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Abstract: Asymmetric transfer hydrogenation has become
a practically useful tool in reduction chemistry in the last
decade or so. This was largely triggered by the seminal
work of Noyori and co-workers in the mid-1990s and is
driven by its complementing chemistry to hydrogenation
employing H2. This Focus Review attempts to present a
“holistic” overview on the advances in the area, focusing
on the achievements recorded around the last three years.
These include more-efficient and “greener” metal cata-


lysts, catalysts that enable hydrogenation as well as trans-
fer hydrogenation, biomimetic and organocatalysts, and
their applications in the reduction of C=O, C=N, and C=C
bonds. Also highlighted are efforts in the development of
environmentally benign and reusable catalytic systems.


Keywords: asymmetric catalysis · green chemistry · homo-
genous catalysis · hydrogenation · organocatalysis


1. Introduction


The reduction of prochiral compounds with a hydrogen
donor other than hydrogen gas in the presence of a chiral
catalyst is known as asymmetric transfer hydrogenation
(ATH). Because of its operational simplicity and versatility,
ATH has become one of the best reduction systems for both
academia and industry.


Although enzymes are well known to be highly enantiose-
lective in ATH by using NADH or NADPH as a hydrogen
donor, it took chemists several decades to develop chemical
catalysts with selectivities approaching those of enzymes.
The first ATH was reported by Doering and Young, who de-
signed an asymmetric version of the Meerwein–Pondorf–
Verley reduction of ketones by using an achiral catalyst and
a chiral hydrogen source.[1] In the 1970s, the Ohkubo and
Sinou groups demonstrated the feasibility of using a chiral
transition-metal catalyst to achieve ATH by combining
[RuCl2ACHTUNGTRENNUNG(PPh3)3] with a chiral monophosphine ligand.[2] Since
then, several chiral catalytic systems for ATH have been de-
veloped, including Pfaltz�s iridium,[3] Genet�s ruthenium,[4]


Lemaire�s rhodium,[5] and Evans� samarium systems.[6] How-
ever, there were few transition-metal catalysts that could
provide enantioselectivity exceeding 90 % ee before 1995. A
significant breakthrough in transition-metal-catalyzed ATH
was then made by Noyori and co-workers; RuII catalysts


bearing monotosylated 1,2-diamines or amino alcohols were
discovered to be highly efficient and enantioselective for the
reduction of ketones with isopropyl alcohol (IPA) or
HCOOH/Et3N azeotrope.[7]


These Noyori–Ikariya-type catalysts, which have found
broad applications[8] and operate through a novel metal–
ligand bifunctional mechanism,[9] have since inspired intense
research into ATH. The concept of bifunctional catalysis has
also been extended into the design of catalysts for other
chemical transformations,[10] and efforts have been made to
immobilize the catalysts and develop more environmentally
benign reaction conditions. New catalysts, which are more
efficient or more economic and “greener”, are being
searched. Alongside the organometallic catalysts, biomimet-
ic and organocatalytic ATH has emerged, providing new
tools for organic synthesis and insight into processes in
nature. The remarkable progress in ATH, including mecha-
nistic understanding, that has been made in the past one
decade or so, has been extensively reviewed.[8c,9e, 11] Hence,
in this Focus Review, we place emphasis on more recent ad-
vances, particularly those dealing with new catalytic systems
reported around the last three years.


2. More-Selective, Faster, and Greener Catalysts


Ever since Noyori and co-workers disclosed the metal–
ligand bifunctional RuII catalysts, many new catalysts have
been discovered or designed for ketone reduction. These in-
clude those ligated with bidentate ligands, such as dia-
mines,[12] amino alcohols,[13] tridentate ligands,[14] and tetra-
dentate ligands,[15] most of which are capable of metal–
ligand bifunctional cooperation. Some representative ligands
are shown in Scheme 1, and their applications in ATH have
been summarized before.[8c,11]
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Among the emerging catalysts, the structurally rigid, teth-
ered ruthenium and rhodium catalysts developed by Wills
and co-workers are of particular note.[16] The tether offers
an additional element in controlling enantioselection and in
stabilizing the catalysts. Thus, the RuII catalysts 8 and 9 are
good ATH catalysts, generally providing faster reaction
rates than the nontethered analogues for ketone reduction
using HCOOH/Et3N azeotrope as the hydrogen donor
(Scheme 2).[16a–c,f] The RhIII catalyst 10 affords a remarkably
high enantioselectivity of 99.9 % ee for tetralone reduction
and is particularly good for the ATH of a-substituted aro-


matic ketones.[16d] Of still further interest is the RhIII catalyst
11, which represents one of the best ATH systems for ali-
phatic ketone reduction, providing an ee value of 87 % in
the reduction of cyclohexylmethyl ketone using HCOOH/
Et3N azeotrope as the hydrogen donor (Scheme 2).[16e]


These catalysts are also active in water without compromis-
ing enantioselectivity (see below).


Adolfsson and co-workers found that amino acid deriva-
tives can act as ligands in ATH reactions.[17] By simply
changing the functionality on the same amino acid back-
bone, the RhIII catalysts were shown to be enantioswitcha-
ble. For instance, the ligand 13 and 14 both gave the R-con-
figured product in the reduction of acetophenone, indicating
that the stereocenter in the amino acid backbone dictates
the facial selection of ketone; having the same amino acid
backbone, however, ligand 12 produced the S product
(Scheme 3).[17f,g] Although the reason behind this result is
still not clear, this enantioswitchable feature allows access to
both enantiomers.


Two other types of catalyst are worth noting. Cyclometa-
lated ruthenium complexes generated from [Ru ACHTUNGTRENNUNG(h6-are-
ne)Cl2]2 and simple chiral amines proved to be active cata-
lysts for ketone reduction by de Vries and co-workers, af-
fording up to 89 % ee.[18] Reetz and co-workers reported that
the RuII catalysts, which unusually contain a phosphite
ligand 15, could produce high enantioselectivities for both
aromatic and aliphatic ketones (Scheme 4).[19] Aliphatic ke-
tones, challenging substrates for normal ATH catalysts, were
reduced with up to 99 % ee using IPA as the hydrogen
donor.


Highly active and productive transfer hydrogenation cata-
lysts are emerging, with TOFs and TONs comparable to
some of the best asymmetric hydrogenation catalysts. Barat-
ta and co-workers have developed a series of very active
ruthenium catalysts for the transfer hydrogenation of ke-
tones.[20] The cyclometalated RuII complex 16 was initially
shown to be a highly active transfer hydrogenation catalyst,
affording TOFs up to 6 �104 h�1 in the reduction of aceto-
phenone using IPA as the hydrogen source in the presence
of a base (Scheme 5).[20a] Further development led to the
RuII complex 17 bearing a CNN ligand[20b] and the RuII com-
plex 18 bearing a cyclometalated carbene,[20c] both of which
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Scheme 1. Representative ATH ligands.
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are excellent transfer hydrogenation catalysts, achieving a
TOF of 1.1 � 106 and 1.1 �105 h�1, respectively, for the reduc-
tion of acetophenone.


Asymmetric induction has been demonstrated with similar
catalysts. When a chiral CNN ligand was used (19), good
enantioselectivity was obtained with the high activity retai-
ned.[20d] Recently, the RuII complex 20, which bears a chiral
phosphine ligand and 2-(aminomethyl)pyridine (ampy), was
revealed to catalyze the ATH of ketones in IPA, affording
up to 3 � 105 h�1 TOF and 94 % ee.[20e] The RuII complex 21,
obtained in high diastereoselectivity even when racemic 1-
(pyridin-2-yl)methanamine (pyme) and a chiral phosphine
ligand were used, afforded high TOFs (up to 7 � 104 h�1) and
enantioselectivities (up to 99 % ee) for the ATH of keto-
nes.[20f] The analogous osmium complex is also a viable ATH
catalyst, affording up to 5 � 105 h�1 TOF and 96 % ee.[20g] The


ampy structure in these cata-
lysts seems to play a crucial
role, aiding hydride generation
and presumably enantioselec-
tive hydride transfer to the
ketone.


Other highly active achiral
transfer hydrogenation cata-
lysts have also been reported.
Mathey, Le Floch, and co-
workers showed that the cat-
ionic RuII complex 22 could
provide a TOF of 1.2 � 106 h�1


in the transfer hydrogenation
of acetophenone using IPA as
the hydrogen donor.[21] Stra-
diotto and co-workers reported
a novel, formally zwitterionic
RuII complex 23, which afford-
ed TOFs as high as 2.2 �105 h�1


in ketone reduction in IPA.[22]


It is worth noting that catalysts
22 and 23 could not provide a
metal–ligand bifunctionality as


the Noyori-type ATH catalysts do, suggesting that fast trans-
fer hydrogenation is feasible with other mechanistic path-
ways. Very recently, Gr�tzmacher and co-workers disclosed
a RhI amido complex 24, which is capable of transfer hydro-
genating ketones and C=C double bonds using ethanol as
the hydrogen donor. This is a very efficient catalyst, reduc-
ing acetophenone with a TOF up to 6 � 105 h�1 with a clean
and cheap alcohol as the hydrogen source at 40 8C.[23]


Table 1 compares the results obtained with the catalysts 16–
24 in the transfer hydrogenation of acetophenone. Although


Scheme 2. Tethered catalysts and their applications in ATH.


Scheme 3. Enantioswitchable amino acid ligands and their applications.


Scheme 4. RuII-phosphite catalyst for the ATH of aromatic and aliphatic
ketones.
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the asymmetric version of some of these catalysts is not yet
available, the discoveries may shed light on the design of
new, more effective ATH catalysts.


Parallel to the quest for more-efficient ATH catalysts, the
discovery of “greener” catalysts becomes another focal
point. Iron, the active site of hydrogenases,[24] is cheaper and
more abundant and environmentally benign compared to
the more commonly used ruthenium, rhodium, and iridium.
However, the development of iron catalysts for hydrogena-
tion or transfer hydrogenation lags far behind. Early in
1972, Noyori and co-workers reported that [Fe(CO)5] could
catalyze the selective hydrogenation of the C=C double
bond of a,b-unsaturated ke-
tones and aldehydes.[25] The
iron carbonyl was also shown
by Marko and co-workers to
be a good catalyst for the hy-
drogenation of imines.[26] Sub-
sequent work from Vancheesan
and co-workers demonstrated
that iron carbonyls derived
from [Fe3(CO)12] catalyze the
transfer hydrogenation of ke-
tones with IPA or 1-phenyl-
ethanol as the hydrogen donor,
affording moderate to good
yields.[27] Later, Bianchini, Gra-
ziani, and co-workers reported
a nonclassical trihydride 25 to
be an effective catalyst for the
selective reduction of unsatu-
rated carbonyl compounds,
using either IPA or cyclopenta-
nol as the hydrogen donor


(Scheme 6).[28] The selectivity between the carbonyl group
and C=C double bond was substrate dependent.


Significant progress in transfer hydrogenation with iron
catalysts has only been made in the past few years. Beller
and co-workers reported iron-terpyridine-phosphine[29] and
iron-porphyrin[30] systems for the transfer hydrogenation of
ketones using IPA as the hydrogen donor. The easily acces-
sible [Fe3(CO)12] and FeCl2 were found to be suitable metal
precursor in these catalytic systems. Both aromatic and ali-
phatic ketones were reduced with excellent yields. Casey
and co-workers disclosed a bifunctional iron complex 26,
which was capable of both hydrogenation and transfer hy-
drogenation,[31] presenting the first example of iron catalysts
for hydrogenation as well as transfer hydrogenation. High
selectivity towards polar multiple bonds, such as carbonyl
and imine groups, was observed. Bearing a hydride and an
acidic hydrogen atom, the structurally well-defined catalyst


Scheme 5. Highly active catalysts for transfer hydrogenation including
ATH.


Table 1. Comparison of catalyst performance in the transfer hydrogena-
tion of acetophenone.


Entry Catalysts S/C TOF [h�1] ee [%] Ref.


1 16 2�103 6�104 – [20a]
2 17 2�104 1.1� 106 – [20b]
3 18 2�103 1.1� 105 – [20c]
4 19 2�104 9.3� 105 71 [20d]
5 20 2�103 3�105 85 [20e]
6 21 2�103 7�104 95 [20f]
7[a] 22 2�105 1.2� 106 – [21]
8 23 2�103 1.8� 105 – [22]
9[b] 24 1�105 6�105 – [23]


[a] The temperature was 90 8C. [b] Ethanol was used as the hydrogen
donor at 40 8C.


Scheme 6. Hydrogenation with iron catalysts.
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is analogous to the active Shvo ruthenium catalyst[9e, 32] and
has features reminiscent of diiron hydrogenases.[24]


The first iron catalyst for the ATH reaction was reported
in 2004 by Gao and co-workers, who demonstrated that the
[Et3NH]+ ACHTUNGTRENNUNG[HFe3(CO)11]


� complex together with the ligand 7,
originally developed by the same group, could catalyze the
ATH of ketones in IPA, affording good yields and ee
values.[33] Very recently, Morris and co-workers reported a
structurally well-defined iron ATH catalyst 27, which afford-
ed up to 907 h�1 TOF for ketone reduction, although the
enantioselectivity still needs to be improved.[34] The perfor-
mance of some of the iron catalysts is shown in Scheme 6.


Some new strategies in asymmetric catalysis have also
been adopted in ATH. For instance, Mikami and co-workers
reported that an achiral ligand could be activated by a chiral
ligand when both are coordinated to a metal (Scheme 7).[35]


The RhI complex 28, bearing a chirally activated achiral
2,2’-bis(diphenylphosphino)benzophenone ligand, gave vir-
tually perfect enantiocontrol in the ATH of ketones, outper-
forming its enantiopure binap counterpart. In the reduction
of 2-methyl acetophenone, complex 28 afforded a 99 % ee
value while the binap complex only gave a 57 % ee. As
aforementioned, the highly active ATH catalysts 21 reported
by Baratta and co-workers incorporate a somewhat similar
tactic.[20f,g]


Hamelin and co-workers synthesized the complex 29 from
an octahedral, “chiral-at-metal” complex L-[Ru(bipyridi-
ne)2(bipyrimidine)]2+ , without using any chiral ligands. In
the ATH of ketones, 29 afforded ee values of up to 26 %,
with the chiral information being relayed through the bridg-
ing bipyrimidine ligand.[36] Although the enantioselectivity is
low, this “chiral inorganic ligand” may lead to the design of
new catalysts.


3. Towards “Universal” Catalysts


Discovery of “universal” catalysts, which are not only effi-
cient for asymmetric hydrogenation (AH) but also for ATH,
is a long-term objective for chemists. Catalysts of this type
are intellectually appealing and would be practically more
useful. In general, however, catalysts that are efficient for
hydrogenation tend to be poor for transfer hydrogenation,
and vice versa. The main reason might be, as Ikariya point-
ed out in 2001, that the electronic properties on the metal
center are vital to determine whether a catalyst is suitable


for hydrogenation or for transfer hydrogenation.[37] We must
also note that the mode of hydride generation is fundamen-
tally different in hydrogenation with H2 versus transfer hy-
drogenation with, for example, IPA.


For almost all the functional groups, hydrogenation has
been more successful than transfer hydrogenation. In the
1990s, some good hydrogenation catalysts were tested for
transfer hydrogenation reactions, but only a few exhibited
good performance in transfer hydrogenation in terms of cat-
alytic activity and enantioselectivity. An earlier example is
seen in the RuII-binap complex 30 (Scheme 8), which was


first employed by Noyori and co-workers in the AH of a,b-
unsaturated carboxylic acids, demonstrating excellent ste-
reocontrol for various substrates.[38] This catalyst was investi-
gated by Brown and co-workers in the ATH of a,b-unsatu-
rated carboxylic acids using HCOOH/Et3N azeotrope as the
hydrogen donor, affording moderate enantioselectivities.[39]


Later Saburi and co-workers found that simple alcohols,
such as IPA or ethanol, are good hydrogen donors for the
ATH of a,b-unsaturated carboxylic acids using a similar
complex.[40] The catalyst was also tested by Genet, Khai, and
their co-workers in the ATH of ketones using IPA or
[Et3NH]+ ACHTUNGTRENNUNG[H2PO2]


� as the hydrogen donor.[4,41] These cata-
lysts showed better enantioselectivities in hydrogenation
than in ATH, however.


The RuII-diamine-diphosphine complex 31, one of the
best AH catalysts for ketones developed by Noyori and co-
workers,[42] was studied by Morris and co-workers for ATH;
but both the activity and enantioselectivity were poor under
ATH conditions.[43] Thus, while S/C ratios of up to 2 �106


and high ee values (up to 99 %) were demonstrated for a va-


Scheme 7. Catalysts adopting new strategies.


Scheme 8. Catalysts capable of both hydrogenation and transfer hydroge-
nation.
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riety of substrates in hydrogenation, the system showed
much lower catalytic activity and enantioselectivity in ATH.


In 2005, Noyori and co-workers found that by using ampy
instead of symmetric diamine in the RuII-diphosphine-dia-
mine system, alkyl ketones could be reduced with high effi-
ciency and enantioselectivity via AH by 32 (Scheme 8).[44] In
a related study, Baratta and co-workers observed that the
trans-[RuCl2ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(diamine)] complex could be converted
into the cis isomer upon refluxing in toluene, which could
be further converted into a chiral RuII complex without al-
tering its configuration (Scheme 9).[20e] This subtle change in
configuration and the use of ampy as ligand resulted in
highly active transfer hydrogenation catalysts, such as 20
and 21 discussed above (Scheme 9).[20e,f,g] However, it re-
mains to be seen whether this configuration change is neces-
sary for an effective AH–ATH switch.


On the other hand, some ATH catalysts have proved to
be good AH catalysts recently. Blaser and co-workers re-
ported that the RuII-oxazoline complexes 33 and 34
(Scheme 8), successful in ATH reactions,[45] can serve as
good AH catalysts.[46] Under hydrogenation conditions, the
S/C ratio could be increased to 5 �104 with a TOF of up to
9800 h�1 obtained for acetophenone reduction, and high sub-
strate concentration was tolerated (Scheme 10). The TOF in
ATH was much lower, however.


Very recently, Ohkuma, Noyori, and co-workers disclosed
that the complex 35, derived from the now “classic” chloride


analogue, which is highly suc-
cessful in ATH,[7a] could be
used to activate dihydrogen in
polar solvents.[47] With triflate
as the counterion, 35 is more
easily ionized, generating a cat-
ionic species, which provided
excellent activity and enantio-
selectivity in the hydrogenation
of ketones. Base-sensitive sub-
strates, such as 4-chromanone,
could be enantioselectively hy-
drogenated to afford up to
97 % ee with an S/C ratio of
3000 under 10 atm H2 pressure
(Scheme 11). More recently,
Ohkuma and co-workers re-
ported that base-sensitive a-
hydroxyl aromatic ketones and


a-chloro aromatic ketones could also be reduced using a
similar IrIII-tsdpen catalyst 36 or the RuII complex 35
(Scheme 11).[48]


Mechanistic studies revealed that both the ATH and AH
proceed through a metal–ligand bifunctional pathway.[49]


However, the cationic species is the key to the success of
the hydrogenation, as it enables efficient hydride formation
from H2 (Scheme 12). Recent work from Rauchfuss and co-
worker supports this view; protonation of a 16e IrIII ana-
logue accelerates the generation of an analogous IrIII-H spe-


Scheme 9. Hydrogenation and transfer hydrogenation with structurally similar catalysts.


Scheme 10. RuII-oxazoline complex for both transfer hydrogenation and
hydrogenation.


Scheme 11. ATH catalysts for AH.
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cies from H2.
[50] In contrast, the RuII-H hydride in ATH can


be readily formed from either the neutral RuII-Cl precatalyst
and formate or the 16e species and an alcohol, such as
IPA,[7d,51] highlighting the difference in hydride formation in
ATH and AH.


There are also some achiral catalysts which are capable of
both hydrogenation and transfer hydrogenation. For in-
stance, the Shvo catalyst 37 (Scheme 8), which was reported
to be efficient in hydrogenating various substrates,[32a] was
used by B�ckvall and co-workers for the transfer hydrogena-
tion of ketones and imines using IPA as the hydrogen
source.[52] The mechanism of the ketone reduction under
transfer hydrogenation conditions is shown to be concerted,
with the hydroxy group on the arene ligand acting as a
proton donor or Lewis acid; however, the mechanism of
imine reduction is less clear.[32a,b, 53] Very recently, we demon-
strated that the IrIII-diamine complex 38 (Scheme 8) is a
good catalyst for aldehyde reduction under both transfer hy-
drogenation and hydrogenation conditions in water, provid-
ing a fast reaction rate and excellent chemoselectivity to-
wards the formyl group (see below).[54]


4. Learning from Nature: Biomimetic and
Organocatalytic Transfer Hydrogenation


Inspired by nature, much effort has been made to mimic the
function of enzymes. In the area of ATH, considerable prog-
ress has been witnessed in artificial metalloenzyme design
and organocatalysis. Early in 1978, Whitesides and co-work-
ers disclosed that an achiral RhI-diphosphine complex,
bound to a protein through noncovalent interactions, can
induce moderate enantioselectivity in the hydrogenation of
a-acetamidoacrylic acid.[55] This concept was further studied
by Chan and co-workers,[56] and more recently was exten-
sively developed by Ward and co-workers.[57] Biotin displays


a strong affinity for streptACHTUNGTRENNUNG(avidin), allowing biotinylated mo-
lecular metal catalysts to be incorporated into proteins and
so giving rise to artificial metalloenzymes. Using biotinylat-
ed achiral RuII-diamine catalysts, Ward and co-workers
showed that the resulting artificial metalloenzymes are capa-
ble of ATH reactions using HCOONa as the hydrogen
source (Scheme 13).[57c,d] Up to 92 % conversion and 94 % ee


were obtained in the ATH of aryl ketones under optimal
conditions. An attractive feature of these metalloenzymes is
that they can be optimized or evolved both chemically and
generically, thus providing a wide parameter space to dis-
cover catalysts of desired capability. Indeed, by saturation
mutagenesis of the host protein and chemical modification
of the spacer and metal complex, ee values of up to 97 %
were obtained for aromatic ketones.[57e] When armed with
structural information and chemogenetic and high-through-
put technologies, artificial metalloenzymes of practical po-
tentials could be discovered in a faster and more designed
manner.[57f]


The design of catalysts based on a supramolecular archi-
tecture is another approach for chemists to mimic nature.
Woggon and co-workers reported that RuII complexes of b-
cyclodextrin modified with amino alcohols could serve as ef-
ficient ATH catalysts in water using HCOONa as the hydro-
gen source (Scheme 13).[58] Unconjugated ketones were re-
duced with high ee values and yields, although the S/C ratios
were low (Scheme 14). The b-cyclodextrin was considered to
play an important role in the enantiocontrol through preor-
ganization of the substrates in its hydrophobic cavity. Very
recently, the same group disclosed a related catalyst with the
ruthenium unit attached to the secondary face of b-cyclo-
dextrin.[59] The catalyst allows for ATH of the challenging
aliphatic ketones, impressively affording ee values of up to
98 % (Scheme 14). The enantioselection presumably arises
from chiral relay from b-cyclodextrin to the ruthenium
center, changing the later into a “chiral-at-metal” species.


Scheme 12. Catalytic cycle for AH by ATH catalysts.


Scheme 13. Biomimetic catalysts capable of ATH.
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The regeneration of NADH or NADPH provides impetus
for developing enzyme-compatible metal catalysts. Most en-
zymes involved in redox reactions rely on the cofactors
NADH or NADPH to provide hydrogen; these cofactors
are expensive to acquire, however. Steckhan and co-workers
first reported that the RhIII-bipyridine complex 39 could
convert NAD+ and NADP+ into NADH and NADPH
using formate as the hydrogen source (Scheme 15).[60] This
regeneration system could be combined with alcohol dehy-
drogenases to reduce ketones, affording up to 99 % ee.[61]


Recently, Schmid and co-workers also reported that the
RhIII-bipyridine catalyst could be coupled with both reduc-
tion and oxidation enzymes.[62] Gram-scale production of
chiral alcohols has been achieved with this type chemoenzy-
matic method.


More recently Suss-Fink and co-workers reported that
water-soluble phenanthroline complexes of rhodium, iridi-
um, and ruthenium are efficient catalysts for the regenera-
tion of NADH.[63] The RhIII complex 40 is particularly
active, providing up to 2000 h�1 TOF for the conversion of
NAD+ into NADH using HCOONa as the hydrogen
source. The catalyst is also compatible with enzymes; when
coupled with an alcohol dehydrogenase, an 80 % conversion
and 96 % ee were obtained for 4-phenylbutan-2-one
(Scheme 15).


The mechanism of NADH regeneration has been studied
by Fish and co-workers. The proposed catalytic cycle is illus-
trated in Scheme 16. The hydride transfer to the NAD+ ap-
pears to be assisted by the coordination of amide carbonyl
group to the metal center, which presumably is made possi-
ble by Cp* ring slippage.[64]


Mimicking what nature does, organocatalysis using
NADH analogues as hydrogen donor, for example,
Hantzsch ester, has emerged as yet another powerful tool in
ATH.[65] In this approach, a chiral organocatalyst is used to
interact with or activate a substrate, while the hydride is
enantioselectively transferred from the Hantzsch ester to
the substrate. There are mainly two classes of organocata-
lysts in ATH. One involves iminium catalysis for substrates
bearing carbonyl groups, and the other exploits Brønsted
acids to form tight ion pairs with a substrate, for example,
an imine (Scheme 17). However, the essence of the two ap-
proaches shown in Scheme 17 is the same, namely electro-
philic catalysis or activation of electrophiles, a tactic exqui-
sitely exploited by enzymes.


The iminium catalysis was developed by MacMillan and
co-workers.[66] However, the first application of the iminium
catalysis in transfer hydrogenation was reported by the List
group, who demonstrated that an achiral ammonium salt


Scheme 14. Products from ATH by b-cyclodextrin-based catalysts.


Scheme 15. Catalysts for regeneration of NADH and their application in
enzymatic reduction.


Scheme 16. Proposed mechanism for the regeneration of NADH from
NAD+ by a Rh-bipyridine catalyst.
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could catalyze the selective reduction of the C=C double
bond of a,b-unsaturated aldehydes by using Hantzsch ester
and its derivatives as the hydrogen donor.[67] Subsequently
and almost simultaneously, List and MacMillan reported
that the chiral ammonium catalysts 41[68] and 42[69] catalyzed
the ATH of b-disubstituted a,b-unsaturated aldehydes with
high ee values, regardless of
the geometry of the aldehydes
(Scheme 18). Later List and
co-workers introduced the con-
cept of asymmetric counteran-
ion-directed catalysis into this
reaction by using catalyst 44
(Scheme 18), in which the chir-
ality stems from the counteran-
ion.[70] a,b-Unsaturated ke-
tones are more-challenging
substrates; but they could be
reduced with catalyst 43[71] or
by using catalyst 45
(Scheme 18) with matched
chiral elements.[72] Scheme 19
shows some representative
products obtained by organo-
catalytic ATH through the imi-
nium cycle.


As with chiral ammonium salts, chiral Brønsted acids are
also powerful in organocatalytic asymmetric synthesis.[73]


The application of chiral Brønsted acid catalysis in ATH
was first reported by Rueping and co-workers, who used the
chiral phosphoric acid 47 as catalyst in the reduction of keti-
mines by Hantzsch ester (Scheme 20).[74] Subsequently, a
more enantioselective catalyst 48 was disclosed by List and
co-workers for the same reduction.[75] MacMillan and co-
workers extended the catalysis into asymmetric direct reduc-
tive amination (DRA) of ketones with aromatic amines; the
chiral phosphoric acid 50 displayed a broad substrate scope
and high enantioselectivity.[76] In a related study, List and
co-workers showed that DRA of a-substituted aldehydes
with the chiral phosphoric acid 49 as catalyst is feasible,
through a process of dynamic kinetic resolution (DKR).[77]


Recently, the asymmetric reduction of a-iminoesters to pro-
duce chiral a-amino esters was achieved by Antilla and co-
workers by using catalyst 53, affording excellent enantiose-
lectivities.[78] The reaction could be performed in a one-pot
manner for some substrates without comprising the ee


Scheme 17. Iminium and Brønsted acid catalysis in ATH.


Scheme 18. Organocatalysts for iminium catalysis.


Scheme 19. Reduction products resulting from a,b-unsaturated compounds.
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values. Heterocyclic compounds such as benzoxazines, ben-
zothiazines, and benzoxazinones were reduced by using the
more sterically congested chiral phosphoric acid 51, with a
catalyst loading as low as 0.01 mol %.[79] Scheme 21 shows
some representative products obtained from these reactions
with the catalysts 47–51 and 53.


Quinolines and pyridines have also been reduced under
organocatalytic ATH conditions. Examples are presented in
Scheme 22. The phosphoric acid 52 (Scheme 20) is a good
catalyst, affording up to 99 % ee.[80] Several natural products,
including galipinine, cuspareine, and angustureine, were syn-
thesized by quinoline reduction with good yields and ee
values. Recently Du and co-workers disclosed the use of cat-
alyst 54 (Scheme 20) for the reduction of quinolines, with ee
values up to 98 % obtained; the catalyst loading could be


lowered to 0.2 mol %.[81] As is seen in Scheme 22, pyridine
compounds are also reducible with the catalyst 52.[82]


The Jacobsen-type thiourea catalyst 55 (Scheme 23)[83] has
recently been exploited for the asymmetric reduction of b,b-
disubstituted nitroolefins by Hantzsch ester, providing excel-
lent yields and enantioselectivity. An example is seen in
Scheme 23.[84] There appears to be no organocatalyst capa-
ble of reducing C=O bonds with Hanstzch ester. However,


when using a copper oxazoline
complex 56 as the catalyst,
Hantzsch ester is shown to
reduce ketone esters
(Scheme 23).[85]


5. Water as Solvent


While enzymatic-type ATH
normally takes place in water,
most man-made catalysts use
organic media. ATH in water
can simplify the operation pro-
cedures and, at the same time,
make the process more eco-
nomic and “greener”; signifi-
cant progress has been record-
ed in this direction in the past
few years.[11f–h, 16e, 54, 57,63,86–89] Re-
ports on ATH in aqueous
media were initially concerned
with organic/water biphasic
systems, with efforts focusing
mainly on the design of water-


Scheme 20. Organocatalysts based on Brønsted acids.


Scheme 21. Amine products resulting from imine reduction, DRA, or DKR of aldehydes with amines.


Scheme 22. Reduction of quinolines and pyridines.
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soluble catalysts based on the modification of existing lig-ACHTUNGTRENNUNGands.[88a,b,f] However, the resulting catalysts displayed activi-
ties and/or enantioselectivities lower than might be expect-
ed. In 2004, we found that, without any modification, the
Noyori–Ikariya catalyst Ru-1, derived in situ from [RuCl2ACHTUNGTRENNUNG(p-
cymene)]2 and 1 (Scheme 1), enables efficient ATH in neat
water.[88g] The reaction was considerably faster than in or-
ganic media and afforded excellent enantioselectivities. For
example, acetophenone was reduced in 95 % ee in 1 h at an
S/C ratio of 100 at 40 8C.


We soon found that, when combined with [RuCl2 ACHTUNGTRENNUNG(p-
cymene)]2, [Cp*RhCl2]2, or [Cp*IrCl2]2, other ligands, which
were designated for organic solvents, were also effective for
ATH in water with no need for modification or organic sol-
vents. A number of ligands/catalysts have since been ex-
plored for ATH in water; selected examples are shown in
Scheme 24; additional examples are given elsewhere (li-


gands 1 and 2,
Scheme 1).[16e, 63,88, 89] It is of fur-
ther interest that the aqueous-
phase ATH has already seen
commercial applications.[11g,88r]


A recent review summarized
the progress made in ATH in
water;[11h] hence it will not be
repeated here. Instead, for
comparison, we summarize in
Table 2 the results obtained in
the ATH of the benchmark
substrate acetophenone with
various catalysts. In general,
the catalysts were derived from
the ligands and metal precur-
sors aforementioned, for exam-
ple, Ir-61 from [Cp*IrCl2]2 and
ligand 61 in water. Briefly, the


monotosylated diamines serve as efficient ligands for the
ATH of ketones by HCOONa in water. Under the given re-
action conditions, the RhIII catalysts led to better perfor-
mance in terms of reaction rate and enantioselectivity (en-
tries 13, 21, 22, 26, 27, 31, 32, 36, 41, 57–59, 63, and 64,
Table 2), and the camphor-sulfonated ligand 63 led to the
best enantioselectivity (entries 34–42, Table 2). Often the
ATH reactions are run biphasically, as the substrates are
usually water insoluble. Being miscible with water, poly(eth-
ylene glycol) (PEG) has recently been used by Fan and co-
workers as a cosolvent for aqueous ATH, allowing the re-
duction to proceed homogeneously (entry 20, Table 2).[89s] It
is worth noting that the reduction with RhIII and IrIII cata-
lysts can be performed in the open air without degassing
and/or inert gas protection throughout, affording the same
conversion and ee values (entries 22, 27, and 32, Table 2).
However, recent studies from Rauchfuss and Ikariya show


Scheme 23. Reduction of the C=C bond of a nitroolefin and the C=O bond of a ketoester with Hantzsch ester.


Scheme 24. Examples of ligands/catalysts used for ATH in aqueous media.
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Table 2. ATH of acetophenone with various catalysts in aqueous media.


Entry Cat. Solvent [H][a] S/C[b] T [8C] t [h] Conv. [%] ee [%] Ref.


1 Ru-57 IPA-H2O IPA 200 22 48 96 94 [88a]
2 Rh-57 IPA-H2O IPA 200 22 24 92 97 [88b]
3 Ir-57 IPA-H2O IPA 200 22 140 90 82 [88b]
4 Ru-58 IPA-H2O IPA 200 22 48 91 88 [88a]
5 Rh-58 IPA-H2O IPA 200 22 18 94 95 [88b]
6 Ir-58 IPA-H2O IPA 200 22 26 88 96 [88b]
7 Ru-59 H2O HCOONa 400 40 18 98 69 [88d]
8 Rh-60 HCOOH aq.HCOONa 100 40 24 >99 51 [88e]
9 Ru-61a H2O HCOONa 100 40 24 >99 95 [88f]
10 Rh-61a H2O HCOONa 100 40 24 92 84 [88f]
11 Ir-61a H2O HCOONa 100 40 24 10 58 [88f]
12 Ru-61b H2O HCOONa 100 28 0.5 33 95 [89p]
13 Rh-61b H2O HCOONa 100 28 0.5 97 97 [89p]
14 Ir-61b H2O HCOONa 100 28 0.5 29 94 [89p]
15 Ru-1 H2O HCOONa 100 40 1 99 95 [88g]
16 Ru-1 H2O F/T[c] 100 40 1.5 >99 97 [89p]
17 Ru-1 H2O F/T[c] 1000 40 9 >99 96 [89p]
18 Ru-1 H2O F/T[c] 5000 40 57 98 96 [89p]
19 Ru-1 H2O F/T[c] 10000 40 110 98 94 [89p]
20 Ru-1[d] PEG/H2O HCOONa 100 40 3 >99 96 [89s]
21 Rh-1 H2O HCOONa 100 40 0.5 99 97 [89t]
22 Rh-1[e] H2O HCOONa 100 40 0.5 99 97 [89t]
23 Ir-1 H2O HCOONa 100 40 3.5 99 93 [89t]
24 Ir-1[e] H2O HCOONa 100 40 12 95 92 [89t]
25 Ru-2 H2O HCOONa 100 40 2 99 85 [88q]
26 Rh-2 H2O HCOONa 100 40 0.25 >99 95 [88q]
27 Rh-2[e] H2O HCOONa 100 40 0.25 99 96 [88q]
28 Rh-P2[f] H2O HCOONa 50 40 10 53 68 [89c]
29 Ir-2 H2O HCOONa 100 40 3 99 93 [88q]
30 Ru-62 H2O HCOONa 100 40 2.5 >99 81 [89r]
31 Rh-62 H2O HCOONa 100 40 0.25 >99 94 [89r]
32 Rh-62[e] H2O HCOONa 100 40 0.25 >99 94 [89r]
33 Ir-62 H2O HCOONa 100 40 1.5 >99 92 [89r]
34 Ru-63 H2O HCOONa 100 40 2 99 97 [89f]
35 Ru-63 H2O HCOONa 1000 40 20 95 96 [89f]
36 Rh-63 H2O HCOONa 100 40 0.7 99 99 [89f]
37 Rh-63 H2O HCOONa 1000 40 20 89 99 [89f]
38 Ir-63 H2O HCOONa 100 40 0.7 99 97 [89f]
39 Ir-63 H2O HCOONa 1000 40 2.5 97 98 [89f]
40 Ru-63[d] H2O HCOONa 100 40 2 99 96 [89f]
41 Rh-63[d] H2O HCOONa 100 40 0.7 97 98 [89f]
42 Ir-63[d] H2O HCOONa 100 40 0.7 99 96 [89f]
43 Ru-64a H2O HCOONa 100 40 10 95 50 [89j]
44 Rh-64a H2O HCOONa 100 40 20 85 41 [89j]
45 Ir-64a H2O HCOONa 100 40 1.5 100 27 [89j]
46 Ru-64b H2O HCOONa 100 40 3.5 >99 73 [89j]
47 Rh-64b H2O HCOONa 100 40 22 77 68 [89j]
48 Ir-64b H2O HCOONa 100 40 2.5 100 54 [89j]
49 Ru-64c H2O HCOONa 100 40 5 97 60 [89j]
50 Rh-64c H2O HCOONa 100 40 5 63 31 [89j]
51 Ir-64c H2O HCOONa 100 40 5 61 7 [89j]
52 Ru-65 H2O HCOONa 100 40 12 84 71 [89j]
53 Rh-65 H2O HCOONa 100 40 20 92 55 [89j]
54 Ir-65 H2O HCOONa 100 40 5 >99 27 [89j]
55 Ru-65[d] H2O HCOONa 40 RT – 81 73 [89u]
56 Ir-7 H2O HCOONa 100 60 47 99 62 [89e,k]
57 Rh-67 H2O HCOONa 100 40 0.5 100 93 [89n]
58 Rh-67[g] H2O HCOONa 100 40 0.5 100 94 [89n]
59 Rh-67[h] H2O HCOONa 100 40 0.5 100 94 [89n]
60 Ru-66 H2O HCOONa 40 50 – 13 81 [89u]
61 Ru-68 H2O HCOONa 20 30 12 100 67 [89v]
62 Ru-69 H2O HCOONa 20 30 40 100 84 [89v]
63 11 H2O HCOONa 200 28 3 100 96 [16e]
64 70 buffer[i] HCOONa 330 37 24 20 98 [63][63]
65 71 H2O HCOONa 100 60 2–5 >99 93 [89m]
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that the intermediate M-H species involved in the ATH can
react with O2.


[50]


More recent studies of ATH in aqueous media have also
been reported. Although b-amino alcohol ligands have been
considered incompatible with HCOOH/Et3N azeotrope for
ATH in the past,[11b,f] the results in Table 2 (entries 43–55,
60) show that these ligands (64–66, Scheme 24) do catalyze
the ATH of acetophenone by formate in water; however,
they afforded only moderate reaction rates and enantiose-
lectivities.[88n, 89j,u] Using the opposite enantiomer of ligand
65, the ATH of ketones with RuII catalyst in water was re-
ported very recently and a similar result was obtained at
room temperature at an S/C ratio of 40.[89u] Interestingly, it
was shown that N-substitution in these ligands, for example,
65 vs 66, could lead to the inversion of product configura-
tion; but the ATH was observed with low conversions (en-
tries 55 and 60, Table 2).[89u] However, terpene-based chiral
amino alcohol ligands afforded no conversion in the RuII-
catalyzed ATH of ketones with formate in water, although
they were effective for the same reaction in IPA.[89h] Earlier,
l-amino acids were combined with CrII to catalyze the ATH
of ketones and of the C=N bond of oximes in a mixture of
DMF/H2O or formamide solution; good yields and moder-
ate ee values were obtained.[90]


New ligands/catalysts have also been explored for ATH in
water. The reduction of acetophenone in water with the
tethered complex 11 afforded full conversion with 96 % ee
at 28 8C in 3 h (entry 63, Table 2), and in the case of 2-ace-
tylfuran, an S/C ratio of 10 000 was feasible, with 98 % ee ob-
tained.[16e] Moreover, this catalyst enables aliphatic ketones
to be reduced in water, albeit with slightly lower ee values
(84 % ee for ATH of 1-acetylcyclohexane, see Scheme 25).
The ATH of a-substituted acetophenones with a catalyst de-
rived from the ligand 7 and [IrHCl2ACHTUNGTRENNUNG(cod)]2 displayed better
enantioselectivities than that of acetophenone (entry 56,
Table 2) as shown by Gao and co-workers; for example, pro-
piophenone was reduced in 88 % ee at 60 8C at an S/C ratio
of 100 in the presence of surfactant.[89e,k] The same reduction
could also be carried out in open air and at a higher S/C
ratio of 8000.


Based on ligand 2, Somanathan and co-workers recently
prepared a series of functionalized cydn (trans-(1R,2R)-cy-
clohexane-1,2-diamine) ligands which contained pyridine,
imidazole, isoxazole, benzoxaizole, and thiophene groups.[89n]


The catalyst RhIII-67 (Scheme 24) afforded the best perfor-
mance for the ATH of acetophenone in water with or with-


out a surfactant (entries 57–59, Table 2). The proline amide
ligands were also examined in the RuII-catalyzed ATH of
ketones in water, furnishing moderate ee values (entries 61
and 62, Table 2).[89v]


The water-soluble RuII-arene complexes 70–72 were dem-
onstrated by S�ss-Fink and co-workers to be effective for
both ketone and imine reduction by HCOONa in water.[89m]


In the case of imines, both cyclic and acyclic substrates
could be reduced by the catalysts, with ee values of up to
91 % obtained for acyclic and 88 % for cyclic ones. Slightly
earlier, Deng and co-workers reported that imines and imi-
niums could be smoothly reduced by HCOONa with RuII-
61 a in water with the aid of a surfactant.[89i] Moderate to ex-
cellent yields and ee values were obtained for both imines
and iminiums, although acyclic imines failed to be reduced.
Very recently, a new water-soluble, aminated ligand 61 b has
been applied to ATH in water for both ketones and imi-
nes.[89p] In comparison with the related RuII and IrIII cata-
lysts, RhIII-61 b afforded the best performance in the ATH
of both ketones and imines in terms of reaction rate and
enantioselectivity. For instance, the ATH of acetophenone
gave a 97 % conversion with 97 % ee in 0.5 h at 28 8C and an
S/C ratio of 100 (entries 12–14, Table 2). The catalyst also
worked well for cyclic imines, affording up to 93 % ee. To re-
flect on the potential scope of the aqueous ATH, selected
examples obtained with the catalysts aforementioned are
presented in Scheme 25.


Transfer hydrogenation of aldehyde in water has also
been demonstrated. The iridium catalyst 38 (Scheme 8)
showed excellent catalytic activity and was highly chemose-
lective to the formyl group, with TOFs of up to 1.3 � 105 h�1


being reached in the reduction of benzaldehyde by
HCOONa in water.[54a,b] Remarkably, the catalyst and ana-
logues also catalyze the hydrogenation of aldehydes in
water.[54b] Earlier, [Cp2Mo(H) ACHTUNGTRENNUNG(OTf)] was reported by Kuo
and co-workers to catalyze the transfer hydrogenation of ke-
tones and aldehydes in aqueous media.[91]


A significant feature of the aqueous ATH is that the reac-
tion rates vary with the pH value of the solution. We initial-
ly demonstrated this in the ATH of acetophenone with RuII-
1 in water.[88p] It was shown that an increase of 1 pH unit at
about pH 3.9 could result in an increase in rate of about 20
times; little reduction occurred at lower pH value, but the
pH value increased with time owing to the decomposition of
HCOOH into CO2 and H2 by the catalyst.[88p] Of note is that
the enantioselectivity varied with the pH value as well, at


Table 2. (Continued)


Entry Cat. Solvent [H][a] S/C[b] T [8C] t [h] Conv. [%] ee [%] Ref.


66 72[j] H2O HCOONa 100 60 2–5 >99 44 [89m]


[a] [H] refers to hydrogen source. [b] S/C is substrate to catalyst molar ratio. [c] F/T= formic acid/triethylamine (mixtures at various molar ratios).
[d] The opposite enantiomer of ligand was used. [e] The reaction was carried out in open air without inert gas protection throughout. [f] P2= oxide-sup-
ported ligand 2 ; the reaction was carried out in air. [g] In the presence of the surfactant CTAB (cetyltrimethylammonium bromide). [h] In the presence
of the surfactant SDS. [i] Buffer=phosphate buffer (pH 7); the reaction was carried out in the presence of enzyme (see Scheme 15). [j] BsPIT in
Scheme 24 refers to 2-(S)-(2,4,6-triisopropyl-benzenesulfonylamino)methylpyrrolidine.
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low but not high pH values.[11h, 88p] Further studies have re-
vealed that this pH dependence is common for the ATH of
ketones in water.[11h, 51,88k,o, 89h,j,m,p,t] For example, the RhIII-1
and IrIII-1 catalysts displayed a pH window of 5.5–10 and
6.5–8.5, respectively, for TOF>50 h�1 in the ATH of aceto-
phenone in water (Figure 1).[89t]


The mechanism of aqueous ATH has recently been inves-
tigated.[51,88k,89m,p,t] In a study using NMR spectroscopy, kinet-
ic and isotope measurements, and DFT calculations, we
showed that the catalytic cycle presented in Scheme 26 is
likely to operate in the ATH of ketones in water around
neutral conditions.[51] Using the ATH of acetophenone by
formate with Ru-1 as a model reaction, we demonstrated
that the RuII-H and the 16e species are active catalysts in


ATH in water, and while the
RuII-H species is visible in the
NMR spectra, the formato
complex could not be detected
in either stoichiometric or cat-
alytic reactions. Furthermore,
the kinetic profiles of the pre-
catalyst, the RuII-H, and the
16e species showed no signifi-
cant difference, indicating that
the latter two are involved in
the aqueous-phase ATH. Ki-
netic studies revealed that the
rate of the ATH reaction was
first order in both the catalyst
and ketone substrate, and was
inhibited by CO2. Together
with the NMR measurements,
this suggests that the ATH rate
is limited by hydrogen transfer
from ruthenium to the ketone,
having a transition state resem-
bling that proposed by Noyori
for non-aqueous media
(Scheme 26).[9c,d]


Water has been demonstrat-
ed to accelerate the ATH. For
instance, in the stoichiometric
reduction of acetophenone by
the isolated RuII-H species, the
rate in wet CD2Cl2 was 6 times
that in dry CD2Cl2. Further in-
sight was gained in DFT calcu-
lations, which showed that
water participates in the transi-
tion state of hydrogen transfer,
stabilizing it by about 4 kcal
mol�1 through hydrogen bond-
ing with the ketone oxygen
atom. Of further interest is
that the calculations suggest
that the participation of water
renders the hydrogen transfer
more stepwise rather than con-


Scheme 25. Selected results for ATH in water (�90% ee). See Table 2 for reaction conditions and references.


Figure 1. Initial TOF vs. pH values for the ATH of acetophenone with
M-1 (M =Rh: -~-; M= Ir: -D-) in water at 40 8C.
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certed.[51] This is in line with kinetic isotope measurements.
A similar solvent effect has recently been reported in a
DFT study on a model reduction of formaldehyde in metha-
nol.[92]


The NMR studies shed light on the effect of pH value on
the ATH. The precatalyst and the RuII-H species were
shown to be protonated at the amido nitrogen atom of their
tsdpen ligand under acidic conditions, leading to ring-open-
ing of the chelating ligand. Under neutral conditions, water
coordinates to the 16e species, presumably forming a RuII-
OH species. Thus, apart from the equilibrium effect of pH


on [HCOO�] (pKa 3.6), the pH effect on both the reaction
rate (Figure 1) and enantioselectivity aforementioned may
be accounted for by invoking the equilibrium suggested in
Scheme 27.


6. Immobilized Catalysts for Easy Separation and
Reuse


As with most other homogeneous catalysts, chiral M-di-ACHTUNGTRENNUNGamine catalysts explored in ATH are usually expensive and
cannot be easily separated from the products. From a practi-
cal, economical, and environmental viewpoint, heterogene-
ous catalysis is usually preferred over homogeneous cataly-
sis.[87d, 93] In response to this, immobilized ATH catalysts
have been developed recently. Selected examples are shown
in Scheme 28. These ligands/catalysts (73–79) have been ap-
plied in both organic and aqueous media for the ATH of ke-
tones, affording good to excellent results in terms of activity,
enantioselectivity, and recyclability (Table 3).


The water-soluble, PEG-immobilized ligand 73 represents
one of the most efficient ligands for ATH in water.[88h] A
wide range of aromatic ketones can be reduced by RuII-73
in water using HCOONa as the hydrogen source, with the
results comparable to those obtained with Ru-1 under the
same conditions. Importantly, the catalyst could be reused


Scheme 26. Proposed mechanism for the ATH of ketones in water.


Scheme 27. Formation of inactive M-OH species and less effective, ring-
opened species from the active catalyst as a result of pH variation.


Scheme 28. Immobilized ligands/catalysts for ATH.
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over 14 runs without loss of enantioselectivity in the ATH
of acetophenone in water, thus exhibiting excellent recycla-
bility and lifetime (entry 2, Table 3).[88h] In contrast, when
carried out in HCOOH/Et3N azeotrope without water, the
catalyst could only be reused two times without the rates
and ee values being eroded (entry 1, Table 3).[94] The use of
other types of supported ligands has also been demonstrated
(74–76, Scheme 28).[88i,m,89a,d,o, 95–97] In particular, the group of
Deng has designed a series of solid-supported diamine li-
gands (74 and 75, Scheme 28) and water-soluble ligands (61,
Scheme 24 and Table 2). In most cases, these ligands afford-
ed good to excellent ee values and could be recycled up to
11 times (entries 12–14, Table 2; entries 3–13, Table 3). Mes-
oporous materials functionalized with cydn (75 b) has re-
cently been reported to allow for the RhIII-catalyzed ATH
of ketones in water.[89c] A silica-supported RuII-dpen catalyst
76, reminiscent of the Noyori RuII-diphosphine-diamine hy-
drogenation catalyst, exhibited surprisingly high catalytic ac-
tivity (>99 % yields for all tested ketones) and excellent
enantioselectivities (>98 % ee) in the ATH of various aro-
matic ketones.[97] The catalyst can be recycled up to eight
times (entry 14, Table 3). Polymeric phosphines (77) and
pyridines have also been used in achiral transfer hydrogena-
tions of ketones with good reusability.[98]


Interestingly, ionic liquids have been explored as immobi-
lizing media for ATH.[99] A good example is seen in the cat-
alysts 78 and 79, which have been applied to the ATH of ke-
tones in the ionic liquid [bdim]ACHTUNGTRENNUNG[PF6] (bdim= 1-butyl-2,3-di-
methylimidazolium) with HCOOH/Et3N azeotrope as the
hydrogen source. Excellent ee values and moderate rates
were obtained, and the catalyst could be recycled up to five
times.[99a]


7. State of the Art, and Quo Vadis?


A number of powerful ATH catalysts have appeared in the
last few years, with activities and enantioselectivities ap-
proaching or surpassing some of the best AH catalysts. Most
of them are embedded with a metal–ligand bifunctionality,


but not all, and this is important as it may point to over-
looked reaction pathways. Although ruthenium, rhodium,
and iridium still dominate the scene, “greener” and inexpen-
sive iron catalysts are on the horizon. “Greening” ATH is
also made possible by employing water as solvent and im-
mobilizing soluble catalysts. Traditionally, ATH derives hy-
drogen from alcohols and formate salts but not from H2;
however, “universal” catalysts are emerging, blurring the
boundary of ATH and AH. Most often, ATH catalysts are
explored for the reduction of C=X (X= O, N, C) bonds;
however, they have also shown utility in reducing NAD+


and analogues, supplying the hydrogen source to enzymatic
and organocatalysis.


Throughout the survey, it is evident that C=O double-
bond reduction is the most extensively studied and success-
ful with transition-metal-catalyzed ATH. The Noyori-type
bifunctional catalysts are generally good for aromatic keto-
nes,[7a,b, 13b,d,16a] but not for aliphatic ones, probably because
of the lack of C�H–p interactions that are crucial for the
stereocontrol.[100] Efforts are being made to tackle the low
enantioselectivity of aliphatic ketones. The introduction of a
tether into the Noyori catalysts could improve the enantio-
selectivity for aliphatic ketones in some cases,[16c] and the
RuII-oxazoline complex 33 provided excellent enantioselec-
tivity for aromatic ketones and some aliphatic ketones.[45d]


Of particular note is the RuII complex bearing the phosphite
ligand 15, which provides satisfactory enantioselectivity for
a range of aliphatic ketones, as does the b-cyclodextrin-
modified RuII catalyst shown in Scheme 13.[19, 58,59]


The reduction of C=C bonds by ATH is less studied.
There are a few early reports using RuII-binap complexes in
the reduction of conjugated acids, affording about
90 % ee,[39, 40] and some highly polarized C=C double bonds
are reduced using the RuII catalyst.[101] Generally, however,
carbonyl groups are reduced preferentially under transition-
metal-catalyzed ATH conditions. In contrast, in organocatal-
ysis the amine-catalyzed reduction of a,b-unsaturated alde-
hydes or ketones by Hantzsch ester led only to the satura-
tion of the C=C double bonds.[67–69,71, 72]


Table 3. Comparison of supported catalysts for ATH of acetophenone.


Entry Cat. Solvent[a] [H] Runs t [h] Conv.[%] ee [%] Ref.


1 Ru-73 F/T HCOOH 3 20 99–56 91–82 [94]
2 Ru-73 H2O HCOONa 14 1–48 99–87 93 [88h]
3 Ru-74 a F/T HCOOH 5 6–44 >99–94 97 [88m]
4 Ru-74 a H2O HCOONa 7 2–60 >99–60 96 [88m]
5 Ru-74 b F/T HCOOH 3 8–88 99–44 96 [88m]
6 Ru-74 b H2O HCOONa 1 22 >99 87 [88m]
7 Ru-74 c F/T HCOOH 4 8–72 >99–45 97–96 [88m]
8 Ru-74 c H2O HCOONa 4 8–47 >99–43 92–94 [88m]
9 Ru-74 d H2O HCOONa 5 3[b] 100 98–97 [89a,o]
10 Rh-74 d H2O HCOONa 1 10 99 98 [89a,o]
11 Ru-74 e DCM F/T 6 20–40 98–52 97–87 [95]
12 Ru-74 f DCM F/T 6 – 100–94 98–97 [96]
13 Rh-75 d H2O HCOONa 6 0.7–1.5 >99–85 96–94 [89d]
14 76 DCM IPA 8 24–48 >99 >99–94 [97]


[a] F/T refers to formic acid/triethylamine azeotrope. [b] The reaction time for the recycling runs was not given.
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The ATH of imines has attracted much attention recently.
However, few ligands/catalysts can offer good to excellent
results for the ATH of C=N double bonds up to now. Cyclic
imines could be reduced with high ee values using the M-
tsdpen-type catalysts.[8a,89i,m,p, 102] The reduction could even be
carried out in water with water-soluble catalysts[89i,m,p] or by
using supported catalysts.[96] In related studies, a-branched
cycloketimines have been resolved through a dynamic kinet-
ic process, affording up to 99:1 diastereoselectivity and
98 % ee.[103] Acyclic imines seem to be more challenging with
transition-metal catalysis; good enantioselectivities were ob-
tained only for some special substrates.[89m,104] The Brønsted
acid catalysis using Hantzsch ester as the hydrogen source
provides a complementary route. Generally acyclic imines
are good substrates under organocatalytic ATH conditions;
up to 93 % ee for ketimines was achieved.[74,75] Various heter-
ocyclic compounds including benzoxazines, benzothiazines,
benzoxazinones, quinolines, and pyridine derivatives could
be reduced with high enantioselectivities.[79,80,82]


Most acyclic ketimines are difficult to synthesize, which
makes DRA of ketones attractive. The challenge in DRA is
to find a catalytic system which reduces the C=N bond pref-
erentially over its C=O counterpart. There are only two suc-
cessful transition-metal-catalyzed examples of DRA by
ATH. Kadyrov and co-workers found that [RuCl2((R)-tol-
binap)] catalyzed the DRA of ketones with ammonium for-
mate as both the hydrogen and amine source, affording up
to 95 % ee.[105] An intramolecular DRA was disclosed by
Wills and co-workers adopting Noyori�s transfer hydrogena-
tion system.[106] In organocatalysis, the DRA of ketones and
amines[76] and the DKR of a-branched aldehydes have been
successfully demonstrated, as discussed above.[77]


8. Conclusion


In concluding this Focus Review, it is clear that the past
decade or so has witnessed great strides in developing cata-
lysts for ATH reactions. This is largely triggered by the
seminal discovery made by Noyori and co-workers in 1995.
Time will attest that with the ongoing endeavors and new in-
sights, ATH will become a more versatile tool, enabling hy-
drogenations that are tractable or intractable with H2 while
offering unique insights into the chemistry of hydrogen
transfer in laboratories and in nature.
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Introduction


Much of the excitement associated with fluorous chemistry
over the last 15 years has involved reactions conducted in
organic or mixed organic/fluorous solvents.[1] Owing in part
to the incompatibility of many organic reactants with fluo-
rous phases,[2] there have been far fewer investigations of
homogeneous reactions in fluorous solvents,[3] which are typ-
ically perfluoroalkanes or perfluoroethers and are much less
polar than organic solvents.[4] However, scenarios are easily
envisaged whereby it would be desirable to carry out a
range or sequence of reactions in fluorous phases. For exam-
ple, toxic compounds or nuclear waste could be rendered
fluorophilic with suitable phase tags, and then further pro-
cessed or remediated in situ.
Phase-transfer catalysis is potentially applicable to any


process in which two reactants are localized in orthogonal
phases, and is therefore an obvious means for expanding the
vocabulary of reactions that can be conducted in fluorous


phases. There is extensive literature about processes that in-
volve one reactant with high solubility in an organic phase
and another with high solubility in an aqueous phase.[5,6]


Catalysts are usually employed to bring the water-soluble re-
actant, typically an inorganic salt, into the organic phase.[5]


However, protocols have also been devised to effect reac-
tions in the aqueous phase.[6]


Given the immense utility of ionic displacement reactions,
we were curious about whether reactions that involve ions
might be possible in highly nonpolar fluorous solvents.
When such reactions are conducted under phase-transfer
conditions in organic solvents, ammonium and phosphonium
salts with long n-alkyl substituents are typically used as cata-
lysts.[5] We, Stuart and co-workers, Horv9th and co-workers,
and others have prepared a number of fluorous aliphatic
phosphonium salts with “ponytails” of the formula CF3


ACHTUNGTRENNUNG(CF2)n�1 ACHTUNGTRENNUNG(CH2)m (abbreviated Rfn ACHTUNGTRENNUNG(CH2)m).
[7–9] Despite their


charged nature, these salts often exhibit appreciable solubili-
ties in fluorous solvents, especially at elevated temperatures.
In this paper, we report an investigation of Finkelstein


type ionic displacement reactions[10] of simple fluorous elec-
trophiles Rf8ACHTUNGTRENNUNG(CH2)mX (X=Cl, Br, I; m=2, 3) in fluorous
solvents by using catalytic quantities of the fluorous and
nonfluorous phosphonium iodide and bromide salts (Rf8-
ACHTUNGTRENNUNG(CH2)2) ACHTUNGTRENNUNG(Rf6ACHTUNGTRENNUNG(CH2)2)3P


+I� (1),[7] (Rf8ACHTUNGTRENNUNG(CH2)2)4P
+I� (2),[7] (Rf8-


ACHTUNGTRENNUNG(CH2)2) ACHTUNGTRENNUNG(Rf6ACHTUNGTRENNUNG(CH2)2)3P
+Br� (3), and (CH3ACHTUNGTRENNUNG(CH2)11) ACHTUNGTRENNUNG(CH3


ACHTUNGTRENNUNG(CH2)7)3P
+I� (4), all of which are depicted in Scheme 1. In-


terestingly, substitutions occur readily at moderate tempera-
tures. A number of experiments pertaining to the scope,
mechanism, and phase in which substitution takes place are
also presented. A portion of this work has been communi-
cated,[11] and additional details can be found elsewhere.[12]
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Abstract: Solutions of the fluorous
alkyl halides Rf8ACHTUNGTRENNUNG(CH2)mX (Rfn=


(CF2)n�1CF3; m=2, 3; X=Cl, Br, I) in
perfluoromethylcyclohexane or per-
fluoromethyldecalin are inert towards
solid or aqueous NaCl, NaBr, KI,
KCN, and NaOAc. However, halide
substitution occurs in the presence of
fluorous phosphonium salts (Rf8ACHTUNGTRENNUNG(CH2)2)
ACHTUNGTRENNUNG(Rf6ACHTUNGTRENNUNG(CH2)2)3P


+X� (X= I (1), Br (3))
and (Rf8ACHTUNGTRENNUNG(CH2)2)4P


+I� (10 mol%),
which are soluble in the fluorous sol-
vents under the reaction conditions
(76–100 8C). Stoichiometric reactions of


a) 1 with Rf8 ACHTUNGTRENNUNG(CH2)2Br and b) 3 with
Rf8ACHTUNGTRENNUNG(CH2)2I were conducted under ho-
mogenous conditions in perfluorome-
thyldecalin at 100 8C and yielded the
same Rf8ACHTUNGTRENNUNG(CH2)2I/Rf8ACHTUNGTRENNUNG(CH2)2Br equilibri-
um ratio (�60:40). This shows that
ionic displacements can take place in
extremely nonpolar fluorous phases


and suggests a classical phase-transfer
mechanism for the catalyzed reactions.
Interestingly, the nonfluorous salt (CH3


ACHTUNGTRENNUNG(CH2)11)ACHTUNGTRENNUNG(CH3 ACHTUNGTRENNUNG(CH2)7)3P
+I� (4) also cat-


alyzes halide substitutions, but under
triphasic conditions with 4 suspended
between the lower fluorous and upper
aqueous layers. NMR experiments es-
tablished very low solubilities in both
phases, which suggests interfacial catal-
ysis. Catalyst 1 is easily recycled, opti-
mally by simple precipitation onto
teflon tape.


Keywords: Finkelstein reaction ·
fluorous solvents · phase-transfer
catalysis · phosphonium salts ·
substitution
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Results


Basic Reactions


The fluorous alkyl chlorides,
bromides, and iodides summar-
ized in Table 1 were treated
with NaCl, NaBr, KI, KCN,
and NaOAc under various con-
ditions as shown in the general
Scheme 1a.
For an initial series of ex-


periments, 0.68m solutions of
Rf8ACHTUNGTRENNUNG(CH2)3I in the common flu-
orous solvent perfluoromethyl-
cyclohexane (CF3C6F11) were
prepared. These were treated
with nearly saturated 5.13m


aqueous solutions of NaCl to
give samples with Rf8ACHTUNGTRENNUNG(CH2)3I/
NaCl molar ratios of 12:88.
Next, 10 mol% of the phos-
phonium salts 1, 2, or 3 were
added. These phosphonium
salts are insoluble in water,
sparingly soluble in most fluo-


rous solvents at room temperature, and highly soluble in flu-
orous solvents at elevated temperatures.[7] The samples were
vigorously stirred for 72 h at 76 8C. As summarized in
Table 1, entries 1–3, the 1H NMR spectra showed 90–93%
conversion into the fluorous alkyl chloride Rf8ACHTUNGTRENNUNG(CH2)3Cl.
With Table 1, entry 3, no further conversion was noted after
3 weeks.
Workup of Table 1, entry 1 gave a 93:7 Rf8ACHTUNGTRENNUNG(CH2)3Cl/Rf8-


ACHTUNGTRENNUNG(CH2)3I mixture in 92% yield, as assayed by 1H NMR spec-
troscopy. As illustrated below, the CH2X signals (t) for all
fluorous substrates and products were well-separated. No
conversion was observed in experiments without 1–3. As the
boiling point of CF3C6F11 (76 8C) limits the temperature of
these reactions, Table 1, entry 1 was repeated with perfluor-
omethyldecalin (CF3C10F17; b.p.: 160 8C) at 100 8C. The reac-
tion was now complete within 24 h (Table 1, entry 4 and Fig-
ure 1a), and this solvent was adopted as the standard for
subsequent experiments. In many cases, the phosphonium
salt did not precipitate upon cooling; after the reaction, the
leaving group and the excess nucleophile can also serve as
counteranions.
Additional nucleophiles were then tested. An analogous


reaction with KCN (Table 1, entry 5) afforded the corre-
sponding fluorous nitrile Rf8ACHTUNGTRENNUNG(CH2)3CN, but at a much lower
rate. As shown in Figure 2, the conversion was 17% after
24 h and 88% after 240 h. This new compound was inde-
pendently synthesized by treating a suspension of the fluo-
rous tosylate Rf8 ACHTUNGTRENNUNG(CH2)3OTs[13] in acetone with KCN at 68 8C
(63% after chromatography; see Experimental Section).
The analogous reaction of Rf8ACHTUNGTRENNUNG(CH2)3I with NaOAc (Table 1,


Scheme 1. Phase-transfer catalysis of halide-substitution reactions in fluo-
rous media.


Table 1. Data for halide-substitution reactions catalyzed by fluorous phosphonium salts under the conditions
of Scheme 1a.[a]


Entry[b] Substrate M+Y� R4P
+X� Product T


[8C]
t
[h]


Conv.
[%]


1 Rf8 ACHTUNGTRENNUNG(CH2)3I NaCl 1 Rf8 ACHTUNGTRENNUNG(CH2)3Cl 76 72 93
2 NaCl 2 76 72 90
3 NaCl 3 76 72 91
4[c] Rf8 ACHTUNGTRENNUNG(CH2)3I NaCl 1 Rf8 ACHTUNGTRENNUNG(CH2)3Cl 100 24 95
5[d] Rf8 ACHTUNGTRENNUNG(CH2)3I KCN 1 Rf8 ACHTUNGTRENNUNG(CH2)3CN 100 24 17


72 29
240 88


6 Rf8 ACHTUNGTRENNUNG(CH2)3I NaOAc 1 Rf8 ACHTUNGTRENNUNG(CH2)3OAc 100 24 56
48 58


7 Rf8 ACHTUNGTRENNUNG(CH2)3Cl KI 1 Rf8 ACHTUNGTRENNUNG(CH2)3I 100 24 36
48 61
120 87


8 Rf8 ACHTUNGTRENNUNG(CH2)2I NaCl 1 Rf8 ACHTUNGTRENNUNG(CH2)2Cl 100 24 26
48 37
120 71


9 Rf8 ACHTUNGTRENNUNG(CH2)2I NaBr 1 Rf8 ACHTUNGTRENNUNG(CH2)2Br 100 24 42
48 53
120 79


10 Rf8 ACHTUNGTRENNUNG(CH2)2Br KI 1 Rf8 ACHTUNGTRENNUNG(CH2)2I 100 24 43
48 77
120 92


11[e] Rf8 ACHTUNGTRENNUNG(CH2)2Br NaCl 1 Rf8 ACHTUNGTRENNUNG(CH2)2Cl 100 120 67


[a] Conditions: Rf8 ACHTUNGTRENNUNG(CH2)mX (0.34 mmol), M+Y� (2.56 mmol), fluorous solvent (0.5 mL), water (0.5 mL), R4P
+


X� (0.034 mmol, 10 mol%). [b] The reactions in entries 1–3 were conducted in CF3C6F11. All others were con-
ducted in perfluoromethyldecalin (CF3C10F17). [c] For the rate profile of a duplicate run, see Figure 6. [d] For
the rate profile, see Figure 2. [e] For the rate profile, see Figure 3.
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entry 6) was faster (56% conversion after 24 h), but stopped
at 58% conversion, which suggests the attainment of equi-
librium. The product, Rf8ACHTUNGTRENNUNG(CH2)3OAc, is also a new com-
pound, so an authentic sample was prepared by acylation of
the fluorous alcohol Rf8ACHTUNGTRENNUNG(CH2)3OH in the absence of solvent
(92% after distillation).
The reverse reaction of that in Table 1, entry 4 was inves-


tigated. As shown in Table 1, entry 7, a solution of Rf8-
ACHTUNGTRENNUNG(CH2)3Cl in perfluoromethyldecalin, excess aqueous KI
(12:88 molar ratio), and 1 were similarly combined at
100 8C. Substitution occurred, but at a much lower rate (con-
version after 24 h: 36%; after 120 h: 87%). As the data
below indicate that the order of nucleophilicity is I�>Cl�,
the poorer leaving-group ability of chloride (or equivalently,
the diminished electrophilicity of the alkyl chloride) proba-
bly plays a key role in the reaction.
A reaction analogous to that in Table 1, entry 4 was con-


ducted with the “two-methylene-spacer” fluorous alkyl
iodide Rf8ACHTUNGTRENNUNG(CH2)2I. As shown in Table 1, entry 8, substitution
was much slower, with 26% conversion into Rf8ACHTUNGTRENNUNG(CH2)2Cl
after 24 h and 71% after 120 h. All fluorous electrophiles
Rf8ACHTUNGTRENNUNG(CH2)mX become less reactive towards nucleophiles as
the length of the methylene spacer decreases.[14] An analo-
gous reaction with NaBr (Table 1, entry 9) was somewhat


faster, with 42% conversion into Rf8ACHTUNGTRENNUNG(CH2)2Br after 24 h and
79% after 120 h.
As shown in Table 1, entry 10, reaction of the two-spacer


fluorous alkyl bromide Rf8ACHTUNGTRENNUNG(CH2)2Br with KI gave, as expect-
ed, Rf8ACHTUNGTRENNUNG(CH2)2I with 43 and 92% conversion after 24 and
120 h, respectively. This substitution was slightly faster than
that with Rf8ACHTUNGTRENNUNG(CH2)2I and NaBr (Table 1, entry 9). Thus, it
can be extrapolated that the (degenerate) reaction of Rf8-
ACHTUNGTRENNUNG(CH2)2I (a stronger electrophile than that in Table 1,
entry 10) and KI would be faster still. Given the still slower
reaction of Rf8ACHTUNGTRENNUNG(CH2)2I and NaCl (Table 1, entry 8), the order
of halide anion nucleophilicity under the conditions of
Scheme 1a must be I�>Br�>Cl�. Table 1, entries 4–6 in
turn establish the nucleophilicity order Cl�>AcO�>CN�.
Finally, an analogous reaction of Rf8ACHTUNGTRENNUNG(CH2)2Br with NaCl


afforded Rf8ACHTUNGTRENNUNG(CH2)2Cl (Table 1, entry 11). Including the
iodide anion from the catalyst (10 mol%), three halide
anions participate in this transformation, in contrast to all of
the other examples in Table 1, except entry 3. As shown in
the rate profile in Figure 3 and the NMR spectra in


Figure 4, some of the iodide Rf8ACHTUNGTRENNUNG(CH2)2I was also detected.
As the Rf8ACHTUNGTRENNUNG(CH2)2I/Rf8ACHTUNGTRENNUNG(CH2)2Cl ratios at low conversions are
much greater than the iodide/chloride anion ratios (1:75),
the iodide anion must have the greater nucleophilicity.


Phase Requirements


The preceding data pose a variety of phase-based questions.
One is whether aqueous solutions of nucleophiles are re-
quired. When Table 1, entries 1–3 were repeated with solid
NaCl, no reaction or apparent dissolution occurred. Thus,
liquid/solid phase-transfer catalysis does not take place.
The reciprocal question is whether a fluorous solvent is


necessary. In an experiment comparable to Table 1, entry 4,
Rf8ACHTUNGTRENNUNG(CH2)3I was directly combined with catalyst 1 and 5.13m


aqueous NaCl (molar ratio of Rf8ACHTUNGTRENNUNG(CH2)3I/NaCl=12:88).
After 24 h at 100 8C, 87% conversion into Rf8ACHTUNGTRENNUNG(CH2)3Cl had


Figure 1. Representative reactions of Rf8 ACHTUNGTRENNUNG(CH2)3I and NaCl. a) Biphasic
conditions of Table 1, entry 4 (catalyst 1), photographed at room temper-
ature. b) Triphasic conditions of Table 3, entry 1, but with excess 4 to vis-
ualize the catalyst phase better, photographed at 100 8C. c) A reaction
analogous to that in b), but without fluorous solvent and with the normal
10 mol% loading of 4, photographed at 100 8C (biphasic due to the solu-
bility of 4 in Rf8 ACHTUNGTRENNUNG(CH2)3I).


Figure 2. Rate profile for the reaction of Rf8 ACHTUNGTRENNUNG(CH2)3I and KCN catalyzed
by 1 in perfluoromethyldecalin/water at 100 8C (Table 1, entry 5).


Figure 3. Rate profile for the reaction of Rf8 ACHTUNGTRENNUNG(CH2)2Br and NaCl catalyzed
by 1 in perfluoromethyldecalin/water at 100 8C (Table 1, entry 11).
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occurred. Hence, the fluorous substrate can serve as its own
phase.
Although CF3C6H5 is not a fluorous solvent, it can be


viewed as a hybrid medium,[4,15] as it commonly dissolves ap-
preciable quantities of both fluorous and nonfluorous sol-
utes. The phosphonium salt 1 was previously noted to have
good solubility in CF3C6H5 at elevated temperatures.[7] Thus,
a solution of Rf8ACHTUNGTRENNUNG(CH2)3I in CF3C6H5 was combined with 1
and aqueous NaCl at 100 8C in a manner analogous to
Table 1, entry 4. Owing to the lower boiling point of
CF3C6H5 (102 8C), the vial was tightly capped. 1H NMR
spectra of aliquots showed a somewhat slower reaction than
in perfluoromethyldecalin, with 49 and 72% conversion
after 24 and 72 h, respectively.[16] Nonetheless, CF3C6H5 is a
less expensive solvent, and a similar protocol was used for
the gram-scale preparation of Rf8ACHTUNGTRENNUNG(CH2)2Br from Rf8-
ACHTUNGTRENNUNG(CH2)2OTs and LiBr (70% after chromatography; see Ex-
perimental Section).
Given the feasibility of substitution under CF3C6H5/aque-


ous biphasic conditions, we sought to check whether reac-
tions might occur in organic/aqueous solvent systems. Thus,
toluene or dibutyl ether solutions of the nonfluorous alkyl
iodide CH3ACHTUNGTRENNUNG(CH2)11I were combined with aqueous NaCl
(12:88 molar ratio) and 1 (10 mol%). Samples were kept at
100 8C, under which conditions only a small portion of 1 dis-
solved. Only trace levels of conversion were observed after
extended periods.
Another immediate question concerns the loci of the re-


actions in Scheme 1a. All the above data are consistent with
substitution occurring in the fluorous phase by a classical
phase-transfer-catalysis mechanism. However, interfacial
phenomena could also play a role. Hence, we sought to con-
firm that stoichiometric analogues of the preceding reactions
could be realized solely in the fluorous phase.
Selected reactions with equimolar amounts of fluorous


alkyl halides and phosphonium salts were conducted under


homogeneous conditions in perfluoromethyldecalin at
100 8C. As summarized in Table 2, substitutions occurred
readily, and two informative rate profiles are depicted in
Figure 5. As shown in Table 2, entry 1, reaction of the two-
spacer fluorous alkyl bromide Rf8ACHTUNGTRENNUNG(CH2)2Br and the phospho-
nium iodide 1 afforded the fluorous alkyl iodide Rf8ACHTUNGTRENNUNG(CH2)2I.
Over the course of 4 h, 58% conversion was reached, but no


further conversion occurred after a total of 24 h (Figure 5).
The reverse reaction was carried out with the fluorous alkyl
iodide Rf8ACHTUNGTRENNUNG(CH2)2I and the phosphonium bromide 3 (Table 2,
entry 2). Over the course of 5 h, 37% conversion was
reached. This level remained constant after a total of 24 h.
Hence, equilibrium (�60:40) can be approached from
either direction.
Interestingly, reaction of the three-spacer fluorous alkyl


chloride Rf8ACHTUNGTRENNUNG(CH2)3Cl and the phosphonium iodide 1 gave
only 20% conversion (Table 2, entry 3), perhaps due to the
stronger carbon–halogen bond of the electrophile. Qualita-
tively similar results were reported in our original communi-
cation.[11] The data in Table 2 represent optimized values.


Figure 4. 1H NMR spectra recorded during the reaction in Figure 3
(Table 1, entry 11).


Table 2. Data for reactions of fluorous alkyl halides with equimolar
amounts of fluorous phosphonium salts in perfluoromethyldecalin at
100 8C.[a]


Entry Substrate R4P
+X� Product t [h] Conv. [%]


1 Rf8 ACHTUNGTRENNUNG(CH2)2Br 1 Rf8 ACHTUNGTRENNUNG(CH2)2I 1 23
4 58


2 Rf8 ACHTUNGTRENNUNG(CH2)2I 3 Rf8 ACHTUNGTRENNUNG(CH2)2Br 1 15
5 37


3 Rf8 ACHTUNGTRENNUNG(CH2)3Cl 1 Rf8 ACHTUNGTRENNUNG(CH2)3I 4 20
24 20


[a] Conditions: Rf8 ACHTUNGTRENNUNG(CH2)mX (0.17 mmol), perfluoromethyldecalin
(0.25 mL), R4P


+X� (0.17 mmol), 100 8C.


Figure 5. Rate profiles for the reactions of equimolar amounts of a) Rf8-
ACHTUNGTRENNUNG(CH2)2Br and 1 (Table 2, entry 1) and b) Rf8 ACHTUNGTRENNUNG(CH2)2I and 3 (Table 2,
entry 2) in perfluoromethyldecalin at 100 8C.
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Catalyst Requirements: Nonfluorous Phosphonium Salts
and Neutral Molecules


For obvious reasons, we sought to test a comparable non-
fluorous phosphonium salt for catalytic activity. Thus, the
iodide (CH3 ACHTUNGTRENNUNG(CH2)11) ACHTUNGTRENNUNG(CH3ACHTUNGTRENNUNG(CH2)7)3P


+I� (4), the carbon skele-
ton of which is similar to that in 1, was synthesized by the
alkylation of commercial (CH3ACHTUNGTRENNUNG(CH2)7)3P with CH3ACHTUNGTRENNUNG(CH2)11I
in CF3C6H5 at 105 8C (71% after workup; see Experimental
Section).
Table 1, entry 4 was repeated by using both 1 and 4. Sur-


prisingly, as shown by the data in Table 3 and the rate pro-
files in Figure 6, 4 proved to be the superior catalyst. As


shown in Figure 1b, the conditions were triphasic. The solid
phosphonium salt occupied the interface between the fluo-
rous and aqueous phases at lower temperatures, but melted
by the reaction temperature to give a liquid/liquid/liquid
system as generalized in Scheme 1b. As shown by Table 3
and the rate profiles in Figure 7, 4 also catalyzed faster the
reactions of Rf8ACHTUNGTRENNUNG(CH2)3I with KCN and NaOAc. Interestingly,
their nucleophilicities appeared much more comparable
than with 1.
NMR experiments with internal standards (see Experi-


mental Section) revealed that 4 has a very low solubility in


perfluoromethyldecalin at room temperature. Upper limits
of 0.0014–0.0016m (<0.001 gmL�1) were set at room tem-
perature and 100 8C. There was no detectable solubility in
water at room temperature (<0.0006m), but some solubility
was found at 100 8C (�0.0039m). Out of curiosity, equimolar
amounts of 4 and the fluorous alkyl bromide Rf8ACHTUNGTRENNUNG(CH2)2Br
were combined in perfluoromethyldecalin at 100 8C. This
represents a heterogeneous analogue of the homogeneous
experiments in Table 2. Within 1 h, 25% conversion into the
iodide Rf8ACHTUNGTRENNUNG(CH2)2I had occurred. This remained unchanged
over the course of 24 h, which indicates the rapid establish-
ment of a liquid/solid biphasic equilibrium.
Interestingly, when the fluorous solvent was omitted from


the reaction with 4 in Figure 6, the conversion was still
faster. Identical quantities of Rf8ACHTUNGTRENNUNG(CH2)3I and 4 were com-
bined in the absence of aqueous NaCl and heated to 100 8C.
The salt dissolved in the fluorous alkyl iodide, presumably
owing to the greater polarity versus perfluoromethyldecalin.
Hence, the fluorous-solvent-free reaction is biphasic (Fig-
ure 1c). Salt 4 also catalyzed the reaction of the nonfluorous
alkyl iodide CH3ACHTUNGTRENNUNG(CH2)11I and NaCl (12:88 molar ratio) in
a) nitrobenzene/water and b) dibutyl ether/water mixtures at
100 8C. Under these biphasic conditions, conversions into
the chloride CH3 ACHTUNGTRENNUNG(CH2)11Cl were a) 56 and 67% after 24 and
96 h, respectively, and b) 73% after 24 h. In the absence of
4, no appreciable background reaction was observed (<2%,
24 h).
An entirely different class of compounds was briefly in-


vestigated as phase-transfer catalysts. Metrangolo, Resnati,
and co-workers showed that perfluoroalkyl iodides (RfnI)
are superb halide anion acceptors and form adducts through
“halogen bonds”.[17] Furthermore, small quantities can en-
hance the solubilities of certain halide salts in fluorous
media.[18] However, when Table 1, entry 4 was repeated with
10 mol% of Rf10I in place of 1, no conversion was observed
over the course of 22 h.
In summary, the data with 4 suggest yet another dimen-


sion of possibilities for the catalysis of multiphase ionic dis-


Table 3. Data for halide-substitution reactions catalyzed by the nonfluo-
rous phosphonium salt 4 at 100 8C under the conditions of Scheme 1b.[a]


Entry Substrate M+Y� Product t [h] Conv. [%]


1[b] Rf8 ACHTUNGTRENNUNG(CH2)3I NaCl Rf8 ACHTUNGTRENNUNG(CH2)3Cl 1 43
24 93


2 KCN Rf8 ACHTUNGTRENNUNG(CH2)3CN 1 17
24 80


3 NaOAc Rf8 ACHTUNGTRENNUNG(CH2)3OAc 1 22
24 65


[a] Conditions: Rf8 ACHTUNGTRENNUNG(CH2)3I (0.10 mmol), M+Y� (0.80 mmol), perfluoro-
methyldecalin (0.5 mL), water (0.5 mL), 4 (0.01 mmol), 100 8C. [b] For
the rate profile, see Figure 6.


Figure 6. Rate profiles for the reactions of Rf8 ACHTUNGTRENNUNG(CH2)3I and NaCl catalyzed
by 1 (&; duplicate of Table 1, entry 4) and 4 (&; Table 3, entry 1) in per-
fluoromethyldecalin/water at 100 8C.


Figure 7. Rate profiles for the reactions of Rf8 ACHTUNGTRENNUNG(CH2)3I with KCN (&;
Table 3, entry 2) and NaOAc (&; Table 3, entry 3) catalyzed by 4 in per-
fluoromethyldecalin/water at 100 8C.
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placement reactions involving fluorous solvents. However,
most appear to be of secondary relevance to Scheme 1a,
which is the main focus of the present work. Hence, further
investigation of the many intriguing questions raised will be
pursued in a separate study.


Catalyst Recycling


The recycling of the fluorous phosphonium salts after cataly-
sis was investigated. Notably, the dominant rest state would
be expected to contain the halide anion employed as the nu-
cleophile, which is used in excess. Thus, hexane was added
to the fluorous phase after a reaction analogous to that in
Table 1, entry 4, in which the iodide salt 1 was the original
catalyst. The resulting precipitate, which should largely be
the chloride salt (Rf8ACHTUNGTRENNUNG(CH2)2)ACHTUNGTRENNUNG(Rf6ACHTUNGTRENNUNG(CH2)2)3P


+Cl�, was washed
with hexanes and water and used for a second cycle.
As summarized in Table 4, five cycles were conducted, in-


volving two different substrate/nucleophile combinations.


After the fifth, for which the conversion was noticeably
lower, 38% of the original catalyst mass remained. The
31P NMR spectrum exhibited only a single catalyst signal,
which suggests little if any degradation. Separate analyses
showed that the dominant mode of catalyst loss was incom-
plete precipitation.
We previously found that the recovery of fluorous cata-


lysts by precipitation is often enhanced by the presence of a
fluoropolymer support, such as teflon shavings or tape.[19,20]


Thus, the adhesion of fluorous phosphonium salts was
tested. A suspension of 1 (0.010 mmol) in the hybrid solvent
CF3C6H5 (1 mL) was heated to 90 8C to give a homogeneous
solution. A 30S12S0.0075-mm3 strip of teflon tape was then
immersed in the solution. The sample was allowed to cool;
it first became turbid and then clear as 1 adsorbed onto the
tape. The sample was kept briefly at 10 8C, and then the
tape was removed, washed with hexane, and air-dried.
Light-yellow patches were discernable upon close visual in-
spection of the tape.
As shown in Figure 8, the catalyst-coated tape was used in


reactions analogous to that in Table 1, entry 4, but with
CF3C6H5 as the non-aqueous solvent owing to the lower sol-
ubility of 1. After 72 h, the mixture was cooled to room tem-
perature.[21] The tape was removed, washed with water and
hexane, and used in a subsequent reaction cycle. As sum-
marized in Figure 8b, five cycles were conducted. Also, rate
profiles were measured by 1H NMR spectroscopy for the
first three cycles of an identical series of experiments (1’, 2’,
3’). This involved interrupting the reaction for a roughly 1-h
cooling sequence for every data point. The conversion and
rate data indicate an impressive retention of activity. Fur-
thermore, in the rate experiments, the weights of the recov-
ered tape were nearly constant.[22] Hence, there was minimal
catalyst degradation or leaching by incomplete precipitation.


Discussion


Mechanism


The stoichiometric reactions of fluorous phosphonium salts
and fluorous alkyl halides in Table 2 and Figure 5 unambigu-
ously establish that ionic displacement reactions can occur
at moderate temperatures in extremely nonpolar fluorous
media. The much lower polarity of fluorous solvents relative
to aliphatic hydrocarbons can be quantified by a variety of
measures, as reviewed elsewhere.[4]


None of the fluorous alkyl halides or fluorous phosphoni-
um salts 1–3 exhibited detectable solubilities in water. For
reference, the CF3C6F11/toluene partition coefficient for Rf8-
ACHTUNGTRENNUNG(CH2)3I is 50.7:49.3;


[23] other alkyl halides with fewer meth-


Figure 8. a) Recovery and reuse of fluorous phosphonium salt 1 with teflon tape. b) Conversions and rate profiles as a function of cycle.


Table 4. Recovery and reuse of fluorous phosphonium salt 1 under the
conditions of Scheme 1a.[a]


Cycle Substrate M+Y� Product t [h] Conv. [%]


1 Rf8 ACHTUNGTRENNUNG(CH2)3I NaCl Rf8ACHTUNGTRENNUNG(CH2)3Cl 24 95
2 Rf8 ACHTUNGTRENNUNG(CH2)3Cl KI Rf8ACHTUNGTRENNUNG(CH2)3I 120 85
3 Rf8 ACHTUNGTRENNUNG(CH2)3I NaCl Rf8ACHTUNGTRENNUNG(CH2)3Cl 24 91
4 Rf8 ACHTUNGTRENNUNG(CH2)3I NaCl Rf8ACHTUNGTRENNUNG(CH2)3Cl 24 81
5 Rf8 ACHTUNGTRENNUNG(CH2)3I NaCl Rf8ACHTUNGTRENNUNG(CH2)3Cl 24 66


[a] Conditions: Rf8 ACHTUNGTRENNUNG(CH2)3X (0.34 mmol), M+Y� (2.56 mmol), perfluoro-
methyldecalin (0.5 mL), water (0.5 mL), 1 (0.034 mmol), 100 8C. Recov-
ery involved hexane-assisted precipitation as described in the text.
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ylene groups or less-polarizable halides should be more fluo-
rophilic. Therefore, we believe it highly probable that the bi-
phasic reactions in Table 1 and Scheme 1a occur exclusively
in the fluorous phase, or with at most very minor contribu-
tions from reactions in water.
However, interfacial catalysis remains difficult to exclude.


The viability of such a pathway is strongly suggested by the
results with the nonfluorous phosphonium salt 4 (Table 3
and Figures 6 and 7), which exhibited only trace solubility
levels in fluorous and aqueous solvents under the reaction
conditions and occupied an interface as illustrated in
Scheme 1b and Figure 1b. As noted above, a detailed inves-
tigation of this process is beyond the scope of the present
study. Nonetheless, we believe it very probable that the
dominant mechanism of catalysis is different from that with
1–3. If so, the question as to why 4 effects a faster reaction
with NaCl (Figure 6) or an altered AcO�/CN� nucleophilici-
ty ratio (Figure 7) amounts to an apples/oranges comparison
with no simple answer.
With regard to the long-term goal of sequestering and re-


mediating toxic waste as fluorous derivatives in fluorous
media noted in the Introduction, interfacial catalysts repre-
sent an important conceptual refinement. In principle, this
removes the necessity of dissolving a catalyst in the fluorous
phase, thus simplifying in situ processing and minimizing the
generation of additional waste. The net effect is reminiscent
of a membrane-based ion channel, with the attendant poten-
tial for new selectivities.
During the course of our extensive studies of fluorous


molecules over the last 14 years, we occasionally encoun-
tered other fluorous salts that are soluble in fluorous sol-
vents.[24] Deelman, van Koten, and co-workers described a
series of fluorous anions, the BArf


� analogues B(4-
C6H4Rf6)4


�, B ACHTUNGTRENNUNG(3,5-C6H3ACHTUNGTRENNUNG(Rf6)2)4
�, and B ACHTUNGTRENNUNG(4-C6H4SiACHTUNGTRENNUNG(CH3)2


ACHTUNGTRENNUNG(CH2)2Rf6)4
�, that give many such salts.[25] Maruoka and co-


workers reported the ammonium salt 5 in Scheme 2.[26]


There is the immediate question of how such species and
the phosphonium salts 1–3 are solvated in fluorous media.
It has been suggested that the halide ions of quaternary


ammonium and phosphonium salts penetrate deeply within
the web of alkyl substituents in nonpolar solvents.[27] This
maximizes attractive coulombic ion–dipole and van der
Waals interactions. However, there is also much evidence
for facile cavitation in fluorous solvents, consistent with the
very low intermolecular enthalpic interactions.[4] The result-
ing free volumes are particularly accommodating of small
neutral solutes and might similarly take up halide anions.
Furthermore, “hydration shells” that consist of several water
molecules are commonly associated with phosphonium salts
used for phase-transfer catalysis in organic media.[28] Hence,
water may participate when an aqueous phase is present.
As noted above, the data in Table 1 establish the opera-


tional nucleophilicity order I�>Br�>Cl�>OAc�>CN� for
catalyst 1 in perfluoromethyldecalin. Relative anion nucleo-
philicities have been extensively analyzed and depend
strongly on the medium.[29] In organic/aqueous phase-trans-
fer catalysis, nucleophilicities are commonly dependent on


stirring speeds up to a certain threshold.[28] When phase
transfer is no longer rate-determining, the cyanide anion is
usually found to be a stronger nucleophile than halide
anions.[28] Thus, phase-transfer catalysis involving fluorous
media promises intriguing new selectivities, but further stud-
ies are required to interpret these trends fully.


Catalyst Recovery: Other Fluorous Phase-Transfer Catalysts


The fluorous phosphonium salts 1–3 have, like many other
fluorous substances,[30] highly temperature-dependent solu-
bilities. This thermomorphism forms the basis for the recy-
cling protocols in Table 4 and Figure 8, in which the catalyst
was recovered by precipitation. Reactions that take place
significantly above room temperature are particularly suita-
ble, as the catalyst/solvent combination can be optimized for
the lowest possible residual room-temperature solubility and
leaching. In hindsight, the perfluoromethyldecalin selected
for Table 4 was not optimal, as upon cooling the phosphoni-
um salt did not fully precipitate, perhaps arising in part to
the mixture of counteranions present as noted above. A co-
solvent, hexane, was needed to enhance recovery.
However, the hybrid solvent CF3C6H5 employed in


Figure 8 proved ideal. The additional use of teflon tape in
these recycling experiments is significant in several regards.
First, the fluorous support distinctly improves the recovery
and retention of activity of 1. There is no need for a cosol-
vent. Second, these results significantly extend the scope of
this method, which was initially developed with the fluorous
rhodium catalyst [ClRh{P(CH2CH2Rf6)3}3] for hydrosilyla-
tions conducted in dibutyl ether at 55 8C.[20,31] Third, the


Scheme 2. Other fluorous phase-transfer catalysts.
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coated tape is also used for initial catalyst delivery. In princi-
ple, instead of weighing out a small quantity of catalyst by
mass, a suitable length of coated tape could be added to the
reaction mixture. However, as noted above, 1 does not
appear to coat uniformly on teflon tape, at least with the
procedures we have examined to date.
Several efforts involving fluorous phase-transfer catalysts


in other laboratories deserve emphasis. First, Maruoka and
co-workers developed a family of chiral fluorous ammonium
salts, as exemplified by 5 in Scheme 2.[26] However, they
were designed for use in organic/aqueous phase-transfer re-
actions and subsequent catalyst recovery. The salts were ap-
plied to the enantioselective alkylation of glycine derivatives
and recycled by extracting the reaction mixtures with fluo-
rous solvents. Interestingly, 5 is also soluble in CH2Cl2,
CHCl3, and diethyl ether.
Second, Stuart and Vidal synthesized two fluorous diaza


derivatives of 18-crown-6 (6 ; Scheme 2).[32] These were
shown to extract picrate from aqueous to organic solutions
and to catalyze the reaction of C8H17Br and KI under liquid/
solid biphasic conditions by using the hybrid solvent
CF3C6H5. When aqueous solutions of KI were employed,
yields were considerably lower. The fluorous crown ethers
could be recovered by solid-phase extraction (filtration
through fluorous silica gel). The synthesis of other types of
fluorous crown ethers (7; Scheme 2) and their ability to cat-
alyze ionic displacement reactions in fluorous media have
also been described at conferences.[33]


Conclusions


This study has opened up unexpected new vistas for both
phase-transfer catalysis and fluorous chemistry. Ionic dis-
placement reactions are easily conducted in extremely non-
polar fluorous media at 76–100 8C with either stoichiometric
or catalytic quantities of fluorous phosphonium halide salts.
This constitutes an important conceptual step in the realiza-
tion of processing strategies for materials immobilized in
fluorous phases. Nonfluorous phosphonium salts are even
better catalysts, but appear to function interfacially. Owing
to the highly temperature-dependent solubilities of the fluo-
rous phosphonium salts, they can be easily recovered by pre-
cipitation onto teflon tape. In recent work, we found that
analogous fluorous and nonfluorous ammonium salts are
also effective phase-transfer catalysts for such reactions, and
these even more active systems will be described in subse-
quent reports.[34] Important future contributions to these re-
search themes from other laboratories can also be anticipat-
ed.[18,26,32,33]


Experimental Section


General


Reactions were conducted in air unless otherwise noted. Chemicals were
treated as follows: hexanes, CHCl3, diethyl ether, acetone, ethyl acetate,


acetonitrile, CF3C6H5 (ABCR, 99%), and CF3C6F11 (ABCR, 90%):
simple distillation; CF3C6F5 (ABCR, 98%): passed through neutral alu-
mina and stored over molecular sieves; CH2Cl2: distilled from CaH2;
N,N-dimethylformamide (DMF): distilled from CaH2 and freeze/pump/
thaw degassed; perfluoromethyldecalin (ABCR, 85%), Rf8 ACHTUNGTRENNUNG(CH2)2I (Lan-
caster, 97%), Rf8 ACHTUNGTRENNUNG(CH2)3OH (Apollo), NaCl (Acros, 99.5%), LiCl (anhy-
drous, Fluka, �99%), KCN (Acros, 97%), LiBr (Fluka, �98%), KI
(Acros, 99%), PBr5 (Merck, >98%), acetyl chloride (Acros, 99+ %),
CH3 ACHTUNGTRENNUNG(CH2)11I (TCI, >96%), (CH3ACHTUNGTRENNUNG(CH2)7)3P (Alfa, 90%), and resorcinol
(Acros, 98%): used as received. For substitution reactions, educts and au-
thentic samples of products were either purchased (above) or prepared
by new procedures (below) or literature procedures (Rf8 ACHTUNGTRENNUNG(CH2)3I,


[35] Rf8-
ACHTUNGTRENNUNG(CH2)3Br,


[36] Rf8 ACHTUNGTRENNUNG(CH2)2Br
[7]). Phosphonium salts not given below were


prepared as described earlier.[7]


NMR spectra were recorded on Bruker 300- or 400-MHz spectrometers
at ambient probe temperatures and referenced as follows: 1H: residual
internal CHCl3 or [D5]acetone (d =7.24 or 2.04 ppm); 13C: internal
CDCl3 or [D6]acetone (d =77.0 or 29.8 ppm); 31P: internal H3PO4 capilla-
ry (d=0.00 ppm). The highly coupled 13C NMR signals of the fluorinated
carbon atoms are not listed below. IR and mass spectra were recorded on
ASI React-IR and Micromass Zabspec instruments. Elemental analysis
was conducted on a Carlo Erba EA1110 instrument.


Syntheses


Rf8 ACHTUNGTRENNUNG(CH2)3Cl: A flask was charged with Rf8 ACHTUNGTRENNUNG(CH2)3OTs[13] (1.700 g,
2.69 mmol; Ts=p-toluenesulfonyl), LiCl (3.400 g, 81.0 mmol), and ace-
tone (7 mL) and fitted with a condenser. The suspension was kept at
68 8C for 19 h, cooled, and directly subjected to chromatography (silica-
gel column, 40–60 8C petroleum ether/ethyl acetate=19:1 v/v). The sol-
vent was removed from the product containing fractions (Rf (TLC)=


0.95) by rotary evaporation to give Rf8 ACHTUNGTRENNUNG(CH2)3Cl as a colorless liquid
(0.975 g, 1.97 mmol, 73%). 1H NMR (CDCl3): d =3.59 (t, 3JH,H=6 Hz,
2H, CH2Cl), 2.32–2.19 (m, 2H, CF2CH2), 2.11–2.04 ppm (m, 2H,
CH2CH2CH2);


13C{1H} NMR (CDCl3): d=43.4 (s, CH2Cl), 28.6 (t, 2JC,F=


22 Hz, CF2CH2), 23.7 ppm (s, CH2CH2CH2); elemental analysis: calcd
(%) for C11H6ClF17: C 26.61, H 1.21; found: C 26.45, H 1.47.


Rf8 ACHTUNGTRENNUNG(CH2)3CN: A flask was charged with Rf8 ACHTUNGTRENNUNG(CH2)3OTs[13] (0.1900 g,
0.301 mmol), KCN (0.040 g, 0.60 mmol), and acetone (7 mL) and fitted
with a condenser. The suspension was kept at 68 8C for 48 h, cooled, and
directly subjected to chromatography (silica-gel column, 40–60 8C petro-
leum ether/ethyl acetate=19:1 v/v). The solvent was removed from the
product containing fractions (Rf (TLC)=0.90) by rotary evaporation to
give Rf8 ACHTUNGTRENNUNG(CH2)3CN as a white solid (0.092 g, 0.189 mmol, 63%). M.p.:
46 8C; IR (powdered film): ñCN=2250 cm�1 (w); 1H NMR (CDCl3): d=


2.49 (t, 3JH,H=7 Hz, 2H, CH2CN), 2.19–2.32 (m, 2H, CF2CH2), 2.04–
1.97 ppm (m, 2H, CH2CH2CH2);


13C{1H} NMR (CDCl3): d=118.2 (s,
CN), 29.7 (t, 2JC,F=21 Hz, CF2CH2), 16.9 (s, CH2CN), 16.8 ppm (s,
CH2CH2CH2); MS (3-nitrobenzyl alcohol (3-NBA), FAB+ ): m/z (%)=


488 [M]+ (100); elemental analysis: calcd (%) for C12H6F17N: C 29.59,
H 1.24, N 2.88; found: C 28.45, H 1.31, N 2.99.


Rf8 ACHTUNGTRENNUNG(CH2)3OAc: A flask was charged with Rf8 ACHTUNGTRENNUNG(CH2)3OH (5.00 g,
10.5 mmol) and acetyl chloride (5.00 g, 4.55 mL, 64.1 mmol). The mixture
was stirred for 48 h, and water was added (80 mL). The mixture was ex-
tracted with CH2Cl2 (100 mL). The organic phase was washed with aque-
ous NaHCO3 (0.1m, 50 mL) and dried (Na2SO4). Distillation (64 8C, 1.0S
10�2 mbar) gave Rf8 ACHTUNGTRENNUNG(CH2)3OAc as a clear liquid (5.019 g, 9.65 mmol,
92%). IR (KBr): ñ=2972 (w), 1749 (s), 1370 (w), 1200 (s), 1146 (m),
1031 cm�1 (m); 1H NMR (CDCl3): d=4.48–4.15 (m, 2H, CH2O), 2.62–
1.83 ppm (m, 7H, overlapping CF2CH2CH2, CH3);


13C{1H} NMR
(CDCl3): 171.1 (C=O), 62.9 (s, CH2O) 27.9 (t, 2JC,F=22 Hz, CF2CH2),
20.7, 19.8 ppm (2Ss, CH3, CH2CH2CH2); elemental analysis: calcd (%)
for C13H9F17O2: C 30.00, H 1.73; found: C 30.12, H 2.02.


Rf8 ACHTUNGTRENNUNG(CH2)2Cl: A flask was charged with Rf8 ACHTUNGTRENNUNG(CH2)2OTf[37] (4.91 g,
8.24 mmol), NaCl (5.80 g, 100 mmol), and acetonitrile (32 mL) and fitted
with a condenser. The suspension was heated under reflux. After 16 h,
the solvent was removed by rotary evaporation. Water (100 mL) and di-
ethyl ether (100 mL) were added. The organic phase was separated and
dried (MgSO4). The solvent was removed by rotary evaporation, and the
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residue was distilled (28 8C, 3.4S10�2 mbar) to give Rf8ACHTUNGTRENNUNG(CH2)2Cl as a
clear liquid (1.167 g, 2.42 mmol, 29%). IR (thin film): ñ=2347 (m), 1459
(w), 1370 (w), 1239 (s), 1200 (s), 1146 (s), 1116 (m), 976 cm�1 (m);
1H NMR (CDCl3): d=3.73–3.69 (m, 2H, CH2Cl), 2.64–2.47 ppm (m, 2H,
CF2CH2);


13C{1H} NMR (CDCl3): d =34.6 ppm (s with overlapping t,
CF2CH2CH2Cl); elemental analysis: calcd (%) for C10H4ClF17: C 24.90,
H 0.83; found: C 24.11, H 0.67.


Rf8 ACHTUNGTRENNUNG(CH2)2Br:
[7,38] A flask was charged with PBr5 (1.295 g, 3.01 mmol) and


CH2Cl2 (10 mL) and cooled to 0 8C. A solution of Rf8 ACHTUNGTRENNUNG(CH2)2OH (2.959 g,
4.80 mmol) in CH2Cl2 (10 mL) was added dropwise with vigorous stirring
under N2 atmosphere. After 1 h, the cold bath was removed. After 16 h,
the sample was cooled to 0 8C, and water (10 mL) was added. The mix-
ture was extracted with diethyl ether (2S10 mL). The solvent was re-
moved from the extract by rotary evaporation. The residue was subjected
to chromatography (silica-gel column, hexane/CH2Cl2=9:1 v/v). The sol-
vent was removed from the product containing fractions (Rf (TLC)=


0.80) by rotary evaporation to give Rf8 ACHTUNGTRENNUNG(CH2)2Br as a colorless liquid
(1.682 g, 3.108 mmol, 65%).


ACHTUNGTRENNUNG(Rf8 ACHTUNGTRENNUNG(CH2)2) ACHTUNGTRENNUNG(Rf6ACHTUNGTRENNUNG(CH2)2)3P
+Br� (3): A flask was charged with Rf8 ACHTUNGTRENNUNG(CH2)2Br


(0.900 g, 1.71 mmol), (Rf6 ACHTUNGTRENNUNG(CH2)2)3P
[39] (1.830 g, 1.71 mmol), and DMF


(2 mL) under N2 atmosphere. The mixture was stirred at 120 8C for
3 days. The volatiles were removed at 120 8C and 3S10�2 mbar. The resi-
due was washed with toluene (1S4 mL), methanol (3S4 mL), and diethyl
ether (7S4 mL) and dried by oil-pump vacuum to give 3 as a yellow
solid (1.552 g, 0.971 mmol, 57%). M.p.: 54–54.5 8C; IR (powder film):
2887 (w), 1231 (s), 1189 (s), 1143 cm�1 (s); 1H NMR (CF3C6F5+2 drops
[D6]acetone; external lock CDCl3): d=3.46–3.38 (m, 8H, CH2P), 2.84–
2.70 ppm (m, 8H, CF2CH2);


13C{1H} NMR (CF3C6F5+2 drops
[D6]acetone; external lock CDCl3): d =24.0 (t, 2JC,F=22 Hz, CF2CH2),
11.9 ppm (d, 1JC,P=52 Hz, CH2P);


31P{1H} NMR (CF3C6F5/CDCl3): d=


41.5 ppm (s); MS (3-NBA, FAB+ ): m/z (%)=1519 [(Rf8 ACHTUNGTRENNUNG(CH2)2) ACHTUNGTRENNUNG(Rf6-
ACHTUNGTRENNUNG(CH2)2)3P]


+ (100); elemental analysis: calcd (%) for C34H16BrF56P:
C 25.53, H 1.01; found: C 25.35, H 1.00.


ACHTUNGTRENNUNG(CH3ACHTUNGTRENNUNG(CH2)11) ACHTUNGTRENNUNG(CH3ACHTUNGTRENNUNG(CH2)7)3P
+I� (4): A flask was charged with CH3


ACHTUNGTRENNUNG(CH2)11I (1.900 g, 6.42 mmol), (CH3 ACHTUNGTRENNUNG(CH2)7)3P (1.334 g, 3.61 mmol), and
CF3C6H5 (5 mL) under N2 atmosphere. The mixture was stirred at 105 8C
for 18 h. The volatiles were removed at 120 8C and 3S10�2 mbar. The res-
idue was washed with cold hexane (2S5 mL) and dried by oil-pump
vacuum to give 4 as a white solid (1.696 g, 2.54 mmol, 71%). M.p.: 53 8C;
1H NMR (CDCl3): d=2.45–2.30 (m, 8H), 1.59–1.45 (m, 16H), 1.30–1.25
(br m, 40H), 0.87 ppm (t, 3JH,H=6 Hz, 12H, 4CH3);


1H NMR
([D6]acetone): d=2.59–2.53 (m, 8H), 1.78–1.68 (m, 8H), 1.55–1.49 (m,
8H), 1.48–1.30 (br m, 40H), 0.89 ppm (br s, 12H, 4CH3);


13C{1H} NMR
([D6]acetone): d=32.5, 32.4 (2Ss, �1:3, CH2), 31.3 (d, 3JC,P=15 Hz,
CH2CH2CH2P), 30.4–29.1 (several signals obscured by [D6]acetone), 23.2
(2Ss, �1:3, CH2), 21.1 (d, 2JC,P=4 Hz CH2CH2P), 19.5 (d, 1JC,P=47 Hz,
CH2P), 14.2 ppm (s, CH3);


31P{1H} NMR ([D6]acetone): d=33.3 (s); MS
(3-NBA, FAB+ ): m/z (%)=540 [(CH3 ACHTUNGTRENNUNG(CH2)11)ACHTUNGTRENNUNG(CH3 ACHTUNGTRENNUNG(CH2)7)3P]


+ (100);
elemental analysis: calcd (%) for C36H76P: C 64.84, H 11.49; found:
C 64.83, H 11.53.


Catalysis


Representative substitution reactions and recycling without support
(Scheme 1a, Table 1, entry 4, and Table 4): A 4-mL vial was charged with
Rf8 ACHTUNGTRENNUNG(CH2)3I (0.200 g, 0.341 mmol), 1 (0.055 g, 0.034 mmol), perfluorome-
thyldecalin (0.5 mL), NaCl (0.150 g, 2.56 mmol), and water (0.5 mL). The
vial was tightly sealed, and the mixture was vigorously stirred at 100 8C
for 24 h. The 1H NMR spectrum of an aliquot from the fluorous phase
showed that more than 90% of the iodide was consumed. Hexane was
added to precipitate the phosphonium salt from the biphasic supernatant
(water below a combined fluorous/hexane layer). The upper phase was
separated and dried (MgSO4). The solvents were removed by oil-pump
vacuum to give Rf8 ACHTUNGTRENNUNG(CH2)3Cl as a colorless oil (0.154 g, 0.31 mmol, 92%)
that contained about 7% of Rf8ACHTUNGTRENNUNG(CH2)3I. The phosphonium salt was
washed twice with distilled water (1 mL) and reused for the next reac-
tion. Rf8 ACHTUNGTRENNUNG(CH2)3Cl:


1H NMR (CDCl3): d=3.60 (t, JH,H=6.8 Hz, 2H,
CH2Cl), 2.36–2.04 ppm (2 m, 4H, CF2ACHTUNGTRENNUNG(CH2)2);


13C{1H} NMR (CDCl3):


d=43.5 (s, CH2Cl), 28.5 (t, 2JC,F=21 Hz, CF2CH2), 23.6 ppm (t, 3JC,F=


6 Hz, CH2CH2Cl).


Phase requirements: A (reaction without fluorous solvent): A 4-mL vial
was charged with Rf8ACHTUNGTRENNUNG(CH2)3I (0.200 g, 0.341 mmol), 1 (0.055 g,
0.034 mmol), NaCl (0.150 g, 2.56 mmol), and water (0.5 mL). The vial
was tightly sealed, and the mixture was vigorously stirred at 100 8C for
24 h. The sample was cooled, and CDCl3 was added. The


1H NMR spec-
trum of the CDCl3 layer showed 87% conversion into Rf8 ACHTUNGTRENNUNG(CH2)3Cl.


B (CF3C6H5 solvent): A 4-mL vial was charged with Rf8 ACHTUNGTRENNUNG(CH2)3I (0.200 g,
0.341 mmol), 1 (0.055 g, 0.034 mmol), CF3C6H5 (0.5 mL), NaCl (0.150 g,
2.56 mmol), and water (0.5 mL). The vial was tightly sealed, and the mix-
ture was vigorously stirred at 100 8C. The 1H NMR spectrum of an ali-
quot from the fluorous phase showed 49% conversion after 24 h and
72% after 72 h.


C (CF3C6H5 solvent, preparative scale): A vial was charged with Rf8-
ACHTUNGTRENNUNG(CH2)2OTs[13] (1.850 g, 2.99 mmol), LiBr (1.040 g, 11.97 mmol), 3 (0.474 g,
0.296 mmol), CF3C6H5 (5 mL), and water (5 mL). The vial was tightly
sealed, and the mixture was vigorously stirred at 98–100 8C for 180 h. The
sample was cooled and extracted with hexane (2S10 mL). The solvent
was removed from the extract by rotary evaporation. The residue was
subjected to chromatography (silica-gel column, hexane/CH2Cl2=12:1 v/
v). The solvent was removed from the product containing fractions (Rf


(TLC)=0.75) by rotary evaporation to give Rf8 ACHTUNGTRENNUNG(CH2)2Br as a colorless
liquid (1.127 g, 2.08 mmol, 70%; see additional syntheses above).


D (representative reaction from Table 2 (entry 1)): A 4-mL vial was
charged with Rf8 ACHTUNGTRENNUNG(CH2)2Br (0.092 g, 0.17 mmol), 1 (0.276 g, 0.17 mmol),
and perfluoromethyldecalin (0.25 mL). The vial was tightly sealed, and
the homogeneous sample was vigorously stirred at 100 8C. A 1H NMR
spectrum of an aliquot was recorded hourly (Figure 5).


Representative reaction with nonfluorous catalyst (Table 3, entry 1): A 4-
mL vial was charged with Rf8 ACHTUNGTRENNUNG(CH2)3I (0.200 g, 0.341 mmol), 4 (0.023 g,
0.034 mmol), perfluoromethyldecalin (0.5 mL), NaCl (0.150 g,
2.56 mmol), and water (0.5 mL). The vial was tightly sealed, and the mix-
ture was vigorously stirred at 100 8C for 24 h. The 1H NMR spectrum of
an aliquot from the fluorous phase showed 43% conversion after 1 h and
93% after 24 h.


Solubility data: A: A flask was charged with 4 (0.067 g, 0.10 mmol), re-
sorcinol standard (0.330 g, 3.00 mmol), and D2O (5.00 mL). The sample
was vigorously stirred at 24 8C. Stirring was halted, and after the undis-
solved 4 had settled, an aliquot of the supernatant was removed and di-
luted with [D6]acetone. The sample was stirred at 100 8C. An aliquot of
the supernatant was similarly removed and diluted with [D6]acetone.
1H NMR spectra of both aliquots were recorded, and the methyl signals
of 4 (0.89 ppm, 12H) were integrated against the CH signals of resorcinol
(d=6.94–6.90 and 6.30–6.27 ppm, 4H). Data: see text. No signal was de-
tected for 4 at 24 8C, so the limit was assigned by using a noise peak.


B: A flask was charged with 4 (0.0307 g, 0.046 mmol), Rf8 ACHTUNGTRENNUNG(CH2)2I
(0.0162 g, 0.028 mmol), and perfluoromethyldecalin (1.00 mL). The
sample was vigorously stirred at 23 8C. Stirring was halted, and after the
undissolved 4 had settled, an aliquot of the supernatant was removed and
diluted with CDCl3. The sample was stirred at 100 8C. An aliquot of the
supernatant was similarly removed and diluted with CDCl3.


1H NMR
spectra of both aliquots were recorded, and the CH2I signals of Rf8-
ACHTUNGTRENNUNG(CH2)2I (d=3.24 ppm, 2H) were integrated against a multiplet of 4 (d=


1.25–1.30 ppm, 40H), which overlapped with impurity signals that were
magnified owing to the low solubility. This afforded the upper solubility
limits noted in the text.


Catalyst-coated teflon tape: A suspension of 1 (0.019 g, 0.010 mmol) in
CF3C6H5 (1 mL) was heated to 90 8C to give a homogeneous solution. A
30S12S0.0075-mm3 strip of teflon tape was then immersed in the solu-
tion, which was allowed to cool to room temperature (becoming turbid
then clear) with occasional shaking. The sample was kept at 10 8C for
10 min. The white tape, which exhibited light-yellow patches, was then re-
moved, washed with hexane (0.5 mL), and then air-dried.


Recycling with support: A (table in Figure 8b): A 4-mL vial was charged
with Rf8 ACHTUNGTRENNUNG(CH2)3I (0.0588 g, 0.101 mmol), CF3C6H5 (0.5 mL), water
(0.5 mL), and the teflon tape coated with 1 from the previous experi-
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ment. The vial was tightly sealed, and the mixture was vigorously stirred
at 98–100 8C for 72 h. The 1H NMR spectrum of an aliquot of the
CF3C6H5 phase showed 71% conversion. The heating bath was replaced
by a cold tap-water bath, and the sample was stirred for a further hour.[21]


The coated tape was removed, washed with distilled water (2S2 mL) and
hexane, and reused for the next cycle.


B (rate profile in Figure 8b): The preceding experiment was repeated,
but was periodically cooled. Small aliquots of the CF3C6H5 phase were
then removed and diluted with CDCl3, and


1H NMR spectra were record-
ed (typical interruption of reaction time: 1 h).[22]
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Frontside versus Backside SN2 Substitution at Group 14 Atoms: Origin of
Reaction Barriers and Reasons for Their Absence


A. Patr*cia Bento and F. Matthias Bickelhaupt*[a]


Introduction


Bimolecular nucleophilic substitution (SN2) reactions play
an important role in organic synthesis,[1] and various experi-
mental and theoretical studies have therefore been devoted
to obtain a better understanding of the nature of these pro-
cesses.[2–8] The symmetric, thermoneutral SN2 reaction be-
tween the chloride anion and chloromethane, Cl�+CH3Cl,
in the gas phase is generally employed as the archetypal
model for nucleophilic substitution [Eq. (1)].


Cl� þH3C�Cl! Cl�CH3 þ Cl� ð1Þ


This reaction proceeds preferentially through backside nu-
cleophilic attack of the chloride anion at the carbon atom
(SN2@C) with concerted expulsion of the leaving group. A
well-known feature of gas-phase SN2@C reactions is their
double-well potential energy surface (PES) along the reac-
tion coordinate, shown in Figure 1. This PES is characterized


by a central barrier, provided by a trigonal bipyramidal tran-
sition state (TS), that separates two pronounced minima, as-
sociated with the reactant and product ion-molecule com-
plexes (RC and PC).


Interestingly, if one goes from the SN2@C reaction of
Cl�+CH3Cl [Eq. (1)] to the corresponding SN2@Si reaction
of the isoelectronic and isostructural reaction system of
Cl�+SiH3Cl [Eq. (2)], the central barrier disappears.[6,9–11]


[a] A. P. Bento, Dr. F. M. Bickelhaupt
Department of Theoretical Chemistry and
Amsterdam Center for Multiscale Modeling
Scheikundig Laboratorium der Vrije Universiteit
De Boelelaan 1083, 1081 HV Amsterdam (The Netherlands)
Fax: (+31)20-598-7629
E-mail : FM.Bickelhaupt@few.vu.nl


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/asia.200800065.


Figure 1. Potential energy surfaces for backside SN2@C (plain) and
SN2@Si (dashed) reactions along the reaction coordinate z (R= reactants,
RC= reactant complex, TS= transition state, TC= transition complex,
PC=product complex, P=products).


Abstract: We have theoretically stud-
ied the gas-phase nucleophilic substitu-
tion at group-14 atoms (SN2@A) in the
model reactions of Cl�+AH3Cl (A=


C, Si, Ge, Sn, and Pb) using relativistic
density functional theory (DFT) at
ZORA-OLYP/TZ2P. Firstly, we wish to
explore and understand how the reac-
tion coordinate z, and potential energy
surfaces (PES) along z, vary as the
center of nucleophilic attack changes


from carbon to the heavier group-14
atoms. Secondly, a comparison between
the more common backside reaction
(SN2-b) and the frontside pathway
(SN2-f) is performed. The SN2-b reac-


tion is found to have a central barrier
for A=C, but none for the other
group-14 atoms, A=Si–Pb. Relativistic
effects destabilize reactant complexes
and transition species by up to 10 kcal
mol�1 (for SN2-f@Pb), but they do not
change relative heights of barriers. We
also address the nature of the transfor-
mation in the frontside SN2-f reactions
in terms of turnstile rotation versus
Berry-pseudorotation mechanism.
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Cl� þH3Si�Cl! Cl�SiH3 þ Cl� ð2Þ


This phenomenon, which leads to a transition from a
double-well to a single-well PES, is well-known (see
Figure 1). Recently, we have shown in complementary stud-
ies that the disappearance of the central barrier in the
SN2@Si reactions is associated with less steric congestion
around the large silicon atom as well as with a more favora-
ble nucleophile-substrate interaction.[6–8] Interestingly, the
central barrier reappears as the steric bulk around the sili-
con atom is raised, yielding the first example of an SN2@Si
reaction that proceeds by the classical double-well potential
with a central reaction barrier. Importantly, these results
also highlight the generally steric nature of the SN2 barrier.


The available data are less abundant for pentacoordinate
group-14 atoms heavier than silicon, that is, germanium
(SN2@Ge),[10,11] tin (SN2@Sn),[10,12] and lead (SN2@Pb).[12]


They find that the central, pentacoordinate transition spe-
cies is a stable intermediate in the case of germanium, tin,
as well as lead. This suggests a single-well PES also for SN2
at heavier group-14 atoms [Eqs. (3)–(5)].


Cl� þH3Ge�Cl! Cl�GeH3 þ Cl� ð3Þ


Cl� þH3Sn�Cl! Cl�SnH3 þ Cl� ð4Þ


Cl� þH3Pb�Cl! Cl�PbH3 þ Cl� ð5Þ


Likewise, frontside nucleophilic substitution (SN2-f) at
carbon has been studied much less than the regular backside
pathway (SN2-b). Yet, a number of studies on this retention-
of-configuration mechanism appeared throughout the
years.[3,4,13–15] Experimental support for a retention-of-config-
uration (or SN2-f) mechanism was first provided in 1978 by
Cayzergues et al.,[13] in a study on the reaction between lithi-
um ethoxide and 3-chlorobut-1-ene in ethanol. Harder
et al.[4] later conducted calculations which showed that for
F�+CH3F, the TS of SN2-f is 47 kcalmol�1 higher than the
TS of regular SN2-b, whereas for LiF+CH3F, at variance,
the SN2-f pathway is more favorable than SN2-b. In a compu-
tational study on identity SN2 reactions of halide anions with
methyl halides, Glukhovtsev et al.[14] confirmed that the
frontside SN2-f mechanism is associated with a far higher
central barrier than the backside SN2-b pathway.


Herein, we present the results of a computational study
on the backside SN2-b and frontside SN2-f reactions at
carbon and silicon [Eqs. (1)–(2)], as well as those at germa-
nium, tin, and lead [Eqs. (3)–(5)] based on relativistic DFT
calculations at zeroth-order regular approximation
(ZORA)-OLYP/TZ2P as implemented in the Amsterdam
Density Functional (ADF) program.[16,17] This level of
theory was previously shown to agree within a few kcal
mol�1 with highly correlated ab initio benchmarks.[18]


Our purpose is threefold. Firstly, we wish to explore and
understand how the reaction coordinate z and potential
energy surfaces (PES) along z vary as the center of nucleo-
philic attack changes from carbon to the heavier group-14
atoms. Secondly, a comparison between the more common
backside reaction (SN2-b) and the frontside pathway (SN2-f)
will be performed. The third issue is to investigate to what
degree the trends are influenced by relativistic effects, espe-
cially for the most heavy group-14 congeners.


Computational Methods


General Procedure


All calculations were performed with the Amsterdam Density Functional
(ADF) program developed by Baerends and others.[16,17] The molecular
orbitals (MOs) were expanded in a large uncontracted set of Slater-type
orbitals (STOs) containing diffuse functions, TZ2P. This basis is of triple-
z quality and has been augmented by two sets of polarization functions:
2p and 3d on hydrogen, 3d and 4f on carbon, silicon and chlorine, 4d and
4f on germanium, 5d and 4f on tin and 5f and 6d on lead. The core shells
of carbon (1 s), silicon (1 s2 s2p), germanium (1 s2 s2p3 s3p), tin
(1 s2 s2p3 s3p3d4 s4p), lead (1 s2 s2p3 s3p3d4 s4p4d) and chlorine (1 s2 s2p)
were treated by the frozen-core approximation.[16] An auxiliary set of s, p,
d, f and g STOs was used to fit the molecular density and to represent
the Coulomb and exchange potentials accurately in each SCF cycle. Rela-
tivistic effects were accounted for by using the zeroth-order regular ap-
proximation[19] (ZORA).


Abstract in Portuguese: As reacÅJes de substituiÅ¼o nucle-
Lfila bimolecular em fase gasosa Cl�+AH3Cl (SN2@A: A=


C, Si, Ge, Sn, and Pb) foram teoricamente analisadas
usando a teoria relativMstica do funcional da densidade ao
nMvel ZORA-OLYP/TZ2P. Este estudo tem como principal
objectivo explorar e compreender como a coordenada de re-
acÅ¼o z e a superfMcie de energia potencial ao longo desta
variam N medida que o centro de ataque nucleofMlico varia
desde o carbono aos elementos mais pesados do grupo 14.
Esta anOlise P efectuada n¼o sL para o mecanismo mais
comum de invers¼o de configuraÅ¼o (SN2-b), mas tambPm
para o mecanismo de retenÅ¼o de configuraÅ¼o (SN2-f). No
caso de A=C, a reacÅ¼o SN2-b apresenta uma barreira de
activaÅ¼o. que n¼o existe para os outros elementos do grupo
14, A=Si–Pb. JO no caso da reacÅ¼o SN2-f, esta apresenta
sempre uma barreira de activaÅ¼o, em que a energia associa-
da ao estado de transiÅ¼o P sempre mais elevada do que
aquela correspondente ao mecanismo SN2-b. No entanto,
esta diferenÅa energPtica entre os dois estados vai-se tornan-
do menor N medida que se desce ao longo do grupo 14. Os
efeitos relativMsticos mostraram desestabilizar quer os com-
plexos de reacÅ¼o quer as espPcies de transiÅ¼o atP 10 kcal
mol�1 (no caso de SN2-f@Pb), apesar de, no entanto, n¼o
modificarem a ordem relativa das barreiras. Neste estudo,
foi ainda analisada a natureza da transformaÅ¼o associada
Ns reacÅJes de retenÅ¼o de configuraÅ¼o SN2-f em termos de
“turnstile rotation” contra o mecanismo de “Berry pseudo-
rotation”. Para compreender as tendÞncias das barreiras de
activaÅ¼o, as reacÅJes modelo foram analisadas usando o
modelo de “Activation Strain”, em que a superfMcie de ener-
gia potencial DE(z) P decomposta na energia associada N
deformaÅ¼o dos reagentes DEstrain(z) mais a interacÅ¼o entre
os reagentes deformados DEint(z).
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Energies and fully optimized geometries were computed with the
OLYP[20] density functional, which involves HandyUs optimized exchange
(OPTX). Relativistic effects were treated using the zeroth-order regular
approximation (ZORA) method.[19] This approach was previously shown
to agree satisfactorily with highly correlated ab initio benchmarks.[18,21]


All stationary points were confirmed by vibrational analysis:[22] for equi-
librium structures all normal modes have real frequencies, whereas tran-
sition states[23] have one normal mode with one imaginary frequency. Fur-
thermore, transition states were verified to connect the supposed reactant
and product minima by carrying out intrinsic reaction coordinate (IRC)
calculations.[24]


Enthalpies at 298.15 K and 1 atm (DH298) were calculated from 0 K elec-
tronic energies (DE) according to [Eq. (6)], assuming an ideal gas.[25]


DH298 ¼ DEþ DEtrans,298 þ DErot,298 þ DEvib,0 þ DðDEvib,0Þ298 þ DðpVÞ ð6Þ


DEtrans,298, DErot,298, DEvib,0 are the differences between products and reac-
tants in translational, rotational and zero point vibrational energy, respec-
tively; D ACHTUNGTRENNUNG(DEvib,0)298 is the change in the vibrational energy difference as
one goes from 0 to 298.15 K. The vibrational energy corrections are
based on the frequency calculations. The molar term D(pV) is (Dn)RT,
where Dn=�1 for two reactants combining into one species. Thermal
corrections for the electronic energy are neglected.


Analysis of Potential Energy Surfaces


Insight into how the activation barriers arise is obtained through Activa-
tion Strain analyses of the various SN2 reactions.[5, 26, 27] The Activation
Strain model[5,26, 27] is a fragment approach to understanding chemical re-
actions, in which the height of reaction barriers is described and under-
stood in terms of the original reactants. Thus, the potential energy surface
DE(z) is decomposed, along the reaction coordinate z, into the strain
DEstrain(z) associated with deforming the individual reactants plus the
actual interaction DEint(z) between the deformed reactants [Eq (7); see
also Figure 2]. The reaction profiles were genereated and analysed using
the PyFrag program.[27]


DEðzÞ ¼ DEstrainðzÞ þ DEintðzÞ ð7Þ


The strain DEstrain(z) is determined by the rigidity of the reactants and
the extent to which groups must reorganize in a particular reaction mech-
anism, whereas the interaction DEint(z) between the reactants depends
on their electronic structure and on how they are mutually oriented as
they approach each other. It is the interplay between DEstrain(z) and
DEint(z) that determines if and at which point along the z a barrier arises.
The activation energy of a reaction DE¼6 =DE ACHTUNGTRENNUNG(z TS) consists of the activa-
tion strain DE¼6 strain =DEstrain ACHTUNGTRENNUNG(z


TS) plus the TS interaction DE¼6 int =


DEint ACHTUNGTRENNUNG(z
TS):


DE 6¼ ¼ DE 6¼strain þ DE 6¼ int ð8Þ


The interaction DEint(z) between the strained reactants is further ana-
lyzed in the conceptual framework provided by the Kohn–Sham molecu-
lar orbital (KS-MO) model.[28–29] To this end, it is further decomposed
into three physically meaningful terms:


DEintðzÞ ¼ DVelstat þ DEPauli þ DEoi


ð9Þ


The term DVelstat corresponds to the
classical electrostatic interaction be-
tween the unperturbed charge distri-
butions of the deformed reactants and
is usually attractive. The Pauli repul-
sion DEPauli comprises the destabilizing
interactions between occupied orbitals
and is responsible for any steric repul-
sion (see Ref. [28] for an exhaustive
discussion). The orbital interaction
DEoi accounts for charge transfer (in-


teraction between occupied orbitals on one moiety with unoccupied orbi-
tals on the other, including HOMO–LUMO interactions) and polariza-
tion (empty–occupied orbital mixing on one fragment arising from the
presence of another fragment).


Results and Discussion


Backside SN2-b: Reaction Profiles


Our ZORA-OLYP/TZ2P results for relative energies and
structures of stationary points are collected in Tables 1–3
(see also Table S1 in the Supporting Information). Generic
structures of stationary points are illustrated in Scheme 1.
For backside nucleophilic substitution (SN2-b), we observe
the known change from a double-well PES with a central
barrier and transition state 1TS-b for the SN2-b@C of Cl�+


CH3Cl [Eq. (1)] to a single-well PES for the SN2-b@Si of
Cl�+SiH3Cl [Eq. (2)], in which the pentavalent transition
species 2TC-b has turned from a labile TS into a stable tran-
sition complex. This is illustrated in Figure 1. The reactant
complex 1RC-b of the SN2-b@C reaction is bound by
�9.0 kcalmol�1, and it is separated from the product com-
plex 1PC-b by a central barrier of �8.8 kcalmol�1. The
SN2-b@Si reaction features only a stable pentacoordinate
TC (no TS, RC, or PC) at �24.4 kcalmol�1.


Figure 2. Illustration of the Activation Strain model in the case of a back-
side nucleophilic substitution of Cl�+AH3Cl (SN2-b@A). The activation
energy, DE¼6 , is decomposed into the activation strain, DE¼6 strain, and the
stabilizing TS interaction, DE¼6 int, between the reactants in the transition
state.


Table 1. Energies (in kcalmol�1) relative to reactants of stationary points occurring in backside and frontside
SN2 reactions.[a]


Backside SN2-b Frontside SN2-f


Reaction A RC-b TS-b or TC-b TS-H RC-f TS-f


1 C �9.0 ACHTUNGTRENNUNG(�9.0) �0.2 ACHTUNGTRENNUNG(�0.1) [c] [c] 40.2 ACHTUNGTRENNUNG(40.4)
2 Si [b] �24.4 ACHTUNGTRENNUNG(�24.4) �6.1 ACHTUNGTRENNUNG(�6.2) �9.3 ACHTUNGTRENNUNG(�9.4) �6.2 ACHTUNGTRENNUNG(�6.3)
3 Ge [b] �24.3 ACHTUNGTRENNUNG(�24.8) [c] [c] �2.1 ACHTUNGTRENNUNG(�3.3)
4 Sn [b] �32.3 ACHTUNGTRENNUNG(�33.7) �14.5 ACHTUNGTRENNUNG(�17.5) �16.8 ACHTUNGTRENNUNG(�20.0) �15.3 ACHTUNGTRENNUNG(�18.6)
5 Pb [b] �32.3 ACHTUNGTRENNUNG(�36.3) �14.3 ACHTUNGTRENNUNG(�21.1) �14.5 ACHTUNGTRENNUNG(�23.5) �12.9 ACHTUNGTRENNUNG(�22.4)


[a] Computed at ZORA-OLYP/TZ2P (nonrelativistic OLYP/TZ2P values in parentheses). [b] Nonexistent: re-
action proceeds barrierless to central transition complex, TC-b. [c] Nonexistent: reaction proceeds directly
from minima RC-b or TC-b to frontside transition state TS-f.
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Here, we find that this trend further continues along the
SN2-b substitutions at the heavier central atoms germanium,
tin, and lead [Eqs. (3)–(5)], which all have single-well reac-
tion profiles with a TC at �24.3, �32.3, and �32.3 kcal
mol�1, respectively (see Table 1). The A�Cl bond distances
of the D3h-symmetric transition species are essentially equal
for 1TS-b and 2TC-b, namely 2.36 X, and then monotoni-
cally increases to 2.49 to 2.63 to 2.75 X along 3TC-b, 4TC-b,


and 5TC-b (see Table 2). The
disappearance of the central
barrier from SN2-b@C to SN2-
b@Si (and also SN2-b@P) has
previously been traced to a de-
crease in steric congestion in
the case of the larger central
atom, as well as a more favora-
ble nucleophile–substrate inter-
action.[6,7]


Frontside SN2-f: Reaction
Profiles


Frontside nucleophilic substitu-
tion (SN2-f) proceeds, at var-
iance with backside SN2-b, in all
cases via a central barrier and a
Cs-symmetric pentavalent TS
that is significantly higher in
energy than the corresponding
transition species for backside
substitution (SN2-b). Thus, the
TS for the SN2-f substitutions is
at 40.2 (C), �6.2 (Si), �2.1
(Ge), �15.3 (Sn), and
�12.9 kcalmol�1 (Pb) relative
to the reactants, which has to
be compared with the corre-
sponding transition species of


the backside SN2-b pathway, which are at �0.2 (C), �24.4
(Si), �24.3 (Ge), �32.3 (Sn), and �32.3 kcalmol�1 (Pb) (see
Table 1). The frontside SN2-f pathway can, in all cases, be
characterized by a double-well PES, but the nature of the
minima may differ between the various model reaction sys-
tems.


Table 2. Geometries (in X and deg.) of stationary points occurring in backside and frontside SN2 reactions.[a]


Species A A�Cl A�Cl� A�Ha A�Hb Cla�A�Ha Ha�A�Hb Cl�A�Cl


AH3Cl C 1.792 [b] 1.090 1.090 108.4 110.5 [b]


Si 2.066 [b] 1.489 1.489 108.9 110.0 [b]


Ge 2.179 [b] 1.531 1.531 106.6 112.2 [b]


Sn 2.364 [b] 1.713 1.713 105.9 112.8 [b]


Pb 2.465 [b] 1.767 1.767 103.9 114.4 [b]


Backside SN2-b
1RC-b C 1.836 3.374 1.086 1.086 108.2 110.7 180.0
1TS-b C 2.359 2.359 1.074 1.074 90.0 120.0 180.0
2TC-b Si 2.356 2.356 1.485 1.485 90.0 120.0 180.0
3TC-b Ge 2.493 2.493 1.525 1.525 90.0 120.0 180.0
4TC-b Sn 2.631 2.631 1.713 1.713 90.0 120.0 180.0
5TC-b Pb 2.754 2.754 1.762 1.762 90.0 120.0 180.0


Frontside SN2-f
1TS-H C [c] [c] [c] [c] [c] [c] [c]


2TS-H Si 2.155 2.556 1.541 1.493 102.2 96.6 110.0
3TS-H Ge [c] [c] [c] [c] [c] [c] [c]


4TS-H Sn 2.440 2.786 1.805 1.726 98.8 96.5 104.8
5TS-H Pb 2.538 2.924 1.878 1.776 93.6 98.8 96.2
1RC-f C [c] [c] [c] [c] [c] [c] [c]


2RC-f Si 2.151 2.500 1.542 1.495 91.3 96.9 89.5
3RC-f Ge [c] [c] [c] [c] [c] [c] [c]


4RC-f Sn 2.468 2.672 1.791 1.738 87.7 97.9 87.0
5RC-f Pb 2.560 2.825 1.868 1.793 88.3 99.2 88.5
1TS-f C 2.658 2.658 1.080 1.078 90.6 117.6 90.1
2TS-f Si 2.293 2.293 1.497 1.523 100.8 105.6 86.9
3TS-f Ge 2.434 2.434 1.543 1.574 99.9 108.0 85.0
4TS-f Sn 2.564 2.564 1.735 1.768 100.7 107.7 84.7
5TS-f Pb 2.675 2.675 1.798 1.836 99.8 109.5 84.6


[a] Computed at ZORA-OLYP/TZ2P. See Scheme 1 for definition of geometry parameters. [b] Not contained
in AH3Cl. [c] Nonexistent: reaction proceeds directly from minima RC-b or TC-b to frontside transition state
TS-f.


Scheme 1. Structures of stationary points for backside SN2-b and frontside
SN2-f.


Table 3. Energies, enthalpies, entropies and Gibbs free energies (in kcal
mol�1 and calmol�1K�1) of the transition species in backside and front-
side SN2 reactions relative to reactants.[a]


Reaction A DE DH DS DG


Backside SN2-b
1 C �0.2 �1.2 �25.1 6.3
2 Si �24.4 �24.0 �26.1 �16.2
3 Ge �24.3 �24.0 �24.8 �16.6
4 Sn �32.3 �31.9 �25.2 �24.4
5 Pb �32.3 �32.5 �24.9 �25.1


Frontside SN2-f
1 C 40.2 38.4 �16.9 43.4
2 Si �6.2 �6.7 �24.8 0.6
3 Ge �2.1 �2.9 �24.0 4.2
4 Sn �15.3 �16.1 �24.5 �8.8
5 Pb �12.9 �14.4 �24.8 �7.1


[a] Computed at ZORA-OLYP/TZ2P.
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The frontside SN2-f@C reaction of Cl�+CH3Cl proceeds
via the same reactant and product complexes 1RC-b and
1PC-b as the backside SN2-b@C pathway (see Scheme 2).


Separate frontside reactant and product complexes do not
exist for this model system. The minima 1RC-b and 1PC-b
on the double-well PES are now interconverted via the Cs-
symmetric transition state, 1TS-f (Scheme 2), at 40.2 kcal
mol�1 (see Table 1). This corresponds to a central barrier of
49.2 kcalmol�1. In 1TS-f, the nucleophile and leaving group
are direct neighbors that bind to carbon by the two equiva-
lent C�Cl bonds of 2.66 X (see Scheme 1 and Table 2).


The frontside SN2-f@Si reaction of Cl�+SiH3Cl may pro-
ceed via characteristic frontside reactant and product com-
plexes 2RC-f and 2PC-f that are bound by �9.3 kcalmol�1


relative to separate reactants or products (see Scheme 2 and
Table 1). These minima on the double-well PES are inter-
converted via the Cs-symmetric transition state, 2TS-f
(Scheme 2), at �6.2 kcalmol�1 (see Table 1), which corre-
sponds to a central barrier of 3.1 kcalmol�1. In 2TS-f, the
nucleophile and leaving group are direct neighbors that bind
to silicon via two equivalent Si�Cl bonds of 2.29 X (see
Scheme 1 and Table 2). Alternatively, the reaction may also
proceed by prior association of the reactants in the stable
transition complex 2TC-b of the backside pathway at
�24.4 kcalmol�1. From here, instead of following the SN2-b
pathway, the frontside reactant complex 2RC-f is obtained
through rearrangement via transition state 2TS-H, at
�6.1 kcalmol�1, in which the Cl� nucleophile is migrating on
the bisector, in between two Si�H bonds, towards the front-
side (see Scheme 2 and Table 1). The corresponding process
can occur in the product complex. Additionally, the leaving
group may undergo an equivalent migration, which repre-
sents a shortcut from 2TC-b to 2PC-f not shown in
Scheme 2.


The frontside SN2-f substitutions at the heavier group-14
atoms Ge, Sn, and Pb show similar reaction profiles and sta-
tionary points as that for SN2@Si, with one exception. In the


case of the SN2-f@Ge reaction of Cl�+GeH3Cl, the intrinsic
reaction coordinate (IRC) leads from the frontside 3TS-f di-
rectly to the backside transition complex 3TC-b. No stable


frontside reactant or product
complexes, and no transition
state of the type TS-H exist on
the PES of this reaction path-
way.


The trends found on the
PESes, that is, in terms of rela-
tive energies, are hardly affect-
ed by zero-point vibrational
and thermal effects as well as
entropy effects computed at
298 K (see Table 3). Thus, en-
thalpies DH298 of transition spe-
cies (TS or TC) relative to reac-
tants differ by about 2 kcal
mol�1 or less from the corre-
sponding energies. The de-
creased density of states in the
more tightly bound transition
species leads consistently to a


reduction in entropy DS298 of some �24 to �26 calmol�1K�1,
which translates into a destabilization of the Gibbs free en-
ergies DG298 (as compared to the enthalpies DH298) of 6 to
8 kcalmol�1 (see Table 3). A somewhat smaller, negative ac-
tivation entropy DS298 is obtained for frontside SN2-f substi-
tution at carbon, only �16.9 calmol�1K�1, which corre-
sponds to a slight destabilization of 3 kcalmol�1 of the acti-
vation Gibbs free energy DG298 (as compared to the activa-
tion enthalpy DH298).


Frontside SN2-f: Berry Pseudorotation and/or Turnstile
Rotation?


The backside SN2-b process leads to inversion of configura-
tion of the AH3 moiety whereas the frontside SN2-f pathway
goes with retention of configuration. However, whereas the
overall transformation of the backside pathway is easily en-
visaged as an “inverting umbrella” the situation is, at first
sight, somewhat less clear in the case of the frontside substi-
tution. The question is, in particular, how and to which posi-
tion the three H atoms move while the nucleophile Cl and
leaving group Cl exchange their axial and equatorial posi-
tion from RC-f to PC-f.


Ligand rearrangements in pentavalent silicon compounds
have been described, among others, in terms of the Berry
Pseudorotation[30] and the Turnstile Rotation[31] mechanisms.
These two mechanisms are illustrated in Scheme 3 for our
frontside SN2-f process. It will become clear in a moment
that Berry Pseudorotation and Turnstile Rotation are two
ways of looking at one and the same geometrical transfor-
mation. In the Berry Pseudorotation mechanism, the axial
Cl4 (nucleophile) and H3 bent to the right, away from the
equatorial H1, and become themselves equatorial while the
equatorial Cl5 (leaving group) and H2 bent to the left, to-


Scheme 2. Stationary points along frontside SN2-f at carbon and silicon.
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wards the equatorial H1, which is standing still (Scheme 3,
upper). The result is a permutation of positions in the trigo-
nal bipyramid indicated as (1,2,3) ACHTUNGTRENNUNG(4,5)! ACHTUNGTRENNUNG(3,1,2) ACHTUNGTRENNUNG(5,4), that is,
H3 to H1, H1 to H2, H2 to H3, and Cl5 to Cl4, Cl4 to Cl5, indi-
cated as (3,1,2) ACHTUNGTRENNUNG(5,4).


In the Turnstile Rotation mechanism, the axial Cl4 (nucle-
ophile) and the equatorial Cl5 (leaving group) are conceived
as a pair that rotates with respect to the AH3 moiety, such
that Cl4 adopts an equatorial position in between H1 and H3


(which in the course also changes from axial to equatorial!),
and Cl5 adopts an axial position opposite to H2 (which thus,
also changes from equatorial to axial!). Note that the result
is again a (3,1,2) ACHTUNGTRENNUNG(5,4) permutation of positions, identical to
the result of the Berry Pseudorotation.


Next, we have examined in detail, for all five reaction sys-
tems, the nature of the motions in the frontside SN2-f transi-
tion state and along the IRC that leads away from this TS.
The motions appear in all five transition states (i.e. , for A=


C, Si, Ge, Sn, and Pb) as a rotation between the pair of Cl4


and Cl5 relative to the trio of H1, H2, and H3 as shown in
Scheme 4. In the case of A=Si, Sn, and Pb, this corresponds
to the (3,1,2) ACHTUNGTRENNUNG(5,4) permutation of positions, discussed previ-
ously, as we go from RC-f to PC-f. In the perspective shown
in Scheme 4, this appears as a relative rotation over 508.
The reduced mass associated with this normal mode is ap-
proximately equal to that of the three hydrogens (as they
are much lighter than the two chlorines), and a visualization
of the normal mode and the IRC therefore shows an AH3


group rotating with respect to the two Cl atoms that are
practically standing still.


The fact that the transition vector and the IRC associated
with the frontside SN2-f substitutions appears as a rotation,
makes it natural to designate this process as a Turnstile Ro-
tation. However, we stress that this is not really different
from the Berry Pseudorotation, it is just a different way of
expressing the overall transformation in terms of partial mo-
tions. In fact, if one considers the Berry Pseudorotation in
Scheme 3 more carefully, one can recognize that the simulta-
neous bending of the two A�Cl bonds together, generates a
rotational motion of Cl4 and Cl5 relative to the AH3 frag-
ment.


Backside SN2-b: Activation Strain Analyses


Next, we examine why SN2 central barriers decrease as the
central atom descends in group 14, and why they are higher
for frontside SN2-f than backside SN2-b. To this end, we have
carried out Activation Strain analyses (see Eqs. 7–9)[5,26] of
the reaction potential energy surfaces (PES) along the IRC
projected onto the nucleophile�central atom distance (Nu�
A). Because there is no central barrier and no TS in the
backside SN2-b reactions of the heavier group-14 central
atoms, the IRC is modeled for this pathway by a linear
transit, in which the Nu�A distance and the central atom�
leaving group (A�L) distance run synchronously in 20 steps
from their value in the D3h-symmetric transition species to
that in the RC-b (for A=C), or to a geometry that closely
resembles the separate reactants defined as Nu�A=6 X and
A�L=equilibrium value in isolated substrate (for A=Si,
Ge, Sn, Pb). For the SN2-b reaction of Cl�+CH3Cl, we have
verified that this yields essentially the same reaction profiles
as the one based on a regular IRC. The results of the Acti-
vation Strain analyses are collected in Figure 3, in which the
reaction coordinate is the nucleophile�central atom distance
Cl��A relative to the transition species, at which it is set to
0. Note that in the graphs of Figure 3 the reaction proceeds
from the right to the left.


Figure 3a shows the reaction profiles of our backside and
frontside substitutions (for numerical data, see Table 1). The
disappearance of the central barrier in the backside SN2-b
reaction from A=C to Si is because of both a reduced
strain DEstrain and a more stabilizing nucleophile–substrate
interaction DEint (compare black and red curves in Fig-
ure 3b, left). The origin of this decrease in strain for Cl�+


SiH3Cl has been recently traced to the reduced steric con-
gestion and steric (Pauli) repulsion between the five sub-
stituents in the D3h-symmetric pentavalent transition species
as the central atom becomes larger from C to Si.[6,7] The
stronger interaction in the latter case arises from the better
nucleophile–substrate h3p js*A�Cli overlap if the relatively
diffuse Cl�-3p AO approaches the more extended silicon-
3p lobe of SiH3Cl s*Si-Cl (0.29 in 2TC-b), than if it ap-
proaches the compact 2p lobe in the CH3Cl s*C-Cl LUMO
(0.21 in 1TS-b, not shown in the tables). The contour plots
in Figure 4 provide a graphical representation of the shape
of the substrate, s*A-Cl LUMO, and how this obtains a more


Scheme 4. IRC of all frontside SN2-f substitutions (red: axial bonds).


Scheme 3. Berry-Pseudorotation and Turnstile-Rotation Mechanisms
(red: axial bonds).
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extended backside lobe if we go from A=C to Si (see also
Ref. [32]).


Our analyses show that the trend of decreasing strain
from Cl�+CH3Cl to Cl�+SiH3Cl continues also along the


backside SN2-b substitutions at
the heavier group-14 atoms.
Thus, the DEstrain curves in Fig-
ure 3b, left, become less and
less destabilizing as the size of
the central atom increases
along A=C, Si, Ge, Sn, and Pb,
and the steric congestion de-
creases. The nucleophile–sub-
strate interaction is furthermore
consistently more stabilizing for
SN2-b substitution with the
heavier group-14 atoms than
with carbon because of the
better HOMO–LUMO overlap
and thus orbital interactions
and a stronger electrostatic at-
traction [see Eq. (9)] with the
more electropositive central
atom,[32] in particular, in the
case of A=Pb (not shown in
the tables).


Frontside SN2-f: Activation
Strain Analyses


The destabilization of the front-
side SN2-f transition states com-


pared to the corresponding backside SN2-b transition species
(TS or TC) is mainly the result of increased activation strain
as can be seen from a comparison of the strain curves
DEstrain in the left and right panels of Figure 3b. This is so es-


pecially for SN2-f@C, for which
the DEstrain curve runs off the
scale: for comparison, DE¼6 strain


amounts to 31.8 and 60.8 kcal
mol�1 in 1TS-b and 1TS-f, re-
spectively (not shown in
tables). Additionally, the nucle-
ophile–substrate interaction
DEint is weakened from back-
side to frontside substitution
(compare again left and right
panels of Figure 3b). This effect
is however, significantly smaller
than the destabilization of the
activation strain. For example,
DE¼6 int amounts to �32.0 and
�20.6 kcalmol�1 in 1TS-b and
1TS-f, respectively (not shown
in tables).


The weakening of DEint origi-
nates from the poor bond over-
lap in the frontside orientation
between the Cl�-3p AOs and
the AH3Cl-s*A-Cl acceptor orbi-
tal. Thus, the h3p js*A-Cli over-


Figure 4. Contour plots of the s*A-Cl acceptor orbital of AH3Cl fragments (see wire frames) in backside SN2-b
and frontside SN2-f transition species, computed at ZORA-OLYP/TZ2P (scan values: 0.0, �0.02, �0.05, �0.1,
�0.2, �0.5; solid and dashed contours refer to positive and negative values). For each AH3Cl-s*A-Cl orbital,
the position of the nucleophile Cl� in the corresponding transition species is indicated.


Figure 3. Analysis of backside and frontside SN2 reactions of Cl�+AH3Cl with A=C, Si, Ge, Sn, Pb along the
intrinsic reaction coordinate projected onto the Cl��A (i.e., Nu�A) distance relative to the transition species,
at which Cl��A=0: (a) potential energy surface DE ; (b) decomposition DE= DEstrain +DEint, indicated with
plain and dashed curves, respectively.
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lap in the frontside TS-f varies from 0.10 to 0.26 to 0.23 to
0.24 to 0.19 along A=C, Si, Ge, Sn, and Pb (not shown in
tables).[33] This has to be compared with the larger overlap
values in the corresponding backside transition species,
which vary from 0.21 to 0.29 to 0.27 to 0.28 to 0.22 (not
shown in tables). The reason for this effect is the cancella-
tion of overlap as the Cl�-3p AO approaches the s*A-Cl-ac-
ceptor orbital in the frontside orientation at its nodal sur-
face (see Scheme 5). Such cancellation of overlap does not


occur when the Cl�-3p AO approaches the backside lobe of
the s*A-Cl-acceptor orbital (see Scheme 5). The cancellation
of overlap is the largest for A=C and becomes less pro-
nounced for the heavier group-14 central atoms. The reason
is the increasing amplitude of the central atomUs np AO in
s*A-Cl as this atom becomes more electropositive (see
Figure 4). This overlap argument has been proposed on
qualitative grounds by Anh and Minot[34] and is here quanti-
tatively confirmed for general SN2 reactions.


Yet, interestingly, it is not reduced bond overlap but an
increased strain that is the dominant factor causing the
higher frontside SN2-f barriers, as pointed out above (see
also Figure 3b). This can be traced to the fact that in the
frontside substitution, two large substituents, that is the nu-
cleophile and the leaving group, must be accommodated in
the pentavalent transition state. This unfavorable situation
causes a slightly larger deformation in the case of the heavi-
er group-14 atoms (see Table 2). But in the case of the steri-
cally congested carbon, it causes a more significant and en-
ergetically quite unfavorable deformation (see Table 2). This
is aggravated by the fact that the CH3 moiety is relatively
rigid and gives in much less to the steric pressure of the (un-
favorably placed) fifth substituent than the C�Cl (leaving
group) bond. The result is a strongly expanded C�Cl dis-
tance of 2.658 X, which has to be compared with the much
shorter C�Cl bond of 2.359 X in 1TS-b or the Si�Cl bond
of 2.293 X in 2TS-f (see Table 2). This more weakly bound
character of the 1TS-f is associated with a higher density of
states, which is reflected by the less negative activation en-
tropy DS298 for this reaction mechanism mentioned previ-
ously (see also Table 3).


Relativistic Effects


We have assessed the importance of taking relativistic ef-
fects into account by comparing our relativistic ZORA-


OLYP/TZ2P reaction profiles with nonrelativistic OLYP/
TZ2P results. The latter are also shown in Table 1 in paren-
theses. The main trends for the Cl�+AH3Cl substitution re-
actions are preserved if relativity is neglected, that is, de-
creasing barriers as the central atom descends in group 14,
and higher frontside than backside barriers.


Absolute values of barriers can, however, be significantly
affected by relativity, which destabilizes the stationary
points relative to reactants. For the carbon-, silicon-, and
germanium-containing systems, the relativistic effects are in
the range of negligible to small, up to approximately 1 kcal
mol�1 for A=Ge. However, in the case of A=Sn and Pb,
the frontside SN2-f transition state is destabilized by about 3
and 10 kcalmol�1, respectively. Note that relativistic destabi-
lization is more pronounced for the frontside than for the
backside transition states, making the former even less
viable than they already are.


The origin of the relativistic destabilization has been
traced to the relativistic contraction and energy lowering of
the central atom-np AOs. This causes their amplitude in the
antibonding-s*A-Cl acceptor orbital to become smaller,
which in turn leads to a smaller overlap and less stabilizing
donor–acceptor orbital interaction with the nucleophile Cl�-
3p HOMO. In the case of Cl�+PbH3Cl, for example,
switching on relativity causes the h3pz js*Pb-Cli overlap in
5TS-b to decrease from 0.272 to 0.216, which goes with a
weakening of the nucleophile-substrate interaction, DEint,
from �50.6 to �44.3 kcalmol�1 (not shown in the tables).


Conclusions


Activation Strain analyses show that the central barrier for
backside nucleophilic substitution (SN2-b) of Cl�+AH3Cl
disappears as the central atom A goes from carbon to sili-
con, and the heavier group-14 atoms (up till lead). This is
because the steric congestion (and repulsion) decreases for
the larger central atoms, and the orbital interactions become
more stabilizing resulting from a better overlap between the
chloride-3pz HOMO and the substrate-s*A-Cl LUMO, which
obtains an increasingly extended amplitude on an even
more electropositive atom A.


Furthermore, frontside nucleophilic substitution (SN2-f)
proceeds in all cases via a central barrier associated with a
Cs-symmetric pentavalent TS, that is significantly higher in
energy than the corresponding transition species for back-
side substitution (SN2-b). One reason is the less efficient
hchloride HOMO j substrate LUMOi overlap for SN2-f that
has been noted previously.[34]


Interestingly, however, the main reason for the higher bar-
rier for frontside substitution is the increased steric repul-
sion between nucleophile and leaving group, which are adja-
cent in the TS for frontside SN2-f while they are on opposite
sides of the trigonal bipyramidal transition structure for
backside SN2-b.


Scheme 5. Overlap between Cl�-3p HOMO and AH3Cl-s*A-Cl LUMO in
SN2-b and SN2-f.
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Introduction


Propargylation of electrophiles is a useful method to intro-
duce a carbon–carbon triple bond into organic compounds.[1]


One problem of this reaction, which employs a propargylic
or allenylic metal reagent, is to control its regioselectivity.
Organomagnesium and organozinc reagents prepared from
g-alkylated propargyl bromides are known to add to alde-
hydes selectively at the g-position to give allenylic alco-
hols.[2] On the other hand, there are not many satisfactory
methods for the selective synthesis of homopropargylic alco-
hols.[1d,3] We have previously shown that reactive barium
promotes a Barbier-type reaction of a Me3Si-substituted
propargyl bromide with aldehydes and ketones, which pro-
vides homopropargylic alcohols exclusively.[4] We report
here, further studies about the regioselective propargylation
by using carbonyl compounds and imines as electrophiles
(Scheme 1).


Results and Discussion


First, according to the standard experimental procedure,[4] a
mixture of 3-bromo-1-phenyl-1-butyne (1a) and benzalde-
hyde (2a) was exposed to reactive Rieke barium,[5,6] which
was generated from barium iodide and lithium bipheny-
lide,[7] and a 3:1 mixture of homopropargylic alcohol 3a and
allenylic alcohol 4a was obtained in 48% combined yield
(Table 1, entry 1). The use of (3-bromo-1-butynyl)trimethyl-
silane (1c) resulted in a better yield with a similar a/g selec-
tivity (Table 1, entry 3), though the reaction of a bulky tert-
butyl group-substituted a-methylated propargylic bromide
1b was not regioselective (Table 1, entry 2).
Then, we examined the barium-promoted regioselective


propargylation of various aldehydes 2b–2k and ketones 2 l–
2s with the Me3Si-substituted a-methylated propargylic bro-
mide 1c, and the results are summarized in Table 2. As a
consequence, not only aromatic aldehydes 2b–2 i but a,b-un-
saturated aldehyde 2 j and aliphatic aldehyde 2k were also
allowed to react with the barium reagent to give the corre-
sponding homopropargylic alcohols 3d–3m selectively in


Abstract: A Barbier-type regioselective
propargylation of aldehydes and ke-
tones with (3-bromobut-1-ynyl)trime-
thylsilane has been achieved using re-
active barium as a low-valent metal in
THF. Especially in the case of ketones,
the corresponding homopropargylic al-


cohols form almost exclusively. In the
reaction of a,b-unsaturated carbonyl
compounds, only 1,2-adducts have been


observed. This method is also applica-
ble to propargylation of imines, and
the corresponding homopropargylic
amines are obtained regiospecifically in
good yields with diastereomeric ratios
of up to 87:13.
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Scheme 1. Barbier-type reaction of propargylic bromides with carbonyl
compounds and imines promoted by reactive barium.
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satisfactory yields (Table 2, entries 1–10). In the case of 2-
or 4-hydroxybenzaldehyde (2 f or 2g), no allenylic alcohol
was observed at all (Table 2, entries 5 and 6). As for ketones
2 l–2s, only propargylation took place (Table 2, entries 11–
18). 2-Cyclohexenone (2s), which is a good Michael accept-
or, shows an exclusive 1,2-selectivity (Table 2, entry 18).
Heteroaromatic carbonyl compounds 2h, 2 i, 2q, and 2r also
underwent the selective propargylation under the standard
reaction conditions. Noteworthy is the fact that the desired
product of readily enolizable 2s was obtained in good yield
(Table 2, entry 18), which indicates that an in situ generated
barium reagent is not so basic. Concerning stereoselectivity
of the homopropargylic alcohols 3, a mixture of diastereo-
mers with moderate ratios of up to 70:30 was obtained in
each case (Tables 1 and 2).
Next, we attempted the reactive barium-promoted Barbi-


er-type propargylation of imines.[8] Table 3 summarizes the
results of the reaction of various g-substituted propargyl
bromides 5 with aromatic aldimine 6a. The size of the R
group in 5 affects the a/g ratio of the product and in fact,
when 3-bromo-1-phenyl-1-propyne (5a) was used as a prop-
argylating agent, a 2:1 mixture of the corresponding homo-
propargylic amine 7a and allenylic amine 8a was obtained
in moderate yield (Table 3, entry 1). In contrast, the intro-
duction of a bulkier tBu group to the g-position of 5 remark-
ably improved the regioselectivity and the homopropargylic
amine 7b was formed nearly exclusively in 44% yield
(Table 3, entry 2). Finally, we have found that Me3Si-substi-
tuted propargyl bromide 5c gave the best results in terms of
both regioselectivity and isolated yield (Table 3, entry 3). We thus verified the practicability of the present propar-


gylation, and N-phenylbenzaldimine derivatives possessing
different substituents have been applied (Table 4). As a con-
sequence, not only an electron-donating group-substituted
benzaldimine (6a) shown in Table 3, but an electron-with-
drawing group-substituted benzaldimine, such as 6c, was
also propargylated regiospecifically, though the chemical
yield was not satisfactory (Table 4, entry 2). It is interesting
to note that the existence of a phenolic OH group on the ar-
omatic ring did not affect the reaction course (Table 4,
entry 3). Benzaldimines 6e and 6 f, which were derived from
electron-donating group-substituted anilines, were also effi-
ciently transformed into the targeted homopropargylic
amines 7g and 7h, respectively, by this method (Table 4, en-
tries 4 and 5).


Abstract in Japanese:


Table 1. Reactive barium-promoted Barbier-type reaction of various a-
methylated propargylic bromides 1 with benzaldehyde (2a).


Entry R Yield [%][a] Products a/g[b] d.r. of 3[b]


1 Ph (1a) 48 3a+4a 3:1 54:46
2 tBu (1b) 57 3b+4b 1:1 62:38[c]


3 Me3Si (1c) 92 3c+4c 3:1 58:42[c]


[a] Yield of isolated product. [b] Determined by 1H NMR analysis. [c] Er-
ythro/threo ratio assigned by the reported data.[12,3i]


Table 2. Regioselective propargylation of various aldehydes 2b–2k and
ketones 2 l–2s with a Me3Si-substituted a-methylated propargylic barium
reagent.


Entry R1COR2 Yield [%][a] Products a/g[b] d.r. of
3[b]


1
2


78
96


3d+4d 4:1 55:45
3e+4e 5:1 63:37[c]


3 70 3 f+4 f 10:1 70:30
4 82 3g+4g 10:1 61:39


5 2-HOC6H4CHO (2 f) 73 3h >99:1 53:47
6 4-HOC6H4CHO (2g) 73 3 i >99:1 58:42


7 ACHTUNGTRENNUNG(2h) 83 3j+4j 3:2 51:49


8 ACHTUNGTRENNUNG(2 i) 50 3k+4k 20:1 60:40


9 (E)-PhCH=CHCHO
(2 j)


47 3 l+4 l 20:1 58:42


10 tBuCHO (2k) 84 3m+4m 4:1 31:69[c]


11 PhCOCH3 (2 l) 99 3n >99:1 65.35
12 4-MeC6H4COCH3


(2m)
99 3o >99:1 53:47


13 4-MeOC6H4COCH3


(2n)
67 3p >99:1 66:34


14 ACHTUNGTRENNUNG(2o) 66 3q >99:1 69:31


15 ACHTUNGTRENNUNG(2p) 74 3r >99:1 57:43


16 ACHTUNGTRENNUNG(2q) 95 3s >99:1 58:42


17 ACHTUNGTRENNUNG(2r) 70 3t >99:1 51:49


18 ACHTUNGTRENNUNG(2s) 87 3u >99:1 68:32


[a] Yield of isolated product. [b] Determined by 1H NMR analysis. [c] Er-
ythro/threo ratio assigned by the reported data.[3i]
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The scope of the barium-promoted Barbier-type reaction
of aldimines has been further extended to g-substituted a-
methylated propargylic bromides 1 (Table 5). Under the op-


timized reaction conditions, aromatic aldimine 6a was treat-
ed with in situ generated barium reagent from 3-bromo-1-
phenyl-1-butyne (1a) and as a result, a 9:1 mixture of homo-
propargylic amine 9a and allenylic amine 10a was obtained
in 66% combined yield (Table 5, entry 1). However, a
marked tendency to a-selectivity was observed again when
the propargylic bromide 1 bearing a bulkier g-substituent
was used as the propargylating agent. For example, the pre-
dominant formation of homopropargylic amines 9 has been
accomplished employing 1b and 1c as precursors of propar-
gylic barium reagents (Table 5, entries 2 and 3). As for dia-
stereoselectivity of the present propargylation of imines,
modest diastereomeric ratios were observed for the major
regioisomers 9a and 9c (Table 5, entries 1 and 3).


On the basis of the previously mentioned results, we car-
ried out a survey of the applicability of aromatic aldimines
in the reaction with the Me3Si-substituted a-methylated
propargylic bromide 1c, and some examples are shown in
Table 6. In addition to N-phenylbenzaldimine (6b), its elec-


tron-rich and electron-poor derivatives 6c–6 f were tested as
substrates and as a result, the desired homopropargylic
amines 9 were obtained with almost perfect regioselectivity
in every case (Table 6). Even in the presence of a hydroxy
group at the o-position, the imine 6d still underwent propar-
gylation exclusively and no allenylic amine was formed at
all (Table 6, entry 3). Use of CF3-substituted benzaldimine
6c resulted in the highest diastereomeric ratio of 87:13
(Table 6, entry 2). We further tested ketimines 6g and 6h as
electrophiles in the present propargylation reaction and
found that exclusive a-selectivity was still observed for the
imines, though the isolated yields of the products 9 i and 9 j
(Table 6, entries 6 and 7) were relatively low compared with
those of aldimine-derived products 9d–9h arising from the
lower reactivity of the ketimines and resulting dimerization
of propargylic bromide 1c. In the case of propargylation of
ketimine 6g, a 81:19 mixture of diastereomers was obtained
(Table 6, entry 6).
Scheme 2 shows a possible reaction mechanism, which


gives homopropargylic alcohols or amines and allenylic alco-
hols or amines. Two pathways are considered for the former
propargylated products (a-adducts). A barium reagent gen-
erated from (3-bromo-1-propynyl)trimethylsilane or (3-
bromo-1-butynyl)trimethylsilane, and reactive barium is an-
ticipated to exist at equilibrium between the allenic isomer
A and the acetylenic isomer B.[1a,b] The homopropargylic al-
cohol or amine is thus transformable from both isomers A
and B in their reaction with a carbonyl compound or an


Table 3. Reactive barium-promoted Barbier-type reaction of various
propargylic bromides with imine 6a.


Entry R Yield [%][a] Products a/g[b]


1 Ph (5a) 56 7a+8a 2:1
2 tBu (5b) 44 7b >99:1
3 Me3Si (5c) 74 7c >99:1


[a] Yield of isolated product. [b] Determined by 1H NMR analysis.


Table 4. Regioselective propargylation of various imines 6b–6 f with a
trimethylsilylated propargylic barium reagent.


Entry Ar1 Ar2 Yield [%][a] Product a/g[b]


1 Ph Ph 6b 47 7d >99:1
2 4-CF3C6H4 Ph 6c 35 7e >99:1
3 2-HOC6H4 Ph 6d 55 7 f >99:1
4 Ph 2-MeOC6H4 6e 73 7g >99:1
5 Ph 4-MeOC6H4 6 f 67 7h >99:1


[a] Yield of isolated product. [b] Determined by 1H NMR analysis.


Table 5. Reactive barium-promoted Barbier-type reaction of various a-
methylated propargylic bromides 1 with imine 6a.


Entry R Yield [%][a] Products a/g[b] d.r. of 9[b]


1 Ph (1a) 66 9a+10a 9:1 70:30
2 tBu (1b) 64 9b >99:1 50:50
3 Me3Si (1c) 68 9c >99:1 60:40


[a] Yield of isolated product. [b] Determined by 1H NMR analysis.


Table 6. Regioselective propargylation of various imines 6b–6h with a
Me3Si-substituted a-methylated propargylic barium reagent.


Entry Ar1 Ar2 Yield [%][a] Product a/g[b] d.r. of
9[b]


1 Ph Ph 6b 66 9d >99:1 50:50
2 4-


CF3C6H4


Ph 6c 61 9e >99:1 87:13


3 2-
HOC6H4


Ph 6d 72 9 f >99:1 50:50


4 Ph 2-
MeOC6H4


6e 54 9g >99:1 60:40


5 Ph 4-
MeOC6H4


6 f >99 9h >99:1 74:26


6 – – 6g 33 9 i >99:1 81:19
7 – – 6h 55 9 j >99:1 –


[a] Yield of isolated product. [b] Determined by 1H NMR analysis.
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imine through the transition state structure C or D, howev-
er, the transition state D is more reasonable with regard to
its lesser steric repulsion.[9] The four-membered cyclic transi-
tion-state assembly is also suggested by the mechanism of a-
selective allylation of carbonyl compounds with allylic
barium reagents.[5b,c] In contrast, the corresponding allenylic
alcohol or amine (g-adduct) is possible to be formed by an
SE2’-type reaction of B with the carbonyl compound or
imine via the six-membered cyclic transition state E, which
is, however, less stabilized by a steric bulkiness of the Me3Si
group of B.


Conclusions


In summary, we have achieved a novel Barbier-type reaction
of a-methylated or a-unsubstituted trimethylsilylpropargyl
bromide with carbonyl compounds or imines by employing
reactive barium as a promoter. This method is synthetically
useful in terms of regioselectivity and affords various (trime-
thylsilyl)homopropargylic alcohols and amines in satisfacto-
ry yields. Moreover, the Me3Si group can be further convert-
ed to other functional groups.[10] Further studies on related
reactions promoted by barium reagents are now in progress.


Experimental Section


General Information


Column chromatography was conducted with 70–230 mesh silica gel. In-
frared (IR) spectra were recorded on an FTIR spectrophotometer.
1H NMR spectra were recorded on a 400-MHz or 500-MHz spectrometer.
Chemical shifts of 1H NMR spectra were reported relative to tetrame-
thylsilane (d=0) or chloroform (d =7.26). Splitting patterns are indicated
as s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad.
13C NMR spectra were recorded on a 100-MHz spectrometer. Chemical
shifts of 13C NMR spectra were reported relative to CDCl3 (d=77.0).
Mass spectra were recorded on a JEOL JMS-AX500 mass spectrometer
using fast-atom-bombardment (FAB) ionization. All experiments were


carried out in a two-necked flask under an atmosphere of standard grade
argon gas (oxygen<10 ppm).


Generation of Reactive Barium (Ba*)


An oven-dried Schlenk flask (20 mL) equipped with a teflon-coated mag-
netic stirring bar was flushed with argon. Freshly cut lithium (15.2 mg,
2.2 mmol) and biphenyl (339 mg, 2.2 mmol) were put into an apparatus
and covered with dry THF (3 mL), and the mixture was stirred for 1.5 h
at room temperature (lithium was completely consumed). Anhydrous
BaI2 (470 mg, 1.1 mmol) was placed in a separate oven-dried, two-necked
flask (30 mL) also equipped with a teflon-coated magnetic stirring bar
under argon atmosphere; this was covered with dry THF (5 mL), and
stirred for 20 min at room temperature. To the solution of BaI2 in THF
was added at room temperature a solution of the lithium biphenylide in
THF under an argon stream. The reaction mixture was stirred for 30 min
at room temperature, and the resulting dark brown suspension of reactive
barium thus prepared, was ready to use.


Synthesis of Homopropargylic Alcohols


A solution of propargylic bromide (0.5 mmol) and carbonyl compound
(0.5 mmol) in dry THF (4 mL) was added dropwise to the resulting dark
brown suspension of reactive barium (1.1 mmol) in THF (8 mL) at
�78 8C. After the reaction was completed (monitored by TLC), the reac-
tion mixture was treated with a saturated aqueous solution of NH4Cl
(10 mL) at �78 8C, and the aqueous layer was extracted with ether
(10 mL). The combined organic extracts were washed with a solution of
sodium thiosulfate (15 mL, 1 N), dried over anhydrous Na2SO4, and con-
centrated in vacuo after filtration. The residual crude product was puri-
fied by column chromatography on silica gel to give a mixture of homo-
propargylic alcohol and allenylic alcohol. The a/g ratio was determined
by 1H NMR analysis.


2-Methyl-1,4-diphenylbut-3-yn-1-ol (3a, a 54:46 mixture of diastereomers,
Table 1, entry 1):[11] 1H NMR (400 MHz, CDCl3): d =1.18 (d, 1.4H, J=


7.0 Hz), 1.22 (d, 1.6H, J=7.0 Hz), 2.30 (br s, 0.54H), 2.62 (br s, 0.46H),
3.02 (m, 0.54H), 3.08 (m, 0.46H), 4.60 (d, 0.46H, J=7.0 Hz), 4.80 (d,
0.54H, J=5.5 Hz), 7.18–7.49 ppm (m, 10H).


2,5,5-Trimethyl-1-phenylhex-3-yn-1-ol (3b, a 62:38 mixture of erythro and
threo isomers, Table 1, entry 2):[12] 1H NMR (400 MHz, CDCl3): d=1.04
(s, 3.6H), 1.06 (s, 5.4H), 1.60 (d, 1.2H, J=6.8 Hz), 1.71 (d, 1.8H, J=


7.0 Hz), 2.72 (m, 0.6H), 2.81 (m, 0.4H), 4.40 (d, 0.4H, J=7.2 Hz), 4.64
(d, 0.6H, J=5.6 Hz), 7.24–7.39 ppm (m, 5H).


2-Methyl-4-(trimethylsilyl)-1-phenylbut-3-yn-1-ol (3c, a 58:42 mixture of
erythro and threo isomers, Table 1, entry 3):[3i, 11a–d,13] 1H NMR (400 MHz,
CDCl3): d=0.18 (s, 5.2H), 0.23 (s, 3.8H), 1.12 (d, 1.3H, J=7.1 Hz), 1.15
(d, 1.7H, J=7.0 Hz), 2.84 (m, 0.58H), 2.91 (m, 0.42H), 4.52 (d, 0.42H,
J=7.3 Hz), 4.75 (d, 0.58H, J=5.5 Hz), 5.19–5.22 (m, 1H), 7.31–7.43 ppm
(m, 5H).


2-Methyl-4-(trimethylsilyl)-1-p-tolylbut-3-yn-1-ol (3d, a 55:45 mixture of
diastereomers, Table 2, entry 1): IR (neat): ñ=3417, 2960, 2166,
1608 cm�1; 1H NMR (400 MHz, CDCl3): d=0.18 (s, 5H), 0.23 (s, 4H),
1.11 (d, 1.7H, J=7.0 Hz), 1.14 (d, 1.7H, J=7.0 Hz), 2.40 (s, 3H), 2.45 (br
s, 1H), 2,83 (m, 0.44H), 2.90 (m, 0.56H), 4.49 (d, 0.44H, J=7.2 Hz), 4.73
(d, 0.56H, J=5.6 Hz), 7.19–7.21 (m, 2H), 7.28–7.32 ppm (m, 2H);
13C NMR (100 MHz, CDCl3): d =0.06 (3C), 15.6, 17.2, 21.1, 35.3, 36.5,
76.0, 77.2, 87.3, 87.9, 107.8, 108.3, 126.4, 126.6, 128.6, 128.7, 128.9, 137.2,
137.6, 138.2 ppm; HRMS (FAB+): m/z (%) calcd for C15H21OSi:
245.1362 [M�H]; found: 245.1364.


1-(4-Methoxyphenyl)-2-methyl-4-(trimethylsilyl)but-3-yn-1-ol (3e, a 63:37
mixture of erythro and threo isomers, Table 2, entry 2):[3i] 1H NMR
(400 MHz, CDCl3): d=0.13 (s, 5.7H), 0.18 (s, 3.3H), 1.04 (d, 1.1H, J=


7.0 Hz), 1.09 (d, 1.9H, J=7.0 Hz), 2.76 (m, 0.37H), 2.84 (m, 0.63H), 3.81
(s, 3H), 4.42 (m, 0.37H), 4.67 (m, 0.63H), 5.08–5.21 (m, 1H), 6.85–6.89
(m, 2H) 7.29–7.31 ppm (m, 2H).


2-Methyl-4-(trimethylsilyl)-1-(naphthalen-1-yl)but-3-yn-1-ol (3 f, a 70:30
mixture of diastereomers, Table 2, entry 3): IR (neat): ñ =3437, 2960,
2164, 1597 cm�1; 1H NMR (400 MHz, CDCl3): d=0.10 (s, 2.7H), 0.18 (s,
6.3H), 1.08 (d, 2.1H, J=7.0 Hz), 1.19 (d, 0.9H, J=7.1 Hz), 2.41 (br s,


Scheme 2. Plausible reaction pathways to homopropargylic alcohols/
amines and allenylic alcohols/amines (R1=H, Me; Y=O, NR4).
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0.7H), 2.79 (br s, 0.3H), 3.07–3.17 (m, 1H), 5.25 (d, 0.3H, J=6.1 Hz),
5.63 (d, 0.7H, J=4.7 Hz), 7.46–7.53 (m, 3H) 7.60–8.13 ppm (m, 4H);
13C NMR (100 MHz, CDCl3): d =0.09 (3C), 14.9, 18.2, 34.1, 36.0, 72.3,
74.1, 77.2, 87.2, 88.5, 107.2, 108.8, 123.0, 123.3, 124.1, 124.4, 125.1, 125.2,
125.4 (2C), 125.9, 126.0 (2C), 128.0 (2C), 128.4, 128.9 (3C), 130.4, 133.6,
136.6 ppm; HRMS (FAB+): m/z (%) calcd for C18H22OSi: 282.1441 [M];
found: 282.1534.


2-Methyl-4-(trimethylsilyl)-1-(naphthalen-2-yl)but-3-yn-1-ol (3g, a 61:39
mixture of diastereomers, Table 2, entry 4): IR (neat): ñ =3408, 2960,
2164, 1603 cm�1; 1H NMR (400 MHz, CDCl3): d=0.12 (s, 5.5H), 0.19 (s,
3.5H), 1.10 (d, 1.2H, J=7.0 Hz), 1.12 (d, 1.8H, J=7.0 Hz), 2.46 (br s,
0.61H), 2.77 (br s, 0.39H), 2.89 (m, 0.39H), 2.96 (m, 0.61H), 4.64 (d,
0.39H, J=7.2 Hz), 4.88 (d, 0.61H, J=5.3 Hz), 7.43–7.50 (m, 3H) 7.80–
7.82 ppm (m, 4H); 13C NMR (100 MHz, CDCl3): d=0.07 (3C), 15.6, 17.2,
35.4, 36.4, 76.2, 77.2, 87.6, 88.2, 107.5, 108.1, 124.4, 124.6 (2C), 125.0,
125.4, 125.8, 125.9 (2C), 126.0, 126.1, 127.6 (3C), 128.0 (3C), 133.0 (2C),
133.2, 138.7 ppm; HRMS (FAB+): m/z (%) calcd for C18H22OSi:
282.1441 [M]; found: 282.1532.


2-[1-Hydroxy-2-methyl-4-(trimethylsilyl)but-3-ynyl]phenol (3h, a 53:47
mixture of diastereomers, Table 2, entry 5): IR (neat): ñ =3344, 2960,
2164, 1589 cm�1; 1H NMR (400 MHz, CDCl3): d=0.14 (s, 4.8H), 0.19 (s,
4.2H), 1.06 (d, 1.4H, J=7.0 Hz), 1.19 (d, 1.6H, J=7.0 Hz), 2.92 (m,
0.53H), 2.97 (m, 0.47H), 3.19 (br s, 0.47H), 3.41 (br s, 0.53H), 4.54 (d,
0.47H, J=8.5 Hz), 4.93 (d, 0.53H, J=5.2 Hz), 6.81–6.88 (m, 2H), 6.96–
6.99 (m, 1H), 7.14–7.19 (m, 1H), 7.85 (br s, 0.47H), 8.10 ppm (br s,
0.53H); 13C NMR (100 MHz, CDCl3): d=0.02 (3C), 14.8, 17.1, 34.6, 35.3,
78.2, 79.0, 87.9, 88.7, 107.2, 107.7, 117.2, 117.4, 119.4, 119.5, 123.6, 123.7,
128.0, 128.9, 129.1, 129.4, 155.4, 155.8 ppm; HRMS (FAB+): m/z (%)
calcd for C14H19O2Si: 247.1155 [M�H]; found: 247.1138.


4-[1-Hydroxy-2-methyl-4-(trimethylsilyl)but-3-ynyl]phenol (3 i, a 58:42
mixture of diastereomers, Table 2, entry 6): IR (neat): ñ =3354, 2962,
2164, 1612 cm�1; 1H NMR (400 MHz, CDCl3): d=0.12 (s, 5.2H), 0.17 (s,
3.8H), 1.02 (d, 1.3H, J=6.8 Hz), 1.08 (d, 1.7H, J=6.8 Hz), 2.31 (br s,
0.58H), 2.70 (br s, 0.42H), 2.76 (m, 0.42H), 2.84 (m, 0.58H), 4.40 (dd,
0.42H, J=2.4, 7.7 Hz), 4.62 (dd, 0.58H, J=1.9, 5.3 Hz), 5.60 (br s, 1H),
6.74–6.77 (m, 2H) 7.22–7.34 ppm (m, 2H); 13C NMR (100 MHz, CDCl3):
d=0.03 (1.7C), 0.98 (1.3C), 15.9, 17.1, 35.3, 36.3, 76.0, 77.2, 87.5, 88.1,
107.8, 108.2, 114.8, 115.2, 127.9, 128.0, 132.5, 133.1, 155.3, 155.6 ppm;
HRMS (FAB+): m/z (%) calcd for C14H19O2Si: 247.1155 [M�H]; found:
247.1180.


1-(Furan-2-yl)-2-methyl-4-(trimethylsilyl)but-3-yn-1-ol (3j, a 51:49 mix-
ture of diastereomers, Table 2, entry 7): IR (neat): ñ=3427, 2960,
2168 cm�1; 1H NMR (400 MHz, CDCl3): d=0.13 (s, 4.5H), 0.16 (s, 4.5H),
1.14 (d, 1.5H, J=7.0 Hz), 1.18 (d, 1.5H, J=7.2 Hz), 2.24 (d, 0.5H, J=


6.0 Hz), 2.34 (d, 0.5H, J=6.5 Hz), 3.03 (m, 1H), 4.50 (m, 0.5H), 4.67 (m,
0.5H), 6.24–6.35 (m, 2H), 7.37–7.38 ppm (m, 1H); 13C NMR (100 MHz,
CDCl3): d=0.13 (3C), 16.1, 17.2, 33.4, 33.9, 70.7, 70.9, 87.2, 88.2, 106.9
(2C), 107.1, 107.3, 107.5, 110.1, 141.7, 142.1, 153.9, 154.3 ppm; HRMS
(FAB+): m/z (%) calcd for C12H17O2Si: 221.0998 [M�H]; found:
221.0923.


2-Methyl-4-(trimethylsilyl)-1-(pyridin-2-yl)but-3-yn-1-ol (3k, a 60:40 mix-
ture of diastereomers, Table 2, entry 8): IR (neat): n=3197, 2960, 2166,
1595 cm�1; 1H NMR (400 MHz, CDCl3): d=0.11 (s, 3.6H), 0.12 (s, 5.4H),
1.12 (d, 1.2H, J=7.3 Hz), 1.24 (d, 1.8H, J=7.0 Hz), 2,75 (m, 0.6H), 3.05
(m, 0.4H), 4.23 (br s, 0.6H), 4.50 (br s, 0.4H), 4.62 (d, 0.6H, J=6.7 Hz),
4.77 (d, 0.4H, J=4.3 Hz), 7.21–7.24 (m, 1H), 7.40–7.47 (m, 1H), 7.65–
7.70 (m, 1H), 8.54–8.55 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=


0.28 (3C), 15.9, 16.4, 34.8, 35.3, 74.6, 75.6, 87.0, 87.5, 107.6, 108.5, 121.4,
122.1, 122.6, 122.7, 135.9, 136.1, 147.8, 148.1, 159.1, 159.5 ppm; HRMS
(FAB+): m/z (%) calcd for C13H20ONSi: 234.1315 [M+H]; found:
234.1338.


(E)-4-Methyl-6-(trimethylsilyl)-1-phenylhex-1-en-5-yn-3-ol (3 l, a 58:42
mixture of diastereomers, Table 2, entry 9): IR (neat): ñ =3404, 2960,
2166, 1601 cm�1; 1H NMR (400 MHz, CDCl3): d=0.20 (s, 9H), 1.19 (d,
1.3H, J=7.1 Hz), 1.22 (d, 1.7H, J=7.0 Hz), 2.60 (br s, 1H), 2.69 (m,
0.58H), 2.79 (m, 0.42H), 4.12 (m, 0.58H), 4.22 (m, 0.42H), 6.22 (dd,
0.58H, J=6.6, 15.9 Hz), 6.30 (dd, 0.42H, J=6.6, 15.9 Hz), 6.64 (d, 1H,
J=16.1 Hz), 7.23–7.40 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=


0.10 (3C), 16.2, 16.9, 34.3, 34.8, 75.0, 75.4, 87.4, 87.9, 107.2, 107.7, 126.5
(2C), 127.7, 128.6 (3 C), 128.7, 129.2, 132.0, 132.1, 136.5, 136.6 ppm;
HRMS (FAB+): m/z (%) calcd for C16H21OSi: 257.1362 [M�H]; found:
257.1297.


2,2,4-Trimethyl-6-(trimethylsilyl)hex-5-yn-3-ol (3m, a 31:69 mixture of er-
ythro and threo isomers, Table 2, entry 10):[3i] 1H NMR (400 MHz,
CDCl3): d=0.14 (s, 2.8H), 0.15 (s, 6.2H), 0.96 (s, 2.07H), 1.00 (s, 0.93H),
1.24 (d, 0.93H, J=6.8 Hz), 1.29 (d, 2.07H, J=7.0 Hz), 2.70 (m, 0.31H),
2.82 (m, 0.69H), 2.97 (dd, 0.69H, J=1.4, 10.6 Hz), 3.38 ppm (t, 0.31H,
J=7.0 Hz).


3-Methyl-5-(trimethylsilyl)-2-phenylpent-4-yn-2-ol (3n, a 65:35 mixture
of diastereomers, Table 2, entry 11): IR (neat): ñ=3464, 2960, 2166,
1603 cm�1; 1H NMR (400 MHz, CDCl3): d=0.12 (s, 3.3H), 0.18 (s, 5.7H),
0.93 (d, 1.9H, J=7.0 Hz), 1.06 (d, 1.1H, J=7.0 Hz), 1.62 (s, 1.1H), 1.68
(s, 1.9H), 2.22 (br s, 0.65H), 2.41 (br s, 0.35H), 2,83–2.92 (m, 1H), 7.21–
7.49 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d =0.2 (3C), 15.6, 15.7,
24.9, 29.5, 39.7, 40.5, 74.8, 75.3, 87.8, 87.9, 108.1, 108.2, 125.0, 125.5, 126.5,
126.9, 127.7, 127.9, 144.7, 145.3 ppm; HRMS (FAB+): m/z (%) calcd for
C15H21OSi: 245.1362 [M�H]; found: 245.0913.


3-Methyl-5-(trimethylsilyl)-2-p-tolylpent-4-yn-2-ol (3o, a 53:47 mixture of
diastereomers, Table 2, entry 12): IR (neat): ñ=3467, 2960, 2166,
1606 cm�1; 1H NMR (400 MHz, CDCl3): d=0.13 (s, 4.8H), 0.17 (s, 4.2H),
0.93 (d, 1.6H, J=7.0 Hz), 1.03 (d, 1.4H, J=7.2 Hz), 1.61 (s, 1.4H), 1.66
(s, 1.6H), 2.20 (br s, 0.47H), 2.33 (s, 3H), 2.40 (br s, 0.53H), 2,81–2.89
(m, 1H), 7.11–7.15 (m, 2H), 7.24–7.37 (m, 1.47H), 7.83–7.87 ppm (m,
0.53H); 13C NMR (100 MHz, CDCl3): d =0.06 (3C), 15.7, 15.8, 20.9 (2C),
25.0, 29.5, 39.8, 40.6, 74.8, 75.3, 87.7, 87.8, 108.4, 108.5, 125.0, 125.6, 128.4,
128.6, 136.1, 136.5, 141.9, 142.3 ppm; HRMS (FAB+): m/z (%) calcd for
C16H25OSi: 261.1676 [M+H]; found: 261.1298.


2-(4-Methoxyphenyl)-3-methyl-5-(trimethylsilyl)pent-4-yn-2-ol (3p, a
66:34 mixture of diastereomers, Table 2, entry 13): IR (neat): ñ=3494,
2958, 2164, 1610 cm�1; 1H NMR (400 MHz, CDCl3): d =0.14 (s, 3.1H),
0.17 (s, 5.9H), 0.94 (d, 2.0H, J=7.0 Hz), 1.03 (d, 1.0H, J=7.0 Hz), 1.61
(s, 1.0H), 1.66 (s, 2.0H), 2.20 (br s, 1H), 2,82 (m, 0.66H), 2.86 (m,
0.34H), 3.80 (s, 3H), 6.84–6.88 (m, 2H), 7.31–7.41 ppm (m, 2H);
13C NMR (100 MHz, CDCl3): d =0.08 (3C), 15.7, 15.9, 24.9, 29.4, 39.9,
40.7, 55.2, 74.7, 75.2, 87.7, 87.8, 108.4 (2C), 113.1, 113.3, 126.3, 126.9,
137.1, 137.4, 158.2, 158.5 ppm; HRMS (FAB+): m/z (%) calcd for
C16H23O2Si: 275.1468 [M�H]; found: 275.1483.


3-Methyl-5-(trimethylsilyl)-2-(naphthalen-2-yl)pent-4-yn-2-ol (3q, a 69:31
mixture of diastereomers, Table 2, entry 14): IR (neat): ñ=3467, 2962,
2164, 1601 cm�1; 1H NMR (400 MHz, CDCl3): d=0.11 (s, 2.8H), 0.19 (s,
6.2H), 0.95 (d, 2.1H, J=7.1 Hz), 1.08 (d, 0.9H, J=7.1 Hz), 1.73 (s,
0.9H), 1.76 (s, 2.1H), 2.34 (br s, 0.69H), 2.52 (br s, 0.31H), 2.99 (m, 1H),
7.44–7.49 (m, 2.69H), 7.62–7.65 (m, 0.31H), 7.79–7.85 (m, 3H), 7.93–
7.95 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=0.10 (3C), 15.7, 15.8,
25.1, 29.7, 39.6, 40.5, 75.1, 75.6, 88.1, 108.1, 108.2, 123.4, 124.0, 124.1,
124.5, 125.7, 125.8, 125.9, 126.0, 127.4 (2C), 127.5, 127.6, 128.2 (2C),
132.2, 132.4, 132.9, 133.1, 142.2, 142.8 ppm; HRMS (FAB+): m/z (%)
calcd for C19H23OSi: 295.1519 [M�H]; found: 295.1345.


3-Methyl-5-(trimethylsilyl)-2-(naphthalen-1-yl)pent-4-yn-2-ol (3r, a 57:43
mixture of diastereomers, Table 2, entry 15): IR (neat): ñ=3550, 2960,
2164, 1599 cm�1; 1H NMR (400 MHz, CDCl3): d=0.17 (s, 9H), 0.94 (d,
1.7H, J=7.0 Hz), 0.98 (d, 1.3H, J=7.0 Hz), 1.84 (s, 1.7H), 1.96 (s, 1.3H),
2.46 (br s, 0.43H), 2.80 (br s, 0.57H), 3.63 (m, 0.43H), 3.71 (m, 0.57H),
7.35–7.53 (m, 3.57H) 7.74–7.87 (m, 2.43H), 8.37 (m, 0.43H), 8.86 ppm
(m, 0.57H); 13C NMR (100 MHz, CDCl3): d=0.14 (3C), 15.8, 16.9, 24.6,
28.7, 37.9, 38.3, 75.5, 78.5, 87.8, 88.2, 108.2, 108.5, 124.4, 124.9, 125.0,
125.2 (2C), 125.3, 125.5 (3C), 127.2, 128.5, 129.1 (2C), 129.5, 130.1, 130.9,
134.7, 134.8, 139.3, 140.0 ppm; HRMS (FAB+): m/z (%) calcd for
C19H23OSi: 295.1519 [M�H]; found: 295.1355.


2-(Furan-2-yl)-3-methyl-5-(trimethylsilyl)pent-4-yn-2-ol (3 s, a 58:42 mix-
ture of diastereomers, Table 2, entry 16): IR (neat): ñ =3454, 2960,
2168 cm�1; 1H NMR (400 MHz, CDCl3): d=0.14 (s, 5.2H), 0.15 (s, 3.8H),
1.05 (d, 1.3H, J=7.0 Hz), 1.09 (d, 1.7H, J=7.0 Hz), 1.58 (s, 1.3H), 1.62
(s, 1.7H), 2.45 (br s, 1H), 2.95 (q, 0.58H, J=7.0 Hz), 3.13 (q, 0.42H, J=


7.2 Hz), 6.27–6.33 (m, 2H), 7.34–7.36 ppm (m, 1H); 13C NMR (100 MHz,
CDCl3): d=0.03 (3C), 15.6, 16.0, 22.3, 25.0, 38.3, 38.4, 72.8, 73.1, 87.7,
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87.9, 105.6, 105.8, 106.3, 107.4, 107.5, 110.0, 141.3, 141.7, 157.0,
157.4 ppm; HRMS (FAB+): m/z (%) calcd for C13H21O2Si: 237.1311
[M+H]; found: 237.0962.


3-Methyl-5-(trimethylsilyl)-2-(pyridin-2-yl)pent-4-yn-2-ol (3 t, a 51:49
mixture of diastereomers, Table 2, entry 17): IR (neat): ñ=3381, 2960,
2168, 1593 cm�1; 1H NMR (400 MHz, CDCl3): d=0.12 (s, 4.5H), 0.15 (s,
4.5H), 0.98 (d, 1.5H, J=7.1 Hz), 1.07 (d, 1.5H, J=7.1 Hz), 1.65 (s,
1,5H), 1.67 (s, 1,5H), 2.81 (q, 0.5H, J=6.9 Hz), 2.94 (q, 0.5H, J=


7.0 Hz), 4.84 (br s, 0.5H), 5.62 (br s, 0.5H), 7.20–7.23 (m, 1H), 7.47–7.49
(m, 0.5H), 7.66–7.70 (m, 1.5H), 8.50–8.52 ppm (m, 1H); 13C NMR
(100 MHz, CDCl3): d=0.05 (3C), 15.1, 15.4, 24.9, 26.9, 39.2, 39.3, 74.6,
74.9, 86.8, 108.7, 109.5, 120.3, 120.6, 122.0, 122.1, 136.3 (2C), 146.7, 147.4,
162.0, 163.4 ppm; HRMS (FAB+): m/z (%) calcd for C14H20ONSi:
246.1315 [M�H]; found: 246.1330.


1-[4-(Trimethylsilyl)but-3-yn-2-yl]cyclohex-2-enol (3u, a 68:32 mixture of
diastereomers, Table 2, entry 18): IR (neat): ñ=3427, 2954, 2166 cm�1;
1H NMR (400 MHz, CDCl3): d =0.15 (s, 6.1H), 0.16 (s, 2.9H), 1.15 (d,
0.96H, J=7.2 Hz), 1.17 (d, 2.04H, J=7.0 Hz), 1.68–1.97 (m, 6H), 2.04
(br s, 0.68H), 2.09 (br s, 0.32H), 2.58–2.67 (m, 1H), 5.69 (d, 0.32H, J=


10.4 Hz), 5.72 (d, 0.68H, J=10.4 Hz), 5.89–5.95 ppm (m, 1H); 13C NMR
(100 MHz, CDCl3): d=0.10 (3C), 15.2, 15.4, 18.6, 18.9, 25.2, 25.3, 31.7,
33.0, 38.3, 38.6, 70.7, 87.3, 108.3, 129.6, 130.4, 131.5, 131.8 ppm; HRMS
(FAB+): m/z (%) calcd for C13H21OSi: 221.1362 [M�H]; found:
221.1486.


Synthesis of Homopropargylic Amines


A solution of propargylic bromide (1.0 mmol) and imine (0.5 mmol) in
dry THF (4 mL) was added dropwise to the resulting dark brown suspen-
sion of reactive barium (1.1 mmol) in THF (8 mL) at �78 8C. After the
reaction was completed (monitored by TLC), the reaction mixture was
treated with a saturated aqueous solution of NH4Cl (10 mL) at �78 8C,
and the aqueous layer was extracted with ether (10 mL). The combined
organic extracts were washed with a solution of sodium thiosulfate
(15 mL, 1 N), dried over anhydrous Na2SO4, and concentrated in vacuo
after filtration. The residual crude product was purified by column chro-
matography on silica gel to give a mixture of homopropargylic amine and
allenylic amine. The a/g ratio was determined by 1H NMR analysis.


N-(1-(4-Methoxyphenyl)-4-phenylbut-3-ynyl)benzenamine (7a, Table 3,
entry 1): IR (neat): ñ=3406, 3053, 3026, 1600 cm�1; 1H NMR (400 MHz,
CDCl3): d=2.81–2.96 (m, 2H), 3.77 (s, 3H), 4.53–4.58 (m, 1H), 5.03–5.13
(m, 1H), 6.40–7.40 ppm (m, 14H); 13C NMR (100 MHz, CDCl3): d =29.2,
55.2, 56.3, 85.9, 113.4, 113.7, 113.9, 114.0, 117.7, 127.5, 128.2, 128.5, 129.1,
131.6, 134.4, 147.2, 158.9 ppm; HRMS (FAB+): m/z (%) calcd for
C23H22ON: 328.1703 [M+H]; found: 328.1707.


N-(1-(4-Methoxyphenyl)-5,5-dimethylhex-3-ynyl)benzenamine (7b,
Table 3, entry 2): IR (neat): ñ =3288, 2941, 1604 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.19 (s, 9H), 2.52 (dd, 1H, J=7.0, 16.5 Hz), 2.65
(dd, 1H, J=5.3, 16.6 Hz), 3.76 (s, 3H), 4.38 (m, 1H), 4.44 (br s, 1H),
6.50–6.53 (m, 2H), 6.63–6.67 (m, 1H), 6.82–6.86 (m, 2H), 7.06–7.10 (m,
2H), 7.28–7.31 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): d =27.4, 28.8,
31.2, 55.2, 56.4, 74.3, 92.3, 113.7, 113.8, 117.5, 127.4, 129.0, 134.8, 147.5,
158.7 ppm; HRMS (FAB+): m/z (%) calcd for C22H28ON: 322.2172 [M+


H]; found: 322.2164.


N-(1-(4-Methoxyphenyl)-4-(trimethylsilyl)but-3-ynyl)benzenamine (7c,
Table 3, entry 3): IR (neat): ñ=3402, 2956, 2173, 1603 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.15 (s, 9H), 2.63 (dd, 1H, J=7.0, 16.9 Hz), 2.73
(dd, 1H, J=5.2 Hz, 16.9 Hz), 3.79 (s, 3H), 4.42 (s, 1H), 4.44 (m, 1H),
6.50–6.52 (m, 2H), 6.61–6.69 (m, 1H), 6.84–6.87 (m, 2H), 7.08–7.11 (m,
2H), 7.28–7.34 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): d=0.0 (3C),
29.9, 55.2, 56.1, 88.2, 102.9, 113.8, 113.9, 117.7, 127.4, 129.1, 134.4, 147.3,
158.8 ppm; HRMS (FAB+): m/z (%) calcd for C20H26ONSi: 324.1785
[M+H]; found: 324.1777.


N-(4-(Trimethylsilyl)-1-phenylbut-3-ynyl)benzenamine (7d, Table 4,
entry 1): IR (neat): ñ=3410, 2958, 2173, 1601 cm�1; 1H NMR (400 MHz,
CDCl3): d=0.17 (s, 9H), 2.65 (dd, 1H, J=7.2, 17.0 Hz), 2.76 (dd, 1H, J=


5.2, 17.0 Hz), 4.28 (dd, 1H, J=5.2, 7.2 Hz), 4.48 (br s, 1H), 6.48–6.70 (m,
3H), 7.03–7.41 ppm (m, 7H); 13C NMR (100 MHz, CDCl3): d=0.0 (3C),
29.8, 56.7, 88.4, 102.7, 113.2, 113.8, 117.1, 117.8, 126.4, 127.4, 128.6,


129.1 ppm; HRMS (FAB+): m/z (%) calcd for C19H24NSi: 294.1679 [M+


H]; found: 294.1672.


N-(1-(4-(Trifluoromethyl)phenyl)-4-(trimethylsilyl)but-3-ynyl)benzena-
mine (7e, Table 4, entry 2): IR (neat): ñ =3406, 2960, 2175, 1603 cm�1;
1H NMR (400 MHz, CDCl3): d =0.17 (s, 9H), 2.66 (dd, 1H, J=7.0,
17.2 Hz), 2.79 (dd, 1H, J=5.6 Hz, 16.9 Hz), 4.48 (d, 1H, J=4.4 Hz), 4.55
(dd, 1H, J=5.5, 11.6 Hz), 6.50–6.52 (m, 2H), 6.61–6.69 (m, 1H), 7.08–
7.11 (m, 2H), 7.50–7.55 (m, 2H), 7.58–7.64 ppm (m, 2H); 13C NMR
(100 MHz, CDCl3): d=�0.1 (3C), 25.7, 29.6, 56.3, 89.2, 101.8, 113.8,
118.2, 125.6 (2C), 126.9, 129.3, 146.6, 146.8 ppm; HRMS (FAB+): m/z
(%) calcd for C20H23NF3Si: 362.1553 [M+H]; found: 362.1570.


N-(1-(2-Hydroxyphenyl)-4-(trimethylsilyl)but-3-ynyl)benzenamine (7 f,
Table 4, entry 3): IR (neat): ñ=3238, 2958, 2175, 1603 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.15 (s, 9H), 2.59 (dd, 1H, J=4.1, 16.7 Hz), 2.67
(dd, 1H, J=9.5, 16.7 Hz), 3.74 (m, 1H), 3.92 (m, 1H), 4.70–4.74 (m, 1H),
6.81–6.90 (m, 2H), 7.18–7.41 ppm (m, 7H); 13C NMR (100 MHz, CDCl3):
d=0.0 (3C), 23.7, 44.3, 63.8, 92.0, 103.5, 116.7, 119.5, 123.6, 124.5, 125.8,
129.4, 130.3, 146.9, 156.5 ppm; HRMS (FAB+): m/z (%) calcd for
C19H22ONSi: 308.1472 [M+H]; found: 308.1453.


2-Methoxy-N-(4-(trimethylsilyl)-1-phenylbut-3-ynyl)benzenamine (7g,
Table 4, entry 4): IR (neat): ñ=3417, 2958, 2175, 1601 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.15 (s, 9H), 2.70 (dd, 1H, J=7.0, 16.9 Hz), 2.79
(dd, 1H, J=5.8, 16.9 Hz), 3.89 (s, 3H), 4.49 (s, 1H), 5.15 (s, 1H), 6.28–
6.32 (m, 1H), 6.61–6.69 (m, 2H), 6.79–6.82 (m, 1H), 7.28–7.41 ppm (m,
5H); 13C NMR (100 MHz, CDCl3): d=0.0 (3C), 29.9, 55.5, 56.6, 88.3,
102.9, 109.4, 111.5, 116.9, 121.1, 126.5, 127.4, 128.6, 137.2, 142.6,
147.1 ppm; HRMS (FAB+): m/z (%) calcd for C20H26ONSi: 324.1785
[M+H]; found: 324.1777.


4-Methoxy-N-(4-(trimethylsilyl)-1-phenylbut-3-ynyl)benzenamine (7h,
Table 4, entry 5):[14] 1H NMR (400 MHz, CDCl3): d=0.16 (s, 9H), 2.69
(dd, 1H, J=8.0, 16.9 Hz), 2.75 (dd, 1H, J=5.5, 16.9 Hz), 3.76 (s, 3H),
4.00 (s, 1H), 4.75 (dd, 1H, J=5.6, 8.0 Hz), 6.82–6.84 (m, 2H), 7.08–7.11
(m, 2H), 7.24–7.34 (m, 3H), 7.43–7.45 ppm (m, 2H).


N-(1-(4-Methoxyphenyl)-2-methyl-4-phenylbut-3-ynyl)benzenamine (9a,
a 70:30 mixture of diastereomers, Table 5, entry 1): IR (neat): ñ =3408,
3055, 2933, 2835, 2247, 1601 cm�1; 1H NMR (400 MHz, CDCl3): d=1.17
(d, 2.1H, J=7.1 Hz), 1.34 (d, 0.9H, J=7.1 Hz), 3.03 (m, 0.3H), 3.23 (m,
0.7H), 3.76 (s, 3H), 4.29 (d, 0.3H, J=5.3 Hz), 4.39 (d, 0.7H, J=4.7 Hz),
6.53–7.40 ppm (m, 14H); 13C NMR (100 MHz, CDCl3): d =17.5, 19.0,
33.5, 35.3, 55.1, 60.5, 61.4, 83.8, 90.2, 90.5, 113.4, 113.5, 113.6, 113.7, 117.3,
117.4, 127.9 (2C), 128.0, 128.2 (3C), 128.7, 129.0 (4C), 131.5, 131.6, 131.8,
147.1, 147.5, 158.7 ppm, 158.8; HRMS (FAB+): m/z (%) calcd for
C24H24ON: 342.1859 [M+H]; found: 342.1868.


N-(1-(4-Methoxyphenyl)-2,5,5-trimethylhex-3-ynyl)benzenamine (9b, a
50:50 mixture of diastereomers, Table 5, entry 2): IR (neat): ñ=3406,
2966, 1603 cm�1; 1H NMR (400 MHz, CDCl3): d =1.01 (d, 1.5H, J=


7.2 Hz), 1.20 (d, 1.5H, J=7.0 Hz), 1.21 (s, 9H), 2.72 (m, 0.5H), 2.96 (m,
0.5H), 3.77 (s, 3H), 4.10 (d, 0.5H, J=5.6 Hz), 4.24 (d, 0.5H, J=4.6 Hz),
4.52 (br s, 0.5H), 4.64 (br s, 0.5H), 6.50–6.52 (m, 2H), 6.61–6.65 (m, 1H),
6.80–6.84 (m, 2H), 7.04–7.09 (m, 2H), 7.26–7.30 ppm (m, 2H); 13C NMR
(100 MHz, CDCl3): d=17.9, 19.3, 27.4, 31.2, 32.7, 34.7, 55.1, 60.5, 61.7,
78.9, 79.1, 92.5, 92.7, 113.2, 113.5, 113.6 (2C), 117.1, 117.2, 128.0, 128.8,
129.0 (2C), 132.1, 134.6, 147.3, 147.8, 158.7 ppm (2C); HRMS (FAB+):
m/z (%) calcd for C22H28ON: 322.2172 [M+H]; found: 322.2164.


N-(1-(4-Methoxyphenyl)-2-methyl-4-(trimethylsilyl)but-3-ynyl)benzena-
mine (9c, a 60:40 mixture of diastereomers, Table 5, entry 3): IR (neat):
ñ=3402, 2958, 2164, 1603 cm�1; 1H NMR (400 MHz, CDCl3): d =0.18 (s,
9H), 1.09 (d, 1.2H, J=7.0 Hz), 1.26 (d, 1.8H, J=7.0 Hz), 2.78–2.86 (m,
0.4H), 3.02–3.09 (m, 0.6H), 3.79 (s, 3H), 4.18 (d, 0.6H, J=7.0 Hz), 4.32
(d, 0.4H, J=7.0 Hz), 6.50–6.52 (m, 2H), 6.61–6.69 (m, 1H), 6.83–6.88 (m,
2H), 7.06–7.12 (m, 2H), 7.28–7.34 ppm (m, 2H); 13C NMR (100 MHz,
CDCl3): d=0.1 (3C), 18.8, 22.2, 33.7, 35.7, 55.2, 60.2, 61.3, 88.1, 88.3,
107.4, 107.7, 113.3, 113.5, 113.7 (2C), 117.3, 117.4, 128.0, 128.8, 129.0
(2C), 131.8, 134.1, 147.2, 147.6, 158.8 ppm (2C); HRMS (FAB+): m/z
(%) calcd for C21H26ONSi: 336.1785 [M�H]; found: 336.1763.


N-(2-Methyl-4-(trimethylsilyl)-1-phenylbut-3-ynyl)benzenamine (9d, a
50:50 mixture of diastereomers, Table 6, entry 1):[15] 1H NMR (400 MHz,
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CDCl3): d=0.19 (s, 9H), 1.07 (d, 1.5H, J=7.2 Hz), 1.25 (d, 1.5H, J=


7.0 Hz), 2.83 (m, 0.5H), 3.04 (m, 0.5H), 4.20 (d, 0.5H, J=4.7 Hz), 4.33
(d, 0.5H, J=4.5 Hz), 4.52 (br s, 1H), 6.53–6.55 (m, 2H), 6.65 (m, 1H),
7.08–7.12 (m, 2H), 7.20–7.38 ppm (m, 5H).


N-(1-(4-(Trifluoromethyl)phenyl)-2-methyl-4-(trimethylsilyl)but-3-ynyl)-
benzenamine (9e, a 87:13 mixture of diastereomers, Table 6, entry 2): IR
(neat): ñ=3408, 2962, 2166, 1603 cm�1; 1H NMR (400 MHz, CDCl3): d=


0.16 (s, 9H), 1.09 (d, 2.6H, J=7.2 Hz), 1.30 (d, 0.4H, J=7.0 Hz), 2.85 (m,
0.13H), 3.07 (m, 0.87H), 4.30 (d, 0.13H, J=4.9 Hz), 4.39 (d, 0.87H, J=


5.1 Hz), 6.40–6.52 (m, 2H), 6.60–6.68 (m, 1H), 7.08–7.11 (m, 2H), 7.48–
7.60 ppm (m, 4H); 13C NMR (100 MHz, CDCl3): d =0.0 (3C), 17.5, 33.7,
60.7, 88.9, 106.7, 113.6 (2C), 117.9, 125.6, 128.2, 129.2 (2C), 144.2,
146.7 ppm; HRMS (FAB+): m/z (%) calcd for C21H25NF3Si: 376.1710
[M+H]; found: 376.1731.


N-(1-(2-Hydroxyphenyl)-2-methyl-4-(trimethylsilyl)but-3-ynyl)benzena-
mine (9 f, a 50:50 mixture of diastereomers, Table 6, entry 3): IR (neat):
ñ=3325, 2958, 2162, 1603 cm�1; 1H NMR (400 MHz, CDCl3): d =0.17 (s,
4.5H), 0.20 (s, 4.5H), 1.13 (d, 1.5H, J=7.0 Hz), 1.23 (d, 1.5H, J=


7.2 Hz), 3.01 (m, 1H), 3.98 (d, 0.5H, J=9.7 Hz), 4.43 (d, 0.5H, J=


4.4 Hz), 4.90 (br s, 1H), 6.74–6.91 (m, 6H), 7.07–7.21 ppm (m, 4H);
13C NMR (100 MHz, CDCl3): d =0.0 (3C), 15.2, 18.0, 32.3, 35.2, 64.2,
65.9, 88.7, 89.1, 107.3 (2C), 116.5 (2C), 116.9, 117.0, 117.3, 119.5, 119.8,
121.4, 123.3, 123.9, 128.1, 128.8, 129.1, 129.2, 129.3, 129.9, 147.0, 147.4,
156.4, 157.5 ppm; MS HRMS (FAB+): m/z (%) calcd for C20H26ONSi:
324.1785 [M+H]; found: 324.1787.


2-Methoxy-N-(2-methyl-4-(trimethylsilyl)-1-phenylbut-3-ynyl)benzena-
mine (9g, a 60:40 mixture of diastereomers, Table 6, entry 4): IR (neat):
ñ=3745, 2958, 2166, 1603 cm�1; 1H NMR (400 MHz, CDCl3): d =0.17 (s,
9H), 1.10 (d, 1.8H, J=7.1 Hz), 1.29 (d, 1.2H, J=7.1 Hz), 2.87 (m, 0.4H),
3.10 (m, 0.6H), 3.89 (s, 1.8H), 3.91 (s, 1.2H), 4.24 (m, 0.4H), 4.35 (m,
0.6H), 5.26 (br s, 0.6H), 5.36 (br s, 0.4H), 6.28–6.35 (m, 1H), 6.56–6.61
(m, 1H), 6.62–6.69 (m, 1H), 6.73–6.78 (m, 1H), 7.22–7.37 ppm (m, 5H);
13C NMR (100 MHz, CDCl3): d =0.0 (3C), 17.5, 19.0, 33.8, 35.7, 55.5,
60.6, 61.6, 87.9, 88.2, 107.3, 107.8, 109.3, 109.4, 110.9, 111.3, 116.3, 116.5,
121.0, 121.1, 127.0, 127.2, 127.3, 127.8 (2C), 127.9, 128.3, 137.0, 137.4,
140.0, 142.3, 147.0 ppm; HRMS (FAB+): m/z (%) calcd for C21H28ONSi:
338.1941 [M+H]; found: 338.1949.


4-Methoxy-N-(2-methyl-4-(trimethylsilyl)-1-phenylbut-3-ynyl)benzena-
mine (9h, a 74:26 mixture of diastereomers, Table 6, entry 5): IR (neat):
ñ=3381, 2958, 2164, 1603 cm�1; 1H NMR (400 MHz, CDCl3): d =0.19 (s,
2.3H), 0.20 (s, 6.7H), 1.10 (d, 0.8H, J=7.2 Hz), 1.26 (d, 2.2H, J=


7.0 Hz), 2.84 (m, 0.74H), 3.07 (m, 0.26H), 3.70 (s, 3H), 4.15 (d, 0.74H,
J=5.8 Hz), 4.31 (m, 0.26H), 6.49–6.53 (m, 2H), 6.69–6.71 (m, 2H), 7.23–
7.41 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d =0 (3C), 17.1, 18.6,
33.7, 35.5, 55.6, 61.7, 62.8, 88.0, 88.1, 107.5, 107.7, 114.0, 114.6, 114.7 (2C),
115.0, 127.1, 127.2, 127.7, 127.9, 128.2, 140.0, 141.3, 141.8, 142.2, 151.9,
152.0 ppm; HRMS (FAB+): m/z (%) calcd for C21H26ONSi: 336.1785
[M�H]; found: 336.1799.


N-(3-methyl-5-(trimethylsilyl)-2-phenylpent-4-yn-2-yl)benzenamine (9 i, a
81:19 mixture of diastereomers, Table 6, entry 6): IR (neat): n=3372,
2983, 2958, 2166, 1604 cm�1; 1H NMR (500 MHz, CDCl3): d =0.19 (s,
7.3H), 0.22 (s, 1.7H), 0.91 (d, 0.6H, J=7.0 Hz), 0.96 (d, 2.4H, J=


7.0 Hz), 1.69 (s, 0.6H), 1.82 (s, 2.4H), 2.75 (q, 0.81H, J=7.0 Hz), 2.79 (q,
0.19H, J=7.0 Hz), 4.46 (br s, 1H), 6.25–6.41 (m, 2H), 6.59–6.67 (m, 1H),
6.94–7.05 (m, 2H), 7.22–7.36 (m, 3H), 7.44–7.53 ppm (m, 2H); 13C NMR
(100 MHz, CDCl3): d=0.1 (3C), 15.2, 16.1, 16.8, 23.8, 41.6, 41.7, 60.4,
60.7, 88.5, 88.6, 107.9, 108.1, 115.6, 115.9, 117.3, 117.5, 126.7, 126.9, 127.0,
127.3, 128.0, 128.5, 128.6, 128.7, 143.0, 144.1, 146.2, 146.3 ppm; HRMS
(FAB+): m/z (%) calcd for C21H28NSi: 322.1992 [M+H]; found:
322.1997.


N-(1-(4-(trimethylsilyl)but-3-yn-2-yl)cyclohexyl)benzenamine (9 j,
Table 6, entry 7): IR (neat): ñ=3423, 2943, 2856, 2161, 1599 cm�1;
1H NMR (500 MHz, CDCl3): d =0.20 (s, 9H), 1.12 (d, 3H, J=7.0 Hz),
1.20–1.29 (m, 1H), 1.48–1.83 (m, 8H), 2.11–2.17 (m, 1H), 3.06 (q, 1H,
J=7.0 Hz), 3.43 (br s, 1H), 6.72–6.77 (m, 3H), 7.12–7.17 ppm (m, 2H);
13C NMR (100 MHz, CDCl3): d =0.2 (3C), 14.8, 21.6, 26.0, 32.2, 32.5,
34.8, 58.3, 86.4, 110.2, 117.0 (2C), 118.0, 129.0 (2C), 146.3 ppm; HRMS


(FAB+): m/z (%) calcd for C19H30NSi: 300.2149 [M+H]; found:
300.2139.
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Introduction


General Background


Asymmetric hydrogenation (AH) of ketones by molecular
catalysts is a fundamental transformation in modern organic
synthesis and is of current industrial relevance.[1,2] Genera-
tion of chiral alcohols by AH has been best achieved using
transition-metal-based catalysts possessing appropriately de-
signed chiral ligand(s).[1,3,4] Notably, no universal catalysts
exist because of the structural diversity of ketones. As
shown in Scheme 1, the binap/dpen-RuII complexes (S,SS)-5
(dpen=1,2-diphenylethylenediamine) catalyze the AH of


acetophenone (1) to (R)-1-phenylethanol ((R)-2) under mild
conditions in 2-propanol containing an inorganic or organic
strong base. For example, use of (S,SS)-5a with a substrate-
to-catalyst (S/C) molar ratio of 100000 led to (R)-2 in
99% ee quantitatively.[4b,5a] This method allows for AH of
various aromatic, heteroaromatic, and olefinic ketones.[4,5]


However, AH of sterically congested tert-alkyl ketones is
achievable only by replacing the symmetrical 1,2-diamine in
5 by pica (a-picolylamine), an unsymmetrical NH2/pyridine
hybrid ligand, and by using ethanol instead of 2-propanol as
solvent.[6] Thus, the binap/pica-Ru complex (S)-6a catalyzes
the AH of pinacolone (3) in basic ethanol with an S/C ratio
of up to 100000, resulting in the chiral carbinol (S)-4 in
97% ee (Scheme 1).[6a] Thus, this method allows, for the first
time, the efficient and general preparation of tert-alkyl car-
binols with high enantiomeric purity.


The efficiency of AH is highly dependent on the proper-
ties of the metal and the auxiliary anionic or neutral ligands,
and reaction conditions including H2 pressure, temperature,
solvent, and additives. Notably, in the reactions of Scheme 1,
the use of Ru complexes having an NH2 ligand is essential
because of the operation of the metal–ligand bifunctional
mechanism.[7–13] Furthermore, the reaction system must be
slightly basic for mechanistic reasons, although AH of 1 and
3 is attainable without an extra strong base by the use of the


Abstract: Chiral binap/pica-RuII com-
plexes (binap= (S)- or (R)-2,2’-bis(di-
phenylphosphino)-1,1’-binaphthyl;
pica=a-picolylamine) catalyze both
asymmetric hydrogenation (AH) of ke-
tones using H2 and asymmetric transfer
hydrogenation (ATH) using non-terti-
ary alcohols under basic conditions.
The AH and ATH catalytic cycles are
linked by the metal–ligand bifunctional
mechanism. Asymmetric reduction of
pinacolone is best achieved in ethanol


containing the Ru catalyst and base
under an H2 atmosphere at ambient
temperature, giving the chiral alcohol
in 97–98% ee. The reaction utilizes
only H2 as a hydride source with alco-
hol acting as a proton source. On the


other hand, asymmetric reduction of
acetophenone is attained with both H2


(ambient temperature) and 2-propanol
(>60 8C) with relatively low enantiose-
lectivity. The degree of contribution of
the AH and ATH cycles is highly de-
pendent on the ketone substrates, sol-
vent, and reaction parameters (H2 pres-
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concentration, H/D difference, etc.).
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H/BH4 catalyst 5c or 6b owing to the generation of a tiny
amount of base by alcoholysis of the BH4 anion. Sometimes
asymmetric transfer hydrogenation (ATH) becomes possible
using functionally similar Ru catalysts and organic reducing
agents such as 2-propanol and formic acid.[9,14] Since the AH
reaction generally proceeds via metal hydride or dihydride
species formed by splitting of H2 molecules, one might
expect that common intermediates are generated from the
same catalyst precursor and organic reagents. The mechanis-
tic linkage between hydrogenation and transfer hydrogena-
tion offers novel opportunities to exploit an efficient reduc-
tion through appropriate catalyst design and careful consid-
eration of reaction parameters.[7–9,14–17] In fact, we recently
discovered that the chiral arene Ru complexes 7, well-
known ATH catalysts, promote not only ATH but also AH
simply by switching the conditions from basic 2-propanol to
acidic methanol.[18] The identical sense and degree of enan-
tioselectivity (S,S to S, 96% ee) shown in the ATH and AH
of 1 suggests the involvement of the same RuH intermedi-
ate. Despite such potential, however, most of the existing
chiral catalysts are effective for only one of these reactions,
either ATH or AH.[19–22]


Network of Asymmetric Hydrogenation (AH) and
Asymmetric Transfer Hydrogenation (ATH) Catalyzed by


the binap/pica-Ru System


In principle, both H2 and 2-propanol, or other non-tertiary
alcohols possessing a-hydrogen atom(s), act as potential hy-
dride donors for the reduction of ketones. Our earlier stud-
ies[6,7] suggest the possible existence of the AH/ATH linkage
in the reaction catalyzed by the binap/pica-Ru complex 6, as
illustrated in Scheme 2. Exposure of the precatalyst 6 to an
alcoholic medium with or without base, depending on the
nature of the anionic ligand(s), readily generates the cation-
ic amino Ru complex 9 (solvate), which is in equilibrium
with the neutral amido complex 10 through proton relay.
The 16e cation 9 catalyzes AH of ketones, whereas 10 with
a partial Ru�N double bond can promote ATH of ketones
with non-tertiary alcohols. The AH reaction starts with the
h2-H2 complex 11, which is deprotonated to give the reduc-
ing 18e RuH species 12. The simultaneous delivery of a hy-
dride on Ru and a proton of the NH2 ligand to an approach-
ing prochiral ketone produces a chiral alcohol and 10. This
reduction occurs via a six-membered pericyclic TS of type
13 in an outer coordination sphere without Ru/carbonyl in-
teraction. Protonation on the amido nitrogen atom of 10, re-
generating catalytic 9, completes the AH cycle. Alcohol-as-
sisted heterolytic cleavage of H2 by 10 via its short-lived h2-
H2 complex can directly generate 10, though this is a minor
pathway. On the other hand, 10 dehydrogenates an alcohol,
typically 2-propanol, via 13 to form RuH 12, which reacts
with a ketone to give a chiral alcohol and 10. Thus, both the
AH and ATH cycles generate active RuH species 10
through distinctly different pathways and by using different
hydride sources. A non-tertiary alcohol provides a hydride
and proton for ATH but is used only as a proton source


Abstract in Japanese:


Scheme 1. Asymmetric hydrogenation (AH) catalyzed by chiral Ru com-
plexes.
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during AH. The concentration of 12 would limit the turn-
over rate of both AH and ATH, and the product stereo-
chemistry is determined by the TS 13. AH of a ketone is ir-
reversible, whereas ATH could be reversible because of the
structural similarity of the starting materials and products,
namely, ketones and (secondary) alcohols.


Scheme 2 does not define the geometry of the Ru com-
plexes. In order for 12 to reduce ketones via a 13-type TS,
the H/N,N ligands on Ru must have a fac relationship. The
AH/ATH network involves 9, 10, and 11 as common inter-
mediates, but they may or may not have the same stereo-
chemistry. For 12, five (X=H; one trans and four cis iso-
mers) or six reactive stereoisomers (X=OR; two trans and
four cis isomers) are possible. These are interchangeable in
solution via pentacoordinate species, if formed, and the
equilibrium ratio is variable according to the reaction condi-
tions. The catalyst precursor (S)-6a, for instance, is a mix-
ture of five diastereomers in benzene or toluene at room
temperature, although the content of the most dominant
isomer is increased to less than 95% by heating at 80 8C.
Throughout the catalytic reaction, the solution remains yel-
lowish orange, indicating that the formal 16e complex 10 is
not a major entity under the steady-state conditions.


This study actually stemmed from the work of Baratta
and co-workers on the transfer hydrogenation of simple ke-
tones in basic 2-propanol, effected by achiral and chiral Ru
complexes which are structurally similar to 6.[11] In this
regard, since our first publication in 2005,[6] we have re-
ceived many inquiries as to whether our AH of 3 to (S)-4
using (S)-6 (Scheme 1) truly uses H2, rather than alcohol, as
reducing agent. This paper reports that our conclusion is
correct and that the degree of ATH during AH is highly de-
pendent on the ketone structure, catalyst, and reaction con-
ditions.


Results and Discussion


Asymmetric Reduction of
Pinacolone (3)


Confirmation of the AH mech-
anism. When an ethanol solu-
tion of 3 containing (S)-6a (S/
C=2000 to 100000) and a
small amount of KO-t-C4H9 was
stirred under 1–20 atm of H2 at
25 8C for several hours, (S)-4
was obtained in 100% yield
and in 97–98% ee.[6a] Phospha-
zenes, metal-free strong organic
bases, can be used in place of
metal alkoxides. The reaction
with the chloride-free H/BH4


complex (S)-6b took place
smoothly without added base,
giving the same result. Many
lines of evidence indicate that
this reduction is indeed AH,


rather than ATH: 1) The reaction consumes H2 gas; 2) The
reduction occurs, albeit less effectively, even in tert-butyl al-
cohol, which has no a-hydrogen atoms; (3) Reaction of 3
using CD3CD2OH as solvent did not cause any deuterium
incorporation. Under optimum AH conditions with
CD3CD2OH ([(S)-6a]=0.1 mm, [3]=0.20m, [KO-t-C4H9]=


20 mm, T=25 8C, P(H2)=1 atm, VT =10 mL), (S)-4 is ob-
tained in 97% ee as expected. Even at 80 8C, non-deuterated
(S)-4 was obtained with the same ee value. Attempted ATH
of 3 using ethanol without H2 gas ([(S)-6a]=0.1 mm, [3]=


0.2m, [KO-t-C4H9]=4 mm, T=80 8C, VT =10 mL) resulted in
a poor conversion, only 1% after 1 h (TOF (turnover fre-
quency)=20 h�1), giving 4 with no enantiomeric excess. Al-
though the ATH reactivity was improved in 2-propanol
under similar conditions, the reduction remained inefficient
(TOF=460 h�1 at 80 8C, 23% conversion after 1 h, (S)-4 in
85% ee). Use of 6b did not improve the ATH reactivity.
Thus, it is clear that, under our AH catalytic conditions, the
degree of competition from ATH is negligible at both ambi-
ent and elevated temperatures.
Solvent effects. Alcoholic solvents appear to influence


strongly the catalytic activity and enantioselectivity in AH
of 3.[23] Ethanol is the best solvent, forming (S)-4 with
97% ee.[6a] Reduction in 2-propanol proceeds smoothly but
gives (S)-4 in only 36% ee, whereas the AH in tert-butyl al-
cohol occurs with reversal of the asymmetric sense, afford-
ing (R)-4 in 68% ee. No reduction takes place in pure meth-
anol, but (S)-4 with 97–99% ee is produced in a methanol/
tert-butyl alcohol (>3:7) mixture. The stereochemical out-
come is interpreted in terms of an 18e cis-[RuH(OR)-
ACHTUNGTRENNUNG(binap) ACHTUNGTRENNUNG(pica)] intermediate(s) (cis-configurated 12, X=OR)
as the dominant reactive species (Scheme 2). In an H2 at-
mosphere, various RuH structures can be generated, but
this species is kinetically very appropriate for asymmetric
reduction of 3. In view of the different enantioselectivity in


Scheme 2. Mechanistic network of asymmetric hydrogenation (AH) and asymmetric transfer hydrogenation
(ATH) of ketones catalyzed by binap/pica-Ru complexes 6. The stereochemistry of the Ru complexes (X1/
X2 =Cl/Cl or H/BH4; X=H, OR; P�P=binap; N= sp2 nitrogen atom) is not specified.
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sluggish ATH, intermediary RuH complexes 12 would have
different structures. Hydrogenation of 3 catalyzed by 6 is
much faster and more enantioselective than the reaction
with the binap/dpen-Ru complexes 5, which are excellent
catalysts for the AH of 1.[4,7]


Function of diamine ligands. As seen in Scheme 1, the
AH reactions of 1 and 3 catalyzed by (S,SS)-5 or (S)-6, re-
spectively, possessing the same (S)-binap ligand display an
opposite sense of asymmetric induction. We consider that
this is due to the structural difference in reducing species,
trans-[RuH2 ACHTUNGTRENNUNG(binap) ACHTUNGTRENNUNG(dpen)][7] versus cis-[RuH(OR) ACHTUNGTRENNUNG(binap)-
ACHTUNGTRENNUNG(pica)].[6] The function of the C2-symmetric dpen ligand in 5
in AH of the aromatic ketone 1 is twofold. An NH2 moiety
donates a proton to the carbonyl oxygen atom and the other
NH2 unit attracts electrostatically the phenyl ring of 1 (NH/
p interaction) to stabilize the TS to form (R)-2 enantioselec-
tively.[7] The latter function is absent in the NH2/pyridine-
hybrid pica ligand of (S)-6. Thus, the asymmetric bias in the
AH of 3 catalyzed by (S)-6, leading to (S)-4, results from
the difference in steric bulk between the tert-butyl and
methyl groups.


Asymmetric Reduction of Acetophenone (1)


Pivalophenone (8), an aromatic analogue of 3, is smoothly
hydrogenated with the binap/pica-Ru catalyst 6a in basic
ethanol to give the chiral alcohol with 97% ee in 100%
yield.[6a] The asymmetric sense is identical with that ob-
served for the bulky dialkyl ketone 3. Notably, however, the
simplest aromatic ketone 1 behaves differently from tert-
butyl ketones. In fact, both (S)-6a and (S)-6b are poor for
AH of 1, giving (R)-2 in only 54 and 58% ee, respectively, in
ethanol under the optimum conditions for AH of 3.


Interestingly, Barrata and co-workers reported that the
structurally similar cis-[RuCl2ACHTUNGTRENNUNG{(R,S)-josiphos}{(�)-MePyme}]
catalyzes the ATH (not AH) of 1 in basic 2-propanol at
60 8C, giving (R)-2 in 96% ee.[11b,24] In this regard, we found
that the simpler cis-[RuCl2ACHTUNGTRENNUNG{(R,S)-josiphos} ACHTUNGTRENNUNG(pica)] gave (R)-2
in 83% ee by AH in 2-propanol (conditions: [Ru]=0.1 mm,
[1]=0.2m, [KO-t-C4H9]=4 mm, P(H2)=2 atm, T=25 8C,
VT =10 mL). The enantioselectivity is the same as that ob-
tained by ATH without H2 gas under the same conditions
but at 80 8C.[11a,25] The temperature effect is not significant.
Thus, the degree of competition by ATH during AH of 1 be-
comes relevant in reaction in non-tertiary alcohols such as
2-propanol (Scheme 2), and offers an opportunity to probe
the mechanistic relationship between the two related path-
ways.
Reaction profiles and kinetics. Figure 1 shows typical pro-


files of reduction of 1 catalyzed by (S)-6a in 2-propanol. An
observed rate constant (kobs) was determined under the stan-
dard AH conditions ([(S)-6a]=0.1 mm, [1]=0.20m, [KO-t-
C4H9]=4 mm, P(H2)=2 atm, T=25 8C, (CH3)2CHOH sol-
vent, VT =10 mL) and the ATH conditions ([(S)-6a]=


0.1 mm, [1]=0.20m, [KO-t-C4H9]=4 mm, T=80 8C,
(CH3)2CHOH solvent, VT =10 mL). Ketone 1 was converted
into (R)-2 smoothly for both systems without formation of


any side-products (Figure 1a,b). For AH, addition of an ali-
quot of 1 (t=0), once steady-state conditions have been ach-
ieved, yields a pseudo-first-order dependence on [1], allow-
ing for kobs determination according to: ln[1]t=
�kobs(t)+ln[1]0 ([1]0 = initial concentration of 1, t=0; Fig-
ure 1c). Typically, a TOF of 6000 h�1 was observed (P(H2)=


2, T=25 8C). No ATH took place at room temperature. For
ATH at 80 8C, kobs could be directly determined from the re-
action profile (Figure 1d). At this temperature, TOF ap-
proached 14000 h�1. Importantly, for both systems, the TOF
was not limited by [1] under the conditions used, showing
saturation kinetics.


The enantioselectivity of AH catalyzed by (S)-6a or (S)-
6b in 2-propanol was constant ((R)-2 in 18–19% ee). On the
other hand, the ee value of (R)-2 obtained by ATH using a
0.1–0.2m solution decreased slowly with time owing to the
inherent reversibility.[9,14,17] The reduction gave (R)-2 with
45% ee at 50% conversion and 39% ee at 96% conversion,
and further decreased to 30% ee when the reaction period
was prolonged. Furthermore, the reaction became slower
with increasing substrate concentration. Incomplete conver-
sion and lower enantioselectivity were observed at higher
[1] (a lower 2-propanol amount) even after a long reaction
period, for example, (R)-2 in 33% yield and 37% ee under
the conditions: [(S)-6a]=0.80 mm, [1]=1.6m, [KO-t-C4H9]=


20 mm, T=80 8C, (CH3)2CHOH solvent, t=2 h, VT =2 mL.
ATH of the aryl ketone 1 (TOF=14000 h�1), giving (R)-2 in
40% ee, proceeded much faster than that of the bulky di-


Figure 1. Reaction profiles for a) asymmetric hydrogenation (AH) and
b) asymmetric transfer hydrogenation (ATH) of acetophenone (1) cata-
lyzed by [RuCl2{(S)-tolbinap} ACHTUNGTRENNUNG(pica)] ((S)-6a). Calculation of kobs for
c) AH and d) ATH. Conditions: for AH, [(S)-6a]=0.10 mm ; [1]=0.20m,
[KO-t-C4H9]=4 mm, P(H2)=2 atm, T=25 8C, (CH3)2CHOH solvent
(VT =10 mL); for ATH, [(S)-6a]=0.10 mm, [1]=0.20m, [KO-t-C4H9]=


4 mm, T=80 8C, (CH3)2CHOH solvent (VT =10 mL).
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alkyl ketone 3 under the same conditions (TOF=460 h�1,
(S)-4 in 85% ee). Use of ethanol as solvent resulted in very
poor reactivity (TOF=80 h�1) to afford (R)-2 in 28% ee.
Solvent effect on enantioselection. As was seen in the re-


action of 3, the enantioselectivity of AH catalyzed by (S)-6a
was solvent-dependent, giving (R)-2 in 54% ee in ethanol,
19% ee in 2-propanol, and 13% ee in tert-butyl alcohol
under the standard AH conditions at 25 8C. AH of 1 pro-
ceeded smoothly in tert-butyl alcohol, a solvent incapable of
undergoing ATH, albeit with low enantioselection. Use of
(S)-6b at 25 8C gave (R)-2 in 58% ee (ethanol) or 18% ee
(2-propanol).


ATH of 1 at 80 8C catalyzed by (S)-6a and 2-propanol or
ethanol as solvent gave (R)-2 in 40% ee (93% conversion
after 0.6 h) and 28% ee (4% conversion after 1 h), respec-
tively. Reaction with (S)-6b in 2-propanol led to (R)-2 in
39% ee with 96% conversion.
Reaction in H2 atmosphere. The reaction profiles and cor-


responding kobs values were obtained for AH (and ATH) of
1 catalyzed by (S)-6 under different experimental conditions.
For all determined kobs values, linearity (R2>0.98) was main-
tained for a conversion range of greater than 60% (TON=


1200). Table 1 lists selected kinetic data obtained. Most im-
portantly, the reduction of 1 at ambient temperature pro-
ceeded solely by AH with H2 acting as the only hydride
source. No reaction was observed at 25 8C under the ATH
conditions (Table 1, entry 1). This was confirmed by several
trials. Upon addition of 1 atm of H2 to the same catalytic
system, 1 was hydrogenated to give (R)-2 (Table 1, entry 2).
The reduction rate increased significantly with increasing H2


pressure. Thus, kobs values of 4.8, 9.3, and 100.8m
�1 s�1 were


obtained at 2, 4, and 20 atm, respectively, under otherwise
analogous conditions.


Temperature effect on the degree of ATH. During AH in
2-propanol, increasing the reaction temperature clearly re-
sulted in competitive degrees of ATH. Thus, at 60 8C, reduc-
tion of 1 with 6a proceeded by ATH (in the absence of H2)
although with incomplete conversion (50–58%, TOF=


1150–1250 h�1, several trials). Raising the temperature to
80 8C further increased the ATH rate (kobs =10.5m


�1 s�1,
TOF=14000 h�1) and conversion (96%). Thus, 2-propanol
solvent can readily act as a hydride source at elevated tem-
peratures. Practically the same rate was observed under
1 atm of H2, although the reduction rates were further en-
hanced with increasing H2 pressure. Thus, kobs values of 9.8,
27.8, and 33.3m


�1 s�1 were found at 80 8C for 1, 2, and 4 atm
of H2, respectively, corresponding to a 4.4- (2 atm) and 5.3-
fold increase (4 atm) over the rate for ATH in the absence
of H2.


A survey of the reaction at 80 8C (Table 1) reveals that
the overall reduction at very low H2 pressure (0.5 atm) is
faster than the reduction in the absence of H2. Importantly,
however, the reaction rate actually decreases when the pres-
sure of H2 is further increased to 1 atm. Since, in principle,
the independent rate for the ATH at elevated temperature
should remain constant, the variation in reduction rate ap-
pears to reflect changes in the relative concentrations of in-
terchangeable AH- and ATH-active species and, possibly,
inactive complexes. Although the rate for AH increases
with increasing pressure, the ATH cycle dominates under
low-pressure, high-temperature conditions (Scheme 2).
Facile (re)generation of 12 from ATH-active 10 would in-
crease the degree of ATH and, consequently, the overall re-
duction rate.[7] At higher pressures, the drive toward AH is
a similar consequence of the mass balance for participating
species, particularly the increased [11] and then [12].
Basicity effect on the degree of ATH. The basicity of the


system is crucial to the overall
catalysis, because proton relay
is involved in the competing
AH and ATH cycles. Thus, the
reduction rate at 2 atm of H2


and 25 8C (conditions: [(S)-
6a]=0.1 mm, [1]=0.20m, [KO-
t-C4H9]=4 mm, P(H2)=2 atm,
T=25 8C, (CH3)2CHOH sol-
vent, VT =10 mL) was enhanced
by increasing the solution basic-
ity. The kobs values changed
from 3.6 to 4.8, 5.3 and
7.0m


�1 s�1 for [KO-t-C4H9] of 0,
4, 20, and 100 mm, respectively.


The chloride-free H/BH4-Ru
complex (S)-6b catalyzes the
AH of 1 in 2-propanol without
the addition of a strong base,[6a]


affording (R)-2 with 27% ee in
99% yield. Notably, this com-
plex, though slightly basic in 2-
propanol, is a feeble catalyst


Table 1. Observed rate constants (kobs, gradient of ln[1] versus reaction time) for asymmetric hydrogenation
(AH) and asymmetric transfer hydrogenation (ATH) of acetophenone (1) in 2-propanol catalyzed by
[RuCl2{(S)-tolbinap} ACHTUNGTRENNUNG(pica)] ((S)-6).[a]


Entry Cat. T [8C] H2 [atm] [KO-t-C4H9] [mm] kobs [10�3 s�1] kobs/[6] [m�1 s�1] ee (R)-2 [%]


1 (S)-6a 25 0 4 no reaction –
2 (S)-6a 25 2 4 1.9 4.8 19
3 (S)-6b 25 2 0 1.5 3.6 27
4 (S)-6a 25 2 20 2.1 5.3 17
5[b] (S)-6a 25 2 20 0.7 1.8 13
6 (S)-6a 25 2 100 2.8 7.0 15
7 (S)-6a 25 4 4 3.7 9.3 19
8 (S)-6a 25 20 4 40.3 100.8 19
9[c] (S)-6a 60 0 4 0.5 1.3 45
10 (S)-6a 80 0 4 4.2 10.5 40
11 (S)-6a 80 0.5 4 5.6 14.0 38
12 (S)-6b 80 1 0 1.5 3.8 29
13 (S)-6a 80 1 4 3.9 9.8 33
14 (S)-6a 80 1 20 8.0 20.0 38
15 (S)-6a 80 1 100 3.8 9.5 35
16 (S)-6a 80 2 4 11.1 27.8 34
17 (S)-6a 80 4 4 13.3 33.3 31
18 (S)-6a 80 8 4 15.6 39.0 21


[a] Conditions: for AH, [(S)-6]=0.10 mm ; [1]=0.20m, (CH3)2CHOH solvent (VT =10 mL),>90% conversion;
for ATH, [6]=0.10 mm, [1]=0.20m, (CH3)2CHOH solvent (VT =10 mL),>90% conversion. [b] Solvent= t-
C4H9OH. [c] Maximum conversion was 57%.
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for the ATH of 1 even at 80 8C in the absence of added
base, giving only 23% conversion after 4 h ([6b]=0.1 mm,
[1]=0.20m, (CH3)2CHOH solvent, VT =10 mL). Upon addi-
tion of KO-t-C4H9 (4 mm) under otherwise identical condi-
tions, ATH proceeded smoothly (kobs =6.27m


�1 s�1). The ee
value of (R)-2 obtained with or without KO-t-C4H9 was simi-
lar, 39% versus 37%. Further increase in the base concen-
tration, however, had a detrimental effect on the reactivity,
giving only 60% and 42% conversions after 1 h at a [KO-t-
C4H9] of 20 or 100 mm, respectively. Under competing AH/
ATH conditions, the observed reduction rates reflect the en-
hanced AH and reduced ATH reactivity with increasing
[KO-t-C4H9] with kobs values of 9.8, 20.0, and 9.5m


�1 s�1 ob-
tained with [KO-t-C4H9] of 4, 20, and 100 mm.


The role of the base is critical to both the AH and ATH
pathways, as expected from the mechanistic scenario of
Scheme 2. In the AH cycle, a basic medium favors the turn-
over-limiting deprotonation of h-H2 complex 11 under
steady-state conditions, in addition to the elimination of
HCl from 6 forming the catalysts 9 and 10. A strong base is
necessary for ATH as well, because the amido Ru complex
10 must be generated in a significant concentration from the
cationic amino complex 9. However, at very high base con-
centrations, ATH is hindered for unknown reasons.
Enantioselectivity in AH and ATH. Because of the NH2/


pyridine hybrid structure of pica, the Ru catalyst 6 is unable
to clearly differentiate the phenyl and methyl group in 1.
Although the enantioselectivity was subject to the reaction
conditions, a higher enantioselectivity was obtained for the
reduction of 1 by ATH (40%) compared to that by AH
(15–19%) for this system. Consequently, the higher enantio-
selectivity reflects an increased degree of ATH. AH of 1 at
25 8C, in the absence of ATH, gives (R)-2 in 15–19% ee
under various conditions, while at 80 8C the product enantio-
selectivity ranges from 21% (8 atm) to 40% (0 atm) de-
pending on the H2 pressure (Table 1).


As noted earlier, the chiral arene-Ru catalyst (S,S)-7b cat-
alyzes both AH and ATH of 1, giving (S)-2 with the same
96% ee, owing probably to the involvement of a common
RuH species, though the conditions vary from slightly acidic
to basic.[18] Likewise, cis-[RuCl2 ACHTUNGTRENNUNG{(R,S)-josiphos}ACHTUNGTRENNUNG(pica)][11a] af-
fords the same degree of chiral induction, (R)-2 with
83% ee, for AH (25 8C) and ATH (80 8C) of 1 in 2-propanol
containing KO-t-C4H9. Despite some difference in reaction
temperature, this observation is in accord with Scheme 2,
which contains a common RuH intermediate 12 for AH and
ATH. These phenomena are in contrast to the present AH
and ATH catalyzed by 6. Here, the different degree of enan-
tioselection in AH and ATH suggests the participation of
different chiral RuH species—for example, species with dif-
ferent geometries and/or auxiliary X groups. In view of the
similar behavior of precatalysts 6a and 6b, chloride would
not be involved in the catalytic intermediates. The equilibri-
um ratio of different RuH species 12 is variable depending
on the reaction conditions, because their precursors 10 may
have different chemical properties including the Lewis acidi-
ty of Ru and the basicity of amido nitrogen. However, more


elaborate reaction pathways cannot be ruled out under
these reaction conditions.
Hydride source in AH and ATH. Scheme 2 suggests that,


if 6 does not cause the H/D exchange between H2 and
(CH3)2CDOH to any great degree,[7] AH must exhibit no
deuteration in 2, since RuH species 12 is generated only
from H2.


[26] On the other hand, ATH in (CH3)2CDOH sol-
vent is expected to lead to a deuterated product at the C-1
position, [D]-2, since dehydrogenation of the secondary al-
cohol generates a RuD complex, [D]-12, as reducing spe-
cies.[9,27] This was the case, as shown in Scheme 3. Under


1 atm of H2 in (CH3)2CDOH (98% D content; [(S)-6a]=


0.1 mm, [1]=0.2m, [KO-t-C4H9]=4 mm, VT =10 mL), hydro-
genation of 1 proceeded smoothly at 25 8C, giving (R)-2 in
17% ee with no detectable deuterium incorporation (2/[D]-
2=100:0). No decrease in D content was seen in the recov-
ered (CH3)2CDOH. Thus, at ambient temperature, a net
AH occurs overwhelmingly by using H2 with alcohol solvent
acting merely as a proton donor. Without H2, no reduction
occurred at 25 8C. Heating 1 at 80 8C in (CH3)2CDOH in the
absence of H2, under otherwise analogous conditions, yield-
ed a mixture of (R)-2 and (R)-[D]-2 (37% ee) in the ratio of
2:98 (1H NMR). These observations are fully consistent with
Scheme 2. This result also indicates that ATH-active RuH
12 does not undergo isotope exchange by protonation with
2-propanol solvent. This in turn suggests that deprotonation
of 11, depending on its geometry and X, to 12 is virtually ir-
reversible.[26i, 28]


Deuterium isotope effect. 2-Propanol does not reduce 1 at
25 8C in the presence of 6 and a strong base, but does so
smoothly at 80 8C. Furthermore, (CH3)2CDOH cleanly acts
as a hydride source for generation of active [D]-12 under
the ATH conditions. Notably, the rate for ATH using
(CH3)2CDOH at 80 8C differs significantly from that with
non-deuterated (CH3)2CHOH. Competition experiments
using a (CH3)2CHOH/ ACHTUNGTRENNUNG(CH3)2CDOH (1:1) solvent mixture
gave the product in a 2/[D]-2 ratio of 80:20, corresponding
to a fourfold decrease in reactivity for the Ca-deuterated sol-
vent.[29] In comparison, AH proceeded with similar rates in
(CH3)2CHOH and (CH3)2CDOH at 25 8C (kobs-H/kobs-D of 1.1,


Scheme 3. Hydride source in asymmetric hydrogenation (AH) and asym-
metric transfer hydrogenation (ATH) of 1 in 2-propanol catalyzed by
[RuCl2{(S)-tolbinap} ACHTUNGTRENNUNG(pica)] ((S)-6a).
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kobs-D/ ACHTUNGTRENNUNG[6a]=4.3m
�1 s�1; 2/[D]-2=100:0), although the isotope


effect could not be determined at elevated temperature
owing to the influence of competing ATH.
Competition of AH and ATH with H2/ ACHTUNGTRENNUNG(CH3)2CDOH. Re-


duction of 1 with H2/ ACHTUNGTRENNUNG(CH3)2CDOH and (S)-6a at 80 8C and
0.5 to 8 atm ([(S)-6a]=0.1 mm, [1]=0.2m, [KO-t-C4H9]=


4 mm, VT =10 mL) gave (R)-2 with a 2/[D]-2 ratio ranging
from 52:48 to 98:2 (Scheme 3). Table 2 summarizes the re-


sults. Bearing in mind the isotope effects on the reactivity in
ATH (kH/kD =4), the (R)-2/(R)-[D]-2 ratio provides an ap-
proximate measure of the degree of ATH and AH under a
given condition. At 80 8C, the participation of ATH is con-
siderably high at low H2 pressures (0.5–2 atm) and remains
significant, accounting for about 40% of the total conver-
sion even at 4 atm. At the higher pressure of 8 atm, howev-
er, the degree of AH increases dramatically giving an AH/
ATH ratio as high as 98:2 (Table 2, entry 11). These findings
are consistent with the observed ee values for (R)-2, which
decrease gradually from 26% (0.5 atm) to 17% (8 atm) as
the pressure increases (Table 2, entry 3 and 11). By decreas-
ing the temperature to 60 8C and the H2 pressure to 1 atm,
the degree of ATH decreases to give an AH/ATH ratio of
78:22 (48% conversion; Table 2, entry 5). The lower enan-
tioselectivity of the reaction in (CH3)2CDOH (26% ee ;
Table 2, entry 6) in comparison to the value with
(CH3)2CHOH, 33% (Table 1, entry 13), similarly reflects
the reduced ATH rate. These observations agree with the
above arguments.


Conclusions


The ability of binap/pica-Ru complexes 6 to efficiently cata-
lyze AH of bulky tert-alkyl ketones such as 3 is ascribed to
the functional/structural characteristics of the hybrid pica
ligand in addition to the chiral recognition capability of


binap. The reaction utilizes only H2 gas as a hydride source
even in alcoholic solvents having a-hydrogen atom(s). The
pica complexes effect both AH and ATH of the aromatic
ketones including 1 but cannot rival the dpen catalysts 5 in
terms of reactivity and enantioselectivity. In general, the rel-
ative significance of the AH and ATH cycle is subject to the
particular catalyst ligand-framework structure, ketonic sub-
strates, and reaction parameters (solvent, H2 pressure, tem-
perature, basicity, concentration, H/D difference, etc.), and
reflect a delicate balance for the catalytic species under
steady-state conditions.


Experimental Section


General


All manipulations were conducted in oven-dried glassware using standard
Schlenk techniques employing Ar gas (99.998%, purified through a
BASF R3-11 catalyst at 80 8C). Toluene, benzene, hexane, and ether were
distilled from metal sodium/benzophenone and stored in Schlenk tubes
with a sodium mirror. CH2Cl2, CH3CH2OH, and (CH3)2CHOH were
freshly distilled from CaH2 prior to use. DMF was distilled from CaH2


and stored in a Schlenk tube with molecular sieves (4 O). CDCl3,
(CH3)2CDOH, CD3CD2OH, [D8]toluene, and [D6]benzene were pur-
chased from Aldrich Chemical Company (Milwaukee, WI), stored in
Schlenk tubes (teflon taps) over CaH2, and freshly distilled and degassed
prior to use.


ACHTUNGTRENNUNG[RuCl2(h
6-benzene)]2 and a-picolylamine (pica) were purchased from Al-


drich Chemical Co. CaH2 was purchased from Tianjin Beidouxing Fine
Chemicals. NaBH4 was purchased from Shanghai Chemical Company.
KO-t-C4H9 (purified by sublimation) was purchased from Tokyo Chemi-
cal Industry Co. Acetophenone (1) and pinacolone (6) were purchased
from Shanghai Chemical Company and purified by distillation from
CaH2. (S)-2,2’-Bis(di-4-tolylphosphino)-1,1’-binaphthyl ((S)-tolbinap) was
purchased from AZmax. H2 gas (99.9999%) was obtained from Shanghai
Pujiang Specialty Gases Co., Ltd. [RuCl2{(S)-tolbinap} ACHTUNGTRENNUNG(pica)] ((S)-6a),[6a]


[RuH ACHTUNGTRENNUNG(h1-BH4){(S)-tolbinap} ACHTUNGTRENNUNG(pica)] ((S)-6b),[5a] trans-[RuCl2{(S)-
tolbinap}ACHTUNGTRENNUNG{(S,S)-dpen}] ((S,SS)-5b),[4a] and cis-[RuCl2 ACHTUNGTRENNUNG{(R,S)-josiphos}-
ACHTUNGTRENNUNG(pica)][11a] were synthesized according to the procedures in the literature.


Gas chromatography (GC) analysis was conducted on a Hewlett Packard
6890 instrument equipped with a BETA-DEX 120 fused silica capillary
column (df=0.25 mm, 0.25 mm i.d., 30 m, Supelco). 1H- and 13C NMR
data were collected on a JEOL a-400 NMR, Bruker DMX-500 or AMX-
400, and Varian Mercury vx 300 spectrometers. Chemical shifts are ex-
pressed in parts per million (ppm) relative to Si ACHTUNGTRENNUNG(CH3)4, benzene, or tolu-
ene (d=0.0, 7.16, and 2.09 ppm for 1H NMR and d =0.0, 128, 20.4 ppm
for 13C NMR, respectively).


Synthesis of Ru Complexes


ACHTUNGTRENNUNG[RuCl2{(S)-tolbinap} ACHTUNGTRENNUNG(pica)] ((S)-6a): [RuCl2(h
6-benzene)]2 (105.5 mg,


0.21 mmol) and 2 equivalents of (S)-tolbinap (286.0 mg, 0.42 mmol) were
dissolved in DMF (5 mL) and placed in a 10 mL Schlenk flask under an
Ar atmosphere. Ar was bubbled through the solution for 5 min. The sus-
pension was then heated at 100 8C for 10 min. Following solvent removal
under vacuum, pica (45.4 mg, 0.42 mmol) was added together with
CH2Cl2 (3 mL). The solution was stirred for 2 h. Reduction of the volume
to about 0.5 mL and addition of hexane (2 mL) yielded a yellow precipi-
tate. The supernatant was removed by filtration and the resulting powder
was dried in vacuo to give (S)-6a in 86% yield (322.0 mg) as a mixture of
stereoisomers. Heating at 80 8C for 30 min in toluene resulted in the Ru
complex consisting predominantly of a single isomer (>95%). This was
used for hydrogenation and transfer hydrogenation without further pu-
rification. 1H NMR (400 MHz, [D6]benzene): d=1.78 (s, 3, CH3), 1.90 (s,
3, CH3), 2.28 (s, 3, CH3), 2.33 (s, 3, CH3), 2.86 (br s, 1, NHH), 3.22 (br s, 1,
NHH), 3.95 (br s, 1, CHH), 4.93 (br s, 1, CHH), 6.19–8.36 ppm (m, 32, ar-


Table 2. Degree of deuterium incorporation in (R)-1-phenylethanol ((R)-
2) and AH/ATH ratio for asymmetric reduction of acetophenone (1)
with H2/ ACHTUNGTRENNUNG(CH3)2CDOH catalyzed by [RuCl2{(S)-tolbinap} ACHTUNGTRENNUNG(pica)] ((S)-
6a).[a]


Entry H2 [atm] T [8C] t [h] Yield [%] ee [%] 2/[D]-2


1 0 25 9 no reaction – –
2 0 80 9 98 37 2:98
3 0.5 80 4 93 26 52:48
4 1 25 9 99 17 100:0
5 1 60 8 87 17 78:22[b]


6 1 80 4 99 26 58:42
7[c] 1 80 5 96 22 64:36
8[d] 1 80 1 97 25 72:28
9 2 80 4 84 15 63:37
10 4 80 4 99 19 86:14
11 8 80 0.5 >99 17 98:2


[a] Conditions: [6a]=0.1 mm ; [1]=0.2m ; [KO-t-C4H9]=4 mm ;
(CH3)2CDOH solvent (VT =10 mL). [b] Maximum conversion was 48%.
[c] [KO-t-C4H9]=100 mm. [d] (S)-6b was used as catalyst, [KO-t-C4H9]=


0 mm.
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omatics); 31P (161.7 MHz, [D6]benzene): d =44.74 (d, J=35.6 Hz),
41.93 ppm (d, J=35.6 Hz).


ACHTUNGTRENNUNG[RuH ACHTUNGTRENNUNG(h1-BH4){(S)-tolbinap} ACHTUNGTRENNUNG(pica)] ((S)-6b): Compounds (S)-6a (50.2 mg,
0.052 mmol) and NaBH4 (30.1 mg, 0.81 mmol) were placed in a 20 mL
Schlenk flask in an Ar atmosphere. Addition of a 1:1 mixture of degassed
benzene and C2H5OH (5 mL) immediately resulted in a pale red solution.
This mixture was stirred at 40 8C for about 1 min, and then immediately
frozen in a liquid N2 bath. The solvent was removed in vacuo. The resi-
due was extracted with benzene (5 mL), and the solution was filtered
through a celite pad. The filtrate was concentrated to about 0.3 mL, and
hexane (3 mL) was added to precipitate a pale yellow solid. The superna-
tant was removed by filtration and the resulting powder was dried in va-
cuo to give (S)-6b (28.2 mg, 60%): 1H NMR (400 MHz, [D6]benzene):
d=�13.82 (t, 1, J=23.9 Hz, RuH), �0.75 (br s, 4, BH4), 1.51 (m, 1,
NHH), 1.82 (m, 1, CHH), 1.85 (s, 3, CH3), 1.90 (s, 3, CH3), 2.13 (s, 3,
CH3), 2.16 (s, 3, CH3), 2.28 (m, 1, CHH), 3.29 (m, 1, NHH), 5.26–
8.81 ppm (m, 44, aromatics); 31P (161.7 MHz, [D6]benzene): d=71.6 (d,
J=41.4 Hz), 74.2 ppm (d, J=41.4 Hz). Complex (S)-6b was used for hy-
drogenations immediately after synthesis.


Hydrogenation


Standard procedure : a) Acetophenone (1) as substrate: Accurately
weighed amounts of (S)-6a (2.3 mg, 0.4 mm) and solid KO-t-C4H9


(13.5 mg, 20 mm) were placed in a pre-oven-dried (120 8C) 100 mL glass
autoclave containing a magnetic stirring bar and subjected to high
vacuum for at least 5 min before purging with argon. Freshly distilled sol-
vent (5.5 mL) and purified 1 (0.56 mL, 0.80m) were placed into a pre-
dried Schlenk flask, degassed by running Ar through the solution
(5 min), then added to the autoclave in an Ar atmosphere. H2 was intro-
duced under 4 atm pressure with several quick release–fill cycles before
being reduced to the desired pressure. The solution was vigorously stirred
at 25 8C and H2 consumption was monitored. Following the designated
reaction time, the H2 was released, and a small aliquot of the crude prod-
uct mixture was analyzed by chiral GC to determine the conversion and
ee value of 2 : BETA-DEX 120 fused silica capillary column (df=


0.25 mm, 0.25 mm i.d., 30 m, Supelco); P=100.7 kPa; T=120 8C; tR of
(R)-2 : 14.8 min; tR of (S)-2 : 15.8 min. b) Pinacolone (3) as substrate: The
same procedure was used as in (a). Following the designated reaction
time, the H2 was released, and a small aliquot of the crude product mix-
ture was analyzed by chiral GC to determine the conversion and ee value
of 4 : CP-Chirasil-DEX CB column (df=0.25 mm, 0.32 mm i.d., 25 m);
P=41.5 kPa; T=60 8C; tR of (R)-4 : 17.2 min; tR of (S)-4 : 17.9 min.


Hydrogenation profile measurement : a) Hydrogenations were conducted
in a glass autoclave equipped with a sampling needle connected to a
three-way stop valve as previously described.[7a] This experimental setup
allowed for samples to be taken from, or added to, the reaction mixture
in an H2 or Ar atmosphere. An accurately measured mass of (S)-6 was
placed into a predried (120 8C) glass autoclave containing a magnetic stir-
ring bar, which was then maintained under high vacuum for at least
5 min prior to purging with argon. Into a predried Schlenk tube were
placed accurately measured amounts of 1, KO-t-C4H9, and a solvent such
that desired [(S)-6], [1], S/C ratio, and [KO-t-C4H9] values were obtained.
The reaction mixture was degassed by three freeze–thaw cycles and
added under Ar to the autoclave. If needed, the autoclave was placed in
a prewarmed oil bath set at the desired reaction temperature. H2 was in-
troduced under 4 atm pressure with several quick release–fill cycles
before being set to the desired pressure. Stirring and timing (t=0 min)
were immediately commenced. Reaction samples were obtained (two
drops into an ether-filled GC sample tube) at specified time intervals (t),
and the degree of substrate consumption and ee value of 2 were deter-
mined by GC. Conditions: [(S)-6a or (S)-6b]=0.1 mm ; [1]=0.2m ;
P(H2)=1–8 atm; [KO-t-C4H9]=0, 4, 20, or 100 mm ; S/C=2000; T=25,
60, or 80 8C; t=0.5–9 h; VT =10 mL, solvent= (CH3)2CHOH or
(CH3)3COH. b) The experimental setup and sample preparation were the
same as in (a). Assuming a similar reaction profile under the same exper-
imental conditions, a predetermined period of time was allowed such that
an estimated >95% amount of substrate was consumed. Following
sample collection, an aliquot of 1 was added as follows: Degassed (three


freeze–thaw cycles) and distilled 1 (0.23 mL) and (CH3)2CHOH (3.8 mL)
were added to a predried thick-walled Schlenk glass autoclave. The
argon atmosphere was changed to H2. This system was connected to the
hydrogenation autoclave through high-pressure tubing, and the contents
were added (t=0 min) using a positive pressure flow of H2. Samples
were then obtained at regular time intervals (t), and the degree of sub-
strate consumption and enantioselectivity were determined by GC. Con-
ditions: [(S)-6a]=0.1 mm ; [1]=0.2m ; P(H2)=2 atm; [KO-t-C4H9]=0, 4,
20, 100 mm ; S/C=1000 (+2000 for aliquot of 1); T=25 8C; t=1–9 h;
VT =10 mL, solvent= (CH3)2CHOH.


Kinetic kobs determination : The observed reaction rate constant (kobs)
was derived from the gradient for the expression ln[1]t=�kobs(t)+ln[1]0
from data collected for reaction profiles in a and b ; t= reaction time; t0 =


initial sampling time; [1]0 = [1] at t=0. Data points covering greater than
60% consumption of 1 were used where the linearity (R2) was greater
than 0.98.


Deuterium content : Hydrogenations were conducted using the standard
procedure with (CH3)2CDOH or CD3CD2OH as solvent. Conditions:
[(S,SS)-5a or (S)-6a]=0.1 mm ; [1]=0.2m ; P(H2)=1–2 atm; [KO-t-
C4H9]=0, 20, or 100 mm ; S/C=1000; T=25, 60, or 80 8C; t=4–9 h; VT =


2 or 10 mL. The deuterium content was determined by 1H NMR analysis
of purified (S)-2. The relaxation time needed to be extended (DL=20 s)
to obtain accurate and reproducible integration values. Deuterium incor-
poration was verified by 2H NMR analysis. The results are given in
Table 2.


Transfer Hydrogenation


Standard procedure : An accurately measured mass of (S,SS)-5 (or (S)-6)
and KO-t-C4H9 were placed into a predried (120 8C) Schlenk flask, and
(CH3)2CHOH and 1 were added such that desired [1], [KO-t-C4H9], and
S/C values were obtained. The mixture was then placed into a pre-
warmed oil bath set at the desired reaction temperature. Sample aliquots
of the reaction mixture were taken at designated time intervals (t), and
the degree of substrate consumption and ee value of 2 were determined
by GC. Conditions: [(S,SS)-5 or (S)-6]=0.1 mm ; [1]=0.2m ; [KO-t-
C4H9]=0, 4, 20, or 100 mm ; S/C=1000; T=25, 60, or 80 8C; t=1–5 h;
VT =2 or 10 mL.


Kinetic kobs determination : The observed reaction rate constant (kobs)
was derived as described above. Data points covering greater than 60%
consumption of 1 were used where the linearity (R2) was greater than
0.98.


Deuterium content : Transfer hydrogenations were conducted as de-
scribed above using (CH3)2CDOH as solvent. Conditions: [(S,SS)-5 or
(S)-6]=0.1 mm ; [1]=0.2m ; [KO-t-C4H9]=4 mm ; S/C=1000; T=25 or
80 8C; t=9 h; VT =10 mL. Deuterium incorporation was determined as
described above.
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Introduction


Lasonolide A (1), a structurally unique 20-membered mac-
rolide, was isolated from the Caribbean marine sponge For-
cepia sp. by McConnell and co-workers in 1994.[1] Lasonoli-
de A exhibits potent cytotoxic activity against the prolifera-
tion of A549 human lung carcinoma and P388 murine leuke-
mia cells. It showed cell adhesion in the EL-4.IL-2 cell line,
which detects signal-transduction agents.[1] Thus far, the bio-
logical mechanism of action of lasonolide A is unknown
owing to its low natural abundance. The proposed structure
of lasonolide A was initially determined through extensive
NMR spectroscopic studies by McConnell and co-workers.[1]


During total-synthesis and biological studies of lasonolide A,
Lee and co-workers revised the geometry of two of the
double bonds and the absolute stereochemistry of lasonoli-


de A.[2] The most prominent structural features of lasonoli-
de A are a 20-membered macrolactone, which contains two
highly substituted tetrahydropyran units bearing a total of
eight stereogenic centers, and five disubstituted and trisub-
stituted double bonds as part of the macrolide backbone.
The novel structural features and promising antitumor ac-


tivities of lasonolide A prompted significant interest in syn-
thesis and biological studies. Since the first total synthesis by
Lee and co-workers,[2] several other total syntheses[3–5] and
synthetic studies on both tetrahydropyran rings[6] have been
reported in the literature. A number of diverse strategies
and methodologies have been developed toward the synthe-
sis of lasonolide A, especially for building the two highly
substituted tetrahydropyran rings. Recently, we reported a
convergent and enantioselective synthesis of (�)-lasonoli-
de A.[5] Herein, we report the details of our synthetic efforts
that led to the convergent total synthesis of (�)-lasonoli-
de A. The synthesis involves a Lewis acid catalyzed hetero-
Diels–Alder reaction to construct the lower tetrahydropyran
ring and an intramolecular 1,3-dipolar cycloaddition reac-
tion to assemble the upper tetrahydropyran ring. Other key
reactions include a Lewis acid catalyzed epoxide opening to
form a substituted ether stereoselectively, an efficient cross-
metathesis reaction to construct the functionalized olefins,


Abstract: A detailed account of the
enantioselective total synthesis of (�)-
lasonolide A is described. Our initial
synthetic route to the top tetrahydro-
pyran ring involved Evans asymmetric
alkylation as the key step. Initially, we
relied on the diastereoselective alkyla-
tion of an a-alkoxyacetimide derivative
containing an a’ stereogenic center and
investigated such an asymmetric alkyla-
tion reaction. Although alkylation pro-
ceeded in good yield, the lack of dia-
stereoselectivity prompted us to ex-


plore alternative routes. Our subse-
quent successful synthetic strategies in-
volved highly diastereoselective
cycloaddition routes to both tetrahy-
dropyran rings of lasonolide A. The
top tetrahydropyran ring was construct-
ed stereoselectively by an intramolecu-
lar 1,3-dipolar cycloaddition reaction.


The overall process constructed a bicy-
clic isoxazoline, which was later unrav-
elled to a functionalized tetrahydropyr-
an ring as well as a quaternary stereo-
center present in the molecule. The
lower tetrahydropyran ring was assem-
bled by a Jacobsen catalytic asymmet-
ric hetero-Diels–Alder reaction as the
key step. The synthesis also features a
Lewis acid catalyzed epoxide opening
to form a substituted ether stereoselec-
tively.
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and an intramolecular Horner–Wadsworth–Emmons reac-
tion to form the macrolactone.


Results and Discussion


Preliminary Strategy for the Two Core Tetrahydropyran
Rings


Our initial retrosynthetic analysis of lasonolide A is outlined
in Scheme 1. Strategic disconnection of lasonolide at C25–
C26 would result in phosphonium salt 2 and Horner–Wads-
worth–Emmons substrate 3 for the 20-membered macrolide


core of lasonolide A. Further disconnection of phosphonoa-
cetate 3 would provide functionalized tetrahydropyran rings
4 and 6 and tin derivative 5. We planned to carry out Stille
coupling of 5 and 6 followed by Julia–Kocienski olefination
to construct the Horner–Emmons precursor 3. Functional-
ized tetrahydropyran ring 4 was planned to be derived from
the reduction of isoxazoline 7. This isoxazoline derivative


would be derived from acid 8 through an intramolecular
[3+2] nitrile oxide cycloaddition reaction. Both double
bonds in tetrahydropyran ring 6 would be installed from
precursor 9 by the Wittig reaction. The tetrahydropyran ring
in 9 could be constructed by a Lewis acid catalyzed hetero-
Diels–Alder reaction of silyloxy diene 10 and an appropri-
ately protected aldehyde 11.


Initial Synthetic Route to the Top Tetrahydropyran Ring A


The synthesis of ring A began with the addition of isoprope-
nylmagnesium bromide to aldehyde 12 to form racemic al-
lylic alcohol rac-13 in 94% yield (Scheme 2). Optically
active alcohol (�)-13 was prepared from the kinetic resolu-


tion of racemic mixture rac-13 by means of Sharpless asym-
metric epoxidation.[7] Alkylation of alcohol (�)-13 with bro-
moacetic acid and NaH provided acid 8 in poor yield. How-
ever, the use of KH as a base gave an excellent yield of 8.
Carboxylic acid 8 was converted into its mixed pivalic anhy-
dride, and the resulting anhydride was treated with different
lithio oxazolidinones to give the corresponding N-acyl oxa-
zolidinones (14–17) in 60% yield (2 steps).
We planned to use the auxiliaries in 14–17 to introduce an


a stereocenter by the diastereoselective alkylation reaction
developed by Evans et al.[8] After extensive investigation,
we chose tert-butyl iodoacetate as the alkylating agent.
Sodium bis(trimethylsilyl)amide turned out to be superior to
its lithium or potassium counterparts as the base. Although
the asymmetric alkylation proceeded in good to excellent
yields, the observed diastereoselectivity was far from satis-
factory for our synthesis. The influence of substrate struc-
ture on selectivity is shown in Table 1. In entry 1, alkylation
of acyl (R)-benzyloxazolidinone 14 provided the expected


Scheme 1. Initial retrosynthetic analysis of lasonolide A (1). Bn=benzyl,
HWE=Horner–Wadsworth–Emmons, TBS= tert-butyldimethylsilyl,
TES= triethylsilyl.


Scheme 2. Preparation of oxazolidinones 14–17. DIPT=diisopropyl tar-
trate, Piv=pivaloyl.
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diastereomer 18a as the minor product in 20% yield. The
undesired 18b was the major product in 44% yield. The
S configuration of the newly generated a stereocenter in
18a was determined by conversion of 18a into isoxazoline 7
by following similar reactions as shown in Scheme 3. The
presence of an a-alkoxy group as well as the a’ stereogenic
center may be responsible for the poor observed diastereo-
selectivity in this asymmetric alkylation reaction.[9] We
hoped that a change in the configuration of the auxiliary
from R to S may provide the desired alkylation product as
the major product. Unfortunately, alkylation of 15 gave a
similar result to 14. As shown in Table 1, entry 2, asymmet-
ric alkylation of 15 afforded desired isomer 19a in 24%
yield and undesired isomer 19b in 40% yield. By replacing
the R-benzyl group with an R-isopropyl group in the auxili-
ary (Table 1, entry 3), the product ratio in the alkylation of
16 was improved to 1:1.1 (20a/20b). For comparison, we car-
ried out the alkylation with achiral oxazolidinone 17
(Table 1, entry 4). The alkylation was selective (21a/21b=


1:3.1); however, the minor isomer 21a was the desired one.
The stereochemistry of compounds 19a/b–21a/b was con-
firmed after reductive removal of oxazolidinone with LiBH4
followed by comparison with the reduction of 18a/b. A
change in protecting group from benzyl to triisopropylsilyl
(TIPS) did not improve the selectivity. Treatment of 16 with
NaHMDS at �78 8C followed by addition of tert-butyl io-
doacetate at the same temperature afforded the desired
product 20a in 40% yield along with its diastereomer 20b
in 44% yield (Table 1, entry 3). The diastereomers were sep-
arated, and we elected to carry out the subsequent steps
with 20a at this point.
As outlined in Scheme 3, selective reduction of N-acyl ox-


azolidinone 20a with LiBH4 afforded the hydroxy ester,
which was protected with TBSCl and imidazole to provide
TBS ether 22. The tert-butyl ester was reduced to the corre-
sponding alcohol 23 by LiAlH4 in near-quantitative yield.


Oxidation of 23 with Dess–Martin periodinane[10] followed
by treatment of the resulting aldehyde with hydroxylamine
and sodium acetate in ethanol furnished oxime 24. Exposure
of 24 to sodium hypochlorite led to facile intramolecular
1,3-dipolar cycloaddition via the nitrile oxide to afford iso-
xazoline 7 as a single diastereomer.[11] The tetrahydropyran
ring as well as the quaternary stereocenter at C22 were con-
structed efficiently in the cycloaddition process. Raney
nickel catalyzed hydrogenolysis of isoxazoline 7 provided b-
hydroxy ketone 25 in 89% yield.[12] l-Selectride reduction of
the ketone gave the corresponding alcohol with excellent
diastereoselectivity (9:1 d.r., axial/equatorial). The resulting
diol was protected as acetonide 4 in the following step. The
stereochemical outcome of the key cycloaddition process
was confirmed by the NOESY correlations of 7 (Scheme 3).


Initial Approach to the Bottom Tetrahydropyran Ring B


We initially planned to construct the Z,E-conjugated double
bonds at C12–C15 by palladium-mediated Stille coupling[13]


between E-vinylstannane 5 and Z-trisubstituted alkenyl
iodide 6. The preparation of fragment 5 is shown in
Scheme 4. Because direct hydrostannation of the terminal


Table 1. Alkylation of acyl oxazolidinones.[a]


Entry Starting ma-
terial


Desired product
(yield [%])


Undesired product
(yield [%])


a/b


1 14 18a (20) 18b (44) 1:2.2
2 15 19a (24) 19b (40) 1:1.6
3 16 20a (40) 20b (44) 1:1.1
4 17 21a (18) 21b (57) 1:3.1


[a] HMDS=1,1,1,3,3,3-hexamethyldisilazide.


Scheme 3. Preparation of top tetrahydropyran ring 4. CSA=camphor sul-
fonic acid, imid= imidazole.
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alkyne 26 exhibited low regioselectivity, we used catalytic
hydrostannation of 1-bromo-1-alkyne to obtain the regio-
and stereodefined E-vinylstannane.[14] Thus, 3-butyn-1-ol
(26) was converted into acetylenic sulfone 28 by Mitsunobu
substitution[15] and selective molybdate oxidation.[16] Bromi-
nation of 28 with NBS in the presence of silver acetate pro-
vided the acetylenic bromide,[17] which was converted into
vinylstannane 5 as an E/Z mixture (10:1) by treatment with
tributyltin hydride and catalytic amounts of [Pd ACHTUNGTRENNUNG(PPh3)4] and
PPh3.
The synthesis of the bottom tetrahydropyran ring started


from the preparation of nucleophilic diene 10 (Scheme 5).
Protection of alcohol 26 with BnBr and NaH gave the
benzyl ether in quantitative yield. Deprotonation of the
alkyne with nBuLi followed by addition of propionaldehyde
afforded propargylic alcohol 29 in 86% yield. Reduction of
the triple bond with LiAlH4 in THF provided the E-allylic
alcohol in 93% yield. PCC oxidation produced the a,b-unsa-
turated ketone 30. The enone was converted into the Diels–
Alder precursor dienol silyl ether 10 by treatment with Et3N
and TESOTf. The chiral tridentate Schiff base chromium-
ACHTUNGTRENNUNG(III) complex (1S,2R)-31 developed by Jacobsen and co-
workers[18] was used as the catalyst (10 mol%) in the asym-
metric hetero-Diels–Alder reaction between diene 10 and
(tert-butyldimethylsilyloxy)acetaldehyde (11). The resulting
dihydropyran silyl enol ether was treated with TBAF/AcOH
in the same reaction flask to remove the TES group and to
give the corresponding ketone 32 in 71% yield and with
94% ee. Reduction of the ketone with Dibal-H gave axial
alcohol 33 and equatorial alcohol 34 as a 1:2 separable mix-
ture in 96% combined yield. The other reducing agents
tried, including l-selectride, NaBH4, LiAlH4, sodium bis(2-
methoxyethoxy)aluminum hydride (Red-Al), LiEt3BH,
SmI2, and BH3, afforded the undesired equatorial hydroxy
pyran 34 as the predominant product. Therefore, we recy-
cled 34 back to 33 using Swern oxidation followed by reduc-
tion, and the overall conversion yield from 32 into 33 was
53% after one cycle.
As depicted in Scheme 6, protection of secondary alcohol


33 with TBSOTf and subsequent debenzylation with H2/Pd
gave primary alcohol 35 in 97% yield. The spectral data of
alcohol 35 is identical to that of the same intermediate in
the synthesis of Lee and co-workers.[2] This confirmed the
stereochemical outcome of our asymmetric hetero-Diels–


Scheme 4. Preparation of vinyl stannane 5. DIAD=diisopropyl azodicar-
boxylate, NBS=N-bromosuccinimide.


Scheme 5. Preparation of bottom tetrahydropyran ring 33. Dibal-H=di-
ACHTUNGTRENNUNGisobutylaluminum hydride, M.S.=molecular sieves, TBAF= tetra-n-butyl-
ACHTUNGTRENNUNGammonium fluoride, Tf= trifluoromethanesulfonyl, PCC=pyridinium
chlorochromate.


Scheme 6. Preparation of vinyl iodide 6.
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Alder reaction. Alcohol 35 was oxidized to the correspond-
ing aldehyde under Swern conditions and then treated with
(carbethoxymethylene)triphenylphosphorane to furnish the
E-unsaturated ester 36 in 84% yield over 2 steps. Selective
removal of the primary TBS protecting group in 36 with
CSA in MeOH gave the corresponding primary alcohol,
which was subsequently oxidized to its corresponding alde-
hyde 37. Stork–Zhao–Wittig reaction[19] converted the alde-
hyde into the trisubstituted vinyl iodide by condensation
with a-iodoethylidene triphenylphosphorane. This protocol
typically provides the Z-vinyl iodide as the major product
and has been utilized in a number of total syntheses.[20]


However, in our case, the Wittig reaction between aldehyde
37 and a-iodoethylidene triphenylphosphorane produced a
mixture of Z (6) and E (38) isomers in a 1:2.6 ratio. The de-
sired Z-vinyl iodide 6 was obtained as a minor isomer in
12% yield. The Z/E stereochemistry in 6 and 38 was deter-
mined by comparison of the NMR chemical shifts of the
vinyl proton. The shift of Ha in 6 and 38 was 5.60 and
6.19 ppm, respectively. Because the signal of the vinyl hy-
drogen atom cis to iodine should appear at a higher fre-
quency than that trans to iodine,[21] we concluded that 6 is
the Z isomer and 38 is the E isomer. The stereochemistry
was also confirmed by NOESY correlation analysis of the
two isomers. There was interaction between the protons on
the methyl group and the vinyl proton Ha in 6, and this
proved their cis relationship. On the contrary, no such corre-
lation was found in 38.
Although fragments 4 and 6 could be obtained in optically


pure form, the yield and selectivity for the crucial auxiliary-
directed alkylation in fragment 4 and the installation of the
Z-vinyl iodide in fragment 6 were far from satisfactory for
our total synthesis. Our attempts to convert the undesired
isomer into the desired one were fruitless. It appeared nec-
essary to modify our synthetic strategy to improve selectivi-
ty and efficiency for both tetrahydropyran rings of lasonoli-
de A.


New Strategy for the Two Core Tetrahydropyran Rings


The second-generation retrosynthetic analysis is illustrated
in Scheme 7. Disconnection of lasonolide A (1) at C25–C26
would give side-chain fragment phosphonium salt 2 and the
20-membered macrolide core 39, which contains the tetrahy-
dropyran rings A and B. Further disassembly of macrolac-
tone 39 would lead to sulfone 40 and aldehyde 41. Construc-
tion of the macrocycle could be achieved by Julia–Kocien-
ski[22] coupling between 40 and 41 at C14–C15 and subse-
quent intramolecular HWE reaction[23] at C2–C3. The
E double bond in fragment 40 was planned to be installed
by a cross-metathesis process,[24] and the pyran ring A would
be prepared through an intramolecular [3+2] 1,3-dipolar cy-
cloaddition from ether 42. The E olefin in fragment 41 could
also be connected by cross-metathesis, and the Z double
bond would be set up through an HWE reaction with the
Ando modification[25] from the same precursor 9 used in our
previous approach.


Second-Generation Synthesis of Top Tetrahydropyran
Ring A


Construction of top ring A started from the known epoxide
43[7] (Scheme 8). Tosylation of alcohol 43 gave tosylate 44.
The epoxide was regioselectively opened by alcohol (�)-13
in the presence of catalytic BF3·OEt2 to provide ether 42 ac-
cording to the Hoffmann protocol.[26] Epoxidation of hy-
droxy tosylate 42 with K2CO3 afforded epoxide 45, which
was heated with aqueous HClO4 in DMSO to give diol 46.
Oxidative cleavage of diol 46 by NaIO4 followed by conden-
sation of the corresponding aldehyde with nitromethane and
KF afforded nitro alcohol 47 as a diastereomeric mixture.
The mixture was converted into nitroalkene 48 with MsCl
and Et3N. The resulting nitroalkene was reduced to oxime
49 by using Zn and AcOH. Intramolecular [3+2] cycloaddi-
tion of 49 as described in Scheme 3 afforded isoxazoline 50
as a single diastereomer.
Raney nickel catalyzed hydrogenolysis of isoxazoline 50


provided b-hydroxy ketone 51 (Scheme 9). l-Selectride re-
duction of the ketone gave the corresponding axial alcohol
as a single diastereomer. The resulting diol was protected as
acetonide 52 in 87% yield over 2 steps. Differentiation of
the two primary benzyl groups in 52 by palladium-catalyzed
hydrogenolysis or hydrogen transfer was unsuccessful.
Lipase-catalyzed selective esterification was also fruitless.
Thus, both benzyl groups were removed to provide the cor-
responding diol, which was then protected as bis-TBS ether
53. Treatment of 53 with 1.2 equivalents of TBAF provided
the desired alcohol 54 in 40% yield along with recovered 53
(32%) and the corresponding diol (24%), which could be
converted back into 53. Alcohol 54 was obtained in 62%


Scheme 7. Modified retrosynthetic analysis of lasonolide A (1). MTM=


methylthiomethyl, Ts=p-toluenesulfonyl.
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yield after one recycle. Dess–Martin oxidation of 54 fol-
lowed by Wittig reaction afforded the terminal olefin, which
was treated with TBAF to give alcohol 55. Cross metathesis
between olefin 55 and sulfone 57 in the presence of Grubb-
s II catalyst[27] provided trans olefin 58 in 81% yield (E/Z>
8:1). Owing to the poor solubility of the homo dimer of 57
in CH2Cl2, the cross-metathesis required a dilute reaction
solution (0.02m) and high catalyst loading (35% mol). The
concentrated solution only gave incomplete reaction. Pro-
tection of alcohol 58 with benzoyl peroxide and Me2S pro-
vided MTM ether 40 in 88% yield.[28] Sulfone 57 was ob-
tained from alcohol 56 by Mitsunobu substitution and selec-
tive molybdate oxidation.


Synthesis of Bottom Tetrahydropyran Ring B


Tetrahydropyran 35 obtained from the hetero-Diels–Alder
reaction was now employed for the synthesis of 41
(Scheme 10). Dess–Martin oxidation of alcohol 35 and sub-
sequent Wittig reaction furnished the olefin, of which the
primary TBS group was selectively removed with CSA to
afford alcohol 59 in 75% yield over 3 steps. Cross-metathe-
sis between olefin 59 and bis-TBSO butene 60 in the pres-
ence of Grubbs II catalyst provided olefin 61 in 68% yield


Scheme 8. Preparation of isoxazoline 50 by [3+2] cycloaddition.
DMSO=dimethyl sulfoxide.


Scheme 9. Preparation of sulfone 40 by cross-metathesis ; imid.= imida-
zole.


Scheme 10. Preparation of aldehyde 41.
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(E/Z>10:1). It was crucial to control the reaction time and
amount of catalyst. Prolonged reaction time (>12 h) or high
catalyst loading (>10 mol%) could cause poor yield and
isomerization of the allylic double bond. Alcohol 61 was
oxidized to the corresponding aldehyde under Dess–Martin
conditions. HWE olefination of the above aldehyde accord-
ing to Ando conditions[25] with ethyl 2-[di(o-isopropylphe-
nyl)phosphono]propionate 62 provided the trisubstituted
Z olefin 63 in 70% yield over 2 steps. Ester 63 was reduced
by Dibal-H to the corresponding alcohol. Subsequent Dess–
Martin oxidation gave aldehyde 41 in 91% yield over
2 steps.


Synthesis of Phosphonium Salt 2


The preparation of phosphonium salt 2 for the lasonolide A
side chain is shown in Scheme 11. Phosphonium salt 2 was
prepared from esterification of alcohol 64[5] with known acid


65.[29] The resulting ester was converted into bis-TBS ether
66 by removal of the benzylidene group followed by protec-
tion of the resulting diol as TBS ethers. Phosphonium salt 2
was obtained from 66 as described previously.[2]


Synthesis of (�)-Lasonolide A: Fragment Coupling and
Macrocyclization


With both sulfone 40 and aldehyde 41 in hand, coupling be-
tween the two fragments was carried out under Julia–Ko-
cienski conditions[22] with KHMDS as the base (Scheme 12).
The resulting tetraene 67 was treated with CSA in MeOH
to remove the acetonide and primary TBS groups. The two
primary hydroxy groups of the resulting triol were then se-
lectively protected with TBSCl to give tris-TBS ether 68.
The free secondary alcohol was treated with phosphonoace-
tic acid, DCC, and DMAP to provide the corresponding
ester. Removal of the less hindered allylic primary TBS
group by PPTS in MeOH afforded hydroxy phosphonoace-
tate 69. Dess–Martin oxidation of alcohol 69 followed by in-
tramolecular HWE olefination[23] furnished macrolactone 39
in 65% yield over 2 steps. Deprotection of the MTM ether
with HgCl2 in the presence of CaCO3 in aqueous acetoni-


trile[30] led to the corresponding alcohol, which was oxidized
by Dess–Martin periodinane to provide aldehyde 70. Subse-
quent Wittig olefination with 2-derived phosphorane afford-
ed TBS-protected lasonolide A with a Z olefin. Finally,
global TBS removal with HF·Py in the presence of excess
pyridine furnished (�)-lasonolide A (1; ½a�23D �24 (c 0.37,
CDCl3)). The spectroscopic (


1H and 13C NMR, IR, and opti-
cal rotation) and HRMS data of synthetic lasonolide A (1)
are in agreement with those of the natural product.[1,2]


Conclusions


In summary, we have reported an asymmetric total synthesis
of (�)-lasonolide A (1), a potent anticancer agent, in 0.12%
overall yield and with 32 steps in the longest linear se-
quence. Our initial approach to the synthesis of the highly
substituted tetrahydropyran fragments of lasonolide in-
volved an asymmetric alkylation as the key step. However,
asymmetric alkylation of a-alkoxy acetimide derivatives


Scheme 11. Preparation of phosphonium salt 2. DCC=dicyclohexylcar-
bodiimide, DMAP=4-dimethylaminopyridine, PPTS=pyridinium p-tol-
uenesulfonate.


Scheme 12. Synthesis of lasonolide A (1). Py=pyridine.


Chem. Asian J. 2008, 3, 1811 – 1823 C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1817


Total Synthesis of (�)-Lasonolide A







bearing an a’ chiral center proceeded with poor stereoselec-
tivity under a variety of reaction conditions. We then de-
vised alternative routes involving a 1,3-dipolar cycloaddition
and an asymmetric hetero-Diels–Alder reaction for the con-
struction of the highly functionalized tetrahydropyran rings
of lasonolide A. The top tetrahydropyran ring was synthe-
sized by intramolecular 1,3-dipolar nitrile oxide cycloaddi-
tion to a bicyclic isoxazoline with the stereoselective con-
struction of the quaternary center. The bottom tetrahydro-
pyran ring was assembled by a highly effective Jacobsen cat-
alytic asymmetric hetero-Diels–Alder reaction as the key
step. The hetero-Diels–Alder reaction set three stereocen-
ters in a highly diastereoselective manner. Other key reac-
tions featured in the synthesis include a Lewis acid catalyzed
epoxide opening to form a substituted ether stereoselec-
tively, an efficient cross-metathesis of functionalized olefins
with Grubbs II catalyst, and an intramolecular Horner–
Emmons reaction to form the 20-membered macrolide.
Eight of the nine chiral centers of (�)-lasonolide A were
stereoselectively constructed by asymmetric synthesis. The
current synthesis will now pave the way for studies into
structure–activity relationships and the synthesis of less
complex lasonolide derivatives as anticancer agents.


Experimental Section


General Methods


All moisture-sensitive reactions were carried out under nitrogen or argon
atmosphere. Anhydrous solvents were obtained as follows: THF, diethyl
ether, and benzene: distilled from sodium and benzophenone; dichloro-
methane, pyridine, triethylamine, and diisopropylethylamine: distilled
from CaH2. All other solvents were of HPLC grade. Column chromatog-
raphy was performed with 240–400-mesh silica gel under low pressure of
5–10 psi. TLC was carried out with silica gel 60-F-254 plates visualized
under UV light and stained with either phosphomolybdic acid or acidic
p-anisaldehyde. 1H NMR spectra were recorded at 300, 400, or 500 MHz
with chemical shifts (d) reported in ppm. 13C NMR spectra were recorded
at 75, 100, or 125 MHz with chemical shifts reported in ppm. Infrared
spectra were recorded as thin films on NaCl plates on a Fourier trans-
form spectrometer. Optical rotations were measured with a sodium (589,
D-line) lamp polarimeter.


Syntheses


13 : 3-Buten-1-ol (10 g, 138 mmol) was added to a suspension of NaH
(60 wt% in mineral oil, 6.12 g, 153 mmol) in THF (200 mL) at 0 8C. After
30 min, benzyl bromide (18.3 mL, 153 mmol) was added. The mixture
was allowed to warm to room temperature overnight, and the reaction
was quenched with saturated aqueous NH4Cl. The aqueous layer was ex-
tracted twice with EtOAc. The combined organic layers were dried over
Na2SO4 and concentrated in vacuo. Purification by column chromatogra-
phy (pure hexanes!5% EtOAc/hexanes) afforded the benzyl ether
(21.4 g, 95%) as a clear oil. A solution of the above olefin (20.0 g,
124 mmol) in CH2Cl2 (240 mL) was cooled to �78 8C. O3 was bubbled
through the solution until the blue color persisted for 5 min. O2 and N2
were successively bubbled through the solution for 10 min each to purge
the remaining ozone. Ph3P (35.6 g, 136 mmol) was added portionwise at
�78 8C, and the mixture was allowed to warm to room temperature over-
night. Evaporation of the solvent and purification of the residue by
column chromatography (CH2Cl2) afforded 3-benzyloxypropanal (12 ;
17.0 g, 85%) as a clear oil. 1H NMR (500 MHz, CDCl3): d=9.78 (s, 1H),
7.26–7.36 (m, 5H), 4.53 (s, 2H), 3.81 (t, J=6.0 Hz, 2H), 2.68 ppm (t, J=


6.0 Hz, 2H). A solution of 12 (12.0 g, 73 mmol) in THF (50 mL) was


added to isopropenylmagnesium bromide (220 mL, 110 mmol, 0.5m solu-
tion in THF) by cannula at 0 8C. The mixture was stirred for 5 min, and
the reaction was quenched with saturated aqueous NH4Cl followed by
2n HCl at 0 8C. The aqueous layer was extracted twice with EtOAc. The
combined organic layers were washed with brine, dried over Na2SO4, and
concentrated in vacuo. Purification by column chromatography (15%
EtOAc/hexanes) provided racemic allylic alcohol 13 (14.1 g, 94%) as a
colorless oil. Ti ACHTUNGTRENNUNG(OiPr)4 (5.18 mL, 17.7 mmol) was added to a solution of
13 (14.1 g, 68.4 mmol) and (�)-diisopropyl tartrate (6.13 g, 26.2 mmol) in
CH2Cl2 (220 mL) with 4-M molecular sieves (3.6 g) at �20 8C. The mix-
ture was stirred for 30 min at �20 8C, treated with a solution of tert-butyl
hydroperoxide in decane (16.7 mL, 91.7 mmol, 5.5m), and stirred at
�20 8C for 60 h. The reaction was quenched with an aqueous solution of
FeSO4 and citric acid at �20 8C, and the mixture was vigorously stirred at
23 8C for 30 min. The above mixture was filtered through celite, and the
aqueous phase was extracted twice with CH2Cl2. The combined organic
phases were concentrated and stirred for 1 h with Et2O and 30% NaOH
in brine to hydrolyze the DIPT. After phase separation and extraction,
the combined organic phases were washed with brine and dried over an-
hydrous Na2SO4. Purification by column chromatography (15% EtOAc/
hexanes) provided (�)-13 (6.34 g, 45%, 98% ee) as a colorless oil. The
ee value was determined by 19F NMR spectroscopy of the (�)-MTPA (2-
methoxy-2-trifluoromethyl-2-phenylacetic acid) ester of (�)-13. ½a�23D =


�5.54 (c=3.05, CHCl3); IR (neat): ñ=3429, 1099 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.28–7.34 (m, 5H), 5.01 (s, 1H), 4.85 (s, 1H), 4.51
(s, 2H), 4.24 (dd, J=7.0, 5.0 Hz, 1H), 3.67 (ddd, J=9.5, 6.0, 6.0 Hz, 1H),
3.60 (ddd, J=9.5, 7.0, 5.5 Hz, 1H), 3.33 (s, 1H, OH), 1.85–1.88 (m, 2H),
1.74 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=147.2, 138.1, 128.5,
127.7, 110.7, 74.1, 73.3, 68.4, 34.8, 18.1 ppm; HRMS (ESI): m/z calcd for
C13H18O2Na: 229.1205 [M+Na]+ ; found: 229.1206.


8 : A solution of (�)-13 (1.38 g, 6.7 mmol) in THF (20 mL) was added to
a suspension of potassium hydride (2.68 g, 20.1 mmol, 30% dispersion in
mineral oil) in THF (20 mL) at 0 8C. The mixture was stirred at 23 8C for
10 min and cooled to 0 8C, and a solution of bromoacetic acid (1.02 g,
7.27 mmol) in THF (5 mL) was added dropwise. The mixture was
warmed to 23 8C overnight, and the reaction was quenched with H2O
(50 mL). The mixture was diluted with 2n NaOH and Et2O and separat-
ed. The aqueous layer was acidified to pH 2 with concentrated HCl and
extracted four times with CH2Cl2. The combined organic layers were
dried over Na2SO4, filtered, and concentrated. The residue was purified
by column chromatography (50% EtOAc/hexanes) to provide acid 8
(1.59 g, 90%) as a yellow oil. ½a�23D =�25 (c=7.0, CHCl3); IR (neat): ñ=


3031, 1730, 1115 cm�1; 1H NMR (500 MHz, CDCl3): d =10.57 (s, 1H,
CO2H), 7.26–7.36 (m, 5H), 4.98 (s, 1H), 4.96 (s, 1H), 4.53 (s, 2H), 4.38–
4.64 (AB, JAB=12.0 Hz, DnAB=79.5 Hz, 2H), 3.95 (dd, J=8.5, 4.5 Hz,
1H), 3.67 (ddd, J=9.5, 7.0, 5.5 Hz, 1H), 3.58 (ddd, J=9.5, 6.0, 6.0 Hz,
1H), 1.99–2.05 (m, 1H), 1.77–1.83 (m, 1H), 1.67 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=174.7, 143.0, 137.9, 128.6, 128.4, 128.1, 128.0,
127.8, 114.9, 82.4, 73.1, 67.1, 65.1, 33.6, 16.5 ppm; HRMS (ESI): m/z calcd
for C15H20O4Na: 287.1260 [M+Na]+ ; found: 287.1258.


General procedure for the preparation of acyl oxazolidinones 14–17:
iPr2NEt (1.3 mL, 7.5 mmol) was added to a solution of 8 (1.30 g,
5.0 mmol) in THF (10 mL) followed by PivCl (0.8 mL, 6.5 mmol) at
�78 8C. The mixture was warmed to 23 8C and stirred for 3 h. In a sepa-
rate flask, a solution of (4R)-4-isopropyloxazolidin-2-one (900 mg,
7.0 mmol) in THF (15 mL) was cooled to �78 8C and treated with nBuLi
(4.4 mL, 7.0 mmol, 1.6m in hexane). The solution of lithiated oxazolidi-
none was added to the mixed anhydride, precooled at �78 8C, by cannula.
The mixture was warmed to 23 8C for 2 h, the reaction was quenched
with saturated aqueous NH4Cl, and the resulting mixture was extracted
with EtOAc. The combined organic layers were dried over Na2SO4, fil-
tered, and concentrated. The residue was purified by column chromatog-
raphy (20% EtOAc/hexanes) to give 16 (1.38 g, 74%). ½a�23D =�76 (c=


1.8, CHCl3); IR (neat): ñ =1781, 1719, 1120 cm�1; 1H NMR (500 MHz,
CDCl3): d=7.26–7.34 (m, 5H), 4.93–4.95 (m, 2H), 4.55 (AB, JAB=


18.0 Hz, DnAB=66.5 Hz, 2H), 4.51 (AB, JAB=12.0 Hz, DnAB=16.0 Hz,
2H), 4.42 (dt, J=8.5, 3.5 Hz, 1H), 4.32 (dd, J=8.5, 8.5 Hz, 1H), 4.25 (dd,
J=8.5, 3.5 Hz, 1H), 3.96 (dd, J=8.0, 5.5 Hz, 1H), 3.66 (ddd, J=9.5, 6.5,
6.5 Hz, 1H), 3.57 (ddd, J=9.5, 6.5, 6.5 Hz, 1H), 2.38–2.46 (m, 1H), 2.01–
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2.09 (m, 1H), 1.80–1.88 (m, 1H), 1.68 (s, 3H), 0.91 (d, J=7.0 Hz, 3H),
0.86 ppm (d, J=7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=170.3,
154.0, 143.5, 138.7, 128.3, 127.7, 127.5, 114.8, 81.9, 73.0, 67.7, 67.0, 64.3,
58.2, 33.9, 28.2, 17.9, 16.7, 14.6 ppm; HRMS (ESI): m/z calcd for
C21H29NO5Na: 398.1943 [M+Na]+ ; found: 398.1949.


14 : 1H NMR (500 MHz, CDCl3): d=7.18–7.36 (m, 10H), 4.99 (s, 2H),
4.66 and 4.51 (AB, JAB=18.0 Hz, DnAB=71.0 Hz, 2H), 4.62–4.66 (m, 1H),
4.53 (AB, JAB=12.0 Hz, DnAB=19.0 Hz, 2H), 4.16–4.24 (m, 2H), 4.04
(dd, J=8.0, 5.0 Hz, 1H), 3.69–3.75 (m, 1H), 3.58–3.64 (m, 1H), 3.28 and
2.80 (ABX, JAB=13.5 Hz, JAX=9.5 Hz, JBX=3.0 Hz, DnAB=241.5 Hz,
2H), 2.06–2.14 (m, 1H), 1.85–1.92 (m, 1H), 1.73 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=170.4, 153.4, 143.6, 138.7, 135.1, 129.5, 129.1,
129.0, 128.4, 127.8, 127.5, 127.4, 114.8, 81.8, 73.0, 67.8, 67.3, 67.0, 54.8,
37.7, 34.0, 16.7 ppm.


15 : 1H NMR (500 MHz, CDCl3): d=7.19–7.30 (m, 10H), 5.00 (s, 2H),
4.62–4.69 (m, 1H), 4.64 and 4.53 (AB, JAB=18.0 Hz, DnAB=45.0 Hz, 2H),
4.53 (AB, JAB=12.0 Hz, DnAB=18.5 Hz, 2H), 4.38–4.46 (m, 2H), 4.07
(dd, J=8.0, 5.5 Hz, 1H), 3.68–3.74 (m, 1H), 3.58–3.64 (m, 1H), 3.28 and
2.82 (ABX, JAB=13.5 Hz, JAX=9.5 Hz, JBX=3.0 Hz, DnAB=231.5 Hz,
2H), 2.06–2.12 (m, 1H), 1.85–1.91 (m, 1H), 1.72 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=170.3, 153.4, 143.5, 138.7, 135.1, 129.5, 129.0,
128.6, 128.4, 128.1, 127.7, 127.5, 114.9, 81.6, 73.0, 67.7, 67.2, 67.0, 54.8,
37.7, 33.9, 16.7 ppm.


17: 1H NMR (300 MHz, CDCl3): d=7.25–7.33 (m, 5H), 4.94 (s, 2H),
4.40–4.63 (m, 6H), 3.94–4.04 (m, 3H), 3.72–3.78 (m, 1H), 3.54–3.60 (m,
1H), 2.02–2.08 (m, 1H), 1.80–1.86 (m, 1H), 1.67 ppm (s, 3H).


General procedure of alkylation for the preparation of a-alkylated acyl
oxazolidinones 18a–21a and 18b–21b : NaHMDS (4.3 mL, 4.3 mmol, 1m


in THF) was added to a solution of 16 (1.34 g, 3.57 mmol) in THF at
�78 8C. After the mixture was stirred for 1 h at �78 8C, tert-butyl iodoa-
cetate (1.57 g, 6.5 mmol) was added. After 30 min, the reaction was
quenched by the addition of saturated NH4Cl, and the mixture was
warmed to 23 8C. The aqueous layer was extracted twice with EtOAc.
The combined organic layers were washed with brine and dried over
Na2SO4. Concentration in vacuo and purification by column chromatog-
raphy (15–25% EtOAc/hexanes) provided 20a (698 mg, 40%) along with
its diastereomer 20b (767 mg, 44%).


20a : ½a�23D =�57 (c=3.7, CHCl3); IR (neat): 1781, 1715, 1154 cm�1;
1H NMR (500 MHz, CDCl3): d=7.26–7.34 (m, 5H), 5.36 (dd, J=7.1,
5.2 Hz, 1H), 4.93 (s, 1H), 4.88 (s, 1H), 4.47 (AB, JAB=12.0 Hz, DnAB=


25.9 Hz, 2H), 4.38 (dt, J=5.8, 4.0 Hz, 1H), 4.16 (d, J=5.8 Hz, 2H), 3.88
(dd, J=8.2, 5.3 Hz, 1H), 3.62 (ddd, J=9.3, 6.8, 6.8 Hz, 1H), 3.55 (ddd,
J=9.4, 6.3, 6.3 Hz, 1H), 2.69 (ABX, JAB=15.6 Hz, JAX=7.1 Hz, JBX=


5.2 Hz, DnAB=57.3 Hz, 2H), 2.31–2.39 (m, 1H), 1.94–2.02 (m, 1H), 1.71–
1.79 (m, 1H), 1.68 (s, 3H), 1.42 (s, 9H), 0.88 (d, J=7.0 Hz, 3H),
0.85 ppm (d, J=7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=171.6,
168.8, 153.5, 143.9, 138.8, 128.3, 127.5, 127.4, 114.6, 80.9, 80.5, 72.7, 71.5,
67.1, 63.8, 58.4, 39.2, 33.9, 28.1, 28.0, 17.9, 16.5, 14.7 ppm; HRMS (ESI):
m/z calcd for C27H39NO7Na: 512.2625 [M+Na]+ ; found: 512.2644.


20b : 1H NMR (500 MHz, CDCl3): d=7.26–7.34 (m, 5H), 5.44 (dd, J=


8.5, 5.0 Hz, 1H), 4.96 (s, 1H), 4.78 (s, 1H), 4.42 (AB, JAB=12.0 Hz,
DnAB=18.5 Hz, 2H), 4.33 (dt, J=8.0, 3.0 Hz, 1H), 4.20 (t, J=9.0 Hz,
1H), 4.14 (dd, J=9.0, 3.0 Hz, 1H), 4.04 (dd, J=8.0, 4.5 Hz, 1H), 3.22–
3.50 (m, 2H), 2.55 (ABX, JAB=16.0 Hz, JAX=8.0 Hz, JBX=5.0 Hz,
DnAB=40.5 Hz, 2H), 2.24–2.32 (m, 1H), 1.94–2.02 (m, 1H), 1.69–1.77 (m,
1H), 1.61 (s, 3H), 1.39 (s, 9H), 0.86 (d, J=7.0 Hz, 3H), 0.81 ppm (d, J=


7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=172.1, 168.9, 153.8, 144.6,
138.5, 128.3, 127.7, 127.5, 115.3, 83.8, 81.0, 73.2, 72.9, 67.0, 63.5, 58.5, 39.2,
33.6, 28.2, 28.0, 18.0, 16.5, 14.5 ppm; HRMS (ESI): m/z calcd for
C27H39NO7Na: 512.2625 [M+Na]+ ; found: 512.2636.


18a : 1H NMR (500 MHz, CDCl3): d=7.19–7.32 (m, 10H), 5.37 (t, J=


6.5 Hz, 1H), 4.94 (s, 1H), 4.91 (s, 1H), 4.59–4.65 (m, 1H), 4.52 (AB,
JAB=12.0 Hz, DnAB=16.5 Hz, 2H), 4.12 (dd, J=9.5, 3.0 Hz, 1H), 4.07 (t,
J=8.0 Hz, 1H), 3.94 (dd, J=8.0, 5.5 Hz, 1H), 3.65 (m, 1H), 3.53–3.59
(m, 1H), 3.32 (dd, J=13.0, 3.0 Hz, 1H), 2.66–2.81 (m, 3H), 1.94–2.02 (m,
1H), 1.74–1.82 (m, 1H), 1.69 (s, 3H), 1.44 ppm (s, 9H).


18b : 1H NMR (500 MHz, CDCl3): d =7.22–7.32 (m, 10H), 5.49 (dd, J=


7.5, 5.5 Hz, 1H), 5.06 (s, 1H), 4.87 (s, 1H), 4.60–4.66 (m, 1H), 4.49 (AB,
JAB=12.0 Hz, DnAB=16.5 Hz, 2H), 4.01–4.17 (m, 3H), 3.54–3.60 (m,
1H), 3.48–3.54 (m, 1H), 3.35 (dd, J=13.5, 3.5 Hz, 1H), 2.69 (dd, J=16.0,
5.5 Hz, 1H), 2.58–2.65 (m, 2H), 1.98–2.06 (m, 1H), 1.74–1.82 (m, 1H),
1.70 (s, 3H), 1.44 ppm (s, 9H).


19a : 1H NMR (500 MHz, CDCl3): d=7.17–7.31 (m, 10H), 5.42 (t, J=


6.5 Hz, 1H), 4.98 (s, 1H), 4.97 (s, 1H), 4.65–4.71 (m, 1H), 4.51 (AB,
JAB=11.5 Hz, DnAB=30.5 Hz, 2H), 4.13–4.22 (m, 2H), 4.06 (dd, J=8.0,
5.5 Hz, 1H), 3.62–3.68 (m, 1H), 3.53–3.58 (m, 1H), 3.32 (dd, J=13.0,
3.0 Hz, 1H), 2.62–2.80 (m, 3H), 1.96–2.04 (m, 1H), 1.74–1.83 (m, 1H),
1.72 (s, 3H), 1.43 ppm (s, 9H).


19b : 1H NMR (500 MHz, CDCl3): d =7.20–7.33 (m, 10H), 5.42 (dd, J=


7.5, 5.0 Hz, 1H), 4.95 (s, 1H), 4.82 (s, 1H), 4.60–4.66 (m, 1H), 4.48 (AB,
JAB=12.0 Hz, DnAB=16.5 Hz, 2H), 4.17 (d, J=5.5 Hz, 2H), 4.07 (dd, J=


8.0, 5.5 Hz, 1H), 3.52–3.56 (m, 1H), 3.48–3.52 (m, 1H), 3.29 (dd, J=13.5,
3.0 Hz, 1H), 2.70–2.77 (m, 2H), 2.65 (dd, J=16.0, 7.5 Hz, 1H), 1.96–2.04
(m, 1H), 1.73–1.81 (m, 1H), 1.68 (s, 3H), 1.46 ppm (s, 9H).


21a : 1H NMR (500 MHz, CDCl3): d=7.25–7.33 (m, 5H), 5.38 (t, J=


6.5 Hz, 1H), 4.94 (s, 1H), 4.93 (s, 1H), 4.49 (AB, JAB=12.0 Hz, DnAB=


23.0 Hz, 2H), 4.34–4.40 (m, 1H), 4.24–4.30 (m, 1H), 3.92–3.96 (m, 3H),
3.60–3.65 (m, 1H), 3.51–3.57 (m, 1H), 2.78 and 2.66 (ABX, JAB=15.5 Hz,
JAX=6.5 Hz, JBX=6.0 Hz, DnAB=60.0 Hz, 2H), 1.90–1.98 (m, 1H), 1.73–
1.81 (m, 1H), 1.69 (s, 3H), 1.41 ppm (s, 9H); 13C NMR (125 MHz,
CDCl3): d=172.0, 169.1, 143.9, 138.8, 128.3, 127.5, 127.4, 114.5, 81.1, 80.5,
72.7, 71.0, 67.0, 62.4, 42.6, 39.1, 34.0, 28.0, 16.7 ppm.


21b : 1H NMR (500 MHz, CDCl3): d=7.25–7.33 (m, 5H), 5.44 (dd, J=


7.5, 6.0 Hz, 1H), 4.94 (s, 1H), 4.83 (s, 1H), 4.47 (AB, JAB=12.0 Hz,
DnAB=15.5 Hz, 2H), 4.37–4.43 (m, 1H), 4.06 (dd, J=8.5, 5.5 Hz, 1H),
3.94–4.00 (m, 2H), 3.51–3.57 (m, 1H), 3.44–3.50 (m, 1H), 2.72 and 2.61
(ABX, JAB=16.0 Hz, JAX=7.5 Hz, JBX=5.5 Hz, DnAB=56.0 Hz, 2H),
1.93–2.01 (m, 1H), 1.72–1.80 (m, 1H), 1.64 (s, 3H), 1.43 ppm (s, 9H);
13C NMR (125 MHz, CDCl3): d =172.3, 168.9, 153.1, 145.0, 138.5, 128.4,
127.7, 127.5, 114.4, 83.1, 81.1, 73.0, 72.5, 66.9, 62.4, 42.5, 39.0, 33.8, 28.1,
16.7 ppm.


22 : MeOH (70 mL) was added to a solution of 20a (517 mg, 1.06 mmol)
in THF (4 mL) followed by lithium borohydride (2.11 mL, 2.11 mmol, 1m


in THF) at 0 8C. The mixture was stirred at 0 8C for 3 h, and the reaction
was quenched with saturated aqueous NH4Cl. The aqueous layer was ex-
tracted twice with EtOAc. The organic layers were dried over Na2SO4,
concentrated in vacuo, and purified by column chromatography (25%
EtOAc/hexanes) to give the alcohol (308 mg, 80%) as a clear oil. ½a�23D =


�30 (c=1.9, CHCl3); IR (neat): ñ=3454, 1727, 1155 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.29–7.35 (m, 5H), 4.94 (s, 1H), 4.89 (s, 1H), 4.52
(AB, JAB=12.0 Hz, DnAB=18.5 Hz, 2H), 4.08 (dd, J=9.5, 4.5 Hz, 1H),
3.74–3.85 (m, 1H), 3.69–3.75 (m, 2H), 3.45–3.51 (m, 2H), 2.45 (ABX,
JAB=15.0 Hz, JAX=7.5 Hz, JBX=6.0 Hz, DnAB=45.7 Hz, 2H), 1.80–1.87
(m, 1H), 1.70–1.79 (m, 1H), 1.67 (s, 3H), 1.43 ppm (s, 9H); 13C NMR
(125 MHz, CDCl3): d=170.7, 144.7, 137.9, 128.5, 127.9, 127.8, 113.5, 80.6,
79.4, 74.0, 73.0, 66.9, 63.3, 38.7, 33.7, 28.1, 16.8 ppm; HRMS (ESI): m/z
calcd for C21H32O5Na: 387.2148 [M+Na]+ ; found: 387.2137. Imidazole
(140 mg, 2.06 mmol) was added to a solution of the above alcohol
(300 mg, 0.82 mmol) in N,N-dimethylformamide (DMF; 4 mL) followed
by tert-butyldimethylsilyl chloride (186 mg, 1.24 mmol) at 0 8C. The mix-
ture was warmed to room temperature and stirred for 2 h, and the reac-
tion was quenched with saturated aqueous NaHCO3. The aqueous layer
was extracted with EtOAc, and the combined organic extracts were dried
over Na2SO4 and concentrated in vacuo. Purification by column chroma-
tography (5% EtOAc/hexanes) provided TBS ether 22 (326 mg, 86%).
½a�23D =�39 (c=1.0, CHCl3); IR (neat): ñ=1729, 1112, 837 cm�1; 1H NMR
(300 MHz, CDCl3): d =7.25–7.33 (m, 5H), 4.91 (s, 2H), 4.48 (AB, JAB=


12.0 Hz, DnAB=15.0 Hz, 2H), 4.05 (dd, J=7.8, 5.1 Hz, 1H), 3.74–3.83 (m,
1H), 3.65 (dd, J=10.8, 4.5 Hz, 1H), 3.44–3.57 (m, 3H), 2.43 (ABX, JAB=


15.5 Hz, JAX=6.9 Hz, JBX=5.4 Hz, DnAB=53.5 Hz, 2H), 1.84–1.93 (m,
1H), 1.70–1.79 (m, 1H), 1.66 (s, 3H), 1.43 (s, 9H), 0.89 (s, 9H), 0.04 ppm
(s, 6H); 13C NMR (75 MHz, CDCl3): d =171.0, 144.6, 138.6, 128.3, 127.5,
127.4, 113.6, 80.1, 79.1, 73.7, 72.9, 67.1, 63.6, 38.9, 34.1, 28.1, 25.9, 18.3,
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16.6, �5.4 ppm; HRMS (ESI): m/z calcd for C27H46O5SiNa: 501.3012
[M+Na]+ ; found: 501.3022.


23 : A solution of 22 (300 mg, 0.62 mmol) in Et2O (25 mL) was added
dropwise to a suspension of LiAlH4 (45 mg, 1.18 mmol) in Et2O (1 mL)
at 0 8C. After 2 h at 0 8C, aqueous potassium sodium tartrate was added,
and the mixture was vigorously stirred for 2 h at room temperature until
two clear phases appeared. The aqueous phase was extracted twice with
EtOAc. The combined organic extracts were dried over Na2SO4 and con-
centrated in vacuo. Purification by column chromatography (20%
EtOAc/hexanes) gave alcohol 21 (254 mg, 99%). ½a�23D =�51 (c=1.7,
CHCl3); IR (neat): ñ =3436, 1089, 837 cm�1; 1H NMR (500 MHz, CDCl3):
d=7.26–7.34 (m, 5H), 4.95 (s, 1H), 4.94 (s, 1H), 4.48 (AB, JAB=12.0 Hz,
DnAB=17.5 Hz, 2H), 4.11 (dd, J=8.5, 5.5 Hz, 1H), 3.69–3.74 (m, 3H),
3.51–3.56 (m, 3H), 3.47 (dt, J=9.0, 6.0 Hz, 1H), 1.81–1.87 (m, 2H), 1.72–
1.77 (m, 2H), 1.70 (s, 3H), 0.88 (s, 9H), 0.04 ppm (s, 6H); 13C NMR
(125 MHz, CDCl3): d=144.3, 138.5, 128.3, 127.6, 127.5, 114.5, 79.1, 75.7,
73.0, 66.9, 64.1, 60.3, 35.1, 34.1, 25.9, 18.2, 16.5, �5.4 ppm; LRMS (ESI):
m/z=431.4 [M+Na]+ .


24 : Dess–Martin periodinane (413 mg, 0.97 mmol) was added to a solu-
tion of 21 (267 mg, 0.65 mmol) in CH2Cl2 (4 mL) at 0 8C. The mixture
was warmed to room temperature for 6 h, and the reaction was quenched
with aqueous Na2SO3 and NaHCO3. The aqueous layer was extracted
twice with CH2Cl2. The combined organic extracts were dried over
Na2SO4 and concentrated in vacuo. Purification by column chromatogra-
phy (20% EtOAc/hexanes) gave the aldehyde (240 mg, 91%). 1H NMR
(500 MHz, CDCl3): d=9.73 (s, 1H), 7.29–7.37 (m, 5H), 4.93 (s, 2H), 4.48
(AB, JAB=12.0 Hz, DnAB=16.0 Hz, 2H), 4.06 (dd, J=7.5, 5.0 Hz, 1H),
3.84–3.92 (m, 1H), 3.73 (dd, J=10.0, 4.0 Hz, 1H), 3.49–3.57 (m, 2H),
3.47 (dt, J=9.0, 6.0 Hz, 1H), 2.56 (ABMX, JAB=16.0 Hz, JAX=7.0 Hz,
JBX=6.0 Hz, JAM=3.0 Hz, JBM=2.0 Hz, DnAB=47.5 Hz, 2H), 1.84–1.90
(m, 1H), 1.72–1.77 (m, 1H), 1.64 (s, 3H), 0.88 (s, 9H), 0.04 ppm (s, 6H);
13C NMR (125 MHz, CDCl3): d =201.7, 144.2, 138.5, 128.4, 127.6, 127.5,
114.4, 79.5, 73.0, 72.4, 66.8, 63.8, 47.0, 34.0, 25.9, 18.2, 16.5, �5.4 ppm.
The above aldehyde (240 mg, 0.59 mmol) and NaOAc (194 mg,
2.36 mmol) were dissolved in EtOH (4 mL). Hydroxylamine hydrochlo-
ride (123 mg, 1.77 mmol) was added to the solution at room temperature.
The mixture was stirred for 1 h and then partitioned between saturated
aqueous NaHCO3 and CH2Cl2. The aqueous layer was extracted twice
with CH2Cl2. The combined organic extracts were dried over Na2SO4 and
concentrated in vacuo to provide oxime 24 (265 mg, crude, used without
further characterization).


7: A solution of crude 24 in CH2Cl2 (6 mL) was treated with bleach
(3 mL, 4% aqueous sodium hypochlorite) at room temperature for 4 h.
The reaction was quenched with aqueous Na2SO3 and NaHCO3. The
aqueous layer was extracted twice with CH2Cl2. The combined organic
extracts were dried over Na2SO4 and concentrated in vacuo. Purification
by column chromatography (15% EtOAc/hexanes) gave isoxazoline 7
(230 mg, 82% over 2 steps) as a clear oil. ½a�23D =�23 (c=1.9, CHCl3); IR
(neat): ñ=3060, 1462, 1100, 837 cm�1; 1H NMR (500 MHz, CDCl3): d=


7.28–7.35 (m, 5H), 4.48 (AB, JAB=12.0 Hz, DnAB=25.0 Hz, 2H), 4.06–
3.86 (AX, JAX=8.0 Hz, DnAX=102.0 Hz, 2H), 3.68 (ABX, JAB=11.0 Hz,
JAX=5.0 Hz, JBX=5.0 Hz, DnAB=37.0 Hz, 2H), 3.52–3.58 (m, 3H), 3.38–
3.42 (m, 1H), 2.63 (dd, J=14.5, 3.0 Hz, 1H), 2.27 (dd, J=14.5, 11.5 Hz,
1H), 1.80–1.88 (m, 1H), 1.53–1.59 (m, 1H), 1.18 (s, 3H), 0.89 (s, 9H),
0.05 ppm (s, 6H); 13C NMR (125 MHz, CDCl3): d=161.6, 138.2, 128.4,
127.7, 80.9, 77.7, 76.7, 73.1, 66.3, 65.5, 53.6, 31.7, 25.8, 25.7, 18.3, 15.8,
�5.3 ppm; HRMS (ESI): m/z calcd for C23H37NO4Na: 442.2390 [M+


Na]+ ; found: 442.2397.


25 : Boric acid (120 mg, 1.93 mmol) and a spatula tip (estimated 10–
20 mg) of an aqueous suspension of W-2 Raney nickel were added to a
solution of 7 (202 mg, 0.48 mmol) in methanol/water (5 mL/1 mL). The
mixture was placed under hydrogen by repeated (>5O) evacuation and
flushing with H2 gas by means of a balloon attached to a three-way stop-
cock. The mixture was stirred vigorously for 4 h and then filtered through
celite into a separating funnel containing saturated aqueous NaHCO3
and CH2C12. After separation, the aqueous layer was extracted two more
times with CH2Cl2, and the combined organic layers were dried over
Na2SO4 and concentrated in vacuo. Purification by column chromatogra-


phy (25% EtOAc/hexanes) gave hydroxy ketone 25 (180 mg, 89%) as a
clear oil. ½a�23D =�68 (c=1.4, CHCl3); IR (neat): ñ =3459, 1710, 1113,
837 cm�1; 1H NMR (500 MHz, CDCl3): d =7.26–7.35 (m, 5H), 4.50 (AB,
JAB=12.0 Hz, DnAB=38.5 Hz, 2H), 3.80–3.86 (m, 2H), 3.62–3.66 (m,
5H), 3.44 (dd, J=12.0, 6.0 Hz, 1H), 2.65–2.72 (m, 1H), 2.57 (br s, 1H),
2.26 (dd, J=14.5, 2.5 Hz, 1H), 1.77–1.83 (m, 2H), 1.04 (s, 3H), 0.89 (s,
9H), 0.05 ppm (d, J=3.0 Hz, 6H); 13C NMR (125 MHz, CDCl3): d=


214.0, 138.4, 128.4, 127.7, 127.6, 77.4, 76.5, 67.2, 65.5, 64.2, 54.1, 41.3, 29.4,
25.8, 18.3, 14.7, �5.2, �5.3 ppm; HRMS (ESI): m/z calcd for
C23H38O5SiNa: 445.2387 [M+Na]+ ; found: 445.2391.


4 : l-Selectride (0.24 mL, 0.24 mmol, 1m in THF) was added to a solution
of 25 (34 mg, 0.08 mmol) in THF (2 mL) at �78 8C. After 1 h, the reac-
tion was quenched with H2O. Upon warming to room temperature, 1n


NaOH and 30% H2O2 were added, and the mixture was stirred for 1 h at
room temperature. The aqueous layer was extracted twice with EtOAc,
and the combined organic layers were dried over Na2SO4 and concentrat-
ed. Purification by column chromatography (35% EtOAc/hexanes) gave
the diol (28 mg, 82%) along with its diastereomer (3 mg, 9%). ½a�23D =


�48 (c=3.3, CHCl3); IR (neat): ñ =3391, 1105, 839 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.26–7.37 (m, 5H), 4.52 (AB, JAB=12.0 Hz,
DnAB=16.0 Hz, 2H), 4.09 (dd, J=9.0, 2.0 Hz, 1H), 3.97 (br s, 1H), 3.88–
3.92 (m, 1H), 3.80–3.86 (m, 1H), 3.51–3.66 (m, 7H), 1.79–1.85 (m, 1H),
1.65–1.71 (m, 1H), 1.56–1.62 (m, 1H), 1.49–1.55 (m, 1H), 0.89 (s, 9H),
0.73 (s, 3H), 0.04 ppm (s, 6H); 13C NMR (125 MHz, CDCl3): d =137.9,
128.5, 127.9, 127.8, 75.0, 73.4, 72.9, 71.9, 69.9, 68.7, 66.4, 40.2, 32.3, 30.0,
25.9, 18.4, 15.0, �5.2 ppm; HRMS (ESI): m/z calcd for C23H40NO5Na:
447.2543 [M+Na]+ ; found: 447.2567. 2,2-Dimethoxypropane (10 mL,
0.1 mmol) and camphor sulfonic acid (0.6 mg, 0.0025 mmol) were added
to a solution of the above diol (27 mg, 0.05 mmol) in acetone (2 mL) at
room temperature. After the mixture was stirred for 3 h, it was neutral-
ized with triethylamine (0.1 mL) and concentrated. Purification by
column chromatography (10% EtOAc/hexanes) afforded acetonide 4
(28 mg, 95%). ½a�23D =�40 (c=1.4, CHCl3); IR (neat): ñ=1102, 837 cm�1;
1H NMR (500 MHz, CDCl3): d =7.26–7.37 (m, 5H), 4.51 (AB, JAB=


12.0 Hz, DnAB=33.0 Hz, 2H), 4.19 (dd, J=10.5, 1.5 Hz, 1H), 3.88 (t, J=


3.0 Hz, 1H), 3.68–3.77 (m, 2H), 3.51–3.64 (m, 5H), 1.78–1.83 (m, 1H),
1.71–1.77 (m, 1H), 1.59–1.68 (m, 1H), 1.42–1.48 (m, 1H), 1.44 (s, 3H),
1.42 (s, 3H), 0.89 (s, 9H), 0.74 (s, 3H), 0.04 ppm (s, 6H); 13C NMR
(125 MHz, CDCl3): d=138.8, 128.3, 127.7, 127.4, 98.4, 73.0, 72.8, 72.0,
71.9, 68.4, 66.4, 66.2, 34.6, 29.9, 29.5, 26.0, 18.8, 18.4, 14.8, �5.2 ppm;
HRMS (ESI): m/z calcd for C26H44O5SiNa: 487.2856 [M+Na]+ ; found:
487.2848.


28 : 1-Phenyl-1H-tetrazole-5-thiol (1.17 g, 6.6 mmol) was added to a solu-
tion of 3-butyn-1-ol (385 mg, 5.5 mmol) in THF (15 mL) followed by tri-
phenylphosphine (1.73 g, 6.6 mmol) and DIAD (1.27 mL, 6.6 mmol) at
0 8C. The mixture was stirred at room temperature overnight and concen-
trated in vacuo. The residue was purified by column chromatography
(15% EtOAc/hexanes) to provide the sulfide (1.21 g, 97%) as a clear oil.
(NH4)6Mo7O24·4H2O (2.35 g, 1.9 mmol) was added to a solution of above
sulfide (219 mg, 0.95 mmol) in EtOH (6 mL) and H2O2 (6 mL, 30%) at
0 8C. The mixture was stirred at room temperature overnight, and the re-
action was quenched with aqueous Na2SO3. The mixtutre was extracted
with CH2Cl2. The combined organic phases were dried over Na2SO4 and
concentrated in vacuo. Purification by column chromatography (25%
EtOAc/hexanes) afforded sulfone 28 (238 mg, 95%). IR (neat): ñ=3292,
1351, 1146 cm�1; 1H NMR (500 MHz, CDCl3): d=7.58–7.64 (m, 5H), 3.91
(t, J=7.0 Hz, 2H), 2.88 (dt, J=7.0, 2.7 Hz, 2H), 2.06 ppm (t, J=2.7 Hz,
1H); 13C NMR (125 MHz, CDCl3): d=153.1, 132.9, 131.6, 129.8, 125.2,
78.1, 71.6, 54.5, 13.4 ppm.


5 : AgOAc (25 mg, 0.15 mmol) was added to a solution of 28 (131 mg,
0.5 mmol) in acetone (2 mL) followed by NBS (134 mg, 0.75 mmol). The
mixture was stirred at room temperature overnight in the dark, and the
reaction was quenched with H2O. The mixture was extracted with
CH2Cl2. The combined organic layers were dried over Na2SO4 and con-
centrated in vacuo. The residue was purified by column chromatography
(25% EtOAc/hexanes) to provide the bromoalkyne (173 mg, 100%). A
solution of Bu3SnH (0.31 mL, 1.15 mmol) in THF (2 mL) was added to a
solution of above bromoalkyne (173 mg, 0.5 mmol), Ph3P (14 mg,
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0.05 mmol), and [PdACHTUNGTRENNUNG(PPh3)4] (29 mg, 0.025 mmol) in THF (4 mL) at
�78 8C by syringe pump over 30 min. After the mixture was stirred at
room temperature for 1 h, it was concentrated in vacuo and purified by
column chromatography (10% EtOAc/hexanes) to provide vinyl stan-
nane 5 (264 mg, 95%) as an E/Z (10:1) mixture. IR (neat): ñ =1597,
1349, 1152 cm�1; 1H NMR (500 MHz, CDCl3): d=7.58–7.62 (m, 5H), 6.14
(d, J=19.0 Hz, 2H), 5.93 (dt, J=19.0, 6.0 Hz, 2H), 3.90–3.98 (m, 2H),
2.73–2.82 (m, 2H), 1.44–1.52 (m, 6H), 1.28–1.36 (m, 6H), 0.82–0.94 ppm
(m, 15H); HRMS (EI): m/z calcd for C19H29SN4O2Sn: 497.1033 [M�Bu]+
; found: 497.1032.


29 : Compound 26 (1.88 g, 26.8 mmol) was added to a suspension of NaH
(60 wt% in mineral oil, 2.14 g, 53.3 mmol) in THF (60 mL) at 0 8C. After
30 min, tetrabutylammonium iodide (500 mg, 1.35 mmol) and benzyl bro-
mide (3.5 mL, 29.2 mmol) were added. The mixture was allowed to warm
to room temperature overnight, and the reaction was quenched with sa-
turated aqueous NH4Cl. The aqueous layer was extracted twice with
EtOAc. The combined organic layers were dried over Na2SO4 and con-
centrated in vacuo. Purification by column chromatography (pure hex-
anes!5% EtOAc/hexanes) afforded the benzyl ether (4.17 g, 97%) as a
clear oil. 1H NMR (300 MHz, CDCl3): d=7.31–7.37 (m, 5H), 4.57 (s,
2H), 3.61 (t, J=6.9 Hz, 2H), 2.52 (dt, J=6.9, 2.4 Hz, 2H), 2.01 ppm (t,
J=2.4 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=138.0, 128.4, 127.7, 81.3,
73.0, 69.4, 68.1, 19.9 ppm. nBuLi (1.6m in hexane, 16.3 mL, 26.1 mmol)
was added to a solution of above alkyne (4.17 g, 26.1 mmol) in THF
(80 mL) at �78 8C. After 30 min, propionaldehyde was added. The mix-
ture was stirred at �78 8C for 1 h, and the reaction was quenched with sa-
turated aqueous NH4Cl at room temperature. The aqueous phase was ex-
tracted twice with EtOAc. The combined organic phases were dried over
Na2SO4 and concentrated in vacuo. Purification by column chromatogra-
phy (15% EtOAc/hexanes) afforded propargyl alcohol 29 (4.87 g, 86%)
as a clear oil. IR (neat): ñ=3400, 1454, 1099 cm�1; 1H NMR (300 MHz,
CDCl3): d=7.26–7.34 (m, 5H), 4.53 (s, 2H), 4.25 (dt, J=6.3, 1.8 Hz, 1H),
3.56 (t, J=6.9 Hz, 2H), 3.08 (br s, 1H), 2.51 (dt, J=6.9, 1.8 Hz, 2H),
1.63–1.70 (m, 2H), 0.98 ppm (t, J=6.9 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d=137.9, 128.4, 127.7, 82.5, 81.6, 72.8, 68.3, 63.5, 30.9, 20.0,
9.5 ppm.


30 : A solution of 29 (4.87 g, 22.3 mmol) in THF (20 mL) was added to a
suspension of LiAlH4 (1.69 g, 44.6 mmol) in THF (60 mL) by cannula at
0 8C. The mixture was stirred at room temperature for 24 h, and the reac-
tion was quenched with H2O (2 mL) at 0 8C. Next, 2n HCl was added,
and the mixture was stirred for 2 h at room temperature until two clear
phases appeared. The aqueous phase was extracted twice with EtOAc.
The combined organic phases were dried over Na2SO4 and concentrated
in vacuo. Purification by column chromatography (20% EtOAc/hexanes)
afforded the allylic alcohol (4.56 g, 93%) as a clear oil. IR (neat): ñ=


3400, 1454, 1098 cm�1; 1H NMR (500 MHz, CDCl3): d=7.26–7.34 (m,
5H), 5.62 (dt, J=15.5, 6.5 Hz, 1H), 5.51 (dd, J=15.5, 6.5 Hz, 1H), 4.49
(s, 2H), 3.91 (dt, J=6.5, 6.5 Hz, 1H), 3.50 (t, J=6.5 Hz, 2H), 2.84 (br s,
1H), 2.35 (dt, J=6.5, 6.5 Hz, 2H), 1.43–1.60 (m, 2H), 0.89 ppm (t, J=


7.5 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=138.4, 135.1, 128.4, 127.8,
127.7, 127.6, 74.1, 72.8, 69.8, 32.7, 30.0, 9.9 ppm. PCC (8.95 g, 41.4 mmol)
was added to a solution of the above alcohol (4.56 g, 20.7 mmol) in
CH2Cl2 (60 mL) at 0 8C. The mixture was stirred at room temperature for
3 h and filtered though celite while being eluted with Et2O, and the fil-
trate was concentrated in vacuo. Purification by column chromatography
(15% EtOAc/hexanes) afforded enone 30 (3.47 g, 77%) as a clear oil. IR
(neat): ñ =1673, 1632, 1101 cm�1; 1H NMR (500 MHz, CDCl3): d=7.26–
7.31 (m, 5H), 6.84 (dt, J=16.0, 7.0 Hz, 1H), 6.15 (d, J=16.0 Hz, 1H),
4.51 (s, 2H), 3.58 (t, J=6.5 Hz, 2H), 2.56 (q, J=7.5, 2H), 2.51(dt, J=6.5,
6.5 Hz, 2H), 1.09 ppm (t, J=7.5, 3H); 13C NMR (125 MHz, CDCl3): d=


200.9, 143.4, 138.1, 131.5, 128.4, 127.7, 73.1, 68.3, 33.2, 32.9, 8.1 ppm;
HRMS (ESI): m/z calcd for C14H18O2Na: 241.1205 [M+Na]+ ; found:
241.1206.


10 : Et3N (4.18 mL, 29.8 mmol) and triethylsilyl triflate (4.04 mL,
17.9 mmol) were added to a solution of 30 (3.25 g, 14.9 mmol) in Et2O
(40 mL) at �78 8C. The mixture was stirred at 0 8C for 3 h and poured
into saturated aqueous NaHCO3, and the aqueous layer was extracted
twice with hexanes. The combined organic layers were washed with


brine, dried over Na2SO4, and concentrated in vacuo. Purification by
column chromatography (5% EtOAc/hexanes) afforded silyl enolate 10
(4.40 g, 90%) as a clear oil. IR (neat): ñ=1698, 1628, 1117 cm�1;
1H NMR (500 MHz, CDCl3): d=7.29–7.36 (m, 5H), 5.95 (d, J=15.5 Hz,
1H), 5.80 (dt, J=15.0, 7.5 Hz, 1H), 4.76 (q, J=7.0 Hz, 1H), 4.53 (s, 2H),
3.54 (t, J=6.5 Hz, 2H), 2.43 (dt, J=7.0, 7.0 Hz, 2H), 1.67 (d, J=7.0 Hz,
3H), 1.02 (t, J=8.0 Hz, 9H), 0.73 ppm (q, J=8.0 Hz, 6H); 13C NMR
(125 MHz, CDCl3): d=149.5, 138.5, 130.6, 128.4, 127.7, 127.6, 124.3,
107.9, 73.0, 70.2, 32.8, 11.4, 6.9, 5.5 ppm.


32 : Catalyst (1S,2R)-31 (300 mg, 0.66 mmol) was added to a mixture of
10 (2.26 g, 6.6 mmol), 11 (1.73 g, 9.9 mmol), and powdered 4-M molecular
sieves (1.2 g) under argon. The reaction mixture was stirred for 40 h at
room temperature and then filtered through a short pad of silica gel, elut-
ing with 25% EtOAc/hexanes. The filtrate was concentrated, and the res-
idue was dissolved in THF (15 mL). At 0 8C, acetic acid (0.75 mL,
13 mmol) and TBAF (1m in THF, 9.8 mL, 9.9 mmol) were added, and
the mixture was allowed to stir for 30 min. The mixture was diluted with
EtOAc and washed with NaHCO3 and brine. The organic phase was
dried over Na2SO4, filtered, and concentrated in vacuo. Purification by
column chromatography (10% EtOAc/hexanes) provided pyranone 32
(1.84 g, 71%) as a yellow oil. ½a�23D 20 (c 2.0, CHCl3); IR (neat): ñ =1717,
1119, 839 cm�1; 1H NMR (500 MHz, CDCl3): d =7.28–7.36 (m, 5H), 4.49
(AB, JAB=12.0 Hz, DnAB=14.0 Hz, 2H), 3.78–3.84 (m, 1H), 3.68–3.74
(m, 2H), 3.56–3.64 (m, 3H), 2.52–2.57 (m, 1H), 2.45 (dd, J=14.5,
12.5 Hz, 1H), 2.26 (d, J=14.5 Hz, 1H), 1.89–1.96 (m, 1H), 1.79–1.87 (m,
1H), 1.10 (d, J=7.0 Hz, 3H), 0.88 (s, 9H), 0.05 ppm (s, 6H); 13C NMR
(125 MHz, CDCl3): d=211.3, 138.3, 128.4, 127.7, 78.7, 74.3, 73.1, 66.1,
62.0, 46.3, 44.6, 36.5, 25.8, 18.2, 10.6, �5.3, �5.5 ppm; HRMS (ESI): m/z
calcd for C22H36OSiNa: 415.2281 [M+Na]+ ; found: 415.2299.


Reduction of 32 : Dibal-H (5.6 mL, 5.58 mmol, 1m in CH2Cl2) was added
to a solution of 32 (1.84 g, 4.69 mmol) in CH2Cl2 (20 mL) at �78 8C.
After 1 h, the reaction was quenched with saturated aqueous potassium
sodium tartrate, and the mixture was stirred for 2 h at room temperature.
The aqueous layer was extracted twice with CH2Cl2, and the combined
organic layers were dried over Na2SO4 and concentrated. Purification by
column chromatography (25% EtOAc/hexanes) gave alcohol 33 (592 mg,
32%) along with cis alcohol 34 (1.18 g, 64%).


33 : ½a�23D =�12 (c=1.1, CHCl3); IR (neat): ñ =3434, 1094, 837 cm�1;
1H NMR (500 MHz, CDCl3): d=7.28–7.36 (m, 5H), 4.50 (s, 2H), 3.95
(dt, J=6.5, 2.5 Hz, 1H), 3.86–3.93 (m, 1H), 3.81–3.84 (m, 1H), 3.64 and
3.48 (ABX, JAB=10.0, JAX=6.5, JBX=6.5 Hz, DnAB=80.0, 2H), 3.59 (t,
J=6.5 Hz, 2H), 2.36 (br s, 1H), 1.77–1.82 (m, 1H), 1.68–1.77 (m, 2H),
1.57–1.63 (m, 1H), 1.45–1.50 (m, 1H), 0.91 (s, 9H), 0.86 (d, J=5.5 Hz,
3H) 0.07 ppm (s, 6H); 13C NMR (125 MHz, CDCl3): d =138.5, 128.4,
127.7, 127.7, 74.4, 73.0, 70.5, 69.5, 67.0, 63.6, 36.3, 35.8, 34.5, 25.9, 18.3,
10.8, �5.1, �5.4 ppm; HRMS (ESI): m/z calcd for C22H39OSi: 375.2618
[M+H]+ ; found: 375.2635.


34 : 1H NMR (500 MHz, CDCl3): d=7.30–7.38 (m, 5H), 4.53 (s, 2H), 3.92
(d, J=11.7 Hz, 1H), 3.66–3.72 (m, 1H), 3.58–3.65 (m, 2H), 3.54–3.60 (m,
2H), 3.44–3.48 (m, 1H), 2.03–2.10 (m, 1H), 1.83–1.90 (m, 1H), 1.78–1.83
(m, 1H), 1.72–1.77 (m, 1H), 1.62–1.68 (m, 1H), 1.40–1.44 (m, 1H), 0.93
(s, 9H), 0.87 (d, J=6.9 Hz, 3H) 0.09 ppm (s, 6H); 13C NMR (125 MHz,
CDCl3): d=138.5, 128.3, 127.6, 127.5, 78.8, 73.2, 73.0, 70.9, 66.7, 63.1,
36.0, 35.5, 35.3, 25.8, 18.2, 4.6, �5.3, �5.5 ppm; HRMS (ESI): m/z calcd
for C22H39OSi: 375.2618 [M+H]+ ; found: 375.2610.


35 : 2,6-Lutidine (0.35 mL, 3.0 mmol) was added to a solution of 33
(592 mg, 1.50 mmol) in CH2Cl2 (8 mL) followed by tert-butyldimethylsilyl
triflate (0.41 mL, 1.8 mmol). The mixture was stirred at room tempera-
ture for 2 h, and the reaction was quenched with saturated aqueous
NaHCO3. The aqueous layer was extracted with CH2Cl2, and the com-
bined organic extracts were dried over Na2SO4 and concentrated in va-
cuo. Purification by column chromatography (5% EtOAc/hexanes) pro-
vided the TBS ether (755 mg, 99%) as a clear oil. ½a�23D =�1.3 (c=1.3,
CHCl3); IR (neat): ñ=1099, 837 cm�1; 1H NMR (500 MHz, CDCl3): d=


7.26–7.34 (m, 5H), 4.50 (AB, JAB=12.0 Hz, DnAB=14.5 Hz, 2H), 3.96 (dt,
J=7.0, 2.0 Hz, 1H), 3.88–3.96 (m, 1H), 3.78–3.86 (m, 1H), 3.61 and 3.46
(ABX, JAB=10.0, JAX=7.5, JBX=6.5 Hz, DnAB=75.0, 2H), 3.60 (t, J=


6.5 Hz, 2H), 1.76–1.82 (m, 1H), 1.67–1.73 (m, 2H), 1.56–1.60 (m, 1H),
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1.36–1.40 (m, 1H), 0.91 (s, 9H), 0.89 (s, 9H), 0.85 (d, J=7.5 Hz, 3H),
0.05 (s, 6H), 0.04 ppm (d, J=4.0 Hz, 6H); 13C NMR (125 MHz, CDCl3):
d=138.7, 128.3, 127.6, 127.4, 74.2, 73.0, 71.0, 69.7, 67.2, 63.4, 36.4, 36.0,
35.2, 25.8, 18.2, 18.1, 10.7, �4.8, �5.1, �5.4 ppm; LRMS (ESI): m/z=


531.9 [M+Na]+ . Pd/C (78 mg, 0.074 mmol, 10 wt.%) was added to a so-
lution of the above benzyl ether (755 mg, 1.48 mmol) in MeOH (15 mL),
and the mixture was stirred under a H2 balloon at room temperature for
20 h. The reaction suspension was filtered through celite and concentrat-
ed. Purification by column chromatography (15% EtOAc/hexanes) pro-
vided alcohol 35 (600 mg, 97%) as a clear oil. ½a�23D =++14 (c=1.5,
CHCl3); IR (neat): ñ =3436, 1097, 836 cm�1; 1H NMR (500 MHz, CDCl3):
d=3.98–4.04 (m, 2H), 3.75–3.85 (m, 3H), 3.60 and 3.45 (ABX, JAB=


10.5 Hz, JAX=7.0 Hz, JBX=6.5 Hz, DnAB=78.0 Hz, 2H), 1.70–1.76 (m,
1H), 1.63–1.69 (m, 2H), 1.56–1.62 (m, 1H), 1.30–1.34 (m, 1H), 0.89 (s,
9H), 0.88 (s, 9H), 0.85 (d, J=7.0 Hz, 3H), 0.05 (s, 6H), 0.04 ppm (d, J=


4.0 Hz, 6H); 13C NMR (125 MHz, CDCl3): d=74.6, 74.1, 70.7, 63.5, 62.3,
37.4, 36.1, 35.0, 25.8, 25.8, 18.2, 18.0, 10.8, �4.9, �5.3, �5.5 ppm; LRMS
(ESI): m/z=419.5 [M+H]+ .


36 : Oxalyl chloride (75 mL, 0.86 mmol) was added to a solution of
DMSO (122 mL, 1.73 mmol) in CH2Cl2 (3 mL) at �78 8C. After 20 min, 7
(61 mg, 0.14 mmol) was added. The mixture was stirred at �78 8C for 1 h,
and the reaction was quenched with Et3N (0.4 mL, 2.88 mmol). After the
mixture was stirred at �78 8C for 30 min, it was warmed to room temper-
ature and stirred for another 1 h. The mixture was poured into 0.2n HCl.
The aqueous layer was extracted with CH2Cl2. The combined organic
layers were washed with brine and dried over Na2SO4. Filtration and con-
centration in vacuo gave the crude aldehyde, which was used directly in
next step without further purification. A solution of the above crude al-
dehyde and (carbethoxymethylene)triphenylphosphorane (200 mg,
0.57 mmol) in CH2Cl2 (5 mL) was heated under reflux for 20 h. The re-
sulting mixture was cooled to room temperature and filtered through a
short silica-gel pad eluted with 25% EtOAc/hexanes. The filtrate was
concentrated, and the residue was purified by column chromatography
(5% EtOAc/hexanes) to provide ester 36 (57 mg, 84% over 2 steps) as a
clear oil. ½a�23D =++7.6 (c=1.1, CHCl3); IR (neat): ñ=1723, 1072,
838 cm�1; 1H NMR (500 MHz, CDCl3): d=6.96 (dt, J=15.5, 7.0 Hz, 1H),
5.85 (d, J=15.5 Hz, 1H), 4.16 (q, J=7.0 Hz, 2H), 3.96 (dt, J=7.0, 2.5 Hz,
1H), 3.84–3.90 (m, 1H), 3.78–3.82 (m, 1H), 3.62 and 3.45 (ABX, JAB=


10.0 Hz, JAX=7.0 Hz, JBX=6.5 Hz, DnAB=84.5 Hz, 2H), 2.32–2.39 (m,
1H), 2.23–2.29 (m, 1H), 1.64–1.70 (m, 1H), 1.52–1.58 (m, 1H), 1.31–1.35
(m, 1H), 1.26 (t, J=7.0 Hz, 3H), 0.88 (s, 9H), 0.86 (s, 9H), 0.82 (d, J=


7.0 Hz, 3H), 0.03 (d, J=1.0 Hz, 6H), 0.02 ppm (d, J=3.0 Hz, 6H);
13C NMR (125 MHz, CDCl3): d =166.5, 145.6, 123.0, 74.4, 71.0, 70.9, 63.4,
60.1, 38.7, 35.9, 34.7, 25.8, 25.8, 18.2, 18.0, 14.3, 10.6, �4.9, �5.2,
�5.4 ppm; HRMS (ESI): m/z calcd for C25H50O5Si2Na: 509.3095 [M+


Na]+ ; found: 509.3112.


37: camphor sulfonic acid (12.4 mg, 0.054 mmol) was added to a solution
of 36 (135 mg, 0.28 mmol) in MeOH (3 mL) at room temperature. After
the mixture was stirred for 30 min, it was poured into saturated aqueous
NaHCO3 and extracted with CH2Cl2. The organic layers were dried over
Na2SO4 and concentrated. Purification by column chromatography (20%
EtOAc/hexanes) afforded the alcohol (100 mg, 97%) as a clear oil.
½a�23D =++20 (c=1.7, CHCl3);


1H NMR (500 MHz, CDCl3): d=6.95 (dt,
J=15.5, 7.0 Hz, 1H), 5.85 (d, J=15.5 Hz, 1H), 4.16 (q, J=7.0 Hz, 2H),
4.01 (dt, J=9.0, 2.5 Hz, 1H), 3.87–3.93 (m, 1H), 3.73–3.79 (m, 1H), 3.63
and 3.41 (ABX, JAB=11.5 Hz, JAX=9.0 Hz, JBX=3.5 Hz, DnAB=111.7 Hz,
2H), 2.35–2.41 (m, 1H), 2.29–2.34 (m, 1H), 2.07 (br s, 1H), 1.52–1.58 (m,
2H), 1.33–1.37 (m, 1H), 1.26 (t, J=7.0 Hz, 3H), 0.87 (s, 9H), 0.82 (d, J=


7.0 Hz, 3H), 0.01 ppm (d, J=1.5 Hz, 6H); 13C NMR (125 MHz, CDCl3):
d=166.4, 145.2, 123.3, 75.1, 70.9, 70.8, 64.4, 60.2, 38.7, 36.8, 34.5, 25.8,
18.0, 14.3, 11.4, �4.9 ppm. Oxalyl chloride (0.12 mL, 1.35 mmol) was
added to a solution of DMSO (0.2 mL, 2.7 mmol) in CH2Cl2 (4 mL) at
�78 8C. After 20 min, the above alcohol (100 mg, 0.27 mmol) was added.
The mixture was stirred at �78 8C for 1 h, and the reaction was quenched
with Et3N (0.56 mL, 4.05 mmol). After the mixture was stirred at �78 8C
for 30 min, it was warmed to room temperature and stirred for another
1 h. The mixture was poured into 1n HCl. The aqueous layer was ex-
tracted with CH2Cl2. The combined organic layers were washed with
brine and dried over Na2SO4. Filtration and concentration in vacuo gave


crude aldehyde 37 (100 mg, 100%), which was used directly in the next
step without further purification. 1H NMR (500 MHz, CDCl3): d=9.63 (s,
1H), 6.99 (dt, J=15.5, 7.0 Hz, 1H), 5.89 (d, J=16.0 Hz, 1H), 4.35 (d, J=


3.0 Hz, 1H), 4.17 (q, J=7.0 Hz, 2H), 3.92–3.98 (m, 1H), 3.81–3.86 (m,
1H), 2.45–2.51 (m, 1H), 2.35–2.41 (m, 1H), 1.98–2.03 (m, 1H), 1.62–1.67
(m, 1H), 1.37–1.41 (m, 1H), 1.27 (t, J=7.0 Hz, 3H), 0.85–0.89 (m, 12H),
0.04 ppm (d, J=3.0 Hz, 6H).


Preparation of vinyl iodides 38 and 6 : nBuLi (0.25 mL, 0.4 mmol, 1.6m in
hexane) was added to a suspension of ethyl triphenylphosphonium iodide
(167 mg, 0.4 mmol) in THF (3 mL) at 23 8C. After 5 min, the above ho-
mogeneous solution was transferred into a solution of iodine (101 mg,
0.4 mmol) in THF (4 mL) at �78 8C. The resulting suspension was vigo-
rously stirred for 5 min and warmed to �20 8C. NaHMDS (0.4 mL,
0.4 mmol, 1m in THF) was added at �20 8C to produce a red solution,
followed by stirring for 5 min and addition of a solution of 37 (73 mg,
0.197 mmol) in THF (1 mL). After 10 min at �20 8C, the reaction was
quenched with saturated aqueous NH4Cl. The aqueous phase was ex-
tracted twice with EtOAc. The combined organic phases were dried over
Na2SO4 and concentrated in vacuo. Purification by column chromatogra-
phy (5% EtOAc/hexanes) afforded E-vinyl iodide 38 (28 mg, 31%) and
Z-vinyl iodide 6 (11 mg, 12%).


(E)-38 : 1H NMR (500 MHz, CDCl3): d =6.96 (dt, J=16.0, 7.0 Hz, 1H),
6.19 (dd, J=7.5, 1.5 Hz, 1H), 5.86 (d, J=16.0 Hz, 1H), 4.64 (dd, J=8.0,
2.0 Hz, 1H), 4.18 (q, J=7.0 Hz, 2H), 3.88–3.94 (m, 1H), 3.79–3.85 (m,
1H), 2.42 (s, 3H), 2.35–2.40 (m, 1H), 2.28–2.34 (m, 1H), 1.53–1.60 (m,
2H), 1.30–1.34 (m, 1H), 1.28 (t, J=7.0 Hz, 3H), 0.92 (d, J=7.5 Hz, 3H),
0.89 (s, 9H), 0.03 ppm (s, 6H); 13C NMR (125 MHz, CDCl3): d =166.5,
145.2, 140.8, 123.3, 96.1, 72.9, 71.3, 70.6, 60.2, 39.6, 38.7, 33.8, 28.6, 25.8,
18.0, 14.3, 11.3, �4.8, �4.9 ppm; HRMS (ESI): m/z calcd for
C21H37O4ISiNa: 531.1404 [M+Na]+ ; found: 531.1416.


(Z)-6 : 1H NMR (500 MHz, CDCl3): d =6.98 (dt, J=16.0, 7.0 Hz, 1H),
5.87 (d, J=16.0 Hz, 1H), 5.60 (dd, J=7.0, 1.5 Hz, 1H), 4.55 (dd, J=7.0,
2.5 Hz, 1H), 4.18 (q, J=7.0 Hz, 2H), 3.93–3.99 (m, 1H), 3.79–3.84 (m,
1H), 2.51 (s, 3H), 2.35–2.40 (m, 1H), 2.29–2.34 (m, 1H), 1.75–1.80 (m,
1H), 1.55–1.61 (m, 1H), 1.30–1.34 (m, 1H), 1.28 (t, J=7.0 Hz, 3H), 0.92
(s, 9H), 0.91 (d, J=7.5 Hz, 3H), 0.06 ppm (d, J=16.5 Hz, 6H); HRMS
(ESI): m/z calcd for C21H37O4ISiNa: 531.1404 [M+Na]+ ; found:
531.1406.
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elegans
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Introduction


Gelsemium elegans Benth. (Loganiaceae), a well-known
toxic plant in Southeast Asia, is used as a Chinese tradition-
al medicine for the treatment of pain, spasticity, and
ulcers.[1] Pharmacological investigations into the crude or
purified alkaloids of this plant demonstrated potent cytotox-
ic,[2] analgesic, and anti-inflammatory[3] activity. Previous
chemical studies of this plant led to the isolation of more
than 40 oxindole alkaloids based on about 10 different struc-
tural classes.[4–9] Recently, our research group reported four
new alkaloids from G. elegans.[4] In our continuing chemical
studies of this plant, we re-examined the stems and leaves of
G. elegans, and five new additional alkaloids 1–5 were isolat-
ed (Scheme 1). Among them, compounds 1–4 represent a
rare type of alkaloid with an N4–C11’ linkage between the
monoterpenoid indole alkaloid core and the iridoid moiety.
In this report, we describe the isolation and structural deter-
mination of the new oxindole alkaloids 1–5.


Results and Discussion


Gelseganine A (1) was obtained as a colorless crystal (m.p.:
126–127 8C). EI HRMS gave a molecular-ion peak at m/z
552.2816 [M]+ , consistent with the molecular formula
C31H40N2O7, and a dominant fragment ion at m/z 370.1908
[M�C10H14O3]


+ , corresponding to C21H26N2O4, which is
identical to the molecular ion of humantenirine (6),[5] a co-
existing alkaloid in this plant. As the common Gelsemium
alkaloids usually contain about 20 carbon atoms, compound
1 is thus supposed to bear an additional monoterpene unit.
The 1H NMR spectrum showed some readily assignable sig-
nals due to the alkaloid core of 6, including those for three
aromatic protons (dH =7.22 (dd, 9-H), 6.60 (d, 10-H),
6.56 ppm (d, 12-H)), an N1 methoxy group (dH =3.98 ppm
(s, 3H)), an aromatic methoxy group (dH =3.82 ppm (s,
3H)), three protons on oxygenated carbon atoms (dH =3.58
(d, J=7.0 Hz, 3-H), 4.05–4.07 ppm (m, 2H, 17-H)), an ole-
finic proton (dH =5.52 ppm (q, J=6.6 Hz, 19-H)), and an
olefinic methyl group (dH =1.67 ppm (d, J=6.6 Hz, 3H, 18-
H)). Furthermore, doublet methyl (dH =0.95 ppm (d, J=


6.2 Hz, 3H, 10’-H)), hydroxymethyl (dH =3.71 (dd, J=12.3,
5.0 Hz, 1’-Ha), 3.33–3.37 ppm (m, 1’-Hb)), and oxymethine
signals (dH =4.97 ppm (dd, J=7.3, 7.2 Hz, 6’-H)) were pres-
ent and ascribable to an iridoid moiety. Analysis of the
13C NMR spectrum of 1 demonstrated that the monoterpe-
noid indole alkaloid core and the iridoid appendage are the
humantenirine and gelsamydine moieties, respectively, by
comparison with literature data.[4,5] In a comparison of the
13C NMR spectroscopic data of 1 with those of 6, the severe-
ly downfield chemical shifts of C5 and C21 suggest that the
gelsamydine moiety is probably attached to N4. This was
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demonstrated by the HMBC spectrum of 1, in which the
correlations 11’-H/C5 and C21 as well as 21-H/C11’ were ob-
served, thus indicating the linkage of C11’ to the N4 nitro-
gen atom (Scheme 2). A single-crystal X-ray study further
confirmed the structure of 1 (Figure 1) and allowed the de-
termination of its relative stereochemistry, which was in
good accordance with that assigned by its ROESY spectrum
in solution.


Gelseganine B (2) was obtained as a white amorphous
powder. EI HRMS showed the [M]+ ion at m/z 566.2619,


which corresponds to the mo-
lecular formula C31H38N2O8,
thus implying that compound 2
is also a monoterpenoid indole
alkaloid bearing an iridoid
moiety. Comparison of the
NMR spectroscopic data of 2
and 1 revealed that both com-
pounds share a common hu-
mantenirine component, and
the differences come from the
iridoid moieties. In compound
2, the iridoid component has an
a,b-unsaturated lactone with a
heteroatom (N or O) at the
b position, as implied from the
NMR resonances dH =7.28 (11’-
H) and 4.66 ppm (6’-H), dC =


145.8 (C11’), 90.0 (C4’), 174.9 (C3’), and 82.1 ppm (C6’).[6]


Furthermore, the C7’ atom of 2 was assigned as an oxygen-
ated methine carbon atom (dH =3.66–3.70 ppm (m), dC =


79.4 ppm). The above structural deduction of 2 was further
confirmed by its HMBC spectrum, in which the correlations
11’-H/C3’, C4’, C5, and C21 showed the linkage of C5, C21,
and C11’ to the N4 atom, and the HMBC correlations from
10’-H and 8’-H to the oxygenated methine carbon atom re-
vealed that C7’ bears a hydroxy group. The relative stereo-
chemistry of 2 was established by analysis of the ROESY
spectrum (Scheme 3). In particular, the E geometry of the


D4’ ACHTUNGTRENNUNG(11’) double bond was determined by the ROESY corre-
lations 11’-H/5-H and 6a-H as well as 21a-H/5’-H and 1’-H.
The ROESY correlations from 7’-H to 5’-H and 6’-H indi-
cate that these atoms are cofacial. The stereochemistry of
the remaining part of 2 was assigned to be the same as that
of 1 by comparing their NMR data.


Gelseganine C (3) was isolated as a colorless crystal
(m.p.: 238–239 8C). The molecular formula C29H34N2O4 was
established by the ESI HRMS peak at m/z 475.2599
[M+H]+ . The IR spectrum showed absorptions at 3425 (hy-
droxy) and 1755 cm�1 (five-membered lactone). The 1H and


Scheme 1. Structures of the new alkaloids 1–5.


Scheme 2. Key HMBC correlations (H!C) of 1.


Figure 1. Single-crystal X-ray structure of 1.


Scheme 3. Key ROESY correlations ($) of 2.
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13C NMR data showed the presence of four aromatic pro-
tons (dH =7.72 (d, 9-H), 7.28 (dd, 10-H), 7.36 (dd, 11-H),
7.59 ppm (d, 12-H)), a terminal vinyl group (dH =4.86 (d,
18-Ha), 4.84 (d, 18-Hb), 4.66 ppm (dd, 19-H); dC =116.5,
136.6 ppm), four sp3-hybridized methylene carbon atoms
(two of which bear heteroatoms), two heteroatom-bearing
sp3-hybridized methine carbon atoms (dC =70.9 (C3),
57.6 ppm (C5)), two sp3-hybridized quaternary carbon atoms
(dC =56.6 (C7), 44.9 ppm (C20)), and an imine carbon atom
(dC =184.6 ppm (C2)). The aforementioned data of 3 show a
remarkable resemblance to those of koumine (7),[7] which
was also isolated in this study. The remaining 10-carbon unit
was presumed to be an iridoid appendage with the charac-
teristic doublet methyl (dH =1.01 (d, 3H, 10’-H); dC =


16.9 ppm), hydroxymethyl (dH =3.51–3.53 (m), 3.93 ppm
(dd); dC =61.2 ppm (C1’)), oxygenated methine (dH =5.04–
5.08 (m, 6’-H); dC =82.4 ppm), and lactone carbonyl signals
(dC =177.8 ppm (C3’)). The koumine moiety and iridoid
component are connected by the N4–C11’ bond, as deter-
mined by the HMBC correlations 5-H/C11’, 21-H/C11’, and
11’-H/C21. The single-crystal X-ray study of 3 (Figure 2) fur-
ther confirmed its planar structure and allowed the determi-
nation of its relative stereochemistry, which is also in good
accordance with that assigned by its ROESY spectrum in
solution.


Gelseganine D (4), a colorless gum, gave an EI HRMS
ion at m/z 538.2308 [M]+ , which corresponds to a molecular
formula of C29H34N2O8, thus suggesting that 4 is an isomer
of gelseiridone,[6] a known alkaloid previously isolated from
the same plant. The 1H and 13C NMR data of 4 showed
great similarities to those of gelseiridone, except for major
differences that occurred for the iridoid moiety. In the NMR


spectra of 4, the signals for the oxygenated quaternary
carbon atom (dC =83.7 ppm (C9’)) and methylene group
(dC =39.0 ppm (C7’)) in gelseiridone were absent; instead,
the signals for two additional methine carbon atoms (one
oxygenated) were observed. This observation implies that
the hydroxy group at C9’ of gelseiridone migrated to C7’ of
4. In the HMBC spectrum of 4, the correlations from 10’-
Me to C7’ (dC =79.9 ppm) and C9’ (dC =48.0 ppm) confirm
this conclusion. The relative stereochemistry of 4 was estab-
lished by comparison of its NMR data with those of gelseiri-
done, and by analysis of its ROESY spectrum (Scheme 4).


In particular, the ROESY correlations from 5’-H to 6’-H
and 7’-H allowed the assignment of 7’a-OH. The proton
signal of N4H appeared clearly at dH =6.92 ppm (dd, J=


13.0, 9.2 Hz) in the 1H NMR spectrum, which reveals the
presence of a hydrogen bond between N4H and the C3’ car-
bonyl atom,[6] thus suggesting that the D4’ ACHTUNGTRENNUNG(11’) double bond
adopts Z geometry; this was corroborated by the ROESY
correlation between 11’-H and 5-H. Thus, compound 4 was
assigned to be the 7a-hydroxy-9-dehydroxy derivative of
gelseiridone.


Humantenine N4-oxide (5), a colorless gum, gave an EI
HRMS molecular-ion peak at m/z 370.1895 [M]+ , corre-
sponding to the molecular formula of C21H26N2O4, which has
one more oxygen atom than humantenine (9),[5] a major al-
kaloid isolated in this study. The UV/Vis, IR, and NMR
data of 5 are very similar to those of 9, except for the down-
field-shifted proton and carbon resonances for C5 methine
(dH =3.85 ppm; dC =77.3 ppm), C21 methylene (dH =4.06 (d,
J=14.1 Hz), 4.45 ppm (d, J=14.1 Hz); dC =60.1 ppm), and
N4-Me (dH =3.24 ppm (s, 3H); dC =57.4 ppm). This observa-
tion implies that 5 is an N4-oxide derivative of 9. Chemical
transformation of humantenine (9) into humantenine N4-
oxide (5) was achieved by oxidation with m-chloroperbenzo-
ic acid to confirm this conclusion. The 1H and 13C NMR
data of 5 were completely assigned by 2D NMR spectrosco-
py (HSQC, HMBC).


The absolute stereochemistry of compounds 1–5 were de-
termined by comparison of their CD spectra (Figure 3) with
those of their analogues reported. Compounds 1, 2, and 5,
which share a common humantenine core, showed similar
CD curves with those of humantenine,[10] which indicates


Figure 2. Single-crystal X-ray structure of 3.


Scheme 4. Key ROESY correlations ($) of 4.
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that the absolute configuration of their spiro center at C7 is
S. The CD spectra of 3 and 4 showed great similarity to
those of koumine[7] and gelseiridone,[6] respectively, thus
giving their absolute stereochemistry as shown in Scheme 1.


On the basis of the previous work of Ponglux et al.,[9] a
plausible biosynthetic pathway
for alkaloids 1–5 was proposed
(Scheme 5). The key alkaloid
19-(Z)-taberpsychine (8), which
originates from strictosidine,
was rationalized as the precur-
sor of humantenine- and kou-
mine-type indole alkaloids. Oxi-
dation of C18 of alkaloid 8 and
subsequent intramolecular C�C
bond formation between C7
and C20 would afford the key
intermediate III. Michael addi-
tion of the secondary amine of
III to the C11’ position of
GSIR-1,[11] a coexisting major
iridoid in this plant genus,
would produce alkaloid 3.[6]


b Oxidation of the indole part
of 8 would generate indolenine
(II), which would further trans-
form into the humantenine-type
alkaloids humantenirine (6) or
humantenine (9). As in the case
for the formation of 3, human-
tenirine (6) would be trans-
formed into alkaloid 1 or 2 by
Michael addition with GSIR-1.
The humantenine-type alka-
loids would also be transformed
into gelselegine by breaking the
N4–C21 bond and forming an
N4–C20 bond.[12] 14-Hydroxy-
gelsenicine would be generated
from gelselegine by C14 oxida-
tion and C21 degradation.
After hydrolytic cleavage of the
imine and dehydration, 14-hy-


droxygelsenicine would be transformed into the key inter-
midiate IV, which would further condense with GSIR-1 to
produce 4.


Conclusions


The monoterpenoid indole alkaloids bearing an iridoid
moiety are very rare, and the iridoid components in the pre-
viously reported Gelsemium alkaloids were normally em-
bedded in the alkaloid core by the C19�C11M bond. Interest-
ingly, gelseganines A–D (1–4) bearing the iridoid compo-
nents by means of a rarely seen N4�C11M linkage were iso-
lated from Gelsemium elegans in the current study.


Figure 3. CD spectra of compounds 1–5.


Scheme 5. Plausible biosynthetic pathway for compounds 1–5.
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Experimental Section


General


Melting points were measured with an SGW X-4 melting-point apparatus
and are uncorrected. Optical rotations were measured on a Perkin–
Elmer 341 polarimeter, and CD spectra were obtained on a JASCO 810
spectrometer. UV/Vis spectra were obtained on a Shimadzu UV-2550
spectrophotometer. IR spectra were obtained on a Perkin–Elmer 577
spectrometer as KBr disks. NMR spectra were recorded on a Bruker-
AM-400 spectrometer. EI MS and HRMS (70 eV) were performed on a
Finnigan MAT-95 mass spectrometer. ESI LRMS was performed on a
Finnigan LC QDECA instrument, and ESI HRMS was performed on a
Waters-Micromass Q-TOF Ultima Global electrospray mass spectrome-
ter. Semipreparative HPLC was performed on a Waters 515 pump
equipped with a Waters 2487 detector (254 nm) and a YMC-Pack ODS-
A column (250N10 mm, S-5 mm, 12 nm). All solvents used were of ana-
lytical grade (Shanghai Chemical Plant, Shanghai, China). Silica gel


Table 1. 1H NMR spectroscopic data for compounds 1–5.[a]


H 1 2 3 4 5


3 3.58 (d, 7.0) 3.63 (m) 5.02 (m) 4.31 (d, 5.9) 3.67 (d,
7.5)


5 3.40 (m) 4.03 (m) 3.01 (m) 3.70 (m) 3.85 (m)
6a 1.90 (m) 2.43 (m) 2.33 (m) 1.91 (dd, 13.5,


13.5)
2.15 (m)


6b 2.54 (dd,
15.3, 9.1)


1.80 (m) 2.33 (m) 1.64 (dd, 13.5,
4.5)


2.49 (dd,
15.0, 9.3)


9 7.22 (dd, 7.3,
1.5)


7.18 (d,
8.2)


7.72 (d, 7.3) 7.37 (m) 7.38 (m)


10 6.60 (d, 7.3) 6.62 (dd,
8.2, 2.4)


7.28 (dd, 7.3,
6.4)


7.16 (ddd, 7.6,
7.6, 1.0)


7.16 (td,
7.8, 1.2)


11 7.36 (dd, 7.5,
6.4)


7.38 (m) 7.34 (m)


12 6.56 (d, 1.7) 6.59 (d,
2.4)


7.59 (d, 7.5) 7.03 (br d, 7.6) 7.03 (dd,
7.8, 1.2)


14a 2.30 (m) 2.46 (m) 1.89 (ddd,
14.5, 2.0, 2.0)


7.44 (dd, 6.5,
1.8)


2.21 (m)


14b 2.25 (m) 2.46 (m) 2.59 (m) 2.31(m)
15 2.63 (m) 2.84 (t,


5.0)
2.62 (m) 2.76 (m)


16 2.30 (m) 2.35
(br d,
10.2)


2.86 (m) 3.51 (br s) 3.78 (m)


17a 4.06 (m) 4.14
(br d,
11.2)


3.56 (m) 4.16 (br d, 9.5) 4.18 (d,
3.0)


17b 4.06 (m) 4.05 (m) 4.25 (dd,
12.1, 4.6)


3.58 (dd, 9.5,
2.4)


4.18 (d,
3.0)


18 1.67 (d, 6.6,
3H)


1.70 (d,
6.6, 3H)


a: 4.86 (d,
18.0)
b: 4.84 (d,
11.0)


1.18 (t, 7.3,
3H)


1.72 (d,
6.9, 3H)


19 5.52 (q, 6.6) 5.60 (q,
6.6)


4.66 (dd,
18.0, 11.0)


a: 2.82 (dq,
17.2, 7.3)
b: 3.02 (dq,
17.2, 7.3)


5.72 (q,
6.9)


21a 3.34 (m) 4.60
(br d,
15.7)


2.85 (m) 4.06 (d,
14.1)


21b 3.80–3.82
(m)


4.29
(br d,
15.7)


3.56–3.61 (m) 4.45 (d,
14.1)


1’a 3.71 (dd,
12.3, 5.0)


3.55–3.62
(m)


3.52 (m) 3.47 (m)


1’b 3.35 (m) 3.55–3.62
(m)


3.93 (dd,
11.7, 4.5)


3.89 (ddd, 9.4,
2.5, 2.5)


4’ 2.68 (m) 2.75 (m)
5’ 2.93 (ddd,


7.4, 7.4, 6.8)
3.81 (m) 3.03 (m) 3.37 (ddd, 7.2,


7.2, 1.1)
6’ 4.97 (dd, 7.3,


7.2)
4.66 (dd,
5.9, 4.4)


5.06 (m) 4.70 (dd, 7.2,
5.1)


7’a 1.49 (m) 3.66–3.70
(m)


2.18 (dd,
14.2, 6.0)


3.46 (m)


7’b 2.11 (dd,
14.4, 6.2)


1.56 (m)


8’ 1.61 (m) 1.65 (m) 1.67 (m) 1.33 (m)
9’ 1.85 (m) 1.81 (m) 1.98 (m) 1.72 (m)
10’ 0.95 (d, 6.2,


3H)
1.12 (d,
6.4, 3H)


1.01 (d, 6.3,
3H)


1.05 (d, 6.3,
3H)


11’a 3.34 (m) 7.28 (s) 3.43 (m) 7.42 (m)
11’b 2.38 (m) 2.75 (m)
11-
OMe


3.82 (s, 3H) 3.84 (s,
3H)


Table 1. (Continued)


H 1 2 3 4 5


N1-
OMe


3.98 (s, 3H) 3.96 (s,
3H)


4.00 (s, 3H) 4.00 (s,
3H)


1’-OH: 6.38
(s)


7’-OH: 2.20
(d, 11.3)
N4-H: 6.92
(dd, 13.0, 9.2)


N4-Me:
3.24 (s,
3H)


[a] Recorded in CDCl3 at 400 MHz. Chemical shifts and coupling constants
(in parentheses) are given in ppm and Hz, respectively.


Table 2. 13C NMR spectroscopic data for compounds 1–5.[a]


C 1 2 3 4 5


2 174.3 173.3 184.6 171.0 173.7
3 72.2 72.2 70.9 71.4 72.1
5 62.1 64.0 57.6 58.0 77.3
6 29.1 33.4 32.8 37.6 30.6
7 54.5 54.2 56.6 52.8 55.8
8 120.2 119.3 143.0 125.9 127.9
9 126.6 126.7 123.6 129.1 125.8
10 107.5 107.7 126.5 123.6 123.6
11 160.2 160.4 128.3 126.3 128.8
12 94.7 95.0 120.9 107.7 107.8
13 140.1 140.0 154.7 139.2 138.9
14 27.7 30.0 25.2 139.0 27.3
15 34.9 32.0 32.9 138.5 33.1
16 35.3 37.5 34.2 39.7 30.8
17 66.6 65.6 60.7 68.5 65.8
18 12.9 13.3 116.5 8.3 13.1
19 122.1 122.3 136.6 30.6 126.1
20 134.7 135.1 44.9 201.3 131.7
21 43.9 42.1 56.4 60.1
1’ 60.8 62.5 61.2 61.0 N4-Me:
3’ 177.8 174.9 177.8 174.7 57.4
4’ 38.8 90.0 39.1 90.2
5’ 47.8 41.1 47.5 40.9
6’ 82.2 82.1 82.4 79.5
7’ 42.2 79.4 42.3 79.9
8’ 32.5 40.2 32.6 37.9
9’ 52.6 50.0 52.8 48.0
10’ 16.9 16.3 16.9 14.7
11’ 58.8 145.8 62.7 147.0
11-OMe 55.6 55.6
N1-OMe 63.4 63.4 63.6 63.6


[a] Recorded in CDCl3 at 100 MHz. Chemical shifts are given in ppm.


1828 www.chemasianj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1824 – 1829


FULL PAPERS
J.-M. Yue et al.







(200–300 mesh), silica gel H60, Sephadex LH-20 (Amersham Biosci-
ences), reversed-phase C18 silica gel (150–200 mesh, Merck), and MCI
gel (CHP20P, 75–150 mm, Mitsubishi Chemical Industries, Ltd.) were
used for column chromatography. Precoated silica gel GF254 plates
(Qingdao Haiyang Chemical Co., Ltd., Qingdao, China) were used for
TLC.


Plant Material


The leaves and stems of G. elegans were collected from Xishuangbanna
Tropical botanical Garden (XTBG), Chinese Academy of Sciences,
Mengla County, Yunnan Province, China in June 2006. The plant was
identified by Prof. You-Kai Xu of XTBG, where a voucher specimen (ac-
cession number: 033769a) was deposited.


Isolation


The air-dried leaves and stems of G. elegans (4.5 kg) were percolated
three times with EtOH (95%, 9.0 L) at room temperature. The ethanolic
extract (900 g) was dissolved in water (1.5 L) to form a suspension, which
was acidified with 20% H2SO4 to around pH 4. The acidic suspension
was first partitioned with EtOAc to remove the neutral compounds, and
the aqueous phase was then basified with Na2CO3 to around pH 10 and
extracted with CHCl3 to give a crude alkaloid extract (40 g). The crude
alkaloid was subjected to silica-gel column chromatography (CC; CHCl3/
MeOH=40:1!1:1) to give four major fractions (A–D). Fraction A
(500 mg) was subjected to chromatography over silica gel (CHCl3/
MeOH=20:1) to afford a major component, which was further purified
by preparative HPLC (CH3CN/H2O=70:30, 3 mLmin�1) to give 1
(22 mg). Fraction B (12 g) was separated by silica-gel CC (petroleum
ether/EtOAc=10:1!0:1) to afford six fractions B1–B6. Fraction B3 was
subjected to CC with C18 reversed-phase silica gel (MeOH/H2O=


30:70!100: 0) followed by extensive CC over columns of LH-20, silica
gel, and MCI gel to give 3 (15 mg) and 5 (12 mg). Fraction C was subject-
ed to silica-gel CC with a solvent system of cyclohexane/EtOAc/Et2NH
(10:1:1) to give five fractions C1–C5. Fraction C5 was purified by prepa-
rative HPLC (CH3CN/H2O=60:40, 3 mLmin�1) to give two major com-
pounds, 2 (28 mg) and 4 (16 mg).


1: Colorless crystals (MeOH). M.p.: 126–127 8C; ½a�20
D =�123.0 (c=0.170,


MeOH); CD (MeOH): l (De)=336 (0), 283 (�2.6), 250 (0), 236 (+8.6),
228 (0), 215 nm (�19.9m


�1 cm�1); UV/Vis (MeOH): lmax (loge)=215
(4.54), 262 (3.64), 286 nm (3.64); IR (KBr): ñmax =3438, 2912, 1753, 1726,
1631, 1500, 1450, 1350, 1217 cm�1; 1H NMR: see Table 1; 13C NMR: see
Table 2; MS (EI): m/z (%)=552 [M]+ (16), 521 (20), 370 (88), 339 (50),
164 (100), 140 (30), 108 (60), 93 (24); HRMS (EI): m/z calcd for
C31H40N2O7: 552.2836; found: 552.2816.


2 : White amorphous powder. ½a�20
D =�265.0 (c=0.150, MeOH); CD


(MeOH): l (De)=370 (0), 287 (�12.7), 246 (0), 232 (+10.7), 224 (0),
211 nm (�21.1m


�1 cm�1); UV/Vis (MeOH): lmax (log e): 214 (4.41),
294 nm (4.28); IR (KBr): ñmax =3427, 2929, 1716, 1604, 1498, 1360, 1219,
1130, 1032 cm�1; 1H NMR: see Table 1; 13C NMR: see Table 2; MS (EI):
m/z (%)=566 [M]+ (24), 535 (34), 172 (100), 144 (64), 103 (42), 91 (38);
MS (ESI+ ): m/z (%)=589 [M+Na]+ (60), 1155 [2M+Na]+ (100); MS
(ESI�): m/z (%)=611 [M+ ACHTUNGTRENNUNG(HCOO)]� (100); HRMS (EI): m/z calcd for
C31H38N2O8: 566.2628; found: 566.2619.


3 : Colorless crystals (MeOH). M.p.: 238–239 8C; ½a�20
D =�110.0 (c=0.110,


MeOH); CD (MeOH): l (De)=315 (0), 269 (�12.3), 232 (0), 221 nm
(+26.7m


�1 cm�1); UV/Vis (MeOH): lmax (loge)=206 (4.71), 262 nm
(3.75); IR (KBr): ñmax =3425, 2952, 2920, 2864, 1755, 1589, 1454, 1190,
1078, 1036, 993 cm�1; 1H NMR: see Table 1; 13C NMR: see Table 2; MS
(ESI+ ): m/z (%)=475 [M+H]+ (100); HRMS (ESI): m/z calcd for
C29H35N2O4: 475.2597; found: 475.2599.


4 : Colorless gum. ½a�20
D =�435.0 (c=0.110, MeOH); CD (MeOH): l


(De)=378 (0), 283 (�26.0), 256 (�4.7), 225 (�27.5), 217 (0), 210 nm
(+30.4m


�1 cm�1); UV/Vis (MeOH): lmax (loge): 205 (4.44), 288 nm (4.48);
IR (KBr): ñmax =3433, 2937, 1718, 1674, 1631, 1464, 1331, 1205, 1111,
1047 cm�1; 1H NMR: see Table 1; 13C NMR: see Table 2; MS (EI): m/z
(%)=538 [M]+ (48), 369 (100), 173 (24); HRMS (EI): m/z calcd for
C29H34N2O8: 538.2315; found: 538.2308.


5 : Colorless gum. ½a�20
D =�108.0 (c=0.060, MeOH); CD (MeOH): l


(De)=350 (0), 260 (�2.0), 245 (0), 227 (+8.3), 220 (0), 209 nm
(�17.6m


�1 cm�1); UV/Vis (MeOH): lmax (loge): 205 (4.41), 256 (3.74),
339 nm (2.09); IR (KBr): ñmax =3427, 2925, 1716, 1618, 1464, 1118, 1074,
752 cm�1; 1H NMR: see Table 1; 13C NMR: see Table 2; MS (EI): m/z
(%)=370 [M]+ (40), 354 (70), 323 (100), 194 (62), 122 (40); HRMS (EI):
m/z calcd for C21H26N2O4: 370.1893; found: 370.1895.


Oxidation of humantenine to 5 : 3-Chloroperbenzoic acid (12 mg) was
added to a stirred solution of humantenine (10 mg) in CHCl3 (2 mL) at
0 8C. The mixture was stirred at room temperature for 3 h and then
evaporated. The resulting yellow solid was subjected to purification with
silica-gel CC (CHCl3/MeOH=30:1) to give 5 (8 mg). Its ½a�20


D and
1H NMR spectroscopic data are identical to those of the natural product.


Crystal data for 1: C31H40N2O7·H2O, orthorhombic, space group P212121,
a=9.1725(8), b=11.4638(10), c=28.303 (2) Q, V=2976.2(4) Q3, Z=4,
Dcalcd =1.274 gcm�3, T=293 K, R=0.0724, Rw =0.0999. CCDC-664823 (1)
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre at www.ccdc.cam.ac.uk/data_request/cif.


Crystal data for 3 : C29H34N2O4, monoclinic, space group P21, a=


9.3014(10), b=11.7006(12), c=11.8697(12) Q, V=1191.5(2) Q3, Z=2,
Dcalcd =1.323 gcm�3, T=293 K, R=0.0512, Rw =0.0919. CCDC-664824 (3)
contains the supplementary crystallographic data for this papaer. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre at www.ccdc.cam.ac.uk/data_request/cif.
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Robust Tris-Cyclometalated Iridium ACHTUNGTRENNUNG(III) Phosphors with Ligands for
Effective Charge Carrier Injection/Transport: Synthesis, Redox,


Photophysical, and Electrophosphorescent Behavior


Guijiang Zhou,[a] Qi Wang,[b] Cheuk-Lam Ho,[a] Wai-Yeung Wong,*[a] Dongge Ma,*[b]


Lixiang Wang,[b] and Zhenyang Lin[c]


Introduction


Owing to their thin-film, high-contrast, light-weight, fast-re-
sponse, wide-view-angle and low-power attributes, organic
light-emitting diodes (OLEDs) have been well recognized in
recent years as one of the best flat-panel display technolo-
gies that are capable of meeting the most stringent demands
of future display applications. This area of research definite-
ly renders OLEDs highly competitive as compared with the
now-dominant liquid-crystal displays. So many researchers
have continued to devote their efforts to this frontier in
both academia and industry since the pioneering work from
Kodak in the late eighties.[1] The work generally covers the
search for new emissive and host materials within the red–
green–blue (RGB) color spectrum, optimization of device
structures for electroluminescence (EL) efficiency enhance-
ment, and best operational stabilities.[2] While the EL effi-
ciencies for devices based on the singlet-state fluorescent
materials are limited according to spin statistics, organic


Abstract: With the target to design and
develop new functionalized green trip-
let light emitters that possess distinc-
tive electronic properties for robust
and highly efficient phosphorescent or-
ganic light-emitting diodes (PHO-
LEDs), a series of bluish–green to
yellow–green phosphorescent tris-cy-
clometalated homoleptic iridium ACHTUNGTRENNUNG(III)
complexes [Ir ACHTUNGTRENNUNG(ppy-X)3] (X=SiPh3,
GePh3, NPh2, POPh2, OPh, SPh,
SO2Ph, Hppy=2-phenylpyridine) have
been synthesized and fully character-
ized by spectroscopic, redox, and pho-
tophysical methods. By chemically ma-
nipulating the lowest triplet-state char-
acter of IrACHTUNGTRENNUNG(ppy)3 with some functional


main-group 14–16 moieties on the
phenyl ring of ppy, a new family of
metallophosphors with high-emission
quantum yields, short triplet-state life-
times, and good hole-injection/hole-
transporting or electron-injection/elec-
tron-transporting properties can be ob-
tained. Remarkably, all of these IrIII


complexes show outstanding electro-
phosphorescent performance in multi-
layer doped devices that surpass that of


the state-of-the-art green-emitting
dopant IrACHTUNGTRENNUNG(ppy)3. The devices described
herein can reach the maximum exter-
nal quantum efficiency (hext) of 12.3%,
luminance efficiency (hL) of
50.8 cdA�1, power efficiency (hp) of
36.9 LmW�1 for [Ir(ppy-SiPh3)3],
13.9%, 60.8 cdA�1, 49.1 LmW�1 for
[Ir ACHTUNGTRENNUNG(ppy-NPh2)3], and 10.1%,
37.6 cdA�1, 26.1 Lm W�1 for [Ir(ppy-
SO2Ph)3]. These results provide a com-
pletely new and effective strategy for
carrier injection into the electrophos-
phor to afford high-performance PHO-
LEDs suitable for various display ap-
plications.


Keywords: electron transport ·
iridium · main group elements ·
phosphorescence · UV/Vis spectros-
copy
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phosphorescent metal complexes of heavy transition metals,
especially the cyclometalated iridiumACHTUNGTRENNUNG(III) congeners, pro-
vide a major breakthrough in the advancement of high-effi-
ciency phosphorescent OLEDs (PHOLEDs) as they can
harness both singlet and triplet excitons in the emission pro-
cess.[3]


Generally speaking, it was not until the discovery of meta-
lated phosphorophores that researchers began intensive in-
vestigations on white OLEDs (WOLEDs) as a practical
avenue towards thin-film solid-state lighting sources. For ex-
ample, the power efficiency should be about 10–15 LmW�1


for a conventional white-light incandescent lamp and a
power efficiency of 70 LmW�1 is required for a tube fluores-
cent lamp.[4] As a result, the development of highly efficient
organic phosphors of various colors becomes crucial for the
eventual success of WOLEDs. White-light emission can be
obtained by mixing three primary colors (R–G–B) in a
multi- or a single-layer structure from small molecules and/
or polymers.[4e,f,m,n] More recently, two-color systems involv-
ing complementary blue and orange or red light-emitters
can be employed to obtain a wide EL spectrum to mimic
the white light spectrum.[4i, 5] Many reported WOLEDs with
dual emission layers typically display an obvious valley in
the green-light region of their EL spectra,[4h,k,6] indicating
their poor color rendering index (CRI) especially for green-
colored objects viewed in white light. Although such a draw-
back can, in some instances, be partially tackled using the
emission tail from the blue-emitting component, a proper
green light emission would be highly beneficial for many
practical applications. So, a green-emitting layer consisting
of IrACHTUNGTRENNUNG(ppy)3 (Hppy=2-phenylpyridine) doped in a suitable
host was commonly inserted in WOLEDs to effectively
compensate for the green-light deficiency in the EL spectra
in order to obtain a better white-light chromaticity. These
devices usually show a more desirable white EL spectrum
with a high CRI.[6] Currently, much less attention has been
paid to the development of new green-emitting IrIII-based
phosphors relative to their blue[7] and orange/red[8] counter-
parts. Although there are numerous reports over the years
on using the benchmark IrACHTUNGTRENNUNG(ppy)3 green emitter in the
PHOLED field,[3b,9] relevant work on the facile functionali-
zation of green triplet emitters featuring specific charge car-
rier injection and transport character is still highly desirable
and challenging.[10,11] Some recent examples include the
work on IrIII complexes with a dendritic skeleton or those
with hole-injection/hole-transporting (HI/HT) moieties.[11]


However, to our knowledge, IrIII phosphors with electron-in-
jection/electron-transporting moieties (EI/ET), which are
equally vital for an improved balance in charge injection
and transport, are very scarce.[10f] It is well accepted that
nonmetallic main-group elements show distinct electronic
features according to their intrinsic nature. Furthermore, the
electronic character of some elements in these main groups,
such as P and S and so forth, can be altered dramatically by
suitable chemical modifications. So, we would expect to ob-
serve unique electronic properties for IrIII complexes by in-
tegrating these main-group moieties into the ligand frame-
works of these metallophosphors. Hence, we describe herein
an interesting series of small-molecule green-emitting IrIII


phosphors showing diverse electronic properties. Among
these complexes, the phenyl ring of ppy has been derivatized
by various distinctive main-group 14–16 moieties and their
excellent EL performance set them apart as very promising
green-emitting phosphorescent candidates for high-quality
green PHOLEDs and possibly for WOLEDs. Some of these
complexes also represent the first examples of metallophos-
phors with promising EI/ET properties.


Results and Discussion


Synthesis, Structural Characterization, and Theoretical
Calculations


Chemical structures and the synthetic protocols of the new
IrIII complexes [Ir ACHTUNGTRENNUNG(ppy-X)3] (X=SiPh3, GePh3, NPh2, POPh2,
OPh, SPh, SO2Ph) are shown in Scheme 1. As the key com-
pounds, the organic cyclometalating ligands were conven-
iently prepared by Stille coupling of 2-(tributylstannyl)pyri-
dine with the appropriate main-group element-bridged aryl
halides (see Scheme S1 in the Supporting Information). All
of the homoleptic complexes were synthesized in a single
step from the cyclometalation of [Ir ACHTUNGTRENNUNG(acac)3] (acac=acetyla-
cetonate) with the corresponding organic ligand in glycerol
at approximately 230 8C.[3g] These air-stable compounds were
isolated in high purity as pale yellow to orange-yellow solids
by column chromatography on silica gel with the proper
eluent.
All of the Ir compounds were fully characterized by


NMR spectroscopy and fast-atom-bombardment mass spec-
trometry (FAB-MS). 1H and 13C NMR data suggested that
the stereochemistry of these triply cyclometalated com-
plexes is that of facial isomers with inherent C3 symmetry
because the NMR chemical shifts observed in the three li-
gands were equivalent. In each case, the FAB-MS spectrum
reveals the respective parent-ion peak clearly. Presumably
owing to the amorphous nature of these compounds, so far,
all attempts to get single crystals have met with little success
except for Ir-SO2. The X-ray crystal structure of Ir-SO2 re-
veals the central Ir cation to be coordinated by three anionic
C^N ligands. The coordination around the Ir center consists
of the fac-IrACHTUNGTRENNUNG(C^N)3 chelate disposition arranged in a distort-
ed octahedron (Table 1, Figure 1 and Table S1 in the Sup-
porting Information).
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The X-ray crystallographic
results also provide valuable
structural information for the
computational studies of the
ground-state electronic proper-
ties of the molecule, which has
a close relationship with the
photophysical behavior. Based
on the crystal data of Ir-SO2, its
frontier orbital patterns were
obtained by theoretical compu-
tations, using the density func-
tional theory (DFT) method
(Figure 2). The highest occu-
pied molecular orbital
(HOMO) of Ir-SO2 is mainly
located on the t2g-d orbitals of
the iridium center (approxi-
mately 51.4%), while the main
contribution to the lowest unoc-
cupied molecular orbital
(LUMO) comes from the p-or-
bitals of the pyridyl ring in the
cyclometalating ligands. Fur-
thermore, our time-dependent
density functional theory (TD-
DFT) calculations show that
the S1


!S0 transitions corre-
spond to the HOMO!LUMO
transitions with a non-zero os-
cillator strength of 0.007 for the
transition (see Table S2 in the
Supporting Information). So
the lowest excited state in Ir-
SO2 shows strong metal-to-
ligand charge transfer (MLCT)
character.


Thermal and Photophysical
Properties


The thermal properties of these
new IrIII complexes were stud-


ied by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) under a nitrogen atmosphere
(Table 2). The main-group moieties such as arylsilanes are
expected to provide high thermal and chemical stability as
well as glassy properties when incorporated into the IrACHTUNGTRENNUNG(ppy)3
core.[13] The TGA results reveal excellent thermal stability
of the complexes and their 5% weight-loss temperatures
(DT5%) range from 384 to 487 8C. This data renders the ma-
terials suitable for the fabrication of PHOLEDs by using
the vacuum thermal deposition method. The slightly lower
thermal stability of Ir-S in the series might be ascribed to
the electron-rich nature of the sulfur atom towards oxidative
reactions. Thermally induced phase-transition behavior of
the molecules was also investigated with DSC technology.


Scheme 1. Synthesis of new phosphorescent homoleptic iridium ACHTUNGTRENNUNG(III) complexes.


Table 1. Selected structural parameters for Ir-SO2.


Bond Angles [8]


N(2)-Ir(1)-C(28) 79.39(10) C(45)-Ir(1)-N(2) 91.63(9)
C(28)-Ir(1)-C(11) 94.24(10) C(45)-Ir(1)-C(28) 94.49(10)
C(11)-Ir(1)-N(3) 89.68(9) C(45)-Ir(1)-C(11) 94.83(10)
N(3)-Ir(1)-N(2) 97.29(9) C(45)-Ir(1)-N(3) 79.28(9)


N(1)-Ir(1)-N(2) 94.42(9) N(2)-Ir(1)-C(11) 171.28(9)
N(1)-Ir(1)-C(28) 90.65(9) C(28)-Ir(1)-N(3) 172.92(8)
N(1)-Ir(1)-C(11) 79.59(9) N(1)-Ir(1)-C(45) 172.69(9)
N(1)-Ir(1)-N(3) 95.87(8)


Bond Lengths [M]
Ir(1)–N(1) 2.135(2) Ir(1)–N(2) 2.114(2) Ir(1)–N(3) 2.127(2)
Ir(1)–C(11) 2.006(2) Ir(1)–C(28) 2.011(3) Ir(1)–C(45) 2.002(2)
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DSC traces for all of the complexes showed no crystalliza-
tion or melting processes but only glass-transition behavior.
Each of them showed a very high glass-transition tempera-
ture (Tg) in excess of 157 8C and their highly amorphous
nature in the solid state can be attributed to the branched
and twisted configuration of the substituted main-group
moieties despite the relatively small ligand size of the com-
plexes. This favorable feature would afford new IrIII com-


plexes with improved compatibility between the phosphor
dopant and the organic small-molecule host for high-effi-
ciency PHOLED performance.
As shown in Figure 3a (see also Figure S2 in the Support-


ing Information), the UV/Vis spectra of the [Ir ACHTUNGTRENNUNG(ppy-X)3]
series exhibit two major absorption bands. The intense UV
bands (loge>4.0) are assigned to the spin-allowed S1


!S0
transitions of the organic chromophores (i.e. p–p* bands),


Figure 1. An ORTEP drawing of Ir-SO2 with thermal ellipsoids drawn at
25% probability level. Labels on the carbon atoms (except for those
bonded to Ir) and hydrogen atoms are omitted for clarity.


Figure 2. Plots of the HOMO (left) and LUMO (right) for Ir-SO2.


Table 2. Photophysical and thermal-stability data for the new homoleptic IrIII complexes.


Compound Absorption (293 K)
labs [nm]


[a]
Emission
lem [nm]
293 K/77 K


Fp
[b] tp [ms]


[c] tr [ms]
[d] kr [s


�1] knr [s
�1] DT5%/Tg


[oC][e]


Ir-Si 255 (4.65), 293 (4.73), 388 (4.03), 465 (3.41), 502 (2.94) 530/527 0.48 0.11 0.23 4.4O106 4.7O106 447/165
Ir-Ge 253 (4.69), 291 (4.76), 388 (4.07), 465 (3.40), 502 (2.75) 525/521 0.53 0.11 0.21 4.8O106 4.3O106 435/163
Ir-N 262 (4.76), 269 (4.72), 320 (4.56), 367 (4.60), 399 (4.58), 450 (3.87) 528/526 0.13 0.10 0.77 1.3O106 8.7O106 450/157
Ir-PO 247 (4.66), 287 (4.71), 384 (3.95), 471 (3.22), 503 (2.83) 525/527 0.70 0.18 0.26 3.9O106 1.7O106 451/183
Ir-O 243 (4.65), 290 (4.77), 364 (4.09), 400 (3.97), 476 (2.83) 497/494 0.57 0.10 0.18 5.7O106 4.3O106 441/166
Ir-S 251 (4.76), 289 (4.67), 322 (4.63), 376 (4.25), 423 (3.86), 499 (2.70) 520/517 0.42 0.15 0.34 2.8O106 3.9O106 384/161
Ir-SO2 247 (4.66), 285 (4.81), 388 (4.00), 473 (3.26), 506 (2.57) 527/532 0.91 0.25 0.27 3.6O106 3.6O106 487/170


[a] Measured in CH2Cl2 at a concentration of 10
�5


m and loge values are shown in parentheses. sh= shoulder. [b] In degassed CH2Cl2 relative to fac-[Ir-
ACHTUNGTRENNUNG(ppy)3] (Fp=0.40), lex=360 nm. [c] Measured in freeze–pump–thaw degassed CH2Cl2 solutions at a sample concentration of approximately 10


�5
m and


the excitation wavelength was set at 355 nm for all of the samples at 293 K. [d] The triplet radiative lifetimes were deduced from tr=tP/FP. [e] DT5% is
the 5% weight-loss temperature and Tg is the glass transition temperature.


Figure 3. a) UV/Vis and b) PL spectra of the iridium complexes in
CH2Cl2 at 293 K. &: Ir-Si, &: Ir-Ge, *: Ir-N, *: Ir-PO, !: Ir-O, ^: Ir-S, ":
Ir-SO2.
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which are located below 300 nm for all of the complexes
except for Ir-N and Ir-S. The latter two complexes show the
S1


!S0 transitions at much lower energies (approximately
322 nm for Ir-S and 399 nm for Ir-N), attributable to the
strongly electron-donating properties of the attached main-
group moieties. The weaker, low-energy features for these
IrIII complexes result from both 1MLCT !S0 and
3MLCT !S0 transitions. The oscillator strength of
3MLCT !S0 transition is close to that of the lower-energy
featured 1MLCT !S0 (less than a factor of two in their ex-
tinction coefficients for the two MLCT bands (Ta-
ble 2)),[3g,15b] indicating that the 3MLCT !S0 transition is
strongly allowed by a significant singlet-triplet state mixing
owing to the spin-orbit coupling induced by the heavy Ir
metal. Although each of the compounds Ir-Si, Ir-Ge, Ir-PO,
and Ir-SO2 gives a similar major


1MLCT !S0 transition band
centered at approximately 390 nm, there is a slight batho-
chromic shift for the weaker 3MLCT !S0 transition for Ir-
PO and Ir-SO2 as compared with that of Ir-Si and Ir-Ge. As
the S atom is more polarizable than the O atom, this would
result in an enhanced conjugative effect[14] and therefore Ir-
S shows a red shift in both 1MLCT !S0 and 3MLCT !S0
transition bands with reference to those from Ir-O. Ir-N
shows the MLCT band at the lowest energies (as a shoulder
at approximately 450 nm), which can be rationalized from
the fact that the strongly electron-donating NPh2 substituent
in Ir-N destabilizes the HOMO level by the mesomeric
effect.
Under UV light irradiation at 360 nm, all of the homolep-


tic Ir complexes emit intense bluish-green to yellow-green
phosphorescence. The spectra of [Ir ACHTUNGTRENNUNG(ppy-X)3] and IrACHTUNGTRENNUNG(ppy)3
have virtually identical shapes, indicating that the same ex-
cited and/or ground states were involved in the phosphores-
cent transitions. The structureless pattern of the photolumi-
nescence (PL) spectra is suggestive of their predominantly
MLCT character for the lowest excited triplet states in these
complexes at 293 K (Figure 3b), which is also confirmed by
the DFT results (Figure 2). Relative to the parent complex
IrACHTUNGTRENNUNG(ppy)3 (lem~510 nm), it is obvious that Ir-N exhibits a
longer emission wavelength (approximately 528 nm) as it
contains the cyclometalating ligands anchored with NPh2
groups, which can push up the HOMO energy by electron
donation. Consistent with the absorption features, the emis-
sion band of Ir-S is bathochromically shifted from Ir-O (ap-
proximately 520 nm versus 497 nm for Ir-O) owing to the
lower MLCT energy states of Ir-S than Ir-O. The OPh
moiety, with little participation expected in both the
HOMOs and LUMOs in Ir-O, cannot offer a good electron
sink for the stabilization of MLCT states, thus raising the
LUMO level through its inherent good p-donating ability
with the phenyl ring to which it is attached, and causing a
blue-shift in emission for Ir-O relative to Ir ACHTUNGTRENNUNG(ppy)3. For the
four phosphors Ir-Si, Ir-Ge, Ir-PO, and Ir-SO2, they also
show emission maxima in the green region (525–530 nm),
signaling their close MLCT energy states. However, we note
that there are different mechanisms for the red shifts in the
MLCT emission energies among the complexes in the series


as compared with that of IrACHTUNGTRENNUNG(ppy)3. According to the tradi-
tional color-tuning strategy reported in the literature,[15] the
emission maximum of an IrIII cyclometalated complex typi-
cally shows a hypsochromic shift when an electron-with-
drawing group (such as F) is introduced to the phenyl ring
of ppy. In contrast, our new complexes Ir-PO and Ir-SO2,
each consisting of an electron-withdrawing group on the
phenylpyridine moiety, display the opposite trend and emit
at longer wavelengths of approximately 525 and 527 nm, re-
spectively, than IrACHTUNGTRENNUNG(ppy)3. It is our contention that the induc-
tively electron-withdrawing POPh2 and SO2Ph moieties can
somehow act as the destination for electrons in the MLCT
processes and stabilize the MLCT states accordingly. The
way Ir-SO2 behaves is quite similar to that observed in some
pentafluorophenyl-substituted Ir complexes in which the in-
corporation of an electron-withdrawing pentafluorophenyl
group to the ppy ring and the position of substitution can be
used to tune the emission color.[10f] Consistent with previous
observations on some aromatic systems with POPh2 moiet-
ies,[16] the strong inductive-withdrawing influence of the
polar P=O group in Ir-PO was shown to significantly lower
the LUMO energy, thus red shifting the emission relative to
IrACHTUNGTRENNUNG(ppy)3. Saliently, we present herein an interesting color-
tuning method in IrIII complexes, which contrasts with the
well-documented protocols. The apparent p-accepting abili-
ties of SiPh3 and GePh3 are mainly responsible for the
longer emission wavelengths for Ir-Si and Ir-Ge (approxi-
mately 530 and 525 nm, respectively) than Ir ACHTUNGTRENNUNG(ppy)3. Arising
from the weaker p-bonding ability of the O atoms in the
acetylacetonate (acac�) ligand compared with ppy,[17] this
new color-tuning venture would be expected to be even
more effective for the corresponding heteroleptic series [Ir-
ACHTUNGTRENNUNG(ppy-X)2ACHTUNGTRENNUNG(acac)].


[11f]


The phosphorescent quantum yields (Fp) for all of the
new triplet emitters were also measured in CH2Cl2 against
the Ir ACHTUNGTRENNUNG(ppy)3 standard (Table 2). Most of them show high Fp


(0.42–0.57 for Ir-Si, Ir-Ge, Ir-O, and Ir-S ; 0.70–0.91 for Ir-
PO and Ir-SO2), which are probably attributed to the
branched and dendritic architecture that can shield the
emission center against undesirable nonradiative pathways.
The exceptionally high Fp values for Ir-PO and Ir-SO2


might be attributed to the presence of electron-withdrawing
groups that can facilitate the formation of MLCT states in
both complexes. This clearly demonstrates the merit of in-
troducing electron-withdrawing moieties to the Ir ACHTUNGTRENNUNG(ppy)3
emissive core to afford the highly efficient phosphorescent
Ir complexes that are desirable for high-performance PHO-
LEDs. The observed phosphorescence lifetimes, tP, have a
magnitude of about 0.10–0.25 ms, which are much shorter
than that of the reference compound IrACHTUNGTRENNUNG(ppy)3 (tP ~0.5 ms). It
is widely accepted that a longer lifetime of a phosphorescent
emitter would cause severe triplet–triplet annihilation, espe-
cially at high current density. Thus, this detrimental issue in
many PHOLEDs is likely to be relieved with the inclusion
of these main-group moieties. Accordingly, the radiative life-
times (tr) of the triplet excited state deduced from tr= tP/FP


are as short as 0.18–0.77 ms,[3f] which correlates well with the
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unusually large extinction coefficients of the 3MLCT bands.
The triplet radiative and nonradiative rate constants, kr and
knr, can be derived from FP and tP using the relationships
FP=FISCACHTUNGTRENNUNG{kr/ ACHTUNGTRENNUNG(kr + knr)} and tP= (kr + knr)


�1. Here, FISC is
the intersystem-crossing yield which can be safely assumed
to be 1.0 for iridium complexes because of the strong spin–
orbit coupling interaction caused by the heavy-atom effect
of iridium. It is found that the kr value, in the order of
106 s�1 for our [IrACHTUNGTRENNUNG(ppy-X)3] complexes, is larger than that
found for IrACHTUNGTRENNUNG(ppy)3 (8.0O10


5 s�1). This would be advanta-
geous to the molecular design of highly efficient devices
based on light-energy harvesting from the triplet excitons.
All of the IrIII complexes are also strongly phosphorescent


in glass matrices at 77 K (Figure S3 in the Supporting Infor-
mation). Typical of other similar IrIII complexes,[4b] the PL
spectra display more structured spectral profiles upon cool-
ing the solutions to 77 K, which suggest the involvement of
some ligand-centered character.


Redox Properties


The electrochemical properties of our materials were inves-
tigated by cyclic voltammetry (CV) by using ferrocene as
the internal standard. The results are listed in Table 3 and
presented in Figure 4. The Ir complexes with main-group 14
moieties Ir-Si and Ir-Ge show very similar redox behavior
(E1/2


ox 0.23 and 0.24 V; E1/2
red �2.88 V), rendering them with


very similar HOMO and LUMO levels. As compared with
the data of Ir ACHTUNGTRENNUNG(ppy)3 measured under identical experimental
conditions (HOMO �5.08 eV and LUMO �1.91 eV, close to
the reported data[18]), the addition of the main-group 14
moieties would not influence the energy of the LUMO level
much but the HOMO energy is slightly elevated owing to
the larger p-conjugation length of their ligands relative to
the neat ppy. Although it is known that the aromatic silyl
systems can show high-electron-affinity properties to some
extent,[19] the reduction wave in the CV scan of Ir-Si and Ir-
Ge should be assigned to the reduction of the strongly elec-
tron-deficient pyridyl moiety in their ligands as Ir-Si and Ir-
Ge show almost the same LUMOs to that of IrACHTUNGTRENNUNG(ppy)3.
Owing to the addition of electron-rich diphenylamino
groups, Ir-N is much easier to be oxidized (E1/2


ox 0.15 V) and


shows an elevated HOMO level (approximately �4.95 eV)
relative to IrACHTUNGTRENNUNG(ppy)3, which will facilitate the hole injection to
the complex. The electron-rich ligand also makes Ir-N much
more difficult to be reduced (E1/2


red �2.99 V), leading to a
much higher LUMO (approximately �1.81 eV). With the in-
ductively electron-withdrawing POPh2 and SO2Ph moieties,
Ir-PO and Ir-SO2 are readily reduced and give the first
E1/2


red of �2.56 and �2.32 V, respectively, which should be
ascribed to the reduction of POPh2 and SO2Ph. Compared
with that of IrACHTUNGTRENNUNG(ppy)3 (E1/2


red �2.89 V), the higher reduction
potentials for Ir-PO and Ir-SO2 indicate their lower LUMO
energies (�2.24 eV for Ir-PO and �2.48 eV for Ir-SO2 ;
Figure 4), favoring the EI/ET character. Therefore, Ir-PO
and Ir-SO2 provide the first examples of green-emitting Ir


III


phosphors with promising EI/ET features. The other reduc-
tion waves at the more negative potentials for Ir-PO and Ir-
SO2 are owing to the reduction of the pyridyl ring. Likewise,
Ir-PO and Ir-SO2 are more difficult to be oxidized as com-
pared with IrACHTUNGTRENNUNG(ppy)3 and related derivatives. They have
higher oxidation potentials (E1/2


ox 0.45 V and 0.65 V, respec-
tively), which would not promote HI/HT. In general, the HI/
HT feature is quite common in iridium complexes as many
of them possess p-conjugated organic ligands, which would
make the EI/ET unlikely. As a result, the relatively poorer
HI/HT properties of Ir-PO and Ir-SO2 together with their
good potentials in EI/ET would offer a more balanced carri-
er injection to Ir-PO and Ir-SO2, which would be an added
advantage to the overall performance of PHOLEDs pre-
pared with these two emitters. Ir-O and Ir-S, possessing
main-group 16 moieties, show almost identical first oxida-
tion potentials, but Ir-S gives a lower LUMO level. Ir-S,
with a smaller HOMO–LUMO gap, gives a longer emission
wavelength than Ir-O (Table 2). All of the oxidation and re-
duction processes of the complexes are quasi-reversible and
such a good reversibility in their electrochemical behavior
will be beneficial to the overall stability of the PHOLEDs
based on these Ir dopants.


Table 3. Redox properties of the new iridium ACHTUNGTRENNUNG(III) complexes.


Compound E1/2
ox [V] E1/2


red [V] HOMO
[eV]


LUMO
[eV]


Ir-Si 0.23 �2.88 �5.03 �1.92
Ir-Ge 0.24 �2.88 �5.04 �1.92
Ir-N 0.15,


0.47
�2.99 �4.95 �1.81


Ir-PO 0.45,
0.59


�2.56, �2.82 �5.25 �2.24


Ir-O 0.35 �2.83, �3.01 �5.15 �1.97
Ir-S 0.35 �2.68, �2.86,


�3.02
�5.15 �2.12


Ir-SO2 0.65,
0.85


�2.32, �2.55,
�2.72


�5.45 �2.48


Ir ACHTUNGTRENNUNG(ppy)3 0.28 �2.89 �5.08 �1.91


Figure 4. Cyclic voltammograms for the seven iridium ACHTUNGTRENNUNG(III) complexes.
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Fabrication and Characterization of PHOLEDs


All of the IrIII complexes readily sublime under vacuum,
which should be amenable to thermally evaporated OLED
device fabrication. Inspired by the high FP and good carrier-
injection or -transporting (i.e., EI/ET and HI/HT) properties
of these triplet emitters, we have prepared doped PHO-
LEDs by the high-vacuum deposition method. Figure 5 de-


picts the general structures for the electrophosphorescent
devices and the molecular structures of the compounds em-
ployed. Owing to its ambipolar charge-carrier-transporting
properties and suitable triplet level, 4,4’-N,N’-dicarbazolebi-
phenyl (CBP) is used as the carrier combination host for
our phosphors. 4,4’-Bis[N-(1-naphthyl)-N-phenylamino]bi-
phenyl (NPB) serves as a hole-transport layer, 2,9-dimethyl-
4,7-diphenyl-1,10-phenanthroline (BCP) as a hole-blocker,
tris(8-hydroxyquinolinato)aluminum (Alq3) as an electron
transporter, and LiF as an electron-injection layer. All of
the devices consist of the multilayer configuration ITO/NPB
(40 nm)/x% Ir:CBP (20 nm)/BCP (10 nm)/Alq3 (30 nm)/
LiF:Al (1:100 nm). To optimize the device efficiency, con-
centration-dependence experiments were carried out in the
range of 4–10 wt%. All of the devices give intense bluish–
green to yellow–green EL spectra. The close resemblance of
the EL spectra with the PL spectra in each case indicates
that the EL originates from the triplet states of the phos-
phor (Figure 6). None of the EL spectra displayed excimer
emission at longer wavelengths, revealing that the main-
group substituents in [IrACHTUNGTRENNUNG(ppy-X)3] frustrated the inter-chro-


mophoric interactions at all of the doping ratios tested. No
obvious emission from CBP or Alq3 is visible from each
device even at high current densities, which suggests an effi-
cient energy transfer from the host exciton to the phosphor
molecule upon electrical excitation and the effective hole-
blocking effect of BCP. Table 4 summarizes some EL data
for the devices at various phosphor-doping levels (also see
Table S3 in the Supporting Information). The devices A1–
A4 and B1–B4 prepared from Ir-Si and Ir-Ge show compa-
rable device performance. Device A2 at the 6 wt% Ir-Si
doping level gives the peak EL performance with a low
turn-on voltage (Vturnon) of 3.9 V, a maximum brightness
(Lmax) of 48333 cdm


�2 at 15.3 V, a peak external quantum
efficiency (hext) of 12.3%, a luminance efficiency (hL) of
50.8 cdA�1, and a power efficiency (hp) of 36.9 LmW�1.
With a similar EL capacity to that of device A2, device B3
at the 8 wt% Ir-Ge doping level shows the highest EL effi-
ciencies of 13.4%, 48.4 cdA�1, and 32.6 LmW�1. This device
turns on at 3.9 V and its light output can reach 48567 cdm�2


at 14.1 V. The high EL efficiencies can reasonably be corre-
lated to the sufficient steric hindrance of the triphenyl silyl
and triphenyl germyl groups to protect typical reactive cen-
ters. The device C3 prepared from Ir-N (8 wt%) with HI/
HT character shows an even more attractive performance
(hext of 13.9%, hL of 60.8 cdA


�1, hp of 49.1 LmW
�1, Lmax of


48576 cdm�2 at 12.3 V, and Vturnon of 3.3 V). We observe
that the devices F1–F4 doped with Ir-S show a much better
EL performance than that of devices E1–E4 based on Ir-O.
For Ir-S, device F3 gives the best EL data as indicated by
hext of 12.5%, hL of 45.9 cdA


�1, hp of 35.0 LmW
�1, Lmax of


48318 cdm�2 at 12.1 V, and Vturnon of 3.5 V. Device E3 turns
on at 3.9 V but it only exhibits hext of 8.9%, hL of
26.6 cdA�1, hp of 18.1 LmW


�1, and Lmax of 38561 cdm
�2 at


14.7 V. Electrophosphors featuring EI/ET functions (Ir-PO
and Ir-SO2) can also afford devices with encouraging perfor-
mance, presumably because they can somehow balance the
electrons with the greater number of holes in the host.
Device D2 (6 wt% Ir-PO) can still show the peak EL effi-
ciencies at hext of 9.7%, hL of 34.2 cdA


�1, hp of 23.6 LmW
�1,


Figure 5. The general configuration for the electrophosphorescent OLED
devices and the molecular structures of the relevant compounds used in
these devices.


Figure 6. EL spectra for some of the best devices at 8 V. &: Device A2, &:
Device B3, *: Device C3, *: Device D2, !: Device E3, ^: Device F3, ":
Device G2.
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and Lmax of 47994 cdm
�2 at 13.5 V. Device G2 (6 wt% Ir-


SO2), which exhibits hext of 10.1%, hL of 37.6 cdA
�1, hp of


26.1 LmW�1, and Lmax of 48185 cdm
�2 at 12.3 V, slightly out-


performs that of device D2. To the best of our knowledge,
devices D1–D4 and G1–G4 provide the first examples of
green-emitting PHOLEDs with EI/ET properties. Represen-
tative current-density–voltage–luminance (J-V-L) character-
istics and the efficiency versus current-density relationship
of devices A2, C3, F3, and G2 are shown in Figure 7 (also
see Figures S4–S10 in the Supporting Information). Remark-
ably, the efficiency roll off at high current densities is not
very severe in most of our devices, implying that the triplet–
triplet annihilation effect is not very significant. This desira-
ble character of the PHOLEDs might be attributed to the
short tp of the phosphors and their sterically congested
structure, which effectively blocks the non-emissive path-


ways provided by various intermolecular excited-state inter-
actions. Notably, other factors such as carrier recombination
and emission width would also control the roll-off character-
istics.[20]


There are many reports about high-efficiency IrACHTUNGTRENNUNG(ppy)3-
based green-emitting PHOLEDs. Those with a similar con-
figuration as our devices only show peak efficiencies hext of
8.0%, hL of 28.0 cdA


�1, and hp of 31.0 LmW
�1.[3b] After Ir-


ACHTUNGTRENNUNG(ppy)3 is doped into an electron-transporting host, the
power efficiency of the PHOLEDs can reach
40.0 LmW�1.[9b] When new starburst perfluorinated phenyl-
enes and 4,4’,4’’-tris(N-carbazolyl)triphenylamine were em-
ployed as both the exciton-blocking and host materials, re-
spectively, the maximum efficiencies of the IrACHTUNGTRENNUNG(ppy)3-based
PHOLEDs can reach hext of 19.2% and hp of 70 LmW


�1.[9a]


However, the high performance of the PHOLEDs in these


Table 4. The EL performance of the PHOLEDs based on [Ir ACHTUNGTRENNUNG(ppy-X)3].
[a]


Device Phosphor
dopant


Vturnon


[V]
Luminance L
ACHTUNGTRENNUNG[cdm�2][b]


hext
[%][b]


hL
ACHTUNGTRENNUNG[cdA�1][b]


hp
ACHTUNGTRENNUNG[LmW�1][b]


lmax
[nm][c]


A1 Ir-Si (4 wt%) 3.9 48312 (14.9) 9.80 (7.1) 40.60 (7.1) 18.98 (5.1) 531 (0.36, 0.60)
A2 Ir-Si (6 wt%) 3.9 48333 (15.3) 12.26 (4.9) 50.79 (4.9) 36.93 (4.1) 531 (0.36, 0.60)
A3 Ir-Si (8 wt%) 4.1 48554 (14.9) 11.22 (5.5) 46.49 (5.5) 28.51 (4.9) 531 (0.36, 0.60)
A4 Ir-Si (10 wt%) 3.9 48290 (15.3) 10.77 (4.9) 44.62 (4.9) 29.87 (4.5) 531 (0.36, 0.60)


B1 Ir-Ge (4 wt%) 4.1 48530 (14.3) 10.06 (4.9) 36.47 (4.9) 24.26 (4.7) 527 (0.37, 0.56)
B2 Ir-Ge (6 wt%) 4.1 48566 (14.7) 13.31 (4.7) 48.25 (4.7) 33.89 (4.3) 527 (0.37, 0.56)
B3 Ir-Ge (8 wt%) 3.9 48567 (14.1) 13.36 (4.7) 48.44 (4.7) 32.56 (4.3) 527 (0.37, 0.56)
B4 Ir-Ge (10 wt%) 4.1 48460 (13.5) 12.84 (4.7) 46.57 (4.7) 30.16 (4.5) 527 (0.37, 0.56)


C1 Ir-N (4 wt%) 3.5 48231 (12.7) 10.13 (4.9) 44.20 (4.9) 30.66 (4.3) 531 (0.32, 0.66)
C2 Ir-N (6 wt%) 3.3 48444 (12.9) 13.13 (4.3) 57.27 (4.3) 44.21 (3.9) 531 (0.32, 0.66)
C3 Ir-N (8 wt%) 3.3 48576 (12.3) 13.93 (4.1) 60.76 (4.1) 49.05 (3.5) 531 (0.32, 0.66)
C4 Ir-N (10 wt%) 3.3 48348 (12.5) 10.81 (4.7) 47.16 (4.7) 34.48 (3.7) 531 (0.32, 0.66)


D1 Ir-PO (4 wt%) 3.7 37001 (13.9) 8.84 (4.1) 31.24 (4.1) 25.04 (3.9) 528 (0.37, 0.57)
D2 Ir-PO (6 wt%) 3.5 47994 (13.5) 9.67 (4.7) 34.23 (4.7) 23.64 (4.3) 531 (0.39, 0.58)
D3 Ir-PO (8 wt%) 3.5 47969 (13.7) 9.50 (6.7) 33.57 (6.7) 24.32 (4.1) 532 (0.40, 0.58)
D4 Ir-PO (10 wt%) 3.5 47328 (13.7) 7.93 (7.9) 28.02 (4.7) 15.88 (7.9) 532 (0.40, 0.57)


E1 Ir-O (4 wt%) 3.7 31567 (14.3) 6.20 (7.7) 18.48 (7.7) 8.64 (5.7) 496 (0.20, 0.60)
E2 Ir-O (6 wt%) 3.7 28256 (14.1) 7.19 (4.9) 21.42 (4.9) 14.66 (4.5) 496 (0.20, 0.60)
E3 Ir-O (8 wt%) 3.9 38561 (14.7) 8.92 (5.1) 26.59 (5.1) 18.10 (4.5) 4496 (0.20, 0.60)
E4 Ir-O (10 wt%) 3.9 38561 (14.7) 8.22 (5.3) 24.50 (5.3) 16.64 (4.3) 496 (0.20, 0.60)


F1 Ir-S (4 wt%) 3.5 45393 (12.3) 9.28 (4.5) 34.17 (4.5) 23.88 (4.3) 518 (0.35, 0.61)
F2 Ir-S (6 wt%) 3.5 48359 (12.3) 11.05 (4.1) 40.70 (4.1) 31.17 (4.1) 519 (0.34, 0.62)
F3 Ir-S (8 wt%) 3.5 48318 (12.1) 12.46 (4.3) 45.90 (4.3) 35.01 (4.1) 520 (0.35, 0.62)
F4 Ir-S (10 wt%) 3.3 48192 (11.9) 12.36 (4.5) 45.54 (4.5) 32.86 (4.3) 521 (0.35, 0.61)


G1 Ir-SO2 (4 wt%) 3.7 48574 (11.9) 9.81 (5.3) 36.50 (5.3) 23.25 (4.7) 529 (0.37, 0.59)
G2 Ir-SO2 (6 wt%) 3.5 48185 (12.3) 10.12 (4.9) 37.63 (4.9) 26.05 (4.3) 529 (0.37, 0.59)
G3 Ir-SO2 (8 wt%) 3.3 48501 (11.7) 9.14 (5.1) 33.99 (5.1) 22.35 (4.5) 529 (0.37, 0.59)
G4 Ir-SO2 (10 wt%) 3.3 48582 (12.3) 7.86 (5.1) 29.23 (5.1) 18.60 (4.3) 529 (0.37, 0.59)


R1[d] IrACHTUNGTRENNUNG(ppy)3 (6 mol%) – – 10.0 – 32.0 (3.5) –
R2[e] IrACHTUNGTRENNUNG(ppy)3 (6 wt%) 3.1 ~70000 (11.0) 8.0 28.0 31.0 (3.0) 510 (0.27, 0.63)
R3[f] IrACHTUNGTRENNUNG(ppy)3 (7 wt%) – – 9.0, 15.4 – 40.0 –


[a] Some representive EL data of Ir ACHTUNGTRENNUNG(ppy)3 with a similar device structure reported in the literature are also included. [b] Maximum values of the devices.
Values in parentheses are the voltages at which they were obtained. [c] Values were collected at 8 V and CIE coordinates (x, y) are shown in parentheses.
[d] Results reported in Ref. [9a] with a similar device structure. [e] Results reported in Ref. [3b] with a similar device structure. [f] Results reported in
Ref. [9b], and the higher hext and hp values are obtained from the optimized device structure by using the host showing electron-transporting properties.
The lower hext value corresponds to the data from the device with CBP as the host.
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cases came mainly from the advance of new exciton-block-
ing and host materials, whereas the PHOLEDs with BCP as
the exciton-block material and CBP as the host showed the
peak efficiencies with hext of approximately 10.0% and hp of


approximately 32.0 LmW�1.[9a] It can be seen that most of
our devices that use IrIII dopants with effective charge-carri-
er-trapping moieties, show much higher EL efficiencies than
state-of-the-art devices under the same device configuration.


Figure 7. The J–V–L curves and the efficiency versus current-density relationship for a) Device A2, b) Device C3, c) Device F3, d) Device G2. &: L, &: J,
*: hext, *: hL, !: hp.
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This is in line with the reported results for the better EL
performance of [Ir ACHTUNGTRENNUNG(ppy-NPh2)2ACHTUNGTRENNUNG(acac)] over [IrACHTUNGTRENNUNG(ppy)2ACHTUNGTRENNUNG(acac)]
owing to the attachment of the hole-trapping NPh2 moiety
to the parent [Ir ACHTUNGTRENNUNG(ppy)2ACHTUNGTRENNUNG(acac)].


[11c] This indicates the great
potential of our robust green phosphors in the realization of
monochromatic and white-light OLEDs.


Conclusions


To investigate an effective method for carrier injection into
and charge trapping in the metal phosphor of organic elec-
trophosphorescent devices, we have synthesized a new class
of green-emitting iridium ACHTUNGTRENNUNG(III) electrophosphors that exhibit
highly efficient phosphorescence through a rational design
with main-group 14–16 main-group moieties as the pendant
antennas. This new strategy would confer the desirable HI/
HT or EI/ET character to these phosphorescent metal com-
plexes. Owing to their unique charge-injection and transport
properties, they are promising emitters for robust EL devi-
ces with maximum EL performance at hext of 13.9%, hL of
60.8 cdA�1, and hp of 49.1 LmW


�1, which is superior to that
of Ir ACHTUNGTRENNUNG(ppy)3. These metalated materials should have great po-
tential to excel in the development of green-emitting PHO-
LEDs and the relevance of these green phosphors in
WOLEDs is under intensive study. Further device-optimiza-
tion studies are ongoing in our laboratories.


Experimental Section


General Information


All reactions were performed under a nitrogen atmosphere. Solvents
were carefully dried and distilled from appropriate drying agents prior to
use. Commercially available reagents were used without further purifica-
tion unless otherwise stated. All reactions were monitored by TLC with
Merck pre-coated glass plates. Flash column chromatography and prepa-
rative TLC were carried out by using silica gel from Merck (230–
400 mesh). Fast atom bombardment (FAB) mass spectra were recorded
on a Finnigan MAT SSQ710 system. Proton, 13C{1H} and 31P{1H} NMR
spectra were measured in CDCl3 on a Varian Inova 400 MHz or JEOL
GX270 FT-NMR spectrometer and chemical shifts are quoted relative to
tetramethylsilane.


Physical Measurements


UV/Vis spectra were obtained on an HP-8453 diode array spectropho-
tometer. The photoluminescent properties of the compounds were exam-
ined by using a Photon Technology International (PTI) Fluorescence
QuantaMaster Series QM1 system. The phosphorescence quantum yields
were determined in CH2Cl2 solutions at 293 K against fac-Ir ACHTUNGTRENNUNG(ppy)3 stan-
dard (FP=0.40).[21] For phosphorescence-lifetime measurements, samples
were prepared in CH2Cl2 solutions and were degassed through at least
three freeze–pump–thaw cycles on a grease-free, turbo-pumped, high-
vacuum line to a pressure of approximately 5O10�5 Torr in each cycle.
Phosphorescence lifetimes were measured in degassed CH2Cl2 with a
Lecroy Wave Runner 6100 digital oscilloscope using the third harmonic
of a Nd:YAG laser (l=355 nm, pulse width=8 ns) as the excitation
source (Spectra-Physics Quantum-Ray). The decay curves were analyzed
by using a Marquardt-based nonlinear least-squares fitting routine and
were shown to follow a single-exponential function in each case accord-
ing to I= I0+Aexp ACHTUNGTRENNUNG(�t/t). The associated error with measured lifetimes is


�5%. Electrochemical measurements were made using a Princeton Ap-
plied Research model 273 A potentiostat at a scan rate of 100 mVs�1. A
conventional three-electrode configuration consisting of a glassy carbon
working electrode, a Pt-sheet counter electrode, and a Pt-wire reference
electrode was used. The supporting electrolyte was 0.1m [Bu4N]PF6 in
THF. Ferrocene was added as a calibrant after each set of measurements,
and all potentials reported were quoted with reference to the ferrocene–
ferrocenium (Fc/Fc+) couple (taken as E1/2=++0.27 V relative to the ref-
erence electrode). The oxidation (Eox) and reduction (Ered) potentials
were used to determine the HOMO and LUMO energy levels by using
the equations EHOMO=� ACHTUNGTRENNUNG(Eox+4.8) eV and ELUMO=� ACHTUNGTRENNUNG(Ered+4.8) eV, which
were calculated by using the internal-standard ferrocene value of
�4.8 eV with respect to the vacuum level.[22] Thermal analyses were per-
formed with Perkin–Elmer Pyris Diamond DSC and Perkin–Elmer
TGA6 thermal analyzers at a scan rate of 20 8Cmin�1.


General Procedure for the Synthesis of Iridium Complexes


Under a N2 atmosphere, each appropriate cyclometalating ligand and ap-
proximately 0.25 equiv of [IrACHTUNGTRENNUNG(acac)3] were heated to 230 8C in glycerol for
18 h. Then the reaction mixture was cooled to room temperature and
water was added. After extraction with CH2Cl2, the organic phase was
dried over MgSO4 and the solvent was then removed under reduced pres-
sure. The residue was obtained as a crude product, which was chromato-
graphed on a silica column by using an appropriate eluent to produce a
pure sample of each of the title iridium complexes in approximately 15–
20% overall yields after solvent evaporation and drying.


Ir-Si : Yield: 20%; yellow solid. 1H NMR (270 MHz, CDCl3): d=7.77 (d,
J=8.1 Hz, 3H, Ar), 7.62 (d, J=5.4 Hz, 3H, Ar), 7.58–7.52 (m, 3H, Ar),
7.33 (d, J=7.8 Hz, 3H, Ar), 7.21–7.13 (m, 30H, Ar), 7.01–6.95 (m, 18H,
Ar), 6.82–6.74 ppm (m, 6H, Ar); 13C NMR (67.5 MHz, CDCl3): d=


166.61, 159.34, 147.53, 144.64, 144.55, 136.15, 135.61, 135.18, 134.07,
128.66, 127.73, 127.38, 123.01, 121.84, 118.80 ppm; FAB-MS (m/z): 1429
[M]+ ; elemental analysis calcd (%) for C87H66IrN3Si3: C 73.07, H 4.65,
N 2.94; found: C 72.96, H 4.42, N 2.78.


Ir-Ge : Yield: 18%; pale yellow solid. 1H NMR (400 MHz, CDCl3): d=


7.77 (d, J=8.1 Hz, 3H, Ar), 7.61 (d, J=5.1 Hz, 3H, Ar), 7.55–7.49 (m,
3H, Ar), 7.38 (d, J=7.6 Hz, 3H, Ar), 7.19–7.08 (m, 30H, Ar), 7.05–6.97
(m, 18H, Ar), 6.81–6.75 ppm (m, 6H, Ar); 13C NMR (67.5 MHz, CDCl3):
d=166.47, 159.93, 147.33, 143.99, 143.45, 137.03, 136.40, 135.56, 135.07,
128.11, 127.67, 126.52, 123.35, 121.73, 118.64 ppm (Ar); FAB-MS (m/z):
1564 [M]+ ; elemental analysis calcd (%) for C87H66IrN3Ge3: C 66.83,
H 4.25, N 2.69; found: C 66.67, H 4.37, N 2.75.


Ir-N : Yield: 20%; orange-yellow solid. 1H NMR (400 MHz, CDCl3): d=


7.66 (d, J=7.6 Hz, 3H, Ar), 7.53–7.52 (m, 6H, Ar), 7.25 (d, J=10.0 Hz,
3H, Ar), 7.09–7.05 (m, 12H, Ar), 6.87–6.74 (m, 21H, Ar), 6.56 (s, 3H,
Ar), 6.23 ppm (d, J=8.0 Hz, 3H, Ar); 13C NMR (100.6 MHz, CDCl3):
d=166.22, 161.84, 148.22, 147.60, 147.21, 137.52, 135.42, 130.15, 128.56,
124.74, 124.49, 122.14, 120.49, 117.72, 114.55 ppm (Ar); FAB-MS (m/z):
1156 [M]+ ; elemental analysis calcd (%) for C69H51IrN6: C 71.67, H 4.45,
N 7.27; found: C 71.58, H 4.35, N 7.18.


Ir-PO : Yield: 15%; yellow solid. 1H NMR (400 MHz, CDCl3): d =7.78
(d, J=8.0 Hz, 3H, Ar), 7.68–7.64 (m, 3H, Ar), 7.58–7.56 (m, 3H, Ar),
7.44–7.30 (m, 18H, Ar), 7.17–7.01 (m, 18H, Ar), 6.93–6.90 (m, 3H, Ar),
6.55 (dd, J=12.8, 1.6 Hz, 2H, Ar); 31P NMR (161.9 MHz, CDCl3): d=


30.67 ppm; FAB-MS (m/z): 1255 [M]+ ; elemental analysis calcd (%) for
C69H51IrN3O3P3: C 66.02, H 4.10, N 3.35; found: C 65.94, H 4.12, N 3.20.


Ir-O : Yield: 16%; yellow solid. 1H NMR (400 MHz, CDCl3): d=7.76 (d,
J=8.4 Hz, 3H, Ar), 7.58–7.51 (m, 9H, Ar), 7.16–7.12 (m, 6H, Ar), 6.95
(t, J=7.4 Hz, 3H, Ar), 6.85–6.80 (m, 9H, Ar), 6.55 (d, J=2.4 Hz, 3H,
Ar), 6.42 ppm (dd, J=8.4, 2.8 Hz, 3H, Ar); 13C NMR (100.6 MHz,
CDCl3): d=165.97, 163.12, 158.02, 157.32, 147.05, 139.12, 135.96, 129.25,
126.33, 125.35, 122.29, 121.26, 118.66, 118.45, 110.73 ppm (Ar); FAB-MS
(m/z): 931 [M]+ ; elemental analysis calcd (%) for C51H36IrN3O3: C 65.79,
H 3.90, N 4.51; found: C 65.65, H 3.82, N 4.60.


Ir-S : Yield: 12%; yellow solid. 1H NMR (400 MHz, CDCl3): d =7.76 (d,
J=8.0 Hz, 3H, Ar), 7.59–7.55 (m, 3H, Ar), 7.48–7.46 (m, 3H, Ar), 7.45
(d, J=8.0 Hz, 3H, Ar), 7.19–7.09 (m, 15H, Ar), 6.87–6.83 (m, 3H, Ar),
6.80 (d, J=1.6 Hz, 3H, Ar), 6.76 ppm (dd, J=8.0, 2.0 Hz, 3H, Ar);
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13C NMR (100.6 MHz, CDCl3): d=165.94, 160.79, 157.06, 142.47, 138.80,
136.79, 136.39, 136.06, 130.57, 128.80, 126.29, 124.56, 122.55, 121.87,
118.88 ppm (Ar); FAB-MS (m/z): 979 [M]+ ; elemental analysis calcd (%)
for C51H36IrN3S3: C 62.55, H 3.71, N 4.29; found: C 62.51, H 3.80, N 4.32.


Ir-SO2 : Yield: 10%; yellow solid. 1H NMR (400 MHz, acetone/d6): d=


8.23 (d, J=8.0 Hz, 3H, Ar), 7.94 (d, J=8.0 Hz, 3H, Ar), 7.90–7.86 (m,
3H, Ar), 7.70–7.68 (m, 3H, Ar), 7.65–7.62 (m, 6H, Ar), 7.55–7.45 (m,
9H, Ar), 7.40 (dd, J=8.0, 2.0 Hz, 3H, Ar), 7.27 (d, J=2.0 Hz, 3H, Ar),
7.21–7.17 ppm (m, 3H, Ar); FAB-MS (m/z): 1075 [M]+ ; elemental analy-
sis calcd (%) for C51H36IrN3O6S3: C 56.97, H 3.37, N 3.91; found: C 56.88,
H 3.47, N 3.85.


X-ray Crystallography


X-ray diffraction data were collected at 293 K by using graphite-mono-
chromated MoKa radiation (l =0.71073 M) on a Bruker Axs SMART
1000 CCD diffractometer. The collected frames were processed with the
software SAINT+ [23] and an absorption correction (SADABS)[24] was ap-
plied to the collected reflections. The structure was solved by the Direct
methods (SHELXTL)[25] in conjunction with standard-difference Fourier
techniques and subsequently refined by full-matrix least-squares analyses
on F2. Hydrogen atoms were generated in their idealized positions and
all non-hydrogen atoms were refined anisotropically. CCDC 672369,
672370, and 672371 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_re-
quest/cif. Crystal data for Ir-SO2 : C54H42N3O7S3Ir Mw=1133.29, monoclin-
ic, space group P1̄, a=12.5874(8), b=12.8280(8), c=16.459(1) M, a=


96.183(1), b =107.872(1), g=107.236(1)8, V=2357.4(3) M3, Z=2, 1calcd=


1.597 mgm�3, m ACHTUNGTRENNUNG(MoKa)=3.023 mm�1, F ACHTUNGTRENNUNG(000)=1136. 13997 Reflections
measured of which 10224 were unique (Rint=0.0138). Final R1=0.0235
and wR2=0.0575 for 9384 observed reflections with I>2s(I).


OLED Fabrication and Measurements


The pre-cleaned ITO glass substrates were treated with ozone for 20 min.
Then, a 40-nm-thick NPB film was deposited on the ITO glass substrates.
The iridium phosphor and CBP host were co-evaporated to form a 20-
nm emitting layer. Successively, BCP, Alq3, LiF, and Al were evaporated
at a base pressure of less than 10�6 Torr. The EL spectra and CIE (com-
mission internationale de l’Vclairage) coordinates were measured with a
PR650 Spectra colorimeter. The J–V–L curves of the devices were re-
corded by using a Keithley 2400/2000 source meter, and the luminance
was measured by using a PR650 SpectraScan spectrometer. All of the ex-
periments and measurements were carried out at room temperature
under ambient conditions.


Computational Details


Density functional theory (DFT) calculations at the B3LYP level were
performed based on experimental geometries from the X-ray diffraction
data. The basis set used for C, H, N, and O atoms was 6-31G while the
effective core potentials with a LanL2DZ basis set were employed for S
and Ir atoms.[26] Polarization functions were added for S (zd(S)=0.421).
All calculations were carried out by using the Gaussian 03 program.[27]


Mulliken population analyses were done by using MullPop.[28] Frontier
molecular orbitals obtained from the DFT calculations were plotted by
using the Molden 3.7 program written by Schaftenaar.[29]
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Tartardiamide-Functionalized Chiral Organosilicas with Highly Ordered
Mesoporous Structure


Lei Zhang,[a] Jian Liu,[a, b] Jie Yang,[a] Qihua Yang,*[a] and Can Li*[a]


Introduction


The design and synthesis of novel solid chiral materials, es-
pecially organic–inorganic hybrid chiral materials, have con-
tinued to be an area of extensive interest, because these ma-
terials have enormous and important applications in asym-
metric catalysis,[1,2] chiral separation, sequestration, and
chromatography,[3,4] for obtaining enantiopure chemicals and
pharmaceuticals. Moreover, they may also exhibit nonlinear
optical effects, piezoelectricity, and pyroelectricity, which
are technologically important for the development of polar-
izer-sensitive electrooptical devices.[5] It has been recognized
that such properties and potential applications depend not
only on the structure of the building units, but also largely
on the building process.


Recent developments of ordered mesoporous materials
have enabled one to control the pore structure and the dis-
persion of the active components on the nanometer
scale.[6–8] Introduction of uniform and ordered mesopores in
solid chiral materials will enhance the accessibility of the
active sites, provide easier inclusion of guest species, and
allow for further modification of the materials and fine-
tuning of the host–guest interactions towards specific de-
mands. Among the various hybrid mesoporous materials re-
ported so far, periodic mesoporous organosilicas (PMOs)
present one of the most important innovations.[9–11] With
bridged organosilane (R’O)3-Si-R-Si-(OR’)3 as the precur-
sor, PMOs feature highly porous structures and organic–in-
organic backbones hybridized at the molecular scale. The or-
ganic groups are covalently bonded and homogeneously dis-
tributed throughout the framework. Thus, by altering the
type and content of the bridging organic groups, the chemi-
cal/physical properties of both the pore surface and the
framework can be tuned. To date, numerous organic groups
have been incorporated into PMOs, including small aliphatic
and aromatic groups,[12,13] even some ferrocene,[14] cyclam,[15]


dendrimer,[16] and cubic oligomer compounds.[17] Specifically,
incorporating chiral moieties into PMOs has given rise to a
new family of promising solid chiral materials.[18–21]


Although chiral PMOs have already been proposed in
1999 shortly after the discovery of PMOs,[18] the report of
chiral PMOs built exclusively with chiral blocks did not
emerge until 2006.[19] This is due to the difficulties in the
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synthesis and purification of enantiomerically pure chiral or-
ganosilanes suitable for the synthesis of PMOs. Polarz and
Kuschel reported the first chiral PMOs with the framework
composition of [O1.5SiCH2C*H(OH)SiO1.5] from a boron-
ester-protected chiral silane.[19] However, owing to the harsh
basic synthesis conditions, some Si�C bonds were cleaved.
Moreover, no information about the chirality of the final
material was given. Also starting from a hydroborated chiral
silane, Thomas et al. reported the synthesis of chiral amine-
functionalized mesoporous organosilicas by post-ammonoly-
sis.[20] More recently, Inagaki et al. reported the synthesis of
(R)-(+)-phenylethylene-bridged chiral microporous organo-
silicas and characterized the chirality of the materials after
dissolution by HF.[21] However, the above-mentioned chiral
PMOs still lack the necessary functionalities to be ready for
practical applications. Moreover, it is difficult to build or-
dered and rigid porous structures from 100% organosilanes
owing to the steric hindrance of the chiral moieties on the
assembly process.


In an alternative approach, organosilanes with bulky and
flexible chiral moieties can be admixed with small silane
compounds (e.g., tetraalkoxysilane) to generate ordered and
rigid porous structures.[22–26] Corma et al. first reported the
synthesis of chiral PMOs through the condensation of chiral
vanadyl Schiff base complexes and tetraethoxysilane
(TEOS).[22,23] In the cyanosilylation of benzaldehyde, the
material gave 30% enantiomeric excess. GarcLa et al. report-
ed chiral diaminocyclohexane- and binaphthyldiamine-de-
rived chiral PMOs using a similar co-condensation
method.[24] In the di-p-methane rearrangement of 11-formyl-
12-methyldibenzobarrelene, an ee value of 24% was ob-
served.[25] We have recently reported the synthesis of diami-
nocyclohexane-derived mesoporous organosilicas.[26] After
complexation with a Rh complex, the material exhibited up
to 30% ee for the asymmetric transfer hydrogenation of ace-
tophenone. These chiral organosilanes have been based only
on cyclohexadiyl or binaphthyl derivatives; therefore abun-
dant chiral blocks still remain to be explored for the synthe-
sis novel chiral mesoporous organosilicas.


In contrast to the ever-expanding composition of chiral
mesoporous organosilicas, the synthetic approach to such
materials has been mostly conducted under strongly basic
conditions with an alkylammonium surfactant as the tem-
plate.[19,21–26] In most cases, the pore size is restricted to
3 nm, and the structural regularity is remarkably affected by
the amount of the bulky chiral bridging organosilanes.
Moreover, since many chiral species are prone to decompo-
sition or racemization under harsh acidic or basic condi-
tions,[19, 21] a mild synthetic method for chiral mesoporous or-
ganosilicas is highly desirable. Poly(ethylene oxide)-poly-
(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO)
block copolymers, such as P123 and F127, have been suc-
cessfully utilized as the template for the synthesis of meso-
porous silicas and organosilicas with pore sizes larger than
6 nm.[27] More importantly, with block copolymer P123 as
the template, mesoporous materials can be synthesized
under a wide range of pH values,[28,29] which provides more
opportunities for the synthesis of chiral PMOs under mild
conditions. However, to the best of our knowledge, no chiral
PMOs with highly ordered large mesopores have been syn-
thesized with a block copolymer as the template.


Among the various chiral blocks, tartaric acid and its de-
rivatives represent one of the earliest discovered, most ex-
tensively investigated and versatile families of chiral com-
pounds. Tartaric derivatives have been widely used in optical
devices,[30] asymmetric catalysis as ligands or modifiers,[31–34]


and chiral separation.[35,36] Integration of abundant chiral tar-
taric derivatives into mesoporous materials will generate a
brand new group of chiral materials with potential chirality-
revelant applications. Herein, we report the first synthesis of
highly ordered large pore mesoporous organosilicas with l-
tartardiamide in the framework. A mild synthetic approach
was employed with block polymer P123 as the template
under weakly acidic conditions (Scheme 1). The materials
show optical activity by rotating the plane of polarized light
by a specific angle after being dissolved in NaOH solution.
Moreover, in the epoxidation of allyl alcohol the materials
show moderate chiral-induction ability.


Results and Discussion


Synthesis and Structural Characterization of Tartardiamide-
Containing Chiral Mesoporous Organosilicas (TarMOs)


The chiral block used in this study is l-tartardiamide-bridg-
ed organosilane 1 (Scheme 1). Control experiments showed
that under highly acidic conditions (2.0m HCl aqueous solu-
tion) or basic synthesis conditions, decomposition of com-
pound 1 occurred during the synthesis (see the Supporting
Information for details). Since the amide bond in 1 is labile
under highly basic or acidic conditions, to preserve the
chiral structure during the preparation, we attempted to
conduct the synthesis under mild conditions. Block copoly-
mer P123 was used as a template because it presents several
advantages. Poly(ethylene oxide) block copolymers can be
more easily extracted from the pore channels than the ionic
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surfactants which have been frequently used in the syntheses
of chiral PMOs.[19,21–26] The materials templated by P123
have additional framework micropores interconnecting the
primary large mesopores into a 3D porous structure, which
is beneficial for the adsorption and diffusion of guest mole-
cules. More importantly, P123 can direct the formation of
ordered mesostructure under a wide range of pH values,
even under near-neutral conditions,[29, 37] which is important
for the preservation of reactive organic functionalities
during the synthesis. Sodium chloride was used as an addi-
tive to increase the structural regularity because the salting-
out effect can enhance the assembly ability of micelles.[38]


Samples thus obtained are denoted as TarMO-x, abbreviat-
ed from tartardiamide-containing mesoporous organosilica,
wherein x= [1/ ACHTUNGTRENNUNG(1+TMOS)]N100 (TMOS= tetramethoxysi-
lane; compounds in equation represent molar equivalents),
representing the molar percent of 1 in the silane mixture.


Kim et al. reported that pure mesoporous silica with a
highly ordered mesostructure could be synthesized under
neutral condition with fluoride as the hydrolysis catalyst.[29]


We first prepared TarMOs under neutral conditions
([HCl]=0m) using F� as the hydrolysis–condensation cata-
lyst. However, only disordered materials were obtained
after the removal of the template, as evidenced by the fea-
tureless XRD pattern (Figure 1). As will be discussed below,
these may be due to the weak interactions between the
silica oligomers (especially the organosilica oligomers) and
the template molecules under neutral conditions, as well as
the perturbation of the long-chain silane 1 on the assembly
process.


For mesoporous silica synthesized with PEO-PPO-PEO
type block copolymers as the template, the assembly process
is driven by the interaction between the hydrophilic PEO
chain of P123 and the silica oligomers. Under neutral condi-
tions, a hydrogen-bond-driven assembly is proposed
(N0I0),[39] while under acidic conditions an anion-mediated
assembly is proposed (S0H+X�I+).[28] The perturbation of 1
on the assembly process may arise from several aspects.
First, the hydrophobic bridging organic group may interfere
with the interface assembly between the PEO chains and
the silica and break the structure of the micelle. Second,
owing to the presence of the bridging organic groups, the


Scheme 1. Synthetic approach toward chiral mesoporous organosilicas with l-tartardiamide in the framework.


Figure 1. a) XRD patterns of chiral mesoporous organosilicas TarMO-8
synthesized with different HCl concentrations; b) TarMO-x samples with
varying tartardiamide content synthesized with 1N10�2m HCl.
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density of the effective interaction sites of the organosilica
oligomers (�SiOH or �SiO�) in a given dimension is sig-
nificantly lowered compared with that of the silica oligo-
mers, which is detrimental to the silica–template interface
interaction. Third, the long bridging organic group in silane
1 can exert strong steric hindrance and retard the hydrolysis
and condensation rates of 1, further reducing the density of
�SiOH or �SiO� sites. We then introduced HCl into the
synthesis medium to strengthen the interaction between the
organosilica and the PEO corona of the P123 micelles. To
keep the structure and configuration of 1 intact, we in-
creased the concentration of the HCl solution gradually to
find the lowest acid amount necessary for obtaining a highly
ordered mesostructure. Figure 1a shows the XRD patterns
of TarMO-8 samples [1/ ACHTUNGTRENNUNG(1+TMOS)=8%] synthesized with
different HCl concentrations after the extraction of the tem-
plate. When the HCl concentration was 1N10�3m, the as-
synthesized sample showed a very broad peak at low diffrac-
tion angle, indicative of short-range ordering (data not
shown). However, the diffraction peak disappeared after the
template was removed, suggesting that the pore structure
collapsed after the relief of the template. When the concen-
tration of HCl was increased to 5N10�3m, the XRD pattern
of the as-synthesized TarMO-8 sample showed a strong dif-
fraction with a broad shoulder. After the template extrac-
tion, the intensity of the first peak was greatly enhanced, in-
dicating the preservation of the mesostructure. Upon further
increasing the HCl concentration to 1N10�2m, the XRD pat-
tern of the extracted sample showed three distinct peaks
which could be readily indexed to (100), (110), and (200)
peaks of a highly ordered P6mm mesophase. As will be
shown below, the tartardiamide bonds were preserved in the
materials synthesized with 1N10�2m HCl. We thus synthe-
sized TarMO materials with a higher loading of 1 (17% and
25%) at a HCl concentration of 1N10�2m.


Figure 1b displays the XRD patterns of the extracted
TarMO-x with different loadings of 1 (x= [1/ ACHTUNGTRENNUNG(1+TMOS)]N
100) . When x reaches 25, the intensities of the (110) and
(200) peaks become lower and less resolved for TarMO-25
compared with those of TarMO-8 and TarMO-17. This may
be due to the weakened interaction between the silica/orga-
nosilica oligomers and the PEO corona of P123 induced by
the increased amount of the organic bridging group and the
reduced density of silanol groups at the silica–template in-
terface. Also, the flexibility of 1 renders the framework less
rigid and lowers the pore regularity. Nevertheless, the perio-
dicity of TarMO-25 is still comparatively high for chiral mes-
oporous organosilicas reported so far, taking into account
the high content of bridged organosilane 1 (25% based on
the silane molar ratio and 40% based on the silicon atom
molar ratio). Interestingly, the peak intensity ratio of (110)/ ACHTUNG-
TRENNUNG(200) for TarMO-x samples is smaller than those of most
SBA-15 materials. Previous reports showed that the intensi-
ty of peak (110) was related to the degree of framework
condensation.[40–43] Zhao et al. also observed this phenomen-
on for the ethylene-bridged PMOs[43] and ascribed it to the
rapid condensation of organosilica around the micelles,


which resulted in poorly defined pores. Based on previous
studies and the structure of 1, we suggest that the large
bridging organic groups occluded inside the pore walls dis-
turb the condensation of the framework, which results in a
lower degree of condensation and hence reduces the scatter-
ing intensity of the (110) peak. Moreover, the organic
groups in the framework have intrinsic scattering intensity
different from that of silica, which could also affect the scat-
tering intensity contrast. Figure 2 shows the TEM images of


TarMO-17. Honeycomb structure as well as parallel fringe
structure can be observed with the incidence direction paral-
lel and perpendicular to the pore axis, respectively. This con-
firms that TarMO-17 has a highly ordered P6mm phase.[28]


The results shown above indicate that highly ordered chiral
PMOs with high tartardiamide content can be synthesized
under mild acidic conditions.


Figure 3 shows the nitrogen sorption isotherms and the
corresponding pore size distribution curves of TarMO-x
samples synthesized with 1N10�2m HCl. All three samples
exhibit typical IV isotherms with H1 hysteresis loops in the
relative pressure P/P0 range of 0.5 to 0.8, which is character-


Figure 2. TEM images of sample TarMO-17 with the incidence direction
a) perpendicular to the pore axis and b) parallel to the pore axis.


Figure 3. a) Nitrogen sorption isotherms and b) pore size distribution
curves of TarMO-x samples with different tartardiamide contents synthe-
sized with 1N10�2m HCl. All data were collected at STP.
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istic of mesoporous materials with large mesopores.[28] The
steepness of the hysteresis reflects the pore size uniformity
of the three samples. Increasing of the amount of 1 induces
a gradual decrease in the BJH pore size from 7.6 to 5.5 nm,
BET surface area from 498 to 180 m2g�1, and total pore
volume from 0.65 to 0.22 cm3g�1 (Table 1). Considering the
flexibility of 1, the higher amount of 1 incorporated, the less
rigid the framework will be. After the removal of the tem-
plate, the pore may shrink and cause a decrease in the pri-
mary mesopore surface area (Sp) and the mesopore volume
(Vp, Table 1). Moreover, upon increasing the content of 1 in
the framework, the micropore surface area (Smic) and micro-
pore volume (Vmic) dropped gradually. The generation of mi-
cropores inside the pore walls of SBA-15 type materials has
been attributed to the penetration of the copolymer tem-
plate into the silica framework during the assembly pro-
cess.[41] The decrease in micropores could be ascribed to the
enhanced hydrophobicity and lowered silanol density in the
framework, which would weaken the interaction of the pore
wall with the template.


Composition Characterization of TarMOs


Figure 4 shows the IR spectrum of TarMO-8 synthesized
with 1N10�2m HCl. For comparison, the spectra of com-
pound 1 and a SBA-15 sample grafted with 1 are also
shown. TarMO-8 gives a similar spectrum to that of the
SBA-15 grafted with 1, implying the preservation of integri-
ty of the organic groups during the synthesis. A band result-
ing from the coupling of nC-N with dN-H vibrations of amide
bonds appears at 1546 cm�1. No peak corresponding to car-
boxyl (ca. 1710 cm�1) was observed for TarMO-8, indicating
that no amide bonds were hydrolyzed during the synthesis.
The band at 1664 cm�1 arising from the nC=O mode is over-
lapped with the peak of adsorbed water. For compound 1
and the grafted sample, the double peaks at 1374 and
1384 cm�1 with comparable intensity are characteristic of
the isopropyl group in 1. For sample TarMO-8, however, the
peak intensity at 1384 cm�1 is remarkably lower than that of
1374 cm�1, indicating partial detachment of the protecting
isopropyl group during the synthesis.


To further confirm the incorporation of the tartardiamide
moieties in TarMOs, 29Si MAS NMR and 13C CP-MAS
NMR were performed. 29Si MAS NMR data of TarMO-17


shows both the T and Q silicon sites (Figure 5a). The signals
at d=�108.8, �100.0, and �91.0 ppm arise from the Si spe-
cies Q4 [Si ACHTUNGTRENNUNG(OSi)4], Q3 [Si(OH) ACHTUNGTRENNUNG(OSi)3], and Q2 [Si(OH)2
ACHTUNGTRENNUNG(OSi)2], respectively. The signals at �64.5 and �57.8 ppm
can be ascribed to the organosilicon species T3 [SiC ACHTUNGTRENNUNG(OSi)3]
and T2 [SiC(OH) ACHTUNGTRENNUNG(OSi)2], respectively. The absence of a T0


[SiC(OH)3] site indicates that the chiral moiety is actually
integrated with both ends in the pore walls, instead of dan-
gling in the pore as a pendant group. Integration results
show a peak area ratio of SST/ ACHTUNGTRENNUNG(SST+SSQ)�28.3%, which
agrees well with the initial precursor composition [17N2/ACHTUNG-
TRENNUNG(17N2+83)�29.0%].


Figure 5b shows the 13C NMR data of TarMO-17. The
signal at d=173.5 ppm can be ascribed to the carbonyl
group (C=O, f). Signals at d=42.3, 22.6, and 9.8 ppm can be
attributed to the propyl carbon atoms linked to the silicon
atom (a, b, and c). The broad signals in the range of 70 to
80 ppm with a central peak around 73.0 ppm can be ascribed
to the chiral carbon atoms (d, d’). According to the previous
study,[32] the chiral carbon atom in 1 shows a signal in the
range of 78 to 80 ppm, whereas the signals corresponding to


Table 1. Textural parameters of chiral mesoporous organosilicas with varying tartardiamide content synthesized with 1N10�2m HCl.


Sample a0
[a]


[nm]
SBET


[b]


ACHTUNGTRENNUNG[m2g�1]
Smic


[b]


ACHTUNGTRENNUNG[m2g�1]
Sp


[b]


ACHTUNGTRENNUNG[m2g�1]
Vt


[c]


ACHTUNGTRENNUNG[cm3g�1]
Vmic


[c]


ACHTUNGTRENNUNG[cm3g�1]
Vp


[c]


ACHTUNGTRENNUNG[cm3g�1]
Dp


[d]


[nm]
tw


[e]


[nm]
Tartardiamide content[f]


ACHTUNGTRENNUNG[mmolg�1]
[a]D


[h]


[8]


TarMO-8 10.6 498 146 316 0.65 0.062 0.51 7.6 3.0 0.60 (0.81)[g] +8.42
TarMO-17 11.1 329 71 238 0.42 0.029 0.35 6.5 4.6 0.93 (1.17)[g] +12.34
TarMO-25 10.4 180 20 146 0.22 0.005 0.19 5.5 4.9 1.24 (1.28)[g] +15.53


[a] Unit cell parameter determined by (d100N2/
p
3). [b] SBET is the BET surface area. Smic and Sp are the micropore surface area and the primary meso-


pore surface area, respectively, both determined by t-plot analysis. [c] Vt is the total pore volume determined at relative pressure P/P0=0.99. Vmic and Vp


are the micropore volume and primary mesopore volume, respectively, both determined by t-plot analysis. [d]Dp is the mesopore diameter determined
from the adsorption branches of the N2 sorption isotherms using the BJH method. [e] tw is the pore wall thickness determined by a0�Dp. [f] The amounts
of tartardiamide in the materials were determined by elemental analysis based on the N contents. [g] Numbers in parentheses are the tartardiamide con-
tent determined by TG analysis. [h] Determined by dissolving 0.05 g of sample in 10 mL of NaOH solution (1.0m) at 10 8C; analysis conditions: JASCO
P-1020, 5 s integration, 10 repeat times, 100 mm cell length.


Figure 4. IR spectra of compound 1 (top curve), SBA-15 grafted with 1
(middle), and sample TarMO-8 synthesized with 1N10�2m HCl (bottom).
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this carbon atom shift to 70–73 ppm after the detachment of
the isopropyl group. This indicates the partial removal of
the protecting isopropyl group during the synthesis.[32] The
presence of the small peak at 114 ppm corresponding to a
quaternary carbon atom shows that some isopropyl groups
are still present in the materials. After removal of the iso-
propyl group, the materials with chiral hydroxy groups may
be useful as ligands in asymmetric catalysis as well as chiral
discrimination and separation.[31–36] NMR data together with
FTIR spectra confirm the successful incorporation of the
tartardiamide group into the framework.


To determine the amount of the tartardiamide group in-
corporated into the resultant materials, thermogravimetric
analysis (TGA) and elemental analysis (EA) were conduct-
ed on the TarMO-x samples. From the TGA profiles, two
major steps of weight loss can be observed (Figure 6).
Weight loss below 120 8C is due to the desorption of the
physically adsorbed water and ethanol inside the pores. The


weight loss of TarMO-25 in
this range is much lower than
that of TarMO-8 and TarMO-
17, which can be ascribed to
the lower pore volume and en-
hanced surface hydrophobicity
owing to the higher loading of
organic groups. The weight loss
from 200 to 600 8C arises from
the decomposition of the
framework organic groups and
some remnant template.
Weight loss in this temperature
interval increases with the in-
cremental loading of 1. Weight
loss from 600 8C can be ascri-
bed to the further condensa-
tion of the framework and the
surface silanols. The contents
of the tartardiamide groups
calculated from the TG results
are shown in Table 1. Elemen-


tal analysis results based on the N atom content are also in-
cluded. The incorporation amount of tartardiamide obtained
by the TG profiles are higher than those from EA analysis,
which may be caused by the remnant template in the mate-
rials.


Characterization of the Chiral Properties of TarMOs


For solid chiral materials, one of the most important proper-
ties is their optical activity. Corma et al. evaluated the opti-
cal activity of VOACHTUNGTRENNUNG(salen)-containing chiral PMOs by measur-
ing the deviation angle of plane-polarized light using a con-
ventional polarimeter of a suspension of the solid sample in
1,2-dichloroethane.[22] However, the inhomogeneity of the
suspension may cause severe fluctuation of the measured
deviation angle. We thus evaluated the chiral properties of
TarMO-x samples indirectly by dissolving the material in
1.0m NaOH at 10 8C (0.05 g of sample in 10 mL of NaOH
solution). After the solution became clear, the deviation
angle was measured in a polarimeter using the yellow Na
emission at 25 8C. The NaOH solution (1.0m) was used as
the blank reference. As expected, all three samples rotated
the plane of polarized light by a specific angle. The absolute
rotation angle increases with the amount of tartardiamide
(Table 1). However, it is difficult to establish quantitatively
the relation between the rotation angle with the amount of
chiral groups because the rotation angle can be affected by
a number of factors, for example, the concentration of the
chiral moiety, residual template, substitution alteration of
the chiral center, and silica species in the solution, among
others. Also, racemization of the chiral groups during the
synthesis procedure can not be ruled out absolutely at pres-
ent. Nevertheless, this indirect method does give qualitative
evidence that TarMOs show optical activity by rotating the
plane of polarized light and the activity increases with the


Figure 5. a) 29Si MAS NMR and b) 13C CP/MAS NMR spectra of sample TarMO-17.


Figure 6. Thermogravimetric and differential thermogravimetric (DTG)
profiles of TarMO-x samples with varying tartardiamide content synthe-
sized with 1N10�2m HCl.
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increment of the chiral groups in the materials. It would be
interesting to fabricate transparent monolithic chiral PMOs
and explore their applications in optical waveguides and
nonlinear devices.


As the IR and NMR results show that most of the isopro-
pyl groups were detached during the synthesis, the active hy-
droxyl groups connected to the chiral carbon atom become
exposed and can interact with numerous guest molecules. To
probe the accessibility and the potential chiral-recognition
ability, the material was complexed with Ti and tested in the
epoxidation of allyl alcohol (Scheme 2). All the hybrid ma-


terials show enantioselectivity with ee values up to 20%.
Albeit lower than the optimal ee value of the heterogeneous
catalyst synthesized by grafting methods under similar reac-
tion conditions (80% ee),[32] this result demonstrates the
chiral-recognition ability of the materials. Corma et al. also
observed lower ee values for the VOACHTUNGTRENNUNG(salen)-containing
chiral PMOs than with the grafted counterpart.[22] This may
be due to the fact that the configuration of chiral groups
embedded in the framework is not appropriate to exert spe-
cific chiral induction needed for the epoxidation of allyl al-
cohol. On the other hand, the silanol groups may also coor-
dinate with Ti and reduce the enantioselectivity. In view of
catalysis applications, further work is needed to develop a
more efficient synthesis approach to enhance the exposure
and control the configuration of the stereogenic center.


Conclusions


We have synthesized a novel large-pore chiral mesoporous
organosilica with l-tartardiamide integrated in the frame-
work. Under mild synthetic conditions, a highly ordered
mesostructure can be obtained while keeping the chiral
bridging group intact. The resultant materials exhibit optical
activity by rotating the plane of polarized light by a specific
angle. Moreover, the materials show chiral inductivity in the
epoxidation of allyl alcohol, thus further demonstrating the
chiral nature of the materials. This work supplies the basis
for research to optimize the synthetic conditions of chiral
mesoporous organosilicas and exploit the chiral-recognition
ability for asymmetric catalysis and chiral separation. With
this mild synthetic approach, numerous novel chiral meso-


porous organosilicas with highly ordered mesostructure are
expected in the near future.


Experimental Section


Synthesis


Silylated tartardiamide 1 (Scheme 1) was synthesized from l-(+)-tartaric
acid according to a reported procedure,[32] except that 3-aminopropyltri-
methoxysilane (Sigma–Aldrich) was used instead of 3-aminopropyltrie-
thoxysilane.


Tartardiamide-containing chiral PMOs, denoted as TarMOs, were synthe-
sized by the co-condensation of 1 and tetramethoxysilane (TMOS, Nanj-
ing Shuguang Chemical Group) with block copolymer P123
(EO20PO70EO20, Sigma–Aldrich) as a templating agent. In a typical syn-
thesis, 0.67 g of P123, 1.21 g of NaCl, and 0.20 mL of NH4F solution
(0.25m) were mixed with 20.8 mL of HCl solution of varying concentra-
tion (0, 1N10�3, 5N10�3, and 1N10�2m). The solution was stirred
at 40 8C for 3 h. Then, a mixture of TMOS and 1 was added to
above solution under vigorous stirring. The molar ratio between
the different components is (TMOS+1)/H2O/P123/NH4F/NaCl/HCl=
1:163:0.016:0.007:2.945: ACHTUNGTRENNUNG(0–0.029). The resultant slurry was further stirred
at 40 8C for 24 h and then aged at 80 8C for another 24 h. The as-synthe-
sized product was recovered by filtration, washed with deionized water,
and dried in air under ambient conditions. To extract the template, the
as-synthesized solid was stirred in ethanol at reflux for 24 h, and then fil-
tered, washed with ethanol, and dried in air.


Epoxidation of Allyl Alcohol


The conditions of the epoxidation experiment are similar to those in the
previous report.[32] Titanium tetraisopropoxide (0.5 mmol, Sigma–Al-
drich), the hybrid chiral material (with a molar ratio of tartardiamide to
titanium of 1.5:1), and dry CH2Cl2 (20 mL) were added to a 50-mL
Schlenk-type flask under argon. The mixture was cooled to 0 8C and
stirred for 4 h. Allyl alcohol (10 mmol) and n-nonane (internal standard)
were then added. tert-Butyl hydroperoxide (20 mmol, Fluka) in CH2Cl2
(5.5m) was added dropwise with stirring. The mixture was stirred at 0 8C
for 48 h. After the reaction, the solid material was filtered and the filtrate
was analyzed by Agilent 6890 gas chromatography on a chiral b-cyclo-
dextrin column.


Characterization


X-ray powder diffraction (XRD) patterns were recorded on a Rigaku D/
Max 3400 powder diffraction system using CuKa radiation of wavelength
1.542 Q. The nitrogen sorption experiments were performed at 77 K on
an ASAP 2000 system. Samples were degassed at 120 8C for 5 h prior to
the measurements. BET surface area was calculated from the adsorption
data in a relative pressure P/P0 range from 0.04 to 0.2. Pore size distribu-
tion was determined from the adsorption branches using the Barret–
Joyner–Halenda (BJH) method. Pore volume was estimated at a relative
pressure P/P0 of 0.99. Transmision electron microscopy (TEM) was per-
formed using a JEM-2010 at an acceleration voltage of 200 kV. FTIR
spectra were collected with a Nicolet Nexus 470 IR spectrometer with
KBr pellet. 13C (100.6 MHz) cross-polarization magic-angle spinning (CP-
MAS) and 29Si (79.5 MHz) MAS NMR experiments were recorded on a
Bruker DRX-400 spectrometer equipped with a magic-angle spin probe
in a 4-mm ZrO2 rotor using tetramethylsilane as reference: for 13C CP-
MAS NMR experiments, 8 kHz spin rate, 3 s pulse delay, 4 min contact
time, and 1000 scans; for 29Si MAS NMR experiments, 8 kHz spin rate,
3 s pulse delay, 10 min contact time, and 1000 scans. CHN elemental anal-
yses were determined on an Elementar Vario EL III. Thermal gravimet-
ric analysis was performed with a Perkin–Elmer Pyris Diamond TG ana-
lyzer in a nitrogen atmosphere from room temperature to 900 8C with a
heating rate of 10 8Cmin�1. The optical activity was measured with
JASCO P-1020, 5 s integration, 10 repeat times, 100 mm cell length.
Before the measurement, 0.05 g of the material was dissolved in 10 mL
of NaOH aqueous solution (1.0m) at 10 8C.


Scheme 2. Epoxidation of allyl alcohol on chiral mesoporous organosili-
cas TarMO-x complexed with titanium. TBHP= tert-butyl hydroperoxide.
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Introduction


The C–F single bond is the strongest single bond known
among organic compounds. Furthermore, the low polariza-
bility and highly electron-attracting properties of fluorine
gives the perfluoroalkyl group extraordinary stability and in-
ertness under almost all reaction conditions.[1] Relative to
common alkyl chains, perfluoroalkyl chains have superior
steric effects: They are bulkier than the corresponding alkyl
chains (cross-sections of around 30 and 20 )2, respectively),
have a helical structure rather than the planar “zig-zag”
structure of normal alkyl groups, and are more rigid than
alkyl chains. Conformational freedom is strongly decreased;


consequently, the occurrence of the gauche conformation is
limited at equilibrium, which facilitates better stacking and
ordering.[2] These differences promote the self-aggregation,
phase separation, and exclusion of nonfluorinated mole-
cules. Perfluoroalkyl chains are considerably more hydro-
phobic than alkyl chains, and have the unique property of
being lipophobic (oleophobic) as well. These unique physi-
cal and chemical properties facilitated the emergence of
“fluorous chemistry”.[3] Fluorous techniques have been ap-
plied to many chemical transformations, thus replacing stan-
dard polymer-supported methods in the production of recy-
clable and reusable reagents. This is because fluorous teth-
ered reagents are mostly easier to prepare, less labile to re-
action conditions, and cheaper than polymer-supported
ones. Special attention was given to chiral fluorous reagents
because of their exceptionally high cost relative to nonchiral
ones. Thus, an array of fluorous chiral catalysts and auxilia-
ries was reported recently in the literature,[4] although most
of these catalysts have fluorous tethers far from their reac-
tion centers.


Interestingly, the electron-withdrawing effect of the per-
fluoroalkyl group increases the acidity of the hydroxy group


Abstract: The asymmetric addition of
Me2Zn to aldehydes is very slow and
mostly gives low ee values. Previously,
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of perfluoroalkyl carbinols by about 10000 times compared
with the usual hydroxy group. This exceptionally high acidi-
ty dramatically changes the properties of the hydroxy group.
In other words, it increases the stability of the hydroxy
group towards elimination and/or oxidation. It also enables
the hydroxy group to form more-stable complexes with a va-
riety of metals. These properties of the perfluoroalkyl carbi-
nol group make it superior to the hydroxy group of non-
fluorinated alkyl compounds involved in chiral ligands.
However, owing to the lack of chiral starting materials with
these groups, few examples of chiral ligands with chiral per-
fluoroalkyl carbinols have been synthesized. On the basis of
these concepts, we reported the synthesis and application of
C2-dissymmetric fluorous chiral ligand I, which can be con-
sidered as a binol analogue with perfluoroalkyl carbinol as
the coordinating center (Scheme 1).[5]


A characteristic of ligand I, which can be recycled with
fluorous techniques, is the fact that the perfluoroheptyl
groups work not only as fluorous tethers but also as activa-
tors of coordinating groups. The excellent results obtained
by using these ligands encouraged us to challenge another
target with the same concept.


On the other hand, among the chiral functionalities, the
methyl carbinol moiety is involved in a great number of bio-
logically active natural products.[6] Most of these compounds
show potent biological activity. Thus, the construction of this
group is of great importance for medicinal chemists. The ad-
dition of Me2Zn to aldehydes might provide a very impor-
tant methodology for the construction of chiral methyl car-
binol moieties, as it involves the simultaneous formation of
both a new C�C bond and a new chiral center. However,


only a small number of studies on the asymmetric addition
of Me2Zn to aldehydes have been reported,[7] probably
owing to the lower reactivity of Me2Zn than its higher ho-
mologues.[8] Only a very limited number of ligands can cata-
lyze this reaction with remarkable activity. Even taddol
(Scheme 2), which was chosen to be among the three most
effective ligands toward the addition of Et2Zn to aldehydes,
is less effective for the addition of Me2Zn. Only two exam-
ples that utilize taddol for the addition of Me2Zn to alde-
hydes have recently been reported in the literature.[9] The
protocols used in these examples suffer from complexity,
long reaction time, and high catalyst loading.


Taddol, a tartarate-derived ligand, is one of “the privi-
leged chiral ligands”[10] that have a variety of applications in
asymmetric synthesis. However, to the best of our knowl-
edge, no fluorous analogue of taddol has yet been synthe-
sized, although a variety of polymer-supported analogues
has been reported.[11]


On the basis of this information, we tried to synthesize a
new type of ligand containing bulky perfluoroalkyl groups
in place of the aryl groups of taddol (Scheme 2). We thought


that the new ligands might have better catalytic activity to-
wards Me2Zn than taddol. We expected this approach to
have the following advantages: 1) Perfluoroalkyl groups are
sterically large enough to induce high ee values, 2) their
electronic effect would increase the Lewis acidity of the
metal coordinated and hence increase the activity of the
complex, and 3) the high fluorine content would facilitate
the recycling of the ligand with fluorous techniques.


By applying this concept, we reported the synthesis of the
novel fluorous recyclable chiral ligand 1a (Scheme 3).
Ligand 1a has the advantage of containing the relatively
acidic perfluoroalkyl carbinol based on the tartarate chiral
backbone. This ligand showed excellent catalytic activity
toward the addition not only of Et2Zn but also of Me2Zn to
aldehydes.[12] However, in spite of its remarkably high cata-
lytic activity, 1a still has some drawbacks due to its extraor-
dinarily high fluorine content. The high fluorine content of
1a allows good recyclability but at the same time decreases
its solubility in common solvents, and the high molecular
weight requires a large amount (weight) of 1a to be used,
although it is highly effective on the molar level. Therefore,
we planned to synthesize new ligands with shorter perfluo-
ACHTUNGTRENNUNGroalkyl groups and to study the effect of the length of the
perfluoroalkyl chains on both activity and recyclability. Fur-
thermore, replacement of the acetone ketal part with cyclo-


Abstract in Japanese:


Scheme 1. Binol and our previously reported ligand I.


Scheme 2. Taddol-based design of the new fluorous ligand. Rf=perfluo-
ACHTUNGTRENNUNGroalkyl group.
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hexanone ketal may increase the solubility. In this report,
we discuss our recent efforts to synthesize fluorous chiral-
ligand analogues of 1a derived from the tartarate chiral
pool with various perfluoroalkyl groups and the effect of
various perfluoroalkyl groups on catalytic activity and recy-
clability.


Results and Discussion


Synthesis and Evaluation of Ligands with Shorter
Perfluoroalkyl Groups


First, we tried to replace the bulky perfluorooctyl chains of
1a with less bulky perfluorohexyl (1b) or perfluorobutyl
(1c) chains. Thus, we treated dimethyl (4R,5R)-2,2-dimeth-
yl-1,3-dioxolane-4,5-dicarboxylate (2a) with perfluorohexyl
or perfluorobutyl Grignard reagents to give keto alcohols
3b or 3c along with side products in 63 and 67% yield, re-
spectively (Scheme 3). Interestingly, although we used


excess Grignard reagents, we obtained only the tris addition
products 3, not the tetrakis addition products, which are the
exact taddol analogues.


Reduction was achieved by using a mixture of excess
NaBH4/CeCl3 to produce diols 1b or 1c in good yield (63%
for both) and with excellent selectivity. The low solubility of
ketone 3a in Et2O/MeOH at low temperature forced us to
carry out the reaction at higher temperature (0 8C–RT);
hence, the selectivity of the reduction was low, and inactive
diastereomer 4a was obtained as an inseparable side prod-
uct.[12] In the case of 3b and 3c, their good solubility allowed
the reaction to proceed in methanol alone at low tempera-
ture (�30 8C–RT) and hence improved the selectivity of the
reaction. Thus, their diastereomers 4b and 4c were not
formed in detectable amounts.


Next, we examined the effect of the size of the perfluo-
ACHTUNGTRENNUNGroalkyl groups on the catalytic activity of the new ligands to-
wards titanium-catalyzed addition of Me2Zn to aldehydes.


We utilized exactly the same procedure previously reported
with 1a except for the amount of solvent. Owing to the diffi-
cult availability and the high price of perfluorohexyl iodide,
we examined only two examples for the perfluorohexyl ana-
logue 1b. Ligand 1b catalyzed the addition reaction effec-
tively with excellent yields and ee values comparable to
those for 1a. In the case of benzaldehyde, ee values of up to
95% were achieved. For aliphatic aldehydes, 1b gave 88%
ee with octanal. The yields in both cases were up to quanti-
tative. This means that shortening of the perfluoroalkyl
groups does not affect the catalytic activity of the ligand. To
examine this concept carefully, we made a full investigation
into the catalytic activity of the perfluorobutyl analogue 1c.
Results obtained for ligand 1c are summarized in Table 1.


We note here that the molecular weights of 1a, 1b, and
1c are 1416, 1116, and 816, respectively. The molecular
weight of 1c is only 57.6% of 1a, and 1b is 21.1% lighter
than 1a. This means that the newly formed ligands could be
used effectively in lesser amounts (weight) than 1a. Another
important point is the higher solubility of the new ligands
relative to the parent. Ligand 1a has low solubility in most
organic solvents such as toluene, alcohols, and THF. It is
partially soluble in hydrocarbons such as hexane, but freely
soluble only in Et2O and fluorous solvents. Although this
poor solubility of 1a makes it an excellent recyclable ligand,
it widely limits its further application. On the other hand, 1c
and, to a less extent, 1b have better solubility in CHCl3, tol-
uene, alcohols, and hydrocarbons. The higher solubility of
1b and 1c would allow us to expand the application of this
type of ligand and to decrease the amount of solvent used
for reactions catalyzed by them.


For aromatic aldehydes, 1c gave excellent yields and ee
values. Yields were above 90% for all aromatic aldehydes
and almost quantitative in some cases (Table 1, entries 1 and
4–6). The ee values were also above 90%, except in the case
of o-fluorobenzaldehyde (Table 1, entry 5). Furfural, a heter-


Scheme 3. Synthesis of ligands 1a–e. Reaction conditions: i) RfMgBr
(4 equiv), Et2O, �65 to �30 8C; ii) CeCl3·7H2O (2 equiv), NaBH4


(4 equiv), MeOH (+Et2O).


Table 1. Catalytic activity of 1c toward Me2Zn addition to aldehydes.


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


1 C6H5 3 99 95
2 p-CH3O-C6H4 3 92 90
3 p-CF3-C6H4 3 97 92
4 2-naphthyl 2 98 94
5 o-F-C6H4 3 98 88
6 2-furyl 1 99 98
7 C7H15 2 98 87[c]


8 Ph-CH2-CH2 6 85 85
9 C6H11 8 90 87[c]


10 Ph-CH=CH 3 92 90
11 heptyn-1-yl 2 98 92


[a] Yield of isolated product. [b] Determined by HPLC with an OD-H
column. All products were of R configuration. Absolute configurations
were established by the signs of the optical rotation reported. [c] Deter-
mined by chiral HPLC analysis of the dinitrobenzoyl ester.
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ocyclic aldehyde, gave 98% ee. For aliphatic aldehydes, the
yields were also excellent, except for hydrocinnamaldehyde
(Table 1, entry 8). The ee values were also very good to ex-
cellent. An excellent result was obtained with cyclohexane-
carbaldehyde (Table 1, entry 10), with up to 90% ee. A com-
parison of the catalytic activities of 1a and 1c should be car-
ried out to examine the effect of shortening of the perfluo-
ACHTUNGTRENNUNGroalkyl group on activity. The difference between the two li-
gands can best be exemplified by comparing the ee values of
the products obtained by both ligands (Figure 1).


From the graph, we conclude that both ligands have very
similar activities toward most aldehydes, but the more bulky
ligand 1a showed slightly higher ee values, except for cyclo-
hexanecarbaldehyde, which gave a better yield and ee value
with 1c, although the reaction time was extended. This
means that shortening of the perfluoroalkyl group affected
neither the catalytic activity nor the ability of asymmetric
induction of this class of ligands. Importantly, the better sol-
ubility of 1c allowed us to lower the amount of solvent used
for the addition of Me2Zn to aldehydes. For this reason, the
reaction with 1c decreased the amount of solvent used
(hexane) to half. The amount of solvent can be further de-
creased to only 25% of the original amount used in case of
1a without any effect on yield or ee.[13]


A decrease in the molecular weight of the ligand and the
amount of solvent could strongly improve the economy of
this reaction. However, another important factor should be
taken into consideration: the effect of shortening the per-
fluoroalkyl group on the recyclability of the ligand. Thus,
the good solubility of 1c limited its recyclability slightly rel-
ative to 1a. Whereas 1a could be recycled without the use
of fluorous extraction, it was necessary to use a fluorous sol-
vent for the recycling of 1c. For the latter, partitioning be-
tween perfluorohexane and CH2Cl2 (which was chosen be-
cause the ligand showed the lowest solubility in it) was used.
The results of recycling are shown in Table 2.


The recovered ligand was used in the next recycling step
without any purification. The amount of ligand recovered
decreased consistently throughout the recycling steps; this
was attributed to its escape into the organic phase, which
was confirmed by GC. For each cycle, the yield was not af-
fected; however, the ee values declined slightly, which might
be due to the decrease in ligand loading. When the amount
of substrate was decreased to keep the substrate/ligand ratio
constant, the decrease in ee was negligible. The recycling of
ligand 1c was not as effective as 1a owing to the better solu-
bility of 1c in organic solvents. For further study on the
effect of perfluoroalkyl chains on the activity of the ligands,
we tried to prepare the trifluoromethyl analogue. Unfortu-
nately, we could not obtain it owing to instability of the tri-
fluoromethyl Grignard reagent.


Synthesis and Evaluation of Ligands with a Cyclohexanone
Ketal Moiety


Next, we tried to replace the acetone ketal group with cyclo-
hexanone. We thought that an increase in the size of the ali-
phatic part may improve the solubility of the ligand in
common organic solvents and may also lead to better per-
formance due to the change in bond angles, which leads to a
different architecture of the complex.[14]


We utilized the same general procedure for the synthesis
of these ligands (Scheme 3). Instead of acetone ketal 2a, we
started with the cyclohexanone ketal of dimethyl tartarate,
2b, which was prepared according to the literature.[14] Ketal
2b was treated with excess perfluoroalkyl magnesium bro-
mide to afford keto alcohol 3d in 60% yield or 3e. Reduc-
tion of 3d or 3e by NaBH4/CeCl3 afforded the products 1d
or 1e, respectively, in pure form after crystallization. Ligand
1d was crystallized from CHCl3 in moderate yield (65%).
Ligand 1e was difficult to crystallize because of its relatively
high solubility in most of the solvents, so we could obtain it
only in poor yield (10% over 2 steps). Although some by-
products were observed by GC during the reduction of 3d
or 3e, we could not isolate any of them in pure form for fur-
ther identification.


The catalytic activity of the new ligand was examined for
the addition of Me2Zn to aldehydes. Ligand 1d was tested
on a variety of aldehydes to evaluate its catalytic activity
and generality. The results are shown in Table 3.


Benzaldehyde gave excellent yield and ee similar to that
obtained with 14a (Table 3, entry 1). More-bulky aldehydes
such as 2-naphthylaldehyde also gave an excellent result


Figure 1. Comparison of the catalytic activities of perfluorooctyl-derived
ligand 1a and the perfluorobutyl-derived ligand 1c. Black=1a, gray=1c.


Table 2. Recycling of 1c.


Cycle Ligand recovered [%] Yield [%][a] ee [%][b]


1 – 100 95
2 90 100 91
3 80 100 87
4 80 96 81


[a] Yield determined by GC. [b] Determined by HPLC with an OD-H
column.
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comparable to that of 1a (Table 3, entry 2). With the ortho-
substituted aldehydes, 1d gave superior results to those of
1a (Table 3, entry 3), especially for o-fluorobenzaldehyde,
which gave up to 93% ee. Linear and unsaturated aldehydes
gave ee values comparable to those of 1a (Table 3, entries 6
and 8). Interestingly, the branched aldehyde cyclohexanecar-
baldehyde, which was reported to give low ee values with
1a, gave excellent ee of up to 93% with 1d (Table 3,
entry 7).


Ligand 1e also showed very good activity. It gave 94% ee
with benzaldehyde and 90% ee with cyclohexanecarbalde-
hyde. We concluded that the cyclohexanone ketal improved
the activity of the ligand with respect to the acetone ketal.
Another positive effect of the cyclohexanone ketal is the
fact that it improves the solubility of the ligand; thus, the re-
action catalyzed by 1d could be carried out in 60% of the
solvent required for 1a.


Next, we attempted the recycling of ligand 1d. We utilized
the same method reported for the recycling of 1a while
taking the advantage of the low solubility of 1d in cold tolu-
ene. Upon cooling a solution of the crude reaction product
in toluene, the ligand precipitated and was separated from
the products by filtration. By this simple method, we could
recycle the ligand up to four times. The ligand could be used
in the next step without any purification. The recycling data
are shown in Table 4. When the amount of substrate was ad-
justed to keep the substrate/1d ratio constant, the ee values
were not decreased significantly.


Thus, owing to its better solubility in organic solvents, the
recycling of 1d with the same technique as 1a was slightly
less effective than that of 1a. We conclude that changing the
ketal part from acetone ketal to cyclohexanone ketal im-


proves both the activity and the solubility of the ligand, but
as a result the recyclability is slightly decreased.


Tetrakis(perfluoroalkyl)-Substituted Ligands


As mentioned before, we failed to obtain the tetrakis(per-
fluoroalkyl) analogues of taddol by using the single-step ad-
dition technique; in all cases, the tris adduct keto alcohols 3
were formed, accompanied by various side products. We
tried to prepare the tetrakis(perfluoroalkyl)-substituted de-
rivatives in two steps: separation of the tris addition product
followed by treatment with excess perfluoroalkyl Grignard
reagent. Application of this technique for 3a did not give
the desired product. We thought that this might be related
to steric effects. Therefore, we applied the same method to
the smaller keto alcohol 3c. Thus, the adduct 3c was treated
with excess perfluorobutyl Grignard reagent, and we ob-
tained the tetrakis(perfluorobutyl)-substituted derivative 5
in very low yield (9%; Scheme 4).


Unfortunately, this ligand was shown to be completely in-
active toward the addition of Me2Zn. The reason for this in-
activity is not clear. This result shows that we were lucky: If
we had obtained the tetrakis(perfluoroalkyl) analogue of
taddol first, we would not have found the highly efficient li-
gands 1.


Conclusions


We have synthesized a series of fluorous ligands 1a–e, which
were originally designed as the first fluorous analogues of
taddol. Unlike taddol, which has four aromatic substituents,
our new ligands have only three perfluoroalkyl substituents.
However, they showed unprecedented activity towards the
addition of Me2Zn to aldehydes. We studied the effect of
structure modification on both activity and recyclability. The
replacement of the perfluorooctyl groups of the original
ligand 1a with shorter groups did not affect the activity of
the ligand, but cut down the amount of solvent used for the
reaction owing to better solubility in common solvents than
1a. Although the recyclability was partly decreased by this
higher solubility, the ligands could still be reused without
purification after extraction with fluorous solvent. We pre-
pared cyclohexanone ketal analogues of 1a, which were
shown to give higher ee than 1a with cyclohexanecarbalde-
hyde. The perfluorooctyl analogue with cyclohexanone
ketal, 1d, seems to be most effective and easiest to prepare


Table 3. Catalytic activity of 1d toward Me2Zn addition to aldehydes.


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


1 C6H5 3 99 95
2 2-naphthyl 2 95 95
3 o-Cl-C6H4 4 96 93
4 o-F-C6H4 2 99 91
5 2-furyl 2 98 98
6 C7H15 3 97 91[c]


7 C6H11 6 95 93[c]


8 Ph-CH=CH 3 92 92


[a] Yield of isolated product. [b] Determined by HPLC with an OD-H
column. All products were of R configuration. Absolute configurations
were established by the signs of the optical rotation reported. [c] Deter-
mined by chiral HPLC analysis of the dinitrobenzoate ester.


Table 4. Recycling of 1d.


Cycle Ligand recovered [%] Yield [%][a] ee [%][b]


1 – 100 96
2 99 100 94
3 81 100 91
4 80 96 88


[a] Yield determined by GC. [b] Determined by HPLC with an OD-H
column.


Scheme 4. Synthesis of the tetrakis(perfluorobutyl)-derived ligand 5.
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owing to its moderate solubility. This compound could be re-
cycled without fluorous solvent, as its high fluorine content
makes it very insoluble in common solvents. The tetrakis-
ACHTUNGTRENNUNG(perfluorobutyl)-substituted analogue of taddol was also
synthesized, but it was found to be inactive toward the addi-
tion of Me2Zn to aldehydes.


We cannot show the reaction mechanism clearly at this
stage, but we observed peaks for a complex of titanium/2P
1c in the mass spectrum (see Supporting Information). See-
bach et al. showed that the spiro titanium bis ACHTUNGTRENNUNG(taddol)ate can
act as the active complex.[15] Our mechanistic study is still
ongoing.


Experimental Section


General


1H NMR spectra were recorded on JNM-GX400 and JEOL-ECA-600SN
spectrometers. Chemical shifts are reported in ppm with respect to tetra-
methylsilane as the internal standard. Data are reported as follows:
chemical shift, multiplicity (s= singlet, d=doublet, t= triplet, q=quartet,
br=broad, m=multiplet), coupling constant (Hz), relative integration
value. Mass spectra were obtained on JEOL JMS-700T spectrometers.
Chromatographic purification was done with 230–400-mesh silica gel. An-
alytical GC was performed on a Hitachi 3500 gas chromatograph
equipped with a flame ionization detector, a split-mode capillary injec-
tion system, and a TC-5 column (0.25 mm, 15 m, GL Sciences, Inc.) or a
chiral column (GAMMA DEX 225TM, 0.25 mm, 30 m, Spelco). Peak
areas were calculated with a Hitachi D-2500 Chromato-Integrator. Ana-
lytical HPLC was performed on a Jasco TRI-ROTAR-VITM liquid chro-
matograph equipped with a variable-wavelength UV detector (Jasco
UVIDEC-100-VI), a Daicel ChiralcelTM OD-H column (0.46 cm I.D.P
25 cm) (Daicel, Inc.), and a HITACHI L-6000 pump system. Peak areas
were calculated with a Shimadzu C-R1BTM Chromato-Integrator. HPLC-
grade isopropanol and hexane were used as the eluting solvents. All reac-
tions were carried out under argon atmosphere in flame-dried glassware
with standard inert-atmosphere techniques for introducing reagents and
solvents. All aldehydes were purified before use. Me2Zn (1m in hexane)
was purchased from Kanto. Titanium tetraisopropoxide was purchased
from Wako and distilled before use. Hexane was distilled over P2O5 and
stored over 4-) molecular sieves. Diethyl ether, THF, and toluene were
distilled over benzophenone ketyl sodium just before use. IR spectra
were recorded on a HITACHI 270-30 infrared spectrophotometer.


Syntheses


General procedure for the preparation of keto alcohols 3b–e : A solution
of the corresponding perfluoroalkyl iodide (20 mmol) in Et2O (20 mL)
was added slowly to a vigorously stirred solution of EtMgBr (6.67 mL,
3m in Et2O, 20 mmol) in Et2O (100 mL) at �65 8C. After complete addi-
tion, the mixture was warmed to �40 8C within 30 min. When the temper-
ature reached �40 8C, a solution of dimethyl (4R,5R)-2,2-dimethyl-1,3-di-
oxolane-4,5-dicarboxylate (0.92 mL, 5 mmol) in Et2O (20 mL) was added.
After the mixture was allowed to warm further to �30 8C, it was vigo-
rously stirred for 4 h at the same temperature. The reaction was
quenched with saturated aqueous NH4Cl, and the organic phase was sep-
arated. The aqueous phase was extracted with Et2O (3P30 mL), and the
combined organic phase was dried over anhydrous MgSO4 and concen-
trated to give a red oil, which was purified by silica-gel column chroma-
tography.


3b : Yellow oil, yield: 3.5 g (63%). ½a�23
D =++4.00 (c=1.15, Et2O); IR


(neat): ñ=3600, 1760 cm�1; 1H NMR (600 MHz, CDCl3, 55 8C): d=5.30
(d, J=6.3 Hz, 1H), 5.15 (d, J=6.3 Hz, 1H), 3.75 (s, 1H, overlapped with
D2O), 1.53 (s, 3H), 1.32 ppm (s, 3H); MS (FAB�): m/z=1113 [M�1]� ;
HRMS (FAB�): m/z calcd for C25H8F39O4: 1112.980 [M�1]� ; found:
1112.980.


3c : Yellow oil, yield: 2.72 g (67%). ½a�23
D =++6.20 (c=1.36, Et2O); IR


(neat): ñ=3600, 1750 cm�1; 1H NMR (CDCl3, 400 MHz, 25 8C): d=5.31
(d, J=6.4 Hz, 1H), 5.15 (d, J=6.4 Hz, 1H), 3.78 (s, 1H, overlapped with
D2O), 1.55 (s, 3H), 1.32 ppm (s, 3H); MS (FAB�): m/z=813 [M�1]� ;
HRMS (FAB�): m/z calcd for C19H8F27O4: 812.999 [M�1]� ; found:
813.000.


3d : A further 30 mL of Et2O was added to avoid precipitation of the per-
fluorooctyl Grignard reagent. In place of dimethyl (4R,5R)-2,2-dimethyl-
1,3-dioxolane-4,5-dicarboxylate, dimethyl (2R,3R)-1,4-dioxaspiro-
ACHTUNGTRENNUNG[4.5]decane-2,3-dicarboxylate was used. Pale-yellow oil, which was crys-
tallized from hexane to give white crystals, yield: 4.3 g (60%). M.p.: 61–
62 8C; ½a�23


D =�1.73 (c=1.48, Et2O); IR (KBr): ñ=3650, 1745 cm�1;
1H NMR (600 MHz, CDCl3, 55 8C): d=5.30 (d, J=6.4 Hz, 1H), 5.14 (d,
J=6.3 Hz, 1H), 3.71 (s, 1H, overlapped with D2O), 1.72–1.35 ppm (m,
10H); MS (EI+): m/z=1454 [M]+ ; HRMS (EI+): m/z calcd for
C34H13F51O4: 1454.000 [M]+ ; found: 1454.001.


3e : In place of (4R,5R)-2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate, di-
methyl 1,4-dioxaspiro ACHTUNGTRENNUNG[4.5]decane-2,3-dicarboxylate was used. Compound
3e could not be obtained in a form pure enough for characterization.
The crude product was reduced in the procedure described below, and
the diol 1e was fully characterized.


General procedure for the preparation of catalysts 1b–e : A mixture of
CeCl3·7H2O (684 mg, 2 mmol) and the corresponding keto alcohol 3b–e
(1 mmol) in CH3OH (15 mL) was stirred for 15 min at �30 8C. NaBH4


(144 mg, 4 mmol) was added to this solution portionwise. The mixture
was allowed to warm slowly to reach room temperature. The mixture was
stirred for a further 3 h at room temperature. The excess NaBH4 was de-
composed with acetone, the reaction was quenched with NH4Cl, and the
mixture was extracted with Et2O. The Et2O layer was dried over anhy-
drous MgSO4 and concentrated to give the crude product as an oily mass,
which was purified by crystallization.


1b : White crystals (hexane), yield: 703 mg (63%). M.p.: 64–65 8C; ½a�23
D =


�1.51 (c=0.73, Et2O); IR (KBr): ñ =3500 cm�1; 1H NMR (600 MHz,
CDCl3, 55 8C): d=4.75 (d, J=8.0 Hz, 1H), 4.62 (d, J=8.0 Hz, 1H), 4.35–
4.28 (m, 1H), 3.76 (s, 1H, overlapped with D2O), 2.81 (d, J=10.33 Hz,
1H, overlapped with D2O), 1.52 (s, 3H), 1.50 ppm (s, 3H); MS (FAB+):
m/z=1117 [M+1]+; HRMS (FAB+): m/z calcd for C25H12F39O4: 1117.011
[M+1]+; found: 1117.011.


1c : White crystals (hexane), yield: 513 mg (63%). M.p.: 56–57 8C; ½a�23
D =


�1.62 (c=0.73, Et2O); IR (KBr): ñ =3500 cm�1; 1H NMR (400 MHz,
CDCl3, 25 8C): d=4.74 (d, J=8.0 Hz, 1H), 4.60 (d, J=8.0 Hz, 1H), 4.37–
4.28 (m, 1H), 3.81 (s, 1H, overlapped with D2O), 2.88 (d, J=12.6 Hz,
1H, overlapped with D2O), 1.52 (s, 3H), 1.0 ppm (s, 3H); MS (FAB+):
m/z=817 [M+1]+; HRMS (FAB+): m/z calcd for C19H12F27O4: 817.030
[M+1]+; found: 817.030.


1d : A small amount of Et2O (3 mL) was added during the reaction to
retain the solubility of the starting material. White crystals (chloroform),
yield: 946 mg (65%). M.p.: 99–100 8C; ½a�23


D =�10.8 (c=0.8, Et2O); IR
(KBr): ñ=3500 cm�1; 1H NMR (600 MHz, CDCl3, 55 8C): d=4.78 (d, J=


8.0 Hz, 1H), 4.61 (d, J=8.0 Hz, 1H), 4.35–4.28 (m, 1H), 3.79 (s, 1H,
overlapped with D2O), 2.80 (d, J=12.6 Hz, 1H, overlapped with D2O),
1.73–1.38 ppm (m, 10H); MS (EI+): m/z=1456 [M]+ ; HRMS (FAB+):
m/z calcd for C34H15F51O4: 1456.016 [M]+ ; found: 1456.016.


1e : White crystals (pentane), total yield over 2 steps: 86 mg (10%). M.p.:
68–70 8C; ½a�23


D =�14.5 (c=0.74, Et2O); IR (KBr): ñ =3500 cm�1;
1H NMR (400 MHz, CDCl3): d=4.79 (d, J=8.0 Hz, 1H), 4.62 (d, J=


8.0 Hz, 1H), 4.36–4.29 (m, 1H), 3.82 (s, 1H, overlapped with D2O), 2.77
(d, J=12.6 Hz, 1H, overlapped with D2O), 1.73–1.38 ppm (m, 10H); MS
(FAB+): m/z=857 [M+1]+; HRMS (FAB+): m/z calcd for C22H16F27O4:
857.062 [M+1]+; found: 857.061.


Typical procedure for addition of Me2Zn to aldehydes with 1c as catalyst
(Table 1): Freshly distilled titanium tetraisopropoxide (361 mL,
1.22 mmol) was added to a solution of 1c (0.06 mmol) in dry hexane
(5 mL), and the mixture was stirred for 30 min at room temperature.
Me2Zn (2.44 mL, 1m in hexane, 2.44 mmol) was added to this mixture,
and the resulting mixture was stirred for a further 15 min. The mixture
was cooled to �35 8C, and the appropriate aldehyde (1.02 mmol) was
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added slowly. The mixture was kept stirring at this temperature and
checked by GC. After the peak of the starting aldehyde disappeared, the
reaction was quenched with NH4Cl, and the whole mixture was filtered
through sintered glass. The product was extracted with an appropriate
solvent and purified by flash column chromatography. The ee value was
checked by chiral HPLC. Racemic a-methyl carbinols were prepared by
the reaction of methyl magnesium bromide with the corresponding alde-
hydes and used to confirm the separation of the racemates by HPLC.
The absolute configuration of each product was estimated by the sign of
the optical rotation in the literature. The above procedure was used for
the rest of catalysts 1b–e with the same amounts of ligands and solvents.
In the case of 1d : A further 1 mL of dry hexane was added to ensure the
solubility of the catalyst, and the reaction proceeded by the same proce-
dure.


Procedure for recycling of ligand 1c : The residue obtained by concentra-
tion of the organic phase after workup of the addition reaction with ben-
zaldehyde was dissolved in CH2Cl2 (2 mL) and extracted with perfluoro-
hexane (3P3 mL). The fluorous phase was re-extracted several times
with CH2Cl2 (1 mL each) until no product contamination was observed
with GC. After the solid was dried, the purity of ligand 1c was checked
by GC and 1H NMR spectroscopy, and the weight was measured to deter-
mine the recovery. The ligand was used in the next cycle without further
purification. The recovery of 1c and the yield and ee of the product are
summarized in Table 2.


Procedure for recycling of ligand 1d : The residue obtained by evapora-
tion of the solvent from the organic phase after workup of the above re-
action with benzaldehyde was treated with toluene (2 mL) and cooled to
�40 8C. Ligand 1d, which was precipitated as a white solid, was separated
by filtration. The white solid was washed with cold toluene (2P2 mL) to
remove any impurities. After the solid was dried, ligand 1d was checked
by GC and 1H NMR spectroscopy to determine the purity, and the
weight was measured to check the yield of recycling. The ligand was used
in the next cycle without further purification. The recovery of 1d and the
yield and ee of the product are summarized in Table 4.


5 : A solution of perfluorobutyl iodide (0.84 mL, 4 mmol) in Et2O
(10 mL) was added slowly to a vigorously stirred solution of EtMgBr
(1.3 mL, 3m in Et2O, 4 mmol) in Et2O (25 mL) at �65 8C. After complete
addition, the mixture was allowed to warm to �40 8C in 45 min. When
the temperature reached �40 8C, a solution of ketone 3c (814 mg,
1 mmol) in Et2O (10 mL) was added. After the mixture was warmed fur-
ther to �30 8C, the mixture was stirred for 12 h at the same temperature,
the temperature was raised slowly to room temperature, and the mixture
was stirred for a further 24 h at room temperature. The reaction was
quenched with saturated aqueous NH4Cl, the organic phase was separat-
ed, and the aqueous phase was extracted with Et2O (3P30 mL). The
combined organic phase was dried over anhydrous MgSO4 and concen-
trated to give a yellow oil, which was purified by silica-gel column chro-
matography followed by crystallization from chloroform to yield tetra-
kis(perfluorobutyl)-substituted ligand 5 (94 mg, 9%) as white crystals.
M.p. 120 8C; ½a�23


D =++0.96 (c=0.83, Et2O); IR (KBr): ñ =3350 cm�1;
1H NMR (600 MHz, CDCl3, 55 8C): d=7.82 (s, 1H, overlapped with
D2O), 5.11 (s, 1H, overlapped with D2O), 5.03 (s, 2H), 1.45 ppm (s, 6H);
MS (FAB�): m/z=1033 [M�1]� ; HRMS (FAB�): m/z calcd for
C23H9F36O4: 1032.992 [M�1]� ; found: 1032.992.
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Luminescence Resonance Energy Transfer Sensors Based on the Assemblies
of Oppositely Charged Lanthanide/Gold Nanoparticles in Aqueous Solution


Jian-Qin Gu, Ling-Dong Sun,* Zheng-Guang Yan, and Chun-Hua Yan*[a]


Introduction


In the last decade, biosciences, especially the bioanalysis
technologies, have switched into high gear with the surging
strides of nanoscience and nanotechnology in both theoreti-
cal and practical studies, from which numerous interesting
“unknown lands” are emerging as prospects for alternative
foci for research.[1] Among these is Fçrster/fluorescence res-
onance energy transfer (FRET),[2] which is termed lumines-
cence resonance energy transfer (LRET) when lanthanides
are involved, since emission lines arise from 4f–4f transi-
tions, a transition technically termed luminescence to distin-
guish it from fluorescence.[3] FRET and LRET attract a
great deal of attention as powerful techniques in biochem-
istry and structural biology, possessing the characteristics of
near-Angstrom resolution and exquisite sensitivity under
physiological conditions.[4] In the FRET process, the effi-
ciency of a dipole–dipole interaction-induced energy trans-


fer can be well evaluated from the distance, spectral overlap,
and relative dipole orientations between the donor and ac-
ceptor.[5] It is expected that nanomaterials are one of the
best choices for the investigation of FRET process,[6] pos-
sessing the inherent characteristics for overcoming the limi-
tations of traditional dyes, such as the small Fçrster critical
radii (R0) values, the uncertainty of the relative dipole orien-
tation, and the photobleaching phenomenon.[7] For example,
quantum dots (QDs) are successfully used as donors paired
with proximal dyes or gold nanoparticles in biological appli-
cations of DNA hybridization analysis,[8] biomolecule inhibi-
tion assays,[9] and extracellular matrix metalloproteinase-ac-
tivity monitoring,[10] because of their broad absorption spec-
tra, size-dependent emission properties, and anti-photo-
bleaching character.[11] However, the blinking behavior of
QD limits the measurements at the single-particle level,[12]


and the related R0 value may actually fall within the radius
of the QD, resulting in a relatively low FRET efficien-
cy.[10b,13] Compared with QDs, lanthanide-doped nanoparti-
cles also exhibit a significant potential for use as donors in
resonance energy transfer.[14] As important phosphors, their
emission is different from that of QDs, with the lumines-
cence coming from thousands of individual emission centers
in the nanoparticles.[15] In this way, the lanthanide-doped
nanoparticles show no emission intermittency, and the
energy transfer efficiency is less dependent on the radius of
the nanoparticles with many emission centers located at the
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surface of the nanoparticles. Furthermore, the lanthanide-
doped nanoparticles possess similar unique optical proper-
ties to lanthanide chelates, which have been widely utilized
in LRET applications.[16] Their high quantum yield and
sharp emission peaks result in large R0 values (about
100 O). The large Stokes shift and millisecond excited-state
lifetime, aiding in the avoidance of direct excitation of ac-
ceptors and the distinguishing of auto-fluorescence from the
system, ensures a high signal-to-background ratio. More-
over, the unpolarized luminescence ensures the accuracy of
the LRET analysis.[3,17] Gold nanoparticles are another kind
of nanomaterial used as quencher-type acceptors in the reso-
nance-energy-transfer analysis.[18] With large extinction coef-
ficients around 105 cm�1m�1,[19] gold nanoparticles exhibit an
exceptional quenching ability. Furthermore, the extinction
spectra, ranging from visible to near-infrared, can be well
adjusted through controlling the shape and size of the gold
nanoparticles,[20] to ensure significant spectral overlap be-
tween the donor emission and the acceptor absorption to fa-
cilitate highly efficient energy transfer. The application of
gold nanoparticles in resonance-energy-transfer studies also
relies strongly on their high monodispersity, good solubility,
and high stability against salt-induced aggregation.[19,21]


More importantly, a gold nanoparticle has a large surface
and an isotropic distribution of dipole vectors to accept
energy from the donor, so the gold nanoparticle-based reso-
nance-energy-transfer process is also called nanomaterial
surface energy transfer (NSET).[22] The NSET approach is a
dipole–dipole interaction-related resonance energy transfer,
which is similar to FRET in nature, but is geometrically dif-
ferent. It follows a 1/R4 dependence and is capable of meas-
uring distances nearly twice as far as FRET. Furthermore, it
is desirable for large-scale measurements, such as nucleo-
protein assemblies and conformational changes in DNA du-
plexes.
Nevertheless, the examples using the size-dependent ex-


tinction property of gold nanoparticles to pair with different
emission donors are rare, and the application of lanthanide-
doped nanoparticles in LRET studies is just in the early
stages. In our previous report, the lanthanide-doped nano-
particles can transfer energy to proximal gold nanoparticles
through the biotin–avidin affinity, with the emission centers
located at/near the surface of the nanoparticles playing a
crucial role.[23] Since the energy-transfer process strongly de-


pends on the donor–acceptor distance, it is important to
construct well-defined assemblies of lanthanide-doped and
gold nanoparticles as a model to investigate the resonance
energy transfer between them. Herein, we developed two
types of LRET systems. Typical lanthanide-doped lumines-
cent nanoparticles (YVO4:Eu and LaPO4:Ce,Tb) bind com-
pactly with the respective differently shaped gold nanoparti-
cles, through an electrostatic affinity in aqueous solution.
Two kinds of positively charged gold nanoparticles are syn-
thesized through the seed-mediated cetyltrimethylammoni-
um bromide (CTAB)-assisted method,[20c] with extinction
peaks centered at 623 and 535 nm. The extinction spectra of
gold nanoparticles overlap significantly with the most in-
tense emissions of the negatively charged YVO4:Eu and La-
PO4:Ce,Tb nanoparticles. The electrostatic interaction be-
tween the oppositely charged donors and acceptors brings
them close to each other, thus, leading to an obvious lumi-
nescent quenching. The formation of the donor–acceptor as-
semblies and the energy-transfer process between them are
characterized by steady-state and time-decay photolumines-
cence analyses. This LRET model is instructive to under-
stand the energy-transfer process and mechanism between
lanthanide-doped nanoparticles and gold nanoparticles.


Results and Discussion


Designing of the Donor–Acceptor Pair


We first took the YVO4:Eu nanoparticles paired with the
polyhedral gold nanoparticles as an example to study the
LRET process. The donor of YVO4:Eu nanoparticles was
synthesized directly in water by coprecipitation of a given
amount of vanadate and the stoichiometric amount of rare
earth ions with a molar ratio of Y3+/Eu3+ as 92:8.
Appropriate amounts of phosphorous-containing poly-


acrylic acid (PCA) are used as a capping agent to provide
aqueous dispersibility. The PCA polymer contributes to the
great stability of the colloidal solution of the nanoparticles,
through the coordination with Y3+ and Eu3+ ions, and pro-
vides not only a well coated hydrophilic shell around the
nanoparticles, but also repulsion against aggregation arising
from their negatively charged -COO� groups in a weakly
basic solution. As shown in Figure 1a, YVO4:Eu nanoparti-
cles with an average diameter of approximately 50 nm are
well dispersed. The selected area electron diffraction
(SAED) patterns (Figure 1b) are consistent with a zircon-
type YVO4, with strong diffraction of (200), (301), and (112)
planes, that are in good accordance with X-ray diffraction
(XRD) patterns (see Figure S1, Supporting Information).[24]


The high-resolution TEM (HRTEM) image of an YVO4:Eu
nanocrystal shown in Figure 1c displays well defined lattice
fringes of (200) with 0.35 nm spacing, indicating that the
nanocrystal is highly crystallized.
The quantum yield of as-prepared YVO4:Eu nanoparticles


is 54%, measured using rhodamine B as reference.[25] Fig-
ure 2a shows the emission spectrum of YVO4:Eu nanoparti-
cles in aqueous solution. The most intense emission located
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at 617 nm, with full width at half maximum (FWHM) of ap-
proximately 4 nm, comes from the partly released parity-for-
bidden electric-dipole transition arising from an admixture
of odd-parity 5d-states into the 4f levels (5D0–


7F2),
[26] in


which the Fçrster theory is applicable.[3]


Gold nanopolyhedra serving as the acceptors/quenchers
were synthesized through a seed-mediated cetyltrimethylam-
monium bromide (CTAB)-assisted method.[20c] The as-pre-
pared gold nanopolyhedra are well-dispersed in water and
stabilized by the electrostatic repulsion from the positively
charged surface with a CTAB bilayer.[27] Figure 3a shows
the TEM image of the as-prepared gold nanopolyhedra with


an average size of approximately 50 nm. The gold nanopoly-
hedra are homogeneous on a large scale (see SEM image,
Figure S2, Supporting Information). According to Figure 3b,
SAED patterns attributed to (220), (020), and (200) of a
cubic phase can be observed, and are in good agreement
with the XRD pattern. The HRTEM image in Figure 3c re-
veals clear lattice fringes with an interplane distance of
0.20 nm corresponding to the (200) lattice space of metallic
gold.[28] Generally, gold nanostructures exhibit strong surface
plasmon resonance (SPR) extinction bands, which depend
on their shape and size. An extinction band of the as-pre-
pared gold nanopolyhedra, ranging from 500 to 800 nm cen-
tered at approximately 623 nm, can be observed in the ex-
tinction spectrum (Figure 2b). The peak is symmetrical, fur-
ther demonstrating the uniformity of the as-prepared gold
nanopolyhedra. Thereby, with sufficient spectral overlap be-
tween the most intense emission band of YVO4:Eu nanopar-
ticles and the extinction band of gold nanopolyhedra, effec-
tive energy transfer is liable to take place when their spacing
is shorter than the critical distance.


LRET Process


Scheme 1 shows the LRET process between YVO4:Eu and
gold nanoparticles. The YVO4:Eu nanoparticles and gold
nanopolyhedra possess oppositely charged surfaces in
weakly basic solution. When these two nanoparticles are


Figure 1. a) Low-resolution TEM, b) selected-area electron diffraction
pattern, and c) high-resolution TEM images of YVO4:Eu nanoparticles.


Figure 2. a) Luminescent emission spectrum of YVO4:Eu nanoparticles;
b) UV/Vis extinction spectrum of the as-prepared polyhedral gold nano-
particles.


Figure 3. a) Low-resolution TEM, b) selected area electron diffraction
pattern, and c) high-resolution TEM images of polyhedral gold nanopar-
ticles.
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mixed together, assemblies are formed with the electrostatic
affinity as the driving force, and the particle distances
become close enough to trigger an efficient energy transfer
from the excited YVO4:Eu nanoparticles to gold nanopoly-
hedra. To illustrate the LRET process in detail, the experi-
ment was carried out by gradually adding small amounts of
a solution of gold nanopolyhedra to an YVO4:Eu solution.
The content of YVO4:Eu, which can be evaluated from the
total amount of nanoparticles and their sizes, was main-
tained at 1.6R108 particle cm�3 (2.6R10�10 molL�1), while
the content of the gold nanopolyhedra acceptor was varied
from 2R106 particle cm�3 (3.3R10�12 molL�1) to 2R
107 particle cm�3 (3.3R10�11 molL�1). As shown in Figure 4a,
a pronounced and progressive quenching of the donor lumi-
nescence is clearly observed as the ratio of gold to
YVO4:Eu is increased, and the luminescent intensity of the


donor approximately reaches a minimum when the accept-
or/donor ratio gets to 1:8. As mentioned previously, the
LRET experiment was carried out in a sufficiently dilute so-
lution to minimize the interference from the absorption of
incident light, inner-filter effects such as re-absorption of lu-
minescence, and the aggregation of congeneric nanoparti-
cles. At such low concentrations, the donors and acceptors
could be assumed to be noninteracting and isolated in the
solution, and so the mean distance between them could be
estimated as approximately 2R105 O from the concentration
of nanoparticles, far beyond the distances required for effi-
cient LRET quenching. Therefore, the formation of donor–
acceptor assemblies is the prerequisite for our LRET pro-
cess.
The efficiency of LRET (EI) is estimated by the equation


of EI=1�IDA/ID, in which ID and IDA are the intensities of
the 5D0–


7F2 transition of Eu
3+ ions in the YVO4:Eu nano-


particles without and with LRET assemblies, respectively.
The dots in Figure 4b show the luminescence tendency with
the addition of gold nanopolyhedra. At the final stage, the
luminescent quenching efficiency of YVO4:Eu reaches a
value of 95%, that is, the greater part of the luminescence is
quenched through LRET by the gold polyhedra in the as-
semblies. The residual luminescence, however, should be at-
tributed to transitions with disoriented dipoles or even less
efficient resonance energy transfer for the emission centers
inside the lanthanide nanoparticles.[23] More interestingly,
the black curve in Figure 4b shows the dependence of I and
the amount of gold nanopolyhedra, which is well fitted to a
single exponential model (R2=0.99, see Supporting Infor-
mation for additional analysis). Directed by the above anal-
ysis, the dynamic process for the formation of donor–accept-
or assemblies can be described according to the equation
nD+mA$m ACHTUNGTRENNUNG(DxA)+ (n�mx)D, in which n and m are the
numbers of donor and acceptor particles in solution, respec-
tively, and x is the average number of donor particles in
each assembly. The fitting to an exponential curve expresses
the relationship between luminescence intensity and gold
concentration. The concentration of gold nanoparticles is
much less than what is required in a simple absorption
scheme, so the previously mentioned exponential tendency
suggests the influence of the number of free luminescent
nanoparticles, which is related to the amount of gold nano-
particles in the system. That is, a gold nanoparticle seems to
insert into a fixed volume of the lanthanide nanoparticles
forming an LRET assembly when it is added to the solution,
showing the exchange between assemblies to be important.
The UV/Vis absorption spectrum (Figure 5) and TEM


image (inset of Figure 5) of the assemblies further confirm
the previous discussion. The band at 272 nm is attributed to
the absorption from vanadate groups of YVO4:Eu nanopar-
ticles,[26b] and the band at 623 nm is attributed to the absorp-
tion of the polyhedral gold nanoparticles. Compared with
the spectra of free YVO4:Eu nanoparticles, the invariant
peak position, as well as the weak absorption intensity, indi-
cates that the quenching of YVO4:Eu emission is most
likely to be caused by energy transfer from donor to accept-


Scheme 1. Schematic illustration of the LRET process from the
YVO4:Eu nanoparticles to polyhedral gold nanoparticles.


Figure 4. a) Luminescent spectra of the YVO4:Eu nanoparticles with the
addition of gold nanopolyhedra; b) Plot of the apparent luminescent in-
tensity versus the amount of gold nanopolyhedra.
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or. Since no spectral shift is observed in the absorption
wavelength of gold in assemblies, this shows that the gold
nanopolyhedra remain isolated, for the aggregation of gold
nanoparticles would alter the SPR bands.[29] Based on the
evidence mentioned previously, we suggest that the assem-
blies are comprised of several YVO4:Eu donors but one
gold acceptor. The TEM image of the assemblies confirms
the suggestion, that the assembly shows one gold nanopoly-
hedron located at the center, enclosed with several
YVO4:Eu nanoparticles. It is inferred that the repulsion of
gold nanoparticles might occur because of the assemblies.
It is well-known that the LRET process, which can be rec-


ognized as an additional relaxation pathway of the excited
states of the donor, should also decrease the lifetime of the
excited state.[30] In our previous work, we showed how the
analysis of the donorSs excited-state lifetimes can also distin-
guish the contributions of different emission centers.[23]


Figure 6 shows the time-decay curves for the 5D0–
7F2 transi-


tion of Eu3+ ions in YVO4:Eu nanoparticles with and with-
out the LRET process, and indicates a significant decrease
of excited state lifetime after the formation of donor–ac-
ceptor assemblies. Both decay curves can be fitted to the
equation y=A1expACHTUNGTRENNUNG(�t/t1)+A2exp ACHTUNGTRENNUNG(�t/t2), in which t1 and t2
are the fast and slow excited-state lifetime of the YVO4:Eu
nanoparticles, respectively, and A is the contribution of the
two different lifetimes. The fitted results are shown in
Table 1. The emission centers at/near the surface of the
nanoparticle account for the short excited-state lifetime,
since the 5D0–


7F2 transition of Eu
3+ ions is close to the third


harmonic of the OH vibrational mode of water, and there-
fore releases the energy nonradiatively,[25] whilst the emis-
sion centers inside the nanoparticles account for the intrinsic
long excited-state lifetimes. Comparatively, in the case of as-
semblies, both t1 and t2 are shortened, arising from another
nonradiative channel supplied by the neighboring gold
nanopolyhedra. The LRET efficiencies can also be deter-
mined by the excited-state lifetimes through the equation,
E=1�tDA/tD, in which tDA and tD are the luminescent life-
times of YVO4:Eu in the presence and absence of the ac-
ceptors, respectively. The LRET efficiencies, E, calculated
using the short lifetime is 36%, and with the long lifetime is


31%. These values are much less than the efficiency calcu-
lated with the luminescence intensity. Thousands of inde-
pendent luminescent centers, at which energy is released,
transferred, and quenched independently, discrepantly
behave like isolated dipole donors in the LRET process, be-
cause of the disparate distances between the emission cen-
ters and the gold nanopolyhedron surface, and also the sen-
sitive donor/acceptor distance-dependent LRET efficiency.
When the Eu3+ ions at the surface are concerned, the dis-
tances to the gold acceptor are relatively short and the
LRET efficiencies are high. On the other hand, for the
body-centered Eu3+ ions, the large donor/acceptor distance
results in a low LRET efficiency. Although the contribution
of Eu3+ ions inside the nanoparticles to the lifetime is con-
siderable, that of the surface Eu3+ ions is minor. In this way,
Et is less than EI, but provides additional information about
the contributions of different emission centers. Furthermore,
gold nanopolyhedra can not only increase the nonradiative
decay rate of the donor, but also decrease the radiative
rate,[18c,19] thus leading to a high quenching efficiency in the
compact donor–acceptor assemblies.


LRET in LaPO4:Ce,Tb Nanoparticle–Gold Nanosphere


The previously mentioned LRET model can also be extend-
ed to another important lanthanide phosphor, LaPO4:Ce,Tb
nanoparticles as donor, again with gold nanoparticles as ac-
ceptor. The LaPO4:Ce,Tb nanoparticles were synthesized
through a similar method as the YVO4:Eu nanoparticles.


[23]


The surface of the nanoparticles is protected by the PCA
polymer, and is also negatively charged. The TEM image
(Figure S3a, Supporting Information) indicates that the La-


Figure 5. The absorption spectrum of YVO4:Eu-gold nanopolyhedron as-
semblies. The inset is a TEM image of the YVO4:Eu-gold nanopolyhe-
dron assembly.


Figure 6. Time decay curves of the free YVO4:Eu nanoparticles (black),
and YVO4:Eu-gold nanopolyhedron assemblies (gray).


Table 1. Comparison of the excited-state lifetimes of free YVO4:Eu
nanoparticles and the YVO4:Eu-gold nanopolyhedron assemblies.


t1
[a]/ms A1


[b]/% t2
[a]/ms A2


[b]/%


YVO4:Eu 0.58 18.49 1.36 81.51
YVO4:Eu-Au 0.37 33.76 0.94 66.24


[a] t1 and t2 are the lifetimes of Eu
3+ fitting with biexponential function;


[b] A1 and A2 are the contribution fractions of t1 and t2, respectively.
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PO4:Ce,Tb nanoparticles are quasispherical in shape with an
average diameter of about 5 nm.
The luminescent spectrum of LaPO4:Ce,Tb nanoparticles


is shown in Figure 7, in which the most intense emission, lo-
cated at 540 nm, comes from the 5D4–


7F5 transition of Tb
3+


ions. The positively charged acceptor gold nanosphere, with
an average diameter of approximately 40 nm (Figure S3b,
Supporting Information), was synthesized through the seed-
mediated CTAB-assisted method by adjusting the concen-
tration of the reductant, ascorbic acid. The SPR extinction
band of the gold nanosphere ranges from 450 to 650 nm,
with the main peak at 540 nm (Figure 7b). Comparing the
emission of the donor and the absorption of the acceptor,
sufficient spectral overlap of the donor emission and accept-
or absorption can be observed, satisfying the premise for
high-efficiency LRET. When the oppositely charged donor
and acceptor are mixed together in a dilute aqueous solu-
tion, LaPO4:Ce,Tb–gold nanosphere assemblies are formed.
Meanwhile, the photoluminescence of LaPO4:Ce,Tb is sig-
nificantly quenched by the gold nanospheres (Figure 8). The
black curve in Figure 8b shows the luminescent intensities
of the 5D4–


7F5 transition of Tb
3+ ions in the LaPO4:Ce,Tb


nanoparticles versus the amount of gold nanospheres for the
LRET assemblies, which also fits well to a single exponential
model (R2=0.98). However, at the final stage, about 90%
of the luminescence is quenched by resonance energy trans-
fer. This value is a little lower than that of the YVO4:Eu–
gold nanopolyhedra assemblies. The reason is that the
5D4–


7F5 transition of Tb
3+ ions consists of both a magnetic


dipole transition and the electric dipole transition, and only
the latter part contributes to LRET.[3] The 5D4–


7F5 lifetime
of LaPO4:Ce,Tb–Au nanosphere assemblies decreases com-
pared with free LaPO4:Ce,Tb samples (Figure 9 and
Table 2). The Et calculated using t1 and t2 is 65% and 48%,
respectively, which are also smaller than EI. However, the
Et values are higher than that of the YVO4:Eu–gold nano-
polyhedrum system, because LaPO4:Ce,Tb nanoparticles are
smaller than YVO4:Eu nanoparticles, hence the emission
centers are much closer to the acceptor surface, resulting in
the higher Et.


YVO4:Eu nanoparticles are also mixed with gold nano-
spheres to form assemblies, and the energy-transfer efficien-
cy (EI) is only about 30%. This is reasonable since there is
less spectral overlap between the donor emission and ac-
ceptor absorption. In our previous report, no LRET oc-
curred between the LaPO4:Ce,Tb and gold nanoparticles
with the same charged surface,[23] even with adequate spec-
tra overlap. Therefore, sufficient spectra overlap of the


Figure 7. a) Luminescent emission spectrum of LaPO4:Ce,Tb nanoparti-
cles. b) UV/Vis extinction spectrum of spherical gold nanoparticles.


Figure 8. a) Luminescent spectra of the LaPO4:Ce,Tb nanoparticles with
the addition of gold nanospheres. b) Plot of the apparent luminescent in-
tensity versus the amount of gold nanospheres.


Figure 9. Time decay curves of the free LaPO4:Ce,Tb nanoparticles
(black) and LaPO4:Ce,Tb-gold nanosphere assemblies (gray).


Table 2. Comparison of the excited-state lifetimes of LaPO4:Ce,Tb nano-
particles and the LaPO4:Ce,Tb-gold nanosphere assemblies.


t1/ms A1/% t2/ms A2/%


LaPO4:Ce,Tb 1.87 50.12 3.75 49.88
LaPO4:Ce,Tb-Au 0.65 12.93 2.07 87.07
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donor and acceptor, as well as a proper donor/acceptor dis-
tance, are crucial to an efficient LRET process.
Additionally, electrolytes, which can destroy the electro-


static interaction of the assemblies and accordingly remove
the vital conditions for LRET, are introduced to release the
luminescence of the lanthanide nanoparticles from LRET
assemblies. Upon addition of NaCl (0.1 molL�1), the lumi-
nescent intensity, which diminishes considerably because of
the LRET process from the assemblies, recovers as much as
50% of that observed from the free donors, suggesting that
this model could be used to detect the strong ions in aque-
ous solution. Since the distance of donor and acceptor is
fixed in this work, we cannot determine the dependence of
the LRET efficiency with the donor–acceptor distance. It
will be interesting to conduct studies on the interaction dis-
tance-dependent resonance energy transfer efficiency be-
tween various lanthanide nanoparticles and suited gold
nanostructures. It is expected that this kind of donor–accept-
or pair will extend LRET studies both experimentally and
theoretically to aid LRET investigations to be preferred
rather than processes where the efficiency follows a 6th
power, like FRET, or 4th power, like NSET.


Conclusions


We present a promising lanthanide-doped nanoparticle to
serve as donor with a proximal gold nanoparticle as an ac-
ceptor for LRET experiments. The long excited-state life-
time, large Stokes shift, and narrow emissions of lanthanide-
doped nanoparticles render LRET analysis particularly
straightforward and feasible even in the presence of un-
bounded acceptors. The SPR bands of gold nanoparticles
are adjusted by the shape of the nanoparticles and can be
made to overlap with the emission of lanthanide nanoparti-
cles, which leads to highly efficient LRET. Theoretical anal-
ysis based on the electrostatic-interaction model of the as-
sembly of oppositely charged nanoparticles fits the experi-
mental data very well. Further studies indicate that the as-
semblies comprise of several donors with one acceptor,
probably caused by differently charged donor and acceptor
nanoparticles. Considering the good dispersibility in aqueous
solution and easy bio-functionalization, LRET studies based
on the lanthanide and gold nanoparticles could be utilised
for the measurements of protein–protein, protein–DNA, or
oligonucleotide interaction processes. The assemblies could
also be used in time-resolved fluorescence assays. The long
excited-state lifetimes of lanthanide-doped nanoparticles
allow resolved signals, with a high sensitivity, from the ana-
lytes to be measured. However, because the size of the
donor and acceptors are larger than traditional dyes, the
LRET process tends to be influenced by the surface states
of the nanoparticles, and the mechanism of LRET between
nanoparticles, which is more complicated than that of dyes,
requires further clarification.


Experimental Section


Syntheses


YVO4:Eu and LaPO4:Ce,Tb nanoparticles : Phosphorus-containing poly-
acrylic acid (PCA), as an aqueous solution and with a phosphorus con-
centration of 5.85% in weight, was kindly provided by Taihe Chemical
Factory in Shandong Province, China. Aqueous solution of the lanthanide
nitrates (0.013 molL�1) was first mixed with a PCA solution (pH adjusted
to 6.0), the mixture was stirred for half an hour at room temperature,
and then the solution of sodium vanadate (molar ratio of lanthanide
ions/sodium vanadate/carboxylate is 1:1:1.5, the doping concentration of
europium ions is 8 mol%) were added dropwise. The final pH was ad-
justed to 12 with a solution of sodium hydroxide (2.5 molL�1). The mixed
solution was transferred into a teflon-lined autoclave and heated at
180 8C for 72 h. Finally, the solution was dialyzed against distilled water
to remove the excess ions. A dialysis membrane with a molecular weight
cut-off at 12000 Da (pore size of about 2.5 nm) was used, and the water
was renewed until the pH value of the colloidal solution was the same as
water, and afforded the YVO4:Eu nanoparticles (0.010 molL


�1). La-
PO4:Ce,Tb nanoparticles were synthesized by a similar method by copre-
cipitation of the lanthanide ions of La3+ (40%), Ce3+ (45%), and Tb3+


(15%) together with Na2HPO4.


Polyhedral and spherical gold nanoparticles : A solution of gold seeds
(10 mL) was prepared by the reduction of HAuCl4·3H2O (2.5R
10�4 molL�1) by NaBH4 (6.0R10


�4 molL�1) in the presence of CTAB
(7.5R10�2 molL�1). The solution of NaBH4 was added quickly to the so-
lution containing CTAB and HAuCl4, and the reaction mixture was then
shaken for two minutes allowing the escape of the gas formed during the
reaction. These seeds were used between 2–24 h after preparation. Gold
nanopolyhedra (10 mL) were prepared by mixing HAuCl4·3H2O (4.0R
10�4 molL�1), CTAB (1.6R10�2 molL�1), AgNO4 (6.0R10


�5 molL�1), as-
corbic acid (1.28R10�3 molL�1), and the as-prepared seed solution
(0.5 mL). The solution was mixed by inversion of the test tube after the
addition of each component. Gold nanospheres were synthesized using a
similar method by changing the ascorbic acid concentration to 4.8R
10�4 molL�1.


LRET Experiments


A solution of gold nanopolyhedron (2.5 mL, 4R109 particle cm�3, 6.6R
10�9 molL�1) was added in aliquots to a solution of YVO4:Eu nanoparti-
cles (5 mL, 1.6R108 particle cm�3, 2.6R10�10 molL�1), until the measure-
ments of the emission intensity of YVO4:Eu remained constant. The
LRET process of LaPO4:Ce,Tb to gold nanospheres was carried out by
the similar process.


Instrumentation


The size, selected area electron diffraction (SAED), and high-resolution
image of the nanoparticles were observed on a JEOL 200CX low-resolu-
tion TEM and a Hitachi H-9000 high-resolution TEM (HRTEM), operat-
ed at 160 kV and 300 kV, respectively. The samples were prepared by
slowly vaporizing a drop of colloidal nanoparticles on carbon-coated
copper grids. Absorption spectra were recorded on a Hitachi U-3010
spectrophotometer with colloidal nanoparticles. Luminescent spectra
were recorded on a Hitachi F-4500 spectrophotometer equipped with a
150 W Xe-arc lamp at room temperature. The spectra were measured at
a fixed band pass of 0.2 nm with the same instrument parameters of
5.0 nm for excitation slit and 5.0 nm for emission slit. The lifetime meas-
urements were performed with an Edinburgh Instruments FLS920 transi-
ent/steady-state photoluminescence spectrometer at room temperature.
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Utilization of N,N-Dialkylcarbamic Acid Derived from Secondary Amines
and Supercritical Carbon Dioxide: Stereoselective Synthesis of Z Alkenyl


Carbamates with a CO2-Soluble Ruthenium–P ACHTUNGTRENNUNG(OC2H5)3 Catalyst


Yoshihito Kayaki, Tomoyuki Suzuki, and Takao Ikariya*[a]


Introduction


The synthetic utilization of CO2 has received much attention
from the viewpoint of practical and environmental issues.[1]


Acidic CO2 can react readily with primary and secondary
amines to form carbamic acids or their ammonium salts;
these processes are valuable for CO2 capture. However, re-
verse decarboxylation from these carbamate moieties takes
place easily under certain conditions,[2,3,4] and further trans-
formation of carbamic acids into fairly long-lived products
such as urethanes and ureas is required for practical CO2
fixation.
Supercritical CO2 (scCO2) has been recognized to offer


advantages as a reaction medium and a reactant owing to its
unique physical properties, such as high gaseous miscibility,
effective mass transfer, and weakening of the solvation in-
teractions around the reacting species.[5] In fact, it was sug-
gested that scCO2 is a promising reaction medium for effi-
cient CO2-fixation processes as opposed to conventional or-


ganic solvents.[6,7] We developed a high-pressure NMR cell
assembly fitted for commercial probes without special modi-
fication of the spectrometer and investigated the solubility
of the metal complexes, the chemical behavior of the reac-
tant, and the solute–solvent interactions in scCO2.


[8] Direct
spectroscopic observation of chemical species in scCO2 can
provide deep insight into its potential benefits as a reaction
medium for CO2-fixation processes. The present work inves-
tigates the dynamic behavior of diethylamine in scCO2 by
means of the high-pressure NMR system and to elucidate
the influence of supercritical conditions on the equilibrium
between amine+CO2 and carbamic acid (Scheme 1). For


the utilization of carbamic acids generated in scCO2, we also
investigated the synthesis of alkenyl carbamates from termi-
nal alkynes, amines, and CO2 in the presence of Ru catalysts.
On the basis of the NMR spectroscopic study of the forma-
tion of N,N-diethylcarbamic acid in scCO2, the effects of
temperature and pressure on the outcome of the reaction as
well as the reaction mechanism are discussed.


Abstract: Reversible transformation of
diethylamine (1) and supercritical
carbon dioxide (scCO2) into N,N-dieth-
ylcarbamic acid (2) was confirmed by
direct acquisition of 1H and
13C{1H} NMR spectra. The equilibrium
between 1+CO2 and 2 is strongly in-
fluenced by conditions of the supercrit-
ical state. Low temperature favors for-
mation of carbamic acid, whereas high
temperature causes decarboxylation.


On the basis of the spectroscopic re-
sults of carbamic acid formation under
scCO2 conditions, the ruthenium-cata-
lyzed formation of alkenyl carbamates
from terminal alkynes, 1, and carbon
dioxide was investigated to demon-


strate the useful transformation of elu-
sive carbamic acids. Selectivity toward
the CO2-fixation products over enynes
obtained by dimerization of the alkyne
substrates was improved by the use of
scCO2 as a reaction medium. In partic-
ular, a CO2-soluble ruthenium com-
plex, trans-[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4], was
found to be effective in affording Z al-
kenyl carbamates with high stereose-
lectivity.


Keywords: alkynes · amines ·
carbon dioxide fixation · homoge-
neous catalysis · ruthenium
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Scheme 1. Reversible formation of N,N-diethylcarbamic acid from dieth-
ylamine and CO2.
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Results and Discussion


NMR Spectroscopic Investigation of the Reaction of
Diethylamine and scCO2


We first investigated the 1H and 13C NMR spectra of a mix-
ture of CO2 and diethylamine (1; 3.4H10


�2
m) by using a


high-pressure cell[8] under supercritical conditions with vari-
ous pressures and temperatures. Figure 1 depicts the forma-


tion of N,N-diethylcarbamic acid 2 from 1 in homogeneous
scCO2 solution at 15.0 MPa and 40 8C.


[9] The characteristic
1H NMR signal at 12.0 ppm associated with the carboxy
proton is in accord with that in relevant reports.[10] The CH2
signal of the ethyl group observed at 3.0 ppm was broad de-
spite the sharpness of the CH3 triplet signal, possibly be-
cause the protons of the CH2 group are not fully averaged
owing to hindered rotation around the amide C�N bond of
2. The 13C NMR spectrum displays a broad signal arising
from the carbonyl carbon atom at around 160 ppm, which
indicates that a CO2 molecule had inserted into the N�H
bond of diethylamine to form the urethane (NCOO) struc-
ture. Notably, 1 was not converted into 2 in CDCl3 under
otherwise identical conditions (15.0 MPa, 40 8C); therefore,
formation of the carbamic acid was markedly promoted in
scCO2.
The equilibrium between 1+CO2 and 2 is strongly influ-


enced by temperature. In an array of 1H NMR spectra at
various temperatures (Figure 2), the signal arising from the
acidic proton of 2 shifted to higher frequency with increas-
ing temperature and then appeared at 1.22 ppm, a chemical
shift that approaches that of a free amine proton, at 140 8C.
This suggests that the equilibrium shifts to 1 upon heating.[11]


According to the Le Chatelier principle, this observation is
consistent with the exothermic nature of the reaction be-
tween amines and CO2, thus facilitating the reverse decar-
boxylation of 2 at higher temperature.


Ruthenium-Catalyzed Reaction of Terminal Alkynes and
Diethylamine in scCO2


On the basis of the fact that scCO2 facilitates the formation
of N,N-diethylcarbamic acid 2 from diethylamine 1, we in-


vestigated the ruthenium-catalyzed transformation of
amines into alkenyl carbamates 4 by addition of the carbam-
ic acids generated in situ to terminal alkynes 3 (Scheme 2).


Dixneuf and co-workers[12] originally studied the same reac-
tion in organic solvents containing mono- or multinuclear
Ru catalysts. The reaction with 1-hexyne catalyzed by [Ru-
ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(cot)] (cod=1,5-cyclooctadiene, cot=cyclooctate-
traene) and phosphines was also reported by Mitsudo
et al.[13] Baiker and co-workers demonstrated the reaction of
phenylacetylene (3a), 1, and CO2 in the presence of [RuCl2
ACHTUNGTRENNUNG(h6-C6H6)ACHTUNGTRENNUNG(PMe3)] or [RuCl2ACHTUNGTRENNUNG(C5H5N)4] under supercritical
conditions.[14, 15] However, these catalyst systems gave only
modest selectivity toward the desired carbamate product,
owing to simultaneous formation of conjugated enynes 5
arising from catalytic dimerization of the alkyne substrate.
As we revealed previously, alkyl phosphites are effective


supporting ligands for the preparation of CO2-soluble transi-
tion-metal complexes.[8a,16] Direct observation of the equilib-
rium between 1 and 2 in scCO2 discussed above prompted
us to study the details of the addition of carbamic acids to 3
with a CO2-philic Ru–P ACHTUNGTRENNUNG(OC2H5)3 catalyst.
When a 1:2 mixture of 3a and 1 was treated with 8.0 MPa


of CO2 in the presence of [RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4] (8.0H
10�2 mmol; S/C=50) at 80 8C, the alkyne substrate was
almost completely consumed after 15 h reaction time
(Table 1).[17] GC and NMR spectroscopic analyses of the
product mixture revealed that an anti-Markovnikov adduct,
the Z alkenyl carbamate, (Z)-4a, was preferentially formed


Figure 1. High-pressure 1H and 13C{1H} NMR spectra of N,N-diethylcar-
bamic acid 2 derived from diethylamine 1 and 15.0 MPa of CO2 at 40 8C.


Figure 2. Observation of the dynamic behavior between 1 and 2 by high-
pressure 1H NMR spectroscopy at different temperatures.


Scheme 2. Ru-catalyzed reaction of terminal alkynes, secondary amines,
and CO2.
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with the E alkenyl carbamate, (E)-4a, and enynes (E)-5a
and (Z)-5a as minor products. A series of reactions of 3a
with 1 in scCO2 catalyzed by Ru complexes are summarized
in Table 2. The ratio of alkyne and amine substrates affected
the outcome of the reaction; the yield of (Z)-4a improved
with an increase in the molar ratio of 1 to 3a from 1:1 to 1:4
(Table 2, entries 1–3).


Dichlororuthenium(II) complexes with P ACHTUNGTRENNUNG(OC6H5)3 and P-
ACHTUNGTRENNUNG(CH3)3 ligands were less effective in terms of catalyst activi-
ty and selectivity toward the carbamate product (E)-4a
(Table 2, entries 4 and 5). Optimal results obtained by use of
trans-[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4] imply that the reaction may pro-
ceed preferably in the CO2 phase in which the catalyst and
substrate molecules are both dissolved.[18] Other CO2-soluble
Ru catalysts, such as the Ru–P ACHTUNGTRENNUNG(OCH2CF3)3 complex and an
isolable dihydrido complex, cis-[RuH2{P ACHTUNGTRENNUNG(OC2H5)3}4], also
worked under supercritical conditions; however, the selec-
tivity toward carbamate formation with these complexes
was lower than that with trans-[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4]
(Table 2, entries 6 and 7). The positive effect of the scCO2
medium for promoting CO2 fixation was clearly demonstrat-
ed by comparison with the solution-phase reaction per-
formed in 10 mL of CH3CN (Table 2, entry 8).
Catalyst performance was markedly influenced by temper-


ature and pressure. Figure 3 shows the effect of temperature
on the yields of 4a and 5a. The yield of (Z)-4a increased
significantly with an increase in temperature from 50 to
80 8C and then decreased toward 100 8C, whereas the total
yields of enynes (E)- and (Z)-5a proportionally increased


with increasing the temperature. The loss of carbamate se-
lectivity at elevated temperature is attributable to easy re-
lease of CO2 from N,N-diethylcarbamic acid upon heating,
as observed by the NMR experiments (see above).
A bell-shaped curve was also observed in the reaction


pressure–yield plots (Figure 4). A positive pressure effect on


vinyl carbamate formation was observed in the CO2 pres-
sure range of 5–10 MPa, which might be explained by pro-
motion of carbamic acid formation from amines and the
dense CO2. Further increase in pressure resulted in deactiva-
tion of the catalyst for carbamate formation and dimeriza-
tion of 3a, possibly arising from a high-dilution problem
caused by high CO2 density, as was often observed for ho-
mogeneous reactions in scCO2.


[4,16]


The Ru–P ACHTUNGTRENNUNG(OC2H5)3 catalyst system was found to be appli-
cable to the production of alkenyl N,N-dialkyl carbamates[19]


from a variety of terminal alkynes (Scheme 3 and Table 3).
The addition of N,N-diethylcarbamic acid to phenylacety-
lene derivatives 3a–c gave the Z alkenyl carbamates in 54–
68% yields but with excellent regio- and stereoselectivities
(Table 3, entries 1–3). Whereas the enyne substrate 3d react-
ed under similar conditions, relatively harsh reaction condi-
tions with prolonged reaction time were required for ali-
phatic terminal alkyne 3e to yield the Z carbamate product
(Table 3, entries 4 and 5). The selective reaction also oc-


Table 1. Time course for the formation of 4a and 5a.[a]


Entry t [h] Conv. [%][b] Yield [%][b]


(Z)-4a (E)-4a (Z)-5a (E)-5a


1 2.5 46 27 <1 2 5
2 5 69 45 <1 2 8
3 10 89 63 <1 4 12
4 15 99 79 <1 4 12
5 20 99 83 <1 5 11


[a] Reaction conditions: trans-[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4] (8.0H10
�2 mmol), 3a


(4.0 mmol), 1 (8.0 mmol), CO2 (8.0 MPa), 80 8C. [b] Determined by GC.


Table 2. Ru-catalyzed reaction of phenylacetylene and diethylamine in
scCO2.


[a]


Entry Ru catalyst 1/3a Yield [%][b]


(Z)-4a (E)-4a (Z)-5a (E)-5a


1 trans-[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4] 4 85 <1 2 12
2 trans-[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4] 2 79 <1 4 12
3 trans-[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4] 1 63 <1 5 13
4 trans-[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4] 2 26 2 6 9
5 trans-[RuCl2{P ACHTUNGTRENNUNG(CH3)3}4] 2 3 0 11 36
6 trans-[RuCl2{P ACHTUNGTRENNUNG(OCH2CF3)3}4] 2 40 2 17 20
7 cis-[RuH2{P ACHTUNGTRENNUNG(OC2H5)3}4] 2 21 0 5 14
8 trans-[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4]


[c] 2 6 <1 4 5


[a] Reaction conditions: Ru catalyst (8.0H10�2 mmol), 3a (4.0 mmol),
CO2 (8 MPa), 80 8C, 15 h. [b] Determined by GC. [c] CH3CN (10 mL)
was added.


Figure 3. Effect of temperature on carbamate and enyne formation. Re-
action conditions: trans-[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4] (8.0H10�2 mmol), 3a
(4.0 mmol), 1 (8.0 mmol), CO2 (8.0MPa), 15 h.


Figure 4. Effect of CO2 pressure on carbamate and enyne formation. Re-
action conditions: trans-[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4] (8.0H10�2 mmol), 3a
(4.0 mmol), 1 (8.0 mmol), 80 8C, 15 h.
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curred with other secondary amine derivatives. When dime-
thylammonium N,N-dimethylcarbamate, [(CH3)2NH2]
ACHTUNGTRENNUNG[(CH3)2NCO2], was employed as an alternative to dimethyl-
amine under the optimized conditions, the corresponding
Z carbamate was obtained in 31% yield (Table 3, entry 6).
Dibenzylamine, which is more amenable to the formation of
N,N-dibenzylcarbamic acid,[3b] also afforded the desired
product in a similar manner (Table 3, entry 7).


Mechanism of Formation of Z Alkenyl Carbamates and
Enynes


Previous work on the Ru-catalyzed hydrooxycarbonylation
of terminal alkynes implied that the catalytic cycle involves
a vinylidene–ruthenium intermediate (Scheme 4).[20] Carba-
mate formation is explicable by the generation of carbamic
acids from secondary amines and CO2 and subsequent
attack on the a-carbon atom of vinylidene intermediate 6
generated from the Ru precursor and the terminal alkyne[21]


(Scheme 4, cycle A). The formation of 4 as anti-Markovni-
kov adducts can be clearly explained by the present 1,1-in-
sertion mechanism. Moreover, the trend in Z carbamate se-
lectivity is also consistent with that reported in the addition
of carboxylic acids to terminal alkynes.[22] Thus, the reaction
proceeds stereoselectively through a trans addition of car-
bamic acids to C–C triple bonds. The possible vinylidene
species 6 can react competitively with another alkyne mole-
cule to afford 5 as undesired enyne products (Scheme 4,
cycle B). Owing to the pivotal role of the vinylidene–ruthe-
nium(II) complex in the reaction of carbamic acids with ter-
minal alkynes as well as in alkyne dimerization, the equilib-


rium between amines and carbamic acids is crucial for the
control of the selectivity in the catalytic system. Indeed, the
reaction with scCO2 offers remarkable enhancement of car-
bamate selectivity on the basis of the facile formation of car-
bamic acids.


Conclusions


By using the high-pressure NMR system, we confirmed that
the scCO2 medium facilitates the formation of N,N-diethyl-
carbamic acid from diethylamine. On the basis of the spec-
troscopic results of carbamic acid formation under supercrit-
ical conditions, Ru-catalyzed reaction of terminal alkynes
and carbamic acids generated from secondary amines and
CO2 was demonstrated as a promising CO2-fixation process.
In fact, efficient synthesis of Z alkenyl carbamates was ach-
ieved in scCO2 containing trans-[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4] com-
plex as the CO2-soluble catalyst. Furthermore, we also re-
vealed that the competitive dimerization of alkynes can be
suppressed by tuning the operating conditions and with
proper catalyst design. These findings provide a promising
avenue to utilize scCO2 as both the reactant and the reac-
tion medium.


Experimental Section


General Considerations


Catalyst preparation was conducted under argon atmosphere with
Schlenk techniques. Solvents and amines were used after drying and dis-
tillation and stored under argon. Terminal alkynes were freshly distilled
under argon before use. Special-grade liquefied CO2 (99.999% purity)
was used as received from commercial suppliers. Ru complexes trans-
[RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4],


[23] cis-[RuH2{P ACHTUNGTRENNUNG(OC2H5)3}4],
[24] trans-[RuCl2{P-


ACHTUNGTRENNUNG(OCH2CF3)3}4],
[8a] and trans-[RuCl2{P ACHTUNGTRENNUNG(OC6H5)3}4]


[25] were synthesized ac-


Scheme 3. Synthesis of enol carbamates catalyzed by trans-[RuCl2{P-
ACHTUNGTRENNUNG(OC2H5)3}4].


Table 3. Ru-catalyzed reaction of terminal alkynes and secondary amines in
scCO2.


[a]


Entry Alkyne R Amine Product Yield
[%][b]


1 3a C6H5 ACHTUNGTRENNUNG(C2H5)2NH (Z)-4a 68
2 3b p-CH3-C6H4 ACHTUNGTRENNUNG(C2H5)2NH (Z)-4b 56
3 3c m-Cl-C6H4 ACHTUNGTRENNUNG(C2H5)2NH (Z)-4c 54
4 3d 1-cyclohex-


enyl
ACHTUNGTRENNUNG(C2H5)2NH (Z)-4d 35


5[c] 3e C6H5 ACHTUNGTRENNUNG(CH2)2 ACHTUNGTRENNUNG(C2H5)2NH (Z)-4e 39
6 3a C6H5 ACHTUNGTRENNUNG[(CH3)2NH2] ACHTUNGTRENNUNG[(CH3)2NCO2]


[d] (Z)-4 f 31
7 3a C6H5 ACHTUNGTRENNUNG(C6H5CH2)2NH (Z)-4g 45


[a] Reaction conditions: 3 (4.0 mmol), amine (8.0 mmol), [RuCl2{P ACHTUNGTRENNUNG(OC2H5)3}4]
(8.0H10�2 mmol), 8.0 MPa, 80 8C, 15 h. [b] Yield of isolated product. [c] The re-
action was performed at 9.0 MPa and 100 8C for 60 h. [d] The ammonium car-
bamate [(CH3)2NH2] ACHTUNGTRENNUNG[(CH3)2NCO2] (4.0 mmol) was used as a source of the di-
methylamine moiety.


Scheme 4. Possible reaction pathway for the Ru-catalyzed reaction of ter-
minal alkynes and secondary amines in scCO2.
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cording to the reported preparative methods. NMR spectra of the carba-
mate products were recorded on a JEOL Lambda 300 spectrometer for
1H (referenced to Si ACHTUNGTRENNUNG(CH3)4 by residual solvent protons) and


13C{1H} (ref-
erenced to Si ACHTUNGTRENNUNG(CH3)4 by the solvent resonance). Coupling constants (J)
are given in hertz (Hz), and spin multiplicities are indicated as follows: d
(doublet), t (triplet), q (quartet), m (multiplet), and br (broad). Gas chro-
matography was carried out on a GL Science GC-353 chromatograph
equipped with a G-100 column (1.2-mm I.D.H40 m) and N2 as carrier
gas. IR spectra were recorded on a Jasco FTIR-610 spectrometer. Mass
spectra were measured by using a JEOL JMS-T100LC mass spectrome-
ter. Elemental analysis was carried out using a PE2400 Series II CHNS/O
Analyzer (Perkin Elmer).


High-Pressure NMR Experiments


High-pressure 1H and 13C{1H} NMR spectra were recorded with a 300-
MHz NMR spectrometer (JEOL LA-300) operating at a proton frequen-
cy of 300.5 MHz and a carbon frequency of 75.6 MHz, respectively. C6D6
was used as the external standard for measuring the 1H and 13C NMR
chemical shifts. The experimental setup is presented in our previous re-
port.[8a] The high-pressure cell assembly consisted of a nonmagnetic Ti–
Al alloy valve and a zirconia tube with a inner volume of 3.4 mL. The
valves were attached to the top of the zirconia tube and fixed with
Kalrez perfluoroelastomer O rings. CO2 solvent was provided through
stainless-steel capillaries to the cell controlled by a syringe pump (ISCO
model 260D). The pressure of the system was maintained with a back-
pressure regulator (JASCO model 880–81). The assembly was operated
at a pressure of up to 25 MPa in a nonspinning mode, and the tempera-
ture of the probe can be controlled with heated air up to 423 K.


Before the NMR spectra were recorded, 1 (12.1 mL, 0.117 mmol) was
placed in the high-pressure cell and degassed by freeze–pump–thaw
cycles at �78 8C. After the introduction of CO2 at 35 8C, the pressure of
the system and the temperature in the NMR probe were set to the de-
sired value. The system was allowed to equilibrate until the pressure
reading was stable for at least 15 min.


Syntheses


Typical experimental procedure for the catalytic reaction of terminal al-
kynes with amines and CO2: A 50-mL reactor equipped with a magnetic
stirrer bar and a small vial was charged with argon gas in a desiccator.
trans-[RuCl2(P ACHTUNGTRENNUNG(OC2H5)3)4] (67 mg, 8.0H10


�2 mmol) was placed in this
vial, and 1 (585 mg, 8.0 mmol) and 3a (410 mg, 4.0 mmol) were added to
the reactor (outside the vial) with a syringe. Subsequently, the reactor
was placed in an oven at 80 8C, and the reactor was then filled with CO2
(8.0 MPa) through a cooling apparatus with an HPLC pump (Jasco PU-
2080). After the mixture was stirred for 15 h, the reactor was cooled in a
bath of methanol with dry ice, and the CO2 was vented. The reaction
mixture was collected and analyzed by GC with n-C12H26 as internal stan-
dard. The crude product was purified by column chromatography on
silica gel (hexane/ethyl acetate=40:1!20:1) to afford (Z)-4a (593 mg,
68%) as a pale-yellow liquid. Effects of the catalyst and substrates, CO2
pressure, and reaction temperature were examined in a similar manner
with variation of the reaction conditions.


(Z)-4a : (Z)-2-Phenylethenyl N,N-diethylcarbamate: IR (CHCl3): ñ =2980
(m), 1714 (vs), 1661 (m), 1475 (m), 1423 (s), 1382 (m), 1272 cm�1(s);
1H NMR (300.5 MHz, CDCl3): d=1.18 (t, 3JH,H=7.1 Hz, 3H, NCH2CH3),
1.23 (t, 3JH,H=7.1 Hz, 3H, NCH2CH3), 3.37 (q, 3JH,H=7.1 Hz, 2H,
NCH2CH3), 3.42 (q,


3JH,H=7.1 Hz, 2H, NCH2CH3), 5.61 (d,
3JH,H=


7.3 Hz, 1H, C=CH), 7.1–7.4 (m, 4H, C=CH and C6H5), 7.53 ppm (d,
3JH,H=7.3 Hz, 2H, C6H5);


13C NMR (75.6 MHz, CDCl3): d=13.2, 14.0,
41.6, 42.2, 109.3, 126.6, 128.2, 128.5, 134.5, 135.4, 152.7 ppm; HRMS
(ESI): m/z calcd for C13H17NNaO2: 242.1157 [M+Na]+ ; found: 242.1190;
elemental analysis: calcd for C13H17NO2: C 71.21, H 7.81, N 6.39; found:
C 71.13, H 7.92, N 6.42.


(Z)-4b : According to the procedure for the preparation of (Z)-4a, (Z)-2-
(4’-methylphenyl)ethenyl N,N-diethylcarbamate ((Z)-4b ; 519 mg, 56%)
was obtained as a pale-yellow liquid after purification by column chroma-
tography. IR (CHCl3): ñ=2980 (m), 1713 (vs), 1663 (m), 1513 (m), 1475
(s), 1430 (s), 1381 (m), 1272 cm�1(s); 1H NMR (300.5 MHz, CDCl3): d=


1.18 (t, 3JH,H=7.1 Hz, 3H, NCH2CH3), 1.24 (t, 3JH,H=7.1 Hz, 3H,
NCH2CH3), 2.33 (s, 3H, C6H4CH3), 3.38 (q, 3JH,H=7.1 Hz, 2H,
NCH2CH3), 3.43 (q,


3JH,H=7.1 Hz, 2H, NCH2CH3), 5.58 (d,
3JH,H=


7.3 Hz, 1H, C=CH), 7.13 (d, 3JH,H=8.1 Hz, 2H, C6H4), 7.24 (d,
3JH,H=


7.3 Hz, 1H, C=CH), 7.43 ppm (d, 3JH,H=8.1 Hz, 2H, C6H4);
13C NMR


(75.6 MHz, CDCl3): d=13.2, 14.0, 21.1, 41.6, 42.2, 109.3, 128.4, 128.9,
131.7, 134.8, 136.4, 152.8 ppm; elemental analysis: calcd for C14H19NO2:
C 72.07, H 8.21, N 6.00; found: C 72.09, H 8.41, N 5.91.


(Z)-4c : According to the procedure for the preparation of (Z)-4a, (Z)-2-
(3’-chlorophenyl)ethenyl N,N-diethylcarbamate ((Z)-4c ; 546 mg,
2.15 mmol, 54%) was obtained as a pale-yellow liquid after purification
by column chromatography. IR (CHCl3): ñ =2980 (m), 1718 (vs), 1659
(m), 1475 (s), 1430 (s), 1382 (m), 1271 cm�1 (s); 1H NMR (300.5 MHz,
CDCl3): d=1.17 (t, 3JH,H=7.1 Hz, 3H, NCH2CH3), 1.26 (t,


3JH,H=7.1 Hz,
3H, NCH2CH3), 3.37 (q,


3JH,H=7.1 Hz, 2H, NCH2CH3), 3.43 (q,
3JH,H=


7.1 Hz, 2H, NCH2CH3), 5.54 (d,
3JH,H=7.1 Hz, 1H, C=CH), 7.1–7.4 (m,


4H, C6H4 and C=CH), 7.24 ppm (s, 1H, C6H4);
13C NMR (75.6 MHz,


CDCl3): d=13.2, 14.1, 41.8, 42.5, 108.0, 126.6, 126.7, 128.4, 129.4, 134.1,
136.3, 136.5, 152.4 ppm; HRMS (ESI): m/z calcd for C13H16ClNNaO2:
276.07673 [M+Na]+ ; found: 276.07593.


(Z)-4d : According to the procedure for the preparation of (Z)-4a, (Z)-2-
(1’-cyclohexenyl)ethenyl N,N-diethylcarbamate ((Z)-4d ; 310 mg,
1.38 mmol, 35%) was obtained as a pale-yellow liquid after purification
by column chromatography. IR (CHCl3): ñ =2935 (m), 1705 (vs), 1475
(s), 1433 (s), 1381 (m), 1274 cm�1(s); 1H NMR (300.5 MHz, CDCl3): d=


1.13 (t, 3JH,H=7.1 Hz, 6H, NCH2CH3), 1.50–1.68 (m, 4H, CH2), 2.08 (br,
2H, CH2), 2.37 (br, 2H, CH2), 3.31 (q,


3JH,H=7.1 Hz, 4H, NCH2CH3),
5.08 (d, 3JH,H=7.3 Hz, 1H, C=CH), 5.74 (s, 1H, C=CH), 6.86 ppm (d,
3JH,H=7.3 Hz, 1H, C=CH); 13C NMR (75.6 MHz, CDCl3): d =13.3, 14.1,
21.9, 22.9, 25.8, 28.1, 41.4, 42.0, 112.8, 128.2, 132.4, 133.0, 153.0 ppm;
HRMS (ESI) m/z calcd for C13H21NNaO2: 246.1470 [M+Na]+ ; found:
246.1469.


(Z)-4e : According to the procedure for the preparation of (Z)-4a, (Z)-4-
phenylbut-1-en-1-yl N,N-diethylcarbamate ((Z)-4e ; 386 mg, 1.56 mmol,
39%) was obtained as a pale-yellow liquid after purification by column
chromatography. IR (CHCl3): ñ =2935 (m), 1703 (vs), 1429 (s),
1274 cm�1(s); 1H NMR (300.5 MHz, CDCl3): d =1.14 (t, 3JH,H=7.1 Hz,
6H, NCH2CH3), 2.43 (dt,


3JH,H=8.0, 7.3 Hz, 2H, CH2), 2.43 (t,
3JH,H=


7.3 Hz, 2H, CH2), 3.25–3.33 (m, 4H, NCH2CH3), 4.77 (dt,
3JH,H=6.4,


7.3 Hz, 1H, C=CH), 6.98 (d, 3JH,H=6.4 Hz, 1H, C=CH), 7.1–7.3 ppm (m,
5H, C6H5);


13C NMR (75.6 MHz, CDCl3): d=13.2, 14.0, 21.1, 41.6, 42.2,
109.3, 128.4, 128.9, 131.7, 134.8, 136.4, 152.8 ppm; HRMS (ESI): m/z
calcd for C15H21NNaO2: 270.1470 [M+Na]+ ; found: 270.1465.


(Z)-4 f : According to the procedure for the preparation of (Z)-4a, (Z)-2-
phenylethenyl N,N-dimethylcarbamate ((Z)-4 f ; 240 mg, 1.25 mmol,
31%) was obtained as a pale-yellow liquid after purification by column
chromatography. IR (CHCl3): ñ =2938 (w), 1720 (vs), 1661 (m), 1493
(m), 1446 (m), 1371 (s), 1241 cm�1(m); 1H NMR (300.5 MHz, CDCl3):
d=1.18 (t, 3JH,H=7.1 Hz, 3H, NCH2CH3), 1.23 (t,


3JH,H=7.1 Hz, 3H,
NCH2CH3), 3.37 (q,


3JH,H=7.1 Hz, 2H, NCH2CH3), 3.42 (q,
3JH,H=


7.1 Hz, 2H, NCH2CH3), 5.61 (d,
3JH,H=7.3 Hz, 1H, C=CH), 7.1–7.4 (m,


4H, C=CH and C6H5), 7.53 ppm (d,
3JH,H=7.3 Hz, 2H, C6H5);


13C NMR
(75.6 MHz, CDCl3): d =13.2, 14.0, 41.6, 42.2, 109.3, 126.6, 128.2, 128.5,
134.5, 135.4, 152.7 ppm; elemental analysis: calcd for C11H13NO2: C 69.09,
H 6.85, N 7.32; found: C 68.75, H 6.94, N 7.36.


(Z)-4g : According to the procedure for the preparation of (Z)-4a, (Z)-2-
phenylethenyl N,N-dibenzylcarbamate ((Z)-4g ; 620 mg, 45%) was ob-
tained as a white powder after purification by column chromatography.
IR (KBr): ñ=3056 (w), 3029 (w), 1715 (s), 1661 (m), 1494 (m), 1464 (m),
1449 (m), 1432 (m), 1382 (m), 1222 (s), 1098 cm�1 (s); 1H NMR
(300.5 MHz, CDCl3): d=4.60 (s, 4H, NCH2C6H5), 5.69 (d,


3JH,H=7.3 Hz,
1H, C=CH), 7.1–7.5 ppm (m, 16H, C=CH and C6H5);


13C NMR
(75.6 MHz, CDCl3): d =49.2, 50.1, 110.2, 126.8, 126.9, 127.6, 127.7, 128.17,
128.20, 128.6, 128.7, 128.8, 134.1, 135.4, 136.5, 136.6, 153.9 ppm; elemental
analysis: calcd for C23H21NO2: C 80.44, H 6.16, N 4.08; found: C 80.65,
H 6.00, N 3.80.
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