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Abstract: The family of allylation reactions developed by
Tsuji in the 1980s are capable of generating tertiary and
quaternary carbon stereocenters from several synthetic
precursors. Despite the utility of these transformations,
they have seen little use in the synthesis of natural prod-
ucts. Recently, the power of these reactions was signifi-
cantly enhanced by the development of enantioselective


versions of these transformations. Applications of these
methods to the enantioselective syntheses of natural prod-
ucts and pharmaceutical compounds highlight the impor-
tance of these developments.


Keywords: allylation · asymmetric catalysis · enols ·
ketones · palladium


1. Introduction


1.1. Background and Significance


The catalytic enantioselective synthesis of quaternary
carbon stereocenters is an ongoing challenge to synthetic
chemists.[1] Any such reaction must forge a new carbon–
carbon bond in the face of significant steric encumbrance to
accomplish this goal. As a result, there are relatively few
protocols that are both mild and highly enantioselective.
Methods for the generation of quaternary stereocenters are
extremely desirable given the prevalence of these stereogen-
ic carbon centers in a wide variety of natural products with
important structural and biological properties.


One important method for the enantioselective synthesis
of quaternary stereocenters is the Pd-catalyzed allylic alkyl-
ACHTUNGTRENNUNGation of prochiral stabilized enolates developed by Haya-
shi,[2] Ito,[3] Trost,[4] and Hou and Dai[5] and their co-workers
(Scheme 1a). These reactions are unusual in the field of
asymmetric allylic alkylation because the newly formed ste-
reocenter resides on the nucleophilic partner instead of the
electrophilic allyl group. Later, Trost[6] and Hou and Dai[7]


and their co-workers described palladium-catalyzed systems
capable of generating quaternary stereocenters with high en-
antiomeric excess from unstabilized ketone enolates that
contain a single acidic position (e.g., tetralones;
Scheme 1b).[8,9] Although these systems have proven useful
in a number of applications, one limitation of this methodol-
ogy is the requirement that there be only a single acidic site
or a large pKa difference between two acidic sites to prevent


the formation of mixtures of allylated products from enolate
scrambling in situ.[1b] As an example of this deficiency in the
literature, the seemingly simple compound 2-allyl-2-methyl-
cyclohexanone (1; Scheme 2) had not been prepared in
highly enantioenriched form prior to the work discussed
herein.[10]


1.2 History


In the 1980s, Prof. Jiro Tsuji[11] and his co-workers at the
Tokyo Institute of Technology, and later at Okayama Uni-
versity, developed a series of Pd-catalyzed reactions in
which unstabilized enolates or enol equivalents were trans-
formed into the corresponding allylated ketones under es-
sentially neutral reaction conditions. Viable substrates for
these transformations included allyl enol carbonates,[12] silyl
enol ethers,[13] allyl b-ketoesters,[14] and enol acetates[15]


(Scheme 2). Importantly, each of these Pd-catalyzed decar-
boxylative reactions is capable of generating a quaternary
carbon center.[16] Tsuji published several accounts of his
work in the development of this suite of reactions.[17]


[a] J. T. Mohr, Prof. B. M. Stoltz
The Arnold and Mabel Beckman Laboratories of Chemical Synthesis
Division of Chemistry and Chemical Engineering
California Institute of Technology
1200 East California Boulevard, MC 164-30
Pasadena, CA 91125 (USA)
Fax: (+1)626-564-9297
E-mail : stoltz@caltech.edu


Scheme 1. Enantioselective allylic alkylation with a) stabilized and
b) unstabilized enolates.
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An important observation
was the very high levels of re-
giochemical fidelity observed
in these processes (Scheme 3).
For example, a mixture of allyl
enol carbonates enriched in
tetrasubstituted enol isomer 2
was converted into a-quater-
nary ketone 1 with essentially
no leakage of material to the
isomeric ketone product 4.
Likewise, a mixture enriched
in allyl enol carbonate 3 yielded ketone 4 with little trace of
the a-quaternary isomer.[12] Despite this valuable quality,


enantioselective variants of these transformations were not
disclosed in the 20 years since the initial discoveries.


Over the past three years, significant effort has been un-
derway to develop enantioselective variants of the Tsuji re-
actions to address the limitations of the asymmetric allylic
alkylation protocols. Viable methods for synthesizing all-
carbon quaternary stereocenters adjacent to carbonyl
groups have been reported from these investigations. In this
Focus Review, the development and utility of these methods
for the synthesis of complex molecules will be highlighted.[18]


For the purposes herein, we define the Tsuji allylation as
one of the four representative reactions detailed in
Scheme 2. The enolate intermediate must be revealed in the
course of the reaction with CO2 as a by-product, the enolate


Abstract in Japanese:
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Scheme 2. Tsuji allylation reactions: a) allyl enol carbonates, b) silyl enol
ethers, c) allyl b-ketoesters, and d) enol acetates. dba=dibenzylideneace-
tone, dppe=1,2-bis(diphenylphosphanyl)ethane, TMS= trimethylsilyl.


Scheme 3. Regiochemical fidelity in the Tsuji allylation.
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must be unstabilized by conjugated electron-withdrawing
groups (e.g., esters), and the newly formed stereocenter
must reside on the nucleophilic fragment of the product.


2. Allyl Enol Carbonates


2.1 Synthesis of Cyclic Ketones


In 2004, our group reported an enantioselective Tsuji allyla-
tion from allyl enol carbonate substrates.[19] An initial
screening of chiral ligands quickly identified that chelating
P/N ligands were especially effective in terms of yield and
enantioselectivity. Specifically, the tert-butyl phosphinooxa-
zoline (tBuPHOX; 5) ligand framework, developed in the
1990s by Pfaltz, Helmchen, and Williams,[20] led to the for-
mation of the elusive 2-allyl-2-methylcyclohexanone (1) with
up to 89% ee, the first reported synthesis of this simple
enantioenriched ketone.


The extension of this result to more complex systems
proved rewarding. The mild reaction conditions were toler-
ant of a variety of substituent and functional groups
(Scheme 4). Remarkably, these adapted enantioselective
Tsuji allylation conditions were capable of generating a qua-
ternary stereocenter adjacent to another quaternary carbon
atom in the formation of 2-allyl-2-tert-butylcyclohexanone
with little degradation in enantioselectivity relative to less


sterically demanding substrates. The absolute configuration
was established for a number of products and, in all cases in-
vestigated, the enantiomer shown predominanted. An inter-
esting effect observed in this work was that a range of sol-
vents, including ethereal (THF, 1,4-dioxane, Et2O, tert-butyl
methyl ether, iPr2O), aromatic (benzene, toluene), and car-
bonyl-containing (EtOAc) solvents, proved to be nearly
equally effective for several substrates.


To improve the ee of the cycloalkanone products, a
straightforward method of derivitization to the correspond-
ing semicarbazone followed by recrystallization and hydroly-
sis was developed. This protocol allowed the isolation of 1
with 98% ee (Scheme 5).


In 2005, Trost disclosed a similar system for enantioselec-
tive allylic alkylation from allyl enol carbonate substrates.[21]


Although several P/P chelating ligands performed poorly in
the work reported by our group,[19] Trost found that the
uniquely shaped P/P ligand (R,R)-7 provided high ee in the
allylic alkylation of allyl enol carbonate substrates in tolu-
ene (Scheme 6). Two examples of substrates with multiple
sites of similar acidity were reported. Interestingly, besides
the enantioselective formation of quaternary centers, the
use of trisubstituted enol precursors led to the formation of
highly enantioenriched tertiary stereocenters. Further opti-
mization of the reaction conditions was required in some
cases to prevent multiple alkylations at the carbonyl a posi-
tion of these trisubstituted enol precursors; use of 1,4-diox-
ane solvent effectively suppressed overalkylation for some
substrates. Also included are the first examples of heterocy-
cles in allylations of this type.[22]


An important facet of this chemistry is the observation
that the major enantiomer of the cycloalkanone product is
of the opposite sense to that observed in the earlier work of
TrostKs group with lithium–enolate nucleophiles and a simi-
lar ligand in the same enantiomeric series.[6a] This suggests
that the mechanism of the reaction with preformed Li–eno-
late is significantly different from that with Pd–enolate gen-
erated in situ.


Scheme 4. Enantioenriched cycloalkanones produced from allyl enol
ACHTUNGTRENNUNGcarbonates. Bn=benzyl.


Scheme 5. Enantioenrichment of ketone (�)-1 via the semicarbazone
ACHTUNGTRENNUNGderivative. Py=pyridine.
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2.2 Synthesis of Acyclic Ketones and Aldehydes


A significant advance in the development of these protocols
is the extension to acyclic enolate precursors. TrostKs group
found that many a-tertiary ketones could be formed with
high ee by using the (R,R)-7/Pd0 catalyst system
(Scheme 7).[23]


Interestingly, the geometry of the enol precursor affected
not only the rate of reaction, but also the absolute configu-
ration of the product (Scheme 8). This suggests that neither
the enol carbonate nor the putative Pd–enolate complex un-
dergoes significant geometric isomerization. No speculation
regarding the origin of the large rate difference between
enol isomers was given.


An extension of this chemistry was the incorporation of
a-heteroatom-containing substrates. Trost et al. found that
siloxy-substituted allyl enol carbonates are especially useful
in this reaction and are particularly important because of
the prevalence of a-hydroxyketones and aldehydes in natu-
ral products and pharmaceuticals.[22] Interestingly, isomeric
substrates 8 and 10 each led to product 9, which is derived
from a probable aldehyde enolate intermediate (12 ;
Scheme 9). This most likely occurred by an intramolecular
silyl transfer between enolates 11 and 12 followed by subse-
quent allylation.


A variety of a-silyloxy aldehydes were prepared in this
manner, including one cyclic example of an a-silyloxy
ketone (Scheme 10). The isomer of the enolate precursor
employed affected the rate of reaction and, to a small
degree, the level of enantioselectivity. This rate difference
was especially noticeable when substituted allyl fragments
were employed. The ee of the major diastereomer formed in
these cases was uniformly high, and the d.r. was typically
high as well.


Scheme 6. Enantioenriched cycloalkanones produced from allyl enol
ACHTUNGTRENNUNGcarbonates.


Scheme 7. Enantioenriched ketones produced from Z enol carbonates.


1480 www.chemasianj.org � 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 1476 – 1491


FOCUS REVIEWS
J. T. Mohr and B. M. Stoltz







Allyl enol carbonate substrates provide the first entries to
general allylation of ketone enolates. The importance of this
class of enolate precursors is highlighted by their use in syn-
theses of natural products and pharmaceutical intermediates.
Examples of these applications are discussed in Section 5.


3. Silyl Enol Ethers


Apart from allyl enol carbonate substrates, we demonstrated
the application of the PHOX/Pd0 catalyst system to a variety
of silyl enol ethers.[19, 24] These enol silanes are desirable eno-
late precursors because, in many cases, they are significantly
easier to prepare than the corresponding allyl enol carbon-
ACHTUNGTRENNUNGates.


The intermolecular nature of
this variant of the Tsuji allyla-
tion meant that the addition of
a diallyl carbonate (13 ;
Scheme 11) as a coupling part-
ner was required. Although
Tsuji et al. reported the allyla-
tion of silyl enol ethers without
an exogenous activator,[13] it
was found that the addition of
a substoichiometric amount of
the fluoride donor tetrabutyl-
ACHTUNGTRENNUNGammonium difluorotriphenylsi-
licate (TBAT) was necessary
for the enantioselective reac-
tion at 25 8C. Notably, products
obtained from allyl enol car-
bonate (Scheme 4) and silyl


enol ether (Scheme 11) substrates had nearly identical ee
with this catalyst system. This consistent enantioselectivity
suggests that the mechanisms of C�C bond formation for
both enolate precursors are identical.


Scheme 8. Reactivity differences for E and Z enol carbonates. n.d.=not determined.


Scheme 9. Allylic alkylation from isomeric silyloxy-substituted allyl enol
carbonates. TBS= tert-butyldimethylsilyl.


Scheme 10. Allylic alkylation to form a-silyloxy aldehydes and ketones.
Yields and ee values given are for isomer A (isomer B in parentheses).
[a] Isomers A and B are identical.
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Although this class of sub-
strate has not been developed
to the extent of the allyl enol
carbonate variant, the intermo-
lecular reaction could be an
important convergent coupling
reaction of elaborate frag-
ments toward complex target
molecules. Furthermore, this
method was recently used in
the synthesis of stereodefined
tertiary fluorides (see Sec-
tion 5.4).


4. Allyl b-Ketoesters


Although the above transformations have proven to be very
useful, one particular shortcoming of these protocols is the
need to pregenerate the enol equivalent prior to the allyla-
tion reaction with an exogenous base (typically an amine or
amide base). In some cases, this enolization step provides
poor selectivity for the desired enol isomer. Given the high
level of regiochemical fidelity demonstrated by Tsuji
(Scheme 3), these mixtures of enol isomers inevitably lead
to mixtures of allylated products and, thus, poor yield. An
example is shown in Scheme 12.


When confronted with this problem, our group found a
possible solution in the work of Tsuji and Saegusa and their
co-workers: allyl b-ketoesters, like the allyl enol carbonate


substrates, contain all the necessary components for decar-
boxylative allylation, and the enolate generation is regiospe-
cific.[14] However, the extension of this substrate class to
enantioselective variants was potentially complicated by the
intrinsic stereochemistry of the allyl b-ketoester, which
could result in kinetic resolution or other problematic ef-
fects of double stereodifferentiation.[25] Despite that, sub-
strate kinetic resolution was not observed, and the desired
products were formed in excellent yield and with good ee
(Scheme 13); this transformation of a racemic substrate into
an enantioenriched product is an example of an enantiocon-
vergent catalytic reaction.[26] The reaction probably proceed-
ed through Pd-mediated oxidative addition and deallylation
of the substrate followed by stereoablative C�C bond cleav-
age via decarboxylation to form an achiral enolate inter-
mediate, then recombination of the fragments through Pd-
mediated stereoselective C�C bond formation.


The substrate scope of the b-ketoester variant of the Tsuji
allylation was found to be quite broad. Notably, compounds
with high steric demands, such as 2-allyl-2,3,3,5,5-penta-
ACHTUNGTRENNUNGmethylcyclohexanone, were produced in good yield and with
high ee (Scheme 14). Interestingly, substrates that bear b


leaving groups did not suffer elimination, and substrates
that contain other acidic functional groups (e.g., nitrile,Scheme 11. Enantioenriched cycloalkanones produced from silyl enol


ethers.


Scheme 12. Nonselective enolization leads to mixtures of allylated products.


Scheme 13. Enantioselective decarboxylative allylation with an allyl
b-ketoester.
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ester) did not cause enolate scrambling. Furthermore, allyl
groups substituted at the central carbon atom (e.g., methyl,
chloro) led to increased ee. The ketones produced from allyl
b-ketoesters, allyl enol carbonates, and silyl enol ethers were
formed in nearly identical yield and ee with this catalyst
system.


Also demonstrated was the tolerance of a fluorine atom
at the a position of the racemic substrate, a concept that
was later developed further by Nakamura and others (see
Section 5.4). In the work of Nakamura et al. , three examples
of the formation of quaternary stereocenters from allyl b-ke-
toesters were included as well.[27]


Apart from the development of the b-ketoester substrate
class, we reported the use of a masked b-ketoester moiety to
effect a cascade reaction that generates two quaternary ste-


reocenters in a single reaction (Scheme 15).[26] Presumably,
the allyl enol carbonate functionality of substrate 14 reacted
rapidly, thus generating the first quaternary stereocenter
and revealing allyl b-ketoester 15, which underwent further
reaction. Ketone 16 was isolated in 76% yield and with
92% ee as a 4:1 mixture of C2/meso diastereomers.


Subsequent to this initial report, Trost et al. described the
application of the bisphosphine/Pd0 catalyst to the enantio-
selective allylic alkylation of vinylogous ester and thioester
enolates.[28] When they were confronted with a similar prob-
lem of nonselective enolization in enol carbonate formation,
the b-ketoester motif was explored. Unlike the PHOX
system, some variation in product ee was observed, depend-
ing on the nature of the enolate precursor (i.e. , allyl enol
carbonate vs. allyl b-ketoester). Notably, the level of sub-
strate conversion observed was sensitive to the nature of the
substituent of the vinylogous ester moiety. To address this
problem, vinylogous thioester substrates were examined,
and the reactivity was improved. A variety of substitutions
were possible, and products with high ee were obtained in
many cases (Scheme 16). Details of the synthetic utility of
these products are shown in Section 5.6.


Trost et al. suggested that substrates that bear Lewis basic
groups (e.g., alkyne or carbonyl) nearby may cause a de-
crease in enantioselectivity by chelating to palladium in the
course of enantiodetermination, thereby leading to de-
creased ee in the product. This effect contrasts results in our
work, whereby neighboring Lewis basic groups had little
effect (Scheme 14).


Allylation in the presence of an acidic 1,3-diester moiety
highlighted the regiochemical fidelity of the allylation pro-
cess in an extreme case, although the ee was decreased con-
siderably (Scheme 17).


Allyl b-ketoester substrates are very practical because of
the simple substrate preparation, the bench-top stability of
quaternary b-ketoesters, and the relative ease of purifica-
tion. The enantioconvergent nature of this reaction is con-
ceptually interesting and provides a useful method for the
conversion of racemic materials into valuable enantioen-
riched products.


Scheme 14. Enantioenriched cycloalkanones prepared from allyl b-
ketoesters. TBDPS= tert-butyldiphenylsilyl.


Scheme 15. Enantioselective cascade allylation to generate two quaterna-
ry stereocenters.
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5. Synthetic Applications of Enantioenriched
Cycloalkanones


5.1. Total Synthesis of (+)-Dichroanone


Although the Tsuji allylation has seen only sparse use in
total synthesis to date,[29] the prevalence of quaternary


carbon stereocenters in natural products provides an ample
proving ground for the utility of the enantioselective Tsuji
allylation protocols described above. One class of com-
pounds that bears this structural motif is a group of structur-
ally similar norditerpenoids, which include the tricyclic p-
quinone dichroanone (21; Scheme 18).[30] Recently, the enan-
tioselective Tsuji allylation played a key role in the enantio-
selective total synthesis of (+)-dichroanone (21) by our
group.[31]


The synthesis commenced from allyl enol carbonate 17,
which underwent enantioselective Tsuji allylation to form
ketone (�)-18 with 91% ee. Attempts to form the corre-
sponding semicarbazone derivative to improve the ee of this
material (Scheme 5) were negated by the presence of two
quaternary centers adjacent to the ketone. However,
Wacker oxidation and aldol condensation led to bicyclic
enone (�)-19, which readily formed semicarbazone deriva-
tive (�)-20. Recrystallization of this material and hydrolysis
of the semicarbazone provided enone (�)-19 with 97% ee.
Conversion of bicycle (�)-19 into 21 was achieved in eight
steps. The material produced by this route was enantiomeric
to the natural isolate, which was of unknown absolute con-
figuration. Therefore, this total synthesis unambiguously
proved the configuration of nat-(�)-(S)-dichroanone (21).
Dichroanone was produced in 11 steps from commercially


Scheme 16. Vinylogous thioesters prepared from allyl b-ketoesters.


Scheme 17. Allylation in the presence of a pendant 1,3-diester.


Scheme 18. Enantioselective Tsuji allylation in the total synthesis of
(+)-dichroanone. DMA=N,N-dimethylacetamide.
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available material in 4% overall yield without the use of
protecting groups.


5.2. Formal Synthesis of Oxybutynin


The reported conversion by TrostKs group of allyl enol car-
bonates into a-hydroxy aldehydes[23] was highlighted by the
formal synthesis of (S)-oxybutynin (28 ; Scheme 19), a phar-


maceutical compound used to treat various urinary disor-
ders. Although commercial oxybutynin is sold as a racemic
mixture, some studies suggest that enantiopure (S)-oxybuty-
nin may offer improved pharmaceutical properties. As a
result, asymmetric methods of producing (S)-oxybutynin
may become valuable.[32]


The synthesis began with the one-step formation of mixed
carbonate 23 from alcohol 22, CO2, and a-bromoacetophe-
none. Treatment with base and TBSCl initiated a shift of the
carbonate group, and the resulting aldehyde enolate was
trapped as the enol silane 24. Decarboxylative allylation was
effected with Pd0 supported by bisphosphine ligand (R,R)-7
to yield a-tertiary aldehyde 25 as an 11:1 mixture of diaste-
reomers. Although the ee of the major diastereomer was
99%, subsequent olefin hydrogenation of the diastereomeric
mixture led to aldehyde 26 with 84% ee. Oxidation with
concomitant silyl ether cleavage formed (S)-27, a known in-


termediate in the synthesis of oxybutynin;[33] recrystalliza-
tion of (S)-27 increased its ee from 84 to over 99%.


5.3. Progress Toward Zoanthenol


The zoanthus alkaloids are a family of polycyclic marine
natural products with complex molecular architectures and
interesting biological properties. These compounds have at-
tracted significant attention from the synthetic community
on the basis of their challenging structural features and their
significant biological activity (antiosteoporotic, cytotoxic,
antibacterial).[34] Despite the large body of work toward
these natural products, only one member of the class, nor-
zoanthamine, has had its total synthesis achieved.[35]


One of the greatest challenges posed by the zoanthus al-
kaloids is the three quaternary carbon stereocenters about
the C ring. Our group recently reported an approach to the
synthesis of one member of this class, zoanthenol (38 ;
Scheme 20), and addressed these difficult stereocenters by
an acid-mediated cyclization reaction to form the B ring.[36]


The stereochemistry of the two stereocenters generated in
this ring-forming reaction would ultimately be directed by
the configuration of the quaternary stereocenter at C22.


To fully exploit the key diastereoselective steps of this
synthetic approach, an enantioselective method to form the
C22 quaternary carbon center was required. To this end,
readily available allyl b-ketoester 29 was treated with cata-
lytic [Pd2ACHTUNGTRENNUNG(dba)3] and (S)-tBuPHOX to form ketone (�)-30
in 94% yield and with 86% ee. Oxidative olefin cleavage
followed by esterification and methylation formed ketone
(+)-31, an immediate precursor to enol triflate 32.


Toward the completion of the tricyclic core, racemic enol
triflate 32 was converted into enal 33 through an interesting
Pd-catalyzed reductive carbonylation. Highly diastereoselec-
tive addition of Grignard reagent 34 yielded cyclization pre-
cursor 35, which, upon exposure to TFA, formed both the
B ring and the key C12 quaternary stereocenter with good
diastereocontrol. Further elaboration of tricycle 36 over
nine steps led to diketone 37, which bears the correct stereo-
chemical triad for the natural product (confirmed by X-ray
crystallography).


5.4 a-Fluorinated Cycloalkanones


Stereodefined a-fluoroketones are intriguing compounds for
synthetic and medicinal chemistry. The asymmetric synthesis
of such compounds, however, has been quite challenging.[37]


The mild reaction conditions and functional-group tolerance
of the Tsuji allylation protocol are ideal for the incorpora-
tion of fluorine atoms. Moreover, the facile fluorination of
b-ketoesters with electrophilic reagents, such as Selectfluor,
allows the straightforward preparation of fluorine-contain-
ing substrates.[38]


We reported the first use of the enantioselective Tsuji al-
lylation to generate an enantioenriched tertiary fluoride
with the preparation of 2-allyl-2-fluorocyclohexanone with
91% ee (Scheme 21).[26] Soon after, Nakamura and co-work-


Scheme 19. Enantioselective formal synthesis of (S)-oxybutynin.
HMDS=hexamethyldisilazane.
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ers elaborated this concept with a nearly identical catalyst
system.[27] They found high levels of enantioselectivity for a
range of cyclic substrates and modest enantioselectivity for
acyclic b-ketoester substrates.


Since the appearance of the nearly simultaneous reports
above, two other related systems have emerged. Tunge and
co-workers also chose allyl b-ketoester substrates and found
that the biaryl P/N chelating ligand QUINAP (39) provided
good levels of enantioselectivity, although tBuPHOX (5)
was superior in most cases (Scheme 22).[39] Notably, (S)-
QUINAP ((S)-39) and (S)-tBuPHOX ((S)-5) provided prod-
ucts in the opposite enantiomeric series, an effect also ob-
served by our group for allylation from allyl enol carbo-


Scheme 20. Progress toward the total synthesis of zoanthenol. Boc= tert-
butyloxycarbonyl, Cy=cyclohexyl, DMAP=4-(dimethylamino)pyridine,
LDA= lithium diisopropylamide, TBAF= tetrabutylammonium fluoride,
Tf= trifluoromethanesulfonyl, TFA= trifluoroacetic acid.


Scheme 21. Enantioenriched a-fluoroketones derived from allyl b-
ketoesters.


Scheme 22. Enantioenriched a-fluorocycloalkanones prepared from allyl
b-ketoesters. Yields and ee values given are for (S)-39 ((S)-5 in parenthe-
ses).
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nates.[19] This shift in absolute configuration may be advanta-
geous as (R)-tBuPHOX, which is derived from (R)-tert-leu-
cine, is more expensive than its antipode, whereas both en-
antiomers of QUINAP are commercially available. In agree-
ment with our findings and those of Nakamura and co-work-
ers, P/P and P/O chelating ligands were found to be inferior
to P/N ligands in terms of ee.


In 2007, Paquin and co-workers reported a system based
on the silyl enol ether substrates employed by our group
(see Section 3). The reaction conditions used in PaquinKs
work were slightly modified: [Pd ACHTUNGTRENNUNG(allyl)Cl]2, toluene solvent,
TES enol ethers in preference to TMS enol ethers, and allyl
ethyl carbonates (40) in place of diallyl carbonates were
used (Scheme 23).[40] Paquin and co-workers also found that
(S)-5 gave a-fluorocycloalkanones with high ee, whereas
chelating P/P ligands performed poorly. However, their
work has no examples of ketone enolates with multiple
acidic sites.


5.5. Cascade Reactions to Generate Enolates


An ingenious application of the allyl enol carbonate version
of the Tsuji allylation was recently reported by BlechertKs
group (Scheme 24).[41] In this work, [3.2.0]bicycles 42 were
readily synthesized through photocycloaddition from the
corresponding allyl enol carbonates 41. Subsequently, a ret-
roaldol fragmentation cascade was initiated by decarboxyla-
tion of the allyl carbonate, and the resultant enolate under-
went enantioselective allylation. As the substrate stereocen-


ters are destroyed in the retroaldol step, racemic starting
materials may be used, and the reaction is enantioconver-
gent. By exploiting this ring-expansion method, a variety of
seven-membered-ring diketones 44 were generated with
good ee by using the tBuPHOX/Pd0 catalyst system. At-
tempts to generate tertiary stereocenters through this reac-
tion were met with moderate ee, and in some cases it was
necessary to employ (S)-iPrPHOX ((S)-43) to obtain rea-
sonable yields. The overall sequence represents an enantio-
selective variant of the de Mayo reaction.[42]


This method allows access to interesting seven-mem-
bered-ring compounds that may be useful for the synthesis
of a variety of natural products. Important to the develop-


Scheme 23. Enantioenriched a-fluorocycloalkanones prepared from silyl
enol ethers. TES= triethylsilyl.


Scheme 24. Asymmetric ring-expanding allylation.
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ment of the enantioselective allylation methodology, this
work suggests that many distinct methods of accessing a Pd–
enolate intermediate may be amenable to enantioselective
reactions by using the ligand complexes discussed herein.


5.6. Miscellaneous Applications


In the initial report by our group, several useful transforma-
tions of the a-quaternary cycloalkanone products were car-
ried out (Scheme 25a).[19] Among these were functionaliza-


tions of the allyl group followed by aldol condensation to
generate [6.5] and [6.6] bicycles 45, 46, and 47 in good
yields. Enone 47 is commonly produced by Robinson annu-
lation[43] and has found many applications in synthesis.[44]


Another simple transformation of 2-allyl-2-methylcyclohexa-
none (1) is the conversion into lactone 48 by Baeyer–Villig-
er oxidation. This transformation provides an entry to enan-
tioenriched tertiary alcohol stereocenters. Spriocyclic sys-
tems were accessed with high ee by employing the Grubbs
second-generation olefin-metathesis catalyst 50[45] to trans-
form ketone 49 into 51 (Scheme 25b).[24]


The vinylogous thioesters produced by Trost et al.
(Scheme 15) were amenable to further functionalization by
Stork–Danheiser-type manipulations (Scheme 26).[46] These
transformations provided a valuable route to enantioen-
riched g-quaternary stereocenters in enone systems.[47] Two
of these derivatives, (S)-52 and (R)-53, were used to estab-
lish the absolute configuration of (R)-54.


6. Mechanism of Allylation Reactions


To date, there has been relatively little mechanistic evidence
presented for these reactions. One important set of experi-
ments that have been reported are cross-over experiments.
Both TrostKs group and ours described cross-over experi-
ments with enol carbonate substrates and their respective
catalyst systems (Scheme 27). TrostKs group observed mini-
mal cross-over between allyl and crotyl carbonates (55 and
57, respectively);[21] they attributed the lack of cross-over
with the ACHTUNGTRENNUNGbisphosphine/Pd0 catalyst system to a rate of alkyla-
tion that exceeds the rate of ion diffusion from solvent-
caged ion pairs in dioxane. Further evidence for the impor-
tance of these contact ion pairs was the importance of the
solvent in suppressing overalkylation and enolate scrambling
when forming tertiary stereocenters.[21,23]


In contrast to the results of TrostKs group, we observed
scrambling of allyl termini and complete cross-over between
the two differently deuterated allyl enol carbonates 59 and
60 in THF, dioxane, and benzene (Scheme 27b).[26] Saegusa
and co-workers also observed cross-over in a similar experi-
ment with a non-enantioselective system and allyl b-ketoes-
ACHTUNGTRENNUNGter substrates in DMF, although cross-over was suppressed
in benzene.[14b] At the time, Saegusa and co-workers pro-
posed a catalytic cycle similar to the one shown in
Scheme 28 that accounted for cross-over at two stages in the
process. This cycle appears to be consistent with the results
obtained by us with the PHOX/Pd0 catalyst system. Al-
though our cross-over results clearly contrast with those of
TrostKs group, these experiments are not informative as to
the mechanism of bond formation or the origin of enantiose-
lectivity in these reactions.


The reversal of enantioselectivity that Trost et al. ob-
served between the reaction of pregenerated lithium enol-
ACHTUNGTRENNUNGates[6a] and those generated in situ from allyl enol carbon-
ACHTUNGTRENNUNGates[21] indicates that these two processes probably have sig-
nificantly different mechanisms. However, the details of
these differences have not been elucidated experimentally.
The possible intermediacy of an inner-sphere Pd enolate[48]


rather than the outer-sphere nucleophile typical of other p-


Scheme 25. a) Transformations of ketone (�)-1. b) Ring-closing metathe-
sis to generate a spirocycle. Mes=mesityl.


Scheme 26. Stork–Danheiser-type transformations of vinylogous thioester
(R)-51.
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allyl alkylations[49] has been suggested, though not proven.
The lack of enolate scrambling observed throughout all the
studies presented herein, especially in the presence of an
acidic 1,3-diester moiety (Scheme 17), would be consistent
with the inner-sphere proposal.


Conclusions


The important discoveries
made by Prof. Tsuji and his co-
workers laid the groundwork
for a multitude of useful pro-
cesses that will surely find fur-
ther applications in the coming
years. These powerful methods
allow for the high-yield synthe-
sis of a-quaternary cycloalka-
nones from three distinct sub-
strate motifs. Apart from qua-
ternary centers, several exam-
ples of the synthesis of tertiary
stereocenters have been re-
ported. The versatility of these
methods provides valuable in-
roads toward the ultimate goal
of general protocols for the
enantioselective functionaliza-
tion of enolates. The first evi-
dence of the impact of these
methods is apparent in the ap-
plications to total synthesis and
to the synthesis of other impor-
tant functionalized molecules


described in this Focus Review. The adaptations of other
palladium enolate reactions developed by Tsuji to analogous
enantioselective variants (e.g., enantioselective protona-
tion[50]) are indicative of the ongoing legacy of these contri-
butions. We anticipate a multitude of future reports on the
utility of these reactions that will further demonstrate the
importance of the pioneering discoveries of Prof. Tsuji.
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Introduction


Studies on organic field-effect transistors (OFETs) based on
p-conjugated molecules such as oligoacenes[1] and parent oli-
gothiophenes[2] have been actively carried out from the
early 1990s and have been extensively conducted mostly in
the form of vacuum-deposited thin films. Later, it was found
that the films of a,a’-dialkylated oligothiophenes, produced
not only by vacuum deposition[2a,c,d,f,h,3] but also by solution
processes[2d,h,3b,4] such as spin coating and drop casting, can
exhibit high mobility in OFETs. Thereafter, various p-conju-
gated compounds have been prepared, whose electronic and
physical properties such as solubility and processability as
well as their packing structures in the solid state were con-
trolled by incorporation of heteroatoms and by substitution
patterns. For example, high performance was demonstrated
for OFETs made of vacuum- and solution-deposited thin
films of compounds such as dinaphtho[2,3-b :2’,3’-f]thieno-
ACHTUNGTRENNUNG[3,2-b]thiophene (1),[5] silylethynylated anthradithiophene
(2),[6] 1,7-dicyanoperylene-3,4:9,10-bis(dicarboximide) 3,[7]


and so on.
Additionally, quinoidal terthiophenes with dicyanomethyl-


ACHTUNGTRENNUNGene end groups[8] and oligothiophenes substituted with fluo-


rinated alkyl[2h,9] and aryl[10] groups or with thermally remov-
able groups to increase solubility[11] have been shown to be
promising in FET performance. However, there has not
been much study into the incorporation of other heteroaro-
matic rings such as furan into the oligothiophene p system,
in spite of the possibility of the resulting system altering its
electronic properties favorably to improve its FET proper-
ties.[12]


Previously, we synthesized three alternately connected
thiophene–furan oligomers, that is, oligo(thienylfuran)s, with
even numbers of heterocyclic rings (SO, SOSO, and
SOSOSO ; S and O denote thiophene and furan rings, re-
spectively) and compared their structural and electronic
properties with those of oligothiophenes with corresponding
molecular size.[13] The properties of these oligomers were
controlled by replacement of the sulfur atoms of every other
thiophene unit by oxygen atoms. The energy levels of the
highest occupied molecular orbitals (HOMOs) of the oligo-


Abstract: Oligo(thienylfuran)s with
thiophene rings at both ends (SOSO-
SOS, DE-SOSOS, DH-SOSOS, DE-
SOSOSOS, and DH-SOSOSOS ; S and
O denote thiophene and furan rings,
respectively, DE and DH denote dieth-
yl- and dihexyl-substituted, respective-
ly) were newly synthesized by repeti-
tive Stille coupling reactions. The UV/
Vis maximum absorptions of the oligo-
mers, SO, SOSO, SOSOS, SOSOSO,
and SOSOSOS, exhibited a clear bath-
ochromic shift with increasing number
of heterocycles. The value of the oxida-


tion peak potential (Epa
1) determined


by cyclic voltammetry decreased with
an increase in the number of heterocy-
cles by 0.06–0.08 V per heterocycle.
The crystal-packing structures of DE-
SOSOS and DH-SOSOS determined
by X-ray crystallography have a her-
ringbone motif and are denser than the
reported structures of pentacene and


a-sexithiophene. The morphologies of
thin films prepared by vacuum deposi-
tion and spin coating were investigated
by atomic force microscopy and X-ray
diffraction. Among these films, those
of DE-SOSOS and DH-SOSOS exhib-
ited highly ordered arrangements. The
devices based on vacuum-deposited
and spin-coated films of DE-SOSOS
and DH-SOSOS displayed the highest
FET mobilities of 10�2–10�3 cm2V�1 s�1


among the oligomers reported in this
study.
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(thienylfuran)s were found to be higher than those of the
corresponding oligothiophenes, and the packing structure of
SOSO determined by X-ray crystallography was denser than
that of a-sexithiophene or pentacene. SOSOSO was also
found to be readily soluble in common organic solvents such
as CH2Cl2 and benzene, in sharp contrast to the intractably
low solubility of a-sexithiophene. Thus, we expected that
oligo(thienylfuran)s and their derivatives would be suitable
as the active layer of OFET devices.


In the present study, we focused our attention on oligo-
(thienylfuran)s with thienyl rings at both ends (e.g., SOSOS
and SOSOSOS), because such molecules are expected to be
more robust than those with more-reactive furan rings at
the ends. Furthermore, as it was reported that the field-
effect properties of oligothiophenes are enhanced because
of the improved capability for self-assembly when the termi-
nal a and a’ positions are alkylated,[2a,d,f,h] ethyl- and hexyl-
substituted oligo(thienylfuran)s (DE-SOSOS, DE-SOSO-
SOS, DH-SOSOS, and DH-SOSOSOS) were also prepared.
The electronic properties of these oligo(thienylfuran)s were
systematically investigated by means of cyclic voltammetry,
UV/Vis spectroscopy, and theoretical calculations. Also, the
X-ray crystallographic structures of DH-SOSOS and DE-
SOSOS were determined and examined in detail. Finally,
the FET characteristics and film morphologies of vacuum-
deposited and/or spin-coated thin films were elucidated,
which provide systematic information as to the FET charac-


teristics of p-conjugated oligothiophene systems that contain
furan structural units.


Results and Discussion


Synthesis


As shown in Scheme 1, a,a’-dialkylated and parent oligo-
(thienylfuran)s consisting of five and seven heterocycles
were synthesized from a-alkylated thiophenes 1a and 1b
and thienylfuran 4c[13] as starting materials by the Stille
cross-coupling technique. It is known that the two C�H
bonds at the a and a’ positions in the p-conjugated oligo-


Scheme 1. Synthesis of a,a’-dialkylated oligo(thienylfuran)s with five and seven heterocycles. Reaction conditions: (i) [PdACHTUNGTRENNUNG(PPh3)4], CuO, DMF, 100 8C,
1 h.[15] (ii) [Pd ACHTUNGTRENNUNG(PPh3)4], THF, 70 8C, 2–3 days. (iii) 1) LDA, THF, �78 8C; 2) Bu3SnCl, �78 8C!room temperature. (iv) 1) nBuLi, TMEDA, THF, �78 8C;
2) Bu3SnCl, �78 8C!room temperature. BPO=benzoyl peroxide, DMF=N,N-dimethylformamide, LDA= lithium diisopropylamide, NBS=N-bromo-
succinimide, TBAF= tetra-n-butylammonium fluoride, TMEDA=N,N,N’,N’-tetramethylethylenediamine, TMS= trimethylsilyl. [a] See reference [13].
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mers of five-membered heterocycles tend to be dibrominat-
ed (and dilith ACHTUNGTRENNUNGiated), even when 1 equivalent of reagent is
employed, as the chain length becomes longer.[12c,14] There-
fore, one side of 5c was protected by a TMS group to secure
monolithiation for the following stannylation to give 6c.


All oligo(thienylfuran)s were constructed by using bro-
mides 4a–c and stannyl compounds 6a–c as building blocks.
Bromides 4a and 4b were quite unstable and had to be used
immediately without purification in the next cross-coupling
reaction. The a,a’-dialkylated oligomers composed of five
heterocycles (DE-SOSOS and DH-SOSOS) were obtained
by palladium-catalyzed Stille cross-coupling of 4a and 4b
with 6a and 6b, respectively. Stannyl compounds 6a–c were
also subjected to Stille coupling with 2,5-dibromofuran to
give oligomers composed of seven heterocycles (DE-SOSO-
SOS, DH-SOSOSOS, and DTMS-SOSOSOS). The unsubsti-
tuted oligomer SOSOS was synthesized according to a liter-
ature procedure.[12b] Two types of Stille coupling conditions
were employed: a,a’-diethyl-substituted oligomers were pre-
pared in the presence of CuO (Scheme 1, condition (i)),[15]


and a,a’-dihexyl derivatives and DTMS-SOSOSOS were
prepared in the absence of CuO (Scheme 1, condition (ii)).
Whereas the cross-coupling in the absence of CuO required
2–3 days for consumption of all the starting material, only
1 h was sufficient for the reaction in the presence of CuO.
The product yields were higher with condition (i) (61–68%)
than with condition (ii) (26–63%). The unsubstituted oligo-
mer SOSOSOS was obtained by desilylation of DTMS-SO-
SOSOS.


In contrast to the intractably low solubility of the parent
a-sexithiophene (<0.05 mgmL�1 in CH2Cl2),


[16] SOSOSOS is
readily soluble in CH2Cl2 with a concentration of approxi-
mately 10 mgmL�1 or slightly higher. Also, the melting
point of SOSOSOS (179.4–181.3 8C) is significantly lower
than that of the parent a-septithiophene (328 8C).[17] The
melting points of DE-SOSOSOS (172.9–174.3 8C) and DH-
SOSOSOS (137.3–139.1 8C) are even lower than that of SO-
SOSOS. The same trend was observed in the case of the
oligomers containing five heterocycles (see Experimental
Section).


Absorption Spectra


The observed UV/Vis longest-wavelength absorptions (lmax)
of oligo(thienylfuran)s with thiophene at both ends are sum-
marized in Table 1 together with the data for oligo(thienyl-
furan)s (SO, SOSO, and SOSOSO)[13] and those with furan
at both ends (OSO, OSOSO, and OSOSOSO)[12c] for com-
parison. As shown clearly in Figure 1, lmax exhibits a batho-
chromic shift with an increase in the number of heterocycles.
There is almost no difference in maximum absorption be-
tween oligo(thienylfuran)s with furan rings at both ends
(OSO, OSOSO, and OSOSOSO) and those with thiophene
rings at both ends as long as the total number of heterocy-
cles is the same. The Kohn–Sham (KS) HOMO and LUMO
(lowest unoccupied molecular orbital) levels and the
HOMO–LUMO gaps of these oligomers were estimated by


calculations at the B3LYP/6-311+GACHTUNGTRENNUNG(2d,p)//B3LYP/6-31G(d)
level and are also shown in Table 1. These results are in
good agreement with the observed trend: as the number of
heterocycles increases, the HOMO–LUMO gap becomes
smaller, irrespective of the type of heterocycle involved. The
maximum absorptions of a,a’-alkylated oligomers were
bathochromically shifted by 4–6 nm compared with those of
the corresponding parent oligomers, in the same way as pre-
viously reported for oligothiophenes.[18]


Electrochemistry


Cyclic voltammetry (CV) of oligo(thienylfuran)s with thio-
phene at both ends was carried out in CH2Cl2. The oxidation
potentials (Epa and E1=2


) are listed in Table 2 together with
those of SOSO and SOSOSO for comparison.[13] In contrast
to the voltammograms of oligomers with a furan ring at the
end (SOSO and SOSOSO), which exhibited only one irre-
versible peak, the voltammogram of that with thiophene
rings at both ends (SOSOS)[19] as well as those with alkyl
groups at the a and a’ positions (DE-SOSOS and DH-
SOSOS) exhibited two reversible oxidation waves, which


Table 1. Observed longest-wavelength absorptions (lmax) and calculated
Kohn–Sham HOMOs, LUMOs, and HOMO–LUMO gaps of the oligo-
mers composed of alternately connected thiophene and furan rings.


Compound lmax HOMO[a] LUMO[a] HOMO–LUMO
[nm] [eV] [eV] gap[a] [eV]


SO 298[b] �5.69 �1.43 4.26
SOS 366[c] �5.33 �1.82 3.51
OSO 362[c] �5.33 �1.82 3.51
SOSO 387[b] �5.14 �2.04 3.10
SOSOS 415[d] �5.03 �2.17 2.86
OSOSO 413[c] �5.03 �2.17 2.86
SOSOSO 432[b] �4.96 �2.26 2.70
SOSOSOS 447[d] �4.91 �2.33 2.58
OSOSOSO 447[b] �4.91 �2.32 2.57
DE-SOSOS 420[d]


DH-SOSOS 421[d]


DE-SOSOSOS 451[d]


DH-SOSOSOS 451[d]


[a] Calculated at the B3LYP/6-311+G ACHTUNGTRENNUNG(2d,p)//B3LYP/6-31G(d) level.
[b] Measured in THF.[13] [c] Measured in CH2Cl2.


[12] [d] Measured in THF.


Figure 1. UV/Vis absorption spectra of SO (g), SOSO (- – -), SOSOS
(d), SOSOSO (b), and SOSOSOS (c) measured in THF.
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correspond to the successive formation of a stable radical
cation and a dication. On the other hand, whereas the vol-
tammograms of SOSOSOS and DE-SOSOSOS showed two
irreversible oxidation peaks, that of DH-SOSOSOS exhibit-
ed one reversible wave and one irreversible peak. Apparent-
ly, hexyl groups are more advantageous than ethyl groups in
preventing the decomposition of the radical cation, which
probably occurs by polymerization. The dication of DH-SO-
SOSOS appears to be less stable than those of DE-SOSOS
and DH-SOSOS, although an adequate rationale for this ob-
servation cannot be found at present.


Among the parent oligo(thienylfuran)s, the value of the
first oxidation peak potential, Epa


1, was lowered by 0.06–
0.08 V for each increase of one heterocycle. This trend is in
agreement with the energy levels of the HOMOs estimated
by DFT calculations shown in Table 1. The donor ability of
two alkyl groups at the a and a’ positions also lowered Epa


1


by 0.07–0.12 V for both SOSOS and SOSOSOS.


Crystal Structures of DH-SOSOS and DE-SOSOS


As reported previously, single crystals of SOSO were suc-
cessfully obtained by sublimation under a low pressure of ni-
trogen (400 Pa), and its X-ray structure was determined.[13]


Similarly, single crystals of oligomers composed of five het-
erocycles with hexyl and ethyl groups at the a and a’ posi-
tions, DH-SOSOS and DE-SOSOS, were obtained by subli-
mation at 200 and 150 8C, respectively, under reduced pres-
sure (133 Pa) for 10 days. The molecular structures were de-
termined by X-ray crystallography at �173 8C.


The ORTEP drawing of the heterocyclic pentamer with
hexyl groups at the a and a’ positions, DH-SOSOS, exhibit-
ed an all-transoid conformation and a nearly planar struc-
ture, although the molecules are slightly bent (Figure 2).
The dihedral angles between the mean planes of the hetero-
cycles are A�B 5.09(54), B�C 5.10(48), C�D 2.41(44), and
D�E 11.99(42)8. The crystal-packing structure is of a her-
ringbone arrangement similar to the cases of oligothio-
ACHTUNGTRENNUNGphenes[18b,20] and pentacene[20f] (Figure 3). No specific inter-
molecular contact between chalcogen atoms was observed,
but the shortest intermolecular contact between the p-conju-
gated cores was shown to be 3.31 L between C3 (C3’) of
one molecule and C6 (C6’) of an adjacent molecule


(Figure 4, distance A) and 3.39 L between C7 (C7’) of one
molecule and C8 (C8’) of an adjacent molecule (Figure 4,
distance B). Both values are shorter than the sum of the van
der Waals (vdW) radii of sp2-hybridized carbon atoms
(3.40 L)[21] and are even smaller than the shortest intermo-
lecular contact between the carbon atoms of the p-conjugat-
ed cores (3.50 L) in a,a’-dimethylquaterthiophene,[20a]


whose alkyl groups are less bulky than those in DH-SOSOS.
On the other hand, the crystal structure of the same pen-


tamer with ethyl substituents, DE-SOSOS, involved statisti-
cal disorder at the terminal thiophene rings, which arise
from the 1808 rotation around the C16�C17 (C16�C17’)
bond connecting the D and E rings (Figure 5a and b), and
the transoid (t) conformer (Figure 5a) was found to domi-
nate over the cisoid (c) (Figure 5b) on the basis of diffrac-


Table 2. Oxidation potentials[a] (Epa and E1=2
) of the oligomers composed


of alternately connected thiophene and furan rings.


Eox
1 Eox


2


Compound Epa [V] E1=2 [V] Epa [V] E1=2 [V]


SOSO +0.42[b] –[c] –[d] –[d]


SOSOS +0.36 +0.29 +0.68 +0.57
DE-SOSOS +0.27 +0.20 +0.59 +0.52
DH-SOSOS +0.24 +0.20 +0.57 +0.51
SOSOSO +0.29[b] –[c] –[d] –[d]


SOSOSOS +0.21 –[c] +0.56 –[c]


DE-SOSOSOS +0.12 –[c] +0.35 –[c]


DH-SOSOSOS +0.14 +0.09 +0.39 –[c]


[a] Measured in CH2Cl2 versus Fc/Fc+ (Fc= ferrocenyl). [b] Refer-
ence [13]. [c] No reversible wave was observed. [d] Not observed.


Figure 2. ORTEP drawing of DH-SOSOS (top and side views). Thermal
ellipsoids are drawn at the 50% probability level.


Figure 3. Packing structures of DH-SOSOS viewed with a) the c axis ver-
tical and b) the b axis vertical. Hexyl substituents and hydrogen atoms
are omitted for clarity. The unit-cell parameters (monoclinic P21/n) are
a=7.416(3), b=5.879(2), c=64.92(2) L, b=91.815(6)8, and Z=4.
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tion data (t/c=3:1). Apart from this disorder, the conforma-
tion between the B and C rings was found to be cisoid,
whereas that between A and B as well as C and D was
transoid. This is in contrast to the structure of DH-SOSOS
and SOSO, in which all the heterocycles are connected in a
transoid fashion.[13] Although the molecules are very slightly
bent (Figure 5), their planarity is fairly good as shown by
the generally minute dihedral angles between the mean
planes: A�B 5.42(13), B�C 3.76(13), C�D 8.02(13), D�E
8.43(37), and D�E’ 3.21(86)8. Among these, the twist angle
(dihedral angle) for the bonds connecting the rings in the
cisoid conformation appears to be slightly smaller.[22] The
distances between O1 and S2 in the B and C rings and O2
and S3’ in the D and E’ rings were shown to be 2.98 and
3.10 L, respectively, both of which are shorter than the sum
of the vdW radii of oxygen and sulfur atoms (3.32 L).[21]


This suggests the possibility of intramolecular contact be-
tween these heteroatoms. Notably, single crystals can also
be obtained by slow evaporation of DE-SOSOS in CH2Cl2/
diethyl ether (1:1), and X-ray crystallography of these crys-
tals revealed exactly the same molecular conformation, dis-
order, and packing as the crystals obtained by sublimation.
This fact in particular implies that the crystal-packing force
is the dominant factor for the geometrical arrangement in
the present system, which is to be compared with the all-
transoid conformation observed for the crystal structures of
DH-SOSOS, SOSO,[13] and a-oligothiophenes.[18b,20] As
shown in Figure 5c, the crystal-packing structure of DE-
SOSOS is of a herringbone arrangement similar to that of
DH-SOSOS, SOSO,[13] and a-oligothiophenes.[18b,20] Whereas
the crystal structures of these latter oligomers contain mon-
oclinic unit cells, that of DE-SOSOS contains an orthorhom-
bic unit cell consisting of 16 molecules. As with the case of
DH-SOSOS, no intermolecular interaction between chalco-
gen atoms was observed, and intermolecular contacts be-
tween p-conjugated cores shorter than the sum of the vdW
radii were found to be 3.23 L between C3 of one molecule
and C6 of an adjacent molecule (Figure 6, distanceA) and
3.34 L between C10 of one molecule and C16 of an adjacent
molecule (Figure 6, distance B).


To illustrate the herringbone packing of these oligomers,
the crystal structure of the SOSOS skeleton of dihexyl de-
rivative DH-SOSOS is shown in Figure 7, together with the
observed values of the herringbone angle and the intermo-
lecular distances. These values are smaller than the corre-
sponding values for pentacene[20f] and a-sexithiophene,[20f]


and larger than those of SOSO apart from distance (ii),[13]


thus indicating that the packing structure of DH-SOSOS is
tighter than that of pentacene and a-sexithiophene and
looser than that of SOSO (Table 3). The packing structure
of diethyl derivative DE-SOSOS showed a trend similar to
that of DH-SOSOS. These observations indicate that the re-
placement of some of the sulfur atoms of oligothiophene by
oxygen atoms causes denser crystal packing, as was shown
in the packing structure of SOSO.[13]


Figure 4. Packing structure of DH-SOSOS. Sulfur and oxygen atoms are
shown in red and blue, respectively. The green lines A and B indicate the
shortest intermolecular contacts between p-conjugated cores: 3.31 L be-
tween C3 and C6 (C3’ and C6’) of adjacent molecules and 3.39 L be-
tween C7 and C8 (C7’ and C8’) of adjacent molecules, respectively.


Figure 5. ORTEP drawings (top and side views) of a) the transoid (t) con-
former and b) the cisoid (c) conformer of DE-SOSOS. Thermal ellipsoids
are drawn at the 50% probability level. c) Packing structure within the
ab plane of the t conformer of DE-SOSOS. The unit-cell parameters (or-
thorhombic Fdd2) are a=32.160(8), b=45.189(11), c=5.7411(15) L, and
Z=16.
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Film Morphology


To characterize further the molecular structures of these
oligomers in the bulk, we investigated the morphologies of
thin films vacuum-deposited and spin-coated on Si/SiO2 sub-
strates by atomic force microscopy (AFM) and X-ray dif-


fraction (XRD). The observed film morphologies are sum-
marized in Table 4.


Among the thin films of the parent oligomers formed by
vacuum deposition, the film morphology of the shortest-


chain oligomer SOSOS was poor, and only microcrystals on
an amorphous layer were observed in the AFM image (Fig-
ure 8a). In contrast, AFM images of the films of the longer-


chain oligomers SOSOSO and SOSOSOS as well as the al-
kylated derivatives DE-SOSOS and DH-SOSOS showed
layer-by-layer arrangements that consist of grains 1–2 mm2 in
size (Figure 8b–e). Although the XRD pattern of the thin
film of SOSOSOS did not exhibit a clear peak, AFM images
of DE-SOSOS and DH-SOSOS showed the formation of
highly ordered thin films (Figure 8d and e). As shown in
Figure 9a, the XRD pattern of a thin film of DE-SOSOS
showed a diffraction peak at 2q=3.748 (100), corresponding
to a d spacing of 23.5 L. This is only 0.9 L larger than half
the unit-cell length along the b axis (22.6 L),[23] along which
the two molecules are aligned in series (Figure 5c) in the
crystal packing (see above). Therefore, the observed d spac-
ing is considered as related to the length of one molecule.
Similarly, the diffraction peak in the XRD profile of the
film of DH-SOSOS (Figure 9b) was observed at 2q=2.888
(100), corresponding to a d spacing of 30.6 L. As the molec-
ular length of all-trans DH-SOSOS was estimated to be


Figure 6. Packing structure of the t conformer of DE-SOSOS. Sulfur and
oxygen atoms are shown in red and blue, respectively. The green lines A
and B indicate the shortest intermolecular contacts between p-conjugated
cores: 3.23 L between C3 and C6 of adjacent molecules and 3.34 L
ACHTUNGTRENNUNGbetween C10 and C16 of adjacent molecules, respectively.


Figure 7. Herringbone angle and intermolecular distances of DH-SOSOS.
Hexyl substituents are omitted for clarity.


Table 3. Herringbone angles and intermolecular distances (i)–(iii) in
Figure 7 determined from the crystal packings of DH-SOSOS, DE-
SOSOS, SOSO, a-sexithiophene, and pentacene.


Compound Herringbone Intermolecular distance
angle [8] (i) [L] (ii) [L] ACHTUNGTRENNUNG(iii) [L]


DH-SOSOS 43 2.43 5.88 7.42
DE-SOSOS 62 2.39 5.74 7.83
SOSO[a] 50 2.66 5.68 7.28
a-Sexithiophene[b] 65 3 6.0 7.9
Pentacene[b] 53 2.63 6.27 7.78


[a] Reference [13]. [b] Reference [20].


Table 4. Film morphologies of oligomers observed by scanning AFM.


Compound Film morphology
Vacuum deposition Spin coating


SOSOS amorphous amorphous
SOSOSO layer-by-layer –[a]


SOSOSOS layer-by-layer layer-by-layer
DE-SOSOS layer-by-layer –[a]


DH-SOSOS layer-by-layer layer-by-layer
DE-SOSOSOS amorphous –[a]


DH-SOSOSOS amorphous amorphous


[a] No observation made.


Figure 8. AFM images (10M10 mm2) of thin films formed by vacuum
ACHTUNGTRENNUNGdeposition. a) SOSOS, b) SOSOSO, c) SOSOSOS, d) DE-SOSOS,
e) DH-SOSOS, and f)DH-SOSOSOS.
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31.5 L on the basis of the X-ray structure, the molecule is
considered to be arranged with a tilt angle of 148, that is,
nearly perpendicular to the substrate but tilted from the
normal by 148 (assuming that the molecular length is the
same in the crystal and in the film).[24] Therefore, the mole-
cules DE-SOSOS and DH-SOSOS in the present work are
supposed to be more perpendicular to the substrate than
a,a’-dihexylquinquethiophene, whose tilt angle was reported
to be around 308.[2h,3c] For the films of alkylated longer-chain
oligomers DE-SOSOSOS and DH-SOSOSOS, only amor-
phous morphology was observed, probably due to their
greater molecular flexibility relative to the oligomers with
shorter chain length (Figure 8 f).


The morphologies of the thin films obtained by spin coat-
ing exhibited a similar trend to those obtained by vacuum
deposition (Table 4). Thin films of SOSOS and DH-SOSO-
SOS were amorphous, whereas those of SOSOSOS and
DH-SOSOS had layer-by-layer arrangements (Figure 10a–
c). As with the case of vacuum-deposited films, the XRD
pattern of the spin-coated film of SOSOSOS did not show a
clear peak, but that of the thin film of DH-SOSOS showed
a diffraction peak at 2q=2.548 (100) (Figure 10d), corre-
sponding to a d spacing of 34.7 L, which is longer than the
molecular length (31.5 L) in the crystal structure. This may
be due to the possible stretching of the hexyl group in the
film relative to that in the densely packed crystal form. It
may be concluded that the film morphologies depend highly
on the length of the molecule.


OFET Characteristics


Finally, OFET devices with the top-contact structure were
constructed by using a series of oligo(thienylfuran)s on Si/
SiO2 substrates (Figure 11a). The FET measurements for
the devices prepared by vacuum deposition and spin coating
were carried out under vacuum (10�3 Pa) and in air, respec-
tively, at room temperature (see Experimental Section for
details). All the OFET devices prepared in this way showed
the p-type transistor response. As an example, the source-
drain current (ID) versus source-drain voltage (VD) curves
for the different gate voltages (VG), obtained by an OFET
device made of SOSOSO film deposited under vacuum, are
shown in Figure 11b. The field-effect mobility (m) was deter-


mined by using the saturation region. The observed FET
performance of each oligomer measured on the films pre-
pared as mentioned above is summarized in Table 5.


As shown in Table 5, the carrier mobilities of the vacuum-
deposited films with the parent oligomers increase with an
increase in the chain length of the oligomer, in agreement
with the case of the parent a-oligothiophenes.[2h] However,
not much change in carrier mobility was observed between
the oligomers with odd and even numbers of heterocycles.
The mobility of SOSOSOS was enhanced by nearly five
times that of SOSOS and two times that of SOSOSO, proba-
bly owing to its better film morphology. The FET devices
based on the a,a’-alkylated oligomers showed higher mobili-
ties than those made of the corresponding parent oligomers.


Figure 9. XRD patterns of vacuum-deposited thin films of a) DE-SOSOS
and b) DH-SOSOS on Si/SiO2 substrates.


Figure 10. AFM images of thin films formed by spin coating. a) DH-SO-
SOSOS (10M10 mm2), b) SOSOSOS (10M10 mm2), and c) DH-SOSOS
(2M2 mm2). d) XRD pattern of spin-coated thin films of DH-SOSOS on
Si/SiO2 substrate.


Figure 11. a) Schematic cross-section of a top-contact-type FET device.
b) Drain-source current (ID) versus drain-source voltage (VD) observed
for DH-SOSOS with octadecyltrichlorosilane (OTS)-modified SiO2
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Notably, the mobilities of DE-SOSOS and DH-SOSOS
were enhanced by almost two orders of magnitude relative
to that of unsubstituted SOSOS. On the other hand, the en-
hancement of the mobilities of DE-SOSOSOS and DH-SO-
SOSOS was not as great relative to SOSOSOS, thus reflect-
ing the poor film morphologies of DE-SOSOSOS and DH-
SOSOSOS. Therefore, the FET devices based on DE-
SOSOS and DH-SOSOS exhibited the highest mobilities,
that is, m= (1.3–1.4)M10�2 cm2V�1 s�1, among the series of
oligomers in the present study, although their on/off ratios
were low. However, when a device was fabricated with a
vacuum-deposited thin film by using DH-SOSOS on a SiO2


substrate treated with OTS, the field-effect mobility and the
on/off ratio was 2.6 times and two orders of magnitude, re-
spectively, higher than the values obtained by a device with
the same film deposited on an unmodified SiO2 substrate.


As a whole, the field-effect mobilities are known to be
one to three orders of magnitude lower for devices fabricat-
ed with films made by spin coating than those made by
vacuum deposition, generally due to poor film morphology.
The film of SOSOS showed no field-effect behavior for the
device when the film was made by spin coating; however,
the devices made with vacuum-deposited film exhibited a
mobility of 2.6M10�4 cm2V�1 s�1. When the film was made
by spin coating, the field-effect mobility of the device with
SOSOSOS (2.0M10�4 cm2V�1 s�1) was higher than that with
the dihexyl derivative DH-SOSOSOS (5.7M10�6 cm2V�1 s�1),
which is contrary to the trend for the vacuum-deposited film
(SOSOSOS 1.3M10�3, DH-SOSOSOS 5.7M10�3 cm2V�1 s�1).
Thus, a change in film morphology, which is dependent on
molecular length, affects the performance of FET devices
more evidently for films made by spin coating rather than
vacuum deposition. On the other hand, the device made
from DH-SOSOS showed the highest level of mobility
among those fabricated by spin coating (mACHTUNGTRENNUNG(DH-SOSOS)
1.0M10�3 cm2V�1 s�1)[25] as well as those made with vacuum-
deposited films (mACHTUNGTRENNUNG(DH-SOSOS) 1.4M10�2 cm2V�1 s�1) ; this
result is apparently due to the superb morphology devel-
oped in that film.


Conclusions


A newly synthesized series of alternately connected thio-
phene–furan oligomers with thiophene rings at both ends,
SOSOSOS, DE-SOSOS, DH-SOSOS, DE-SOSOSOS, and
DH-SOSOSOS, were found to have advantages such as
higher solubility over oligothiophenes. In the UV/Vis ab-
sorption spectra, the maximum absorptions of these oligo-
(thienylfuran)s exhibited bathochromic shifts with increasing
chain length, and the absorption as well as the calculated
HOMO–LUMO gap was nearly constant regardless of chain
length and the composition of the heterocyclic components.
The results of the electrochemical measurements are also in
agreement with the prediction that the oxidation potential
generally becomes lower with increasing chain length, with
an accompanying increase in the HOMO level. The crystal
structures of DE-SOSOS and DH-SOSOS revealed that the
p systems have slightly bent but almost planar structures
with more densely packed herringbone arrangements than
those of pentacene, a-sexithiophene, and a,a’-dimethylqua-
terthiophene. The morphologies of the thin films of the olig-
omers prepared by vacuum deposition and by a solution
process showed great dependence on the molecular length,
and the films of DE-SOSOS and DH-SOSOS showed highly
ordered arrangements with a nearly vertical orientation with
respect to the substrate. These arrangements are reflected in
relatively good FET mobilities, which indicate that the olig-
omers containing furan rings can be applied to the active
layer of OFET devices fabricated by both vacuum deposi-
tion and by the solution process. The FET performance of
the device with the film of DH-SOSOS deposited on an
OTS-treated SiO2 substrate was considerably improved. The
results of the present study would be useful in the future
molecular design of more-effective OFET devices composed
of various conjugated heterocyclic rings.


Experimental Section


General


Melting points were determined on a Yanaco MP-500D apparatus and
are uncorrected. Elemental analysis was performed at the Microanalysis
Division of Institute for Chemical Research, Kyoto University. 1H
(300 MHz) and 13C NMR (75.4 MHz) spectra were recorded on a Varian
Mercury-300 spectrometer. Chemical shifts are reported in ppm with ref-
erence to tetramethylsilane and with the solvent signals as internal stan-
dard (d=7.26 ppm for CHCl3 in 1H NMR, d=77.2 ppm for CDCl3 in
13C NMR). Preparative gel-permeation chromatography (GPC) was per-
formed with JAI LC-908 and LC-918 chromatographs equipped with
JAIGEL 1H and 2H columns. UV/Vis spectra were recorded on a Shi-
madzu UV-3150 spectrometer. Mass spectra were obtained on a JEOL
JMS700 spectrometer. AFM images of thin films vacuum-deposited and
spin-coated onto Si/SiO2 substrates were obtained by using a Digital In-
struments Nanoscope IIIa microscope and a SII Nano Technology
SPI3800N-SPA400 microscope, respectively, in air. Ultraviolet ozone
cleaner is a commercial product of Nippon Laser & Electronics Lab
(NL-UV253S).


All reactions were carried out under argon atmosphere unless otherwise
noted. One drop of Et3N was added to all solvents used for the workup
procedures. For cross-coupling reactions, THF and DMF supplied from


Table 5. Field-effect mobility (m), on/off ratio, and threshold voltage (VT) for
transistors of the oligomers prepared by vacuum deposition and spin coating.


Compound Vacuum deposition[a] Spin coating[b]


m on/off VT m on/off VT


[cm2V�1 s�1] ratio [V] [cm2V�1 s�1] ratio [V]


SOSOS[c] 2.6M10�4 104 �54 –[d] –[e] –[e]


SOSOSO[c] 5.6M10�4 105 �20 –[e] –[e] -[e]


SOSOSOS[c] 1.3M10�3 104 �23 2.0M10�4 102 �15
DE-SOSOS[c] 1.3M10�2 104 �21 –[e] -[e] –[e]


DH-SOSOS[c] 1.4M10�2 104 �26 1.0M10�3 103 +8
DH-SOSOS[f] 3.6M10�2 103 �2 –[e] –[e] –[e]


DE-SOSOSOS[c] 5.9M10�3 10 �3 –[e] –[e] –[e]


DH-SOSOSOS[c] 5.7M10�3 10 �21 5.7M10�6 10 +31


[a] Measured under vacuum (10�3 Pa). The substrate temperatures were 40–
60 8C.[26] [b] Measured in air. [c] With bare SiO2 substrate. [d] No field-effect
behavior observed. [e] Not determined. [f] With OTS-modified SiO2
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Wako Co. as dry solvents were employed. All commercially available ma-
terials were of reagent grade unless otherwise noted. Compound 4c[13]


and oligomer SOSOS[12b] were synthesized according to procedures in the
literature. The SiO2 substrate was thermally grown by Miyazaki Oki
Electric Co., Ltd. by using a highly doped n+-Si wafer purchased from
International Test & Engineering Services Co., Ltd.


Computational Methods


All calculations were performed with the Gaussian 98 programs.[27] Ge-
ometry optimizations were performed with the restricted Becke hybrid
(B3LYP) at the 6–31G(d) level. The HOMO and LUMO levels were esti-
mated with single-point calculations (B3LYP/6–311+G ACHTUNGTRENNUNG(2d,p)) by using
the geometries optimized at the B3LYP/6–31G(d) level.


Syntheses


2a : NBS (16.3 g, 91.6 mmol) was added in one portion to a stirred solu-
tion of 2-ethylthiophene (1a ; 10.3 g, 91.6 mmol) in AcOH (40 mL). The
mixture was stirred for 1 h at room temperature. The reaction was
quenched with water (20 mL), and the mixture was extracted with diethyl
ether, washed with aqueous NaOH (1m), and the organic layer was dried
over MgSO4. The solvent was removed in vacuo to afford 2-bromo-5-eth-
ylthiophene (2a ; 13.87 g, 79.3%) as a colorless oil. 1H NMR (CDCl3):
d=6.84 (d, J=3.8 Hz, 2H), 6.54 (d, J=3.8 Hz, 2H), 2.78 (q, J=7.5 Hz,
2H), 1.29 ppm (t, J=7.5 Hz, 3H); 13C NMR (CDCl3): d=149.2, 129.5,
123.8, 108.7, 23.8, 15.9 ppm; HRMS (EI): m/z calcd for C6H7BrS:
189.9452; found: 189.9445.


2b : 2-Bromo-5-hexylthiophene (2b) was prepared in the same way as 2a.
The use of 2-hexylthiophene (1b ; 9.64 g, 57.3 mmol), NBS (10.3 g,
57.6 mmol), and AcOH (20 mL) gave 2b (13.9 g, 97.9%) as a colorless
oil. The 1H and 13C NMR spectral data were identical to those report-
ed.[28]


3a : A mixture of 2a (13.7 g, 71.7 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (4.10 g, 3.54 mmol),
and CuO (5.70 g, 71.7 mmol) in dry DMF (100 mL) was stirred at 100 8C.
After 5 min, 2-(tributylstannyl)furan (24.7 mL, 75.3 mmol) was added.
The mixture was stirred at 100 8C for 1 h and then cooled to room tem-
perature. The precipitates were filtered off, and the volatiles of the fil-
trate were removed in vacuo. The residue was purified by flash chroma-
tography over SiO2 with hexane as an eluent to afford 2-ethyl-5-(2’-fu-
ACHTUNGTRENNUNGryl)thiophene (3a ; 9.70 g, 75.9%) as a pale-yellow oil. 1H NMR (CDCl3):
d=7.34 (m, 1H), 7.04 (d, J=3.5 Hz, 1H), 6.68 (d, J=3.5 Hz, 1H), 6.38
(m, 2H), 2.82 (q, J=7.6 Hz, 2H), 1.30 ppm (t, J=7.6 Hz, 3H); 13C NMR
(CDCl3): d=150.0, 146.9, 141.4, 131.3, 124.1, 122.5, 111.7, 104.4, 23.62,
16.10 ppm; HRMS (EI): m/z calcd for C10H10OS: 178.0452; found:
178.0451.


3b : 2-(2’-Furyl)-5-hexylthiophene (3b) was prepared in the same way as
3a. The use of 2b (1.00 g, 4.05 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (0.100 g, 0.087 mmol),
CuO (0.322 g, 4.05 mmol), DMF (11 mL), and 2-(tributylstannyl)furan
(2.0 mL, 6.08 mmol) gave 3b (948 mg, quant.) as a pale-yellow oil.
1H NMR (CDCl3): d =7.37 (m, 1H), 7.05 (d, J=3.6 Hz, 1H), 6.69 (d, J=


3.6 Hz, 1H), 6.42–6.39 (m, 2H), 2.79 (t, J=7.5 Hz, 2H), 1.68 (m, 2H),
1.42–1.26 (m, 6H), 0.89 ppm (t, J=6.9 Hz, 3H); 13C NMR (CDCl3): d=


150.0, 145.4, 141.4, 131.3, 124.8, 122.5, 111.7, 104.4, 31.81, 31.79, 30.28,
28.95, 22.80, 14.30 ppm; HRMS (EI): m/z calcd for C14H18OS: 234.1078;
found: 234.1094; elemental analysis: calcd (%) for C14H18OS: C 71.75, H
7.74; found: C 71.57, H 7.87.


5a : NBS (4.80 g, 27.0 mmol) was gradually added to a stirred solution of
3a (4.82 g, 27.0 mmol) and BPO (10 mg) in toluene (300 mL) over
30 min at �10 8C in air in the dark. After the mixture was stirred for
0.5 h at �10 8C, the solvent was evaporated in vacuo. The residue was
subjected to flash chromatography over SiO2 with hexane as an eluent to
afford 2-{2’-(5’-bromofuryl)}-5-ethylthiophene (4a) as a colorless oil.
1H NMR (CDCl3): d =7.04 (d, J=3.8 Hz, 1H), 6.70 (d, J=3.8 Hz, 1H),
6.35 (d, J=3.2 Hz, 1H), 6.32 (d, J=3.2 Hz, 1H), 2.84 (q, J=10.3 Hz,
2H), 1.31 ppm (t, J=10.3 Hz, 3H). Because of its instability, 4a was used
in the next step without further purification. 2-{2’-(5’-Ethylthienyl)}-5-(2’-
thienyl)furan (5a) was prepared in the same way as 3a. The use of 4a, 2-
(tributylstannyl)thiophene (8.6 mL, 27.1 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (1.60 g,
1.38 mmol), CuO (2.20 g, 27.7 mmol), and DMF (100 mL) gave 5a


(4.64 g, 66.0%) as a pale-yellow oil. 1H NMR (CDCl3): d =7.27 (dd, J=


3.7, 1.0 Hz, 1H), 7.20 (dd, J=5.2, 1.0 Hz, 1H), 7.10 (d, J=3.6 Hz, 1H),
7.02 (dd, J=5.2, 3.7 Hz, 1H), 6.71 (d, J=3.6 Hz, 1H), 6.50 (d, J=3.6 Hz,
1H), 6.43 (d, J=3.6 Hz, 1H), 2.84 (q, J=7.5 Hz, 2H), 1.32 ppm (t, J=


7.5 Hz, 3H); 13C NMR (CDCl3): d =149.0, 148.4, 147.1, 133.8, 130.9,
127.8, 124.2, 124.1, 122.7, 122.6, 107.3, 106.5, 23.7, 16.1 ppm; HRMS (EI):
m/z calcd for C14H12OS2: 260.0330; found: 260.0331.


5b : 2-{2’-(5’-Bromofuryl)}-5-hexylthiophene (4b) was prepared in the
same way as 4a. The use of 3b (0.524 g, 2.23 mmol), NBS (0.639 g,
3.59 mmol), BPO (5 mg), and toluene (50 mL) gave 4b as a colorless oil.
1H NMR (CDCl3): d =7.04 (d, J=3.6 Hz, 1H), 6.68 (d, J=3.3 Hz, 1H),
6.35 (d, J=3.6 Hz, 1H), 6.32 (d, J=3.3 Hz, 1H), 2.80 (t, J=7,5 Hz, 2H),
1.74–1.62 (m, 2H), 1.37–1.26 (m, 6H), 0.89 ppm (t, J=7.2 Hz, 3H). Be-
cause of its instability, 4b was used in the next step without further purifi-
cation. A mixture of 4b, 2-(tributylstannyl)thiophene (0.71 mL,
2.24 mmol), and [Pd ACHTUNGTRENNUNG(PPh3)4] (98.8 mg, 0.09 mmol) in THF (30 mL) was
stirred at 60 8C for 2 days. The reaction was quenched with water
(20 mL), the mixture was extracted with diethyl ether, and the organic
layer was dried over MgSO4. The solvent was removed in vacuo, and the
residue was purified by column chromatography over SiO2 eluted with
hexane to afford 2-{2’-(5’-hexylthienyl)}-5-(2’-thienyl)furan (5b ; 537 mg,
76.0%) as a yellow oil. 1H NMR (CDCl3): d =7.29 (dd, J=3.6, 1.2 Hz,
1H), 7.22 (dd, J=5.1, 1.2 Hz, 1H), 7.12 (d, J=3.5 Hz, 1H), 7.05 (dd, J=


5.1, 3.6 Hz, 1H), 6.72 (d, J=3.5 Hz, 1H), 6.53 (d, J=3.6 Hz, 1H), 6.46 (d,
3.6 Hz, 1H), 2.82 (t, J=7.5 Hz, 2H), 1.74–1.65 (m, 2H), 1.44–1.27 (m,
6H), 0.90 ppm (t, J=6.9 Hz, 3H); 13C NMR (CDCl3): d=149.0, 148.3,
145.6, 133.8, 131.0, 127.9, 124.2, 122.7, 122.6, 107.3, 106.5, 31.8, 31.8, 30.3,
29.0, 22.8, 14.3 ppm; HRMS (EI): m/z calcd for C18H20OS2: 316.0956;
found: 316.0967; elemental analysis: calcd (%) for C18H20OS2: C 68.31, H
6.37; found: C 68.41, H 6.50.


5c : A mixture of 2-{2’-(5’-bromofuryl)}-5-(trimethylsilyl)thiophene (4c ;
1.57 g, 5.21 mmol), 2-(tributylstannyl)thiophene (2.4 mL, 7.57 mmol), and
[Pd ACHTUNGTRENNUNG(PPh3)4] (115 mg, 0.10 mmol) in THF (60 mL) was stirred at 60 8C for
2 days. The reaction was quenched with water (60 mL), the mixture was
extracted with diethyl ether, and the organic layer was dried over
MgSO4. The solvent was removed in vacuo, and the residue was purified
by column chromatography over SiO2 eluted with hexane/CH2Cl2 (20:1)
to afford 2-[2’-{5’-(trimethysilyl)thienyl}]-5-(2’-thienyl)furan (5c ; 1.01 g,
63.4%) as a yellow oil. 1H NMR (CDCl3): d=7.35 (d, J=3.6 Hz, 1H),
7.31 (dd, J=3.6 , 1.1 Hz, 1H), 7.23 (dd, J=5.1, 1.1 Hz, 1H) , 7.16 (d, J=


3.6 Hz, 1H), 7.05 (dd, J=5.1, 3.6 Hz, 1H), 6.56–6.52 (m, 2H), 0.34 ppm
(s, 9H); 13C NMR (CDCl3): d =148.9, 148.8, 139.7, 138.5, 134.8, 133.7,
127.9, 124.4, 124.1, 122.9, 107.5, 107.4, 0.1 ppm; HRMS (EI): m/z calcd
for C15H16OS2Si: 304.0412; found: 304.0408; elemental analysis: calcd
(%) for C15H16OS2Si: C 59.17, H 5.30; found: C 59.37, H 5.32.


DE-SOSOS : A solution of LDA in cyclohexane (1.5m, 4.1 mL,
6.15 mmol) was added dropwise to a stirred solution of 5a (1.56 g,
5.99 mmol) in THF (50 mL) at �78 8C. The mixture was warmed to 0 8C
over a period of 5 min and recooled to �78 8C. Tributyltin chloride
(1.9 mL, 6.65 mmol) was added at �78 8C, and the reaction mixture was
stirred for 2 h at room temperature. The solvent was removed in vacuo,
and DMF (10 mL) was added to the residue. This solution was added to
a mixture of [PdACHTUNGTRENNUNG(PPh3)4] (444 mg, 0.38 mmol), CuO (610 mg, 7.67 mmol),
and 4a, which was prepared by treatment of 3a (1.37 g, 7.67 mmol) with
NBS (1.43 g, 8.05 mmol) and BPO (10 mg) in toluene (100 mL) as de-
scribed above, in DMF (40 mL), which was stirred for 5 min at 100 8C.
The entire reaction mixture was stirred for 1 h at 100 8C and then cooled
to room temperature. The precipitates were filtered off, and the volatiles
of the filtrate were removed in vacuo. Water (20 mL) and diethyl ether
(30 mL) were added to the residue, and the aqueous layer was extracted
with diethyl ether. The organic layer was dried over MgSO4. The solvent
was removed in vacuo, and the crude product was purified by preparative
GPC eluted with toluene to afford DE-SOSOS (1.66 g, 64.4%) as a
yellow solid. An analytically pure sample was obtained by reprecipitation
from hexane and CH2Cl2. M.p.: 109.5–110.5 8C; 1H NMR (CDCl3): d=


7.19 (s, 2H), 7.12 (d, J=3.6 Hz, 2H), 6.72 (d, J=3.6 Hz, 2H), 6.52 (d, J=


3.5 Hz, 2H), 6.45 (d, J=3.5 Hz, 2H), 2.85 (q, J=7.5 Hz, 4H), 1.33 ppm
(t, J=7.5 Hz, 6H); 13C NMR (CDCl3): d=149.2, 148.5, 147.2, 132.0,
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130.8, 124.3, 123.1, 122.8, 107.6, 106.7, 23.7, 16.1 ppm; HRMS (EI): m/z
calcd for C24H20O2S3: 436.0625; found: 436.0638; elemental analysis:
calcd (%) for C24H20O2S3: C 66.02, H 4.62; found: C 66.05, H 4.51.


DH-SOSOS : A solution of LDA was prepared as follows. A solution of
n-butyllithium in hexane (1.54m, 2.25 mL, 3.47 mmol) was added drop-
wise to a stirred solution of diisopropylamine (1.79 mL, 12.8 mmol) in
THF (4.2 mL) at �78 8C. The stirred mixture was warmed to 0 8C over
10 min and recooled to �78 8C. A suspension of 5b (893 mg, 2.83 mmol)
and tributyltin chloride (1.25 mL, 4.61 mmol) in THF (5 mL) was added
dropwise to this solution by cannula, and the mixture was stirred at room
temperature for 2 h. A solution of 4b, which was prepared by treatment
of 3b (460 mg, 1.96 mmol) with NBS (356 mg, 2.00 mmol) and a small
portion of BPO in toluene (30 mL) as described above, in THF (20 mL)
was added to this mixture by cannula, followed by [Pd ACHTUNGTRENNUNG(PPh3)4] (58 mg,
0.05 mmol). The reaction mixture was stirred for 3 days at 70 8C. The re-
action was quenched with water (20 mL), the mixture was extracted with
diethyl ether, and the organic layer was dried over MgSO4. The solvent
was removed in vacuo, and recrystallization of the residue from hexane
and CH2Cl2 gave DH-SOSOS (658 mg, 42.4%) as a yellow solid. M.p.:
95.5–96.5 8C; 1H NMR (CDCl3): d=7.20 (s, 2H), 7.12 (d, J=3.6 Hz, 2H),
6.72 (d, J=3.6 Hz, 2H), 6.54 (d, J=3.5 Hz, 2H), 6.46 (d, J=3.5 Hz, 2H),
2.81 (t, J=7.7 Hz, 4H), 1.74–1.64 (m, 4H), 1.41–1.28 (m, 12H), 0.90 ppm
(t, J=6.9 Hz, 6H); 13C NMR (CDCl3): d=149.2, 148.1, 145.7, 132.0,
130.9, 125.0, 123.2, 122.7, 107.6, 106.7, 31.8, 31.8, 30.4, 29.0, 22.8,
14.3 ppm; HRMS (EI): m/z calcd for C32H36O2S3: 548.1877; found:
548.1877; elemental analysis: calcd (%) for C32H36O2S3: C 70.03, H 6.61;
found: C 70.20, H 6.72.


DE-SOSOSOS : A solution of LDA in cyclohexane (1.5m, 4.0 mL,
6.00 mmol) was added dropwise to a stirred solution of 5a (1.56 g,
5.99 mmol) in THF (50 mL) at �78 8C. The mixture was warmed to 0 8C
over 5 min and recooled to �78 8C. Tributyltin chloride (1.8 mL,
6.30 mmol) was added at �78 8C, and the reaction mixture was stirred for
2 h at room temperature. The solvent was removed in vacuo, and DMF
(10 mL) was added to the residue. This solution was added to a mixture
of 2,5-dibromofuran (726 mg, 3.0 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (347 mg,
0.30 mmol), and CuO (477 mg, 6.00 mmol) in DMF (40 mL), which was
stirred for 5 min at 100 8C. The entire reaction mixture was stirred for 1 h
at 100 8C and then cooled to room temperature. The precipitates were fil-
tered off, and the volatiles of the filtrate were removed in vacuo. Water
(20 mL) and diethyl ether (30 mL) were added to the residue, and the
two layers were separated. After extraction of the aqueous layer with di-
ethyl ether, the organic layer was dried over MgSO4. The solvent was re-
moved in vacuo, and the crude product was further purified by prepara-
tive GPC eluted with toluene to afford DE-SOSOSOS (1.19 g, 67.9%) as
a brown solid. An analytically pure sample was obtained by reprecipita-
tion from hexane and CH2Cl2. M.p.: 172.9–174.3 8C; 1H NMR (CDCl3):
d=7.23 (d, J=3.9 Hz, 2H), 7.21 (d, J=3.9 Hz, 2H), 7.13 (d, J=3.6 Hz,
2H), 6.74 (d, J=3.6 Hz, 2H), 6.57 (s, 2H), 6.55 (d, J=3.5 Hz, 2H), 6.47
(d, J=3.5 Hz, 2H), 2.86 (q, J=7.5 Hz, 4H), 1.34 ppm (t, J=7.5 Hz, 6H);
13C NMR (CDCl3): d=149.3, 148.6, 148.0, 147.3, 132.4, 131.7, 130.8,
124.3, 123.5, 123.2, 122.8, 107.8, 107.7, 106.8, 23.7, 16.1 ppm; HRMS (EI):
m/z calcd for C32H24O3S4: 584.0608; found: 584.0641.


DH-SOSOSOS : A solution of LDA was prepared as follows. A solution
of n-butyllithium in hexane (1.47m, 2.5 mL, 3.68 mmol) was added drop-
wise to a stirred solution of diisopropylamine (0.58 mL, 4.14 mmol) in
THF (2.8 mL) at �78 8C. The mixture was warmed to 0 8C over 10 min
and recooled to �78 8C. A mixture of 5b (628 mg, 1.99 mmol) and tribu-
tyltin chloride (0.98 mL, 3.61 mmol) in THF (7.5 mL) was added drop-
wise by cannula, and the mixture was warmed to room temperature for
2 h. 2,5-Dibromofuran (202 mg, 0.89 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4] (80 mg,
0.07 mmol) were added to this mixture. The reaction mixture was stirred
for 3 days at 70 8C. The reaction was quenched with water (20 mL), the
mixture was extracted with diethyl ether, and the organic layer was dried
over MgSO4. The solvent was removed in vacuo, and recrystallization of
the residue from hexane and CH2Cl2 gave DH-SOSOSOS (273 mg,
39.3%) as a yellow solid. M.p.: 137.3–139.1 8C ; 1H NMR (CDCl3): d=


7.22 (d, J=3.8 Hz, 2H), 7.19 (d, J=3.8 Hz, 2H), 7.12 (d, J=3.6 Hz, 2H),
6.71 (d, J=3.6 Hz, 2H), 6.55 (s, 2H), 6.54 (d, J=3.5 Hz, 2H), 6.46 (d, J=


3.5 Hz, 2H), 2.81 (t, J=7.5 Hz, 4H), 1.74–1.64 (m, 4H), 1.40–1.29 (m,
12H), 0.92 ppm (t, J=6.8 Hz, 6H); 13C NMR (CDCl3): d=149.3, 148.6,
148.0, 145.8, 132.4, 131.7, 130.9, 125.0, 123.5, 123.2, 122.8, 107.8, 107.8,
106.8, 31.8, 31.8, 30.4, 29.0, 22.8, 14.3 ppm; HRMS (EI): m/z calcd for
C40H40O3S4: 696.1860; found: 696.1879; elemental analysis: calcd (%) for
C40H40O3S4: C 68.93, H 5.78; found: C 68.71, H 5.76.


DTMS-SOSOSOS : A solution of n-butyllithium in hexane (1.55m,
3.68 mL, 5.70 mmol) was added dropwise to a stirred solution of 5c
(1.49 g, 4.90 mmol) and N,N,N’,N’-tetramethylethylenediamine (0.82 mL)
in THF (48 mL) at �78 8C. The mixture was stirred at �78 8C for 15 min
and then at room temperature for 1 h. After the mixture was cooled to
�78 8C again, a solution of tributyltin chloride (1.54 mL, 5.68 mmol) was
added, and the reaction mixture was stirred at room temperature for 3 h.
2,5-Dibromofuran (539 mg, 2.38 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4] (223 mg,
0.19 mmol) were added to this mixture. The reaction mixture was stirred
for 3 days at 70 8C. The reaction was quenched with water (20 mL), the
mixture was extracted with diethyl ether, and the organic layer was dried
over MgSO4. The solvent was removed in vacuo, and recrystallization of
the residue from ethanol/CH2Cl2 (3:2) gave DTMS-SOSOSOS (433 mg,
26.2%) as a brown solid. M.p.: 189.6–190.8 8C; 1H NMR (CDCl3): d=


7.37 (d, J=3.5 Hz, 2H), 7.24 (m, 4H), 7.17 (d, J=3.5 Hz, 2H), 6.58–6.65
(m, 6H), 0.35 ppm (s, 18H); 13C NMR (CDCl3): d=149.1, 148.6, 148.4,
139.9, 138.3, 134.9, 132.2, 131.9, 124.2, 123.6, 123.4, 107.9, 107.8, 107.7,
0.1 ppm; HRMS (FAB): m/z calcd for C34H32O3S4Si2: 672.0773; found:
672.0768.


SOSOSOS : A solution of TBAF (1.0m, 3.6 mL, 3.6 mmol) in THF was
added to a stirred solution of DTMS-SOSOSOS (1.21 g, 1.79 mmol) in
wet THF (20 mL) in air. The reaction mixture was stirred for 0.5 h. The
reaction was quenched with water (10 mL), the mixture was extracted
with diethyl ether, and the organic layer was dried over MgSO4. The sol-
vent was removed in vacuo, and the crude product was further purified
by preparative GPC eluted with CHCl3 to afford SOSOSOS (0.503 g,
53.2%) as an orange solid. M.p.: 179.4–181.3 8C; 1H NMR (CDCl3): d=


7.33 (dd, J=3.6, 0.9 Hz, 2H), 7.26–7.24 (m, 6H), 7.06 (dd, J=4.8, 3.6 Hz,
2H), 6.59 (s, 2H), 6.58–6.56 ppm (m, 4H); 13C NMR (CDCl3): d=149.0,
148.6, 148.4, 133.5, 132.2, 132.0, 128.0, 124.6, 123.6, 123.5, 123.0, 107.9,
107.8, 107.6 ppm; HRMS (FAB): m/z calcd for C28H17O3S4: 527.9982;
found: 527.9988; elemental analysis: calcd (%) for C28H16O3S4: C 63.61,
H 3.05; found: C 63.43, H 2.99.


X-ray Diffraction[29]


X-ray diffraction of organic thin films vacuum-deposited and spin-coated
onto the Si/SiO2 substrate was conducted with a Rigaku RAD-IIB dif-
fractometer with a CuKa source (l=1.541 L) and a Rigaku RINT-TTRII
diffractometer with a CuKa source (l=1.541 L) in air, respectively. For
X-ray crystallography, the intensity data were collected at 100 K on a
Bruker SMART APEX diffractometer with MoKa radiation (l=


0.71073 L) and a graphite monochromater. The structure was solved by
direct methods (SHELXTL) and refined by full-matrix least squares on
F2 (SHELXL-97). All non-hydrogen atoms were refined anisotropically,
and all hydrogen atoms were placed by using AFIX instructions.


DH-SOSOS : Single crystals suitable for X-ray crystallography were ob-
tained by sublimation at 200 8C under reduced pressure (�133 Pa) for
10 days. C32H36O2S3, Mr=548.79, crystal size 0.10M0.10M0.05 mm3, mono-
clinic, P21/n, a=7.416(3), b=5.879(2), c=64.92(2) L, b=91.815(6)8, V=


2828.9(17) L3, Z=4, 1calcd=1.289 gcm�3. The refinement converged to
R1=0.1467, wR2=0.2808 (I>2s(I)), GOF=1.251.


DE-SOSOS : Single crystals suitable for X-ray crystallography were ob-
tained by sublimation at 150 8C under reduced pressure (�133 Pa) for
10 days. The terminal thiophene rings were disordered, and the occupan-
cies of the E and E’ rings (Figure 5a and b) were refined as 0.75:0.25.
C24H20O2S3, Mr=436.58, crystal size 0.29M0.17M0.15 mm3, orthorhombic,
Fdd2, a=32.160(8), b=45.189(11), c=5.7411(15) L, V=8344(4) L3, Z=


16, 1calcd=1.390 gcm�3. The refinement converged to R1=0.0422, wR2=


0.0767 (I>2s(I)), GOF=1.001.
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Cyclic Voltammetry


CV was conducted with a BAS CV-50W electrochemical analyzer by
using a standard three-electrode cell consisting of a glassy-carbon work-
ing electrode, a Pt-wire counter electrode, and an Ag/AgNO3 (CH3CN)
reference electrode under argon atmosphere. Measurements were carried
out with 1.0 mm solutions of samples in CH2Cl2 with tetrabutylammoni-
um perchlorate as the supporting electrolyte (0.1m) in all cases. The ob-
served anodic peak potentials were calibrated with ferrocene added after
each measurement.


FET Device Preparation


OFETs were fabricated in a top-contact manner as follows. For devices
fabricated with a thin film made by vacuum deposition, the gate was a
highly doped n+-Si wafer, and the gate insulator was a 600-nm-thick
layer of thermally grown SiO2. After ultrasonication in acetone and then
in isopropanol for 10 min each and treatment with ultraviolet ozone
cleaner for 15 min to remove organic surface contaminants, the thin films
of the oligomers (35 nm thick) were formed on SiO2 by high-vacuum
deposition (10�5 Pa) at substrate temperatures of 40–60 8C. Gold source
and drain electrodes (40 nm thick) were thermally evaporated and depos-
ited on the organic layer through a shadow mask. The channel length (L)
and width (W) were 50 and 1000 mm, respectively. Devices prepared with
films (30 nm thick) made from solutions of each oligomer in CHCl3 or
other solvents by spin-coating were fabricated with the gate insulator
(200 nm thick), gold source, and drain electrodes (100 nm thick). The
length and width of the channel was 50 mm and 5 mm, respectively. The
ID–VD characteristics of the OFET devices were measured under vacuum
(10�3 Pa) for the vacuum-deposited films by the use of a Keithley 6487 pi-
coammeter for the drain and a Keithley 236 source measure unit for the
gate, and in air for the spin-coated films by the use of an ADVANTEST
CORPORATION R6245 power supply. Field-effect mobilities (m) were
calculated in the saturation region of ID defined by the equation ID=


(WCi/2L)m ACHTUNGTRENNUNG(VG�VT)
2, in which Ci is the capacitance of the SiO2 insulator


(Ci=5.8M10�8 Fcm�2 (600 nm thick) and 1.7M10�8 Fcm�2 (200 nm thick))
and VG and VT are the gate and threshold voltages, respectively.
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Integrated Micro Flow Synthesis Based on Sequential Br–Li Exchange
Reactions of p-, m-, and o-Dibromobenzenes
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Toshiki Nokami, Hideho Okamoto, and Jun-ichi Yoshida*[a]


Introduction


The integration of chemical reactions has generated signifi-
cant research interest, because the combination of plural re-
actions enables us to avoid the isolation of intermediate
products.[1] Both tandem reactions,[2] in which the initial
product undergoes further transformation under the applied
reaction conditions, and one-pot reactions,[3] in which the in-
itial product is used for subsequent transformation in the
same reaction vessel by the addition of a second reagent,
serve as powerful ways of synthesizing organic compounds.
Very recently, one-flow reactions, in which the initial prod-
uct is used for subsequent transformation by the addition of
a second reagent in a continuous-flow system, have emerged
as a new way of integrating chemical reactions.[4] Herein we


report an example of the integration of chemical reactions
by using a micro flow system in which the transformations
can be conducted at much higher temperatures than those
for macro batch systems by virtue of the advantages of
micro flow systems.[5–8]


Generally, reactions that involve highly reactive and un-
stable intermediates with macro batch systems suffer from
decomposition of the intermediates during accumulation. To
avoid such decomposition, reactions are usually conducted
at low temperatures. This problem can be solved by the use
of a continuous-flow system, in which unstable intermedi-
ates are transferred to the next reactor and are subjected to
a follow-up reaction immediately after generation. In micro
flow systems in particular, the length of time that the solu-
tion remains inside the reactor, the residence time, can be
greatly decreased by adjusting the length of the reactor and
the flow rate. This feature of micro flow systems is extreme-
ly useful in controlling reactive species.[9] Unstable reactive
species can be transferred to another location to be used in
the next reaction before they decompose. Another impor-
tant feature of flow systems is that sequential reactions can
be conducted by simply connecting several micro flow reac-
tors.


Fast heat transfer, which minimizes local variation in tem-
perature, is also an important feature of micro flow systems.


Abstract: A micro flow system consist-
ing of micromixers and microtube reac-
tors provides an effective method for
the introduction of two electrophiles
onto p-, m-, and o-dibromobenzenes.
The Br–Li exchange reaction of p-di-
bromobenzene with nBuLi can be con-
ducted by using the micro flow system
at 20 8C, although much lower tempera-
tures (<�48 8C) are needed for a batch
reaction. The resulting p-bromophenyl-
lithium was allowed to react with an
electrophile in the micro flow system


at 20 8C. The p-substituted bromoben-
zene thus obtained was subjected to a
second Br–Li exchange reaction fol-
lowed by reaction with a second elec-
trophile at 20 8C in one flow. A similar
transformation can be carried out with
m-dibromobenzene by using the micro
flow system. However, the Br–Li ex-


change reaction of o-dibromobenzene
followed by reaction with an electro-
phile should be conducted at �78 8C to
avoid benzyne formation. The second
Br–Li exchange reaction followed by
reaction with an electrophile can be
carried out at 0 8C. By using the pres-
ent method, a variety of p-, m-, and o-
disubstituted benzenes were synthe-
sized in one flow at much higher tem-
peratures than are required for conven-
tional batch reactions.
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[a] Dr. A. Nagaki, Y. Tomida, H. Usutani, H. Kim, N. Takabayashi,
Dr. T. Nokami, Dr. H. Okamoto, Prof. Dr. J.-i. Yoshida
Department of Synthetic and Biological Chemistry
Graduate School of Engineering
Kyoto University
Nishikyo-ku, Kyoto, 615-8510 (Japan)
Fax: (+81)75-383-2727
E-mail : yoshida@sbchem.kyoto-u.ac.jp


Supporting information for this article is available on the WWW
under http://www.chemasianj.org or from the author.


Chem. Asian J. 2007, 2, 1513 – 1523 E 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1513



www.interscience.wiley.com





Fast and effective cooling through the reactor surface mini-
mizes thermal decomposition of unstable intermediates due
to hot spots generated by exothermic reactions. Importantly,
macro flow systems suffer from heat-transfer problems be-
cause of their lower surface-to-volume ratios than those of
micro systems.


We chose to study the sequential introduction of two elec-
trophiles into dibromobenzenes based on the Br–Li ex-
change reaction,[10] because this type of transformation
serves as one of the most straightforward methods for syn-
thesizing disubsituted benzenes from dihalobenzenes
(Scheme 1). We envisioned that the use of micro flow sys-
tems would enable us to conduct such transformations
easily.


Recently, we reported that the Br–Li exchange reaction
of o-dibromobenzene can be conducted at �78 8C without
benzyne formation by using a micro flow system, and that
the sequential introduction of two electrophiles can be ac-
complished based on this reaction.[11] The successful prelimi-
nary results prompted us to perform a systematic study of
the transformations of p-, m-, and o-dibromobenzenes.
Herein we report the full details of our study of the sequen-
tial introduction of two electrophiles into p-, m-, and o-di-
bromobenzenes based on Br–Li exchange reactions by using
micro flow systems.


Results and Discussion


Sequential Introduction of Two Electrophiles into
p-Dibromobenzene


First, we focused on the Br–Li exchange reaction of p-dibro-
mobenzene to generate p-bromophenyllithium, which is the
first and key step of the desired transformation. Before
micro flow systems were used, the reaction with a conven-
tional macro batch reactor was examined (Scheme 2). Such
reactions are usually carried out at �78 8C in laboratory syn-
thesis, although this temperature is not convenient for indus-
trial synthesis.[12] Therefore, we examined the effect of tem-
perature on the batch reaction.


A solution of nBuLi in hexane was added dropwise
(1 min) to a solution of p-dibromobenzene in THF in a 50-
mL round-bottomed flask at temperature T1 to generate p-
bromophenyllithium. After the mixture was stirred for
10 min at T1, the temperature was changed to T2. The solu-
tion was kept there for time t, after which MeOH was
added. After the mixture was stirred for 10 min at T2, the
solution was analyzed by gas chromatography (GC) to de-
termine the yield of bromobenzene. It can be seen from
Table 1 that the Br–Li exchange reaction should be carried
out below �48 8C (T1��48 8C), although the p-bromophen-
ACHTUNGTRENNUNGyllithium thus obtained can survive at 0 8C (T2) for 5 min. p-
Bromophenyllithium decomposes significantly at this tem-
perature within 60 min. The major side product was p-bro-
mobutylbenzene, which seems to be from the reaction of p-
bromophenyllithium with 1-bromobutane produced by the
Br–Li exchange reaction.Abstract in Japanese:


Scheme 1. Sequential introduction of two electrophiles into dibromoben-
zenes with the Br–Li exchange reaction.


Scheme 2. Br–Li exchange reaction of p-dibromobenzene with nBuLi
ACHTUNGTRENNUNGfollowed by reaction with MeOH with the macro batch system.


Table 1. Br–Li exchange reaction of p-dibromobenzene with nBuLi
ACHTUNGTRENNUNGfollowed by reaction with MeOH with the macro batch system.


T1 [8C] T2 [8C] t [min] Yield [%][a]


Bromobenzene p-Bromobutylbenzene


�78 �78 5 82 0
�78 0 5 69 8
�78 0 60 11 41
�48 �48 5 71 0
�48 �48 60 70 3
�48 0 5 64 6
�48 0 60 10 38


0 0 5 14 6
0 0 60 5 6


[a] Determinated by GC.
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To avoid such a side reaction, we next employed a micro
flow system consisting of two T-shaped micromixers (M1
and M2) and two microtube reactors (R1 and R2)
(Scheme 3 and Figure 1). A solution of p-dibromobenzene


(0.29m) in THF (flow rate: 6 mLmin�1, 1.74 mmolmin�1)
and a solution of nBuLi (1.58m) in hexane (flow rate:
1.2 mLmin�1, 1.9 mmolmin�1) were introduced into M1 (f=


250 mm) by using the technique of syringe pumping.[13] The
mixture was passed through R1 (f=500 or 1000 mm,
length=L, residence time=Rt)


[14] into M2 (f=500 mm),
into which methanol (neat, flow rate: 6 mLmin�1) was also
introduced. The resulting mixture was passed through R2
(f=1000 mm, L=50 cm, Rt=1.79 s). The temperature of the
system was controlled by adjusting the bath temperature.
The Br–Li exchange reaction and the quenching with
MeOH were conducted at the same temperature. The resi-
dence time was adjusted by changing the length of the mi-
crotube reactor R1 at a fixed flow rate. After steady state
was reached, an aliquot of the product solution was taken
over 15 s. The amount of bromobenzene was determined by
GC.


The results obtained with varying temperature (T) and
residence time (Rt) in R1 are summarized in Figure 2.[15,16]


Interestingly, bromobenzene was obtained in good yields
above �48 8C. The reaction can be conducted even at 20 8C,
thus demonstrating a significant advantage of micro flow
systems. Extremely fast heat transfer of the micro flow


system seems to be responsible for preventing the side reac-
tion.[17] In other words, the Br–Li exchange reaction can in-
herently be conducted at 20 8C, although the reaction in
macro batch systems suffers from insufficient heat removal,
which makes over-cooling necessary. At �40 to �78 8C, the
yield increased with temperature. Presumably, the Br–Li ex-
change reaction is slow in this temperature range, and an in-
crease in temperature causes an increase in the reaction
rate. In this temperature range, the yield also increased with
the residence time.


The importance of the micro system is well-supported by
the flow control experiments with a macro flow system con-
sisting of two T-shaped mixers (M1 and M2, f=2.3 mm)
and two macrotube reactors (R1: f=1.78 or 2.58 mm,
length=L, residence time=Rt ; R2: f=1.78 mm, L=


15.9 cm, Rt=3.27 sec) (Scheme 3). As summarized in
Table 2, the use of the macro flow systems resulted in much
lower yields of bromobenzene. For example, in the case of
Rt=1 s, the reaction with a macro flow system (R1: f=


1.78 mm, 20 8C) gave the desired product in low yield
(31%), whereas the use of a micro flow system (R1: f=


1000 mm, 20 8C) resulted in a much higher yield (84%;
Figure 2). Presumably, thermal decomposition of p-bromo-
phenyllithium took place because of less-efficient heat trans-
fer due to the low surface-to-volume ratio of the macro sys-
tems relative to the micro systems. Furthermore, the use of


Scheme 3. Micro and macro flow system for the Br–Li exchange reaction
of p-dibromobenzene followed by the reaction with MeOH.


Figure 1. The micro flow system consisting of two micromixers and two
microtube reactors.


Figure 2. Effects of temperature and residence time on the yield of
ACHTUNGTRENNUNGbromobenzene in the Br–Li exchange reaction of p-dibromobenzene
with nBuLi with the micro flow system.


Table 2. Br–Li exchange reaction of p-dibromobenzene with nBuLi
ACHTUNGTRENNUNGfollowed by reaction with MeOH with the macro flow system at 20 8C.


Macrotube reactor R1 Conv. [%][a] Yield [%][a]


f [mm] L [cm] Rt [s]


1.78 4.8 1.0 64 31
7.9 1.6 55 27


15.9 3.3 72 30
31.7 6.6 73 26


2.58 4.8 2.1 80 34
7.5 3.3 54 18


15.1 6.6 43 21


[a] Determinated by GC.
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a macro flow system led to low reproducibility at flow rates
similar to those of the micro flow case probably because of
the instability of the flow. Therefore, conversion did not
vary with residence time systematically. These results indi-
cate that micro, not macro, flow systems are essential for
conducting the present reaction at 20 8C.


The reactions of p-bromophenyllithium with various elec-
trophiles were examined by using the micro flow system at
20 8C. Iodomethane, chlorotrimethylsilane, chlorotributyl-
stannane, benzaldehyde, and acetophenone were effective.
The reactions gave the corresponding p-substituted bromo-
benzene derivatives at 20 8C in good yields (Table 3).


With the successful Br–Li exchange reaction of p-dibro-
mobenzene followed by the reaction with an electrophile by
using the micro flow system in hand, we next examined the
sequential introduction of two electrophiles into p-dibromo-
benzene with the micro flow system. This type of transfor-
mation has already been achieved by using a conventional
macro batch system in a one-pot manner.[10] However, low
reaction temperatures such as �78 8C are critical to avoid
undesired side reactions. The requirement of such low tem-
peratures causes severe limitations for industrial application.


A micro flow system consisting of four T-shaped micro-
mixers (M1, M2, M3, and M4) and four microtube reactors
(R1, R2, R3, and R4) (Scheme 4) was used. In this case, T-
shaped micromixer M1 with an inside diameter of 500 in-
stead of 250 mm was used to suppress the pressure increase
due to the increase in the number of micromixers and mi-
crotube reactors in the system.


A solution of p-dibromobenzene (0.29m) in THF (flow
rate: 6 mLmin�1, 1.74 mmolmin�1) and a solution of nBuLi
(1.58m) in hexane (flow rate: 1.2 mLmin�1, 1.90 mmol
min�1) were introduced into M1 (f=500 mm) by syringe
pumping. The mixture was passed through R1 (f=1000 mm,
L=6 cm, Rt=0.39 s), and the resulting solution containing
p-bromophenyllithium was introduced into M2 (f=


500 mm), where a solution of the first electrophile (0.69m) in
THF (flow rate: 3 mLmin�1, 2.07 mmolmin�1) was also
placed. The mixture was passed through R2 (f=1000 mm,
L=50 or 200 cm, Rt=2.31 or 9.24 s), and the resulting solu-
tion containing the p-substituted bromobenzene was intro-
duced into M3 (f=500 mm), where a solution of nBuLi
(1.58m) in hexane (flow rate: 1.8 mLmin�1, 2.84 mmol
min�1) was also placed. The mixture was passed through R3
(f=1000 mm, L=12.5 cm, Rt=0.49 s), and the resulting so-
lution containing the second aryllithium intermediate was
introduced into M4 (f=500 mm), where a solution of the
second electrophile (1.72m) in THF (flow rate: 3 mLmin�1,
5.16 mmolmin�1) was also placed. The mixture was passed
through R4 (f=1000 mm, L=50 cm, Rt=1.57 s). All the re-
actions were conducted at 20 8C.


As summarized in Table 4, the sequential introduction of
two electrophiles was achieved successfully with various
combinations of electrophiles without isolation of the p-sub-
stituted bromobenzene intermediates. This integrated micro
flow synthesis serves as a powerful and straightforward
method for synthesizing various p-disubstituted benzenes
from p-dibromobenzene and two electrophiles.


Sequential Introduction of Two Electrophiles into
m-Dibromobenzene


Next, we examined the sequential introduction of two elec-
trophiles into m-dibromobenzene. The first step of this se-
quence is the Br–Li exchange reaction of m-dibromoben-
zene with nBuLi. The effect of temperature for the macro
batch reaction was studied (Scheme 5), and the results are
summarized in Table 5. Bromobenzene was obtained in
good yields at T1��48 8C. At higher temperatures, the yield
decreased significantly. The effect of T2 did not seem to be
significant. These observations indicate that the Br–Li ex-
change reaction is more sensitive to temperature than the
reaction of the m-bromophenyllithium thus generated with
an electrophile.


The micro flow reactions were conducted with a system
consisting of two T-shaped micromixers (M1 and M2) and


Table 3. Br–Li exchange reaction of p-dibromobenzene with nBuLi
ACHTUNGTRENNUNGfollowed by reaction with electrophiles with the micro flow system.


Electrophile Product Yield [%][a]


MeI 87


Me3SiCl 85


Bu3SnCl 86


73


87


[a] Determinated by GC.


Scheme 4. Micro flow system for the sequential introduction of two
ACHTUNGTRENNUNGelectrophiles into p-dibromobenzene.
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two microtube reactors (R1 and R2) (Scheme 6). A solution
of m-dibromobenzene (0.29m) in THF (flow rate:
6 mLmin�1, 1.74 mmolmin�1) and a solution of nBuLi
(1.58m) in hexane (flow rate: 1.2 mLmin�1, 1.9 mmolmin�1)
were introduced into M1 (f=250 mm) by syringe pumping.
The mixture was passed through R1 (f=500 or 1000 mm,
length=L, residence time=Rt) into M2 (f=500 mm), into
which methanol (neat, flow rate: 6 mLmin�1) was also intro-
duced. The mixture was passed through R2 (f=1000 mm,
L=50 cm, Rt=1.79 s). The Br–Li exchange reaction and the
quenching with MeOH were conducted at the same temper-
ature. The residence time was adjusted by changing the


length of the microtube reactor R1 at a fixed flow rate.
After steady state was reached, an aliquot of the product so-
lution was taken over 15 s and analyzed. The amount of bro-
mobenzene was determined by GC.


The results obtained with varying temperature (T) and
residence time (Rt) in R1 are summarized in Figure 3. Inter-
estingly, the results are very similar to those for p-bromo-


benzene: Bromobenzene was obtained in good yields above
�48 8C, the reaction can be conducted at 20 8C, and the
yield increased with temperature and residence time from
�40 to �78 8C. Therefore, it is reasonable to consider that
both m- and p-bromophenyllithium have similar thermal sta-
bility.


The reactions of m-bromophenyllithium with various elec-
trophiles were examined in the micro flow system. Iodo-
ACHTUNGTRENNUNGmethane, chlorotrimethylsilane, chlorotributylstannane, ben-
zaldehyde, and acetophenone as well as methanol were ef-
fective, and the reactions gave the corresponding m-substi-
tuted bromobenzene derivatives in good yields at 20 8C
(Table 6).


With the successful Br–Li exchange reaction of m-dibro-
mobenzene followed by the reaction with an electrophile in


Table 4. Sequential introduction of two electrophiles onto p-dibromoben-
zene with the micro flow system.


Electrophile 1 Electrophile 2 Product Yield [%][a]


MeI Me3SiCl 81


MeI Bu3SnCl 88


MeI 77


MeI 79


Me3SiCl Bu3SnCl 79


Me3SiCl 35


Me3SiCl 79


[a] Determinated by GC.


Scheme 5. Br–Li exchange reaction of m-dibromobenzene with nBuLi
followed by the reaction with MeOH with the macro batch system.


Table 5. Br–Li exchange reaction of m-dibromobenzene with nBuLi
ACHTUNGTRENNUNGfollowed by reaction with MeOH with a macro batch system.


T1 [8C] T2 [8C] Yield [%][a]


�78 �78 84
�78 0 75
�48 �48 79
�48 0 66


0 0 14


[a] Determinated by GC.


Scheme 6. Micro flow system for the Br–Li exchange reaction of m-dibro-
mobenzene followed by the reaction with MeOH.


Figure 3. Effects of temperature and residence time on the yield of
ACHTUNGTRENNUNGbromobenzene in the Br–Li exchange reaction of m-dibromobenzene
with nBuLi with the micro flow system.
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the micro flow system in hand, we next examined the se-
quential introduction of two electrophiles into m-dibromo-
benzene by using a micro flow system consisting of four T-
shaped micromixers (M1, M2, M3, and M4) and four micro-
tube reactors (R1, R2, R3, and R4) (Scheme 7).


A solution of m-dibromobenzene (0.29m) in THF (flow
rate: 6 mLmin�1, 1.74 mmolmin�1) and a solution of nBuLi
(1.58m) in hexane (flow rate: 1.2 mLmin�1, 1.90 mmol
min�1) were introduced into M1 (f=500 mm) by syringe
pumping. The mixture was passed through R1 (f=1000 mm,
L=6 cm, Rt=0.39 s). The solution containing m-bromo-
ACHTUNGTRENNUNGphenyllithium was then mixed with the first electrophile


(0.69m) in THF (flow rate: 3 mLmin�1, 2.07 mmolmin�1) in
M2 (f=500 mm). The mixture was passed through R2 (f=


1000 mm, L=50 cm, Rt=2.31 s), and the resulting solution
containing the m-substituted bromobenzene was introduced
into M3 (f=500 mm), where nBuLi (1.58m) in hexane was
also placed (flow rate: 1.8 mLmin�1, 2.84 mmolmin�1). The
second Br–Li exchange reaction took place in R3 (f=


1000 mm, L=12.5 cm, Rt=0.49 s). The resulting solution was
introduced into M4 (f=500 mm), where it was mixed with
the second electropile (1.72m) in THF (flow rate:
3 mLmin�1, 5.16 mmolmin�1). The resulting solution was
passed through R4 (f=1000 mm, L=50 cm, Rt=1.57 s). As
summarized in Table 7, the sequential introduction of two


electrophiles on the benzene ring was successfully achieved
with various electrophiles, thus indicating that this micro
flow synthesis serves as a powerful and straightforward
method for the synthesis of various m-disubstituted ben-
zenes from m-dibromobenzene and two electrophiles.


Sequential Introduction of Two Electrophiles into
o-Dibromobenzene


Finally, we examined the sequential introduction of two
electrophiles into o-dibromobenzene based on the Br–Li ex-
change reaction in micro flow systems (Scheme 8).


Table 6. Br–Li exchange reaction of m-dibromobenzene with nBuLi
ACHTUNGTRENNUNGfollowed by reaction with electrophiles with the micro flow system.


Electrophile Product Yield [%][a]


MeI 81


Me3SiCl 93


Bu3SnCl 94


86


90


[a] Determinated by GC.


Scheme 7. Micro flow system for the sequential introduction of two
ACHTUNGTRENNUNGelectrophiles into m-dibromobenzene.


Table 7. Sequential introduction of two electrophiles onto m-dibromo-
benzene with the micro flow system.


Electrophile 1 Electrophile 2 Product Yield [%][a]


MeI Me3SiCl 84


MeI Bu3SnCl 93


MeI 73


MeI 86


Me3SiCl Bu3SnCl 67


Me3SiCl 88


Me3SiCl 82


[a] Determinated by GC.
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It is well-known that the Br–Li exchange reaction of o-di-
bromobenzene[18,19] is problematic in macro batch systems
because of benzyne formation even at �78 8C. Therefore,
this reaction should be conducted at or below �110 8C. We
envisioned that the short residence time and efficient heat
transfer of micro flow systems should solve the problem.


Before the micro flow systems were used, the reaction
was examined with a conventional macro batch reactor at
�78 8C (Scheme 9). nBuLi was added dropwise to a solution


of o-dibromobenzene at a regular pace over 1 min. As soon
as that was completed, methanol was added to quench the
reaction. However, bromobenzene, the expected product,
was not obtained at all. Because most of the starting materi-
al was consumed, the Br–Li exchange reaction of o-dibro-
mobenzene seemed to be completed immediately. There-
fore, benzyne formation took place before quenching with
methanol even at �78 8C.


Thus, we examined the reaction with a micro flow system
consisting of two T-shaped micromixers (M1 and M2) and
two microtube reactors (R1 and R2) (Scheme 10). A solu-
tion of o-dibromobenzene (0.27m) in THF (flow rate: V1=


6 mLmin�1, 1.62 mmolmin�1) and a solution of nBuLi
(1.5m) in hexane (flow rate: V2=1.2 mLmin�1, 1.8 mmol


min�1) were introduced into M1 (f=250 mm) by syringe
pumping. The mixture was passed through R1 (f=500 mm,
length=L, residence time=Rt), and the resulting solution
containing o-bromophenyllithium was introduced into M2
(f=500 mm), where methanol was also placed (neat, flow
rate: V1=6 mLmin�1). The mixture was passed through R2
(f=1000 mm, L=50 cm, Rt=1.79 s). An aliquot of the
outlet solution was collected, and the yield of bromoben-
zene was determined by GC.


The reactions were carried out by varying the residence
time and temperature in the microtube reactor R1. As
shown in Figure 4, the yield was very low at temperatures


higher than �60 8C, presumably because of the decomposi-
tion of the o-bromophenyllithium intermediate to benzyne.
At lower temperatures, the yield increased with a decrease
in temperature because of slower benzyne formation. Fur-
ther decrease in temperature, however, resulted in a de-
crease in yield, because the Br–Li exchange reaction could
not be completed at such low temperatures. The effect of
the residence time is interesting, as shown in Figure 5. At
�70 8C, the yield increased with residence time and became
a maximum at Rt=0.8 s. This phenomenon can be explained
in terms of the progress of Br–Li exchange with residence
time. Further increase in residence time caused a decrease
in yield, presumably because of benzyne formation. These
results show that o-bromophenyllithium is much less stable
than p- and m-bromophenyllithium. Extremely fast elimina-


Scheme 8. Generation and reaction of o-bromophenyllithium by the
Br–Li exchange reaction of o-dibromobenzene.


Scheme 9. Br–Li exchange reaction of o-dibromobenzene with nBuLi
ACHTUNGTRENNUNGfollowed by the reaction with MeOH with the macro batch system.


Scheme 10. Micro flow system for the Br–Li exchange reaction of
o-dibromobenzene followed by the reaction with MeOH.


Figure 4. Effects of temperature and residence time on the yield of
ACHTUNGTRENNUNGbromobenzene in the Br–Li exchange reaction of o-dibromobenzene
with nBuLi with the micro flow system.


Figure 5. Effects of residence time on the yield of bromobenzene: cross-
section at �70 8C (dotted line in Figure 4).
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tion of LiBr to form benzyne seems to be responsible for
the instability. Importantly, the present temperature–resi-
dence-time profile is quite effective for unveiling the fea-
tures of the Br–Li exchange reaction and the stability of the
organolithium intermediate thus formed. Therefore, micro
flow systems serve as a powerful tool for mechanistic studies
on reactions that involve highly unstable intermediates.


The flow rate is also a very important factor in carrying
out the present reaction with the micro flow system shown
in Scheme 10 (�78 8C, Rt=0.82 s). With flow rates of more
than 3 mLmin�1, the best result (67–74% yield) was ob-
tained as shown in Table 8. A decrease in flow rate, howev-


er, caused a significant decrease in yield. It is well-known
that the mixing efficiency strongly depends on the flow
rate.[20] Mixing efficiency or speed usually decreases with a
decrease in flow rate. Therefore, the results indicate that
fast mixing is also essential for conducting the present trans-
formation. Furthermore, the use of a teflon microtube (f=


500 mm) as R1 (Rt=0.82 s) instead of a stainless-steel micro-
tube gave a similar result (70%), which indicates that the
material from which R1 is made is not important under the
conditions.


The reactions of o-bromophenyllithium with various elec-
trophiles were examined in the micro flow system at �78 8C.
Iodomethane was not effective as an electrophile, presuma-
bly because benzyne formation is faster in this case. Howev-
er, the use of methyl triflate resulted in the formation of o-
bromotoluene in good yield; the reaction with methyl tri-
flate is probably faster than benzyne formation under the
conditions. Similarly, trimethylsilyl triflate served as a good
electrophile, whereas chlorotrimethylsilane was not effec-
tive. Chlorodimethylsilane was effective probably because it
is less sterically demanding than chlorotrimethylsilane.
Chlorotributylstannane, benzaldehyde, and acetophenone
were also effective, and the reactions gave the correspond-
ing o-substituted bromobenzenes in good yields (Table 9).


With the successful generation and reactions of the o-bro-
mophenyllithium intermediate in hand, we next examined
the sequential introduction of two electrophiles into o-dibro-
mobenzene by using a micro flow system consisting of four
micromixers (M1, M2, M3, and M4) and four microtube re-
actors (R1, R2, R3, and R4) (Scheme 11).


The reaction temperature for microtube reactors R1 and
R2 was �78 8C, whereas that for R3 and R4 was 0 8C, be-
cause the second aryllithium intermediate is expected to be
much more stable than o-bromophenyllithium. Thus, a solu-


tion of o-dibromobenzene (0.27m) in THF (flow rate:
6 mLmin�1, 1.62 mmolmin�1) and a solution of nBuLi
(1.5m) in n-hexane (flow rate: 1.2 mLmin�1, 1.8 mmolmin�1)
were introduced into M1 (f=250 mm) by syringe pumping.
The mixture was passed through R1 (f=500 mm, L=50 cm,


Table 8. Effect of flow rate.


V1 [mLmin< -M>1] V2 [mLmin< -M>1] Yield [%][a]


1.5 0.3 31
3.0 0.6 70
6.0 1.2 74
6.0[b] 1.2 70


12.0 2.4 72


[a] Determinated by GC. [b] The teflon microtube reactor R1 was used.


Table 9. Br–Li exchange reaction of o-dibromobenzene with nBuLi
ACHTUNGTRENNUNGfollowed by reaction with electrophiles with the micro flow system.


Electrophile Product Yield [%][a]


MeOTf 79


MeI 5


Me3SiOTf 69


Me3SiCl 5


Bu3SnCl 81


Me2HSiCl 68


75


81


42


24


[a] Determined by GC. Tf= trifluoromethanesulfonyl.


Scheme 11. Micro flow system for the sequential introduction of two
ACHTUNGTRENNUNGelectrophiles into o-dibromobenzene.
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Rt=0.82 s), and the resulting solution containing o-bromo-
phenyllithium was mixed with the first electrophile (0.65m)
in THF or Et2O (flow rate: 3 mLmin�1, 1.95 mmolmin�1) in
M2 (f=500 mm). The mixture was passed through R2 (f=


1000 mm, L=150 cm, Rt=6.93 s), and the resulting solution
containing o-substituted bromobenzene was introduced into
M3 (f=500 mm), where nBuLi (1.5m) in hexane (flow rate:
1.8 mLmin�1, 2.7 mmolmin�1) was also placed. The mixture
was passed through R3 (f=1000 mm, L=12.5 cm, Rt=


0.49 s) into M4 (f=500 mm), into which the second electro-
phile (1.62m) in THF (flow rate: 3 mLmin�1, 4.86 mmol
min�1) was introduced. The mixture was passed through R4
(f=1000 mm, L=50 cm, Rt=1.57 s), and the outlet solution
was collected. As shown in Table 10, the sequential intro-
duction of two groups onto the benzene ring was successful-
ly achieved with various electrophiles.


Conclusions


Sequential introduction of two electrophiles into p-, m-, and
o-dibromobenzenes based on Br–Li exchange reactions has
been accomplished by using a micro flow system consisting
of four micromixers and four microtube reactors at much
higher temperatures than those for conventional macro
batch systems by virtue of the control of residence time and
temperature. The method serves as a straightforward and
powerful access to disubstituted benzene derivatives. The re-
sults obtained in this study speak well for the potential of
micro flow systems for the integration of chemical reactions
that involve highly reactive intermediates. It is hoped that


the micro flow system can be expanded to increase produc-
tivity,[12] and that the present method will be utilized in the
industrial production of fine chemicals.


Experimental Section


General


GC analysis was performed on a Shimadzu GC-2014 gas chromatograph
equipped with a flame ionization detector and a fused-silica capillary
column (CBP1, 0.25 mmK25 m, initial oven temperature 50 8C, rate of
temperature increase 10 8Cmin�1). 1H and 13C NMR spectra were record-
ed in CDCl3 on a Varian MERCURYplus-400 (1H: 400 MHz; 13C:
100 MHz) spectrometer with Me4Si or CHCl3 as a standard unless other-
wise noted. EI and chemical ionization (CI) mass spectra were recorded
on a JMS-SX102A spectrometer. FAB mass spectra were recorded on a
JMX-HX110A spectrometer. Gel-permeation chromatography was car-
ried out with a Japan Analytical Industry LC-9201 instrument. THF and
Et2O used as solvents for the reaction were purchased from Kanto
Chemical Co., Inc. and used without further purification. Dehydrated
MeOH, benzaldehyde, and acetophenone used for the reaction were pur-
chased from Wako Pure Chemical Ind. Ltd. 1,2-, 1,3-, and 1,4-dibromo-
benzene, chlorotrimethylsilane, chlorotributylstannane, methyl trifluoro-
methanesulfonate, and chlorodimethylsilane used as solvents for the reac-
tion were purchased from Aldrich Ltd. nBuLi used for the reaction was
purchased from Kanto Chemical Co., Inc. Iodomethane, trimethylsilyl
trifluoromethanesulfonate, and 1-hexanal used for the reaction were pur-
chased from Nakarai. All materials were obtained from commercial sup-
pliers and used without further purification.


The T-shaped micromixers were constructed and purchased from Sanko
Seiki Co., Inc. The micromixers with stainless-steel bodies have inside di-
ameters of 250 and 500 mm.


The micro flow system consists of micromixers and microtube reactors,
which were connected with stainless joint fittings (GL Sciences, 1/
16OUW). All solutions were prepared and taken up by gas-tight syringes
purchased from GSE under argon atmosphere. The gas-tight syringes
were then set in a Harvard Model 11 syringe pump. Introduction of solu-
tions into the mixers was performed by syringe pumps. The whole micro
flow system except the syringe pumps was placed in a cooling bath to
control the temperature.


Syntheses


Representative procedure for sequential Br–Li exchange reactions of p-
dibromobenzene: A microsystem A micro flow system consisting of four
T-shaped micromixers (M1, M2, M3, and M4) and four microtube reac-
tors (R1, R2, R3, and R4) was used. The whole microsystem was placed
in a water bath (20 8C). A solution of p-dibromobenzene (0.289m) in
THF (flow rate: 6 mLmin�1, 1.72 mmolmin�1) and a solution of nBuLi
(1.58m) in n-hexane (flow rate: 1.2 mLmin�1, 1.90 mmolmin�1) were in-
troduced into M1 (f=500 mm) by syringe pumping. The resulting solu-
tion was passed through R1 (f=500 mm, L=6 cm, Rt=0.39 s) and was
mixed with iodomethane (0.689m) in THF (flow rate: 3 mLmin�1,
2.07 mmolmin�1) in M2 (f=500 mm). The resulting solution was passed
through R2 (f=1000 mm, L=50 cm, Rt=2.31 s) into M3 (f=500 mm),
where the solution was mixed with nBuLi (1.58m) in n-hexane (flow rate:
1.8 mLmin�1, 2.84 mmolmin�1). The resulting solution was passed
through R3 (f=1000 mm, L=12.5 cm, Rt=0.49 s) into M4 (f=500 mm),
where it was mixed with chlorotrimethylsilane (1.72m) in THF (flow
rate: 3 mLmin�1, 5.16 mmolmin�1). The resulting solution was passed
through R4 (f=1000 mm, L=50 cm, Rt=1.57 s). After steady state was
reached, an aliquot of the product solution was removed (15 s) and
stirred for 1 h. Methanol was added, and the mixture was analyzed by
GC, which indicated that p-(trimethylsilyl)toluene (tR=12.9 min) was
formed in 81% yield.


Representative procedure for sequential Br–Li exchange reactions of m-
dibromobenzene: A microsystem A micro flow system consisting of four
T-shaped micromixers (M1, M2, M3, and M4) and four microtube reac-


Table 10. Sequential introduction of two electrophiles onto o-dibromo-
benzene with the micro flow system.


Electrophile 1 Electrophile 2 Product Yield [%][a]


MeOTf Me3SiCl 67


MeOTf Bu3SnCl 62


MeOTf 61


MeOTf 53


Me3SiCl 74


Bu3SnCl 58


Me3SiOTf MeI 68


[a] Determined by GC.
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tors (R1, R2, R3, and R4) was used. The whole microsystem was placed
in a water bath (20 8C). A solution of m-dibromobenzene (0.293m) in
THF (flow rate: 6 mLmin�1, 1.76 mmolmin�1) and a solution of nBuLi
(1.64 m) in n-hexane (flow rate: 1.2 mLmin�1, 1.97 mmolmin�1) were in-
troduced into M1 (f=500 mm) by syringe pumping. The resulting solu-
tion was passed through R1 (f=1000 mm, L=6.0 cm, Rt=0.39 s) and
mixed with iodomethane (0.687m) in THF (flow rate: 3 mLmin�1,
2.06 mmolmin�1) in M2 (f=500 mm). The resulting solution was passed
through R2 (f=1000 mm, L=200 cm, Rt=9.24 s) into M3 (f =500 mm),
where it was mixed with nBuLi (1.64m) in n-hexane (flow rate:
1.8 mLmin�1, 2.95 mmolmin�1). The resulting solution was passed
through R3 (f=1000 mm, L=12.5 cm, Rt=0.49 s) into M4 (f=500 mm),
where it was mixed with chlorotrimethylsilane (1.75m) in THF (flow
rate: 3 mLmin�1, 5.25 mmolmin�1). The resulting solution was passed
through R4 (f=1000 mm, L=50 cm, Rt=1.57 s). After steady state was
reached, an aliquot of the solution was removed (15 s), and H2O was
added to the aliquot. The mixture was analyzed by GC, which indicated
that m-(trimethylsilyl)toluene (tR=12.7 min) was formed in 84% yield.


Representative procedure for sequential Br–Li exchange reactions of o-
dibromobenzene: A microsystem A micro flow system consisting of four
T-shaped micromixers (M1, M2, M3, and M4) and four microtube reac-
tors (R1, R2, R3, and R4) was used. The first half of the microsystem
(M1, M2, R1, and a part of R2) was placed in a cooling bath (dry ice/ace-
tone, �78 8C). The latter half (M3, M4, R3, R4, and the other part of R2)
was placed in an ice bath (0 8C). A solution of o-dibromobenzene
(0.27m) in THF (flow rate: 6 mLmin�1, 1.62 mmolmin�1) and a solution
of nBuLi (1.5m) in n-hexane (flow rate: 1.2 mLmin�1, 1.8 mmolmin�1)
were introduced into M1 (f=250 mm) by syringe pumping. The resulting
solution was passed through R1 (f=500 mm, L=50 cm, Rt=0.82 s) into
M2 (f=500 mm), where it was mixed with methyl trifluoromethanesulfo-
nate (0.65m) in Et2O (flow rate: 3 mLmin�1, 1.95 mmolmin�1). The re-
sulting solution was passed through R2 (f=1000 mm, L=150 cm, Rt=


6.93 s) into M3 (f=500 mm), where it was mixed with nBuLi (1.50m) in
n-hexane (flow rate: 1.8 mLmin�1, 2.7 mmolmin�1). The resulting solu-
tion was passed through R3 (f=1000 mm, L=12.5 cm, Rt=0.49 s) into
M4 (f=500 mm), where it was mixed with chlorotrimethylsilane (1.62m)
in THF (flow rate: 3 mLmin�1, 4.86 mmolmin�1). The resulting solution
was passed through R4 (f=1000 mm, L=50 cm, Rt=1.57 s). After steady
state was reached, an aliquot of the solution was removed (15 s) and
stirred for 1 h (0 8C). The crude solution was then analyzed by GC, which
indicated that o-(trimethylsilyl)toluene (tR=13.5 min) was formed in
67% yield.
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Ruthenium Nanoparticles on Nano-Level-Controlled Carbon Supports as
Highly Effective Catalysts for Arene Hydrogenation


Mikihiro Takasaki,[a] Yukihiro Motoyama,*[a, b] Kenji Higashi,[a] Seong-Ho Yoon,[b]


Isao Mochida,[b] and Hideo Nagashima[a, b]


Introduction


Arene hydrogenation is an important method of organic
transformation on both laboratory and industrial scales; it
realizes the facile production of substituted cyclohexane de-
rivatives and the removal of aromatic compounds from
fuels.[1] In general, the reactions are performed by using het-
erogeneous catalysts that consist of transition-metal particles
dispersed on solid supports with a large surface area. It is


known that rhodium compounds are generally more active
than other catalysts on solid supports. Although the catalytic
activity for arene hydrogenation decreases in the order
Rh>Ru>Pt>Ni>Pd>Co,[1c] inexpensive Ru, Ni, or Pd
catalysts are commonly used at high reaction temperatures
under high H2 pressures in industrial processes owing to
their high thermal stability. These heterogeneous catalysts
are easily separated from the product, and the recovered
catalysts are recyclable. However, insufficient selectivity and
metal leaching are problems yet to be solved.
The use of homogeneous catalysts, for which catalytic ac-


tivity and selectivity of the reaction are tunable by the
choice of appropriate ligands, may be a good alternative.
However, these catalysts generally show poor activity for
arene hydrogenation.[2] Recently, several homogeneous cata-
lysts in the literature that showed good activity were rein-
vestigated, and it was concluded that soluble nanometal par-
ticles are involved as the active catalyst species.[3,4] In a typi-
cal example, Rh nanoparticles with high dispersity and
narrow size distributions stabilized by appropriate surfac-
tants showed higher activity and selectivity for the hydroge-
nation of monocyclic arenes than conventional heterogene-


Abstract: The reaction of three types
of carbon nanofibers (CNFs; platelet:
CNF-P, tubular: CNF-T, herringbone:
CNF-H) with [Ru3(CO)12] in toluene
heated at reflux provided the corre-
sponding CNF-supported ruthenium
nanoparticles, Ru/CNFs (Ru content=
1.1–3.8 wt%). TEM studies of these
Ru/CNFs revealed that size-controlled
Ru nanoparticles (2–4 nm) exist on the
CNFs, and that their location was de-
pendent on the surface nanostructures
of the CNFs: on the edge of the graph-
ite layers (CNF-P), in the tubes and on
the surface (CNF-T), and between the
layers and on the edge (CNF-H).


Among these Ru/CNFs, Ru/CNF-P
showed excellent catalytic activity to-
wards hydrogenation of toluene with
high reproducibility; the reaction pro-
ceeded without leaching of the Ru spe-
cies, and the catalyst was reusable. The
total turnover number of the five recy-
cling experiments for toluene hydroge-
nation reached over 180000 (mol tol-
ACHTUNGTRENNUNGuene) ACHTUNGTRENNUNG(mol Ru)�1. Ru/CNF-P was also
effective for the hydrogenation of func-


tionalized benzene derivatives and pyr-
idine. Hydrogenolysis of benzylic C�O
and C�N bonds has not yet been ob-
served. Use of poly(ethylene glycol)s
(PEGs) as a solvent made possible the
biphasic catalytic hydrogenation of tol-
uene. After the reaction, the methylcy-
clohexane formed was separated by de-
cantation without contamination of the
ruthenium species and PEG. The in-
soluble PEG phase containing all of
the Ru/CNF was recoverable and reus-
able as the catalyst without loss of ac-
tivity.


Keywords: arenes · carbon · hydro-
genation · nanostructures · ruthe-
nium
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ous catalysts.[1e,3a] In other words, the application of size-con-
trolled nanoparticles to catalysts on solid supports may im-
prove the activity problem of heterogeneous catalysts;[5,6]


such heterogeneous nanocatalysts are expected to solve the
inherent problems of soluble metal-nanoparticle catalysts
such as poor thermal stability, problematic separation of the
catalyst, and precipitation of the catalyst when the polarity
of the solution changes.
In this context, we are interested in heterogeneous cata-


lysts in which size-controlled metal nanoparticles are highly
dispersed on carbon materials with fine surface structures. It
is known that the catalytic properties of metal nanoparticles
are dependent on the surface structure of the solid supports.
Carbon materials are important solid supports; in particular,
the immobilization of transition-metal particles on activated
carbon (AC) of large surface area (800–1200 m2g�1) rather
than on silica or alumina leads to the production of more-
stable heterogeneous catalysts in both acidic and basic
media.[7a] A disadvantage of AC is the existence of a wide
variety of surface and pore structures; the ill-controlled sur-
face structures often cause a lack of reproducibility of cata-
lyst performance.[7] In this sense, carbon nanofibers (CNFs)
are potentially attractive solid supports for heterogeneous
catalysts as they have nano-level-controlled surface struc-
tures with moderate surface areas (25–300 m2g�1).[8] Selec-
tive syntheses of three types of CNFs, in which the graphite
layers are perpendicular (platelet: CNF-P), parallel (tubu-
lar: CNF-T), and stacked obliquely (herringbone: CNF-H),
were recently discovered on a large scale by our group.[9] Of
particular interest is the high content of reactive “nanosized
edge” sites of CNF-P and CNF-H, which is expected to in-
teract with the nanosized metal and contribute to the stabili-
zation of the nanoparticles on the surface.[10] A remaining
problem is how to immobilize transition-metal nanoparticles
of uniform size on the surface of CNFs with high dispersion.
Conventional heterogeneous catalysts are generally pre-
pared by the incipient wetness method to immobilize metal
salts on the supports followed by reduction of the salts with
hydrogen at high temperature; however, the process some-
times causes aggregation of the metallic species, thus giving
rise to a broad particle-size distribution.[11] Size-controlled
metal nanoparticles can also be synthesized by the chemical
reduction of metal salts by metal hydride reagents such as
NaBH4 in the presence of organic surfactants.


[12] Immobiliza-


tion of the surfactant-stabilized nanoparticles on the solid
supports causes contamination of residual reductants and
surfactants on the supports.
We recently found that highly dispersed and size-control-


led ruthenium nanoparticles supported on CNFs (Ru/CNF
catalysts) can be synthesized by pyrolysis of a zero-valent
organometallic complex, [Ru3(CO)12]. These Ru/CNFs
showed good catalytic activity for arene hydrogenation, and
Ru/CNF-P showed the highest catalytic activity and efficien-
cy without leaching of the Ru species. Our preliminary ac-
count appeared earlier;[13] we describe herein the full details
of the synthesis of the Ru/CNF catalysts from [Ru3(CO)12]
and their catalytic performance in arene hydrogenation, in-
cluding reactivity, reproducibility, and durability. Further-
more, we report a new finding that the use of poly(ethylene
glycol) (PEG) as a solvent leads to an effective biphasic re-
action system, which takes part in facile recovery and reuse
of the catalyst. On the basis of these results, the effects of
nano-level-controlled carbon supports for heterogeneous
catalysts are discussed.


Results and Discussion


Synthesis and Characterization of Ru/CNFs


It is known that [Ru3(CO)12] readily eliminates its CO li-
gands to form larger cluster molecules under mild condi-
tions.[14] In particular, the reaction of [Ru3(CO)12] in the
presence of arenes affords hexaruthenium carbonyl clusters
that bear the arene as a ligand. It is also known that pyroly-
sis of [Ru3(CO)12] in certain solvents is an attractive synthet-
ic method for metal particles.[15] As partial structures of
CNFs are giant aromatic compounds, we are interested in
the possibility that pyrolysis of [Ru3(CO)12] in the presence
of CNFs in solution may be a good means of immobilizing
ruthenium nanoparticles on the surface of CNFs. The CNF-
supported Ru catalysts were actually prepared by the fol-
lowing methods (Scheme 1). Thermal decomposition of


[Ru3(CO)12] (31.9 mg, [Ru]=15.1 wt% for the support) in
the presence of three types of carbon nanofibers in toluene
heated at reflux followed by filtration and washing with tol-
uene and diethyl ether afforded the corresponding Ru/CNF-
P, Ru/CNF-H, and Ru/CNF-T, respectively (Scheme 1, (1)).
Immobilization of the Ru species on the commercially avail-
able activated carbon (Ru/AC) was performed by the same
technique. As an alternative, sonication, which was recently
reported by Bunker and Karnes as a good method for the
preparation of nanoparticles from [Fe(CO)5],


[16] was exam-


Abstract in Japanese:


Scheme 1. Preparative method for the Ru/CNF catalysts.


Chem. Asian J. 2007, 2, 1524 – 1533 E 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1525







ined for the preparation of Ru/CNF-P; treatment of
[Ru3(CO)12] with CNF-P by ultrasonic disruptor (active time
with 0.5 s on, 0.5 s off) in toluene heated at reflux gave the
desired product (Ru/CNF-PUS) (Scheme 1, (2)).
The Ru content of the Ru/CNFs and Ru/AC was deter-


mined to be 1.0–3.8 wt% by inductively coupled plasma
(ICP) MS analysis (Table 1). Up to 25% of charged rutheni-


um was immobilized on the surface of the CNFs or AC by
this method, and the remaining ruthenium species, which in-
cluded a large ruthenium cluster, was recovered from the fil-
trate.[17] The Ru content was constant in several samples of
Ru/CNF-P (1.6–1.7 wt%) and Ru/AC (1.3–1.4 wt%)
(Table 1, entries 1 and 4). In contrast, those of Ru/CNF-H
and Ru/CNF-T were not very reproducible (1.1–3.8 wt% for
Ru/CNF-T, 1.1–1.6 wt% for Ru/CNF-H; Table 1, entries 2
and 3). Ru/CNF-PUS contained 1 wt% of Ru (Table 1,
entry 5).
The transmission electron microscopy (TEM) images of


these Ru/CNFs and Ru/AC showed that the ruthenium


nanoparticles are dispersed with narrow size distributions,
but their locations are highly dependent on the surface
structure of the supports. On CNF-P, small and spheroidal
species (d= (2.5�1) nm) are homogeneously dispersed se-
lectively on the edge of the graphite layers (Figure 1, A).[10]


In sharp contrast, the TEM images of the other Ru/CNFs
showed that the majority of particles are in the size range of
2–4 nm; however, some large Ru masses (10<d<50 nm for
Ru/CNF-T, 50<d<150 nm for Ru/CNF-H) were observed
to coexist. The nanoparticles of Ru/CNF-T are located both
in the tubes and on the surface (Figure 1, C), whereas they
exist between the graphite layers and on the edge in Ru/
CNF-H (Figure 1, B). In Ru/AC, the nanoparticles are dis-
persed, and most of the Ru particles are located not on the
surface but inside the pores (Figure 1, D). As described
above, sonication is not effective for increasing ruthenium
content, but is an excellent method for controlling particle
size; the TEM image of Ru/CNF-PUS revealed that particles
of average size 2.1 nm were formed with a rather narrow
size distribution (d=1.5–2.6 nm) (Figure 2, E).
X-ray photoelectron spectroscopy (XPS) analysis showed


that there is a high content of the Ru0 species on the surface
of the freshly prepared Ru/CNFs (Ru0/RuIV=74:26–41:59;
Table 2 and Figure 3). The Ru0/RuIV ratio decreased in the
order CNF-P>CNF-T>CNF-H>AC; this order is similar
to the degree of graphitization.[9] The ruthenium species was
slowly oxidized under aerobic conditions; the Ru0/RuIV ratio
changed to 57:43–2:98 after six months. Notably, the Ru0


species on CNF-T, CNF-H, and AC was oxidized relatively
quickly, but Ru/CNF-P and Ru/CNF-PUS were resistant to
oxidation.


Table 1. Amount of Ru on CNFs and AC.


Entry Catalyst Ru [wt%]
Calcd Found[a]


1 Ru/CNF-P 15.1 1.6–1.7
2 Ru/CNF-H 15.1 1.1–1.6
3 Ru/CNF-T 15.1 1.1–3.8
4 Ru/AC 15.1 1.3–1.4
5 Ru/CNF-PUS 15.1 1.0


[a] Determined by ICP-MS analysis.


Figure 1. TEM images and histograms of the Ru particles. A) Ru/CNF-P, B) Ru/CNF-H, C) Ru/CNF-T, D) Ru/AC.
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Thus, the present organometallic approach provided an
important discovery that CNF-P, in which the graphite
layers are stacked perpendicularly, is the most effective type
of carbon nanofibers for anchoring monodispersed rutheni-
um nanoparticles on the surface with a narrow size distribu-
tion. Simple heating or sonication in toluene is a reproduci-
ble preparative method for CNF-P-immobilized ruthenium
nanoparticles. Of particular interest is the higher content of
the Ru0 species in Ru/CNF-P and Ru/CNF-PUS, which were
not quickly oxidized. It is known that the active species for
catalytic hydrogenation are low-valent, highly dispersed
smaller spherical metal particles, which have a large catalyti-
cally active surface area. Thus, Ru/CNF-P and Ru/CNF-PUS
are apparently good candidates for a new and efficient cata-
lyst for arene hydrogenation.


Hydrogenation of Aromatic Compounds


The catalytic activities of the CNF-supported Ru catalysts
synthesized were examined by toluene hydrogenation as a
standard reaction. Hydrogenation of toluene was typically
performed in a 100-mL stainless autoclave under H2 (initial
pressure: PH2=30 atm) (Table 3). A notable feature of the


Ru/CNF catalysts is that Ru/CNF-P has a particularly
higher catalytic activity at lower temperatures than the con-
ventional heterogeneous ruthenium catalysts, with which
arene hydrogenation is usually performed at over 150 8C.[18]


At 100 8C, both Ru/CNF-P and Ru/CNF-PUS smoothly cata-
lyzed the reduction of toluene to afford methylcyclohexane
as a single product in quantitative yield. No induction
period was observed, and the turnover frequencies (TOFs)
of these catalysts were greater than 12000 (mol toluene)
ACHTUNGTRENNUNG(mol Ru)�1 h�1. In particular, the turnover number (TON) of
the Ru/CNF-PUS-catalyzed reaction reached
61000 (mol toluene) ACHTUNGTRENNUNG(mol Ru)�1 (Table 3, entries 1 and 5).
Excellent catalytic activity was also observed for the CNF-
P-supported Ru catalyst in the reaction at lower tempera-
ture; the TOF of the Ru/CNF-P catalyst was over
104 (mol toluene) ACHTUNGTRENNUNG(mol Ru)�1 h�1 even at 40 8C (Table 3,
entry 7). In our long search, the most active arene-hydroge-
nation catalyst we found in the literature was that of Angeli-
ci and co-workers: a Rh–bipyridyl complex tethered to a Pd/
SiO2 catalyst.


[19] This catalyst is active by the synergistic
action of both the Rh complex and the Pd particles on the
support, and the TON and TOF of the toluene hydrogena-
tion at 70 8C were 14500 (mol toluene) ACHTUNGTRENNUNG(mol Rh)�1 and
2870 (mol toluene) ACHTUNGTRENNUNG(mol Rh)�1h�1, respectively. The Ru/
CNF-P and Ru/CNF-PUS catalysts are apparently more
active than the Angelici catalyst. Another feature of the Ru/
CNF-P catalysts is reproducibility over 10 experiments;
there is little difference in TOF among the experiments. In
sharp contrast, the hydrogenation over Ru/CNF-T, Ru/CNF-
H, or Ru/AC sometimes showed comparable catalytic activi-
ty to that with Ru/CNF-P at 100 8C, but there was poor re-


Figure 2. TEM image and histogram of the Ru particles of Ru/CNF-PUS.


Table 2. Ru0/RuIV area ratios of Ru/CNFs and Ru/AC by XPS.


Entry Catalyst XPS area ratio (Ru0/RuIV)
As prepared After 6 months


1 Ru/CNF-P 74:26 57:43
2 Ru/CNF-H 57:43 21:79
3 Ru/CNF-T 69:31 2:98
4 Ru/AC 41:59 15:85
5 Ru/CNF-PUS 62:38 41:59


Figure 3. XPS survey scans of Ru nanoparticles.


Table 3. Hydrogenation of toluene catalyzed by Ru catalysts.[a]


Entry Catalyst T
[8C]


t
[h]


Conv.[b]


[%]
TOF[c]


1 Ru/CNF-P 100 2.5 >99 �14200
2 Ru/CNF-H 100 5 0–99[d] –
3 Ru/CNF-T 100 5 3–99[d] –
4 Ru/AC 100 5 0–90[d] –
5 Ru/CNF-PUS 100 5 >99 �12200
6 Ru/C[e] 100 5 24–99 600–2400
7[f] Ru/CNF-P 40 1 89–94 �11000
8[f] Ru/CNF-H 40 1 9–24 –
9[f] Ru/CNF-T 40 1 <1 –
10[f] Ru/C[e] 40 1 <1 –


[a] All reactions were carried out with toluene (3 mL) and ruthenium cat-
alyst (5 mg) under H2 (30 atm). [b] Determined by capillary GLC analy-
sis. [c] TOF in (mol toluene) ACHTUNGTRENNUNG(mol Ru)�1h�1. [d] A small amount of meth-
ylcyclohexene was formed. [e] Purchased from N. E. CHEMCAT Co.
(5 wt% Ru). [f] Toluene (1 mL) was used.
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producibility (Table 3, entries 2–4). At 40 8C, the catalytic
activity of Ru/CNF-H was much lower than that of Ru/
CNF-P, whereas both Ru/CNF-T and commercially available
Ru/C catalysts were inactive to hydrogenation under the
same conditions (Table 3, entries 8–10).[18] These results
clearly demonstrate the excellent activity and durability of
Ru/CNF-P.
The Ru/CNF-P catalyst is reusable. After the toluene hy-


drogenation (substrate/catalyst molar ratio, S/C=35800)
was performed at 100 8C for 5 h, the catalyst was recovered
by filtration and subjected to a further run of hydrogena-
tion. Even after the fifth run, toluene was completely con-
verted into methylcyclohexane; the sum of the TONs for
the five repeated toluene hydrogenations by the Ru/CNF-P
catalyst was over 180000. A clue for understanding this high
reusability of Ru/CNF-P is available from the TEM images
of Ru-CNF-P, which was recovered from the reaction mix-
ture. The TEM image of the Ru/CNF-P catalyst used for
five cycles of reaction at 40 8C showed some aggregation of
Ru species, but the average diameter of Ru particles was
still below 3 nm (Figure 4, left). In contrast, aggregation of
particles was observed for both Ru/CNF-H and Ru/CNF-T,
which were recovered from the reactions of three repeated
runs at 40 8C (Figure 4, center and right). In the three cycles
of the reuse experiments, Ru/CNF-H decreased in catalytic
activity, whereas Ru/CNF-T showed little activity even for
the first run. These results suggest that CNF-P is an excel-
lent support for ruthenium nanoparticles for preventing ag-
gregation, which causes a decrease in catalytic activity.
An interesting observation was made by measuring the


hydrogen uptake of Ru/CNF-P-catalyzed hydrogenation of
toluene at 100 8C under 10 atm of initial hydrogen pressure.
Under these conditions, an induction period (�100 min)
was observed, but toluene was completely consumed within
6 h to give the product in quantitative yield (TON=11200).
The induction period was shorter in the recycling experi-
ments; in a typical example, the Ru/CNF-P catalyst used for
five cycles of reaction showed an induction period of about
20 min, and the reaction was completed within 4 h. The in-
duction period was apparently dependent on the content of
low-valent ruthenium species on the surface; the Ru/CNF-P
catalyst recovered after the fifth run contained 85% of the
Ru0 species (XPS analysis), which was higher than that of


the virgin catalyst (74%). These results suggest that CNF-P
is a good support for the Ru0 species active for the hydroge-
nation. As an application, the Ru0 species was generated by
preactivation of Ru/CNF-P by hydrogen (30 atm, 40 8C, 1 h).
The formed “preactivated Ru/CNF-P” showed higher cata-
lytic activity than the original catalyst, which enables the re-
action to be performed even at ambient temperature under
hydrogen atmosphere (1 atm); the TOF of the reaction
under these conditions was about 60 (mol toluene)
ACHTUNGTRENNUNG(mol Ru)�1 h�1.
The excellent property of CNF-P as the catalyst support


offers a solution to problematic metal leaching in heteroge-
neous hydrogenation; this is particularly important in pro-
cess chemistry for the production of medicines, in which
contamination of the product by metals is severely restricted
because of their influence on the human body.[20] There was
no detectable Ru species in the product obtained by each
recycling experiment of the Ru/CNF-P-catalyzed hydrogena-
tion of toluene (ICP-MS experiments). These results clearly
show that CNF-P tightly anchors the catalytically active Ru
nanoparticles onto the surface.
The Ru/CNF-P catalyst is also effective towards hydroge-


nation of various aromatic compounds. It is well-known that
the reactivity of the arenes that bear electron-withdrawing
groups is lower than that of benzene or toluene. It is also
known that coordination of nitrogen in aminoarenes and ni-
trogen heterocycles to the metal center poisons the catalytic
activity.[1,21] For instance, TOFs of the reaction with the An-
gelici catalyst decreased in the order toluene (2880)>ethyl
benzoate (1510)>ethyl 4-methylbenzoate (500).[18] A serious
side reaction in the hydrogenation of phenyl ethers, aniline,
and benzylalcohol and amines is hydrogenolysis leading to
the cleaving of C�O or C�N bonds in the molecule, which
causes the formation of some by-products.[22,23] The Ru/
CNF-P catalyst generally showed high catalytic efficiency
for the hydrogenation of functionalized benzene derivatives
and pyridine (Table 4). The TOFs are comparable to the
Angelici Pd/SiO2-immobilized Rh complex


[18] and are higher
in some cases. For example, TOFs were 1660 and 1490 in
the Ru/CNF-P-catalyzed hydrogenation of ethyl benzoate
and ethyl 4-methylbenzoate, respectively (Table 4, entries 2
and 3). In all the reactions in Table 4, no side reaction was
observed. Typically, anisole and diphenylether were com-


Figure 4. TEM images of the recovered Ru/CNF-P (left), Ru/CNF-H (center), and Ru/CNF-T (right).
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pletely converted into the corresponding cyclohexyl ethers
within 5 h (TOF=2300 and 1590); hydrogenolysis products
such as cyclohexanol and cyclohexane, which often form in
the hydrogenation with conventional heterogeneous cata-
lysts, were not detected (Table 4, entries 4 and 5).[21] The re-
activity of the nitrogen-containing aromatic compounds, ani-
lines and pyridine, was somewhat lower than that of the
others, and a longer reaction time (24 h) was necessary to
obtain the product in satisfactory yields (TOF=390–600;
Table 4, entries 6–8). Reduction of aniline is sometimes
problematic because of the formation of dicyclohexylamine
as a by-product;[22] however, the Ru/CNF catalyst gave cy-
clohexylamine in quantitative yield without contamination
with any by-product (Table 4, entry 6). As hydrogenation is
sometimes accompanied by a carbon–carbon double-bond
migration or dehydrogenation followed by rehydrogenation,
racemization may occur concomitantly in the hydrogenation
of optically active molecules. However, no racemization was
observed in the hydrogenation of optically pure benzylalco-
hol and amine by the Ru/CNF-P catalyst: (R)-1-phenyletha-
nol and (R)-1-phenylethylamine were reduced to the corre-
sponding (R)-1-cyclohexylethanol and (R)-1-cyclohexyleth-


ACHTUNGTRENNUNGylamine in quantitative yields without loss of optical purity
(>99% ee in both cases). Furthermore, hydrogenolysis of
the benzylic C�O and C�N bonds was not observed in
either of the reactions (Table 4, entries 10 and 11).


Catalyst Recycling System


As described above, Ru/CNF-P not only acts as a powerful
and robust catalyst for the hydrogenation of various aromat-
ic compounds, it is also useful as a reusable catalyst. As
briefly noted above, the catalyst can be recovered by filtra-
tion and subjected to a second run; however, we encoun-
tered two problems in this recycling process during the re-
peated recycling experiments. One was the efficiency of fil-
tration. Ru/CNFs are light and fine powdery materials, and
it is difficult to recover all of the catalyst used. The other
was oxidation of the Ru species during the recycling process
when the filtration was carried out under aerobic conditions,
which causes the induction period as described above. In
this context, it is desirable that the catalyst be recycled by a
process other than filtration, and that the recycling runs can
be performed under a hydrogen or inert-gas atmosphere.
During our studies on arene hydrogenation in various sol-
vent systems, we were aware that the Ru/CNF-P catalyst
can be highly dispersed in polar organic compounds and sol-
vents such as ethyl benzoate, aniline, acetonitrile, dimethyl-
formamide, and ethylene glycol; this feature may be useful
for application to liquid/liquid biphasic reactions. Elabora-
tion to discover the most appropriate solvent for immobiliz-
ing Ru/CNF-P to the liquid support provided us the nice dis-
covery that PEGs are the most effective solvent for biphasic
catalytic hydrogenation of arenes with Ru/CNF-P. Two
PEGs of different molecular weight, PEG-200 (liquid at
room temperature, solid at �78 8C) and PEG-1000 (m.p.:
40–41 8C), were examined as a solvent in standard hydroge-
nation experiments. In a representative experiment, PEG-
1000 (100 mg) was dissolved in toluene (1 mL) at room tem-
perature. Addition of Ru/CNF-P (10 mg) produced a homo-
geneous dispersion (Figure 5, F), which was subjected to hy-
drogenation (30 atm) at 100 8C. After 5 h, the conversion of
toluene reached over 90%. Upon cooling to room tempera-


Table 4. Reduction of various aromatic compounds by Ru/CNF-P.[a]


Entry Substrate t
[h]


Product Yield[b]


[%]
TON[c]


1[d] 2.5 >99 35800


2 5 >99 8300


3 5 >99 7460


4 5 >99 11600


5 5 >99[e] 7970


6 24 >99[e] 13900


7 24 >99[e]
9420


8 24 >99 13400


9[f] 3 >99[g] 5250


10[h] 24 >99[e,g] 9320


[a] All reactions were carried out with substrate (1 mL) and Ru/CNF-P
(1.7 wt% Ru, 5 mg) at 100 8C under H2 (30 atm). [b] Determined by ca-
pillary GLC analysis because many of the products are volatile. [c] TON
in (mol substrate) ACHTUNGTRENNUNG(mol Ru)�1. [d] Toluene (3 mL) was used. [e] Deter-
mined by 1H NMR spectroscopic analysis. [f] Substrate (0.5 mL) was used
under H2 (20 atm). [g] Optical purity was determined by capillary GLC
analysis after conversion into the corresponding acetate (Table 4, entry 9)
and acetamide (Table 4, entry 10). [h] THF (2 mL) was used as a solvent.


Figure 5. Phase-separation system for catalyst recycling with PEG-1000.
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ture, the reaction mixture became biphasic; the upper phase
was methylcyclohexane, whereas the lower was resinous
PEG-1000 containing the ruthenium catalyst (G). All the
charged Ru/CNF-P was completely immobilized in the
lower PEG phase, and methylcyclohexane in the upper
phase was not contaminated by either PEG or the Ru/CNF-
P catalyst. Thus, the desired methylcyclohexane was readily
separated from the catalyst in PEG by simple decantation
(H and J). The PEG phase containing the separated Ru/
CNF-P can be used for further runs (I). This biphasic system
proved to be useful for five successive catalyst-recycling ex-
periments without deactivation of the catalyst. The total
TON for the five experiments reached over
58700 (mol toluene) ACHTUNGTRENNUNG(mol Ru)�1 (Table 5). We also checked


the leaching of the metal species, and ICP-MS analysis
showed that no ruthenium was detected in the product. Sim-
ilarly, the liquid PEG-200 can be used for the biphasic reac-
tion; a mixture of toluene (1 mL) and PEG-200 (1 mL) in
the presence of the catalyst (5 mg) was subjected to hydro-
genation (30 atm) at 100 8C for 5 h to form the liquid/liquid
biphase. After removal of the upper product phase, fresh
toluene was added to the residual PEG/catalyst phase, and
the mixture was subjected to the next hydrogenation. This
protocol was continued for five runs, which resulted in quan-
titative yields in all experiments. As a similar catalyst-recy-
cling system, Chandrasekhar et al. recently reported the im-
mobilization of Pd/C in liquid PEG-400;[24] this catalyst
system was effective for hydrogenation of alkenes and al-
kynes, as well as debenzylation of benzyl ethers by hydroge-
nolysis. The catalyst was separated from the product by sol-
idifying the PEG when the reaction mixture was cooled to
�78 8C; the product was extracted with diethyl ether.[24a]


Our Ru/CNF-P in solid PEG-1000 is advantageous for cata-
lyst separation from the product, which can be achieved at
room temperature.
This biphasic reaction system with PEGs is also adaptable


to the hydrogenation of functionalized benzene derivatives
and pyridine. In these hydrogenation reactions, the product
is polar and miscible with PEGs. Separation of the product
from catalyst/PEG is accomplished by addition of hydrocar-
bons such as pentane or hexane, which results in phase sepa-
ration at room temperature. Thus, the first separation of the
product is followed by extraction of the PEG phase with the


hydrocarbon to give the desired product in satisfactory
yields (Table 6, entries 4–8). In the two cases shown in
Table 6, entries 7 and 8, the reactions of nitrogen-containing


substrates with solid PEG-1000 were sluggish. This was im-
proved by using liquid PEGs, typically PEG-200 or 300; pyr-
idine and (R)-1-phenylethylamine were completely reduced
for 24 h to afford the corresponding products in pure form
(Table 6, entries 7 and 8).


Conclusions


We have found that pyrolysis or sonication of [Ru3(CO)12]
in the presence of CNFs is an excellent method for immobi-
lizing the ruthenium nanoparticles on their surface. In par-
ticular, the well-controlled surface nanostructure of CNF-P
is essential for anchoring the monodispersed Ru nanoparti-
cles with a narrow size distribution. The Ru/CNF-P formed
is a highly active and reusable catalyst for arene hydrogena-
tion. The catalytic activity was not decreased in repeated ex-
periments, and there was no leaching of the ruthenium spe-
cies to the product. The biphasic reaction system, which fa-
cilitates catalyst recycling, was established by using PEG as
a solvent. These excellent features of Ru/CNF-P were first
accomplished by taking advantage of the fine surface struc-
ture of CNF-P as the catalyst support. Since the discovery of
fullerenes and carbon nanotubes, the science and technology
of nanocarbon materials have developed explosively; how-
ever, the attempted use of fullerenes and carbon nanotubes
(CNTs) as a catalyst support has not yet been successful.


Table 5. Yield (%) of hydrogenation of toluene with Ru/CNF-P in ACHTUNGTRENNUNGPEG-
1000 and PEG-200.[a]


Run PEG-1000[b] (100 mg) PEG-200[c] (1 mL)


1 92 >99
2 >99 >99
3 >99 >99
4 >99 >99
5 >99 >99


[a] All reactions were carried out with toluene (1 mL) at 100 8C for 5 h
under H2 (30 atm). [b] 10 mg of catalyst was used. [c] 5 mg of catalyst was
used.


Table 6. Hydrogenation with Ru/CNF-P in PEGs.[a]


Entry Substrate PEG t
[h]


Product Conv.[b]


[%]
Yield[b]


[%]


1 PEG-200 5 >99 >99


2 PEG-300 5 >99 >99
3 PEG-1000 5 >99 >99


4 PEG-300 5 >99 83[c]


5 PEG-300 24 >99 93[c]


6 PEG-1000 24 99 99[c]


7 PEG-300 24 >95[d] 75[c,d]


8 PEG-200 24 >95[d] 70[c,d,e]


[a] All reactions were carried out with substrate (1 mL), Ru/CNF-P
(5 mg), and PEG (PEG-200, PEG-300=1 mL, PEG-1000=100 mg) at
100 8C under H2 (30 atm). [b] Determined by GLC analysis because
many of the products are volatile. [c] After extraction with pentane or
hexane. [d] Determined by 1H NMR spectroscopic analysis. [e] Optical
purity was determined by capillary GLC analysis after conversion into
the acetamide.
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For instance, the C60-supported ruthenium catalyst reported
by Schçlgl and co-workers has the problem of a small fuller-
ene surface area (5 m2g�1),[25] and CNTs are generally poor
supports for metal anchoring; Planeix et al. reported a CNT
(27 m2g�1)-supported Ru catalyst that contained only
0.2 wt% of Ru.[26] The present report clearly demonstrates
the utility of the “nano-on-nano approach”, that is, immobi-
lization of nanometal particles on a nano-level-controlled
carbon support is an excellent method for preparing active
and durable heterogeneous catalysts. CNF-P is a particularly
good carbon support for metal anchoring, whereas organo-
metallic compounds are good precursors for generating
nanometal particles, which are immobilized on the surface
of CNF-P. We are now investigating the further use of CNFs
as effective catalyst supports for various transition-metal
nanoparticles, which includes the exploration of new meth-
ods of generation of nanoparticles from organometallic pre-
cursors and the application of the synthesized metal/CNFs
to the catalytic transformation of organic molecules.


Experimental Section


General


All reactions were carried out under nitrogen or argon atmosphere. All
reagents were used as purchased from commercial suppliers without fur-
ther purification. Solvents were dried and purified by conventional meth-
ods prior to use. 1H NMR spectra were recorded on JEOL GSX-270
(270 MHz) and Lambda 400 (395 MHz) spectrometers. ICP-MS analysis
was performed at the Center of Advanced Instrumental Analysis, Kyushu
University. Gas chromatography (GC) analysis was performed on a Shi-
madzu GC-17A gas chromatograph equipped with TC-17 (30 m), TC-
WAX (30 m), SUPELCO b-DEX 120 (30 m), and b-DEX 325 (30 m) col-
umns. CNF-P, CNF-T, and CNF-H were prepared by the method report-
ed previously.[9] [Ru3(CO)12] was prepared by the literature method.


[27]


Synthesis of the Ru Catalysts


Pyrolysis of [Ru3(CO)12]: [Ru3(CO)12] (31.9 mg, [Ru]=15.1 mg) was
added to a suspension of CNF or AC (100 mg) in toluene (17 mL) under
argon atmosphere. After the mixture was heated under reflux for 24 h,
the insoluble carbon materials were isolated by filtration with membrane
filters (Durapore HV, 0.45 mm). The solid was washed with toluene
(50 mL) and diethyl ether (50 mL) and then dried under vacuum
(0.04 Torr) at room temperature for 2 h to afford the corresponding Ru/
CNF catalysts.


Ultrasonic disruptor: [Ru3(CO)12] (31.9 mg, [Ru]=15.1 mg) was added to
a suspension of CNF-P (100 mg) in toluene (17 mL) under argon atmos-
phere. The mixture was heated under reflux with sonication by a TOMY
Ultrasonic Disruptor UD-201 instrument. After the mixture was sonicat-
ed for 24 h (output=5, active time with 0.5 s on, 0.5 s off), the insoluble
carbon materials were isolated by filtration with membrane filters (Dura-
pore HV, 0.45 mm). The solid was washed with toluene (50 mL) and di-
ethyl ether (50 mL) and then dried under vacuum (0.04 Torr) at room
temperature for 2 h to afford the Ru/CNF-PUS catalyst.


Characterization of the Ru Catalysts


ICP-MS: The Ru catalyst prepared as stated above (10 mg) was added to
aqueous HCl (12 m, 10 mL). After the resultant suspension was heated at
70 8C for 20 h, the insoluble carbon materials were removed by filtration
with membrane filters (Durapore HV, 0.45 mm). The supernatant ob-
tained was diluted with aqueous HCl, and the concentration of HCl was
adjusted to 5O10�3 wt%. The ruthenium content on the CNFs and AC
was calibrated with a commercially available standard reagent (ACROS:


ruthenium atomic absorption standard solution, 1 mgmL�1 Ru in 5%
HCl); five standard solutions with Ru concentrations of 5–200 ppb were
used for calibration.


TEM: One drop of a suspension of the Ru catalyst in n-butanol was de-
posited on the TEM grid (STEM 150 Cu grid, 150 mm), and the solvent
was removed under reduced pressure (0.04 Torr) at room temperature.
TEM observations were carried out with a JEOL JEM 2010F transmis-
sion electron microscope operating at 200 kV. Particle-size distributions
were obtained from the TEM images with a digital camera.


XPS (Figure 3):[28] XPS spectra were obtained on a JEOL ESCA photo-
electron spectrometer (JPS-900MC) with monochromated MgKa X-rays
(10 kV, 10 mA). The base pressure in the spectrometer was typically 9.8O
10�8 Torr. An ion beam was focused to about 0.5 cm2 at normal incidence
to the sample surface at gas pressures of about 10�5 Torr. Spectral decon-
volutions of Ru 3d5/2 peaks for Ru


0 and RuIV were performed with Gaus-
sian peak shapes by using an XPS peak-fitting program (XPSPEAK Ver-
sion 4.1). Peak features such as peak positions and full widths at half
maximum were checked on well-characterized samples (Ru powder
45 mm: 279.8 eV, RuO2: 280.5 eV; purchased from WAKO Pure Chemical
Ind., Ltd.) before any deconvolution of materials was attempted.


Hydrogenation of Aromatic Compounds


Hydrogenation of toluene was performed in a 100-mL stainless-steel au-
toclave fitted with a glass inner tube in the presence of substrate and
ruthenium catalyst (5 mg) under H2. The chemical yield and purity of the
product were determined by capillary GLC analysis with n-octane or n-
dodecane as an internal standard.


Table 4, entry 1: TC-17 (30 m), detection FID, column temperature 70 8C,
tR=4.3 (methylcyclohexane), 4.7 (n-octane), 5.7 min (toluene).


Table 4, entry 2: TC-17 (30 m), detection FID, column temperature
100 8C, tR=3.9 (n-octane), 16.7 (ethyl cyclohexanecarboxylate), 26.2 min
(ethyl benzoate).


Table 4, entry 3: TC-WAX (30 m), detection FID, column temperature
130 8C, tR=4.5 (n-dodecane), 7.8 (cis-ethyl 4-methylcyclohexanecarbox-
ACHTUNGTRENNUNGylate), 8.1 (trans-ethyl 4-methylcyclohexanecarboxylate), 23.1 min (p-
toluic acid ethyl ester).


Table 4, entry 4: TC-17 (30 m), detection FID, column temperature
100 8C, tR=3.9 (n-octane), 5.3 (cyclohexyl methyl ether), 7.5 min (ani-
sole).


Table 4, entry 5: The chemical yield and purity of the dicyclohexyl ether
formed were determined by 1H NMR spectroscopic analysis. Dicyclohex-
yl ether: 1H NMR (396 MHz, CDCl3): d=1.05–1.64 (m, 12H), 1.66–1.80
(m, 4H), 1.81–1.95 (m, 4H), 3.32 ppm (br s, 2H). Diphenyl ether:
1H NMR (270 MHz, CDCl3): d=6.99–7.07 (m, 4H), 7.07–7.18 (m, 2H),
7.30–7.40 ppm (m, 4H).


Table 4, entry 6: The chemical yield and purity of the cyclohexylamine
formed were determined by 1H NMR spectroscopic analysis. Cyclohexyl-
amine: 1H NMR (270 MHz, CDCl3): d=0.92–1.42 (m, 7H), 1.51–1.96 (m,
5H), 2.62 ppm (tt, J=10.6, 3.6 Hz, 1H). Aniline: 1H NMR (270 MHz,
CDCl3): d =3.64 (br s, 2H), 6.69 (d, J=8.2 Hz, 2H), 6.76 (t, J=7.6 Hz,
2H), 7.16 ppm (dd, J=8.2, 7.6 Hz, 2H).


Table 4, entry 7: The chemical yield and purity of the N,N-dimethylcyclo-
hexylamine formed were determined by 1H NMR spectroscopic analysis.
N,N-dimethylcyclohexylamine: 1H NMR (396 MHz, CDCl3): d=0.99–
1.39 (m, 5H), 1.56–1.67 (m, 1H), 1.69–1.97 (m, 4H), 2.07–2.18 (m, 1H),
2.27 ppm (s, 6H). N,N-dimethylaniline: 1H NMR (270 MHz, CDCl3): d=


2.95 (s, 6H), 6.72 (t, J=6.8 Hz, 1H), 6.75 (d, J=8.2 Hz, 2H), 7.25 ppm
(dd, J=8.2, 6.8 Hz, 2H).


Table 4, entry 8: The chemical yield and purity of the piperidine formed
were determined by 1H NMR spectroscopic analysis. Piperidine:
1H NMR (396 MHz, CDCl3): d =1.28–1.51 (m, 7H), 2.69 ppm (br s, 4H).
Pyridine: 1H NMR (396 MHz, CDCl3): d =7.28 (dd, J=7.7, 5.8 Hz, 2H),
7.68 (tt, J=7.7, 1.9 Hz, 1H), 8.62 ppm (dd, J=5.8, 1.9 Hz, 2H).


Table 4, entry 9: SUPELCO b-DEX 120 (30 m), detection FID, column
temperature 120 8C, tR=15.0 (cyclohexylmethyl alcohol), 21.2 ((R)-1-
phenylethanol), 21.9 min ((S)-1-phenylethanol). The optical purity of the
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cyclohexylethyl alcohol formed was determined after conversion into the
acetate: tR=18.6 (S isomer), 19.2 min (R isomer).


Table 4, entry 10: The chemical yield of the cyclohexylethylamine formed
was determined by 1H NMR spectroscopic analysis. Cyclohexylethyl-
ACHTUNGTRENNUNGamine: 1H NMR (396 MHz, CDCl3): d=0.87–1.05 (m, 2H), 1.02 (d, J=


6.8 Hz, 3H), 1.05–1.29 (m, 6H), 1.61–1.87 (m, 5H), 2.65 ppm (qd, J=6.8,
6.3 Hz, 1H). 1-Phenylethylamine: 1H NMR (396 MHz, CDCl3): d =1.39
(d, J=6.8 Hz, 3H), 1.46 (br s, 2H), 4.42 (q, J=6.8 Hz, 1H), 7.20–
7.38 ppm (m, 5H). The optical purity of the 1-cyclohexylethylamine
formed was determined after conversion into the acetamide: SUPELCO
b-DEX 325 (30 m), detection FID, column temperature 135 8C, tR=53.8
(S isomer), 55.1 min (R isomer).


Hydrogenation of Toluene under Ambient Conditions


Preactivated Ru/CNF-P catalyst was generated by hydrogenation of 1-
octene (350 mg) with Ru/CNF-P (5 mg) at 40 8C for 1 h under H2 (initial
pressure=30 atm). Hydrogenation of toluene (1 mL) was then performed
with preactivated Ru/CNF-P at ambient temperature for 18 h under H2


(balloon) to afford methylcyclohexane in 9% yield.


Biphasic Hydrogenation of Toluene with PEG-1000 as a Solvent


Table 5: Hydrogenation of toluene was performed in a 100-mL stainless-
steel autoclave fitted with a glass inner tube in the presence of toluene
(1 mL), PEG-1000 (100 mg), and Ru/CNF-P catalyst (10 mg) at 100 8C
for 5 h under H2 (initial pressure=30 atm). Cooling of the reaction mix-
ture to ambient temperature led to precipitation of solid PEG containing
Ru/CNF-P catalyst. The product was separated by decantation, and its
chemical yield and purity were determined by capillary GLC analysis
with n-octane as an internal standard.


Biphasic Hydrogenation of (R)-1-Phenylethylamine with PEG-200 as a
Solvent


Table 6, entry 8: Hydrogenation of (R)-1-phenylethylamine was per-
formed in a 100-mL stainless-steel autoclave fitted with a glass inner tube
in the presence of (R)-1-phenylethylamine (1 mL), PEG-200 (1 mL), and
Ru/CNF-P catalyst (5 mg) at 100 8C for 24 h under H2 (initial pressure=


30 atm). Addition of n-hexane (10 mL) to the reaction mixture led to
phase separation; the upper phase was 1-cyclohexylethyamine in n-
hexane, whereas the lower phase was liquid PEG-200 containing Ru/
CNF-P catalyst. The upper phase was separated, and the residual PEG/
catalyst phase was washed two times with n-hexane (total 20 mL). The
combined organic phases were evaporated under reduced pressure to
afford 1-cyclohexylethylamine in 70% yield. The purity of the product
was determined by capillary GLC analysis (>99.9% ee, R).
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Heterotapes: A Persistent, Dual-Synthon Hydrogen-Bonding Motif


David R. Turner, Sze Nee Pek, and Stuart R. Batten*[a]


Introduction


The growth in importance of the fields of crystal engineering
and supramolecular chemistry has provided the impetus for
large amounts of research over the past decade.[1,2] A large
portion of this research is dedicated to elucidating new
structural motifs, whether from an experimental approach
or database analysis, and to studying the reproducibility of
these supramolecular synthons.[3] It is this reproducibility
that lies at the heart of the “engineering” aspect of the disci-
pline: unless a supramolecular motif can be reproduced in a
predictable manner, the products that are obtained cannot
truly be said to have been engineered; rather, they remain a
product of serendipity.[4]


Since the inception of crystal engineering, the use of hy-
drogen bonds to assemble complex structures has been rec-
ognized as one of the more predictable approaches to self-
assembly, owing largely to the directionality of the dipolar
interaction.[5] Such is their “predictability” that many of the
commonly observed trends were summarized as a set of
“rules” in a seminal paper by Etter.[6] Some commonly ob-


served motifs are those of tapes or ribbons in which hydro-
gen bonds form a chain of synthons in a “zipperlike” pattern
that joins molecular species.[7] Recognized tape and ribbon
motifs almost exclusively contain a single synthon between
complementary groups such as urea,[8] amides,[7b,9] carboxylic
acids,[10] and NH–metal chlorides[11] as well as other less
common motifs.[12] The incorporation of more than one syn-
thon into tape motifs is rare, and examples are isolated.[13]


As part of our work with small polynitrile anions,[14] we
have investigated the carbamoyldicyanomethanide anion
(cdm, C ACHTUNGTRENNUNG(CONH2)(CN)2


�), which contains a potential hydro-
gen-bonding functionality (an amide) as well as sites for
metal coordination (nitriles). We now report a series of
compounds of the cdm anion that contain a hydrogen-
bonded tape that incorporates two different synthons: a
“heterotape”.


Results and Discussion


The hydrogen-bonded heterotape involves the amide group
of the ligand and one of the nitrile arms and contains two
hydrogen-bond rings: the ubiquitous amide R2


2 (8) ring and
an R2


2 (12) ring that incorporates the nitrile group
(Scheme 1).[15] The persistence of this dual-synthon motif is
observed in the transition from a structure containing the
noncoordinated anion in an anionic ribbon, [K ACHTUNGTRENNUNG(15c5)2]-
(cdm)·H2O (1; 15c5= [15]crown-5), to those containing neu-
tral metal complexes of cdm. The metal complexes all con-


Abstract: The small dinitrile anion car-
bamoyldicyanomethanide, [C(CN)2-
(CONH2)]


� (cdm), reproducibly forms
a hydrogen-bonded tape containing
two different supramolecular synthons:
a “heterotape”. The tape incorporates
both an amide dimer and a nitrile-con-
taining ring. The robustness of the
motif is confirmed by its persistence
from an isolated tape in a separated
ion-pair structure, [KACHTUNGTRENNUNG(15c5)2]ACHTUNGTRENNUNG(cdm)·


H2O, to its incorporation into coordina-
tion complexes of octahedral metals,
thus facilitating the formation of 2D
sheets. Complexes containing coligands
that occupy the equatorial coordination


sites, [Cu(2,2’-py2NH)2ACHTUNGTRENNUNG(cdm)2]·
2MeOH, [Ni ACHTUNGTRENNUNG(cyclam) ACHTUNGTRENNUNG(cdm)2], and [Cu-
ACHTUNGTRENNUNG(cyclam) ACHTUNGTRENNUNG(cdm)2]·2MeOH (cyclam=


1,4,8,11-tetraazacyclotetraACHTUNGTRENNUNGdecane, 2,2’-
py2NH=di(2-pyridyl) ACHTUNGTRENNUNGamine), show re-
tention of the heterotape motif, whilst
the ethylene diamine complex [Cu-
(en)2ACHTUNGTRENNUNG(cdm)2] (en=ethylene diACHTUNGTRENNUNGamine)
displays an alternative hydrogen-bond-
ing motif due to interference from the
diACHTUNGTRENNUNGamine ligands.
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supramolecular synthons · tape
structures


[a] Dr. D. R. Turner, S. N. Pek, Dr. S. R. Batten
School of Chemistry
Monash University
Clayton, Vic 3800 (Australia)
Fax: (+61)03-9905 4597
E-mail : stuart.batten@sci.monash.edu.au


Supporting information for this article is available on the WWW
under http://www.chemasianj.org or from the author.


1534 G 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 1534 – 1539


FULL PAPERS



www.interscience.wiley.com





tain an octahedrally coordinat-
ed metal center (Cu or Ni) with
four equatorial nitrogen donor
atoms from coligands, thus al-
lowing monodentate binding of
cdm to the axial positions
through a single nitrile arm,
thereby facilitating the forma-
tion of 2D hydrogen-bonded
sheets (Scheme 1).


The hydrated separated ion-
pair complex [K ACHTUNGTRENNUNG(15c5)2]-
(cdm)·H2O (1) was isolated by
crystallization from an aqueous
solution of K ACHTUNGTRENNUNG(cdm) in the pres-
ence of 2 equivalents of
[15]crown-5. The [KACHTUNGTRENNUNG(15c5)2]


+


sandwich complex isolates the
metal ions from the anions, thus
allowing the anionic heterotape
to form (Figure 1a). The anions
assemble into a hydrogen-
bonded zigzag 1D chain in
which the amide NH2 group
acts as a donor to both the
amide oxygen atom and one of
the nitrile arms of the ligand
(Figure 1b). The encapsulated


water molecules in the structure are involved in hydrogen
bonding with only one side of the anionic tape and with
each other (Table 1).


The vast majority of examples of ribbon or tape motifs in
crystal engineering result from self-assembly with a single
synthon between one or more complementary species.[7–12]


The amide–nitrile ribbon is an example of self-assembly
through two different synthons between a single self-com-
plementary species. It is perhaps surprising that the encapsu-
lated water molecules do not interfere with the ribbon
motif; rather, they are involved in hydrogen bonding with
the “free” nitrile arms and with the remaining lone-pair
electrons of the amide oxygen atom. Within the ribbon, hy-
drogen-bond distances are similar, with the average N···N
distance being slightly longer than the average N···O dis-
tance (3.13 vs. 2.88 J). The relative positions of the NH2,


Scheme 1. The amide–nitrile heterotape motif of the free anion in the structure of [K ACHTUNGTRENNUNG(15c5)2] ACHTUNGTRENNUNG(cdm)·H2O (1)
contains two different synthons (left); thus, 2D sheets (right) can assemble by using a linearly connecting
metal ion (i.e., an equatorially protected octahedral metal center).


Figure 1. a) The separated ion-pair complex [K ACHTUNGTRENNUNG(15c5)2] ACHTUNGTRENNUNG(cdm)·H2O (1)
contains hydrogen-bonded 1D chains of {cdm·H2O}n between layers of
[K ACHTUNGTRENNUNG(15c5)2]


+ countercations. b) The zigzag chains consist of cdm anions
forming the “heterotape” motif with water molecules hydrogen-bonded
to one side. Symmetry equivalents used: †=x�1, y, z ; �=x+1, y, z.
ACHTUNGTRENNUNGHydrogen-bonding parameters are listed in Table 1.


Table 1. Hydrogen-bonding parameters for [K ACHTUNGTRENNUNG(15c5)2]cdm·H2O (1).[a]


D···A [J] H···A [J] D�H···A [8]


N(1)···O(22)† 2.871(4) 2.00(1) 171(4)
N(1)···N(5) 3.077(5) 2.27(1) 153(3)
N(4)···N(3) 3.180(5) 2.34(1) 159(3)
N(4)···O(21)� 2.890(5) 2.03(1) 166(4)
O(23)···O(21) 2.786(4) 1.93(1) 175(5)
O(23)···N(3)† 3.083(4) 2.26(1) 161(3)
O(24)···O(23) 2.813(5) 1.96(1) 175(7)
O(24)···N(2) 2.997(4) 2.15(2) 171(11)


[a] Symmetry equivalents used as in Figure 1.
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carbonyl, and nitrile groups are such as to allow the two hy-
drogen-bond rings to form with the preferred hydrogen-
bond orientations (nonlinear for C=O and near linear for
CN).[16]


The free nitrile arms within the heterotape in 1 raises the
possibility of metal coordination to these positions, thus al-
lowing the tape to assemble metal complexes (Scheme 1).
Towards this end, four metal complexes that contain the
cdm ligand were synthesised: two contain CuII with N,N’-
chelating ligands, [Cu ACHTUNGTRENNUNG(cdm)2(2,2’-py2NH)2] (2 ; 2,2’-py2NH=


di(2-pyridyl)amine) and [Cu ACHTUNGTRENNUNG(cdm)2 ACHTUNGTRENNUNG(H2N ACHTUNGTRENNUNG(CH2)2NH2)2] (3),
and two with cyclam (1,4,8,11-tetraazacyclotetradecane) as a
coligand, [NiACHTUNGTRENNUNG(cdm)2 ACHTUNGTRENNUNG(cyclam)] (4) and [Cu ACHTUNGTRENNUNG(cdm)2ACHTUNGTRENNUNG(cyclam)]·
2MeOH (5).


The discrete complex within the structure of [Cu-
ACHTUNGTRENNUNG(cdm)2(2,2’-py2NH)2]·2MeOH (2) contains two equatorial
2,2’-dipyridylamine ligands, which chelate through the pyri-
ACHTUNGTRENNUNGdyl groups, and two cdm ligands in the Jahn–Teller distorted
axial positions (Figure 2a). The cdm ligands are bound
through a single nitrile group, thus leaving the amide group
and the second nitrile free to form the heterotape motif
(Figure 2b). The tape displays a remarkable robustness in
the change from an isolated anion to its incorporation into a


metal complex. The axial binding of the ligands to the metal
allows for a 2D sheet to form; the ribbons are used to link
the discrete complexes. The 2D sheets are connected into an
overall 3D net by hydrogen bonding that involves the meth-
anol in the lattice: NH of the 2,2’-dipyridylamine ligand do-
nates a hydrogen bond to methanol, which in turn under-
goes hydrogen bonding with a carbonyl oxygen atom. The
persistence of the hydrogen-bonded tape is also remarkable
in that the encapsulated methanol, both a strong donor and
acceptor, does not disrupt the motif. Previous work by
others using the cdm ligand mostly incorporated water mol-
ecules that participate in hydrogen bonding[17] or nonpro-
tected metals that result in coordination of both nitriles;[18]


hence, this motif has not been observed.
The use of ethylene diamine as a coligand disrupts the


heterotape motif seen in 1 and 2, although it gives rise to an
alternative 1D tape that contains only hydrogen-bonded
amide dimers. The structure of [Cu ACHTUNGTRENNUNG(cdm)2ACHTUNGTRENNUNG(H2N ACHTUNGTRENNUNG(CH2)2NH2)2]
(3) contains a similar metal-coordination environment to
that in 2 ; however, the orientation of the ligand is different
with respect to the bonding nitrile. The NH2 group, rather
than being orientated between the free nitrile arm and the
carbonyl group, is situated adjacent to the coordinating ni-
trile arm, thus removing the possibility of forming the
R2


2 (12) ring. The predominant hydrogen-bond pattern in the
structure of 3 is the R2


2 (8) amide dimer with the complexes
arranged as zigzag 1D chains (Figure 3 and Table 2). The hy-
drogen-bonded chains are stacked parallel to each other and
joined by several interactions that involve the NH protons
of the ethylene diamine ligands. Two of the unique NH pro-
tons form hydrogen bonds to amide oxygen atoms of adja-
cent complexes (H···A=2.18(2) and 2.32(2) J), whilst a
third forms a short interaction to a neighboring nitrile group
(H···A=2.32(2) J). The remaining proton of the NH2 group
is only involved in an interaction with a nitrile group that is
much weaker and less directional than those observed in 1
and 2 (H···A=2.81(2) J). The absence of the heterotape
motif can most likely be attributed to competition from the
ability of the ethylene diamine ligands for hydrogen-bond
donation. The multiple interactions between the amine pro-
tons and the amide groups of the cdm ligands are presuma-
bly stronger and more favorable than the interactions within
the tape.


To minimize unfavorable NH···X interactions from the
equatorial coligands, reactions were carried out with cyclam
instead of ethylene diamine to yield the products [Ni ACHTUNGTRENNUNG(cdm)2-
(cyclam)] (4) and [Cu ACHTUNGTRENNUNG(cdm)2ACHTUNGTRENNUNG(cyclam)]·2MeOH (5), both of
which contain 2D sheets that comprise complexes connected
by the heterotape motif. Within both of these complexes,
the orientation of the cdm ligands with respect to the metal
is fixed in place by an intramolecular hydrogen bond from
one of the cyclam NH groups to the amide oxygen atom
(Figure 4). This serves to lock the ligand in the correct con-
formation to form the heterotape motif (Figure 5a), unlike
in 3. In the Ni complex, the ligands within the tape are
offset from coplanarity with their neighbors by around 0.7 J
(Figure 5b). This arrangement allows for an NH···N interac-


Figure 2. a) The discrete complex [Cu(2,2’-py2NH)2 ACHTUNGTRENNUNG(cdm)2] (2) shows
b) the persistence of the heterotape motif that joins the complexes into
2D sheets. Ellipsoids are shown at 50% probability. Symmetry equiva-
lents used: †=1�x, 1�y, 1�z ; � =�x, �y, 1�z. Hydrogen-bonding pa-
rameters are listed in Table 2.


1536 www.chemasianj.org G 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 1534 – 1539


FULL PAPERS
S. R. Batten et al.







tion between a cyclam NH group and a nitrile arm from an
adjacent sheet to generate an overall 3D network.


The copper analogue, [CuACHTUNGTRENNUNG(cdm)2ACHTUNGTRENNUNG(cyclam)]·2MeOH (5),
contains two encapsulated methanol molecules per metal


complex, although, as with 2, this solvent does not interfere
with the amide–nitrile hydrogen-bonding motif (Figure 6a).
The intramolecular cyclam···cdm hydrogen bond is present,
despite the cdm ligand now being bound in a Jahn–Teller
distorted position on the metal. The ligating nitrile arm is
less perpendicular to the equatorial plane to accommodate
this hydrogen bond (Cu�N�C=164 and 1288 for 3 and 5,
respectively). The methanol molecules undergo hydrogen
bonding with the amide oxygen atoms and reside above and
below the 2D sheet (Figure 6b). These solvent molecules


Figure 3. a) The discrete complex [Cu ACHTUNGTRENNUNG(NH2 ACHTUNGTRENNUNG(CH2)2NH2)2 ACHTUNGTRENNUNG(cdm)2] (3), with
ellipsoids shown at 50% probability. b) Hydrogen-bonded amide dimers
join the complexes together into zigzag 1D chains, which then c) pack
through interactions that involve the ethylene diamine NH2 groups.
ACHTUNGTRENNUNGHydrogen-bonding parameters are listed in Table 2.


Table 2. Hydrogen-bonding parameters for amide-containing interactions
in complexes 2–5.[a,b]


D···A [J] H···A [J] D-H···A [8]


2
N(1)···O(1)� 2.896(3) 2.03(4) 167(3)
N(1)···N(3)† 3.028(4) 2.26(5) 151(4)
3
N(1)···O(1)� 3.016(2) 2.17(2) 174(2)
4
N(1)···O(1)� 2.851(2) 1.98(2) 177(2)
N(1)···N(3)† 3.059(3) 2.35(2) 143(2)
5
N(1)···O(1)� 2.965(3) 2.13(3) 168(3)
N(1)···N(3)† 3.030(4) 2.22(3) 169(3)


[a] Symmetry equivalents for 2 and 3 as in the respective figures. [b] Fur-
ther hydrogen-bonding data on non-amide interactions are supplied in
the Supporting Information.


Figure 4. The discrete complexes [M ACHTUNGTRENNUNG(cyclam) ACHTUNGTRENNUNG(cdm)2] (M=Ni, Cu) both
have the same coordination environment and intramolecular hydrogen
bonds that fix the orientation of the cdm ligands.


Figure 5. a) The heterotape in [Ni ACHTUNGTRENNUNG(cyclam)ACHTUNGTRENNUNG(cdm)2] (4) with the orienta-
tion of the ligand fixed by an intramolecular NH···O hydrogen bond.
b) The ligands are offset from each other by about 0.7 J, thus allowing
intersheet interactions that involve the nitrile arm. Symmetry equivalents
used: †=�x, 2�y, 2�z ; �=�x, 2�y, 1�z.


Chem. Asian J. 2007, 2, 1534 – 1539 G 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1537


Heterotapes







form a bridge between the layers by accepting hydrogen
bonds from the remaining cyclam NH groups to generate an
overall 3D network. Unlike the structure of 4, the noncoor-
dinating nitrile arm accepts only a single hydrogen bond
from the NH2 group of a cdm ligand.


Conclusions


The highly unusual dual-synthon heterotape motif of the
cdm anion is both persistent and robust. The tape forms in a
separated ion-pair structure and can be incorporated into
transition-metal complexes to produce 2D sheets. The motif
can withstand the presence of competitive hydrogen-bond-
donor/acceptor species such as methanol, although the in-
corporation of ethylene diamine as a coligand results in the
formation of an alternative motif. It is anticipated that this
motif may be further utilized to generate solid-state arrays
of metal clusters.


Experimental Section


General


All starting materials were purchased from standard commercial sources
and used without further purification. Potassium carbamoyldicyanometh-
ACHTUNGTRENNUNGanide, K ACHTUNGTRENNUNG(cdm), was prepared according to the literature.[19] Attenuated
total reflection (ATR) IR spectra were collected on a Bruker Equinox 55
series FTIR spectrometer. Microanalysis was conducted at Campbell An-
alytical Laboratories, University of Otago, New Zealand. All products
were obtained in approximately 60–80% yield. Powder XRD confirmed
the bulk polymorphic purity for 1, 3, and 4 ; however, loss of methanol
occurred rapidly for 2 and 5 (evidenced by microanalysis for 5), which


did not allow for accurate bulk analysis (see Supporting Information for
details), although the crystals appeared homogenous by inspection.


Syntheses


1: K ACHTUNGTRENNUNG(cdm) (0.050 g, 0.318 mmol) and [15]crown-5 (0.140 g, 0.636 mmol)
were dissolved in water (5 mL). The solution was left to evaporate slowly
for several weeks. ATR-IR: ñ =3542 (w), 3361 (w), 3173 (w), 2868 (m),
2189 (s), 2151 (s), 1623 (m), 1575 (s), 1398 (m), 1355 (m), 1305 (m), 1246
(m), 1116 (s), 1090 (s), 1029 (m), 938 (m), 856 (m), 829 cm�1 (m); ele-
mental analysis: calcd (%) for C24H44N3O12K: C 47.59, H 7.32, N 6.94;
found, C 47.79, H 7.32, N 6.98.


2 : A solution of K ACHTUNGTRENNUNG(cdm) (0.025 g, 0.159 mmol) and 2,2’-dipyridylamine
(0.055 g, 0.320 mmol) in methanol (5 mL) was added to a solution of
CuCl2 (0.014 g, 0.104 mmol) in methanol (2 mL). The solution immedi-
ately turned deep green. The solution was left at room temperature for
one week, which resulted in the formation of green crystals of 2. ATR-
IR: ñ =3628 (w), 3374 (m), 3165 (w), 3077 (w), 3019 (w), 2188 (s), 2150
(s), 1643 (s), 1584 (m), 1554 (m), 1528 (m), 1472 (m), 1403 (m), 1367 (m),
1239 (m), 1161 (w), 1062 (m), 1018 (m), 883 cm�1 (w); elemental analysis:
calcd (%) for C30H30N12O4Cu: C 52.51, H 4.41, N 24.50; found: C 52.15,
H 4.34, N 24.67.


3 : A solution of K ACHTUNGTRENNUNG(cdm) (0.025 g, 0.159 mmol) and ethylene diamine
(0.020 g, 0.333 mmol) in methanol (5 mL) was added to a solution of
CuCl2 (0.014 g, 0.104 mmol) in methanol (2 mL). The solution immedi-
ately turned violet. The solution was left at room temperature overnight,
which resulted in the formation of violet crystals of 3. ATR-IR: ñ =3650
(w), 3475 (m), 3260 (m), 3161 (m), 2968 (w), 2889 (w), 2427 (w), 2191 (s),
2159 (s), 1625 (m), 1595 (m), 1542 (m), 1402 (m), 1161 (w), 1093 (m),
1040 cm�1 (w); elemental analysis: calcd (%) for C12H20N10O2Cu: C
36.04, H 5.04, N 35.03; found: C 36.25, H 4.96, N 35.11.


4 : A solution of K ACHTUNGTRENNUNG(cdm) (0.025 g, 0.159 mmol) and cyclam (0.017 g,
0.085 mmol) in methanol (5 mL) was added to a solution of NiCl2
(0.020 g, 0.154 mmol) in methanol (2 mL) to give a colorless solution.
The solution was left at room temperature for two weeks to yield color-
less crystals of 4. ATR-IR: ñ =3643 (w), 3400 (m), 3321 (m), 3231 (m),
3197 (m), 3123 (m), 2902 (w), 2862 (w), 2368 (w), 2200 (s), 2161 (s), 1650
(s), 1577 (s), 1462 (w), 1388 (m), 1155 (w), 1093 (w), 1035 (w), 993 (w),
881 cm�1 (w); elemental analysis: calcd (%) for C18H28N10O2Ni: C 45.50,
H 5.94, N 29.48; found: C 45.24, H 5.99, N 28.91.


5 : A solution of K ACHTUNGTRENNUNG(cdm) (0.025 g, 0.159 mmol) and cyclam (0.024 g,
0.122 mmol) in methanol (5 mL) was added to a solution of CuCl2
(0.014 g, 0.104 mmol) in methanol (2 mL) to give an orange solution. The
solution was left at room temperature for two weeks with a gradual color
change, which resulted in the formation of purple crystals of 5. ATR-IR:
ñ=3384 (m), 3328 (m), 3127 (m), 2869 (w), 2193 (s), 2156 (s), 1653 (s),
1572 (s), 1458 (w), 1395 (m), 1300 (w), 1160 (w), 1094 (m), 1069 (w),
1009 (w), 886 cm�1 (w); elemental analysis: calcd (%) for
C20H36N10O4Cu: C 44.15, H 6.67, N 25.74; found: C 44.42, H 5.79, N 28.88
(partial loss of methanol).


Crystallography


Crystals were mounted on fine glass fibers with viscous hydrocarbon oil.
Data were collected on a Bruker X8 Apex II diffractometer equipped
with graphite-monochromated MoKa radiation (l=0.71073 J). Collection
temperatures were maintained at 123 K under an open-flow N2 cryo-
stream. Data were processed with the Bruker Apex II program suite.[20]


Structures were solved by direct methods with SHELXS-97[21] and re-
fined by conventional alternating least-squares cycles against F2 with
SHELXL-97[21] and X-Seed as a graphical interface.[22] Hydrogen atoms
attached to the oxygen or nitrogen atoms were located from the Fourier
difference map and refined freely (except for 1).


Crystal data for 1: C24H44KN3O12, M=605.72, colorless block, 0.24S
0.12S0.10 mm3, triclinic, space group P1̄ (No. 2), a=9.2366(8), b=


16.125(3), c=20.820(3) J, a =81.064(6), b=89.502(6), g=86.172(6)8, V=


3056.5(7) J3, Z=4, 1calcd =1.316 gcm�3, F000=1296, MoKa radiation, l=


0.71073 J, T=123(1) K, 2qmax =50.08, 22487 reflections collected, 10709
unique (Rint=0.0757). Final GOF=0.939, R1=0.0587, wR2=0.0995, R


Figure 6. The heterotape motif (a) persists in the structure of [CuACHTUNGTRENNUNG(cdm)2-
(cyclam)]·2MeOH (5) despite the presence of methanol, the molecules of
which are situated above and below the 2D sheets (b). Symmetry equiva-
lents used: †=�x�1, 1�y, 1�z ; �=�x, 1�y, 1�z.
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indices based on 5233 reflections with I>2s(I) (refinement on F2), 1026
parameters, 104 restraints, m=0.236 mm�1.


Crystal data for 2 : C30H30CuN12O4, M=686.20, green-brown plate, 0.24S
0.16S0.08 mm3, triclinic, space group P1̄ (No. 2), a=8.1034(5), b=


8.1670(5), c=12.7451(16) J, a=90.577(4), b=97.015(3), g=112.569(3)8,
V=771.56(12) J3, Z=1, 1calcd=1.477 gcm�3, F000 =355, MoKa radiation,
l=0.71073 J, T=123(2) K, 2qmax =55.08, 6317 reflections collected, 3506
unique (Rint=0.0220). Final GOF=1.125, R1=0.0486, wR2=0.1095, R
indices based on 3198 reflections with I>2s(I) (refinement on F2), 231
parameters, 0 restraints, m=0.766 mm�1.


Crystal data for 3 : C12H20CuN10O2, M=399.92, violet block, 0.20S0.14S
0.10 mm3, triclinic, space group P1̄ (No. 2), a=7.5726(3), b=7.7247(3),
c=8.6669(5) J, a=106.794(2), b=110.563(2), g =103.191(1)8, V=


422.58(3) J3, Z=1, 1calcd =1.572 gcm�3, F000=207, MoKa radiation, l=


0.71073 J, T=123(1) K, 2qmax =55.08, 3003 reflections collected, 1926
unique (Rint=0.0131). Final GOF=1.059, R1=0.0247, wR2=0.0607, R
indices based on 1870 reflections with I>2s(I) (refinement on F2), 139
parameters, 0 restraints, m=1.323 mm�1.


Crystal data for 4 : C18H28N10NiO2, M=475.21, colorless prism, 0.32S
0.12S0.12 mm3, triclinic, space group P1̄ (No. 2), a=8.7204(4), b=


8.7535(3), c=8.8248(5) J, a =67.883(2), b=62.863(2), g=88.120(2)8, V=


547.43(4) J3, Z=1, 1calcd =1.441 gcm�3, F000=250, MoKa radiation, l=


0.71073 J, T=123(1) K, 2qmax =55.08, 3922 reflections collected, 2506
unique (Rint=0.0235). Final GOF=1.086, R1=0.0375, wR2=0.0784, R
indices based on 2244 reflections with I>2s(I) (refinement on F2), 158
parameters, 0 restraints, m=0.923 mm�1.


Crystal data for 5 : C20H36CuN10O4, M=544.13, pink block, 0.24S0.12S
0.10 mm3, monoclinic, space group P21/n (No. 14), a=9.586(3), b=


11.882(4), c=12.044(4) J, b =101.315(15)8, V=1345.2(7) J3, Z=2,
1calcd =1.343 gcm�3, F000=574, MoKa radiation, l=0.71073 J, T=


123(1) K, 2qmax =52.08, 7576 reflections collected, 2569 unique (Rint =


0.0631). Final GOF=1.050, R1=0.0492, wR2=0.1099, R indices based
on 1983 reflections with I>2s(I) (refinement on F2), 181 parameters, 0
restraints, m=0.856 mm�1.


CCDC-649271–649275 (1–5, respectively) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre at
www.ccdc.cam.ac.uk/data_request/cif (e-mail: deposit@ccdc.cam.ac.uk).
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Multigram Solution-Phase Synthesis of Three Diastereomeric Tripeptidic
Second-Generation Dendrons Based on (2S,4S)-, (2S,4R)-, and


ACHTUNGTRENNUNG(2R,4S)-4-Aminoprolines


Afang Zhang*[a, b] and A. Dieter Schl.ter[a]


Introduction


Proline and its derivatives are among the more important
amino acids. They have an impact on geometry control and
cis/trans isomerization in proteins[1] and, thus, play a vital
role in the tertiary structure and function of these biological
macromolecules.[2] Prolines are also efficient in preventing
protein aggregation and misfolding.[3] Furthermore, oligo-


prolines can adopt two distinct helical conformations,
known as PPI and PPII, with rather different end-to-end dis-
tances.[4] As these conformations depend on solvent polarity,
oligoprolines can potentially be used as switches in actuator
applications.[2a,5] From the organic chemistry point of view,
proline derivatives play a key role in the rapid development
of organocatalysis in that they are powerful catalysts in, for
example, Michael addition, Mannich reaction, and aldol
condensation.[6]


4-Substituted prolines exhibit strong conformational
biases that depend on their stereochemistry and the elec-
tronic characteristics of the substituent. Trans and cis 4-sub-
stituted prolines strongly favor trans- and cis-configurated
amide bonds in the corresponding peptides.[7] 4-aminopro-
line stereoisomers have remarkable functions in biologically
active compounds[8] and photochemical-energy transforma-
tion,[9] and were also discovered as useful building blocks for
dendrimers. Recently, Giralt, Albericio, and co-workers de-
scribed the solid-phase synthesis of proline- and 4-amino-
proline-based dendrimers.[10] Several tens of milligrams of
second-generation (G2) dendrimers were obtained. Owing


Abstract: Three diastereomeric second-
generation (G2) dendrons were pre-
pared by using (2S,4S)-, (2S,4R)-, and
(2R,4S)-4-aminoprolines on the multi-
gram scale with highly optimized and
fully reproducible solution-phase meth-
ods. The peripheral 4-aminoproline
branching units of all the dendrons
have the 2S,4S configuration through-
out, whereas those units at the focal
point have the 2S,4S, 2S,4R, and 2R,4S
configurations. These latter configura-
tions led to the dendrons being named
(2S,4S)-1, (2S,4R)-1, and (2R,4S)-1, re-
spectively. The 4-aminoproline deriva-
tives used in this study are new, al-
though many closely related com-


pounds exist. Their syntheses were op-
timized. The dendron assembly in-
volved amide coupling, the efficiency
of which was also optimized by em-
ploying the following well-known re-
agents: EDC/HOBt, DCC/HOSu,
TBTA/HOBt, TBTU/HOBt, BOP/
HOBt, pentafluorophenol, and
PyBOP/HOBt. It was found that the
use of PyBOP is by far the best for
dendrons (2S,4S)-1 and (2R,4S)-1, and
pentafluorophenol active ester is best


for (2S,4R)-1. Because of their multi-
gram scale, all couplings were done in
solution instead of by solid-phase pro-
cedures. Purifications were, neverthe-
less, easy. The optical purities of the
key intermediates as well as the three
G2 dendrons were analyzed by chiral
HPLC analysis. These novel, diastereo-
meric second-generation dendrons
have a rather compact and conforma-
tionally highly rigid structure that
makes them interesting candidates for
applications, for example, in the field
of dendronized polymers and in orga-
nocatalysis.
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to a proposed detrimental steric hindrance during construc-
tion, however, a linear oligoproline spacer was introduced
between the 4-substituted proline units, the latter of which
served as the branching points. For many, if not all, of the
above applications, the reduced conformational space of
prolines is of essential importance. This is due to the cyclic
nature of proline and the especially low mobility of its
somewhat-strained five-membered ring.
We describe herein a facile synthetic access to three dia-


stereomeric tert-butyloxycarbonyl (Boc)-protected (2S,4S)-,
(2S,4R)-, and (2R,4S)-4-aminoprolines. Their availability on
the multigram scale together with an optimized amide-cou-
pling procedure allowed the synthesis of the corresponding
G2 dendrons (2S,4S)-1, (2S,4R)-1, and (2R,4S)-1,[11] respec-
tively (Scheme 1). These dendrons are important and versa-


tile building blocks used in a long-term research project
aimed at ultrarigid dendronized polymers with a program-
med and fixed secondary structure for applications in supra-
molecular chemistry as well as organocatalysis.


Results and Discussion


Many 4-aminoprolines are known. Most of them carry ben-
zyloxycarbonyl (Cbz) and 9-fluorenylmethyloxycarbonyl
(Fmoc) groups as protecting groups,[8a,12] although Boc has
also been used.[13] In the present work, the diastereomeric 4-
aminoprolines were used exclusively in their Boc-protected
forms (4b, 7b, and 10b) with one or two Boc groups per
compound. For some of our potential polymer applications,
both Cbz and Fmoc are less attractive. The former, in partic-
ular, can sometimes be difficult to remove completely when
present in a macromolecule in the hundreds or thousands,
while Fmoc protecting groups often render the correspond-
ing polymers poorly soluble.[14] The few synthetic steps that
lead to these three protected 4-aminoprolines are described
in Schemes 2–4 together with the synthesis of the corre-
sponding G2 dendrons (2S,4S)-1, (2S,4R)-1, and (2R,4S)-1.
In all the dendrons 1, the 4-aminoproline derivative 4b was
selected for incorporation as a peripheral branching unit,
whereas the focal branching unit was systematically varied
in its absolute configuration by using 4b, 7b, and 10b, re-
spectively. There are two reasons for this. First, it was ex-
pected that a change in the stereochemistry of the focal
branching units would possibly affect the overall shape of
the dendrons the most, and thus the largest impact on all
shape-related matters for future applications would be gen-
erated.[15] Second, building block 4b is the most easily acces-
sible, which is attractive because there are twice as many pe-
ripheral branching units than those positioned at the focal
point.
The synthetic sequences to the G2 dendron (2S,4S)-1 are


delineated in Scheme 1. All steps were optimized and car-
ried out on at least the several-gram scale. The synthesis
started from the commercially available 4-hydroxyproline
2a, which was subjected to conventional steps involving
esterification, amine protection with Boc anhydride, and
mesylation to give the known intermediate 3, which was
then converted into the azide 4a. The latter compound was
also obtained from the hydroxy compound 2c by the Mitsu-
nobu reaction.[16] This alternative route proceeded in fewer
steps, but gave a complex mixture of products. As this mix-
ture would have required too much effort to purify, this
route was not followed further. Because azide 4a plays an
important role in the present dendron synthesis, it was pre-
pared on the 50-g scale. Its reduction followed by protection
of the amine formed in situ (to give 4b) required careful op-
timization. Two methods were tried: hydrogenation and the
Staudinger reduction.[17] Although direct hydrogenation with
Pd/C in the presence of Boc2O is an established method and
provides the Boc-protected amine 4b in high yield (86–
92%), the formation of some impurities due to dimerization
could not be prevented.[18] These impurities made the purifi-
cation more difficult; therefore, this method was not consid-
ered further, as the present work has a strong focus on de-
veloping highly efficient and large-scale routes to 4-amino-
proline-based dendrons. Fortunately, the Staudinger proto-
col turned out to be the method of choice specifically be-


Abstract in Chinese:


Scheme 1. The three diastereomeric proline-based G2 dendrons 1 synthe-
sized herein (for simplicity, only the absolute configuration of the branch-
ing unit at the focal point is considered in naming these compounds).
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cause it did not lead to any ob-
servable by-products. Its addi-
tional advantage was that it
could be carried out in the pres-
ence of Boc2O to furnish 4b di-
rectly. Compound 4b is the key
branching unit and was there-
fore prepared on the 30-g scale
as a completely colorless, ana-
lytically pure, crystalline mate-
rial. In the next step, a part of
4b was hydrolyzed to 4c, and
the other part was deprotected
with TFA to 4e in virtually
quantitative steps. Both prod-
ucts were used for the assembly
of the G2 dendron (2S,4S)-1 by
amide coupling despite reports
that (2S,4S)-4-aminoproline
couplings of this sort require
spacers between the individual
branching units to proceed in
reasonable yields.[10b] This step
was investigated in great detail
because it represents the key
growth reactions. Several re-
agent combinations for amide


Scheme 2. Synthetic procedure for G2 dendron (2S,4S)-1. Reagents and conditions: a) SOCl2, MeOH, �10 8C,
4 h (100%); b) Boc2O, NaHCO3, THF/H2O, 0–5 8C, overnight (95%); c) MsCl, pyridine, 0–5 8C, 10 h (91%);
d) NaN3, DMF, 45–55 8C, overnight (89%); e) PPh3, Boc2O, THF/H2O, 50 8C, 19 h (96%); f) LiOH, MeOH/
H2O, �5 8C, 6 h (87%); g) DCC, pentafluorophenol, DCM, �15 8C, overnight (92%); h) TFA, DCM, 0–5 8C,
10 h (100%); i) HOBt, PyBOP, DIPEA, DMF/DCM, �10 8C, 16 h (86%). DCM=dichloromethane, DIPEA=


diisopropylethylamine, Ms=methanesulfonyl, Pfp=pentafluorophenol, TFA= trifluoroacetic acid,


Scheme 3. Synthetic procedure for G2 dendron (2S,4R)-1. Reagents and conditions: a) DEAD, p-nitrobenzoic acid, PPh3, THF, 0–5 8C, 12 h (92%);
b) NaN3, MeOH, 40 8C, 12 h (92%); c) MsCl, pyridine, 0–5 8C, 10 h (95%); d) NaN3, DMF, 45–55 8C, overnight (92%); e) PPh3, THF/H2O, 50 8C, 19 h
(100%); f) TFA, DCM, 0–5 8C, 10 h (100%); g) DIPEA, PyBOP, HOBt, DCM/DMF, �12 8C, 12 h (�0%); h) TEA, acetonitrile, �8 8C, 12 h (85%).
DEAD=diethyl azodicarboxylate, TEA= triethylamine.
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formation[19] were tested: EDC/HOBt, DCC/HOSu, HATU/
HOBt, HBTU/HOBt, BOP/HOBt, and PyBOP/HOBt.[20]


Without going into too much detail, it was by and large ob-
served that the first three methods could not be used. They
either gave very poor coupling yields (below 15%) or led to
product mixtures that could not be separated with reasona-
ble effort. Both HBTU/HOBt and BOP/HOBt worked rea-
sonably well in that they gave the desired G2 dendron
(2S,4S)-1 in yields of 50–60% and on a relatively large scale
(5 g). However, the purification was too tedious because
some of the impurities happened to have similar retention
times to the product on the column. The final method,
PyBOP/HOBt, was by far the best, both with regard to pu-
rification effort and yield (up to 86%). In this way, (2S,4S)-1
was reproducibly obtained on the 10-g scale as analytically
pure material with a rather impressive overall yield of 45–
50% from 2a. It is a fortunate coincidence that this reagent
is among the cheapest for amide couplings. Dendron
(2S,4S)-1 and all the other new compounds were fully char-
acterized.
The synthesis of G2 dendron (2S,4R)-1 started from 2c by


inversion of the configuration of its 4-hydroxy group under
Mitsunobu conditions.[21] p-Nitrobenzoic acid was selected
for this reaction because of the high reactivity of the result-
ing benzoate derivative. This provided the opportunity to
hydrolyze selectively the benzoate ester with sodium azide
in the presence of methyl ester to afford the inverted com-
pound 6a in an excellent yield of 92%. By similar proce-
dures as for the synthesis of (2S,4S)-1, mesylation of 6a fol-
lowed by azide substitution and Staudinger reduction afford-
ed 7b in an overall yield of 70% from 2c. Compound 7b


was then deprotected to 7c by
TFA. The synthesis of the cor-
responding G2 dendron
(2S,4R)-1 was first tried from
4c and 7c with the same proto-
col as for (2S,4S)-1. This, how-
ever, did not lead to any prod-
uct in the reaction mixture
(checked by TLC); the reason
is still unknown. Therefore, the
pentafluorophenol active ester
4d was treated with the depro-
tected amine 7c, which afford-
ed (2S,4R)-1 in satisfactory
yield (85%).
The synthesis of G2 dendron


(2R,4S)-1 started from commer-
cially available compound 8a
and followed closely the proce-
dures described for (2S,4S)-1.
(2R,4S)-1 was obtained in seven
steps in an overall yield of
50%.
The chemical purities of all


the new compounds reported
herein were analyzed by 1H and


13C NMR spectroscopy as well as high-resolution mass spec-
trometry. The optical purities of the key intermediates 4b,
7b, and 10b as well as the three G2 dendrons (2S,4S)-1,
(2S,4R)-1, and (2R,4S)-1 were determined by chiral HPLC
analysis. For this purpose, HPLC equipped with a Daicel
CHIRALCELKOJ column was applied, and different elu-
tion conditions (hexane/isopropanol/ethanol=90:5:5–9:1:1)
were tested in analogy to those reported by Zhao and
Pritts.[22] Reasonable elution times of 20–40 min were ob-
served for the solvent ratio 9:1:1. Except for 7b, 0.1% TFA
was added to the eluent for better separation. All elution
curves were strictly monomodal and symmetric (see Sup-
porting Information), which confirms an optical purity
higher than the resolution of the method.


Conclusions


This work describes the highly efficient, reliable, and easy
synthesis of three diastereomeric G2 dendrons based on 4-
aminoprolines. Their optical purities were proved with
chiral HPLC analysis to be higher than 98%. Only single
diastereomers were seen. These chiral dendrons are promis-
ing as versatile building blocks for numerous applications in
organic, polymer, and biomedical chemistry as well as in
materials science. An immediate project to be pursued is the
synthesis of ultrarigid dendronized polymers with a prede-
termined screw sense.[23,24] The compactness and rigidity of
pendant dendrons not only has a strong effect on backbone
flexibility, but may also force the backbone into a helical
conformation, as was impressively shown for less-crowded


Scheme 4. Synthetic procedure for G2 dendron (2R,4S)-1. Reagents and conditions: a) SOCl2, MeOH, �10 8C,
4 h (100%); b) Boc2O, NaHCO3, THF/H2O, 0–5 8C, overnight (92%); c) MsCl, pyridine, 0–5 8C, 10 h (93%);
d) NaN3, DMF, 45–55 8C, overnight (90%); e) PPh3, Boc2O, THF/H2O, 50 8C, 19 h (92%); f) TFA, DCM, 0–
5 8C, 10 h (100%); g) HOBt, PyBOP, TEA, DMF/DCM, �10 8C, 16 h (75%).
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linear polymers by Okamoto and co-workers[25] and
others.[26] It is hoped that the fixed stereochemical configura-
tion of the dendrons synthesized herein, when attached to a
linear polymer, will result in a rigid-rod-type polymer with
an unprecedented stable biased screw sense.


Experimental Section


Materials


All chemicals were purchased from Fluka or Acros Chemicals Co. at re-
agent grade and used without further purification unless otherwise speci-
fied. (2S,4R)-4-Hydroxy-l-proline and PyBOP were purchased from No-
vabiochem, and (2R,4R)-4-hydroxy-l-proline was purchased from
Bachem. Compounds 3[27] and 4a[28] were synthesized by modified litera-
ture methods at much larger scales. THF was heated at reflux over lithi-
um aluminum hydride, and DCM was distilled from CaH2 for drying. All
reactions were run under nitrogen atmosphere. Macherey–Nagel precoat-
ed TLC plates (silica gel 60 G/UV254, 0.25 mm) were used for TLC analy-
sis, and separation on the plates was visualized by treatment with etha-
nolic ninhydrin solution (1%) and subsequent heating at around 200 8C.
Silica gel 60 M (Macherey–Nagel, 0.04–0.063 mm, 230–400 mesh) was
used as the stationary phase for column chromatography. All samples
were dried thoroughly under vacuum prior to analytical measurements to
remove strongly adhering solvent molecules.


Measurements


1H and 13C NMR spectra were recorded on a Bruker AM 300 (1H:
300 MHz; 13C: 75 MHz) or AV 500 (1H: 500 MHz; 13C: 125 MHz) spec-
trometer at room temperature with CDCl3 or CD3OD as solvent, and
chemical shifts are reported as d values (ppm) relative to internal Me4Si.
Given the knowledge of isomerization in proline peptides, herein we give
only the chemical shifts of the compounds in a relatively simple style. For
13C NMR spectroscopy of G2 dendrons, the number of scans acquired
was usually more than 30000 owing to their low signal intensities. High-
resolution MALDI-TOF and ESI MS was performed by the MS service
of the Laboratorium f>r Organische Chemie, ETH Z>rich, on IonSpec
Ultra instruments. Elemental analysis was performed for the three key
compounds 4b, 7b, 10b, as well as the three diastereomeric G2 dendrons
1 by the Mikrolabor of the Laboratorium f>r Organische Chemie, ETH
Z>rich. The values for the latter three compounds are somewhat off the
calculated ones because of contamination with strongly adhering solvent
molecules. As with all the other compounds, the composition of the G2
dendrons was unequivocally established by high-resolution mass spec-
trometry. Melting points were measured on a B>chi B-540 melting-point
apparatus and are not corrected. Preparative HPLC separation was per-
formed on a recycling preparation HPLC instrument (LC-9101) from
Japan Analytical Industry Co., Ltd (chloroform as eluent (3.5 mLmin�1),
UV (230 nm) and refractive-index detector, columns: JAIGEL-2H+


JAIGEL-2.5H). Optical rotations for 4b, 7b, 10b, and 1 were measured
in chloroform on a Perkin–Elmer 241 polarimeter with a 1-dm cuvette.
Chiral HPLC analysis was carried out on a recycling preparation HPLC
instrument (LC-9101) from Japan Analytical Industry Co., Ltd with a
Daicel CHIRALCELKOJ column (2M25 cm). A mixed solvent of
hexane, isopropanol, and ethanol (volume ratio=9:1:1) was used as
eluent at a flow rate of 2 mLmin�1.


Syntheses


General procedure for methyl esterification of 4-hydroxyprolines (A):
Neat SOCl2 (4.8 mol) was slowly added dropwise into dry methanol
(1.3 L) at �10 8C. After the mixture was stirred for 1 h, 4-hydroxyproline
(1.10 mol) was added in small portions at 0 8C. After the mixture was
warmed to room temperature, it was stirred to clearness and then heated
at reflux for another 3 h. Evaporation of the solvent in vacuo afforded
the colorless corresponding methyl ester as the hydrochloride salt in
nearly quantitative yield.


General procedure for Boc protection (B): Sodium bicarbonate
(0.92 mol) was added to a solution of ammonium chloride (0.47 mol) in
THF (300 mL) and water (300 mL) in an ice bath, and then di-tert-butyl
bicarbonate (0.55 mol) was added in one portion at around 5 8C. The mix-
ture was warmed to room temperature and stirred overnight. It was then
concentrated to dryness in vacuo, and ethyl acetate (400 mL) was added
to extract the residue. The organic phase was washed successively with
HCl (0.1n), saturated sodium bicarbonate, and brine. The mixture was
then dried over MgSO4, filtered, and the solvent removed. Purification of
the residue by column chromatography or recrystallization with ethyl
acetate/hexane (2:1 v/v) yielded the Boc-protected product as colorless
needles.


General procedure for mesylation (C): The respective hydroxy com-
pound (171 mmol) was dissolved in dry pyridine (200 mL) and cooled in
an ice bath. MsCl (210 mmol) was added in one portion, and the reaction
mixture was stirred for 4 h in the ice bath and then for 6 h at room tem-
perature. The reaction was then quenched by the addition of methanol
(50 mL). Evaporation of the solvent gave a residue, which was dissolved
in ethyl acetate (300 mL). The organic phase was washed successively
with NaHCO3 (1m), citric acid (1m), and brine. The mixture was dried
over MgSO4, filtered, and the solvent removed. Purification of the resi-
due by column chromatography or recrystallization with ethyl acetate/
hexane (6:1 v/v) afforded the mesylated compound as light-yellow or col-
orless needles.


General procedure for azide substitution from the mesylated compound
(D): The mesylated compound (171 mmol) and NaN3 (462 mmol) were
stirred in dry N,N-dimethylformamide (DMF; 200 mL) at 45–55 8C over-
night. The solvent was evaporated, and the residue was taken up with
ethyl acetate (250 mL) and H2O (200 mL). After separation of the layers,
the organic phase was washed with H2O until it was neutral and then suc-
cessively with HCl (0.1n) and brine. The mixture was dried over MgSO4,
filtered, and the solvent removed. Purification of the residue by column
chromatography with ethyl acetate/hexane (1/5 v/v) afforded the azide as
a colorless oil.


General procedure for azide substitution from the hydroxy compound
under Mitsunobu conditions (E): DEAD (40% in toluene, 50.4 mmol)
was added dropwise to an ice-cooled, stirred solution of the Boc-protect-
ed hydroxy compound (38.7 mmol) and Ph3P (48.4 mmol) in dry THF
(150 mL) under nitrogen. After the mixture was stirred for 30 min, di-
ACHTUNGTRENNUNGphenylphosphoryl azide (48.4 mmol) was added dropwise, and the tem-
perature was allowed to rise to room temperature. After 12 h of continu-
ous stirring, the solvent was evaporated in vacuo. Purification by column
chromatography with ethyl acetate/hexane (1:5 v/v) afforded the azide as
a thick yellowish oil.


General procedure for azide reduction by hydrogenation (F): The azide
compound (53.3 mmol) and Boc2O (66.5 mmol) were dissolved in ethyl
acetate (250 mL), and the mixture was added to a glass hydrogenation
vessel containing 10% palladium/carbon catalyst. The vessel was shaken
at room temperature in a hydrogenator with H2 (3 bar) for 16 h. The re-
action mixture was then filtered through a pad of Al2O3 and concentrated
by rotary evaporator. The residue was dissolved in ethyl acetate, which
was washed successively with NaHCO3 and brine. The aqueous phases
were extracted with ethyl acetate three times, and the combined organic
phase was dried over MgSO4. After filtration, the solvent was evaporated
in vacuo. Purification by column chromatography with ethyl acetate/
hexane (1:6 v/v) followed by recrystallization from ethyl acetate/hexane
gave the Boc-protected product as colorless crystals.


General procedure for azide reduction under Staudinger conditions (G):
A mixture of the azide compound (125.8 mmol) and PPh3 (188.7 mmol)
in THF (300 mL) and water (13.6 mL) was stirred at 50 8C for 16 h. Pu-
rification with column chromatography (DCM/MeOH=20:1 v/v) afford-
ed the intermediate, which was dissolved in THF (200 mL) and mixed
with NaHCO3 (0.63 mol), water (50 mL), and Boc2O (188.7 mmol). The
mixture was stirred in an ice bath for 3 h and then for 6 h at room tem-
perature. Evaporation of the solvent gave a residue, which was dissolved
in ethyl acetate and washed successively with NaHCO3 and brine. The
aqueous phases were extracted with ethyl acetate three times, and the
combined organic phase was dried over MgSO4. After filtration, the sol-
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vent was evaporated in vacuo. Purification of the residue by column chro-
matography with ethyl acetate/hexane (1:6 v/v) afforded the Boc-protect-
ed product as colorless crystals.


General procedure for saponification of methyl ester by LiOH (H):
LiOH·H2O (85.7 mmol) was added to a solution of methyl ester
(43.6 mmol) in methanol (180 mL) and water (60 mL) at �5 8C with stir-
ring. The reaction temperature was then allowed to rise to room temper-
ature. After the mixture was stirred for 6 h, the solvents were evaporated
in vacuo at room temperature, and the residue was dissolved in DCM.
The pH of the solution was adjusted carefully to pH 5–6 with 10%
KHSO4. The organic phase was washed with brine. All the aqueous
phases were extracted with DCM three times. The combined organic
phase was dried over MgSO4. After filtration, the solvent was evaporated
in vacuo. Purification by column chromatography with ethyl acetate/
hexane (1:1 v/v) afforded the corresponding acid as colorless crystals.


General procedure for Boc removal with TFA (I): TFA (55.0 mmol) was
added to a solution of the Boc-protected compound (11.0 mmol) in DCM
(30 mL) at 0 8C, and the mixture was stirred for 6 h, after which an excess
of methanol was added to quench the reaction. Evaporation of the sol-
vents in vacuo yielded the deprotected product as colorless needlelike
crystals.


General procedure for amide coupling with PyBOP (J): The deprotected
compound (4.46 mmol) in dry DMF (15 mL) was added to a solution of
the acid (9.88 mmol) in dry DCM (26 mL) at room temperature. After
the solution was cooled to �10 8C, HOBt (11.5 mmol), DIPEA
(44.6 mmol), and PyBOP (9.88 mmol) were added successively under N2


atmosphere. The mixture was kept at that temperature for 2 h, then for
16 h at room temperature. It was washed successively with NaHCO3 and
brine, and all the aqueous phases were extracted with DCM three times.
The combined organic phases were dried over MgSO4. After filtration,
the solvent was evaporated in vacuo. Purification by column chromatog-
raphy with ethyl acetate/hexane (1:1 then 2:1 v/v) yielded the G2 ester as
a colorless foam.


3 : (2S,4R)-1-tert-Butoxycarbonyl-4-(methylsulfonyloxy)proline methyl
ester (3) was synthesized in three steps. Step 1: According to general pro-
cedure A from SOCl2 (290 mL, 4.8 mol) and 2a (146 g, 1.10 mol). Com-
pound 2b was afforded as a colorless product in nearly quantitative yield
(199.5 g, 99%). Step 2: According to general procedure B from sodium
bicarbonate (77.3 g, 0.92 mol) and 2b (84.7 g, 0.47 mol) with di-tert-butyl
bicarbonate (120 g, 0.55 mol) in THF (300 mL) and water (300 mL).
Compound 2c was obtained as colorless needles (110 g, 95%). Step 3:
According to general procedure C from 2c (42 g, 171 mmol) and MsCl
(24 g, 210 mmol). Compound 3 was afforded as light-yellow to colorless
needles (50.2 g, 91%). 1H NMR (300 MHz, CDCl3): d=1.39 and 1.43
(2 s, 9H, H-Boc), 2.18–2.28 (m, 1H, CH2


a), 2.51–2.66 (m, 1H, CH2
b), 3.03


(s, 3H, CH3), 3.72 (s, 3H, CH3), 3.77–3.82 (m, 2H, CH2), 4.34–4.46 (m,
1H, CH), 5.15–5.25 ppm (m, 1H, CH); 13C NMR (75 MHz, CDCl3): d=


28.1, 28.3, 36.2, 37.4, 38.6, 38.7, 52.1, 52.2, 52.4, 57.0, 57.4, 80.9, 154.2,
172.7 ppm; MS (ESI): m/z=346.0935 [M+Na]+ .


4a : Route 1: According to general procedure D from 3 (55.4 g,
171 mmol) and NaN3 (30.0 g, 462 mmol) in dry DMF (200 mL). (2S,4S)-
1-tert-Butoxycarbonyl-4-azidoproline methyl ester (4a) was given as a
colorless oil (41.0 g, 89%). 1H NMR (300 MHz, CDCl3): d=1.40 and 1.46
(2 s, 9H, H-Boc), 2.13–2.17 (m, 1H, CH2


a), 2.40–2.50 (m, 1H, CH2
b),


3.43–3.50 (m, 1H, CH2
a), 3.66–3.71 (m, 1H, CH2


b), 3.74 (s, 3H, CH3),
4.11–4.16 (m, 1H, CH), 4.33 and 4.42 ppm (2 dd, J=8.8, 4.3, 3.7 Hz, 1H,
CH); 13C NMR (75 MHz, CDCl3): d=28.4, 28.5, 35.2, 36.2, 50.9, 51.4,
52.4, 52.6, 57.5, 57.9, 58.4, 59.4, 80.7, 80.8, 153.6, 154.1, 172.1, 172.4 ppm;
MS (ESI): m/z=293.1219 [M+H]+ . Route 2: According to general pro-
cedure E from 2c (9.5 g, 38.7 mmol), DEAD (40% in toluene, 21.9 mL,
50.4 mmol), Ph3P (12.7 g, 48.4 mmol), and diphenylphosphoryl azide
(13.3 g, 48.4 mmol) in dry THF (150 mL). Chromatography separation
gave 4a as a viscous yellowish oil (7.6 g, 73%). Identical spectral data to
those by route 1 were obtained.


4b : Route 1: According to general procedure F from 4a (14.4 g,
53.3 mmol) and Boc2O (14.5 g, 66.5 mmol) in ethyl acetate (250 mL) con-
taining 10% palladium/carbon catalyst (1.5 g). (2S,4S)-1-tert-Butoxycar-
bonyl-4-(tert-butoxycarbonylamino)proline methyl ester (4b) was given


as a colorless foam (17.2 g, 94%). M.p.: 116.1 8C; [a]25D =�17.0 (c=1.44m,
CHCl3);


1H NMR (500 MHz, CDCl3): d =1.41 and 1.43 (2 s, 18H, H-
Boc), 1.84–1.96 (m, 1H, CH2


a), 2.36–2.50 (m, 1H, CH2
b), 3.35 and 3.44


(2 d, J=10.1, 9.8 Hz, 1H, CH2
a), 3.57–3.66 (m, 1H, CH2


b), 3.72 (s, 3H,
CH3), 4.22–4.34 (m, 2H, CH), 5.39 ppm (br s, 1H, NH); 13C NMR
(125 MHz, CDCl3): d=28.2, 28.3, 35.9, 36.8, 49.1, 50.0, 52.2, 52.5, 52.9,
53.4, 57.6, 57.8, 79.6, 80.4, 153.4, 154.2, 155.1, 174.3 ppm; MS (ESI):
m/z=367.1840 [M+Na]+ ; elemental analysis: calcd (%) for C16H28N2O6


(344.19): C 55.80, H 8.19, N 8.13; found: C 55.60, H 8.22, N 8.16.
Route 2: According to general procedure G from 4a (34 g, 125.8 mmol),
Boc2O (41.2 g, 188.7 mmol), and PPh3 (49.5 g, 188.7 mmol) in THF
(300 mL) and water (13.6 mL). Compound 4b was given as colorless crys-
tals (41.6 g, 96%). Identical spectral data to those by route 1 were ob-
tained.


4c : According to general procedure H from LiOH·H2O (3.6 g,
85.7 mmol) and 4b (15.0 g, 43.6 mmol) in methanol (180 mL) and water
(60 mL). (2S,4S)-1-tert-Butoxycarbonyl-4-(tert-butoxycarbonylamino)pro-
line (4c) was given as a colorless foam (12.5 g, 87%). 1H NMR
(300 MHz, CDCl3): d=1.45 and 1.51 (2 s, 9H, H-Boc), 2.04–2.52 (m, 2H,
CH2), 3.32–3.47 (m, 1H, CH2


a), 3.60–3.74 (m, 1H, CH2
b), 4.10–4.36 (m,


1H, CH), 4.36–4.49 (m, 1H, CH), 5.40 (br s, 1H, NH), 9.75 ppm (br s,
1H, CO2H);


13C NMR (75 MHz, CDCl3): d =28.5, 28.5, 32.9, 50.2, 54.5,
59.0, 80.0, 83.0, 155.6, 157.7, 173.5 ppm; MS (ESI): m/z=329.1720
[M�H]� .
4d : DCC (1.56 g, 7.56 mmol) was added to a solution of 4c (2.00 g,
6.05 mmol) and pentafluorophenol (1.34 g, 7.26 mmol) in DCM (25 mL)
at �15 8C under N2 atmosphere, and the mixture was stirred at room tem-
perature overnight. After the solid was filtered off, the solution was
washed successively with NaHCO3 and brine and dried over MgSO4. Pu-
rification by column chromatography with ethyl acetate/hexane (1:6 and
1:3 v/v) afforded (2S,4S)-1-tert-butoxycarbonyl-4-(tert-butoxycarbonyl-
ACHTUNGTRENNUNGamino)proline pentafluorophenol ester (4d) as a colorless foam (2.8 g,
92%). [a]25D =++4.2 (c=1.02m, CHCl3);


1H NMR (500 MHz, CD3OD):
d=1.41, 1.43, 1.45, and 1.46 (4 s, 18H, CH3), 2.18–2.28 (m, 1H, CH2


a),
2.60–2.70 (m, 1H, CH2


b), 3.38 and 3.47 (2 dd, J=11.1, 10.7 Hz, 1H,
CH2


a), 3.73–3.79 (m, 1H, CH2
b), 4.62 and 4.68 (2 dd, J=8.4, 8.2 Hz, 1H,


CH), 4.93 and 5.00 ppm (2 dd, J=5.8 Hz, 1H, CH); 13C NMR (125 MHz,
CD3OD): d=27.9, 28.2, 28.4, 36.6, 37.8, 49.4, 50.2, 52.4, 52.8, 57.3, 57.4,
80.1, 81.3, 81.6, 137.1, 139.1, 140.3, 142.2, 153.5, 154.1, 155.3, 169.7,
170.0 ppm; MS (MALDI): m/z=519.1530 [M+Na]+ , 535.1264 [M+K]+ .


4e : According to general procedure I from TFA (6.3 g, 55.0 mmol) and
4b (3.8 g, 11.0 mmol) in DCM (30 mL). (2S,4S)-4-aminoproline methyl
ester TFA adduct (4e) was given as colorless needles (4.1 g, 100%).
1H NMR (300 MHz, CD3OD): d=2.25–2.36 (m, 1H, CH2


a), 2.92–3.02 (m,
1H, CH2


b), 3.53–3.59 (m, 1H, CH2
a), 3.80–3.87 (m, 1H, CH2


b), 3.90 (s,
3H, CH3), 4.13–4.24 (m, 1H, CH), 4.62–4.68 ppm (m, 1H, CH);
13C NMR (75 MHz, CD3OD): d =34.0, 50.0, 50.5, 55.1, 60.9, 169.8 ppm;
MS (ESI): m/z=145.2 [M+H]+ .


ACHTUNGTRENNUNG(2S,4S)-1: According to general procedure J from 4e (4.98 g,
13.38 mmol), 4c (9.78 g, 29.64 mmol), HOBt (4.68 g, 34.50 mmol),
PyBOP (15.42 g, 29.64 mmol), and DIPEA (17.31 g, 133.80 mmol).
(2S,4S)-1-[(2S,4S)-1-(tert-Butoxycarbonyl)-4-(tert-butoxycarbonylamino)-
pyrrolidine-2-carbonyl]-4-[(2S,4S)-1-(tert-butoxycarbonyl)-4-(tert-butoxy-
carbonylamino)pyrrolidine-2-carbonylamino]proline methyl ester
((2S,4S)-1) was given as a colorless solid foam (8.84 g, 86%). The product
(222 mg) was further purified by preparative HPLC to yield 220 mg.
M.p.: 134.1 8C; [a]25D =�60.2 (c=1.15m, CHCl3);


1H NMR (500 MHz,
CDCl3): d=1.35, 1.38, 1.39, and 1.40 (4 s, 36H, CH3), 1.85–2.00 (m, 2H,
CH2), 2.23 (br s, 2H, CH2), 2.37–2.55 (m, 2H, CH2), 3.36–3.56 (m, 4H,
CH2), 3.64–3.79 (m, 1H, CH2), 3.79 (s, 3H, CH3), 3.97–4.15 (m, 1H,
CH2), 4.17–4.26 (m, 2H, CH), 4.37–4.47 (m, 2H, CH), 4.51–4.68 (m, 2H,
CH), 5.92 and 6.04 (2 br, 2H, NH), 7.72 and 7.84 ppm (2 br, 1H, NH);
13C NMR (125 MHz, CDCl3): d =28.3, 28.3, 28.4, 33.1, 34.1, 35.1, 49.2,
49.3, 50.0, 52.7, 53.0, 54.6, 54.9, 56.8, 58.1, 59.6, 79.0, 79.5, 80.1, 80.2, 80.8,
153.1, 154.2, 155.4, 155.7, 172.0, 172.3 ppm; MS (MALDI): m/z=


791.4168 [M+Na]+ ; elemental analysis: calcd (%) for C36H60N6O12


(768.43): C 56.23, H 7.87, N 10.93; found: C 55.12, H 8.09, N 10.78.
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5 : DEAD (19.5 mL, 44.79 mmol, 40% in toluene) was added dropwise to
a solution of 2c (5 g, 20.38 mmol), p-nitrobenzoic acid (6.8 g,
40.69 mmol), and PPh3 (11.8 g, 45.00 mmol) in dry THF (100 mL) at 0 8C
with stirring. The reaction was then stirred at room temperature for 12 h.
After evaporation of the solvent to dryness, the residue was taken with
DCM and then washed successively with NaHCO3 and brine. After the
mixture was dried over MgSO4, purification by column chromatography
with ethyl acetate/hexane (1:3 v/v) yielded the ester as yellowish crystals,
which were recrystallized from hexane/ethyl acetate (9:1 v/v) to afford
pure (2S,4S)-1-tert-butoxycarbonyl-4-(4-nitrobenzoyloxy)proline methyl
ester (5 ; 7.40 g, 92%). 1H NMR (500 MHz, CDCl3): d=1.43 and 1.47
(2 s, 9H, CH3), 2.45 (d, J=14.5 Hz, 1H, CH2


a), 2.50–2.62 (m, 1H, CH2
b),


3.53 (s, 3H, CH3), 3.68–3.84 (m, 2H, CH2), 4.54 (dd, J=9.5, 8.5 Hz, 1H,
CH), 5.56 (br s, 1H, CH), 8.15 (d, J=8.5 Hz, 2H, CH), 8.28 ppm (d, J=


8.5 Hz, 2H, CH); 13C NMR (125 MHz, CDCl3): d =28.4, 28.5, 35.8, 36.7,
52.3, 52.4, 52.5, 52.7, 57.6, 57.9, 73.6, 74.7, 80.7, 80.8, 123.7, 131.0, 135.2,
150.9, 153.8, 154.2, 164.0, 164.2, 172.3, 172.5 ppm; MS (MALDI): m/z=


417.1266 [M+Na]+ .


6a : A mixture of 5 (8.00 g, 20.30 mmol) and NaN3 (5.27 g, 81.2 mmol) in
MeOH (150 mL) was stirred at 40 8C for 12 h. After evaporation of the
solvent, the residue was taken up in DCM, and the organic phase was
washed successively with NaHCO3 and brine. Purification by column
chromatography with ethyl acetate/hexane (1:3 v/v) gave (2S,4S)-1-tert-
butoxycarbonyl-4-hydroxyproline methyl ester (6a) as colorless crystals
(4.60 g, 92%). 1H NMR (500 MHz, CDCl3): d=1.40 and 1.44 (2 s, 9H,
CH3), 2.04–2.09 (m, 1H, CH2), 2.26–2.36 (m, 1H, CH2), 3.30 and 3.48
(2 s, 1H, OH), 3.48–3.59 (m, 1H, CH2), 3.59 and 3.68 (2 d, J=11.5 Hz,
1H, CH2), 3.76 and 3.78 (2 s, 3H, CH3), 4.26–4.36 ppm (m, 2H, CH);
13C NMR (125 MHz, CDCl3): d =28.4, 28.5, 37.9, 38.7, 52.7, 53.0, 55.5,
56.1, 57.8, 58.0, 70.4, 71.5, 80.6, 153.8, 154.6, 175.6, 175.9 ppm; MS (ESI):
m/z=168.0633 [M+Na�Boc]+ , 268.1164 [M+Na]+ .


6b : According to general procedure C from 6a (3.50 g, 14.27 mmol) and
MsCl (2.45 g, 21.40 mmol) to give (2S,4S)-1-tert-butoxycarbonyl-4-methyl-
sulfonyloxyproline methyl ester (6b) as a colorless foam (4.4 g, 95%);
1H NMR (500 MHz, CDCl3): d=1.42 and 1.47 (2 s, 9H, CH3), 2.44–2.54
(m, 2H, CH2), 3.00 (s, 3H, CH3), 3.74 (s, 3H, CH3), 3.76–3.81 (m, 2H,
CH2), 4.38–4.52 (m, 1H, CH), 5.22–5.24 ppm (m, 1H, CH); 13C NMR
(125 MHz, CDCl3): d=28.4, 28.5, 36.4, 37.3, 39.1, 52.1, 52.5, 52.6, 57.2,
57.5, 78.5, 80.9, 81.0, 153.6, 154.0, 171.9, 172.1 ppm; MS (ESI): m/z=


246.0424 [M+Na�Boc]+ , 346.0923 [M+Na]+ .


7a : According to general procedure D from 6b (4.4 g, 13.61 mmol) and
NaN3 (5 g, 76.91 mmol) to give (2S,4R)-1-tert-butoxycarbonyl-4-azidopro-
line methyl ester (7a) as a colorless oil (3.4 g, 92%). 1H NMR (500 MHz,
CDCl3): d=1.40 and 1.45 (2 s, 9H, CH3), 2.16–2.19 (m, 1H, CH2), 2.26–
2.36 (m, 1H, CH2), 3.44 and 3.59 (2 dd, J=11.4, 3.5, 1.7 Hz, 1H, CH2),
3.70 (dd, J=11.6, 5.4 Hz, 1H, CH2), 3.73 and 3.74 (2 s, 3H, CH3), 4.16–
4.20 (m, 1H, CH), 4.30–4.42 ppm (m, 1H, CH); 13C NMR (125 MHz,
CDCl3): d=17.7, 28.4, 28.5, 35.5, 36.4, 51.4, 51.5, 52.4, 52.6, 57.9, 58.9,
59.4, 80.8, 153.5, 154.1, 173.1 ppm; MS (ESI): m/z=193.0696 [M+


Na�Boc]+ , 293.1216 [M+Na]+ .


7b : According to general procedure G from 7a (3.3 g, 12.21 mmol) and
PPh3 (5.00 g, 19.06 mmol) to give (2S,4R)-1-tert-butoxycarbonyl-4-amino-
proline methyl ester (7b) as a colorless oil (3.0 g, 100%). [a]25D =�47.4
(c=1.22m, CHCl3);


1H NMR (500 MHz, CDCl3): d =1.36 and 1.41 (2 s,
9H, CH3), 1.94–2.02 (m, 1H, CH2), 2.06–2.12 (m, 1H, CH2), 3.06 and
3.16 (2 dd, J=10.0, 5.1, 4.0 Hz, 1H, CH2), 3.61–3.66 (m, 2H, CH2), 3.68
and 3.69 (2 s, 3H, CH3), 4.30 and 4.39 ppm (2 dd, J=8.6, 8.2, 5.8, 4.6 Hz,
1H, CH); 13C NMR(125 MHz, CDCl3): d =28.4, 28.5, 39.1, 39.7, 49.7,
50.5, 52.1, 52.3, 54.6, 54.9, 58.0, 58.3, 80.2, 80.2, 153.9, 154.6, 173.4,
173.7 ppm; MS (ESI): m/z=267.1317 [M+Na]+ ; elemental analysis:
calcd (%) for C11H20N2O4 (244.14): C 54.08, H 8.25, N 11.47; found: C
53.80, H 8.30, N 11.62.


7c : According to general procedure I from 7b (0.80 g, 3.27 mmol) and
TFA (1.87 g, 16.35 mmol) to give (2S,4R)-4-aminoproline methyl ester
TFA adduct (7c) as colorless crystals (1.21 g, 100%). 1H NMR
(500 MHz, D2O): d =2.44–2.50 (m, 1H, CH2), 2.58–2.64 (m, 1H, CH2),
3.39 and 3.43 (2 d, J=13.2, 5.8 Hz, 1H, CH2), 3.62–3.66 (m, 1H, CH2),
3.70 (s, 3H, CH3), 3.82–3.86 (m, 1H, CH), 4.07–4.09 ppm (m, 1H, CH);


13C NMR (125 MHz, D2O): d=30.3, 32.3, 48.7, 48.8, 54.8, 59.2,
169.1 ppm; MS (ESI): m/z=145.0977 [M+H]+ .


ACHTUNGTRENNUNG(2S,4R)-1: A solution of 4d (7.32 g, 14.74 mmol) in acetonitrile (15 mL)
was added to a solution of 7c (2.50 g, 6.70 mmol) and TEA (6.80 g,
67.00 mmol) in dry acetonitrile (30 mL) at �8 8C. After the mixture was
stirred at room temperature for 12 h, it was washed successively with
NaHCO3 and brine, and all the aqueous phases were extracted with
DCM three times. The combined organic phases were dried over MgSO4.
After filtration, the solvent was evaporated in vacuo. Purification by
column chromatography with ethyl acetate/hexane (1:1 then 2:1 v/v) gave
(2S,4R)-1-[(2S,4S)-1-(tert-butoxycarbonyl)-4-(tert-butoxycarbonylamino)-
pyrrolidine-2-carbonyl]-4-[(2S,4S)-1-(tert-butoxycarbonyl)-4-(tert-butoxy-
carbonylamino)pyrrolidine-2-carbonylamino]proline methyl ester
((2S,4R)-1) as a colorless solid foam (4.30 g, 85%). M.p.: 128.4 8C; [a]25D =


�82.7 (c=1.09m, CHCl3);
1H NMR (500 MHz, CDCl3): d =1.37, 1.40,


1.41, and 1.44 (4 s, 36H, CH3), 2.17–2.28 (m, 6H, CH2), 3.23–3.34 (m,
3H, CH2), 3.50–3.54 (m, 1H, CH2), 3.71 and 3.72 (2 s, 3H, CH3), 3.76–
3.82 (m, 2H, CH2), 4.20–4.27 (m, 2H, CH), 4.30–4.39 (m, 3H, CH), 4.46–
4.52 ppm (m, 1H, CH); 13C NMR(125 MHz, CDCl3): d =28.2, 28.2, 28.4,
29.7, 31.7, 35.7, 36.6, 47.9, 48.6, 50.0, 51.2, 51.5, 52.2, 52.4, 52.9, 55.3, 57.4,
57.9, 59.3, 79.8, 80.7, 80.9, 81.5, 81.6, 131.8, 131.9, 132.0, 133.7, 135.7,
136.8, 136.9, 136.9, 137.0, 137.2, 137.3, 138.9, 139.1, 139.2, 153.7, 154.3,
155.9, 156.4, 172.2, 172.3, 172.7, 172.9 ppm; MS (ESI): m/z=791.4163
[M+Na]+ ; elemental analysis: calcd (%) for C36H60N6O12 (768.43): C
56.23, H 7.87, N 10.93; found: C 55.37, H 7.77, N 10.52.


9 : (2R,4R)-1-tert-Butoxycarbonyl-4-methylsulfonyloxyproline methyl
ester (9) was synthesized in three steps. Step 1: According to general pro-
cedure A from SOCl2 (20 g, 168.1 mmol), MeOH (50 mL), and 8a
(5.00 g, 38.13 mmol) to give 8b as a colorless product in nearly quantita-
tive yield (6.90 g, 100%). Step 2: According to general procedure B from
sodium bicarbonate (16.2 g, 152.83 mmol) and 8b (6.90 g, 38.13 mmol)
with di-tert-butyl bicarbonate (12.50 g, 57.18 mmol) in THF (50 mL) and
water (30 mL) to give 8c as colorless needles (8.30 g, 92%). Step 3: Ac-
cording to general procedure C from 8c (7.00 g, 28.54 mmol) and MsCl
(3.92 g, 34.22 mmol) to afford 9 as light-yellow to colorless needles
(8.60 g, 93%). 1H NMR (500 MHz, CDCl3): d=1.41 and 1.46 (2 s, 9H,
CH3), 2.47–2.53 (m, 2H, CH2), 3.00 (s, 3H, CH3), 3.74 (s, 3H, CH3), 3.79–
3.81 (m, 2H, CH2), 4.38 and 4.52 (2 d, J=6.5 Hz, 1H, CH), 5.20–
5.23 ppm (m, 1H, CH); 13C NMR (125 MHz, CDCl3): d =28.4, 28.5, 31.7,
36.4, 37.3, 39.1, 52.1, 52.5, 52.6, 57.2, 57.5, 78.5, 80.9, 80.9, 153.6, 154.0,
171.9, 172.1 ppm; MS (MALDI): m/z=324.1116 [M+H]+ , 346.0928 [M+


Na]+ .


10a : According to general procedure D from 9 (8.4 g, 25.98 mmol) and
NaN3 (7.8 g, 120.00 mmol) in DMF (120 mL) to give (2R,4S)-1-tert-
butoxy ACHTUNGTRENNUNGcarbonyl-4-azidoproline methyl ester (10a) as a colorless oil (6.3 g,
90%). 1H NMR (500 MHz, CDCl3): d=1.39 and 1.44 (2 s, 9H, CH3),
2.12–2.17 (m, 1H, CH2), 2.27–2.32 (m, 1H, CH2), 3.44 and 3.57 (2 d, J=


10.5, 8.0 Hz, 1H, CH2), 3.66–3.70 (m, 1H, CH2), 3.71 and 3.72 (2 s, 3H,
CH3), 4.29–4.40 ppm (m, 1H, CH); 13C NMR(125 MHz, CDCl3): d=28.3,
28.5, 35.5, 36.4, 51.4, 51.5, 52.4, 52.6, 57.5, 57.9, 58.9, 59.4, 80.8, 153.5,
154.1, 172.9, 173.1 ppm; MS (ESI): m/z=193.0705 [M+Na�Boc]+ ,
293.1216 [M+Na]+ .


10b : According to general procedure G from 10a (6.0 g, 22.20 mmol) and
PPh3 (8.7 g, 33.17 mmol), and then Boc2O (7.27 g, 33.31 mmol) with
NaHCO3 (9.30 g, 110.70 mmol) in THF (200 mL) to give (2R,4S)-1-tert-
butoxycarbonyl-4-tert-butoxycarbonylaminoproline methyl ester (10b) as
colorless crystals (7.03 g, 92%). M.p.: 119.0 8C; [a]25D =++39.6 (c=1.35m,
CHCl3);


1H NMR (500 MHz, CDCl3): d=1.38, 1.41, and 1.42 (3 s, 18H,
CH3), 2.12–2.18 (m, 2H, CH2), 3.20 and 3.33 (2 dd, J=11.0, 5.0, 3.5 Hz,
1H, CH2), 3.69 and 3.70 (2 s, 3H, CH3), 4.25–4.36 (m, 2H, CH), 4.72 ppm
(d, J=9.0 Hz, 1H, NH); 13C NMR(125 MHz, CDCl3): d =28.4, 28.5, 36.1,
37.2, 52.3, 52.4, 57.5, 57.9, 80.1, 80.6, 153.7, 154.4, 155.2, 173.2 ppm; MS
(ESI): m/z=367.1839 [M+Na]+ ; elemental analysis: calcd (%) for
C16H28N2O6 (344.19): C 55.80, H 8.19, N 8.13; found: C 56.05, H 8.07, N
8.11.


10c : According to general procedure I from 10b (2.05 g, 5.95 mmol) and
TFA (15 g, 131.56 mmol) to give (2R,4S)-4-aminoproline methyl ester
TFA adduct (10c) as a colorless oil (2.20 g, 100%); 1H NMR (500 MHz,
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D2O): d=2.57–2.77 (m, 2H, CH2), 3.54 and 3.60 (2 d, J=9.0 Hz, 1H,
CH2), 3.87 (s, 3H, CH3), 3.91–3.98 (m, 1H, CH2), 4.17–4.25 (m, 1H, CH),
4.78–4.84 ppm (m, 1H, CH); 13C NMR(125 MHz, D2O): d =32.1, 47.3,
47.4, 47.6, 47.8, 48.0, 48.1, 48.3, 48.6, 52.9, 58.5, 167.9 ppm; MS (ESI):
m/z=145.0975 [M+H]+ .


ACHTUNGTRENNUNG(2R,4S)-1: According to general procedure J from 4c (3.46 g,
10.47 mmol), 10c (1.66 g, 4.46 mmol), TEA (4.13 g, 40.84 mmol), HOBt
(14.8 mL in NMP, 14.80 mmol), and PyBOP (6.8 g, 13.07 mmol) to give
(2R,4S)-1-[(2S,4S)-1-(tert-butoxycarbonyl)-4-(tert-butoxycarbonylamino)-
pyrrolidine-2-carbonyl]-4-[(2S,4S)-1-(tert-butoxycarbonyl)-4-(tert-butoxy-
carbonylamino)pyrrolidine-2-carbonylamino]proline methyl ester
((2R,4S)-1) as a colorless solid foam (2.57 g, 75%). M.p.: 137.0 8C; [a]25D =


�3.5 (c=1.00m, CHCl3);
1H NMR (500 MHz, CDCl3): d=1.41, 1.43,


1.44, 1.45, and 1.47 (5 s, 36H, CH3), 1.77 (s, 2H, CH2), 1.81–1.87 (m, 1H,
CH2), 2.08–2.42 (m, 4H, CH2), 3.34–3.71 (m, 5H, CH2), 3.75 (s, 3H,
CH3), 4.11–4.70 ppm (m, 6H, CH); 13C NMR(125 MHz, CDCl3): d=28.2,
28.4, 28.5, 28.5, 28.6, 31.7, 33.9, 34.5, 35.3, 35.4, 36.6, 36.8, 37.4, 38.1, 46.5,
47.4, 48.0, 49.2, 49.3, 49.4, 50.0, 50.1, 51.4, 51.9, 52.1, 52.5, 52.6, 53.0, 53.2,
54.5, 54.9, 55.2, 55.4, 55.5, 56.0, 56.8, 56.9, 57.9, 58.2, 58.4, 58.6, 59.3, 59.5,
67.2, 77.0, 77.3, 77.5, 77.5, 79.4, 79.5, 80.2, 80.4, 80.5, 80.8, 81.3, 81.7, 96.2,
153.2, 153.5, 154.1, 154.7, 155.3, 155.7, 156.6, 171.6, 172.2, 172.6, 172.7,
172.9, 173.2 ppm; MS (ESI): m/z=791.4167 [M+Na]+ ; elemental analy-
sis: calcd (%) for C36H60N6O12 (768.43): C 56.23, H 7.87, N 10.93; found:
C 54.62, H 7.85, N 10.76.
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Bonding Analysis of N-Heterocyclic Carbene Tautomers and Phosphine
Ligands in Transition-Metal Complexes: A Theoretical Study**


Ralf Tonner, Greta Heydenrych, and Gernot Frenking*[a]


Introduction


The significance of N-heterocyclic carbenes (NHCs) has bur-
geoned apace over the last few years. The first transition-
metal complexes with NHC ligands had already been syn-
thesized in 1968 by $fele[1] and by Wanzlick and Schçn-
herr.[2] Great impact on research in the field was made by
the isolation of the first free NHC by Arduengo et al. in
1991.[3] The revitalized experimental work showed that
NHCs are versatile ligands in transition-metal chemistry.[4]


Intensive investigative efforts in the synthesis[5] and catalytic
applications, such as olefin metathesis,[6] carbon–carbon cou-
pling,[7] hydrogenation,[8] and hydrosilylation,[9] of NHC
complexes soon followed.


NHC ligands most commonly coordinate to metals in the
C2 position (Scheme 1, left), and until recently, only com-
plexes that carry “normal” NHC ligands (nNHCs) were
known. The first C4/C5-coordinated NHC complex, the so-
called “abnormal” carbene complex, was synthesized by
Crabtree and co-workers[10] by the addition of variously sub-
stituted 2-pyridylimidazolium salts to [IrH5ACHTUNGTRENNUNG(PPh3)]. No rear-
rangement to the C2-bonded isomer occurred, even under
heating. Since then, a number of other complexes with “ab-
normal” carbene ligands (aNHCs; Scheme 1, center) have
been synthesized by the same group[11] and by others.[12] Spe-
cifically, it was found that two properties of the 2-pyridylimi-
dazolium salt determines whether it binds normally (C2) or
abnormally (C4/C5). First, the shorter the linker (hence, the
smaller the bite angle), the more the C4/C5 carbene com-
plex is formed, except when these positions are blocked.
The product ratio is also shifted in favor of the C4/C5 car-


Abstract: DFT calculations at the
BP86/TZ2P level were carried out to
analyze quantitatively the metal–ligand
bonding in transition-metal complexes
that contain imidazole (IMID), imida-
zol-2-ylidene (nNHC), or imidazol-4-yl-
idene (aNHC). The calculated com-
plexes are [Cl4TM(L)] (TM=Ti, Zr,
Hf), [(CO)5TM(L)] (TM=Cr, Mo, W),
[(CO)4TM(L)] (TM=Fe, Ru, Os), and
[ClTM(L)] (TM=Cu, Ag, Au). The
relative energies of the free ligands in-
crease in the order IMID<nNHC<


aNHC. The energy levels of the carbon
s lone-pair orbitals suggest the trend
aNHC>nNHC> IMID for the donor
strength, which is in agreement with
the progression of the metal–ligand
bond-dissociation energy (BDE) for
the three ligands for all metals of


Groups 4, 6, 8, and 10. The electrostatic
attraction can also be decisive in deter-
mining trends in ligand–metal bond
strength. The comparison of the results
of energy decomposition analysis for
the Group 6 complexes [(CO)5TM(L)]
(L=nNHC, aNHC, IMID) with phos-
phine complexes (L=PMe3 and PCl3)
shows that the phosphine ligands are
weaker s donors and better p accept-
ors than the NHC tautomers nNHC,
aNHC, and IMID.
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Scheme 1. The imidazole tautomers nNHC, aNHC, and IMID.
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bene complexes with increasing size of the so-called wingtip
groups R.[11b] Nonchelating examples of aNHCs have also
been isolated,[11d] but they were found to be less stable. It
was later discovered that the choice of counterion to the car-
bene ligand plays a critical role in determining whether the
carbene coordinates normally or abnormally.[11a,c] Interest-
ingly, the C4/C5 carbenes are expected to be better electron
donors than their C2 counterparts, even though they were
suggested to be more weakly bonded to the metal.[13] DFT
calculations showed that free and complexed abnormal car-
benes are higher in energy than normal carbenes.[14] The
chemistry of abnormal carbenes was recently reviewed by
Arnold and Pearson.[15]


The nNHC (imidazol-2-ylidene) and aNHC (imidazol-4-
ylidene) carbenes are tautomeric forms of the most stable
isomer imidazole (IMID; Scheme 1, right). As the imidazole
ring is a moiety of histidine, in which it plays an important
role in a variety of biologically important systems,[16] it has
been studied extensively both as a free species and as a
ligand in transition-metal complexes. The preferential C
versus N binding in imidazole complexes was studied by
Sini, Eisenstein, and Crabtree (SEC).[14a] They found that an
important factor in deciding the ratio of N- to C2-coordinat-
ed groups in transition-metal complexes lies in the ligand
trans to the carbene position. High-trans-effect ligands gen-
erally favor the N-imidazole, probably because transition-
metal–N bonds tend to be longer than transition-metal–C
bonds. However, in moving down the periodic table, the bal-
ance is shifted towards the carbene form, probably because
the longer bonds overall tend to cancel the trans ef ACHTUNGTRENNUNGfect.[14a]


Protonation reactions of aNHC, nNHC, and IMID were
studied theoretically by Magill and Yates.[14b]


As NHCs have been termed the most important ancillary
ligands after cyclopentadienyls and the ubiquitous phos-
phines,[13] much effort has been made to understand their
electronic structure and binding modes. Chemically, nNHCs
are best compared to phosphines, as both classes of ligands
are monodentate, two-electron donors. However, nNHCs
have many properties that set them apart from phosphines.
The former are generally regarded as better s donors than
the latter, while the p-acceptor strength is often thought to
be weak, although the carbene carbon atom has a formally
empty pp orbital.[17] Theoretical studies showed that p-elec-
tron density is donated from the two nitrogen atoms in the
1- and 3-positions of the azole ring to the empty pp orbital
of the sp2-hybridized carbene carbon atom.[18] The electron
donation increases upon coordination of the carbene carbon
atom to a metal center, partly to offset its s donation to the
metal. This diminishes the ability of the carbene to accept
electron density from the metal atom, but enables it to be a
good s donor.[19] The cyclic p delocalization in unsaturated
six-p-electron imidazol-2-ylidenes yields weak aromaticity in
the five-membered ring, but N!C p donation in C–C satu-
rated imidazoline-2-ylidenes is not much less than in the
former species.[18b] Thus, the carbene carbon atom with its
two N substituents in nNHCs can be regarded as a three-
center, four-electron p system.[20]


The weakness of p backdonation from the metal to the
nNHC ligand in complexes of Groups 10 and 11 has been
controversially discussed in some recent work. Whereas
some p interaction was suggested for bis ACHTUNGTRENNUNG(carbene) com-
plexes of nickel(0) and platinum(0), the complexes of
Group 11 metals were suggested to be purely s-bonded.[21]


In contrast, a significant amount of p interaction between
Group 11 metals and carbene ligands was suggested on the
basis of structural data and by visual inspection of the shape
of the calculated molecular orbitals.[22,23] An energy-decom-
position analysis of [(nNHC)TMX] and [(nNHC)2TM]+


complexes (TM=Cu, Ag, Au; X=F, Cl, Br, I) showed that
p backdonation in the latter compounds is not much weaker
than in classical Fischer carbene complexes that bear two p-
donor groups R at the CR2 carbene ligand.[24]


Recent computational evidence[25] shows that the bonding
situation for nNHCs may be even more varied. When the
metal centers are very electrophilic, they may be stabilized
by p donation from the nNHC ligand to an electron-defi-
cient metal center. A computational study by Jacobsen
et al.[26] suggests that nNHCs are not exclusively s donors,
but can also receive significant p-electron density; in the
case of electrophilic d0 systems, even p donation from the
nNHC is possible. Thus, nNHCs may act as p acids or p


bases, depending on the metal center to which they are coor-
dinated. The stereoelectronic parameters that are associated
with NHC ligands were recently summarized in a compre-
hensive review by DRez-GonzSlez and Nolan.[27]


It would be a significant contribution to the knowledge of
the strength and the nature of metal–ligand bonding if the
complexes LnTM ACHTUNGTRENNUNG(nNHC), LnTM ACHTUNGTRENNUNG(aNHC), and LnTM ACHTUNGTRENNUNG(IMID)
were calculated and the bonding situation analyzed with
modern quantum-chemical methods. Herein, we report the-
oretical studies of early, middle, and late transition metals
with the ligands nNHC, aNHC, and IMID. The calculated
complexes are [Cl4TM ACHTUNGTRENNUNG(nNHC)] (1TM(n)), [Cl4TM ACHTUNGTRENNUNG(aNHC)]
(1TM(a)), and [Cl4TM ACHTUNGTRENNUNG(IMID)] (1TM(I)) (TM=Ti, Zr, Hf),
[(CO)5TM ACHTUNGTRENNUNG(nNHC)] (2TM(n)), [(CO)5TM ACHTUNGTRENNUNG(aNHC)]
(2TM(a)), and [(CO)5TM ACHTUNGTRENNUNG(IMID)] (2TM(I)) (TM=Cr, Mo,
W), [(CO)4TM ACHTUNGTRENNUNG(nNHC)] (3TM(n)), [(CO)4TM ACHTUNGTRENNUNG(aNHC)]
(3TM(a)), and [(CO)4TM ACHTUNGTRENNUNG(IMID)] (3TM(I)) (TM=Fe, Ru,
Os), and [ClTM ACHTUNGTRENNUNG(nNHC)] (4TM(n)), [ClTM ACHTUNGTRENNUNG(aNHC)]
(4TM(a)), and [ClTM ACHTUNGTRENNUNG(IMID)] (4TM(I)) (TM=Cu, Ag, Au).
The investigated complexes are shown in Table 1. The theo-
retically predicted equilibrium geometries and metal–ligand
bond-dissociation energies (BDEs) are given. The nature of
the metal–ligand interactions was investigated with energy
decomposition analysis (EDA). We compared the nature of
the bonding in [(CO)5TM(L)] (TM=Cr, Mo, W) for L=


nNHC, aNHC, and IMID with the bonding in the related
phosphine complexes [(CO)5TM ACHTUNGTRENNUNG(PX3)] (X=H, Me, F, Cl),
which was analyzed by us in a previous paper.[28] To the best
of our knowledge, this is the first comprehensive study that
compares the bonding behavior of the different tautomers
of imidazole as well as phosphine in a variety of chemical
environments by using a quantitative bonding analysis that
goes beyond descriptions in terms of orbital interactions.[43]
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Thus, for the first time, we prove rigorously much of what
was previously only speculation.


Results and Discussion


Geometries and Energies


The optimized geometries of the free imidazole isomers
nNHC, aNHC, and IMID at the BP86/TZ2P level are
shown in Figure 1, along with the most important bond
lengths and angles and the relative energies of the com-
pounds. The full set of geometrical data is listed in the Sup-
porting Information, Table S1. The imidazole molecule
IMID is 26.7 kcalmol�1 lower in energy than the nNHC


isomer, which in turn is 17.4 kcalmol�1 more stable than the
aNHC form. This is in agreement with the previous work by
SEC, who reported that the relative energies are IMID
(0.0 kcalmol�1)<nNHC (28.9 kcalmol�1)<aNHC (48.9 kcal
mol�1).[14a]


Figure 2 shows the optimized geometries of the calculated
complexes [Cl4TM(L)], [(CO)5TM(L)], [(CO)4TM(L)], and
[ClTM(L)] (L=nNHC, aNHC, IMID). The full set of geo-
metrical data is given in the Supporting Information,
Table S2.


The equilibrium geometries of the Group 4 complexes
[Cl4TM ACHTUNGTRENNUNG(nNHC)] and [Cl4TM ACHTUNGTRENNUNG(aNHC)] (TM=Ti, Zr, Hf)
have the carbene ligand in the equatorial position, whereas
the imidazole ligand IMID occupies an axial position in
[Cl4TM ACHTUNGTRENNUNG(IMID)] (Figure 2). The energy differences between
the axial and equatorial isomers of the [Cl4TM(L)] com-
plexes are quite small. Geometry optimization of the axial
form of [Cl4TM ACHTUNGTRENNUNG(nNHC)] and [Cl4TM ACHTUNGTRENNUNG(aNHC)] gave struc-
tures that, in all cases, are less than 1 kcalmol�1 higher in
energy than the equatorial energy minima. The axial forms
have one or sometimes two imaginary modes with low fre-
quencies. Likewise, the equatorial isomers of [Cl4TM-
ACHTUNGTRENNUNG(IMID)] are less than 1 kcalmol�1 less stable than the axial
forms.


Table 2 gives the optimized TM�L bond lengths, the rela-
tive energies of the isomers, and the calculated TM�L
BDEs. The calculated data reveal interesting trends. The
aNHC ligand is always more strongly bonded than the
nNHC ligand. The difference DDe lies between 3.7 kcal
mol�1 for 3FeL and 2CrL and 5.8 kcalmol�1 for 1HfL. The
stronger TM–aNHC bonds make the energy difference be-
tween the complexes TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(aNHC) smaller
than those between the free ligands, so that the TM ACHTUNGTRENNUNG(nNHC)
complexes are only 11.7–13.7 kcalmol�1 lower in energy
than the TM ACHTUNGTRENNUNG(aNHC) species. For the BDEs of the TM-
ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) compounds, much larger differen-
ces were calculated, as the latter molecules have significant-
ly weaker metal–ligand bonds than the former. The differen-
ces DDe are between 14.2 kcalmol�1 for 1ZrL and 28.4 kcal
mol�1 for 4AuL. The weaker bonds yield smaller energy dif-
ferences between the TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) com-
pounds than between the free nNHC and IMID ligands, to
the extent that the TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) complexes
are energetically nearly degenerate for 3TM(L) and 4AuL.
Without exception, the trend in BDE for the three ligands
with all the metals is TM(a)>TM(n)>TM(I). The trend in
BDE for the different groups of the transition metals of
each row is 1TM(L)<2TM(L)<3TM(L)<4TM(L), except
for the Mo/Ru and W/Os species, for which the trend is
2TM(L)>3TM(L). These exceptions do not arise from a re-
versal in the trend of the metal–ligand attraction but rather
from differences in the preparation energies of the metal
fragments (see below). The BDEs for all ligands in the com-
plexes 1TM(L) decrease in the order third row> second
row> first row. For the complexes 2TM(L) and 4TM(L), the
De values exhibit the BDE trend third row> first row>


Table 1. Overview of the complexes investigated.


Descriptor Complex[a] Central atoms


1
Ti (1Ti)
Zr (1Zr)
Hf (1Hf)


2
Cr (2Cr)
Mo (2Mo)
W (2W)


3
Fe (3Fe)
Ru (3Ru)
Os (3Os)


4
Cu (4Cu)
Ag (4Ag)
Au (4Au)


[a]


Figure 1. Calculated geometries of the ligands at the BP86/TZ2P level of
theory. Relative energies (kcalmol�1) are given in parentheses.
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Figure 2. Geometries of all the complexes at the BP86/TZ2P level of theory. Distances are given in T, angles in degrees.
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second row, whereas for 3TM(L), the order is first row>
third row> second row.


Thus, it is clear that the significantly stronger metal–
ligand bonds of the nNHC ligand relative to those of IMID
largely compensate for the lower energy of the free imida-
zole ligand. Therefore, the complexes TM ACHTUNGTRENNUNG(nNHC) may
become lower in energy than their TM ACHTUNGTRENNUNG(IMID) isomers. This
was also found by SEC, who calculated 17 TM ACHTUNGTRENNUNG(nNHC) com-


plexes and their TM ACHTUNGTRENNUNG(IMID) isomers.[14a] The energy differ-
ences between the TM(a) and TM(n) complexes are also
somewhat decreased relative to the free ligands because the
TM–aNHC bonds are stronger than the TM–nNHC bonds.
However, as the effect is not as large as in the case of
nNHC/IMID, the TM(n) complexes always remain lower in
energy than their TM(a) counterparts. SEC calculated only
one metal fragment, PtCl3


�, bonded to the ligand aNHC.


Table 2. Metal–ligand bond lengths d ACHTUNGTRENNUNG(TM–L), relative energies Erel of the complexes, bond-dissociation energies De, and free dissociation energies D0
298


of the ligands.[a]


L nNHC aNHC IMID
d ACHTUNGTRENNUNG(TM–L) Erel De D0


298 dACHTUNGTRENNUNG(TM–L) Erel De D0
298 d ACHTUNGTRENNUNG(TM–L) Erel De D0


298


Free L 0.0 17.4 �26.7
1Ti 2.230 0.0 26.5 12.0 2.213 11.9 32.0 17.4 2.311 �12.1 11.8 �1.9
1Zr 2.378 0.0 33.5 18.8 2.358 11.7 39.1 24.4 2.420 �12.6 19.3 5.7
1Hf 2.346 0.0 34.0 19.3 2.327 11.7 39.8 25.0 2.386 �12.4 19.7 6.0
2Cr 2.090 0.0 52.2 36.6 2.108 13.7 55.9 41.7 2.161 �5.5 31.0 17.2
2Mo 2.238 0.0 49.4 36.5 2.252 13.6 53.1 39.9 2.299 �8.0 30.7 17.5
2W 2.228 0.0 55.7 42.7 2.245 13.5 59.6 46.4 2.282 �6.2 35.1 22.0
3Fe 1.968 0.0 60.1 45.4 1.993 13.7 63.8 48.3 2.042 0.4 33.0 18.1
3Ru 2.108 0.0 48.0 36.0 2.129 13.4 52.0 39.3 2.183 �1.5 22.8 10.7
3Os 2.119 0.0 53.8 40.9 2.141 13.2 58.0 44.1 2.189 0.8 26.3 12.9
4Cu 1.846 0.0 67.9 56.0 1.850 13.4 71.9 59.9 1.865 �6.6 47.7 36.1
4Ag 2.050 0.0 53.4 42.0 2.054 12.8 57.9 45.9 2.109 �7.3 33.9 22.5
4Au 1.978 0.0 76.3 64.4 1.986 13.2 80.6 68.0 2.044 1.8 47.9 35.8


[a] Bond lengths in T, energies in kcalmol�1. All calculations were performed at the BP86/TZ2P level.


Figure 2. (Continued)
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The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]� complex was found to be 23.3 kcal
mol�1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]� isomer,
whereas the free ligand aNHC is only 20.0 kcalmol�1 less
stable than nNHC.[14a]


Bonding Analysis


To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.


The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp�. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (�6.33 eV) than the carbon s lone-pair orbitals of
nNHC (�4.97 eV) and aNHC (�4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.


Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other


two ligands. Figure 3a and b displays the nNHC!TM s and
p donations, whereas Figure 3c shows the nNHC !TM p


backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=


nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.


The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L=nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7%, which means that
the Cl4TM�L bonds are roughly two-thirds electrostatic and


Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.


Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]


Orbital


LUMO


�0.32 (a2) �1.25 (a’’) �0.57 (a’’)


HOMO


�4.97 (a1) �4.25 (a’)
�5.76 (a’’)


HOMO-1


�5.85 (b1) �5.49 (a’’)
�6.33 (a’)


HOMO-2


�7.50 (a2)
�7.76 (a’’)


�7.03 (a’’)


HOMO-3


�10.68 (b1)
�9.79 (a’) �9.99 (a’)


HOMO-4


�10.71 (a1)
�11.10 (a’’) �10.67 (a’’)


[a] Orbital energies are given below in eV.
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about one third covalent. The breakdown of the orbital
term DEorb into contributions from s and p orbitals indicates
that the orbital interactions come mainly from the s orbitals,
which contribute 83.3–87.2% to DEorb in all cases. The trend
of the total interaction energy DEint for the three ligands
neatly follows that of the s-donation term DEs(a’) and the
orbital term DEorb: aNHC>nNHC@ IMID (Table 4). This
trend is in agreement with the energy levels of the highest
occupied s lone-pair orbitals of the ligands (the HOMOs of
the cyclic carbenes and HOMO-1 of the imidazole; Table 3).
Previous EDA studies of transition-metal compounds
showed that DEorb is often in agreement with the trend of
the overall bond strength even when it is a minor contribu-
tor to the attractive interactions, although there are also
cases in which the electrostatic interactions DEelstat or the
Pauli repulsion DEPauli determine the trend.[29] We will
return to the correlation between the various energy terms
of the EDA and the strength of the binding interactions at
the end of this section.


Table 4 shows that the p-orbital contributions DEpACHTUNGTRENNUNG(a’’) to
the overall attractive interactions as well as to DEorb in the
series 1TM(L) are rather small. However, the L!TM p


donation and the TM!L p backdonation are nearly equal.
The ability of the nNHC ligand to serve as a p donor was
recently suggested by Nolan and co-workers[25] and by Ja-
cobsen et al.[26] Importantly, the Cl4TM–L interaction ener-
gies, DEint, differ significantly from the BDE values, De, be-
cause the preparation energies of the Cl4TM fragments
(which have a tetrahedral equilibrium geometry) are rather
large, particularly for the carbene ligands (Table 4). Howev-
er, the De values exhibit the same trend for the three ligands
as the DEint values, that is, aNHC>nNHC@ IMID. Thus, it
is not justified to use the De values as the only measure of
the intrinsic strength of the metal–ligand interactions. For


example, the titanium compound [Cl4Ti ACHTUNGTRENNUNG(nNHC)] has a
smaller BDE (De=26.5 kcalmol�1) than its zirconium ho-
mologue [Cl4Zr ACHTUNGTRENNUNG(nNHC)] (De=33.5 kcalmol�1), although the
DEint values of these compounds are the same (�55.5 kcal
mol�1). The BDE values and the intrinsic interaction ener-
gies DEint of the heaviest metal hafnium for all the ligands
are slightly larger than for the lighter metals. This is in
agreement with the common knowledge that transition
metals of the third row generally have stronger bonds than
those of the second and first rows.


Table 5 gives the EDA results for the Group 6 d6 com-
pounds [(CO)5TM(L)] with the labels 2TM(L). The BDEs
of these complexes are clearly larger than those of the d0


compounds [Cl4Ti(L)] (Table 4). This comparison is some-
what misleading, as the preparation energies of the former
compounds are very small in comparison to those of the
latter. In fact, the interaction energies of [(CO)5TM-
ACHTUNGTRENNUNG(nNHC)] and [(CO)5TM ACHTUNGTRENNUNG(aNHC)] are actually somewhat
smaller than the DEint values of [Cl4Ti ACHTUNGTRENNUNG(nNHC)] and [Cl4Ti-
ACHTUNGTRENNUNG(aNHC)]. The overall trend in DEint for 2TM(L) is the same
as before: aNHC>nNHC@ IMID, and the nature of the
bonding in [(CO)5TM(L)] is very similar to that in
[Cl4Ti(L)]. Again, the orbital term DEorb contributes around
one third to the attractive interactions, and the s contribu-
tion dominates. However, the percentage of the p contribu-
tion to DEorb is slightly larger than in [Cl4TM(L)] and comes
mainly from (CO)5TM!L p backdonation.


The EDA results for the complexes [(CO)5TM(L)] (L=


aNHC, nNHC, IMID) are compared with the data for
[(CO)5TM ACHTUNGTRENNUNG(PR3)] (R=Me, Cl) below. We showed earlier[28]


that the nature of the metal–PR3 bond in trihalophosphine
complexes (R=F, Cl) is very different from that in PH3 or
PMe3 complexes. The orbital interactions in [(CO)5TM-
ACHTUNGTRENNUNG(PF3)] and [(CO)5TM ACHTUNGTRENNUNG(PCl3)] are stronger than in [(CO)5TM-


Table 4. EDA results for the Cl4TM�L bond of the complexes 1TM(L) at the BP86/TZ2P level.[a]


1Ti(n) 1Zr(n) 1Hf(n) 1Ti(a) 1Zr(a) 1Hf(a) 1Ti(I) 1Zr(I) 1Hf(I)


DEint �55.5 �55.5 �59.0 �63.6 �64.0 �67.8 �23.6 �28.6 �30.2
DEPauli 115.3 109.8 125.7 120.9 116.1 133.6 65.7 62.5 72.8
DEelstat


[b] �112.0 �111.8 �127.7 �120.5 �121.8 �139.3 �59.4 �61.5 �70.1
ACHTUNGTRENNUNG(65.6) ACHTUNGTRENNUNG(67.7) ACHTUNGTRENNUNG(69.1) ACHTUNGTRENNUNG(65.3) ACHTUNGTRENNUNG(67.6) ACHTUNGTRENNUNG(69.2) ACHTUNGTRENNUNG(66.6) ACHTUNGTRENNUNG(67.5) ACHTUNGTRENNUNG(68.0)


DEorb
[b] �58.8 �53.4 �57.0 �64.0 �58.3 �62.0 �29.9 �29.6 �32.9


ACHTUNGTRENNUNG(34.4) ACHTUNGTRENNUNG(32.3) ACHTUNGTRENNUNG(30.9) ACHTUNGTRENNUNG(34.7) ACHTUNGTRENNUNG(32.4) ACHTUNGTRENNUNG(30.8) ACHTUNGTRENNUNG(33.4) ACHTUNGTRENNUNG(32.5) ACHTUNGTRENNUNG(32.0)
DEs(a’)


[c] �51.3 �46.2 �49.3 �55.4 �50.1 �53.3 �25.5 �24.7 �27.6
ACHTUNGTRENNUNG(87.2) ACHTUNGTRENNUNG(86.5) ACHTUNGTRENNUNG(86.4) ACHTUNGTRENNUNG(86.6) ACHTUNGTRENNUNG(85.8) ACHTUNGTRENNUNG(85.9) ACHTUNGTRENNUNG(85.5) ACHTUNGTRENNUNG(83.3) ACHTUNGTRENNUNG(83.9)


DEp ACHTUNGTRENNUNG(a’’)
[c] �7.6 �7.2 �7.8 �8.6 �8.3 �8.8 �4.3 �4.9 �5.3


ACHTUNGTRENNUNG(12.8) ACHTUNGTRENNUNG(13.5) ACHTUNGTRENNUNG(13.6) ACHTUNGTRENNUNG(13.4) ACHTUNGTRENNUNG(14.2) ACHTUNGTRENNUNG(14.1) ACHTUNGTRENNUNG(14.5) ACHTUNGTRENNUNG(16.7) ACHTUNGTRENNUNG(16.1)
DEp ACHTUNGTRENNUNG(L!TM)[d] �3.8 �3.4 �3.7 �4.5 �4.0 �4.4 �1.7 �2.1 �2.4


ACHTUNGTRENNUNG(48.7) ACHTUNGTRENNUNG(45.0) ACHTUNGTRENNUNG(45.1) ACHTUNGTRENNUNG(51.6) ACHTUNGTRENNUNG(47.8) ACHTUNGTRENNUNG(47.8) ACHTUNGTRENNUNG(39.8) ACHTUNGTRENNUNG(42.3) ACHTUNGTRENNUNG(43.7)
DEp ACHTUNGTRENNUNG(TM!L)[d] �4.0 �4.1 �4.5 �4.2 �4.4 �4.8 �2.6 �2.9 �3.1


ACHTUNGTRENNUNG(51.3) ACHTUNGTRENNUNG(55.0) ACHTUNGTRENNUNG(54.9) ACHTUNGTRENNUNG(48.4) ACHTUNGTRENNUNG(52.2) ACHTUNGTRENNUNG(52.2) ACHTUNGTRENNUNG(60.2) ACHTUNGTRENNUNG(57.7) ACHTUNGTRENNUNG(56.3)
DEprep 29.0 22.0 24.9 31.6 24.8 28.0 11.8 9.2 10.5
DEprep(L) 1.7 1.6 1.7 2.0 1.7 1.8 0.5 0.5 0.6
DEprep(TM) 27.2 20.4 23.2 29.7 23.1 26.2 11.3 8.7 9.9
DE (=�De) �26.5 �33.5 �34.1 �32.0 �39.1 �39.8 �11.8 �19.3 �19.7
d ACHTUNGTRENNUNG(TM–L) 2.230 2.378 2.346 2.213 2.358 2.327 2.311 2.420 2.386


[a] Energies in kcalmol�1, bond lengths in T. [b] The values in parentheses (%) give the percentage contribution to the total attractive interactions
DEelstat+DEorb. [c] The values in parentheses (%) give the percentage contribution to the total orbital interactions DEorb. [d] The values in parentheses
(%) give the percentage contribution to the total nonsynergetic p-bond interactions DEp ACHTUNGTRENNUNG(L!TM)+ DEp ACHTUNGTRENNUNG(TM!L).
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ACHTUNGTRENNUNG(PH3)] or [(CO)5TM ACHTUNGTRENNUNG(PMe3)] due to more TM! ACHTUNGTRENNUNG(PR3) p


backdonation. However, the BDEs of the latter species are
significantly larger than those of the trihalophosphine com-
plexes. The weaker bonds in [(CO)5TM ACHTUNGTRENNUNG(PF3)] and
[(CO)5TM ACHTUNGTRENNUNG(PCl3)] are caused by weaker electrostatic attrac-
tion due to the more pronounced s character of the phos-
phorus donor orbital. This leads to the orbital being more
compact, which brings about less-efficient overlap with the
metal nucleus. Thus, the bonding analysis of the [(CO)5TM-
ACHTUNGTRENNUNG(PR3)] complexes reveals a striking example in which the
trend of the metal–ligand interactions is not determined by
the strength of the orbital interactions but by the electro-
static term.


Table 6 shows the EDA results for [(CO)5TM ACHTUNGTRENNUNG(PR3)] (R=


Me, Cl). A comparison with [(CO)5TM(L)] in Table 5 shows
that the metal–ligand bonding is similar in both cases. As
the preparation energies are always quite small, we can


compare the interaction energies directly. The DEint values
of the [(CO)5TM ACHTUNGTRENNUNG(PMe3)] complexes are about 10 and
15 kcalmol�1 smaller than those of [(CO)5TM ACHTUNGTRENNUNG(nNHC)] and
[(CO)5TM ACHTUNGTRENNUNG(aNHC)], respectively. The percentage contribu-
tion of the orbital term DEorb in the [(CO)5TM ACHTUNGTRENNUNG(PMe3)] com-
plexes is slightly higher than for the complexes of the imida-
zole tautomers. Interestingly, the EDA data shows that the
DEp contribution of the [(CO)5TM ACHTUNGTRENNUNG(PMe3)] complexes is
higher and the DEs contribution is lower than in the
[(CO)5TM(L)] (L=aNHC, nNHC, IMID) complexes. For
the trichlorophosphine complexes [(CO)5TM ACHTUNGTRENNUNG(PCl3)], the
DEp contribution is, as expected, even higher. Previous stud-
ies of the electronic effects of nNHC complexes suggest that
they are stronger s donors than phosphines.[13,17e,f] This is in
agreement with our EDA results. Notably, the phosphine li-
gands have two degenerate p components for the p-orbital
interactions, which are only compared to the out-of-plane


Table 6. EDA results for the (CO)5TM�PR3 bonds at the BP86/TZ2P level.[a]


[Cr(CO)5PMe3] [Mo(CO)5PMe3] [W(CO)5PMe3] [Cr(CO)5PCl3] [Mo(CO)5PCl3] [W(CO)5PCl3]


DEint �43.7 �40.9 �46.4 �27.8 �26.1 �31.1
DEPauli 96.5 85.6 99.3 78.4 70.1 83.3
DEelstat


[b] �85.1 �80.7 �94.9 �49.6 �45.3 �55.8
ACHTUNGTRENNUNG(60.7) ACHTUNGTRENNUNG(63.8) ACHTUNGTRENNUNG(65.1) ACHTUNGTRENNUNG(46.7) ACHTUNGTRENNUNG(47.3) ACHTUNGTRENNUNG(48.8)


DEorb
[b] �55.1 �45.8 �50.8 �56.6 �51.0 �58.5


ACHTUNGTRENNUNG(39.3) ACHTUNGTRENNUNG(36.2) ACHTUNGTRENNUNG(34.9) ACHTUNGTRENNUNG(53.3) ACHTUNGTRENNUNG(52.9) ACHTUNGTRENNUNG(51.2)
DEs


[c] �41.0 �33.1 �37.3 �30.4 �26.3 �31.2
ACHTUNGTRENNUNG(74.3) ACHTUNGTRENNUNG(72.3) ACHTUNGTRENNUNG(73.4) ACHTUNGTRENNUNG(53.7) ACHTUNGTRENNUNG(51.5) ACHTUNGTRENNUNG(53.3)


DEp
[c] �14.2 �12.7 �13.5 �26.2 �24.7 �27.3


ACHTUNGTRENNUNG(25.7) ACHTUNGTRENNUNG(27.7) ACHTUNGTRENNUNG(26.6) ACHTUNGTRENNUNG(46.3) ACHTUNGTRENNUNG(48.5) ACHTUNGTRENNUNG(46.7)
DEprep 2.5 3.0 2.6 1.0 2.5 2.5
DE (=�De) �41.2 �37.9 �43.8 �26.8 �23.7 �28.6
d ACHTUNGTRENNUNG(TM–L) 2.390 2.553 2.553 2.300 2.457 2.459


[a] Energies in kcalmol�1, bond lengths in T. [b] The values in parentheses (%) give the percentage contribution to the total attractive interactions
DEelstat+DEorb. [c] The values in parentheses (%) give the percentage contribution to the total orbital interactions DEorb.


Table 5. EDA results for the (CO)5TM�L bonds of the complexes 2TM(L) at the BP86/TZ2P level.[a]


2Cr(n) 2Mo(n) 2W(n) 2Cr(a) 2Mo(a) 2W(a) 2Cr(I) 2Mo(I) 2W(I)


DEint �53.9 �51.5 �58.3 �57.5 �55.4 �62.1 �31.9 �31.8 �36.6
DEPauli 112.3 103.7 124.3 112.5 106.7 126.0 58.4 56.5 69.2
DEelstat


[b] �110.6 �107.8 �129.1 �113.1 �112.9 �133.5 �59.6 �59.8 �72.1
ACHTUNGTRENNUNG(66.5) ACHTUNGTRENNUNG(69.5) ACHTUNGTRENNUNG(70.7) ACHTUNGTRENNUNG(66.5) ACHTUNGTRENNUNG(69.6) ACHTUNGTRENNUNG(70.9) ACHTUNGTRENNUNG(66.0) ACHTUNGTRENNUNG(67.7) ACHTUNGTRENNUNG(68.1)


DEorb
[b] �55.7 �47.4 �53.5 �57.0 �49.2 �54.7 �30.7 �28.5 �33.7


ACHTUNGTRENNUNG(33.5) ACHTUNGTRENNUNG(30.5) ACHTUNGTRENNUNG(29.3) ACHTUNGTRENNUNG(33.5) ACHTUNGTRENNUNG(30.4) ACHTUNGTRENNUNG(29.1) ACHTUNGTRENNUNG(34.0) ACHTUNGTRENNUNG(32.3) ACHTUNGTRENNUNG(31.9)
DEs(a’)


[c] �46.0 �38.6 �43.5 �48.2 �41.1 �45.6 �25.5 �23.4 �27.7
ACHTUNGTRENNUNG(82.6) ACHTUNGTRENNUNG(81.5) ACHTUNGTRENNUNG(81.3) ACHTUNGTRENNUNG(84.6) ACHTUNGTRENNUNG(83.5) ACHTUNGTRENNUNG(83.4) ACHTUNGTRENNUNG(82.9) ACHTUNGTRENNUNG(82.1) ACHTUNGTRENNUNG(82.0)


DEp ACHTUNGTRENNUNG(a’’)
[c] �9.7 �8.8 �10.0 �8.8 �8.1 �9.1 �5.3 �5.1 �6.1


ACHTUNGTRENNUNG(17.4) ACHTUNGTRENNUNG(18.5) ACHTUNGTRENNUNG(18.7) ACHTUNGTRENNUNG(15.4) ACHTUNGTRENNUNG(16.5) ACHTUNGTRENNUNG(16.6) ACHTUNGTRENNUNG(17.1) ACHTUNGTRENNUNG(17.9) ACHTUNGTRENNUNG(18.0)
DEp ACHTUNGTRENNUNG(L!TM)[d] �2.5 �2.1 �2.3 �2.8 �2.4 �2.6 �1.5 �1.5 �1.7


ACHTUNGTRENNUNG(23.6) ACHTUNGTRENNUNG(22.5) ACHTUNGTRENNUNG(21.7) ACHTUNGTRENNUNG(30.1) ACHTUNGTRENNUNG(29.0) ACHTUNGTRENNUNG(28.0) ACHTUNGTRENNUNG(27.7) ACHTUNGTRENNUNG(29.3) ACHTUNGTRENNUNG(28.2)
DEp ACHTUNGTRENNUNG(TM!L)[d] �7.9 �7.2 �8.3 �6.5 �6.0 �6.8 �3.8 �3.6 �4.4


ACHTUNGTRENNUNG(76.4) ACHTUNGTRENNUNG(77.5) ACHTUNGTRENNUNG(78.3) ACHTUNGTRENNUNG(69.9) ACHTUNGTRENNUNG(71.0) ACHTUNGTRENNUNG(72.0) ACHTUNGTRENNUNG(72.3) ACHTUNGTRENNUNG(70.7) ACHTUNGTRENNUNG(71.8)
DEprep 2.2 2.2 2.6 1.7 2.3 2.5 1.0 1.2 1.5
DEprep(L) 0.7 0.4 0.4 0.5 0.5 0.5 0.3 0.3 0.4
DEprep(TM) 1.5 1.8 2.2 1.1 1.9 2.0 0.6 0.9 1.1
DE (=�De) �51.7 �49.3 �55.7 �55.9 �53.1 �59.6 �31.0 �30.6 �35.1
d ACHTUNGTRENNUNG(TM–L) 2.090 2.238 2.228 2.108 2.252 2.245 2.161 2.299 2.282


[a] Energies in kcalmol�1, bond lengths in T. [b] The values in parentheses (%) give the percentage contribution to the total attractive interactions
DEelstat+DEorb. [c] The values in parentheses (%) give the percentage contribution to the total orbital interactions DEorb. [d] The values in parentheses
(%) give the percentage contribution to the total nonsynergic p-bond interactions DEp ACHTUNGTRENNUNG(L!TM)+ DEp ACHTUNGTRENNUNG(TM!L).
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p? contribution in the cyclic ligands. As discussed earlier,
the in-plane pk interactions of the latter are incorporated in
the DEs term.


Table 7 gives the EDA results for the Group 8 d8 com-
pounds [(CO)4TM(L)] (3TM(L)). The DEint values are 10–
20 kcalmol�1 larger than for the Group 6 compounds
[(CO)5TM(L)], but the trends and composition of the
metal–ligand bonds in the two sets of molecules are nearly
the same. The electrostatic bonding constitutes about two
thirds of the DEint values. The percentage of p contribution
to the orbital interactions in 3TM(L) is slightly smaller than
in 2TM(L), but also comes mainly from TM!L p backdo-


nation. However, the trend in BDE is different from that of
the other complexes: first row> third row> second row. This
is caused by the rather low preparation energies for the iron
complexes and not by the intrinsically strong metal–ligand
bonds.


The EDA results for the Group 10 d10 complexes
[ClTM(L)] (4TM(L) ; Table 8) reveal insightful differences
to the previous molecules. The strength of the ClTM–L in-
teractions is similar to that of the [(CO)4TM(L)] complexes,
but the former species have a clear trend in DEint for all the
ligands: third row> first row> second row. The relative
amount of covalent character (% of DEorb) of the ClTM�L


Table 7. EDA results for the (CO)4TM�L bonds of the complexes 3TM(L) at the BP86/TZ2P level.[a]


3Fe(n) 3Ru(n) 3Os(n) 3Fe(a) 3Ru(a) 3Os(a) 3Fe(I) 3Ru(I) 3Os(I)


DEint �68.4 �68.3 �76.6 �72.5 �72.7 �81.0 �40.2 �40.6 �46.7
DEPauli 143.9 142.4 168.5 145.0 143.9 169.6 76.2 74.9 90.8
DEelstat


[b] �138.0 �142.8 �168.7 �139.9 �145.9 �171.5 �74.6 �75.8 �90.3
ACHTUNGTRENNUNG(65.0) ACHTUNGTRENNUNG(67.8) ACHTUNGTRENNUNG(68.8) ACHTUNGTRENNUNG(64.3) ACHTUNGTRENNUNG(67.3) ACHTUNGTRENNUNG(68.4) ACHTUNGTRENNUNG(64.1) ACHTUNGTRENNUNG(65.6) ACHTUNGTRENNUNG(65.7)


DEorb
[b] �74.3 �67.9 �76.5 �77.6 �70.8 �79.1 �41.8 �39.7 �47.3


ACHTUNGTRENNUNG(35.0) ACHTUNGTRENNUNG(32.2) ACHTUNGTRENNUNG(31.2) ACHTUNGTRENNUNG(35.7) ACHTUNGTRENNUNG(32.7) ACHTUNGTRENNUNG(31.6) ACHTUNGTRENNUNG(35.9) ACHTUNGTRENNUNG(34.4) ACHTUNGTRENNUNG(34.3)
DEs(a’)


[c] �62.8 �57.7 �65.1 �67.0 �61.4 �68.8 �35.7 �34.1 �40.6
ACHTUNGTRENNUNG(84.5) ACHTUNGTRENNUNG(85.0) ACHTUNGTRENNUNG(85.1) ACHTUNGTRENNUNG(86.3) ACHTUNGTRENNUNG(86.8) ACHTUNGTRENNUNG(86.9) ACHTUNGTRENNUNG(85.2) ACHTUNGTRENNUNG(85.9) ACHTUNGTRENNUNG(85.9)


DEp ACHTUNGTRENNUNG(a’’)
[c] �11.5 �10.2 �11.4 �10.6 �9.3 �10.3 �6.2 �5.6 �6.7


ACHTUNGTRENNUNG(15.5) ACHTUNGTRENNUNG(15.0) ACHTUNGTRENNUNG(14.9) ACHTUNGTRENNUNG(13.7) ACHTUNGTRENNUNG(13.2) ACHTUNGTRENNUNG(13.1) ACHTUNGTRENNUNG(14.8) ACHTUNGTRENNUNG(14.1) ACHTUNGTRENNUNG(14.1)
DEp ACHTUNGTRENNUNG(L!TM)[d] �2.7 �2.2 �2.3 �3.3 �2.7 �2.8 �1.7 �1.5 �1.8


ACHTUNGTRENNUNG(21.7) ACHTUNGTRENNUNG(20.2) ACHTUNGTRENNUNG(19.1) ACHTUNGTRENNUNG(29.2) ACHTUNGTRENNUNG(27.6) ACHTUNGTRENNUNG(25.7) ACHTUNGTRENNUNG(26.2) ACHTUNGTRENNUNG(26.8) ACHTUNGTRENNUNG(25.8)
DEp ACHTUNGTRENNUNG(TM!L)[d] �9.8 �8.7 �9.8 �8.0 �7.1 �8.1 �4.7 �4.2 �5.1


ACHTUNGTRENNUNG(78.3) ACHTUNGTRENNUNG(79.8) ACHTUNGTRENNUNG(80.9) ACHTUNGTRENNUNG(70.8) ACHTUNGTRENNUNG(72.4) ACHTUNGTRENNUNG(74.3) ACHTUNGTRENNUNG(73.8) ACHTUNGTRENNUNG(73.2) ACHTUNGTRENNUNG(74.2)
DEprep 8.3 20.2 22.8 8.7 20.7 23.0 7.2 17.8 20.5
DEprep(L) 0.6 0.6 0.7 0.8 0.8 0.9 0.5 0.5 0.6
DEprep(TM) 7.6 19.6 22.1 8.0 19.9 22.2 6.7 17.3 19.8
DE (=�De) �60.1 �48.0 �53.8 �63.8 �52.0 �58.0 �33.0 �22.9 �26.3
d ACHTUNGTRENNUNG(TM–L) 1.968 2.108 2.119 1.993 2.129 2.141 2.042 2.183 2.189


[a] Energies in kcalmol�1, bond lengths in T. [b] The values in parentheses (%) give the percentage contribution to the total attractive interactions
DEelstat+DEorb. [c] The values in parentheses (%) give the percentage contribution to the total orbital interactions DEorb. [d] The values in parentheses
(%) give the percentage contribution to the total nonsynergic p-bond interactions DEp ACHTUNGTRENNUNG(L!TM)+ DEp ACHTUNGTRENNUNG(TM!L).


Table 8. EDA results for the ClTM�L bonds of the complexes 4TM(L) at the BP86/TZ2P level by using Cs symmetry.[a]


4Cu(n) 4Ag(n) 4Au(n) 4Cu(a) 4Ag(a) 4Au(a) 4CuI 4AgI 4AuI


DEint �68.6 �53.9 �77.4 �72.7 �58.5 �81.9 �48.4 �34.4 �48.6
DEPauli 124.4 129.6 210.4 125.7 132.0 211.4 81.9 73.1 117.7
DEelstat


[b] �148.1 �143.0 �217.1 �153.1 �149.4 �222.3 �95.2 �79.4 �117.8
ACHTUNGTRENNUNG(76.7) ACHTUNGTRENNUNG(77.9) ACHTUNGTRENNUNG(75.5) ACHTUNGTRENNUNG(77.2) ACHTUNGTRENNUNG(78.4) ACHTUNGTRENNUNG(75.8) ACHTUNGTRENNUNG(73.1) ACHTUNGTRENNUNG(73.9) ACHTUNGTRENNUNG(70.8)


DEorb
[b] �44.9 �40.6 �70.6 �45.3 �41.1 �70.9 �35.1 �28.0 �48.5


ACHTUNGTRENNUNG(23.3) ACHTUNGTRENNUNG(22.1) ACHTUNGTRENNUNG(24.5) ACHTUNGTRENNUNG(22.8) ACHTUNGTRENNUNG(21.6) ACHTUNGTRENNUNG(24.2) ACHTUNGTRENNUNG(26.9) ACHTUNGTRENNUNG(26.1) ACHTUNGTRENNUNG(29.2)
DEs(a’)


[c] �32.9 �32.8 �57.4 �34.6 �34.1 �59.1 �27.1 �23.6 �41.1
ACHTUNGTRENNUNG(73.3) ACHTUNGTRENNUNG(81.0) ACHTUNGTRENNUNG(81.2) ACHTUNGTRENNUNG(76.4) ACHTUNGTRENNUNG(83.0) ACHTUNGTRENNUNG(83.4) ACHTUNGTRENNUNG(77.4) ACHTUNGTRENNUNG(84.1) ACHTUNGTRENNUNG(84.7)


DEp ACHTUNGTRENNUNG(a’’)
[c] �12.0 �7.7 �13.3 �10.7 �7.0 �11.8 �7.9 �4.5 �7.4


ACHTUNGTRENNUNG(26.7) ACHTUNGTRENNUNG(19.0) ACHTUNGTRENNUNG(18.8) ACHTUNGTRENNUNG(23.6) ACHTUNGTRENNUNG(17.0) ACHTUNGTRENNUNG(16.6) ACHTUNGTRENNUNG(22.6) ACHTUNGTRENNUNG(15.9) ACHTUNGTRENNUNG(15.3)
DEp ACHTUNGTRENNUNG(L!TM)[d] �1.2 �0.9 �1.4 �1.2 �0.9 �1.4 �0.7 �0.6 �0.9


ACHTUNGTRENNUNG(9.4) ACHTUNGTRENNUNG(10.8) ACHTUNGTRENNUNG(10.3) ACHTUNGTRENNUNG(10.2) ACHTUNGTRENNUNG(12.2) ACHTUNGTRENNUNG(11.2) ACHTUNGTRENNUNG(8.8) ACHTUNGTRENNUNG(12.1) ACHTUNGTRENNUNG(11.7)
DEp ACHTUNGTRENNUNG(TM!L)[d] �11.5 �7.3 �12.5 �10.2 �6.5 �10.9 �7.4 �4.0 �6.7


ACHTUNGTRENNUNG(90.6) ACHTUNGTRENNUNG(89.2) ACHTUNGTRENNUNG(89.7) ACHTUNGTRENNUNG(89.8) ACHTUNGTRENNUNG(87.8) ACHTUNGTRENNUNG(88.8) ACHTUNGTRENNUNG(91.2) ACHTUNGTRENNUNG(87.9) ACHTUNGTRENNUNG(88.3)
DEprep 0.7 0.5 1.0 0.9 0.6 1.2 0.6 0.5 0.7
DEprep(L) 0.5 0.5 0.7 0.6 0.6 0.8 0.6 0.4 0.7
DEprep(TM) 0.2 0.0 0.3 0.3 0.0 0.4 0.1 0.0 0.0
DE (=�De) �67.9 �53.4 �76.4 �71.9 �57.9 �80.6 �47.7 �33.9 �47.9
d ACHTUNGTRENNUNG(TM–L) 1.846 2.050 1.978 1.850 2.054 1.986 1.865 2.109 2.044


[a] Energies in kcalmol�1, bond lengths in T. [b] The values in parentheses (%) give the percentage contribution to the total attractive interactions
DEelstat+DEorb. [c] The values in parentheses (%) give the percentage contribution to the total orbital interactions DEorb. [d] The values in parentheses
(%) give the percentage contribution to the total nonsynergic p-bond interactions DEp ACHTUNGTRENNUNG(L!TM)+ DEp ACHTUNGTRENNUNG(TM!L).
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bonds in 4TM(L) is less than that of the TM�L bonds in
1TM(L)–3TM(L). Interestingly, though, the percentage con-
tribution of the p bonding in 4TM(L) is significantly higher
when the case of TM=Cu is compared to those of TM=Ag
or Au. This is surprising because it is often stated that the
particularly strong bonds of gold compounds are partly
caused by the relativistic expansion of the valence d orbi-
tals; this should enhance Au!L p backdonation. However,
the EDA results provide striking evidence that the stronger
bonds of the gold compounds are not caused by stronger p


bonding, but rather by the significantly larger amount of s


bonding and, particularly, the stronger electrostatic attrac-
tion, which lead to larger DEint values for the gold com-
pounds. The DEs and DEelstat terms are related to each other
as they come mainly from the interactions of the ligand s


lone-pair orbitals with the vacant orbitals of the metal
(DEs(a’)) and with the metal nucleus (DEelstat).


Our data indicate that the p contributions of the C and N
tautomers of imidazole ligands to the metal–ligand orbital
interactions are clearly smaller than the s contributions. The
largest relative contributions were found for the copper
complex [ClCu ACHTUNGTRENNUNG(nNHC)], in which the p bonding contributes
26.7% to the orbital interactions; the p bonding consists
mainly of backdonation (90.6%) with little contribution
from forward donation (9.4%). However, with the orbital
interactions being only a minor contributor to the metal–
ligand bonding, the bulk of the interaction is due to the elec-
trostatic attraction between the ligand lone-pair electrons
and the metal nucleus. On the other hand, the properties of
a molecule may be significantly influenced by a change in a
particular energy term even though that term may be a
minor contributor overall. Therefore, it is not justified to ne-
glect the p interaction. As mentioned earlier, we showed in
a previous study[24] that the p-bonding contribution in
metal–nNHC complexes is not substantially smaller than in
Fischer carbene complexes that bear two p-donor groups at
the ligand.[30]


Table 9 gives the EDA results for the complexes [ClTM-
ACHTUNGTRENNUNG(nNHC)], which were calculated with C2v symmetry. Data
obtained under this constraint make it possible to distin-
guish between the s(a1) and the pk(b2) interactions, that is,
the two components of the s(a’) orbital interactions under
Cs symmetry. The pk(b2) interactions are significantly
weaker than the s(a1) interactions, but they are half as
strong as the p? contribution in [ClAgACHTUNGTRENNUNG(nNHC)] and [ClAu-
ACHTUNGTRENNUNG(nNHC)].


In the light of our results, we comment on the EDA re-
sults of nNHC complexes reported by Jacobson et al.[26]


They, too, concluded that the p interactions make a substan-
tial contribution to the metal–ligand interactions, but ne-
glected the major contribution of the electrostatic term.
Moreover, the authors followed an early suggestion for in-
terpreting EDA results in which the first two terms, DEelstat


and DEPauli, are added to a single term, DE0, which is called
the “steric-energy term”.[31] It was later recognized that DE0


has nothing to do with the loosely defined steric interaction
that is often used to explain the repulsive interactions of


bulky substituents. As DEelstat is usually attractive and DEPauli


repulsive, the two terms often largely cancel each other.
This means that the focus of the discussion of the bonding
interactions rests almost exclusively on the orbital-interac-
tion term, DEorb. Thus, important information about the
electrostatic/covalent character of the bond, given by the
ratio DEelstat/DEorb, is lost. Furthermore, numerical values of
DE0 may become negative. This leads to an nonphysical de-
scription of attractive steric interactions.


After considering the bonding interactions for the four
groups of metal complexes, we return to the observed corre-
lation between the energy levels of the highest lying s orbi-
tal of the imidazole ligands and the strength of the interac-
tion energies, DEint. Figure 4 shows a graph of the correla-
tion between the orbital and interaction energies. The trend
clearly suggests that an energetically higher lying s-donor
orbital of a ligand induces stronger interactions. However,
the correlation lines of the different metals cross, and the
slopes of the lines vary. This indicates that, for a given
ligand, the magnitude of the interaction energy of the


Table 9. EDA results for the ClTM�nNHC bonds of the complexes
4TM(n) at the BP86/TZ2P level by using C2v symmetry.[a]


4Cu(n) 4Ag(n) 4Au(n)


DEint �68.6 �53.9 �77.4
DEPauli 124.4 129.6 210.4
DEelstat


[b] �148.1 (76.7) �143.0 (77.9) �217.1 (75.4)
DEorb


[b] �44.9 (23.3) �40.6 (22.1) �70.7 (24.6)
DEs (a1)


[c] �28.0 (62.3) �29.1 (71.7) �50.9 (72.0)
DEd (a2)


[c] �0.1 (0.2) �0.2 (0.6) �0.3 (0.4)
DEp? (b1)


[c] �11.9 (26.5) �7.5 (18.5) �13.0 (18.4)
DEpk (b2)


[c] �5.0 (11.0) �3.8 (9.3) �6.5 (9.2)
DEprep 0.7 0.5 1.0
DEprep(L) 0.5 0.5 0.7
DEprep(TM) 0.2 0.0 0.3
DE (=�De) �67.9 �53.4 �76.4
d ACHTUNGTRENNUNG(TM–L) 1.846 2.050 1.978


[a] Energies in kcalmol�1, bond lengths in T. [b] The values in parenthe-
ses (%) give the percentage contribution to the total attractive interac-
tions DEelstat+DEorb. [c] The values in parentheses (%) give the percent-
age contribution to the total orbital interactions DEorb.


Figure 4. Correlation between the calculated interaction energy of the
TM�L bonds for different metals TM and the energy level of the highest
occupied s orbital of the free ligand L. *= first-row, ~= second-row,
&= third-row TM.
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metal–ligand bond of a complex may not correlate with the
strength of the s-orbital interaction as the metals are varied.
This is indeed the case. For example, the DEint value for the
titanium complex [Cl4Ti ACHTUNGTRENNUNG(nNHC)] (�55.5 kcalmol�1; Table 4)
is smaller than that for the copper complex [ClCuACHTUNGTRENNUNG(nNHC)]
(�68.6 kcalmol�1; Table 8), but the strength of the s-orbital
interaction in the latter species is much less (DEs(a’)=


�32.9 kcalmol�1) than in the former (DEs(a’)=�51.3 kcal
mol�1). Given the rather small difference in the p-orbital
contributions, we conclude that the stronger ClCu–nNHC
bond relative to Cl4Ti–nNHC is not caused by orbital inter-
actions, but rather by the much stronger electrostatic attrac-
tion (ClCu–nNHC: �148.1 kcalmol�1 (Table 8); Cl4Ti–
nNHC: �112.0 kcalmol�1 (Table 4)). This also compensates
for the stronger Pauli repulsion in the former species
(DEPauli=124.4 kcalmol�1) when compared to the latter
complex (DEPauli=115.3 kcalmol�1). This is another striking
instance that complements the example of the phosphine
complexes, in which the trend in bond strength is not deter-
mined by the strength of orbital interactions but by the oft-
neglected electrostatic term.


To facilitate the comparison of the nature of the metal–
ligand interactions between the phosphine ligands PMe3 and
PCl3 and the NHC tautomers nNHC, aNHC, and IMID,
Table 10 contains the range of the percentage contributions
of DEelstat and DEorb to the total interaction energies DEint as
well as the s and p contributions to the orbital interactions
DEorb. The data make it clear that the NHC tautomers are
better s-donor ligands and weaker p acceptors than the
phosphine ligands, and that the metal–PR3 interactions have
a higher orbital (covalent) contribution than the metal–
NHC bonds.


Conclusions


The results of this work can be summarized as follows:


* The calculations of the free tautomers nNHC, aNHC,
and IMID predict that free imidazole IMID is 26.7 kcal
mol�1 more stable than the “normal” carbene tautomer
nNHC, which in turn is 17.4 kcalmol�1 lower in energy
than the “abnormal” carbene aNHC.


* The HOMOs of the carbene species nNHC and aNHC
are the carbon s lone-pair orbitals, whereas the nitrogen
s lone-pair orbital of IMID is HOMO-1. The energy


levels of the s lone-pair orbitals suggest the trend
aNHC>nNHC@ IMID for donor strength.


* The above trend of the s lone-pair orbitals is in agree-
ment with the trend in BDE for the three ligands with
all metals of Groups 4, 6, 8 and 10, that is, TM(a)>
TM(n)>TM(I).


* The total strength of the metal–ligand bond for a given
imidazole ligand depends not only on the orbital interac-
tions but also strongly on the electrostatic attraction.
Complexes TM(L) may have weaker orbital interactions
but stronger TM�L bonds than other metals TM’(L) be-
cause the electrostatic attraction in TM–L is much stron-
ger than in TM’–L.


* EDA of the TM�L bonds reveals little difference in the
nature of the metal–ligand interactions of nNHC,
aNHC, and IMID. The largest contribution to the attrac-
tive interactions comes from the electrostatic term,
DEelstat. The orbital term DEorb contributes about one
third to the attractive interactions in the molecules
1TM(L)–3TM(L) and even less in 4TM(L). The contri-
bution of the p orbitals to the metal–ligand bond is
rather small for all ligands, but not negligible.


* The comparison of the EDA results for the Group 6
complexes [(CO)5TM(L)] (L=nNHC, aNHC, IMID)
with the phosphine complexes (L=PMe3 and PCl3)
shows that the phosphine ligands are weaker s donors
and better p acceptors than the carbene ligands nNHC
and aNHC.


Theoretical Methods


All geometries were optimized under the constraint of Cs symmetry with
the ligand ring lying in the mirror plane. This enabled us to separate s-
and p-bonding contributions. These initial structures were optimized with
the generalized gradient approximation (GGA) to DFT by using the ex-
change functional of Becke[32] in conjunction with the correlation func-
tional of Perdew[33] (BP86). Uncontracted Slater-type orbitals (STOs)
were employed as basis functions for self-consistent field (SCF) calcula-
tions.[34] The basis sets for all elements have triple-z quality augmented
by two sets of polarization functions (Amsterdam density functional
(ADF) basis set “TZ2P”). Core electrons (i.e., 1s for second- and
[He]2s2p for third-period atoms including first-row transition metals,
[Ne]3s3p3d for second-row, and [Ar]4s4p4d for third-row transition


metals) were treated with the frozen-
core approximation. This level of
theory is denoted BP86/TZ2P. An
auxiliary set of s, p, d, f, and g STOs
was used to fit the molecular densi-
ties and to represent the Coulomb
and exchange potentials accurately in
each SCF cycle.[35] Scalar relativistic
effects were incorporated by applying
the zero-order regular approximation
(ZORA).[36] Calculations were car-
ried out with the program package
ADF2006.01.[37]


Table 10. Range of the interaction energy DEint, the percentage contributions of DEelstat and DEorb to the total
interaction energies DEint, and the s and p contributions to the orbital interactions DEorb of the metal–ligand
bonds in the calculated complexes.


Ligand P ACHTUNGTRENNUNG(CH3)3 PCl3 nNHC aNHC IMID


DEint [kcalmol�1] �40.9 to �46.4 �26.1 to �31.1 �51.5 to �58.3 �55.4 to �62.1 �31.8 to �36.6
DEelstat [%] 60.7–65.1 46.7–48.8 66.5–70.7 66.5–70.9 66.0–68.1
DEorb [%] 34.9–39.3 51.2–53.3 29.3–33.5 29.1–33.5 31.9–34.0
DEs [%] 72.3–74.3 51.5–53.7 81.3–82.6 83.4–84.6 82.0–82.9
DEp [%] 25.7–27.7 46.3–48.5 17.4–18.7 15.4–16.6 17.1–18.0
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Interatomic interactions were investigated by means of EDA developed
independently by Morokuma[38] and by Ziegler and Rauk.[39] The bonding
analysis focuses on the instantaneous interaction energy DEint of a bond
A�B between two fragments A and B in the particular electronic refer-
ence state and in the frozen geometry of AB. This interaction energy is
divided into three main components [Eq. (1)]:


DEint ¼ DEelstat þ DEPauli þ DEorb ð1Þ


The term DEelstat corresponds to the classical electrostatic interaction be-
tween the unperturbed charge distributions of the prepared atoms and is
usually attractive. The Pauli repulsion, DEPauli, is the energy change asso-
ciated with the transformation from the superposition of the unperturbed
electron densities 1A+1B of the isolated fragments to the wavefunction
Y0 ¼ NÂ YAYB½ 
, which properly obeys the Pauli principle through ex-
plicit antisymmetrization (Â operator) and renormalization (N=con-
stant) of the product wavefunction.[37a] DEPauli comprises the destabilizing
interactions between electrons of the same spin on either fragment. The
orbital interaction DEorb accounts for charge-transfer and polarization ef-
fects.[40] The DEorb term can be decomposed into contributions from each
irreducible representation of the point group of the interacting system.
As the molecules in our study have at least Cs symmetry, it is possible to
estimate quantitatively the intrinsic strength of orbital interactions from
orbitals with a’ and a’’ symmetry. This gives the contributions of the s-
and p-orbital interactions to the DEorb term directly [Eq. (2)]:


DEorb ¼ DEsða0Þ þ DEpða00Þ ð2Þ


An orbital-deletion procedure recently applied by our group to the ques-
tion of the strength of conjugation and hyperconjugation in molecules[41]


can shed further light on the bonding interactions between the ligand
and the metal. This method was also used by Jacobsen for the analysis of
the transition-metal complexes of nNHCs.[26a] It is possible to split the p-
interaction term DEp ACHTUNGTRENNUNG(a’’) into two terms, DEp ACHTUNGTRENNUNG(L!TM) and DEp ACHTUNGTRENNUNG(TM!
L), which denote the extent of p donation from the ligand to the metal
and from the metal to the ligand, respectively. This is done by repeating
the EDA for all the complexes while consecutively deleting the a’’ virtual
orbitals of the ligand to gain information on DEp ACHTUNGTRENNUNG(L!TM). Repeating
the same procedure for the a’’ virtual orbitals of the metal provides data
on DEp ACHTUNGTRENNUNG(TM!L). However, these terms do not add up to the DEp ACHTUNGTRENNUNG(a’’)
contribution of the DEorb term. Rather, a small residual term remains.
The constraint put on the variational space causes the deletion procedure
to affect all the other orbitals in the calculations so that the remaining in-
teracting orbitals in the deletion calculations are not the same as in the
undeleted ones.


To obtain the BDE, De (by definition with an opposite sign to that of
DE), the preparation energy DEprep (which gives the relaxation of the
fragments into their electronic and geometrical ground states) must be
added to DEint [Eq. (3)]:


DE ð¼ �DeÞ ¼ DEint þ DEprep ð3Þ


Further details on EDA can be found in the literature.[37]


To calculate the dissociation energies, we calculated each fragment in its
optimized geometry and derived DE by Equation (3). All complexes and
fragments investigated were characterized by an analysis of the analyti-
cally calculated harmonic frequencies as was recently implemented in
ADF.[42] By applying a standard state of 298.15 K and 1 atm, thermody-
namic quantities were also derived.
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Introduction


Selective and efficient functionalizations of unreactive C�H
bonds have been actively investigated.[1] Among them, func-
tionalizations of C ACHTUNGTRENNUNG(sp3)�H bonds are more difficult than
those of C ACHTUNGTRENNUNG(sp2)�H and C(sp)�H bonds because of the lack
of a proximal p system. To realize the difficult C ACHTUNGTRENNUNG(sp3)�H
functionalization, radical processes are quite useful as they
take advantage of homolytic hydrogen abstraction.[2] Al-
though the formation of C�C[3], C�O[4], C�N,[5] and C–halo-
gen bonds[6] by intermolecular radical C�H functionalization
is well-documented, there are few reports on C�S bond for-
mation.[7–9] Herein, we disclose new reagents for efficient C�
S bond formation by radical C�H functionalization.


Results and Discussion


The new reagents 1 were designed based on the radical
chemistry of dithiocarbonate (Scheme 1).[8,10] An undecyl
radical, thermally generated from dilauroyl peroxide, would


attack the sulfur atom of the thiocarbonyl group in 1 to gen-
erate the radical 2. Liberation of the 3,3-dimethyl-2-oxobu-
tyl radical 3 would then take place with concomitant forma-
tion of O-alkyl S-undecyl dithiocarbonate. The electron-defi-
cient radical 3 would be reactive enough to abstract hydro-
gen homolytically from a molecule of solvent such as ethers
and cycloalkanes. The electron-rich radical 4 would react
with 1 to complete the conversion of the initial C ACHTUNGTRENNUNG(sp3)�H
bond into a C ACHTUNGTRENNUNG(sp3)�S bond and to regenerate 3.
The preparation of 1 was facile. The reaction of chloropi-


nacolone with potassium O-ethyl dithiocarbonate in acetone
afforded 1a quantitatively (Scheme 2). Other dithiocarbon-
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Scheme 1. Plausible mechanism for C�S bond formation by radical C�H
functionalization.


Keywords: C–H activation · C–S
bond formation · dithiocarbonates ·
radical reactions · sulfur transfer


Abstract: Boiling of the title compounds in ethereal solvents or cycloalkanes in
the presence of a radical initiator leads to radical C ACHTUNGTRENNUNG(sp3)�H functionalization, by
which a sulfur atom is introduced into the ethereal solvents at the oxygenated
carbon atom or into the cycloalkanes. Both acyclic and cyclic ethers, such as
[18]crown-6 and [D8]THF, undergo the sulfur transfer. The reaction is useful for
the synthesis of monothioacetals, thiols, and sulfides from simple starting materi-
als.
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ates 1b–g were prepared in high yields from the correspond-
ing alcohols, carbon disulfide, and chloropinacolone in a
one-pot manner.
Dithiocarbonate 1a was heated in boiling dioxane in the


presence of 10 mol% of dilauroyl peroxide for 30 min to
provide 6a in 90% yield (Table 1, entry 1). The reaction of
tetrahydropyran was less efficient and required a larger
amount of the initiator as well as a longer reaction time
(Table 1, entry 2). The lower reactivity of tetrahydropyran
could be due to the slower hydrogen-abstraction step[11] as
well as its relatively low boiling point (88 8C). THF and acy-
clic dipropyl ether underwent the sulfur-transfer reaction
smoothly (Table 1, entries 3 and 4). The regioselectivity in
the reaction of 1,2-dimethoxyethane was moderate: a sepa-
rable mixture of 6e and 6 f in the ratio 71:29 was produced
in high combined yield (Table 1, entry 5). Sulfur transfer to
diethyl ether was difficult due to its low boiling point
(Table 1, entry 7). This difficulty could be overcome by per-
forming the reaction in a sealed vial with microwave heating
at 100 8C (Table 1, entry 8). Microwave heating in a sealed
vial was applicable to the carbon–deuterium bond activation
of [D8]THF, wherein a considerable kinetic isotope effect
was observed (Table 1, entries 9 and 10). The conversion of
[D8]THF is useful for the synthesis of deuterated tetrahydro-
furan derivatives such as [D6]g-butyrolactone.


[12]


The above reaction should be performed under highly di-
luted conditions (Table 2). Although reaction with a concen-
tration of 0.040m provided a 90% yield of 6a (Table 2,


entry 1), reaction with a concentration of 0.10m resulted in a
slight decrease in yield (Table 2, entry 2). A much higher
concentration, 1.0m, led to unsatisfactory yield with the re-
covery of a large amount of 1a (Table 2, entry 3). The use of
benzene as a cosolvent to minimize the amount of dioxane
resulted in failure (Table 2, entry 4). The reaction can be
performed on a large scale to provide 6a in excellent yield
with 90% recovery of dioxane by simple evaporation
(Table 2, entry 5).
Apart from 1a, dithiocarbonates 1b–f also effected sulfur


transfer to ethereal solvents (Scheme 3). Owing to the high
chemoselectivity of the radical reaction, the basic pyridyl
group of 1d and the hydroxy group of 1 f did not influence
the efficiency of the reaction.


Abstract in Japanese:


Scheme 2. Preparation of sulfur-transfer agents.


Table 1. C�S bond formation by using sulfur-transfer agents 1a through
radical C�H functionalization of ethereal solvents.


Entry Solvent x B.p.
[8C]


t
ACHTUNGTRENNUNG[min]


6 Yield[a]


[%]


1 1,4-dioxane 10 101 30 90


2 tetrahydropyran 20 88 100 76


3
tetrahydrofuran
ACHTUNGTRENNUNG(THF)


10 66 120 90


4 dipropyl ether 15 88 120 69


5
1,2-dimethoxy-
ethane


10 84 100
93
ACHTUNGTRENNUNG(71:29)[b]


6
2,2-dimethyl-
1,3-dioxolane


10 92 120 77


7 diethyl ether 20[c] 34 180 2


8 diethyl ether 10 100[d] 60 6h 69


9 [D8]THF 10 66 120 15


10 [D8]THF 15 120[d] 60 [D7]6c 79


[a] Based on 1a. [b] The ratio of 6e to 6 f. [c] Triethylborane was used.
[d] Microwave heating in a sealed vial. S=SC(S)OEt.


Table 2. Effect of concentration and scale on the reaction in dioxane.


Entry 1a
ACHTUNGTRENNUNG[mmol]


Dioxane
[mL]


ACHTUNGTRENNUNG[1a]
[m]


Yield
[%]


Recovered
1a [%]


1 0.20 5.0 0.040 90 0
2 2.0 20 0.10 83 3
3 1.0 1.0 1.0 19 70
4 0.20 0.40 0.037[a] 6 90
5 20 500 0.040 88 0


[a] Benzene (5.0 mL) was used as a cosolvent.
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The sulfur-transfer reaction from 1 to cycloalkanes pro-
vides a mild and efficient way for the synthesis of cycloal-
ACHTUNGTRENNUNGkanethiol derivatives (Scheme 4). Although a large excess of
cycloalkane was necessary, it can be recovered. For instance,
when cyclododecane was used, it was recovered in 98%
yield. The reaction of other alkanes such as hexane and
methylcyclohexane proceeded, albeit with little regioselec-
tivity.
The transformations of dithiocarbonates 6a and 6e were


examined (Scheme 5). These compounds were converted


into hexylthioacetals 14 and 15, respectively, by the action
of potassium hydroxide and 1-iodohexane[13] in ethanol. No-
tably, the possible fragmentation of intermediate 16 was
slow enough to allow it to react with 1-iodohexane.
The present method was applied to the functionalization


of [18]crown-6 (Scheme 6). Owing to the involatile and
highly polar nature of the crown ether, the isolation of 17


required size-exclusion chromatography. Although the ex-
pensive crown ether was used as a solvent, 92% of it was re-
covered during the purification procedure. The product 17 is
a new “lariat ether”[14] that interacts more strongly with cat-
ions than the parent crown ether. By taking advantage of
the variability of the O-alkyl group, this procedure offers a
new method for the synthesis of crown ethers with a func-
tionalized side arm.


Conclusions


We have developed an efficient sulfur-transfer agent. The
reagent enables direct transformations of ethereal solvents
and cycloalkanes into monothioacetals, thiols, and sulfides.


Experimental Section


General


Unless otherwise noted, all reactions were carried out with conventional
glassware. Microwave-assisted reactions were performed with a focused
microwave unit (Biotage InitiatorTM). The maximum irradiation power is
400 W. Each reaction was run in a 5-mL glass pressure vial, which is a
commercially available and special vial for the Biotage InitiatorTM. It
took 2–3 min to reach the indicated temperatures. After that, controlled
microwave irradiation started and was continued for 60 min to keep the
reaction temperature constant.
1H (500 MHz) and 13C NMR (125.7 MHz) spectra were recorded in
CDCl3 on a Varian UNITY INOVA 500 spectrometer. Chemical shifts
(d) are in parts per million relative to tetramethylsilane at 0.00 ppm for
1H and relative to CDCl3 at 77.0 ppm for 13C unless otherwise noted. IR
spectra were recorded on a Shimadzu FTIR-8200PC spectrometer. Mass
spectra were obtained on a JEOL Mstation 700 spectrometer. TLC analy-
sis was performed on commercial glass plates with a 0.25-mm layer of
Merck silica gel 60F254. Silica gel (Wakogel 200 mesh) was used for
column chromatography. Gel-permeation chromatography (GPC) was
performed with an LC-908 instrument (Japan Analytical Industry Ltd.,
two in-line JAIGEL-2H, toluene, 10 mLmin�1, UV and refractive-index
detectors). Elemental analysis was carried out at the Elemental Analysis
Center of Kyoto University.


Scheme 3. Reactions with other sulfur-transfer agents.


Scheme 4. Reactions of cycloalkanes.


Scheme 5. Transformations of products 6.


Scheme 6. Functionalization of a crown ether.
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Unless otherwise noted, starting materials were readily available from
commercial suppliers and were used without further purification. Ethere-
al solvents were purchased from Wako Pure Chemicals just prior to use
and were used as received.


Syntheses


1a (Scheme 2): Under an atmosphere of argon, potassium O-ethyl dithio-
carbonate (0.96 g, 6.0 mmol) was added to a solution of 1-chloro-3,3-di-
methyl-2-butanone (0.66 mL, 5.0 mmol) in acetone (15 mL). The mixture
was stirred for 1 h at ambient temperature and then poured into water
(20 mL). The product was extracted with hexane/ethyl acetate (5:1, 3L
10 mL). The combined organic layer was washed with brine, dried over
sodium sulfate, filtered, and concentrated in vacuo. Silica-gel column
chromatography (hexane/ethyl acetate=5:1) afforded analytically pure
O-ethyl S-3,3-dimethyl-2-oxobutyl dithiocarbonate (1a) as a pale-yellow
oil (1.1 g, 4.9 mmol, 97%). IR (neat): ñ =2969, 1716, 1477, 1366, 1223,
1114, 1047, 1001 cm�1; 1H NMR (CDCl3): d=1.25 (s, 9H), 1.41 (t, J=


7.0 Hz, 3H), 4.28 (s, 2H), 4.63 ppm (q, J=7.0 Hz, 2H); 13C NMR
(CDCl3): d=13.8, 26.7, 42.6, 44.4, 70.5, 207.3, 213.9 ppm; elemental anal-
ysis: calcd (%) for C9H16O2S2: C 49.06, H 7.32; found: C 49.15, H 7.11.


1b (Scheme 2): The preparation of O-methyl S-3,3-dimethyl-2-oxobutyl
dithiocarbonate (1b) is representative for 1c–g. Under an atmosphere of
argon, methanol (0.33 mL, 8.0 mmol) was added to a suspension of
sodium hydride (60 wt% in oil, 0.24 g, 6.0 mmol) in THF (10 mL). The
mixture was stirred for 40 min at ambient temperature. Carbon disulfide
(0.48 mL, 8.0 mmol) in THF (5 mL) was then added at 0 8C, and the mix-
ture was soon warmed to room temperature. After 2 h, 1-chloro-3,3-di-
methyl-2-butanone (0.66 mL, 5.0 mmol) was added at 0 8C, and the mix-
ture was soon warmed to room temperature. After a further 3 h, the mix-
ture was poured into water (20 mL). The product was extracted with
hexane/ethyl acetate (5:1, 3L10 mL). The combined organic layer was
washed with brine, dried over sodium sulfate, filtered, and concentrated
in vacuo. Silica-gel column chromatography (hexane/ethyl acetate=20:1–
10:1) afforded analytically pure 1b as a yellow oil (0.87 g, 4.2 mmol,
84%). IR (neat): ñ =2969, 1717, 1477, 1437, 1367, 1226, 1157, 1071, 1053,
1000 cm�1; 1H NMR (CDCl3): d=1.25 (s, 9H), 4.17 (s, 3H), 4.29 ppm (s,
2H); 13C NMR (CDCl3): d=26.6, 42.9, 44.4, 60.5, 207.3, 214.7 ppm; ele-
mental analysis: calcd (%) for C8H14O2S2: C 46.57, H 6.84; found: C
46.63, H 6.67.


1c : O-Octyl S-3,3-dimethyl-2-oxobutyl dithiocarbonate: IR (neat): ñ=


2959, 2921, 2854, 1717, 1467, 1347, 1248, 1232, 1087, 1046 cm�1; 1H NMR
(CDCl3): d=0.89 (t, J=7.0 Hz, 3H), 1.25 (s, 9H), 1.22–1.36 (m, 8H),
1.36–1.43 (m, 2H), 1.75–1.82 (m, 2H), 4.28 (s, 2H), 4.56 ppm (t, J=


7.0 Hz, 2H); 13C NMR (CDCl3): d=14.1, 22.6, 25.8, 26.7, 28.2, 29.1, 29.1,
31.7, 42.6, 44.4, 74.8, 207.4, 214.0 ppm; elemental analysis: calcd (%) for
C15H28O2S2: C 59.16, H 9.27; found: C 59.22, H 9.34.


1d : S-3,3-Dimethyl-2-oxobutyl O-2-(2-pyridyl)ethyl dithiocarbonate: IR
(neat): ñ =2968, 1716, 1592, 1476, 1437, 1367, 1228, 1214, 1072, 1051,
1000 cm�1; 1H NMR (CDCl3): d =1.22 (s, 9H), 3.27 (t, J=7.0 Hz, 2H),
4.24 (s, 2H), 4.97 (t, J=7.0 Hz, 2H), 7.17 (ddd, J=7.5, 5.0, 1.0 Hz, 1H),
7.22 (ddd, J=7.5, 1.0, 1.0 Hz, 1H), 7.63 (ddd, J=7.5, 7.5, 2.0 Hz, 1H),
8.55 ppm (ddd, J=5.0, 2.0, 1.0 Hz, 1H); 13C NMR (CDCl3): d =26.6, 36.8,
42.6, 44.3, 73.0, 121.8, 123.5, 136.5, 149.5, 157.3, 207.3, 213.5 ppm; elemen-
tal analysis: calcd (%) for C14H19NO2S2: C 56.53, H 6.44; found: C 56.79,
H, 6.42.


1e : S-3,3-Dimethyl-2-oxobutyl O-3,6,9-trioxadecyl dithiocarbonate: IR
(neat): ñ=2968, 2875, 1717, 1478, 1366, 1221, 1109, 1053, 1000 cm�1;
1H NMR (CDCl3): d=1.25 (s, 9H), 3.39 (s, 3H), 3.55–3.58 (m, 2H), 3.65–
3.71 (m, 6H), 3.82–3.86 (m, 2H), 4.29 (s, 2H), 4.69–4.73 ppm (m, 2H);
13C NMR (CDCl3): d=26.6, 42.7, 44.3, 59.0, 68.4, 70.5, 70.5, 70.7, 71.9,
73.1, 207.2, 213.9 ppm; elemental analysis: calcd (%) for C14H26O5S2: C
49.68, H 7.74; found: C 49.42, H 7.76.


1 f : O-5-Hydroxypentyl S-3,3-dimethyl-2-oxobutyl dithiocarbonate: IR
(neat): ñ =3368 (br), 2938, 2869, 1714, 1477, 1367, 1229, 1048, 1001 cm�1;
1H NMR (CDCl3): d=1.25 (s, 9H), 1.46–1.53 (m, 2H), 1.55–1.66 (m,
3H), 1.80–1.87 (m, 2H), 3.67 (t, J=6.5 Hz, 2H), 4.28 (s, 2H), 4.59 ppm
(t, J=6.5 Hz, 2H); 13C NMR (CDCl3): d=22.2, 26.6, 28.0, 32.2, 42.6, 44.3,


62.5, 74.4, 207.4, 214.0 ppm; elemental analysis: calcd (%) for
C12H22O3S2: C 51.77, H 7.96; found: C 51.94, H 8.13.


1g : S-3,3-Dimethyl-2-oxobutyl O-6-(2-pyridyl)hexyl dithiocarbonate: IR
(neat): ñ=2934, 2858, 1717, 1590, 1475, 1434, 1366, 1227, 1049, 999,
749 cm�1; 1H NMR (CDCl3): d =1.25 (s, 9H), 1.37–1.49 (m, 4H), 1.70–
1.83 (m, 4H), 2.79 (t, J=7.5 Hz, 2H), 4.28 (s, 2H), 4.55 (t, J=7.0 Hz,
2H), 7.10 (ddd, J=7.5, 5.0, 1.0 Hz, 1H), 7.14 (ddd, J=7.5, 1.0, 1.0 Hz,
1H), 7.59 (ddd, J=7.5, 7.5, 2.0 Hz, 1H), 8.53 ppm (ddd, J=5.0, 2.0,
1.0 Hz, 1H); 13C NMR (CDCl3): d=25.7, 26.7, 28.1, 28.9, 29.6, 38.3, 42.7,
44.4, 74.6, 120.9, 122.7, 136.2, 149.2, 162.2, 207.4, 214.0 ppm; elemental
analysis: calcd (%) for C18H27NO2S2: C 61.15, H 7.70; found: C 61.27, H
7.93%.


Transformation of the C�H bond of the solvent into a C�S bond: The
synthesis of O-ethyl S-2-oxacyclopentyl dithiocarbonate (6c ; Table 1,
entry 3) is representative. Under an atmosphere of argon, a solution of
1a (44 mg, 0.20 mmol) and dilauroyl peroxide (DLP; 8.0 mg,
0.020 mmol) in THF (5.0 mL) was stirred for 2 h while heated at reflux.
The mixture was then cooled to room temperature, diluted with acetone,
dried over sodium sulfate, filtered, and concentrated in vacuo. Silica-gel
column chromatography (hexane/ethyl acetate=20:1–10:1) afforded ana-
lytically pure 6c as a yellow oil (34 mg, 0.18 mmol, 90%). IR (neat): ñ=


2980, 2871, 1458, 1364, 1292, 1219, 1112, 1042, 933 cm�1; 1H NMR
(CDCl3): d=1.44 (t, J=7.5 Hz, 3H), 1.90–2.13 (m, 3H), 2.37–2.46 (m,
1H), 3.90–4.02 (m, 2H), 4.61–4.73 (m, 2H), 6.17 ppm (dd, J=7.5, 3.5 Hz,
1H); 13C NMR (CDCl3): d=13.7, 24.6, 31.7, 68.4, 69.6, 88.3, 213.2 ppm;
elemental analysis: calcd (%) for C7H12O2S2: C 43.72, H 6.29; found: C
43.99, H 6.31.


6a : O-Ethyl S-2,5-dioxacyclohexyl dithiocarbonate: IR (neat): ñ =2967,
2920, 2855, 1447, 1220, 1111, 1045, 893, 869 cm�1; 1H NMR (CDCl3): d=


1.44 (t, J=7.5 Hz, 3H), 3.70–3.81 (m, 3H), 3.88 (dd, J=12.0, 3.0 Hz,
1H), 4.04 (dd, J=12.0, 3.0 Hz, 1H), 4.07–4.13 (m, 1H), 4.63–4.73 (m,
2H), 5.92 ppm (dd, J=3.0, 3.0 Hz, 1H); 13C NMR (CDCl3): d=13.7, 63.6,
66.7, 69.7, 70.3, 84.2, 211.7 ppm; elemental analysis: calcd (%) for
C7H12O3S2: C 40.36, H 5.81; found: C 40.59, H 5.67.


6b : O-Ethyl S-2-oxacyclohexyl dithiocarbonate: IR (neat): ñ=2941,
2859, 1441, 1218, 1105, 1057, 1038, 1010, 882, 714 cm�1; 1H NMR
(CDCl3): d=1.43 (t, J=7.0 Hz, 3H), 1.58–1.70 (m, 2H), 1.70–1.77 (m,
2H), 1.84–1.91 (m, 1H), 2.02–2.10 (m, 1H), 3.70–3.76 (m, 1H), 3.93–3.99
(m, 1H), 4.61–4.72 (m, 2H), 5.89 ppm (dd, J=5.5, 4.0 Hz, 1H); 13C NMR
(CDCl3): d =13.7, 21.6, 25.3, 30.7, 65.6, 69.9, 86.1, 212.4 ppm; elemental
analysis: calcd (%) for C8H14O2S2: C 46.57, H 6.84; found: C 46.81, H
6.89.


[D7]6c : S-1,3,3,4,4,5,5-Heptadeuterio-2-oxacyclopentyl O-ethyl dithiocar-
bonate: IR (neat): ñ=2982, 2239, 1221, 1114, 1062, 1044, 1004, 972 cm�1;
1H NMR (CDCl3): d=1.43 (t, J=7.0 Hz, 3H), 4.65 (dq, J=11.0, 7.0 Hz,
1H), 4.69 ppm (dq, J=11.0, 7.0 Hz, 1H); 13C NMR (CDCl3): d =13.7,
23.6 (quint, J=20.3 Hz), 30.9 (quint, J=20.3 Hz), 67.6 (quint, J=


22.3 Hz), 69.6, 88.0 (t, J=26.8 Hz), 213.2 ppm; elemental analysis: calcd
(%) for C7H5D7O2S2: C 42.18, H+D 9.60; found: C 41.99, H+D 9.54.


6d : O-Ethyl S-1-propoxypropyl dithiocarbonate: IR (neat): ñ=2965,
2936, 2877, 1462, 1208, 1108, 1053, 1011, 916 cm�1; 1H NMR (CDCl3): d=


0.92 (t, J=7.5 Hz, 3H), 1.05 (t, J=7.5 Hz, 3H), 1.43 (t, J=7.0 Hz, 3H),
1.56–1.64 (m, 2H), 1.92–2.04 (m, 2H), 3.45 (dt, J=9.5, 6.5 Hz, 1H), 3.69
(dt, J=9.5, 6.5 Hz, 1H), 4.61–4.70 (m, 2H), 5.49 ppm (dd, J=6.5, 5.5 Hz,
1H); 13C NMR (CDCl3): d =10.2, 10.6, 13.8, 22.6, 29.8, 69.6, 71.2, 93.8,
214.6 ppm; elemental analysis: calcd (%) for C9H18O2S2: C 48.61, H 8.16;
found: C 48.89, H 7.95.


6e : O-Ethyl S-1,2-dimethoxyethyl dithiocarbonate: IR (neat): ñ =2988,
2931, 2829, 1457, 1448, 1215, 1111, 1048 cm�1; 1H NMR (CDCl3): d =1.44
(t, J=7.5 Hz, 3H), 3.45 (s, 3H), 3.52 (s, 3H), 3.70–3.77 (m, 2H), 4.62–
4.72 (m, 2H), 5.66 ppm (dd, J=6.5, 3.5 Hz, 1H); 13C NMR (CDCl3): d=


13.7, 57.5, 59.4, 70.0, 74.5, 91.8, 213.3 ppm; elemental analysis: calcd (%)
for C7H14O3S2: C 39.98, H 6.71; found: C 40.26, H 6.51.


6 f : O-Ethyl S-2,5-dioxahexyl dithiocarbonate: IR (neat): ñ=2982, 2924,
1454, 1366, 1308, 1221, 1101, 1047 cm�1; 1H NMR (CDCl3): d=1.44 (t,
J=7.0 Hz, 3H), 3.38 (s, 3H), 3.54–3.57 (m, 2H), 3.71–3.74 (m, 2H), 4.68
(q, J=7.0 Hz, 2H), 5.40 ppm (s, 2H); 13C NMR (CDCl3): d=13.7, 59.0,
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68.9, 70.2, 71.4, 76.8 (overlapped with the signal of CDCl3), 213.1 ppm;
elemental analysis: calcd (%) for C7H14O3S2: C 39.98, H 6.71; found: C
40.15, H 6.70.


6g : O-Ethyl S-3,3-dimethyl-2,4-dioxacyclopentyl dithiocarbonate: IR
(neat): ñ=2988, 2937, 1453, 1383, 1373, 1222, 1147, 1114, 1066, 1044, 952,
837 cm�1; 1H NMR (CDCl3): d=1.42 (d, J=1.0 Hz, 3H), 1.43 (t, J=


7.0 Hz, 3H), 1.48 (d, J=1.0 Hz, 3H), 4.21 (dd, J=9.5, 3.0 Hz, 1H), 4.43
(dd, J=9.5, 5.5 Hz, 1H), 4.64 (dq, J=10.5, 7.0 Hz, 1H), 4.67 (dq, J=10.5,
7.0 Hz, 1H), 6.15 ppm (dd, J=5.5, 3.0 Hz, 1H); 13C NMR (CDCl3): d=


13.7, 25.6, 26.3, 69.7, 70.4, 84.8, 112.0, 212.6 ppm; elemental analysis:
calcd (%) for C8H14O3S2: C 43.22, H 6.34; found: C 43.10, H 6.59.


6h : S-1-Ethoxyethyl O-ethyl dithiocarbonate: IR (neat): ñ =2978, 2930,
1444, 1374, 1252, 1212, 1107, 1052 cm�1; 1H NMR (CDCl3): d=1.21 (t,
J=7.0 Hz, 3H), 1.43 (t, J=7.0 Hz, 3H), 1.69 (d, J=6.5 Hz, 3H), 3.57
(dq, J=9.5, 7.0 Hz, 1H), 3.77 (dq, J=9.5, 7.0 Hz, 1H), 4.61–4.70 (m,
2H), 5.63 ppm (q, J=6.5 Hz, 1H); 13C NMR (CDCl3): d=13.7, 14.9, 22.9,
64.9, 69.6, 88.2, 214.1 ppm; elemental analysis: calcd (%) for C7H14O2S2:
C 43.27, H 7.26; found: C 43.16, H 7.06.


7: O-Methyl S-2-oxacyclopentyl dithiocarbonate: IR (neat): ñ=2980,
2943, 2879, 1436, 1223, 1153, 1049, 924 cm�1; 1H NMR (CDCl3): d =1.91–
2.12 (m, 3H), 2.37–2.46 (m, 1H), 3.91–4.03 (m, 2H), 4.20 (s, 3H),
6.17 ppm (dd, J=7.5, 3.5 Hz, 1H); 13C NMR (CDCl3): d =24.6, 31.7, 59.9,
68.4, 88.5, 214.0 ppm; elemental analysis: calcd (%) for C6H10O2S2: C
40.42, H 5.65; found: C 40.65, H 5.54.


8 : O-Octyl S-2-oxacyclopentyl dithiocarbonate: IR (neat): ñ =2925, 2855,
1460, 1224, 1043, 934 cm�1; 1H NMR (CDCl3): d=0.89 (t, J=7.0 Hz, 3H),
1.22–1.37 (m, 8H), 1.37–1.45 (m, 2H), 1.77–1.84 (m, 2H), 1.90–2.12 (m,
3H), 2.36–2.46 (m, 1H), 3.90–4.02 (m, 2H), 4.54–4.64 (m, 2H), 6.16 ppm
(dd, J=7.5, 3.5 Hz, 1H); 13C NMR (CDCl3): d=14.1, 22.6, 24.6, 25.8,
28.1, 29.1, 29.1, 31.7, 31.8, 68.4, 73.9, 88.3, 213.4 ppm; elemental analysis:
calcd (%) for C13H24O2S2: C 56.48, H 8.75; found: C 56.68, H 8.50.


9 : S-2,5-Dioxacyclohexyl O-2-(2-pyridyl)ethyl dithiocarbonate: IR (neat):
ñ=2967, 2855, 1592, 1475, 1438, 1229, 1214, 1126, 1056, 893, 869 cm�1;
1H NMR (CDCl3): d=3.30 (t, J=7.0 Hz, 2H), 3.66–3.77 (m, 3H), 3.83
(dd, J=12.0, 3.5 Hz, 1H), 3.98 (dd, J=12.0, 3.0 Hz, 1H), 4.03–4.09 (m,
1H), 5.00 (t, J=7.0 Hz, 2H), 5.83 (dd, J=3.5, 3.0 Hz, 1H), 7.17 (ddd, J=


7.5, 5.0, 1.0 Hz, 1H), 7.23 (ddd, J=7.5, 1.0, 1.0 Hz, 1H), 7.63 (ddd, J=


7.5, 7.5, 2.0 Hz, 1H), 8.56 ppm (ddd, J=5.0, 2.0, 1.0 Hz, 1H); 13C NMR
(CDCl3): d=36.8, 63.6, 66.6, 69.7, 72.9, 84.1, 121.8, 123.5, 136.5, 149.6,
157.4, 211.5 ppm; elemental analysis: calcd (%) for C12H15NO3S2: C
50.50, H 5.30; found: C 50.76, H 5.36.


10 : S-2,5-Dioxacyclohexyl O-3,6,9-trioxadecyl dithiocarbonate: IR (neat):
ñ=2873, 1450, 1240, 1221, 1126, 1109, 1057, 894, 868 cm�1; 1H NMR
(CDCl3): d =3.39 (s, 3H), 3.55–3.58 (m, 2H), 3.64–3.69 (m, 4H), 3.69–
3.74 (m, 3H), 3.75–3.80 (m, 2H), 3.85–3.91 (m, 3H), 4.04 (dd, J=12.0,
3.0 Hz, 1H), 4.07–4.13 (m, 1H), 4.70–4.79 (m, 2H), 5.92 ppm (dd, J=3.0,
3.0 Hz, 1H); 13C NMR (CDCl3): d=59.1, 63.6, 66.7, 68.4, 69.8, 70.6, 70.6,
70.8, 71.9, 73.0, 84.5, 212.0 ppm; elemental analysis: calcd (%) for
C12H22O6S2: C 44.15, H 6.79; found: C 44.27, H 6.82.


11: O-5-Hydroxypentyl S-2,5-dioxacyclohexyl dithiocarbonate: IR (neat):
ñ=3398 (br), 2938, 2861, 1457, 1232, 1126, 1049, 893, 868 cm�1; 1H NMR
(CDCl3): d=1.44 (br s, 1H), 1.47–1.55 (m, 2H), 1.59–1.68 (m, 2H), 1.82–
1.90 (m, 2H), 3.67 (t, J=6.0 Hz, 2H), 3.69–3.80 (m, 3H), 3.88 (dd, J=


12.0, 3.0 Hz, 1H), 4.03 (dd, J=12.0, 3.0 Hz, 1H), 4.08–4.15 (m, 1H), 4.63
(t, J=6.5 Hz, 2H), 5.91 ppm (dd, J=3.0, 3.0 Hz, 1H); 13C NMR (CDCl3):
d=22.2, 27.9, 32.1, 62.5, 63.5, 66.7, 69.7, 74.2, 84.1, 211.7 ppm; elemental
analysis: calcd (%) for C10H18O4S2: C 45.09, H 6.81; found: C 45.12, H
6.66.


12 : S-Cyclohexyl O-methyl dithiocarbonate: IR (neat): ñ=2933, 2854,
1448, 1435, 1218, 1151, 1078, 1067, 998 cm�1; 1H NMR (CDCl3): d =1.23–
1.35 (m, 1H), 1.38–1.53 (m, 4H), 1.58–1.66 (m, 1H), 1.71–1.80 (m, 2H),
2.02–2.11 (m, 2H), 3.63–3.70 (m, 1H), 4.16 ppm (s, 3H); 13C NMR
(CDCl3): d=25.5, 25.9, 32.3, 49.1, 59.7, 215.4 ppm; elemental analysis:
calcd (%) for C8H14OS2: C 50.49, H 7.41; found: C 50.49, H 7.16.


13a : S-Cyclooctyl O-ethyl dithiocarbonate: IR (neat): ñ=2922, 2851,
1473, 1445, 1210, 1144, 1111, 1055 cm�1; 1H NMR (CDCl3): d=1.42 (t,
J=7.0 Hz, 3H), 1.49–1.66 (m, 8H), 1.67–1.82 (m, 4H), 2.01–2.09 (m,


2H), 3.87 (tt, J=9.5, 4.0 Hz, 1H), 4.64 ppm (q, J=7.0 Hz, 2H); 13C NMR
(CDCl3): d =13.8, 25.4, 26.0, 26.9, 31.9, 50.0, 69.4, 214.9 ppm; elemental
analysis: calcd (%) for C11H20OS2: C 56.85, H 8.67; found: C 57.00, H
8.64.


13b : S-Cyclododecyl O-ethyl dithiocarbonate: IR (neat): ñ=2935, 2862,
2851, 1469, 1445, 1211, 1111, 1055 cm�1; 1H NMR (CDCl3): d=1.28–1.54
(m, 18H), 1.43 (t, J=7.0 Hz, 3H), 1.59–1.67 (m, 2H), 1.74–1.82 (m, 2H),
3.80–3.86 (m, 1H), 4.64 ppm (q, J=7.0 Hz, 2H); 13C NMR (CDCl3): d=


13.8, 22.6, 23.3, 23.6 (2C), 23.7, 29.9, 47.1, 69.5, 215.2 ppm; elemental
analysis: calcd (%) for C15H28OS2: C 62.45, H 9.78; found: C 62.68, H
10.01.


Transformation of dithiocarbonate into thioether (Scheme 5): The synthe-
sis of 2-hexylthio-1,4-dioxane (14) is representative. Under an atmos-
phere of argon, ground potassium hydroxide (56 mg, 1.0 mmol) was
added to a solution of 6a (42 mg, 0.20 mmol) and 1-iodohexane
(0.044 mL, 0.30 mL) in ethanol (5.0 mL). The mixture was stirred for 12 h
at ambient temperature and then poured into water (10 mL). The prod-
uct was extracted with hexane/ethyl acetate (10:1, 3L10 mL). The com-
bined organic layer was washed with brine, dried over sodium sulfate, fil-
tered, and concentrated in vacuo. Silica-gel column chromatography
(hexane/ethyl acetate=10:1) afforded analytically pure 14 as a colorless
oil (36 mg, 0.18 mmol, 86%). IR (neat): ñ =2958, 2927, 2855, 1456, 1260,
1126, 1119, 1085, 1070, 908, 870 cm�1; 1H NMR (CDCl3): d=0.89 (t, J=


7.0 Hz, 3H), 1.24–1.35 (m, 4H), 1.35–1.44 (m, 2H), 1.56–1.68 (m, 2H),
2.60–2.73 (m, 2H), 3.58 (dd, J=12.0, 7.0 Hz, 1H), 3.63–3.74 (m, 3H),
3.90 (dd, J=12.0, 3.0 Hz, 1H), 4.06–4.11 (m, 1H), 4.80 ppm (dd, J=7.0,
3.0 Hz, 1H); 13C NMR (CDCl3): d=14.0, 22.5, 28.5, 30.1, 30.5, 31.4, 64.5,
66.4, 69.9, 80.4 ppm; elemental analysis: calcd (%) for C10H20O2S: C
58.78, H 9.87; found: C 58.98, H 9.60.


15 : 3-Hexylthio-2,5-dioxahexane: IR (neat): ñ=2927, 2857, 1467, 1188,
1133, 1101, 926, 763 cm�1; 1H NMR (CDCl3): d=0.89 (t, J=7.0 Hz, 3H),
1.22–1.34 (m, 4H), 1.34–1.42 (m, 2H), 1.53–1.63 (m, 2H), 2.56 (t, J=


7.5 Hz, 2H), 3.41 (s, 3H), 3.46 (s, 3H), 3.60 (dd, J=10.5, 4.5 Hz, 1H),
3.65 (dd, J=10.5, 8.0 Hz, 1H), 4.53 ppm (dd, J=8.0, 4.5 Hz, 1H);
13C NMR (CDCl3): d=14.0, 22.5, 28.2, 28.6, 30.4, 31.4, 55.7, 59.1, 75.2,
85.5 ppm; elemental analysis: calcd (%) for C10H22O2S: C 58.21, H 10.75;
found: C 58.27, H 10.50.


17: S-2,5,8,11,14,17-Hexaoxacyclooctadecyl O-6-(2-pyridyl)hexyl dithio-
carbonate: IR (neat): ñ=2929, 2860, 1590, 1569, 1473, 1436, 1352, 1225,
1119, 1048 cm�1; 1H NMR (CDCl3): d=1.37–1.49 (m, 4H), 1.70–1.86 (m,
4H), 2.79 (t, J=8.0 Hz, 2H), 3.63–3.94 (m, 22H), 4.56 (t, J=7.0 Hz, 2H),
5.79 (dd, J=7.5, 3.5 Hz, 1H), 7.10 (ddd, J=7.5, 5.0, 1.0 Hz, 1H), 7.14
(ddd, J=7.5, 1.0, 1.0 Hz, 1H), 7.59 (ddd, J=7.5, 7.5, 2.0 Hz, 1H),
8.52 ppm (ddd, J=5.0, 2.0, 1.0 Hz, 1H); 13C NMR (CDCl3): d =25.7, 28.1,
28.9, 29.6, 38.2, 69.5, 69.9, 70.6, 70.6, 70.6, 70.7, 70.8, 70.8, 70.9, 71.1, 73.2,
74.0, 90.9, 120.9, 122.7, 136.3, 149.2, 162.1, 213.4 ppm; HRMS: m/z calcd
for C24H40NO7S2: 518.2246 [MH]+ ; found: 518.2255; elemental analysis:
calcd (%) for C24H39NO7S2: C 55.68, H 7.59; found: C 55.39, H 7.82.
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Axial-Bonding Heterotrimers Based on Tetrapyrrolic Rings: Synthesis,
Characterization, and Redox and Photophysical Properties


Lingamallu Giribabu,* Challuri Vijay Kumar, and Paidi Yella Reddy[a]


Introduction


Among the many interesting light-induced reactions, those
inspired by natural photosynthesis have attracted special at-
tention. As a result of extensive spectroscopic studies and
detailed structural determinations, the photoinduced charge
separation that takes place at the reaction center and the
antenna effect carried out by light-harvesting units are now
understood in great detail.[1] Artificial systems that mimic
natural photoinduced processes are the subject of continu-
ous research activity, fostered by the problem of solar-
energy conversion.[2] In many of these artificial systems, olig-
omers based on porphyrins (and/or metalloporphyrins) and
closely related compounds such as phthalocyanines (and/or
metallophthalocyanines) play a major role as active chromo-
phores.[3] Porphyrins and phthalocyanines display harmoniz-
ing optical transitions. In particular, porphyrins absorb radi-
ation very strongly at around 420 nm (Soret band) and with
medium strength in the range 500–650 nm (Q bands), and


emit strongly at 650–700 nm (fluorescence quantum yield of
5,10,15,20-tetraphenylporphyrin (H2TPP)=0.11). On the
other hand, the absorption bands of phthalocyanines and
metallophthalocyanines occur at around 350 nm (Soret
band) and in the range 600–750 nm (Q bands). The absorp-
tion wavelength of phthalocyanine mostly overlaps with the
emission wavelength of porphyrins; an efficient electronic
energy transfer (EET) is expected from porphyrin to phtha-
locyanine. Moreover, phthalocyanines are easier to reduce
than porphyrins, which implies that an efficient photoin-
duced electron transfer (PET) is possible between the two.
Thus, oligomeric arrays that contain porphyrin and phthalo-
cyanine in the same molecular framework are expected to
be effective in capturing a wide range of visible light effi-
ciently. Such systems are particularly useful for mimicking
natural photosynthesis, dye-sensitized solar cells, organic
light-emitting diodes, and nonlinear optics.


Oligomers based on either porphyrins (and/or metallopor-
phyrins) or phthalocyanines (and/or metallophthalocya-
nines) are widely reported in the literature; they are con-
structed by using covalent, noncovalent, and metal-mediated
interactions.[4] On the other hand, a few heterooligomers
based on porphyrin–phthalocyanine systems were reported
to contain various spacers such as imidazole, ethynyl, phen-
ACHTUNGTRENNUNGylethynyl, piperazinyl, alkoxy, spirocyclic, and ether
groups.[5] Furthermore, heterooligomers were also reported
to use metal–ligand interactions.[6] A heterodimer of phtha-
locyanine–subphthalocyanine was reported to be formed by
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Abstract: We prepared two heterooli-
gomeric arrays based on free base/me-
ACHTUNGTRENNUNGtalloporphyrins at axial positions and a
metalloid phthalocyanine as a basal
scaffolding unit by using the axial-
bonding capabilities as well as the
known oxophilicity of dihydroxytin(IV)
phthalocyanine. Both heterotrimers
were completely characterized by ele-
mental analysis, MALDI-TOF MS, and
1H NMR (one- and two-dimensional),


UV/Vis, and fluorescence spectroscopy
as well as cyclic voltammetry. The
ground-state properties indicate that
there is minimal p–p interaction be-
tween the macrocyclic units. The excit-


ed-state properties show that there is
electronic energy transfer competing
with photoinduced electron transfer
from the singlet state of the axial por-
phyrin to the central metalloid phthalo-
cyanine and a photoinduced electron
transfer from the ground state of the
axial porphyrin to the singlet state of
the central metalloid phthalocyanine.


Keywords: fluorescence spectrosco-
py · oligomers · photoinduced elec-
tron transfer · phthalocyanines ·
porphyrins
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an ethynyl bridge.[7] The majority of these hitherto (hetero
or otherwise)-reported oligomers were obtained by multi-
step and often cumbersome organic reaction sequences car-
ried out at the peripheral positions of the porphyrin (either
pyrrole-b- or -meso) and phthalocyanine. In contrast, utiliza-
tion of “inorganic” reactions, which can be readily conduct-
ed, either at the phthalocyanine central cavity (e.g., metal/
nonmetal ion insertion) or on the resident metalloid ion
(e.g., metal–metal interaction, metal–ligand coordination,
covalent-bond formation, etc.) appears to be an attractive
and viable alternative approach for the facile construction
of hetero-type macrocyclic arrays.


Maiya and co-workers reported homooligomers of metal-
lo/metalloid porphyrin based branched arrays by using the
“axial-bonding” concept; they studied EET and PET reac-
tions in these oligomers.[8] Herein, we constructed heteroar-
rays for the first time by using the axial-bonding strategy as
well as the oxophilicity of dihydroxytin(IV) phthalocyanine
as a basal scaffolding unit and either a free-base porphyrin
or metalloporphyrin as the axial donor subunits for the fab-
rication of these oligomers. Notably, reports of tin(IV)
phthalocyanines have so far been limited to only their di-
chloro and dihydroxy compounds.[9]


Results and Discussion


Both the heterotrimers [(H2)2SnPc] and [(Zn)2SnPc] were
prepared by condensation of [Sn(OH)2Pc] with an excess of
[H2PorOH] and [ZnPorOH], respectively, in toluene heated
under reflux for 16 h (Scheme 1). The desired compound
was obtained in 60% yield in both cases after purification
with column chromatography and recrystallization. Prelimi-
nary characterization of these new heteroarrays was carried


out by MALDI-TOF MS and UV/Vis spectroscopic meth-
ods. The mass spectrum of [(H2)2SnPc] showed a peak at
m/z=2120 ([M]+ , C136H106N16O2Sn) ascribable to the molec-
ular-ion peak. Subsequent peaks at m/z=1490 and 856 can
be ascribed to the detachment of one ([M�C44H29N4O]+)
and two ([M�2C44H29N4O]+) axial free-base subunits from
the basal SnIV phthalocyanine, respectively. A similar type
of fragmentation was also observed in the case of
[(Zn)2SnPc]. The UV/Vis spectra of the heterotrimers and
their corresponding precursor units were recorded in
CH2Cl2, and the lmax and e values are presented in Experi-
mental Section. Figure 1 shows the absorption spectrum of
[(H2)2SnPc]. A comparison of the UV/Vis spectrum of the
heterotrimer with the spectra of the corresponding precur-


Scheme 1. Synthesis of heterotrimers. Pc=phthalocyanine, Por=porphy-
rin.


Figure 1. UV/Vis absorption spectra of [(H2)2SnPc] in CH2Cl2.
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sor units suggests that the lmax values of both heterotrimers
are found in the same range as those of the reference com-
pounds. Furthermore, the e values of the bands of the heter-
otrimers are nearly equal to sum of the e values of the cor-
responding bands of the constituent monomers. Thus, the
spectrum of each heterotrimer is more or less similar to the
spectrum resulting from a combination (1:2 mol/mol) of the
corresponding individual precursors [Sn(OH)2Pc] and
[H2Por] or [ZnPor]. The features seen in the UV/Vis spectra
of these heteroarrays, while establishing, to a certain extent,
their structural integrities, reflect the lack of any exciton-
coupling interactions between the individual macrocyclic
units.[10] Exciton coupling is known to occur when there is
complete delocalization of the excitation over the entire su-
permolecule and excitation of any particular component of
the molecule is not possible. For example, various types of
covalently or noncovalently linked porphyrin dimers, phtha-
locyanine dimers (e.g. face-to-face, slipped, etc.), and aggre-
gates, which are characterized by p–p interactions between
the constituent chromophoric units in them, were reported
to show UV/Vis spectra distinct to those of the correspond-
ing monomeric analogues.[4e,11] In particular, the lmax and e


values of the Q bands and, more importantly, the Soret
bands of these dimers/aggregates were reported to be sensi-
tive to the strength of interaction between the monomeric
p planes and the geometry of the ensembles. In contrast, the
UV/Vis spectra of the heterotrimeric systems reported
herein are quite similar to those of their monomeric constit-
uents. Thus, the UV/Vis data reveal that there exists mini-
mum interaction between the individual macrocyclic units in
these arrays.


On the other hand, 1H NMR spectroscopic investigations
revealed that certain specific spectral features observed for
the signals of the protons on the axial free-base porphyrins/
metalloporphyrins are quite different from those observed
for the same protons in the spectra of [H2PorOH] and
[ZnPorOH]. Figure 2 shows the 2D NMR spectrum of
[(H2)2SnPc]; a similar spectrum was observed in the case of
[(Zn)2SnPc]. The structures of these new heterotrimers were


determined on the basis of the resonance positions and inte-
grated intensity data as well as the proton-to-proton connec-
tivity information revealed in the COSY spectra. Thus, in
the free-base heterotrimer [(H2)2SnPc], the signals for the
phthalocyanine macrocyclic aromatic protons appeared at
low field: multiplets at 9.83 and 9.74 ppm and a doublet at
8.45 ppm; these signals are similar to those of the isolated
dihydroxytin(IV) phthalocyanine [Sn(OH)2Pc]. The signals
for the tert-butyl protons of phthalocyanine appeared at
1.30–1.90 ppm. On the other hand, the signal for all 16 b-
pyrrole protons of porphyrin appeared at 8.80 ppm, as is the
case with the isolated porphyrin [H2PorOH]. The two dou-
blets at 8.20 and 7.77 ppm belong to the phenyl protons of
the porphyrins. On the other hand, the signals for the pro-
tons of the axial aryloxy group and the inner imino protons
appeared differently for [(H2)2SnPc] than for the isolated
[H2PorOH]. The two doublets at 6.48 (d, 4H; Figure 2, b)
and 3.17 ppm (d, 4H; Figure 2, a) belong to the protons
meta and ortho to the oxo group (JH,H=8.0 Hz), respectively.
This was also confirmed by the proton-connectivity pattern
in the 1H–1H COSY spectrum. The signal for the inner
imino protons of the axial free-base porphyrins appeared at
�2.96 ppm, as opposed to that for the corresponding pro-
tons of [H2PorOH], which appeared at �2.71 ppm. The pro-
tons on the aryloxy bridges of this heterotrimer experience
the shielding effect of the central phthalocyanine and the
deshielding effect of the axial porphyrins simultaneously.[12]


Similar shielding and deshielding effects were also observed
in the case of [(Zn)2SnPc]; the only difference is the absence
of inner imino protons here. This shielding and deshielding
effect of these heteroarrays suggests that the orientation be-
tween the p planes is of the “vertical” type and certainly not
of the face-to-face (parallel) type, in which additive shield-
ing effects, as reported for the axial protons of the “wheel-
and-axle”-type porphyrins and face-to-face phthalocyanines,
would be expected.[11] A similar shielding effect was also ob-
served in aryloxysilicon(IV) phthalocyanines as well as RuII


phthalocyanine based heterooligomers.[6,13] All these
ground-state properties suggest that there exists minimal p–
p interactions between the macrocyclic units of these heter-
otrimers.


With a view to evaluating the energies of the charge-
transfer states (ECT), which, as will be discussed later, are
useful quantities for analyzing the photochemical properties
of these heterotrimers, we carried out an electrochemical in-
vestigation. Figure 3 shows the cyclic voltammograms of
both heterotrimers, and Table 1 summarizes the redox-po-
tential data along with that of the relevant monomeric ana-
logues. Each heterotrimer undergoes up to four reduction
steps and up to four oxidation steps in CH2Cl2 and 0.1m tet-
rabutylammonium perchlorate (TBAP). Wave analysis sug-
gested that, in general, whereas the first three reduction
steps and the first two oxidation steps are reversible (ipc/ipa=


0.9–1.0), diffusion-controlled (ipc/n
1=2 =constant for scan rate


n=50–500 mVs�1) one-electron transfer (DEp=60–70 mV;
DEp= (65�3) mV for ferrocenium/ferrocene couple) reac-
tions, the subsequent steps are, in general, either quasirever-


Figure 2. 1H NMR spectrum of [(H2)2SnPc] (CDCl3, tetramethylsilane
(TMS)). Inset: 1H–1H COSY spectrum of [(H2)2SnPc], clearly showing
cross-peaks resulting from coupling of the spacer meta and ortho protons.
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sible (Epa�Epc=90–200 mV, ipc/ipa=0.5–0.8 for n=100–
500 mVs�1) or totally irreversible. Nonetheless, on the basis
of the redox data of the individual monomers, we attempted
to assign the peaks to the basal phthalocyanine and axial
porphyrins separately. Analysis of the data in Table 1 re-
vealed that the electrochemical redox potentials of the het-
erotrimers are in the same range as those of their corre-
sponding monomeric analogues. Indeed, the energies of the
possible charge-transfer states (i.e. , ECTACHTUNGTRENNUNG(M


+Sn�) and ECT-
ACHTUNGTRENNUNG(M�Sn+), in which M=H2 or Zn) of these heterotrimers, as
evaluated from the redox-potential data, testify to this con-
jecture.


Unlike the ground-state properties, major differences
were noticed between the singlet-state activities of the het-
erotrimers and their corresponding individual constituents.


From the absorption data (see Experimental Section and
Figure 1), it is clear that these heterotrimers can be exclu-
sively excited at either the porphyrin or the phthalocyanine
absorption maximum. Figure 4 shows the emission spectra


of [(H2)2SnPc] and [(Zn)2SnPc] and their individual constitu-
ents, and the corresponding singlet-state data are presented
in Table 2. With excitation at 420 nm, that is, the lmax of por-
phyrin absorption, quenched emission peaks were observed
for both [(H2)2SnPc] and [(Zn)2SnPc] relative to their indi-
vidual constituents [H2Por] and [ZnPor]. The same emission
quenching was also observed with excitation at 700 nm, that
is, the lmax of phthalocyanine absorption, for both hetero-
trimers relative to [Sn(OH)2Pc] (Figure 4). We carried out
the fluorescence experiments in three different solvents, and
the data are presented in Table 2. The spectral shapes and
wavelengths of maximum emission for individual chromo-
phores of these trimers remain close to those for the corre-
sponding monomeric entities. Thus, the E0�0 (i.e., singlet-
state energy) values of the individual components of these
trimers are assumed to be essentially similar to those of the


Figure 3. Cyclic voltammograms of [(H2)2SnPc] and [(Zn)2SnPc] in
CH2Cl2 and 0.1m TBAP (scan rate 100 mVs�1). SCE= saturated calomel
electrode.


Table 1. Redox-potential data.[a]


Compound Potential [V] vs. Ag/AgCl ECT ACHTUNGTRENNUNG(Pc
�P+) ECTACHTUNGTRENNUNG(Pc


+P�)
Reduction Oxidation


ACHTUNGTRENNUNG[H2Por] �1.21, �1.51 1.01, 1.39 – –
ACHTUNGTRENNUNG[ZnPor] �1.40, �1.71 0.74, 1.09 – –
[Sn(OH)2Pc] �0.44, �0.80,


�1.33, �1.62
0.92,[b] 1.33 – –


[(H2)2SnPc] �0.38, �0.81,
�1.22, �1.60


0.92,[b] 1.15,
1.35, 1.46


1.30 2.14


[(Zn)2SnPc] �0.38, �0.82,
�1.40, �1.71


0.74, 0.97,[b]


1.09, 1.34
1.12 2.37


[a] CH2Cl2, 0.1m TBAP, glassy carbon working electrode, Pt auxillary
electrode. Error limits for E1=2


�0.03 V. [b] Quasireversible or irreversi-
ble.


Figure 4. Fluorescence spectra of equiabsorbing solutions (optical density
(lex)=0.11) of trimers along with those of the corresponding monomers
in CH2Cl2.


Table 2. Fluorescence data.[a]


Compound lem [nm] (f, Q[b] [%])
Hexane CH2Cl2 CH3CN
lex=420 nm lex=700 nm lex=420 nm lex=700 nm lex=420 nm lex=700 nm


ACHTUNGTRENNUNG[H2Por] 652, 716 (0.110) – 651, 714 (0.110) – 653, 715 (0.120) –
ACHTUNGTRENNUNG[ZnPor] 590, 637 (0.032) – 604, 650 (0.036) – 602, 655 (0.033) –
[Sn(OH)2Pc] – 703, 780 (0.410) – 706, 782 (0.440) – 705, 783 (0.450)
[(H2)2SnPc] 652, 715 (0.006, 94) 703, 781 (0.050, 88) 651, 714 (0.005, 95) 705, 782 (0.004, 91) 652, 715 (0.005, 95) 706, 785 (0.005, 99)
[(Zn)2SnPc] 592, 639 (0.002, 94) 704, 780 (0.045, 89) 599, 647 (0.004, 89) 706, 784 (0.005, 92) 604, 657 (0.002, 93) 705, 785 (0.006, 98)


[a] Error limits: lex �2 nm, f �10%. [b]Q is defined in Equation (1) (see text).
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constituent monomers.[14] Quenching efficiencies (Q) were
evaluated by using the quantum-yield data [Eq. (1)]:


Q ¼ ð�ðrefÞ��ðtrimerÞÞ=�ðrefÞ ð1Þ


in which fACHTUNGTRENNUNG(trimer) and fACHTUNGTRENNUNG(ref) refer to the quantum yield of
a given trimer and appropriative reference compound, re-
spectively. It was found that Q for these hybrid trimers is in
the range 90–95%.


Various radiative and nonradiative intramolecular pro-
cesses can be conceived to participate in the excited-state
decay of these novel, hybrid-type donor–acceptor (D–A; in
actual fact, D2–A or D–A2) systems. Among these, EET
from the excited axial H2/Zn to the central metalloid phtha-
locyanine and PET from the ground state of the axial H2/Zn
to the excited state of the central metalloid phthalocyanine
seem to be most probable as revealed by the thermodynam-
ic considerations based on the singlet-state energy (E0�0)
redox-potential (ECT) data (Table 1 and Figure 5).


There exists a strong overlap between the emission of por-
phyrin and the absorption of phthalocyanine in these triads;
this suggests that fluorescence quenching of these triads is
due to an intramolecular EET from the singlet state of the
axial porphyrin to the central metalloid phthalocyanine. Fur-
thermore, overlap of the corrected and normalized excita-
tion spectra (emission collected at the phthalocyanine emis-
sion maximum, 780 nm) with the corresponding absorption
spectra (Figure 6) reveals that the fluorescence quenching is
due to the intramolecular energy transfer in these hybrid
trimers from the axial H2/Zn to the central metalloid phtha-
locyanine with excitation at 420 nm. The efficiency of
energy transfer was found to be 90 and 82% (�10%) in
[(H2)2SnPc] and [(Zn)2SnPc], respectively. However, the
PET reaction from the singlet state of the axial H2/Zn to the
central metalloid phthalocyanine cannot be ruled out based
on thermodynamic considerations with excitation at 420 nm.
The change in free energy when PET occurs from the singlet


state of the axial H2/Zn porphyrin to the central metalloid
phthalocyanine is calculated by Equation (2):


DGð1Por! SnPcÞ ¼ ECTðPorþSnPc�Þ�E0�0ðH2=ZnÞ ð2Þ


DG was found to be �0.60 and �0.95 eV for [(H2)2SnPc]
and [(Zn)2SnPc], respectively. Thus, the low f values ob-
served upon excitation of these systems at 420 nm can be ra-
tionalized in terms of intramolecular EET competing with
PET from the singlet state of the axial H2/Zn to the ground
state of the central metalloid phthalocyanine.


In contrast, the emission quenching observed with excita-
tion at 700 nm is purely due to intramolecular PET from the
ground state of the axial H2/Zn to the singlet manifold of
the central metalloid phthalocyanine. This is because energy
transfer from the central metalloid phthalocyanine is not
thermodynamically feasible; neither was it experimentally
detected in this study. The free-energy change for this elec-
tron-transfer process, DG(Por!1SnPc), is calculated by
Equation (3):


DGðPor! 1SnPcÞ ¼ ECTðPorþSnPc�Þ�E0�0ðSnPcÞ ð3Þ


DG was found �0.24 and �0.65 eV for [(H2)2SnPc] and
[(Zn)2SnPc], respectively. Thus, the low f values observed
upon excitation of these systems at 700 nm can be rational-
ized in terms of PET from the ground state of the axial H2/
Zn to the singlet state of the SnIV phthalocyanine. The gen-
eral dependence of f on solvent polarity with excitation at
700 nm (Table 2) suggests that this process may indeed be
the case, whereas the low f values obtained with excitation
at 420 nm is due to intramolecular EET competing with
PET from the excited state of the axial porphyrins to the
central metalloid phthalocyanine.


Conclusions


We have constructed heterooligomeric arrays by utilizing
the axial-bonding capabilities of a tin(IV) phthalocyanine.


Figure 5. Energies of the singlet and charge-transfer states of the hetero-
arrays investigated in this study.


Figure 6. Overlay of excitation (a) and absorption (c) spectra of
[(H2)2SnPc] in CH2Cl2 (lem=780 nm). The excitation spectrum was cor-
rected for the instrument response function and was normalized with re-
spect to the absorption spectrum as described in reference [19].
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The approach is modular in nature and involves a simple in-
organic reaction. The ground-state properties indicate that
there is minimal p–p interaction between the macrocyclic
units. The quenching of fluorescence intensity with excita-
tion at 420 nm is due to intramolecular electronic energy
transfer competing with photoinduced electron transfer
from the singlet state of the axial porphyrin to the central
metalloid phthalocyanine. A similar emission quenching ob-
served with excitation at 700 nm is due to photoinduced
electron transfer from the ground state of the axial porphy-
rin to the excited state of the central metalloid phthalocya-
nine. The excited-state properties can be tuned by changing
the central metal atom. Currently, we are engaged in tuning
the excited-state properties by changing the central metal
atom.


Experimental Section


Materials


Chemicals and solvents utilized in this study were purchased from either
Aldrich Chemical Co. (USA) or Spectrochem (India). Solvents utilized
for spectroscopic and electrochemical experiments were further purified
by using standard procedures.[15]


Methods


UV/Vis spectra were recorded on a Shimadzu model 170 spectrophotom-
eter for 1N10�6m (porphyrin Soret band) and 5N10�5m (phthalocyanine
and porphyrin Q bands, phthalocyanine Soret band) solutions. Steady-
state fluorescence spectra were recorded on a Spex model Fluoromax-3
spectrofluorometer for solutions with optical density at the wavelength of
excitation (lex)�0.11. Fluorescence quantum yields (f) were estimated
by integrating the fluorescence bands and by using either [H2Por] (f=


0.13 in CH2Cl2), [ZnPor] (f=0.036 in CH2Cl2), or zinc tert-butyl phthalo-
cyanine (f=0.37 in benzene).[17] MALDI-TOF MS spectra were recorded
on a TO-4X KOMPACT SEQ (KARTOS, UK) mass spectrometer.
Major fragmentations are given as percentages relative to the intensity of
the base peak. 1H NMR spectra were obtained at 300 MHz on a
Bruker 300 Avance NMR spectrometer with X-WIN NMR software.
Chemical shifts are given relative to TMS. FTIR spectra of all the sam-
ples were obtained on a Thermo Nicolet Nexus 670 spectrometer.


Cyclic and differential-pulse voltammetric measurements were performed
on a PC-controlled CH instruments model CHI620C electrochemical an-
alyzer. Cyclic voltammetric experiments were performed with 1 mm con-
centration of compounds in dichloromethane at a scan rate of 100 mVs�1


with TBAP as supporting electrolyte as detailed in our previous stud-
ies.[18]


Syntheses


meso-5,10,15,20-(Tetraphenyl)porphyrin ([H2Por]), meso-5,10,15,20-(tet-
raphenyl)porphyrinatozinc(II) ([ZnPor]), meso-5-(4-hydroxyphenyl)-
10,15,20-(triphenyl)porphyrin ([H2PorOH]), and meso-5-(4-hydroxyphen-
yl)-10,15,20-(triphenyl)porphyrinatozinc(II) ([ZnPorOH]) were synthe-
sized and purified according to the reported procedure.[16]


[Sn(OH)2Pc]: [Sn(OH)2Pc] was synthesized by a modified procedure re-
ported in the literature.[9] Free-base tetra-tert-butyl phthalocyanine
(150 mg, 0.2 mmol) and SnCl4 (262 mg, 1 mmol) were dissolved in 1-
chloronaphthalene (10 mL). The reaction mixture was heated at reflux
under argon atmosphere until the Q bands of the UV/Vis spectrum
changed. The solvent was removed under reduced pressure. The resultant
solid material was subjected to alumina column chromatography (CHCl3/
CH3OH=95:5 v/v) to give dichlorotin(IV) tetra-tert-butyl phthalocya-
nine. The dichloro complex was dissolved in chloroform, and aqueous
NaOH (10%, �50 mL) was added. The resulting reaction mixture was


stirred magnetically at room temperature for 4 h. The organic layer was
separated, washed twice with water, and dried over anhydrous Na2SO4.
The organic layer was evaporated under reduced pressure and recrystal-
lized from CHCl3/hexane to give [Sn(OH)2Pc] (150 mg, 84%). UV/Vis
(CH2Cl2): lmax (e)=700 (5.20), 632 (4.21), 366 nm (4.75m


�1 cm�1);
1H NMR (300 MHz, CDCl3): d =9.40–9.80 (m, 8H), 8.42 (d, J=6.0 Hz,
4H), 1.50 ppm (d, J=6.2 Hz, 36H); MS (MALDI-TOF): m/z (%)=874
[M�OH]+ (90); elemental analysis: calcd (%) for C48H50N8O2Sn: C
64.80, H 5.66, N 12.65; found: C 64.70, H 5.60, N 12.65.


[(H2)2SnPc]: [H2Por] (300 mg, 0.5 mmol) and [Sn(OH)2Pc] (100 mg,
0.11 mmol) were dissolved in toluene (40 mL). The reaction mixture was
heated at reflux under argon atmosphere for 16 h. The solvent was re-
moved under reduced pressure. The solid obtained was subjected to alu-
mina column chromatography eluted with CHCl3. The band that was
bluish in color was collected and evaporated under reduced pressure to
give [(H2)2SnPc] (142 mg, 61%). UV/Vis (CH2Cl2): lmax (e)=702 (5.11),
633 (4.40) 592 (4.00), 552 (4.04), 517, 4.32), 418 (5.76), 361 nm
(4.83m


�1 cm�1); 1H NMR (300 MHz, CDCl3): d =9.90–9.70 (m, 8H), 8.80
(s, 16H), 8.45 (d, J=5.6 Hz, 4H), 8.20 (d, J=6.0 Hz, 12H), 7.77 (d, J=


6.0 Hz, 18H), 6.48 (d, J=8.0 Hz, 3.17 (d, J=8.0 Hz, 4H) 1.30–1.90 (m,
36H), �2.96 (s, 4H); MS (MALDI-TOF): m/z=1490 [M�C44H29ON4]


+


(40); elemental analysis: calcd (%) for C136H106N16O2Sn: C 77.23, H 5.05,
N 10.59; found: C 77.20, H 5.08, N 10.61.


[(Zn)2SnPc]: This compound was synthesized by an analogous manner to
the above compound by the condensation of [ZnPor] and [Sn(OH)2Pc]
(117 mg, 60%). UV/Vis (CH2Cl2) lmax (e)=701 (4.43), 632 (3.76), 595
(3.46), 553 (3.76), 423 (5.33), 358 nm (4.16m


�1 cm�1); 1H NMR (300 MHz,
CDCl3): d=9.95–9.75 (m, 8H), 8.83 (s, 16H), 8.45 (d, J=4.8 Hz, 4H),
8.20 (d, J=5.0 Hz, 12H), 7.85 (d, J=6.0 Hz, 18H), 6.38 (d, J=7.8 Hz,
4H), 3.17 (d, J=7.8 Hz, 4H) 1.90–1.30 (m, 36H); MS (MALDI-TOF):
m/z=2241 [M]+ (35); elemental analysis: calcd (%) for
C136H102N16O2Zn2Sn: C 72.86, H 4.59, N 10.00; found: C 72.80, H 4.61,
N=9.99.
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