degenerate TPA
measurements. Nevertheless, a qualitative description of vi-
brational coupling can be achieved, in particular, since our
implementation of HT theory allows us to investigate the
relevance of the various vibrational modes and electronic
states in enabling TPA activity.


Due to the C2h symmetry of squaraine 3, only vibrational
modes of bu symmetry can mix with the OPA active 1Bu


state to result in a TPA active 2Ag state. Theoretically, vi-
brational modes of both bu and au symmetries can lead to
TPA transitions: Ag!Ag and Ag!Bg, respectively. Howev-
er, as pointed out by Scherer et al.,[13] one can rule out the
possibility that peak 2 is due to an Ag!Bg transition in cen-
trosymmetric squaraine molecules such as 4 from an analy-
sis of the polarization ratio (ratio of TPA cross sections in
circularly and linearly polarized light) obtained with the
two-photon fluorescence technique. Therefore, only bu vi-
brational modes are considered here in our study of the vi-
bronically allowed TPA process. From an examination of
the adiabatic vibronic coupling constants, we found that in
squaraine 3 very few (only 5 out of 48) bu normal modes
strongly couple the one-photon active 1Bu state with the
TPA active 3Ag state. We note that, although additional bu


modes could, in principle, strongly couple the 1Bu state with
higher lying nAg states, their contributions to the two-
photon cross section will be relatively small due to the
larger energy differences from the 1Bu state. Table 2 pro-
vides the adiabatic vibronic coupling constant values be-
tween the 1Bu and 3Ag states. We identified that mode 131
(illustrated in Figure 7) gives rise to a significantly higher


TPA cross section for the 1Ag!2Ag (= 1Bu � nbu) transition
than all the other bu modes. Table 3 demonstrates the effect
of vibronic coupling: the TPA transition 1Ag!2 Ag around
2.05 eV (d�8 GM) is due to mode 131. According to our
calculations, the separation between 1Bu and 2Ag is 0.18 eV;
this is in very good agreement with the experimental differ-
ence in state energy between peak 1 and peak 2, especially
considering the approximations involved in our vibronic cal-
culation. It is interesting to note that mode 131 is also
strongly IR active.


Table 2. Strongly coupled bu modes with their coupling strength between
the 1Bu and 2 Ag (=1Bu � bu) state.


Mode No. FrequencyACHTUNGTRENNUNG[cm�1]
Adiabatic
coupling [cm�1]


99 1240 �566
107 1362 �681
113 1417 1161
123 1493 510
131 1590 �2098


Figure 7. Schematic representation of the bu stretching mode 131 in 3
(top) and mode 159 in 4 (bottom); elongated [compressed] bonds are
shown with bold [dotted] line.


Table 3. Electronic and vibronic contributions to TPA cross section
values in 3 (top) and 4 (bottom) computed at the B3 LYP/SV(P)//INDO/
MR-DCI singles level, using the HT vibronic coupling model.


Peak E [eV] d[a] [GM] d[b] [GM]


1 1Bu 1.87 – –
2 2Ag =1 Bu � bu 2.05 – 7.61
3 3Ag 2.89 122 N/A


Peak E
[eV]


d[a] [GM] d[b] [GM]


1 1Bu 2.08 – –
2 2Ag =1Bu � bu 2.27 – 33.9
3 3Ag 3.16 244 N/A


[a] Without HT coupling. [b] With HT coupling.
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HT vibronic coupling was also investigated in squaraine 4.
Unlike squaraine 3, the centrosymmetric conformer of this
compound (4’) does not have C2h but Ci symmetry due to a
slight twist from planarity; thus, all the normal modes were
taken into account to compute the vibronic coupling. The
top panel in Figure 8 shows the TPA cross-section values
due to HT vibronic coupling in molecule 4. Although strictly
speaking the TPA active vibronic states do not have bu sym-
metry, we can get an indication from the IR spectrum (con-
sidering the correlation between strength of IR activity and
magnitude of vibronic coupling constant in squaraine 3) of
which modes could yield large TPA cross-section values
through HT vibronic coupling. We observe that the effect of
vibronic coupling on TPA cross section is significantly
higher in mode 159 (see Figure 7) compared to other
normal modes. As with squaraine 3, inclusion of vibronic
coupling in squaraine 4 leads to a predicted peak 2 that is
0.19 eV higher in state energy than peak 1; in this case, the
predicted TPA cross section is somewhat larger (34 GM).
Further analysis of mode 131 in squaraine 3 and mode 159
in squaraine 4 indicates that they both correspond to
stretching modes impacting the degree of bond-length alter-
nations; it is expected that the extent of bond-length alter-
nation can affect both IR intensity and vibronic coupling
strength (Figures 7 and 8).


To demonstrate that the vibrational characteristics of
these molecules are computationally well-described, the ex-
perimental IR spectrum of 4 is shown in Figure 9. The com-


puted frequencies are slightly overestimated relative to the
experimental values, as is typical for the method. There is
also an apparent discrepancy in the relative intensities of
different modes between the experimental and theoretical
spectra; in particular, in contrast to theory, the experimental
peak at 0.19 eV is not the most intense peak. However, it
should be noted that the 0.19 eV band is broader than all
the others in the experimental spectrum, while the theory
includes no broadening; when properly considering integrat-
ed oscillator strengths, the theoretical spectrum is in consid-
erably better agreement with experiment than a cursory in-
spection of peak intensities might suggest. Thus, overall, the
experimental and computational spectra are indeed in good
agreement.


Conclusion


We have shown that the origin of peak 2 in squaraines is de-
pendent on the nature of substituent donor moiety, changing
from predominantly electronic (e.g., in diarylaminothienyl
donors) to vibronic (e.g., in indolinylidenemethyl donors) in
character. For squaraines with diarylaminothienyl donors
(group I), the lowest TPA active electronic state (2Ag,
peak 2) is located close in energy to the 1Bu (peak 1) state,
thus providing a purely electronic channel for TPA into
peak 2 (although one cannot rule out additional contribu-
tions from vibronic coupling), which corresponds to the sce-


Figure 8. TPA cross-section values obtained at the B3 LYP/SV(P)//INDO/
MR-DCI singles level using the HT vibronic coupling model (top) and
IR spectrum computed at the B3 LYP/SV(P) level (bottom) for 4. Also
shown is the Gaussian convolution of the calculated TPA spectrum using
a FWHM of 5 meV.


Figure 9. Experimental IR spectrum of 4 in KBr (top) and IR spectrum
computed at the B3 LYP/SV(P) level (bottom) for 4.


Chem. Eur. J. 2008, 14, 11082 – 11091 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 11089


FULL PAPERSquaraine Chromophores



www.chemeurj.org





nario on the middle in Figure 1. On the other hand, the
lowest electronic TPA active state (3Ag) is energetically
well-separated from the 1Bu state for all squaraines contain-
ing indolinylidenemethyl donors (groups II and III), which
corresponds to scenario on the right in Figure 1.


The possibility of a vibronic origin for peak 2 in group II
and III molecules was investigated by using an efficient im-
plementation of HT theory in conjunction with the ZINDO
Hamiltonian. These calculations confirmed the previous sug-
gestion of Scherer and co-workers[13] of a vibronic origin for
peak 2 in this class of chromophores. The experimental TPA
absorption peak 2 in compounds of groups II and III is
rather sharp, which suggests that only a few modes are
strongly coupled with the 1Bu state and dominate contribu-
tions to the TPA cross section. Our calculations confirm that
this is indeed the case for squaraine molecules containing in-
dolinylidenemethyl fragments and provide an explanation
for the energy and lineshape of the experimentally observed
peak 2 in these compounds.


Computational Details


All calculations were performed without consideration of solvent effects,
since centrosymmetric squaraines show only very slight solvatochromism
in both absorption and fluorescence spectra.[22] All squaraine geometries
were optimized at the DFT/B3 LYP[34] level of theory using the SV(P)[35]


basis set, (equivalent to 6-31G* basis set) as implemented in the TUR-
BOMOLE package.[36–38]


Based on DFT-optimized geometries, the excited-state energies and
state- and transition-dipole moments were evaluated with the semiempir-
ical intermediate neglect of differential overlap (INDO) Hamiltonian[39, 40]


coupled to a multireference determinant single and double configuration
interaction (MRD-CI[41] with singles (S) or singles and doubles (SD))
scheme by using the Mataga–Nishimoto potential to express the Cou-
lomb repulsion term.[42, 43] As we use large CI active spaces for computa-
tional accuracy, MRD-CISD is computationally expensive for large sys-
tems. Hence, this method was only used for the smaller squaraines.
MRD-CIS was used to determine state energies of the squaraines 1–12.
In all the MRD-CIS and MRD-CISD calculations, Rumer CI diagrams
were generated from the reference closed-shell Hartree–Fock (HF)
ground-state determinant and four excited determinants: HOMO�1!
LUMO, HOMO!LUMO, HOMO!LUMO +1, and (HOMO,
HOMO)!(LUMO, LUMO). The TPA cross-section values were com-
puted with either the perturbative sum-over-states (SOS) method of Orr
and Ward[44] (including the 300 lowest-lying states) or the correction
vector method (CVM).[45] The truncation to 300 states in the SOS
method can, in some cases, introduce an uncontrolled error.[45] Since this
problem is avoided in CVM, we use this approach to check the validity
of the SOS TPA cross-section values. While with the SOS method one
can take into account only a finite number of excited states due to the
large memory requirement of the calculations, in CVM, the TPA calcula-
tion requires only the lowest eigenvalue and eigenvector. Therefore, a
larger number of configurations compared with the SOS method can be
handled. We implemented Davidson�s diagonalization algorithm[46] to
obtain the low-lying eigenvalues and eigenvectors of large CI matrices
which were then used in CVM for TPA cross-section calculations. The
size of the CI active space was increased until the first excited states con-
verged to their experimental values.


As it is essential in our study to obtain very accurate energies of low-
lying excited states, we used the ab initio size-consistent CIS(D)[47, 48] (as
implemented in Q-Chem 3.0[49]), TD-DFT,[50–52] INDO/CCSD[53] (coupled
cluster singles and doubles) and INDO/CIS methods besides INDO/
MRDCI approach to investigate the nature of the low-lying energy


levels. Based on comparison of different methods we concluded that the
INDO/MRDCI method with single excitations (MRD-CIS) is both relia-
ble and computationally feasible for handling large CI active space re-
quired for the squaraines in our study. Details of the electronic and opti-
cal properties computed from all the methods discussed here are avail-
able in the Supporting Information.


Although using an ab initio TD-DFT based approach to compute the
TPA cross section in quadrupolar molecules like squaraines could be an
attractive alternative to an INDO/MRDCI-based approach, we are un-
aware of any successful attempt in the literature of such applications to
calculating the TPA of quadrupolar molecules. We note that the nonlin-
ear polarizabilities in TD-DFT-based approaches are often overestimat-
ed, which can be attributed to the lack of orbital-dependent terms in the
exchange correlation potential or self-interaction error.[54] Lately, there
have been some successes in the evaluation of the NLO properties of di-
polar molecules by using long-range correction schemes in the exchange-
correlation functional; however, further improvements would be required
to correctly reflect the multiple excitation character of the higher lying
excited states before such approaches can be applied to quadrupolar sys-
tems. Further details of the quantum-chemical calculations are available
in the Supporting Information.


Following an analysis of the vibrational frequencies obtained from DFT
calculations at the B3 LYP/SV(P) level, the adiabatic vibronic coupling
constants were computed from a 25� 25 Rumer basis MRD-CIS calcula-
tion using the ground-state HF determinant and two excited configura-
tions (HOMO!LUMO, HOMO!LUMO +1) as references. We incor-
porated the vibronic effect within the HT theory using the floating
atomic orbital (FAO) approach[55] in ZINDO. The FAO approach is
known to give much better convergence than the direct implementation
of HT expansion. The sparse matrix approach was implemented to
ensure efficiency. Details of the implementation in ZINDO and subse-
quent applications will be published elsewhere.[56]


In general, either the ground or intermediate or final electronic state
could couple with vibrational modes to contribute to the TPA cross sec-
tion. However, the only term relevant for the problem in hand is the per-
turbation of the final state (1Bu), for which the vibronically allowed part
of the tensor can be written as Equation (2):


Sg0,fv
a,b ¼ hcg


0jQjcf
vi
X


ij


Vfjðma,gimb,ij þ ma,ijmb,giÞ
E0


i�E0
g��hw


Vij ¼
� �Y0


i ðQÞjð@H=@Q0Þj �Y0
j ðQÞ


�E0
j��E0


i


� ð2Þ


in which the vibrational integral (hcg
0 jQ jcf


vi)is calculated (in zeroth-order
approximation)[57] between the 0th vibrational wavefunction of the
ground state and nth vibrational wavefunction of the final state; ma,ij and
mb,ij are x, y, z components of the transition dipole moment between
states i and j, and Vij is the vibronic coupling between states i and j (Ȳ


and Ē denote the wavefunction and energy in the FAO basis). The TPA
cross section, d, due to vibronic coupling was computed using the S-
tensor approach[58, 59] for squaraines 3 and 4.
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Introduction


In 1990, Gunasekera and co-workers reported the isolation
of discodermolide (DDM) (1),[1] a unique polyketide marine
metabolite obtained in low yields from the Caribbean deep-
water sponge Discodermia dissoluta. Biological studies re-
vealed DDM to be a potent microtubule-stabilizing agent


that, like Taxol (Paclitaxel), arrests cells at the G2/M boun-
dary of the cell cycle.[2] The cytotoxicity values reported for
discodermolide against breast, prostate, colon, lung, and
ovarian cancer cell lines are generally in the low nm range.
Comparative studies showed that DDM was 1000-fold more
potent than Taxol in promoting the same microtubule poly-
merization/bundling. This product is also more water-soluble
than taxoid compounds, and acts synergistically in combina-
tion with paclitaxel.[3] Extensive investigation of the site and
mode of binding of DDM to b-tubulin as well as the deter-
mination of its bioactive conformation led to the proposal of
a pharmacophore model.[2d] Due to the potential therapeutic
applications and the extreme scarcity of this compound, con-
siderable synthetic efforts directed towards DDM were pro-
vided, culminating in several total syntheses,[4] including the
development of a preparative-scale approach.[5] Phase I clin-
ical trials were initiated from Novartis Pharma AG; howev-
er, despite encouraging results, trials were suspended due to
adverse toxicity at high doses.[6] Owing to the remarkable
profile of DDM and its potential as a lead structure, concep-
tion and synthesis of analogues have to be developed.


In this full account, we report synthetic details of our
total synthesis of DDM (1), including related alternative
synthetic approaches that enabled us to develop the final ef-
fective synthetic route.[7] The modulable character of this ap-


Abstract: An efficient and modulable
total synthesis of discodermolide
(DDM), a unique marine anticancer
polyketide is described including relat-
ed alternative synthetic approaches.
Particularly notable is the repeated ap-
plication of a crotyltitanation reaction
to yield homoallylic (Z)-O-ene-carba-
mate alcohols with excellent selectivity.
Advantage was taken of this reaction
not only for the stereocontrolled build-
ing of the syn–anti methyl–hydroxy–


methyl triads of DDM, but also for the
direct construction of the terminal (Z)-
diene. Of particular interest is also the
installation of the C13=C14 (Z)-double
bond through a highly selective dyo-
tropic rearrangement. The preparation
of the middle C8–C14 fragment in two


sequential stages and its coupling to
the C1–C7 moiety was a real challenge
and required careful optimization. Sev-
eral synthetic routes were explored to
allow high and reliable yields. Due to
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proach might allow structural modifications of DDM and,
therefore, the elaboration and investigation of novel disco-
dermolide structural analogues.


Results and Discussion


Retrosynthetic and strategic considerations : Our synthetic
strategy relies upon the disassembly of DDM into three
fragments of similar size and stereochemical complexity (A
C15–C24, B C8–C14, C C1–C7; Scheme 1). The linkage of
these subunits appears to us to be optimally convergent, the
two internal (Z)-alkenes C8=C9 and C13=C14 being pivotal
in the choice of disconnection strategies either in acetylide
addition in the aldehyde/reduction sequence or Pd-catalyzed
sp2–sp3 coupling.


A central feature of our approach was the repeated
matched addition of the chiral secondary (R)-crotyltitanium
reagent 2 to a-(S)-methyl aldehyde 4. As exemplified in
Scheme 2, this crotyltitanation reaction initially developed
by Hoppe,[8] and widely used in total syntheses by our
group,[9] yielded homoallylic adducts 5 encompassing a syn–
anti methyl–hydroxy–methyl triad linked to a (Z)-O-enecar-
bamate group, with excellent diastereoselectivity. The enan-
tioenriched (R)-a-(N,N-diisopropylcarbamoyloxy)crotyltita-
nium 2 could easily be prepared in situ from deprotonation
of crotyl diisopropylcarbamate 3 with nBuLi/(�)-sparteine
and tetra(isopropoxy)titanium.[10]


Our plan was precisely to take advantage of the reactivity
of this terminal (Z)-O-enecarbamate function in two ways.
First, a nickel-catalyzed cross-coupling reaction would con-


figure the terminal C21–C24 (Z)-diene 6 of fragment A,[11]


whereas a carbenoid rearrangement would install the termi-
nal C8�C9 alkyne 7 of subunit B in one step.[12]


Another highlight of our strategy was the stereocontrolled
building of the C13=C14 trisubstituted (Z)-double bond.
With our C14�C15 disconnection, elected by several re-
search groups, the elaboration of the pivotal segment B,
which encompassed a (Z)-vinyl halide at the C14-position,
was needed for the sp2–sp3 cross-coupling reaction between
A and B. A (Z)-vinyl iodide can be obtained in one step, by
Zhao aldehyde olefination,[13] but the yields were modest
and the Z/E stereoselectivity remained disappointing.[14] To
circumvent this reaction, we considered focusing on a dyo-
tropic rearrangement of the 5-lithiodihydrofurans 10 and 11,
obtained by metalation of cyclic enol ethers 8 and 9 leading
to (Z)-alkenes 12 and 13. This attractive reaction, first ex-
amined by Fujisawa[15] and developed by Kocienski[16] and
our group,[17] would allow the construction of various (Z) or
(E)-trisubstituted double bonds, in expected good yields and
with total control of their geometry.


This retrosynthetic plan should ultimately allow for modi-
fications of every substructure embedded into the frame of
the natural compounds.


Preparation of the building blocks : The recent determina-
tion of the DDM bioactive “U”-shaped conformation
strongly supports the crucial role of the middle part of the
DDM molecule.[2b] The preparation of this C8–C14 fragment
region B was a real challenge; the strategy involved two
main stages, a crotyltitanation for the setup of the C10–C12
anti–syn stereotriad and a dyotropic rearrangement to build
the C13=C14 trisubstituted (Z)-double bond. Two alterna-


Scheme 1. Retrosynthetic analysis of discodermolide.


Scheme 2. Crotyltitanation of aldehyde 4. Insaturation setup from (Z)-
acyclic or cyclic enol ether.
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tive routes were examined, which differed in the ordering of
the two key steps.


The first sequence started with the commercially available
(S)-(+ )-Roche ester 14 (Scheme 3). Protection of 14 as a p-
methoxybenzyl ether[18] was followed by reduction of the


methyl ester to the primary alcohol and subsequent oxida-
tion to aldehyde 15.[19] The crotyltitanation reaction of chiral
aldehyde 15, with enantioenriched reagent (R)-2 led to the
desired diastereomer 16 in good yield and with an excellent
diastereomeric ratio (97:3) (Scheme 3). Obtention of a O-
enecarbamate moiety by the crotyltitanation process al-
lowed for the generation of alkyne 17 by a Fritsch–Butten-


berg–Wiechell rearrangement.[12] Enol ether 18 was readily
available from 17, after PMB ether cleavage with DDQ,
IBX oxidation of the resulting alcohol, and subsequent alde-
hyde homologation with the commercially available (me-
thoxymethyl)triphenylphosphonium ylide. Aqueous acidic
hydrolysis of the resulting enol ether 18, accompanied by re-
moval of the TES group afforded lactol 19.


The next step should allow us to build the C13=C14 tri-
substituted functionalized (Z)-double bond by means of a
dyotropic rearrangement. However, the envisaged transfor-
mation of lactol 19 into the 2,3-dihydrofuran (DHF) deriva-
tive 21, turned out to be more difficult than expected. Spe-
cifically, all attempts to effect a direct elimination (PTSA,[20]


PPTS,[21] CuSO4,
[22] NH4NO3,


[23] or Burgess reagent)[24] from
compound 19 failed to give the expected DHF 21. However,
lactol 19 could be smoothly converted to hemithioketal 20.
Upon DBU pyrolysis of 20 with concomitant distillation of
the elimination product,[25] the desired dihydrofuran 21 was
obtained in 30 % yield. Attempts to improve this outcome
by conversion of phenyl sulfide 20 into the corresponding
sulfoxide derivative[26] and subsequent elimination delivered
DHF 21 in only 19 % yield. Application to 21 of dyotropic
rearrangement conditions (1,2-cuprate transfer from cyano-
Gilman dimethylcuprate followed by tri-n-butyltin trapping)
led to the expected C8–C14 segment 22 in 20 % yield. Un-
fortunately, this 15 step sequence afforded the C8–C14 subu-
nit 22 in a very poor yield and thus could not provide suffi-
cient quantities to carry on the synthesis.


The formation of the DHF ring with an alkyne part was a
critical step in the synthesis. The strategy was reconsidered
and an alternative tactic was suggested based on an earlier
formation of the DHF ring. By using the same approach, we
inverted the order of the crotyltitanation–dyotropic rear-
rangement sequence. This required the introduction of a
C13=C14-functionalized double bond bearing a metallic or
halide function at a very early stage of synthesis. According
to the literature, vinyl iodide hydrogenolysis occurred in the
subsequent Lindlar reduction step,[41] and, therefore, we
choose to introduce a vinyl tin function as the precursor of
the vinyl halide core at the C14 position.


Stability of the vinyl stannane function during C8–C14
subunit elaboration was a challenging problem. With the
aim to determine the chemical compatibility of this moiety,
we decided to prepare a C12-desmethyl model (� )-25
(Scheme 4). While the formation of alkene 12 in one step by
metallate rearrangement with a cyano-Gilman dimethylcup-
rate from commercially available 2,3-dihydrofuran 8 pro-
ceeded smoothly,[27] significant problems were encountered
during conversion of homoallylic alcohol 12 into aldehyde
23. Extensive screening was performed. Classical oxidation
methods, such as Swern,[28] Doering–Parikh,[29] or the use of
PCC[30] led to decomposition with loss of the tin function.
On the other hand, milder reagents, such as tetrapropylam-
monium perruthenate (TPAP)/N-methylmorpholine N-oxide
(NMO)[31] or IBX[32] resulted in recovery of the starting ma-
terial. The Saigo–Mukaiyama protocol,[33] employing 1,1’-
(azodicarbonyl)dipiperidine (ADD) as a hydride acceptor


Scheme 3. a) CCl3C(N)OPMB, PPTS (5 mol %), CH2Cl2/cyclohexane 1:2,
RT, 40 h, 88%; b) LAH, THF, 0 8C!RT, 3 h, 95%; c) TEMPO
(2 mol %), NaOCl, KBr, NaHCO3, CH2Cl2/H2O; d) (R)-2, cyclohexane/
pentane 1:7, �78 8C, 2 h, 85 % (2 steps, c–d), d.r. 97:3; e) TESOTf, 2,6-lu-
tidine, CH2Cl2, 0 8C!RT, 2 h, 97 %; f) tBuLi, Et2O, �30 8C!�20 8C,
45 min, 84%; g) nBuLi, THF, �78 8C!0 8C, 1 h, then TMSCl, �78 8C!
RT, overnight, 92 %; h) DDQ, CH2Cl2/H2O 95:5, 0 8C!RT, 30 min, 86 %;
i) IBX, DMSO, RT, 3 h; j) (methoxymethyl)triphenylphosphonium chlo-
ride, LiHMDS, �10 8C, 1 h, 85 %; k) acetone/H2O 9:1, HCl, 65 8C, 1 h,
61% (3 steps, h–k); l) PTSA, PPTS, CuSO4, NH4NO3 or Burgess reagent;
m) PhSH, BF3·OEt2, 4 � MS, Et2O, 1 h, 80%; n) DBU, neat, 245 8C,
30%; o) mCPBA, NaHCO3, PhH, 0 8C, 1 h, then, reflux, 1 h, 19 %;
p) tBuLi, Me2CuLi·LiCN, THF/Et2O/1:2, 0 8C!RT, 3 h, then nBu3SnCl,
�30 8C!RT, 5 h, 20%. mCPBA =3-chloroperbenzoic acid; DBU=1,8-
diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene; DDQ =2,3-dichloro-5,6-dicyano-1,4-ben-
zoquinone; d.r.=diasteromeric ratio; HMDS = hexamethyldisilazane;
IBX=2-iodoxybenzoic acid; MS =molecular sieves; PMB =p-methoxy-
benzyl; PPTS =pyridinium p-toluenesulfonate; PTSA =p-toluenesulfonic
acid; TEMPO = tetramethylpiperdinyloxy free radical; TES = triethylsil-
yl; TMS= trimethylsilyl.
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failed, resulting only in the recovery of the starting material,
despite encouraging Marshall precedent.[34]


Finally, we were pleased to find that the use of TEMPO-
free radicals and a suitable co-oxidant led to a significant
improvement. Recourse to BAIB as a co-oxidant delivered
cleanly the oxidation product.[35] Unfortunately, fast proto-
destannylation of 23 upon purification or even shelf storage
was observed. Therefore, the crude product was directly
subjected to crotyltitanation conditions with racemic (� )-2.
The O-enecarbamate (� )-24 was then converted into termi-
nal alkyne (� )-25 by tBuLi treatment. After the difficulties
encountered during the oxidation step, it was gratifying to
find that the (Z)-vinyl stannane function was sufficiently
stable toward crotyltitanation conditions and especially
upon tBuLi treatment. Thus, the 12-desmethyl C8–C14 frag-
ment (� )-24 could be obtained in only four steps, from com-
mercially available 2,3-dihydrofuran 8, in 26.9 % overall
yield.


With secured information on the C14 tin function stability
in hand, the stage was set for the synthesis of DHF 9 bear-
ing a methyl group at the C12-position (Scheme 5). Prepara-


tion of DHF 9 was achieved from commercially available
(R)-3-bromo-2-methyl-1-propanol (26). Cyanide displace-
ment of the bromide and partial reduction of the nitrile
function led to lactol 27 after spontaneous cyclization of the
g-hydroxy aldehyde.


After several attempts, a straightforward dehydration with
PTSA in quinoline with simultaneous distillation of the vol-
atile elimination product from the reaction mixture cleanly
afforded the desired DHF 9 in 85 % yield (Scheme 5).[36]


This expeditious three-step sequence furnished the enantio-
pure DHF 9 in 64 % overall yield.


DHF 9 was subjected to metallate rearrangement under
the standard laboratory conditions with a cyano-Gilman di-
methylcuprate to afford the expected trisubstituted (Z)-
alkene 13 in a disappointing 27 % yield (Scheme 6; Table 1,


entry 2). To improve this result, it was decided to investigate
the influence of different reaction parameters. To this end,
the solvent and/or cuprate ligands were modified with
regard to the classical 1:2 THF/Et2O solvent mixture. The
results, from commercial DHF 8 as a model, are summar-
ized in Table 1. It was envisaged to activate the C�O bond
of the dihydrofuran ring by addition of Lewis acids (Table 1,
entries 3–4), to promote organometallic dissociation
(Table 1, entries 5–7) or to modify the cuprate ligands in
presence of TMEDA or pyridine (Table 1, entries 8–9), but
without significant effect. However, the use of sulfur addi-
tives resulted in appreciable yields (Table 1, entries 10–12).
Thereby, a 4:1 mixture of Et2O and DMS (Table 1, entry 12)
allowed the formation of the expected (Z)-alkene 12 in a
satisfactory 76 % yield. It was noted, however, that the mag-
nesio-cuprates prepared from MeMgBr and CuBr·Me2S
(Table 1, entry 13), versus cyanocuprates, gave disappointing
results and yields remained below 22 %.


Scheme 4. a) tBuLi, Me2CuLi·LiCN, THF/Et2O/1:2, 0 8C!RT, 3 h, then
nBu3SnCl, �30 8C!RT, 5 h, 61%; b) TEMPO (10 mol %), BAIB,
CH2Cl2, RT, 2 h; c) (� )-2 (from 3, nBuLi/TMEDA, Et2O), Et2O, �78 8C,
2 h, 63% (2 steps b and c); d) tBuLi, Et2O, �30 8C!�20 8C, 30 min,
70%. BAIB = [bis ACHTUNGTRENNUNG(acetoxy)iodo]benzene.


Scheme 5. a) NaCN, DMSO, 60 8C, 24 h, 92%; b) DIBAL-H, CH2Cl2,
�78 8C, 2 h, 82 %; c) PTSA, quinoline, 160 8C!245 8C, 45 min, 85%.
DIBAL-H =diisobutylaluminium hydride.


Scheme 6. Cuprate rearrangement with methyl transfer from DHF 8 or 9.
a) 1) tBuLi (1.2 equiv), THF, �60 8C 10 min then 0 8C 50 min; 2) MeLi
(5 equiv), CuCN (2 equiv), Et2O, additive (see Table 1), 0 8C!RT;
3) nBu3SnCl, �30C!RT, 5 h.


Table 1. Results of cuprate rearrangement with methyl transfer from
DHF 8 or 9.


Entry Starting
material


Additive Conditions Yield of
(Z)-12 or


(Z)-13
[%]


1 8 none[a,b] RT, 3 h 61
2 9 none[a,b] RT, 3 h 27
3 8 BF3·OEt2 (2.5 equiv)[a,b] RT, 3 h 13
4 8 TMSCl (4 equiv)[a,b] RT, 3 h 46
5 8 HMPA (5 equiv)[a,b] RT, 3 h 29
6 8 DMPU (5 equiv)[a,b] RT, 3 h 0
7 8 DMF (20 equiv)[a,b] RT, 3 h 0
8 8 TMEDA (10 equiv)[a,b] RT, 3 h 45
9 8 pyridine (10 equiv)[a,b] RT, 3 h 16
10 8 thiophene (20 equiv)[a,b] RT, 12 h 55
11 8 tetrahydro-thiophene


(20 equiv)[a,b]
RT, 12 h 67


12 8 DMS (Et2O/DMS 4:1)[b] RT, 12 h 76
13 8 none[a,c] RT, 3 h 22
14 9 DMS (Et2O/DMS 4:1)[b] RT, 12 h 68


[a] THF/Et2O 1:2. [b] MeLi/CuCN. [c] MeMgBr (4 equiv), CuBr·Me2S
(2 equiv). DMPU =N,N’-dimethylpropyleneurea; HMPA=hexamethyl-
phosphoramide.
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Application of optimized conditions to DHF 9 led to the
(Z)-tin derivative 13 in a substantial 68 % yield (Table 1,
entry 14).


We developed a useful and efficient dimethylsulfide-pro-
moted methyl transfer in the 1,2-cuprate rearrangement
leading to (Z)-trisubstituted olefins. With an efficient supply
of alkene 13 being assured, the synthesis of the C8–C14 sub-
unit B was tackled. In agreement with the model C12-des-
methyl series, compound 13 was converted to carbamate 29
as a single diastereomer in 87 % yield after oxidation to al-
dehyde 28 with TEMPO/BAIB and crotyltitanation
(Scheme 7). To confirm the (S)-C11 secondary hydroxy
center configuration, 29 was derivatized to the (R)- and (S)-
a-methoxy-phenylacetic acid (MPA) ester (see the Experi-
mental Section for details).[37]


DHF 9 was also prepared in racemic form. After some ex-
perimentation, it was found that the most effective approach
started from commercially available ethyl 2-methyl-4-pente-
noate ((� )-30) (Scheme 8). Reduction of ester function fol-
lowed by ozonolysis of the terminal double bond and dehy-
dration of the corresponding lactol led to the desired DHF
(� )-9. Oxidation of the 1,2-cuprate transfer product (� )-13


followed by crotyltitanation delivered the required Felkin–
Anh homoallylic alcohols 29 in 42 % yield and a minor dia-
stereomer 31 in 14 % yield. At this stage of the synthesis, it
is important to point out that these C12-epimeric com-
pounds 29/31 were easily separated by flash chromatogra-
phy.


From carbamate 29, a-elimination reaction upon a tBuLi
treatment and subsequent C11 secondary alcohol protection
as the methoxymethyl ether furnished alkyne 32 (Scheme 8).
Subunit 32 was obtained in eight steps in 13.9 or 26.3 %
yields, respectively, from pentenoate (� )-30 (with a kinetic
resolution step) or enantiopure propanol 26. However,
taking into account the cost of the starting material 26 and
the convenient separation of the C12-epimeric compounds,
we preferred using the racemic DHF (� )-9 to produce C8–
C14 subunit 32 on a multigram scale.


The synthesis of the C15–C24 subunit A started with the
C16–C18 syn–syn motif preparation, planned by a substrate-
based crotylation reaction. The addition of the achiral tri-
nbutylcrotylstannane on chiral aldehyde 15 under Keck�s
conditions (BF3·OEt2 in CH2Cl2),[38] led to a 85:15 mixture
of diastereomers 33 and 34. Felkin–Anh selectivity was opti-
mized to 95:5 when replacing CH2Cl2 by Et2O and perform-
ing the reaction at a lower temperature (Scheme 9). Howev-


er, large-scale production of 33 was impeded by difficulties
associated with diastereomer separation. This difficulty was
readily overcome by using the chiral crotylborane procedure
developed by Brown.[39] The desired homoallylic alcohol 33
was cleanly formed in a stereospecific manner from the (Z)-
crotyldiisopinocampheylborane reagent derived from (�)-
Ipc2B ACHTUNGTRENNUNG(OMe).


The absolute configuration of the stereogenic centers of
33 was confirmed by chemical correlation. Cleavage of the
PMB moiety was accomplished to provide the known triol
36. The NMR spectroscopic data and the specific optical ro-
tation were in agreement with the literature.[40]


Scheme 7. a) TEMPO (10 mol %), BAIB, CH2Cl2, RT, 2 h; b) (R)-2, cy-
clohexane/pentane 1:7, �78 8C, 3 h, 87 % (2 steps, a and b).


Scheme 8. a) LAH, Et2O, 0 8C!RT, 3 h; b) O3, Sudan III, CH2Cl2/MeOH
1:1, �78 8C, 7 h then PPh3, �78 8C!RT, overnight, 80% (2 steps, a and
b), anomeric ratio 2:1; c) PTSA, quinoline, 160!245 8C, 45 min, 85%;
d) tBuLi, Me2CuLi·LiCN, Et2O/DMS 4:1, 0 8C!RT, 18 h, then nBu3SnCl,
�30 8C!RT, 5 h, 68 %; e) TEMPO (10 mol %), BAIB, CH2Cl2, RT, 2 h;
f) (R)-2, cyclohexane/pentane 1:7, �78 8C, 3 h, compound 29 42%
(2 steps, e and f), compound 31 14 % (2 steps, e and f; g) tBuLi, THF,
�40!�20 8C, 20 min, 78 %; h) MOMCl, TBAI, Hunig�s base, CH2Cl2,
RT, 18 h, 92 %. DMS=dimethyl sulfide; Hunig�s base=diisopropylethyl-
amine; LAH= lithium aluminum hydride; MOM= methoxymethyl;
TBAI= tetra-n-butylammonium iodide.


Scheme 9. a) Tri-n-butylcrotylstannane, BF3·OEt2, Et2O, �100 8C, 2 h,
74%, d.r. 95:5; b) (Z)-2-butene, nBuLi, tBuOK, [(�)-Ipc]2BOMe,
BF3·OEt2, 65%, d.r. 100:0; c) TBSOTf, 2,6-lutidine, CH2Cl2, 0 8C!RT,
2 h, 92%; d) DDQ, CH2Cl2/H2O 95:5, 0 8C!RT, 2 h, 75 %; e) O3, Sudan
III, Py, CH2Cl2/MeOH 1:1, �78 8C, 2 h then DMS, �78 8C!RT, over-
night; f) (R)-2, cyclohexane/pentane 1:7, �78 8C, 3 h, 77 %, d.r. 100:0.
Ipc= isopinocampheyl, Py= pyridine.
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For the construction of the second C18–C20 syn–anti ste-
reotriad, we selected a crotyltitanation reaction. After pro-
tection of the C17 hydroxy group of 33 as TBS ether, an oxi-
dative cleavage of corresponding alkene 35 by ozonolysis
delivered the aldehyde 37. When the crotyltitanation reac-
tion was realized with the chiral, non-racemic (R)-2, the de-
sired isomer 38 was provided in 77 % yield with total stereo-
control.


On the basis of extensive precedent, we predicted that the
unique isomer from this addition would be the C18–C20
syn–anti stereoisomer 38. This assignment was confirmed by
applying the Rychnovsky method[41] and analysis of the
1H NMR vicinal coupling constants of the corresponding
acetonides (see the Experimental Section for details).


Application of this crotyltitanation reaction was also in-
strumental in the preparation of the required terminal (Z)-
diene. As previously described by our group,[11] the direct vi-
nylation of a (Z)-O-enecarbamate moiety was carried out in
the presence of [Ni ACHTUNGTRENNUNG(acac)2] with commercially available vi-
nylmagnesium bromide. In this way, from carbamate 39, this
reaction gave highly variable but mostly disappointing low
yields (Scheme 10, see Table 2 entry 1). The cross-coupled
product 40 was generated solely or as a mixture with the
corresponding inseparable reduced compound 41 (selectivity
varying from 100:0 to 0:100). The quality of commercial vi-


nylmagnesium bromide solution was unreliable for this
cross-coupling. Furthermore, even with the same batch, the
selectivity between the cross-coupled product and the re-
duced compound decreased during the time of storage. We
decided to prepare ourselves the vinylmagnesium bromide.
Three methods were explored. First, direct insertion of mag-
nesium into vinyl bromide[42] led to reliable results but with
a modest selectivity in favor of the desired compound 40,
that is, 80:20 (Table 2, entry 2). The vinylmagnesium reagent
was also generated in situ, by transmetallation of the vinyl-
lithium derivative with magnesium bromide.[43] When the vi-
nyllithium was produced from vinyl bromide by metal–halo-
gen exchange,[44] no reaction occurred (Table 2, entry 3). On
the other hand, the preparation of the vinyllithium from tet-
ravinyltin and MeLi,[45] cleanly afforded the cross-coupled
product 40 in modest yield (Table 2, entry 4).


The reaction with solely vinyllithium species (without
magnesium salts) produced from tetravinyltin and MeLi,[45]


led to a significant improvement (Table 2, entry 5). This
method allowed the selective formation of the cross-coupled
product 42 in a reproducible 80 % yield (no reduction prod-
uct was recovered). Use of tetravinylstannane and MeLi al-
lowed the scaling up the cross-coupling reaction to 2.5 g. To
the best of our knowledge, it is the first example of a C-ACHTUNGTRENNUNG(sp2)–C ACHTUNGTRENNUNG(sp2) cross-coupling between a vinyllithium and a vi-
nylic electrophilic species.[46]


To achieve the synthesis of subunit 43, the PMB ether was
removed by treatment with DDQ and the resulting alcohol
42 was transformed into alkyl iodide 43 under optimized
Garegg conditions in a benzene/diethyl ether mixture under
high dilution.[47] The C15–C24 subunit 43, bearing five con-
tiguous stereogenic centers and a terminal diene, was ob-
tained in 13.7 % overall yield for 11 steps.


Our initial approach to the synthesis of the third building
block C1–C7 C started with standard Brown crotylation of
aldehyde 44 (derived from (S)-Roche ester 14), to afford the
desired syn–anti homoallylic alcohol 45 in 76 % yield
(Scheme 11). It was envisaged to rely upon a substrate-di-
rectable epoxidation/oxirane regioselective ring-opening se-
quence for the installation of the missing C5 chiral center.
The epoxidation of homoallylic alcohol 45 turned out to be
more difficult than expected. The use of mCPBA,
[Mo(CO)6]/TBHP[48] or [VO ACHTUNGTRENNUNG(OiPr)3]/TBHP never gave
more than 40 % selectivity, whereas recourse to [VO-ACHTUNGTRENNUNG(acac)2]/TBHP[49] led to a significant improvement (78 %
yield of oxiranes 46 and 47 as a 90:10 mixture of separable
diastereomers). However, upon attempted optimization and
scaling up, this reaction was not reproducible. Pure 46 was
then subjected to a regioselective ring opening by a cyano-
Gilman divinyl cuprate, (CH2=CH)2CuLi·LiCN,[50] to ensure
the formation of the alkene 48 in 86 % yield. Finally, cleav-
age of the OBn group with lithium in liquid ammonia fol-
lowed by silylation afforded the C1–C7 subunit 49.


An alternative route allowed the generation of the C5
chiral center by hetero-Michael addition on a,b-unsaturated
Weinreb amide 53, which in turn could be derived from al-
dehyde 50 through a crotyltitanation reaction and homolo-


Scheme 10. a) TESOTf, 2,6-lutidine, CH2Cl2, 0 8C!RT, 1.5 h, 76%;
b) [Ni ACHTUNGTRENNUNG(acac)2], Et2O, 0 8C, overnight, vinylmagnesium bromide, see
Table 1; c) DDQ, CH2Cl2/H2O 95:5, 0 8C!RT, 40 min, 72%; d) I2, PPh3,
imid, C6H6/Et2O, 0 8C!RT, 2 h, 79 %. acac =acetylacetonate; imid = imi-
dazole.


Table 2. Results of direct vinylation of a (Z)-O-enecarbamate by a [Ni-ACHTUNGTRENNUNG(acac)2]-catalyzed cross-coupling reaction from compound 39.


Entry Conditions 40 41 Yield [%][a]


1 CH2=CH�MgBr[b] 100!0 0!100 35!80
2 CH2=CH�Br, Mg 80 20 65
3 CH2=CH�Br, tBuLi, MgBr2·OEt2 – – –[c]


4 ACHTUNGTRENNUNG(CH2=CH)4Sn, MeLi, MgBr2·OEt2 100 0 50[d]


5 ACHTUNGTRENNUNG(CH2=CH)4Sn, MeLi 100 0 80


[a] Isolated yield of the 40 and 41 mixture. [b] Commercial reagent.
[c] Only the starting material was recovered. [d] 10 % of starting material
was recovered.
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gation (Scheme 12). Thus, crotyltitanation of aldehyde 50
(which was prepared from (S)-Roche ester 14) cleanly led to
the syn–anti homoallylic alcohol 51. A cross-metathesis
(CM) reaction between alkene 51 and N-methoxy-N-methyl-
acrylamide was tested.[51] None of the desired product was
formed and most of the starting material was recovered. We
suspected that the N,N-diisopropyl-O-enecarbamate func-
tion could have deleterious effects for steric or/and electron-


ic reasons. Thus, the vinylic function of compound 51 was
deoxygenated by hydride reduction with iso-propylmagnesi-
um chloride in a nickel-catalyzed reaction to furnish 52.[52]


More surprisingly, the CM reactions between N-methoxy-N-
methylacrylamide or methyl acrylate and terminal olefinic
compound 52 failed when using Grubbs 2nd-generation or
Hoveyda catalyst. Gratifyingly, a two-step sequence involv-
ing an oxidative cleavage of the double bond, followed by a
Horner–Wadsworth–Emmons reaction (HWE) with com-
mercially available diethyl (N-methoxy-N-methylcarbamoyl-
methyl)phosphonate, gave the a,b-unsaturated Weinreb
amide 53. Reaction of 53 with benzaldehyde mediated by
KHMDS afforded benzylidene 54 in 79 % yield with an ex-
cellent diastereoselectivity (d.r.>95:5).[53] After reduction of
54 into aldehyde 55 by treatment with DIBAL-H,[54] the last
C1–C7 subunit, bearing four stereocenters, was obtained in
32.7 % overall yield for eight steps.


Completion of the total synthesis of discodermolide : With
access to the required fragments now reliable, the stage was
set for the coupling. The first coupling reaction involved an
addition of the C8–C14 acetylenic compound 32 to C1–C7
aldehyde 55 (Scheme 13). Previous observations on the sta-


bility of the sterically hindered trisubstituted (Z)-vinyl stan-
nane provided encouraging precedent with regard to the
chemoselectivity issue. Although the lithiated acetylide of
32 was chemoselectively produced by action of tBuLi at low
temperature, its reaction with aldehyde 55 afforded a 2:1
mixture of separable C7 diastereomers 56 and 57 in a
modest 50 % yield.


To assign the C7 stereochemistry of both these epimers,
each C7 isomeric secondary alcohol was independently sub-
jected to the formation of (R)- and (S)-MPA ester deriva-
tives (see the Experimental Section for details). To our sur-
prise, the desired and expected 5,7-anti diol 56 was the
minor product (Scheme 13).[55]


A more appropriate solution was found with the addition
of acetylenic derivative 32 to Weinreb amide 54 followed by


Scheme 11. a) CCl3C(N)OBn, TfOH (5 mol %), CH2Cl2/cyclohexane 1:2,
0 8C!RT, 40 h, 84%; b) LAH, THF, 0 8C!RT, 3 h, 94% c) IBX, DMSO,
RT, 3 h, 92%; d) (E)-2-butene, nBuLi, tBuOK, [(�)-Ipc]2BOMe,
BF3·OEt2, 76 %, d.r. 90:10; e) [VO ACHTUNGTRENNUNG(acac)2], TBHP, CH2Cl2, 78%, d.r.
90:10; f) CH2=CH�Br, tBuLi, CuCN, THF, �78!0 8C, overnight, 86%;
g) Li, NH3, THF, �78 8C, 1 h; h) TBSOTf, 2,6-lutidine, CH2Cl2, 0 8C!RT,
3 h, 99 % (2 steps, g and h). TBHP = tert-butyl hydroperoxide.


Scheme 12. a) TBSCl, imid, DMF, RT, 3 h, 94%; b) DIBAL-H, CH2Cl2,
�20 8C, 30 min, 92%; c) (COCl)2, DMSO, Et3N, �55 8C!RT, 1 h; d) (R)-
2, cyclohexane/pentane 1:7, �78 8C, 3 h, 66% (2 steps, c and d); e) [Ni-ACHTUNGTRENNUNG(acac)2] (10 mol %), iPrMgBr, THF, RT overnight, 50%; f) O3, Sudan III,
CH2Cl2, �78 8C, 1 h, then PPh3, �78 8C!RT, 3 h, 87%;
g) (EtO)2P(O)CH2C(O)NMe ACHTUNGTRENNUNG(OMe), NaH, THF, 0 8C!RT, 45 min, 86%;
h) PhCHO, KHMDS, THF, �20 8C, 45 min, 79 %; i) DIBAL-H, CH2Cl2,
�78 8C, 1 h, 93%.


Scheme 13. a) 32, tBuLi, THF, �78 8C, 30 min, then 55, �78!0 8C, 3 h,
50%, d.r. 1:2.
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stereoselective reduction of ynone 58 (Scheme 14). Prelimi-
nary assays were conducted by using tBuLi as a metallating
agent and afforded cleanly the desired adduct 58 in 80 %
yield. However, upon attempted optimization and scale up,


this reaction was not reproducible. During these initial at-
tempts, however, it was noticed that Weinreb amide 54 was
totally consumed with the production of a significant
amount of benzaldehyde, which indicated a probable retro-
hetero-Michael reaction, followed by a vinylogous retro-
aldol reaction. After careful optimization, it was found that
this addition reaction proceeded best when using a solution
of nBuLi generated by treatment of butyl bromide by lithi-
um metal in Et2O,[56] whereas protocols involving commer-
cial nBuLi, LDA, or LiHMDS did not bring any significant
improvement. This procedure led cleanly and faster to the
desired ynone 58 in a reliable 81 % yield. Subsequent re-
agent-controlled stereoselective reduction of 58 with (S)-
CBS reagent[57] provided alcohol 56 in high yield (95 %) and
diastereoselectivity (d.r.>98:2).


The coupling of the two C1–C7 and C8–C14 fragments
now in hand required the consecutive formation of vinyl
iodide 60, in view of an alkyl-Suzuki reaction with the C15–
C24 subunit 43. Alcohol 56 was smoothly converted to
methyl ester 59 by a two-step MOM-protection reaction and
TBS-ether cleavage protocol followed by oxidation of the
resulting alcohol and esterification (Scheme 15). Subsequent
standard Lindlar hydrogenation of the alkyne 59 seemed op-
timal relative to the discodermolide C8=C9 semi-reduction
cases previously reported in the literature.[4] However, this
reduction only resulted in recovery of the starting material.
After some experimentation, it was found that the reaction
preceded best when using a PtO2 protocol without overre-
duction. Consecutive iododestannylation furnished the de-
sired (Z)-vinyl iodide 60 in 71 % for two steps.


The stage was set for the coupling of the vinyl iodide 60
and C15–C24 subunit 43. An alkyl-Suzuki reaction was per-
formed according to the Marshall et al. procedure,[58] by
using trialkyl boronate species prepared from alkyl iodide
43 with tBuLi and B-methoxy-9-BBN under [PdCl2 ACHTUNGTRENNUNG(dppf)]
and AsPh3 conditions to afford the discodermolide back-
bone 60 in 60 % yield.


Selective cleavage of the C19 TES-ether followed by reac-
tion with trichloroacetylisocyanate furnished the corre-
sponding carbamate.[59] Final total deprotection with con-
comitant lactonization by following the procedure estab-
lished in the previous total syntheses[4] afforded discodermo-
lide 1 in 70 % yield. The spectroscopic and analytical data of
the synthetic samples of 1 and their in vitro cytotoxicity
levels were in full accord with those of the natural product
reported in the literature.


Conclusions


The investigation outlined above resulted in a total synthesis
of the anticancer marine metabolite discodermolide (1) in
1.6 % overall yield for 21 linear steps. The chosen approach
bears witness to the maturity of the crotyltitanation reaction
with an enantiomerically defined secondary crotyltitane re-
agent. The repeated application of this reaction yielded ho-
moallylic (Z)-O-enecarbamate alcohols 16, 29, 38, and 51
with excellent diastereoselectivity. Moreover, advantage was
taken of these alkenyl carbamates to form the next carbon–
carbon bond. Particularly notable is the direct construction
of the terminal C21–C24 (Z)-diene 40, with high geometric
control, utilizing an original cross-coupling nickel-catalyzed
reaction. Another highlight of our strategy was the 1,2-cup-
rate rearrangement of the dihydrofuran 9 leading to the ste-
reocontrolled building of the C13=C14 trisubstituted (Z)-
alkene 13 with total selectivity.


Scheme 14. a) 32, nBuLi/Et2O, THF, �40 8C, 50 min, then 54, �40!
>0 8C, 1 h, 81%; b) (S)-(�)-2-methyl-CBS-oxazaborolidine, BH3·Me2S,
THF, �30 8C, 2 h, 95 %, d.r. 98:2. CBS =Corey–Bakshi–Shibata. Scheme 15. a) MOMCl, TBAI, Hunig�s base, CH2Cl2, RT, 18 h, 86%;


b) HF/Py, Py/THF, RT, 4 h, 96%; c) TEMPO (10 mol %), BAIB, CH2Cl2,
RT, 3 h; d) NaClO2, NaH2PO4, 2-methyl-but-2-ene, tBuOH/H2O, RT, 1 h;
e) TMSCHN2, C6H6/MeOH, RT, 15 min, 66 % (3 steps, c–e); f) H2, PtO2


(30 mol %), AcOEt, RT, 12 h; g) I2, CH2Cl2, 0 8C, 10 min, 71% (2 steps, f
and g); h) 43, tBuLi, Et2O, �78 8C, 5 min, B-methoxy-9-BBN, THF,
�78 8C!RT, then 60, Cs2CO3, [PdCl2 ACHTUNGTRENNUNG(dppf)], AsPh3, DMF, H2O, 18 h,
60%; i) PSA, MeOH, 0 8C, 1 h, 77 %; j) Cl3CC(O)NCO, CH2Cl2, RT,
15 min, then K2CO3, MeOH, RT, 1.5 h, 64 %; k) HCl 4 n, THF, RT, 72 h,
70%. BBN =borabicyclo ACHTUNGTRENNUNG[3.3.1]nonane; dppf = (diphenylphosphino)ferro-
cene.
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For the key steps employed en route to 1, the most signifi-
cant problems were posed by the methyl transfer during the
C13=C14 trisubstituted (Z)-double bond installation and the
construction of the middle C8–C14 fragment in two sequen-
tial stages (dyotropic rearrangement/crotyltitanation). After
careful optimization, these reactions allowed high and relia-
ble yields. Hence, this study illustrates the notion that the
total synthesis of complex target molecules remains the ulti-
mate test for the performance, scope and limitations of any
newly development methodology.


The strategy is flexible enough to accommodate systemat-
ic structural variations and, therefore, to provide novel dis-
codermolide structural analogues.


Experimental Section


General : All reactions were carried out in oven or flame-dried glassware
under an argon atmosphere by employing standard techniques in han-
dling air-sensitive materials. All solvents employed were reagent grade.
THF and diethyl ether (Et2O) were freshly distilled from sodium/benzo-
phenone under nitrogen immediately prior to use. Dichloromethane, cy-
clohexane and pentane were freshly distilled over calcium hydride. All
other reagents were used as supplied. Reactions were magnetically
stirred and monitored by TLC with 0.20 mm SDS 60F254 pre-coated
silica-gel plates. Visualization was accomplished with UV light then treat-
ment with a 10% ethanolic phopshomolybdic acid solution followed by
heating. Flash chromatography was performed with silica gel 60 (particle
size 0.040–0.063 mm) supplied by SDS. Yield refers to chromatography
and spectroscopically pure compounds, unless otherwise noted. 1H NMR
spectra were recorded by using an internal deuterium lock at ambient
temperature on a JEOL JNM-ECX 270 or 400 MHz spectrometer. Inter-
nal references of dH = 7.26 and 1.96 ppm were used for CDCl3 and
CD3CN, respectively. Spectroscopic data are represented as follows:
chemical shift (in ppm), multiplicity (s= single, d=doublet, t = triplet,
q=quartet), integration, coupling constant (J/Hz�1). 13C NMR spectra
were recorded on a Jeol 67.5 or 100.5 MHz spectrometer. Internals refer-
ences of dC = 77.16 and 118.26 ppm were used for CDCl3 and CD3CN, re-
spectively. IR spectra were recorded on a Nicolet Impact-400 and wave-
length (ñ) is given in cm�1. Mass spectra were recorded on a GC/MS cou-
pling unit with a MSD 5973 spectrometer and a Hewlett–Packard HP-
GC 6890 chromatograph. Ionization was obtained either by electronic
impact (EI) or chemical ionization with methane (CI, CH4). Mass spec-
tral data are reported as m/z. Optical rotations were recorded on a Jasco
P-1010 digital polarimeter at 589 nm and are reported as follows: [a]20


D ,
concentration (c in g100 mL), and solvent. Elemental analysis were per-
formed on a CHN 240 Perkin–Elmer instrument by the Service de Micro-
analyses, Centre d’Etudes Pharmaceutiques, Chatenay-Malabry, F-92296.
HRMS were obtained on a Thermo-Electron MAT-95 spectrometer in
the ICMMO, Mass Spectrometry Laboratory, Orsay University, 91 405
Orsay. IUPAC nomenclature was used for all compounds. RN refers
CAS registration numbers. See Supporting Information for further exper-
imental procedures.


(3Z)-4-(Tributylstannyl)pent-3-en-1-al (23): BAIB (10.4 g, 32.2 mmol,
1.1 equiv) was added to a solution of alcohol 12 (11.0 g, 29.3 mmol,
1.0 equiv) and TEMPO (457 mg, 2.93 mmol, 0.1 equiv) in CH2Cl2


(100 mL). The mixture was stirred until the starting material had disap-
peared (2 h). After this time, the mixture was diluted with cyclohexane,
washed with an aqueous saturated Na2S2O3 solution and extracted with
cyclohexane. The combined organic phases were washed with a saturated
aqueous NaHCO3 solution and brine, dried over MgSO4, and the solvent
was removed under reduced pressure. The crude aldehyde 23 was directly
used in the next step. 1H NMR (400.0 MHz, CDCl3): d =9.67 (t, J=


2.1 Hz, 1H), 6.16 (tq, J =7.3, 1.9, J1H,117Sn =J1H,119Sn =122.1 Hz, 1H), 2.89
(dd, J =7.3, 2.1 Hz, 2H), 1.98 (d, J =1.9, J1H,117Sn =J1H,119Sn =38.9 Hz, 3 H;


CH3), 1.60–1.40 (m, 6H; 3 CH2), 1.39–1.20 (m, 6 H; 3 CH2), 1.02–0.84 ppm
(m, 15 H; 3CH2, 3 CH3).


(1Z,6Z,3R/S,4R/S)-1-[(N,N-Diisopropyl)carbamoyloxy]-4-hydroxy-3-
methyl-7-(tributylstannyl)oct-1,6-diene ((� )-24): A solution of nBuLi
(1.6 m in hexane, 44 mL, 70.0 mmol, 2.04 equiv) was added to a quick-
stirred solution of the (E)-crotyl (diisopropyl)carbamate (11.7 g,
59.0 mmol, 2.0 equiv) and TMEDA (6.8 g, 59.0 mmol, 2.0 equiv) in Et2O
(70 mL) at �78 8C. After 30 min at �78 8C, TiACHTUNGTRENNUNG(OiPr)4 (52.0 mL,
176.0 mmol, 6.0 equiv) was quickly added by cannula to the reaction mix-
ture of lithio carbamate, which turned orange. After 30 min at �78 8C, al-
dehyde 23 (10.9 g, 29.3 mmol, 1.0 equiv) in Et2O (15 mL) was slowly
added to the orange solution, and the mixture was stirred for 3 h at
�78 8C. The solution was then poured into a mixture of Et2O-saturated
aqueous NH4Cl solution. After extraction with Et2O, the organic layer
was washed with brine, dried over MgSO4, filtered, and the solvent was
removed under reduced pressure. The residue was purified by chroma-
tography on silica gel (cyclohexane/Et2O 95:5 to 60:40) to give the title
compound (� )-24 (7.4 g, 44% for 2 steps). 1H NMR (400.0 MHz,
CDCl3): d =7.12 (d, J =6.4 Hz, 1H), 6.10 (ddq, J =5.9, 5.5, 1.4, J1H,117Sn =


J1H,119Sn =131.0 Hz, 1H), 4.67 (dd, J =9.9, 6.4 Hz, 1H), 4.19–4.11 (br s,
1H), 3.80–3.75 (br s, 1H), 3.51 (dddd, J =8.6, 5.0, 3.4, 3.0 Hz, 1H), 2.81
(ddq, J=9.9, 8.6, 7.3 Hz, 1 H), 2.30–2.15 (m, 1 H), 2.10–2.06 (m, 1 H), 1.92
(d, J =1.4, J1H,117Sn =J1H,119Sn =41.7 Hz, 3H; CH3), 1.78 (br d, J =3.0 Hz, 1 H;
OH), 1.58–1.38 (m, 6H; 3 CH2), 1.38–1.17 (m, 18 H; 3CH2, 4 CH3), 1.07
(d, J =7.3 Hz, 3H; CH3), 0.96–0.85 ppm (m, 15 H; 3 CH2, 3CH3);
13C NMR (100.5 MHz, CDCl3): d=152.3 (C), 141.9 (C), 136.4 (J13C,117Sn =


J13C,119Sn = 28.1 Hz; CH), 135.3 (CH), 111.9 (CH), 74.1 (CH), 45.4 (CH),
45.2 (CH), 39.6 (J13C,117Sn =J13C,119Sn = 30.7 Hz; CH2), 35.4 (CH), 28.8
(J13C,117Sn =J13C,119Sn =19.2 Hz; 3CH2), 27.5 (J13C,117Sn =J13C,119Sn =56.5 Hz;
3CH2), 26.8 (J13C,117Sn = J13C,119Sn =46.0 Hz; CH3), 21.1 (2 CH3), 20.3 (2 CH3),
17.0 (CH3), 13.2 (3 CH3), 9.6 ppm (J13C,117Sn =313.4, J13C,119Sn =326.8 Hz;
3CH2); IR (film): ñ= 3470, 2957, 2925, 2872, 2855, 1712, 1705, 1679, 1642,
1456, 1444, 1371, 1306, 1211, 1147, 1134, 1065, 1001, 961, 903, 885, 865,
762 cm�1.


(3R/S,4R/S,6Z)-4-Hydroxy-3-methyl-7-(tributylstannyl)oct-6-en-1-yne
((� )-25): A solution of tBuLi (1.5 m in pentane, 27.2 mL, 40.8 mmol,
3.0 equiv) was slowly added to a solution of the preceding carbamate
(� )-24 (8.4 g, 13.6 mmol, 1.0 equiv) in Et2O (100 mL) at �40 8C. The so-
lution was stirred for 20 min at �20 8C and was then quenched by the ad-
dition of a saturated aqueous NH4Cl solution, and extracted with Et2O.
The combined organic phases were washed with brine, dried over
MgSO4, filtered, and concentrated under reduced pressure. The crude
residue was purified by chromatography on silica gel (cyclohexane/Et2O
90:10 to 80:20) to give (� )-25 (4.7 g, 78%). 1H NMR (270.0 MHz,
CDCl3): d=6.00 (ddq, J =7.7, 6.5, 1.7, J1H,117Sn =J1H,119Sn =129.0 Hz, 1H),
3.47–3.42 (m, 1 H), 2.54 (qdd, J =6.9, 4.0, 2.6 Hz, 1 H), 2.26 (m, 1 H), 2.16
(m, 1H), 2.14 (d, J=2.3 Hz, 1H), 1.86 (d, J =1.7, J1H,117Sn =J1H,119Sn =


41.6 Hz, 3H; CH3), 1.50–1.33 (m, 6H; 3 CH2), 1.32–1.11 (m, 10 H; 1OH,
1CH3, 3CH2), 0.98–0.74 ppm (m, 15 H, 3 CH2, 3CH3); 13C NMR
(67.5 MHz, CDCl3): d=142.8 (C), 136.1 (J13C,117Sn =J13C,119Sn =26.8 Hz; CH),
85.1 (C), 74.0 (CH), 71.0 (CH), 40.1 (CH2), 32.2 (CH), 29.2 (J13C,117Sn =


J13C,119Sn = 19.5 Hz; 3CH2), 27.4 (J13C,117Sn =J13C,119Sn = 56.2 Hz; 3CH2), 17.3
(CH3), 13.7 (3 CH3), 9.6 ppm (J13C,117Sn =314.4, J13C,119Sn =328.8 Hz; 3CH2);
IR (film): ñ =3311, 2956, 2926, 2871, 2854, 1712, 1463, 1376, 1260, 1192,
1072, 1039, 960 cm�1.


(2R/S,4R/S)-4-Methyltetrahydrofuran-2-ol ((� )-27): A solution of com-
mercial ethyl 4-methylpentenoate (� )-30 (30 g, 211 mmol, 1.0 equiv) in
Et2O (200 mL) was added to a solution of LiAlH4 (6.4 g, 169 mmol,
0.8 equiv) in Et2O (100 mL) at 0 8C over 30 min. After the reaction mix-
ture had been stirred for 4 h at 20 8C, the mixture was cooled at 0 8C and
H2O (6.5 mL), an aqueous NaOH 15 % solution (6.5 mL), and further
H2O (19.5 mL) were added successively. The mixture was stirred for 2 h,
and filtered through a pad of Celite. The filtrate was dried over MgSO4


and the solvent was removed under reduced pressure. The crude 2-meth-
ylpent-4-en-1-ol was directly used in the next step. 1H NMR (400.0 MHz,
CDCl3): d =5.75 (dddd, J =17.0, 10.1, 7.3, 6.9 Hz, 1 H), 4.97 (dd, J =17.0,
1.4 Hz, 1 H), 4.94 (dd, J=10.1, 1.4 Hz, 1 H), 3.55 (ddd, J =6.9, 6.0, 4.6 Hz,
1H), 3.45 (ddd, J =6.4, 6.0, 4.6 Hz, 1H), 2.10 (ddd, J= 8.2, 6.9, 6.0 Hz,
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1H), 1.88 (ddd, J =8.2, 7.3, 6.4 Hz, 1H), 1.66 (quinttd, J= 6,9, 6.4, 6.0 Hz,
1H), 1.40 (t, J =4.6 Hz, 1 H; OH), 0.85 ppm (d, J =6.9 Hz, 3H; CH3);
13C NMR (100.5 MHz, CDCl3): d=136.9 (CH), 116.0 (CH2), 67.7 (CH2),
37.7 (CH2), 35.5 (CH), 16.3 ppm (CH3); MS (GC, EI): m/z : 82 [M�18]+ ,
67, 58.


A stream of ozone was bubbled into a solution of the preceding 2-
methyl-pent-4-en-1-ol (24.2 g, 241.5 mmol, 1.0 equiv) and Sudan III
(small amount) in CH2Cl2/MeOH (1:1, 200 mL) at �78 8C until the pink
solution became colorless (ca. 7 h). Then PPh3 (63.3 g, 241.5 mmol,
1.0 equiv) was cautiously added (over 30 min), the cold bath was re-
moved and the mixture was stirred at 20 8C for one night. After this time,
the solvents were removed under reduced pressure (20 mmHg) and the
product was distilled out of the reaction mixture by using a microdistilla-
tion apparatus under reduced pressure (0.2 mmHg) at 70 8C to give lactol
(� )-27 (19.7 g, 80%) as a colorless oil and a 1:2 mixture of two diaste-
reomers. RN: 34314-85-7; first anomer: 1H NMR (400.0 MHz, CDCl3):
d=5.46 (d, J=5.0 Hz, 1 H), 4.09 (t, J=7.8 Hz, 1H; Ha-11), 3.32 (dd, J=


7.8, 7.3 Hz, 1 H; Hb-11), 2.80 (br s, 1H; OH), 2.24 (dddqd, J=9.2, 7.8, 7.3,
6.9, 6.9 Hz, 1H), 1.97 (dd, J= 12.8, 6.9 Hz, 1 H), 1.51 (ddd, J =12.8, 9.2,
5.0 Hz, 1 H), 1.03 ppm (d, J =6.9 Hz, 3 H; CH3); second anomer:
1H NMR (400.0 MHz, CDCl3): d =5.46 (d, J =4.6 Hz, 1 H), 3.95 (dd, J=


8.2, 6.6 Hz, 1H), 3.55 (dd, J=8.7, 8.2 Hz, 1 H), 2.92 (br s, 1 H; OH), 2.58–
2.48 (m, 1H), 1.76–1.70 (m, 1H), 1.47–1.40 (m, 1 H), 1.09 ppm (d, J=


6.4 Hz, 3H; CH3); first anomer: 13C NMR (100.5 MHz, CDCl3): d =98.9
(CH), 74.4 (CH2), 41.8 (CH2), 31.4 (CH), 17.8 ppm (CH3); second
anomer: 13C NMR (100.5 MHz, CDCl3): d=99.4 (CH), 73.5 (CH2), 41.8
(CH2), 33.3 (CH), 17.3 ppm (CH3); IR (film): ñ=3406, 2960, 2935, 2875,
1455, 1379, 1346, 1290, 1122, 1095, 1056, 1002, 927 cm�1; MS (GC, EI):
m/z : 101, 84, 72, 56.


(4S)-3-Methyl-2,3-dihydrofuran (9) and (4R/S)-3-methyl-2,3-dihydrofuran
[(� )-9]


Preparation of optically pure 9 : Sodium cyanide (4.62 g, 94.4 mmol,
1.2 equiv) was added to a solution of commercially available (R)-3-
bromo-2-methyl-propanol 26 (13.1 g, 85.8 mmol, 1.0 equiv) in DMSO
(140 mL). The reaction was stirred for 24 h at 20 8C. After this time, the
solution was poured out into water and extracted three times with
EtOAc. To extract the remainder of the compound, the aqueous solution
was carefully acidified to pH 5 by using 10% sulfuric acid. After extract-
ing the aqueous layer three more times, the combined organic layers
were washed with brine, dried over MgSO4, and the solvent was removed
under reduced pressure. (2S)-3-Cyano-2-methyl propan-1-ol (7.6 g, 89%)
was collected and used directly in the next step. 1H NMR (400.0 MHz,
CDCl3): d=3.65 (ddd, J =10.5, 5.0, 4.6 Hz, 1H), 3.50 (ddd, J=10.5, 7.3,
5.0 Hz, 1 H), 2.62 (t, J =5.0 Hz, 1H; OH), 2.50 (dd, J=16.7, 5.5 Hz, 1H),
2.37 (dd, J=16.7, 6.9 Hz, 1 H), 2.06 (dquintdd, J =7.3, 6.9, 5.5, 4.6 Hz,
1H), 1.08 ppm (d, J =6.9 Hz, 3H; CH3); 13C NMR (100.5 MHz, CDCl3):
d=118.7 (C), 65.6 (CH2), 32.8 (CH), 20.8 (CH2), 15.8 ppm (CH3); IR
(film): ñ=3416, 2967, 2933, 2880, 2251, 1644, 1464, 1424, 1387, 1350,
1044, 993 cm�1; MS (GC, EI): m/z : 99, 69, 59, 54.


A solution of DIBAL-H (1 m in CH2Cl2, 86 mL, 86 mmol, 2.5 equiv) was
added to a solution of the preceding nitrile derivative (3.4 g, 34 mmol,
1.0 equiv) in CH2Cl2 (60 mL) at �78 8C. The mixture was stirred at
�78 8C until the starting material had disappeared and it was then diluted
with AcOEt and poured into a solution of Rochelle�s salt
(C4H4KNaO6·4H2O, 78 g, 8.0 equiv). After the reaction mixture had been
stirred for 12 h, it was extracted with AcOEt, and the combined organic
phases were washed with brine, dried over MgSO4, and the solvent was
removed under reduced pressure. (2R/S,4S)-4-Methyl tetrahydrofuran-2-
ol 27 was obtained as a 1:2 diastereomeric mixture (2.87 g, 82 %). RN:
34314-85-7 (see above for analytical data for racemic 4-methyltetrahydro-
furan-2-ol (� )-27).


A solution of the above optically active lactol 27 (5.0 g, 49 mmol,
1.0 equiv) and PTSA (25 mg, 0.11 mmol, 0.0022 equiv) in quinoline
(2.5 mL) was heated from 160 to 245 8C. Distillation of a mixture of the
title compound with water was achieved in 45 min (b.p. 80–90 8C). After
separation of water, dihydrofuran 9 was obtained (3.5 g, 85 %). RN:
1708-27-6; 1H NMR (400.0 MHz, CDCl3): d=6.30 (dd, J =2.8, 2.3 Hz,
1H), 4.94 (dd, J= 2.8, 2.3 Hz, 1 H), 4.38 (dd, J =9.6, 8.7 Hz, 1 H), 3.85


(dd, J=8.7, 6.4 Hz, 1H), 3.03 (dqdt, J=9.6, 6.9, 6.4, 2.3 Hz, 1H),
1.07 ppm (d, J= 6.9 Hz, 3 H; CH3); 13C NMR (100.5 MHz, CDCl3): d=


145.3 (CH), 106.6 (CH), 76.8 (CH2), 36.6 (CH), 20.8 ppm (CH3).


Preparation of (� )-9 : (� )-9 was obtained from racemic lactol (� )-27
using the procedure described for the preparation of 9 from lactol 27.ACHTUNGTRENNUNG(2S,3Z)-2-Methyl-4-tributylstannyl-pent-3-en-1-ol (13): MeLi (1.6 m solu-
tion in Et2O, 94.4 mL, 151.0 mmol, 5.0 equiv) was added to a suspension
of CuCN (5.41 g, 60.4 mmol, 2.0 equiv) in dry Et2O (10 mL) and DMS
(40 mL) at �30 8C. The solution was stirred at �30 8C for 5 min and then
allowed to warm up to 0 8C for 20 min (pale-yellow color). tBuLi (1.5 m


solution in pentane, 24.2 mL, 36.2 mmol, 1.2 equiv) was added to a solu-
tion of dihydrofuran 9 (2.54 g, 30.2 mmol, 1.0 equiv) in dry Et2O (50 mL)
at �60 8C. The mixture was stirred at 0 8C for 50 min. After this time, the
solution of the lithio-dihydrofuran prepared above was added by cannula
to the cyanocuprate (Et2O/DMS 4:1) and the reaction mixture was al-
lowed to warm up to 20 8C (strong orange color) over 12 h. The mixture
was cooled at �30 8C and tri-n-butyltin chloride (49.1 mL, 181.2 mmol,
5.0 equiv) was added. The reaction mixture was allowed to warm up to
20 8C over 5 h. Finally, the reaction mixture was poured into a mixture of
a saturated aqueous NH4Cl solution and concentrated ammonia (4:1) at
0 8C and stirred for 1 h at 20 8C before extraction with Et2O. The organic
layer was washed with water and brine, dried over MgSO4, and the sol-
vent was removed under reduced pressure. The crude residue was puri-
fied by chromatography on silica gel (cyclohexane/Et2O 100:0 to 60:40)
to give the title compound 13 (8.21 g, 68%). 1H NMR (400.0 MHz,
CDCl3): d=5.78 (dq, J =9.6, 1.8, J1H,117Sn =J1H,119Sn =128.7 Hz, 1 H), 3.47
(ddd, J=10.5, 8.7, 6.0 Hz, 1H), 3.36 (ddd, J =10.5, 8.2, 3.7 Hz, 1H), 2.16
(dddq, J=9.6, 8.7, 8.2, 6.9 Hz, 1H), 1.92 (d, J=1.8, J1H,117Sn =J1H,119Sn =


41.7 Hz, 3H; CH3), 1.55–1.45 (m, 6H; 3 CH2), 1.39–1.28 (m, 7H; OH,
3CH2), 0.95 (d, J =6.4 Hz, 3H; CH3), 0.99–0.91 (m, 6H; 3 CH2), 0.90 ppm
(m, 9 H; 3 CH3); 13C NMR (100.5 MHz, CDCl3): d=143.0 (J13C,117Sn =


J13C,119Sn = 27.8 Hz; CH), 140.9 (C), 67.3 (CH), 42.4 (J13C,117Sn = J13C,119Sn =


33.6 Hz; CH), 29.3 (J13C,117Sn =J13C,119Sn =20.4 Hz; 3CH2), 27.5 (J13C,117Sn =


J13C,119Sn = 57.5 Hz; 3 CH2), 27.2 (J13C,117Sn =J13C,119Sn =46.0 Hz; CH3), 17.4
(CH3), 13.7 (3 CH3), 10.1 ppm (J13C,117Sn =314.4, J13C,119Sn =329.7 Hz; 3CH2);
IR (film): ñ =3327, 2956, 2928, 2920, 2871, 2853, 1678, 1623, 1483, 1456,
1377, 1340, 1292, 1072, 1037, 996, 864, 690, 668 cm�1; MS (GC, CI, NH3):
m/z : 373 [MH�H2O]+ , 359 [MH�H2O�Bu]+ , 291 [Bu3Sn]+ , 261, 249,
235, 141, 113, 101, 85, 57; elemental analysis calcd (%) for C18H38OSn: C
55.55, H 9.84; found: C 55.73, H 10.02.ACHTUNGTRENNUNG(2S,3Z)-2-Methyl-4-tributylstannyl-pent-3-en-1-al (28): BAIB (6.09 g,
18.9 mmol, 1.1 equiv) was added to a solution of alcohol 13 (6.7 g,
17.2 mmol, 1.0 equiv) and TEMPO (538 mg, 3.45 mmol, 0.2 equiv) in
CH2Cl2 (40 mL). The mixture was stirred until the starting material had
disappeared (2 h), and was then diluted with cyclohexane, washed with
an aqueous saturated Na2S2O3 solution, and extracted with cyclohexane.
The combined organic phases were washed with a saturated aqueous
NaHCO3 solution and brine, dried over MgSO4, and the solvent was re-
moved under reduced pressure until the volume was approximately equal
to 20 mL. This solution can be kept only for a few hours before use (the
neat product 28 is more unstable). 1H NMR (400.0 MHz, CDCl3): d=


9.48 (d, J=1.7 Hz, 1 H), 5.72 (dq, J= 9.7, 1.6, J1H,117Sn =J1H,119Sn =122.1 Hz,
1H), 2.89 (dqd, J =9.7, 6.4, 1.7 Hz, 1H), 1.89 (d, J=1.6, J1H,117Sn =J1H,119Sn =


40.7 Hz, 3H; CH3), 1.47–1.37 (m, 6H; 3CH2), 1.24 (sext, J =7.3 Hz, 6H;
3CH2), 1.08 (d, J =6.4 Hz, 3H; CH3), 0.91–0.86 (m, 6H; 3 CH2), 0.83 ppm
(t, J =7.3 Hz, 9 H; 3 CH3); 13C NMR (100.5 MHz, CDCl3): d=202.1 (CH),
146.0 (J13C,117Sn =346.0, J13C,119Sn =362.3 Hz, C), 136.2 (J13C,117Sn = J13C,119Sn =


24.9 Hz; CH), 53.1 (J13C,117Sn =J13C,119Sn =31.6 Hz; CH), 29.1 (J13C,117Sn =


J13C,119Sn = 19.2 Hz; 3CH2), 27.4 (J13C,117Sn =J13C,119Sn =40.3 Hz; CH3, CH3), 27.3
(J13C,117Sn =J13C,119Sn =58.5 Hz; 3 CH2), 14.4 (CH3), 13.7 (3 CH3), 10.1 ppm
(J13C,117Sn =317.3, J13C,119Sn =332.6 Hz; 3CH2); IR (film): ñ=2958, 2927, 2872,
2854, 2809, 1726, 1614, 1463, 1426, 1377, 1072, 999, 854, 689 cm�1; MS
(GC, CI, NH3): m/z : 331 [M�Bu]+ , 291 [Bu3Sn]+ , 275, 255, 235, 217, 189,
177, 159, 147, 135, 121, 97.ACHTUNGTRENNUNG(2R/S,3Z)-2-Methyl-4-tributylstannyl-pent-3-en-1-ol ((� )-13): The same
protocol used before for the synthesis of 13 was employed to prepare
(� )-13 (16.5 g, 67%) from (� )-9 (5 g). See above for data.
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ACHTUNGTRENNUNG(2R/S,3Z)-2-Methyl-4-tributylstannyl-pent-3-en-1-al ((� )-28): The same
protocol used before for the synthesis of 28 was employed to prepare
(� )-28 from (� )-13 (2.5 g). See above for data.


(1Z,3S,4S,5S,6Z)-1-[(N,N-Diisopropyl)carbamoyloxy]-3,5-dimethyl-7-tri-
butylstannyl-octa-1,6-dien-4-ol (29) and (1Z,3S,4S,5R,6Z)-1-[(N,N-diiso-
propyl)carbamoyloxy]-3,5-dimethyl-7-tributylstannyl-octa-1,6-dien-4-ol
(31)


From optically pure aldehyde 28 : A solution of nBuLi (1.6 m in hexanes,
2.4 mL, 3.95 mmol, 3.0 equiv) was added to a quick-stirred solution of the
(E)-crotyldiisopropylcarbamate (787 mg, 3.95 mmol, 3.0 equiv) and (�)-
sparteine (925 mg, 3.95 mmol, 3.0 equiv) in pentane (6 mL) and cyclohex-
ane (1 mL) at �78 8C. After 10 min, white crystals appeared. After 3 h of
crystallization at �78 8C, a pre-cooled (�40 8C) solution of Ti ACHTUNGTRENNUNG(OiPr)4


(3.5 mL, 11.9 mmol, 9.0 equiv) in pentane (7 mL) was quickly added by
cannula to the reaction mixture of lithio carbamate, which became limpid
and turned orange. After 1 h at �78 8C, aldehyde 28 (513 mg, 1.30 mmol,
1.0 equiv) in cyclohexane (5 mL) was slowly added to the orange solu-
tion, and the mixture was stirred for 3 h at �78 8C. The solution was then
poured into a mixture of Et2O-saturated aqueous NH4Cl solution. After
extraction with Et2O, the organic layer was washed with brine, dried over
MgSO4, filtered, and the solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel (cyclohexane/
AcOEt 95:5 to 80:20) to give the title compound 29 (669 mg, 87% for
2 steps) as a single diastereomer. [a]20


D =++20.7 (c =0.94 in CHCl3);
1H NMR (400.0 MHz, CDCl3): d =7.15 (d, J =6.4 Hz, 1 H), 6.17 (dq, J=


9.9, 1.4, J1H,117Sn =J1H,119Sn =134.0 Hz, 1 H), 4.66 (dd, J =9.8, 6.4 Hz, 1 H),
4.19–4.02 (br s, 1 H), 3.78–3.61 (br s, 1 H), 3.25 (dt, J= 8.0, 2.8 Hz, 1H),
2.86 (ddq, J= 9.8, 8.0, 6.9 Hz, 1H), 2.18 (dqd, J =9.9, 6.8, 2.8 Hz, 1H),
1.90 (d, J =1.4, J1H,117Sn =J1H,119Sn =42.6 Hz, 3 H; CH3), 1.72 (br d, J =2.8 Hz,
1H; OH), 1.55–1.45 (m, 6 H; 3 CH2), 1.38–1.16 (sext, J =7.3 Hz, 6 H;
3CH2), 1.20–1.12 (m, 12H; 4CH3), 1.00 (d, J=6.9 Hz, 3H; CH3), 0.98 (d,
J =6.8 Hz, 3H; CH3), 0.99–0.92 (m, 6 H; 3 CH2), 0.89 ppm (t, J =7.3 Hz,
9H; 3CH3); 13C NMR (100.5 MHz, CDCl3): d= 152.9 (C), 144.3
(J13C,117Sn =J13C,119Sn =27.8 Hz; CH), 137.7 (J13C,117Sn =375.7, J13C,119Sn =392.0 Hz;
C), 136.7 (CH), 113.2 (CH), 78.6 (CH), 47.1 (CH), 45.7 (CH), 41.3
(J13C,117Sn =J13C,119Sn =32.6 Hz; CH), 34.5 (CH), 29.3 (J13C,117Sn =J13C,119Sn =


19.2 Hz; 3CH2), 27.5 (J13C,117Sn =J13C,119Sn =57.5 Hz; 3CH2), 27.2 (J13C,117Sn =


J13C,119Sn = 46.0 Hz; CH3), 21.7 (2 CH3), 20.4 (2 CH3), 17.6 (CH3), 14.2
(CH3), 13.8 (3 CH3), 10.0 ppm (J13C,117Sn =313.4, J13C,119Sn =326.8 Hz; 3CH2);
IR (film): ñ =3490, 2957, 2929, 2872, 2851, 1705, 1463, 1455, 1441, 1370,
1301, 1289, 1210, 1135, 1065, 997, 862, 762 cm�1; MS (GC, CI, NH3): m/z :
530, 385, 327, 291 [Bu3Sn]+ , 257, 235, 199, 177, 12, 86, 69; elemental anal-
ysis calcd (%) for C29H57NO5Sn: C 59.39, H 9.802, N 2.39; found: C
59.51, H 9.90, N 2.30.


From racemic aldehyde (� )-28 : A solution of nBuLi (1.6 m in hexane,
23 mL, 36.8 mmol, 2.14 equiv) was added to a quick-stirred solution of
the (E)-crotyldiisopropylcarbamate (6.84 g, 34.4 mmol, 2.0 equiv) and
(�)-sparteine (8.30 g, 35.4 mmol, 2.06 equiv) in pentane (36 mL) and cy-
clohexane (6 mL) at �78 8C. After 10 min, white crystals appeared. After
3 h of crystallization at �78 8C, a pre-cooled (�40 8C) solution of Ti-ACHTUNGTRENNUNG(OiPr)4 (30.5 mL, 103.2 mmol, 6.0 equiv) in pentane (30 mL) was quickly
added by cannula to the reaction mixture of lithio carbamate, which
became limpid and turned orange. After 1 h at �78 8C, aldehyde (� )-28
(6.66 g, 17.2 mmol, 1.0 equiv) in cyclohexane (5 mL) was slowly added to
the orange solution, and the mixture was stirred for 3 h at �78 8C. The
solution was then poured into a mixture of Et2O-saturated aqueous
NH4Cl solution. After extraction with Et2O, the organic layer was
washed with brine, dried over MgSO4, filtered, and the solvent was re-
moved under reduced pressure. The residue was purified by chromatog-
raphy on silica gel (cyclohexane/AcOEt 95:5 to 80:20) to give the title
compound 29 (8.50 g, 42 % for 2 steps; see above for data) and its 12R
minor isomer 31 (1.41 g, 14 %). 1H NMR (400.0 MHz, CDCl3): d=7.10
(d, J =6.9 Hz, 1H), 5.88 (dq, J=9.8, 1.7, J1H,117Sn =J1H,119Sn =128.0 Hz, 1H),
4.86 (dd, J= 10.1, 6.9 Hz, 1H), 4.12–3.99 (br s, 1 H), 3.91–3.78 (br s, 1H),
3.19 (dd, J =8.4, 2.6 Hz, 1H), 2.92 (dqd, J=10.1, 6.9, 2.6 Hz, 1H), 2.00
(dqd, J=9.8, 8.4, 6.4 Hz, 1H), 1.92 (d, J=1.7, J1H,117Sn =J1H,119Sn =40.3 Hz,
3H; CH3), 1.55–1.45 (m, 6 H; 3CH2), 1.38–1.16 (sext, J =7.3 Hz, 19H;
3CH2 + OH+4CH3), 1.13 (d, J =6.9 Hz, 3 H; CH3), 0.96 (d, J =6.4 Hz,


3H; CH3), 0.99–0.92 (m, 6 H, 3 CH2), 0.89 ppm (t, J =7.3 Hz, 9 H; 3 CH3);
13C NMR (100.5 MHz, CDCl3): d =152.6 (C), 144.3 (J13C,117Sn = J13C,119Sn =


28.8 Hz, CH), 142.2 (J13C,117Sn =355.1, J13C,119Sn =372.4 Hz, C), 135.3 (CH),
111.0 (CH), 77.7 (CH), 46.6 (CH), 46.0 (CH), 44.0 (J13C,117Sn =J13C,119Sn =


29.8 Hz; CH), 32.1 (CH), 29.1 (J13C,117Sn = J13C,119Sn =20.2 Hz; 3CH2), 27.4
(J13C,117Sn =J13C,119Sn =57.6 Hz; 3CH2), 27.2 (J13C,117Sn =J13C,119Sn = 42.2 Hz; CH3),
21.4 (2 CH3), 20.3 (2 CH3), 18.7 (CH3), 17.3 (CH3), 13.6 (3 CH3), 10.1 ppm
(J13C,117Sn =315.7, J13C,119Sn =330.1 Hz; 3CH2).


(3S,4R,5S,6Z)-3,5-Dimethyl-4-[(methoxymethyl)oxy]-7-(tributylstannyl)-
oct-6-en-1-yne (32): A solution of tBuLi (1.5 m in pentane, 27.2 mL,
40.8 mmol, 3.0 equiv) was slowly added to a solution of carbamate 29
(8.4 g, 13.6 mmol, 1.0 equiv) in Et2O (100 mL) at �40 8C. The solution
was stirred for 20 min at �20 8C, and was then quenched by the addition
of a saturated aqueous NH4Cl solution and extracted with Et2O. The
combined organic phases were washed with brine, dried over MgSO4, fil-
tered, and concentrated under reduced pressure. The crude residue was
purified by chromatography on silica gel (cyclohexane/Et2O 90:10 to
80:20) to give (3S,4R,5S,6Z)-3,5-dimethyl-4-hydroxy-7-(tributylstannyl)-
oct-6-en-1-yne (4.7 g, 78%). [a]20


D =�26.8 (c =1.0 in CHCl3); 1H NMR
(400.0 MHz, CDCl3): d =5.87 (dq, J=9.6, 1.8, J1H,117Sn =J1H,119Sn =133.3 Hz,
1H), 3.17 (ddd, J =9.0, 7.5, 3.2 Hz, 1H), 2.73 (dqd, J= 7.5, 6.9, 2.3 Hz,
1H), 2.16 (dqd, J= 9.6, 6.9, 3.2 Hz, 1H), 2.14 (d, J= 2.3 Hz, 1H), 1.90 (d,
J =1.8, J1H,117Sn =J1H,119Sn =40.8 Hz, 3H; CH3), 1.74 (d, J =9.0 Hz, 1H; OH),
1.53–1.42 (m, 6 H; 3CH2), 1.34 (sext, J =7.3 Hz, 6 H; 3CH2), 1.26 (d, J =


6.9 Hz, 3H; CH3), 1.08 (d, J =6.9 Hz, 3H; CH3), 0.98–0.91 (m, 6H;
3CH2), 0.89 ppm (t, J=7.3 Hz, 9H; 3CH3); 13C NMR (100.5 MHz,
CDCl3): d=142.8 (J13C,117Sn =J13C,119Sn =28.8 Hz; CH), 138.8 (C), 84.8 (C),
78.0 (CH), 71.5 (CH), 43.2 (J13C,117Sn =J13C,119Sn =33.6 Hz; CH), 30.4 (CH),
29.0 (J13C,117Sn =J13C,119Sn = 19.2 Hz; 3CH2), 27.1 (J13C,117Sn =J13C,119Sn =58.7 Hz;
3CH), 27.0 (J13C,117Sn =J13C,119Sn =44.0 Hz; CH3), 18.4 (CH3), 17.0 (CH3), 13.4
(3CH3), 9.7 ppm (J13C,117Sn =314.4, J13C,119Sn =328.8 Hz; 3CH2); IR (film): ñ=


3560, 350, 3456, 3310, 2957, 2926, 2872, 2854, 1463, 1455, 1376, 1247,
1115, 1070, 1050, 997, 981, 960, 873, 862, 690, 663, 631 cm�1; elemental
analysis calcd (%) for C22H42OSn: C 59.88, H 9.59; found: C 59.99, H
9.77.


Diisopropylethylamine (27.7 mL, 159 mmol, 20 equiv) and MOMCl
(6.9 mL, 79.5 mmol, 10 equiv) were added to a solution of the above alco-
hol (3.51 g, 7.95 mmol, 1.0 equiv), dimethylaminopyridine (194 mg,
1.59 mmol, 0.2 equiv), and TBAI (294 mg, 0.795 mmol, 0.1 equiv) in dried
CH2Cl2 (40 mL) at 0 8C. After the reaction mixture had been stirred for
12 h at 20 8C, it was quenched with a saturated aqueous NaHCO3 solution
and extracted with Et2O. The organic layers were washed with brine,
dried over MgSO4, filtered, and the solvent was removed under reduced
pressure. The crude residue was purified by chromatography on silica gel
(cyclohexane/Et2O 98:2 to 90:10) to give the title compound 32 (3.53 g,
92%) as a yellow oil. [a]20


D =�20.6 (c= 0.98 in CHCl3); 1H NMR
(400.0 MHz, CDCl3): d=5.87 (d, J =9.6, J1H,117Sn =J1H,119Sn = 133.3 Hz, 1H),
4.80 (d, J =7.3 Hz, 1 H), 4.72 (d, J= 7.3 Hz, 1H), 3.45 (s, 3H; CH3), 3.19
(dd, J= 7.8, 3.6 Hz, 1 H), 2.74 (qdd, J= 7.3, 3.6, 2.7 Hz, 1H), 2.33 (ddq,
J =9.6, 7.8, 6.9 Hz, 1 H), 2.09 (d, J=2.7 Hz, 1H), 1.88 (s, J1H,117Sn =J1H,119Sn =


40.8 Hz, 3H; CH3), 1.52–1.42 (m, 6H; 3CH2), 1.32 (sext, J =7.3 Hz, 6H;
3CH2), 1.25 (d, J =7.3 Hz, 3H; CH3), 1.02 (d, J=6.9 Hz, 3H; CH3), 0.97–
0.93 (m, 6 H; 3CH2), 0.89 ppm (t, J =7.3 Hz, 9H; 3CH3); 13C NMR
(100.5 MHz, CDCl3): d=143.6 (J13C,117Sn =J13C,119Sn =28.7 Hz, CH), 138.5
(C), 98.4 (CH2), 86.1 (C), 85.9 (CH), 70.0 (CH), 56.3 (CH3), 42.8
(J13C,117Sn =J13C,119Sn =30.1 Hz; CH), 30.0 (CH), 27.3 (J13C,117Sn =J13C,119Sn =


20.1 Hz; 3CH2), 27.3 (J13C,117Sn =J13C,119Sn =59.4 Hz; 3CH2), 27.2 (J13C,117Sn =


J13C,119Sn = 40.2 Hz; CH3), 18.8 (CH3), 17.7 (CH3), 13.7 (3 CH3), 9.9 ppm
(J13C,117Sn =314.4, J13C,119Sn =328.7 Hz; 3CH2); IR (film): ñ=3312, 2956, 2926,
2872, 2823, 1458, 1376, 1146, 1096, 1035, 996, 668, 634 cm�1; elemental
analysis calcd (%) for C24H46O2Sn: C 59.39, H 9.55; found: C 59.55, H
9.73.ACHTUNGTRENNUNG(3R,4S,5S)-3,5-Dimethyl-6-(4-methoxybenzyloxy)hex-1-en-4-ol (33) and
(3S,4R,5S)-3,5-dimethyl-6-(4-methoxybenzyloxy)hex-1-en-4-ol (34)


Brown reaction : A solution of cis-2-butene (12.5 mL) in THF (10 mL)
was slowly added to a solution of freshly sublimed potassium tert-butox-
ide (7.56 g, 67.4 mmol, 1.2 equiv) in THF (100 mL) at �78 8C. nBuLi
(1.6 m in hexane, 44 mL, 70.3 mmol, 1.25 equiv) was then added dropwise
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and the resulting yellow mixture was stirred at �78 8C for 5 min and at
�45 8C for 20 min. The resulting orange solution was cooled to �78 8C,
and a solution of (�)-B-methoxydiisopinocamphenylborane (25 g,
78.7 mmol, 1.4 equiv) in Et2O (46 mL) was added dropwise over ca.
15 min. The resulting white solution was stirred at �78 8C for 40 min.
BF3·OEt2 (11.8 mL, 95.5 mmol, 1.7 equiv) was added dropwise followed
after 5 min by the addition of a solution of the aldehyde 13 (11.7 g,
56.2 mmol, 1.0 equiv) in THF (25 mL). The resulting solution was stirred
at �78 8C for 5 h and the reaction was then quenched by the successive
addition of an aqueous NaOH solution (2.5 N, 66 mL) and an aqueous
H2O2 solution (30 %, 20 mL). The acetone/dry ice bath was then re-
moved, and the mixture was heated at 45 8C for 45 min. The cloudy solu-
tion was cooled to 20 8C, diluted with Et2O (45 mL), washed with brine,
dried over MgSO4, filtered, and the solvent was removed under reduced
pressure. The crude residue was distilled (85–90 8C, 3.3 mmHg) to
remove most of the byproduct isopinocampheol. The remaining oil was
then purified by chromatography on silica gel to give title compound 33,
which was used in the next step.


Crotylation reaction with crotylstannane—crotylstannane preparation


Method 1: nBuLi (1.4 m in hexane, 49 mL, 69 mmol, 1.0 equiv) was added
to a solution of diisopropylamine (8.0 mL, 79 mmol, 1.15 equiv) in THF
(130 mL) at 0 8C. After 10 min, HSnBu3 (20.0 g, 69 mmol, 1.0 equiv) was
added over 10 min to the LDA solution, and after stirring for 20 min at
0 8C, the mixture was cooled to �40 8C and a solution of (E)-crotylchlor-
ide (6.2 g, 69 mmol, 1.0 equiv) in THF (70 mL) was added by cannula.
The mixture was stirred for 15 min at �20 8C and then treated with a sa-
turated aqueous NH4Cl solution. After extraction with Et2O, the organic
layer was washed with water and brine, dried over MgSO4, and the sol-
vent was removed under reduced pressure. The residue was then distilled
under reduced pressure (154–158 8C, 0.3 mbar) to give a mixture of
(E/Z)-crotylstannane 50:50 (19.0 g, 81%).


Method 2 : A solution of trans-butene (7 mL) in THF was added by can-
nula to freshly sublimed potassium tert-butoxide (4.0 g, 36 mmol,
1.2 equiv) in THF (70 mL) at �78 8C. nBuLi was then added dropwise
(1.4 m in hexane, 26.6 mL, 37.2 mmol, 1.25 equiv). After the reaction mix-
ture had been stirred for 1 h at �45 8C, tributyltin chloride (9.7 g,
30 mmol, 1.0 equivalent) was added slowly and the resulting mixture was
allowed to warm to 20 8C for 12 h. The reaction was then quenched by
the addition of a saturated aqueous NH4Cl solution. After extraction
with Et2O, the organic layer was washed with water and brine, dried over
MgSO4, and the solvent was removed under reduced pressure. The resi-
due was then distilled under reduced pressure (154–158 8C, 0.3 mbar) to
give a mixture of (E/Z)-crotylstannane 75:25 (3.25 g, 32 %).


BF3·OEt2 (9.0 g, 8.1 mL, 63.8 mmol, 2.2 equiv) was added to a solution of
aldehyde 13 (6.0 g, 28.9 mmol, 1.0 equiv) in Et2O (90 mL) at �100 8C.
After the reaction mixture had been stirred for 10 min, crotyltributylstan-
nane (13.3 g, 38.6 mmol, 1.1 equiv) was added and the resulting mixture
was stirred for 3 h at �100/�95 8C. After this time, a saturated aqueous
NaHCO3 solution was added and the resulting mixture was extracted
with Et2O. The organic layer was washed with water and brine, dried
over MgSO4, and the solvent was removed under reduced pressure. The
residue was purified by chromatography on silica gel (cyclohexane/ethyl
acetate 90:10 to 70:30) to give the title compound 33 as a yellow oil
(5.64 g, 74%) and its diastereomer 34 (d.r. 91:9).


Compound 33 : [a]20
D =�2.7 (c=9.6 in CHCl3); 1H NMR (400.0 MHz,


CDCl3): d=7.26 (d, J =8.9 Hz, 2 H), 6.88 (d, J= 8.9 Hz, 2H), 5.63 (ddd,
J =17.2, 10.2, 8.6 Hz, 1H), 5.07 (dd, J =17.2, 2.0 Hz, 1H), 4.99 (dd, J =


10.2, 2.0 Hz, 1 H), 4.46 (d, J =11.6 Hz, 1H), 4.42 (d, J=11.6 Hz, 1H),
3.82 (s, 3 H), 3.55–3.45 (m, 2 H), 3.43 (dd, J=9.1, 5.0 Hz, 1H), 2.70 (d, J=


3.0 Hz, 1H; OH), 2.23 (dqd, J=8.6, 7.3, 6.6 Hz, 1H), 1.92–1.79 (m, 1H),
1.10 (d, J= 6.6 Hz, 3H; CH3), 0.96 ppm (d, J =6.6 Hz, 3H; CH3);
13C NMR (100.5 MHz, CDCl3): d=159.2 (C), 141.3 (CH), 130.3 (C),
129.2 (2 CH), 114.5 (CH2), 113.8 (2 CH), 75.4 (CH), 73.1 (CH2), 72.0
(CH2), 55.3 (CH3), 42.1 (CH), 35.4 (CH), 17.2 (CH3), 9.8 ppm (CH3); IR
(film): ñ=2960, 2907, 2870, 1612, 1513, 1462, 1365, 1302, 1210, 1173,
1093, 1037, 982, 914 cm�1; MS (GC, CI, CH4): m/z : 293 [M+29]+ , 264,
246, 190, 161, 149, 137, 121, 109, 69, 57.


Compound 34 : 1H NMR (400.0 MHz, CDCl3): d =7.26 (d, J =8.9 Hz,
2H), 6.88 (d, J =8.9 Hz, 2H), 5.86 (ddd, J=17.9, 10.1, 7.3 Hz, 1 H), 5.07
(dd, J=17.9, 1.4 Hz, 1 H), 4.99 (dd, J =10.1, 1.4 Hz, 1 H), 4.46 (d, J =


11.6 Hz, 1H), 4.42 (d, J =11.6 Hz, 1H), 3.82 (s, 3 H), 3.67–3.60 (m, 1H),
3.55–3.45 (m, 2H), 2.70 (d, J=3.0 Hz, 1H; OH), 2.25–2.22 (m, 1 H), 1.92–
1.79 (m, 1H), 1.04 (d, J= 6.9 Hz, 3H; CH3), 0.96 ppm (d, J=6.6 Hz, 3 H;
CH3).ACHTUNGTRENNUNG(3R,4S,5S)-4-(tert-Butyldimethylsilyloxy)-3,5-dimethyl-6-(4-methoxyben-
zyloxy)hex-1-ene (35): 2,6-Lutidine (6.9 g, 7.5 mL, 64 mmol, 3.0 equiv)
and TBSOTf (8.5 g, 7.35 mL, 32 mmol, 1.5 equiv) were added to a solu-
tion of alcohol 33 (5.64 g, 21.3 mmol, 1.0 equiv) in dried CH2Cl2 (90 mL)
at 0 8C. After the reaction mixture had been stirred for 2 h at 20 8C, it
was partitioned between Et2O and a saturated aqueous solution of
NH4Cl and extracted with Et2O. The organic layer was washed with
brine, dried over MgSO4, filtered, and the solvent was removed under re-
duced pressure. The residue was purified by chromatography on silica gel
(cyclohexane/ethyl acetate 98:2 to 95:5) to give the title compound 35
(6.30 g, 78%) as a yellow oil. [a]20


D =++1.3 (c=1.5 in CHCl3); 1H NMR
(400.0 MHz, CDCl3): d=7.25 (d, J =8.6 Hz, 2H), 6.87 (d, J =8.6 Hz, 2H),
5.79 (ddd, J =17.6, 10.2, 7.8 Hz, 1 H), 4.96 (dd, J=17.6, 1.7 Hz, 1H), 4.92
(dd, J =10.2, 1.7 Hz, 1H), 4.42 (d, J =11.6 Hz, 1H), 4.38 (d, J =11.6 Hz,
1H), 3.81 (s, 3H), 3.63 (dd, J= 6.9, 2.3 Hz, 1H), 3.35 (dd, J= 8.9, 7.9 Hz,
1H), 3.19 (dd, J =8.9, 6.3 Hz, 1H), 2.34 (dqd, J= 7.8, 6.9, 6.9 Hz, 1H),
1.97 (dqdd, J =7.9, 6.6, 6.3, 2.3 Hz, 1H), 0.99 (d, J=6.9 Hz, 3H; CH3),
0.89 (s, 9 H; 3CH3), 0.85 (d, J =6.6 Hz, 3 H; CH3), 0.04 (s, 3H; CH3),
0.02 ppm (s, 3H; CH3); 13C NMR (100.5 MHz, CDCl3): d =159.0 (C),
142.0 (CH), 130.8 (C), 129.1 (2 CH), 113.6 (2 CH), 113.4 (CH2), 75.5
(CH), 73.4 (CH2), 72.4 (CH2), 55.2 (CH3), 42.6 (CH), 36.5 (CH), 26.1
(3 CH3), 18.4 (C), 16.9 (CH3), 11.0 (CH3), �3.6 ppm (2 CH3); IR (film):
ñ= 2959, 2855, 1653, 1615, 1513, 1462, 1360, 1301, 1246, 1172, 1103, 1039,
911, 836 cm�1; MS (GC, CI, CH4): m/z : 407 [M+29]+ , 377, 363, 323, 271,
241, 199, 187, 161, 145, 121, 109, 89, 75; elemental analysis calcd (%) for
C22H38O3Si: C 69.79, H 10.12; found: C 70.16, H 10.35.ACHTUNGTRENNUNG(2S,3S,4R)-2,4-Dimethyl-hex-5-ene-1,3-diol (36): At 0 8C, a solution of
compound 33 (100 mg, 0.38 mmol, 1.0 equiv) in CH2Cl2 (3 mL) was treat-
ed with water (0.15 mL) and DDQ (72 mg, 0.317 mmol, 1.2 equiv). The
mixture was stirred for 10 min at 0 8C, warmed to 20 8C and then stirred
for an additional 30 min. The mixture was quenched with a saturated
aqueous NaHCO3 solution, diluted with CH2Cl2, and washed with water
and brine. The combined organic layers were dried over MgSO4, filtered,
and the solvent was removed under reduced pressure. The crude residue
was purified by chromatography on silica gel (cyclohexane/ethyl acetate
60:40 then 50:50) to give the title compound 36 as white crystals (41 mg,
75%). RN: 108867-45-4; [a]20


D =++40 (c= 1.5 in CHCl3); 1H NMR
(270.0 MHz, CDCl3): d=6.03–5.49 (m, 1 H), 5.03–4.89 (m, 2 H), 3.69–3.57
(m, 2H), 3.51 (dd, J =9.2, 2.3 Hz, 1 H), 2.49 (br s, 1 H; OH), 2.28–2.19 (m,
1H), 1.79–1.73 (m, 1H), 1.03 (d, J =6.6 Hz, 3 H; CH3), 0.87 ppm (d, J =


6.9 Hz, 3H; CH3); 13C NMR (67.5 MHz, CDCl3): d=140.8 (CH), 114.7
(CH2), 76.5 (CH), 67.8 (CH2), 42.2 (CH), 36.5 (CH), 17.1 (CH3), 8.9 ppm
(CH3); IR (film): ñ=3464, 2957, 1655, 1264, 1105, 1094, 1023, 1016,
798 cm�1; MS (GC, CI, CH4): m/z : 127 [MH�H2O]+ , 125, 109, 97, 89, 83,
71, 57; elemental analysis calcd (%) for C8H16O2: C 66.63, H 11.18; found
C 66.46, H 11.07.ACHTUNGTRENNUNG(2S,3R,4S)-3-(tert-Butyldimethylsilyloxy)-2,4-dimethyl-5-(4-methoxyben-
zyloxy)pentanal (37): A stream of ozone was bubbled through a solution
of compound 35 (6.3 g, 16.6 mmol, 1.0 equiv), pyridine (4 mL, 50 mmol,
3.0 equiv), and a small amount of Sudan III in MeOH/CH2Cl2 (1:1,
200 mL) at �78 8C until the pink solution became colorless. The solution
was treated with DMS (36.5 mL, 498 mmol, 30 equiv) and was then
warmed to 20 8C for 12 h. The solution was concentrated under reduced
pressure, diluted with Et2O, washed with water (3 � ), dried over MgSO4,
and the solvent was removed under reduced pressure. The crude 37 pro-
duced (6.0 g, 95%) was used in the next step without further purification.
1H NMR (400.0 MHz, CDCl3): d=9.87 (d, J= 0.8 Hz, 1H), 7.25 (d, J=


8.6 Hz, 2H), 6.89 (d, J= 8.6 Hz, 2 H), 4.41 (d, J =11.6 Hz, 1H), 4.36 (d,
J =11.6 Hz, 1 H), 4.24 (dd, J =5.1, 3.4 Hz, 1 H), 3.82 (s, 3H), 3.37 (dd, J=


9.0, 7.3 Hz, 1H), 3.24 (dd, J= 9.0, 5.9 Hz, 1 H), 2.54 (qdd, J =6.9, 5.1,
0.8 Hz, 1 H), 1.94 (dqdd, J =7.3, 6.9, 5.9, 3.4 Hz, 1H), 1.05 (d, J =6.9 Hz,
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3H; CH3), 0.91 (s, 9 H; 3CH3), 0.86 (d, J=6.9 Hz, 3 H; CH3), 0.07 (s, 3 H;
CH3), 0.05 ppm (s, 3H; CH3); 13C NMR (100.5 MHz, CDCl3): d=205.5
(C), 129.2 (2 CH), 113.7 (2 CH), 72.6 (CH2), 72.5 (CH2), 72.3 (CH), 55.2
(CH3), 51.3 (CH), 37.0 (CH), 25.9 (3 CH3), 18.2 (C), 12.1 (CH3), 9.3
(CH3), �4.0 ppm (2 CH3), one C atom was not detected; MS (GC, EI):
m/z : 323 [M�tBu]+ , 251, 199, 187, 137, 121, 107, 98, 89, 73, 59; elemental
analysis calcd (%) for C21H36O4Si: C 66.67, H 9.53; found: C 66.60, H
9.67.


(1Z,3S,4S,5R,6R,7S)-6-(tert-Butyldimethylsilyloxy)-1-[(N,N-diisopropyl)-
carbamoyloxy]-8-(4-methoxybenzyloxy)-3,5,7-trimethyl oct-1-en-4-ol (38)


(E)-Crotyldiisopropylcarbamate preparation : A solution of 2-buten-1-ol
(E/Z mixture, 18.4 g, 255 mmol, 1.0 equiv) in THF (50 mL) was added to
a suspension of NaH (60 %, 12.2 g, 306 mmol, 1.2 equiv) in THF (50 mL)
at 0 8C over 20 min. After the reaction mixture had been stirred for
20 min at 20 8C, it was cooled to 0 8C and a solution of N,N-diisopropyl-
carbamoyl chloride (50 g, 306 mmol, 1.2 equiv) in THF (70 mL) was
slowly added. The reaction mixture was stirred for 3 h at 20 8C, and was
then poured into an aqueous HCl 1n solution (150 mL) and extracted
with Et2O. The combined organic layers were washed with a saturated
aqueous NaHCO3 solution and brine, dried over MgSO4, filtered, and the
solvent was removed under reduced pressure. The crude residue was dis-
tilled (64 8C, 0.1 mbar) to give (E)-crotyldiisopropylcarbamate (50.0 g,
98%).


Crotylation reaction with optically active crotyltitane : A solution of nBuLi
(1.4 m in hexanes, 25.5 mL, 35.5 mmol, 2.1 equiv) was added to a quick-
stirred solution of the (E)-crotyl diisopropylcarbamate (6.6 g, 33.2 mmol,
2.0 equiv) and (�)-sparteine (8.01 g, 34.2 mmol, 2.1 equiv), in pentane
(30 mL) and cyclohexane (5 mL) at �78 8C, and after 10 min white crys-
tals appeared. After 3 h of crystallization at �78 8C, a pre-cooled
(�40 8C) solution of TiACHTUNGTRENNUNG(OiPr)4 (29.5 mL, 99.6 mmol, 6.0 equiv) in pentane
(30 mL) was quickly added by cannula to the reaction mixture of lithio
carbamate, which became limpid and turned orange. After 1 h at �78 8C,
a solution of aldehyde 37 (6.32 g, 16.6 mmol, 1.0 equiv) in pentane
(10 mL) was slowly added to the orange solution, and the mixture was
stirred for 3 h at �78 8C. The solution was then poured into a mixture of
Et2O (250 mL) and aqueous HCl (0.5 n, 250 mL). After extraction with
Et2O, the organic layer was washed with brine, dried over MgSO4, fil-
tered, and the solvent was removed under reduced pressure. The crude
residue was purified by chromatography on silica gel (cyclohexane/ethyl
acetate 90:10 to 80:20) to give the title compound 38 (7.1 g, 77%) as a
single diastereomer.


4,6-Acetonide derivative of 38 : A solution of tetrabutylammonium fluo-
ride (1.0 m in THF, 345 mL, 345 mmol, 2.0 equiv) was added to a solution
of compound 38 (100 mg, 172 mmol, 1.0 equiv) in THF (0.6 mL) at 20 8C.
The reaction mixture was stirred for 4 h, quenched by the addition of
water, and extracted with ethyl acetate. The organic layer was washed
with brine, dried over MgSO4, filtered, and concentrated. The residue
was purified by chromatography on silica gel (cyclohexane/ethyl acetate
80:20 to 70:30) to give the corresponding (2S,3R,4R,5S,6S)-3,5-dihydroxy-
8-{[(N,N-diisopropyl)carbamoyloxy]-1-(4-methoxy-benzyloxy)-2,4,6-tri-
methyl oct-7-ene (73 mg, 91 %). [a]20


D =++0.8 (c=0.75 in CHCl3);
1H NMR (270.0 MHz, CDCl3): d=7.18 (d, J= 8.6 Hz, 2H), 7.08 (d, J=


6.3 Hz, 1H), 6.80 (d, J =8.6 Hz, 2H), 4.53 (dd, J =9.9, 6.3 Hz, 1 H), 4.35
(s, 2H), 4.13–3.97 (br s, 1H), 3.73 (s, 3 H; CH3), 3.72–3.60 (br s, 1H), 3.66–
3.63 (m, 1H), 3.35–3.33 (m, 2H), 3.32–3.28 (m, 1 H), 2.88–2.73 (m, 1H),
2.00–1.85 (m, 1 H; OH), 1.94–1.85 (m, 2H), 1.57–1.48 (m, 1H; OH),
1.21–1.16 (m, 12 H; 4 CH3), 0.98 (d, J =6.9 Hz, 3H; CH3), 0.88 (d, J =


6.9 Hz, 3H; CH3), 0.85 ppm (d, J=6.9 Hz, 3 H; CH3); 13C NMR
(67.5 MHz, CDCl3): d =158.9 (C), 152.5 (C), 137.2 (CH), 130.2 (C), 129.1
(2CH), 113.7 (2 CH), 112.9 (CH), 78.5 (CH), 77.9 (CH), 73.9 (CH2), 72.3
(CH2), 55.2 (CH3), 45.7 (2 CH), 36.1 (CH), 35.6 (CH), 34.2 (CH), 21.0
(4 CH3), 16.2 (CH3), 13.1 (CH3), 5.8 ppm (CH3); IR (film): ñ=2969, 2934,
2873, 1708, 1692, 1513, 1441, 1370, 1305, 1247, 1210, 1135, 1063, 971 cm�1.


2,2-Dimethoxypropane (210 mL, 1.67 mmol, 12 equiv) and PPTS (10 %)
were added to a solution of the above diol (65 mg, 0.14 mmol, 1.0 equiv)
in CH2Cl2 at 20 8C. The reaction mixture was stirred for 2 h. Then the so-
lution was cooled to 0 8C and triethylamine (1 mL) was added. The reac-
tion mixture was concentrated under reduced pressure. The crude residue


was purified by chromatography on silica gel (cyclohexane/ethyl acetate
70:30) to give the title product (59 mg, 84 %). [a]20


D =++29.6 (c =2.9 in
CHCl3); 1H NMR (270.0 MHz, CDCl3): d= 7.18 (d, J=8.6 Hz, 2H), 6.93
(d, J=6.3 Hz, 1H), 6.79 (d, J =8.6 Hz, 2 H), 4.49 (dd, J=8.9, 6.3 Hz, 1H),
4.33 (s, 2H), 4.16–4.02 (br s, 1H), 3.75–3.58 (br s, 1H), 3.72 (s, 3 H), 3.51
(dd, J= 9.6, 2.0 Hz, 1H), 3.36 (dd, J=9.6, 2.0 Hz, 1H), 3.24 (d, J =4.6 Hz,
2H), 2.78–2.63 (m, 1 H), 1.83–1.73 (m, 1H), 1.50–1.42 (m, 1 H), 1.27–1.16
(m, 12 H; 4CH3), 1.27 (s, 3H; CH3), 1.25 (s, 3H; CH3), 0.96 (d, J=


6.6 Hz, 3 H), 0.81 (d, J =6.9 Hz, 3 H), 0.75 ppm (d, J= 6.9 Hz, 3H);
13C NMR (67.5 MHz, CDCl3): d= 159.0 (C), 153.2 (C), 134.9 (CH), 130.5
(C), 129.0 (2CH), 114.6 (CH), 113.6 (2 CH), 98.8 (C), 77.5 (CH), 75.7
(CH), 72.7 (CH2), 71.1 (CH2), 55.1 (CH3), 46.1 (2 CH), 34.9 (CH, C-16),
31.8 (CH), 30.9 (CH), 29.8 (CH3), 21.0 (4 CH3), 19.4 (CH3), 15.8 (CH3),
14.8 (CH3), 4.9 ppm (CH3); IR (film): ñ= 2968, 2936, 1708, 1513, 1462,
1439, 1377, 1310, 1288, 1248, 1135, 1057, 1012 cm�1; MS (GC, CI, CH4):
m/z : 534 [M+29]+ , 506 [M+1]+ ; elemental analysis calcd (%) for
C29H47NO6: C 68.88, H 9.37, N 2.77; found: C 68.75, H 9.32, N 2.85.


2,4-Acetonide of 38 : A stream of ozone was bubbled into a cooled
(�78 8C) solution of the carbamate 38 (100 mg, 172 mmol, 1.0 equiv), pyri-
dine (40 mL), and a small amount of Sudan III in MeOH/CH2Cl2 (1:1,
10 mL) until the pink solution became colorless. Sodium borohydride
(39 mg, 1.03 mmol, 6.0 equiv) was added at �78 8C, the mixture was al-
lowed to warm to 20 8C and was then stirred for 6 h. After this time, the
reaction mixture was cooled, treated with a saturated aqueous solution of
NH4Cl and extracted with Et2O. The organic layers were washed with
brine, dried over MgSO4, filtered, and concentrated. The residue was pu-
rified by flash chromatography on silica gel (cyclohexane/ethyl acetate
70:30) to give (2S,3R,4R,5S,6S)-3-(tert-butyldimethylsilyloxy)-5,7-dihy-
droxy-1-(4-methoxy-benzyloxy)-2,4,6-trimethyl heptane (60 mg, 79%).
[a]20


D =�0.73 (c= 1.1 in CHCl3); 1H NMR (270.0 MHz, CDCl3): d=7.22–
7.18 (m, 2H), 6.85–6.79 (m, 2H), 4.36 (s, 2H), 3.75 (s, 3H), 3.86–3.67 (m,
3H), 3.80–3.70 (m, 1 H; OH), 3.60–3.50 (m, 1 H; OH), 3.50 (t, J =


10.6 Hz, 1 H), 3.40–3.31 (m, 1 H), 3.22–3.16 (m, 1 H), 2.06–2.01 (m, 1 H),
1.90–1.65 (m, 2H), 0.83 (s, 9 H; 3 CH3), 0.87–0.70 (m, 9 H; 3CH3),
0.03 ppm (s, 6H; 2CH3); 13C NMR (67.5 MHz, CDCl3): d =159.0 (C),
130.7 (C), 129.1 (2 CH), 113.6 (2 CH), 77.6 (CH), 73.9 (CH2), 73.6 (CH),
72.4 (CH2), 68.4 (CH2), 55.2 (CH3), 38.5 (CH), 35.8 (CH), 32.8 (CH), 26.1
(3 CH3), 18.4 (C), 12.1 (CH3), 10.5 (CH3), 9.6 (CH3), �3.6 ppm (2 CH3);
IR (film): ñ =2958, 2933, 2856, 1653, 1618, 1559, 1514, 1423, 1344, 1270,
1103, 1037, 837 cm�1.


2,2-Dimethoxypropane (180 mL, 1.50 mmol, 12 equiv) and PPTS (10
mol %) were added to a solution of the preceding diol (55 mg, 125 mmol,
1.0 equiv) in CH2Cl2 (3 mL) at 20 8C. The reaction mixture was stirred for
2 h and then the solution was cooled to 0 8C and triethylamine (1 mL)
was added. The reaction mixture was concentrated under reduced pres-
sure. The crude residue was purified by chromatography on silica gel (cy-
clohexane/ethyl acetate 90:10 to 60:40) to give the title product, the 2,4-
acetonide of 38, (46 mg, 78 %) and the starting diol (22 mg). [a]20


D =++12.2
(c= 1.2 in CHCl3); 1H NMR (270.0 MHz, CDCl3): d=7.21 (d, J =8.6 Hz,
2H), 6.82 (d, J =8.6 Hz, 2 H), 4.36 (s, 2 H), 3.76 (s, 3 H), 3.72 (dd, J =7.6,
1.3 Hz, 1H), 3.63–3.49 (m, 2H), 3.43 (t, J =11.3 Hz, 1H), 3.36–3.30 (m,
1H), 3.22–3.16 (m, 1 H), 1.86–1.70 (m, 3H), 1.38–1.19 (m, 6H; 2 CH3),
0.87 (d, J =5.3 Hz, 3H; CH3), 0.84 (s, 9H; 3 CH3), 0.80 (d, J =6.9 Hz, 3H;
CH3), 0.63 (d, J =6.6 Hz, 3 H; CH3), 0.00 ppm (s, 6H; 2CH3); 13C NMR
(67.5 MHz, CDCl3): d=159.5 (C), 131.5 (C), 129.5 (2 CH), 114.5 (2 CH),
98.5 (C), 75.2 (CH), 74.2 (CH2), 73.6 (CH), 72.8 (CH2), 67.0 (CH2), 55.8
(CH3), 38.2 (CH), 36.8 (CH), 31.3 (CH), 29.3 (CH3), 26.7 (3 CH3), 19.4
(CH3), 19.0 (C), 12.8 (CH3), 11.0 (CH3), 10.5 (CH3), �3.6 ppm (2 CH3);
IR (film): ñ =3256, 1684, 1653, 1550, 1501, 1445, 1359, 1248, 1101, 1032,
846 cm�1; MS (GC, CI, CH4): m/z : 481 [M+H]+ ; elemental analysis calcd
(%) for C27H48O5Si: C 67.45, H 10.06; found: C 67.32, H 10.24.


(1Z,3S,4S,5R,6S,7S)-6-(tert-Butyldimethylsilyloxy)-1-[(N,N-diisopropyl)-
carbamoyloxy]-8-(4-methoxybenzyloxy)-4-(triethylsilyloxy)-3,5,7-trimeth-
yl oct-1-ene (39): 2,6-Lutidine (0.9 mL, 7.50 mmol, 4.0 equiv) and
TESOTf (0.9 mL, 3.76 mmol, 2.5 equiv) were added to a solution of 38
(1.09 g, 1.88 mmol, 1.0 equiv) in dried CH2Cl2 (15 mL) at 0 8C. After the
reaction mixture had been stirred for 2 h at 20 8C, it was partitioned be-
tween Et2O and a saturated aqueous solution of NH4Cl and was extract-
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ed with Et2O. The organic layer was washed with brine, dried over mag-
nesium sulfate, filtered, and the solvent was removed under reduced
pressure. The residue was purified by chromatography on silica gel (cy-
clohexane/ethyl acetate 95:5 to 90:10) to give the title compound 39
(985 mg, 76%) of as a colorless oil. [a]20


D =++14.4 (c=0.8 in CHCl3);
1H NMR (400.0 MHz, CDCl3): d=7.22 (d, J= 8.6 Hz, 2H), 6.90 (d, J=


6.6 Hz, 1H), 6.84 (d, J =8.6 Hz, 2H), 5.01 (dd, J =9.2, 6.6 Hz, 1 H), 4.38
(d, J =11.1 Hz, 1 H), 4.35 (d, J=11.1 Hz, 1H), 4.11–3.95 (br s, 1 H), 3.82–
3.69 (br s, 1H), 3.78 (s, 3H), 3.67 (dd, J =6.3, 2.3 Hz, 1 H), 3.53 (dd, J=


6.3, 5.3 Hz, 1 H), 3.37 (dd, J= 8.6, 5.6 Hz, 1H), 3.16 (t, J=8.6 Hz, 1H),
2.78–2.72 (m, 1H), 1.87–1.80 (m, 1H), 1.74–1.67 (m, 1 H), 1.28–1.14 (m,
12H; 4CH3), 1.01 (d, J= 7.2 Hz, 3H; CH3), 0.97–0.87 (m, 12 H; 4CH3),
0.85 (s, 9H; 3CH3), 0.80 (d, J= 7.2 Hz, 3 H; CH3), 0.60 (q, J =7.6 Hz, 6H;
3CH2), 0.02 (s, 3H; CH3), 0.01 ppm (s, 3 H; CH3); 13C NMR (100.5 MHz,
CDCl3): d=159.0 (C), 153.0 (C), 133.7 (CH), 130.7 (C), 129.2 (2 CH),
113.6 (2 CH), 112.7 (CH), 77.0 (CH), 73.9 (CH), 73.6 (CH2), 72.6 (CH2),
55.2 (CH3), 45.4 (2 CH), 42.9 (CH), 38.7 (CH), 32.4 (CH), 26.1 (3 CH3),
21.5 (4 CH3), 20.3 (CH3), 18.4 (C), 12.2 (CH3), 11.1 (CH3), 7.0 (3 CH3),
5.5 (3 CH2), 3.2 ppm (2 CH3); IR (film): ñ=2966, 2937, 2877, 1710, 1514,
1460, 1439, 1306, 1249, 1060, 1042, 1005, 837 cm�1; elemental analysis
calcd (%) for C38H71NO6Si2: C 65.75, H 10.31, N 2.02; found: C 65.72, H
10.27, N 1.97.


(3Z,5S,6S,7R,8S,9S)-8-(tert-Butyldimethylsilyloxy)-10-(4-methoxybenzyl-
oxy)-6-(triethylsilyloxy)-5,7,9-trimethyl deca-1,3-diene (40) and
(3Z,5S,6S,7R,8S,9S)-6-(tert-butyldimethylsilyloxy)-8-(4-methoxybenzyl-
oxy)-6-(triethylsilyloxy)-3,5,7-trimethyl-1-decene (41)


Reaction with vinylmagnesium bromide : A solution of the vinyl carba-
mate 39 (700 mg, 1.01 mmol, 1.0 equiv) in Et2O (10 mL, 3 mL rinse) and
vinylmagnesium bromide (sol. 1 m in THF, 15.1 mL, 15.1 mmol, 15 equiv)
were added to a stirred suspension of [Ni ACHTUNGTRENNUNG(acac)2] (26 mg, 0.10 mmol,
0.1 equiv) in Et2O (10 mL) at 0 8C. The resulting mixture was stirred for
24 h at 0 8C. After this time, a saturated aqueous NH4Cl solution was
added and the solution was extracted with Et2O. The organic layer was
washed with brine, dried over MgSO4, filtered, and the solvent was re-
moved under reduced pressure. The residue was purified by chromatog-
raphy on silica gel (cyclohexane/ethyl acetate 100:0 to 90:10) to give
diene 40 (460 mg, 80 %) and compound 41 (less than 5 % yield).


Reaction with vinyllithium : MeLi (1.6 m in Et2O, 18 mL, 28.8 mmol,
10 equiv) was added to a solution of tetravinyltin (1.7 g, 7.48 mmol,
2.6 equiv) in Et2O (12 mL) at 0 8C. After the reaction mixture had been
stirred for 30 min, it was added by cannula to a stirred solution of the car-
bamate 39 (2.0 g, 2.88 mmol, 1.0 equiv) and [Ni ACHTUNGTRENNUNG(acac)2] (74 mg,
0.288 mmol, 0.1 equiv) in Et2O (4 mL) at �5/0 8C. After the reaction mix-
ture had been stirred for a further 6 h, the same amount of [Ni ACHTUNGTRENNUNG(acac)2]
was added and the resulting mixture was stirred for another 12 h at 0 8C.
Then a saturated aqueous NH4Cl solution was added and the solution
was extracted with Et2O. The organic layer was washed with brine, dried
over MgSO4, filtered, and the solvent was removed under reduced pres-
sure. The residue was purified by chromatography on silica gel (cyclohex-
ane/ethyl acetate 98:2 to 80:20) to give 40 (1.33 g, 80 %).


Compound 40 : [a]20
D =++8.9 (c =2.1 in CHCl3); 1H NMR (400.0 MHz,


CDCl3): d=7.24 (d, J =8.3 Hz, 2 H), 6.86 (d, J= 8.3 Hz, 2H), 6.57 (dt, J=


16.9, 10.0 Hz, 1H), 5.97 (t, J =10.0 Hz, 1 H), 5.48 (t, J=10.0 Hz, 1H),
5.14 (d, J= 10.0 Hz, 1H), 5.07 (d, J=16.9 Hz, 1H), 4.40 (d, J =11.4 Hz,
1H), 4.35 (d, J=11.4 Hz, 1H), 3.80 (s, 3H), 3.63 (dd, J =5.5, 3.0 Hz, 1H),
3.51 (t, J =4.0 Hz, 1 H), 3.38 (dd, J=16.5, 9.0 Hz, 1H), 3.16 (dd, J =16.5,
9.0 Hz, 1H), 2.82 (m, 1H), 1.99–1.88 (m, 1H), 1.73–1.58 (m, 1H), 1.03–
0.85 (m, 27 H; 9 CH3), 0.59 (q, J=7.8 Hz, 6 H; 3 CH2), 0.04 ppm (s, 6 H;
2CH3); 13C NMR (100.5 MHz, CDCl3): d=159.0 (C), 135.0 (CH), 132.5
(CH), 130.8 (C), 129.2 (2 CH), 129.0 (CH), 117.1 (CH2), 113.6 (2 CH),
77.5 (CH), 73.2 (CH2), 73.1 (CH), 72.5 (CH2), 55.2 (CH3), 40.2 (CH), 38.0
(CH), 36.5 (CH), 26.2 (3 CH3), 18.7 (C), 18.5 (CH3), 11.9 (CH3), 11.5
(CH3), 7.2 (3 CH3), 5.6 (3 CH2), �3.3 ppm (2 CH3); IR (film): ñ =2957,
2857, 1616, 1490 cm�1; elemental analysis calcd (%) for C33H60O4Si2: C
68.69, H 10.48; found: C 68.48, H 10.67.


Compound 41: 1H NMR (400.0 MHz, CDCl3): d=7.24 (d, J =8.7 Hz,
2H), 6.86 (d, J =8.7 Hz, 2H), 5.80 (ddd, J=15.1, 11.9, 8.2 Hz, 1 H), 4.97
(d, J=11.9 Hz, 1 H), 4.96 (d, J =15.1 Hz, 1H), 4.41 (d, J =11.9 Hz, 1H),


4.35 (d, J= 11.9 Hz, 1 H), 3.80 (s, 3H), 3.68 (dd, 1H, J =5.9, 3.2 Hz), 348
(dd, J=5.0, 4.8 Hz, 1 H), 3.38 (dd, J =8.7, 6.4 Hz, 1H), 3.18 (dd, J =8.7,
7.3 Hz, 1H), 2.34 (dqd, J =8.2, 6.9, 5.0 Hz, 1 H), 1.93 (dqdd, J=7.3, 6.9,
6.4, 3.2 Hz, 1 H), 1.69 (qdd, J =6.9, 5.9, 4.8 Hz, 1H), 0.99 (d, J =6.9 Hz,
3H; CH3), 0.93 (t, J =7.8 Hz, 9 H; 3CH3), 0.88 (s, 9H; 3CH3), 0.86 (d,
J =6.9 Hz, 3H; CH3), 0.85 (d, J =6.9 Hz, 3H; CH3), 0.59 (q, J =7.8 Hz,
6H; 3 CH2), 0.03 ppm (s, 6H; 2 CH3); 13C NMR (100.5 MHz, CDCl3): d=


159.0 (C), 141.2 (C), 131.2 (CH), 129.3 (2 CH), 114.6 (CH2), 113.6 (2 CH),
77.0 (CH), 73.3 (CH2), 73.2 (CH), 72.6 (CH2), 55.3 (CH3), 39.6 (CH), 37.9
(CH), 33.5 (CH), 26.2 (3 CH3), 18.5 (C), 18.5 (CH3), 11.7 (CH3), 11.5
(CH3), 7.2 (3 CH3), 5.6 (3 CH2), �3.4 ppm (2 CH3).


(3Z,5S,6S,7R,8S,9S)-8-(tert-Butyldimethylsilyloxy)-10-hydroxy-6-(triethyl-
silyloxy)-5,7,9-trimethyl deca-1,3-diene (42): DDQ (117 mg, 0.52 mmol,
1.1 equiv) was added to a solution of compound 40 (249 mg, 0.43 mmol,
1.0 equiv) in CH2Cl2 (6 mL)/H2O (300 mL) at 0 8C. The mixture was
stirred for 10 min at 0 8C, warmed to 20 8C and was then stirred for an ad-
ditional 30 min. The mixture was quenched with a saturated aqueous
NaHCO3 solution, diluted with Et2O, and washed with water and brine.
The combined organic layers were dried over MgSO4, filtered, and the
solvent was removed under reduced pressure. The crude residue was pu-
rified by chromatography on silica gel (cyclohexane/ethyl acetate 95:5 to
80:20) to give the title compound 42 (142 mg, 72%). [a]20


D =++11.4 (c=


1.2 in CHCl3); 1H NMR (400.0 MHz, CDCl3): d=6.58 (ddd, J=16.9, 11.0,
10.5 Hz, 1 H), 6.02 (t, J =11.0 Hz, 1H), 5.60 (dd, J=11.0, 10.1 Hz, 1H),
5.22 (d, J=16.9 Hz, 1 H), 5.13 (d, J=10.5 Hz, 1 H), 3.68 (t, J =3.9 Hz,
1H), 3.60–3.56 (m, 1 H), 3.51 (dd, J=7.3, 3.9 Hz, 1 H), 3.45–3.40 (m, 1H),
2.88 (dqd, J=10.1, 7.3, 3.9 Hz, 1H), 2.86 (m, 1H), 1.75 (dd, J =5.5,
5.0 Hz, 1H; OH), 1.64 (dqd, J =7.3, 6.9, 3.9 Hz, 1H), 1.04 (d, J =7.3 Hz,
3H; CH3), 0.98 (t, J=7.8 Hz, 9H; 3 CH3), 0.94 (d, J =6.9 Hz, 3 H; CH3),
0.85 (s, 9H; 3CH3), 0.83 (d, J= 6.9 Hz, 3 H; CH3), 0.65 (q, J =7.8 Hz, 6H;
3CH2), 0.11 ppm (s, 3H; CH3), 0.08 ppm (s, 3 H; CH3); 13C NMR
(100.5 MHz, CDCl3): d=134.6 (CH), 132.5 (CH), 129.2 (CH), 117.7
(CH2), 78.0 (CH), 73.7 (CH), 66.2 (CH2), 40.8 (CH), 40.2 (CH), 35.9
(CH), 26.2 (3 CH3), 19.2 (CH3), 18.5 (C), 12.5 (CH3), 11.9 (CH3), 7.4
(3 CH3), 5.8 (3 CH2), �3.5 (CH3), �3.7 ppm (CH3); IR (film): ñ=3405,
2956, 2930, 2878, 2858, 1461, 1252, 1096, 1076, 1006, 837, 772, 737 cm�1;
elemental analysis calcd (%) for C25H52O3Si2: C 65.73, H 11.47; found: C
65.56, H 11.62.


(3Z,5S,6S,7R,8S,9S)-8-(tert-Butyldimethylsilyloxy)-10-iodo-6-(triethylsilyl-
oxy)-5,7,9-trimethyl deca-1,3-diene (43): A solution of iodine (167 mg,
0.66 mmol, 1.5 equiv) in Et2O (2 mL) was added slowly to a solution of
compound 42 (200 mg, 0.44 mmol, 1.0 equiv), triphenylphosphine (PPh3,
218 mg, 0.83 mmol, 1.9 equiv), and imidazole (57 mg, 0.83 mmol,
1.9 equiv) in a benzene/Et2O mixture (1.5 mL:3 mL) at 0 8C. After the re-
action mixture had been stirred for 2 h at 20 8C, a 1 m Na2S2O3 solution
was added and the reaction mixture was extracted with Et2O. The organic
layers were washed with, brine, dried over MgSO4, filtered, and the sol-
vent was removed under reduced pressure. The residue was purified by
chromatography on silica gel (cyclohexane/Et2O 100:0 to 80:20) to give
the title compound 43 (197 mg, 79 %). [a]20


D =++11.3 (c=0.68 in CHCl3);
1H NMR (400.0 MHz, CDCl3): d =6.58 (ddd, J=16.9, 11.0, 10.1 Hz, 1H),
6.02 (t, J=11.0 Hz, 1H), 5.55 (dd, J =11.0, 10.1 Hz, 1H), 5.21 (d, J=


16.9 Hz, 1H), 5.12 (d, J=10.1 Hz, 1 H), 3.58 (t, J =4.6 Hz, 1H), 3.50 (dd,
J =6.4, 3.7 Hz, 1H), 3.32 (dd, J =9.6, 4.6 Hz, 1H), 2.98 (dd, J =9.6,
9.2 Hz, 1 H), 2.84 (dqd, J =10.1, 6.9, 4.6 Hz, 1H), 1.97 (dqdm, J =9.2, 6.9,
4.6 Hz, 1H), 1.65 (qdm, J=6.9, 4.6 Hz, 1H), 1.01 (d, J =6.9 Hz, 3H;
CH3), 0.98 (t, J =7.8 Hz, 9H; 3CH3), 0.98 (d, J= 6.9 Hz, 3H; CH3), 0.91
(s, 9 H; 3 CH3), 0.90 (d, J =6.9 Hz, 3 H; CH3), 0.64 (q, J =7.8 Hz, 6 H;
3CH2), 0.10 (s, 3H; CH3), 0.09 ppm (s, 3 H; CH3); 13C NMR (100.5 MHz,
CDCl3): d=134.1 (CH), 132.5 (CH), 129.0 (CH), 117.4 (CH2), 77.1 (CH),
75.0 (CH), 41.9 (CH), 40.4 (CH), 35.8 (CH), 25.9 (3 CH3), 18.8 (CH3),
18.4 (C), 15.0 (CH3), 13.4 (CH2), 11.9 (CH3), 7.0 (3 CH3), 5.5 (3 CH2),
�3.8 ppm (2 CH3); IR (film): ñ=2950, 2930, 2877, 2857, 1461, 1097, 1028,
1005, 836 cm�1; elemental analysis calcd (%) for C25H51IO2Si2: C 52.98, H
9.07; found: C 53.17, H 9.25.


(1Z,3S,4S,5S)-6-(tert-Butyldimethylsilyloxy)-1-[(N,N-diisopropyl)carba-
moyloxy]-3,5-dimethyl-hex-1-en-4-ol (51): A solution of nBuLi (1.37 m in
hexanes, 30.6 mL, 41.9 mmol, 2.1 equiv) was added to a quick-stirred so-
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lution of the (E)-crotyl diisopropylcarbamate (7.80 g, 39.2 mmol,
2.0 equiv) and (�)-sparteine (9.50 g, 40.4 mmol, 2.1 equiv) in pentane
(36 mL) and cyclohexane (6 mL) at �78 8C. After 10 min, white crystals
appeared, and after 3 h of crystallization at �78 8C, a pre-cooled (�40 8C)
solution of Ti ACHTUNGTRENNUNG(OiPr)4 (34.7 mL, 117.6 mmol, 6.0 equiv) in pentane
(30 mL) was quickly added by cannula to the reaction mixture of lithio
carbamate, which became limpid and turned orange. After 1 h at �78 8C,
aldehyde 50 (3.96 g, 19.6 mmol, 1.0 equiv) in pentane (10 mL) was slowly
added to the orange solution, and the mixture was stirred for 3 h at
�78 8C. The solution was then poured into a mixture of Et2O (250 mL)/
aqueous HCl (0.5 n, 250 mL). After extraction with Et2O, the organic
layer was washed with brine, dried over MgSO4, filtered, and the solvent
was removed under reduced pressure. The residue was purified by chro-
matography on silica gel (cyclohexane/ethyl acetate 95:5 to 70:30) to give
the title compound 51 (4.30 g, 58%) and its 3,4-bis-epi diastereomer
(de=95:5; de=diastereomeric excess).


Compound 51: [a]20
D =++20.1 (c=1.0 in CHCl3); H RMN (400.0 MHz,


CDCl3): d= 7.13 (d, J= 6.4 Hz, 1 H), 4.73 (dd, J=9.6, 6.4 Hz, 1H), 4.22–
4.11 (br s, 1 H), 3.82–3.70 (br s, 1 H), 3.71 (d, J =4.6 Hz, 2H), 3.54 (dt, J =


8.2, 2.3 Hz, 1 H), 2.86 (ddq, J =9.6, 8.2, 6.9 Hz, 1H), 2.69 (d, J =2.3 Hz,
1H; OH), 1.84 (qtd, J= 6.9, 4.6, 2.3 Hz, 1H), 1.28–1.10 (m, 12H; 4 CH3),
0.97 (d, J =6.9 Hz, 3 H; CH3), 0.94 (d, J=6.9 Hz, 3H; CH3), 0.90 (s, 9H;
3CH3), 0.08 ppm (s, 6 H; 2 CH3); 13C NMR (100.5 MHz, CDCl3): d=153.0
(C), 135.9 (CH), 113.9 (CH), 77.0 (CH), 68.0 (CH2), 47.0 (CH), 45.2
(CH), 36.6 (CH), 34.0 (CH), 26.0 (3 CH3), 21.6 (2 CH3), 20.5 (2 CH3), 18.3
(C), 17.4 (CH3), 9.4 (CH3), �5.50 ppm (2 CH3); IR (film): ñ=3493, 2959,
2930, 2858, 1708, 1472, 1439, 1370, 1304, 1290, 1256, 1211, 1156, 1134,
1092, 1061, 837 cm�1; MS (GC, EI): m/z : 344 [M�tBu]+ , 326, 302, 228,
212, 199, 184, 145, 128, 115, 86, 73; elemental analysis calcd (%) for
C21H43NO4Si: C 62.80, H 10.79, N 3.49; found: C 62.61, H 10.87, N 3.35.


3,4-bis-epi isomer of 51: 1H NMR (400.0 MHz, CDCl3): d=7.07 (d, J=


6.4 Hz, 1H), 4.97 (dd, J =9.6, 6.4 Hz, 1 H), 4.25–4.05 (br s, 1H), 4.20 (s,
1H; OH), 3.85–3.67 (br s, 1H), 3.75 (dd, J=10.1, 4.1 Hz, 1 H), 3.60 (dd,
J =10.1, 9.4 Hz, 1H), 3.47 (dd, J=8.7, 2.3 Hz, 1H), 2.85 (ddq, J =9.6, 8.7,
6.9 Hz, 1H), 1.77 (dqdd, J= 9.4, 6.9, 4.1, 2.3 Hz, 1H), 1.33–1.19 (m, 12H;
4CH3), 1.14 (d, J =6.9 Hz, 3H; CH3), 0.90 (s, 9H; 3 CH3), 0.76 (d, J =


6.9 Hz, 3 H; CH3), 0.09 ppm (s, 6H; 2CH3); 13C NMR (100.5 MHz,
CDCl3): d =153.5 (C), 135.1 (CH), 111.5 (CH), 80.5 (CH), 69.5 (CH2),
46.9 (CH), 45.5 (CH), 38.1 (CH), 33.5 (CH), 25.9 (3 CH3), 21.6 (2 CH3),
20.5 (2 CH3), 18.3 (C), 18.2 (CH3), 13.2 (CH3), �5.5 ppm (2 CH3).ACHTUNGTRENNUNG(2S,3S,4S)-1-(tert-Butyldimethylsilyloxy)-2,4-dimethyl-hex-5-en-3-ol (52):
A solution of isopropylmagnesium chloride in THF (1.55 m, 8.0 mL,
12.4 mmol, 10 equiv) was slowly added to a solution of carbamate 51
(500 mg, 1.24 mmol, 1.0 equiv) and [Ni ACHTUNGTRENNUNG(acac)2] (32 mg, 0.12 mmol, 10
mol %) in THF (5 mL) at 20 8C. After the reaction mixture had been
stirred for 12 h, a saturated aqueous NH4Cl solution was added, and the
reaction mixture was extracted with Et2O. The combined organic layers
were washed with water and brine, dried over MgSO4, filtered, and the
solvent was removed under reduced pressure. The crude residue was pu-
rified by chromatography on silica gel (cyclohexane/ethyl acetate 98:2 to
85:15) to give the title compound 52 (162 mg, 50%). RN: 106296-58-6;
1H NMR (400.0 MHz, CDCl3): d= 5.84 (ddd, J=16.5, 10.5, 8.2 Hz, 1 H),
5.12 (dd, J=16.5, 1.8 Hz, 1 H), 5.09 (dd, J =10.5, 1.8 Hz, 1H), 3.74 (dd,
J =9.8, 4.1 Hz, 1H), 3.71 (dd, J=9.8, 5.0 Hz, 1H), 3.55 (ddd, J= 8.7, 2.3,
1.8 Hz, 1H), 2.89 (d, J =2.3 Hz, 1 H; OH), 2.27 (ddq, J =8.7, 8.2, 6.9 Hz,
1H), 1.80 (qddd, J=6.9, 5.0, 4.1, 1.8 Hz, 1H), 0.95 (d, J=6.9 Hz, 6H;
2CH3), 0.90 (s, 9H; 3 CH3), 0.07 ppm (s, 6H; 2 CH3); 13C NMR
(100.5 MHz, CDCl3): d= 142.3 (CH), 115.3 (CH2), 77.2 (CH), 68.8 (CH2),
42.0 (CH), 36.1 (CH), 26.0 (3 CH3), 18.4 (C), 16.9, 9.5 (2 CH3), �5.4
(CH3), �5.5 ppm (CH3).


(2E,4S,5S,6S)-N-Methyl-N-methoxy-7-(tert-butyldimethylsilyloxy)-4,6-di-
methyl-5-hydroxy-hept-2-enamide (53): A stream of ozone was bubbled
into a cooled (�78 8C) solution of 51 (1.05 g, 2.61 mmol, 1.0 equiv) and a
small amount of Sudan III in CH2Cl2 (50 mL) until the pink solution
became colorless. The solution was treated with triphenylphosphine
(686 mg, 2.61 mmol, 1.0 equiv) and the mixture was allowed to warm to
20 8C for 2 h. The solvent was removed under reduced pressure and the
residue was purified by chromatography on silica gel (cyclohexane/ethyl


acetate 90:10 to 60:40) to give (2R,3R,4S)-5-(tert-butyldimethylsilyloxy)-
2,4-dimethyl-3-hydroxy-pentanal (590 mg, 87 %). RN: 209251-54-7;
1H NMR (400.0 MHz, CDCl3): d=9.83 (d, J =2.3 Hz, 1H), 4.06 (dt, J=


9.6, 1.8 Hz, 1 H), 3.84 (dd, J =9.8, 3.4 Hz, 1H), 3.73 (dd, J =9.8, 4.3 Hz,
1H), 3.49 (d, J =1.8 Hz, 1H; OH), 2.52 (dqd, J =9.6, 7.3, 2.3 Hz, 1H),
1.77 (qddd, J =6.9, 4.3, 3.4, 1.8 Hz, 1H), 1.01 (d, J=7.3 Hz, 3H; CH3),
0.98 (d, J =6.9 Hz, 3H; CH3), 0.90 (s, 9H; 3CH3), 0.08 ppm (s, 6 H;
2CH3); 13C NMR (100.5 MHz, CDCl3): d =205.9 (CH), 75.4 (CH), 67.8
(CH2), 49.7 (CH), 35.8 (CH), 26.0 (3 CH3), 18.3 (C), 10.6 (CH3), 9.4
(CH3), �5.5 ppm (2 CH3).


A solution of commercial diethyl N-methoxy-N-methylphosphonoaceta-
mide (3.9 mL, 19.1 mmol, 2.0 equiv) was added to a suspension of sodium
hydride (powder, 60 % in oil, 763 mg, 19.1 mmol, 2.0 equiv) in dry THF
(80 mL) at 0 8C. The solution was stirred at 20 8C for 1 h (until hydrogen
evolution was not observed). The solution was cooled to 0 8C, and the
preceding aldehyde (2R,3R,4S)-5-(tert-butyldimethylsilyloxy)-2,4-dimeth-
yl-3-hydroxy-pentanal (2.48 g, 9.52 mmol, 1.0 equiv) in dry THF (20 mL)
was added dropwise. After 5 min, the mixture was allowed to warm to
20 8C for 1 h and was then quenched by the addition of a saturated aque-
ous NH4Cl solution. The aqueous layer was separated and extracted with
Et2O (2 � ). The combined organic phases were washed with water and
brine, dried over MgSO4, filtered, and the solvent was removed under re-
duced pressure. The crude residue was purified by chromatography on
silica gel (cyclohexane/ethyl acetate 70:30 to 40:60) to give 53 (2.83 g,
86%) as a pale-yellow oil. [a]20


D =�3.3 (c =1.0 in CHCl3); 1H NMR
(400.0 MHz, CDCl3): d=6.99 (dd, J =15.6, 8.7 Hz, 1H), 6.49 (d, J=


15.6 Hz, 1 H), 3.76 (dd, J=9.8, 3.9 Hz, 1 H), 3.71 (s, 3H; CH3), 3.69 (dd,
J =6.4, 5.0 Hz, 1H), 3.68 (dd, J= 9.8, 5.0 Hz, 1 H), 3.24 (s, 3H; CH3), 2.84
(br s, 1H; OH), 2.50 (dqd, J=8.7, 6.9, 6.4 Hz, 1H), 1.82 (qddd, J =7.3,
5.0, 5.0, 3.9 Hz, 1H), 1.01 (d, J =6.9 Hz, 3H; CH3), 0.96 (d, J =7.3 Hz,
3H; CH3), 0.90 (s, 9H; 3 CH3), 0.09 ppm (s, 6H, 2 CH3); 13C NMR
(100.5 MHz, CDCl3): d=167.0 (C), 150.9 (CH), 119.1 (CH), 77.3 (CH),
68.6 (CH2), 61.8 (CH3, CH3), 40.9 (CH), 36.2 (CH), 32.4 (CH3), 26.0
(3 CH3), 18.3 (C), 16.6 (CH3), 9.5 (CH3), �5.5 ppm (2 CH3); IR (film): ñ=


3444, 2958, 2930, 2857, 1650, 1627, 1471, 1417, 1385, 1255, 1093, 1004,
850 cm�1; MS (GC, EI): m/z : 288 [M�tBu]+ , 267, 246, 227, 203, 187, 172,
145, 115, 89, 75, 55; elemental analysis calcd (%) for C17H35NO4Si: C
59.09, H 10.21, N 4.05; found: C 58.95, H 10.28, N 3.94.


(2S,4S,5S,6R)-2-{6-[2-(tert-Butyldimethylsilyloxy)-1-methyl ethyl]-5-
methyl-2-phenyl-1,3-dioxinan-4-yl}-N-methoxy-N-methyl-acetamide (54):
KHMDS (0.5 m solution in toluene, 175 mL, 87.5 mmol, 0.1 equiv) was
added to a solution of compound 53 (300 mg, 0.87 mmol, 1.0 equiv) and
freshly distilled benzaldehyde (97 mL, 0.96 mmol, 1.1 equiv) in dry THF
(9 mL) at 0 8C. The yellow solution obtained was stirred for 15 min. This
sequence (addition of KHMDS/stirring) was repeated twice, after which
the solution was quenched by the addition of a saturated aqueous NH4Cl
solution. The organic layer was washed with water and brine, dried over
MgSO4, filtered, and the solvent was removed under reduced pressure.
The crude residue was purified by flash chromatography on silica gel (cy-
clohexane/ethyl acetate 95:5 to 50:50) to give 54 (311 mg, 79 %) as a
pale-yellow oil. [a]20


D =++21.9 (c=0.6 in CHCl3); 1H NMR (400.0 MHz,
CDCl3): d =7.46–7.43 (m, 2 H), 7.36–7.29 (m, 3H), 5.58 (s, 1H), 4.12
(ddd, J =10.0, 9.6, 3.0 Hz, 1H), 3.74 (dd, J=9.8, 1.7 Hz, 1 H), 3.69 (dd,
J =9.6, 9.2 Hz, 1H), 3.65 (s, 3 H; CH3), 3.50 (dd, J =9.6, 5.5 Hz, 1H), 3.22
(s, 3H), 2.92 (dd, J=15.6, 9.6 Hz, 1H), 2.64 (dd, J=15.6, 3.0 Hz, 1H),
2.01 (dqdd, J=9.2, 6.9, 5.5, 1.7 Hz, 1 H), 1.77 (ddq, J =10.0, 9.8, 6.9 Hz,
1H), 0.90 (d, J=6.9 Hz, 3 H; CH3), 0.89 (s, 9H; 3 CH3), 0.85 (d, J=


6.9 Hz, 3 H; CH3), 0.03 ppm (s, 6H; 2CH3); 13C NMR (100.5 MHz,
CDCl3): d=172.2 (C), 139.1 (C), 128.4 (CH), 128.0 (2 CH), 126.1 (2 CH),
100.0 (CH), 80.3 (CH), 79.2 (CH), 65.0 (CH2), 61.6 (CH3), 36.7 (CH2),
36.0 (CH), 35.4 (CH), 32.2 (CH3), 26.0 (3 CH3), 18.4 (C), 12.0 (CH3), 9.8
(CH3), �5.3 ppm (2 CH3); IR (film): ñ=2956, 2930, 2857, 1666, 1483,
1403, 1387, 1256, 1149, 1090, 1029, 837 cm�1; MS (GC, EI): m/z : 394
[M�tBu]+ , 330, 288, 258, 243, 221, 199, 185, 172, 145, 115, 89, 75, 55; ele-
mental analysis calcd (%) for C24H41NO5Si: C 63.82, H 9.15, N 3.10;
found: C 63.79, H 9.21, N 3.01.


(2S,4S,5S,6R)-2-{6-[2-(tert-Butyldimethylsilyloxy)-1-methyl ethyl]-5-
methyl-2-phenyl-1,3-dioxinan-4-yl}acetaldehyde (55): DIBAL-H (1 m so-
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lution in CH2Cl2, 10.0 mL, 9.96 mmol, 3.0 equiv) was added to a solution
of Weinreb amide 54 (1.50 g, 3.32 mmol, 1.0 equiv) in CH2Cl2 (20 mL) at
�78 8C. The yellow solution was stirred at �78 8C for 1 h. After this time,
the mixture was quenched by the addition of ethyl acetate (15 mL). The
mixture was allowed to warm to 20 8C and a solution of Rochelle�s salt
(17.0 g, 60.2 mmol, 18.1 equiv, in 20 mL water) was added. The mixture
was stirred at 20 8C for 2 h and then the organic layer was extracted with
Et2O (2 � ). The combined organic extracts were washed with brine, dried
over MgSO4, filtered, and the solvent was removed under reduced pres-
sure. The crude residue was purified by chromatography on silica gel (cy-
clohexane/ethyl acetate 95:5 to 80:20) to give 55 (1.21 g, 93%) as a pale-
yellow oil. [a]20


D =++12.3 (c =1.0 in CHCl3); 1H NMR (400.0 MHz,
CDCl3): d=9.83 (dd, J =2.3, 1.8 Hz, 1H), 7.48–7.43 (m, 2 H), 7.40–7.31
(m, 3 H), 5.58 (s, 1H), 4.07 (ddd, J=9.6, 7.8, 3.7 Hz, 1H), 3.75 (dd, J=


10.6, 1.8 Hz, 1 H), 3.66 (t, J =9.2 Hz, 1H), 3.47 (dd, J =9.2, 6.0 Hz, 1H),
2.74 (ddd, J= 10.5, 3.7, 1.8 Hz, 1 H), 2.71 (ddd, J =10.5, 7.8, 2.3 Hz, 1H),
2.02 (dqdd, J=9.2, 7.3, 6.0, 1.8 Hz, 1 H), 1.78 (ddq, J =10.6, 9.6, 6.9 Hz,
1H), 0.90 (s, 9H; 3 CH3), 0.90 (d, J =7.3 Hz, 3 H; CH3), 0.88 (d, J=


6.9 Hz, 3 H; CH3), 0.04 ppm (s, 6H; 2CH3); 13C NMR (100.5 MHz,
CDCl3): d=201.6 (C), 138.6 (C), 128.7 (CH), 128.2 (2 CH), 126.1 (2 CH),
100.3 (CH), 80.1 (CH), 77.4 (CH), 64.9 (CH2), 47.0 (CH2), 36.6 (CH),
35.1 (CH), 26.0 (3 CH3), 18.4 (C), 11.8 (CH3), 9.7 (CH3), �5.3 ppm
(2 CH3); IR (film): ñ=2955, 2929, 2882, 2856, 1728, 1471, 1462, 1402,
1256, 1101, 1073, 1029, 837 cm�1; MS (GC, EI): m/z : 335 [M�tBu]+ , 281,
263, 243, 229, 211, 199, 185, 171, 157, 145, 131, 115, 101, 89, 75.ACHTUNGTRENNUNG[2S,4R(1S),5S,6S(2S,5S,6R,7S,8Z)]-4-[2-(tert-Butyldimethylsilyloxy)-1-
methyl ethyl-1-yl]-6-{5,7-dimethyl-2-hydroxy-6-[(methoxymethyl)oxy]-9-
tributylstannyl-dec-8-en-3-yn-1-yl}-5-methyl-2-phenyl-1,3-dioxinan (56)
and [2S,4R(1S),5S,6S(2R,5S,6R,7S,8Z)]-4-[2-(tert-butyldimethylsilyloxy)-
1-methyl ethyl-1-yl]-6-{5,7-dimethyl-2-hydroxy-6-[(methoxymethyl)oxy]-
9-tributylstannyl-dec-8-en-3-yn-1-yl}-5-methyl-2-phenyl-1,3-dioxinan (57)


Coupling reaction between B fragment 32 and C aldehyde 55 : A solution
of tBuLi (1.5 m in pentane, 295 mL, 0.44 mmol, 1.98 equiv) was added to a
solution of alkyne 32 (305 mg, 0.62 mmol, 2.5 equiv) in THF (3 mL) at
�78 8C. The resulting mixture was stirred for 30 min at �78 8C and then a
solution of aldehyde 55 (100 mg, 0.25 mmol, 1.0 equiv) in THF (1 mL)
was slowly added. After the reaction mixture had been stirred for 3 h at
0 8C, a saturated aqueous NH4Cl solution was added and the reaction
mixture was extracted with Et2O. The organic layers were washed with
water and brine, dried over MgSO4, filtered, and the solvent was re-
moved under reduced pressure. The residue was purified by chromatog-
raphy on silica gel (cyclohexane/Et2O 98:2 to 80:20) to furnish the title
compound 56 (30 mg, 14%), its diastereomer 57 (74 mg, 34%), and the
starting aldehyde 55 (14 mg, 14%).


Compound 56 : [a]20
D =�1.33 (c =0.64 in CHCl3); 1H NMR (400.0 MHz,


CDCl3): d=7.49–7.43 (m, 2H), 7.39–7.30 (m, 3H), 5.97 (dq, J= 9.6, 1.4,
J1H,117Sn =J1H,119Sn =132.8 Hz, 1H), 5.59 (s, 1H), 4.80 (d, J=6.9 Hz, 1 H),
4.70 (d, J=6.9 Hz, 1H), 4.70–4.67 (ddd, J =7.8, 7.3, 2.7 Hz, 1 H), 4.03
(ddd, J =10.1, 10.1, 2.3 Hz, 1H), 3.73 (dd, J=10.1, 1.4 Hz, 1 H), 3.69 (dd,
J =9.6, 9.2 Hz, 1H), 3.50 (dd, J= 9.6, 6.0 Hz, 1 H), 3.43 (s, 3H; CH3), 3.23
(dd, J=5.9, 5.0 Hz, 1 H), 2.98 (d, J =7.3 Hz, 1H; OH), 2.77 (qdd, J =6.9,
5.0, 1.8 Hz, 1 H), 2.24 (dqd, J=9.6, 6.9, 5.9 Hz, 1H), 2.12 (ddd, J =14.6,
7.8, 2.3 Hz, 1 H), 2.10 (dddm, J=9.2, 6.0, 1.4 Hz, 1H), 1.95 (ddd, J =14.6,
10.1, 2.7 Hz, 1H), 1.89 (d, J= 1.4, J1H,117Sn =J1H,119Sn =44.8 Hz, 3H; CH3),
1.76 (ddq, J=10.1, 10.1, 6.4 Hz, 1 H), 1.54–1.43 (m, 6H; 3 CH2), 1.33–1.29
(sext, J= 7.8 Hz, 6H; 3 CH2), 1.22 (d, J=6.9 Hz, 3 H; CH3), 1.02 (d, J=


6.9 Hz, 3 H; CH3), 1.0–0.81 (m, 18H; 4CH3, 3 CH2), 0.89 (s; 3CH3), 0.81
(d, J= 6.4 Hz, 3H; CH3), 0.04 ppm (s, 6 H; 2CH3); 13C NMR (100.5 MHz,
CDCl3): d=143.9 (J13C,117Sn = J13C,119Sn =26.8 Hz; CH), 138.6 (J13C,117Sn =


J13C,119Sn = 385.3 Hz; C), 137.7 (C), 128.3 (CH), 127.9 (2 CH), 125.7 (2 CH),
99.8 (CH), 98.1 (CH2), 87.0 (CH), 85.5 (C), 82.5 (C), 80.1 (CH), 79.6
(CH), 64.7 (CH2), 60.0 (CH), 59.6 (CH3), 42.2 (J13C,117Sn =J13C,119Sn =30.6 Hz;
CH), 42.1 (CH2), 36.4 (CH), 34.7 (CH), 30.0 (CH), 29.1 (J13C,117Sn =


J13C,119Sn = 19.1 Hz; 3CH2), 27.3 (J13C,117Sn =J13C,119Sn = 57.5 Hz; 3CH2), 26.7
(J13C,117Sn =J13C,119Sn =44.1 Hz; CH3), 25.8 (3 CH3), 18.6 (CH3), 18.1 (C), 16.6
(CH3), 13.6 (3 CH3), 11.5 (CH3), 9.8 (J13C,117Sn =313.4, J13C,119Sn =327.8 Hz;
3CH2), 9.5 (CH3), �5.5 ppm (2 CH3); IR (film): ñ= 2956, 2928, 2855,
2360, 2341, 1594, 1455, 1404, 1375, 1255, 1149, 1095, 1050, 836, 775, 695,


663, 661 cm�1; elemental analysis calcd (%) for C46H82O6SiSn: C 62.93, H
9.41; found: C 63.10, H 9.55.


Compound 57: 1H NMR (400.0 MHz, CDCl3): d= 7.47–7.24 (m, 2H),
7.39–7.30 (m, 3 H), 6.00 (dq, J= 9.6, 1.4, J1H,117Sn = J1H,119Sn =137.4 Hz, 1H),
5.53 (s, 1 H), 4.81 (d, J= 6.9 Hz, 1H), 4.77–4.70 (m, 1 H), 4.71 (d, J=


6.9 Hz, 1H), 3.78–3.65 (m, 3 H), 3.49 (dd, J=9.6, 6.0 Hz, 1H), 3.43 (s,
3H; CH3), 3.26 (t, J =5.5 Hz, 1H), 2.89 (d, J =3.2 Hz, 1H; OH), 2.74
(qdd, J=6.9, 5.5, 2.7 Hz, 1H), 2.23 (dqd, J =9.6, 6.9, 5.5 Hz, 1 H), 2.12
(ddd, J=13.7, 6.0, 1.8 Hz, 1H), 2.06–1.96 (m, 2 H; H-2), 1.90 (d, J =1.4,
J1H,117Sn =J1H,119Sn =42.6 Hz, 3H; CH3), 1.80–1.71 (m, 1 H), 1.53–1.45 (m,
6H; 3 CH2), 1.32 (sext, J =7.3 Hz, 6H; 3 CH2), 1.21 (d, J= 6.9 Hz, 3H;
CH3), 1.00 (d, J =6.9 Hz, 3 H; CH3), 1.00–0.86 (m, 18 H; 4CH3, 3 CH2),
0.90 (s, 9 H; 3 CH3), 0.82 (d, J =6.9 Hz, 3 H), 0.04 ppm (s, 6H; 2 CH3);
13C NMR (100.5 MHz, CDCl3): d=144.2 (CH), 138.7 (C), 137.8 (C),
128.7 (CH), 128.2 (2 CH), 126.0 (2 CH), 100.5.1 (CH), 98.3 (CH2), 87.4
(CH), 85.7 (C), 82.5 (C), 81.7 (CH), 80.4 (CH), 65.0 (CH2), 61.8 (CH),
56.3 (CH3), 42.3 (CH), 41.2 (CH2), 36.7 (CH), 35.2 (CH), 30.3 (CH), 29.3
(J13C,117Sn =J13C,119Sn =20.1 Hz; 3CH2), 27.6 (J13C,117Sn =J13C,119Sn =57.5 Hz;
3CH2), 27.3 (J13C,117Sn =J13C,119Sn =46.0 Hz; CH3), 26.1 (3 CH3), 18.8 (CH3),
18.5 (C), 16.5 (CH3), 13.9 (3 CH3), 11.9 (CH3), 10.1 (J13C,117Sn =312.5,
J13C,119Sn = 329.8 Hz; 3CH2), 9.8 (CH3), �5.5 ppm (2 CH3).


Reduction of ynone 58 (vide infra): A solution of (S)-CBS-oxazaboroli-
dine in toluene (1 m, 8.22 mL, 8.22 mmol, 2.0 equiv) and BH3·Me2S (2 m in
THF, 10.3 mL, 20.5 mmol, 5.0 equiv) were added to a solution of com-
pound 58 (3.6 g, 4.1 mmol, 1.0 equiv) in THF (20 mL) at �30 8C. The re-
sulting mixture was stirred for 2 h at �30 8C and was then quenched with
EtOH and extracted with Et2O. The organic layers were washed with
water and brine, dried over MgSO4, filtered, and the solvent was re-
moved under reduced pressure. The residue was purified by chromatog-
raphy on silica gel (cyclohexane/AcOEt 95:5 to 70:30) to give the title
compound 56 (6.88 g, 95%).


Compound 57 was also obtained by enantioselective reduction of ynone
58 : A solution of (R)-CBS-oxazaborolidine in toluene (1 m, 171 mL,
0.171 mmol, 2.0 equiv) and BH3·Me2S (2 m in THF, 214 mL, 0.43 mmol,
5.0 equiv) were added to a solution of ynone 58 (75 mg, 0.085 mmol,
1.0 equiv) in THF (0.5 mL) at �30 8C. The resulting mixture was stirred
for 2 h at �30 8C and was then quenched with EtOH and extracted with
Et2O. The organic layers were washed with water and brine, dried over
MgSO4, filtered, and the solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel (cyclohexane/
AcOEt 95:5 to 70:30) to give 57 (63 mg, 90%).ACHTUNGTRENNUNG[2S,4R(1S),5S,6S(5S,6R,7S,8Z)]-4-[2-(tert-Butyldimethylsilyloxy)-1-
methyl ethyl-1-yl]-6-{5,7-dimethyl-6-[(methoxymethyl)oxy]-9-tributyl-
stannyl-2-oxo-dec-8-en-3-yn-1-yl}-5-methyl-2-phenyl-1,3-dioxinan (58)


Coupling reaction with tBuLi : A solution of tBuLi (1.5 m in pentane,
295 mL, 0.44 mmol, 1.98 equiv) was added to a solution of alkyne 32
(215 mg, 0.44 mmol, 2.0 equiv) in THF (3 mL) at �78 8C. The resulting
mixture was stirred for 30 min at �78 8C and then a solution of amide 54
(100 mg, 0.22 mmol, 1.0 equiv) in THF (1 mL) was slowly added. After
the reaction mixture had been stirred for 3 h at 0 8C, a saturated aqueous
NH4Cl solution was added and the reaction mixture was extracted with
Et2O. The organic layers were washed with water and brine, dried over
MgSO4, filtered, and the solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel (cyclohexane/
Et2O 98:2 to 80:20) to furnish the title compound 58 (156 mg, 81 %).


Coupling reaction with nBuLi—preparation of nBuLi in Et2O : Small
pieces of lithium (wire containing 0.5–1 % Na, 4.3 g, 619 mmol,
2.48 equiv) were introduced to a four-necked flask (500 mL) containing
dry Et2O (100 mL) and equipped with a thermometer, a mechanical stir-
rer, and a dropping funnel under argon. After starting the stirrer,
30 drops of a nbutylbromide (27 mL, 250 mmol, 1.0 equiv) solution in
Et2O (50 mL) were added from the dropping funnel. After a few minutes,
the solution became slightly cloudy and bright spots appeared on the lith-
ium. The reaction mixture was then cooled to �10 8C by immersing in a
�30 8C nitrogen/acetone bath. The remainder of the n-butylbromide solu-
tion was added over 20 min while keeping the internal temperature
below �10 8C. After the addition was complete, the reaction mixture was
allowed to warm up gradually to 0 and then 10 8C with stirring over 1.5 h.
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The pale-blue solution was then filtered whilst being transferred to a
flask by cannula, titrated by a standard method (1.23 m, 74%), and kept
under argon at 4 8C.


A solution of nBuLi in Et2O (1.23 m, 2.8 mL, 3.44 mmol, 1.98 equiv) was
added to a solution of alkyne 32 (1.7 g, 3.5 mmol, 2.0 equiv) in THF
(25 mL) at �40 8C. The resulting mixture was stirred for 50 min at �40 8C
and then a solution of amide 54 (789 mg, 1.75 mmol, 1.0 equiv) in THF
(12 mL) was slowly added. After the reaction mixture had been stirred
for 1 h at 0 8C, a saturated aqueous NH4Cl solution was added and the re-
action mixture was extracted with Et2O. The organic layers were washed
with water and brine, dried over MgSO4, filtered, and the solvent was re-
moved under reduced pressure. The residue was purified by chromatog-
raphy on silica gel (cyclohexane/Et2O 98:2 to 80:20) to furnish the title
compound 58 (1.22 g, 81%). [a]20


D =++13.4 (c =0.94 in CHCl3); 1H NMR
(400.0 MHz, CDCl3): d=7.43–7.40 (m, 2H), 7.38–7.34 (m, 3 H), 5.92 (dq,
J =6.9, 1.4 Hz, 1 H), 5.54 (s, 1H), 4.71 (d, J=6.9 Hz, 1H), 4.66 (d, J=


6.9 Hz, 1H), 4.20 (ddt, J =9.6, 6.4, 5.9 Hz, 1H), 3.73 (dd, J =9.6, 1.4 Hz,
1H), 3.69 (dd, J =9.6, 9.2 Hz, 1H), 3.51 (dd, J =9.6, 5.9 Hz, 1H), 3.39 (s,
3H; CH3), 3.27 (dd, J =6.4, 4.1 Hz, 1 H), 2.87 (qd, J =6.9, 4.1 Hz, 1H),
2.85 (d, J=5.9 Hz, 2 H), 2.22 (dqd, J= 9.6, 6.9, 6.4 Hz, 1 H), 1.98 (dddm,
J =9.2, 5.9, 1.4 Hz, 1H), 1.88 (d, J =1.4, J1H,117Sn =J1H,119Sn =41.2 Hz, 3 H;
CH3), 1.72 (ddq, J=9.6, 9.6, 6.9 Hz, 1 H), 1.54–1.43 (m, 6 H; 3CH2), 1.32
(sext, J= 7.3 Hz, 6H; 3 CH2), 1.24 (d, J=6.9 Hz, 3 H; CH3), 1.00 (d, J=


6.9 Hz, 3H; CH3), 0.95–0.87 (m, 27H; 7 CH3 +3CH2), 0.80 (d, J =6.9 Hz,
3H; CH3), 0.04 ppm (s, 6 H; 2CH3); 13C NMR (100.5 MHz, CDCl3): d=


185.3 (C), 143.4 (CH), 138.8 (C), 138.7 (C), 128.4 (CH), 128.0 (2 CH),
126.0 (2 CH), 99.9 (CH), 98.3 (CH2), 96.5 (C), 85.2 (CH), 83.0 (C), 80.3
(CH), 78.2 (CH), 65.0 (CH2), 56.4 (CH3), 49.5 (CH2), 42.8 (J13C,117Sn =


J13C,119Sn = 30.6 Hz; CH), 36.7 (CH), 35.0 (CH), 30.8 (CH), 29.4 (3 CH2),
27.5 (J13C,117Sn =J13C,119Sn =58.4 Hz; CH3, 3CH2), 26.0 (3 CH3), 18.4 (C), 17.8
(CH3), 17.1 (CH3), 13.8 (3 CH3), 11.9 (CH3), 10.1 (J13C,117Sn =313.4,
J13C,119Sn = 328.8 Hz; 3CH2), 9.7 (CH3), �5.2 ppm (2 CH3); IR (film): ñ=


2956, 2855, 2212, 1678, 1465, 1403, 1376, 1345, 1255, 1215, 1147, 1092,
1032, 837, 758, 699 cm�1; elemental analysis calcd (%) for C46H80O6SiSn:
C 63.08, H 9.21; found: C 63.18, H 9.32.ACHTUNGTRENNUNG[2S,4R(1R),5S,6S(2S,5S,6R,7S,8Z)]-4-(2-Methoxycarbonyl-1-methyl
ethyl-1-yl)-6-{5,7-dimethyl-2-hydroxy-2,6-bis[(methoxymethyl)oxy]-9-tri-
butylstannyl-dec-8-en-3-yn-1-yl}-5-methyl-2-phenyl-1,3-dioxinan (59): Di-
isopropylethylamine (34.1 mL, 196 mmol, 20 equiv) and MOMCl
(5.95 mL, 78.4 mmol, 10 equiv) were added to a solution of compound 56
(6.88 g, 7.84 mmol, 1.0 equiv), dimethylaminopyridine (192 mg,
1.57 mmol, 0.2 equiv) and TBAI (290 mg, 0.784 mmol, 0.1 equiv) in dried
CH2Cl2 (35 mL) at 0 8C. After the reaction mixture had been stirred for
12 h at 20 8C, it was quenched with a saturated aqueous NaHCO3 solution
and extracted with Et2O. The organic layers were washed with brine,
dried over MgSO4, filtered, and the solvent was removed under reduced
pressure. The residue was purified by chromatography on silica gel (cy-
clohexane/AcOEt 95:5 to 80:20) to give
[2S,4R(1S),5S,6S(2S,5S,6R,7S,8Z)]-4-[2-(tert-butyldimethylsilyloxy)-1-
methyl ethyl-1-yl]-6-{5,7-dimethyl-2,6-bis[(methoxymethyl)oxy]-9-tribu-
tylstannyl-dec-8-en-3-yn-1-yl}-5-methyl-2-phenyl-1,3-dioxinan (6.2 g,
86%) as a yellow oil. [a]20


D =�17.2 (c= 1.52 in CHCl3); 1H NMR
(400.0 MHz, CDCl3): d=7.49–7.47 (m, 2H), 7.37–7.30 (m, 3H), 6.00 (d,
1H, J =9.6, J1H,117Sn =J1H,119Sn = 133.7 Hz), 5.51 (s, 1H), 5.04 (d, J =6.4 Hz,
1H), 4.82–4.78 (m, 1 H), 4.78 (d, J =6.9 Hz, 1 H), 4.70 (d, J =6.9 Hz, 1H),
4.70 (d, J =6.4 Hz, 1 H), 3.75–3.67 (m, 3 H), 3.51 (dd, J =9.6, 5.9 Hz, 1H),
3.43 (s, 3 H; CH3), 3.36 (s, 3H; CH3), 3.24 (t, J =5.5 Hz, 1H), 2.72 (qd,
J =6.9, 5.5 Hz, 1H), 2.28–2.18 (dqd, J =9.6, 6.9, 5.5 Hz, 1H), 2.28–2.18
(m, 1H), 2.04–1.98 (m, 1 H), 1.89 (s, J1H,117Sn =J1H,119Sn = 41.7 Hz, 3 H; CH3),
1.87–1.83 (m, 1 H), 1.66–1.63 (m, 1 H), 1.52–1.45 (m, 6H; 3CH2), 1.33
(sext, J= 7.3 Hz, 6H; 3 CH2), 1.18 (d, J=7.3 Hz, 3 H; CH3), 0.98 (d, J=


6.9 Hz, 3H; CH3), 0.98–0.85 (m, 18H; 4CH3 +3 CH2), 0.89 (s, 9 H;
3CH3), 0.81 (d, J=6.4 Hz, 3H; CH3), 0.05 ppm (s, 6 H; 2 CH3); 13C NMR
(100.5 MHz, CDCl3): d =144.2 (J13C,117Sn =J13C,119Sn =29.7 Hz; CH), 139.1
(C), 137.5 (C), 128.3 (CH), 128.0 (2 CH), 125.8 (2 CH), 99.6 (CH), 98.1
(CH2), 93.6 (CH2), 87.7 (C), 85.3 (C), 80.1 (C), 80.0 (CH), 77.6 (CH),
65.0 (CH2), 61.0 (CH), 56.1 (CH3), 55.5 (CH3), 42.0 (CH), 39.9 (CH2),
36.6 (CH), 35.2 (CH), 30.2 (CH), 29.2 (J13C,117Sn =J13C,119Sn =20.1 Hz; 3CH2),
27.4 (J13C,117Sn = J13C,119Sn =58.4 Hz; CH3), 26.9 (J13C,117Sn = J13C,119Sn =53.6 Hz;


3CH2), 25.9 (3 CH3), 18.5 (CH3), 18.3 (C), 16.3 (CH3), 13.7 (3 CH3), 11.6
(CH3), 9.9 (J13C,117Sn =313.4, J13C,119Sn = 327.8 Hz; 3 CH2), 9.6 (CH3),
�5.4 ppm (2 CH3); IR (film): ñ=2956, 2928, 2380, 2341, 1456, 1402, 1375,
1350, 1250, 1158, 1098, 1015, 920, 837, 775, 690, 663 cm�1; elemental anal-
ysis calcd (%) for C48H86O7SiSn: C 62.53, H 9.40; found: C 62.33, H 9.59.


A HF·pyridine stock solution (500 mL, prepared from commercial
HF·pyridine 2 mL/pyridine 4 mL/THF 10 mL) was added to a solution of
the preceding di-MOM ether (100 mg, 0.108 mmol, 1.0 equiv) in THF
(1 mL) at 0 8C. After the reaction mixture had been stirred for 4 h at
20 8C, the resulting mixture was quenched with a saturated aqueous
NaHCO3 solution and extracted with Et2O. The organic layers were
washed with brine, dried over MgSO4, filtered, and the solvent was re-
moved under reduced pressure. The residue was purified by chromatog-
raphy on silica gel (cyclohexane/AcOEt 70:30 to 40:60) to give
[2S,4R(1S),5S,6S(2S,5S,6R,7S,8Z)]-4-(2-hydroxy-1-methyl ethyl-1-yl)-6-
{5,7-dimethyl-2,6-bis[(methoxymethyl)oxy]-9-tributylstannyl-dec-8-en-3-
yn-1-yl}-5-methyl-2-phenyl-1,3-dioxinan (84 mg, 96 %). [a]20


D =�35.9 (c=


1.19 in CHCl3); 1H NMR (400.0 MHz, CDCl3): d=7.46–7.43 (m, 2H),
7.38–7.33 (m, 3 H), 6.01 (dq, 1H, J =9.6, 1.4, J1H,117Sn =J1H,119Sn =132.8 Hz),
5.58 (s, 1H), 5.02 (d, J =6.9 Hz, 1 H), 4.79 (d, J =6.4 Hz, 1 H), 4.76 (d, J =


11.0 Hz, 1 H), 4.70 (d, J=6.4 Hz, 1H), 4.59 (d, J =6.9 Hz, 1 H), 3.83–3.73
(m, 4H), 3.44 (s, 3H; CH3), 3.34 (s, 3 H; CH3), 3.24 (t, J =5.5 Hz, 1H),
2.72 (qd, J=6.9, 5.5 Hz, 1 H), 2.28–2.23 (dqd, J =9.6, 6.9, 5.5 Hz, 1 H),
2.28–2.23 (m, 1H), 2.06–2.02 (m, 1 H), 1.89 (d, J =1.4, J1H,117Sn =J1H,119Sn =


43.0 Hz, 3H; CH3), 1.89–1.85 (m, 1H), 1.83 (dqd, J= 6.9, 6.4, 3.4 Hz,
1H), 1.49–1.38 (m, 6 H; 3CH2), 1.37–1.28 (sext, J=7.3 Hz, 6H; 3CH2),
1.18 (d, J =6.9 Hz, 3H; CH3), 1.43 (d, J =6.9 Hz, 3 H; CH3), 1.03 (d, J =


6.9 Hz, 3H; CH3), 1.02–0.88 (m, 15H; 3CH2 +3 CH3), 0.85 ppm (d, J=


6.9 Hz, 3H; CH3); 13C NMR (100.5 MHz, CDCl3): d =144.1 (CH), 138.5
(C), 137.5 (C), 128.5 (CH), 128.1 (2 CH), 125.7 (2 CH), 99.9 (CH), 98.0
(CH2), 93.6 (CH2), 87.7 (C), 85.2 (CH), 83.5 (CH or CH2), 80.3 (C), 77.5
(CH or CH2), 66.7 (CH or CH2), 60.9 (CH), 56.1 (CH3), 55.4 (CH3), 41.9
(J13C,117Sn =J13C,119Sn =34.4 Hz; CH), 39.8 (CH2), 35.5 (CH), 35.3 (CH), 30.1
(CH), 29.2 (J13C,117Sn = J13C,119Sn =19.2 Hz; 3CH2), 27.4 (J13C,117Sn =J13C,119Sn =


58.5 Hz; 3 CH2), 27.2 (J13C,117Sn =J13C,119Sn =46.0 Hz; CH3), 18.5 (CH3), 16.3
(CH3), 13.6 (3 CH3), 11.5 (CH3), 9.8 (J13C,117Sn =314.4, J13C,119Sn =327.8 Hz;
3CH2), 9.5 ppm (CH3); IR (film): ñ=3380, 2956, 2927, 2872, 2852, 1590,
1454, 1436, 1376, 1351, 1154, 1098, 1029, 699 cm�1; elemental analysis
calcd (%) for C42H72O7Sn: C 62.46, H 8.98; found: C 62.58, H 9.00.


BAIB (1.44 g, 4.46 mmol, 1.1 equiv) and TEMPO (160 mg, 0.81 mmol,
0.2 equiv) were added to a solution of the preceding alcohol (3.3 g,
4.05 mmol, 1.0 equiv) in dried CH2Cl2 (20 mL). After the reaction mix-
ture had been stirred for 3 h at 20 8C, a 1m Na2S2O3 solution was added,
and the reaction mixture was extracted with Et2O. The organic layers
were washed with a saturated aqueous NaHCO3 solution, brine, dried
over MgSO4, filtered, and the solvent was removed under reduced pres-
sure. The crude [2S,4R(1R),5S,6S(2S,5S,6R,7S,8Z)]-4-(2-formyl-1-methyl
ethyl-1-yl)-6-{5,7-dimethyl-2,6-bis[(methoxymethyl)oxy]-9-tributylstannyl-
dec-8-en-3-yn-1-yl}-5-methyl-2-phenyl-1,3-dioxinan was used without fur-
ther purification for the next step. 1H NMR (400.0 MHz, CDCl3): d =9.80
(s, 1H), 7.42–7.32 (m, 5H), 6.00 (dq, J =8.2, 1.4, J1H,117Sn =J1H,119Sn =


135.1 Hz, 1H), 5.59 (s, 1 H), 5.03 (d, J=6.9 Hz, 1 H), 4.80–4.76 (m, 1H),
4.78 (d, J =6.9 Hz, 1 H), 4.69 (d, J=6.9 Hz, 1H), 4.58 (d, J=6.9 Hz, 1H),
4.15 (dd, J =10.1, 2.3 Hz, 1H), 3.84 (ddd, J= 9.6, 9.2, 1.4 Hz, 1H), 3.43 (s,
3H; CH3), 3.35 (s, 3H; CH3), 3.23 (t, J=5.5 Hz, 1H), 2.72 (qd, J =7.3,
5.5 Hz, 1 H), 2.64 (qd, J= 6.9, 2.3 Hz, 1H), 2.28–2.18 (dqd, J=8.2, 6.9,
5.5 Hz, 1H), 2.28–2.18 (m, 1H), 1.89 (d, J=1.4, J1H,117Sn = J1H,119Sn =41.2 Hz,
3H; CH3), 1.89–1.84 (m, 1H), 1.84 (ddq, J=10.1, 9.6, 6.4 Hz, 1H), 1.51–
1.44 (m, 6 H; 3 CH2), 1.33 (sext, J =7.3 Hz, 6 H; 3CH2), 1.23 (d, J =


6.9 Hz, 3 H; CH3), 1.19 (d, J=7.3 Hz, 3 H; CH3), 0.99 (d, J=6.9 Hz, 3H;
CH3), 0.96–0.88 (m, 15 H; 3CH2 + 3CH3), 0.90 ppm (d, J =6.4 Hz, 3H);
13C NMR (100.5 MHz, CDCl3): d =204.0 (C), 144.0 (J13C,117Sn = J13C,119Sn =


32.6 Hz; CH), 137.9 (C), 137.2 (C), 128.0 (2 CH), 127.3 (CH), 125.6
(2 CH), 99.6 (CH), 98.0 (CH2), 94.2 (CH2), 87.7 (C), 86.2 (CH), 80.6
(CH), 80.2 (C), 77.0 (CH), 60.7 (CH), 56.1 (CH3), 55.4 (CH3), 47.2 (CH),
41.9 (J13C,117Sn =J13C,119Sn =34.4 Hz; CH), 39.7 (CH2), 34.9 (CH), 30.1 (CH),
29.1 (J13C,117Sn =J13C,119Sn = 21.0 Hz; 3CH2), 27.3 (J13C,117Sn =J13C,119Sn =57.4 Hz;
3CH2), 27.2 (J13C,117Sn =J13C,119Sn =46.0 Hz; CH3), 18.4 (CH3), 16.3 (CH3),
13.6 (3 CH3), 13.5 (CH3), 9.8 (3 CH2), 6.8 (CH3).
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A solution of NaClO2 (549 mg, 6.07 mmol, 1.5 equiv) and NaH2PO4


(729 mg, 6.07 mmol, 1.5 equiv) in H2O (21 mL) was added to a solution
of the preceding aldehyde (3.26 g, 4.05 mmol, 1.0 equiv) in tert-butanol
(245 mL) and 2-methyl-2-butene (55 mL). After the reaction mixture had
been stirred for 1 h at 20 8C, the same quantity of NaClO2 and NaH2PO4


solution was added. The resulting mixture was stirred for 1 h and was
then quenched by the addition of a 0.1 n HCl solution. The mixture was
extracted with CH2Cl2 and the organic layers were washed with brine,
dried over MgSO4, filtered, and the solvent was removed under reduced
pressure. The crude [2S,4R(1R),5S,6S(2S,5S,6R,7S,8Z)]-4-(2-carboxy-1-
methyl ethyl-1-yl)-6-{5,7-dimethyl-2,6-bis[(methoxymethyl)oxy]-9-tribu-
tylstannyl-dec-8-en-3-yn-1-yl}-5-methyl-2-phenyl-1,3-dioxinan was used in
the next step without further purification. 1H NMR (400.0 MHz, CDCl3):
d=7.43–7.40 (m, 2H), 7.33–7.28 (m, 3H), 6.00 (d, J=8.2 Hz, 1 H,
J1H,117Sn =J1H,119Sn =133.3 Hz), 5.54 (s, 1 H), 5.02 (d, J =6.9 Hz, 1 H), 4.79 (d,
J =6.4 Hz, 1H), 4.80–4.78 (m, 1 H), 4.69 (d, J =6.4 Hz, 1H), 4.09 (dd, J =


10.1, 2.3 Hz, 1 H), 4.00 (d, J =6.9 Hz, 1H), 3.79 (td, J =9.6, 1.4 Hz, 1H),
3.43 (s, 3 H; CH3), 3.35 (s, 3H; CH3), 3.23 (t, J =5.5 Hz, 1H), 2.86 (qd,
J =6.9, 2.3 Hz, 1H), 2.72 (qd, J=6.9, 5.5 Hz, 1H), 2.20 (dqd, J= 8.2, 6.4,
5.5 Hz, 1H), 2.22–2.18 (m, 1H), 1.89 (s, J1H,117Sn =J1H,119Sn =42.6 Hz, 3H;
CH3), 1.89–1.85 (m, 1H), 1.64 (ddq, J=10.1, 9.6, 6.4 Hz, 1H), 1.53–1.42
(m, 6 H; 3 CH2), 1.31 (d, J =6.9 Hz, 3 H; CH3), 1.30 (sext, J =7.3 Hz, 6H;
3CH2), 1.17 (d, J =6.9 Hz, 3H; CH3), 0.98 (d, J=6.4 Hz, 3H; CH3), 0.94–
0.85 ppm (m, 18H; 3CH2, 4CH3); 13C NMR (100.5 MHz, CDCl3): d=


178.0 (C), 144.2 (J13C,117Sn =J13C,119Sn = 29.0 Hz; CH), 138.2 (C), 137.6 (C),
128.5 (CH), 128.1 (2 CH), 125.7 (2 CH), 99.7 (CH), 98.1 (CH2), 93.7
(CH2), 88.0 (C), 85.3 (CH), 81.8 (CH), 80.0 (C), 77.0 (CH), 61.0 (CH),
56.2 (CH3), 55.5 (CH3), 42.1 (CH), 40.7 (CH), 39.8 (CH2), 35.5 (CH), 30.2
(CH), 29.2 (J13C,117Sn = J13C,119Sn =19.2 Hz; 3CH2), 27.3 (J13C,117Sn =J13C,119Sn =


57.4 Hz; 3 CH2), 27.2 (J13C,117Sn =J13C,119Sn =36.4 Hz; CH3), 18.6 (CH3), 16.4
(CH3), 15.2 (CH3), 13.7 (3 CH3), 11.5 (CH3), 9.9 ppm (J13C,117Sn =310.6,
J13C,119Sn = 331.8 Hz; 3CH2).


A (trimethylsilyl)diazomethane solution (2 m in hexane, 4.05 mmol,
1.0 equiv) was added to a solution of the preceding acid (3.3 g,
4.05 mmol, 1.0 equiv) in benzene (160 mL)/MeOH (45 mL) until a yellow
tint persisted. The resulting mixture was stirred for 15 min and was then
concentrated in vacuum. The residue was purified by chromatography on
silica gel (cyclohexane/AcOEt 90:10 to 80:20) to give the expected prod-
uct 59 (2.32 g, 69% over 3 steps). [a]20


D =�34.5 (c =0.96 in CHCl3);
1H NMR (400.0 MHz, CDCl3): d=7.45–7.42 (m, 2H), 7.37–7.31 (m, 3H),
6.00 (dq, J =9.6, 1.8, J1H,117Sn =J1H,119Sn =132.8 Hz, 1 H), 5.55 (s, 1H), 5.03
(d, J =6.4 Hz, 1H), 4.81–4.77 (m, 1H), 4.79 (d, J =6.9 Hz, 1 H), 4.70 (d,
J =6.9 Hz, 1 H), 4.56 (d, J= 6.4 Hz, 1 H), 4.05 (dd, J =10.5, 3.2 Hz, 1H),
3.78 (ddd, J= 9.6, 9.1, 1.8 Hz, 1 H), 3.72 (s, 3 H; CH3), 3.43 (s, 3H; CH3),
3.36 (s, 3H; CH3), 3.23 (t, J=5.5 Hz, 1H), 2.82 (qd, J =7.3, 3.2 Hz, 1H),
2.72 (qd, J=6.9, 5.5 Hz, 1 H), 2.30–2.17 (dqd, J =9.6, 6.9, 5.5 Hz, 1 H),
2.30–2.17 (m, 1 H), 1.89 (d, J=1.8, J1H,117Sn =J1H,119Sn =42.1 Hz, 3 H; CH3),
1.87–1.83 (m, 1H), 1.75 (ddq, J= 10.5, 9.6, 6.9 Hz, 1H), 1.57–1.51 (m,
6H; 3 CH2), 1.37 (sext, J =7.3 Hz, 6H; 3 CH2), 1.24 (d, J= 7.3 Hz, 3H;
CH3), 1.19 (d, J =6.9 Hz, 3 H; CH3), 1.00–0.80 (m, 15 H; 3CH2, 3 CH3),
0.85 (d, J =6.9 Hz, 3H; CH3); 13C NMR (100.5 MHz, CDCl3): d=174.8
(C), 144.4 (J13C,117Sn =J13C,119Sn =27.8 Hz; CH), 138.6 (C), 137.7 (J13C,117Sn =


J13C,119Sn = 369.0 Hz; C), 128.6 (CH), 128.5 (2 CH), 125.8 (2 CH), 99.7 (CH),
98.2 (CH2), 93.8 (CH), 87.9 (C), 85.4 (C), 82.2 (CH), 80.5 (C), 77.0 (CH),
61.1 (CH), 56.2 (CH3), 55.7 (CH3), 52.1 (CH3), 42.2 (J13C,117Sn =J13C,119Sn =


42.6 Hz; CH), 41.1 (CH), 39.9 (CH2), 35.8 (CH), 30.3 (CH), 29.4
(J13C,117Sn =J13C,119Sn =19.2 Hz; 3CH2), 27.6 (J13C,117Sn =J13C,119Sn =57.4 Hz;
3CH2), 27.4 (J13C,117Sn =J13C,119Sn =44.1 Hz; CH3), 18.7 (CH3), 16.5 (CH3),
13.8 (3 CH3), 11.6 (CH3), 10.0 (J13C,117Sn =312.4, J13C,119Sn =327.8 Hz; 3CH2),
9.3 ppm (CH3); IR (film): ñ =2955, 2927, 2872, 2853, 1745, 1454, 1403,
1349, 1375, 1207, 1154, 1110, 1029, 700 cm�1; elemental analysis calcd
(%) for C43H72O8Sn: C 61.80, H 8.68; found: C 61.92, H 8.83.ACHTUNGTRENNUNG[2S,4R(1R),5S,6S(2S,3Z,5S,6R,7S,8Z)]-4-(2-Methoxycarbonyl-1-methyl
ethyl-1-yl)-6-{5,7-dimethyl-9-iodo-2,6-bis[(methoxymethyl)oxy]deca-3,8-
dien-1-yl}-5-methyl-2-phenyl-1,3-dioxinan (60): PtO2 (20 mg, 0.088 mmol,
0.35 equiv) was added to a solution of the preceding ester (200 mg,
0.24 mmol, 1.0 equiv) in AcOEt (2.5 mL). The resulting suspension was
stirred for 12 h at 20 8C under a H2 atmosphere. After this time, the mix-
ture was filtered and the solvent was removed under reduced pressure.


The crude [2S,4R(1R),5S,6S(2S,3Z,5S,6R,7S,8Z)]-4-(2-methoxycarbonyl-1-
methyl ethyl-1-yl)-6-{5,7-dimethyl-2,6-bis[(methoxymethyl)oxy]-9-tribu-
tylstannyl-deca-3,8-dien-1-yl}-5-methyl-2-phenyl-1,3-dioxinan was used
without further purification in the next step. 1H NMR (400.0 MHz,
CDCl3): d=7.49–7.44 (m, 2H), 7.35–7.29 (m, 3H), 5.93 (dq, J= 8.2, 1.4,
J1H,117Sn =J1H,119Sn =136.0 Hz, 1 H), 5.60 (s, 1 H), 5.55 (t, J =10.5 Hz, 1H),
5.25 (dd, J =10.5, 10.1 Hz, 1H), 4.87 (dd, J=10.1, 9.2 Hz, 1H), 4.72 (d,
J =6.9 Hz, 1 H), 4.54 (s, 2H), 4.49 (d, J= 6.9 Hz, 1 H), 4.05 (dd, J =10.1,
3.2 Hz, 1H), 3.82 (dd, J=10.1, 9.2 Hz, 1 H), 3.74 (s, 3 H; CH3), 3.32 (s,
6H; 2CH3), 3.14 (dd, J =6.9, 4.1 Hz, 1H), 2.85–2.79 (qd, J=6.4, 3.2 Hz,
1H), 2.85–2.79 (dqd, J =10.9, 6.9, 6.9 Hz, 1 H), 2.17 (dqd, J =8.2, 6.9,
4.1 Hz, 1H), 2.00–1.91 (m, 1H), 1.85 (d, J=1.4, J1H,117Sn = J1H,119Sn =42.1 Hz,
3H; CH3), 1.70–1.60 (m, 2H), 1.51–1.44 (m, 6H; 3 CH2), 1.32 (sext, J=


7.3 Hz, 6H; 3CH2), 1.23 (d, J =6.9 Hz, 3H; CH3), 0.98 (d, J =6.9 Hz, 3H;
CH3), 0.94 (d, J =6.4 Hz, 3H; CH3), 0.92–0.82 ppm (m, 18H; 3CH2 +


4CH3); 13C NMR (100.5 MHz, CDCl3): d=174.8 (C), 144.7 (CH), 138.7
(CH), 137.3 (C), 136.5 (C), 129.0 (CH), 128.2 (CH), 127.9 (2 CH), 125.7
(2 CH), 99.5 (CH), 97.9 (CH2), 93.1 (CH2), 86.3 (CH), 82.2 (CH), 77.3
(CH), 66.2 (CH), 56.1 (CH3), 55.2 (CH3), 51.9 (CH3), 41.0 (2 CH), 39.1
(CH2), 35.9 (CH), 35.8 (CH), 29.2 (J13C,117Sn =J13C,119Sn =19.2 Hz; 3 CH2),
27.4 (J13C,117Sn =J13C,119Sn = 57.5 Hz; 3CH2), 27.2 (J13C,117Sn =J13C,119Sn =42.2 Hz;
CH3), 17.7 (CH3), 15.6 (CH3), 14.2 (CH3), 13.7 (3 CH3), 11.6 (CH3),
9.9 ppm (J13C,117Sn =313.4, J13C,119Sn =326.8 Hz; 3CH2).


An iodine solution (48 mg, 0.19 mmol, 0.98 equiv) in CH2Cl2 (16 mL) was
added to a solution of the preceding compound (168 mg, 0.2 mmol,
1.0 equiv) in CH2Cl2 (4 mL) at 0 8C over 30 min. The resulting solution
was immediately added to a 1m Na2S2O3 solution and the organic phase
was then concentrated under reduced pressure. The residue was taken up
with Et2O (3 mL) and a 0.7 m KF solution (600 mL). After the reaction
mixture had been stirred for 3 h at 20 8C, the solution was filtered and ex-
tracted with Et2O. The organic layers were washed with brine, dried over
MgSO4, filtered, and the solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel (cyclohexane/
Et2O 80:20 to 50:50) to give the title compound 60 (96 mg, 71% for
2 steps). [a]20


D =++3.70 (c= 0.78 in CHCl3); 1H NMR (400.0 MHz, CDCl3):
d=7.49–7.44 (m, 2 H), 7.35–7.30 (m, 3H), 5.60 (t, J =10.5 Hz, 1H), 5.59
(s, 1H), 5.28 (t, J =10.5 Hz, 1 H), 5.24 (dq, J=8.2, 1.4 Hz, 1H), 4.83 (ddd,
J =10.5, 9.2, 1.8 Hz, 1H), 4.72 (d, J =6.9 Hz, 1H), 4.57 (s, 2 H), 4.51 (d,
J =6.9 Hz, 1 H), 4.08 (dd, J=10.1, 3.2 Hz, 1 H), 3.84 (dd, J=9.6, 9.2,
1.8 Hz, 1 H), 3.74 (s, 3H; CH3), 3.35 (s, 6 H; 2 CH3), 3.26 (t, J =5.5 Hz,
1H), 2.86–2.78 (dqd, J =10.5, 6.9, 5.5 Hz, 1H), 2.86–2.78 (qd, J =6.9,
3.2 Hz, 1H), 2.47 (dqd, J =8.2, 6.9, 5.5 Hz, 1 H), 2.36 (d, J =1.4 Hz, 3H;
CH3), 1.99 (ddm, J =11.0, 1.8 Hz, 1H), 1.70 (ddq, J=10.1, 9.6, 6.9 Hz,
1H), 1.72–1.64 (m, 1H), 1.25 (d, J=6.9 Hz, 3H; CH3), 1.08 (d, J =6.9 Hz,
3H; CH3), 0.96 (d, J= 6.9 Hz, 3H; CH3), 0.89 ppm (d, J= 6.9 Hz, 3H;
CH3); 13C NMR (100.5 MHz, CDCl3): d=174.8 (C), 138.8 (C), 137.9 (C),
135.8 (CH), 129.4 (CH), 128.2 (2 CH), 127.9 (2 CH), 125.7 (CH), 100.4
(CH), 99.4 (CH2), 97.9 (C), 93.1 (CH2), 85.6 (CH), 82.1 (CH), 77.6 (CH),
66.1 (CH), 56.1 (CH3), 55.2 (CH3), 51.9 (CH3), 43.9 (CH), 41.0 (CH), 39.2
(CH or CH2), 35.7 (CH), 35.3 (CH3), 33.6 (CH or CH2), 18.4 (CH3), 14.7
(CH3), 11.7 (CH3), 9.2 ppm (CH3); IR (film): ñ= 3428, 2952, 2928, 2880,
2821, 1744, 1454, 1435, 1398, 1207, 1152, 1090, 1045 cm�1; elemental anal-
ysis calcd (%) for C31H47IO8: C 55.19, H 7.02; found: C 55.31, H 7.15.ACHTUNGTRENNUNG[2S,4R(1R),5S,6S(2S,3Z,5S,6R,7S,8Z,11S,12R,13S,14S,15S,16Z)]-4-(2-Me-
thoxycarbonyl-1-methyl ethyl-1-yl)-6-{12-(tert-butyldimethylsilyloxy)-
5,7,9,11,13,15-hexamethyl-2,6-bis[(methoxymethyl)oxy]-14-(triethylsilyl-
oxy)nonadeca-3,8,16,18-tetraen-1-yl}-5-methyl-2-phenyl-1,3-dioxinan (61):
tBuLi (1.5 m in pentane, 355 mL, 0.53 mmol, 3.8 equiv) was rapidly added
to a solution of the alkyliodide 43 (145 mg, 0.26 mmol, 1.8 equiv) in Et2O
(3.7 mL) at �80 8C. After 2 min, 9-MeOBBN (1 m in hexane, 602 mL,
0.60 mmol, 4.3 equiv) followed by THF (3.7 mL) was added. The result-
ing mixture was stirred 10 min at �78 8C and was then allowed to warm
to 20 8C over a period of 1 h 15 min. An aqueous 3.5m Cs2CO3 solution
was then added (220 mL, 0.77 mmol, 5.5 equiv), followed by the addition
of the vinyliodide 60 (96 mg, 0.14 mmol, 1.0 equiv) in DMF (3.7 mL). Fi-
nally, [PdCl2 ACHTUNGTRENNUNG(dppf)] (12 mg, 0.014 mmol, 0.10 equiv) and triphenylarsine
(7 mg, 0.021 mmol, 0.12 equiv) were added, and the resulting dark solu-
tion was stirred at 20 8C for 16 h. After extraction with Et2O, the organic
layers were washed with brine, dried over MgSO4, filtered, and the sol-
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vent was removed under reduced pressure. The residue was purified by
chromatography on silica gel (cyclohexane/Et2O 80:20 to 60:40) to give
the title compound 61 (87 mg, 60%). [a]20


D =++13.8 (c =0.90 in CHCl3);
1H NMR (400.0 MHz, CDCl3): d=7.47–7.44 (m, 2H), 7.35–7.30 (m, 3H),
6.57 (ddd, J= 16.9, 11.0, 10.5 Hz, 1H), 6.03 (dd, J=11.0, 10.5 Hz, 1H),
5.58 (s, 1H), 5.54 (dd, J=11.9, 10.5 Hz, 1H), 5.54 (t, J =10.5 Hz, 1H),
5.20 (d, J =16.9 Hz, 1 H), 5.22 (dd, J =10.5, 10.1 Hz, 1 H), 5.11 (d, J=


10.5 Hz, 1 H), 4.97 (d, J =10.1 Hz, 1 H), 4.84 (dd, J =11.0, 10.1 Hz, 1H),
4.71 (d, J =6.9 Hz, 1 H), 4.54 (s, 2H), 4.50 (d, J= 6.9 Hz, 1H), 4.06 (dd,
J =10.1, 3.2 Hz, 1 H), 3.82 (dd, J=10.1, 8.7 Hz, 1H), 3.74 (s, 3H, CH3),
3.55 (dd, J =6.9, 3.2 Hz, 1 H), 3.44 (dd, J=4.6, 4.1 Hz, 1H), 3.34 (s, 3 H;
CH3), 3.33 (s, 3H; CH3), 3.07 (t, J= 5.5 Hz, 1 H), 2.91–2.76 (m, 3H), 2.54
(dqd, J =10.1, 6.4, 5.5 Hz, 1H), 2.08–1.55 (tq, J =10.1, 6.4 Hz, 1 H), 2.08–
1.55 (m, 6 H), 1.55 (s, 3H; CH3), 1.22 (d, J =6.9 Hz, 3H; CH3), 1.06–0.83
(m; 8CH3), 0.91 (s, 9H; 3CH3), 0.68 (q, J =7.8 Hz, 6H; 3CH2), 0.63 (d,
J =6.4 Hz, 3H; CH3), 0.07 ppm (s, 6H; 2CH3); 13C NMR (100.5 MHz,
CDCl3): d= 174.8 (C), 138.8 (C), 136.8 (CH), 134.4 (CH), 132.3 (C),
132.1 (CH), 130.4 (CH), 128.9 (3 CH), 128.2 (CH), 127.9 (2 CH), 125.8
(CH), 117.4 (CH2), 99.6 (CH), 97.8 (CH2), 92.5 (CH2), 86.9 (CH), 82.2
(CH), 78.0 (CH), 77.0 (2 CH), 66.4 (CH), 56.0 (CH3), 55.2 (CH3), 51.9
(CH3), 41.9, 41.0, 40.3, 39.0, 36.2, 35.8, 35.3, 35.0, 34.4 (7 CH, 2 CH2), 26.9
(3 CH3), 23.1 (CH3), 18.5 (C), 18.5, 17.4, 16.5, 14.2, 11.6, 11.3, 9.3 (7 CH3,
CH3-2), 7.2 (3 CH3), 5.7 (3 CH2), �3.1 (CH3), �3.2 ppm (CH3); IR (film):
ñ= 3383, 2957, 2931, 2878, 2857, 2821, 2359, 2340, 1747, 1733, 1657, 1455,
1462, 1435, 1396, 1374, 1328, 1252, 1143, 1094, 1045, 919, 835, 772, 739,
701 cm�1; HRMS (ESI): m/z : calcd for C56H98O10NaSi2: 1009.6591; found:
1009.6591.


Discodermolide 1: PTSA (3 mg, 0.015 mmol, 0.28 equiv) was added to a
solution of compound 61 (53 mg, 0.054 mmol, 1.0 equiv) in MeOH
(6.5 mL) at 0 8C. After the reaction mixture had been stirred for 1 h at
0 8C, triethylamine was added (0.3 equiv), and the solvent was removed
under reduced pressure. The residue was purified by chromatography on
silica gel (cyclohexane/AcOEt, 95:5 to 70:30) to give the
[2S,4R(1R),5S,6S(2S,3Z,5S,6R,7S,8Z,11S,12R,13S,14S,15S,16Z)]-4-(2-me-
thoxycarbonyl-1-methyl ethyl-1-yl)-6-{12-(tert-butyldimethylsilyloxy)-
5,7,9,11,13,15-hexamethyl-14-hydroxy-2,6-bis[(methoxymethyl)oxy]nona-
deca-3,8,16,18-tetraen-1-yl}-5-methyl-2-phenyl-1,3-dioxinan (36 mg,
77%). [a]20


D =++11.0 (c =0.90 in CHCl3); 1H NMR (400.0 MHz, CDCl3):
d=7.47–7.43 (m, 2H), 7.33–7.30 (m, 3H), 6.64 (ddd, J =16.9, 11.0,
10.1 Hz, 1H), 6.16 (dd, J =11.0, 10.5 Hz, 1 H), 5.59 (s, 1 H), 5.54 (dd, J=


11.0, 10.1 Hz, 1H), 5.33 (dd, J =10.5, 10.1 Hz, 1H), 5.23 (dd, J =10.1,
9.6 Hz, 1H), 5.20 (d, J=16.9 Hz, 1 H), 5.16 (d, J =10.1 Hz, 1H), 4.99 (d,
J =10.1 Hz, 1H), 4.84 (dd, J =10.1, 9.6 Hz, 1 H), 4.71 (d, J= 6.9 Hz, 1H),
4.54 (s, 2 H), 4.50 (d, J =6.9 Hz, 1 H), 4.06 (dd, J =10.5, 3.2 Hz, 1 H), 3.82
(t, J =9.6 Hz, 1 H), 3.74 (s, 3 H; CH3), 3.63 (dd, J =5.5, 2.8 Hz, 1 H), 3.33
(s, 6H; 2 CH3), 3.35–3.33 (m, 1H), 3.09 (t, J =5.5 Hz, 1H), 2.86–2.75
(dqd, J =11.0, 7.3, 5.5 Hz, 1H), 2.86–2.75 (m, 2 H), 2.54 (dqd, J =10.1,
6.4, 5.5 Hz, 1 H), 2.19 (t, J =12.4 Hz, 1H), 2.05–1.71 (m, 4 H), 1.58 (s, 3 H;
CH3), 1.65–1.55 (ddq, J=10.5, 9.6, 6.4 Hz, 1H), 1.65–1.55 (m, 1H), 1.44
(s, 1H; OH), 1.22 (d, J= 7.3 Hz, 3 H; CH3), 1.01 (d, J =6.9 Hz, 3 H; CH3),
0.96 (d, J= 6.4 Hz, 3 H; CH3), 0.95–0.91 (m, 6 H; 2CH3), 0.91 (s, 9 H;
3CH3), 0.87 (d, J=6.4 Hz, 3H; CH3), 0.70 (d, J=6.9 Hz, 3H; CH3),
0.10 ppm (s, 6 H; 2 CH3); 13C NMR (100.5 MHz, CDCl3): d=174.8 (C),
138.8 (C), 137.0 (CH), 134.7 (CH), 132.7 (C), 132.1 (CH), 131.1 (CH),
130.0 (CH), 129.1 (CH), 128.2 (2 CH), 127.9 (2 CH), 125.8 (CH), 118.5
(CH2), 99.6 (CH), 97.9 (CH2), 93.2 (CH2), 86.8 (CH), 82.0 (CH), 79.0
(CH), 77.8 (CH), 76.7 (CH), 66.4 (CH), 56.1 (CH3), 55.3 (CH3), 51.9
(CH3), 41.1, 39.1, 38.0, 36.7, 36.3, 35.9, 35.3, 34.7, 34.4 (7 CH, 2 CH2), 26.3
(3 CH3), 23.3 (CH3), 18.5 (C), 17.6, 17.1, 16.4, 13.4, 11.7, 9.5, 9.3 (7 CH3),
�3.1 (CH3), �3.6 ppm (CH3); IR (film): ñ=2377, 2957, 2929, 2883, 2857,
1591, 1462, 1434, 1395, 1257, 1153, 1093, 1036, 874 cm�1; HRMS (ESI):
m/z : calcd for C50H84O10NaSi: 895.5726; found: 895.5721.


Trichloroacetylisocyanate (16 mL, 0.14 mmol, 1.05 equiv) was added to a
solution of the preceding alcohol (114 mg, 0.13 mmol, 1.0 equiv) in
CH2Cl2 (10 mL). After the reaction mixture had been stirred for 15 min
at 20 8C, the resulting mixture was concentrated in vacuo and the residue
taken up in MeOH (13 mL). K2CO3 (99 mg, 0.71 mmol, 5.5 equiv) was
added and the resulting solution was stirred for 1 h 15 min and then con-
centrated in vacuo and extracted with AcOEt. The organic layers were


washed with water, brine, dried over MgSO4, filtered, and the solvent
was removed under reduced pressure. The residue was purified by chro-
matography on silica gel (cyclohexane/AcOEt 90:10 to 50:50) to give
[2S,4R(1R),5S,6S(2S,3Z,5S,6R,7S,8Z,11S,12R,13S,14S,15S,16Z)]-4-(2-me-
thoxycarbonyl-1-methyl ethyl-1-yl)-6-{12-(tert-butyldimethylsilyloxy)-14-
(carbamoyloxy)-5,7,9,11,13,15-hexamethyl-2,6-bis[(methoxymethyl)oxy]-
nonadeca-3,8,16,18-tetraen-1-yl}-5-methyl-2-phenyl-1,3-dioxinan (76 mg,
64%) as a pale colorless oil. [a]20


D =++17.4 (c =0.80 in CHCl3); 1H NMR
(400.0 MHz, CDCl3): d= 7.50–7.44 (m, 2 H), 7.34–7.30 (m, 3H), 6.60 (dt,
J =16.9, 10.5 Hz, 1H), 6.02 (dd, J =11.0, 10.5 Hz, 1 H), 5.58 (s, 1H), 5.58–
5.52 (m, 1 H), 5.53 (dd, J= 12.8, 10.5 Hz, 1H), 5.38 (dd, J =11.0, 10.5 Hz,
1H), 5.28–5.18 (m, 3 H), 5.14 (d, J=10.5 Hz, 1H), 4.99 (d, J =10.1 Hz,
1H), 4.82 (dd, J =10.1, 9.2 Hz, 1 H), 4.74–4.70 (m, 1H), 4.72 (d, J=


6.9 Hz, 1 H), 4.54 (s, 2 H), 4.50 (d, J =6.9 Hz, 1 H), 4.06 (dd, J =10.1,
3.2 Hz, 1H), 3.81 (dd, J=9.6, 9.2 Hz, 1 H), 3.73 (s, 3 H; CH3), 3.43 (dd,
J =4.6, 4.1 Hz, 1H), 3.32 (s, 6H; 2 CH3), 3.06 (t, J =5.5 Hz, 1H), 2.99
(dqd, J =10.5, 6.9, 3.7 Hz, 1H), 2.83–2.79 (qdm, J =7.3, 5.5 Hz, 1H), 2.81
(dqd, J=10.1, 6.9, 5.5 Hz, 1H), 2.52 (dqd, J =10.1, 6.4, 5.5 Hz, 1 H), 2.15–
1.79 (m, 5 H), 1.74–1.52 (m, 2 H), 1.57 (s, 3H; CH3), 1.25 (d, J =7.3 Hz,
3H; CH3), 1.01 (d, J =6.9 Hz, 3H; CH3), 0.94–0.85 (m, 12 H; 4 CH3), 0.91
(s, 9 H; 3CH3), 0.73 (d, J= 6.9 Hz, 3H; CH3), 0.07 (s, 3 H; CH3), 0.05 ppm
(s, 3H; CH3); 13C NMR (100.5 MHz, CDCl3): d=174.9 (C), 156.9 (C),
138.8 (CH), 137.0 (C), 133.6 (CH), 132.5 (CH), 132.1 (C), 130.1 (CH),
129.8 (CH), 129.0 (CH), 128.2 (CH), 127.9 (2 CH), 125.8 (2 CH), 117.9
(CH2), 99.7 (CH), 97.8 (CH2), 93.2 (CH2), 86.9 (CH), 82.1 (CH), 78.8
(CH), 77.0 (2 CH), 66.4 (CH), 56.0 (CH3), 55.2 (CH3), 51.9 (CH3), 41.2
(CH), 39.2 (CH2), 37.8 (CH), 36.3 (CH), 35.9 (CH2), 35.3 (CH), 35.1
(CH), 34.4 (CH), 29.7 (CH), 26.2 (3 CH3), 23.0 (CH3), 18.5 (C), 18.5
(CH3), 17.5, 16.5, 11.7, 10.1 (4 CH3), 13.7 (CH3), 9.4 (CH3), �3.3 (CH3),
�3.6 ppm (CH3);. IR (film): ñ =3359, 2981, 2930, 2884, 2857, 1728, 1598,
1455, 1435, 1395, 1363, 1326, 1258, 1214, 1146, 1094, 1035, 836, 773,
757 cm�1; HRMS (ESI): m/z : calcd for C51H85O11NaSi: 938.5784; found:
938.5793.


HCl (4 n, 1.5 mL) was added to a solution of the preceding compound
(14 mg, 0.015 mmol, 1.0 equiv) in THF (1.5 mL). The resulting mixture
was stirred for 72 h at 20 8C and then solid NaHCO3 was added and the
mixture extracted with AcOEt (3 � ). The organic layers were washed
with water, brine, dried over MgSO4, filtered, and the solvent was re-
moved under reduced pressure. The residue was purified by chromatog-
raphy on silica gel (CH2Cl2/MeOH 95:5 to 90:10) to give the title com-
pound (+ )-discodermolide (1) (6.2 mg, 70%) as a white solid. [a]20


D =


+ 16.2 (c=1.0 in MeOH); 1H NMR (400.0 MHz, CDCl3): d=6.61 (ddd,
J =16.9, 11.0, 10.5 Hz, 1 H), 6.03 (t, J=11.0 Hz, 1H), 5.53 (dd, J =11.0,
7.8 Hz, 1H), 5.42 (dd, J=11.0, 10.5 Hz, 1H), 5.36 (dd, J=11.0, 10.5 Hz,
1H), 5.23 (d, J=16.9 Hz, 1 H), 5.14 (d, J =10.5 Hz, 1H), 5.12 (d, J=


11.0 Hz, 1 H), 4.79–4.70 (m, 4H), 4.63 (ddd, J=10.1, 8.2, 1.8 Hz, 1H),
3.73 (t, J =3.7 Hz, 1 H), 3.28 (dd, J=5.0, 4.6 Hz, 1H), 3.21 (dd, J =8.9,
5.0 Hz, 1 H), 3.00 (dqd, J= 10.5, 6.9, 3.2 Hz, 1H), 2.79 (m, 1H), 2.70 (qd,
J =7.3, 3.7 Hz, 1H), 2.61–2.54 (m, 1H; OH), 2.58 (m, 1H), 2.00–1.81 (m;
4H +2OH), 1.72–1.60 (m; 3H +OH), 1.64 (s, 3H; CH3), 1.32 (d, J=


7.3 Hz, 3 H; CH3), 1.08 (d, J=6.9 Hz, 3 H; CH3), 1.01 (d, J=7.3 Hz, 3H;
CH3), 0.98 (d, J =6.4 Hz, 3 H; CH3), 0.98 (d, J =6.4 Hz, 3H; CH3), 0.95
(d, J =6.4 Hz, 3H; CH3), 0.83 ppm (d, J=5.9 Hz, 3 H; CH3); 13C NMR
(100.5 MHz, CDCl3): d=174.3 (C), 157.4 (C), 134.5 (CH), 133.8 (CH),
133.6 (C), 133.0 (CH), 132.2 (CH), 130.1 (CH), 129.8 (CH), 118.1 (CH2),
79.1 (CH), 78.8 (CH), 77.7 (CH), 75.7 (CH), 73.4 (CH), 64.5 (CH), 43.4
(CH), 41.1 (CH2), 37.5 (CH), 36.4 (CH), 35.9 (CH2), 35.6 (CH), 35.0
(CH), 33.2 (CH), 30.0 (CH), 23.6 (CH3), 18.6 (CH3), 17.7 (CH3), 16.1
(CH3), 16.0 (CH3), 13.9 (CH3), 12.9 (CH3), 9.3 ppm (CH3); 1H NMR
(400.0 MHz, CD3CN): d =6.69 (ddd, J=16.9, 11.0, 10.1 Hz, 1 H), 6.10 (t,
J =11.0 Hz, 1H), 5.56 (dd, J =10.5, 9.6 Hz, 1H), 5.45 (dd, J =10.5, 9.2 Hz,
1H), 5.41 (dd, J =11.0, 10.5 Hz, 1H), 5.27 (d, J =16.9 Hz, 1 H), 5.17 (d,
J =10.1 Hz, 1H), 5.15–5.04 (m, 2 H), 4.98 (d, J= 10.1 Hz, 1H), 4.74 (dd,
J =8.2, 4.1 Hz, 1H,), 4.56–4.41 (m, 2 H), 3.64 (t, J=4.1 Hz, 1 H), 3.16 (dd,
J =7.3, 3.2 Hz, 1 H), 3.16–3.14 (m, 1H; OH), 3.09 (dd, J=6.9, 3.7 Hz,
1H), 2.67–2.56 (m, 3 H; OH), 2.35–2.10 (m, 4 H; OH), 1.90–1.45 (m, 3H),
1.59 (s, 3 H; CH3), 1.21 (d, J=7.3 Hz, 3H; CH3), 1.03 (d, J =6.4 Hz, 3H;
CH3), 1.01 (d, J =6.4 Hz, 3 H; CH3), 0.97 (d, J =6.9 Hz, 3H; CH3), 0.90
(d, J =6.9 Hz, 3 H; CH3), 0.82 (d, J=6.9 Hz, 3H; CH3), 0.75 ppm (d, J=
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5.9 Hz, 3 H; CH3); 13C NMR (100.5 MHz, CD3CN): d =174.7 (C), 158.3
(C), 134.0 (CH), 133.8 (CH), 133.7 (CH), 133.2 (CH), 131.1 (CH), 130.5
(CH), 118.1 (CH2), 79.7 (CH), 79.2 (CH), 77.4 (CH), 75.9 (CH), 73.1
(CH), 63.3 (CH), 44.0 (CH), 42.1 (CH2), 38.4 (CH), 37.1 (CH), 36.5
(CH2), 36.2 (CH), 36.1 (CH), 34.4 (CH), 34.2 (CH), 23.3 (CH3), 19.7
(CH3), 18.1 (CH3), 17.6 (CH3), 15.8 (CH3), 15.6 (CH3), 13.1 (CH3),
9.2 ppm (CH3); HRMS (ESI): m/z : calcd for C33H55O8NNa: 616.3820
[M+Na]+ ; found: 616.3816.
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[59] P. Kocovský, Tetrahedron Lett. 1986, 27, 5521 –5524.


Received: July 21, 2008
Published online: October 30, 2008


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 11092 – 1111211112


J.-F. Betzer, A. Pancrazi, J. Ardisson et al.



http://dx.doi.org/10.1021/jo00976a040

http://dx.doi.org/10.1021/jo00976a040

http://dx.doi.org/10.1021/jo00976a040

http://dx.doi.org/10.1021/jo00976a040

http://dx.doi.org/10.1002/ejoc.200300111

http://dx.doi.org/10.1002/ejoc.200300111

http://dx.doi.org/10.1002/ejoc.200300111

http://dx.doi.org/10.1021/jo00057a055

http://dx.doi.org/10.1021/jo00057a055

http://dx.doi.org/10.1021/jo00057a055

http://dx.doi.org/10.1021/jo00057a055

http://dx.doi.org/10.1021/ja00142a051

http://dx.doi.org/10.1021/ja00142a051

http://dx.doi.org/10.1021/ja00142a051

http://dx.doi.org/10.1021/jo00406a041

http://dx.doi.org/10.1021/jo00406a041

http://dx.doi.org/10.1021/jo00406a041

http://dx.doi.org/10.1021/jo00406a041

http://dx.doi.org/10.1021/ja00997a067

http://dx.doi.org/10.1021/ja00997a067

http://dx.doi.org/10.1021/ja00997a067

http://dx.doi.org/10.1016/S0040-4039(00)75204-X

http://dx.doi.org/10.1016/S0040-4039(00)75204-X

http://dx.doi.org/10.1016/S0040-4039(00)75204-X

http://dx.doi.org/10.1055/s-1994-25538

http://dx.doi.org/10.1055/s-1994-25538

http://dx.doi.org/10.1055/s-1994-25538

http://dx.doi.org/10.1055/s-1994-25538

http://dx.doi.org/10.1021/jo00127a036

http://dx.doi.org/10.1021/jo00127a036

http://dx.doi.org/10.1021/jo00127a036

http://dx.doi.org/10.1021/jo00127a036

http://dx.doi.org/10.1246/bcsj.50.2773

http://dx.doi.org/10.1246/bcsj.50.2773

http://dx.doi.org/10.1246/bcsj.50.2773

http://dx.doi.org/10.1246/bcsj.50.2773

http://dx.doi.org/10.1016/0040-4020(89)80015-8

http://dx.doi.org/10.1016/0040-4020(89)80015-8

http://dx.doi.org/10.1016/0040-4020(89)80015-8

http://dx.doi.org/10.1021/ja0470968

http://dx.doi.org/10.1021/ja0470968

http://dx.doi.org/10.1021/ja0470968

http://dx.doi.org/10.1021/jo00362a036

http://dx.doi.org/10.1021/jo00362a036

http://dx.doi.org/10.1021/jo00362a036

http://dx.doi.org/10.1021/cr000665j

http://dx.doi.org/10.1021/cr000665j

http://dx.doi.org/10.1021/cr000665j

http://dx.doi.org/10.1016/S0040-4039(01)90066-8

http://dx.doi.org/10.1016/S0040-4039(01)90066-8

http://dx.doi.org/10.1016/S0040-4039(01)90066-8

http://dx.doi.org/10.1016/0040-4020(84)80007-1

http://dx.doi.org/10.1016/0040-4020(84)80007-1

http://dx.doi.org/10.1016/0040-4020(84)80007-1

http://dx.doi.org/10.1021/jo00104a054

http://dx.doi.org/10.1021/jo00104a054

http://dx.doi.org/10.1021/jo00104a054

http://dx.doi.org/10.1021/ja00279a042

http://dx.doi.org/10.1021/ja00279a042

http://dx.doi.org/10.1021/ja00279a042

http://dx.doi.org/10.1021/jo00268a017

http://dx.doi.org/10.1021/jo00268a017

http://dx.doi.org/10.1021/jo00268a017

http://dx.doi.org/10.1021/jo00268a017

http://dx.doi.org/10.1021/ja00003a026

http://dx.doi.org/10.1021/ja00003a026

http://dx.doi.org/10.1021/ja00003a026

http://dx.doi.org/10.1021/ja00003a026

http://dx.doi.org/10.1016/S0040-4039(00)94399-5

http://dx.doi.org/10.1016/S0040-4039(00)94399-5

http://dx.doi.org/10.1016/S0040-4039(00)94399-5

http://dx.doi.org/10.1016/0040-4039(91)80203-I

http://dx.doi.org/10.1016/0040-4039(91)80203-I

http://dx.doi.org/10.1016/0040-4039(91)80203-I

http://dx.doi.org/10.1016/0040-4039(91)80203-I

http://dx.doi.org/10.1016/S0040-4039(00)78926-X

http://dx.doi.org/10.1016/S0040-4039(00)78926-X

http://dx.doi.org/10.1016/S0040-4039(00)78926-X

http://dx.doi.org/10.1016/0022-328X(88)83017-1

http://dx.doi.org/10.1016/0022-328X(88)83017-1

http://dx.doi.org/10.1016/0022-328X(88)83017-1

http://dx.doi.org/10.1021/jo00386a002

http://dx.doi.org/10.1021/jo00386a002

http://dx.doi.org/10.1021/jo00386a002

http://dx.doi.org/10.1016/j.tet.2004.05.054

http://dx.doi.org/10.1016/j.tet.2004.05.054

http://dx.doi.org/10.1016/j.tet.2004.05.054

http://dx.doi.org/10.1021/ol034886y

http://dx.doi.org/10.1021/ol034886y

http://dx.doi.org/10.1021/ol034886y

http://dx.doi.org/10.1016/S0022-328X(02)01167-1

http://dx.doi.org/10.1016/S0022-328X(02)01167-1

http://dx.doi.org/10.1016/S0022-328X(02)01167-1

http://dx.doi.org/10.1016/S0040-4039(01)99801-6

http://dx.doi.org/10.1016/S0040-4039(01)99801-6

http://dx.doi.org/10.1016/S0040-4039(01)99801-6

http://dx.doi.org/10.1016/S0040-4039(01)99801-6

http://dx.doi.org/10.1021/ja00799a061

http://dx.doi.org/10.1021/ja00799a061

http://dx.doi.org/10.1021/ja00799a061

http://dx.doi.org/10.1021/ja00799a061

http://dx.doi.org/10.1021/cr00020a002

http://dx.doi.org/10.1021/cr00020a002

http://dx.doi.org/10.1021/cr00020a002

http://dx.doi.org/10.1021/ja00372a032

http://dx.doi.org/10.1021/ja00372a032

http://dx.doi.org/10.1021/ja00372a032

http://dx.doi.org/10.1021/ja00372a032

http://dx.doi.org/10.1016/S0022-328X(01)01125-1

http://dx.doi.org/10.1016/S0022-328X(01)01125-1

http://dx.doi.org/10.1016/S0022-328X(01)01125-1

http://dx.doi.org/10.1016/S0022-328X(01)01125-1

http://dx.doi.org/10.1021/ar000114f

http://dx.doi.org/10.1021/ar000114f

http://dx.doi.org/10.1021/ar000114f

http://dx.doi.org/10.1021/ar000114f

http://dx.doi.org/10.1021/jo00061a018

http://dx.doi.org/10.1021/jo00061a018

http://dx.doi.org/10.1021/jo00061a018

http://dx.doi.org/10.1016/S0040-4020(99)00438-X

http://dx.doi.org/10.1016/S0040-4020(99)00438-X

http://dx.doi.org/10.1016/S0040-4020(99)00438-X

http://dx.doi.org/10.1021/cr980379w

http://dx.doi.org/10.1021/cr980379w

http://dx.doi.org/10.1021/cr980379w

http://dx.doi.org/10.1016/S0040-4039(01)80011-3

http://dx.doi.org/10.1016/S0040-4039(01)80011-3

http://dx.doi.org/10.1016/S0040-4039(01)80011-3

http://dx.doi.org/10.1016/S0040-4039(00)78430-9

http://dx.doi.org/10.1016/S0040-4039(00)78430-9

http://dx.doi.org/10.1016/S0040-4039(00)78430-9

http://dx.doi.org/10.1016/S0040-4039(00)78430-9

http://dx.doi.org/10.1021/ja00252a056

http://dx.doi.org/10.1021/ja00252a056

http://dx.doi.org/10.1021/ja00252a056

http://dx.doi.org/10.1021/ja00252a056

http://dx.doi.org/10.1002/(SICI)1521-3757(19980803)110:15%3C2092::AID-ANGE2092%3E3.0.CO;2-M

http://dx.doi.org/10.1002/(SICI)1521-3757(19980803)110:15%3C2092::AID-ANGE2092%3E3.0.CO;2-M

http://dx.doi.org/10.1002/(SICI)1521-3757(19980803)110:15%3C2092::AID-ANGE2092%3E3.0.CO;2-M

http://dx.doi.org/10.1002/(SICI)1521-3757(19980803)110:15%3C2092::AID-ANGE2092%3E3.0.CO;2-M

http://dx.doi.org/10.1002/(SICI)1521-3773(19980817)37:15%3C1986::AID-ANIE1986%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/(SICI)1521-3773(19980817)37:15%3C1986::AID-ANIE1986%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/(SICI)1521-3773(19980817)37:15%3C1986::AID-ANIE1986%3E3.0.CO;2-Z

http://dx.doi.org/10.1021/ja0205232

http://dx.doi.org/10.1021/ja0205232

http://dx.doi.org/10.1021/ja0205232

http://dx.doi.org/10.1021/ja0205232

http://dx.doi.org/10.1021/jo0348930

http://dx.doi.org/10.1021/jo0348930

http://dx.doi.org/10.1021/jo0348930

www.chemeurj.org






DOI: 10.1002/chem.200800821


Substituent Effects on the Electrophilic Activity of Nitroarenes in Reactions
with Carbanions
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Introduction


The introduction of substituents into aromatic rings by elec-
trophilic substitution is one of the most important processes
in organic synthesis. Reactions such as nitration, halogena-
tion, sulfonation, and Friedel–Crafts-type reactions of
arenes are widely used for the manufacture of commercially
important compounds and can be considered to be primary
processes for the functionalization of aromatic rings.[1]


Early studies into the effects of substituents on the rates
and orientation of electrophilic substitution in benzene,
using mainly nitration, laid the foundations for the formula-
tion of the concept of electronic effects of substituents and
the general rules that govern the reactivity of organic com-
pounds.[1–3] Furthermore, the effects of substituents on reac-
tion rates were quantified by development of the linear free
energy relationship represented by the Hammett equation.[4]


In recent years, the most general and successful approach to
quantitative characterization of electrophilicity and nucleo-
philicity was elaborated by Mayr et al.,[5] who constructed a
general scale of such activities.


On the other hand, much less is known about the effects
of substituents on reactions between nucleophilic agents and
arenes. First, only electron-deficient aromatic rings, such as
those in nitroarenes,[6] transition-metal complexes of
arenes,[7] azulenes,[8] and azines,[9] can add nucleophilic
agents, a process paralleling the first, rate-limiting step of
electrophilic substitution. Second, to form substitution prod-
ucts, the adducts of nucleophiles to electron-deficient arenes
should lose substituents with an electron pair that, for obvi-
ous reasons, cannot be hydride anions.


Thus, contrary to reactions of electrophiles that replace
hydrogen that departs from the intermediate adduct as a
proton, the main reaction of nucleophilic agents with nitro-
arenes was considered to be the replacement of a leaving
group, such as F, Cl, or MeO, ortho or para to the nitro
group, which proceeds by an SNAr addition–elimination
mechanism.


The kinetic characteristics of this process appear to be
suitable for determination of the effects of substituents on
electrophilic activity because, as a rule, the addition is the
rate-limiting step.[6,10] There are numerous papers reporting
the effects of substituents on the rate of SNAr reactions,
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which are collected in the monographs of Miller[11] and Ter-
rier,[6] but the reported results are of limited value as a mea-
sure of the electrophilic activity of nitroarenes for several
reasons: 1) the rate of SNAr depends strongly on the nature
of the leaving group, thus the substituent effect can be com-
pared only for replacement of the same leaving group,
2) leaving groups should be located ortho or para to the
nitro group, which limits the possibility of varying the posi-
tions of the substituents studied, and 3) the most important
limitation is due to the fact that formation of the key inter-
mediates, sX adducts (X=halogen or other leaving group),
is a secondary process that proceeds more slowly than the
formation of sH adducts. In spite of many early observations
that nucleophiles add to nitroarenes in positions occupied
by hydrogen faster than in similarly activated positions oc-
cupied by halogens,[12] this general rule was recognized only
about 30 years ago. On this basis, a new reaction, called the
vicarious nucleophilic substitution of hydrogen (VNS),[13]


and a few other variants of nucleophilic substitution of hy-
drogen were found.[14]


The VNS is a reaction between nucleophiles that contain
a leaving group X at the nucleophilic center, for instance a-
halocarbanions, and electron-deficient arenes, mainly nitro-
arenes. It proceeds by the addition of such nucleophiles to
nitroaromatic rings in positions occupied by hydrogen to
give sH adducts that, upon base-induced b-elimination of
HX followed by acidic treatment, give products in which hy-
drogen is replaced with the nucleophile moiety. The reaction
is exemplified in Scheme 1.The VNS reaction is quite gener-


al with respect to carbanions and electron-deficient arenes.
All carbanions containing nucleofugal groups X (X= Cl, Br,
OR, SPh, N+R3, and so on) at the carbanionic center that
can be eliminated from the sH adducts by base-induced b-
elimination of HX can react with sufficiently electrophilic
arenes along the VNS pathway.[15] In addition, O and N nu-
cleophiles that contain leaving groups, such as alkylhydro-
peroxide anions,[16] anions of hydrazine, hydroxylamine,[17]


and sulfenamide[18] derivatives, can be used in this reaction
to give nucleophilic hydroxylation and amination processes.


Mechanistic studies confirmed that VNS proceeds by two
distinct steps: formation of the sH adducts of nucleophiles
(Nu�X�) to arenes, followed by conversion of these sH ad-


ducts by the base-induced b-elimination of HX, as shown in
Scheme 2.[19]


Experiments with a fast radical clock suggest that forma-
tion of the sH adducts proceeds as a one-step nucleophilic
addition, not a two-step single-electron transfer and anion
radical radical coupling.[20] The overall mechanistic picture
of the VNS reaction with carbanions is shown in Scheme 2.


According to this mechanism, the rate of formation of the
sH adduct is expressed in Equation (1):


VsH ¼ k1½ArNO2�½C���k�1½sH� ð1Þ


whereas the rate of formation of the product (P) is:


VP ¼ k2½sH�½B�� ð2Þ


and the rate of dissociation of the s adduct to the starting
material:


VD ¼ k�1½sH� ð3Þ


Depending on the conditions and the kind of carbanion
and nitroarene used, the relative rates of these processes,
that is, nucleophilic addition, dissociation of the s adducts
into starting reagents, and the b-elimination of HX (i.e., the
relationship between k1, k�1, and k2), can vary greatly, and
the relative rates obviously also depend on the position in
the nitroaromatic ring at which the addition takes place. Be-
cause VNS can proceed in two or even three positions in
many nitroarenes, the ratio of isomers depends on the rela-
tionship between these rate constants and the conditions.
Herein, we can consider two borderline cases. The first case
occurs when the rate of conversion of the s adduct into
product P is much higher than the rate of its dissociation
(i.e., k2[s


H][B�]@k�1[s
H]), all sH adducts are converted into


products once produced, regardless of the rates of their for-
mation. In this case, the orientation of substitution is deter-
mined by the relation of rates of addition in different posi-
tions, and the process is kinetically controlled. The second
borderline case occurs when k2[s


H][B�] !k�1[s
H]; in this


case, the sH adducts are in equilibrium with the starting ma-


Scheme 1. The VNS of 4-chloronitrobenzene with the carbanion of
chloro ACHTUNGTRENNUNGmethyl phenyl sulfone.


Scheme 2. Mechanistic picture of the VNS reaction with a-X-carbanions
(X= nucleofugal group).
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terials and the orientation is governed by the relative con-
centrations of isomeric sH adducts, the value of ki


1/k
i
�1 =Ki


(Ki denotes equilibrium constants), and the relation of the
rate constants ki


2 (Curtin–Hammett principle), so this pro-
cess is thermodynamically controlled.[21]


These characteristics of VNS make this process an appro-
priate tool for estimating the effects of substituents on the
electrophilic activity of arenes. Indeed, becuase VNS pro-
ceeds by the addition of nucleophiles in positions occupied
by hydrogen ortho or para to the nitro group and this addi-
tion is the primary process, the nitroarene ring may contain
a variety of substituents located ortho, meta, or para to the
nitro group, and therefore, meta, ortho, and/or para to the
reaction sites. Consequently, there are wide possibilities to
study effects of these substituents on the rate of nucleophilic
addition and therefore, the electrophilic activity of the nitro-
arenes.


Results and Discussion


Herein, we present the results of our studies on the effects
of substituent on the electrophilic activity of nitroarenes in
reactions with nucleophiles by using VNS as a model pro-
cess. For these studies, a proper model nucleophile was
needed, that is, one with sufficient stablity to be handled
without decomposition, sufficient nucleophilicity to react
with moderately active nitroarenes, low steric bulk, and a
leaving group X that can assure rapid elimination of HX
from the intermediate sH adducts. Taking these criteria into
account, we chose the carbanion of chloromethyl phenyl sul-
fone (1) because, contrary to other a-halocarbanions, it is
relatively stable in the absence of air and humidity at low
temperatures. Thus, the K+ salt of this carbanion decom-
posed only to a low extent at �40 8C in DMF (less than 5 %
after 0.5 h; DMF= N,N-dimethylformamide). Although
SO2Ph is rather a bulky group, 1� does not experience steri-
cal difficulties during addition to nitroarenes; for example, it
reacts readily in the 2-position of 3-halonitrobenzenes.[22] We
have already observed that tBuOK is a sufficiently strong
base to deprotonate 1 and to promote rapid elimination of
HCl from the sH adducts, and DMF is a good solvent for
this reaction.[19]


For technical reasons we have chosen to determine the
relative rate constants of addition of this carbanion to nitro-
arenes by performing competitive experiments relative to ni-
trobenzene, which was used as the standard. Competitive
experiments consist of treatment of a mixture of two differ-
ent nitroarenes with a small quantity of 1� and excess base,
followed by GLC analysis of the mixture of VNS products.
The composition of the mixture reflects the relationship be-
tween the rates of VNS of the two competing nitroarenes,
and consequently the relationship between the rate con-
stants of the addition reaction, provided that the reaction
proceeds under kinetic control, namely, that the conditions
assure that the rate of conversion of the intermediate sH ad-
ducts into products of the VNS reaction is faster than the re-


verse reaction. According to the VNS mechanism shown in
Scheme 2 and the kinetic equations [Eqs. (1), (2), and (3)],
the value of k2[B


�] should be much higher than that of k�1


so all sH adducts are converted into VNS products once
formed. The second requirement is that the concentrations
of the competing nitroarenes should be in excess relative to
1� during the reaction.


Under conditions that assure kinetic control (i.e. , k2[B
�]@


k�1), there is a high possibility that k1[C
�]>k2[B


�], which
means the rate of addition exceeds that of elimination, and
thus the rate of formation of the VNS products does not re-
flect the rate of addition. In this situation, sH adducts accu-
mulate in the reaction mixture and the rate of VNS deter-
mined in kinetic experiments cannot be used as a measure
of the rate of addition. The accumulation of sH adducts was
observed experimentally and used to execute the cine substi-
tution of the nitro group.[23] On the other hand, in this situa-
tion the ratio of the VNS products determined in competi-
tive experiments precisely reflects the ratio of the rates of
addition because sH adducts, once formed, are converted
into the VNS products.


Competitive experiments provide a convenient way to de-
termine relative rate constants. The experimental technique
is simple, does not require advanced spectral instrumenta-
tion for recording the kinetics of fast reactions, and can be
used for nitroarenes that form more than one isomeric prod-
uct and differ substantially in activity. Moreover, competi-
tive experiments, unlike spectral measurements, can be car-
ried out in concentrations similar to those used in prepara-
tive procedures.


It should be noted that in one of our preceding papers we
have already presented an application of this method for de-
termining the effects of halogens on the electrophilic activity
of a narrow range of halonitrobenzenes.[24]


For identification of the VNS products and quantitative
analysis of the mixtures produced in the competitive experi-
ments, samples of all expected products were synthesized in
advance by preparative-scale VNS reaction of 1 with indi-
vidual nitroarenes. Most of these VNS products have been
described in our earlier papers.[25,26] Details of the analytical
and spectral data of new compounds are given in the Exper-
imental Section and Supporting Information. These com-
pounds were used for the calibration necessary for quantita-
tive GLC analyses of the reaction mixtures produced in the
competitive experiments.


After some preliminary experiments, we found conditions
that assured kinetic control and gave reproducible results.
These conditions are essentially the same as reported earli-
er.[24] The procedure for the competitive experiments is
shown in simplified way in Scheme 3.


Scheme 3. Schematic procedure of the competitive experiments.
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A solution of tBuOK (4 mol per mole of 1) in DMF was
added to a solution of 1, a mixture of two competing nitroar-
enes A and B (2–6 m excess w.r.t. 1), and diphenyl sulfone
(internal standard) in DMF at �40 8C. The mixture was
stirred at �40 8C for 15 s, quenched with aqueous HCl, ex-
tracted with methylene chloride, and analyzed by GLC. The
experiments were repeated 3 or 4 times and the results were
averaged. Under these conditions, the reaction of 1 with ni-
trobenzene gave two isomeric products of VNS in positions
2 and 4 in a ratio of �2.9. It should be stressed that addition
of carbanion 1� to nitrobenzene preferentially proceeds
ortho to the nitro group. Because the rates of reaction of
substituted nitroarenes differ substantially, to keep the con-
centrations of the competing arenes constant and maintain
comparable concentrations of products, the starting concen-
trations of the competing arenes were chosen according to
their relative activity. The methods of calculation of relative
rates of addition based on GLC analysis of the mixture of
products are presented in Supporting Information. More-
over, because quantitative GLC analysis of the products
mixtures is unfeasible when the activities of competing ni-
troarenes differ substantially, in the majority of cases the
relative activities of substituted nitrobenzenes were deter-
mined not in direct competition with nitrobenzene, but with
other nitrobenzenes with less different activities. To verify
the results, the relative activities of particular nitroarenes
were determined in competing experiments with two differ-
ent nitroarenes. The results of competing experiments be-
tween particular pairs of substituted nitrobenzenes are given
in the Supporting Information. The relative activities deter-
mined by competition between two different nitroarenes
differ slightly, thus two values are listed in the Supporting
Information, whereas the averaged values are given in the
main body of this paper. In the case of nitrobenzene and 2-
and 3-substituted nitrobenzenes, two or even three isomeric
VNS products are formed, therefore in further discussions
of the substituent effects we will use values for the partial
activity of a given position in substituted nitrobenzenes rela-
tive to the ortho position in nitrobenzene and also values for
the overall activity. These numbers represent the rates of ad-
dition of 1� to all active positions in substituted nitroben-
zenes relative to the combined rates of addition of 1� in the
para and both ortho positions of nitrobenzene. In further
discussion we will consider that the nitro group always occu-
pies position 1, and the positions of substituents will be
numbered accordingly.


Comparison of results of VNS under kinetic and thermody-
namic control : The values of relative rate constants deter-
mined in competitive experiments can reflect electrophilic
activities of nitroarenes only when they are carried out
under conditions that assure kinetic control of the reaction;
k2[B


�]@ k�1 [Eqs. (2) and (3)]. To show the importance of
these conditions and the differences in the reaction course
under conditions that assure the reversibility of sH adduct
formation (i.e. , thermodynamically controlled), we reacted
1� with nitroarenes under conditions that assure a low rate


for the b-elimination step, which thus allows equilibration of
the addition step. For this purpose, the potassium salt of 1�


in DMSO (dimethyl sulfoxide) was slowly added to solu-
tions of nitroarenes in DMSO at room temperature
(Scheme 4). Under these conditions, b-elimination is in-


duced by the carbanion being a much weaker base than
tBuOK, thus the value of k2 is low and, moreover, the carb-
anion is in low concentration, so the k�1 @k2[B


�] condition
is assured. The results are given in Table 1 for comparison
with orientation under kinetic control.


Under thermodynamic control, reaction of 1� with nitro-
benzene proceeds only in position 4, whereas the 2-isomer
dominates under kinetic control (Table 1, entry 1). In 4-fluo-
ronitrobenzene, only an SNAr reaction of fluorine took
place instead of VNS in position 2 (Table 1, entry 2) and in
3-Cl-nitrobenzene only the 4-isomer was formed, whereas
under kinetic control only 2- and 6-isomers were produced
(Table 1, entry 3). Similar dramatic differences in the reac-
tion course under kinetically and thermodynamically con-
trolled conditions have already been observed in the VNS
hydroxylation of 1-nitronaphthalene with tert-butyl hydro-
peroxide, that is, substitution in position 2 under kinetically
controlled conditions and in position 4 under thermodynam-
ically controlled conditions.[16]


Effects of substituents in 4-substituted nitrobenzenes on the
relative rate of nucleophilic addition of 1�: The results of
competitive experiments with 4-substituted nitrobenzenes
are given in Scheme 5. These data show, for instance, that 4-
tBu-nitrobenzene reacts with 1� three times more slowly
than nitrobenzene, whereas 4-chloronitrobenzene reacts 130
times faster. Halogens in 4-halonitrobenzenes affect the
electrophilicity of the reaction site (position 2) by inductive
effects that should increase in the order I<Br<Cl<F; how-


Scheme 4. The VNS reaction of 1� with nitroarenes under thermodynam-
ic control.


Table 1. Orientation of the VNS of some substituted nitrobenzenes with
1 under kinetic and thermodynamic control (Scheme 4).


Entry Nitroarene, Z Kinetic products Thermodynamic products
position [%] position [%]


1 H 2, 4 74, 26[a] 4 100
2 4-F 2 100 4[b] 100
3 3-Cl 2, 6 85, 15[a] 4 100
4 1-nn[c] 2 100 2, 4 85, 15[a]


[a] Ratio of isomers. [b] SNAr of F. [c] 1-Nitronaphthalene.
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ever, the determined order of activity is I�F<Cl<Br. This
is because the free p-electron pairs of the halogens in 4-hal-
onitrobenzenes are conjugated with the strongly electron-ac-


cepting nitro group, as can be
pictured by using resonance
structures.


This effect does decrease the
electron-withdrawing action of
the nitro group and thus, the ac-
tivity of the ring towards nucle-


ophilic addition. This neat observed result is an interplay be-
tween the electron-withdrawing inductive and electron-do-
nating conjugative effects of the halogens. Although the in-
ductive effect of fluorine is the strongest, the conjugation of
fluorine with the nitro group is also the most efficient be-
cause of smaller differences between the orbital sizes of flu-
orine and carbon. Similarly, the inductive effect of chlorine
is stronger than bromine, but due to a smaller difference be-
tween the orbital sizes of chlorine and carbon, conjugation
of chlorine with the nitro group is more efficient and 4-
chloronitrobenzene is somewhat less active than 4-bromoni-
trobenzene. A similar but less clear-cut effect was observed
earlier in the SNAr reaction of 2-chloro-4-Z-nitrobenzenes
with piperidine. Halogens Z accelerated substitution in a
similar order kH/kZ = 34.5 (Br), 32.3 (Cl), 24.9 (I), although
the differences in the effects are much smaller. The rate for
Z=F could not be measured because fluorine was substitut-
ed.[27]


Similar reasoning can be applied for 4-MeO-, 4-PhO-, 4-
MeS-, and 4-PhS-nitrobenzenes. Although oxygen shows a
stronger inductive accepting effect than sulfur, due to the ef-
ficient conjugation between the methoxy and nitro groups,
its electron-withdrawing effect becomes weak and 4-MeO-
nitrobenzene is less active, whereas because of its less effi-
cient conjugation, 4-MeS-nitrobenzene is more active than
nitrobenzene. 4-PhO- and 4-PhS-nitrobenzenes are more


active than the methyl analogues and nitrobenzene itself be-
cause of competing conjugation of the p electrons of oxygen
and sulfur with the phenyl group.


As expected, strongly electron-accepting substituents CN
and CF3 show a large activating effect, whereas COOiPr
(isopropyl ester was used to avoid transesterification) is
only moderately activating, six times weaker than chlorine!
A similar observation was made for the SNAr reaction of 2-
chloro-4-COOEt-nitrobenzene with piperidine, the ratio of
rates for 4-Cl/4-COOEt was 6.1. No explanation has been
proposed for this unexpected observation.[27] Speculative ra-
tionalization of this surprising result can be based on as-
sumption of two electron-accepting effects of COOR, that
is, moderate inductive and strong conjugative effects. In 4-
COOR-nitrobenzene, this substituent is located meta to the
reaction site so the addition is accelerated by only the mod-
erate inductive effect. This assumption is supported by the
high activity observed for 3-COOR-nitrobenzene, which is
much higher than 3-Cl-nitrobenzene (vide infra). In 3-
COOR-nitrobenzene, this group is located para and ortho to
the reaction site so the addition is accelerated by the strong
conjugative effect.


1-Nitronaphthalene exhibits higher activity than any of
the 4-substituted nitroarenes. This high activity is due to the
aromaticity of the naphthalene ring system being lower than
that of benzene, so addition to the ring of 1-nitronaphtha-
lene which destroys the aromatic system is more facile (less
energy demanding) than to nitrobenzene derivatives.


Effects of substituents in 2-substituted nitrobenzenes on rel-
ative rates of nucleophilic addition of 1�: Scheme 6 shows
the relative activities of 2-substitued nitrobenzenes. The ac-


tivating effect of electron-withdrawing substituents in posi-
tion 2 relative to the nitro group is, as a rule, much weaker
than in position 4. This is due to the secondary steric effect
of these substituents, which hinders the coplanarity of the
nitro group with the ring necessary for the formation and
stabilization of the sH adducts. This is particularly evident
when the effects of halogens in the 4- and 2-positions are
compared. The secondary steric effects of a large iodine
atom ortho to the nitro group dominates over other effects,
so the rate of VNS in 2-iodonitrobenzene is too small to be
measured by competitive experiments, even against the least


Scheme 5. Partial and overall (italic) relative activities of 4-substituted ni-
trobenzenes in the VNS reaction with 1.


Scheme 6. Partial and overall (italic) relative activities of 2-substituted ni-
trobenzenes in the VNS reaction with 1.
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active 4-tert-butylnitrobenzene. Nevertheless, in spite of the
slow rate of nucleophilic addition, 2-iodonitrobenzene un-
dergoes VNS in a preparative experiment to give both iso-
mers of the VNS product (in positions 4 and 6) in reasona-
ble yields (see the Experimental Section). Similarly, the
rates of the VNS reaction of 1� with 2-MeO- and 2-tBuO-ni-
trobenzenes are too low to be measured by competitive ex-
periments, although the VNS reaction of 1 with these nitro-
arenes does proceed.[25]


Contrary to 4-halonitrobenzenes in which the order of ac-
tivity was I�F<Cl<Br, for 2-isomers the order of activity
is I !Br<Cl<F. The observed results originate from the in-
terplay of at least three effects: the inductive effect and the
conjugation of p electrons of halogens with the nitro group,
as discussed above, and the secondary steric effect, which is
the decisive one. The most interesting case is that of 2-fluo-
ronitrobenzene in which, as well as two isomeric VNS prod-
ucts in positions 4 and 6, a 2-F SNAr product was formed at
an equal rate. It should be mentioned that the reaction of 1�


with 4-fluoronitrobenzene under kinetically controlled con-
ditions exclusively gave the VNS product without any traces
of the SNAr reaction, as shown in Scheme 5. One can sup-
pose that formation of the sF adduct, an intermediate of the
SNAr reaction in 2-fluoronitrobenzene, is facilitated because
it eliminates steric interaction between fluorine and the
nitro group that hinders coplanarity of the latter with the
ring (an example of steric assistance). Due to the small sec-
ondary steric effects of the fluorine atom, addition of 1� in
positions 2, 4, and 6 of 2-fluoronitrobenzene is faster than in
2-chloro- and 2-bromonitrobenzenes, but slower than in 4-
halonitrobenzenes. Amongst the 2-substituted nitroben-
zenes, only 2-cyanonitrobenzene reacts in a similar rate to
the 4-isomer; due to its linear shape, the cyano group does
not create secondary steric hindrances. Interestingly, 2-
COOiPr-nitrobenzene is somewhat more active than the 2-
Cl analogue, contrary to the results for the respective 4-iso-
mers.


Effects of substituents in 3-substituted nitrobenzenes on rel-
ative rates of nucleophilic addition of 1�: 3-Z-Substituted ni-
troarenes in a VNS reaction with 1 can form three isomeric
products of substitution in positions 2, 4, and 6, so the activi-
ty of particular positions (i.e., orientation of the substitu-
tion) is of additional interest (see Scheme 7). The reactions


of 1 with 3-halonitrobenzenes gave interesting and some-
what unexpected results, and the order of activity is F< I<
Br<Cl. Moreover, in the case of 3-iodo-, 3-bromo-, and 3-
chloronitrobenzenes, the fastest reaction occurred in the
most sterically hindered 2-position and only two isomeric
VNS products in position 2 and 6 were formed, whereas 4-
isomers were not produced. In the case of all 3-halonitro-
benzenes, the activity of position 2 was higher than position
6, and the ratios of 2/6 for F, Cl, Br, and I were 5.5, 5.5, 4.1,
and 3.1, respectively. This peculiar orientation pattern,
namely, the preference for substitution in the most sterically
hindered position 2 over 6 in the VNS reaction, was already
observed in preparative experiments.[22] A reasonable ex-
planation for this observation is that the halogens exert the
strongest accepting inductive effect on the vicinal (ortho)
positions 2 and 4 and the most efficient donating conjuga-
tion with p electrons on the para (6) position. The prefer-
ence of position 2 over position 4 is perhaps due to the
strong tendency of the kinetically controlled VNS reaction
to proceed ortho (positions 2 and 6) to the nitro group. It
should be mentioned that under conditions that assure ther-
modynamic control of the VNS reaction of 1� with 3-chloro-
nitrobenzene, only the 4-isomer was formed! (See Table 1,
entry 3.)


Because 3-halonitrobenzenes form two or even three iso-
meric products, it is reasonable to compare their overall ac-
tivities: F 18, I 31, Br 170, and Cl 260. It is interesting to
note that 3-F activates nitrobenzene nine and fourteen times
more weakly than 3-Br and 3-Cl, respectively. 3-chloro- and
3-bromonitrobenzenes are �3 and 1.7 times more active
and 3-fluoronitrobenzene is two times less active than their
4-isomers. Perhaps most interesting is a comparison of the
overall activities of nitrobenzenes that contain a COOR
group in position 3 or 4; the 3-isomer is �160 times more
active! Relative values for other substituents are: Cl 3, Br
1.7, CN 7, CF3 4. The activating effect of the 3-COOR
group is similar to that of 3-CF3 and only three times
weaker than CN. This unexpectedly large difference in activ-
ity between 3- and 4-COOMe nitrobenzenes can be ration-
alized by taking into consideration the moderate inductive
and strong conjugative effects of COOR, as discussed earli-
er. Of particular interest are the reactions of 1� with dinitro-
benzenes. Data for para-dinitrobenzene are not included in
the appropriate place because its reaction with 1� produces
a number of sideproducts. On the other hand, the reaction
of 1� with meta-dinitrobenzene proceeds efficiently,[25,26] but
with such a high rate that it cannot be determined, even in
competition with the most active 3-cyanonitrobenzene.


Effects of two substituents in nitrobenzenes on the relative
rates of nucleophilic addition : The activity of some nitroar-
enes that contain two substituents in the VNS reaction with
1 are presented in Scheme 8. In 2,6-dichloronitrobenzene, a
strong deactivating secondary steric effect is observed. This
effect is much weaker in 2,6-difluoronitrobenzene, so the
electron-withdrawing inductive effect dominates and 2,6-di-
fluoronitrobenzene is �300 times more active than its di-


Scheme 7. Partial and overall (italic) relative activities of 3-substituted ni-
trobenzenes in the VNS reaction with 1.
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chloro analogue. The additivity of the substituent effects is
observed in 2,4-disubstituted nitrobenzenes.


Due to the deactivating effect of the methoxy group, the
activity of 3-nitro-4-methoxynitrobenzene (2,4-dinitroani-
sole) can be measured in competition with 3-cyanonitroben-
zene.


Correlation of the effects of substituents on the activity of
nitroarenes with the Hammett constants : The relative activi-
ties of nitroarenes presented in Schemes 5, 6, and 7 are of
the same character as k/k0 in the Hammett equation. Thus,
the next step in our studies involved examining the correla-
tion between the log of the activities of substituted nitroar-
enes (log kZ/k0) and the Hammett s (sm) constants of the
substituents. In 4-Z-nitrobenzenes, the substituents are lo-
cated in the meta position relative to the reaction site, thus
the relative activities should correlate with the sm constants


The correlation between logkZ/k0 and the sm constants is
presented in Figure 1. In an ideal case, the points should
form a straight line through the origin and the slope would
give the value of the reaction constant, 1. As one can see,
the points are quite dispersed, the correlation is poor (r=


0.89), and the value of 1 is about 5.0. This poor correlation
indicates that effects of substituents are not limited to the
action on the reaction site. Interactions between substituents
and the nitro group that change its activating effect un-
doubtedly contributes significantly to the overall activity
and seems to be responsible for this poor correlation. Be-


cause the main reaction course of 1� with the majority of 3-
substituted nitroarenes resulted in substitution at positions 2
and 4, there were no reasons to attempt correlation of the
log of the relative rates of these nitroarenes with the Ham-
mett sp constants, which should affect substitution in posi-
tion 6.


Verification of the values of relative electrophilic activities
of nitroarenes : To verify the values of the relative electro-
philic activities determined for the VNS reaction of substi-
tuted nitroarenes with 1 by competitive experiments, we
have determined rate constants for the addition of 1� to
some nitroarenes by direct kinetic experiments. The kinetics
of addition of 1� to selected nitroarenes were studied by
using a previously reported method.[19b] Details of these ex-
periments are reported in an earlier paper.[28] Although the
conditions for these kinetic experiment measurements were
not identical to those used in the competitive experiments,
the results obtained by these different approaches are in
good agreement (Table 2).


Another way of verifying the values for the relative activi-
ties of nitroarenes was by using competitive experiments
analogous to those described herein, but with other a-halo-
carbanions. For this purpose, the carbanions of chloromethyl
p-chlorophenyl sulfone and bromomethyl phenyl sulfone
were chosen. The carbanions of these sulfones exhibit simi-
lar nucleophilicity to 1�, so the relative rate constants for
the addition of these carbanions to nitroarenes should be
similar to that determined in the VNS reaction with 1�.
Indeed, experiments in which nitroarenes competed for the
VNS reaction with carbanions of chloromethyl p-chloro-
phenyl sulfone and bromomethyl phenyl sulfone under con-
ditions assuring kinetic control gave results very similar to
those reported herein. These results are reported else-
where.[29]


Effects of substituents in nitroarenes on the rates of addition
of Grignard reagents : Primary alkyl Grignard reagents add
to nitroarenes in positions ortho and para to the nitro group
to form relatively stable sH adducts that can be efficiently
oxidized with KMnO4 to give alkylated nitroarenes.[30, 31]


This oxidative nucleophilic substitution of hydrogen
(ONSH) is a valuable process for introducing alkyl groups
into nitroaromatic rings. It was of interest to learn whether
the relative rates of addition of the Grignard reagents to
substituted nitrobenzenes follow a similar pattern to the rel-


Scheme 8. Partial and overall (italic) relative activities of disubstituted ni-
trobenzenes in the VNS reaction with 1.


Figure 1. Correlation between log kZ/k0 of 4-Z-nitrobenzenes and the
Hammett sm constants of Z; y=5.0x, r =0.89. The values of sm were
taken from reference [4].


Table 2. Comparison of the relative activities determined from competi-
tive experiments and direct kinetic measurements.


Compared nitroarenes Relative activities[a] Relative rates[b]


4-Cl/4-MeO 140 124
2,4-Cl2/4-MeO 390 850
4-MeO/4-tBu 2.4 4.55


[a] On the basis of competitive experiments in this work. [b] On the basis
of direct kinetic measurements reported in ref. [28].


Chem. Eur. J. 2008, 14, 11113 – 11122 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 11119


FULL PAPERSubstituent Effects



www.chemeurj.org





ative rates of the addition of carbanion of 1� that results in
the VNS reaction.


The addition of these nucleophiles to nitroarenes is an ir-
reversible process because dissociation of the sH adducts to
starting nitroarenes and the Grignard reagents would pro-
ceed by heterolytic C�C bond splitting with the electron
pair taken by the alkyl group, which is highly unfeasible.
Thus, relative rates for the oxidative nucleophilic alkylation
of nitroarenes with Grignard reagents can be conveniently
studied by using competitive experiments. To complement
the results of our studies into the effects of substituents in
nitroarenes on the rates of nucleophilic addition by using
VNS as the model reaction, we have made similar studies of
the ONSH reaction with nBuMgCl. The procedure was as
follows: a small quantity of nBuMgCl in THF was added to
a mixture of equimolar quantities of two nitroarenes in THF
at �78 8C, followed by addition of solid KMnO4 and liquid
ammonia. The liquid ammonia was added to dissolve the
KMnO4.


[31] After a few minutes, the mixture was quenched
with solid NH4Cl and the ammonia was evaporated, then
the mixture was treated with acidified water containing
Na2SO3 and products were extracted and analyzed by GLC.


The products, ortho and para n-butyl nitroarenes, were de-
scribed earlier,[31] and samples for the calibration necessary
for quantitative GLC analyses were prepared as reported.
The results of these competitive experiments are presented
in Scheme 9.


Surprisingly, the rates of addition of nBuMgCl to various
nitroarenes are negligibly different. For instance, addition to
4-MeO- and 4-CN-nitrobenzenes proceeds at the same rate,
whereas addition of 1� to 4-CN-nitrobenzene proceeds 1200
times faster than to 4-MeO-nitrobenzene. One can rational-
ize these unexpected results in two ways: 1) the addition is a
very fast, diffusion-controlled process, thus there is no ob-
served selectivity or 2) the formation of sH adducts does not
proceed by nucleophilic addition, but as a two-step process,
that is, a single-electron transfer (SET) and subsequent cou-
pling of anion radicals of nitroarenes with the alkyl radicals.
The participation of the SET mechanism in the addition of
Grignard reagents to nitroarenes was postulated and con-
firmed experimentally by Bartoli et al.[32] However, the rates
of the SET processes should correlate with the redox poten-


tial of nitroarenes, hence some selectivity should be ob-
served. Lack of selectivity indicates that the addition of
Grignard reagents is a fast, diffussion-controlled process.


Conclusion


The relative rate constants of the VNS reaction of a series
of substituted nitroarenes with the carbanion of chlorometh-
yl phenyl sulfone 1 were determined by using competitive
experiments. The obtained data represent a consistent set of
effects of substituents on the electrophilic activity of nitroar-
enes on reaction with nucleophiles. It should be stressed
that the observed effects are a superposition of direct elec-
tronic and steric effects on the addition site and also indirect
(secondary) effects, that is, the electronic and steric interac-
tions of substituents with the nitro group that affect its acti-
vation power. These secondary effects are often stronger
than the direct effects, and this is particularly the case when
steric effects are concerned. For instance, the bulky iodine
atom does not hinder addition in its vicinity; in 3-iodonitro-
benzene, addition in position 2 (ortho to iodine) is 3.1 times
faster than in position 6 (para to iodine), whereas the rate
of the reaction of 2-iodonitrobenzene is too slow to be mea-
sured by competitive experiments due to a strong secondary
steric effect.


These results are not only of theoretical significance, in
that they provide new insight into factors that influence the
course of nucleophilic substitution, but they also allow the
outcome of future reactions of this type to be predicted,
which is important for planning successful experiments.


The relative rate constants can be considered as semi-
quantitative measures of the effects of substituents on elec-
trophilicity of substituted nitrobenzenes. These results
reveal that in many cases our simplified intuitive approach
to the activities of nitroarenes in reactions with nucleophiles
as based on textbook knowledge are misleading. The pre-
sented electrophilicity values can supplement the extensive
scale of electrophilic activities elaborated by Mayr et al.[5] In
fact, determination of the absolute rate constants for addi-
tion of 1� and other carbanions to some nitroarenes, as re-
ported in a separate paper,[28] allows incorporation of these
results in this scale.


Experimental Section


General : 1H and 13C NMR spectra were recorded by using Varian Mercu-
ry 400 (400 MHz) or Brucker AM-500 (500 MHz) instruments. Chemical
shifts are expressed in ppm referenced to TMS and coupling constants
are in Hz. Mass spectra were recorded by using AMD 604 Inectra GmbH
(EI ionization) and Mariner (ESI ionization) spectrometers. GLC analy-
ses were performed by using a HP 6890 chromatograph equipped with a
HP-5 capillary column. Melting points are uncorrected. Silica gel
Merck 60 (230–400 mesh) was used for column chromatography. Alumi-
num foil Kieselgel 60/F254 (Merck) was used for TLC. All solvents used
for column chromatography, extraction, and recrystallization were dis-
tilled. DMF was purified by distillation over CaH2, THF was distilled


Scheme 9. Partial and overall (italic) relative rates of addition of
nBuMgCl to substituted nitrobenzenes relative to nitrobenzene.
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over benzophenone potassium, and extra-pure DMSO was used. All re-
actions were carried out under an argon atmosphere.


Most of the reagents were commercially available (Aldrich). Isopropyl 4-
nitro- and 2-nitrobenzoates were obtained from the appropriate acids ac-
cording to a known procedure.[33] Chloromethyl phenyl sulfone was syn-
thesized according to a known procedure.[25]


General procedure for the VNS reaction of nitroarenes with sulfone 1: A
solution of chloromethyl phenyl sulfone (0.570 g, 3 mmol) and nitroarene
(3 mmol) in THF or DMF (1 mL) was added to a solution of tBuOK
(1.02 g, 9 mmol) in THF or DMF (5 mL) cooled to �78 8C (THF) or
�40 8C (DMF). After 20 min, the reaction mixture was quenched with
acetic acid (3 mL) or aqueous HCl (1:10, 5 mL), diluted with water
(100 mL), and extracted with CH2Cl2. The combined extracts were
washed with water and dried over Na2SO4. The products were isolated
and purified by column chromatography and/or recrystallization.


The VNS reaction under thermodynamic conditions : The carbanion of
chloromethyl phenyl sulfone was generated from a solution of sulfone 1
(1.9 g, 10 mmol) in DMSO (20 mL) passed through a layer of ground
KOH, and then added to a solution of nitroarene (1 mmol) in DMSO
(5 mL) at RT over 10 min. The mixture was acidified with aqueous HCl
(1:10) and the products were isolated in the same way as in the preceding
procedure.


Examples of preparative VNS reactions


Reaction of 2-fluoronitrobenzene with 1 (3 products)


(3-fluoro-2-nitro)benzyl phenyl sulfone : Yield 25%; m.p. 220–221 8C
(hexane/ethyl acetate); 1H NMR (400 MHz, CDCl3): d=4.36 (s, 2H),
7.07 (br d, J=8.32 Hz, 1H), 7.12 (dd, J=11.0, 1.79 Hz, 1H), 7.52–7.57 (m,
2H), 7.67–7.74 (m, 3 H), 7.98 ppm (t, J =8.32 Hz, 1 H); 13C NMR
(100 MHz, CDCl3): d=61.81, 120.76 (d, J =21.4 Hz), 126.25 (d, J=


2.6 Hz), 126.87 (d, J=4.3 Hz), 128.46, 129.42, 134.50, 136.66 (d, J=


7.8 Hz), 137.38, 155.11 ppm (d, J =265.7 Hz); MS (EI): m/z (%): 249 (6),
154 (100), 141 (15), 107 (29), 96 (61), 77 (80), 51 (46); HRMS (ESI): m/z
calcd for C13H10NO4FNaS: 318.02068 [M+]; found: 318.02052.


(3-fluoro-4-nitro)benzyl phenyl sulfone : Yield 30%; m.p. 217–219 8C
(hexane/ethyl acetate); 1H NMR (400 MHz, CDCl3): d=4.60 (s, 2H),
7.28–7.33 (m, 2 H), 7.48–7.55 (m, 3H), 7.66–7.69 (m, 1 H), 7.70–7.74 ppm
(m, 2H); 13C NMR (100 MHz, CDCl3): d=57.48 (d, J =2.6 Hz), 118.29
(d, J=19.8 Hz), 123.69, 128.40, 128.57 (d, J =3.5 Hz), 129.46, 132.53 (d,
J =8.6 Hz), 134.49, 135.41, 137.57, 154.52 ppm (d, J= 258.9 Hz); MS (EI):
m/z (%): 295 (15) [M+], 154 (55), 141 (70), 124 (34), 107 (46), 96 (30), 77
(100), 51 (41); HRMS (EI): m/z calcd for C13H10NO4FS: 295.03146 [M+];
found: 295.03254.


(2-nitrophenyl)chloromethyl phenyl sulfone : Yield 11%; m.p. 120–122 8C
(hexane/ethyl acetate); 1H NMR (400 MHz, CDCl3): d=7.12 (s, 1H),
7.35–7.40 (m, 2 H), 7.63 (ddd, J= 8.01, 7.61, 1.52 Hz, 1 H), 7.70–7.77 (m,
4H), 8.11–8.78 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): d=89.01,
125.21, 129.90, 130.91, 131.42, 132.00, 132.43, 133.50, 145.95, 148.93 ppm;
MS (EI): m/z (%): 170 (100), 155 (19), 112 (62), 91 (85); HRMS (ESI):
m/z calcd for C13H10NO4ClNaS: 334.02776 [M+]; found: 334.02538.


Reaction of 2-iodonitrobenzene with 1 (2 products)


(3-iodo-2-nitro)benzyl phenyl sulfone : Yield 28 %; m.p. 170–171 8C
(EtOH); 1H NMR (400 MHz, CDCl3): d=4.39 (s, 2H), 7.21 (t, J=


7.90 Hz, 1 H), 7.51–7.55 (m, 2H), 7.58 (dd, J =7.90, 1.10 Hz, 1 H), 7.66–
7.72 (m, 3H), 7.92 (dd, J =7.90, 1.20, 1 H); 13C NMR (100 MHz, CDCl3):
d=57.94, 86.21, 122.24, 128. 45, 129.37, 131.48, 132.66, 134.50, 137.50,
141.26 ppm; MS (EI): m/z (%): 403 (2) [M+], 357 (20), 262 (100), 245
(9), 204 (19), 77 (68); HRMS (EI): m/z calcd for C13H10NO4IS: 402.93753
[M+]; found: 402.93899.


(3-iodo-4-nitro)benzyl phenyl sulfone : Yield 34 %; m.p. 187–189 8C
(EtOH); 1H NMR (400 MHz, CDCl3): d= 4.30 (s, 2 H), 7.28 (dd, J =8.35,
1.60 Hz, 1 H), 7.54–7.60 (m, 2H), 7.65–7.72 (m, 3H), 7.70 (d, J =1.60 Hz,
1H), 7.77 ppm (d, J =8.35 Hz, 1 H); 13C NMR (100 MHz, CDCl3): d=


61.34, 125.37, 128.56, 128.89, 129.39, 131.34, 134.16, 134.47, 136.3, 136.8,
143.98 ppm; MS (EI): m/z (%): 403 (13) [M+], 262 (60), 232 (58), 77
(49), 71 (76), 57 (100); HRMS (EI): m/z calcd for C13H10NO4IS:
402.93753 [M+]; found: 402.93838.


Reaction of 2,4-difluoronitrobenzene with 1 (2 products)


(3,5-difluoro-2-nitro)benzyl phenyl sulfone : Yield 39%; m.p. 158–161 8C
(EtOH); 1H NMR (400 MHz, CDCl3): d=4.61 (s, 2H), 7.02–7.09 (m,
2H), 7.51–7.62 (m, 2 H), 7.68–7.78 ppm (m, 3H); 13C NMR (100 MHz,
CDCl3): d=57.41, 106.62 (dd, J =25.86, 24.14 Hz), 115.96 (dd, J =24.14,
3.45 Hz), 125.92 (dd, J =25.00, 4.32 Hz), 126.69 (d, J=11.21 Hz), 129.09,
130.04, 134.70, 137.40, 155.64 (dd, J =263.81, 12.93 Hz), 162.80 ppm (dd,
J =258.63, 12.07 Hz); MS (EI): m/z (%): 188 (10), 172 (51), 141 (41), 77
(100), 51 (34); HRMS (ESI): m/z calcd for C13H9NO4F2NaS: 336.01126
[M+]; found: 336.01273.


[(5-fluoro-2-nitro)phenyl]chloromethyl phenyl sulfone : Yield 50 %; m.p.
166–168 8C (EtOH); 1H NMR (400 MHz, CDCl3): d=7.19 (d, J =1.1 Hz,
1H), 7.30 (ddd, J= 9.36, 6.79, 2.75 Hz, 1H), 7.58–7.63 (m, 2H), 7.29–7.70
(2 H), 7.90–7.93 (m, 2 H), 8.17 ppm (dd, J =9.18, 4.95 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d=68.62, 118.25 (d, J=22.84 Hz), 119.27 (J=


26.29 Hz), 128.25 (d, J =9.48 Hz), 128.40 (d, J= 9.06 Hz), 129.39, 129.90,
134.93, 135.15, 144.97, 164.68 ppm (d, J=257.50 Hz); MS (EI): m/z (%):
188 (100), 130 (44), 107 (28), 77 (87), 51 (43); HRMS (ESI): m/z calcd
for C13H9NO4FNaSCl: 351.98171 [M+]; found: 351.98063.


General procedure for the preparative ONSH reaction of nitroarenes
with nBuMgCl : A solution of n-butylmagnesium chloride (1.5 mL, 2m) in
THF (3 mL) was added dropwise to a solution of nitroarene (2.0 mmol)
in THF (10 mL) cooled to �78 8C. After 5 min, powdered KMnO4 (0.4 g,
2.5 mmol) and liquid NH3 (5 mL) were added, then after 1 min the reac-
tion mixture was treated with powdered NH4Cl (0.5 g), and then the am-
monia was evaporated. The crude reaction mixture was decolorized with
water and Na2SO3, then treated with aqueous HCl (1:10), extracted with
CH2Cl2 (100 mL), and washed with water. The extracts were dried over
MgSO4 and the products were isolated and purified by column chroma-
tography.


Procedures for the competitive experiments


VNS reaction with sulfone 1: tBuOK (0.6 m) in THF (0.8 mL; stock solu-
tion kept at �40 8C) was rapidly added to a solution of competing nitro-
arenes A and B (0.2–0.6 mmol), chloromethyl phenyl sulfone (0.023 g,
0.12 mmol), and diphenyl sulfone (internal standard; �0.005 g,
0.02 mmol) in DMF cooled to �40 8C. After 15 s, the reaction mixture
was quenched at �40 8C with aqueous HCl (1:10, 3 mL), then diluted
with water (70 mL) and extracted with CH2Cl2 (5 mL). The extracts were
dried over Na2SO4 and analyzed by using GLC with an internal standard
and calibration procedures. The reaction was repeated 3 times for each
pair of nitroarenes and the results were averaged.


ONSH reaction with nBuMgCl : A 2 m solution of nBuMgCl (1 mmol) in
THF (0.5 mL) was added to a solution of competing nitroarenes A and B
(2.0–2.5 mmol) and diphenyl sulfone (internal standard; �0.05 g,
0.2 mmol) in THF (10 mL) cooled to �78 8C. After 5 min, powdered
KMnO4 (0.18 g, 1.1 mmol) and liquid NH3 (5 mL) were added. Oxidation
was carried out for 1 min, then powdered NH4Cl (0.5 g) was added and
the ammonia evaporated. The crude reaction mixture was decolorized
with water containing Na2SO3, treated with diluted HCl (1:10), extracted
with CH2Cl2 (50 mL), and washed with water. Extracts were dried over
Na2SO4 and analyzed by using GLC with an internal standard and cali-
bration procedures. The reaction was repeated 3 times for each pair of ni-
troarenes and the results were averaged.


Calculation of total relative activities of competing nitroarenes


Equation (4) gives the relative activities of competing nitroarenes:


kB


kA
¼


ln
�
½B0 ��½PB �
½B0 �


�


ln
�
½A0 ��½PA �
½A0 �


� ð4Þ


in which kA is the relative rate constant of the addition of the carbanion
to nitroarene A, kB is the relative rate constant of the addition of the
carbanion to nitroarene B, [A0] is the starting concentration of nitroarene
A, [B0] is the starting concentration of nitroarene B, [PA] is the final con-
centration of product(s) formed from nitroarene A, and [PB] is the final
concentration of product(s) formed from nitroarene B.
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Example calculation of partial relative activities with A=o-Z1-nitroben-
zene and B =o-Z2-nitrobenzene :


kð2-isoÞ
B


kð2-isoÞ
A


¼ kð4-isoÞþð2-isoÞ
B


kð4-isoÞþð2-isoÞ
A


1þð4-iso
2-isoÞA


1þð4-iso
2-isoÞB


ð5Þ


in which 2-iso and 4-iso indicate the 2- and 4-isomers, respectively. The
kð4-isoÞþð2-isoÞ


B /kð4-isoÞþð2-isoÞ
A term is equal to kB/kA calculated from Equa-


tion (4).


kð2-isoÞ
B /kð2-isoÞ


A can be calculated from the known ratio of the total rate con-
stants of addition to A and B and the ratio of the 4-isomer to the 2-
isomer in nitroarenes A and B.


From the simple calculation the desired relations can be determined:


kð4-isoÞ
A


kð2-isoÞ
B


¼ kð2-isoÞ
A


kð2-isoÞ
B


ð4-iso
2-isoÞA ð6Þ


Details of calculations are given in the Supporting Information.
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[15] M. Mąkosza, J. Winiarski, Acc. Chem. Res. 1987, 20, 282; M. Mąkos-
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Introduction


Nanosized TiO2, which exhibits photocatalytic activity supe-
rior to that of bulk TiO2 due to its large surface area, is ex-
pected to play an important role in helping solve many envi-
ronmental problems.[1,2] However, the practical application
of nanosized TiO2 materials in the elimination of pollutants
from water suffers from difficulties in the separation and re-


covery of the photocatalysts. Immobilisation of nanosized
TiO2 particles on a support can successfully solve the prob-
lem of separation, but the efficiency of photocatalysis under
this circumstance decreases drastically owing to a significant
loss of the photocatalytically active area.[3,4]


Recently, submicrometre- and micrometre-sized TiO2


photocatalysts with a porous structure have garnered in-
creasing interest because these photocatalytic materials are
easier to separate from solution, but they also possess signif-
icant surface areas, and hence, their photocatalytic perform-
ances are comparable to those of the corresponding nano-
particle materials.[5–8] Although much effort has been devot-
ed to the synthesis of porous TiO2 photocatalysts, there are
still many barriers to the targeted products. The first diffi-
culty results from the uncontrollable sol–gel process that re-
sults from a high hydrolysis–condensation rate of titanium
precursors.[9] The second difficulty is the thermal instability
of the inorganic network during crystallisation of titanium
oxide. Calcination of the as-prepared porous titania material
often leads to a dense and fully collapsed structure because
of the intrinsic crystallisation of the anatase phase.[9–12] To


Abstract: Transition-metal-doped tita-
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Mn), which are the first non-stoichio-
metric heterometal alkoxides, have
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hibition effect of Fe3+ on recombina-
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solve these problems, a sophisticated synthetic scheme is
usually necessary and the synthetic conditions are rather re-
strictive. Therefore, facile approaches to the preparation of
submicrometre- and micrometre-sized TiO2 photocatalysts
with a porous structure are highly desired. In addition, it is
known that the doping of transition metals such as iron and
manganese into TiO2 may suppress the recombination rates
of photogenerated electrons and holes, and hence, improve
the photocatalytic performance of TiO2-based cata-
lysts.[1,13–20] Therefore, it is expected that the combination of
porosity with metal-doping in TiO2 materials would achieve
highly effective photocatalysts that are easy to separate
from the corresponding reaction systems.


Metal alkoxides have been extensively investigated be-
cause they are important precursors for the preparation of
inorganic–organic hybrid and oxide–ceramic materials.[21–24]


Of the metal alkoxide compounds, titanium alkoxides, espe-
cially those containing heterometal atoms, have attracted
enormous attention due to their wide application in various
areas.[22,24–27] Nevertheless, the preparation of heterometal-
containing titanium alkoxides reported to date is limited to
stoichiometric compounds. In this paper, a doping strategy
that realises the formation of non-stoichiometric titanium-
based heterometal alkoxides is described for the first time.
Furthermore, by using these heterometal alkoxides as pre-
cursors, crystalline porous M–TiO2 (M =Fe, Mn) photocata-
lysts have been obtained through a simple thermal treat-
ment process. In contrast to the conventional nanosized
TiO2 photocatalyst, the porous TiO2 materials prepared
through our approach can be easily separated and recovered
after the photocatalytic reactions and still exhibit highACHTUNGTRENNUNGphotocatalytic activities.


Results and Discussion


Synthesis of heterometal alkoxides : For the preparation of
the iron- and manganese-containing heterometal alkoxides,
titanium glycolate (TG, TiACHTUNGTRENNUNG(OCH2CH2O)2; monoclinic space
group C2/c (no. 15), unit cell parameters a=15.204, b=


7.568, c=5.816 �, b= 110.878) was chosen as the host com-
pound for the following reasons:[28] Firstly, unlike many tita-
nium alkoxides with extreme moisture sensitivity, this com-
pound is rather stable towards moisture. Secondly, in con-
trast to most crystalline titanium alkoxides with a zero-di-
mensional structure, TG is a crystalline complex with infin-
ite one-dimensional chains (Figure 1) and this structural
feature may benefit the conversion of the alkoxide into the


titania material. Finally, the synthetic condition of the com-
pound can be modified to allow for doping of heterometal
atoms into the structure.


Originally the reaction system for the preparation of TG
was basic. Evidently such a system cannot fulfil our purpose
of doping Fe3+ into TG because Fe3+ is sensitive to alkalini-
ty and Fe3O4 easily forms from an alkaline system.[29, 30] In
addition, the reaction time reported previously for the for-
mation of TG was rather long (5 d in total). In this context,
we modified the synthetic procedure to a certain extent.
Typically, Ti ACHTUNGTRENNUNG(n-OBu)4 as the titanium source and
FeCl3·6 H2O as the iron source were added to ethylene
glycol and the mixture was heated at 180 8C for 2–5 h. The
content of Fe3+ added to the reaction system is represented
by the molar ratio (RFe/(Ti+Fe)) of Fe to (Ti+Fe) in the reac-
tion mixture. No base was added to the reaction system and
highly crystalline Fe–TG was obtained by separation of the
solid product from the reaction system. The yield of the
product was nearly 100 % on the basis of the metal sources
used. Furthermore, Mn2+ (content expressed as RMn/(Ti+Mn))
was also doped into TG to form Mn–TG through a synthetic
procedure similar to that used for Fe–TG. Apart from Fe3+


and Mn2+ , a series of other 3d transition metals, including
Cr3+ , Co2+ , Ni2+ and Cu2+ , were also used as dopants for
the formation of M–TG compounds. However, these metal
ions failed to be incorporated into the structure of the TG
compound.


The structures of the as-synthesised Fe–TG and Mn–TG
were confirmed by powder X-ray diffraction (XRD). The
XRD patterns (Figure 2a and b) are coincident with that si-
mulated on the basis of the single-crystal structure of TG
(Figure S1 of the Supplementary Information). No diffrac-
tion peaks from impurity phases were observed even for the
product with a Fe3+-doping content as high as 9 %. Never-
theless, the incorporation of Fe3+ or Mn2+ into the TG crys-
tal structure caused a shift of the diffraction peaks to lower
angles. The interplanar spacing d(200) value (Figure 2c) calcu-
lated by the Bragg equation increases with the ratio
RFe/(Ti+Fe). This is rationalised by the fact that the Fe3+ (r=


0.79 �) or Mn2+ ion (r=0.80 �) is distinctly larger than the
Ti4+ ion (r=0.75 �).[19, 31] Figure 2d shows the UV/Vis dif-
fuse reflectance spectra of TG and the Fe–TG samples. The
onset of the absorption spectrum for TG appears at about
378 nm in the ultraviolet region, whereas, with increasing
Fe3+ content in the Fe–TG sample, the onset of the absorp-
tion is gradually shifted to the visible region and a band be-
tween 400 and 500 nm shows up due to a d–d transition in
Fe3+ . This result is in agreement with the colour change of
the as-synthesised Fe–TG from pale-yellow to yellow with
increasing doping content of Fe3+ . On the other hand, man-
ganese-doping does not lead to an obvious change in the
UV/Vis diffuse reflectance spectra of Mn–TG samples
owing to a weak d–d transition in Mn2+ . To further reveal
the effect of doping on the TG compound, ESR spectrosco-
py was employed to study the Fe–TG and Mn–TG samples.
No signals from paramagnetic species were observed for the
undoped TG. However, all samples after iron-doping (Fig-


Figure 1. View of the one-dimensional chain of Ti ACHTUNGTRENNUNG(OCH2CH2O)2 along
the c axis.
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ure 3a) show a signal at g=4.27, which is attributed to Fe3+


substituted for Ti4+ in the TG lattice. A similar signal has
previously been observed in iron-doped TiO2 and was as-


signed to Fe3+ in the Ti4+ posi-
tion of the TiO2 lattice.[32, 33] A
six-line spectrum characteristic
of isolated paramagnetic Mn2+


(Figure 3b), which arises from
the hyperfine interaction with
the 55Mn nuclear spin (I= 5=2),
was observed for all samples
after manganese-doping.[31,34]


Figure 4 shows the SEM and
TEM images of the Fe–TG and
Mn–TG samples, which exhibit
rod shapes with diameters rang-
ing from 250 nm to 1 mm and a
length ranging from 1 to 10 mm.
The rod surface appears to be
smooth for both the Fe–TG and
Mn–TG samples.


Inhibition effect of Fe3+ and
Mn2+ on the crystallisation of
M–TG : The effect of Fe3+ on
the crystallisation of Fe–TG is
so distinct that the crystallisa-
tion time can be estimated by
observing the appearance of the
solid product. The crystallisa-
tion time measured as a func-
tion of RFe/(Ti+ Fe) is presented in


Figure 5. It can be seen that the crystallisation time of Fe–
TG is prolonged from 4 min for undoped TG to 60 min for
9 % Fe–TG. This inhibition effect of Fe3+ on the TG crystal-


Figure 2. X-ray diffraction patterns of a) Fe–TG with different RFe/(Ti+Fe) and b) Mn–TG with different
RMn/(Ti+Mn), c) value of d200 as a function of RFe/(Ti+Fe) and d) the UV/Vis diffuse reflectance spectra of Fe–TG
with different RFe/ ACHTUNGTRENNUNG(Ti+Fe).


Figure 3. The electron spin resonance (ESR) spectra of a) 1% Fe–TG
and b) 1% Mn–TG measured at room temperature.


Figure 4. a) SEM and b) TEM images of the 0.5% Fe–TG sample and
c) SEM and d) TEM images of the 0.5% Mn–TG sample.
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lisation is correlated with a phase transition from solvated
precursor ions or molecules to the solid-state crystalline
product in accord with a classical nucleation model.[31,35] In
this model, the driving force for spontaneous phase transi-
tion is parametrised by DFv, the difference in free energy
between the solvated and crystalline forms of the material.
For the precipitation of large crystals from solution, DFv
dominates the overall change in free energy. The overall
free energy change for crystallisation, which is proportional
to the crystal volume V, is thus described by the equation
DG= VDFv. As shown in Figure 2, the substitution of Fe3+


for Ti4+ leads to a shift of the XRD peaks, which shows the
introduction of strain into the crystal lattice caused by the
substitution. Dopant-induced lattice strain reduces the ther-
modynamic driving force by reducing DFv, which directly re-
sults in a decrease of the crystallisation rate. Therefore, the
time for Fe–TG to achieve full crystallisation is distinctly
longer than that for TG, especially for a Fe–TG compound
with a high RFe/(Ti+ Fe) ratio.


Mn2+ shows a similar but smaller inhibition effect on the
crystallisation of TG (Figure 5). In addition, the maximum
amount of Mn2+ incorporated into the TG lattice seems to
be much less than that of Fe3+ . No matter how much Mn2+


is added to the reaction mixture, the RMn/(Ti+Mn) value mea-
sured for the final Mn–TG product does not exceed 2 %,
and the crystallisation time of the Mn–TG remains about
10 min.


Preparation of porous M–TiO2 using M–TG as precursors :
M–TiO2 (M= Fe, Mn) was formed by calcining M–TG at
elevated temperatures. The XRD patterns of the samples
obtained by calcining 0.5 % Fe–TG at different tempera-
tures are shown in Figure 6a. No impurity phases were de-
tected apart from the anatase and rutile TiO2. With an in-
crease in calcination temperature, the Fe–TG precursor is
first converted into an amorphous phase, which is subse-
quently transformed into anatase and then to rutile. At
300 8C, the calcined product is dominated by the amorphous
phase, whereas at 450 8C the material (Fe–TiO2) is identified
as pure anatase. After calcination at 550 8C, the Fe–TiO2


product contains both anatase (65 %) and rutile (35 %). A


calcination temperature of 650 8C or above leads to the for-
mation of the pure rutile phase. The XRD patterns for the
Fe–TiO2 samples with different RFe/(Ti +Fe) values obtained at
400 8C are shown in Figure 6b. The crystal size of the sam-
ples was estimated by using the Scherrer formula to be
around 6 nm. The calcined product was identified as pure
anatase even with an iron-doping content of 9 %. It is
known that anatase is mesostable compared with rutile[1]


and Fe3+-doping usually results in the transformation of
anatase to rutile owing to the introduction of defects by
doping.[15,36–39] However, in our experiment, the anatase
phase was completely maintained after the thermal conver-
sion of Fe–TG into Fe–TiO2. Similarly, pure anatase Mn–
TiO2 (Figure S2 in the Supporting Information) can also be
obtained by calcining Mn–TG at 400 8C.


The ESR spectra (Figure 7), which give valuable informa-
tion about lattice sites at which paramagnetic dopant ions
are located, of several calcined samples were recorded at
room temperature. The two signals (Figure 7a) observed for
0.5 % Fe–TiO2 obtained at 400 8C are attributed to Fe3+ sub-
stituted for Ti4+ in the TiO2 anatase lattice (g=1.99) and to
Fe3+ at the Ti4+ position adjacent to a charge-compensating
oxygen vacancy (g=4.27).[16,33] At a calcination temperature
of 500 8C, four new peaks (Figure 7b) appear besides the
two at g= 1.99 and 4.27. The new peaks at g=8.18, 5.64,
3.43 and 2.60 have been assigned to Fe3+ ions substituted
for Ti4+ in the TiO2 rutile lattice.[40]


Figure 5. Crystallisation time as a function of RFe/(Ti+Fe) (*) and
RMn/(Ti+Mn) (&).


Figure 6. XRD patterns for a) 0.5% Fe–TiO2 obtained at different tem-
peratures and b) Fe–TiO2 with different RFe/(Ti+Fe) obtained at 400 8C. A
and R denote anatase and rutile, respectively.
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Compared with that of the corresponding Mn–TG sample,
the ESR spectrum of 0.5 % Mn–TiO2 obtained at 400 8C
(Figure 7c) is composed of three components. First, six hy-
perfine splitting lines (Figure 7d) attributed to Mn2+ substi-
tuted for Ti4+ in TiO2 are observed. Secondly, there appear
two peaks at g=3.18 and 2.74, which are assignable to Mn3+.
It is presumed that a small proportion of Mn2+ , especially
on and near the surface of the microcrystals, have been oxi-
dised to Mn3+ during calcination in air, meanwhile the rest
of the Mn2+ ions remain in the bulk of the crystals. Finally,
a new and sharp signal at g=2.00 appears to be superim-
posed on the six-line splitting signal of Mn2+ . A similar
signal has also been observed previously in a Mn2+-doped
ZnO thin film and was attributed to the existence of p-type
defects.[41] For Mn–TiO2, the substitutional doping of Mn2+


ions into TiO2 can easily generate p-type defects due to the
lower oxidation state of Mn2+ compared with Ti4+ . When
the Mn–TiO2 sample is further calcined at 550 8C for anoth-
er 2 h, the signal at g= 2.00 completely disappears, whereas
other signals associated with Mn2+ and Mn3+ still remain.
This is because the p-type defects can react with O2 during
calcination in air. Therefore, the signal at g=2.00 in Mn–
TiO2 can also be attributed to the presence of p-typeACHTUNGTRENNUNGdefects.


The N2 adsorption/desorption isotherms (Figure 8a) for
the 0.25 % Fe–TiO2 samples obtained through calcination at
400 and 500 8C are characteristic type-IV curves with H1-
type hysteresis loops, indicative of the mesoporous structure
of the materials. The Barrett–Joyner–Harlenda (BJH) pore


size distributions (Figure 8a,
inset) calculated on the basis of
the desorption branches of the
isotherms show peaks centred
at �7 and �11.5 nm for the
samples calcined at 400 and
500 8C, respectively. The corre-
sponding BET surface areas are
�92 and �41 m2 g�1. It can be
seen that the smaller pores dis-
appear and the surface area of
the material is reduced when
the calcination temperature is
increased from 400 to 500 8C.
The loss of surface area with in-
creasing calcination tempera-
ture is depicted in Figure 8b. In
addition, the surface area of
0.25 % Fe–TiO2 is close to that
of 0.25 % Mn–TiO2 at a certain
calcination temperature.


Figure 7. ESR spectra measured at room temperature for a) 0.5% Fe–TiO2


obtained at 400 8C, b) 0.5% Fe–TiO2 obtained at 500 8C, c) 0.5 % Mn–TiO2


obtained at 400 8C and d) the signal at g= 2.00 superimposed on the six-line
splitting signal of Mn2+ .


Figure 8. a) N2 adsorption/desorption isotherms for 0.25 % Fe–TiO2 ob-
tained at 400 and 500 8C with the corresponding BJH pore size distribu-
tions shown in the inset and b) the effect of calcination temperature on
surface area of 0.25 % Fe–TiO2 (*) and 0.25 % Mn–TiO2 (&).
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To further verify the presence of porous structures in cal-
cined Fe–TiO2 and Mn–TiO2, their SEM, TEM and
HRTEM images were obtained. The SEM images (Figure 9a
and d) reveal that the Fe–TiO2 and Mn–TiO2 materials ob-
tained maintain the rod-like morphology of the precursors.
The low-magnification TEM images of typical samples of
0.25 % Fe–TiO2 and 0.25 % Mn–TiO2 calcined at 400 8C
(Figure 9b and e) confirm that a porous feature is indeed
present. The HRTEM images (Figure 9c and f) clearly show
that nanocrystals are randomly arranged and interconnected
to form irregular mesopores in the individual rod. The ob-
served lattice spacing is about 3.52 �, which corresponds to
the distance between the (101) crystal planes of the anatase
phase.


Photocatalytic performances of M–TiO2 materials : The pho-
tocatalytic performances of the porous Fe–TiO2 and Mn–
TiO2 materials were evaluated by testing the degradation of
phenol under UV irradiation. The effect of calcination tem-
perature on photocatalytic activity (Figure 10a) was eluci-
dated by fixing the content of iron- or manganese-doping
(0.25 %). Evidently the variation in photocatalytic activity
with increasing calcination temperature is similar for Fe–
TiO2 and Mn–TiO2. The phenol conversion reaches a maxi-
mum of 100 % for 0.25 % Fe–TiO2 or of 85 % for 0.25 %
Mn–TiO2 when the calcination temperature is 400 8C. Fur-
ther increases in the calcination temperature lead to a
marked decrease in the phenol conversion from 100 % at
400 8C to 30 % at 550 8C for 0.25 % Fe–TiO2. This decrease
in activity arises because the further increases in calcination
temperature cause a significant decrease in the active sur-
face area of the material (Figure 8a) and an increase in the


amount of rutile, which has a
lower photocatalytic activity
than anatase (Figure 6a).[1]


Compared with that obtained at
350 8C, the sample obtained at
400 8C has a higher photocata-
lytic activity although its sur-
face area (92 m2 g�1) is smaller
than that of the material treat-
ed at 350 8C (110 m2 g�1). Ac-
cording to the XRD patterns
(Figure 6b) and the HRTEM
image (Figure 9c), the Fe–TiO2


material obtained at 400 8C is
highly crystalline and its crystal-
linity is distinctly higher than
that of the sample obtained at
350 8C (Figure S3 in the Sup-
porting Information). Thus, the
enhanced photocatalytic activi-
ty for the sample obtained at
400 8C is attributable to the
higher crystallinity of the mate-
rial.[42] The effect of iron-doping
on photocatalytic activity (Fig-


ure 10b) was also elucidated by fixing the calcination tem-
perature at 400 8C. At this temperature the structure of the
material is pore-rich and the crystallinity is high. The phenol
conversion obtained with the undoped TiO2 material under
identical conditions is about 80 %, whereas the conversion
with 0.25 % Fe–TiO2 is 100 %. Further increasing the
amount of Fe3+ decreases the phenol conversion to a certain
extent, but the minimum conversion is still higher than
80 %. For Mn–TiO2, the photocatalytic conversion of phenol
reaches a maximum of 90 % when RMn/(Ti+Mn) is 0.5 %. For
both Fe–TiO2 and Mn–TiO2 there is an optimal dopant con-
centration above which the photocatalytic activity decreases
again. Generally, the recombination rate depends on the dis-
tance separating the electron–hole pair.[19] The recombina-
tion rate increases with dopant concentration because the
distance between trapping sites in a particle decreases with
increasing dopant concentration.


The changes in phenol concentration over the course of
the photodegradation reaction (Figure 10c) indicate that the
porous 0.25 % Fe–TiO2 is photocatalytically more active
than the commercial titania photocatalyst P25. The excellent
stability of the 0.25 % Fe–TiO2 photocatalyst was demon-
strated by a recycling experiment (Figure 10d). After five
cycles of the photocatalytic degradation of phenol, there
was no loss of photocatalytic activity. Figure 10e shows that
the Fe–TiO2 particles settle more quickly in an aqueous sus-
pension than the P25 photocatalyst nanocrystals. This result,
in combination with that of the recycling experiment, dem-
onstrates that the TiO2 photocatalysts synthesised through
our approach can be easily separated and recovered after
photocatalytic reactions.


Figure 9. a) SEM, b) TEM and c) HRTEM images of 0.25 % Fe–TiO2 obtained at 400 8C; d) SEM, e) TEM and
f) HRTEM images of 0.25 % Mn–TiO2 obtained at 400 8C.
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To elucidate the effects of the doped transition metals
(iron and manganese) on the photocatalytic activity of the
resultant TiO2 material, electron-transfer behaviour in M–
TiO2 under UV irradiation was investigated. The ESR spec-
tra of 0.5 % Fe–TiO2 obtained in the dark and under UVACHTUNGTRENNUNGirradiation are displayed in Figure 11a–c and those of 0.5 %
Mn–TiO2 are shown in Figure 11d–f. For undoped TiO2,
there are no signals from paramagnetic species in either the
dark or under UV irradiation. When the ESR spectrum of
Fe–TiO2 was recorded in the dark, two signals, attributed to
Fe3+ substituted for Ti4+ in the anatase lattice (g= 1.99) and
to Fe3+ in the lattice adjacent to a charge-compensating
oxygen vacancy (g= 4.27), show up distinctly. After UV irra-
diation for 2 min, the intensities of the signals at both g=


4.27 and 1.99 decrease simulta-
neously. As the irradiation time
is prolonged to 4 min, the inten-
sities of the Fe3+ signals do not
decrease further. Similar results
have been observed previous-
ly.[32,33] The simultaneous de-
crease of the two signals is due
to the concurrent trapping of
holes and electrons by the dif-
ferent Fe3+ sites. The hole is
trapped at the Fe3+ site adja-
cent to a charge-compensating
oxygen vacancy, whereas the
electron is trapped at the other
type of Fe3+ site.[33] In addition,
it was noted that there are no
Ti3+ signals observed during
the irradiation process, which
suggests that Fe3+ ions are
better electron traps than Ti4+


ions. When the ESR spectrum
of Mn–TiO2 was measured
under UV irradiation, the Mn2+


signals characteristic of six hy-
perfine splitting lines were
weakened and the Mn3+ signals
at g= 3.18 and 2.74 were
strengthened. This suggests that
Mn2+ is oxidised to Mn3+ by
trapping the photoexcited hole
in the valence band of TiO2.


Charge-trapping in the transi-
tion-metal ion centre is condu-
cive to separation of the photo-
generated electron–hole pairs,
which leads to an enhancement
of the photocatalytic activity
for the metal-doped TiO2.
Under UV irradiation, elec-
tron–hole pairs are produced in
the conduction and valence
bands of TiO2. For Fe–TiO2, the


photogenerated electrons can be transferred from TiO2 to
Fe3+ , which leads to the formation of Fe2+ [Eq. (1)]. Mean-
while, Fe3+ can also serve as a hole trap [Eq. (2)].


Fe3þ þ e� ! Fe2þ ð1Þ


Fe3þ þ hþ ! Fe4þ ð2Þ


In contrast to Fe3+ , which can act as both electron and
hole traps, Mn2+ can only act as a hole trap [Eq. (3)]. Gen-
erally, trapping a hole alone to separate photogenerated
electron–hole pairs is of low efficiency because the trapped
hole may quickly recombine with its mobile counterpart
[photogenerated electron; Eq. (4)].[18,19] This explains why


Figure 10. a) The influence of temperature on photocatalytic activity at fixed iron (*) and manganese (&) con-
tents (0.25 %); b) the influence of iron- (*) and manganese (&)-doping on photocatalytic activity at a fixed cal-
cination temperature of 400 8C; c) the residual fraction of phenol as a function of irradiation time with (!) no
photocatalyst, (~) P25 and (*) 0.25 % Fe–TiO2 photocatalyst; d) cycles of the photocatalytic degradation of
phenol in the presence of the 0.25 % Fe–TiO2 photocatalyst; e) photograph of aqueous suspensions of 0.25 %
Fe–TiO2 and P25 before and after settling under gravity.
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Fe–TiO2 shows higher photocatalytic activity than Mn–TiO2.


Mn2þ þ hþ !Mn3þ ð3Þ


Mn3þ þ e� !Mn2þ ð4Þ


Conclusion


Herein we have reported a doping strategy that realises the
formation of non-stoichiometric titanium-based heterometal
alkoxides (M–TG, with M=Fe, Mn) for the first time. Fur-
thermore, by using these heterometal alkoxides as single-
source precursors, crystalline porous M–TiO2 photocatalysts
have been directly obtained by a simple thermal treatment
process. Investigations into the photocatalytic activities of
the as-prepared M–TiO2 materials reveal that high crystal-
linity, a large surface area and appropriate transition-metal-
doping are all beneficial to the enhancement of the photoca-
talytic activity of the doped TiO2 materials. Compared with


Mn–TiO2, Fe–TiO2 shows greater photocatalytic activity due
to a greater inhibition effect of Fe3+ on the recombination
of photogenerated electron–hole pairs. It has been proven
that the combination of porosity with metal-doping leads to
highly effective TiO2-based photocatalysts that are easy to
separate from the corresponding reaction systems. The suc-
cessful synthesis of non-stoichiometric heterometal alkox-
ides and their conversion into porous oxide materials opens
the way not only to the synthesis of new metal alkoxides,
but also to heterometal oxides with useful functions.


Experimental Section


Materials : Absolute ethanol, chromium ACHTUNGTRENNUNG(III) chloride hexahydrate, iron-ACHTUNGTRENNUNG(III) chloride hexahydrate, manganese(II) chloride tetrahydrate,
nickel(II) chloride hexahydrate, cobalt(II) chloride hexahydrate and cop-
per(II) chloride dihydrate were all purchased from Beijing Chemical Fac-
tory. All the reagents were of analytical grade and used as received. Tita-
nium(IV) n-butoxide was purchased from Tianjin Guangfu Fine Chemi-
cal Research Institute. Titania P25 with an average crystal size of 21 nm
and a BET surface area of (50�15) m2 g�1 was purchased from Beijing
Entrepreneur Science & Trading Co., Ltd.


Synthesis of M–TG : In a typical synthesis titanium(IV) n-butoxide
(1 mL, 3 mmol) as the titanium source and iron ACHTUNGTRENNUNG(III) chloride hexahydrate
(x mmol, 0�x�0.3 mmol) as the iron source were added to ethylene
glycol (10 mL) and heated at 180 8C for 2–5 h under vigorous stirring to
form Fe–TG. The reaction time was prolonged with increasing RFe/(Ti+Fe).
After cooling to room temperature, the yellow Fe–TG precipitate was
washed several times with ethanol and dried naturally at room tempera-
ture. By using a similar procedure, Mn2+ was also incorporated into the
TG structure to form Mn–TG. For comparison, attempts were made to
replace Fe3+ as dopant by a series of 3d transition metals, including Cr3+ ,
Co2+ , Ni2+ and Cu2+ , under identical reaction conditions. The ratio be-
tween the 3d transition metal and the total metal content was 0.5 %. No
M–TG products were obtained in these cases.


Composition analysis : For composition analysis, the as-prepared powder
samples were repeatedly washed with absolute ethanol and dissolved in
dilute hydrochloric acid. The results of the quantitative elemental analy-
sis indicated that the Fe/ ACHTUNGTRENNUNG(Ti+Fe) and Mn/ ACHTUNGTRENNUNG(Ti+Mn) atomic ratios in the
as-prepared materials were very close to the nominal values of the metal
sources used. Thus, the Fe/ ACHTUNGTRENNUNG(Ti+Fe) and Mn/ ACHTUNGTRENNUNG(Ti+Mn) atomic ratios in the
obtained powder samples were quoted as those of the metal sources
used. In addition, the Cr/ACHTUNGTRENNUNG(Ti+Cr), Co/ ACHTUNGTRENNUNG(Ti+Co), Ni/ ACHTUNGTRENNUNG(Ti+Ni) and Cu/ACHTUNGTRENNUNG(Ti+Cu) atomic ratios were 0.009, 0.012, 0.005 and 0.013 %, respectively.
Therefore, it was presumed that the TG compound was not doped with
Cr3+ , Co2+ , Ni2+ and Cu2+ .


Synthesis of porous M–TiO2 : M–TiO2 was obtained by calcining the M–
TG precursor in a muffle furnace at the appropriate temperature for 2 h.


Photocatalytic activity : The photocatalytic activity was investigated in
aqueous solution in a water-cooled quartz cylindrical cell with a 1 cm op-
tical path length. The reaction mixture in the cell was maintained at
�20 8C by a continuous flow of water and magnetic stirring, and was illu-
minated with an internal light source. The UV source was a 400 W high-
pressure mercury lamp (main output 313 nm).


The Fe–TiO2 photocatalyst (0.8 g) was mixed with an aqueous solution of
phenol (700 mL, 4.0� 10�4


m). The aqueous system was magnetically
stirred in the dark for 30 min to allow an adsorption equilibrium between
the phenol and the catalyst to be formed and then subjected to UV irra-
diation. Each reaction cycle lasted 50 min during which oxygen was bub-
bled through the solution. At given irradiation time intervals, a series of
aqueous solutions (3 mL) were collected and filtered through a Millipore
filter to remove the suspended catalyst particles for analysis. The concen-
tration of the phenol was analysed on a UV/Vis spectrophotometer using
its characteristic absorption at 270 nm. For comparison, the photocatalyt-


Figure 11. a) ESR spectra of 0.5% Fe–TiO2 recorded at room tempera-
ture before and after UV irradiation for 1, 2 and 4 min; b) the change in
intensity of the signal at g =4.27 with increasing irradiation time; c) the
change in intensity of the signal at g =1.99 with increasing irradiation
time; d) ESR spectra of 0.5 % Mn–TiO2 measured at room temperature
before and after UV irradiation for 1, 2 and 4 min; e) the change in in-
tensity of the signals at g =3.18 and 4.74 with increasing irradiation time;
f) the change in intensity of the signal at g =2.00 with increasing irradia-
tion time. (fl) denotes the decrease in signal intensity with increasing irra-
diation time and (›) denotes the increase in signal intensity with increas-
ing irradiation time.
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ic activity of commercial photocatalyst P25 was also measured under the
same conditions. The weights of all the catalyst samples were exactly the
same.


General characterisation : The powder XRD patterns were recorded on a
Rigaku D/Max 2550 X-ray diffractometer with CuKa radiation (l=


1.5418 �). The scanning SEM images were recorded on a JEOL JSM
6700F electron microscope, whereas the TEM and high-resolution TEM
(HRTEM) images were obtained on a JEOL JSM-3010 TEM micro-
scope. The concentration of phenol was analysed with a Shimadzu UV-
2450 spectrophotometer, whereas the UV/Vis diffuse reflectance spectra
were recorded on a Perkin–Elmer Lambda 20 UV/Vis spectrometer. The
absorbance spectra were obtained from the reflectance spectra by Kubel-
ka–Munk transformations. The nitrogen adsorption and desorption iso-
therms were measured by using a Micromeritics ASAP 2020M system,
whereas the ESR spectra were obtained on a JES-FA 200 ESR spectrom-
eter. A 500 W high-pressure mercury lamp was used as an irradiation
light source for in situ ESR measurements. The elemental analyses were
performed on a Perkin-Elmer Optima 3300DV ICP instrument.
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