
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200305470 Chem. Eur. J. 2004, 10, 1868 ± 18761868


Y. Li and R. Nutiu







Structure-Switching Signaling Aptamers: Transducing Molecular Recognition
into Fluorescence Signaling


Razvan Nutiu[b] and Yingfu Li*[a]


Introduction


Nucleic acids are traditionally exploited as molecular recog-
nition elements to detect DNA and RNA targets through
Watson±Crick interactions. However, several landmark dis-
coveries over the past two decades, including the demonstra-
tion of certain natural RNA molecules as enzymes (ribo-
zymes) in the 1980s, followed by the revelation that artificial
DNA or RNA molecules can function as man-made cata-
lysts (ribozymes and deoxyribozymes) or as binding ele-
ments for non-nucleic acid targets (DNA or RNA aptamers)
in the 1990s,[1±6] have led to the astounding exhibition of nu-
cleic acids as a multitalented class of macromolecules.[7±10]


Due to these advances, nucleic acids have become increas-
ingly popular as biorecognition elements in a wide range of
analytical applications.


Aptamers are single-stranded DNA, RNA, or modified
nucleic acids that have the ability to form defined tertiary
structures for specific target binding.[7,8] They are isolated
from random-sequence DNA or RNA libraries by ™in vitro
selection∫ or SELEX (systematic evolution of ligands by ex-
ponential enrichment).[5,6] The development of aptamer
technology significantly widens the utility of nucleic acids as
molecular recognition elements, because DNA and RNA
can now be engineered not only to detect nucleic acid tar-
gets, but also to recognize a broad scope of non-nucleic acid
ligands, including proteins and metabolites.[7,8] Several strat-
egies for transducing aptamer±target interactions into elec-
trochemical, mechanical, piezoelectric, or fluorescent signals
have been reported.[11±14] Among these methods, fluores-
cence signaling is most desirable, because of the conven-
ience of detection, diverse measurement methods, and avail-
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Abstract: The development of aptamer technology con-
siderably broadens the utility of nucleic acids as molec-
ular recognition elements, because it allows the creation
of DNA or RNA molecules for binding a wide variety
of analytes (targets) with high affinity and specificity.
Several recent studies have focused on developing ra-
tional design strategies for transducing aptamer±target
recognition events into easily detectable signals, so that
aptamers can be widely exploited for detection directed
applications. We have devised a generalizable strategy
for designing nonfluorescent aptamers that can be
turned into fluorescence-signaling reporters. The resul-
tant signaling probes are denoted ™structure-switching
signaling aptamers∫ as they report target binding by
switching structures from DNA/DNA duplex to DNA/
target complex. The duplex is formed between a fluoro-
phore-labeled DNA aptamer and an antisense DNA oli-
gonucleotide modified with a quencher (denoted
QDNA). In the absence of the target, the aptamer hy-
bridizes with QDNA, bringing the fluorophore into
close proximity of the quencher for efficient fluores-
cence quenching. When this system is exposed to the
target, the aptamer switches its binding partner from
QDNA to the target. This structure-switching event is
coupled to the generation of a fluorescent signal
through the departure of QDNA, permitting the real-
time monitoring of the aptamer±target recognition. In
this article, we discuss the conceptual framework of the
structure-switching approach, the essential features of
structure-switching signaling aptamers as well as re-
maining challenges and possible solutions associated
with this new methodology.


Keywords: aptamers ¥ biosensors ¥ fluorescence ¥ nucleic
acids
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ability of a large selection of fluorophores and quenchers
for nucleic acid modification.[15] Therefore, designing fluo-
rescence-signaling aptamers have become the focal point of
several recent studies.[16±22]


Standard DNA and RNA aptamers do not have fluores-
cence-signaling capabilities when they are isolated from
random-sequence libraries and can only be engineered into
fluorescent reporters by rational design based post-selection
modifications. An ideal rational design strategy should have
the following three key features. First, the method should be
easy to apply to any given aptamer regardless of its size and
structural properties. This is important as aptamers have var-
iable sizes and vastly different secondary and tertiary struc-
tures. Some aptamers do not have an easily determinable
secondary structure, and the tertiary structures of most ap-
tamers are not readily available. Second, the method should
be capable of designing signaling aptamers with a large sig-
naling magnitude and a fast, ideally real-time, reporting ca-
pability. Signaling aptamers that exhibit large fluorescence
enhancements upon target binding increase the sensitivity
and accuracy of detection assays. The real-time reporting ca-
pability allows rapid sample measurements and permits de-
manding applications such as high-throughput screening.
Third, the method should lead to the design of a signaling
aptamer from an existing one without significantly altering
the affinity and specificity of the original aptamer.


In this article, we begin with a brief review of existing sig-
naling aptamer design methods. We then discuss a rational
design strategy we have recently developed for engineering
a special class of aptamer reporters denoted ™structure-
switching signaling aptamers∫. Finally, we address some re-
maining challenges and possible solutions associated with
our new methodology.


It is noteworthy that many RNA or DNA aptamers have
been utilized by nucleic acid enzyme engineers in the design
of allosteric ribozymes or deoxyribozymes.[10] These catalytic
reporters are designed to contain both an aptamer domain
and an enzymatic motif within a single molecule. The ap-
tamer domain changes its conformation upon target binding
and this conformational switch then turns on (or shuts off)
the catalytic activity of the ribozyme or deoxyribozyme
motif. Strategies for allosteric nucleic acid enzyme engineer-
ing have been reviewed elsewhere[10] and will not be dis-
cussed herein.


Known Rational Design Strategies


The existing rational design strategies can be divided into
two groups: 1) monochromophoric approach, which involves
labeling aptamers only with a single fluorophore, and 2) bis-
chromophoric approach, in which signaling aptamers are
doubly labeled with a fluorophore and a quencher.


Monochromophoric approach : The two key assumptions of
this approach are: 1) the binding of a target to the aptamer
will trigger a significant structural re-organization and 2) the
induced conformational change can substantially alter spec-
troscopic properties of the attached fluorophore. Jhaveri


et al. reported this approach in 2000 (Figure 1A).[16] They
used two anti-ATP aptamers (one RNA and one DNA)
with known tertiary structures as model examples.[23±26]


Seven fluorophore-labeled aptamers, each with a fluoro-
phore attached at a location away from the target-binding


site, were examined. Five modified aptamers did not show
fluorescence changes in response to the addition of ATP
and the remaining two registered 25±45% increase in fluo-
rescence intensity upon ATP addition. The failed constructs
might have been caused by disruption of the correct struc-
tural folding of the aptamer as a result of fluorophore at-
tachment or by the insubstantial alteration of the fluores-
cence property of the attached fluorophore induced by
target binding.


Jhaveri et al. then investigated the possibility of acquiring
signaling aptamers by an ™irrational∫ means, that is, by di-
rectly selecting signaling aptamers, through SELEX ap-
proach,[5±9] from a pool of random-sequence RNAs each
containing one or a few fluoresceinated uridines (Fig-
ure 1B).[17] After several rounds of selective amplification
with ATP as the binding target, a few aptamers that can act
as real-time reporters for ATP sensing were obtained. The
best signaling aptamer exhibited an approximate twofold in-
crease in the fluorescence intensity at the saturating ATP
concentration (1 mm ATP). Interestingly, it was found that
the fluorescein label on the aptamer could be substituted for
other fluorophores without affecting the aptamer×s target-
binding affinity and specificity. However, their selection also
generated some aptamers that failed to register significant


Figure 1. Designing signaling aptamers by monochromophoric approach.
A) Rational design concept. Labeling an aptamer with a fluorophore at a
location where, upon target binding, a substantial structural re-organiza-
tion induces a change in the fluorescence property of the attached fluoro-
phore. B) In vitro selection concept. Signaling aptamers are generated de
novo by SELEX using a random-sequence DNA or RNA library in
which each DNA or RNA molecule is labeled with one or a few fluoro-
phores (for more information on SELEX, see references [5±9]). F dots
denote fluorophores. Black curves represent aptamers, while the gray
curves symbolize nucleic acid molecules without target binding capabili-
ties. The star denotes the target for an aptamer.
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fluorescence enhancement upon target binding, suggesting
that even the SELEX approach cannot guarantee the gener-
ation of single-fluorophore-labeled aptamers that can act as
fluorescent reporters.


Bischromophoric approach : The bischromophoric approach
is analogous to the molecular beacon approach for nucleic
acid detection. A standard molecular beacon is a hairpin-
shaped oligonucleotide labeled with a fluorophore on one
end and a quencher at the other end (Figure 2A).[27] A mo-


lecular beacon can adopt two conformational states depen-
ding on the availability of the target. In the absence of the
target, molecular beacons form an intramolecular stem that
brings the fluorophore and the quencher into close proximi-
ty of each other for fluorescence quenching. When a com-
plementary strand of DNA or RNA is present, molecular
beacons adopt the more stable intermolecular duplex with
the target, resulting in a fluorescence signal due to the sepa-
ration of the fluorophore±quencher pair.


Although standard molecular beacons are only useful for
nucleic acid detection, several groups have attempted to
adapt the same principle to design signaling aptamers (de-
noted aptamer beacons).[18±22] Hamaguchi et al. made the


most straightforward adaptation (Figure 2B) by adding a
few nucleotides (shown in gray) onto the 5’-end of a small,
anti-thrombin DNA aptamer[28] (shown in black) to engage
the 3’-end of the aptamer into a hairpin structure.[18] When
the ligand is absent, the aptamer beacon forms the closed-
state structure in which fluorescence is quenched. In the
presence of thrombin, the aptamer beacon forms the com-
plex structure in which the fluorophore and the quencher
are separated in distance, resulting in an increased fluores-
cence signal. Yamamoto et al. reported a two-chain aptamer
beacon approach by splitting an HIV Tat protein binding
RNA aptamer[29] into two molecules, one of which was for-
mulated into a molecular beacon (Figure 2C).[19] In the ab-
sence of Tat, the two RNA molecules exist independently
and the solution has a low fluorescence intensity. When Tat
is introduced, the molecular beacon and the other half of
the aptamer assemble into a single unit for Tat binding. The
dissociation of the hairpin structure is accompanied by an
increase of fluorescence intensity.


Since signal generation comes from effective fluorescence
dequenching, the signaling magnitude exhibited by aptamer
beacons is usually much higher than signaling aptamers de-
signed by single fluorophore approach. For example, the
aforementioned Tat aptamer beacon has been shown to gen-
erate a 14-fold fluorescence enhancement when incubated
with Tat at saturating concentrations.[19]


Other groups explored fluorescence quenching as an alter-
nate way to track target±aptamer recognition.[20±22] Stojanov-
ic et al. used a two-chain assembly approach in the design of
two aptamer reporters,[20] one that binds cocaine and the
other for ATP recognition (Figure 2D). In the absence of
the target, the two half chains of the aptamer (one labeled
with a quencher and the other with a fluorophore) do not
associate strongly and, therefore, the fluorescence intensity
of the solution is high. Introduction of the target promotes
the assembly of the two half chains for target binding, re-
sulting in fluorescence quenching. Moreover, it was shown
that the above two reporters when labeled with different
fluorophores could report both ligands in the same solution,
suggesting that it is possible to use labeled aptamers for
multiplex detection. The anti-cocaine aptamer has also been
shown to work in a dually labeled single-chain format.[21]


Recently, a fluorescence-quenching anti-thrombin signaling
aptamer, as illustrated in Figure 2E, was described.[22] It is
known that the two ends of the anti-thrombin DNA aptam-
er are located next to each other in the folded, guanine-
quartet-based complex structure.[30,31] Li et al. exploited this
folding property and designed a signaling aptamer by ap-
pending a pair of fluorophore and quencher to the two ends
of the aptamer sequence. The resulting aptamer was able to
perform real-time reporting of thrombin by fluorescence
quenching.


Structure-Switching Signaling Aptamers


All the signaling aptamers discussed above function by the
principle that target-induced folding and resultant confor-
mational change of the aptamer alter fluorescent properties


Figure 2. Designing signaling aptamers by bischromophoric approach.
A) Standard molecular beacon and its signaling mechanism. B±E) Differ-
ent ways to design aptamer beacons. Each design is discussed in the main
text. F and Q dots signify fluorophore and quencher, respectively. The
black lines or curves represent target-binding sequences and the gray
lines denote nucleotides that are not involved in target binding. Nucleic
acid and non-nucleic acid targets are shown in dashed curves and black
stars, respectively.
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of the attached fluorophore either directly (in monochromo-
phoric approach) or through fluorophore-quencher separa-
tion as well as association (in bischromophoric approach).
One feature common to all the above rational design strat-
egies is the reliance on the availability of information on the
concerned aptamers× key secondary or tertiary structures,
which could lead to difficulties in generalizing each strategy
for any given aptamer. Inspired by the above approaches
and by our success on the design of tripartite molecular bea-
cons,[32] we sought to develop a new, bischromophoric
method that could be used to rationally design real-time sig-
naling aptamer reporters from any given DNA or RNA ap-
tamer without prior knowledge of its secondary or tertiary
structure.[33]


Conceptual framework : We reasoned that a general strategy
should be possible if we could take advantage of the unique
dual structure-forming capabilities of DNA (or RNA) ap-
tamers. Because an aptamer is created for engaging a non-
nucleic acid target for binding, it has the ability to form a
defined tertiary structure (denoted complex structure) in the
presence of its cognate target. Since an aptamer is a nucleic
acid molecule, it also has the natural ability to form a
duplex structure with an oligonucleotide that has a comple-
mentary sequence. If the aptamer is labeled with a fluoro-
phore and the complementary oligonucleotide with a
quencher, a mixture of the two will produce a low fluores-
cent state due to the formation of the duplex structure and
associated fluorescence quenching. If the aptamer±target
complex is more stable than the aptamer±oligonucleotide
duplex, adding the target into the above mixture will trigger
the release of the quencher-labeled oligonucleotide, which
should result in a fluorescent signal.


A concept-demonstrating scheme is shown in Fig-
ure 3A.[33] In this particular design, three short single-strand-
ed DNA molecules are used: FDNA (modified with a fluo-
rophore at the 5’-end), QDNA (labeled with a quencher at
the 3’-end) and MAP (made of an aptamer element, shown
in black, and an FDNA-binding motif, shown in gray). The
QDNA is designed to have a sequence that is complementa-
ry to the aptamer element near the FDNA-binding motif.
Without the target, the three DNA molecules naturally as-
semble into a tripartite duplex structure to bring the fluoro-
phore and the quencher into close proximity of each other,
leading to efficient fluorescence quenching. Because the ap-
tamer is selected on the basis of target binding, the target
addition should cause the switch of the duplex structure to
the complex structure, resulting in fluorescence enhance-
ment.


We designed the first structure-switching reporter based
on a 27-nt (nt=nucleotide)) DNA aptamer originally creat-
ed by Huizenga and Szostak for ATP binding.[24] Evidence
of structure-switching was obtained by using the simple tem-
perature-changing procedure illustrated in Figure 3B:[33]


both ATP-containing (data series shown in circles) and
ATP-lacking (diamonds) signaling aptamer solutions were
incubated for a total of 90 min at different temperature set-
tings, the first 10 min at 15 8C, the next 50 min at 37 8C, and
final 30 min at 22 8C. Rapid structure switching did not


occur at 15 8C (indicated by steady fluorescence observed
for both solutions), because the pre-formed FDNA±
QDNA±MAP duplex assembly was stable and ATP was not
able to displace QDNA. Structure transition occurred at
37 8C (indicated by the progressive fluorescence intensity in-
crease in the ATP-containing sample), because the duplex
assembly was weakened, allowing ATP to gradually replace
QDNA molecules in the assembly. When the temperature
was lowered to 22 8C, while more free QDNA molecules
naturally reassembled back onto MAP in the ATP-lacking
solution, the formation of the ATP±aptamer complex in the
ATP-containing solution prevented the QDNA from re-
assembling.


Key features of structure-switching aptamers


Adaptability of structure-switching concept : Our structure-
switching design strategy exploits the common dual struc-
ture-forming capabilities of all aptamers and should, in prin-
ciple, be adaptable for all aptamers. In reality, however, a
single modification scheme (such as the one shown in Fig-
ure 3A, re-shown in Figure 4A as the first design option)
may not be perfectly suited for any given aptamer, particu-
larly considering that aptamers have vastly different sizes.
Fortunately, the structure-switching concept can be easily
expanded to cover many simple variations, including the
three illustrated in Figure 4B±D. In the second option (Fig-


Figure 3. Designing structure-switching signaling aptamers: A) Structure
switching concept. A modified aptamer (MAP) is configured into a low-
fluorescence, two-stem duplex structure state with the fluorophore-con-
taining FDNA and quencher-bearing QDNA. In the presence of the
target (star), QDNA is released, leading to a highly fluorescent complex
structure state. The aptamer element is shown in black, the FDNA-bind-
ing element in gray. B) Confirmation of structure switching by a tempera-
ture-changing experiment. The FDNA/QDNA/MAP duplex is relatively
stable at 15 8C; however, raising temperature to 37 8C promotes the struc-
ture switching from the FDNA/QDNA/MAP duplex to the FDNA/MAP/
target complex in the ATP-containing solution (circles). Lowering tem-
perature to 22 8C results in the reassembly of more free DNA molecules
into FDNA/QDNA/MAP duplex in ATP-lacking solution (diamonds),
while the presence of ATP prevents such reassembly in the ATP-contain-
ing solution.
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ure 4B), the FDNA binding domain is excluded and the
fluorophore is directly attached onto one end of the aptam-
er. In the third option (Figure 4C), FDNA is also eliminated
and the fluorophore is covalently placed somewhere in the
middle of the aptamer sequence. In the fourth option (Fig-
ure 4D), FDNA and QDNA are used to block two adjacent
stretches of an aptamer sequence. Each of these three varia-
tions was tested with the same anti-ATP aptamer and was
found equally effective as the first option.[33] Hypothetically,
for short aptamers, both options 1 and 2 can be good
choices. For long aptamers, option 4 should be more suita-
ble. For aptamers with the key target-binding nucleotides lo-
cated near the middle of the sequence, option 3 should be
the best choice. Furthermore, the location of the fluoro-
phore and the quencher can be interchanged. With many
variations available, the structure-switching concept should
be applicable to any given aptamer.


Desirable signaling properties : The signaling aptamer shown
in Figure 3 exhibited an approximate sevenfold fluorescence
enhancement, but required more than 30 minutes to reach
maximal fluorescence intensity at 37 8C. At lower tempera-
tures, the signaling magnitude increased, but much more
time was required to reach the maximum fluorescence.[33]


The inability of the signaling aptamer to switch structures at
low temperatures was attributed to blockage of a long
stretch of the aptamer binding site by QDNA and was recti-
fied by a subtle adjustment to the design strategy, as illus-
trated in Figure 5A. An arbitrary 5-nt sequence (denoted
nonsense element, shown in thick line) was introduced be-
tween the aptamer segment and the FDNA-binding motif
and a 12-nt QDNA was designed to form base pairs with
both the inserted five nucleotides and the first seven nucleo-


tides in the aptamer sequence. Upon addition of 1mm ATP,
the re-designed anti-ATP signaling aptamer was able to
switch very quickly even at 15 8C and displayed a fluores-
cence enhancement of 14.1-, 13.0-, and 10.4-fold at 15, 20,
and 25 8C, respectively (Figure 5B).[33] These experiments
clearly demonstrated that structure-switching signaling ap-
tamers could be designed to have very attractive real-time
signaling properties.


Retention of binding specificity : All anti-ATP signaling ap-
tamers retained the binding specificity of the original DNA
aptamer. For example, the ATP reporter shown in Figure 5A
exhibited more than tenfold fluorescence enhancement in
the presence of 1mm ATP, ADP, AMP, dATP, and adeno-
sine, but the addition of 1mm CTP, UTP, or GTP was not
able to induce a fluorescence signal (Figure 5C).[33] The ob-
served specificity pattern is consistent with that reported for
the original aptamer.[24] The specificity consistency was also
observed for an anti-thrombin signaling aptamer designed
from a thrombin-binding DNA aptamer[28] with the same
design strategy.[33] These observations indicate that struc-


Figure 4. Variations of structure-switching aptamer design schemes. Each
option is discussed in the main text. F and Q dots symbolize a fluoro-
phore and quencher, respectively. Aptamer elements are shown in black
line and targets as stars.


Figure 5. Designing structure-switching aptamers with real-time signaling
capability at low temperatures. A) Design strategy. The symbols are iden-
tical to the one used in Figure 4 except that a thick line is introduced to
indicate the nonsense sequence (see the main text). B) Signaling profile.
The signaling DNA aptamer mixture was incubated at 15 (diamonds), 20
(squares), 25 8C (triangles) for 10 min before the addition of 1 mm ATP.
Each target-aptamer mixture was further incubated for 30 more minutes
after the ATP addition. C) Reporting specificity. Signaling profiles similar
to 5B were obtained for a series of signaling aptamer solutions each con-
taining an indicated target at 1 mm concentration. The ratio of fluores-
cence intensity at 40th min (denoted FTarget) and the 10th minute (denot-
ed FNo Target) is plotted as the y axis.
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ture-switching signaling aptamers are able to retain the
same binding specificity of their parental aptamers.


Alteration of binding affinity : Blockage of an aptamer×s
target-binding site by QDNA may hinder the binding of the
target to the aptamer. Therefore, we expected that the struc-
ture-switching approach might lead to a drop in the apta-
mer×s target-binding affinity. Indeed, we observed a 60-fold
affinity reduction with the ATP reporter and a twofold drop
with the thrombin reporter. Since the Kd values of the two
original aptamers are ~10mm and ~200nm, respectively, the
above observation seems to suggest that the structure-
switching-based modification strategy may cause more affin-
ity reduction to low-affinity aptamers than to high-affinity
ones. Two possible solutions to minimize this effect are dis-
cussed below.


Future Directions


Further validation of general adaptability of structure-
switching concept : Thus far, we have successfully designed
real-time reporters from two DNA aptamers with variable
sizes (27 nt in anti-ATP aptamer and 15 nt in thrombin-bind-
ing aptamer), different structural features, and dissimilar af-
finities (10mm and 200nm, respectively).[24,26, 28,30,31] Although
our initial experiments have produced encouraging results,
more aptamers (including RNA and modified nucleic acid
aptamers) need to be studied to fully validate the generality
of this simple design strategy.


Lessening affinity reduction : It is apparent that the struc-
ture-switching design strategy causes a certain degree of af-
finity reduction to the modified aptamers. Although this
may not significantly diminish the utility of the aptamer re-
porter, it is certainly preferred that the affinity reduction be
kept at a minimum. Since all QDNAs tested so far are
DNA molecules that are completely complementary to the
modified aptamers, it is conceivable that one potential way
to minimize the affinity decrease is to use QDNAs with se-
quences that form less perfect duplexes with the aptamer.
The other solution is to incorporate the structure-switching
concept into an in vitro selection scheme and use it to di-
rectly derive structure-switching signaling aptamers from a
random-sequence DNA library. Such strategies have been
used by Jhaveri et al.[17] to directly derive single-fluoro-
phore-modified, signaling aptamers from a random-se-
quence nucleic acid library and by Rajendran and Ellington
for the in vitro selection of molecular beacons.[34]


Minimizing false signaling possibilities : Reporting molecular
recognition simply by fluorescence intensity measurements
can be complicated by false-positive possibilities imposed by
many unexpected factors. A potential false-positive opportu-
nity relevant to the structure-switching approach is the dis-
sociation of duplex structures promoted by some unfavora-
ble conditions (such as the presence of a DNA denaturing
reagent, reduced metal-ion concentrations or temperature
variations) or digestion of DNA molecules by a contaminat-


ing nuclease in the testing sample. Such a false-positive
signal can, in principle, be conveniently revealed by the use
of a control reporter, as illustrated in Figure 6. The control


reporter can be designed to have a different FDNA-binding
sequence (dashed line in gray) to engage a new FDNA,
FDNA’ (labeled with a different fluorophore) and a mutant
aptamer with one or more crucial nucleotide mutations
(shown in thick line) within the target-binding site. It is de-
sirable to place the mutations outside of the QDNA binding
domain so that the same QDNA can be used for both bona
fide and control reporters. The base mutations are intro-
duced to render the mutant aptamer inactive in target bind-
ing. When the signaling aptamer mixture is treated with a
sample to be tested, a signal from the active reporter, but
not from the control reporter, indicates the presence of the
target of interest, and a signal from both reporters suggests
that the sample may contain denaturants or other interfering
factors and needs further testing.


In cases where the target itself is either a fluorophore or a
quencher, false-negative possibilities could exist; that is, the
target binding could inherently result in some degree of
fluorescence quenching, partially negating fluorescence de-
quenching produced by the QDNA departure. One or sever-
al simple solutions can be applied to deal with these possi-
bilities depending on the exact nature of the target. For ex-
ample, one can choose a particular fluorophore, whose fluo-
rescence cannot be quenched by the target, to label the ap-
tamer (either directly or through FDNA strategy). One
could also exchange the position of FDNA and QDNA:
QDNA is used to label the aptamer and FDNA is designed
to block part of the target-binding site. In this design,
FDNA dissociates from the aptamer into the solution;
therefore, target binding still leads to fluorescence genera-
tion. Other options include: 1) performing FRET (fluores-
cence resonance energy transfer) analysis between the
target and the fluorescent aptamer instead of measuring
fluorescence intensity (if the target is a fluorophore that can
engage the fluorophore on the aptamer for FRET), and 2)
eliminating QDNA and directly measuring fluorescence
quenching induced by the target binding.


Figure 6. Strategies for designing control reporters to distinguish real-pos-
itive signals from false-positive ones. The inactive aptamer reporter con-
tains a different FDNA-binding sequence (dashed gray line) and mutated
nucleotides (shown in thick line) within the aptamer element (shown in
black), but outside of the QDNA binding domain. A signal from only the
bone fide reporter indicates the presence of the target of interest; signals
from both reporters suggest a potential false positive signal.
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Increasing detection dynamic range : Although not discussed
in this article, we found that the signaling aptamers can be
used as quantitative reporters with a detection dynamic
range of 2±3 orders of magnitude.[33] In order to explore sig-
naling aptamers as quantifying tools, a larger dynamic range
is highly desirable. One possible solution for expanding the
detection dynamic range is to simultaneously use two or
more QDNAs of different sizes in the same mixture. At low
target concentrations, only small-size QDNAs will be dis-
placed. As the concentration of the target increases, longer
QDNAs will be progressively replaced. We expect that by
choosing an adequate group of QDNA molecules and by
setting each QDNA to the appropriate concentration, a sig-
naling aptamer mixture can be generated that can render a
significantly increased detection dynamic range.


Designing multiplexed assays : The versatility of the struc-
ture-switching approach makes it convenient to create multi-
plexed assays. For instance, to design a 4-plexed assay by
using four existing aptamers, one could simply use the strat-
egy illustrated in Figure 7, whereby a common QDNA and


four FDNAs (each labeled with a different fluorophore with
a distinct emission maximum) are used. Each FDNA is de-
signed to partially block the target-binding site of a particu-
lar aptamer, therefore only a matching target for a particu-
lar signaling aptamer could release the coding FDNA. The
mixture of these reporters should allow the reporting of
multiple targets in the same solution.


Investigating surface immobilization : So far, we have only
demonstrated the utility of structure-switching signaling ap-
tamers as solution-based reporters. It is uncertain whether
the same signaling aptamers can be used as surface-bound
reporters. The immobilization of short oligonucleotides simi-
lar to the aptamers in our study is feasible,[35±37] and surface-
bound aptamers or allosteric ribozymes (aptamer±ribozyme
conjugates) have been shown to retain full function.[14,38]


However, it remains to be determined whether hybridization
between FDNA, QDNA, and surface-bound aptamers, as
well as the release of QDNA by target addition will be as
effective as observed in solutions.


Concluding Remarks


DNA is easy to prepare and has exceptional chemical stabil-
ity. DNA aptamers can be readily derived from random-se-
quence DNA libraries by in vitro selection for binding a di-
verse range of targets with both high binding affinity and
specificity. The simplicity and potential generality of the
structure-switching design strategy, and the effectiveness of
resultant fluorescence-signaling reporters, may significantly
facilitate the exploration of DNA aptamers as molecular
tools for many detection directed applications, including
real-time monitoring of metabolites and proteins, in vitro di-
agnostics, and drug screening.
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Residual Topological Isomerism of Intertwined Molecules�


Oleg Lukin,[a] Adelheid Godt,[b] and Fritz Vˆgtle*[a]


Introduction


Significant achievements in the synthesis of a variety of
topologically nontrivial species, such as catenanes and
knots,[1,2] stimulated the increase in communication between
topologists and chemists.[3±5] In his book[1] Schill noticed ™as
the chemistry of molecules with mechanical bonds is extend-
ed and with it isomeric possibilities increase, further differ-
entiations will have to be introduced into the nomencla-
ture.∫ Indeed, the topological techniques, such as knot


theory,[3] and theories of molecular graphs[4] and molecular
cell complexes[5] have evolved resulting in numerous inter-
pretations of topological isomerism and topological chirality
reviewed both by experimentalists and theoreticians.[4±9]


Topology studies those properties of an object that are in-
variant under conditions of arbitrary deformations.[3,5] In
chemical topology[4,6] the object is a molecule or a molecular
assembly that is schematically represented on paper as a
graph. If the graph contains cross lines, then the graph and
the molecule are called nonplanar and topologically nontriv-
ial, respectively. Figure 1 shows examples of both nonplanar


(I and II) and planar (III) graphs, which are simplified pro-
jections of trefoil knot (trefoilane) enantiomers and a cyclic
molecule, respectively. The three structures I±III are topo-
logical isomers.


Despite the simple topological rule to apply arbitrary de-
formation[3] on the molecular graph to find out whether two
molecules are topologically isomeric or not, the differences
between a real molecule and its mathematical representa-
tion initiated the revision of topological models.[5,8] For ex-
ample, endohedral fullerene complexes and rotaxanes are
topologically trivial from the viewpoint of graph theory.
However, taking into account the chemical reality of stable
endohedral fullerene complexes and rotaxanes, these com-
pounds have been recently suggested to be considered as
topologically nontrivial structures despite their planar mo-
lecular graphs.[8] The authors[8] go beyond the limitations of
two-dimensional graphs and view a fullerene as an impene-
trable polyhedron surface prohibiting the decomposition of
endohedral complexes, and the stoppers of a rotaxane as in-
finite planes to reflect the actual impossibility of the wheel
de-threading under common laboratory conditions.
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Abstract: The growing number of molecular assemblies
with unusual geometry and topology requires from time
to time a revision of certain aspects of stereochemistry.
The present paper analyzes several representatives of
intertwined molecules that have bridges connecting
their loops. In spite of the experimentally proven chiral-
ity, these species lack elements of both classical and
topological chirality. Due to the relationship of these
types of molecules to the well-recognized topologically
nontrivial compounds, such as catenanes and knots, we
propose the term ™residual topology∫ illustrated by a
simple scheme of excessive or missing bridges that
could be excluded or included, respectively, in molecu-
lar graphs of these species to render them topologically
nontrivial. This concept paper represents, therefore, an
update on the currently applied nomenclature.


Keywords: catenanes ¥ chemical topology ¥ chirality ¥
isomers ¥ knots ¥ rotaxanes


Figure 1. Nonplanar (I and II) and planar (III) graphs that are simplified
projections of trefoil knot (trefoilane) enantiomers and a cyclic molecule,
respectively.
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An additional, aggravating aspect is the chirality. If a non-
planar graph, such as I or II in Figure 1, cannot be deformed
into its mirror image without cutting then such a graph is
topologically chiral. Thus, chemical topology classifies the
pair I/II in Figure 1 as topological enantiomers. In their
fruitful discussion on the classification of topologically chiral
molecules Liang and Mislow[7] used the molecular-graph ap-
proach to discern between classical and topological chirality.
According to this classification the former category includes
molecules that contain the classical stereogenic units,[10,11]


such as, point, axis, helix, and plane, while the latter refers
to the chirality of the nonplanar molecular graph.[4±9] How-
ever, as Mislow pointed out,[12] theoretical analysis of molec-
ular graphs is extremely complex, because a general algo-
rithm is lacking for deciding whether or not a given graph is
topologically chiral.


Interesting examples are the molecular Mˆbius ladders
(mˆbiusanes) with a variable number of rungs n (Figure 2).


If n=2, the graph can be rendered planar making the mole-
cule a topologically trivial, achiral object (Figure 2). If n=3,
then the species is topologically nontrivial as can be de-
duced from the fact that the 3-rung Mˆbius ladder fits to
the K3,3 graph of Kuratowski.[5,13] Nevertheless, as illustrated
in Figure 2, there exists a possibility to deform the three-
rung Mˆbius ladder, such that it has a symmetry plane and


is therefore lacking chirality.[14] Nonetheless, experimentally
it has been proven[15±18] that the compounds 1±3 correspond-
ing to Mˆbius ladders with n=2 or 3 depicted in Figure 2
are chiral though they do not have any classical stereogenic
unit.[10,11] Agreement between theory and experiment can be
obtained if one distinguishes sides and rungs of the three-
rung Mˆbius ladder by assigning them different ™colors∫.[5]


The discrepancy can also be overcome if the Mˆbius ladders
are treated as Mˆbius strips,[8] which are classical topological
objects.


As becomes evident from the short discussion on endohe-
dral fullerenes, rotaxanes, and mˆbiusanes, there are differ-
ent approaches for the translation of a real molecule into its
graph and, as a consequence, the theoretical detection of
both topology and chirality of a molecule depends on the
method that is applied.[3,5] Nonetheless, chemists may not
discard the mathematical analysis of molecular systems,
since it provides useful insights into the origin of molecular


symmetry, topology, and chirali-
ty. In this context a method
based on building of a ™molecu-
lar-cell complex∫,[5] for exam-
ple, in which impenetrable rings
(e.g., benzene ring) are cells in
the molecular graph, is an at-
tractive theoretical tool that
takes into account information
regarding physically admissible
deformations of a molecule and
can therefore be recommended
to chemists. This approach was
shown to be very helpful in an-
alyzing the origin of the chirali-
ty of [m][n]paracyclophanes
and multilayered cyclo-
phanes.[19] According to their
molecular-cell complexes, the
chirality of these cyclophanes is
due to their topology rather
than their geometry.[5] This con-
clusion contradicts, on the one
hand, the accepted practical no-
menclature on helical[10] or
planar[11] chirality in cyclo-
phanes and related systems. On
the other hand, such contradic-
tions indicate the necessity of
an update on the established
nomenclature pertaining to the
molecular isomerism and ele-
ments of chirality in the light of
the growing number of molecu-


lar assemblies with unusual geometrical and topological iso-
merism.[4±9,20] For instance, Diederich et al.[21] have recently
introduced new chirality descriptors based on the clockwise
and anticlockwise atom numbering in chiral fullerenes. The
need for the new descriptors in this case was due to the fact
that none of the standard stereogenic units could be as-
signed to the intrinsically chiral fullerene spheroids. Nico-


Figure 2. Molecular Mˆbius ladders with a variable number of rungs n (n=2 or 3).
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laou, Boddy, and Siegel,[22] in turn, have discussed the limits
of the Cahn±Ingold±Prelog (CIP) nomenclature concerning
its applicability to some systems that involve different ster-
eogenic units.


In this contribution we want to draw attention to some
problems regarding to the isomerism classification and their
solution on the borderline between the rules of the standard
topology and the physicochemical properties of the real
molecules. Our interest was initiated by a figure showing
how the pretzel-shaped body (a representation of the pret-
zel-shaped molecule 4,[23] which can be viewed as a bridged


[2]catenane) is converted into a topologically trivial species
composed of two bridged rings (Figure 3).[24] The connection
(™bridge∫ in the IUPAC language[25]) between the two rings
may collapse to a point, which is common to the two rings.
Then the two rings of the pretzel-shaped figure can de-
thread. The same procedure unties the bridged knot 5.[26]


This is especially remarkable, since the parent links and
knots, representing molecular catenanes and knots, respec-
tively, are well established to be topologically nontrivial.
However, for real molecular examples of 4 and 5 de-thread-
ing without bond breaking appears impossible. If de-thread-
ing and threading were possible for compound 4, an optical-
ly inactive mixture of pretzel-shaped molecule should result.
On the contrary, the observed chirality of pretzelane 4[23] is
even more pronounced than that of its parent topologically
chiral catenane (which is equivalent to an oriented Hopf
link in topology[3,5]). A related issue has recently been point-
ed out by Taylor and co-workers,[27] who analyzed a number
of knotted proteins. Despite the fact that some proteins
have been shown to contain knots with loose termini (i.e. ,
they may not be called ™knots∫ in the strict mathematical
sense), in reality it is impossible to disentangle these pro-
teins due to numerous intramolecular hydrogen bonds. A
knot 6 with coiled loose ends is the cartoon representation
of one of the possible structures that such protein may
assume. The authors call such proteins ™pseudoknots∫[27] to
distinguish them from the true topological knots that are
closed loops due to covalent bonds. Thus, as the authors
point out, the definition becomes a matter of energy.


The evident problem for chemists in research and teach-
ing at this point is to deal with the real isomerism of such
topologically trivial compounds. In other words, the question
arises how to describe the experimentally found chirality of
these systems in the context of existing classifications if the
chirality cannot be rationalized by means of classical stereo-
genic units and is not recognized in topology.[7] The above-
mentioned approach[8] going beyond graph theory to extend
topological isomerism to rotaxanes and endohedral fullerene
complexes fails at interpreting the topology of pretzelanes,
pseudoknots, and related species.


Fortunately, there are intertwined molecules, including
catenanes[1,2] (in topology they are called ™links∫[3,5]) and
trefoil knots,[28±31] which belong to the well-established topo-
logical objects. We suggest using these structures as refer-
ence points in the analysis of the isomerism. Topologically
trivial molecules such as the pretzelane 4 and the bridged
knot 5 are then viewed as derived from topologically non-
trivial species, such as [2]catenane and knot, respectively,
through addition of bridges, and topologically trivial mole-
cules, such as rotaxanes and the ™pseudoknot∫ 6, are similar-
ly viewed as derived from [2]catenane and knot, respective-
ly, through removal of bridges. In Figure 4 some examples
with ™missing∫ or ™excessive∫ bridges are shown. Taking this
relationship and the isomerism of the real molecules into ac-
count, we propose ™residual topological isomerism∫ as the
term to name this kind of isomerism.[32] In this way, the pret-
zel-shaped compound 4 represented in Figure 3 as graph A
would be the ™residual topological isomer∫ (or simply RT
isomer) of two bridged rings corresponding to the graph F
in Figure 3. Similarly, the enantiomers of 4 could be called
™residual topological enantiomers∫. Interestingly, this ap-
proach allows for the rational treatment of isomerism and
chirality in rotaxanes and their derivatives, such as the ™mo-
lecular-8∫ structure[33] and the [1]rotaxane[34] (Figure 5) pre-
pared by bridging the wheel and axle of the corresponding


Figure 3. How a pretzel-shaped body can be converted into a topological-
ly trivial species composed of two bridged rings.
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[2]rotaxanes. Both compounds are examples of species with
missing bridges. A doubly bridged catenane that has recent-
ly been obtained from tetraurea-calix[4]arene dimer is in
turn a new representative of the pretzelane family bearing
excessive bridges.[35] Moreover, the term ™residual topologi-
cal isomerism∫ can be applied to chiral fullerenes that con-
tain bridges. Figure 4 shows how an additional bridge on a
bridged fullerene transforms it into a topologically chiral
object. Triply bridged C60 derivatives, such as 7, have been


established to be topologically chiral.[36] One could also
think of an extension of the suggested approach toward in-
terlocked compounds in which, similarly to the pseudo-
knots,[27] mechanically bonded constituent parts have bridges
of noncovalent nature. This last class of compounds could
be exemplified by catenanes and rotaxanes built up of
metal-coordinated counterparts.[2,37,38]


Conclusions and outlook


From the theoretical standpoint pretzelanes, pseudoknots,
and related species are topologically trivial and achiral, but
chemically they are certainly intertwined and chiral. What
type of chirality is that? It is not a topological and not a
classical one, so there is an apparent practical need for a
name for this phenomenon. We propose ™residual topologi-
cal isomerism∫ (RT isomerism) as a descriptive term that
views such compounds as derived from parent, topologically
nontrivial species by addition or removal of bridges and
thus accounts for the origin of experimentally found isomer-
ism. Isomers of such molecular structures can be called RT
isomers, while in case of chiral systems of this type the term
™residual topological chirality∫ (RT chirality) can be ap-
plied.


Even though the present concept might not eliminate all
the uncertainties that have to be clarified in the field of mo-
lecular entities with unusual geometry and topology, it helps
to systematize a considerable number of mechanically inter-
twined species. The updates on the established nomencla-
ture applicable to the molecular isomerism and elements of
chirality will further be necessary due to the developments
of relevant theoretical tools and the growing number of mo-
lecular assemblies with unusual geometrical and topological
isomerism. Future theoretical efforts stimulated by corre-
sponding experimental results should lead to the more accu-
rate partition in the description of geometrical and topologi-
cal means of isomerism and chirality phenomena.
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Introduction


Since the discovery that, below a critical temperature, para-
magnetic molecular clusters can act as nanoscale magnets,
the syntheses of polyoxometalates have become the focus of
intense research activities. Such single-molecule magnets
(SMMs) can be regarded as ideal model systems for the in-
finite-size version of the linear Heisenberg chain and are
promising new materials for data storage and quantum com-
puting. They exhibit magnetisation hysteresis, quantum tun-
nelling of magnetisation and, most interestingly, demon-
strate an exciting effect: cooling by adiabatic magnetisa-
tion.[1,2] Over the past years, considerable progress has been
made towards the predictability of ordered supramolecular
assemblies on the basis of coordinative metal/ligand
bonds.[3,4] A particular symmetric class are the so-called
ferric wheels.[4±6]


We have reported the template-mediated self assembly of
six- and eight-membered iron coronates [Na�{Fe6[N(CH2-
CH2O)3]6}]Cl and [Cs�{Fe8[N(CH2CH2O)3]8}]Cl, prepared
from triethanolamine with iron(iii) chloride and sodium hy-
dride or cesium carbonate.[2,6] A common feature of these
two complexes is that six or eight ethanolate arms solely
function as ligands for the coordinative saturation of the
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Abstract: In the reaction of the N-sub-
stituted diethanolamines (H2L


1±3) (1±3)
with calcium hydride followed by addi-
tion of iron(iii) or indium(iii) chloride,
the iron wheels [Fe6Cl6(L


1)6] (4) and
[Fe6Cl6(L


2)6] (6) or indium wheels
[In6Cl6(L


1)6] (5), [In6Cl6(L
2)6] (8) and


[In6Cl6(L
3)6] (9) were formed in excel-


lent yields. Exchange of the chloride
ions of 6 by thiocyanate ions afforded
[Fe6(SCN)6(L


2)6] (7). Whereas the
structures of 4, 5 and 7 were deter-


mined unequivocally by single-crystal
X-ray analyses, complexes 8 and 9
were characterised by NMR spectros-
copy. Contrary to what is normally pre-
sumed, the scaffolds of six-membered
metallic wheels are not generally rigid,


but rather undergo nondissociative
topomerisation processes. This was
shown by variable temperature (VT)
1H NMR spectroscopy for the indium
wheel [In6Cl6(L


1)6] (5) and is highlight-
ed for the enantiotopomerisation of
one indium centre {1=6[S6-5]Q 1=6[S6-5’]}.
The self-assembly of metallic wheels,
starting from diethanolamine dendrons,
is an efficient strategy for the conver-
gent synthesis of metallodendrimers.


Keywords: dendrimers ¥ density
functional calculations ¥ indium ¥
iron ¥ NMR spectroscopy ¥
supramolecular chemistry
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iron centres and for charge compensation, whereas the re-
maining ethanolate m2-O donors are structure-determining.
They are linkers, necessary for the ring formation. Conse-
quently, reaction of N-butyldiethanolamine with calcium hy-
dride and iron(iii) chloride yielded the unoccupied neutral
iron coronand [Fe6Cl6{BuN(CH2CH2O)2}6].


[4] In this case,
completion of the octahedral coordination sphere at iron and
charge compensation are achieved by the chloride co-ligands.


Results and Discussion


In order to test scope and limitation of this new synthesis
for six-membered iron wheels, we treated N-(3,5-bis-tert-bu-
tylbenzyl)diethanolamine (1; H2L


1) with calcium hydride
and iron(iii) chloride and isolated a yellow microcrystallinic
product. The elemental analysis and FAB-MS spectrum
identified 4 as a hexairon chelate complex of the composi-
tion [Fe6Cl6(L


1)6] (Scheme 1).
For an unambiguous characterisation of [Fe6Cl6(L


1)6] (4),
we carried out an X-ray crystallographic structure analy-
sis.[7±9] Principally, complex 4 is isostructural with the six-
membered ferric wheel [Fe6Cl6{BuN(CH2CH2O)2}6]. That is
to say, the twelve ethanolate m2-O donors of (L1)2�, together
with the six iron(iii) ions form the ring, and the six chloride
ions again are only necessary for charge compensation and
as co-ligands for an octahedral environment at iron. The
iron wheel 4 (Figure 1) crystallises with three molecules in
the unit cell and the disklike clusters are piled in cylindrical
columns with mean intra-columnar midpoint distances d of
13.7 ä, with all the iron centres superimposed. Each column
is surrounded by six parallel columns, which are alternately
dislocated by 1/3 d and 2/3 d against the central one.
When ligand 1 was treated with calcium hydride and in-


dium(iii) chloride instead of iron(iii) chloride, we isolated
the corresponding indium wheel [In6Cl6(L


1)6] (5)
(Scheme 1). Single-crystal X-ray analysis proved 5[10] to be
isostructural with iron wheel 4. In the solid state, the N-sub-
stituted diethanolamine ligands of S6-5 are desymmetrised
through metal coordination.
That 5 is the only species pres-
ent also in solution was demon-
strated by ESI mass spectrosco-
py {m/z=2753 for [In6-
Cl5(L


1)6¥3H2O]+ in toluene}. At
temperatures below 50 8C, a
™static∫ S6-symmetric structure
is observed by 1H and 13C NMR
spectroscopy. All 1H and
13C NMR resonances were un-
ambiguously assigned by a com-
bination of COSY, HMQC, and
HMBC spectra. Exemplarily,
the most significant 1H NMR
characteristics of 5 are dis-
cussed (Figure 2). A major fea-
ture of the desymmetrised
(L1)2� ligands is the diastereoto-
picity of the 12 ethanolate arms


and, as a result, the formation of a set of four distinguish-
able methylene groups, which like the six N-benzylic meth-
ylene groups exhibit the characteristic AB splitting patterns
for their diastereotopic methylene protons. In contrast, the


Scheme 1. Synthesis of [Fe6Cl6(L
1)6] (4), [In6Cl6(L


1)6] (5), [Fe6Cl6(L
2)6]


(6), [Fe6(SCN)6(L
2)6] (7), [In6Cl6(L


2)6] (8) and [In6Cl6(L
3)6] (9).


Figure 1. (Stereo view): Structure of [Fe6Cl6(L
1)6] (4) in the crystal, highlighting the packing of seven parallel


columns, with six columns alternately dislocated by 1/3 d and 2/3 d against a central one. Solvent molecules
and hydrogen atoms are not depicted for clarity.
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12 tBu groups and the pairs of aromatic protons, ortho to
the CH2N link, are homotopic due to free rotation of the
aromatic rings.
Variable temperature 1H NMR studies on the enantioto-


pomerisation of tetrahedral homochiral (D,D,D,D)-
[(NH4)4\{Mg4(L)6}]Q(L,L,L,L)-[(NH4)4\{Mg4(L)6}] (L=


diethyl ketipinate dianion)[11] prompted us to also study the
dynamic behaviour of [In6Cl6(L


1)6] (5) by VT NMR
spectroscopy.[12] At higher temperatures in [D5]bromoben-
zene, the diastereotopic protons of the five distinguishable
methylene groups, undergo pairwise mutual exchange. This
phenomenon clearly manifested already at temperatures
below 50 8C in chloroform in exchange cross peaks in
EXSY-type spectra (Figure 2). The off-diagonal signals rep-
resent three different types of cross peaks: ROE-signals,
which indicate spatial relationship (opposite phase as diago-
nal signals, depicted in red), TOCSY-type signals, indicating
scalar coupling (same phase as diagonal signals, black), and
exchange signals (same phase as diagonal signals, blue).
The high-temperature 1H NMR spectra (Figure 3) indicate


time-averaged pseudo-D3d molecular symmetry for 5 due to
rapid, nondissociative topomerisation of bistable S6-5 with a
fast S6-5QS6-5’ interconversion. As explicitly shown for the
benzylic diastereotopic protons of 5, coalescence is observed
at 130 8C (500 MHz). The activation parameters for the mo-
lecular interconversion have been derived from a line shape
analysis: DH�=9.0 kcalmol�1, DS�=�27 calK�1mol�1,
DG�


403=20.0 kcalmol�1.


Density functional calculations at B3LY-
P/LANL2DZp[13±16] and BP86/RI/SV(P)[17±20] on a model
compound [In6Cl6{MeN(CH2CH2O)2}6] (MC), in which the
N-(3,5-bis-tert-butylbenzyl) groups of 5 have been replaced
by N-methyl groups suggest that an S6-MCQS6-MC’ inter-
conversion does not involve a highly symmetrical transition
structure. The obvious transition state D3d-MC, in which
enantiotopomerisation proceeds synchronously at all indium
centres, turns out to be a hilltop structure with three imagi-
nary frequencies, 36.1 kcalmol�1 less stable than the ground
state S6-MC. The favoured transition structure has approxi-
mate Cs symmetry, [Cs-MC]


�, and corresponds to an activa-
tion barrier of 16.6 kcalmol�1. The imaginary mode indicates
that the topomerisation proceeds in a concerted, yet asyn-
chronous fashion (Figure 4). A calculation on the full com-
plex [In6Cl6(L


1)6] (5) on BP86/RI/SV(P) level with a 46-elec-
tron pseudopotential yields a Cs structure 20.9 kcalmol�1


above the S6 ground state, whereas the D3d stationary point
is found to be 44.6 kcalmol�1 less stable than the ground
state.
The significant scope of the synthesis of six-membered


metallic wheels starting from alkyl-substituted diethanol-
amines was further demonstrated in reacting branched den-
dritic diethanolamines H2L


2 (2) and H2L
3 (3)[21] with calcium


Figure 2. 1H,1H-EXSY spectrum of [In6Cl6(L
1)6] (5) (CDCl3, 30 8C). Cor-


relation of the signals: ethanolate arms: OCH2 (~,+ ), NCH2 (&,*); ben-
zylic groups: NCH2 (^). Each geminal pair of protons is assigned with
identical symbols. A phase sensitive ROESY-sequence has been em-
ployed, mixing time 300 ms. Cross peaks highlighted in red are ROE
peaks. Other cross peaks are exchange peaks (blue) and TOCSY peaks
(black). H2O (#); acetone (¼6 ).


Figure 3. Enantiotopomerisation of one indium centre of 5 {1=6[S6-
5]Q1=6[S6-5’]} leading to enantiotopomerisation of the diastereotopic
groups of ligand (L1)2�. For clarity only the VT 1H NMR signals of the
benzylic methylene protons of the topomerisation of 5 are depicted. Left:
experimental (500 MHz, C6D5Br); right: simulated.
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hydride and iron(iii)/indium(iii) chloride. The elemental
analyses and FAB-MS spectra identified the reaction prod-
ucts as the hexametallic chelate complexes [Fe6Cl6(L


2)6] (6),
[In6Cl6(L


2)6] (8), and [In6Cl6(L
3)6] (9) (Scheme 1). In order


to grow single-crystals suitable for an X-ray analysis,
[Fe6Cl6(L


2)6] (6) was transformed with rhodanide ions to
give [Fe6(SCN)6(L


2)6] (7) (Scheme 1, Figure 5).[22] According
to this analysis, 7 is isostructural with [Fe6Cl6(L


1)6] (4).
For unambiguous characterisation of [In6Cl6(L


2)6] (8) and
[In6Cl6(L


3)6] (9) we carried out 1H and 13C NMR spectra.
Exemplarily, the most significant 1H NMR characteristics
are discussed for 9 (Figure 6). A major feature of the (L3)2�


ligands, desymmetrised through metal coordination, is the
loss of chemical-shift differences of diastereotopic protons
towards the periphery of the dendrimer. The diastereotopic
protons of the methylene groups of the ethanolate arms and


the N/O-benzylic protons (1,2) give rise to six discernible
AB splitting patterns. The assignment of these signals is
based on NMR experiments as carried out for 5. By con-
trast, the diastereotopic protons within the 24 peripheral O-
benzylic methylene groups (3) coincide and lead to only one


signal for the 48 protons. Natu-
rally, due to rotation of the
phenyl groups, the pairs of aro-
matic protons (A,C,E,F) are
isochronous. For the same
reason, all CH3 resonances
result in a singlet for the
72 protons involved.


Conclusion


Provided that the bridging li-
gands are flexible, metallacoro-


Figure 4. Pictogram and energy values, illustrating the topomerisation of
MC and 5 in a concerted, yet asynchronous fashion. The D3d structure in
which enantiotopomerisation proceeds synchronously at all indium cen-
tres turns out to be a hilltop structure. Energy values given in italic corre-
spond to 5.


Figure 5. Stereoview of crystal structure of metallodendrimer [Fe6(SCN)6(L
2)6] (7).


Figure 6. 1H NMR spectrum (CDCl3; 21 8C) of metallodendrimer
[In6Cl6(L


3)6] (9) and correlation of the signals. Ethanolate arms: OCH2


(~,+ ), NCH2 (&,*); benzylic groups: NCH2 (1); inner OCH2 (2); periph-
eral OCH2 (3). Aromatic protons are marked as A±F.
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nands are not necessarily rigid. This was demonstrated by
temperature-dependent 1H NMR spectroscopy for a diamag-
netic indium analogue. In summary, the six indium centres
experience inversion of configuration resulting in retention
of the overall S6 molecule symmetry. Calculations indicate
that the topomerisation proceeds in a concerted, yet asyn-
chronous fashion. Advanced studies towards metalloden-
drimers[23] are on the way.


Experimental Section


NMR-spectra were recorded on JEOL Alpha 500, JEOL EX 400 and
JEOL GX 400 spectrometers. Solvent signals were employed as internal
standards : CDCl3 (


1H, 7.24 ppm; 13C, 77.0 ppm); C6D5Br (
1H, 7.17 ppm;


13C, 122.51 ppm).


Compounds 1±3 : Syntheses according to standard methods from the cor-
responding bromide and dendritic bromides[21] with diethanolamine.


Compounds 4±9


General procedure : Either H2L
1 (1) (0.62 g, 2.0 mmol) for 4 and 5, H2L


2


(2) (1.05 g, 2.0 mmol) for 6 and 8, or H2L
3 (3) (2.13 g, 2.0 mmol) for 9


was added to a suspension of calcium hydride (0.13 g, 3.0 mmol) in anhy-
drous THF (125 mL). After the suspension was stirred for 1 h at 20 8C, a
solution of either iron(iii) chloride (0.32 g, 2.0 mmol) for 4 and 6, or in-
dium(iii) chloride (0.44 g, 2.0 mmol) for 5, 8 and 9 in anhydrous THF
(50 mL) was added. The reaction mixture was stirred at 20 8C for 72 h,
then the solvent was removed under vacuum. The precipitate was dis-
solved in CH2Cl2 (100 mL) and the remaining residue was filtered off.
After evaporation of the solvent 4 and 6 were obtained as yellow and 5,
8 and 9 as white powders.


Rhodanide 7 was prepared by exchange of the co-ligand Cl� by SCN� .[24]


Compound 4 : Yield 0.34 g, 43% (yellow rhombic crystals from toluene at
4 8C); m.p. >240 8C (decomp); FAB-MS (3-NBA): m/z (%): 1552 (30)
[Fe4Cl3(L


1)4]
+ , 1190 (40) [Fe3Cl3(L


1)3]
+ , 1155 (40) [Fe3Cl2(L


1)3]
+ , 1119


(100) [Fe3Cl(L
1)3]


+ ; IR (KBr): ñ=2965, 2906, 2867, 1600, 1477, 1461,
1088, 729 cm�1; elemental analysis calcd (%) for C114H186Cl6Fe6N6O12¥tol-
uene (2472.70): C 58.78, H 7.91, N 3.40; found: C 58.70, H 8.16, N 3.38.


Compound 5 : Yield 0.32 g, 35% (colourless rhombic crystals from tolu-
ene at 4 8C); m.p. >240 8C (decomp); 1H NMR (500.1 MHz, C6D5Br,
50 8C): d=7.725 (s, 12H; aryl), 7.696 (s, 6H; aryl), 5.013 (d, J=13.8 Hz,
6H; benzyl), 4.882 (d, J=13.8 Hz, 6H; benzyl), 4.621 (dd, J=5.0,
10.6 Hz, 6H; O�CH2), 4.510 (dt, J=6.4, 12.9 Hz, 6H; N�CH2), 4.228 (dd,
J=6.2, 11.5 Hz, 6H; O�CH2), 4.102 (dd, J=5.3, 10.3 Hz, 6H; O�CH2),
3.844 (dt, J=2.8, 11.5 Hz, 6H; N�CH2), 3.776 (dt, J=5.9, 11.7 Hz, 6H;
O�CH2), 2.822 (d, J=9.8 Hz, 6H; N�CH2), 2.286 (d, J=11.2 Hz, 6H;
N�CH2), 1.565 ppm (s, 108H; tBu); 13C NMR (125.7 MHz, CDCl3, 25 8C):
d=150.47 (12C, quat. aryl), 132.39 (6C, quat. aryl), 125.87 (12C, CH
aryl), 121.69 (6C, CH aryl), 62.66 (6C, benzyl), 61.77 (6C, O�CH2),
60.13 (6C, O�CH2), 58.08 (6C, N�CH2), 55.71 (6C, N�CH2), 34.75 (12C,
CMe3), 31.51 ppm (36C, Me); ESI-MS: m/z (%): 2753 (100) [In6-
Cl5(L


1)6¥3H2O]+ ; FAB-MS (3-NBA): m/z (%): 2734 (5) [In6Cl6(L
1)6]


+ ,
2698 (8) [In6Cl5(L


1)6]
+ , 1787 (80) [In4Cl3(L


1)4]
+ , 1330 (80) [In3Cl2(L


1)3]
+ ,


875 (100) [In2Cl(L
1)2]


+ ; IR (KBr): ñ=2965, 2870, 1602, 1477, 1460, 1079,
715 cm�1; elemental analysis calcd (%) for C114H186Cl6In6N6O12¥THF
(2806.51): C 50.50, H 6.97, N 2.99; found: C 50.51, H 6.96, N 2.88.


Compound 6 : Yield 0.70 g, 57% (yellow thin needles from chloroform by
diffusion of diethyl ether at 20 8C); m.p. >240 8C (decomp); FAB-MS (3-
NBA): m/z (%): 3677 (10) [Fe6Cl6(L


2)6]
+ , 3640 (68) [Fe6Cl5(L


2)6]
+ , 2415


(75) [Fe4Cl3(L
2)4]


+ , 1767 (100) [Fe3Cl(L
2)3]


+ ; IR (KBr): ñ=2947, 2913,
2866, 1721, 1601, 1445, 1281, 1154, 1109 cm�1; elemental analysis calcd
(%) for C174H186Cl6Fe6N6O48 (3677.20): C 56.83, H 5.10, N 2.29; found: C
56.10, H 5.29, N 2.17.


Compound 7: Yield 0.59 g, 81% (orange crystals from chloroform by dif-
fusion of diethyl ether at 20 8C); m.p. >240 8C (decomp); FAB-MS (3-
NBA): m/z (%): 3755 (10) [Fe6(SCN)5(L


2)6]
+ , 2483 (50)


[Fe4(SCN)3(L
2)4]


+ , 2425 (100) [Fe4(SCN)2(L
2)4]


+ , 2368 (50)
[Fe4(SCN)(L


2)4]
+ ; IR (KBr): ñ=2926, 2077, 2041, 1720, 1620, 1287 cm�1;


elemental analysis calcd (%) for C180H186Fe6N12O48S6¥2CHCl3 (4051.73):
C 53.95, H 4.68, N 4.15, S 4.75; found: C 54.65, H 5.27, N 4.05, S 4.43.


Compound 8 : Yield 0.69 g, 51% (colourless microcrystals from acetone/
CHCl3 50:1, at 4 8C); m.p. >240 8C (decomp); 1H NMR (400.1 MHz,
CDCl3, 22 8C): d=8.00 (d, J=8.4 Hz, 24H; aryl), 7.48 (d, J=8.4 Hz,
24H; aryl), 6.69 (d, J=2.1 Hz, 12H; aryl), 6.58 (t, J=2.1 Hz, 6H; aryl),
5.13 (d, J=13.4 Hz, 12H; benzyl-O), 5.10 (d, J=13.6 Hz, 12H; benzyl-
O), 4.40 (d, J=13.6 Hz, 6H; benzyl-N), 4.03±4.23 (m, 12H; benzyl-N,
CH2�CH2�O), 3.89 (d, 6H; J=11.7 Hz, N�CH2), 3.85 (s, 36H; O�CH3),
3.75±3.81 (m, 12H; CH2�CH2�O), 3.59±3.66 (m, 6H; CH2�CH2�O),
3.28±3.30 (m, 6H; N�CH2), 2.53 (d, J=9.8 Hz, 6H; N�CH2), 2.01 ppm
(d, J=11.8 Hz, 6H; N-CH2);


13C NMR (100.5 MHz, CDCl3, 23 8C): d=
166.7 (12C, C=O), 159.3 (12C, quat. aryl), 141.9 (12C, quat. aryl), 135.6
(6C, quat. aryl), 129.8 (24C, CH aryl), 129.7 (12C, quat. aryl), 127.4
(24C, CH aryl), 110.7 (12C, CH aryl), 102.4 (6C, CH aryl), 69.4 (12C,
benzyl-O), 62.5 (6C, benzyl-N), 61.8 (6C, CH2�CH2�O), 60.1 (6C,
CH2�CH2�O), 58.5 (6C, N�CH2), 55.9 (6C, N�CH2), 52.1 (12C,
O�CH3) ; FAB-MS (3-NBA): m/z (%): 4053 (1) [In6Cl6(L


2)6+Na]+ , 2201
(10) [In4Cl5(L


2)3]
+ , 2016 (10) [In3Cl3(L


2)3]
+ , 1529 (30) [In3Cl4(L


2)2]
+ , 1343


(25) [In2Cl2(L
2)2]


+ , 1272 (100) [In2(L
2)2]


+ ; IR (KBr): ñ=2951, 2873, 1724,
1597, 1436, 1283, 1157, 757 cm�1; elemental analysis calcd (%) for
C174H186Cl6In6N6O48¥3CHCl3 (4389.16): C 48.44, H 4.34, N 1.92; found: C
48.39, H 4.72, N 1.88.


Compound 9 : Yield 1.07 g, 44% (colourless microcrystals from acetone/
CHCl3 50:1, at 4 8C); m.p. >240 8C (decomp); 1H NMR (400.1 MHz,
CDCl3, 21 8C): d=7.93 (d, J=8.3 Hz, 48H; aryl), 7.38 (d, J=8.3 Hz,
48H; aryl), 6.64±6.66 (m, 36H; aryl), 6.53 (s, 6H; aryl), 6.47 (t, J=
2.1 Hz, 12H; aryl), 5.02 (s, 48H; benzyl-O), 4.97 (d, J=12.3 Hz, 12H;
benzyl-O), 4.94 (d, J=12.1 Hz, 12H; benzyl-O), 4.35 (d, J=12.1 Hz, 6H;
benzyl-N), 4.12±4.18 (m, 12H; benzyl-N, CH2�CH2�O), 3.96±4.00 (m,
6H; N�CH2), 3.82 (s, 72H; O�CH3), 3.64±3.78 (m, 12H; CH2�CH2�O),
3.52±3.58 (m, 6H; CH2�CH2�O), 3.19±3.26 (m, 6H; N�CH2), 2.48 (d,
6H; J=8.5 Hz, N�CH2), 2.09 ppm (d, 6H; J=11.1 Hz, N�CH2);
13C NMR (100.5 MHz, CDCl3, 23 8C): d=166.7 (24C, C=O), 159.8 (24C,
quat. aryl), 159.4 (12C, quat. aryl), 141.8 (24C, quat. aryl), 139.4 (12C,
quat. aryl), 135.4 (6C, quat. aryl), 129.8 (48C, CH aryl), 129.6 (24C,
quat. aryl), 126.9 (48C, CH aryl), 110.6 (12C, CH aryl), 106.6 (24C, CH
aryl), 102.1 (6C, CH aryl), 101.5 (12C, CH aryl), 69.8 (12C, benzyl-O)
69.3 (24C, benzyl-O), 62.6 (6C, benzyl-N), 61.9 (6C, CH2�CH2�O), 60.1
(6C, CH2�CH2�O), 58.6 (6C, N�CH2), 56.0 (6C, N�CH2), 52.1 ppm
(24C, O�CH3); FAB-MS (3-NBA): m/z (%): 7275 (1) [In6Cl6(L


3)6]
+ ,


7241 (1) [In6Cl5(L
3)6]


+ , 3530 (82) [In3(L
3)3]


+ , 2352 (100) [In2(L
3)2]


+ ; IR
(KBr): ñ=2956, 2926, 2874, 1744, 1605, 1263 cm�1; elemental analysis
calcd (%) for C366H354Cl6In6N6O96¥3CHCl3 (7632.56): C 58.07, H 4.72, N
1.10; found: C 58.38, H 4.91, N 1.02.


Computational methods : Calculations were performed using the Gaussi-
an 98[13] and Turbomole 5.6[17] program packages. We employed the
B3LYP[14] hybrid density functional and the BP86[18] functional, the latter
in connection with the resolution of the identity (RI) technique.[19] In the
B3LYP calculations, we used the Los Alamos LANL2DZ[15] ECP basis
set, as implemented in Gaussian 98, augmented with polarisation func-
tions on the heavy atoms.[16] In the BP86/RI computations, we used Ahl-
richs× split valence basis set[20] with polarisation functions on the heavy
atoms and the 46e MWB ECP, as implemented in Turbomole 5.6.
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Structural Motifs in Secondary Ammonium Halides: Ring-Stacking and Ring-
Laddering in the Organic Solid State


Andrew D. Bond*[a]


Introduction


The concepts of ring-stacking and ring-laddering, developed
by Snaith and co-workers initially for alkali metal com-
plexes,[1] find wide applicability in structural inorganic
chemistry.[2] Thus, discrete M+X� ion pairs are envisaged to
form dimeric or trimeric rings, which may associate in either
a stacking manner to form tetrameric cubanes (e.g. [Me3-
Si�C6H8�(tBu)C=NLi]4)[3] or hexamers (e.g. [Ph(tBu)C=
NLi]6),


[4] or in a lateral manner to form oligomeric (e.g.
{[H2C(CH2)3NLi]2¥TMEDA}2)


[5] or polymeric ladders (e.g.
{[(tBu)N(H)Na]3¥(tBu)NH2}8).


[6] Association is driven pri-
marily by electrostatic forces, leading to higher coordination
numbers for both M+ and X� , thereby maximizing Coulom-


bic energy. The tendency towards association in either a
stacking or laddering manner is sterically driven and de-
pendent on the nature of the groups comprising the anionic
moiety: where X� contains flat groups that lie largely in the
plane of the dimeric or trimeric rings, stacking is encour-
aged, for example, lithium imides, [(R2C=N)Li]n ; where the
R groups project above and below the dimer plane, ladder-
ing is commonly observed, for example, lithium amides,
[R2NLi]n. In many cases, the R groups in the anionic moiety
hinder both stacking and laddering, so that discrete dimers
or trimers are found, for example, [(2,6-(iPr)2C6H3)(Me3-
Si)NLi]2 and [(PhCH2)2NLi]3.


[7,8] The laddered, stacked, and
discrete structural motifs may be viewed as successively
smaller fragments of infinite [M+X�]¥ lattices, prevented
from further association by the steric constraints of the or-
ganic moieties. In addition to a certain predictive capability,
a significant strength of the ring-stacking and ring-laddering
concepts is an ability to rationalize bond distances in com-
plexes such as the alkali metal imides and amides in terms
of two-center or three-center interactions, depending on
whether the orbitals on N (considered as sp2 hybrid atomic
orbitals in the imides or sp3 hybrids in the amides) are ori-
ented directly towards one M+ cation or point between two
M+ cations (Scheme 1).[2a]
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Two-dimesional
chemical diagrams of all organic salts mentioned in the text are pro-
vided together with full lists of CSD refcodes and geometrical param-
eters for the structures included in the statistical analyses.


Abstract: The ring-stacking and ring-
laddering concepts of structural inor-
ganic chemistry may be applied to ra-
tionalize motifs observed for secondary
ammonium halides R2NH2X (X = Cl,
Br) in the organic solid state. General
examination of the directional prefer-
ences of N+ ¥¥¥X� contacts in 166 crystal
structures confirms that the shortest
contacts (3.0±3.2 and 3.2±3.4 ä, X =


Cl, Br) are N+�H¥¥¥X� hydrogen bonds
lying approximately along the direc-
tions of the N+�H bond vectors. The
next shortest N+ ¥¥¥X� contacts display
two preferred directions of approach:
i) contacts in the distance range 3.2±3.5
(X = Cl) and 3.2±3.9 ä (X = Br) lie


close to the H�N+�H plane, along the
direction of the bisector of the H�N+


�H angle; ii) contacts in the distance
range 4.0±4.2 (X = Cl) and 4.0±4.4 ä
(X = Br) lie close to the H�N+�H
plane, along the direction of an axis ex-
tending to the rear of one of the N+�H
bonds. Both directions of approach
lead frequently to association of
R2NH2


+X� ion pairs into laddered
motifs. Stacking association is also ob-


served, giving rise in one case to dis-
crete cubanes and in several other
cases to extended stacked-cube ar-
rangements. In each case, the distribu-
tion of N+ ¥¥¥X� contacts reflects a bal-
ance between the directional properties
of the N+�H¥¥¥X� hydrogen bonds and
(primarily steric) interactions between
the R groups of the organic moieties.
The ladder and stack motifs of the or-
ganic ammonium halides are in many
cases directly comparable to those in
alkali metal amides, [R2NM]n, and in-
formation derived from the extensive
organic sample provides insight into
the motifs adopted by the inorganic
complexes.


Keywords: database searching ¥
halides ¥ hydrogen bonds ¥ ring-
stacking/ring-laddering ¥ solid-state
structures
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Organic ammonium halides, R2NH2X (X = halogen), fall
within the traditional domain of the organic solid state, in
which structures are most commonly described in terms of
hydrogen-bond motifs and rationalized according to the
ubiquitous supramolecular-synthon approach.[9] They are,
however, inherently ionic solids, and the concepts of struc-
tural inorganic chemistry might therefore be fruitfully ap-
plied to describe their structures. An analogy between or-
ganic ammonium halides and inorganic amide complexes
was suggested initially by the crystal structure of the hydro-
chloride of the primary amine, 2,6-di(iPr)aniline,[10] in which
discrete hydrogen-bonded supramolecular cubanes are ob-
served. Analogous cubanes with comparable geometric fea-
tures are formed by the complexes of Sn2+ and Pb2+ with
the dianion derived from the same organic moiety.[11] From
this it can be inferred that the directional bonding require-
ments of the three N+�H groups of the primary ammonium
moiety resemble those of three sp3 hybrid atomic orbitals on
the organic dianion, so that the directional forces responsi-
ble for self-assembly are similar in both the metal complex
and the hydrogen-bonded system.[10] In this report, it is dem-
onstrated that the analogy also encompasses secondary am-
monium halides, R2NH2X, and alkali metal amide com-
plexes, [R2NM]n, in which the directional bonding require-
ments of the two N+�H groups of the ammonium moiety
resemble those of two sp3 hybrid atomic orbitals on the or-
ganic anion R2N


� . In the course of this comparison, the con-
cepts of ring-stacking and ring-laddering are naturally ex-
tended to the organic solid state.


Results and Discussion


Structural motifs in secondary ammonium halides, R2NH2X :
The crystal structures of 166 secondary ammonium halides
(148 chlorides, 16 bromides, and 2 iodides) were identified
in the Cambridge Structural Database (CSD)[12] in which the
N+�H¥¥¥X� hydrogen-bond motifs are not disrupted signifi-
cantly by additional hydrogen-bonding interactions (see Ex-
perimental Section).[13] The hydrogen-bond motifs comprise
predominantly dimers (34 structures) and polymeric ribbons
(130 structures). One example of a cyclic tetrameric motif
also exists in the hydrochloride of triacetone amine.[14] The
point of interest for this study is not the hydrogen-bond
motifs as such, but rather the general manner in which
R2NH2


+X� ion pairs are associated, that is, the directionality
of all N+ ¥¥¥X� contacts, both hydrogen-bonded and non-hy-
drogen-bonded, with respect to the ammonium moiety. To
examine this directionality in a general sense, the three
shortest N+ ¥¥¥X� contacts (regardless of magnitude) were
considered in each structure. Distance cut-offs were not ap-
plied at this stage to reflect the long-range nature of electro-
static forces and to ensure that the inherent directionality of
the N+ ¥¥¥X� contacts was not obscured. The geometry of the
contacts was described according to a reference frame em-
ployed previously by Rosenfield et al. for examination of
non-bonded atomic contacts to divalent sulfur:[15] the C�N+


�C unit of the secondary ammonium moiety defines a
plane, and the directions of the N+ ¥¥¥X� contacts are descri-
bed by spherical polar coordinates, in which the azimuthal
angle f is the in-plane angle between the bisector of the
C�N+�C bond and the projection of the N+ ¥¥¥X� vector,
and the polar angle q is the angle between the normal to the
plane and the N+ ¥¥¥X� vector (Figure 1). In this description,


the N+�H bond vectors of the ammonium moiety lie at f
= 1808, q��358 and the N+�C bond vectors lie at f��
558, q = 90. Throughout the subsequent discussion, f and q


are given as absolute values in the ranges 0<f<1808 and
0<q<908 so that no distinction is made between ap-
proaches from opposite sides of the H�N+�H or C�N+�C
planes.
Figure 2a shows scatterplots of the f and q parameters


for all identified N+ ¥¥¥X� vectors up to the longest observed
separation (ca. 8.6 ä). The two shortest N+ ¥¥¥X� contacts in


Scheme 1. Distribution of M�N distances in a) ring-stacked alkali metal
imides, with b) projection along the C=N bond of the imide anion show-
ing the orientation of sp2 hybrid atomic orbitals on N, and c) ring-lad-
dered alkali metal amides with sp3 hybrid atomic orbitals depicted on N
[adapted from ref. [2b]].


Figure 1. Spherical polar coordinate description of the directionality of
the N+ ¥¥¥X� contacts. The azimuthal angle f is measured from the bisec-
tor of the C�N+�C bond and the polar angle q is measured from the
normal to the C�N+�C plane.
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each case correspond to hydrogen-bond interactions and are
clustered around f = 1808, q�358, the directions of the N+


�H bond vectors. It is the next shortest contacts that are of
greatest interest. Figure 2b shows polar plots of the f pa-
rameter versus the magnitude of the N+ ¥¥¥X� vector for the
third longest contact in each structure. Considering initially
the chlorides, it is clear that the shortest contacts display dis-
tinct clustering around two regions: f = 130±1708 and f =


0±108. The first region contains the shortest contacts of all
(3.2±3.5 ä), while the second contains somewhat longer con-
tacts (4.0 ä and above). As the N+ ¥¥¥Cl� distance increases
above about 4.2±4.3 ä, the distribution broadens and the di-
rectional preferences of the contacts become more diffuse.
The subsequent discussion is focussed therefore predomi-
nantly on structures with N+ ¥¥¥Cl� contacts below 4.2 ä; ap-
plication of the distance cut-off at this stage is made on the


basis of the observed directionality of the contacts rather
than any arbitrary distance criterion. For the bromides, of
which there are far fewer examples, clustering is necessarily
less distinct but the distribution resembles that of the chlor-
ides: the shortest N+ ¥¥¥Br� contacts (3.2±3.9 ä) lie in the
region f = 130±1708, and the next shortest (4.0±4.4 ä) lie
in the region f = 0±108. Broadening of the distribution in
this case is observed above an N+ ¥¥¥Br� distance of about
4.4 ä and this cut-off is applied for subsequent discussion.
For the iodides, there are too few structures for meaningful
discussion and these are not considered further.
Figure 2c displays scatterplots of the f and q parameters


for only those third-longest N+ ¥¥¥X� vectors with magnitude
less than the specified distance cut-offs. For the chlorides,
the contacts are clearly clustered into two regions: f =


130±1708, q = 80±908 (Region 1) and f = 0±108, q = 35±


Figure 2. Distributions of the three shortest N+ ¥¥¥X� contacts in the crystal structures of secondary ammonium chlorides (left) and bromides (right): a) all
identified contacts (up to the longest of ca. 8.6 ä), with the shortest contact in each structure denoted by an open circle, the intermediate contact by an
open square, and the longest contact by a filled circle; b) polar plot of the f parameter versus the N+ ¥¥¥X� separation; the shaded region denotes broad-
ening of the directionality and sets the distance cut-off for subsequent discussion; c) third-longest contacts only with N+ ¥¥¥X� less than 4.2 ä for Cl and
4.4 ä for Br.
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658 (Region 2). For the bromides the clustering is less dis-
tinct but again resembles that of the chlorides. The first
region corresponds to approach of X� in the plane of the
NH2


+ group approximately along the bisector of the H�N+


�H angle, that is, towards the midpoint of the H¥¥¥H edge of
the pseudo-tetrahedral R2NH2


+ unit. This direction of ap-
proach is the least sterically hindered and gives rise to the
shortest N+ ¥¥¥X� contacts. The second region also corre-
sponds to approach of X� in the plane of the NH2


+ group,
but in this case along an axis to the rear of one N+�H bond,
that is, towards the center of one R2H face of the pseudo-
tetrahedral R2NH2


+ unit. The longer N+ ¥¥¥X� contacts ob-
served in this region are consistent with a more hindered ap-
proach resulting from the steric bulk of the R groups. The
structures populating the two regions are discussed in turn.


Region 1: f = 130±1708, q = 80±908 : Eleven structures (9
chlorides, 2 bromides) were identified within the specified
distance limits in which the third N+ ¥¥¥X� contact lies in the
region f = 130±1708, q = 80±908 (Table 1). In nine of
these, lateral association leads to formation of extended poly-
meric ladders, hereafter referred to as Type 1 (Figure 3). In


each case (except for the symmetric VABFIN), the ladder
conformation is fully transoid, that is, at each subsequent or-
ganic moiety along the ladder, equivalent R groups lie on
opposite sides of the plane containing the N+(�H)¥¥¥X� con-
tacts. The magnitudes of the three N+ ¥¥¥X� contacts that
define the motif are comparable within each structure and
lie in the range 3.0±3.4 ä. In all but one case (the exception
being CETEAN10), the distribution of N+ ¥¥¥X� distances is
identical to that in archetypal ring-laddered lithium amides:
short and intermediate distances alternate along the ladder
arms, while significantly longer contacts comprise the ladder
rungs (Figure 3).[2a] Thus, secondary ammonium halides
forming Type 1 ladders display ring-laddering behavior ex-
actly analogous to that of alkali metal amides. In the same
way that the distribution of M�N distances in the lithium
amides may be considered to reflect the formation of two-
center and three-center interactions involving sp3 hybrid
atomic orbitals on N (Scheme 1), so the N+ ¥¥¥X� distances in
the ammonium halides reflect the formation of non-bifurcat-
ed and bifurcated hydrogen bonds (Figure 3). In general,
one short non-bifurcated (two-center) interaction and two
longer bifurcated (three-center) interactions are formed by
each ammonium center. The non-bifurcated N+ ¥¥¥X� con-
tacts are comparable in magnitude to those in isolated terti-
ary ammonium halides, R3NHX: average N+ ¥¥¥Cl�


3.07(7) ä, N+ ¥¥¥Br� 3.25(7) ä.[17] The relative magnitudes of
the longer N+ ¥¥¥X� contacts reflect primarily the associated
N+�H¥¥¥X� angles: the N+ ¥¥¥X� distance is inversely corre-
lated with the N+�H¥¥¥X� angle in the manner typical of
strong hydrogen bonds.[18] The concept of the two-center
and three-center interactions is perhaps illustrated rather
more clearly in the hydrogen-bonded systems than in the in-
organic systems, since the N+�H bond vectors in the former
are readily apparent–these effectively ™map∫ the implied
orientations of sp3 hybrid atomic orbitals in the inorganic
systems.
The organic moieties that form Type 1 ladders display sev-


eral comparable features: in all but one of the chlorides, the
NH2


+ center forms part of a piperidinium or pyrrolidinium
ring, so that the bulk of each organic moiety lies to the out-
side of the ladder arms. The majority of ring-laddered lithi-


Table 1. Secondary ammonium halides forming three short N+ ¥¥¥X� contacts, in which the third N+ ¥¥¥X� contact (< 4.2, 4.4 ä for X = Cl, Br) lies in
Region 1 (f = 130±1708, q = 80±908).[a]


d [ä] f [8] q [8] d [ä] f [8] q [8] d [ä] f [8] q [8]


Ring-laddering Ladder arm 1 Ladder arm 2 Ladder rung
BORXUB Cl 3.094 171.0 18.9 3.143 178.6 26.5 3.346 152.5 85.9
BRPYRL Cl 3.009 174.5 19.4 3.289 132.9 33.5 3.300 138.0 89.7
CETEAN10 Cl 3.155 149.3 39.8 3.404 169.1 16.1 3.169 175.5 63.2
HOTZOF Cl 3.066 172.0 13.6 3.124 161.1 31.6 3.389 139.9 88.2
PEFCUY Cl 3.069 175.3 31.4 3.127 133.6 29.6 3.262 140.4 78.4
SIFGUJ Cl 3.075 148.7 19.2 3.112 151.5 33.2 3.268 144.9 86.7
SOBFIY Cl 3.048 179.1 26.0 3.093 157.2 8.6 3.267 164.6 81.4
TAJRUR Br 3.273 151.1 30.0 3.373 137.3 22.0 3.400 155.4 83.3
VABFIN Cl 3.032 167.1 15.6 3.095 170.0 25.5 3.220 153.2 86.2


Ring-stacking
AZNONB Br 3.193 173.9 24.4 3.496 136.2 69.7 3.898 132.2 64.0
ZENJAD Cl 3.096 166.8 34.3 3.124 143.1 46.7 3.479 133.2 86.1


4.240 44.8 33.2


[a] Literature references given in ref. [16].


Figure 3. Hydrogen-bonded ladder (Type 1) in the crystal structure of
PEFCUY. Hydrogen atoms not involved in hydrogen bonding are omit-
ted.
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um amide complexes are also derived from cyclic organic
moieties, including the piperidide[19] and pyrrolidide
anions.[5] In most of the organic structures, the piperidinium
or pyrrolidinium groups bear only flat ring-based substitu-
ents that stack in a face-to-face manner along the ladder
arms. The distribution of N+ ¥¥¥X� distances is clearly influ-
enced by interactions between adjacent organic moieties: in
BORXUB, for example, the short and intermediate contacts
along the ladder arms (3.094 and 3.143 ä) are not correlated
with the N+�H¥¥¥Cl� angles (169.4 and 157.88, respectively)
in the expected manner. Thus, the N+ ¥¥¥X� distance distribu-
tion is shown to be a balance between the directional prefer-
ences of the hydrogen bonds and interactions between the
R groups of the organic moieties. In addition to an influence
on the magnitude of the N+ ¥¥¥X� contacts, optimization of
the interactions between organic moieties is manifested in
differing degrees of rotation of the H�N+�H bisector (i.e.
the C�N+�C plane) from the direction of the ladder rungs.
This is reflected statistically in a widening of the N+ ¥¥¥X�


contact distribution in f (Figure 2c).
In the chloride CETEAN10 (Figure 4) and the bromide


TAJRUR, the NH2
+ center forms part of a noncyclic organ-


ic moiety. In CETEAN10, all of the N+ ¥¥¥Cl� contacts are


significantly longer than those in the other chlorides descri-
bed thus far and the distances are distributed differently: an
intermediate contact makes up the ladder rung, while short
and long contacts alternate along the ladder arms.[20] This
may be attributed to steric constraints imposed by interac-
tions between the organic moieties extending above and
below the plane of the ladder motif; although the N+ ¥¥¥Cl�


contacts in CETEAN10 are longer than those in the other
Type 1 ladders, the cross-ladder separation between the a-C
atoms is considerably shorter (ca. 5.00 ä compared with
6.14±6.60 ä in the other chlorides). One particularly long
N+ ¥¥¥Cl� contact within the ladder arm of CETEAN10


(3.404 ä) is also clearly influenced by face-to-face stacking
of adjacent anthracene groups. In TAJRUR, the N+ ¥¥¥Br�


contacts are significantly longer than the N+ ¥¥¥Cl� contacts
in CETEAN10 and the N+ ¥¥¥Br� distance distribution is
comparable to that observed in the other Type 1 ladders.
In the two remaining examples within Region 1,


AZNONB and ZENJAD, the third N+ ¥¥¥X� contacts lie to-
wards the edges of the distribution, both in their magnitude
and in the angle f (Table 1). In both cases, the intermediate
N+ ¥¥¥X� contacts also lie at the edges of the expected
ranges. Examination of these structures reveals that associa-
tion occurs in a stacking manner. The bromide AZNONB
forms discrete cubanes in which the distribution of N+ ¥¥¥Br�


distances is entirely consistent with that predicted by the
ring-stacking concept: four short and four long intra-dimer
distances, with four intermediate inter-dimer distances con-
sidered to define the ring-stacking direction (Figure 5a).[2a]


As observed for the ladders, each ammonium center adopts
one short interaction that coincides closely with one N+�H
bond vector and one intermediate and one long interaction
that comprise a bifurcated hydrogen bond. The C�N+�C
plane of the organic moiety lies close to perpendicular to
the shortest cube edge, tilted slightly from it to bring one
N+�H bond close to parallel to that edge (Figure 5b); a
similar arrangement is observed in the hydrogen-bonded
cubane of 2,6-di(iPr)aniline hydrochloride.[10] The other N+


Figure 4. Type 1 ladder motif in CETEAN10. Hydrogen atoms not in-
volved in hydrogen bonding are omitted. The R groups of the noncyclic
organic moiety lie to a greater degree above and below the ladder plane
compared with the ladders based on cyclic organic moieties (e.g.
Figure 3). The distribution of N+ ¥¥¥X� distances is clearly influenced by
face-to-face stacking between adjacent anthracene groups.


Figure 5. a) Ring-stacked cubane unit in AZNONB. Hydrogen atoms
bound to carbon are omitted. The orientation of the cubane and the N+


¥¥¥Br� distance distribution corresponds to that shown in Scheme 1.
b) Orientation of the C�N+�C plane with respect to the shortest cubane
edge.
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�H bond in AZNONB points almost directly across the di-
agonal of the perpendicular cube face so that the two N+


�H¥¥¥Br� angles are approximately equal. The considerable
difference in magnitude of the associated N+ ¥¥¥Br� contacts
therefore is not a simple reflection of the deviation from lin-
earity of the hydrogen-bond interactions, but again is shown
to reflect a balance between the directional properties of
the hydrogen bonds and the steric constraints imposed by
the organic moieties. The observation of discrete ring-
stacked cubanes incorporating secondary ammonium moiet-
ies is perhaps unexpected since the steric constraints im-
posed by secondary amido anions generally prevent stacking
in inorganic systems. The metric features of the cube edges
are clearly significant: typical N¥¥¥Li distances in lithium
amides lie in the range 2.0±2.2 ä and ring-stacking is not ob-
served in these systems. The N+ ¥¥¥Br� distances in
AZNONB (ca. 3.2 ä and higher) are significantly longer, re-
laxing the steric constraints and permitting ring-stacking.
The final structure within Region 1, ZENJAD, displays


slightly different behavior: each NH2
+ center adopts one


short, one intermediate, and one long N+ ¥¥¥Cl� contact, com-
parable to the situation in AZNONB, but association occurs
to form an extended stacked-cube arrangement that includes
a fourth short N+ ¥¥¥Cl� contact of 4.240 ä. Discussion of this
extended motif is deferred for convenient comparison with
several other higher-order structural motifs.


Region 2: f = 0±108, q = 35±658 : Sixteen structures (14
chlorides, 2 bromides) were identified within the specified
distance limits in which the third N+ ¥¥¥X� contact lies in the
region f = 0±108, q = 35±658 (Table 2). In each of these
cases, lateral association gives rise to polymeric ladders with
fully transoid conformations, but the distribution of N+ ¥¥¥X�


contacts is distinctly different from that of the previous ex-
amples: two short contacts of comparable magnitude (ca.
3.0±3.3 ä) comprise the ladder rung and one section of the
ladder arm, while a third significantly longer contact (ca.


4.0±4.3 ä) forms the second section of the ladder arm (as,
for example, in Figure 6). These ladders are hereafter refer-
red to as Type 2. In all cases, the shorter contacts in one
ladder arm lie opposite the longer ones in the other arm so
that there is no clear distinction between hydrogen-bonded


dimeric units and inter-dimer N+ ¥¥¥X� contacts. Thus, the
concept of ring-laddering within these systems does not nec-
essarily imply lateral association of hydrogen-bonded
dimers, but rather lateral association of [R2NH2


+X�]2 units.
The hydrogen-bond motif within these ladders in fact resem-
bles a trans±trans ribbon, in which each NH2


+ center forms
two non-bifurcated (two-center) hydrogen bonds, and a
third essentially electrostatic (non-hydrogen-bonded) con-


Table 2. Secondary ammonium halides forming three short N+ ¥¥¥X� contacts, in which the third N+ ¥¥¥X� contact (< 4.2, 4.4 ä for X = Cl, Br) lies in
Region 2 (f = 0±108, q = 35±658).[a]


d [ä] f [8] q [8] d [ä] f [8] q [8] d [ä] f [8] q [8]


Ring-laddering Ladder arm 1 Ladder arm 2 Ladder rung
BOTPAB Cl 3.155 173.8 36.0 4.056 0.6 39.4 3.153 173.2 44.0
BUHCIQ Cl 3.093 179.5 37.5 4.124 0.4 55.1 3.149 178.8 32.9
CARQIV Br 3.299 165.5 44.6 4.208 14.6 34.7 3.290 177.0 43.8
DIZVUD Cl 3.100 160.9 40.9 4.115 2.3 47.6 3.101 162.9 36.7
HIYDOI Cl 3.082 177.6 34.7 4.127 2.6 46.8 3.104 170.8 39.0
JARSAW Cl 3.164 149.9 47.2 4.089 1.8 41.6 3.077 173.7 39.8
KADNIM Cl 3.147 176.6 37.0 4.080 1.6 40.4 3.155 174.5 42.6
MIXTAO Cl 3.133 175.9 45.7 4.169 3.2 52.9 3.112 178.3 31.0


3.098 175.4 47.3 4.217 7.0 54.3 3.131 176.2 28.2
POJVOZ Br 3.326 171.4 46.3 4.224 4.3 47.3 3.242 175.3 35.2
POJVUF Cl 3.087 169.7 48.3 4.120 7.0 43.7 3.098 177.8 34.9
SIWCAC Cl 3.227 167.3 77.2 4.067 6.3 65.6 3.052 139.7 15.3
VIPNIR Cl 3.116 155.9 48.9 4.041 1.0 43.7 3.123 166.5 36.0
WOGPOX Cl 3.128 169.6 34.6 4.156 10.4 47.6 3.128 149.7 41.7
WOWXIP[b] Cl 3.090 176.6 38.2 4.127 2.1 57.1 3.144 180.0 31.3
WOWXUB[b] Cl 3.091 177.0 38.2 4.130 1.7 57.1 3.145 179.7 31.4
YIJFOM Cl 3.223 165.8 47.4 4.076 6.3 47.9 3.101 161.9 34.9


3.178 169.1 49.4 4.118 5.0 50.8 3.083 163.7 31.1


[a] Literature references given in ref. [21]. [b] Stereoisomers.


Figure 6. Type 2 ladder structure in BUHCIQ. Hydrogen atoms not in-
volved in hydrogen bonding are omitted. Each ammonium center forms
two non-bifurcated (two-center) hydrogen bonds and one longer electro-
static contact. The trans±trans hydrogen-bonded ribbon motif is shaded.
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tact (Figure 6). The ladders are polar (i.e. all N�H bonds
within both ladder arms point in the same direction) and in
most cases are formed along crystallographic 21 screw axes.
As observed for the Type 1 ladders, the H�N+�H bisector
displays a range of rotation with respect to the ladder rungs,
in this case giving rise to a widening of the angle q in the
N+ ¥¥¥X� distribution (Figure 2c).
Among the Type 2 ladders, there is a considerably greater


proportion of noncyclic ammonium moieties. As described
previously for CETEAN10, the R groups of noncyclic moi-
eties project to a greater degree above and below the ladder
plane compared with their cyclic counterparts, increasing
the significance of steric repulsions between them and
giving rise to elongation of the N+ ¥¥¥X� contacts in Type 1
ladders. The increased proportion of noncyclic ammonium
moieties populating Region 2 suggests that as the steric con-
straints associated with the formation of Type 1 ladders
become more severe, Type 2 ladders become more preva-
lent.
There are also four Type 2 ladders based on cyclic ammo-


nium moieties (DIZVUD, HIYDOI, JARSAW, POJVOZ)
bearing flat ring-based substituents, similar to those shown
previously to form Type 1 ladders. The structure of
HIYDOI in particular resembles closely that of CETEAN10
in the manner in which ring-based substituents are stacked
along the ladder arms (Figure 7). The distinction between


the Type 2 ladder in HIYDOI and the Type 1 ladder in
CETEAN10 reflects the orientation of the stacked substitu-
ents with respect to the C�N+�C plane: the ring plane of
the stacked groups lies essentially parallel to the C�N+�C
plane in HIYDOI, but close to perpendicular to the C�N+


�C plane in CETEAN10. Thus, comparable face-to-face
stacking of ring-based substituents in the two cases leads to
differing alignments of the C�N+�C planes with respect to
the ladder arms and therefore different distributions of N+


¥¥¥X� contacts. In the other three examples based on cyclic
ammonium moieties (DIZVUD, JARSAW, POJVOZ), the
distinction between the Type 2 and Type 1 ladders reflects
the fact that the rings on adjacent organic moieties within
the Type 2 ladder arms do not adopt face-to-face stacked ar-
rangements with each other, but are interdigitated with


rings from adjacent ladder moieties (e.g. Figure 8). This pre-
sumably reflects the preferences of the ring-based substitu-
ents to align with each other in a parallel or anti-parallel
manner.


In both Type 1 and Type 2 ladders, the underlying manner
of association of the R2NH2


+X� ion pairs and the resulting
spatial distribution of the N+ and X� centers is comparable.
The distinction between the two ladder types lies in the ori-
entation of the organic moiety with respect to the ladder
motif: in the Type 1 ladders, the C�N+�C plane lies approx-
imately perpendicular to the ladder arms (i.e. the bisector of
the H�N+�H angle lies parallel to the ladder rungs), while
in Type 2 ladders, the C�N+�C plane lies closer to 208 to
the ladder arms (i.e. one N+�H bond lies parallel to the
ladder rungs). The adoption of the Type 1 or Type 2 arrange-
ment is driven by optimization of interactions between the
R groups of the organic moieties–both within and between
ladders–and the resulting distribution of N+ ¥¥¥X� distances
may be considered to be a ™fine-tuning∫ effect dependent
on this alignment. Where the orientation is such that two
linear (two-center) hydrogen bonds and one predominantly
electrostatic contact are formed (i.e. Type 2 ladders), the dis-
tinction between short hydrogen-bonded interactions and
longer non-hydrogen-bonded N+ ¥¥¥X� contacts is most clear.
Where all three N+(�H)¥¥¥X� contacts resemble two-center
or bifurcated (three-center) hydrogen bonds (i.e. Type 1 lad-
ders), all three contacts are relatively short and the distinc-
tion between them is less marked. The third longest contact
in the Type 1 ladders is in every case considerably shorter
than that in the Type 2 ladders since Region 1 corresponds
to approach towards the midpoint of the H¥¥¥H edge of the
R2NH2


+ moiety, the least hindered direction. The third N+


¥¥¥X� contact in the Type 2 arrangement is necessarily longer
since approach towards the center of one R2H face of the
pseudo-tetrahedral R2NH2


+ unit is more hindered.


Higher-order structural motifs: Several structures were iden-
tified in which there are four N+ ¥¥¥X� contacts of compara-
ble magnitude. For brevity, the discussion is focussed primar-
ily on those structures for which the third longest N+ ¥¥¥X�


contact falls within the previously specified distance limits
(Table 3). In all but one of these examples (the exception
being the previously mentioned ZENJAD), both the third
and fourth longest N+ ¥¥¥X� contacts lie in Region 2. In five


Figure 7. Type 2 ladder in HIYDOI. Hydrogen atoms not involved in hy-
drogen bonding are omitted. The planes of the ring-based substituents lie
approximately parallel to the C�N+�C planes.


Figure 8. Interdigitation between ring-based substituents of adjacent
Type 2 ladders in JARSAW. Hydrogen atoms not involved in hydrogen
bonding are omitted.
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of those six structures, lateral association occurs to give two-
dimensional nets, in most cases 44 nets (e.g. Figure 9a).[23]


These motifs may be considered to be derived from Type 2
lateral association of Type 2 ladders. In each 44 net, the am-
monium moiety is noncyclic and the R groups project above
and below the plane containing the N+(�H)¥¥¥X� contacts.
In three cases (GEQWUU, JINGIW, and MAESCI), the R
groups comprise aromatic rings that stack in a face-to-face
manner. In YUWWIW, the organic moieties are chain-like
so that they present minimal steric hindrance to lateral asso-
ciation (Figure 9b). The structure of YUWWIW is notable
since the hydrogen-bond motif may be classified uniquely as
a cis-trans ribbon (i.e. each organic moiety lies on the same
side of the ribbon as one of its neighbors, but on the oppo-
site side from its other neighbor). Examination of all N+


¥¥¥X� contacts in the structure reveals clearly the formation
of a 44 net comparable to those in GEQWUU, JINGIW, and
MAESCI; the unique hydrogen-bond motif in YUWWIW
arises simply as a result of the arrangement of the organic
moieties within this two-dimensional framework, influenced
by interactions between the R groups within and between
nets. In SEFWAB, one N+ ¥¥¥X� contact from each N+


center is particularly long (5.448 ä), giving rise to an appa-
rent 4.82 net rather than a 44 net. This may be attributed
simply to the presence of one particularly bulky R group,
which projects along the direction of the elongated N+ ¥¥¥X�


vector (Figure 9c).
The structure of the sixth example within the group, dime-


thylammonium bromide (POSTUM), is relatively more
complex. The two shortest N+ ¥¥¥Br� contacts (3.257 and
3.273 ä) comprise non-bifurcated hydrogen bonds, which
link the molecules into helices along crystallographic 21
screw axes (Figure 10). The next two shortest contacts
(4.200 and 4.325 ä) between helices are archetypal Region 2
contacts, so that the structure may be described in terms of
Type 2 association of hydrogen-bonded helices. The resem-
blance between this structure and the helical solid-state
structure of lithium diisopropylamide [(iPr2NLi)¥] is note-
worthy.[24]


Among the group of higher-order structural motifs, the
previously mentioned chloride ZENJAD is unique since it is
the only example in which the third longest N+ ¥¥¥X� contact


Table 3. Selected secondary ammonium halides forming higher-order structure motifs through four short N+ ¥¥¥X� contacts.[a]


d [ä] f [8] q [8] d [ä] f [8] q [8]


GEQWUU Br 44 net 3.259 180 16.7 3.329 180 55.3
3.994 0 33.4 4.340 0 67.2


JINGIW Cl 44 net 3.061 174.0 29.5 3.065 177.5 39.7
4.152 6.5 59.1 4.233 6.1 47.0


MAESCI Cl 44 net 3.073 178.7 38.2 3.108 175.2 35.8
4.018 6.5 36.4 4.321 17.3 47.6


POSTUM Br Type 2 associated helices 3.257 172.4 35.8 3.274 175.3 37.3
4.200 0.5 38.1 4.325 3.2 42.6


SEFWAB Cl 4.82 net 3.182 173.3 34.8 3.268 170.3 30.0
4.179 2.5 55.2 5.448 25.9 39.9


YUWWIW[b] Cl 44 net 3.091 170.9 33.1 3.109 163.1 35.7
4.099 1.1 51.9 4.195 5.7 52.0
3.130 163.9 33.3 3.130 163.9 33.3
4.270 8.1 52.2 4.270 8.1 52.2


[a] Literature references given in ref. [22]. [b] Two crystallographically independent molecules, the second lying on a twofold axis.


Figure 9. a) 44 net in MAESCI exhibiting a trans-trans hydrogen-bond
motif (shaded); b) projection onto the plane of the 44 net in YUWWIW
exhibiting a unique cis±trans hydrogen-bond motif (shaded); c) projection
onto the plane of the 4.82 net in SEFWAB derived from elongation of
one N+ ¥¥¥X� contact parallel to the direction of projection of the bulky R
group. In each figure, H atoms not involved in hydrogen bonding are
omitted.
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lies within Region 1. The structure may be considered either
as [R2NH2


+X�]2 units associated in a stacking manner along
the extended axis or as two Type 2 ladders associated in a
stacking manner (Figure 11). On the basis of the observed


N+ ¥¥¥Cl� distance distribution, the latter description is prob-
ably most appropriate: two Type 2 ladder motifs may be en-
visaged, comprising two short non-bifurcated hydrogen
bonds and one considerably longer Region 2 contact, in this
case the fourth longest N+ ¥¥¥X� contact. Interdigitation be-
tween ring-based substituents on adjacent ladders is ob-
served, comparable to that in DIZVUD, JARSAW, and
POJVOZ (Figure 8). The Type 2 ladders may then be con-
sidered to be stacked via the Region 1 contacts, which com-
prise all of the contacts perpendicular to the ladder planes.
Description of the ™stacking direction∫ in this manner is
most consistent with that defined in AZNONB. The distinc-
tion between the two possible descriptions of the motif is
perhaps not entirely arbitrary: in the first description, asso-
ciation is considered to be only of a stacking type, while in


the second description both lateral and stacking modes of
association are displayed.
Further examination of the structures beyond the imposed


distance cut-offs reveals numerous additional examples of
comparable higher-order structural motifs. The bromide
ZIVMUM, for example, in which the R groups comprise ex-
tended n-octadecyl chains, provides a clear example of a 44


net formed by association of chain-like organic moieties
lying perpendicular to the plane of the N+(�H)¥¥¥X� con-
tacts.[25] Several extended motifs based on stacking associa-
tion are also evident: the previously mentioned Type 2
ladder POJVUF associates to form a distorted stacked-cube
arrangement similar to that in ZENJAD (Figure 12a), in


which the ™inter-ladder∫ contacts are 4.805 ä (f = 88.8, q
= 87.58). A further variation of the stacked-cube motif is
observed in the chloride DUTKAE10.[26] In this case, the
stack is formed about a crystallographic 42 screw axis, with
one N+�H bond of each organic moiety pointing approxi-
mately along the extended axis (the 42 axis) and the other
pointing along each of the four sides of the motif in turn


Figure 10. Hydrogen-bonded helices in POSTUM, showing Region 2 con-
tacts between them. Hydrogen atoms not involved in hydrogen bonding
are omitted.


Figure 11. Extended stacked-cube motif in ZENJAD. The motif may be
considered to comprise Type 2 ladders (parallel to the plane of the page)
stacked through Region 1 contacts. H atoms not involved in hydrogen
bonding are omitted.


Figure 12. Extended stacked-cube motifs in a) POJVUF and
b) DUTKAE10. Hydrogen atoms not involved in hydrogen bonding are
omitted.
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(Figure 12b). The fourfold symmetric arrangement of the
N+ ¥¥¥X� distances leads to a somewhat distorted motif in
which it is not possible to distinguish clearly either hydro-
gen-bonded dimers or stacked Type 2 ladders. In this case, a
description as [R2NH2


+X�]2 units stacked along the extend-
ed axis is probably most appropriate.


Comparison of organic and inorganic ring-laddered systems:
General examination of the geometries of N�M contacts in
complexes of secondary amides R2N


� (R¼6 H) with alkali
metals reveals a somewhat larger spread in the angles f and
q compared with the organic ammonium halides (Figure 13).


There is, however, one particularly notable feature of the
distribution: in the metal complexes, all N�M contacts have
f>908, so that they occur always from the least-hindered
side of the R2N


� moiety. Thus, all examples of inorganic
amide ladders known to date are Type 1. The contacts to-
wards the edges of the distribution (f = 110±1308) are de-
rived mostly from bidentate ligands such as ethylenediamine
derivatives (e.g. {[(tBu)N(H)CH2CH2N(tBu)Li2]2(t-
Bu)NCH2CH2N(tBu)} (TETGOO)[27]), which clearly influ-
ences the directional preferences.[28] It might also be noted
that many of the ladders contain either cyclic piperidide or
pyrrolidide anions and that there are no examples to date of
infinite polymeric ladders based on R2N


� moieties (R¼6 H);
fragmentation of the ladder motifs by Lewis base coordina-
tion (solvation) is most common.
In seeking to rationalize these observations, information


derived from the far more extensive organic sample pro-
vides insight. The elongation of the N+ ¥¥¥X� contacts in
CETEAN10 together with the prevalence of noncyclic am-
monium moieties among the Type 2 organic ladders suggests
that the steric constraints imposed by noncyclic amide moi-
eties hinder formation of Type 1 ladders. These steric con-
straints will be even more severe in inorganic complexes
compared with their organic counterparts since intra-com-
plex Li�N or Na�N interactions are considerably shorter
than N+(�H)¥¥¥X� contacts. Thus, alkali metal amides are
unlikely to form extended Type 1 ladder motifs with noncy-
clic R2N


� moieties (R¼6 H); none have been observed to


date. In the organic systems, the steric constraints associated
with formation of extended Type 1 ladders lead to an in-
creased prevalence of Type 2 ladders among noncyclic am-
monium moieties. Type 2 ladders are not observed for inor-
ganic complexes and the steric constraints are alleviated in
two quite different ways. First, where Type 1 ladder forma-
tion is hindered, Lewis base coordination (solvation) and
consequent ladder fragmentation appears to compete favor-
ably. Ladder fragmentation is observed frequently in inor-
ganic systems, even with cyclic amide moieties, reflecting
the more severe steric constraints resulting from the rela-
tively short M�N distances. Competition from solvation
almost certainly accounts for the complete absence (to date)
of Type 2 ladders in inorganic systems: while each M+


cation would be forced to adopt one relatively long M�N
contact in a Type 2 ladder, the formation of smaller solvated
fragments allows all contacts to M+ to be shorter, thereby
maximizing Coulombic energy. An alternative means ob-
served in the alkali metal complexes for alleviating the
steric constraints is the formation of cyclized ladders
(Figure 14): cyclization increases the magnitude of the ™co-


ordination arc∫ around M+ , thereby maximizing the space
available to adjacent organic moieties.[2a] One particularly
notable distinction exists between the cyclized ladder in the
lithium complex of hexamethyleneimine, [H2C(CH2)5NLi]6
(SEDVEC),[20] and the Type 2 ladder in the analogous am-
monium chloride H2C(CH2)5NH2Cl (HEXAMC)[29]


(Figure 14).
Several examples of infinite polymeric alkali metal amide


ladders do exist, incorporating either Li+ (e.g.
{[PhCH2N(H)Li]2¥PhCH2NH2}¥ (NECQER),[30]


{[PhCH2N(H)Li]2¥C4H8O}¥ (JUPHAD),[31]


Figure 13. Distribution of the three shortest N�M contacts in complexes
of secondary amido anions R2N


� (R¼6 H) with alkali metals. The shortest
N�M contact in each structure is denoted by an open circle, the inter-
mediate contact by a filled square, and the longest contact by a filled
circle.


Figure 14. a) Cyclized ladder in SEDVEC; b) Type 2 ladder in
HEXAMC. Both structures incorporate the hexamethyleneimine moiety.
Hydrogen atoms not involved in hydrogen bonding are omitted.
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{[H2NCH2CH2N(H)Li]}¥ (PIXVIB)[32]) or Na+ (e.g.
{[(tBu)N(H)Na]3¥(tBu)NH2}¥ (NEXKOQ)[6]). In each of
these cases, one of the substituents of the amido anion is H
so that the steric constraints associated with ladder forma-
tion are relaxed to some degree. Nonetheless, the ladder
conformations are clearly influenced by interactions be-
tween the R groups of the R(H)N� moieties. In PIXVIB, for
example, the ladders undulate so that the bulk of each or-
ganic moiety lies always to the outside of the curvature of
the ladder and only the H atoms are brought to the inside
of the concave sections (Figure 15a). A similar arrangement


is observed in NEXKOQ.[6] An analogous motif exists in the
organic solid state in the form of the ammonium chloride
CACVIM,[33] in which the N atom of the ammonium center
bears one bulky 2,4-di(tBu)-phenyl moiety and one methyl
group and the methyl groups lie only to the inside of the
concave units (Figure 15b). The tolerance for methyl groups
in these positions compared with H atoms in the inorganic
amide complexes again reflects the metric differences be-
tween the N+ ¥¥¥X� and Li�N or Na�N contacts.


A note regarding organic iminium halides : Given that sec-
ondary ammonium halides display ring-stacking and ring-
laddering behavior comparable to that shown by lithium
amides, it might be expected that organic iminium halides
(R2C=NH2X) would exhibit ring-stacking in the solid state.
In fact, this is unlikely to be the case. Maps of the molecular
electrostatic potential for simple iminium cations [R2C=
NH2]


+ show that the C=N bond is generally polarized so
that the most electropositive region lies on the C atom
rather than the N atom.[34] Thus, the positive-charge center


does not coincide with the hydrogen-bond center, and any
association of [R2C=NH2X]n units is likely to occur through
short Cd+ ¥¥¥X� rather than Nd+ ¥¥¥X� contacts. Few simple
iminium halides have been examined crystallographically,
but of ten structures identified in the CSD in which there is
no interference from additional hydrogen-bond donors or
acceptors, two form linear polymers (ACNITR20, JUPJAF)
and eight form discrete dimers (CPXMAM, DULVIP,
FACRUX, FAGNEG, KIJZAE, LEQHAQ, YATCAX,
YITCEJ).[35] In one of the former cases (ACNITR20), the
polymers are associated through short Cd+ ¥¥¥X� contacts
(3.498 ä).


Conclusion


By considering in a general manner the geometrical charac-
teristics of N+(�H)¥¥¥X� contacts in secondary ammonium
halides, R2NH2X (X = primarily Cl, Br), the ring-stacking
and ring-laddering concepts of structural inorganic chemis-
try are shown to be applicable in the organic solid state. As
for inorganic systems, association of R2NH2


+X� ion pairs is
driven principally by electrostatic forces, increasing the coor-
dination numbers of N+ and X� , thereby maximizing Cou-
lombic energy. Each of the preferred directions of approach
of X� towards the N+ center lies in the H�N+�H plane, so
that association in a lateral manner is most common, form-
ing in many cases extended ladder motifs. Several motifs
based on stacking association are also observed. In general,
the distribution of N+(�H)¥¥¥X� distances in the organic sys-
tems mirrors that observed in alkali metal amide complexes,
and may be considered to be derived from a balance be-
tween the directional preferences of N+�H¥¥¥X� hydrogen
bonds and the (primarily steric) constraints imposed by in-
teractions between the R groups of the organic moieties.
This correlates with existing notions in alkali metal amides
of a balance between some degree of directional bonding
from sp3 hybrid atomic orbitals on R2N


� and the steric con-
straints imposed by the R groups of the amido moiety. The
analogy between inorganic metal-amide complexes,
[R2NM]n, and secondary ammonium halides, R2NH2X,
offers clear opportunities for systematic study of the effects
of amide geometry on the structural motifs formed in both
inorganic complexes and organic hydrogen-bonded systems.
Just as the extensive organic sample provides insight into
the motifs observed in alkali metal complexes, information
derived from the inorganic complexes may be used to sug-
gest new experiments in the organic solid state: obvious im-
mediate targets are fragmented ladders based on secondary
ammonium halides, incorporating some other hydrogen-
bond donor molecule in the ™Lewis base solvation∫ role.
The metric differences between N+�H¥¥¥X� hydrogen bonds
and N�M interactions mean that direct comparisons may be
few. Indeed, examples certainly exist in which direct struc-
tural correlation is not observed, for example, the cyclized
ladder in the crystal structure of the lithium salt of hexame-
thyleneimine, [H2C(CH2)5NLi]6,


[20] and the Type 2 ladder in
H2C(CH2)5NH2Cl.


[29] Differences such as these, however,
and their relation to the metric differences between the N+


Figure 15. Undulating ladders in a) the lithium amide PIXVIB and b) the
ammonium chloride CACVIM. Hydrogen atoms not involved in hydro-
gen bonding are omitted. Hydrogen atoms lie to the inside of the con-
cave units in the inorganic ladder, while in the organic ladder methyl
groups occupy these positions. A second NH2 group on the amido moiety
completes the coordination sphere of the Li+ cations in PIXVIB.
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�H¥¥¥X� and N�M interactions are likely to be of equal in-
terest for elucidating further the factors governing the self-
assembly of these systems.


Experimental Section


Database searches were performed with the November 2002 release of
the Cambridge Structural Database (version 5.24, 272066 entries) using
Conquest 1.5.[36] The data were analyzed using the MERCURY[36] and
EXCEL packages.[37] To examine initially the N+�H¥¥¥X� hydrogen-bond
motifs in secondary organic ammonium halides, the search fragment
C2NH2 was specified, together with two X (= F, Cl, Br, or I) defined as
making no intramolecular bonds (i.e. discrete X� anions). The positions
of the terminal H atoms were normalized (1.03 ä), and two intermolecu-
lar H¥¥¥X contacts in the range 1±4 ä were specified, together with associ-
ated N+�H¥¥¥X� angles in the range 90±1808 ; these criteria reflect the di-
rectional characteristics of the hydrogen bond rather than any arbitrary
distance cut-off. A search of only organic molecules provided 333 struc-
tures, comprising 3 fluoride, 267 chloride, 59 bromide, and 5 iodide com-
plexes (1 structure KATXAE10 containing both fluoride and chloride).
Duplicate entries were removed and the structures were examined man-
ually to remove also those with more than one ammonium center and
those in which other donors and acceptors participate in the hydrogen-
bond network. For the latter purpose, structures were omitted in which
the N+�H bonds of the ammonium moiety formed hydrogen bonds to
any atom other than X� , as were those in which any other hydrogen-
bond donor formed a hydrogen bond to X� . Manual filtering was prefer-
red to automated removal of structures with other short H¥¥¥X contacts to
ensure correct treatment of cases in which other hydrogen bonds are
present but do not interfere with the N+�H¥¥¥X� system. Following filter-
ing, 148 chlorides, 16 bromides, and 2 iodides remained. For each of
these structures, the local environment of N+ was examined and the
three shortest N+ ¥¥¥X� vectors were retained, regardless of magnitude.
Where more than three N+ ¥¥¥X� vectors of comparable magnitude were
present, all were retained. The coordinates of the relevant atoms were or-
thogonalized and the values of f and q were calculated within EXCEL.
A full list of the 166 structures and associated f and q values is available
as Supporting Information.


For the inorganic complexes, the CSD search was intended to locate
ring-stacked and ring-laddered complexes only, for the purpose of com-
parison with the organic ammonium halide examples. To this end, the
search fragment C2N was specified (C�N bonds of any type), making at
least three contacts (defined as either intra- or intermolecular) to M (=
Li, Na) with N�M less than 3.0 ä. This search yielded 30 structures (24
Li, 5 Na, 1 Li/Na). The subset was filtered manually to remove structures
in which three C atoms are bound to N (i.e. tertiary amides) and struc-
tures in which N is sp2 hybridized. In cases where several different amide
moieties were present, structures were retained where they contained
one suitable secondary amide moiety, and only those suitable N centers
were considered subsequently. For the 58 amide moieties retained in 16
structures (12 Li, 2 Na, 2 Li/Na), the f and q parameters were calculated
for all bonded N�M contacts. A full list is available as Supporting Infor-
mation. In each case, the distinction between ™bonded∫ and ™non-
bonded∫ N�M contacts was quite clear, the non-bonded contacts being
at least 1 ä longer than the bonded contacts. For the purposes of the stat-
istical analysis, amide moieties bearing one H atom (i.e. R(H)N�) were
not included, since the uncertainty associated with the position of the H
atom leads to significant uncertainty in the definition of f and q.
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Towards Surface-Supported Supramolecular Architectures: Tailored
Coordination Assembly of 1,4-Benzenedicarboxylate and Fe on Cu(100)


MagalÌ A. Lingenfelder,[a] Hannes Spillmann,[a] Alexandre Dmitriev,[a]


Sebastian Stepanow,[a] Nian Lin,*[a] Johannes V. Barth,[b, c] and Klaus Kern[a, b]


Introduction


In the field of supramolecular chemistry, the controlled as-
sembly of molecules and atoms through reversible linkages
(hydrogen bonding, p±p stacking, van der Waals forces, etc.)
is explored, and a multitude of highly organized architec-
tures have been synthesized from simple molecular building
blocks.[1,2] Coordination bonds, which are of intermediate
strength relative to strong covalent bonding and weak non-
covalent interactions such as hydrogen bonds, represent one
of the most versatile and widely employed means to direct
the organization of molecular building blocks into supra-
molecular systems with appreciable thermal stability.[3±5] The
modular assembly of coordination architectures provides a
promising strategy for the preparation of novel materials.
Notably, the design and synthesis of modular-assembled


metal±organic coordination networks (MOCNs) or frame-
works with specific topologies and interesting properties
have been achieved by using organic ligands interconnected
by metallic nodes.[3±13] The emphasis here lies in the careful
choice of the polytopic organic linkers and metal atoms or
metal-containing clusters used to obtain defined architec-
tures, whose shape and properties are determined by the se-
lected subunits. Thus, in recent years, nanoporous materials
have been designed for selective molecular adsorption and
storage,[6±10] asymmetric catalysis and chiral separation,[11]


and novel magnetic phenomena[12±15] .
A simple molecular building block employed in these con-


structions is 1,4-benzenedicarboxylic acid (terephthalic acid,
tpa).[16] It belongs to the family of benzenepolycarboxylic


acids that provide carboxylate moieties for linkage to metal
atoms, which makes this molecule suitable as a synthon in
crystal engineering.[17±21] These characteristics have been ex-
ploited for the rational design of three-dimensional nano-
pores,[7±10] and very recently the capability of metal±organic
frameworks containing tpa and Zn clusters for methane[9]


and hydrogen[10] storage has been tested.
To achieve pre-designed topologies at surfaces, which is


an appealing goal from both a scientific and technological
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Abstract: We present a comprehensive
investigation of the modular assembly
of surface-supported metal±organic co-
ordination systems with specific topolo-
gies and high structural stability
formed by vapor deposition of 1,4-ben-
zenedicarboxylic acid molecules and
iron atoms on a Cu(100) surface under
ultra-high vacuum conditions. By
making use of the two carboxylate moi-


eties available for lateral linkage to Fe
atoms, we succeeded in the fabrication
of distinct Fe±carboxylate coordination
architectures at the surface by carefully


adjusting the ligand and metal concen-
tration ratio and the temperature of
the post-deposition annealing treat-
ment. The mononuclear, 1D-polymeric
and fully 2D-reticulated metallosupra-
molecular arrangements obtained were
characterized in situ at the single-mole-
cule level by scanning tunneling
microscopy.


Keywords: coordination modes ¥
iron ¥ modular assembly ¥ scanning
probe microscopy ¥ supramolecular
chemistry
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point of view, metal-directed assembly of molecular building
blocks on suitable substrates has attracted interest: 1) it pro-
vides the potential of predictability and control over the for-
mation of low-dimensional nanostructures and 2) the sub-
strate can act as a template directing the deposited mole-
cules× epitaxy and the metallosupramolecular assembly. Ad-
ditionally, this approach allows the use of scanning probe
techniques, such as scanning tunneling microscopy (STM),
for direct imaging and structural elucidation at the single-
molecule level.[22±30] Recent results demonstrate that a com-
bination of strategies from surface science and supramolec-
ular chemistry provides a promising base for the rational
construction of surface-supported coordination architectures
with specific topologies.[31±34]


Here we describe the construction of metal±organic archi-
tectures under ultra-high vacuum conditions formed by se-
quential vapor deposition of terephthalic acid (tpa) and iron
on an atomically clean Cu(100) surface. We present a com-
plete structural panorama and a thorough analysis using
scanning tunneling microscopy. The surface concentration of
the constituents was precisely controlled and different post-
deposition annealing temperatures (400 and 450 K) were
employed. The role of metal±ligand interactions, which are
possibly assisted by hydrogen bonding, in the stabilization of
specific metallosupramolecular arrangements and their
mesoscopic ordering is discussed in detail. The findings elu-
cidate the basic principles controlling the assembly of well-
defined metal±organic coordination systems from organic
molecular building blocks and metal atoms on surfaces.


Results and Discussion


The molecular precursor layer: Upon deposition of tpa sub-
monolayer doses on the Cu(100) substrate at room tempera-
ture, well-ordered two-dimensional molecular domains
evolve. As shown in the large scale STM image depicted in
Figure 1, close-packed tpa arrangements extend over all the


terraces. A detailed analysis of the STM data shows that the
packing of the molecules follows the Cu(100) high-symmetry
directions, indicating that the substrate acts as a template di-
recting the molecular order. The local arrangement of the
molecules is characterized by a [3î3] unit cell (inset
Figure 1). A complementary near-edge X-ray adsorption
fine structure (NEXAFS) analysis revealed that the tpa mol-
ecules are adsorbed on the surface with the phenyl rings
parallel to the surface plane, that is, in a flat-lying geome-
try.[35] The individual tpa molecules are imaged as a rhomb-
shaped protrusion with a diagonal extension of 7 ä, which
agrees well with the molecular dimensions (cf. the high-reso-
lution image in the inset in Figure 1). X-ray photoemission
(XPS) experiments strongly suggest that the carboxylic
groups of the tpa molecules are deprotonated in response to
the catalytic activity of the substrate.[31±34] The resulting
carboxylate moieties provide reactive ligands for the forma-
tion of the coordination systems discussed below.


Synthesis of coordination architectures : To obtain arrange-
ments in which metal centers connect to organic molecules,
we deposited Fe atoms on top of the precursor layer and an-
nealed the sample at elevated temperatures, 400±500 K. The
carboxylate groups of the tpa molecules bind to the deposit-
ed Fe atoms and well-ordered structures evolve. The influ-
ence of the metal substrate on the Fe±carboxylate coordina-
tion bonds, for exampleπ charge transfer and screening in-
duced by the free electrons at the surface, cannot be ne-
glected[31] and is currently under theoretical investigation.
The present findings also point to the potential role of weak
hydrogen bonding in assisting the dominating metal±ligand
interactions in the formation of specific metallosupramolec-
ular arrangements and their mesoscopic ordering at surfaces.
However, for a full understanding of the contributions to
the stabilization of the observed architectures, in which sub-
strate-mediated interactions or packing effects may also in-
terfere, more detailed investigations are required.


Here we focus on establishing the parameters for the con-
trolled formation of coordination architectures and their
structural characterization. By carefully choosing the Fe
concentration, distinct low-dimensional metal±organic coor-
dination structures can be obtained that are thermally stable
up to at least 500 K annealing. The structures presented in
this section were obtained upon 400 K annealing for 5 mi-
nutes; the effect of treatment at higher temperatures is dis-
cussed in the next section.


Arrays of mononuclear compounds–™cloverleaf phase∫: At
low Fe to tpa ratios (~0.3 Fe atoms per tpa molecule),
arrays of mononuclear metal±organic complexes evolve
(Figure 2a). The high-resolution image in Figure 2b reveals
that the individual complexes resemble cloverleaves with
four tpa molecules surrounding a central Fe atom. Similar
cloverleaf-shaped metal±organic arrangements have already
been encountered in related systems.[31,32] STM imaging
cannot provide direct information about intermolecular in-
teractions and bonding, but the accurate topology obtained
from high-resolution STM data enables us to suggest struc-
tural models to be verified or refined by other experimental


Figure 1. STM topograph of the molecular precursor layer comprising
1,4-bezenedicarboxylic acid (tpa) domains on Cu(100). The topology of
the (3î3) superstructure is shown in the bottom inset; individual tpa
molecules are resolved as four-lobe rhomb-shaped protrusions with a di-
agonal extension of 7 ä. a0=2.55 ä is the nearest-neighbor spacing of
the Cu substrate atoms.
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techniques. Based on a careful analysis of the data the
model in Figure 2c is proposed for the mononuclear com-
plex, [Fe(tpa)4]. It consists of a central Fe atom (gray
sphere) coordinated to four tpa molecules in a square-
planar structure by unidentate Fe±carboxylate bonds with
an Fe�O distance of approximately 2 ä. The distance be-
tween the carboxylate oxygen and phenyl ring carbon
(O¥¥¥H�C, marked by dashed lines D1 in Figure 2c) is
~3.5 ä, and thus may be associated with an interaction that
is potentially hydrogen bonding.[36] There is experimental
evidence that (weak) intermolecular hydrogen bonds evolve
when appropriate functional groups of adsorbed molecules
are at reasonable distances.[37±40] With the systems investigat-
ed so far the bonding distances are typically increased rela-
tive to related coupling schemes in organic bulk materials.[30]


In view of the fact that the carboxylate group is a strong hy-
drogen-bond acceptor, it is tentatively suggested that the
[Fe(tpa)4] arrangement may be further stabilized by intra-
complex C�H¥¥¥O hydrogen bonding.


The complexes are organized in a [6î6] unit cell with re-
spect to the substrate as shown by the gray square in the
model (Figure 2b) and form a well-ordered array covering
all the terraces of the substrate. This perfect long-range or-
ganization suggests intercomplex interactions. Since the dis-
tance between the carbon atom in the ortho-position of the
ring and oxygen atom of the carboxylate group (see dashed
line D2 in Figure 2c) is 3.5 ä, the interaction between the


hydrogen in the ortho-position of the ring and the carboxyl-
ate group again can be considered as potentially hydrogen
bonding and a coupling in the dihapto mode between the
strong COO� acceptor and C�H groups of the phenyl ring
is tentatively suggested.[36] For modeling purposes we
assume that the Fe atoms reside at the energetically prefer-
red hollow site of the substrate. The individual Fe atoms are
separated from each other by 15 ä in both directions, form-
ing a perfect 2D array at the surface.


A close inspection of the high-resolution image and
model reveals that a given tpa molecule in the [Fe(tpa)4]
complex coordinates to the central Fe atom through the
™left-hand∫ oxygen atom of the carboxylate moiety, which
leads to a P4 symmetry for the cloverleaf structure.
[Fe(tpa)4] complexes with ™right-hand∫ oxygen coordination
were similarly encountered at the surface. The ™left-∫ and
™right-hand∫ coordination modes fold the cloverleaf com-
plexes in opposite directions (clockwise and anticlockwise,
respectively) and consequently they are nonsuperimposable
upon in-plane rotation or translation: one type represents
the mirror image of the other with respect to the Cu [011]
azimuth, that is, they are two enantiomeric species.[32] More-
over, each single array of packed complexes only consists of
cloverleaves of one handedness (like the one presented in
Figure 2); this which signals chiroselective intercomplex in-
teractions, presumably mediated by the suspected intercom-
plex hydrogen bonding.


MOCN-I–™ladder phase∫: At higher Fe concentrations
(~0.8 atoms per tpa molecule) an extended network struc-
ture evolves, labeled the MOCN-I phase (Figure 3). This
phase is characterized by double rows of tpa molecules run-
ning along the [011] or [01≈1] direction of the substrate, as in-
dicated (DR) in the inset of Figure 3. The spacing between
the double rows again indicates potential intrarow C�H¥¥¥O
hydrogen bonds between the H atom in the ortho position
of the phenyl ring and the carboxylate moiety, as depicted
in the corresponding model (dashed lines in Figure 3b,
O¥¥¥H�C distance D1=3.0 ä).


Adjacent double rows are linked by tpa molecules per-
pendicular to the double-row directions, designated spacer
tpa, by Fe±carboxylate formation. Each Fe atom (highlight-
ed by gray spheres in the inset of Figure 3a) is coordinated
to three tpa molecules: two double-row tpa and one spacer
tpa. The double-row tpa molecules are linked by means of
unidentate bonds to the Fe, and the spacer tpa by a chelat-
ing bidentate bond, forming a distorted square-planar geom-
etry. Similar coordination motifs have been reported in
layer structures of 3D crystals.[18] Two different types of the
MOCN-I phase can be distinguished depending on how the
double rows are linked by the spacer tpa molecules. The
first kind is marked with a rectangle in the STM image and
in the geometric model (Figures 3a and 3b, respectively),
whereby two neighboring double rows are coupled by a
column of single tpa spacer molecules. Each end of the
spacer tpa is coordinated to an Fe atom at the neighboring
double rows. The gap between the neighboring double rows
is 10 ä (4a0), and the lateral distance between the equally
aligned spacer tpa molecules is also 10 ä (4a0). Owing to


Figure 2. a) STM image of the ™cloverleaf phase∫. b) High-resolution
STM image with Fe atoms marked. c) Geometrical model: each Fe atom
(gray spheres) coordinates four carboxylate ligands unidentately in a
square-planar configuration. Potential C�H¥¥¥O hydrogen bonds are indi-
cated (O¥¥¥H�C distance D1=D2=3.5 ä). The 15î15 ä2 superstructure
unit cell is shown as a gray square.
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the fact that Fe±carboxylate coordination only propagates
along the double-row directions but not perpendicularly, a
1D ladder configuration forms, representing a 1D polymeric
coordination system. The dark areas in the STM topograph,
framed by the tpa networks, correspond to cavities in which
the Cu substrate is exposed. These cavities have a distinct
shape, size (~10î3 ä), and regular 1D order with a spacing
of 10 ä.


The second type of MOCN-I phase is marked with a
rhomb in the STM image and in the geometric model (Fig-
ure 3a and 3b), whereby neighboring double rows are linked
by two columns of spacer tpa molecules. The Fe coordina-
tion is the same as in the former case, but only one carbox-
ylate group of the spacer tpa is coordinated to the iron
atoms now. The spacer tpa molecules that are coordinated
to the upper and lower double rows are staggered; this ar-
rangement suggests potential C�H¥¥¥O hydrogen bonds be-
tween the H atoms in the ortho positions of the phenyl ring
and the carboxylate groups, as depicted in the model
(dashed line in Figure 3b, O¥¥¥H�C distance D2=3.0 ä).
This configuration accounts for a wider gap, 15 ä (6a0), be-
tween the double rows and displays well-defined cavities ar-
ranged in a zigzag pattern with a size smaller than the previ-
ous case, ~5î3 ä.


Stoichiometrically the first type of phase has a higher Fe
to tpa ratio (ideally 2=3 for type 1 and 4=9 for type 2), which is
in agreement with our observation that further increasing
the Fe concentration raises the fraction of the type 1


MOCN-I phase. However, we could not obtain pure phases
of either type.


MOCN-II–™single-row phase∫: Upon increasing the Fe to
tpa ratio to about 1.2 the MOCN-II phase develops (Fig-
ure 4a). STM data reveal the formation of domains with a


typical size of 15î15 nm. The fully 2D reticulated structures
of the MOCN-II fall into two classes, labeled a and b, which
always co-exist at the surface. They are identified as isomer-
ic structures, since they evolve simultaneously and exhibit
the same building blocks and stoichiometry (Fe/tpa=1).[33]


In the a phase (upper inset of Figure 4a), the reticular struc-
ture and the coordination geometry are very similar to those
of the first type MOCN-I phase; only the double tpa rows
are replaced by single tpa rows here, that is, single rows are
linked by a column of single spacer tpa molecules. As a con-
sequence at every network junction two Fe atoms are pres-
ent, forming an iron pair with an Fe�Fe spacing of 5 ä
(2a0). These iron pairs are linked by tpa molecules through
Fe�O coordination and organized in a 6a0î4a0 repeat unit
(model in Figure 4b). Well-defined cavities, equivalent to
those found in the first type MOCN-I phase, are also pres-
ent here.


In the b phase (lower inset in Figure 4a), the orientations
of the iron pairs alternate, that is, each iron pair is rotated
by 908 with respect to its nearest neighbors. To adopt such
an arrangement a given tpa molecule must have one biden-
tate and two unidentate bonds at its respective ends. The
network topology displays a square symmetry, and the size
of the repeating unit cell in this case is 10a0î10a0 (model in


Figure 4. a) STM image of the 2D reticulated MOCN-II ™single-row
phase∫. High-resolution STM images reveal the geometrical arrange-
ments in the a (upper inset) and b (bottom inset) phases, which differ in
the orientation of the neighboring iron pairs. b) and c) Geometrical
models depicting atomic and molecular positioning in the two isomeric
structures and the corresponding unit cells.


Figure 3. a) STM image of the 1D MOCN-I ™ladder phase∫. Fe atom po-
sitions are marked by gray spheres and a double row by DR. b) Geomet-
rical model of the MOCN-I phase: dashed lines D1 (D2) indicate poten-
tial interrow (intrarow) C�H¥¥¥O hydrogen bonds (in both cases the
O¥¥¥H�C distance is 3.0 ä).
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Figure 4c). The cavities are square in shape with concave
edges, and have a size of ~7î7 ä.


Influence of the post-deposition annealing temperature and
the molecular coverage conditions : In order to obtain a
better understanding of the influence of the temperature on
the synthesis of the metal±organic networks, we studied the
effect of post-deposition annealing. After the deposition of
the tpa molecules and Fe on the substrate at room tempera-
ture, we annealed the sample at 450 K instead of 400 K.
Under these new conditions all the coordination architec-
tures produced by 400 K annealing could be obtained. How-
ever, the Fe/tpa ratios necessary for the construction of a
given structure always exceeded those required for 400 K
annealing. This is presumably related to an increased ten-
dency for Fe±Cu-surface intermixing at higher substrate
temperatures; hence less Fe is available for metal±organic
coordination networks.[41±43] Table 1 summarizes the Fe/tpa
surface concentration ratios required to obtain the various
structures under the two different annealing conditions.


Scheme 1 gives an overview of the compounds described in
this paper. In addition, with 450±500 K annealing we ob-
served the development of a new phase which does not
form upon 400 K annealing.


MOCN-III–™interlocked phase∫: For an Fe concentration of
about 0.9 atoms per tpa molecule deposited on the molecu-
lar precursor layer that is close to saturation (~80% mono-
layer) the MOCN-III phase develops. As shown in Figure 5,
this phase covers all of the terraces and can be viewed as an
interruption of single rows along the direction normal to the
iron pairs, as indicated by the broken line in Figure 5a. The
broken parts are shifted laterally by half of the single-row
separation. The network structure extends continuously in
the direction perpendicular to the broken rows. As shown in
Figure 5a the interruption occurs typically at every third
(solid-line rectangle in Figure 5a) or every fourth unit
(dashed-line rectangle in Figure 5a), but structures with a
width of up to six units also exist. The broken rows are in-
terlocked with each other. The spacing between the carbox-
ylate group oxygen and the ortho hydrogen atom on the
phenyl ring (O¥¥¥H�C distance D=3.1 ä, dashed lines in
Figure 5b) indicates potential hydrogen bonding; the corre-
sponding dihapto hydrogen-bond motif is marked in Fig-
ure 5b.


Figure 6a shows an extreme case of the interlocked phase
obtained upon depositing iron on top of a completed tpa
monolayer. It consists of interlocked single rows of just one
unit. Once again, the model suggests potential hydrogen


bonds between the oxygen atom of the carboxylate group
and the ortho H of the neighboring phenyl ring in dihapto
mode (O¥¥¥H�C distance D=3.1 ä; dashed lines in Fig-
ure 6b). This arrangement accommodates the highest density
of tpa molecules and iron pairs that can be obtained on the
surface.


Table 1. Fe/tpa surface concentration ratios required for the fabrication
of the metal±organic coordination structures at the annealing tempera-
tures employed.


Annealing Fe:tpa ratio
temperature [K] cloverleaf MOCN-I MOCN-II MOCN-III


400 0.3 0.8 1.2 ±
450 0.4 1.0 1.5 0.9


Figure 5. a) STM image of the MOCN-III ™interlocked phase∫. The solid
and dashed rectangles indicate two and three complex units (inset: high
resolution STM image). b) Geometrical model of MOCN-III (Fe: gray
spheres) with potential intermolecular C�H¥¥¥O hydrogen bonds indicat-
ed (O¥¥¥H�C distance D=3.1 ä).


Figure 6. a) STM image of the single-unit ™interlocked phase∫; the inset
shows a high resolution STM image (Fe: gray spheres). b) Geometrical
model with potential C�H¥¥¥O hydrogen bonds indicated (O¥¥¥H�C dis-
tance D=3.1 ä).
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Conclusion


In conclusion, while crystal engineers concentrate their ef-
forts on designing metal±organic architectures by choosing
appropriate metal centers, ligands and crystallization condi-
tions, we have explored the deposition parameters (tempera-
ture, surface concentration, etc.) required to achieve the
modular assembly of distinct surface-supported coordination
architectures. Strategies to synthesize different metal±organ-
ic structures with other benzenepolycarboxylic acids mole-
cules have also been developed.[32±34] Fe±carboxylate coordi-
nation at metal surfaces is thus known for several systems


and can be used to fabricate a
variety of distinct metallosupra-
molecular arrangements. This
approach presents a step to-
wards a new synthetic route to
novel low-dimensional metal±
organic materials.


In general, all the structures
fabricated in this work are com-
posed of regular arrangements
of iron centers or iron pairs.
Taking into account the mag-
netic character of Fe, coopera-
tive magnetic coupling in coor-
dination systems mediated by
the spacer molecules or the Cu
substrate is feasible, making
them potential low-dimensional
molecule-based magnetic sys-
tems. The well-defined cavity
envelope in the MOCNs allows
the use of these nanopores in
selective adsorption processes.
Notably the reversible adsorp-
tion of C60 guest molecules in
such cavities has been success-
fully demonstrated recently.[44]


Further experiments addressing
inclusion phenomena with
alkali metals are in progress.
Moreover, interesting proper-
ties for heterogenous catalysis
can be envisioned. The combi-
nation of an organic recognition
subunit connected to a reactive
metal site offers prospects for
catalysts with shape, regio-, and
stereoselectivity. For example,
the iron pairs resemble active
sites in carboxylate-bridged
non-heme diiron enzymes.[45] Fi-
nally we envision the use of
metal±organic grids as multi-
functional nanotemplates to
steer the growth of three-di-
mensional architectures.


Experimental Section


The experiments were performed in an ultra-high vacuum system equip-
ped with sample preparation tools, evaporators for organic molecule and
metal deposition and a home-built STM. The Cu(100) surface was
cleaned by repeated cycles of Ar+ sputtering at room temperature and
subsequent annealing to 800 K. This cleaning procedure resulted in atom-
ically clean terraces of up to 100 nm width separated by monatomic
steps. Terephthalic acid (tpa) (99%, Fluka) was deposited under UHV
conditions (background pressure ~3î10�10 mbar) by organic molecular
beam epitaxy (OMBE) from a Knudsen cell type evaporator, maintained
at 440 K during deposition. The molecular evaporation was monitored by


Scheme 1. Overview of the compounds synthesized at different Fe:tpa ratios.
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using a quadrupole mass spectrometry (QMS) analysis system, which also
showed that evaporation produces a beam of intact molecular species. Fe
atoms were evaporated using an e-beam heating evaporator. To limit the
surface intermixing that can occur in the pure Fe/Cu(100) system,[,41a,b] Fe
was always deposited on top of the organic layer. The actual surface con-
centration ratio necessary to obtain a given structure generally exceeded
the ideal stoichiometric ratio extracted from the models, which is attrib-
uted to the loss of Fe atoms in other surface processes, such as decoration
of the substrate steps, Fe-island formation and additional Fe±Cu inter-
mixing processes.[41±43] Table 2 summarizes the estimated Fe loss for the


structures generated at different coverages and annealing temperatures.
Both organic and metal deposition were performed with the substrate at
room temperature, with subsequent annealing to 400 or 450 K to increase
the mobility of the molecules and to overcome the activation barrier for
the formation of metal±organic arrangements. STM experiments employ-
ing the constant current mode were subsequently performed in situ after
cooling to room temperature.
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Table 2. Estimated Fe loss for the structures generated at different cover-
ages and annealing temperatures.


Annealing Estimated Fe loss [%]
temperature [K] cloverleaf MOCN-I MOCN-II MOCN-III


400 16 17 20 ±
450 38 34 33 27
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A Neutral Organometallic Fluoro Complex Can Be a Good Ligand


Laurent Coue,[a] Luciano Cuesta,[a] Dolores Morales,[a] Jason A. Halfen,[b] Julio Pÿrez,*[a]


LucÌa Riera,[a] VÌctor Riera,[a] Daniel Miguel,[c] Neil G. Connelly,[d] and
Supakorn Boonyuen[d]


Introduction


Owing to the small size and high electronegativity of the flu-
orine atom, fluoride is the archetypal hard ligand and hence
it was once considered that complexes with a soft, low oxi-
dation state transition-metal center and strong p-acceptor li-
gands, such as carbonyls, would be unstable. It is now recog-
nized that this view is inadequate, and the fact that organo-
metallic fluoro complexes are scarce in comparison with
similar derivatives of the heavier halides is attributed more
to synthetic difficulties.[1] Thus, although the number of


known organometallic fluoro complexes has grown consider-
ably in recent years, many of them, in particular the bi- or
polymetallic complexes, have been serendipitously obtained
as a result of fluoride abstraction from tetrafluoroborate or
hexafluorophosphate anions by a highly electrophilic metal
center.[1,2] Other polymetallic fluoro complexes are the prod-
ucts of self-assembly.[1c] Rational syntheses from mononu-
clear precursors, like those applied for the preparation of
heterobimetallic compounds with chloride, bromide, or
iodide bridges,[3] are, to the best of our knowledge, un-
known. This may be due in part to the fact that the highly
electronegative fluoride is the halide expected to show the
lowest propensity to act as a bridge between metals.[4] We
have endeavored to explore the synthesis of homo- and het-
erobinuclear carbonyl fluoro complexes from mononuclear
precursors, and report our results herein.


Results and Discussion


The mononuclear precursor : We chose to study the simplest
case, namely, the synthesis of binuclear complexes with a
single fluoride as the only bridge between the two metals.
Most stable complexes with bridging halide groups possess
several bridging ligands, and complexes with a single halide
or another anionic group with a single donor atom as the
only bridge are often labile. However, two stable homobinu-
clear complexes of this type containing {Mo(h3-
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Abstract: The reaction of the complex
[Mo(OTf)(h3-C3H4-Me-2)(CO)2(phen)]
(1) (OTf = trifluoromethylsulfonate;
phen = 1,10-phenanthroline) with tet-
rabutylammonium fluoride trihydrate
afforded the fluoride complex
[MoF(h3-C3H4-Me-2)(CO)2(phen)] (2).
The IR spectrum and the oxidation po-
tential of 2 reflect the fact that its
metal center is more electron-rich than
that of the chloro analogue [MoCl(h3-
C3H4-Me-2)(CO)2(phen)]. Compound


2 reacted with 1 affording the homobi-
nuclear complex [{Mo(h3-C3H4-Me-
2)(CO)2(phen)}2(m-F)][OTf] (3), with a
fluoride bridge. Compound 2 also
reacts with the species generated in
situ by triflate abstraction from
[M(OTf)(CO)3(’N�N’)] (M = Mn, Re;


’N�N’ = 2,2’-bipyridine (bipy), phen)
using NaBAr’4 (Ar’ = 3,5-bis(trifluoro-
methyl)phenyl), affording the heterobi-
nuclear complexes [{Mo(h3-C3H4-Me-
2)(CO)2(phen)}(m-F){M(CO)3(’N�N’)}]
[BAr’4] (M = Mn, ’N�N’ = bipy (4);
M = Re, ’N�N’ = phen (5)). All new
compounds have been characterized by
spectroscopic methods (IR and NMR)
and, in the case of 1, 2, 3, and 4, also
by means of X-ray diffraction analysis.


Keywords: carbonyl complexes ¥
fluoro complexes ¥ manganese ¥
molybdenum ¥ rhenium
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allyl)(CO)2(’N�N’)} fragments are known: the chloro deriva-
tive [{Mo(h3-C3H5)(CO)2(bipy)}2(m-Cl)][BF4], unexpectedly
isolated by Curtis and Fotinos as the product of the reaction
of [MoCl(h3-C3H5)(CO)2(bipy)] with AgBF4 in CH2Cl2,


[5]


and the hydroxo compound [{Mo(h3-C3H4-Me-2)(CO)2(-
phen)}2(m-OH)][BAr’4] , recently obtained by us from the re-
action of [MoCl(h3-C3H4-Me-2)(CO)2(phen)] with KOH in
dry CH2Cl2.


[6] Therefore, we chose a complex of the type
[MoF(h3-allyl)(CO)2(’N�N’)] as our mononuclear precursor.
Since complexes of the methallyl (2-methylallyl; h3-C3H4-
Me-2) group are somewhat more stable than those of unsub-
stituted allyl,[7] and it has been our experience that phenan-
throline derivatives have better crystallinity than their bipy
analogues, we targeted [MoF(h3-C3H4-Me-2)(CO)2(phen)].


Since [MoCl(h3-C3H4-Me-2)(CO)2(phen)],[8] the most con-
venient precursor for complexes of the {Mo(h3-C3H4-Me-
2)(CO)2(phen)} fragment, reacted sluggishly with several
fluoride sources, we decided to employ the more labile
[Mo(OTf)(h3-C3H4-Me-2)(CO)2(phen)] complex (1) as pre-
cursor. This triflato compound was synthesized in high yield
by treatment of [MoCl(h3-C3H4-Me-2)(CO)2(phen)] with
silver triflate in dichloromethane, and was characterized by
IR and NMR in solution (see Experimental Section) and by
single-crystal X-ray diffraction analysis in the solid state
(see Figure 1 and Table 1).


Complex 1 reacted with [NnBu4]F¥3H2O in the time of
mixing, affording [MoF(h3-C3H4-Me-2)(CO)2(phen)] (2) as
the single organometallic product (see Scheme 1), as indicat-
ed by monitoring the reaction by IR spectroscopy in the car-
bonyl stretching region and by 19F NMR spectroscopy.[9]


Unlike in several previous examples, the presence of water
(since the fluoride reagent is a trihydrate) did not interfere
in the synthesis of 2.[1a,b]


Complex 2 was easily separated from the by-product
[NnBu4]OTf,[10] taking advantage of the solubility of this salt
in diethyl ether, in which the complex is insoluble. Thus,
crystallization of the crude reaction product from dichloro-
methane/diethyl ether afforded a high yield of analytically
pure 2. The presence of the fluoride ligand in 2 was estab-
lished by the observation of a singlet at d = �204.8 ppm in
the 19F NMR spectrum. Chemical shifts of d = �214.7 and
d = �266.0 ppm have been reported for the complexes
[MoF(h2-MeHNC�CNHMe)][BF4]


[11] and [MoF(CO)2-
(dppe)2][PF6],


[12] respectively.
A medium intensity band at 446 cm�1 in the IR spectrum


of solid 2 was assigned to the Mo�F stretch. M�F bands in
the range 750±500 cm�1 are found in conventional metal flu-
orides,[13] that is, in medium or high valent, non-organome-
tallic species with net p donation of electron density from F
to M and, therefore, with some degree of multiple character
of the M�F bond. On the other hand, a value as low as
413 cm�1 for the n(Mo�F) band of the compound [NEt4]
[MoF(CO)2(S2CNEt2)2] was taken as an indication of a
weak Mo�F bond.[14]


The Cs-symmetric geometry of complex 2 depicted in
Scheme 1 is consistent with the solution 1H and 13C NMR
data, given in the Experimental Section, and with the results
of a structure determination by means of X-ray diffraction,
the results of which are displayed in Figure 2 and Table 2.
The coordination environment of the molybdenum atom
consists of two cis carbonyls and a phenanthroline chelate


Figure 1. Structure of 1 (thermal ellipsoid (30%) plot).


Table 1. Selected bond lengths [ä] and angles [8] for complex 1.


Mo(1)�C(2) 1.965(5) Mo(1)�N(1) 2.242(3)
Mo(1)�C(1) 1.965(5) Mo(1)�N(2) 2.237(3)
Mo(1)�O(3) 2.203(2) C(1)�O(1) 1.156(5)
Mo(1)�C(3) 2.314(4) C(2)�O(2) 1.154(5)
Mo(1)�C(4) 2.239(5) S(1)�O(3) 1.469(3)
Mo(1)�C(5) 2.302(4)
C(2)-Mo(1)-C(1) 79.13(19) C(2)-Mo(1)-O(3) 91.32(15)
C(1)-Mo(1)-O(3) 91.32(15) N(2)-Mo(1)-N(1) 73.69(12)
C(1)-Mo(1)-N(1) 102.08(16) O(3)-Mo(1)-N(1) 78.25(10)
C(2)-Mo(1)-N(2) 102.90(16)


Scheme 1. Preparation of the fluoro complex 2.


Table 2. Selected bond lengths [ä] and angles [8] for complex 2.


Mo(1)�F(1) 2.056(2) Mo(1)�N(1) 2.255(3)
Mo(1)�C(2) 1.956(4) Mo(1)�N(2) 2.246(3)
Mo(1)�C(1) 1.966(4) C(1)�O(1) 1.156(4)
Mo(1)�C(3) 2.325(4) C(2)�O(2) 1.162(4)
Mo(1)�C(4) 2.240(4) Mo(1)�C(5) 2.320(4)
C(2)-Mo(1)-C(1) 82.99(15) C(1)-Mo(1)-F(1) 90.26(13)
C(2)-Mo(1)-F(1) 90.46(12) N(2)-Mo(1)-N(1) 74.05(11)
C(1)-Mo(1)-N(1) 98.77(13) F(1)-Mo(1)-N(2) 77.11(9)
C(2)-Mo(1)-N(2) 102.20(13) F(1)-Mo(1)-N(1) 80.13(9)
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defining an equatorial plane, on opposite sides of which lie
the fluoro and h3-methallyl ligands. This geometry has been
found for most structurally characterized [MoX(h3-
allyl)(CO)2(’N�N’)] (X = anionic ligand) compounds,[15] in-
cluding the triflato complex 1. The Mo�F distance in 2,
2.056(2) ä, is comparable to those previously reported for
other molybdenum carbonyl complexes containing a termi-
nal fluoride ligand.[1a±c] Complex 2 is a covalent compound,
fluoride dissociation from which is not facile. Thus, it does
not react with trimethylphosphine (IR and 19F NMR moni-
toring, two equivalents, 5 h, room temperature).[16]


Two n(C�O) bands of similar intensity in the IR spectrum
of the fluoro complex 2, due to the cis-{Mo(CO)2} fragment,
occur at lower wavenumbers (1940 and 1858 cm�1) than
those of the chloro derivative [MoCl(h3-C3H4-Me-
2)(CO)2(phen)] (1950 and 1872 cm�1). This indicates that
the metal center is more electron-rich in 2, leading to a
greater back-donation to the carbonyls in this complex. Ac-
cordingly, [MoF(h3-C3H4-Me-2)(CO)2(phen)] and [MoCl(h3-
C3H4-Me-2)(CO)2(phen)] undergo electrochemical oxida-
tions at potentials of 0.37 and 0.52 V, respectively.[17] Since
the two complexes are isostructural, these differences reflect
the different properties of the two halides. Intuitively, the
higher electronegativity of F would be expected to lead to
less electron density at the metal center of 2 and hence to
higher n(C�O) values and a higher oxidation potential, but
the reverse is found. The same ™inverse halide effect∫ has
been found for several families of carbonyl fluoro complexe-
s,[1a] and has been interpreted in terms of a superior p-donor
character of fluoride over the heavier halides[1a,f] in combi-
nation with four electron repulsions[18] and, more recently,
as resulting from the greater ionic character of the M�F
bond.[19]


Binuclear compounds : Equimolar amounts of [Mo(OTf)(h3-
C3H4-Me-2)(CO)2(phen)] (1) and [MoF(h3-C3H4-Me-
2)(CO)2(phen)] (2) reacted instantaneously, as evidenced by
a shift in the 19F NMR signal from d = �204.8 to d =


�298.0 ppm for the Mo-bonded fluoride. The reaction,
shown in Scheme 2, involves the displacement of triflate by
the fluoride ligand of 2. Crystallization afforded a high yield
of [{Mo(h3-C3H4-Me-2)(CO)2(phen)}2(m-F)][OTf] (3), which
was characterized spectroscopically (see Experimental Sec-


tion) and by X-ray diffraction analysis (Figure 3 and
Table 3). The cation of 3 consists of two staggered {Mo(h3-
C3H4-Me-2)(CO)2(phen)} moieties bridged by a single fluo-
ride ligand. The two Mo�F distances, 2.100(3) and
2.121(3) ä, are slightly longer than that to the terminal fluo-


ride of 2 (vide supra). The Mo-F-Mo angle, 150.46(15)8, is
wider than the Mo-X-Mo angles in the compounds [{Mo(h3-
C3H5)(CO)2(bipy)}2(m-Cl)][BF4] (134.0(1)8)[5] and [{Mo(h3-
C3H5)(CO)2(phen)}2(m-OH)][BAr’4] (145.3(4)8),[6] reflecting


Figure 2. Structure of 2 (thermal ellipsoid (30%) plot).


Scheme 2. Reaction between complexes 1 and 2 to generate the homobi-
nuclear complex 3.


Figure 3. Structure of 3 (thermal ellipsoid (30%) plot).


Table 3. Selected bond lengths [ä] and angles [8] for complex 3.


Mo(1)�F(1) 2.100(3) Mo(1)�N(1) 2.248(4)
Mo(2)�F(1) 2.121(3) Mo(1)�N(2) 2.247(4)
Mo(1)�C(2) 1.953(6) C(1)�O(1) 1.142(7)
Mo(1)�C(1) 1.972(6) C(2)�O(2) 1.161(8)
Mo(1)�C(3) 2.311(6) Mo(2)�C(21) 1.959(6)
Mo(1)�C(4) 2.233(6) Mo(2)�C(22) 1.971(6)
Mo(1)�C(5) 2.314(6) Mo(2)�C(24) 2.220(5)
Mo(2)�C(23) 2.301(5) Mo(2)�N(3) 2.245(4)
Mo(2)�C(25) 2.319(6) Mo(2)�N(4) 2.245(4)
Mo(1)-F(1)-Mo(2) 150.46(15) F(1)-Mo(1)-N(1) 77.25(13)
C(2)-Mo(1)-C(1) 78.9(3) N(2)-Mo(1)-N(1) 74.31(16)
C(2)-Mo(1)-F(1) 93.4(2) F(1)-Mo(1)-N(2) 75.70(14)
C(1)-Mo(1)-F(1) 88.60(19) C(21)-Mo(2)-C(22) 82.5(2)
C(21)-Mo(2)-F(1) 89.85(17) C(22)-Mo(2)-F(1) 90.73(18)
F(1)-Mo(2)-N(4) 76.37(13) F(1)-Mo(2)-N(3) 75.81(13)
N(4)-Mo(2)-N(3) 74.73(16)


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1906 ± 19121908


FULL PAPER J. Pÿrez et al.



www.chemeurj.org





the smaller size of the fluoride bridge, but narrower than
those in high oxidation state complexes in which net p-don-
ation from fluoride to empty metal d orbitals is possible.[20]


Organometallic compounds with fluoride bridges between
molybdenum atoms have been reported previously.[1a±c]


However, 3 is the first example of a low-valent binuclear
molybdenum compound with a single fluoride as the only
bridge. Despite the absence of additional bridges, the binu-
clear cation of 3 is not labile; for instance, 3 is unreactive
toward PMe3 (5 h, room temperature).


In view of the facile synthesis of 3, the preparation of
fluoride-bridged heterobinuclear compounds was attempted
in an analogous manner by the reactions of 2 with equimo-
lar amounts of the triflato complexes
[M(OTf)(CO)3(’N�N’)] (M = Mn, Re; ’N�N’ = bipy,
phen).[21] However, after several hours at room temperature,
the IR and 19F NMR data of the resulting solutions showed
only the presence of the unchanged reagents, indicating in-
sufficient lability of the triflato ligand in the group 7 com-
plexes. Recently, we found that the triflate in [Re(OTf)(-
CO)3(bipy)] complexes could be easily abstracted by the salt
NaBAr’4 (Ar’ = 3,5-bis(trifluoromethyl)phenyl).[22] The re-
action takes place under very mild conditions and is driven
by the low solubility of the product in dichloromethane, em-
ployed as solvent. This method allowed us to prepare sever-
al compounds [Re(L)(CO)3(bipy)][BAr’4] with labile ligands
L.[21] We found that by using the same method (now L =


complex 2 ; see Scheme 3 and Experimental Section), the
formation of [{Mo(h3-C3H4-Me-2)(CO)2(phen)}(m-F){M(CO)3-
(’N�N’)}][BAr’4] took place in a few minutes for M = Mn,
and in one hour for M = Re.


The new heterobinuclear compounds were characterized
spectroscopically and, in the case of 4, by X-ray diffraction
analysis (Figure 4 and Table 4). The cation of 4 consists of
the {Mo(h3-C3H4-Me-2)(CO)2(phen)} and {Mn(CO)3(bipy)}
units bridged by a fluoride ligand, with an Mo-F-Mn angle
of 145.80(18)8. The Mo�F and Mn�F distances (2.100(3) and
1.990(3) ä, respectively) are close to those found in 3 (iden-
tical, vide supra) and in the complex [Mn3(CO)9(m3-
OEt)2(m2-F)] (1.95(2) ä),[23] that is, within the range of


Mn(m-F)Mn distances.[1b] The similarity of the spectroscopic
data indicate a similar structure for compound 5. No signals
attributable to the F ligands were observed in the 19F NMR
spectra of compounds 4 and 5. Similar findings have been
noted previously,[1a] and were attributed to the presence of
water in the solvents used.[24] Like the homobinuclear com-
pound 3, heterobinuclear complexes 4 and 5 are stable with
respect to dissociation, as shown by their lack of reactivity
with PMe3. This is noteworthy since even bimetallic com-
pounds with several halide bridges are often labile. On the
other hand, although anionic fluoro complexes have been
found to display coordinating ability,[2c] we are not aware of
any previous employment of a neutral fluoro complex as a
ligand.


In conclusion, we have found that the complex [MoF(h3-
C3H4-Me-2)(CO)2(phen)] (2), accessible in high yield in a
straightforward manner from commercially available tetra-
butylammonium fluoride trihydrate as fluoride source and
[Mo(OTf)(h3-C3H4-Me-2)(CO)2(phen)] (1), is a good ligand
toward three different cationic metal fragments, thus allow-
ing the rational synthesis of homo- and heterobimetallic
fluoro-bridged compounds. Despite the absence of addition-


Scheme 3. Compound 2 acts as a metalloligand toward fragments
{M(CO)3(’N�N’)}+ (M = Mn, Re).


Figure 4. Structure of 4 (thermal ellipsoid (30%) plot).


Table 4. Selected bond lengths [ä] and angles [8] for complex 4.


Mo(1)�F(1) 2.100(3) Mo(1)�N(1) 2.248(5)
Mn(2)�F(1) 1.990(3) Mo(1)�N(2) 2.245(4)
Mo(1)�C(2) 1.969(7) C(1)�O(1) 1.151(8)
Mo(1)�C(1) 1.950(8) C(2)�O(2) 1.124(8)
Mo(1)�C(6) 2.333(8) Mn(2)�C(3) 1.789(8)
Mo(1)�C(7) 2.235(7) Mn(2)�C(4) 1.824(7)
Mo(1)�C(8) 2.319(6) Mn(2)�C(5) 1.812(9)
Mn(2)�N(3) 2.042(5) Mn(2)�N(4) 2.056(5)
Mo(1)-F(1)-Mn(2) 145.80(18) F(1)-Mo(1)-N(1) 76.05(15)
C(2)-Mo(1)-C(1) 82.1(3) N(2)-Mo(1)-N(1) 73.16(18)
C(2)-Mo(1)-F(1) 91.3(2) F(1)-Mo(1)-N(2) 74.99(15)
C(1)-Mo(1)-F(1) 91.5(2) C(5)-Mn(2)-C(4) 88.4(3)
C(3)-Mn(2)-F(1) 177.1(2) C(5)-Mn(2)-F(1) 91.3(3)
C(4)-Mn(2)-F(1) 95.6(2) C(3)-Mn(2)-C(5) 90.5(3)
F(1)-Mn(2)-N(3) 83.12(17) F(1)-Mn(2)-N(4) 81.83(16)
N(3)-Mn(2)-N(4) 78.5(2) C(3)-Mn(2)-C(4) 86.7(3)
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al bridging ligands, the binuclear units of these bimetallic
compounds are maintained in solution.


Experimental Section


General conditions have been reported elsewhere.[25]


For reference, the atom-numbering schemes for phen, bipy, and BAr’4 are
given in Figure 5.


Electrochemical studies were carried
out using an EG&G model 273A po-
tentiostat, computer-controlled
through the application of EG&G
model 270 research electrochemistry
software, in conjunction with a three-
electrode cell. The auxiliary electrode
was a platinum wire and the working
electrode a platinum disc (1.6 mm di-
ameter). The reference was an aque-
ous saturated calomel electrode sepa-
rated from the test solution by a fine
porosity frit and an agar bridge satu-
rated with KCl. Solutions were 5.0î
10�4 or 1.0î10�3 moldm�3 in the test
compound and 0.1 moldm�3 in
[NBun


4][PF6] as the supporting electro-
lyte, in CH2Cl2. Under the conditions
used, at a scan rate of 200 mVs�1, E8’
for the one-electron oxidation of
[Fe(h5-C5Me5)2], added to the test sol-
utions as an internal calibrant, was
�0.08 V (on this scale, the oxidation
of [Fe(h5-C5H5)2] occurs at 0.47 V).


General procedure for crystal struc-
ture determinations of compounds 1,
2, and 3 :


A suitable crystal was attached to a
thin glass fibre and transferred to a
Bruker-Nonius MACH3S diffractome-
ter, and examined with graphite-monochromated MoKa radiation (l =


0.71073 ä). Unit cell determination and subsequent data collection were
performed at 173(2) K. Unit cell constants were determined from a least-
squares refinement of the setting angles of 25 machine-centered reflec-
tions in the range 10.198<q<18.078. Intensity data were collected using
the w/2q scan technique to a maximum 2q of 49.948. An absorption cor-
rection was applied based on azimuthal scans of several reflections, re-
sulting in transmission factors ranging from 0.8581 to 1.0. A correction
for crystal decay was not required. The data were corrected for Lorentz
and polarization effects and converted to structure factors using the
teXsan for Windows crystallographic software package.[26] Crystal and re-
finement data for 1, 2, and 3 are presented in Table 5.


Crystal structure determination of compound 4: A suitable crystal was at-
tached to a glass fibre and transferred to a Bruker AXS SMART 1000
diffractometer, and examined with graphite-monochromated MoKa radia-
tion and a CCD area detector. A hemisphere of the reciprocal space was
collected up to 2q = 48.68. Raw frame data were integrated with the
SAINT program.[27] The structure was solved by direct methods with


SHELXTL.[28] A semiempirical absorption correction was applied with
the program SADABS.[29] All non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were set in calculated positions and refined
as riding atoms, with a common thermal parameter. SHELXTL was used
for all calculations and to generate the graphics. Crystal and refinement
data for 4 are presented in Table 5.


CCDC-207047 (1), CCDC-207048 (2), CCDC-207049 (3), and CCDC-
223966 (4) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.can.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Centre,


12 Union Road, Cambridge CB21EZ,
UK; Fax: (+44)1223-336033; or de-
posit@ccdc.cam.ac.uk).


[Mo(OTf)(h3-C3H4-Me-2)(CO)2(phen)]
(1): AgOTf (0.062 g, 0.24 mmol) was
added to a solution of [MoCl(h3-C3H4-
Me-2)(CO)2(phen)] (0.100 g,
0.24 mmol) in CH2Cl2 (20 mL). The
mixture was stirred in the dark for
30 min, and then the resulting orange


solution was filtered through diatomaceous earth to remove AgCl. Con-
centration to a volume of 5 mL in vacuo and addition of hexane (20 mL)
led to the precipitation of an orange microcrystalline solid, which was
washed with hexane and dried in vacuo (0.110 g, 85%). Crystals of X-ray
quality were obtained by slow diffusion of hexane into a concentrated
solution of 1 in CH2Cl2. Elemental analysis calcd (%) for C19H15F3Mo-
N2O5S: C 42.55, H 2.81, N 5.22; found: C 42.21, H 2.85, N 5.01; IR
(CH2Cl2): ñ = 1961 (n(CO)) (vs), 1879 (n(CO)) cm�1 (s); 1H NMR
(CD2Cl2): d = 9.33 (d, 3JH,H = 4.27 Hz, 2H; H2,9), 8.59 (d, 3JH,H =


7.90 Hz, 2H; H4,7), 8.05 (s, 2H; H5,6), 7.93 (dd, 2H; H3,8), 3.16 (s, 2H;
Hs), 1.38 (s, 2H; Ha), 0.84 ppm (s, 3H; h3-C3H4(CH3)-2); 13C{1H} NMR
(CD2Cl2): d = 224.7 (CO), 152.6, 145.1, 139.1, 130.4, 127.7, 125.3 (phen),
80.5 (C2, h3-C3H4(CH3)), 54.1 (C1 and C3, h3-C3H4(CH3)-2), 19.1 ppm (h3-
C3H4(CH3)-2); 19F NMR (CDCl3): d = �78.6 ppm.


[MoF(h3-C3H4-Me-2)(CO)2(phen)] (2): [NnBu4]F¥3H2O (0.151 g,
0.48 mmol) was added to a solution of 1 (0.250 g, 0.47 mmol) in CH2Cl2
(20 mL). The color changed from orange to red. After stirring for 15 min,
the solution was filtered through diatomaceous earth. The volume was re-


Figure 5. Atom-labelling schemes for phen, bipy, and BAr’4.


Table 5. Crystal data and refinement details for complexes 1, 2, and 3.


1 2 3


formula C19H15F3MoN2O5S C18H15FMoN2O2 C37H30F4Mo2N4O7S C63H35BF25MnMoN4O5


formula weight 536.33 406.26 942.59 1564.64
crystal system orthorhombic triclinic monoclinic triclinic
space group Pbca P1 Cc P1
a [ä] 15.8772(8) 7.8749(5) 11.140(1) 11.724(3)
b [ä] 13.0846(9) 14.362(2) 18.432(1) 14.760(4)
c [ä] 20.125(1) 15.106(2) 18.355(1) 19.651(5)
a [8] 90 102.560(10) 90 81.180(5)
b [8] 90 98.687(8) 96.84(1) 76.903(4)
g [8] 90 102.884(8) 90 89.312(5)
V [ä3] 4180.9(4) 1589.5(3) 3742.1(4) 3272.2(14)
Z 8 4 4 2
T [K] 293(2) 173(2) 173(2) 299(2)
1calcd [gcm�3] 1.704 1.698 1.673 1.588
F(000) 2144 816 1888 1556
l(MoKa) [ä] 0.71073 0.71073 0.71073 0.71073
crystal size [mm] 0.40î0.34î0.34 0.36î0.22î0.08 0.30î0.12î0.10 0.15î0.18î0.26
m [mm�1] 0.788 0.849 0.800 0.507
scan range [8] 2.02�q�24.91 2.32�q�24.95 2.15�q�24.97 1.08�q�23.32
refl. measured 3647 6009 6550 14758
independent refl. 3647 5566 6550 9359
data/restraints/parameters 3647/0/281 5566/0/435 6550/2/496 9359/0/902
goodness-of-fit on F2 1.026 1.020 1.040 1.067
R1/Rw2 [I>2s(I)] 0.0384/0.0809 0.0321/0.0699 0.0359/0.0828 0.0665/0.1736
R1/Rw2 (all data) 0.0631/0.0907 0.0494/0.0758 0.0409/0.0855 0.1010/0.1996
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duced to 5 mL by concentration in vacuo. Slow diffusion of Et2O into the
concentrated solution yielded deep-red crystals of 2 (0.175 g, 91%). The
crystal used for X-ray analysis was obtained by slow diffusion of hexane
into a concentrated solution of 2 in CH2Cl2 at �20 8C. Elemental analysis
calcd (%) for C18H15FMoN2O2: C 60.86, H 4.70, N 8.52; found: C 60.71,
H 4.97, N 8.55; IR (CH2Cl2): nCO = 1940 (vs), 1850 cm�1 (s); IR (KBr): ñ
= 1921 (n(CO)) (vs), 1846 (n(CO)) (vs), 446 cm�1 (n(Mo�F) (m); 1H
NMR (CD2Cl2): d = 9.21 (s, 2H; H2,9), 8.45 (s, 2H; H4,7), 7.88 (s, 2H;
H5,6), 7.79 (dd, 2H; H3,8), 2.99 (s, 2H; Hs), 1.16 (s, 2H; Ha), 0.81 ppm (s,
3H; C6H4-CH3);


13C{1H} NMR (CD2Cl2): d = 227.6 (CO), 151.7, 145.2,
138.4, 130.5, 127.6, 125.1 (phen), 80.5 (C2, h3-C3H4(CH3)), 59.2 (C1 and
C3, h3-C3H4(CH3)-2), 19.9 ppm (h3-C3H4(CH3)-2); 19F NMR (CD2Cl2): d
= �204.8 ppm.


[{Mo(h3-C3H4-Me-2)(CO)2(phen)}2(m-F)][OTf] (3): A solution of 1
(0.026 g, 0.049 mmol) and 2 (0.020 g, 0.049 mmol) in CH2Cl2 (10 mL) was
stirred for 1 h. The resulting red solution was concentrated under re-
duced pressure to a volume of 5 mL, and then layered with hexane af-
fording, after slow diffusion, red crystals of 3 (0.042 g, 91%), one of
which was used for X-ray analysis. Elemental analysis calcd (%) for
C37H30F4Mo2N4O7S: C 47.14, H 3.20, N 5.94; found: C 47.01, H 3.39, N
6.01; IR (CH2Cl2): ñ = 1960 (n(CO)) (sh), 1950 (n(CO)) (vs), 1872
(n(CO)) cm�1 (s); 1H NMR (CD2Cl2): d = 8.83 (d, 3JH,H = 4.63 Hz, 4H;
H2,9), 8.53 (d, 3JH,H = 8.09 Hz, 4H; H4,7), 7.94 (s, 4H; H5,6), 7.72 (dd, 4H;
H3,8), 2.88 (s, 4H; Hs), 1.08 (s, 4H; Ha), 0.55 ppm (s, 6H; h3-C3H4(CH3)-
2); 13C{1H} NMR (CD2Cl2): d = 225.4 (CO), 151.3, 143.9, 139.5, 129.9,
127.9, 125.3 (phen), 80.1 (C2, h3-C3H4(CH3)), 53.7 (C1 and C3, h3-
C3H4(CH3)-2), 19.2 ppm (h3-C3H4(CH3)-2); 19F NMR (CD2Cl2): d =


�78.5 (OTf), �298.0 ppm.


[{Mo(h3-C3H4-Me-2)(CO)2(phen)}(m-F){Mn(CO)3(bipy)}][BAr’4] (4):
NaBAr’4 (0.066 g, 0.075 mmol) was added to a solution of [Mn(OTf)-
(CO)3(bipy)] (0.033 g, 0.074 mmol) in CH2Cl2 (10 mL). After the mixture
had been stirred for 5 min at room temperature, the IR spectrum showed
nCO bands at 2049 (vs) and 1952 cm�1 (s). The mixture was filtered,
through a cannula tipped with filter paper, onto a solution of 1 (0.030 g,
0.074 mmol) in CH2Cl2 (10 mL) and the resulting mixture was stirred for
10 min. Following concentration in vacuo, addition of hexane caused the
precipitation of 4 as a red microcrystalline solid (0.076 g, 89%). Slow dif-
fusion of hexane into a concentrated solution of 4 in THF at �20 8C
yielded red crystals, one of which was used for a structure determination
by X-ray diffraction analysis. Elemental analysis calcd (%) for
C65H35BF25MnMoN4O5: C 48.36, H 2.25, N 3.58; found: C 48.05, H 2.34,
N 3.59; IR (CH2Cl2): ñ= 2038 (n(CO)) (s), 1950 (n(CO)) (vs), 1969
(n(CO)) cm�1 (s); 1H NMR (CD2Cl2): d = 8.92 (d, 3JH,H = 4.84 Hz, 2H;
H2,9 phen), 8.64 (d, 3JH,H = 5.12 Hz, 2H; H2,9 bipy), 8.47 (dd, 3JH,H =


9.39, 1.14 Hz, 2H; H4,7 phen), 7.94 (d, 3JH,H = 6.26 Hz, 2H; H5,6 bipy),
7.88 (s, 2H; H5,6 phen), 7.75 (dd, 2H; H3,8 phen), 7.71 (m, 8H; Co-H),
7.54 (s, 4H; Cp-H), 7.37 (m, 4H; bipy), 2.91 (s, 2H; Hs), 1.06 (s, 2H; Ha),
0.72 ppm (s, 3H; h3-C3H4(CH3)-2).


[{Mo(h3-C3H4-Me-2)(CO)2(phen)}(m-F){Re(CO)3(phen)}][BAr’4] (5): A
solution of 2 (0.020 g, 0.05 mmol) and [Re(CO)3(phen)(THF)](BAr’4)
(0.070 g, 0.05 mmol) in CH2Cl2 (20 mL) was stirred for 2 h. The red solu-
tion obtained was concentrated in vacuo and then layered with hexane
(20 mL), affording an orange microcrystalline solid, which was washed
with hexane and dried in vacuo (0.070 g, 81%). Elemental analysis calcd
(%) for C65H35BF25MoN4O5Re: C 45.39, H 2.05, N 3.25; found: C 45.57,
H 1.88, N 3.49; IR (CH2Cl2): ñ = 2031 (n(CO)) (s), 1952 (n(CO)) (m),
1914 (n(CO)) (vs), 1867 (n(CO)) cm�1 (w); 1H NMR (CD2Cl2): d = 9.42
(d, 3JH,H = 5.12 Hz, 2H; H2,9), 8.90 (d, 3JH,H = 6.64 Hz, 2H; H4,7), 8.83 (s,
2H; H5,6), 8.62 (dd, 2H; H3,8), 8.54 (d, 3JH,H = 7.97 Hz, 2H; H2,9), 8.41 (d,
3JH,H = 8.25 Hz, 2H; H4,7), 7.97 (s, 2H; H5,6), 7.71 (m, 10H; Co-H and
2H; bipy), 7.53 (s, 4H; Cp-H), 2.86 (s, 2H; Hs), 1.01 (s, 2H; Ha),
0.69 ppm (s, 3H; h3-C3H4(CH3)-2); 13C{1H} NMR (CD2Cl2): d = 225.1,
224.7 (Mo�CO), 196.4 (2îRe�CO), 191.5 (Re�CO), 162.1 (q, 1JC,B =


49.6 Hz; Ci), 153.1, 151.5, 146.7, 144.3, 139.8, 140.0, 139.2, 139.0 (phen),
135.2 (s; Co), 129.2 (q, 2JC,F = 31.5 Hz; Cm), 126.5 (q, 1JC,F = 272.4 Hz;
CF3), 126.3, 126.7 (phen), 117.9 (s, Cp), 80.9 (C2, h3-C3H4(CH3)), 59.4 (C1


and C3, h3-C3H4(CH3)-2), 19.4 ppm (h3-C3H4(CH3)-2); 19F NMR
(CD2Cl2): d = �63.4 ppm (BAr’4).


[Mo(h3-C3H4-Me-2)(PMe3)(CO)2(phen)][BAr4’]: NaBAr’4 (0.104 g,
0.118 mmol) was added to a solution of [MoCl(h3-C3H4-Me-
2)(CO)2(phen)] (0.050 g, 0.118 mmol) in CH2Cl2 (10 mL), and the result-


ing mixture was stirred for 15 min at room temperature. The IR spectrum
showed nCO bands at 1960 (vs) and 1880 cm�1 (s). The solution was fil-
tered through a cannula tipped with filter paper, and PMe3 (15 mL,
0.120 mmol) was added to the filtrate. After stirring for 5 min, concentra-
tion in vacuo, and the addition of hexane (20 mL), the phosphino com-
plex [Mo(h3-C3H4-Me-2)(PMe3)(CO)2(phen)][BAr4’] was obtained as a
red microcrystalline solid, which was dried in vacuo (0.135 g, 86%). Ele-
mental analysis calcd (%) for C53H36BF24MoN2O2P: C 47.98, H 2.73, N
2.11; found: C 48.21, H 2.78, N 2.35; IR (CH2Cl2): ñ = 1954 (n(CO))
(vs), 1877 (n(CO)) cm�1 (s); 1H NMR (CD2Cl2): d = 8.99 (d, 3JH,H =


3.70 Hz, 2H; H2,9), 8.58 (d, 3JH,H = 7.97 Hz, 2H; H4,7), 8.01±7.56 (m,
16H; H5,6, H3,8, BAr4’), 3.27 (s, 2H; Hs), 2.15 (s, 2H; Ha), 0.73 (d, 2JP,H =


8.26 Hz, 9H; PMe3), 0.53 ppm (s, 3H; h3-C3H4(CH3)-2); 13C{1H} NMR
(CD2Cl2): d = 223.7 (d, 2JP,C = 15.11 Hz; CO), 162.2 (q, 1JC,B = 49.8 Hz;
Ci), 152.7, 144.6, 139.1 (phen), 135.2 (s; Co), 131.1 (phen), 129.3 (q, 2JC,F


= 31.2 Hz; Cm), 128.5, 126.8 (phen), 124.9 (q, 1JC,F = 272.4 Hz; CF3),
117.9 (s; Cp), 89.6 (d, 2JC,P = 5.3 Hz; C2, h3-C3H4(CH3)), 59.5 (C1 and C3,
h3-C3H4(CH3)-2), 17.3 (h3-C3H4(CH3)-2), 13.3 ppm (d, 1JP,C = 25.6 Hz;
PCH3);


31P NMR (CD2Cl2): d = �11.4 ppm.
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Effects of Chain Length and Au Spin-Orbit Coupling on 3(pp*) Emission
from Bridging Cn


2� Units: Theoretical Characterization of Spin-Forbidden
Radiative Transitions in Metal-Capped One-Dimensional Carbon Chains
[H3PAu(C�C)nAuPH3]


Zexing Cao* and Qianer Zhang[a]


Introduction


Transition-metal carbide clusters have growing interest in
material science.[1] In particular, metal-capped carbon
chains, [LmMCnMLm], as the most fundamental class of
carbon-rich molecular wires, have attracted considerable at-
tention of numerous researchers in past few years.[2±13] Be-
cause physical and chemical properties of the carbon chain
species both in the ground and in excited states may be sig-
nificantly modified by an anticipated pp±dp bonding interac-
tion between the alkynyl group and metal centers in the m-
Cn dinuclear organometallic compounds, these kinds of com-
pounds have potential applications in molecular electronics,
nonlinear optical materials, and molecular devices.[1]


Recently, a variety of m-Cn-bridged binuclear complexes
have been synthesized and their structures have been deter-
mined by spectroscopic and X-ray structural characteriza-
tion.[2±4] Gladysz and co-workers[2] have synthesized the di-
rhenium homologues [R(C�C)nR] (n=4±20; R=(h5-C5Me5)-


Re(NO)(PPh3)). The effects of chain length on IR, Raman,
NMR, and UV-visible spectra have been explored. On the
basis of the UV-visible spectra, they suggested that the p±p*
transition energy of rhenium-capped polyynediyl complexes
has a linear relationship between the wavelength l and 1/n
(n=number of alkynyl units) as described by Hirsch and co-
workers.[3] They estimated the limit of the lowest energy
1(pp*) absorption to be approximately 550 nm for the analo-
gous bands at infinite chain length, irrespective of the
endgroup.


The electronic and geometrical structures of Cn-bridged
dinuclear complexes in their ground states have been inves-
tigated by theoretical calculations.[2,5±12] A qualitative
H¸ckel-type scheme has been developed to predict the most
appropriate valence structure.[12] The geometrical and bond-
ing features at different oxidation states of few small bimet-
allic complexes have been clarified. For example, the inter-
conversion of neutral polyynediyl and dication cumulenic
valence structures in [LnReC4ReLn]


n+ n [PF6]
� has been con-


firmed by X-ray structural characterization in combination
with natural bond-order analysis and topological electron-
density calculations.[2]


Most recently, the [Cy3PAu(C�C)nAuPCy3] (n=1±4) com-
plexes have been synthesized by Che and co-workers.[13]


These dinuclear gold(i) complexes bridged by Cn
2� show sig-


nificant spectroscopic features of the triplet 3(pp*) excited


[a] Prof. Dr. Z. Cao, Prof. Q. Zhang
Department of Chemistry
State Key Laboratory for Physical Chemistry of Solid Surfaces
Xiamen University, Xiamen 361005 (China)
Fax: (+86)592-2183047
E-mail : zxcao@xmu.edu.cn


Abstract: Density functional theory
and CASSCF calculations have been
used to optimize the geometries of bi-
nuclear gold(i) complexes [H3PAu(C�
C)nAuPH3] (n=1±6) in their ground
states and selected lowest energy
3(pp*) excited states. Vertical excita-
tion energies obtained by time-depen-
dent density functional calculations for
the spin-forbidden singlet±triplet tran-
sitions have exponential-decay size de-
pendence. The predicted singlet±triplet


splitting limit of [H3PAu(C�C)/
AuPH3] is about 8317 cm�1. Calculated
singlet±triplet transition energies are in
reasonable agreement with available
experimental observations. The effect
of the heavy atom Au spin-orbit cou-


pling on the 3(pp*) emission of these
metal-capped one-dimensional carbon
allotropes has been investigated by
MRCI calculations. The contribution of
the spin- and dipole-allowed singlet ex-
cited state to the spin-orbit-coupling
wave function of the 3(pp*) excited
state makes the low-lying acetylenic
triplet excited states become sufficient-
ly allowed so as to appear in both elec-
tronic absorption and emission.


Keywords: ab initio calculations ¥
carbyne ligands ¥ density functional
calculations ¥ gold ¥ spin-orbit
coupling
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state. Both 3(pp*) emission and adsorption from bridging
Cn


2� units are assumed to become sufficiently allowed
through Au spin-orbit coupling to appear prominently. Such
a heavy atom effect has been observed in unsaturated or-
ganic species.[14] In contrast to the spin-allowed p±p* excita-
tion to the 1(pp*) excited state, the singlet±triplet excitation
energy in the dinuclear gold(i) complexes follows linear rela-
tionship between l2 and n (n=number of alkynyl units), in-
stead of linear dependence of l on 1/n responsible for the
singlet±singlet p±p* transition in rhenium-capped polyynedi-
yls.[13]


Although it is known that the presence of heavy atoms
can enhance the lifetime and emission quantum yield of in-
traligand triplet-excited states, knowledge of the geometrical
and electronic structures of these states as well as funda-
mental aspects of the spin-orbit coupling is still sparse for
such metal-capped wirelike polyynediyl chains. In order to
understand the 3(pp*) emission from Cn


2� units, equilibrium
geometries of these binuclear gold(i) complexes in their
ground states and selected 3(pp*) excited states have been
determined by density functional theory and ab initio elec-
tron correlation calculations, respectively. Singlet±triplet
electron excitations and effect of the spin-orbit coupling
(SOC) on the spin-forbidden transition are investigated.


Computational Methods


Density functional theory (DFT) calculations with the B3LYP[15, 16] func-
tional have been used to determine equilibrium geometries and vibra-
tional frequencies of the [H3PAu(C�C)nAuPH3] (n=1±6) complexes. In
DFT calculations performed with Gaussian 98 program,[17] the basis set
used for the Au atoms was the double-zeta LANL2DZ in combination
with the relativistic effective core potential (ECP) of Hay and Wadt,[18]


augmented by an f polarization function. The standard 6-31G* basis set
was employed for C, P, and H atoms. In time-dependent density function-
al theory (TD-DFT)[19] calculations, the 6-31G* basis set of C and P
atoms was replaced by the cc-pvTZ basis set to improve the prediction of
the excitation energies. In the calibration calculation for the X1Sg


+!
1Su


+ transition energy in HC4H with a polyynediyl valence structure simi-
lar to the M-(C�C)n-M moiety, TD-DFT calculations predicted that the
p±p* excited state 1Su


+ lies at 8.16 eV above the ground state; this is
comparable to the MRCI value of 8.02 eV and the CASPT2 value of
7.74 eV, as well as the experimental transition energy of 7.54 eV.[20] Previ-
ous calculations[21] showed that the 1(pp*) excited states of HC2nH with
the polyynediyl structure are characterized by single excitations and TD-
DFT calculations can predict reasonable excitation energies for these
species with the polyynediyl valence structure. However, an adequate de-
scription of the excited state in this case requires involvement of quite a
few orbitals and electrons in CASSCF and MRCI active spaces; this
makes reliable MRCI and CASPT2 calculations unpractical for such
wirelike systems containing heavy atoms.


Geometry optimization for selected 3(pp*) excited states of the dinuclear
gold(i) compounds were performed by CASSCF calculations. We per-
formed SOC calculations with the spin-orbit pseudopotential approach
implemented with MOLPRO program package.[22] Reference wave func-
tions used in SOC calculations were taken from MRCI calculations. In
the CASSCF and MRCI calculations, the valence 6s and outer-core 5spd
shells for Au were treated explicitly. The valence basis set of Au for the
pseudopotential (ECP60MDF) with the spin-orbit potential parame-
ters[23] were augmented by three f and two g polarization functions in
SOC calculations. The spin-orbit potentials were used to predict accurate
spectroscopic constants of AuX (X=F, Cl, Br).[23] The basis set for C, P,
and H had double-zeta quality in the CASSCF and MRCI calculations.


Oscillator strengths for an electronic transition were obtained from
Equation (1):


f ¼ 2=3DEjDj2 ð1Þ


in which DE=Ea�Eb refers to the electronic energy difference in atomic
units between the two states and D is the transition moment in atomic
units.[24] The corresponding lifetime t (in seconds) is given by Equa-
tion (2) in which ñ is the transition energy in cm�1.


t ¼ 3
2f~n2


ð2Þ


Results and Discussion


Geometries and vibrational frequencies : B3LYP optimized
geometries and vibrational frequencies of binuclear gold(i)
complexes [H3PAu(C�C)nAuPH3] (n=1±6) (Scheme 1) in
their ground states are presented in Table 1. DFT calcula-


tions predict that P�Au and Au�C bond lengths are about
2.34 and 1.98 ä, respectively; these values are close to those
determined by X-ray structural analysis, that is, 2.287±
2.292 ä and 2.000±2.012 ä, respectively, for [(Cy3P)Au(C�
C)nAu(PCy3)] (n=1±3). Bond lengths of the Cn


2� bridge
reveal that the ground state has triple and single bond alter-
nation, whereby the C�C bond length ranges from 1.223 to
1.236 ä and the C�C bond varies from 1.338 to 1.360 ä.
Calculated C�C bond lengths are slightly larger than the ex-
perimental values 1.17±1.20 ä, while calculated C�C bond
lengths are generally smaller than the experimental values
by 0.01±0.04 ä. It should be noted that the X-ray structures
of the digold(i) compound indicate a small distortion of the


Scheme 1. Schematic drawing for the geometrical parameters in the
[H3PAu(C�C)nAuPH3] chain.


Table 1. B3LYP-optimized bond lengths and stretching frequencies of
the C�C bond in the Cn-bridged binuclear gold(i) complexes
[H3P�Au�(C�C)n�Au�PH3] (n=1±6).


n Geometries (R1, R2, . .)
[a] Frequencies[b]


1 2.343 1.974 1.226 2037
2 2.336 1.981 1.224 2034(111) 2156


1.360
3 2.336 1.982 1.226 2021 2128(55)


1.351 1.223 2166
4 2.336 1.977 1.232 2027(94) 2092


1.351 1.232 1.344 2149 2183(10)
5 2.338 1.977 1.232 2017 2084(76)


1.350 1.233 1.341 2086 2168
1.235 2186(27)


6 2.337 1.978 1.233 2013(44) 2038
1.349 1.233 1.340 2078 2133
1.236 1.338 2173(163) 2187


[a] R1, R2, . . (see Scheme 1) are bond lengths [ä]. [b] Vibrational fre-
quencies [cm�1] scaled by 0.96 and intensities [kmmol] in parentheses.
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linear carbon skeleton due to the strain effect from the
bulky PCy3 ligands and co-crystallized molecules. This slight
distortion results in a more localized p-electron-bonding
structure in [(Cy3P)Au(C�C)nAu(PCy3)] than that in strictly
linear [H3Au(C�C)nAuH3] systems as their bond lengths
show.


CASSCF optimized geometries of selected dinuclear
gold(i) complexes in their singlet ground states and lowest-
energy triplet 3(pp*) excited states are shown schematically
in Figure 1. As the CASSCF-optimized bond lengths display,


the ground state has a triple and single bond alternate va-
lence structure, while the triplet 3(pp*) excited state corre-
sponds to a cumulenic structure with an equalization of the
C�C bond length.


Frequency calculations for the ground states show that all
wirelike structures with [Au�(C�C)n�Au] (n=1-6) moieties
are stable on the potential-energy surfaces. Predicted C�C
bond stretch frequencies reasonably agree with available
Raman observations for dinuclear gold(i) complexes. For in-
stance, DFT predicts n(C�C) frequencies in [H3PAu(C�
C)2AuPH3] of 2034 and 2156 cm�1, which can match Raman
bands of 2087 and 2150 cm�1 in analogue [(Cy3P)Au(C�
C)2Au(PCy3)].


[13]


Valence-shell pp* excited states : The m-Cn-bridged digold(i)
complexes [H3PAu(C�C)nAuPH3] in D3d symmetry have the
ground state 1A1g. The p±p* electron excitation from the Cn


units may give rise to low-lying states: 1,3A2u,
1,3A1u,


1,3Eu.
Vertical transition energies of electron excitations to these
1,3(pp*) excited states are presented in Table 2. In compari-
son with available experimental values, TD-DFT calcula-
tions predict reliable singlet±triplet excitation energies for
the X1A1g!3(pp*) transitions, and the deviation generally


varies from �0.14 to �0.26 eV. For example, predicted trip-
let p±p* excited states 3A2u,


3Eu, and
3A1u of H3PAuC2AuPH3


lie at 3.48, 3.66, and 3.85 eV, respectively, and they reasona-
bly agree with the experimental bands at 331 nm (3.74 eV),


315 nm (3.93 eV), and 303 nm (4.09 eV).[13] As Figure 2
shows, there is an excellent correlation relationship between
TD-DFT transition energies and observed bands for the
electron excitation to the lowest triplet excited state 3A2u,
that is, Equation (3) holds in which A=0.11432 eV, B=


1.0354.


Texptl ¼ Aþ BTtheor ð3Þ


Calculated results in Table 2 reveal that the spin-forbid-
den singlet±triplet transition energy decreases with an in-
crease in the chain length, as observed in experiments.[13] To
estimate the limit of the lowest energy 3(pp*) adsorption of
(C�C)/2�, an exponential-decay curve fitting has been ex-
amined on the basis of calculated vertical singlet±triplet
transition energies (Te in eV). The exponential-decay fitting
gives Equation (4):


Te ¼ Aþ Be�n=C ð4Þ


in which A=0.88553, B=3.50499, C=3.32564, and n is the
number of repeated C�C units. The above analytic Te�n ex-
pression reproduces the calculated results very well
(Figure 3), and predicts the singlet±triplet splitting limit to
be 0.88553 eV (7142 cm�1) for [H3PAu(C�C)/AuPH3]. In
consideration of the correlation relationship between theory


and experiment defined in
Equation (3), the modified limit
is 1.0312 eV (8317 cm�1). Such
predicted singlet±triplet split-
tings of (C�C)/2� are compara-
ble with the estimated limit of
~7000 cm�1 from experimental
observations by Che and co-
workers[13] combining the esti-
mated 1(pp*) adsorption limit
by Hirsch and co-workers.[3]


Figure 1. CAS(12,12)-optimized geometries of the singlet ground states
and the triplet excited states.


Table 2. Vertical transition energies (in eV) of the p±p* excitations in Cn-bridged binuclear gold(i) complexes
[H3P�Au�(C�C)n�Au�PH3] (n=1±6).


n 1A2u
3A2u


1A1u
3A1u


1Eu
3Eu


1 4.44(0.895)[a] 3.48(3.74)[b] 3.85 3.85(4.09)[b] 3.88 3.66(3.93)[b]


2 4.02(1.302) 2.80(3.00) 3.35 3.35(3.43) 3.39 3.08(3.25)
3 3.84(1.823) 2.33(2.47) 3.02 3.02 3.07 2.68
4 3.70(2.594) 1.92(2.15) 2.68 2.68 2.73 2.30
5 3.58(3.641) 1.66 2.43 2.43 2.48 2.05
6 3.47(5.019) 1.47 2.23 2.23 2.27 1.86


[a] Oscillator strengths in parenthesis. [b] Experimental values in parenthesis for [Cy3PAu(C�C)nAuPCy3] from
reference [13].


Figure 2. The predicted X1A1g!3A2u transition energies are correlated
with the observed bands; see Equation (3) (R2=0.996).
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The triplet excited states 3A1u


and 3Eu arising from the p±p*
excitation of the unsaturated
carbon chain are slightly higher
in energy than the 3A2u. Analo-
gous Te�n patterns for the 3A1u


and 3Eu excited states can be
seen in Table 2 in comparison
with the 3A2u state.


The 1A2u excited state is the
highest one of the acetylenic p±
p* excited states in the digold(i)
) polyynediyls. The spin-al-
lowed X1A1g!1A2u transitions
have the largest oscillator
strengths. There is a notable
singlet±triplet splitting between
the 1A2u and 3A2u states, and
this singlet±triplet spacing in-
creases as the carbon chain ex-
tends. Calculated vertical exci-
tation energies listed in Table 2
reveal a small energy gap be-
tween the 1Eu and 3Eu states,
and the 1A1u and


3A1u states are
almost isoenergetic. However,
in comparison with correspond-
ing 1Su


+!3Su
+ energy gap in


polyynes, the 1A2u±
3A2u splitting


is significantly reduced. For ex-
ample, the energy difference
between the singlet 1Su


+ state
and the triplet 3Su


+ state in
HC4H is 4.69 eV by TD-DFT,
while corresponding 1A2u±


3A2u energy difference in [H3PAu-
C4AuPH3] is 1.22 eV. Such decrease of the 1A2u±


3A2u energy
difference in the m-Cn-bridged digold(i) complexes may en-
hance the admixing of both states arising from the spin-orbit
coupling, which plays an important role for the 3(pp*) emis-
sion (vide infra).


Singlet±triplet transitions : Emission and absorption spectra
of digold(i) compounds [(Cy3P)Au(C�C)nAu(PCy3)] reveal


that the lowest energy, electronically excited states are es-
sentially acetylenic 3(pp*) in nature.[13] Present calculations
on the p±p* excited states listed in Table 2 support this ex-
perimental consequence. The m-Cn-bridged digold(i) com-
plexes have a singlet ground state. Presumably, the spin-for-
bidden singlet±triplet transitions in digold(i) complexes
become sufficiently allowed through Au spin-orbit coupling
to appear observably.


Tables 3±5 summarize SOC calculations for the p±p* ex-
cited states. Calculations show that the ™spin-forbidden∫
sinplet-triplet transitions have notable transition moments
(TM) in magnitude, and they can occur as observed in ex-
periments due to the presence of significant SOC interac-
tions in the m-Cn-bridged digold(i) complexes. For example,


predicted transition moments for p±p* electron excitations
to triplet excited states 3A2u,


3Eu, and 3A1u of [H3PAu-
C2AuPH3] are 0.001654, 0.02813, and 0.007769 au, respec-
tively.


The effect of the heavy atom Au spin-orbit coupling on
the singlet±triplet transition can be interpreted by the per-
turbation theoretical treatment. In a singlet±triplet transi-
tion the triplet wave function YT can be written as a series
with perturbing states [Eq. (5)]:


Figure 3. The size dependence of the X1A1g!3A2u transition energy; see
Equation (4).


Table 3. The composition [%] of the spin-orbit coupling wavefunction, scaled vertical transition energies (Te


in eV), transition dipole moments (DM in au), oscillator strengths (f), and lifetimes (t in s) of the lowest trip-
let 3(pp*) state in [H3P�Au�(C�C)n�Au�PH3].


n State Composition Te
[a] DM f [10�7] t


1 3A2u(ms=
1) 3A2u(74.80)+
3A1u(25.18)+


1A2u(0.01) 3.72 0.001654 2.4934 0.00668
2 3A2u(ms=
1) 3A2u(77.02)+


3A1u(22.96)+
1A2u(0.01) 3.01 0.001484 1.6241 0.01564


3 3A2u(ms=
1) 3A2u(76.52)+
3A1u(23.46)+


1A2u(0.02) 2.53 0.002230 3.0825 0.01168


[a] The splitting energies of E[3A2u(ms=0)]�E[3A2u(ms=
1) are 488 cm�1 (n=1); 308 cm�1 (n=2); 226 cm�1


(n=3).


Table 4. The composition [%] of the spin-orbit coupling wavefunction, calculated vertical transition energies
(Te in eV), transition dipole moments (DM in au), oscillator strengths (f), and lifetimes (t in s) of the triplet
3A1u state in [H3P�Au�(C�C)n�Au�PH3].


n State Composition Te
[a] DM f [10�7] t


1 3A1u(ms=
1) 3A1u(70.18)+
3A2u(23.60)+ 3.85 0.007769 56.934 0.00027


3Eu(ms=0)(2.41)+ 1Eu(3.76)
2 3A1u(ms=
1) 3A1u(76.66)+


3A2u(22.86)+ 3.35 0.00152 1.8963 0.01083
Eu(ms=0)(0.15)+ 1Eu(0.31)


3 3A1u(ms=
1) 3A1u(76.32)+
3A2u(23.40)+ 3.02 0.00083 0.5097 0.049568


3Eu(ms=0)(0.08)+ 1Eu(0.18)


[a] The splitting energies of E[3A1u(ms=0)]�E[3A1u(ms=
1) are �558 cm�1 (n=1); �437 cm�1 (n=2);
�401 cm�1 (n=3).


Table 5. The composition [%] of the spin-orbit coupling wavefunction, calculated vertical transition energies
(Te in eV), transition dipole moments (DM in au), oscillator strengths (f), and lifetimes (t in s) of the triplet
3Eu state in [H3P�Au�(C�C)n�Au�PH3].


n State Composition Te
[a] DM f [10�5] t


1 3Eu(ms=0) 3Eu(58.27)+
1Eu(41.71)+


3A1u(0.02) 3.66 0.02813 7.09579 0.000024
2 3Eu(ms=0) 3Eu(61.11)+


1Eu(38.89) 3.08 0.02171 3.55673 0.000068
3 3Eu(ms=0) 3Eu(61.61)+


1Eu(38.37) 2.68 0.01781 3.1242 0.000103


[a] The splitting energies of E[3Eu(ms=0)]�E[3Eu(ms=
1) are �525/�1115 cm�1 (n=1); �251/�1031 cm�1


(n=2); �130/�1030 cm�1 (n=3) for two components of 3Eu.
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YT ¼3 Y þ
X


S


aS
1YS þ


X


T


aT
3YT


ai ¼
h3YjHSOj1Y ii


DE


ð5Þ


in which the DE is the energy difference between 1Yi and
3Y. Evidently, the weight of the admixture ai in Equation (5)
is determined by both the spin-orbit matrix element h3Y j
Hso j 1Yii and the energy difference DE. As Table 2 shows,
the singlet±triplet splittings among the pp* excited states in
these dinuclear gold(i) complexes are generally small, and
relevant singlet states can contribute to the triplet 3(pp*) ex-
cited states to some extent if the spin-orbit interaction be-
comes large. Due to the existence of the dipole-allowed sin-
glet states in the SO wave functions of triplet 3(pp*) excited
states, the triplet excited states can become sufficiently al-
lowed to appear prominently in both electron adsorption
and emission spectra.


Calculated lifetimes of the lowest triplet 3(pp*) excited
states listed in Tables 3±5 reveal that triplet 3(pp*) excited
states have relatively long lifetimes in the gas phase. For ex-
ample, predicted lifetimes of the 3A2u,


3A1u, and
3Eu excited


states in [H3PAu(C�C)2AuPH3] are 15.6 ms, 10.8 ms, and
68 ms, respectively. Such estimated lifetimes in the gas phase
are larger than the observed lifetime of 10.8 ms for the
3(pp*) excited state of [(Cy3P)Au(C�C)2Au(PCy3)] in the
condensed phase in dichloromethane at room temperature.
Calculated results in Tables 3±5 indicate that the energy
splitting arising from the spin-orbit interaction between dif-
ferent ms components of the 3(pp*) excited state gradually
decreases as the chain increases.


Conclusion


Equilibrium geometries and vibrational frequencies of the
metal-capped one-dimensional carbon chains [H3PAu(C�
C)nAuPH3] (n=1±6) in their ground states have been deter-
mined by DFT calculations. Selected 3(pp*) excited states
have been optimized by CASSCF calculations. Optimized
bond lengths indicate that the ground states of such digold(i)
compounds have a conjugated triple and single bond alter-
nate bonding pattern, while the 3(pp*) excited states have
the cumulenic valence structure. The spin-forbidden singlet±
triplet transition energies, the corresponding oscillator
strengths, and the lifetimes of the lowest 3(pp*) excited
states have been determined. The vertical singlet±triplet
transition energy has exponential-decay size dependence. As
the chain increases, the singlet±triplet transition energy
gradually converges to 7142 cm�1 (or 8317 cm�1), which rea-
sonably agrees with the value of ~7000 cm�1 suggested in
previous study.[13] The coordination of AuI to linear carbon
chains will significantly lessen the singlet±triplet energy
splitting and enhance the spin-orbit coupling in unsaturated
carbon chains spanning two AuI, which makes the lowest-
energy 3(pp*) excited states become sufficiently allowed to
appear prominently in both electronic adsorption and emis-
sion spectra.
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A Mechanically Interlocked Bundle


Jovica D. Badjic¬,[a] Vincenzo Balzani,[b] Alberto Credi,*[b] James N. Lowe,[a]


Serena Silvi,[b] and J. Fraser Stoddart*[a]


Introduction


Nowadays, there seems to be an almost inexhaustible collec-
tion of complex supramolecular assemblies known[1] that uti-
lize hydrogen bonding as their main source of noncovalent
interactions to hold together, often in highly cooperative
ways, a number of molecular building blocks or tectons[2]


with a remarkable degree of architectural control and preci-
sion. The discovery[3] in the mid-90 s that suitably sized
crown ether macrocycles will thread spontaneously onto sec-
ondary dialkylammonium ions, forming interpenetrating
complexes called pseudorotaxanes,[4] primarily as a result of
N+�H¥¥¥O hydrogen bonds and C�H¥¥¥O interactions,[5] has
evolved[6] from these early beginnings, where only one
monotopic crown ether macrocycle was threaded onto one
dialkylammonium ion center, to the construction of much
more elaborate multiply threaded superstructures. This very
simple recognition motif, in which the sources of the nonco-
valent interactions are primarily hydrogen bonds, is aug-
mented, not only by multivalency,[8] but also by the fact that
one molecular structure (the cationic component) interpene-
trates the other molecular structure.[9] In the limit, of course,
post-assembly covalent modification can be employed to
transport the multivalent supramolecular assembly into a
mechanically interlocked molecular domain. It is this limit
that will be addressed in this paper.
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Abstract: The prototype of an artificial
molecular machine consisting of a tris-
ammonium tricationic component in-
terlocked with a tris(crown ether) com-
ponent to form a molecular bundle
with averaged C3v symmetry has been
designed and synthesized. The system
is based on noncovalent interactions,
which include 1) N+�H¥¥¥O hydrogen
bonds; 2) C�H¥¥¥O interactions be-
tween the CH2NH2


+CH2 protons on
three dibenzylammonium-ion-contain-
ing arms, which are attached symmetri-
cally to a benzenoid core, and three di-
benzo[24]crown-8 macrorings fused
onto a triphenylene core; and 3) p¥¥¥p
stacking interactions between the aro-
matic cores. The template-directed syn-
thesis of the mechanically interlocked,
triply threaded bundle involves post-
assembly covalent modification, that is,
the efficient conversion of three azide


functions at the ends of the arms of the
bound and threaded trication into
bulky triazole stoppers, after 1,3-dipo-
lar cycloaddition with di-tert-butylacet-
ylenedicarboxylate to the extremely
strong 1:1 adduct that is formed in di-
chloromethane/acetonitrile (3:2), on
account of a cluster effect associated
with the paucivalent adduct. Evidence
for the averaged C3v symmetry of the
molecular bundle comes from absorp-
tion and luminescence data, as well as
from electrochemical experiments,
1H NMR spectroscopy, and mass spec-
trometry. The photophysical properties
of the mechanically interlocked bundle
are very similar to those of the super-


bundle that precedes the formation of
the bundle in the process of supra-
molecular assistance to covalent syn-
thesis. Although weak non-nucleophilic
bases (e.g., nBu3N and iPr2NEt) fail to
deprotonate the bundle, the strong
tBuOK does, as indicated by both lumi-
nescence and 1H NMR spectroscopy.
While deprotonation undoubtedly loos-
ens up the interlocked structure of the
molecular bundle by replacing relative-
ly strong N+�H¥¥¥O hydrogen bonds by
much weaker N�H¥¥¥O ones, the p¥¥¥p
stacking interactions ensure that any
structural changes are inconsequential,
particularly when the temperature of
the solution of the neutral molecular
bundle in dichloromethane is cooled
down to considerably below room tem-
perature.


Keywords: hydrogen bonds ¥
luminescence ¥ molecular recognition ¥
multivalency ¥ self-assembly
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We have described quite recently an example[10] of multi-
valency at work in which a tritopic crown ether, in which
three benzo[24]crown-8 rings are fused onto a triphenylene
core, forms an extremely stable (Ka>107 mol L�1 in CH2Cl2)
triply threaded, two-component superbundle with a trifur-
cated trication, wherein three dibenzylammonium ions are
linked to a central benzenoid core. The assembly and dis-
assembly of this superbundle can be reversibly and quantita-
tively controlled by an acid±base input.[10] As such, it lends
itself conceptually to the construction of molecular ma-
chines[12,13] of nanometer-scale dimensions, as well as to the
self-assembly of supramolecular polymers[14] of considerable
size and stability with rigid architectures, but whose super-
structures could be sensitive to pH and solvent polarity.
Against this background, we report here 1) the template-di-
rected synthesis[15] of a mechanically interlocked, triply
threaded tricationic bundle [3-H3]


3+ with averaged C3v sym-
metry by treating the trifurcated trisammonium ion [2-H3]


3+


, which carries azide functions on the para-positions of its
three benzyl groups, with di-tert-butylacetylenedicarboxylate
in the presence of the tritopic crown ether 1 (Scheme 1) and
2) the full characterization of the [3-H3]


3+ species by
1H NMR spectroscopy and mass spectrometry. Inspired by
the rapidly growing interest[16] in the construction of redox-
controllable molecular electronic devices for possible appli-
cations to nanoelectronics,[17] we have also investigated 3)
the photophysical and electrochemical properties of the me-


chanically interlocked bundle and 4) the reversible co-con-
formational changes[18] undergone by the superbundle upon
acid±base treatment using (variable temperature) 1H NMR
spectroscopy as the probe.


Results and Discussion


Template-directed synthesis of the mechanically interlocked
bundle : The syntheses of 1,3,5-tris(p-formylphenyl)benzene
(4) and the tris(crown ether) have already been reported in
an earlier paper.[10b] The preparation of the trifurcated tris-
ammonium salt [2-H3][PF6]3 is outlined in Scheme 2. 1,3,5-
Tris(p-formylphenyl)benzene (4) was condensed with 4-
(aminoethyl)benzyl alcohol[19] to give the trisimine 5, which
was reduced (NaBH4/MeOH) to the trisamine 6. Trisamine
6 was then Boc-protected to afford the triol 7, which was
converted subsequently (NCS/Ph3P/THF) to the trischloride
8 and then (NaN3/18C6/MeCOEt) to the trisazide 9. Follow-
ing TFA deprotection of 9 in CHCl3 and counterion ex-
change (NH4PF6/MeOH/H2O), the trifurcated trisammoni-
um salt [2-H3][PF6]3 was obtained. The mechanically inter-
locked bundle [3-H3][PF6]3 was obtained by using a tem-
plate-directed threading approach, followed by post-assem-
bly covalent modification whereby a 1,3-dipolar
cycloaddition[20] is repeated three times over within the 1:1
adduct formed between the tris(crown ether) 1 and the tris-


ammonium ion [2-H3]
3+ . The


1:1 triply threaded superbundle
was assembled initially in
CH2Cl2/MeCN (3:2) containing
1 and [2-H3][PF6]3 (Scheme 1).
The azidomethyl groups on the
three para-positions of the
three terminal benzyl groups of
the [2-H3]


3+ ion, each threaded
through one of the three mac-
rocyclic rings associated with
the tris(crown ether) 1, were
then treated[21] with di-tert-
butylacetylenedicarboxylate, af-
fording [3-H3][PF6]3 in 40 %
yield.[22] The fact that the prod-
uct survived the purification by
column chromatography pro-
vides circumstantial evidence
that it is mechanically inter-
locked, and also that the tri-
azole stoppers are large enough
to ensure that the molecular
components cannot dissoci-
ate.[20]


Spectrometric and NMR spec-
troscopic characterization of
the bundle : Fast atom bom-
bardment (FAB) mass spec-
trometry of [3-H3][PF6]3 strong-
ly supports the structural as-


Scheme 1. The template-directed synthesis of the mechanically interlocked bundle [3-H3][PF6]3 by means of ki-
netically controlled, [1,3]-dipolar cycloadditions to trap the superbundle formed in CH2Cl2/MeCN (3:2) at
40 8C between the tritopic tris(crown ether) 1 and the trifurcated trisammonium salt [2-H3][PF6]3. The labeled
protons on the two structural components of the bundle are referred to in a range of 1H NMR spectra, illus-
trated in Figures 2±4.
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signment of the mechanically
interlocked bundle made in
Scheme 1. The FAB mass spec-
trum revealed peaks at m/z=
3283, 3140, 2993, 2850, and
1497 corresponding to the
[M]+ , [M�PF6]


+ , [M�2 PF6]
+ ,


[M�3 PF6]
+ , and [M�2 PF6]


2+


ions, respectively. Furthermore,
high-resolution electron spray
(HR-ESI) mass spectrometry of
[3-H3][PF6]3 revealed (Figure 1)
that the most intense peak in
the spectrum occurred at m/z=
1496.6814 with an isotope distri-
bution corresponding to the
[M�2 PF6]


+ ion.
The 1H NMR spectrum of [3-


H3][PF6]3 recorded in CD2Cl2


reveals a complex array of well-
defined resonances (Figure 2a).
The peak assignments (see
Scheme 1 for proton labels) to
these resonances produced by
the bundle [3-H3]


3+ were made
with the aid of 1H±1H COSY


Scheme 2. The synthesis of the trisammonium salt [2-H3][PF6]3 carrying three azide functions for reaction
(Scheme 1) with di-tert-butylacetylenedicarboxylate to form bulky triazole stoppers.


Figure 1. a) Low-resolution fast atom bombardment (FAB) mass spectrum of [3-H3][PF6]3 with peaks at m/z 3283, 3140, 2993, 2850, and 1497 correspond-
ing to the [M]+ , [M�PF6]


+ , [M�2PF6]
+ , [M�3 PF6]


+ , and [M�2 PF6]
2+ ions, respectively. b) High-resolution electrospray ionization (HR-ESI) mass


spectrum of [3-H3][PF6]3 with a major peak at m/z 1496.6814 corresponding to the [M�2PF6]
2+ ion. Experimental (c) and calculated (d) isotope distribu-


tions for the peak at m/z 1496.6814 in the HR-ESI mass spectrum.
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(Figure 3 a and b) and TROESY (Figure 4) two-dimensional
1H NMR experiments. They are completely in accordance
with molecules that have averaged C3v symmetry. The meth-
ylene protons, He and Hd, adjacent to the secondary dialkyl-
ammonium (�NH2


+�) centers resonate (Figure 2a) at d=


4.91 and 4.72 ppm, respectively; chemical shifts that are not


all that dissimilar from those (d=4.87 and 4.80 ppm, respec-
tively) for the analogous methylene protons in the kinetical-
ly-stable, triply threaded interwoven superbundle
(Scheme 3) lacking the triazole stoppers.[10] Relative to [10-
H3]


3+ , in which the CH2NH2
+CH2 protons resonate at d=


4.29 and 4.25 ppm, the downfield shifts and multiplicities ex-
hibited by He and Hd in [3-H3]


3+ are diagnostic[3] of the
threading of dibenzylammonium ions through dibenzo[24]-
crown-8 (DB24C8) rings. They demonstrate the interlocked
nature of the two components in the mechanically inter-
locked bundle [3-H3]


3+ . The resonances for aromatic core
protons (Ha and Hi at d=7.60 and 7.40 ppm, respectively) of
the two components are shifted upfield significantly relative
to the chemical shifts (d=7.97 and 7.83 ppm, respectively)
of the analogous protons in the separate components–
namely, 1 and [10-H3]


3+ of the superbundle [1�10-H3]
3+


shown in Scheme 3–indicating p¥¥¥p stacking of the central
aromatic cores of the components with respect to one anoth-
er. Inspection of the region between d=3.6 and 4.4 ppm in


Figure 2. The 1H NMR spectra (500 MHz, CD2Cl2, 9.8mm, 298 K) of a) [3-H3][PF6]3, b) the deprotonated mechanically interlocked bundle, namely 3,
after addition of slightly more than three equivalents of solid tBuOK to [3-H3][PF6]3, and c) the reprotonated bundle, that is, [3-H3]


3+ , after the subse-
quent addition of a slight excess (>3 equiv) of trifluoroacetic acid (TFA).


Figure 3. Selected regions (a and b) of the 1H±1H COSY NMR spectrum
(500 MHz, CD2Cl2, 9.8mm, 298 K) of [3-H3][PF6]3.


Figure 4. Selected regions of the 1H±1H TROESY NMR spectrum
(500 MHz, CD2Cl2, 9.8 mm, 298 K) of the mechanically interlocked super-
bundle [3-H3][PF6]3.
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the 1H NMR spectrum (Figure 2a) reveals that all the pairs
of O-methylene protons are anisochronous in the tris(crown
ether) component of [3-H3]


3+ , since these protons are dia-
stereotopic on account of the fact that the plane of symme-
try in the plane of the −free× tris(crown ether) 1 is no longer
present in the mechanically interlocked bundle. Thus, all the
1H NMR spectroscopic evidence supports the mechanically
interlocked, triply threaded structure proposed in Scheme 1
for the tricationic bundle [3-H3]


3+ .


Absorption, luminescence, and electrochemical properties
of the bundle : Absorption and luminescence data, obtained
in air-equilibrated MeCN at room temperature, for the me-
chanically interlocked bundle [3-H3]


3+ and the tris(crown
ether) 1 are gathered together in Table 1, along with the


data for the trisammonium ion [10-H3]
3+ , which can be re-


garded as a model for the dumbbell component of the
bundle, and its 1:1 adduct [1�10-H3]


3+ with 1. The absorp-
tion and luminescence spectra of [3-H3]


3+ are shown in
Figure 5.


The absorption spectrum of the mechanically interlocked
bundle does not differ significantly from that expected on
the basis of the spectra obtained for its components. The in-
tense luminescence bands arising from the triphenylene unit


of 1 (lmax=383 nm) and from 1,3,5-triphenylbenzene unit of
[10-H3]


3+ (lmax=359 nm) are no longer present in the me-
chanically interlocked bundle; however, the interlocked
bundle shows a weaker and broad luminescence band with
lmax=408 nm and t=4.6 ns. This new fluorescence band
most likely originates from a lower lying excited state that
arises from the p¥¥¥p stacking of the aromatic cores of the
two components. Interestingly, this band exhibits a structure
somewhat reminiscent of that observed for 1. The excitation
spectrum of [3-H3]


3+ , recorded at lem=408 nm, matches ex-
actly its absorption spectrum, showing that light irradiation
leads to the fluorescence excited state of the mechanically
interlocked bundle, irrespective of which component is ex-
cited. In summary, the photophysical properties of [3-H3]


3+


are very similar to those[10b] of the triply threaded, two-com-
ponent superbundle [1�10-H3]


3+ , illustrated in Scheme 3.
In contrast to what happens with [1�10-H3]


3+ , deprotona-
tion of the three �NH2


+� centers of the mechanically inter-
locked bundle cannot possibly lead to the disassembly of its
two components, since they are mechanically interlocked on
account of the bulky stoppers located at the three extremi-
ties of the trisammonium ion component. Therefore, this


Scheme 3. The equilibrium between the tris(crown ether) 1 and the trisammonium ion [10-H3]
3+ , which lies very much to the right in favor of the super-


bundle in solvents such as acetonitrile and dichloromethane. The graphical representation of the superbundle portrays the good surface-to-surface match
between the two interpenetrating components. The dots indicate the N+�H¥¥¥O hydrogen bonds between the �NH2


+� centers of [10-H3]
3+ and the fused


DB24C8 rings in 1, and the horizontal dashes indicate the p¥¥¥p stacking interactions between the central aromatic cores. The superbundle can be dis-
assembled by addition of base (e.g., nBu3N) and reassembled by addition of acid (e.g., CF3CO2H).


Table 1. Spectroscopic and electrochemical data obtained in MeCN at room
temperature


Absorption Luminescence Electrochemistry
lmax [nm] e [m�1 cm�1] lmax [nm] t [ns] Ep [V vs SCE][a]


1 276 100 000 383 9.6 +1.00, +1.23, +1.38
[10-H3]


3+ 260 66 000 359 17.0 ±
[1�10-H3]


3+ 267[b] 130 000[b] 410[b] 11.6 +1.08[c] , +1.43[c]


[3-H3]
3+ 267 121 000 408 4.6 +1.07, +1.43


[a] Irreversible processes; potential values estimated from DPV peaks. [b] Ob-
tained on a 2î 10�5 mol L�1 1:1 mixture of 1 and [10-H3]


3+ in which about 80 %
of the components are associated to give the superbundle after subtraction of
the bands arising from the uncomplexed components. [c] Obtained on 5î
10�4 mol L�1 1:1 mixture of 1 and [10-H3]


3+ in which >95% of the components
are associated to give the superbundle.


Figure 5. Absorption (full line) and luminescence (dashed line: lex=


280 nm) spectra recorded at room temperature of [3-H3]
3+ in an air-


equilibrated MeCN.
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bundle offers the interesting possibility of disabling the tem-
plate employed for its preparation. It has been observed[23]


that removal of the CuI template in transition-metal-assem-
bled catenates leads to a substantial rearrangement of the
mechanically interlocked structure for the derived catenane.
The triply threaded architecture of the [3-H3]


3+ bundle, to-
gether with the size and shape of its two components, sug-
gests that disruption of the hydrogen-bonding interaction
between them should not lead to substantial structural rear-
rangements.


Non-nucleophilic tertiary amines, such as nBu3N or
iPr2NEt, have been employed[13c±e, 24] routinely to deproton-
ate �NH2


+� centers. Indeed, in MeCN, the trisammonium
ion [10-H3]


3+ is fully deprotonated[10b] on addition of three
equivalents of nBu3N. Addition of nBu3N (up to a large
excess) to a solution of [3-H3]


3+ in MeCN did not result in
any appreciable changes in the absorption and luminescence
spectra, suggesting that deprotonation does not take place.
The result could be related to the large stabilization of the
protonated form of the mechanically interlocked bundle as
a consequence of multiple hydrogen-bonding interactions.[25]


Deprotonation, however, does take place in the case of the
superbundle [1�10-H3]


3+ .[10b] The different behavior be-
tween the mechanically interlocked and supramolecular
bundles can be attributed[26] to entropic factors related to
the possibility for [1�10-H3]


3+ to disassemble into its molec-
ular components–a possibility which is precluded to [3-
H3]


3+ . Such a disassembly process implies a substantial in-
crease in entropy, because 1) the number of species increas-
es and 2) the ™disassembled∫ molecular components are
characterized by much larger conformational freedom.


Upon addition of three equivalents of tBuOK–a very
much stronger proton acceptor compared to tertiary
amines–to [3-H3]


3+ , changes were observed in the absorp-
tion and emission spectra. In particular, the shape of the lu-
minescence band with lmax=408 nm is slightly modified and
its intensity diminishes to ca. 40 % of its initial value. Such a
quenching phenomenon could be supported by the appear-
ance of lower lying n±p* excited states, arising from the
presence of amino groups.[27] It is important to note that
these spectroscopic changes are reversed after addition of
an acid in an amount equivalent to that of the previously
added base.


The electrochemical data for the bundle [3-H3]
3+ , tris-


(crown ether) 1, the trisammonium ion [10-H3]
3+ , and the


1:1 adduct [1�10-H3]
3+ in MeCN (Scheme 3) are reported


in Table 1. In the potential window examined (from +2 to
�1.2 V vs SCE), [10-H3]


3+ is not electroactive, and 1 and [3-
H3]


3+ exhibit only oxidation processes. The tris(crown
ether) 1 shows three irreversible oxidation peaks at poten-
tials (obtained from DPV measurements) of +1.00, +1.23,
and +1.38 V. The bundle undergoes only two irreversible
oxidation processes at +1.07 and +1.43 V, a behavior quite
similar to that of [1�10-H3]


3+ . On the basis of the results
of a previous investigation,[10b] the first oxidation peak
(+ 1.07 V) can be assigned to the hexaoxytriphenylene core,
and the second one (+1.43 V) to oxidation of the three pe-
ripheral catechol units. Given the irreversible nature of the


three processes, it would be inappropriate to enter into any
further speculation.


Deprotonation/reprotonation of the mechanically inter-
locked bundle : One of the reasons for assembling mechani-
cally interlocked molecular compounds like [3-H3]


3+ is to
develop machines on the nanoscale level which can be pH-
driven. Since the bundle [3-H3]


3+ can be looked upon as a
prototype of a new class of artificial molecular machines, we
were motivated to subject it to deprotonation and subse-
quent reprotonation, that is, to demonstrate a reversible
cycle.


Addition of slightly more than a threefold excess of
tBuOK to a CD2Cl2 solution of [3-H3][PF6]3 results in a dra-
matic change in its 1H NMR spectrum (Figure 2b). The reso-
nances for the methylene protons Hd and He in [3-H3]


3+ are
shifted upfield from d=4.72 and 4.91 ppm, respectively, to
d=4.12 ppm in 3, indicating complete deprotonation of all
three �NH2


+� centers. The resonance for the central aro-
matic core protons (Ha) in the trisammonium ion compo-
nent is shifted upfield from d=7.60 ppm in [3-H3]


3+ to d=


7.19 ppm in 3, implying either some conformational change
in the component itself or a relative movement with respect
to the hexaoxytriphenylene core of the trisammonium ion
component. While the resonance for the nearby Hb protons
in the trisammonium ion component experiences an equally
dramatic shift from d=7.70 ppm in [3-H3]


3+ to d=7.10 ppm
in 3, the adjacent Hc protons on the same phenylene rings
change very little chemical shiftwise. The same is true for
the protons Hf, Hg, and Hh in the trisammonium ion compo-
nent in the vicinity of the three triazole stoppers. In the
tris(crown ether), the O-methylene protons retain their dia-
stereotopicities, indicating that the two components are still
interacting intimately with each other. This conclusion is fur-
ther vindicated by the fact that the resonances for the aro-
matic protons Hi on the central hexaoxytriphenylene core of
the tris(crown ether) component undergo no change in their
chemical shifts whatsoever. We are drawn to the conclusion
that there is no substantial change in the relative geometries
of the two components in the bundle in going from the
tricationic to the neutral form. It is not unlikely that a com-
bination of strong N+�H¥¥¥O hydrogen bonds and weak
C�H¥¥¥O interactions in [3-H3]


3+ are replaced in 3 by weak
N�H¥¥¥O hydrogen bonds and even weaker C�H¥¥¥O interac-
tions, with the p¥¥¥p stacking interactions remaining essen-
tially intact, albeit that the relative geometry between the
two aromatic cores has most likely altered somewhat. This
interpretation of the structural changes undergone in going
from [3-H3]


3+ to 3 has some precedence[28] in a model [2]ro-
taxane, for which the X-ray crystal structures are available
(Figure 6) for both the charged and neutral forms. They
reveal that the macrorings encircle and interact with the het-
eroatomic centers in the dumbbell components, whether
they are charged or neutral.


Variable temperature 1H NMR spectra were recorded for
both [3-H3]


3+ and 3 in CD2Cl2. In the case of the tricationic
bundle [3-H3]


3+ , as the solution was cooled down from 298
to 208 K, no significant changes in chemical shifts were ob-
served, indicating that the two components are tightly inter-
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locked with little freedom to undergo co-conformational
changes. By contrast, when a solution of 3 was cooled down,
there were notable changes in chemical shifts (Figure 7), in-
dicative of alterations in co-conformations within the neutral
bundle commensurate with its containing much weaker non-
covalent bonds between its two components. We have also
noted that the resonances for protons Hc, Hf, and Hg in 3 un-
dergo a pattern of chemical shifts changes that leave them,
at low temperatures, with d values reminiscent of those for
the same protons in [3-H3]


3+ . This phenomenon supports
the contention that deprotonation/reprotonation of [3-H3]


3+/3
is associated by only relatively small differences in the over-
all structure of the mechanically interlocked bundle, wheth-
er it be tricationic or neutral.


Conclusion


The fact that we have been able to harness the cluster
effect, associated with paucivalency, to assemble a supra-
molecular bundle and then convert it into its triply locked
counterpart in a kinetically fast and efficient manner has
demonstrated that the realm of interlocked molecules can
be extended beyond merely simple catenanes and rotaxanes.


Our observation that the three trigonally disposed �NH2
+�


centers, encircled by three trigonally oriented DB24C8
rings, can all be deprotonated and reprotonated lends au-
thority to our belief that artificial molecular machines,[12, 13]


whereby chemical input induces mechanical output, can be
constructed with a view to making them run in a cyclical
manner. This goal is one which is now being pursued jointly
with some gusto in our two different laboratories.


Experimental Section


General : All chemicals were purchased from Aldrich and were used
without further purification. Column chromatography was performed on
silica gel 60 (Merck 40±60 nm, 230±400 mesh). Melting points were deter-
mined on an Electrothermal 9200 apparatus and reported uncorrected.
1H and 13C NMR spectra were recorded on Bruker Avance-500 at 500
and 125 MHz spectrometers, respectively. The chemical shift values are
expressed as d values and the coupling constants values (J) are in Hertz
(Hz). The following abbreviations were used for signal multiplicities: s,
singlet; d, doublet; t, triplet; and m, multiplet. Fast atom bombardment
mass spectrometry (FABMS) was performed on a VG ZAB-SE mass
spectrometer, equipped with a krypton primary atom beam and with a 3-
nitrobenzyl alcohol matrix. Both high-resolution matrix-assisted laser de-
sorption ionization spectra (HR-MALDI) and electron-spray mass spec-
tra (HR-ESI) were measured on an IonSpec Fourier transform mass
spectrometer. The experimental setup for the photophysical and electro-
chemical experiments was described in detail in ref. [10b].


Compound 6 : A mixture of 4-(aminomethyl)benzylalcohol (3.2 g,
23.3 mmol) and 4[10b] (3.0 g, 7.7 mmol) was heated in PhMe (100 mL)


Figure 6. Ball-and-stick representations of the solid-state structures of
A) a charged [2]rotaxane stabilized by two N+-H¥¥¥N hydrogen bonds
(a and b) and two C�H¥¥¥p interactions (c and d), and B) a neutral [2]ro-
taxane stabilized by one N�H¥¥¥O (a) and one N�H¥¥¥N (b) hydrogen
bond and a p¥¥¥p stacking interaction (c).


Figure 7. A series of 1H NMR spectra (500 MHz, CD2Cl2, 9.8 mm) of the
deprotonated mechanically interlocked bundle, namely 3, recorded at
various temperatures: a) 298 K, b) 278 K, c) 268 K, d) 248 K, e) 228 K,
f) 208 K.
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under reflux overnight, while H2O was removed through a Dean±Stark
trap. The reaction mixture was cooled down in a freezer to �10 8C and
the resulting suspension filtered to give the trisimine 5 as a white solid
(4.02 g, 74 %). M.p. 166±168 8C; 1H NMR (500 MHz, CD3SOCD3, 25 8C):
d=4.50 (d, J=4.5 Hz, 6 H), 4.81 (s, 6H), 5.17 (br, 3 H), 7.32 (m, 12H),
7.92 (d, J=8.0 Hz, 6 H), 8.01 (m, 9H), 8.58 ppm (s, 3 H); 13C NMR
(125 MHz, CDCl3, 25 8C): d=64.7, 65.0, 125.4, 127.1, 127.4, 128.1, 128.8,
135.4, 138.6, 139.6, 141.7, 143.0, 161.5 ppm; HRMS (MALDI): m/z calcd
for C51H46N3O3: 748.3534 [M+H]+ ; found: 748.3578.


NaBH4 (1.02 g, 26.8 mmol) was added portionwise to a solution of 5
(white solid) in dry MeOH (100 mL) and dry THF (100 mL). After the
reaction had been left to stir overnight the solvent was removed in
vacuo. The resulting solid was partitioned between THF (150 mL) and
brine (100 mL). The aqueous phase was washed with THF (100 mL). The
organic phases were combined and dried (MgSO4), and the solvent was
removed in vacuo to give 6 as a yellow liquid (3.6 g, 90%). 1H NMR
(500 MHz, CDCl3, 25 8C): d=3.74 (s, 6H), 3.77 (s, 6H), 4.50 (s, 6 H), 7.22
(d, J=8 Hz, 6H), 7.43 (d, J=8 Hz, 6H), 7.67 (d, J=8 Hz, 6 H), 7.80 ppm
(s, 3H); 13C NMR (125 MHz, CDCl3, 25 8C): d=50.7, 50.9, 61.9, 123.3,
124.2, 124.9, 125.7, 126.5, 129.1, 137.6, 138.6, 139.4, 140.2 ppm;
HRMS(MALDI): m/z calcd for C51H52N3O3: 754.4003 [M+H]+ ; found:
754.3147.


Compound 7: The trisamine 6 (2.7 g, 3.6 mmol) was dissolved in CHCl3


(450 mL) and then di-tert-butyl dicarbonate (7.9 g, 36.1 mmol) was
added. The reaction mixture was left to stir for 24 h, before being washed
with 2m HCl aqueous solution (2 î 200 mL) and H2O (200 mL). The or-
ganic phase was dried (MgSO4) and evaporated under reduced pressure
to yield the crude product, which was subsequently purified by column
chromatography (SiO2: CH2Cl2/MeOH, 95:5) to yield 7 (2.3 g, 60%).
M.p. 68±70 8C; 1H NMR (500 MHz, CDCl3, 25 8C): d=1.52 (s, 27H), 4.45
(br, 12 H), 4.71 (s, 6H), 7.20±7.34 (m, 6 H), 7.35 (d, J=8 Hz, 6H), 7.66 (d,
J=8 Hz, 6H), 7.77 ppm (s, 3H); 13C NMR (125 MHz, CDCl3, 25 8C): d=
28.4, 48.7, 48.9, 65.0, 80.2, 124.8, 127.2, 127.4, 127.6, 127.9, 128.2, 128.4,
137.2, 139.9, 141.9, 155.9 ppm; HRMS(MALDI): m/z calcd for
C66H75N3O9Na+ : 1076.5401 [M+Na]+ ; found: 1076.5425.


Compound 8 : Triphenylphosphine (4.1 g, 15.8 mmol) in THF (100 mL)
was added to N-chlorosuccinimide (2.4 g, 18.1 mmol) in THF (100 mL)
under an argon atmosphere, to form a white suspension. The triol 7
(2.0 g, 1.9 mmol), dissolved in THF (40 mL), was then slowly added and
the reaction mixture was left to stir overnight. The solvent was evaporat-
ed and the product purified by column chromatography (SiO2: hexanes/
EtOAc, 7:3). The product 8 was obtained as an off-white solid (2.0 g,
95%). M.p. 62±64 8C; 1H NMR (500 MHz, CDCl3, 25 8C): d=1.57 (s,
27H), 4.45 (s, 6 H), 4.52 (s, 6H), 4.65 (s, 6H), 7.22±7.40 (m, 12 H), 7.42
(d, J=8 Hz, 6 H), 7.71 (d, J=8 Hz, 6 H), 7.82 ppm (s, 3 H); 13C NMR
(125 MHz, CDCl3, 25 8C): d=28.5, 46.0, 48.9, 49.2, 80.3, 125.0, 127.5,
127.8, 128.5, 128.9, 136.6, 137.4, 138.4, 140.1, 142.0, 156.0 ppm;
HRMS(MALDI): m/z calcd for C66H72N3O6Cl3Na+ : 1130.4384 [M+Na]+ ;
found: 1130.4398.


Compound 9 : Sodium azide (1.1 g, 18.1 mmol) was added to the trischlor-
ide 8 (1.0 g, 0.9 mmol) in 2-butanone (80 mL), followed by a few crystals
of [18]crown-6, and the suspension was heated under reflux for 18 h.
Evaporation of the solvent, followed by filtration through a thin silica
pad (SiO2, hexanes/EtOAc, 7:3) yielded 9 (0.93 g, 91 %) as a white solid.
M.p. 50±52 8C; 1H NMR (500 MHz, CDCl3, 25 8C): d=1.57 (s, 27H), 4.39
(s, 6 H), 4.46 (s, 6 H), 4.55 (s, 6 H), 7.34 (m, 18 H), 7.12 (d, J=8 Hz , 6H),
7.83 ppm (s, 3 H); 13C NMR (125 MHz, CDCl3, 25 8C): d=28.4, 48.9, 49.2,
54.4, 80.2, 124.9, 127.4, 127.8, 127.8, 128.4, 134.3, 137.3, 138.2, 140.0,
142.0, 155.9 ppm; HRMS(MALDI) m/z calcd for C66H72N12O6Na+ :
1151.5595 [M+Na]+ ; found: 1151.5684.


Salt [2-H3][PF6]3 : Trifluoroacetic acid (ca. 20 mL) was added to the tBoc-
protected trisamine 9 (0.9 g, 0.8 mmol) in CHCl3 (120 mL), and the reac-
tion mixture was stirred at room temperature for 16 h. The solvent was
evaporated, and the residue dissolved in MeOH (15 mL). A saturated
solution of NH4PF6 in H2O was added dropwise, followed by H2O
(50 mL). The aqueous phase was extracted with CH2Cl2/MeNO2 (100 mL,
5:2), and the organic phase washed with water (3 î 100 mL), dried
(Na2SO4), and evaporated to yield [2-H3][PF6]3 (0.75 g, 74%) as a yellow
solid. M.p. 156±158 8C; 1H NMR (500 MHz, CD3CN, 25 8C): d=4.31 (s,
6H), 4.33 (s, 6H), 4.46 (s, 6H), 7.46 (d, J=8 Hz, 6 H), 7.53 (d, J=8 Hz,


6H), 7.60 (d, J=8 Hz, 6 H), 7.91 (d, J=8 Hz, 6 H), 7.97 ppm (s, 3H);
13C NMR (125 MHz, CDCl3, 25 8C): d=51.0, 51.1, 53.5, 125.2, 127.8,
128.8, 129.8, 130.1, 130.6, 130.7, 137.6, 141.3, 141.5 ppm; HRMS(MAL-
DI): m/z calcd for C51H49N12


+ : 829.4198 [M�2HPF6�PF6]
+ ; found:


829.4231.


Salt [3-H3][PF6]3 : The trisammonium salt [2-H3][PF]6 (0.06 g,
0.005 mmol) and the tris(crown ether) 1 (0.06 g, 0.005 mmol) were dis-
solved in CH2Cl2/MeCN (2.5 mL, 3:2). Di-tert-butylacetylenedicarboxy-
late (0.27 g, 1.194 mmol) was then added to the reaction mixture, which
was subsequently heated at 40 8C under an argon atmosphere for 24 h.
The solution was cooled down to room temperature, evaporated in
vacuo, and the residue purified by column chromatography (SiO2:
CHCl3/MeCN, 8:2) to yield [3-H3][PF6]3 (0.06 g, 40 %) as a white solid.
M.p. 189 8C; 1H NMR (500 MHz, CD3CN, 25 8C): d=1.43 (s, 27H), 1.53
(s, 27H), 3.60±4.20 (m, 60H), 4.22±4.30 (m, 6H), 4.50±4.54 (m, 6H),
4.79±4.82 (m, 6H), 4.86±4.90 (m, 6H), 5.72 (s, 6 H), 6.84±6.92 (m, 12H),
7.23 (d, J=8 Hz, 6 H), 7.35 (s, 6H), 7.42 (s, 3H), 7.54 (br, 6 H), 7.56±7.62
(m, 18 H); 13C NMR (125 MHz, CD3CN, 25 8C): d=26.9, 27.2, 51.1, 52.1,
52.8, 67.3, 67.4, 70.4, 70.5, 71.8, 82.7, 85.0, 104.5, 112.2, 121.0, 122.7, 125.7,
127.9, 129.2, 129.6, 129.9, 130.4, 131.0, 132.9, 135.9, 137.2, 138.1, 141.0,
146.2, 147.6, 157.2, 159.4 ppm; HRMS(ESI): m/z calcd for
C159H195O36N12F6P: 1496.6714 [M�2PF6]


2+ ; found: 1496.6814.
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Electrochemically Induced Sol±Gel Deposition of Zirconia Thin Films


Ronen Shacham, Daniel Mandler,* and David Avnir*[a]


Introduction


Thin-film deposition of metal oxides and hydroxides by elec-
trochemical methods is a rapidly developing field.[1±16] In a
review on this area, Cryston and Lee[2] suggested that elec-
trochemical methods offer simple and inexpensive alterna-
tives to currently used techniques. These methods of deposi-
tion can be categorized into three main groups: electropho-
retic deposition,[17±24] deposition on electrochemical forma-
tion of less soluble metallic species and deposition by elec-
trochemically altering the pH of the solution near the
electrode surface.[1±8,10±16] Recently, we employed the last-
named approach[25] in a novel electrochemical sol±gel proc-
ess in which thin films of methylated silica are deposited on
conducting surfaces by application of moderate potentials
(in the range of �0.5 V to �1.5 V versus Ag/AgCl). We sug-
gested that the variation of the pH near a conductive sur-
face in the presence of the (hydrolyzed) alkoxysilane effect-
ed its polymerization. While electrochemical induction of
pH changes is known in the context of the formation of in-
soluble oxides and hydroxides and their subsequent precipi-
tation,[1,3,4,6,7,10, 11,13±16] its use for locally effecting the poly-
merization of sol±gel monomers and increasing their rate of


polymerization is, to the best of our knowledge, unknown.
Here we extend our methodology[25] to the important family
of zirconia coatings, and report on the electrochemically in-
duced formation of these films and convenient thickness
control in the range of several hundreds of nanometers.
As ZrO2 films have already been prepared electrochemi-


cally,[4,13±16,26] we highlight the special features of the electro-
chemical sol±gel approach reported here. First, whereas pre-
cipitation of ZrO2 has been effected by electrogeneration of
a base at negative potentials, the electrochemical sol±gel
method makes it possible to use both positive potentials
(leading to acid-catalyzed polymerization) and negative po-
tentials (leading to base-catalyzed polymerization). Second,
the precursor is [Zr(OPr)4] instead of the commonly used
Zr salts.[4,13±15] Third, water is used as a limiting reagent in
alcoholic medium (in contrast to the standard use of water
as both solvent and reagent[4,13±15]). Fourth, a polycondensa-
tion process rather than precipitation[4,7,10, 13±15] leads to film
formation. Fifth, the films are exceptionally smooth,[27] down
to a roughness of 0.7 nm for a 5î5 mm area. The convenient
control of film thickness by changing the applied potential
or the time for which it is applied is a key feature of this
method.


Results and Discussion


Zirconia-based thin films were electrodeposited from a solu-
tion of zirconium tetra-n-propoxide [Zr(OPr)4] in 0.1m
LiClO4 in 2-propanol, to which small and controlled
amounts of water were added (solution A). Deposition was
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Abstract: A novel electrochemical
method for deposition of ZrO2 thin
films is described. The films, 50±600 nm
thick, were obtained by applying mod-
erate positive or negative potentials (+
2.5 V to �1.5 V versus SHE) on con-
ducting surfaces immersed in a 2-prop-
anol solution of zirconium tetra-n-
propoxide [Zr(OPr)4] in the presence
of minute quantities of water (water/
monomer molar ratios in the range of


10�5 to 10�1), which was the limiting re-
agent. Oxidative electrochemical for-
mation of solvated H+ and reductive
formation of OH� catalyze the hydrol-
ysis and condensation of the metal alk-
oxide precursor. The magnitude of the
applied potential and its duration pro-


vide a convenient way of controlling
the film thickness. The films consist of
an amorphous phase, as revealed by
XRD measurements. The effects of dif-
ferent parameters, such as the applied
potential and its duration, the amount
of added water and the current±time
characteristics, were studied. A mecha-
nism for the electrodeposition of the
zirconia films which is in accordance
with our findings is proposed.


Keywords: electrochemistry ¥ sol±
gel processes ¥ thin films ¥ zirconia
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carried out by applying constant potentials at electrodes
while stirring solution A.


Film characterization : The composition of deposited films
was determined by elemental analysis (EPXMA, electron-
probe X-ray microanalysis) and XRD. In the EPXMA
measurements the atomic concentration of zirconium in-
creased with decreasing electron-beam intensity. Since the
penetration of the electron beam (ca. 1 mm) exceeded that
of the film thickness at high beam intensities, it is evident
that as the intensity decreased the fraction of the elements
in the film increased. This implies that Zr is the major com-
ponent of the deposited layer. As expected, XRD (data not
shown) revealed that the films are composed of amorphous
ZrO2, due to the low temperature at which deposition took
place. This is in complete agreement with previous reports,
for example, by Chaim et al. ,[15] who deposited ZrO2 under
galvanostatic conditions in aqueous solutions starting from
ZrO2+ as the precursor. They also observed a very broad
XRD peak around 2q�308. Only annealing at temperatures
above 900 K produced a mixture of tetragonal and mono-
clinic polymorphs of zirconia.[15]


Our as-deposited dried films were exceptionally smooth,
as was evident by AFM. Figure 1 shows four samples that
were scanned under identical conditions. Whereas bare ITO
(Figure 1a) is characterized by lumps that are about 440 nm
long (i.e., in the xy plane) with an average height of about
34 nm (along the z axis), the coated ITO samples are much
smoother: The roughness factor (RMS value) of 5î5 mm
samples that were coated at negative potential (Figure 1c,


d) is about 0.5 nm, and they are smoother than a zirconia
film obtained by dip coating (Figure 1b).[4,13±15,17,19,21, 23,27,28]


To the best of our knowledge, such smooth films have never
been reported previously. This suggests that the electro-
chemical deposition has a significant levelling effect on the
surface. Moreover, as the absolute value of the applied po-
tential and its duration increase, the samples become
smoother (Figure 1c, d). These observations suggest a depo-
sition mechanism which involves very small clusters that fill
the rough contours of ITO. Although stirring was essential
to achieve smooth surfaces, the rate of stirring had little
effect on the smoothness. The SEM images (not shown) also
show highly smooth surfaces over large areas (up to ca.
100î100 mm).


Factors affecting film deposition


Applied potential : Controlling film thickness is a nontrivial
task in practically all methods of coating.[1,2,7,10, 11] Figure 2
shows the convenient control of film thickness, ranging from
several tens of nanometers (a film thickness of 55 nm is ob-
tained by simple dip coating) up to several hundreds of
nanometers, by variation of the applied potential. Film
growth is more sensitive to negative than to positive poten-
tials, as will be discussed below. The positive potential is
limited (on ITO) to +2.5 V versus Ag/AgBr, because con-
siderable oxygen evolution occurs beyond this voltage, while
the negative potential is limited to �1.6 V, beyond which
massive hydrogen evolution occurs. The presence of phe-
nolphthalein in solution A resulted in the formation of a


pink color near the electrode
surface on applying potentials
more negative than �1.0 V. The
color became darker as the po-
tential was made either more
negative or applied for a longer
period.


Amount of added water : As
can be seen in Figure 3, the
effect of added water on thick-
ness passes through a maximum
on applying negative or positive
potentials for 30 min. The fact
that almost no film is deposited
when no water is added is very
important and is discussed
below. Moreover, we draw at-
tention to the similarity in be-
havior under acidic and alkaline
conditions, which suggests that
the role played by water is simi-
lar in both potential regions.


Duration of the applied poten-
tial : The influence of the time
for which the potential was ap-
plied on the film thickness is
shown in Figure 4 for negative


Figure 1. AFM images of 5î5 mm samples: a) bare ITO plate (RMS roughness value of the coating (Ra=
7.622 nm, z scale: 80 nm)), b) dip-coated ITO (Ra=0.615 nm, z scale: 20 nm), c) coated ITO on applying
�0.9 V for 30 min (Ra=0.568 nm, z scale: 20 nm), and d) coated ITO on applying �1.4 V for 30 min (Ra=
0.522 nm, z scale: 20 nm). All coated surfaces were dried for one week at room temperature after the deposi-
tion stage.
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(�1.2 V) and positive potentials (+2.5 V). In both regimes,
during the first 15 min or so the films are rapidly built up,
after which an almost constant thickness is reached.
Figure 5 shows the effect of negative applied potential on


the current±time behavior. Similar behavior was observed
for positive potentials. Formation of the film is accompanied
by a decrease in the current, which is due to gradual block-
ing of the electrode surface towards the electroactive spe-
cies. As the current varies linearly with the concentration
gradient of the electroactive species at the electrode surface,


this clearly suggests that as the film grows, thickens and is
cross-linked it becomes less permeable to the species being
oxidized or reduced (see below). Due to constant stirring of
the solution, such a decrease in the current is not observed
in the absence of the zirconium monomer. Water depletion
as another plausible explanation of the decay was ruled out,
as doubling the water content by injecting an additional
900 ppm of water after 30 min had no apparent effect on the
current. Interestingly, although the initial current density in-
creases as the applied potential becomes more negative, the
curves eventually merge (after 10±15 min), and similar cur-
rent densities result. This suggests that the film grows quick-
ly during the first 10±15 min of applying the potential, and
that the steady-state current attained after this time has
almost no effect on film growth and originates from its po-
rosity. Therefore, the decrease in the current could be a
good indicator for film growth (see below).
Interestingly, two independent measurements could be


correlated to an approximate straight line, namely, the thick-
ness (Figure 4) and the current density (Figure 5b), as ob-
tained by applying �1.2 V for different durations (Figure 6).


Similar results (not shown) were obtained for gold, on
which zirconia was deposited by applying �1.4 V. Film
growth on gold also ceased after about 15 min, and the cur-


Figure 2. Thickness of zirconia electrodeposited films as a function of the
applied potential. All potentials were applied for 30 min with slow stir-
ring of solution A (see Experimental Section). Unless otherwise stated,
this solution was used in the other figures as well.


Figure 3. Effect of added water on the thickness of the electrodeposited
zirconia films after applying a) �1.2 V and b) +2.5 V for 30 min.


Figure 4. Rate of ZrO2 film buildup on ITO surfaces on applying �1.2 V
(open circles) or +2.5 V (filled circles).


Figure 5. Effect of the applied negative potential on initial current densi-
ties and on current decay profiles at ITO electrodes: a) �1.0 V,
b) �1.2 V, c) �1.4 V, d) �1.5 V, and e) at a gold electrode (�1.4 V). Note
that the currents in lines a±d merge after approximately 15 min.


Figure 6. Cathodic current densities versus thickness of the film when
�1.2 V versus Ag/AgBr was applied at ITO electrodes. The data were
taken from Figures 5b and 4, respectively. The line is only to guide the
eye.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1936 ± 19431938


FULL PAPER D. Mandler, D. Avnir, and R. Shacham



www.chemeurj.org





rent density correlated reciprocally with film thickness.
These findings again indicate that the decay of current in
both systems is due to the gradual blocking of the electrode
surfaces during film deposition.


The conducting substrate : Under comparable conditions of
preparation films deposited on ITO are significantly thinner
than those deposited on gold (Table 1), because the reduc-


tion kinetics are more facile on gold than on ITO (Figure 5,
curve e). This observation also seems to rule out an electro-
phoretic mechanism, which would favour the surface with
the lower rate of electron transfer, that is, higher overpoten-
tial, namely, ITO (see explanation in ref. [24]). The fact that
simple dip coating resulted in a similar film thickness for
both substrates corroborates the electrochemical origin of
film growth.
Furthermore, comparison of the current decays during


buildup of the films on ITO and gold electrodes (Figure 5,
curves c and e) shows that the decrease in reduction current
density for gold is much steeper than that for ITO. This also
suggests that electrochemical deposition of the gel is faster
on gold than on ITO. In addition, the current densities
measured at the steady state (>15 min) are also different:
the gold electrode exhibits higher current densities than
ITO. Nevertheless, these steady-state currents do not lead to
substantial film thickening.


Stirring speed : With decreasing stirring speed, the films
thicken. Nonetheless, we maintained a constant stirring
speed to avoid inhomogeneities in the deposited films. The
fact that the thickness of the deposited films decreased with
increasing stirring speed suggests that deposition depends
on the formation of a local gradient of electrogenerated spe-
cies (i.e., OH� and H+), which is strongly affected by con-
vection. On the other hand, it indicates that formation of
the film is not limited by mass transport to the film/electro-
lyte interface, which should be enhanced by stirring the sol-
ution.


Electrochemical studies


Our findings clearly indicate that the sol±gel films are de-
posited as a result of applying either positive or negative po-
tentials. Moreover, Faradaic processes, that is, oxidation and
reduction of electroactive species, and not charging of the
electrode surface, are responsible for drastically enhancing
the rate of film deposition. Therefore, we primarily tried to
determine the oxidation and reduction processes and the
products that account for this electrocatalytic deposition
process.


Figure 7 shows the cyclic voltammogram of an ITO elec-
trode in 2-propanol and 0.1m LiClO4 before and after
adding 900 ppm of water and 1.12m [Zr(OPr)4]. The reduc-


tion and oxidation of 2-propanol commence at potentials
more negative than �1.0 V and more positive than +2.0 V,
respectively. Evidently, the addition of water (Figure 7b)
significantly increases the currents associated with the re-
duction and oxidation waves; however, these diminish as
soon as the monomer [Zr(OPr)4] is added, presumably be-
cause of its reaction with water. Note that [Zr(OPr)4] is not
electroactive in this potential window. Therefore, one has to
take into account the electroactivity of the solvent and the
added water. The reduction of 2-propanol is likely to give
the alkoxide ion,[29] and therefore, the two reduction proc-
esses are given by Equations (1) and (2).


Me2CHOHþ e� !Me2CHO� þ 1=2 H2 ð1Þ


H2Oþ e� ! 1=2 H2 þ OH� ð2Þ


The electrochemically generated alkoxide will react with
water to yield hydroxyl ions [Eq. (3)].


Me2CHO� þH2O!Me2CHOHþOH� ð3Þ


The anodic processes increase the local concentration of
protons by generating ketone[29] or oxygen [Eqs. (4) and (5)].


Me2CHOH!Me2COþ 2Hþ þ 2 e� ð4Þ


H2O! 1=2 O2 þ 2Hþ þ 2 e� ð5Þ


Figure 8 shows that indeed both the cathodic (measured
at �1.5 V) and anodic (at +2.0 V) currents vary linearly
with the amount of added water. However, while the anodic
current vanishes as water is eliminated, the cathodic back-
ground current is significant. This suggests that the reduc-
tion of the iPrOH contributes more to the total current than
its oxidation. Moreover, this observation, along with the
number of electrons that are involved in the reduction and


Table 1. Dependence of film thickness on the method of deposition and
the electrode material.


Method Thickness [nm]
on ITO on gold


dip coating 50�10 60�10
�0.9 V, 30 min 70�10 100�10
�1.4 V, 30 min 280�10 560�10


Figure 7. Cyclic voltammetry of an ITO plate in 0.1m LiClO4 solution of:
a) dry iPrOH, b) iPrOH with 900 ppm (0.05m) water and c) iPrOH with
0.05m water and 1.12m [Zr(OPr)4].
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oxidation of water [Eqs. (2) and (5), respectively] account
for the increase in the cathodic and anodic currents by fac-
tors of 2 and 15, respectively, upon adding 0.9m
(16000 ppm) of water.
In view of the high reactivity of [Zr(OPr)4] towards water


and the low concentration ratio (r=10�5±10�1) one might
expect that all of the added water would disappear by hy-
drolyzing the monomer to (mono)hydroxylated zirconium
propoxide species with liberation of PrOH [Eq. (6)]. How-
ever, since film growth is evident only in the presence of
water (see Figure 3) it seems that some of the water remains
in the system as such. This can be understood by recalling
that the solvent, nPrOH and iPrOH, is in such large excess
over water that the hydrolysis equilibrium is quenched and
some of the water is retained as a free reagent [Eq. (6)], in
accordance with Le Ch‚telier×s principle.


ZrðOPrÞ4 þ xH2O! ZrðOPrÞ4�xðOHÞx þ xPrOH ð6Þ


This process has an equilibrium constant of K�1700,[30]
from which it can be deduced that although most of the
water in the solution is consumed, a small fraction still re-
mains as free water. Employing high initial concentrations
of the monomer and solvent (1.12m and 8.5m, respectively)
while introducing low concentration of water (0.05m) results
in an equilibrium concentrations of water of about 0.2mm


(only 0.4% of its initial value) and of the monohydroxylated
species of about 0.05m. Indeed, Figure 7 shows that the
cathodic and anodic signals significantly decrease on adding
the monomer to the mixture of water and 2-propanol. The
only significant process that one might expect is the conver-
sion of [Zr(OPr)4] to mixed [Zr(OPr)x(O-2-Pr)4�x] alkoxides.
Since this mixed alkoxide behaves esentially like the original


alkoxide, we shall continue to use the notation [Zr(OPr)4]
below, where OPr refers to nPr or 2-Pr groups. This means
that at least the cathodic current (Figure 5) which is meas-
ured in the presence of the monomer is mainly due to
PrOH reduction. This is in accordance with our findings that
added water had no significant effect on the measured cur-
rent.
To better understand how film growth affects the current,


we studied the current decay under well-controlled condi-
tions using a gold disk electrode (Figure 9). We applied


�1.2 V for 3 min in five successive periods. It is evident that
as deposition proceeds, the current decreases. This decrease
is diffusion-controlled, as is evident from the linear depend-
ence on t�1/2 (not shown). We used a simple model, based on
two resistors in series, to represent the film and the solution
(Figure 10). Therefore, the respective currents can be treat-


ed by the Savÿant approach[31] [Eq. (7)], where iTotal, iSolution
and iFilm are the total current, the current that is controlled
by the gradient formed in solution and the current control-
led by transport in the film, respectively.


1
itotal
¼ 1


isolution
þ 1
ifilm


ð7Þ


Assuming diffusion-controlled conditions gives Equa-
tion (8),


Figure 8. A) Cathodic and B) anodic current densities versus amount of
water added to dry iPrOH+0.1m LiClO4 solution. Figure 9. Current±time transients recorded with a gold electrode in solu-


tion A. The potential was stepped from 0 V to �1.2 V at different times
during film deposition: a) first 3 min to e) after 12 min of deposition.


Figure 10. Schematic diagram of the concentration gradient of electroac-
tive species that is formed during film deposition. For symbols, see text.
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1
itotal
¼ p1=2t1=2


nFAD1=2
solutionCsolution


þ d


nFADfilmCfilm
ð8Þ


where n is the number of electrons that are exchanged per
molecule [n=1, see Eq. (1)], F the Faraday constant, A the
electrode area (0.07 cm2), t the measurement time, Dsolution,
Dfilm and Csolution, Cfilm are the diffusion coefficients and the
concentration gradients of the species in solution and in the
film, respectively, and d is the film thickness. Clearly, the
sum of Csolution and Cfilm (Figure 10) is equal to the total con-
centration gradient of the species between the electrode and
the bulk [Eq. (9)].


Csolution þ Cfilm ¼ C* ð9Þ


Therefore, plotting i�1 as a function of t1/2 [Eq. (8)] should
result in a linear dependence, whereby the slope and the in-
tercept are given by Equations (10) and (11).


slope ¼ p1=2


nFAD1=2
solutionCsolution


ð10Þ


Intercept ¼ d


nFADfilmCfilm
ð11Þ


Indeed, all curves recorded after a known time of apply-
ing a negative potential gave a linear plot of i�1 as a function
of t1/2 (Figure 11), but with different slopes and intercepts.


Extracting the slope and introducing the diffusion coeffi-
cient of propanol (Dsolution=1.6î10


�5 cm2s�1[32] allows Csolu-
tion, and therefore Cfilm, to be calculated for each curve. Intro-
ducing the latter value to the intercept of each curve
[Eq. (11)] made it possible to determine Dfilm, given d from
profilometry. As expected, we obtained a constant diffusion
coefficient, Dfilm= (2.2�0.7)î10�8 cm2s�1, for the solvent in
the film.
Finally, the permeability of the films towards conventional


one-electron redox couples was examined. Three species
were used: hexacyanoferrate(ii), hexaammineruthenium(ii),
and ferrocene, of which the first two are hydrophilic and the
last-named is hydrophobic. The redox responses of
[Fe(CN)6]


3� and [Fe(C5H5)2] at freshly deposited films
(treatment a as detailed in the Experimental Section) are


shown in Figure 12. These voltammograms show that the
electrochemistry of [Fe(C5H5)2] is practically unaffected by
the wet zirconia film, but the hydrophilic species (shown for


[Fe(CN)6]
3�) show no penetration at all (the currents of


[Fe(C5H5)2] and [Fe(CN)6]
3� on bare ITO are 140 and


125 mA, respectively). As for treatments c and d, the hydro-
philic species exhibited higher currents, while the currents
that originated from the electrochemistry of [Fe(C5H5)2]
were unchanged. Furthermore, we studied the effect of film
deposition on the diffusion coefficient of [Fe(C5H5)2]. The
results were unquestionable: the diffusion coefficient of fer-
rocene was not affected by the growth of the film, as veri-
fied by chronoamperometry (D�3.7î10�5 cm2s�1).[33] All of
these findings imply that the freshly formed zirconia film ex-
hibits a certain degree of hydrophobicity, which might be
due to the first, strongly adsorbed layer of propanol, and
perhaps also to some incomplete hydrolysis of the monomer
leaving ZrOPr residues. Indeed, the hydrophobicity decreas-
es as a result of exposure to the atmosphere. The separation
between the oxidation and reduction waves of [Fe(C5H5)2]
(ca. 400 mV) in Figure 11 is mainly due to sluggish kinetics
at the ITO/solution interface. Replacing ITO by gold, which
exhibits faster kinetics, decreases the potential peak separa-
tion.


Proposed polycondensation mechanism


In view of the above results, we propose adopting the mech-
anism that is commonly accepted for ZrO2 sol±gel formation
with catalysis under acidic or alkaline conditions.[34±36] Clear-
ly, the electrochemical processes eventually generate H+ or
OH� [Eqs. (1)±(5)]. Although protons and hydroxide ions
are generated electrochemically even in the absence of
water, water is crucial for the deposition of a zirconia film
(Figure 3). This implies that water is involved not only in
the electrochemical reaction but also in the condensation
itself [Eqs. (12) and (13)]. Specifically, under oxidative con-
ditions, H+ is formed, which then protonates [Zr(OPr)4] to
[Zr(OPr)3(PrOH)]


+ . Nucleophilic substitution takes place
with water to give [Zr(OPr)3(H2O)]


+ [Eq. (12)]. The mo-
noprotonated species condenses to form Zr-O-Zr bonds by


Figure 11. Dependence of the reciprocal current from Figure 9 on t1/2.


Figure 12. Cyclic voltammetry of a) 5 mm [Fe(C5H5)2] and b) 5 mm


[Fe(CN)6]
3� in 0.1m LiClO4 iPrOH solution, recorded with scan rate of


100 mVs�1and ITO electrodes (treatment a, as described in the Experi-
mental Section).
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reacting with another monomer molecule (either hydrolyzed
or not), releasing either a water molecule, propyl alcohol or
dipropyl ether [e.g., Eq. (13)].


½ZrðOPrÞ3ðPrOHÞ�þ þH2O! ½ZrðOPrÞ3ðOH2Þ�þ þ PrOH


ð12Þ


½ZrðOPrÞ3ðOH2Þ�þ þ ½ZrðOPrÞ4� ! ½ZrðOPrÞ3OZrðOPrÞ3�þ
PrOHþHþ


ð13Þ


Under reductive conditions, it is OH� which forms [Zr(O-
Pr)3(OH)] by nucleophilic substitution, releasing PrO�


[Eq. (14)]; the monohydroxylated species condenses with
another monomer to form Zr-O-Zr bonds by a hydrolytic
mechanism [Eq. (15)][34,36]). Hence, the role played by water
is primarily to provide the nucleophile, which attacks zirco-
nium and forms [Zr(OPr)3(OH)]. The fact that most of the
cathodic current is attributed to the reduction of the solvent
supports this claim.


½ZrðOPrÞ4� þOH� ! ½ZrðOPrÞ3OH� þ PrO� ð14Þ


½ZrðOPrÞ3OH� þ ½ZrðOPrÞ4� ! ½ZrðOPrÞ3OZrðOPrÞ3� þ PrOH


ð15Þ


The fact that the film ceased growing after reaching a cer-
tain thickness, which depends primarily on the nature of the
electrode material, is apparently due to the flux profile of
the electrogenerated species. Clearly, the lower the overpo-
tentials for solvent oxidation and reduction, the larger the
fluxes of these species are. In other words, as the flux of pro-
tons or hydroxyl ions increases, the reaction zone will
extend farther into the solution. Yet, as the film is built, it
slows down significantly the diffusion of both the solvent
and water and hence decreases the rate of film deposition.
The film will presumably grow until it reaches the diffusion
layer of the electrogenerated protons or hydroxyl ions. In-
creasing the flux by applying more negative or positive po-
tentials pushes this layer deeper into the solution. On the
other hand, it is evident that a certain concentration of H+


or OH� is required at the film/electrolyte interface to drive
film growth. Convection of the solution tends to level this
pH gradient and therefore decreases the rate of film deposi-
tion.


An issue which is still unresolved is the complex effect of
water concentration on film thickness (Figure 3). It is evi-
dent from Figure 2 that the rate of H+ or OH� generation
governs the rate of film deposition, but this depends on the
potential and only to a lesser extent on water concentration.
In other words, the concentration of water must be above a
certain level so that, on one hand, every RO� that is electro-
chemically formed will immediately react with water to
form OH� , and on the other hand, that the species
Zr(OPr)4 will be able to undergo nucleophilic attack by
water to form [Zr(OPr)3(H2O)]


+ . An initial current density
of about 100 mAcm�2 (approximately equal to a flux of
10�9 mol s�1 cm�2) and a diffusion path of 10 mm would


result in a concentration of 1mm of generated electroactive
species. Therefore, the relatively small amounts of water (in
the 0.1mm range) will be fully consumed. Yet, we do not
have a clear explanation for the fact that higher concentra-
tions of water tend to decrease the film thickness.


Conclusion


Our study clearly shows that electrochemical reactions that
take place at the interface of conducting substrates result in
the formation of zirconium oxide thin films with thickness in
the submicrometer range. The effect of the different param-
eters that control the growth of the film on ITO and Au sur-
faces suggests a mechanism of electrochemical acid or base
catalysis. The major advantage of this approach is the ability
to control the deposition rate externally by means of the ap-
plied potential. However, the formation of thick films, in the
micrometer range, is limited due to hindrance of diffusion of
the electroactive species to the electrode surface and of the
protons and hydroxyl ions from the electrode to the solution
by the deposited film. In other words, the process is self-
controlled and ceases as the pH at the film/electrolyte inter-
face becomes insufficient to drive film deposition. This also
implies that the reported approach could be advantageous
for depositing films on the nanometer scale on conducting
surfaces.


Experimental Section


Chemicals : Zirconium tetra-n-propoxide ([Zr(OPr)4], 70% (w/w) in n-
propanol, ABCR) was used as received. Highly pure LiClO4, KNO3,
KBF4, and NaCl were purchased from Merck. 2-propanol (2-PrOH) was
dried over 0.3 nm molecular sieves for at least one week, which resulted
in a water content of less than 1 ppm (determined by the Karl Fischer
method). Highly purified water (EasyPure U.V., Barnstead) with resistiv-
ity of 18.3MWcm was used in all experiments. Phenolphthalein,
K3[Fe(CN)6], [Ru(NH3)6]Cl3 and ferrocene were obtained from Aldrich.
The conducting substrates were indium tin oxide on glass (ITO, Delta
Technologies Stillwater, MN) or thin gold films (ca. 2000 ä) deposited on
glass that was previously covered with a thin (ca. 5 nm) chromium layer.
The areas of ITO electrodes were ca. 1.2 cm2 in Figures 1±8, 11, and 12.
The area of all gold substrates was 0.07 cm2.


Electrochemical experiments were performed with a VersaStat potentio-
stat (EG&G). Cyclic voltammetry (CV) and chronoamperometry (CA)
were performed in a conventional three-electrode cell with a graphite
rod as auxiliary electrode and an Ag/AgBr wire as the reference elec-
trode. All potentials quoted here are versus this reference electrode, that
is about +70 mV versus standard hydrogen electrode (SHE). The depo-
sition solution consisted of 1.12m [Zr(OPr)4] to which 0.1m LiClO4 in 2-
propanol and 900 ppm of water (r=0.045) were added (solution A). Con-
stant potentials were applied to the substrates in the range of +2.5 V to
�1.5 V with continuous, slow stirring for 0.5±90 min. The substrates were
withdrawn from the deposition solution by a homemade lifter at a rate of
50 mms�1 while constantly applying the potential. The films were dried at
room temperature for at least 24 h.


For electrochemical characterization of the deposited films we used dry
2-propanol solutions that contained 0.1m LiClO4 and 5mm of the electro-
active species: hexacyanoferrate(ii), hexaammineruthenium(ii) or ferro-
cene. Voltammograms of each species were recorded a) Immediately
after deposition, b) After immersing the fresh gels in 2-PrOH for 3 h,
c) After immersing the fresh gels in the solution of the electroactive spe-
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cies for 3 h, and d) After drying the films for a week at room tempera-
ture.


Other instrumentation : The thickness of the deposited films was meas-
ured with a profilometer (P-15, KLA-Tencor Co.). AFM images were ac-
quired with a NanoScopeII (Digital Instruments, CA), operated in the
contact mode using a cantilever with a spring constant of 0.58 Nm�1.
Scanning electron micrographs and elemental analyses were acquired
with a JEOL JSM-6400 SEM with an electron-beam intensity of 15 or
10 keV. XRD spectra were recorded with a PW1710 diffractometer at
40 kV and 35 mA in the range of 20<2q<638.
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Supramolecular Recognition: Protonmotive-Driven Switches or Motors?


James D. Crowley, Andrew J. Goshe, Ian M. Steele, and Brice Bosnich*[a]


Introduction


It has become common to refer to certain responses of
supramolecular assemblies as representing the operation of
molecular switches, motors, or even machines. How the re-
sponse of a molecular assembly to various chemical or phys-
ical stimuli is characterized can depend on the perspective
of the observer of the phenomena. Since we deal with the
operation of what are described as molecular switches or
motors herein, it is useful to define these terms. Although
there are more complicated definitions,[1] a simple molecular
switch can be defined as a molecular system that can be in-
duced to transform from one state to another by stimuli
such as light, electrochemistry, or chemical reactions.
Changes in state are, of course, associated with changes in
physical characteristics. A molecular motor is a molecular
assembly that can transform chemical energy into mechani-
cal work. Molecular motors, therefore, involve the coupling
of chemical reactions with molecular motion and usually
refer to molecular assemblies where concerted, repetitive
chemically driven ™strokes∫ cause specific molecular move-
ment. A molecular machine is a molecular motor that uses


its work for a specific task, such as locomotion. These defini-
tions imply that a molecular switch and motor can operate
in a similar manner if the switch involves molecular translo-
cation.


Biological systems incorporate numerous molecular
motors that perform a variety of tasks.[2] Relevant in the
present context are the rotary molecular motors, FoF1AT-
Pase[3] and the bacterial flagella motor[4] that are driven by
the protonmotive force associated with transmembrane
proton gradients. In the former case, motor rotation leads to
ATP synthesis whereas in the latter the protonmotive force
driven rotation leads to bacterial locomotion. The mecha-
nism by which the molecular motion is driven by the proton
gradient is complex, but relies on electrostatic, hydrophobic,
and hydrophilic interactions that are switched on and off by
protonation and deprotonation.[3] The biological rotary
motors are especially complex machines so that attempts to
emulate some of their features in simple systems present
formidable challenges. Despite this, a number of reports
have appeared of systems that couple chemical energy with
molecular motion.[5] In the present context, two examples of
proton promoted translocation are notable. One of these is
a two-site rotaxane that, upon protonation of the rotaxane
thread, leads to intramolecular site translocation of the
charged, threaded macrocycle.[6] An intermolecular analogue
involves a positively charged platinum-based host bearing
dimethylaniline guests.[7] In this case the guests are released
from the positively charged host cavity by guest protonation.
In both of these examples the host±guest association arises
from weak noncovalent forces[8] that are overcome by elec-
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Abstract: A dicationic molecular re-
ceptor bearing two cofacially disposed
terpyridyl-Pd-Cl units forms stable 1:1
host±guest complexes with planar, neu-
tral platinum(ii) complexes. When the
guest is modified to incorporate a pyri-
dine group, the now basic guest is pro-
tonated by trifluoroacetic acid in aceto-
nitrile solutions. The basic yellow guest
forms a stable, deep red 1:1 host±guest
complex with the yellow palladium re-
ceptor. Addition of trifluoroacetic acid


to this host±guest complex leads to the
displacement of the guest from the re-
ceptor. It is proposed that the dissocia-
tion of the guest is caused by electro-
static repulsion between the dicationic


receptor and the positively charged
protonated guest. Addition of base re-
stores the host±guest complex. This
protonmotive translocation of the guest
from the host to the solution is dis-
cussed in terms of the mechanisms that
drive molecular motors, the power
stroke and the Brownian ratchet. It is
concluded that the system is best de-
scribed as a molecular switch that oper-
ates by the same mechanism as one
stroke of a molecular motor


Keywords: host±guest systems ¥
molecular motors ¥ molecular
switches ¥ protonmotive
displacement ¥ supramolecular
chemistry
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trostatic repulsion after protonation. The work described
here examines several aspects of proton-induced guest disso-
ciation from host±guest complexes. The process is discussed
in terms of the work that is done.


Results and Discussion


Host±guest complexes : In previous work[9] we showed that
the palladium-based receptor 1 forms a very stable 1:1 asso-
ciation complex with the platinum complex 2. It was found


both in solution and in the solid state that the guest 2 lies
within the molecular cleft provided by the receptor 1, and is
probably stabilized by p±p stacking interactions and by
weak metal±metal interactions between the host and guest
metals.[10] Although the host±guest complex is stable in solu-
tion in CH3CN, K=12000m�1, rapid intermolecular host±
guest exchange occurs.


Because the receptor 1 is positively charged, a neutral
guest in the cleft upon becoming positively charged, by
some method, will experience strong electrostatic repulsion
and consequently is expected to be repelled from the cleft
into the solvent. The simplest method of switching the guest
charge from neutral to positive is by using a neutral guest
that can be protonated. Analogous guests to 2 are the plati-
num complexes 3±5. The guests 3 and 4 are basic but 5 is


not. The 5-methyl groups were incorporated to hinder coor-
dination of the pyridine nitrogen atom to metals. In the
cases of 3 and 5, formylacetone rather than acetylacetone
was used to prepare the tridentate ligands to obtain planar
complexes. When acetylacetone is used, the inner methyl
group sterically interacts with the neighboring aromatic ring
to cause the coordinated ligand to twist.[11] Such twisting
would diminish the binding capacity of such guests in the
cleft.


Crystal structures of 1 and 5 : That the guest 5 is planar was
established by its crystal structure (Figure 1, Table 1). The


average deviation of any non-hydrogen atom from the mo-
lecular plane is 0.07 ä. The bond lengths and angles are un-
exceptional and are provided in the Supporting Information.


Suitable crystals of 1 for structure determination using
synchrotron radiation were grown from a solution in aceto-
nitrile at �20 8C after standing for two years in a screw-top
vial. The structure is shown in Figure 2 and the crystallo-
graphic data are provided in Table 1. It will be seen that the
terpy-Pd-Cl units of pairs of molecules interpenetrate. A
center of inversion lies between Pd(1A) and Pd(1B), and
the spacer units are in chiral conformations, the molecules
having opposite absolute configurations. The unit cell has
two molecules of 1 as shown, but ™vertical∫ stacking of
terpy-Pd-Cl units extends through the crystal. This stacking
is shown in Figure 3, in which the interplanar separations
are given and interplanar angles are shown in brackets. The
planes of the terpy-Pd-Cl units are essentially parallel and
the interplanar distances within the unit cell are similar to
those expected for p±p stacking. The planar separation be-
tween unit cells (Pd(2A), Pd(2B)) is larger than that expect-


Figure 1. Structure of the guest 5 (ORTEP diagram; the thermal ellip-
soids are shown at the 50% probability).


Table 1. Crystallographic data for 5 and 1¥5CH3CN.


Compound 5 1


formula C10H12N2O2Pt C55H55Cl2N7Pd2 + 2PF6


+ 5C2H3N
formula weight 387.31 1713.07 (including sol-


vent)
space group P21/c P1≈


a [ä] 12.787(3) 13.169(3)
b [ä] 4.4830(10) 13.686(3)
c [ä] 18.885(4) 22.240(4)
a [8] 90.00 87.57(3)
b [8] 109.115(4) 85.34(3)
g [8] 90.00 72.79(3)
V [ä3] 1022.9(4) 3815.5(13)
Z 4 2
crystal size
[mm], color,
habit


0.68î0.60î0.80,
orange, needle


0.07î0.04î0.015, yellow,
diamond fragment


1calcd [gcm�3] 2.515 1.491
m [mm�1] 13.697 0.663
T [K] 100(5) 100(5)
wavelength [ä] 0.71073 (MoKa) 0.54993 (synchrotron ra-


diation)
R(F) [%][a] 3.54 5.52
R(wF2) [%][a] 9.14 14.50


[a] Quantity minimized=R(wF2)=�[w(F2
o�F2


c)
2]/�[(wF2


o)
2]1/2 ; R=�D/


�(Fo), D= j (Fo�Fc) j , w=1/[s2(F2
o) + (aP)2 + bP], P= [2F2


c +Max
(Fo, 0)]/3.
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ed for p±p stacking. The terpy-
Pd-Cl units of each molecule 1
are twisted with respect to the
spacer, the planes are roughly
parallel (3.98) and are separated
by 6.714 ä. The Pd�Pd distan-
ces depend on the interplanar
separations and on the amount
of displacement of these planes
with respect to each other.
Thus the interplanar separa-
tions do not necessarily reflect
the metal±metal separations:
Pd(1A)�Pd(1B) 3.364,
Pd(1B)�Pd(2A) 3.453,


Pd(2A)�Pd(2B) 4.471, and
Pd(1A)�Pd(2A) 6.765 ä. The
distance between Pd(1A) and
Pd(1B) is the only separation
that may indicate significant
Pd�Pd interaction.[10]


The interpenetrated structure
of 1 (Figure 2) must generate
strong electrostatic repulsions
between the closely spaced pos-
itively charged terpy-Pd-Cl
units. In the crystal, the nega-
tively charged PF6


� counterions
are found to cluster about the


terpy-Pd-Cl units to neutralize the charges. Charged poly-
pyridyl-Pd-X+ complexes are known to stack in the solid
state so that the interpenetrated structure found here is
analogous.[12]


In acetonitrile solutions, 1 is completely dissociated. Thus,
between 10�2 and 10�5


m the 1H NMR spectrum and the ab-
sorption spectrum in the ultraviolet and visible regions are
independent of concentration. Further, the conductivity of 1
in acetonitrile solutions is 235 W�1 cm2mol�1 indicating that
at 10�3


m, 1 is a 2:1 electrolyte.[13] Thus, the receptor 1 is
fully dissociated with respect to itself and its counterions in
acetonitrile solutions. Consistently, neither the terpy-Pd-Cl+


nor the terpy-Pt-Cl+ complex associates with 1 in acetoni-
trile solutions as judged from the 1H NMR spectra and UV/
Vis spectra.


Synthesis : The preparation of 1 is given elsewhere.[9] The
preparation of 4 is outlined in Scheme 1. The nitro com-
pound 6 is cleanly reduced to the air-sensitive amine 7 by
the hydrazine/graphite[14] method and the Schiff×s base 8
forms readily with salicylaldehyde. The platinum compound
9 is prepared by a variation of the Pregosin method.[15] Re-
placement of the dimethyl sulfoxide (DMSO) ligand from 9
by ammonia gives the ammine complex 4 efficiently.


The condensation of 7 with 10 to give 11 proved trouble-
some [Eq. (1)]. After all of the obvious solution methods
were tried, simply heating a mixture of 7 and 10 provided
the desired product 11 in reasonable yield and purity. The
compound 11 is susceptible to ready hydrolysis. Reaction of


Figure 2. Side view of the stacking that is present in the crystal of 1¥5CH3CN (ORTEP diagram; thermal ellip-
soids are shown at 50% probability). The solvent and counterions have been removed for clarity.


Figure 3. Representation of the stacking of the terpy-Pd-Cl units in the
crystal of 1¥5CH3CN. The interplanar distances are given and the inter-
planar angles are shown in parentheses.


Scheme 1. Synthesis of 4.
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11 with [Pt(dmso)2Cl2] by the method shown in Scheme 1
gives the DMSO complex that is then converted to the
stable ammine complex 3. The preparation of 5 followed a
similar procedure except that, in this case, 10 reacted readily
with o-aminophenol.


Host±guest formation : Solutions of the receptor 1 and of
the potential guests 3±5 in acetonitrile are light yellow.
Upon mixing of 1 with any one of these guests, a deep red
solution results indicating host±guest formation. At 25 8C
the 1H NMR spectra of the three host±guest complexes 1
and 3, 1 and 4, 1 and 5 are broad but become sharp at 70 8C.
The host±guest association constants for 1 and 3 and for 1
and 4 were determined in CD3CN at 70 8C by the chemical
shift titration method.[16] Both systems form 1:1 host±guest
association complexes. The equilibrium constant for the
host±guest complex between 1 and 3 is K1,3=21000�
4000m�1 and for the complex between 1 and 4 is K1,4=


37000�6000m�1. ESI-MS (CH3CN) data for solutions con-
taining 1 and 3, 1 and 4, as well as 1 and 5 also show that
1:1 host±guest complexes are formed and the mass spectra
show isotopic resolution (see Supporting Information). The
1H NMR spectra of the host±guest complexes show large
chemical shifts for the Ha, Hb, and Hd protons (see 1) of the
receptor but almost no shift is observed for Hc. This indi-
cates[17] that the guests reside inside of the molecular cleft
and that they have essentially no residency time on the
™outside∫ terpy-Pd-Cl face as is observed in other host±-
guest complexes.[9] This assertion is supported by the crystal
structure of the host±guest complex between 1 and 3.


X-ray data were collected on the adduct formed by 1 and
3 which was isolated by vapor diffusion of methanol into a
host±guest solution in methyl ethyl ketone. It was found
that the guest existed in two orientations in the ratio of
70:30 inside of the receptor cleft. Both orientations had the
ammine ligands oriented in a similar direction as the two
chloro groups of the receptor which has terpy-Pd-Cl units
twisted with respect to each other. The two orientations of
the guest are believed to arise from 1808 rotation about the
Pt�NH3 bond. Because of the two orientations of the guest,
we were unable to determine accurately the coordinates of
all of the atoms of the guest molecule. The structure of the
host±guest complex, as far as could be determined, is given
in the Supporting Information. Several important features
of the structure were determined with confidence, however.
The three planes provided by the guest and two terpy-Pd-Cl
units of the receptor are essentially parallel and the three
metal atoms Pd-Pt-Pd are essentially aligned. The salient
structural information is illustrated in Figure 4. The rather
short Pt�Pd distances may indicate metal±metal interac-
tion[10] and the interplanar separations are those expected
for p-stacked molecules.


Acid±base reactions : For the study of the protonation of the
host±guest complexes, trifluoroacetic acid (TFA) was used
because it was found that TFA readily protonated the free
guest 3 in acetonitrile solution and that excess of TFA did
not lead to decomposition of the guest nor the host over
several hours at 70 8C. The pKa values of the trifluoroacetic
acid and pyridine in dry CH3CN solution at 25 8C are report-
ed[18] to be 12.65 and 12.33, respectively. Presumably, the
free guests 3 and 4 in acetonitrile will have similar pKa


values to pyridine. The receptor 1, however, also has a pyri-
dine nitrogen atom, which could be protonated by TFA. The
analogous pyridine compound 12 is reported[19] to have a
pKa of 1.73 in 70% EtOH/H2O at 25 8C. The lower than ex-


pected pKa value may be due to the restricted cavity in
which the nitrogen lone pair exists. A 10�3


m CD3CN solu-
tion of 1 at 25 8C gave 1H NMR spectra that were un-
changed for up to 100 equivalents of TFA, suggesting that
no protonation occurs. In addition to steric crowding, the
very low pKa of the receptor 1 in CD3CN solution is proba-
bly connected with the electrostatic repulsions that are gen-
erated between the dipositively charged receptor and a posi-
tively charged protonated nitrogen atom of the receptor.


When considering the degree of dissociation of the guests
3 and 4 from their host±guest complexes in the presence of
acid, three equilibria require consideration: the host±guest
association constant KHG, the dissociation constant of TFA,
Ka, and the proton dissociation constant of the free guest,
Kg. The constants are defined as shown in Scheme 2.


Combining these three equilibrium equations, an analytic
expression for the relationship between the concentration of
the host±guest complex with acid concentration can be de-
rived (see supporting information). Further, using the ex-
pression for Ka and Kg, the variation of a physical property,
such as optical density or chemical shift, with acid titration


Figure 4. Schematic representation of the important structural details
from the crystal structure of the host±guest complex formed from 1
and 3.
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of the base can be derived analytically (see Supporting In-
formation). In principle, the (real) solution of this equation
will give the values of Ka and Kg. Knowing KHG experimen-
tally, it is possible in principle to find the concentration of
all of the species in solution for a given acid concentration
from the derived equations. In the present case, the pKa


values for TFA and 3 are likely to be about 12, in acetoni-
trile solution at 25 8C, but the most dilute concentration of
guest that can be used for accurate physical measurements
is 10�4


m. Under these circumstances, it is not possible to
obtain accurate values of Ka and Kg from acid titration of
the guest.[20]


Given these restrictions to the formal method, a different
approach was used for assessing the amount of acid required
to fully protonate the guest and for complete acid-induced
dissociation of the guest from the host. The method involves
plotting the variation in a physical property versus acid con-
centration. At the point where no further variation in physi-
cal property with acid concentration is observed, it is as-
sumed that the guest is fully protonated or fully dissociated
from the host.


Figure 5 shows the variation of the absorption spectrum
of 3 upon incremental additions of dry TFA in dry CH3CN
solution at 25 8C. As will be noted, the spectral variation in-
dicates that a clean protonation occurs. Figure 6 shows two
plots of the change in absorbance versus equivalents of TFA
derived from the data in Figure 5. Both plots indicate that
the guest is fully protonated after about 20 equivalents of
TFA are added. Figure 7 shows the variation in absorption
spectra of the host±guest complex formed between 1 and 3
with added TFA. The absorption centered around 525 nm is
the ™charge transfer∫ absorption associated with host±guest
formation. Upon successive additions of TFA to the host±
guest complex, this band gradually decreases in intensity
and at sufficient TFA the charge transfer band is extinguish-
ed. For most of the TFA addition, an isosbestic point is ob-


Scheme 2. Definition of the dissociation constants.


Figure 5. Absorption spectra for the titration of 3 with TFA. The experi-
ments were performed at 25 8C in dry CH3CN where the concentration of
3 was held constant at 0.477mm and the concentration of TFA was varied
between 0.927mm and 38.9mm.


Figure 6. Plots of the absolute change in absorbance (jDA j ) versus equiv-
alents TFA for the titration of 3 with TFA. The data is derived from
Figure 5.


Figure 7. Absorption spectra for 1 (A, 2.00mm), 3 (B, 2.00mm), a 1:1 sol-
ution of 1 and 3 (C, 2.00mm each), and the titration of the host±guest
complex formed from 1 (2.00mm) and 3 (2.00mm) with TFA (varied be-
tween 4.62mm and 191mm). The experiments were performed at 25 8C in
dry CD3CN.
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served. At nearly complete protonation of the guest (see
Figure 5) the protonated guest has absorption which in-
trudes into the isosbestic point region. Visually, the solution
of the host±guest complex changes from a deep red color to
a light straw color as TFA is added. When triethylamine is
incrementally added to the yellow solution derived from
protonation of the guest in the host±guest solution, the var-
iation of the spectrum in Figure 7 occurs in the reverse di-
rection. When the number of equivalents of triethylamine is
equal to the equivalents of TFA originally added, the host±
guest spectrum is fully restored. Plots of the change in ab-
sorbance versus equivalents of TFA are shown in Figure 8


where it can be seen that about 45 equivalents of TFA are
required to fully dissociate the guest 3. The greater number
of equivalents of TFA required to fully protonate the guest
3 in the presence of one equivalent of host 1 is due to com-
petition for the guest by the host and the acid as defined by
the equilibrium constants HHG, Ka, and Kg. Titration of the
guest 3 and the host±guest complex between 1 and 3 with
TFA in dry CD3CN solution at 70 8C was also monitored by
1H NMR spectroscopy that showed shifts in the proton reso-
nance frequencies in both the host and the guest upon guest
protonation (see Supporting Information). Plots of chemical
shifts versus TFA equivalents revealed similar stoichiome-
tries as were observed from the UV data at 25 8C. The latter
are more accurate, however.


The changes in physical property when the guest is al-
lowed to react with TFA could arise from a guest±TFA hy-
drogen bonded adduct or from the formation of a separated
protonated guest cation and trifluoroacetate anion. If the
latter is the case, conductivity measurements should detect
the formation of ions. The conductivity of the guest 3 alone
and of TFA alone in dry acetonitrile at 25 8C is essentially
zero. When dry TFA is added to a 10�3


m solution of 3 in dry
CH3CN solution, the molar conductivity increases until
about 20 equivalents of TFA are added, which is the same
saturation level found by spectrophotometry. At this con-
centration of TFA, the molar conductance was
110 W�1 cm2mol�1. This conductance is somewhat lower than


that expected for a 1:1 electrolyte in CH3CN solution (120±
160 W�1 cm2mol�1)[13] but the observed conductivity indi-
cates that protonated 3 and trifluoroacetate exist predomi-
nantly as separated ions in dilute CH3CN solution. This ob-
servation supports the assertion that the guest in the pres-
ence of TFA exists as a positively charged ion that is expect-
ed to be repelled by the dicationic host 1.


The guest 5 has no conventional basic elements and, con-
sistently, addition of TFA to a solution of 5 in CH3CN led to
very small changes in the absorbance at around 400 nm indi-
cating that some interaction between TFA and 5 may exist.
As expected, the host±guest complex formed by 1 and 5 was
not significantly affected by the addition of 100 equivalents
of TFA as judged from absorption spectral changes.


The (basic) guest 4 forms a more stable host±guest com-
plex with 1, than does 3 with 1. On this basis, alone, more
TFA would be required to fully remove the guest from the
host by protonation. More TFA would also be required if, in
addition, 4 is a weaker base than 3. This appears to be the
case as seen from TFA titration of 4, monitored by the ab-
sorption spectrum. The variation in the spectra with TFA
addition, however, did not provide stable isosbestic points,
suggesting that protonation generates more than one spe-
cies. The overall spectra of the protonated and unprotonated
guest 4, however, was similar to those found for the guest 3
(Figure 4). Plots of absorbance versus equivalents of TFA at
25 8C in dry CH3CN solution indicate that about 60 equiva-
lents of TFA were required to fully protonate 4, three times
the number of equivalents of TFA required to fully proto-
nate 3. Thus 4 appears to be a weaker base than 3, and 4
forms a more stable adduct with 1 than does 3. Consistently,
even after 200 equivalents of TFA were added to the host±
guest complex, the guest 4 was not fully dissociated from
the host 1, as judged by spectrophotometry at 25 8C (Sup-
porting Information).


Discussion


The proton-induced (protonmotive) dissociation of the guest
from the receptor can be described in several ways. It can
be referred to as an acid-induced shift in equilibrium, or as
a molecular switch or as a molecular motor. Each and all of
these descriptions are correct but each characterization elic-
its a different perspective on the process. The process descri-
bed here is in some ways different from a conventional shift
in equilibrium because the host±guest complex is stabilized
by noncovalent forces and the guest is released from the
host by noncovalent electrostatic forces. Because the proto-
nmotive force causes the guest to move from the cleft of the
receptor to the solution and the process is accompanied by a
color change from red to yellow, the response of the system
can be called a simple molecular switch. Because acid (or
base) causes the translocation of the guest, the process can
also be regarded as a single step (stroke) of a molecular
motor. If the present system is described as one stroke of a
molecular motor, it is necessary to demonstrate that work is
done. This is shown by considering the mechanisms by
which molecular motors operate.


Figure 8. Plots of the absolute change in absorbance (jDA j ) versus equiv-
alents TFA for the titration of the host±guest complex formed from 1
and 3 with TFA. The data is derived from Figure 7.
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Two distinct mechanisms are recognized that drive a mo-
lecular motor, the power stroke[21] and the Brownian ratch-
et.[22] Both mechanisms may operate in the same motor.
These two mechanisms are illustrated in Scheme 3 and
Scheme 4 for the present system. The power stroke is per-
haps the simplest process to comprehend because it bears
some relationship to the operation of macroscopic motors.
The Brownian ratchet mechanism, however, bears no mac-
roscopic motor analogy because it operates by the rectifica-
tion of stochastic Brownian motion, that is, thermal energy
is harnessed to do work.


Scheme 3 outlines the potential operation of the power
stroke in the present system. The host±guest complex, 13, is
stabilized by noncovalent interactions. Because TFA is es-
sentially undissociated in acetonitrile solution and because


the receptor is a dication, it is
unlikely that a solvated proton
will exist to combine with the
basic guest in the molecular
cleft. It is more probable that
TFA will form the neutral hy-
drogen bonded species, 14,
from which, upon release of the
trifluoroacetate anion, the un-
stable host±guest complex 15 is
generated. Electrostatic repul-
sion between the host and the
protonated guest will lead to
dissociation resulting in the for-
mation of the free receptor 1
and the free protonated guest.
The electrostatic force that op-
erates on both the dication re-
ceptor and the protonated guest


leads to molecular motion and, consequently, work (force by
distance) is done on both the receptor and the guest.


The operation of the Brownian ratchet for the present
system is illustrated in Scheme 4. Brownian motion induces
(reversible) dissociation of the guest from the host±guest
complex 13. The free guest is then protonated by the acid
and thus the guest is prevented from returning to the recep-
tor. An alternative possible path involves the formation of
the hydrogen-bonded host±guest complex 14, followed by
the dissociation of the hydrogen bonded guest which, by dis-
sociation of trifluoroacetate, gives 1 and the protonated
guest. As for the case of the power stroke, work is done in
the Brownian ratchet mechanism because the protonated
guest is unable to return to the receptor.


The experiments described here do not speak in support
of one or other of these processes. It is probable, however,
that both mechanisms participate for the present system.
The proton induced translocation of the macrocycle in the
two-site rotaxane[6] can be described by the mechanisms pre-
sented here. The acid-induced removal of dimethylanilines
from the cationic platinum-based cage,[7] however, most
probably involves the Brownian ratchet mechanism because
strong acid in water was used. It is unlikely that protons
would enter the positively charged cage to protonate an in-
carcerated guest.


If a molecular switch operates by translocation of a mole-
cule, as is the case for the present protonmotive removal of
the guest from the receptor, then one stroke of a switch is
identical to one stroke of a motor. Consequently, whatever
mechanism or description is ascribed to one can be ascribed
to the other. Both require work to be performed on mole-
cules.


One crucial aspect of molecular motors is that they are
driven by a repetitive succession of molecular events, each
of which does work and, in concert, leads to motion of mo-
lecular assemblies. For example, the proton driven motor,
FoF1ATPase, has a rotor that has 9±14 protein copies[23] each
of which is involved in a concerted unidirectional rotation of
the rotor and its attached drive shaft.[24] Thus, if concerted


Scheme 3. Power stroke mechanism for driving a molecular motor.


Scheme 4. Brownian ratchet mechanism for driving a molecular motor.
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repetitive action is part of the definition of a molecular
motor, the present and previously published chemically
driven systems[5,25] are not motors. They are better described
as molecular switches. But as noted here, the mechanisms
for the operation of a molecular switch when molecular
translocation is involved and of one stroke of a molecular
motor can be the same. The difference is largely related to
the function that the molecular device performs. Devising
molecular systems that can drive a molecular assembly by
concerted, repetitive strokes is a considerable challenge[26]


but is a prerequisite to the development of molecular ma-
chines.


Conclusion


It has been shown that a dicationic receptor incorporating a
neutral basic guest will release the guest upon guest proto-
nation. Electrostatic repulsion is believed to cause host±
guest dissociation, a process that is accompanied by a color
change from deep red to yellow. It is suggested that the
proton-driven dissociation of the guest can be described as a
molecular switch or one stroke of a molecular motor. Both
the switch and motor operate by similar mechanisms,
namely, an electrostatically driven power stroke and a Brow-
nian ratchet. Because molecular motors are usually defined
as systems that operate by repetitive cycles, it is concluded
that the present system is better described as a molecular
switch.


Experimental Section


General procedures : All reagents were obtained from commercial suppli-
ers and were used without further purification. All reactions were per-
formed under an atmosphere of argon, unless otherwise specified. 1H and
13C NMR spectra were recorded using a Bruker DRX500 or a Bruker
DMX500 Fourier transform spectrometer. Proton and carbon chemical
shifts, d, are reported in ppm, and referenced to tetramethylsilane
(TMS). Coupling constants, J, are reported in hertz. Electronic absorp-
tion spectra were obtained using a Perkin Elmer Lambda 6 UV/Vis spec-
trophotometer. For a given wavelength and acid concentration, the abso-
lute change in absorbance, (jDA j ), was calculated by subtracting the acid
dependent absorbance from the absorbance in the absence of acid, (j
DA j o). The absolute change in chemical shift, (jDA j 0) is calculated simi-
larly. Elemental analyses were performed by Desert Analytics, Tucson,
Arizona. Conductance measurements were performed at 23 8C with 1î
10�3


m samples using an YSI Scientific model 35 conductance meter.
Melting points are uncorrected. Acetonitrile was dried over CaH2, tetra-
hydrofuran (THF) was dried over potassium/benzophenone ketyl, diethyl
ether was dried over sodium/benzophenone ketyl, and dichloromethane
was dried over CaH2. Dry trifluoroacetic acid (TFA) was obtained by dis-
tillation from a solution containing 5% trifluoroacetic anhydride. Thin
layer chromatography was carried out using precoated silica gel (What-
man PE SIL G/UV) or precoated aluminum oxide (J. T. Baker, alumi-
num oxide IB-F). Silica gel 60 ä (Merck, 230±400 mesh) and aluminum
oxide 58 ä (either activated, basic, Brockman I or activated, neutral,
Brockman I) were used for chromatography as indicated. Celite is J.T.
Baker Celite 503. [Pt(dmso)2Cl2] was prepared by the literature
method.[27] The preparation of the receptor complex 1 has been previous-
ly described.[9]


2-Amino-6-methylpyridin-3-ol (7): A 100-mL flask was charged with the
nitropyridine 6 (2.5 g, 16.22 mmol) dissolved in anhydrous ethanol
(27 mL). Graphite (4.9 g) was added to this yellow solution. The flask


was flushed with argon and hydrazine monohydrate (1.6 g, 1.6 mL,
32.44 mmol) was added. Upon addition of the hydrazine, the color of the
exothermic reaction solution changed to bright yellow and the viscosity
of the suspension increased. The suspension was stirred for 5 min where-
after the suspension was refluxed for 1.75 h during which time the color
of the solution changed from bright yellow to nearly colorless. At the
end of this period, the reaction mixture was cooled to room temperature
and was filtered through celite. The solvent and any remaining hydrazine
were removed under reduced pressure. The crude product was then dis-
solved in THF and was chromatographed on basic alumina (25 g) using
THF as the eluent. The eluent solvent was removed to yield air-sensitive,
white crystals of 7 (1.69 g, 84.1%) that were stored under nitrogen. To
prevent excessive decomposition of the aminopyridine, it was used imme-
diately to generate the desired imine.


2-{[(2-Hydroxyphenyl)methyl]imino}-6-methylpyridin-3-ol (8): The ami-
nopyridine 7 (1.69 g, 13.6 mmol) was dissolved in anhydrous ethanol
(50 mL). Salicylaldehyde (1.66 g, 13.6 mmol) was added and the suspen-
sion was refluxed for 1 h. During this time, the color changed to red-
orange and nearly all of the starting materials dissolved. The solution
was allowed to cool to room temperature and the solvent was removed
under reduced pressure to give a red solid. This solid was dissolved again
in absolute ethanol (25 mL) and the solvent was evaporated again. This
procedure was repeated twice. The solid was dissolved into boiling meth-
anol (150 mL) and the product was crystallized by cooling to �25 8C. The
product deposited as red plates which were collected by filtration and
were washed with cold methanol. A second crop of the product could be
obtained from the filtrate by similar treatment. Yield: 2.0 g, 64%. 1H
NMR (CD2Cl2, 20 8C, 500 MHz): d=2.50 (s, 3H), 6.91±6.95 (m, 2H), 7.06
(d, J=8.14 Hz, 1H), 7.25 (d, J=6.92 Hz, 1H), 7.45 (dd, J1=8.10, J2=


1.61 Hz, 1H), 7.74 (d, J=6.59 Hz, 2H), 9.38 (s, 1H), 12.4 ppm (br. s. ,
1H); 13C NMR ([D6]DMSO, 27 8C, 125 MHz): d=23.07, 116.87, 118.93,
119.26, 123.60, 125.23, 133.17, 133.49, 143.92, 145.42, 147.00, 161.07,
161.43 ppm; ESI-MS (CD2Cl2): m/z : 227 [M�1], 228 [M]; elemental anal-
ysis calcd (%) for C13H12N2O2: C 68.41, H 5.30, N 12.27; found: C 68.30,
H 5.33, N 12.13.


[Pt(8)DMSO] (9): A 50-mL flask was charged with [Pt(dmso)2Cl2]
(0.925 g, 2.19 mmol) dissolved in DMSO (20 mL). K2CO3 (0.715 g,
5.17 mmol) and 8 (0.5 g, 2.19 mmol) were added and the mixture was
heated to 140 8C. The reaction mixture was stirred at 140 8C for 15 min
and the color changed to red-brown. The reaction mixture was then al-
lowed to cool to 90 8C and distilled water (25 mL) was slowly added, pre-
cipitating the product. The mixture was stirred for 15 min and was then
poured into distilled water (100 mL). The reaction mixture was stirred
until it had cooled to room temperature. The crude product was isolated
by filtration and was washed well with distilled water (2î25 mL). The
impure yellow solid was dried, and then was dissolved in hot ethyl ace-
tate (500 mL) and was passed through a filter frit. This solution was then
chromatographed on basic alumina (20 g) using ethyl acetate as the
eluent. The product is the only material that passes through this column.
The yellow solution was concentrated to 75 mL under reduced pressure
whereupon the product deposited as yellow needles. After the mixture
had been cooled to �20 8C, the crystals were collected by filtration. The
yellow needles of the product were washed with pentane (2î10 mL).
Yield: 0.61 g, 56%. 1H NMR ([D6]DMSO, 27 8C, 500 MHz): d=2.48 (s,
3H), 2.54 (s, 6H), 6.87 (t, J=6.9 Hz, 1H), 7.00 (d, J=8.3 Hz, 1H), 7.25
(d, J=8.5 Hz, 1H), 7.34 (d, J=8.3 Hz, 1H), 7.54 (td, J1=6.8, J2=1.6 Hz,
1H), 8.03 (dd, J1=8.0, J2=1.4 Hz, 1H), 9.46 ppm (s, 1H); 3J(195Pt, H-
9.46)=29.7 Hz; 13C NMR ([D6]DMSO, 27 8C, 125 MHz): d=22.72, 40.41,
117.10, 120.44, 121.26, 123.35, 125.29, 134.49, 135.55, 144.02, 146.46,
149.00, 156.93, 162.25 ppm; ESI-MS (CD3CN): m/z : 499 [M], 500 [M+1];
elemental analysis calcd (%) for C15H16N2O3PtS: C 36.07, H 3.23, N 5.61;
found: C 36.22, H 3.18, N 5.54.


[Pt(8)NH3] (4): A dry 50-mL flask was charged with [Pt(8)DMSO]
(0.200 g, 0.400 mmol) dissolved into freshly distilled CH3CN (20 mL).
Ammonia, as a 7m solution in methanol, (6.60 mL, 46.2 mmol) was
added to the yellow suspension of the DMSO complex. The reaction mix-
ture was stirred at room temperature for 120 h, during which time the
color of the yellow suspension changed to orange. Periodically, more am-
monia was added to the reaction mixture. After 120 h the crystals were
dissolved by increasing the volume of acetonitrile to 60 mL and heating.
As this orange solution cooled, the product deposited as orange micro-
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crystals. The volume of acetonitrile was reduced to approximately 7 mL
and the resulting suspension was cooled to �20 8C. The orange crystals of
the product were collected by filtration and were washed with cold aceto-
nitrile (1î3 mL), diethyl ether (1î10 mL), and pentane (1î10 mL).
Yield: 0.145 g, 82.4%. 1H NMR ([D7]DMF, 27 8C, 500 MHz): d=2.54 (s,
3H), 4.96 (br. s, 3H), 6.75 (t, J=7.7, 1H), 6.92 (d, J=8.3, 1H), 7.05 (d,
J=8.5, 1H), 7.25 (d, J=8.2, 1H), 7.50 (td, J1=8.4, J2=1.4, 1H), 7.94 (d,
J1=7.9, 1H), 9.57 ppm (s, 1H); 3J (195Pt, H-9.57)=34.1 Hz; 13C NMR
([D7]DMF, 27 8C, 125 MHz): d=23.09, 116.85, 122.26, 122.99, 123.23,
125.23, 133.03, 135.19, 142.47, 143.23, 152.13, 160.05, 163.35 ppm.
LM(CH3CN)=1.05 W�1 cm2mol�1; ESI-MS (CD3CN): m/z : 438 [M], 439
[M+1]; elemental analysis calcd (%) for C13H13N3O2Pt: C 35.62, H 2.99,
N 9.59; found: C 35.95, H 2.98, N 9.57.


4-[3-Hydroxy-6-methylpyridin-2-yl)amino]but-3-en-2-one (11): A 200-mL
flask was charged with 7 (2.01 g, 16.2 mmol) and 4-methoxy-3-buten-2-
one (1.62 g, 16.2 mmol). The neat mixture was heated at 120 8C for 2 h.
The flask was flushed with argon periodically. At the end of this period,
any methanol that had been generated was removed under reduced pres-
sure, yielding a black, resinous material. This was dissolved in THF
(10 mL) and was filtered through silica (35 g). The solvent was removed
and the resulting brown solid was slurried in diethyl ether (10 mL). The
solid was recovered by filtration and was washed with ether (10 mL),
ethyl acetate (5 mL), and pentane (10 mL). This yielded the product as a
tan solid of sufficient purity (~95%) for use in the next step. Yield:
1.28 g, 41.0%. This product is air stable, but is susceptible to hydrolysis
in wet solvents. 1H NMR ([D6]DMSO, 27 8C, 500 MHz): d=2.10 (s, 3H),
2.32 (s, 3H), 5.40 (d, J1=8.0 Hz, 1H), 6.64 (d, J1=7.9 Hz, 1H), 7.04 (d,
J1=7.9 Hz, 1H), 7.93 (dd, J1=8.0, J2=12.0 Hz, 1H), 9.91 (br. s, 1H)
11.62 ppm (d, J1=12.0 Hz, 1H); 13C NMR ([D6]DMSO, 27 8C, 125 MHz):
d=22.64, 29.10, 98.01, 116.77, 121.74, 138.13, 139.20, 140.35, 145.79,
197.90 ppm; ESI-MS (CH2Cl2): m/z : 191 [M�1], 192 [M].


[Pt(11)DMSO] (16): A dry 200-mL flask was charged with
[Pt(dmso)2Cl2] (1.10 g, 2.6 mmol) dissolved in anhydrous DMSO
(15 mL). Compound 11 (0.500 g, 2.6 mmol) and K2CO3 (0.850 g,
6.14 mmol) were added as solids to the yellow solution. The resulting
slurry was heated to 140 8C over 15 min and was maintained at that tem-
perature for a further 15 min, during which time the color changed to
dark green. The solution was allowed to cool to room temperature and
water (180 mL) was added to precipitate a yellow/green powder, which
was isolated by filtration and was washed with water (3î20 mL). The dry
solid was dissolved into hot ethyl acetate and was passed through basic
alumina (20 g). The eluted solvent was removed under reduced pressure
yielding yellow needles, which were recrystallized from hot hexanes. The
solid (0.85 g, 70.3%) was collected by filtration was washed with cold
hexanes and vacuum dried. 1H NMR ([D6]acetone, 27 8C, 500 MHz): d=
2.15 (s, 3H), 2.39 (s, 3H), 3.44 (s, 6H), 5.77 (d, J1=6.7 Hz, 1H), 6.72 (d,
J1=8.2 Hz, 1H), 7.13 (d, J1=8.2 Hz, 1H), 8.64 ppm (d, J1=6.7 Hz, 1H);
3J(195Pt, H-8.64)=23.3 Hz; 13C NMR ([D6]acetone, 27 8C, 125 MHz): d=
23.11, 25.99, 42.11, 100.00, 120.97, 124.48, 141.22, 144.28, 151.31, 156.41,
178.13 ppm; ESI-MS (CH3CN): m/z : 463 [M], 464 [M+1]; elemental
analysis calcd (%) for C12H16N2O3PtS: C 31.10, H 3.48, N 6.05; found: C
31.14, H 3.44, N 5.95.


[Pt(11)NH3] (3): A dry 50-mL sealable flask was charged with
[Pt(11)DMSO] (0.150 g, 0.32 mmol) dissolved in freshly distilled CH3CN
(20 mL). Ammonia, as a 7m solution in methanol, (2 mL, 14.0 mmol) was
added to the yellow solution of the DMSO complex. The reaction flask
was sealed and the reaction mixture was heated to 60 8C using an oil
bath. The reaction mixture was stirred at this temperature for 24 h,
during which time the color changed to light orange. At the end of this
period, the reaction mixture was allowed to cool and was then transfer-
red to a 100-mL flask. The solvent was removed under reduced pressure
yielding a yellow powder. The compound was recrystallized by vapor dif-
fusion of diethyl ether into a CH3CN solution of the product. The yellow
needles (0.121 g, 92.0%) were collected by filtration and were washed
with cold CH3CN (3 mL), diethyl ether (5 mL), and pentane (5 mL). 1H
NMR ([D6]acetone, 27 8C, 500 MHz): d=1.86 (s, 3H), 2.35 (s, 3H), 4.31
(br. s, 3H), 5.52 (d, J=6.5 Hz, 1H), 6.62 (d, J=8.1 Hz, 1H), 7.01 (d, J=
8.1 Hz, 1H), 8.58 ppm (d, J=6.5 Hz, 1H); 3J(195Pt, H-8.58)=32.5 Hz; 13C
NMR ([D6]acetone, 27 8C, 125 MHz): d=23.12, 25.76, 99.74, 120.12,
123.63, 137.53, 142.50, 153.65, 158.11, 174.27 ppm; LM (CH3CN)=1.36
W�1 cm2mol�1; ESI-MS (CH3CN): m/z : 402 [M], 403 [M+1]; elemental


analysis calcd (%) for C10H13N3O2Pt: C 29.85, H 3.26, N 10.44; found: C
29.85, H 3.40, N 10.47.


[(2-Hydroxyphenyl)amino]but-3-en-2-one (17): A 50-mL flask was flame-
dried and was flushed with argon. The flask was charged with the 4-me-
thoxy-3-buten-2-one (0.5 g, 4.99 mmol) dissolved in THF (10 mL). This
yellow solution was cooled to �10 8C and o-aminophenol (0.545 g,
4.99 mmol) dissolved in THF (7 mL) was added. The reaction mixture
was stirred at �10 8C for 2.5 h and was then allowed to warm to room
temperature. The reaction mixture was stirred at room temperature for
2 h. The solvent was removed under reduced pressure to yield a yellow
solid. This solid was recrystallized from a minimum amount of hot THF
by cooling to �20 8C. The crystals were collected by filtration and were
washed with ethyl acetate (5 mL) and hexanes (5 mL). This yielded a
yellow powder of sufficient purity (~97%) for the next step. Yield:
0.445 g, 50.3%. 1H NMR ([D6]DMSO, 16 8C, 500 MHz): d=2.03 (s, 3H),
5.30 (d, J=7.70 Hz, 1H), 6.77±6.84 (m, 4H), 7.31 (d, J=7.75 Hz, 1H),
7.58 (dd, J1=12.8, J2=7.60 Hz, 1H), 10.02 (br. s, 1H), 11.53 (d, J=
12.8 Hz, 1H); 13C NMR ([D6]DMSO, 27 8C, 125 MHz): d=29.75, 97.59,
113.85, 115.81, 120.26, 123.43, 129.07, 142.77, 145.97, 197.53 ppm; ESI-MS
(CD2Cl2): m/z : 177 [M], 178 [M+1].


[Pt(17)DMSO] (18): A 100-mL flask was charged with [Pt(dmso)2Cl2]
(0.477 g, 1.13 mmol) dissolved into DMSO (8 mL). K2CO3 (0.477 g,
1.13 mmol) and 17 (0.2 g, 1.13 mmol) were added and the slurry was
heated to 140 8C. The slurry was stirred at 140 8C for 15 min as the color
changed to yellow-brown. The reaction mixture was then allowed to cool
to 90 8C and distilled water (23 mL) was slowly added, precipitating the
product. This suspension was stirred for 15 min and was then poured into
distilled water (80 mL). The mixture was stirred until it had cooled to
room temperature. The crude product was isolated by filtration and was
washed well with distilled water (2î25 mL). The yellow solid was dried
and was then dissolved into hot ethyl acetate and passed through a filter
frit. This solution was then chromatographed on basic alumina (8 g)
using ethyl acetate as the eluent. The product is the only material that
passes through this column. The yellow eluent solution was concentrated
to a small volume under reduced pressure. The product deposited as
yellow needles on the sides of the flask. The product was completely pre-
cipitated by addition of ether. It was collected by filtration (0.435 g,
86.0%). 1H NMR ([D6]acetone, 27 8C, 500 MHz): d=2.12 (s, 3H), 3.30 (s,
6H), 5.65 (d, J=6.6 Hz, 1H), 6.57±6.60 (m, 1H), 6.87±6.93 (m, 2H), 7.70
(d, J=7.9 Hz, 1H), 8.18 ppm (d, J=6.6 Hz, 1H); 3J(195Pt, H-8.18)=
25.4 Hz; 13C NMR ([D6]acetone, 27 8C, 125 MHz): d=25.77, 42.23, 99.46,
114.92, 116.58, 117.97, 126.83, 140.40, 141.78, 166.12, 175.55 ppm; ESI-MS
(CD3CN): m/z : 448 [M], 449 [M+1]; elemental analysis calcd (%) for
C12H15NO3PtS: C 32.14, H 3.37, N 3.12; found: C 32.41, H 3.44, N 3.04.


[Pt(17)NH3] (5): A dry 50-mL sealable flask was charged with
[Pt(17)DMSO] (0.150 g, 0.335 mmol) dissolved into freshly distilled
CH3CN (10 mL). Ammonia, as a 7m solution in methanol, (1.5 mL,
10.5 mmol) was added to the yellow suspension of the DMSO complex.
The flask was sealed and the temperature was elevated to 60 8C. The re-
action mixture was stirred at this temperature for 24 h. The volume of
acetonitrile was then reduced to 5 mL and the product was crystallized
from the solution by vapor diffusion with ether. The orange crystals of
the product were collected by filtration and were washed with diethyl
ether (5 mL) and pentane (1î10 mL). Yield: 0.090 g, 69%. 1H NMR
([D6]acetone, 27 8C, 500 MHz): d=1.86 (s, 3H), 4.30 (br. s, 3H), 5.42 (d,
J=6.3 Hz, 1H), 6.47±6.50 (m, 1H), 6.79±6.85 (m, 2H), 7.64 (d, J=8.1 Hz,
1H), 8.09 ppm (d, J=6.3 Hz, 1H); 3J(195Pt, H-8.09)=30.6 Hz; 13C NMR
([D6]acetone, 27 8C, 125 MHz): d=25.37, 99.01, 114.85, 117.24, 125.82,
137.47, 141.54, 167.82, 171.57 ppm; LM(CH3CN)=1.12 W�1 cm2mol�1;
ESI-MS (CD3CN): m/z : 387 [M], 388 [M+1]; elemental analysis calcd
(%) for C10H12N2O2PtS: C 31.01, H 3.12, N 7.23; found: C 31.32, H 2.98,
N 7.27.


Host±guest interaction of 1 with 3 : A series of 2.00 mm solutions of 1 in
dry CD3CN containing varying amounts of 3, ranging from 0.46 mm to
10.96 mm, were prepared and were examined by 1H NMR spectroscopy
(70 8C). The host in CD3CN solution is yellow, as is the guest. The host±
guest mixtures vary in color from pale orange to deep red. The mole
ratio method[16] was applied, and the stoichiometry of the association was
found to be 1:1 (supporting information). The maximum chemical shift
change for any of the protons of the host was Dd=0.6 ppm (Hb). Several
other protons of the host had maximum chemical shift changes in the
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range, Dd=0.25 to 0.6 ppm. The maximum chemical shift change ob-
served for the guest was Dd=1.07 ppm, several other protons had chemi-
cal shifts changes of about Dd=0.51 to 1.02 ppm. The data were analyzed
by using a curve fitting procedure[9] and K1,3 was found to be 21000�
4000m�1; ESI-MS (CD3CN): m/z : 609.5 [H�2PF6]


2+ , 810.0 [HG�2PF6]
2+


(see Supporting Information).


Host±guest interaction of 1 with 4 : The host±guest association constant
for 1 and 4 in CD3CN solution at 70 8C was determined by the 1H NMR
titration method described for the association of 1 and 3. A series of
2.00 mm solutions of 1 in dry CD3CN containing varying amounts of 4,
ranging from 0.53 mm to 13.9 mm, were used. The data were analyzed
using a curve fitting procedure[9] and K1,4 was found to be 37000�
6000m�1; ESI-MS (CD3CN): m/z : 608.6 [H�2PF6]


2+ , 828.0 [HG�2PF6]
2+


(see Supporting Information).


Titration of 3 with trifluoroacetic acid (TFA): A series of 0.477 mm solu-
tions of 3 in dry CD3CN containing varying amounts of dry TFA, ranging
from 0.927 mm to 38.9 mm, were prepared and were examined by absorp-
tion spectrometry (25 8C). The guest 3 in CD3CN solution is yellow, and
TFA is colorless. The acid±base mixtures vary in color from yellow to
orange (Figure 5). The protonation of 3 was also studied by using
1H NMR spectroscopy (70 8C). A series of 2.15 mm solutions of 3 in dry
CD3CN containing varying amounts of dry TFA, ranging from 1.30 mm to
198 mm, were prepared. The data was consistent with the results obtained
by UV/Vis spectroscopy (see Supporting Information).


Titration of the host±guest complex derived from 1 and 3 with trifluoro-
acetic acid : A series of solutions containing 2.00mm of 1 and 2.00 mm of
3 in dry CH3CN containing varying amounts of TFA, ranging from
4.62mm to 191mm, were prepared. These solutions were examined by ab-
sorption spectrometry at 25 8C giving the results shown in Figure 7. The
protonation of the host±guest complex, formed by 2.00mm each of 1 and
3 was also monitored by 1H NMR spectroscopy at 70 8C in CD3CN in the
presence of TFA ranging from 0.64 mm to 199mm. Plots of the change in
chemical shift (Dd) verses equivalents of TFA, obtained from the 1H
NMR data (70 8C) were again consistent with the results obtained by
UV/Vis spectroscopy (see Supporting Information).


Titration of 4 with trifluoroacetic acid : A series of 0.456 mm solutions of
4 in dry CD3CN containing varying amounts of TFA, ranging from
0.608 mm to 77.9 mm, were prepared and were examined by absorption
spectrometry. The change in absorbance (|DA|) was plotted against the
equivalents of TFA (supporting information). This plot indicated that
60 equivalents of TFA are required to fully protonate 4. The protonation
of 4 was also studied by using 1H NMR spectroscopy (70 8C). A series of
2.15 mm solutions of 4 in dry CD3CN containing varying amounts of
TFA, ranging from 1.30mm to 260 mm, were prepared and examined by
1H NMR spectroscopy. The data were consistent with the results ob-
tained by UV/Vis spectroscopy (see Supporting Information).


Titration of the host±guest complex derived from 1 and 4 with trifluoro-
acetic acid : These experiments were carried out in analogous way to that
described for TFA addition to the host±guest complex formed by 1 and
3. The degree of dissociation was monitored by UV/Vis spectroscopy at
25 8C and by 1H NMR spectroscopy at 70 8C in CD3CN solutions (see
Supporting Information).


Crystallographic structural determination for 5 : X-ray quality crystals of
5 were grown by cooling a hot saturated solution of the complex in aceto-
nitrile. Data collection: A needle-shaped crystal (0.68î0.08î0.06 mm)
was selected under a stereo-microscope while immersed in Fluorolube
oil. The crystal was removed from the oil using a tapered glass fiber that
also served to hold the crystal for data collection. The crystal was mount-
ed and centered on a Bruker SMART APEX system at 100 K. Rotation
and still images showed many of the diffractions to be sharp, however, a
few diffractions appeared doubled or amorphous on some frames.
Frames separated in reciprocal space were obtained and provided an ori-
entation matrix and initial cell parameters. Final cell parameters were ob-
tained from the full data set. A ™hemisphere∫ data set was obtained
which samples approximately 1.2 hemispheres of reciprocal space to a
resolution of 0.84 ä using 0.3o steps in w using 20 s integration times for
each frame. Data collection was made at 100 K. Integration of intensities
and refinement of cell parameters were done using SAINT.[28] Absorption
corrections were applied using SADABS[28] based on redundant diffrac-
tions. Structure solution and refinement: The space group was deter-


mined as P21/c based on systematic absences and intensity statistics. Pat-
terson methods were used to locate the Pt atom. Repeated difference
Fourier maps allowed recognition of all expected C, O, and N atoms. Fol-
lowing anisotropic refinement of all atoms, ideal H atom positions were
calculated. No anomalous bond lengths or thermal parameters were
noted.


Crystallographic structural determination for 1: X-ray quality crystals of
the complex 1 were grown by slow evaporation of a �20 8C acetonitrile
solution of the complex over two years. The yellow diamonds that result
are very fragile and they effloresce, and were stored in the mother liquor.
The small crystal size, weak diffractions, and ready loss of solvent neces-
sitated data collection using synchrotron radiation. Data collection: A
fragment of a yellow, diamond shaped crystal (0.07î0.04î0.015 mm) was
selected under a polarizing microscope while immersed in Fluorolube oil
to avoid possible loss of solvents of crystallization. The crystal was re-
moved from the oil using a tapered glass fiber that also served to hold
the crystal for data collection. The crystal was mounted and centered on
a goniometer with Kappa geometry at ChemMatCARS Sector 15 beam-
line at the Advanced Photon Source at Argonne National Laboratory.
The sample was cooled to 100 K. Still images showed the diffractions to
be sharp. Data collection consisted of 1220 frames separated by 0.3
degree rotations in phi with the detector to sample distance set to 4 cm.
Integration time for each frame was 2 s. The unit cell was obtained by
using SMART and integration of intensities and refinement of cell pa-
rameters were done using SAINT.[28] Absorption corrections were applied
using SADABS[28] based on redundant diffractions. Structure solution
and refinement: The space group was determined as P1≈ based on system-
atic absences and intensity statistics. Patterson methods were used to
locate the Pd atoms as well as P and Cl atoms. Repeated difference Four-
ier maps allowed recognition of all expected C, N, and F atoms. Five ace-
tonitrile molecules were also located in the asymmetric unit. Hydrogen
atom positions were calculated. Final refinement was anisotropic for all
non-hydrogen atoms and isotropic for H atoms. No anomalous bond
lengths were noted although a few displacement ellipsoids were elongat-
ed, possibly due to disorder in tert-butyl groups.


Crystallographic structural determination for the host±guest complex
formed from 1 and 3 : Crystals of the complex were grown by dissolving a
1:1 mixture of the host 1 and guest 3 in methyl ethyl ketone and vapor
diffusing with methanol for seven days, at �4 8C. Data collection: A red
diamond (0.40î0.40î0.45 mm) was selected under a stereo-microscope
while immersed in Fluorolube oil to avoid possible loss of solvent. The
crystal was removed from the oil using a tapered glass fiber that also
served to hold the crystal for data collection. The crystal was mounted
and centered on a Bruker SMART APEX system at 100 K. Rotation and
still images showed the diffractions to be sharp. Frames separated in re-
ciprocal space were obtained and provided an orientation matrix and ini-
tial cell parameters. Final cell parameters were obtained from the full
data set.


A full sphere data set was obtained using 0.3 o steps in w using 30 s inte-
gration times for each frame. Data collection was made at 100 K. Integra-
tion of intensities and refinement of cell parameters were done using
SAINT[28] . Absorption corrections were applied by using SADABS[28]


based on redundant diffractions.


Structure solution and refinement : The space group was determined as
P1≈ based on systematic absences and intensity statistics. Patterson meth-
ods were used to locate the Pt atom, the Pd atoms, and the P atoms. Re-
peated difference Fourier maps allowed recognition of all expected C, N,
and Cl atoms located on the host (C(1)±C(65), N(1)±N(7), and Cl(1) and
Cl(2)). The atoms on the host molecule were located with ease and fol-
lowing anisotropic refinement of these atoms, the ideal H atom positions
were calculated. The bond distances and angles of the atoms associated
with the host are unremarkable and no unusual thermal ellipsoids were
noted. Refinement of the occupancy of the P atoms located by Patterson
methods revealed one of the P atoms to be of single occupancy and two
to be of one-half occupancy. Repeated difference Fourier maps allowed
recognition of the F atoms associated with these P atoms. The PF6 ion of
100% occupancy was refined aniostropically. The F atom octahedra of
the two one-half occupancy PF6 ions share a face and the P and F atoms
of these one-half occupancy ions were refined isotropically. The guest is
disordered over two positions in approximately a 7:3 ratio determined by
examination of C atom occupancy. The Pt atom and immediate coordina-
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tion sphere (N(8), N(9), O(1), and O(2)) of the two orientations of the
guest appear to be superimposed. That is, the two orientations of the
guest appear to be related by rotation about the line defined by N(8)-
Pt(1)-N(9). The C and (pyridine) N atoms of the two orientations of the
guest were located with difficulty by comparison of a Fourier contour
map of the electron density of this plane with the positions that would be
predicted from the crystal structure of 5. The occupancy of these C and
N atoms has been refined. The C and (pyridine) N atoms associated with
the 70% occupancy isomer are C(66)±C(75) and N(10) and those associ-
ated with the 30% occupancy isomer are C(76)±C(83) and N(11). The Pt
atom and the atoms of the immediate coordination sphere (N(8), N(9),
O(1), and O(2)) were refined anisotropically. The carbon and nitrogen
atoms of the remaining portion of the ligand were refined isotropically
and the H atoms associated with the ligand of the guest were not calcu-
lated. The bond distances and angles between Pt(1) and (N(8), N(9),
O(1), and O(2) are near expected values. Because of the two-site disor-
der and near superpositioning of many of the remaining atoms of the
guest, the bond distances and angles of the remaining portion of the
guest are distorted from expected values. Two methanol molecules were
located in the structure, one of 70% occupancy, the other 100% occu-
pancy. One 70% occupancy acetonitrile molecule was also located. These
solvent molecules were refined isotropically and the H atom positions
were not calculated. In addition to these well-defined solvent molecules
two regions of unidentifiable but structured electron density were located
in the E-map. These were assigned as C atoms (C(94)±C(98) and C(88)±
C(93) and C(99)) and the occupancy refined. The locations and occupan-
cies of these atoms suggest that they are associated with disordered sol-
vent. In addition to these semi-structure locations of electron density in
the E-map a number of unstructured single points of electron density
were located in the E-map. SQUEEZE was implemented to remove
these remaining points of electron density and 61 electrons were re-
moved using this routine. A check of the ™cif∫ file for this structure re-
vealed the possibility of higher symmetry (C2/c). Solution of the structure
in C2/c, however, led to less satisfactory results.


CCDC-221482 (1), CCDC-221481 (5), and CCDC-221483 (1¥3) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.ac.uk/conts/retrieving.html (or from
the Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; Fax: (+44)1223-336-033; or e-mail : deposit@ccdc.
cam.ac.uk).
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Photosensitized Degradation of Dyes in Polyoxometalate Solutions Versus
TiO2 Dispersions under Visible-Light Irradiation: Mechanistic Implications


Chuncheng Chen,[a] Wei Zhao,[a] Pengxiang Lei,[a] Jincai Zhao,*[a] and Nick Serpone[b]


Introduction


Semiconductor photocatalysts, such as TiO2, have gained
much attention because they can potentially utilize inexpen-
sive and inexhaustible solar radiation for environmental re-
mediation. Moreover, they are useful in other diverse areas
such as photo±electrochemical conversion to give energy,
the photodissociation of water into H2 and O2,


[1] the fixation
of CO2 and N2,


[2,3] and the photosynthesis of organic com-
pounds.[4] Another class of photocatalytically active materi-
als that have received somewhat less attention are the poly-
oxometalates (POMs).[5] Their unique combination of physi-
cal and chemical properties, in terms of molecular and elec-
tronic versatility, reactivity, and stability, make them a prom-
ising class of photocatalysts. Many POM systems share the
same general photochemical characteristics as the semicon-
ductor photocatalysts. For example, a variety of organic sub-


strates can be oxidized photocatalytically, even mineralized,
by POMs under UV irradiation (ca. l<400 nm).[6±13] A com-
parison of the photoxidation of organics by UV-illuminated
POMs and semiconductors has also been reported.[7,14±16]


We set out to expand the useful response of semiconduc-
tor photocatalysts to visible light, and to investigate their
potential application in the photodegradation of dye pollu-
tants under visible irradiation. Towards this end, in recent
years, we and others[17±21] have reported that various types of
dyes can be photodegraded effectively in TiO2 dispersions
subjected to visible radiation. These systems were initiated
by electron injection of the dyes in their excited state onto
the conduction band of TiO2. Certain polyoxometalates can
also act as electron relays in a manner analogous to semi-
conductors such as TiO2. In particular, they can undergo
stepwise multi-electron redox reactions, while their structure
remains intact. Substrates in highly reactive excited states
should also transfer electrons to POMs in the ground state,
and as a consequence become oxidized, while the POMs are
reduced. Since POMs are important models in the elucida-
tion of the photocatalytic action of metal±oxide semiconduc-
tors, investigations on the POM-assisted photodegradation
of dyes by visible-light irradiation is expected to provide
useful information for a greater understanding of both the
photocatalysis reaction mechanism, and, more importantly,
on the secondary events following the electron-transfer
process. Moreover, to the extent that the photodegradation
of dyes under visible-light irradiation in both TiO2 and
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Abstract: This article examines the
photoxidation of a dye (rhodamine-B,
RhB) by visible-light irradiation in the
presence of a polyoxometalate (12-
tungstosilicic acid, H4SiW12O40), and
compares it with the analogous process
in the presence of TiO2. The photore-
action processes were examined by
UV-visible spectroscopy, fluorescence
spectroscopy, high-performance liquid
chromatography (HPLC), liquid chro-
matography/mass spectral techniques
(LC-MS), and total organic carbon


(TOC) assays in order to identify the
intermediates produced. Formation of
oxygen species, such as H2O2 and O2C� ,
was also investigated to clarify the de-
tails of the reaction pathway. With the
use of SiW12O40


4� ions as the photoca-
talyst, the photoreaction leads mainly


to N-dealkylation of the chromophore
skeleton. In contrast, cleavage of the
whole conjugated chromophore struc-
ture predominates in the presence of
TiO2. Strong O2C�/HO2C� ESR signals
were detected in the TiO2 dispersions,
whereas only weak ESR signals for the
O2C� radical ion were seen in the
SiW12O40


4� solutions during the irradia-
tion period. Experimental results imply
that reduction of O2 occurs by different
pathways in the two photocatalytic sys-
tems.
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POM systems does not involve valence-band (VB) holes, it
is an excellent probe by which to investigate the role of the
reduced catalysts and dioxygen in the photocatalytic degra-
dation of organic pollutants in both photocatalytic systems.
In this study, photodegradation of the rhodamine-B


(RhB) dye mediated by visible-light irradiation of a POM


(SiW12O40
4� ions) was examined for the first time. Differen-


ces in the photodegradative features of the SiW12O40
4� and


TiO2 systems were also investigated in some detail. The aim
of our present investigation was: 1) to uncover and assess
the similarities and differences between the metal oxide
semiconductor and the POM photocatalysts, 2) to provide a
greater understanding of the reaction mechanism for the
visible light induced degradation of dyes mediated by TiO2,
3) to estimate the relative importance of O2 in the photo-
degradation of organic compounds in both POM and TiO2


systems, and 4) to explore the potential application of the
selective oxidation and photosynthesis of POM-based pho-
tocatalytic processes when the POM is photosensitized by
visible-light-irradiated dyes.


Results and Discussion


Separation and identification of the N-de-ethylated inter-
mediate products of RhB : The target substrate RhB, which
contains four N-ethyl groups at either side of the xanthene
ring, is relatively stable in aqueous solutions upon visible-
light irradiation. Furthermore, a reaction was not observed
in the presence of either SiW12O40


4� ions or TiO2 when the
reaction mixture was maintained in darkness. However,
RhB underwent pronounced photodegradation in the pres-
ence of either of the two catalysts upon visible-light irradia-
tion. The UV-visible spectral changes during the photodeg-
radation of RhB in the presence of SiW12O40


4� ions or TiO2


are illustrated in Figures 1A and B, respectively. The ab-
sorption maximum of the degraded solution at various times
exhibited hypsochromic shifts to a certain extent; these re-
sulted from the stepwise formation of a series of N-de-
ethylated intermediates (see Figure 2D below).
Direct evidence for the stepwise N-de-ethylation of RhB


was demonstrated by LC-MS techniques. The typical HPLC
chromatogram after visible-light irradiation in the presence
of SiW12O40


4� ions was recorded by both a UV-visible diode
array detector (Figure 2A, at 505 nm) and by a mass-spec-
tral detector (Figure 2B). The solution consisted of six
HPLC components with retention times of less than 15 min.
One of the peaks was the initial RhB dye (peak a). The


other five peaks (b±f) were ascribed to intermediates. The
relevant mass spectra, in which the molecular-ion peak of
each intermediate is displayed, are illustrated in Figure 2C.
The molecular-ion peaks of the products differed exactly by
28 mass units in sequence; this is consistent with the sequen-
tial removal of the N-ethyl groups from the parent RhB
molecule. The five different intermediates identified during
the photoreaction were N,N-diethyl-N’-ethylrhodamine
(DER), N-ethyl-N’-ethylrhodamine (EER), N,N-diethyl-
rhodamine (DR), N-ethylrhodamine (ER), and rhodamine
(R).
The absorption spectra of each intermediate in the visible


spectral region are depicted in Figure 2D. The spectra a (ab-
sorption maximum 550 nm), b (537 nm), c (522 nm), d
(527 nm), e (512 nm), and f (500 nm) correspond to peaks a,
b, c, d, e, and f in Figure 2A and 2B, respectively. The
change in absorption maximum of the spectral bands (from
550 nm to 500 nm) corresponds to the hypsochromic shifts
in Figure 1. The slight deviation in the absorption maxima
between the spectra in Figure 1 (in aqueous media) and Fig-
ure 2D (mixed aqueous methanolic media) is probably due
to the nature of the solvent.
It is relevant to note that peaks c and d in Figure 2 display


identical mass characteristics; this indicates that the inter-
mediates contain two ethyl groups less than the RhB dye,
and are isomeric. One of these isomers (EER) is formed by
removal of an ethyl group from each side of the RhB mole-
cule, whereas the other isomer (DR) is produced by removal


Figure 1. Temporal UV-visible absorption spectral changes observed for
the RhB solutions as a function of irradiation time: A) in SiW12O40


4� sol-
utions (2î10�5m); and B) in aqueous TiO2 dispersions (TiO2 loading of
1 gL�1). Initial RhB concentration was 2î10�5m at a pH of 2.5.
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of two ethyl groups from the same side of the RhB struc-
ture. If one considers that the polarity of the DR species is
greater than that of the EER intermediate, the latter is ex-
pected to elute off the column after the DR species. More-
over, to the extent that two N-ethyl groups are stronger aux-
ochromic moieties than an N,N-diethyl and an amido group,
the maximum absorption for the DR (523 nm) intermediate
is anticipated to occur at shorter wavelengths than the band
position of the EER species (527 nm). Hence, peak d was
assigned to DR, and peak c was attributed to EER. Most of
the reports on oxidative N-de-ethylation of alkylamine
showed that the alkyl group is transformed into an aldehyde.
In our experiments, the fate of the ethyl groups in RhB
were analyzed by mass-spectral techniques, and indicated
that these groups were oxidized to acetaldehydes.
To confirm the structure of the intermediates, a typical in-


termediate (fully N-de-ethylated product R) was separated
by repeated collection of the corresponding HPLC peak.
The collected sample was further identified by high-resolu-
tion mass spectroscopy. The molecular mass was determined
to be 331.1076480 with an error of only 1.846î10�7; this is
consistent with a fully N-de-ethylated RhB product (expect-
ed mass: 331.1077091).
After the initial amount of RhB (20mm) had degraded in


the presence of the SiW12O40
4� ions (10mm), the same


amount of RhB was added again into the system. RhB de-
composition in the second cycle was nearly as fast as in the
first. Indeed, the POM did not display any significant loss of
photoactivity in the four runs in which RhB was re-added.
This indicates that the POM is fairly stable under the condi-
tions used. In addition, the cycling experiment also implies
that the photoreaction is a catalytic process rather than a
stoichiometric one.


Comparison of the N-de-ethylated intermediates from RhB
degradation mediated by SiW12O40


4� ions and TiO2 : In the
SiW12O40


4� case, the hypsochromic shifts of the absorption
maximum were rather significant. After irradiation for
600 min, the absorption band shifted from 553 nm to 497 nm
(Figure 1A). This evidence clearly indicates that N-de-ethyl-
ation predominates over the cleavage of the aromatic ring in
the RhB dye. On the other hand, in the case of TiO2 cataly-
sis (Figure 1B), the characteristic absorption band of the
dye (around 553 nm) decreased rather rapidly (210 min),
and new spectral features did not emerge even in the UV
range (l>200 nm). These observations indicate that the
whole conjugated chromophore structure of RhB undergoes
facile cleavage in TiO2 dispersions under visible irradiation.
When the amount of TiO2 was reduced to 0.1 gL


�1, degrada-
tion of the dye was considerably slower. However, signifi-
cant hypsochromic shifts were not observed. Upon increas-
ing the POM concentration to 400mm, both the rate and
extent of de-ethylation were nearly the same as in the 20mm
experiment. Clearly, this indicates that catalyst concentra-
tion cannot completely alter reaction pathways and inter-
mediate distributions.
The distributions for all the N-de-ethylated intermediates


in the presence of SiW12O40
4� ions or TiO2 at different irra-


diation times are illustrated in Figures 3A and B, respective-


Figure 2. Typical HPLC chromatogram of the reaction solutions (A and
B), the relevant mass spectra of the N-de-ethylated intermediates in
which the molecular-ion peak of each intermediate formed is displayed
(C), and UV-visible absorption spectra for each peak (D). The chromato-
grams were recorded by employing: A) a UV-visible diode array detector
at 505 nm; and B) a mass-spectral detector.
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ly. Except for the RhB dye and the fully de-ethylated prod-
uct R, the other peaks increased and subsequently de-
creased; this indicates that the intermediates are trans-
formed into other products after being formed.


The maximum yields of DER, EER, DR, and ER in the
presence of SiW12O40


4� ions, as estimated from individual
molar-extinction coefficients, were 28%, 6%, 16%, and
32%, respectively. After ten hours of irradiation, the yield
of the fully N-de-ethylated product R reached about 46%.
However, unlike the other N-de-ethylated products, the
amount of R did not decrease over the timescale of our ex-
periments.
In the TiO2 experiments, only the first mono-N-de-ethyl-


ated intermediate (DER) was clearly found in larger quanti-
ties (Figure 3B). However, unlike the SiW12O40


4� system,
other intermediates, not discussed as yet, were also detected,
albeit to a much lesser extent. The sum of the original RhB
and its N-de-ethylated intermediates (total amount of xan-
thene conjugated rings) in the two systems is depicted in
Figure 3C, and indicates that the conjugated RhB structure
is efficiently destroyed in TiO2 dispersions (Figure 3C,
curve b), while in SiW12O40


4� solutions, cleavage of the con-
jugated structure occurs to a significantly lesser extent (Fig-
ure 3C, curve a). In accordance with these results, we de-
duced that de-ethylation of the RhB dye occurs to a rather
small extent in the presence of TiO2, and that the minerali-
zation rate of RhB in TiO2 dispersions is much greater than
that observed in the presence of SiW12O40


4� ions. This is also
consistent with the results depicted in Figure 1 and 4.
Temporal TOC (total organic carbon) changes for RhB


photodegradation in the two systems are depicted in
Figure 4. In the SiW12O40


4� system, the TOC values hardly


changed after the photoreaction; this indicates that minerali-
zation of the dye molecules occurs only to a negligible
extent. However, in the TiO2 dispersion, to the extent that
dye molecules are adsorbed onto the TiO2 surface, the TOC
value of the bulk solutions at commencement was somewhat
lower than that in the SiW12O40


4� solutions. Under visible-
light irradiation, TOC of the bulk solution for TiO2 disper-
sions decreased gradually. After irradiation for 20 h, about
46% of TOC had been removed from the solution. The
TOC remained unchanged after the dispersions were com-


Figure 3. Variations in the distribution of the N-de-ethylated products
from the photodegradation of RhB in the presence of SiW12O40


4� (A) or
TiO2 (B), and the sum of the original RhB and its N-de-ethylated inter-
mediates (total amount of xanthene rings) (C, curve a for SiW12O40


4�,
and curve b for TiO2) as a function of irradiation time.


Figure 4. Temporal changes in total organic carbon (TOC) for the de-
graded bulk solution during RhB photodegradation (4î10�5m ; pH 2.5):
a) SiW12O40


4� (2î10�5m); and b) TiO2 (1 gL
�1).
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pletely decolored; this indicates that the degraded fragments
do not undergo any further decomposition upon further visi-
ble-light irradiation.


Formation of the reactive oxygen species : Reduced polyoxo-
metalates are in many cases readily reoxidized, either by re-
action with O2 or H


+ ,[22] or with other oxidants such as
metal ions[23] or halogenated alkanes.[24,25] Thus, the reduced
POM is restored to its initial form, and the photocatalytic
cycle is completed. Such a regeneration process (especially
by O2), which is regarded as a thermal dark reaction that
occurs after the primary photochemical events, is key to the
photomediated reactions of both systems.
The active oxygen species O2C�/HOOC, H2O2, and COH are


those expected from reduction of O2, and are accompanied
by reoxidation of the photocatalysts. Formation of a super-
oxide radical anion was examined by electron-spin reso-
nance (ESR)/DMPO (DMPO=5,5-dimethyl-1-pyrroline-N-
oxide) spin-trapping techniques in methanolic media, be-
cause the facile disproportionation of the superoxide species
in water[26] precludes the slow reactions between O2C� or
COOH and DMPO (k=10 and 6.6î103m�1 s�1, respective-
ly).[27] During laser irradiation at 532 nm, relatively strong
signals for DMPO±O2C� adducts appeared in the TiO2 dis-
persions (Figure 5B). In contrast, under otherwise identical


conditions, a weak set of O2C� signals emerged for the
SiW12O40


4� solutions (Figure 5A).
The amount of H2O2 detected during the irradiation


period depends on both its rate of formation and its rate of
decomposition. In TiO2 dispersions, H2O2 can be produced
from disproportionation of the superoxide radical [Eqs. (1)
and (2)] or from the superoxide radical receiving another
electron and two protons [Eq. (3)].[26, 28±30] On the other


hand, decomposition of H2O2 can occur by the addition of
an electron from the reduced catalysts [Eq. (4)]. These reac-
tions can be regarded as a quasi-serial type for which a max-
imum concentration is expected.


e� þO2 ! O2
C� ð1Þ


2O2
C� þ 2Hþ ! H2O2 þO2 ð2Þ


O2
C� þ e� þ 2Hþ ! H2O2 ð3Þ


H2O2 þ e� ! OH� þ� COH ð4Þ


Formation of H2O2 during the photoreaction in
SiW12O40


4� solutions or TiO2 dispersions was determined by
N,N-dialkyl-p-phenylenediamine (DPD) spectrometric
methods. The temporal profiles of H2O2 concentration
against irradiation time are illustrated in Figure 6. In both


SiW12O40
4�/RhB solutions and the TiO2/RhB suspensions,


the maximal amounts of H2O2 were 19 and 19.5mm, respec-
tively. We fitted kinetic curves that employ the consecutive
reaction mode to estimate qualitatively the rates of their for-
mation and degradation. Fitted apparent rate constants are
k1=1.81î10


�3 min�1 and k2=1.61î10
�3 min�1 for the POM


system, and k1=4.14î10
�3 min�1 and k2=3.38î10


�3 min�1


for the TiO2 dispersion. This indicates that both the rates of
formation and decomposition of H2O2 in the TiO2 dispersion
are greater than those in the POM system.
During TiO2-assisted degradation of the dye under visi-


ble-light irradiation, the formed H2O2 is able to gain another
conduction-band electron to produce a hydroxyl radical
[Eq. (4)]. The COH radical is a rather reactive species that
degrades many classes of organic substrates. However, addi-
tion of a 0.2mm solution of H2O2 to the TiO2 dispersions
had only a weak effect on the degradation of the dye, even
though the added H2O2 was efficiently decomposed. The ad-
dition of a catalase (22 ppm) that catalyzes the dismutation


Figure 5. ESR spectra for the superoxide radical (O2C�/COOH) adducts
with DMPO after different periods of irradiation with a pulsed laser (l=
532 nm, 10 Hz): A) RhB (4î10�5m)/SiW12O4


4� solution (2î10�5m); and
B) RhB (4î10�5m)/TiO2 dispersion (2 gL


�1).


Figure 6. Concentration profiles for the formation of H2O2 during RhB
(2î10�5m) photodegradation under visible-light irradiation in the pres-
ence of: a) SiW12O40


4� ions (2î10�5m); and b) TiO2 particles (1 gL
�1).
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of H2O2 into H2O and O2 also influenced the degradation
only to a small extent. This implies that H2O2 plays only a
minor role in the degradation of RhB in TiO2 dispersions.
In the SiW12O40


4� system, the formation of a considerable
amount of H2O2 during irradiation (Figure 6, curve a) seems
somewhat strange, since only a small amount of O2C� was de-
tected. In accord with our present results, Papaconstantinou
and Hiskia[31] suggested that dioxygen acts as a two-elec-
tron-transfer oxidant and that H2O2 is in fact the resultant
product. They further showed that reoxidation of POM by
H2O2 is rather slow (about 24 times slower than by O2).
These observations imply that H2O2 is derived directly from
the coordinated O2 or coordinated O2C� ion by addition of
an electron and subsequent facile dissociation from the poly-
oxometalate anion. Therefore, we added H2O2 (0.2mm) and
catalase (22 ppm) to two separate SiW12O40


4� systems. Al-
though the added H2O2 can be degraded under turnover
conditions, it changed the reaction rates of RhB degradation
only slightly. Moreover, addition of catalase also influenced
the degradation only to a small extent. This indicates that
the H2O2 formed during irradiation plays only a minor role
in the N-de-ethylation of RhB in POM solutions.
The effect of superoxide dismutase (SOD) on the RhB


degradation rates in both systems is illustrated in Figure 7.


The presence of SOD (ca. 10000 Units), which catalyzes the
dismutation of O2C� , can significantly accelerate removal of
RhB (Figure 7, curve b), and greatly enhances the hypso-
chromic shifts displayed in the spectra of the SiW12O40


4� sol-
utions. In contrast, the presence of SOD in the TiO2 disper-
sions led to a marked suppression of RhB photodegradation
(Figure 7, curve d) in which the rate constant dropped mark-
edly. It is unlikely that this suppression resulted from a de-
crease in the adsorption of RhB onto the surface of TiO2 as
addition of SOD did not cause any significant variation in
RhB adsorption.


Interactions between the photocatalyst (SiW12O40
4� ions or


TiO2) and the RhB dye: Polyoxometalates can interact with


substituted amides[32] and aromatic amines[33] through the ni-
trogen atoms to produce novel hybrid materials. In many in-
vestigations that involved POMs, the alkylammonium cation
was the counterion for the polyoxometalate salt. The RhB
dye also contains two N,N-diethyl groups. Therefore, this
dye should be able to interact with the negatively charged
SiW12O40


4� ions. Interactions between the POM and RhB
were evidenced by a remarkable change in the absorption
spectra (Figure 8A), and by the dramatic quenching of the


fluorescence of RhB upon addition of SiW12O40
4� ions to the


solution (Figure 8B). On the basis of dye-fluorescence in-
tensity changes, the apparent association constant was esti-
mated from a Benesi±Hildebrand-type plot (inset of Fig-
ure 8B)[34,35] to be 1.37î106m�1.
Other cationic dyes, such as malachite green (MG), also


undergo degradation by visible irradiation in the presence
of SiW12O40


4� ions. The anionic dye N,N,N’,N’-tetraethylsul-
forhodamine (SRB), which scarcely interacts with the
SiW12O40


4� ion, does not undergo substantial photoreaction


Figure 7. Normalized concentration profiles showing RhB degradation ki-
netics upon addition of SOD (10000 Units): a) SiW12O40


4�/RhB;
b) SiW12O40


4�/RhB/SOD; c) TiO2/RhB; and d) TiO2/RhB/SOD.
Figure 8. Changes in the absorption spectra (A) and fluorescence spectra
excited at lex=500 nm (B) of rhodamine B (RhB) solutions in the pres-
ence of different concentrations of H4SiW12O40. The inset in B shows the
dependence of 1/(F0�Fi) on the reciprocal concentration of the
SiW12O40


4� ion. F0 is the fluorescence quantum yield of RhB in the ab-
sence of catalyst, whereas Fi denotes the quantum yield in the presence
of SiW12O40


4� ions at various concentrations.
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with SRB, even after ten hours of visible-light irradiation.
From this, it can be concluded that a POM±RhB interaction
is necessary for a photoreaction to take place.
A structural characteristic of the RhB dye is that it is di-


polar. That is, it contains positively charged diethylamine
groups and a negatively charged carboxylate group at differ-
ent positions in the dye molecule. The carboxylate group
can easily be adsorbed onto the surface of TiO2, because the
latter are positively charged in acidic media.[36] Although the
sterically bulky xanthene ring (see RhB structure above)
somewhat hampers the negatively charged group from
reaching the TiO2 surface particles, a slight red-shift (~1 nm
in 2 gL�1 TiO2) of the absorption maximum was observed
upon addition of colloidal TiO2. This indicates that the inter-
action between TiO2 and the dye is relatively weak. None-
theless, carboxylate groups can effectively adsorb onto a
metal oxide surface, as evidenced in dye-sensitized solar
cells (e.g., the Graztel cell), which act as a bridge for the
electron-injection process.[37±39]


Proposed reaction pathways : For oxidative N-dealkylation
of alkylamine in POM systems under UV irradiation (l<
400 nm), the proposed pathway involves H atom abstraction
from the a-carbons followed by capture of the resultant rad-
icals with O2 and subsequent de-ethylation.


[11,12,15] This path-
way does not seem to apply for visible irradiation, as it is
the dye rather than the POM that is excited. The ™transient
X∫ species, which is generated by excitation of the POM by
UV irradiation, and which is regarded as the primary species
for the H atom abstraction, is not formed under visible irra-
diation. Previous investigations in which electrochemical,
enzymatic, and photochemical methods were used, tended
to support a mechanism that involves electron transfer and
deprotonation.[40,41] Hence, de-ethylation of RhB in the pres-
ence of SiW12O40


4� ions is initiated by excitation of the dye,
and is followed by electron transfer to the LUMOs of the
SiW12O40


4� ions. This theory is further supported by the fol-
lowing evidence obtained from our experiments: 1) the
redox potential of the SiW12O40


4� ion [+0.05 V versus
normal hydrogen electrode (NHE)],[6,31] which is more posi-
tive than that of the excited state of the dye (RhB*, �1.4 V
versus NHE), favors electron transfer from the excited dye
to the LUMO of the SiW12O40


4� anions; 2) SiW12O40
4� ions


can serve as multi-electron relays; 3) interactions between
the photocatalyst and the dye make the electron-transfer
event possible; and 4) the electron transfer between the dye
and SiW12O40


4� ions can be further confirmed by the fact
that fluorescence is quenched (Figure 8B).
Since electron injection from the excited RhB dye to the


respective ground states of the two photocatalysts is general-
ly analogous, and catalyst concentration cannot change the
whole reaction pathway, the differences in the intermediate
yields and the mineralization rates observed between the
SiW12O40


4� ions and TiO2 are likely to be caused by secon-
dary chemical events that occur after visible-light-induced
electron injection.
Both outer- and inner-sphere mechanisms have been pro-


posed for the reoxidation of the reduced POMs by dioxy-
gen. In the outer-sphere reduction of dioxygen, the reduced


POM transfers an electron to O2 to form the expected free
O2C� radical ions. This mechanism is strongly supported by
the elegant 17O-labeling studies of Duncan and Hill in which
O2 incorporation into the POM anions was not observed.[42]


However, the authors do acknowledge that, because the
oxygen-exchange chemistry of hypothetical POM±O2 ad-
ducts could not be appraised, such an absence did not en-
tirely preclude an operational inner-sphere mechanism.
An inner-sphere electron transfer that involves covalently


bonded M�O intermediates has been proposed by Hiskia
et al.[31] and Neumann et al.[43] In this mechanism, the dioxy-
gen either becomes associated to the tungsten atom to form
a seven-coordinate metal center (Scheme 1, reaction 5,


structure A and B), or is added to the terminal oxygen atom
to form an ozonide (Scheme 1, reaction 5, structure C). Het-
eropolyperoxotungstate salts that contain seven-coordinate
W atoms linked to oxygen atoms have been synthesized,[44,45]


and provide further evidence that inner-sphere coordination
between the POM and O2 is possible.
In keeping with an inner-sphere electron-transfer mecha-


nism, under our experimental conditions, very small
amounts of free O2C� were detected during visible irradiation
of SiW12O40


4�/RhB solutions (Figure 5). Moreover, the
redox potential of the SiW12O40


4� ions (+0.05 V versus
NHE[6,31]) is more positive than that of O2 (�0.05 V versus
NHE at 1 unit pressure of O2 and at pH 0[26]). Therefore,
from a thermodynamic point of view, electron transfer from
the reduced SiW12O40


5� system to O2 is unlikely to occur.
However, the redox potential of O2/H2O2 (+0.72 V versus
NHE at 1 atm of O2 and at pH 7) is more positive than that
of the POM, so it is possible that O2 is reduced to H2O2 by
the reduced POM through a two-electron-transfer process.
Coordination between the POM (more probably the re-
duced POM) and O2 could make an inner-sphere two-elec-
tron transfer likely. In this pathway, little if any free super-
oxide radical anions would be formed, but coordinated O2C�


radical ions can be formed as a result of a one-electron


Scheme 1. Inner-sphere mechanism for reoxidation of the reduced poly-
oxotungstate by molecular oxygen.
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transfer from the POM to the O2 moiety in the SiW12O40
4�±


O2 complexes (Scheme 1, reactions 6±8). Addition of SOD
can also lead to the dismutation of a coordinated O2C� spe-
cies to give H2O2 and O2 (Scheme 1, reaction 9). As a result,
SOD can enhance the charge separation and accelerate the
rates of RhB N-de-ethylation (Figure 7, curve b).
Formation of O2C� radical ions in TiO2 dispersions under


both visible and UV-light irradiation is suggested from the
degraded organic intermediates,[46,47] and detected by ESR
spin-trapping or chemiluminescence methods.[48±51] In our ex-
periments, strong O2C� signals were also observed in the
TiO2 dispersions during visible-light irradiation (Figure 5B);
this indicates that the conduction-band electrons are trapped
by dioxygen through an outer-sphere electron-transfer path-
way; that is, mobile O2C� species are formed as a result of O2


reduction.
Photoreaction was slower in de-aerated solutions, but was


by no means eliminated completely in the POM system; this
indicates that a redox reaction between the excited dye and
the POM is able to occur. However, in the TiO2 dispersions,
a reaction was not observed in the absence of O2; this is
consistent with the earlier investigations carried out under
UV irradiation,[14] and suggests that O2 plays a very impor-
tant role in the photoreactions of both systems. The role of
O2 in the photo-assisted degradations of organic compounds
is twofold: 1) it suppresses charge recombination and regen-
erates the photocatalysts by acting as an electron acceptor
and 2) it participates directly in the chemical oxidation of
substrates through active oxygen species and/or ground state
O2. Most investigations into photocatalytic processes that in-
volve both polyoxometalates and TiO2 have indicated that
O2 primarily takes on the former function. Only recently,
have studies reported the requisite conditions for O2 to take
on the latter role in TiO2-assisted photodegradation of aro-
matic compounds under UV irradiation.[29,30,46] Under UV ir-
radiation, excitation of TiO2 leads to the formation of con-
duction-band electrons and valence-band holes. However, in
the degradation of dyes under visible irradiation, injection
of electrons from the dye into the catalyst also results in the
formation of conduction-band electrons. Although the
mechanistic details of the degradation of dyes under visible
irradiation differ greatly from those in the photodegradation
of organic compounds under UV irradiation, there should
be very little, if any, difference in the manner by which pho-
togenerated electrons are scavenged by O2, or how O2C� rad-
ical ions are formed. Recently, we suggested that O2 is es-
sential for the photodegradation of dyes under visible-light
irradiation, and in fact, cannot be substituted by other elec-
tron acceptors.[52] By considering the intrinsic and nonselec-
tive character of reactive oxygen radical species such as
O2C� , and the manner in which SOD suppresses RhB degra-
dation in TiO2 dispersions (Figure 7, curve d), we infer
that O2C� plays an important role in the degradation of
dyes in TiO2 dispersions. In particular, cleavage of the RhB
chromophore structure is attributed to attack of the dye
(more possibly its radical cations) by O2C�/COOH
ions.[29,30,46,47] The differences in the photoreaction mecha-
nism between the two systems are summarized in Scheme 2
(reactions 10±16).


Conclusion


The RhB dye undergoes effective photoreaction under visi-
ble-light irradiation in the presence of both SiW12O40


4� ions
and TiO2 as photocatalysts. With SiW12O40


4� ions as the pho-
tocatalyst, the photoreaction leads mainly to N-dealkylation
of the chromophore skeleton. In contrast, in the presence of
TiO2, cleavage of the whole conjugated chromophore struc-
ture predominates. The mobility of the O2C� species, which is
formed by reoxidation of the reduced catalysts by molecular
oxygen, accounts for the differences. In the POM system, ac-
cording to the inner-sphere reoxidation mechanism, only a
small quantity of free mobile O2C� is produced, while the
majority of O2 undergoes a two-electron-transfer reductive
process to yield H2O2 directly. Moreover, the dye radical
cations can lose one ethyl group upon hydrolysis. In con-
trast, in the TiO2 system, formation of free O2C� radical ions
leads to mineralization of the dye.


Experimental Section


Materials : The H4SiW12O40¥H2O catalyst used in this study was prepared
and purified according to literature procedure.[53] Titanium dioxide
(TiO2) (particles P25; ca. 80% anatase, 20% rutile; BET specific surface
area, ca. 50 m2g�1) was kindly supplied by Degussa. Horseradish perox-
idase (POD), which was used to assess the quantity of H2O2 produced,
was obtained from the Huamei Biologic Engineering Co. (China), where-
as DPD was obtained from Merck. The rhodamine-B dye (RhB) was of
laser-grade quality. All other chemicals were of analytical reagent grade,
and were used without further purification. De-ionized and doubly distil-
led water was used throughout this study. The pH of the solutions was
adjusted with dilute aqueous solutions of either NaOH or HClO4.


Photoreactor and light source : A 500 W halogen lamp (Institute of Elec-
tric Light Source, Beijing) was positioned inside a cylindrical Pyrex reac-
tor, which was surrounded by a circulating water jacket (Pyrex) to cool
the lamp and minimize infrared radiation. A cut-off filter was placed out-
side the Pyrex jacket to completely eliminate any radiation at wave-
lengths below 420 nm, and thereby, to ensure that illumination occurred
only from visible light (l>420 nm).


Procedures and analyses : The aqueous RhB/TiO2 dispersions were typi-
cally prepared by addition of TiO2 (P25, 25 mg) to an aqueous solution
(25 mL) of RhB dye (2î10�5m). Prior to irradiation, the suspensions
were magnetically stirred in the dark for about 30 min to ensure that a


Scheme 2. Proposed differences in the photocatalytic degradation path-
ways of RhB by TiO2 and POM.
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suitable adsorption/desorption equilibrium of the dye on the surface of
TiO2 had been established. Unless noted otherwise, the dispersions were
kept under constant air-equilibrated conditions before and during irradia-
tion. At given time intervals, aliquots (3 mL) were sampled, centrifuged,
and then filtered through a Millipore filter (pore size 0.22 mm) to remove
the TiO2 particles. The filtrates were analyzed by a Lambda Bio 20 spec-
trophotometer (Perkin±Elmer ), which recorded the temporal UV-visible
spectral variations of the dyes. In the SiW12O40


4� systems, the solution
(25 mL) of dye (2î10�5m) and SiW12O40


4� (2î10�5m) at pH 2.5 was illu-
minated under aerated conditions. At given time intervals, aliquots
(3 mL) were sampled, buffered to pH 9 by the addition of a Na2CO3/
NaHCO3 solution (1 mL), and subsequently analyzed by HPLC or UV-
visible spectroscopy. The concentration of H2O2 formed during the irradi-
ation was determined by the spectrophotometric DPD method[37] imme-
diately after irradiation. The consecutive reaction mode [Eq. (17)] was
employed to fit the kinetic curves and to estimate the apparent formation
and decomposition rate constants of H2O2 in both systems.


½H2O2� ¼
Ak1


k2�k1
ðek1 t�ek2 tÞ ð17Þ


Fluorescence spectra were recorded on an F-4500 spectrofluorimeter,
whereas the diffuse-reflectance spectra were recorded on a Hitachi UV-
3900 spectrophotometer equipped with an integrating sphere attachment.
Barium sulfate was used as the reflectance standard.


The N-dealkylated intermediates and the original dye were identified by
an Agilent 1100 LC-MSD Trap system (LC-MS). The solution gradient
was regulated by water and methanol (from 60% to 90% methanol over
25 min). The intermediates were quantified by a Dionex HPLC system
(Dionex P580 pump and a UVD 340S diode-array detector) using an am-
monium phosphate buffer solution (0.1%, v/v) and methanol as the
eluent (from 60% to 90% methanol over 15 min). In both cases, an In-
tersil ODS-3C-18 reverse-phase column was employed. A pure sample of
each fully de-ethylated intermediate was isolated by repeated collection
of the corresponding HPLC peak, and the structures were confirmed by
high-resolution mass spectroscopy (APEX II, FT-ICRMS, Bruker Dal-
tonics). Total organic carbon (TOC) assays were carried out on a Tekmar
Dohrmann Apollo 9000 TOC analyzer.
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Competition between p and Non-p Cation-Binding Sites in
Aromatic Amino Acids: A Theoretical Study of
Alkali Metal Cation (Li+ , Na+ , K+)±Phenylalanine Complexes


Fung Ming Siu,[a] Ngai Ling Ma,*[b] and Chun Wai Tsang*[a]


Introduction


Noncovalent cation±p interactions, which involve binding of
a cation to the p-face of the aromatic amino acids phenyla-
lanine (Phe), tyrosine (Tyr), and tryptophan (Trp), have re-
cently attracted much attention as a new type of binding
force important in molecular recognition.[1,2] Such interac-
tions have been implicated in the biological functions of the


nicotinic acetylcholine receptor,[3] trimethylamine dehydro-
genase,[4] human butyrylcholinesterase,[5] voltage-gated Na+


channels,[6] and the stabilization of cell membrane proteins.[7]


In addition, recent studies have suggested that the interac-
tions between aromatic amino acids and various cationic
centers are common motifs in protein structures.[8,9]


Sodium and potassium cations are amongst the most
abundant metal cations found in biological systems.[10] Potas-
sium cation±p interaction has been suggested to play an im-
portant role in the selective transport of K+ across cell
membranes.[11,12] A Na+±tryptophan binding site in the crys-
tal structure of lysozyme has been reported recently.[13] A
putative Na+/K+ cation±p (tryptophan) binding site in the
enzyme tryptophanase has also been suggested by Gokel
and co-workers.[14] Despite this newfound importance, re-
ports on alkali metal cation±p interactions in peptides/pro-
teins have been sparse. Direct observation of cation±p inter-
actions in vivo is experimentally difficult, and the situation
could be complicated by competitive binding of the alkali
metal cations to the many non-p, O/N heteroatom binding
sites of peptides/proteins at the same time. In X-ray crystal-
lographic studies, these cations have been described as the
™lost cations∫,[15] since their scattering powers, most notably
that of Na+ , are similar to that of water.[16] Hence, with the
exception of lysozyme and tryptophanase, as cited
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Abstract: To understand the cation±p
interaction in aromatic amino acids
and peptides, the binding of M+


(where M+ = Li+ , Na+ , and K+) to
phenylalanine (Phe) is studied at the
best level of density functional theory
reported so far. The different modes of
M+ binding show the same order of
binding affinity (Li+ >Na+ >K+), in
the approximate ratio of 2.2:1.5:1.0.
The most stable binding mode is one in
which the M+ is stabilized by a triden-
tate interaction between the cation and
the carbonyl oxygen (O=C), amino ni-
trogen (�NH2), and aromatic p ring;


the absolute Li+ , Na+ , and K+ affini-
ties are estimated theoretically to be
275, 201, and 141 kJmol�1, respectively.
Factors affecting the relative stabilities
of various M+±Phe binding modes and
conformers have been identified, with
ion±dipole interaction playing an im-
portant role. We found that the trend
of p and non-p cation bonding distan-
ces (Na+±p>Na+±N>Na+±O and K+


±p>K+±N>K+±O) in our theoretical
Na+/K+±Phe structures are in agree-
ment with the reported X-ray crystal
structures of model synthetic receptors
(sodium and potassium bound lariat
ether complexes), even though the
average alkali metal cation±p distance
found in the crystal structures is longer.
This difference between the solid and
the gas-phase structures can be recon-
ciled by taking the higher coordination
number of the cations in the lariat
ether complexes into account.Keywords: alkali metals ¥ binding


affinities ¥ cation±pi interactions ¥
molecular modeling ¥ phenylalanine
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above,[13,14] very few alkali metal cation±p binding sites have
been definitively identified in peptide/protein crystal struc-
tures. Up to now, the interactions between alkali metal cati-
ons and aromatic amino acids have mostly been demonstrat-
ed on synthetic host±guest receptors, from which experimen-
tal data could be more easily gathered in both the solid and
the solution states.[1,2, 14,17,18] In particular, experimental evi-
dence in support of Na+/K+ binding to phenylalanine, tyro-
sine, and tryptophan for a series of diaza-18-crown-6 lariat
ethers has recently been reported.[19]


To gain a better understanding of the biological role of
cation±p interactions, the local interactions between alkali
metal cations and aromatic amino acids first have to be es-
tablished. While there are some theoretical[20±25] and experi-
mental[21,22,26±29] studies on alkali metal cation±p interac-
tions,[20±29] these studies are focused on the interactions be-
tween the cations and small model molecules such as substi-
tuted benzenes, aromatics, and nitrogen heterocycles. As
these ligands have only one or two potential sites of binding,
it has been found–with the exception of pyridine (and its
methyl and other related derivatives)–that the alkali metal
cations often binds to the p ring. Experimental methods for
measurement of M+ free energies/enthalpies (affinities) of
binding (where M+ = Li+ , Na+ , and K+) values by differ-
ent mass spectrometric techniques have also been report-
ed.[26±29] The theoretical study demonstrated that cation±p
binding is indeed involved in the most stable forms of these
cationized aromatic amino acid complexes, even though the
factors affecting the competition between the p and non-p
binding modes have not been explored in detail.


Our current study intends to fill this gap in the literature.
Here, we report a detailed theoretical study on M+±Phe
(where M+ = Li+ , Na+ , and K+) complexes at the best
level of theory so far reported for these systems. Using the
M+±Phe system, we aim to identify the physicochemical and
structural factors that determine the relative stabilities of
various p and non-p binding modes in alkali metal cation-
ized aromatic amino acids. The ion selectivity (that is, the
effect of ionic size on the relative stabilities of different
binding modes) is discussed.


Computational Methods


Standard ab initio molecular orbital calculations were carried out with
the aid of the GAUSSIAN 98[30] package of programs on SGI Indigo 2/
Octane workstations and Origin 2000/Compaq GS320 high-performance
computers.


Unless otherwise noted, all structures reported here were fully optimized
geometries at the B3-LYP/6±31G(d) level. For all atoms except potassi-
um, the standard 6±31G(d) basis sets in GAUSSIAN 98 were used. For
potassium, the 6±31G(d) basis sets developed by Blaudeau et al. were uti-
lized.[31] The optimized structures are numbered according to their order
of appearance in the text. For phenylalanine in the free ligand form, the
different conformers are prefixed by ™Phe∫. For the cationized phenylala-
nine complexes (M+±Phe, M+ = Li+ , Na+ , or K+), they may be in the
™charge-solvation∫ (where the amino acid is a free acid) or the ™zwitter-
ionic∫ (where the amino acid is dipolar) forms. In this paper, these two
types of complexes are differentiated by the abbreviations ™CS∫ and
™ZW∫ for the charge-solvation and zwitterion form, respectively. Further-
more, in order to distinguish between the same binding mode with differ-
ent cations (Li+ , Na+ , or K+), the form label is prefixed by the atomic


symbol of the cation. For example, while ™CS1∫ is used as a collective de-
scription for the three cations complexes with the same charge-solvation
binding mode, ™K+-CS1∫ refers exclusively to the potassium cation com-
plex in the CS1 binding mode. The Cartesian coordinates of all cation-
ized phenylalanine complexes (M+±Phe, M+ = Li+ , Na+ , or K+) report-
ed in this paper can be found in the Supporting Information, Table 1S).


The alkali metal cation (M+) binding affinity of a ligand (L) is defined as
the enthalpy change of Equation (1), DH, and is calculated by Equa-
tion (2):


Mþ L ! Mþ þ L ð1Þ


DH ¼ EðMþÞ þ EðLÞ�EðMþ LÞ þ ZPEðLÞ�ZPEðMþ LÞ ð2Þ


The electronic energies E(M+), E(L), and E(M+ L) in Equation (2) were
calculated at the B3-LYP/6-311+G(3df,2p) level of theory based on
fully optimized B3-LYP/6-31G(d) geometries. The effect of zero point
energy (ZPE) was corrected by using the HF/6-31G(d) frequencies,
scaled by 0.8929. The theoretical values at 0 K (DH0) were converted
into affinities at 298 K (DH298) by standard statistical thermodynamics re-
lationships[32] calculated from the scaled HF/6-31G(d) vibrational fre-
quencies.


We recently utilized the above protocol to obtain the K+ binding affini-
ties of 136 ligands, for which 70 experimentally ascertained values are
available for comparison.[33] We found that the theoretical estimates and
the experimental affinities are in good general agreement (mean-abso-
lute-deviation (MAD) of 4.5 kJmol�1 for 65 model ligands).[33] In that
work,[33] the effects of ZPE (HF versus B3-LYP, with the 6-31G(d) basis),
basis set superposition error (BSSE), and the use of different theoretical
models for single-point calculations (B3-P86 versus B3-LYP, with the 6-
311+G(3df,2p) basis) were also studied. We found that these refine-
ments/corrections are small, and may not lead to better agreement with
experimentally obtained data, even though B3-P86 affinities have a ten-
dency to be slightly lower than the B3-LYP values. Here we have carried
out further analysis for 40 M+±Phe (where M+ = Li+ , Na+, and K+)
complexes. The conclusion was similar to what we had found previously
in reference [33]: BSSE is on average 3 kJ mol�1, and B3-P86 affinities
are on average about 5 kJ mol�1 lower. In terms of relative affinities, how-
ever, B3-P86 and B3-LYP are almost identical (with a MAD of
0.4 kJmol�1). In addition, we had previously found that, for Na+±Phe
complexes, relative B3-LYP affinities were in good agreement (within
3 kJ mol�1) with values obtained by the computationally more expensive
MP2 calculations.[34] From all the above considerations, we concluded
that, as different theoretical models yield the same trend in terms of rela-
tive stability, the reported relative affinities are unlikely to carry an error
bar exceeding 2±3 kJmol�1. In terms of absolute Li+ , Na+ , and K+ affini-
ties, we propose assigned error bars of �20, �16, and �6 kJmol�1, re-
spectively, for our reported B3-LYP affinities (see the section on Abso-
lute Affinities of M+±Phe Complexes for details).


Results and Discussion


Phenylalanine (Phe) conformers : By using the protocol out-
lined in the Supporting Information, and on the basis of pre-
viously reported structures for alanine,[35] we located six
stable phenylalanine conformers at the B3-LYP/6-31G(d)
level of theory, the relative stabilities of which were deter-
mined at the B3-LYP/6-311+G(3df,2p) level. The stabilities
of these conformers are very close, spanning a narrow range
of only 12 kJ mol�1. The two most stable conformers
(Figure 1) are more stable than that obtained by Dunbar
(structure Phe(a) in ref. [25]) by at least 5 kJmol�1. The
most stable conformer we obtained, Phe1, has an intramo-
lecular hydrogen bond between the hydroxyl hydrogen and
the amino nitrogen. On the other hand, there are two sets
of stabilizing intramolecular interactions in Phe2. It appears
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that the stability of Phe1 over Phe2 (by 4 kJmol�1) arises
from the presence of one shorter (stronger) intramolecular
interaction rather than two longer (weaker) sets of interac-
tion in Phe2 (Figure 1).


We note with interest that the preferred hydrogen-bond-
ing patterns of alanine (Ala)[35] and of phenylalanine are dif-
ferent. In the case of alanine, the nitrogen lone pair is point-
ing away from the carbonyl oxygens so that both amino hy-
drogens (�NH2) are accessible to the carbonyl oxygen (O=


C). Such a conformation would be destabilizing in the case
of phenylalanine as the nitrogen lone pair may interact un-
favorably with the electron-rich phenyl p ring.


The most stable M+±Phe conformers : By using the method
outlined in the Supporting Information, the candidate M+±
Phe structures were selected on the basis of previous litera-
ture K+±glycine structures.[36, 37] All three alkali metal cati-
ons prefer to bind to phenylalanine (in the charge-solvation
(CS) form) through a tridentate binding mode: carbonyl
oxygen (O=C) and amino nitrogen (�NH2) with additional
stabilization from the cation±p interaction (Figure 2). This
binding mode was also identified as the most stable in Dun-
bar×s study of the Na+/K+±Phe systems.[25] However, our
work has demonstrated that this preference is also extenda-
ble to the smallest alkali metal cation, Li+ .


Phenylalanine may be viewed as a substituted alanine in
which one of the Cb hydrogens of alanine is replaced by a
phenyl group (see Scheme 1 in the Supporting Information).
If we compare M+±Phe with M+±Ala and M+±benzene, we
find that the bonding distances between M+ and O=C,
�NH2, and the phenyl p ring (measured from the center of
the phenyl p ring) have all increased (Figure 2). This sug-
gests that the interactions between M+ and the individual
binding sites (functional groups) are weaker in Phe than in
the cases of alanine and benzene. However, this weakening
of binding strength at individual coordination sites is com-


pensated by the increased coordination number of the
cation, with three phenylalanine binding sites in the CS1
conformation. This relation between bond length/bond
strength and number of coordination sites is further dis-
cussed in a later section, in which our theoretical structures
are compared with the crystal structures of model synthetic
receptors.


Other less stable charge-solvation (CS) M+±Phe conform-
ers : In addition to K+-CS1, we have also located ten multi-
dentate isomers with binding affinities smaller than that of
K+-CS1 within a range of 59 kJmol�1. If isomers arising
from minor conformational differences (with the same bind-
ing sites) are ignored, there are seven more CS isomers (K+


-CS2 to K+-CS8, Figure 3). Two zwitterionic (ZW) isomers
(K+-ZW3 and K+-ZW5) were also found, but discussion of
these complexes is postponed until the next section. The
binding sites and the relative affinities (with reference to
CS1) of the various isomers are summarized in Table 1.


In theory, the four electron-rich sites in phenylalanine
could generate one tetradentate, four tridentate, six biden-
tate, and four monodentate modes. Our calculations suggest
that the tetradentate mode (in which M+ binds simultane-
ously to O=C, �OH, �NH2, and the phenyl p ring), and the
two tridentate modes (in which the M+ interacts with O=C,
�OH, and �NH2 and with �OH, �NH2, and the phenyl
p ring) are not stable. Theoretical studies on K+±Gly[36,37]


have already suggested that K+ may not bind simultaneous-


Figure 1. The optimized geometries of the two most stable conformers of
phenylalanine (Phe) obtained at the B3-LYP/6-31G(d) level of theory.
The hydrogen bonds/intramolecular interactions are indicated by dotted
lines, with distances given in ä.


Figure 2. The optimized geometries of CS1 (the most stable M+±phenyla-
lanine (Phe) isomer), M+±alanine (Ala), and M+±benzene at the B3-
LYP/6-31G(d) level of theory. All the bond lengths [ä] and angles [8] are
given in the order (from top to bottom) M+ =Li+ , Na+ , K+ . In CS1, the
cation±p bonding distances are calculated on the basis of the separation
between the M+ and the centroid of the phenyl p ring. The angles be-
tween M+ , ring centroid, and the base normal are 21.18, 11.38, and 5.48
for Li+ , Na+ , and K+±Phe complexes, respectively. For comparison, the
corresponding angles in the M+±benzene complexes are 08.
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ly to O=C, �OH, and �NH2, as such a binding mode would
induce too much structural strain on the glycine. If this is
the case, then, the tetradentate binding mode, in which the
M+ binds to O=C, �OH, �NH2, and the phenyl p ring,
would be even less stable. Moreover, we have failed to
locate a Li+-CS6 complex (in which Li+ binds tridentately
to p, O=C, and �OH), as this species collapses to Li+-CS5
(in which Li+ binds only bidentately to p and O=C). We
note that the binding of Li+ to both O=C and �OH appears
to be quite unfavorable, as no such complex was found
either in the Li+±Gly system in a previous study.[38]


In the following discussion, the factors affecting the rela-
tive stability of p versus non-p modes of binding in alkali


metal cationized phenylalanine
complexes are analyzed in
detail. The observed binding af-
finities of M+±ligand complexes
can be regarded as a balance of
stabilizing and destabilizing in-
teractions. In these M+±Phe
conformers, the key stabiliza-
tion force is the electrostatic at-
traction between the positively
charged metal cation and the
electron-rich binding site in
phenylalanine. The strength of
this stabilization force is de-
pendent on many factors, such
as the coordination number of
the cation, the intrinsic binding
strength at each binding site,
and the distances between the
cation and the binding sites. In
previous theoretical studies on
cation±p interactions, the major
focus has been on the ion±
quadrupole interaction between
the cation and the aromatic-p
binding site.[1] This is under-
standable, as the dipole
moment tends to be small, if
not zero, in the model aromatic
molecules studied, and the first
non-vanishing and significant
permanent molecular multipole
in these small ligands is the
quadrupole moment. However,
as shown in the following dis-
cussion, ion±dipole interaction
appears to play a significant
role in determining the stability
of various p and non-p modes
of binding for a multi-function-
al ligand such as phenylalanine.


In this work, we have applied
classical electrostatic theory to
model the strength of the ion±
dipole interaction.[39] On the
basis of classical electrostatics,


we define the dipole interaction parameter (DIP) for the
ion±dipole interaction in a M+±Phe conformer as in Equa-
tion (3),


DIP ¼ mcos ðFÞ=r2m ð3Þ


where m is the permanent molecular dipole moment of
the deformed ligand (i.e., Phe with the geometry in the vari-
ous M+±Phe complexed states, in Debye), F is the angle of
deviation between the metal cation and the molecular
dipole vector (in 8), and rm is the distance between M+ and
the center of the dipole moment vector (in ä) (Scheme 1).
As DIP has the effects of binding geometries incorporated


Figure 3. The optimized geometries for isomers K+-CS2 to K+-CS8 at the B3-LYP/6-31G(d) level of theory.
The interaction between K+ , N/O/p binding sites and hydrogen bonds/intramolecular interactions are indicat-
ed by dotted lines, with distances given in ä. For the cation±p binding site, the distances between K+ and the
centroid of the p ring are indicated. The angles between K+ , ring centroid, and the base normal are 5.38, 3.78,
3.88, and 1.18 for CS5, CS6, CS7, and CS8, respectively.
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(through F and rm), it would be expected to provide a more
accurate representation of the ion±dipole interaction (in
terms of classical electrostatics) than the crude molecular
dipole moment (m) itself.


To accommodate the metal cation, the ligand needs to
deform itself upon complexation and hence is destabilized.
The destabilization is due to factors such as structural distor-
tion (introduction of strain in the phenylalanine ligand upon
complexation), disruption of intramolecular hydrogen bond-
ing, and electrostatic repulsion arising from various elec-
tron-rich cation binding sites in the ligand. To gain an in-
sight into the overall effect of these destabilizing factors, we
define the deformation energy of the M+±Phe complex, Edef,
as in Equation (4),


Edef ¼ EðPhe in the complexed formÞ
�EðPhe in the most stable uncomplexed formÞ


ð4Þ


where E is the energy of the species calculated at the B3-
LYP/6-31G(d) level. We found the Edef values determined at
the B3-LYP/6-31G(d) and B3-LYP/6-311+G(3df,2p) levels
differed by less than 1 kJmol�1 in a few test cases. Hence,


given the savings in computational time, we estimated the
destabilization effect at the B3-LYP/6-31G(d) level.[36] As
the ligand has to adopt a less favorable (stable) conforma-
tion in order to complex with the cation, Edef is always a
positive quantity.


Our aim is to investigate how ion±dipole interaction (in
terms of DIP) and ligand deformation (in terms of Edef)
would affect the preference for various p and non-p cation
binding sites. These two parameters for various CS and ZW
species are summarized in Table 1. The variations in DIP
[Eq. (3)], Edef [Eq. (4)], and DH [Eq. (2)] in various modes
of binding are plotted in Figure 4a, Figure 4b, and Fig-
ure 4c, respectively. As Li+-CS6 could not be located, we
have omitted this species in the discussion below.


Table 1. Relative binding energies [kJmol�1] and properties of various charge-solvation (CS) and zwitterionic (ZW) M+±Phe (M+ = Li+ , Na+ , and K+)
complexes


Species Binding sites Hydrogen bond/ Li+ Na+ K+


intramolecular interactions D(DH0)
[a] DIP[b] Edef


[c] D(DH0)
[a] DIP[b] Edef


[c] D(DH0)
[a] DIP[b] Edef


[c]


CS1 O=C, p, NH2 OH¥¥¥O=C 0.0 0.47 47.5 0.0 0.42 39.7 0.0 0.28 35.2
CS2 O=C, NH2 OH¥¥¥O=C 11.5 0.20 36.9 16.9 0.17 29.2 15.0 0.14 25.5
CS3 O=C, OH OH¥¥¥NH2 55.0 0.27 19.9 32.5 0.23 9.3 16.0 0.19 4.5
CS4 NH2, OH OH¥¥¥O=C 53.2 0.11 34.2 55.9 0.08 27.0 51.5 0.05 24.0
CS5 O=C, p OH¥¥¥NH2 4.7 0.89 30.5 7.9 0.57 23.6 3.1 0.40 21.1
CS6 O=C, p, OH OH¥¥¥NH2 ±[d] N/A N/A 36.2 0.55 31.6 21.5 0.46 29.5
CS7 p, NH2 OH¥¥¥O=C; NH2¥¥¥O=C 34.5 0.36 27.5 33.5 0.23 18.1 29.2 0.16 15.2
CS8 p, OH OH¥¥¥O=C; NH2¥¥¥O=C 67.0 �0.23 25.6 67.1 �0.16 18.3 58.6 �0.12 14.7
ZW3 COO�[e] NH3


+ ¥¥¥�O�C 24.0 0.37 88.2 20.2 0.32 77.2 16.1 0.27 71.2
ZW5 CO�[f] , p NH3


+ ¥¥¥�O�C 11.7 2.19 127.6 43.3 0.72 95.7 40.8 0.53 90.2


[a] Relative binding affinities at 0 K with reference to CS1. The binding affinities of Li+-, Na+-, and K+-CS1 are 275, 201, and 141 kJmol�1, respectively.
[b] Dipole interaction parameter (defined by Equation (3)]) of phenylalanine, in units of Debye ä�2, with its geometry in the complexed form, calculated
at the B3-LYP/6-31G(d) level of theory. [c] Deformation energies of phenylalanine (in kJmol�1), calculated at B3-LYP/6-31G(d) level of theory. [d] No
minimum could be found for this conformer. [e] M+ binds to both carboxylate oxygens. [f] M+ binds to one of the carboxylate oxygens only.


Scheme 1. The definition of dipole interaction parameter (DIP), for the
ion±dipole interaction in a M+±Phe conformer, where m is the permanent
molecular dipole moment (in Debye) of the deformed ligand (i.e., Phe
with the geometry in the various M+±Phe complexed states), F is the
angle of deviation between the metal cation and the molecular dipole
vector (in 8), and rm is the distance between M+ and the center of the
dipole moment vector (in ä).


Figure 4. Variations in: a) dipole interaction parameter [Debye ä�2],
b) deformation energy [kJmol�1], and c) binding affinity [kJmol�1] for
different M+±Phe conformers. The Li+-, Na+-, and K+-bound complexes
are denoted by squares (&) , triangles (~), and crosses (î), respectively.
Data points associated with K+ complexes are connected to aid visualiza-
tion of trends.
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In general, as can be seen in Figure 4a, the magnitude of
the dipole interaction parameter for a given binding mode is
quite independent of the size of M+ , except for CS5 and
ZW5. The molecular dipole moment of the deformed ligand
(m) is quite large in CS5 (�6 Debye). Converting CS5 into
its corresponding zwitterionic ZW5 mode induces even
greater charge separation, and thus further increases the
molecular dipole moment to over 9 Debye. The larger mo-
lecular dipole moment in turn amplifies the cationic size
effect, which leads to the largest range of DIP observed in
the ZW5 mode. Regardless of the absolute magnitude for
the dipole interaction parameter, DIP is of the general
order Li+>Na+>K+ , reflecting the 1/r2m dependence of the
parameter [Eq. (3)]. The only exception is found in the case
of CS8, in which the order is reversed, as discussed below.


The deformation energy, Edef, is relatively small for CS
complexes, but large for the ZW species (Figure 4b). This
reflects the intrinsic instability of phenylalanine in the zwit-
terionic form in the gas phase. As in the case of DIP, for a
given binding mode, Edef also follows the order Li+>Na+>


K+ . This general decreasing trend of DIP and Edef with in-
creasing cationic radius is consistent with the qualitative pic-
ture that, whereas a smaller cation interacts more favorably
with Phe, it also, at the same time, induces a larger deforma-
tion in the ligand. Given these two opposing but comparable
effects, the relative affinity for a given binding mode or con-
formation shows little metal cation (M+) dependence. The
ratio of average Li+/Na+/K+ binding affinity for the nine
binding modes is 2.2:1.5:1.0, which is quite typical for elec-
trostatically bound complexes of alkali metal cations,[34,40±42]


except that the Li+/K+ affinity ratio is particularly small for
CS3 (1.8:1.0), and exceptionally large for ZW5 (2.6:1.0).
Given these observations, we focus our discussion on how
structural and electronic factors affect the relative stability
of various binding modes of K+ complexes. The effect of
cationic size is discussed for the CS3 and ZW5 modes of
binding only.


The CS2 binding mode : Structurally, the major difference
between the bidentate CS2 and the most stable tridentate
CS1 is that the phenyl p ring does not interact with the
metal cation in the CS2 complex (Figure 2 and Figure 3). In
the absence of cation±p interaction, the CS2 complex is less
strained, as reflected in the smaller Edef (Table 1). Despite
this, the CS2 mode is still less stable than CS1 by 12 to
17 kJmol�1, depending on the nature of M+ . Thus, in terms
of stabilization energy, the reduction in Edef cannot compen-
sate for the loss of the cation±p binding site in CS2. Another
important factor is the dipole interaction parameter. As the
Phe ligand is adopting a more ™open∫ conformation in CS2,
the distance rm (the distance between the center of the
dipole moment vector and the M+) is found to be much
larger, indicating a weaker ion±dipole interaction in this
complex.


The CS3 binding mode : Non-p bidentate binding between
M+ and Phe is involved in both the CS2 and CS3 conform-
ers (Figure 3). While M+ in CS2 binds to O=C and �NH2 to
form a five-membered ring moiety, in CS3 it binds to O=C


and �OH to form a four-membered ring moiety. Despite a
smaller deformation energy and a stronger ion±dipole inter-
action (larger DIP), the CS2 conformer tends to be more
stable than CS3. However, the relative stabilities of CS2 and
CS3 exhibit a strong dependence on cation size.


This preference for the five-membered ring moiety in CS2
over the four-membered ring motif in CS3 has also been dis-
cussed by Hoyau and Ohanessian[37] in the case of M+±Gly
(structures 1 versus 3 in ref. [37]). As the preference was
found to decrease with increasing cationic size from Li+ to
Cs+ , it was suggested that the increase in cation binding dis-
tances led to the destabilization of the five-membered ring
moiety (CS2) relative to other modes of binding. Our calcu-
lations provide further insight into the origin of this destabi-
lization. We note that the difference in Edef between CS2
and CS3 is virtually independent of cationic size, suggesting
that the relative destabilization of the CS2 mode is not
caused by strains derived from binding to larger cations.
One of the major differences between CS2 and CS3 is that
M+ ¥¥¥NH2 binding is involved in CS2, while M+ ¥¥¥OH bind-
ing is involved in CS3. Comparing ammonia with water,
alkali metal cation affinities for NH3 are always larger than
for H2O, but the difference decreases with increasing cation-
ic radius.[41] We believe that the same factor is at work here.
For the M+±Phe complexes, as the size of the cation is in-
creased, the preference for �NH2 over �OH binding be-
comes smaller. This preference is counterbalanced by the
difference in Edef between CS3 and CS2 in the case of K+ ,
and K+-CS3 becomes marginally less stable than K+-CS2.


The CS4 binding mode : Comparison of the two non-p bind-
ing modes of CS4 and CS2 is particularly revealing. These
two modes of binding have almost identical Edef values
(Table 1). In fact, CS4 is related to CS2 through a simple ro-
tation around the C�C bond so that M+ is bound to �NH2


and O=C in CS2 but to �NH2 and �OH in CS4. However,
CS4 is less stable than CS2 by �40 kJmol�1. We attribute
this difference in relative stability to the particularly small
dipole interaction parameter of Phe in the CS4 conforma-
tion, leading to a much smaller cation±dipole interaction
than in CS2. This also suggests that the conformation of the
carboxylic acid functional group has a significant effect on
the molecular dipole moment (in terms of both magnitude
and direction) of Phe.


The CS5 binding mode : In complexes CS5 to CS8, the
phenyl±p ring is involved in M+ coordination (Figure 3).
Species CS5 is very stable and it is in fact the second most
stable M+±Phe complex found. This is quite surprising,
given that CS1 is stabilized by tridentate binding between
M+ and phenylalanine (O=C, p, and �NH2), but only biden-
tately (O=C and p) in CS5. Our model suggests that the rel-
atively high stability of CS5, in relation to CS1, is the result
of a combination of three factors: a much larger dipole in-
teraction parameter (Figure 4a), a smaller Edef (Figure 4b),
and stronger intramolecular hydrogen bonding (Figure 3).


The CS6 binding mode : The CS6 conformer is, like CS1, a
tridentate complex involving a cation±p binding site. De-
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spite a smaller Edef and a larger DIP, CS6 is much less stable
than CS1. Apart from the intrinsically weaker M+ affinity
for �OH binding than for �NH2 binding, it seems that the
cation±p interaction in CS6 is also weaker; we found evi-
dence in, for example, the K+±phenyl p distance, which is
approximately 0.2 ä longer in K+-CS6 than in K+-CS1
(Figure 3).


The CS7/CS8 binding modes : The CS7 and CS8 conformers
have M+ bound to the phenyl-p face, but differ in that M+


is bound to the �NH2 group in CS7, and to the carboxylic
�OH group in CS8 (Figure 3). The CS7 isomer is found to
be more stable than CS8 for all M+ . Because CS7 and CS8
have similar deformation energies (Table 1), the relative sta-
bility of CS7 over CS8 must be governed by some favorable
interactions. We suggest that the stability of CS7 is partly
due to the greater intrinsic binding strength of M+ ¥¥¥NH2, in
relation to the M+ ¥¥¥OH interaction. However, the differ-
ence in binding affinity for CS7/CS8, unlike the CS2/CS3
and CS1/CS6 pairs, shows very little cation dependence.
This suggests that other factors are at work here. We note
that the alignment angle of the dipole moment vector (F in
Scheme 1) increases from 1498 for Li+ to 1738 for K+ for
the CS8 binding mode. In other words, the positive end of
the molecular dipole moment is in fact pointing towards the
cation. This is electrostatically unfavorable, in particular for
the larger potassium cation. Hence, it appears that in CS8,
to bind both the phenyl p ring and to the �OH site, the M+


is interacting repulsively with the molecular dipole moment,
resulting in a relatively unstable binding mode.


Stability of zwitterionic (ZW) M+±Phe complexes : With the
relative stability of various charge-solvation (CS) modes es-
tablished in the previous section, we now turn our attention
to the zwitterionic (ZW) modes of binding. Only two zwit-
terionic M+±Phe conformers (ZW3 and ZW5) were found,
with non-p binding sites involved in ZW3, and cation±p
binding involved in ZW5 (Figure 5). Because of the separa-
tion of positive and negative charges in their structures,
these two zwitterionic binding modes are associated with
much larger deformation energies (71 and 90 kJ mol�1 for
K+-ZW3 and K+-ZW5, respectively, Table 1) than the CS
binding modes, with deformation energies in the range from
4 to 35 kJmol�1.


We have discussed the role of the phenyl ring in the sta-
bility of cation±p (CS5/ZW5) and non cation±p modes
(CS3/ZW3) of binding in Na+±Phe system previously.[34] In
this report we focus on the effect of cationic size on the sta-
bility of these modes.


The ZW3 binding mode : Both CS3 (O=C, �OH) and ZW3
(COO�) are non-p binding modes. In order to elucidate the
role of the phenyl-p side chain in governing the relative sta-
bilities of CS3/ZW3 complexes, we carried out methyl stabi-
lization analysis[43] for the CS3/ZW3 complexes for the Li+


and K+ reactions ([Eq. (5) and Eq. (6)]):


AlaðCS3Þ þ CH3C6H5 ! CS3þ CH4 ð5Þ


AlaðZW3Þ þ CH3C6H5 ! ZW3þ CH4 ð6Þ


In the case of K+ , similar to what was found for Na+ ,[34]


the reactions depicted in Equation (5) and Equation (6) are
exothermic. This suggests that the phenyl group in phenyla-
lanine stabilizes both the CS3 and ZW3 forms relative to
toluene (methylbenzene). As the phenyl group is not inter-
acting with the alkali cation in the CS3 and ZW3 modes
(Figure 5), one would expect that this stabilization should be
quite independent of the cationic size. This is indeed what
we observed here, as the difference in exothermicity be-
tween the reaction shown in Equation (5) and that in Equa-
tion (6) is the same for the Na+ and K+ complexes, at
8 kJ mol�1 (Figure 6).


For Li+ , we were unable to find a stable Li+±Ala(CS3)
complex. The small radius of Li+ results in a bidentate bind-
ing mode to the two carboxylic oxygens that is not stable.
Similar results for Li+±Gly complexes have been reported
by Jensen.[38] Hence, the energetics of the reaction shown in
Equation (5) cannot be determined for Li+ . For that shown
in Equation (6), the exothermicity is found to decrease
slightly with increasing cationic radius, with the stabilization
energy being in the order of Li+ (22 kJmol�1)>Na+


(19 kJmol�1)>K+ (17 kJmol�1). In other words, there is a
slight preference for the smaller cation to bind in the ZW3
mode, due to the phenyl±p stabilization effect. On the other
hand, we found that the energy difference between CS3 and
CS1 (Table 1) decreases rapidly with increasing ionic size:
Li+ (56 kJmol�1)@Na+ (33 kJmol�1)@K+ (16 kJmol�1), in-
dicating that the larger cation has a strong preference for
the CS3 mode. Because of these two opposing trends, ZW3
is more stable than CS3 by 32 and 12 kJmol�1 for Li+ and


Figure 5. The optimized geometries of K+-ZW3 and K+-ZW5 conformers
at the B3-LYP/6-31G(d) level of theory. For the cation±p binding site in
the K+-ZW5 complex, the distance between K+ and the centroid of the
p ring is indicated, and the angle between K+ , ring centroid, and the
base normal in this species is 5.38.
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Na+ , respectively, but becomes comparable for K+


(Figure 6).


The ZW5 binding mode : Cation±p binding is involved in
both CS5 and ZW5 modes of binding. For all three alkali
metal cations, CS5 is more stable than the non cation±p CS3
mode. We found that the preference for CS5 over CS3 de-
creases from Li+ (51 kJmol�1) to Na+ (25 kJmol�1), and to
K+ (13 kJmol�1). This can be attributed to the conspicuous
decrease in deformation energies with increasing cationic
radius in the CS3 complexes, which is not so obvious in the
CS5 complexes (Figure 4b).


If the components of the ZW3/ZW5 pair (Figure 6) are
compared, the presence of strong cation±p binding leads to
an overall stabilizing effect in the case of Li+-ZW5 (by
12 kJmol�1). Contrarily, we found that it is destabilizing for
Na+ (�23 kJmol�1) and K+ (�25 kJmol�1). When phenyla-
lanine binds to the larger cations in the ZW5 mode, the dis-
tance between the negatively charged carboxylate COO�


site and the phenyl p ring increases. Hence, we would
expect the repulsion between these binding sites to decrease,
and this is indeed reflected in the decrease of Edef from 128
to 90 kJ mol�1 for Li+-ZW5 and K+-ZW5 (Figure 4b), re-
spectively. This change is particularly significant in view of
the very similar Edef values for the CS5 complexes (21 to
30 kJmol�1) for different cations (Figure 4b). On the basis
of this factor alone, one would predict K+-ZW5 to be quite
stable, as this species has a lower Edef than Li+-ZW5. How-
ever, this is found not to be the case, hence suggesting that
other factors are at work here. We would like to offer the
following rationale: as charge density decreases with in-
creasing cation size, the attractive and repulsive interactions
between metal cations and the various binding sites are also
weakened at the same time. For K+ , it appears that the de-
crease in stabilizing interactions (in terms of crude binding
affinity, and including the cation±p interaction) far exceeds
the decrease in destabilizing interactions (in terms of repul-
sion between charged binding sites, and deformation ener-


gies) in ZW5, so that the zwitterionic complex becomes
much less stable (by 38 kJmol�1) relative to CS5.


In summary, for the ZW3 non-p binding mode, despite
the stabilization effect of the phenyl p ring, the relatively
large deformation energy is the predominant factor affecting
the stability of this binding mode. For the ZW5 cation±p
binding mode, electrostatic repulsion between negatively
charged sites strongly destabilizes this binding mode. Hence,
we found both ZW3 and ZW5 modes are less stable than
CS1 for all alkali cations studied here.


General conclusions on the stabilities of M+±Phe com-
plexes : From the above analysis, it is evident that the ob-
served strengths of various p and non-p binding modes are
determined by a delicate balance of various interaction fac-
tors. Nevertheless, the following general conclusions can be
drawn:


1) The energetically preferred binding site in phenylalanine
appears to be the carbonyl oxygen (O=C), as such a
binding motif can be found in five of the most stable M+


±Phe complexes (CS1, CS2, CS3, CS5, and CS6). These
conformations tend to have large dipole interaction pa-
rameters, suggesting that the alignment of the molecular
dipole moment to the binding of alkali metal cation, and
hence the ion±dipole interaction, is an important factor
contributing to the stabilities of these complexes.


2) Binding to the carbonyl oxygen (O=C) and the phenyl
p ring appears to be the most favorable bidentate site, as
such a motif is found in the two most stable complexes
(CS1 and CS5). As these two modes allow M+ to inter-
act with the O=C as well as the quadrupole moment of
the phenyl p ring, these binding sites are particularly sta-
bilizing.


3) Cation binding to �NH2 versus the phenyl p ring in phe-
nylalanine is comparable in strength, as indicated by the
relatively small difference (<14 kJmol�1) in stability of
the CS4/CS8 and CS2/CS5 pairs. This is in line with the
similar intrinsic M+ affinities found for ammonia and
benzene.[41] For the CS4/CS8 pair, M+ binding to �NH2


(in CS4) is slightly more stable than binding to phenyl-p
(in CS8), with the two modes sharing a common �OH
binding motif. On the other hand, the order of relative
binding affinity is reversed in favor of phenyl-p binding
in CS5 for the CS2/CS5 pair (with common O=C group
binding). We attribute this reversal in the order of bind-
ing affinity to the geometrical effects of different binding
modes. While M+ can position itself freely to maximize
its alignment with the nitrogen lone pair in NH3, such
optimal binding to an amine nitrogen (�NH2) may not
always be possible in the multidentate binding modes of
the M+±Phe complex.


4) If �NH2 and �OH are compared, M+ binding to �OH is
less favorable than binding to �NH2, as is demonstrated
by the relative stabilities of the CS1>CS6, CS2>CS3,
and CS7>CS8 isomer pairs.


5) The zwitterionic complexes (ZW3 and ZW5) are ener-
getically not competitive with the most stable charge-sol-
vated CS1 species. The ZW5 binding mode is particular-


Figure 6. Energy level diagram for M+±alanine (Ala) and M+±phenylala-
nine (Phe) complexes with reference to the most stable conformer CS1.
In order to conserve the type and number of atoms so that different sys-
tems can be compared on the same potential surface, the following spe-
cies are added: CH3C6H5 for Ala(CS3)/Ala(ZW3) and CH4 for the re-
maining systems, together with the alkali metal cations, where Ala(CS3)
and Ala(ZW3) are the charge-solvation and zwitterionic forms of Li+-/
K+±alanine complexes in the same binding mode as CS3 (O=C and
�OH) and ZW3 (COO�), respectively.
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ly unstable, presumably due to greater electrostatic re-
pulsion between the negatively charged carboxylate oxy-
gens and the electron-rich phenyl p ring in the ZW5 con-
formation.


6) It seems that the different modes of binding in phenyla-
lanine show little ion selectivity for the three alkali
metal cations. The only exception is found for Li+ , as
this cation appears to have a smaller tendency to bind si-
multaneously to O=C and �OH. We find evidence in
CS3 (O=C and �OH) as the Li+/K+ affinity ratio
(1.8:1.0) is particularly small in relation to other modes
of binding, and the fact that species Li+-CS6 (in which
the Li+ , if found, would interact with p, O=C, �OH)
could not be located at all.


Comparison with model synthetic receptor systems : In a
previous study, diaza[18]crown-6 lariat ethers with two flexi-
ble side arms (two-carbon spacers) were used as model re-
ceptors for Na+/K+ cation±p binding. It was found that
complexation with Na+/K+ led to a dramatic change in the
conformation at the side arms of these ligands. The geome-
try of K+-bound 10¥KI and 11¥KI complexes, the side arms
of which contain a phenyl and a phenol p group, respective-
ly,[19] are particularly relevant to our current study. The crys-
tal structures revealed that the potassium cation binds simul-
taneously to the nitrogens and oxygens of the crown ether,
while attaining further stabilization through two sets of cati-
on±p interactions between the K+ and the phenyl or phenol
p groups in the side arms. The observed trend of bonding
distances in these crystal structures (K+±p>K+±N>K+±O)
is in agreement with the most stable K+-CS1 ground state
structure we obtained theoretically.


A point of interest arises on quantitative comparison. The
distances between K+ and all binding sites (±p, ±N, and ±O)
are longer in the crystal structure of K+±lariat ether com-
plexes[19] than in the isolated, theoretical structures of the
various K+±Phe complexes. Notably, the K+±aromatic p dis-
tances in the crystal structures of the 10¥KI and 11¥KI com-
plexes (�3.4 ä, ref. [19]) are longer than the theoretical K+


±aromatic p bonding distance of 2.96 ä in K+-CS1
(Figure 2). This discrepancy could be attributable to defi-
ciencies in our theoretical model in describing the geometry
of noncovalent interaction, and to the presence of packing
forces in the crystal structure. However, we believe that a
plausible reason is that as the K+ tries to attain optimal co-
ordination in the lariat ether complex, the individual binding
sites of the ligands are all weakened, leading to longer inter-
action distances.


If K+±benzene (Figure 2) is compared with various p-
bonded K+±Phe structures (CS1, CS5, CS6, CS7, and CS8),
we find that the K+±aromatic p distances have increased
from benzene to phenylalanine. On average, on the basis of
the differences of bonding distances in these species, we esti-
mated that each additional binding to an O/N heteroatom
site increases the K+±aromatic p distances by 4%. In the
lariat ether complex, K+ binds to four oxygen and two ni-
trogen atoms, so we might expect that the K+±aromatic p
distances would increase by 24%. On this basis, the estimat-
ed K+±p distance would be about 3.4 ä, in excellent agree-


ment with the experimentally observed binding distances in
the synthetic receptor complexes.[19]


Similar analysis for the Na+±Phe complexes suggests that
each additional binding to an O/N heteroatom site would in-
crease the Na+-aromatic p distances by 6%. In the very re-
cently reported sodium lariat ether complex (1¥Na),[44] the
cation binds to four oxygens and one nitrogen. With the op-
timal Na+±benzene of 2.374 ä as the reference, binding to
five N/O heteroatoms may result in a lengthening of the
Na+±p distance by 30%, thus yielding a predicted Na+±p
bonding distance of �3.1 ä in 1¥Na. This estimate is signifi-
cantly greater than the reported distance of 2.8 ä. Given
the crudeness of our simple model, the disagreement may
not be surprising. However, the agreement between our
rough estimate and the experimentally measured cation±p
interaction distance is clearly less satisfactory in the case of
Na+±p[44] than for the K+±p distance[19] discussed above.
This could be due to the variation in the nature of ligand,
thus leading to differing extents of how crystal packing
forces affect the experimental cation±p distances, and/or the
weaker scattering power of Na+ , leading to larger uncertain-
ty in resolution of the position of the cation. Another possi-
bility is that the agreement is related to the binding strength
between the cations and binding sites. In the case of K+ , we
found that the binding distance between the cation and the
phenyl p ring of Phe in CS1 is fairly similar to that in K+±
benzene (differs by 0.15 ä). However, the differences in
binding distances are increased to 0.31 and 0.80 ä for Na+±
Phe/benzene and Li+±Phe/benzene, respectively. Thus, the
binding of K+ to a multidentate ligand (e.g., K+ binding to
Phe in the CS1 mode) would be not much different from
K+ binding to a cluster of ligands with the same coordina-
tion number and basic sites (e.g., K+ binding simultaneously
to a benzene and an alanine). In other words, given the
weaker interaction between K+ and ligands in general, one
may expect less variation in the cation±p distance for K+


with different ligands than in the case of Na+ and Li+ . Re-
gardless of the plausible reasons, the simple analysis here
supports the claim that cation±p interaction is strong
enough that it can be observed even when the binding ge-
ometry is not optimal.[19]


Absolute affinities of M+±Phe complexes: The absolute Li+,
Na+ , and K+ affinities are estimated to be 275, 201, and
141 kJmol�1, respectively (Table 2). In order to estimate
error bars of the absolute affinities we had determined for
M+±Phe, we applied the same DFT protocol to the M+±
benzene (M+±Bz) and M+±alanine (M+±Ala) systems. The
theoretical affinities of these species are compared against
existing experimentally measured values and summarized in
Table 2.


In the case of benzene, the agreement between theory
and experiment is good; the deviations are within �
7 kJ mol�1. For Phe, Ryzhov et al.[26] first reported the Na+


and K+ affinities (298 K) obtained by kinetic method meas-
urements at 174 and 104 kJmol�1, respectively. However,
questions have been raised with regard to the reliability of
the reference values used,[45] and these reported values have
been put in doubt by subsequent studies.[27,28] The Na+±Phe
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affinity was later revised upwards to 188 and 198 kJmol�1 in
separate redeterminations in the laboratories of Dunbar[27]


and of Wesdemiotis,[28] respectively. Omitting the first re-
ported experimentally ascertained Na+±Phe affinity
(174 kJmol�1), we found our theoretical Na+ affinities tend
to be higher than the experimentally determined values for
Ala and Phe, up to a maximum deviation of 16 kJmol�1 in
the case of Na+±Ala (Table 2).


Recently, we also noted that the first reported K+±Phe af-
finity at 104 kJmol�1 is unreasonably low, because it is even
less than the threshold-CID value of K+±glycine
(126 kJmol�1 at 298 K) reported by Kebarle and co-work-
ers.[46] If this K+±Phe affinity is omitted, then our theoretical
K+ affinities for Ala and Phe are in excellent agreement
(within �2 kJmol�1) with the experimental (kinetic meth-
ods) values obtained in our laboratory (Table 2).


For Li+ , however, our calculated Ala and Phe affinities
are 29±37 kJmol�1 too high in relation to the experimentally
determined values of Bojesen et al.[47] and Feng et al. ,[29]


who reported very similar Li+±Ala values (Table 2). We
note that the experimentally measured Li+±Ala/Phe DG373


value of Feng et al. was anchored to an ™average DG373∫
value of Li+±glycine, which was in turn obtained (among
other measurements) with reference to a DG373 value of
N,N-dimethylacetamide at 179 kJmol�1,[48] a value �
17 kJmol�1 lower than a DG373 value of 196 kJmol�1 validat-
ed experimentally in a recent study by our group.[49] Hence,
the reported experimentally ascertained Li+±Ala/Phe affini-
ty values could be too low by about 17 kJmol�1 because of
the chosen anchoring DG373 value of N,N-dimethylaceta-
mide. At the same time, the protocol we used could be over-
estimating the Li+±Ala/Phe affinity, as is found for Na+±
Ala/Phe (�16 kJmol�1). Thus, the relatively large discrepan-
cies (�37 kJmol�1) are likely to arise from a combination of
errors in the experimental measurements and in the theoret-
ical estimation.


Overall, our estimated M+±Phe affinity is likely to be on
the high side in relation to reported experimentally deter-
mined values. This may be due to BSSE and other differen-
ces (correlation method and basis sets) employed in the the-
oretical model. From the maximum deviations found in a
comparative study on M+±Bz/Ala/Phe affinities as shown in


Table 2, the theoretical absolute Li+ , Na+ , and K+ affinities
of Phe reported in this study are assigned error bars of �
20, �16, and �6 kJmol�1, respectively. The performance of
the protocol appears to be dependent on the nature of the
alkali metal cation. It is more satisfactory for K+ affinity de-
termination: the maximum error for K+±Bz/Ala/Phe (�
6 kJmol�1) is comparable to the mean-absolute-deviation of
4.5 kJmol�1 we reported for 65 model ligands in refer-
ence [33].


Conclusion


We have carried out detailed theoretical studies on M+±Phe
(where M+ = Li+ , Na+ , and K+) complexes at the best
level of theory reported thus far. Our study has confirmed
that, for these alkali metal cations, cation±p binding modes
are competitive with non-p binding modes in phenylalanine
in the gas phase. The various stabilizing and destabilizing
factors in different modes of binding have been discussed in
detail. The absolute theoretical affinities are in reasonable
agreement with available experimentally determined values,
hence providing support for the reliability of the model pre-
sented here.


In view of the widespread presence and biological func-
tions of alkali metal cations in living systems, it has been
postulated that more Na+/K+ cation±p binding sites of func-
tional importance will be found in proteins as the resolution
and data screening techniques for X-ray structures improve
in the future.[14,16] Hence, our reported geometries and bond-
ing distances for the M+±Phe complexes may serve as struc-
tural references for optimal interaction between alkali metal
cations and the various p and non-p binding sites around ar-
omatic amino acid residues in peptides/proteins.
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Table 2. Experimental and calculated M+ (M+ = Li+ , Na+ , and K+) binding affinities [kJ mol�1] of phenylalanine (Phe), benzene (Bz), and alanine
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M+ Phe Bz Ala
Calcd[a] Exptl Calcd[a] Exptl Calcd[a] Exptl


Li+ 275 246[b] 156 161[g] 253 219[b]


[279] [159] [257] [220][i]


Na+ 201 [174][c] 100 93[g] 175 159[d]


[203] 188[d] [101] [177] [167][e]


[198][e] [167][h] [165][i]


K+ 141 104[c] 67 73[g] 123 123[j]


[143] 139[f] [68] [124]
[126][h]


[a] This work, DH0 (affinity at 0 K) estimated at the B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d) level, by Equation (2). The affinities at 298 K (DH298)
are shown in square brackets. [b] Ref. [29], corrected from DG373 to DH0 in this work. [c] Ref. [26], kinetic method DH298 values. [d] Ref. [27], ligand ex-
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Two Metalloid Ga22 Clusters Containing a Novel Ga22 Core with an
Icosahedral Ga12 Center


Andreas Schnepf,[a] Ralf Kˆppe,[a] Edgar Weckert,[b] and Hansgeorg Schnˆckel*[a]


Introduction


The neutral, metallic shining compound [Ga22{Si(SiMe3)3}8]
presented the first example of a metalloid Gan cluster.[1]


This Ga22 cluster and two analogous compounds containing
different substituents (Ge(SiMe3)3 and SitBu3) show that the
cluster core of 14 naked Ga atoms (1 central atom surround-
ed by 13 atoms) is the preferred central arrangement for 22
Ga atoms (Figure 1a).[2,3] Recently we have prepared a fur-
ther metallic shining Ga22 compound, namely [GaGa11-
(GaR)10]


2�, R=N(SiMe3)2, which has a different framework


of the Ga atoms (Figure 1b).[4] The topological relations of
the Ga22 units within these two types of Ga22 clusters, each
of which contains a central Ga atom, to the structure of one
of the high-pressure allotropes of elemental gallium have
been discussed in a review recently.[5] In the following we
present a completely different type of Ga22 cluster: An ico-
sahedral Ga12 unit without a central Ga atom, which is sur-
rounded by 10 further Ga atoms directly bonded through
two-center, two-electron (2c2e) bonds: [Ga22Br{N(Si-
Me3)2}10Br10]


3� (1) and [Ga22Br2{N(SiMe3)2}10Br10]
2� (2 ; Fig-


ure 1c).


Results and Discussion


To prepare a large amount of the cluster compound contain-
ing the [Ga64(GaR)20]


4� unit (R=N(SiMe3)2),
[6] which exhib-


its unexpected conductivity behavior (superconductivity
below 7 K and metallic conductivity above 7 K),[7,8] we ap-
plied a new technique for the synthesis of the metastable
GaBr solution which is the essential starting material for
most of the metalloid Ga cluster compounds.[5] This new
technique has been applied recently for the preparation of
metastable GeBr.[9] In contrast to our usual cocondensation
technique,[10] in the new technique the GaBr high-tempera-
ture molecules leave the furnace (1300 K) in the opposite
way, that is in the direction to the bottom of a cooled vessel
(77 K) where they are condensed together with a mixture of
the solvents toluene and THF (4:1). Using this procedure, a
more concentrated GaBr solution is isolated, which reacts
with LiN(SiMe3)2 (dissolved in toluene) to form a black sol-
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Abstract: In addition to the two so far
known types of metalloid Ga22 clusters
a new type is presented in two com-
pounds containing the anions
[Ga22Br{N(SiMe3)2}10Br10]


3� (1) and
[Ga22Br2{N(SiMe3)2}10Br10]


2� (2). In
both anions 10 Ga atoms of the icosa-
hedral Ga12 core are directly connected
to further Ga atoms. The two remain-
ing Ga atoms (top and bottom) of the


Ga12 icosahedron are bonded to one
(1) and two Br atoms (2), respectively.
The formation and structure of both
compounds containing a slightly differ-
ent average oxidation number of the
Ga atoms is discussed and compared


especially with regard to the Ga84 clus-
ter compound and similar metalloid
Aln clusters. Finally, the consequences
arising from the presence of two very
similar but not identical Ga22 cluster
compounds are discussed and special
consideration is given to the so far not
understood physical properties (metal-
lic conductivity and superconductivity)
of the Ga84 cluster compound.


Keywords: cluster compounds ¥
gallium ¥ halides ¥ nanostructures


Figure 1. Arrangement of the 22 Ga atoms inside the three types of met-
alloid Ga clusters: a) [Ga22R8] (R=Si(SiMe3)3, SitBu3, Ge(SiMe3)3); b)
[Ga22{N(SiMe3)2}10]


2� ; c) [Ga22{N(SiMe3)2}10Br10+x] (x=1,2). The ™naked∫,
no ligand-bearing Ga atoms are dark.
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ution from which orange-colored crystals of a compound
containing the Ga22 cluster 1 are obtained.


X-ray structural investigations of these crystals with an
IPDS 2 diffractometer revealed that because of the large
unit cell (V=91855 ä3) a further investigation with synchro-
tron radiation at DESY was necessary to provide a suitable
data set for the crystal structure determination. The crystal
structure shows three molecules of 1 in the asymmetric unit:
one complete Ga22 molecule 1a disordered by about 5%
with respect to the position of the bromine atom either at
the top or at the bottom of the Ga12 icosahedron (Fig-
ure 2a), and two halves of Ga22 units (1b, 1c) which are


consequently completely disordered.[11] Each of these three
Ga22 cluster molecules has an icosahedrally shaped Ga12
core which is directly connected to ten further Ga atoms
(240 pm) through 2c2e bonds. The two remaining top and
bottom Ga atoms of the icosahedra are naked and bonded
to a Br atom (238 pm), respectively. The ten terminal Ga
atoms are bridged through 10 Br atoms and directly bound
to an N(SiMe3)2 substituent. As a result of the asymmetric


substitution of the caps of the Ga12 icosahedron, the Ga12
core is strongly distorted; that is the five Ga�Ga bonds to
the Ga atom which is bound to the Br atom are significantly
shorter than the opposite five Ga�Ga bonds to the naked
Ga atom (258 and 283 pm, respectively).


In the crystal lattice the anions 1 form a distorted cubic
close packing arrangement; the distance between the centers
of the Ga22 units is 20.12 ä. The negative charge is compen-
sated by three cations: the two tetrahedral and the octahe-
dral sites are occupied by [Li(THF)4]


+ and by Br-bridged
cations [(THF)3LiBrLi(THF)3]


+ , respectively. This packing
resembles the arrangement in the alkaline fullerides M3C60


(M=alkaline metal); however, the C60
3� ions are smaller


than 1 (diameter of C60
3� is ca. 7 ä).


In contrast to the preparation of 1, the synthesis of the
metalloid cluster compound containing the anion
[Ga22Br2{N(SiMe3)2}10Br10]


2� (2) starts with a metastable sol-
ution of GaBr in toluene/THF (4:1), which was prepared as
described previously.[6] After the reaction with a cooled solu-
tion of LiN(SiMe3)2 in toluene (�78 8C), a black solution
was obtained which subsequently was heated to 55 8C for
several hours. This is the usual procedure to prepare crystals
of the Ga84 clusters.


[6] Accordingly, black crystals of the Ga84
compound, which contains the [Ga64(GaR)20]


4� ion (R=


N(SiMe3)2), are formed; however, in addition, a small
number of yellow crystals are observed. These crystals con-
tain the Ga22 cluster anion 2 which differs from 1 in that
both, the top and the bottom Ga atoms of the icosahedra
are bonded to Br atoms (Figure 2b).


In the crystal lattice the anions 2 and the cations
[(THF)3LiBrLi(THF)3]


+ are arranged like in the Al77 cluster
compound (which contains the anion [Al57(AlR)20]


2� ; R=


N(SiMe3)2),
[12] that is the trigonal prismatic holes in a dis-


torted hexagonal primitive lattice of the anions are occupied
by the Li2Br cations. The Ga�Ga distances in the Ga12 unit
of 2 are very similar (259�2 pm). This is different to that
observed in the only two other compounds containing dis-
torted Ga12 icosahedra: [Ga12(fluorenyl)10]


2� (3)[13] and 1.
The geometries of 3 and 2 are visualized along the fivefold
axis, in Figure 3. The Ga�Ga distances in 3 and 1 vary (only
valid for the Ga12 unit) in a much larger range than for 2 :
258 to 270 pm (3) and 258 to 283 pm (1). The Ga�Ga distan-
ces to the ten terminal Ga atoms for 2 as well as for 1 are as
expected significantly shorter (240 pm). The Ga�N and


Abstract in German: Zus‰tzlich zu den k¸rzlich vorgestellten
zwei Typen von metalloiden Ga22-Clustern wird eine neue
Variante der Anordnung von 22 Ga-Atomen durch zwei Ver-
bindungen pr‰sentiert, die die Anionen [Ga22Br{N(Si-
Me3)2}10Br10]


3� 1 und [Ga22Br2{N(SiMe3)2}10Br10]
2� 2 enthal-


ten. In beiden Anionen sind 10 Ga-Atome des zentralen iko-
saedrischen Ga12-Zentrums direkt an weitere Ga-Atome ge-
bunden. Die zwei verbleibenden Ga-Atome an der Spitze
und am Fu˚ des Ikosaeders sind direkt mit einem (1) bezie-
hungsweise zwei (2) Br-Atomen verkn¸pft. Die Bildung und
die Struktur beider Verbindungen, die eine leicht unterschied-
liche mittlere Oxidationszahl der Ga-Atome enthalten, wird
im Hinblick auf die Ga84 Clusterverbindung und im Vergleich
zu den Verh‰ltnissen in ‰hnlichen metalloiden Al-Verbindun-
gen diskutiert. Schlie˚lich werden die Konsequenzen des
nicht trivialen Nachweises der zwei sehr ‰hnlichen aber nicht
identischen Ga22-Cluster 1 und 2 diskutiert, die mˆgliche An-
satzpunkte f¸r die Deutung bisher nicht verstandener physi-
kalischer Eigenschaften (metallische Leitf‰higkeit und Super-
leitf‰higkeit) der Ga84 Clusterverbindung liefern.


Figure 2. Molecular structure of a) Ga22Br[N(SiMe3)2]10Br10
3� (1) and b)


[Ga22Br2{N(SiMe3)2}10Br10]
2� (2)(vibrational ellipsoids 50%; only the N


atom of the N(SiMe3)2 ligands is shown for clarity).


Figure 3. Molecular structure of a) [Ga12(C13H9)10]
2� (3) and b)


[Ga22Br2{N(SiMe3)2}10Br10]
2� (2). View along the fivefold axis. SiMe3


groups and hydrogen atoms are not shown for clarity.
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Ga�Br distances are similar to those in 1 and other Ga clus-
ter compounds.


To confirm the different distortions of the Ga12 core of 1
and 2 resulting from their different substitution patterns and
thus from their different electronic situations (e.g. there is a
different average oxidation number for 1 and 2 : 0.81 and
0.91, respectively), quantum-chemical calculations were per-
formed.[14] The results summarized in Table 1, in principle,


confirm the experimental findings. The trend within the ex-
perimental and the theoretical parameters is similar, while
the absolute values of the calculated distances are longer
than the experimental ones. This expected systematic error
is already apparent from a test calculation for the GaBr
molecule for which the calculated distance is 5 pm longer
than the experimental one.


The presented results and the structural similarity of 1
and 2 to the recently detected [Al22X20] cluster species[15]


(the arrangement of Al atoms is similar to that of the Ga
atoms in Figure 1c) led to the suggestion that 1 and 2 are
formed from a hypothetical halide precursor molecule such
as [Ga22Br20] (analogous to [Al22X20]), which might be pres-
ent at the beginning of the reaction, see for example Equa-
tion (1).


½Ga22Br20� þ 10LiR þ 12THF ! ½Ga22Br10R10Br2�2�


þ 2 ½Li2Br � 6THF�þ þ 6LiBr
ð1Þ


However, attempts to isolate this pure halide cluster has
so far been unsuccessful. Clearly, it is also difficult to trap
partially substituted clusters–we rarely have been success-
ful before–since they are intermediates on the way to
larger clusters and finally to metallic gallium. In all the ex-
periments on reactions between GaX and LiN(SiMe3)2 we
have performed during the last few years under slightly dif-
ferent conditions, mainly the Ga84 cluster compound result-
ed in the end.[16] Consequently, 1 and 2 may be considered
as intermediates on the way to the Ga84 cluster (see below).
The structural similarity of the unsubstituted cap of the Ga12
icosahedron in 1 to the naked two exterior Ga atoms of the


Ga84 cluster (see Figure 4) is a further indication that 1 and
2 are intermediates on route to the Ga84 cluster compound.


Outlook


The results presented here–mainly the detection of two ex-
amples of a new cluster type in the field of metalloid Ga


clusters–and the many other
results obtained concerning the
formation and structure of met-
alloid Ga and Al clusters,[5] now
allow a tentative discussion of
the general formation proce-
dure of these clusters. In both
cases (Al as well as Ga cluster
formation) small variations of
the reaction conditions (e.g.,
concentration, temperature,
nature and amount of donor)
are expected to have a large
impact on the sequence and
time scale of the reaction path-
ways, especially since dispropor-
tionation reactions (cluster


growth towards the metal) and substitution reactions (e.g.
replacement of Br ligands by N(SiMe3)2 ligands) have to
proceed nearly simultaneously: However, only in the case of
the formation of the Al clusters, small changes in the reac-
tion conditions cause a drastic change in the size of the re-
sulting clusters (e.g. during the substitution of the halide
with N(SiMe3)2 ligands, the formation of Al7,


[17] Al12,
[18]


Al14,
[19] Al69,


[20] and Al77
[12] is observed). On the other hand,


the formation of Ga clusters is different (using N(SiMe3)2 as
a ligand, so far mainly the formation of the Ga84 cluster
compound is observed) and more selective, for example,
there are three different types of structures for Ga22 clusters
known to date when different ligands are applied (see
above). Evidently, there is a higher selectivity–that is, there
might be slightly different reaction channels–during the for-
mation of metalloid Ga clusters as intermediates on route to
the element, in comparison to similar Al clusters.[21]


Table 1. Calculated bond lengths [pm] of 1 and 2. The experimental values are given in parentheses. The cal-
culated HOMO±LUMO gaps are 2.10 eV (1) and 1.96 eV (2).


Ga1�Br1 Ga1�Ga2 Ga2�Ga3 Ga3�Ga4 Ga4�Br5 Ga5�Ga6 Ga�GaR


1 243.2 268.4 261.0 272.3 255.4 287.2 ±
(239.4) (258.3) (253.4) (265.1) (248.9) (282.9) (240.2)


2 238.5 264.3 262.1 267.1 ±
(233.7) (259.3) (257.9) (261.4) (240.3)


Figure 4. Arrangement of the 84 Ga atoms inside the metalloid cluster
[Ga84{N(SiMe3)2}20]


4�. The icosahedrally shaped regions inside the cluster
(similar to 1 and 2) are emphasized.
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Since 1 and 2 are very similar with respect to their struc-
ture and their formation conditions (see above), they may
be formed in the same reaction channel. However, one of
the most small but significant differences between 1 and 2 is
a variation in the average oxidation number (0.81 for 1 and
0.91 for 2). Therefore, it seems plausible that the actual
redox potential of the reaction solution (i.e. besides the con-
centration of GaIII halide this is mainly the concentration of
the active GaI halide species) during the reaction proceeds
along a special reaction pathway and may have a significant
influence on the formation of these two slightly different
Ga22 products.


Since the differences in the topology of 1 and 2 are small,
they could only be detected by X-ray single-crystal diffrac-
tion experiments (for 1 synchrotron radiation was required).
Any other method normally used for nanoscale materials
(e.g., STM, AFM) would be by far too inaccurate to detect
these differences. Therefore, the discovery that very similar
but not identical large metalloid cluster species can be
formed in one reaction such as that described herein, indi-
cates, together with the detection of two very similar Ga84
clusters recently,[22] that this may also be true for many
other nanoscaled cluster materials. On the basis of all the
results and considerations presented here, the following hy-
pothesis can be deduced: As a consequence of the variation
of the actual redox potential of the reaction mixture during
the formation of the clusters it may be possible that topolog-
ically and electronically very similar but not identical clus-
ters are formed and possibly also trapped in the same crys-
tal. This possibility of cluster doping, similar to atom doping
(e.g. Si by P) may have a significant influence, for example,
on the conductivity behavior of such a nanoscaled material.
First hints for the validity of this hypothesis have been ob-
tained during our latest investigation on the Ga84 cluster
compound,[22] which were performed to get information
about the origin of its metallic[8] and superconducting[7] be-
havior.


Experimental Section


LiN(SiMe3)2 (4.45 g, 25 mmol) was added to toluene (50 mL) and cooled
to �78 8C. A GaBr solution (40 mL, 20 mmol of a 0.5m solution in tolu-
ene/THF (4:1)) was added to this solution slowly at �78 8C with a steel
cannula. The mixture was slowly brought to room temperature under stir-
ring, and an almost black solution with an orange precipitate was ob-
tained. Recrystallization of the orange solid from THF yielded dark red
colored crystals of [Ga22{N(SiMe3)2}10Br11](Li2Br¥6THF)(Li¥4THF)2 (1:
1.5 g, 0.29 mmol; 32%).


GaBr (8.3 mmol, 27 mL of a 0.3m solution) in toluene/THF (4:1) was
added to a cooled solution (�78 8C) of LiN(SiMe3)2 (1.8 g, 10 mmol) in
toluene (50 mL) with a steel cannula. The reaction mixture was slowly
warmed to room temperature under stirring and an almost black solution
was obtained. This solution was warmed to 55 8C for 20 h. After the mix-
ture had been cooled to room temperature, black rhombic crystals con-
taining the [Ga84{N(SiMe3)2}20]


4� ion and a few yellow crystals of
[Ga22{N(SiMe3)2}10Br12](Li2Br¥6THF)2 (2) were obtained on the glass
wall.


Crystal structure data of 1 [Ga22{N(SiMe3)2}10Br11](Li2Br¥6TH-
F)(Li¥4THF)2: Mr=5369.75 gmol�1, crystal dimensions 0.5î0.4î0.3 mm,
orthorhombic, space group Pbca, a=40.553(8), b=38.494(8), c=
58.842(12) ä, V=91855(32) ä3, Z=16, 1calcd=1.550 gcm�3, m0.5635=


2.521 mm�1, 2qmax=42.268, 243974 measured reflections, 76580 independ-
ent reflections (R(int.)=0.078), absorption correction: none, R1=0.0733,
wR2=0.2329. 133 mm MARCCD detector, monochromated synchrotron
radiation ((111)-diamond and (220)-germanium double crystal) PETRA
ring accelerator at DESY, Hamburg, l=0.5635 ä, T=130 K.


Crystal structure data of 2 [Ga22{N(SiMe3)2}10Br12](Li2Br¥6THF)2: Mr=


5149.53 gmol�1, crystal dimensions 0.14î0.12î0.12 mm, triclinic, space
group P1≈ , a=17.3649(9), b=18.1071(10), c=18.5707(10) ä, a=


81.813(4), b=62.817(4), g=82.797(4)8, V=5129.2(5) ä3, Z=1, 1calcd=


1.667 gcm�3, mMo=5.720 mm�1, 2qmax=54.268, 82574 measured reflections,
22517 independent reflections (R(int.)=0.0748), absorption correction:
numeric (min/max transmission 0.4449/0.5972), R1=0.0419, wR2=0.0799.
Stoe IPDS(ii) diffractometer (MoKa radiation, (l=0.71073 ä), 150 K).


The structures of 1 and 2 were solved by direct methods with SHELXS
and SHELXL (G.M.Sheldrick, Universit‰t Gˆttingen) and refined
against F2 for all observed reflections. CCDC-215996 (1) and CCDC-
215995 (2) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.can.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Centre,
12 Union Road, Cambridge CB21EZ, UK; Fax: (+44)1223-336033; or
deposit@ccdc.cam.ac.uk).
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Stable Optically Pure Phosphino(silyl)carbenes: Reagents for Highly
Enantioselective Cyclopropanation Reactions


Jerzy Krysiak,[a, b] Cÿline Lyon,[a] Antoine Baceiredo,*[a] Heinz Gornitzka,[a]


Marian Mikolajczyk,*[b] and Guy Bertrand*[a, c]


Introduction


The presence of cyclopropane subunits in many natural and
synthetic biologically active compounds,[1] as well as the util-
ity of these small rings as synthetic intermediates,[2] has pro-
moted many strategies for their construction. We have pre-
viously demonstrated that, in contrast to the other known
stable carbenes, namely aminocarbenes,[3,4] singlet nucleo-
philic phosphino(silyl)carbenes are efficient building blocks
for the preparation of cyclopropanes.[5] Notably, reaction
with monosubstituted olefins affords three-membered rings
with a total syn diastereoselectivity (with respect to the
phosphino group).[5b] With olefins bearing a chiral auxiliary,
asymmetric inductions up to 87% de were observed, al-
though with low chemical yields.[5c] Here we report the syn-


thesis of the first stable, optically active phosphino(silyl)car-
benes, and subsequent highly selective cyclopropanation
reactions.


Results and Discussion


Phosphino(silyl)carbenes are best described as phosphorus
vinyl ylides with a planar phosphorus atom,[6] and only those
bearing amino substituents at phosphorus are stable.[4d]


Therefore, the obvious way to introduce chirality was to use
a cyclic diamino C2-symmetric system at phosphorus. To
evaluate the stability of this type of phosphino(silyl)carbene,
racemic or achiral diamines were first used. With the (� )-
trans-N,N’-diisopropylcyclohexane-1,2-diamine,[7a] the diazo
compound 2 was obtained in near quantitative yield as a
yellow oil (Scheme 1). Attempts to prepare the correspond-
ing carbene 3 by photolysis of 2 at �40 8C gave the hetero-
cycle 4. This 1,3-diphosphete,[8] which is formally the head-
to-tail [2+2] dimer of carbene 3, has been fully character-
ized; the results of the X-ray diffraction study of 4 are given
in Figure 1.


Since, the [bis(diisopropylamino)phosphino](trimethylsi-
lyl)carbene is stable at ambient temperature and shows no
tendency for dimerization, the instability of carbene 3 was
rather surprising, and could be due to the strained bicyclic
structure introduced by the diaminocyclohexane ligand. To
check this hypothesis we prepared the phosphino(trimethyl-
silyl)diazomethane 6 derived from the achiral N,N’-diiso-
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Prof. G. Bertrand
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[b] J. Krysiak, Prof. M. Mikolajczyk
Centre of Molecular and Macromolecular Studies
Polish Academy of Sciences, Departement of Heteroorganic Chemis-
try, Sienkiewicza
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Abstract: The stability of phosphino(-
trimethylsilyl)carbenes bearing cyclic
diamino substituents on phosphorus is
strongly dependent on the steric hin-
drance of the nitrogen substituents.
Phosphinocarbenes 3 and 7, derived
from the trans-N,N’-diisopropylcyclo-
hexane-1,2-diamine and N,N’-diiso-
propyl-1,2-ethanediamine, are not ob-
served; instead the 1,3-diphosphete 4
and a novel six-membered heterocycle


8, which results from the dimerization
of 3 and the reaction of 7 with its diazo
precursor 6, respectively, have been
isolated. In contrast, the phosphino(si-
lyl)carbene 14 derived from N,N’-di-
tert-butyl-1,2-ethanediamine has been


isolated in high yield. By using the
enantiomerically pure (S,S)-, and
(R,R)-N,N’-di-tert-butyl-1,2-diphenyl-
1,2-ethanediamines, the first optically
pure phosphino(sily)carbenes (S,S)-17
and (R,R)-17 have been prepared.
They react with methyl acrylate to give
the corresponding cyclopropanes
(S,S,R,R)-19 and (R,R,S,S)-19 with a
total syn diastereoselectivity and an ex-
cellent enantioselectivity (de>98%).


Keywords: asymmetric synthesis ¥
carbenes ¥ cycloaddition ¥ diazo
compounds ¥ phosphorus
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propyl-1,2-ethanediamine.[7b] Photolysis of 6 in solution in
pentane at �80 8C afforded the six-membered heterocycle 8
in near quantitative yield (Scheme 2). The presence of two
nonequivalent phosphorus atoms was indicated by an AX
system in the 31P NMR spectrum [d=26.7 and 36.3 ppm,


J(P,P)=34 Hz]. The heterocyclic structure of 8 was unam-
biguously established by a single-crystal X-ray diffraction
study (Figure 2). Interestingly, compound 8, which presents
an endocyclic phosphazine unit, is perfectly stable at room
temperature. There was no evidence for the release of dini-
trogen to afford the corresponding 1,3-diphosphete.


The formation of 8 probably results from the reaction of
the transient carbene 7 with the starting diazo compound 6.
One can imagine the interaction of the carbene center of 7
with the phosphine center of 6,[9] followed by an intramolec-
ular Staudinger±Meyer reaction.[10] To validate this hypothe-


sis, we conducted the photolysis of 6 in the presence of the
phosphine 9. In this case, the formation of 8 was avoided,
and phosphorus ylide 10 was isolated (Scheme 3). The cou-
pling of the phosphine with the carbene center was indicat-
ed by an AX system in the 31P NMR spectrum [d=54.2 and


127.7 ppm, J(P,P)=147 Hz]. Interestingly, transient carbene
7 can also be trapped by tert-butyl isocyanide, which affords
the corresponding phosphinoketeneimine 11 in good yield
[IR: ñ=1979 (n(CCN)) cm�1]. However, no cyclopropana-
tion reactions occurred in the presence of either electron-
poor or electron-rich olefins; only the formation of 8 was
observed.


These results clearly demonstrate that the stability of
phosphino(silyl)carbenes is dramatically related to the steric
bulk of the amino substituents at phosphorus. To confirm
this, the five-membered ring skeleton was kept unchanged,


Scheme 1. R=SiMe3.


Figure 1. Structure of 1,3-diphosphete 4 (thermal ellipsoids drawn at
50% probability for non-hydrogen atoms; hydrogen atoms omitted for
clarity).


Scheme 2. R=SiMe3.


Figure 2. Strcture of six-membered heterocycle 8 (thermal ellipsoids
drawn at 50% probability for non-hydrogen atoms; hydrogen atoms
omitted for clarity).


Scheme 3.
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while the isopropyl groups on nitrogen were replaced by
tert-butyl substituents. In this case, the corresponding car-
bene 14 appeared to be perfectly stable at room tempera-
ture and could be isolated in near quantitative yield
(Scheme 4).


Taking these results into account, the (S,S)-, and (R,R)-
N,N’-di-tert-butyl-1,2-diphenyl-1,2-ethanediamines[7c] were
used to prepare the corresponding enantiomerically pure
phosphino(silyl)diazo compounds (S,S)-16 and (R,R)-16, re-
spectively. Both enantiomers have been isolated in good
yields as yellow oils [d(P)=116.3 ppm; IR: ñ=2018
(n(CN2)) cm


�1] . The photolysis of solutions of (S,S)-16 and
(R,R)-16 in toluene at �40 8C gave, after evolution of dini-
trogen, the corresponding stable optically pure carbene
(S,S)-17 and (R,R)-17, respectively. The reactions were
monitored by 31P NMR spectroscopy (d=�32.7 ppm) and
were complete after 18 h (Scheme 5).


Addition of two equivalents of methyl acrylate to a solu-
tion of each enantiomer of carbene 17 in toluene cleanly
yields the corresponding cyclopropanes 18. According to 31P
and 1H NMR spectrocospy, prior to any purification, only
one diastereomer could be detected in each experiment
(de>98%). After addition of elemental sulfur the corre-
sponding thioxo derivatives (S,S,R,R)-19 (aD=++19.2) and
(R,R,S,S)-19 (aD=�19.2) were isolated as colorless crystal-
line solids in 85 and 80% yield, respectively (Scheme 6).


The absolute configuration of the two newly formed chiral
centers and the total syn diastereoselectivity (with respect to
the phosphino group) were confirmed by two X-ray diffrac-
tion studies (Figure 3 and Figure 4).


The syn-selectivity has already been rationalized by in-
voking a second-order orbital interaction between the phos-
phorus center and the olefin substituent.[5b] The very high
enantioselectivity observed is a consequence of the obstruc-
tion of one side of the phosphino(silyl)carbene by one of
the phenyl groups, directing the approach of the olefin as in-
dicated in Scheme 7.


Scheme 4.


Scheme 5.


Scheme 6.


Figure 3. Strcture of (SSRR)-19 (thermal ellipsoids drawn at 50% proba-
bility for non-hydrogen atoms; hydrogen atoms omitted for clarity).


Figure 4. Structure of (RRSS)-19 (thermal ellipsoids drawn at 50% prob-
ability for non-hydrogen atoms; hydrogen atoms omitted for clarity).


Scheme 7.
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Conclusion


In conclusion, we have presented the synthesis of the first
stable optically pure phosphino(silyl)carbenes. They under-
go highly stereoselective cyclopropanation reactions: total
syn diastereoselectivity (with respect to the phosphino
group), and de>98%. The possible cleavage of the chiral
auxiliary, as well as the enantioselective synthesis of oxir-
anes[11] are under investigations.


Experimental Section


General remarks : All manipulations were performed under an inert at-
mosphere of argon using standard Schlenk techniques. Dry, oxygen-free
solvents were employed. 1H, 13C, and 31P NMR spectra were recorded on
Bruker AC80, AC200, WM250, or AMX400 spectrometers. 1H and 13C
chemical shifts are reported in ppm relative to Me4Si as external stan-
dard. 31P NMR downfield chemical shifts are expressed with a positive
sign, in ppm, relative to external standards of 85% H3PO4. Infrared spec-
tra were recorded on a Perkin-Elmer FT-IR Spectrometer 1600.


General procedure for the synthesis of chlorophosphines 1, 5, 12, and 15 :
One equivalent of PCl3 (18 mmol) was added dropwise at 0 8C to a solu-
tion of diamine (18 mmol) and Et3N (55 mmol) in toluene (30 mL). The
reaction mixture was warmed to room temperature, and stirred for 2 h.
After removal of ammonium salts by filtration, the solvent was removed
under vacuum, and the chlorophosphines were obtained in near quantita-
tive yields as colorless oils. Spectroscopic data for 1,[12a] 5,[12b] and 12[12c]


are in agreement with those previously described.


15: (S,S)-15, [a]20D =�25.4; (R,R)-15, [a]20D =++25.4 (c=0.05 in CH2Cl2);
31P{1H} NMR (C6D6): d=176.0 ppm; 1H NMR (C6D6): d=1.25 (s, 18H;
CH3C), 4.52 (d, 3J(P,H)=6.1 Hz, 2H; CHNP), 7.32 ppm (m, 10H; Haro);
13C{1H} NMR (CDCl3): d=30.5 (d, 3J(P,C)=11.9 Hz, CCH3), 55.1 (d,
2J(P,C)=12.0 Hz; PNC), 75.0 (d, 2J(P,C)=11.1 Hz; NCH), 127.4, 127.8,
128.7, 143.6 ppm (s; Caro).


General procedure for the synthesis of phosphino(diazomethane) 2, 6,
13, and 16 : One equivalent of the lithium salt of trimethylsilyldiazome-
thane [Me3SiCN2H (5 mmol) + BuLi (5 mmol) in THF (10 mL) at
�78 8C for 30 min] was added dropwise at �78 8C to a solution of chloro-
phosphine (5 mmol) in THF (10 mL). The reaction mixture was warmed
to room temperature, and stirred for 1 h. The solvent was removed under
vacuum, and the red residue was extracted with pentane (2î5 mL).
After evaporation of pentane, the diazo compounds were obtained as
yellow oils in good yields.


2 : Yield 95%; IR (toluene): ñ=2019 cm�1 (CN2);
31P{1H} NMR (CDCl3):


d=93.4 ppm; 1H NMR (CDCl3): d=0.19 (s, 9H; CH3Si), 1.16 (d, 3J(H,H)=


6.9 Hz, 3H; CH3), 1.18 (d, 3J(H,H)=6.9 Hz, 3H; CH3), 1.21 (d, 3J(H,H)=


6.9 Hz, 3H; CH3), 1.32 (d, 3J(H,H)=6.9 Hz, 3H; CH3), 1.73±2.51 (m, 8H;
CH2), 2.98 (m, 2H; CHN), 3.43 ppm (sept d, 3J(H,H)=6.9 Hz,3J(P,H)=


13.8 Hz, 2H; CHN).


6 : Yield 92%; IR (toluene): ñ=2026 cm�1 (CN2);
31P{1H} NMR (CDCl3):


d=106.0 ppm; 1H NMR (CDCl3): d=0.28 (s, 9H; CH3Si), 1.32 (d,
3J(H,H)=6.3 Hz, 12H; CH3C), 3.11 (m, 2H; CH), 3.40 ppm (m, 4H; CH2);
13C{1H} NMR (CDCl3): d=�0.6 (s; CH3Si), 21.9 (d, 3J(P,C)=8.3 Hz;
CH3C), 46.8 (d, 2J(P,C)=8.3 Hz; CH2), 48.4 ppm (d, 2J(P,C)=17.5 Hz; CH).


13 : Yield 90%; IR (pentane): ñ=2020 cm�1 (CN2);
31P{1H} NMR


(CDCl3): d=97.0 ppm; 1H NMR (CDCl3): d=0.00 (s, 9H; CH3Si), 1.10
(s, 18H; CH3C), 2.79 (m, 2H; CH2), 3.21 ppm (m, 2H; CH2);


13C{1H}
NMR (CDCl3): d=0.7 (d, 3J(P,C)=3.0 Hz; CH3Si), 29.1 (d, 3J(P,C)=10.0 Hz;
CH3C), 39.2 (d, 1J(P,C)=15.0 Hz; CN2), 41.1 (d, 2J(P,C)=7.5 Hz; CH3C),
45.3 ppm (d, 2J(P,C)=7.5 Hz; CH2).


16 : Yield 89%; (S,S)-16 [a]20D =�18.8, (R,R)-16 [a]20D =++18.7 (c=0.06 in
toluene); IR (toluene): ñ=2018 cm�1 (CN2);


31P{1H} NMR (C6D6): d=
116.3 ppm; 1H NMR (C6D6): d=0.29 (s, 9H; CH3Si), 1.20, 1.24 (s, 18H;
CH3C), 4.57 (d, 3J(H,H)=8.0 Hz, 1H; CHNP), 4.91 (dd, 3J(H,H)=8.0 Hz,
3J(P,H)=3.0 Hz, 1H; CHNP), 7.21 ppm (m, 10H; Haro);


13C{1H} NMR
(CDCl3): d=1.4 (s; CH3Si), 30.3 (d, 3J(P,C)=11.9 Hz; CCH3), 31.0 (d,


3J(P,C)=11.8 Hz; CCH3), 30.3 (d, 3J(P,C)=11.9 Hz; CCH3), 32.8 (d, 1J(P,C)=
56.1 Hz; PC), 54.8 (s; PNC), 56.1 (d, 2J(P,C)=24.8 Hz; PNC), 73.6 (d,
2J(P,C)=10.1 Hz; NCH), 74.4 (d, 2J(P,C)=7.3 Hz; NCH), 127.7, 128.0, 128.5,
144.6 ppm (s; Caro).


General procedure for the photolysis of diazophosphines 2, 6, 13, and 16 :
A solution of diazophosphine (0.3 mmol) in toluene or pentane (2 mL)
was irradiated (lmax=312 nm) at �40 8C. The evolution of the reaction
was monitored by 31P NMR spectroscopy.


Synthesis of four-membered ring 4 : After irradiation overnight, heterocy-
cle 4 slowly crystallized in the toluene solution at �40 8C as white crystals
(75%). m.p. 250 8C (decomp); 31P{1H} NMR (CDCl3): d=48.8 ppm;
1H NMR (CDCl3): d=0.28 (s, 9H; CH3Si), 0.32 (s, 9H; CH3Si), 1.30 (d,
3J(H,H)=6.9 Hz, 12H; CH3), 1.34 (d, 3J(H,H)=6.9 Hz, 12H; CH3), 1.00±1.47
(m, 8H; CH2), 2.10 (m, 8H; CH2), 2.79 (m, 4H; CH), 4.14 ppm (sept,
3J(H,H)=6.9 Hz, 4H; CHN); 13C{1H} NMR (CDCl3): d=1.3 (s; CH3Si), 4.0
(s; CH3Si), 19.3 and 25.7 (s; CH3), 24.4 and 32.8 (s; CH2), 43.9 (d, 2J(P,C)=
21.6 Hz; CHN), 60.1 ppm (d, 2J(P,C)=20.4 Hz; CHN).


Synthesis of six-membered heterocycle 8 : After irradiation overnight,
heterocycle 8 slowly crystallized in the toluene solution at �40 8C as
white crystals (80%). m.p. 162±163 8C; 31P{1H} NMR (CDCl3): d=26.7
and 36.3 ppm (d, J(P,P)=33.6 Hz); 1H NMR (CDCl3): d=0.12 (s, 9H;
CH3Si), 0.16 (s, 9H; CH3Si), 1.14 (m, 24H; CH3C), 3.13 (m, 8H; CH2),
3.40 ppm (m, 4H; CH); 13C{1H} NMR (CDCl3): d=0.8 (s; CH3Si), 3.0 (s;
CH3Si), 20.2±21.9 (m; CH3C), 37.1 (d, 2J(P,C)=9.2 Hz; CH2), 38.0 (d,
2J(P,C)=8.3 Hz; CH2), 43.4 (d, 2J(P,C)=9.2 Hz; CH), 43.9 ppm (d, 2J(P,C)=
6.4 Hz, CH); elemental analysis calcd (%) for C24H54N6Si2P2: C 52.91, H
9.99, N 15.42; found: C 52.95, H 10.05, N 15.36.


Synthesis of phosphine 9: Methyllithium (3.5 mL, 5.0 mmol; 1.3 equiv)
was added dropwise at �78 8C to a solution of chlorophosphine 5 (0.82 g,
4.0 mmol) in THF (10 mL). The reaction mixture was warmed to room
temperature, and stirred for 1 h. The solvent was removed under
vacuum, and the residue was extracted with pentane (2î5 mL). Phos-
phine 9 was obtained as a colorless oil, after evaporation of pentane
(0.76 g, 88%). 31P{1H} NMR (CDCl3): d=95.3 ppm.


Synthesis of phosphorus ylide 10 : After irradiation of 6 overnight in the
presence of 1.3 equivalents of phosphine 9, 31P NMR spectroscopy indi-
cated the quantitative formation of ylide 10, which was obtained as a
yellow oil, after evaporation of pentane. 31P{1H} NMR (C6D6): d=54.2
and 127.7 ppm (d, J(P,P)=146.5 Hz); 1H NMR (C6D6): d=0.49 (s, 9H;
CH3Si), 0.89 (d, 3J(H,H)=6.6 Hz, 6H; CH3C), 1.05 (d, 3J(H,H)=6.7 Hz, 6H;
CH3C), 1.28 (d, 3J(H,H)=7.6 Hz, 6H; CH3C), 1.32 (d, 3J(H,H)=6.9 Hz, 6H;
CH3C), 1.67 (dd, J(P,H)=12.5 and 8.4 Hz, 3H; CH3P), 2.46±3.16 (m, 8H;
CH2), 3.52 ppm (m, 4H; CH); 13C{1H} NMR (C6D6): d=4.8 (s; CH3Si),
16.3 (dd, J(P,C)=69.8 and 28.5 Hz; CH3P), 20.3 (d, 3J(P,C)=6.4 Hz; CH3C),
20.9 (d, 3J(P,C)=2.8 Hz; CH3C), 21.0 (d, 3J(P,C)=5.5 Hz; CH3C), 22.9 (d,
3J(P,C)=7.4 Hz; CH3C), 36.6 (d, 2J(P,C)=8.3 Hz; CH2), 42.4 (d, 2J(P,C)=
9.2 Hz; CH), 44.4 (s; CH2), 47.9 ppm (d, 2J(P,C)=28.5 Hz; CH).


Synthesis of keteneimine 11: After of irradiation of 6 overnight in the
presence of three equivalents of tBuNC, 31P NMR spectroscopy indicated
the quantitative formation of keteneimine 11, which was obtained as a
yellow oil, after evaporation of pentane. IR (CDCl3): ñ=1979 cm�1 (>
C=C=N-); 31P{1H} NMR (CDCl3): d=104.1 ppm; 1H NMR (C6D6): d=
0.15 (s, 9H; CH3Si), 1.17 (d, 3J(H,H)=6.4 Hz, 12H; CH3CN), 1.26 (s, 9H;
CH3C), 2.99±3.27 ppm (m, 6H; CH2 and CH); 13C{1H} NMR (C6D6): d=
0.5 (s; CH3Si), 22.4 (d, 3J(P,C)=11.0 Hz; CH3CN), 23.1 (d, 3J(P,C)=10.1 Hz;
CH3CN), 30.5 (s; CH3C), 47.6 (d, 2J(P,C)=9.2 Hz; CH2), 49.2 (d, 2J(P,C)=
19.3 Hz; CH), 44.4 (s; CH2), 47.9 ppm (d, 2J(P,C)=28.5 Hz; CH).


Preparation of phosphino(silyl)carbenes 14 and 17: After irradiation of
13 or 16 overnight at �40 8C, 31P NMR spectroscopy indicated the quanti-
tative formation of the corresponding carbenes 14 (d=�36.0 ppm) and
17 (d=�32.7 ppm), which are stable at room temperature, and were
used without any further purification.


Synthesis of cyclopropanes 19 : Methyl acrylate (0.6 mmol; 2 equiv) was
added at room temperature to a solution of carbene 17 (0.3 mmol) in tol-
uene (3 mL). The resulting mixture was stirred at room temperature for
30 min. 31P NMR spectroscopy indicated the quantitative formation of cy-
clopropane 18 (d=126.0 ppm). Treatment of this solution with an excess
of elemental sulfur gave the corresponding thioxophosphoranyl deriva-
tive 19, which was purified by column chromatography (heptane/toluene:
1/1) and recrystallized from a pentane/diethyl ether (50/50) solution as
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colorless crystals. m.p. 179±180 8C; (S,S,R,R)-19 [a]20D =19.1; 80% yield.
(R,R,S,S)-19 [a]20D =�19.2 (c=0.05 in CH2Cl2); 85% yield. 31P{1H} NMR
(C6D6): d=87.6 ppm; 1H NMR (C6D6): d=0.30 (s, 9H; CH3Si), 1.24, 1.37
(s, 18H; CH3C), 1.72 (ddd, J=4.0, 5.8 and 11.7 Hz, 1H; CHring), 2.29
(ddd, J=5.8, 6.4 and 13.7 Hz, 1H; CHring), 2.71 (ddd, J=4.0, 6.4 and
23.1 Hz, 1H; CHring), 4.23 (dd, 3J(H,H)=8.0 Hz, 3J(P,H)=3.6 Hz 1H;
CHNP), 4.53 (d, 3J(H,H)=8.0 Hz, 1H; CHNP), 6.63±7.99 ppm (m, 10H;
Haro); elemental analysis calcd (%) for C30H45N2O2SiPS: C 64.71, H 8.15,
N 5.03; found: C 64.70, H 8.17, N 5.10 for (S,S,R,R)-19, and C 64.75, H
8.20, N 4.98 for (R,R,S,S)-19.


Crystallographic data for 4, 8, (S,S,R,R)-19 and (R,R,S,S)-19 : Data for
all structures were collected at low temperature (T=173(2) K for 4 and
T=193(2) K for the other structures) using an oil-coated shock-cooled
crystal on a Bruker-AXS CCD 1000 diffractometer with MoKa radiation
(l=0.71073 ä). The structures were solved by direct methods (SHELXS-
97)[13] and all non-hydrogen atoms were refined anisotropically using the
least-squares method on F2.[14] Crystal data for 4 : C16H33N2PSi, Mr=


312.50, triclinic, space group P1≈ with a=10.366(2), b=10.462(2), c=
10.968(2) ä, a=65.165(3), b=65.088(3), g=67.073(3)8, V=945.7(3) ä3,
Z=2. A total of 5492 reflections (3779 independent, Rint=0.0830) were
collected, largest residual electron density: 0.697 eä�3, R1=0.0519 (for
I>2s(I)) and wR2=0.1448 (all data). Crystal data for 8 : C24H54N6P2Si2,
Mr=544.85, monoclinic, space group P21/c with a=18.318(2), b=
11.540(2), c=16.753(2) ä, b=116.009(2)8, V=3182.7(7) ä3, Z=4. A
total of 15136 reflections (5189 independent, Rint=0.0587) were collect-
ed, largest residual electron density: 0.647 eä�3, R1=0.0528 (for I>
2s(I)) and wR2=0.1505 (all data). Crystal data for (S,S,R,R)-19 :
C30H45N2O2PSSi, Mr=556.80, orthorhombic, space group P212121 with
a=10.5171(6), b=15.4110(8), c=19.2820(10) ä, V=3125.2(3) ä3, Z=4.
A total of 18390 reflections (6398 independent, Rint=0.0316) were col-
lected, largest residual electron density: 0.254 eä�3, R1=0.0305 (for I>
2s(I)) and wR2=0.0742 (all data). Crystal data for (R,R,S,S)-19 :
C30H45N2O2PSSi, Mr=556.80, orthorhombic, space group P212121 with
a=10.528(1), b=15.439(2), c=19.311(2) ä, V=3138.8(6) ä3, Z=4. A
total of 23078 reflections (6391 independent, Rint=0.0355) were collect-
ed, largest residual electron density residue: 0.230 eä�3, R1=0.0332 (for
I>2s(I)) and wR2=0.0761 (all data).


CCDC-224336 (4), CCDC-224337 (8), CCDC-224338 ((S,S,R,R)-19), and
CCDC-224339 ((R,R,S,S)-19) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic data Centre, 12 Union Road, Cambridge, CB21EZ, UK; fax:
(+44)1223-336-033 or e-mail : deposit@ccdc.cam.ac.uk).
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The Direct Catalytic Asymmetric Cross-Mannich Reaction: A Highly
Enantioselective Route to 3-Amino Alcohols and a-Amino Acid Derivatives


Armando CÛrdova*[a]


Introduction


One of the ultimate goals and challenges in chemistry is to
develop stereoselective transformations for the creation of
functionalized optically active molecules with structural di-
versity from simple and easily available starting materials.
Hence, during the last two decades, the synthesis of enantio-
merically pure or enriched compounds has emerged as one
of the most important fields in organic synthesis. Several
procedures to generate optically active molecules are
known, and among these, asymmetric catalysis is a highly
active research field.[1]


The Mannich reaction is a classic method for the prepara-
tion of nitrogen-containing compounds and therefore a very
important carbon±carbon bond-forming reaction in organic
synthesis. The versatility and potential to create both func-
tional and structural diversity through this reaction have
long stimulated the creativity of chemists.[2] It has been suc-


cessfully employed numerous times, for example, as a key
step in natural product synthesis and in medicinal chemis-
try.[3] However, regardless of the immense importance of
this reaction only a few catalytic stereoselective Mannich-
type reactions have been developed.[4] One major obstacle is
the capability to control the roles of the three components
of the Mannich reaction: carbonyl donor, amine, and alde-
hyde acceptor. Failure leads to competing side-reactions and
decreases in product yield. Chemists have therefore devel-
oped several indirect methods that employ preformed enol
equivalents or imines.[5] The first successful examples of cat-
alytic asymmetric additions of enolates to imines were re-
ported by Kobayashi and co-workers, who used chiral zirco-
nium/BINOL complexes as catalysts.[6] Sodeoka et al.[7] and
Lectka et al.[8] reported that palladium(ii)/BINAP and cop-
per(i)/BINAP complexes, respectively, are excellent catalysts
for indirect asymmetric Mannich reactions with a-imino-
glyoxylates. However, a disadvantage of these stereoselec-
tive Mannich reactions can be the preparation and instabili-
ty of the preformed enolates used. An important advance
for this class of asymmetric reactions would therefore be a
catalytic stereoselective version employing unmodified car-
bonyl compounds.


Recently, Shibasaki and co-workers reported that hetero-
dimetallic complexes are catalysts for the direct asymmetric
Mannich reaction.[9] Shibasaki et al.[10] and Trost et al.[11]
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Abstract: The first proline-catalyzed
direct catalytic asymmetric one-pot,
three-component cross-Mannich reac-
tion has been developed. The highly
chemoselective reactions between two
different unmodified aldehydes and
one aromatic amine are new routes to
3-amino aldehydes with dr>19:1 and
up to >99% ee. The asymmetric cross-
Mannich reactions are highly syn-selec-
tive and in several cases the two new
carbon centers are formed with abso-
lute stereocontrol. The reaction does
not display nonlinear effects and there-
fore only one proline molecule is in-


volved in the transition state. The reac-
tion was also catalyzed with good selec-
tivity by other proline derivatives. The
Mannich products were converted into
3-amino alcohols and 2-aminobutane-
1,4-diols with up to >99% ee. The first
one-pot, three-component, direct cata-
lytic asymmetric cross-Mannich reac-
tions between unmodified aldehydes,
p-anisidine, and ethyl glyoxylate have


been developed. The novel cross-Man-
nich reaction furnishes either enan-
tiomer of unnatural a-amino acid de-
rivatives in high yield and up to
>99% ee. The one-pot, three-compo-
nent, direct catalytic asymmetric reac-
tions were readily scaled up, operation-
ally simple, and conductible in environ-
mentally benign and wet solvents. The
mechanism and stereochemistry of the
proline-catalyzed, one-pot, three-com-
ponent, asymmetric cross-Mannich re-
action are also discussed.


Keywords: aldehydes ¥ asymmetric
synthesis ¥ catalysis ¥ Mannich
reaction ¥ proline
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have also developed dinuclear zinc organometallic com-
plexes that catalyze highly enantioselective Mannich-type
reactions between hydroxyarylketones and preformed
imines. J˘rgensen et al. have developed direct asymmetric
Mannich reactions involving activated ketones as donors
and catalyzed by chiral copper(ii) bisoxazoline (BOX) com-
plexes.[12]


Asymmetric reactions catalyzed by metal-free organic cat-
alysts have received increased attention in recent years.[13]


Interestingly, after the discovery of amino acid catalyzed
stereoselective Robinson annulations in the early 1970s,[14]


there was no intensive research on this concept for other
C�C bond-forming reactions for several decades, even
though the reaction is frequently used in the preparation of
building blocks for the total synthesis of natural products.[15]


It was not until recently that researchers demonstrated that
amino acid derivatives function as catalysts for direct asym-
metric intermolecular C�C bond-forming reactions.[16±23]


Among these reactions, List et al.,[24] Barbas et al.,[25] and we
have developed organocatalytic asymmetric Mannich reac-
tions that involve unmodified ketones as donors.[26] During
our initial studies of proline-catalyzed, direct asymmetric
cross-aldol reactions, we realized the ability of small organic
molecules to activate unmodified aldehydes through an en-
amine mechanism for asymmetric additions to other electro-
philes.[16f] We thus applied this strategy in the first organoca-
talytic asymmetric Mannich-type reactions with unmodified
aldehydes as nucleophiles and preformed a-imino glyoxylate
esters as the electrophiles.[27] In addition, Wenzel and Jacob-
sen have reported indirect organocatalytic asymmetric Man-
nich-type reactions between silyl enol ethers and preformed
imines.[28] However, a more effective and atom-economic
process would be a catalytic enantioselective one-pot, three-
component cross-Mannich reaction with unmodified alde-
hydes, which would lead to a new route for the synthesis of
b-amino acids and g-amino alcohols (Scheme 1).[29]


We therefore embarked on the quest to develop a novel
enamine-catalyzed asymmetric route for the synthesis of ni-
trogen-containing molecules. We have most recently dis-
closed the first one-pot, three-component, proline-catalyzed
asymmetric cross-Mannich reactions between two different
unmodified aldehydes and one amine, which provided Man-
nich adducts in up to >99% ee.[30] In this paper we describe
the scope, mechanism, and applications of this novel, highly
stereoselective, three-component, carbon±carbon bond-
forming reaction.


Results and Discussion


Scheme 2 depicts the different reaction pathways that could
occur in a reaction between two different unmodified alde-
hydes. In order to obtain the desired product, the catalyst


and reaction conditions have to allow and favor specific re-
action pathways and equilibria. For example: 1) imine for-
mation has to occur specifically with the acceptor aldehyde
K1@K2, 2) kcross-Mannich>kself-Mannich>kcross-aldol>kself-aldol, and
3) enamine formation (K3) between the donor aldehyde and
the amine component has to be avoided.


During our preliminary investigations of proline-catalyzed
stereoselective additions of unmodified aldehydes to pre-
formed imines we realized the potential of a small organic
catalyst able to catalyze direct one-pot, three-component,
asymmetric cross-Mannich reactions through an enamine
mechanism.[30] These studies revealed that (S)- and (R)-pro-
line were excellent catalysts for cross-Mannich-type reac-
tions, and that a variety of preformed imines could be used
as electrophiles. Moreover, we knew from previous Mannich
transformations with unmodified ketones that the imine can


be generated in situ.[24±26] How-
ever, the chemoselectivity of
the amine-catalyzed, one-pot,
three-component Mannich reac-
tions with unmodified ketones
can at times be low, resulting in
the formation of significant
amounts of aldol products. Fur-
thermore, proline is also a cata-
lyst for cross-aldol and self-


aldol reactions and so it is not established whether kcross-Man-


nich would be higher than kcross-aldol and kself-aldol.
[16f±i] Neverthe-


less, we decided to develop a novel one-pot, three-compo-
nent, direct asymmetric Mannich reaction with unmodified
aldehydes. In an initial experiment, p-nitrobenzaldehyde
(1.0 mmol) and p-anisidine (1.1 mmol) were mixed in the
presence of a catalytic amount of (S)-proline (20 mol%) in
DMF at 4 8C for 15 minutes. Next, propionaldehyde
(3.0 mmol) in cold DMF was slowly added to the reaction
mixture by syringe pump over 4 h and the reaction was al-
lowed to run for an additional 16 h at 4 8C. The reaction was
quenched by extraction and, to our delight, 3-amino alde-
hyde 1 could be isolated in 81% yield (Scheme 3).[30] The


Scheme 1. Catalytic enantioselective one-pot, three-component cross-Mannich reaction with unmodified alde-
hydes.


Scheme 2. Potential different reaction pathways occurring in a reaction
between two different unmodified aldehydes.
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corresponding cross-aldol product was also formed, but in a
much lower yield (<10%). Mannich adduct 1 was not sig-
nificantly stable and decomposed after its isolation. We
therefore decided to reduce 1 in situ with excess NaBH4


prior to workup and isolation of the corresponding 3-amino
alcohol derivative. Thus, 3-amino propanol 2 was isolated in
75% yield with dr>19:1 and 99% ee (Scheme 3, Meth-
od A).


In addition, the b-amino aldehydes can be extracted with
Et2O prior to reduction with NaBH4 or another chemical
manipulation of the propionaldehyde moiety.


Acceptor aldehyde component : Proline-catalyzed reactions
with propionaldehyde as the donor and other aromatic alde-
hydes as acceptors proceeded readily, affording 3-amino-3-
arylpropanols 2±11 with excellent chemo-, diastereo-, and
enantioselectivities (Table 1).


Optimization studies of the enantioselectivities of the
Mannich reactions with electron-rich aromatic acceptor al-
dehydes revealed that the use of a syringe pump was not es-
sential at temperatures below 0 8C and that the catalyst


loading could be reduced. Fur-
thermore, reactions with less
polar imines generated in situ
could be performed at higher
concentrations, since the imines
did not precipitate at the set
temperature. An alternative
method was therefore devel-
oped: the acceptor aldehyde
(1.0 mmol) and p-anisidine


(1.1 mmol) were mixed in the presence of a catalytic
amount of (S)-proline (10 mol%) in DMF at room tempera-
ture. After 20±30 minutes the reaction temperature was de-
creased to below freezing, and propionaldehyde (3.0 mmol)
was added in one portion to the reaction mixture, which was
stirred for an additional 20 h at below 0 8C. Next, the Man-
nich adduct was reduced in situ with NaBH4 prior to
workup and column chromatography (Method B). In addi-
tion, decreasing the reaction temperature from 4 to �20 8C
improved the yields and ees of Mannich adducts derived
from transformations with aromatic acceptor aldehydes
lacking an electron-withdrawing group. As an example, the
ee of Mannich adduct 3 was significantly increased from
78% to 93%. Interestingly, proline exhibits a higher selec-
tivity at temperatures below 0 8C, and kcross-Mannich>kcross-aldol


for aromatic acceptor aldehydes. Moreover, pyridinecarbal-
dehydes and furan-2-carbaldehyde were excellent electro-
philes, providing the corresponding 3-aminopropanol ad-
ducts 9±11 in good yields with ee values of up to >99%,
adding valuable new functionalities to the 3-aminopropanol
adducts. In general, the yields and enantioselectivities of the


Mannich adducts improved
with increased reactivity of the
acceptor aldehydes (imines
formed in situ). The reactions
were also readily scaled up to
multigram levels without the
yield or stereoselectivity being
affected. The direct asymmetric
cross-Mannich reactions pro-
ceeded with excellent chemose-
lectivity even though proline
was able to catalyze the two-
component self-Mannich reac-
tion between propionaldehyde
and p-anisidene to furnish the
Mannich adduct 14 in 82%
yield, dr>10:1, and 94% ee.
This indicated that proline ex-
hibits a higher kcross-Mannich>


kself-Mannich and that the equilibri-
um K1 favors a stable acceptor
imine. However, reactions with
aliphatic acceptor aldehydes
only afforded trace amounts of
the corresponding Mannich ad-
ducts. Cyclohexanecarboxalde-
hyde and isopropylaldehyde,
for example, provided a com-


Scheme 3. In situ reduction of Mannich adduct 1, providing 3-amino propanol 2.


Table 1. One-pot, three-component, direct catalytic asymmetric cross-Mannich reactions.[a]


Entry R Method T [8C] Yield[%][b] dr[c] ee[d] Product[e]


1 p-NO2C6H4 A 4 75 >19:1 99 2
2 p-NO2C6H4 B 4 41 >19:1 99 2
3 p-NO2C6H4 B 0 46 >19:1 >99 2
4 C6H5 A 4 62 4:1 75 3
5 C6H5 B 0 66 10:1 88 3
6 C6H5 B �20 80 >10:1 98 4
7 p-CNC6H4 A 0 75 >10:1 98 4
8 p-CNC6H4 B �20 88 >10:1 >99 4
9 p-CIC6H4 B �20 88 >10:1 >99 5


10 p-BrC6H4 B �10 65 >10:1 99 6
11 m-BrC6H4 B �10 72 >10:1 99 7
12 p-MeOC6H4 B �20 50 >10:1 55 8
13 furfuryl B �20 80 4:1 84 9
14 2-pyridyl B �20 86 >10:1 >99 10
15 3-pyridyl B �20 80 >10:1 >99 11
16 cyclohexyl B �20 trace n.d n.d 12
17 isopropyl B �20 trace n.d n.d 13
18 Et B �20 82 >10:1 94 14


[a] Reaction conditions: Method A or B was used; see the Experimental Section. [b] Isolated yields of the 3-
amino alcohol adduct after column chromatography. [c] Determined by NMR spectroscopy. [d] Determined by
chiral-phase HPLC. [e] The 3-amino alcohol product.
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plex reaction mixture mostly containing the corresponding
cross-aldol products and self-aldol products from the donor.
Perhaps for these substrates proline preferentially mediates
the addition to the carbonyl moiety rather than the imine
functionality (kcross-aldol>kcross-Mannich) and/or the equilibrium
(K1) does not favor a stable imine formation.


Amine component : The amine component of the asymmet-
ric Mannich reaction can be regarded either as an ™ammo-
nia∫ equivalent or as an additional element of structural di-
versity, which is highly useful in drug development. The
former requires a functional amine that can readily be con-
verted into the free amine through deprotection. For this
purpose, p-anisidine was used as the amine component, thus
introducing a p-methoxyphenyl-protected (PMP-protected)
amino group into the Mannich adducts. The PMP group is
readily removed under oxidative conditions with cerium(iv)
ammonium nitrate (CAN) or PhI(OAc)2.


[24,26,30a,b] Further
introduction of structural diversity into the three-compo-
nent, direct cross-Mannich reactions was achieved with ex-
cellent selectivity by use of proline and different aromatic
amines, Mannich adducts 15±18 being obtained in high
yields and with superb chemo- and enantioselectivities
(Table 2). Cross-Mannich reactions with para-substituted
anilines provided 3-amino alcohol derivatives with slightly


higher yields and ees than those
derived from meta-substituted
anilines. For example, the re-
action with p-bromoaniline
afforded the corresponding
3-amino propanol 16 in 82%
yield with dr>10:1 and
>99% ee, while the reaction
with m-bromoaniline furnished
the 3-amino propanol deriva-
tive 17 in 56% yield with
dr>10:1 and 99% ee.


Aldehyde donor component :
We next investigated the scope


of the aldehyde donor component (Table 3). We found that
a-unbranched aliphatic aldehydes with a chain length of
more than two carbons were excellent nucleophiles for the
proline-catalyzed direct asymmetric, one-pot, three-compo-
nent cross-Mannich reactions, furnishing Mannich adducts
21±23 in high yields and with excellent enantioselectivities
(Table 3). For example, amino alcohol 23 was isolated in
78% yield with dr>19:1 and 99% ee. The diastereoselectiv-
ity of the reaction varied slightly depending upon the chain
length of the nucleophilic aldehyde. Cross-Mannich reac-
tions with n-butanal provided a lower dr in the 3-amino al-
cohol adduct than were obtained with n-heptanal and propa-
nal. The ees of the Mannich adducts could also slightly de-
crease with increasing chain length of the aldehyde donor,
depending upon the reactivity of the acceptor aldehyde
(imine) (Entry 4). Interestingly, acetaldehyde and 2-substi-
tuted acetaldehydes only provided trace amounts of the de-
sired cross-Mannich adducts and mainly self-aldol condensa-
tion products (entry 1, Table 3). Hence, in this case,
kcross-aldol>kcross-Mannich.


One-pot direct catalytic asymmetric synthesis of either
enantiomer of an unnatural amino acid : Up to this point, we
had established that reactions with aromatic aldehydes pro-
vided excellent results, in contrast to reactions with aliphatic
acceptor aldehydes. We were therefore not certain whether
a-glyoxylate esters might serve as electrophiles for the one-
pot, three-component, direct catalytic cross-Mannich reac-
tion. However, retrosynthetic analysis as depicted in
Scheme 1 and previous Mannich-type reactions with N-pro-
tected iminoglyoxylates had indicated that our synthetic
strategy should be applicable to a direct multicomponent
route for the synthesis of unnatural amino acid deriva-
tives.[26,27] We thus treated different aldehydes with p-anisi-
dine and ethyl glyoxylate in the presence of 10 mol% of
either (S)- or (R)-proline in DMF at 4 8C (Table 4).


To our delight, proline was able to catalyze the synthesis
of b-formyl-a-amino acid derivatives 24±29 in good yield
and with excellent chemo- and enantioselectivities. The
products were more stable than the aromatic 3-amino alde-
hydes and subsequent reduction was not required. However,
the dr values of the aldehyde-functionalized amino acid de-


Table 2. One-pot, three-component, direct catalytic asymmetric cross-
Mannich reactions with aromatic amines.[a]


Entry R Yield [%][b] dr[c] ee [%][d] Product


1 p-MeOC6H4 85 >19:1 >99 10
2 C6H5 78 >19:1 >99 15
3 p-BrC6H5 82 >10:1 >99 16
4 m-BrC6H4 56 >10:1 99 17
5 p-IC6H4 65 >10:1 >99 18


[a] Reaction conditions: see Method B in the Experimental Section.
[b] Isolated yields of the 3-amino alcohol adduct after silica gel column
chromatography. [c] Determined by NMR spectroscopy. [d] Determined
by chiral-phase HPLC.


Table 3. One-pot, three-component, direct catalytic asymmetric cross-Mannich reactions with aldehydes.[a]


Entry R R’ Yield [%][b] dr[c] ee [%][d] Product


1 2-pyridyl H trace ± n.d 19
2 2-pyridyl Me 85 >19:1 >99 10
3 2-pyridyl Et 80 2:1 >99 21
4 p-NO2C6H4 n-pent 77[e] >10:1[e] 94[e] 22
5 2-pyridyl n-pent 78[e] >10:1[e] >99[e] 23


[a] Reaction conditions: see Method B in the Experimental Section. [b] Isolated yields of the 3-amino alcohol
adduct after silica gel column chromatography. [c] Determined by NMR spectroscopy. [d] Determined by
chiral-phase HPLC. [e] Reaction performed with 20 mol% proline and 10 equiv of heptanal.
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rivatives decreased slightly during workup and isolation.
This is, to the best of our knowledge, the first one-pot,
three-component, direct catalytic asymmetric synthesis of
either enantiomer of a-amino acid derivatives. The reaction
circumvents the preparation of the imine and can readily be
coupled with other nucleophilic carbon±carbon bond-form-
ing reactions.[27b, c] We also developed a novel one-pot direct
asymmetric synthesis of enantiomerically pure N-PMP-pro-
tected 2-aminobutane-1,4-diols such as 30, which are useful
precursors for the stereoselective synthesis of substituted 2-
aminopyrrolidines (Scheme 4). In addition, b-cyanohydroxy-


methyl amino acid derivative 31, with three contiguous ste-
reocenters, was prepared through a tandem three-compo-
nent, cross-Mannich cyanation reaction.


Catalyst : In our earlier studies of amine-catalyzed direct
asymmetric cross-Mannich-type reactions, we discovered
that other proline-derived amines are catalysts as well and
can switch the diastereoselectivity of the products.[27] We
therefore screened different organic amines as potential cat-


alysts for the one-pot, three-
component Mannich reactions
(Table 5). Of the limited
number of catalysts screened,
proline provided the highest ee
of 10, closely followed by hy-
droxyproline derivatives, which
furnished 10 with >90% ee. In
addition, all the successful cata-
lysts exhibit syn diastereoselec-
tivity for the cross-Mannich re-
actions, as determined by NMR
spectroscopy. Interestingly, pi-
colic acid was not a catalyst for
the reaction, establishing the
importance of the cyclic five-


membered, secondary amine structural motif. A similar ob-
servation has also been encountered in amine-catalyzed
direct asymmetric aldol reactions.[16c] Furthermore, (S)-3-me-
thoxymethylpyrrolidine (SMP) only provided trace amounts
of product 2 under the set reaction conditions, due mainly
to low imine formation.[27b]


Solvent screen : We also performed a solvent screen of the
one-pot, three-component, proline-catalyzed direct asym-
metric cross-Mannich reaction between propionaldehyde, p-
anisidine, and 2-pyridinecarbaldehyde (Table 6).


Table 4. One-pot, three-component, direct catalytic asymmetric synthesis of functional a-amino alcohol deriv-
atives.[a]


Entry Catalyst R Yield [%][b] dr[c] ee [%][d] Product


1 (S)-proline Me 67 1.5:1 >99 24
3 (R)-proline Bu 80 >10:1 99 ent-25
4 (S)-proline CH2=CHCH2 77 7:1 99 26
5 (S)-proline pentyl 78 >10:1 >99 27
6 (S)-proline isopropyl 70 >10:1 98 28
7 (S)-proline CH3(CH2)CH=CHCH2 70 >19:1 >99 29


[a] Reaction conditions: see the Experimental Section. [b] Isolated yields after silica gel column chromatogra-
phy. [c] Determined by NMR spectroscopy. [d] Determined by chiral-phase HPLC.


Scheme 4. One-pot direct catalytic asymmetric synthesis of functional a-
amino acid derivatives. i: a) Ethyl glyoxylate, 2 equiv isovaleraldehyde,
1.1 equiv p-anisidine, 10 mol% (S)-proline, 4 8C. ii: either b) LAH, THF,
0 8C, 85% yield two steps, or c) Et2AlCN, THF, �75 8C, 66% yield two
steps.


Table 5. Catalyst screen.[a]


Entry Catalyst Yield [%][b] dr[c] ee [%][d]


1 85 >19:1 >99


2 63 >19:1 94


3 66 >19:1 96


4 trace n.d n.d


6 20 1:1 <5


7 trace n.d n.d


[a] Reaction conditions: see Method B in the Experimental Section.
[b] Isolated yields of the 3-amino alcohol adduct after silica gel column
chromatography. [c] Determined by NMR spectroscopy. [d] Determined
by chiral-phase HPLC.
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The reaction worked well in polar aprotic solvents such as
DMF, N-methylpyrrolidinone (NMP), and DMA, with DMF
and NMP providing the highest yields and ees. The one-pot,
three-component, catalytic cross-Mannich transformations
in other solvents provided low yields and chemoselectivity.
This contrasts with direct asymmetric cross-Mannich-type
reactions with N-PMP-protected p-nitrobenzaldimine, which
could be performed in a broader range of solvents.[30a,b]


Hence, carbon±carbon bond-formation between the alde-
hyde and the imine could occur in solvents with smaller die-
lectric constants, which suggests that the in situ generation/
stability of the imine was the predominant limiting factor.


Determination of absolute configuration : Synthesis and
comparison with literature data established the absolute
stereochemistry of the proline-catalyzed reaction
(Scheme 5). Hence, 3-amino alcohol 3 was synthesized ac-


cording to procedures developed by Viccario et al. and com-
pared to the proline-derived 3.[31] The amino alcohol adducts
were compared by NMR spectroscopy and HPLC analyses;


this revealed that (2S,3S)-2 was formed by proline catalysis.
Furthermore, subsequent deprotection of 3 by CAN afford-
ed the known 3-amino alcohol 3a.[32] Hence, (S)-proline af-
fords (2S,3S)-3-amino 2-alkyl aldehydes and (S)-a-amino
acid derivatives with syn relative stereochemistry.[33] In addi-
tion, NMR analyses revealed that the chemical shift of the
doublet corresponding to the RNHPMP proton of the 3-
amino alcohols and b-formyl amino acid derivatives were
between d=4.52±4.81 ppm with J=3.0±6.5 Hz and d=4.18±
4.44 ppm with J=6.2±8.1 Hz for the syn and anti isomers, re-
spectively.


Mechanism : The mechanism of the proline-catalyzed Man-
nich reactions is depicted in Scheme 6. The aldehyde donor
reacts with proline, resulting in an enamine. Next, the imine,


generated in situ, reacts with the enamine to give (after hy-
drolysis) the enantiomerically enriched Mannich adduct and
the catalytic cycle can be repeated.


We did not observe any nonlinear effect in the proline-
catalyzed reaction (Figure 1).[34] Thus, a single proline mole-
cule is involved in the transition state and mechanism,
acting as a molecular robot/enzyme. Furthermore, NMR
analysis revealed that almost complete imine formation be-
tween PMP and aromatic acceptor aldehydes had taken
place within five minutes at room temperature. The process


was mediated by proline, since
no significant amount of imine
was formed in DMF in the ab-
sence of the catalyst. Impor-
tantly, only trace amounts of
the cross-aldol products were
observed at �20 8C for the (S)-
proline-catalyzed direct catalyt-
ic cross-Mannich reactions with
aromatic acceptor aldehydes
(imines). Hence, proline exhib-
ited a much higher kcross-Mannich


than kcross-aldol for these substrates under the set reaction con-
ditions. In contrast, significant amounts of cross-aldol prod-
ucts were formed when aliphatic aldehydes were treated


Table 6. Solvent screen of the proline-catalyzed, one-pot, three-compo-
nent cross-Mannich reaction.[a]


Entry Solvent T [8C] Yield [%][b] ee [%][c]


1 dioxane 10 32 99
(65)[d] (99)[d]


2 ether �20 <10 99
(40)[d] (99)[d]


3 THF �20 39 >99
(50)[d] (99)[d]


4 DMF �20 85 >99
(81)[d] (99)[d]


5 toluene 4 <10 n.d
(45)[d] (99)[d]


6 NMP �20 88 >99
7 DMA �20 79 >99


(84)[d] (99)[d]


[a] Reaction conditions: see Method B in the Experimental Section.
[b] Isolated yields of the corresponding 3-amino alcohol adduct after in
situ reduction and silica gel column chromatography. [c] Determined by
chiral-phase HPLC of the corresponding amino alcohol 10. [d] (S)-Pro-
line-catalyzed direct asymmetric cross-Mannich-type reactions between
propionaldehyde and preformed N-PMP-protected p-nitrobenzaldimine
according to Refs. [ 30a,b].


Scheme 5. Determination of the absolute configuration of amino alcohol adduct 3 and its deprotection.
a) i) (S)-proline (10 mol%), DMF, �20 8C, 20 h, ii) NaBH4, MeOH/Et2O, 0 8C, 10 minutes. b) LiAlH4, THF,
0 8C, 3 h. c) CAN, CH3CN, 0 8C, 10 minutes.


Scheme 6. The reaction mechanism for the proline-catalyzed one-pot
direct asymmetric cross-Mannich reaction.
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with propionaldehyde under our reaction conditions, indicat-
ing that proline exhibits a higher kcross-aldol for aliphatic ac-
ceptor aldehydes than for the aromatic acceptor aldehydes.


The stereochemical outcome of the (S)-proline-catalyzed
direct asymmetric Mannich reactions was explained in terms
of a si-facial attack on the imine with a trans configuration
by the si-face of the enamine (Figure 2, I). The six-mem-


bered metal-free Zimmermann±Traxler transition state is
stabilized by hydrogen bonding between the nitrogen atom
of the imine and the carboxylic group of proline. A switch
of the facial selectivity is disfavored due to steric repulsion
between the PMP group of the imine and the pyrrolidine
moiety of the enamine. Interestingly, this is the opposite of
what is observed in similar proline-catalyzed direct asym-
metric cross-aldol reactions in which a re-facial attack
occurs on the carbonyl from the si-face of the enamine
(Figure 2, II).[16g±i] Hence, (S)-proline affords b-amino alde-
hydes with syn configurations and b-hydroxy aldehydes with
anti sterochemistry. This switch of selectivity has also been
observed in Mannich reactions with unmodified ketones and


has been explained by density functional theory calculations
of the respective transition states.[24, 26,35]


Conclusion


The first one-pot, three-component, direct catalytic asym-
metric cross-Mannich reactions have been described. The
highly chemoselective, proline-catalyzed reactions between
two different unmodified aldehydes and one aromatic amine
are new routes to b-amino aldehydes with dr values of
>19:1 and up to >99% ees. The asymmetric cross-Mannich
reactions are highly syn-selective and in several cases the
two new carbon centers are formed with almost absolute
stereocontrol. The aldehyde moiety of the Mannich products
is readily exploitable in other reactions in one-pot fashion.
Furthermore, the b-amino aldehyde adducts are readily con-
vertible into 1,3-amino alcohol derivatives and 2-aminobu-
tane-1,4-diols with up to >99% ees in one-pot operations.
In addition, the first one-pot, three-component, direct cata-
lytic asymmetric syntheses of unnatural amino acid deriva-
tives have been developed. The novel cross-Mannich reac-
tions between unmodified aldehydes, p-anisidine, and ethyl
glyoxylate can furnish either enantiomer of unnatural a-
amino acid derivatives in high yield and with up to
>99% ees. The one-pot, three-component, direct catalytic
asymmetric reactions were readily scaled up, operationally
simple, and did not require an inert atmosphere. In addition,
the reactions could be conducted in environmentally benign
and wet solvents. The reaction was also catalyzed with good
selectivity by other proline derivatives. The reaction does
not display nonlinear effects, and so only one proline mole-
cule was involved in the transition state. In addition, proline
activates aldimines preferentially to aldehydes at low reac-
tion temperatures. The mechanisms and transition-state
model have been discussed on the basis of the stereochemis-
try of the Mannich adducts. Taken as a whole, the reported
transformation should be an inexpensive and useful route
for the synthesis of optically active nitrogen-containing mol-
ecules.


Experimental Section


General methods : Chemicals and solvents were either purchased puriss
p.A. from commercial suppliers or purified by standard techniques. For
thin-layer chromatography (TLC), silica-gel plates (Merck 60 F254) were
used and compounds were visualized by irradiation with UV light and/or
by treatment with a solution of phosphomolybdic acid (25 g),
Ce(SO4)2¥H2O (10 g), conc. H2SO4 (60 mL), and H2O (940 mL) followed
by heating or by treatment with a solution of p-anisaldehyde (23 mL),
conc. H2SO4 (35 mL), acetic acid (10 mL), and ethanol (900 mL), fol-
lowed by heating. Flash chromatography was performed on silica gel
(Merck 60, particle size 0.040±0.063 mm), 1H NMR and 13C MR spectra
were recorded on a Varian AS 400 instrument. Chemical shifts are given
in d relative to tetramethylsilane (TMS), the coupling constants J are
given in Hz. The spectra were recorded in CDCl3 or CD3OD as solvents
at room temperature, TMS served as internal standard (d=0 ppm) for 1H
NMR, and CDCl3 was used as internal standard (d=77.0 ppm) for 13C
NMR. HPLC was carried out with a Hitachi organizer consisting of a D-
2500 Chromato-Integrator, an L-4000 UV-Detector, an L-6200A Intelli-
gent Pump, and a Waters 2690 Millennium with photodiode array detec-


Figure 1. Linear effect in the (S)-proline-catalyzed cross-Mannich reac-
tion of propionaldehyde with p-anisidine and 2-pyridylcarbaldehyde in
DMF (y=0.99x + 1.02, R2=0.996).


Figure 2. Postulated transition states of the cross-Mannich (I) and cross-
aldol (II) reactions.
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tor. Optical rotations were recorded on a Perkin Elmer 241 Polarimeter
(l=589 nm, 1 dm cell). High-resolution mass spectra were recorded on
an IonSpec FTMS mass spectrometer with a DHB matrix.


Typical one-pot, three-component experimental procedure for the cata-
lytic asymmetric cross-Mannich reaction of aldehydes and p-anisidine


Method A : A mixture of the acceptor aldehyde (1.0 mmol) and p-anisi-
dine (1.1 mmol) in DMF (8.0 mL) was stirred for 15 min in the presence
of a catalytic amount of proline (20 mol%) at 4 8C. Next, a cold solution
of the corresponding donor aldehyde (3.0 mmol) in DMF (2.0 mL) was
slowly added by syringe pump over 4±5 h at 4 8C. After an additional 15±
16 h reaction time, the temperature was decreased to 0 8C, followed by
dilution with anhydrous Et2O or MeOH (2.0 mL) and careful addition of
excess NaBH4 (0.4 g). The reaction was quenched after 10 minutes by
pouring the reaction mixture into a vigorously stirred biphasic solution of
Et2O and 1m aqueous HCl. The organic layer was separated and the
aqueous phase was extracted thoroughly with ethyl acetate. The com-
bined organic phases were dried (MgSO4), concentrated, and purified by
flash column chromatography (silica gel, mixtures of hexanes/ethyl ace-
tate) to afford the desired b-amino alcohols. The enantiomeric excesses
of the products were determined by HPLC analysis on chiral stationary
phases.


Method B : A mixture of the acceptor aldehyde (1.0 mmol) and p-anisi-
dine (1.1 mmol) in DMF (1.0 mL) was stirred for 20±30 minutes in the
presence of a catalytic amount of proline (10 mol%) at room tempera-
ture. Next, the temperature of the reaction mixture was decreased to
�20 8C, and the donor aldehyde (3.0 mmol) was added to the reaction
mixture in one portion. After 20 h vigorous stirring at �20 8C, the solu-
tion was diluted with Et2O (2.0 mL) and MeOH (2.0 mL), followed by
the addition of excess NaBH4 (0.4 g), and the reaction temperature was
increased to 0 8C. The reaction was quenched after 10 minutes by pouring
the reaction mixture into a vigorously stirred biphasic solution of Et2O
and 1m aqueous HCl. The organic layer was separated, and the aqueous
phase was extracted thoroughly with ethyl acetate.[36] The combined or-
ganic phases were dried (MgSO4), concentrated, and purified by flash
column chromatography (silica gel, mixtures of hexanes/ethyl acetate) to
afford the desired b-amino alcohols. The enantiomeric excesses of the
products were determined by HPLC analysis on chiral stationary phases.


Typical one-pot, two-component catalytic asymmetric self-Mannich reac-
tion : A mixture of the aldehyde (3.0 mmol) and p-anisidine (1.1 mmol)
in DMF (1.0 mL) was stirred for 20 h in the presence of a catalytic
amount of proline (10 mol%) at �20 8C. Next, the solution was diluted
with Et2O or MeOH (2.0 mL), followed by addition of excess NaBH4


(0.4 g), and the reaction temperature was increased to 0 8C. The reaction
was quenched after 10 minutes by pouring the reaction mixture into a
vigorously stirred biphasic solution of Et2O and 1m aqueous HCl. The or-
ganic layer was separated, and the aqueous phase was extracted thor-
oughly with ethyl acetate. The combined organic phases were dried
(MgSO4), concentrated, and purified by flash column chromatography
(silica gel, mixtures of hexanes/ethyl acetate) to afford the desired b-
amino alcohols. The enantiomeric excesses of the products were deter-
mined by HPLC analysis on chiral stationary phases.


(2S,3S)-2-Methyl-3-(4-methoxyphenylamino)-3-(4-nitrophenyl)propan-1-
ol (2): [a]D=�65.2 (c=0.2 in MeOH); 1H NMR (CDCl3): d=0.91 (d,
J=7.0 Hz, 3H), 2.21 (m, 1H), 3.64 (m, 2H), 3.67 (s, 3H; OMe), 4.65 (d,
J=4.0 Hz, 1H), 6.42 (d, J=8.8 Hz, 2H), 6.68 (d, J=8.8 Hz, 2H), 7.51 (d,
J=8.8 Hz, 2H), 8.17 ppm (d, J=8.8 Hz, 2H); 13C NMR: d=11.9, 41.6,
56.0, 60.8, 66.0, 115.0, 115.1, 123.9, 128.3, 141.0, 147.3, 150.6, 152.6 ppm;
HR-MS: m/z calcd for C17H20N2O4: 317.1496;found: 317.1496 [M+H]+ ;
HPLC (Daicel Chiralpak AD, hexanes/iPrOH=99:1, flow rate
1.0 mLmin�1, l=254 nm): major isomer: tR=36.10 min; minor isomer:
tR=21.49 min.


(2S,3S)-2-Methyl-3-(4-methoxyphenylamino)-3-phenylpropan-1-ol (3):
[a]D=�6.2 (c=1 in MeOH); 1H NMR (CD3OD): d=0.95 (d, J=7.0 Hz,
3H), 2.05 (m, 1H), 3.38 (dd, 1H), 3.56 (dd, 1H), 3.62 (s, 3H; OMe), 4.43
(d, J=4.0 Hz, 1H), 6.38 (d, J=8.8 Hz, 2H), 6.50 (d, J=8.8 Hz, 2H), 7.12
(m, 1H), 7.24 (m, 2H), 7.31 ppm (d, J=7.7 Hz, 2H); 13C NMR: d=12.8,
43.7, 56.3, 61.4, 66.0; 115.7, 116.0, 127.7, 128.6, 129.3, 143.9, 144.6, 151.9,
153.1, 157.7 ppm; HR-MS: m/z calcd for C17H21NO2: 272.1645;found:
272.1647 [M+H]+ ; HPLC (Daicel Chiralpak AD, hexanes/iPrOH=99:1,


flow rate 1.0 mLmin�1, l=254 nm): major isomer: tR=14.02 min; minor
isomer: tR=12.18.


(2S,3S)-2-Methyl-3-(4-methoxyphenylamino)-3-(4-cyanophenyl)propan-1-
ol (4): [a]D=�63.7 (c=0.1 in CHCl3);


1H NMR (CD3OD): d=0.85 (d,
J=7.0 Hz, 3H), 1.98 (m, 1H), 3.32 (dd, 1H), 3.45 (dd, 1H), 3.67 (s, 3H;
OMe), 4.47 (d, J=4.0 Hz, 1H), 6.38 (d, J=8.8 Hz, 2H), 6.68 (d, J=
8.8 Hz, 2H), 7.44 (d, J=8.0 Hz, 2H), 7.54 ppm (d, J=8.0 Hz, 2H); 13C
NMR: d=12.3, 43.4, 56.1, 60.7, 65.5; 115.6, 115.7, 129.5, 133.1, 143.2,
151.3, 153.1 ppm; HR-MS: m/z calcd for C18H20N2O2: 297.1583; found:
297.1597 ([M+H]+ ; HPLC (Daicel Chiralpak AD, hexanes/iPrOH=99:1,
flow rate 1.0 mLmin�1, l=254 nm): major isomer: tR=28.86 min; minor
isomer: tR=19.31 min.


(2S,3S)-2-Methyl-3-(4-methoxyphenylamino)-3-(4-chlorophenyl)propan-
1-ol (5): [a]D=�29.6 (c=1.9 in CD3OD); 1H NMR (CD3OD): d=0.93
(d, J=7.0 Hz, 3H), 2.02 (m, 1H), 3.38 (m, 1H), 3.53 (m, 1H), 3.67 (s,
3H; OMe), 4.45 (d, J=4.8 Hz, 1H), 6.47 (d, J=8.4 Hz, 2H), 6.62 (d, J=
9.2 Hz, 2H), 7.25 (d, J=8.4 Hz, 2H), 7.31 ppm (d, J=8.4 Hz, 2H); 13C
NMR: d=12.7, 43.6, 56.3, 60.7, 65.8, 115.7, 115.9, 129.3, 130.2, 133.3,
143.6, 153.1 ppm; HR-MS: m/z calcd for C17H20ClNO2: 305.1182; found:
305.1173 [M]+ ; HPLC (Daicel Chiralpak AD, hexanes/iPrOH=99:1,
flow rate 1.0 mLmin�1, l=254 nm): major isomer: tR=15.15 min; minor
isomer: tR=10.84 min.


(2S,3S)-2-Methyl-3-(4-methoxyphenylamino)-3-(4-bromophenyl)propan-
1-ol (6): [a]D=�38.9 (c=0.6 in CHCl3);


1H NMR (CD3OD): d=0.94 (d,
J=7.3 Hz, 3H), 2.03 (m, 1H), 3.37 (dd, 1H), 3.55 (dd, 1H), 3.62 (s, 3H;
OMe), 4.43 (d, J=5.1 Hz, 1H), 6.47 (d, J=9.2 Hz, 2H), 6.61 (d, J=
8.8 Hz, 2H), 7.25 (d, J=8.4 Hz, 2H), 7.40 ppm (d, J=8.4 Hz, 2H); 13C
NMR: d=12.7, 43.6, 56.3, 60.8, 65.8, 115.7, 115.9, 130.6, 132.3, 143.7,
144.1, 153.2 ppm; HR-MS: m/z calcd for C17H20BrNO2: 350.0753; found:
350.0753 [M+H]+ ; HPLC (Daicel Chiralpak AD, hexanes/iPrOH=99:1,
flow rate 1.0 mLmin�1, l=254 nm): major isomer: tR=14.00 min; minor
isomer: tR=10.14 min.


(2S,3S)-2-Methyl-3-(4-methoxyphenylamino)-3-(3-bromophenyl)propan-
1-ol (7): [a]D=�28.6 (c=1.7 in MeOH); 1H NMR (CD3OD): d=0.85 (d,
J=7.0 Hz, 3H), 1.98 (m, 1H), 3.32 (dd, 1H), 3.45 (dd, 1H), 3.54 (s, 3H;
OMe), 4.35 (d, J=5.9 Hz, 1H), 6.39 (d, J=9.2 Hz, 2H), 6.52 (d, J=
9.2 Hz, 2H), 7.15 (dd, J=8.1 Hz, J=7.5 Hz, 2H), 7.21 (m, 2H), 7.42 ppm
(br s, 1H); 13C NMR: d=12.5, 43.5, 56.2, 60.6, 65.7, 115.6, 115.7, 127.3,
130.6, 130.8, 131.6, 147.0, 147.6, 153.0 ppm; HR-MS: m/z calcd for
C17H20BrNO2: 350.0753; found: 350.0753 [M+H]+ ; HPLC (Daicel Chiral-
pak OD-H, hexanes/iPrOH=99.5:0.5, flow rate 1.0 mLmin�1, l=


254 nm): major isomer: tR=24.90 min; minor isomer: tR=21.71 min.


(2S,3S)-2-Methyl-3-(4-methoxyphenylamino)-3-(4-methoxyphenyl)pro-
pan-1-ol (8): [a]D=�6.6 (c=2.7 in MeOH); 1H NMR (CDCl3): d=0.92
(d, J=7.0 Hz, 3H), 2.15 (m, 1H), 3.64 (d, J=6.4 Hz, 2H), 3.69 (s, 3H;
OMe), 3.78 (s, 3H; OMe), 4.45 (d, J=4.4 Hz, 1H), 6.54 (d, J=8.8 Hz,
2H), 6.69 (d, J=8.8 Hz, 2H), 6.85 (d, J=8.8 Hz, 2H), 7.24 ppm (d, J=
8.8 Hz, 2H); 13C NMR: d=12.6, 41.6, 55.4, 56.0, 66.4, 114.0, 114.2, 114.9,
115.7, 128.4, 128.5, 133.6, 158.8 ppm; HR-MS: m/z calcd for C18H23NO3:
302.3968; found: 302.3969 [M+H]+ ; HPLC (Daicel Chiralpak OD-H,
hexanes/iPrOH=99.5:0.5, flow rate 1.0 mLmin�1, l=254 nm): major
isomer: tR=14.90 min; minor isomer: tR=11.71 min.


(2S,3S)-2-Methyl-3-(4-methoxyphenylamino)-3-(2-pyridinyl)propan-1-ol
(10): [a]D=�28.9 (c=1.2 in MeOH); 1H NMR (CD3OD): d=0.85 (d,
J=7.0 Hz, 3H), 2.11 (m, 1H), 3.32 (dd, 1H), 3.45 (dd, 1H), 3.54 (s, 3H;
OMe), 4.53 (d, J=5.9 Hz, 1H), 6.51 (d, J=9.2 Hz, 2H), 6.63 (d, J=
9.2 Hz, 2H), 7.21 (m, 1H), 7.42 (m, 1H), 7.70 (m, 1H), 8.48 ppm (m,
1H); 13C NMR: d=12.7, 42.7, 56.3, 62.8, 66.0, 115.7, 116.0, 123.5, 123.8,
138.5, 143.6, 149.7, 153.4, 164.3 ppm; HR-MS: m/z calcd for
C16H20N2O2Na: 295.3321; found: 295.3307 [M+Na]+ ; HPLC (Daicel
Chiralpak AD, hexanes/iPrOH=90:10, flow rate 0.5 mLmin�1, l=


254 nm): major isomer: tR=42.57 min; minor isomer: tR=36.85 min.


(2S,3S)-2-Methyl-3-(4-methoxyphenylamino)-3-(3-pyridinyl)propan-1-ol
(11): [a]D=�33.7 (c=1.2 in MeOH); 1H NMR (CD3OD): d=0.97 (d,
J=7.0 Hz, 3H), 2.09 (m, 1H), 3.39 (dd, 1H), 3.56 (dd, 1H), 3.58 (s, 3H;
OMe), 4.57 (d, J=5.9 Hz, 1H), 6.51 (d, J=9.2 Hz, 2H), 6.61 (d, J=
9.2 Hz, 2H), 7.26 (m, 1H), 7.78 (m, 1H), 8.31 (m, 1H), 8.51 ppm (m,
1H); 13C NMR: d=12.8, 43.5, 56.4, 59.1, 65.6, 115.9, 116.2, 125.1, 137.5,
137.7 143.3, 148.4, 149.8, 153.4 ppm; HR-MS: m/z calcd for
C16H20N2O2Na: 295.3321; found: 295.3320 [M+Na]+ ; HPLC (Daicel
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Chiralpak AD, hexanes/iPrOH=90:10, flow rate 0.5 mLmin�1, l=


254 nm): major isomer: tR=43.56 min; minor isomer: tR=37.88 min.


(2S,3S)-2-Methyl-3-(4-methoxyphenylamino)-3-pentan-1-ol (14): [a]D=++


8.5 (c=1 in MeOH); 1H NMR (CD3OD): d=0.92 (t, J=6.9 Hz, 3H),
0.95 (d, J=7.7 Hz, 3H), 1.52 (m, 2H), 1.87 (m, 1H), 3.50 (dd, 1H), 3.66
(dd, 1H), 3.68 (s, 3H; OMe), 6.70 (d, J=8.8 Hz, 2H), 6.81 ppm (d, J=
8.8 Hz, 2H); 13C NMR: d=11.9, 12.3, 26.7, 40.0, 56.4, 58.8, 66.3, 115.9,
116.0, 145.3, 153.0 ppm; HR-MS: m/z calcd for C13H21NO2: 224.1645;
found: 224.1645 [M+H]+ ; HPLC (Daicel Chiralpak AD, hexanes/
iPrOH=99:1, flow rate 1.0 mLmin�1, l=254 nm): major isomer: tR=
8.09 min; minor isomer: tR=12.18 min.


(2S,3S)-2-Methyl-3-(phenylamino)-3-(2-pyridinyl)propan-1-ol (15): [a]D=
�34.1 (c=1.6 in MeOH); 1H NMR (CD3OD): d=0.96 (d, J=7.0 Hz,
3H), 2.21 (m, 1H), 3.41 (dd, 1H), 3.59 (dd, 1H), 4.60 (d, J=5.9 Hz, 1H),
6.54 (m, 2H), 7.18 (d, 2H), 7.42 (m, 1H), 7.63 (m, 1H), 8.47 ppm (m,
1H); 13C NMR: d=12.8, 42.7, 61.9, 65.9, 114.6, 118.2, 123.6, 130.0, 138.6,
143.6, 149.4, 149.7, 164.3 ppm; HR-MS: m/z calcd for C15H18N2O:
243.1497; found: 243.1495 [M+H]+ ; HPLC (Daicel Chiralpak AD, hex-
anes/iPrOH=90:10, flow rate 0.5 mLmin�1, l=254 nm): major isomer:
tR=28.87 min; minor isomer: tR=25.34 min;.


(2S,3S)-2-Methyl-3-(4-bromophenylamino)-3-(2-pyridinyl)propan-1-ol
(16): [a]D=�29.1 (c=2.1 in MeOH); 1H NMR (CD3OD): d=0.97 (d,
J=7.0 Hz, 3H), 2.19 (m, 1H), 3.40 (m, 1H), 3.53 (m, 1H), 4.61 (d, J=
5.9 Hz, 1H), 6.49 (m, 2H), 7.10 (m, 2H), 7.21 (m, 1H), 7.42 (m, 1H),
7.67 (m, 1H), 8.48 ppm (m, 1H); 13C NMR: d=12.7, 42.7, 61.9, 65.7,
114.6, 118.1, 123.5, 123.7, 130.0, 138.5, 149.7, 149.7 d, 164.3 ppm; HR-MS:
m/z calcd for C15H17BrN2O: 321.0602; found: 321.060 [M+H]+ ; HPLC
(Daicel Chiralpak AD, hexanes/iPrOH=90:10, flow rate 0.5 mLmin�1,
l=254 nm): major isomer: tR=29.59 min; minor isomer: tR=39.57 min.


(2S,3S)-2-Methyl-3-(4-iodophenylamino)-3-(2-pyridinyl)propan-1-ol (18):
[a]D=�31.2 (c=0.6 in MeOH); 1H NMR (CD3OD): d=0.99 (d, J=
7.0 Hz, 3H), 2.21 (m, 1H), 3.41±3.59 (m, 2H), 4.58 (d, J=5.1 Hz, 1H),
6.40 (m, 2H), 7.26 (m, 3H), 7.45 (m, 1H), 7.75 (m, 1H), 8.52 ppm (m,
1H); 13C NMR: d=9.9, 39.8, 58.8, 62.8, 114.0, 120.7, 120.8, 135.7, 135.8,
146.4, 146.8, 147.0 ppm; HR-MS: m/z calcd for C15H17IN2O: 350.0753;
found: 350.0751 [M+H]+ ; HPLC (Daicel Chiralpak AD, hexanes/
iPrOH=90:10, flow rate 0.5 mLmin�1, l=254 nm): major isomer: tR=
38.22 min; minor isomer: tR=29.18 min.


(1S,2S)-1-(4-Methoxyphenylamino)-1-(2-pyridyl)-2-hydroxymethylbutane
(21): �2:1 mixture of diastereoisomers, * denotes the anti diastereomer;
1H NMR (CD3OD): d=0.88 (t, J=7.0 Hz, 1.5H*), 0.90 (t, J=7.0 Hz,
3H), 1.39±1.61 (m, 2H, 1H*), 1.85±1.98 (m, 1H, 1H*), 3.51 (dd, 1H*),
3.53 (dd, 2H), 3.61 (s, 3H, 1.5H*; OMe), 4.34 (d, J=7.0 Hz, 1H*), 4.59
(d, J=4.0 Hz, 1H), 6.48 (dd, 2H, 1H*), 6.61 (dd, 2H, 1H*), 7.19 (m, 1H,
0.5H*), 7.42 (m, 1H, 0.5H*), 7.67 (m, 1H, 0.5H*), 8.47 ppm (m, 1H,
0.5H*); 13C NMR: d=12.2, 12.4, 20.4, 22.4, 49.8, 56.3, 62.4, 63.0, 115.5,
115.8, 115.9, 116.0, 116.1, 123.5, 123.6, 124.0, 124.1, 138.4, 138.5, 143.6,
149.7, 153.5, 164.2, 164.5 ppm; HR-MS: m/z calcd for C17H22N2O2:
272.1645; found: 2721645 [M+H]+ ; HPLC (Daicel Chiralpak AD, hex-
anes/iPrOH=98:2, flow rate 0.5 mLmin�1, l=254 nm): major isomer:
tR=59.35 min; minor isomer: tR=46.47 min; major isomer*: tR=
61.17 min; minor isomer*: tR=59.35 min.


(1S,2S)-1-(4-Methoxyphenylamino)-1-(4-nitrophenyl)-2-hydroxymethyl-
heptane (22): [a]D=�24.7 (c=0.2 in MeOH); 1H NMR (CD3OD): d=
0.83 (t, J=7.0 Hz, 3H), 1.22±1.55 (m, 8H), 2.08 (m, 1H), 3.54 (d, J=
3.3 Hz, 1H), 3.68 (s, 3H; OMe), 3.73 (d, J=3.3 Hz, 1H), 4.71 (d, J=
3.3 Hz, 1H), 6.48 (d, J=8.8 Hz, 2H), 6.68 (d, J=8.8 Hz, 2H), 7.51 (d, J=
8.8 Hz, 2H), 8.17 ppm (d, J=8.8 Hz, 2H); 13C NMR: d=14.4, 22.9, 27.8,
29.7, 46.4, 56.1, 63.9, 96.6, 115.3, 124.1, 128.7, 147.5 ppm; HR-MS: m/z
calcd for C21H28N2O4: 373.2122; found: 373.2120 [M+H]+ ; HPLC (Daicel
Chiralpak AD, hexanes/iPrOH=90:10, flow rate 1.0 mLmin�1, l=


254 nm): major isomer: tR=17.79 min; minor isomer: tR=7.43 min.


(1S,2S)-1-(4-Methoxyphenylamino)-1-(2-pyridyl)-2-hydroxymethylhep-
tane (23): [a]D=�33.9 (c=0.3 in MeOH); 1H NMR (CD3OD): d=0.82
(t, J=7.0 Hz, 3H), 1.22±1.55 (m, 8H), 2.08 (m, 1H), 3.54 (d, J=3.3 Hz,
1H), 3.59 (d, J=3.3 Hz, 1H), 3.59 (s, 3H; OMe), 4.64 (d, J=3.3 Hz, 1H),
6.51 (d, J=8.8 Hz, 2H), 6.62 (d, J=8.8 Hz, 2H) 7.16 (m, 1H), 7.41 (m,
1H), 7.65 (m, 1H), 8.46 ppm (m, 1H); 13C NMR: d=14.6, 23.7, 27.3,
28.5, 33.2, 48.8, 56.3, 62.5, 63.5, 123.5, 124.1, 138.4, 143.6, 149.7, 153.4,
164.2 ppm; HR-MS: m/z calcd for C20H28N2O4: 373.2122; found: 373.2120


[M+H]+ ; HPLC (Daicel Chiralpak AD, hexanes/iPrOH=98:2, flow rate
0.5 mLmin�1, l=254 nm): major isomer: tR=154.7 min; minor isomer:
tR=94.3 min.


General procedure for the direct catalytic synthesis of b-formyl amino
acid derivatives


Ethyl (2S,3S)-3-formyl-2-(4-methoxyphenylamino)butanoate (24): Ethyl
glyoxylate (2.5 mmol) and p-anisidine (2.8 mmol) were stirred in the
presence of a catalytic amount of (S)-proline (10 mol%) in DMF
(2.5 mL) for 30 minutes at room temperature. Next, the temperature was
decreased to 4 8C, followed by addition of the propanal (5 mmol). After
stirring for 20±24 h, the reaction was quenched by addition of aqueous
NH4Cl solution, followed by extraction with EtOAc. The combined or-
ganic layers were dried (MgSO4), filtered, and concentrated. Purification
of the residue by flash column chromatography (pentanes/ethyl acetate=
5:1) afforded the corresponding b-formyl amino acid derivative 24
(0.38 g, 65%): �1.5:1 mixture of diastereoisomers, * denotes the anti dia-
stereomer. 1H NMR (CDCl3): d=1.10±1.40 (m, 12H), 2.87 (m, 2H), 3.73
(br s, 3H, 3H*; OMe), 3.91 (d, 1H, 1H*), 4.16 (m, 2H, 2H*), 4.38 (d,
J=6.6 Hz, 1H*), 4.49 (d, J=3.4 Hz, 1H), 6.67 (m, 2H, 2H*), 6.77 (m,
2H, 2H*), 9.72 ppm (br s, 1H, 1H*); 13C NMR: d=9.0, 9.8, 14.1, 14.1,
48.1, 48.4, 55.5, 55.6, 58.4, 58.6, 61.5, 61.6, 114.7, 114.8, 115.6, 116.3, 140.1,
140.4, 153.1, 153.4, 171.7, 172.3, 201.7, 201.8 ppm; HR-MS: m/z calcd for
C14H19NO4Na: 265.1309; found: 265.1316 [M+Na]+ ; HPLC (Daicel Chir-
alpak AS, hexanes/iPrOH=99:1, flow rate 1.0 mLmin�1, l=254 nm):
major isomer: tR=18.82 min, major isomer*: tR=20.12 min, minor
isomer: tR=23.11 min, minor isomer: tR=27.01 min.


(2S,3S)-3-Hydroxymethyl-2-(4-methoxyphenylamino)-4-methylpentan-1-
ol (30): Ethyl glyoxylate (2.5 mmol) and p-anisidine (2.8 mmol) were stir-
red in the presence of a catalytic amount of (S)-proline (10 mol%) in
DMF (2.5 mL) for 30 minutes at room temperature. Next, the tempera-
ture was decreased to 4 8C, followed by addition of isovaleraldehyde
(5 mmol). After stirring for 20 h, the reaction mixture was diluted with
THF (30 mL), and LiAlH4 (50 mL, 1m solution in THF) was added. The
reaction mixture was allowed to reach room temperature and stirred for
1 h. The mixture was cooled and quenched by careful addition of aque-
ous NH4Cl solution, followed by 3m HCl, and extraction with Et2O. The
combined organic layers were dried (MgSO4), filtered, and concentrated.
Purification of the residue by flash column chromatography (hexanes/
ethyl acetate 1:5) afforded diol 30 as a pale yellow oil (0.7 g, 85%): 1H
NMR (CDCl3): d=0.93 (d, J=7.9 Hz, 3H), 1.02 (d, J=7.9 Hz, 3H), 1.55
(m, 1H), 1.92 (m, 1H), 3.55 (m, 1H), 3.63 (m, 1H), 3.71±3.3.83 (m, 6H),
6.58 (d, J=8.8 Hz, 2H), 6.76 ppm (d, J=8.8 Hz, 2H); 13C NMR: 20.1,
21.3, 25.9, 47.5, 55.2, 55.7, 59.1, 60.8, 115.0, 115.2, 141.1, 152.1 ppm; HR-
MS: m/z calcd for C14H32NO3: 254.1751; found: 254.1752 [M+H]+ ;
HPLC (Daicel Chiralpak AS, hexane/iPrOH=99:1, flow rate
1.0 mLmin�1, l=254 nm): tR (major)=23.12 min; tR (minor)=26.64 min.


Ethyl (2S,3S)-3-[(R)-cyanohydroxymethyl)-2-(4-methoxyphenylamino]-4-
methylpentanoate (31): Ethyl glyoxylate (2.5 mmol) and p-anisidine
(2.8 mmol) were stirred in the presence of a catalytic amount of (S)-pro-
line (10 mol%) in DMF (2.5 mL) for 30 minutes at room temperature.
Next, the temperature was decreased to 4 8C, followed by addition of iso-
valeraldehyde (5 mmol). After stirring for 20 h, the reaction mixture was
diluted with THF (7.5 mL) and the temperature was decreased to
�75 8C. Next, Et2AlCN (1m solution in toluene, 10 mmol) was added,
and the solution was stirred for 2.5 h. The mixture was quenched by addi-
tion of 1m NaHCO3 and extracted with EtOAc. The combined organic
layers were dried (MgSO4), filtered, and concentrated. Purification of the
residue by flash column chromatography (pentanes/ethyl acetate=4:1)
afforded cyanohydrin 31 as a clear oil (0.52 g, 66%): [a]D=�13.3 (c=2.5
in CH2Cl2);


1H NMR (CDCl3): d=1.10 (d, J=5.5 Hz, 3H), 1.16 (d, J=
5.5 Hz, 3H), 1.28 (t, 3H), 2.18 (br s, 2H), 3.74 (s, 3H; OMe), 4.22 (q,
2H), 4.39 (d, J=6.3 Hz, 1H), 4.87 (br s, 1H), 6.70 (d, J=8.8 Hz, 2H),
6.79 ppm (d, J=8.8 Hz, 2H); 13C NMR: 13.9, 20.7, 21.4, 26.3, 50.7, 55.6,
57.8, 61.2, 61.6, 114.8, 116.4, 119.2, 139.9, 153.4, 173.4 ppm; HR-MS: m/z
calcd for C14H32NO3: 321.1809; found: 321.1811 [M+H]+ ; HPLC (Daicel
Chiralcel OD-H, hexane/iPrOH 98:2, flow rate 1.0 mLmin�1, l=


254 nm): tR (major) =8.32 min; tR (minor) =12.59 min.


Synthesis of (2S,3S)-2-methyl-3-(4-methoxyphenylamino)-3-phenylpro-
pan-1-ol and (2R,3S)-2-methyl-3-(4-methoxyphenylamino)-3-phenylpro-
pan-1-ol : A diastereomeric mixture (syn/anti 0.9:1) of methyl (3S)-2-
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methyl-3-(4-methoxyphenylamino)-3-phenylpropanoate (0.1 mmol) in
THF (5 mL), synthesized according to ref. [31], was reduced by addition
of LiAlH4 (1 mmol) at 0 8C. After 4 h at this temperature the reaction
mixture was allowed to reach room temperature and quenched by addi-
tion of Na2SO4¥10H2O and filtered through Celite. Next, the filtrate was
diluted with ether and washed with brine. The organic layer was separat-
ed, and the aqueous phase was extracted thoroughly with ethyl acetate.
The combined organic phases were dried (MgSO4), concentrated, and pu-
rified by flash column chromatography (silica gel, mixtures of hexanes/
ethyl acetate) to afford b-amino alcohol 3 as an inseparable mixture of
diastereomers (dr=0.9:1, syn/anti) in 72% yield. 1H NMR (CD3OD): (*
denotes the anti diastereomer) d=0.79 (d, J=7.0 Hz, 3H*), 0.95 (d, J=
7.0 Hz, 3H), 2.05 (m, 1H, 1H*), 3.38 (dd, 1H), 3.56 (dd, 1H), 3.61 (d,
J=5.9 Hz, 2H*), 3.62 (s, 3H, 3H*; OMe), 4.27 (d, J=7.0 Hz, 1H*), 4.43
(d, J=4.0 Hz, 1H), 6.50 (dd, 2H, 2H*), 6.61 (dd, 2H, 2H*), 7.12 (m, 1H,
1H*), 7.24 (m, 2H, 2H*), 7.31 ppm (m, 2H, 2H*); 13C NMR: d=12.8,
14.6, 42.8, 43.6, 56.2, 56.3, 61.4, 66.0, 66.3, 115.6, 115.7, 116.0, 116.5, 127.7,
127.9, 128.6, 129.2, 129.3, 143.9, 144.4, 153.2, 153.4 ppm; HR-MS: m/z
calcd for C17H21NO2: 272.1645; found: 272.1647 [M+H]+ ; HPLC (Daicel
Chiralpak AD, hexanes/iPrOH=99:1, flow rate 1.0 mLmin�1, l=


254 nm): major isomer: tR=14.02 min; minor isomer: tR=12.18 min;
major isomer*: tR=15.55 min; minor isomer*: tR=13.55 min.


(2S,3S)-3-Amino-2-methyl-3-phenylpropan-1-ol (3a): CAN (386 mg) in
H2O (1.74 mL) was added to a solution of b-amino alcohol 3 (87.5 mg) in
acetonitrile (5.7 mL) at �15 8C. After 15 min the reaction mixture was di-
rectly purified by flash column chromatography (silica gel, mixtures of
hexanes/ethyl acetate) to afford 3a in 65% yield (35 mg). 1H NMR
(CD3OD): d=1.10 (d, J=4.4 Hz, 3H), 2.35 (m, 1H), 3.44 (d, J=5.14 Hz,
1H), 3.48 (d, J=6.6 Hz, 1H), 4.35 (d, J=6.6 Hz, 1H), 7.54 ppm (m, 5H);
13C NMR: d=12.0, 40.9, 59.1, 66.2, 126.9, 127.1, 128.2, 143.9 ppm. Com-
parison of the NMR data with those previously reported for 3-amino-2-
methyl-3-phenylpropan-1-ol revealed a syn relationship of the substitu-
ents.[32]
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Synthesis, Structure, and Characterisation of a New Phenolato-Bridged
Manganese Complex [Mn2(mL)2]


2+ : Chemical and Electrochemical Access to
a New Mono-m-Oxo Dimanganese Core Unit
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Geneviõve Blondin*[a]


Introduction


The involvement of manganese in several biological systems
and processes is now well-known.[1,2] For example, manga-
nese dinuclear sites are present in metalloproteins such as
manganese catalase,[3,4] arginase[5] and ribonucleotide reduc-
tase.[6] Another very important biological system is the tetra-
nuclear Mn±oxo cluster, a key element of the OEC[7] located
in photosystem II of green plants,[8±12] which catalyses the
light-induced oxidation of water into dioxygen.
A photo-induced electron abstraction from the OEC


occurs during each of the four transition states of the cata-
lytic cycle (S0±S4 of the Kok cycle).[13] Crystal structures of
the Synechococcus elongatus photosystem-II dark-adapted
S1 state at 3.8 ä resolution[14] and of the Thermosynechococ-
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Abstract: The dinuclear phenolato-
bridged complex [(mL)MnIIM-
nII(mL)](ClO4)2 (1(ClO4)2) has been
obtained with the new [N4O] pentaden-
tate ligand mL� (mLH=N,N’-bis-(2-
pyridylmethyl)-N-(2-hydroxybenzyl)-
N’-methyl-ethane-1,2-diamine) and has
been characterised by X-ray crystallog-
raphy. X- and Q-band EPR spectra
were recorded and their variation with
temperature was examined. All spectra
exhibit features extending over 0±
800 mT at the X band and over 100±
1450 mT at the Q band, features that
are usually observed for dinuclear MnII


complexes. Cyclic voltammetry of 1 ex-
hibits two irreversible oxidation waves
at Ep


1=0.89 V and Ep
2=1.02 V, accom-


panied on the reverse scan by an ill-de-
fined cathodic wave at Ep


10=0.56 V (all
measured versus the saturated calomel


electrode (SCE)). Upon chemical oxi-
dation with tBuOOH (10 equiv) at
20 8C, 1 is transformed into the mono-
m-oxo species [(mL)MnIII-(m-O)-
MnIII(mL)]2+ (2), which eventually par-
tially evolves into the di-m-oxo species
[(mL)MnIII-(m-O)2-MnIV(mL)]n+ (3) in
which one of the aromatic rings of the
ligand is decoordinated. The UV/Vis
spectrum of 2 displays a large absorp-
tion band at 507 nm, which is attribut-
ed to a phenolate!MnIII charge-trans-
fer transition. The cyclovoltammogram
of 2 exhibits two reversible oxidation
waves, at 0.65 and 1.16 V versus the
SCE, corresponding to the MnIIIMnIII/


MnIIIMnIV and MnIIIMnIV/MnIVMnIV ox-
idation processes, respectively. The
one-electron electrochemical oxidation
of 2 leads to the mono-m-oxo mixed-
valent species [(mL)MnIII-(m-O)-
MnIV(mL)]3+ (2ox). The UV/Vis spec-
trum of 2ox exhibits one large band at
643 nm, which is attributed to the phe-
nolate!MnIV charge-transfer transi-
tion. 2ox can also be obtained by the
direct electrochemical oxidation of 1 in
the presence of an external base. The
2ox and 3 species exhibit a 16-line
EPR signal with first peak to last
trough widths of 125 and 111 mT, re-
spectively. Both spectra have been si-
mulated by using colinear rhombic Mn-
hyperfine tensors. Mechanisms for the
chemical formation of 2 and the elec-
trochemical oxidation of 1 into 2ox are
proposed.


Keywords: electrochemistry ¥ EPR
spectroscopy ¥ manganese ¥ N,O
ligands ¥ oxidation
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cus vulcanus photosystem II at 3.7 ä resolution[15] have been
reported, but the spatial arrangement of the Mn ions and
the nature of the oxygenated bridges have not been resolved
yet.[16] Information on the structure and valence of the Mn
cluster has mainly been obtained from X-ray absorp-
tion[9,12,17,18] and EPR studies.[19±22] Comparison with the
spectroscopic signatures of a wide variety of manganese
compounds was of crucial importance. As a consequence of
unresolved structural details, designing biological manga-
nese models is still a challenge for inorganic chemists, as is
the investigation of the spectroscopic characteristics of these
compounds. On the basis of EXAFS data[1,23,24] as well as
theoretical investigations,[25±29] the Mn cluster has been pro-
posed to be a cluster consisting of at least two di-m-oxo- and
one mono-m-oxo-bridged Mn moieties. We and other groups
have synthesised a large number of high-valent Mn±oxo
model complexes with various nitrogeneous ligands and
cores.[29±34] The three prevalent core units in this chemistry
are the di-m-oxo [Mn-(m-O)2-Mn],[35±37] the di-m-oxo-mono-m-
carboxylato [Mn-(m-O)2(m-O2CR)-Mn][38±44] and the mono-m-
oxo-di-m-acetato [Mn-(m-O)(m-OAc)2-Mn] moieties.[43,45±49]


However, there are very few examples of the unsupported
mono-m-oxo-bridged [Mn-(m-O)-Mn] system,[44,50±56] especial-
ly in the MnIIIMnIV oxidation state. To our knowledge, only
two examples are reported in the literature, one with a por-
phyrinic ligand[57] and one with a non-porphyrinic pentaden-
tate ligand.[34]


The EPR-active S2 state of the OEC, generated from the
dark-adapted photosystem II by flash illumination at 273 K,
shows the well-known multiline EPR signal.[19] This spec-
trum contains at least 19 Mn-hyperfine lines (IMn=5/2) cen-
tred at g�2.0, which arise from an S=1/2 ground state.
Based on the data recorded from different spectroscopic
techniques derived from X-ray absorption, a general consen-
sus has been reached for an MnIII/MnIV composition of the
OEC in the S2 state. Attempts to simulate this signal[22,58]


and theoretical analysis[59] of the possible spin densities have
shown quite unambiguously that all four Mn ions of the oxo
cluster must be electronically coupled to each other. A thor-
ough study of the EPR features of MnIIIMnIV±oxo dinuclear
systems showed that the nature of the oxo core unit finely
controls the EPR signature. Subsequently, a detailed multi-
frequency EPR analysis of dinuclear complexes[36,60±62] has
been of great interest in the course of the characterisation
of the OEC tetrameric complex. Even at the X band, both
[MnIII-(m-O)2-MnIV]3+ [1,33,37, 63±65] and [MnIII-(m-O)2(m-OAc)-
MnIV]2+ [42] systems present 125 mT (peak to trough), 16-line
spectra that differ in their relative line intensities, while the
mono-m-oxo complex [(L’)MnIII-(m-O)-MnIV(L’)]3+ (L’H is
shown in Scheme 1) by Horner et al.[34] exhibits a 119 mT,
18-line spectrum, with a peculiar distribution of the line in-
tensities.
In order to obtain a new mono-m-oxo complex, we have


designed a ligand, LaH (Scheme 1), that is very similar to
the one used by Horner et al. Nevertheless, as we reported
in a previous paper,[66] the synthetic route used for the gen-
eration of [(L’)MnIII-(m-O)-MnIV(L’)]3+ (the reaction of
Mn(OAc)3¥2H2O with the free ligand) did not lead to the
formation of the expected mono-m-oxo complex with the


new ligand. Indeed, a 1:1 mixture of two dinuclear phenola-
to-bridged cations, [(Li)MnIIMnII(Li)]


2+ and [(La)MnIIMnII(-
Li)]


2+ , was obtained, due to oxidation of the secondary
amine group of La


� into an imine, the ligand thus becoming
Li


� (LiH is shown in Scheme 1), with the concomitant reduc-
tion of MnIII into MnII.[66] To avoid such behaviour of the
compounds, we have here used a protected ligand, mLH[7]


(Scheme 1), where the secondary amine is methylated.
We report here the synthesis and the X-ray characterisa-


tion of a new phenolato-bridged MnII dimer [(mL)MnII-
MnII(mL)](ClO4)2 (1(ClO4)2). We will demonstrate that the
chemical oxidation of 1 with tBuOOH leads to the
[(mL)MnIII-(m-O)-MnIII(mL)]2+ complex (2), which in turn
can be electrochemically oxidised into [(mL)MnIII-(m-O)-
MnIV(mL)]3+ (2ox). A [MnIII-(m-O)2-MnIV]3+ core unit
system, 3, can also be generated and we will demonstrate
that the EPR signatures of 2ox and 3 differ significantly. We
will also show that the electrochemical oxidation of 1 in the
presence of an appropriate base leads to the formation of
the desired [(mL)MnIII-(m-O)-MnIV(mL)]3+ species (2ox).
Consequently, three oxidative equivalents can be produced
from the initial MnIIMnII complex, with the concomitant for-
mation of a mono-m-oxo bridge.


Results and Discussion


Attempts to isolate a manganese complex starting from the
free ligand and the tris-acetato-MnIII salt were unsuccessful.
However, the use of an MnII salt leads to the formation of
the di-m-phenolato-di-MnII complex 1.


Characterisation of [(mL)MnIIMnII(mL)](ClO4)2 (1(ClO4)2):


X-ray crystal structure : The structure of the [(mL)MnII-
MnII(mL)]2+ ion (1) is very similar to the one of [(Li)MnII-
MnII(Li)]


2+ described previously.[66] A view of the cation is
presented in Figure 1 and selected bond lengths and angles
are listed in Table 1. The complex possesses a C2 axis that


Scheme 1. The mLH ligand used in this work and various other penta-
dentate ligands for comparison.
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goes through the middles of the two metallic sites on one
hand and of the two phenolic oxygen atoms on the other
hand. Each manganese ion is hexacoordinated by the four
nitrogen atoms of the mL� ligand and by two oxygen atoms


originating from the phenolato groups, the first coming from
the same ligand and the second from the ligand chelating
the other manganese ion. The manganese environment de-
parts from the regular octahedron usually observed for simi-
lar hexacoordinated MnII complexes. The X-ray structure re-
veals that the folding of the methylated ligand mL� differs
from that of the related ligand La


� but is similar to that of
Li


� .[66] This thus confirms the greater flexibility of this kind
of ligand when no imine function is present.
The Mn2O2 diamond core of the [(mL)MnIIMnII(mL)]2+


cation presents features that are characteristic of the di-m-
phenolato-di-MnII core unit.[66] The core structure is more
regular in 1 than that observed in [(Li)MnIIMnII(Li)]


2+ . The
two Mn�O distances differ by less than 0.02 ä, in compari-
son with a difference of �0.03 ä in the previously described
complex. The average Mn�O bond length is slighly longer
in 1 (2.129 ä versus 2.110 ä), while the bridging Mn�O�Mn
angle is very similar (100.0 versus 100.3(2) and 102.5(2)8).
However, the Mn¥¥¥Mn separation is shorter (3.262 versus
3.280 ä) due to a more open O�Mn�O angle (78.9 versus
77.3 and 77.68). Similar dihedral angles are observed in both
systems (11.3 versus 11.58).


Magnetic susceptibility measurements : The molar magnetic
susceptibility, cM, of a powder sample of 1(ClO4)2 was meas-
ured in the range 300±2 K. The cMT value as a function of
temperature, T, is reported in Figure S1 in the Supporting
Information (open circles). At 280 K, the cMT value is
8.04 cm3mol�1 K and decreases very slowly down to
5.3 cm3mol�1 K at 20 K. Below 20 K, the cMT value decreas-
es more rapidly, down to 1.14 cm3mol�1 K at 3 K. This be-
haviour indicates a weak antiferromagnetic exchange inter-
action between the two high-spin MnII ions (S1=S2=5/2).
The best fit is obtained with g=1.95 and J=�1.8 cm�1 (H=


�JS√ 1S√ 2 (see the Experimental Section) and is also represent-
ed in Figure S1 (solid line) in the Supporting Information.
These values are in agreement with those reported in the lit-
erature for complexes where two MnII ions are bridged by
two phenolates.[67±70] Furthermore, the J value obtained for 1
is very close to that obtained for the 1:1 mixture of the two
closely related complexes [(Li/a)MnIIMnII(Li)](BPh4)2¥H2O.


[66]


EPR spectroscopy : X-band (9.4 GHz) and Q-band (34 GHz)
EPR spectra of a powder sample of 1(ClO4)2 were recorded
over the range 4.2±294 K by using the conventional perpen-
dicular detection mode. The 4.5 K spectra are shown in
Figure 2 and the variation upon increasing the temperature


is presented in Figure S2 in the Supporting Information. All
spectra exhibit features extending over 0±800 mT at the X
band and over 100±1450 mT at the Q band, as usually ob-
served for dinuclear MnII complexes.[67,71±74] It has long been


Figure 1. X-ray crystal structure of the cation [(mL)MnIIMnII(mL)]2+ .


Table 1. Selected bond lengths [ä] and angles [8] for 1.


Mn�O1 2.1225(15) Mn�N2 2.3079(19)
Mn�O1 2.1351(15) Mn�N3 2.240(2)
Mn�N1 2.3516(19) Mn�N4 2.227(2)


O1�Mn�N1 169.10(6) O1�Mn�N3 155.09(8)
N2�Mn�N4 150.59(7)
Mn�O1�Mn’ 100.01(6) O1�Mn1�O1’ 78.88(6)


Figure 2. a) X- and b) Q-band EPR spectra recorded on a powder sample
of 1(ClO4)2 at 4.5 K. X-band EPR recording conditions: 9.39 GHz micro-
wave frequency, 0.2 mW microwave power, 0.5 mT modulation ampli-
tude, 100 kHz modulation frequency. Q-band EPR recording conditions:
34 GHz microwave frequency, 0.053 mW microwave power, 0.5 mT mod-
ulation amplitude, 100 kHz modulation frequency.
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demonstrated that these features originate from the super-
imposition of the signatures of the five paramagnetic S spin
states (S=1±5).[75] Such mixing makes a detailed analysis of
the EPR spectra of dinuclear MnII systems complicated. De-
convolution procedures have previously been developed
that have led, together with the S=1 and S=2 spin-state
traces, to the determination of the exchange coupling con-
stant J between the two antiferromagnetically interacting
high-spin MnII ions.[76±78] More recently, a new methodology
has been developed by Blanchard et al. that only relies on a
scrupulous examination of the temperature-dependent spec-
tra.[79,80] Up to three individual S-spin-state signatures are
determined and it has been shown that the J values obtained
are fully consistent with the ones deduced from magnetisa-
tion measurements. Whatever the method, the validity of its
application relies on a Heisenberg exchange interaction that
dominates the other effects contributing to the EPR profiles,
such as the Zeeman interaction and the local zero-field split-
tings. Indeed, a dominant exchange coupling allows the total
S spin value to be a good quantum number[81] and allows
consideration of the observed EPR spectra as a linear com-
bination of the temperature-independent individual S-spin-
state signatures weighted by temperature-dependent coeffi-
cients related to the Boltzmann population of the S spin
levels. Due to the low value of the exchange coupling con-
stant deduced from the temperature-dependent magnetisa-
tion data of 1 (J=�1.8 cm�1), the Zeeman interaction is a
competitive effect, at least at 34 GHz. This may lead to
inter-S-spin transitions, that are forbidden otherwise.[81]


Indeed, the lines observed below 600 mT at the Q band may
originate from transitions between the S=0 and S=1 spin
states. A further complication arises from the small energy
gaps between the S spin levels at zero field. Even at liquid
helium temperatures, the S=1±3 spin states are significantly
populated and the EPR spectra recorded at 4.2 K are issued
from, at least, those three contributions. Increasing the tem-
perature leads to increasing contributions from the S=4 and
S=5 spin states. Above 10 K, no new transitions are detect-
ed and further increase of the temperature only leads to
changes in the relative line intensities. Therefore, correct
analysis of the EPR spectra needs the full diagonalisation of
the energy matrix built on the two interacting S1=S2=5/2
ions, with the Heisenberg (isotropic) exchange interaction,
the local Zeeman and zero-field splitting effects and the di-
polar coupling all taken into account together with the ani-
sotropic component of the exchange interaction. All these
interactions are mathematically reproduced by a tensor that
is characterised by three principal values and three principal
directions. These tensors are not necessarily colinear and
Eular angles are added to set their orientations relative to
each other. Hence, the number of unknowns is too impor-
tant and extra experimental data such as high-field, high-fre-
quency spectra are needed to achieve the EPR analysis. This
work is currently in progress.
Compound 1(ClO4)2 was dissolved in acetonitrile in the


presence of 0.1m tetrabutylammonium perchlorate and EPR
spectra were recorded from frozen solutions (see trace a of
Figure 6). The spectra recorded at 4.2 K present similar fea-
tures to those detected for powder samples at both the X


and Q bands, a result which proves that the dinuclear struc-
ture of complex 1 is maintained in solution. Unfortunately,
no Mn-hyperfine structure was observed. This can be attrib-
uted to the superimposition, within the same magnetic field
range, of several lines originating from the different S spin
states and/or from inter-S-spin transitions that exhibit slight-
ly distinct Mn-hyperfine structures.


Chemical oxidation by tBuOOH : It was checked that an
acetonitrile solution of 1 was stable at room temperature for
several days. The chemical oxidation of 1 was performed by
the addition of tBuOOH to an acetonitrile solution of 1 at
room temperature (20 8C). We will show in the following
section that the species thus obtained, denoted 2, is the un-
supported mono-m-oxo complex [(mL)MnIII-(m-O)-
MnIII(mL)]2+ . This species spontaneously evolves into the
di-m-oxo species [MnIII-(m-O)2-MnIV]3+ (3). When the chemi-
cal oxidation of 1 is performed in an electrochemical cell,
complex 2 can be electrochemically oxidised into the mixed-
valent mono-m-oxo complex [(mL)MnIII-(m-O)-MnIV(mL)]3+


(2ox).


Oxidation of 1 into 2 : The optimum conditions for oxidizing
1 into 2 are reached when 10 equivalents of tBuOOH are
added to a millimolar acetonitrile solution of 1(ClO4)2.
After a few minutes of stirring under air, the solution
changes from colourless to dark purple. The resulting spe-
cies 2 has been characterised by different techniques. All
the data shown below were recorded ten minutes after the
addition of tBuOOH at 20 8C, since we have determined
that the maximum amount of species 2 is available at that
time.
The evolution of the X-band EPR spectra recorded upon


addition of tBuOOH revealed the total disappearance of the
signal of 1. Only a very weak signal is detected at g=2
(data not shown); this signal increases with time (see
below). Thus, the resulting species 2 is EPR-silent. This sug-
gests the formation of an MnIII complex. Electrospray mass
spectra were recorded in positive detection mode (Figure S3
in the Supporting Information). In the starting solution, qua-
simolecular ions were detected at m/z 931 (monocation, rel-
ative intensity 45%) and 416 (dication, relative intensity
85%); these correspond to the {[(mL)MnIIMnII(mL)](-
ClO4)}


+ and the [(mL)MnIIMnII(mL)]2+ ions, respectively.
After addition of tBuOOH, the peak at m/z 931 significantly
decreases while new ones appear at m/z 947 (monocation)
and 424 (dication) with relative intensities of 7 and 70%, re-
spectively. The increases of 16 and 8 units indicate the inser-
tion of one oxygen atom into complex 1 with the concomi-
tant oxidation of both MnII ions into MnIII. Consequently,
these two new peaks may be attributed to the {[(mL)MnIII-
(m-O)-MnIII(mL)](ClO4)}


+ and the [(mL)MnIII-(m-O)-
MnIII(mL)]2+ cations, respectively. Based on the EPR and
mass spectroscopy data, we propose that the species formed
upon the addition of tBuOOH to 1 is the unsupported
mono-m-oxo-di-MnIII complex [(mL)MnIII-(m-O)-
MnIII(mL)]2+ (2).
The evolution of the electronic spectrum of 1 upon oxida-


tion with tBuOOH is represented in Figure 3a. Before oxi-
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dation, the spectrum is featureless in the visible region, as
expected for a MnII complex. Only an intense band below
300 nm (e=16000m�1 cm�1) is detected; this band can be at-
tributed to a p!p* transition within the ligand. After addi-
tion of tBuOOH, the electronic spectrum exhibits four
major absorption bands, located at 507 (e=1020), 376 (e=
3580), 317 (e=10160), and 283 nm (e=15520m�1 cm�1). The
absorption band at 507 nm can be attributed to a pheno-
late!MnIII charge-transfer transition. Indeed, a very similar
band (l=506 nm, e=2100m�1 cm�1) has been detected by
Neves et al.[82] for the [MnIII(bbpen)]+ complex, where the
ligands H2BBPEN


[7] and mLH are related by substitution of
the methyl group in mLH with a 2-hydroxybenzyl group. In
addition, all the features listed above are very similar to
those reported for the complex [(L’)MnIII-(m-O)-MnIII(L’)]2+


.[34]


The oxidation of 1 was also performed in the electro-
chemical cell. The recorded cyclic voltammogram (Fig-
ure 4b) exhibits two quasireversible anodic waves at E1=2


4 =


0.65 V (DEp=135 mV) and E1=2
5 =1.16 V (DEp=100 mV)


and one irreversible cathodic wave at Ep
60=�0.28 V (all


measured versus the standard calomel electrode (SCE)).
The E1/2 values are reported in Table 2, together with those
of other dinuclear Mn±oxo complexes. The 510 mV separa-
tion between the two anodic waves (DEox) is far smaller
than the �800 mV separation generally observed between


the MnIIIMnIII/MnIIIMnIV and MnIIIMnIV/MnIVMnIV oxidation
processes in di-m-oxo-di-Mn complexes.[37,83] Indeed, the
shape of the voltammogram is reminiscent of that of
[(L’)MnIII-(m-O)-MnIII(L’)]2+ , for which DEox=450 mV.[34]


This supports the formation of [(mL)MnIII-(m-O)-
MnIII(mL)]2+ upon addition of tBuOOH to 1. Therefore, the
oxidation waves observed at E1=2


4 =0.65 V and E1=2
5 =1.16 V


versus the SCE are attributed to the oxidation of
[(mL)MnIII-(m-O)-MnIII(mL)]2+ (2) into [(mL)MnIII-(m-O)-
MnIV(mL)]3+ (2ox) and of [(mL)MnIII-(m-O)-MnIV(mL)]3+


into [(mL)MnIV-(m-O)-MnIV(mL)]3+ , respectively. The irre-
versible cathodic wave at Ep


60=�0.28 V versus the SCE cor-
responds to the reduction of [(mL)MnIII-(m-O)-MnIII(mL)]3+


(2) into [(mL)MnII-(m-O)-MnIII(mL)]2+ , which is not stable
under the experimental conditions. We propose that at this
oxidation state the dimeric structure breaks down to form
monomeric complexes, as suggested by the presence of the
wave at Ep


6=0.29 V versus the SCE on the reverse scan.


Figure 3. a) Evolution of the UV/Vis spectrum of 1 upon addition of
10 equivalents of tBuOOH to 1 mm solution in CH3CN: before addition
(dotted line), after 10 min at room temperature (solid line) and after 1 h
at room temperature (dashed line). b) UV/Vis spectrum of 1 before
(dotted line) and after (dashed line) complete bulk electrolysis at E=


1.1 V versus the SCE in CH3CN containing 0.1m tetrabutylammonium
perchlorate, together with the UV/Vis spectrum of 2 (solid line) after
electrochemical oxidation at E=1.1 V versus the SCE in a thin-layer
spectroelectrochemical cell.


Figure 4. Cyclic voltammograms of 1 mm 1 in acetonitrile in the presence
of 0.1m tetrabutylammonium perchlorate (T=20 8C, scan rate=
100 mVs�1): a) with (dashed line) or without (solid line) 1 equivalent of
2,6-lutidine per molecule of 1; b) 10 min after addition of 10 equivalents
of tBuOOH; c) after complete bulk electrolysis at E=1.1 V versus the
SCE in the presence of 1 equivalent of 2,6-lutidine per molecule of 1.


Table 2. E1/2 potential values of MnIIIMnIII dinuclear complexes [V versus
SCE].


Ligand MnIIIMnIII/MnIIIMnIV MnIIIMnIV/MnIVMnIV Ref.


L’� 0.54 0.99 [34]
mL� 0.65 1.16 this work
N,Nbispicen[7] 0.18 0.98 [37]
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Evolution of 2 into 3 : As indicated by the evolution of the
EPR spectrum, species 2 is not stable at room temperature.
The very weak signal detected at g=2 after the addition of
tBuOOH to 1 (see above) increases with time and reaches a
maximum after approximately 10 h. This spectrum presents
16 lines spread over 124.5 mT with a regular spacing of
7.5 mT (Figure 5b). This signal is characteristic of a mixed-


valent [MnIII-(m-O)2-MnIV]3+ core complex. A simulation
has been performed by using the commonly used hypothesis
for such systems (see the Experimental Section). The pa-
rameters used for the simulation are listed in Table 3. The gƒ
tensor presents a very small anisotropy (gx�gz=0.02). This
value is fully consistent with those determined for di-m-oxo
and di-m-oxo-m-acetato MnIIIMnIV complexes by using high-
field, high-frequency EPR spectroscopy,[36,60±62] which is a


more reliable technique as far as the g anisotropy is con-
cerned. The Aƒ 1 hyperfine tensor is found to be of rhombic
symmetry while the Aƒ 2 hyperfine tensor is almost isotropic.
In addition, the isotropic components of both tensors are in
a 2:1 ratio and are close to the values reported in the litera-
ture for [MnIII-(m-O)2-MnIV]3+ complexes.[28,36,37, 60,61] There-
fore, the subscripts 1 and 2 used in the description of the
simulation are assigned to the MnIII and MnIV sites, respec-
tively. We, thus, propose that complex 2 spontaneously
evolves into [(mL)MnIII-(m-O)2-MnIV(mL)]n+ , denoted 3, in
which one of the aromatic groups of the ligand would be un-
coordinated. The tetracoordination of a potentially penta-
dentate ligand has already been observed in [(mL5)ClFe


III-
(m-O)-FeIIICl(mL5)]


2+ .[7,84] The quasi-ideal superimposition
of the recorded X-band EPR spectrum with that of
[(mL4)MnIII-(m-O)2-MnIV(mL4)]


3+ [7] suggests that the pend-
ent arm is the phenol ring, which in addition would be pro-
tonated, thereby leading to an overall 3+ charge for com-
plex 3. In fact, the definite identification of the uncoordinat-
ed arm of the ligand would require isolation of 3, since the
conversion of 2ox into 3 is not complete. Indeed, quantifica-
tion measurements made on the EPR spectrum of a solution
of 2 after 10 h indicate that species 3 only accounts for 15%
of the total. Fortunately, the other species are EPR-silent
(MnIII or strongly antiferromagnetically coupled di-MnIV


species) and allow the detection of 3 by EPR spectroscopy.


Electrochemical oxidation of 2 into 2ox : The generation of
the expected mixed-valent, unsupported, mono-m-oxo com-
plex [(mL)MnIII-(m-O)-MnIV(mL)]3+ (2ox) can be predicted
from the one-electron oxidation of species 2. Indeed cyclic
voltametry, EPR, and UV/Vis data recorded on an electro-
lysed solution of 2 at E=1.1 V versus the SCE demonstrate
the formation of 2ox.
The oxidation of 1 was performed in the electrochemical


cell. Ten minutes after the addition of tBuOOH had been
completed, the temperature was decreased to �30 8C in
order to slow down the spontaneous evolution of 2 (see
above). A cyclic voltamogram was recorded on the electro-
lysed solution after the comsumption of one electron per
molecule of 2 (not shown). Starting from E=1.1 V versus
the SCE, the trace displays one reversible wave when scan-
ning towards negative potentials (E1/2=0.65 V versus the
SCE) and one reversible wave when scanning towards posi-
tive potentials (E1/2=1.16 V versus the SCE). These data are
fully consistent with the reduction of [(mL)MnIII-(m-O)-
MnIV(mL)]3+ (2ox) into [(mL)MnIII-(m-O)-MnIII(mL)]2+ (2)
and the oxidation of [(mL)MnIII-(m-O)-MnIV(mL)]3+ (2ox)
into [(mL)MnIV-(m-O)-MnIV(mL)]4+ , respectively.
EPR spectra were recorded at T=4.2 K on 100-mL ali-


quots that were taken regularly (every 100 mC) during the
bulk electrolysis of 2. The series of spectra exhibit a multi-
line signal centred at g=2 that increases in intensity as the
electrolysis progresses. A scrupulous examination of this
signal reveals the superimposition of two MnIIIMnIV±oxo sig-
natures. Actually, the central lines increase remarkably in in-
tensity while the two outmost features remain constant
during the course of the electrolysis. Moreover, the lowest
and highest field lines exactly coincide in position with


Figure 5. Experimental (solid line) and simulated (dashed line) X-band
EPR spectra recorded on acetonitrile solutions containing 0.1m tetrabu-
tylammonium perchlorate: a) [(mL)MnIII-(m-O)-MnIV(mL)]3+ (2ox);
b) [(mL)MnIII-(m-O)2-MnIV(mL)]n+ (3). Recording conditions: 0.5 mT
modulation amplitude, 100 kHz modulation frequency, T=100 K, 2 mW
microwave power, n= a) 9.420, b) 9.386 GHz microwave frequency. Sim-
ulation parameters: half-width at half-height=1.15 mT (a), 1.25 mT (b);
agreement factor R=0.030 (a), 0.016 (b).


Table 3. EPR parameters determined by simulation performed with
rhombic but colinear tensors. Hyperfine coupling constants are given in
cm�1.


g jA1 j jA2 j Ref.


[(L’)MnIII-(m-O)-MnIV(L’)]3+ x 2.006 0.0160 0.0062 [34]
y 1.997 0.0130 0.0059
z 1.982 0.0091 0.0062
iso 1.995 0.0127 0.0061


2ox x 2.005 0.0146 0.0062
y 2.003 0.0139 0.0060 this
z 1.985 0.0089 0.0065 work
iso 1.997 0.0124 0.0062


3 x 2.001 0.0164 0.0069
y 1.996 0.0149 0.0076 this
z 1.984 0.0114 0.0072 work
iso 1.994 0.0142 0.0072
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those observed for the EPR signature of the di-m-oxo-di-Mn
complex 3. We thus suggest that a new MnIIIMnIV species
arises in addition to the small amount of 3 resulting from
the spontaneous evolution of 2.
Two different procedures were performed in order to de-


convolute the recorded signal. In a first approach, the EPR
signal associated with 3 was substracted from the recorded
spectra after scaling of the two outmost lines. The second
method involved subtracting two successive spectra. Both
strategies led to the same signal that spread 16 lines over
the range 278±389 mT (first peak to last trough). This spec-
tral width of 111 mT is significantly smaller than the width
of 125 mT typically observed for [MnIII-(m-O)2-MnIV]3+ core
complexes. Indeed, this is reminiscent of the spectral width
value (119 mT) reported for [(L’)MnIII-(m-O)-MnIV(L’)]3+ .[34]


This result strongly suggests that electrochemical oxidation
of 2 leads to the formation of [(mL)MnIII-(m-O)-
MnIV(mL)]3+ (2ox). No simulation was attempted on this
deconvoluted signal. As will be described in the next sec-
tion, a genuine EPR signal (with no contaminating 3 spe-
cies) was recorded on a solution of pure 2ox generated by
direct electrolysis of 1 in the presence of base.
The oxidation of 2 into 2ox was also characterised by in


situ spectroelectrochemistry. The UV/Vis spectrum (Fig-
ure 3b) recorded after the initial solution of 2 has been elec-
trolysed (E=1.1 V versus the SCE) presents three well-de-
fined absorption bands at 643 (e=2300), 414 (e=4500) and
325 nm (e=11200m�1 cm�1). Such characteristics are similar
to those previously observed for the [(L’)MnIII-(m-O)-
MnIV(L’)]3+ .[34] The broad absorption band at 643 nm can be
attributed to the phenolate!MnIV charge-transfer transi-
tion, as reported in the literature.[82,85,86] The two other
bands are consistent with oxo!MnIV charge-transfer transi-
tions, as described for the [Mn2(m-O)2] core.


[37,64,87,88]


We shall also report that a solution of 2ox could equally
be obtained by addition of one equivalent of protons to a
freshly prepared solution of 2. This has been fully establish-
ed by the same techniques. Dismutation of di-MnIII com-
plexes generating mixed-valent MnIIIMnIV species is known
to be favoured in the presence of protons.[65]


Electrochemical oxidation : In the following section, we will
demonstrate that 2ox can be prepared by direct electrolysis
of 1.


Cyclovoltammetry of 1(ClO4)2 : The cyclic voltammogram of
1 mm 1 in acetonitrile in the presence of 0.1m tetrabutylam-
monium perchlorate is shown in Figure 4a. The cyclic vol-
tammetry trace of 1 presents two successive anodic waves
(labelled 1 and 2) at Ep


1=0.89 V and Ep
2=1.02 V, accompa-


nied on the reverse scan by an ill-defined cathodic wave (la-
belled 1’) at Ep


10=0.56 V (all measured versus the SCE). The
anodic process is attributed to the two-step oxidation of
[(mL)MnIIMnII(mL)]2+ into [(mL)MnIIIMnIII(mL)]4+ . The
potential values are slightly higher than the ones reported
for the related 1:1 mixture of [(Li/a)MnIIMnII(Li)](ClO4)2¥
H2O.


[66] This can be attributed firstly to greater steric hin-
drance due to the methyl substituent.[89, 90] However, these
potentials are fairly high compared to the reported literature


values. MnII/MnIII oxidation potentials have been reported
at 0.6 V versus the SCE with monodentate phenolato li-
gands.[91,92] In the present case, the observed higher value
could originate from a bridging coordination mode of the
phenolate moieties that will not stabilise high oxidation
states of the Mn ions. From a structural point of view, the
studied complex can easily evolve upon oxidation into two
similar mononuclear Mn complexes where the phenolato
group is monodentate. Actually, when increasing the scan
rate or decreasing the temperature, the value of the ratio of
the peak intensities I1p:I


2
p decreases (data not shown). This


effect can be interpreted by considering a competition be-
tween an electrochemical±electrochemical process and an
electrochemical±chemical mechanism. Indeed, after the
[(mL)MnIIMnIII(mL)]3+ species has been formed, it can be
further oxidised into [(mL)MnIIIMnIII(mL)]4+ or it can
evolve chemically. Good candidates for the products of this
chemical evolution are MnII and MnIII monomeric species
such as [(mL)MnII/III(S)]n+ where S is either a solvent or a
water molecule. When the scan rate is high enough or the
temperature low enough, the chemical evolution is frozen
and the intermediate mixed-valence [(mL)MnIIMnIII(mL)]3+


compound can be further oxidised. This two-step oxidation
is irreversible, as demonstrated by the lack of the associated
reduction wave, which means that the [(mL)MnIII-
MnIII(mL)]4+ compound is not stable and ultimately evolves
into [(mL)MnIII(S)]2+ . On the reverse scan, the cathodic
process (1’) can then be interpreted as the reduction of this
species. Indeed, MnII/MnIII redox processes involving doubly
charged MnIII ions have been reported in the literature at
around 0.5 V versus the SCE.[91]


Bulk electrolytic oxidation of 1 into 2ox in the presence of
base : Figure 4a shows the evolution of the cyclic voltamme-
try of a solution of 1 upon addition of one equivalent per
manganese ion of 2,6-dimethylpyridine (also named 2,6-luti-
dine). A new peak appears at Ep


3=1.24 V versus the SCE. It
was confirmed that this new peak is not due to the added lu-
tidine. It is attributed to the oxidation of an
[(mL)MnIII(OH)]+ species resulting from the deprotonation
of the coordinated water molecule in [(mL)MnIII(OH2)]


2+ .
This mononuclear MnIII species originates from the breaking
of the dinuclear structure of 1 when reaching the MnIIMnIII


or the MnIIIMnIII oxidation state.[93]


A solution of 1 containing 1 equivalent of 2,6-lutidine per
manganese ion was oxidised by controlled-potential electrol-
ysis at E=1.1 V versus the SCE. The solution changed from
colourless to dark purple before turning dark blue. After
1.5 oxidizing equivalents per manganese ion, the current in-
tensity faded. Cyclic voltametry of the resulting solution ex-
hibits one well-defined reversible (DE1/2=100 mV) oxida-
tion wave at E1/2=1.16 V, one well-defined reversible (DE1/


2=135 mV) reduction wave at E1/2=0.65 V and one irrever-
sible reduction wave at Ep=�0.28 V (all measured versus
the SCE; Figure 4c). Comparison between traces b and c of
Figure 4 strongly suggests that the product of the bulk elec-
trolysis of 1 is identical to compound 2ox. This is also sup-
ported by UV/Vis and EPR spectra recorded during the
course of the bulk electrolysis.
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The absorption spectrum recorded after the complete
electrolytic oxidation (Figure 3b) presents a drastic differ-
ence in the 400±800 nm range in comparison to the feature-
less initial spectrum.[94] This spectrum presents two absorp-
tion bands at 650 (e=2300) and 412 nm (e=4430 cm�1


m
�1).


Furthermore, this trace almost superimposes in the visible
region with that of 2ox (Figure 3b) except for a slightly
lower absorption value around 490 nm. This lower value is a
good indication that the present solution is not contaminat-
ed by other compounds as opposed to what was observed
when 2ox was generated by the electrochemical oxidation
of 2.
During the electrolysis, 100-mL aliquots of the solution


were taken and the EPR spectra were collected. The evolu-
tion of the X-band EPR signal is reported in Figure 6.


Trace a was recorded before the electrolysis started and cor-
responds to the signature of species 1, as described above.
After consumption of 2.3 electrons per molecule of 1 (Fig-
ure 6b), the signal of 1 disappears and a very weak multiline
signal centred at g=2 appears. After consumption of 3 elec-
trons per molecule of 1, this signal has gained in intensity
and exhibits 16 lines that are regularly separated by approxi-
mately 7 mT; this signal is characteristic of a mixed-valent
MnIIIMnIV dinuclear complex (Figure 6c). The spectral
width of 111 mT (first peak to last trough) is identical to
that of the X-band EPR signal reported above for com-


pound 2ox. The similarities of the EPR signatures of the
present electrolysed solution and of a solution of 2ox (re-
sulting from the electrolysis of 2 as described above) strong-
ly suggest that the two compounds are identical. We thus
propose that the electrolysis of 1 at the working potential of
1.1 V versus the SCE leads to the formation of [(mL)MnIII-
(m-O)-MnIV(mL)]3+ (2ox).
The EPR spectrum was simulated according to the com-


monly used theoretical frame for mixed-valent MnIIIMnIV


systems (Figure 5a). The results are reported in Table 3. The
gƒ tensor presents a very weak anisotropy with an isotropic
component slighlty lower than 2. This is fairly consistent
with an S=1/2 system. The Aƒ 1-hyperfine tensor is found to
be close to axial symmetry while the Å2-hyperfine tensor is
almost isotropic. In addition, the isotropic components of
both tensors are in a 2:1 ratio. These features are character-
istic of an MnIIIMnIV system, with the subscripts 1 and 2 cor-
responding to the MnIII and MnIV sites, respectively. The
Mn-hyperfine isotropic values determined for the 2ox spe-
cies (124î10�4 and 62î10�4 cm�1) are significantly smaller
than the ones reported for [MnIII-(m-O)2-MnIV]3+ core units
(averaged values are 140î10�4 and 70î10�4 cm�1) and close
to those determined for [(L’)MnIII-(m-O)-MnIV(L’)]3+ (127î
10�4 and 61î10�4 cm�1). A detailed examination of the
MnIII-hyperfine tensor principal values reveals differences
between 2ox and [(L’)MnIII-(m-O)-MnIV(L’)]3+ . Firstly, the x
component is significantly smaller in 2ox (146î10�4 versus
160î10�4 cm�1). This is the origin of the smaller X-band
spectral width detected experimentally for 2ox relative to
that of [(L’)MnIII-(m-O)-MnIV(L’)]3+ . Secondly, the rhombici-
ties differ: the (jA1x j� jA1y j )/(jA1y j� jA1z j ) ratios for 2ox
and [(L’)MnIII-(m-O)-MnIV(L’)]3+ are equal to 0.14 and 0.77,
respectively. This may originate from the differences in the
pentacoordinated ligands. In [(L’)MnIII-(m-O)-MnIV(L’)]3+ ,
the nitrogen imine atom is in the trans position relative to
the bridging oxo atom and the two pyridine rings are trans
to each other, thereby defining the Jahn±Teller elongation
axis of the MnIII site. On the other hand, if one assumes that
the coordination of the manganese ions is unchanged in 2ox
relative to the coordination in 1, with the Mn�O1’ and
Mn’�O1 bonds in 1 being replaced by the Mn�(m-O) links,
the two pyridine rings would be cis to each other and the ni-
trogen amine atom, N1 or N1’, would be trans to the bridg-
ing oxo atom. Such differences in the coordination sphere
may lead to a different Jahn±Teller distortion around the
MnIII centre and thus to differences in the electronic effects
that are reflected in the principal values of the MnIII-hyper-
fine tensor.


Formation of the m-oxo bridges : Starting from the di-m-phe-
nolato-di-MnII complex 1, we have shown that the unsup-
ported mono-m-oxo-di-manganese core unit can be formed
upon chemical or electrochemical oxidation. Although it
would be surprising if both oxidations proceeded according
to the same mechanism, the present study affords a unique
opportunity to propose intermediates on the route from the
MnII to Mn±oxo clusters.
Electrochemical interconversion of mononuclear MnII


into dinuclear MnIIIMnIV complexes with the concomitant


Figure 6. Evolution of the X-band EPR spectrum of 1 during bulk elec-
trolysis at E=1.1 V versus the SCE in acetonitrile containing 0.1m tetra-
butylammonium perchlorate: a) before electrolysis; b) after 2.3 electrons
per molecule of 1; c) after 3 electrons per molecule of 1. Recording con-
ditions: 0.5 mT modulation amplitude, 100 kHz modulation frequency,
T=10 K, 0.008 mW microwave power, n=a) 9.38, b) 9.383 and
c) 9.38 GHz microwave frequency.


Chem. Eur. J. 2004, 10, 1998 ± 2010 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2005


A Phenolato-Bridged Manganese Complex 1998 ± 2010



www.chemeurj.org





formation of oxo bridges has been previously reported in
the literature. In these cases, one of the exogenous ligands
(namely acetate) or the ligand itself served as an internal
base for the deprotonation of the water molecules.[55,95, 96]


Since the ligand:Mn ratio is 1 in the starting material 1 as in
the resulting complex 2ox, we have chosen to add an exter-
nal base to assist the formation of the oxo bridge. The
choice of 2,6-lutidine was guided by the will to use a non-
coordinating base with a high oxidation potential.
A complete mechanism leading to the formation of 2ox is


proposed in Scheme 2 where B stands for 2,6-lutidine. In the


present scheme, the water molecule comes from residual
water in the acetonitrile solvent. The initial step is the oxi-
dation of the MnIIMnII dimer 1 that leads to the breaking of
the phenolato bridges and the generation of monomeric
MnIII complexes. A key species is [(mL)MnIII(OH)]+ which
originates from the deprotonation of the aquo complex
[(mL)MnIII(OH2)]


+ . The condensation of two mononuclear
MnIII species, one of which being [(mL)MnIII(OH)]+ , leads
to the dinuclear MnIII complex 2. This step requires one ad-
ditional equivalent of base per molecule of 1. Thus, a total
of two equivalents of base per molecule of 1 is needed to
form the oxo bridge. At this point, the applied electrolysis
potential is high enough (E=1.1 V versus the SCE) to oxi-
dise further the EPR-silent [(mL)MnIII-(m-O)-MnIII(mL)]2+


dinuclear species 2 into the mixed-valent EPR-active
[(mL)MnIII-(m-O)-MnIV(mL)]3+ complex 2ox. The overall
electrochemical process is summarised in Equation 1.


½ðmLÞMnIIMnIIðmLÞ	2þ þH2Oþ 2B !
½ðmLÞMnIII-ðm-OÞ-MnIVðmLÞ	3þ þ 2BHþ þ 3 e�


ð1Þ


It is worth noticing that several experimental arguments
support the proposed mechanism. Firstly, an EPR-silent step
is indeed observed during the course of the electrolysis
before the growth of the 111 mT width EPR signal that is
characteristic of the [(mL)MnIII-(m-O)-MnIV(mL)]3+ species
2ox. Secondly, a transient reddish colour is observed as the
electrolysed solution changes from colourless (complex 1) to
dark blue (complex 2ox). Even though this reddish coloura-


tion cannot unambigously be attributed to a specific MnIII


system, it is likely that it corresponds to some EPR-silent
species. Thirdly, the unsupported mono-m-oxo bridge system
exists in the MnIIIMnIII oxidation state as described above
and is thus a meaningful precursor of the ultimate observed
species 2ox. In addition, the oxidation potential of the
[MnIII-(m-O)-MnIII]4+ core complex 2 is 0.65 V versus the
SCE, which leads to the conversion of 2 into 2ox at the
working potential of 1.1 V versus the SCE. It is worth notic-
ing that the one-electron reduction wave of 2ox present on
the cyclic voltammogram recorded at the end of the elec-
trolysis of 1 (Figure 4c) is reversible. This means that, in the
presence of the protonated 2,6-lutidine, the [MnIII-(m-O)-
MnIII]4+ core unit remains unprotonated.
In order to tackle the role of the base, bulk electrolyses


have been performed with different amounts of 2,6-lutidine.
Preliminary results indicate that when no base or only one
equivalent of 2,6-lutidine per molecule of 1 is present, the
electrolysed solution remains EPR-silent. Furthermore, UV/
Vis signatures support the presence of MnIII species and the
recording of slightly different absorption spectra depending
on the amount of base introduced suggests distinct chemical
compositions for the oxidised solutions. This work is under
progress.
We have shown that the di-m-oxo-di-Mn complex is also


accessible in the mixed-valent MnIIIMnIV state (complex 3).
Consequently, the formation of a second oxo bridge from
the electrochemical oxidation of 1 has been considered by
addition of two extra equivalents of 2,6-lutidine per mole-
cule of 1. When the electrolysis is pursued in the presence
of four equivalents of base per molecule of 1, no condensa-
tion of a second water molecule to generate a di-m-oxo-di-
Mn core complex has been observed. For instance, the UV/
Vis spectrum recorded when the electrolysis is completed is
identical to that of 2ox. This suggests that water molecules
or hydroxy moieties are not able to substitute one of the ar-
omatic arms of the ligand mL� .
According to the proposed mechanism, complex 2 is an


intermediate in the electrochemical oxidation of 1 into 2ox,
but it can hardly be isolated. When the oxidation of 1 is per-
formed with tBuOOH, 2 has been clearly identified. One
can propose that the insertion of the oxo group involves a
high oxidation state of the Mn ion, such as an MnIV=O spe-
cies, as depicted in Scheme 3. The overall reaction is given
in Equation 2.


½ðmLÞMnIIMnIIðmLÞ	2þ þ tBuOOH !
½ðmLÞMnIII-ðm-OÞ-MnIIIðmLÞ	2þ þ tBuO� þHþ


ð2Þ


The first step in the proposed mechanism would be the
addition of one peroxide molecule onto one of the MnII ions
of the dinuclear complex 1. The heterolytic breaking of the
O�O bond would generate a monomeric MnIV±oxo species,
concomitantly with the release of tert-butylhydroxide. The
condensation of this high-valent Mn±oxo complex with the
other MnII moiety of the initial complex 1 leads to the for-
mation of the oxo bridge with the concomitant oxidation of
the MnII site by the MnIV ion to result in the experimentally


Scheme 2. Proposed mechanism for the electrochemical formation of
2ox.
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observed [(mL)MnIII-(m-O)-MnIII(mL)]2+ complex (2). A
similar mechanism has already been proposed in the litera-
ture for the alkene epoxidation catalysed by Mn±salen com-
plexes[97] and has recently been proved by mass spectromet-
ric measurements.[98,99] In these reported cases, the initial
Mn complexes are in the + III oxidation state and thus the
detected intermediate species is a MnV=O complex. Such a
mechanism is also invoked by Larson and Pecoraro for the
formation of di-m-oxo-di-MnIV complexes from MnIIIMnIII


systems with tBuOOH as the oxidant.[100] Based on the pres-
ent experimental results and in the absence of low-tempera-
ture experiments, the proposed MnIV=O species is only pu-
tative. Moreover, the bridging oxygen atom could also come
from a water molecule, since a terminal oxo moiety is sub-
ject to water molecule exchange.
Under the present experimental conditions, complex 2 ul-


timately evolves into a mixture of dinuclear [(mL)MnIII-(m-
O)2-MnIV(mL)]n+ (3) and other EPR-silent species. We pro-
pose that the formation of the second oxo bridge results
from the reaction of tBuOOH with the already present
[(mL)MnIII-(m-O)-MnIII(mL)]2+ complex, to generate an
[MnIV-(m-O)2-MnIV]4+ core species. This second insertion
would be slower than the first one since it requires the dis-
placement of one of the aromatic arms. The possible break-
ing of one of the aromatic arms cannot be totally excluded
in the presence of a strong oxidant. The generated MnIV-
MnIV species would then oxidise either a solvent molecule
or the ligand itself to result in the EPR-active [MnIII-(m-O)2-
MnIV]3+ core complex 3.


Conclusion


A new MnIIMnII dinuclear complex has been obtained with
a pentadentate ligand offering an [N4O] coordination
sphere. We have shown that chemical oxidation of this phe-
nolato-bridged MnIIMnII species (1) by tBuOOH leads to
the formation of the unsupported mono-m-oxo-bridged com-
plex [(mL)MnIII-(m-O)-MnIII(mL)]2+ (2). In the presence of
an excess of tBuOOH, complex 2 ultimately evolves into the
mixed-valent di-m-oxo [MnIII-(m-O)2-MnIV]3+ core complex
(3). Complex 2 can also be electrochemically oxidised into
the unsupported mono-m-oxo-bridged mixed-valent complex
[(mL)MnIII-(m-O)-MnIV(mL)]3+ (2ox). Another route to


prepare a pure sample of 2ox is the direct electrochemical
oxidation of 1 in presence of an external base. With the
same ligand, we have thus obtained three types of bridges,
with the Mn ions in different oxidation states.
The distinction between the mono-m-oxo and the di-m-oxo


complexes was made possible thanks to a thorough analysis
of the EPR signals of the two species. Indeed the simulated
parameters for the two MnIIIMnIV mixed-valent complexes
showed Mn-hyperfine isotropic values significantly smaller
for the mono-m-oxo system (2ox) than for the di-m-oxo
system (3). This has already been reported for another
mono-m-oxo MnIII±O±MnIV complex.[34]


No structural data are available so far for complexes 2
and 2ox. Linear Mn±O±Mn units have been reported for
[(L’)MnIII-(m-O)-MnIII/IV(L’)]2+ /3+ [34] but a bent structure has
been observed in [(m1L4)(Cl)Fe


III-(m-O)-FeIII(Cl)(m1L4)]
2+


.[7,84] If the two pyridine rings of mL� in the m-oxo species
are in the cis position relative to each other, as they are in
1, it is unlikely that the core units of complexes 2 and 2ox
are linear. Resonance Raman studies would be of great help
in settling this point.
A mechanism involving the condensation of two MnIII


moieties is proposed for the direct electrochemical prepara-
tion of 2ox. The oxo bridge is formed by the deprotonation
of a water molecule, thanks to the presence of an external
base in the solution. This is, to our knowledge, the first time
that an extra base has been added to the medium to assist
the formation of oxo bridges. Based on this electrochemical
method, the preparation of a number of other Mn±oxo clus-
ters can be anticipated. Work in this direction is under prog-
ress with polypyridyl ligands.
A putative MnIV=O intermediate is proposed in the mech-


anism of chemical formation of the oxo bridge of complex 2.
Even though no experimental data are available so far, it is
likely that in this case the oxo bridge is the result of the in-
sertion of an oxo moiety rather than of a condensation pro-
cess. Low-temperature experiments as well as stopped-flow
spectroscopy measurements would undoubtedly help in the
assessment of the mechanism. In particular, the recording
and analysis of a pure MnIV=O EPR signal remains a chal-
lenging task. It is anticipated that working with bulkier li-
gands will prevent the condensation step and thus favour
the detection of mononuclear intermediates. Several Mn
complexes with similar ligands to mL� in which the ethane


Scheme 3. Proposed mechanism for the chemical formation of 2 and its evolution to 3.
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bridge has been replaced by a propane bridge have been ob-
tained and their reactivities towards oxidation are under in-
vestigation.


Experimental Section


General remarks : Reagents and solvents were purchased commercially
and used as received, except the acetonitrile for electrochemical experi-
ments which was distilled under argon over granular CaCl2.


Caution : Perchlorate salts of metal complexes with organic ligands are
potentially explosive. Only small quantities of these compounds should
be prepared and they should be handled behind suitable protective
shields.


Synthesis of N,N’-bis-(2-pyridylmethyl)-N-(2-hydroxybenzyl)-N’-methyl-
ethane-1,2-diamine (mLH): The synthesis of mLH is adapted from the
literature[101] and consists of the following two-step synthesis.


Synthesis of N-(2-hydroxybenzyl)-N’-methyl-ethane-1,2-diamine : N-
Methyl-ethane-1,2-diamine (0.88 mL, 10 mmol) and salicylaldehyde
(1.06 mL, 10 mmol) were stirred in methanol (20 mL) at room tempera-
ture for one hour. Methanol (80 mL) was added and the resulting imine
was hydrogenated over Pd/C (10%; 60 mg) under pressure (15 bars)
overnight. The resulting mixture was filtered over celite, washed with
methanol and concentrated under vacuum. A yellow oil (1.54 g, 85%
yield) was obtained; 1H NMR (200 MHz, CDCl3): d=7.15 (t, 1H,
Ar�H), 6.99 (d, 1H, Ar�H), 6.80 (m, 2H, Ar�H), 4.00 (s, 2H,
N�CH2�Ar), 2.75 (s, 4H, N�(CH2)2�N), 2.43 (s, 3H, CH3).


Synthesis of N,N’-bis-(2-pyridylmethyl)-N-(2-hydroxybenzyl)-N’-methyl-
ethane-1,2-diamine : 2-Picolyl chloride in hydrochloride form (1.85 g,
11 mmol) was dissolved in water (10 mL) and neutralised by 4m sodium
hydroxide. N-(2-hydroxybenzyl)-N’-methyl-ethane-1,2-diamine (1.0 g,
5.5 mmol) was then added. The resulting mixture was heated to 65 8C
and neutralised progressively over one hour by addition of small aliquots
of 4m sodium hydroxide in order to prevent the pH value exceeding 9.
The mixture was cooled, stirred overnight and then extracted with di-
chloromethane (6î50 mL). The combined CH2Cl2 extracts were washed
with water and dried over Na2SO4. After concentration under vaccum, a
red oil (1.37 g, 69% yield) was obtained and was purified on an alumina
column with CH2Cl2/MeOH (10:1) as the eluent. The desired compound
was isolated as the first product (red oil, 0.60 g, 30% yield); 1H NMR
(200 MHz, CDCl3): d=8.50 (m, 2H, H-C5H3N), 7.65±6.70 (m, 10H, H-
Ar), 3.77 (s, 2H, N�CH2�C5H3N), 3.74 (s, 2H, N�CH2�C5H3N), 3.60 (s,
2H, N�CH2�C6H4OH), 2.73 (dt, 2H, N�CH2�CH2), 2.64 (dt, 2H,
N�CH2�CH2), 2.12 (s, 3H, CH3).


Synthesis of 1(ClO4)2 : mLH (300 mg, 0.83 mmol)and 2,6-dimethylpyri-
dine (2,6-lutidine; 0.2 mL, 2.0 mmol) in methanol (3 mL) were added to
MnII(ClO4)2¥6H2O (300 mg, 0.83 mmol) in methanol (3 mL) and the re-
sulting mixture was stirred for 15 min. Distilled water (5 mL) was added
to the resulting dark-green solution and a pale-yellow powder precipitat-
ed out. The precipitate was filtered, washed with water and carefully
dried on a fritted glass to give 1 (330 mg, 38% yield). Crystals suitable
for X-ray crystallography were obtained by slow diffusion of diethyl
ether in an acetonitrile solution of 1; IR (KBr): ñ=3447 (w), 2862 (m),
1601 (w), 1570 (m), 1480 (w), 1445 (m), 1267 (w), 1091 (w), 1015 (s), 884
(s), 843 (s), 765 (m), 624 (m), 611 (m), 576 (s), 473 (s) cm�1; elemental
analysis: calcd (%) for C44H54N8O12Cl2Mn2 (1067.76): C 49.49, H 5.10, N
10.49; found: C 49.56, H 5.02, N 10.17.


Crystallographic data collection and refinement of the structure of
[(mL)MnMn(mL)](ClO4)2 : A colourless crystal with approximate dimen-
sions of 0.20î0.10î0.10 mm was selected. Diffraction collection was car-
ried out on a Nonius diffractometer equipped with a CCD detector. The
lattice parameters were determined from ten images recorded with 28 F
scans and later refined on all data. The data were recorded at 123 K. A
1808 F range was scanned with 28 steps with the crystal-to-detector dis-
tance fixed at 30 mm. Data were corrected for Lorentz polarisation. The
structure was solved by direct methods and refined by full-matrix least-
squares on F2 with anisotropic thermal parameters for all non-hydrogen
atoms.[102] Hydrogen atoms were introduced at calculated positions as
riding atoms, with an isotropic displacement parameter equal to 1.2 (CH,


CH2) or 1.5 (CH3) times that of the parent atom. The perchlorate anion
is found disordered on two positions and refined with a 0.5 occupation
factor. All calculations were performed on an O2 Silicon Graphics Sta-
tion with the SHELXTL package.[103,104]


Formula: Mn2C44H50Cl2N8O10; Mr=1031.70, T=123(2) K, l=0.71073 ä;
crystallographic system: orthorhombic; space group: Fdd2; a=10.954(2),
b=24.052(5), c=38.982(8) ä, V=10270(4) ä3, Z=8; 1=1.334 gcm�3,
m=0.655 mm�1, qmax=24.738 ; hkl ranges: �12�h�12, �27�k�28,
�45�L�45; reflections measured: 16010; independent reflections:
4272; reflections observed with I>2s(I): 3703; parameters: 325; R1=
0.0636 (R1=� j jFo j� j jFc j j /� jFo j ); wR2=0.1664 (wR2=
{�[w(F2o�F2c)2]2/�[w(F2o)2]2}1/2 with w=1/[s2(F2o) + (0.1000P)2], where P=
(F2o + 2F2c)/3); (D/s)max=0.020, D1max=0.610 eä�3, D1min=�0.379 eä�3.


CCDC-215363 contains the supplementary crystallographic data (exclud-
ing structures factors) for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retreiving.html (or from Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44) 1223±336±033; or e-mail : deposit@ccdc.cam.ca.uk).


Physical measurements : Elemental analyses were performed at Service
Central d×Analyses, CNRS Vernaison-France. Infrared spectra were re-
corded on KBr pellets over the range 4000±200 cm�1 with a Perkin±
Elmer Spectrum 1000 spectrophotometer. 1H NMR spectra were record-
ed by using a Bruker AC-200 (200 MHz) or a Bruker AM-250
(250 MHz) apparatus.


Magnetic susceptibility measurements : Magnetic susceptibility data were
recorded on an MPMS5 magnetometer (Quantum Design). The calibra-
tion was made at 298 K by using a palladium reference sample furnished
by Quantum Design. The data were collected over a temperature range
of 2±300 K at a magnetic field of 10 kOe and were corrected for diamag-
netism. The cMT versus T curves were fitted by using the van Vleck for-
mula and assuming the same g factor for each S spin state. The total spin,
S, runs from jS1�S2 j to (S1 + S2) by unit steps. The exchange Hamiltoni-
an used was H√ =�JS√ 1S√ 2, in which J stands for the exchange coupling con-
stant and S√ 1 and S√ 2 for the spin operators associated with the electronic
spin of the MnII sites (S1=S2=5/2).


EPR spectroscopy : EPR spectra were recorded on a Bruker 200D (X
band) and Bruker ELEXSYS 500 (X and Q band) spectrometer equipped
with an Oxford Instrument continuous-flow liquid helium cryostat and a
temperature-control system. Solution spectra were recorded with 0.1m
tetrabutylammonium perchlorate in acetonitrile as solvent.


Quantification at X band of the mixed-valent di-m-oxo MnIIIMnIV system
was performed by using the di-m-oxo complex [(mL4)MnIII-(m-O)2-
MnIV(mL4)]


3+ as a reference. The X-band EPR solution spectrum of
0.1 mm [(mL4)MnIII-(m-O)2-MnIV(mL4)](BPh4)2(ClO4)


[36] was recorded at
both 20 and 100 K. The spectra were superimposable, a fact demonstrat-
ing that the signal only originates from the S=1/2 ground state at 100 K.
Nonsaturating recording conditions were only achieved at 100 K.


Simulations of the X-band EPR spectra were performed by using a pro-
gram described in ref. [57]. An S=1/2 system was considered and the
EPR spectrum profile was assumed to be governed by the Zeeman effect
within the S=1/2 state and the two hyperfine interactions between the
S=1/2 electronic spin on one hand and each manganese I=5/2 nuclear
spin on the other. The Hamiltonian [Eq. (3)] was used with assumption
of colinear tensors.


Ĥ ¼ mBB̂~gŜþ Ŝ~A1 Î1 þ Ŝ~A2 Î2 ð3Þ


Only the electronic and nuclear spin values are introduced to perform
the EPR simulation and no hypothesis was formulated on the oxidation
states of the manganese ions. A Gaussian line shape was used.


Cyclic voltammetry and bulk electrolysis : Cyclic voltammetry and chrono-
coulometry measurements were recorded with an EGG PAR potentiostat
(M273 model). The counterelectrode was an Au wire, the working elec-
trode was a glassy carbon disc carefully polished before measurement of
each voltammogram with a 1 mm diamond paste, sonicated in ethanol
bath and then washed carefully with ethanol. In absence of such treat-
ment of the working electrode surface, the successive cyclic voltammo-
grams were not reproducible. The reference electrode was an Ag/AgClO4
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electrode (0.530 V versus the normal hydrogen electrode) isolated in a
fritted bridge. The solvent used was distilled acetonitrile where tetrabuty-
lammonium perchlorate was added to obtain a 0.1m supporting electro-
lyte when the experiments are carried out at room temperature or a 0.2m
supporting electrolyte for experiments carried out at low temperature
(below 10 8C). Low-temperature regulation was insured by a Julabo circu-
lation cryostat.


UV/Vis spectroscopy : UV/Vis spectra were recorded on a Varian Cary
300 Bio or a Varian Cary 5E spectrophotometer at 20 8C with either 0.1
or 1 cm quartz cuvettes.


UV/Vis spectroelectrochemistry : Spectra were recorded on a Varian Cary
5E spectrophotometer by using a thin-layer cell with a 0.5-mm optical
pathlength. The working electrode was a platinum grid (0.3 mm). Refer-
ence and counterelectrodes were identical to those used for the cyclic
voltametry experiments.


Mass spectrometry : All experiments were performed on an electrospray
triple-quadripole API 2000 apparatus (Applied Biosystems). Some ap-
plied parameters were unchanged for all experiments, such as the voltage
applied on the counterelectrode (5000 V), the pressure of the curtain gas
(20 psi) and the declustering potential (20 V). No heating source was
used (ambient temperature). For infused solutions, the complexes were
analysed in positive ion mode. Diluted samples (�10�3m) in pure aceto-
nitrile were infused into the electrospray ionisation source at a flow rate
of 7 mLmin�1.
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Photochemical and Electronic Properties of Conjugated Bis(azo)
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Introduction


The physicochemical and structural changes associated with
the E±Z photoisomerisation of azobenzene derivatives[1±4]


have been widely exploited to modify chemical systems by
means of light stimulation. For instance, such a reaction has
been used to modulate the properties of polymers,[5,6] liquid
crystals,[7] biomolecules,[8] and dendritic[9] and supramolec-
ular[10,11] systems, as well as to construct molecular-level
memories,[12] devices and machines.[13,14]


Molecular systems containing two or more azobenzene
units are of interest for at least two reasons: 1) because of
their multiphotochromic nature, such compounds can exist
in a wealth of different states (up to 2n, where n is the
number of photochromic units), a behaviour that may be
useful for molecular-level information processing and stor-
age; 2) the cooperation of the different photoisomerisable
units can produce an overall amplification of the geometri-
cal changes related to the E±Z transformation, leading to
new light-induced functions.


Several compounds containing two azobenzene groups
have been studied[10,15] in the past, whereby, in most cases,
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Abstract: We have investigated the
photophysical, photochemical and elec-
trochemical properties of two bis(azo)
derivatives, (E,E)-m-1 and (E,E)-p-1.
The two compounds, which can be
viewed as being composed of a pair of
azobenzene units sharing one of their
phenyl rings, differ only for the relative
position of the two azo groups on the
central phenyl ring–meta and para for
m-1 and p-1, respectively. The UV-visi-
ble absorption spectra and photoiso-
merisation properties are noticeably
different for the two structural isomers;
(E,E)-m-1 behaves similarly to (E)-
azobenzene, while (E,E)-p-1 exhibits a
substantial red shift in the absorption
bands and a decreased photoreactivity.
The three geometric isomers of m-1,
namely the E,E, E,Z and Z,Z isomers,


cannot be resolved in a mixture by ab-
sorption spectroscopy, while the pres-
ence of three distinct species can be re-
vealed by analysis of the absorption
changes observed upon photoisomeri-
sation of (E,E)-p-1. Quantum chemical
ZINDO/1 calculations of vertical exci-
tation energies nicely reproduce the
observed absorption changes and sup-
port the idea that, while the absorption
spectra of the geometrical isomers of
m-1 are approximately given by the
sum of the spectra of the constituting
azobenzene units in their relevant iso-


meric form, this is not the case for p-1.
From a detailed study on the E!Z
photoisomerisation reaction it was ob-
served that the photoreactivity of an
azo unit in m-1 is influenced by the iso-
meric state of the other one. Such ob-
servations indicate a different degree
of electronic coupling and communica-
tion between the two azo units in m-1
and p-1, as confirmed by electrochemi-
cal experiments and quantum chemical
calculations. The decreased photoiso-
merisation efficiency of (E,E)-p-1 com-
pared to (E,E)-m-1 is rationalised by
modelling the geometry relaxation of
the lowest p±p* state. These results are
expected to be important for the
design of novel oligomers and poly-
mers, based on the azobenzene unit,
with predetermined photoreactivity.


Keywords: ab initio calculations ¥
absorption spectroscopy ¥ azoben-
zenes ¥ electrochemistry ¥ photo-
chemistry
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the two azobenzenes were found to be basically noninteract-
ing, giving rise to a behaviour determined by the simple su-
perimposition of the properties of the two isolated units.
Here we report on the photochemical properties in solution
of two compounds, m-1 and p-1, composed of two conjugat-
ed azobenzene units.[16] These compounds can be viewed as
two azobenzene units sharing one of their phenyl rings, and
differ only for the relative position of the two azo groups on
the central phenyl ring. Interestingly, p-1 may be considered
as the azo analogue of bis(p-phenylene vinylene), which is
the first member of the oligo(p-phenylene vinylene) (OPV)
family. Enantiopure derivatives with camphanic ester side
groups have been prepared with the aim of obtaining molec-
ular chiral switches for doping nematic liquid crystals. Upon
E±Z photoisomerisation it could be expected the induction
of skewed chiral conformations that should modify the pitch
of the induced cholesteric phases.[17] Ester substituents in
the para-position have little or no effect[18] on the photo-
chemical properties of the azobenzene group, and plain azo-


benzene has been taken as a reference compound for the
E!Z photoisomerisation.


Results and Discussion


Absorption spectra : The absorption spectra of the E,E iso-
mers of m-1 and p-1 in acetonitrile are shown in Figure 1,
together with twice the spectrum of (E)-azobenzene. The


spectroscopic data are gathered in Table 1. Similarly to that
of azobenzene, the spectra of (E,E)-m-1 and (E,E)-p-1 ex-
hibit a two-band pattern, with well-separated p±p* and n±
p* absorption features in the 270±520 nm range, and an in-
tensity which is roughly that expected for the presence of
two azobenzene chromophores.[19] The absorption maxima
of (E,E)-m-1 are only slightly shifted relative to azobenzene,
and very similar to those of an azobenzene derivative bear-
ing alkyl ester groups in the 4,4’ positions.[18] In contrast, the
absorption bands of (E,E)-p-1 (in particular the p±p* one)
are noticeably displaced to lower energy.


Abstract in Italian: Sono state studiate le propriet‡ fotofisi-
che, fotochimiche ed elettrochimiche di due composti
bis(azo), (E,E)-m-1 and (E,E)-p-1. Tali composti, che posso-
no essere considerati come due unit‡ azobenzene che condi-
vidono uno dei loro anelli benzenici, differiscono solo per la
posizione relativa dei due gruppi azo sull×anello benzenico
centrale (ripettivamente meta e para per m-1 e p-1). Gli spet-
tri di assorbimento UV-visibile e le caratteristiche di fotoiso-
merizzazione dei due isomeri strutturali sono notevolmente
diverse: (E,E)-m-1 si comporta in maniera analoga all×(E)-
azobenzene, mentre (E,E)-p-1 mostra un considerevole spo-
stamento verso il rosso delle bande di assorbimento ed una
diminuzione della fotoreattivit‡. I tre isomeri geometrici di
m-1, E,E, E,Z e Z,Z, non sono distinguibili in miscela me-
diante spettroscopia di assorbimento; le variazioni negli spet-
tri di assorbimento osservate durante la fotoisomerizzazione
di (E,E)-p-1, invece, rivelano la presenza di tre specie distin-
te. I valori dell×energia di eccitazione verticale ottenuti me-
diante calcoli quantomeccanici ZINDO/1 sono in ottimo ac-
cordo con gli spettri di assorbimento. Tali calcoli suggerisco-
no inoltre che gli spettri di assorbimento degli isomeri geome-
trici di m-1 sono sostanzialmente dati dalla somma degli
spettri delle unit‡ azobenzene che li costituiscono, ciascuna
nella corrispondente forma isomerica, mentre la situazione di
p-1 õ completamente diversa. Studi dettagliati sulla reazione
di fotoisomerizzazione E!Z indicano che la fotoreattivit‡ di
un×unit‡ azo in m-1 dipende dalla forma isomerica dell×altra
unit‡. Tali osservazioni mostrano che l×accoppiamento e la
comunicazione elettronica tra le due unit‡ azo in m-1 e p-1
sono diversi, come confermato da esperimenti elettrochimici
e da calcoli quantomeccanici. La diminuzione dell×efficienza
di fotoisomerizzazione di (E,E)-p-1 rispetto a (E,E)-m-1 õ
interpretata modellando il rilassamento geometrico dello
stato p±p* pifl basso. Questi risultati sono rilevanti per la
progettazione di nuovi oligomeri e polimeri contenenti unit‡
azobenzene aventi una fotoreattivit‡ predeterminata.


Figure 1. Absorption spectra of (E,E)-m-1 (dashed line) and (E,E)-p-1
(full line) in acetonitrile at room temperature. The absorption spectrum
of (E)-azobenzene, multiplied by 2, is also shown for comparison
(dashed-dotted line).
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Compounds (E,E)-m-1 and (E,E)-p-1 are not luminescent
either at room temperature or in a frozen glass at 77 K, in
line with the behaviour of azobenzene.[1,2]


E!Z photoisomerisation : The E!Z photoisomerisation
quantum yields and the composition of the photostationary
states at selected irradiation wavelengths are reported in
Table 1. The photoisomerisation of azobenzene was also
studied under our experimental conditions as a control ex-
periment. The quantum yield values determined are in
agreement with those found in earlier accurate studies.[3]


Compound (E,E)-m-1: Figure 2 shows the absorption
changes observed upon irradiation of (E,E)-m-1 in its p±p*
band at 365 nm. Such changes are consistent with the E!Z
isomerisation of the azobenzene units of m-1. Similarly to
that of (E)-azobenzene, the photoisomerisation of (E,E)-m-
1 is more efficient if irradiation is performed in the n±p* ab-
sorption band. It should be noted that since (E,E)-m-1 con-
tains two azobenzene units, the E!Z photoisomerisation


quantum yield per azobenzene unit is actually higher than
that of (E)-azobenzene (Table 1). Such an increased photo-
reactivity of the (E)-azo group in (E,E)-m-1 can be rational-
ised on the basis of quantum chemical calculations (vide
infra).


Since the composition of the photostationary state ob-
tained with 365 nm light, expressed in azo units, is E :Z=


35:65, the photoreaction must span all three geometric iso-
mers, namely, E,E, E,Z and Z,Z. The presence of a set of
clean isosbestic points, which are maintained throughout the
irradiation, suggests that the spectrum of (E,Z)-m-1 is
almost the sum of half the spectrum of (E,E)-m-1 and half
that of (Z,Z)-m-1, as expected for two weakly interacting
chromophores. Alternative explanations for this behaviour
could be based on the sequential reaction scheme E,E!
E,Z!Z,Z, assuming that the quantum yield for the second
photoisomerisation step is much higher than that of the first
step, or considering that the absorption of one photon
causes the isomerisation of both azo units. These models,
however, can be discarded since they are in contrast with
the behaviour observed for (E,E)-m-1, which shows a de-
crease of the apparent quantum yield of photoisomerisation
with irradiation time, and are not in agreement with the re-
sults of the quantum chemical modelling (see below). It can
therefore be concluded that, from UV-visible absorption
data, only the total amount of E and Z isomeric forms of
the azo units of m-1 can be determined, irrespective of their
belonging to the same or different molecules. As will be
shown in the next section, the computed vertical excitation
energies and intensities for the three isomers of m-1 agree
with the experimental observations. The inset of Figure 2
shows the spectrum of the final photoproduct, (Z,Z)-m-1,
obtained by subtraction of the absorption spectrum of the
reactant, together with the absorption spectrum of (Z)-azo-
benzene. These observations, together with the absorption
behaviour and the similarities with azobenzene, indicate
that m-1 is composed of two weakly interacting azo units. A
quantitative discussion of the electronic coupling in these
bis(azo) derivatives, fully supporting the above conclusions,
will be given in the next section.


For photochromic systems in which the two forms absorb
in the same spectral region, such as those described here,
the absorbance changes at short irradiation times must be
employed for the determination of the photoreaction quan-
tum yield. At higher photoconversions, the absorption of
light by the photoproduct becomes substantial and back-
photoisomerisation cannot be neglected. However, if the ir-
radiation is performed at a wavelength at which the product
exhibits a very low molar absorption coefficient relative to
the reactant, the quantum yield is expected to show small
changes also for higher degrees of photoconversion. An ™in-
stantaneous∫ apparent quantum yield for the disappearance
of the E species can be defined [Eq (1)]:


Table 1. Absorption, photochemical and electrochemical data.


Absorption[a] E!Z Photoreaction[a] Electrochemistry[b,c]


p±p* n±p* p±p* irradiation n±p* irradiation
lmax [nm] (e [m�1 cm�1]) lmax [nm] (e [m�1 cm�1]) F %ZPSS[d,e] F %ZPSS[d] E [V vs SCE][f]


(E)-azobenzene 316 (29 000) 442 (770) 0.14 95 0.35 15 �1.38
(E,E)-m-1 326 (52 000) 436 (2500)[g] 0.12 79 0.30 18 �0.86
(E,E)-p-1 361 (53 000) ~450 (~4000)[g] 0.017 32 0.03 ~1 �0.84; �0.85


[a] Air-equilibrated acetonitrile, 298 K. [b] Argon-purged acetonitrile with 0.05m TEAP. [c] First reduction process of the azobenzene unit(s). [d] Fraction
of (Z)-azo units at the photostationary state (PSS). [e] Irradiation wavelength of maximum conversion (345 nm for (E)-azobenzene and (E,E)-m-1,
384 nm for (E,E)-p-1). See the text for details. [f] Irreversible processes; peak potential estimated from DPV peaks. [g] Partially overlapped with the p±
p* band.


Figure 2. Absorption spectral changes on 365 nm irradiation of (E,E)-m-1
(1.1 î 10±5


m in acetonitrile, room temperature). Irradiation times are 0,
0.33, 0.66, 1, 1.5, 2, 3, 5, 7.5 and 30 minutes. Inset: absorption spectrum of
(Z,Z)-m-1 (full line) and twice the spectrum of (Z)-azobenzene (dashed
line).
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Fappðt2Þ ¼
AE


l ðt2Þ�AE
l ðt1Þ


eEl�eZl
V


1
Nðt2�t1ÞFE


ð1Þ


in which AE
l (t1) and AE


l (t2) are the solution absorbance at
irradiation time t1 and t2, respectively, measured at a wave-
length l at which the absorbance of the Z form is negligible,
eEl and eZl are the molar absorption coefficient of the E and
Z forms, respectively, at the wavelength l, V is the volume
of irradiated solution, N is the moles of incident photons
per unit time in the volume V, and FE is the fraction of irra-
diation light absorbed by the E form. Figure 3 shows the


changes of Fapp(t), normalised to the initial quantum yield,
as a function of the photoconversion, expressed as the frac-
tion of photogenerated (Z)-azo units. It can be clearly seen
that the E!Z photoisomerisation quantum yield of m-1 de-
creases much more rapidly than that of azobenzene, espe-
cially at low conversion. For example, at a E!Z conversion
of 10 %, the quantum yield for (E,E)-m-1 is approximately
18 % lower than its initial value. Since we have checked that
the Z!E photoisomerisation in (Z,Z)-m-1 is not faster than
that of azobenzene, such an effect cannot be ascribed to the
back-photoisomerisation. Therefore, one can conclude that
the photoreactivity of one azo unit in m-1 depends on the
isomeric form, that is, E or Z, of the neighbouring unit.[20]


More specifically, the presence of a (Z)-azo unit in (E,Z)-m-
1 reduces the quantum yield value for the E!Z photoiso-
merisation of the (E)-azo unit. Note that the presence of a
(Z)-azo unit in (E,Z)-m-1 introduces an asymmetry in the
torsional potential-energy curve that might be one of the
causes of the reduced photoreactivity, since isomerisation in
one of the two possible directions will be strongly hindered
by steric repulsions.


Compound (E,E)-p-1: The photoreactivity of (E,E)-p-1 is
much decreased relative to the meta-isomer and azoben-


zene; the E!Z quantum yield is only approximately 0.02
(Table 1). In irradiation experiments at 313, 334, 365 and
404 nm (Hg emission lines) very limited E!Z conversion
could be achieved, the best result being about 13 % on
365 nm irradiation. In the attempt to isolate the absorption
spectrum of the photoproduct, an appropriate fraction of
the initial absorption spectrum was subtracted to the spec-
trum of the photostationary state. From this calculation it
can be noted that the photoproduct has an absorbance mini-
mum at about 384 nm. Therefore, irradiation at this opti-
mised wavelength was performed and, as expected, a higher
conversion (ca. 30 %) was attained. Figure 4 shows the ab-


sorption changes upon irradiation of (E,E)-p-1 at 384 nm;
the spectrum of the photoproduct, obtained as described
above, is represented in the inset.


The presence of isosbestic points may suggest behaviour
similar to that of m-1, but the limited E!Z conversion does
not ensure the formation of species in which both azo units
have been isomerised into the Z form. Thus, it is possible
that the primary photoproduct observed is mainly the E,Z
isomer. This is in agreement with the spectrum shown in the
inset of Figure 4, which is very different from that of (Z)-
azobenzene and (Z,Z)-m-1 (Figure 2, inset). In particular,
the intense absorption band with maximum at approximate-
ly 340 nm may be assigned to the p±p* transition of the (E)-
azo unit in the E,Z photoproduct; such a band is more simi-
lar to that found for (E,E)-m-1 rather than that for (E,E)-p-
1, possibly because of partial loss of electronic conjugation
with the more distorted (Z)-azo unit (see the next section).
This would also imply the absorption spectrum of (E,Z)-p-1
is not the average of the spectra of (E,E)-p-1 and (Z,Z)-p-1.
Such a conjecture has been confirmed by consecutive irradi-
ation experiments with light of different wavelengths and
will be supported in the next section on the basis of quan-
tum chemical calculations of excitation energies.


From the absorption spectra shown in Figure 4 it can be
determined that selective irradiation of the primary photo-


Figure 3. Changes of the instantaneous apparent quantum yield for E!Z
photoisomerisation of azobenzene (empty circles) and m-1 (full circles),
normalised to the inititial quantum yield value, as a function of the pho-
toconversion, expressed as the fraction of photogenerated (Z)-azo units.
To ensure the same spectral conditions, the measurements have been car-
ried out on solutions with similar absorbance.


Figure 4. Absorption spectral changes on 384 nm irradiation of (E,E)-p-1
(1.1 î 10±5


m in acetonitrile, room temperature). Irradiation times are 0, 2,
4, 8.5, 16, 30 and 75 minutes. Inset: absorption spectrum of the primary
photoproduct.
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product can be best carried out at 260 nm, whereby more
than 50 % of the incident light is absorbed by the photo-
product. Therefore, a solution of (E,E)-p-1 was first irradiat-
ed at 384 nm, until the photostationary state had been
reached, and subsequently irradiated at 260 nm. Upon
260 nm irradiation, the isosbestic points observed during ir-
radiation at 384 nm are lost; new isosbestic points, slightly
shifted from the previous location, appear on prolonged ir-
radiation. The time evolution of the absorbance at 241 nm
(which represents an isosbestic point for the 384 nm irradia-
tion) during 260 nm irradiation is reported in Figure 5. A
similar behaviour was observed for the other isosbestic
points. Such a result can be rationalised with the following
model, which involves the reactant (A), the primary photo-
product (B), and a third species (C) as the secondary photo-
product [Eq. (2)].


AG
F1


F�1


HBG
F2


F�2


HC ð2Þ


The following zero-order kinetic equations [Eq. (3)±(5)]
can be derived from the definition of the photoreaction
quantum yield.
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in which the symbols used have the same meaning as those
in Equation (1). From a numerical solution of these equa-
tions, the photokinetic behaviour of the system can be simu-
lated (Figure 5). The above rate equations could be used in
principle to determine the unknown parameters from the fit
of absorbance versus time pro-
files. In the present case, how-
ever, the absorbance changes
are very small and there are
many unknown parameters in
the above equations. Thus, the
simulation of Figure 5 should
be regarded only as a qualita-
tive proof that a third species,
with a characteristic absorption
spectrum, appears in the reac-
tion mixture upon irradiation.
On the basis of the above re-
sults, we infer that the B and C
species are in fact (E,Z)-p-1
and (Z,Z)-p-1.


After irradiation, m-1 and p-
1 showed a slow (timescale of
days) recovery of the original
absorption bands of their E,E
form if stored in the dark, indi-


cating the occurrence of a thermal Z!E isomerisation proc-
ess, similar to that of azobenzene. The influence of such a
slow process on the photochemical studies presented in this
work can be safely neglected.


Quantum chemical modelling : To clarify the trend observed
in the absorption maxima and to assist the assignment of the
photoproducts, vertical excitation energies were obtained
with ZINDO/1 + CIS calculations carried out at the HF/6±
31G computed equilibrium geometries. The computed exci-
tation energies of the lowest p±p* transitions are compared,
in Table 2, with the correspondingly observed absorption
maxima. It is seen that the agreement between observed
and computed absorption maxima is very satisfactory.


To rationalise the spectroscopical and photochemical be-
haviour of the bis(azo) derivatives upon excitation in the p±
p* region, and to quantify the degree of electronic coupling
in the m-1 and p-1 compounds, we can analyse the electron-


Figure 5. Time-dependent change of the absorbance at 241 nm for a solu-
tion of (E,E)-p-1 (pre-irradiated at 384 nm up to a photostationary state)
upon irradiation at 260 nm. The wavelength 241 nm was selected as the
observation wavelength, since it is an isosbestic point for the initial
384 nm irradiation. The line shows the simulation of the absorbance
change on the basis of the kinetic reaction model described in the text.


Table 2. Comparison between computed and observed p±p* excitation energies.


observed[a] computed[b] Wf composition
lmax [nm] DE [nm] DE Gap
(e [m�1 cm�1]) (f[c]) [eV] [eV][d]


(E)-azobenzene 316 (29 000) 317 (1.04) 3.92 0.70 (H!L)
(E,E)-m-1 326 (52 000) 332 (1.92) 3.74 0.18 0.46 (H�1!L); 0.52 (H!L+1)


316 (0.27) 3.92 0.62 (H!L); 0.31 (H�1!L+1)
(E,E)-p-1 361 (53 000) 366 (1.89) 3.39 0.77 0.67 (H!L); 0.21(H�1!L+1)


298 (0.00) 4.16 0.46 (H�1!L); 0.52 (H!L+1)
(Z)-azobenzene 282 (6300) 301 (0.27)
(E,Z)-m-1 327 (1.18)


307 (0.09)
299 (0.17)


(E,Z)-p-1 340 (28 000) 344 (1.17)
300 (0.11)


(Z,Z)-m-1 ~290[e] (10 000) 308 (0.31)
301 (0.27)


(Z,Z)-p-1 322 (0.60)
297 (0.00)


[a] Air-equilibrated acetonitrile, 298 K. [b] Vertical excitation energies DE from ZINDO/1 + CIS calculations.
[c] Oscillator strength. [d] Energy gap between the lowest two p±p* states that would be degenerate in decou-
pled bis(azo) derivatives. See the discussion in the text. [e] Shoulder.
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ic nature (i.e., the wavefunction compositions) of the lowest
p±p* excited states. These are collected in the last column
of Table 2 for the E,E isomers of the bis(azo) derivatives
and for (E)-azobenzene.


Note that, for simplicity, in the following discussion we
will focus only on the p±p* excited states with dominant
pNN±p* character and disregard those dominated by pphenyl±
p* character, which are also involved in the excited-state re-
laxation of azobenzene.[21] Inspection of Table 2 shows that
while the lowest p±p* state of (E)-azobenzene is dominated
by the HOMO±LUMO (H!L) excitation, owing to the
presence of two azobenzene units, at least four molecular or-
bitals, namely the H�1, H, L and L+1 must be taken into
account to describe the lowest p±p* excited states of the
bis(azo) derivatives. The HF/3±21G frontier molecular orbi-
tals are given in Figure 6 for (E)-azobenzene and in Fig-
ures 7 and 8 for (E,E)-m-1 and (E,E)-p-1, respectively. Note


that ZINDO/1 and HF/3±21G methods predict exactly the
same order and shape for the pNN molecular orbitals. The
frontier orbitals of both bis(azo) derivatives are delocalised,
as are the excited states built from them. Similar delocalisa-
tion does not imply, however, similar conjugation efficiency,
since the latter is determined by the magnitude of the elec-
tron±electron coupling and is manifested by the energy split-
ting of the molecular orbitals. The increased degree of cou-
pling, or conjugation, in (E,E)-p-1 versus (E,E)-m-1 can be
clearly seen from Scheme 1 in which the energies of the HF/
3±21G frontier orbitals are reported for (E)-azobenzene and
the two bis(azo) derivatives. The H, H�1 and L, L+1 mo-
lecular orbitals, (and similarly the lowest two p±p* states)
would be degenerate for two fully decoupled azobenzene
units, while they are energetically separated in the conjugat-


ed compounds studied here and the splitting is larger for the
para compound.


The four-configuration nature of the lowest two p±p* of
the bis(azo) derivatives implies that a discussion of their
photophysical and photochemical properties cannot be
based simply on the inspection of the HOMO and LUMO
orbitals. For instance, in contrast with (E)-azobenzene and
(E,E)-p-1, the lowest p±p* excited state of (E,E)-m-1 is do-
minated by the (H�1!L) and (H!L+1) excitations. The
larger energy separation computed for the lowest two p±p*
excited states of (E,E)-p-1 (0.77 eV, see Table 2) with re-
spect to (E,E)-m-1 (0.18 eV) is also a consequence of the
more efficient conjugation in the former. We can now inter-


Figure 6. (E)-azobenzene: a) Ground state (HF/3-21G) and lowest p±p*
excited state (CIS/3-21G, underlined) equilibrium structures (bond
lengths in ä). b) Frontier orbitals computed at the ground state geome-
try.


Figure 7. HF/3-21G frontier orbitals of (E,E)-m-1 computed at the equili-
brium structure of the ground state. From bottom to top: H�1, H, L, L+


1 molecular orbitals.


Figure 8. HF/3-21G frontier orbitals of (E,E)-p-1 computed at the equili-
brium structure of the ground state. From bottom to top: H�1, H, L, L+


1 molecular orbitals.
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pret the different spectroscopic behaviour of (E,E)-p-1 with
respect to (E,E)-m-1 in terms of the stronger coupling, in
the former, between the lowest two p±p* states that would
be degenerate for a decoupled bis(azo) derivative. Because
of such coupling, the lowest of the two p±p* excited states
is pushed at much lower energies relative to the correspond-
ing state in (E,E)-m-1. Conversely, the second lowest p±p*
state is found at much higher energies in (E,E)-p-1
(4.16 eV) with respect to (E,E)-m-1 (3.92 eV, see Table 2).
As a result, the absorption spectrum of (E,E)-m-1 almost
overlaps with twice the spectrum of a single (E)-azobenzene
unit. The spectroscopic features of the E,Z and Z,Z isomers
can be interpreted with similar considerations.


As will be shown below, the larger energy separation be-
tween the lowest two p±p* excited states in (E,E)-p-1 is also
associated with its reduced photoisomerisation efficiency.


To understand the remarkably different photoisomerisa-
tion efficiency of the two (E,E)-bis(azo) derivatives, we car-
ried out ab initio calculations (CIS/3±21G) of geometry opti-
misation and obtained the relaxed structure of the lowest p±
p* state. The computed equilibrium structure of the p±p*
state and, for comparison, of the ground state of (E)-azo-
benzene are shown in Figure 6. It is seen that the N�N bond
length increases from 1.24 ä in the ground state to 1.33 ä in
the excited state. The lengthening of this bond is associated
with the efficient photoisomerisation reaction. In Figure 9
the computed equilibrium structures of the ground and
lowest p±p* excited state of the two (E,E)-bis(azo) deriva-
tives are shown. The p±p* state of (E,E)-p-1 relaxes to a de-
localised structure characterised by two equal N�N bond
lengths of 1.30 ä. The N±N elongation upon excitation
(1.24 ä in the ground state) is considerably reduced with re-
spect to (E)-azobenzene and this accounts for its reduced
photoisomerisation efficiency. Indeed, the increased barrier
to isomerisation will favour other deactivation channels in-
volving, for instance, phenyl-ring dynamics. The wavefunc-
tion nature of this excited state does not change along the
relaxation path, and the frontier orbitals of (E,E)-p-1 com-
puted at the equilibrium geometry of the p±p* state are vir-
tually identical to those depicted in Figure 8. In contrast, the
p±p* state of (E,E)-m-1 changes nature along the relaxation
path, as shown by the wavefunction composition and molec-
ular orbital shapes (see Figure 10), and relaxes to a localised


structure characterised by two N�N bond lengths remarka-
bly different. Upon relaxation the molecule loses the sv


symmetry plane. As a result, one N±N remains virtually un-


Scheme 1. Energies of the HF/3-21G frontier orbitals of (E)-azobenzene,
(E,E)-m-1 and (E,E)-p-1 bis(azo) derivatives.


Figure 9. Computed equilibrium structures of the ground state (HF/3-
21G) and lowest p±p* excited state (CIS/3-21G, underlined) for a) (E,E)-
m-1 and b) (E,E)-p-1. Bond lengths are in ä.


Figure 10. HF/3-21G frontier orbitals of (E,E)-m-1 computed at the equi-
librium structure of the lowest p±p* excited state. From bottom to top:
H�1, H, L, L+1 molecular orbitals.
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changed and the other increases to 1.34 ä. The remarkable
elongation of a single N�N bond, which becomes even
longer than that of excited azobenzene (1.33 ä) supports, on
the one hand, the increased photoisomerisation efficiency of
(E,E)-m-1 relative to (E)-azobenzene and, on the other, it
suggests a sequential E,E!E,Z!Z,Z photoisomerisation
mechanism. The different excited state relaxation of (E,E)-
m-1 with respect to (E,E)-p-1 can be ascribed to the pres-
ence of a strong electron±phonon coupling mediated by the
asymmetric NN stretching vibrational mode as shown in
Scheme 2. This vibrational mode drives the localisation of


the excitation in the lowest p±p* state by coupling and
mixing the almost degenerate couple of pNN±p* states. Such
mechanism is not effective in (E,E)-p-1 owing to the large
energy difference between the two pNN±p* states. In summa-
ry, it is the balance between the electron±electron interac-
tion (conjugation) and the electron±vibration interaction
that drives the localised or delocalised character of the p±p*
excited state, which, in turn, affects the photoisomerisation
efficiency of the (E,E)-bis(azo) derivatives.


Electrochemical behaviour : The electrochemical properties
of (E)-azobenzene have been the subject of a detailed inves-
tigation.[22] In our conditions, azobenzene shows two not
fully reversible reduction processes, and two irreversible oxi-
dation processes. Compounds (E,E)-m-1 and (E,E)-p-1 ex-
hibit poorly reversible reduction processes and irreversible
oxidation processes, suggesting a very complex electrochem-
ical behaviour.[23] The peaks appearing at fairly negative po-
tentials (below �1.6 V), not observed for azobenzene, are
most likely related to the reduction of the ester side
groups.[24] For the sake of simplicity, we will discuss only the
first reduction process (Table 1), which is assigned to the
uptake of one electron per each azobenzene unit.


Figure 11 shows the CV peaks corresponding to the first
reduction process of (E,E)-m-1 and (E,E)-p-1 in acetonitrile.
The first reduction for both the bis(azo) compounds occurs
at a less negative potential relative to azobenzene, owing to
the presence of 1) an extended p system, which lowers the


energy of the LUMO (see Scheme 1 and the discussion in
the previous section), and 2) electron-withdrawing ester sub-
stituents. It is interesting to note that the first peak of the
para derivative is split into two processes, while the meta
compound shows a single peak. Apparently, uptake of one
electron by (E,E)-p-1 affects the reduction potential of the
resulting anion, while this does not happen for (E,E)-m-1. A
simple, qualitative explanation for the different electro-
chemical behaviour can be inferred by inspecting the
LUMO orbital splitting in Scheme 1. Indeed, the small
energy separation between the LUMO and LUMO+1 orbi-
tals computed for (E,E)-m-1 implies similar reduction po-
tentials for both reduction processes, whilst the considerably
larger splitting computed for (E,E)-p-1 supports the splitting
measured for the para compound. Furthermore, if we
assume that the anion formed by the first reduction process
behaves in a similar fashion to the lowest p±p* state of the
neutral molecule, we can provide an additional justification
for the observed electrochemical behaviour. Only one peak
is observed for (E,E)-m-1, due to the localised nature of the
reduced state; this leaves the second azobenzene unit and
its reduction potential almost unchanged with respect to the
neutral molecule. In contrast, two peaks are observed for
(E,E)-p-1, due to the delocalised nature of the anion, which
is a new species characterised by its own reduction potential.
Thus, once more, the experimental and computational re-
sults reinforce each other and indicate a more efficient con-
jugation between the azo units in the para than in the meta
compound.


Conclusion


The UV-visible absorption spectra, the E!Z photoisomeri-
sation reaction and the electrochemical properties of two
bis(azo) derivatives, (E,E)-m-1 and (E,E)-p-1, have been in-
vestigated. These two compounds are composed of a pair of
azobenzene units sharing one of their phenyl rings, and
differ only for the relative position of the two azo groups on
the central phenyl ring. In summary, the absorption spectra


Scheme 2. Schematic representation of the delocalised [(E,E)-p-1] and lo-
calised [(E,E)-m-1] relaxed structure of the lowest p±p* state of the
bis(azo) derivatives. The approximate shape of the vibrational mode cou-
pling the two p±p* states is also shown.


Figure 11. Cyclic voltammetric curves for the first reduction process of
the azobenzene units of (E,E)-m-1 (dashed line) and (E,E)-p-1 (full
line). Conditions: 4î 10±4


m Ar-purged acetonitrile, room temperature,
0.05m TBAP; scan rate=200 mV s.
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and photoisomerisation properties of (E,E)-m-1 are similar
to those of (E)-azobenzene, while (E,E)-p-1 exhibits a sub-
stantial red shift in the absorption bands and a much de-
creased photoreactivity. From a detailed study on the quan-
tum yield for the E!Z photoisomerisation reaction in
(E,E)-m-1, it can be observed that the photoreactivity of an
(E)-azo unit in an m-1 molecule is quenched by a neigh-
bouring (Z)-azo unit. The three geometric isomers of m-1,
namely E,E, E,Z and Z,Z, cannot be resolved by absorption
spectroscopy, whereas a careful analysis of the absorption
changes observed upon photoisomerisation of p-1 reveals
the presence of three distinct species. These observations
can be rationalised in terms of a stronger electronic commu-
nication of the two azo units in p-1 with respect to m-1.


Quantum chemical calculations of molecular orbitals at
the ground-state geometry show similar delocalisation for p-
1 and m-1, but the computed energies do indeed confirm a
larger electronic coupling for the para compound. Accord-
ingly, the computed vertical excitation energies closely
follow the observed behaviour. The balance between the
electron±electron coupling (dominant in the para com-
pound) and the electron±vibration coupling (dominant in
the meta compound) determines the delocalised (p-1) or lo-
calised (m-1) nature of the relaxed p±p* excited state com-
puted for the E,E isomers and accounts for the reduced
photoisomerisation efficiency of p-1.


Similar considerations on the reduced forms of p-1 and
m-1 explain the results of electrochemical experiments.
Therefore, m-1 can be considered closer to a two-compo-
nent species composed of weakly interacting azobenzene
units, whereas p-1 is better described as a large molecule[25]


in which the two chromophoric groups are electronically
coupled.


These results may be useful for the design of novel
oligomers and polymers, based on the azobenzene unit, with
predetermined photoreactivity.


Experimental Section


General methods : Reagents and dry solvents were purchased from Fluka
unless otherwise noted. (E)-Azobenzene was purchased from Aldrich.
NMR spectra were recorded with a Varian Gemini 200 instrument. ESI-
MS spectra were obtained with a Micromass ZMD 4000 spectrometer.


The absorption and luminescence spectra were recorded with a Perkin±
Elmer l40 spectrophotometer and an LS 50 spectrofluorimeter, respec-
tively, in air-equilibrated acetonitrile (Merck Uvasol¾) at room tempera-
ture, with concentrations ranging from 1î 10�6 to 1î 10�5


m, contained in
1 cm quartz cells. Experimental errors: wavelengths, 	1 nm; molar ab-
sorption coefficients, 5%.


Photochemical reactions were performed on the same solutions, thor-
oughly stirred, by using either a Hanau Q 400 medium pressure Hg lamp
(150 W) or the Xe lamp (150 W) of a Perkin±Elmer 650±10S spectro-
fluorimeter. In the first case, selection of the desired irradiation wave-
length (313, 334, 365, 405 or 436 nm) was accomplished by the use of ap-
propriate combinations of interference, broad-band and cut-off filters,
while in the second case the monochromator of the instrument (band-
pass=5 nm) was employed. The number of incident photons, determined
by ferrioxalate actinometry[26] in its micro version,[27] was between 10�8


and 10�6 Nhn min�1. The E!Z quantum yields for p±p* (lirr=313 or
365 nm) and n±p* (lirr=436 nm) irradiation were determined from the
disappearance of the p±p* absorption band of the reactant at low conver-


sion percentages (<10 %; if necessary, extrapolation to t=0 was made).
The fraction of light transmitted at the irradiation wavelength was taken
into account in the calculation of the yields. Where possible, the composi-
tion of the photostationary state and the absorption spectrum of the pho-
toproduct were evaluated by a calibrated subtraction of a fraction of the
initial absorption spectrum from the absorption spectrum at the photosta-
tionary state. The Z!E photoisomerisation experiments on (Z,Z)-m-1
were carried out with samples obtained by exhaustive irradiation of
(E,E)-m-1 and contained at least 60% of the Z,Z isomer. The experi-
mental error on the quantum yield values was estimated to be 10% for
p±p* irradiation, and 20% for n--p* irradiation.


Electrochemical experiments were carried out by employing cyclic vol-
tammetry (CV) and differential pulse voltammetry (DPV) techniques in
argon-purged acetonitrile (Romil HiDry¾) at room temperature, with an
Autolab 30 multipurpose instrument interfaced to a PC. The working
electrode was a glassy carbon electrode (Amel; 0.07 cm2); its surface was
routinely polished with a 0.3 mm alumina/water slurry on a felt surface,
immediately prior to use. The counterelectrode was a Pt wire, separated
from the solution by a frit ; an Ag wire was employed as a quasi-reference
electrode, and ferrocene was present as an internal standard. The concen-
tration of the compounds examined was 4î 10�4


m ; tetrabutylammonium
hexafluorophosphate (TBAP) 0.05m was added as supporting electrolyte.
Cyclic voltammograms were obtained at sweep rates varying from 20 to
500 mV s�1; differential pulse voltammograms were recorded at sweep
rates of 20 and 4 mV s�1 with a pulse height of 75 or 10 mV, respectively,
and a duration of 40 ms. The potential window examined was from �2 to
+2 V versus SCE. The experimental error on the potential values was es-
timated to be 10 mV.


Synthesis of (E,E)-p-1: 4’-Aminoacetanilide (5.41 g, 36 mmol) was dis-
solved in water (13 mL) and 37 % HCl (13 mL). The mixture was cooled
to 0 8C and diazotised by adding a cold solution of NaNO2 (2.61 g,
37.8 mmol) in water (7 mL) at such a rate as to keep the temperature of
the reaction mixture below 2 8C. A few crystals of urea were then added
and the mixture was slowly transferred into a cooled solution of phenol
(3.29 g, 35 mmol) and NaOH (7.0 g, 0.17 mol) in water (25 mL). The
slurry was allowed to warm to room temperature and carefully acidified
with conc. HCl to about pH 6. Filtration of the resulting mixture afforded
4-(4’-hydroxyphenylazo)acetanilide as an orange-brown solid in a 76 %
yield. ESI-MS (MeOH): m/z : 256 [M+H]+ ; 1H NMR (200 MHz,
[D6]DMSO): d=2.11 (s, 3H), 6.94 (m, 2H), 7.78 (m, 6H), 10.23 (s, 1H),
10.25 ppm (s, 1 H).


4-(4’-Hydroxyphenylazo)acetanilide (6.97 g, 27.3 mmol) was dissolved in
10% NaOH (350 mL) refluxed for 2 h. The mixture was then cooled to
room temperature and the pH was adjusted to 6 with conc. HCl. The re-
sulting precipitate was filtered, washed with water and dried in vacuo to
afford 4-(4’-hydroxyphenylazo)aniline as pale brown solid (86 %). The
compound was sufficiently pure to be used in the subsequent step with-
out any further purification. ESI-MS (MeOH): m/z : 214 [M+H]+ ;
1H NMR (200 MHz, CDCl3): d=4.0 (br s, 2H), 5.07 (s, 1 H), 6.68 (m,
2H), 6.91 (m, 2 H), 7.79 ppm (m, 4 H).


4-(4’-Hydroxyphenylazo)aniline (4.95 g, 23.2 mmol) was suspended in
water (15 mL) and conc. HCl (8.4 mL); the mixture was then cooled to
0 8C. A cold solution of NaNO2 (1.61 g, 23.3 mmol) in water (4 mL) was
added at such a rate to keep the temperature below 3 8C. The addition
was stopped when iodine-starch paper gave a positive test. A few crystals
of urea added and the mixture was slowly transferred into a cooled (0 8C)
solution of phenol (2.18 g, 23.2 mmol) and NaOH (4.65 g, 116 mmol) in
water (18 mL). When the addition was complete, the resulting viscous
dark brown suspension was allowed to reach room temperature. The mix-
ture was made slightly acidic with conc. HCl and filtered. The precipitate
was washed with water and dried in vacuo. The filtrate was extracted
with diethyl ether and the organic layer was dried over Na2SO4, concen-
trated in vacuo and added to the precipitate. The solid was purified by
column chromatography over silica gel (petroleum ether/ethyl acetate 7:3
as the eluent) and the product with Rf=0.2 was collected. 1,4-bis(4’-hy-
droxyphenylazo)benzene was thus obtained as an orange solid in a 76 %
yield. ESI-MS (MeOH): m/z : 317 [M�H]� ; 1H NMR (200 MHz,
[D6]DMSO): d=6.96 (m, 4H), 7.85 (m, 4 H), 7.98 (s, 4H), 10.42 ppm (s,
2H); 13C NMR (200 MHz, [D6]DMSO): d=115.96 (CH), 123.13 (CH),
125.04 (CH), 145.32 (C), 152.62 (C), 161.22 ppm (C).
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(�)-Camphanic acid chloride (300 mg, 1.3 mmol) was quickly added to a
solution of 1,4-bis(4’-hydroxyphenylazo)benzene (110 mg, 0.35 mmol)
and redistilled Et3N (0.15 mL) in dry CH3CN (5 mL) under inert atmos-
phere. The mixture was allowed to react for 2 h at room temperature and
reduced to dryness in vacuo. The residue was redissolved in CHCl3


(30 mL) and washed with 5% NaHCO3 (3 î 30 mL) and water (15 mL).
The resulting organic phase was dried over Na2SO4, the solvent was re-
moved by distillation and the crude was purified by chromatography on
silica gel (eluent: petroleum ether/ethyl acetate 6:4). Compound (E,E)-p-
1 was obtained as an orange solid in a 45 % yield. 1H NMR (200 MHz,
CDCl3): d=1.13 (s,6 H), 1.17 (s,6H), 1.18 (s, 6 H), 1.70±1.87 (m, 2H),
1.94±2.10 (m, 2H), 2.16±2.30 (m, 2H), 2.51±2.68 (m, 2 H), 7.31 (m, 4H),
7.99±8.09 ppm (m, 8H); elemental analysis calcd (%) for C38H38N4O8


(678.74): C 67.24, H 5.64, N 8.25; found: C 67.10, H 5.59, N 8.18.


Synthesis of (E,E)-m-1: The preparation is analogous to that described
for (E,E)-p-1. Spectral data for the corresponding derivatives are report-
ed:


3-(4’-Hydroxyphenylazo)acetanilide : ESI-MS (MeOH): m/z : 256
[M+H]+ .


3-(4’-Hydroxyphenylazo)aniline : ESI-MS (MeOH): m/z : 214 [M+H]+ .


1,3-Bis(4’-hydroxyphenylazo)benzene : ESI-MS (MeOH): m/z : 317
[M�H]� ; 1H NMR (200 MHz, CDCl3): d=6.97 (m, 4H), 7.63 (t, J=
8.0 Hz, 1 H), 7.9±8 (m, 6H), 8.36 ppm (t, J=1.9 Hz, 1H).


(E,E)-m-1: 1H NMR (200 MHz, CDCl3): d=1.15 (s,6 H), 1.18 (s,6H), 1.19
(s, 6 H), 1.71±1.87 (m, 2H), 1.94±2.10 (m, 2H), 2.17±2.32 (m, 2 H), 2.52±
2.68 (m, 2H), 7.33 (m, 4H), 7.69 (t, 1H), 8.00±8.09 (m, 6H), 8.44 ppm (t,
1H); elemental analysis calcd (%) for C38H38N4O8 (678.74): C 67.24, H
5.64, N 8.25; found: C 67.11, H 5.60, N 8.20.


Computational methods : Ground-state equilibrium structures of the
three geometric isomers (E,E, E,Z and Z,Z) of meta- and para-bis(azo)
derivatives and of the two isomers (E and Z) of azobenzene were opti-
mised at HF/6±31G and HF/3±21G levels of theory. For simplicity, cam-
phanic ester side groups were replaced by acetate groups in the calcula-
tions. The HF/6±31G equilibrium geometries were employed to calculate
electronic excitation energies with the ZINDO/1 semi-empirical hamilto-
nian[28] combined with configuration interaction singles (CIS) calcula-
tions, which included the highest 20 occupied and lowest 20 unoccupied
(20 î 20) molecular orbitals (MOs). In order to obtain a qualitative pic-
ture of the p±p* excited-state geometry relaxation, excited-state geome-
try optimisations were performed at CIS/3±21G level of theory. CIS cal-
culations with moderate basis sets are known to overestimate excitation
energies, but provide a reliable description of the geometry relaxation for
excited states dominated by single excitations. Given the large dimension
of the molecules investigated, the orbital space was restricted to 10 î 10
for (E,E) -m-1 and p-1 and to 6î 6 for (E)-azobenzene. All the calcula-
tions were carried out with the Gaussian 98 suite of programs.[29] The
visual program Molekel[30] was employed to produce molecular orbitals
pictures.
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The Structure of Metallomicelles


P. C. Griffiths,*[a] I. A. Fallis,*[a] D. J. Willock,[a] A. Paul,[a] C. L. Barrie,[a] P. M. Griffiths,[a]


G. M. Williams,[a] S. M. King,[b] R. K. Heenan,[b] and Richard Gˆrgl[c]


Introduction


The incorporation of transition metal centers into surfactant
molecules provides a means of localizing many of the physi-
cochemical properties of these ions at oil±water or water±air
interfaces. Although such surfactants are comparatively
rare,[1] they have recently found important potential applica-
tions in diverse subject areas such as magnetic resonance
imaging,[2] the templating of mesoporous materials,[3] vesicle
formation,[4] laser-induced fluorescence,[5] thin-film optoelec-
tronics,[6] interfacial photophysics,[7] homogeneous catalysis[8]


and as anthelmintic therapeutics[9] . The SANS and SAXS
study is presented in this paper and is part of a program to
investigate structure-property relationships in such sys-
tems.[10] Here, we have set out to examine the role that the
head group structure plays in determining micellar morphol-
ogy and we have used a combination of neutron and X-ray


scattering in order to generate a more detailed picture of
micellar morphology. It is interesting to note that whilst
there is a large body of literature describing SANS[11] or
SAXS[12] studies on micellar systems, relatively few groups
have applied both techniques[13] to a common system.


Metallosurfactants are ideally suited to be studied by
using a combination of SANS and SAXS. Neutron scattering
of proteo-surfactants in deuterated media allows the charac-
ter of the micelle core and polar shell regions to be analysed
within the context of a particular model, whilst X-ray scat-
tering from the heavy atom (metal cation), which contains
head group, permits a complimentary picture of the interfa-
cial region to be determined. The study described by Arleth
and co-workers[14] is the only combined SAXS/SANS exami-
nation of a metallosurfactant previously reported to date.


In designing a metal containing surfactant system it is im-
portant that the metal cation be bound very strongly to the
head group. This not only simplifies the system by reducing
the number of components, but also prevents the erroneous
determination of CMC (critical micelle concentration)
values, which is caused by the presence of surface-active or
water-immiscible ligands. Thus, we have devised a simple
synthesis of water-insoluble ligands based upon the reaction
of macrocyclic polyamines agents and terminal epoxides.[10]


This approach allows both the length of the hydrophobe
and, by choice of different macroyclic donors, the size and
structure of the head group to be varied easily. The effect of
surfactant head-group structure on the micelle morphology
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Abstract: The morphology of micelles
formed by two novel metallosurfac-
tants has been studied by small-angle
neutron scattering (SANS) and small-
angle-X-ray scattering (SAXS). The
two surfactants both contain a dodecyl
chain as the hydrophobic moiety, but
differ in the structure of the head
group. The surfactants are CuII com-
plexes of monopendant alcohol deriva-
tives of a) the face-capping macrocycle
1,4,7-triazacyclanonane (tacn), and
b) an analogue based upon the tetra-


azamacrocycle 1,4,7,10-tetraazacyclo-
dodecane. Here, neutron scattering has
been used to study the overall size and
shape of the surfactant micelles, in con-
junction with X-ray scattering to locate
the metal ions. For the 1,4,7,10-tetraa-
zacyclododecane-based surfactant,
oblate micelles are observed, which are


smaller to the prolate micelles formed
by the 1,4,7-triazacyclononane ana-
logue. The X-ray scattering analysis
shows that the metal ions are distribut-
ed throughout the polar head-group
region, rather than at a well-defined
radius; this is in good agreement with
the SANS-derived dimensions of the
micelle. Indeed, the same model for
micelle morphology can be used to fit
both the SANS and SAXS data.


Keywords: aggregation ¥ macrocy-
clic ligands ¥ SANS ¥ SAXS ¥ surfac-
tants
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is reported here for two CuII, which contain surfactants
based upon the ligands 1-(2-hydroxytetradecyl)-1,4,7-triaza-
cyclononane (1) and 1-(2-hydroxytetradecyl)-1,4,7,10-tetraa-
zacyclododecane (2) (Scheme 1).


Experimental Section


Surfactant synthesis : 1,4,7-Triazacyclonane was prepared by using stan-
dard methods,[15] and was purified (twice) by bulb-to-bulb distillation
prior to use. 1,4,7,10-Tetraazacyclododcene was purchased from Strem
and sublimed prior to use. All other reagents (Aldrich, Avocado) were
used as received. Solvents were purified by standard literature meth-
ods.[16] Electronic spectra were recorded in acetonitrile solution by using
Jasco V-570 NIR-UV-vis spectrometer. NMR spectra were obtained on
Br¸ker AMX 400 or Jeol Eclipse 300 spectrometers, and referenced to
external TMS.


1,2-Tetradecanediol : Potassium ferricyanide (29.6 g, 90 mmol), potassium
carbonate (12.45 g, 90 mmol), 1-tetradecene (5.95 g, 30 mmol) potassium
osmate (45 mg, 0.4 mol%), and quinuclidine (33 mg, 1 mol%) was added
to a flask containing tert-butanol/water (300 ml, 50:50). After stirring for
72 h, sodium sulfite (135 g, 1.07 mol) was added, and the solution stirred
for a further two hours. Water (75 ml) was added and the aqueous phase
extracted with dichloromethane. The combined organic extracts were
washed with water and dried over magnesium sulfate. The solvent was
stripped by rotary evaporation to yield a crude product which was recrys-
tallised from ethyl acetate to yield a white solid, 6.15 g (88%) m.p. 64±
66 8C; 1H NMR (400 MHz, CDCl3) d=0.88 (t, J=7 Hz, 3H; -CH3), 1.26
(m, 20H; -CH2-), 1.62 (m, 2H; -HOCHCH2CH2-), 1.93 (m, 1H; HOCH2-
), 2.05 (m, 1H; CHOH), 3.44 (m, 1H; CH2OH), 3.68 ppm (m, 2H; -
CHOHCH2OH); 13C NMR (CDCl3) d=72.3, 66.84, 33.18, 31.91, 29.63,
29.58, 29.54, 29.35, 25.52, 22.69, 14.13 ppm; IR (KBr disc): ñ=3200.4,
2916.6, 2847.9, 1466.2, 1074.7 cm�1; mass spectrum (EI): m/z (%) 213


(20), 199(78), 124(65), 110(76), 60(100); elemental analysis calcd (%) for
C14H30O2: C 72.99, H 13.12; found: C 72.87, H 13.23.


1,2-Epoxytetradecane : 1,2-Tetradecanediol (5 g, 24 mmol) was added to a
solution of HBr/acetic acid (45%w/v) (20 ml) and the resulting solution
was stirred vigorously for 30 mins. The reaction mixture was diluted with
water and extracted with dichloromethane. The combined organic ex-
tracts were washed with water and dried over magnesium sulfate. Evapo-
ration of the solvent afforded a crude oil. Dry methanol (20 ml) and po-
tassium carbonate (4.98 g, 36 mmol) were added and the reaction was
stirred for a further 2 h. The reaction was quenched with water and ex-
tracted with dichloromethane. The combined organic extracts were
washed with water and dried over magnesium sulfate. Filtration through
a short silica column and evaporation of the solvent afforded an oil,
which was distilled (twice) by using a K¸gelrohr apparatus to yield a
clear oil 4.3 g (93%); 1H NMR (400 MHz, CDCl3) d=0.88 (t, J=7 Hz,
3H; -CH3), 1.26 (m, 18H; -(CH2)9CH3), 1.45 (m, 2H; -CHCH2CH2-),
1.53 (m, 2H; CHCH2-), 2.47 (dd, J=5, 3 Hz, 1H; OCH2CH-), 2.75 (t, J=
5 Hz, 1H; OCH2CH-), 2.91 ppm (m, 1H; OCH2CH-); 13C NMR (CDCl3)
d=52.42, 47.15, 32.49, 31.90, 29.66, 29.63, 29.55, 29.44, 29.35, 25.97, 22.69,
14.12 ppm; IR (KBr disc): ñ=3040.8, 2926.3, 2854.7, 1466.0, 1258.4,
1129.6, 914.9, 836.1, 721.6 cm�1; mass spectrum (APCI); m/z (%) 213
[M++1] (100); elemental analysis calcd (%) for C14H28O: C 79.18, H
13.29; found: C 79.20, H 13.26.


1-(2-Hydroxytetradecyl)-1,4,7-triazacyclononane (1): 1, 2-Epoxytetrade-
cane (849 mg, 4 mmol) was added to a flask containing freshly distilled
1,4,7-triazacyclononane (5.16 g, 40 mmol) in degassed ethanol (30 ml).
The solution was left to stand for seven days. Evaporation of the solvent
afforded a crude oil which was subjected to bulb-to-bulb distillation (Ku-
gelrˆhr, 0.005 mmHg) to remove excess 1,4,7-triazacyclononane (140 8C).
The oven temperature was raised to 200 8C to yield the required product
as a clear colourless oil (1.36 g, quantitative); 1H NMR (400 MHz,
CDCl3) d=0.87 (t, J=7 Hz, 3H; -CH3), 1.24 (m, 20H; -(CH2)10CH3),
1.48 (m, 1H; -CHOHCH2CH2-), 2.32 (dd, J=13, 11 Hz, 1H; -
CHOHCH2CH2-), 2.62±2.80 (m, 14H; -NCH2-), 3.09 (br s, 2H; -NH),
3.62 ppm (m, 1H; -CHOH-); 13C NMR (CDCl3) d=14.11, 22.67, 25.95,
29.34, 29.59, 29.62, 29.65, 29.85, 31.9, 34.61, 46.53, 47.24, 52.99, 63.27,
69.15 ppm; IR (KBr disc): ñ=3320.6, 2919.7, 2855.3, 1667.1, 1459.5,
1352.1, 1294.8, 1115.9, 1072.9, 979.9, 722.2 cm�1; mass spectrum (EI), m/z
(%) 341 [M+] (20), 297 (40), 285 (70), 256 (100).


1-(2-Hydroxytetradecyl)-1,4,7,10-tetraazacyclononane (2): This material
was prepared in an analogous manner to that for 1 by using freshly sub-
limed 1,4,7,10-tetraazacyclononane (6.89 g, 40 mmol) and 1,2-epoxytetra-
decane (849 mg, 4 mmol). Bulb-to-bulb distillation at 220 8C afforded the
title compound as a waxy white solid (1.53 g, quantitative); 1H NMR
(400 MHz, CDCl3) d=0.87 (t, J=7 Hz, 3H; -CH3), 1.24 (m, 22H; -
(CH2)11CH3), 2.35±2.81 (m, 18H; -NCH2-), 3.68 ppm (m, 1H; -CHOH-);
13C NMR (CDCl3) d=14.11, 22.68, 25.79, 29.34, 29.61, 29.63, 29.66, 29.82,
31.90, 34.67, 46.00, 46.89, 47.56, 52.86, 61.89, 68.91; IR (KBr disc): ñ=


3286.3, 2922.7, 2852.1, 1656.7, 1464, 1352, 1275, 1114, 1041, 953, 754 cm�1;
mass spectrum (APCI): m/z (%) 385 [M+1] (100).


Complex formation : CuII complexes of (1) and (2) were prepared by the
addition of 1.05 equivalents of CuCl2¥2H2O to a suspension of the ligand
in D2O in volumetric flasks. The reaction mixtures were gently warmed
to effect complete dissolution of the ligands and diluted to the appropri-
ate concentration with D2O. The electronic spectra of these complexes
were measured as a means of determining their structures in solution
(see Results and Discussion).


Small-angle neutron scattering (SANS): Small-angle neutron scattering
(SANS) measurements were performed on the fixed-geometry, time-of-
flight LOQ diffractometer (ISIS Spallation Neutron Source, Oxfordshire
UK). By using neutron wavelengths spanning 2 to 10 ä, a Q-range of ap-
proximately 0.015 to 0.20 ä�1 (50 Hz) was accessible, with a sample-de-
tector distance of 4.1 m.


The surfactant solutions at surfactant concentration of 25mm and 50mm


were dissolved in D2O, placed in 2mm pathlength quartz cuvettes
(Hellma) and mounted in aluminium holders on top of an enclosed, com-
puter-controlled, sample changer. Temperature stability of �0.2 8C was
achieved by the use of a thermostated circulating bath-pumping fluid
through the base of the sample changer. All measurements were carried


Scheme 1. Ligand syntheses and proposed structures of the a) [CuII(1)-
(H2O)2]Cl2 and b) [CuII(2)]Cl2 cationic surfactants.
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out at 45 8C, since the surfactant has a Krafft point around room temper-
ature. Experimental measuring times were between 80 and 120 minutes.


All scattering data were a) normalised for the sample transmission and
incident wavelength distribution, b) background corrected by using an
empty quartz cell, which also removes the inherent instrumental back-
ground arising from vacuum windows, and so on and c) corrected for the
linearity and efficiency of the detector response. The data were put onto
an absolute scale by reference to the scattering from a well-characterised
partially-deuterated polystyrene-blend standard sample.


Small-angle X-ray scattering (SAXS): The SAXS measurements were
performed on a HR-PNK pinhole camera at the NanoSTAR facility,
housed within the Materials Center of the Leoben & Erich-Schmid-Insti-
tute. A ceramic X-ray tube provided a 2.2 kW beam 0.4 mm by 12 mm in
size. The Ka of copper was used to generate a 40 kV beam of the same
dimension. Pinhole dimensions of 750mm (first), 400mm (second) and
1000mm (third) were used and the instrument configured based on the
following distances; source to 1st pinhole: 200 mm; 1st pinhole to 2nd:
925 mm; 2nd pinhole to 3rd: 482 mm; 3rd pinhole to sample: 35 mm; the
sample to detector distance was 640 mm. A similar configuration has
been described by Pedersen.[17] A Bruker AXS HI-STAR position sensi-
tive area detector recorded the intensity of the scattered X-rays as a
function of angle and thus, wavevector.


Samples were contained within capillaries of quartz glass, which were
2 mm in diameter. The measuring time was 20000 s. Sample transmissions
have been calculated by using the ™indirect∫ method through a strongly
scattering standard (glassy carbon) and a background of distilled water
subtracted from the data.


Results and Discussion


Synthesis of materials : The syntheses of the ligands 1 and 2
were carried out in straightforward manner as shown in
Scheme 1. It was found that is was necessary to prepare
fresh 1,2-epoxytetradecane from the corresponding diol,
since commercial sources of long chain racemic diols are
contaminated with varying amounts of isomeric branched
materials; these are difficult to remove by chromatography
or distillation. 1,2-Tetradecanediol is a crystalline solid that
may be purified by repeated crystallisation from ethyl ace-
tate with subsequent conversion to the terminal epoxide
yielding the required precursor free of any branched materi-
al. Reaction with an excess of 1,4,7-triazacyclononane or
1,4,7,10-tetraazacyclododecane upon removal of excess mac-
rocycle affords 1 and 2 in quantitative yield. The recovered
macrocycle may be recycled and used in subsequent synthe-
ses. This synthesis, whilst requiring large quantities of puri-
fied macrocyclic precursors, was found to yield purer materi-
als than when the previously described protective group
methodologies were employed.[18] The free ligands 1 and 2
are essentially insoluble in water, but dissolve rapidly upon
the addition of CuCl2¥2H2O to afford blue (1) or purple (2)
solutions formulated as [CuII(1)(H2O)2]Cl2 (aq.) and
[CuII(2)]Cl2 (aq.), respectively. We can be confident of an
approximate octahedral geometry at the metal centre in the
case of [CuII(1)(H2O)2]Cl2 from the presence of a single un-
symmetrical d±d band (l=664 nm, e=52 Lmol�1 cm�1) in
the electronic spectrum.[19] In the case of [CuII(2)]Cl2 we
assign a five coordinate structure from the electronic spec-
trum, which consists of a single broad intense peak (l=
568 nm, e=199 Lmol�1 cm�1); this is typical of a five coordi-
nate CuII species with mixed nitrogen/oxygen ligand-donor
atom arrays.[19] The proposed structures of the surfactants


are shown in Scheme 1. Given the very high formation con-
stants typical of macrocyclic amine ligands[20] and the rapid
kinetics of CuII complex formation, we can be confident that
there was essentially no free ligand in the presence of a
slight excess of metal cation.


Scattering analysis : Arleth et al.[14] in their SANS-SAXS
study of 1,8-bis[N-b-d-glucopyranosyl-N-octyl-2-(carboxami-
doethyl)]-1,4,8,11-tetraazacyclotetradecane with complexed
CuII cations (as the fluoride salt) adopted two approaches to
extract the morphology of the aggregates from their scatter-
ing data. The first was a model independent approach cen-
tred on a indirect Fourier transform of the scattering data
and subsequent square-root deconvolution of the pair-dis-
tance distribution to yield the scattering-length density pro-
file across the aggregate. The second was model dependent
and assumes (based on the model-free approach) that the
micelles are monodisperse and can be described as short
core-shell rods with no solvent penetration into the micellar
core. In the present study, we have also adopted a model de-
pendent approach. Various models were tested (sphere, el-
lipse, rod etc.,) in which it was necessary to limit or con-
strain some of the parameters to known or calculated
values. In particular, the volumes and scattering length den-
sities of the constituent moieties within the surfactant. Such
an approach to fitting SANS scattering has been described
in detail elsewhere[21] and only the essential details are re-
ported here.


The model of the micelle adopted here is that of a charg-
ed particle with an elliptical core-shell morphology and
therefore, the intensity of scattered radiation, I(Q), as a
function of the wave-vector, Q, is given by Equation (1)
below,


IðQÞ ¼ nm


�
SðQÞhFðQÞi2 þ hjFðQÞj2i�hFðQÞi2


�
þ Binc ð1Þ


in which F(Q)=V1(11�12F0(QR1)+V2(12�1solvent)F0(QR2)-
For an elliptical micelle, both F(Q) and F(Q)2 require nu-
merical integration over an angle g between Q and the axis
of the ellipsoid to account for the random distribution of
orientations of the ellipse. For clarity, we have omitted this.
The first term in [Eq. (1)] represents the scattering from the
core (subscript 1) and the second, the polar shell (sub-
script 2). Vi=


4
3pRi


3 and F0(QRi)=
3jiðQRiÞ
QRi (ji is the first-order


spherical Bessel function of the first kind). S(Q) represents
the spatial arrangement of the micelles in solution and n
represents the micelle number density.


1 is the neutron scattering length density of the micellar
core (subscript 1), the polar shell (subscript 2) and the sol-
vent (subscript 0). These constants are combined into a
single fit parameter used to ™scale∫ the model intensity to
the absolute value. Post-fitting, this scalar is recalculated by
using the parameters describing the micelle morphology/
composition and the molar concentration of micelles to vali-
date the fit. The calculated and observed values should lie
within ~10%.


It is expedient here to limit the number of adjustable pa-
rameters within the core-shell fit and this is most conven-
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iently undertaken by constraining the minor radius of the el-
lipse representing the hydrophobic core to be 16.7 ä (the
all-trans length of a dodecyl tail) and thus, its scattering
length density to be that of dodecane. The remaining ™frag-
ments∫ are somewhat arbitrarily assigned to the head group
region.


Based on this delineation of tail and head group regions,
the model can be further refined by calculating the volume
and scattering length density of the anhydrous surfactant
head groups. As an estimate, we have computed the surface
area of the head group by using a DFT routine ADF 2.3[22]


based on a triple zeta basis set and polarization functions on
all atoms except the metal. From this surface area, an effec-
tive spherical volume is calculated having incorporated
30 ä3 for the OH group, 27 ä3 for each of the two -CH2-
groups and 73 ä3 for the metal and chloride ions.


Modelling of the structure of the head group region is
complicated, because the chloride counterions have the po-
tential, to some degree, to dissociate from the micelle. This
parameter is not known, so we have predicted that 75% of
the chlorides are electrostatically bound to the micelle sur-
face. The maximum error in both the head group scattering
length density and head group volume introduced by using
this assumption is less than 10%; this is well within experi-
mental error for example, for [CuII(2)]Cl2, (i.e., no dissocia-
tion) 1head group=0.90î10�6 ä�2, Vhead goup=475 ä3; [CuII(2)]2+


Cl� (i.e. 50% dissociation); 1head group=0.75î10�6 ä�2, Vhead


goup=450 ä3. We have adopted a 25% degree of dissociation
and thus, the volume of the polar head is 465 ä3 for
[CuII(2)]Cl2 and 420 ä3 for [CuII(1)(H2O)2]Cl2. The corre-
sponding scattering length densities of the anhydrous head-
groups are very similar, 0.83î10�6 ä�2 and 0.81î10�6 ä�2


for [CuII(2)]Cl2 and [CuII(1)(H2O)2]Cl2, respectively.
The structure factor S(Q) was calculated by using the


Hayter and Penfold model[23] for spheres of a given micellar
charge and ionic strength, which incorporates refinements
for low volume fractions and a penetrating ionic back-
ground. This S(Q) also requires the hard-sphere radius, the
total volume fraction of the hard spheres and the inverse
Debye length. The hard-sphere radius was allowed to vary
but the volume fraction was constrained to a value calculat-
ed from the mass concentration and density. This method of
calculating the structure factor, which assumes spherical par-
ticles, remains valid for randomly orientated micelles with
small degrees of ellipticity, as is the case here. The ionic
strength is governed by the concentrations of the unimeric
surfactant, the free chloride counter-ions of the micelle sur-
factant and any added salt. The last contribution is again
calculated based on the assumption of 25% dissociation of
the chloride counterions.


In summary, the minor radius, the ratio of head group to
tail volumes, the scattering length densities of the anhydrous
head group and core regions, the volume fraction and ionic
strength are inputted as constants. The only fitting parame-
ters describing the form factor P(Q) are the ellipticity X of
the micelle and the volume fraction of water in the head
group region. The thickness and scattering length density of
the hydrated head group region are (re-)calculated within
the analysis software and are based on the fraction of water


in the shell, fwater. The only fitting parameters in the struc-
ture-factor calculation are the charge and the hard-sphere
radius.


The scattering from 50mm [CuII(2)]Cl2 (aq.), 25 mm
[CuII(1)(H2O)2]Cl2 (aq.) and 50mm [CuII(1)(H2O)2]Cl2 (aq.),
all in the presence of a slight excess amount of CuCl2, are
shown in Figure 1, 2 and 3, respectively as a function of


ionic strength. The scattering curves for 1 and 2 systems are
very different, which suggests that the micelle morphology
is not the same for the two cases. Pertinent parameters de-
scribing the fits to the core-shell model are presented in
Table 1.


Consider first the [CuII(1)(H2O)2]Cl2 (aq.) system,
Figure 1. With increasing ionic strength, the scattering
curves are displaced vertically, but essentially are very simi-
lar in shape. By simple inspection, we might expect to find
that the smaller dimension associated with the micelle mor-
phology is increasing based on the increase in slope at high-
er Q (higher Q corresponds to smaller dimensions or dis-
tance scales), but that the larger dimension is largely un-
changed (the similar shape at low Q). The scattering behav-
iour at low Q is also modulated by any changes in the struc-
ture factor, which may also contribute to the vertical offset
in intensity.


From the fitted data, it may be seen that there is very
little change in the structure factor, Figure 1 inset, and it is
therefore the form factor, the size and shape of the micelle,
that accounts for the differences in the scattering behaviour.


Figure 1. SANS from 50mm solutions of [CuII(2)]Cl2 in D2O as a function
of added electrolyte (NaCl); (*) 0mm ; (*) 40mm and (&) 100mm. Solid
lines correspond to the fit to the core-shell model by using the parame-
ters given in Table 1; inset: Hayter-Penfold S(Q) derived from analysis of
the SANS given in Figure 1 (*) 0mm ; (*) 40mm and (&) 100mm.
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As shown in Table 1, as the degree of ellipticity increases,
the micelles become less disc-like (oblate), since the ionic
strength increases. Concomitantly, the aggregation number
increases. The effective scattering length density of the shell
is significantly greater than the calculated scattering length
density of the ™dry∫ head groups (1shell 
0.87î10�6 ä�2),
which indicates that the head groups are well solvated and
become more so with increasing ionic strength. It is tacitly
assumed in these calculations that the majority (~75%) of
the chloride counterions are bound to the micelle surface,
which suggests that the surfactant has rather a more nonion-
ic character than cationic, an assumption supported by the
insensitivity of the S(Q) to added electrolyte. The scattering
from the 1 (25mm) solutions are also very similar (not
shown), but they have a greater signal to noise due to the
decrease in surfactant concentration. Nonetheless for each
ionic strength, the same parameters fit both the 25mm and
50mm data once the differing concentrations have been ac-
counted for, thus lending considerable support to the choice
of model.


The [CuII(2)]Cl2 (aq.) system is quite different. The scat-
tering curves change shape as the ionic strength is increased.
The high Q behaviour is very similar for the three cases,
which suggests that the smaller dimension describing the mi-
celle shape does not change. The low Q behaviour is in-
creasing in intensity coupled to a maximum which is becom-
ing less pronounced as the ionic strength is increased.
Hence, the large micelle dimension and/or the structure
factor must be changing with ionic strength. As shown in
Figure 2 inset, the data are strongly modulated by the struc-
ture factor, which in turn suggests that that the micelles
have a greater ionic character compared to [CuII(1)-
(H2O)2]Cl2.


The [CuII(2)]Cl2 micelles are prolate ellipses, rod-like mi-
celles (Table1), with an ellipticity that increases with in-
creasing ionic strength. The increasing micelle length, in
conjunction with the S(Q), accounts for the low Q behav-
iour. Concomitant with this shape change, is an increase in
aggregation number. The effective scattering length density
of the shell 1shell is comparable to the [CuII(1)(H2O)2]Cl2, in-
dicates that these head groups are also rather well solvated
and these too become more hydrated with an increase in
ionic strength. These seem like logical observations given
the high hydrogen-bonding potential of the metal complex
head-groups.


SAXS analysis : The micelle morphology is reflected in the
location of the metal ion and can be probed by SAXS due
to the very different X-ray scattering length of the copper
ion compared to the largely hydrocarbon based ligand moi-
eties. The two surfactants were indeed also examined by
SAXS Figure 4 and 5 in the presence of the highest amount
of salt to damp out the structure factor that would compli-
cate the data analysis. Just as in the SANS data, the scatter-
ing observed is different again, which suggests that the mi-
celle morphology is quite different in the two cases. Signifi-
cantly, the initial decrease in the SAXS intensity is greatest
for [CuII(1)(H2O)2]Cl2, commensurate with a greater micelle
size; this is in good agreement with the SANS analysis.


Figure 2. SANS from 25mm solutions of [CuII(2)(H2O)2]Cl2 in D2O as a
function of added electrolyte (NaCl); (*) 0mm ; (*) 40mM and (&)
100mm. Solid lines correspond to the fit to the core-shell model by using
the parameters given in Table 1; inset: Hayter-Penfold S(Q) derived from
analysis of the SANS given in Figure 2; (*) 0mm ; (*) 40mm and (&)
100mm.


Figure 3. SANS from 50mm solutions of [CuII(1)(H2O)2]Cl2 in D2O as a
function of added electrolyte (NaCl); (*) 0mm ; (*) 40mm and (&)
100mm. Solid lines correspond to the fit to the core-shell model by using
the parameters given in Table 1.
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It was hoped that since SAXS scattering increases with
atomic number, the observed scattering would be dominated
by the heavier metal ions. These are associated with the sur-


factant head group and thus,
only the shell of the micelle
would be observed. Initial at-
tempts to fit the data focused
on infinitely thin spherical
shells as might be expected
from a corona of metal ions.
The principal variable was the
radius of this corona.[14] Such
approaches did not fit the data
at all. Clearly, the metal ions
are distributed throughout the
diffuse head-group region
rather than a thin shell.


Therefore, the SAXS data were fitted to the same core-
shell ellipsoid model used to treat the SANS data. The
model is analogous to that used to fit the neutron scattering
data with the exception that X-ray scattering lengths are in-
corporated in place of neutron scattering lengths. Reassur-
ingly, the overall size and shape of the micelles obtained
were consistent with a prolate ellipse (X=2) for (1) and
oblate ellipse (X=0.6) for (2).


Consider first the [CuII(2)]Cl2 case, the data and fits are
shown in Figure 4, which also demonstrates that in order to
fit the data, a shell thickness of ~12 ä associated with a
core radius of 16.7 ä was required. From space filling argu-
ments, this equates to a volume fraction of water in the
polar shell of ~0.7, that is, that the head groups are highly
hydrated, a requirement consistent with that found from the
more detailed core-shell analysis of the SANS data and as
observed by Arleth et al. in their SANS-SAXS study of 1,8-
bis[N-b-d-glucopyranosyl-N-octyl-2-(carboxamidoethyl)]-
1,4,8,11-tetraazacyclotetradecane/copper fluoride com-
plexes.[14] The equivalent quantity for the common surfac-
tant sodium dodecylsulphate SDS is 0.7 for an aggregation
number of 65[24] and 0.5 for an aggregation number
of 110[25] .


Figure 5 shows results obtained from taking the same ap-
proach to treat the [CuII(1)(H2O)2]Cl2 scattering. The fit is
again based on the SANS parameters. Whilst the fit is ac-
ceptable, it is poorer than we would like. It does however,
indicate that the micelles have an obvious prolate character.


Conclusion


Two surfactants differing only by a subtle increase in head
group size and coordination chemistry have been examined
as functions of surfactant concentration and ionic strength.
We have shown that a simple change in surfactant head
group structure can result in significant changes in micelle
morphology. For both surfactants, the head groups are
highly solvated, with approximately 50±60% of the head
group region occupied by water. This is not unreasonable
given the likelihood of water molecules within the primary
and secondary coordination spheres of the complex head
groups. The response to added electrolyte (NaCl) and
changes in the structure factor, suggests that [Cu(2)]Cl2 has
a greater ionic character than [CuII(1)(H2O)2]Cl2, a fact also


Table 1. Parameters describing the elliptical core-shell fit to the SANS data


1 (25mm) 1 (50mm) 2 (50mm)
[NaCl] [NaCl] [NaCl]


0mm 40mm 100mm 0mm 40mm 100mm 0mm 40mm 100mm


aggregation number (�5) 110 110 35
shell thickness (�0.5)ä�1 9.0 10.0 8.5
ellipticity
(� 0.1) 2.0 2.0 0.6
charge
(�1) 7 18 20 7 18 16 2 5 9
volume fraction of water in the head
group region


0.5 0.5 0.6


aCl (�0.05) 0.1 0.15 0.2 0.1 0.15 0.15 0.10 0.25 0.30


Figure 4. SAXS from 50mm solutions of [CuII(1)(H2O)2]Cl2 in 100mm


NaCl. Solid lines are best-fits to the data as described in the text. Also
shown are fits with the metal distributed within a 4 ä shell (dotted line),
7 ä shell (dashed line), and 15 ä shell (dash-dot line).


Figure 5. SAXS from 50mm solutions of [CuII(2)]Cl2 in 100mm NaCl. The
solid line is a best-fit to the data as described in the text.
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reflected in the higher critical micelle concentration for the
[CuII(2)]Cl2 (5mm) compared to [CuII(1)(H2O)2]Cl2 (0.4mm).


In the case of [CuII(2)]Cl2, oblate micelles (X<1) are ob-
served, whereas for 1, the micelles are prolate (X>1). The
degree of chloride ion dissociation appears to be largely in-
variant with ionic strength, surfactant concentration and
type and indeed close to the assumed value of 0.25.
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Factors Relevant for the Ruthenium±Benzylidene-Catalyzed
Cyclopolymerization of 1,6-Heptadyines


Jens O. Krause,[a] Oskar Nuyken,*[a] and Michael R. Buchmeiser*[b]


Introduction


Conjugated soluble polymers are of significant interest be-
cause of their optical and electrical properties.[1±6] Poly(ace-
tylene), which has been extensively studied, is highly con-
ductive after doping, yet is insoluble and extremely sensitive
to air. Therefore, it is hard to process, and for this reason,
alternative materials such as poly(phenylenes) (PPs),


poly(p-phenylenevinylenes) (PPVs), poly(thiophenes), and
poly(pyrrols) are currently under investigation. Despite the
significant progress that has been made with these types of
materials, the development of stereo- and regioselective cy-
clopolymerization of 1,6-heptadiynes has revitalized the
area of poly(acetylene)-type materials because it offers
access to both highly conjugated and soluble poly(acety-
lenes).[7,8] In particular, the use of well-defined Schrock-type
catalysts offers access to soluble poly(acetylenes) that con-
tain only one type of repetitive unit. These are either based
on five-membered (cyclopent-1-enylenevinylenes)[9,10] or six-
membered rings (cyclohex-1-enylene-3-methylidenes),[11, 12]


although fine-tuned quaternary systems may also be used
for these purposes.[13] In addition, the poly(acetylenes) can
be prepared at least in a class V, and in most cases a class -
VI[14] living manner; this means that the initiator attached to
the polymer remains active for at least 24 h. Despite these
advancements, a major drawback of molybdenum-based
chemistry is the extreme sensitivity of these systems towards
oxygen and moisture. In an effort to accomplish such cyclo-
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Abstract: Fourteen metathesis initia-
tors that had been designed for use
in the living polymerization of diethyl
dipropargylmalonate (DEDPM), in-
cluding the Hoveyda catalyst [RuCl2-
(IMesH2)(=CH-2-(2-PrO)�C6H4)]
(1 a), as well as [Ru(CF3COO)2-
(IMesH2)(=CH-2-(2-PrO)�C6H4)] (1 b),
[Ru(CF3CF2COO)2(IMesH2)(=CH-2-
(2-PrO)�C6H4)] (1 c), [Ru(CF3CF2CF2-
COO)2(IMesH2)(=CH-2-(2-PrO)�C6H4)]
(1 d), [RuCl2(IMesH2)(=CH-2,4,5-
(MeO)3�C6H2)] (2 a), [Ru(CF3COO)2-
(IMesH2)(=CH-2,4,5-(MeO)3�C6H2)]
(2b), [Ru(CF3CF2COO)2(IMesH2)(=CH-
2,4,5-(MeO)3�C6H2)] (2c), [Ru(CF3CF2-
CF2COO)2(IMesH2)(=CH-2,4,5-(MeO)3�
C6H2)] (2 d), [RuCl2(IMes)(=CH-2-(2-
PrO)�C6H4)] (3 a), [Ru(CF3COO)2-
(IMes)(=CH-2-(2-PrO)�C6H4)] (3 b),
[RuCl2(IMesH2)(=CH-2-(2-PrO)-5-


NO2�C6H3)] (4 a), [Ru(CF3COO)2(I-
MesH2)(=CH-2-(2-PrO)-5-NO2�C6H3)]
(4 b), [Ru(CF3CF2COO)2(IMesH2)-
(=CH-2-(2-PrO)-5-NO2�C6H3)] (4 c),
and [Ru(CF3CF2CF2COO)2(IMesH2)-
(=CH-2-(2-PrO)-5-NO2�C6H3)] (4 d)
(IMes=1,3-dimesitylimidazol-2-ylidene;
IMesH2=1,3-dimesityl-4,5-dihydroimi-
dazol-2-ylidene) were prepared. Living
polymerization systems could be gener-
ated with DEDPM by careful tuning of
the electronic nature and steric place-
ment of the ligands. Although 1 a, 2 a,
3 a, 3 b, and 4 a were inactive in the cy-
clopolymerization of DEDPM, and ini-
tiators 1 b±d did not allow any control


over molecular weight, initiators 2 b±d
and 4 b±d offered access to class VI
living polymerization systems. In par-
ticular, compounds 2 b and 4 d were su-
perior. The livingness of the systems
was demonstrated by linear plots of Mn


versus the number of equivalents of
monomer added (N). For initiators 2 b±
d and 4 b±d, values for kp/ki were in the
range of 3±7, while 1 b, 1 c, and 1 d
showed a kp/ki ratio of >1000, 80, and
40, respectively. The use of non-de-
gassed solvents did not affect these
measurements and underlined the high
stability of these initiators. The effec-
tive conjugation length (Neff) was calcu-
lated from the UV/Vis absorption max-
imum (lmax). The final ruthenium con-
tent in the polymers was determined to
be 3 ppm.


Keywords: carbenes ¥ metathesis ¥
poly(acetylene) ¥ polymerization ¥
ruthenium
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polymerizations with less sensitive initiators, we recently re-
ported on the first ruthenium-based metathesis initiators,
[Ru(CF3COO)2(IMesH2)(=CH-2-(2-PrO)�C6H4)][15] and
[Ru(CF3COO)2(IMesH2)(=CH-2,4,5-(OMe)3�C6H2)].[16]


These were used to polymerize diethyl dipropargylmalonate
(DEDPM) to give virtually only five-membered ring struc-
tures, that is, the repetitive units were based on cyclopent-1-
enylenevinylenes.[16] In this paper, we report in detail the
design of living polymerization systems, and describe how
variations in the N-heterocyclic carbene (NHC) ligand
(either electron-rich or electron-poor) affect the activity of
an initiator. In addition, the effect that substitution of the
chlorine ligand by electron-withdrawing, fluorinated carbox-
ylates has will be reported. Even more importantly, we will
show how the electronic and steric character of the benzyli-
dene moiety directly translates into an initiator×s ability to
form a class VI living system, in which full control over mo-
lecular weight is gained.


Results and Discussion


There are two possible pathways, usually referred to as a-
and b-insertion (Scheme 1), by which well-defined metathe-
sis initiators give access to five- or six-membered ring struc-
tures.


For Schrock-type catalysts, access to six-membered rings
can occur by the introduction of bulky, electron-poor ligands
such as triphenylacetates, whereas sterically less demanding
groups and the addition of a base such as quinuclidine leads
to the formation of poly(acetylenes) that are virtually solely
based on five-membered rings. In any case, the reactivity of
the molybdenum initiator has to be decreased in order to
gain regiocontrol. This implies that although Schrock cata-
lysts that contain the (CF3)2MeCO group are highly active,
they cannot be used for stereoselective cyclopolymeriza-
tions. There is strong evidence that cyclopolymerizations
catalyzed by ruthenium-based metathesis initiators undergo
reaction by the same mechanism as Schrock-type catalysts.
In particular, addition of DEDPM to a solution of the
former initiator gives rise to new alkylidene signals in the
1H NMR spectrum.[16] As is the case in cyclopolymerizations


catalyzed by a Schrock catalyst in the presence of a base
such as quinuclidine, dissociation of the benzylidene ligand
o-alkoxy group in ruthenium-based initiators must be fast.
Only then can a well-behaved system, in which the rate con-
stant of initiation (ki) is comparable to the rate constant of
propagation (kp) (i.e. kp/ki<10), be established. Below are
presented the systematic variations that have been carried
out in the ligand sphere of a ruthenium-based metathesis in-
itiator.


Substitution of the chlorine ligands by fluorinated carboxy-
lates : Recently, we have shown that exchange of chlorine by
electron-withdrawing carboxylic silver salts can be achieved
in phosphane-free ruthenium-based metathesis initiators
such as the Grubbs±Hoveyda catalyst 1 a.[17] When strongly
electron-withdrawing ligands are used, the resultant rutheni-
um complexes are monomeric rather than dimeric.[18] The
use of a phosphane-free initiator was found to be imperative
because substitution of the chlorines by CF3COOAg, for ex-
ample in [RuCl2(IMesH2)(CHPh)(PCy)3], resulted in the
precipitation of AgCl¥PCy3 (Cy=cyclohexyl) and the forma-
tion of the unstable 14-electron species [Ru(CF3COO)2(I-
MesH2)(CHPh)]. Thus, initiators 1 b±d (Scheme 2) were pre-
pared by reaction of [RuCl2(IMesH2)(=CH-2-(2-
PrO)�C6H4)] (1 a) with CF3COOAg, CF3CF2COOAg, and
CF3CF2CF2COOAg, respectively.


While 1 a did not polymerize
DEDPM, initiators 1 b±d were
found to be active in the cyclo-
polymerization of this mono-
mer. This indicates that elec-
tron-withdrawing carboxylates
are important for such polymer-
izations. Interestingly, the
values for kp/ki


[19] decreased
from >1000 (1 b) to 80 (1 c) to
40 (1 d). Unfortunately, none of
these initiators allowed the mo-
lecular weight of the resultant
polymers to be controlled. Only
polymers with low polydispersi-
ty indices (PDIs) (1.25±1.55)
and identical molecular weights


(ca. 11 000 g mol�1), irrespective of the stoichiometry of pol-
ymerization, were obtained. Nevertheless, these polymers
were virtually made up of only five-membered rings; this in-
dicates that initiators 1 b±d undergo selective a-addition
(Scheme 1), and that irrespective of the size of the carboxy-
late groups used, DEDPM can undergo selective a-inser-
tion.


Variations in the NHC ligand : Encouraged by the finding
that it was possible to reduce the kp/ki ratio in initiators 1 b±
d simply by changing the carboxylates, we decided to syn-
thesize an analogue of 1 b, in which the more electron-poor
unsaturated IMes moiety was used instead of the electron-
rich IMesH2 group. This change was of particular interest
since it is well known from the literature that both ligands
give rise to quite a distinct reactivity in metathesis reactions,


Scheme 1. The two different reaction pathways for cyclopolymerization of 1,6-heptadiynes.
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although in most cases this is not able to be predicted for a
particular substrate.[20] Interestingly, the resultant initiator
3 b was found to be completely inactive in the cyclopolyme-
rization of DEDPM; this indicates that the NHC portion of
the catalyst has to be electron rich in order to be suitable
for cyclopolymerization of DEDPM.


Variations in the benzylidene group : After having deter-
mined that initiators of the general formula [Ru(CF3(CF2)n-
COO)2(IMesH2)(=CH-2-RO�Ar)] are in principle capable
of cyclopolymerizing DEDPM, it was our aim to design ini-
tiators that would give rise to living polymerizations.[14,21] It
is generally accepted that if the nucleophilic character of the
2-alkoxy oxygen atom in [RuX2(IMesH2)(=CH-2-RO�Ar)]
is decreased, a dramatic increase in the catalytic activity is
observed for ring-closing metathesis (RCM) and other relat-
ed reactions.[22,23] The decrease in nucleophilicity reduces
the chelating character of the oxygen group, and thus, facili-
tates formation of the catalytically active 14-electron ruthe-
nium species. Moreover, quite impressive turnover numbers
(TONs) in comparison to the parent Grubbs±Herrmann[24±32]


or Grubbs±Hoveyda catalyst[17] can be achieved with such
systems in RCM and related reactions under mild conditions
(0 8C to room temperature). Unfortunately, these systems
decompose more easily, particularly at higher temperatures,


and must be stored at 4 8C. In
view of this information, we at-
tempted to design initiators for
cyclopolymerizations that
would show increased insertion
rates (i.e. kp/ki<10). One can
easily imagine that the insertion
step is the key to reducing the
kp/ki ratio, as the benzylidene
moiety becomes the polymer
end group and is transported
away from the ruthenium core
once a monomer has undergone
insertion. Therefore, in order to
increase initiation rates while
leaving propagation rates unaf-
fected, any reversible coordina-
tion of the 2-alkoxy group in
the benzylidene moiety must be
kept to a minimum, or better
still must be suppressed. To im-
prove insertion efficiency, we
independently pursued two
pathways. We aimed to de-
crease the nucleophilic charac-
ter of the alkoxy oxygen in the
benzylidene moiety, as well as
reduce its steric hindrance.
Apparently, such incremental
changes are not at all trivial.
For example, when the
(=CH-2-(2-PrO)�C6H4) group
in [RuCl2(IMesH2)(=CH-2-(2-
PrO)�C6H4)] was replaced by a


(=CH-2-MeO�C6H4) group, the resultant initiator was un-
stable and completely unsuitable for use in any metathesis
reaction.[17] However, it was later shown by Grela et al. that
introduction of two additional electron-donating methoxy
groups can in fact stabilize this system[33] to yield the stable
Grubbs±Hoveyda-type catalyst 2 a. Therefore, initiators 2 b±
d were prepared by using the same a-asarone-derived
ligand. The kp/ki values (2±6) obtained for subsequent
DEDPM cyclopolymerizations were in fact found to be
lower than those obtained with Schrock catalysts,[9,10] and
from the graphs obtained by plotting the number of equiva-
lents of DEDPM (N) versus Mn (Figure 1, 2), they could be
considered to have occurred in a class VI[14] living manner.


The degree of livingness was determined by adding
DEDPM to a living polymer after 48 h. However, bimodal
GPC traces or peak broadening, which are indicative of ter-
mination reactions, were not observed with respect to a ref-
erence sample. In an additional experiment, 2±3 molar
equivalents of DEDPM were added to initiators 2 b±d in
CDCl3, but changes in the NMR spectra were not observed
even after more than 48 h. Interestingly, significant differen-
ces were found in the PDIs of the resultant polymers. In par-
ticular, poly(DEDPM) prepared in the presence of 2 b
showed PDIs<1.8, while poly(DEDPM) prepared from 2 c
and 2 d showed PDIs up to 2.11. Therefore, in view of the


Scheme 2. Structures of initiators 1a±d, 2 a±d, 3a, and 3b, and 4a±d.
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stability of the living polymer,
the chain-transfer reactions
must occur without initiator de-
terioration. The same high sta-
bility of living polymer chains
was also found for initiators
1 b±d. In terms of polymer
structure, >96 % of the resul-
tant poly(acetylenes) consisted
of five-membered rings. Inter-
estingly, polymerization of
chiral 4-(ethoxycarbonyl)-4-
(1S,2R,5S)-(+)-menthoxycar-
bonyl-1,6-heptadiyne (ECMCH)
with 2 b provided a tactic poly-
mer, >96 % of which contained
five-memebered rings in an al-
ternating cis/trans structure that
was first observed with Schrock-type catalysts (Figure 3).[9,10]


In an extension of these investigations, we were interested
to determine whether the steric conditions provided by the
methoxy group were the only factors responsible for inser-
tion efficiency and the degree of livingness. Furthermore, we
wanted to determine whether a decrease in the nucleophilic


character of the 2-alkoxide could generate a truly living
system. Grela et al. reported a dramatic increase in reactivi-
ty in RCM reactions upon introduction of a nitro group into
the 5-position of the (=CH-2-(2-PrO)�C6H4) moiety.[34] To
determine whether this correlation was also true for cyclo-
polymerizations, initiators 4 a±d were prepared. As all other
initiators that bear chlorine, 4 a was totally inactive. Never-
theless, substitution of the chlorines by fluorinated carboxy-
lates generated active catalysts. As a matter of fact, initia-
tors 4 b±d cyclopolymerized DEDPM in a class VI living
manner with kp/ki ratio values of 4±7. While the cyclopoly-
merization of DEDPM with 4 b and 4 c gave rise to PDIs of
2.31 and 1.88, respectively, the PDI calculated for 4 d was
only 1.6. From these results it can be proposed that large
alkoxides successfully suppress chain-transfer reactions.
Once again, all the polymers obtained with these initiators
virtually (>96 %) contained only cyclopent-1-enyleneviny-
lenes.


It is worth mentioning that, as determined by 1H NMR
spectroscopy, initiators 2 b±d, 3 b, and 4 b±d were obtained in
quantitative yield, and could be used without further purifi-
cation. However, column chromatography could be used to
remove any remaining silver chloride impurities (e.g. for ele-
mental analysis), in which case the isolated yields were re-
duced to about 65 %. The chemical shifts of the alkylidene
protons for initiators 2 a±d, 3 a and 3 b, and 4 a±d were in the
range of d=17.14±17.59 ppm. Contradictory to previous re-
ports,[35] a correlation between the pKa of the carboxylic
acid and either the chemical shift of the alkylidene protons
or the tertiary proton in the 2-PrO group could not be
found. Since the synthesis of metal-free products is an im-
portant issue for electronic and optical applications, all poly-
mers were dissolved in aqua regia and were subjected to in-


ductively coupled plasma-optical emission spectroscopy
(ICP-OES) measurements. This study found that the final
ruthenium content was 3 ppm.


A comparison of all the polymerization data (Table 1), es-
pecially for initiators 2 b±d and 4 b±d, indicated that the best
initiators were 2 b and 4 d. First, they showed the best linear


Figure 1. Plot of the number of equivalents of DEDPM (N) versus Mn


for 2 b (*), 4 b (~), and 4 c (^).


Figure 2. Plot of the number of equivalents of DEDPM (N) versus Mn


for 2 c (*), 2d (*), and 4d (^).


Figure 3. 13C NMR spectrum of chiral, tactic poly(ECMCH), which was prepared with the use of 2 b and con-
sists of >96% five-membered ring structures.
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correlations between Mn and N, which is in fact a result of
the low kp/ki values, and second, both initiators produced
polymers that had comparably low PDIs, and whose molecu-
lar weights were able to be highly controlled. In particular,
4 d gave the lowest PDI values. Nevertheless, from a syn-
thetic point of view, it needs to be mentioned that initiator
4 d was prepared by a two step process, while 2 b is conven-
iently accessible from commercially available a-asarone.


Conclusion


We have presented a new class of ruthenium-based metathe-
sis initiators that allow the cyclopolymerization of DEDPM
to yield polyenes that are exclusively based on cyclopent-1-
enylenevinylenes. From a systematic variation of all the li-
gands, the following requirements for cyclopolymerization-
active systems were found: 1) both the chlorine ligands must
be replaced with strongly electron-withdrawing carboxylic
salts such as CF3(CF2)xCOOAg (x=0±2) the NHC ligand
has to be electron rich; and 3) the steric hindrance and elec-
tronic nature of the benzylidene ligand has a strong influ-
ence on the living character of the DEDPM polymerization.
Therefore, increased insertion efficiencies will be obtained
the more weakly the oxygen fragment is coordinated to the
ruthenium core, as this will lead to lower kp/ki values. Two
new types of initiators (2 b±d and 4 b±d) that fulfil these cri-


teria were prepared and these
were found to be suitable for
use in class VI living polymeri-
zations of DEDPM. All the ini-
tiators studied brought about
100 % a-insertion of the mono-
mer, and as a result, the poly-
(acetylenes) formed virtually
contained (>96 %) five-mem-
bered ring structures. In addi-
tion, the use of larger fluorinat-
ed carboxylates further reduced
chain-transfer reactions and re-
sulted in polyenes with low
PDIs. Current efforts in our
laboratories focus on further
systematic variations of these
new initiators in order to
extend their applicability to
other 1,6-heptadyines.


Experimental Section


General remarks : NMR data were ob-
tained at 300.13 MHz for proton and
75.47 MHz for carbon in the solvents
indicated at 25 8C on a Bruker Spec-
trospin 300 spectrophotometer, and
are listed in parts per million down-
field from tetramethylsilane. IR spec-
tra were recorded on a Bruker
Vector 22 using ATR technology. Ele-


mental analyses were carried out at the Mikroanalytisches Labor, Anor-
ganisch-Chemisches Institut, TU M¸nchen, Germany, while mass spectra
were recorded at the Anorganisch-Chemisches Institut, TU M¸nchen,
Germany. A Jobin Yvon JY 38 plus instrument was used for inductively
coupled plasma-optical emission spectroscopy (ICP-OES) measurements,
while an MLS 1200 mega instrument was used for microwave experi-
ments. Gel-permeation chromatography (GPC) using UV/RI detection
was carried out in CHCl3 using PLgel 5 mm MIXED-C columns (PLgel
5 mm Guard, 50î 7.5 mm, PLgel 5 mm MIXED-C, 300 î 7.5 mm, PLgel
5 mm MIXED-C, 600 î 7.5 mm) and a 410 differential refractometer de-
tector (all from Waters). Samples were filtered through 0.2 mm Teflon fil-
ters (Millipore) in order to remove any particles. GPC columns were cali-
brated against polystyrene standards (Polymer Standards Service (PSS),
molecular weights 580 to 1.57 î 106 g mol�1). UV/Vis spectra were record-
ed on a Varian Cary 3 spectrophotometer in the range 300±800 nm.
Unless stated otherwise, synthesis of the ligands and initiators was per-
formed under an argon atmosphere according to standard Schlenk tech-
niques, or in an Ar-mediated dry-box (MBraun, Germany). Reactions
with silver salts were done in the absence of light. Reagent grade tetrahy-
drofuran (THF) and methanol (MeOH) were distilled from sodium ben-
zophenone ketyl under argon. Reagent grade dichloromethane and
chloroform were distilled from calcium hydride under argon. Other sol-
vents and reagents were used as purchased. Ethyl vinyl ether (EVE),
[RuCl2(IMesH2)(PCy3)(=CHPh)], (IMesH2=1,3-bis(2,4,6-trimethylphen-
yl)-4,5-dihydroimidazol-2-ylidene), CF3COOAg, CF3CF2COOAg,
CF3CF2CF2COOAg, a-asarone, and 2-iodopropane were purchased from
Fluka (Buchs, Switzerland). [RuCl2(IMesH2)(=CH-2-(2-PrO)�C6H4)],[17]


[RuCl2(IMesH2)(=CH-2,4,5-(OMe)3�C6H2)],[33] and [RuCl2(IMesH2)-
(=CH-2-(2-PrO)-5-NO2�C6H3)][34] were prepared according to literature
procedure. The synthesis of [Ru(CF3COO)2(IMesH2)(=CH-2,4,5-
(OMe)3�C6H2)],[15] [Ru(CF3COO)2(IMesH2)(=CH-2-(2-PrO)�C6H4)],[15]


[RuCl2(IMes)(=CH-2-(2-PrO)�C6H4)],[16] and [Ru(CF3COO)2(IMes)-
(=CH-2-(2-PrO)�C6H4)][16] is described elsewhere. A ruthenium standard


Table 1. Summary of polymerization results for initiators 1a±d, 2 a±d, 3a and 3b, and 4a±d.


Initiator n Mn(theor) Mn(RI) PDI(RI) lmax E [eV] Neff kp/ki


1a 10±100 no reaction ± ± ± ± ± ±
1 b 10±100 ± 13 200 1.51 584 2.123 45 > 1000
1c 10±100 ± 9900 1.25 584 2.123 45 80
1 d 10±100 ± 10 200 1.25 584 2.123 45 40
2a 10±100 no reaction ± ± ± ± ± ±
2 b 10 2600 8400 1.79 576 2.153 39 3
2 b 30 7300 11 500 1.26 578 2.145 41 ±
2 b 70 16700 16 100 1.46 583 2.127 44 ±
2 b 100 23800 19 700 1.48 584 2.123 45 ±
2c 10 2600 4700 1.70 577 2.149 40 6
2c 30 7300 6700 1.84 583 2.127 44 ±
2c 70 16700 12 200 1.65 584 2.123 45 ±
2c 100 23800 15 100 1.94 584 2.123 45 ±
2 d 10 2600 5400 1.61 576 2.153 39 2
2 d 30 7300 7900 1.65 581 2.134 43 ±
2 d 70 16700 13 000 1.99 585 2.119 46 ±
2 d 100 23800 17 500 2.11 585 2.119 46 ±
3a 10±100 no reaction ± ± ± ± ± ±
3 b 10±100 no reaction ± ± ± ± ± ±
4a 10±100 no reaction ± ± ± ± ± ±
4 b 10 2600 1000 1.11 570 2.175 35 4
4 b 30 7300 5700 1.27 573 2.164 37 ±
4 b 70 16700 9700 1.76 581 2.134 43 ±
4 b 100 23800 12 000 2.31 582 2.130 44 ±
4c 10 2600 4700 1.54 571 2.171 36 7.3
4c 30 7300 6800 1.55 582 2.130 44 ±
4c 70 16700 11 300 1.32 583 2.127 44 ±
4c 100 23800 12 800 1.88 586 2.116 47 ±
4 d 10 2600 4200 1.59 571 2.171 36 4.8
4 d 30 7300 7500 1.50 579 2.141 41 ±
4 d 70 16700 14 000 1.29 585 2.119 46 ±
4 d 100 23800 17 400 1.34 586 2.116 47 ±
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that contained 1000 ppm ruthenium was purchased from Alfa Aesar/
Johnson Matthey (Karlsruhe, Germany).


[Ru(CF3CF2CO2)2(IMesH2)(=CH-2-(2-PrO)�C6H4)] (1 c): A solution of
CF3CF2CO2Ag (259.4 mg, 0.958 mmol, 2 equiv) in THF (2 mL) was
slowly added to a stirred solution of [RuCl2(IMesH2)(=CH-2-(2-
PrO)�C6H4)] (300 mg, 0.479 mmol) in THF (10 mL). While stirring was
continued for 30 min, the colour of the reaction mixture changed from
green to lilac and a precipitate formed. The precipitate was centrifuged,
the solution was filtered through a 0.2 mm Teflon filter, and the filtrate
was evaporated to dryness. The following manipulations were then done
under air. The solid was redissolved in CH2Cl2 and passed over a short
pad of silica, the solvent was evaporated, and the resultant solid was
dried under vacuum to give a lilac powder (317 mg, 0.36 mmol, 75%).
1H NMR (CDCl3): d=17.59 (s, 1H; Ru=CHAr), 7.55 (dd, 1H; aromatic
CH), 7.34±7.12 (m, 5H; aromatic CH), 6.94 (dd, 1 H; aromatic CH), 6.63
(d, 1H; aromatic CH), 4.57 (septet, 1 H; (CH3)2CHOAr), 4.15 (s, 4H;
N(CH2)2N), 2.47 (s, 12 H; mesityl o-CH3), 2.30 (s, 6H; mesityl p-CH3),
1.10 ppm (d, 6 H; (CH3)2CHOAr); 13C NMR (CDCl3): d=316.3, 209.2,
159.4, 152.2, 142.2, 138.4, 137.8, 133.4, 129.3, 128.7, 122.9, 121.8, 107.9,
73.4, 50.3, 20.1, 19.0, 16.8 ppm. FTIR (ATR-mode): ñ=2978 (br), 2922
(br), 2366 (w), 2108 (w), 1699 (s), 1586 (w), 1481 (m), 1433 (m), 1375
(m), 1311 (s), 1267 (s), 1210 (vs), 1154 (vs), 1021 (s), 938 (m), 847 (m),
809 (m), 726 cm�1 (m); MS (CI): m/z : 883.2 [M+H]+ ; elemental analysis
calcd (%) for C37H38F10N2O5Ru (881.76): C 50.40, H 4.34, N 3.18; found:
C 50.49, H 4.28, N 3.07.


[Ru(CF3CF2CF2CO2)2(IMesH2)(=CH-2-(2-PrO)�C6H4)] (1 d): A solution
of CF3CF2CF2CO2Ag (307 mg, 0.958 mmol, 2 equiv) in THF (2 mL) was
slowly added to a stirred solution of [RuCl2(IMesH2)(=CH-2-(2-
PrO)�C6H4)] (300 mg, 0.479 mmol) in THF (10 mL). While stirring was
continued for 30 min, the color of the reaction mixture changed from
green to lilac and a precipitate formed. The precipitate was centrifuged,
the solution was filtered through a 0.2 mm Teflon filter, and the filtrate
was evaporated to dryness. The following manipulations were then done
under air. The solid was redissolved in CH2Cl2 and passed over a short
pad of silica, the solvent was evaporated, and the resultant solid was
dried under vacuum to give a lilac powder (343 mg, 0.35 mmol, 73%).
1H NMR (CDCl3): d=17.51 (s, 1H; Ru=CHAr), 7.44 (dd, 1H; aromatic
CH), 7.26±7.03 (m, 5H; aromatic CH), 6.88 (dd, 1 H; aromatic CH), 6.53
(d, 1H; aromatic CH), 4.46 (septet, 1 H; (CH3)2CHOAr), 4.05 (s, 4H;
N(CH2)2N), 2.37 (s, 12 H; mesityl o-CH3), 2.20 (s, 6H; mesityl p-CH3),
0.91 ppm (d, 6 H; (CH3)2CHOAr); 13C NMR (CDCl3): d=326.3, 219.0,
168.9, 162.0, 151.9, 148.2, 147.6, 139.0, 137.4, 132.7, 131.6, 119.7, 76.7,
60.1, 34.3, 29.9, 28.8, 26.5 ppm; FTIR (ATR-mode): ñ=2978 (br), 2922
(br), 2366 (w), 2330 (w), 2114 (w), 1698 (s), 1589 (w), 1481 (m), 1446
(m), 1378 (m), 1320 (s), 1265 (s), 1208 (vs), 1153 (s), 1112 (s), 1084 (s),
1033 (m), 959 (m), 928 (s), 848 (m), 802 (m), 719 cm�1 (m); MS (CI): m/z
983.4 [M+H]+ ; elemental analysis calcd (%) for C39H38F14N2O5Ru
(981.78): C 47.71, H 3.90, N 2.85; found: C 47.51, H 3.90, N 2.71.


[Ru(CF3CF2CO2)2(IMesH2)(=CH-2,4,5-(OMe)3�C6H2)] (2 c): A solution
of CF3CF2CO2Ag (115 mg, 0.425 mmol, 2 equiv) in THF (2 mL) was
slowly added to a stirred solution of [RuCl2(IMesH2)(=CH-2,4,5-
(OMe)3�C6H2)] (140 mg, 0.213 mmol) in THF (10 mL). While stirring
was continued for 30 min, the color of the reaction mixture changed from
green to yellow-green and a precipitate formed. The precipitate was cen-
trifuged, the solution was filtered through a 0.2 mm Teflon filter, and the
filtrate was evaporated to dryness. The following manipulations were
then done under air. The solid was redissolved in ethyl acetate and
passed over a short pad of silica, the solvent was evaporated, and the re-
sultant solid was dried under vacuum to give a yellow-green powder
(131 mg, 0.143 mmol, 67%). 1H NMR (CDCl3): d=17.19 (s, 1H; Ru=
CHAr), 7.26±6.74 (m, 4H), 6.42 (s, 1H), 6.26 (s, 1H), 4.02 (s, 4 H), 3.90
(s, 3 H), 3.75 (s, 3H), 3.49 (s, 3H), 2.32 (s, 6 H), 2.22 ppm (s, 12 H; mesityl
o-CH3); 13C NMR (CDCl3): d=311.1, 207.6, 187.1, 162.1, 150.1, 143.5,
137.9, 136.9, 135.9, 134.9, 128.7, 108.0, 104.6, 95.0, 58.2, 55.2, 50.7, 29.8,
20.1, 16.7 ppm; FTIR (ATR-mode): ñ=2924 (br), 2856 (br), 2364 (w),
1955 (w), 1670 (m), 1599 (m), 1483 (m), 1458 (m), 1437 (m), 1409 (m),
1320 (m), 1255 (s), 1205 (vs), 1151 (s), 1024 (m), 915 (w), 852 (w), 813
(m), 751 cm�1 (m); elemental analysis calcd (%) for C37H38F10N2O7Ru
(913.76): C 48.63, H 4.19, N 3.07; found: C 48.37, H 4.42, N 3.45.


[Ru(CF3CF2CF2CO2)2(IMesH2)(=CH-2,4,5-(OMe)3�C6H2)] (2 d): A solu-
tion of CF3CF2CF2CO2Ag (136 mg, 0.425 mmol, 2 equiv) in THF (2 mL)


was slowly added to a stirred solution of [RuCl2(IMesH2)(=CH-2,4,5-
(OMe)3�C6H2)] (140 mg, 0.213 mmol) in THF (10 mL). While stirring
was continued for 30 min, the color of the reaction mixture changed from
green to yellow-green and a precipitate formed. The precipitate was cen-
trifuged, the solution was filtered through a 0.2 mm Teflon filter, and the
solvent was evaporated to dryness. The following manipulations were
then done under air. The solid was redissolved in ethyl acetate and
passed over a short pad of silica, the solvent was evaporated, and the re-
sultant solid was dried under vacuum to give a yellow-green powder
(136 mg, 0.134 mmol, 63%). 1H NMR (CDCl3): d=17.14 (s, 1H; Ru=
CHAr), 7.26±6.78 (m, 4H), 6.40 (s, 1H), 6.26 (s, 1H), 4.02 (s, 4 H), 3.90
(s, 3 H), 3.76 (s, 3H), 3.50 (s, 3H), 2.34 (s, 6 H), 2.22 ppm (s, 12 H; mesityl
o-CH3); 13C NMR (CDCl3): d=311.6, 208.0, 161.8, 143.4, 137.9, 137.0,
136.0, 135.0, 128.3, 108.0, 104.5, 95.0, 58.2, 55.2, 50.7, 28.2, 20.1, 16.7 ppm;
FTIR (ATR-mode): ñ=2922 (br), 2361 (w), 1671 (m), 1599 (m), 1458
(m), 1407 (m), 1331 (m), 1266 (s), 1205 (vs), 1116 (s), 1079 (m), 1033 (m),
1014 (m), 964 (m), 928 (m), 852 (m), 811 cm�1 (w); elemental analysis
calcd (%) for C39H38F14N2O7Ru (1013.78): C 46.21, H 3.78, N 2.76; found:
C 45.91, H 4.12, N 2.55.


[Ru(CF3CO2)2(IMesH2)(=CH-2-(2-PrO)-5-NO2�C6H3)] (4 b): A solution
of CF3CO2Ag (94.8 mg, 0.429 mmol, 2 equiv) in THF (2 mL) was slowly
added to a stirred solution of [RuCl2(IMesH2)(=CH-2-(2-PrO)-5-
NO2�C6H3)] (144 mg, 0.214 mmol) in THF (10 mL). While stirring was
continued for 30 min, the color of the reaction mixture changed from
green to brown and a precipitate formed. The precipitate was centri-
fuged, the solution was filtered through a 0.2 mm Teflon filter, and the
solvent was evaporated to dryness. The following manipulations were
then done under air. The solid was redissolved in ethyl acetate and
passed over a short pad of silica, the solvent was evaporated, and the re-
sultant solid was dried under vacuum to give a brown powder (120 mg,
0.145 mmol, 68%). 1H NMR (CDCl3): d=17.28 (s, 1 H; Ru=CHAr), 8.42
(d, 1 H), 8.03 (dd, 1 H), 7.46 (d, 1H), 7.31 (t, 1 H), 7.18 (t, 1H), 7.11 (s,
1H), 6.65 (d, 1H), 4.64 (septet, 1 H), 4.09 (s, 4 H), 2.40 (s, 6 H), 2.20 (s,
12H), 0.90 ppm (d, 6H); 13C NMR (CDCl3): d=301.2, 206.2, 176.3, 156.2,
142.3, 137.9, 133.3, 132.3, 128.9, 127.7, 126.6, 124.2, 117.4, 109.8, 50.4,
31.0, 20.8, 19.1, 16.7 ppm; FTIR (ATR-mode): ñ=2928 (br), 2855 (br),
2362 (w), 1959 (br), 1680 (m), 1482 (m), 1437 (m), 1336 (m), 1263 (s),
1189 (vs), 1138 (s), 1021 (m), 954 (m), 844 (m), 797 (m), 723 cm�1 (w);
MS (CI): m/z : 826.3; elemental analysis calcd (%) for C35H37F6N3O7Ru
(826.74): C 50.85, H 4.51, N 5.08; found: C 51.18, H 4.31, N 5.21.


[Ru(CF3CF2CO2)2(IMesH2)(=CH-2-(2-PrO)-5-NO2�C6H3)] (4 c): A solu-
tion of CF3CF2CO2Ag (116 mg, 0.428 mmol, 2 equiv) in THF (2 mL) was
slowly added to a stirred solution of [RuCl2(IMesH2)(=CH-2-(2-PrO)-5-
NO2�C6H3)] (144 mg, 0.214 mmol) in THF (10 mL). While stirring was
continued for 30 min, the color of the reaction mixture changed from
green to brown and a precipitate formed. The precipitate was centri-
fuged, the solution was filtered through a 0.2 mm Teflon filter, and the fil-
trate was evaporated to dryness. The following manipulations were then
done under air. The solid was redissolved in ethyl acetate and passed
over a short pad of silica, the solvent was evaporated, and the resultant
solid was dried under vacuum to give a brown powder (119 mg,
0.128 mmol, 60%). 1H NMR (CDCl3): d=17.38 (s, 1 H; Ru=CHAr), 8.42
(d, 1 H), 7.88 (d, 1H), 7.44 (d, 1H), 7.30 (t, 1H), 7.19 (t, 1 H), 7.11 (s,
1H), 6.64 (d, 1H), 4.56 (septet, 1 H), 4.09 (s, 4 H), 2.40 (s, 6 H), 2.19 (s,
12H), 0.91 ppm (d, 6H); 13C NMR (CDCl3): d=310.3, 214.8, 168.4, 164.7,
150.9, 150.6, 147.6, 146.4, 144.9, 140.9, 137.5, 136.3, 134.1, 132.9, 126.4,
118.4, 59.0, 46.4, 33.4, 28.7, 21.6, 18.5 ppm; FTIR (ATR-mode): ñ=2929
(br), 2856 (br), 2361 (w), 2124 (br), 1959 (br), 1690 (m), 1600 (w), 1484
(w), 1413 (m), 1328 (m), 1264 (s), 1213 (vs), 1162 (s), 1097 (m), 1025 (vs),
956 (m), 853 (w), 813 (m), 730 cm�1 (w); elemental analysis calcd (%) for
C37H37F10N3O7Ru (926.76): C 47.95, H 4.02, N 4.53; found: C 48.23, H
4.38, N 4.74.


[Ru(CF3CF2CF2CO2)2(IMesH2)(=CH-2-(2-PrO)-5-NO2�C6H3)] (4 d): A
solution of CF3CF2CF2CO2Ag (105 mg, 0.327 mmol, 2 equiv) in THF
(2 mL) was slowly added to a stirred solution of [RuCl2(IMesH2)(=CH-2-
(2-PrO)-5-NO2�C6H3)] (110 mg, 0.163 mmol) in THF (10 mL). While stir-
ring was continued for 30 min, the color of the reaction mixture changed
from green to brown and a precipitate formed. The precipitate was cen-
trifuged, the solution was filtered through a 0.2 mm Teflon filter, and the
filtrate was evaporated to dryness. The following manipulations were
then done under air. The solid was redissolved in ethyl acetate and
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passed over a short pad of silica, the solvent was evaporated, and the re-
sultant solid was dried under vacuum to give a brown powder (104 mg,
0.101 mmol, 62%). 1H NMR (CDCl3): d=17.40 (s, 1 H; Ru=CHAr), 8.42
(d, 1 H), 7.88 (d, 1H), 7.44 (d, 1H), 7.29 (t, 1H), 7.19 (t, 1 H), 7.12 (s,
1H), 6.64 (d, 1H), 4.55 (septet, 1 H), 4.09 (s, 4 H), 2.41 (s, 6 H), 2.19 (s,
12H), 0.90 ppm (d, 6H); 13C NMR (CDCl3): d=301.7, 206.2, 156.2, 142.3,
142.0, 139.0, 137.9, 136.3, 134.5, 132.3, 128.9, 127.7, 127.1, 125.5, 124.2,
117.8, 109.8, 50.4, 31.0, 25.2, 24.8, 20.8, 19.0, 16.8 ppm; FTIR (ATR-
mode): ñ=2929 (br), 2857 (br), 2358 (w), 2121 (br), 1959 (br), 1681 (br),
1483 (w), 1404 (m), 1334 (m), 1262 (s), 1212 (vs), 1081 (m), 1023 (vs), 963
(m), 931 (m), 853 (w), 804 (m), 752 cm�1 (w); elemental analysis calcd
(%) for C39H37F14N3O7Ru (1026.77): C 45.62, H 3.63, N 4.09; found: C
45.99, H 4.01, N 4.39.


Typical polymerization procedure : Polymerizations were performed
under argon. A solution of [Ru(CF3COO)2(IMesH2)(=CH-2-(2-
PrO)�C6H4)] (1 b) (1 equiv, 3.13 mg, 0.004 mmol) in CH2Cl2 (0.3 mL) was
added to a solution of DEDPM (74 equiv., 3.0 mL, 70 mg, 0.30 mmol) in
CH2Cl2 (5 mL). The mixture was stirred for 4 h, then EVE (0.5 mL) was
added and the mixture was stirred for a further 30 min. The solvent was
removed under vacuum and then MeOH (10 mL) was added to the resi-
due. After sonification, stirring was continued for another 30 min. The
product was then centrifuged and dried under vacuum to give a lilac-gold
powder (64 mg, 91 %).


Livingness : All manipulations were carried out under Ar-mediated dry-
box conditions. A solution of DEDPM (70 mg, 0.296 mmol) in CH2Cl2


(0.5 mL) was added to a solution of 2b (48.2 mg for degree of polymeri-
zation (DP)=5, 24.1 mg for DP=10, 8.0 mg for DP=30, 4.8 mg for
DP=50, 3.4 mg for DP=70, 2.4 mg for DP=100) in CH2Cl2 (3 mL), and
the mixture was stirred for 4 h. EVE (0.5 mL) was then added and stir-
ring was continued for a further 30 min. The solvent was removed under
vacuum, MeOH (10 mL) was added, and stirring was continued for an-
other 30 min. The product was then centrifuged and dried under vacuum
to yield a lilac-gold powder (54.6±64.6 mg, 78±92 %).


To determine the class of livingness, a sample with a DP of 50 was pre-
pared as described above. A small aliquot was terminated with EVE and
the sample was then precipitated from MeOH and subjected to GPC.
The remainder of the reaction mixture was stirred for 48 h, at which time
DEDPM was added to give a theoretical degree of polymerization of
100. After termination with EVE and precipitation from MeOH, the
sample was subjected to GPC. Bimodal GPC traces or band broadening,
which are indicative of termination reactions, were not observed.
Mn(theor)=23835, Mw=43700, Mn=25 400, PDI=1.72.


ICP-OES measurements : Aqua regia (3.0 mL) was added to a sample of
poly(DEDPM) (10.0 mg). The mixture was placed inside high-pressure
Teflon tubes and leaching was carried out under microwave conditions
(50, 600, and 450 W pulses, respectively, t=32 min). After cooling to
room temperature, the mixture was filtered and ICP-OES measurements
for ruthenium were taken (l=240.272 nm, ion line; l=240.287 and
240.257 nm, background). A content of 3 ppm ruthenium was deter-
mined.
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Multiple Recognition of Barbiturate Guests by Hamilton-Receptor-
Functionalized Dendrimers


Anouk Dirksen,[a] Uwe Hahn,[b] Frank Schwanke,[b] Martin Nieger,[c] Joost N. H. Reek,[a]


Fritz Vˆgtle,*[b] and Luisa De Cola*[a]


Introduction


An important area of supramolecular chemistry is the as-
sembly of multiple components in a predefined way to
enable them to perform specific functions, such as photoin-
duced energy or electron transfer processes.[1±18] Generally,
self-assembly and molecular recognition involve the use of a
mono- or bifunctionalized host or guest. Multibinding
events within the same molecule are very rare in artificial
systems, especially when hydrogen bonds are used to glue
the complementary components together. Dendrimers have
proven to be suitable supramolecular hosts for guest mole-
cules.[19±40] As a result of their monodispersed, highly
branched three-dimensional structure, a microenvironment
is created within each dendrimer in which guest molecules
can be encapsulated through topological entrapment (hydro-
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Abstract: The well-known unsubstitut-
ed ™Hamilton receptor∫ was mono-
functionalized with an amino group
and attached at the periphery of poly-
(propyleneamine) dendrimers through
the use of an activated ester. Four gen-
erations of Hamilton-receptor-function-
alized dendrimers (HR-dendrimers)
were synthesized and characterized by
1H and 13C NMR spectroscopy and
MALDI-TOF mass spectrometry. The
photophysical properties of the HR-
dendrimers were investigated by UV/
Vis as well as with steady-state and
time-resolved fluorescence spectrosco-
py. The dendrimers were used as multi-
valent hosts for the barbiturate guests
Barbital (7) and [Re(Br)(CO)3(barbi-
bpy)] (8 ; barbi-bpy=5-[4-(4’-methyl)-
2,2’-bipyridyl]methyl-2,4,6-
(1H,3H,5H)-pyrimidinetrione). The
stable adducts formed between the
dendritic architectures (the hosts) and


the barbiturate guests 7 and 8 were in-
vestigated by 1H NMR spectroscopy
and photophysical methods. The bind-
ing constants of the barbiturate guests
for binding to reference compound 2
(with a single receptor unit) in chloro-
form were found to be 1.4î103


m
�1 and


1.5î105
m


�1 for 7 and 8, respectively.
Binding of 7 to the dendrimers enhan-
ces the weak emission of the Hamilton
receptor. This increase in emission is
also generation dependent; it was
found to be most pronounced in the
case of 2 and the least in the case of
the fourth-generation dendrimer 6. The
unexpected increase in the quantum
yield of emission from the HR-den-
drimers with increasing generation


could be caused by the rather rigid
conformation of the Hamilton recep-
tors in later-generation compounds,
which is a result of intramolecular ag-
gregation and steric hindrance at the
periphery of the dendrimer. The photo-
induced energy transfer from the excit-
ed state of the HR-dendrimers to the
lower-lying excited state of the guest 8
was used to probe the formation of
host±guest complexes. The rate of
energy transfer was calculated to be
3.6î1010 s�1. Energy transfer in 2�8
only occurred in the presence of a
strong base, which shows that the basic
amine core in the HR-dendrimers is
crucial for this photoinduced process.
The binding of 8 to the dendrimers is
completely reversible: 8 can be ex-
changed with a competitive guest such
as 7 and the emission of the HR-den-
drimer is restored.


Keywords: barbiturate receptors ¥
dendrimers ¥ energy transfer ¥
host±guest systems ¥ rhenium
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philic/hydrophobic interactions).[19±34] Such nonbonding in-
teractions are unspecific and even the encapsulation of sol-
vent molecules can be considered as a form of topological
entrapment.


Since dendrimers can be built up very regularly, it is possi-
ble to incorporate receptor sites into the core, into the
branches, or at the periphery.[19±24,35±40] These receptors might
recognize their targets based on acid±base, electrostatic, or
hydrogen-bonding interactions. The organization of binding
sites in specific parts of a dendritic structure allows the for-
mation of multiple, stable host±guest systems within one
molecule.


The creation of large structures that can selectively bind a
certain class of compounds contributes to the development
of artificial systems closely resembling those found in pro-
teins.[41±43] Particularly interesting are host±guest systems in
which the binding of a guest can promote new functions,
such as energy, electron, and proton transfer processes. The
use of dendrimers containing multiple chromophoric units
or receptor sites is extremely appealing since there is a great
need for well-characterized systems in which it is possible to
simultaneously perform sensor functions and immobilize bi-
ological substrates.[44]


Herein we discuss poly(propyleneamine) ™POPAM∫ (also
called poly(propylenimine), or PPI)[24] dendrimers substitut-
ed at the periphery with receptors that can bind barbiturates
and their derivatives through six hydrogen bonds.[45] Such a
receptor, whose target binding is based on multiple hydro-
gen bonds and which contains 2,6-diaminopyridine, was in-
troduced in 1988 by Hamilton et al. (Scheme 1).[45]


Since then, several papers have appeared reporting the
ability of this receptor to substract barbiturates from
serum[46,47] and its use as a model for enzyme catalysis,[48±50]


as a building block in supramolecular materials,[51] and as a
receptor in photoactive hydrogen-bond-based assem-
blies.[11,52,53] From these studies it is clear that the receptor
can be a powerful tool for the creation of stable supramolec-


ular assemblies containing barbiturates, even in solvents that
compete for the receptor site.[54]


Herein we report the synthesis and characterization of
four generations (Gx, x=1,2,3,4) of poly(propyleneamine)
dendrimers (3±6) substituted at the periphery with barbitu-
rate receptors, which we will call ™Hamilton receptors∫
(Scheme 2). We discuss the photophysical properties of the
Hamilton receptor itself in detail for the first time, as well
as the photophysical properties of the Hamilton-receptor-
functionalized dendrimers (HR-dendrimers).


Two barbiturate derivatives were also prepared and were
studied as guests, namely Barbital[55] (7) and [Re(Br)(CO)3-
(barbi-bpy)] (8 ; barbi-bpy=5-[4-(4’-methyl)-2,2’-bipyridyl]-
methyl-2,4,6-(1H,3H,5H)-pyrimidinetrione),[53] which are
both able to form host±guest complexes with the HR-den-
drimers, as depicted in Scheme 3. The binding constants for
binding of the barbiturate guests 7 and 8 to the Hamilton re-
ceptor could be determined by 1H NMR and fluorescence
spectroscopy, respectively.


Finally, we showed that the receptor itself can be used as
a chromophore and upon excitation can transfer energy to
the guest across hydrogen bonds. Compound 8 is very suita-
ble for this purpose as it has a triplet excited state, a metal-
to-ligand charge transfer state (3MLCT state), at lower
energy than the excited state of the Hamilton receptor. The
energy transfer process was studied by both steady-state and
time-resolved fluorescence spectroscopy.


Results and Discussion


Synthesis and characterization of the HR-dendrimers : Four
generations of HR-dendrimer were synthesized as shown in
Scheme 4.


In the first step of the synthesis, the hitherto unknown
monomeric receptor 12, which has an amino group at the 5-
position of the isophthalic acid unit, was prepared. This
functionalized receptor was subsequently allowed to react in
a 1:1:1 ratio with the diacid dichloride 14 and pentafluoro-
thiophenol (PTFE, 13). The PTFE ester 15 obtained by this
synthetic route was used instead of the free acid chloride to
ensure full substitution of the periphery of the dendrimers, a
strategy used previously by Meijer et al. for the preparation
of functionalized POPAM dendrimers.[56] The complete
functionalization of the dendrimers can be confirmed by
MALDI-TOF spectrometry, as demonstrated for 5 in
Figure 1. All generations of dendrimers were characterized
by using 1H and 13C NMR spectroscopic and mass spectro-
metric techniques.


Determination of the association constants (Kass): To gain
more insight into the association of the host±guests systems,
titrations were performed on 2 to determine its association
constants (Kass) with Barbital (7) and [Re(CO)3(Br)(barbi-
bpy)] (8). The association constant of 2�7 (in CDCl3) was
determined by using 1H NMR spectroscopy. A Kass value of
1.4î103


m
�1 was calculated from the change in chemical shift


of selected proton signals of 2 upon addition of 7. The asso-
ciation constant of 2�8 (in CHCl3) could be determined by


Scheme 1. The barbiturate receptor 1 published in 1988 by Hamilton
et al.[45]
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using fluorescence spectroscopy and exciting 8 at 435 nm.
From the changes in the emission intensity of 8 upon addi-
tion of 2, the association constant was calculated to be 1.5î
105


m
�1. The association constants found for 7 and 8 are in


good agreement with those found previously by Isied et al.,
for nondendritic Hamilton receptors, who ascribed the large
difference in binding constants to the ability of the barbitu-
rate to form a keto-enol-enolate equilibrium.[57] The associa-
tion constants of the dendritic host±guest systems cannot be
determined exactly because of the wide variety of equili-
brating species. However, based on their identical behavior
in fluorescence titration experiments (see below), we


assume that the binding constant is similar for each receptor
site and resembles that of 2.


Photophysical properties of 2 and the HR-dendrimers 3±6 :
Several studies have focused on the Hamilton receptor and
its complexation of barbiturates and their derivatives. In
particular, the assembly of the two units has been investigat-
ed by X-ray crystallography and by NMR, UV/Vis, and fluo-
rescence spectroscopies.[11,44±53] However, the photophysical
properties of the receptor itself have never been studied in
detail. Hamilton et al. reported an absorption maximum in
the UV/Vis spectrum at 303 nm for the Hamilton receptor


Scheme 2. A schematic representation of the HR-dendrimers 3±6 and the structures of 2 (reference compound) and 4.
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and an emission maximum at 461 nm.[52] A binding-induced
increase in both the absorption and the emission bands of
the receptor was also reported.[52]


Like reference compound 2, which contains a single re-
ceptor, the HR-dendrimers 3±6 have an absorption maxi-
mum at 302 nm in CHCl3 (Figure 2a). The molar extinction


Scheme 3. Formation of host±guest complexes between the HR-dendrimers 3±6 and the guest molecules 7 and 8.


Figure 1. MALDI-TOF mass spectrum of 5 (mass calcd. for 5 : 13292.0).
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coefficient is linearly related to the number of Hamilton re-
ceptors attached to the periphery of the poly(propylenea-
mine) dendrimer. However, the molar extinction coefficient
of the Hamilton receptor within the HR-dendrimers 3±6
was found to be significantly lower per Hamilton unit than
that within 2 (Table 1). Excitation of the dendrimers at
310 nm gives a dual emission, with a maximum at 440 nm
and a shoulder at lower energy centered at about 500 nm
for all dendrimers. In the case of 2, a distinguishable band is
observed at 540 nm, although the emission intensity is much
lower for 2 than for 3±6 (Figure 2b). All the photophysical
data are summarized in Table 1.


The emission shows a double exponential decay for all
generations of dendrimer in CHCl3, with a short lifetime
component of 400 ps and a longer lifetime of 1.5 ns


(Table 1). Remarkably, the quantum yield of emission is
larger for the later-generation than for the earlier-generation
compounds (Table 1). This trend is probably related to the
aggregation of the Hamilton receptors at the periphery of
the dendrimer. Steric hindrance becomes greater with in-
creasing dendrimer generation number since the periphery
of the molecule becomes more crowded with receptor moi-
eties. The number of possibilities for receptor intra- or inter-
molecular interaction therefore becomes greater with in-
creasing generation of dendrimer. At the low concentrations
used in our experiments, (10�5


m receptor concentration), we
can assume that intramolecular processes are predominant.
Aggregation introduces rigidity to the Hamilton receptor,
which results in a higher quantum yield of emission since ra-
diationless deactivation is reduced.


Scheme 4. Synthesis of HR-dendrimers 3±6 : i) NEt3, tetrahydrofuran (THF), RT, 12 h; ii) PtO2¥H2O, EtOH, 4 bar, RT, 24 h.
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Since conformational evidence to support these findings is
so far lacking, the binding of guest molecules was used as an
alternative strategy to rigidify the structure of the Hamilton
receptor to allow validation of the concept described above.
The binding of a barbiturate guest such as 7 ™fixes∫ the
Hamilton receptor in a certain conformation and in this way
reduces the degrees of freedom of the chromophore. Since 7
is an ™innocent∫ guest (i.e. no absorption or emission from 7
occurs at the excitation wavelength used), all changes in the
emission of the receptors as a result of the addition of 7 can
be attributed to conformational changes of the receptor
upon binding the guest.


As can be seen in Figure 3a, the quantum yield of emis-
sion from 2 increases dramatically upon addition of 7, and
the maximum shifts to lower energy (450 nm). Such a shift
can be explained by considering that the insertion of 7 into
2 causes planarization of the receptor and greater delocali-
zation within the system. As a result of the binding of 7 (a
large excess of 100 equiv was used because of the low bind-
ing constant), the long-lived component (1.5 ns) of the excit-
ed-state lifetime of 2 disappears, so that only the 400-ps
component remains (Figure 4). This result indicates that the
two different lifetimes belong to two different conforma-


tions of the receptor; one in
which the receptor arms are not
in the same plane (long life-
time), and another in which the
receptor arms are in the same
plane (short lifetime). The
three possible conformations of
the receptor in 2, namely cis-cis,
cis-trans, and trans-trans, are de-
picted in Scheme 5. Detailed
theoretical calculations of such
cis-trans behavior in meta-sub-
stituted benzenes and 2,6-sub-
stituted pyridines were carried
out within the frame of our in-
vestigations into template syn-
theses of molecular knots (kno-
tanes) in cooperation with the
Theoretical Chemistry Depart-
ment of the University of
Bonn.[58,59] Upon binding of a
barbiturate guest, the receptor
is always forced into an in-
plane cis-cis configuration.


Interestingly, an increase in
emission and a slight shift of
the emission maximum to lower
energy is also observed for the
HR-dendrimers 3±6 upon bind-
ing of 7. This effect becomes
smaller with increasing den-
drimer generation (Figure 3b).
This trend can only be ex-
plained if the Hamilton recep-
tors already have restricted
conformational freedom in the


later-generation dendrimers as a result of the aggregation or
steric hindrance at the periphery of the dendrimer.


Energy transfer in the complexes 2�8, 3�8, 4�8, 5�8, and
6�8 : Metal complexes such as [Ru(bpy)3] and [Os(bpy)3],
but also [Re(CO)3(X)(bpy)] (X=Cl, Br, I), are often used
as energy or electron donors or acceptors in photoinduced
processes.[60±65] The use of these complexes is often dictated
by their photophysical and redox properties, which are suita-
ble for the study of photoinduced processes. In the complex
[Re(CO)3Br(bpy)], the lowest excited state is a luminescent
triplet metal-to-ligand charge transfer state. In a separate
study, we have shown that [Re(CO)3(Br)(barbi-bpy)] (8)
forms a stable host±guest complex with the Hamilton recep-
tor.[53] Comparison of the energy levels of the HR-dendrim-
ers 3±6 with those of the rhenium guest shows that the
3
MLCT state of 8 is at lower energy (17730 cm�1, 564 nm)
than the lowest excited state of the HR-dendrimers
(27397 cm�1, 365 nm). As a result of the different absorption
properties of the separate components of the dendrimer±8
complexes (Figure 5), it is possible to selectively excite the
HR-dendrimers. Excitation at 330 nm predominantly excites
the Hamilton receptor. At this excitation wavelength, the


Figure 2. Absorption (a) and emission (b) spectra (lexc=310 nm) of 2±6 in CHCl3.


Table 1. The photophysical properties of 2±6 in CHCl3.


Sample n[a] e [m�1 cm�1][b] Ratio e[c] Fem t1 [ps
�1][d] t2 [ns]


[d]


2 1 32900 1.3 0.0024 374 1.46
3 4 99000 4 0.0103 408 1.51
4 8 198000 8 0.0151 408 1.57
5 16 377000 15.2 0.0180 369 1.48
6 32 785000 31.7 0.0211 429 1.38


[a] n=number of Hamilton receptors. [b] Calculated at the maximum at 302 nm. [c] Ratio e= ratio between
the e values correlated to the number of chromophores. [d] lexc=356 nm and lprobe=480 nm.
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contribution of 8 to the overall absorption is around 15% in
an equimolar solution.


The association of the two components is expected to
lead to a very exergonic photoinduced energy transfer
(DG=�1.20 eV) from the selectively excited (lexc=330 nm)
Hamilton receptor to 8 (Figure 6b). Indeed, upon addition
of the guest, quenching of the excited state (lmax=450 nm)
of the Hamilton receptor, as well as sensitization of the rhe-
nium emission (lmax=564 nm) was observed, as shown for


dendrimer 4 in Figure 6a. No isosbestic point was observed,
which indicates that two different processes occur simultane-
ously. The first process is the quenching of the excited state
of the Hamilton receptor by 8 through energy transfer. The
second process, discussed in detail below, is the deprotona-
tion of the barbituric acid moiety attached to the bipyridine


Figure 3. a) Titration of 2 with 7 as observed by fluorescence spectroscopy (in CHCl3; lexc=330 nm); a binding-induced increase in the emission of 2 can
be seen. b) The binding-induced increase in the emission (in CHCl3; lexc=330 nm) of HR-dendrimers 3±6 as a result of the addition of 7, plotted relative
to the original emission (E0).


Figure 4. The emission decay (probed at 480 nm) of 2 in the absence and
in the presence of a large excess of 7 (100 equiv in CH2Cl2; lexc=


324 nm).


Figure 5. The absorption spectra of 4 (scaled to e per HR) and 8 in
CHCl3.
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ligand of 8, which causes a blue shift (from 610 to 564 nm)
and an increase in intensity of the emission of 8.


Time-resolved fluorescence spectroscopy revealed that
the emission lifetime of 400 ps, which corresponds to the ex-
cited state of the Hamilton receptor, was reduced to 30 ps


upon binding of 8. A long-lived
component is also present in
the emission of the complex as
a result of the population of the
3MLCT state (t=109 ns) of 8
through energy transfer. From
this quenched lifetime, the rate
of energy transfer from the
Hamilton receptors at the pe-
riphery of the dendrimer to 8
was calculated to be 3.6î
1010 s�1. The same rate was
found for this photoinduced
process in all generations of
dendrimer (3±6), as expected.
A schematic overview of the
photophysical processes occur-
ring in 3�8, 4�8, 5�8, and 6�8
is given in Scheme 6.


Upon complexation of 8 with
HR-dendrimers 3±6, the 8-
based emission is blue-shifted
from 610 nm to 564 nm. This
shift in the emission of 8 can be
attributed to deprotonation of
the barbituric acid to produce
its enolate form, which is nega-
tively charged. Since the bipyri-
dine ligand is involved in the
MLCT as an electron acceptor,
the presence of the electron-
rich barbiturate would cause
the MLCT state to rise to a
higher energy. The addition of
third-generation poly(propyle-
neamine) dendrimer (DAB-
dendr-Am16; DAB=diaminobu-
tane, dendr=dendrimer, Am=


amine), which can only act as a
base, to a solution of 8 in
CHCl3 causes the same shift in
emission. Furthermore, an in-
crease in the quantum yield of
emission from 8 was observed
upon complexation. This result
is in accordance with the
™Energy Gap Law,∫ which
states that if the energy differ-
ence between the lowest excit-
ed state and the ground state
increases, nonradiative decay to
the ground state decreases. In
the case of the dendrimer±8
complexes, an increase in the


energy gap between the ground state and the lowest excited
state (3MLCT state) of 8 upon binding would cause a blue
shift and an increase in emission from 8. Another possible
explanation for the increased quantum yield of emission
from 8 lies in the change in conformation of 8 upon depro-


Scheme 5. The structures of the cis-cis, cis-trans, and trans-trans configurations of 2.


Figure 6. a) Titration of 4 with 8 as observed by fluorescence spectroscopy (in CHCl3; lexc=330 nm); an
energy transfer from the excited state of 4 to 8 occurs. b) A schematic representation of the energy diagram.
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tonation. The barbiturate ring in deprotonated 8 lies in-
plane with the bipyridine ring as a result of the change in
hybridization of the deprotonated carbon atom from sp3 to
sp2, which improves the conjugation between the binding
moiety and the rhenium complex.


The deprotonation of the barbituric acid moiety of 8
proved to be essential for the energy transfer from the excit-
ed state of the receptor to the excited state of 8. No energy
transfer was observed within the host±guest complex 2�8 ;
only an increase in the quantum yield of emission from 2
was caused by guest binding. Upon addition of a strong
base, such as DAB-dendr-Am16, the receptor emission was
quenched and strong emission from 8 was observed. This
result proves that the presence of the basic poly(propylenea-
mine) core is absolutely necessary for the energy transfer to
occur, even though the energy gap between the lowest excit-
ed state of the receptor and the lowest excited state of 8
does not increase, but rather decreases upon binding, reduc-
ing the driving force for the energy transfer process (see
above). The reason for the occurrence of the efficient
energy transfer must therefore be an improvement in elec-
tronic coupling between the receptor and 8. The excited
state of the receptor is very short-lived (only 400 ps), so that
a strong electronic coupling between the energy donor and
the energy acceptor is crucial for fast energy transfer to occur.


Competition between 8 and 7: To show that the binding of 8
to the Hamilton receptor causes a photoinduced energy
transfer and that the exchange of guest molecules is a clean
and reversible process, a competition experiment was per-
formed with compounds 8 and 7.


Upon addition of a large excess of 7 to a solution contain-
ing 3�8, 4�8, 5�8, and 6�8 (Hamilton receptor:8, 1:1), the


emission of the Hamilton receptors at 450 nm was restored,
while the emission from 8 at 564 nm decreased (at the exci-
tation wavelength almost no direct excitation of the rhenium
complex was possible). These results show clearly that 8 was
replaced by 7 (Figure 7). The exchange of guests is a clean
and reversible process, as demonstrated by the presence of
an isosbestic point at 512 nm.


Conclusion


The results presented herein show that the new ™Hamilton-
receptor∫-functionalized dendrimers synthesized in this
study can be used as multiple-emitting sensors to probe the
presence of barbiturates. The emission from the Hamilton
receptor is strongly related to the rigidity of the chromo-
phoric system. The emission quantum yield was found to be
dependent on the dendrimer generation (dendritic effect).
The emission intensity increases with dendrimer generation
because of the increasing aggregation of receptors and steric
hindrance at the periphery of the dendrimers. The binding
of an ™innocent∫ guest, such as Barbital (7), forces the re-
ceptor into a ™fixed∫ conformation, which results in an in-
crease in its emission. Binding of the barbiturate guest [Re-
(CO)3(Br)(barbi-bpy)] (8), which has an excited state at a
lower energy than those of the HR-dendrimers, results in an
energy transfer from the Hamilton receptors to 8 at a rate
of 3.6î1010 s�1. The emission of 8 shifts towards higher
energy upon binding to the HR-dendrimers as a result of
deprotonation of the barbituric acid attached to the bipyri-
dine ligand. Deprotonation is necessary to obtain good elec-
tronic coupling between the receptor and 8 to allow an effi-
cient and fast energy transfer. Exchange of 8 with 7 results


Figure 7. Titration of 8�5 with 7 in CHCl3, as observed by fluorescence
spectroscopy (lexc=330 nm). The exchange of 8 with 7 results in the re-
covery of the emission of 5 and a decrease in the emission of 8.


Scheme 6. A schematic representation of the energy transfer between
HR-dendrimers 3±6 and guest compound 8.
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in the recovery of the receptor emission and a decrease in
the emission of 8.


By using the Hamilton receptor as a binding motif at the
periphery of poly(propyleneamine) dendrimers, stable
supramolecular host±guest complexes can be formed in
which photophysical processes such as energy transfer can
be observed. The emission of the Hamilton receptor was
successfully used in binding studies to probe the complexa-
tion of guest molecules and can be regarded as a multiple
sensor for barbiturates. Careful design of the interior of the
dendrimer could allow the assembly of different guests in
desired parts of the dendritic structure. Such a structure
would make intradendritic processes possible and could
allow a more complicated function of the molecule, such as
the release of one of the guests induced by light excitation.


Experimental Section


Solvents and starting materials : All reagents were obtained from com-
mercial sources and used without additional purification unless otherwise
indicated. Solvents were dried according to known procedures. Deuterat-
ed solvents were used as obtained from Merck KGaA. CDCl3 was freshly
distilled from CaH2 onto 4-ä molecular sieves prior to use in the binding
study.


Instrumentation : 1H NMR and 13C NMR spectra were recorded on
Bruker WM 250, DPX 300, and DPX 400 spectrometers. The 1H NMR
binding study was performed on a Varian Inova500 spectrometer at
499.86 MHz. EI spectra were recorded on an AEI MS-30 or MS-50 spec-
trometer, positive-ion FAB mass spectra were collected on a Kratos Con-
cept 1H spectrometer, and MALDI-TOF mass spectra were collected on
a Micromass TofSpec E spectrometer. Melting points were recorded on a
B¸chi SMP 20 apparatus. Thin-layer chromatography (TLC) was carried
out on DC-Fertigplatten Kieselgel 60 F254 from Merck KGaA. Column
chromatography was performed on silica gel 60, 40±63 mesh, or silica gel
100, 63±100 mesh from Merck KGaA. UV/Vis absorption spectra were
recorded on a diode-array HP8453 spectrophotometer at 293 K. Fluores-
cence spectra were recorded on a SPEX fluorometer. The lifetime of the
emission of the HR-dendrimers was determined by single photon count-
ing with a picosecond laser.


Determination of the quantum yields of emission : The quantum yields of
emission of the HR-dendrimers in CHCl3 were determined with quinine
sulfate in 0.05m H2SO4 (aq) as a reference. The solutions were optically
dilute, that is, they had an absorption between 0.05 and 0.15 at the excita-
tion wavelength (lexc=310 nm).


Determination of the binding constant for binding of 7 to 2 by 1H NMR
spectroscopy : A solution of 7 (28 mm) in CDCl3 was added in aliquots of
10 mL (0.2 equiv 7) to a solution of 2 (1 mL, 2.5 mm) in CDCl3. The bind-
ing constant could be calculated from the change in chemical shift of se-
lected proton signals of 2 upon addition of 7 by using a Scatchard plot.


Determination of the binding constant for binding of 8 to 2 by fluores-
cence spectroscopy : A solution of 2 (1.2 mm) in CHCl3 was added in ali-
quots of 5±50 mL (5 mL contains 0.2 equiv 2) to a solution of 8 (3 mL, 1î
10�5


m) in CHCl3. The fluorescence intensity at the emission maximum
(lmax=618 nm) of 8 was probed, with excitation at 435 nm. The binding
constant could be calculated from the decrease in emission intensity by
using a Scatchard plot.


Energy transfer study of Gx (x=1,2,3,4) dendrimers complexed with 8 :
A solution of Gx dendrimer (1î10�5


m HR) in CHCl3 and a solution of
Gx dendrimer (1î10�5


m HR) and 8 (2î10�5
m) in CHCl3 were mixed in


various ratios. In this way, solutions were obtained containing Gx den-
drimer (1î10�5


m HR) and increasing amounts of 8 per HR. Fluores-
cence spectra were recorded with excitation at 330 nm and corrected for
the small increase in absorption caused by the addition of 8.


Competition experiment with 7 and 8 : A solution of 7 (15 mm) in CHCl3
was added in aliquots of 5±10 mL (10 mL contains 5 equiv 7) to a solution


of Gx dendrimer (3 mL, 1î10�5
m HR) and 8 (1 equiv per HR) in CHCl3.


Fluorescence spectra were recorded with excitation at 330 nm.


5-Nitroisophthaloyl dichloride (9): A solution of 5-nitroisophthalic acid
(18.0 g, 85.0 mmol) in thionyl chloride (30 mL) and N,N’-dimethylform-
amide (five drops) was refluxed for 6 h under dry conditions with subse-
quent vacuum distillation of the thionyl chloride excess. The residue was
dried under high vacuum and yielded a colorless solid (21.1 g, 100%):
1H NMR (CDCl3): d=8.68 (s, 1H; Har), 8.70 ppm (s, 2H; Har);


13C NMR
([D6]dimethyl sulfoxide): d=127.1, 133.0, 134.8, 148.1, 164.5 ppm.


N-(6-Aminopyridin-2-yl)-3,3-dimethylbutyramide (10): A solution of 3,3-
dimethylbutyryl chloride (12.7 g, 91.6 mmol) in dry THF (50 mL) was
added to a solution of 2,6-diaminopyridine (10.0 g, 91.6 mmol) and trie-
thylamine (12.8 mL, 91.6 mmol) in dry THF (100 mL) at 0 8C under an
argon atmosphere over a period of 2 h. The solution was stirred for 60 h
at RT, the residue filtered off, and the solvent removed under reduced
pressure. Purification by column chromatography on silica gel (CH2Cl2/
ethyl acetate (4:1) as eluent) gave a colorless solid (8.7 g, 46%): M.p.:
114±115 8C; 1H NMR (CDCl3): d=1.05 (s, 9H; (C(CH3)3), 2.18 (s, 2H;
(CH2C(CH3)3), 4.35 (br s, 2H; NH2), 6.23 (dd, 1H, 3JH,H=7.88, 4JH,H=


0.74 Hz; Hpy), 7.42 (dd, 1H, 3JH,H=7.88 Hz; Hpy), 7.55 (d, 1H, 3JH,H=


7.88 Hz; Hpy), 7.77 ppm (br s, 1H, CONH); 13C NMR (CDCl3): d=29.8,
31.3, 51.6, 103.3, 104.2, 140.2, 149.9, 157.1, 170.3 ppm; EI: m/z (%): 207
(15), 192 (5), 151 (4), 136 (8), 109 (100), 82 (19).


N,N’-Bis[6-(3,3-dimethylbutyrylamino)pyridin-2-yl]-5-nitro-isophthal-
amide (11): A solution of diacid dichloride 9 (2.74 g, 9.6 mmol) in dry
THF (40 mL) was added dropwise to a solution of monosubstituted dia-
minopyridine 10 (4.0 g, 19.3 mmol) and triethylamine (2.7 mL,
19.3 mmol) in dry THF (40 mL) at 0 8C under an argon atmosphere. The
solution was stirred at RT for 12 h, the residue filtered off, and the sol-
vent removed under reduced pressure. Purification by column chroma-
tography on silica gel (CH2Cl2/ethyl acetate (2:1) as eluent) gave a yel-
lowish solid (5.4 g, 97%): M.p.: 184 8C; Rf=0.7 (CH2Cl2/ethyl acetate
(2:1 v/v)); 1H NMR (CDCl3): d=1.10 (s, 18H; C(CH3)3), 2.29 (s, 4H;
COCH2), 7.71 (t, 3JH,H=8.0 Hz, 2H; Hpy), 7.88 (d, 3JH,H=8.0 Hz, 2H;
Hpy), 7.95 (d, 3JH,H=8.0 Hz, 2H; Hpy), 7.98 (br s, 2H; CONH), 8.74 (m,
3H; Har), 8.82 ppm (br s, 2H; CONH); 13C NMR (CDCl3): d=29.8, 31.4,
51.5, 109.9, 110.8, 125.2, 131.6, 136.4, 140.9, 148.5, 148.7, 149.9, 162.2,
170.8 ppm. FAB: m/z : 590 (100), 492 (12), 394 (14). X-ray structure anal-
ysis of 11: C30H41N7O9 (C30H35N7O6¥3H2O): colorless crystals, crystal di-
mensions 0.10î0.30î0.50 mm3; Mr=643.70; triclinic, space group P1≈


(no. 2), a=9.3024(1), b=13.3131(2), c=14.1360(3) ä, a=105.161(1), b=
103.689(1), g=100.292(1)8, V=1586.79(4) ä3, Z=2, m(MoKa)=
0.101 mm�1, T=123(2) K, F(000)=684. 10711 reflections up to 2qmax=


508 were measured on a Nonius KappaCCD diffractometer with MoKa ra-
diation, 5572 of which were independent and used for all calculations.
The structure was solved by direct methods and refined to F2 anisotropi-
cally; the H atoms were refined with a riding model. The final quality co-
efficient wR2(F2) for all data was 0.2032, with a conventional R(F) value
of 0.0782 for 446 parameters and 16 restraints.[66]


5-Amino-N,N’-bis[6-(3,3-dimethylbutyrylamino)pyridin-2-yl] isophthal-
amide (12): Platinum(iv) oxide hydrate (100 mg) was added to a solution
of the nitrocompound 11 (5.4 g, 9.2 mmol) in dry ethanol (100 mL). The
suspension was hydrogenated at RT and 4.0 bar with stirring for 24 h.
The catalyst was filtered off over celite and the solvent removed under
reduced pressure. Recrystallization from ethanol gave a yellowish solid
(5.0 g, 97%): M.p.: 191±192 8C; Rf=0.72 (ethyl acetate); 1H NMR
(CDCl3): d=1.11 (s, 18H; C(CH3)3), 2.23 (s, 4H; CH2C(CH3)3), 4.17 (s,
2H; NH2), 7.08 (br s, 2H; Har), 7.52 (br s, 1H; Har), 7.72 (br s, 2H; Hpy),
7.79, 7.85 (br s, 4H; Hpy), 8.52 (s, 2H; CONH), 8.54 ppm (s, 2H; CONH);
13C NMR (CDCl3): d=29.8, 31.4, 51.0, 109.6, 110.5, 114.9, 117.2, 135.5,
140.6, 147.8, 149.1, 150.0, 171.8, 174.4 ppm; FAB: m/z (%): 560 (100), 503
(6), 462 (8), 353 (19).


9-{3,5-Bis[6-(3,3-dimethylbutyrylamino]-pyridin-2-ylcarbamoyl]-3-phenyl-
carbamoyl}nonanethioic acid pentafluorophenyl ester (PFTP ester; 15):
A solution of the amine-functionalized receptor 12 (3.0 g, 5.4 mmol) and
pentafluorothiophenol 13 (1.07 g, 5.4 mmol) in dry THF (150 mL) and a
solution of sebacoyl dichloride 14 (1.29 g, 5.4 mmol) in dry THF
(150 mL) were added simultaneously to a solution of triethylamine
(1.5 mL, 10.8 mmol) in dry THF (150 mL) over 12 h under an argon at-
mosphere. The suspension was stirred for 12 h at RT, the residue filtered
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off, and the solvent removed under reduced pressure. Purification by
column chromatography on silica gel (petroleum ether/ethyl acetate/
methanol (50:50:1) as eluent) gave a yellowish solid (1.50 g, 30%): M.p.:
118 8C; Rf=0.51 (petroleum ether/ethyl acetate (1:1 v/v)); 1H NMR
(CDCl3): d=1.06 (s, 18H; (CH3)3), 1.22 (br s, 8H; CH2(CH2)4CH2), 1.62
(br s, 4H; CH2CH2CO), 2.35 (s, 4H; CH2C(CH3)3), 2.43 (m, 2H;
CH2CO), 2.63 (t, 3JH,H=7.4 Hz, 2H; CH2CO), 7.51 (t, 3JH,H=8.3 Hz, 2H;
Hpy), 7.69 (d, 3JH,H=7.1 Hz, 2H; Hpy), 7.83 (br s, 2H; Hpy), 7.90 (br s, 1H;
Har), 8.28 (br s, 3H; Har + CONH), 8.89 (br s, 2H; CONH), 8.96 ppm
(br s, 2H; CONH); 13C NMR (CDCl3): d=25.3, 25.4, 28.7, 29.0, 29.1,
29.2, 29.8, 31.5, 37.6, 43.6, 50.9, 109.4, 110.6, 121.5, 137.8 (d, 1JC,F=


247 Hz; Car�F), 139.3, 140.2 (d, 1JC,F=240 Hz; Car�F), 146.9 (d, 1JC,F=


243 Hz; Car�F), 148.8, 150.1, 171.9, 173.5, 192.4 ppm; FAB: m/z (%): 926
(100).


N,N’-Bis-[6-(3,3-dimethyl-butyrylamino)-pyridin-2-yl]-5-octanoyl-amino-
isophthalamide (2): Octanoylchloride (0.087 mL, 0.509 mmol) was added
dropwise to a solution of the amine-functionalized receptor 12 (300 mg,
0.536 mmol) and triethylamine (0.074 mL, 0.536 mmol) in dry dichloro-
methane (15 mL) at 0 8C under an argon atmosphere. The solution was
stirred for 3 h at RT and the solvent removed under reduced pressure.
Purification by column chromatography on silica gel (CH2Cl2/MeOH
(100:1, 50:1, and 20:1) as eluent) gave 2 (250 mg, 72%) as a light-yellow
solid: M.p.: 231±232 8C; Rf=0.56 (CH2Cl2/methanol (20:1 v/v)); 1H NMR
(CDCl3): d=0.82 (t, 3H, 3JHH=7.1 Hz; CH2CH3), 1.06 (s, 18H; C(CH3)3),
1.20±1.39 (m, 8H; CH2), 1.68 (dt, 2H, 3JH,H=7.5, 3JH,H=7.5 Hz;
CH2CH2CH2CO), 2.22 (s, 4H; CH2C(CH3)3), 2.40 (t, 2H, 3JH,H=7.5 Hz;
CH2CH2CO), 7.62 (t, 2H, 3JH,H=8.1 Hz; Hpy), 7.72 (d, 2H, 3JH,H=8.1 Hz;
Hpy), 7.83 (d, 2H, 3JH,H=8.2 Hz; Hpy), 8.11 (s, 1H; Har), 8.20 ppm (s, 2H;
Har);


13C NMR (CDCl3/CD3OD (10:1 v/v)): d=15.1, 23.8, 26.9, 30.3, 30.5,
30.8, 32.5, 33.0, 38.3, 52.1, 111.1, 111.2, 123.2, 123.7, 137.0, 140.7, 141.5,
151.3, 151.6, 167.0, 173.2, 175.1 ppm; FAB: m/z (%): 686.4 (100).


Typical procedure for dendrimers containing Hamilton receptors (5):
Triethylamine (0.03 mL, 0.22 mmol) was added to a solution of DAB-
dendr-Am16 (22 mg, 0.013 mmol) in chloroform (10 mL). A solution of
the PFTP ester 15 (200 mg, 0.22 mmol) in chloroform (5 mL) was added
slowly over a period of 5 minutes. The solution was stirred for four days
under an argon atmosphere. The product was precipitated by dropwise
addition of n-hexane, filtered, and dried in vacuo to yield 5 (150 mg,
85%) as a brownish product. M.p.: 140 8C; 1H NMR (CDCl3): d=1.03 (s,
288H; C(CH3)3), 1.47 (br s, 192H; CH2), 1.58 (br s, 60H; CH2CH2N), 2.10
(s, 84H; NCH2), 2.32 (s, 64H; CH2C(CH3)3), 2.60 (m, 64H; COCH2),
3.11 (br s, 32H; CONCH2), 7.45 (br s, 48H; Har), 7.67 (br s, 32H; Hpy),
7.82 (br s, 64H; Hpy), 8.29 (br s, 64H; CONHCpy), 9.12 ppm (br s, 32H;
CONH); 13C NMR (CDCl3): d=10.5, 29.1, 29.3, 29.8, 29.9, 30.9, 31.4,
37.3, 45.9, 51.1, 110.1, 111.2, 121.1, 136.8, 140.3, 149.3, 150.8, 172.9,
176.1 ppm; MALDI-TOF MS: calcd for C728H1024N142O96: 13292.0; found:
13291.1.


3: M.p.: 180 8C; 1H NMR (CDCl3): d=1.03 (s, 72H; C(CH3)3), 1.45 (s,
48H; CH2), 1.55 (br s, 12H; CH2CH2N), 2.05 (s, 12H; NCH2), 2.35 (s,
16H; CH2C(CH3)3), 2.65 (m, 16H; COCH2), 3.15 (br s, 8H; CONCH2),
7.45 (br s, 12H; Har), 7.71 (br s, 8H; Hpy), 7.85 (br s, 16H; Hpy), 8.30 (br s,
16H; CONHCpy), 9.10 ppm (br s, 8H; CONH); 13C NMR (CDCl3): d=
10.5, 25.8, 26.2, 29.0, 29.8, 31.4, 37.0, 46.0, 50.8, 109.6, 111.6, 121.7, 122.1,
136.0, 140.6, 149.1, 150.5, 163.5, 171.9, 175.4, 177.8 ppm; MALDI-TOF
MS: calcd for C176H244N34O24: 3217.9; found: 3219.2.


4: M.p.: 135 8C; 1H NMR (CDCl3): d=1.03 (s, 144H; C(CH3)3), 1.40
(brm, 96H; CH2), 1.60 (br s, 20H; CH2CH2N), 2.05 (s, 36H; NCH2), 2.35
(s, 32H; CH2C(CH3)3), 2.90 (m, 32H; COCH2), 3.10 (br s, 16H;
CONCH2), 7.47 (br s, 24H; Har), 7.68 (br s, 16H; Hpy), 7.82 (br s, 32H;
Hpy), 8.33 (br s, 32H; CONHCpy), 9.08 ppm (br s, 16H; CONH);
13C NMR (CDCl3): d=8.8, 25.6, 29.0, 29.3, 29.8, 31.4, 37.3, 45.7, 51.6,
109.8, 111.1, 122.1, 136.1, 140.8, 149.0, 150.9, 172.7, 176.5 ppm; MALDI-
TOF MS: calcd for C360H504N70O48: 6575.9; found: 6577.2.


6: M.p.: 220 8C; 1H NMR (CDCl3): d=1.03 (s, 576H; C(CH3)3), 1.48 (br s,
384H; CH2), 1.58 (br s, 124H; CH2CH2N), 2.10 (s, 180H; NCH2), 2.32 (s,
128H; CH2C(CH3)3), 2.62 (m, 128H; COCH2), 3.11 (br s, 64H;
CONCH2), 7.45 (br s, 96H; Har), 7.66 (br s, 64H; Hpy), 7.81 (br s, 128H;
Hpy), 8.29 (br s, 128H; CONHCpy), 9.09 ppm (br s, 64H; CONH);
13C NMR (CDCl3): d=10.6, 29.2, 29.3, 29.8, 29.9, 31.4, 37.1, 41.5, 45.9,
51.0, 109.8, 111.2, 136.6, 136.8, 140.6, 148.3, 150.8, 172.9 ppm.


Synthesis of the guest molecules : Barbital[55] (7) and [Re(Br)(CO)3(barbi-
bpy)][53] (8) were synthesized according to literature procedures.
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Synthesis, Nuclear, and Magnetic Structures and Magnetic Properties of
[Mn3(OH)2(SO4)2(H2O)2]


Mohsen Ben Salah,[a, b] Serge Vilminot,*[a] Gilles Andrÿ,[c] Mireille Richard-Plouet,[a, d]


FranÁoise Bourÿe-Vigneron,[c] Tahar Mhiri,[b] and Mohamedally Kurmoo[a]


Introduction


Recently, there has been widespread interest in hydrother-
mal synthesis from the viewpoints of a) producing high-
purity crystalline solids which are either known in nature or
are unknown,[1,2] b) recrystallizing fairly insoluble frame-


work or layered compounds,[3] c) designing coordination pol-
ymers,[4,5] and d) most importantly in creating porous com-
pounds.[6] These interests, among others, are driven by 1) the
need to fully characterize minerals for understanding certain
geological hypotheses,[7] 2) the existence of unusual collec-
tive properties, such as electrical conductivity, magnetism
and optical behavior,[8] and 3) applications in catalysis, selec-
tive separation, and gas storage in the case of porous materi-
als.[9] Our current interest is in the characterization of new
solids with potential magnetic properties, and in the past
few years, we have investigated mineral-like compounds of
the iron group metals. Following our studies on magnetic
phyllosilicates[10] that contain m3-OH groups and a SiOn net-
work favoring a layered structure, we have now replaced the
silicate by sulfate, which in principle should favor both 2D
and 3D structures.[11, 12] The reasons for this choice were that
m3-OH can be used to bring moment-bearing transition-
metal atoms closer together and thus lead to more efficient
magnetic exchange, while the sulfate ion can exhibit termi-
nal or bridging m2, m3, or m4 bonding modes and generate
close-packed structures. While OH can be considered as a
single-atom connector, a bridging sulfate group is a three-
atom connector.


Using the above approach, we have obtained and charac-
terized a set of isostructural framework compounds
[M3(OH)2(SO4)2(H2O)2] (M=Ni, Co, Mn). In a previous
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Abstract: [Mn3(OH)2(SO4)2(H2O)2]
and its deuterated anlaogue were syn-
thesized by a hydrothermal technique
and characterized by differential ther-
mal analysis, thermogravimetric analy-
sis, and IR spectroscopy. Its nuclear
structure, determined by single-crystal
X-ray analysis and Rietveld analysis of
neutron powder-diffraction data, con-
sists of a 3D network of chains of
edge-sharing Mn(1)O6, running along
the c axis, connected by the apices of
Mn(2)O6 and SO4 units. It is isostruc-
tural to the nickel analogue. Determi-


nation of the magnetic structure and
measurements of magnetization and
heat capacity indicate the coexistence
of both magnetic long-range ordering
(LRO) and short-range ordering
(SRO) below a Nÿel temperature of
26 K, while the SRO is retained at
higher temperatures. The moments of
the two independent Mn atoms lie in


the bc plane, and that of Mn(1) rotates
continuously by 548 towards the c axis
on decreasing the temperature from 25
to 1.4 K. While the SRO may be asso-
ciated with frustration of the moments
within a Mn3 trimer, the LRO is ach-
ieved by antiparallel alignment of the
four symmetry-related trimers within
the magnetic unit cell. A spin-flop
field, measured by dc and ac magneti-
zation on a SQUID, is observed at
15 kOe.


Keywords: hydrothermal synthesis ¥
hydroxide sulfates ¥ magnetic
properties ¥ manganese
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paper,[12a] we presented the nuclear and magnetic structures
and the magnetic properties of [Ni3(OH)2(SO4)2(H2O)2].
The nuclear structure consists of corrugated planes of nickel
octahedra connected to each other through sulfate groups.
The magnetic properties are characterized by a transition
from a paramagnetic to a canted antiferromagnetic ordered
state at 29 K. Accordingly, the magnetic structure from neu-
tron powder-diffraction data revealed an antiparallel ar-
rangement of the moments of Ni(1) and Ni(2) within a
trimer unit [two symmetry related Ni(1) and one Ni(2)] and
antiparallel arrangement of the symmetry-related trimers in
the unit cell. The magnetic moments of both kinds of Ni2+


are aligned along the b axis. Given the difference in ionic
radii, spin quantum numbers and single-ion anisotropies of
the transition metals it was judicious to synthesize the cobalt
and manganese analogues, and here we present the synthesis
of the manganese compound, which is more complex than
for nickel, its X-ray single-crystal nuclear structure at 295 K,
its crystal structure from neutron data at several tempera-
tures between 1.4 and 300 K and the associated magnetic
structure at low temperature. Interestingly, magnetic and
heat-capacity measurements and neutron diffraction data
reveal the presence of a persistent short-range order in addi-
tion to a long-range antiferromagnetic ordering below 26 K.
Two other minor phases were occasionally observed. One of
them, [Mn2(OH)2SO4], which has the habit of pink prismatic
blocks, was identified by single-crystal X-ray diffraction. The
other, which forms fine colourless needles, has not been
structurally characterized, though X-ray powder diffraction
(XRPD) indicates a possible layered structure with an inter-
layer distance of 9.67 ä. A full paper on the structural and


magnetic characteristics of the cobalt analogue is in prepara-
tion.


Results and Discussion


Synthesis : Under the conditions of hydrothermal synthesis
used for nickel, manganese(ii) yields Mn2O3 and MnO as
brown to black solids as the main phases. This result is relat-
ed to the low stability of Mn2+ in basic aqueous solution
and its relative ease of oxidation to Mn3+ and Mn4+ .[13] To
avoid or at least to restrict oxidation to higher valence man-
ganese, experiments were performed in freshly boiled distil-
led water to eliminate soluble gases. This results in a very
small amount of dark materials whose presence is not evi-
denced by X-ray diffraction within the detection limits, pos-
sibly due to their small size and amorphous nature. Further-
more, saturating the boiled water with argon resulted in no
noticeable improvement. However, shortening the time be-
tween mixing the reactants and sealing the reactor reduces
the amount of black oxide products considerably. Finally, to
be certain that measurements were made on a single phase,
samples were examined and cleaned from the other two
phases under an optical microscope. Interestingly, the con-
centration of reactants and reaction temperature have less
effect on manganese oxidation, though we find that shorter
reaction times than were used in the preparation of the
nickel analogue result in higher quality and purer com-
pounds.


Powder X-ray diffraction studies : The X-ray powder diffrac-
tion pattern (Figure S1, Supporting Information) is analo-
gous to that of [Ni3(OH)2(SO4)2(H2O)2]. Indeed, the same
sequence of diffraction peaks is observed but with a noticea-
ble shift of the corresponding peaks towards lower angles.
This shift logically follows from the larger ionic radius of
manganese (Ni2+ 0.74 ä, Mn2+ 0.95 ä), which results in an
increase of the average M�O distance from 2.068 for Ni to
2.183 ä for Mn.[12a,14] Therefore, it was possible to use the
U-FIT program[15] to index most of the diffraction peaks
and to refine the unit-cell parameters. This confirmed that
the Mn compound is isostructural to the Ni analogue. The
powder-diffraction peaks indexed as (100), (200), and (300)
are very intense compared to all the others, and suggest
preferential orientation in the Bragg±Brentano geometry
used. In addition, we note in some cases the presence of
only one of the minor impurities, identified by a diffraction
peak corresponding to d=9.67 ä.


Thermal analysis : The TGA trace recorded in air at a heat-
ing rate of 3 8Cmin�1 shows four successive weight-losses
(Figure S2, Supporting Information). The first, centered at
300 8C, and the second, at 400 8C, are attributed to dehydra-
tion. The first can be associated with the removal of coordi-
nated water molecules and the second to the hydroxyl
groups, with a 3/1 ratio. However, a 2/1 ratio would be ex-
pected according to the chemical formula [Mn3(OH)2-
(SO4)2(H2O)2]. The difference was attributed to rapid oxida-
tion of the resulting MnO to Mn2O3 accompanying the loss


Abstract in French: [Mn3(OH)2(SO4)2(H2O)2] et son ÿquiva-
lent deutÿriÿ ont ÿtÿ prÿparÿs par synthõse hydrothermale et
caractÿrisÿs par ATG-ATD et spectroscopie infrarouge. Sa
structure, affinÿe ‡ partir de donnÿes de diffraction RX sur
monocristal, est analogue ‡ celle du sel de nickel correspon-
dant et fait apparaÓtre un rÿseau 3D formÿ par des chaÓnes
d’octaõdres Mn(1)O6 liÿs par une arÜte, chaÓnes connectÿes
entre elles par un sommet commun ‡ des octaõdres Mn(2)O6


et des tÿtraõdres SO4. La dÿtermination de la structure ma-
gnÿtique et les mesures des propriÿtÿs magnÿtiques et de cha-
leur spÿcifique indiquent la coexistence d’un ordre magnÿti-
que ‡ longue distance (LRO) et ‡ courte distance (SRO) en-
dessous de la tempÿrature de Nÿel TN de 26 K, l’ordre ‡
courte distance s’ÿtablissant ‡ plus haute tempÿrature. Les
moments magnÿtiques des deux atomes Mn indÿpendants se
trouvent dans le plan bc. Alors que celui de Mn(2) est tou-
jours dirigÿ selon l’axe c, celui de Mn(1) se rapproche pro-
gressivement de cette direction lorsque la tempÿrature est
abaissÿe de TN ‡ 1,4 K, la rotation globale ÿtant de 548. Alors
que l’ordre ‡ courte distance peut Ütre dfl ‡ la frustation des
moments ‡ l’intÿrieur des trimõres Mn3, en interaction antifer-
romagnÿtique, l’ordre ‡ longue distance rÿsulte de l’aligne-
ment antiparallõle des quatre trimõres de la maille magnÿti-
que. Un champ de spin-flop, mesurÿ par aimantation dc et ac,
est observÿ ‡ 15 kOe.
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of the OH group. The X-ray diffraction pattern recorded on
a sample heated to 500 8C at the same heating rate only re-
veals the presence of b-MnSO4. The third weight loss, at
770 8C, is attributed to the decomposition of b-MnSO4 yield-
ing, according to X-ray diffraction, Mn2O3. The fourth, at
about 900 8C, is related to reduction of Mn2O3 to Mn3O4, as
revealed by X-ray diffraction. All weight losses are associat-
ed with endothermic effects on the corresponding differen-
tial thermal analysis (DTA) trace. However, while the first
and last peaks are clearly endothermic, the second and third
ones result from a combination of heat consumption due to
losses of H2O and SO3 and of heat generation owing to oxi-
dation of MnO, which results in broadening of the second
peak and a jump for the third peak. These results allowed
us to propose a decomposition scheme for [Mn3(OH)2(-
SO4)2(H2O)2] (Table 1).


The presence of minor secondary phases, sometimes re-
vealed by X-ray diffraction, is another source for the dis-
crepancies between theoretical and observed weight losses.
From the residual mass, the estimated manganese content of
the compound is 38.4% (theoretical value 38.6%).


Single-crystal X-ray structure : The structure of [Mn3(OH)2-
(SO4)2(H2O)2] (Tables 2 and 3) is strictly the same as that of
the corresponding nickel compound.[12a] Therefore, a short


description will suffice here. The three-dimensional network
is built up of the coordination polyhedra around manganese
(octahedron) and sulfur (tetrahedron). Chains of edge-shar-
ing octahedra around Mn(1) ions along the c axis are con-
nected to each other by means of corner-sharing Mn(2) oc-
tahedra to give corrugated sheets parallel to the bc plane
(Figure 1). The sulfate tetrahedra make the connections be-


tween the corrugated sheets and between the Mn(2) octahe-
dra. The Mn(1) chains consist of dimers alternately rotated
by 1808 (see Figure 9 below), giving rise to zigzag chains.
The octahedron around Mn(1) is slightly more distorted
than that around Mn(2) (Table 4), whereas both sulfate tet-
rahedra are nearly regular. While the deviation of the M�O
bond lengths of the Mn compound from normal values are
of the same order as for the Ni compound, the distortions of
the angles within the MO6 octahedra are more severe, with
values as high as 1118 instead of 908 or as low as 1628 in-
stead of 1808.


The oxygen atoms are of three kinds according to their
environments:


Table 1. Decomposition scheme for [Mn3(OH)2(SO4)2(H2O)2].


Temperature Chemical reaction Calculated Observed
[8C] weight


loss [%]
weight
loss [%]


300 [Mn3(OH)2(SO4)2(H2O)2]!
Mn3(OH)2(SO4)2 + 2H2O


8.4 8.7


400 [Mn3(OH)2(SO4)2]!
2MnSO4 + MnO + H2O
MnO + 1/2O2!1/2Mn2O3 2.3 2.7


770 1/2Mn2O3 + 2MnSO4!1/
2Mn2O3 + 2MnO + 2SO3


2MnO + 1/2O2!Mn2O3 33.7 33.4
910 3/2Mn2O3!Mn3O4 + 1/4O2 1.9 1.9


Table 2. Summary of the single-crystal X-ray data collection at 295 K
and structure refinement of [Mn3(OH)2(SO4)2(H2O)2].


a [ä] 7.2852(2) hkl range �9<h<9, �13<k<
14, �18< l<18


b [ä] 9.9568(3) q range 3.07±29.98
c [ä] 13.2519(5) total reflections 2454
V [ä3] 961.26(5) unique reflections 1390
Z 4 unique reflections


with j Io j>2s(Io)
1211


space group Pbcm
(no. 57)


Rint [%] 2.69


F (000) 812 RF (all data)
[a] [%] 4.16


1calcd [g cm
�3] 2.950 wR(F2


o)
[b] (all


data) [%]
9.44


m [mm�1] 4.235 GoF [%] 1.094


[a] RF=� j jFo j� jFc j j /� jFo j . [b] wR= {�[w(F2
o�F2


c)
2]/�[w(Fo)


2]}1/2, w=1/
[s2(F2


o) + (0.0503P)2 + 1.4540P], where P= (F2
o + 2F2


c)/3


Table 3. Fractional atomic coordinates for [Mn3(OH)2(SO4)2(H2O)2] ob-
tained from X-ray data at 295 K.


Atom x/a y/b z/c


Mn(1) 0.06402(6) 0.03169(4) 0.12842(3)
Mn(2) 0.29954(8) 0.74040(6) 0.25
S(1) 0.79273(12) 0.25 0
S(2) 0.29971(12) 0.41416(9) 0.25
O(1) 0.5831(4) 0.0344(3) 0.25
O(2) 0.0874(3) 0.6289(2) �0.0035(2)
O(3) 0.3248(3) 0.7454(2) 0.0893(2)
O(4) 0.4111(4) 0.2921(3) 0.25
O(5) 0.1815(3) 0.4144(2) 0.1590(2)
OH(1) 0.7846(4) 0.4463(3) 0.25
OH(2) 0.0253(4) 0.6639(3) 0.25
OW 0.3058(3) 0.1117(2) 0.0536(2)
H(1)[a] 0.7200 0.4947 0.25
H(2)[a] 0.0644 0.2401 0.25
HW(1)[a] 0.3841 0.1807 0.0690
HW(2)[a] 0.3238 0.3756 0.4784


[a] Coordinates from difference Fourier maps not refined for the H
atoms.


Figure 1. Projection of the crystal structure along the c axis. Mn(1) in
striped octahedra, Mn(2) in gray octahedra and sulfate as balls and
sticks.
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1) The oxygen atoms of the water molecules are terminally
bonded to Mn(1).


2) The oxygen atoms O(1), O(3), O(4), and O(5) are of the
m2-oxo type and bonded to S and Mn(1) or Mn(2); the
Mn-O-S angles are in the range 120±1408, in accordance
with repulsion between bonding pairs.


3) The oxygen atoms of the hydroxyl groups and oxygen
atom O(2) are bonded to three atoms, either Mn only
[OH(1) and OH(2)] or two Mn and one S [O(2)]; they
can be classified as m3-hydroxo [OH(1) and OH(2)] and
m3-oxo [O(2)].


The thermal parameters of the oxygen atom OW of the
water molecule are much higher than those of the other
oxygen atoms; the Ueq value of 200î10�4 ä2 for OW com-
pares to mean values of 90î10�4 and 125î10�4 ä2 for OH
and sulfate O atoms, respectively. Furthermore, careful in-
spection of the Fourier maps does not reveal any splitting of
the OW atom.


The structure refined from neutron powder-diffraction
data (Table 5 and Table S2, Supporting Information) is in
good agreement with the single-crystal X-ray structure, even
for the positions of the sulfur atoms, which in the case of
the Ni analogue result in strong distortions of the sulfate tet-
rahedra.[12a] It appears that data collection with the G4.2 ap-
paratus (this work) is more suitable for our compounds than
the 3T2 apparatus used for the Ni compound. The refine-
ment also confirms that deuteration was achieved at a high
level with a D/(D+H) ratio of 0.91. The D atoms are in-
volved in weak deuterium bonds (Table 4), the shortest
D¥¥¥O distance being 1.865 ä. While D(1), DW(1), and


DW(2) define single deuterium bonds, D(2) is shared be-
tween two oxygen atoms, which results in a smaller O�D¥¥¥O
angle. In the heavy water molecule the O�D distances are
nearly the same, and the D-O-D angle is 1058. As in the
case of the X-ray refinement, the thermal parameter of the
oxygen atom of the water molecule (B=1.64 ä2) is higher
than those of the others (B=0.52 and 1.36 ä2 for OD and
oxygen atoms of sulfate groups, respectively) and the same
is true for the related deuterium atoms. This has been attrib-
uted to the fact that the water molecule is terminally bound.
Therefore, it has more degrees of freedom than the other


Table 4. Interatomic distances [ä] and angles [8] from X-ray structure determination and those involving the D atoms from neutron powder data at
300 K.


S(1)�O(3) 1.461(2)î2 O(3)-S(1)-O(3) 108.3(2) O(2)-S(1)-O(2) 108.2(2)
S(1)�O(2) 1.489(2)î2 O(3)-S(1)-O(2) 110.05(11)î2 hO-S(1)-Oi 109.5
hS�Oi 1.475 O(3)-S(1)-O(2) 110.11(11)î2
S(2)�O(4) 1.461(3) O(4)-S(2)-O(1) 110.8(2) hO-S(2)-Oi 109.5
S(2)�O(1) 1.470(3) O(4)-S(2)-O(5) 108.90(11)î2
S(2)�O(5) 1.482(2)î2 O(1)-S(2)-O(5) 109.66(11)î2
hS�Oi 1.474 O(5)-S(2)-O(5) 108.9(2)
Mn(1)�OH(1) 2.130(2) OH(1)-Mn(1)-OW 94.12(9) OW-Mn(1)-O(2) 82.36(8)
Mn(1)-OW 2.173(2) OH(1)-Mn(1)-O(5) 94.03(10) O(5)-Mn(1)-OH(2) 86.63(9)
Mn(1)�O(5) 2.174(2) OH(1)-Mn(1)-OH(2) 80.60(8) O(5)-Mn(1)-O(2) 88.45(8)
Mn(1)�OH(2) 2.180(2) OH(1)-Mn(1)-O(2) 177.52(9) O(5)-Mn(1)-O(2) 79.76(8)
Mn(1)-O(2) 2.282(2) OH(1)-Mn(1)-O(2) 103.16(8) OH(2)-Mn(1)-O(2) 99.53(8)
Mn(1)�O(2) 2.308(2) OW-Mn(1)-O(5) 161.62(9) OH(2)-Mn(1)-O(2) 166.07(9)
hMn1�Oi 2.208 OW-Mn(1)-OH(2) 110.95(10) O(2)-Mn(1)-O(2) 77.30(8)


OW-Mn(1)-O(2) 83.51(8)
Mn(2)�OH(2) 2.138(3) OH(2)-Mn(2)-O(3) 95.08(5)î2 O(3)-Mn(2)-O(4) 84.89(5)î2
Mn(2)�O(3) 2.138(2)î2 OH(2)-Mn(2)-OH(1) 94.21(10) O(3)-Mn(2)-O(1) 89.33(6)î2
Mn(2)�OH(1) 2.139(3) OH(2)-Mn(2)-O(4) 172.88(11) OH(1)-Mn(2)-O(4) 92.92(10)
Mn(2)�O(4) 2.170(3) OH(2)-Mn(2)-O(1) 91.76(10) OH(1)-Mn(2)-O(1) 174.03(10)
Mn(2)�O(1) 2.223(3) O(3)-Mn(2)-O(3) 169.78(11) O(4)-Mn(2)-O(1) 81.12(11)
hMn2�Oi 2.158 O(3)-Mn(2)-OH(1) 90.15(6)î2
Mn(1)¥¥¥Mn(1) 3.223(2) Mn(1)-OH(1)-Mn(1) 98.3(1) Mn(1)-O(2)-Mn(1) 102.7(1)
Mn(1)¥¥¥Mn(1) 3.585(2) Mn(1)-OH(2)-Mn(1) 95.3(1) Mn(1)-OH(1)-Mn(2) 122.1(2)


Mn(1)-OH(2)-Mn(2) 116.6(2)
OD(1)�D(1) 0.946(10) D(1)¥¥¥O(1) 1.865(10) OD(1)-D(1)¥¥¥O(1) 169(9)
OD(2)�D(2) 0.937(13) D(2)¥¥¥O(5) 2.339(10)î2 OD(2)-D(2)¥¥¥O(5) 147(3)
OW�DW(1) 0.923(10) DW(1)¥¥¥O(3) 2.203(9) OW-DW(1)¥¥¥O(3) 161(4)
OW�DW(2) 0.914(11) DW(2)¥¥¥O(5) 2.157(10) OW-DW(2)¥¥¥O(5) 151(3)
DW(1)¥¥¥DW(2) 1.454(10) DW(1)-OW-DW(2) 105(2)


Table 5. Crystallographic data and refinement characteristics from neu-
tron powder data for the deuterated compound at 300 K and 1.4 K


300 K 1.4 K


system orthorhombic orthorhombic
space group Pbcm (no. 57) Pbcm (no. 57)
a [ä] 7.30594(9) 7.2953(3)
b [ä] 9.9685(1) 9.9533(3)
c [ä] 13.2738(1) 13.2672(5)
l [ä] 2.3433 2.4266
2q range and step 3±171.98/0.18 9±88.98/0.18
reflections (nuclear) 335 106
reflections (magnetic) ± 386
number of parameters 53 56
Rp [%] 11.1 10.1
Rwp [%] 10.8 10.7
Rexp [%] 4.21 2.01
RB [%] 7.26 3.94
RF [%] 4.99 2.76
GoF [%] 6.57
RmagneticLRO [%] 5.99
RmagneticSRO [%] 13.6
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oxygen atoms, which are bonded to two or three atoms (S
and/or Mn). The observed and calculated neutron powder-
diffraction patterns can be found in the Supporting Informa-
tion (Figure S3).


Infrared spectroscopy: The IR spectra of [Mn3(OH)2(SO4)2-
(H2O)2] and [Mn3(OD)2(SO4)2(D2O)2] are given in the Sup-
porting Information (Figure S4); the latter is the sample
used for neutron powder diffraction with a D/(D+H) ratio
of 0.91, as determined by structure refinement. Comparison
of the two spectra allows one to distinguish between vibra-
tional bands related to OH and H2O groups, which shift on
deuteration, and those belonging to the SO4 groups, which
do not. Therefore, bands between 3550 and 3400 cm�1, and
at about 1600 cm�1 and about 870 cm�1 can be attributed to
the former groups, as they decrease in energy by the expect-
ed factor of (1/2)1/2 on replacing H by D, whereas the bands
between 1200 and 990 cm�1 and between 650 and 600 cm�1


can be assigned to the latter, as they are not affected by
deuteration.


The vibrational bands in the region 3600±3400 cm�1 can
be attributed to the valence stretching modes of the O�H
bonds of OH groups and water molecules. The observation
of sharp bands indicates that such groups are involved in
weak or very weak hydrogen bonds. According to the neu-
tron powder-diffraction data (Table 4), the shortest D¥¥¥O
distance is 1.865 ä between D(1) and O(1), that is, a weak
hydrogen bond. All other distances are longer than 2.15 ä
and it can therefore be concluded that D(2), DW(1), and
DW(2) are involved in very weak hydrogen bonds. For the
H sample (Figure S4, Supporting Information), two bands
clearly appear at 3548 and 3396 cm�1 in addition to a
shoulder at 3466 cm�1. For the D sample (Figure S4), three
bands and one shoulder are observed around 2550 cm�1,
while the intensities of the bands in the region 3550±
3400 cm�1 are strongly reduced in accordance with the high
D content of the sample. For the D sample, a tentative as-
signment of the O�D stretching bands is proposed (Table 6)


on the basis of nOD versus interatomic O¥¥¥O distance corre-
lation diagrams.[16] In our case, as the D¥¥¥O distances are
known, the discussion concerns these data. The shortest
D¥¥¥O distance (i.e., D(1)¥¥¥O(1) 1.865 ä) can be unambigu-
ously assigned to the band at 2515 cm�1. The other three
bands appear at 2544, 2624 and 2645 cm�1 with relative in-
tensities of 1:2:2. Consideration of the D¥¥¥O distances re-
lates them to DW(2), DW(1), and D(2), respectively. This
result disagrees with the expected intensities of 2:2:1 for


their numbers in the unit cell. Therefore, we calculated
bond valences according to the model of Brown and Alter-
matt.[17] From the resulting data (Table 6), it appears that
the bond valences of the DW atoms are similar, and we can
then assign the bands at 2624 and 2645 cm�1 to DW¥¥¥O deu-
terium bonds. The bending mode of water molecules is ex-
pected to be at about 1600 cm�1. However, two bands at
1623 and 1602 cm�1 are always observed. The latter was at-
tributed to the presence of some second phase, since its in-
tensity strongly decreased when rectangular platelet crystals
of [Mn3(OH)2(SO4)2(H2O)2] were selected. For the D
sample, the band at about 1600 cm�1 nearly disappeared, in
agreement with the 91% D content. The low-energy bands
related to OH groups and H2O appear at 917, 835 and
797 cm�1, and they lie outside of the measuring range for
the D sample. They were attributed to libration modes. The
remaining bands in the spectra are vibration modes of sul-
fate groups: n3 and n4 at about 1100 and 600 cm�1, respec-
tively. Considering the local symmetry of the SO4 tetrahe-
dra, one observes a lowering compared to the Td regular
symmetry in accordance with different S�O bond lengths
and different environment of the oxygen atoms due to Mn
ions. These distortions explain the presence of numerous
bands around 1100 cm�1, whereas the band at 995 cm�1 can
be attributed to the symmetric stretching n1 vibration mode
that becomes IR-active by lowering of symmetry.


Magnetic susceptibility studies : In the paramagnetic region,
the magnetic susceptibility of a randomly oriented sample
follows the Curie±Weiss law c=C/(T�q)=14.16/
(T+75) emumol�1, where the Curie and Weiss constants
were obtained by fitting the experimental 1/c data in the
temperature range 100±300 K (Figure 2). The negative q


value, exemplified by the decrease in the cT product, sug-
gests the dominance of antiferromagnetic exchange interac-
tions. From the Curie constant (C=Ng2m2


Bs(s+1)/3k) of
4.72 emuK per Mn atom and s=5/2, we deduce a value of
the Landÿ g factor of 2.07. With decreasing temperature, cT
exhibits a minimum at 40 K before reaching a sharp maxi-


Table 6. Tentative assignments of nOD frequencies according to inter-
atomic distances and bond valence calculations.


nOD [cm�1] D D¥¥¥O [ä] O �s[a] H/D ratio


2515 D(1) 1.865 O(1) 0.079 0.15/3.85
2544 D(2) 2.34î2 O(5)î2 0.044 0.31/3.69
2624 DW(2) 2.157 O(5) 0.035 1.14/6.86
2645 DW(1) 2.203 O(3) 0.032 0.59/7.41


[a] s=exp[(r0�r)/B], where s=bond valence, r0=0.882 (H) or 0.927 (D),
B=0.37. �s= [nH/(nH + nD)]s(H) + [nD/(nH + nD)]s(D)


Figure 2. Temperature dependence of the dc susceptibility (circles), recip-
rocal dc susceptibility (squares) and the product of susceptibility and
temperature (triangles). The solid line is the fit to the Curie±Weiss func-
tion for data above 100 K.
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mum at 26 K. This behavior is characteristic of a ferrimag-
net.[18] However, the transition at 26 K is not associated with
long-range ferrimagnetic ordering, due to the absence of
spontaneous magnetization in a small applied field, but is as-
signed to the Nÿel temperature TN of the long-range antifer-
romagnetic ordering, as confirmed by the l-type anomaly in
the specific heat. At lower temperature an unusual gradual
increase in susceptibility is observed. In addition, the real
part of the ac susceptibility exhibits a peak at 26 K, and
there is no anomaly in the imaginary component (Figure 3),


a feature that is consistent with the absence of spontaneous
magnetization and magnetic hysteresis. Therefore, these fea-
tures indicate a system that possibly consists of fully com-
pensated moments. However, for an antiferromagnetic
sample one would expect a decrease in the susceptibility of
a randomly oriented sample below the Nÿel transition to a
minimum value of 2/3 that at the maximum.[18] This is not
the case here since, after a maximum at the transition, c in-
creases again below TN, as shown in Figures 2 and 3. The
isothermal magnetization of the polycrystalline sample at
2 K (not shown) displays a featureless increase with increas-
ing field without any hysteresis. To more fully elucidate this
peculiar magnetic ground state of the compound, we per-
formed dc susceptibility measurements on some selected
crystals with well-defined morphology, embedded in poly-
(methyl methacrylate), which was cast from dichlorome-
thane solution in a flat-bottomed plastic beaker. As the crys-
tals are platelets they settled with preferential alignment of
the plate surface (crystallographic bc plane) parallel to the
faces of the polymer disc. This allowed measurements of the
magnetic anisotropy of the system with the applied magnetic
field perpendicular or parallel to the bc plane. As shown in
the Figure 3, the transition is much better defined for a field
parallel to the surface of the platelets. Moreover, at lower
temperature, the susceptibility reaches a plateau, whereas
for the other orientation it continuously increases. The
curve for the powder sample is an average of those of the
two orientations. We also note that c’ has similar tempera-
ture dependence but is slightly smaller than cdc below 50 K.
The isothermal magnetization of the aligned sample at 2 K


(Figure 4) shows a featureless increase for the applied field
perpendicular to the surface, while it exhibits a kink at
15 kOe for the parallel orientation. No hysteresis was ob-
served in the two cases, and the magnetization at the highest
field (50 kOe) was only 4.2 mB as opposed to the expected


15 mB if all moments were parallel to the field. To better
define the change in slope, we performed a pseudo-mutual-
inductance experiment using the same SQUID apparatus by
measuring the ac susceptibility for each applied field of the
isothermal dc magnetization measurements. As there is no
magnetic loss the superposed ac susceptibilities have no fre-
quency dependence, and we therefore measure the slope at
each field. As expected, the result is a sharp peak only in
the field dependence of the real component at 15 kOe
(Figure 4). This anomaly is associated with the spin flop of
antiferromagnets.[19] Again, no hysteresis is present.


Specific heat study : The specific heat as a function of tem-
perature (Figure 5) shows two anomalies. The first is the
sharp l anomaly at 26 K confirming the presence of long-
range magnetic transition, in good agreement with the mag-


Figure 3. Temperature dependence of the ac (crosses) and dc susceptibili-
ties of a powdered sample (solid circles) and the dc susceptibility of the
oriented sample parallel (open circles) and perpendicular (open trian-
gles) to the bc plane.


Figure 4. Isothermal magnetization at 2 K for a field applied parallel (tri-
angles) and perpendicular (circles) to the bc plane. Field dependence of
ac susceptibilities (solid circles and triangles) for a field parallel to the bc
plane.


Figure 5. Temperature dependence of the heat capacity Cp, corrected for
the lattice contribution and after normalization with temperature (Cp/T).
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netic measurements. The second is the broad hump below
26 K that suggests possible low-dimensional effects or short-
range magnetic ordering. The latter is more pronounced
when Cp/T is plotted versus T.[20] Integration of the data in-
dicates that a large fraction of the entropy is due to short-
range ordering.


Magnetic structure : The magnetic structure was solved from
neutron powder-diffraction data collected at 13 tempera-
tures ranging between 1.4 and 35 K. A comparison of the
data recorded at the temperature extremes (Figure 6) re-


veals the appearance of intense new Bragg reflections at
1.4 K. Two kinds of new sharp Bragg peaks are evident: en-
hanced existing nuclear Bragg peaks and new diffraction
peaks. The latter correspond to peaks indexed with the
same unit-cell parameters but normally systematically
absent in the nuclear space-group symmetry, that is, h0l
peaks with odd l. This means that the magnetic unit cell is
identical to the nuclear unit cell and corresponds to a propa-
gation vector k= (0, 0, 0). Numerous individual magnetic
peaks are indeed observed with fairly high intensities. In ad-
dition, an increase in the background is clearly evident and
gives rise to a broad hump with a maximum around 2q=308
that is visually clearer for the 35 K data. Its intensity ap-
pears to reach a maximum close to the magnetic transition
temperature of 26 K. However, as confirmed by the follow-
ing refinements, it is still present at 1.4 K. Moreover, other,
less visible humps are also present. Data collected during
sample cooling reveal that the background is flat between
120 and 200 K. The major hump starts to appear at around
100 K and becomes very clear at around 65 K. Both effects,
new Bragg reflections and broad humps, appear to be mag-
netic in origin and have been related to magnetic long-range
ordering (LRO) and short-range ordering (SRO), respec-
tively.


Let us first consider the magnetic structure determination
of the LRO. A comparison of the difference between data
collected above and below TN for the Ni and Mn analogues
reveals that the magnetic structures are quite different.[12a]


Consequently, another model was sought for the Mn com-


pound. We first performed a magnetic group theory calcula-
tion by applying Bertaut×s representation-analysis method to
the Pbcm space group,[21] k= (0, 0, 0) propagation vector
and 8e [Mn(1)] and 4d [Mn(2)] Wyckoff positions, as for the
Ni analogue. The eight one-dimensional irreducible repre-
sentations (IR) are determined,[22a] namely G1 to G8, which
are associated with basis vectors (magnetic structures) for
both Mn(1) and Mn(2).[22b] Each Gi (i=1±8) is involved in
Mn(1) and Mn(2) ™magnetic arrangements∫, according to:


Mnð1Þ ð8eÞ : 3G1 þ 3G2 þ 3G3 þ 3G4 þ 3G5 þ 3G6 þ 3G7 þ 3G8


Mnð2Þ ð4dÞ : G1 þ 2G2 þ G3 þ 2G4 þ 2G5 þ G6 þ 2G7 þ G8


If solutions involving basis vectors associated with distinct
Gi are not forbidden, one must first check for basis vectors
within each Gi. In the present case G6 leads to the best calcu-
lated magnetic reliability factor, with the magnetic moments
of Mn(2) pointing along the c axis and those of Mn(1) lying
in the bc plane (Table 7; the Mx component is not signifi-
cant).


Note that G6 is associated with the magnetic arrangement
given above, for which, for instance, the sequence +�+


�+�+� holds for the components of the magnetic mo-
ments of Mn11 to Mn18 atoms along the crystallographic a
axis. Within G6, no magnetic moment is allowed along a and
b for Mn(2) atoms. All the other models were checked but
they do not reproduce the observed intensities of the mag-
netic diffraction peaks.


Although the intensities of the nuclear and magnetic
peaks are satisfactorily calculated, this model does not ac-
count for the presence of humps in the background
(Figure 6). The humps are more prominent at higher tem-
peratures than at 1.4 K. Their occurrence can be attributed
to the presence of magnetic short-range ordering (SRO).
Therefore, we introduced a second magnetic phase with the
same structure and IR (G6) but with a different coherence
length, which was refined. Such an approach supposes that
the volume distribution of both phases, LRO and SRO, is
homogeneous. The standard deviations of the components
of the magnetic moments (Mx of Mn(1) is not significant)
are quite high (Table S3, Supporting Information) compared
to those of the LRO phase, but the refinement still converg-
es to an acceptable Rmag value of 13.6% for this SRO phase
(Figure 7).


The next step concerns the evolution of the magnetic
structure with temperature, that is, the direction and magni-


Figure 6. Neutron diffraction data at 1.4 (line) and 35 K (circles) and
their difference (bottom line, offset by 4000 cps) showing the sharp mag-
netic Bragg peaks due to LRO and the broad hump due to SRO.


Table 7. Magnetic arrangements.[a]


Atom M//a M//b M//c


Mn11±Mn18 +�+�+�+� +�+��+�+ +��+�++�
Mn21±Mn24 0 0 +�+�


[a] The Mn1i and Mn2i positions are related by the following relations:
Mn11 (x, y, z); Mn12 (�x, �y, �z); Mn13 (�x, �y, 1/2+z); Mn14 (x, y,
1/2�z); Mn15 (x, 1/2�y, �z); Mn16 (�x, 1/2+y, z); Mn17 (�x, 1/2+y, 1/
2�z); Mn18 (x, 1/2�y, 1/2+z); Mn21 (x, y, 1/4); Mn22 (�x, �y, 3/4);
Mn23 (�x, 1/2+y, 1/4); Mn24 (x, 1/2�y, 3/4).
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tudes of the Mn moments. Therefore, the same model was
used to refine the parameters from the data collected with
increasing temperature between 1.4 and 35 K. The magnetic
structure (G6) is observed for all temperatures below TN for
both the long-range and short-range magnetic phases. For
the data recorded at T	27 K, only the second magnetic
phase (SRO) is considered, as the LRO occurs at 26 K (see
Table S4, Supporting Information, for data at 35 K). Since
the humps are minima at 1.4 K, one expects a better agree-
ment at higher temperatures. This is indeed the case, since
the Rmag factor for the second magnetic phase continuously
decreases from 13.6% at 1.4 K to about 6% at 35 K. Refine-
ments of the data collected at low temperatures yield the
thermal variations of the Mn(1) and Mn(2) magnetic mo-
ments, as shown in Figure 8.


Concerning the magnetic structure, the first observation is
that a model different to that of the nickel compound is
found although the moments remain in the bc plane in both
cases. For the Mn analogue the orientations of the moments


are not along any principal crystallographic axis. This ex-
plains why different neutron powder diffractograms were
observed for the Ni and Mn compounds in the ordered
state. For the Ni compound all moments are oriented along
the b axis. In the case of Mn, the magnetic structure is com-
posed of two components related to the LRO and SRO, as
mentioned earlier. In the LRO state, at 1.4 K, the moments
of Mn(1) are along a direction making a 208 angle with the
c axis in the bc plane, while those of Mn(2) coincide with
the c axis (Figure 9). The magnetic moments have similar


values of 4.34(7) and 4.44(7) mB for Mn(1) and Mn(2), re-
spectively, that is, values approaching the expected 5 mB for
Mn2+ . Note that for Mn(1) the Mz component progressively
decreases with increasing temperature, whereas the My


value is nearly constant in the same temperature range.
Consequently, the Mn(1) moment moves towards a direction
closer to the b axis as the temperature approaches the Nÿel
transition and reaches a value of 748 with respect to the c
axis at 25 K.


The diffraction data in the SRO state, as evidenced by the
observation of humps in the background, were refined with
the same model as for the LRO phase, that is, with compo-
nents My and Mz for Mn(1) and only Mz for Mn(2). It results
in a good fit of the observed hump, which is much better for
higher temperatures at which the signal is more pronounced.
For the SRO phase, one observes a continuous increase,
within the experimental errors, of all magnetic components,
that is, My and Mz of Mn(1) and Mz of Mn(2). Concerning
the orientation of the magnetic moment of Mn(1), it re-
mains quite constant between 1.4 K and TN at a value of
around 328 with respect to the c axis. Above TN, one ob-
serves an increase in My [Mn(1)] and a decrease in Mz


[Mn(1) and Mn(2)]. At 35 K, the orientation becomes closer
to the b axis with an angle of 558 with respect to the direc-
tion of the c axis. Above TN the data are restricted to three
temperatures and some care must be taken with regard to
these trends.


Finally, we note that for each Mn ion, the overall moment
including both phases and defined as (M2


SRO + M2
LRO)


1/2,
where MSRO is the magnetic moment of a Mn ion in the


Figure 7. Observed (open circles) and calculated (solid line) profiles of
the powder neutron diffraction pattern of [Mn3(OD)2(SO4)2(D2O)2] ob-
tained on the G4.1 diffractometer at 1.4 K with position of the Bragg re-
flections (short vertical lines, top line for nuclear, middle line for LRO,
bottom line for SRO) and difference between observed and calculated
profiles.


Figure 8. Temperature dependence of the moment components along the
principal crystallographic axes for the short-range (full symbols) and
long-range (open symbols) magnetic orderings and of the estimated co-
herence length of the short-range order (+ ).


Figure 9. Long-range ordered magnetic structure at 1.4 K. The numbering
of the atoms is defined in the text, and the types of atom are indicated
on the right.
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SRO phase and MLRO its equivalent in the LRO phase, is
always less than the expected 5 mB; the values at 1.4 K are
4.69 and 4.56 mB for Mn(1) and Mn(2), respectively. The iso-
tropic coherence length of the SRO phase decreases with in-
creasing temperature from about 95 ä at 1.4 K to about
20 ä near the Nÿel temperature (Figure 8). Table S5 (Sup-
porting Information) summarises the magnetic-moment
components and orientations and the values of the coher-
ence length at different temperatures. The calculated dif-
fraction patterns resulting from the contributions of the nu-
clear, LRO and SRO structures are plotted on Figure 10 for


the intermediate temperature of 16 K, at which each phase
has a comparable contribution. For the SRO phase (its scale
is different from the others), the extreme broadening of the
diffraction lines clearly results in the formation of the
humps.


The short-range magnetic ordering can be considered as a
local tendency of the magnetic moments within a trimer to
order. The rotation of the moment as a function of tempera-
ture may be due to the frustration of the triangular unit and
the presence of both ferromagnetic and antiferromagnetic
exchange interactions, as expected for the observed Mn-O-
Mn angles falling into two ranges below and above 988,[23]


the critical angle for F/AF crossover. It may be regarded as
a magnetic gel in which the coherence length increases to as
much as 100 ä at 1.4 K. This frustration and gel-like nature
may be responsible for 1) the gradual increase in the suscep-
tibilities (ac and dc) below the Nÿel temperature, 2) the low
spin-flop field, 3) the broad hump in the neutron diffraction
patterns, and 4) the broad peak in the heat capacity curve.
The long-range ordering can then be considered as a coher-
ent organization of the moments of each trimer within the
cell and over quite long distances. Here, the ordered state
consists of the resultant moments of two trimers pointing
along the c axis and the other two in the magnetic unit cell
pointing in the opposite direction. Further studies such as
EPR may shed some light on these anomalous behaviours.


Conclusion


[Mn3(OH)2(SO4)2(H2O)2] and its deuterated analogue were
obtained, together with two other crystalline phases, by con-
trolled hydrothermal synthesis and were found to be iso-
structural with [Ni3(OH)2(SO4)2(H2O)2]. It exhibits unusual
magnetic behaviors, heat capacity and magnetic structure
that were interpreted by the presence of both short-range
and long-range magnetic orders below the Nÿel temperature
(26 K). The moment of one of the manganese atoms rotates
by 548 within the bc plane as a function of temperature
below TN.


Experimental Section


General characterization : Differential thermal (DTA) and thermogravi-
metric (TGA) analyses were performed in air on a TA-SDT-Q600 appa-
ratus at a heating rate of 3 8Cmin�1. Infrared spectra were recorded on
an ATI Mattson spectrometer by transmission through a KBr pellet con-
taining about 1% of the compound at a resolution of 4 cm�1 and in the
range 500±4000 cm�1. Powder X-ray diffraction patterns were recorded
on a D500 Siemens diffractometer (CuKa radiation, l=1.5418 ä) equip-
ped with a back-monochromator to reduce the fluorescence due to man-
ganese.


Synthesis : Commercial-grade chemicals were used for all synthetic proce-
dures, and water was distilled before use. [Mn3(OH)2(SO4)2(H2O)2] was
prepared by hydrothermal treatment of an aqueous suspension (30 mL),
obtained by mixing solutions of manganese(ii) sulfate Mn(SO4)¥H2O (4 g,
23.7 mmol) and sodium hydroxide (0.38 g, 9.5 mmol), that is, in an
Mn:Na molar ratio of 5:2, at 200 8C for three days under autogenous
pressure in 125-mL autoclaves. The autoclaves were then quenched in
cold water, and the solid product was separated from the mother liquor
by sedimentation and decantation, washed several times with distilled
water to remove soluble salts, and then with ethanol and acetone and fi-
nally dried in air. The title compound was obtained as beige rectangular
flat plates for all investigated Mn:Na ratios between 10:3 and 10:5 and
for fixed temperatures of 170, 200 and 240 8C. Two other minor phases
were occasionally observed. One of them, Mn2(OH)2SO4, having the
habit of pink prismatic blocks, was identified by single-crystal X-ray dif-
fraction. Its magnetic behavior is characterized by a canted antiferromag-
netic state below 42 K and it displays no hysteresis in the isothermal
magnetization at 2 K. The other phase, which formed as fine colourless
needles, has not been structurally characterized, though XRPD indicates
a possible layered structure with an interlayer distance of 9.67 ä. It is a
magnet with a Curie temperature of 21 K. The use of a Mn/Na ratio of 5/
2 and a reaction temperature of 200 8C were found to be the optimum
conditions to minimize the quantity of the other two phases.


Samples for neutron powder diffraction were prepared under the opti-
mised conditions by replacing water (H2O) by heavy water (D2O). Using
D2O reduce the effect of the high incoherent scattering factor of hydro-
gen, which gives rise to an increase in the background that can disturb
further analysis. This sample fortunately showed no peaks within the de-
tection limits of the instruments corresponding to the other two phases in
its X-ray and neutron diffraction patterns. IR spectra and final refine-
ment of the neutron diffraction data revealed that D for H substitution
was achieved in good yield.


X-ray crystallography and nuclear structure refinement : Single-crystal X-
ray data were collected at room temperature on a selected crystal mount-
ed on a glass fiber. A single set of 180 frames (each frame measured
twice), 20 s/frame, f scan of 18/frame, crystal detector distance of 30 mm,
q=08, k=08 was collected on a Nonius Kappa CCD diffractometer at
the Service Commun de Rayons X, Universitÿ Louis Pasteur, Strasbourg.
Structure refinement, starting from the atomic positions of the corre-
sponding nickel compound,[12a] was performed with SHELXL-93.[24] The
final refinement included anisotropic displacement parameters and the
empirical extinction correction within SHELXL-93, which includes ab-


Figure 10. Plot of the calculated diffraction patterns of nuclear (solid line,
middle), LRO (line and circles, bottom) and SRO (line and triangles,
top) structures obtained by refinement of the experimental data at 16 K.
For SRO the y scale has been magnified.
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normal absorption and mosaicity extinction. The atomic coordinates of
hydrogen atoms were located in the difference Fourier maps and were
not refined. Additional experimental details are given in Table 2 and in
the Supporting Information. Table 3 lists the fractional atomic coordi-
nates, and Table 4 gives the bond lengths and angles from X-ray refine-
ment. For convenience, the oxygen atoms of the sulfate group, of the hy-
droxyl groups and of the water molecule are labelled O, OH and OW, re-
spectively. For H [D for neutron data] atoms, H(1) [D(1)] and H(2)
[D(2)] correspond to OH(1) [OD(1)] and OH(2)[OD(2)] groups, respec-
tively, whereas HW [DW] refers to the H [D] atoms of the water mole-
cule. Further details on the crystal structure investigations may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail : crysdata@
fiz-karlsruhe.de), on quoting the depository number CSD-413409.


The neutron diffraction experiments were performed at the Laboratoire
Lÿon Brillouin (CEA, Saclay) using the G4.1 and G4.2 diffractometers.
The multidetector (800 cells) G4.1 powder diffractometer (l=2.4266 ä)
was used for the determination of the magnetic structure and the study
of the temperature dependence of the magnetic structure in the ordered
state. 13 diffraction patterns were recorded in the range 2q=10±89.98 at
different fixed temperatures between 1.4 and 35 K. The powder sample
was held in a cylindrical vanadium can and held in a helium cryostat. The
room-temperature structure refinement was performed from data collect-
ed on the same sample by using the high-resolution G4.2 diffractometer
(l=2.3433 ä). Nuclear and magnetic structures were refined using the
FULLPROF suite of programs.[25] The nuclear scattering lengths (bMn=


�0.3730î10�12, bS=0.2847î10�12, bO=0.5803î10�12, bD=0.6671î10�12


and bH=�0.3739î10�12 cm) and magnetic form factors for manganese
were those included in the program.


Magnetization and specific heat measurements : Following numerous frus-
trating failures with multiphase samples, the magnetic susceptibility
measurements were finally performed on crystals of well-defined mor-
phology, which were selected under an optical microscope and washed
carefully with ethanol. Data were collected while cooling from 300 to 2 K
in an applied field of 100 Oe by means of a Quantum Design MPMS-XL
magnetometer. Isothermal magnetization was measured at 2 K in field
spanning 
50 kOe. Ac magnetization measurements were performed
with the same apparatus in zero dc field and an alternating field of 1 Oe
oscillating at 17 Hz. Specific-heat measurements between 1.7 and 38 K
were carried out in zero field using a home-built equipment and employ-
ing a quasi-adiabatic method. Several samples were measured in both
magnetization and heat-capacity experiments to check the reproducibili-
ty.
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Ferrocene-Modified Purines as Potential Electrochemical Markers: Synthesis,
Crystal Structures, Electrochemistry and Cytostatic Activity of
(Ferrocenylethynyl)- and (Ferrocenylethyl)purines


Michal Hocek,*[a] Petr Sœ teœpnicœka,*[b] JirœÌ LudvÌk,[c] Ivana CÌsarœovµ,[b] Ivan Votruba,[a]


David Rœ eha,[c, d] and Pavel Hobza[c, d]


Introduction


Purines bearing carbon substituents in positions 2, 6 or 8
possess a broad spectrum of biological activities.[1] For in-
stance, 2-alkynyladenosines constitute an important class of
adenosine A2-receptors agonists


[2] that are investigated as
potential therapeutic agents for the treatment of cardiovas-
cular problems, inflammation, Parkinson×s disease, schizo-
phrenia, diabetes. On the other hand, 8-aryl- and 8-alkenyl-
1,3,7-trimethylxanthines are antagonists of A1 and A2 recep-
tors[3] whereas 8-alkynyladenosines are selective antagonists
to A3-receptor.


[4] 6-(Arylalkynyl)-, 6-(arylalkenyl)- and 6-(ar-
ylalkyl)purines show cytokinin[5] and antioxidant[6] activity,
while 9-benzyl-6-arylpurines exhibit antimycobacterial, anti-
bacterial and cytotoxic effect.[7] 6-Aryl and 6-(arylakyl)pur-
ine ribonucleosides[8] as well as some arylalkynyl-9-benzyl-
purines[9] display significant cytostatic activity.
An investigation of the underlying biological processes


and modeling of their mechanisms can be facilitated by the
use of electrochemically-modified compounds and following
their electrochemical properties. This approach relies on
mutual electronic interactions of two parts of a molecular
system where an incorporated redox probe is able to reflect
electronic changes that occur in the other part of the mole-
cule (induced by, e.g., a redox process, host±guest interac-
tion, acid±base equilibria, ion pairing) by its changed elec-
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Abstract: Palladium-catalyzed Sonoga-
shira cross-coupling reactions of halo-
purines 9-benzyl-6-chloropurine (2a),
9-benzyl-8-bromoadenine (2b), and 9-
benzyl-2-chloroadenine (2c) with ethy-
nylferrocene (1) gave the correspond-
ing (ferrocenylethynyl)purines 3a±c in
moderate to good yields. Catalytic hy-
drogenation of these alkynes over Pd/C
afforded the respective saturated [2-
(ferrocenyl)ethyl]purines 4a±c. The
crystal structures 3a, 3b, 4a and 4b as


determined by X-ray diffraction show
interesting solid-state interactions,
markedly different for purines 3a and
4a on one hand and adenines 3b and
4b that possess a free amino group on


the other. Electrochemistry of electro-
chemically labelled purines 3 and 4 has
been studied by voltammetry and
cyclic voltammetry on platinum disc
electrode and the experimental oxida-
tion potentials were confirmed and ex-
plained by ionization potentials from
theoretical DFT calculations. Several
compounds of this series exhibited a
considerable cytostatic effect.


Keywords: ab initio calculations ¥
cytostatic activity ¥
electrochemistry ¥ ferrocenes ¥
nucleobases ¥ purines ¥ solid-state
assembly ¥ X-ray diffraction
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trochemical response. The prerequisite is that the redox
probe interacts electronically with the parent molecule,
forming usually an electronically delocalized system via a
conjugated or coordination linker. Then, the redox proper-
ties of the probe are perturbed by changes taking place at
the parent molecule and can be quantified by electrochemi-
cal methods.
Ferrocene is a very useful electrochemically active label


for important classes of biologically relevant compounds,
and conjugates of nucleobases, nucleosides and nucleic acids
with ferrocene represent an attractive target. Thus 2’-O-fer-
rocenylalkyl nucleotides have been prepared[10] and incorpo-
rated into oligonucleotides as a probe for single-base muta-
tions.[11] 5-Ferrocenylethynylpyrimidine nucleosides were
synthesized by Sonogashira
coupling of 5-iodopyrimidines
with ethynylferrocene (1) and
incorporated into DNA as elec-
troactive redox markers.[12]


Very recently, during the course
of our work, the Sonogashira
coupling of 1 was used[13] for la-
belling of some biomolecules
including 8-bromoadenosine
and 8-bromo-9-butyladenine.
Despite the recent related


work,[13] we wish to report
herein our study on the Sono-
gashira cross-coupling between
ethynylferrocene (1) and 2-, 6-
and 8-halopurines leading to
the corresponding (ferrocenyle-
thynyl)purines and their hydro-
genation to give the saturated
derivatives. In the resulting two
types of the modified purines,
the ferrocene unit is connected
either via a conjugated ethynediyl or a non-conjugated
ethan-1,2-diyl bridge. Since the ferrocene moiety acts not
only as an electrochemical label but also as a defined, bulky
hydrophobic substituent, the molecular structures, electro-
chemistry and biological activity of the compounds have
been studied.


Results and Discussion


Synthesis : Cross-coupling reactions are the most practical
methodology[1] for an introduction of a carbon substituent
into positions 2, 6 and 8 of the purine moiety. Among them,
the Sonogashira reaction of terminal alkynes with halopur-
ines is the method of choice for the introduction of an al-
kynyl group.[4,5,9] Cross-couplings of ethynylferrocene with
5-iodopyrimidines[12] and, recently, also with 8-bromoadeno-
sine[13] have been used for the synthesis of 5-(ferrocenylethy-
nyl)pyrimidines and 8-(ferrocenylethynyl)purines, respec-
tively.
We have employed ethynylferrocene (1) in the series of


cross-coupling reactions (see Scheme 1) with 9-benzyl pro-


tected 6-chloropurine (2a), 8-bromoadenine (2b) and 2-
chloroadenine (2c). The reactions were performed under
the standard conditions at 120 8C in DMF and triethylamine
in the presence of catalytic amounts of CuI and [Pd(PPh3)4].
The reactions in the positions 6 or 8 (with compounds 2a
and 2b) proceeded smoothly to give the ferrocenylethynyl-
purines 3a and 3b in 86 and 92%, respectively. A similar re-
action with 2-chloroadenine 2c was substantially slower, af-
fording 2-(ferrocenylethynyl)adenine 3c in only a moderate
yield of 37% even after prolonged reaction time (36 h).
However, as a large part of the unreacted starting material
(40%) is easily recovered from the reaction mixture by
column chromatography, even this rather low-yielding reac-
tion could be synthetically useful.


The ferrocenylethynylpurines 3a±c have been further hy-
drogenated over 10% Pd/C under atmospheric pressure in a
mixture of dioxane, ethanol and acetic acid. The reactions
were relatively slow, giving the corresponding (2-ferrocenyl-
ethyl)purines 4a±c in 52, 71 and 56% isolated yield, respec-
tively. Under the reaction conditions, the benzyl groups
were not cleaved-off. Some unidentified oligo-/polymeric
side-products were lost during purification by column chro-
matography.


X-Ray crystallography : The solid-state structures of 3a, 3b,
4a have been determined by X-ray diffraction (Figures 1, 2
and 3). Structural parameters of the purine core (Table 1)
are unexceptional and do not differ much within the whole
series. However, differences are observed for the ferroceny-
lated side arm: the rod-like ethynediyl linking group in 3a
and 3b brings the ferrocenyl group into a defined position,
allowing it only to rotate along the triple bond axis. The re-
duction of the ethynediyl (3a) to a flexible ethane-1,2-diyl
group (4a) changes the geometry and conformation of the
ferrocenylated pendant, leaving the other molecular parts
nearly intact: the C6�C10 bond in 4a is elongated by about


Scheme 1.
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5% compared with the parent 3a due to an interrupted con-
jugation of the purine and ferrocenyl groups, and the ferro-
cenyl substituent adopts a position nearly perpendicular to
the purine plane. The orientation of the aromatic planes can


be influenced by their involvement in intermolecular inter-
actions, see below.
Far more interesting are the solid-state packings of these


compounds and also of 4b. Its structure was determined as
well but with a rather low preci-
sion (albeit unambiguously)
due to a poor crystal quality
(the molecular parameters of
4b do not differ significantly
from the above-mentioned
compounds and will not be dis-
cussed). The molecules of 3a
assemble via offset p¥¥¥p inter-
actions of the six-membered
heterocyclic rings, which are by-
symmetry-parallel, lying across
the crystallographic inversion
centres [Cg¥¥¥Cg & sym(1�x,
�y, 1�z): 3.3135(8) ä, interpla-
nar distance 3.25 ä; Cg denotes
the ring centroid] (Figure 4).
The structure is further aided
by C�H¥¥¥p-ring interactions be-
tween the ferrocenyl unit and
phenyl group of a neighbouring
molecule [C16�H(16)¥¥¥Cg(Ph)
& sym(x+1=2,


1=2�y, z�1=2):
Cg¥¥¥C16 3.434(2) ä, C16�H16¥¥¥
Cg 1638]. The structure of 4a
features similar interactions
(Figure S1 in the Supporting In-
formation): the molecules asso-
ciate via p¥¥¥p interactions of
parallel six-membered hetero-
cyclic rings [Cg(Pur6)¥¥¥Cg(Pur6)
& sym(2�x, 1�y, �z)
3.4003(8) ä, interplanar dis-
tance 3.23 ä] and, in addition,
via a graphite-like p¥¥¥p stacking
of phenyl rings [Cg(Ph)¥¥¥
Cg(Ph) & sym(1�x, 2�y, �z):
3.7806(9) ä, interplanar separa-
tion 3.53 ä], C�H¥¥¥p-ring inter-
actions between the ferrocenyl
unit and the five-membered
purine ring of an adjacent mol-
ecule [C15�H15¥¥¥Cg(Pur5) &
sym(2�x, y�1=2,


1=2�z): Cg¥¥¥C15
3.574(2) ä, C15�H15¥¥¥Cg 1438]
and C�H¥¥¥N hydrogen bonds
[C8�H8¥¥¥N1 & sym(x, 1+y, z):
C8¥¥¥N1 3.461(2) ä, C8�H8¥¥¥N1
1728].
The presence of free amino


group in adenines 3b and 4b
markedly affects the solid-state
packing, since the N�H¥¥¥N hy-
drogen bonding becomes the
prominent force towards molec-


Figure 1. A view of the molecular structure of 3a showing the atom-labelling scheme. Thermal motion ellip-
soids are drawn at 30% probability level.


Figure 2. A view of the molecular structure of 3b with the atom-labelling scheme. Thermal motion ellipsoids
are drawn at 30% probability level.


Figure 3. A view of the molecular structure of 4a showing the atom-labelling scheme. Thermal motion ellip-
soids are drawn at 30% probability level.
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ular assembly. Thus, the molecules of 3b (Figure S2, Sup-
porting Information) associate into dimers via centrosym-
metric, double hydrogen bridges [N6�H92¥¥¥N9 & sym(�x,
1�y, 2�z): N6¥¥¥N9 2.962(2) ä, N6�H92¥¥¥N9 162(2)8] while
adjacent dimers are further interconnected by p¥¥¥p interac-
tions of aromatic rings, the shortest contact being the inter-
action between parallel five-membered purine rings
[Cg(Pur5)¥¥¥Cg(Pur5) & sym(1�x, 1�y, 2�z): Cg¥¥¥Cg
4.352(1) ä], and C�H¥¥¥p-ring bonding [C21�H21¥¥¥Ph &
sym(�x, 1�y, 1�z): C21¥¥¥Cg(Ph) 3.705(2) ä, C21�H21¥¥¥Ph
1678]. In accordance with the dominant role of N�H¥¥¥N hy-
drogen bonding, the p¥¥¥p and C�H¥¥¥N interaction are less
pronounced than in 3a and 4a, the participating groups


being more distant than in the
above compounds (for instance,
the aromatic rings by as much
as ca. 1 ä).
Crystal packing of 4b is


rather complicated, correspond-
ing with a low crystallization
ability of the compound. The
triclinic unit accommodates two
crystallographically independ-
ent but virtually identical mole-
cules. Therefore, the increase in
the occupancy of the asymmet-
ric unit is likely to be accounted
for intermolecular interactions.
The crystal packing is shown in
Figure 5 and the important in-
teractions are summarized in
Table 2. Similarly to 3b, the
molecules of 4b associate into
dimers formed by a molecule
and its centrosymmetric coun-
terpart via pairs of hydrogen
bonds. However, unlike 3b
where only one amine hydro-
gen atom participates in hydro-
gen bonding, compound 4b
uses also the other amine hy-


drogen to form intermolecular N�H¥¥¥N bonds, that crosslink
the dimers of crystallographically independent molecules
into infinite chains parallel to the crystallographic b axis.
Thus, each molecule participates in four N�H¥¥¥N iterac-
tions: two forming the dimers and the remaining being re-
sponsible for dimer±dimer interactions.


Figure 4. A drawing of the unit cell of 3a as viewed along the crystallo-
graphic c axis. The most important intermolecular interactions are high-
lighted: p¥¥¥p stacking as dotted lines and C�H¥¥¥p interactions as solid
lines.


Figure 5. Crystal packing of 4b as viewed along the crystallographic b
axis. For clarity, the hydrogen atoms except NH are omited and hydrogen
bonds are indicated as dashed lines.


Table 1. Selected intermolecular distances and angles for 3a, 4a, and 3b [ä and 8].[a]


Compound 3a 4a 3b


x 6 6 8
N1�C2 1.339(2) 1.346(2) 1.342(2)
C2�N3 1.337(2) 1.332(2) 1.335(2)
N3�C4 1.331(2) 1.336(2) 1.345(2)
C4�C5 1.403(2) 1.397(2) 1.383(2)
C5�C6 1.399(2) 1.397(2) 1.411(2)
C6�N1 1.351(2) 1.346(2) 1.353(2)
C5�N7 1.388(2) 1.392(2) 1.382(2)
N7�C8 1.316(2) 1.315(2) 1.327(2)
C8�N9 1.364(2) 1.378(2) 1.382(2)
N9�C4 1.370(2) 1.370(2) 1.371(2)
C6�N6 ± ± 1.334(2)
Cx�C10 1.434(2) 1.503(2) 1.425(2)
C10�C11 1.199(2) 1.534(2) 1.188(2)
C11�C12 1.426(2) 1.503(2) 1.425(2)
N9�C22 1.467(2) 1.467(2) 1.466(2)
Cx-C10-C11 178.4(2) 116.4(1) 176.1(2)
C10-C11-C12 178.4(2) 113.4(1) 176.9(2)
t[b] ± 69.1(2) ±
Pury,Cp1 [y] 20.53(7) [1] 86.27(8) [1] 19.2(1) [2]
Pur2, Ph 79.95(8) 71.35(8) 71.24(9)
Fe�Cg1 1.6385(7) 1.6432(7) 1.6486(9)
Fe�Cg2 1.6463(8) 1.6454(8) 1.653(1)
Cp1,Cp2 0.9(1) 1.0(1) 1.1(1)


[a] Plane definitions: Pur1: N1, C2, N3, N4, C5, C6; Pur2: C4, C5, N7, C8, N9; Cp1: C(12±16), Cp2: C(17±21),
Ph: C(23±28). Cg1 and Cg2 are the centroids of the cyclopentadienyl rings Cp1 and Cp2, respectively. [b] t=
torsion angle C6-C10-C11-C12.
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The solid-state assembly of 4b is further supported by
offset p¥¥¥p stacking of five-membered purine rings in cen-
trosymmetrically related molecules [Cg¥¥¥Cg 3.387(5) and
3.511(5) ä for pairs formed up by molecules 1 and 2, respec-
tively] and some C�H¥¥¥p-ring interactions (see Table 2). In
summary, the crystal packing of 4b is a columnar assembly
of polar, hydrogen-bonded (purine) and non-polar parts
(phenyl and ferrocenyl groups) [Note: the ferrocene units
are nearly parallel and stacked into columns, though distant;
the distance of their p-rings are ca. 5.7 and 5.9 ä].


Electrochemistry : The experimentally followed electro-
chemical response is a diffusion controlled one-electron re-
versible oxidation of the ferrocene system to ferricinium
cation (Figures 6 and 7). The results are summarized in
Table 3. The oxidation potentials of compounds 3a±c are
about 200 mV more positive than that of unsubstituted fer-
rocene whereas compounds 4a±c are oxidized more easily
than ferrocene itself. The oxidation potentials of the studied
compounds and the difference in the oxidation potentials
between these two series reflect the properties of the purine
nucleus and the ferrocene-linking group.


Influence of the bridge is evident from a comparison with
two model compounds 1 and FcEt: alkyne 1 is oxidized at
higher potentials than ferrocene (by ca. 150 mV) due to the
electron-withdrawing nature of the triple bond that lowers
electron density at iron and thus shifts the oxidation poten-
tial towards more positive values. On the other hand, FcEt
is oxidized by about 60 mV more easily than ferrocene, re-
flecting an electron-donating effect of the alkyl group. The
difference between these two potentials (0.214 V) represents
approximately the contribution of the bridge to the oxida-
tion potentials as compared to 3a±4a, 3b±4b, and 3c±4c
pairs, respectively.
The differences in oxidation potentials within series 3a±c


and 4a±c can be accounted for an electronic influence of the
parent heterocycle onto the ferrocene unit relayed via the
bridge. In the case of 3a±c, the electronic coupling is appa-
rently enabled by the conjugated alkyne bridge,[14] while the
non-conjugated ethane-1,2-diyl bridge in compounds 4a±c
reduces the influence of the purine moiety (although the ox-
idation potentials of 4a±c are quite similar, they still follow
the same trend as their unsaturated analogues 3a±c, this in-
dicates that the electronic communication is not disrupted
completely by the saturated bridge). The difference in oxi-
dation potentials of compounds 3b and 3c is quite substan-
tial and does not reflect the general differences in electron
densities in positions 2 and 8 on the purine nucleus. The pyr-
imidine moiety is known to behave as a more electron defi-
cient part of the adenine unit[15] and thus one would antici-
pate a higher electron density on iron in compound 3b than
in 3c. In fact, compound 3c is oxidized more easily than 3b.
This discrepancy can be explained by theoretical calculation
(see below).


Table 2. A listing of the major intermolecular interactions for 4b
[ä and 8].[a]


Hydrogen bonding


D�H¥¥¥A D¥¥¥A D�H¥¥¥A
N6-H81¥¥¥N1 & sym(2�x, �y, �z)[b] 2.87(1) 177
N56-H91¥¥¥N51 & sym(1�x, 1�y, 2�z)[b] 2.93(1) 172
N6-H82¥¥¥N53 & sym(1�x, 1�y, 1�z)[c] 3.16(1) 152
N56-H92¥¥¥N3 & sym(1�x, �y, 1�z)[c] 3.10(1) 156
C2-H2¥¥¥N57 & sym(1�x, �y,1�z)[c] 3.45(1) 149


p¥¥¥p stacking


Cg¥¥¥Cg interplanar distance
Pur5(1)¥¥¥Pur5(1) & sym(1�x, �y, �z) 3.387(5) 3.33
Pur5(2)¥¥¥Pur5(2) & sym(�x, 1�y, 2�z) 3.511(5) 3.43


C�H¥¥¥p-ring interactions
C¥¥¥Cg C�H¥¥¥Cg


C10-H10B¥¥¥Pur6(1) & sym(1�x, �y, �z) 3.40(1) 152
C60-H60a¥¥¥Pur6(1) & sym(�x, 1�y, 2�z) 3.43(1) 156
C27-H27¥¥¥Cp2(1) & sym(x, y�1, z) 3.47(1) 163


[a] Pur5 and Pur6 are five- and six-membered purine rings, respectively,
and Cp2 stands for the unsubstituted cyclopentadinenyl ring. The
number, which follows parentheses, indicates the molecule (1,2). [b] As-
sociation into dimers. [c] Cross-linking of the H-bonded dimers.


Table 3. Voltammetric data for compounds 3 and 4 and comparison with
model compounds.


Compound E1/2
[a] (Epc + Epa)/2


[b]


(V, vs Fc/Fc+) (V, vs Fc/Fc+)


3a 0.205 0.205
4a �0.043 �0.045
3b 0.210 0.210
4b �0.035 �0.033
3c 0.165 0.167
4c �0.062 �0.060
1 0.150 0.153
FcEt �0.061[c] ±


[a] Data from voltammetry on rotating Pt-disc electrode. [b] Data from
cyclic voltammetry on stationary Pt-disc electrode. Epc and Epa are catho-
dic and anodic peak potentials, respectively. [c] Data taken from ref. [16].


Figure 6. Cyclic voltammetric curves of compounds 3b (curve a), 4b
(curve b) and ferrocene (dashed line). For conditions see Experimental
Section.


Figure 7. Voltammetric curves of compounds 3c (curve a), 4c (curve b)
and ferrocene (dashed line). For conditions see Experimental section.
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Quantum chemistry calculations : Compounds 3b and 3c as
well as the corresponding ferricinium cations (3b+ and 3c+)
were optimized by B3LYP method using 6-31G** base
(Table 4, Figures S3 ad S4 in the Supporting Information). A


comparison of the calculated
structural data with the molecu-
lar parameters determined by
X-ray crystallography for 3b re-
vealed only insignificant differ-
ences. The largest differences in
interatomic distances were ob-
served for the triple (calcd
1.216, found 1.188(2) ä) and
the C6�N6 bonds (calcd 1.355,
found 1.334(2) ä). As the ferro-
cene and heterocyclic plane in
the calculated structure are
nearly coplanar (dihedral angle
Pur5,Cp1 2.78 ; cf. Pur5,Ph 68.58 and values in Table 1), the
former difference can be ascribed to an increased p-conju-
gation between adenine and ferrocene moieties as compared
to the solid-state. On the other hand, the C6�N6 bond
lengths likely reflect differences between isolated and hy-
drogen-bonded molecules.
When analyzing the locations of frontier MO, we found


that the HOMO orbitals in compounds 3b and 3c are local-
ized at the ferrocene unit. This gives an evidence that oxida-
tion should occur in both systems at the ferrocene. Ioniza-
tion potentials (IP) were calculated both as an energy differ-
ence between the ferrocene derivative and ferricinium
cation and by Koopmans theorem. The theoretical IP calcu-
lated by both methods confirm the experimental findings
that compound 3c is oxidized more easily than 3b. Never-
theless, the calculations also confirmed the assumption that
a higher electron density on ferrocene should occur in 3b
than in 3c. These results clearly show that ionization poten-
tials of ferrocene derivatives may not always be estimated
just from electron densities on ferrocene unit.


Biological activity : Compounds 3 and 4 have been tested for
their in vitro inhibition of cell growth in the following cell
cultures: mouse leukemia L1210 cells (ATCC CCL 219),
human promyelocytic leukemia HL60 cells (ATCC
CCL 240), human cervix carcinoma HeLa S3 cells (ATCC
CCL 2.2), and human T lymphoblastoid CCRF-CEM cell
line (ATCC CCL 119). The results (Table 5) indicate that


some of the compounds exhibit a considerable antiprolifera-
tive activity against L1210, HL60 and CCRF-CEM cell-lines
but not against HeLa cells. The saturated derivatives 4a and
4c were the most active compounds in the whole series,


having the IC50 values in micro-
molar concentrations. Such an
activity is one to two orders of
magnitude lower compared
with the standard cytostatic 1-
(b-d-2-deoxy-erythro-pentofura-
nosyl)-5-fluorouracil (FUDR).
Nevertheless, these novel com-
pounds represent a new lead
structure in the design of anti-
neoplastic agents.


Conclusion


Sonogashira cross-coupling reactions of 1 with halopurines
was confirmed to be a method of choice for the preparation
of ferrocene-purine conjugates linked either via conjugated
acetylene bridge or via non-conjugated ethane-1,2-diyl
spacer. Such ferrocene-marked purines may be used as elec-
trochemical markers of DNA or purine-based drugs detecta-
ble in very low concentrations. Electrochemical experiments
proved that the ferrocene moiety is highly sensitive to the
electronic changes on the purine ring and thus it may be ex-
pected that further studies could lead to the development of
sensors based on these derivatives (studies in these direc-
tions are underway). Each of the three types of ferrocene±
purine conjugates (linked via purine carbons 2, 6 or 8) has a
distinct electrochemical response and thus such compounds
may be used in investigations of modes of binding of some
purines to proteins or nucleic acids (in each of them one po-
sition is blocked by the marker). Moreover, some of the
studied purine derivatives displayed a considerable cytostat-
ic effect.


Experimental Section


Unless otherwise stated, solvents were evaporated at 40 8C/2 kPa and
compounds were dried at 60 8C/2 kPa. Melting points were determined
on a Kofler block and are uncorrected. NMR spectra were measured on


Table 4. Calculated energies and ionization potentials (IP) for 3b and 3c.


Compound E[a] IP[b] IP[c] Charge density[d]


[hartree] [eV] [eV] on ferrocene


3b �2463.38581897 6.02 5.34 +0.0297
3b+ �2463.16476698
3c �2463.38093335 5.89 5.19 +0.0365
3c+ �2463.16459580


[a] Total energies by B3LYP6-31G**. [b] Ionization potential as energy difference between the ferrocene de-
rivative and its ferricinium cation. [c] Ionization potential by Koopmans theorem. [d] Sum of atomic charges
for ferrocen unit by NBO method.


Table 5. Cytostatic activity of compounds 3 and 4.


Compound IC50 [mmolL
�1][a]


L1210 HL60 HeLa S3 CCRF-CEM


3a NA[b] NA NA NA
3b NA NA NA 13.7
3c 16.5 6.6 NA 6.7
4a 3.0 2.7 NA 2.6
4b NA NA NA 8.0
4c 6.7 4.7 NA 3.8
FUDR[c] 0.012 0.012 >25 0.017


[a] Values are means of four experiments, standard deviation is given in parentheses; [b] NA=not active (in-
hibition of cell growth at 10 mm was lower than 30%); [c] 1-(b-d-2-deoxy-erythro-pentofuranosyl)-5-fluoroura-
cil.
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a Bruker AMX-3 400 (400 MHz for 1H and 100.6 MHz for 13C nuclei) or
a Bruker DRX 500 (500 MHz for 1H and 125.8 MHz for 13C) spectrome-
ters. Tetramethylsilane was used as an internal standard. Mass spectra
were measured on a ZAB-EQ (VG Analytical) spectrometer using FAB
(ionization by Xe, accelerating voltage 8 kV, glycerol matrix). Cytostatic
activity tests were performed as described in ref. [8a].


Et3N was degassed in vacuo and stored over molecular sieves under
argon. DMF was distilled from P2O5, degassed in vacuo and stored over
molecular sieves under argon. Starting compounds 1,[17] 2a[18] and 2b[19]


were prepared according to the literature procedures. Other chemicals
were purchased from commercial suppliers and used as received.


2-Chloro-9-benzyladenine (2c): A mixture of 2-chloroadenine (10 g,
59 mmol), K2CO3 (26 g, 188 mmol) and DMF (150 mL) was stirred at
50 8C for 1 h under Ar. After cooling to RT, benzyl chloride (12 mL) was
added through a septum and the mixture was stirred at 90 8C for 18 h.
The solvent was evaporated and the residue was purified by chromatog-
raphy on a silica gel column (400 g, ethyl acetate/MeOH 10:0!8:2) to
give the title compound accompanied by a complex mixture of the start-
ing material and some side-products. The title compound was recrystal-
lized from MeOH/toluene to yield colourless crystals (3.76 g, 25%). M.p.
222±225 8C; 1H NMR ([D6]DMSO, 500 MHz): d=5.32 (s, 2H, CH2Ph),
7.25±7.36 (m, 5H, H-arom.), 7.78 (s, 2H, NH2), 8.24 (s, 1H, H-2);
13C NMR ([D6]DMSO, 125.8 MHz): d=46.22 (CH2Ph), 117.71 (C-5),
127.32, 127.74, 128.68 (CH-arom.), 136.66 (C-i-arom.), 141.39 (CH-8),
150.52 (C-4), 153.09 (C-6), 156.76 (C-2); 1H,13C HMBC cross-peaks: CH2


to CH-8 and C-4; EI MS: m/z (%): 259 (21) [M +], 224 (6), 182 (8), 91
(100); exact mass (EI HR MS): calcd for C12H10ClN5: 259.0625; found:
259.0615; elemental analysis calcd (%) for C12H10ClN5 (259.7): C 55.50,
H 3.88, N 26.97, Cl 13.65; found: C 55.62, H 3.96, N 26.64, Cl 14.00.


General procedure : Cross-coupling of halopurines 2 with ethynylferro-
cene


DMF (12 mL) and Et3N (4 mL) were added through a rubber septum to
an argon purged flask containing halopurine 2a±c (2 mmol), ethynylfer-
rocene (1) (465 mg, 2.2 mmol), CuI (50 mg, 0.25 mmol), and [Pd(PPh3)4]
(100 mg, 0.087 mmol). After the mixture had been stirred at 120 8C for
16 h, the solvents were evaporated in vacuo and the residue purified by
column chromatography on silica gel (150 g, ethyl acetate/light petroleum
1:2, and then ethyl acetate to ethyl acetate/MeOH 9:1).


9-Benzyl-6-(ferrocenylethynyl)purine (3a): Yield 86%; dark red crystals;
m.p. 158±161 8C (CH2Cl2/heptane);


1H NMR (CDCl3, 400 MHz): d=4.29
(s, 5H, H�Fc), 4.38 (s, 2H, H�Fc), 4.75 (s, 2H, H�Fc), 5.48 (s, 2H,
CH2Ph), 7.28±7.39 (m, 5H, H-arom.), 8.12 (s, 1H, C-8), 8.96 (s, 1H, H-2);
13C NMR (CDCl3, 100.6 MHz): d=47.36 (CH2Ph), 62.43 (C-Fc), 70.08,
70.34, 72.72 (CH�Fc), 81.59, 100.22 (C�C), 127.81, 128.66, 129.18 (CH-
arom.), 133.62, 135.00 (C-i-arom. and C-5), 142.45 (C-6), 144.57 (CH-8),
151.52 (C-4), 152.86 (CH-2); IR (CHCl3): ñ=2207, 1578, 1498, 1432,
1400, 1327 cm�1; EI MS: m/z (%): 418 (73) [M +], 353 (12), 327 (7), 121
(6), 91 (100); exact mass (EI HR MS): calcd for C24H18FeN4: 418.0881;
found: 418.0884; elemental analysis calcd (%) for C24H18FeN4 (418.3): C
68.92, H 4.34, N 13.39; found: C 68.71, H 4.40, N 13.38.


9-Benzyl-8-(ferrocenylethynyl)adenine (3b): Yield 92%; dark red crystals
from EtOH/toluene; m.p. >215 8C (slow decomp.); 1H NMR
([D6]DMSO, 500 MHz): d=4.21 (s, 5H, H�Fc), 4.43 (t, 2H, J=1.6 Hz,
H�Fc), 4.68 (t, 2H, J=1.6 Hz, H-Fc), 5.44 (s, 2H, CH2Ph), 7.30±7.41 (m,
5H, H-arom.), 7.45 (s, 2H, NH2), 8.21 (s, 1H, H-2); 13C NMR
([D6]DMSO, 125.8 MHz): d=46.01 (CH2Ph), 61.34 (C-Fc), 69.95, 70.01,
71.68 (CH-Fc), 75.25, 95.27 (C�C),118.67 (C-5), 127.37, 127.78, 128.69
(CH-arom.), 133.69, 136.73 (C-i-arom. and C-8), 153.66 (CH-2), 149.30,
155.65 (C-4, C-6); IR (CHCl3): ñ=2223, 1633, 1588, 1575, 1464,
1327 cm�1; UV/Vis (MeOH): lmax (e)=449 (1300), 308 nm (24000); EI
MS: m/z (%): 433 (100) [M +], 368 (11), 342 (10), 121 (26), 91 (70); exact
mass (EI HR MS): calcd for C24H19FeN5: 433.0990; found: 433.1000; ele-
mental analysis calcd (%) for C24H19FeN5 (433.3): C 66.53, H 4.42, N
16.16; found: C 66.22, H 4.45, N 16.04.


9-Benzyl-2-(ferrocenylethynyl)adenine (3c): Reaction time 36 h, yield
37% (40% of starting compound was recovered), red crystals from
EtOH/toluene; m.p. 138 8C (decomp); 1H NMR (CDCl3, 400 MHz): d=
4.28 (br s, 7H, CH�Fc), 4.66 (br s, 2H, CH�Fc), 5.40 (s, 2H, CH2Ph), 5.95
(s, 2H, NH2), 7.26±7.40 (m, 5H, H-arom.), 7.72 (s, 1H, H-8);


13C NMR
(CDCl3, 100.6 MHz): d=47.16 (CH2Ph), 63.26 (C-Fc), 69.38, 70.11, 72.35


(CH�Fc), 85.69, 85.88 (C�C), 118.62 (C-5), 127.96, 128.45, 129.08 (CH-
arom.), 135.45 (C-i-arom.), 140.89 (CH-8), 147.20, 150.52, 155.26 (C-2, C-
4, C-6); IR (CHCl3): ñ=2217, 1627, 1586, 1444, 1384, 1362 cm


�1; UV/Vis
(MeOH): lmax (e)=449 (500), 366 (1400), 308 (8500); 265 nm (19800); EI
MS: m/z (%): 433 (100) [M +], 342 (7), 91 (26); exact mass (EI HR MS):
calcd for C24H19FeN5: 433.0990; found: 433.0980; elemental analysis calcd
(%) for C24H19FeN5 (433.3): C 66.53, H 4.42, N 16.16; found: C 66.20, H
4.40, N 15.95.


General procedure : Hydrogenation of alkynylpurines 3


A solution of an ethynylpurine 3 (1 mmol) in a mixture of dioxane
(20 mL), ethanol (100 mL) and acetic acid (20 mL) was hydrogenated in
the presence of 10% Pd/C (150 mg) under atmospheric pressure for 36 h.
The catalyst was filtered off, the mixture evaporated, and the residue pu-
rified by chromatography on a silica gel column (150 g, ethyl acetate/light
petroleum 1:2, then ethyl acetate to ethyl acetate/MeOH 9:1).


9-Benzyl-6-(2-ferrocenylethyl)purine (4a): Yield 52%; brownish oil that
crystallized on standing; m.p. 127 8C (decomp); 1H NMR (CDCl3,
400 MHz): d=2.96 (dd, 2H, J=8.4, 7.7 Hz, CH2CH2), 3.45 (dd, 2H, J=
8.4, 7.7 Hz, CH2CH2), 4.04 (s, 2H, H-Fc), 4.11±4.15 (s, 7H, H-Fc), 5.44 (s,
2H, CH2Ph), 7.29±7.36 (m, 5H, H-arom.), 8.00 (s, 2H, H-8), 8.94 (s, 1H,
H-2); 13C NMR (CDCl3, 100.6 MHz): d=28.14, 34.49 (CH2CH2), 47.24
(CH2Ph), 67.20, 68.04, 68.49 (CH�Fc), 88.22 (C�Fc), 127.81, 128.55,
129.11 (CH-arom.), 132.44, 135.18 (C-5, C-i-arom.), 143.55 (CH-8),
152.61 (CH-2); 150.87 (C-4), 162.09 (C-6); IR (CHCl3): ñ=1596, 1499,
1456, 1406, 1332 cm�1; EI MS: m/z (%): 422 (100) [M +], 357 (95), 279
(16), 224 (16), 91 (99); exact mass (EI HR MS): calcd for C24H22FeN4:
422.1194 found: 422.1200; elemental analysis calcd (%) for C24H22FeN4
(422.3): C 68.26, H 5.25, N 13.27; found: C 68.22, H 5.42, N 12.96.


9-Benzyl-8-(2-ferrocenylethyl)adenine (4b): Yield 71%; yellow crystals
from MeOH/toluene/heptane; m.p. 198 8C (decomp); 1H NMR (CDCl3,
500 MHz): d=2.75 (dd, 2H, J=8.5, 7.3 Hz, CH2CH2), 2.90 (dd, 2H, J=
8.5, 7.3 Hz, CH2CH2), 3.98 (s, 2H, H�Fc), 4.04 (s, 5H, H�Fc), 4.05 (m,
2H, H�Fc), 5.26 (s, 2H, CH2Ph), 5.69 (s, 2H, NH2), 7.10±7.12 (m, 2H, H-
arom.), 7.27±7.33 (m, 3H, H-arom.), 8.37 (s, 1H, H-2); 13C NMR (CDCl3,
125.8 MHz): d=27.75, 29.87 (CH2CH2), 45.59 (CH2Ph), 67.58, 68.05,
68.52 (CH�Fc), 86.98 (C-Fc), 118.54 (C-5), 126.81, 128.00, 128.96 (CH-
arom.), 135.97 (C-i-arom.), 152.51 (CH-2), 151.43, 152.83, 154.46 (C-4, C-
6, C-8); IR (CHCl3): ñ=1633, 1608, 1498, 1456, 1385, 1327 cm


�1; EI MS:
m/z (%): 437 (70) [M +], 372 (85), 281 (21), 121 (45), 91 (100); exact
mass (EI HR MS): calcd for C24H23FeN5: 437.1303 found: 437.1307; ele-
mental analysis calcd (%) for C24H23FeN5 (437.3): C 65.91, H 5.30, N
16.01; found: C 65.70, H 5.33, N 15.92.


9-Benzyl-2-(2-ferrocenylethyl)adenine (4c): Yield 56%; orange crystals
from MeOH/toluene/heptane; slow decomp. above 80 8C; 1H NMR
(CDCl3, 400 MHz): d=2.89, 3.08 (2îbr t, 2î2H, J=7.6 Hz, CH2CH2),
4.03±4.15 (brm, 9H, H-Fc), 5.36 (s, 2H, CH2Ph), 5.70 (s, 2H, NH2), 7.20±
7.40 (brm, 5H, H-arom.), 7.69 (s, 1H, H-8); 13C NMR (CDCl3,
100.6 MHz): d=28.52, 40.51 (CH2CH2), 47.05 (CH2Ph), 67.05, 68.10,
68.46 (CH�Fc), 88.82 (C-Fc), 117.76 (C-5), 127.95, 128.30, 128.97 (CH-
arom.), 135.90 (C-i-arom.), 139.95 (CH-8), 151.03, 155.17 (C-4, C-6),
165.43 (C-2); IR (CHCl3), ñ=1626, 1592, 1498, 1456, 1391, 1339 cm


�1; EI
MS: m/z (%): 437 (100) [M +], 372 (62), 294 (29), 121 (36), 91 (80); exact
mass (EI HR MS); calcd for C24H23FeN5: 437.1303; found: 437.1306; ele-
mental analysis calcd (%) for C24H23FeN5 (437.3): C 65.91, H 5.30, N
16.01; found: C 65.84, H 5.48, N 15.73.


X-Ray crystallography : Single-crystals were grown by crystallization
from dichloromethane/hexane (3a : ruby red prism, 0.27î0.32î0.40 mm3;
4a : orange-yellow block, 0.28î0.28î0.30 mm3; 3b : rusty orange block,
0.13î0.25î0.33 mm3). Repeated attempts at obtaining single crystals of
4b resulted only in thin, layered crystalline aggregates. Finally, a very
thin yellow plate (0.30î0.13î0.03 mm3) was selected after crystallizatiom
from MeOH/toluene and subjected to crystallographic analysis. Although
the obtained data and, consequently, the structure determination are of a
rather low precision (see R values and residual electron density in
Table 6), the overall chemical picture, and particularly the crystal pack-
ing, which shows interresting features very different from other studied
compounds, are unambiguous.


Full-set diffraction data (�h�k� l) for all compounds were collected on
an Nonius KappaCCD diffractometer equipped with Cryostream Cooler
(Oxford Cryosystems) at 150(2) K using graphite monochromatized MoKa
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radiation (l=0.71073 ä) and analyzed with HKL program package.[20]


No absorption correction was applied. The structures were solved by
direct methods (SIR97, ref. [21]) and refined by weighted full-matrix
least squares procedure on F 2 (SHELXL97, ref. [22]). All non hydrogen
atoms were refined with anisotropic thermal motion parameters. Hydro-
gen atoms at the amine nitrogen N6 in 3a were identified on difference
electron density maps and freely refined. All other hydrogen atoms were
included in the calculated positions [C�H bond lengths 0.97 (methylene),
and 0.93 (aromatic) ä; N�H in 4b 0.86 ä] and assigned Uiso(H)=
1.2 Ueq(C) or Uiso(H)=1.5 Ueq(N). The final geometric calculations were
carried out with Platon program.[23] Relevant crystallographic data and
structure refinement parameters are summarized in Table 6.


CCDC-216296 (3a), -216297 (4a), -216298 (3b), and -216299 (4b) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223±336±033; or de-
posit@ccdc.cam.uk).


Electrochemistry : The electrochemical measurements were performed
using the potentiostat LP3 (LaboratornÌ prœÌstroje, Prague) in a standard
three-electrode mode. The ™Metrohm type∫ cell was filled with 0.1m
Bu4NPF6 in acetonitrile (10 mL) and deaerated by argon. The concentra-
tion of studied compounds was 1.10�5m. Platinum rotated disk electrode
(RDE) with diameter 1.5 mm or platinum stationary disk electrode were
used as working electrodes, platinum wire as auxiliary electrode and a sa-
turated calomel electrode (SCE) with a non-aqueous bridge filled with
acetonitrile solution of Bu4NPF6 solution served as the reference elec-
trode. Two techniques were used: voltammetry at rotating electrode
(1000 min�1; v=10 mVs�1) and cyclic voltammetry (CV) at the stationary
electrode (v=200 mVs�1). All potentials are given relative to ferrocene/
ferricinium couple.


Calculations : The geometry of both molecules (3b and 3c) was optimized
using the DFT/B3LYP method with 6-31G** basis set. Natural bond or-
bital analysis yielding charges and electron density distributions was per-
formed for both optimized structures at the same theoretical level. Ioni-
zation potential was determined using the Koopmans theorem. Further,
it was also calculated as a difference between the energy of the parent
(neutral) system and respective cation radical. The geometry of radical
cations of both structures was again optimized at the DFT/B3LYP level
using the 6-31G** basis set. All calculations were performed with Gaussi-
an 98.[24]
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Highly Conjugated p-Quinonoid p-Extended Tetrathiafulvalene Derivatives:
A Class of Highly Distorted Electron Donors
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Dedicated to Professor Jose L. Soto on the occasion of his retirement


Introduction


Over the past three decades, much attention has been fo-
cused on the development of new planar electron donors as
integrative building blocks for organic conductors. In this
context, the use of p-conjugated planar electron donors and
acceptors has been recognized as a successful approach to
the assembly of electrically conducting molecular crystals, in
which donors and acceptors form segregated stacks.[1] Tetra-
thiafulvalenes (TTF, 1) and their derivatives, including those
that incorporate other chalcogenides (i.e. , Se and Te),
emerged as nearly planar electron-donor molecules and
have been extensively used in the preparation of electrically
conducting and superconducting molecular materials.[2]


Particularly interesting electron donors are 9,10-bis(1,3-di-
thiol-2-ylidine)-9,10-dihydroanthracene derivatives (exTTF,
2). Despite their highly distorted structures, which show a
discernible deviation from planarity,[3] electrically conduct-
ing charge-transfer complexes (CTC) have been prepared
by reacting these donors with strong electron acceptors such
as tetracyano-p-quinodimethane (TCNQ).[4] Recently, these
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Abstract: A new class of p-extended
TTF-type electron donors (11a±c) has
been synthesized by Wittig±Horner
olefination of bianthrone (9) with 1,3-
dithiole phosphonate esters (10a±c). In
cyclic voltammetry experiments,
donors 11a±c reveal a single, electro-
chemically irreversible oxidation–
yielding the corresponding dicationic
products–at relatively low oxidation
potentials (~0.7±0.8 V). Theoretical
calculations, performed at the DFT
level (B3P86/6-31G*), predict a
highly-folded C2h structure for 11a. In
the ground state, the molecule adopts a
double saddle-like conformation to


compensate the steric hindrance. The
calculations suggest that the intramo-
lecular charge transfer associated with
the HOMO!LUMO transition is re-
sponsible for an absorption band ob-
served above 400 nm. While the radical
cation 11aC+ retains the folded C2h


structure predicted for the neutral mol-
ecule as the most stable conformation,
the dication 11a2+ has a fully aromatic


D2 structure, formed by an orthogonal
9,9’-bianthryl central unit to which two
singly-charged dithiole rings are attach-
ed. The drastic conformational changes
that compounds 11 undergo upon oxi-
dation account for their electrochemi-
cal properties. By means of pulse radi-
olysis measurements, radical-induced
one-electron oxidation of 11a±c was
shown to lead to the radical cation spe-
cies (11a±cC+), which were found to
disproportionate with generation of the
respective dication species (11a±c2+)
and the neutral molecules (11a±c).


Keywords: cyclic voltammetry ¥
density functional calculations ¥
pulse radiolysis ¥ sulfur
heterocycles ¥ tetrathiafulvalene
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p-quinonoid p-extended TTF derivatives (exTTF), which re-
lease two electrons simultaneously in a single quasi-reversi-
ble electron-transfer process, have been covalently linked to
various electron-acceptor molecules, affording topologically
diverse donor±acceptor (D±A) systems. Several interesting
physico-chemical properties have been reported for these
D±A systems, such as: i) nonlinear optical effects with 3,[5]


ii) efficient monitoring of metal complexation when, for
example, a crown-ether moiety is fused to exTTF 4,[6] and
iii) isolation of covalent D2+-s-AC� species.[7]


The interest in implementing exTTFs in fields other than
organic conductors led to a need for the development of
synthetic methodologies that would allow access to function-
alized exTTF derivatives that could serve as versatile build-
ing blocks in the design of more sophisticated architectures.[8]


During recent years, we have directed our efforts towards
covalently linking exTTF systems to electron acceptors such
as C60.


[9,10] The remarkable electron-acceptor properties of
fullerenes, that is, their ability to accept up to six electrons
in solution,[11] prompted us to try to integrate them into
novel artificial photosynthetic systems.[12] Our approach to
the design of C60-based D±A systems is based on molecular
donor units that become aromatic upon oxidation. In fact,
the gain of aromaticity is central to the stabilization of the
charge-separated state.[13] TTF and, particularly, exTTF fulfil
these requirements and to demonstrate the benefits of this
aromaticity concept we report here on the dyads 5±7, for
which charge-separated state lifetimes ranging from a few


nanoseconds (5) to several hundreds of nanoseconds (6, 7)
have been measured.[9] Moreover, the use of gradient redox
centers, by linking, for example, two different exTTF units
to C60 (8) extends the charge-separated state lifetime to a
value of the order of ~100 ms.[10c] The long lifetimes in
exTTF/C60 dyads can be rationalized on the basis of the low
reorganization energy of C60


[14] coupled with the gain of aro-
maticity/planarity of the exTTF moieties which occurs upon
oxidation.[3]


Our interest in developing novel p-extended TTF archi-
tectures that would show an even more pronounced gain of
aromaticity and planarity during their oxidation processes
initiated a pursuit of bianthracene electron-donor deriva-
tives (11a±c). Bianthracene compounds are composed of
two independent anthracene skeletons, in which the two di-
thiole rings are separated by much greater distances than,
for example, in exTTFs (2). Consequently, it seems reasona-
ble to expect an even greater gain of aromaticity and in-
crease in planarity during the oxidation process.


We report herein on the synthesis of a new class of bian-
thracene electron donors (11a±c) and the spectroscopic
characterization of their oxidized species by means of radia-
tion chemical and electrochemical techniques. The present
work is complemented by theoretical calculations at the
density functional theory (DFT) level in order to shed light
on the structural and electronic properties of these electron-
donor molecules.


Results and Discussion


Synthesis : The novel electron-donor molecules 11a±c were
prepared according to the protocol summarized in
Scheme 1. The Wittig±Horner olefination reaction of com-
mercially available and poorly soluble bianthrone (9) with
the carbanion of phosphonate esters 10a±c, generated in the
presence of n-butyllithium at �78 8C, afforded bis(1,3-di-
thiol-2-ylidene)-9,9’-bis(9,10-dihydroanthracene) derivatives
11a±c as air-stable orange solids in good yields.[15] The pre-
cursors, that is, phosphonate esters (10a±c), were prepared
by way of a multi-step synthesis starting from substituted
1,3-dithiole-2-thiones.[16]


Abstract in Spanish: Una nueva familia de molÿculas dado-
ras de electrones de tipo TTF p-extendido, altamente conju-
gadas, (11a±c) se han sintetizado mediante la reacciÛn de
olefinaciÛn de Wittig±Horner de la biantrona (9) con fosfo-
natos de 1,3-ditiol (10a±c). En los experimentos de voltam-
perometrÌa cÌclica, los dadores 11a±c muestran una Çnica
onda de oxidaciÛn electroquÌmicamente irreversible–dando
lugar a los productos dicatiÛnicos–a potenciales relativa-
mente bajos (~0.7±0.8 V). Cµlculos teÛricos, llevados a cabo
a nivel DFT (B3P86/6-31G*), predicen una estructura C2h al-
tamente distorsionada para 11a. La molÿcula adopta una
conformaciÛn en forma de doble mariposa para aliviar el im-
pedimento estÿrico. Los cµlculos sugieren que la transferencia
de carga intramolecular asociada a la transiciÛn HOMO!
LUMO es responsable de la banda de absorciÛn observada
por encima de 400 nm en el espectro electrÛnico. El catiÛn ra-
dical 11aC+ retiene la estructura C2h plegada predicha para la
molÿcula neutra como la conformaciÛn mµs estable. Por el
contrario, el dicatiÛn 11a2+ muestra una estructura D2 total-
mente aromµtica, formada por una unidad central de 9,9’-
biantrilo ortogonal, unida a los anillos cargados de ditiol.
Los profundos cambios conformacionales que experimentan
los compuestos 11 tras la oxidaciÛn explican sus propiedades
electroquÌmicas. Medidas de radiÛlisis de pulso, esto es, la
oxidaciÛn monoelectrÛnica de 11a±c inducida por radicales,
conduce a las especies catiÛn radical (11a±cC+), las cuales
dismutan para generar las respectivas especies dicatiÛnicas
(11a±c2+) y la molÿcula neutra (11a±c).


Scheme 1.
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Compounds 11a±c showed low solubility in common or-
ganic solvents and, therefore, we were unable to record
their 13C NMR spectra. Despite this, the spectroscopic data
support the proposed structures. The 1H NMR spectra of
11a±c show, in addition to the expected signals of the an-
thracene moieties, signals due to the substituents on the 1,3-


dithiole rings as a singlet at d


= 6.34 (4H) for 11a, a singlet
at d = 2.50 (4SCH3) for 11b,
and a multiplet at d = 3.37 (4 -
CH2�S) for 11c. The structures
of compounds 11a±c were fur-
ther verified by mass spectrom-
etry.


Figure 1 shows the UV/Vis
spectrum recorded for 11a in
dichloromethane solution; the
spectra of 11b and 11c exhibit
similar optical absorption fea-
tures. All three compounds
have a broad absorption band
above 400 nm. In 11a, the band
appears at 431 nm and shifts
bathochromically for 11b
(436 nm) and 11c (450 nm) due
to the electron-releasing char-
acter of the substituents attach-
ed to the dithiole rings (i.e.,
SCH3 and (SCH2)2). It should
be noted that the lmax values
measured for compounds 11a±c
are similar to those previously
reported for the related com-
pounds 2a±c (2a : 428 nm; 2b :
434 nm; 2c : 446 nm).[17] The
shifts are small in spite of the
larger size of the conjugated
bianthracene spacer in 11a±c,
which suggests that the elec-
tronic interaction between the
two anthracene units is rather
weak. The UV/Vis data are dis-
cussed further in the theoretical
section.


Electrochemistry : The redox
potentials of 11a±c were deter-
mined by cyclic voltammetry
(CV) measurements, carried
out at a scan rate of 100 mVs�1


in dichloromethane solution at
room temperature with tetrabu-
tylammonium perchlorate
(0.1m) as supporting electrolyte,
Ag/Ag+ as a reference elec-
trode, and GCE as the working
electrode. Figure 2 depicts the
CV recorded for 11a as a repre-
sentative example.


Compounds 11a±c give rise to an electrochemically irre-
versible oxidation wave, involving two electrons, during
which the respective dications are formed (11a : Eap


1,ox =


0.74 V; 11b : Eap
1,ox = 0.81 V; 11c : Eap


1,ox = 0.82 V). The re-
duction wave, corresponding to the reversion of the dication
to the neutral molecule, is observed at negative values (11a :


Chem. Eur. J. 2004, 10, 2067 ± 2077 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2069


p-Extended TTF Donors 2067 ± 2077



www.chemeurj.org





Ecp
1,red = �0.25 V; 11b : Ecp


1,red = �0.11 V; 11c : Ecp
1,red =


�0.09 V). The large splitting between the oxidation and the
reduction potentials could suggest, among other possibilities,
a high activation barrier when going from the dication state
to the neutral molecule. As is generally observed for TTF
derivatives, the unsubstituted compound 11a shows a better
donor character than 11b,c, despite the electron-releasing
character of the SCH3 and (SCH2)2 substituents. This effect
has been discussed in relation to the parent TTF molecule,
and can be attributed to solvation interactions that lead to a
greater stabilization of the oxidized species in the case of
the unsubstituted dithiole rings.[18]


The electrochemical behavior of the novel donors 11a±c
is similar to that observed for the related structures 2a±c.[3,4]


In the latter case, the two-electron nature of the oxidation
wave is well established,[15] the coalescence being attributa-
ble to the structural rearrangement that accompanies the
redox process, namely the transformation of a strongly bent
neutral state into a fully aromatic dication species.[3,4a,8d,19] A
similar structural rearrangement can be expected for 11a±c.
As previously shown for compounds 2,[15,19,20] the scan rate
and the temperature at which the CV measurements are
made are of critical importance with regard to the electro-


chemical behavior. These factors strongly influence the equi-
librium between the species appearing during the oxidation/
reduction processes, and can be correlated with the confor-
mational rearrangements that accompany these processes.


Electrochemical data for 11a have been previously re-
ported by Bryce et al.[15] Interestingly, compounds 11a±c ex-
hibit an inferior electron-donor ability in comparison with
exTTF (Eap


1,ox = 0.40 V).[20] The shift in oxidation potential
can be rationalized in terms of the large distance separating
the two dithiole rings, which in 11a±c behave as nearly inde-
pendent units connected through a hydrocarbon skeleton.[21]


Theoretical calculations : To gain a deeper understanding of
the experimental trends, the molecular structures and elec-
tronic properties of the neutral and oxidized states of 2a
and 11a were theoretically investigated. Here, 2a was stud-
ied as a reference system. Most of the calculations were per-
formed within the density functional theory (DFT) approach
using the gradient-corrected B3P86 hybrid functional and
the 6-31G* basis set (B3P86/6-31G*). DFT calculations in-
clude electron correlation effects at a relatively low compu-
tational cost and are known to provide accurate equilibrium
geometries.[22]


Neutral compounds : As discussed in a preceding paper,[3]


the minimum-energy conformation of 2a corresponds to a
butterfly-shaped nonplanar C2v structure. The structure is il-
lustrated in Figure 3a. The planar D2h structure of the mole-
cule is strongly hindered by the very short contacts
(1.978 ä) between the sulfur atoms and the hydrogen atoms
in the peri positions. To relieve these interactions, the cen-
tral ring folds into a boat conformation and the molecule
adopts a butterfly- or saddle-like structure, in which the ben-
zene rings point upwards and the dithiole rings point down-
wards. The resulting C2v conformation is more stable than
the fully planar D2h structure by 37.71 kcalmol�1, and is per-
fectly consistent with the crystal structures observed for dif-
ferent derivatives of 2.[4a,8d,19]


In compounds 11a±c, additional steric repulsion arises be-
tween the hydrogen atoms at the 1,8’ and 1’,8 peri positions
in the inter-anthracene region (see Scheme 1 for atom num-
bering). To relieve these interactions, the molecule of 11a
folds, in a similar manner as a molecule of 2a, so as to
adopt a double-butterfly or saddle-like structure in which
the two anthracene moieties are bent away from one anoth-
er (see Figure 3b). The minimum-energy structure predicted
theoretically has a center of symmetry (i.e., C2h point group)
and is consistent with the X-ray crystal structures reported
for the bianthrone molecule[23] and for an electron-acceptor
analogue of 11a in which the dithiole rings are replaced by
dicyanomethylene units.[24]


The distortions from planarity of molecule 11a can also
be described in terms of various angles. Thus, the anthra-
cene systems are folded along the C9¥¥¥C10 and C9’¥¥¥C10’
vectors by 42.38. This value compares well with that report-
ed for the bis(dicyanomethylene) analogue of 11a[24] and
those found for a series of derivatives of 2a (35±458).[4a,8d,19]


The outer benzene rings preserve their planarity and are ro-
tated by an average angle of 44.18 out of the plane of the


Figure 1. UV/Vis absorption spectrum of compound 11a in dichlorome-
thane at room temperature.


Figure 2. Room temperature cyclic voltammogram of 11a in dichlorome-
thane (scan rate: 100 mVs�1; working electrode: glassy carbon; reference
electrode: Ag/Ag+ ; supporting electrolyte: Bu4NClO4).
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central ethylene subunit. The dithiole rings are each tilted
by 34.58 with respect to the planes defined by atoms C11-
C12-C13-C14 and C11’-C12’-C13’-C14’, respectively. Overall,
the rings are folded by 8.08 along their S¥¥¥S axes.


Figure 4a summarizes the B3P86/6-31G*-optimized
values for selected bond lengths of 11a. Apart from the car-
bon�carbon (CC) bonds of the dithiole rings (1.336 ä), the
shortest bond lengths correspond to the exocyclic C9�C9’,
C10�C15, and C10’�C15’ bonds (~1.36 ä) that link the four
structural subunits. The outer benzene rings of the anthra-
cene units preserve their aromaticity, since all the CC bonds
forming these rings have a length of 1.40�0.01 ä and
define internal bond angles of 120�18. The CC bonds that
connect the benzene rings with the exocyclic C=C bonds, on
the other hand, have mainly single-bond character (~
1.48 ä). In summary, the molecular structure of 11a can be
visualized as three ethylene groups linked together by four
aromatic benzenes and end-capped with two electron-donor
dithiole rings.


In Figure 5 the atomic orbital (AO) compositions calculat-
ed for the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of 11a
are displayed. While the HOMO is mainly localized on the
dithiole rings, with significant contributions from the exocy-
clic C=C bonds, the LUMO extends over the anthracene
units with small contributions from the dithiole rings. Com-
pared with 2a, for which the HOMO presents a similar AO
composition and is calculated to lie at �5.23 eV, the HOMO
of 11a lies at �5.35 eV. This stabilization justifies, to a first
approximation, the more positive oxidation potential record-
ed for 11a.


To investigate the nature of
the electronic transitions that
give rise to the absorption
bands observed in the experi-
mental UV/Vis spectrum, the
electronic excited states of 11a
were calculated using the time-
dependent DFT (TDDFT) ap-
proach and the B3P86/6-31G*-
optimized geometry. Our calcu-
lations predict that the lowest-
energy absorption band ob-
served at 431 nm (2.87 eV) for
11a is due to excitation to the
first electronic excited state
(11Bu), which is calculated to lie
2.70 eV above the ground state
(11Ag). For this 11Ag!11Bu


electronic transition we calcu-
lated an oscillator strength (f)
of 0.39. This transition corre-
sponds mainly to the promotion
of one electron from the
HOMO to the LUMO. As
shown in Figure 5, the
HOMO!LUMO promotion
implies some electron-density
transfer from the dithiole rings,


on which the HOMO is mainly located, to the anthracene
units. Calculations therefore suggest that the first absorption
band observed at 431 nm implies some intramolecular


Figure 3. Minimum-energy B3P86/6-31G*-optimized conformations: a) compound 2a (C2v symmetry); b) com-
pound 11a (C2h symmetry).


Figure 4. B3P86/6-31G*-optimized bond lengths [ä] calculated for
a) neutral 11a (C2h symmetry), b) 11aC+ (C2h symmetry), c) 11a2+ (D2


symmetry), and d) anthracene (D2h symmetry). Only a half of molecule
11a is depicted.


Chem. Eur. J. 2004, 10, 2067 ± 2077 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2071


p-Extended TTF Donors 2067 ± 2077



www.chemeurj.org





charge transfer. In contrast to the experimental absorption
data, TDDFT calculations predict a sizeable bathochromic
shift on going from 2a, for which the HOMO!LUMO elec-
tronic transition is calculated at 3.01 eV (experimentally
found 2.90 eV),[17] to 11a (calcd 2.70 eV; found 2.87 eV).


TDDFT calculations indicate that the shoulder observed
at 379 nm (3.27 eV) is due to the transition to the 21Bu


state–calculated to lie at 3.36 eV (f = 0.16)–which mainly
corresponds to the HOMO!LUMO+1 one-electron pro-
motion. The absorption band at 333 nm (3.72 eV) is attribut-
ed to the transitions to the 31Bu and 41Bu states, calculated
at 3.64 eV (f = 0.14) and 3.77 eV (f = 0.21), which have a
high degree of multiconfigurational character (HOMO�2!
LUMO, HOMO�1!LUMO+2, etc.). The calculated verti-
cal excitation energies are in good agreement with the ex-
perimental values and permit a comprehensive assignment
of the spectrum.


Oxidized compounds : The equilibrium geometries of the
cation and dication of 11a were computed at the B3P86/6-
31G* level to investigate how the oxidation process affects
the molecular structure and the electronic properties of the
molecule. The molecular geometries calculated for 11aC+


and 11a2+ were optimized under different symmetry restric-
tions. Figure 4b and c display the optimized bond lengths
corresponding to the minimum-energy conformations calcu-
lated for 11aC+ and 11a2+ , respectively.


Oxidation affects the whole molecule by modifying the
lengths of the bonds in which the electron density in the
HOMO, that is, the orbital from which electrons are re-
moved, is concentrated. In this way, the largest changes cor-
respond to: i) the central C9�C9’ bond, which lengthens
from 1.363 ä (11a) to 1.496 ä (11a2+), ii) the exocyclic
C10�C15 and C10’�C15’ bonds, which lengthen from 1.360
to 1.459 ä, iii) the C15�S and C15’�S bonds, which shorten
from 1.778 to 1.705 ä, and iv) the bonds connecting the
outer benzene rings of the anthracene units to the C9,C9’
and C10,C10’ atoms, which shorten from 1.47±1.48 to 1.41±
1.42 ä. The bond lengths obtained for the cation are similar
to those in the neutral molecule (cf. Figure 4a and b), be-
cause both species show the same molecular conformation.


After removal of the first electron–to generate the
cation–the molecule retains the C2h conformation of the
neutral system (Figure 3b). The most stable conformation of
11aC+ thus corresponds to a butterfly-shaped structure, in


which the distortions from planarity are slightly reduced
with respect to the neutral molecule. In particular, the fold-
ing of the anthracene units decreases from 42.3 to 39.78 and
the tilt angle of the dithiole rings decreases from 34.5 to
32.38.


In contrast, the removal of the second electron–to form
the dication–leads to more marked effects on the molecu-
lar conformation. The lengthening of the exocyclic bonds
allows rotation of the dithiole and anthracene units to mini-
mize the steric interactions. The minimum-energy conforma-
tion of 11a2+ thus corresponds to the D2 structure depicted
in Figure 6a. In this D2 structure, the anthracene units are
almost planar and adopt a mutually orthogonal disposition,
while the dithiole rings are twisted out of the anthracene
planes by 63.88. The butterfly-shaped C2h structure obtained
for 11a and 11aC+ was also considered for 11a2+ , but it was
found to be 28.90 kcalmol�1 higher in energy. The predicted
D2 conformation was calculated to be 0.79 kcalmol�1 more
stable than the D2d conformation, in which the four subunits
constituting the molecule are fully planar and orthogonal.
The conformation predicted for 11a2+ is similar to that ob-
tained for 2a2+ ,[3] for which B3P86/6-31G* calculations pre-
dict a D2h structure with the dithiole rings twisted by 908, in
agreement with experimental data.[4a,19]


The D2 conformation of 11a2+ was used as an alternative
structure in the search for the most stable conformation of
11aC+ . The calculation converged to a D2 structure, in which
the anthracene units are twisted by 78.98 about the central
C9�C9’ bond and the dithiole rings are rotated by 55.78 with
respect to the anthracene planes. Relative to the C2h struc-
ture, the resulting structure is only 1.90 kcalmol�1 higher in
energy. This small energy difference suggests that both
structures (C2h and D2) may be involved in the formation of
11aC+ . Considering the related system, 9,9’-bianthrone, both
structures have indeed been shown to play a role in the
mechanism for the reduction of this molecule.[25] To investi-
gate the possible influence of the solvent on the relative sta-
bilities of the C2h and D2 conformations, the total energies
of the optimized structures were calculated in the presence
of solvents using the Polarized Continuous Model (PCM).[26]


The energy difference between the two structures increases
slightly to 2.49 kcalmol�1 in dichloromethane and to
2.77 kcalmol�1 in the more polar solvent dimethyl sulfoxide.
These energy values indicate that, although the C2h structure
is more stable for 11aC+ , the formation of the D2 structure
cannot be discarded.


The bond lengths calculated for the anthracene units in
the minimum-energy D2 conformation of 11a2+ (Figure 4c)
are almost identical to those obtained for the anthracene
molecule in its neutral state (Figure 4d). This result suggests
that in 11a2+ the electrons have been mainly removed from
the dithiole rings, while the anthracene units remain essen-
tially neutral. The net atomic charges calculated using the
Natural Population Analysis (NPA) algorithm[27] confirm
this assumption, since each dithiole ring in 11a2+ is found to
bear a positive charge of +0.82e. Therefore, we visualize
the dications of compounds 11 as a central 9,9’-bianthryl
unit substituted by singly-charged dithiole rings. Thus, the
dications consist of four aromatic, orthogonally-oriented p-


Figure 5. Electron density contours (0.03 ebohr�3) calculated using the
MOLDEN graphics interface for the HOMO and the LUMO of 11a.
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systems, as sketched in Figure 6b. The D2 conformation ob-
tained for 11aC+ shows a similar structure, with a positive
charge of +0.44e (+0.37e for the C2h conformation) resid-
ing on each dithiole ring and almost neutral anthracene
units.


As for 2,[3,4a, 19,20] the electrochemical behavior of 11 can
be rationalized in terms of the conformational changes pre-
dicted for these extended TTFs upon oxidation. The remov-
al of the first electron would, in principle, lead to the radical
cation in the most stable C2h conformation, which retains
the butterfly-shaped structure of the neutral molecule. As
soon as the cation is formed, it is oxidized to the dication.
For example, in dichloromethane, the energy required for
the first ionization process 11a (C2h) ! 11aC+ (C2h)
(5.42 eV) is calculated to be larger than that required for
the second ionization process 11aC+ (C2h) ! 11a2+ (D2)
(5.15 eV). These ionization energies are thus consistent with
the coalescence of the first two oxidation processes under
the same CV wave observed experimentally for 11. The high
stability of the dications 112+ can be attributed to their
highly aromatic structure, being composed of four aromatic
subunits. Moreover, the large distance between the dithiole
rings (~12 ä) is too great for any significant coulombic re-
pulsion between the extra charges introduced upon oxida-
tion at these rings. The pronounced electrochemical irrever-
sibility measured for the oxidation wave (Eap�Ecp >0.9 V)
can be attributed to the large structural rearrangement that
must take place upon reduction [112+(D2) ! 11(C2h)],
which implies the loss of aromaticity of all four constituent
units.


As indicated in the introduction, the design of compounds
11 has been pursued with a view to integrating them as elec-


tron-donor units in C60-based
D±A systems for photovoltaic
applications. The outstanding
gain of aromaticity that com-
pounds 11 undergo on going
from the neutral molecule (C2h)
to the oxidized species (D2 con-
formations) can be envisaged as
playing a primary role in stabi-
lizing the light-induced intra-
molecular charge-separated
state and thereby in increasing
the lifetime of that state.


Pulse radiolysis : The two-elec-
tron nature of the oxidation
processes that 11a±c exhibited
in the cyclic voltammetry ex-
periments prompted us to
probe their selective one-elec-
tron and two-electron oxidation
by radiation chemical methods.
Here, the reaction under inves-
tigation is the radiation-sensi-
tized one-electron transfer from
11a±c in a non-polar solvent, in
this case 1,2-dichloroethane.


The main products of the radiolysis of C2H4Cl2 are i) the
parent radical cations and ii) free radical species. The latter
are formed by dissociative capture of the ionization elec-
trons according to Equation (1).


2C2H4Cl2
radiolysis
����!C2H4Cl2


Cþ þ CC2H4ClþCl� ð1Þ


Because of the short lifetime of the parent ion, about 130 ns,
and to avoid interference with its fragmentation products, it
was necessary to add 0.5m benzene, which leads to quantita-
tive conversion of the metastable parent ion into the stable
benzene radical cation according to Equation (2). Under the
described experimental conditions, the benzene radical cati-
ons exist in a monomer-dimer equilibrium according to
Equation (3),[28] but we could nevertheless observe the elec-
tron transfer from solutes 11a±c at the 0.1mm level as a
result of reaction according to Equation (4).


C2H4Cl2
Cþ þC6H6 ! C6H6


Cþ þC2H4Cl2 ð2Þ


C6H6
Cþ þC6H6 Ð ðC6H6Þ2 Cþ ð3Þ


p-extended TTFþC6H6
Cþ ! ðp-extended TTFÞCþ þC6H6


ð4Þ


Based on this concept, pulse radiolysis measurements by
means of optical absorption spectroscopy were performed
using 10 nanosecond pulses. This enabled the direct and
time-resolved monitoring of process (4). Upon radiolysis of
nitrogen-purged solutions of 11a±c (~10�4


m) in C2H4Cl2
containing 0.5m benzene, pronounced changes in absorption
were noted throughout the visible part of the spectrum. This


Figure 6. a) Minimum-energy B3P86/6-31G* conformation (D2 symmetry) calculated for 11a2+ . b) Molecular
structure of 11a2+ showing the number of p-electrons of each aromatic subunit.
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is illustrated in Figures 7 and 8.
For 11a, a net decrease in ab-
sorption centered at around
430 nm was observed, a region
in which the ground-state ab-
sorption of the parent com-
pound predominates. Further-
more, absorptions centered at
around lmax = 350, 500, and
620 nm in the visible and an ad-
ditional feature in the infrared
region <900 nm were detected.
From i) the absorption changes
and ii) the absorption±time pro-
files–characteristic examples
are illustrated as insets in
Figure 7–the existence of two
different transients can be es-
tablished. Firstly, we note a
direct product of the electron-
transfer event [Eq. (4)], which
absorbs at around 620 nm. Sec-
ondly, a subsequent product,
formed by second-order decay
of the initial one, is seen with
absorptions between 350 and
500 nm. A concentration varia-
tion, that is, varying the radia-
tion dose, confirmed that the
formation of the subsequent
product strictly obeys a second-
order rate law. The second-
order kinetics of formation and
the long lifetime of the formed
species (t @10 ms) led us to
consider a disproportionation
reaction of the metastable p-
radical cation [Eq. (5)], gener-
ating the corresponding dica-
tion of 11a.


2 ðp-extended TTFÞCþ


! ðp-extended TTFÞ2þ


þp-extended TTF


ð5Þ


As regards the kinetics of the
electron-transfer sequence [i.e. ,
Eqs. (2) to (4)], the time pro-
files shown as insets in Figure 7
help to corroborate the mecha-
nistic considerations. On a time
scale of up to 2.5 ms, the decay
of the benzene radical cation,
which has maxima at 440 and
900 nm, is linked to the con-
sumption of the parent 11a (i.e. , depletion at 430 nm). Due
to significant spectral superposition, the formation of (p-ex-
tended TTF)C+ at 620 nm is partly masked, but an evident


trend is nevertheless discernible in the 500 and 620 nm pro-
files, especially on the longer time scales. These profiles also
show the kinetics of reaction according to Equation (5), that


Figure 7. Differential absorption spectrum (UV/Vis spectrum) and time profiles taken in the pulse radiolytic
oxidation of 11a (0.1mm) in nitrogen-purged 1,2-dichloroethane containing 0.5m benzene. The spectra were
taken immediately after the electron pulse (*) and after 600 ms (*). The time profiles were taken at the indi-
cated wavelengths.
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is, the decay of absorption at 620 nm due to (p-extended
TTF)C+ and the presence of that at 500 nm due to (p-extend-
ed TTF)2+ as the long-term stable product. The 340 nm pro-
file shows the formation of (p-extended TTF)2+ most clear-
ly.


It should be emphasized that oxygen exerts no significant
influence on the reactivity, whereas ethanol serves as a good
cation quencher. Analogous data were recorded for com-
pounds 11b,c, with only slight differences in their absorp-
tion features. This is illustrated by Figure 8, which shows the
transient absorption behavior recorded for 11c.


The absorption minima (corresponding to bleaching of
the ground state) and maxima (corresponding to new transi-
ent absorptions) of the p-radical cations of 11a±c are col-


lected in Table 1. Here, it must be pointed out that addition-
al broad features are seen in the near-infrared region–as il-
lustrated in the case of 11c–the absolute maxima of which
could not be determined with precision.


To examine furthermore i) the stabilities of the p-radical
cations and ii) the second one-electron oxidation step yield-
ing the corresponding dications of 11a±c, complementary
steady-state g-radiolyses were conducted. In particular, the
optical absorption spectra of p-extended TTFs 11a±c in oxy-
genated C2H4Cl2 were recorded before and after various pe-
riods of irradiation; see Figure 9. The peaks of the starting
material, for example those of 11a at 330 and 430 nm, grad-
ually decayed upon irradiation while new peaks arose, in
this case at 383 and 452 nm. An additional feature is seen in
the 650±800 nm region, but the weak absorbances and poor
spectral resolution preclude an exact determination of the
peak maximum. In general, these spectral features are mark-


edly blue-shifted with respect to those observed at short
times after the electron pulse (140 ms). Specifically, no indi-
cation of the characteristic fingerprint of the p-radical
cation was found in the region between 500 and 620 nm.


In steady-state radiolysis, the newly formed species is
stable and no subsequent change in absolute absorption was
detected over several hours following the initial irradiation.
The good isosbestic points (at 397 and 470 nm) unequivocal-
ly indicate a clean radiolytic transformation of the starting
ground state into the stable product. g-Radiolysis of similar
solutions of p-extended TTFs 11b and 11c also resulted in a
gradual disappearance of the 435 and 440 nm peaks, while
new peaks developed at 418 and 414 nm, respectively (see
Table 1). All these experimental observations are consistent
with the hypothesis of a stepwise two-electron oxidation of
11a±c, via the transient, short-lived (p-extended TTF)C+ p-
radical cation, to the corresponding (p-extended TTF)2+ di-
cation.


On closer inspection of Table 1, the minima of the bleach-
ing parts in the transient absorption spectra reveal an inter-
esting trend. Successive and gradual red shifts, which nicely
mirror the corresponding ground-state maxima, are seen
upon varying the substitution pattern of the TTF rings, for
example, from R = H (430 nm) (11a), to R = SCH3


(435 nm) (11b), to R = -SCH2CH2S- (440 nm) (11c).
In 11a2+ , the p-orbitals are quasi-degenerate in a pairwise


manner due to the near-orthogonality of the constituent sub-
units. The HOMO of 11a2+ extends over the anthracene
units and its AO composition corresponds to that of the
HOMO of anthracene. In contrast, the LUMO is located on
the dithiole rings, which, in the case of 11a2+ , are electron
deficient. The TDDFT approach predicts that the first elec-
tronic excited state of 11a2+ , calculated to lie at 1.59 eV
(781 nm, f = 0.15), should result from the HOMO!LUMO
one-electron excitation. Thus, we assign the weak absorp-
tions observed in the 650±800 nm region to an intramolecu-
lar charge transfer from the anthracene units to the outer di-


Table 1. Absorption maxima (lmax in nm) of neutral, radical cation, and
dication species of 11a±c.


Compound Neutral Radical cation Dication


11a 430 490, 620 383, 452
11b 435 550, 650 372, 418
11c 440 510, 600 (sh) 372, 414


Figure 8. Differential absorption spectrum (UV/Vis spectrum) and time
profiles taken in the pulse radiolytic oxidation of 11c (0.1 mm) in nitro-
gen-purged 1,2-dichloroethane containing 0.5m benzene; (*), (*), (!). Figure 9. Radiolytic oxidation of 11a in oxygenated dichloroethane solu-


tions. g-Radiolytic oxidation; the doses were 0, 50, 100, 200, 400, and
600 Gy; the arrows indicate the direction of absorption changes during
the course of irradiation.


Chem. Eur. J. 2004, 10, 2067 ± 2077 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2075


p-Extended TTF Donors 2067 ± 2077



www.chemeurj.org





thiole rings. The low intensity observed experimentally for
this absorption can be attributed to the more perpendicular
disposition adopted by the dithiole rings of 11a2+ in solu-
tion, which renders the charge transfer more difficult. In
fact, the HOMO!LUMO transition has zero oscillator
strength for the fully orthogonal D2d conformation.


The absorption band observed at 452 nm (2.74 eV) is as-
signed to the electronic transition calculated at 2.98 eV (f =
0.24). The MOs involved in the transition reside on the an-
thracene moieties and their AO compositions reveal that
this band actually corresponds to the HOMO!LUMO
transition of neutral anthracene. The energy calculated for
the transition is intermediate between those obtained for
2a2+ (2.84 eV) and anthracene (3.28 eV) at the same com-
putational level. This trend is borne out by the experimental
values (2a2+ : 2.65 eV;[17] 11a2+ : 2.74 eV; anthracene:
3.31 eV)[29] and reflects the effect of the extra charge on the
optical properties of the anthracene moieties.


Conclusion


In summary, we have described a new series of highly conju-
gated p-extended TTF derivatives (11a±c) obtained by
Wittig±Horner reaction from commercially available bian-
throne and phosphonate esters 10a±c. DFT theoretical cal-
culations (B3P86/6-31G*) predict a highly distorted neutral
molecule for 11a, in which the HOMO is localized on the
1,3-dithiole rings and the LUMO extends over the anthra-
cene moiety. Thus, the HOMO!LUMO transition corre-
sponds to the low-energy charge-transfer absorption band
(~430 nm) observed in the UV/Vis spectrum of the neutral
molecule 11a.


The HOMO energy (11a : �5.35 eV) is consistent with
cyclic voltammetry measurements, which reveal that these
compounds exhibit good donor properties showing a two-
electron oxidation wave to form the dication species. The
oxidation process has been studied by optimizing the molec-
ular structures of the monocations and dications. Theoretical
calculations predict that the gain of aromaticity is small for
the monocations, since they remain highly distorted from
planarity and retain the geometry of the neutral molecule.
On the contrary, the dications are fully aromatic with four
orthogonally oriented p-systems. The lower stability of the
monocation and the high aromaticity of the dication account
for the coalescence of the first two oxidation potentials
within the same oxidation wave.


Pulse radiolysis measurements support the above conclu-
sions, showing that the intermediate radical cation species
can be characterized, but quickly disproportionates to form
the more stable dication species.


The remarkable gain of aromaticity of compounds 11a±c
on going from the neutral to the dication state suggests that
these donor molecules might be of interest as building
blocks in the construction of novel D±A dyads with charge-
separated states exhibiting outstanding lifetimes.


Experimental Section


Computational details : All theoretical calculations were carried out at
the DFT level using the A.11 revision of the Gaussian 98 program pack-
age[30] running on IBM RS/6000 workstations at the Instituto de Ciencia
Molecular of the University of Valencia. The DFT calculations were per-
formed using Becke×s three-parameter B3P86 exchange-correlation func-
tional[31] together with the 6-31G* basis set.[32] The B3P86 functional has
been recognized as providing equilibrium geometries for sulfur-contain-
ing compounds in better accord with experimental data and ab initio
post-Hartree±Fock (HF) calculations than the more widely used B3LYP
functional.[33] The radical cations were treated as open-shell systems and
were computed using spin-unrestricted UB3P86 wavefunctions. Vertical
electronic excitation energies were obtained by means of the TDDFT ap-
proach.[34] Numerous hitherto reported applications indicate that TDDFT
employing current exchange-correlation functionals performs significant-
ly better than HF-based single-excitation theories for the low-lying va-
lence excited states.[20,35] TDDFT calculations were also performed using
the B3P86 functional and the 6-31G* basis set.[36]


Radiation chemistry : Steady-state irradiations were carried out in a
Gammacell 220 with a 60Co source at a dose rate of 9 Gys�1. Irradiation
times were up to several minutes. Optical absorption spectra were re-
corded before and several minutes after irradiation. Pulse radiolysis ex-
periments were performed using 10 ns pulses of 1 MeV electrons from an
ELIT transformer-type electron accelerator (Institute of Nuclear Physics,
Novosibirsk, Russia). Details of the equipment and the data acquisition
have been described elsewhere.[37] Dosimetry was based on optical obser-
vation of the solvated electron (after 100 ns) in slightly alkaline solution
calibrated with G � 2.6 (G denotes the number of species per 100 eV, or
the approximate mm concentration per 10 J of absorbed energy). The rad-
ical concentration generated per pulse varied in the range (1±3)î10�5


m.


Compounds 11a±c : n-Butyllithium (BuLi) (1.6m in hexane; 1.1 mmol)
was added to a stirred solution of the corresponding Wittig±Horner re-
agent 10a±c (1 mmol) in dry THF (50 mL) at �78 8C under argon atmos-
phere by means of a syringe. After 30 minutes at �78 8C, a solution of
the bianthrone 9 (96 mg, 0.25 mmol) in dry THF (10 mL) was added to
the solution of the generated phosphonate carbanion, also by means of a
syringe. The mixture was stirred for 1 h at �78 8C and then allowed to
warm to 20 8C overnight. The products were purified by column chroma-
tography on silica gel, eluting with cyclohexane/toluene (1:1), to afford
compounds 11a±c as stable orange solids.


10,10’-Bis(1,3-dithiol-2-ylidene)-9,9’-bis(9,10-dihydroanthracene) (11a):
Yield 51%; m.p. > 250 8C; 1H NMR (300 MHz, CDCl3): d = 7.70±7.67
(m, 4H), 7.23±7.19 (m, 4H), 7.09±7.05 (m, 4H), 7.00±6.92 (m, 4H), 6.34
(s, 4H); EI-MS: m/z : 556 [M +]; IR (KBr): ñmax = 1570, 1545, 1518, 1261,
941, 752, 657 cm�1; UV/Vis (CH2Cl2): lmax = 431, 378 (s), 333, 236 nm.


10,10’-Bis(4,5-dimethylthio-1,3-dithiol-2-ylidene)-9,9’-bis(9,10-dihydroan-
thracene) (11b): Yield 64%; m.p. > 250 8C; 1H NMR (300 MHz,
CDCl3): d = 7.69±7.65 (m, 4H), 7.22±7.18 (m, 4H), 7.08±7.04 (m, 4H),
6.99±6.95 (m, 4H), 2.50 (s, 12H); EI-MS: m/z : 740 [M +]; IR (KBr): ñmax


= 2947, 1535, 1499, 1446, 1227, 1055, 825, 750, 639 cm�1; UV/Vis
(CH2Cl2): lmax = 436, 376 (s), 337, 241 nm.


10,10’-Bis(4,5-diethylenedithio-1,3-dithiol-2-ylidene)-9,9’-bis(9,10-dihy-
droanthracene) (11c): Yield 71%; m.p. > 250 8C; 1H NMR (300 MHz,
CDCl3): d = 7.64±7.60 (m, 4H), 7.20±7.17 (m, 4H), 7.09±7.06 (m, 4H),
7.00±6.92 (m, 4H), 3.37 (m, 8H); EI-MS: m/z : 737 [M +]; IR (KBr): ñmax


= 2920, 1521, 1446, 1413, 1284, 750, 638 cm�1; UV/Vis (CH2Cl2): lmax =


450, 342, 241 nm.


Acknowledgements


Financial support from the MCYT of Spain (Projects BQU2002-00855,
BQU2002-10656-E, and BQU2003-05111) and from the Deutsche For-
schungsgemeinschaft is greatly acknowledged. Part of this work was sup-
ported by the Office of Basic Energy Sciences of the US Department of
Energy (Contribution No. NDRL4512 from the Notre Dame Radiation
Laboratory). I.Z. acknowledges his sabbatical leave from the Nuclear Re-
search Centre, Beer Sheva, Israel.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2067 ± 20772076


FULL PAPER N. MartÌn, E. OrtÌ, O. Brede, D. M. Guldi et al.



www.chemeurj.org





[1] Handbook of Organic Conductive Molecules and Polymers, Vol. 1
(Ed.: H. S. Nalwa), Wiley, Chichester, 1997.


[2] For recent reviews on TTF, see: a) J. L. Segura, N. MartÌn, Angew.
Chem. 2001, 113, 1416±1455; Angew. Chem. Int. Ed. 2001, 40,
1372±1409; b) M. R. Bryce, J. Mater. Chem. 2000, 10, 589±598;
c) M. B. Nielsen, C. Lomholt, J. Becher, Chem. Soc. Rev. 2000, 29,
153±164.


[3] N. MartÌn, L. Sµnchez, C. Seoane, E. OrtÌ, P. M. Viruela, R. Viruela,
J. Org. Chem. 1998, 63, 1268±1279.


[4] a) M. R. Bryce, A. J. Moore, M. Hasan, G. J. Ashwell, A. T. Fraser,
W. Clegg, M. B. Hursthouse, A. I. Karaulov, Angew. Chem. 1990,
102, 1493±1495; Angew. Chem. Int. Ed. Engl. 1990, 29, 1450±1452;
b) Y. Yamashita, Y. Kobayashi, T. Miyashi, Angew. Chem. 1989, 101,
1090±1091; Angew. Chem. Int. Ed. Engl. 1989, 28, 1052±1053.


[5] a) M. A. Herranz, N. MartÌn, L. Sµnchez, J. GarÌn, J. Orduna, R.
Alcalµ, B. Villacampa, C. Sµnchez, Tetrahedron 1998, 54, 11651±
11658; b) M. Otero, M. A. Herranz, C. Seoane, N. MartÌn, J. GarÌn,
J. Orduna, R. Alcalµ, B. Villacampa, Tetrahedron 2002, 58, 7463±
7475. See also: M. Gonzµlez, J. L. Segura, C. Seoane, N. MartÌn, J.
GarÌn, J. Orduna, R. Alcalµ, B. Villacampa, V. Hernµndez, J. T.
LÛpez Navarrete, J. Org. Chem. 2001, 66, 8872±8882.


[6] M. R. Bryce, A. S. Batsanov, T. Finn, T. K. Hansen, J. A. K. Howard,
M. Kamenjicki, I. K. Lednev, S. A. Asher, Chem. Commun. 2000,
295±296.


[7] D. F. Perepichka, M. R. Bryce, I. F. Perepichka, S. B. Lyubchik,
Ch. A. Christensen, N. Godbert, A. Batsanov, E. Levillain, E. J. L.
McInnes, J. P. Zhao, J. Am. Chem. Soc. 2002, 124, 14227±14238.


[8] a) M. A. Herranz, N. MartÌn, Org. Lett. 1999, 1, 2005±2007;
b) Ch. A. Christensen, M. R. Bryce, A. S. Batsanov, J. A. K.
Howard, J. O. Jeppesen, J. Becher, Chem. Commun. 1999, 2433±
2434; c) M. R. Bryce, T. Finn, A. J. Moore, Tetrahedron Lett. 1999,
40, 3271±3274; d) M. R. Bryce, T. Finn, A. J. Moore, A. S. Batsanov,
J. A. K. Howard, Eur. J. Org. Chem. 2000, 51±60; e) N. Godbert,
M. R. Bryce, S. Dahaoui, A. S. Batsanov, J. A. K. Howard, P. Hazen-
donk, Eur. J. Org. Chem. 2001, 749±757; f) M. C. DÌaz, B. M. Illes-
cas, N. MartÌn, Tetrahedron Lett. 2003, 44, 945±948.


[9] a) N. MartÌn, I. Pÿrez, L. Sµnchez, C. Seoane, J. Org. Chem. 1997,
62, 5690±5695; b) N. MartÌn, L. Sµnchez, D. M. Guldi, Chem.
Commun. 2000, 113±114; c) M. A. Herranz, N. MartÌn, L. Sµnchez,
C. Seoane, D. M. Guldi, J. Organomet. Chem. 2000, 599, 2±7;
d) M. A. Herranz, N. MartÌn, J. Ramey, D. M. Guldi, Chem.
Commun. 2002, 2968±2969; e) S. Gonzµlez, N. MartÌn, A. Swartz,
D. M. Guldi, Org. Lett. 2003, 5, 557±560; f) M. C. DÌaz, M. A. Her-
ranz, B. M. Illescas, N. Martin, N. Godbert, M. R. Bryce, Ch. Luo,
A. Swartz, G. Anderson, D. M. Guldi, J. Org. Chem. 2003, 68, 7711±
7721.


[10] a) M. A. Herranz, B. M. Illescas, N. MartÌn, Ch. Luo, D. M. Guldi, J.
Org. Chem. 2000, 65, 5728±5738; b) S. Gonzµlez, N. MartÌn, D. M.
Guldi, J. Org. Chem. 2003, 68, 779±791; c) L. Sµnchez, I. Pÿrez, N.
MartÌn, D. M. Guldi, Chem. Eur. J. 2003, 9, 2457±2468.


[11] L. Echegoyen, L. E. Echegoyen, Acc. Chem. Res. 1998, 31, 593±601.
[12] a) N. MartÌn, L. Sµnchez, B. M. Illescas, I. Pÿrez, Chem. Rev. 1998,


98, 2527±2548; b) Fullerenes: From Synthesis to Optoelectronic
Properties (Eds.: D. M. Guldi, N. MartÌn), Kluwer, Dordrecht, The
Netherlands, 2002.


[13] N. MartÌn, E. OrtÌ, Handbook of Advanced Electronic and Photonic
Materials and Devices, Vol. 3 (Ed.: H. S. Nalwa), Academic Press,
San Diego, 2001, pp. 245.


[14] a) D. M. Guldi, Chem. Commun. 2000, 321; b) D. M. Guldi, Chem.
Soc. Rev. 2002, 31, 22±36.


[15] The synthesis of 11a has been previously reported. See: A. J.
Moore, M. R. Bryce, J. Chem. Soc. Perkin Trans. 1 1991, 157. For
other related bianthrone derivatives, see: M. Jorgensen, K. Lerstrup,
P. Frederiksen, T. Bjornholm, P. Sommer-Larsen, K. Schaumburg, K.
Brunfeldt, K. Bechgaard, J. Org. Chem. 1993, 58, 2785±2790.


[16] A. J. Moore, M. R. Bryce, Synthesis 1991, 26±28.
[17] D. M. Guldi, L. Sµnchez, N. MartÌn, J. Phys. Chem. B 2001, 105,


7139±7144.
[18] a) C. Wartelle, R. Viruela, P. M. Viruela, F. X. Sauvage, M. Sallÿ, E.


OrtÌ, E. Levillain, F. Le Derf, Phys. Chem. Chem. Phys. 2003, 5,
4672±4679; J. Orduna, J. GarÌn, unpublished results.


[19] a) S. Triki, L. Ouahab, D. Lorcy, A. Robert, Acta Crystallogr. 1993,
C49, 1189±1192; b) M. R. Bryce, T. Finn, A. S. Batsanov, R. Kataky,
J. A. K. Howard, S. B. Lyubchik, Eur. J. Org. Chem. 2000, 1199±
1205; c) A. E. Jones, C. A. Christensen, D. F. Perpichka, A. S. Batsa-
nov, A. Beeby, P. J. Low, M. R. Bryce, A. W. Parker, Chem. Eur. J.
2001, 7, 973±978; d) C. A. Christensen, A. S. Batsanov, M. R. Bryce,
J. A. K. Howard, J. Org. Chem. 2001, 66, 3313±3320.


[20] a) M. R. Bryce, M. A. Coffin, M. B. Hursthouse, A. I. Karaulov, K.
M¸llen, H. Scheich, Tetrahedron Lett. 1991, 32, 6029±6032; b) I.
Pÿrez, S.-G. Liu, N. MartÌn, L. Echegoyen, J. Org. Chem. 2000, 65,
3796±3803; c) S.-G. Liu, I. Pÿrez, N. MartÌn, L. Echegoyen, J. Org.
Chem. 2000, 65, 9092±9102.


[21] N. MartÌn, E. OrtÌ, L. Sµnchez, P. M. Viruela, R. Viruela, Eur. J.
Org. Chem. 1999, 1239±1247.


[22] W. Koch, M. C. Holthausen, A Chemist×s Guide to Density Function-
al Theory, Wiley-VCH, Weinheim, Germany, 2000.


[23] E. Harnik, G. M. J. Schmidt, J. Chem. Soc. 1954, 3295±3302.
[24] S. Yamaguchi, T. Hanafusa, T. Tanaka, M. Sawada, K. Kondo, M.


Irie, H. Tatemitsu, Y. Sakata, S. Misumi, Tetrahedron Lett. 1986, 27,
2411±2414.


[25] a) B. A. Olsen, D. H. Evans, J. Am. Chem. Soc. 1981, 103, 839±843;
b) P. Neta, D. H. Evans, J. Am. Chem. Soc. 1981, 103, 7041±7045;
c) S. M. Mattar, D. G. Sutherland, J. Phys. Chem. 1991, 95, 5129±
5133.


[26] In the PCM approach, the solvent is considered as a continuous
medium with a dielectric constant e, and the solute is represented by
means of a cavity built-up from a number of interlaced atomic
spheres. a) M. Cossi, V. Barone, R. Cammi, J. Tomasi, Chem. Phys.
Lett. 1996, 255, 327±335; b) C. Amovilli, V. Barone, R. Cammi, E.
Cancõs, M. Cossi, B. Menucci, C. S. Pomelli, J. Tomasi, Adv. Quan-
tum Chem. 1999, 32, 227±261.


[27] A. E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88, 899±
926.


[28] T. Shida, Electronic Absorption Spectra of Radical Ions, Elsevier,
Amsterdam, 1988, pp. 12.


[29] H. H. Perkampus, UV-Vis Atlas of Organic Compounds, VCH,
Weinheim, 1992.


[30] Gaussian 98, Revision A.11, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, R. E. Stratman, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, P. Salvador, J. J. Danenberg, D. K. Malick, A. D.
Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz,
A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Ko-
maromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-
Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill,
B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M.
Head-Gordon, E. S. Replogle, J. A. Pople, Gaussian, Inc., Pittsburgh
PA, 2001.


[31] J. P. Perdew, Phys. Rev. B 1986, 33, 8822±8824.
[32] P. C. Hariharan, J. A. Pople, Chem. Phys. Lett. 1972, 16, 217±219.
[33] a) P. M. Viruela, R. Viruela, E. OrtÌ, J.-L. Brÿdas, J. Am. Chem. Soc.


1997, 119, 1360±1369; b) R. Liu, X. Zhou, H. Kasmai, Spectrochim.
Acta 1997, 53, 1241±1256; c) J. A. Altmann, N. C. Handy, V. E. Inga-
mells, Mol. Phys. 1997, 92, 339±352.


[34] a) E. Runge, E. K. U. Gross, Phys. Rev. Lett. 1984, 52, 997±1000;
b) E. K. U. Gross, W. Kohn, Adv. Quantum Chem. 1990, 21, 255;
c) E. K. U. Gross, C. A. Ullrich, U. J. Gossmann, Density Functional
Theory (Eds.: E. K. U. Gross, R. M. Driezler), Plenum Press, New
York, 1995, pp. 149; d) M. E. Casida, Recent Advances in Density
Functional Methods, Part I (Ed.: D. P. Chong), World Scientific, Sin-
gapore, 1995, pp. 155.


[35] J. Fabian, Theor. Chem. Acc. 2001, 106, 199±217.
[36] M. M. Francl, W. J. Pietro, W. J. Hehre, J. S. Binkley, M. S. Gordon,


D. J. Defrees, J. A. Pople, J. Chem. Phys. 1982, 77, 3654±3665.
[37] O. Brede, H. Orthner, V. Zubarev, R. Hermann, J. Phys. Chem.


1996, 100, 7097±7105.


Received: September 19, 2003 [F5555]


Chem. Eur. J. 2004, 10, 2067 ± 2077 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2077


p-Extended TTF Donors 2067 ± 2077



www.chemeurj.org






Efficient Synthesis of 4-(3’-Furanyl)butenolide Derivatives via PdII-Catalyzed
Oxidative Heterodimeric Cyclization Reaction of 2,3-Allenoic Acids and
1,2-Allenyl Ketones


Shengming Ma* and Zhanqian Yu[a]


Introduction


Allenes are a class of compounds with a 1,2-diene function-
ality possessing two perpendicular p-orbitals showing
unique reactivities due to the presence of the axial chirality
as well as the substituent-loading capability.[1] At present, a
series of preparative useful methodologies are available to
access substituted allenes,[2] which can serve as potential pre-
cursors for the synthesis of highly complex and strained
target molecules of biological and industrial importance.[3,4]


Three reaction patterns were established in the cyclization
reactions of functionalized allenes (Scheme 1). One is the
uniallene reaction. We[5±6] and others[7±14] have established
the transition-metal-catalyzed or mediated cyclization reac-
tion of functionalized allenes for the formation of carbon
�carbon bonds as well as carbon�heteroatom bonds leading
to cyclic products. The second pattern is the self-dimeriza-
tion cyclization reactions of functionalized allenes. In this
area, three reaction pathways were observed. In the dimeric
reactions leading to monocyclic products,[15] the catalyst was
regenerated by b-heteroatom elimination for the reactions
with allenols, while the dimeric reactions of 1,2-allenyl ke-
tones regenerated the catalyst via protonation.[16,17] Recently,


we reported the oxidative self-dimeric cyclization reaction
of 2,3-allenoic acids,[18] producing bicyclic bibutenolides, in
which the catalyst was regenerated with alkyl iodide and
oxygen. The more attractive pattern is dimeric cyclization
reaction between two differently functionalized allenes to
give interesting compounds with two different cycles in a
single step. The formidable challenges are to match the reac-
tivities of two different allenes and regenerate the catalyst.
More significantly, optically active products may be formed
via the efficient transfer of chirality of allenes.


In a preliminary communication, we described a
[Pd(CH3CN)2Cl2]-catalyzed one step methodology for the
efficient synthesis of b-(3’-furanyl)butenolides via oxidative
cyclization±dimerization reaction of 2,3-allenoic acids and
1,2-allenyl ketones.[19] Here, we wish to present a detailed
study on this reaction: the scope of the reaction, mechanism,
and the highly efficient chirality transfer leading to optically
active butenolides.


Results and Discussion


Optimization of reaction conditions for oxidative dimeric
coupling reaction : We studied the PdII-catalyzed oxidative
dimerization cyclization reaction of 2,3-allenoic acid 1a and
1,2-allenyl ketone 2a under different reaction conditions.
The results are summarized in Table 1 showing that the oxi-
dative dimeric coupling reaction occurred smoothly. These
phenomena elucidate that the reactivities of 2,3-allenoic
acids and 1,2-allenyl ketones may be well matched. Under
the catalysis of 5 mol% [PdCl2(CH3CN)2], the cyclizative


[a] Prof. S. Ma, Dr. Z. Yu
State Key Laboratory of Organometallic Chemistry
Shanghai Institute of Organic Chemistry
Chinese Academy of Sciences, 354 Fenglin Lu
Shanghai 200032 (PR China)
Fax: (+86)21-64166128
E-mail : masm@mail.sioc.ac.cn


Abstract: The oxidative cyclization/di-
merization reaction between two
classes of allenes with different func-
tionalities was reported to provide an
efficient route to polysubstituted 4-(3’-
furanyl)-2(5H)-furanones, which are
not readily available from the known
methods. The highly optically active
butenolides could be easily formed


from the optically active 2,3-allenoic
acids, which was obtained conveniently
through chiral resolution with optically
active amines, that is, cinchonidine or
a-methyl benzylamine. A mechanistic


study showed that the reaction pro-
ceeded via a matched double oxypalla-
dation±reductive elimination process.
The PdII species may be regenerated
via the subsequent cyclometallation of
two equivalents of 1,2-allenyl ketones
with Pd0 and protonlysis of Pd enolates
formed with the in situ generated HCl.


Keywords: allenes ¥ chirality ¥
cyclization ¥ furans ¥ lactones
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cross coupling reaction of 3-(n-propyl)-4-phenyl-2,3-butadie-
noic acid (1a) with five equivalents of 1,2-propdienyl methyl
ketone (2a) in THF afforded a 14% yield of 3-(n-propyl)-4-
(3’-(5’-methyl)furanyl)-5-phenyl-2(5H)-furanone (3a)
(Table 1, entry 1). The structure of compound 3a was con-
firmed by the X-ray single crystal diffractional analysis
(Figure 1).[20]


The reaction can also be carried out in CH2Cl2, acetone,
toluene, DMA, and CH3CN. In CH2Cl2 or toluene, the
major by-product is the cycloisomerization product of 1a,
that is, furanone 4a (Table 1, entries 2 and 4). The reaction
in DMA afforded 3a in 76% yield highly selectively


(Table 1, entry 5). The best results were obtained in CH3CN
(Table 1, entry 6) with 5 equiv 2a. With less amount of 1,2-
propdienyl methyl ketone 2a, the reaction in CH3CN also
afforded 4a as the by-product (Table 1, entry 7).


Oxidative dimeric cyclization reaction of 2,3-allenoic acids
and 1,2-allenyl ketones : Using these standard conditions, the
oxidative dimerization cyclization reaction of various 2,3-al-
lenoic acids bearing different R1, R2 and R3 substituents
with different 1,2-allenyl ketones were studied. From the re-
sults summarized in Table 2, we observed that the reaction
can be furnished under mild conditions (RT, 4 h) and the
yields are from moderate to fairly good. It should be noted
that this is the first example of oxidative sequential cycliza-
tive cross coupling reaction of two differently functionalized
allenes to give interesting bicyclic compounds in a single
step. In this reaction, differently substituted 2,3-allenoic
acids could be used: monosubstituted 2,3-allenoic acids re-
acted with the 1,2-allenyl ketones smoothly to give the cor-
responding products (Table 2, entries 9, 16 and 22); disubsti-
tuted 2,3-allenoic acids are more popularly used in this reac-
tion. The substituents of 2,3-allenoic acids could be aryl,
alkyl, benzyl and allyl. As a result of the allyl group, further
elaboration of the C=C bond may provide an efficient
access to other butenolide derivatives (Table 2, entries 4, 13
and 19); with the fully substituted 2,3-allenoic acids, the re-
action also afforded the products in fairly good yields
(Table 2, entries 8, 15 and 21). Furthermore, the substituent
of 1,2-allenyl ketones could be an alkyl or benzyl group.
The polysubstituted 1,2-allenyl ketones, however, could not
be used to yield the corresponding products probably due to
the low reactivity towards oxypalladation [Eqs. (1) and (2)].


Chirality transfer : After matching the reactivities of 2,3-alle-
noic acids with 1,2-allenyl ketones, we turned our attention
to the synthesis of the optically active b-(3’-furanyl)buteno-
lide. From our previous work, we could easily obtain the op-
tically active 2,3-allenoic acids via chiral resolution of 2,3-al-
lenoic acids with optically active amines.[1d] With the optical-
ly active (S)-(+)-2,3-allenoic acid (1 j) (99% ee) in hand, we
examined the oxidative coupling cyclization reaction of 1,2-
pentadien-3-one 2a with 1 j under the standard reaction con-
ditions [Eq. (3)].


Scheme 1. Three reaction patterns for cyclization of functionalized al-
lenes.


Table 1. Cyclizative cross coupling reaction of 1a and 2a.[a]


Entry Solvent t [h] Yield of 3a [%] Yield of 4a [%]


1 THF 11 14 0
2 CH2Cl2 11 23 14
3 acetone 11 40 0
4 toluene 16.5 13 18
5 DMA 17.5 76 0
6 CH3CN 4 90 0
7[b] CH3CN 11.5 57 12
8[c] CH3CN 4 90 0
9[d] CH3CN 11 0 ±


[a] The reaction was carried out in a solvent (3 mL) using 1a
(0.25 mmol), 2a (1.25 mmol), and 5 mol% [PdCl2(CH3CN)2]. [b] 3 equiv
2a were used. [c] The reaction was carried out in an atmosphere of
argon. [d] 1 equiv K2CO3 and 1 equiv Bu4NBr were used.
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We found that the reaction occurred smoothly to give the
product 3 j in a 76% yield and 99% ee. This result elucidat-
ed that chirality transfer is highly efficient under the stan-


dard reaction conditions. The
absolute configuration of the
product 3 j was determined by
the X-ray single crystal diffrac-
tional analysis (Figure 2).[21]


From (S)-(+)-2,3-allenoic acids
1 j, the product 3 j was obtained
in S configuration, which indi-
cates that the reaction may pro-
ceed via the PdII-mediated oxy-
palladation rather than the p-
allyl Pd-formating carbopalla-
dation mechanism.[23]


Some other typical results
are listed in Table 3; the yields
ranged from moderate to excel-
lent. The chirality of 2,3-alleno-
ic acids was completely trans-
ferred into the products. The
absolute configurations of other
products were assigned based
on the absolute configuration of
2,3-allenoic acids according to
the oxypalladation result of (S)-
1 j [Eq. (3)].


Mechanism of oxidative dimeric
cyclization reaction : Comparing
the products with starting mate-
rials, we observed that two hy-
drogen atoms were lost after
the reaction. Where had they
gone? Two control experiments
were conducted to answer this
question. In an atmosphere of
argon, the reaction occurred
smoothly to afford 3a in 90%
yield (Table 1, entry 8), indicat-
ing that oxygen does not partic-
ipate the catalytic cycle. Anoth-
er interesting point is that the
reaction did not yield 3a in the
presence of 1 equiv K2CO3


(Table 1, entry 9), indicating
that H+ may be formed from
the loss of two protons from
both starting materials and
plays an important role in this
reaction.


Further study shows that the reaction also afforded the
homodimerization product of 2a, (i.e., furan 5a), 4,5-dime-
thyleneocta-2,7-dione (6a) and its C=C double bond isomers
7a, and 8a as the by-products (Scheme 2). The structures of
6a, 7a and 8a were established by the X-ray single crystal
diffractional analysis of 8a (Figure 3),[22] indicating that the
missing hydrogens were transferred from starting materials
into 2,4-dien-1,6-diketones 6a, 7a and 8a.


Based on these facts, a plausible mechanism is proposed
for this reaction (Scheme 3). Firstly, the intermediate 9a is


Figure 1. The X-ray structure of compound 3a.


Table 2. PdII-Catalyzed cyclizative cross coupling reaction of 2,3-allenoic acids and 1,2-allenyl ketones.[a]


Entry 1 2 3 Yield [%]
R1 R2 R3 R4


1 Ph nC3H7 H (1a) CH3 (2a) 3a 90
2 Ph CH3 H (1b) CH3 (2a) 3b 73
3 Ph PhCH2 H (1c) CH3 (2a) 3c 92
4 Ph allyl H (1d) CH3 (2a) 3d 86
5 a-naphthyl CH3 H (1e) CH3 (2a) 3e 84
6 a-naphthyl nC3H7 H (1 f) CH3 (2a) 3 f 86
7 CH3 PhCH2 H (1g) CH3 (2a) 3g 90
8 Ph CH3 Et (1h) CH3 (2a) 3h 85
9 nC7H15 H H (1 i) CH3 (2a) 3 i 69
10 4-Br-Ph nC3H7 H (1j) CH3 (2a) 3j 70
11 Ph nC3H7 H (1a) nC4H9 (2b) 3k 84
12 Ph CH3 H (1b) nC4H9 (2b) 3 l 63
13 Ph allyl H (1d) nC4H9 (2b) 3m 66
14 a-naphthyl CH3 H (1e) nC4H9 (2b) 3n 79
15 Ph CH3 Et (1h) nC4H9 (2b) 3o 86
16 nC7H15 H H (1 i) nC4H9 (2b) 3p 69
17 Ph nC3H7 H (1a) PhCH2 (2c) 3q 74
18 Ph CH3 H (1b) PhCH2 (2c) 3r 86
19 Ph allyl H (1d) PhCH2 (2c) 3s 82
20 a-naphthyl CH3 H (1e) PhCH2 (2c) 3t 90
21 Ph CH3 Et (1h) PhCH2 (2c) 3u 84
22 nC7H15 H H (1 i) PhCH2 (2c) 3v 71


[a] The reaction was carried out in CH3CN (3 mL) using 1 (0.25 mmol), 2 (1.25 mmol), and 5 mol%
[PdCl2(CH3CN)2].


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2078 ± 20872080


FULL PAPER S. Ma and Z. Yu



www.chemeurj.org





formed from the 1,2-allenoic ketone and 2,3-allenoic acids
via double oxypalladation, which is further supported by the
highly efficient chirality transfer. In our previous work, we
observed that the chirality transfer is not efficient in a car-
bopalladation pathway but very efficient in an oxypallada-
tion pathway.[24] After the reductive elimination of 9a, the
product 3a is formed along with the Pd0 species. Then, the
Pd0 species cyclometalate with 2 equiv of penta-3,4-dien-2-
one to form the cyclic Pd intermediate 10a and/or 10a’,[25]


which may be protonated with the in situ generated HCl
(2 equiv) to form 6a, 7a and 8a and regenerate LnPdCl2 to
furnish the catalytic cycle.[26]


Conclusion


We have realized the first example of oxidative cyclization/
dimerization reaction between two kinds of allenes with dif-
ferent functionalities providing an efficient route to polysub-
stituted 4-(3’-furanyl)-2(5H)-furanone (3), which are not
readily available by known method. In this reaction, the
chirality transfer was highly efficient. The highly optical
active butenolides could be easily formed from the optically
active 2,3-allenoic acids, which can be prepared conveniently
through chiral resolution of racemic 2,3-allenoic acids with
optically active amines. The control experiment showed that
the product 3 along with the Pd0 species may be generated
from the reductive elimination of palladium intermediate
9a. Then the Pd0 species cyclometalated with 2 equiv alka-
1,2-dien-3-one followed by protonation with the in situ gen-
erated HCl to regenerate [LnPdCl2] to furnish the catalytic


Figure 2. The X-ray structure analysis shows that compound 3 j is in S configuration.


Scheme 2. Oxidative cyclization-dimerization reaction of 2,3-allenoic acid
1a with 1,2-allenyl ketone 2a. [a] Yields are calculated based on penta-
3,4-dienone.


Figure 3. ORTEP drawing of compound 8a.


Scheme 3. Proposed catalytic cycle for the oxidative cyclization±dimeriza-
tion reaction.
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Table 3. PdII-Catalyzed cross coupling cyclizations of 1,2-allenyl ketones with optically active 2,3-allenoic acids.


Entry 1 2 3 Yield of 3 ee% of 3


1 2a 87 95


(S)-(+)-1a (98% ee)


2 2b 75 >99


(R)-(�)-1a (97% ee)


3 (R)-(�)-1a (97% ee) 2c 86 >99


4 2a 76 97


(R)-(�)-1b (99% ee)


5 (R)-(�)-1b (99% ee) 2b 81 99


6 (R)-(�)-1b (99% ee) 2c 72 96


7 2a 73 97


(S)-(�)-1d (98% ee)


8 (S)-(�)-1d (98% ee) 2b 67 99


9 (S)-(�)-1d (98% ee) 2c 67 98


10 2a 74 97


(S)-(+)-1e (98% ee)
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cycle. Synthetic application for target molecules with poten-
tial bioactivities is currently being carried out in our labora-
tory.


Experimental Section


Synthesis of starting materials : Allenoic acids (1a±j) were prepared ac-
cording to the known method by treatment of the acid chlorides with
ethyl 2-(triphenylphoranylidene) propionate and subsequent hydrolysis
of 2,3-allenoic esters with 1.5 equiv NaOH.[27] The optically active 2,3-al-
lenoic acids was prepared via chiral resolution with optically active
amine.[1c]


General procedure for the synthesis of compound 3 : [PdCl2(CH3CN)2]
(5 mol%) was added to a mixture of 2,3-allenoic acids 1 (0.25 mmol),
1,2-allenyl ketones 2 (1.25 mmol) in CH3CN (3 mL). Then the mixture
was stirred at room temperature for 4 h. After evaporation, the residue
was purified on a silica gel column to give pure compound 3.


4-(3’-(5’-Methylfuranyl))-5-phenyl-3-propyl-2(5H)-furanone (3a): A mix-
ture of 1a (50 mg, 0.248 mmol), 2a (103 mg, 1.26 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (petroleum
ether/Et2O 3:1) afforded 3a as a white solid (63 mg, 90%). M.p. 84±85 8C
(ethyl acetate/petroleum ether); 1H NMR (CDCl3, 300 MHz): d=7.41±
7.21 (m, 5H), 7.18 (s, 1H), 6.04 (s, 1H), 5.89 (s, 1H), 2.55 (t, J=8.26 Hz,
2H), 2.24 (s, 3H), 1.78±1.63 (m, 2H), 1.06 (t, J=7.33 Hz, 3H); 13C NMR
(CDCl3, 75.4 MHz): d=13.30, 14.14, 21.39, 26.51, 82.99, 104.77, 118.09,
126.24, 127.86, 129.04, 129.55, 135.85, 141.42, 150.37, 153.82, 174.30; MS
(70 eV): m/z (%): 283 (28.39) [M ++H], 282 (100) [M +]; IR (neat): ñ=
2960, 2920, 1732, 1654, 1603 cm�1; elemental analysis calcd for C18H18O3


(%): C 76.57, H 6.43; found C 76.46, H 6.45.


3-Methyl-4-(3’-(5’-methylfuranyl))-5-phenyl-2(5H)-furanone (3b): A mix-
ture of 1b (44 mg, 0.253 mmol), 2a (108 mg, 1.317 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (CH2Cl2,
then ethyl acetate/petroleum ether 1:2) afforded 3b as a white solid
(47 mg, 73%). M.p. 112±113 8C (ethyl acetate/petroleum ether); 1H NMR
(CDCl3, 300 MHz): d=7.40±7.35 (m, 3H), 7.30±7.23 (m, 2H), 7.22 (s,
1H), 6.03 (s, 1H), 5.89 (s, 1H), 2.23 (s, 3H), 2.15 (s, 3H); 13C NMR
(CDCl3, 75.4 MHz): d=10.23, 13.25, 82.99, 104.61, 118.32, 121.50, 127.86,
128.96, 129.54, 135.54, 141.44, 150.37, 153.67, 174.48; MS (70 eV): m/z
(%): 254 (100) [M +]; IR (neat): ñ=1735, 1658, 1550, 1498 cm�1; elemen-
tal analysis calcd for C16H14O3 (%): C 75.57, H 5.55; found C 75.29, H
5.44.


3-Benzyl-4-(3’-(5’-methylfuranyl))-5-phenyl-2(5H)-furanone (3c): A mix-
ture of 1c (125 mg, 0.5 mmol), 2a (205 mg, 2.5 mmol) and
[PdCl2(CH3CN)2] (6 mg, 0.023 mmol) in acetonitrile (5 mL) was stirred at
room temperature for 3.5 h. Flash chromatography on silica gel (CH2Cl2,
then petroleum ether/ethyl acetate 15:1) afforded 3c as a white solid
(151 mg, 92%). M.p. 122±123 8C (petroleum ether/ethyl acetate);
1H NMR (CDCl3, 300 MHz): d=7.41±7.20 (m, 10H), 7.17 (s, 1H), 5.99 (s,


2H), 3.97 (AB, A part of AB, J=15.4 Hz, Dñ=18 Hz, 1H), 3.91 (AB, B
part of AB, J=15.4 Hz, Dñ=18 Hz, 1H), 2.19 (s, 3H); 13C NMR (CDCl3,
75.4 MHz): d=13.16, 30.10, 83.10, 104.60, 117.77, 124.24, 126.52, 127.76,
127.96, 128.68, 128.96, 129.49, 135.51, 137.51, 141.80, 151.84, 153.81,
174.02; MS (70 eV): m/z (%): 331 (28.96) [M ++H], 330 (100) [M +]; IR
(neat): ñ=1743, 1648, 1601, 1585, 1538 cm�1; elemental analysis calcd for
C22H18O3 (%): C 79.98, H 5.49; found C 80.27, H 5.57.


3-Allyl-4-(3’-(5’-methylfuranyl))-5-phenyl-2(5H)-furanone (3d): A mix-
ture of 1d (50 mg, 0.25 mmol), 2a (108 mg, 1.32 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
room temperature for 6 h. Flash chromatography on silica gel (petroleum
ether/ethyl acetate 5:1) afforded 3d as an oil (60 mg, 86%). 1H NMR
(CDCl3, 300 MHz): d=7.40±7.25 (m, 5H), 7.22 (s, 1H), 6.03±5.90 (m,
3H), 5.22±5.14 (m, 2H), 3.36±3.30 (m, 2H), 2.23 (s, 3H); 13C NMR
(CDCl3, 75.4 MHz): d=13.20, 28.33, 83.00, 104.68, 116.47, 117.69, 123.06,
127.74, 128.93, 129.49, 132.74, 135.43, 141.70, 151.73, 153.73, 173.76; MS
(70 eV): m/z (%): 281 (11.13) [M ++H], 280 (79.49) [M +], 146 (100); IR
(neat): ñ=1751, 1655, 1605, 1540, 1455 cm�1; HRMS: m/z : calcd for
C18H16O3: 280.10995; found: 280.10757.


3-Methyl-4-(3’-(5’-methylfuranyl))-5-(1’-naphthyl)-2(5H)-furanone (3e):
A mixture of 1e (56 mg, 0.25 mmol), 2a (103 mg, 1.256 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (petroleum
ether/ethyl acetate 4:1, then CH2Cl2) afforded 3e as a white solid (64 mg,
84%). M.p. 151±152 8C (ethyl acetate/petroleum ether); 1H NMR
(CDCl3, 300 MHz): d=8.17 (d, J=8.40 Hz, 1H), 7.81 (t, J=9.30 Hz,
2H), 7.58±7.42 (m, 2H), 7.30 (t, J=7.50 Hz, 1H), 7.19±7.10 (m, 2H), 6.66
(s, 1H), 5.93 (s, 1H), 2.16 (s, 3H), 2.11 (s, 3H); 13C NMR (CDCl3,
75.4 MHz): d=10.51, 13.18, 78.86, 104.64, 118.72, 122.32, 122.66, 125.15,
126.06, 126.37, 127.03, 128.89, 130.15, 131.21, 131.92, 133.77, 141.61,
150.20, 153.70, 174.27; MS (70 eV): m/z (%): 304 (100) [M +]; IR (neat):
ñ=1736, 1653, 1607, 1600 cm�1; elemental analysis calcd for C20H16O3


(%): C 78.93, H 5.30; found C 78.89, H 5.27.


4-(3’-(5’-Methylfuranyl))-5-(1’-naphthyl)-3-propyl-2(5H)-furanone (3 f): A
mixture of 1 f (126 mg, 0.5 mmol), 2a (205 mg, 2.5 mmol) and
[PdCl2(CH3CN)2] (6 mg, 0.023 mmol) in acetonitrile (5 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (petroleum
ether/Et2O 5:1) afforded 3 f as an oil (143 mg, 86%). 1H NMR (CDCl3,
300 MHz): d=8.25 (d, J=8.56 Hz, 1H), 7.89 (t, J=9.17 Hz, 2H), 7.64±
7.50 (m, 2H), 7.38 (t, J=7.95 Hz, 1H), 7.22 (d, J=7.33 Hz, 1H), 7.17 (s,
1H), 6.74 (s, 1H), 6.03 (s, 1H), 2.68±2.58 (m, 2H), 2.20 (s, 3H), 1.81±1.67
(m, 2H), 1.10 (t, J=7.33 Hz, 3H); 13C NMR (CDCl3, 75.4 MHz): d=


13.22, 14.15, 21.23, 26.68, 78.76, 104.60, 118.33, 122.63, 125.17, 126.05,
126.26, 126.98, 127.01, 128.88, 130.09, 131.37, 131.89, 133.74, 141.50,
149.98, 153.76, 174.06; MS (70 eV): m/z (%): 333 (15.13) [M ++H], 332
(62.66) [M +], 84 (100); IR (neat): ñ=2960, 1747, 1651, 1538, 1511 cm�1;
HRMS: m/z : calcd for C22H20O3: 332.14125; found 332.14557.


3-Benzyl-5-methyl-4-(3’-(5’-methylfuranyl))-2(5H)-furanone (3g): A mix-
ture of 1g (94 mg, 0.5 mmol), 2a (207 mg, 2.5 mmol) and
[PdCl2(CH3CN)2] (6 mg, 0.023 mmol) in acetonitrile (5 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (petroleum
ether/ethyl acetate 10:1, then CH2Cl2) afforded 3g as an oil (120 mg,


Table 3. (Continued)


Entry 1 2 3 Yield of 3 ee% of 3


11 (S)-(+)-1e (98% ee) 2b 76 99


12 (S)-(+)-1e (98% ee) 2c 87 >99
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90%). 1H NMR (CDCl3, 300 MHz): d=7.46 (s, 1H), 7.35±7.16 (m, 5H),
6.13 (s, 1H), 5.22 (q, J=6.42 Hz, 1H), 3.90 (d, J=15.27 Hz, 1H), 3.71 (d,
J=15.28 Hz, 1H), 2.30 (s, 3H), 1.52 (d, J=6.42 Hz, 3H); 13C NMR
(CDCl3, 75.4 MHz): d=13.63, 20.68, 30.19, 77.96, 104.93, 117.95, 123.35,
126.80, 128.22, 128.98, 137.84, 141.58, 154.69, 155.19, 174.48; MS (70 eV):
m/z (%): 269 (2.49) [M ++H], 268 (12.51) [M +], 43 (100); IR (neat): ñ=
2986, 2934, 1754, 1653, 1603 cm�1; HRMS: m/z : calcd for C17H16O3:
268.10995; found 268.11098.


5-Ethyl-3-methyl-4-(3’-(5’-methylfuranyl))-5-phenyl-2(5H)-furanone (3h):
A mixture of 1h (101 mg, 0.5 mmol), 2a (205 mg, 2.5 mmol) and
[PdCl2(CH3CN)2] (6 mg, 0.023 mmol) in acetonitrile (5 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (petroleum
ether/Et2O 10:1) afforded 3h as an oil (120 mg, 85%). 1H NMR (CDCl3,
300 MHz): d=7.33 (s, 5H), 7.13 (s, 1H), 5.94 (d, J=1.22 Hz, 1H), 2.61±
2.49 (m, 1H), 2.33±2.19 (m, 4H), 2.11 (s, 3H), 0.81 (t, J=7.33 Hz, 3H);
13C NMR (CDCl3, 75.4 MHz): d=7.47, 10.46, 13.53, 28.34, 89.83, 105.34,
118.12, 122.80, 126.53, 128.92, 129.00, 138.74, 141.56, 153.77, 154.53,
174.71; MS (70 eV): m/z (%): 283 (1.68) [M ++H], 282 (11.89) [M +], 253
(100); IR (neat): ñ=2977, 2938, 2879, 1759 cm�1; HRMS: m/z : calcd for
C18H18O3: 282.12559; found 282.12471.


5-Heptyl-4-(3’-(5’-methylfuranyl))-2(5H)-furanone (3 i): A mixture of 1 i
(91 mg, 0.5 mmol), 2a (208 mg, 2.5 mmol) and [PdCl2(CH3CN)2] (6 mg,
0.023 mmol) in acetonitrile (5 mL) was stirred at room temperature for
4 h. Flash chromatography on silica gel (petroleum ether/Et2O 2.5:1) af-
forded 3 i as an oil (91 mg, 69%). 1H NMR (CDCl3, 300 MHz): d=7.52
(s, 1H), 6.15 (d, J=2.0 Hz, 1H), 5.96 (d, J=1.0 Hz, 1H), 5.18 (dt, J=7.5
and 2.2 Hz, 1H), 2.29 (d, J=1.0 Hz, 3H), 2.06±1.92 (m, 1H), 1.64±1.51
(m, 1H), 1.42±1.13 (m, 10H), 0.81 (t, J=7.0 Hz, 3H); 13C NMR (CDCl3,
75.4 MHz): d=13.57, 14.27, 22.79, 24.32, 29.25, 29.42, 31.88, 34.50, 82.32,
104.79, 112.68, 118.38, 140.96, 154.90, 160.37, 173.47; MS (70 eV): m/z
(%): 233 (9.00) [M +�C2H5], 107 (100); IR (neat): ñ=2954, 2927, 2856,
1751, 1635, 1606 cm�1; elemental analysis calcd for C16H22O3 (%): C
73.25, H 8.45; found C 73.16, H 8.49.


4-(3’-(5’-Methylfuranyl))-5-(4’-bromo-phenyl)-3-propyl-2(5H)-furanone
(3 j): A mixture of 1j (70 mg, 0.249 mmol), 2a (103 mg, 1.26 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
room temperature for 4.5 h. Flash chromatography on silica gel (petrole-
um ether/Et2O 3:1) afforded 3 j as an white solid (63 mg, 70%). M.p.
102±103 8C (ethyl acetate/petroleum ether); 1H NMR (CDCl3, 300 MHz):
d=7.48 (d, J=7.35 Hz, 2H), 7.20 (s, 1H), 7.12 (d, J=7.35 Hz, 2H), 6.01
(s, 1H), 5.85 (s, 1H), 2.58±2.47 (m, 2H), 2.23 (s, 3H), 1.72±1.58 (m, 2H),
1.03 (t, J=7.20 Hz, 3H); 13C NMR (CDCl3, 75.4 MHz): d=13.30, 14.10,
21.28, 26.45, 81.98, 104.56, 117.78, 123.60, 126.44, 129.41, 132.18, 134.82,
141.21, 149.80, 153.96, 173.91; MS (70 eV): m/z (%): 362 (99.04) [M +


(81Br)], 360 (100) [M +(79Br)]; IR (neat): ñ=1748, 1735, 1653 cm�1; ele-
mental analysis calcd for C18H17BrO3 (%): C 59.85, H 4.74; found C
59.73, H 4.82.


4-(3’-(5’-Butylfuranyl))-5-phenyl-3-propyl-2(5H)-furanone (3k): A mix-
ture of 1a (50 mg, 0.248 mmol), 2b (157 mg, 1.27 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (petroleum
ether/Et2O 3:1, then CH2Cl2) afforded 3k as an oil (67 mg, 84%).
1H NMR (CDCl3, 300 MHz): d=7.38±7.14 (m, 5H), 7.16 (d, J=1.0 Hz,
1H), 6.03 (s, 1H), 5.89 (s, 1H), 2.59±2.50 (m, 4H), 1.74±1.63 (m, 2H),
1.58±1.48 (m, 2H), 1.37±1.22 (m, 2H), 1.04 (t, J=7.4 Hz, 3H), 0.88 (t,
J=7.3 Hz, 3H); 13C NMR (CDCl3, 75.4 MHz): d=13.65, 14.08, 21.32,
22.04, 26.43, 27.31, 29.66, 82.93, 103.78, 117.75, 126.10, 127.79, 128.94,
129.46, 135.68, 141.24, 150.30, 158.05, 174.27; MS (70 eV): m/z (%): 324
(4.43) [M +], 197 (100); IR (neat): ñ=2959, 2931, 2872, 1754, 1653,
1600 cm�1; HRMS: m/z : calcd for C21H24O3: 324.17255; found 324.17118.


4-(3’-(5’-Butylfuranyl))-3-methyl-5-phenyl-2(5H)-furanone (3 l): A mix-
ture of 1b (44 mg, 0.253 mmol), 2b (156 mg, 1.258 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (ethyl ace-
tate/petroleum ether 1:5) afforded 3 l as an oil (47 mg, 63%). 1H NMR
(CDCl3, 300 MHz): d=7.42±7.34 (m, 3H), 7.32±7.22 (m, 2H), 7.20 (s,
1H), 6.04 (s, 1H), 5.90 (s, 1H), 2.53 (t, J=7.65 Hz, 2H), 2.15 (s, 3H),
1.60±1.48 (m, 2H), 1.37±1.22 (m, 2H), 0.88 (t, J=7.20 Hz, 3H); 13C NMR
(CDCl3, 75.4 MHz): d=10.25, 13.65, 22.04, 27.32, 29.67, 83.02, 103.78,
118.11, 121.44, 127.88, 128.95, 129.52, 135.57, 141.38, 150.47, 158.04,


174.51; MS (70 eV): m/z (%): 296 (100) [M +]; IR (neat): ñ=1757, 1656,
1601 cm�1; HRMS: m/z : calcd for C19H20O3: 296.14125; found 296.14227.


3-Allyl-4-(3’-(5’-butylfuranyl))-5-phenyl-2(5H)-furanone (3m): A mixture
of 1d (50 mg, 0.25 mmol), 2b (157 mg, 1.266 mmol) and [PdCl2(CH3CN)2]
(3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at room tempera-
ture for 4 h. Flash chromatography on silica gel (petroleum ether/ethyl
acetate 6:1) afforded 3m as an oil (53 mg, 66%). 1H NMR (CDCl3,
300 MHz): d=7.35±7.19 (m, 5H), 7.16 (s, 1H), 5.99±5.83 (m, 3H), 5.16±
5.04 (m, 2H), 3.36±3.18 (m, 2H), 2.47 (t, J=7.50 Hz, 2H), 1.53±1.41 (m,
2H), 1.30±1.16 (m, 2H), 0.82 (t, J=7.20 Hz, 3H); 13C NMR (CDCl3,
75.4 MHz): d=13.65, 22.03, 27.31, 28.42, 29.65, 83.15, 103.92, 116.57,
117.56, 123.10, 127.83, 129.00, 129.58, 132.84, 135.46, 141.71, 151.93,
158.17, 173.94; MS (70 eV): m/z (%): 322 (9.87) [M +], 84 (100); IR
(neat): ñ=1755, 1655, 1600 cm�1; HRMS: m/z : calcd for C21H22O3:
322.15689; found 322.15984.


3-Methyl-4-(3’-(5’-butylfuranyl))-5-(1’-naphthyl)-2(5H)-furanone (3n): A
mixture of 1e (58 mg, 0.259 mmol), 2b (162 mg, 1.306 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (petroleum
ether/ethyl acetate 5:1) afforded 3n as an oil (71 mg, 79%). 1H NMR
(CDCl3, 300 MHz): d=8.25 (d, J=7.80 Hz, 1H), 7.90 (t, J=9.30 Hz,
2H), 7.66±7.51 (m, 2H), 7.38 (t, J=7.65 Hz, 1H), 7.27±7.20 (m, 2H), 6.75
(s, 1H), 6.02 (s, 1H), 2.51 (t, J=7.50 Hz, 2H), 2.24 (s, 3H), 1.57±1.45 (m,
2H), 1.34±1.20 (m, 2H), 0.86 (t, J=7.20 Hz, 3H); 13C NMR (CDCl3,
75.4 MHz): d=10.53, 13.62, 22.00, 27.27, 29.63, 78.90, 103.83, 118.53,
122.27, 122.71, 125.15, 126.07, 126.39, 127.02, 128.90, 130.15, 131.26,
131.94, 133.79, 141.58, 150.31, 158.09, 174.33; MS (70 eV): m/z (%): 346
(100) [M +]; IR (neat): ñ=1751, 1656, 1598 cm�1; HRMS: m/z : calcd for
C23H22O3: 346.15689; found 346.15762.


4-(3’-(5’-Butylfuranyl))-5-ethyl-3-methyl-5-phenyl-2(5H)-furanone (3o):
A mixture of 1h (50 mg, 0.248 mmol), 2b (153 mg, 1.23 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (petroleum
ether/Et2O 3:1, then CH2Cl2) afforded 3o (69 mg, 86%) as an oil.
1H NMR (CDCl3, 300 MHz): d=7.38±7.29 (m, 5H), 7.13 (s, 1H), 5.96 (s,
1H), 2.60±2.47 (m, 3H), 2.31±2.19 (m, 1H), 2.11 (s, 3H), 1.61±1.50 (m,
2H), 1.38±1.24 (m, 2H), 0.89 (t, J=7.2 Hz, 3H), 0.81 (t, J=7.5 Hz, 3H);
13C NMR (CDCl3, 75.4 MHz): d=7.53, 10.52, 13.99, 22.42, 27.68, 28.43,
30.00, 89.75, 104.49, 117.91, 122.80, 126.56, 128.88, 128.96, 138.83, 141.41,
154.51, 158.11, 174.65; MS (70 eV): m/z (%): 325 (6.02) [M ++H], 324
(22.46) [M +], 295 (100); IR (neat): ñ=2895, 2932, 2872, 1751, 1650 cm�1;
HRMS: m/z : calcd for C21H24O3: 324.17255; found 324.17509.


4-(3’-(5’-Butylfuranyl))-5-heptyl-2(5H)-furanone (3p): A mixture of 1 i
(45 mg, 0.247 mmol), 2b (154 mg, 1.24 mmol) and [PdCl2(CH3CN)2]
(3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at room tempera-
ture for 4 h. Flash chromatography on silica gel (petroleum ether/Et2O
3:1) afforded 3p as an oil (52 mg, 69%). 1H NMR (CDCl3, 300 MHz):
d=7.53 (s, 1H), 6.14 (d, J=0.7 Hz, 1H), 5.97 (d, J=1.4 Hz, 1H), 5.21±
5.15 (m, 1H), 2.60 (t, J=7.5 Hz, 2H), 2.07±1.90 (m, 1H), 1.67±1.53 (m,
3H), 1.45±1.14 (m, 12H), 0.9 (t, J=7.3 Hz, 3H), 0.82 (t, J=6.6 Hz, 3H);
13C NMR (CDCL3, 75.4 MHz): d=13.65, 13.95, 22.06, 22.48, 24.04, 27.34,
28.92, 29.10, 29.62, 31.57, 34.23, 82.01, 103.59, 112.28, 117.84, 140.54,
158.95, 160.11, 173.16; MS (70 eV): m/z (%): 304 (61.56) [M +], 206
(100); IR (neat): ñ=2956, 2928, 2858, 1751, 1635, 1600 cm�1; HRMS:
m/z : calcd for C19H28O3: 304.20385; found 304.20228.


4-(3’-(5’-Benzylfuranyl))-5-phenyl-3-propyl-2(5H)-furanone (3q): A mix-
ture of 1a (50 mg, 0.248 mmol), 2c (197 mg, 1.25 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (petroleum
ether/Et2O 3:1) afforded 3q as an oil (66 mg, 74%). 1H NMR (CDCl3,
300 MHz): d=7.40±7.15 (m, 11H), 6.08 (d, J=0.9 Hz, 1H), 5.88 (s, 1H),
3.90 (s, 2H), 2.53 (t, J=8.4 Hz, 2H), 1.73±1.61 (m, 2H), 1.03 (t, J=
7.5 Hz, 3H); 13C NMR (CDCl3, 75.4 MHz): d=14.36, 21.61, 26.76, 34.48,
83.26, 105.68, 118.26, 126.79, 127.08, 128.11, 128.86, 129.31, 129.84, 135.92,
137.22, 142.24, 150.41, 156.47, 174.49; MS (70 eV): m/z (%): 358 (5.85)
[M +], 91 (100); IR (neat): ñ=2961, 1750, 1653, 1495, 1455 cm�1; HRMS:
m/z : calcd for C24H22O3: 358.15689; found 358.15212.


4-(3’-(5’-Benzylfuranyl))-3-methyl-5-phenyl-2(5H)-furanone (3 r): A mix-
ture of 1b (44 mg, 0.253 mmol), 2c (198 mg, 1.253 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
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room temperature for 4 h. Flash chromatography on silica gel (ethyl ace-
tate/petroleum ether 1:5) afforded 3r (72 mg, 86%) as an oil. 1H NMR
(CDCl3, 300 MHz): d=7.42±7.14 (m, 11H), 6.10 (s, 1H), 5.89 (s, 1H),
3.90 (s, 2H), 2.14 (s, 3H); 13C NMR (CDCl3, 75.4 MHz): d=10.27, 34.12,
82.99, 105.24, 118.23, 121.72, 126.76, 127.86, 128.53, 128.55, 128.97, 129.58,
135.41, 136.88, 142.06, 150.19, 156.06, 174.43; MS (70 eV): m/z (%): 330
(100) [M +]; IR (neat): ñ=1752, 1657, 1601 cm�1; HRMS: m/z : calcd for
C22H18O3: 330.12559; found 330.12942.


3-Allyl-4-(3’-(5’-benzylfuranyl))-5-phenyl-2(5H)-furanone (3s): A mixture
of 1d (31 mg, 0.155 mmol), 2c (125 mg, 0.791 mmol) and
[PdCl2(CH3CN)2] (2 mg, 0.0077 mmol) in acetonitrile (2 mL) was stirred
at room temperature for 4 h. Flash chromatography on silica gel (petrole-
um ether/ethyl acetate 5:1) afforded 3s as an oil (45 mg, 82%). 1H NMR
(CDCl3, 300 MHz): d=7.42±7.11 (m, 11H), 6.05 (s, 1H), 6.01±5.86 (m,
2H), 5.18±5.08 (m, 2H), 3.88 (s, 2H), 3.38±3.21 (m, 2H); 13C NMR
(CDCl3, 75.4 MHz): d=28.47, 34.15, 83.10, 105.50, 116.63, 117.74, 123.49,
126.79, 127.83, 128.56, 129.03, 129.61, 132.80, 135.37, 136.87, 142.37,
151.58, 156.20, 173.75; MS (70 eV): m/z (%): 356 (83.18) [M +], 91 (100);
IR (neat): ñ=1752, 1655, 1601 cm�1; HRMS: m/z : calcd for C24H20O3:
356.14125; found 356.14052.


4-(3’-(5’-Benzylfuranyl))-3-methyl-5-(1’-naphthyl)-2(5H)-furanone (3 t): A
mixture of 1e (55 mg, 0.246 mmol), 2c (199 mg, 1.259 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (petroleum
ether/ethyl acetate 5:1) afforded 3 t as an oil (84 mg, 90%). 1H NMR
(CDCl3, 300 MHz): d=8.23 (d, J=8.40 Hz, 1H), 7.90 (t, J=9.30 Hz,
2H), 7.66±7.51 (m, 2H), 7.39 (t, J=7.50 Hz, 1H), 7.34±7.12 (m, 7H), 6.74
(s, 1H), 6.10 (s, 1H), 3.86 (s, 2H), 2.23 (s, 3H); 13C NMR (CDCl3,
75.4 MHz): d=10.48, 34.03, 78.87, 105.24, 118.63, 122.52, 122.62, 125.14,
126.07, 126.35, 126.68, 127.04, 128.46, 128.49, 128.91, 130.16, 131.14,
131.87, 133.79, 136.84, 142.22, 150.08, 156.09, 174.21; MS (70 eV): m/z
(%): 380 (100) [M +]; IR (neat): ñ=1749, 1657, 1598 cm�1; HRMS: m/z :
calcd for C26H20O3: 380.14125; found 380.13813.


4-(3’-(5’-Benzylfuranyl))-5-ethyl-3-methyl-5-phenyl-2(5H)-furanone (3u):
A mixture of 1h (50 mg, 0.248 mmol), 2c (195 mg, 1.24 mmol) and
[PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at
room temperature for 4 h. Flash chromatography on silica gel (petroleum
ether/Et2O 2.5:1) afforded 3u as an oil (74 mg, 84%). 1H NMR (CDCl3,
300 MHz): d=7.39±7.13 (m, 11H), 6.03 (d, J=0.9 Hz, 1H), 3.91 (s, 2H),
2.61±2.49 (m, 1H), 2.31±2.19 (m, 1H), 2.10 (s, 3H), 0.83 (t, J=7.2 Hz,
3H); 13C NMR (CDCl3, 75.4 MHz): d=7.58, 10.53, 28.42, 34.50, 89.72,
105.98, 118.07, 123.09, 126.56, 127.10, 128.89, 128.91, 128.94, 129.02,
137.27, 138.73, 142.13, 154.27, 156.14, 174.57; MS (70 eV): m/z (%): 359
(13.54) [M ++H], 358 (15.81) [M +], 91 (100); IR (neat): ñ=2975, 2937,
1748, 1650, 1599 cm�1; HRMS: m/z : calcd for C24H22O3: 358.15689; found
358.15234.


4-(3’-(5’-Benzylfuranyl))-5-heptyl-2(5H)-furanone (3v): A mixture of 1 i
(45 mg, 0.247 mmol), 2c (197 mg, 1.25 mmol) and [PdCl2(CH3CN)2]
(3 mg, 0.012 mmol) in acetonitrile (3 mL) was stirred at room tempera-
ture for 4 h. Flash chromatography on silica gel (petroleum ether/Et2O
2.6:1, then CH2Cl2) afforded 3v as an oil (59 mg, 71%). 1H NMR
(CDCl3, 300 MHz): d=7.57 (s, 1H), 7.38±7.22 (m, 5H), 6.18 (s, 1H), 5.98
(d, J=1.4 Hz, 1H), 5.23±5.16 (m, 1H), 3.98 (s, 2H), 2.04±1.93 (m, 1H),
1.68±1.53 (m, 1H), 1.49±1.13 (m, 10H), 0.86 (t, J=7.1 Hz, 3H); 13C NMR
(CDCl3, 75.4 MHz): d=14.29, 22.82, 24.41, 29.25, 29.43, 31.91, 34.56,
82.31, 105.42, 113.05, 118.41, 127.20, 128.96, 137.01, 141.45, 157.51, 160.13,
173.34; MS (70 eV): m/z (%): 339 (5.52) [M ++H], 338 (23.68) [M +], 91
(100); IR (neat): ñ=2953, 2926, 2856, 1750, 1636, 1597 cm�1; HRMS: m/
z : calcd for C22H26O3: 338.18819; found 338.18783.


Preparation of optically active 4-(3’-furanyl)-2(5H)-furanone 3


(S)-(+)-4-(3’-(5’-Methylfuranyl))-5-phenyl-3-propyl-2(5H)-furanone (3a):
A mixture of (S)-(+)-1a (50 mg, 0.248 mmol, 98% ee), 2a (103 mg,
1.26 mmol) and [PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile
(3 mL) was stirred at room temperature for 4 h. Flash chromatography
on silica gel (petroleum ether/Et2O 5:1) afforded (S)-(+)-3a (61 mg,
87%, 95% ee). (HPLC condition: AD column; rate: 0.7 mLmin�1;
hexane/iPrOH 80:20); [a]20D =++1328 (c=1.07, EtOH, T=20 8C).


(R)-(�)-3-Methyl-4-(3’-(5’-methylfuranyl))-5-phenyl-2(5H)-furanone
(3b): A mixture of (R)-(�)-1b (44 mg, 0.253 mmol, 99% ee), 2a (105 mg,
1.28 mmol) and [PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile


(3 mL) was stirred at room temperature for 4 h. Flash chromatography
on silica gel (ethyl acetate/petroleum ether 1:2, then CH2Cl2) afforded
(R)-(�)-3b (49 mg, 76%, 97% ee). (HPLC condition: AD column; rate:
0.7 mLmin�1; hexane/iPrOH 85:15); [a]20D =�1358 (c=1.145, EtOH, T=


20 8C).


(S)-(+)-3-Allyl-4-(3’-(5’-methylfuranyl))-5-phenyl-2(5H)-furanone (3d):
A mixture of (S)-(�)-1d (50 mg, 0.25 mmol, 98% ee), 2a (104 mg,
1.27 mmol) and [PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile
(3 mL) was stirred at room temperature for 6 h. Flash chromatography
on silica gel (petroleum ether/ethyl acetate 5:1) afforded (S)-(+)-3d
(51 mg, 73%, 97% ee). (HPLC condition: OD column; rate:
0.7 mLmin�1; hexane/iPrOH 80:20); [a]20D =++708 (c=1.045, CHCl3, T=


20 8C).


(S)-(�)-3-Methyl-4-(3’-(5’-methylfuranyl))-5-(1’-naphthyl)-2(5H)-fura-
none (3e): A mixture of (S)-(+)-1e (56 mg, 0.25 mmol, 98% ee), 2a
(104 mg, 1.27 mmol) and [PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in aceto-
nitrile (3 mL) was stirred at room temperature for 4 h. Flash chromatog-
raphy on silica gel (petroleum ether/ethyl acetate 3:1) afforded (S)-(�)-
3e (56 mg, 74%, 97% ee). (HPLC condition: OD column; rate:
0.7 mLmin�1; hexane/iPrOH 60:40); [a]20D =�348 (c=1.635, CHCl3, T=


20 8C).


(S)-(+)-4-(3’-(5’-Methylfuranyl))-5-(4’-bromo-phenyl)-3-propyl-2(5H)-fur-
anone (3 j): A mixture of (S)-(+)-1j (43 mg, 0.153 mmol, 99% ee), 2a
(67 mg, 0.817 mmol) and [PdCl2(CH3CN)2] (2 mg, 0.0077 mmol) in aceto-
nitrile (3 mL) was stirred at room temperature for 4 h. Flash chromatog-
raphy on silica gel (petroleum ether/Et2O 3:1) afforded (S)-(+)-3 j
(42 mg, 76%, 99% ee). (HPLC condition: AD column; rate:
0.7 mLmin�1; hexane/iPrOH 95:5); [a]20D =++1228 (c=0.505, EtOH, T=


20 8C).


(R)-(�)-4-(3’-(5’-Butylfuranyl))-5-phenyl-3-propyl-2(5H)-furanone (3k):
A mixture of (R)-(�)-1a (50 mg, 0.248 mmol, 97% ee), 2b (154 mg,
1.24 mmol) and [PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile
(3 mL) was stirred at room temperature for 4 h. Flash chromatography
on silica gel (petroleum ether/ethyl acetate 3:1) afforded (R)-(�)-3k
(60 mg, 75%, >99% ee). (HPLC condition: OD column; rate:
0.7 mLmin�1; hexane/iPrOH=70/30),[a]20D =�568 (c=1.190, CHCl3, T=


20 8C).


(R)-(�)-4-(3’-(5’-Butylfuranyl))-3-methyl-5-phenyl-2(5H)-furanone (3 l):
A mixture of (R)-(�)-1b (44 mg, 0.253 mmol, 99% ee), 2b (157 mg,
1.27 mmol) and [PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile
(3 mL) was stirred at room temperature for 4 h. Flash chromatography
on silica gel (ethyl acetate/petroleum ether 1:5) afforded (R)-(�)-3 l
(61 mg, 81%, 99% ee). (HPLC condition: OD column; rate:
0.7 mLmin�1; hexane/iPrOH 90:10); [a]20D =�428 (c=2.540, CHCl3, T=


20 8C).


(S)-(+)-3-Allyl-4-(3’-(5’-butylfuranyl))-5-phenyl-2(5H)-furanone (3m): A
mixture of (S)-(�)-1d (50 mg, 0.25 mmol, 98% ee), 2b (157 mg,
1.27 mmol) and [PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile
(3 mL) was stirred at room temperature for 4 h. Flash chromatography
on silica gel (petroleum ether/ethyl acetate 6:1) afforded (S)-(+)-3m
(54 mg, 67%, 99% ee). (HPLC condition: OD column; rate:
0.7 mLmin�1; hexane/iPrOH 90:10); [a]20D =++498 (c=1.400, CHCl3, T=


20 8C).


(S)-(�)-3-Methyl-4-(3’-(5’-butylfuranyl))-5-(1’-naphthyl)-2(5H)-furanone
(3n): A mixture of (S)-(+)-1e (56 mg, 0.25 mmol, 98% ee), 2b (160 mg,
1.29 mmol) and [PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile
(3 mL) was stirred at room temperature for 4 h. Flash chromatography
on silica gel (petroleum ether/ethyl acetate 4:1) afforded (S)-(�)-3n
(66 mg, 76%, 99% ee). (HPLC condition: AS column; rate:
0.7 mLmin�1; hexane/iPrOH 80:20); [a]20D =�398 (c=3.125, CHCl3, T=


20 8C).


(R)-(�)-4-(3’-(5’-Benzylfuranyl))-5-phenyl-3-propyl-2(5H)-furanone (3q):
A mixture of (R)-(�)-1a (50 mg, 0.248 mmol, 97% ee), 2c (198 mg,
1.25 mmol) and [PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile
(3 mL) was stirred at room temperature for 4 h. Flash chromatography
on silica gel (petroleum ether/ethyl acetate 8:1) afforded (R)-(�)-3q
(76 mg, 86%, >99% ee). (HPLC condition: OD column; rate:
0.7 mLmin�1; hexane/iPrOH 60:40); [a]20D =�448 (c=1.785, CHCl3, T=


20 8C).
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(R)-(�)-4-(3’-(5’-Benzylfuranyl))-3-methyl-5-phenyl-2(5H)-furanone (3r):
A mixture of (R)-(�)-1b (44 mg, 0.253 mmol, 99% ee), 2c (198 mg,
1.253 mmol) and [PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile
(3 mL) was stirred at room temperature for 4 h. Flash chromatography
on silica gel (ethyl acetate/petroleum ether 1:3, then CH2Cl2) afforded
(R)-(�)-3r (60 mg, 72%, 96% ee). (HPLC condition: AS column; rate:
0.7 mLmin�1; hexane/iPrOH 60:40); [a]20D =�358 (c=2.570, CHCl3, T=


20 8C).


(S)-(+)-3-Allyl-4-(3’-(5’-benzylfuranyl))-5-phenyl-2(5H)-furanone (3s): A
mixture of (S)-(�)-1d (31 mg, 0.155 mmol, 98% ee), 2c (124 mg,
0.785 mmol) and [PdCl2(CH3CN)2] (2 mg, 0.0077 mmol) in acetonitrile
(2 mL) was stirred at room temperature for 4 h. Flash chromatography
on silica gel (petroleum ether/ethyl acetate 5:1) afforded (S)-(+)-3s
(37 mg, 67%, 99% ee). (HPLC condition: AS column; rate:
0.7 mLmin�1;hexane/iPrOH 60:40); [a]20D =++458 (c=1.315, CHCl3, T=


20 8C).


(S)-(�)-3-Methyl-4-(3’-(5’-benzylfuranyl))-5-(1’-naphthyl)-2(5H)-furanone
(3 t): A mixture of (S)-(+)-1e (56 mg, 0.25 mmol, 98% ee), 2c (200 mg,
1.266 mmol) and [PdCl2(CH3CN)2] (3 mg, 0.012 mmol) in acetonitrile
(3 mL) was stirred at room temperature for 4 h. Flash chromatography
on silica gel (petroleum ether/ethyl acetate 5:1) afforded (S)-(�)-3 t
(83 mg, 87%, >99% ee). (HPLC condition: AS column; rate:
0.7 mLmin�1; eluent: hexane/iPrOH 60:40); [a]20D =�9.78 (c=2.675,
CHCl3, T=20 8C).


4,5-Dimethylene-2,7-octanedione (6a):[28] 1H NMR (CDCl3, 300 MHz):
d=5.23 (s, 2H), 5.15 (s, 2H), 3.40 (s, 4H), 2.16 (s, 6H).


4-Methyl-5-methylene-3-octene-2,7-dione (7a): 1H NMR (CDCl3,
300 MHz): d=6.13 (s, 1H), 5.69 (s, 1H), 5.38 (s, 1H), 3.37 (s, 2H), 2.25
(s, 3H), 2.20 (s, 3H), 2.13 (s, 3H); 13C NMR (CDCl3, 75.4 MHz): d=


15.59, 28.68, 32.31, 49.96, 122.44, 124.13, 142.69, 150.17, 199.40, 206.38;
IR (neat): ñ=1716, 1683, 1589 cm�1; MS (70 eV): m/z (%): 166 (0.61)
[M +], 43(100); elemental analysis calcd (%) for C10H14O2: 166.09938;
found 166.09793.


4,5-Dimethyl-octa-3,5-diene-2,7-dione (8a):[29] 1H NMR (CDCl3,
300 MHz): d=6.35 (br, 2H), 2.24 (d, J=1.2 Hz, 6H), 2.22 (s, 6H);
13C NMR (CDCl3, 75.4 MHz): d=199.21, 153.85, 125.59, 32.18, 16.20; MS
(70 eV): m/z (%): 166 (1.89) [M +], 123 (100); IR (KBr): ñ=1678, 1582,
1418 cm�1.
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Mechanism of Homogeneously and Heterogeneously Catalysed
Meerwein±Ponndorf±Verley±Oppenauer Reactions for the
Racemisation of Secondary Alcohols


Dirk Klomp, Thomas Maschmeyer, Ulf Hanefeld, and Joop A. Peters*[a]


Introduction


The oxidation of alcohols and the reduction of ketones has
always been a mainstay of organic chemistry. Recently, the
racemisation of alcohols via the corresponding ketone has
attracted considerable attention. This racemisation in combi-
nation with an enzyme catalysed resolution is the backbone
of many dynamic kinetic resolutions.[1]


In 1925, Meerwein and Schmidt reported a mild method
for the reduction of ketones and aldehydes by alcohols with
metal alkoxides as the catalysts.[2] Verley,[3] Ponndorf[4] and
Lund[5] independently investigated the scope of this reac-
tion. Twelve years later, Oppenauer recognised the possibili-
ty to reverse the reaction and utilised it as an oxidation.[6]


Ever since, the Meerwein±Ponndorf±Verley (MPV) reduc-
tion and the Oppenauer oxidation have been textbook ex-
amples of highly selective and efficient reactions under mild
conditions. Usually, readily available reductants such as eth-
anol or 2-propanol are used as hydrogen donor in the MPV
reduction, whereas oxidants such as acetone or cyclohexa-
none are used as hydrogen acceptor in the Oppenauer oxi-


dation. Several reviews on the Meerwein±Ponndorf±Verley
and Oppenauer (MPVO) reactions have been published.[7±10]


The mechanism of the MPV reaction is generally believed
to involve a six-membered cyclic transition state in which
both the substrate and the reductant/oxidant are coordinat-
ed to the metal ion (Scheme 1). A similar bimolecular reac-
tion between a coordinated alcohol and a coordinated
ketone has been proposed as well.[11] As an exception, a
single electron transfer pathway was observed for alkali
metal ions catalysed MPV reductions.[12] Metal hydrides are
only formed during hydrogenations catalysed by transition
metals such as ruthenium.[13] In addition, a few examples are
known of MPV alkynylations and cyanations.[14,15] In these
cases, the transfer mechanism is reported to be similar to
the mechanism of the hydride transfer as depicted in
Scheme 1.


In the MPV reduction, the ketone or the aldehyde coordi-
nates to the metal centre of the catalyst, which causes the
activation of the double bond (Scheme 1). A hydride shift
takes place and the alkoxide is released as ketone or alde-
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Laboratory of Applied Organic Chemistry and Catalysis
Delft University of Technology
Julianalaan 136
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Abstract: The mechanism of hydrogen
transfer from alcohols to ketones, cata-
lysed by lanthanide(iii) isopropoxides
or zeolite Beta has been studied. For
the lanthanide catalysed reactions, (S)-
1-phenyl-(1-2H1)ethanol and acetophe-
none were used as case studies to de-
termine the reaction pathway for the
hydrogen transfer. Upon complete rac-
emisation all deuterium was present at
the 1-position, indicating that the reac-


tion exclusively takes place via a
carbon-to-carbon hydrogen transfer.
Zeolite Beta with different Si/Al ratios
was applied in the racemisation of (S)-
1-phenylethanol. In this case the race-


misation does not proceed via an oxi-
dation/reduction pathway but via elimi-
nation of the hydroxy group and its re-
addition. This mechanism, however, is
not characteristic for all racemisation
reactions with zeolite Beta. When 4-
tert-butyl cyclohexanone is reduced
with this catalyst, a classical MPV reac-
tion takes place exclusively. This dem-
onstrates that zeolite Beta has a sub-
strate dependent reaction pathway.


Keywords: hydrogen transfer ¥
lanthanides ¥ Meerwein±Ponndorf±
Verley reduction ¥ Oppenauer
oxidation ¥ zeolites


Scheme 1. Generally accepted mechanism of the MPV reduction and Op-
penauer oxidation.
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hyde. Alkoxides can exchange with alcohols present in solu-
tion, so an equilibrium of various metal alkoxides may exist
during the reaction.


In 1953, deuterium tracer studies of aluminium(iii) iso-
propoxide catalysed reactions were reported that supported
the mechanism proposed.[16] However, the experimental
methodology available at that time was rather inaccurate.
The authors estimated the error margin in their procedure
for the deuterium determination (falling-drop method[17]) to
be 10%.


Traditionally, MPVO reactions are performed with stoi-
chiometric amounts of AlIII alkoxides. The reactions were
improved considerably by the introduction of LnIII alkoxides
as the catalyst.[18] With these catalysts, only catalytic
amounts of this metal ion are required. Recently, much
higher reactivities for aluminium catalysed MPVO reactions
have been achieved with dinuclear AlIII complexes[19] and
with AlIII alkoxides generated in situ.[20] Most likely, the rel-
atively high activity of the LnIII ions can be ascribed to the
high ligand exchange rates with these ions.


Recently, doubts were raised whether the mechanism pro-
ceeds exclusively via a carbon-to-carbon hydrogen transfer
(Scheme 2, mechanism A).[21] During racemisation of (S)-1-
phenyl-(1-2H1)ethanol with samarium(iii) or aluminium(iii)
isopropoxide in the presence of acetophenone, part of the
deuterium atoms disappeared from the 1-position. This was
suggested to be due to the occurrence of a second pathway
involving an oxygen-to-carbon hydrogen transfer (Scheme 2,
mechanism B).


A different class of catalysts for the MPVO reaction con-
sists of zeolite Beta and its derivatives containing other


metals. Several examples are known and the reduction or
oxidation can be performed either in the gas phase[22±24] or
in solution.[25±29] In the latter case stereoselectivity has also
been reported. It was proposed that the reaction proceeds
within the pores of the zeolite via the same mechanism as in
the homogeneous case (Scheme 1). However, no conclusive
experimental evidence was given. The heterogeneous cata-
lysts have the advantage that the work-up of the reaction
mixture is easier. Furthermore, they are less water sensitive
than the homogeneous MPVO catalysts. The MPVO reac-
tions can be exploited for the racemisation of alcohols via
Oppenauer oxidation of the alcohol followed by non-selec-
tive reduction of the resulting ketone by the Meerwein±
Ponndorf±Verley reaction.[30] Obviously, racemisation reac-
tions can be performed using relatively small amounts of a
ketone. Zeolite Beta has also been used for the racemisation
of secondary phenylic alcohols in a dynamic kinetic resolu-
tion, however, in this case water elimination/addition via a
carbenium ion is involved rather than a redox mechanism.[31]


Here, we report on a study of the racemisation of alcohols
using both homogeneously and heterogeneously catalysed
MPVO reactions. The reaction mechanisms of these reac-
tions were established using deuterium and 17O labelling
techniques.


Results and Discussion


The mechanism of the MPVO reactions was studied by
monitoring the racemisation of (S)-1-phenylethanol [(S)-1]
in the presence of the hydrogen acceptor acetophenone (2)
or acetone either catalysed by a lanthanide(iii) isopropoxide
or zeolite Beta. The fate of the various hydrogen atoms
during these reactions was traced by means of 2H-substitu-
tion on the tertiary carbons of 1 and of the isopropoxide
ligand of the complex. Furthermore, some reactions were
performed with 1, in which the methyl group was labeled
with 2H.


Synthesis of isotopically substituted compounds : (S)-1-
phenyl-(1-2H1)ethanol ((S)-[D1]-1) was prepared by reduc-
tion of acetophenone (2) with LiAlD4 followed by a kinetic
resolution of the product alcohol 1 utilising Candida antarc-
tica lipase B (CAL-B) and isopropenyl acetate. The enantio-
pure alcohol (S)-[D1]-1 and acetate (R)-[D1]-3 were ob-
tained in good yields (both 39% in two steps) and excellent
optical purity (both ee>99%) (Scheme 3).


1-Phenyl-(2-2H3)ethanol ([D3]-1) was synthesised via a
straightforward base catalysed H/D exchange reaction of
acetophenone (2) in D2O. Subsequent NaBH4 reduction
gave the desired racemic compound [D3]-1, which was sub-
mitted to a CAL-B catalysed kinetic resolution (Scheme 3).
The alcohol (S)-[D3]-1 and acetate (R)-[D3]-3 were obtained
in three steps in 38 and 39% yield, respectively, and excel-
lent optical purity (both ee >99%).


Deuterated catalysts were obtained by ligand exchange
reactions of samarium(iii) isopropoxide (4) with the isopro-
panol labeled with 2H at the appropriate position(s)
(Scheme 4).


Abstract in Dutch: Het mechanisme van de waterstofover-
dracht van alcoholen naar ketonen, gekatalyseerd door lan-
thanide(iii) isopropoxides of zeoliet Beta, werd onderzocht.
Voor de lanthanide gekatalyseerde reacties is gebruik ge-
maakt van (S)-1-fenyl-(1-2H1)ethanol en acetofenon om het
reactiepad van deze overdracht vast te stellen. Na volledige
racemisatie bevond alle deuterium zich op de 1-positie. Dit
toont aan dat de overdracht van waterstof alleen van koolstof
naar koolstof plaatsvindt. In de zeoliet Beta gekatalyseerde
racemisaties van (S)-1-fenylethanol is gewerkt met verschil-
lende Si/Al verhoudingen in de zeoliet. Het bleek dat de reac-
tie niet verloopt volgens een oxidatie/reductie mechanisme,
maar dat er een eliminatie en readditie van de hydroxygroep
plaatsvindt. Dit mechanisme is echter niet kenmerkend voor
alle racemisaties met zeoliet Beta. Gedurende de reductie van
4-tert-butylcyclohexanon, een stof die minder makkelijk de-
protoneert, vindt een klassieke MPV reactie plaats. Het reac-
tiepad dat wordt gevolgd tijdens de reductie door zeoliet Beta
is dus substraatafhankelijk.


Scheme 2. Two possible pathways for the hydrogen transfer.
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Catalytic reactions with samarium(iii) isopropoxide : The
racemisations of (S)-[D1]-1 and (S)-1 were performed with
an equimolar amount of acetophenone (2) and 10 mol% of
[D7]-4 or [D1]-4 as the catalyst. THF was used as a solvent
to enable the direct comparison with the results published
by P‡mies and B‰ckvall.[21] In addition, some experiments
were performed with heptane as the solvent, which has the
advantage that it does not coordinate to the LnIII ion. The


reactions were run for 18 h (Table 1).
Entries 1 and 3 show complete retention of deuterium at


the a-position with respect to the hydroxyl group. This
strongly supports a direct transfer of deuterium from carbon
to carbon (Scheme 2, mechanism A) and excludes the occur-
rence of a reduction via transfer of H/D from the alcohol
function to the carbonyl carbon atom (Scheme 2, mecha-
nism B). Similar experiments with unlabeled starting com-
pound (entries 2 and 4) show that during the racemisation


of 1, deuterium present on the 2-position of the isopropox-
ide groups is transferred to the 1-position of the alcohol.
Complete scrambling of the deuterium atoms over the terti-
ary carbons of the isopropoxy groups of the catalyst and the
1-position of phenylethanol would have resulted in 23% of
2H on the latter position. This confirms that the racemisa-
tion takes place exclusively via the mechanism depicted in
Scheme 1. Remarkably, a substantial amount of deuterium
was found in the methyl group of phenylethanol in each of
the experiments. This can be ascribed to H/D exchange be-
tween the methyl groups of acetophenone (formed by Op-
penauer oxidation of 1) and those of acetone (formed by ox-
idation of the isopropoxy groups of the catalyst) via keto±
enol equilibria, under influence of the alkaline conditions in
the reaction mixture.


Analoguous experiments were performed using [D1]-4.
The 2H distribution at the 1-position in the products was
similar to that with the completely deuterated catalyst [D7]-
4. The methyl group, however, did not show any incorpora-
tion of deuterium, supporting the keto±enol equilibria pro-
posed above for the H/D exchange between acetone and
acetophenone. This also rules out that any D from CD3 is
transferred to the 1-position of the alcohol.


A reaction performed without hydrogen acceptor (ace-
tone or acetophenone) did not show any activity. This indi-
cates that the reaction has to proceed via the reduction of a
ketone or aldehyde.


All results described above strongly support that the
MPVO reaction exclusively proceeds via mechanism A
(Scheme 2). This is also in agreement with results reported
by P‡mies and B‰ckvall,[21] who observed 24% loss of deu-
terium upon racemisation of (S)-1-phenyl-(1-2H1)ethanol
using 10 mol% of a Sm-isopropoxide catalyst without deute-
rium. This is very close to the theoretical loss of 23% of
deuterium in phenylethanol upon complete scrambling as
mentioned above. The reason for the deuterium loss in the
product, is the ligand exchange that takes place in the reac-
tion mixture, during which the isopropoxy groups of the cat-
alyst will exchange against the reactant alcohol (Scheme 5).


Scheme 3. Synthesis of enantiopure deuterium substituted alcohols.


Scheme 4. Synthesis of the deuterated samarium(iii) catalysts through
ligand exchange.


Table 1. Deuterium contents after complete racemisation of (S)-1 and
(S)-[D1]-1.


[a]


Entry Alcohol Catalyst Solvent % 2H at % 2H at Me[b]


1-position[b]


1 (S)-[D1]-1 [D7]-4 THF >99 15
2 (S)-1 [D7]-4 THF 11 16
3 (S)-[D1]-1 [D7]-4 heptane >99 17
4 (S)-1 [D7]-4 heptane 15 20


[a] Alcohol (0.5 mmol), 2 (0.5 mmol), catalyst (0.05 mmol), solvent
(0.75 mL), T=70 8C, 18 h. [b] Calculated from NMR and MS.


Scheme 5. Ligand exchange and subsequent reactions in the MPVO cycle.
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Catalytic reactions with zeolite H-Beta : Zeolite Beta is also
known to oxidise alcohols and to reduce ketones in a similar
fashion as the homogeneous LnIII catalysts.[25±29] Herein,
some mechanistic studies are reported.


Zeolite H-Beta, activated at 400 8C, was used as catalyst
and acetone was applied as hydrogen acceptor. The experi-
ments were carried out at 50 8C, in order to minimise the
loss of acetone from the reaction mixture. The reactions
were terminated after one hour, after which the enantiomer-
ic excess and the mass balance were determined (Figure 1).


Zeolite Beta catalysed the racemisation, even in the ab-
sence of an oxidant. This is in contrast to the findings with
samarium(iii) isopropoxide. In most cases, this racemisation
reaction was even faster than in the presence of acetone.
Furthermore, when the reaction was performed in the pres-
ence of acetone no acetophenone could be detected in the
reaction mixture. Acetophenone would be the reaction in-
termediate when the racemisation proceeds via an oxida-
tion/reduction of the alcohol and, therefore, it can be con-
cluded that the reaction proceeds via a different pathway.
The incomplete mass balance as determined by GC analysis
also supports the presence of another pathway differing
from the redox reactions. The phenomena observed can be
rationalised by the occurrence of an elimination/addition
mechanism in which the hydroxy group is eliminated from
the alcohol, forming a carbocation intermediate. This inter-
mediate gives upon rehydration phenylethanol. However,
instead of an SN1 reaction an E1 elimination takes place and
styrene is formed. Indeed, when a small quantity of H2


17O
was added to the reaction mixture, 17O was found to be in-
corporated into the produced racemic alcohol. The occur-
rence of the carbocation and subsequent formation of sty-
rene also explains the incomplete mass balance, since sty-
rene can polymerise and the polymer escapes detection by
GC.


The occurrence of a carbocation intermediate was con-
firmed by reactions of styrene and (S)-1-phenylethanol (1)
with one equivalent of water in the presence of zeolite Beta
(Si/Al=16). Styrene showed a very slow reaction to 1-phe-
nylethanol, only 6% of it was formed after 20 h. During the
same reaction time, however, (S)-1-phenylethanol was com-
pletely racemised; in this case styrene could be detected by
GC and as expected the mass balance was incomplete.


As can be seen in Figure 1 the acidity of the zeolite,
which depends on the Si/Al ratio, determines the racemisa-
tion rate. The highest rate was obtained with a zeolite with
Si/Al=16.


Since phenylethanol is very susceptible to dehydration,
zeolite Beta catalysed reactions were also performed with 4-
tert-butylcyclohexanone (6).


From previous work it is known that zeolite Beta prefera-
bly catalyses the reduction towards the cis-4-tert-butyl cyclo-
hexanol (7).[25±28] In oxidations cis-isomer 7 is converted into
ketone 6, whereas the other isomer of the alcohol is rather
unreactive. Therefore, we monitored the reduction of the
ketone rather than the epimerisation of the two alcohols
(Scheme 6). Zeolite Beta, activated at different tempera-
tures, was applied since it has been shown that the activation
temperature plays a crucial role in the catalytic activity.[24,25]


For both catalysts complete conversion of 6 was observed
after 18 h. From Table 2 it is evident that the deuterium that
was present at the 2-position of isopropanol is fully transfer-
red to the 2-position of the product alcohol; this indicates a
hydrogen transfer according to Scheme 2, mechanism A, in-
dependent of the activation temperature. Furthermore, no
loss in the mass balance was observed and no deuterium
was detected at other positions of the product, proving that
here exclusively a direct carbon-to-carbon hydrogen transfer
takes place (see Scheme 2, mechanism A).


It is remarkable that the Beta zeolite catalyses both the
elimination/addition and the MPVO reaction. In both cases
the zeolite is activated at 400 8C in order to expel water and
to increase the number of Lewis acid sites. Apparently, with
exactly the same catalyst it is possible to follow two differ-
ent pathways. The elimination is most likely catalysed by
the Br˘nsted acid sites whereas the MPV reduction is car-
ried out at the Lewis acid sites. Corma et al. showed that
with Beta resembling zeolites, like Sn-Beta, where only
Lewis acid sites are available in the catalyst, it is possible to
reduce 2 without any elimination.[29]


Figure 1. Zeolite Beta catalysed racemisations of (S)-1-phenylethanol in
the presence and in the absence of acetone. & ee, with 1 equiv acetone; *


ee, without acetone; & mass balance, with 1 equiv acetone; // mass bal-
ance, without acetone. [a] Determined by chiral GC.


Scheme 6. The reduction of 4-tert-butylcyclohexanone and the oxidation
of 4-tert-butylcyclohexanol.


Table 2. Deuterium contents of 7 after reduction of 6.[a]


Entry Ketone Catalyst[b] Solvent % 2H at
1-position[c]


1 6 Beta 16 (400) 2-(2-2H1)propanol >99
2 6 Beta 16 (600) 2-(2-2H1)propanol >99


[a] Ketone (2.0 mmol), catalyst (30 mg), solvent 3 mL, T=50 8C, 18 h.
[b] The first number is the Si/Al ratio, the number in parentheses is the
activation temperature in 8C, activation overnight. Prepared according to
van Bekkum et al.[35] [c] Calculated from NMR and MS, 3±5% of the
trans isomer was found, also with >99% 2H at the 1-position.
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Conclusion


The MPVO reaction catalysed by lanthanide(iii) isopropox-
ides proceeds exclusively via a hydride transfer from the
carbon at the a-position with respect to the alcohol function
to the carbonyl carbon of the ketone or the aldehyde. Here,
for the first time the mechanism was proven in a reliable
and undisputable way using deuterium substituted alcohols
and catalysts. Furthermore, it was observed that a keto±enol
tautomerisation takes place during the reaction through
which hydrogen atoms other than in the 1-position can be
exchanged.


The racemisation of (S)-1 catalysed by zeolite Beta pro-
ceeds, (predominantly) via an elimination/addition mecha-
nism. 17O studies support this observation. Furthermore, the
rate of racemisation and the extent of oligomerisation in the
reaction is determined by the acidity of the zeolite and the
number of active sites. On the other hand, zeolite Beta pos-
sesses the capacity to reduce ketones also via a regular re-
duction pathway as is shown by the reduction of 7. This is
summarised in Scheme 7. The preference for either of the
pathways in racemisations depends on the substrate used
and is not influenced by the activation temperature and
therefore the number of Lewis acid sites of zeolite Beta.


Experimental Section


All experiments were performed in dried glassware under a nitrogen at-
mosphere unless stated otherwise. All chemicals were purchased from
Aldrich. Anhydrous solvents and solids were used as received, the other
liquids were dried and distilled prior to use. The zeolites with a Si/Al
ratio of 16 and 86 were commercially available from CU Chemie,
Uetikon. The ee values were determined and reactions were followed by
gas chromatography by using a Hewlett±Packard 5890 Series II gas chro-
matograph, equipped with a 40 mî0.25 mm chiral column Chiraldex B-
PH (b-cyclodextrins permethylated hydroxypropyl), split injector (1:100)
at 220 8C, a Flame Ionisation Detector at 250 8C and using He as carrier
gas. In the catalytic reactions 1,3,5-triisopropylbenzene was used as inter-
nal standard. Retention times (min) at 120 8C isotherm: 1,3,5-triisopro-
pylbenzene (11.0), acetophenone (11.5), (S)-1-methylbenzyl acetate
(14.5), (R)-1-methylbenzyl acetate (15.0), (R)-1-phenylethanol (23.0),
(S)-1-phenylethanol (23.5). Non-enantiomeric compounds were analysed
by a Varian Star 3400 CX, equipped with a 50 mî0.53 mm column CP


wax 52 CB, on column injector at 60 8C, a Flame Ionisation Detector at
250 8C and nitrogen as carrier gas. Retention times (min) (0±2 min:
100 8C; 2±18 min: 5 8Cmin�1; 18±20 min: 180 8C): 1,3,5-triisopropylben-
zene (10.7), 4-tert-butylcyclohexanone (15.5), cis-4-tert-butylcyclohexanol
(16.4), trans-4-tert-butylcyclohexanol (17.5). NMR spectra were recorded
on a Varian VXR-400S or a Varian Unity Inova-300 spectrometer at
25 8C. Chemical shifts are reported in ppm with TMS as an internal stan-
dard (d=0 ppm). The deuterium content of the isotopically substituted
compounds was calculated from the 1H- and 2H NMR spectra. Mass spec-
tra were recorded with a VG SE spectrometer at 70 eV. Elemental analy-
sis ICP-OES was performed with Perkin±Elmer Optima 4300DV. Immo-
bilised Candida antarctica Lipase B (CAL-B) as Chirazyme L2, c-f. C2,
lyo was a gift from Roche Diagnostics. The enzyme activity was deter-
mined following a standard procedure.[32] Prior to use, the enzyme was
dried overnight under vacuum over silica in a desiccator. For column
chromatography Fluka silica gel 60 was used and Merck aluminium
sheets with silica gel 60 F254 were used for TLC. Elution was carried out
with mixtures of petroleum ether 40±65 8C (PE) and diethyl ether
(Et2O).


1-Phenyl-(1-2H1)ethanol ([D1]-1): At �20 8C, lithium aluminium deuter-
ide (5 g, 119 mmol) was dissolved in diethyl ether (80 mL). Freshly distil-
led acetophenone (2) (22.6 mL, 192 mmol) was added dropwise to the
stirred mixture. The reaction mixture was allowed to warm to room tem-
perature after which the stirring was continued for 2 h. The temperature
was lowered again to �20 8C. Subsequently, water (5 mL), 15% aqueous
NaOH solution (5 mL) and water (15 mL) were carefully added.[33] The
solids were filtered off and washed thoroughly with diethyl ether. Distil-
lation under reduced pressure yielded [D1]-1 as a colourless oil (20.8 g,
169 mmol, >99% deuterated, 88%). B.p. 98 8C at 30 mbar; 1H NMR
(300 MHz, CDCl3): d=1.49 (t, J=0.90 Hz, 3H, CH3), 1.84 (s, 1H, OH),
7.24±7.39 (m, 5H, ar-H).


(S)-1-Phenyl-(1-2H1)ethanol ((S)-[D1]-1) and (R)-(1-
2H1)-1-methylbenzyl


acetate ((R)-[D1]-3): [D1]-1 (2.0 g, 16.3 mmol) and isopropenyl acetate
(1.9 mL, 16.3 mmol) were dissolved in toluene (20 mL). The temperature
was raised to 60 8C and CAL-B (0.4 g, 1.5 kU) was added to the mixture.
The reaction was monitored by chiral GC. After 2 h the enzyme was re-
moved by filtration and the solution was concentrated in vacuo. The two
products were separated by column chromatography (PE/Et2O 4:1, after
the acetate was eluted: PE/Et2O 1:1). After removal of the solvents alco-
hol (S)-[D1]-1 (0.84 g, 6.8 mmol, ee>99%, >99% deuterated, 42%) and
acetate (R)-[D3]-3 (1.18 g, 7.1 mmol, ee>99%, >99% deuterated, 44%)
were obtained. The 1H NMR spectrum of the alcohol was identical to
that of [D1]-1. (R)-[D3]-3 :


1H NMR (300 MHz, CDCl3): d=1.53 (t, J=
0.82, 3H, CD-CH3), 2.06 (s, 3H, C(O)CH3), 7.23±7.39 (m, 5H, ar-H).


(S)-1-Phenyl-(2-2H3)ethanol ((S)-[D3]-1) and (R)-1-(2H3)methylbenzyl
acetate ((R)-[D3]-3): Acetophenone (2) (2.0 mL, 17.1 mmol), D2O
(20 mL, 1.0 mol) and a catalytic amount of potassium carbonate were
stirred vigorously overnight at 100 8C. The mixture was cooled to room
temperature and NaBH4 (324 mg, 8.6 mmol) was added. After 3 h, the re-
action mixture was extracted with diethyl ether (3î20 mL), the com-
bined organic layers were dried over MgSO4 and concentrated in vacuo.
The residue was dissolved in toluene (20 mL). CAL-B (206 mg, 0.7 kU)
and isopropenyl acetate (2.0 mL, 18.2 mmol) were added and the temper-
ature was raised to 50 8C. The reaction was followed by chiral GC. After
3 h the enzyme was filtered off and the solution was concentrated in
vacuo. The products were purified as described above yielding, after
evaporation of the solvents, the desired alcohol (S)-[D3]-1 (811 mg,
6.49 mmol, ee 99%, 97% deuterated, 38% (over three steps)) and ace-
tate (R)-[D3]-3 (1.11 g, 6.65 mmol, ee 99%, 96% deuterated, 39% (over
three steps)). (S)-1-phenyl-(2-2H3)ethanol: 1H NMR (300 MHz, [D8]diox-
ane): d=3.80 (s, 1H, CH), 4.77 (d, J=2.7 Hz, 1H, OH), 7.19±7.40 (m,
5H, Ar-H); 2H NMR (46 MHz, dioxane): d =1.29 (CD3); (R)-1-
(2H3)methylbenzyl acetate: 1H NMR (300 MHz, [D8]dioxane): d=2.03 (s,
3H, C(O)-CH3), 5.86 (s, 1H, CH), 7.23±7.40 (m, 5H, Ar-H); 2H NMR
(46 MHz, dioxane) d=1.41 (CD3).


2-(2-2H1)Propanol : This alcohol was synthesised in an analogous way as
[D1]-1, using acetone (17.6 mL, 238 mmol), LiAlD4 (5 g, 119 mmol) in di-
ethyl ether (50 mL).[33,34] Distillation (82 8C/atmospheric pressure) yielded
the desired alcohol (12.2 g, 101 mmol, >99% deuterated, 85%).
1H NMR (300 MHz, [D8]dioxane): d=1.20 (t, J=0.9 Hz, 6H, 2îCH3),
2.08 (s, 1H, OH).


Scheme 7. The two possible reaction pathways for zeolite Beta.
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Samarium(iii) (2H7)isopropoxide ([D7]-4): Samarium(iii) isopropoxide
(1 g, 30.5 mmol) in 2-(2H8)propanol (10 mL, 131 mmol) was stirred over-
night. After settling of the solids, the solution was transferred into anoth-
er flask. This solution was concentrated under vacuum. For 1H NMR, the
catalyst was dissolved in [D]trifluoroacetic acid to which a drop of D2O
was added to increase solubility. Dioxane was added as internal standard.
1H NMR (300 MHz, [D1]TFA): d=0.80±1.00 (m, CH3). Integration of the
1H NMR spectrum showed the deuterium content to be 87%.


Samarium(iii) (2-2H1)isopropoxide ([D1]-4): This catalyst was prepared in
a similar manner as above, with 2-(2-2H1)propanol (10 mL, 128 mmol).
From NMR the deuterium contents was determined to be 85%.


General procedure for the synthesis of zeolite Beta :[35] Several zeolites
have been prepared with different Si/Al ratios. The amounts used are
given after the general procedure.


NaAlO2 and a 35% TEAOH solution in water were mixed and stirred
for 15 min in a Teflon insert for an autoclave. To this, LUDOX HS-40
was added. A thick gel formed which was homogenised manually. The
insert was put into the autoclave and then the mixture was heated at
170 8C for four days. The autoclave was quickly cooled with water and
the white powder obtained was centrifuged, washed with water three
times and then dried in air overnight.


The zeolite was placed in an oven and heated to 550 8C at a rate of
1 8Cmin�1. It was kept at that temperature for 15 h. After cooling, Na+


was exchanged by H+ by stirring the zeolite three times for 48 h with a
0.1m NH4NO3 solution (250 mL). The zeolite obtained was calcined at
450 8C for 15 h to yield a white powder. The Si/Al ratio was determined
by elemental analysis and calculated from the 29Si NMR spectrum.[36]


Zeolite Beta (Si/Al=6): NaAlO2 (2.12 g, 25.9 mmol), 35% TEAOH in
water (8 mL, 19.5 mmol) and LUDOX HS-40 (15 mL). Zeolite Beta (Si/
Al=25) NaAlO2 (0.53 g, 6.5 mmol), 35% TEAOH in water (8 mL,
19.5 mmol) and LUDOX HS-40 (15 mL).


General procedure for the samarium(iii) catalysed MPVO racemisation :
Samarium(iii) isopropoxide (0.050 mmol) was dissolved in the solvent of
choice (Table 1) (0.75 mL), acetophenone (2) (58.3 mL, 0.50 mmol) and
(S)-1-phenylethanol ((S)-1) (60.7 mL, 0.50 mmol) were added and the
temperature was raised to 70 8C, after which the solution was stirred
overnight for 18 h towards complete racemisation. At regular time inter-
vals, samples of 20 mL were taken, which were analysed by chiral GC.


General procedure for the zeolite Beta catalysed racemisation of (S)-1:
Zeolite Beta was activated at 400 8C overnight. This zeolite (20 mg) was
introduced into a Schlenk flask. Toluene (4 mL) was added followed by
(S)-1-phenylethanol ((S)-1) (0.24 mL, 2 mmol). If required, acetone
(0.15 mL, 2 mmol) was added (Figure 1). The mixture was heated to
50 8C. The reaction was followed by taking 20 mL samples at regular inter-
vals and analysing them with chiral GC.


Zeolite Beta catalysed reaction with styrene : Zeolite Beta (Si/Al=16)
was activated at 400 8C overnight. This zeolite (20 mg) was introduced
into a Schlenk flask. Toluene (4 mL) was added followed by styrene
(0.23 mL, 2 mmol), acetone (0.15 mL, 2 mmol) and water (36 mL,
2 mmol). The mixture was heated to 50 8C. The reaction was followed by
taking 20 mL samples at regular intervals and analysing them with chiral
GC. 6% 1 was observed after 20 h.


As a control experiment, the reaction was also performed using (S)-1
(0.24 mL, 2 mmol) instead of styrene. After 20 h complete racemisation
and formation of styrene was observed.


Zeolite Beta catalysed racemisation of (S)-1 in the presence of H2
17O :


Zeolite Beta (Si/Al=13.5) was activated at 400 8C overnight. This zeolite
(20 mg) was introduced into a Schlenk flask. Toluene (4 mL) was added
followed by (S)-1-phenylethanol ((S)-1) (0.24 mL, 2 mmol) and H2


17O
(5 mL, 0.26 mmol, degree of 17O labelling: 25.7%). The mixture was
heated to 50 8C and was analysed by MS after 2 h. It was calculated from
the mass spectrum that the product was 1.0% 17O enriched.


General procedure for the zeolite Beta catalysed reduction of 7: Zeolite
Beta was activated at the appropriate temperature overnight (Table 2).
This zeolite (20 mg) was introduced into a Schlenk flask. 2-(2-2H1)Propa-
nol (3 mL) was added followed by 4-tert-butyl cyclohexanone 7 (0.31 g,
2 mmol). The mixture was heated to 50 8C. The reaction was followed by
taking 20 mL samples at regular intervals and analysing them with achiral
GC.


Acknowledgement


U.H. thanks the Royal Netherlands Academy of Arts and Sciences
(KNAW) for a fellowship. The authors gratefully acknowledge Roche Di-
agnostics Penzberg (Dr. W. Tischer) for the generous gift of the enzyme
(CAL-B, Chirazyme L-2, c.f. , C2, Lyo). We thank Kristina Djanashvili
and Anton van Estrik for measuring the NMR-spectra, Adrie Knol-Kalk-
man for the mass-spectra and Dr. Gˆran Verspui (Avantium Technolo-
gies) for stimulating discussions.


[1] H. Pellissier, Tetrahedron 2003, 59, 8291±8327.
[2] H. Meerwein, R. Schmidt, Justus Liebigs Ann. Chem. 1925, 444,


221±238.
[3] A. Verley, Bull. Soc. Chim. Fr. 1925, 37, 537±542.
[4] W. Ponndorf, Angew. Chem. 1926, 38, 138±143.
[5] H. Lund, Ber. Dtsch. Chem. Ges. 1937, 70, 1520±1525.
[6] R. V. Oppenauer, Recl. Trav. Chim. Pays-Bas 1937, 56, 137±144.
[7] A. L. Wilds, Org. React. 1944, 2, 178.
[8] C. Djerassi, Org. React. 1953, 6, 207.
[9] J. F. de Graauw, J. A. Peters, H. van Bekkum, J. Huskens, Synthesis


1994, 1007±1018.
[10] K. Nishide, M. Node, Chirality 2002, 14, 759±767.
[11] W. N. Moulton, R. E. van Atta, R. R. Ruch, J. Org. Chem. 1961, 26,


290±292.
[12] E. C. Ashby, J. N. Argyropoulos, J. Org. Chem. 1986, 51, 3593±3597.
[13] S. Muthukumaru Pillai, S. Vancheesan, J. Rajaram, J. C. Kuriacose, J.


Mol. Catal. 1983, 20, 169±173.
[14] T. Ooi, T. Miura, K. Maruoka, J. Am. Chem. Soc. 1998, 120, 10790±


10791.
[15] T. Ooi, T. Miura, K. Takaya, H. Ichikawa, K. Maruoka, Tetrahedron


2001, 57, 867±873.
[16] E. D. Williams, K. A. Krieger, A. R. Day, J. Am. Chem. Soc. 1953,


75, 2404±2407.
[17] M. Cohn, Preparation and measurement of isotopic tracers (Ed.: J.


Edwards), Ann Arbor, Michigan, 1947, p. 51.
[18] J. L. Namy, J. Souppe, J. Collin, H. B. Kagan, J. Org. Chem. 1984, 49,


2045±2049.
[19] T. Ooi, T. Miura, Y. Itagaki, H. Ichikawa, K. Maruoka, Synthesis


2002, 279±291.
[20] E. J. Campbell, H. Zhou, S. T. Nguyen, Org. Lett. 2001, 3, 2391±2393.
[21] O. P‡mies, J.-E. B‰ckvall, Chem. Eur. J. 2001, 7, 5052±5058.
[22] J. Shabtai, R. Lazar, E. Biron, J. Mol. Catal. 1984, 27, 35±43.
[23] M. Berkani, J. L. Lemberton, M. Marczewski, G. Perot, Catal. Lett.


1995, 31, 405±410.
[24] M. Huang, P. A. Zielinsky, J. Moulod, S. Kaliaguine, Appl. Catal. A


1994, 118, 33±49.
[25] J. C. van der Waal, E. J. Creyghton, P. J. Kunkeler, H. van Bekkum,


Top. Catal. 1997, 4, 261±268.
[26] E. J. Creyghton, S. D. Ganeshie, R. S. Downing, H. van Bekkum, J.


Mol. Catal. 1997, 115, 457±472.
[27] A. Corma, M. E. Domine, L. Nemeth, S. Valencia, J. Am. Chem.


Soc. 2002, 124, 3194±3195.
[28] M. A. AramendÌa, V. Borau, C. Jimÿnez, J. M. Marinas, J. R. Ruiz,


F. J. Urbano, J. Chem. Soc. Perkin Trans. 2 2002, 1122±1125.
[29] A. Corma, M. E. Domine, S. Valencia, J. Catal. 2003, 215, 294±304.
[30] P. M. Dinh, J. A. Howarth, A. R. Hudnott, J. M. J. Williams, W.


Harris, Tetrahedron Lett. 1996, 37, 7623±7626.
[31] S. Wuyts, K. de Temmerman, D. de Vos, P. Jacobs, Chem. Commun.


2003, 1928±1929.
[32] L. Veum, M. Kuster, S. Telalovic, U. Hanefeld. T. Maschmeyer, Eur.


J. Org. Chem. 2002, 1516±1522.
[33] V. M. Mic¬ovic¬, M. L. Mihailovic¬, J. Org. Chem. 1953, 18, 1190±1200.
[34] L. Friedman, A. T. Jurewicz, J. Org. Chem. 1968, 33, 1254±1255.
[35] P. J. Kunkeler, B. J. Zuurdeeg, J. C. van der Waal, J. A. Bokhoven,


D. C. Koningsberger, H. van Bekkum, J. Catal. 1998, 180, 234±244.
[36] G. Engelhardt, D. Michel, High-Resolution Solid-State NMR of sili-


cates and Zeolites, Wiley, Chichester, 1987, pp. 145±154.


Received: August 18, 2003
Revised: November 28, 2003 [F5460]


Chem. Eur. J. 2004, 10, 2088 ± 2093 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 2093


Meerwein±Ponndorf±Verley±Oppenauer Reactions 2088 ± 2093



www.chemeurj.org



