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C O N S P E C T U S


Gas phase and cluster experiments provide unique
opportunities to quantitatively study the effects of


initiators, solvents, chain transfer agents, and inhibi-
tors on the mechanisms of polymerization. Furthermore,
a number of important phenomena, unique structures,
and novel properties may exist during gas-phase and
cluster polymerization. In this regime, the structure of
the growing polymer may change dramatically and the
rate coefficient may vary significantly upon the addi-
tion of a single molecule of the monomer. These
changes would be reflected in the properties of the oli-
gomers deposited from the gas phase.


At low pressures, cationic and radical cationic poly-
merizations may proceed in the gas phase through
elimination reactions. In the same systems at high pressure, however, the ionic intermediates may be stabilized, and addi-
tion without elimination may occur. In isolated van der Waals clusters of monomer molecules, sequential polymerization
with several condensation steps can occur on a time scale of a few microseconds following the ionization of the gas-phase
cluster. The cluster reactions, which bridge gas-phase and condensed-phase chemistry, allow examination of the effects of
controlled states of aggregation.


This Account describes several examples of gas-phase and cluster polymerization studies where the most significant results
can be summarized as follows: (1) The carbocation polymerization of isobutene shows slower rates with increasing poly-
merization steps resulting from entropy barriers, which could explain the need for low temperatures for the efficient prop-
agation of high molecular weight polymers. (2) Radical cation polymerization of propene can be initiated by partial charge
transfer from an ionized aromatic molecule such as benzene coupled with covalent condensation of the associated pro-
pene molecules. This novel mechanism leads exclusively to the formation of propene oligomer ions and avoids other com-
petitive products. (3) Structural information on the oligomers formed by gas-phase polymerization can be obtained using
the mass-selected ion mobility technique where the measured collision cross-sections of the selected oligomer ions and col-
lision-induced dissociation can provide fairly accurate structural identifications. The identification of the structures of the dimers
and trimers formed in the gas-phase thermal polymerization of styrene confirms that the polymerization proceeds accord-
ing to the Mayo mechanism. Similarly, the ion mobility technique has been utilized to confirm the formation of benzene cat-
ions by intracluster polymerization following the ionization of acetylene clusters. Finally, it has been shown that polymerization
of styrene vapor on the surface of activated nanoparticles can lead to the incorporation of a variety of metal and metal oxide
nanoparticles within polystyrene films.


The ability to probe the reactivity and structure of the small growing oligomers in the gas phase can provide funda-
mental insight into mechanisms of polymerization that are difficult to obtain from condensed-phase studies. These exper-
iments are also important for understanding the growth mechanisms of complex organics in flames, combustion processes,
interstellar clouds, and solar nebula where gas-phase reactions, cluster polymerization, and surface catalysis on dust nano-
particles represent the major synthetic pathways. This research can lead to the discovery of novel initiation mechanisms and
reaction pathways with applications in the synthesis of oligomers and nanocomposites with unique and improved properties.
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1. Introduction


Most of the current knowledge of polymerization reactions


and polymer properties comes from experiments dealing with


bulk liquids or solutions.1–4 This is because these are the pre-


ferred media for many industrial and laboratory polymeriza-


tion processes. However, a number of important phenomena,


unique structures, and novel properties may exist for gas-


phase and cluster polymerization.5–48 In this regime, the struc-


ture of the growing polymer may change dramatically and the


rate coefficient may vary significantly upon the addition of a


single monomer molecule. These changes would be reflected


in the properties of the oligomers. Gas phase and cluster stud-


ies can provide unique opportunities to quantitatively study


the effects of solvents, charge transfer, and inhibitors on the


mechanisms of polymerization. The combination of structural


information on the growing oligomers and on bulk polymers


can provide detailed understanding of the structure-property


relationship in polymer systems.


From a practical point of view, gas-phase and cluster


polymerization can lead to the synthesis of defect-free, uni-


form thin polymeric films of controlled morphology and tai-


lored compositions for many technological applications such


as protective coatings and electrical insulators. For example,


the polymeric species could be deposited from the gas phase


in a size-selected manner on metal or semiconductor surfaces.


Furthermore, gas-phase polymerization can be coupled with


the vapor phase synthesis of metal and semiconductor nano-


particles to generate novel hybrid materials, which combine


several properties such as strength, elasticity, electrical con-


ductivity and improved electro-optic performance.


The ion chemistry of olefin, diolefin, alkyne, and conju-


gated molecules plays an important role in the gas-phase


polymerization process.5,49–52 These monomers can be


induced to oligomerize or polymerize through bimolecular


ion-molecule reactions in the gas phase.49–52 The reactions


can be initiated by an appropriate cation or radical cation,


which can transfer the charge to the selected monomer mol-


ecule. In the gas phase at low pressures, cationic polymeriza-


tion may proceed via elimination reactions.5,49–52 However, in


the same systems at high pressure, the ionic intermediates


may be stabilized and addition without elimination may occur.


In isolated van der Waals (vdW) clusters of monomer mole-


cules, both elimination and addition polymerization can take


place resulting in a product ion distribution that reflects the


stability of the polymeric ions and the kinetics of the


reaction.8–11,13–15 The competition between the condensa-


tion reactions leading to the growth of the oligomer ion and


monomer evaporation resulting in depletion of the monomer


concentration in the cluster can control the ultimate size that


the oligomer ion can reach in the cluster.


Intracluster ionic polymerization was first demonstrated


in our laboratory8,9 and is currently becoming an active


area of research. Several groups have developed laser and


mass spectrometric methods to study anionic, cationic,


and metal ion-induced intracluster polymeriza-


tion.8–11,13–15,20–25,29,31,34–37,40–42,44,46 Other groups have


developed novel approaches to determine the gas-phase con-


formations of a variety of oligomers and polymers including


biopolymers, synthetic polymers, metal ion cationized poly-


mers, and photoluminescence-conjugated polymers.53–61 Our


group has focused on studying the early stages of cationic and


radical cation polymerization within clusters of a variety of


unsaturated organic molecules.8,9,15,18,22–25,28,29,34,41,42,44,46


In this Account, we describe several examples of gas-phase


and cluster polymerization studies with special emphasis on


understanding the reaction mechanisms, the structural iden-


tification of oligomers formed in the early stages of polymer-


ization and the incorporation of nanoparticles within polymeric


materials formed by gas-phase processes.


2. Gas-Phase Polymerization of Olefin
Radical Cations
Isobutene is one of the few monomers known to be polym-


erized exclusively by cationic mechanisms.4 Although it is gen-


erally accepted that high molecular weight polyisobutylene is


formed through the propagation of the t-butyl cation (t-C4H9
+),


the exact nature of the mechanism and the contributions from


the reactions of the radical cation C4H8
+• have never been


clearly elucidated from the condensed-phase studies.1,4


Carbocation vs Radical Cation Polymerization. Gas-


phase reactions of isobutene after ionization follow two typi-


cal paths, radical ion chemistry (of C4H8
+ and its products, eq


1) and carbocation chemistry of (t-C4H9
+ and its products,


eq 2).24


C4H8
+• + C4H8f t-C4H9


+ + C4H7
• (1)


C4H8
+• + C4H8f C8H16


+• (2)


High-pressure mass spectrometry (HPMS) results showed


that the dimer is a covalent adduct with a dissociation energy


>132 kJ/mol, which is significantly larger than typical bind-


ing energies of noncovalent ion-molecule complexes.24


Through charge transfer bracketing, the dimer was identified


as the ion generated from a branched octene with an ioniza-
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tion energy (IE) of 8.55 ( 0.15 eV. The most likely structure


of the dimer cation is (CH3)2CHCHCHCH(CH3)2
+•, which could


be produced by sterically favorable tail-to-tail addition of the


C4H8
+ ion to the isobutene molecule. This structure can be


formed by two hydrogen shifts in the initially formed conden-


sation product (CH3)2C+CH2CH2C•(CH3)2 in which both the


ionic and radical sites are stabilized on tertiary carbons.


In the carbocation branch, the addition reaction (eq 3) for


n ) 1, was found to be reversible at 230-400 K, with ∆H° )
-95.8 kJ/mol and ∆S° ) -136.8 J/(mol K).24


t-C4H9
+(C4H8)n-1 + C4H8f C4H9


+(C4H8)n (3)


Of particular interest is the second polymerization step, n
) 2 in reaction 3, which showed an unusually large thermo-


chemical change, with ∆H° ) -101.3 kJ/mol and ∆S° )
-203.7 J/(mol K).24 The large entropy change is characteris-


tic of sterically hindered reactions.5 Parallel to the thermo-


chemistry, the kinetics of the second step also showed an


anomaly. While the reaction efficiency of the first step was


near unity, the second step was slower by orders of magni-


tude, with a reaction efficiency of 0.005 and with a large neg-


ative temperature coefficient of T-16. The third and fourth


steps are still slower but with smaller temperature coefficients.


Slower rates and large negative temperature coefficients of the


second polymerization step are characteristic of reactions


about sterically hindered centers and result from entropy bar-


riers due to the freezing of internal rotors in the transition


state.5,24


A remarkable consistency with the gas-phase kinetics and


thermochemistry data is observed in the clusters’ study.25 We


generated clusters in a supersonic beam expansion of


isobutene or of benzene/isobutene mixtures, followed by elec-


tron impact or multiphoton ionization.25 In both the pure and


mixed clusters, species containing the isobutene dimer cat-


ion (C8H16
+•) are enhanced, suggesting a stable covalent


adduct, consistent with the gas-phase results. The cluster


results indicate that the formation of the dimer cation is more


favorable than that of the carbocation under the cold beam


conditions.25 Also, the decrease of the t-C4H9
+ condensation


channel with increasing cluster size, where energy dissipated


to the cluster modes becomes more efficient, is consistent with


the gas-phase temperature dependence of the isobutene ion


chemistry.


Initiation of Radical Cation Polymerization by Coupled


Charge TransfersCovalent Condensation. In the benzene/


isobutene system, we observed that fast thermoneutral charge


transfer from the aromatic to the olefin initiates polymeriza-


tion.24,25 This occurs because the IE of benzene is higher than


that of isobutylene (IE ) 9.239 eV);24 therefore, direct charge


transfer from benzene+• to isobutylene generates the C4H8
+•


ion, which then undergoes the competitive proton transfer or


the dimerization reactions to generate the t-C4H9
+ and


C8H16
+• ions, respectively. We wondered about a system


where charge transfer to the olefin monomer would be pro-


hibitively endothermic but would lead to a dimer with lower


ionization energy than the aromatic. Could the two olefin mol-


ecules act as a charge receptor to form a product with a low


IE, leading to an overall exothermic reaction?38,45


In the benzene cation/propene system, the aromatic initi-


ator (C6H6) has an IE between the reactant’s monomer (C3H6)


and its covalent dimer (C6H12), that is, IE(C3H6) > IE(C6H6) >
IE(C6H12).38 Therefore, direct charge transfer from C6H6


+• to


C3H6 is not observed due to the large endothermicity of 0.48


eV, and only the adduct C6H6
+• (C3H6) is formed. However,


coupled reactions of charge transfer with covalent condensa-


tion involving the C6H6
+• ion and two C3H6 molecules are


observed according to the overall process:


C6H6
+• + 2C3H6f C6H12


+• + C6H6 (4)


Reaction 4 represents an initiation mechanism for the gas-


phase polymerization of propene since it results in the forma-


tion of the dimer radical cation (C6H12
+•), which can


sequentially add several propene molecules. At higher con-


centrations of propene, the reaction products are the propene


oligomers (C3H6)n
+• with n ) 2-7 and the adduct series


C6H6
+•(C3H6)n with n e 6. Figure 1a displays the time pro-


files corresponding to the sequential generation of the


(C3H6)n
+• series with n up to 5 (denoted as P2, P3, P4, and P5).


Figure 1b shows the normalized time profiles corresponding


to the disappearance of the C6H6
+• ion signal (B), and the


appearance of the two parallel channels C6H6
+•(C3H6)m with


m)1-3 (ΣBPm), and the (C3H6)n
+• series with n ) 2-6 (ΣPn).


The significance of the coupled charge transfer/covalent con-


densation reactions is that the overall process leads exclu-


sively to the formation of condensation products (C3H6)n
+• and


avoids other competitive channels in the ion-molecule reac-


tions of propene.38


The basic mechanism of charge transfer coupled with cova-


lent condensation has been confirmed by using both the


selected ion flow tube (SIFT) and the mass-selected ion mobil-


ity (MSIM) techniques.38,45 The results suggest that a similar


mechanism may actually be operative in solution. Since ben-


zene and toluene are often used as polymerization solvents,


this may open the possibility for a “solvent as initiator
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approach”, which would eliminate the need for chemical ini-


tiators or additives.


3. Structures of Thermally Polymerized
Styrene Oligomers
The mechanism of the self-initiated polymerization (or ther-


mal polymerization) of styrene in bulk liquids or solutions has


been a challenging subject of research since the early days of


polymer chemistry.1,62 The Mayo mechanism (Figure 2) is the


most generally accepted mechanism for the spontaneous


polymerization of styrene.63–65 It proceeds via Diels-Alder


dimerization to produce the transient dimer 1, which reacts


with styrene to generate radicals I and II. These radicals start


the styrene propagation, couple to form trimer 3, and dispro-


portionate to form dimer 2-a and styrene. The addition of sty-


rene to radical I produces a dimer, which can be terminated


by chain transfer to form 2-b, or add further styrene mole-


cules to form polymers. A recent theoretical study supports


polymerization via 1 but shows that 1 is formed by a step-


wise, not a concerted, reaction.66


We applied the MSIM technique to gain new insights on


the mechanism of gas-phase thermal polymerization of sty-


rene.42 The MSIM technique has been developed by Bowers


and Jarrold to provide structural information on a variety of


clusters including carbon, metal, and mixed metal carbon clus-


ters, as well as polymers, host-guest pairs, and biological


molecules in the gas phase.53–61 Structural information on the


ionized clusters and oligomers are obtained by measuring the


average collision cross-section (Ω) of the mass-selected ion


with an inert buffer gas such as helium.67,68 Theoretical cal-


culations of possible structural candidates of the mass-selected


ion are then used to compute angle-averaged Ω’s at differ-


ent temperatures for comparison with the measured ones. Fur-


thermore, collisional-induced dissociation (CID) of the mass-


selected ions provides further support for the structures


obtained from the mobility measurements.42


In the experiments to study the gas-phase thermal polym-


erization of styrene (see Figure 3a), the styrene-helium vapor


mixture is heated to well-defined temperatures (350-370 K)


in order to generate oligomers in the vapor phase by ther-


mal initiation. The vapor mixture is then expanded into vacu-


um through a supersonic pulsed nozzle thus resulting in an


adiabatic cooling of the vapor and quenching of the polym-


erization process. The clusters (oligomers + monomers) are


then ionized by EI, mass-selected through a quadrupole mass


filter, and injected into a drift cell containing helium buffer gas.


Both the ionization and ion injection processes lead to exten-


sive evaporation of the nonreacted styrene monomers, thus


leaving only the thermalized bare oligomer ions to travel


through the drift cell. Figure 3b displays an example of the


mass spectrum of the styrene oligomer ions obtained after


traveling through the drift cell containing 1.2 Torr of He buffer


gas. For the mobility measurements, ions exiting the cell are


mass-analyzed and collected as a function of time yielding the


arrival time distributions (ATDs) from which the mobilities and


Ω’s in helium are determined.42,67,68


The ATDs of the styrene dimer cation are shown in Figure


4. The significant broadening of the ATDs observed at higher


temperatures suggests that different styrene dimers are


present. The mobility measurements of the dimer yield aver-


age Ω’s of 108 ( 3, 92 ( 3, and 90 ( 4 Å2 at 125, 303, and


453 K, respectively.42 Using DFT calculations at the B3LYP/6-


31G** level, we obtained lowest energy structures of several


styrene dimer radical cation isomers (12 most likely isomers


were considered including the styrene ion-molecule head-


to-tail and head-to-head parallel structures, cis- and trans-1,2


diphenylcyclobutanes, 1-methyl, 3-phenylindane, and struc-


tures 2-a and 2-b).42 The DFT lowest energy structure of the


dimer cation (structure D-a corresponding to the neutral 2-a)


results in an average Ω of 107 Å2 at 125 K. The DFT second


and third lowest energy structures (D-b and D-c, respectively)


result in average Ω’s of 90.3 Å2 at 303 K and 90 Å2 at 453


K, respectively. It is clear that the dimer structures D-a, D-b,


FIGURE 1. (a) Raw ion time profiles (P2, P3, P4, and P5 represent
(C3H6)n


+• series with n up to 5) and (b) normalized time profiles due
to reactant (benzene+•, B) and products (Pn with n ) 2-6 and BPn


with n ) 1-3) in the benzene+•/propene.
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and D-c (Figure 5) provide Ω’s in excellent agreement with the


experimental values at the temperatures of 125, 303, and


453 K, respectively. By variation of the relative abundances of


structures D-a, D-b, and D-c, excellent fits to the measured


ATDs can be obtained at different temperatures as shown in


Figure 4.42


The neutral dimers corresponding to the cations D-a and


D-c can be formed by the radical reactions as shown in the


Mayo’s mechanism while the dimer cation D-b is formed by


a cationic mechanism. In fact, previous work identified the


dimer cation D-b as the covalent dimer formed in the gas-


phase and intracluster reactions of styrene radical cation with


its neutral molecule.29 Therefore, the dimer D-b could be


formed in our experiment following the EI ionization of the


neutral styrene clusters generated by the beam expansion.


Further evidence supporting structures D-a and D-c comes


FIGURE 2. Illustration of the Mayo mechanism for the self-initiated polymerization of styrene.


FIGURE 3. (a) Schematic diagram of the experimental approach used to study the gas-phase thermal polymerization of styrene using the
mass-selected ion mobility technique and (b) mass spectrum of styrene oligomer ions, (C8H8)n


+, obtained following their travel through the
drift cell containing 1.2 Torr He.
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from the CID results. The mass-selected dimer ion shows frag-


mentation by the loss of a C6H6 unit consistent with struc-


ture D-a. In addition, the observed loss of a CH3 group is


consistent with isomer D-c. Thus, the correlations between cal-


culated and experimental ATD values and the CID results


allow us to determine that gas-phase thermal polymerization


of styrene results in dimers 2-a and 2-b, consistent with an


initiation process that proceeds according to Mayo mecha-


nism (Figure 2).


Figure 6 displays the measured ATD of the mass-selected


styrene trimer cation at 304 K and the calculated trimer struc-


ture T (corresponding to the neutral 3 in Figure 2). The exper-


imental Ω for the trimer (118 ( 4 Å2) is in excellent


agreement with the calculated Ω of structure T (119 Å2).42 It


is interesting that the structure of the gas-phase trimer T is


identical to the structure of the trimer isolated by HPLC from


the thermal polymerization of styrene in solution and charac-


terized by NMR.64 The observation of the abundant trimer T
(Figure 3b) is consistent with the recent theoretical predictions,


which indicate that the barrier to the formation of 3 is lower


than the barrier to generate the two benzylic monoradicals I
and II.66 The ion mobility results provide direct evidence for


the trimer formation by recombination of the initially formed


initiating radicals I and II.42


The similarity between the initiation mechanism of the


thermal polymerization of styrene in the gas phase and in


bulk liquid or solution is remarkable and implies that the struc-


tures of the early oligomers in the gas phase are relevant to


the understanding of the polymerization mechanisms in con-


densed phases. This is a significant result because it allows oli-


gomer structures generated by different initiation mechanisms


to be quickly and reliably determined using the ion mobility


approach.


4. Polymerization of Ionized Acetylene
Clusters
It has been postulated that benzene is the “missing link”


between simple carbon molecules and the complex molecules


made of hundreds of carbon atoms that could be responsi-


ble for the unidentified infrared bands.69,70 We used a com-


bination of MSIM, CID, hydration energy measurements, and


theoretical calculations to provide the most conclusive evi-


dence for the formation of benzene ions from ionized acety-


lene clusters.46,48


Figure 7 displays a typical mass spectrum obtained by EI


ionization of neutral acetylene clusters formed by supersonic


FIGURE 4. Arrival time distributions (ATDs) of mass-selected
styrene dimer ion obtained at two temperatures (O) and theoretical
fits (s) of the ATDs using the three structures D-a, D-b, and D-c
shown in Figure 5.


FIGURE 5. Structures used to reproduce the measured ATDs of the
styrene dimer ion.


FIGURE 6. ATD of the styrene trimer cation at 304 K and the
calculated lowest energy structure T providing excellent fit (s) to
the measured ATD (O).


FIGURE 7. Mass spectrum of EI ionized acetylene clusters.


Polymerization El-Shall


788 ACCOUNTS OF CHEMICAL RESEARCH 783-792 July 2008 Vol. 41, No. 07







beam expansion. The distribution of the cluster ions formed


reveals some striking features corresponding to the enhanced


intensities (magic numbers) for the (C2H2)n
+ with n ) 3, 14,


22, 29, 35, and 46.


The strong magic number at n ) 3 is consistent with the


formation of a stable C6H6
+ ion in an exothermic process that


can lead to extensive evaporation of neutral acetylene mole-


cules from the cluster as indicated by the depletion of the ion


signal corresponding to n ) 4-10. The stability of the


(C2H2)3
+ ion is demonstrated in Figure 8. No fragmentation is


observed when injection energy of 13 eV is used, and very lit-


tle fragmentation occurs when using an injection energy of 33


eV. At an injection energy of 62 eV, the observed fragments


from the (C2H2)3
+ ion are C6H5


+, C6H4
+, C4H4


+, C4H3
+, C4H2


+,


and C3H3
+ corresponding to m/z of 77, 76, 52, 51, 50, and


39, respectively. These fragments are identical to the major


fragment ions resulting from the unimolecular decomposi-


tion of the benzene ion.48


The measured reduced mobility of the (C2H2)3
+ ion is


11.54 ( 0.3 cm2 V-1 s-1, similar to the value measured for


the benzene cation (11.43 ( 0.4 cm2 V-1 s-1).46,67 The cor-


responding Ω’s at 300 K for the (C2H2)3
+ and the benzene


ions are 47.4 ( 1.4 and 47.9 ( 1.4 Å2; respectively. To com-


pare with the linear isomers and other possible structures of


the C6H6
+ ions, Ω’s for 17 C6H6


+ isomers were calculated


using the trajectory method.46 Figure 9 displays the Ω val-


ues calculated for the C6H6
+ isomers and their relative total


energies (with the energy of the benzene ion, the most sta-


ble C6H6
+ isomer, taken as zero). The C6H6


+ isomers can be


grouped into three distinct categories identified as covalent


cyclic, covalent linear, and branched and noncovalent


ion-molecule isomers. The ions in the second and third


groups, including all the acyclic isomers, have Ω values sub-


stantially larger than the measured values for the (C2H2)3
+ and


benzene cations. In the first group, other cyclic isomers such


as fulvene, 3,4-dimethylenecyclobutene, and benzvalene have


Ω values similar to those measured for the (C2H2)3
+ and ben-


zene cations within experimental uncertainty. However, there


are major differences in the CID spectra of the benzene cat-


ion and these cyclic isomers.46 Therefore, among the cyclic


isomers that have collision cross-sections similar to those mea-


sured for the (C2H2)3
+ (Figure 9), only the benzene cation


exhibits a fragmentation pattern (including the characteristic


C3H3
+ fragment) similar to that measured for the (C2H2)3


+ ion.


Clearly, the combination of ion mobility and fragmenta-


tion data provides conclusive evidence that the (C2H2)3
+ ion


formed from the ionization of large neutral acetylene clus-


ters has indeed the structure of the benzene cation.


We are currently studying polymerization reactions in ion-


ized binary clusters of acetylene, cyanoacetylene, and HCN.


These intracluster polymerization reactions are expected to


provide novel efficient mechanisms for the build-up of poly-


cyclic aromatic hydrocarbon (PAH) ions and heterocyclics.


These polymerization reactions can play important roles in the


solar nebula and in interstellar chemistry.69,70


5. Polymerization of Gas-Phase Monomers
on Nanoparticle Surfaces
We have recently introduced a novel approach to polymer-


ize olefin vapors on the surfaces of metallic and semiconduc-


tor nanoparticles.47 In this approach (see Figure 10), a free


radical initiator such as 2,2′-azobisisobutyronitrile (AIBN) is dis-


solved in a volatile solvent such as acetone. Selected nano-


particles, prepared separately using the laser vaporization


controlled condensation (LVCC) method,71 are sonicated in the


initiator solution for an appropriate time. The solution is


placed on a glass substrate where the solvent is gently evap-


orated, thus resulting in the formation of initiator-coated nano-


particles. The substrate is then heated (90 °C) inside a vacuum


chamber where an olefin vapor such as styrene is admitted at


a controlled flow rate. The olefin vapor is then polymerized by


the activated initiator on the nanoparticle surfaces, and the


resulting polymers encapsulate the nanoparticles by forming


a polymer coating on the surface.


Figure 11 displays TEM and SEM images of the polymer-


containing nanoparticles and illustrates the dispersive nature


of the nanoparticles embedded in the polystyrene matrix.


We are currently exploring the capabilities of this method


in preparing different polymers and copolymers from olefin


vapors on the surfaces of selected nanoparticles, nanorods,


FIGURE 8. Dissociation of the mass-selected (C2H2)3
+ ions by


increasing the injection energies into the drift cell.
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and nanowires characterized by unique electronic, photolu-


minescent, and magnetic properties. This approach also pro-


vides structural and mechanistic information on the early


stages of catalyzed gas-phase polymerization through the ion


mobility measurements of the gas-phase oligomers. This infor-


mation can be used to correlate the gas-phase structural prop-


erties with the bulk properties and performance of the


polymer nanocomposites.


6. Conclusion and Outlook


The gas-phase and cluster polymerization approach provides


fundamental insights into the mechanisms of polymerization


reactions that are difficult to obtain from condensed-phase


studies. This approach extends the capabilities of the state-of-


the-art physical chemistry techniques to a multidisciplinary


area that has remained relatively unexplored: polymerization


FIGURE 9. Collision integrals and relative energies (relative to the benzene cation) of the C6H6
+ isomers.


FIGURE 10. Illustration of the approach used to polymerize styrene vapor on nanoparticle surfaces using the free radical initiator
2,2′-azobisisobutyronitrile (AIBN).


FIGURE 11. TEM (left, scale bar ) 200 nm) and SEM (right, scale bar ) 10 micron) images of polystyrene-containing Ni and Fe2O3


nanoparticles, respectively.
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in the gas phase, in clusters, and on nanoparticle surfaces.
These studies can isolate individual steps in polymerization


chains and address representative classes of reactions. The


reactions can be characterized in depth, including their over-


all thermochemistry, potential energy surfaces, energy bar-


riers, and steric/entropic bottlenecks. The structures of the


small growing oligomers can be probed and correlated to the


polymerization mechanisms. The overall goal is to develop a
molecular level understanding of how specific aspects of the
polymerization process (initiation, copolymerization, termina-
tion, etc.) can be controlled. The detailed knowledge of the gas-


phase and cluster polymerization mechanisms and structures


is important for the rational design and synthesis of controlled


nanostructures involving nanoparticle/polymer composites


and films. These materials could have unforeseen contribu-


tions to chemical and biological sensors, light-emitting devices,


and drug delivery.
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Mautner (VCU), Dr. Sam Abrash (University of Richmond, VA),
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C O N S P E C T U S


S ignificant levels of the 1,N2-γ-hydroxypropano-dG
adducts of the R,�-unsaturated aldehydes acrolein, cro-


tonaldehyde, and 4-hydroxy-2E-nonenal (HNE) have been
identified in human DNA, arising from both exogenous
and endogenous exposures. They yield interstrand DNA
cross-links between guanines in the neighboring C · G and
G · C base pairs located in 5′-CpG-3′ sequences, as a result
of opening of the 1,N2-γ-hydroxypropano-dG adducts to form reactive aldehydes that are positioned within the minor groove
of duplex DNA. Using a combination of chemical, spectroscopic, and computational methods, we have elucidated the chem-
istry of cross-link formation in duplex DNA. NMR spectroscopy revealed that, at equilibrium, the acrolein and crotonalde-
hyde cross-links consist primarily of interstrand carbinolamine linkages between the exocyclic amines of the two guanines
located in the neighboring C · G and G · C base pairs located in 5′-CpG-3′ sequences, that maintain the Watson-Crick hydro-
gen bonding of the cross-linked base pairs. The ability of crotonaldehyde and HNE to form interstrand cross-links depends
upon their common relative stereochemistry at the C6 position of the 1,N2-γ-hydroxypropano-dG adduct. The stereochem-
istry at this center modulates the orientation of the reactive aldehyde within the minor groove of the double-stranded DNA,
either facilitating or hindering the cross-linking reactions; it also affects the stabilities of the resulting diastereoisomeric cross-
links. The presence of these cross-links in vivo is anticipated to interfere with DNA replication and transcription, thereby
contributing to the etiology of human disease. Reduced derivatives of these cross-links are useful tools for studying their
biological processing.


Introduction


The R,�-unsaturated aldehydes (enals) acrolein,


crotonaldehyde, and 4-hydroxynonenal (4-HNE)


(Scheme 1) are endogenous byproducts of lipid


peroxidation, arising as a consequence of oxi-


dative stress.1–4 Acrolein and crotonaldehyde


exposures also occur from exogenous sources,


for example, cigarette smoke5 and automobile


exhaust.6 Enals react with DNA nucleobases to


give exocyclic adducts; they also react with pro-


teins.7 Addition of enals to dG involves Michael


addition of the N2-amine to give N2-(3-oxopro-


pyl)-dG adducts (1, 3-8), followed by cycliza-


tion of N1 with the aldehyde, yielding the


corresponding 1,N2-γ-hydroxypropano-dG prod-


ucts (9, 11-16). Early work is traced to Shapiro


and Leonard, who independently examined the


reactions of nucleosides with glyoxal, malondi-


aldehyde, chloroacetaldehyde, and related
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bis-electrophiles.8,9 Galliana and Pantarotto characterized


the 8-hydroxypyrimido[1,2-R]purin-10(3H)-one (γ-OH-PdG,


9) adduct from the reaction of acrolein with dG.10 Chung


and Hecht concurrently reported the crotonaldehyde adduct


of dG (11, 12)11 and explored the reactivity of enals and


enones with dG.12,13 The lipid peroxidation product 4-HNE


afforded related dG-adducts (13-16).14 Identification of


acrolein adducts of other nucleosides followed.15,16


The principal acrolein adduct is γ-OH-PdG (9),10,12 although


the regioisomeric 6-hydroxypyrimido[1,2-a]purin-10(3H)-one


(R-OH-PdG, 10) has also been observed.12,17 The γ-OH-PdG


adduct (9) exists as a mixture of C8-OH epimers. With cro-


tonaldehyde, addition at N2-dG creates a stereocenter at C6.


Of four possible products, the two with the trans relative ster-


eochemistry at C6 and C8 (11, 12) are observed.12,18 These


are also formed through the reaction of dG with 2 equiv of


SCHEME 1. 1,N2-dG Cyclic Adducts Arising from Michael Addition of Enals to dG
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acetaldehyde.5,19,20 The corresponding 4-HNE-derived 1,N2-


dG adducts possess an additional stereocenter on the C6


side chain, resulting in four observable diastereomers


(13-16).


The 1,N2-dG exocyclic adducts from acrolein (9, 10), cro-


tonaldehyde (11, 12), and 4-HNE (13-16) exist in human and


rodent DNA.2–4,17,21 The binding pattern of acrolein-DNA


adducts is similar to the p53 mutational pattern in human


lung cancer, implicating acrolein as a major cigarette-related


lung cancer inducing agent.22 Acrolein is mutagenic in bacte-


rial and mammalian cells,23,24 including human cells,25,26 and


is carcinogenic in rats.27 Crotonaldehyde is genotoxic and


mutagenic in human lymphoblasts28 and induces liver tumors


in rodents.29 4-HNE induces a DNA damage response in Sal-


monella typhimurium30,31 but is inactive in bacterial mutagen-


esis assays.23 However, it causes mutations in V79 CHO cells,


and DNA from liver specimens from individuals suffering from


Wilson’s disease and hemochromatosis contain mutations


attributed to 4-HNE-dG adducts.32 Site-specific mutagenesis


reveals that these 1,N2-γ-hydroxypropano-dG adducts induce


predominantly GfT transversions in COS-7 cells.33–35


The hypothesis explored in this Account posits that in


duplex DNA, 1,N2-dG enal adducts (9, 11-16) open, unmask-


ing a reactive aldehyde (1, 3-8) in the minor groove, as


shown for γ-OH-PdG (9) in Scheme 2. This hypothesis was, in


part, developed from the observation that the malondialde-


hyde-derived adduct 21 opens to a related aldehyde 22 when


placed opposite dC in DNA (Scheme 3).36–38 Enal adducts are


lower oxidation state homologues of 21 and the notion that


acrolein, crotonaldehyde, and 4-HNE undergo similar chem-


istry was confirmed by the observation that γ-OH-PdG (9) ring-


opens to the N2-(3-oxopropyl)-dG aldehyde (1) when placed


opposite dC.39


SCHEME 2. Enal-dG Adducts Mediate DNA Interstrand Cross-Link
Formation


SCHEME 3. Formation and Chemistry of the Malondialdehyde-
Derived M1dG Adduct
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We further hypothesized that these aldehydes react with


other nucleobases in the cDNA strand, forming interstrand


cross-links, which exist as equilibrium mixtures of carbino-


lamine (17), imine (18), or pyrimidopurinone (19) species.


The aldehyde in structure 1 also yields peptide- and


protein-DNA conjugates (20);40,41however, analysis of this


literature is beyond the scope of this Account. Interstrand


DNA cross-linking was proposed based upon analysis of


acrolein-treated DNA.26 Few site-specific interstrand cross-


links are chemically characterized.42,43 Hecht characterized


a pyrimidopurinone bis-nucleoside cross-link analogous to


19 from acetaldehyde-treated calf thymus DNA;19 the cross-


link was formally derived from crotonaldehyde, the aldol


condensation product of acetaldehyde.


In this Account, we discuss the chemistry of interstrand


cross-links that are likely to be generated in DNA as sec-


ondary dG adducts of acrolein, crotonaldehyde, and 4-HNE.


These and their reduced derivatives provide tools to study


the processing of interstrand cross-links and to define their


roles in the etiology of human disease.


Synthesis of Oligodeoxynucleotides
Containing 1,N2-dG Enal Adducts
Aldehyde groups have been introduced into DNA through


periodate cleavage of vicinal diols.44 Khullar et al. synthe-


sized γ-OH-PdG (9) by condensation of 4-amino-1,2-butane-


diol with 3′ ,5′ -O-bis-tert-butyldimethylsilyloxy-O6-p-nitro-


phenylethyl-protected 2-fluoroinosine deoxynucleoside.45


The N2-(3,4-dihydroxybutyl) moiety was oxidized to yield


N2-(3-oxopropyl)-dG (1), which cyclized to γ-OH-PdG (9).45


Preparation of phosphoramidite 23 (Figure 1) allowed for


incorporation of γ-OH-PdG (9) into oligodeoxynucleotides;


oxidative cleavage of the diol to 9 was achieved after oli-


godeoxynucleotide assembly and deprotection.45 Our


approach introduced the N2-(3,4-dihydroxybutyl) group after
oligodeoxynucleotide synthesis (Scheme 4).46 We prepared


oligodeoxynucleotide 26 containing O6-[(2-trimethylsilyl)-


ethyl]-2-fluorohypoxanthine from phosphoramidite 24;


nucleophilic aromatic substitution with amino diol 27 pro-


vided 28. Removal of the O6 protecting group under acidic


conditions yielded 29, which was oxidized to oligodeoxy-


nucleotide 30.47 Our postsynthetic modification strategy48


allowed preparation of various dG enal adducts from a sin-


gle modified phosphoramidite. A challenge was the prepara-


FIGURE 1. Phosphoramidite reagents for the site-specific synthesis
of oligodeoxynucleotides containing 1,N2-dG enal adducts.


SCHEME 4. Synthesis of 1,N2-γ-OH-PdG in Oligodeoxynucleotides
by the Postsynthetic Modification Strategy
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tion of stereochemically defined amino diols of the


crotonaldehyde (31, 32) and 4-HNE adducts (33-36) (Figure


2).49–52 This strategy could not be applied to oligodeoxynucle-


otides containing R-OH-PdG (10), which were prepared using the


modified phosphoramidite 25.53,54


Interstrand Cross-Linking by γ-OH-PdG
Oligodeoxynucleotide 30, containing γ-OH-PdG adduct 9,


was annealed to its complement, and the formation of an


interstrand cross-link was monitored by capillary gel elec-


trophoresis (CGE; Figure 3).55,56 A new species formed and


reached a level of ∼50% yield after 7 days at 25 °C. Mass


spectrometric analysis suggested that the chemical nature


of the cross-link was a carbinolamine linkage (17), in equi-


librium with either or both the imine (18) or pyrimidopu-


rinone (19) forms.56 This cross-link exhibited a reversible


melting transition (Tm) at >90 °C,51,55 which was assigned


as the interstrand cross-link (Figure 4); the Tm of the un-


cross-linked duplex containing 9 was 55 °C, 10 °C lower


than the unmodified duplex. In duplex DNA, ∼20% of the


cross-linked form reverted to the un-cross-linked form over


16 h at pH 7, whereas reversion occurred within 1 h under


conditions that disrupted the duplex.56 Enzymatic diges-


tion yielded diastereomeric pyrimidopurinone bis-nucleo-


side cross-links 19 (Figure 5), which are structurally related


FIGURE 2. Amino alcohols for synthesis of crotonaldehyde- and
4-HNE-modified oligodeoxynucleotides.


FIGURE 3. Cross-linking of γ-OH-PdG adducts in the 5′-CpG-3′
sequence, monitored by CGE. The adducted and complementary
strands are identified by the letters A and C, respectively; the


arrows indicate interstrand cross-links.


FIGURE 4. Thermal melting analysis of an acrolein-modified
oligonucleotide in a CpG sequence after incubation for 5 days. The
higher melting transition is assigned to the interstrand cross-link.


FIGURE 5. Digestion of the cross-linked γ-OH-PdG-adducted
duplex. The pyrimidopurinone bis-nucleosides were identified by
comparison with authentic standards.
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to those arising from acetaldehyde-treated DNA.19 Reduc-


tion of 19 afforded N2-dG:N2-dG bis-nucleosides tethered


by a trimethylene chain (37, Figure 6).56 If the cross-linked


duplex was reduced with NaB(CN)H3 prior to its digestion,


N2-(3- hydroxypropyl)-dG from the reduction of γ-OH-PdG


(9) and cross-link 37 were observed.


Although the cross-link could be reductively trapped, 13C


NMR experiments utilizing X ) γ-13C-γ-OH-PdG-adducted oli-


godeoxynucleotide 41 (Scheme 5) failed to detect the imine


linkage in duplex DNA (Figure 7).57 The identification of the


cross-link in duplex DNA as the carbinolamine (17) and not


the pyrimidopurinone (19)56 was accomplished by isotope-


edited NMR experiments in which oligodeoxynucleotide 43
containing γ-OH-15N2-PdG was annealed with its complemen-


tary strand. An 15N-HSQC filtered spectrum revealed the NOE


between X7 15N2H and the imino proton X7 N1H (Figure 8),


precluding the pyrimidopurinone structure (19). A triple reso-


nance 1H13C15N experiment conducted subsequent to anneal-


ing γ-13C-modified oligodeoxynucleotide 41 with 15N2-dG-


modified oligodeoxynucleotide 39 revealed correlation


between the γ-13C carbinol and the 15N amine.58


The clue as to why the cross-link preferred the carbinola-


mine (17)57,58 and not the pyrimidopurinone cross-link (19)56


was provided by an experiment in which an N2-dG:N2-dG tri-


methylene linkage 37, a surrogate for the carbinolamine


cross-link (17), was constructed in 5′-d(AGGCXCCT)2; X repre-


sents the linked guanines.59 The saturated linkage caused


minimal distortion.59 Additionally, modeling suggested that


the carbinolamine linkage maintained Watson-Crick hydro-


gen bonding at both of the cross-linked C ·G pairs (Figure 9).58


Dehydration of carbinolamine 17 to an imine (18) or cycliza-


tion of the latter to pyrimidopurinone linkage (19) was pre-


dicted to disrupt Watson-Crick bonding at one or both of the


cross-linked base pairs.


Interstrand cross-linking by γ-OH-PdG was specific to the


5′-CpG-3′ sequence (Figure 9). When γ-OH-PdG (9) was engi-


neered into 5′-d(CGTACXCATGC)-3′ , containing both the


5′-CpG-3′ or 5′-GpC-3′ sequences,55 and the complement


FIGURE 6. N2-dG:N2-dG trimethylene cross-link derived from the
reduction of 18.


SCHEME 5. Preparation of Oligodeoxynucleotides Containing 13C (Red) and 15N (Blue) Isotopes in the γ-OH-PdG Adduct (41, 43), and an 15N
Isotope (Blue) in the Complementary Strand (39)
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5′-(GCATGCGTACG)-3′ was labeled with 15N2-dG (the under-


lined residue corresponds to the potential 5′-CpG-3′ cross-


link), only 15N-labeled bis-nucleoside cross-link 19 was


observed after enzymatic digestion and analysis by LC-ESI-


MS, establishing the 5′-CpG-3′ sequence dependence for cross-


linking. Other 5′-CpG-3′ interstrand cross-links are known, for


example, arising from mitomycin C60,61 and nitrous acid.62


When the N2-dG:N2-dG trimethylene linkage (37), a surrogate


for the nonobserved cross-link in the 5′-GpC-3′ sequence, was


constructed in d(TCCXCGGA)2, its structure was distorted, and


its Tm was reduced.59,63


Interstrand Cross-Linking of (6R) and (6S)
Crotonaldehyde 1,N2-γ-Hydroxypropano-
dG Adducts
Ring opening of the diastereomeric 1,N2-dG adducts 11 and


12 was incomplete at pH 7 when placed opposite dG in


duplex DNA. The incomplete ring opening was attributed to


the positioning of the CH3 groups to avoid steric clash with N3


of guanine, which becomes significant in the N2-(1-methyl-3-


oxopropyl)-dG aldehydes (3, 4). The abilities of these adducts


to form interstrand cross-links in the 5′-CpG-3′ sequence as oli-


godeoxynucleotide 30 depended upon stereochemistry at the


C6 carbon. After >20 days, ∼40% cross-link formation


occurred for the 6R diastereomer 11 (Figure 10), whereas


<5% cross-link was observed for the 6S diasteromer 12.55


Digestion of the cross-link yielded the bis-nucleoside pyrimi-


dopurinone,55 identical to that isolated from acetaldehyde-


treated DNA.19 The presence of the imine linkage was inferred


since the cross-link was reductively trapped.55 Lao and Hecht


concluded that the cross-link was predominetly an imine or


pyrimidopurinone with some of the carbinolamine linkage


present.20


Although the cross-link could be reduced, NMR failed to


detect the imine linkage in duplex DNA (Figure 8).57 Using iso-


topically labeled adducts,50 it was established that the carbino-


lamine form of the 6R cross-link was the only detectable cross-


link species present in duplex DNA. As for the γ-OH-PdG


adduct, modeling revealed that the carbinolamine linkage


maintained Watson-Crick pairing at the cross-linked base


pairs. Dehydration of the carbinolamine to the imine or


cyclization of the latter to the pyrimidopurinone cross-link


would disrupt Watson-Crick pairing at one or both of the


cross-linked C · G base pairs, providing a rationalization for


why the carbinolamine is preferred.


Structural studies utilizing saturated analogs of the 6R- and


6S cross-links indicated that both retained Watson-Crick


hydrogen bonds at the cross-linked base pairs (Figure 11).64


However, the 6S diastereomer showed lower stability.


Whereas for the 6R diastereomer, the CH3 group was posi-


tioned in the center of the minor groove, for the 6S diastere-


omer, it was positioned in the 3′ direction, interfering sterically


with the DNA duplex structure.64 These results were consis-


tent with modeling of the native cross-links.50 Lao and Hecht


also concluded that the pyrimidopurinone cross-link arising


from the 6R stereochemistry exhibited a more favorable ori-


entation of the C6 CH3 group.20


FIGURE 7. Data from an isotopically enriched sample containing
13C-γ-OH-PdG. The imine linkage remained below the level of NMR
detection. The top spectrum shows a 13C resonance assigned as the
diastereomeric carbinolamine forms of the cross-link. Assignments
of resonances: (a) aldehyde 1; (b) hydrated-aldehyde; (c)
diastereomeric carbinolamines 17. An imine resonance would be
expected at ∼130 ppm. Reproduced from ref 58. Copyright 2005
American Chemical Society.


FIGURE 8. Isotope-edited NMR identified the carbinolamine linkage
for the γ-OH-PdG cross-link: (A) 15N-HSQC NOESY spectrum for
oligodeoxynucleotide 39 annealed with oligodeoxynucleotide 31.
Nucleotides are numbered 5′-d(G1C2T3A4G5C6X7A8G9T10C11C12)-
3′ · 5′-d(G13G14A15C16T17C18Y19C20T21A22G23C24)-3′, X7 ) γ-OH PdG;
Y19 ) 15N2dG. Crosspeaks (a) Y19 15N2HfX7 N1H (weak); (b) Y19


15N2HfY19 N1H (strong). (B) 15N-HSQC NOESY spectrum for γ-OH-
15N2-PdG-labeled oligodeoxynucleotide 43 annealed with its
complement. Crosspeaks (c) X7 15N2HfX7 N1H (strong); (d) X7


15N2HfG19 N1H (weak). Reproduced from ref 58. Copyright 2005
American Chemical Society.
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Additional studies of the 6S diastereomer 12 were per-


formed at pH 9.3. This pH favors the ring-opened aldehyde


adducts. The aldehyde group of the ring-opened 6S adduct is


oriented in the 3′-direction within the minor groove (Figure


12).65 Consequently, the aldehyde was distant from the exo-


cyclic amine of the guanine involved in cross-linking (G19),


explaining why this diastereomer generated interstrand cross-


links less efficiently than the 6R diastereomer.65 These obser-


vations also corroborated modeling studies.50


Interstrand Cross-Linking by trans-4-HNE
Adducts
Only the HNE adducts with the (6S,8R,11S) configuration (16)


formed an interstrand cross-link in the 5′-CpG-3′ sequence


(Figure 13). This configuration possessed the same relative


stereochemistry at C6 as did the 6R configuration of the cro-


tonaldehyde adduct (11), further supporting the role of ster-


eochemistry at C6 in modulating interstrand cross-linking.


Cross-linking proceeded slowly. However, after 2 months, the


yield was a remarkable ∼85%.51 Digestion of the DNA


yielded the pyrimidopurinone bis-nucleoside cross-link.51


Spectroscopic studies to delineate the cross-linking chemis-


try of the HNE adducts are continuing.


Potential Biological Significance
One major goal of continuing research is to demonstrate that


these acrolein, crotonaldehyde, and HNE-derived interstrand


cross-links are present in vivo, utilizing mass spectrometric-


based analysis.17,66–68 Since they equilibrate with non-cross-


linked species, and require the presence of the 5′-CpG-3′


FIGURE 9. Modeling the 8R and 8S epimers of the 5′-CpG-3′ acrolein-induced cross-links. A C · G pair is 5′ and a T · A pair is 3′ to the
5′-CpG-3′ sequence. (A) 8R-diastereomer of carbinolamine cross-link 17, minor groove view. (B) 8R-diastereomer of cross-link 17, base-
stacking. (C) 8S-diastereomer of cross-link 17, minor groove view. (D) 8S-diastereomer of cross-link 17, base-stacking. (E) 8R-diastereomer of
pyrimidopurinone cross-link 19, minor groove view. (F) 8R-diastereomer of cross-link 19, base-stacking. (G) 8S-diastereomer of cross-link 19,
minor groove view. (H) 8S-diastereomer of cross-link 19, base-stacking. Reproduced from ref 58. Copyright 2005 American Chemical Society.
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sequence, they may be present at low levels in tissue sam-


ples. Nevertheless, it has been reported that acrolein prefer-


entially binds at 5′-CpG-3′ sites, a consequence of cytosine


methylation at these sequences.22


The potential presence of these cross-links in vivo is


anticipated to interfere with DNA replication and transcrip-


tion. Moreover, in humans, interstrand cross-link repair


requires the cooperation of multiple proteins belonging to


different biological pathways, including but not limited to


nucleotide excision repair, homologous recombination,


translesion DNA synthesis, double-strand break repair, and


the Fanconi anemia pathway.43,69–73 Current models sug-


gest that interstrand cross-link repair is initiated by dual


incisions around the cross-link in one of the two affected


strands. This “unhooking” depends on the endonucleolytic


activity of the XPF/ERCC1 complex, a component of NER.


The result is a gap that may be filled by pairing of the 3′
end of the preincised strand with the homologous


sequence, followed by DNA synthesis. Alternatively, the


complementary strand with the cross-link attached may be


used as a template for translesion DNA synthesis. Once the


integrity of one DNA strand is restored, the second strand


may be repaired by conventional NER. When repair is con-


comitant with replication, a DNA double-strand break could


be formed; thus, additional biological processing would be


required to tolerate interstrand cross-links.43,70


Summary
The 1,N2-dG adducts of acrolein, crotonaldehyde, and 4-HNE


yield interstrand cross-links in the 5′-CpG-3′ sequence. These


arise via opening of the 8-hydroxypropano ring to the corre-


FIGURE 10. Cross-linking reactions of the 6R and 6S
crotonaldehyde-modified duplexes in the 5′-CpG-3′ sequence
monitored by CGE. The adducted and complementary strands are
identified by the letters A and C, respectively; the arrows indicate
the interstrand cross-links.


FIGURE 11. Structures of reduced cross-links arising from
crotonaldehyde: (A) the 6R cross-link (red) oriented in the center of
the minor groove; (B) The 6S cross-link (blue) interfered sterically
with the DNA and exhibited lower stability. Nucleotides are
numbered 5′-d(G1C2T3A4G5C6X7A8G9T10C11C12)-3′ · 5′-
d(G13G14A15C16T17C18Y19C20T21A22G23C24)-3′, X7) 6R or
6S-crotonaldehyde-adducted dG in the 5′-CpG-3′ sequence;
Y19 ) cross-linked dG in the complementary strand. Reproduced
from ref 64. Copyright 2007 American Chemical Society.


FIGURE 12. Base pairs C6 · G19, X7 · C18, and A8 · T17 in the
oligodeoxynucleotide containing the N2-(3-oxo-1S-methyl-propyl)-dG
adduct 12. The orientation of the aldehyde does not favor cross-
linking to the target G19 N2-dG. Nucleotides are numbered
5′-d(G1C2T3A4G5C6X7A8G9T10C11C12)-3′ · 5′-
d(G13G14A15C16T17C18Y19C20T21A22G23C24)-3′, X7 ) N2-(3-oxo-1S-
methyl-propyl)-dG adduct 12. Reproduced from ref 65. Copyright
2006 American Chemical Society.
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sponding aldehydes, which undergo attack by the N2-amino


group of the cross-strand dG in the 5′-CpG-3′ sequence. The


cross-links arising from acrolein and crotonaldehyde exist in


duplex DNA as carbinolamine linkages, which enable the


cross-linked C ·G base pairs to maintain Watson-Crick hydro-


gen bonding with minimal distortion of the duplex. The cross-


linking chemistry depends upon the stereochemistry of the C6


carbon, which favorably orients the reactive aldehyde within


the minor groove in the 5′-CpG-3′ sequence, favoring the 6R
configuration for crotonaldehyde and the stereochemically


equivalent 6S configuration for 4-HNE.
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C O N S P E C T U S


This Account describes a new strategy for the preparation of label-free sensor systems based on the fluorogenic prop-
erties of the conjugated polymer, polydiacetylene (PDA). PDA has been extensively investigated as a sensor matrix,


owing to a brilliant blue-to-red color transition that takes place in response to environmental perturbations. It has
been known for some time that “blue-phase” PDAs are nonfluorescent while their “red-phase” counterparts fluo-
resce. For the most part, however, the significance of the different fluorogenic properties of PDAs has been ignored
in the context of sensor applications. In the course of developing PDA-based sensors, we discovered that PDA vesi-
cles can be readily immobilized on solid substrates. This is an attractive property of PDAs since it leads to the com-
bined advantages of the vesicle sensors (which have three-dimensional interactions between sensor and target
molecules) and film sensors (which are applicable to a two-dimensional array or chip format). Stable blue-phase immo-
bilized PDAs can be prepared by employing one of three strategies involving the formation of covalent adducts, biotin–
avidin complexes, or complexes formed through nonspecific physical adsorption. A procedure for generating well-
patterned fluorescence images is necessary for the immobilized PDAs to function in chip-based sensor systems. Patterned
fluorescence images are readily constructed by employing (1) the photolithographic technique, (2) the micromolding
in capillaries (MIMIC) method, or (3) an array spotting system. Heat treatment of the patterned “blue-phase” PDA ves-
icles transforms the nonfluorescent images into their fluorescent red forms. The observation that finely resolved flu-
orescence patterns can be generated by heat treatment of microarrayed PDAs is highly significant in that it indicates
that fluorescence signals might be produced by specific molecular recognition events. Indeed, red fluorescence emis-
sion is observed when immobilized PDAs are subjected to specific molecular recognition events, such as
ligand-cyclodextrin or protein–protein interactions. The facile immobilization of PDA vesicles on solid substrates and
the affinity-induced fluorescence emission combine to make this system applicable to the fabrication of label-free PDA
sensors. Since in theory any molecular recognition event that promotes the blue-to-red color transition of PDAs should
result in the generation of fluorescence, it should be possible to reformat a variety of previously described colori-
metric PDA sensors into fluorescence-based sensor systems. The fluorescence properties of PDAs, when combined with
modern methods for the fabrication of microarrays, should stimulate the development of a number of new label-free
chemosensor systems.
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Introduction
The development of efficient chemosensors based on conju-


gated polymers continues to be an important goal of scien-


tists working in both fundamental and applied research


areas.1 Conjugated polymer systems are highly attractive


for this purpose because changes in their absorption, emis-


sion, and redox properties can often be promoted by envi-


ronmental perturbations. A major advantage of using


conjugated polymer-based chemosensors, in comparison to


small molecule-based conventional sensors, lies in the poten-


tial for signal amplification when subjected to external stim-


uli. As a result, a wide variety of conjugated polymers,


including polythiophenes, polyanilines, polypyrroles, and


polyphenylene, as well as poly(phenylene ethynylenes), poly-


acetylenes, and polydiacetylenes have been investigated as


sensing matrices.2–7


Among the conjugated polymers reported to date, polydi-


acetylene (PDA)-based chemosensors are unique from the per-


spective of method of preparation, molecular structure, and


output signal. Unlike other conjugated polymers, functional-


ized PDAs are generally prepared by using photopolymeriza-


tion of self-assembled diacetylene monomers.8–26 Closely


packed and properly ordered diacetylene lipids undergo


polymerization via a 1,4-addition reaction to form alternat-


ing ene-yne polymer chains upon irradiation with 254 nm


light (in the case of thin films and vesicle solutions) or with


γ-irradiation (in the case of solid powders). Since no chemi-


cal initiators or catalysts are required for the polymerization


process, the polymers are not contaminated with impurities,


and consequently, purification steps are not required. PDAs


generated under optimized photochemical conditions have an


intense blue color. One unique property of nanostructured


PDAs that has fostered their application in sensing systems is


the occurrence of a blue-to-red color change that takes place


in response to heat (thermochromism),27–31 organic solvents


(solvatochromism),12,32,33 mechanical stress (mechanochro-


mism),8a,34,35 and ligand–receptor interaction (affinochromism or


biochromism)36–48 (Figure 1).


It has been known for some time that “blue-phase” PDAs


are nonfluorescent, while their “red-phase” counterparts fluo-


resce.49 Despite having this unique property, little effort has


been given to exploiting the fluorescence signaling features of


PDA sensors.50–52 During the course of our investiga-


tions,31,32,46–48,52–58 targeted at the development of PDA-


based sensors, we discovered that PDA vesicles can be readily


immobilized on solid substrates.52–54 In addition, we observed


that the immobilized PDAs, when heated or subjected to spe-


cific molecular recognition events, emit red fluorescence. The


stimulation-induced fluorogenic property of the immobilized


PDAs enables the generation of patterned fluorescence images


as well as the construction of label-free sensors. In this


Account, the PDA-based chemosensors reported to date are


briefly reviewed, and the results of our recent studies directed


at the development of fluorescence-based PDA sensor sys-


tems are discussed in detail.


Polydiacetylene Chemosensors
Wegner, Ringsdorf, and Charych carried out pioneering work


in the field of PDA sensors. Wegner9 discovered PDAs while


Ringsdorf8d,10 developed strategies for the preparation of PDA


vesicles and films. Based on this knowledge, Charych demon-


strated that PDAs serve as fascinating sensor matrices for the


detection of biologically interesting target molecules.36 In an


exceptionally interesting early experiment, Charych and her


co-workers prepared a PDA Langmuir–Blodgett (LB) film, func-


tionalized with sialic acid, and showed that the film under-


goes a blue-to-red color change when exposed to an influenza


virus.


Since the time of the discovery of the influenza virus


detecting system, a variety of colorimetric PDA-based chemo/


biosensors have been investigated. A schematic representa-


tion of PDA sensor systems reported to date is shown in Figure


2. PDA films and vesicles, functionalized with carbohydrates,


have proven to be effective biosensors for the detection of the


influenza virus,37 cholera toxin,38 and Escherichia coli.39 PDA


vesicles immobilized with probe DNA molecules undergo the


blue-to-red colorimetric transition upon binding with comple-


mentary strands of DNA, enabling them to be used as colori-


FIGURE 1. Absorption spectral and color changes of a PDA
solution that take place upon stimulation.
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metric DNA sensors.40 Colorimetric detection of glucose, based


on ligand-induced conformational changes of hexokinase


immobilized on a PDA monolayer, represents another elegant


application of PDA-based biosensing.41 A system for selec-


tive detection of metal ions, formed by embedding an


ionophore into a PDA liposome, also has been reported.42 A


PDA-based enzyme detecting sensor, driven by a hydrophilic-


to-hydrophobic transformation of an enzyme–substrate, has


been described recently.43 In this system, hydrophobic prod-


ucts of enzyme-catalyzed reactions of hydrophilic substrates


perturb the ordered structures of PDAs thus causing the color


transition. Very recently, colorimetric PDA sensor systems


based on specific antibody–antigen (epitope) interactions have


been developed.44–46 Finally, we have observed cyclodextrin-


induced color changes of PDA vesicles47 and polymerized


diacetylene Langmuir-Schaefer (LS) films.48


Fluorogenic Properties of Polydiacetylenes
Owing to the readily detectable color change that PDAs


undergo upon environmental perturbation, the significance of


the different fluorogenic properties of PDAs has been nearly


ignored from the perspective of sensor applications.50–52 How-


ever, close inspection of the fluorogenic properties of PDA


reveals several very important and attractive features. First, as


shown in Figure 3 and described in the Introduction section,


a fluorescence signal is generated when PDAs undergo a


phase transition from blue to red. In general, for sensor appli-


cations, it is desirable to have the system generate a fluores-


cence signal (i.e., turn-on type) rather than experience a loss


or a decrease of fluorescence (i.e., turn-off type) when the


background fluorescence signal prior to stimulation is negli-


gible. Thus, the stress-induced nonfluorescence-to-fluores-


cence transition of PDAs should be applicable to the


construction of sensitive PDA-based chemosensors. The exact


FIGURE 2. A schematic representation of surface ligands and their interactions with target molecules in colorimetric PDA sensors.


FIGURE 3. Fluorescence properties of PDAs in blue and red phases.
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mechanistic reason for the change in PDA fluorescence prop-


erties is not fully understood. It has been suggested that flu-


orescence in these systems is due to radiative decay from the


lowest excited Bu state.8a,59,60 The blue-phase PDA is believed


to have Ag symmetry, and consequently, emission from its sin-


glet excited state is associated with a dipole-forbidden


transition.


Another important feature of the fluorogenic properties of


PDAs was demonstrated by our observation that readily


detectable fluorescence signals arise from stress-exposed PDA


vesicles that are immobilized on solid substrates (vide infra).


This is an important finding since fluorescence intensities of


most conjugated polymers or small molecules tend to


decrease drastically or are completely quenched when they


are part of solid aggregates.61 The results suggest that fluo-


rescence quenching by intermolecular energy or electron


transfer processes, a common occurrence for other fluores-


cent molecules, is not significant in PDAs found within iso-


lated vesicular structures unless quencher molecules are


embedded in the vicinity of the PDA backbone. Recently,


Cheng and co-workers reported an elegant fluorescence sen-


sor system based on intermolecular energy transfer between


PDA backbones and BODIPY dyes embedded in the interior of


the PDA vesicles.25 The energy or electron transfer process


was found to be negligible when the quencher dyes are


FIGURE 4. A schematic representation of three strategies employed for the fabrication of immobilized “blue-phase” PDAs.


FIGURE 5. Procedure for the generation of patterned fluorescence
images with immobilized diacetylene supramolecules on the solid
substrate.
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located away from the PDA backbone. For example, we have


attempted unsuccessfully to quench the fluorescence of neg-


atively charged red-phase PDAs by the addition of a positively


charged excellent fluorescence quencher, methyl viologen.


The positively charged quencher molecules on the surface of


PDA vesicles are not accessible to the PDA backbones due to


the hydrophobic alkyl shells. These are unique features of PDA


supramolecules and should be contrasted with those obtained


in studies with other fluorescent-conjugated polymers, which


experience almost complete fluorescence quenching in the


FIGURE 6. Patterned fluorescent images obtained from photomasked irradiation of immobilized diacetylene vesicles on the aldehyde-
modified glass substrate. Reproduced from ref 52. Copyright 2005 American Chemical Society.


FIGURE 7. A schematic illustration of the procedure employed for PDA patterns on a substrate using the MIMIC method. Adapted from ref
65.
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presence of singlet quenchers such as cyanine dyes or heme-


containing proteins.62


The fluorescence quantum yield of the PDAs in the red


form is measured to be ca. 2 × 10-2 using cresyl violet and


rhodamine 6G as standards.49b The background fluorescence


emission from the blue-phase PDAs is almost negligible due


to the extremely low quantum yield (<1 × 10-4). Although


the fluorescence quantum yield of the red-phase PDA is rela-


tively low, the stress-stimulated nonfluorescence-to-fluores-


cence transition is readily detectable under a fluorescence


microscope (vide infra). Very recently, a significant increase (ca.


20 times) of fluorescence intensity of the red-phase PDAs was


observed by employing the fluorescence resonance energy


transfer (FRET) concept.51 Thus, the facile immobilization on


solid substrates and the readily detectable fluorescence sig-


nal make PDAs ideal materials for chip-based label-free detec-


tion systems.


Immobilization of Polydiacetylene Vesicles
on Solid Substrates
Immobilization of PDA vesicles on solid substrates is very


attractive since it can combine advantages of the vesicle sen-


sor (having three-dimensional interactions between sensor and


the target molecules) and film sensor (applicable to two-di-


mensional array or chip format). Since one of the most impor-


tant aspects of the PDA-based chemosensors is their unique


blue-to-red/nonfluorescence-to-fluorescence transition that


takes place upon stimulation, it is essential to prepare the sen-


sor system in its “blue phase” before the environmental per-


turbation is applied. Preparation of stable, blue-phase,


immobilized PDAs can be executed by employing one of three


strategies involving the formation of covalent adducts, biotin–


avidin complexes, or complexes formed through nonspecific


physical adsorption (Figure 4). In methodologies involving


covalent adduct formation, incubation of an aldehyde-modi-


fied glass substrate in an aqueous solution containing diacety-


lene vesicles having terminal amino groups results in covalent


attachment of the diacetylene vesicles via imine linkages.53


UV irradiation of the diacetylene-immobilized solid substrate


should induce photopolymerization of the diacetylenes to give


the immobilized, “blue-phase” PDAs (Figure 4A). Although


direct immobilization of polymerized PDA vesicles is possi-


ble, it is observed that this method induces significant blue-


to-red phase transition during the immobilization process. This


is likely due to stress imposed on the PDA vesicles during the


condensation reaction linking the surface aldehyde groups


with the amine residues in the PDA vesicles. The typical blue-


colored PDAs, in general, have maximum absorption wave-


length at around 640 nm. The immobilized PDA vesicles


formed by this method often have higher absorbance at 550


nm than at 640 nm, indicating that the colorimetric transi-


tion has occurred during the immobilization process. In con-


trast, when photopolymerization is carried out after


immobilization, the PDA vesicles are generated in their blue


phase on the solid substrates.


Alternatively, specific ligand–receptor interactions can be


utilized for the fabrication of immobilized PDA sensor systems


(Figure 4B).63 For example, diacetylene vesicles possessing


biotin moieties can be immobilized on avidin-coated solid sub-


strates by way of biotin–avidin complex formation. Photopo-


lymerization of the resulting immobilized diacetylenes


produces the desired blue-colored PDAs. A major advantage


of this methodology is its flexibility. For example, diacetylene


vesicles that are prepared from monomers that contain both


biotin- and amine-terminated diacetylenes can be subjected to


further modification after or before immobilization since the


amine groups do not interact with avidin molecules present on


the surface of the solid substrate.


Recently, we developed a new strategy for the immobili-


zation of PDA vesicles based on the finding that cellulose ace-


tate butyrate (CAB) is an efficient matrix polymer for the


immobilization of PDA sensors (Figure 4C).64 Diacetylene ves-


icles were found to efficiently bind with the commercially


available and spin-castable polymer matrix on glass substrates


via physical adsorption, regardless of the types of functional


groups they possess. Thus, alcohol, amine, or carboxylic acid-


terminated diacetylene vesicles can be immobilized on the


CAB-coated solid substrates without the need for covalent


bonding between PDAs and the glass.


FIGURE 8. SEM (A) and fluorescence (B) images of PDA patterns
fabricated on Ti substrates by MIMIC. Inset shows a magnified
image of the immobilized PDA region. The fluorescence image was
obtained after heat treatment (100 °C, 1 min) of the immobilized
PDAs. Adapted from ref 65.
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Patterned Fluorescence Images
Although PDA immobilization processes can be monitored by


using visible spectroscopy and SEM analysis, evaluation of the


patterned images formed in this manner is best carried out by


using fluorescence spectroscopy. In order for the immobilized


PDAs to be applicable to chip-based sensor systems, a proce-


dure for generating well-patterned fluorescence images is


required. A facile method to accomplish fabrication of high-


quality images uses photolithography (Figure 5).52 In this


methodology, an aldehyde-modified glass substrate is immo-


bilized with unpolymerized self-assembled diacetylene vesi-


cles. The diacetylene-immobilized glass substrate is then


irradiated through a photomask with 254 nm UV light (1


mW/cm2) leading to photopolymerization of the immobilized


diacetylene vesicles only in exposed areas. The glass substrate


is then heated at 100 °C for 10 s to induce the blue-to-red


phase transition of the polymer. Since “red-phase” PDAs are


fluorescent and polymerization does not occur thermally, pat-


terned fluorescence images are generated after the thermal


treatment.


In Figure 6 are displayed patterned fluorescence images


observed by using fluorescent microscopy (red, bright areas


correspond to areas exposed to UV light). The clear images


obtained by employing this methodology demonstrate the


successful immobilization of PDA vesicles. By using this


method, we were able to create patterned fluorescence


images of PDAs having resolutions that approach the limit of


fluorescence microscopy (<5 µm).


We recently discovered a new, straightforward strategy for


the fabrication of patterned fluorescent PDA images that is


based on the micromolding in capillaries (MIMIC) technolo-


gy.65 A schematic representation of the MIMIC66 procedure


employed for this purpose is given in Figure 7. A polydimeth-


ylsiloxane (PDMS) mold was treated with UV/ozone (UVO) to


FIGURE 9. Schematic representation and fluorescence images of the microarrayed PDAs using a conventional microarray spotter.


FIGURE 10. A schematic representation of interaction between PDA and CD.
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introduce surface hydroxyl groups. The UVO-treated PDMS


mold was then placed on a solid substrate to generate micro-


channels, which were filled by applying a PDA solution at one


end. The PDA solution, derived from 10,12-pentacosadiynoic


acid (PCDA), for example, is expected to move into the chan-


nels by capillary force. After evaporation of the solvent, the


PDMS mold was removed to leave PDA vesicles on the solid


substrate.


SEM and fluorescence microscope images of PDA patterns


on Ti substrates, fabricated using the MIMIC procedure, are


shown in Figure 8. A master bearing 5 µm wide line patterns


was used for the micrometer patterning of PDA vesicles. The


bright lines shown in Figure 8A are patterned PDA vesicles


and the dark lines are bare Ti surfaces. The fluorescence


microscopic images shown in Figure 8B are obtained after


heat treatment (100 °C, 1 min) of the Ti substrate immobi-


lized with PDAs.


The photolithographic and MIMIC approaches described


above are very convenient for the generation of large area flu-


orescence patterns of PDAs. However, for the construction of


chip-sensor systems, it would be more versatile and practical


if patterned images could be obtained by using a conventional


microarray spotter. Consequently, our attention has also


focused on assessing the feasibility of using a microarray spot-


ter to generate patterned arrays of PDA images. In order to


assess the viability of this procedure, a diacetylene vesicle


solution prepared from an amine-terminated diacetylenic lipid


monomer was applied to an aldehyde-modified glass sub-


strate by using a standard array spotter (Figure 9).52 The glass


substrate coated with arrayed diacetylenes was irradiated with


UV light to induce photopolymerization. Heat treatment of the


resultant blue-phase PDA arrays afforded the red light emit-


ting fluorescence patterns displayed in Figure 9.


Label-Free Sensor Application of
Polydiacetylenes
The observation that finely resolved patterned fluorescence


images can be generated by heat treatment of microarrayed


PDAs is highly significant in that it indicates that fluorescence


signals might be produced by specific molecular recognition


events. If so, the arrayed PDA system would serve as a label-


free chip sensor. In order to test the feasibility of nonthermal


affinity-induced fluorescence generation, we have exposed the


amine-terminated blue-phase PDAs to cyclodextrin (CD)


solutions.52,64 Previously, we reported that CDs disrupt the


ordered structures of PDA supramolecules by forming inclu-


sion complexes and induce the blue-to-red color transition


(Figure 10).47 R-CD was found to be superior to �-CD or γ-CD


in its ability to disrupt the PDA assemblies.


In order to determine whether CDs can promote fluores-


cence generation, PDA microarrays on CAB-coated glass sub-


strates were prepared. The immobilized PDAs then were


independently exposed to solutions containing 10 mM R-CD,


�-CD, and γ-CD in deionized water for 30 min. In Figure 11


are displayed the fluorescence microscope images of the


resulting glass substrates. The polymerized PDA microarray


treated with R-CD appears as a red-colored fluorescent image,


while those treated with �-CD and γ-CD show only negligi-


ble fluorescence (see Figure 11A). The fluorescence spot inten-


sities promoted by R-CD are concentration dependent (ref 52,


Supporting Information). To prove that the fluorescence sig-


nal observed with R-CD-treated PDA glass substrate is due to


specific molecular interactions between PDAs and R-CD, all


three CD-treated glass substrates were heated at 100 °C for 2


min. Fluorescence was observed from all of the heat-treated


glass substrates (see Figure 11B). The fluorescence patterns


shown in Figure 11B indicate that the PDAs remain immobi-


lized even after treatment with �- and γ-CD solutions. Accord-


ingly, the negligible fluorescence signals observed with �- and


γ-CD-exposed PDAs displayed in Figure 11A are due to poor


or no perturbation of the PDA supramolecules by �- and γ-CD.


We have also probed applications of fluorogenic PDA-


based label-free sensor chips for monitoring protein–protein


interactions.63 Diacetylene vesicles containing biotin and acti-


FIGURE 11. Fluorescence microscope images of polymerized PDA
immobilized on CAB-coated glass substrates after treatment with 10
mM CDs for 30 min (A) and after heating the glasses in panel A at
100 °C for 2 min (B). Adapted from ref 64.
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vated ester moieties were prepared and reacted with a pri-


mary antibody leading to covalent attachment of the antibody


to the vesicles. The resultant antibody-modified diacetylene


vesicles were immobilized onto an avidin-coated glass sub-


strate in a microarray format. We anticipated that the biotin


moieties on the surface of diacetylene vesicles would com-


plex with avidins on the solid substrate. The microarrayed


diacetylene vesicles were then irradiated with 254 nm UV


light source to promote polymerization. The PDA-immobilized


glass substrate was then incubated in a solution of the FITC-


conjugated anti-rabbit secondary antibody while monitoring


the vesicles using a fluorescence microscope. Because they


were labeled with fluorescein, the secondary antibodies were


monitored through a green filter at 460–490 nm (Figure


12B). Vesicles in which the secondary antibodies react with


primary antibodies were observed through a red filter to


become fluorescent (Figure 12C). The images obtained by


using both the green and red filters were observed to over-


lap. This observation suggests that the vesicles undergo a


change from nonfluorescent to fluorescent in conjunction with


their binding to secondary antibodies.


A control to demonstrate that PDA vesicles were actually


present (Figure 12D) involved heating of the glass slide and


observing fluorescence from the arrayed spots. Moreover, no flu-


orescence was observed when PDA vesicles prepared in the


absence of the primary antibody were exposed to the second-


ary antibody. Thus, “turn-on” of the fluorescence is definitely a


result of antibody interactions. Finally, the primary antibody


attached, microarrayed PDA sensor does not become fluores-


cent when it is exposed to the anti-mouse secondary antibody.


This result confirms the antibody specificity of the PDA sensor


system.


Conclusions
One advantage of PDA-based chemosensors over those that


employ other conjugated polymers is the color change that


takes place in response to environmental perturbations. Owing


to this readily detectable blue-to-red chromic transition, most


PDA-based chemosensors probed to date have relied heavily


on the color change phenomenon. Until the time of our efforts


in this area, the fluorogenic properties of the PDA supramolecules


received much less attention as a source of the sensing signal.


Early on in our investigations, we realized the potential signifi-


cance of stress-induced fluorescence changes that take place in


PDAs. Unlike many other fluorescent small molecule or poly-


meric materials, almost negligible fluorescence quenching takes


place when red-phase PDA vesicles are immobilized on solid sub-


strates. As a result, the stress-induced nonfluorescence-to-fluo-


rescence change of the immobilized PDAs leads to a new


strategy for fabrication of label-free sensor systems.


Several methodologies were developed for the immobili-


zation of the PDA vesicles in the initial phase of our efforts in


this area. Then, our investigations became focused on photo-


lithographic or MIMIC techniques for generation of patterned


FIGURE 12. A schematic representation (top) of interaction between primary antibody-modified PDA and secondary antibody and
fluorescent microscope images (bottom) of microspotted, immobilized, and irradiated PDAs having primary antibody before (A) and after
exposure to secondary antibody (150 µg/mL) (B (460–490 nm excitation), C (510–550 nm excitation)) and after heat treatment at 100 °C
for 1 min (D). Adapted from ref 63.
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fluorescence images on the solid substrates. The realization


that PDA vesicles could be immobilized using conventional


microarray spotters led to simple procedures for fabrication of


microarrayed PDA sensor systems. Importantly, this finding


enabled the construction of microarrayed blue-phase PDAs


that become fluorescent in association with the blue-to-red


transition upon specific interactions with target molecules.


Since in theory any molecular recognition event that promotes


the blue-to-red color transition of PDAs should result in the


generation of fluorescence, it should be possible to reformat


a variety of previously described colorimetric PDA sensors into


fluorescence-based sensor systems. The authors believe that


the fluorescence properties of PDAs, when combined with


modern technology for fabrication of microarrays, will stimu-


late the development of a number of new label-free


chemosensor systems.
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C O N S P E C T U S


Trifluomethylated organic compounds often have properties that
make them suitable for diverse applications, including materials sci-


ence, agrochemistry, and pharmaceutical industry. But of all the ther-
apeutic drugs currently available, about 10% of them have a partially
fluorinated moiety. Thus, a great deal of attention is being paid to the
development of reliable methodologies for trifluoromethylation.


Introduction of a trifluoromethyl group into the target molecules
mostly relies on either trifluoromethylating reagents or trifluoromethy-
lated synthetic blocks. The chemistry of trifluoromethyl carbanions,
nucleophilic trifluoromethylating agents such as the Ruppert-Prakash
reagent, and organometallic species has been intensively developed for
their important synthetic applications.


But the chemistry of �,�,�-trifluoroethyl carbanions (R-trifluoro-
methyl carbanions) and organometallic species has remained undevel-
oped despite their potential usefulness in organic synthesis. The issue
needs to be addressed. This Account outlines successful alkylations and useful synthetic applications of R-trifluoromethyl
carbanions, such as R-substituted �,�,�-trifluoroethyl, R-trifluoromethylethenyl, trifluoroacetimidoyl, R-trifluoromethylox-
iranyl, and related R-trifluoromethylated carbanions.


The strong electron-withdrawing effect of the R-trifluoromethyl group may stabilize the carbanion species electroni-
cally. But R-trifluoromethyl carbanions and their corresponding organometallic species mostly release fluoride spontane-
ously to produce difluoroalkenes. This notorious decomposition of R-trifluoromethylated carbanions and anionoids has
hindered the development of these species for organic synthesis. A well-designed device for the generation, stabilization,
and acceleration for alkylation of the R-trifluoromethylated carbanions is needed for their synthetic application, as well as
stabilization by the electron-withdrawing R-substituent.


The reported R-substituted R-trifluoromethyl carbanions can be roughly categorized into three classes based on their
structures. The first category, A, is π-conjugation-stabilized carbanions, which are stabilized by ester, nitro, sulfone, carbo-
nyl, or phenyl groups. R-Substituents of these carbanions can delocalize the negative charges on their π-system with large
σR electron-withdrawing effects; this prevents accumulation of negative charge on the fluorine atoms.


The second category, B, consists of carbanions with sp3 orbitals either of highly halogenated carbanionssexamples include
pentafluoroethyl(trimethyl)fluorosilicate, pentafluoroethyllithium, and R,R-dichloro-�,�,�-trifluoroethylzinc speciessor of cyclic
structures such as oxiranyl- and aziridinyllithiums. Both of these carbanions are also stabilized since they reduce molecular
orbital (MO) overlapping of the carbanion orbital to C-F bond orbitals.


The third category, C, has carbanions with their anion center at the sp2 orbital, such as R-trifluoromethylated alkenyl
carbanions and imidoyl carbanions. These sp2 orbitals of the carbanion center usually have a small overlap with the C-F
bonds of trifluoromethyl groups. The small overlap is able to suppress the E2-type eliminations.


R-Trifluoromethylated carbanions are, in general, unstable. Their stability is largely affected by factors like hybridization of the
orbital that accommodates lone pair electrons, the electronic nature of the R-substituents, the degree of covalency in a bond between
the carbon and metal, the class of countercation, stabilization by chelation of a metal cation, and so on. The stability, therefore,
can be sometimes controlled by tuning these factors adequately so that they can be used for organic synthesis.


The chemistry of R-trifluoromethylated carbanions for organic synthesis has been progressing steadily. However, the sim-
plest trifluoroethyl and trifluoroacetyl carbanions have never been successfully produced and employed for organic synthe-
sis. Elegant generation and synthetic application of these metal species are one of the most attractive and challenging subjects
for active investigation in the future.
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1. Introduction


The chemistry of trifluoromethyl carbanions, nucleophilic tri-


fluoromethylating agents, and organometallic species has


been intensively studied due to the importance of these com-


pounds in synthetic applications.1–4 Meanwhile, the chemis-


try of �,�,�-trifluoroethyl carbanions (R-trifluoromethyl


carbanions) and organometallic species has remained unde-


veloped, despite the potential utility of these agents in organic


synthesis; thus, this issue needs to be addressed. This Account


outlines successful alkylations of R-trifluoromethyl carban-


ions, such as R-substituted �,�,�-trifluoroethyl, R-trifluoro-


methylethenyl, trifluoroacetimidoyl, R-trifluoromethyloxiranyl,


and related R-trifluoromethylated carbanions (Scheme 1).


The strong electron-withdrawing effect of the trifluoro-


methyl group may stabilize the carbanion species electroni-


cally. Such R-trifluoromethyl carbanions and corresponding


organometallic species would mostly release fluoride sponta-


neously to give difluoroalkenes (Scheme 2).5 This notorious


decomposition of R-trifluoromethylated carbanions and anion-


oids has hindered the development of the species in organic


synthesis.6


To date, only a few reports of preparations and synthetic


utilizations of R-trifluoromethyl carbanions have been pub-


lished. These compounds are so thermally unstable that they


require very low temperature conditions for generation. Some


R-trifluoromethyl metal species decompose even at -78 °C;


thus, reaction conditions below -100 °C are required.7 Lewis


acidic action of the countercation on the fluorine atom would


also promote defluorination. Such action of the cation may


cause a negative charge to accumulate on the fluorine,11 caus-


ing the atom to be pulled out. Not only is stabilization by an


electron-withdrawing R-substituent necessary, but a well-de-


signed device for generation, stabilization, and acceleration of


alkylation of R-trifluoromethylated carbanions is also needed


for synthetic applications.


Reported R-substituted R-trifluoromethyl carbanions can


roughly be categorized into three classes based on their struc-


tures (Scheme 3). The first category consists of π-conjugation-


stabilized carbanions (A); these are stabilized by ester,8–10


nitro,11 sulfone,12 carbonyl,13,14 or phenyl15 groups. R-Sub-


stituents of these carbanions delocalize the negative charges


on their π-systems, with large σR electron-withdrawing effects


that prevent accumulation of negative charge on the fluorine


atoms. Moreover, some carbanion species are stabilized by


association with Pd10 or Ti metal.14 The second category (B)


contains carbanions with sp3 orbitals either of highly haloge-


nated carbanions, such as perfluoroalkyllithiums16,17 and R,R-


dichloro-�,�,�-trifluoroethylzinc species,18,19 or of cyclic


structures, such as oxiranyl- and aziridinyllithiums.20,21 Both


of these carbanions are also stabilized, since they reduce


molecular orbital (MO) overlapping of the carbanion orbital


with C-F bond orbitals. The third category (C) consists of car-


banions that have their anion center at the sp2 orbital and


includes the vinyl carbanion22,23 and imidoyl carbanion.24–26


The sp2 orbitals of the carbanion center usually overlap


slightly with the C-F bonds of the trifluoromethyl groups,


which enables suppression of E2 type eliminations.


Let us evaluate the extent of overlap of the carbanion orbit-


als with the C-F bond orbitals, which could be roughly esti-


mated by 3JF-H couplings of the parent protonated


compounds by 1H NMR spectroscopy. The overlap of the car-


banion orbital with the C-F bonds is not the sole factor that


determines the fate of R-trifluoromethylated carbanions; how-


ever, it should be an important product-determining factor.


The 3JF-H coupling constant of trifluoroethanol derivatives like


ether and tosylate, which experience spontaneous defluorina-


tion when lithiated at the R-carbon, is in the range of 8-10


Hz.27,28 The 3JF-H coupling constant of pentafluoroethane


(protonated form of B) is 3 Hz,27 that of 1,1-dichloro-2,2,2-


trifluoroethane (B) is 4.9 Hz,28 that of 2,3-epoxy-1,1,1-trifluo-
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ropropane (protonated form of B′) is 4.8 Hz,29 that of N-tosyl-


2-trifluoromethylaziridine (B′) is 4.8 Hz,21 that of


trifluoropropene (protonated form of C) is 4 Hz,27 and that of


imine (C) is 2.8 Hz.30 These small 3JF-H coupling constants


(1/3-
1/2 the value of the coupling constant of 2,2,2-trifluoro-


ethanol) of the parents of the anionoids suggest a smaller


overlapping of the orbitals of C-F bond to that of the anion


(Scheme 3).


2.1. r-Trifluoromethyl Carbanions Stabilized by
Electron-Withdrawing Groups. Despite scientific importance


and synthetic utility, alkylations of R-trifluoromethylated car-


banions have been successful only in a small number of cases.


Lithiation of heteroatom-substituted 2,2,2-trifluoroethanes


(CF3CH2R; R ) OPh, OR, OTs, SPh, Cl, or F) results in defluori-


nation, yielding gem-difluoroalkenes, F2CdCHR.31 In contrast,


1-phenylsulfonyl-2,2,2-trifluoroethyl carbanion (generated by


LDA/THF-HMPA), which is strongly stabilized by a PhSO2


group, reacts with some electrophiles (MeI, I2, and allyl iodide)


(Scheme 4).12 Furthermore, the quaternary ammonium cat-


ion was found to be more effective than the lithium cation in


stabilization of the carbanion 2.


Ishikawa demonstrated an alkylation of dimethyl trifluo-


romethylmalonate 3 with an excess of CsF. During the trans-


formation, the fluoride addition to difluoromethylenemalonate


5 maintains a moderate concentration of R-trifluoromethy-


lated carbanion 4, which undergoes alkylation and Michael


addition (Scheme 5).8 Independently, Fuchigami reported an


efficient alkylation of trifluoromethylmalonate 3 using an elec-


trogenerated base (EGB), a tetraethylammonium amide of pyr-


rolidone (Scheme 5).9 So far, the replacement of the alkaline


metal ion with tetraalkylammonium ion weakens the


metal-fluorine interaction, thus stabilizing the anion and


enhancing alkylation.


Another effective alkylation of the methylene carbon bear-


ing CF3 group relies on stabilized enolate chemistry. In gen-


eral, metal enolates are synthetically important in C-C bond-


forming reactions. However, R-CF3 metal enolates are unstable


and difficult to prepare because of the facile �-fluoride elimi-


nation. To overcome difficulties, the choice of metals for sta-


bilization of the enolates is essential. Silyl enolate 10 of


methyl 3,3,3-trifluoropropionate (with TMSOTf/Et3N) is alky-


lated at R-carbon either by aldol reactions or by Lewis acid-


mediated alkylation (Scheme 6).32 A similar alkylation of silyl


enol ether 12 of 3,3,3-trifluoropropiophenone 11, in situ gen-


erated with acetals, is known.33


Moreover, alkylations using enolates 1334 and 1535 were


reported by Ishihara and Kuroboshi (Scheme 7). Recently,


Mikami succeeded in generation of Ti-enolates of R-CF3


ketones, in addition to their applications to stereoselective


aldol reactions (Scheme 8).14,36 In contrast to possible deflu-


orinative interactions of fluorine with the lithium ion in Li-
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enolate 17, titanium enolate 18 is stable against


defluorination due to the linear aligned structure of C-O-Ti,


which makes a possible interaction of fluorine with titanium


weak.


A catalytic transformation involving Pd-enolate of R-CF3


ketone was accomplished. With a catalytic amount of


Pd(PPh3)4, 4,4,4-trifluorobutan-2-one 20 reacts with various


allylic carbonates to give R-allylated ketones 21 in good yields


(Scheme 9).10 Interestingly, the R-allylation reactions proceed


smoothly under neutral conditions; the π-allyl palladium


alkoxide intermediate 24 could abstract the R-proton of the


ketone 20 effectively, loading to palladium enolate 23.


2.2. Perfluoroalkyl Organometallics. The highly hydro-


phobic nature of the perfluoroalkylated molecules may favor-


ably alter in vivo transport rates and stability of a drug.


Nucleophilic introduction of perfluoroalkyl groups is one of the


most effective and popular methods for the synthesis of per-


fluoroalkylated compounds. However, (2,2,2-trifluoroethyl)-


lithiums and the corresponding Grignard reagents are not


synthetically useful due to their rapid decomposition. How-


ever, there is an obvious increase in the stability of the (per-


fluoroalkyl)lithium reagent.37–39


Gassman reported reactions of (pentafluoroethyl)lithium


with carbonyl compounds (Scheme 10).16 Pentafluoroethyl


iodide undergoes a halogen-metal exchange reaction with


MeLi at -78 °C in the presence of carbonyl compounds, with-


out addition of methyllithium.40


Uno reported reactions of (perfluoroalkyl)lithiums, prepared


via halogen-metal exchange, with carbon-nitrogen double


bonds in the presence of BF3 · OEt2 catalyst (Scheme 11).17,41


N-Heterocycles, such as quinolines, isoquinolines, and pyrim-


idines, react smoothly with (perfluoroalkyl)lithiums, giving the


corresponding adducts (Scheme 11).42
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There have been several reports on regioselective (Scheme


12)43 and stereoselective (Scheme 13)44 nucleophilic pen-


tafluoroethylations.


Perfluoroalkylzinc reagents are more stable than the cor-


responding lithium or magnesium reagents. The zinc reagents


were prepared from perfluoroisopropyl iodide with metallic


zinc.45 The reactions with acyl fluorides or acid anhydrides


gave perfluoroalkyl ketones.46 With ultrasonic irradiation, (per-


fluoroalkyl)zinc reagents undergo Pd-catalyzed perfluoroalky-


lation of allyl, vinyl, and aryl halides, alkynes, and dienes,


affording perfluoroalkylated compounds (Scheme 14).47


Thermal stability of perfluoroalkyl agents (RF-M) depends


on the kind of metal present (M). Intuitively, a large degree of


covalency of carbon-metal bonds (M is a less electroposi-


tive element) and a low degree of orbital overlap of


carbon-metal with carbon-fluorine bonds (M is a heavier or


higher period element) increase the thermal stability of RF-M.


Other examples of thermally stable (perfluoroalkyl)metal (Ca,48


Mn,49 Ag,49 and Sn50) species are known.


In addition to perfluoroalkyl iodides, fluorohalogeno-


ethanes CF3CXYZ (X ) F, Cl, Br; Y, Z ) Cl, Br) undergo


metal-halogen exchange with alkyl- or arylmagnesium


halides at low temperatures to yield organometallic com-


pounds CF3CXYMgX, although they are not reactive enough


at such low temperatures.18 Fujita and Hiyama were able to


generate a thermally stable CF3CCl2ZnCl from CCl3CF3 and Zn


powder. At room temperature, addition of CF3CCl2ZnCl19 and


CF3CCl2PbCl51 with various aldehydes and ketones afforded


adducts in high yields (Scheme 15).


2.3. �-Fluoroalkyl- and Perfluoroalkylsilanes. A large


number of organosilicon compounds are utilized in organic


synthesis. In general, organosilicon compounds are consider-


ably stable and easy to handle. Meanwhile, in the presence of


fluoride as an initiator, they act as metal-free carbanion


sources via pentavalent silicate intermediates for nucleophilic


alkylation (Scheme 16).
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In many cases, pentavalent fluorosilicates are thermally sta-


ble intermediates, which survive at higher temperatures. Tagu-


chi reported the generation of �-fluoroalkyl carbanions. It is


known that the deprotonation reaction of difluorocyclopro-


panes 27 by alkyllithium (RLi) proceeds rapidly, while the


resultant anions having lithium as a counterion are so unsta-


ble, even at low temperatures, that the products 28 form


through �-elimination of LiF (Scheme 17).52 In contrast, silyl-


substituted difluorocyclopropanes 29 react with a variety of


aldehydes without defluorination. With a catalytic amount of


TBAF, the reactions proceed at room temperature to yield the


corresponding cyclopropylcarbinols.53


Interestingly, perfluoroalkylsilanes (Ruppert-Prakash


reagent, RF-SiMe3)54 are useful compounds as perfluoroalkyl


anion sources for introduction of perfluoroalkyl groups into


various organic compounds. Perfluoroalkylsilanes have been


used for formation of not only C-C bonds with ketones 30,55


amide 31,56 imines 3257 (Scheme 18), and aryl iodides 3358


(Scheme 19) but also carbon-heteroatom bonds with sulfur


and nitrogen reagents59 (Scheme 20), phosphites,60 and


borate61 (Scheme 21).


3. Oxiranyl and Aziridinyl Anions


Besides ring openings,62 the anion 36 of the epoxide 34 and


the anion 37 of the aziridine 35 could be generated regiose-


lectively, as well as stereospecifically, on the ring carbons


attached to the trifluoromethyl group (Scheme 22).21,63 Neg-


ative charges of these anions would be delocalized by over-


lapping of the sp3 anion center orbital to lone pair orbitals on


the ring oxygen.63


The oxiranyl anion 36 from 2,3-epoxy-1,1,1-trifluoropro-


pane 34 with n-BuLi was found to be thermally unstable.7,20


Its generation and reaction should be undertaken below -100


°C. Reaction at higher temperatures (-40 °C) resulted in


decomposition (via defluorinations). However, the anion


reacted at -100 °C with a variety of electrophiles to give opti-


cally active 2-substituted 2-trifluoromethyl oxiranes 40, with


retention of its configuration (Scheme 23).


Generation of the aziridinyl anion 37 was affected by


N-substituents. The aziridine, with a strong electron-withdraw-


ing N-tosyl substituent, was converted to the anion 37 with
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n-BuLi. The anion could react with a variety of electrophiles in


good yields (Scheme 24). The aziridinyl anion is also ther-


mally unstable, so these reactions should be conducted below


-100 °C.21


The aziridines with N-o-anisyl and N-p-anisyl substituents,


which could π-conjugate to the nitrogen atom, were converted


to the anion by sec-BuLi (n-BuLi failed to deprotonate of 35).


However, generation of anion from N-benzyl-2-trifluoromethy-


laziridine with sec-BuLi was unsuccessful. Thus, the trifluoro-


methyl group alone would not be enough to generate and


stabilize the R-trifluoromethylaziridinyl anions.


4. r-Trifluoromethylethenyl Metals and
Their Related Metal Species
R-Trifluoromethylethenyl metals 42 and the related trifluoro-


acetimidoyl- (43) and trifluoroacetyl- (44) metals have been


employed for the preparation of trifluoromethylated organic


molecules. They are mostly generated from the correspond-


ing halides by halogen-metal exchange or oxidative addi-


tion of the halides to low-valent metals. The stability of these


sp2 hybridized metal species is highly dependent on the fol-


lowing: (1) the electronegativity difference between the car-


bon and the heteroatom (X in 42-44), (2) the


electronegativity difference between carbon and metal, and (3)


the affinity of the metal to the fluorine of the trifluoromethyl


group [bond strength for metal-F ) Li-F 138, Mg-F 110,


and Zn-F 88 kcal/mol]. Thus, ethenyl metals 42 are most sta-


ble, and acetyl metals 44 are least stable (stability order,


metal-CdC > metal-CdNR > metal-CdO). The following is


a brief summary of the generation, stability, reactivity, and


synthetic applications of the R-trifluoromethylated sp2-hybrid-


ized metal species 42, 43, and 44 (Scheme 25).


4.1. r-Trifluoromethylethenyl Metals. R-Trifluorometh-


ylethenyl metals 42 (metal ) Li, Mg, Zn, B, Si, Sn, and Pd)


have been investigated. Their stability is dependent on the


degree of metal-carbon bond covalency (electronegativity of


Li, Mg, Zn, Si, Sn, B, Rh, and Pd ) 0.98, 1.31, 1.65, 1.90,


1.96, 2.04, 2.20, and 2.28, respectively) and also on the affin-


ity of the metal to fluorine. The lithium species 46 is gener-


ated by bromine-lithium exchange of 2-bromo-3,3,3-


trifluoropropene 45 with n-BuLi in hexane at below -90 °C


and can be trapped with carbonyl compounds (32-51%


yield).64 However, the lithium species 46 is extremely unsta-


ble even at around at -90 °C, due to the strong affinity of lith-


ium to fluorine and also due to the strong ionic nature of the


lithium-carbon bond. Thus, it undergoes defluorination rap-
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idly, resulting in the formation of 1,1-difluoropropadiene 47.65


Some results obtained on reacting 45 with n-BuLi at low tem-


perature for 15 min are listed in Scheme 26, which indicates


that about 70% of ethenyl-lithium 46 undergoes defluorina-


tion at -78 °C.66 The corresponding lithium species 49 of


2-bromopentafluoropropene 48 is also generated in a simi-


lar manner (Scheme 26).67


Bromide 45 reacts with magnesium metal smoothly at 0 °C


to form the Grignard reagent 51, which spontaneously reacts


with methyl boronate under Barbier conditions, affording tri-


fluoromethylethenyl boronic acid (52).23 The boronic acid 52
is useful for Pd-catalyzed cross-coupling with highly function-


alized heteroaromatic bromide 53 (Scheme 27).23


The corresponding zinc species is more stable than the lith-


ium and magnesium reagents, and thus is generated by the


oxidative addition of 45 to Zn(Ag) in the presence of TMEDA


(in THF at 60 °C for 6 h, 93%). It can be stored at room tem-


perature over months or heated at 70 °C for a prolonged time


in the absence of air and moisture.68 It is less nucleophilic


than the lithium species and thus reacts with the formyl group


of 55 chemoselectively69 and with carbon dioxide to give tri-


fluoromethacrylic acid.70 The zinc reagent 56 is stabilized by


chelation with TMEDA in THF. It undergoes palladium-cata-


lyzed cross-coupling with aryl or alkenyl bromides and alk-


enyltriflate, providing R-trifluoromethylstyrenes 57 and


�-trifluoroisopropenylcyclohexenone 58.68 The cross-coupling


of 2-bromo-6-methoxynaphthalene with the ethoxylated zinc


reagent 59 provides a precursor of trifluoromethylnaproxen


(Scheme 28).71


Trifluoromethylethenyl-stannane 61 is successfully pre-


pared by the stannylcupration of the bromide 45 with bis-


(stannyl)copper lithium 60, where the stannyl group is


incorporated into C2 rather than C1, although most of nucleo-


philes preferentially attack C1 of 45. Vinylstannane 61 reacts


with a variety of acyl halides under Pd-catalyzed cross-cou-


pling conditions in the presence of CuI, affording R-trifluoro-


methyl-R,�-unsaturated ketones 62,72 whereas the


corresponding zinc reagent does not (Scheme 29).


The trifluoroisopropenyl-palladium reagent 63 is readily


generated by the reaction of the bromide 45 with PdCl2, and


it subsequently undergoes carbon-carbon bond formation
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with carbon monoxide,73 aryl and alkenyl boronic acids,74


and terminal alkynes under Sonogashira conditions (Scheme


30).75


4.2. Trifluoroacetimidoyl Metals. The stability and the


reactivity of trifluoroacetimidoyl metals are also remarkably


dependent on the ionic nature of the carbon-metal bond,


which is closely related to the electronegativity difference


between carbon and the metals. Figure 1 illustrates the ionic


character of the carbon-metal bond in trifluoroacetimidoyl


metals. The lithium species is the least stable, so it must be


generated and handled at temperatures below -60 °C; mean-


while, the palladium and rhodium species can be handled at


over 100 °C for prolonged times.


4.2.1. Trifluoroacetimidoyl Lithium, Magnesium, And
Zinc Reagents. The trifluoroacetimidoyl lithium species 65 is


generated readily by a lithium-iodine exchange reaction of


iodide 64 at -70 °C and can be trapped with electrophiles


(Scheme 31). The major side reaction of the reagent at tem-


peratures above -60 °C is migration of lithium to imino-ni-


trogen from imino-carbon to generate a carbene-type


intermediate 66, which readily undergoes dimerization.24,25


The driving force for the exclusive migration of lithium in 65
would arise from the polar nature of the carbon-nitrogen


bond and the strong affinity of the lithium cation to the imino


nitrogen, since lithium in trifluoromethylethenyl lithium does


not migrate to the �-carbon. In order to avoid the unfavor-


able lithium migration and to generate the more stable trif-


luoroacetimidoyl carbanion equivalent, fluoride promoted


desilylation and alkylation of trifluoroacetimidoyl silane 67 via


fluorosilicate 68, the corresponding carbanion equivalent, has


been devised (Scheme 31).26


The trifluoroacetimidoyl silane 67 is prepared via the mag-


nesium reagent 70 by the reaction of trifluoroacetimidoyl


chloride with metal magnesium at -73 °C.76 In contrast to the


instability of lithium species, alkylation via the silane 67 can


be conducted even at 50 °C. Interestingly, the reaction of 69
with magnesium at 0 °C activates both carbon-chlorine and


carbon-fluorine bonds successively, affording the doubly sily-


lated products 71, which are synthetic precursors both for 72
and 73. One of the synthetic applications of 71 is shown in


Scheme 32.77 This double silylation of 69 via 67 is easily


understood by the fact that trifluoromethyl imines 74 undergo


Mg-promoted defluorinative silylation leading to 75 (Scheme


33).78


The corresponding zinc species is more stable than the lith-


ium species. It can be generated by the oxidative addition of


69 to metal zinc (Zn/Al) at room temperature and can be alky-


lated with electrophiles.79


4.2.2. Trifluoroacetimidoyl Palladium and Rhodium
Reagents. The trifluoroacetimidoyl palladium species 77 is


easily generated by the oxidative addition of trifluoroacetimi-


doyl halides 76 (halogen ) I, Br, or Cl) to zerovalent palla-


dium (Scheme 34). Trifluoroacetimidoyl iodide 76 (X ) I) is a


favorable substrate for the palladation since it reacts rapidly


with Pd(0), but the corresponding chloride 76 (X ) Cl) is also


usable under reaction conditions lacking any nucleophiles. For


example, alcoholysis (replacement of halogen in 76 with


alkoxy group of alcohol) and palladation are competitive in


carboalkoxylation of 76, where alcoholysis is much faster for


the chloride 76 (X ) Cl) than palladation. Meanwhile, palla-


SCHEME 30


FIGURE 1. Ionic character of the carbon-metal bond in
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dation is much faster for the iodide 76 (X ) I), which is a


favorable substrate for the carboalkoxylation (Scheme 34).80


Even tert-butoxycarbonylation of 76 (X ) I) is successful when


DMF or DMI is used as a solvent.81 The Heck-Mizoroki reac-


tion with alkenes and the Sonogashira reaction with alkynes


provide alkenyl imines 78 and alkynyl imines 79 at room


temperature, respectively.82 The palladium species 77 is sta-


ble enough to be handled at higher temperatures. Under a CO


atmosphere, the palladium catalyst promotes homocoupling


of 76 (X ) I) at 60 °C, providing trifluoromethylated diimines


81 (Scheme 34).83


Palladium-catalyzed intramolecular chloro-imination of an


alkyne is a unique reaction where both chlorine and an imi-


doyl moiety are incorporated into a carbon-carbon triple


bond simultaneously (Scheme 35). The chloride 83 is usable


for the construction of functionalized quinolines, 84, where


4-chlorine and 3-hydrogen can be further functionalized for


quinolonecarboxylic acids 85 (Scheme 35).84


The rhodium catalyst activates the carbon-chlorine bond


of imidoyl chlorides 86 and then induces carbo-rhodation to


the triple bond of alkynes, followed by ring closure via


carbon-carbon bond formation leading to 2-trifluorometh-


ylquinolines 87 (Scheme 36).85 The rhodium species seems to


be stable enough for prolonged heating at 110 °C.


4.3. Trifluoroacetyl Metals. Due to the greater polarity of


the carbonyl group compared with the corresponding imino


and ethenyl groups, trifluoroacetyl metals are extremely


unstable, so very few of them have been successfully


employed for organic synthesis. No successful synthetic work


on trifluoroacetyl lithium, magnesium, and zinc species has


been reported. Less ionic, that is, more covalent,


carbon-metal bonds would be needed for synthetically fea-


sible trifluoroacetyl metals. So far, palladium and rhodium spe-


cies have been studied.
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The trifluoroacetyl palladium species is prepared from ben-


zyl trifluoroacetate and is isolated as a phosphine complex,


89.86 Phenyl trifluoroacetate undergoes palladium-catalyzed


cross-coupling with arene boronic acid (Scheme 37).87 The


oxidative addition of 88 occurs at the bond between acetyl


carbon and benzyloxy oxygen, rather than between the ben-


zyl carbon and trifluoroacetoxyl oxygen. Rhodium-catalyzed


chloro-perfluoroacylation of terminal alkynes provides


�-chloro-R,�-unsaturated ketones 93 in reasonable yields,


where no decarbonylation from C3F7CORhCl is observed.88


5. Conclusion


R-Trifluoromethylated carbanions are, in general, unstable.


Their stability is greatly affected by several factors, such as


hybridization of the orbital that accommodates lone pair elec-


trons, the electronic nature of the R-substituents, the degree


of covalency in a bond between the carbon and metal, the


class of countercation, stabilization by chelation of a metal cat-


ion, and others. Therefore, stability can be controlled by tun-


ing these factors appropriately.


The study of the chemistry of R-trifluoromethylated car-


banions for organic synthesis has been progressing steadily.


However, the simplest trifluoroethyl and trifluoroacetyl car-


banions have never been successfully generated. Elegant gen-


eration and synthetic applications of these metal species are


one of the attractive and challenging subjects for active inves-


tigation in the future.
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C O N S P E C T U S


Although catalytic asymmetric synthesis has undergone tremendous growth in the last 30 years, chiral auxiliary-aided
asymmetric synthesis continues to attract considerable attention. Chiral N-tert-butanesulfinamide, as pioneered by Ell-


man and co-workers, is undoubtedly one of the most efficient auxiliaries developed to date; it allows the preparation, through
simple conversion, of a diverse range of enantiopure amines, which are ubiquitous in natural products and biologically active
molecules. Following on from our studies of the SmI2-mediated asymmetric syntheses of R,γ-substituted γ-butyrolactones,
we found that simple homocoupling of chiral N-tert-butanesulfinyl imines in the presence of SmI2 produced enantiopure
vicinal C2-symmetric diamines in high yield. In addition, C2-unsymmetric chiral diamines are readily prepared through SmI2-
mediated cross-couplings of N-tert-butanesulfinyl imines and nitrones; these transformations represented the first success-
ful examples of asymmetric cross-coupling between two different imine species. Subsequently, we discovered another useful
reaction induced by SmI2, the efficient cross-coupling of N-tert-butanesulfinyl imines and aldehydes, which provides ready
access to enantiopure anti-1,2-amino alcohols. The synthetic applicability of this reaction was demonstrated through its use
in the facile total syntheses of (3R,4S)-statine, D-erythro-sphinganine, (+)-CP-99,994, and (+)-L-733,060.


The Zn/In-mediated allylation of chiral N-tert-butanesulfinyl imines yields homoallylic amines. After pondering the reac-
tion mechanism, we developed optimal reaction conditions for reversing the stereogenic outcome, thereby allowing the prep-
aration of enantiopure homoallylic amines of either handedness from single enantiomers of the (R)- or (S)-sulfinyl imine.
When a benzoyl-substituted allyl bromide is used for allylation, the reaction proceeds smoothly to give 2-vinyl-substituted
anti-1,2-amino alcohols in high yields and diastereoselectivities, another simple method for preparing enantiopure amino
alcohols. We employed these reactions in the syntheses of enantiopure allylglycine, 3-allyl-isoindolinones, and (-)-cytox-
azone. Further studies led to the discovery that the allylations of N-tert-butanesulfinyl aldimines can be performed in water.


The reactions described in this Account are among the simplest and most efficient synthetic methods available for pre-
paring enantio-enriched diamines, amino alcohols, homoallylic amines, and other amine derivatives. These reactions are addi-
tionally attractive because of the ready availability of the starting materials, the simplicity of the reaction conditions, and
the high degree of stereochemical control. Their applications in the total syntheses of several biologically interesting mol-
ecules illustrate the versatility of these transformations; we hope that they will stimulate the development of new syn-
thetic methods.
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Introduction
The great demand in life science for enantiopure compounds


has led to an extreme significance of asymmetric synthesis.


The organometallic complex-based and metal-free organic


catalysis as well as biotransformation provide most of the


enantiopure compounds. However, the development of prac-


tical and efficient synthetic methods for the synthesis of these


compounds using chiral auxiliaries still attracts wide interest.


Since its introduction, N-tert-butanesulfinamide,1 (R/S)-1 (Fig-


ure 1), has drawn great attention in the auxiliary-aided asym-


metric synthesis of a broad range of chiral amines, which are


present in numerous pharmaceutical agents, natural products,


and synthetic materials (for example, ligands). N-tert-Butane-


sulfinyl imines, (R/S)-2, which can be prepared from readily


available (R/S)-1 and aldehydes or ketones,2 exhibit unique


reactivity and stereoselectivity in various reactions and have


been proven to be extremely versatile chiral reagents. Up to


now, the N-tert-butanesulfinamide-related reactions mainly


included the nucleophilic addition to imine 2, metalloenamine


additions to electrophiles,3 transition-metal catalyzed addi-


tions of organoboronic acids to imines,4 and other types of


reactions.5 To further expand the use of N-tert-butanesulfina-


mide for the synthesis of enantiopure amines, new synthetic


strategies are still desirable in terms of efficiency, practicabil-


ity, and diversity.


Our investigations in the synthesis of enantio-enriched


amines using N-tert-butanesulfinyl imines were rooted in the


SmI2-mediated asymmetric synthesis of R,γ-substituted γ-bu-


tyrolactones.6 Single-electron reduction of ketone by 1 equiv


of SmI2 gives a radical intermediate, which adds to an R,�-


unsaturated ester, followed by second electron transfer by


another equiv of SmI2 and the subsequent intramolecular lac-


tonization to finish the synthesis of γ-butyrolactone. Consid-


ering the substrate scope of this reaction, we envisioned that


a similar reaction between imine 2 and an R,�-unsaturated


ester could possibly give an enantiopure γ-butyrolactam, since


imine 2 was activated by a chiral sulfinyl group and the


samarium atom tended to bind tightly to nitrogen and oxy-


gen atoms.7 To our disappointment, this reaction only pro-


duced intractable mixtures after several attempts. However, we


later found that imine 2 was very efficient in the SmI2-medi-


ated pinacol-type coupling reactions, such as homocoupling or


cross-coupling with nitrones and aldehydes to provide enan-


tiopure vicinal C2-symmetrical and unsymmetrical diamines


and �-amino alcohols. Following that, the efficient synthesis of


enantiopure homoallylic amines by using N-tert-butanesulfi-


namide as chiral auxiliary was also achieved, in which atten-


tion was paid to the reversal of the stereochemical outcome


under different reaction conditions or by using different


reagents. The applications of these synthetic methods have


been demonstrated in total syntheses of some biologically


interesting molecules.


SmI2-Mediated Synthesis of Enantiopure
1,2-Diamines and 1,2-Amino Alcohols
Enantiopure 1,2-diamines and 1,2-amino alcohols are preva-


lent in drug and natural products and serve as important pre-


cursors to many chiral ligands or organocatalysts for


asymmetric catalysis.8 The most straightforward method for


forming vicinal diamines is perhaps the direct reductive cou-


pling between two imine species.9 A number of reaction sys-


tems have been developed for the homocoupling of two


imines but very often with low stereoselectivity.10 Cross-cou-


pling of two different imines is rather difficult because of the


competition of the homocoupling of each imine substrate.


Only one example of synthesis of racemic 1,2-diamines


through direct intermolecular cross-coupling of two different


imine species was reported.11 Recently, we reported a reduc-


tive homocoupling of N-tert-butanesulfinyl imine to chiral


C2-symmetrical vicinal diamine.12 Upon treatment with 2


equiv of SmI2 and 2 equiv of hexamethylphosphoramide


(HMPA) as additive, the homocoupling of aldimine 2 success-


fully proceeded at -78 °C in tetrahydrofuran (THF) to give 3
as a single diastereomer (Table 1). Imines 2 containing either


electron-withdrawing or electron-donating substituents were


all coupled to afford the corresponding 1,2-diamines in mod-


est to high yields. In the case of substrates bearing electron-


donating groups (entries 5, 6, and 10), better yields were


achieved in the presence of 6 equiv of HMPA. After removal


of the chiral auxiliary under acidic condition, free diamines 4
were obtained with excellent ee’s.


A proposed reaction mechanism is shown in Scheme 1.


Substrate 2 could undergo one-electron reduction to give a


radical intermediate (S)-cis-5, which because of the bulkiness


of the Sm complex coordinating with HMPA could be rapidly


transformed into structurally more stable intermediate (S)-


trans-5. Directed by the chiral N-tert-butanesulfinyl group, both


Re-face approaches of two (S)-trans-5 radicals could occur to


provide the homocoupling product with excellent diastereo-


selectivity. This kind of diamine bearing a para-halogen, an
FIGURE 1. N-tert-Butanesulfinamides, 1, and N-tert-butanesulfinyl
imines, 2.
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acetoxy, or a methoxy substituent on the phenyl ring (entries


1-4 and 6 in Table 1), in addition to being useful chiral


ligands in asymmetric synthesis with different electronic prop-


erties, would be a useful functionality for further attachment


onto solid support material such as via O-alkylation or Suzuki


coupling reaction.


A further extension but more challenging subject is the


cross-coupling of N-tert-butanesulfinyl imines with nitrones or


aldehydes to afford enantiopure unsymmetrical vicinal


diamines13 or anti-�-amino alcohols14 in a broad substrate


scope. In the presence of SmI2, a reductive cross-coupling


between various nitrones 7 and chiral aromatic N-tert-butane-


sulfinyl imines afforded the expected unsymmetrical vicinal


diamines 8 with high diastereoselectivities (Table 2). This is


the first successful example of asymmetric cross-coupling


between two different imine species. Conversion of the cross-


coupling product to the corresponding free diamine was then


accomplished in a three-step reaction sequence. For exam-


ple, as shown in Scheme 2, deoxygenation of the hydroxy-


lamine moiety of the coupling product 9 by Zn/Cu(OAc)2,


followed by removal of the sulfinyl and benzyl groups, fur-


nished the optically pure (R,R)-3-methyl-1-phenylbutane-1,2-


diamine (10) as HCl salt in 87% overall yield.


The proposed mechanism of this cross-coupling reaction is


shown in Scheme 3. The nitrone 7 could be reduced by two


electrons transferred from 2 equiv of SmI2 to give an R-aza-


nucleophilic anion 11, which could add intermolecularly to


CdN bond of the imine 2 to form intermediate 12. Herein,


chiral sulfinylimine 2 could act as an electrophile. The steric


bulkiness of R1 in the nitrone anion and R2 in N-tert-butane-


TABLE 1. SmI2-Mediated Reductive Homocoupling of Chiral
N-tert-Butanesulfinyl Iminesa


entry R yield of 3 (%)


1 4-ClC6H4 99
2 4-BrC6H4 93
3 4-FC6H4 83
4 4-AcOC6H4 61
5 4-MeC6H4 71 (72)b


6 4-MeOC6H4 58 (80)b


7 C6H5 25
8 3,4-Cl2C6H3 81
9 3,4-F2C6H3 69
10 3,4-(MeO)2C6H3 52 (85)b


a Reactions were carried out with 0.5 mmol of imine 2, 1.0 mmol of SmI2,
and 1.0 mmol of HMPA in 12 mL of THF at -78 °C. b Performed with 6 equiv
of HMPA.


SCHEME 1. Proposed Reaction Mechanism of SmI2-Mediated
Homocoupling of 2


TABLE 2. SmI2-Induced Reductive Cross-coupling of Nitrones with
N-tert-Butanesulfinyl Iminesa


a Reactions were carried out with 0.5 mmol of imine 2, 0.7 mmol of nitrone
7, 1.0 mmol of SmI2, and 1.0 mmol of t-BuOH in 11 mL of THF at -78 °C.


SCHEME 2. Synthesis of Diamine 10


SCHEME 3. Proposed Reaction Mechanism of the Cross-Coupling
Reaction between Nitrone and Imine Induced by SmI2
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sulfinyl imine group within the transition state 13 could result


in the preferable attack of the anion to the Si-face of the CdN


bond in imine. The lone electron pair on the sulfur atom in 13


was possibly responsible for the limitation of R1 to be only an


aliphatic group in order to avoid the n-π electron repulsion.


The above cross-coupling allows us to extend to the pina-


col-type reaction between carbonyls and imines to furnish vici-


nal amino alcohols. In principle, the pinacol-type cross-


coupling between carbonyls and imines is the most


straightforward route to �-amino alcohols. However, only a


few examples of employing this strategy have been reported


because of the difficulty of achieving satisfactory stereoselec-


tivity.15 Our results are shown in Table 3. A series of N-tert-


butanesulfinyl imines 2 react with various aldehydes 14


smoothly in the presence of SmI2 and t-BuOH to give prod-


ucts 15 in good to excellent yields and with extremely high


diastereomeric ratios. The use of a little excess of aldehyde


substrate and t-BuOH was found to be helpful for the achieve-


ment of high yields. Cleavage of the sulfinyl group under


acidic conditions subsequently afforded �-amino alcohols in


>95% yields in all cases. This method is effective for the prep-


aration of a broad range of chiral �-amino alcohols. When R1


substituents are an aryl or aliphatic group, even bulky, all cou-


pling reactions proceeded smoothly, demonstrating the great


capacity and efficiency of this method. It provides a good solu-


tion to a long-standing difficulty in the construction of enan-


tiopure �-amino alcohols via the direct pinacol-type cross-


coupling between carbonyls and imines.


The synthetic values were illustrated by the easy prepara-


tion of two biologically important compounds, (3R,4S)-statine


16 and D-erythro-sphinganine 17 (Scheme 4).16 The cross-


coupling of aldehyde 18 (2 equiv) with N-sulfinylimine 19 was


performed at -78 °C under standard conditions to provide 20
in 58% yield with 99% de. The tert-butyl ester and N-sulfinyl


were then removed by hydrolysis in one step to afford enan-


tiopure (3R,4S)-statine (16) in high yield. When palmitalde-


hyde 21 (4 equiv) was treated with imine 22 under similar


reaction conditions, 23 was obtained as a single diastereomer


in 64% yield. Removal of the benzyl and sulfinyl groups gave


D-erythro-sphinganine (17) in 90% yield with 97% ee. To the


best of our knowledge, this approach represents one of the


most convenient syntheses of 16 and 17 reported to date.


(+)-CP-99,994 (24) and (+)-L-733,060 (25) are potent and


selective human neuronkinin-1 substance P receptor antago-


nists.17 Their valuable biological properties have stimulated


immense interest in their syntheses.18 The applications of the


imine-aldehyde asymmetric cross-couplings are further dem-


onstrated by total synthesis of two important 2,3-disubstituted


piperidine derivatives (Schemes 5 and 6).19 Reductive cou-


pling of 4-pivaloxybutanal 26 with (R)-imine 27 afforded 28
in 78% yield and >99% ee. The chiral auxiliary was


removed, and the resulting amine was then protected with


Boc to give 29, which was subjected to mesylation and sub-


sequent azide displacement to afford 30 in high yield.


Deblocking of Piv with NaOMe, mesylation of the terminal


hydroxyl, and ring closure gave 2,3-disubstituted piperidine


31 in a satisfactory yield. (+)-CP-99,994 (24) was finally


obtained after reduction of the azide, attachment of the aro-


matic moiety, and deprotection of the Boc group.


The synthesis of (+)-L-733,060 (25) is outlined in Scheme


6. Amide 32, which was obtained after simple transforma-


tions from the same adduct 28, underwent an intramolecu-


lar cyclization in the presence of MsCl/Et3N to give oxazoline


33. Reductive ring-opening of 33 afforded syn-1,2-amino alco-


hol 34 in excellent yield with an inverted stereochemistry of


the hydroxyl group. Switch of the protecting group of amine


to Boc and subsequent O-benzylation gave 35, which was


converted into 36 after routine deprotection of Piv and ring


closure. (+)-L-733,060 (25) was then successfully obtained


after the removal of Boc group.


The syntheses of (+)-CP-99,994 (24) and (+)-L-733,060


(25) illustrated the vast utility of the SmI2-induced reductive


coupling of N-tert-butanesulfinyl imines with aldehydes. The


anti-1,2-amino alcohols thus obtained can be favorably trans-


TABLE 3. SmI2-Induced Reductive Cross-Coupling of Aldehydes
with 2a


entry R1 R2 yield (%) dr ee


1 4-CH3C6H4
iPr 92 >99:1 98


2 4-CH3C6H4 C6H11 90 99:1 >99
3 4-CH3C6H4 (Et)2CH 73 >99:1 99
4 4-CH3C6H4 n-C5H11 90 91:9 95
5 4-CH3C6H4 PhC2H4 95 88:12 95
6 C6H5


iPr 86 99:1 97
7 4-FC6H4


iPr 89 98:2 >99
8 4-ClC6H4


iPr 71 99:1 98
9 4-BrC6H4


iPr 70 >99:1 >99
10 4-AcOC6H4


iPr 82 >99:1 >99
11 4-CH3OC6H4


iPr 84 >99:1 >99
12 3,4-(MeO)2C6H3


iPr 90 >99:1 >99
13 2,4-(MeO)2C6H3


iPr 73 >99:1 >99
14 iPr iPr 88 >99:1 98
15 PhCH2CH2


iPr 87 96:4 >99
16 CH3(CH2)4


iPr 95 98:2 97
17 BnOCH2


iPr 82 >99:1 97
a Reactions were carried out with 0.5 mmol of imine 2, 0.7 mmol of aldehyde
14, 1.0 mmol of SmI2, and 1.0 mmol of t-BuOH in 11 mL of THF at -78 °C.
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formed into syn-1,2-diamines, syn-1,2-amino alcohols, and


2,3-disubstituted piperidine derivatives. In this way, 2,3-disub-


stituted piperidine derivatives of all four possible configura-


tions can be prepared.


Stereoselective Zn/In-Mediated Allylation
of N-tert-Butanesulfinyl IminessReversal of
Stereogenic Outcome and the Reaction
Mechanism
Following Ellman’s pioneering work,20 N-tert-butanesulfinyl


imines 2 have been widely employed in the 1,2-nucleophilic


addition by Grignards, organolithiums, and Reformatsky-type


and Barbier-type reagents (eq 1 in Scheme 7). In many cases,


the products were obtained with high diastereoselectivities. A


six-membered cyclic transition state 37 with metal (such as


Mg) coordinating to the sulfinyl oxygen atom was proposed


for the observed stereochemical outcome of the adduct 38. In


the case of N-tert-butanesulfinyl ketimines as substrates (eq 2


in Scheme 7), the Me3Al-mediated 1,2-addition of organo-


lithium reagent was found to provide higher levels of diaste-


reocontrol to form product 40, where organolithium reagent


subjected to 1,2-addition with the coordination of Me3Al to


nitrogen on the sulfinyl group formed a kind of transition state


39.


Quite often, it is desirable to prepare enantiopure amines


in both orientations. Therefore, the reversal of diastereoselec-


tivity from the same enantiomer of either (R)- or (S)-sulfinyl


imine by altering the reaction transition state would be a sub-


ject of great interest and significance.21 Inspired by the suc-


cess of using N-tert-butanesulfinamide as chiral auxiliary in the


SmI2-mediated coupling reactions, we turned our attention to


the Zn-mediated allylation of N-tert-butanesulfinyl imines. To


our delight, a complete switchover of stereochemical outcome


was realized in this reaction.


The diastereoselective additions of allylmagnesium and


allylindium to chiral N-tert-butanesulfinyl imines have been


previously reported by Ellman20 and Foubelo,22 respectively.


In their studies, addition of allylmetal (Mg or In) to N-tert-bu-


tanesulfinyl imines was proposed to proceed via the six-mem-


SCHEME 4. Synthesis of (3R,4S)-Statine (16) and D-erythro-Sphinganine (17)


SCHEME 5. Synthesis of (+)-CP-99,994 (24)


SCHEME 6. Synthesis of (+)-L-733,060 (25)


SCHEME 7. 1,2-Nucleophilic Addition of Organometallic Reagents
to N-tert-Butanesulfinyl Aldimines and Ketimines
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bered chairlike transition state model (TS-1 in Scheme 8), in


which allylmetal could coordinate to sulfinyl oxygen and the


R group would take the pseudoaxial position. Thus, when (R)-


N-tert-butanesulfinyl imine is employed, the Si-face addition


will be favored to yield the (S)-amine as the major product.


However, it can be assumed that an acyclic transition state,


TS-2 in Scheme 8, might also be involved in the presence of


a rather strong Lewis acid. The coordination of Lewis acid with


nitrogen and sulfinyl oxygen of imine would direct the allyl


attack predominately also from the Si-face to give (S)-amine.


Additionally, another type of acyclic transition state model,


TS-3, could be envisioned, which results in the allylic addi-


tion to the less-hindered Re-face of imine where the (R)-amine


product would be preferably formed.


Gratifyingly, as shown in Table 4, the allylation of (R)-N-


tert-butanesulfinyl aldimines 2 in two systems, with TS-2 and


TS-3 model, went equally well.23 All the reactions proceeded


smoothly at room temperature to provide the corresponding


homoallylic amines 41 in good yields as well as with high


diastereoselectivities in both systems. Thus, the opposite ste-


reocontrol was achieved. N-tert-Butanesulfinyl imines of aro-


matic aldehydes proved to be excellent substrates in both


systems giving excellent dr in most cases. Taking into account


the transition state model TS-2, In(OTf)3 was found to be the


best additive among the screened ones. On the other hand, it


seemed that chelation of Zn(II) with sulfinylimine was dis-


rupted in HMPA in the presence of a small amount of H2O


where the reaction proceeded via transition state model TS-3,


though the real role of H2O in the system is not clear yet. For


aliphatic imines (entries 11-14), the HMPA system gave even


better diastereoselectivities.


N-tert-Butanesufinyl ketimines 42 were also examined as


substrates to produce the corresponding quaternary carbon-


containing chiral homoallylic amines (Table 5). The asymmet-


ric allylation of ketimines is a challenging topic in organic


synthesis partially because ketimines are relatively less reac-


tive than aldimines. In our case, ketimines 42 work equally


well in the presence of In(OTf)3 giving the corresponding


enantiopure homoallylic amines 43 in moderate yields and


with excellent diastereomeric ratios. In most cases, >95:5 dr


was observed. However, ketimines did not react with allylic


bromide in THF in the absence of Lewis acid additive. This was


one of the few reports of success and among the best in


asymmetric induction in the allylation of aromatic ketimines.24


In the optimized HMPA system, ketimines were not activated


enough, and the allylation reaction did not take place.


SCHEME 8. Three Possible Transition States in the Allylation of
N-tert-Butanesulfinyl Imines


TABLE 4. Diastereoselective Allylation to (R)-N-tert-Butanesulfinyl
Aldimines in Two Different Systemsa


THF systemb HMPA systemc


entry R yield (%) dr yield (%) dr


1 C6H5 93 98:2 97 1:99
2 4-FC6H4 98 98:2 97 1:99
3 4-ClC6H4 98 98:2 96 3:97
4 4-BrC6H4 93 97:3 99 2:98
5 4-MeC6H4 95 96:4 88 3:97
6 4-MeOC6H4 91 95:5 81 2:98
7 2-ClC6H4 91 97:3 73 2:98
8 2-MeC6H4 95 98:2 89 3:97
9 3-BrC6H4 98 98:2 99 2:98
10 2-naphthyl 81 95:5 86 3:97
11 cyclopropyl 98 86:14 97 4:96
12 cyclohexyl 99 97:3 94 3:97
13 ethyl 93 88:12 92 5:95
14 propyl 96 94:6 94 2:98
15 phenethyl 92 90:10 93 4:96
16 phenetheneyl 83 91:9 87 6:94


a Reactions were carried out with 0.25 mmol of imine 2 and 0.5 mmol of Zn/
allyl bromide in 5 mL of dry solvent at rt. b In(OTf)3 (0.275 mmol) was used
as additive. c Water (10 µL) was used as additive.


TABLE 5. Diastereoselective Allylation to (R)-N-tert-Butanesulfinyl
Ketimine in THF Systema


entry R yield (%) dr


1 C6H5 69 97:3
2 4-MeC6H4 67 96:4
3 4-CF3C6H4 89 96:4
4 4-MeOC6H4 76 95:5
5 4-ClC6H4 83 97:3
6 4-BrC6H4 85 97:3
7 4-FC6H4 79 97:3
8 3-MeC6H4 66 95:5
9 3-ClC6H4 81 98:2


a Reactions were carried out with 0.25 mmol of ketimine, 0.75 mmol of Zn/
allyl bromide, and 0.325 mmol of In(OTf)3 in 5 mL of dry THF at rt.
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The Zn/HMPA system can be extended to set vicinal chiral


centers simultaneously.25 Reaction of (S)-N-tert-butanesulfi-


nyl aldimines 2 with benzoyl-substituted allyl bromide 44 pro-


vided the �-amino alcohol derivatives 45 (Table 6), which are


very useful building blocks for the preparation of natural and


bioactive compounds. In most cases, the corresponding prod-


ucts were obtained in high yields and with excellent diaste-


reoselectivities. This method provides a new alternative route


to prepare various side chains of Taxol and its derivatives by


subsequent conversion of the yielded amino alcohols.


Qin reported a different synthetic approach to the side


chain of Taxol through an enolate addition of O-protected


R-hydroxyacetate 46 to (S)-N-tert-butanesulfinylimine (Scheme


9).26 The bulky protecting group in 46 improved the yield and


stereoselectivity, leading to 47 as the sole adduct. Again, the


reaction was rationalized as subject to six- and four-membered


bicyclic transition state 48, in which cis relationship between


the R group in the axial position and the OR′ group in the


equatorial position may allow the easier access to C2 and C3.


That could be the reason why the bulky R′ group (such as Boc)


favored the formation of 47 as the dominating adduct.


The synthetic application of the allylation of N-tert-butane-


sulfinyl imine by the benzoyl-substituted allyl bromide 44 was


illustrated by the total synthesis of (-)-cytoxazone (49)


(Scheme 10),27 a microbial metabolite isolated from Strepto-
myces sp. and a selective modulator of TH2 cytokine secre-


tion.28 Allylation of imine (S)-50 with 44 in the presence of


Zn/HMPA provided 51 in excellent yield. Routine removal of


the benzoyl group and chiral auxiliary followed by ring clo-


TABLE 6. Preparation of Vicinal Amino Alcoholsa


entry R yield (%) dr


1 C6H5 93 97:3
2 4-FC6H4 98 97.5:2.5
3 4-BrC6H4 93 97:3
4 3-ClC6H4 98 98:2
5 4-ClC6H4 85 96:4
6 2-CH3C6H4 98 98.5:1.5
7 2-naphthyl 96 96:4
8 3-methylbutyl 82 78:22
9 4-MeOC6H4 99 96:4
10 4-CH3C6H4 96 96.5:3.5


a Reactions were carried out with 0.25 mmol of imine 2, 0.5 mmol of 44, 10
µL of water as additive, and 0.5 mmol Zn powder in 5 mL of dry HMPA at rt.
Caution: HMPA is a suspected human carcinogen.


SCHEME 9. Addition of O-Protected R-Hydroxyacetate to
N-tert-Butanesulfinyl Imine


SCHEME 10. Synthesis of (-)-Cytoxazone (49)


TABLE 7. Allylation in Aqueous Mediaa


entry R yield (%) dr


1 4-MeC6H4 97 98:2
2 4-ClC6H4 99 97:3
3 4-CF3C6H4 99 97:3
4 4-MeOC6H4 85 98:2
5 4-PhC6H4 93 99:1
6 3-ClC6H4 98 99:1
7 3-MeOC6H4 95 98:2
8 2-MeOC6H4 94 >99:1
9 2-FC6H4 92 >99:1
10 2-BrC6H4 99 >99:1
11 2,4-Cl2C6H3 95 >99:1
12 2,4-(MeO)2C6H3 84 >99:1
13 3,4-(MeO)2C6H3 81 98:2
14 1-naphthyl 99 98:2
15 2-naphthyl 98 98:2
16 2-thiopheneyl 98 94:6
17 3-furanyl 90 95:5
18 2-pyridyl 73 95:5
19 ferrocenyl 74 >99:1
20 propyl 84 92:8
21 isopropyl 82 96:4
22 cyclohexyl 87 96:4
23 phenetheneyl 92 95:5


a Reactions were carried out with 0.25 mmol of imine 2 and 1.0 mmol In/
allyl bromide in 5 mL of saturated aq NaBr solution at rt.


SCHEME 11. Preparation of Enantiopure Allylglycine
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sure in the presence of carbonyldiimidazole (CDI) gave oxazo-


lidinone 52. Ozonolysis of the double bond of 52 followed by


reduction of the generated aldehyde with NaBH4 completed


the total synthesis of (-)-cytoxazone (49).


Notably, the additive-aided allylation reaction can even be


performed in aqueous media in open air.29 Among the


screened media, such as aqueous NH4Br, KBr, NaCl, NaBr, and


NaOAc solutions, aqueous NaBr offered the best result, and


the reaction proceeded well at room temperature even in


open air. As shown in Table 7, both aryl and alkyl aldimines


provided the corresponding homoallylic amines in high yields


and with excellent stereoselectivities. To demonstrate the syn-


thetic utility of this aqueous allylation, the enantiopure allylg-


lycine 55 was conveniently prepared as shown in Scheme 11.


This provides a novel and easy access to unnatural amino


acids. This method could also be used to prepare chiral 3-sub-


stituted isoindolinones, which are valuable pharmacological


compounds and important synthetic building blocks (Scheme


12).30 Allylation of imine 56 proceeded smoothly at room


temperature to give 57 in high yields and excellent diaste-


reoselectivities. Treatment of 57 with HCl in CH3OH led to the


removal of chiral auxiliary and subsequent lactamization to a


series of enantiopure 3-allyl isoindolinones 58, which may be


transformed into other chiral 3-substituted isoindolinones


through elaboration of the allyl group.


Conclusion
We have developed several new and stereoselective reactions


for the preparation of enantiopure amines as chiral building


blocks, chiral ligands, and auxiliaries in organic chemistry.


SmI2-mediated homocoupling and cross-coupling of N-tert-
butansulfinylimines with nitrones and aldehydes provide an


efficient way to synthesize enantiopure vicinal diamines and


�-amino alcohols. This system is highlighted by its simplicity


and high efficiency in stereochemical control. The successes


of these reactions may greatly stimulate the investigation of


N-tert-butansulfiamides as chiral auxiliary in other SmI2-me-


diated reactions. In the Zn-mediated allylation of N-tert-butan-


sulfinylimines, a stereoselectivity reversal can be realized by


simply alternating the reaction conditions. Even more, this


reaction can be used to set up two chiral centers in one step


by using the benzoyl-substituted allyl bromide as the nucleo-


phile. Further studies found that this allylation mediated by In


can be even carried out in aqueous media at room tempera-


ture and in open air. Applications of these synthetic methods


have been demonstrated by the total synthesis of some bio-


logically active molecules, which in turn contribute to the


development of new synthetic methods.
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Bel, 4 rue Blaise Pascal, 67070 Strasbourg, France


RECEIVED ON DECEMBER 20, 2007


C O N S P E C T U S


In photosynthesis, sunlight energy is converted into a chemical
potential by an electron transfer sequence that is started by an


excited state and ultimately yields a long-lived charge-separated
state. This process can be reproduced by carefully designed mul-
ticomponent artificial arrays of three or more components, and the
stored energy can be used to oxidize or reduce molecules in solu-
tion, to inject electrons or holes, or to create an electron flow.
Therefore, the process is important both for artificial-photo-
synthesis research and for photovoltaic and optoelectronic appli-
cations. Molecular arrays for photoinduced charge separation often
use chromophores that resemble the natural ones. However, new
synthetic components, including transition metal complexes, have
had some success.


This Account discusses the use of bis-terpyridine (tpy) metal com-
plexes as assembling and functional units of such multicomponent
arrays. M(tpy)2


n+ complexes have the advantage of yielding linear
arrays with unambiguous geometry. Originally, Ru(tpy)2


2+ and
Os(tpy)2


2+ were used as photosensitizers in triads containing typi-
cal organic donors and acceptors. However, it soon became evident
that the relatively low excited state of these complexes could act as
an energy drain of the excited state of the photosensitizer and, thus,
seriously compete with charge separation.


A new metal complex that preserved the favorable tpy geometry and yet had a higher energy level was needed. We
identified Ir(tpy)2


3+, which displayed a higher energy level, a more facile reduction that favored charge separation, a longer
excited-state lifetime, and strong spectroscopic features that were useful for the identification of intermediates. Ir(tpy)2


3+


was used in arrays with electron-donating gold porphyrin and electron-accepting free-base porphyrins. A judicious change
of the free-base porphyrin photosensitizer with zinc porphyrin allowed us to shape the photoreactivity and led to charge
separation with unity yield and a lifetime on the order of a microsecond.


In a subsequent approach, an Ir(tpy)2
3+ derivative was connected to an amine electron donor and a bisimide electron


acceptor in an array 5 nm long. In this case, the complex acted as photosensitizer, and long-lived charge separation over
the extremities (>100 µs, nearly independent of the presence of oxygen) was achieved. The efficiency of the charge sep-
aration was modest, but it was improved later, after a modification aiming at decoupling the donor and photosensitizer com-
ponents. This study represents an example of how the performances of an artificial photofunctional array can be modeled
by a judicious design assisted by a detailed knowledge of the systems.
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Introduction
The process of moving the electron far from its original posi-


tion in a molecular array is a way to store energy just like pull-


ing a spring. If we can get light to do the job, this is a way to


convert light into a usable form of energy, since the energy


accumulated can be used to produce work. It can be used as


electrochemical potential to oxidize or reduce molecules in


solution, to inject electrons or holes, or to create an electron


flow. Photoinduced charge separation, as this phenomenon is


called, is one of the central themes of artificial photosynthe-


sis research but has important implications also for photovol-


taic and optoelectronic applications. After its elucidation,


charge separation occurring in the reaction centers of bacte-


ria has been the model for the design of charge-separation


devices. Several ideas borrowed from nature proved to be suc-


cessful: (i) the rigidity of the structure, which in natural sys-


tems is provided by a protein scaffold, was found to be very


critical; (ii) multistep electron transfer, consisting in multiple


short-distance electron transfers taking the electron a long dis-


tance from the hole, has proven to be the winning strategy to


achieve long-lived charge-separated (CS) states; (iii) the use of


components similar to those found in nature, such as tetrapy-


rroles, quinones, and carotenes, has characterized the first suc-


cessful attempts and is still very valuable.1,2 In the course of


the years, however, a large number of efficient CS devices


making use of components different from those found in


nature has been proposed. Methylviologens, amines, and


tetrathiofulvalenes, as well as fullerenes and aromatic bisim-


ide, have found much use as electroactive components by vir-


tue of their remarkable thermodynamic and spectroscopic


properties. Transition metal complexes, which had played a


key role in the classical photocatalytic studies on water


splitting,3–5 have also been used.6–8 Here we want to address


the results achieved by a relatively new transition metal com-


plex family introduced in our laboratories, namely, IrIII bis-


terpyridine, as assembling and functional unit in arrays for


achieving charge separation.


Design
We will discuss the design of simple triads (three-components


arrays) where charge separation over the extremities is pro-


duced as a consequence of two electron transfer steps, but the


line of reasoning can be extended to higher homologues. In


Figure 1, some common cases among the many possible


designs are schematically reported.


The components have to be selected on the basis of their


redox properties, but their spectroscopic/photophysical traits


are important. Care has to be taken to prevent quenching of


the excited state of the photosensitizer (P) by energy trans-


fer; therefore both acceptor (A) and donor (D) either should


possess higher excited states than P or should display a slow


energy transfer reactivity. A desirable quality of the compo-


nents is that the intermediate radicals and excited states


involved have clear and intense spectroscopic features to be


unambiguously identified. The component units are connected


in Figure 1 by a simple line, but the linker is important, in pro-


viding both electronic communication and structural rigidity.


Rigid and linear structures have better chances since rigidity


prevents through-space contacts of the extremities and linear-


FIGURE 1. The arrows illustrate electron motion and the numbers
the chronology of events in typical arrays for charge separation:
(a) The excited state of the photosensitizer, *P, transfers an electron
to the primary acceptor, A1, and from here an electron is
transferred to a secondary acceptor A2, more easily reducible than
A1, leading to a CS state with the hole and the electron on the
extreme components. (b) *P is reduced by the donor, D1, which is
in turn reduced by D2, provided D2 is more easily oxidized than
D1. (c) P* can transfer an electron to A and subsequently P+ can
accept an electron from D, which can be oxidized more easily than
P. An alternative version is case d, where P* can accept an electron
from D, and subsequently, the resulting P- transfers the electron to
the unit A, which can be reduced more easily than P.
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ity provides less ambiguous structure and larger distance


between extremities.


Previous Related Systems. Ru(bpy)3
2+, where bpy is 2,2′-


bipyridine, has been used more often than any other metal


complex.7,8 In Chart 1 one of the first systems, PTZ2–Ru–DQ,


studied by Meyer, Elliot, and co-workers, and an important


recent achievement, Mn2
II,II–Ru–NDI, reported by Johansson,


Magnuson, and Hammarström, are reported.9,10


In the early example, flexible methylene connections link


the electron donor phenothiazine (PTZ) and the bridged 2,2′-
bipyridinium (DQ) to the ruthenium complex in PTZ2-Ru-DQ.


Excitation at the Ru-based chromophore ultimately yields a


PTZ+-Ru-DQ- CS state, which lives for 165 ns at room tem-


perature and for which the stored energy is 1.29 eV. Light


absorption at the Ru(bpy)3
2+ photosensitizing unit in the mul-


ticomponent system Mn2
II,II-Ru-NDI2, including a manga-


CHART 1. Three Representative Examples of Molecular Triads Consisting of a Central Ruthenium(II) Complex Acting as Photosensitizer and
Peripheral Electron Acceptor and Donor Groups
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nese dimer moiety (Mn2
II,II) and two naphthalenediimide (NDI)


units, results in oxidation of the manganese dimer to Mn2
II,III


and NDI reduction to NDI-, a CS state with an impressive τ )
600 µs at room temperature and a stored energy of 1.07 eV.


One can notice that the bidentate bpy ligand arrangement


does not provide a convenient environment for the construc-


tion of linear D-complex-A arrays and is characterized by


geometrical and optical isomers upon substitution at the 4 and


4′ positions. (Figure 2). In contrast, the geometry of the


Ru(tpy)2
2+ where tpy is 2,2′:6′,2′′ -terpyridine is ideal for the


construction of linear, rigid arrays with univocally determined


structure. Whereas the excited-state energy of Ru(tpy)2
2+ is


only slightly lower than that of Ru(bpy)3
2+ and the redox prop-


erties are similar, the lifetime of the excited state of the former


is much shorter (1 ns) than the lifetime of the latter (1 µs). The


latter issue, which is very critical for intermolecular sensitiza-


FIGURE 2. The single isomer derived from M(tpy)2
n+ substitution at the 4′ positions is displayed with some of the isomers derived from


M(bpy)3
n+upon 4 and 4′ substitutions.


CHART 2. Triads Combining Porphyrins and a Ruthenium(II) Center


Iridium Terpyridine Complexes Flamigni et al.


860 ACCOUNTS OF CHEMICAL RESEARCH 857-871 July 2008 Vol. 41, No. 7







tion because of the necessary diffusion time of the sensitizer


toward the electron acceptor, is less important in intramolecu-
lar sensitization reactions. Most of the excited-state reactions


within an array are, in fact, several orders of magnitude faster


than the intrinsic deactivation rate of the excited state. The


short sensitizer lifetime is thus unimportant in most cases.


We used terpyridine complexes of RuII and OsII as assem-


bling and functional components of photoactive triads since


the early 1990s. In our first attempts, the photosensitizer


Ru(tpy)2
2+ (Ru) was connected to a typical organic electron


donor such as di-p-anisylphenylamine (DAPA) on one side and


to the electron acceptor methylviologen (MV) on the other.11


Excitation in the metal-to-ligand charge transfer (MLCT) band


of the metal complex in the DAPA-Ru-MV triad (Chart 1) led


to a CS state with opposite charges over the extremities,


according to the step sequence reported in Figure 1c. The life-


time at 155 K was 27 ns. The corresponding OsII-based triad


did not lead to any long-lived CS state over the extremities.12


A further development of the project made use of porphy-


rins as components to increase the light absorption in the vis-


ible range. Ru was connected to a porphyrin electron donor,


either a ZnII porphyrin (PZn) or a free-base porphyrin (PH2),


and to a AuIII porphyrin cation electron acceptor (PAu), Chart


2. In the ensuing triad PZn-Ru-PAu (or PH2-Ru-PAu), PZn


(or PH2) porphyrin plays the role of photosensitizer, whereas


Ru acts as electron relay.


While the first triads making use of etio-type porphyrins as


electron donors seemed to be successful in producing CS


states with lifetimes of several tens of nanoseconds,13 replace-


ment with the more robust tetra-aryl porphyrin PH2′ in


PH2′-Ru-PAu changed dramatically the reactivity.14 Tetra-


aryl porphyrins are in fact less fragile both at the synthetic


stage and under light, but their excited states are slightly lower


than that of the corresponding etio-type porphyrin, while their


oxidation potentials are slightly higher. This led to a thermo-


dynamically more allowed quenching by energy transfer of


the porphyrin excited state rather than a quenching by elec-


tron transfer. The energy transfer path from the singlet excited


state of porphyrins to the triplet MLCT of Ru is spin-forbid-


den; however the presence of the heavy Ru ion enhances


spin-orbit coupling allowing the occurrence of this step.14


From these studies, it clearly emerges that Ru(tpy)2
2+ is far


from being ideal and that there is the need to identify a dif-


ferent metal complex as component unit. The characteristics


of this new metal complex would be higher excited states and


easier reduction, preserving the favorable geometry provided


by the terpyridine. The former characteristic would prevent


quenching of the sensitizer excited state by energy transfer;


the latter would stabilize the CS state formed upon electron


transfer from the porphyrin sensitizer to the metal complex


unit, increasing the driving force, and hence the efficiency, of


the primary charge-separation step. In addition, the complex


CHART 3. The Stepwise Preparation of Iridium(III) Bis-terpyridine Type Complexes Allowing Symmetrical and Dissymmetrical Complexes To
Be Obtained
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should be chemically stable and kinetically inert to prevent


possible scrambling of the ligands bound to the metal and


thus destruction of the triad structure.


Ir Terpyridine Type Complexes. Among the available


metals, the IrIII trication (a 5d6 center) seemed to be a good


choice. The electronic properties of its polyimine complexes


share several features with those of other octahedral com-


plexes of the most common RuII and OsII.15 The exploitation


of IrIII terpyridine complexes was considered, and a series of


Ir(tpy)2
3+ complexes was synthesized and characterized from


the electrochemical, spectroscopic, and photophysical points


of view in our laboratories.16,17


The iridium(III) reference complexes depicted in Chart 3


have been prepared in a stepwise method. Ir(tpy)2
3+ had been


reported long ago by DeGraff, Demas, and co-workers,18 who


could prepare this complex under extremely harsh conditions


(fusion reaction) in a one-step reaction. Unfortunately, the


yield was poor, and the purification procedure was described


as “arduous”. It thus seemed to be indispensable to develop


more efficient and practical experimental procedures for mak-


ing Ir(tpy)2
3+ and related complexes. In addition, if we want


to make and study dyads or triads of the D-P-A family, the


preparation of asymmetric complexes is crucial, which implies


stepwise coordination of two distinct tpy derivatives. After


many trials under various conditions using the commercially


available tpy ligand, the conditions were gradually improved


so as to afford a reasonably high-yielding procedure. The key


characteristic of the synthesis is the use of different condi-


CHART 4. Synthesis of the Two Porphyrinic Triads PH2-Ir-PAu and PZn-Ir-PAu
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tions for the first and the second tpy coordination reaction,


with a significant increase of the reaction temperature from


step 1 to step 2 (160 to 196 °C). The choice of ethylene gly-


col as solvent was also determining: this high-boiling point sol-


vent can also play the role of a mild reductant, thus


preventing detrimental oxidation of the ligands used. In fact,


the solvent itself could be oxidized instead of the chemically


sensitive functions borne by some of the ligands. As one


would expect, coordination of the first terpyridine is easier


than the introduction of the second one, the latter requiring


dechlorination of the Ir(tpy)Cl3 precursor. Depending on the


nature of the terpyridine ligand, the first step can be per-


formed either under harsh conditions (refluxing ethylene gly-


col) or in refluxing ethanol.


The main characteristics of Ir(tpy)2
3+ in comparison with


the Ru(tpy)2
2+ compound can be summarized as follows. The


first ligand reduction, occurring at ca. -0.8 V vs SCE, is eas-


ier than that for Ru(tpy)2
3+ the ligand of which can be reduced


at around -1.3 V vs SCE. This is a consequence of the larger


ionic charge in the Ir(III) center. Due to the same reason, the


metal-centered oxidation step is much more difficult in


Ir(tpy)3
3+, exceeding the +2.4 vs SCE potential used for the


experiments, than in Ru(tpy)2
3+ where the oxidation poten-


tial is +1.29 V. The spectroscopic absorption features of the


IrIII derivatives appear at higher energy than the RuII counter-


part; the typical 1MLCT band around 490 nm of Ru(tpy)2
3+ (ε


on the order of 104 M-1 cm-1) is absent, and the absorption


onset is below 450 nm in the iridium derivatives, Figure 3.


CHART 5. Preparation of the Dyads PH2-Ir and PAu-Ir
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The wavelength maximum for a few representative cases


is reported in Table 1 with other parameters. A few remarks


can be made on the energy of the various transitions: (i) met-


al-centered (MC) bands are expected at high energy; (ii) spin-


allowed transitions to 1MLCT, due to the difficulty to oxidize


the IrIII metal center, are also expected at high energy; (iii)


spin-forbidden 3MLCT absorption bands, made possible by the


heavy metal effect, could contribute to the absorption bands


at low energy. Therefore, in this type of complex, ligand-cen-


tered (LC) excited states can come into play as relatively low-


energy transitions. Luminescence, as noticed for all heavy


metal complexes, occurs from a formal triplet state because of


the high spin-orbit coupling and is reported in Figure 3, inset.


Identification of the emitting state nature can be assisted by


the examination of some luminescence parameters. In partic-


ular, (i) 3MLCT emissions yield broad luminescence profiles,


while spectra for 3LC emissions are generally narrower and


well-resolved, and (ii) 3MLCT as well as other charge transfer


(CT) excited states displays a hypsochromic shift of the emis-


sion peak in polar solvents on passing from ambient temper-


ature to 77 K in a frozen medium.


Along the series of Table 1, the lowest-lying excited level


moves to lower energy as the ligand size gets larger. The


emission changes from an essentially 3LC character in


Ir(tpy)2
3+, to a predominant 3LC with some 3MLCT contami-


nation for Ir(ttpy)2
3+ and Ir(dtp-tpy)2


3+, whereas for Ir(bzad-


tpy)2
3+ an inversion of the nature of the emitting state can be


noticed passing from room temperature to 77 K in a glass.


The emission has CT character at room temperature, presum-


ably of intraligand charge transfer (3ILCT) nature, but it turns


to 3LC in the glass, as the structured emission profile indicates.


In this case, the solvent solidification prevents reorientation


about the molecular dipole, and the CT state is strongly


destabilized.


In conclusion, the examined series of Ir(tpy)2
3+ can satisfy


the requirements for the sought metal complex since it exhib-


its a convenient geometry, high energy levels, and lower


reduction potential. One can notice more valuable character-


istics of the Ir(tpy)2
3+ excited state: (i) a lifetime in the micro-


second range with a 3 orders of magnitude increase with


respect to Ru(tpy)2
2+; (ii) enhanced luminescence quantum


yield and intense absorption features of the triplet excited


state in the NIR region, both convenient for spectroscopic


detection. Another special feature of Ir(tpy)2
3+ is the strong


electron-accepting character of its excited state at odds with its


Ru(II) analog.


Porphyrinic Arrays
The identification of a new assembling and photo- or electro-


active metal complex stimulated the design and synthesis of


arrays with improved performances. The first idea was that of


using the assembling Ir terpyridine derivative, because of the


facile reduction, as primary electron acceptor (electron relay)


TABLE 1. Spectroscopic, Photophysical, and Electrochemical Parameters of Complexes in Air Equilibrated CH3CN


absorption emission electrochemistry


λabs (nm) ε (104 M-1 cm-1) λem (nm) φfl τ (µs) oxidation, IrIV/III (V vs SCE) reduction, L0/-I (V vs SCE)


Ir(tpy)2
3+ 352 5.8 458 0.025 1.0 >2.4 -0.77


Ir(ttpy)2
3+ 373 29.0 506 0.029 2.4 >2.4 -0.81a


Ir(dtp-tpy)2
3+ 372 23.8 506 0.022 1.6 >2.4 -0.74


Ir(bzad-tpy)2
3+ 410 46.0 566 0.0027 0.58 2.4 -0.76


a In dichloromethane.


FIGURE 3. Absorption and luminescence (inset) spectra of Ir(tpy)2
3+


(- ·-), Ir(ttpy)2
3+ ( · · · ), Ir(dtp-tpy)2


3+ (s), and Ir(bzad-tpy)2
3+ (---)


in CH3CN, room temperature.


FIGURE 4. Transient absorption in CH3CN solutions of
PH2-Ir-PAu. In the inset, the time profile of the decay and the
exponential fittings are displayed.
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as described in Figure 1a. Borrowing from the biomimetic


approach to photosynthesis, we used ZnII porphyrin or free-


base porphyrin as photosensitizer, a choice justified by the


high extinction coefficients in the visible region of the spec-


trum, the facile oxidation, and the well-known excited-state


properties of these chromophores. The selected secondary


acceptor was a porphyrin on which the groups had much


experience, a cationic AuIII porphyrin characterized by a reduc-


tion potential lower than that of the Ir(tpy)2
3+ unit, as required


by the design.


In the synthetic strategy used to prepare the various dyads


and triads, the key compound is the unsymmetrical porphy-


rin PH2-tpy (Chart 4). It illustrates the strong point of the mod-


ular approach employed: once the ligand PH2-tpy is available


in sufficient quantities, the dyads PH2-Ir, PAu-Ir, and PZn-Ir


and triads PH2-Ir-PAu and PZn-Ir-PAu are obtained by


playing in the right order with the coordination chemistry of


zinc(II), iridium(III), and gold(III) (Charts 4 and 5). The unsym-


metrical porphyrin PH2-tpy bearing one tpy substituent was


prepared following a Suzuki coupling procedure between a


porphyrin bearing a boronic ester and 4′-bromo-2,2′:6′ ,2′′ -
terpyridine (Br-tpy). The redox characteristics of the dyads and


triads were examined by cyclic voltammetry in CH3CN and


CH2Cl2. The redox potentials of the individual components are


almost identical in the dyads, triads and reference compounds,


that is, ca. -0.78 V for Ir reduction, ca. 0.95 and 0.62 V for


the first oxidation of PH2 and PZn, respectively, and ca. -0.6


V for reduction of PAu (in CH3CN vs SCE). As a consequence,


only weak interactions are inferred among the various com-


SCHEME 1. Energy Levels and Photoinduced Processes in PH2-Ir-PAu in Acetonitrile and PZn-Ir-PAu in Toluene


FIGURE 5. Transient absorption in toluene solutions of
PZn-Ir-PAu at the end of the pulse. In the inset, the time profile of
the decay and the exponential fitting are displayed.
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ponents, and a localized description of the individual subunits


could be used to predict the properties in the arrays.


The behavior of the free-base series was studied in aceto-


nitrile starting from the examination of the component dyads:


whereas excitation of PAu-Ir in the PAu unit yields no change


in the overall reactivity of the components, excitation of the


porphyrin units in PH2-Ir led to quenching of the porphyrin


luminescence to a lifetime of 30 ps, compared with an 8.3 ns


CHART 6. Synthesis of Dyads DAPA-Ir and Ir-NDI


SCHEME 2. Energy Levels and Photoinduced Processes in DAPA-Ir-NDI in Acetonitrile
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lifetime of PH2. The quenching was assigned to electron trans-


fer from the porphyrin excited state (1.91 eV) to the CS state


PH2
+-Ir-, whose energy level could be estimated from elec-


trochemical parameters ca. 0.2 eV lower.


The assignment to electron transfer was confirmed both


by the fact that freezing of solvent suppressed quenching and


by the detection of the porphyrin cation band (600-700 nm


range) decaying with a lifetime of 75 ps. In the triad


PH2-Ir-PAu, excitation of the free-base porphyrin sensitizer


led to an identical quenching of PH2 luminescence but


resulted in the formation of a CS state decaying faster (40 ps)


than that in the dyad.19 This decrease in lifetime is indica-


tive of the presence in the triad of a further step depopulat-


ing the state, for which an efficiency of ca. 50% can be


calculated. In fact, the spectrum evolved into a longer lived


component with a similar spectrum, assigned to the fully


charge-separated state PH2
+-Ir-PAu- in which an energy


of ca. 1.5 eV was stored. Contrary to the expectations, the life-


time of the ultimate CS state was disappointingly low, 3.5 ns


(Figure 4). This was caused by recombination of the CS state


to a closely lying triplet state localized on PH2, as the quanti-


tative determination of the triplet yield could confirm (Scheme


1a).20


Replacement of PH2 with PZn, characterized by a lower oxi-


dation potential and by a higher triplet excited-state energy


level, changes the ordering of the states in the triad


PZn-Ir-PAu, Scheme 1b. For solubility and stability reasons,


the experiments were conducted in toluene or dichlo-


romethane. Excitation of the zinc porphyrin sensitizer in the


dyad PZn-Ir in dichloromethane led to a very efficient


quenching of the porphyrin luminescence, τ e 20 ps com-


pared with a lifetime of 1.8 ns for PZn, and the same occurred


in the triad. A CS state could be identified by its transient


absorption spectra displaying the typical zinc porphyrin cat-


ion band (λmax ) 670 nm), but the lifetime of the CS state was


the same, ca. 110 ps, in the dyad PZn-Ir and in the triad


PZn-Ir-PAu. This indicates that in the triad, recombination to


the ground state occurred essentially from the intermediate CS


state PZn+-Ir--PAu, and no further electron transfer to form


the CS state PZn+-Ir-PAu- occurs in dichloromethane. In


contrast, in toluene, the spectrum of the charge-separated


state, appearing immediately after the laser pulse, displayed


a remarkably long lifetime, 450 ns in air-purged solution (Fig-


ure 5). This CS state was formed with 100% yield and could


store an energy of ca. 1.3 eV.20


Quite remarkably this system is more efficient as a CS


device in low-polarity than in high-polarity solvent, which con-


trasts with most of the reports on the topic. It should how-


ever be remembered that the array PZn-Ir-PAu is ionic, PAu


being a monocation, so both ground state and CS state have


a positively charged extremity. Under these conditions, the


well-known stabilization by polar solvents of CS states is coun-


terbalanced by a similar one on the ground state.


Excitation of the arrays in the UV, where the main chro-


mophore is the Ir unit, leads to unexpected results. In the case


of PH2-Ir-PAu, the dissipation of the excited-state energy


localized on the Ir complex (2.5 eV) occurs via energy trans-


fer to both porphyrins. This is not the case in PZn-Ir-PAu,


where the final product is again the CS state PZn+-Ir-PAu-


formed via a multistep electron-transfer mechanism such as


the one illustrated in Figure 1d.21


Aromatic Amine/Naphthalene Diimide
Arrays
A subsequent approach, aimed at increasing the distance


between the extremities to enhance the CS lifetime, made use


of the symmetric complex Ir(bzad-tpy)2
3+ (Chart 3). In this


case, we used typical organic donor and acceptor units,


respectively, an aromatic amine (DAPA) and a naphthalene


diimide (NDI) characterized by intense and clear spectroscopic


signatures of their radical forms. Previously used porphyrins,


in fact, because of the low molar absorption coefficients and


the broad spectral features of the radicals extensively over-


lapping with the excited states, were liable to ambiguous


results. In this case, the photosensitizer was the iridium com-


plex, which could be selectively excited at wavelength >400


nm. The design follows the model in Figure 1d.


The synthetic strategy is reported in Charts 6 and 7. A


method combining a modular as well as a “chemistry-on-the


complex” approach has been used in relation to the chemi-


cal stability of the ligands in the usually harsh conditions


required to substitute the iridium(III) coordination sphere. Start-


ing from an iridium complex functionalized by an amine func-


FIGURE 6. Transient absorbance of the CS state of DAPA-Ir-NDI
in acetonitrile.
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tion, the dyads DAPA-Ir and Ir-NDI were prepared in a


straightforward manner by reaction with 4-(N,N-bis(4-methoxy-


phenyl)amino)-methylbenzoyl chloride or N-(p-tBuphenyl)-N′-
(p-benzoyl chloride)-naphtalene-1,8/4,5-tetracarboxydiimide


(OCl-NDI) in 60% and 46% yield, respectively (Chart 6). The


terpyridine DAPA-tpy bearing a triarylamine donor group


linked to the tpy fragment by an amide bridge was prepared


by a peptidic type coupling in the presence of N,N′-dimethy-


lamino-4-pyridine (DMAP) and N-(3-dimethylaminopropyl)-N′-


ethylcarbodiimide hydrochloride (EDC). In the next step, the


reaction of IrCl3 with the DAPA-tpy in EtOH under reflux led


to the intermediate DAPA-tpyIrCl3 in low yield (30%). The


experimental conditions of the coordination of the amino-


terpyridine H2N-tpy with DAPA-tpyIrCl3 are very critical since


the amino group undergoes partial degradation in eth-


ylene glycol under reflux. A short reaction time at 160 °C is


more favorable than prolonged heating. Purification of the


crude material on TLC plates affords the intermediate DAPA-


CHART 7. Preparation of the Triad DAPA-Ir-NDIa


a The last synthetic step is an organic reaction (amide bond formation) performed on an iridium precursor complex instead of a more classical complexation reac-
tion of an already complete ligand.
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tpyIrtpy-NH2 in 42% yield. Eventually, the triad was obtained


by reacting this intermediate with the acid chloride deriva-


tive OCl-NDI, obtained separately as an orange-yellow solid,


leading to DAPA-Ir-NDI in 45% yield (Chart 7).


Due to the presence of amide bridges, behaving as “insu-


lators” between the various components of the dyads and of


the triad, the redox potentials observed for the couples


DAPA+/DAPA, NDI/NDI-, and tpy/tpy- are virtually indepen-


dent of the structure of the compound to which they belong,


that is, ca. +0.76 V for oxidation of DAPA, ca. -0.5 V and


-0.75 V for reduction of NDI and Ir, respectively (in CH3CN vs


SCE). A localized description of the states can therefore be


used.


Excitation of the Ir component in the dyad DAPA-Ir leads


to immediate quenching of the intense Ir luminescence and to


the formation with 100% yield of a CS state (1.5 eV) living 70


ps characterized by a band at 765 nm, typical of DAPA+.22


Excitation of the DAPA moiety leads to the same CS state with


100% yield. In the dyad NDI-Ir, a slow energy transfer (k )
4.2 × 106 s-1) from the triplet localized on Ir (2.43 eV) to the


triplet localized on A (2.06 eV) takes place.23 Excitation of the


NDI component to its lowest singlet excited state in the dyad


NDI-Ir does not apparently lead to any intramolecular reac-


tivity (e.g., spin-forbidden energy transfer to NDI-3Ir could be


feasible), presumably for the intrinsic short lifetime of this


state, 50 ps. Excitation of both Ir (and DAPA) units in the triad


leads to the CS state DAPA+-Ir--NDI, which evolves with a


lifetime of 60 ps to the DAPA+-Ir-NDI- charge-separated


state (Scheme 2).


DAPA+-Ir-NDI- stores 1.26 eV, is characterized by the


DAPA+ band at 765 nm and the NDI- bands at 475 and 610


nm, and decays slowly, on the hundreds of microseconds time


scale (Figure 6).


Long-lived CS states and other intermediates (e.g.,


DAPA-Ir-3NDI) can react intermolecularly with O2 and with


the ground-state DAPA-Ir-NDI, yielding arrays with a single


radical site.23 These, having to react diffusively with the array


bearing the opposite charge, could live for very long times,


and from the spectroscopic point of view are undistinguish-


able from intramolecular CS states. To exclude the contribu-


tion of intermolecular reactions, experiments at different


concentration and laser intensity conditions have been con-


ducted, confirming a lifetime of 120 µs in air-free and 100 µs


in air-equilibrated solutions for the intramolecular recombina-


tion of the CS state.


CHART 8. Synthesis of the Dyad DAPA-bzad-Ir, Containing Two -Ph-NH-C(O)- Fragments in the Spacer
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While detailed experiments were performed on light inten-


sity effects on DAPA-Ir-NDI, it became evident that under


high light intensity the systems displayed a remarkable


decrease of the lifetime and of the yield of the final CS state.24


This was ascribed to multiple photon absorption in the same


array, a rather common event in multichromophoric structures


exposed to intense laboratory light sources. However under


normal conditions, the results for this system are outstand-


ing as far as lifetime and insensitivity to oxygen are con-


cerned, but the yield of the CS state is rather low, on the order


of 10%, due to the competition with ground-state recombi-


nation of the intermediate CS state DAPA+-Ir--NDI


(Scheme 2).


To improve the performances of the arrays, we reasoned


that increasing the lifetime of the intermediate CS state


DAPA+-Ir--NDI should favor the formation of the final CS


state DAPA+-Ir-NDI-. In this respect, decreasing the elec-


tronic coupling between the DAPA and Ir component by insert-


ing a further benzamide group as in the dyad DAPA-bzad-Ir


shown in Chart 8 should be a viable strategy. Obviously this


could also imply a less efficient charge-separation step, but we


could take the risk.


The dyad DAPA-bzad-Ir was prepared according to the


reactions shown in Chart 8.25 The terpyridine tpy-bzad-NH2


was prepared in two steps by homologation of the already


known 4′-(4-aminophenyl)-2,2′:2′′ -terpyridine with 4-nitroben-


zoyl chloride followed by reduction of the nitro group with


hydrazine in presence of catalytic amounts of palladium on


charcoal. The terpyridine DAPA-bzad-tpy, bearing a triaryl-


amine donor group linked to the tpy fragment by two amide


bridges, was prepared by condensation of the terpyridine


tpy-bzad-NH2 with 4-(N,N-bis-(p-methoxy-phenyl)amino)-me-


thylbenzoic acid, in presence of DMAP and EDC (peptidic cou-


pling). The dyad DAPA-bzad-Ir was obtained in 70% yield


by reaction of the precursor Ir(4′-(3,5-di-tert-butylphenyl)-2,2′:
2′′ -terpyridine)Cl3 with the terpyridine DAPA-bzad-tpy in eth-


ylene glycol at 160 °C for 20 min.


The approach proved to be successful. In fact while the


photoinduced charge separation is still very efficient (g99%)


in DAPA-bzad-Ir, the recombination of the resulting CS state


is slowed by a factor of 3, to 210 ps.25 This would imply that


a new triad having one more benzamide group between


DAPA and Ir with respect to DAPA-Ir-NDI can improve the


yield of charge separation to ca. 35%. We are now working


in this direction.


Conclusions and Perspectives
Several promising polyimine metal complexes have been pro-


posed for light energy conversion applications as alternatives


to the archetype Ru(bpy)3
2+. Ir(tpy)2


3+ is one of those, and


because of the convenient linear arrangement of the substit-


uents, the development of efficient synthetic procedures, and


the outstanding photophysical and electrochemical proper-


ties, this complex has successfully been used as a component


and assembling unit of multipartite arrays for producing


charge separation.


Our groups have exploited the use of this complex both as


electron relay and as photosensitizer, and with continuous


improvements in the design of the arrays, we have achieved


a system yielding a CS state with a lifetime of ca. 100 µs in


air-equilibrated solutions and of ca. 120 µs in air-purged solu-


tions. This is one of the most successful examples of charge


separation based on a transition metal complex if we con-


sider the lifetime and the stability in presence of air. We have


recently identified a strategy to improve the relatively low


charge separation yield by decreasing the electronic coupling


between adjacent components. These results show the poten-


tial of Ir(tpy)2
3+ in this application and the validity of the


approach used, consisting of a pondered design of the array


based on a detailed mechanistic study of the excitation energy


dissipation processes.
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C O N S P E C T U S


We have investigated the movement of electrons around the peripher-
ies of dendrimers and between their redox termini and electrodes


through studies of the electrochemistry of dendrimers presenting metallocenes
(and other transition metal sandwich complexes) as terminal groups. Because
these compounds can be stabilized in both their oxidized and their reduced
forms, their electrochemical and chemical redox processes proceed without
decomposition (chemical reversibility). Most interestingly, electrochemical stud-
ies reveal that electron transfer within the dendrimers and between the den-
drimers and electrodes are both very fast processes when the branches are
flexible (electrochemical reversibility).


When the dendrimer branches are sufficiently long, the redox events at
the many termini of the metallodendrimer are independent, appearing as a
single wave in the cyclic voltammogram, because of very weak electrostatic
effects. As a result, these metallodendrimers have applications in the molec-
ular recognition, sensing, and titration of anions (e.g., ATP2-) and cations (e.g., transition metal complexes). When the rec-
ognition properties are coupled with catalysis, the metallodendrimers function in an enzyme-like manner. For example, PdII


can be recognized and titrated using the dendrimer’s terminal redox centers and internal coordinate ligands. Redox con-
trol over the number of PdII species located within a dendrimer allows us to predetermine the number of metal atoms that
end up in the form of a dendrimer-encapsulated Pd nanoparticle (PdNP).


For hydrogenation of olefins, the efficiency (turnover frequency, TOF) and stability (turnover number, TON) depend on
the size of the dendrimer-encapsulated PdNP catalysts, similar to the behavior of polymer-supported PdNP catalysts, sug-
gesting a classic mechanism in which all of the steps proceed on the PdNP surface. On the other hand, Miyaura-Suzuki
carbon-carbon bond-forming reactions catalyzed by dendrimer-encapsulated PdNPs proceed with TOFs and TONs that do
not depend on the size of the PdNPs. Moreover these catalysts are more efficient when employed in lower (down to “homeo-
pathic”) amounts, presumably because of a leaching mechanism whereby Pd atoms escape from the PdNP surface subse-
quent to oxidative addition of the aryl halide. Under these conditions, the “mother” PdNPs have greater difficulty quenching
the extremely active leached Pd atoms because of their low concentration.


Although dendrimers presenting catalysts at their branch termini can be recovered and reused readily, their inner-
sphere components can lead to steric inhibition of substrate approach. In contrast, star-shaped catalysts do not suffer from
such steric problems, as has been demonstrated for water-soluble dendrimers bearing cationic iron-sandwich termini, which
are redox catalysts of cathodic nitrate and nitrite reduction in water.


Introduction
Metallodendrimers1,2 are a well-recognized class


of precise macromolecules that should find mul-


tiple applications in molecular electronics,3–6


energy conversion,4 sensing,7–10 and catal-


ysis.10–13 Few metallodendrimer families


present redox stability and have been investi-


gated from the viewpoint of their electron-


transfer properties, however. They include


dendrimers containing metallocenes,7,8 ruthe-


nium polypyridine,3,4 and metal-cluster


units.1,2,5 We will restrict this Account to metal-
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locenyl dendrimers7 that have been the subject of our


attention with emphasis on their applications.


Dendrimer Design for Molecular Electronics
Star compounds and dendrimers were synthesized with metal-


sandwich units located either at the center or at the periph-


ery or even both.14–23 The redox activity of each redox center


showed reversibility and the possibility to isolate at least two


redox forms by multiple electron-transfer reactions. Early


examples included the first dendrimers terminated by ferro-


cenyl (Scheme 1),17,18 cobaltocenyl (eq 1),21,22 and [FeCp-


(η6-arene)]+ (eq 2)16,21 units. More extended dendrimer archi-


tectures were disclosed by one-pot CpFe+-induced synthesis of


a triallyl phenol dendron and subsequent 1f3 connectivi-


ty24 of dendrimer growth therewith containing 3n+2 terminal


branches with generation numbers n up to 9,25–27 far beyond


the de Gennes dense-packing limit.28 Ferrocenyl units were


then introduced either in a divergent way by hydrosilylation


of the polyolefin dendrimers (only up to n ) 3) using ferro-


cenyldimethylsilane (Schemes 2 and 3)29 or in a convergent


way using the same direct hydrosilylation of the unprotected


dendron followed by convergent synthesis of the nonasilyl-


ferrocenyldendron and condensation onto aromatic (1),


polypropylene imine (PPI, 2 and 3), octahedral inorganic clus-


ter (4), or nanoparticle (NP, 5) cores.30–33 Casado and Alonso


et al. have also synthesized interesting and useful series of


metallocenyl dendrimers since the mid-1990s.7,34


The electrochemical reversibility35 (very fast electron trans-


fer between the redox termini and the electrode) of dendrim-


ers terminated by ferrocenyl, cobaltocenyl, and [FeCp(η6-


arene)]+ groups is remarkable. Electron transfer between a


remote redox center and the electrode would be expected to


SCHEME 1. Synthesis and Electron-Transfer Reactions of Polyiron Complexes
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be slow because of the distance problem if the remote redox


center is isolated, that is, not surrounded by other identical


redox centers. Several reasons are invoked to rationalize fast


electron transfer in ferrocenyl-terminated dendrimers, how-


ever. First, the time scale of the standard electrochemical


experiment (usually around 0.1 s) is larger than the rotation


rate of the dendrimer. Thus, all the redox centers have time


to come close to the electrode within this electrochemical time


scale.36 Then, even if the intramolecular distance between two


redox centers is large (most often more than ten bonds),


through-space electron hoping is optimized when the flexi-


ble dendritic tethers bring two redox center at the minimum


distance between them in a very fast dynamic process. This


stepwise electron transfer among the redox centers between


the remote ones and the ones that are located near the elec-


trode also brings the electron or electron hole to the electrode
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faster than the standard electrochemical time scale. A pre-


cise analysis of this later mechanism has been proposed by


Amatore et al. for dendrimers terminated by [Ru(terpy)2]2+,


based on the measured electron hopping rate constant using


SCHEME 2. Synthesis of Dendrimers Containing a Theoretical Number of 3n+2 Terminal Branches
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ultramicroelectrodes and on a Smoluchowski-type model


developed to take into account viscosity effects during the dis-


placement of the RuII/RuIII(tpy)2 redox centers around their


equilibrium positions.37,38


In addition, these metallocenyl dendrimers also exhibit


chemical reversibility (both redox forms involved in the redox


process are stable). Only one reversible redox wave is


observed upon electrochemical redox change for all these


dendrimers, because the terminal redox centers are located


many bonds apart from one another, rendering the electro-


static factor so minute that it is not observable. Thus the for-


mal redox potentials of the redox systems are distributed


statistically along this redox curve as shown by Bard and


Anson with ferrocenyl polymers,39 and this curve appears


identical to a clean single-electron wave if the solvent is cho-


sen appropriately. The number of electrons that is theoreti-


cally equal to the number of redox units contained in the


dendrimer can be determined using an internal reference such


as decamethylferrocene, however. The resulting numbers are


satisfactory as expected within a reasonable approximation on


SCHEME 3. Synthesis and Electron-Transfer Reaction of an 81-Ferrocenyl Dendrimer
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the order of 5-10% if the dendrimer is not too large. When


the dendrimer contains more than, for example, 50-100 met-


allocene units, depending strongly on the solvent, adsorption


is observed, which yields results in excess for the determina-


tion of this electron number.36,39 Coulometry is then an alter-


native method to verify the number of electrons engaged in


the redox process.


On the other hand, in iron-sandwich-centered dendrimers,


the reversible cyclovoltammetry wave is only observed if the


dendrimer is small. When it becomes larger, electron trans-


fer between a buried redox center and the electrode is unfa-


vorable, because its rate drops exponentially with the electron-


transfer distance. Such systems have been carefully examined


in particular with Fe4S4 cluster-centered dendrimers by Gor-


man who has also studied the influence of various parame-


ters on the electron-transfer rates.5,36,40


Application of the Redox Reversibility of
Metallocenyl-Terminated Dendrimers to
Anion Recognition and Sensing
We have taken advantage of the simplicity of the electro-


chemical technique with metallocenyl dendrimers showing


both electrochemical and chemical reversibilities of a single


cyclic voltammetry wave to use these dendrimers as exore-


ceptors. Endoreceptors (crown ethers, cryptands, cyclophanes,


calixarenes, polypods) containing a redox systems have been


shown, especially by Beer’s group,41,42 to be excellent anion


sensors. Exoreceptors are attractive because they mimic


viruses by their peripheral surface. It was also of interest to


investigate how guests of potential medicinal interest might


interact with the dendrimer surface and what kind of den-


drimer effect might result. It was necessary to design metal-


locenyl-terminated dendrimers containing a group that would


interact through a supramolecular bond (hydrogen bond,


hypervalence, coordination) with the species to be recognized.


This group had to be located near the redox group to suffi-


ciently perturb the redox system upon interaction with the


guest species.
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Positive Dendritic Effects in Anion
Recognition, Sensing, and Titration
Anion sensing is of crucial importance due to the presence of


anions in biological systems and as waste in the environment.


The first attempt used amidoferrocenyl-terminated dendrim-


ers for the recognition of the oxo-anions H2PO4
- and


HSO4
-.19,20 Such dendrimers with 3, 9, and 18 amidofer-


rocene termini were compared with a nondendritic monoam-


idoferrocene analogue. Figure 1 shows that this monomeric


amidoferrocene hardly provokes any change of the ferroce-


nyl redox potential upon addition of the n-Bu4N+ salt of


HSO4
- in CH2Cl2, whereas the dendrimers do. The shift of this


redox potential of the FeIII/FeII system is all the larger as the


dendrimer contains more amidoferrocene termini. The best


result is obtained with the largest dendrimer containing 18


amidoferrocenyl termini. Thus the dendritic effect is positive;


that is, the effect is all the larger as the dendrimer genera-


tion increases. The synergistic addition of the hydrogen bond-


ing between the amido group and the anion and the


electrostatic effect resulting from the interaction between the


ferrocenium form generated at the anode and the anion is not


sufficient to provoke a significant change of redox potential,


but the additional topological effect of the dendrimer is cru-


cial as shown by the positive dendritic effect (Chart 1). The


break in the titration curves is marked for a one-to-one inter-


action (one amidoferrocene branch per HSO4
- unit). A varia-


tion of potential upon anion addition signifies that the


interaction is of the weak type according to the Echegoyen-


FIGURE 1. Variation ∆E° of the redox potential of the ferrocenyl system upon addition of [n-Bu4N][HSO4] to mono- (1-Fc), tri- (3-Fc), nona-
(9-Fc), and octadeca-amidoferrocenyl (18-Fc) derivatives (1-Fc ) [FeCp(η5-C5H4CONHCH2CH2OPh)].
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Kaifer model,43 whereas the appearance of a new wave at the


expense of the decrease of the initial wave observed with


H2PO4
- is the sign of an interaction of the strong type accord-


ing to this model. In the case of the weak interaction, the


variation of redox potential of the initial wave allows deter-


mination of the apparent association constant K+ between the


oxidized ferrocenium form and the ferrocenium-HSO4
- anion


complex according to E°free - E°bound ) ∆E°(V) ) 0.059 log cK+


at 25 °C, yielding K+ ) 544 ( 50, 8500 ( 500, and 61 000


( 3000 for 3-Fc, 9-Fc, and 18-Fc, respectively, where E°bound


is the redox potential obtained after addition of 1 equiv of


anion per ferrocenyl branch, and c is the anion concentra-


tion. In the case of the strong interaction with H2PO4
-, the


ratio K+/K0 is accessible: ∆E°(V) ) 0.059 log K+/K0. Determi-


nation of K0 by 1H NMR (using the shift of the NH signal)


gives, for instance, for 9-Fc, K+ ) (2.2 ( 0.2) × 105 in CH2Cl2.


The nature of the solvent is also crucial; for instance, in DMF,


recognition and titration are only possible in the amidoferro-


cenyl dendrimers in which the free Cp rings of the amidofer-


rocenyl groups are permethylated ([Fe(η5-C5Me5)(η5-


C5H4CONH-dendr)], Chart 1).44,45


Selectivity in Anion Sensing Using
Metallocenyl Dendrimers
Another dendritic effect is observed on the selectivity of anion


recognition. Whereas the amidoferrocenyl dendrimers recog-


nize the oxoanions as above but not the halides, dendrimers


terminated with [Fe(η5-C5Me5)(η6-C6H5NH-dendr)]+ recognize


chloride and bromide but not the oxoanions. For bromide, a


positive dendritic effect is observed as usual with a one-to-


one interaction between Br- and an iron-sandwich branch,


whereas with the chloride anion the 24-Fe dendrimer shows


CHART 1. Factors Responsible for the Recognition of Oxoanions


FIGURE 2. 1H NMR variation of δNH for the mono- (1-Fe), tri- (3-Fe), and 24-Fe dendrimer 5 upon addition of n-Bu4NCl or n-Bu4NBr.
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strong recognition for only one Br- per tripodal unit (i.e., 8 Br-


per 24-Fe dendrimer, Figure 2). This recognition is effective by


variation of the 1H NMR shift of the NH proton signal upon


addition of the halide anion.23 This type of analysis as well as


cyclic voltammetry analysis of the CoIII/CoII wave were also


productive with a nona-amidocobalticinium dendrimer for the


recognition of the anions HSO4
-, H2PO4


-, and Cl-, provok-


ing, for instance, the appearance of a new cyclic voltamme-


try wave with a redox potential variation of 270, 205, and 60


mV, respectively, on Pt anode upon addition of 1 equiv of


anion per cobaltocenyl branch in CH3CN/DMF (2:15).22 In all


these studies with the ferrocenyl and cobaltocenyl dendrim-


ers, the recognition of the strongly interacting anions is selec-


tive. For instance, recognition of H2PO4
- can be carried out in


a mixture of various anions such as HSO4
- and halides.


Variation of the Nature of the Dendritic
Core and Supramolecular Binding Modes to
Metallocenyl Dendrons
It is possible to assemble commercial PPI dendritic core with


triferrocenyl dendrons containing a phenol focal group form-


ing a triple hydrogen bonding with primary amino termini of


the cores in 3 as shown by 1H NMR.32 This procedure avoids


dendrimer synthesis yet allows recording of cyclic voltammo-


grams of the H-bonded dendrimer that is reversibly formed


during the electrochemical time scale of the experiment (of the


order of 0.1 s). Recognition of H2PO4
- proceeds as with cova-


lent dendrimers with a dramatic drop of the intensity of the


cyclic voltammetry wave at the equivalent point. This drop is


proposed to be due to the formation of a large supramolecu-


lar assembly with the oxoanion at the equivalence point pro-


voking a drop of the diffusion coefficient.46


Other ferrocenyl dendrimers were assembled by coordina-


tion of ferrocenyl dendrons to inorganic cores that are either


octahedral Mo6 clusters connected at their six apical positions


to ferrocenyl dendrons containing a phenol focal point in 447


or AuNPs connected to a variable number of ferrocenyl den-


drons containing a thiol-terminated focal point in 5.48 The


number of ferrocenyl dendrons is fixed in the synthesis by


the proportion of gold and thiol amounts. The thiols that pro-


vide the thiolate ligands at the AuNP surface can be chosen


as pure dendrons or mixtures of dodecanethiol49 and thiol


dendrons.50,51 The ferrocenyl dendrons connected to these


inorganic cores contain dimethylsilyl groups for which the sil-


icon atom is directly linked to a cyclopentadienyl ligand in the


ferrocenyl termini. This silicon atom is oxophilic and poten-


tially hypervalent, which is responsible for the interaction with


an oxygen atom of the oxoanions H2PO4
- and adenosyltriph-


osphate (ATP2-), a DNA fragment. Recognition of these two


anions by cyclic voltammetry on Pt anode proceeds with


strong interaction, provoking the appearance of a new wave


upon addition of a n-Bu4N+ salt of one of these anions in


CH2Cl2.


Derivatized Pt Electrodes with Large
AuNP-Cored Ferrocenyl Dendrimers As
Recyclable ATP2- Sensors
One advantage of large ferrocenyl dendrimers is that they


benefit from the positive dendritic effect that is systematically


observed for anion recognition, which optimizes sensing.


Another advantage concerns the fabrication of modified


electrodes.52,53 Adsorption of dendrimers onto Pt anodes54 is


indeed all the easier because they are larger.43 Upon scan-


ning around the ferrocene potential region, small dendrim-


ers are rapidly disconnected, whereas large ones form very


stable modified electrodes. An especially practical way to


assemble large ferrocenyl dendrimers is that using AuNPs as


templating cores, which allows connecting up to around 200


FIGURE 3. Recognition of ATP2- by AuNP-cored dendrimer 5:
modified Pt electrode (a) alone, (b) during the course of titration, (c)
with excess [n-Bu4N]2[ATP], and (d) after washing off [n-Bu4N]2[ATP].
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ferrocenyl centers. Perfectly stable modified electrodes here-


with are formed upon scanning about 50 times around the


ferrocene potential region. Recognition and sensing of ATP2-


is characterized by the appearance of a new wave that pro-


gressively replaces the original wave upon addition of the


ATP2- salt in CH2Cl2. After disappearance of the original wave,


the electrode is washed using CH2Cl2 to remove the ATP2-,


and the original wave of the modified electrode is recovered,


which allows starting a new recognition experiment. Whereas


most electrochemical sensors are not recyclable, these ones


are (Figure 3).33


Design of “Click” Ferrocenyl Dendrimers
That Recognize Both Oxoanions and
Transition-Metal Cations
The outstanding properties of enzymes combine molecular rec-


ognition and catalysis. Although dendrimers are not enzyme


models,55 they possess some features resembling those of bio-


molecules, that is, size and topology.56 Thus, one may imagine


designed dendrimers that would have both recognition and catal-


ysis properties. One way to approach this concept is to introduce


an intradendritic ligand that would recognize and bind catalyti-


SCHEME 4. Synthesis of “Click” Dendrimers


Metallocenyl Dendrimers and Their Applications Astruc et al.


850 ACCOUNTS OF CHEMICAL RESEARCH 841-856 July 2008 Vol. 41, No. 07







cally active transition-metal species. We have chosen the 1,2,3-


triazolyl ligand, because it can smoothly bind transition metals


and can be easily, selectively, and catalytically formed by reac-


tion between a terminal alkyne and an azide, a process that has


recently been improved and rendered popular by Sharpless


under the heading of “click chemistry”. This Huisgen -type


cycloaddition reaction is now indeed catalyzed by CuI in an aque-


ous solvent under mild conditions.57,58 Thus, three generations


of ferrocenyl “click” dendrimers containing 3n+2 terminal ferro-


cenyl tethers (n ) 0-2) were synthesized by reaction of azido-


terminated dendrimers and dendronic alkynes, the construction


being terminated by a “click” reaction with ferrocenylacetylene to


introduce ferrocenyl termini. A stoichiometric amount of Cu(I) was


required in the absence of added ligand, because the metal ions


are trapped inside the dendrimer (Scheme 4 and eq 3).59,60 A tri-


podally ligated Cu(I) catalyst designed by Vincent could also be


efficiently used, however.61 Catalytically efficient and recycla-


ble dendrimers have been largely studied, and various locations


of metal ions have been used (periphery, core, branch point,


interstitial).10–13 Various metals have been introduced in the den-


dritic interiors of commercial PAMAM and PPI dendrimers, and in


particular, the catalytic activity of dendrimer-encapsulated PdNPs


formed by NaBH4 reduction of PdII dendritic complexes has been


largely investigated by Crooks’ group among others.62–64 We


reasoned that the recognition and titration of various transition


metal ions by smoothly coordinating ferrocenyl triazolyl den-


drimers, in particular, PdII, would allow a precise count of den-


drimer-encapsulated metal ions. Indeed, a one-to-one interaction


was shown by cyclic voltammetry between the dendritic triaz-


olyl ligands and CuI, CuII, PdII, and PtII. Monometallic (nonden-


FIGURE 4. Cyclic voltammetry: recognition of both oxoanions and transition-metal cationic acetonitrile complexes by a “click” ferrocenyl
dendrimer.
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dritic) ferrocenyltriazolyl ligand could not recognize these metal


ions, which were recognized by these dendrimers all the more


easily as the dendrimer generation increased (positive dendritic


effect). The electron-withdrawing properties of these metal cat-


ions (introduced as their tetrakis acetonitrile complexes)


decreased the electron density on the ferrocenyl center, which


shifted the CV wave to more positive potential values. On the


other hand, oxoanions such as H2PO4
- and ATP2- were also rec-


ognized by these dendrimers, because the electron-releasing


properties of these anions shifted the ferrocenyl CV wave to less


positive potential values (Figure 4).59


Very Efficient and Selective Hydrogenation
Catalysis by Precise Ferrocenyl Dendrimer-
Stabilized Pd Nanoparticles under Ambient
Conditions
The recognition and titration of Pd(OAc)2 by three generations


of triazolylferrocenyl dendrimers allowed determination of the


number of PdII species coordinated to the intradendritic tria-


zolyl ligands, which corresponded to a one-to-one coordina-


tion per ligand. Reduction of G1 and G2 using NaBH4 or


methanol produced PdNPs whose sizes, determined by TEM,


matched those determined by electrochemical titration of the


SCHEME 5. Synthesis of “Click”-Ferrocenyl Dendrimer-Encapsulated PdNPs
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PdII precursors.65 On the other hand, the PdNPs formed from


the zeroth generation (9-Fc) were large, because such small


dendrimers cannot encapsulate NPs but instead stabilize


PdNPs at their periphery. Thus, the smallest PdNPs were those


formed from the G1 27-Fc dendrimer containing 36 triazolyl


rings and encapsulating PdNPs that contained 36 Pd atoms


(Scheme 5). Selective hydrogenation of dienes to monoenes


was readily achieved under ambient conditions for small


dienes, but large steroidal dienes remained unreacted, in


accord with their lack of ability to reach the PdNP surface. The


hydrogenation rates (TOFs) and TONs were all the larger as


the PdNPs were smaller, as expected from previous results


with polymer-stabilized PdNPs according to a mechanism that


involves all the mechanistic steps of the hydrogenation on the


PdNP surface.60,65


Homeopathic Catalysis of Suzuki C-C
Coupling by “Click” Ferrocenyl Dendrimer-
Stabilized PdNPs under Ambient Conditions
and Evidence for a Leaching Mechanism
Contrary to hydrogenation catalysis, which proceeds at the


PdNP surface and therefore depends on the PdNP size, catal-


ysis of Miyaura-Suzuki coupling66 between PhI and PhB(OH)2
proceeds at room temperature without significant dependence


on the PdNP size or whether its stabilization is intra- or inter-


dendritic. This indicates that the dendrimer is not involved in


the rate-limiting step of the reaction. Not only do the den-


drimer-stabilized PdNPs work identically whatever their size,


but the TONs regularly increase upon decreasing the amount


of catalyst from 1% down to 1 ppm or upon dilution of the


reaction solution. Thus, the efficiency of the catalyst is remark-


able at “homeopathic” amounts (54% yield with 1 ppm equiv-


alent of Pd atom, that is, TON ) 540 000), whereas a


quantitative yield is not even reached (75% yield) with 1%


equivalent of Pd atom.67 The “homeopathic” catalysis was


already observed for the Heck reaction at 150 °C and was


rationalized by de Vries according to a leaching mechanism


involving detachment of Pd atoms from the PdNP subsequent


to oxidative addition of the organic halide PhI on the PdNP


surface.68,69 If such a mechanism is reasonable at such high


temperature due to decomposition of the Pd catalyst to naked


PdNPs, it may look unexpected for a room-temperature reac-


tion. The ease of the room-temperature mechanism must be


due, however, to the lack of ligands on the dendrimer-stabi-


lized PdNPs that therefore can easily undergo oxidative addi-


tion of PhI at their surface, which provokes the leaching of Pd


atoms. These isolated Pd atoms must be extraordinarily reac-


tive in solution, because they do not bear ligands other than


the very weakly coordinating solvent molecules. The limita-


tion of their efficiency is trapping by their mother NP. This


inhibiting trapping mechanism is all the less efficient as the


catalyst is more dilute, however. It is not efficient under


extremely diluted solutions, whereas it strongly inhibits catal-


ysis at relatively high concentrations. It is likely that this con-


cept can be extended to various other PdNP-catalyzed C-C


bond formation reactions (Scheme 6).70


Functional [FeCp(η6-arene)]+ Sandwich-
Terminated Stars As Redox Catalysts: Stars
Better than Dendrimers for Catalysis
Let us finally consider iron-sandwich-terminated star-shaped


compounds that are good examples of the topological opti-


mization of this type of nanosized catalyst. The complexes


[Fe(η5-C5H4R)(η6- C6Me6)]+/0 (R ) H or CO2
-) are stable redox


catalysts for the cathodic reduction of nitrates and nitrites in


water.71 Star complexes terminated by such stable redox cat-


alysts such as 6 have been shown to catalyze these cathodic


reactions without kinetic loss compared with monometallic


systems.72,73 On the other hand, star complexes with alkyl


chains on the benzene ligand, that is, in which the catalyst is


at the core center, react 1-2 orders of magnitudes more


slowly. This is an indication that steric constraints may cause


kinetic limitations, when an inner-sphere component is


involved in the reaction of the catalyst. Similar kinetic limita-


tions were usually disclosed in other catalyst-terminated den-


drimers.74


Conclusion and Outlook
Redox-robust metallocenyl-terminated dendrimers have use-


ful molecular electronic properties including very fast elec-


SCHEME 6. Leaching Mechanism in the “Homeopathic” Catalysis of
Suzuki C-C Coupling at Ambient Temperature between PhI and
PhB(OH)2 by “Click” Ferrocenyl Dendrimer-Stabilized PdNPs
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tron transfer with electrodes, independence of the redox


centers, and increasing adsorption ability as their size


increases. Applications are (i) anion exoreceptors with den-


dritic effects whose selectivity vary with the metallocenyl den-


drimer structure, size, and terminal groups and (ii) catalysts


whereby recognition and titration of transition-metal ions


allow preparation of precise NPs of various size for optimiza-


tion and mechanistic determination. “Homeopathic” catalysis


using ligandless dendrimer-stabilized NPs shows considerable


promise for green chemistry, whereas leaching of catalyst-


terminated dendrimers may turn out to be a major problem


for industrial applications. Other applications of metallocenyl


dendrimers have appeared in materials science,1,2,7–10 in par-


ticular, as liquid crystals,75 and metallocene dendrimers also


show promise compared with ferrocene-containing poly-


mers.76
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C O N S P E C T U S


The detailed description of chemical
reaction rates is embodied in transition


state theory (TST), now recognized as one
of the great achievements of theoretical
chemistry. TST employs a series of simpli-
fying assumptions about the dynamical
behavior of molecules to predict reaction
rates based on a solid foundation of quan-
tum theory and statistical mechanics.


The study of unimolecular decompo-
sition has long served as a test bed for
the various assumptions of TST, foremost
among which is the very notion that
reactions proceed via a single well-de-
fined transition state. Recent high-resolution ion imaging studies of formaldehyde unimolecular decomposition, in combi-
nation with quasiclassical trajectory calculations from Bowman and coworkers, have shown compelling evidence, however,
for a novel pathway in unimolecular decomposition that does not proceed via the conventional transition state geometry.
This “roaming” mechanism involves near dissociation to radical products followed by intramolecular abstraction to give,
instead, closed shell products. This phenomenon is significant for a number of reasons: it resists easy accommodation with
TST, it gives rise to a distinct, highly internally excited product state distribution, and it is likely to be a common phenomenon.


These imaging studies have provided detailed insight into both the roaming dynamics and their energy-dependent branch-
ing. The dynamics are dominated by the highly exoergic long-range abstraction of H from HCO by the “roaming” hydro-
gen atom. The energy-dependent branching may be understood by considering the roaming behavior as being descended
from the radical dissociation; that is, it grows with excess energy relative to the conventional molecular dissociation because
of the larger A-factor for the radical dissociation. Recent work from several groups has identified analogous behavior in
other systems. This Account explores the roaming behavior identified in imaging studies of formaldehyde and considers its
implications in light of recent results for other systems.


1. Introduction and Background


The study of unimolecular decomposition, by


which we mean dissociation of isolated, energized


molecules on the ground electronic state, provides


an important foundation for understanding mac-


roscopic chemical behavior.1 This is so because


virtually all of chemistry takes place as the result


of decomposition of energized intermediates,


formed either through collision (e.g., simple heat-


ing) or through chemical interaction. It is then


given to transition state theory (TST) to make the


connection between the microscopic, quantum


behavior of isolated molecules and the macro-


scopic rates of chemical reactions.2 This is


achieved using a series of simplifying assumptions


about the dynamical behavior of molecules and


then by assembling it all on a solid footing of sta-


tistical mechanics.


Despite its simplifying assumptions, only rarely


have real challenges to the validity of TST
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appeared, and it is justifiably considered one of the great suc-


cesses of theoretical chemistry. In this Account, we summa-


rize the results of recent high-resolution ion imaging studies


that, combined with sophisticated trajectory calculations from


Bowman and co-workers, revealed a new “roaming” mecha-


nism of unimolecular decomposition.3–8 Furthermore, this


roaming phenomenon resists easy accommodation within TST


and may have broad practical consequences because it can


cause product branching and product state distributions to dif-


fer significantly from TST predictions.


For molecular dissociation on the ground state, we may dis-


tinguish two distinct modes of decomposition, associated with


different gross features of the potential energy surface (see


Figure 1). The first, characteristic of closed shell molecules dis-


sociating to closed shell products, features an exit barrier on


the potential surface arising from electronic rearrangement


that must accompany the breaking of the old bonds and for-


mation of new bonds. The second, associated with simple


bond fission to form open shell products, generally features no


exit barrier. Each of these typically give characteristic transla-


tional energy distributions also shown in Figure 1: For disso-


ciation over a barrier, much of the energy of the barrier


appears in translational energy of the products, and the dis-


tribution peaks far from zero kinetic energy. This may be


viewed as a result of Pauli repulsion between the closed shell


product molecules newly formed in close proximity. For sim-


ple bond fission to radical products, however, the translational


energy distributions peak at low energy, with most of the


excess energy confined to internal degrees of freedom of the


products.


For dissociation over a barrier, we naturally associate the


transition state (TS) with the geometry at the top of the bar-


rier. We define the reaction coordinate as those collective


motions of the complex that lead from reactants to products


and define a dividing surface at the TS “perpendicular” to the


reaction coordinate in a multidimensional sense. Reaction is


assumed to occur whenever the system passes through this


dividing surface. TST then gives the rate of reaction roughly


proportional to the number of accessible levels at the TS for


a given energy. For reaction without a barrier, we can resort


to an alternative definition of the TS by locating the dividing


surface where the flux across it goes to a minimum. In this


case variational methods may then be used to locate the TS


at a given energy. These notions will be useful as we con-


sider a third kind of dissociation, roaming, in the pages that


follow.


The work described here represents a state-to-state inves-


tigation of formaldehyde photodissociation. Formaldehyde has


proven to be a marvelous “laboratory” for the investigation of


a range of issues in fundamental chemical physics, dating


from very early spectroscopic studies9 to more than a decade


of detailed dynamics investigations from the Moore group at


Berkeley.10–21 Among the many reasons for the ongoing


interest in formaldehyde are its relative simplicity and the fact


that well-defined metastable excited-state levels may be pre-


pared by convenient electronic excitation in the ultraviolet but


dissociation occurs on the ground-state following internal con-


version. Our entry into the study of this benchmark system


was prompted by the existence of a newly developed, accu-


rate global potential energy surface for the molecule,22 as well


as a remarkable paper by van Zee et al.21 reporting some


rather puzzling features of the dynamics. Armed with new


experimental techniques, outlined in the next section, we


believed we were in a position to look deeper into the ques-


tions raised by the van Zee work.


Schematic cuts through the relevant potential surfaces for


formaldehyde22 are presented in Figure 2. Both of the afore-


mentioned surface types are present for ground-state dissoci-


ation: a high barrier to decomposition to closed shell products


H2 and CO and, at slightly higher energy, the barrierless rad-


ical dissociation giving H + HCO. At yet higher energy, radi-


cal dissociation on the triplet surface may occur over a small


barrier. This raises a number of other interesting issues that


have been examined in detail by Kable and others23–27 but


will not be considered further here. The molecular dissocia-


tion channel was the focus of Moore’s efforts, and a key


aspect of their work was interest in the TS geometry and the


detailed dynamics of energy and angular momentum parti-


FIGURE 1. Schematic potential energy profiles (left) and associated
translational energy distributions (right) for two limiting dissociation
cases.
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tioning in the exit channel. They found that CO rotational dis-


tributions peaked at very high levels, as seen reproduced in


Figure 3, and they ascribed this to the strong impulse (from


the barrier) acting on the skewed, planar TS geometry. For dis-


sociation at energies below the radical dissociation thresh-


old, only this main, high jCO peak is seen (e.g., the lowest


distribution in Figure 3). Above the radical threshold, how-


ever, a new component appears: a small shoulder on the main


peak extending to very low rotational levels. It is seen to vary-


ing degrees on most other distributions in Figure 3. This shoul-


der was the focus of the van Zee paper, and they ascribed it


either to some influence of the radical channel or to anhar-


monicity of the TS at this energy giving rise to dissociation


from distorted geometries.


We should note that some aspects of the roaming dynam-


ics described here were anticipated in studies of the O + CH3


reaction reported by Leone and co-workers28 and examined


theoretically by Harding and Klippenstein. CO was clearly


identified as a signifiant product in the experiments, but no TS


could be found. Direct dynamics calculations29 subsequently


revealed an “over-the-ridge” mechanism leading to H2 forma-


tion, with the CO resulting from decomposition of hot HCO. A


roaming-like mechanism was proposed earlier by Jackson and


co-workers in the reaction CN + O2 to account for formation


of CO + NO products well below the four-center transition


state.30 Moreover, roaming may be viewed as one extreme


example of reactions that occur far from the minimum energy


path (MEP), and numerous examples have been found in


which non-MEP dynamics give rise to distinct product state


distributions.31–34 This is discussed further in later sections.


2. Experimental Approach


These experiments were performed using the DC slice imag-


ing technique,35 a variant of the velocity map version36 of the


ion imaging technique.37 A schematic of the experiment is


shown in Figure 4. Formaldehyde gas seeded in argon is


released from a pulsed nozzle into a vacuum chamber, then


skimmed before entering the main interaction chamber. The


resulting molecular beam is cooled rotationally to ∼10 K.


Formaldehyde molecules are then excited by a UV laser tuned


to a single rotational transition into the first excited state. The


molecules undergo internal conversion back to the ground


state and dissociatiate some tens to hundreds of nanosconds


later. Single rovibrational levels of the product CO molecules


are then ionized using a second UV laser.


The product ions, expanding with the nascent velocity dis-


tribution of the original neutrals, are accelerated down a time-


of-flight tube via a series of electrodes that achieve both


velocity focusing and stretching of the ion cloud along the


flight direction. At the end of the flight tube the ions strike a


position-sensitive detector that is gated to detect only the por-


tion of the ion cloud whose center-of-mass velocity is paral-


lel to the detector plane, giving a “slice” of the recoiling


FIGURE 2. Schematic potential energy curves for formaldehyde
dissociation.


FIGURE 3. CO rotational distributions following dissociation of
formaldehyde via the indicated transition. R. D. van Zee et al.,
J. Chem. Phys. 1993, 99, 1664. Copyright 1993, American Insititute
of Physics. Reproduced by permission.


Roaming Atoms and Radicals Suits


Vol. 41, No. 7 July 2008 873-881 ACCOUNTS OF CHEMICAL RESEARCH 875







product distribution. The detector is viewed by a CCD cam-


era, and the images are captured by a computer where they


are processed and integrated.38 The images directly yield the


neutral velocity distribution in the center of mass frame: the


distance from the center is simply proportional to the recoil


speed, and this can readily be made quantitative with appro-


priate calibration. The total translational energy is then deter-


mined by invoking conservation of linear momentum between


the CO and H2 products.


In addition to ion imaging data, we also record photofrag-


ment excitation (PHOFEX) spectra. In this case, the detection


laser is fixed on a single CO quantum state, and the excita-


tion laser is scanned. These spectra then give the relative


probability for a given formaldehyde transition to yield pop-


ulation in a particular CO product state.


3. Roaming Atoms


A series of CO images are shown in Figure 5 for the indicated


rotational level of v ) 0 following excitation of formaldehyde


just ∼30 cm-1 above the radical dissociation threshold.3,4


(Moore and co-workers have shown the product CO is pro-


duced predominantly in v ) 0.) Accompanying each image is


the total translational energy distribution obtained by analy-


sis of the image and transformation from CO velocity to total


center-of-mass translational energy. Because the initial inter-


nal energy in H2CO is negligible (by virtue of the inherent


cooling of the supersonic molecular beam) and because the


internal energy of the CO is determined by the quantum state


that we detect, conservation of energy ensures that the inter-


nal energy in the undetected H2 is also fixed for each point of


the translational energy distribution. Structure in the transla-


tional energy distribution thus directly reflects structure in the


H2 internal energy distribution. The four rings in the image in


Figure 5A, associated with CO(v)0,j)45), represent four vibra-


tional levels, v ) 0-3, in the product H2; the outermost ring,


that is, the greatest recoil energy, is thus v ) 0 as indicated.


The size of each peak tells us the yield of a given vibrational


level of H2 formed in conjunction with the detected quantum


state of CO. We can also obtain the H2 rotational distributions


by fitting these vibrational peak profiles, but this is beyond the


scope of our present discussion. In any case, the detailed infor-


mation contained in Figure 5 was not available in the earlier


experiments from the Moore group. We now have the full


quantum state distribution for the undetected product H2


formed in coincidence with a given quantum state of CO. This


correlated state information gives deep new insight into the


dynamics. A more detailed review of our correlated state


investigations in formaldehyde, including the molecular chan-


nel, was recently published.39 The interested reader is referred


there for more information.


As we discussed in the introduction, the distribution in Fig-


ure 5A is expected: it peaks at high recoil energy as much of


the energy of the exit barrier is released into recoil between


the products. When we look at the images in Figure 5B,C,


recorded on the lower rotational levels of CO (toward the


shoulder seen in the van Zee data reproduced in Figure 3), we


see something very different. For jCO ) 28, in addition to the


outer rings corresponding to H2, v ) 0-3, we see a series of


inner rings representing coincident formation of H2 in very


high vibrational levels, up to v ) 7 and 8. This bimodal vibra-


tional distribution is seen clearly in the translational energy


distributions as well. Finally, we consider the jCO ) 15 image


shown in Figure 5C. Now, only the slow component appears,


indicating that only very high vibrational levels of H2 are


formed in coincidence with CO in this low rotational level.


This bimodal distribution clearly indicates two dynamically


distinct pathways to dissociation. The first, giving low vibra-


tional levels of H2 in conjunction with high rotational levels of


CO, is the expected result of dissociation over the barrier.16,17


The second, giving high vibrational levels of H2 with low rota-


tional excitation of CO, is surprising and unlikely to result from


dissociation over the barrier. To understand its origin, we


turned to quasiclassical trajectory calculations from Bowman


and co-workers performed on the new ab initio potential


energy surface.3,4 These calculations also gave a bimodal dis-


tribution in good agreement with experiment. Furthermore,


the trajectories could be examined individually to gain deeper


insight into their origin.


Several such trajectories are plotted in Figure 6.40 In these


trajectory visualizations, developed by F. Suits at IBM using tra-


jectory data from Bowman and co-workers, only the H atom


FIGURE 4. Schematic of DC sliced imaging experiment.
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motions are shown with the instantaneous speed encoded in


color. Figure 6, top, shows a trajectory leading to CO (v ) 0,


j ) 41) along with H2 (v ) 1, j ) 6), that is, the conventional


dissociation over the barrier. Complex motion is seen of the


highly energized H2CO until the transition state geometry is


encountered, after which H2 is promptly formed and emitted


to the right of the figure. The plot in Figure 6, middle, corre-


sponding to production of CO (v ) 0, j ) 6) along with H2 (v
) 7), is very different. The energy accumulates in one C-H


bond until the H atom is nearly free, leaving HCO with very


little internal energy. The H atom roams at large C-H distance


(3-4 Å) where the potential is nearly flat. The HCO can be


seen to rotate out of the plane containing the roaming atom.


Finally, the roaming atom returns to abstract the remaining H


atom, forming highly vibrationally excited H2. This high vibra-


tional excitation in H2 is just as one would expect for the H +
HCO abstraction: this highly exothermic, barrierless reaction


will occur at long range giving rise to highly excited H2 and


low recoil energy. Figure 6, bottom, shows another roaming


trajectory for comparison.


The dynamics seen in Figure 6, middle and bottom, and


reproduced in many other trajectories clearly account for the


second pathway. When enough energy accumulates in one


C-H bond to allow near-dissociation to radical products,


roaming may occur ultimately leading to intramolecular H


abstraction. This is significant for a number of reasons, both


practical and academic, and these are discussed in detail in


section 4.


4. Energy Dependence and Branching


We have seen that this novel roaming mechanism takes place


at an energy just a few cm-1 above the threshold for the rad-


ical dissociation. Could it be strictly a threshold phenomenon?


FIGURE 5. DC sliced images (left) of CO for dissociation of H2CO on the 2143 band for (A) jCO ) 40, (B) jCO ) 28, and (C) jCO ) 15 and
translational energy distributions (right) obtained from the corresponding images at left. Markers indicate correlated H2 vibrational levels for
jH2


) 5 (for v ) 0-4) or rovibrational levels (for v ) 5-7).
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If not, what is its energy dependence? Can it occur below the


radical dissociation threshold? To gain insight into these


issues, we first employ PHOFEX spectroscopy. We have just


established that low rotational levels of CO occur exclusively


via the roaming mechanism, while high rotational levels of CO


only result from the dissociation over the barrier. We thus use


these as markers for the two respective pathways and exam-


ine their dependence as we scan the excitation laser.


PHOFEX results obtained below the radical threshold are


shown in Figure 7. The structure in these spectra represent


transtions between the ground state and first excited state in


formaldehyde. For the spectrum recorded on jCO ) 45 (top),


all formaldehyde transitions in this vicinity are seen. This is


expected for the conventional molecular channel, because the


energy here is >300 cm-1 above the molecular dissociation


barrier. For spectra obtained via the lower rotational levels,


roaming dissociation is clearly seen 90 cm-1 below the rad-


ical threshold, as indicated by the persistence of the low jCO


signals there. However, at 150 cm-1 below, the roaming sig-


nal disappears (note the absence of the 45 transition in the


two lower scans). The roaming mechanism threshold is thus


somewhere between 90 and 150 cm-1 below the radical


asymptote; the implications of this will be considered further


in the next section. We have also confirmed, using imaging,


that these probe transitions are indeed representative of the


two distinct dissociation mechanisms.


We have thus established the lower energy limit for roam-


ing, but what happens as we increase the energy? In a series


of studies, we recorded both PHOFEX spectra and images up


to 3000 cm-1 above the radical asymptote, even into the


region above the triplet dissociation barrier.5,40 Again, roam-


ing was clearly seen in the images obtained on lower rota-


tional levels. Furthermore, the PHOFEX spectra were scaled


after detailed characterization of a single transition so that the


relative yield of jCO ) 15 and 45 could be used to give the


overall yield of the roaming pathway relative to the TS path-


way. Then, by scaling these results relative to the radical yield


using the QCT calculations, we obtained the overall multichan-


nel branching shown in Figure 8. The results show that the


roaming yield grows rapidly relative to the conventional


molecular channel, and at the highest energies that we have


studied, more than half of the molecular products are formed


by roaming. However, the radical channel grows in impor-


tance very rapidly with energy, owing to the large A factor


FIGURE 6. Plots of a sample trajectories. Only H atoms are shown.
H atom speeds are encoded in trajectory color. Upper trajectory is a
typical nonroaming event, while the lower two are characteristic
roaming events.


FIGURE 7. PHOFEX scan across the radical dissociation threshold
(30329 cm-1) for indicated CO rotational levels showing the
occurrence of roaming below the radical threshold.


FIGURE 8. Energy-dependent multichannel branching.
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(and loose transition state) for this pathway. The result over-


all is that the relative yield of the molecular channel drops


with energy as the radical channel takes over, while the roam-


ing yield overall is nearly flat or dropping slowly with increas-


ing energy.


5. What Does It All Mean? Roaming
Dynamics and Implications for Transition
State Theory
We have seen that these two dynamical pathways are clearly


different. If we look at the product state distribution or closely


examine the trajectories, we see quite distinct populations. The


trajectories show that the products that we associate with the


conventional mechanism all follow very close to the minimum


energy path and attain a configuration closely resembling the


geometry of the TS saddle point. The roaming events, on the


other hand, are clearly very different. They all appear to reach


a C-H distance of 3-4 Å, and typically the roaming atom is


found at times out of the plane of the HCO. This raises an


intriguing question. We know that the radical dissociation itself


is barrierless, but is there a distinct transition state for roam-


ing? Recent calculations from Klippenstein and Harding41 have


identified just such a transition state, although its unusual


qualitities led them to prefer to call it a transition state


“region”. Their TS geometry shows the roaming atom out of


the HCO plane and at a distance of 3.4 Å. However, the fre-


quencies that they calculate clearly correspond to an isolated


HCO molecule and a nearly free H atom. The energy that they


find for this TS is 40 cm-1 below the radical asymptote, not


far from our observation of a cutoff of the roaming pathway


somewhere between 90 and 150 cm-1 below the radical


limit.


We can thus understand the energy-dependent trends in


Figure 8 if we simply recognize roaming as derived from the


radical dissociation, that is, it is a frustrated radical dissocia-


tion event. We then expect the energy dependence to paral-


lel that of the radical channel. It has little to do with the


conventional molecular dissociation and its associated tight


transition state. Instead, as shown by the subthreshold behav-


ior in Figure 7, we can see that there is a finite energy win-


dow, extending ∼100 cm-1 below the H + HCO asymptote,


for which roaming may occur. This is the region for which the


system has enough energy to overcome the barrier but not


enough to dissociate directly to radical products. This is the


“roaming window”. The radical asymptote here is one in which


the product HCO has no internal energy, of course. However,


we can imagine another asymptote leading to HCO in some


other rovibrational level. It is reasonable to imagine that this


level may have an analogous TS 100 cm-1 below it as well.


In other words, the location of the TS in this case may be sim-


ply offset by the HCO product energy level, because they are


not likely to be coupled at this long range. Then, by assum-


ing a similar roaming window ∼100 cm-1 below each possi-


ble HCO product state, we find a continuum in which roaming


may occur, from ∼100 cm-1 below the radical threshold, up


to the three-body dissociation level forming H + H + CO. As


the energy increases, the larger A factor implies that branch-


ing to the radical dissociation will grow rapidly. However, the


fraction of HCO levels supporting this roaming TS may not


grow quite as rapidly. The roaming yield that we expect will


be a roughly constant or perhaps a slowly falling fraction of


the radical channel yield, just as seen in Figure 8.


Now we look more deeply at the implications of this. Does


TST really fail in describing this phenomenon? Some might


prefer to think of the real TS, at this fairly high energy over the


molecular barrier, as spanning a broad swath of the molecu-


lar configuration space and note that it is imprecise to think


of the configuration at the top of the barrier as the TS geom-


etry per se. Instead, they might argue, if we trust in TST and


bring all the power of the variational methods to bear, we


would find, in some sense, these two TSTs that we have found


are really one. This may be true, but it certainly has not been


demonstrated. In any case, this perspective does not readily


lead us to make practical predictions of branching or product


state distributions or reaction rates. We may rescue the the-


ory, only to find it useless for the problem. Instead, if we see


roaming as related to the radical dissociation channel and


describe it separately from the pathway over the barrier, we


can achieve a succinct description of the problem and a


deeper understanding of the dynamics. We find, in fact, at all


energies studied, that the products that appear over the bar-


rier pass very close to the minimum energy path. Only the


roaming events stray very far from it. The barrier-path/radi-


cal dissociation dichotomy represents a useful “basis” in which


to describe the problem, although a strict variational treat-


ment may be equally valid. This discussion takes us back to


the van Zee paper, in which two alternative accounts of the


unusual dynamics in H2CO were offered. One suggestion was


that the dynamics imply some participation of the radical


channel in the molecular decomposition. The second was that


“anharmonicity at the TS” could lead to dissociation from


geometries quite distinct from that at the top of the barrier. We


can now see these two alternative descriptions as related to
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the two “basis sets” we have just discussed, and they may rep-


resent two alternative descriptions of the same underlying


dynamics.


This is a good opportunity to make a connection with other


recent investigations of novel aspects of reaction dynamics.


Hase and co-workers have shown that reactions deviating far


from the minimum energy path (MEP) are not uncommon, and


these often give rise to distinct, vibrationally excited product


state distributions.31–33 It is interesting to consider the roam-


ing mechanism in this light. Roaming obviously represents a


striking deviation from the MEP for the molecular dissocia-


tion, and the products are formed with a dramatically differ-


ent product state distribution, so it clearly fits under the


umbrella of non-MEP reactions. But perhaps roaming is even


more distinctive than would be suggested by the non-MEP cat-


egorization alone. In fact, in a sense it does follow the mini-


mum energy path, an alternative MEP through an alternative


TS, ultimately to the same products. These issues clearly merit


deeper theoretical investigation.


6. Outlook: Roaming Radicals


One question that we have not yet addressed is how general


this phenomenon might be. Might we hope to see roaming


atoms in other systems? And if atoms can roam to give sur-


prising products or product state distributions, might radical


fragments of molecules roam as well? Apparently both ques-


tions have been answered in the affirmative. In studies of


acetaldehyde photodissociation42 (which, we note, is formal-


dehyde with a methyl replacing one of the H atoms), Hous-


ton and Kable have seen evidence for roaming analogous to


that in formaldehyde. They observed broad CO Doppler pro-


files for high rotational levels of CO, implying high recoil


speeds as expected for the dissociation over the barrier. For


the low rotational levels, the Doppler profiles were narrow,


implying low recoil speeds just as we saw for CO from roam-


ing in H2CO. In the acetaldehyde case, however, it is clear


from the energetics that methyl must be the roaming species,


because the threshold for methyl loss is lower than that for H


loss. These results have been duplicated in imaging experi-


ments recently as well.43 Houston and Kable also supported


their arguments with vector correlation measurements. They


were able to show that, for the fast CO products, the angular


momentum vector was largely perpendicular to the recoil


direction. This is the necessary outcome if the methyl center


of mass, H atom, and CO are coplanar, as at the top of the


barrier. For the roaming trajectories, as we have seen in H2CO,


deviation from planarity is expected, and the degree of align-


ment of the angular momentum vector with respect to the


recoil direction may thus be lost. This issue of vector correla-


tions in roaming reactions will be an interesting one to pur-


sue. The results they found for the jCO dependence of this


correlation were entirely consistent with the roaming picture


for the low j products. Moreover, theory has recently also pro-


vided support for a “roaming methyl” in acetaldehyde


dissociation.41,44 A “roaming TS region” has been identified,


and it is quite analogous to that seen for formaldehhyde.


Recent calculations have shown that the roaming-type dynam-


ics are likely even more significant than suggested by the


experiments.44


We might next wonder just how general this is. Is there


anything peculiar about these systems? Will this be found in


elsewhere? It is not difficult now, based on what we have


learned here, to draw some general conclusions. For roam-


ing to occur, there must be a barrierless dissociation path-


way that is not too far above other dissociation pathways so


that it may be populated with some likelihood. Then, there


must be a barrierless path for the relevant abstraction reac-


tion, and it should be strongly exoergic. Neither of these con-


ditions is unusual for closed shell molecules. The key issue for


the future investigation of these phenomena is in fact more


practical. Formaldehyde is an ideal case from several points of


view. State-resolved CO detection by ionization is quite sen-


sitive, and the large energy spacing of the H2 cofragment


means that it is easy to isolate the distinct components in the


correlated state distributions. In the acetaldehyde case already,


this is problematic. The distributions are not clearly bimodal,


and theory will be required to unravel them fully. For other


systems, this may become very challenging indeed. Roam-


ing dynamics may be everywhere, but it will take sharp eyes,


powerful techniques, and strong interplay between theory and


experiment to see it.
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