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CONSPECTUS

Bioactive natural products produced by microbes have almost limitless potential in oo OO e e
pharmaceutical applications, and the organic synthesis of such products as lead com- @&IO 0 S J?é
pounds will result in the creation of new and widely useful pharmaceutical produdts. A~ """ ™t 2
program of discovery of naturally occurring bioactive microbial metabolites has been - e T
ongoing at the Kitasato Institute. We have also developed efficient, rational, and highly }: ¢, QJQ &, %
flexible production methods for generation of target compounds, synthesis of related com- S8 )Q/\/ R
pounds, elucidation of their structure—activity relationships, and the possible creation of =~ e iy iy
improved bioactive compounds. IO stk e

In this Account, the isolation and total synthesis of naturally occurring bioactive micro-
bial metabolites in order to create novel medicines for specific illnesses is described. This
covers diseases and conditions such as atherosclerosis, Alzheimer’s disease, cancer, inflam-
mation, and osteoporosis, among others, and focuses on six specific compounds.

Pyripyropenes were discovered from Aspergillus fumigatus FO-1289 through our 2 :
screening of microbial metabolites that strongly inhibit acyl-CoA cholesterol acyltrans- I —— ,:ﬁkm‘m
ferase (ACAT) in order to develop a new dlass of cholesterol-lowering agents. These novel -
polyoxygenated mixed polyketide—terpenoid (meroterpenoid) metabolites contain a fused /:.\ =
pyridyl a-pyrone moiety. We carried out the first total synthesis of (+)-pyripyropene A & R
via a flexible, concise, and highly efficient route and also carified the structure—activity
relationships.

Arisugacins were discovered from Penicillium sp. FO-4259 by our screening of micro-
bial metabolites that strongly inhibit acetylcholinesterase (AChE) in order to create novel Expression of target genes
medicines for Alzheimer’s disease (AD). Arisugacins are also meroterpenoids. We have tenymode of madindine A e 0
achieved the first convergent total synthesis of arisugacins A and B.

Lactacystin was isolated from Streptomyces sp. OM-6519 via our screening of microbial metabolites that promote the
differentiation of the neuroblastoma cell to further discover new AD medicines. Lactacystin has a novel y-lactam thioester
structure and is also a selective and strong proteasome inhibitor. We have developed a concise approach to synthesize lac-
tacystin designed to afford easy access to the original compound and a variety of analogs.

Macrosphelides were isolated from Microsphaeropsis sp. FO-5050 from our screening of microbial metabolites that inhibit
the adhesion of HL-60 cells to human umbilical vein endothelial cells (HUVEC). Macrosphelides are the first 16-membered
macrotriolides. Macrosphelides prevent cell—cell adhesion by inhibiting the binding of sialyl Lewis X to E-selectin. We have
accomplished the first efficient total synthesis of macrosphelides.

Madindolines were isolated from Streptomyces nitrosporeus K93-0711 by our program to discover new interleukin 6
(IL-6) modulators. Madindolines are comprised of a 3a-hydroxyfuroindoline ring connected at nitrogen via a methylene bridge
to a cyclopentene-1,3-dione ring. We have developed an efficient and practical total synthesis of madindolines. Madindo-
line A binds to gp130 selectively and inhibits IL-6 activity.

Neoxaline was isolated from Aspergillus japonicus Fg-551. Neoxaline is a member of a novel dass of biologically active indole
alkaloids characterized by a unique indoline spiroaminal framework and binds to tubulin, which results in inhibition of tubulin
polymerization. We have developed a concise stereoselective synthesis of the indoline spiroaminal framework of neoxaline.

JAK/STAT signal transduction
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Introduction

Bioactive natural products produced by microbes have almost
limitless potential in pharmaceutical applications. The identi-
fication and subsequent organic synthesis of such products to
generate lead compounds for research and development will
result in the creation of new, highly practical, and widely used
pharmaceutical products. With a focus on the drug discovery
process, the Kitasato Institute (KI) is using cutting-edge, unique
screening techniques to discover useful bioactive natural prod-
ucts from microbial metabolite origins. These novel products
tend to have distinctive structures and attractive bioactivities.
Through a comprehensive and dynamic research program, the
Kl has discovered more than 340 novel bioactive microbial
metabolites over the past three decades. Among these, 16
compounds have been developed into commercially impor-
tant biological reagents, and six compounds are globally used
first-line medicines.'?

The key challenge in synthetic organic chemistry remains
how to more efficiently synthesize target compounds with
unique molecular skeletons using short process pathways. The
construction of novel molecular skeletons necessitates the
development of new synthetic strategies and key reactions,
which, in turn, will expedite progress in synthetic organic
chemistry (Figure 1), as well as hastening the development of
new drugs.

If efficient synthetic methods can be established, it will be
possible to quantitatively supply natural products that initially
may only be available in trace amounts. This will conse-
quently facilitate a more thorough elucidation of their bioac-
tivities. In addition, during the synthesis process and research,
the relative and absolute configuration and structures of com-
pounds for which only trace amounts can be extracted from
the natural source will be identified. More significantly, new
molecular skeleton construction methods will allow the cre-
ation of a wide range of analogues, thereby leading to the
production of compounds with properties that may surpass
those found in nature. The discovery and study of bioactive
natural products with novel molecular structures will thus also
lead to advances in synthetic organic chemistry dynamically
related to the elucidation and development of all bioactive
materials (Figure 1). Because new natural compounds may
only be available from their original sources in trace amounts,
the KI has developed efficient, rational, and highly flexible
production methods for generation of target compounds. To
date, 25 types of bioactive natural products have been suc-
cessfully synthesized. Our research program also involves the
application of established methods to synthesize related com-
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Natural Products

New Skeletons

Bioactivity —_—

1) Structure-activity Relationships
2) The Mode of Action
3) Development of Medicine

Organic Synthesis I

1) New Synthetic Strategy

2) New Synthetic Method

3) Supply of Natural Products

4) Determination of Stereochemistry
5) Synthesis of New Analogues

FIGURE 1

pounds, elucidate their structure—activity relationships, and
possibly create improved bioactive compounds. In this
Account, the isolation and total synthesis of naturally occur-
ring bioactive microbial metabolites in order to create novel
medicines for specific illnesses is described. This covers dis-
eases and conditions such as atherosclerosis, Alzheimer’s dis-
ease, cancer, inflammation, and osteoporosis, among others,
and focuses on a few specific compounds: pyripyropenes (cho-
lesterol-lowering agents), arisugacins (acetylcholinesterase
inhibitors), lactacystin (proteasome inhibitor), macrosphelides
(cell—cell adhesion inhibitors), madindolines (interleukin
(IL)-6 modulators), and neoxaline (cell proliferation inhibi-
tor) (Figure 2).

Pyripyropenes

A promising, fundamentally new approach to the prevention
and treatment of atherosclerosis is based upon inhibition of
acyl-CoA cholesterol acyltransferase (ACAT), the enzyme that
catalyzes intracellular esterification of cholesterol. This strat-
egy may permit suppression of three distinct ACAT-depend-
ent steps in the pathology of atherosclerosis: absorption of
dietary cholesterol in the gut, hepatic synthesis of lipopro-
teins, and deposition of oily cholesteryl esters within the
developing arterial lesions. Therefore, inhibitors of ACAT may
be promising new types of antiatherosclerotic agents.? In the
course of our screening of microbial metabolites that inhibit
the activity of ACAT, we isolated potent and selective inhibi-
tors of ACAT, the pyripyropenes A—D (1-4), from Aspergillus
fumigatus FO-1289.* These novel, polyoxygenated mixed
polyketide—terpenoid (meroterpenoid) metabolites contain a
fused pyridyl o-pyrone moiety and eight contiguous stereo-
centers; subsequently, we determined the relative and abso-
lute stereochemistries of 1, employing nuclear Overhauser
effect (NOE) difference and Mosher ester NMR studies in con-
junction with X-ray crystallography (Figure 3).> The pyripyro-
penes A—D not only rank as the most effective naturally
occurring ACAT inhibitors in vitro, with ICs, values of 58, 117,
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Pyripyropene A (1)
(ACAT Inhibitor)

Macrosphelide A (30)
(Cell-cell Adhesion Inhibitor)

D (4) Ry=R,=Ac Ry=Pr,
FIGURE 3. Structures of pyripyropenes.
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53, and 268 nM, respectively, but also display oral bioavail-
ability in hamsters.

We have carried out the first total synthesis of the most
active member of this family, (+)-pyripyropene A, via a flexi-
ble, concise, and highly efficient route.® From the retrosyn-
thetic perspective (Scheme 1), we envisioned construction of
advanced ketone 5 via acylation of the known hydroxy a-py-
rone 6 with acid chloride 7, in the presence of an acid cata-
lyst; isomerization to the C-acyl pyrone and ring closure would
then deliver 5 with the requisite anti geometry at the BC ring
fusion (Scheme 1).
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Arisugacin A (8)
(AchE Inhibitor)

Madindoline A (41)
(IL-6 Modulator)

FIGURE 2. Structures of some novel bioactive microbial metabolites.
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The sesquiterpene subunit 7 was derived from (+)-
Wieland—Miescher ketone” in 11 steps. The crucial se-
quence was joining hydroxy pyrone 6 with AB subunit 7,
which proceeded readily in trifluoroacetic acid (TFA) (80 °C,
4 h); O-acylation followed by in situ 1,3-acyl migration and
1,4-cyclization formed the pentacyclic ketone 5 in 47%
yield for the three steps; the requisite anti BC ring junc-
tion in 5 derived from conjugate addition and enolate
protonation trans to the C(12) angular methyl group. Ste-
reoselective reduction of 5 then furnished synthetic (+)-
pyripyropene A (1) (Scheme 2). Importantly, this approach
is designed to provide flexibility in construction of conge-
ners B—D (2—4) as well as a range of potentially bioactive
analogues.

Modification and structure—activity relationships of ACAT
inhibitor pyripyropenes were examined, resulting in over 300
derivatives of pyripyropenes being synthesized.® The pyridine
ring of 1 was replaced by the benzene ring (PR-264), which
proved to be 100-fold less active than 1. This suggests that
the pyridine moiety plays a significant role in binding to the
enzyme. Some compounds, such as PR-45, PR-86, and
PR-109, have shown inhibitions at nanomolar levels (Figure
4). PR-109 showed the most potent (ICso = 6 nM) in vitro
inhibitory activity. PR-86 also displayed strong ACAT inhibi-
tion (IC5o = 19 nM). From in vivo experiments using ham-
sters, PR-86 (EDs, = 10 mg/kg) was found to be approximately
10 times more effective than pyripyropene A (EDs, ca. 100
mg/kg) in the inhibition of cholesterol absorption in intestines
(Figure 4).°
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SCHEME 2

Arisugacins

Synthetic inhibitors of acetylcholinesterase (AChE) recently
have attracted particular attention since 1-benzyl-4-[(5,6-
dimethoxy-1-oxaindan-2-yl)methyl|piperidine (E2020) was
approved by the United States Food and Drug Administration
(FDA) for the treatment of Alzheimer’s disease (AD).'° During
our screening of microbial metabolites that inhibit the activ-
ity of AchE to try to create novel medicines for AD, we iso-
lated potent and selective AChE inhibitors, arisugacins A and
B (8 and 9), from a culture broth of Penicillium sp. FO-4259
(Figure 5)."" We determined the relative stereochemistry of
arisugacin A, employing NOE difference NMR studies, and the
absolute stereochemistry of 8, employing Mosher ester NMR
studies.'? The arisugacins A and B not only rank as the most
potent naturally occurring AChE inhibitors in vitro, with IC5q
values of 1 and 26 nM, respectively, but also protect against
amnesia induced by treatment with scopolamine in mice.'?

Pyripyropene A (1)

Unfortunately, the original natural source produces a very
small quantity of arisugacin A.

We have achieved the first total synthesis of arisugacins A
and B via a flexible, concise, and highly effective route.'* We
envisioned the construction of advanced olefin 10 via a Kno-
evenagel-type reaction of the known 4-hydroxy 2-pyrone 11
with a,f-unsaturated aldehyde 12, which was derived from
o-ionone, in the presence of L-proline; amine elimination of
13 and six-electron electrocyclic ring closure of 14 then deliv-
ered 10 with the requisite geometry at the BC ring fusion as
a single compound in 61% yield (Scheme 3).

All attempts of epoxidation of 2H-pyran 10 failed to pro-
duce the desired epoxide, owing to the steric hindrance of the
angular methyl groups (5-face) and C1 axial hydroxy group
(a-face). We reasoned that inversion of C1 a-alcohol to g-al-
cohol might lead to formation of the desired epoxide. Oxida-
tion of 10 followed by stereoselective reduction afforded

FIGURE 4. Structures of pyripyropene analogues.
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i)

Arisugacin A (8) Arisugacin B (9)

FIGURE 5. Structures of arisugacins.

p-alcohol 15. Epoxidation of 2H-pyran 15 using ACOOH led to
the hydroxyester 16 in 419% yield and -epoxide 17 in 38%
yield. The removal of the activated allylic hydroxy group
was carried out by Et;SiH and TFA, followed by hydrolysis to
afford 18. After oxidation to the ketone 19, phenylselenyla-
tion and oxidative elimination furnished (+)-arisugacin A (8)
(Scheme 4).

To demonstrate the applicability of our strategy, we pre-
pared the analogue (+)-arisugacin B (9) using the 4-methoxy-
o-pyrone instead of 3,4-dimethoxy-a-pyrone.

Because we were interested in the structure—activity rela-
tionships of arisugacins, we compared the activities of the syn-
thetic intermediates with AChE. We found that only 19
showed activity, and this was 80-fold lower than that for
arisugacin A. We determined that 1-keto 10, lacking both an
enone moiety on the A ring and a 12ao-hydroxy group, and
18, lacking the enone moiety, no longer inhibited AChE. Fur-
thermore, we found that 8 was 25-fold more potent than 9.
Consequently, we suggested that the enone moiety in ring A,
the hydroxy group at position 12a, and the E ring substitu-
tion play important roles in the inhibition of AChE by arisug-
acins.'®

SCHEME 3

SCHEME 4
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FIGURE 6. Structures of lactacystin and salinosporamide A.

Lactacystin

Neurotrophic factors (NTFs)'® are proteins essential for the sur-
vival and function of nerve cells. Decreased availability of
NTFs is thought to cause various nerve disorders including
Alzheimer’s disease, leading to speculation that NTF-like sub-
stances might be therapeutically useful.'” In the course of our
screening of microbial metabolites that promote the differen-
tiation of the mouse neuroblastoma cell line Neuro 2A to pos-
sibly develop novel medicines for AD, lactacystin (20) was
isolated from a culture broth of Streptomyces sp. OM-6519,
and the novel y-lactam thioester structure of lactacystin was
elucidated via 'H and '3C NMR; single-crystal X-ray analysis
subsequently revealed the absolute stereochemistry.'® Lacta-
cystin induces neuritogenesis with a characteristic parallel
array of microtubules and neurofilaments and also causes
transient increases in intracellular CAMP levels, as well as ace-
tylcholine (ACh) esterase activity, in Neuro 2A neuroblas-
toma cells.'® Its mode of action appears to be inhibition of
20S proteasome peptidase activity via acylation of the amino-
terminal threonine.?® Recently, Fenical reported that salino-
sporamide A (21, similar in structure to lactacystin) was
isolated from a marine bacterium, and showed a high cyto-
toxicity and a stronger proteasome inhibition (Figure 6).2' The
intriguing structures and significant pharmacological poten-
tial of these substances have stimulated considerable inter-
est. We have developed a concise approach to synthesize
lactacystin, designed to afford easy access to the natural prod-
uct and a variety of analogues.**

As our point of departure, we required 22, which was
derived from (2R,35)-3-hydroxyleucine.?® Aldol condensation
of 22 with formaldehyde via the Seebach protocol** then
gave 23 exclusively (85% yield, >98% de). Oxidation of pri-
mary alcohol 23 proved troublesome under a variety of con-
ditions. Fortunately, Moffatt oxidation did provide the requisite
aldehyde 24. Deformylation to oxazoline 22 (syn/anti mix-
ture) occurred quite readily during extraction and silica gel
chromatography, so the aldehyde was isolated via nonaque-
ous workup and subjected without purification to Brown asym-
metric allylboration with (E)-crotyl(diisopinocampheyl)borane.?>
This sequence afforded a 4:1 diastereo mixture of the desired

Synthesis of Novel Bioactive Microbial Metabolites Sunazuka et al.
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2% Lactacystin (20)

homoallylic alcohol 25 in 70% overall yield from 23. Cleav-
age of the vinyl group in 25 with ozone, subsequent chlorite
oxidation, and catalytic transfer hydrogenation followed by
saponification gave y-lactam acid 26. To complete the syn-
thesis, we employed the two-step sequence devised by Corey.
Following thioesterification of 26 with bis(2-oxo-3-oxazolidi-
nyl)phosphinic chloride (BOPCI) and N-acetyl-L-cysteine allyl
ester followed by deallylation provided (+)-lactacystin (20)
(Scheme 5).

Because the mechanism of action of lactacystin apparently
involves amine acylation,?® we envisioned that related active
esters could also induce neuritogenesis. In addition, we have
sought to develop analogues with lower cytotoxicity indices in
relation to lactacystin (20) itself. As expected, synthetic pre-
cursor 26 showed no activity (Figure 7). Interestingly, -lac-
tone 27, so-called omuralide,??" proved to be as active as
lactacystin, and analogs 28 and 29 proved to be significantly
more potent than 20 in the neurite outgrowth bioassay. More-
over, we discovered that the descarboxy analog 29 displayed
a low toxicity. As such, 29 represents a significantly more
potent nonprotein neurotrophic agent than lactacystin.®

Macrosphelides

Critical early events in inflammation, the allergic response, and
tumor metastasis involve interactions between leukocytes and
endothelial cells. A variety of cytokinins and related chemi-
cal mediators control both leukocyte adhesion and subse-
quent intercellular invasion by regulating the expression of
cellular adhesion molecules. Inhibition of cell—cell adhesion
thus holds promise for the treatment of diverse pathologies.?”
In the course of our screening of microbial metabolites that
inhibit the adhesion of human leukemia HL-60 cells to human
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26 Omuralide (27)
FIGURE 7. Structures of lactacystin analogues.
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Macrosphelide A (30) Macrosphelide B (31)

FIGURE 8. Structures of macrosphelides.

umbilical vein endothelial cells (HUVEC), we discovered mac-
rosphelides A and B (30 and 31, Figure 8).% These novel
macrolides, produced by Microsphaeropsis sp. FO-5050, are
the first 16-membered ring antibiotics embodying three lac-
tone linkages (i.e,, macrotriolides). The macrosphelides
strongly inhibit cell adhesion in a dose-dependent fashion
(ICso 3.5 and 36 uM, respectively). Preliminary studies sug-
gest that 30 and 31 prevent cell—cell adhesion by inhibiting
the binding of sialyl Lewis X to E-selectin. Macrosphelide A
also proved to be orally active against lung metastasis of B16/
BL6 melanoma in mice (50 mg/kg). We have determined the
complete relative and absolute stereochemistries of mac-
rosphelides A and B (30 and 31) and have accomplished the
first total synthesis of these materials.

Initially, we deduced the connectivity of 30 and 31 via a
series of NMR studies and chemical characterization of the
derived di- and monoacetates, respectively. Single-crystal
X-ray diffraction has now been employed to elucidate the rel-
ative stereochemistry of 30 and verify the planar structure
(Figure 8). 2° We next have determined the absolute config-
uration via the Kakisawa—Kashman modification of the
Mosher NMR method.3° To secure the relative and absolute
stereochemistries of 31, we subjected (+)-macrosphelide A
(30) to PDC oxidation. Semisynthetic 31 proved to be indis-
tinguishable from the natural product. Accordingly, the con-
figurations of (+)-macrosphelides A (30) and B (31) are
(35,8R,95,14R,155) and (3S,8R,95,155), respectively. These
assignments were confirmed by total synthesis. Our approach
to the construction of 30 and 31 entailed the enantioselec-
tive preparation of two differentially protected derivatives of
trans-(4R,5S)-4,5-dihydroxy-2-hexenoic acid. As our point
of departure, we selected the asymmetric dihydroxylation®' of
(E,E)-hexa-2,4-dienoic acid tert-butyl ester (32), which afforded
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the (45,55)-diol 33 (Scheme 6). Selective monosilylation of 33
followed by Mitsunobu inversion at C(4) furnished 34. After
protection of 34 as the MEM ether 35, saponification gave 36,
whereas desilylation generated the second building block 37.
Condensation of carboxylic acid 36 and alcohol 37 via the
Keck modification of the Steglich protocol*2 and desilylation
of the resultant ester produced 38. The third fragment, TBS
ether 39, was prepared from (35)-3-hydroxybutyric acid and
coupled with 38 followed by removal of the silyl and tert-bu-
tyl moieties providing seco acid 40, which smoothly under-
went Yamaguchi macrolactonization.?? Finally, deprotection
gave synthetic 30. In summary, a highly convergent, stereo-
controlled first total synthesis of (+)-macrosphelide A (30) has
been achieved in 11 steps from sorbic acid ester with a 20%
overall yield (corresponding to an 88% average yield per
step). Studies on the mode of action and the structure—activ-
ity relationships of macrosphelides are currently underway.

Madindolines

Interleukin 6 (IL-6)>* is a multifunctional cytokine involved in
the regulation of differentiation and antibody production. In
addition, uncontrolled IL-6 activity plays a central role in a
variety of serious diseases, including cancer cachexia, Castle-
man’s disease, rheumatoid arthritis, hypercalcemia, and mul-
tiple myeloma. Because no effective therapeutic agents for
these diseases have been developed, a low molecular weight
compound that modulates the function of IL-6 has been
sought.3> In our program to discover new IL-6 modulators, we
have isolated madindolines A and B (41 and 42), comprised
of a 3a-hydroxyfuroindoline ring connected at nitrogen via a
methylene bridge to a cyclopentene-1,3-dione ring from Strep-
tomyces nitrosporeus K93-0711 (Figure 9).3¢ Structural assign-
ments were based on NMR studies; the relative and absolute
configurations, however, remained undefined. They were ste-
reoisomers at the C-2' position. Bioassays revealed potent,
selective inhibition of IL-6 activity in the IL-6-dependent cell
line MH60; importantly, the response was dose-dependent. In
addition, madindoline A (41), the more potent congener,
inhibited the differentiation of osteoblast cells. Preliminary
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relative and absolute configurations of madindolines A (41)
and B (42).37 As a prelude to total synthesis, we devised an
efficient asymmetric synthesis of the 3a-hydroxyfuroindoline
ring system (44) from tryptophol (43) employing a Sharpless
asymmetric epoxidation protocol (Scheme 7).

Next, the aldol reaction of a-hydroxyester 45 with meth-
acrolein furnished a mixture of diols 46. The mixture of diols
46 was subjected directly to metathesis®® to obtain 47. Pro-
tection and oxidation of 47, conjugate addition, followed by
phenylselenylation of the derived enolate, and oxidative elim-
ination furnished a mixture comprised of 48 and the exom-
ethylene isomer (1:1). Treatment of the mixture with RhCl;3°
converted the exo congener to 48. Stereoselective reduction
of 48, silylation, and reduction followed by Dess—Martin oxi-

8a8

Madindoline A (41)

Madindoline B (42)
FIGURE 9. Structures of madindolines.

dation furnished 49. However, all attempts to achieve reduc-
tive coupling of the derived aldehyde 49 with tryptophol (43)
proved unsuccessful. Formation of the intermediate imine
appeared to be the problem, presumably due to the poor
nucleophilicity of the indole nitrogen. With the more nucleo-
philic indoline 50, reductive alkylation furnished 51 in high
yield as a diastereomeric mixture. Having achieved the union
of 51 with indoline, all that remained to arrive at the madin-
dolines was generation of the enedione and indole moieties
and elaboration of the 3a-hydroxyfuroindoline ring. To this
end, removal of the silyl groups in 51, followed in turn by
selective silylation of the primary hydroxyl, oxidation, and acid
hydrolysis afforded indole 52. Oxidative ring closure of 52
then yielded (+)-madindoline A (41) and (—)-madindoline B
(42) (2.2:1). (Scheme 8).

Our (—)-madindoline B (42) is the enantiomer of natural
(+)-42. Confirmation of the relative configurations in 41 and
42 was achieved by X-ray analysis of synthetic (+)-41. There-
fore, the absolute configuration of natural (+)-madindoline A
is 3aR,8a$,2'R and (+)-madindoline B is 3aR,8as,2'S.
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Enolate of 54

Next, we developed a more efficient and practical total syn-
thesis of (+)-madindolines A ((+)-41) and B ((+)-42).3” Reduc-
tive amination of 3a-hydroxyfuroindoline 44 with aldehyde
53 using acetic acid, followed by iminium reduction, silyla-
tion, hydrolysis, and oxidation followed by esterification fur-
nished the methyl ester 54. The final stages of the synthesis
involved diastereoselective acylation of ester 54 carrying a
3a-hydroxyfuroindoline moiety with the acid chloride 57. We
predicted that the lithium enolate of compound 54 would
coordinate with oxygen of the furan ring on the chiral 3a-hy-
droxyfuroindoline to make a rigid conformation and that dias-
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| A

TBSO

TASF
—_—

(+)-Madindoline B (42)

TBSQ

TMS

(+)-Madindoline A (41)
56
tereoselective acylation would occur, producing 55 (Scheme
9). Finally, an intramolecular endo cyclization of allylsilane 55
using tris(dimethylamino)sulfur (trimethylsilyl)difluoride (TASF)
directly led to (+)-madindoline B, (+)-42. In the total synthe-
sis of (+)-madindoline A, (+)-41, the stereoselective acyla-
tion of 54 with acid chloride 58 predominantly afforded the
desired compound 56 in high yield. The intramolecular endo
cyclization of allylsilane 56 with tetrabutylammonium triphe-
nyldifluorosilicate (TBAT) directly led to (+)-madindoline A, (+)-
41. The structure—activity relationships of madindolines are
currently underway and will be reported upon in due course.
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FIGURE 10. Structures of neoxaline and oxaline.

In summary, in the second-generation synthesis, the synthe-
ses of 41 and 42 are highly efficient, proceeding in 16% and
19% overall yield for nine linear steps, respectively, stereo-
controlled, and amenable to gram-scale production. We have
thus far synthesized 3g of madindoline A.

We also confirmed that synthetic madindoline A (41) mark-
edly inhibited osteoclastogenesis in vitro and inhibited bone
resorption in ovariectomized (OVX) mice in vivo, and the use
of tritiated [*H]-(+)-madindoline A revealed that madindoline
A binds to gp130 selectively and inhibits the actions of IL-6.
We believe that madindolines can serve as lead compounds
for development of new drugs to treat refractory diseases
known to involve IL-6.%°

Neoxaline

During routine chemical screening of microbial metabolites,
neoxaline (59)*' was isolated from the culture broth of
Aspergillus japonicus Fg-551, together with the structurally
related known compound, oxaline (60). ** Neoxaline (59) and
oxaline (60) (Figure 10) are members of a novel class of bio-
logically active indole alkaloids characterized by a unique
indoline spiroaminal framework and substitution of a 1,1-di-
methylallyl (‘reverse-prenyl’) group at the benzylic ring junc-
tion, and these were found to inhibit cell proliferation and
arrest the cell cycle during M phase in Jarkat cells. Compounds
59 and 60 bind to tubulin at or near the colchicine binding
site, which results in inhibition of tubulin polymerization.*3
The relative stereochemistry of 60 has been previously estab-
lished by X-ray analysis. Hence, the structure of 59 was deter-
mined by comparison with 60; however, the relative and
absolute configurations of 59 remain undefined. The highly
complex indoline spiroaminal framework of the neoxalines
was recognized as an attractive target for total synthesis. We
developed the concise stereoselective synthesis of tetracyclic
intermediate, the indoline spiroaminal framework 61 of 59
and 60.** The key step of the stereoselective synthesis of 61
was the Lewis acid mediated transcyclization of 69 to the
diaminal 72 and the tungstate-catalyzed oxidation of 72 to
obtain the nitrone 73, which easily cyclizes to the indoline
spiroaminal framework 61.

Synthesis of Novel Bioactive Microbial Metabolites Sunazuka et al.

The first step of the synthesis, regioselective alkylation of
indole with chiral epoxide 62, was examined. Initially SnCl,
was used; however this resulted in low yield. Using a Sc(OTf)5
gave a complex mixture; Cu(OTf); gave low yield. Yb(OTf);
proved the most efficient and afforded indole lactic acid ester
in high yield. Silylation of the secondary hydroxy group, fol-
lowed by Boc protection of the amino group and desilylation,
afforded the alcohol 63. Next, selenylation-induced ring clo-
sure with N-phenylselenophthalimide (N-PSP)*> provided the
separable diastereo mixture (1:1) of 3-selenylated furoindo-
lines 64 and 65. Treatment of 64 with methyl triflate and pre-
nyltri(n-butyl)stannane*® introduced the reverse prenyl group
to the desired position to give 66 with either stereochemis-
try. BOC deprotection of 66, reprotection with Alloc group,
methyl ester hydrolysis, and condensation with glycine amide
67 afforded 68. Subsequent deprotection of the Alloc group
gave 69 in high yield (Scheme 10).

Treatment of aminal 69 with AlMe; facilitated transcycliza-
tion to afford diaminal 72, through the iminium intermedi-
ate 71, in good yield. Subsequent tungstate-catalyzed
oxidation of 72 gave nitrone 73, which was then treated with
silica gel to afford spiroaminal, followed by methylation
affording the desired indoline spiroaminal framework 61
(Scheme 11). Compound 61 is a versatile intermediate for the
synthesis of the neoxaline family of compounds. We have
devised a concise route to the indoline spiroaminal frame-
work of neoxaline and oxaline. Efforts to complete the total
syntheses of neoxaline and oxaline using this synthetic
approach are currently underway.

Conclusions

There is an ever-present and increasing global demand for
new and effective medicaments to combat intractable, new,
and re-emerging diseases, which cause widespread high mor-
tality and morbidity. We must therefore continue to devise
expeditious and efficient systems for the discovery and exploi-
tation of natural products and optimally blend them with the
application and development of synthetic organic chemistry in
order to help produce a sustainable supply of much-needed,
novel, potent, and effective drugs and medicines. Natural
products isolated or derived from microorganisms frequently
embody “privileged structures”, which bind to various
protein—receptor surfaces.*® A program of discovery of natu-
rally occurring bioactive microbial metabolites has been ongo-
ing at the Kitasato Institute for many decades. During that
time, we have developed a variety of innovative screening
systems and have achieved the efficient and concise total syn-
thesis, as well as determined the absolute stereochemistry, of
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most of the recently discovered microbial metabolites, includ-
ing the pyripyropenes, arisugacins, macrosphelides, madindo-
line, and neoxaline.
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CONSPECTUS

nspired by the chemistry of porphyrins, in the last

decade, a new research area where porphyrin analogues
such as expanded, isomeric, and contracted porphyrins
have been synthesized, and their chemistry has been
exploited extensively. Expanded porphyrins are macrocy-
clic compounds where pyrrole or heterocyclic rings are
connected to each other through meso carbon bridges.
Depending on the number of pyrrole rings in conjuga-
tion or the number of double bonds linking the four pyr- s % 2
role rings expanded porphyrins containing up to 64 x
electrons are reported in the literature. The interest in these systems lies in their potential applications as anion bind-
ing agents, as photosensitizers for photodynamic therapy (PDT), in antisensing applications, as MRI contrasting agents,
and more recently, as material for nonlinear optical application.

Expanded porphyrins containing more than four pyrrole or heterocyclic rings, such as sapphyrin (five pyrrole), rubyrin
(six pyrrole), heptaphyrin (seven pyrrole), and octaphyrin (eight pyrrole), are reported in the literature. Furthermore, sub-
stituents on expanded porphyrins can be attached either at the meso carbons or at S-pyrrole positions. S-substituted
expanded porphyrins generally adopt normal structure where all the pyrrole nitrogens point inward in the cavity 1, while
the meso-substituted expanded porphyrins exhibit normal 2, inverted 3, fused 4, confused 5, and figure eight 6 conforma-
tions. The conformation of expanded porphyrin is dependent on the nature of the linkage of the heterocyclic rings, the nature
and the number of the heteroatoms present in the cavity, and the state of protonation. It is possible to change one con-
formation to another by varying temperature or by simple chemical modification, such as protonation by acids.

An understanding of the structure—function correlation in expanded porphyrins is an important step for designing these
molecules for their potential applications. In this context, even though several meso aryl expanded porphyrins are reported
in literature, there is no comprehensive understanding of structural diversity exhibited by them. In this Account, an attempt
has been made to provide a systematic understanding of the conditions and circumstances that lead to various conforma-
tions and structures. Specifically, the structural diversities exhibited by five pyrrolic macrocycles to ten pyrrolic macro-
cycles are covered in this Account.

In pentapyrrolic systems, sapphyrins, N-fused, and N-confused pentaphyrins are described. It has been shown that the
positions of the heteroatom affect the conformation and in turn the aromaticity.

In hexapyrrolic systems, rubyrins and hexaphyrins are covered. The conformation of core-modified rubyrins was found
to be dependent on the number and nature of the heteroatom present inside the core. Further, in the hexapyrrolic sys-
tems, an increase in the number of meso carbons from four (rubyrin) to six (hexaphyrin) increases the conformational flex-
ibility, where different types of conformations are observed upon going from free base to protonated form.

Heptapyrrolic and octapyrrolic expanded porphyrins also exhibit rich structural diversity. Octaphyrins are known to exhibit
figure eight conformation, where the macrocyde experiences a twist at the meso carbon, losing aromatic character. By suit-
able chemical modification, it is possible to avoid the twist, and planar 34 sz core-modified octaphyrins have been reported
that show aromatic character and obey the (4n + 2) Hiickel rule. The structural diversity exhibited by nine pyrrolic mac-
rocycles (nonaphyrins) and ten pyrrolic macrocycles (decaphyrins) are also described.
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Introduction

Even though the first expanded porphyrin, a 22 & macrocycle
named “sapphyrin’, 1, was serendipitously discovered' by
Woodward and co-workers in 1966, significant advancement
in expanded porphyrin chemistry was made only after the
early 1980s because of the nonavailability of efficient meth-
odologies to synthesize them in decent yields.>> The synthetic
advances were spearheaded by the groups of Vogel in KdIn
and Sessler in Austin laboratory.? Vogel et al. have reported
a diverse range of expanded porphyrin analogues, tetraoxa,
tetrathia, and tetraselena dications containing 22 s, 26 7, and
30 & conjugated electrons.* On the other hand, Sessler et al.
pioneered the rational synthesis of 22 & sapphyrin, 26 = ruby-
rin, 24 s rosarin, 24 & amethyrin, 28 & heptaphyrin, and 40
r turcasarin using stable precursors in good yields.> They not
only have succeeded in developing efficient synthetic meth-
ods but also have pioneered synthesis of stable building
blocks, such as tripyrranes, dipyrromethanes, and quaterpyt-
roles, required for the construction of expanded porphyrins.
The interest in the chemistry of expanded porphyrins is many
fold. They are (a) used in biomedical applications,®® (b) poten-
tial molecules to complex larger cations in free base form and
anions in protonated form,°® (c) fundamentally ideal models
to test the limit of the (4n + 2) Huckel rule for aromaticity,?
and (d) potential molecules for application as nonlinear opti-
cal materials.”

This significant growth in expanded porphyrin chemistry in
the last two decades has resulted in a few excellent reviews
on various aspects of their chemistry. Recently, Sessler et al.
have reviewed various synthetic methods® and their anion
binding abilities comprehensively.®® Osuka and co-workers
have reviewed confusion, inversion, and creation aspects of
expanded porphyrins.® We have recently reviewed synthesis
and spectroscopic aspects of core-modified expanded porphy-
rins.?

Most of the above reviews have concentrated on synthetic
methodologies, spectroscopic properties, coordination chem-
istry of anions and cations, reactivities, and some structural
aspects.>®#9 However, several expanded porphyrins reported
in the last five years (especially meso-aryl derivatives) show
fascinating structural diversity and exhibit conformational flex-
ibility. It has been shown that the structure and the conforma-
tion of expanded porphyrins are very sensitive to the nature
of the linkage of the heterocyclic rings, the nature and the
number of the heteroatoms present in the cavity, the temper-
ature at which measurement was made, and the state of pro-
tonation. It has been possible to change one conformation to

266 = ACCOUNTS OF CHEMICAL RESEARCH = 265-279 = February 2008 = Vol. 41, No. 2

CHART 1

PR Ho pn Ph Ph
\ /

Ph Ph Ph Ph
1 2 3

another by varying temperature or by simple chemical mod-
ification, such as protonation by acids.® To the best of our
knowledge, there are no reviews on the fascinating structural
diversity exhibited by expanded porphyrins. Hence an attempt
has been made in this Account to review the structural diver-
sity aspect of expanded porphyrins. Specifically, emphasis has
been given on expanded porphyrins containing five to ten
pyrrolic or heterocyclic rings. The material covered in the por-
phyrin handbook has also been excluded for constraints of
space. Emphasis has been given to the work published in last
five years, and the materials published up to March 2007
have been included in this Account. Furthermore the mate-
rial covered in our earlier review® has been excluded.

Sapphyrins

The first expanded porphyrin was named sapphyrin (1)
because of its brilliant blue color. Sapphyrin contains five pyr-
role rings linked to each other with four meso-carbons and
one direct pyrrole—pyrrole bond.'® Two different types of sap-
phyrins are known in the literature (Chart 1) depending on the
location of substituents: (a) S-substituted sapphyrins (1), which
contain alkyl substituents on S-pyrrole positions with meso-
free carbons; (b) meso-substituted sapphyrins (2 and 3), where
meso-carbons have aryl groups and pS-pyrroles have no
substituents.®”

It is seen from the structure that the g-substituted sapphy-
rin 1 exhibits a normal structure where all the pyrrole rings are
pointing inward, while the meso-aryl sapphryins show struc-
tural diversity.5® For example, 2 exhibits an inverted structure
in which the pyrrole ring opposite to the bipyrrole subunit has
undergone a 180° ring flipping, while the meso-aryl sapphy-
rin 3 exhibits a normal structure without any ring
inversion.'"'3

To understand the reason and circumstances that lead to
ring inversion, a range of sapphyrins (4—8) were synthesized
(Chart 2)."2'* Interestingly sapphyrins 5, 6, 7, and 8 show
inverted structure, whereas sapphyrins 3 and 4 exhibit nor-
mal structure.

The inversion of the heterocyclic ring in meso-aryl sapphy-
rin can be inferred from the measurement of chemical shift of
the g-pyrrole protons of the inverted ring by '"H NMR in solu-
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tion and by solving the single-crystal X-ray structure in the
solid state.’? For example, if the ring is inverted in the solu-
tion, the g-pyrrole protons of the inverted ring resonate in the
shielded region (—1.49 ppm for 2), while in the normal struc-
ture the S-pyrrole proton resonate in the deshielded region
(8.96 ppm for 4).'3 This large difference in the chemical shift
can be used as a marker to identify inverted structure in
sapphyrins.

The '"H NMR and X-ray structure (of few of the sapphy-
rins) analyses reveal that larger core size and the presence
of smaller heteroatoms (N or O) adjacent to the heterocy-
clic ring leads to inverted structure, while the presence of
bigger heteroatoms (S or Se) leads to normal structure.'?
For example, when the adjacent ring next to the inverted
ring contains a small heteroatom like N and O, the ring is
inverted as in 2, 5, 6, 7, and 8, while in 3 and 4, which
show a normal structure, the adjacent ring contains bigger
S or Se atoms (Figure 1).

Further, Lee et al. looked at the effect of removal of meso-
aryl substituents on the conformation of sapphyrin.'® The ring
inversion observed for 8 clearly confirms that the presence of
a smaller heteroatom like N and O adjacent to the inverted
ring is important for the observation of inverted structure.

It is possible to convert an inverted structure to a normal
structure in favorable cases by simple chemical modification.
For example, Latos-Grazynski et al. using 'H NMR have shown
that the free base form of 2, which shows an inverted struc-
ture, can be converted to a normal structure by simple dipro-
tonation'' (Scheme 1). Here, the inverted pyrrole ring
undergoes a 180° ring flipping upon protonation of the
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FIGURE 1. X-ray structure of 6d and 4.
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adjacent pyrrole nitrogens. The chemical shift difference, Ao
(the difference between the chemical shift of the most shielded
and the most deshielded proton), of 11.6 ppm clearly reveals
the aromatic nature of 2. On the other hand, the core-modi-
fied sapphyrins (3—8) do not exhibit such ring flipping upon
protonation, and the structures remain inverted or normal as
the case may be.'?

An analysis of "H NMR data indicates that inverted struc-
tures show reduced diatropic ring current; that is, the aroma-
ticity in the macrocycle is reduced due to ring inversion. The
inverted sapphyrins show smaller A values as compared with
normal sapphyrins probably caused by nonplanar structure
resulting in the disruption of sw-conjugation. A comparison of
AJ values of a few normal and inverted sapphyrins reveals
the above fact. For example, the A¢ value for 3 is 14.87 ppm,
that for 2 is 11.60, that for 5 is 10.64, and that for 6a is 9.70
ppm.

Interestingly Latos-Grazynski et al. have shown the pres-
ence of equilibrium between the normal and inverted forms
in unsymmetrical dithiasapphyrins (Scheme 2). This equilib-
rium has been found to be temperature dependent in the
range 193-342 K, and the predominant species is the
inverted form (9a).'®
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FIGURE 2. X-ray structure of 12a.

N-Confused and Doubly N-Confused
Sapphyrins
Recently, we have reported the modified N-confused sapphy-
rins 12a and 12b."'” The synthetic strategy here was a Mac-
Donald-type condensation reaction of N-confused tripyrrane
10 with bithiophene/biselenophenediol 11a/11b (Scheme 3).
In the resulting sapphyrin, the NH of the N-confused pyrrole
is inside the cavity. Usually, in N-confused porphyrins the NH
of the N-confused pyrrole points outward.® The single-crystal
X-ray structure confirms the proposed structure (Figure 2).

The AJ values of 7.06 and 8.79 ppm for free base and
protonated forms of 12a clearly exhibit reduced aromaticity
in N-confused sapphyrins as compared with all-aza meso-tet-
raarylsapphyrin.

Very recently, Sessler et al. have used a [3 + 2] approach
to generate doubly N-confused sapphyrin 16 (Scheme 4),
where the two pyrroles of the bipyrrole unit are inverted.'®

In the synthesis of N-confused sapphyrins 12a and 12b,
the synthetic strategy involves N-confused tripyrrane 10, while
in doubly N-confused sapphyrin 16 the confusion was incor-
porated in the bipyrrolic unit 13, and the tripyrrane 14 has
p-alkyl substituents. The idea for incorporation of double con-
fusion was excellent because the inversion of the pyrrolic
nitrogen was configurationally executed. The A¢ values of
4.79 and 4.52 ppm indicate moderate aromaticity in 16. A
comparison of Ad values of meso-aryl sapphyrins and N-con-
fused sapphyrins indicates a gradual reduction in the aroma-
ticity upon N-confusion (Scheme 5).

N-Fused and N-Confused Pentaphyrins

Osuka et al. first reported that the meso-aryl pentaphyrin exists
in the form of an N-fused pentaphyrin.'® The Rothemund-type
condensation reaction of pyrrole with pentafluorobenzalde-
hyde resulted in oxidized and reduced forms of N-fused pen-
taphyrin along with other products. A fused tripentacyclic ring
with one inward and one outward pointing pyrrole nitrogen
was found in N-fused pentaphyrin (Figure 3). The oxidized
form of N-fused pentaphyrin 18 shows aromatic behavior,
while the reduced form 17 shows antiaromatic behavior, and
they are interconvertible (Scheme 6).

In another attempt for the synthesis of N-confused penta-
phyrin, Furuta et al. conducted the [3 + 2] acid-catalyzed con-
densation reaction of N-confused tripyrrane 19 and
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FIGURE 3. X-ray structure of (a) 18 and (b) 23.
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dipyrromethanedicarbinol 20 (Scheme 7).2° The resultant
product 21 contained the fused tripentacyclic ring with all
nitrogens pointing inward. Further, oxidation of 21 resulted in
formation of 22, which isomerized into doubly N-fused pen-
taphyrin 23. Interestingly isomerization takes place with loss
of aromaticity and the resultant pentaphyrin 23 is nonaro-
matic. The single-crystal X-ray structure of doubly fused pen-

Structural Diversity in Expanded Porphyrins Misra and Chandrashekar

SCHEME 7
Cst NH Cer CGFS

(Wacid HN" /

R —

+ (2) oxidant
OH OH s CeFs
CeFs NH - HN— R
7 N CoF
Nonaromatic
i CoFs g 21
R = CgF5
(0)
CeFs CeFs
CeFs CeFs
N )
N/ Isomerize N
R o/
CeF
CeFs oFs
CoFs Cof's
Nonaromatic CeFs G
875 Aromatic
23 22
CHART 3
Ph, h
Ph
X =0, 24a
X=8, 24b
X =Se, 24¢

taphyrin 23 reveals the presence of two tripentacyclic rings
and a pyrrole ring in the macrocycle (Figure 3).

Hexapyrrolic Systems

(a) Rubyrins. In contrast to pentapyrrolic systems, the hexapy-
rrolic systems exhibit more structural diversity, and the struc-
ture of the resulting macrocycle is influenced by the nature of
the link, the number of meso-carbons linking the six pyrrole/
heterocyclic rings, and the nature of heteroatom.> For exam-
ple, amethyrin (1.0.0.1.0.0) in which six pyrrole rings are
linked with two meso-carbons and rosarin (1.0.1.0.1.0) linked
by three meso-carbons do not exhibit any structural diversi-
ty.3 On the other hand, the meso-aryl rubyrins in which six
heterocyclic rings are linked with four meso-carbons exhibit
rich structural diversity.'®> The core-modified rubyrin shows
three different types of structures, described as normal in
which all the heterocyclic ring points toward the macrocycle
as in 24 (Chart 3)."3

Normal structure is always observed when there are four
heteroatoms and two pyrrole nitrogens present in the cavity.
However, in rubyrin containing four pyrrole nitrogens and two
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heterocyclic rings, two different ring inverted structures are
observed.? When the heteroatom present is either S or Se, the
middle heterocyclic ring of each tripyrrane unit is inverted as
in 26, while when the heteroatom is smaller (oxygen), one
pyrrole ring of each bipyrrole unit is inverted as in 25. The all-
aza rubyrin 27, reported by Osuka et al. also shows inver-
sion of one pyrrole ring in each bipyrrole unit as in 25.2"

Like sapphyrins, in rubyrins also, it is possible to convert an
inverted structure to a normal structure, and these are shown
to be temperature dependent.® For example, Chandrashekar
et al. have shown that the dithia- and diselena-rubyrin (26a,
26b), which show an inverted structure in the free base form,
can be converted into a normal structure upon diprotonation
of the pyrrole rings.'? Interestingly, all-aza meso-aryl rubyrin
27 shows similar behavior upon protonation. For example, it
has been shown that the ring flipping in the all-aza rubyrin 27
upon protonation depends on the nature of acid used
(Scheme 8). Protonation by HCl leads to 180° ring flipping of
two inverted pyrrole rings, while use of TFA leads to simulta-
neous flipping of two inverted rings to normal and two nor-
mal rings to inverted as depicted in Scheme 8.2

UV-vis spectral changes upon addition of acid also sup-
port the attainment of different conformations. Protonation of
27 with TFA leads to red shift of the Soret band by 18 nm
with respect to the free base congener, while protonation with
HCI results in blue shift of the Soret band by 19 nm, suggest-
ing different structures in the dication.

The structural diversity in rubyrins also depends on the
nature of the links. For example, 28 reported by Sessler et al.
is an interesting one.?? Here, one part of tripyrrane has meso-
aryl substituents and another part of tripyrrane has g-alkyl
substituents. The ring inversion happens only in the tripyr-
rane part containing meso-aryl substituents. In compounds 29
(1.1.1.0.1.0) and 30 (1.1.1.1.0.0) where the link is unsymmet-
rical, only one heterocyclic ring is inverted (Chart 4).2%2%

(b) Hexaphyrins. Hexaphyrin (1.1.1.1.1.1) 31 can be con-
sidered a real homologue of porphyrin in terms of a conju-
gated cyclic m-system with alternate arrangement of
heterocyclic rings and methine bridges.? The presence of six
meso-carbon bridges makes the molecule flexible, and hence
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the hexaphyrins generally adopt different conformations.
Hexaphyrins reported in the literature (Chart 5) were found to
exhibit normal structure as in 33, inverted structure as in 31,
34, and 35 and figure eight conformation as in 32.

All-aza hexaphyrins reported by Cavaleiro, Osuka, and
Anderson, exhibit rectangular conformations, which consist of
two opposite, inverted pyrroles with nitrogen atoms pointing
outward and the four corner pyrroles with nitrogen atoms
pointing inward. Further, they show both normal and figure
eight conformation depending on the nature of meso-substit-
uents and B-substituents.?> In general, hexaphyrins exhibit-
ing normal or inverted structure show aromatic character,
while hexaphyrins with figure eight structure are nonaromatic.
Interestingly, 28 x all-aza hexaphyrin 35 reported by Ander-
son et al., which has two different meso-substituents, does not
show aromatic character despite its inverted structure.>> These
observations reveals that the subtle changes on the periph-
ery of hexaphyrin can affect the aromatic nature as well as the
conformation.

Core-modified hexaphyrins 36=38 (Chart 6) exhibit inter-
esting structural diversity as compared with all-aza hexaphy-
rin. The conformation of 36—=38 was found to be highly
dependent on the temperature, the nature of the heteroatom,
and the state of protonation.?®

For example, all three hexaphyrins exhibit dynamic struc-
ture, where the heterocyclic rings are undergoing rotation at
room temperature.26 However; at low temperature, they show
static structure. At 218 K, in 36, two pyrrole rings of each
tripyrrane unit exhibit a 180° ring flipping, while 37 and 38
exhibit partial ring inversion of two pyrrole and two hetero-
atom rings as shown in Chart 7.2° However, the trithiahexa-
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CHART 6

phyrin 34 reported by Hung et al. show inversion of pyrrole
and thiophene ring at room temperature.?”

Upon protonation of the pyrrole nitrogens, interesting con-
formational changes were observed for 36, 37, and 38.
Specifically, protonation of 36 leads to further ring inversion,
and in the fully protonated form, 36 exhibits 180° ring inver-
sion of two central pyrrole rings and partial ring inversion of
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the remaining heterocyclic ring as shown in Scheme 9.2°2 This
is also supported by UV-vis spectroscopic studies (Figure 4),
where distinct color changes and large shifts of the Soret band
were observed. Compounds 37 and 38 also exhibit ring inver-
sions upon protonation. Specifically, partial protonation of 37
and 38 arrests the ring rotation, and only two pyrrole rings of
each tripyrrane unit exhibits 180° ring flipping as observed by
the X-ray crystal structure of partially protonated 37.2°° Fur-
ther protonation, by two additional protons leads to inver-
sion of two more heterocyclic rings leading to hexaphyrin
having four inverted rings (Scheme 10).

Recently, Furuta et al. have reported doubly N-confused
hexaphyrins 39—42.2% The nature of hexaphyrin was found
to be dependent on the nature of oxidant used in the reac-
tion. When N-confused tripyrrane was treated with pentafluo-
robenzaldehyde in presence of acid catalyst followed by
oxidation with p-chloranil, doubly N-confused hexaphyrins (39
and 40) were obtained (Scheme 11). Spectroscopic studies
reveal that 39 is a nonaromatic 28 x system, while 40 is a 26
o aromatic system. However, aromatic system 40 was found
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FIGURE 4. Electronic absorption spectra of (a) 36 and (b) 38 in CH,Cl,. A and B represent free base and protonated forms of the
corresponding hexaphyrins.
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different products (41 and 42) were obtained. Spectroscopic
studies reveal that 41 is a nonaromatic 28 s system while 42
is a 26 & aromatic system. The X-ray analysis reveals that con-
fused pyrrole rings are inverted and two oxo groups are
attached at the inner a carbon atom affording the CONH

group (Figure 5).
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In the past few years, the chemistry of the heptaphyrins has
grown rapidly (Chart 8). Sessler’s group reported the first pla-
nar 28 s heptaphyrin 43 with two meso-carbons.*® The single-
crystal X-ray structure of 43 reveals a fairly planar structure
with no ring inversions due to its rigidity. However, 43 turned
out to be antiaromatic, and the single-crystal X-ray structure
of the sulfate salt of 43 reveals the presence of a SO,*~ group
inside the cavity with N—H--O hydrogen-bonding interactions
(Figure 6).

Another paper from Sessler’s group reported 30 s aromatic
heptaphyrin 44, which exhibits unusual behavior.>° The X-ray
structure of 44 reveals figure eight conformation (Figure 6).
However, in solution, detailed '"H NMR studies show that the
macrocycle 44 is aromatic with unusual behavior. It was
observed that the pyrrole rings containing S-methyl substitu-
ents are inverted and one of the meso-phenyl rings is point-
ing inward, toward the cavity. This is the first example of a
heptaphyrin that is nonaromatic in the solid state but exhib-
its aromatic features in solution.

We reported a range of 30 x aromatic heptaphyrins
45—-48. Interestingly all the core-modified heptaphyrins
reported by us exhibit unique inverted structure in which one
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or more heterocyclic rings have undergone 180° ring flipping.
For example, in 45 only two opposite thiophene or sele-
nophene rings of tripyrrane moiety are inverted. In 46, one
heterocyclic ring of the biheterocyclic ring is inverted. The 'H
NMR spectrum of 46b shows a well-resolved “doublet of dou-
blets” in the region —0.5 to —2 ppm, assigned to one of the
inverted heterocyclic rings.®' Upon protonation, these reso-
nances experience much more shielding (—5 to —5.2 ppm),
and the pyrrole NH proton resonates in the region —6.5 to —7
ppm, indicating that the ring inversion was retained after
protonation.

In order to confirm that the ring inversion is taking place in
the bithiophene unit instead of the terthiophene unit, an ana-
logue of 46b bearing a methyl group on the S-position of the
bithiophene unit 46d was synthesized.?' The 'H NMR of 46d
resolved the doubts concerning the ring inversion in the mac-
rocycle. In the ring inversion state, of the two g-methyl groups,
one experiences diatropic ring current and the other does not.
Therefore, the methyl groups should have different chemical
shifts. In 46d, the two methyl groups resonate at —3.86 and
2.7 ppm, thus confirming one ring inversion of the
bithiophene unit and not the terthiophene unit. This was fur-
ther confirmed by the observation of two different 7“Se sig-
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FIGURE 6. X-ray structure of (a) 43 and (b) 44.

nals of 46¢ in the 7’Se NMR of 557 and 537 ppm with
respect to dimethyl selenide.?’

The oxidative coupling reaction of tetrapyrrane with tripyr-
rane resulted, in addition to the expected heptaphyrin 47, new
isomer 48. In 47, the thiophene ring of the tripyrrane part is
inverted, whereas in 48 one heterocyclic ring of each
bithiophene is inverted.?' As the number of meso-carbons in
the expanded porphyrin increases, the flexibility also
increases. Very recently, we have reported core-modified hep-
taphyrin 49 with six meso-carbons. Compound 49 exhibits a
twisted conformation in the solid state and aromaticity in solu-
tion.>2 The A9 value of 16 ppm and A .qox Of 1.18 V reveals
aromaticity of 49 in solution. This observation clearly reveals
that there is a structural transformation upon going from solid
state to solution state (Scheme 12).

Very recently, in the condensation reaction of pyrrole and
pentafluorobenzaldehyde, Osuka’s group obtained heptaphy-
rins 50 and 52 with four and six meso-carbons.* Heptaphy-
rin 50 with four meso-carbons exhibits inverted structure,
where one pyrrole ring opposite to the quaterpyrrole ring is
inverted. Interestingly, after protonation two pyrrole rings
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undergo inversion and the inverted pyrrole ring flips back and
points inward toward the cavity, 51 (Scheme 13). After proto-
nation this type of behavior was previously seen in the case
of rubyrins.2!

Heptaphyrin 52 with six meso-carbons is more flexible and
was expected to exhibit a figure eight conformation in the
solid state. However, to our surprise 52 exhibits almost pla-
nar structure with three rings inverted in the solid state and
shows aromatic behavior in solution. The X-ray structure of
the protonated form of 52 with TFA justifies such a conclu-
sion (Chart 9).

Osuka et al. reported the synthesis of a unique heptaphy-
rin 53 with seven meso-carbons. Compound 53 exhibits a fig-
ure eight structure.** However, 53 is found to be
conformationally flexible and was susceptible to unique N-fu-
sion reactions, leading to formation of singly, doubly, and
quarterly N-fused heptaphyrins.
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Octaphyrins

Octaphyrins with eight pyrrole rings in conjugation reported by
Vogel's group turned out to have figure eight conformation, lead-
ing to loss of aromaticity in the macrocycles.>> Sessler et al.
adopted a strategy to reduce the meso-carbons linking the eight
pyrrole rings to avoid the figure eight twist in the resulting mac-
rocycle. Using this strategy, they synthesized two octaphyrins 54
and 55 (Chart 10), which have nontwisted structures (Figure
7).2936 Compound 54 had only two meso-carbons and 55 had
none. Compound 54 despite its nontwisted structure turned out
to be nonaromatic. The lack of ring current was explained due
to strong deviation from planarity. However, 55 exhibits planar
structure with 30 z electrons in conjugation and shows aromatic
features. No ring inversion was observed in 55, probably due to
lack of flexibility.

We were successful in synthesizing planar octaphyrins with
four meso-carbons that exhibit strong aromatic behavior using
two strategies: (a) by introducing a sterically bulkier group at
the meso-carbon bridges; (b) by replacing a few pyrrole rings
with other heterocyclic rings such as furan, thiophene, and
selenophene. Such modification leads to core-modified octa-
phyrins 56 and 57 (Chart 11), and the X-ray structure of 56
clearly shows a completely flat structure (Figure 8).3” '"H NMR
studies reveal the strong aromatic nature of 56 and 57. The
interesting features of these structures are the site of ring
inversion. In 56, one of the heterocyclic rings of the each
biheterocyclic unit was inverted, when the meso substituent
was a mesityl group. However, on changing the meso-substit-
uents from mesityl to m-xylyl as in 57, the site of ring inver-
sion was shifted to the bipyrrole unit, with one pyrrole ring
inverted in each.® This observation clearly suggests that the
subtle changes in the substituents can alter the conformation
of resulting octaphyrin.

Another way of avoiding figure eight conformation of the
octaphyrins containing four meso-carbons is to increase the
rigidity in one of the precursors used for coupling or con-
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FIGURE 7. X-ray structure of (a) 54 and (b) 55.
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densation reactions. By using a rigid quaterthiophene sub-
unit 58 and modified tetrapyrrane 59, we succeeded in
synthesis of planar octaphyrin 60 (Scheme 14).3° The X-ray
structure of 60 indicates almost planar conformation with
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FIGURE 9. X-ray structure of 60a.

two inverted rings (Figure 9). Solution studies reveal the
aromatic nature of 60.

Recently, we reported the synthesis of octaphyrin 61 with
six meso links.*® As expected 61 turned out to have figure
eight conformation because of increasing flexibility on going
from four to six meso-carbons. However detailed '"H NMR and

FIGURE 10. X-ray structure of 64.

UV-vis studies reveal aromatic features in solution. This obser-
vation clearly suggests a possible change of conformation
upon going from solution state to solid state (Scheme 15).

Nonaphyrins

Osuka et al. were successful in isolating expanded porphy-
rins having an equal number of pyrroles and meso-carbons.*’
Reacting pyrrole and pentafluorobenzaldehyde under modi-
fied Lindsey conditions yielded porphyrinoids having four to
twelve pyrroles and a corresponding number of meso bridges.
The monoprotonated TFA salt of nonaphyrin 62 was found to
adopt a twisted helix-like conformation with a near mirror
plane and a large cleft wherein the TFA counterion is bound.
A different chemical shift for the g-pyrrole protons suggests
aromatic electronic character for 62, in accordance with 42
electrons. As expected, here there are three pyrrole rings that
show ring inversions (Chart 12).

Recently, Osuka et al. reported free base nonaphyrins 63
and 64.%* The free base 40 s nonaphyrin 63 exhibits twisted
asymmetric structure consisting of a helically arranged por-
phyrin-like tetrapyrrolic core and hexapyrrolic core with two
inverted pyrroles. Reduction of 63 results in 64, 42 s nona-
phyrin, which exhibits nonaromatic features. The single-crys-
tal X-ray structure of 64 (Figure 10) revealed a distorted
asymmetric butterfly-like conformation, which is similar to that
of 62. Osuka et al. recently reported synthesis of meso aryl
substituted [38]nonaphyrin (1.1.0.1.1.0.1.1.0) 65, from oxi-
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dative coupling of a tripyrrane.?' The structure reveals a
twisted figure eight conformation.

Decaphyrins
There are only two reports on decapyrrolic decaphyrin. One,
which is named turcasarin 66 (Chart 13) due to its intense tur-
quoise color in solution, was reported by Sessler et al.*3
This macrocycle exhibits helical form, where four methine
carbons link ten pyrrole rings in a cyclic fashion. The conju-
gated pathway has 40 & electrons and hence is nonaromatic.
Recently, we have reported core-modified decaphyrin 67, with
six meso links by an acid-catalyzed [5 + 5] MacDonald-type
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condensation of modified pentapyrrane.** The geometry-op-
timized structure at B3LYP/3-21G level shows that 67 attains
nonplanar geometry with two pyrrole rings and one thiophene
ring inverted.

Concluding Remarks

Expanded porphyrins have been reported to have diverse
applications ranging from biomedical to materials for elec-
tronic devices.?° An understanding of the structure—function
correlation in these systems is important for designing mate-
rials for specific application. In this direction, it has been
recently shown that expanded porphyrins exhibit large two-
photon absorption cross sections (0'?) values, and the
observed ¢'? values depend on the flexibility of the macro-
cycle, the number of & electrons in conjugation, and the con-
formation it adapts in solid and solution states.” Thus, it is
hoped that a systematic analysis of structure—function corre-
lation in these systems eventually will lead to design of these
materials for nonlinear optical applications.
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CONSPECTUS

Because the backbone of most of organic compounds is
a carbon chain, carbon—carbon bond-forming reactions
are among the most important reactions in organic synthe-
sis. Many of the carbon-carbon bond-forming reactions so
far reported rely on nucleophilic attack of enolates or their
derivatives, because those nucleophiles can be, in general,
readily prepared from the corresponding carbonyl com-
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pounds. In this Account, we summarize the recent develop- Y g Y
ment of reactions using enamide and enecarbamate as a
novel type of nucleophile. Despite their ready availability and
their intrinsic attraction as a synthetic tool that enables us to
introduce a protected nitrogen functional group, enamide and enecarbamate have rarely been used as a nucleophile, since
their nucleophilicity is low compared with the corresponding metal enolates and enamines. A characteristic of enamides and
enecarbamates is that those bearing a hydrogen atom on nitrogen are relatively stable at room temperature, while enam-
ines bearing a hydrogen atom on nitrogen are likely to tautomerize into the corresponding imine form. Enamides and enecar-
bamates can be purified by silica gel chromatography and kept for a long time without decomposition.

During the investigation of nucleophilic addition reactions using enamides and enecarbamates, it has been revealed that
enamides and enecarbamates bearing a hydrogen atom on nitrogen react actually as a nucleophile with relatively reactive
electrophiles, such as glyoxylate, N-acylimino ester, N-acylimino phosphonate, and azodicarboxylate, in the presence of an
appropriate Lewis acid catalyst. Those bearing no hydrogen atom on nitrogen did not react at all. The products initially
obtained from the nucleophilic addition of enamides and enecarbamates are the corresponding N-protected imines, which
can be readily transformed to important functional groups, such as ketones by hydrolysis and N-protected amines by reduc-
tion or nucleophilic alkylation.

In the nucleophilic addition reactions of enamides and enecarbamates to aldehydes, it was unveiled that the reaction
proceeds stereospecifically, that is, (E)-enecarbamate gave anti product and (2)-enecarbamate afforded syn product with high
diastereoselectivity (>97/3). This fact can be rationalized by consideration of a concerted reaction pathway via a hydrogen-
involved cydlic six-membered ring transition state. In the addition reactions to N-acylimino phosphonates, much higher turn-
over frequency was observed when enamides and enecarbamates were used as a nucleophile than was observed when silicon
enolates were used. When silicon enolates were used, the intermediates bearing a strong affinity for the catalyst inhibited
catalyst turnover, resulting in low enantioslectivity because of the dominance of the uncatalyzed racemic pathway. In the
case of nucleophilic addition of enamides and enecarbamate, however, a fast intramolecular hydrogen transfer from the
enecarbamate nitrogen may prevent the intermediate from trapping the catalyst for a long time, to afford the product with
a high enantioselectivity.

In conclusion, enamides and enecarbamates, although originally employed as just N-analogues to silicon enolates, have
emerged as remarkably useful nucleophiles in a variety of Lewis acid-catalyzed reactions.
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Introduction

Carbon—carbon bond-forming reactions are among the most
important reactions in organic synthesis. Many of the carbon—
carbon bond-forming reactions so far reported rely on nucleo-
philic attack of enolates or their derivatives, because those
nucleophiles can be, in general, readily prepared from the cor-
responding carbonyl compounds. There have been many use-
ful enolates developed to date including silicon enolates.

0
OSiMe; A,
HNT TR

N

R /\Fﬂ

silicon enolate

enamide
enamine or
enecarbamate

Enamines are also useful reagents since following comple-
tion of the reaction they give imine or iminium species, which
may be converted to the corresponding carbonyl compounds.
While enamines have been used widely as powerful nucleo-
philes since their synthetic utility was discovered by Stork,’
enamides and enecarbamates, which have electron-withdraw-
ing groups on nitrogen, have rarely been used as nucleo-
philes.? The high nucleophilicity of enamines can be ascribed
to the electron-donating ability of the nitrogen lone pair to
C=C double bond, increasing its electron density. The nitro-
gen lone pair of enamides and enecarbamates, however, con-
jugates with the neighboring carbonyl group, leading to
decreasing electron density of the C=C double bond and
diminishing the nucleophilic ability of C=C double bond. Ena-
mides and enecarbamates are intrinsically useful as synthetic
tools since many acyl and alkoxycarbonyl groups known to be
protecting groups of amino groups can be introduced in struc-
tures of enamides and enecarbamates, and as a result after
the reactions of enamides and enecarbamates, the products
bear protected amino groups. Products thus obtained can be
employed in the next transformation as N-protected com-
pounds and also can be converted to free amine compounds
after deprotection. Despite the attractive potential of enam-
ides and enecarbamates as described above, they have rarely
been used systematically as substrates except in asymmetric
hydrogenation reactions using transition metal catalysts such
as Rh(l).> Encouraged by the potential usefulness of enam-
ides and enecarbamates, we set about investigating the
nucleophilic reactions of enamides and enecarbamates.
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SCHEME 1
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Rl__CHO R! —
~ SOLAr R

Nature and Synthetic Methods of Enamides
and Enecarbamates

Shortly after starting our study, our interest was directed to
enamides and enecarbamates bearing a hydrogen atom on
nitrogen since enamides and enecarbamates bearing no
hydrogen on nitrogen were found not to react with any elec-
trophiles studied at all (vide infra). A majority of enamides and
enecarbamates bearing hydrogen on nitrogen are stable
under air, are solid at rt, and can be purified by chromatog-
raphy on silica gel.> This stability contrasts with the corre-
sponding enamines bearing hydrogen on nitrogen. Such
enamines are known to exist in equilibrium with the imine at
rt.® Under acidic conditions such as TfOH or Lewis acid hav-
ing TfO™ as a counteranion, enamides and enecarbamates are
rather unstable and readily isomerized to N-acyl and alkoxy-
carbonyl imines, respectively. However, in the presence of
some appropriate ligands for metal salts, the isomerization to
imines is suppressed, and this fact allows the realization of cat-
alytic asymmetric reactions of enamides and enecarbamates
by using chiral Lewis acid catalysts.

Several synthetic methods for enamides and enecarbam-
ates have been reported, and we followed or adapted them
(Scheme 1). One of the methods starts from nitriles, which are
subjected to a Grignard reagent followed by treatment with
acyl or alkoxy carbonyl cation equivalents (method I).” This
method can be used for the syntheses of aromatic ketone-
derived enamides and enecarbamates. Another method starts
from a,-unsaturated carboxylic acids, which are converted to
acid azides followed by Curtius rearrangement to give isocy-
anates, which are treated with alcohols (method 11).8 Most
enecarbamates can be prepared via this method, although
some of the corresponding o, -unsaturated carboxylic acids
are troublesome to synthesize. An alternative method starts
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TABLE 1. Enamides and Enecarbamates?®
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FIGURE 1. N-Protected iminoester and HPA-12.

from the corresponding aldehydes, which are converted to
N,S-acetals, followed by desulfonylation by treatment with
bases (method Ill).° Most of all aldehyde-derived enecarbam-
ates were synthesized via this method. It is noted that Z-en-
ecarbamates are dominantly formed via method Ill. Other
miscellaneous synthetic pathways for enamides and enecar-
bamates have been reported so far.'® All the enamides and
enecarbamates synthesized and studied in our group are sum-
marized in Table 1.

Reactions of Enamides and Enecarbamates
with N-Acylimino Esters'’

N-Protected iminoesters are not only highly reactive electro-
philes but also precursors of o-amino acids (Figure 1). More-
over, iminoesters bear imine functional groups adjacent to the
carbonyl group which coordinate to a metal strongly in a
bidentate fashion. The synthetic utility of these systems
prompted us to investigate their catalytic asymmetric reac-
tions, and several successful examples were reported.'# Our
group focused on the reaction of N-acylimino esters with sil-
icon enolates since the procedure provides a facile way to
enantio-enriched N-(3-hydroxy-1-hydroxymethyl-3-phenylpro-
pyl)dodecanamide (HPA-12) (Figure 1).'® This has been
reported by our group to be a new type of inhibitor of cera-
mide trafficking from endoplasmic reticulum to the site of sph-
ingomyelin synthesis.'* The best catalyst for the reaction of
N-acylimino esters with silicon enolates was found to be
Cu(OTf),—diamine 5a complex, which afforded the desired
adducts with up to 94% ee.

Our initial investigation revealed that enamide 1a
reacted with N-acylimino ester 4a to produce the adduct
with 85% ee, while the corresponding enamines 8a and 8b
gave the racemic product. The initially formed product was
acylimine 6, which could be observed by "H NMR spectros-
copy. All the trials to purify and isolate the acylimine 6
failed; acylimine 6 was observed to isomerize to the corre-
sponding enamide during the isolation process. It was
found that hydrolysis of acylimine 6 by a treatment with
acid (HBr in EtOH/H,0 particularly works well) furnished the
corresponding ketone 7 in good yield. Further studies
employing a variety of enamides and enecarbamates
showed that enecarbamates were superior to enamides in
this Mannich-type reaction as to enantioselectivity. Enecar-





TABLE 2. Reactions of N-Acylimino Esters with Enamides and
Enecarbamates

Ie) Cu(OTf}, + 5a O
(10 mol%) R3
R1OJK¢N‘R2 + Nu —°> R1O
4 CHxClp, 0°C »NH N\H/R
4a: R' = Et, B2 = COCqHpg o)

4b: R' = Et, R2 = COCHj
4¢: R'= Bn, R2 = COC4Hpg

6
(e}
3
R1o)j\‘/\”/R HBr
qeNH O

7

[X] Ph}_{Ph
N /—NH HN—\
R R
Ph
. 5a: R = 1-naphthy!
gz; ))(( - gHZ 5b: R = 3,5-c?i-'BL¥CGH3
: 5¢: R = 2-MeO-CgH,
entry imine enamide yield (%)* ee (%)°
1 4a 2a 94 93
2¢ 4a 2a 92 93
3 4b 2a 72 94
4 4c 2a 89 91
59 4ad 2a 78 87
6 4a 2b 97 90
7 4b 2b 76 92
8 4a 2¢ 89 90
9 4a 2d 93 91
10 4a 2e 83 88
11 4b 2e 76 91
12 4c 2h 84 83
13¢ 4c 2h 81 84

9lsolated yield. ” Determined by HPLC analysis. < Diamine 5b was used
instead of 5a.  Diamine 5¢ was used instead of 5a.

SCHEME 2
o OMe
2ok (:usom2| +5a
4a + or 10 mor®) Et0
E-2k CH,Cls, 0°C C11H23\H/NH N\[(OEt
(e} 9 e}

E-2k: 77%y, syn/anti = 86/14, 94% ee (syn)
Z-2k: 63% y, syn/anti = 68/32, 32% ee (syn)

bamates 2a bearing a typical nitrogen-protecting group,
benzyloxycarbonyl (Cbz), proved to react with N-acylimino
ester 4a to afford the product with higher enantioselectiv-
ity (up to 94% ee). The results of investigation of the sub-
strate generality for this Cu-catalyzed addition reaction of
enecarbamates are summarized in Table 2. Aromatic and
aliphatic ketone-derived enecarbamates afforded the
desired products in good yields with high enantioselectivi-
ties. The use of monosubstituted enecarbamate resulted in
the formation of the corresponding acylimine, which was
found to be relatively stable under purification conditions
(chromatography on silica gel, Scheme 2). Both E- and Z-en-
ecarbamates 2k were subjected to the reaction, and syn-
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FIGURE 2. Proposed reaction mechanism of catalytic asymmetric
reaction of N-acylimino ester with enamide.

SCHEME 3
o]
Cu(OTf);+5a  LiAIH(OBu)s
. (10 mol%) Lil E1O Ph
a + =
CH.Cl, 0°C  Et,0,-45°C C11H23\H/NH HN\ﬂ/OBn
87% yield (6] (6]

anti/syn = 86/14 11

adduct was obtained as a major product in both cases. The
ee of the syn adduct obtained from E-2k was high (94%
ee), while that of the syn-adduct obtained from Z-2k was
32% ee.

It is worth noting that enecarbamate 10 bearing no
hydrogen on nitrogen does not react with N-acylimino ester
4a at all and that only starting material was recovered. This
fact indicates that hydrogen on nitrogen plays a significant
role in reaction progress, although steric reasons cannot be
denied completely. Judging from the results mentioned
above, we now consider that this reaction proceeds via a
nonconcerted aza—ene-type pathway, which is illustrated in
Figure 2.

An end product, acylimine 6, is subjected to further
transformation as electrophilic imine is included in the mol-
ecule. Instead of hydrolysis, reduction of the imine group
gave 1,3-diamine derivatives, which are versatile chiral
building blocks for the synthesis of natural products, drugs,
ligands, etc. It was found that LiAIH(Ot-Bu); in the presence
of Lil reduced the acylimine to afford 1,3-diamine deriva-
tive 11 in good yield with good diastereoselectivity
(Scheme 3). We can regard enamides and enecarbamates
as reagents for the introduction of C2 and protected nitro-
gen units in a stereoselective manner.

Reactions of Enecarbamates with Ethyl
Glyoxylate'>

Having shown enamides and enecarbamates to be prominent
nucleophiles, we started to see which electrophile can react
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TABLE 3. Catalytic Asymmetric Reactions of Ethyl Glyoxylate with
Enecarbamates®

Q H CuClO4*4CH;CN
Eto)kﬂ/ o 0113 . (@] R? )
12 2.0 S = BO™ "
.0 equiv) :
" OH NCO.R3
NHCO,R? Q 14
R3, .~ R SN N=
Ar Ar
2 (1.0 equiv) 13
(Ar = p-Br-CgHy)
entry 2 yield (%)® syn/antic ee (%)
1 2a 93 97
2 2b 94 93
3 2c 97 97
4 2d quant 96
5 2e 91 96
6 E-2i 83 1/99 98
7¢f E-2i 95 1/99 98
8 Z-2i 82 98/2 98
9 Z-2i 96 98/2 98
10 E-2j 96 2/98 98
11 Z-2j 97 98/2 98
12 E-2k 82 3/97 96
13 Z-2k 96 99/1 98
14 E-21 85 2/98 98
15 Z-21 79 99/1 98
16 E-2s 58 1/99 98
179 Z-2s 92 99/1" 98
18¢ E-2t 89 8/92" 98
19¢ Z-2t 83 97/3" 97
20 2u 85 16/84 94

9 All reactions were performed in the presence of the catalyst (10 mol%,
unless otherwise noted). ? Isolated yield.  Determined by HPLC. ¢ Ee of the
major diastereomer. Determined by HPLC. ¢ —20 °C.70.1 mol % of catalyst
was used. 912 (1.0 equiv) and 2 (2.0 equiv) were used. " Determined by NMR
analysis.

SCHEME 4
(6] 1. CuClO4#4CH4CN + 13 O
EtO)H(H + 2a (10 moi%) EtO)]\./\./ Ph
AT T
15

65% (2 steps), syn/anti = 94/6

with enamides and enecarbamates. Although general alde-
hydes such as benzaldehyde failed to react with enamides or
enecarbamates in the absence or presence of catalysts, ethyl
glyoxylate (12) reacted with enamides and enecarbamates in
the presence of catalysts. After screening a wide range of cat-
alysts, mainly copper catalysts, we found that a copper com-
plex prepared from Cu(l) salt and diimine ligand 13, which has
a 1,2-cyclohexanediamine backbone, was pre-eminent for
enantioselectivity (Table 3).

We then examined several enecarbamates including aro-
matic ketones, aliphatic ketone-derived enecarbamates, and
enecarbamates bearing substituents at the olefin terminus.
Unsubstituted enecarbamates reacted smoothly to afford the
desired adducts in high yields with a high degree of enanti-
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FIGURE 3. Plausible reaction mechanism of addition reaction of
enecarbamate to ethyl glyoxylate.

oselectivity. The adduct acylimine thus obtained can be con-
verted to y-amino alcohol 15 highly anti selectively (anti/syn
= 94/6) by treatment of the crude acylimine product with
NaBH, in the presence of Et,B(OMe) (Scheme 4). It should be
stressed that the reactions of enecarbamates are more atom
economical than those of metal enolates since all the atoms
of the starting materials (aldehyde and enecarbamate) are
included in the end product. Remarkable results were
obtained in the reactions of substituted enecarbamates. E-En-
ecarbamates gave anti adducts, and Z-enecarbamates gave
syn adducts stereospecifically. The diastereoselectivity is in
general excellent, and the enantioselectivity of the major dias-
tereomer is quite high. This result is in contrast to Mukaiyama-
type aldol reactions using silicon enolates, which usually
proceed via an acyclic transition state, leading to the forma-
tion of syn adducts. It is noted that 0.1 mol % of the catalyst
is sufficient to make the reaction proceed; almost the same
results are observed only if the reaction is prolonged. Enecar-
bamate, which bears no hydrogen on nitrogen, such as 16,
again fails to react.

We inferred from the diastereoselection outcome that this
reaction proceeded via a cyclic transition state and proposed
a concerted aza—ene-type mechanism (Figure 3). In this com-
pact transition state, the interaction between a substituent of
enecarbamate and the ester part of ethyl glyoxylate disfavors
endo geometry, so the reaction proceeds via an exo geome-
try in both cases of E- and Z-enecarbamates, leading to the
formation of anti and syn adduct, respectively. The hydrogen
atom on the nitrogen of enecarbamate has proved to be req-
uisite for both reaction progress and selectivity induction.'®
Considering that few enamines that have hydrogen on nitro-
gen have been reported (this does not mean that enamines
cannot have hydrogen on nitrogen but that enamines are in
an equilibrium between enamines and imines), enecarbam-
ates are marked by the fact that enecarbamates bearing
hydrogen on nitrogen are easy to isolate (stable even on sil-
ica gel) and store.
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FIGURE 4. Reaction of aldehyde-derived nucleophile with
aldehyde.

Aldehyde-Derived Enecarbamates’”

A majority of aldol or aldol-type reactions reported so far
employ nucleophiles derived from ketones and esters, and the
use of aldehyde-derived nucleophiles remains a challenging
endeavor. A complicating factor when carrying out reactions
involving aldehyde-derived nucleophiles is the tendency of
the latter to undergo further reaction with the aldehyde
formed as the product of the reaction (upper equation in Fig-
ure 4). Only a few examples on catalytic asymmetric reac-
tions using aldehyde-derived nucleophiles have been reported
to date.'®

Aldehyde-derived enecarbamate as typified by enecarbam-
ate 3a has been reported to be stable and easy to handle and
synthesize,'® which prompted us to develop the reaction of
aldehyde-derived enecarbamates. The expected feature of this
chemistry is demonstrated in the lower equation of Figure 4.
Enecarbamates react with aldehydes to give N-acylimines.
Because N-acylimines and aldehydes have different reactivi-
ties, it is expected that we can control over-reaction in some
way. We soon discovered that starting enecarbamate 3a was
consumed in the presence of the copper()) catalyst, but that 'H
NMR spectroscopy of the crude product showed a complex
mixture to be formed (eq 1). A number of experiments were
carried out, revealing this complex mixture to be a compound
of the structure 17a. The fact that the treatment of the com-
pound with EtOH in the presence of a catalytic amount of
Sc(OTf); gives N,O-acetal 18 supports this postulate (eq 2).

o CuClO4*4CH5CN + 13
y )NHCbz (0.1 mol%) /<O
+ n
Eto)S( &
S CHCly, 0°C, 1 h BOG, -NH (1)
12 3a

17a

Having established a method for isolation of the products,
we used a variety of enecarbamates as summarized in Table
4. In almost all the cases, N,O-acetals 20 were furnished in
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TABLE 4. Catalytic Asymmetric Reactions of Aldehyde-Derived
Enecarbamates

o NHR2 1) CuCIO»#4CH,CN O R4R?
R1JH(H . st/ +13 (x mol%) » Z__OEt
0 Rt 2) Sc(OTf)3, EIOH OH NHR2
12:R'-0Et 3 20
19: R' = Ph
entry R 3 x time (h) vyield (%)* syn/ant® ee (%)°
19 Ot 3a 01 1 80 92
2¢ Ph 3a 1 15 54 88
3 OEt 3b 0.1 1 50 96
4¢ Ph 3b 1 15 58 91
5 OEt E-3c¢ 1 55 84 12/88 97
6 OEt Z-3c¢ 1 28 79 92/8 95
7 OEt E-3d 1 55 87 9/91 98
8 OEt Z-3d 1 28 79 82/18 94
9 OEt E-3e 1 24 50 5/95 96
10 OEt Z-3e 1 24 0
11 OEt 3f 5 18 81 70
12 OEt 3f 1 28 39 78
13 OEt 3gf 5 24 0

9Yield of isolated compound 20 unless otherwise noted. ” Dr ratio was
determined after reduction of 20. € Ee of the major diastereomer. ¢ i-PrOH (1
equiv) was added in the copper-catalyzed reaction. ¢ 3 was slowly added over
2 h./3g is N-methylated 3a.

O, Sc(OTf)g (10 mol%) Q NHGbz
; o )
EtO.C_ _NH — —10° :
2 e EtOH-CH4CN, -10°C, 21 h &4 OFt
17a 18

high yields with excellent enantioselectivities. A similar ten-
dency to the reactions of ketone-derived enecarbamates is
observed: (1) E-encarbamates give anti products, while Z-en-
ecarbamates give syn products, selectively. (2) Catalyst load-
ing can be decreased to 0.1 mol % in some cases. (3)
Enecarbamates bearing no hydrogen on nitrogen such as 3g
fail to react.

We can expect a broad range of applications of developed
reactions because the N,0-acetal moiety can be transformed
readily into other functional groups. For example, the poly-
meric or oligomeric compound 17a obtained as an adduct
from this reaction can be allylated under Lewis acidic condi-
tions in good yield (eq 3). Reduction of the polymeric or oli-
gomeric compound 17b by using triethylsilyl hydride and
trimethylsilyl triflate furnished the compound 22, which was
successfully transformed to (2S,3S,4S)-3-hydroxy-4-methylpro-
line (HMP, 24), one of the nonproteinogenic amino acids
(Scheme 5).2°

TMSOTT (2 equiv)
ON allyltrimethylsilane (3 equiv) EtO . NHCbz
n z
EtO,C. _NH CH3CN, 0°C,15.5h OH (3)
Cbz 69% yield (from 3) |
17a 92% ee 21
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SCHEME 5°
(O\(M(% TESH (5.0 equiv) o0 Me
n

TMSOTY (1.0 equiv) NHCbz

Et0,C. _NH CHiON,0°C, 15h  EO°

Chz 70% yield (from 3¢) OH

~ 17b syn/anti = 12/88 22
(Derived from (E)-3¢)  98% ee (anti)

OTBDMS OH

a-c O§{>_ de HOOC, {>‘

BN/ M HN-
23 HMP (24)

9 Reaction conditions: (a) TBDMSOTf, 2.6-lutidine, 93%; (b) Pd/C, H,, AcOH,
87%; (c) BnBr, KOH, 18-crown-6, 86%; (d) DIBAL; KCN, 78%; (e) cHCI; Pd/C,
H,, H,0, 88%.
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FIGURE 5. Lewis acid-mediated nucleophilic addition.

Identification of Advantageous Aspects of
Enamide and Enecarbamate Nucleophilic
Reactions

Although much attention has been paid recently to the cata-
lytic asymmetric direct nucleophilic addition reaction of
ketones and aldehydes,?' the use of silicon enolates is still
among the most reliable methods since they are highly reac-
tive and relatively stable, facilitating their purification and iso-
lation. In the Lewis acid-catalyzed nucleophilic addition
reactions of silicon enolates to, for example, aldehydes, the
catalytic process is completed by the transfer of a silicon cat-
ion from the nucleophile oxygen to the aldehyde one, result-
ing in the cleavage of the newly formed O—M bond to liberate
the catalyst (Figure 5, reaction I). Some reports suggest that sil-
icon transfer is slow and becomes the catalyst-turnover-limit-
ing step.>? If a reaction proceeds even in the absence of the
catalyst (there is a competition between catalyzed and uncata-
lyzed pathways), low turnover frequency leads to a drop of
enantioselectivity.

In 2004, we reported catalytic asymmetric reactions of sil-
icon enolates with N-acyl-a-iminophosphonates (Table 5,
entries 1-3).22 A drawback of this method is low turnover fre-
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TABLE 5. Reactions of Iminophosphonate 30 with Silyl Enolate 31
or Enecarbamate 2a

OSiMe;
1) Cu(OTH), (10 mol%)

P Ph ligan 11 mol% .
N Troc . 2 Hg+a d 5a ( 01%) Troc NH O
EtOL J\ + or EtOL
eo-f~ H Chz CHoClp, 0°C E10-f Ph
0 HN” Slow addition of 30 0O
Ph  Ph 32
30 Ph K
2a /—NH HN—
Ar Ar
5a (Ar = o-Nap)
§d (Ar = Ph)
entry nucleophile addition time (h)? yield (%) ee (%)
1 31 0.5 78 49
2 31 8 81 73
3 31 48 79 90
4° 31 8 81 89
5 2a 0.05 72 89

9 Iminophosphonate 30 was slowly added. ” 1.0 equiv of HFIP was added.
Troc = 2,2,2-trichloroethoxycarbonyl.

quency and slow addition of substrates (entry 1 vs entry 3 in
Table 5), or addition of proton source such as hexafluoroiso-
propanol (HFIP) is necessary (entry 2 vs entry 4 in Table 5) so
as to obtain high enantioselectivity. Nucleophilic attack of sil-
icon enolate to N-acyl-a-iminophosphonate occurs even in the
absence of the catalyst (0 °C, 1 min, 78% yield), which causes
detrimental erosion of enantioselectivity when catalyst turn-
over frequency is low. This latter phenomena is ascribed to the
inhibition of the catalyst by the intermediates such as 25 to
which slow silicon transfer gives a longer life. In this case, a
delay in the reaction cycle is required while the intermediate
is released from the catalyst, before another molecule of the
substrate is added. HFIP supplies a proton to the nitrogen of
the intermediate, resulting in the cleavage of the N—M bond
without silicon transfer and so improves catalyst turnover (Fig-
ure 5, reaction 1).>4

In the reaction of enamides and enecarbamates, it is a pro-
ton that transfers after the nucleophilic addition, which would not
cause prevention of catalyst turnover (Figure 5, reaction lI).
Indeed, slow addition of substrates is no longer necessary for
high enantioselectivity. Addition of iminophosphonate over as
short a time as 3 min in the reaction of enecarbamate is enough
to obtain the same level of enantioselectivity (entry 5 in Table 5)
as is observed in the reaction of silicon enolate in which the imi-
nophosphonate is slowly added over 48 h (entry 3 in Table 5).
The catalyst loading can be reduced to 1.5 mol % in some cases
(Table 6), while 10 or 15 mol % of the catalyst is needed in the
reaction of iminophosphonates with silicon enolates. The cata-
Iytic cycle is demonstrated in Figure 6. Iminophosphonate coor-
dinated by copper catalyst 32 reacts with enecarbamate 2a or
silicon enolate 31 to afford zwitterionic intermediate 33, which
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TABLE 6. Catalytic Asymmetric Reactions of Iminophosphonate 30 SCHEME 6
with Enecarbamates o Ni(OTf), + 5d
1) Cu(OTH), (x mol%) )S(Me - {10 mol%) Ar
. o/, Me' .
/Troc g2 2 Iliand 5d (1.1x mol%) Troc\NH o Me CHACly, 0 °C, 336 h ud e I
HN e, AN ©
EtO. )J\ + Ar 37 38
EtO’ R CH,Cl,, —10 °C Eto-§ 2a 2b 2c
O Slow addition of 30 O 94% yield  59%yield  90% yield
20 (over 0.5 h) a3 84%ee  65% ee 82% e
entry nucleophile X yield (%) ee (%) TABLE 7. Reactions of Azodicarboxylates 39 with Enecarbamates
1 1b 1.5 81 85 )OL
2 1c 2.0 72 86 -N._OR! Cu(OTf), + 5e
3 1d 15 83 86 R'O™ "N" Y ((x mgf%) o R
4 2a 5.0 77 89 39 O toluene, —20 °C ’ )J\ U R?
5 2b 5.0 77 94 ; RO™ N
6 2c 5.0 78 87 NHGCO,R3 Ar Ar R'O NH N, 3
7 2d 5.0 77 93 2 ‘ \g/ oA
8 2e 5.0 66 89 ZTR? BnHN s NHBn 40A
e
. N . = (Ar = 35-xylyl)
can be directly converted through a M™ transfer mechanism to
. . . - 0 R O R
the compound 35, which has less coordinating ability. Alterna- hydro|y3|s )J\ o re
tively, the intermediate 33 may be converted to 34a via M™ reduction /\n/ RIO™ N
. ) . . R o) R'O.__NH HN.
transfer. The intermediate 34a is transformed to 35 via M* trans- \ﬂ/ hig CO,R®
. 0
fer from carbamate oxygen to carbamate nitrogen. We cannot 0403 40C
deny the third possibility of six-membered ring formation and
nucleophilic attack by carbamate oxygen to C=X double bond ~ enty R' E-2 x  time(h) yield (%) ee (%) produc!
19 iPr 2 02 22 84 98 40c
N TToe . 2 Pr 2m 1 25 90 92 40B
)L 3 iPr 2n 1 24 87 84 40B
Eop + NN 4 FPr 20 1 24 62 83 40B
(“) Cu 5 Me 2 3 24 83 82 40B
M 30 6 Et 2i 3 24 91 84 40B
Q  N-Troc J M.y 7° Bn 2 10 6 99 85 40B
P X 8 iPr 2 5 20 84 96 40A
EtO” P
Etd V * /'\ph 9 iPr 2q 1 24 93 97 40B
3 0 "N 2aX=NCbz M=H 10 Proo2r 5 10 90 94 40B
N,, \‘N 31: X =0, M =SiMe, 11 i-Pr 2] 3 6 81 90 40C
L 12 iPr 21 02 24 79 96 40C
Q _//N—TFOC 13¢  iPr 2t 2 6 82¢ 82 40c
3 Eo " 149  iPr 2v 5 4 70 86 40C
. EtO . 15  iPr 3¢ 5 26 82 67 40c
VR 32 N Reactions conducted with 1.1 equiv of 39 relative to 2 in toluene (0.067 M in
N, N OR N, N oR substrate). “ =10 °C. ® MS 3A was added (100 mg/mmol). € Ligand 5a was
‘\Cu‘ @gC“\ /g used instead of 5e. 4 MS 3A was added (50 mg/mmol). ¢ syn/anti = 28:72.7A
o MN 0 M* transfer Q N 7O = acylimine (no treatment); B = ketone by hydrolysis; C = 1,2-diamino
e onto nitrogen EtO” 5’ ) @X derivative by reduction (syn/anti = <5:>95).
£ EtO ™ . o . .
* s Ph in 33, furnishing 34b. The intermediates 33, 34a, and 34b*°

M* transfer
onto oxyge

onto nitrogen

" 6-membered ring
formation

Q\ :N

E0-
EtO

FIGURE 6. Rationale for high turnover frequency in the reaction of
iminophosphonate 30 with enecarbamates.

may inhibit the catalyst turnover because they have strong coor-
dinating ability to the catalyst. Proton transfer is faster than sili-
con transfer; therefore, catalyst turnover is faster overall in the
case of enecarbamate addition than that in the case of silicon
enolate addition.

Miscellaneous Reactions of Enamides and
Enecarbamates

Diketone 37 reacts with enecarbamates to afford stereogenic t-al-
cohols 38 in the presence of a nickel(ll) triflate complex (Scheme
6).2° Reactions of enecarbamates with azodicarboxylates 39 are
catalyzed by a copper(ll)-diamine 5e complex, leading to the for-
mation of the adducts 40, with a high level of enantioselectivity
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SCHEME 7
j\ Me o Nal (3.6 equiv) j\ Me
Pro N/\l/ TMSCI (3.6 equiv) Pro N/\‘/Ph
| |
iPrO~__NH NHCbz CHLCN, RT,265h  jpro._NH NH,
g 93 % e
O 4 0 42
. . Me
conc. HCI Raney-Ni Bz,0 (5.0 equiv) R Ph
reflux,23h  RT, Hp, MeOH  pyridine, RT, 8k BZHN
18 h 43NHBz

84% yield (3 steps)

(Table 7).2” The initially formed acylimines 40A were readily
converted into ketone products 40B after hydrolysis or 1,2-di-
amine derivatives 40C after highly stereoselective reduction by
NaBH,. N-N bond cleavage could be achieved using Raney—
Ni, which enabled us to make unsymmetrical trans-1,2-diamine
derivatives such as compound 43 (Scheme 7).

Conclusion

Enamides and enecarbamates, although originally employed as
just N-analogues to silicon enolates, have emerged as remark-
ably useful nucleophiles in a variety of Lewis acid-catalyzed reac-
tions. This system displays a number of unique characteristics: (1)
Initially formed products are acylimines, which are easily trans-
formed to other nitrogen-containing products. (2) Reactions of
enamides and enecarbamates are atom economical. All atoms
composing starting materials are included in the end products. (3)
In aldol-type reactions, stereospecific transformation occurs via a
concerted aza—ene-type mechanism. (4) Catalyst turnover fre-
quency is improved in comparison with silicon enolate addition
since a proton should be transferred after a nucleophilic addi-
tion. Current efforts are directed to developing additional appli-
cations of enamides and enecarbamates as nucleophiles as well
as designing novel types of nucleophiles based on a proton
transfer mechanism.
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Ithough density functional theory is widely used in the computational chemistry community, the most popular den-

sity functional, B3LYP, has some serious shortcomings: (i) it is better for main-group chemistry than for transition met-
als; (ii) it systematically underestimates reaction barrier heights; (iii) it is inaccurate for interactions dominated by medium-
range correlation energy, such as van der Waals attraction, aromatic—aromatic stacking, and alkane isomerization energies.
We have developed a variety of databases for testing and designing new density functionals. We used these data to design
new density functionals, called M06-class (and, earlier, MO5-class) functionals, for which we enforced some fundamental exact
constraints such as the uniform-electron-gas limit and the absence of self-correlation energy. Our M06-class functionals depend
on spin-up and spin-down electron densities (i.e., spin densities), spin density gradients, spin kinetic energy densities, and,
for nonlocal (also called hybrid) functionals, Hartree—Fock exchange. We have developed four new functionals that over-
come the above-mentioned difficulties: (a) M06, a hybrid meta functional, is a functional with good accuracy “across-the-
board” for transition metals, main group thermochemistry, medium-range correlation energy, and barrier heights; (b) M06-
2X, another hybrid meta functional, is not good for transition metals but has excellent performance for main group chemistry,
predicts accurate valence and Rydberg electronic excitation energies, and is an excellent functional for aromatic—aromatic
stacking interactions; (c) MO6-L is not as accurate as M06 for barrier heights but is the most accurate functional for tran-
sition metals and is the only local functional (no Hartree—Fock exchange) with better across-the-board average perfor-
mance than B3LYP; this is very important because only local functionals are affordable for many demanding applications
on very large systems; (d) MO6-HF has good performance for valence, Rydberg, and charge transfer excited states with min-
imal sacrifice of ground-state accuracy. In this Account, we compared the performance of the MO6-class functionals and one
MO5-class functional (M05-2X) to that of some popular functionals for diverse databases and their performance on sev-
eral difficult cases. The tests include barrier heights, conformational energy, and the trend in bond dissociation energies of
Grubbs’ ruthenium catalysts for olefin metathesis. Based on these tests, we recommend (1) the M06-2X, BMK, and M05-2X
functionals for main-group thermochemistry and kinetics, (2) M06-2X and M06 for systems where main-group thermo-
chemistry, kinetics, and noncovalent interactions are all important, (3) MO6-L and M06 for transition metal thermochemis-
try, (4) M06 for problems involving multireference rearrangements or reactions where both organic and transition-metal
bonds are formed or broken, (5) M06-2X, M05-2X, M06-HF, M06, and M06-L for the study of noncovalent interactions, (6)
MO6-HF when the use of full Hartree—Fock exchange is important, for example, to avoid the error of self-interaction at long-
range, (7) MO6-L when a local functional is required, because a local functional has much lower cost for large systems.

Published on the Web 01/11/2008  www.pubs.acs.org/acr Vol. 41, No. 2 = February 2008 = 157-167 = ACCOUNTS OF CHEMICAL RESEARCH = 157
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I. Introduction

According to the Born—Oppenheimer approximation, the
ground-state electronic structure and the nuclear repulsion of
a molecule determine its ground-state geometry, potential
energy surface, thermochemistry, rate constants, and other
physical and chemical properties. Kohn—Sham density func-
tional theory' (DFT) has become one of the most popular tools
in electronic-structure theory due to its excellent performance-
to-cost ratio as compared with correlated wave function the-
ory (WFT). The accuracy of a DFT calculation depends upon
the quality of the exchange— correlation (XC) functional.

The past two decades have seen remarkable progress in
the development and validation of XC density
functionals.*™* The first generation of functionals is called
the local spin density approximation (LSDA), in which den-
sity functionals depend only on the up- and down-spin (o
= a, f) local spin densities p,. Although LSDA gives sur-
prisingly accurate predictions for solid-state physics, it is not
a useful model for chemistry due to its severe overbind-
ing of chemical bonds and underestimation of barrier
heights. The second generation of density functionals is
called the generalized gradient approximation (GGA), in
which functionals depend on the p, and their gradients p,,.
GGA functionals have been shown to give more accurate
predictions for thermochemistry than LSDA ones, but they
still underestimate barrier heights. In third-generation func-
tionals, two additional variables, the spin kinetic energy
densities, 7,(r), are included in the functional form; such
functionals are called meta-GGAs. LSDAs, GGAs, and meta-
GGAs are “local” functionals because the electronic energy
density at a single spatial point depends only on the behav-
ior of the electronic density and Kinetic energy at and near
that point;>~7 local functionals can be mixed with nonlo-
cal Hartree—Fock (HF) exchange as justified by the adia-
batic connection theory.® Functionals containing HF
exchange are usually called hybrid functionals, and they
are often more accurate than local functionals for main-
group thermochemistry. HF exchange would be exact if the
Kohn—Sham orbitals were the accurate ones determined by
the exact XC functional, which is unknown. We do, how-
ever, know some properties of the exact XC functional, for
example, it is nonlocal,® and these properties can serve as
constraints during functional development.

In the last six years, the development of new functional
forms for meta-GGAs and hybrid meta-GGAs and their valida-
tion against diverse databases have yielded powerful new
density functionals with broad applicability to many areas of
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chemistry. There has also been much interest in including
noncovalent interactions in DFT.'°~'” This Account focuses on
the research of our group in these exciting areas. For cover-
age of the functional development work of others, we recom-
mend an excellent 2005 review by Scuseria and Staroverov.?

This Account is organized as follows. In section II, we
describe the motivation of our research, and we discuss the
deficiencies of widely used density functionals. Section Ill pre-
sents our strategies for the development of new density func-
tionals that overcome these deficiencies, and in section IV, the
performance for several databases is presented. Section V gives
examples that illustrate the improvement of the newly devel-
oped density functionals as compared with some previous func-
tionals, both for ground-state properties and for electronic
spectroscopy. Section VI concludes this Account and gives
recommendations.

Il. Motivation and Development

For ease of discussion, we loosely define three types of XC
energies according to the distance between two fragments in
a molecule, namely, short-range (<2 A), medium range (~2-5
A), and long range (x5 A). Short-range XC energy is respon-
sible for the formation of chemical bonds, whereas medium-
range XC energy determines the properties of noncovalent
interactions and barrier heights to chemical reactions.
Although the B3LYP®'872° functional, which is a hybrid

GGA, is largely responsible for DFT becoming one of the most

popular tools in computational chemistry, it does have unsat-

isfactory performance issues, notably the following:

1. Barrier heights: B3LYP was found?' to underestimate bar-
rier heights by an average of 4.4 kcal/mol for a database
of 76 barrier heights. This underestimation is usually
ascribed to the self-interaction error (unphysical interac-
tion of an electron with itself) in local DFT.

2. Noncovalent interactions: B3LYP is unable to describe van
der Waals complexes bound by medium-range interactions,
such as the interactions in methane dimers and benzene
dimers. This inability of B3LYP (and most other popular
functionals) to accurately describe medium-range XC
energy limits their applicability for biological systems and
soft materials where medium-range dispersion-like inter-
actions play vital roles. Moreover, some recent studies have
shown that inaccuracy for the medium-range XC energies
leads to large systematic errors in the prediction of heats
of formation of organic molecules®>~2° and incorrect trends
in the bond energies of organometallic catalytic
systems. 3931





3. Transition metal chemistry: B3LYP and many other hybrid
functionals have been found to give unreliable results for
transition metal chemistry,>2~3> where better performance
is often obtained with local functionals that are poor for
main-group organic chemistry. For example, popular func-
tionals containing Hartree—Fock exchange often overesti-
mate the spin polarization of systems containing transition
metals.

We started our work on problem 1 in 2000, when MPW1K,3®

a hybrid GGA, was optimized against a database of barrier

heights of 22 reactions by using the adiabatic connection

method. In 2004, BB1K3” was developed to have better per-
formance than MPW1K when both thermochemistry and

Kinetics are considered. Next we developed MPWB1K,3® which

also has very good performance for problem 2.3° In 2005,

PWB6K*® was developed for attacking both problems 1 and

2, and it has greatly improved performance for noncovalent

interactions.*'~# In the same year, we also developed two

databases for attacking problem 3; TMAE9>? is a database of
bond energies in nine transition metal dimers, and MLBE2134
is @ metal-ligand database. From extensive assessments, we
found a conflict between problems 1 and 3, that is, to obtain
more accurate barrier heights, one needed to mix in a high
percentage of HF exchange, whereas transition metal chem-
istry favors low percentages of HF exchange.?33% By taking
account of all three problems, M0534* (“Minnesota 2005")
was developed, and it gives good performance for transition
metal chemistry*® as well as main-group thermochemistry,
barrier heights, and noncovalent interactions. With the same
functional form as M0O5, we also developed a functional, MO5-
2X,? that focuses on problems 1 and 2 and performs even
better than MO5 or other previous functionals for main-
group kinetics, thermochemistry, and noncovalent
interactions.2¢#¢7>° In 2006, building on all this experience,
we developed a suite of four new functionals called the M06
suite, which essentially supersedes our previous functionals.

The rest of this Account is focused on the most recently devel-

oped functionals, namely, the MOG6 suite.

lll. Strategies, Constraints, and Databases

There are several strategies® for functional development
including (i) constraint satisfaction, (i) modeling the XC hole,
(iii) empirical fits, and (iv) mixing HF and local DFT exchange.
Our MO6-L functional is constructed via strategies i, ii, and iii.
Our M06-HF,>" M06,* and M06-2X* functionals also involve
strategy iv.
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TABLE 1. Training Sets and Constraints of the M06 Suite of
Functionals

functional constraints? training sets”
MO6-L UEG, SCorF, no HF TC, BH, NC, TM
MO06 UEG, SCorF TC, BH, NC, TM
MO06-2X UEG, SCorF, 2X¢ TC, BH, NC
MO6-HF UEG, SCorF, full HF TC, BH, NC

“UEG = uniform electron gas limit; SCorF = one-electron self-interaction free;
HF = Hartree—Fock exchange. ® TC = thermochemistry; BH = barrier heights;
NC = noncovalent interactions; TM = transition metal chemistry.  Constrained
to have twice as much HF exchange as M06.

Although the mathematical forms of the density function-
als are too complicated to include here, we note that key
design elements in all four functionals include enforcing the
constraint of being exact for a uniform electron gas, requir-
ing the functional to be free of one-electron self-correlation
error, and designing the 7, dependence to minimize numeri-
cal instabilities®®>2 that sometimes plagued earlier work. Fur-
thermore we tried to take advantage of the ability>® of the
exchange functional to include some near-degeneracy corre-
lation®>* energy (the correlation functional includes only
dynamical correlation energy) while developing functional
forms for the exchange and correlation components of the XC
functional that can be consistent with variable HF exchange,
in particular, a high percentage of HF exchange in M06, M06-
2X, and MO6-HF or no HF exchange in MO6-L. Table 1 lists
the constraints and training sets for all four MO6-class func-
tionals. The differences in the constraints and training sets dis-
tinguish them for different applications.

MOG6-L is a local functional, and its locality allows one to
use highly efficient algorithms to reduce the cost for large sys-
tems. MOG6 is a hybrid functional for general-purpose applica-
tions, and both MO06-L and MO06 are very suitable for
applications in transition metal chemistry; both of them also
give better performance than B3LYP for main-group thermo-
chemistry, barrier heights, and noncovalent interactions.
MO06-2X has improved performance for main-group thermo-
chemistry, barrier heights, and noncovalent interactions as
compared with M06-L and MOG6, but it is not suitable for
describing transition metal chemistry.

The MOG6-HF functional is designed to have full HF
exchange because that provides the correct asymptotic behav-
ior of the XC potential, which is important for long-range
charge transfer excitations in electronic spectroscopy and
some response properties such as polarizabilities of large con-
jugated molecules. Due to this full-HF constraint, it is not suit-
able for transition metal chemistry, and it is less accurate than
MO06 and MO06-2X for general application in main-group
chemistry. Nevertheless it is a very interesting functional

Vol. 41, No. 2 = February 2008 = 157-167 = ACCOUNTS OF CHEMICAL RESEARCH = 159





Density Functionals with Broad Applicability Zhao and Truhlar

TABLE 2. Database for Ground-State Properties

databases refs
A. Thermochemistry (TC177)
1. atomization energies (109) 3
2. ionization potentials (13) 3404456
3. electron affinities (13) 3404456
4. proton affinities of small molecules (8) 46
5. alkyl bond dissociation energies (4) 32757
6. r system isomerization energies (3) 2846
7. proton affinities of conjugated polyenes (5) 46
8. proton affinities of conjugated Schiff bases (5) 46
9. hydrocarbon thermochemistry (7) 426
10. difficult cases (10) 4
B. Diverse Barrier Heights (DBH76)

1. heavy-atom transfer (12) 21
2. nucleophilic substitution (16) 21
3. unimolecular and association (10) 21
4. hydrogen transfer (38) 32158

C. Noncovalent Interaction Energies (NCIE53)

1. hydrogen bonding (6)

2. charge-transfer complexes (7) 39

3. dipole-interaction complexes (6) 39

4. weak interaction complexes (7) 40

5. n—x stacking (5) 40

6. biological hydrogen bonding (7) 5059

7. biological predominantly dispersion-like (8) 5059

8. biological mixed (7) 5059
D. Electronic Spectroscopy

electronic spectra (49) 451

E. Transition Metal Reaction Energies (TMRE48)

1. transition metal atomization energies (9) 33
2. metal-ligand bond energies (21) 34
3. 3d transition metal reaction energies (18) 4560
F. Structure Data
. bond lengths (40) 457

. vibrational frequencies (38) 4
. zero point energies (15)

WN =

because full HF exchange combined with a self-correlation-
free correlation functional totally eliminates self-interaction at
long range, which has been a bane of DFT. It has long been
thought that one cannot obtain accurate results with full HF
exchange because one must cancel the long-range error in the
parallel-spin local correlation functionals with an opposite-
sign long-range error in the exchange;>> MO6-HF is the first
counterexample to this expectation.

Table 2 presents the databases developed in our group in
the course of developing functionals. They are very impor-
tant for designing and validating new functionals (and also
WEFT methods). TC177 is a composite database consisting of
177 data?*267284044,46,5657 for main-group thermochemis-
try. DBH76 is database of 76 diverse barrier heights.>2'>8
NCIE53 is a database of 53 diverse noncovalent interactions
energies, 39405059 and TMRE48 is a database*>3344>€0 of 48
bond energies and reaction energies for transition metal
chemistry. In section 1V, we discuss the performance of the
MO0G6 suite of functionals as well as some other popular func-
tionals for these databases. All energies in these databases as
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FIGURE 1. Average mean unsigned errors for three databases.*

well as those in section IV are Born—Oppenheimer electronic
energies including nuclear repulsion (i.e., zero-point exclu-
sive, as in D, rather than Dy).

IV. Performance on Diverse Databases

Figure 1 compares the performance on the TC177, DBH76,
and NCIE53 databases. For the purpose of comparison, we
also present results for several older functionals of various
types, namely, the GGAs BLYP'®'® and PBE;®' the hybrid
GGAs B3LYP, B98,°2 and PBEh (also called PBE0);®3 and the
hybrid meta-GGAs TPSSh,®* BMK,®> and M05-2X.? For main-
group thermochemistry, M06-2X, M05-2X, and BMK are the
best performers, and they are also the best functionals for bar-
rier heights. M05-2X and the M06 suite of functionals give the
best performance for noncovalent interactions. One way to
gauge the recent progress of DFT is to compare the recent
functionals to B98. In 2005, Curtiss et al.®® used a new test
set, G3/05, with 454 energies, to test seven density function-
als and found B98 to be the most accurate. The errors of
MO06-2X in Figure 1 are 1.3, 1.2, and 0.37 kcal/mol, whereas
those for B98 are 2.6, 3.6, and 1.7 kcal/mol, factors of 2—5
larger. The errors for the popular B3LYP are even larger, 3.6,
4.5, and 2.3 kcal/mol, factors of 3—6 larger than those for
M06-2X.

Figure 2 compares performance on the TMRE48 database.
In all bar graphs, we compare with the same previous den-
sity functionals, exept that in Figure 2, M05-2X, M06-2X, and
MOG6-HF are not included because functionals with more than
28% HF exchange are not recommended for transition met-
als; the functionals are listed in chronological order. Figure 2
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shows that MO6-L and MOG6 give the best performance. MO6
is the functional with broadest applicability, and it has errors
of 1.8, 2.2, and 0.63 kcal/mol in Figure 1, which are 1.4—3
times smaller than B98 and 2—4 times smaller than B3LYP.
Furthermore the error of M06 for transition metals (Figure 2)
is only 5.6 kcal/mol, a factor of 1.5 smaller than B98 and a
factor of 2 smaller than B3LYP.

Recent tests of density functionals against databases devel-
oped for testing WFT thermochemical predictions are pub-
lished elsewhere.?66.67

V. Case Studies

Although the databases in section Ill provide the most thor-
ough assessment, the wellspring of our enthusiasm is best
illustrated by troublesome cases for which the popular func-
tionals fail, whereas our functionals give improved results. We
group these cases into five categories, namely, main-group
thermochemistry, noncovalent interactions, Kinetics, electronic
spectroscopy, and transition metal chemistry. None of the
cases in this section is in the training set of any of the M06
suite of functionals.

V.A. Main-Group Thermochemistry. V.A.1. Isomer-
ization Energy of Octane. Alkane isomerization involves
“seemingly simple” stereoelectronic effects, but none of the
previous functionals gives the right sign for the isomerization
energy from 2,2,3,3-tetramethylbutane to n-octane.?>2° Fig-
ure 3 shows that B3LYP gives an error of 10 kcal/mol. Only
MO05-2X and the M06 suite of functionals predict the right
sign. This results because these functionals give a better
description of medium-range XC energies, which are mani-
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FIGURE 4. Reaction energies of a retro [4 + 4] cycloaddition
reaction. The MG3S basis set and M06-2X/6-31+G(d,p) geomerties
are employed. The best estimate is from Grimme.%®

fested here as attractive components of the noncovalent inter-
action of geminal methyl and methylene groups.

V.A.2. Anthracene Dimer. The photodimerization of
anthracene is a well-studied [4 + 4] cycloaddition that yields
a covalently bound polycyclic dimer. There is a striking dis-
crepancy between condensed-phase experiments and high-
level correlated WFT calculations, which is apparently due to
a delicate balance of noncovalent interactions.®® Figure 4
shows that BLYP and B3LYP give large errors of 41 and 32
kcal/mol, respectively, for the gas-phase reaction. Only MO5-
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FIGURE 5. (a) Conformational energy difference of alanine tetrapeptide. The 6-31+G(d,p) basis set was employed with RI-MP2/cc-pVTZ
geometries.”® The best estimate was derived by RI-MP2/CBS + ACCSD(T)/6-31(0.25)G, where CBS denotes complete basis set. (b) Torsional
energies of two conformers of 1,3-butadiene relative to the global s-trans minimum. The best estimates are from Karpfen and Parasuk.””

2X, M06-2X, and MO6-HF give the correct sign of the frag-
mentation energy.

V.B. Noncovalent Interactions. V.B.1. Conformational
Energies. Conformational energies are critical determinants of
protein folding. Figure 5a shows that BLYP and B3LYP give the
wrong sign of the conformational difference between the
folded and unfolded alanine tetrapeptide. The MO6 suite of
functionals give the best performance.

Figure 5b presents the torsional energetics of two nonpla-
nar conformers of 1,3-butadiene relative to the planar s-trans
global minimum. The s-gauche conformer is a local minimum,
and other is a transition state connecting it to the global min-
imum. Sancho-Garcia®® has shown that most DFT functionals
overestimate the conjugation effect and overstablize the
s-trans conformer. Figure 5b confirms this by showing that
MO6-L, BLYP, PBE, and TPSSh overestimate the torsional bar-
rier by 20—30%, and B98, B3LYP, and PBEh also give errors
greater than 1 kcal/mol. Among the tested functionals,
MO06-2X gives best accuracy as compared to the reference
data, followed by M0O6-HF and M05-2X.

V.B.2. Adenine---Thymine Dimers. Hydrogen bonding
and & - - - stacking between nucleic acid base pairs play vital
roles in the structure of biopolymers and the design of new
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drugs. Figure 6 presents binding energies in the hydrogen
bonded and x- - - stacked adenine- - -thymine dimers. Fig-
ure 6 shows that all functionals give reasonable agreement for
hydrogen bonding; however, for z- - -z stacking, BLYP and
B3LYP give a repulsive interaction, and PBE, B98, PBEh, TPSSh,
and BMK underestimate the binding energy by a large mar-
gin. The best performers for stacking are M06-2X and MO6-
HF, followed by M05-2X, M06, and M06-L.

V.B.3. Amino Acid Residue Dimer. Figure 7 presents the
interaction energy of an amino acid residue pair’® in the
hydrophobic core of a small FeS protein, rubredoxin. Note that
this interaction between the side chains of phenylalanine and
tyrosine and their associated amide groups involves both elec-
trostatics and x- - - stacking. BLYP, B3LYP, and TPSSh give
repulsive interactions, and PBE, B98, PBEh, and BMK consid-
erably underestimate the binding energy. The M06 suite of
functionals and M05-2X give much better agreement with
experiments.

V.B.4. S22 Test Set and Rationale for the Success of
DFT for Noncovalent Interactions. Forty-five density func-
tionals have been tested*>° using the very affordable
6-31+G(d,p) basis set, against the S22 database of noncova-
lent interaction energies of biological importance proposed by
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FIGURE 6. Interaction energies of the hydrogen-bonded and
stacked adenine- - -thymine dimers (kcal/mol). The 6-31-+G(d,p)”®
basis and counterpoise-corrected MP2/TZVP geometries®® were
employed for all calculations. The best estimates are from Jurecka
et al.>® The methods are listed in the same order as the order of
the predicted potentials at 4.5 A.

Jurecka et al.>® The five smallest mean unsigned errors were
obtained with M05-2X and the four MO6 functionals, rang-
ing from 0.47 kcal/mol for M06-2X to 0.85 kcal/mol for
MO06.% In contrast, the most popular method for noncovalent
interactions, namely, Mgller—Plesset second-order perturba-
tion theory”! (MP2, a WFT method), has a mean unsigned
error of 1.6 kcal/mol with the same basis, more than a factor
of three higher than the error of M06-2X with this basis.
There are some common misunderstandings about the per-
formance of DFT for noncovalent interactions. Most DFT func-
tionals cannot describe the —C4/R® long-range interaction of
nonoverlapped densities with no permanent multipole
moments, where Cg is a coefficient, and R is the distance
between the monomers, but equilibrium structures of nonco-
valent complexes are dominated by medium-range exchange
and correlation energies.>*41435% In order to better under-
stand the range of distances over which the MO06 suite of func-
tionals is suitable for treating noncovalent interactions, Figure
8 compares WFT results”? for the intermolecular potential of
the CgHg—CH, complex to curves calculated by 12 density
functionals. MP2 overestimates the strength of the CsgHg—CH,
complex as compared with the accurate CCSD(T) results; BLYP,
B3LYP, and TPSS give repulsive potentials for this van der
Waals complex; and PBE, PBEh, and B98 give a shallow well
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FIGURE 7. Interaction energies of an amino acid residue pair in
the hydrophobic core of a small FeS protein, rubredoxin.”® The 6-
31+G(d,p) basis was employed. Geometries are from Vondrasek et
al.”® The best estimate was derived using MP2/CBS + side chain
ACCSD(T).7°

with @ minimum around 4.0 A. M05-2X, M06-2X, and
MO6-HF give the best agreement with the CCSD(T) results;
MO6-L and MO6 are slightly worse than these best three func-
tionals, but they are better than other popular functionals. Fig-
ure 8 shows that the M06 suite of functionals can be useful
outto 5.4 A.

Even though the MP2 method leads to an interaction with
the correct kind of long-range behavior, i.e., R~°, it need not
be quantitatively accurate, especially with practical basis sets
(the results in Figure 8 involve the MG3S basis set for DFT but
a complete basis set for WFT). For example, at 5 A, the MP2/
MG3S result deviates from CCSD(T)/CBS by 166 cal/mol,
whereas the four M06-class results, with the same basis, have
deviations of 3—99 cal/mol. For the study of dispersion-dom-
inated noncovalent interactions at long range, one should
probably use very-large-basis WFT or functionals'3~'>'7 that
parametrize in the correct asymptotic value of Cg.

V.C. Kinetics. Accurate prediction of chemical reaction bar-
rier heights is essential for modeling kinetics. Due to their par-
tially stretched bonds, transition states are harder to model
than equilibrium structures. Figure 9 illustrates the barrier
heights for two degenerate rearrangements. The first is an open-
shell hydrogen transfer reaction with multireference®* char-
acter. Even our local functional MO6-L performs better than
B3LYP, and the best performer is MO6-2X. The second is a
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FIGURE 8. Binding energy curves for the CgHg—CH, complex with
the 6-311+G(2df,2p) basis as functions of the distance between the
carbon atom in CH, and the CgHg plane. The CCSD/CBS and MP2/
CBS results are from Shibasaki et al.”?

closed-shell Sy 2 reaction, and M06-L again performs reason-
ably well. MO6 and M06-2X are the best performers, followed
by PBEh and M05-2X, Figure 1 provides a broader assess-
ment of barrier height accuracy.

V.D. Electronic Spectroscopy. Although the discussion
above has been solely concerned with the ground electronic
state, there is increasing interest in using time-dependent DFT
for electronic spectroscopy. Table 3 shows some mean errors*
for electronic excitation energies. Both BMK and M06-2X per-
form quite well, provided one excludes long-range charge
transfer states, which are handled well only by M06-HF.

V.E. Transition Metal Chemistry. Recently, Tsipis et al.>°
reported that some popular functionals fail to predict the trend
of the phosphine binding energies between the first- and sec-
ond-generation Grubbs’ ruthenium precatalysts for olefin
metathesis. Experiments show that the phosphine dissocia-
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the best estimate for OH™ + CH;OH is from Gonzales et al.”®

TABLE 3. Mean Unsigned Errors (eV) in Electronic Excitation
Energies

functionals  valence and Rydberg® charge transfer” Be, Mg®
BLYP 1.16 5.9 0.20
B3LYP 0.66 44 0.17
PBE 1.12 5.97 0.26
B98 0.57 43 0.16
PBEh 0.57 4.1 0.32
TPSSh 0.77 49 0.24
BMK 0.33 3.1 0.24
MO05-2X 0.34 24 0.34
MO06-L 0.95 5.4 0.24
MO06-HF 0.55 0.09¢ 0.33
MO06 0.95 4.1 0.14
MO06-2X 0.35 25 0.17

9 Forty-one valence and Rydberg transitions in N, CO, formaldehyde, and
tetracene. ? Three charge transfer excitations in tetracene, NH, - - -HF, and
C,H, - GF,. “Lowest excitation energy in two main-group metal atoms.
9 Largest error in the table: 135 kcal/mol. ¢ Smallest error in the table: 2
kcal/mol.

tion (Figure 10) in (PCy5),Cl,Ru=CHPh (1) is faster than that in
(H>IMes)(PCys)Cl,Ru=CHPh (2),”>7% where Cy, Ph, and IMes
are cyclohexyl, phenyl, and 1,3-dimesitylimidazol-2-ylidine.
Since the reverse association reaction is believed to be barri-
erless,° the relative dissociation rates are attributed to a
smaller Ru—P bond dissociation energy (BDE) in 1 than in 2.
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FIGURE 10. Difference of phosphine dissociation energies of
precatalysts. The DZQ basis®*3** was employed. The best estimate
was inferred from experiment.3%31.73

As shown in Figure 10, only M05-2X and the M06 suite of
functionals predict the right trend of BDE. Perhaps even more
important than the quantitative results is the qualitative insight
gained. Interpretations in experimental papers on ligand
design for catalysts are focused essentially exclusively on
coordinate covalency strength and steric effects, whereas the
MO6-L calculations show?" that the trend studied here is dom-
inated by attractive noncovalent interactions.

VI. Concluding Remarks

We have found that the newly developed M06 suite of den-
sity functionals enable computational modeling of diverse
chemical phenomena more reliably than was possible previ-
ously. On the basis of tests for 496 data in 32 databases
(Table 2%), we recommend (1) the M06-2X, BMK, and M05-2X
functionals for main-group thermochemistry and kinetics; (2)
M06-2X, M05-2X, and M06 for systems where main-group
thermochemistry, kinetics, and noncovalent interactions are all
important; (3) the M06-L and M06 functionals for transition
metal thermochemistry; (4) MO6 for problems involving rear-
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rangements of both organic and transition metal bonds; (5)
MO06-2X, M05-2X, M06-HF, M06, and MO6-L for the study of
noncovalent interactions; (6) MO6-HF when the use of full Har-
tree—Fock exchange is important, for example, to avoid the
error of self-interaction at long range; and (7) MO6-L when a
local functional is required, because a local functional has
much lower cost for large systems. The availability of func-
tionals developed in our group is described on our Web site,
http://comp.chem.umn.edu/info/DFT.htm.

This work was supported in part by the National Science Foun-
dation (quantum mechanics of complex systems), by the Office
of Naval Research under Award No. NO0014-05-1-0538 (soft-
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Molecular Sciences Laboratory, supported by DOE at PNNL.
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CONSPECTUS

In recent years, intense research has been carried out world-
wide with the goal of developing simple, sensitive, and spe-
dfic detection tools for biomedical applications. Along these lines,
we reported in 2002 on cationic polythiophene derivatives able
to provide ultrasensitive detection levels and the capability to
distinguish perfect matches from oligonucleotides having as lit-
tle as a single base mismatch. It was shown that the intrinsic flu-
orescence of the random-coil polymers quenches as a result of
the planar, highly conjugated conformation adopted by the poly-
mers when complexed with a single-strand DNA (ssDNA) cap-
ture probe but increases again after hybridization with the
perfectly matched complementary strand. This change in fluo-
rescence intensity is mainly due to a modification in the delo-
calization of s electrons along the carbon chain backbone that
occurs when switching between the two conformations. Thus, by
monitoring, via the change in fluorescence intensity, the hybrid-
ization of the complementary ssDNA target with the “duplex”,
one could detect as little as 220 complementary target mole-
cules in a 150 uL sample volume (0.36 zmol) in less than 1
hour. Building on this initial concept, we then reported that tag-
ging the DNA probe with a suitable fluorophore dramatically
increases the detection sensitivity. This novel molecular system
involves the self-assembly of aggregates of duplexes in solu-
tion, prior to the introduction of the target, which allows a highly
efficient resonance energy transfer (RET) between a “donor” (being the complex formed of the DNA double helix and the poly-
mer chain wrapped around it) and a large number of neighboring “acceptors” (the fluorophores attached to the DNA probes). The
massive intrinsic signal amplification (fluorescence chain reaction or FCR) provided by this novel integrated molecular system allows
the specific detection of as little as five dSDNA copies in a 3 mL sample volume in only 5 minutes, without the need for prior
amplification of the target. Clearly, direct and reliable detection of DNA hybridization without prior PCR amplification or chemical
tagging of the genetic target is now possible with this methodology. We have also shown that proteins can be detected follow-
ing a similar strategy. Impressive results have also been reported by direct and specific staining of targeted proteins. All these
features have recently allowed the development of responsive polymeric supports for the detection of DNA and proteins. All these
assays that do not require any chemical manipulation of the biological targets or sophisticated experimental procedures should
soon lead to major advances in genomics and proteomics.

Introduction biomolecules. In parallel, sensors based on conju-

gated polymers have been shown to be very sen-
The fast-growing research fields related to genom- sitive to very minor perturbations due to

ics and proteomics have drawn much interest in - amplification by a collective system response and
the development of novel tools for the rapid, sim-  therefore offer a remarkable advantage over
ple, and specific electrical or optical detection of ~ small-molecule-based sensors.'”3 It was then
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thought that by combining both types of macromolecules (the
biological ones with synthetic conjugated polymers), new
hybrid biosensing elements could emerge clearly out of the
traditional toolbox of biochemists, molecular biologists, and
physicians. Colorimetric detection of proteins with the use of
ligand-functionalized polydiacetylenes was pioneered by
Charych,* whereas first attempts for DNA detection were car-
ried out by Garnier® by covalently attaching a single-stranded
(ss) DNA probe onto an electroactive polypyrrole backbone. In
both cases, the binding of the target molecules implied a
change of the conformation of the conjugated polymer, which
resulted in a modification of its optical or electrochemical
properties. These results were promising, but it was clear that
the utilization of water-soluble conjugated polymers would be
more useful for in situ detection. We therefore tried to bind
various biological ligands onto ionic water-soluble conjugated
polymers but with limited success in terms of detection.6™8
Then, we realized that DNA is itself an ionic polymer and
could therefore serve as the template for the attachment of
the conjugated polymer. Moreover, a careful analysis of the
general behavior of the polyelectrolytes taught us that any
anionic polyelectrolytes (e.g., DNA) can form strong electro-
static complexes with a cationic polyelectrolyte, neutral com-
plexes (coacervates) being known to form stable aggregates.’
On the basis of this knowledge, we decided to develop new
cationic conjugated polymers. Our first choice was devoted to
polythiophenes since some polythiophenes are known to
exhibit interesting chromic features (change of color induced
by a conformational change of the conjugated backbone, see
Figure 1) in presence of different stimuli.'® In many cases,
such chromic effects also have a strong influence on the flu-
orescence properties of these conjugated polymers. As shown
in Scheme 1, some chromic, cationic, water-soluble poly-
thiophenes are now available."""'2 By mixing ssDNA with such
cationic polythiophenes, it was believed that this polymeric
assembly would combine an optical (chromic) transducer
together with a DNA probe. This Account will therefore focus
on the recent and quite impressive progress of the use of such
hybrid ssDNA/cationic polythiophene complexes as biosen-
sors. This research area was certainly not among the first ones
to be anticipated for conjugated polymers but seems to be
now one of their most promising fields of applications.

Detection of DNA

All living organisms contain DNA, with the exception of some
viruses, which have RNA genomes. Thus, it could be of first
importance to develop a simple and quite general method of
sequence-specific detection of DNA for genotyping or for diag-
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FIGURE 1. Conformations and corresponding UV-visible
absorption spectra of a chromic polythiophene.

SCHEME 1. Chemical Structure of Some Cationic Chromic
Polythiophenes
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nosing infections. Moreover, an assay that does not require
any chemical manipulation of nucleic acids or complex reac-
tion mixtures would be greatly advantageous. To reach this
goal and as mentioned above, we designed an approach
based on the utilization of cationic, chromic polythiophene
transducers."" For instance, at 55 °C, an aqueous solution of
the cationic polymer 1 is yellow with an absorption wave-
length near 400 nm (Figure 2a). This absorption maximum at
a short wavelength is related to a random-coil conformation
of the polythiophene derivative, any twist of the conjugated
backbone leading to a decrease in the effective conjugation
length. Upon addition of 1.0 equiv (on a monomer unit basis)
of capture probe X1 (5'-CATGATTGAACCATCCACCA-3’), the
mixture becomes red (4,,.x = 527 nm) (Figure 2b), because of
the formation of a so-called duplex between the poly-
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FIGURE 2. UV-vis absorption spectrum of a solution (7.9 x 107>
M, on a monomeric unit basis) of (a) polymer 1, (b) polymer 1/X1
duplex, (c) polymer 1/X1/Y1 perfect match triplex, (d) polymer 1/
X1/Y2 mixture with two mismatches, and (e) polymer 1/X1/Y3
mixture with one mismatch after 5 min of mixing at 55 °Cin 0.1 M
Nacl.

thiophene and the oligonucleotide probe (Scheme 2). It is now
known that such duplexes are not isolated species but rather
form aggregates.'® Remarkably, after 5 min of mixing in the
presence of 1.0 equiv of the complementary oligonucleotide
Y1 (3'-GTACTAACTTGGTAGGTGGT-5'), the solution becomes
yellow (A,ax = 420 nm) (Figure 20); presumably caused by the
formation of a new complex termed a triplex (Scheme 2),
obtained by complexation of the cationic polymer with the
hybridized nucleic acids. On the basis of previous studies per-
formed on chromic polythiophenes and as described in
Scheme 2, it is believed that these colorimetric effects are
made possible because of a different conformation of the con-
jugated polymer in the duplex form (planar and highly con-
jugated) compared with that observed in the triplex form
(nonplanar, slightly conjugated). Interestingly, it seems that
electrostatic interactions between the ssDNA probe and the
polythiophene optical transducer do not interfere with the
H-bonding of the two cDNA strands. As it was found later,'*
the cationic polythiophene is indeed favoring DNA hybriza-
tion by screening the electrostatic repulsion between the two
complementary negatively charged ssDNAs.

In order to verify the specificity of this polymeric optical
transducer, different oligonucleotides (20-mers differing by
only 1 or 2 bases) were investigated. A very distinct and repro-
ducible UV-vis absorption spectrum is observed in the case of
oligonucleotide target with two mismatches (Y2, 3'-GTAC-
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TAACTTCGAAGGTGGT-5') (Figure 2d) when compared with
perfect hybridization (Figure 20). It is also possible to discrim-
inate the sequence with one mismatch (Y3, 3'-GTACTAACT-
TCGTAGGTGGT-5') (Figure 2e). It is interesting to note that
spectra of duplexes and triplexes show an isosbestic point,
indicating the presence of only two distinct conformational
structures for the polymeric transducer. The detection limit of
this colorimetric method is about 1 x 10'3 molecules of oli-
gonucleotide (20-mers) in a total volume of 100 uL (which
corresponds to a concentration of 2 x 10~7 M). Very similar
results'""'2 have been obtained with chromic polythiophenes
2 and 3 and with various DNA sequences, indicating the gen-
eralization of this electrostatic method.

A fluorometric detection of oligonucleotide hybridization is
also possible since the fluorescence of polythiophenes is
quenched in the planar, aggregated form.'° At 55 °C, the yel-
low form of polymer 1 is fluorescent (quantum yield of 0.03
with a maximum of emission at 530 nm) (Figure 3a). Upon
addition of 1.0 equiv of a negatively charged oligonucleotide
probe (X1), the fluorescence intensity decreases and the max-
imum of emission is slightly red-shifted (Figure 3b). When
hybridization with the complementary strand Y1 takes place,
the formation of a polymeric triplex leads to about a 5-fold
increase in fluorescence intensity (Figure 3c). Interestingly,
upon addition of the oligonucleotide target having two mis-
matches (Y?2), the fluorescence intensity is weak and not sig-
nificantly modified (Figure 3d). It is even possible to
distinguish oligonucleotides with one mismatch (Figure 3e).
Once again, very similar results have been obtained with poly-
thiophenes 2 and 3.""'? With this method, it is possible to
detect the presence of as few as 3 x 10° molecules of the
perfect complementary oligonucleotide (20-mers) in a volume
of 200 uL (this is a concentration of 2 x 10~'* M). Moreover,
by using a custom-built fluorimeter based on a high-intensity
blue diode (as the excitation source) and a nondispersive inter-
ference filter, a few hundred copies of either DNA or RNA can
be specifically detected.'* Interestingly, similar selectivity and
sensitivity can be obtained when the fluorescent polymeric
hybridization transducer is grafted on magnetic microbeads,
allowing the possibility of performing both preconcentration
and detection steps simultaneously.'® Other studies have
reported similar optical detection concepts based on electro-
static interactions between a cationic fluorescent polymeric
transducer, chromophore-labeled probes, and negatively
charged DNA targets.'”'°

More recently, a combination of electrostatic interactions,
chromism, and a Forster resonance energy transfer (FRET)
mechanism has led to a novel fluorescence signal amplifica-
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SCHEME 2. Schematic Description of the Formation Polythiophene/Single-Stranded Nucleic Acid Duplex and Polythiophene/Hybridized

Nucleic Acid Triplex

Positively-charged
Polythiophene

Single-stranded
DNA probe

tion detection. This technique was described as “superlight-
ing” or “fluorescence chain reaction” (FCR)'* mechanism (see
Scheme 3) and consists of preparing stoichiometric (neutral)
duplexes made from a chromic cationic polythiophene (e.g.,
polymer 1, which serves as a potential donor) and oligonucle-
otide capture probes labeled with a fluorophore (acceptor). The
choice of the acceptor (e.g., Alexa Fluor 546) was obviously
driven by the need to get a good overlap between its excita-
tion spectrum and the emission spectrum of the polymer
donor together with an excellent fluorescence quantum yield
for the acceptor. In the starting conditions, there is formation
of nanoaggregates of duplexes'? without any significant FRET
mechanism between the quenched polymer donor and the
acceptor. Upon hybridization with the perfect cDNA target, the
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FIGURE 3. Fluorescence spectrum of a solution (2.0 x 10~7 M, on
a monomeric unit basis) of (a) polymer 1, (b) polymer 1/X1 duplex,
(0) polymer 1/X1/Y1 perfect match triplex, (d) polymer 1/X1/Y2
mixture with two mismatches, and (e) polymer 1/X1/Y3 mixture
with one mismatch, at 55 °C in 0.1 M NacCl.
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cationic polythiophene becomes more fluorescent, which
should lead to efficient energy transfer to the neighboring
acceptor. In principle, since the fluorescence quantum yield of
Alexa Fluor 546 is about 30 times higher than that of the cat-
jonic polythiophene, a similar increase of the sensitivity was
expected. However, this new strategy has led to an improve-
ment in detection sensitivity by a factor of 4000 and to the
detection of as few as five copies of target DNA. It seems that
the increase of sensitivity is made possible by efficient and
direct and indirect (through homotransfers between aggre-
gated Alexa Fluor chromophores) ultrafast energy transfers to
many neighboring acceptors attached to the aggregated
probes.?° Interestingly, a large excess of duplex probes (i.e.,
10° copies of aggregated capture probes for detecting one tar-
get molecule) can be utilized, allowing not only a large ampli-
fication of the optical detection but also increasing the
hybridization speed. To verify the applicability of the method,
various Kinds of genetic materials were tested. For instance, it
has been possible to work with the entire human genome and
to specifically detect a few copies of a human gene.'*

On the other hand, future devices will certainly involve
multiparametric analyses and probably, the utilization of
microarrays on various solid supports. Indeed, biochips?'22
are certainly one of the most promising approaches for med-
ical applications since many diagnostic tests can be performed
simultaneously from the same analyte. However, most of the
present techniques rely on a fluorescent tagging of the ana-
lytes to make the detection. In this regard, some recent work
on conjugated polymers using a fluorometric platform has
revealed interesting and promising features.'#232% For
instance, it has been possible to put the luminescent poly-
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SCHEME 3. Schematic Description of the Proposed Signal Amplification Detection Mechanism Based on the Conformation Change of
Cationic Polythiophene and Energy Transfers for Ultrasensitive, Selective, and Rapid DNA Detection
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SCHEME 4. Schematic Description of the Specific Recognition of Target sSDNA by Duplex Aggregates onto Glass Slides with Visualization of
Signal Amplification Detection Mechanism Based on the Conformational Change of Cationic Polythiophene and Fast Energy Transfers within
the Micelle
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DUPLEX
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One Mismatch | Perfect Match
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mer 3 on a hydrogel surface to study the hybridization of  were prepared by mixing a cationic water-soluble polythiophene
nucleic acids.'? transducer with a 3'-Cy3-labeled ssDNA capture probe. As pre-

The limit of the detection can be improved significantly by ~ viously mentioned, these stoichiometric complexes tend to form
adapting the FCR mechanism for detection onto solid supports.?>  aggregates in aqueous solutions. In order to allow the covalent
The novel responsive polymeric biochips were designed as binding of these aggregates onto surface-treated glass slides, an
described in Scheme 4. First, stoichiometric complexes (duplexes) amine group was also inserted at the 5'-end of the ssDNA cap-
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ture probes. Upon spotting, these micelles made of hybrid poly-
thiophene/ssDNA (5'-NH,-C4-CATGATTGAACCATCCACCA-Cy3-
3') complexes were therefore bound onto glass slides (Scheme
4). The average aggregate diameter is around 200—250 nm,
while the height is around 20—30 nm. The diameter of the spots
is about 1.5—1.7 mm, each including about 1 x 10'* probes.
Figure 4 exhibits the fluorescence intensity of the duplex after
hybridization (formation of triplex) with the perfect complemen-
tary target oligonucleotide (3'-GTACTAACTTGGTAGGTGGT-5)
and a target having one mismatch (3'-GTACTAACTTCGTAG-
GTGGT-5') for concentrations ranging from 1 x 107°to 1 x
10~ "> M. The fluorescence signal, measured at 570 nm, shows
a clear contrast between perfect complementary targets and
those having one mismatch at concentrations greater than 10~ '*
M (Figure 4). Upon specific hybridization, it seems that the poly-
thiophene undergoes a conformational change that makes it flu-
orescent upon excitation at 408 nm. The emission spectrum of
the polythiophene derivative overlaps well with the excitation
spectrum of the Cy3 fluorophore, allowing efficient FRET within
the aggregates. Measurements at very low concentrations per-
mit us to calculate a limit of detection around 5 x 10~ '® M for
a perfect complementary target oligonucleotide in a volume of
400 nL (corresponding to ca. 300 copies). The detection sensi-
tivity obtained with the system described above is improved by
a factor of ca. 1000 over that obtained using an unlabeled
duplex (5'-NH,-C4-CATGATTGAACCATCCACCA-3" with cationic
polymer). Given the fact that the fluorescence quantum yield of
the Cy3 fluorophore is 5 times higher than the polythiophene
transducer, this seems to imply that, in addition to the FRET phe-
nomenon, these molecular structures exhibit a significant ampli-
fication of the detection through a fast and efficient energy
transfer (FCR mechanism) to many neighboring chromophores
within the micelles.

Optical Detection of DNA and Proteins Ho et al.

Detection of Proteins

It is important to know that sSDNA not only binds to comple-
mentary ssDNA but can be a molecular recognition element
for ions, small molecules, or even proteins. Indeed, artificial
nucleic acid ligands (aptamers) have recently attracted much
interest due to their capability to bind various molecules with
high affinity and specificity.26~32 Aptamers are usually iso-
lated from combinatorial libraries of synthetic nucleic acids by
an iterative process of adsorption, recovery, and amplifica-
tion (coined SELEX for systematic evolution of ligands by expo-
nential procedure). However, in most cases, the binding of a
protein to its aptamer has been detected by tagging the tar-
get or the probe. It is worth noting that labeling with various
functional groups may even compromise the binding proper-
ties of the aptamers. To solve this problem, we utilized a
water-soluble cationic polythiophene as a “polymeric stain”
that can specifically transduce the binding of an aptamer to its
target into a clear optical (colorimetric or fluorometric) sig-
nal. This simple, rapid, sensitive, and selective methodology
does not require any chemical modification on the probes or
the analytes and is, once again, based on different electro-
static interactions and conformational structures between a
cationic poly(3-alkoxy-4-methylthiophene) derivative and
anionic single-stranded oligonucleotides as specific aptamer
for a given protein. For instance, the detection of human
o-thrombin is made possible by combining polymer 1 and
aptamer X2 (5'-GGTTGGTGTGGTTGG-3'), which is known to
be a specific binding sequence of this protein.>* A conforma-
tional change occurs when the aptamer binds to the throm-
bin molecule. Both NMR3* and X-ray diffraction studies®> have
revealed that the aptamer adopts a compact unimolecular
quadruplex structure with two G-quartets. Therefore, as shown
in Scheme 5, the specific detection of human a-thrombin
could be realized due to the formation of a quadruplex struc-
ture of the aptamer (X2).

The 1:1:1 complex between cationic polymer 1, aptamer
X2, and thrombin has an orange color.>® The thrombin pro-
motes the formation of the quadruplex form of thrombin
aptamer, and the cationic polythiophene wraps this quadru-
plex structure, which seems to partially hinder the aggrega-
tion and planarization (which would lead to a red-violet color)
of the positively charged polymer in the presence of ssSDNA
X2 (Scheme 5, path A). It is worth noting that only the stoi-
chiometry of the aptamer (in terms of negative charges) and
of the polymeric transducer (in terms of positive charges) has
to be balanced whereas an excess of thrombin does not influ-
ence its detection. In order to verify the specificity of the detec-
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SCHEME 5. Schematic Description of the Specific Recognition of Human a-Thrombin Using ssDNA Thrombin Aptamer and Cationic

Polythiophene

Quadruplex structure
of thrombin aptamer
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(Thrombin Aptamer)

Free form
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tion, two control experiments using a nonbinding sequence
(X3, 5'-GGTGGTGGTTGTGGT-3') and bovine serum albumin
(BSA) were carried out under identical conditions. In both
cases, an important red shift toward lower energy (maximum
of absorption at 505 nm) was observed, and the color of these
solutions was red-violet, a typical color of the planar and
highly conjugated structure of the polythiophene backbone
when mixed with unfolded ssDNA (Scheme 5, path B).
Interestingly, the adaptation of the FCR approach can also
be applied for detecting proteins on solid supports.?” Stoichio-
metric complexes (duplexes) were therefore prepared by mix-
ing the polythiophene optical transducer with a 3'-Cy3-labeled
SsDNA aptamer. In order to allow the covalent binding of
these aggregated duplexes onto surface-treated glass slides,
an amine group was also inserted at the 5'-end of the ssDNA
capture probes. Upon spotting, these aggregates made of
hybrid polythiophene/ssDNA complexes were therefore bound
onto glass slides (Scheme 6). Then, for the specific detection
of human thrombin, the following strategy was designed: first,
P, sequence (5'-NH,-Cs-GGTTGGTGTGGTTGG-Cy3-3') or P,
(5"-NH,-C4-GGTGGTGGTTGTGGT-Cy3-3') was mixed with cat-
ionic polythiophene in order to form stoichiometric duplexes.
P, sequence is specific to thrombin whereas P, is a labeled
sequence that does not bind to thrombin.?3 It has been
observed that in presence of the thrombin, the spots having
the hybrid labeled aptamer P,/polythiophene complexes
(binding sequence) show a significant increase of the fluores-
cence. Three control experiments were done to verify the
specificity of the detection. Two proteins, BSA and immuno-
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Human

/ a-thrombin

Non-specific
protein (e.g. BSA)

globulin E (IgE), were used in the same conditions, and fluo-
rescence intensities remained quite low with both proteins.”
This reveals an excellent specificity of the detection with
respect to the target. The use of a nonbinding sequence (P)
for human thrombin confirms also the specificity of the detec-
tion with respect to the probe.

Experiments probing the fluorescence intensity as a func-
tion of concentration of the proteins in the presence of poly-
thiophene/P1 duplexes revealed a limit of detection of about
1.5 x 107 molecules for human thrombin (i.e., 6.2 x 10~
M in 0.4 ul) together with a very good specificity.?” The
amplification of the detection through the FCR scheme was
verified by the use of a unlabeled probe under the same con-
ditions. The sensitivity is about 1000 times lower in the case
of unlabeled probes when compared with labeled probes.
These results are in agreement with our previous results on
DNA for which the amplification of the fluorescence signal was
assumed to result not only from FRET but also from FCR. It
therefore seems that the resulting fluorescent folded poly-
thiophene rapidly transfers° its energy to nearby Cy3 moi-
eties, which seems to be combined with ultrafast and efficient
homotransfers within the aggregated Cy3 fluorophores.

It is also worth noting that cationic fluorescent poly-
thiophenes can directly report conformational changes occur-
ring in proteins or different forms of the same protein.>842
This is a very important topic since many diseases are attrib-
uted to conformational changes in proteins. As an example,
polymer 3 has been utilized to optically detect calcium-in-
duced conformational changes in calmodulin and calmodulin—
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SCHEME 6. Description of the Specific Detection of Target Proteins by Polythiophene/DNA Aptamer Duplex Aggregates on Glass Slides.
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calcineurin interactions.? These novel conformation-sensitive
optical methods have also been successfully applied to the
detection of amyloid fibrils in chicken lysozyme.*° Such char-
acteristic fibrillar assemblies usually appear when the native
form of a protein is destabilized by a high temperature or an
acidic medium. Initial experiments were carried out in vitro but
these chromic polyelectrolytes can also be used as an amy-
loid-specific probe in histological staining of tissue
samples.*'42

Detection of Small Molecules of
Biological Interest

Building on the same general concepts, an adenosine triph-
osphate (ATP) sensing method*? was also recently described.
Indeed, exposure of a cationic water-soluble polythiophene
(similar to polymer 2) to increasing concentrations of ATP in
water led to a pronounced red shift in the absorbance spec-
tra, changing the solution color from yellow to pink-red. The
changes in the absorbance of the polythiophene upon expo-
sure to ATP were due to formation of an electrostatic com-
plex between the cationic polymer and anionic ATP, which led
to increased planarity of the conjugated polymer backbone.
This method was selective for ATP over other anions such as
Cl~, HPO,?~, and HCO5*~, adenosine diphosphate (ADP),

NO RECOGNITION

Weak fluorescence

Specific

RECOGNITION

Strong fluorescence

adenosine monophosphate (AMP), or uridine triphosphate
(UTP). In addition to red-shifted absorbance, the addition of
ATP to an aqueous solution of the cationic polythiophene also
resulted in fluorescence quenching. The fluorescence response
was most sensitive to ATP over ADP or AMP. The detection
limit for ATP, based upon fluorescence quenching, was
reported to be approximately 1078 M.

Moreover, a new method has been recently developed for the
label-free, convenient, and real-time monitoring of the cleavage
of single-stranded DNA by single-strand specific S1 nuclease and
hydroxyl radical** based on polymer 2. The cationic polymer 2
can form an interpolyelectrolyte complex with single-stranded
DNA, called duplex, through electrostatic interaction in which
polymer 2 adopts a highly conjugated or planar conformation
and thus the positively charged polymer exhibits a relatively red-
shifted absorption. In contrast, when ssDNA is digested by S1
nudlease or hydroxyl radical into small fragments, the polymer
2/ssDNA duplex is not formed (Scheme 7). In this case, polymer
2 remains in a random-coil or nonconjugated conformation and
shows a relatively short absorption wavelength. The nuclease
digestion or oxidative damage by hydroxyl radical of DNA can
be observed by UV-visible absorption spectroscopy or just visu-
alized by naked eye.
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SCHEME 7. Schematic Representation of the Assay for Nuclease
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Conclusion and Outlook

Most of the current methods for the detection of DNA are
based on an enzymatic amplification (polymerase chain reac-
tion or PCR) of the targets combined with small-molecule opti-
cal reporters such as Tagman probes*> and molecular
beacons.*® Other optical reporters are currently developed
using fluorescent molecules such as fluorene,*”*® fluoresce-
in,*° and oligothiophenes.>°~>2 In most cases, specificity is
excellent, but the sensitivity is not sufficient to avoid the PCR
amplification step for DNA materials. Interestingly, as reported
in this Account, by combining polythiophenes, biological
ligands, and optical amplification tools (light harvesting, FRET,
FCR, etc.), impressive biosensors have emerged. Indeed, all
data presented here have clearly demonstrated the great
potential of optical biosensors based on hybrid DNA/poly-
thiophene electrostatic complexes, in particular for PCR-free
detection of DNA. For instance, this simple and rapid meth-
odology has enabled the specific and direct detection of a few
copies of genomic materials. These remarkable results have
been achieved by the use of a novel amplification mechanism
(fluorescence chain reaction or FCR) that is based on the “turn-
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on” of a polythiophene donor and the resulting efficient and
ultrafast energy transfer to many neighboring highly fluores-
cent acceptors attached to aggregated ssSDNA probes. Impres-
sive results have also been reported for proteomic applications
by using ssDNA aptamer probes or by direct staining of the
targeted protein. However, in most cases, specificity and sen-
sitivity were observed with highly purified samples, and it will
be important to further test the robustness and reproducibil-
ity of such devices with complex samples. In this regard,
recent results obtained on microbeads or on arrays as well as
demonstrations of specific staining inside tissue sections are
extremely promising, and we therefore anticipate a very bright
future for this relatively new field of applications for conju-
gated polymers.

This work was supported by the Natural Sciences and Engineer-
ing Research Council of Canada, the Canada Research Chair
Program, the Chemical, Biological, Radiological, and Nuclear
Research and Technology Initiative (CRTI), Infectio Diagnostic
(ID1) Inc, the National Institutes of Health (NIH, USA), Génome
Québec, and Génome Canada. The authors also thank Prof. D.
Boudreau, Prof. M. G. Bergeron, Dr. M. Boissinot, Dr. R. Peytavi,
and Dr. J. P. Gayral for stimulating collaborations and discus-
sions over the years.

BIOGRAPHICAL INFORMATION

Hoang-Anh Ho received a Ph.D. in chemistry from the Claude-
Bernard University (Lyon, France) in 1994, where he worked with
Professor Marc Lemaire on the synthesis and characterization of
new functionalized polypyrroles. Subsequently, he spent one year
as a postdoctoral fellow in the laboratory of Professor Jean Ron-
cali. After working one year at Rhone Poulenc (Décines, France),
he accepted a postdoctoral position at the University of Québec
at Montréal with Professor Livain Breau. He joined thereafter the
research team of Professor Bertrand J. Jean-Claude at McGill Uni-
versity as research associate. Currently, he works with Professor
Mario Leclerc as research associate for developing new chemo-
or biosensors based on water-soluble polythiophenes.

Ahmed Najari was born in Paris, France. He received a B.Sc.
degree in 1995 from the department of Chemistry, University of
Paris XII. In 1998, he obtained a M.Sc. degree from the depart-
ment of Physicochemistry, University of Paris Sud. He received a
Ph.D. degree in physicochemistry of surfaces from University of
Paris VII under the supervision of Professor Francis Garnier in
2003. He then moved in 2004 to Université Laval to carry out
postdoctoral research under the supervision of Professor Mario
Leclerc. His current research interests are in DNA and protein
detection on solid supports.

Mario Leclerc was awarded a Ph.D. in chemistry from Univer-
sité Laval, Quebec City, Canada, in 1987. After a short stay at
INRS-Energie et Matériaux near Montréal, he joined the Max-





Planck-Institute for Polymer Research in Mainz, Germany, as a
postdoctoral fellow in the research group of Prof. Dr. G. Wegner.
In 1989, he accepted a position of professor at the department
of chemistry of Université de Montreal. In 1998, he moved to
Université Laval to join the Centre de Recherche en Sciences et
Ingénierie des Macromolécules (CERSIM). Since 2001, he has
been the recipient of the Canada Research Chair (Tier 1) on Elec-
troactive and Photoactive Polymers. His current research activi-
ties include the synthesis and characterization of new conjugated
oligomers and polymers for applications in the areas of micro-
and nanoelectronics, electro-optics, genomics, and proteomics.

FOOTNOTES
*To whom correspondence should be addressed. E-mail: mario.leclerc@chm.ulaval.ca.

REFERENCES

1 Swager, T. M. The Molecular Wire Approach to Sensory Signal Amplification. Acc.
Chem. Res. 1998, 31, 201-207.

2 Chen, L. H.; McBranch, D. W.; Wang, H. L.; Helgeson, R.; Wudl, F.; Whitten, D. G.
Highly Sensitive Biological and Chemical Sensors Based on Reversible Fluorescence
Quenching in a Conjugated Polymer. Proc. Natl. Acad. Sci. U.S.A. 1999, 96,
12287-12292.

3 Thomas, S. W.; Joly, G. D.; Swager, T. M. Chemical Sensors Based on Amplifying
Fluorescent Conjugated Polymers. Chem. Rev. 2007, 107, 1339-1386.

4 Charych, D. H.; Nagy, J. O.; Spevak, W.; Bednarski, M. D. Direct Colorimetric
Detection of a Receptor-Ligand Interaction by a Polymerized Bilayer Assembly.
Science 1993, 261, 585-588.

5 Korri-Youssoufi, H.; Garnier, F.; Srivastava, P.; Godillot, P.; Yassar, A. Toward
Bioelectronics: Specific DNA Recognition Based on an Oligonucleotide-
Functionalized Polypyrrole. J. Am. Chem. Soc. 1997, 119, 7388—7389.

6 Faid, K.; Leclerc, M. Functionalized Regioregular Polythiophenes: Towards the
Development of Biochromic Sensors. Chem. Commun. 1996, 2761-2762.

7 Faid, K.; Leclerc, M. Responsive Supramolecular Polythiophene Assemblies. J. Am.
Chem. Soc. 1998, 120, 5274-5278.

8 Kumpumbu-Kalemba, L.; Leclerc, M. Electrochemical Characterization of
Monolayers of a Biotinylated Polythiophene: Toward the Development of Polymeric
Biosensors. Chem. Commun 2000, 1847—-1848.

9 Petrak, K. In Polyelectrolytes: Science and Technology, Hara, M., Ed.; Marcel
Dekker, New York, 1993; pp 265-297.

10 Leclerc, M. Optical and Electrochemical Transducers Based on Functionalized
Conjugated Polymers. Adv. Mater. 1999, 11, 1491-1498.

11 Ho, H.-A.; Boissinot, M.; Bergeron, M. G.; Corbeil, G.; Doré, K.; Boudreau, D.;
Leclerc, M. Colorimetric and Fluorometric Detection of Nucleic Acids Using Cationic
Polythiophene Derivatives. Angew. Chem., Int. Ed. 2002, 41, 1548—1551.

12 Nilsson, K. P. R.; Inganés, 0. Chip and Solution Detection of DNA Hybridization Using
a Luminescent Zwitterionic Polythiophene Derivative. Nat. Mater. 2003, 2, 419—
424.

13 Doré, K.; Neagu-Plesu, R.; Leclerc, M.; Boudreau, D.; Ritcey, A. M. Characterization
of Superlighting Polymer-DNA Aggregates: a Fluorescence and Light Scattering
Study. Langmuir 2007, 23, 258—-264.

14 Ho, H.-A.; Doré, K.; Boissinot, M.; Bergeron, M. G.; Tanguay, R. M.; Boudreau, D.;
Leclerc, M. Direct Molecular Detection of Nucleic Acids by Fluorescence Signal
Amplification. J. Am. Chem. Soc. 2005, 127, 12673-12676.

15 Doré, K.; Dubus, S.; Ho, H.-A.; Lévesque, |.; Brunette, M.; Corbeil, G.; Boissinot, M.;
Boivin, G.; Bergeron, M. G.; Boudreau, D.; Leclerc, M. Fluorescent Polymeric
Transducer for the Rapid, Simple, and Specific Detection of Nucleic Acids at the
Zeptomole Level. J. Am. Chem. Soc. 2004, 126, 4240-4244.

16 Dubus, S.; Gravel, J.-F.; Le Drogoff, B.; Nobert, P.; Veres, T.; Boudreau, D. PCR-
Free DNA Detection Using a Magnetic Bead-Supported Polymeric Transducer and
Microelectromagnetic Traps. Anal. Chem. 2006, 78, 4457—-4464.

17 Gaylord, B. S.; Heeger, A. J.; Bazan, G. C. DNA Detection Using Water-Soluble
Conjugated Polymers and Peptide Nucleic Acid Probes. Proc. Natl. Acad. Sci. U.S.A.
2002, 99, 10954-10957.

18 Gaylord, B. S.; Heeger, A. J.; Bazan, G. C. DNA Hybridization Detection with Water-
Soluble Conjugated Polymers and Chromophore-Labeled Single-Stranded DNA.

J. Am. Chem. Soc. 2003, 125, 896-900.

19 Liu, B.; Bazan, G. C. Homogeneous Fluorescence-Based DNA Detection with Water-

Soluble Conjugated Polymers. Chem. Mater. 2004, 16, 4467—-4476.

Optical Detection of DNA and Proteins Ho et al.

20 Doré, K.; Leclerc, M.; Boudreau, D. Investigation of a Fluorescence Signal
Amplification Mechanism Used for the Direct Molecular Detection of Nucleic Acids.
J. Fluoresc. 2008, 16, 259-265.

21 Pirrung, M. C. How to Make a DNA Chip. Angew. Chem., Int. Ed. 2002, 41, 1276—
1289.

22 Piunno, P. A.; Krull, U. J. Trends in the Development of Nucleic Acid Biosensors for
Medical Diagnostics. Anal. Bioanal. Chem. 2005, 381, 1004—-1011.

23 Raymond, F.; Ho, H.-A.; Peytavi, R.; Bisssonnette, L.; Boissinot, M.; Picard, F. J.;
Leclerc, M.; Bergeron, M. G. Detection of Target DNA Using Fluorescent Cationic
Polymer and Peptide Nucleic Acid Probes on Solid Support. BMC Biotechnol. 2005,
5,10.

24 Liu, B.; Bazan, G. C. Methods for Strand-Specific DNA Detection with Cationic
Conjugated Polymers Suitable for Incorporation into DNA Chips and Microarrays.
Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 589-593.

25 Najari, A.; Ho, H.-A.; Gravel, J.-F.; Nobert, P.; Boudreau, D.; Leclerc, M.
Reagentless Ultrasensitive Specific DNA Array Detection Based on Responsive
Polymeric Biochips. Anal. Chem. 2006, 78, 7896—7899.

26 Tuerk, C.; Gold, L. Systematic Evolution of Ligands by Exponential Enrichment: RNA
Ligands to Bacteriophage T4 DNA Polymerase. Science 1990, 249, 505-510.

27 Ellington, A. D.; Szostak, J. W. In Vitro Selection of RNA Molecules that Bind Specific
Ligands. Nature 1990, 346, 818-822.

28 O’Sullivan, C. K. Aptasensors-the Future of Biosensing. Anal. Bioanal. Chem. 2002,
372, 44-48.

29 Clark, S. L.; Remcho, V. T. Aptamers as Analytical Reagents. Electrophoresis 2002,
23,1335-1340.

30 Drolet, D. W.; McDermott, L. M.; Romig, T. S. An Enzyme-Linked Oligonucleotide
Assay. Nat. Biotechnol. 1996, 74, 1021-1025.

31 Hamaguchi, N.; Ellington, A.; Stanton, M. Aptamer Beacons for the Direct Detection
of Proteins. Anal. Biochem. 2001, 294, 126-131.

32 Liss, M.; Petersen, B.; Wolf, H.; Prohaska, E. An Aptamer-Based Quartz Crystal
Protein Biosensor. Anal. Chem. 2002, 74, 4488-4495.

33 Bock, L. C.; Griffin, L. C.; Latham, J. A.; Vermaas, E. H.; Toole, J. J. Selection of
Single-Stranded DNA Molecules that Bind and Inhibit Human Thrombin. Nature
1992, 355, 564-566.

34 Wang, K. Y.; McCurdy, S.; Shea, R. G.; Swaminathan, S.; Bolton, P. H. A DNA
Aptamer Which Binds to and Inhibits Thrombin Exhibits a New Structural Motif for
DNA. Biochemistry 1993, 32, 1899—1904.

35 Padmanaplan, K.; Padmanabhan, K. P.; Ferrara, J. D.; Sadler, J. E.; Tulimsky, A.
The Structure of Alpha-Thrombin Inhibited by a 15-Mer Single-Stranded DNA
Aptamer. J. Biol. Chem. 1993, 268, 17651-17654.

36 Ho, H.-A.; Leclerc, M. Optical Sensors Based on Hybrid Aptamer/Conjugated
Polymer Complexes. J. Am. Chem. Soc. 2004, 126, 1384—1387.

37 Béra-Abérem, M.; Najari, A.; Ho, H.-A.; Gravel, J.-F.; Nobert, P.; Boudreau, D.;
Leclerc, M. Protein Detecting Arrays Based on Cationic Polythiophene-DNA-Aptamer
Complexes. Adv. Mater. 2006, 18, 2703—-2707.

38 Nilsson, K. P. R.; Rydberg, J.; Baltzer, L.; Ingands, Q. Self-Assembly of Peptides
Control Conformation and Optical Properties of a Zwitterionic Polythiophene
Derivative. Proc. Natl. Acad. Sci. U.S.A. 2003, 700, 10170-10174.

39 Nilsson, K. P. R.; Inganés, 0. Optical Emission of a Conjugated Polyelectrolyte:
Calcium-Induced Conformational Changes in Calmodulin and Calmodulin-
Calcineurin Interactions. Macromolecules 2004, 37, 9109-9113.

40 Herland, A.; Nilsson, K. P. R.; Olsson, D. M.; Hammarstrém, P.; Konradsson, P.;
Ingands, O. Synthesis of a Regioregular Zwitterionic Conjugated Oligoelectrolyte,
Usable as an Optical Probe for Detection of Amyloid Fibril Formation at Acidic pH.
J. Am. Chem. Soc. 2005, 127, 2317-2323.

Nilsson, K. P. R.; Hammarstrém, P.; Ahlgren, F.; Herland, A.; Schnell, E. A.;
Lindgren, M.; Westermark, G. T.; Ingands, 0. Conjugated Polyelectrolytes-
Conformation-Sensitive Optical Probes for Staining and Characterization of Amyloid
Deposits. ChemBioChem 2006, 7, 1096—1104.

42 Herland, A.; Ingands, 0. Conjugated Polymers as Optical Probes for Protein
Interactions and Protein Conformations. Macromol. Rapid Commun. 2007, 28,
1703-1713.

43 Li, C.; Numata, M.; Takenchi, M.; Shinkai, S. A Sensitive Colorimetric and
Fluorescent Probe Based on a Polythiophene Derivative for the Detection of ATP.
Angew. Chem., Int. Ed. 2005, 44, 6371-6374.

44 Tang, Y.; Feng, F.; He, F.; Wang, S.; Li, Y.; Zhu, D. Direct Visualization of Enzymatic
Cleavage and Oxidative Damage by Hydroxyl Radicals of Single-Stranded DNA With
a Cationic Polythiophene Derivative. J. Am. Chem. Soc. 2006, 128, 14972—14976.

45 Lee, L. G.; Connell, C. R.; Bloch, W. Allelic Discrimination by Nick-Translation PCR
with Fluorogenic Probes. Nucleic Acids Res. 1993, 21, 3761-3766.

46 Tyagi, S.; Framer, F. R. Molecular Beacons: Probes that Fluoresce Upon

Hybridization. Nat. Biotechnol. 1996, 14, 303-308.

4

=

Vol. 41, No. 2 = February 2008 = 168-178 = ACCOUNTS OF CHEMICAL RESEARCH = 177





Optical Detection of DNA and Proteins Ho et al.

47 Ergen, E.; Weber, M.; Jacob, J.; Herrmann, A.; Miillen, K. Twin Probes as a Novel
Tool for the detection of Single Nucleotide Polymorphisms. Chem.—Eur. J. 2006,
12,3707-3713.

48 Hwang, G. T.; Seo, Y. J.; Kim, B. H. A Highly Discriminating Quencher-Free
Molecular Beacon for Probing DNA. J. Am. Chem. Soc. 2004, 126,

6528-6529.

49 Crockett, A. O.; Wittwer, C. T. Fluorescein-Labeled Oligonucleotides for Real-Time

PCR: Using the Inherent Quenching of Deoxyguanosine Nucleotides. Anal. Biochem.

2001, 290, 89-97.

178 = ACCOUNTS OF CHEMICAL RESEARCH = 168-178 = February 2008 = Vol. 41, No. 2

50 Barbarella, G.; Zambianchi, M.; Pudova, O.; Paladini, V.; Ventola, A.; Cipriani, F.;
Gigli, G.; Cingolani, R.; Citro, G. Oligothiophene Isothiocyanates as a New Class of
Fluorescent Markers for Biopolymers. J. Am. Chem. Soc. 2001, 123,
11600-11607.

51 Barbarella, G. Oligothiophene Isothiocyanates as Fluorescent Markers. Chem. Eur. J.
2002, 8, 5072-5077.

52 Capobianco, M. L.; Naldi, M.; Zambianchi, M.; Barbarella, G. Oligothiophene
Phosphoramidites for Oligonucleotide Labelling. Tetrahedron Lett. 2005, 46, 8181—
8184.










ACCOUNTS

of chemical research

Nanoscaling Laws of Magnetic Nanoparticles and

Their Applicabilities in Biomedical Sciences

YOUNG-WOOK JUN, JUNG-WOOK SEO, AND JINWOO CHEON*
Department of Chemistry, Yonsei University, Seoul 120-749, Korea

RECEIVED ON MAY 16, 2007

CONSPECTUS

Nano-Magnetism Nano-Bio Hybrid

_ protein

5y M,
’ e |
u/ .
,j B/ p & =

DNA antibody

field (H) —

—
. e
&% G
% s o
; £ g
magnetization (M)

Nano-Scaling Laws

H, = 2K, /m[1-S&UK V)"*]

o= ,expKVAT)  m, = M[(r-dyrf*

—> size/shape Wy P
Viar™ W(VB)B

Magnetic nanoparticles, which exhibit a variety of unique magnetic phenomena that are drastically different from those of
their bulk counterparts, are garnering significant interest since these properties can be advantageous for utilization in a vari-
ety of applications ranging from storage media for magnetic memory devices to probes and vectors in the biomedical sciences.
In this Account, we discuss the nanoscaling laws of magnetic nanoparticles induding metals, metal ferrites, and metal alloys, while
focusing on their size, shape, and composition effects. Their fundamental magnetic properties such as blocking temperature (T,),
spin life time (z), coercivity (H,), and susceptibility () are strongly influenced by the nanoscaling laws, and as a result, these scal-
ing relationships can be leveraged to control magnetism from the ferromagnetic to the superparamagnetic regimes. At the same
time, they can be used in order to tune magnetic values incuding H,, y, and remanence (M,). For example, life time of magnetic
spin is directly related to the magnetic anisotropy energy (K, V) and also the size and volume of nanoparticles. The blocking tem-
perature (T;) changes from room temperature to 10 K as the size of cobalt nanoparticles is reduced from 13 to 2 nm. Similarly,
H_ is highly susceptible to the anisotropy of nanoparticles, while saturation magnetization is directly related to the canting effects
of the disordered surface magnetic spins and follows a linear relationship upon plotting of m,'® vs r~". Therefore, the nanos-
caling laws of magnetic nanoparticles are important not only for understanding the behavior of existing materials but also for
developing novel nanomaterials with superior properties.

Since magnetic nanoparticles can be easily conjugated with biologically important constituents such as DNA, peptides, and anti-
bodies, it is possible to construct versatile nano—bio hybrid particles, which simultaneously possess magnetic and biological func-
tions for biomedical diagnostics and therapeutics. As demonstrated in this Account, nanoscaling laws for magnetic components are
found to be critical to the design of optimized magnetic characteristics of hybrid nanoparticles and their enhanced applicability in
the biomedical sciences including their utilizations as contrast enhancement agents for magnetic resonance imaging (MRI), ferro-
magnetic components for nano—bio hybrid structures, and translational vectors for magnetophoretic sensing of biological spe-
dies. In particular, systematic modulation of saturation magnetization of nanopartice probes is important to maximize MR contrast
effects and magnetic separation of biological targets.

1. Introduction parts of the world. Magnetic nanoparticles, the
lodestone’s miniature counterpart, can act as nav-
The lodestone compass, the first invention utiliz- igators or probes to similarly guide researchers as

ing magnetic materials, was critical in aiding 12th  they seek to understand the deep inside of living
century explorers to navigate across unexplored  objects. Many migratory animals and some
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FIGURE 1. Magnetic nanoparticle-assisted natural navigation system used by salmon during migration. Reprinted with permission from
Nature (http://www.nature.com), ref 1. Copyright 1997 Nature Publishing Group.
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FIGURE 2. In nanometer scale, parameters such as size, shape, composition, and magnetocrystalline anisotropy strongly affect the
magnetism (e.g., coercivity, mass magnetization, remanence) of nanoparticles.

microbes possess magnetic nanoparticles in their body that
are utilized as a natural biomagnetic compass.' For example,
salmon have a series of magnetic nanoparticles in the nasal
capsules of their forehead, which are believed to respond to
the geomagnetic field of the earth and help them reach their
homes after journeys that can last tens of thousands of Kilo-
meters for three to four years (Figure 1).'

Scientists have developed artificial magnetic nanopar-
ticles through chemical synthetic routes. In particular, recent
progress in this field has yielded new types of magnetic

180 = ACCOUNTS OF CHEMICAL RESEARCH = 179-189 = February 2008 = Vol. 41, No. 2

nanoparticles with precisely tuned size, shape, and
composition.?~'° Many new interesting phenomena have
been observed in these magnetic nanoparticles that are
unique from their bulk counterparts. In addition to devel-
oping synthetic methods for these nanoparticles, under-
standing of their nanoscaling laws is also of great
importance. The fundamental magnetic properties such as
coercivity (HJ) and susceptibility (y) are no longer perma-
nent material characteristics and are susceptible to varia-
tions in their size, shape, and composition.?”''"18 As a
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FIGURE 3. Nanoscale transition of magnetic nanoparticles from
ferromagnetism to superparamagnetism: (a) energy diagram of
magnetic nanoparticles with different magnetic spin alighment,
showing ferromagnetism in a large particle (top) and
superparamagentism in a small nanoparticle (bottom); (b, o) size-
dependent transition of iron oxide nanoparticles from
superparamagnetism to ferromagnetism showing TEM images and
hysteresis loops of (b) 55 nm and (c) 12 nm sized iron oxide
nanoparticles. Reproduced with permission from ref 9. Copyright
2004 American Chemical Society.

result, these scaling relationships can be used accordingly
to tune magnetism from the ferromagnetic regime (unusu-
ally high magnetic energy product, BH,,,,) to the super-
paramagnetic regime (zero coercivity in nanoscale
regime).'>~'® Therefore, the nanoscaling laws of engineered
magnetic nanoparticles are important not only to under-
stand the behavior of existing materials but also to develop
novel materials with superior properties.

Biomedical applications of such artificially engineered mag-
netic nanoparticles are promising since they can be useful as
next-generation probes and vectors, which can significantly
advance the current clinical diagnostic and therapeutic

Jun et al.

methods.”'732 Upon conjugation with target-specific biomol-
ecules, these magnetic nanoparticles can travel in human bod-
ies via blood or lymphatic vessels and recognize desired
biological targets and report their positions. Alternatively, by
focusing an external magnetic field to the target region, mag-
netic nanoparticles can direct therapeutic agents to a local-
ized target.

With such issues in mind, here we discuss the nanoscal-
ing laws that determine the magnetic characteristics of artifi-
cially engineered nanoparticles. We will also address newly
observed properties associated with these materials and
describe their utilization as versatile and high performance
probes for biomedical sciences.

2. Nanomagnetism Scaling Laws of
Engineered Nanoparticles

In bulk materials, the key parameters for determining mag-
netic properties such as coercivity (H) and susceptibility (y) are
composition, crystallographic structure, magnetic anisotropic
energy, and vacancies and defects.?*~¢ However, when their
size is decreased to the nanoscale regime, at least two more
important parameters are strongly involved: size and shape
(Figure 2).

2.1. Size Effects. One of the interesting size-dependent
phenomena of nanoparticles is superparamagnetism. The
magnetic anisotropic energy barrier from a spin-up state to
spin-down state of the magnet is proportional to the product
of the magnetic anisotropic constant (K,) and the volume (V)
of the magnet.2® While bulk materials have magnetic aniso-
tropic energies that are much larger than the thermal energy
(kT) (Figure 3a (blue line)), the thermal energy of the nanopar-
ticle is sufficient to readily invert the magnetic spin direction,
although it is insufficient to overcome the spin—spin exchange
coupling energy (Figure 3a (red line)). Such magnetic fluctua-
tion leads to a net magnetization of zero, and this behavior is
called superparamagnetism. The transition temperature from
ferromagnetism to superparamagnetism is referred to as the
blocking temperature (T,) and is defined by the relationship
T, = K, V/25k.3® Such size-dependent magnetism changes can
be observed in y-Fe,05 and cobalt nanoparticles.®'? y-Fe,05
nanopatrticles of 55 nm exhibit ferrimagnetic behavior with a
coercivity of 52 Oe at 300 K, but smaller 12 nm sized y-Fe,05
nanoparticles show superparamagnetism with no hysteresis
behavior (Figure 3b,c). For cobalt nanoparticles, ferromagnetic
to superparamagnetic transitions occur at much lower tem-
peratures (T,) of 10, 20, 100, 180, and 370 K for nanopar-
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FIGURE 4. (a) Zero-field cooling curves and TEM images of Co nanoparticles with sizes of 2, 4, 6, 8, and 13 nm, (b) size-dependent magnetic
domain structures from superparamagnetism to single domain and multidomain ferromagnetism, (c) size-dependent coercivity of Co
nanoparticles, and (d) plot of H. and T, vs size of Co nanoparticles. Reproduced with permission from ref 7 (Figure 4a) and ref 12

(Figure 4b—4d). Copyright 2007 Royal Society for Chemistry and Copyright 2002 Wiley-VCH.

ticles with sizes of 2, 4, 6, 8, and 13 nm, respectively, in
comparison to 1394 K for bulk cobalt (Figure 4a).

Nanoparticle size effects can also be observed in changes
in magnetic coercivity (H). In contrast to the bulk magnet,
which possesses multiple magnetic domain structures, nano-
particles possess single magnetic domain structures below a
certain critical size (D) where all magnetic spins in the nano-
particle align unidirectionally (Figure 4b). In this single-do-
main regime, the magnetic coercivity increases as the size of
the nanoparticle increases with the relationship H. = 2K,/m[1
- 5(kT/K,V)""?] where my is the saturation magnetization.®
Above the critical size (D > D), multidomain magnetism
begins in which a smaller reversal magnetic field is required
to make the net magnetization zero. In the case of Co nano-
particles, the magnetic coercivity increases from 370 to 1680
Oe in a single-domain regime as the size of the Co nanopar-
ticles increases from 4 to 8 nm (Figure 4c).'> However, the
magnetic coercivity decreases to 1600, 1100, and 250 Oe as
the size of the Co nanoparticles further increases to 10, 12,
and 13 nm by forming multimagnetic domains (Figure 4c).
Therefore, the critical single-domain size of Co nanoparticles
is expected to be around 8—-10 nm. From such size-depen-
dent properties of cobalt nanopatticles, a graph of scaling laws
of cobalt nanoparticles on coercivity and blocking tempera-
ture is shown in Figure 4d.

Saturation magnetization of nanoparticles is also strongly
dependent on their size. Intrinsically, magnetic materials pos-
sess magnetically disordered spin glass like layers near the sur-
face due to the reduced spin—spin exchange coupling energy at
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the surface.3”® In bulk cases, since the disordered surface layer
is minimal compared with the total volume of the magnet, such
surface spin canting effects are negligible. Upon reduction of the
size of magnetic materials to nanoscale regime, however, the sur-
face canting effects are dramatically pronounced in the satura-
tion magnetization value (my), described as

mg =M — dyrf? (1)

where r is the size, M is the saturation magnetization of bulk
materials, and d is the thickness of disordered surface
layer.?” For very small nanoparticles less than ~5 nm, such
size effect on m, is more noticeable, since internal spins of the
nanoparticle also start to be canted as well as the surface spins
due to increased interactions between the surface and inter-
nal spins.?”

Such size effects on magnetization have been well dem-
onstrated in the case of magnetism-engineered iron oxide
(MEIO), Fe50,, nanoparticles.'® As the size of MEIO nanopar-
ticles increases from 4 to 6, 9, and 12 nm, the mass magne-
tization values change from 25 to 43, 80, and 101 emu/(g
Fe), respectively (Figure 5a). This result shows a linear rela-
tionship upon the plotting of m,'3 vs r! (Figure 5b) as pre-
dicted in eq 1. Such size-dependent mass magnetization
values directly affect their magnetic resonance (MR) signal
enhancement capabilities for molecular imaging of biologi-
cal targets (vide infra).

2.2. Shape and Composition Effects on Nanomag-
netism. The anisotropic constant (K,) is known to be strongly
correlated with various anisotropies such as shape, magne-
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FIGURE 5. Size dependent mass magnetization values of 4, 6, 9, and 12 nm magnetism-engineered iron oxide (MEIO) nanoparticles: (a)
hysteresis loops, mass magnetization values at 1.5 T, and TEM images; (b) plot of m,'’® vs r . Reproduced with permission from ref 13.

Copyright 2005 American Chemical Society.

tocrystalline, and exchange.>373° For example, shape anisot-
ropy of particles is expressed as

KUZ[HB+(N2_N1)MS]MS/2 (2)

where H, is the anisotropy field and N, and N, are the
demagnetization factors parallel and perpendicular to the easy
axis of the magnetic particle.?® Such effects can be observed
in CoPt barcode-structured nanowires with various aspect
ratios.?? The aspect ratios (y = b/a) of Co bar fragments are
tuned by controlling their length (b) with a fixed diameter (a)
of 65 nm (Figure 6a—d). For Co nanowires with a high aspect
ratio (y = 45), the coercivity of the nanowire magnetized
along the b direction (H,,) is 668 Oe (Figure 6e (red line)). As
y is decreased to 3.5, 1, and 0.25, the coercivity of the sam-
ple decreases to 667, 164, and 76 Oe, respectively (Figure
6f—h (red lines),i (red squares)), indicating that higher y (i.e.,
larger shape anisotropy) of the Co bar fragments leads to the
larger magnetic coercivity. Such shape anisotropy effects can
be also observed upon changes in the direction of the exter-
nal magnetic field. For nanowires with rod-shaped Co bar frag-
ments (y = 45 or 3.5), larger magnetic coercivities are
obtained from nanowires magnetized along the b direction
(Hw) than from nanowires magnetized along the a direction
(Heq) (Figure 6e fi). In contrast, nanowires with disk-shaped Co
bar fragments (i.e., y = 1 or 0.25) have higher H, than H,
(Figure 6g—i). Such results indicate that the magnetically easy
axis of the nanowires changes from b direction to a direction
due to shape anisotropy effects as the shape of the Co bar
fragments varies from rods to discs.

The magnetocrystalline phase of the nanoparticle is signif-
icant in determining the magnetic coercivity of the

nanoparticle.'>~'® This can be observed in magnetic nanoal-
loys with anisotropic crystalline structures. Co@Pt core—shell
nanoparticles composed of an isotropically structured face-
centered cubic (fcc) Co core and a nonmagnetic Pt shell exhibit
superparamagnetic behavior with zero coercivity at room tem-
perature (Figure 7a,b,d).">~'” However, after thermal treat-
ment, they transform to anisotropically structured face-
centered tetragonal (fct) CoPt nanoalloys (Figure 7a,c), which
now exhibit room-temperature ferromagnetic behavior with a
coercivity value of 5300 Oe due to large magnetocrystalline
anisotropy (Figure 7e).'®

Compositional modification of nanoparticles by the adop-
tion of magnetic dopants can significantly change the
magnetism of nanoparticles.'* For example, magnetism-engine-
ered iron oxide (MEIO), Fe50,, nanoparticles have a ferrimag-
netic spin structure where Fe** and Fe®" occupying O, sites
align parallel to the external magnetic field and Fe** in the T,
sites of fcc-packed oxygen lattices align antiparallel to the field
(Figure 8a). Since Fe** possesses a d° electron configuration
with a high spin state and Fe** has a d° configuration with a
high spin state, the total magnetic moment per unit
(Fe>*) (Fe*"Fe"),, O, is approximately 4u. Incorporation of
a magnetic dopant M2* (M = Mn, Co, Ni) with electron con-
figurations of d°, d*, and d3, respectively, to replace O, Fe*"
leads to change in the net magnetization (Figure 8b). The
magnetic moment per unit MnFe,0O, (Mn-MEIO), CoFe,0, (Co-
MEIO), and NiFe,O, (Ni-MEIO) is now estimated as 5ug, 3ug,
and 2ug, respectively. Due to such compositional effects, the
experimentally observed mass magnetization value at 1.5
T gradually decreases from 110 emu to 101, 99, and 85
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FIGURE 6. Scanning electron microscopic (SEM, a—d) images of
CoPt barcodes with various aspect ratio (y) of Co bars and their
shape-dependent magnetism (e—h) under parallel (i.e., b axis) and
perpendicular (i.e., a axis) magnetic fields with respect to the
nanowire direction and (i) plot of coercivity (H.g), Hep) VS 7-
Reproduced with permission from ref 39. Copyright 2005 American
Chemical Society.

emu per mass of magnetic atoms (emu/g(M+Fe)) for Mn-
MEIO, MEIO, Co-MEIO, and Ni-MEIO, respectively (Figure
8¢)."
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FIGURE 7. Magnetocrystalline phase effects on magnetism: (a)
schematic of ferromagnetic phase transition of fcc Co@Pt core—shell
nanoparticles to fct CoPt nanoalloys; TEM images and hysteresis
loops of (b, d) fcc Co@Pt core—shell nanoparticles and (c, e) fct CoPt
nanoalloys. Reproduced with permission from ref 16. Copyright
2004 American Chemical Society.

3. Magnetism-Engineered Nanoparticles
for Biomedical Applications

Attaining the specific targeting ability of magnetic nanopar-
ticles is important for their biomedical applications. This can
be achievable by tailoring nanoparticle surface with appropri-
ate ligands, which can endow high colloidal and biostability,
low nonspecific binding affinity, and facile bioconjugation with
target-specific chemical and biological molecules.

3.1. Magnetic Resonance Imaging of Biological
Targets. Magnetic nanoparticles provide strong contrast
effects on surrounding tissues under MRI scans and therefore
have served as important probes for MR imaging. MR con-
trast effects of magnetic nanoparticles can be simply under-
stood in terms of their effect on the spin—spin relaxation time
of surrounding water protons. Conventional iron oxide based
contrast agents such as superparamagnetic iron oxide (SPIO)
and related nanoparticle probes (e.g., cross-linked iron oxide
(CLIO)) have limited uses for advanced MR imaging due to
their relatively poor magnetic contrast effects (i.e., low mag-
netic moment and also low r,, coefficient).2>4%4! Therefore, a
new type of magnetic nanopatrticles such as MEIO with high
and tunable mass magnetization values are needed to
enhance the relaxation process of the proton nuclear spins.**
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In particular, significant shortening of the spin—spin relaxation
time (T,) of the proton is possible by using a new type of mag-
netic nanoparticles.

As described in section 2.1, larger MEIO nanoparticles pos-
sess higher magnetization values and exhibit stronger MR con-
trast effects, which are observed as darker MR contrast and
blue in color MRI maps (Figure 9a,b).'* The relaxivity coeffi-
cient (r,), which is a direct indication of contrast enhancement
effects, is 78 mM~' s™' for 4 nm MEIO and gradually
increases to 106, 130, and to 218 mM~' s~ ' for 6, 9, and 12
nm size MEIO nanoparticles (Figure 9¢).

In addition to the size effects, magnetic dopant effects of MEIO
nanoparticles are also significant. For example, Mn-MEIO nano-
particles with the highest magnetization values of 110 emu/
g(Mn-+Fe) exhibit the best MR signal enhancement effects with
anr, of 358 mM~' s~ (Figure 10)."* Other metal-doped MEIO
nanoparticles including MEIO, Co-MEIO, and Ni-MEIO with dimin-
ished mass magnetization values of 101 emu/g(Fe), 99 emu/
g(Co+Fe), and 85 emu/g(Ni+Fe), respectively, show less MR
contrast effects with r, of 218, 172, and 152 mM~' s™', respec-
tively, which is consistent with the trend of mass magnetization
of nanoparticles (Figure 10). It is noteworthy that the r, of 12 nm
Mn-MEIO nanoparticles is ~5.8 times higher than that of con-
ventional molecular MR imaging contrast agents such as cross-
linked iron oxide (CLIO) nanoparticles.
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FIGURE 11. Ultrasensitive in vivo cancer detection through the
utilization of Mn-MEIO—Herceptin nanoparticle probes: () tail vein
injection of the Mn-MEIO—Herceptin probes into a mouse with a small
(~50 mg) HER2/neu positive cancer in its proximal femur region; (b) color-
mapped MR images of the mouse treated with Mn-MEIO—Herceptin
conjugates; (c) time-dependent R, changes at the tumor site after injection
of Mn-MEIO—Herceptin probes (blue circle) and CLIO—Herceptin probes
(red square). Reprinted with permission from Nature Medicne
(www.nature.com), ref 14. Copyright 2007 Nature Publishing Group.

Such MR signal enhancement effects of Mn-MEIO nanopar-
ticles enable successful ultrasensitive in vivo detection of biolog-
ical targets."* When these molecules are conjugated with a
cancer-targeting antibody, Herceptin, and intravenously injected
into a mouse with a small HER2/neu positive cancer (~50 mg),
they selectively detect small cancer with strong MR signals shown
as blue color, which represents high MR relaxivity (R, = 1/T>))
(Figure 11a,b). In contrast, there is no noticeable MR signal
change (AR»/R, contro) @t the cancer region from the mouse
treated with conventional CLIO—Herceptin conjugates (Figure
11b,0).

3.2. Ferromagnetic Magnet—DNA Network Structures.
Self-assembly of biomolecules to form highly ordered and pro-
grammed three-dimensional structures through specific molec-
ular recognition and biological interactions such as protein—
protein interaction, DNA hybridization, hydrogen bonding, and
van der Waals forces has been observed.*>** In particular, DNA
is a naturally occurring biopolymer with sequence-specific self-
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nanoparticle hybrid network structure and (b) magnetic force
microscopic scanning of a single Co nanoparticle with either
parallel (top) or reversal (bottom) spin directions located in different
regions. Reproduced from ref 45 with permission. Copyright 2002
American Scientific Publishers.

assembly capabilities. By engineering DNA sequences, it is pos-
sible to form various DNA nanoarchitectures such as multimers,
wires, and networks. Therefore, DNA molecules can serve as
templates for making magnetic nanoparticle assemblies. For
example, hybridization of ferromagnetic Co nanoparticles with
DNA induces the formation of magnetic nanoparticle network
structures.*> Based on the nanoscaling laws described in sec-
tion 2.1, Co nanoparticles show single-domain ferromagnetic
behaviors around 10 nm. When ferromagnetic 12 nm Co nano-
particles coated with 2-mercaptoethylamine hydrochloride are
mixed with poly(C) - poly(G) single-stranded DNA (ssDNA), Co
nanoparticles on double-stranded DNA (dsDNA) network struc-
tures are formed due to the electrostatic interaction between pos-
itively charged nanoparticles and negatively charged dsDNA
networks (Figure 12a). Magnetic force microscopic (MFM) images
of these magnet—DNA network structures show that the nano-
particles have both up-spin and down-spin states like “bits” in
magnetic data storage (Figure 12b). Furthermore, such a
ferromagnetic—bio hybrid system can be potentially useful for
the detection of biological events such as DNA hybridization and
cleavage via MFM or superconducting quantum interference
device (SQUID) sensors.
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3.3. Magnetophoretic Biosensing and Separation. Mag- _ M .
netophoretic sensing and separation of biological targets can also Vit = IMu, (CB) - B
be accomplished by using magnetic particles. When an exter-
nal magnetic field is applied perpendicular to the flow direction
of a microfluidic channel, magnetic particles experience a mag-

(3)

where Ay is magnetic susceptibility of the particle, r is the par-

netic force (F), which drives their magnetophoretic lateral move-
ment with a velocity of v,

ticle radius, ¢ is the vacuum permeability, and B is the exter-
nal magnetic field.*®
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Magnetic beads have been widely used for such mag-
netic sensing and separation purposes, but these still have
problems including low magnetic susceptibility and mag-
netic innomogeniety.*°~*® By use of nanoparticles with
well-defined size and magnetism, however, ultrasensitive
and reliable allergen-specific IgE detection is possible.*?
Magnetic susceptibility of nanoparticles plays an important
role in the velocity control and subsequent biological tar-
get separations as predicted by eq 3. Allergies are caused
by a hypersensitive reaction between allergens and aller-
gen-specific IgE antibodies. Allergen-specific IgE can be
found in the serum of the allergy patient, but its concen-
tration is very low, and therefore highly sensitive detec-
tion of IgE is important.>® Microbeads coated with mite
allergen from Dermatophagoides farinae (Figure 13a) are
first mixed with the target IgE with varying concentrations.
Then anti-human IgE-coated MEIO nanoparticles with the
capability to bind to the Fc region of the target IgE are fur-
ther added, and the resulting solution is injected into the
microfluidic channel. At a high concentration of the target
IgE, significant lateral movement of microbeads with a
velocity (v,,) of ~15 um/s is observed (Figure 13b,e), while
reduced (v,;, = ~2 um/s) and negligible lateral movements
are seen at lower concentrations of IgE or no IgE, respec-
tively (Figure 13¢,d,f,g). Such observations are reasonable
since the higher IgE concentrations induce more binding of
MEIO nanoparticles onto the microbeads. Quantitative
detection of the target IgE in sera is also possible up to sub-
picomolar IgE levels (~500 fM) by using a target IgE con-
centration vs lateral velocity standard calibration curve
(Figure 13h,i).

4. Concluding Remarks

In this Account, we have discussed the nanoscaling laws of
magnetic nanoparticles and reviewed selected case stud-
ies on metal, metal ferrite, and metal alloy nanoparticles. In
the size range of 1-50 nm, parameters including size,
shape, and composition have a tremendous influence on
magnetic characteristics such as coercivity and magnetiza-
tion values. Such scaling laws of magnetic nanoparticles can
make them programmable for their ultimate performance
for specific biomedical applications, as demonstrated in
their utilization as superior MR contrast agents and mag-
netic separation vectors. Although the current understand-
ing of nanoscaling laws of magnetism is still limited, more
studies and experimental exploration into this area of nano-
magnetism can lead to significant advances in various fields

188 = ACCOUNTS OF CHEMICAL RESEARCH = 179-189 = February 2008 = Vol. 41, No. 2

of next-generation biomedical sciences such as drug deliv-
ery, hyperthermia, MRI, magnetic separation and biosen-
sors, and nanobiofunctional magnetic materials.
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lectron dynamics at molecular—bulk interfaces play a central role in a number of different fields, induding molecular

electronics and sensitized semiconductor solar cells. Describing electron behavior in these systems is difficult because
it requires a union between disparate interface components, molecules and solid-state materials, that are studied by two
different communities, chemists and physicists, respectively. This Account describes recent theoretical efforts to bridge that
gap by analyzing systems that serve as good general models of the interfacial electron dynamics. The particular systems
that we examine, dyes attached to TiO,, are especially important since they represent the key component of dye-sensi-
tized semiconductor solar cells, or Gratzel cells. Grdtzel cells offer a cheap, efficient alternative to traditional Si-based solar
cells. The chromophore—TiO, interface is a remarkably good target for theorists because it has already been the subject
of many excellent experimental investigations.

The electron dynamics in the chromophore—semiconductor systems are surprisingly rich and involve a great variety of
processes as illustrated in the scheme above. The exact rates and branching ratios depend on the system details, induding the
semiconductor type, its bulk phase, and its exposed surface, the chromophore type, the presence or absence of a
chromophore—semiconductor bridge, the alignment of the chromophore and semiconductor energy levels, the surface termina-
tion, the active vibrational modes, the solvent, the type of electrolyte, the presence of surface defects, etc. Still, the general prin-
ciples governing the electron dynamics at the bulk—semiconductor interface can be understood and formulated by considering a
few specific examples.

The ultrafast time scale of the electronic and vibrational processes at the molecule—bulk interface make it difficult to invoke
traditional theories. Instead, we perform explicit time-domain simulations with an atomistic representation of the interface. This
approach most direclty mimics the time-resolved experimental data and provides a detailed description of the processes as they
occur in real time. The simulations described in this Account take into consideration the chemical structure of the system, deter-
mine the role of the vibrational motion and non-adiabatic coupling, uncover a vast variety of electron dynamics scenarios, and
ultimately, allow us to establish the basic criteria that provide an understanding of this complicated physical process. The insights
attained in the theoretical studies let us formulate a number of practical suggestions for improving the properties of the dye-
sensitized semiconductor solar cell and for controlling the electron transfer across molecular—bulk interfaces.

10.1021/ar700122b CCC: $40.75 © 2008 American Chemical Society
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Introduction

The transfer of charge through molecules and solid-state
structures has been studied separately for many decades,
using a variety of experimental techniques and theoretical
models. Electron transfer (ET) across molecular/bulk inter-
faces, however, has become the subject of active research
only much more recently. Many details of the interfacial ET
remain unknown and are hard to elucidate. These difficul-
ties trace back to the stark differences between the two
components of the interface: molecules, which are studied
by chemists, and solid-state materials, which are studied by
physicists. Molecules, for example, exhibit discrete, local-
ized electronic states, unique vibrational frequencies, and
well-defined, directional bonds. Solid-state materials, on the
other hand, possess continuous bands of delocalized elec-
tronic and vibrational states, can be doped easily, and form
defects that disrupt regular bonding patterns. The surface
characteristics of solid-state materials are strongly depend-
ent on surface preparation, temperature, and the presence
of solvent and other chemicals. The bulk properties can be
further affected by quantum confinement effects that
depend on the crystal’'s size. The intrinsic difference
between the quantum states of molecules and periodic sys-
tems, as well as the often disparate sets of theories and
experimental tools used by chemists and physicists, 2 cre-
ate challenges for the study of the organic—inorganic inter-
face, which plays a key role in many emerging fields.

Designs involving a combination of organic and inorganic
components have become increasingly common in recent
years, as molecular and solid-state domains have converged,
with molecules assembled into ever more complicated meso-
scopic structures® and periodic systems miniaturized on the
nanoscale.*> For instance, interfaces between solid-state and
biological systems are encountered in bioanalytical chemis-
try,® biomechanics,”® and drug delivery.® Charge transport
across the contacts remains the most important area of study
in the burgeoning field of molecular electronics;'® photoin-
duced electron transfer (ET) at molecular/bulk interfaces con-
stitutes a major focus of research in the chemistry of
photoelectrolysis,'' photocatalysis,'? lithography,'® and pho-
tography;'* and molecular/bulk interfacial ET is the primary
step in photovoltaic devices,'>'® since it allows charge sepa-
ration upon the absorption of a photon.

A dye coupled to the TiO, semiconductor surface is an
excellent model for processes that occur in the above fields.
This system represents a key part of the Grétzel cell,'” which
is one of the most promising and best-studied alternatives to
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FIGURE 1. Energy diagram of the electronic states participating in
the excited electron dynamics at the chromophore—semiconductor
interface. The chromophore is excited from its ground state to an
excited state that is in resonance with the semiconductor CB.
Following a rapid injection into the CB, the electron delocalizes to
the bulk and relaxes down in energy to the CB edge. The
delocalized electron can return to the semiconductor surface,
particularly in the presence of defects in the surface structure and
bonding, which create trap states. A photoexcited electron that is
close to the surface can be lost by recombination with the positive
charge created on the chromophore, by the photoexcitation, or by
transfer to an electrolyte molecule. The electrolyte is present in the
Gratzel cell in order to regenerate the neutral chromophore by a
separate ET event from the electrolyte to the chromophore ground
state.

the more costly traditional solar cells made of pure silicon. The
conversion of solar energy into an electric current in the Grat-
zel cell starts with the photoexcitation of the chromophore
from its ground state, which is located energetically in the
semiconductor band gap, to an excited state that is resonant
with the TiO, conduction band (CB), Figure 1. After the exci-
tation, an electron is injected from the chromophore to the
semiconductor surface, typically on an ultrafast time scale,
Tinjet- FOllOWing the transfer, the electron diffuses into
the bulk, 7, simultaneously relaxing to the bottom of the CB
and losing its energy to vibrations, ... If the relaxation
inside the CB occurs faster than the delocalization into the
bulk and the surface contains many defects and unsaturated
bonds that support surface states, the electron remains
trapped at the surface. The electron that has left the surface
can return, since the surface area of the semiconductor is large
by design in order to support many chromophores, and since
the electron is attracted by the positive charge remaining on
the chromophore after the injection. In either case, the sur-
face electron can back-transfer, tq,.om, and recombine with the





hole that exists in the chromophore ground state, thus short-
circuiting the cell. Successful cell operation relies on the
injected electron’s traveling through the semiconductor to an
electrode. Having carried a load, the electron makes its way
to the other electrode and reacts with an electrolyte. Once the
electrolyte molecule approaches the chromophore, the elec-
tron is transferred to the chromophore ground state, and the
neutral chromophore is regenerated, 7,qen. BY accepting the
surface electron, the electrolyte can also short-circuit the cell,
Telectr- THiS paper considers all of the above processes, each of
which occurs at the chromophore—semiconductor interface.

The interfacial processes influence the efficiency of the
cell'® and, therefore, are an object of active investiation, both
experimental>'71973% and theoretical.'®3'~*3 Two different
strategies are used for modeling the interfacial ET in real-time.
In one type of study, a simplified model of the interface allows
theorists to describe the coupled electron-vibrational dynamics
fully quantum-mechanically, to vary the model parameters sys-
tematically, and to investigate the influence of various interface
characteristics on the ET.3'~3> The other type of study uses an
explicit atomistic representation of the interface combined with
quantum-classical or semiclassical electron vibrational
dynamics.'®36743 Atomistic simulations treat the interface in
realistic detail, including the time-dependent geometric and
electronic structure of the chromophore, the surface, and the
electrolyte. The same approach considers the binding and
chemical bonding between the subsystems, the many-body
electronic and electron-vibrational coupling, the solvent, the
temperature, and other factors. The discussion presented
below deals primarily with the atomistic description of the
interface and characterizes its properties and the ET dynam-
ics at the ab initio level.

Interface Geometry

The geometric structure of the chromophore—semiconductor
interface governs its electronic properties and the ensuing ET
dynamics. The properties of the individual constituents of the
interface are fairly well understood, although the different
communities that discuss them use different terminologies.' -
Chemists concern themselves with dyes, physicists with semi-
conductors. This discrepancy means that an accurate descrip-
tion of the overall interface remains a challenge. One has to
choose a model that combines the periodic properties of the
semiconductor with the local molecular structure. A combined
model must avoid an unphysical redistribution of charge and
spin between the two components, provide stable binding in
both chemisorption and physisorption regimes, and be inter-
nally consistent in general.
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Rutile(100) surface
FIGURE 2. Structures of the most common rutile (110) and anatase
(101) bare surfaces of the TiO, semiconductor. The oxygens
(smaller red spheres) terminating the surface interact with
chromophores and water. Two types of oxygens are seen. Those
oxygens protruding from the surfaces have unsaturated bonds and
are chemically reactive. The bridging oxygens located between
surface titaniums (bigger gray spheres) have no dangling bonds
and can interect with the adsorbed species via hydrogen bonding.
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FIGURE 3. Typical patterns of adsorption of water and
chromophores on a TiO, surface: (a) dissociative adsorption of
water; (b) molecular adsorption of water; () monodentate binding
of alizarin; (d) bidentate binding of alizarin. Water adsorbed on the
surfaces is shown in parts a and b in bold.

The TiO, semiconductor has a long history in photoelec-
trochemistry.'? With few exceptions, the majority of the exper-
imental studies of the interfacial ET in the dye-sensitized TiO,
systems are carried out with TiO,, particles that are a mixture
of the rutile and anatase crystal forms of TiO, with a variety
of exposed surfaces.** Bare TiO, surfaces, Figure 2, are highly
chemically reactive and will interact with those substances that
are present in solution and in air. Under high vacuum, the sur-
face will reconstruct in order to saturate the dangling bonds
as much as possible. Water adsorbs on TiO, both dissocia-
tively and in the molecular form, as depicted schematically in
Figure 3, depending on the type of the surface, the presence
of defects, the coverage level, the temperature, and other
factors.'®** In the absence of efficient hydrogen bonding or
other specific interactions, larger molecules containing
hydroxyl groups, such as alcohol solvents or sensitizer chro-
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FIGURE 4. The simulation cell and spatial densities of the
electronic states that participate in the photoexcited electron
dynamics: (a) alizarin ground state; (b) alizarin photoexcited state;
(c) TiO, CB state; (d) I, singly occupied state. The atoms are
denoted as follows: Ti, big light gray; O, red; C, dark gray; I, big
purple; H, small blue. The semiconductor surface is terminated by a
layer of dissociatively adsorbed water. One of the water molecules
is replaced by alizarin. The I,~ species replaces an OH™ group.

mophores, can be expected to adsorb dissociatively. Chro-
mophore molecules that provide multiple binding groups,
such as alizarin with its two hydroxyls, can span more than
one Ti atom, Figure 3. In many cases, it is correct to assume
that the chromophore geometry is not altered by the bind-
ing. In some cases, particularly those involving bidentate bind-
ing, the chromophore may be somewhat distorted in order to
provide a better match with the surface geometry.*> The
redox mediator does not permanently bind to the semicon-
ductor surface, since it shuttles between the surface and the
counter electrode.

Electronic Structure of Interface

Understanding the electronic properties of the interface is a
key prerequisite for studying the electron dynamics. In order
to characterize the ET rates and mechanisms, one needs to
understand the energy alignment and electronic coupling
between the chromophore and semiconductor states. This
means developing the static electronic structure picture and
considering the coupling of the electronic states that is caused
by the vibrational motions at finite temperatures. Electronic
structure calculations indicate that the CB of TiO, is created by
the d-orbitals of the titanium atoms. The gap between the
valence and conduction bands of bulk TiO, is 3.2 eV, with the
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bottom of the CB about 4.5 eV below the vacuum level.'* The
surface induces substantial changes in the bulk electronic
structure; localized surface states appear both within the bands
and in the gap, and the dangling bonds of an unsaturated sur-
face introduce gap states that can lower the gap energy to a
few tenths of an electronvolt. Surface reconstruction partially
reopens the gap. Saturation of the surface by chemical bond-
ing of water and other species brings the gap closer to the
bulk value.

The chromophores that are used in the chromophore-sen-
sitized TiO, photovoltaic cell harvest visible light and are
selected to match the semiconductor energy levels and to be
photochemically and thermally stable.*® They fall into two
broad categories: purely organic conjugated molecules,
such as alizarin, Figure 3, and transition-metal/ligand
complexes.'>'® In the complexes, the photoactive ligands are
smaller organic conjugated molecules. The photoexcited states
formed by the z*-orbitals of the conjugated systems are sim-
ilar in both chromophore types. The ground state of the purely
organic chromophores is also a z-state, but the ground state
of the transition metal chromophores is localized on the n-or-
bitals occupied by the metal’s lone electron pairs. The photo-
excitation of a transition metal chromophore gives an
intramolecular charge transfer of the n—z" type. The minor dif-
ferences between the photoexcited states of the organic and
transition metal chromophores result from the larger excited
state delocalization in the purely organic chromophores, as
well as from the positive charge on the transition metal that
slows down the transfer of the electron into the semiconduc-
tor. Additional complications with the transition metal chro-
mophores arise from the strong spin—orbit coupling®” that
provides a high probability of intersystem crossing from the
photoexcited singlet into a lower energy triplet state, which
may lie below the semiconductor CB and slow down the elec-
tron injection.'®

The thermal energy of atomic motion can have a dramatic
effect on the geometric and electronic structure of the inter-
face. The binding energy of water and electrolyte molecules
to the surface may be weaker than kT, and a structure that
is stable at 0 K can be substantially perturbed at a finite tem-
perature. Thermal fluctuations in the atomic coordinates influ-
ence the electronic energy levels, primarily those of the
localized states of the chromophore and the electrolyte, Fig-
ure 5. The fluctuation of the molecular states closer and far-
ther away from the CB edge, as well as between the regions
of higher and lower CB state density, affects the ET reaction
rates and mechanisms and creates an inhomogeneous distri-
bution of initial conditions. The low-frequency motions mod-
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FIGURE 5. Evolution of the electronic state energies along a MD
trajectory. The energies fluctuate due to atomic vibrational motions.
The CB states of TiO, are delocalized over many atoms and,
therefore, are least sensitive to local atomic displacements. The
oscillation of the alizarin excited state energy near the edge of the
CB has a strong effect on the electron injection dynamics. The state
localized on |, oscillates with the largest amplitude.

ulate the relative positions of the energy levels, while the
higher frequencies determine the electron—phonon coupling
that drives the photoexcited electron dynamics.

Injection from Chromophore to
Semiconductor

In order to illustrate the features of the electron injection pro-
cess that become apparent from the time-domain ab initio
simulations, we consider the alizarin—TiO, system that has
been studied experimentally?®~22 and is shown in Figure 4.
The chromophore photoexcited state is energetically close to
the TiO, CB edge, Figure 5. Efficient injection at the band edge
produces nontrivial dynamical effects and avoids the voltage
loss associated with the relaxation of electrons that are
injected higher in the CB. The results of the simulations*°~*3
agree well with the experimental time scales®”?® and indi-
cate that the photoinduced ET from a molecular donor to the
semiconductor substrate can involve a variety of processes
and different ET mechanisms.

Thermal fluctuations of atomic coordinates produce a dis-
tribution of the photoexcited state localizations and energies,
Figure 5, creating an inhomogeneous ensemble of initial con-
ditions for the electron injection. In some instances, the pho-
toexcited state is well localized on the chromophore. In other
cases, over half of the photoexcited state density is on the
semiconductor. As a result, on average the electron is 30%
delocalized onto the semiconductor. Therefore, the ET coor-
dinate shown in Figure 6 is advanced beyond zero at the ini-
tial time. The rest of the injection process takes about 10 fs.

The ultrafast electron injection timescale makes it difficult®'
to invoke traditional ET descriptions, such as the Marcus
model,'>#* which assume that vibrational energy redistribu-
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FIGURE 6. The average evolution of the ET coordinate for the
electron injection from alizarin into TiO,, including the contributions
from the adiabatic and NA injection mechanisms. The difference
between the two mechanisms is illustrated in the inset, which show
two intersecting parabolas representing the electron donor and
acceptor state in the Marcus picture of ET. During adiabatic transfer
(blue) the electron always remains in the same adiabatic state (the
lowest energy state in the inset) and transfers from the donor to
the acceptor by crossing a transition state energy maximum. The
NA transfer (red) is akin to tunneling, does not require a transition
state, and occurs via a quantum transition, or hop, between the
donor and acceptor states.

tion occurs faster than the electron dynamics. This fact cre-
ates the need for the explicit time-domain simulations. The
language of ET theories can still be applied to the interfacial
electron injection. In particular, one can distinguish between
the adiabatic and nonadiabatic (NA) transfer mechanisms.'®24
Either mechanism can, in principle, explain the ultrafast injec-
tion. However, the two mechanisms have drastically differ-
ent implications for the variation of the interface conductance
and solar cell voltage with the system properties. In the adi-
abatic mechanism, the coupling between the dye and the
semiconductor is large, and ET occurs through a transition
state (TS) along the reaction coordinate that involves a con-
certed motion of nuclei, see the inset in Figure 6. A small TS
barrier gives fast adiabatic ET. Since the adiabatic mechanism
relies on strong chromophore coupling to one or a few semi-
conductor states, the injection can occur close to the edge of
the CB, where the density of states (DOS) is low. As a result,
energy and voltage may be saved by avoiding the relaxation
inside the CB that is inevitable if the electron is injected high
into the CB. NA effects decrease the amount of ET that hap-
pens at the TS but open up a new channel involving direct
transitions from the dye into the semiconductor that can occur
at any nuclear configuration. The NA injection rate is propor-
tional to the acceptor DOS;'> hence, efficient NA injection is
possible only high into the CB, resulting in voltage loss. On the
other hand, the weak chromophore—semiconductor coupling
that is responsible for the NA injection reduces the rate of
transfer of the injected electron back onto the chromophore,
improving the overall current. The different dependence of the
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photovoltaic current and voltage on the chromophore—semi-
conductor coupling creates a delicate balance that allows for
a variety of optimization possibilities.

Delocalization into Semiconductor Bulk

Following the photoexcitation and injection across the chro-
mophore—semiconductor interface, the electron evolves inside
the semiconductor both spatially and energetically. The TiO,
surface state that accepts the injected electron is localized
within the first few surface layers.*®*! In some cases,*®3° a
single Ti atom can constitute 20% of the acceptor state den-
sity. Simulations*' indicate that the electron leaves the sur-
face region and delocalizes into the semiconductor bulk on a
100 fs time scale, in agreement with the available experimen-
tal data.*® The ET from the surface to the bulk occurs in a
sequence of NA electronic transitions starting at the surface
state. Generally, the delocalization process is not uniform in
space but rather exhibits preferential directions, which depend
on the symmetry of the photoexcited state.®

Relaxation to the Bottom of the
Conduction Band

Simultaneously with the delocalization, the injected electron
loses its energy to phonons and relaxes to the bottom of the
CB. The relaxation time scale is largely independent of how
high in the CB the electron has been injected, Figure 7, indi-
cating that transfers between energetically separated states
make a strong contribution to the movement of the electron
downward through the band. As much as half an electron-
volt of energy can be lost in a single hop, see inset in Figure
7a. Still, the majority of the hops induce only small energy
changes, as emphasized by the exponential decay of the prob-
ability distribution. The energy flow between the electronic
and vibrational degrees of freedom of the semiconductor is
not unidirectional. Occasionally, phonons can impart some
energy onto the electron. The likelihood of a gain in the elec-
tron energy is, however, significantly smaller than the likeli-
hood of an energy loss, especially for large energy hops. The
relaxation creates a quasi-equilibrium distribution of state pop-
ulations near the bottom of the CB.

Back-Transfer to Chromophore

Due to the high surface area of chromophore-sensitized TiO,,
an electron delocalized in bulk TiO, has a high probability of
finding a surface. Once at the surface, the electron will inter-
act with those chromophores that are still positively charged
after the injection and with the electrolyte that has approached
the surface. Surface structural defects, such as missing atoms,
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FIGURE 7. Relaxation of the electron injected into the TiO, CB.
Part a shows the CB DOS with the arrows indicating several
injection energies corresponding to the DOS local maxima. The
inset in part a gives the probability distribution of the hop energy.
Part b shows the time-dependent population of the states within
kgT of the CB edge. The relaxation time scale is essentially
independent of the injection energy.

edges, and unsaturated bonds, support trap states with ener-
gies below the CB edge. If the electron finds a trap, it will
remain at the surface for a long time, increasing the probabil-
ity of its recombination with the chromophore or electrolyte.
Assuming that the electron is trapped inside the first five sur-
face layers, as represented by the simulation cell in Figure 4,
the simulation shows*? that the back-transfer to the ground
state of alizarin is 2 orders of magnitude slower than the injec-
tion*' and occurs on a picosecond time scale, Figure 8. The
result is in agreement with the experimental data.?°®

The recombination of the electron with the chromophore
takes place via a NA electronic transition in which a large
amount of energy is exchanged between the electron and the
phonons. Simulations show that the transition is most effi-
ciently facilitated by the mid-range frequency vibrational
modes of the chromophore.*? These modes couple to the
electronic states and provide a good match between the elec-
tronic and vibrational quanta of energy that are exchanged
during the transition. The high-frequency modes that involve
the light hydrogen atoms of the C—H chromophore bonds and
the O—H groups terminating the semiconductor surface do not
take part in the electron back-transfer, since the chromophore
and semiconductor electronic states that are engaged in the
transition are localized on the heavy atoms.
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FIGURE 8. Time-dependent populations of the alizarin ground
state describing back-ET from the TiO, CB to alizarin (black solid
line), the I, state describing the electron loss from the TiO, CB to
the electrolyte (red solid line), and the alizarin ground states
describing regeneration of the neutral chromophore by ET from the
electrolyte (black dashed line). The ET from I, to alizarin is
nonexponential and is strongly modulated by the orientation and
distance between the two species.

Electron Loss to Electrolyte

The I"/I5™ redox pair is the most typical Gratzel cell media-
tor. It acts according to the following mechanism.*?

iy = L+I
L+te = I

g S, g
E4e 2 g

The I,° radical anion can both donate an electron to the
positively charged chromophore and accept an electron from
the semiconductor. In order to preserve the overall electro-
neutrality, I,”~ replaces an OH™ group at the surface, Figure 4.
However, it is too large to fit into the space vacated by OH™.
Instead, it interacts most strongly with the positively charged
surface hydrogens and hovers close to the surface. The I," —
TiO, interaction is sufficiently strong to overcome thermal
kinetic energy and maintain surface binding at room temper-
ature. Even though both iodine atoms in the electrolyte mol-
ecule have partial negative charges, one of the atoms makes
a closer approach to the surface. The diatomic molecule
becomes polarized by the surface interaction and is tilted with
respect to the surface, Figure 4. An analysis of the processes
involving the electrolyte becomes much more complex if one
explicitly considers solvent effects.>%>"

The energy of the singly occupied orbital of the I,*~ radi-
cal anion is located below the TiO, CB edge and above the
ground state of the chromophore, Figure 5. Since the I," state
is closer in energy to the TiO, CB than is the chromophore
ground state, the electron transfer from the semiconductor is
faster to the electrolyte than to the chromophore, so long as
the electrolyte molecule is able to approach the surface and
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create strong orbital overlap, Figure 8. The time scale for the
injected electron to transfer to the electrolyte is largely inde-
pendent of the injected electron energy. Since the relaxation
in the band occurs generally faster than the transfer to 1,7,
compare Figures 7 and 8, the majority of the transfer events
occur from the TiO, states near the bottom of the CB. Once on
I,*~, the electron has little chance to hop back into the TiO,
CB; the energy gap is too large to be overcome at room tem-
perature. Thus, the electrolyte can efficiently scavenger the
photoinjected electron, provided that both the electron and
the electrolyte mediator approach each other near the TiO,
surface. Due to the presence of both chromophores and elec-
trolyte at the semiconductor surface, surface defects that trap
the photoexcited electron provide a very powerful route for
electron loss and should be avoided as much as possible.

Transfer from Electrolyte to Chromophore

In the Gratzel cell, the positive charge created on the chro-
mophore by the photoinduced electron injection into the TiO,
surface is quenched with the negative charge that is brought
to the chromophore by the redox mediator. The two species
are charged oppositely, and thus they attract each other elec-
trostatically. Since the chromophore is chemically bonded to
the semiconductor, the electrolyte—chromophore interaction
occurs near the surface, Figure 4. The rate of the ET between
I,*~ and alizarin is determined by the electron donor—accep-
tor coupling, which must be substantially weaker for the spa-
cially separated molecules than for the alizarin—TiO,, surface
donor—acceptor pair, which is chemically bound. Indeed, the
nonexponential rise of the occupation of the alizarin ground
state seen in Figure 8 indicates that the ET strongly depends
on the chromophore—mediator distance. The step in the state
occupations seen in the figure is related to the slow-frequency
wagging motions of alizarin and I,*~ relative to the surface.*?
These motions bring the two species alternatively closer to
and farther from each other. An additional channel for ET from
I,*” to alizarin is provided by the binding of both species to
the TiO, surface. Electronic structure calculations support the
existence of the through-bond coupling channel by showing
increased delocalization of the 1,°~ state density onto the sur-
face in the combined system.*3

Summary of the Photoexcited Electron
Kinetics

The variety of pathways that are available to the electrons at
the chromophore—semiconductor interface are summarized in
Figure 9. The time scales reported in the figure are based on
the alizarin—TiO, system, Figure 4, studied by a combination
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FIGURE 9. Kinetic pathways of electrons near the chromophore—
semiconductor interface. The described electron dynamics are
initiated by chromophore photoexcitation. The chromophore is
chemically bound to the semiconductor. Both electrons in the TiO,
CB and those in electrolyte molecules in solution can diffuse
towards and away from the interface. The reported time scales are
based on the alizarin—TiO, simulation (see Figure 4) and vary
depending on the details of a given system.

of experimental*®~28 and theoretical*®~*3>2>3 techniques.
Other systems can be characterized by the same Kinetic
scheme with somewhat different time constants. It should be
emphasized that the results have been obtained for the situ-
ation in which the electrolyte molecule has diffused into a
close proximity to the surface.

Comparing the relevant time scales, one concludes that in
the absence of trap states, the majority of the injected elec-
trons move away from the surface. However, if the electron is
trapped near the surface or repeatedly returns to the surface
in a system with a large surface area, it can return to the chro-
mophore and fill in the ground state vacancy. In photovol-
taic applications, the relaxation of the electron inside the CB
is responsible for voltage loss, and the electron’s return to the
chromophore decreases solar cell current. The current is also
decreased by ET from the semiconductor surface onto the
electrolyte. The simulations indicate that if the electrolyte mol-
ecules are allowed to chemisorb onto the surface, the photo-
voltaic device will be very inefficient.

All processes considered in Figure 9 occur by the NA mech-
anism, Figure 6, involving quantum-mechanical transitions or
tunneling between electronic states. The electron injection
is the only possible exception. If the chromophore is bound
to the semiconductor by a short bridge, the injection hap-
pens by the adiabatic mechanism, facilitated by a concerted
classical-mechanical motion of chromophore and semicon-
ductor atoms.

Concluding Remarks

The details of the interfacial electron dynamics described in
this Account have become available through recent theo-
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retical advances in NA molecular dynamics.”®>> Time-re-
solved simulations are of particular value for elucidating the
ultrafast ET processes that show a variety of individual
events with well-defined dynamical signatures, such as the
rise and fall of intermediate state populations, large tran-
sient fluctuations from the average behavior, time depen-
dence of the quantum transition rates, and local vibrational
heating and cooling. An ab initio description of the inter-
face creates an intuitive picture that appeals to chemists
and creates a clear understanding of the effects of atomic
structure, binding, chemical funcionalization, and electronic
interactions that occur through bonds and through space.
Time-resolved ab initio simulations are still rare and are
computationally demanding. The field is rapidly progress-
ing though, and state-of-the-art techniques for the dynam-
ics simulations are being actively developed. As the
theoretical research advances, larger systems and longer
time scales will become accessible, allowing one to probe
more examples and finer details of chemical dynamics.

The authors are indebted to many experimentalist and the-
oretician colleagues for fruitful and illuminating discussions,
particularly to Tim Lian, Arthur Nozik, Frank Willig, Josef
Wachtveitl, Victor Batista, Haobin Wang, Michael Thoss, and
Volkhard May. The research was supported by NSF Awards
CHE-0094012 and -0701517, DOE Award DE-FGO2-
05ER15755, and ACS PRF Awards 150393 and 41436-AC6.
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In order to deliver a bioactive agent to a physiological location, it is important to be able to regulate precisely the loca-
tion and the dosage. Such exquisite control can easily be envisioned for a photochemical drug that is active toward release
of the desired bioactive agent upon irradiation of a specific tissue site. These materials should be thermally stable but reac-
tive under excitation at visible (vis) or near-infrared (NIR) wavelengths where tissue transmission is optimal. Two photon
excitation (TPE) is of special interest, since the use of focused laser pulses to activate release could provide 3D spatial con-
trol in therapeutic applications.

This Account describes the preparation and photochemistry of a series of transition metal complexes designed to release
the simple bioregulatory compound nitric oxide upon vis or NIR excitation. In order to enhance the light gathering capa-
bility of such compounds, we have attached chromophores with high single- or two-photon absorption cross sections to sev-
eral photochemical NO precursors. For example, the iron nitrosyl clusters Fe,(«-SR),(NO), (Roussin’s red esters) have been
prepared with various chromophores as pendant groups, an example being the protoporphyrin X1 derivative illustrated here.
Direct excitation into the vis absorbing Q bands of the porphyrin leads to enhanced rates of NO generation from the Fe/S/NO
cluster owing to the larger rate of light absorption by that antenna. Furthermore, femtosecond pulsed laser NIR excitation
of the same compound at 810 nm (a spectral region where no absorption bands are apparent) leads to weak emission at
630 nm and generation of NO, both effects providing evidence of a TPE mechanism. Roussin’s red esters with other chro-
mophores described here are even more effective for TPE-stimulated NO release.

Another photochemical NO precursor discussed is the Cr(lll) complex trans-Cr(L)(ONO),* where L is a cyclic tetraamine
such as cycdlam. When L includes a chromophore tethered to the ligand backbone, excitation of that functionality results in
energy transfer to the spin-forbidden ligand field double states and light-stimulated release of NO. We are working to develop
systems where L is attached to a semiconductor nanoparticle as the antenna. In this context, we have shown that electro-
static assemblies are formed between the anionic surface of water-soluble CdSe/ZnS core/shell quantum dots (QDs) and
Cr(L)(ONO), " cations via an ion-pairing mechanism. Photoexcition of such modified QDs leads to markedly enhanced NO
generation and suggests promising applications of such nanomaterials as photochemical drugs.
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Introduction

This Account describes our continuing effort to design photo-
active metal complexes for controlled release of “caged” bio-
active agents at physiological targets. Although we have
focused primarily on the delivery of nitric oxide," these con-
cepts should apply to other chemotherapeutic molecules. The
photochemical strategy allows one to control the location, the
timing, and the dose of NO release with an external signal,
namely, the light that is delivered to tissue. Desirable proper-
ties for the NO precursors would be thermal stability, target
specificity, and photochemical lability at wavelengths conve-
nient for light delivery to the target tissue. Photochemical NO
precursors studied in this laboratory include various metal
nitrosyl (M(NO))>> and metal nitrito (M(ONO)) complexes* and
iron/sulfur/nitrosyl clusters.>~” Direct excitation of these com-
pounds results in NO release, and as described below, this NO
can directly affect various biological functions and have other
therapeutic effects. However, many of these metal nitrosyl and
nitrito complexes display relatively low absorptivity at the
longer visible and near-infrared (NIR) wavelengths that have
optimal tissue penetration properties. Described here is
research that addresses this problem by attaching other, more
strongly absorbing, chromophores to the precursor to enhance
photochemical NO release.

Scheme 1 idealizes this approach. The second chro-
mophore acts as an antenna (A) to harvest light at desirable
wavelengths. A may be a dye or even a quantum dot. Absorp-
tion of light gives the excited antenna (A*). Energy transfer
from A* to the NO precursor (illustrated as L,M(NO)) photo-
sensitizes release of NO from the latter. Such a system would
be more effective than the precursor alone. More light is
absorbed; thus the rate of NO delivery is faster. The NO dose
is still controlled by the amount of light delivered to the target.

When a system is irradiated by a continuous lamp or even
a nanosecond pulsed laser, normal single-photon excitation
(SPE) is expected. In that case, the photoreaction rate is pro-
portional to the concentration and extinction coefficient of the
compound excited and to the reaction quantum yield. It is also
linearly proportional to the intensity of the excitation source
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FIGURE 1. lllustrating TPE into an antenna followed by energy
transfer to reactive center.

(units being einstein L~' s™'). In contrast when a system is
irradiated with very intense excitation sources, typically when
pulsed picosecond or femtosecond pulsed lasers are used,
simultaneous two-photon excitation (TPE) (Figure 1) can occur.
(With ultrafast lasers, the photons are delivered in a very short
time interval, so pulse powers are extremely high.) For TPE,
the excitation rate is proportional to the intensity squared.
Owing to this quadratic relationship, TPE can also provide
additional spatial resolution,® since excitation occurs prima-
rily at the focal point of the light source, not throughout the
irradiated volume. This feature has found applications in imag-
ing and photodynamic therapy (PDT),° and it would be of
interest to exploit this spatial resolution for the photochemi-
cal delivery of bioactive agents.

For physiological applications, it is very desirable to extend
the effective excitation range of the photoactivated precur-
sors to red or near-infrared wavelengths.'® NIR frequencies are
especially attractive owing to optimal tissue penetration prop-
erties, illustrated in Figure 2. However, compounds that are
photolabile when subjected to single-photon NIR excitation
may not be sufficiently thermally stable for physiological appli-
cations. This concern has drawn our attention to antennae that
are responsive to two-photon excitation. TPE at NIR wave-
lengths would prepare excited states of the antennae that are
not otherwise accessible by lower intensity irradiation at such
frequencies (Figure 1). Energy transfer from A* to the NO pre-
cursor would generate NO at the targeted tissue as the result
of more penetrating NIR excitation and with exquisite spatial
control. This Account summarizes recent studies directed
toward using such polychromophoric systems to access NO
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release from stable precursors at longer visible and NIR
wavelengths.

Nitric oxide is an endogenous mediator in numerous phys-
iological processes including vasodilation and neurotransmis-
sion.'" Given that its bioregulatory action is triggered at
nanomolar concentrations,'? using a photochemical method-
ology to modify local NO concentrations and alter certain bio-
logical functions is quite feasible. For example, such NO
delivery has been shown to trigger vasodilation.'® Another
property attributed to NO is that it increases tumor sensitiv-
ity to radiation therapy.'*'> Malignant tumors have hypoxic
regions of low oxygen tension that are much more radiore-
sistant than normoxic tissue. Cells that survive radiation in
these regions are likely to result in tumor reoccurrences that
are even less amenable to treatment. Hypoxia cell resistance
may be alleviated by introducing a radiation sensitzer or a
vasodilator to increase dioxygen flow; both are roles played
by NO. Radiation sensitization requires NO concentrations
approaching 1 «M,"® while vasodilation occurs at much lower
NO concentrations. Photochemical activation of an appropri-
ate precursor provides a procedure for controlling the site, tim-
ing, and dosage of NO delivery.

Photoreactions of NO Precursors

Metalloporphyrins. We initiated photochemical studies of
metal nitrosyls in the early 1990s by using flash photolysis to
generate reactive intermediates from nitrosyl adducts of fer-
riheme proteins and models to probe relaxation kinetics back
to the equilibrium states (eq 1, Kops = Kon[NO] + Ko, POI*~ =
porphyrinato dianion).'® Although others had generated sim-
ilar intermediates,'” our studies, partly with Hoshino'®® and
with van Eldik,'®° represented the first systematic determina-
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tions of activation parameters AH', AS, and AV’ for the NO
“on” and “off” reactions with heme proteins and models.

M(Por) + NO ké M(Por)(NO)

Koft

(1)

Within the same time frame, we also began efforts to uti-
lize photochemical techniques for site-directed NO delivery.
The ideal would be a thermally stable NO precursor that
releases NO only when triggered by light. It was soon estab-
lished that the ferro- and ferriheme models were too unsta-
ble to be good NO precursor candidates. The ferric complexes
are thermally labile toward NO dissociation, while Fe'(Por)(NO)
analogs are susceptible to air oxidation.'®

To address these issues, our attention turned to the ruthe-
nium analogs Ru(Por)(X)(NO) (X = various anions),> which are
generally robust toward thermal NO release. The photochem-
istry of these porphyrinato complexes is quite rich, perhaps
too rich for a good NO donor. For example, flash photolysis
of Ru(TPP)(NO)(ONO) (TPP?~ = tetraphenylporphyrin dianion)
demonstrated two short-lived intermediates, one from NO
labilization to give Ru(Por)(ONO) and the other from NO, dis-
sociation to give the transient species Ru(Por)(NO) (Scheme 2).2

The salen complexes Ru(salen)(X)(NO) (salen = N,N'-ethyl-
enebis(salicylideneiminato) dianion) and related species pro-
vide a more versatile synthetic platform and have been the
focus of continuing studies. These undergo reversible NO pho-
tolabilization (eq 2, Sol = solvent),® and the back reactions are
strongly solvent sensitive, with kyo values ranging from 4 x
107 M~' 57" in toluene to ~5 x 107* M~ s~' in acetoni-
trile (298 K). Positive volumes of activation AV indicate a dis-
sociative ligand substitution mechanism.'® Ru salen nitrosyls
are also photoactivated catalyst precursors for asymmetric
epoxidations etc.,2° and our results explain the photobehav-
ior and solvent dependence of such systems.
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Ru(salen}X)(NO) Ru(salen)X)(Sol) + NO  (2)
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In the interest of developing solid materials as implants for
photochemical NO delivery, we have also worked with Elia
Tfouni to incorporate [Ru(salen)(H,O)(NO)|PFg into porous silica
sol—gels,>" which release NO upon photolysis. Surprisingly, the
encapsulated Ru(salen)(H,O)(NO)* can be regenerated by treat-
ing the spent solid with aqueous NO,~ and a reductant, suggest-
ing that the photoactive nitrosyl in the implant might be
regenerable in vivo from endogenous nitrite.?’

Ruthenium nitrosyls have also drawn attention from others
interested in NO delivery,?*~2” beginning with early studies
involving photochemical release from K, [RuCls(NO)] solutions to
an in vitro ’carge’t.”‘a Also of note are publications from Franco,
Tfouni, and Santana da Silva in Brazil concerning thermally and
photoinduced NO release from amine and polypyridyl nitrosyl
complexes®3~2> and Mascharak?® regarding photoreactions of
RUL(NO) (L = polydentate pyridyl ligand).

Roussin’s Salts and Esters. The Roussin’s black salt anion,
Fe,S5(NO),~ (RBS) was the first of these iron/sulfur/nitrosyl
clusters®® to be exploited as photochemical NO donors in
early qualitative studies of vascular relaxation.'3"293° These
observations inspired our decision to address the quantita-
tive photochemistry of RBS and the red salt anion
Fe,S5(NO),*~ (RRS).>3!

As illustrated in Figure 3, the water-soluble Roussin’s salts
have broad absorptions into the visible, although the relevant
excited states are not well characterized. RBS and RRS are both
photoactive toward NO labilization; however, net photoreaction
yields depend on trapping the iron-based intermediates by O,
since this competes against the back reaction to reform the orig-
inal cluster. Scheme 3 summarizes flash photolysis experiments
with aqueous RRS.>' The quantum yield for NO production from
RRS (@ ~ 0.07 in aerated aqueous solution confirmed elec-
trochemically) proved to be nearly independent of the excita-
tion wavelength 1;,;>” however, the net efficiency of NO
production is poor. Only one NO is released per 2 equiv of RRS
consumed, since intermediates are self-trapped by RRS to gen-
erate the less photoactive tetranuclear cluster RBS.>

As noted above, NO sensitizes hypoxic cells to y-radiation
damage.15 In this context, we conducted collaborative stud-
ies at the NCI Radiation Biology Branch to test the viability of
photochemically delivered NO as a radiosensitizer. First,
hypoxic cultures of Chinese hamster V79 cells were treated
with RRS (<1 mM), and it was found that survival rates were
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FIGURE 3. Optical spectrum of Na,[Fe,S,(NO),] in aqueous
solution.
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the same as the hypoxic cell controls, both in the absence of
radiation and when subjected to equivalent doses of y-radia-
tion.> However, when the RRS incubated cells were subjected
to white (visible) light irradiation simultaneous with y-radia-
tion, there were up to 100-fold enhancements of radiation-
induced cell death. In contrast, visible light irradiation alone
had little effect on cell survival in RRS incubated cultures. This
experiment provided clear demonstration that NO delivered
photochemically sensitizes living cells toward simultaneous
y-radiation and further incentive for designing molecular sys-
tems for targeted NO delivery.

The Roussin’s red esters, Fe,(u-SR),(NO), (RSE), are pre-
pared by alkylating the bridging sulfides of RRS.32 Of partic-
ular interest is the opportunity to manipulate reactivity,
solubility, optical spectral profile, or biological specificity by
varying R. Another advantage is that all four NOs are released
upon RSE photodecomposition in aerated solutions (eq 3).°33

i
ON-'..,,, /S \\"NO hv ,
ST /Fe‘\\ —~ 2 Fe™ + 2RS + ~4NO (3)
oN \S No >
[
R RSE

Flash photolysis studies of RSEs show the primary photo-
chemical step to be NO dissociation. The presumed interme-
diate Fe,(u-SR)-(NO); reacts with NO to regenerate Fe,(u-
SR),(NO), with a high kyo (1.1 x 10° M~' 57! for R =

Vol. 41, No. 2 = February 2008 = 190-200 = ACCOUNTS OF CHEMICAL RESEARCH = 193





Polychromophoric Metal Complexes for Generating NO Ford

—CH,CH,S05™ in aqueous solution)® in competition with trap-
ping by O, (ko, = ~1.1 x 10” M™" s7") to give oxidized prod-
ucts. The remaining NO’s are apparently released
subsequently as the cluster decomposes. RRS esters with sat-
urated R groups have electronic spectra similar to that of RRS
itself and do not have the strong absorbances at the longer
wavelengths desirable for in vivo studies. To address this
issue, we initiated the preparation of RRE compounds with
pendant dye chromophores to serve as intramolecular pho-
tosensitizers (see below).

Several other groups have explored the photochemistry
and potential biological applications of non-heme iron
nitrosyls, systems including Roussin’s clusters,®* sodium
nitroprusside,”3> and iron nitrosyls with polydentate ligands.?®

Nitrito Complexes. Another strategy is to use a nitrito
complex, M—ONO, as the photochemical NO precursor. It was
reported that certain metalloporphyrin nitrito complexes
undergo photolysis-induced S-cleavage of nitrite to the oxo
species (eq 4),” although homolytic cleavage of the M—ONO
bond to give the NO, radical is common.>® We reasoned that
an oxophilic metal such as Cr(lll) would favor NO over NO,
release and that using neutral ligands would give water-sol-
uble cationic complexes. This thinking led to our studies of the
trans-Cr(cyclam)(ONO),™ cation (I, cyclam = 1,4,8,11-tetra-
aza-cyclotetradecane).*38" A key point is that the trans-Cr(cy-
clam)X,* cations (X = various anions), unlike other Cr(lll)
amine complexes, show little tendency toward photoaqua-
tion of axial ligands.>°

hv
M(ONO) — L M=0 + NO (4)

When I was photolyzed in aerated aqueous solutions at
various A, from 365 to 546 nm, NO was released. The pri-
mary photoreaction product was identified provisionally as the
Cr(IV) intermediate frans-Cr(cyclam)(O)(ONO)™, which is trapped
by O, to give a Cr(V) complex with an overall @, of 0.27 at
436 nm. Comparable quantum vyields were found at other
Airr-

‘7

O

S
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M

Flash photolysis studies demonstrated that NO photodis-
sociation is reversible with a moderately fast back reaction
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SCHEME 4. Model for trans-Cr(cyclam)(ONO),* Photochemistry®

941 is ground state.

(kno = 3.1 x 10° M~ ' s7"). Hence, this is another case where
facile photoreaction is seen under continuous photolysis con-
ditions only when O, is present to trap reactive intermedi-
ates. This water-soluble and thermally stable system, which
demonstrates a large @, release with visible light, would
seem very promising. However, the absorption cross section
of I in the visible is very small, since these transitions are
Laporte forbidden ligand field (d—d) bands. As described
below, we addressed this challenge by attaching antennae to
serve as intramolecular photosensitizers.

Scheme 4 proposes an excited-state reaction mechanism
for I. The insensitivity of @\ to 4;, suggests that the reac-
tive state is the lowest quartet or doublet ligand field ES, and
direct sensitization experiments*® show (at least) a substan-
tial fraction of NO generation occurs from the latter. From 17,
there would be no spin restriction in dissociating to the pri-
mary photoproducts, singlet Cr'Y=0 plus doublet NO.

Polychromophoric Complexes

A consistent problem for most of the above systems, the met-
alloporphyrins excepted, is low absorbance at visible wave-
lengths. Since UV light transmission through tissue is poor,'°
this would limit photochemical applications to topical treat-
ment or to encapsulation in a solid matrix*'***' connected
to an optical fiber and implanted. An alternative would be to
construct molecules that harvest tissue-penetrating light by
attaching antennae sensitive to the appropriate wavelengths.





SCHEME 5
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Energy transfer from antenna to precursor would activate the
latter to release NO or another bioactive agent as illustrated
in Scheme 1.

Derivatives of I. The Cr(lll) nitrite complexes are a good
starting point for synthetic designs for antenna attachment,
since, although absorptivities are low, direct excitation gave
good d at visible wavelengths. Thus, one would expect
energy transfer from antenna to Cr(lll) to generate reactive
ligand field ES and NO generation (Scheme 5).

With this goal, Frank DeRosa prepared Cr(1ll) complexes of
cyclam ligands modified by covalent attachment of polycy-
clic aromatics such as anthracene and pyrene.*? Although not
displaying the desired absorptions at longer visible wave-
lengths (ongoing studies are addressing this issue),*® these
compounds demonstrated that pendant chromophores can
serve as antennae to gather light and to sensitize reactions
localized at the Cr(lll) center. The anthracene-tethered com-
plex trans-[Cr(mac)(ONO),|BF, (Il, mac = 5,7-dimethyl-6-an-
thracyl-cyclam, Figure 4) illustrates this behavior.

The first question is whether excitation of the anthracene
leads to sensitization of the Cr(lll) center. This was tested by
examining the photophysical properties of Il and its dichloro
analog trans-Cr(mac)Cl, . Excitation (365 nm) of free mac led
to a strong fluorescence with the characteristic structured
emission spectrum of the anthracene. In contrast, excitation of
the trans-Cr(mac)X, ™ salts under identical conditions (50 uM
in aqueous solution) gave only very weak emission, at least
1000-fold less intense (Figure 5). For trans-Cr(mac)Cl, ™, this
was accompanied by weak phosphorescence from the Cr(lll)
doublet states (~700 nm), consistent with energy transfer
from the anthracene to the metal center. With the dinitrito
analog, the emission was too weak to detect. Instead, pho-
tolysis of aqueous Il led to modest absorption changes with
®, = 0.17 in aerated solution but much smaller (<3.0 x
1073) in deaerated solution as expected for the reversible
reaction illustrated in Scheme 4. That these spectral changes
are due to NO photogeneration from nitrito ligands was con-
firmed electrochemically. Thus, attachment to the dinitrito

crV=0 + NO
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FIGURE 4. Molecular structure for cation of trans-
[Cr(mac)(ONO),|BF, (IN). Reproduced from ref 42. Copyright 2005
American Chemical Society.
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FIGURE 5. Emission spectra of a dilute aqueous solutions of trans-
[Cr(macd)(ONO),|BF, (I) (50 «M) and the mac free ligand (50 uM). Ao,
= 360 nm. Reproduced from ref 42. Copyright 2005 American
Chemical Society.

chromium(lll) center quenches emission from the mac ligand
>99.9%, presumably via energy transfer from the #—x" states
of the pendant anthracene to metal-centered LF states fol-
lowed by CrO—NO cleavage to generate NO.

Figure 6 illustrates the desired antenna effect for photoly-
ses in dilute aqueous solutions of trans-Cr(mac)(ONO), ™, the
phenyl analog trans-Cr(mbc)(ONO), ™ (replace the anthracene
of Il with CgHs—) and a related cyclam complex with a pyrene
chromophore trans-Cr(pbc)(ONO), ™. When excited at 360—
440 nm, Il produced ~8x as much NO as did the mbc com-
plex under identical conditions. This difference is attributed to
the much larger absorption cross section for II; at 365 nm, the
absorbance of 1.0 uM Il is 5.9 x 103 while that of trans-
Cr(mbc)(ONO), ™ is ~2 x 1074, so Il absorbs ~30x more light
at that wavelength. The larger NO value for trans-Cr(pb-
0)(ONO),™* can be attributed to even stronger absorbance by
the pyrene. In very dilute solutions, the principal differences
are the absorptivities due to the different antennae.
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[NO] (ni)

FIGURE 6. Electrochemical NO detection upon photolysis of 1.0 uM
aq trans-Cr(L)(ONO), " complexes irradiated with a Hg short-arc lamp
(360—440 nm bandpass filter). The solution was added at 20 s.
Reproduced from ref 42. Copyright 2005 American Chemical

Society.

Chromophores. In parallel studies, we prepared RSEs modi-
fied with pendant antennae. The first generation was PPIX-
RSE prepared by Christa Conrado, where the chromophore is
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Roussin’s Red Salt Esters with Strongly Absorbing

a derivative of protoporphyrin-IX (PPIX) attached to the

Fe,S5(NO), cluster via —CH,CH,— links.*3

=

O:%
O
Y, %
(NO)Fe™ £ (NO),

PPIX-RSE

The absorption spectrum of PPIX-RSE is close to the
summed spectra of equal molar solutions of RRS and PPIX, so
there is little ground-state electronic coupling between these
chromophores. Qualitatively, the emission spectrum of PPIX-
RSE is similar to PPIX or its dimethyl ester PPIX-DME. Quanti-
tatively, however, the emission intensity from PPIX-RSE is
~10% that from PPIX; thus, PPIX fluorescence is quenched
when linked to the iron cluster. This conclusion was supported

by picosecond studies that demonstrated two lifetimes for
PPIX-RSE (r; = 0.22 ns; 7, = 10.7 ns).

A likely explanation of these data would be the presence
of two PPIX-RSE conformers, the shorter lived one being
folded along the flexible linkages to bring the porphyrin ring

190-200 = February 2008

196 = ACCOUNTS OF CHEMICAL RESEARCH

600

500

400
wavelength (nm)

200 300

FIGURE 7. Spectral changes upon photolysis (1, = 436 nm) of
Fluor-RSE in 50/50 CH;CN/phosphate aerated buffer (pH 7.4, 10

mM). (Figure provided by S. Wecksler).

closer to the metal cluster. The presence of (at least) two such
conformers was confirmed by ion-mobility mass spectropho-
tometry experiments.**

The photochemistry of PPIX-RSE clearly demonstrated the
antenna effect. For dilute solutions, photo-decomposition of
PPIX-RSE (10 u«M) occurred at much higher rates compared
with the simpler ester Fe,(u-SEt),(NO), under otherwise iden-
tical conditions. The effect was largely attributed to greater
light absorption by the tethered PPIX. The good news was that
attaching an antenna to enhance the visible light photoreac-

tion worked as intended; the bad news was that quantum
yields for both esters proved to be relatively low at this exci-

tation wavelength.

The second generation of Roussin’s esters with pendant

antennae is represented by Fluor-RSE, with two pendant flu-
orescein dye units. This compound was prepared>? by alky-
lating RRS and is moderately soluble in buffered aqueous
solutions. Like PPIX-RSE, fluorescence characteristic of the flu-
orescein is ~85% quenched upon linking to the iron cluster.
However, unlike the PPIX derivative, Fluor-RSE displays emis-

sion with a single exponential decay (r = 3.3 ns) and is a sin-
gle conformer in the ion-mobility MS experiment. The
photochemistry in aqueous media parallels that seen for other
esters (Figure 7). All four NOs were released with a @ of
0.014.
Two-Photon Excitation of Certain Roussin’S Red Salt
Esters. As discussed in the Introduction, TPE offers interest-
ing possibilities in physiology, the opportunities to use NIR
excitation wavelengths and to achieve spatial resolution.®~'°
One can imagine a scenario where TPE generation of the radi-
ation sensitizer NO with focused NIR pulses is coordinated to
pulsed y-radiation at dosages less damaging to normal tis-
sue in order to destroy small regions of specific tissues in the
organism. However, doing so requires NO precursors coupled
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to chromophores with high two-photon absorption (TPA) cross
sections (o) as well as the appropriate stability, solubility, etc.
Although a long way from finding practical solutions to all
issues, we have made encouraging advances that will be
summarized.

With the goal of exploiting such nonlinear effects, we
embarked upon a search for polychromophoric systems that
would demonstrate TPE-stimulated NO release. Steve Weck-
sler initiated this approach by examining the TPE photochem-
istry of the Roussin’s ester PPIX-RSE. Despite the poor two-
photon absorption (TPA) typical of porphyrin systems (for PPIX,
6 =2 GM at 790 nm, where 1 GM = 10>° cm* s pho-
ton~"),*> he found that 810 nm NIR excitation of PPIX-RSE
with 100 fs pulses leads to weak emission with a A,,,,, of 632
nm and to photochemical NO generation.*® The emission
occurs at an energy above that of the excitation source, so a
nonlinear photolytic process is apparent. Analogous excita-
tion of the free PPIX gave much stronger emission. In other
words, the behavior under TPE paralleled that seen under sin-
gle-photon excitation.

The next system tested was Fluor-RSE, which was actu-
ally prepared with TPE in mind since the fluorescein chro-
mophore has a larger TPA cross section (0 = 38 GM at 782
nm at pH 11).*” Excitation of Fluor-RSE with NIR pulses
gave a weak emission centered at ~530 nm, about 20-fold
weaker than that seen for fluorescein or the model com-
pound Fluor-ET under the same conditions (Figure 8).8 This
behavior was analogous to that seen under SPE with higher
energy light.33

The quantitative emission of Fluor-RSE and of fluorescein
upon TPE were used to calculate the cross section ¢ accord-
ing to eq 5 (where [ is the integrated fluorescence intensity, ¢
is the concentration, @ is the fluorescence quantum yield, P
is the excitation power, K is the solution refractive index ratio,
and ref designates the reference).*” When the sample and ref-
erence are under identical conditions, P = P, and K = 1, fur-
ther simplifying the equation. These experiments demon-
strated that for Fluor-RSE 6 (63 + 5 GM) is nearly twice that
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FIGURE 8. TPE photoluminescence spectra of Fluor-RSE and Fluor-
Et in 50/50 CH;CN/phosphate buffer (pH 7.4). Reproduced from ref
48. Copyright 2006 American Chemical Society.
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FIGURE 9. Log of NO released under 800 nm excitation vs log of
averaged power of the pulsed laser (100 fs pulses at 80 MHz) for
30 intervals.BF, (II). Reproduced from ref 42. Copyright 2005
American Chemical Society.

of fluorescein at 800 nm, an observation that is not surpris-
ing given that Fluor-RSE includes two fluorescein chro-
mophores.

§= q)reféreizr;fp rele K (5)
DC

ref

Electrochemical studies showed the relationship between
the quantity of NO generated and the intensities of the laser
pulses to be nonlinear. A log—log plot of the NO signal ver-
sus excitation power was linear with a slope of 1.8 & 0.2 (Fig-
ure 9) indicating that the rate of NO production is proportional
to the excitation power squared. This clearly points to a TPA
mechanism as illustrated in Scheme 6).

These studies have demonstrated that TPE using NIR light
can activate a model prodrug such as Fluor-RSE. We have now
prepared another RSE with a much larger TPA cross section in
collaboration with Loon-Seng Tan*® and plan to attach vari-
ous TPE dyes to other NO precursors. Although we have just
begun to exploit the options, it is clear that two-photon NIR
excitation offers some very interesting possibilities.
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Even Bigger Chromophores,
CdSe Quantum Dots

While continuing investigations with pendant SPE and TPE dye
chromophores, we have also initiated efforts to establish the fea-
sibility of using quantum dots as light-gathering antenna. Nano-
crystal QDs offer important advantages including very high SPE>°
and TPE>' cross sections and the opportunity to tune the opti-
cal properties by varying the QD diameter.>* One may also take
advantage of multiple coordination sites on the QD surface to
impart properties such as solubility and biological specificity>>
and to attach the NO precursor. In preliminary studies, Dan Neu-
man and Alexis Ostrowski recorded enhanced NO photogenera-
tion from electrostatic assemblies of water-soluble CdSe/ZnS
core/shell QDs and the cationic complex trans-Cr(cyclam)(ONO), "
(I) as illustrated in Scheme 7.>*

This behavior was indicated both by quenching of the QD
photoluminescence by I (Figure 10) and by increased photo-
chemical NO generation from solutions of I when the water-
soluble CdSe/ZnS core/shell QDs were present (Figure 11).
Although either energy or electron transfer from the excited
QD to the Cr(lll) cations at the surface might account for the
quenching, the photostimulated release of NO parallels the
excited-state chemistry of 1 (Scheme 5).

The effect of QDs in enhancing photochemical NO produc-
tion can be attributed to the dramatically higher QD extinc-
tion coefficients (@about 3 orders of magnitude higher than I).
Ongoing studies are concerned with building nanoparticle
assemblies directly coordinated to the NO precursor. Given the
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FIGURE 10. Photoluminescence quenching of water-soluble QDs
(~130 nM) in phosphate buffer (15 mM, pH 8.2) with added I (0 to
630 uM). Reproduced from ref 54. Copyright 2007 American
Chemical Society.
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FIGURE 11. NO photochemically produced from I (200 M) in
stirred buffer solutions (15 mM, pH 8.2) with (®) and without (m)
added QDs (100 nM). NO was detected with a nitric oxide specific
electrode (sensitivity 1 nM = ~100 pA). QDs alone elicited no
response. Reproduced from ref 54. Copyright 2007 American
Chemical Society.

multiplicity of functions that can be incorporated onto QD sur-
faces, one may anticipate NO precursors having QD anten-
nae can be targeted to specific tissues in vivo.

Summary

This Account described several strategies for photochemical
generation of the bioregulator and vy-radiation sensitizer nitric





oxide from metal-based precursors. Initial studies focused on
direct excitation of the nitrosyl and nitrito complexes, but
these were challenged by the relatively low extinction coeffi-
cients at visible or NIR wavelengths where tissue penetration
is more favorable. While such systems might be adaptable for
topical applications or with solid implants, we have addressed
this issue by building molecular constructs with light-gather-
ing antennae that increase absorption cross sections. Energy
transfer from the antenna to the NO precursor serves to pho-
tosensitize reactions at the latter chromophore. Of particular
interest are antennae with high cross sections for two-pho-
ton absorption at NIR wavelengths. The use of NIR TPE to gen-
erate NO release has now been demonstrated for several
cases, and studies with pendant dyes and QD antennae con-
tinue. While the emphasis of the present Account has been on
NO precursors, these same strategies should apply to the pho-
toinduced delivery of other bioregulators or drugs to targeted
sites with doses and timing controlled by using light to trig-
ger their release.
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ransition metal complexes are indispensable tools for any synthetic chemist. Ideally, any metal-mediated process should

be fast, clean, efficient, and selective and take place in a catalytic manner. These criteria are especially important con-
sidering that many of the transition metals employed in catalysis are rare and expensive. One of the ways of modifying
and controlling the properties of transition metal complexes is the use of appropriate ligand systems, such as pincer ligands.
Usually consisting of a central aromatic backbone tethered to two two-electron donor groups by different spacers, this cass
of tridentate ligands have found numerous applications in various areas of chemistry, incduding catalysis, due to their com-
bination of stability, activity, and variability. As we focused on pincer ligands featuring phosphines as donor groups, the
lack of a general method for the preparation of both neutral (PNP) and anionic (PCP) pincer ligands using similar precur-
sor compounds as well as the difficulty of introducing chirality into the structure of pincer ligands prompted us to investi-
gate the use of amines as spacers between the aromatic ring and the phosphines. By introduction of aminophosphine and
phosphoramidite moieties into their structure, the synthesis of both PNP and PCP ligands can be achieved via condensa-
tion reactions between aromatic diamines and electrophilic chlorophosphines (or chlorophosphites). Moreover, chiral pin-
cer complexes can be easily obtained by using building blocks obtained from the chiral pool. Thus, we have developed a
modular synthetic strategy with which the steric, electronic, and stereochemical properties of the ligands can be varied sys-
tematically. With the ligands in hand, we studied their reactivity towards different transition metal precursors, such as molyb-
denum, ruthenium, iron, nickel, palladium, and platinum. This has resulted in the preparation of a range of new pincer
complexes, including various iron complexes, as well as the first heptacoordinated molybdenum pincer complexes and sev-
eral pentacoordinated nickel complexes by using a controlled ligand decomposition pathway. In addition, we have inves-
tigated the use of some of the complexes as catalysts in different C—C coupling reactions: for example, the palladium PNP
and PCP pincer complexes can be employed as catalysts in the well known Suzuki—Miyaura coupling, while the iron PNP
complexes catalyze the coupling of aromatic aldehydes with ethyl diazoacetate under very mild reaction conditions to give
selectively 3-hydroxyacrylates, which are otherwise difficult to prepare. While this Account presents an overview of current
research on the chemistry of P—N bond containing pincer ligands and complexes, we believe that further investigations will
give deeper insights into the reactivity and applicability of aminophosphine-based pincer complexes.

Ln

1. Introduction most important goals in modern inorganic and
The development of well-designed ligand systems ~ organometallic chemistry. Among the many
with which the properties of metal centers can be  ligand systems that can be found in the chemical
easily varied in a controlled manner is one of the literature, pincer ligands' and their complexes
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have attracted increasing interest due to their high stability,
activity, and variability. The first pincer ligands and complexes
were synthesized already in the late 1970s.? However, this
area remained comparatively unexplored until in the late
1990s several applications of pincer complexes in the fields
of catalysis, molecular recognition, and supramolecular chem-
istry were discovered, turning this area into an intensively
investigated subject in organometallic chemistry. For exam-
ple, pincer complexes have been used as catalysts in differ-
ent transition metal mediated processes, including C—C bond
forming reactions, polymerization reactions, and transfer
hydrogenation and dehydrogenation reactions.®> Moreover,
pincer complexes have been employed as sensors,* have
been used to investigate C—C, C—H and C—O bond activa-
tion processes,” or have been serving as building blocks for
the synthesis of self-assembled supramolecular structures.>

Pincer ligands, named after their particular coordination
mode to metal centers, are tridentate ligands usually featur-
ing a central aromatic ring that is ortho,ortho-disubstituted with
heteroatom, two electron-donor substituents (E) (Chart 1). How-
ever, anionic PNP pincer ligands in which the ligand backbone
is not part of an aromatic ring have also been reported.® The
substituents E can be connected to the central aromatic back-
bone by different spacers (A), such as methylene groups
(=CH,—), amines (—NR—) or oxygen atoms (—O-). The
(un)substituted aromatic ring can be either a pyridine ring (Y
= N) or a benzene ring (Y = (). Thus, both neutral and anionic
pincer ligands can be obtained. As for the neutral lone pair
donors E, they are typically amines (NR,), phosphines (PR,),
phosphites (P(OR),), ethers (OR), thioethers (SR), and even
N-heterocyclic carbenes (NHCs), arsines (AsR,), and selenoet-
hers (SeR). The donor groups need not be identical, and sys-
tems with two different donor atoms have been reported.”
Pincer ligands coordinate to the metal center in a meridional
way via the two electron-donor groups and metal—carbon
(benzene-based pincer complexes) or metal—nitrogen (pyri-
dine-based pincer complexes) o bonds. Thus, a wide variety of
different EYE pincer ligands are accessible by modifying one
or more of the parameters in the general structure of the
ligand, that is, the donor groups, the aromatic ring and its sub-
stitution, and the spacer groups.

The most widely utilized class of pincer ligands contains
phosphines or phosphites as donor groups. However, the lack
of a general method for the preparation of both PNP and PCP
pincer ligands using similar precursor compounds, as well as
the difficulty of introducing chirality into the structure of pin-
cer ligands, prompted us to investigate the use of amines as
spacers between the aromatic ring and the phosphines. These
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CHART1 c
Ry E— E = NR,, PR,, P(OR),, OR, SR, AsR,, SeR
> v Y=N.C
A=CH, NH(R), O
A—E R = alkyl, aryl

studies allowed us to develop a modular synthetic strategy for
a range of different PNP and PCP pincer ligands in which
chirality can be easily introduced by using electrophilic chlo-
rophosphines and chlorophosphites derived from the chiral
pool. The use of these ligands with several transition metal
precursors has resulted in the preparation of new pincer com-
plexes, including the first heptacoordinated molybdenum pin-
cer complexes and several pentacoordinated nickel pincer
complexes by using a controlled ligand decomposition path-
way. Furthermore, some of these complexes have proven to
be effective catalysts in different coupling reactions: palladium
PNP and PCP pincer complexes can be used as catalysts in the
Suzuki—Miyaura coupling, while iron PNP complexes cata-
lyze the coupling of aromatic aldehydes with ethyl diazoac-
etate to give selectively 3-hydroxyacrylates, which are
otherwise difficult to prepare.

2. Ligands

Different synthetic strategies are available for the synthesis of
PNP and PCP pincer ligands depending on the spacer between
the central aromatic ring and the phosphines. If the spacer is
a methylene group, both PNP and PCP ligands have been pre-
pared starting, for instance, from 2,6-bis(bromomethyl)pyri-
dine or 1,3-bis(bromomethyl)benzene upon treatment with
lithium phosphides, which are typically prepared in situ.>®®
Pincers with oxygen spacers, that is, phosphinito PCP ligands,
have been prepared from resorcinol and different chlorophos-
phines.® A problem arises for the synthesis of phosphinito PNP
ligands, since the required 2,6-dihydroxypyridine precursor is
in tautomeric equilibrium with 6-hydroxypyridin-2-one, which
makes the phosphorylation of both hydroxyl groups very dif-
ficult if not impossible. Mixed PCP pincer ligands containing
one oxygen spacer and a methylene or an amino spacer have
also been reported.’

Another possibility is to use amines as spacers between the
central aromatic ring and the phosphines. P—N bonds can be
formed in a straightforward manner via condensation of pri-
mary and secondary amines and chlorophosphines in the
presence of a base. This methodology was first reported by
Haupt and co-workers'® and has been extended by us to the
synthesis of a large array of PNP'' (1a—j) and PCP'? (2a—j)
pincer ligands with 2,6-diaminopyridine (Scheme 1) and
m-phenylenediamine, 5-trifluoromethyl-1,3-diaminobenzene,
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and 3,5-diamino-4-chloroisobutylbenzoate as starting mate-
rials (Scheme 2). The introduction of different substituents at
the phosphines, both achiral and chiral, was achieved by using
chlorophosphines derived from the reaction of diols and
amino alcohols and phosphorus trichloride.

3. Metal Complexes

Molybdenum Complexes. In their original contribution,
Haupt and co-workers reported the synthesis of a molybde-
num tricarbonyl complex with the PNP ligand 1a.'® We pre-
pared analogous complexes with the PNP ligands 1a—c and
1g to afford the tricarbonyl complexes 3a—d."' The com-
plexes 3a—d can oxidatively add halogens. For example, 3b

Vol. 41, No. 2

reacts with Br,, or I, in CH,Cl, to give [Mo(PNP-iPr)(CO);X]X (X
= Br, |) (4a,b), while the mono(acetonitrile) complexes [Mo-
(PNP-iPr)(CO)5(CH5CN)X]X (X = Br, ) (5a,b) can be obtained if
the reaction is carried out in acetonitrile (Scheme 3). These are
the first seven-coordinate molybdenum pincer complexes
reported so far. A molecular view of 4b is depicted in Figure 1.
Heptacoordinated complexes are notorious for their fluxional
behavior in solution,'® since neither any of the idealized geom-
etries (i.e., capped prism, capped octahedron and pentagonal
bipyramide) nor less symmetrical arrangements are character-
ized by a markedly lower total energy.'* Thus, interconversions
between these structures are quite facile, and the 3'P{'"H} NMR
spectra of 4 and 5 exhibit only one resonance even at —90 °C.
February 2008
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Iron Complexes. In contrast to other transition metals, iron
pincer complexes are comparatively rare. Milstein and
co-workers have prepared iron(ll) pincer complexes using
methylene-bridged PNP ligands,'> while Chirik and co-work-
ers have reported some reductive chemistry using these com-
plexes.'®

With the exception of the bulky PNP-tBu (1¢), the reaction
of the hexaquo complex [Fe(H,0)g](BF,), with the aminophos-
phine and phosphoramidite PNP ligands 1a,b and 1d—g in
acetonitrile affords the octahedral diamagnetic iron(ll) com-
plexes 6a—g where the PNP ligand coordinates to the metal
center in a typical meridional fashion (Scheme 4).'" A molec-
ular view of the chiral complex 6g is depicted in Figure 2.
Despite the fact that 6 equiv of water are released in the

FIGURE 1. Structural view of [Mo(PNP-iPr)(CO),I* (4b).

SCHEME 4
| N
HN SN S NCCH; 712+
| | H
R,P PR, N -PR,
1 P
[Fe(H0)l** ~  _N—Fe NCCH,
CH4CN, tt, 2 h.
HN—PR,
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6a PNP-Ph 6e PNP-BIPOL
6b PNP-iPr 6f PNP-BINOL
6d PNP-ETOL  6g PNP-TARM®
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course of the reaction per equivalent metal precursor, no
decomposition of the ligands or the complexes due to
hydrolysis was observed. All three nitrile ligands in these com-
plexes are substitutionally labile and can be displaced by
bidentate and tridentate nitrogen donor chelating ligands,
such as bipyridine (7a) or terpyridine (7b), or by another mol-
ecule of a PNP ligand (7¢c) (Scheme 5). The reaction of 6a and
6b with carbon monoxide resulted in the selective substitu-
tion of one of the nitrile ligands cis to the pyridine ring to give
the monocarbonyl complexes 8a,b. No evidence was found
for the formation of iron(ll) PNP dicarbonyl complexes (Scheme
6)."” On the other hand, no reaction took place with the phos-
phoramidite complexes 6d—g, which contain stronger s-ac-
cepting substituents at the phosphines.

The attempt to obtain zero-valent iron complexes by react-
ing the tris(acetonitrile) complexes 6a—g with NaHg (3%) was
unsuccessful. Instead, the reaction of 6e with NaHg (3%)
resulted in the formation of the deprotonated monocationic
complex 9 (Scheme 7)."" Structural views of 6e and 9 are
shown in Figure 3. The same complex was obtained when 6e
was chromatographed on basic alumina. This deprotonation
process is reversible, and complex 6e can be obtained by
reacting 9 with HBF, - Et,O.

FIGURE 2. Structural view of chiral [Fe(PNP-TARM®)(CH;CN);]** (6g).
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The reaction of the PNP ligands 1b and 1c with FeCl,
afforded the pentacoordinated, paramagnetic complexes
10b,c (Scheme 8).'” The synthesis of iron(ll) dichloride PNP
complexes was only possible when ligands with bulky sub-
stituents at the phosphines (i.e., iPr and tBu) were used (Fig-
ure 4). This result is in agreement with that reported by
Milstein and co-workers with similar methylene-bridged PNP
pincer ligands.15 However, unlike Milstein’s complexes, where
only the abstraction of a chlorine atom was reported, the reac-
tion of 10b with 2 equiv of AgBF, in acetonitrile resulted in
the formation of the tris(acetonitrile) complex 6b.

Ruthenium Complexes. The synthesis of the octahedral
ruthenium PNP complexes 11a—h was achieved by reacting
RuCl,(PPhs); with the ligands 1a,b, 1d—e, and 1g—h (Scheme
9).'" Like in the case of the tris(acetonitrile) iron PNP com-
plexes, no reaction took place when 1c was used as the
ligand, most likely due to the presence of the sterically
demanding tBu groups. Due to the meridional coordination
mode of the PNP ligands and the rigidity of the —NHPR,, sub-
stituents, the complexes 11a—h form only two mer-stereoiso-
mers with either a trans- or a cis-dichloro arrangement.
Mixtures of them have not been observed. The chemical shifts
for PPh; in the complexes 11a—h are typical for being coor-
dinated trans to neutral or anionic donor ligands. Accordingly,
it is difficult to distinguish whether PPh; lies cis or trans to the
pyridine nitrogen atom. For example, the solid structure of
11e shows the PPhs ligand cis to the pyridine nitrogen, but in
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analogous ruthenium PNP'8 and NNN'® pincer complexes
both arrangements have been observed.

Nickel, Palladium, and Platinum Complexes. Treatment
of M(cod)X, (M = Pd, X = Cl; M = Pt, X = Br) with the ligands
T1a—h resulted in the clean formation of the cationic, tetraco-
ordinated, square-planar palladium and platinum complexes
12a—h and 13a—g (Scheme 10)."" For solubility reasons, a
counterion exchange was performed in the case of the palla-
dium and platinum phosphoramidite complexes using
KCF5SO5 as halide scavenger.

The palladium aminophosphine complexes 12a—c are air-
stable solids both in the solid state and in solution; however,
a P—N bond cleavage process was observed in the case of the
phosphoramidite complex 12e when a DMF solution of 12e
was left in air at room temperature for several days. The prod-
uct obtained was identified as the neutral, square-planar com-
plex 14, which contains an anionic phosphinito ligand and a
bidentate PN ligand derived from the decomposition of the
PNP ligand (Scheme 11).2°

Tetracoordinated, square-planar nickel PNP complexes
(15a—c) were obtained by reacting Ni(dme)Br, with the ami-
nophosphine ligands 1a—c."' These complexes are extremely
stable and can be stored in air for several months without
signs of decomposition. However, the reaction of the phos-
phoramidite PNP ligands 1e and 1g—j with nickel precursors
resulted in the formation of the pentacoordinated, square-
planar pyramidal nickel(ll) complexes 16e—j, featuring an
intact PNP ligand and a «'-(P)-coordinated anionic phosphinito
ligand R,P=0" (Scheme 12).2°

A plausible mechanism for the formation of the complexes
16e—j is depicted in Scheme 13. This mechanism is supported
by various experimental findings: In the first place, monitoring of
the reaction of Ni(dme)Br, with PNP-BIPOL (1e) with different
metal precursor to ligand ratios revealed that when a 1:1.5 ratio
is used, complete consumption of both metal precursor and
ligand takes place. The use of less than 1.5 equiv or of an excess
of ligand leaves unreacted metal precursor and unreacted ligand
in the reaction mixture, respectively. Second, 2,6-diaminpyri-
dinium bromide was isolated as a reaction byproduct, meaning
that the two P—N bonds of a PNP ligand must cleave in the
course of the reaction. Since the cleavage of an aminophosphine
bond is possible in the case of palladium(ll) phosphoramidite
complexes (Scheme 11),2° it would be reasonable to assume that
such a process might be involved (although at a much faster rate)
in the formation of the complexes 16e—j. Finally, 'H and *'P{"H}
NMR spectroscopy revealed the formation of a reaction interme-
diate (D, Scheme 13). In contrast to the final products 16e—j, in
which the phosphinito ligand is located in the basal position, in
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the reaction intermediate D this ligand is coordinated in the api-
cal position. This intermediate isomerizes at room temperature
within 16 h to give the corresponding complex 16.

Neutral, tetracoordinated, square-planar nickel, palladium, and
platinum PCP complexes were synthesized by direct metalation
of the ligands 2a—j with NiCl, - 6H,0, Pd(cod)Cl,, and Pt(cod)Br,,
respectively (Scheme 14).'2 In the case of nickel, PCP complexes
could only be prepared with the aminophosphine ligands 2a—c.
Decomposition of the ligands takes place when P—O bond con-
taining PCP ligands are employed. With palladium and platinum,
there is no limitation as to the nature of the substituent at the
phosphines, but the preparation of the platinum PCP complexes
requires the addition of an external base (NEt;) to facilitate the

Fs@\ ﬁn
4“&7

synthesis of the complexes 19a—d was lower than that neces-
sary for the preparation of the chloride analogues 18a—g. A
molecular view of 19d is depicted in Figure 5. Finally, palladium
PCP complexes were also generated by oxidative addition of the
Ca—Cl bond in the ligands 2c and 2j to Pd,(dba); to give the
complexes 21a,b (Scheme 15).

4. Catalytic Applications

Iron(ll) Catalyzed Coupling of Aromatic Aldehydes and
Ethyl Diazoacetate. Aromatic aldehydes are known to react
with ethyl diazoacetate (EDA) in the presence of Lewis acids
such as BF3, ZnCl,, AlCl5, GeCl,, and SnCl, to give 3-oxo-aryl-
propanoic acids (5-ketoesters), but 3-hydroxy-2-arylacrylic acid

FIGURE 3. Structural views of the diprotonated and mono-deprotonated complexes [Fe(PNP-BIPOL)(CH;CN);]** (6e) and [Fe(PNP-

BIPOL)(CH5CN),]* (9).
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ethyl esters (3-hydroxyacrylates) are usually obtained as a
byproduct of this reaction (Scheme 16).?? Hossain and
co-workers have found that the cyclopentadienyl dicarbonyl
Lewis acid [FeCp(CO),(THF)|BF, is an active catalyst for the cou-
pling of aromatic aldehydes with EDA to give mainly 3-hy-
droxyacrylates,?® and similar results have been reported by

FIGURE 4. Structural view of [Fe(PNP-iPr)Cl, (10b).

the same authors using the Bronsted acid HBF, - Et,O as cat-
alyst.** In these cases, however, the slow addition of EDA over
a period of 6—7 h at low temperature is required, and sub-
stantial amounts of 5-ketoesters are typically formed. Similar
results were also described by Kanemasa et al. by using ZnCl,
in the presence of chlorotrimethylisilane as catalyst.?> We
found out that the iron(ll) PNP complexes described above are
also effective catalysts for the coupling of aromatic aldehydes
with EDA to give 3-hydroxyacrylates as the main products and
B-ketoesters only in trace amounts.'” The most effective cat-
alyst was found to be 8b, featuring a PNP ligand with iPr sub-
stituents at the phosphines and one carbonyl and two
acetonitrile groups as coligands. The tris(acetonitrile) com-
plexes 6a—c were all less efficient, most likely because the
Vol. 41, No. 2 = February 2008
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presence of a carbonyl group in 8b renders the iron center
more Lewis acidic. Likewise, the dichloro complexes 10a,b,
both in the presence and in the absence of AgSbF as halide
scavenger, turned out to be rather ineffective catalysts pre-
sumably due to decomposition of the complexes. Using 8b as
the catalyst, the coupling of p-anisaldehyde with EDA gave
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849% isolated yield of the 3-hydroxyacrylate and <39% of the
pketoester. For comparison, with [FeCp(CO),(THF)|BF, as cat-
alyst, a 60:40 mixture of 3-hydroxyacrylate and S-ketoester
was obtained.

In contrast to what has been frequently observed for Lewis-
acid-catalyzed transformations,® the nature of the counte-





FIGURE 5. Structural view of Pd(PCP-BIPOL)(TFA) (19d).
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rion does not seem to have any effect on the reaction. The
coupling of p-anisaldehyde with EDA using 8b as the cata-
lyst led to similar yields and reaction rates with both the
weakly coordinating counterion BF, and the noncoordinat-
ing anion tetrakis(3,5-difluoromethylphenyl)borate (BArF).
Complex 8b can be used as catalyst in the coupling of dif-
ferent aromatic aldehydes with EDA (Table 1). No slow addi-
tion of EDA at low temperature was required; both the
aldehyde and EDA were added together in a 1:1 ratio to a
CHsNO, solution of the catalyst at room temperature, and the
reaction was stirred for 16 h. In all cases, 3-hydroxyacrylates
were formed selectively; the formation of j-ketoesters was
<39%, while the formation of epoxides was not observed in
any of these reactions. This is in contrast to the results
reported by Hossain and co-workers using [FeCp(CO),(THF)|BF,
as the catalyst, where mixtures of 3-hydroxyacrylates and
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[-ketoesters were obtained. For instance, the reaction of ben-
zaldehyde with EDA with 10 mol % [FeCp(CO),(THF)|BF, as the
catalyst affords a mixture of 3-hydroxy-2-phenylacrylic acid
ethyl ester and 3-oxo-3-phenylpropionic acid ethyl ester in
58% and 25% yields.>® The same reaction performed with 8b
yields almost exclusively 3-hydroxy-2-phenylacrylic acid ethyl
ester in 91% yield. With the exception of p-dimethylami-
nobenzaldehyde, the isolated yields of 3-hydroxyacrylates are
in the range between 74% and 91%. When the reaction was
carried out in the absence of catalyst, no product was formed
and only starting materials were recovered from the reaction
mixture.

A mechanistic proposal for the coupling or aromatic
aldehydes with EDA catalyzed by cis-[Fe(PNP-iPr)(CO)-
(CH5CN),]**, which is similar to the one suggested by Hos-
sain et al.,?? is depicted in Scheme 17. Since CO exhibits a
much stronger trans effect (and trans influence) than pyri-
dine, the CH5CN ligand trans to CO in 8b is more labile
than the one trans to the pyridine ring of the PNP ligand.
This may account for the higher reactivity of 8b compared
with 6b. Accordingly, the substitution of this ligand by an
aldehyde molecule (which is present in a large excess in the
reaction mixture under catalytic conditions) may afford
[Fe(PNP-iPr)(CO)(CH5CN)(« ' (0)-aldehyde]** (A). The nucleo-
philic attack of EDA to the coordinated aldehyde yields
intermediate B. In the course of this step, the new C—-C
bond is formed. B is a high-energy intermediate liberating
readily N, to give complex C. Preferential migration of the
aryl substituent (Ar) leads eventually to intermediate D fea-
turing a «'(O)-coordinated aldehyde ester ligand. After lib-
eration of the ester aldehyde by incoming aldehyde
substrates, this molecule rapidly tautomerizes to yield the
thermodynamically more stable respective 3-hydoxyacry-
lates, and compound B is regenerated.

In principle, an alternative pathway could proceed via
the formation of the epoxide ethyl-3-arylglycidate from
complex B with subsequent rearrangement (epoxide open-
ing) to the corresponding enol ester, since it is known that
transition metal complexes are able to convert epoxides to
ketones and aldehydes. If this mechanism was possible,
complex 8b should be able to form 3-hydroxy-2-phenyl-
acrylic acid ethyl ester from ethyl-3-phenylglycidate. How-
ever, when the epoxide was stirred with 10 mol % 8b in
CH5NO, for 16 h, no reaction was observed. Thus, this
alternative mechanism was dismissed.

A mechanism where in the initial step both aldehyde and
EDA are coordinated, as proposed by Kanemasa et al.?®
seems to be less likely but cannot be completely ruled out at
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TABLE 1. Yields of 3-Hydroxyacrylates from the Reactions of
Aromatic Aldehydes with EDA Catalyzed by [Fe(PNP-

iPr)(CO)(CH5CN),|(BF,), (8b)*”

entry aldehyde 3-hydroxyacrylate %
H OH
CHO ’
COOQEt
1 Me0©/ Meo/(>I 84
H OH
o
CHO COOEt
2 o1 . 88
H OH
CHO /©I
/©/ COOE!
3 cl o 86
H OH
CHO ‘
/©/ E); :cooa
4 & or 86
H OH
)
CHO
COOEt
5 MezN/©/ MeQNO/\( 58
H OH
CHO !
/©/ Ej/\ :ooosz
6 Ph Ph 83
H OH
|
CHO COOEt
7 @( @K\[ 91
H OH
|
CHOC COOEt
8 (:g 78
Cr :
H OH
J
CHO COOEt
9 Q/ 89
Me
Me
H OH
J
CHO
COOEt
10 MeD/ Me/©/\[ 84
H OH
CHO |
COOEt
1 1 MeO/Q/ MeO 74
OMe OMe
H OH
MeQ CHC MeO ‘
COOEt
12 \©:OM9 \©\10Me 80

9 Reaction conditions: 1 equiv of aldehyde, 1 equiv of EDA, 10 mol % catalyst;
CH;NO, as the solvent, rt, reaction time 16 h. Yields represent isolated yields
(average of at least three experiments). © The yield of g-ketoester is <3%.
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this stage. Likewise, the intermediacy of carbenes may have
been taken into account. In this context, it has to be men-
tioned that 8b does not react with EDA in the absence of
aldehydes.

Palladium(ll)-Catalyzed Suzuki Coupling. Palladium pin-
cer complexes mediate a number of catalytic reactions, mostly
C—C bond-forming reactions. Examples include the coupling
of aryl halides with boronic acids (Suzuki reaction)® and ole-
fins (Heck reaction),?” the hydroamination of olefins,*® the
stannation and silation of allyl, allenyl, and propargyl sub-
strates,?® and the aldol condensation of isocyanoacetates with
aldehydes.3° The most effective catalysts in palladium-medi-
ated coupling reactions are pincer complexes of the PCP type;
PNP, SCS, and NCN pincer complexes show much lower activ-
ities. On the basis of these findings, we were interested in
investigating the catalytic activity of the palladium PNP and
PCP complexes 12, 18, and 19 in the Suzuki coupling of aryl
and alkyl bromides with phenylboronic acid.

The palladium PNP complexes 12a—c are able to catalyze
the Suzuki coupling of phenylboronic acid with aryl and alkyl
bromides."" The coupling reaction of 4-bromotoluene with
phenylboronic acid catalyzed by 12a—c proceeded smoothly
to give 4-methylbiphenyl in 91%, 90%, and 60% isolated
yields, respectively. This reactivity trend suggests that both the
stronger donating ability and the steric demand of the PR,
substituents make the PNP ligands more electron-rich and ren-
der catalyst 12c less active. Thus, only 12a was utilized as
catalyst. The coupling of 4-bromoacetophenone with
phenylboronic acid proceeds with 97% isolated yield with a
catalyst loading of 0.05 mol %, while the electronically deac-
tivated and thus more challenging substrate 4-bromoanisole
can be efficiently coupled with 87% isolated yield with a cat-
alyst loading of 0.05 mol %. Even the sterically demanding
2,6-dimethylbromobenzene and 1-bromo-2-ethylbenzene
gave acceptable yields, namely, 78% and 83%. Attempts to
couple 2-bromopyridine and 1-bromododecane, the latter
bearing f-hydrogen atoms, were also successful, resulting in
reasonable yields. However, if the catalyst loading is lowered
below 0.05 mol %, the yields drop significantly. Moreover,
palladium black is visible in the reaction vessel upon comple-
tion of the reaction, indicating the presence of some kind of
catalyst decomposition pathway. This observation is in agree-
ment with results reported recently suggesting that pincer
complexes are mere precatalysts, generating some form of
metallic palladium(0) species, which is the real catalyst.>'

The palladium PCP complexes, on the other hand, are
much more effective catalysts than their PNP analogues in the
Suzuki coupling of aryl and alkyl bromides with phenylbo-
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TABLE 2. Yields of the Suzuki—Miyaura Cross-Coupling of Aryl (170 s™), which are among the highest reported for palla
Bromides with Phenyl Boronic Acid Catalyzed by 18a, 18d, 19a, dium pincer complexes in the Suzuki reaction. Contrary to
and 19d° what was observed for the palladium PNP complexes, no pal-
. . (Catall)é/st) eld %) TN ladium black is visible in the reaction vessel after the reac-
entry mol “%, yie 0, . . . . .
tion is complete, which may be attributed to the higher
1 4-bromoacetophenone 18a (0.01) >99 99 x 10° n plete, y g
2 4-bromoacetophenone 18a (0.0001) >99 99 x 10° stability of the PCP complexes due to the presence of the
3 4-bromoacetophenone 18a (0.00001) 97 9.7 x 10° _ . .
4 4-bromoanisole 182 (0.01) 94 9900 stronger Pd—C bonds. Moreover, the catalyst remains active
5  4-bromoanisole 18a (0.001) 77 77 x 10° after the reaction is complete, and upon addition of more sub-
6 4-bromoanisole 18a (0.0001) 18 1.8 x 10° L . .
7  4-bromotoluene 18a (0.01) ~99 9900 strates, the reaction is resumed, leading to the coupling prod-
8  4-bromotoluene 18a (0.001) 72 72x10%  yct in the same yields and at the same reaction rates. The
9  4-bromotoluene 18a (0.0001) 44 44 x 10 . ] . )
10 4-bromonitrobenzene 18a (0.01) 81 8100 coupling of heterocyclic and alkyl bromides with phenylbo-
11  2-ethylbromobenzene 18a (0.01) 65 6500 . NP . :
12 2-bromopyridine 18a (0.01) 68 6800 ronic acid is also possible, and reasonable yields were
13 1-bromododecane 18a (0.01) 74 7400 obtained using 0.01 mol % 18a as the catalyst.
14  4-bromoacetophenone 18d (0.01) >99 9900
15 4-bromoanisole 18d (0.01) >99 9900
16 4-bromoacetophenone 19a (0.01) >99 9900 5. Conclusions
17 4-bromoacetophenone 19a (0.001) 15 1.5 x 10%
18  4-bromotoluene 19a (0.01) 70 7000 In sum, we have shown that new achiral and chiral PNP and
19 4-bromoanisole 19a (0.1) 88 880 ) . ) .
20 4-bromoacetophenone 19d (0.01) >99 9900 PCP ligands are easily prepared from commercially available
21 4-bromoacetophenone 19d (0.001) 36 3600

9 Reaction conditions: 1.0 mmol of bromide, 1.5 mmol of PhB(OH),, 2.0 mmol
of K,CO5, 5 mL of toluene, 110 °C; reaction time is 16 h; yields represent
isolated yields (average of at least three experiments) of compounds
estimated to be =95% pure as judged by 'H NMR.

ronic acid (Table 2).' In general, the chloro complexes 18a—f
are better catalysts than the respective TFA complexes 19a—d.
Much lower catalyst loadings can be reached; for example, the
reaction of 4-bromoacetophenone with phenylboronic acid
and 18a as catalyst proceeds with 97% isolated yield even
with 0.00001 mol % catalyst (TON = 9.7 x 10°), while the
electronically deactivated and thus more challenging substrate
4-bromoanisole can still be coupled in 18% yield with a cat-
alyst loading of 0.0001 mol % (TON = 1.8 x 10°). This
results in turnover frequencies (TOFs) as high as 600 000 h™'

and inexpensive 2,6-diaminopyridine, 1,3-diaminobenzene,
and related precursors, which can be varied in modular fash-
ion by choosing the appropriate monochlorophosphine or
-phosphite R,PCl. These, in turn, are easily accessible in high
yields from a large array of both achiral and chiral diols and
PCl5. This methodology contrasts the generally arduous syn-
thetic procedures required for the preparation of 1,3-bis(pho-
sphino)benzenes. In conjunction with transition metal
fragments such as Mo(CO)s, FeCl,, [Fe(CH5CN);]?*, and MX (M
= Ni, Pd, Pt; X = Cl, Br, CF;COQ) stable PNP complexes are
formed. Also PCP complexes are readily formed with the MX
fragment (M = Ni, Pd, Pt; X = Cl, Br, CF;COOQ). Some of these
compounds are catalytically active in C—C bond-forming reac-
tions such as in the case of iron and palladium complexes.
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In many enzymes, conformational changes that occur along the reaction coordinate can pose a bottleneck to the rate of con-
version of substrates to products. Characterization of these rate-limiting protein motions is essential for obtaining
a full understanding of enzyme-catalyzed reactions. Solution NMR experiments such as the Carr—Purcell—Meiboom—Gill
(CPMG) spin-echo or off-resonance R, , pulse sequences enable quantitation of protein motions in the time range of
microseconds to milliseconds. These experiments allow characterization of the conformational exchange rate con-
stant, k,,, the equilibrium populations of the relevant conformations, and the chemical shift differences (Aw) between
the conformations.

The CPMG experiments were applied to the backbone N—H positions of ribonuclease A (RNase A). To probe the role of dynamic
processes in the catalytic cycle of RNase A, stable mimics of the apo enzyme (E), enzyme—substrate (ES) complex, and
enzyme—product (EP) complex were formed. The results indicate that the ligand has relatively little influence on the kinetics of
motion, which occurs at 1700 s™' and is the same as both k_,, and the product dissodiation rate constant. Instead, the effect of
ligand is to stabilize one of the pre-existing conformations. Thus, these NMR experiments indicate that the conformational change
in RNase A is ligand-stabilized and does not appear to be ligand-induced. Further evidence for the coupling of motion and enzyme
function comes from the similar solvent deuterium Kinetic isotope effect on k., derived from the NMR measurements and k_,, from
enzyme kinetic studies. This isotope effect of 2 depends linearly on solvent deuterium content suggesting the involvement of a
single proton in RNase A motion and function. Moreover, mutation of His48 to alanine eliminates motion in RNase A and decreases
the catalytic turnover rate indicating the involvement of His48, which is far from the active site, in coupling motion and function.

For the enzyme triosephosphate isomerase (TIM), the opening and closing motion of a highly conserved active site loop
(loop 6) has been implicated in many studies to play an important role in the catalytic cycle of the enzyme. Off-resonance
R,, experiments were performed on TIM, and results were obtained for amino acid residues in the N-terminal (Val167),
and C-terminal (Lys174, Thr177) portions of loop 6. The results indicate that all three loop residues move between the open
and dosed conformation at about 10 000 s™*, which is the same as the catalytic rate constant. The 07 atom of Tyr208 pro-
vides a hydrogen bond to stabilize the closed form of loop 6 by interacting with the amide nitrogen of Ala176; these atoms
are outside of hydrogen bonding distance in the open form of the enzyme. Mutation of Tyr208 to phenylalanine results in
significant loss of catalytic activity but does not appear to alter the kex value of the N-terminal part of loop 6. Instead,
removal of this hydrogen bond appears to result in an increase in the equilibrium population of the open conformer of loop
6, thereby resulting in a loss of activity through a shift in the conformational equilibrium of loop 6.

Solution NMR relaxation dispersion experiments are powerful experimental tools that can elucidate protein motions with
atomic resolution and can provide insight into the role of these motions in biological function.
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Introduction

The ability of enzymes to accelerate chemical reactions has
intrigued scientists for nearly two centuries." During an
enzyme-catalyzed reaction, the structures of the substrates
change as the enzyme converts them to intermediates, tran-
sition states, and finally products. It is not surprising that early
in the study of enzymes it became clear that there were pro-
tein conformational changes occurring during the catalytic
cycle. In many enzymes, the chemical reaction steps are not
rate-limiting; instead, the slow step is a conformational change
that presents a bottleneck to the conversion of substrate to prod-
uct. Therefore, these rate-limiting time-dependent protein fluctu-
ations must be characterized for a complete understanding of the
physicochemical properties that govern the overall catalytic pro-
cess. Solution NMR is unique in its ability to characterize pro-
tein motions over a wide range of biologically relevant time
scales with atomic resolution. Here, we describe the use of two
types of experiments, the relaxation-compensated Carr—
Purcell—Meiboom—Gill (rcCPMG)? and the off-resonance rotat-
ing frame (R, ) measurements,~ that are suited for quantitative
measurement of enzyme motions in the microsecond to milli-
second time regimes. Fortunately, many enzyme catalytic rates
(ks range from 103 to 10° s~' ©~8 and thus overlap nicely with
the time scales accessible by these sensitive NMR experiments.
There have been many excellent NMR dynamics studies on
enzyme systems, but in keeping with the spirit of Accounts of
Chemical Research, we focus on work performed in our labora-
tory. First, a brief review of the theory is presented, followed by
some relevant aspects of experimental implementation of these
relaxation schemes. Finally, the application to and insight gained
from particular enzyme systems is presented.

Theory and Experimental Procedures

Space limitations preclude a detailed account of the NMR
relaxation theory. However, this topic has been covered in-
depth elsewhere,® and only the major points are described
below. The following discussion focuses on an isolated two-
spin (I-S) system (typically, "H—">N or "H—"2C spin pairs) in
which molecular motion is detected by monitoring the trans-
verse relaxation rates of the '>N or '3C nuclei. Motion of a
spin-1/2 nucleus between distinct magnetic environments on
the aforementioned time scale is commonly referred to as
conformational (or chemical) exchange. The conformational
exchange process is subdivided into three categories—slow,
intermediate, and fast—depending on whether the exchange
rate constant (k.,) is slower than, similar to, or faster than the
chemical shift difference (Aw) between two exchanging con-
formations, which are commonly referred to as A and B. This
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molecular motion disrupts the normal nuclear Larmor preces-
sion such that the observed resonance signal (22,,) is broad-
ened and in the intermediate and fast exchange cases resides
at a population weighted average position,

(1)

in which Q4,5 and p,g are the chemical shifts and equilib-
rium populations for conformations A/B, and Aw = Q, — Qg.
The extent of broadening of the NMR resonance depends on Ke,
= (ky + k_4), pas, and Aw for the exchange process, in which
k,,_, are the forward and reverse rate constants. This additional
exchange broadening of the resonance signal indicates an
increase in the transverse relaxation rate, R,, and suggests that
measurement of R, can facilitate quantitation of the exchange
parameters. Measurement of R, can be performed either by
measuring the decay of the NMR resonance signal during a
CPMG'® (z,—180°—1,,) type sequence where 7, is a delay that
surrounds a 180° degree radio frequency (RF) pulse or by mea-
suring the signal decay in the presence of an off-resonance, con-
tinuous wave spin-locking RF pulse (R ). In the former case, the
measured relaxation rate R,(1/z.,) in the slow to intermediate
exchange case depends in a complex manner on the exchange
parameters and Tcp-” In the limit of fast exchange, a simplified
dependence of R, on the CPMG pulse spacing can be used.'?

Qops = Pala T Pplp

Ry(1/7) = Rg F @exlkenl 1 = 21aNN(Key 7/ 2)KeyT )] (2)

It should be noted that in the fast limit, the populations and
Aw cannot be determined without additional independent
measurements.

In the presence of a spin-locking RF field, R, , relaxation is
measured as a trigonometric combination of longitudinal (R,)
and transverse (R,) magnetization as defined by*

¢ exkex

2
ex

R, =R;c0s*0 +R5sin’ 6 + sin9  (3)
P 2

+ w,
R, is measured at varying 6 and w, values; subsequently, R,
can be extracted from eq 3 by independent measure of R;.
The dependence of R, on the conformational exchange
parameters and the effective spin-locking field (w.) can be

determined in the fast limit such that
gDexkex

R, = 5 +RY

= e @)
kEXZ + we

For R, relaxation when exchange is outside the fast limit an
alternate equation should be used.'® In eqs 2—4, ¢, =
PaPsA®?, e = (0,2 + Q3)V2, 6 = arctan(w,/Q) is the tilt
angle of the effective spin-locking field, and w, is the ampli-
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FIGURE 1. Range of accessible effective fields for dispersion
experiments. Modeled relaxation dispersion curves for the rcCPMG (A)
and R, , (B) experiments for an exchange process in which p, = 95%,
Aw =1000s"", R =10s"", and k., = 500 (red), 1500 (blue), 3000
(vellow), 7500 (green), and 12500 s~ (black). The lower x-axis

indicates the effective field strength, whereas in panel A, the top x-axis
depicts the more familiar 7, values used in CPMG experiments.

tude of the spin-locking field. In the CPMG experiment, the
value of 7, is related to an effective field as well, described
by we = 12"%/7,."*

In both the CPMG-type and R, , experiments, measurement
of the variation in R, with w, is known as dispersion analy-
sis. In both cases, the R, value varies because the applied
effective field interferes with the spin dephasing caused by the
conformational exchange process. Larger w, values are more
effective at suppressing the effects of conformational
exchange and thus the measured R, decreases with increas-
ing w.. An example of a typical R, dispersion curve for exper-
imentally available effective fields is shown in Figure 1.

If protein motion is suspected to be involved in protein
function, both the rcCPMG and the R,, experiments can be
performed under limiting conditions of w, to assess whether
R, varies as a function of effective field strength. For the
rcCPMG experiment, the limiting cases are slow and fast puls-
ing; for the R,, experiment, the limiting cases are low and
high effective field strengths. Significant differences in R, val-
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ues between these limits are indicative of microsecond to mil-
lisecond motions and suggest that additional experiments
may be warranted. Using the rcCPMG experiment, quantita-
tion of exchange rate constants, populations, and chemical
shift differences is performed by measuring R, at many 7,
values. Similarly, the conformational exchange parameters can
be obtained from the R;, experiment by determining R, at
multiple effective field strengths.

Fitting of the appropriate exchange equations to the relax-
ation dispersion data allows quantitation of the motional
parameters. Experiment and simulation have indicated that a
robust estimate of k., (and other dynamics parameters) is
obtained from experimental data acquired at two or more
static magnetic fields'#~'® or for more than one spin coher-
ence.'” The need for experimental data at multiple magnetic
fields arises from an undesirable correlation in the fit param-
eters'® resulting in multiple acceptable solutions, only one of
which is obviously correct. The use of relaxation data at two
magpnetic fields or for multiple nuclei largely removes this cor-
relation resulting in a robust and unique solution to the
exchange equations.

Applications

NMR relaxation dispersion experiments have been success-
fully used to characterize internal protein motions,>*'#=2° pro-
tein folding,2'~2° protein—ligand interactions,?®2” and enzyme
function.?®737 In the latter case of enzyme dynamics, several
systems have been studied extensively; below, we focus on
studies originating in our laboratory about the functional role
of protein motions in ribonuclease A (RNase A) and triose-
phosphate isomerase (TIM).

Ribonuclease A

RNase A is a 14 kDa monomeric enzyme that catalyzes the
transphosphorylation of single-stranded RNA without the use
of cofactors or metal ions. The active site is in a cleft between
two halves of the enzyme (Figure 2). The enzyme has speci-
ficity for pyrimidines on the 3’ side of the bond to be cleaved
and purines on the 5’ side of this bond. Kinetic experiments
have indicated that the rate-limiting step in the reaction is
product release,® and biophysical studies have shown that a
conformational change in the enzyme accompanies ligand
binding at the active site.>® To characterize motion in RNase
A and investigate a potential link to catalytic function, NMR
relaxation dispersion experiments were performed on apo-
RNase A. These experiments identified a two-site conforma-
tional exchange process at multiple regions throughout the
enzyme occurring at a rate of exchange k., (k_;) of 1700





Loop 1
FIGURE 2. Ligand-dependent RNase A conformations. Ribbon
representations of the apo®® (yellow), E-pTppAp2° (ES, cyan), and
E—3'-CMP>’ (EP, magenta) structure of RNase A are shown in
overlay view.
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FIGURE 3. NMR evidence for motion in RNase A. rcCPMG dispersion
curves collected at 14.1 T and 298 K for RNase A residues Ser16
(black), Thr17 (red), Asn71 (orange), and Thr100 (green).

(1615) s~ (Figure 3).?8 Interestingly, this rate constant is iden-
tical to k. and to the product release (k) rate measured by
NMR line shape analysis.?° These studies suggested that
motion in RNase A is coupled to the rate-limiting step (prod-
uct release) in the catalytic process. Making a connection
between protein motion and a particular aspect of the cata-
Iytic cycle is difficult, but below we outline one approach taken
with RNase A to attempt to identify such a correlation.

The Effects of Ligand on Enzyme Structure. To address
how the protein motions change as the enzyme performs its
function, RNase A complexes with stable active site ligands
that mimic the various substrate structures at stages along the
enzyme’s reaction coordinate were formed and subsequently
studied by NMR. A noncleavable dinucleotide, phosphothy-
midine pyrophosphoryl adenosine phosphate (pTppAp), was
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used to mimic the enzyme’s natural substrate, and 3'-CMP was
chosen as a product-state mimic.2° X-ray crystal structures
of each enzyme form show distinct yet subtle structural changes
(Figure 2). The alterations in backbone conformation going from
the unliganded state to the ES complex are confined to active site
loop 4, which provides purine specificity, and loop 1, located
~20 A from the active site. Similar changes are observed in the
EP complex, though for both loops the conformation is different
than the E and ES forms. Having a structural basis for each com-
plex allows more insight into the functional role of the motion
observed by NMR. NMR relaxation measurements add another
dimension to these structural studies by providing details regard-
ing the motions in these time-averaged structures and by pro-
viding information on conformations lowly populated in small
numbers that are in equilibrium with the dominant conformer,
which is observed in solution and the crystal. These types of stud-
ies are described below.

The Effects of Ligand on the Conformational
Exchange Process. As noted above, motion at multiple back-
bone positions in apo-RNase A occurs with a ke, value of
1700 s~ . Global fitting of the dispersion data at two static
magnetic fields indicates that all of the flexible residues
appear to move in a single, two-site exchange process.?® The
decision to fit all residues to a single, global exchange pro-
cess rather than multiple independent processes is a difficult
and complicated one.?37 In simple cases, the exchange data
for all flexible residues are first fit independently. If the
exchange rates are all similar, then a global process is
assumed and all residues are treated as if they were involved
in the same exchange process, resulting in single k., and p,
values and residue-specific Aw values. We typically take a
more tedious approach, in which statistical F-tests and Akaike
information criteria (AIC) are used to compare the results of
individual and global fits. Multiple rounds of this approach are
performed by systematically removing individual data sets
from the global model and subsequently comparing the
results to the individual fits."®2° This type of analysis was per-
formed with the RNase A example below.

In the RNase A ES complex, the exchange parameters are
very similar to that seen in the apo form, both in spatial loca-
tion and in measured k., values. Likewise, in the EP complex
the rate constant and nature of the flexible residues is largely
unchanged. The ligand-independent nature of the motional
process, to a first approximation, tends to suggest a mecha-
nistically similar motion in the E, ES, and EP complexes. This
notion is supported by the similarity in Arrhenius profiles of
ko Versus temperature for E and ES complexes, which reveal
similar activation barriers for this motion, ca. 5 kcal/mol.*°
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FIGURE 4. Thermodynamics and directionality of enzyme motion:
(A) energy level diagram for apo and ES RNase A determined from
Arrhenius profiles of k., versus temperature and measurement of
Pa; (B) comparison of Aw values for apo (yellow), ES (cyan), and EP
(magenta) residues in loop 1.

Moreover, the populations of the major conformation are all
similar for the E, ES, and EP complexes, ranging from 93% to
95%. Cumulatively, these data suggest that motion in RNase
A is a two-site process and that ligand binding simply shifts
the conformational equilibrium between the two species. We
denote these two conformations as open (apo) and closed
(ligand-bound) based on ultrasonic velocimetry measure-
ments*' that indicate compaction of the RNase A structure in
the presence of ligand. Thus it appears that RNase A has
evolved to sample a structure similar to the ES complex even
in the absence of ligand (Figure 4) and it does so at an
exchange rate constant that is equivalent to k... These data
imply that enzyme turnover and protein motion are coupled;
however, an important question remains with regard to which
structures are interconverting. Some insight into the structures
of the equilibrium conformations can be obtained from the
NMR experiments via Aw.?’

Chemical Shift Comparison. A hypothesis, consistent with
the data presented, is that RNase A exists in two conforma-
tions and that ligand binding either stabilizes the closed form
or selects it from the equilibrium open and closed popula-
tions. If this hypothesis were true, then Aw values from the
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rcCPMG measurements on the apo form should be of equal
magnitude and opposite sign of Aw values determined from
the E—pTppAp complex. The magnitude of Aw is determined
from the CPMG dispersion experiments, whereas the sign of
Aw can be obtained by comparison of HSQC and HMQC peak
positions or by the static field dependence of HSQC reso-
nances as described by Kay and co-workers.*? The results of
this analysis for loop 1 amino acid residues are depicted in
Figure 4B.2° For a handful of residues in loop 1, the Aw val-
ues are consistent with the apo enzyme sampling the “sub-
strate-bound conformation” in the absence of substrate.
Likewise, the ES complex consists of a small population of
open conformer even with substrate bound at the active site;
the Kinetics and structures of the exchange process are not
perturbed by the ligand, only the populations.

For this comparison, the analysis of Aw values was
restricted to those in loop 1, that is, distant from the active site.
The reason for this is that in the E—pTppAp (ES) complex, the
chemical shifts for residues at the active site likely have sig-
nificant electrostatic contributions from the negatively charged
ligand and therefore are not a purely conformational Aw. In
contrast, the Aw values at the active site in the apo enzyme
result only from changes in protein structure; therefore, any
comparison of Aw,p, With Awgs for active site residues is
extremely complicated. Nonetheless, comparison of Aw val-
ues for residues in loop 1, being 20 A from the bound ligand,
are not likely to be affected by factors other than protein con-
formation and are consistent with the view that RNase A has
evolved to sample the next relevant conformation on the cat-
alytic cycle. This model is similar to conclusions from NMR
studies of motion and function in dihydrofolate reductase,*
triosephosphate isomerase (TIM),** and cyclophilin A.3>

Biochemical Characterization. Thus far the idea that
motion and function are coupled in RNase A has relied mainly
on the NMR results presented above. If a true relationship
exists, it is reasonable to expect that perturbation of the func-
tion may be reflected in concomitant changes in the NMR-
measured motions. Two approaches were taken to investigate
this, site-directed mutagenesis and alteration of solution con-
ditions. In one example, aspartic acid 121 was mutated to ala-
nine. In wild-type (WT) enzyme, this residue is completely
conserved, presumably due to its interaction with the cata-
Iytic acid, His119. In the D121A mutant, the kg for product
is increased to 2500 s~ '.3° NMR relaxation dispersion exper-
iments with D121A show a commensurate increase in k., for the
flexible backbone residues. In this mutant there is a decrease in
Koy likely due to loss of productive interactions between Asp121
and His119 and a disruption of coordinated motions. Additional





mutation studies of His48, a conserved residue 18 A from the
active site, show a loss of protein motion in much of RNase A, a
decrease in k., and alterations in k. values.** These observa-
tions support the model in which there is a close connection
between motions and the rate-limiting product release step. How-
ever, the absence of a 1:1 correlation between changes in K.,
Ko, @nd K, demonstrate the complexity of protein motions in
enzyme function.

Because motions in RNase A likely involve reorganization
of hydrogen bonds, it is reasonable to expect that substitut-
ing D,0 for H,0 as the protein solvent would result in an iso-
tope effect on ke,. Experiments carried out at varying D,O
concentrations revealed a kinetic solvent isotope effect (KSIE)
on k., of ~2, demonstrating the role of exchangeable pro-
ton(s) in enzyme motions.?! Linear proton inventory experi-
ments*® indicate that a single dominant proton, associated
with His48,%* is involved in this motion. Interestingly, the iso-
tope effect on protein motion is the same as the observed
KSIE for k., and further strengthens the argument for a close
coupling between motion and function in this enzyme. These
experiments summarize a combined NMR and biochemical
approach toward investigating the role of protein motion in
enzyme function. The KSIE studies demonstrate that it is pos-
sible to localize the amino acid residue(s) involved in the rate-
limiting protein motions out of a vast number of solvent-
exchangeable sites.

Triosephosphate Isomerase (TIM)

Many enzymes are much larger than RNase A and pose sig-
nificant challenges to study by solution NMR techniques. The
approach taken to overcome some of these obstacles is pre-
sented in the following. TIM is a 53 kDa homodimeric enzyme
that catalyzes the fifth step of glycolysis, the interconversion
of dihydroxyacetone phosphate (DHAP) and glyceraldehyde-
3-phosphate (GAP). Optimal function of triosephosphate
isomerase relies on the ability of an active site Q-loop (loop
6) to move between open and closed conformations (Figure
5A).2%%® Motion in loop 6 is mediated by flexible hinge
regions at the N- and C-termini of the loop. The closed con-
formation of the enzyme is stabilized by hydrogen bonds
between loop 6 and neighboring loop 7. Loop 6 has been
shown to move between open and closed conformations
regardless of the enzyme’s ligation state, with the populations
skewed toward the open conformation in the absence of sub-
strate and being mainly closed when substrate is bound.*34”
Catalysis occurs in the closed loop conformation; in the phys-
iologically important DHAP to GAP direction loop 6 opening
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FIGURE 5. TIM loop motion: (A) open (gray) and closed (blue)
conformations of the TIM active site; the catalytic residue Glu165 is
highlighted in magenta; (B) R, , dispersion curves for Val167 (@) and
Thr177 (#) for WT (blue) and Y208F (red) TIM. All curves represent
the best fit to a global, two-site exchange model, with the
exception of Thr177 in Y208F, which is fit to a linear function with
a slope of zero. Panel A was prepared using MacPyMOL.>®

is partially rate-limiting, and therefore its motion has a direct
impact on catalytic turnover.*®

The large size of TIM presents resolution and signal-to-
noise problems due to the long rotational correlation time (30
ns at 293 K) of the molecule. Deuteration*® and transverse
relaxation-optimized spectroscopy (TROSY)>° techniques were
necessary to provide the required sensitivity and resolution for
thorough solution NMR studies. These approaches in addi-
tion to recently developed TROSY-based relaxation exper-
iments®'~>3 provided an avenue for the characterization of the
motion of the active site loop in TIM as described below.

The Role of a Hydrogen Bond in Loop Motion. In wild-
type TIM, a hydrogen bond between the amide nitrogen of
Ala176 (in loop 6) and the O” of Tyr208 (in loop 7) stabilizes
the closed conformation of the enzyme. In the Y208F TIM
mutant, this hydrogen bond is absent, and the catalytic effi-
ciency of the enzyme (k./K,,) is 2400-fold less than that of
wild-type, indicating that the ability to stabilize the closed form
of the enzyme is essential for optimal catalysis.>* To accu-
rately characterize loop motion in wild-type and mutant
enzymes, relaxation dispersion experiments were carried out.
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Because loop 6 motion is faster than motions observed in
RNase A, R,, experiments of the TROSY variety>* were nec-
essary to quantitate the opening/closing process in WT and
Y208F TIM. TROSY-selected R, > dispersion curves for the N-
and C-terminal residues of loop 6 for WT and Y208F are
shown in Figure 5B. The results show motion for both ends of
loop 6 in WT on the 100 us time scale (ke = 8900 s~ ). The
site-specific nature of NMR spectroscopy allows the investiga-
tor to ask whether the observed flexible residues move in an
independent fashion or as a group in a concerted process. In
studies with TIM, similar to the RNase A example, this issue
was addressed by comparing the fit statistics via F-test for indi-
vidual and global motional models. The results for wild-type
TIM indicate that the best description of motion for residues
in both hinges of loop 6 is a global model in which all resi-
dues possess the same K, value (8900 s~ ).

The motion of the N-terminus of loop 6 in Y208F is simi-
lar to that observed for WT with k., = 10 000 s~ '; however,
the C-terminal residues in Y208F (Lys174 (not shown) and
Thr177) have flat R,, dispersion curves and indicate that
motion of these residues is outside the range of experimen-
tal measurement, likely due to highly skewed populations.33
These NMR experiments show that removal of this hydrogen
bond disrupts motion in one half of the loop more so than the
other. This work demonstrates that detailed aspects of motion
along the protein backbone can be obtained for larger enzyme
systems. Recent experimental work focusing on methyl side
chain positions demonstrates that information of the type
described in this Account can be obtained for enzymes in the
300 kDa range.>>

Conclusions

The atomic resolution and sensitivity to motion on a wide
range of time scales makes solution NMR spectroscopy a
unique tool for studying protein dynamics by providing infor-
mation that is not as forthcoming from other experimental
techniques. The ability of NMR relaxation dispersion experi-
ments to quantitate kinetic processes (from measurement of
key) and thermodynamics (by estimation of conformer popu-
lations) enables keen insight into protein function. Importantly,
the determination of chemical shifts of the minor, often unob-
servable, conformation from Aw is extremely powerful, and
this analysis has been extended to three-site exchange
processes.'?23 We anticipate future efforts will include a com-
bination of computational and biochemical experiments
together with NMR relaxation dispersion to allow modeling of
these lowly populated species in small numbers, affording an
unprecedented view of enzyme function.
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he development of an efficient catalytic activation (cleavage) system for C—H and C—C bonds is an important chal-

lenge in organic synthesis, because these bonds comprise a variety of organic molecules such as natural products, petro-
leum oils, and polymers on the earth. Among many elegant approaches utilizing transition metals to activate C—H and C—C
bonds facilely, chelation-assisted protocols based on the coordinating ability of an organic moiety have attracted great atten-
tion, though they have often suffered from the need for an intact coordinating group in a substrate.

In this Account, we describe our entire efforts to activate C—H or C—C bonds adjacent to carbonyl groups by employing a new
concept of metal—organic cooperative catalysis (MOCC), which enables the temporal installation of a 2-aminopyridyl group into
common aldehydes or ketones in a catalytic way. Consequently, a series of new catalytic reactions such as alcohol hydroacyla-
tion, oxo-ester synthesis, C—C triple bond deavage, hydrative dimerization of alkynes, and skeletal rearrangements of cydlic ketones
was realized through MOCC. In particular, in the quest for an optimized MOCC system composed of a Wilkinson’s catalyst
(Ph;P),RhCl and an organic catalyst (2-amino-3-picoline), surprising efficiency enhancements could be achieved when benzoic acid
and aniline were introduced as promoters for the aldimine formation process. Furthermore, a notable accomplishment of C-C bond
activation has been made using 2-amino-3-picoline as a temporary chelating auxiliary in the reactions of unstrained ketones with
various terminal olefins and Wilkinson’s catalyst. In the case of seven-membered cydlic ketones, an interesting ring contraction to
five- or six-membered ones takes place through skeletal rearrangements initiated by the C—C bond activation of MOCC.

On the other hand, the fundamental advances of these catalytic systems into recyclable processes could be achieved by
immobilizing both metal and organic components using a hydrogen-bonded self-assembled system as a catalyst support.
This catalyst-recovery system provides a homogeneous phase at high temperature during the reaction and a heteroge-
neous phase at room temperature after the reaction. The product could be separated conveniently from the self-assembly
support system by decanting the upper layer. The immobilized catalysts of both 2-aminopyridine and rhodium metal spe-
cies sustained high catalytic activity for up to the eight catalytic reactions.

In condusion, the successful incorporation of an organocatalytic cycle into a transition metal catalyzed reaction led us to find
MOCC for C—H and C—C bond activation. In addition, the hydrogen-bonded self-assembled support has been developed for an
efficient and effective recovery system of homogeneous catalysts and could be successful in immobilizing both metal and organic
catalysts.
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Introduction

Among the many elegant examples of transition metal cat-
alyzed activation of C—H and C—C bonds,! chelation-as-
sisted protocols have recently attracted increasing attention
in organometallic chemistry. Directed metalation processes
have been demonstrated by valuable applications in
organic synthesis, showing remarkable efficiency and
chemoselectivity.? In general, a chelation-assisted proto-
col facilitates the formation of either the Kinetically or ther-
modynamically favored five- or six-membered metallacycle;
a prepositioned coordinating group induces spatial proxim-
ity between the C—H or C—C bonds and the transition metal
center."? Despite the magnificent usefulness in activating
otherwise stable C—H and C—C bonds, a major drawback of
the chelation-assisted protocol is the need for a coordina-
tion group in a substrate. As a consequence, this introduces
the necessity of additional steps to remove the coordinat-
ing groups, and the method often suffers from limitations
in employing noncoordinating or weakly coordinating sub-
strates. In particular, the C—H bond activation process of
aldehydes, a key step of hydroacylation of olefins, can be
seriously hampered by the lack of a strong coordinating
group in a substrate leading to more critical problems such
as decarbonylation (Scheme 1).3

Because the principal challenge associated with the C—H
bond cleavage of an aldehyde involves suppressing the
decarbonylation process of the acyl—metal hydride spe-
cies, some catalyst systems under a high pressure of car-
bon monoxide or ethylene gases have been devised to
stabilize acyl-metal hydride species.* However, these sys-
tems are not general and efficient due to the harshness of
the reaction conditions and limitation of the olefins that can
be used.

An alternative approach to stabilize the acyl—metal hydride
species was inspired by the isolation of cyclometalated com-
plexes derived from 8-quinolinecarboxaldehyde® (eq 1) and
2-(diphenylphosphanyl)benzaldehyde® (eq 2), which were a
milestone of chelation-assisted hydroacylation. Although it is
apparent that these aldehydes were very effective in avoid-
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The turning point of general chelation-assisted hydroa-
cylation was realized from the example of hydroacylation
using aldimine made up of 2-amino-3-picoline (1) and ben-
zaldehyde.” There is a very important consideration in our
focus on a metal—organic cooperative catalysis (MOCC). For
instance, if incorporation of a new catalytic cycle of aldi-
mine formation into the conventional hydroacylation of
aldimine is possible, we anticipated that a general and
decarbonylation-free hydroacylation of olefins with a vari-
ety of aldehydes could be devised (Scheme 2).

Fascinated by the concept of MOCC, we have investigated
a catalytic system consisting of a transition metal and an
organic catalyst as a new chelation-assisted hydroacylation
protocol. In the quest for an optimized system composed of a
Wilkinson’s catalyst, (Ph5P)sRhCl (2) and 1, we found that com-
mon aldehydes can be successfully applied in this transfor-
mation.? In addition, surprising efficiency enhancements could
be achieved when benzoic acid and aniline were introduced
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FIGURE 1. MOCC in C—H and C—C bond activation.

as promoters for the aldimine formation process.® Based on
the remarkable reactivity and applicability of the
metal—organic cooperative system in hydroacylation, a series
of new catalytic reactions involving C—H and C—C bond acti-
vation can be realized (Figure 1).

In this Account, we summatrize our ongoing research on
chelation-assisted catalytic C—H and C—C bond activation
operating under a MOCC system. We discuss how each
organic catalyst affects each reaction from a mechanistic view-
point and what kinds of substrate can be successfully applied
in the catalytic process. In addition, recent efforts for the fun-
damental advances of these catalytic systems into recyclable
processes by immobilizing both metal and organic compo-
nents using a hydrogen-bonded self-assembled system as a
catalyst support are described.

Catalytic Effects of 2-Amino-3-picoline and
Its Derivatives in C—H and C—C Bond
Activation

In applying an imine-forming reaction to the conventional
hydroacylation, the chemical nature of condensation between
aldehydes and primary amines implies some intriguing points
to be considered. First, the rate of imine-forming reactions can
be accelerated by acid or base catalysis. Second, otherwise
unperturbed by external conditions, the condensation pro-
cess is in equilibrium between reactants (aldehydes and
amines) and products (imines), that is to say, reversible. Third,
ketimine is more susceptible toward hydrolysis than aldimine.
Since a ketone is the final product and its concentration
increases throughout the reaction, this fact is helpful to make
the catalytic cycle of T more efficient.
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Considering these features together, a 2-aminopyridine-like
molecule is a good candidate for our design of a metal—organic
cooperative catalytic system. It is noteworthy that the position of
the methyl group on the pyridine ring is exquisite in the cyclo-
metalation process because the adjacent 3-positioned methyl
group makes free rotation of the imine group rather difficult. The
resulting geometrical bias also facilitates the cleavage of the
imino C—H bond through decreasing the distance between the
catalyst and the C—H bond (eq 3).

Cr
-~ or ]\
N”NHy  base 2 (\I H
T
i N7 Né]\R
1 W

H R

acid
(3)

1,5-relationship

Hydroacylation with Aldehydes. From the cyclometala-
tion model of aldimine, we examined 1 as a chelation-direct-
ing organic catalyst under in situ conditions in order to directly
employ an aldehyde substrate for hydroacylation.2* When the
reaction of benzaldehyde and olefins was carried out for 24 h
at 150 °C in the presence of 2 and 1, the corresponding
ketones were obtained in fairly good yields (eq 4).

Ph—CHO (Ph3P)sRhCI (5 mol%)
+ 2-amino-3-picoline (20 mol%) L\
R 0 4
) toluene, 150 °C, 24 h Ph R ( )
R=akylor aryl 74-80 %

The mechanism of the reaction is depicted in Scheme 3.

Initially, benzaldehyde condenses with 1 to form the aldi-
mine, which then undergoes pyridine group coordination to 2
accompanied by the C—H bond cleavage. The resulting acyl-
rhodium(lll) hydride species reacts successively with olefins
causing the olefin insertion into the metal—hydride bond





SCHEME 3

TABLE 1. Effects of 1 in Hydroacylation of Olefin with Aldehyde

= 2-amino-
‘ P 3-picoline
NH, (1) o
(Ph,P),RACI (10 mol%) /©)vn—ch7
THF, 100 °C,60h MeO A

Hydroacylation

:/n'C3H7 Without 2-amino-3-picoline,
(Ph3P)sRNCI
\ MeO @
S
[Rh]-CO B
Decarbonylation
amount of
2-amino-3- isolated yield
entry picoline (mol %) A/B of A (%)
1 0 0/100 0
2 10 58/42 14
3 20 85/15 57
4 50 85/15 70
5 70 90/10 80
6 100 93/7 83

(hydrometalation), which finally affords ketimine via reduc-
tive elimination. In this reaction, 1 is a chelation-directing
organic catalyst, which can be temporarily installed on the
aldehyde and uninstalled from ketimine by hydrolysis after
hydroimination. Control experiments again revealed that the
presence of 1 is essential in this reaction because, in the
absence of 1, no hydroacylation took place but the rapid
decarbonylation prevailed. In addition, the concentration of 1
also affected the bifurcated reaction pathway, hydroacylation
and decarbonylation (Table 1).82

This observation is very important in terms of the Kinetic
aspects of the entire reaction because the concentration effect
of 1 strongly implies that the imine condensation process
should be a rate-determining step. Indeed, the use of organic
auxiliaries, which can shift the equilibrium point of the imine
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condensation reaction, could dramatically improve the effi-
ciency of hydroacylation (eq 5).°

(Ph3P)3RhCI (2 mol%)
2-amino-3-picoline (20 mol%)
aniline (60 mol%)
O . n-CaHg benzoic acid (6 mol%)

A

Ph H

toluene, 130°C, 1 h
98 %

For instance, the transimination by aniline as well as the
acid catalysis of benzoic acid turned out to be effective in
accelerating the condensation step between an aldehyde and
1. The mechanism of this acceleration is illustrated in
Scheme 4.

First, an aldehyde condenses with a more reactive aniline
to form aldimine, and the subsequent transimination with 1
generates the chelating aldimine;'® both processes can be cat-
alyzed under acidic conditions. The highly enhanced reactiv-
ity of this catalyst system implies that the indirect
condensation of an aldehyde with 1 by transimination is a
more efficient process than the direct condensation of an alde-
hyde and 1."" It is worth mentioning that the hydroacylation
of T-alkenes with aldehydes can be considerably enhanced
under microwave irradiation by stabilizing a polar intermedi-
ate.'?

In general, C—H bond activation reactions are mainly cen-
tered on the sp? C—H bond and not on the sp®> C—H bond,
probably due to the better thermodynamic stability of the
metal—sp? carbon bond compared with that of the metal—sp>
carbon bond. Among the limited examples,?® the catalytic
addition of a benzylic sp?> C—H bond to various alkenes with
benzylamine bearing the 3-methyl-2-pyridyl group is an inter-
esting one showing the usefulness of the chelation-assisted
cyclometalation strategy (eq 6).">

® ®
P Ruz(CO 10 mol% =
iNTONT 4 prBu 3(COM2 ( b) HN N (6)
P - toluene, 130 °C, 6 h )\/\
Ph Ph n-Bu

A challenging variant of the intermolecular hydroacylation
involves the application of functionalized olefins as hydro-
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metalation partners. Most of the olefins used in the intermo-
lecular hydroacylation are relatively simple molecules such as
1-alkenes or vinylsilanes. Although there have been some
attempts to apply functionalized olefins including the use of
methyl acrylate,'* 1,6-hexadien-3-ol,'> and 1,5-hexadiene,'®
more systematic variations of the functionalized olefinic sub-
strates were still limited. However, under the same MOCC pro-
tocols, the synthesis of various oxo acids via the reaction of
aldehydes with w-alkenoic acid derivatives is a notable excep-
tion (eq 7)."”
7 (Ph3P)3RNCI (5 mol%)

ph)J\H 2—amino—1_3—pic_o|ine (40 mol%)
benzoic acid (20 mol%)

toluene, 150 °C, 1.5 h

+
/\MCOZMG
n

| = 0 0
3 BV
NN O om Ph | “OMe
A

n=0: 92 %
1:59 %
2:49 %

When methyl acrylate (n = 0), methyl 3-butenoate (n = 1),
and methyl 4-pentenoate (n = 2) were used in this chelation-
assisted hydroacylation reaction instead of a simple 1-alk-
ene under identical reaction conditions, the corresponding
y-0X0, 0-0X0, and e-0x0 esters were isolated with 92%, 59%,
and 49% vyields, respectively. Such a broad scope for olefinic
substrates can be extended to polymeric substrates such as
polybutadiene.’® On the other hand, a direct method for the
synthesis of a diaryl ketone from an aldehyde (or correspond-
ing imine) has hardly been developed.'® In order to synthe-
size diaryl ketones using the 1-based cyclometalation strategy,
aryl boronates were applied instead of an alkene.?° For exam-
ple, when the reaction of aldimine with phenyl boronate was
carried out in an acetone/dioxane mixture in the presence of
Rus(CO),,, benzophenone was isolated after hydrolysis of the
resulting ketimine (eq 8).

Ph

| = i) Ruz(CO)12 (5 mol%)
= 0 methyl vinyl ketone 0
)’\Jl\ N, ph—Bi >< dioxane/acetone (8)
Ph” H o _150°C,1h Ph™ Ph
i) H*/H,0 85 %

Alkynes are also a challenging substrate for intermolec-
ular hydroacylation because the hydrometalation step of
alkynes may produce several regio- and stereoisomers.
However, contrary to our expectation, the reaction of ben-
zaldehyde and 1-hexyne in the presence of the cocatalyst
system consisting of 2, 1, and benzoic acid in toluene at 80
°C for 12 h exclusively affords the branched o,/3-enone in
a 92% vyield (eq 9).>" The observed regioselectivity can-
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not be explained well by the hydrometalation mechanism,
because the branched a,8-enone should originate from the
most sterically demanding approach of the alkyne to the
metal—hydride bond. The pronounced results of alkyne
hydroacylation suggest that other mechanistic scenarios,
such as a carbometalation pathway, may be involved in this
reaction.

j\ (Ph3P);RCI (5 mol%)
2-amino-3-picoline (40 mol%) e}
Ph .\ H benzoic acid (20 mol%) )H( n-C4H 9)
Ph
- O
=—n-C4Hs toluene, 80 °C, 12 h 92 %

Such possibility of carbometalation during alkyne hydro-
acylation was also observed in chelation-assisted hydrative
dimerization of 1-alkyne.?? When the reaction of 1-octyne
with H,O was performed without aldehyde in the presence of
1 and 2, branched and linear a,8-unsaturated enones were
obtained in a 78:22 ratio (Scheme 5).

Interestingly, 1-alkyne is not only a substrate for hydro-
acylation but also a precursor of the aldehyde in this reac-
tion. The catalyst 2 reacts with 1-alkyne to form the alkylidene
complex, followed by the N—H addition of 1 with a chela-
tion, double bond migration, and hydride abstraction to yield
the identical intermediate in the chelation-assisted hydroacy-
lation of the aldehyde.

Hydroacylation with Alcohols and Amines. Primary
alcohols and amines including allylic ones can be utilized in
situ as aldehyde precursors through an oxidation reaction by
transfer hydrogenation and transition metal catalyzed isomer-
ization, respectively (Scheme 6).

In the transfer hydrogenation case, the reaction of benzyl
alcohol with excess olefin afforded the corresponding ketone
in good yield in the presence of a Rh complex and 2-amino-
4-picoline (3) (eq 10).>®> The overall reaction takes place by
two consecutive reactions, dehydrogenation and hydroacyla-
tion. The primary alcohol was dehydrogenated by a rhodium(l)-
catalyzed transfer hydrogenation to generate an aldehyde. The
resulting aldehyde reacts with 3 and undergoes the chelation-
assisted hydroacylation. Primary amines also experience simi-
lar reaction pathways except that transimination should be
involved (eq 11).2* The allyl alcohol isomerizes to an aldehyde
and enters the same MOCC (eq 12).%

[RhCl3xH,0YPPhy
(3.3 mol%/16.5 mol%)

2-amino-4-picoline (100 mol%)
toluene, 130 °C, 12 h

n—C3H7

Ph" OH * _/





i) (PhaP);RhCI (5 mol%)
2-amino-3-picoline (50 mol%)
toluene, 170 °C, 24 h

A~NHp + G

iiy H*/H,0 (.l 1)
O
Ph\)J\/\
f—C4Hg
96 %
(Ph3P);RhCI (3 mol%)
2-amino-3-picoline (40 mol%)
= - i i 9
/\/\OH + D C4Hg benzoic acid (10 mol%)
toluene, 130 °C, 4 h
(12)

o
N
91 %

Carbon—Carbon Bond Activation. Once we had realized
the metal—organic cooperative chelation-assisted hydroacy-
lation of aldehydes, we noticed the possibility that the same
protocols could be applied to C—C bond activation of com-
mon ketones. Since our MOCC method can also provide the
special driving forces through chelation assistance, it seemed
to be reasonable that the generation of stable metal com-
plexes could be achieved by lowering the energy state of the
C—Cbond cleaved complexes (Scheme 7). In addition, the rep-
resentative stoichiometric examples of this strategy showing
the activation of the a-C—C bond of the carbonyl group in
8-quinolinyl alkyl ketone also supported our expectation.?® If
a carbonyl group has g-hydrogens, this C—C bond cleavage
reaction could be converted to a catalytic reaction under pres-
sure of ethylene gas.?”

A notable accomplishment of C—C bond activation in
unstrained simple ketones has been realized using 1 as a tem-
porary chelating auxiliary.?® For example, when benzylac-
etone reacts with excess tert-butylethylene, under a MOCC
system of 2 and 1, an alkyl group exchanged ketone and a
trace of styrene could be observed (eq 13).

(Ph3P)RACI (5 mol%)

(0] _amina.l-nicoli o t-Bu
)Lf‘/\ +  ftBu 2-amino-3-picoline (100 mol%) 84 %
Ph toluene, 150 °C, 48 h +
Ph
m =/ (tra(c]e?))

NS

N” N

/”~R'hﬁb|
v K/Ph

Similar to the case of hydroacylation of an aldehyde, the
first step should be the formation of ketimine by the con-
densation of a ketone and 1 (Scheme 8). The C—C bond of
ketimine is cleaved by the Rh(l) complex to generate an
(iminoacyl)rhodium(lll) phenethyl accompanied by S-hydro-
gen elimination giving an (iminoacyl)rhodium(lll) hydride
and styrene. The hydrometalation of tert-butylethylene with
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Rh—H and the subsequent reductive elimination yield
ketimine. When the alkyl group exchanged ketimine is
hydrolyzed by H,O formed during the initial condensation
step, the final ketone can be obtained in a free form with
regeneration of 1. Since the whole reaction lies in thermo-
dynamic equilibrium, the polymerization of styrene drives
the forward reaction.

As in the case of primary alcohol hydroacylation, second-
ary alcohols can also be applied to the C—C bond activation
through in situ transfer hydrogenation.?® Among the exam-
ples utilizing the in situ isomerization process, allylamines pro-
vide some merits from a substrate standpoint. For instance,
aliphatic aldehydes are not good substrates in the
metal—organic cooperative hydroacylation because they usu-
ally produce aminals, not desirable imines, during the reac-
tion with 1.7-8 The formation of aminal considerably reduces
the efficiency of the whole reaction. However, the existence of
the double bond migration process of allylamines in the pres-
ence of transition metal complexes provides another chance
for the application of aldimines of the aliphatic aldehydes. In
addition, the resulting aldimines with aliphatic alkyl group can
undergo both C—H and C—C bond activation by the Rh(l) cat-
alyst (Scheme 9).3° Thus, allylamine can be regarded as a
masked form of formaldehyde. This approach was success-
fully applied to the synthesis of symmetrical dialkyl ketone
and cyclic ketones using 1-alkenes and dienes, respectively
(Scheme 10a,b).3"

A further application of allylamine is a C—C triple bond cleav-
age. Although the C—C triple bond of alkynes is one of the stron-
gest bonds in organic molecules, it can be efficiently cleaved
when the 1-based hydroacylation of alkyne is combined with an
appropriate organic promoter such as cyclohexylamine (Scheme
100).32 In this transformation, the C—C triple bond of the alkyne
is initially transformed into a C—C double bond through hydroa-
cylation of the alkyne. The resulting o,f-unsaturated imine
undergoes a subsequent retro-Mannich reaction with a cyclo-
hexylamine leading to the formation of the C—C bond cleav-
age products, aldimines and enamines (eq 14).

i L /| Cy—NH,
| HiC—=——CH; &
[ —_—
X
V\Ph HiC Ph
CH,
NP (14)
Cy~, .H . pic
Py Ph
P — +
HsC Ph NCY
CHj
HsC™ TH
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SCHEME 5
0]
n-CgHq3z n-CgHq3
(Ph3P)3RhCI (5 mol%) A
2-amino-3-picoline (100 mol%) +
- benzoic acid (5 mol%) 82 % (A:B=78:22)
nCgHiz—= + H,0 o
THF, 110 °C, 2 h n-CaHis =
n-CgHqz
B
[Rh]
= =
H 2—aminp— = | ~ | ~ |
C=C=[Rn] >Pi®ling -~ ~_ . N N H N NH
- | ! - — - _ — -
n-CeHys P-Cetia~ C—IRN] ”qy\\/q‘ [Ff,h] Ly ”C6H13\/Q\ [R/h]\l-/g
H n-CgHiz—— H H—="n-CgHq3
carbometallation
SCHEME 6
Hydroacylation
[Rh] 2-amino
R OH /ﬁ\ -4-picoline | = | =
R™ "H
. ~ —
_R R NN [Rh] NH
2-amino )J\/\ K/\
R” NH, -3-picoline H Ph Ph
[Rh] NH 2-amino
N [t
R NH )J\ -3-picoline H
2 ; ; R H \ \/\ 2\/\& HO/\/\
R R’ NH3 R” "NH, o)
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o - -
/\)L 3-picoline S\ NN cat M [M]—”\
R R J§ _r"
S
R R
unstrained activated by stable cyclometalated
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SCHEME 8
=
|
N
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<
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Furthermore, not only allylamine, but also common alde-
hydes such as acetaldehyde could be applied to this
hydroacylation-triggered C—C triple bond cleavage. Since
an aldehyde can be regenerated through the fragmenta-
tion of an a,f-unsaturated ketone and the subsequent reac-
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SCHEME 9

i | double bond q o ~ |
ouble bon activation
\N migration X, X

NH —="- . °N N/ _— N N

K/\Ph HJ\J\'/\Ph HJ\H

activation

tion with the remaining alkyne, a serial cleavage of an
alkyne induced by a small amount of external aldehyde
could be possible. Utilizing the propagation nature of these
methods, the ring-opening oligomerization of cycloalkyne
was achieved (Scheme 11).23 This protocol can be also
applied directly to the cleavage of the C—C double bond of
a,f-unsaturated ketones.3*

The C—C bond cleaving ability of cocatalyst system of 2
and 1 showed an interesting example of the skeletal rear-
rangement of a cyclic ketone or its imine.>> When cyclo-
heptanoketimine was reacted with the Rh(l) complex in the
absence of an external olefin, a mixture of the ring-con-
tracted cycloalkanones was obtained after hydrolysis
(Scheme 12).

Starting with C—C bond cleavage of ketimine by the Rh(l)
complex and subsequent g-hydrogen elimination, the
intramolecular hydride insertion takes place. The resulting
(iminoacyl)rhodium(lll) alkyl intermediate is transformed
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SCHEME 10
t-Bu | |
/\/ﬁ\/\ — W
t-Bu £BU ) [(coe),RACIL, (3 mol%) i) [(coe),RNCI], (5 mol%)
PCy3 (6 mol%) PCys; (15 mol%) n
a) 170 °C, 30 min foluene, 170°C, 2 h b)
i) H'/H20 i) H*/H0
i o Z i) 2
o
N NH
K/\
Ph
i) (PhzP);RhCI (3 mol%)
. cyclohexylamine (200 mol%)
€) HyC—=—=CH, benzoic acid (5 mol%)
toluene, 170 °C, 2 h
iy H*/H,0
o o}
)J\ + \)J\/\
H,C H Ph
98 %
SCHEME 11 SCHEME 12
i) (Ph3P)3RhCI (5 mol%) 7 |
2-amino-3-picoline (60 mol%} o 82 % (A:B=76:24)
cyclohexylamine (330 mol%) N \N D gzoe)zséﬁcﬂzl; 0 mol%)
Hy,C—CHO AICI, (10 mol%) o 'Y3( mooé N
+ toluene, 130 °C, 12 h J\/n-c . toluene, 150 °C, 1 CH2CH3
n-CsHin—=1-CeHu  yepi0 HyC s ii) H*/H,0
B 90 % based on alkyne B T T
i} (Ph3P)3RhCH (2 mol% based on alkyne) T T
2-amino-3-picoline (20 moi%) = /
PR™ CHO cyclohexylamine (100 mol%) \ ’ I
)i AICI; (4 mol%) \
toluene, 100 °C, 72 h Ph [Rh} [Rh] [,Rh]
| i) H*/H,0 7 n CHyCH3
Cy~. H. .Cy n= 0~4, respectively
5eq. N) W Cy=cyclohexyl T T
Ph &
& = ] 7 =
S g g
NN
— [Rn] —_
retro-Mannich Rh] H [Rh
fragmentation

into a six- or five-membered ring ketimine through reduc-
tive elimination.

Hydrogen-Bonded Self-Assemblies as a
Metal—Organic Catalyst Recovering
Support

The challenges to recover catalysts from a homogeneous reac-
tion always have encountered paradoxical situations such that
the catalysts should have considerable inhomogeneity to be
cleanly separated from the homogeneous phase. The more
inhomogeneity the catalysts have, the more heterogeneous
the reaction becomes. As a result, the original efficiency or
selectivity of the reaction in a homogeneous state often has
been significantly impaired. Such trends were also found in
our earlier efforts to recover the rhodium catalysts from
hydroacylation reactions using polystyrene-based phos-
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phanes.3® The solubility of polystyrene was not sufficient to
make a reaction ideally homogeneous.

Among the physical aspects that govern the nature of the
separation processes, we noticed hydrogen bonding as a sol-
ubility-regulating interaction because the strength of an inter-
molecular hydrogen bond can be easily diminished by the
application of heat.

Biphasic Solvent System Based on the Phenol and
4,4'-Dipyridyl Hydrogen-Bonding Couple. Based on the
fact that phenol and 4,4'-dipyridyl form a hydrogen-bonding
complex,37 a mixed solvent system was conceived as a reac-
tion medium for the hydroacylation of primary alcohols.*8
Interestingly, this solvent system forms two immiscible phases
with hydrocarbons such as alkane or olefin at room temper-
ature. Because a strong hydrogen-bonding network is hardly
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(@)

High Temperature During the Reaction

| R'=CH,0H + —/2

Recycle

Cool to rt

FIGURE 2. (a) A biphasic system using hydrogen-bonding solvent and a schematic diagram of the recycling of the catalysts for chelation-
assisted hydroacylation with primary alcohol and (b) a phase separation of the reaction mixture consisting of benzyl alcohol, 1-decene,

[(CgH,4)-RNCI],, 4-PBA, 3, phenol, and 4,4'-dipyridyl after cooling.

TABLE 2. Recycling of the Catalysts for Hydroacylation of Olefin with Alcohol
[(coe)oRhCl]s (5 mal%)

phosphane (20 mol%)
2-amino-4-picoline (100 mol%)

n-Bu

Ph OH * _/

4 ,4-dipyridyl, phenol, 150 °C, 6 h

DN

n-Bu

isolated yield of ketone (%)

entry phosphane additive st 2nd 3rd 4th 5th 6th 7th
1 4-PBA 88 96 92 95 91 94 96
2 PPh, PhCO,H (20 mol%) 93 34 28 12
39 4-PBA 94 56 61 43 29

“ The reaction was performed in the absence of phenol.

established at high temperature, these two phases combine
into one phase upon heating (Figure 2a).

During the high temperature reaction, the ketone reac-
tion product as well as the reactants and catalysts can com-
pletely form a homogeneous mixture. After the reaction,
along with the cooling of the reaction mixture to room tem-
perature, hydrogen bonding is reestablished and the sin-
gle phase turns into the initial two phases (Figure 2b).
Because the polar components of the reaction mainly con-
dense in the lower phenol and 4,4'-dipyridyl phase while
the nonpolar components are largely partitioned into the
upper nonpolar hydrocarbon phase, the product of hydroa-
cylation, ketones, can be separated by a simple decanting
procedure. In addition, by employment of 4-diphenylphos-
phanylbenzoic acid as an external ligand, the rhodium cat-
alysts also can be left in the polar phase through a
hydrogen-bonding interaction between the carboxylic acid
groups and 4,4'-dipyridyls (Figure 2a).

The control experiments revealed that both phenol and
4-diphenylphophanylbenzoic acid are essential to sustain a
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consistent reactivity of the reaction throughout repeated recy-
cling (Table 2).

Although this biphasic system showed a remarkable abil-
ity to recover the rhodium catalysts (ave. 0.015% leaching of
the initial Rh over two recycles), the continuous slight leach-
ing of the organic catalyst, 3, was inevitable.

Barbiturate and Triaminopyrimidine Based Hydro-
gen-Bonding Couple. The finding that the hydrogen-bond-
ing based approach can be applied to the C—H bond
activation reaction without a loss of reactivity exemplifies a
new possibility in designing of a novel catalyst-recovery sys-
tem. One important principle for such a purpose was that a
catalyst-immobilization support should provide sufficient
homogeneity to maximize the collision rate between the cat-
alyst and substrate during the reaction but become nearly het-
erogeneous through a highly cross-linked interaction after the
reaction. To achieve this goal, a multiple point interaction of
hydrogen bonding was thought to be desirable. Among the
many examples of multiple hydrogen-bonding pairs, the bar-
biturate (BA) and 2,4,6-triaminopyrimidine (TP) based system
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FIGURE 3. Schematic illustration of the recycling of metal catalyst.
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TABLE 3. Recycling of the Metal Catalysts for Orthoalkylation of

Imine with Olefin
Ph
O o
R? R! R2

isolated yield of ortho-alkylated product (%)

i) [{coe)2RhCil2 (5 Mol%)
BA-PPh, (40 mol%)
TP (40 mol%)
1,4-dioxane, 150 °C, 2 h

iiy H/H,0

entry R' R® 1st 2nd 3rd 4th 5th 6th 7th 8th
1 H tBu 87 91 94 97 95 92 89 86
2 MeO 85 90 89 85 88 87 84 87
3 CF; 92 95 94 97 93 93 89 91
4 H nBu 68 73 77 76 76 74 79 75

was suitable because it is known to form large and stable
supramolecular assemblies through six hydrogen-bonding
interactions per molecule.® Furthermore, this system can be
derivatized simply and systematically. Thus, we expected that
the introduction of a phosphanyl group on BA should lead to
supramolecular assemblies (Scheme 13), which could serve as
a catalyst support and a ligand for the transition metals,
simultaneously.

To verify our initial concept of self-assembly support, we
applied the BA-PPh, and TP self-assembly system to the ben-

zylimine-assisted orthoalkylation®® as a model system of
rhodium-catalyst immobilization. The schematic explanation of
the recycle experiments is depicted in Figure 3.

During the reaction, the solution became homogeneous at
the high reaction temperature, but a pale yellow solid precip-
itate was observed at room temperature upon addition of
n-pentane after the reaction. The solid precipitate corresponds
to the hydrogen-bonded self-assembly of BA-PPh, and TP,
including the Rh(l) metal with the phosphorus coordination of
BA-PPh,. The separated liquid phase upon addition of n-pen-
tane contained very small amounts of rhodium metal (esti-
mated by ICP-MS as 0.024%, 0.009%, and 0.012% leaching
over three cycles), but almost the entire orthoalkylated imine
product remained in the solution phase. Therefore, the cata-
lysts could be recovered from the product very efficiently.
Besides the feasibility of catalyst recovery, this system also
showed remarkable reactivity for the repeated uses of transi-
tion-metal catalyst (Table 3). The catalytic results are compa-
rable to the original homogeneous version.*°

On the other hand, in application of the hydrogen-bond-
ing support system to the chelation-assisted hydroacylation,
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FIGURE 4. Schematic illustration of the recycling of both metal and organic catalysts.

TABLE 4. Recycling of both Metal and Organic Catalysts for Hydroacylation of Olefin with Alcohol

H-bonding catalyst |

Ph)]\/\ R2 ©

H-bonding catalyst

o)
=|-%N:§(—©—Pphz
HN OC2H5 BA-PPh, (80 mol%)

(e}
Ph” 0H [(coe);RhCI], (10 mol%)
+ benzoic acid (10 mol%) .
R? Cy-NH- (30 mol%) R2
=/ 1,4-dioxanefphenol, 150 °C, 2 h _/
isolated yield of product (%)
entry R2 15] 2nd 3rd 4th 5lh 6111 7lh Bth

QO N AN NH2
HN ar 7
0=< N:N =N
HN OC2H5 BA-2-AP (70 mol%)

1 n-C4Hg 95
2 SiMe; g2 91

88 94 87 82 89 81 9
77 S0 84 93 85 91

NH,

AR
H2N—</ n-CeH13
N TP (150 mol%)

NH;

immobilization of 1, an organic catalyst, was a formidable
problem as observed in the case of the phenol and 4,4'-dipy-
ridyl system. However, inspired by the BA-PPh, and TP sys-
tem, we expected that a 2-aminopyridin-4-yl group as a
chelation auxiliary would be incorporated into the BA back-
bone leading to the formation of a hydrogen-bonded self-as-
sembly with TP.

Important improvements were found regarding the
immobilization of the 2-aminopyridine catalysts.*' For
example, BA-2-AP stayed in the lower solid phase assem-
bled with TP (the reaction mixture became homogeneous at
the high reaction temperature), while the product ketone
and other catalysts [(Ph;P);RhCl, Cy-NH,, and benzoic acid]
could be separated from the self-assembled solid phase by
washing with n-pentane. It is noteworthy that only the tar-
geted (tagged by BA) organic catalyst remained and, most
importantly, the separation efficiency of the product is
nearly perfect. The remaining BA-2-AP and TP were recy-
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cled for subsequent reactions with an addition of substrates
and other catalysts for up to 10 catalytic reactions while
maintaining a very high efficiency.

To recycle both organic and transition metal catalysts, PPh; in
the reaction can be replaced by BA-PPh,, a triphenylphosphane
bearing a barbiturate moiety. Considering the hydrogen-bond-
ing pattern of BA and TP, the ratio of BA species (BA-PPh, and
BA-2-AP) and TP was adjusted to 1:1 to form a complete
supramolecular hydrogen-bonded network (Figure 4).

We observed that this catalytic system was also homoge-
neous at high temperature and heterogeneous at room tem-
perature. As was the case in the above examples, the ketone
product could be separated from the self-assembled support
system by decanting the upper layer. The remaining immo-
bilized catalysts (BA-2-AP and BA-PPh,-Rh species) could afford
the product ketones in very high yields for up to eight cata-
lytic reactions (Table 4).*'





Concluding Remarks

The successful incorporation of an organocatalytic cycle into
a transition metal catalyzed reaction led us to find MOCC for
C—H and C—C bond activation. As a result, a very efficient and
general hydroacylation method could be achieved through
gradual understandings of each catalytic cycle involving the
metal and organic components. Upon application of the
metal—organic cooperative protocol to C—H and C—C bond
activation, a series of new catalytic reactions such as alcohol
hydroacylation, oxo-ester synthesis, C—C triple bond cleav-
age, hydrative dimerization of alkynes, skeletal rearrange-
ments of cyclic ketones, and so on could also be devised. In
addition, the hydrogen-bonded self-assembled support has
been developed for an efficient and effective recovery sys-
tem of homogeneous catalysts and could be successful in
immobilizing both rhodium and 2-aminopyridine species in
MOCC reactions. To expand the scope of this new catalysis
and recovery system for C—H and C—C bond activation into
other undiscovered transformations, various efforts are being
undertaken in our laboratory.
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CONSPECTUS

Single-walled carbon nanotubes (SWNTs) are cylindrical
graphitic molecules that have remained at the forefront
of nanomaterials research since 1991, largely due to their
exceptional and unusual mechanical, electrical, and optical
properties. The motivation for understanding how nano-
tubes interact with light (i.e., SWNT photophysics) is both
fundamental and applied. Individual nanotubes may some-
day be used as superior near-infrared fluorophores, biolog-
ical tags and sensors, and components for ultrahigh-speed
optical communications systems. Establishing an understand-
ing of basic nanotube photophysics is intrinsically signifi-
cant and should enable the rapid development of such
innovations.

Unlike conventional molecules, carbon nanotubes are
synthesized as heterogeneous samples, composed of molecules with different diameters, chiralities, and lengths. Because a
nanotube can be either metallic or semiconducting depending on its particular molecular structure, SWNT samples are also
mixtures of conductors and semiconductors. Early progress in understanding the optical characteristics of SWNTs was lim-
ited because nanotubes aggregate when synthesized, causing a mixing of the energy states of different nanotube struc-
tures. Recently, significant improvements in sample preparation have made it possible to isolate individual nanotubes,
enabling many advances in characterizing their optical properties.

In this Account, single-molecule confocal microscopy and spectroscopy were implemented to study the fluorescence from
individual nanotubes. Single-molecule measurements naturally circumvent the difficulties associated with SWNT sample inho-
mogeneities. Intrinsic SWNT photoluminescence has a simple narrow Lorentzian line shape and a polarization depen-
dence, as expected for a one-dimensional system. Although the local environment heavily influences the optical transition
wavelength and intensity, single nanotubes are exceptionally photostable. In fact, they have the unique characteristic that
their single molecule fluorescence intensity remains constant over time; SWNTs do not “blink” or photobleach under ambi-
ent conditions.

In addition, transient absorption spectroscopy was used to examine the relaxation dynamics of photoexcited nanotubes and
to elucidate the nature of the SWNT excited state. For metallic SWNTs, very fast initial recovery times (300-500 fs) corre-
sponded to excited-state relaxation. For semiconducting SWNTs, an additional slower decay component was observed (50-100
ps) that corresponded to electron-hole recombination. As the excitation intensity was increased, multiple electron—hole pairs were
generated in the SWNT; however, these e—h pairs annihilated each other completely in under 3 ps. Studying the dynamics of
this annihilation process revealed the lifetimes for one, two, and three e—h pairs, which further confirmed that the photoexcita-
tion of SWNTSs produces not free electrons but rather one-dimensional bound electron-hole pairs (i.e., excitons).

In summary, nanotube photophysics is a rapidly developing area of nanomaterials research. Individual SWNTs exhibit
robust and unexpectedly unwavering single-molecule fluorescence in the near-infrared, show fast relaxation dynamics, and
generate excitons as their optical excited states. These fundamental discoveries should enable the development of novel
devices based on the impressive photophysical properties of carbon nanotubes, especially in areas like biological imaging.
Many facets of nanotube photophysics still need to be better understood, but SWNTSs have already proven to be an excel-
lent starting material for future nanophotonics applications.
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Introduction

Single-walled carbon nanotubes (SWNTSs) are cylindrical mol-
ecules known for their unique mechanical, electrical, and opti-
cal traits, which result from the strength of the carbon—carbon
bond and the effects of quantum confinement around a nano-
tube’s circumference. Carbon nanotubes have a tensile
strength 20 times that of steel, carry 1000 times more cur-
rent density than copper wires, and transport charges down
the nanotube without significant scattering.! Recently, nano-
tubes have been integrated into an array of innovative
devices, including highly sensitive atomic force microscope
probes,? near-infrared glucose® and biological sensors,** field
effect transistors, and flat panel displays.'® Carbon nanotubes
also have the potential to significantly impact the fields of
energy storage’ and molecular electronics.®~'2

A carbon nanotube can be pictured as a graphene sheet
rolled into a cylinder, such that two lattice points coincide (Fig-
ure 1a). The starting and ending lattice points dictate both the
diameter and chirality of the SWNT, which are characterized
by the integers (n, m) (Figure 1b). The chiral vector (C,) con-

(@)

FIGURE 1. (a) Construction of a nanotube from a graphene sheet,
where the white region represents the area used to form the
nanotube. Two corresponding lattice points overlap (open or filled
circles) to form a (6,6) nanotube with a chiral angle of 30°. (b)
Depiction of possible SWNT (n, m) structures represented on a
single graphene sheet. Semiconducting SWNTSs are white and
metallic SWNTSs are shaded.
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FIGURE 2. (a) Calculation of the 3D graphene energy band
structure. A 2D contour shadow is projected onto the xy plane in
reciprocal space. (b) Allowed electron states for nanotubes (solid
black lines) pass through the K-point for metallic SWNTs but lie on
either side of the K-point for semiconducting SWNTs.

nects these points and the chiral angle (6) specifies the tilt
between the hexagonal lattice and the radial axis of the nano-
tube (0° < 6 < 30°)."3

C,=na, +ma,=(n,m)

(1)

0 =tan '[V3m/2n + m)| 2)

The nanotube energy band structure is also derived from
graphene (a single sheet of graphite). A three-dimensional
view of the graphene valence and conduction bands is shown
in Figure 2a. Graphene is a semimetal because occupied =
and unoccupied z* energy bands overlap at six quantum
states (called K-points); electrons in these states are free to
conduct. For a semiconductor, however, occupied and unoc-
cupied bands do not overlap, and an energy gap is produced.
As illustrated in Figure 2b, the allowed electron states for a
SWNT are a small subset of those in graphene, determined by
the nanotube’s diameter and twist (i.e., (n, m)).'* One third of
SWNTs are metallic because some of the allowed electron
states intersect the conductive K-point [(n — m) mod 3 = 0].
The rest are semiconducting because allowed electron states
lie on either side of the K-point, creating an energy gap [(n —
m)mod 3 =1 or 2].

The density of electronic states (DOS) indicates the num-
ber of allowed electron states at a particular energy and is use-
ful for understanding optical transitions (Figure 3). The 0D
DOS is discrete for small molecules that have well-defined
energy levels. One-dimensional materials like carbon nano-
tubes display sharp peaks in the 1D DOS (called van Hove sin-
gularities) that are similar to molecular energy levels. In the
simplest picture, optical transitions for SWNTs take place
between matching peaks in the 1D DOS. These transitions are
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FIGURE 3. Diagram showing energy versus density of states for materials of various dimensions. Occupied electron energy levels (valence
band) are shaded and unoccupied levels (conduction band) are white. The first two dipole-allowed absorption transitions (E,, and E,) are

labeled for the OD and 1D densities of states.
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FIGURE 4. Spectra showing normalized absorbance (dotted) and
fluorescence (solid) from an ensemble of HiPco-manufactured
SWNTSs suspended in SDS/D,0. Resolved peaks correspond to
various (n, m) structures.

abbreviated as E; (E; 1, E», etc).'® The energy varies inversely
with nanotube diameter according to

Ej=2jac_cyo/d, (3)

where j is the transition index, a._c is the nearest neighbor
C—C distance, y, is the nearest neighbor interaction energy,
and d, is the nanotube diameter.'>'® However, accurate tran-
sition energies also depend on the (n, m) structure of the
nanotube, partially due to the effects of sidewall curvature.'®

Nanotubes aggregate when synthesized, thus limiting early
optical studies to bundles of SWNTSs. For bundles, the absorp-
tion spectrum exhibits severe inhomogeneous broadening as
the result of mixing between the energy states of different
nanotube structures.'” Fluorescence is not observed from
nanotube bundles because photoexcited carriers that are gen-
erated in semiconducting SWNTSs relax along the efficient non-
radiative channels provided by metallic SWNTs in the bundle.

Isolating individual nanotubes was a major advancement
toward their optical characterization. O’Connell et al. pio-
neered a method to encapsulate SWNTSs in a variety of sur-
factants including micelles,'®'® polymers, and DNA.?° Isolated
semiconducting SWNTs fluoresce, revealing resolved optical
transitions for distinct nanotube (n, m) structures (Figure 4).'8
To assign a specific (n, m) structure to each optical feature, the
fluorescence energy and the diameter-dependent radial
breathing mode (RBM) energy in the resonant Raman spec-

trum were correlated;'® complicated fitting procedures were
necessary because several assignments are plausible.'*'®
Spectral assignments were subsequently confirmed directly by
single-molecule studies.?’

Several qualitative features of the optical spectra of nano-
tubes are explained by a simple free electron picture of a
SWNT excited state, but this model fails to accurately repre-
sent many experimental observations. For example, the free
electron picture underestimates the energetic separation of the
E,, electron states, while it both overestimates and underes-
timates E,, values.???3 Free electron models also predict that
the ratio E55/E,, should be 2, but its observed value is closer
to 1.7 (i.e., the ratio problem).'*2%2> These dissimilarities
imply that electron—electron and electron—hole interactions
strongly influence the physics underlying optical transitions.

Electrostatically bound electron—hole (e—h) pairs are
known as excitons. In SWNTSs, the electrostatic electron—hole
interaction energy (i.e., exciton binding energy) is huge, on the
order of 300—500 meYV, relative to an energy gap of ~1
eV.24727 As a result of this strong e—h attraction, it is gener-
ally accepted that the photoexcited state of a SWNT is exci-
tonic (i.e., e—h pairs and no free electrons). In SWNTSs, excitons
are characterized by an e—h separation (Bohr radius) of
approximately 2.5 nm.?#2%28 Both the HOMO and LUMO lev-
els of SWNTs are doubly degenerate, which gives rise to four
degenerate singlet excitonic states. Coulomb interactions
break this degeneracy, resulting in one allowed and three opti-
cally forbidden exciton states.>>2° Because there is one opti-
cally active exciton per pair of matching peaks in the DOS, the
linear absorptions and emissions of SWNTSs approximate what
would be observed from a simple free electron picture.

In summary, SWNTs experience quantum confinement due
to their narrow circumference, creating unique electronic fea-
tures that make nanotubes either metallic or semiconduct-
ing. Optical transitions take place between singularities in the
DOS, but a more complete picture of the excited state must
involve excitons. In this Account, we review several aspects of
the photophysics of carbon nanotubes, including studies of
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FIGURE 5. (a) Image (20 x 20 um?) of the fluorescence from single nanotubes (circled pixels). (b) Single-molecule fluorescence observed for
four nanotube (n, m) structures. Spectra were integrated over 1 min, normalized, and fitted with Lorentzian functions. (c) Histogram of 77

single nanotubes overlaid with emission from an ensemble of SWNTSs. (d) Fluorescence spectra for different single (6, 5) nanotubes, showing
variation in peak position and line widths.

single nanotube fluorescence spectroscopy and excited-state
exciton dynamics on ultrafast time scales.

Single Nanotube Spectroscopy

The important relationship between nanotube (n, m) struc-
ture and emission energy was first provided by ensemble flu-
orescence studies.'® However, some key features such as line
shapes and line widths were obscured by inhomogeneous line
broadening and spectral overlap between fluorescence from
different nanotube structures (Figure 4). In studies of single
molecules, it is possible to determine these fundamental fea-
tures directly and, perhaps, to observe additional unique
behavior. For example, fluorescence intermittency (i.e., blink-
ing) from single semiconductor quantum dots was discovered
only by examining individual particles.?°

For single-molecule measurements, nanotubes were dis-
persed into aqueous micellar suspensions'® and spun cast
onto quartz. Epifluorescence confocal microscopy enabled
imaging of the emission from single nanotubes,>' demon-
strated in Figure 5a. Fluorescence intensity time traces, polar-
ization curves, and Raman and fluorescence spectra were also
recorded for individual SWNTs.?' As the incident electric field
(the polarized excitation) was rotated, the angular dependence
of fluorescence intensity agreed very well with a cos® 6
dependence, as expected for a 1D molecule.?'>'

Fluorescence spectra for individual nanotubes are displayed
in Figure 5b. Individual SWNTs exhibit only one emission
peak with an energy that approximately matches the corre-
sponding (n, m) wavelength from the ensemble spectrum.?’
The observed fluorescence line shape is Lorentzian; interest-
ingly, the full width at half-maximum is ~23 meV at room
temperature, nearly equivalent to kyT.2' At low temperatures,
line widths as narrow as 200 ueV are observed.?? It is
expected that the SWNT ensemble fluorescence spectrum can
be reconstructed from a collection of single nanotube spec-
tra, much like that observed for other single molecules such
as CdSe quantum dots.?° Figure 5c displays such a histogram
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for CoMoCAT-manufactured SWNTs, where again, the ensem-
ble spectrum is completely recovered.

All SWNT carbon atoms lie on the molecule’s surface,33
and our laboratory was among the first to observe that the
local environment significantly impacts nanotubes’ optical
spectra. For example, variations in peak position and line
width are commonly observed for nanotubes of the same (n,
m),?" as shown for (6, 5) nanotubes in Figure 5d. The peak
position can depend on defects in nanotubes’ sidewalls intro-
duced during their suspension®* and upon the choice of sur-
factant used for solubilization.'?3> Indeed, transition energies
for surfactant-coated nanotubes are red-shifted by an aver-
age of ~28 meV compared with unprocessed SWNTs sus-
pended across pillars,® or ~50 meV compared with as-grown
SWNTs.3® These shifts may result from screening of electron—
hole interactions by the surrounding dielectric medium.?”

SWNT fluorescence is also affected by other environmen-
tal factors. Temperature weakly influences the transition
energy according to whether (1 — m) mod 3 = 1 or 2.8 For
individual suspended SWNTs, the fluorescence red shifts with
increasing temperature; for surfactant-isolated SWNTs, energy
shifts are caused by the thermal expansion or contraction of
the surfactant, which changes the pressure exerted on the
nanotube.?® Mechanical strain red or blue shifts the energy
levels of the SWNT depending on the type of strain induced
and the value of (n — m) mod 3.%° A decrease in the optical
transition energy accompanies an increase in the surround-
ing dielectric constant®” or the application of a magnetic
field.*' Finally, spectral wandering is not observed at room
temperature because the fluorescence line width is greater
than the energy shift;'” however, spectral diffusion up to 20
meV is observable at low temperature (4 K).'”32

Fluorescence intermittency, also known as on/off intensity
blinking, is commonly used as the definitive indication that
observed emission arises from an individual molecule. For
example, under continuous excitation, the fluorescence from
CdSe quantum dots cycles on and off at all times like a tele-
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FIGURE 6. Single nanotube time trace. To show the contrast
between on and off states for emission, the laser was physically
blocked twice.

graph signal.?® However, nanotubes’ fluorescence emission
surprisingly shows no indication of blinking on time scales
ranging from 20 ms to 100 s (Figure 6). This absence of flu-
orescence blinking for single nanotubes is astonishing and dis-
tinguishes them from almost all other known emitters.*?
However, ~50% of emissive SWNTs exhibit blinking at low
temperature (~1.8 K).'” It is unclear whether blinking slows to
an observable rate at low temperatures or blinking mecha-
nisms become disabled at higher temperatures. For example,
the trap and release of excitons at defect sites has been sug-
gested as a plausible temperature-dependent blinking mech-
anism."”

Single-molecule fluorescence spectroscopy supplies a
detailed and fundamental representation of the fluorescence
properties of SWNTs, unencumbered by ensemble averaging
effects. Important features of single nanotube emission include
their Lorentzian line shapes, narrow kgT-limited line widths,
and the absence of blinking at room temperature. The local
environment can strongly influence the optical transition
energy of an individual SWNT.

Excited-State Dynamics

Time-resolved spectroscopies often provide a clearer picture of
a molecule’s fundamental electronic configuration than opti-
cal methods such as absorption, fluorescence, and resonant
Raman spectroscopies. For example, time-resolved optical
studies can determine radiative and nonradiative excited-state
lifetimes, which are helpful for understanding fluorescence
quantum yields. Time-resolved measurements for SWNTSs are
complemented by static electronic structure calculations,?°43
time domain models of the SWNT response to strong laser
pulses,***> and simulations of electron—phonon relaxation.*®
For nanotubes, the excited-state relaxation dynamics should
be significantly different for metallic and semiconducting
SWNTs because these components feature inherently differ-
ent electron energy states.

Photophysics of Individual SWNTs Carlson and Krauss
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FIGURE 7. lllustration of one-color transient absorption: (a) A
simple two-level system is assumed for illustrative purposes (GS is
ground state and ES is excited state). (b) The pump pulse leaves the
ground-state population depleted. (c) At a known time delay after
the pump, a much weaker pulse (probe) is used to determine the
transmittance. If the probe occurs immediately after the pump,
excited molecules have not had time to relax. Thus, due to simple
state-filling arguments (i.e., the ground state is depleted of electrons
and the excited state is occupied, leaving less electrons to absorb),
more of the probe intensity is transmitted. (d) As the probe is
delayed further in time relative to the pump, more molecules have
relaxed to the ground state. (e) Probe pulses are now more likely to
be absorbed, and the transmission decreases.

We have focused on transient absorption (TA) spectroscopy
to measure the excited-state relaxation dynamics of SWNTs.*”
As illustrated in Figure 7, a laser pulse (pump) places SWNTs
into the excited state; a second delayed pulse (probe) is then
used to monitor the population of a particular electronic state.
As the excited-state population decays, any molecules that
have returned to the ground state can absorb the probe pulse
(excited molecules cannot), so the transmitted probe signal
(AT/T) decreases with time. This signal decay can be used to
determine the depopulation dynamics of the excited state. In
two-color TA spectroscopy, the pump and probe pulses have
different energies, which is useful for monitoring spectrally
resolved excited-state dynamics. For TA experiments, the pulse
frequency (pulse widths ~150 fs) was tuned to be off- or on-
resonance with respective E,, excitonic transitions of isolated
nanotubes. For two-color studies, the E55 states of semicon-
ducting SWNTs were populated and the E,, transitions for var-
ious (n, m) structures were monitored.

As anticipated for a quasi-two-level system, resonant exci-
tation caused absorption saturation for all probe wavelengths,
followed by an exponential decay of the signal with a time
constant of ~220—-420 fs. This decay was ascribed to relax-
ation through the continuum of electron levels in the conduc-
tion band for individual metal nanotubes or bundles of
nanotubes.*” Interestingly, when the probe was directly on-
resonance with E,, transitions for semiconductor SWNTs, an
additional slow decay component was observed (Figure 8a,
lowest curve), but as the probe was tuned off-resonance, both
the decay time and relative magnitude of this slow decay
component decreased. Because the long decay component
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FIGURE 8. (a) Relative change in transmission for a probe wavelength of 1323 nm (pump wavelength is 800 nm). Three regimes of
population decay are visible for each pump fluence (circles, diamonds, and triangles). (b) Quantized Auger response for increasing pump
fluence, normalized at long decay times. (c) Extracted lifetime dynamics for one (inset), two (solid circles), and three (open circles) e—h pairs

fit to a single-exponential decay.

coincided with on-resonance probe energies, this correlation
suggests that carrier relaxation from the lowest semiconduct-
ing SWNT excitonic state caused this part of the response.
Indeed, the lifetime of the slow decay component was ~120
ps, which agrees with lifetime estimates from FTIR photolumi-
nescence (r ~ 100 ps)*® and infrared time-correlated single-
photon-counting spectroscopies (r 2 130 ps).*?

For excitons created at E,,, relaxation times into E,; were
determined to be 20110 fs.>° These values agree with very
fast relaxation times also found by Manzoni et al.>' and the-
oretical predictions of subpicosecond decay from E,, to Eq;
performed by Habenicht et al.*® As expected, longer recov-
ery times were measured for SWNTs with E,; farther from the
pump energy. This correlation strongly suggests that the excit-
ed-state dynamics studied here are the result of decay from
e—h pairs that have relaxed to E, . Further, the short excited-
state lifetimes agree with measurements of a broad excited-
state line width (35—70 meV) that is indicative of efficient
inelastic exciton—phonon scattering.>2

Quantized Auger Recombination

When a photoexcited electron and its hole recombine, the
potential energy associated with this exciton can be emitted
as a photon or it can be lost in a number of nonradiative pro-
cesses. When multiple excitons are present, one of the most
important nonradiative processes is Auger recombination (i.e.,
exciton—exciton annihilation), in which the energy released by
the annihilated exciton is used to excite a second exciton to
a higher energy level, as illustrated in Figure 9. Auger recom-
bination requires that excitons occupy the same physical
space and conserve momentum, which is difficult to achieve
in macroscopic semiconductors. For nanometer-scale materi-
als, Auger recombination is efficient because Coulomb (i.e.,
electrostatic) interactions are enhanced in confined systems
and momentum conservation is relaxed, a result of the dis-
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FIGURE 9. Diagram representing Auger recombination. The ground
state (Eg) and three nanotube exciton excited states (E;,, E55, and
E,.) are shown. When the first exciton (blue, striped) decays, its
energy is nonradiatively transferred to a second exciton (magenta,
solid), which is promoted to a higher excited state.

ruption in translation symmetry along the physically small
nanoparticle.>®> Moreover, individual Auger recombination
events become quantized due to the discrete number of exci-
tons in a nanoparticle.>?

For two-color TA studies, as the pump fluence was
increased, the excited-state dynamics displayed three distinct
signal recovery regimes, as illustrated in Figure 8a. As
described earlier, the very fast (<500 fs) and relatively slow
(~50-100 ps) signal recovery regimes were attributed to
relaxation within the metallic nanotube conduction band and
electron—hole recombination, respectively.>® A region of mod-
erately fast decay (2 ps < probe delay < 10 ps) was also
present, and its decay rate was directly related to the pump
fluence (i.e., relaxation became much faster as pump fluence
increased).

Interestingly, as the pump intensity was increased, the TA
spectra (normalized such that the signal magnitudes were
equal at the longest decay) separated into three distinct bands,
assigned to exciton recombination dynamics arising from one,





two, or three electron—hole pairs (Figure 8b).>° The presence
of quantized bands in the TA signal indicates quantized e—h
recombination. Quantization arises because the number of
excitons decreases discretely (i.e., three to two to one e—h
pair) and each state has a characteristic lifetime.>® The first
cluster of curves corresponds to excited-state dynamics of
SWNTSs excited with only one e—h pair. The next two groups
were assigned to SWNTs containing two e—h pairs (middle
group) and three e—h pairs (top group).

We found that the TA curves corresponding to one, two,
and three electron—hole pairs are simple linear combinations
of one, two, and three exponential functions, respectively, so
an iterative subtractive procedure was used to recover the life-
time for each separate process, 7,.°%°3°* These extracted
dynamics are presented in Figure 8c. The lifetimes of the two
e—h and three e—h pair states (z, ~ 3 ps and 73 ~ 2 ps,
respectively) indicate that the Auger response is relatively very
strong in SWNTs. For comparison, in CdSe quantum dots and
quantum rods, 7, and 75 are on the order of tens to hundreds
of picoseconds. The strong Auger response indicates a large
e—h Coulomb interaction that is consistent with the enormous
SWNT exciton binding energy.?®

The ratio of 75/75 elucidates whether free carriers or exci-
tons better describe the excited state. Free carrier Auger pro-
cesses involve three quasi-particles (i.e., electron, hole, and
third charge carrier), but excitonic Auger processes involve
only two particles (i.e., two excitons).>® The difference in the
underlying nature of the Auger process for free electrons ver-
sus excitons leads to a different dependence of the ratio 7,/75:
T75/T3 &~ 2.25 for free carriers and 7,/t5 ~ 1.5 for excitons.>*
Thus, the ratio of 7,/z5 can provide strong evidence about the
nature of the SWNT excited state. For photoexcited SWNTSs,
the value of 7,/t3 was ~1.5, and thus, the exciton excited-
state picture is directly and clearly supported by these TA stud-
ies.>°

In summary, ultrafast TA measurements complement sin-
gle-molecule studies and have been used to clarify the time
scale and nature of ground-state recovery in nanotubes and
to extract excitonic lifetime information. For relaxation from
the excited state, the ever-present fast decay component (r ~
300-500 fs) likely is due to SWNT bundles and metallic
nanotubes; however, the much slower decay component (z ~
50-100 ps) only appears when probing on-resonance for a
semiconductor SWNT and likely corresponds to the excited-
state lifetime of the photoexcited exciton. Further, the rapid
quantized exciton annihilation response at high pump flu-
ences confirms that excitons are responsible for the optical
resonances in carbon nanotubes.
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Outlook and Future Direction

Nearly a decade and a half after their discovery,>> carbon
nanotubes continue to fascinate the scientific community. As
described in this Account, SWNTSs possess several unique pho-
tophysical features that arise from their interesting molecular
structure and small radial dimensions. As the photophysical
properties of carbon nanotubes become better understood,
emphasis will shift toward whether these ungiue properties
could enable ground-breaking applications.

SWNTs may satisfy a long-standing need for superior flo-
rophores for in vivo single biomolecule imaging and track-
ing. Most known fluorophores suffer from photoinduced
bleaching, but strikingly, nanotubes’” emission remains steady,
even over hours of continuous excitation.?">® Coupled with
their relative ease of uptake into cells and infrared emission
at wavelengths most transparent to biological tissue, SWNTs
have great promise in this area.>*>°

Stable near-infrared fluorescence also makes carbon nano-
tubes exciting candidates for single-photon sources. For exam-
ple, quantum cryptography requires a single-photon source
because those that emit two or more photons provide oppor-
tunities for a compromised transmission.>” SWNTs are an
excellent single-photon source because they do not show flu-
orescence intermittency, nor do they photobleach.'”

Still, many areas of nanotube photophysics pose impor-
tant questions. For example, the measured line widths and
photoluminescent lifetimes of SWNTs depend strongly on the
local environment in an unknown manner.>%>° Similarly, it is
unclear what causes the majority of nanotubes to have an
extremely low fluorescence quantum yield. For different (n, m)
structures, the tight binding model predicts optical transition
energies that are so much smaller than observed energies that
controversy surrounds why this model works at all.?#~26.60
The recent prediction of a forbidden exciton state, the energy
of which is below that of the allowed exciton, may also play
a large role in SWNT optical properties.?>®' Continuing efforts
to understand the remarkable photophysical properties of car-
bon nanotubes are essential to the realization and success of
applications based on these materials.
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O rdered porous metal nanomaterials have current and future potential applications, for example, as catalysts, as photonic
aystals, as sensors, as porous electrodes, as substrates for surface-enhanced Raman scattering (SERS), in separation tech-
nology, and in other emerging nanotechnologies. Methods for creating such materials are commonly characterized as “templat-
ing”, a technique that involves first the creation of a sacrificial template with a specific porous structure, followed by the filling of
these pores with desired metal materials and finally the removal of the starting template, leaving behind a metal replica of the
original template. From the viewpoint of practical applications, ordered metal nanostructures with hierarchical porosity, namely,
macropores in combination with micropores or mesopores, are of particular interest because macropores allow large guest mol-
ecules to access and an efficient mass transport through the porous structures is enabled while the micropores or mesopores
enhance the selectivity and the surface area of the metal nanostructures. For this objective, colloidal crystals (or artificial opals)
consisting of three-dimensional (3D) long-range ordered arrays of silica or polymer microspheres are ideal starting templates. How-
ever, with respect to the colloidal crystal templating strategies for production of ordered porous metal nanostructures, there are
two challenging questions for materials scientists: (1) how to uniformly and controllably fill the interstitial space of the colloidal
aystal templates and (2) how to generate ordered composite metal nanostructures with hierarchical porosity. This Account reports
on recent work in the development and applications of ordered macroporous bimetallic nanostructures in our laboratories. A series
of strategies have been explored to address the challenges in colloidal crystal template techniques. By rationally tailoring exper-
imental parameters, we could readily and selectively design different types of ordered bimetallic nanostructures with hierarchical
porosity by using a general template technique. The applications of the resulting nanostructures in catalysis and as substrates for
SERS are described. Taking the ordered porous Au/Pt nanostructures as examples for applications as catalysts, the experimental
results show that both the ordered hollow Au/Pt nanostructure and the ordered macroporous Au/Pt nanostructure exhibit high
catalytic ability due to their special structural characteristics, and their catalytic activity is component-dependent. As for SERS appli-
cations, primary experimental results show that these ordered macroporous Au/Ag nanostructured films are highly desirable for
detection of DNA bases by the SERS technique in terms of a high Raman intensity enhancement, good stability, and reproduc-
ibility, suggesting that these nanostructures may find applications in the rapid detection of DNA and DNA fragments.

244 = ACCOUNTS OF CHEMICAL RESEARCH = 244-253 = February 2008 = Vol. 41, No. 2 Published on the Web 01/25/2008  www.pubs.acs.org/acr
10.1021/ar700143w CCC: $40.75 © 2008 American Chemical Society





Introduction

The design of ordered porous metal materials has developed
into an increasingly important research area in recent years as
driven by their widespread applications for example, as cata-
lysts, as photonic crystals, as sensors, as electro-optical
devices, as fuel cells, in separation technology, as porous elec-
trodes, and as substrates for surface-enhanced Raman scat-
tering (SERS).'™® In nearly every case, success strongly
depends on the availability of porous metal materials with
specific pore sizes, compositions, and structure. In general,
porous metal materials can be classified into three distinct cat-
egories according to their pore size: microporous (pore size
<2 nm), mesoporous (2 nm < pore size < 50 nm), and
macroporous (pore size >50 nm) systems.* From the view-
point of practical applications, ordered metal nanostructures
with hierarchical porosity, namely, macropores in combina-
tion with micropores or mesopores, are of particular interest
because macropores allow large guest molecules to access
and an efficient mass transport through the porous structures
is enabled while the micropores or mesopores enhance the
selectivity and the surface area of the metal nanostructures.
Especially, if such structures are extended to bimetallic nano-
materials, this is of importance since the properties of one
metal may be altered and improved by the addition of
another.

Methods for the fabrication of ordered porous metal nano-
structures are commonly characterized as “templating”. Herein,
the term templating refers to a technique that involves first the
creation of a sacrificial template with a specific porous struc-
ture, followed by the filling of these pores with desired metal
materials and finally the removal of the starting template,
leaving behind a metal replica of the original template (Fig-
ure 1). The architecture and the pore size of the resulting
porous metal materials thus rely directly on those of the start-
ing template. There are several properties of colloidal crys-
tals (or artificial opals) that make them particularly attractive
for use as starting templates: (1) colloidal crystals themselves
are two-dimensional (2D) or three-dimensional (3D) long-
range ordered arrays of silica or polymer microspheres, and
therefore they can produce well-defined metal replicas that
preserve their key feature of long-range periodic structure; (2)
the pore size of the resulting metal replicas can be easily
tuned by varying the diameter of the building blocks such as
silica or polymer microspheres, enabling the design of ordered
metal nanostructures with adjustable pore size; (3) the termi-
nal groups on the surface of the silica and polymer micro-
spheres can be tailored to facilitate uniform metal deposition
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in the interstitial space of colloidal crystal templates. As will be
discussed below, these three attributes play a pivotal role in
generating highly ordered bimetallic nanostructures with hier-
archical porosity.

With respect to the colloidal crystal templating strate-
gies for production of ordered porous metal nanostructures,
there are two challenging questions for materials scientists:
(1) how to uniformly and controllably fill the interstitial
space of the colloidal crystal templates and (2) how to gen-
erate ordered composite metal nanostructures with hierar-
chical porosity. Several attempts have recently been
reported to successfully perform uniform deposition of
metal into the interstitial spaces of colloidal crystal tem-
plates, including metal nanoparticle infusion,®> metal infil-
tration,® electroless deposition,7 convective assembly of
metal nanoparticles,® electrochemical deposition,® and
metal salt precipitation with subsequent hydrogen reduc-
tion."® In particular, the latter two methods can be extended
to generate ordered bimetallic macroporous materials.
Nonetheless, these approaches provide little control over
the deposition procedure and thus invariably lead to a
nearly complete infiltration of the interstitial space of the
colloidal crystal templates.

Recent work on metal nanoshells by Halas et al. and our
groups may provide important insights into solving these
problems.'"'? The methods typically begin with the grafting
of an appropriate reagent onto silica spheres through cova-
lent bonding, followed by the mixing with much smaller gold
nanoparticles, producing a gold nanoparticle film on the sur-
face of the silica spheres. These gold-coated silica spheres are
then used for further gold (or other metal, see below) growth.
During this process, the small gold nanoparticles on the sur-
face of silica spheres serve as catalysts for electroless metal
deposition, enabling a complete coverage of the silica spheres
with metal. This strategy is promising for achieving uniform
and controllable metal deposition into the voids of the colloi-
dal crystal templates, because the electroless metal deposi-
tion can be controlled to occur only on the surface of the silica
spheres due to the presence of the small gold nanoparticles.
However, as opposed to isolated silica spheres, the colloidal
crystals are ordered arrays of silica spheres where the inter-
stitial areas are curved, narrow, and not readily accessible,
which makes uniform and controllable metal deposition into
them even more challenging.

In this Account, we present our recent efforts involving a
general colloidal crystal template technique for the selective
fabrication of bimetallic nanostructures with hierarchical poros-
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FIGURE 2. Schematic diagram of the synthetic procedure for ordered bimetallic nanostructures with hierarchical porosity.

ity. First applications of such structures in SERS and in cataly-
sis are also demonstrated.

Making Bimetallic Nanostructures with
Hierarchical Porosity

An overview of our preparative strategy is schematically
shown in Figure 2 and will be outlined in detail in this
paragraph.

1. Modification and Assembly of Monodisperse Silica
Microspheres. Silica is one of the most commonly used
materials to fabricate colloidal crystals because it is possible
to synthesize highly monodisperse spherical particles of this
material with size variations of below 5% and diameters con-
trollable in the range from tens of nanometers to several
micrometers. Importantly, the surfaces of the silica spheres are
usually terminated with silanol groups (—Si—OH), enabling
covalent grafting of versatile functional groups such as —NH,,
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—SH, —COOH, —NCO and —CHO onto their surface for differ-
ent purposes. Alternatively, these functional groups can be
introduced into the surface layer of polymer spheres such as
poly(methyl methacrylate) (PMMA) and polystyrene (PS) by
adding the appropriate component to the monomer solution
before polymerization. The silica microspheres described
below are produced using an improved Stdber growing pro-
cedure.'3 At the end of the synthesis, the particles are modi-
fied with 3-aminopropyltrimethoxysilane (APTMS) molecules.
After careful washing, the resulting APTMS-modified silica
microspheres are dispersed in anhydrous ethanol. Slow evap-
oration of the solvent generates high-quality colloidal crystal
films on a vertically held substrate. The size distribution of the
silica microspheres is the key parameter in yielding 3D long-
range ordering while interactions between the microspheres
and the substrate also play an additional role in this ordering.





2. Incorporation of Metal Nanoparticles. To ensure a
controllable and uniform deposition of metal in the intersti-
tial space of the colloidal crystal, it is important to first attach
small metal nanoparticles onto the surface of the APTMS-mod-
ified silica microspheres within the preformed colloidal crys-
tal. This step can be easily performed by immersing the
colloidal crystal template into an aqueous solution of small
gold nanoparticles. In this procedure, 3-nm citrate-stabilized
gold nanoparticles are chosen instead of others mainly based
on the following considerations: First, they can be easily and
reliably prepared in this size range, and they are desirable for
further metal plating. Second, no further heating is required to
remove organics from the gold surface, which is of great
importance for the successful fabrication of the ordered hol-
low nanostructured films.

Scanning electron microscopy (SEM) images clearly show
that after the incorporation of the small gold nanoparticles the
colloidal crystal film still retains its original hexagonal pack-
ing, and 3D ordered arrays of APTMS-modified silica micro-
spheres are revealed from the cleaved edge of the colloidal
crystal film (Figure 3a). Higher magnification SEM images
demonstrate a substantial coverage with gold nanopatrticles on
the surface of the silica microspheres. These small gold nano-
particles are well separated from each other on the surface,
and no obvious particle aggregation is observed (Figure 3b).
The prevention of nanoparticle aggregation within the 3D
ordered colloidal crystal (3DOCC) film can be ascribed to the
unique structural properties of the 3DOCC film in which the
largest voids for the infiltration of small gold nanoparticles are
about 45% of the size of the APTMS-modified silica micro-
spheres and by this being much larger than the gold nano-
particles.'* From higher magnification SEM images, the
coverage of the silica spheres with gold nanoparticles is esti-
mated to be approximately 27%, which is consistent with the
previously reported coverage of gold nanoparticles on pla-
nar amine-modified surfaces of solid substrates.'> The qual-
ity of the gold-coated 3DOCC film sensitively depends on the
kind of functional molecules employed and the size and con-
centration of the gold nanoparticles. When OH-terminated sil-
ica microspheres were used as building blocks for the
fabrication of gold-coated 3DOCC films nanoparticle aggrega-
tion was clearly observed in the interstitial space of the
3DOCC film and on the surface of the silica microspheres,
which is undesirable for further metal plating. As discussed
below, a high concentration of gold nanoparticles leads to the
formation of mesoporous structures consisting of intercon-
nected nanoparticles in the interstitial space of the 3DOCC film
besides the gold nanoparticle film on the surface of the silica
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(b)

FIGURE 3. (a) SEM image of a 3D gold-coated silica colloidal crystal
film and (b) a corresponding high-magnification image.

microspheres. Our initial attempts to organize 12-nm gold
nanoparticles into a 3DOCC films was less successful most
probably because these particles are too large to infiltrate
them completely into the whole interstitial space of the
3DOCC film and electrostatic repulsive forces exist between
the larger particles, which leads to lower coverage with gold
nanoparticles being disadvantageous for further metal plat-
ing.'®

In addition to the gold nanoparticles, many other metal
nanoparticles including silver and palladium can be introduced
into the 3DOCC films for designing different kinds of bimetal-
lic nanostructures. The approach for incorporating small sil-
ver nanopatrticles is similar to that used for gold nanoparticles:
3-mercaptopropyltrimethoxysilane (MPTMS)-modified silica
microspheres are used as building blocks for the assembly of
the 3DOCC template. Subsequent immersion into an aque-
ous solution of 4-nm citrate-stabilized silver nanoparticles
results in the successful incorporation of silver nanopatrticles
in the 3DOCC film. Nevertheless, it should be mentioned that
there is a disadvantage for use of silver nanoparticles for fur-

Vol. 41, No. 2 = February 2008 = 244-253 = ACCOUNTS OF CHEMICAL RESEARCH = 247





Ordered Macroporous Bimetallic Nanostructures Lu and Eychmiiller

ther metal deposition. Upon exposure to metal anions such as
Aucl,~, PtClg>~, or PdCI,2~, a part of the silver nanoparticles
oxidize to Ag" cations and metal anions are reduced to yield
zero-valent metal nanoparticles. Due to the presence of CI™
jons in the growing solution, Ag* cations may further react
with them to produce AgCl precipitates. As for the incorpora-
tion of small palladium nanoparticles, it is not necessary to
first modify the surface of the silica microspheres with other
functional groups. We directly immerse the 3DOCC film into
the aqueous solution of the PVP-stabilized palladium nano-
particles, yielding palladium nanoparticle-coated 3DOCC films.
To prepare different kinds of nanostructures, different immer-
sion times and different concentrations of the aqueous metal
nanoparticles are required.

3. Metal Plating and Removal of the Template. The
colloidal crystal template loaded with the small metal nano-
particles is dipped into a metal plating solution for further
metal deposition. During the plating process, the small metal
nanoparticles can serve as seeds to accelerate the reduction
of metal ions.'” For many metals, their plating solutions are
commercially available. The detailed plating procedures that
are often used in our work for gold, silver, platinum, palla-
dium, and copper can be found in refs 18—22, respectively.

The metal plating procedures are of utmost importance for
producing high-quality ordered porous metal nanostructures
as desired, since they determine the quality and the struc-
ture of the resulting materials and hence their properties. For
example, when the mirror reaction solution rather than the
just-described silver plating solution is used to deposit silver
metal, the interstitial space of the gold-coated 3DOCC film is
unevenly filled and thus upon removing the template poor-
quality macroporous Ag/Ag nanostructures are obtained. The
choice of the metal plating procedures to be employed is
determined by several factors including their reactions in the
presence of the 3DOCC films loaded with small metal nano-
particles, the desired size of the particles used as “building
blocks” in the resultant materials, and the ability to remove the
template without destruction.

Temperature is another important factor that determines
the quality of the resulting metal materials. For instance, low
temperature is advantageous for uniform and controllable
deposition of Pt and Pd metals in the interstitial space of the
3DOCC films because low temperatures make a slow reduc-
tion reaction process possible, evidenced by a slow color
change of the 3DOCC film loaded with small metal
nanoparticles.

Removing the silica template with dilute HF solution yields
self-supporting flakes with brightly colored reflections. They
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can be transferred onto desired substrates with little damage.
Since the silica template is removed at room temperature,
shrinkage of the pores is avoided. By carefully combining the
above-mentioned parameters, the colloidal crystal template
technique can be used to selectively produce different types
of ordered bimetal nanostrucutures with hierarchical po-
rosity.?°

4. Resulting Structures. Ordered macroporous structures
are the most typical examples that are prepared by the col-
loidal crystal template technique. A SEM top view of the
macroporous structure formed via our strategy is demon-
strated in Figure 4a. The resultant material exhibits relatively
uniform porosity with hexagonal close packing, and the size
of these pores match that of the starting silica microspheres,
indicating that negligible shrinkage of the metallic structure
occurs. Furthermore, it is noted that there are three dark
regions inside each pore corresponding to the air spheres of
the underlying layer, revealing that these spheres are indeed
close-packed. The small nanoparticles around the large pores
in the original interstitial space, yielding a mesoporous struc-
ture, can be clearly observed in corresponding higher magni-
fication images (see inset).

Ordered hollow metallic nanostructures are another kind of
important porous material. We found that if we properly tai-
lor the experimental conditions, the method presented above
is also applicable for the production of such materials.2°
Strictly speaking, the ordered hollow metal nanostructures dis-
cussed herein also belong to the macroporous structure
according to their pore size. Nevertheless, these materials
exhibit their unique structural characteristics that differ strongly
from the ordered macroporous metal nanostructures men-
tioned above, and thus we list them as a separate type. Com-
pared with the ordered macroporous metal nanostructures, the
ordered hollow metal nanostructures have been less exten-
sively studied, probably because of the difficult preparation.
SEM investigations show that after removal of the colloidal
crystal template, both the long-range ordering and the spher-
ical shape are well preserved from the starting template (Fig-
ure 4b,q). Because the original template can be produced from
silica microspheres with different sizes, the resulting nano-
structures exhibit a tunable hollow volume. The hollow struc-
ture character of these materials is evidenced by inspection of
the broken spheres seen in Figure 4b,c. A closer look reveals
another interesting feature, namely, the existence of a hole
with an average diameter of about 20 nm in almost every hol-
low sphere. These holes are arranged in order and the dis-
tances between neighboring holes equals roughly the center-
to-center distances of the hollow metallic spheres. Higher





FIGURE 4. (a) SEM image of an ordered macroporous Au/Pt
nanostructure and SEM images of ordered hollow Au/Pt
nanostructures produced using (b) 277 nm and (c) 300 nm silica
colloidal crystals as templates. The insets show the corresponding
high-magnification images. Adapted from Lu et al.?°

magnification SEM images show that these hollow spheres
consist of many interconnected small nanoparticles (<10 nm
in average diameter). The nanoparticle framework of the as-
prepared materials provides yet another level of porosity that
gives the structure a very high surface area, as the size of the
small pores and the overall surface area are determined by
the size of the Au/Pt nanopatrticles.

5. Formation Mechanism. Previous studies showed that
when the colloidal crystal template was immersed into a con-
centrated aqueous solution of gold nanoparticles, small gold
nanoparticles were deposited in the interstices of the colloi-
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dal template by an infiltration process, forming a mesopo-
rous structure around the silica spheres. Since the porosity
allowed the solvent to flow freely through the deposit, the
pores could be nearly completely filled with gold
nanoparticles.>®

The situation is different in the present work. After modifi-
cation of the silica spheres with the appropriate molecules,
these molecules are grafted onto the surface of the silica
spheres heading their functional groups such as —NH,, —SH,
and —COOH outward. The immersion of this modified colloi-
dal template into an aqueous solution of small metal nano-
particles leads to an intense coverage of metal nanoparticles
on the surface of the silica spheres. If the concentration of the
metal nanoparticles is relatively low and the immersion time
is comparatively short, the assembly of the metal nanopar-
ticles on the surface of the silica spheres should be predom-
inant. A small quantity of residual metal nanoparticles in the
interstices of the colloidal template can be removed by rins-
ing with deionized water (or by deposition on the surface of
the silica spheres during the N,-drying process). Subsequent
electroless deposition of other metal occurs only on the sur-
face of the silica spheres, and thus the removal of the colloi-
dal template leads to the production of ordered porous
bimetallic nanostructures constructed from hollow spheres. In
contrast, if the concentration of the metal nanoparticles is rel-
atively high and the immersion time is relatively long, besides
the assembly of the metal nanoparticles on the surface of the
silica spheres, a larger amount of them are found in the inter-
stices of the colloidal template. Together with those on the
surface of the silica spheres they associate into a larger meso-
porous structure. The subsequent metal deposit leads to an
almost complete infiltration of the pores of the colloidal tem-
plate. By removing of the colloidal template, macroporous
bimetallic nanostructures with hierarchical porosity are gained.

Applications

1. Catalysis. The ordered bimetallic nanostructures with hier-
archical porosity may exhibit some unusual properties in com-
parison with their solid counterparts with the advantages of
high surface areas, periodicity, and saving of material, and
thus they may yield many promising applications. For
instance, Hyeon et al. demonstrated that hollow Pd spheres
possess excellent catalytic activity in Suzuki reactions and
could be recycled without loss of the catalytic activity.>®> There-
fore, it is only natural to explore their catalytic properties.
The ordered bimetallic Au/Pt (Au/Pd, Ag/Pt, Ag/Pd, Pd/Pt)
nanostructures with hierarchical porosity discussed above are
particularly desirable candidates for catalytic applications for the
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FIGURE 5. (a) Spectroscopic evolution of Fe(CN)>~ in the presence of an ordered hollow Au/Pt nanostructure and (b) pseudo-first-order
plots in the presence of different nanostructures. Adapted from Lu et al.?®

following reasons: (1) these nanomaterials possess uniform
macropores (typically a few hundred nanometers) with periodic
arrays, bicontinuous networks, and highly accessible surface area,
allowing efficient mass transport through the pores and less dif-
fusional resistance to active sites; (2) these nanomaterials are
hierarchical macroporous—mesoporous structures; this specific
structural characteristic gives these materials a very high sur-
face area and enhanced selectivity; (3) the catalytic performance
of these nanomaterials may be improved by adjusting the molar
ratio between the constituting elements.

We investigated the catalytic performance of the as-pre-
pared nanostructures by a typical redox reaction between
Fe(CN)s>~ and S,05%~ as described in ref 24.

Fe(CN)g®> +5,05>” —Fe(CN)g* ™+ 1/25,08 (1)

Figure 5a shows spectroscopically the evolution of
Fe(CN)s>~ upon the reaction with S,05%~ in the presence of
the as-prepared ordered hollow Au/Pt nanostructure. The
absorption spectrum of Fe(CN)g>~ suffers an evident change in
the band peak intensity from O to 50 min. For reaction 1,
pseudo-first-order Kinetics could be used to evaluate the cat-
alytic rate.?® The resulting pseudo-first-order plot of —In A5
versus time gives a good straight line (Figure 5b). Here A,5q
stands for the absorbance of Fe(CN)>~ at 420 nm. The rate
constant for the reaction in the presence of the ordered hol-
low Au/Pt nanostructure is determined from the slope of the
straight line to be 1.62 x 1072 min~'. For comparison, the
same reaction has been applied to investigate the catalytic
properties of the other samples. The rate constants are deter-
mined to be 1.49 x 1072 min~"' for the macroporous Au/Pt
nanostructure, 6.71 x 1073 min~" for the Au/Pt-coated SiO,
film, and 3.21 x 10~* min~" for the bare SiO,, film. All sam-
ples are on a silicon wafer (0.8 cm x 0.8 cm) and are exam-
ined under similar experimental conditions at 35 °C. It is
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evident that both the ordered hollow Au/Pt nanostructure and
the ordered macroporous Au/Pt nanostructure exhibit better
catalytic ability due to their special structural characters.>®

We also investigated the effect of the molar ratio between
Au and Pt on the catalytic performance of the ordered hol-
low Au/Pt nanostructures. The experimental results demon-
strate clearly that their catalytic activity was improved by
increasing the content of gold vs platinum. Our studies have
not progressed far enough to allow us to extract quantitative
correlations between the rate constant and the gold content,
but this will obviously be a fruitful avenue for further
investigation.

2. Surface-Enhanced Raman Scattering (SERS) Sub-
strates. The need for SERS substrates with good stability, easy
and reproducible preparation, and large intensity enhance-
ment has been well recognized in its practical applications.
Recent studies show that highly ordered porous metal (Au and
Ag) nanostructured films prepared by a colloidal crystal-tem-
plate method can provide an excellent platform for this
purpose.?26:27

The SERS enhancement mechanisms can be roughly
divided into two Kkinds, namely, electromagnetic field
enhancement and chemical effects.*®*3° The detailed descrip-
tion for electromagnetic field enhancement and chemical
effects can been found in several excellent review articles and
books.?%® The SERS Stokes signal, P{°, can be estimated
according to the following equation.3°

Py = Noggl A A1)

where I(v) is the excitation laser intensity, 0%, is the Raman
cross section of the target molecules, N is number of mole-
cules involved in the SERS process, and A(v,) and A(vs) are
field enhancement factors. This equation shows that the SERS
signal enhancement is proportional to the fourth power of the





field enhancement factor.

Ordered porous metal nanostructures possess several
advanced features that are particularly well-suited for a SERS
signal enhancement. First, as discussed earlier, tunable hier-
archical porous structures can provide high surface areas that
allow more analyte to adsorb and thus an increasing the num-
ber of target molecules N. Second, a long-range periodicity has
been demonstrated to improve their performance as SERS sub-
strates. According to Gaponenko, the photon density of states
redistribution may readily occur in periodic porous metal
nanostructures, which leads to an increase of the density of
optical modes and thus to a superior enhancement of the
Raman intensity of the target molecules.®' Third, in metal
nanostructures, collective electron oscillations known as plas-
mons can be excited by light. If the excitation is confined near
to the surface of metal nanostructures, it is called a surface
plasmon.?®733 In this case, many crevices are generated
between these macropores during the preparation process,
which is particularly desirable for the SERS effect. It is known
that SERS is a very local phenomenon occurring at crevices or
in the pores of a rough surface. Excited by the incident radi-
ation, a collective surface plasmon is trapped at these crev-
ices, creating a huge local electric field at these sites and by
this increasing field enhancement factors A(v) and A(vg).>*33
According to Xu et al., an electric field enhancement of 10'°
could be achieved between two nanoparticles with a 1-nm
spacing. These local resonant plasmon modes at long-range
ordered crevices are able to produce an enhancement of as
large as 107 in the Raman intensity of the target molecules
adsorbed at these particular crevices.® Fourth, the walls within
ordered porous metal nanostructures consist of many inter-
connected nanoparticles, thus providing another level of
porosity that gives the structure an even higher surface area.
Importantly, a large electric field enhancement can also occur
between these neighboring nanopatrticles, allowing for a fur-
ther increase of SERS signal intensity. Fifth, chemical effects
may result from the interactions between chemisorbed probe
molecules and hot electrons that are produced through plas-
mon excitation.® A “roughness” constructed by periodic crev-
ices and walls consisting of interconnected metal nanoparticles
is very desirable for chemical effects because they can pro-
vide pathways for the hot electrons to the probe molecules,
thus increasing the Raman cross section of the target mole-
cules.®°

SERS applications of ordered porous metal nanostrutured
films are investigated in our group.?” We selectively prepared
an ordered macroporous Au/Ag nanostructured film and an
ordered hollow Au/Ag nanostructured film as described ear-
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(b)

FIGURE 6. SEM images of (a) an ordered hollow Au/Ag
nanostructure and (b) an ordered macroporous Au/Pt nanostructure
produced using 267-nm silica colloidal crystals as templates. The
insets show the corresponding high-magnification images. Adapted
from Lu et al.?”

lier. A SEM investigation reveals that after removal of the sil-
ica template by HF etching both the long-range ordering and
the spherical shape from the original template are well pre-
served in the as-prepared porous metal nanostructures. In the
hollow nanostructures, relatively uniform Au/Ag shells are con-
structed by many larger interconnected nanoparticles in the
size range of 50—80 nm, leading to the formation of a rough
surface (Figure 6a), and importantly, such a patrticle size range
is very efficient for SERS excitation at 514.5 nm. The hollow
feature of the as-prepared samples is evidenced by the bro-
ken Au/Ag shells. In the case of the macroporous nanostruc-
tures, it is noted that the open voids and the walls consisting
of larger interconnected aggregates of nanoparticles form pore
structures (Figure 6b). These pores are well-ordered in a hex-
agonal packing, and such ordered structures can extend sev-
eral hundreds of micrometers. Their performance as SERS
substrates is evaluated by using rhodamine 6G (R6G) as a
probe molecule. For comparison, a silver film is also produced
via the “mirror reaction” because such a film can exhibit high
SERS intensity for R6G molecules.>*3> SERS signals corre-
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FIGURE 7. SERS spectra of (a) 50 nM R6G on different substrates
(1, a Ag film prepared by the mirror reaction; 2, an ordered Au/Ag-
coated silica film; 3, an ordered macroporous Au/Ag
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hollow Au/Ag nanostructured film. Adapted from Lu et al.?”
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sponding to R6G are observed in either case, but clearly the
porous Au/Ag nanostructured films exhibit the highest SERS
signal intensity (Figure 7a). In addition to the large intensity
enhancement, it is also found that the SERS spectra are highly
reproducible on these porous nanostructured films (Figure 7b).
One of the important potential applications of the SERS tech-
nique is the rapid detection of DNA fragments. Unlike fluores-
cence techniques, the SERS technique does not require any
labeling step because it is a technique of vibrational spectros-
copy that gives detailed fingerprint information of DNA
bases.® To explore the capability of the as-prepared porous
Au/Ag nanostructured films for the detection of DNA frag-
ments, DNA bases, including adenine and cytosine, are cho-
sen as a target molecules. Primary experimental results show
that these porous metal nanostructured films are highly desir-
able for detection of DNA bases by SERS technique in terms
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of high Raman intensity enhancement, good stability, and
reproducibility.>”

Summary and Outlook

The studies discussed in this Account have demonstrated the
versatility of colloidal crystal templates to selectively design
different types of novel porous metallic nanostructures and
their promising applications. Despite rapid advances in this
area from the late 1990s, the macroporous metal nanostruc-
tures with long-range ordered lattices and their applications
are still in an early stage of technical development. A num-
ber of challenges remain before these materials will find via-
ble practical applications. First, the diversity of the template
materials is limited to only silica and polymers including
PMMA and PS. In this regard, it is necessary to develop new
strategies for producing monodisperse colloidal particles with
different materials or different shapes. This may lead to the
creation of a series of distinctive properties. Some work has
recently started to address this issue by exploring biological
templates for synthesizing such colloidal particles and inves-
tigating their feasibility as building blocks for the formation of
colloidal crystals.>® Second, the fabrication of colloidal crys-
tals with superior quality and advanced features has been met
with limited success so far. Much effort including patterning of
solid template-directed or aqueous droplet template-directed
crystallization methods has been presented in this field. How-
ever, their feasibility as templates in creating long-range
ordered macroporous metal nanostrutures has still not been
explored.?® Third, as discussed above, although various meth-
ods have already been successfully applied to fabricate highly
ordered macroporous metal nanostrutures, one of primary
challenges is how to achieve control over the infiltration of the
desired composite metals into the interstitial voids of the tem-
plates that often determines the quality and the structures of
the resultant materials and hence their properties.

Besides resolving the above-mentioned questions, future
work in this field is likely to continue to focus on the exploi-
tation of potential applications of these materials.*® We
believe that the rapidly growing interest in macroporous metal
nanostrutures will certainly fuel the excitement and stimu-
late research in this field.
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CONSPECTUS

We describe how reactivity can be controlled in the
solid state using molecules and self-assembled
metal—organic complexes as templates. Being able to con-
trol reactivity in the solid state bears relevance to syn-
thetic chemistry and materials science. The former offers
a promise to synthesize molecules that may be impossi-
ble to realize from the liquid phase while also taking
advantage of the benefits of conducting highly stereocon-
trolled reactions in a solvent-free environment (i.e., green
chemistry). The latter provides an opportunity to modify
bulk physical properties of solids (e.g., optical proper-
ties) through changes to molecular structure that result
from a solid-state reaction. Reactions in the solid state
have been difficult to control owing to frustrating effects of molecular close packing. The high degree of order pro-
vided by the solid state also means that the templates can be developed to determine how principles of supramo-
lecular chemistry can be generally employed to form covalent bonds. The paradigm of synthetic chemistry employed
by Nature is based on integrating noncovalent and covalent bonds. The templates assemble olefins via either hydro-
gen bond or coordination-driven self-assembly for intermolecular [2 + 2] photodimerizations. The olefins are assem-
bled within discrete, or finite, self-assembled complexes, which effectively decouples chemical reactivity from effects
of crystal packing. The control of the solid-state assembly process affords the supramolecular construction of targets
in the form of cyclophanes and ladderanes. The targets form stereospecifically, in quantitative yield, and in gram
amounts. Both [3]- and [5]-ladderanes have been synthesized. The ladderanes are comparable to natural ladderane
lipids, which are a new and exciting class of natural products recently discovered in anaerobic marine bacteria. The
organic templates function as either hydrogen bond donors or hydrogen bond acceptors. The donors and acceptors
generate cyclobutanes lined with pyridyl and carboxylic acid groups, respectively. The metal—organic templates are
based on Zn(ll) and Ag(l) ions. The reactivity involving Zn(ll) ions is shown to affect optical properties in the form of
solid-state fluorescence. The solids based on both the organic and metal—organic templates undergo rare single-
crystal-to-single-crystal reactions. We also demonstrate how the cyclobutanes obtained from this method can be applied
as novel polytopic ligands of metallosupramolecular assemblies (e.g., self-assembled capsules) and materials (e.g.,
metal—organic frameworks). Sonochemistry is also used to generate nanostructured single crystals of the multicom-
ponent solids or cocrystals based on the organic templates. Collectively, our observations suggest that the organic solid
state can be integrated into more mainstream settings of synthetic organic chemistry and be developed to construct
functional crystalline solids.
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Introduction

Noncovalent and covalent bonds are central to chemistry and
life’s processes.! The former are exploited in supramolecular
chemistry for the construction of assemblies of molecules that
exhibit properties and function beyond individual compo-
nents.? The latter lies at the core of our understanding of the
structures and properties of molecules.® Nature combines non-
covalent and covalent bonds to sustain life’s processes. The
synthesis of proteins, for example, requires a molecular code
to be translated and transcribed via the formation and break-
age of noncovalent (e.g., hydrogen bonds) and covalent bonds
(e.g., peptide bonds)." The fidelity and generality with which
Nature combines noncovalent and covalent bonds continues
to inspire chemists* to mimic such processes for the design of
new ca’calys’[s,5 molecular machines and devices,® and new
forms of medicine.”

It is with these concepts in mind that we outline, in this
Account, a method being developed in our laboratory that
enables noncovalent bonds to be utilized, in a general way,
to direct the formation of covalent bonds. In particular, we
show how small organic molecules and metal-organic com-
plexes act as templates to direct photochemically induced
[2 + 2] cycloaddition reactions in the solid state.®? We
demonstrate how the method enables molecules to be gen-
erated stereospecifically, in quantitative yield, and in gram
amounts. A key to achieving this goal lies in the ability of
the templates'® to assemble and preorganize reactant ole-
fins within finite or zero-dimensional (OD) supramolecular
assemblies, or supermolecules, for the reactions. We also
show how this method enables bulk physical properties of
solids (e.g., optical properties) to be modified and how the
products can be employed as building blocks of porous
metal—organic structures and materials. The application of
sonochemistry to synthesize nanostructured reactive sol-
ids is also discussed.

Supramolecular Control of Solid-State
Reactivity

In 2000, we embarked to determine whether the solid state
could be used as a medium to synthesize molecules by
design. To achieve this goal, our plan was to identify a ditopic

Supramolecular Control of Reactivity in the Solid State MacGillivray et al.

molecule that preorganizes, via molecular recognition and
self-assembly, two olefins in a position for an intermolec-
ular [2 + 2] photodimerization (Scheme 1). The molecule
would function as a linear template (cf. DNA)'® by assem-
bling olefins within stacked or linear geometries for photo-
reactions. Following a photoreaction, the template could be
recycled for further synthesis.

Our initial motivations to control reactivity in the solid state
were twofold. First, the solid state, in contrast to the liquid
phase, had been largely underutilized as a medium to con-
struct molecules by design.'" Although reactions had been
known to proceed in the solid state for more than 100 yeatrs,
frustrating effects of close packing'? had thwarted efforts to
control solid-state reactivity with the kinds of synthetic free-
doms realized in solution. This meant that the benefits of
employing the solid state as a medium for synthesis, which
include high stereocontrol of reactivity, formation of unique
products, and a solvent-free medium, remained largely
underexploited.""'* We hypothesized that a linear template
could tackle problems of crystal packing since the template
would assemble the olefins within a supermolecule,"* which
would have a structure largely independent of long-range
packing. At the same time, the template could be used to con-
struct different products since the self-assembly process, with
the template being located along the exteriors of the olefins,'©
could accommodate structural changes (e.g., size) to the reac-
tants. Our second motivation was that the field of supramo-
lecular chemis’try,2 in which molecules direct covalent-bond
formations, had remained largely unexplored as a general
avenue to conduct organic synthesis. Work in the 1980s and
1990s showed that linear templates could assemble mole-
cules in the liquid phase to react (Scheme 2).'> Binding of
molecules in solution, however, is typically low owing to
effects of entropy and solvent on structure.'® We hypothe-
sized that the solid state could allow us to circumvent effects
of entropy and solvent and, thereby, utilize linear templates'®
as tools to direct the supramolecular construction of
molecules.

Our aim to gain supramolecular control of reactivity in a
medium sensitive to changes to molecular structure meant
that we needed a reaction that was well understood and

SCHEME 1
. —--R —--R . . R
[ +2R crystallization hv dissolution [ + I
—--R solid —--R R
co-crystal

[ =template, R =reactant, R-R = product
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cinnamic acid
attractive for organic synthesis. We chose the [2 + 2] photo-
dimerization of olefins.®° Pioneering work of Schmidt in the
1960s and 1970s provided topochemical postulates for ole-
fins to photodimerize in solids. The work, which has provided
roots for the field of crystal engineering,'? comes from struc-
ture studies of cinnamic acids and generally states that two
carbon—carbon double (C(=C) bonds will photodimerize if the
bonds lie approximately parallel and separated by <4.2 A
(Scheme 3). Although the postulates are valuable'” for pre-
dicting whether a dimerization will occur, Schmidt showed that
the reaction, in contrast to the liquid phase, is generally not
maintained among closely related olefins. This was attributed
to the sensitivity of crystal packing to molecular structure (e.g.,
substituent size). From a synthetic viewpoint, the importance
of the cycloaddition in organic synthesis was evident.'® The
cyclobutane ring from the reaction is an important building
block in natural products and was emerging as a synthon of
complex molecules (e.g., hydrocarbons). The ease with which
cyclobutanes form and open also made the ring system syn-
thetically valuable. Following the work of Schmidt and prior to
our work studies aimed to control the cycloaddition in sol-
ids? involved either covalently attaching substituents to C=C
bonds'® or employing auxiliary components?® to steer ole-
fins for reaction. Hydrogen bonds'>2° and charge-transfer
forces,' as well as chlorine—chlorine'®® and benzene—
perfluorobenzene'®® interactions, had been employed with
different levels of success.

truxinic acid

Template-Controlled Solid-State Reactivity

To develop a linear template that directs the [2 + 2] photo-
dimerization in the solid state, we hypothesized that 1,3-di-
hydroxybenzene, or resorcinol (res), could direct trans-1,2-
bis(4-pyridyl)ethylene (4,4'-bpe) to react (Scheme 4). Our
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solution

hypothesis was based on three findings. First, in 1988,
Aoyama reported a cocrystal*' wherein a bis(resorcinol)an-
thracene directed stacking of quinones via hydrogen bonds.??
The quinones were stacked at a separation of 3.80 A, which
was within the distance of Schmidt for a photodimerization.
We concluded that res could be used to direct stacking of
other heterocycles; specifically, pyridines via O—H- - -N hydro-
gen bonds. Second, in 1995, Ito described coerced stacking of
cinnamates in diammonium salts.2°“¢ Although the solids
often afforded product mixtures, it was clear that forced stack-
ing of olefins was possible. In the same year, Feldman
described a J-shaped naphthalene dicarboxylic acid that
formed a hydrogen-bonded dimer with two C=C bonds pre-
organized for a photodimerization.'®® The dimer isolated the
olefins from crystal packing. The olefins reacted in quantita-
tive yield and generated a single product (Scheme 5).

With the studies of Aoyama, Ito, and Feldman established,
we cocrystallized res with 4,4'-bpe. The result was a four-com-
ponent supermolecule with two C=C bonds of two olefins
positioned via four O—H---N hydrogen bonds for an inter-
molecular [2 + 2] photodimerization (Figure 1).23 Ultraviolet
(UV) radiation of a powdered sample resulted in the stereo-
controlled formation of rctt-tetrakis(4-pyridyl)cyclobutane (4,4'-
tpcb) in 100% vyield and gram quantities. Res was separated
from the cyclobutane product through basic extraction.*

Generality of Template-Controlled
Solid-State Reactivity

Since our initial report, we have determined that the templates
and reactants can be generalized. We have developed tem-
plates that assemble olefins via hydrogen bonds (1,8-nap, 2,3-
nap, Reb-im) and coordination bonds (Zn,L, Ag-) (Scheme 6).
We have modified the templates to tailor the self-assembly
processes and modify physical properties of the solids. We
have changed the recognition sites and number of reactive
centers attached to the olefins. We have also modified the
reactants to construct molecules by design.
Hydrogen-Bond Templates. We first extended linear
templates to 1,8-naphthalenedicarboxylic acid (1,8-nap) (Fig-
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SCHEME 4
H—NT D= ontQ
—_—
— solid
HNe 2~ Toonv—Hd
template L I_I_'
T template
reactant
SCHEME 5
SCHEME 6

e
e

1,8-nap 2,3-nap

ure 2).2> Cocrystallization of 1,8-nap with 4,4'-bpe produced
the four-component assembly 2(1,8-nap)-2(4,4'-bpe). Each
carboxylic acid interacted with 4,4'-bpe via an O—H---N
hydrogen bond (Figure 2a). The C=C bonds were organized
parallel and separated by 3.73 A. UV-irradiation produced
4,4'-tpcb in quantitative yield.

We also reversed the “code” of the self-assembly to a
hydrogen-bond acceptor.2® In particular, cocrystallization of
2,3-bis(4-methylenethiopyridyl)naphthalene (2,3-nap) with
fumaric acid (fum) produced 2(2,3-nap)-2(fum) with C=C
bonds parallel and separated by 3.84 A (Figure 2b). UV-irra-
diation produced rctt-1,2,3,4-cyclobutanetetracarboxylic acid
in up to 70% vyield. The reaction occurred via a rare single-

Begov b s

FIGURE 1. X-ray structures: (a) 2(res)-2(4,4'-bpe) and (b)
2(res)-(4,4'-tpcb) (color scheme: C, gray; H, white; N, blue; O, red).

g 4 <

Poem >

Ag;

Reb-im

Zn,L

crystal-to-single-crystal (SCSC) transformation.?” This study also
demonstrated that carboxylic acid groups could be incorpo-
rated within a photoproduct.

Whereas res, 1,8-nap, and 2,3-nap are symmetrical, we
also developed an unsymmetrical template. From studies of
induced 7-stacking,?® we expected Rebek'’s imide (Reb-im) to
function as an unsymmetrical template.>® Each different
“hand” of Reb-im would assemble and interact with two dif-
ferent 4-pyridyl groups of 4,4'-bpe. Cocrystallization of Reb-im

c) %;‘Qzﬁ*

FIGURE 2. X-ray structures: (a) 2(1,8-nap)-2(4,4'-bpe); (b)
2(2,3-nap) - 2(fum); (c) 2(Reb-im)-2(4,4'-bpe) (color scheme: C, gray;
H, white; N, blue; O, red; S, yellow).

Vol. 41, No. 2 = February 2008 = 280-291 = ACCOUNTS OF CHEMICAL RESEARCH = 283





Supramolecular Control of Reactivity in the Solid State MacGillivray et al.

a)

hv

—_—
SCSC

hv
B
SCSC

FIGURE 3. SCSC reactions: (a) [Zn,L,(OH),(4,4'-bpe),]*" and (b) [Ag,(4-stilbz),]>* (color scheme: Zn, green; Ag, lavender; C, gray; H, white; F,

orange; N, blue; O, red).

with 4,4'-bpe produced 2(Reb-im)- 2(4,4'-bpe) (Figure 2¢). The
supermolecule formed via O—H---N and N—H---N forces
wherein Reb-im adopted an antiparallel orientation within the
hydrogen-bonded structure. The solid reacted to give 4,4'-
tpcb stereospecifically and in quantitative yield. The material
also exhibited a partial SCSC transformation in up to 28% con-
version.?” We showed that the reactivity could be maintained
following removal of an included toluene molecule. This sug-
gested that such a reactive system may be developed in
media less organized than a crystal (e.g., polymers).

We have also attached functional groups to the templates.
Specifically, homologous templates based on phloroglucinol
maintained reactivity in all cases.® Akyl and aryl groups were
attached to the templates. In a related study, ortho substitu-
tion preorganized res in a syn conformation to generate a
finite structure.3’

Following our initial work, other bifunctional templates
were used to assemble olefins for [2 + 2] cycloadditions in the
solid state.>2 These studies involved hydrogen bonds,32@4
halogen bonds,2¢ and host cavities.>*f

Metal—Organic Templates. The field of coordination-
driven self-assembly has experienced rapid growth in recent
years.>3 As with organics, the goal is to construct multicom-
ponent assemblies with properties that transcend the individ-
ual components. Coordination bonds are stronger than
hydrogen bonds, while metal ions exhibit distinct physical
properties (e.g., magnetic properties).

To address whether a self-assembled coordination com-
plex could function as a template, we turned to the Schiff base
[M,L(OH)] (where L = 2,6-bis[N-(2-pyridylethyl)formimidoyl]-
4-methylphenol) (Figure 3a). The ligand, introduced by Rob-
son and Okawa,>* had been used to position two metal atoms
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on the order of 3.15 A. We showed that the Zn(ll) complex
[Zn,L(OH)]** stacks two molecules of 4,4'-bpe within 3.64 A
in the tetranuclear assembly [Zn,L,(OH),(4,4'-bpe),|** (Fig-
ure 3a).3> UV-irradiation produced 4,4'-tpcb via a SCSC pho-
todimerization in quantitative yield. The photodimerization
also induced a remarkable red shift in fluorescence. The solid
emitted at 464 and 520 nm before and after the photoreac-
tion, respectively. This material was the first metal—organic
solid to exhibit photocontrolled fluorescence. Later, and fol-
lowing a report by Vittal,*® we described a metal—organic
framework (MOF) with reactive olefins (Figure 3b).3” Specifi-
cally, reaction of the same Zn(ll) complex with an additional
equivalent of 4,4'-bpe produced a 1D MOF with olefins that
formed 4,4'-tpcb stereospecifically in 95% yield.

To expand the metal—organic approach, we demonstrated
that Ag(l) ions can assemble trans-1-(4-pyridyl)-2-(phenyl)eth-
ylene (4-stilbz) in [Ag,(4-stilbz),][CO,CF;], for a regiocontrolled
head-to-head photodimerization to give rctt-1,2-bis(4-pyridyl)-
3,4-bis(phenyl)cyclobutane (4-pyr-ph-cb) in quantitative yield
(Figure 3b).2® The ions engaged in agentophilic forces, being
separated by 3.41 A, while the C=C bonds exhibited a crossed
arrangement, being separated by 3.82 A (Figure 3b). That the
photoreaction proceeded despite the crossed C=C bonds was
attributed to the olefins undergoing a pedal-like rotation. The
reaction proceeded via a SCSC transformation with the
dinuclear complex being converted to a 1D MOF. The MOF
formed through the breakage and formation of the Ag---Ag
and Ag- - - C forces, respectively. Vittal has since demonstrated
the ability of Ag(l) ions to mediate a [2 + 2] photodimeriza-
tion of 4,4'-bpe in crystalline and desolvated 1D MOFs.394°

Olefins and Photoproducts. That a linear template
assembles exterior to the reactants means that the template
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SCHEME 7
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can accommodate structural changes to the reactants. In prin-
ciple, reactant size, shape, or functionality can be changed.
Changes in functionality can involve, for example, addition of
a substituent, C=C bond, or ‘handle’ group. Deliberate
changes can provide a means to construct molecules by
design. To date, we have modified the olefins in three ways.
We have changed the number of pyridyl groups, modified the
position of the N-nuclei (2,2'-, 2,4'-, 2,3'-, and 3,4'-bpe), and
added functionalities in the form of a phenyl group (1,4-bpeb)
and C=C bonds (1,4-bpbd, 1,6- bpht) (Scheme 7). The func-
tionalities have yielded a [2.2]paracyclophane and ladderanes,
respectively. The olefins were assembled using hydrogen
bonds.

An olefin with a single pyridyl group was assembled to
react.*' Cocrystallization of 4-ethylres with trans-1-(4-pyridyl)-
2-(4-chloro-phenyl)ethylene (4-stilbz-Cl) produced (4-ethyl-
res) - 2(4-stilbz-Cl) (Figure 4a). The olefins were aligned head-
to-head and formed rctt-1,2-bis(4-pyridyl)-3,4-bis(4-chloro-
phenyl)cyclobutane (4-pyr-ph-cb-Cl) in quantitative yield.

In addition to 4,4'-bpe, we have employed linear templates
to assemble 2,2'-%3 2,4'-42 3,4'-*3 and 2,3'-bpe** for reac-
tion. As with 4,4'-tpcb, the olefins formed the rctt photoprod-
ucts. For the unsymmetrical reactants (i.e., 2,4'- and 2,3'-bpe),
the olefins assembled head-to-head and formed head-to-head
products. Thus, cocrystallization of 1,8-nap with 3,4'-bpe pro-
duced 2(1,8-nap) - 2(3,4'-bpe), which reacted to give 3,4'-tpcb
(Figure 4b). The reaction proceeded via a SCSC reaction in
quantitative yield.

Our first incorporation of functional groups involved the
synthesis of a [2.2]paracyclophane.?® Introduced by Cram, the
cyclophane continues to pose synthetic challenges and exhib-
its promising applications in areas such as catalysis and poly-

2,4'-bpe

2,2'-bpe

1,6-bpht

mer chemistry.*> We anticipated that reaction of a bipyridine
with two C=C bonds separated by a phenyl group, namely,
1,4-bis[2-(4-pyridyl)ethenyl]benzene (1,4-bpeb), would give a
supermolecule that reacts to form tetrakis(4-pyridyl)-1,2,9,10-
diethanol[2.2]paracyclophane (4,4'-tppcp). The assembly would
be lengthened compared with 2(res)-2(4,4'-bpe). Cocrystalli-
zation of 4-methoxyres with 1,4-bpeb produced 2(5-methox-
yres) - 2(1,4-bpeb), wherein the C=C bonds were preorganized
for photoreaction. UV irradiation produced 4,4'-tppcp in 60%
yield.?®> The relatively low yield was attributed to cross reac-
tions between supermolecules in the solid. Later, we increased
the yield to 100% using 4-benzylres (Figure 5a,b),*® where
cross reactions were prohibited. The process of changing the
template to modify yield was termed “template-switching”.
We have also constructed ladderanes.*” Ladderanes are
potential building blocks of optoelectronics and have, very

a)%g =

FIGURE 4. X-ray crystal structures: (a) (4-ethyl-res) - 2(4-stilbz-Cl) and
(b) 2(1,8-nap) - 2(3,4'-bpe) (color scheme: C, gray; H, white; N, blue;
O, red; Cl, green).
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FIGURE 5. X-ray structures: (a) 2(5-benzylres)-2(1,4-bpeb) and (b)
4,4'-tppcp (color scheme: C, gray, H, white; N, blue; O, red).

b)

FIGURE 6. X-ray crystal structures: (a) 2(5-methoxyres)- 2(1,4-bpbd)
and (b) 4-tp-3-lad (color scheme: C, gray; H, white; N, blue; O, red).

recently, been discovered in intracellular membrane lipids of
anammox bacteria. The bacteria participate in the oceanic N,
cycle.*® We anticipated that a linear template could preorga-
nize poly-m-enes (where: m = 2 or 3) to form [n]-ladderanes
(where: n = 3 or 5), respectively. Cocrystallization of 5-meth-
oxyres with the conjugated diene trans,trans-1,4-bis(4-py-
ridyl)-1,3-butadiene (1,4-bpbd) and triene trans,trans,trans-
1,6-bis(4-pyridyl)-1,3,5-hexatriene (1,6-bpht) produced the
hydrogen-bonded assemblies 2(5-methoxyres)- 2(1,4-bpbd)
and 2(5-methoxyres)- 2(1,6-bpht) (Figure 6a).*” UV-irradiation
of each solid generated the corresponding ladderanes all-
trans-tetrakis(4-pyridyl)-[3]-ladderane (4-tp-3-lad) and all-trans-
tetrakis(4-pyridyl)-[5]-ladderane (4-tp-5-lad) stereospecifically
and in quantitative yield (Figure 6b).

Applications of the Products

The products of templated solid-state reactions form with per-
fect stereocontrol and in gram quantities. This makes the prod-
ucts available for applications beyond the solid-state syntheses.
This contrasts previous work, where reactivity has been diffi-
cult to control in terms of structures and yields of products;
consequently, applications of molecules synthesized in the
solid state have been limited.'® That the cyclobutanes are
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lined with pyridyl groups made the products initially attrac-
tive as building units of metallosupramolecular assemblies
and materials (e.g., MOFs).3349 We envisaged that a product
could assemble with a transition metal ion to form a MOF
wherein the cyclobutane functions as a node.*® Such mole-
cules can be difficult or impossible to obtain in the liquid
phase or without the template.>® Thus, the method could gen-
erate novel ‘downstream’ supramolecular materials. To date,
we have determined that the products can serve as building
units of MOFs, as well as metal—organic polyhedra and
polygons.

MOFs. The compound 4,4'-tpcb has functioned as a four-
connected node of two 2D MOFs (Figure 7). Reaction with the
Cu(ll) paddle-wheel complex [Cu,(CO,CHs),] produced the 2D
grid [Cu,(CO,CH5)g(4,4'-tpcb)],, with identical rhombic cavi-
ties (Figure 7a).>' The cavities hosted benzene molecules
within 1D channels. The guests were removed via a SCSC pro-
cess.>? Owing to the linear geometry of the dicopper unit, the
organic groups of the carboxylate ions pointed into the cavi-
ties. We termed the framework an inverted MOF (IMOF) since
the metal complex acted as a linear bridge and the cyclobu-
tane a node. Thus, the structural roles of the metal and
organic components, as compared with more conventional
MOFs, were inverted. Since the terminal anion can be easily
changed, an IMOF enables the internal pore structures of MOF
solids to be engineered.>' Reaction of 4,4'-tpcb with
[Co(CO,CH5),] produced the 2D grid [Co(CO,CH5),(4,4'-tpcb)].,
(Figure 7b).> The MOF possessed two different rhombic cav-
ities, with each angle of the cyclobutane ring defining a dif-
ferent cavity. The framework maintained crystallinity upon
guest removal.

The [2.2]paracyclophane 4,4'-tppcp has been used to gen-
erate a 2D MOF.>* The MOF contained two different nodes
and two different cavity types; consequently, the topology
conformed to a nonregular net (Figure 7¢). In particular, reac-
tion of 4,4'-tppcp with [Co(CO,CHs),] produced the grid
[Co(CO,CHs)(4,4'-tppcp)l.., which contained both rhombus (R)
and hexagon (H) cavities. The topology was based on three-
and four-connected nodes, with two three-connected nodes
being covalently fused via the cyclophane. That the MOF
involved two fused three-connected nodes meant that the for-
mation of higher-symmetry MOFs based exclusively upon con-
nections between three- and four-connected nodes was
prohibited. Thus, the cyclophane provided a means to code*“”
the formation of a relatively low-symmetry MOF. The two dif-
ferent cavities hosted different solvent molecules as guests.

Metal—-Organic Polyhedra and Polygons. Finite metal-
losupramolecular assemblies have gained widespread atten-
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FIGURE 7. X-ray crystal structures: (a) [Cu,(CO,CHs)g(4,4'-tpcb)l.., (b) [Co(CO,CH),(4,4'-tpcb)],,, and (c) [Co(CO,CH5),(4,4'-tppcp)l., (color
scheme: Co, pink; Cu, orange; C, gray; H, white; N, blue; O, red). Cyclobutane connector highlighted in black (R = rhombus, H = hexagon).

FIGURE 8. X-ray structures: (a) [Cug(2,4'-tpcb)s(H,0)e]' 2™ (trigonal antiprism) encapsulating two ClO,~ ions and (b) [Cu,(2,4'-tpcb)4(H,0),]3+
(tetrahedron) encapsulating a NO5~ ion (color scheme: Cu, orange; C, gray; H, white; Cl, green; N, blue; O, red).

tion (e.g., recognition, catalysis).>3 The synthesis of a finite or
discrete self-assembled structure is achieved using a build-
ing unit with obtuse or acute corner angles (e.g., 90°, 120°).33
We have utilized products of template-controlled solid-state
reactions as corners of metal—organic polyhedra and
polygons.

In particular, reaction of 2,4'-tpcb with Cu(ClO,4), produced
the hexanuclear polyhedron [Cug(2,4'-tpcb)g(H,0)6]'2". The
topology conformed to a trigonal antiprism (Figure 8a).** Each
cyclobutane interacted with three different Cu(ll) ions wherein
the 4-pyridyl and 2-pyridyl groups served as monodentate
and chelating ligands, respectively. The corners were, thus,

provided by the chelation of the 2-pyridyl groups. Each Cu(ll)
ion adopted a square pyramidal coordination geometry and
occupied a vertex of the polyhedron. The polyhedron was
filled by two CIO, ™ ions. Similarly, reaction of 2,3'-tpcb with
Cu(NO3), produced the tetranuclear polyhedron [Cu,(2,4'-
tpcb)4(H,0),]2* with a structure that conformed to a tetrahe-
dron.** The topology was chiral. The chirality was a result of
the geometric fit of the cyclobutane ligands. The central cav-
ity was occupied by a NO3™ ion.

The photoproducts have also been corners of molecular
polygons.>> Reaction of 2,4'-tpcb with Cu(hfac), produced a
tetranuclear rhomboid. The edges were defined by the 4-py-
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FIGURE 9. Microscopy images of 2(res)- 2(4,4'-bpe) nanostructured
cocrystals (a) before and (b) after UV irradiation (circles and arrow
highlight crystals that remain intact and crack, respectively).

ridyl groups, while opposite corners were defined by two Cul(ll)
ions and two cyclobutane rings. The 2-pyridyl groups che-
lated metal ions along the periphery. This approach was also
extended to 4-pyr-ph-cb-Cl. 2,4'-Tpcb represented a rare
example of a ligand that supports both a polyhedron and
polygon.*%>3

Nanostructured Cocrystals

Reactions that proceed in the solid state involve movements
of atoms." "7 For a topochemical [2 + 2] photodimerization,
each C atom moves on the order of 0.70 A to form a cyclobu-
tane ring. The movements are accompanied by accumulations
of stress and strain in the solids, which can cause single crys-
tals to turn opaque or form powders. Although methods to
affect whether an organic solid-state reaction proceeds via a
SCSC transformation have emerged (e.g., tail-end absorp-
tion),>® crystals that undergo SCSC [2 + 2] photodimerizations
and SCSC reactivity in general®” remain rare.

Following work of Nakinishi,>” we aimed to achieve a SCSC
reaction of the cocrystal 2(res)- 2(4,4'-bpe) by reducing crys-
tal size. Studies had shown that organic crystals can exhibit
SCSC reactivity by reducing crystal sizes to nanometer-scale
dimensions.>” Rapid precipitation is typically used to gener-
ate such solids. We discovered, however, that rapid precipita-
tion did not afford nanocrystals of 2(res) - 2(4,4'-bpe).>® Micro-
and millimeter-sized cocrystals with irregular morphologies
formed, and the crystals cracked upon photoirradiation. The
formation of the large and irregular crystals was attributed to
a mismatch of solubilities of the res and 4,4'-bpe components
of the solid.

Nanostructured cocrystals of 2(res)-2(4,4'-bpe) did form,
however, via sonocrystallization (Figure 9).°8 In particular, we
applied ultrasonication during a rapid precipitation of
2(res)- 2(4,4'-bpe). The resulting single crystals exhibited uni-
form morphologies with sizes ranging from 200 nm to 5 um
(Figure 9a). That nanostructured solids formed using sonoc-
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rystallization was attributed to effects of cavitation, which can
provide an environment that favors both rapid solubilization
and precipitation of the components. UV irradiation resulted
in a SCSC transformation of the nanocrystals, while the larger
crystals exhibited cracks (Figure 9b).

Summary and Outlook

In this Account, a method to control reactivity using princi-
ples of supramolecular and organic solid-state chemistry has
been outlined. The method employs templates that juxtapose
olefins for intermolecular [2 + 2] photodimerizations. Suc-
cess lies in the ability of the templates to enforce stacking
within OD supramolecular assemblies, or supermolecules,
which have structures largely independent of long-range pack-
ing. The reliability and generality of the approach has enabled
us to readily form products and use the products to construct
metallosupramolecular assemblies and MOF materials. We are
currently expanding this method such that a toolbox of non-
covalent bonds and recognition motifs can be applied as syn-
thons to assemble and preorganize a wider range of olefins.
The roles of cocrystals in supporting this approach will con-
tinue to be developed.
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CONSPECTUS

Understanding molecular recognition of supramolecules for - o
solid substrates is essential for designing chemical sensors and % b
molecular devices. The rules of molecular recognition are well \ 'S 3
established at the level of single molecules. However, during the 3 5% / 4 % I
transition from molecular-scale devices to macroscopic devices, 4 4

issues concerning control over recognition that are well-established
at the molecular level become much more complex. Hopefully, the
conceptual and practical considerations reported here will darify
some of these issues.

The immune system uses antibodies to identify molecular sur-
faces through molecular recognition. Antibodies are thus appro- e \
priate tools to study the rules of macromolecule—surface
interactions, and this was done using crystal surfaces as substrates.
Crystals can be formed or introduced into organisms and should
be thus treated by the organism as any other intruder, by eliciting antibodies specific to their surfaces.

A structure-recognizing antibody is defined here as complementary to a certain ordered supramolecular organization. It can
be considered as a mold bearing in its binding site memory of the organization against which it was elicited. On the surface of a
crystal composed of relatively small organic molecules, an antibody binding site would encompass an array of 10—20 molecular
moieties. The antibody binding site would not detect one molecule, but rather a two- or three-dimensional molecular arrange-
ment on the surface, similar to a macromolecular surface. The complementarity between antibody binding site and surface is sup-
ported by stereoselective supramolecular interactions to the repetitive structural motifs that are exposed at the surface.

A procedure was developed in order to isolate monoclonal antibodies that specifically recognize a certain crystalline sur-
face. The procedure was applied in particular to crystals of cholesterol monohydrate, of 1,4-dinitrobenzene, and of the trip-
eptide (S)leucine-(S)leucine-(S)tyrosine (LLY). A series of antibodies were selected and studied, three of which provided reliable
specific antibody—antigen structural models. The three docking models show an astounding geometrical and chemical match
of the antibody binding sites on the respective crystal surfaces. We also showed that antibodies are intrinsically capable of
recognition at the length scale necessary for detection of chirality.

Once the structural parameters determining the antibody specificity to the target surfaces are characterized, the anti-
bodies may be conceivably used as reporters of the existence and location of target domains with similar structure in bio-
logical milieus. In this context, we developed and characterized monoclonal antibodies specific to crystalline mixed monolayers
of cholesterol and ceramide, fundamental building blocks of lipid microdomains in cellular membranes. When used on cells,
one antibody indeed labels cell membrane domains composed of cholesterol and ceramide.

The fundamental contribution of the approach developed here may be in the antibody ability to report on the struc-
tural organization of paracrystalline domains that cannot be determined by other means. Alternatively, structure-recogniz-
ing antibodies may be conceivably used to carry information or build connections to specific targets, which may offer
interesting developments in medicine or electronics.
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Introduction

Molecular recognition between biological macromolecules and
their substrates, such as antigen—antibody, DNA—protein,
carbohydrate—lectin, is an essential component of the molec-
ular basis of life. Within the framework of surpramolecular
chemistry, J. M. Lehn defined molecular recognition as bind-
ing and selection of substrate(s) by a given receptor mole-
cule, mediated through a structurally well defined pattern of
noncovalent intermolecular interactions.’

Supramolecular chemists nowadays try to design complex
new molecular functions based on inspiration from biologi-
cal systems and with applications to medical devices as well
as in the fields of electronics and the materials sciences.?™*
Understanding molecular recognition in supramolecules and
recognition of supramolecules for solid substrates is essen-
tial for designing chemical sensors and molecular devices.
However, during the transition from molecular-scale devices
to macroscopic devices, issues concerning control over recog-
nition that are well-established at the molecular level become
much more complex. The question of how biological macro-
molecules recognize organized solid surfaces has not been
studied in detail, mainly because it was considered mostly, if
not totally, nonspecific. Indeed, hydrophobic or electrostatic
interactions are dominating factors that in general result in
denaturation of proteins and of macromolecules upon con-
tact with solid surfaces. But is this inevitable?

Researchers have recently been trying to apply the funda-
mental principles that have been established concerning rec-
ognition at the molecular level to larger length scales.>™” We
wish to understand how molecular recognition is manifested
at interfaces between macromolecules and organized surfaces,
such as two- or three-dimensional crystals, at length scales
ranging from nanometers to micrometers; up to 10 000 times
larger than the angstrom scale of molecules. “Crystals are
supermolecules par excellence”® and thus are especially suit-
able for the study of molecular recognition at higher length
scales.

The important lesson that emerged early on from studies
of biomineralization is that biological macromolecules may
control many aspects of crystal formation.® They do so by vir-
tue of matching the macromolecular structure to the crystal
structure on one particular plane. Unfortunately, the structure
of the proteins involved in direct interactions with the crys-
tals in biomineralization are still largely unknown, such that
the three-dimensional complementarity between these mac-
romolecules and the mineral surfaces can only be indirectly
deduced from studies on crystal growth, crystal morphology,
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FIGURE 1. Model of an antifreeze protein aligned to the prism face
of ice. Red spheres represent oxygen atoms. Dotted red lines
highlight the two-dimensional match of threonine residues to the
ice planes. Reproduced from ref 13 with permission. Copyright
2002 Elsevier.

and X-ray diffraction of the minerals.’®~'? One exception to
this general dearth of information is in the area of antifreeze
proteins, where the X-ray structure of some proteins was
determined. The protein structures were subsequently docked
to the ice crystal structure, and models showing good comple-
mentarity were proposed (Figure 1).'37'>

An in depth understanding of molecular recognition
between macromolecules and organized surfaces would
require, however, a systematic study of protein—crystal com-
plexes. This is still inherently difficult because even the most
advanced technological tools can barely tackle the formida-
ble task of investigating protein structures at interfaces.'®

Antibodies are the tools that vertebrates evolved to tag for-
eign antigens invading the organism. They do so by virtue of
molecular recognition. Each antibody tags one or more spe-
cific antigens. Antibodies thus appear to be ideal to study the
rules of molecular recognition at interfaces with biological
environments.

Crystals can be formed or introduced into organisms and
should be thus treated by the organism as any other intruder,
by eliciting antibodies specific to their surfaces. The question
that should be asked is thus: are antibodies capable of intrin-
sic pattern recognition of two- or three-dimensional repeti-
tive structures? If indeed they are, the next goal should be to
understand the rules of this recognition.

Antibodies recognize their targets by virtue of complemen-
tarity between their binding site and the target surface over an
area of typically 1000 A.'” On the surface of a crystal com-
posed of, say, relatively small organic molecules, an antibody
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FIGURE 2. (A) Schematic representation of a crystal lattice with three antibody binding sites interacting specifically with three different
crystal faces. Color code indicates different chemical character, for example, red denotes polar groups, yellow hydrophobic groups. None of
the antibody binding sites could recognize one isolated molecule because its shape and molecular moieties are not reproduced fully in any
of the surfaces. Conversely, a binding site encompassing only one to two molecules might easily fit any surface. (B, C) Face 3 is not
equivalent to face —3, because different molecular moieties are exposed. Binding of antibody 3 on face —3 is possible geometrically but not
chemically. (D—G) The affinity and subsequently the discriminating power of the three antibodies change on the different surfaces. (D, E)
Antibody1 binds more strongly to surface 1 than to surface 3 because the contact area is larger; (F, G) antibody 3 binds more strongly to

surface 3 than to surface 1 because the contact area is larger.

binding site would encompass an array of 10—20 molecular
moieties with a cross section of 50-100 A% (5-10 A x 5-10
A). The antibody binding site would thus not detect one mol-
ecule but rather a two- or three-dimensional molecular
arrangement on the surface, similar to a macromolecular sur-
face. A direct consequence of this pattern recognition is that,
at least in principle, one antibody should not recognize differ-
ent surfaces on the same crystal, if these are not symmetry-
related and thus identical (Figure 2).

Specificity of Antibodies Recognizing
Surfaces: General Considerations

Specificity, when discussing antibody recognition, is a mis-
leading term. At the beginning of the investigation of antibod-
ies, the classical lock-and-key concept was applied to antibody
recognition, in analogy to enzyme—substrate recognition. A
strict interpretation of this concept would imply that every
potential target has a complementary antibody binding site
that binds to it, which binds to nothing else but that specific
target. Subsequent studies on antibody binding have shown
that this is far from true.

A well-studied case is that of an antibody raised and
selected to recognize a dinitrophenyl target (hapten). This anti-
body was found to bind to vitamin K and other haptens that
do not have any molecular similarity to dinitrophenyl.'®'°
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There is thus no predetermination for a specific target in anti-
body recognition, and this may be expected to hold true also
for antigens such as the repetitive organized surfaces of crys-
tals. A consequence of this conclusion is that all the antibod-
ies to any given surface could be ideally placed on a relative
binding scale, defining which antibody has a stronger affin-
ity for a certain surface in a certain environment. Some
ground rules of interaction may however be predicted to a cer-
tain extent, as discussed below and illustrated in Figure 2.

The binding affinity and the selectivity of structure-recog-
nizing antibodies will be determined by the balance of inter-
actions and their correct organization and orientation, as in
any other antibody—antigen complex.2°2" Crystal—antibody
interaction will, in addition, be regulated by the crystal struc-
ture and symmetry, which establishes which functional groups
are exposed at which surface and how they are organized
(Figure 2B,C). Because all interactions occur in an aqueous
environment, water is expected to play a crucial role in both
the enthalpy and entropy balance of the process and, in par-
ticular, in surface desolvation, water ordering, and establish-
ment of hydrophobic interactions.

Binding stability and selectivity will depend, in addition, on
the contact area of the binding site, on the cooperativity of the
interactions, and on the conformational freedom of the bind-
ing site. Across a large interface area, multiple interactions will





be established, thus increasing the chances of good discrim-
ination (Figure 2D—G). Multivalency, such as is found in anti-
bodies of the IgM isotype with 10 binding sites, will
cooperatively increase both affinity and discriminating power.
The ability to discriminate between different surfaces depends
also on the conformational freedom of the ligand, insofar as
this allows it to adapt to different patterns. Antibodies have
rather large binding sites (~1000 A?) and, due to strong
p-sheet backbone interactions, have strict limitations on the
conformation of the binding site loops.?? This notwithstand-
ing, there is still a certain conformational flexibility in anti-
body binding sites, which may reduce discrimination between
different surfaces.

In contrast to antibodies and for these same reasons, small
molecules such as peptides would be expected to perform less
well in discrimination of similar surfaces, because of their
small contact area and large conformational freedom.

When dealing with crystals as antigens, it must also be
taken into account that steps, kinks, or imperfections, such
as dislocations, have a tendency to adsorb nonspecifically
any additive or impurity present in the medium. These
high-energy sites must be neutralized by a competitor to
allow the detection of specific interactions. If this is not
done, nonspecific adsorption will overwhelm the specific
interactions, preventing their detection. It is therefore impor-
tant in general to perform binding experiments in the pres-
ence of a competitor in concentrations higher than that of
the antibody of interest by an order of magnitude to avoid
nonspecific binding.

Monoclonal Antibodies That Specifically
Recognize Structured Surfaces: Examples

Based on the considerations above, a procedure was devel-
oped in order to isolate monoclonal antibodies that specifi-
cally recognize a certain surface. The procedure was applied
to a number of crystals, in particular to crystals of cholesterol
monohydrate (Scheme 1),23 of 1,4-dinitrobenzene,?* and of
the tripeptide (S)leucine-(S)leucine-(S)tyrosine (LLY).%* Figure 3
summarizes the sequence of steps involved, together with
some examples of the specific systems. A series of antibod-
ies were selected and studied, three of which provided
reliable specific antibody—antigen structural models
(Figure 4).2627

The three docking models show an astounding geomettri-
cal and chemical match of the antibody binding sites on the
respective crystal surfaces. The flat crystal surface in panel A,
the stepped crystal surface in panel B, and the ridge and
groove motif in panel C are matched by the antibody bind-
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ing sites, which are flat or stepped or penetrate the groove
and hug the ridge structure of the crystal surface, respectively.
The interactions also appear to be well-matched and comple-
mentary (Figure 4).

None of the antibodies has many charged residues in the
binding site. On the contrary, it was observed for antibodies
selected against different crystals that the presence of sev-
eral charged residues leads to the absence of binding
specificity.2%2” This can be rationalized when considering that
electrostatic interactions are strong and isotropic, and crystal
surfaces can easily be locally polarized. A charged antibody
can also easily overwhelm a competitor, even when present
in greater concentration, and bind to imperfections and high-
energy sites nonspecifically.

Use of Chirality and Stereospecificity as a
Tool for the Study of Antibody Recognition

The driving force for the selectivity of the antibodies to differ-
ent crystal faces might conceivably be due to the general
chemical character or the general topography of the surfaces,
while their exact spatial organization and interactions are not
important for binding specificity. Thus antibody 36A1 might
bind to the (301) face of cholesterol because it has a mixed
hydrophobic—hydrophilic character (Figure 4A), and antibody
122B1 might bind to the (101) face of 1,4-dinitrobenzene
because it is flat relative to the other faces (Figure 4B).

To better understand the interplay of the surface geomet-
rical and chemical parameters on antibody recognition, chem-
ically equivalent systems differing only in their geometry were
studied, using chirality and stereoisomerism as a tool. In par-
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A

Selection of antibodies
Choice of crystal system
Development of mmunization,
screening
Choice of appropriate controls

Characterization of binding
Crystal face selectivity determination
Techniques: immuno-flourescence,
ELISA, immuno-gold labeling, SPR

5

Cc

Sequencing
Sequence determination of antibody
variable regions by molecular
biology techniques

CDRL1 CDR L2 CDRL3
36A1 SQSLLYSSNQKNY WAS YYSYPY
122B1 SQSIGTSSNQKNS YAS SNYWPF

48E  SQSLASSYGNTY YGISN GTHQPP

CDR H1 CDR H2 CDR H3
36A1 GFSLTSY AGG VYYGYAM
122B1 GYAFTNY PGSG SLYYGNY
48E GYTFTSY YPGNG  GPIYYGSSLYF

D

Modeling of binding site
CDR conformations based on
canonical structures and X-ray
structures
of antibodies with high similarity
Energy minimization

E

Docking on the surface
Geometrical
Program Molfit, with or without further
energy minimization.

See Figure 4

FIGURE 3. Steps A—E in the procedure involved in isolating and characterizing a structure-recognizing antibody, with illustrative examples
for the antibody—crystal systems in Figure 4: (A) crystals of cholesterol monohydrate (left),>® 1,4-dinitrobenzene (center),>* and LLY (right);?>
(B) left, immunofluorescence labeling of a cholesterol monohydrate crystal with antibody 36A1;%3 center, immunocolor labeling of a 1,4-
dinitrobenzene crystal with antibody 122B1;2° right, immunocolor labeling of a LLY crystal with antibody 48E;?* (C) sequences of the

complementarity-determining regions (CDR) in antibodies 36A1,2® 122B1
(left),2® 122B1 (center),?® and 48E (right).?”

ticular, when enantiomorphous crystals are used as a charac-
terization tool, any differences in chemical specificity are
eliminated because the surfaces expose the same chemical
moieties. The effect of the geometrical—stereochemical match
can thus be isolated.

Antibody 36A1 was raised and selected against cholesterol
monohydrate crystals. The antibody recognizes specifically
also monolayers of cholesterol at the air-water interface.*®
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,%¢ and 48E;?” (D) modeling of the binding sites of antibodies 36A1

Although exact binding constants cannot be derived for these
systems, the binding affinity is extremely high, judging by the
fact that the first detectable binding occurs at an antibody con-
centration in solution of 10~"" M and saturation is reached at
1079 M. *°

The same antibody (36A1) does not bind, however, to epi-
cholesterol monolayers, where the hydroxyl group is in the
3a-position (axial) instead of the 3pg-position (equa-





FIGURE 4. Docking model of three antibody binding sites (polar
residues are orange, hydrophobic are yellow, aromatic are
purple, and backbone is gray) on the surfaces of the respective
crystals (green represents C, red O, blue N, and cyan water): (A)
36A1 on the (301) face of cholesterol monohydrate; the
molecular step on the crystal has a hydrophilic and a
hydrophobic side, matched by the antibody binding site with
hydrophilic and hydrophobic groups;2® (B) 122B1 on the (107)
face of dinitrobenzene; the aromatic groups, exposed edge-on to
the flat crystal face in a stacked herringbone motif are well-
matched by five aromatic side chains and various polar groups
of the antibody;?® (C) 48E1 on the (011) face of LLY; the
hydrophobic and hydrophilic groups exposed on the crystal
surface along the groove walls and the ridge surface are
matched one-to-one by the antibody.?”
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torial) 3°(Scheme 1). The change in the angle between the
headgroup and the rigid cholesterol backbone in epicholes-
terol must impose different packing of the molecules in the
monolayer, eliminating antibody recognition. This is made
even more evident by the lack of recognition of the antibody
for ergosterol (Scheme 1), where the stereochemistry of the
hydroxyl functional group is 34 as in cholesterol.?' The rea-
son in this case can be attributed only to the molecular orga-
nization of ergosterol, rather than to the stereochemistry of the
single molecule.

Antibody 36A1, however, binds to monolayers of entcho-
lesterol, the enantiomer of cholesterol (Scheme 1) with the
same affinity as to cholesterol monolayers.?? In this case, the
monolayer has by definition the same structural organization
as that of cholesterol, but the molecules and consequently the
surface lattice patterns are enantiomeric.

The recognition of antibody 36A1 on cholesterol mono-
layers is thus stereoselective but not enantioselective. This
may be explained when considering that the antibody bind-
ing site interacts with an array of hydroxyl groups arranged at
defined distances on one side of the steps and with a hydro-
phobic domain on the other side of the step (Figure 4A), iden-
tical to the interaction with the enantiomeric structure. It does
not recognize or interact directly with chiral centers that are
entirely exposed at the surface.

There is however an example in which the antibody rec-
ognition is both stereoselective and enantioselective. Anti-
body 48E recognizes the {011} faces of the tripeptide
(S)leucine-(S)leucine-(S)tyrosine crystals (Figures 4C and 5B).
The antibody however, does not recognize the {011} crystal
faces of the tripeptide (R)leucine-(R)leucine-(R)tyrosine (Figure
5A). In this case, the recognized face must explicitly express
the chirality of the molecules resulting in a distinctly asym-
metric surface, although this is far from obvious from visual
inspection. Interestingly, the geometrical docking program
MolFit did not distinguish between antibody docking on the
two enantiomorphs.?” The antibody discrimination is thus
higher than what the modeling may predict.

When an antibody distinguishes between chemically equiv-
alent enantiomorphous surfaces, this directly implies that there
are surface geometrical differences at the length scale at
which chirality is manifested at the surface. When it does not,
however, it cannot be concluded that the chirality is not
expressed or that the geometrical differences are minute. Anti-
body binding sites are flexible and may withstand some steric
modification if energetically compensated. Moreover, intrin-
sic specificity varies from one antibody to another in their
interactions with the same crystal face. Thus, antibody 602E,
February 2008
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FIGURE 5. Docking of antibody 48E on the (017) face of (RR,R)-LLY (left) and on the (011) face of

N 5

(5,S,9)-LLY (right). Color code is the same

as in Figure 4, except carbon atoms are dark gray. The antibody—antigen complexes are very similar, yet the antibody is enantiospecific.?”

also specific to LLY crystals, is not enantiospecific and only
mildly stereoselective in its interactions with the various crys-
tal surfaces.?>’

We conclude from all the above that antibodies are intrin-
sically capable of recognition at the length scale necessary for
detection of chirality. The interaction is not determined, how-
ever, by the surface properties exclusively, and the appropri-
ate antibody must be selected with care. The screening
process may help eliminate nonspecific antibodies, but an
extensive characterization of the antibody prior to its use as
reporter at the level of stereochemistry and chirality is needed.

Use of Antibodies As Reporters of
Structural Organization in Biological
Systems

The remarkable complementarity and specificity observed
between the antibodies and the recognized surfaces hints at
the possibility of obtaining structural information on a biolog-
ical surface using the antibody as sensor of a specific and
known molecular organization.

Kruth et al. provided a proof-of-concept using antibodies as
reporters of cell membrane domain structure in cholesterol-
enriched membranes of macrophages and fibroblasts.>? Anti-
body 58B1, which was selected for its recognition of
cholesterol monohydrate crystals,?® does not interact with the
surface of these cultured cells under normal conditions. Only
when the plasma membrane is enriched with cholesterol is
binding to the cells observed.?? The antibody specifically rec-
ognizes cholesterol when it is organized in the crystalline
form: it follows from the sensitivity of the antibody binding to
modulation of cholesterol levels in the cell that the recognized
cellular target consists of paracrystalline cholesterol domains
rather than of single molecules of cholesterol dispersed in the
cell membrane. The potential thus exists for the development
of monoclonal antibodies that detect structured domains
within the plasma membrane.

Ordered microdomains in eukaryotic cell membranes are
only one example of biological structures that cannot be
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unraveled with conventional biophysical or biological
techniques.®3~3® The existence of the so-called “lipid rafts” in
cell membranes is well established and accepted. Very little
information is however available on the molecular structure
and organization of these domains. The idea is to develop tai-
lor-made antibodies that recognize known molecular organi-
zations of lipids relevant to membrane domain composition
and to subsequently test them in biological membranes.®

The concept involves creating a lipid mixture relevant to
lipid domain organization in cells, determining its structure in
the form of monolayer, raising and selecting a specific anti-
body that selectively recognizes this structural organization,
characterizing the antibody binding on the artificial monolay-
ers, and finally using the antibody as reporter of the presence
of the characterized epitope in cell membranes (Figure 6).

In this context, we developed monoclonal antibodies spe-
cific to mixed monolayers of cholesterol and ceramide. One
of the developed antibodies was shown to be selective toward
crystalline cholesterol/ceramide mixed monolayers of known
structural organization®” but does not bind to separate cho-
lesterol or ceramide monolayers nor to phosphatidylcholine
monolayers (Figure 6A). It also does not bind to ergosterol/
ceramide monolayers.2’ On cells, the antibody labels cell
membrane domains.>® The antibody labeling is sensitive to
changes in cholesterol and ceramide levels, as well as to the
selective modulation of the levels of ceramides with differ-
ent acyl chain lengths.

The potential of these types of structure-recognizing anti-
bodies for providing information on biologically relevant sys-
tems such as cellular membranes is still to be demonstrated.
It is however important to stress that the fundamental contri-
bution of the approach developed here will be not in produc-
ing antibodies as tagging tools for single molecules but rather
in the antibody ability to report on the structural organiza-
tion of paracrystalline domains that cannot be determined by
other means.

Alving et al. were the first to suggest that the state of
molecular aggregation of cholesterol together with other mol-
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FIGURE 6. Immunofluorescence labeling (left) with antibody 405F, specific to a 60:40% cholesterol/C16-ceramide mixture of monolayers (1,
60:40% cholesterol/C16-ceramide mixture; 2, C16-ceramide; 3, phosphatidyl-choline; 4, cholesterol) where the antibody binds only to the
mixed phase of cholesterol and ceramide, which has a known crystalline structure®' and schematic representation (right) of the application
of the antibody to cells displaying the specific microdomain structure on the cell membrane.

ecules, rather than its molecular structure, may be recognized
by specific antibodies. They produced monoclonal antibod-
ies against liposomes composed of cholesterol and lipid
A.2940 However, considerable cross-reactivity with related lip-
ids was observed due to the presence in the binding site of a
subsite that recognized phosphate ions.*' Alving’s antibod-
ies may be able to recognize organized molecular micro-
domains on biological surfaces. Because the structure of the
liposome model system has not been determined, it is diffi-
cult to define, however, whether these antibodies pertain to
the same group of structure-recognizing antibodies discussed
here.

One consequence of the observations above is that anti-
bodies that have been raised and selected to identify single
lipid molecules must be used with caution in labeling cells and
tissues, because the state of aggregation and the environment
of the molecule determine whether it may be detected. Cho-
lesterol is a physiological component of cell membranes,
where it is dispersed at the molecular level among other lip-
ids. Only when its aggregation state is abnormal, such as in
cholesterol crystals or liposomes containing excess choles-
terol, may antibodies be raised against it. By the same token,
antibodies raised against other lipids may recognize not the
molecule but the molecular arrangement in which it appears.
Examples are three commercial anticeramide antibodies, gen-
erated for establishing the topology of ceramide generation or
subcellular localization.**** As long as nothing is known
about the structure of the target that is recognized or on the
characteristics of the antibody—antigen complex, caution
needs to be exercised in the interpretation of antibody label-
ing or lack thereof.

Structure-Recognizing Antibodies in
Medical Research

A structure-recognizing antibody is defined here as comple-
mentary to a certain ordered supramolecular organization. It
can thus be considered as a mold bearing in its binding site
memory of the organization against which it was elicited. This
concept may have both interesting and disturbing conse-
quences in pathological conditions.

The positive side of structural antibodies may be their
potential use in tagging pathological crystalline aggregates
and reporting on their presence and location. Thus, antibod-
ies against cholesterol monohydrate crystals may conceiv-
ably be used to report on the existence, location, and amount
of crystals in advanced atherosclerotic plaques, which con-
tain crystals of cholesterol monohydrate.**

The potentially negative consequence of structure-recog-
nizing antibodies is that such antibodies, preserving the mem-
ory of the crystal structure to which they bind, may reduce the
activation barrier to crystallization and stabilize crystal nuclei
by providing a template of the crystal surface in the correct
organization. Indeed, antibodies isolated from synovial fluids
of patients suffering from gout, and thus associated with the
pathological presence of monosodium urate monohydrate
crystals, were shown to accelerate in vitro the formation of the
respective crystals in new nucleation events.'®#> Analogously,
antibodies raised and selected against cholesterol monohy-
drate crystals accelerate the crystallization of cholesterol in
vitro.'® A consequence of such a process in living organisms
may be the amplification of crystal deposition in diseases
associated with pathological crystal formation, such as
gout*®*” (monosodium urate monohydrate), pseudogout (cal-
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cium pyrophosphate), osteoarthritis (apatite), kidney stones
(calcium oxalate and others), gall stones*® (cholesterol), and
others. Such amplification may be triggered by antibodies elic-
ited in the body by the crystals in a previous event. The same
mechanism may be operative in northern ocean fish harbor-
ing ice crystals in their blood.*°

Other pathological conditions are associated with deposi-
tion of physiological peptides and proteins in ordered molec-
ular organizations different from their native structure, such as
amyloid-related diseases. Amyloids are fibrillar aggregates
caused by pathological protein misfolding in a characteristic
cross-B conformation.>®>' More than 20 diseases have been
identified as amyloid-related, among them Alzheimer’s, Par-
kinson’s, diabetes type Il, and the well-known prion diseases.
Each disease is associated with the deposition of a specific
polypeptide in a specific body organ.

Recently O’'Nuallain et al. raised structure-recognizing anti-
bodies against the mature amyloid fibril state of the Alzhe-
imer’s peptide (AB;_40).>2 The antibodies distinguish between
the amyloid structure and the soluble structure of the pep-
tide, and also bind to other amyloid fibers, albeit with lower
affinity. This led to the suggestion that the antibodies are spe-
cific for a generic epitope that is characteristic to the amyloid
structure.

Kayed et al. produced structure-recognizing antibodies that
bind to soluble amyloid oligomers of the Alzheimer’s pep-
tide.>® The resulting antibodies are specific to a common
generic target present in the oligomer structure but not in the
native or mature amyloid fiber structure. In addition to the
information that can be derived from these experiments on
the structure of amyloids and of their intermediates on the
pathway to mature fibers, there could be medical implications
to these experiments.>*>> Kayed et al. showed that the anti-
bodies reduce the toxicity of the different amyloidogenic pro-
tein oligomers, suggesting that they could be used as passive
vaccines. In the absence of precise knowledge on the struc-
ture of the antibody—antigen complex, these concepts must
however be considered with great caution.

Antibodies as Sensors in Electronics

A different approach in the use of molecular recognition of
surfaces emerged in nanotechnology. Achieving discrimina-
tion of semiconductor surfaces by specific ligands, such as
antibodies, could provide a powerful tool for the assembly of
devices at molecular length scale. The approach is fundamen-
tally different from that discussed above, insofar as the dis-
crimination is planned to occur between a defined number of
predetermined surfaces rather than among a large number of
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unknown substrates with unknown organization, such as in
biological systems.

Barbas et al.>® used phage-display techniques to select
semisynthetic antibodies interacting with magnetite, establish-
ing the potential of this technique for production of surface-
selective ligands. The procedure involves the presentation of
large peptide and protein libraries on the surface of filamen-
tous phages and allows the selection of peptides and proteins,
including antibodies, with high affinity and specificity for
almost any target.>”>® Phage-display libraries were subse-
quently used for the selection of ligands binding to inorganic
surfaces such as semiconductors, silica, and metals.>9~¢"

Whaley et al.>® claimed that combinatorial phage-display
libraries can be used to develop short peptides (12 amino
acids) that bind to a range of semiconductor surfaces with high
specificity, depending on the crystallographic orientation of
the semiconductor. It was however subsequently shown that
even the phage itself, without the peptide, binds through its
coat protein to the same facet of GaAs as observed by Wha-
ley et al.°® The mechanism underlying the process of molec-
ular recognition between the semiconductors and the peptides
thus still has to be demonstrated. In addition, even assuming
that the short peptides are specific when bound to the phage,
when unbound in solution they may lose their specificity
because of the large conformational freedom.

By the use of phage-display technology, antibody frag-
ments that selectively bind to GaAs facets were recently pro-
duced.?® In this case, the antibody fragments were selective
to the specific crystal faces even when separated from the
phage and in the presence of a competitor. Although the rec-
ognition mechanism is still uncertain, this study establishes the
basis of future use of antibodies binding to inorganic surfaces
in nanotechnology.

Concluding Remarks

The questions that were asked at the outset can now be
answered with more assurance: interactions between proteins
and crystal surfaces may be specific, and antibodies are intrin-
sically capable of recognizing two- and three-dimensional
repetitive structures. The rules of the game are however not
straightforward, and caution must be exercised in the choice
of the substrate and in the characterization of the antibody—an-
tigen interactions. In molecular crystals, specific antibodies have
good geometric and chemical complementarity to their targets.
Possible applications of such structure-recognizing antibodies are
conceivable in biology, medicine, and electronics, in order to
obtain information that cannot be directly achieved by other
means or to transfer information from one system to another. A





particularly careful approach should be taken when switching
from in vitro systems to biological systems, due to the enormous
variety and complexity of the substrates involved.
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CONSPECTUS

he reduction of diverse functional groups is an essential

protocol in organic chemistry. Transition-metal catalysis
has been successfully applied to the reduction of olefins,
alkynes, and many carbonyl compounds via hydrogenation
or hydrosilylation; the latter presenting several advantages
over hydrogenation. Notably, hydrosilylation generally occurs
under mild reaction conditions, and consequently over-re-
duced products are rarely detected. Moreover, the great
majority of hydrosilanes employed in this reaction are eas-
ily handled, inexpensive, or both.

A large number of multiple bonds can be involved in this
context, and the hydrosilylation reaction can be regarded as
a useful method for the synthesis of silicon-containing organic
molecules or a convenient way of reducing organic com-
pounds. Furthermore, the silyl group can also be retained as
a protecting group, a strategy that can be of great useful-
ness in organic synthesis.

Since the first Wilkinson’s catalyst-mediated hydrosilylation of ketones in 1972, metals such as rhodium and iridium have
attracted most of the attention in this area. A wide array of catalytic systems for hydrosilylation reactions is nowadays avail-
able, which has allowed for a great expansion of the synthetic scope of this transformation.

After having been overlooked in the early years, group 11 metals (Cu, Ag, and Au), especially copper, have emerged as
appealing alternatives for hydrosilylation. The use of a stabilized form of copper hydride, the hexameric [(Ph,P)CuH],, by
Stryker represented a breakthrough in copper-catalyzed reduction reactions. Nowadays, several copper-based catalytic sys-
tems compare well with a variety of reported rhodium-based catalysts, which generally suffer from the high cost of the cat-
alyst. Tertiary phosphine ligands are the most widely used in these transformations. However, other families such as
N-heterocyclic carbenes (NHCs) have shown promising activities.

Compared with copper, little attention has been paid to silver- or gold-based catalysts. Silver salts have been consid-
ered inert towards hydrosilylation, and they are often employed as innocent anion exchange reagents for the in situ gen-
eration of cationic transition metal catalysts. Despite the rare reports available, they have already shown interesting reactivity
profiles, for example, in the chemoselective reduction of aldehydes in the presence of ketones. Furthermore, 1,2-hydride deliv-
ery is favored over 1,4-reductions for o, /-unsaturated carbonyl compounds, in contrast with most copper-based systems.

. ,
alon 0\

R2
=

R1

Introduction

Reduction of carbonyl and pseudocarbonyl func-
tions represents an essential protocol in organic
synthesis." Main group metal hydrides, especially
those of boron and aluminum, can accomplish this
transformation, but they are required in stoichio-
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metric amounts, which renders them unattractive
for practical, environmental, and economical rea-
sons. Transition-metal catalysis has been success-
fully applied to the reduction of olefins, alkynes,
and many carbonyl compounds via hydrogena-
tion or hydrosilylation.” Hydrogenation reactions
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often proceed in good yields but usually only under high pres-
sure or at elevated temperature. In contrast, since the first
report of metal-catalyzed hydrosilylation of ketones in the
presence of Wilkinson’s catalyst,3 smooth reaction conditions
can be employed, and consequently, over-reduction products
are rarely detected. Furthermore, the development of chiral
ligands has also allowed for the production of optically active
products under mild and simple conditions.

On the other hand, since a large number of multiple bonds
may be involved, the hydrosilylation reaction can be regarded
as a useful method for the synthesis of a whole family of sil-
icon-containing organic molecules or as a convenient way of
reducing organic compounds. In the hydrosilylation of carbo-
nyl compounds or imines, a hydrosilylation/hydrolysis se-
quence leads to the formation of alcohols and amines, but the
silyl group can also be retained as a protecting group, a strat-
egy that can be of great usefulness in organic synthesis.

Moreover, the great majority of hydrosilanes employed in
this reaction are easy to handle, inexpensive, or both. Poly-
methylhydrosiloxane (PMHS) must be singled out as a very
convenient and most inexpensive reagent.

This Account intends to give a general overview of the pos-
sibilities that metals of group 11 (Cu, Ag, and Au) can offer to
organic chemists in the context of hydrosilylation reactions.*
Although phosphine ligands have been most widely used for
these transformations, here a special focus will be made on
the utilization of N-heterocyclic carbenes (NHCs).>

Copper-Based Catalytic Systems

a. Hydrosilylation of Carbonyl Compounds. The “Cu—H" is
among the earliest metal hydrides reported in the literature,®
but for a long time it was considered to have limited poten-
tial as a reagent in organic chemistry.” A stabilized form of
copper hydride, the hexameric [(Ph;P)CuH]g, was first reported
by Osborn,® and Stryker et al. demonstrated its usefulness in
conjugate reductions of a number of a,f-unsaturated carbo-
nyl derivatives with high regioselectivity.® The main draw-
back of this complex is that it is most effective as a
stoichiometric reducing agent. Catalytic reactions under hydro-
gen atmosphere have been reported, but very careful moni-
toring is required in order to avoid important formation of
over-reduced products.'® Combination of Stryker’s catalyst
with a hydrosilane as hydride source allowed for the regiose-
lective conjugate reduction of carbonyl compounds under
mild conditions.'’ Hydrosilylation can be performed asym-
metrically in the presence of a nonracemic ligand."? In situ
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SCHEME 1. [(NHC)Copper(l)]-Catalyzed Reductive Aldol
Condensation

o E
L, « J
R!”R? R3
R'=Alkylor Aryl  R3®=HorMe
R?=H or Me E = CO,Me, COMe or CN
[(IMes)Cu(DBM)] (1 mol %)
Me(EtO),SiH (1.2 equiv)
Toluene, RT
70 - 80%
OSi(OEt),Me OSi(OEt),Me
R27|\/E * RZ-AE
R' = R' :
.\R3 ~R3

major
DBM = dibenzoylmethanoate

generation of the active species from a copper salt, the Ii-
gand of choice, and a base is also an efficient and simple
method.'?

Alternatively, when using a copper hydride as reducing
agent in a conjugate reduction, the copper enolate interme-
diate can be directly engaged in further reactions rather than
quenched. The intramolecular conjugate reduction/aldol con-
densation tandem reaction was first explored with Stryker’s
reagent as a stiochiometric'* or catalytic'® source of hydride.
The use of other ligands, mainly diphosphines, has allowed for
the generalization of this methodology.'® To date, there is a
single example involving NHC ligands in this tandem reac-
tion."” With an IMes (IMes = N,N'-bis(2,4,6-trimethylphe-
nyl)imidazol-2-ylidene) ligand, the direct reduction of the
electrophiles (aldehydes or ketones) was minimized, and good
yields were obtained from a number of electrophilic double
bonds (Scheme 1). A reasonable anti diastereoselectivity was
obtained with this catalytic system.

Interestingly, the conjugate reduction of ketones can be cat-
alyzed by simple copper(l) salts when 1,3-dimethylimidazoli-
dinone (DMI) is used as solvent, which most probably also acts
as a ligand."® This system was also the first one used for the
hydrosilylation of simple ketones although the process was
stoichiometric in copper.'®

Lipshutz et al. achieved the catalytic hydrosilylation of
ketones and aldehydes with Stryker’s catalyst and different
hydrosilanes.?° Further studies, notably regarding the stoichi-
ometry of the reagents and the influence of the ancillary
ligand,?' led to the effective formation of silyl ethers in high
yields at room temperature (Scheme 2).

Additionally, asymmetric versions of this reaction were
reported by the Lipshutz group. Aromatic ketones could be
reduced by PMHS in excellent yields and optical purities using
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SCHEME 2. Copper-Catalyzed Hydrosilylation of Ketones

CuCl (0.5 mol %), L (0.1 mol %)

NaOBu (3 mol %) OSiEt,

R "R?  E,SiH (1.2 equiv), Et,0, RT R'” “R2

B

SCHEME 3. Asymmetric Copper-Catalyzed Hydrosilylation of
Aromatic and Heteroaromatic Ketones

CuCl (3 mol %), L* (3 mol %)

j\ NaOBu (3 mol %) JO\H
R!” "R? PMHS (1.2 equiv) R'"*"R?

Toluene, -50 or -78°C

R' or R2 = Heteroaromatic

Bu

o OMe

<

0 P Bu /2

0 P. Bu

.g

© ome/,
Bu

68 - 98%, 51 - 99% ee

R' or RZ = Aromatic

f%i

2
85 - 99%, 67 - 95% ee

SCHEME 4. Copper-Catalyzed Asymmetric Hydrosilylation of
Ketones under Aerobic Conditions

GuF, (1 mol %), L* (1 mol %)

e} PhSiH; (1.2 equiv) OH
R"” "R? Toluene, RT, air R+« ~R2
79 -100%
20 -92% ee

CO,
oy

(S)-BINAP

L*=

a chiral Roche BIPHEP ligand (Scheme 3).%2 In the hydrosily-
lation of heteroaromatic ketones, a SEGPHOS ligand was used
instead, in order to ensure good asymmetric inductions.*>

The use of Cu—F systems was first studied for the conju-
gate reduction of a,f-unsaturated ketones in stoichiometric
conditions.?* Concomitant with Lipshutz’s work, Riant et al.?>
reported that the combination of copper(ll) fluoride with a
chiral phosphine catalyzed the hydrosilylation of ketones with
moderate to excellent enantioselectivities (Scheme 4). Low cat-
alyst loadings (down to 0.05 mol %) and compatibility with
the presence of water are important features of this catalytic
system, but above all, an interesting accelerating effect of oxy-
gen allowed for the reactions to proceed under aerobic con-
ditions. Similar results using a dipyridylphosphine were later
reported by Wu and co-workers.?®

Vol. 41, No. 2

SCHEME 5. BINAP-Based Asymmetric Hydrosilylation of Ketones
CuCl (5 mol %)
(R)-BINAP (5 mol %)
NaOBu (5 mol %)

- - 99 - 75%
PhMeSiH; (4 equiv) 165 -97% ee
Toluene, -78°C
o then NaOH, MeOH OH
Ar R Ar” =R

Cu(OACc),'H,0 (3 mol %)
(S)-BINAP (3 mol %)
Ph,SiH, (2 equiv)

T96—8‘I%
79 - 89% ee

Toluene, 0°C, then TBAF

SCHEME 6. Postulated Intermediates for the Silane-Dependent
Hydrosilylation Reactions

R SHR,
— [ LCu-H
A
P H

R
[ Cu—H + R,SiH, —
P

P _H
L . [jcl( SSiHR,
P OH

It is important to note that the beneficial effect of oxygen
is not general to all Cu—F systems and oxygen inhibition
rather than acceleration was observed in the conjugate reduc-
tion of nitroalkenes®” or o,B-unsaturated dinitriles,?® for
example.

A last advantage of Riant’s catalytic system is the use of
BINAP, an inexpensive and readily available ligand. The use
of BINAP in ketone hydrosilylation has been further studied
with two different copper sources, CuCl*® and the air and
moisture stable Cu(OAQ), - H,0.2° Both systems proved highly
efficient, and the corresponding chiral secondary alcohols
were obtained in good yields and ee’s (Scheme 5).

Interestingly, whereas the enantioselectivity of the reac-
tion was highly dependent on the nature of the silane in the
presence of CuCl, no such effect was observed when using a
copper(ll) salt. This suggests two distinct mechanistic path-
ways. In particular, two intermediates that would account for
the silane effect in the presence of copper(l) salts have been
postulated: a copper(lll) intermediate resulting from an oxida-
tive addition to a copper(l) hydride or a pentacoordinate sili-
con species generated by the interaction of the same hydride
with a molecule of silane (Scheme 6).

Although no asymmetric versions have been reported yet,
N-heterocyclic carbenes have been shown to be interesting
alternatives to phosphines for the copper-catalyzed hydrosi-
lylation of carbonyl groups. [(NHC)copper(l)] complexes,
[(IPr)CuCl] in particular (IPr = N,N'-bis(2,6-diisopropylphe-
nyl)imidazol-2-ylidene), were first reported as catalysts in con-
jugate reduction reactions of a,-unsaturated esters and cyclic
enones.?' High yields were obtained in both reactions in tol-
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SCHEME 7. [(IPr)CuCl]-Catalyzed Hydrosilylation of Different
Carbonyl Compounds

0 [(IPNCUCI] (0.1-3 mol %) o
NaO'Bu (0.1-3 mol %)

R? Toluene, RT, 1-3 h M e

PMHS (1.03 equiv)

o} [(IPHCUCI] (0.3-2 mol %) o}

{] _: [ 1
NaOBu (0.3-2 mol %) Eto)j:R
2

PMHS (1.03-4 equiv)

Ph” "R 'BUOH (4 equiv) Ph” "R
Toluene, RT, 1-4 h 91 - 93%
[(IPr)CuClI] (3 mol %)
j\ NaO'Bu (6-12 mol %) OSiEt,
R! R? Et3SiH (3 equiv) R! R2
Toluene, RT, 0.75-3 h 82 - 96%

uene at room temperature (Scheme 7). Our concomitant work
showed that the same complex could be used in the hydrosi-
lylation of simple ketones to afford the corresponding silyl
ethers in excellent yields.>* For both transformations, the in
situ generation of the active species from a copper salt, a
ligand precursor, and a base was studied and represents an
efficient and simple method. Related copper complexes bear-
ing a tetrahydropyrimidin-2-ylidene have also been reported
to be active in the hydrosilylation reaction of ketones and
aldehydes.??

Despite encouraging preliminary studies, modest results
were obtained for hindered ketones in the presence of
[(IPr)CuCl]. Even if total conversions could be obtained at 80
°C, higher temperatures or extended reaction times were
required for the most challenging substrates.?*

A close examination of the ligand influence on the reac-
tion showed that ICy (ICy = N,N'-bis(cyclohexyl)imidazol-2-
ylidene) was the most suitable ligand for encumbered
substrates. It is noteworthy that the bulkiest carbenes, IAd and
[tBu (IAd = N,N'-bis(@adamantyl)imidazol-2-ylidene; [tBu = N,N'-
bis(tert-butyl)imidazol-2-ylidene) yielded the hydrosilylated
product in good reaction times (Scheme 8). These results
imply once more that not only steric but also electronic effects
are important in this reaction.?>

With [(ICy)Cudl], a number of ketones with varying conges-
tion around the carbonyl function could be reduced efficient-
ly: alkyl, aromatic, aliphatic, cyclic, and bicyclic ketones
(Scheme 9). Even highly congested starting materials yielded
the corresponding silyl ethers in high yields and acceptable
reaction times. The scope of this catalytic system was also
extended to ketones bearing diverse functional groups such
as amine, ether, or halogen.

Despite the broad scope of [(ICy)CuCl], ketones contain-
ing a pyridine or a thiophene ring led to disappointing
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SCHEME 8. NHC Screening for the Hydrosilylation of Dicyclohexyl
Ketone

CuCl, NHC-HBF, (3 mol %)

0 OSiEt.
NaO'Bu (20 mol %) =
Cy~ “Cy Et;SiH (5 equiv) Cy~ Cy
Toluene, 80°C
SlPr
&/ \ﬁ &/ \ﬁ CY’NVN i
Conv (t=1h) 20% 0% 100%
Max conv (time) 100% (4 h) 13% (24 h)
IAd ItBu
= ™~
NHC Q/NXN\@ %NXN%
Conv (t=1h) 35% 33%

Max conv (time) 100% (3 h) 100% (3.5 h)

SCHEME 9. [(ICy)CuCl]-Catalyzed Hydrosilylation of Hindered and
Functionalized Ketones

[(ICy)CuCI] (3 mol %)

o NaOBu (12 mol %) OSiEt,
R1/U\R2 Et;SiH (3 equiv) R1 R2
Toluene, 80°C
OSiEt OSiEt;
OSiEt,
1.5h, 93% 4h 91% 0.5h, 97%
OSiEt, Cl OSiEty OSiEt,
MeQO
N
I
1h, 93% 1.5h, 97% 0.5 h, 94%

results. The reactivity of different carbene precursors in the
hydrosilylation of the 2-acetylpyridine was closely exam-
ined. It was found that in the particular case of heteroaro-
matic ketones, the best results were obtained with SIMes as
ligand (SIMes = N,N'-bis(2,4,6-trimethylphenyl)-2,5-dihy-
droimidazol-2-ylidene).

Interestingly, it was also observed that copper(ll) salts could
be used in this reaction. Concomitantly, Yun et al. reported
that the hydrosilylation of ketones could be catalyzed by cop-
per(ll) salts in combination with an NHC ligand,® as it had
been previously shown with a chiral phosphine.3° For the
moment, no evidence is available to unequivocally establish
whether the active species is a copper(l) or a copper(ll) hydride.

Another family of NHC-containing complexes of general
formula [(NHC),Cu]X (X = PFg~ or BF, "), has recently been the
subject of a thorough study.” The activity of these cationic
bis-NHC complexes in the hydrosilylation of ketones was
examined, and both the ligand and the counterion showed a
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SCHEME 10. [(IPr),Cu|BF,-Catalyzed Hydrosilylation of Carbonyl
Compounds

[(IPr),Cu]BF4 (3 mol %)

o NaO'Bu (12 mol %) OSiEty
R1JJ\R2 Et;SiH (2 equiv) R "R?
THF, 1t - 55°C
OSiEt, OSiEt,
OSiEt, .
40 min i
50 min O OSiEt,
98%
7h 6h
99% 89%

(from ethyl phenylacetate)

SCHEME 11. Catalysts Comparison

o [Cu] (3 mol %) OSiEt,
NaO'Bu (12 mol %)
conditions
[(IPr)CuCI] [(IPr),Cu]BF,
Et;SiH (3 equiv)  Et3SiH (2 equiv)
Toluene, RT THF, RT
3 h, 83% 0.5h, 98%

o [Cu] (3 mol %) OSiEty
NaO'Bu (12 mol %)
Bt bl A

conditions

[(ICy)CuCl]
Et;SiH (3 equiv)

[(ICy);Cu]BF,
Et,SiH (2 equiv)

Toluene, 80°C THF, 55°C
0.5 h, 99% 1.5h, 98%
1.5 h, 50%3

¢ Reaction conditions: Et;SiH (2 equiv), toluene, 55 °C.

significant influence on the catalytic performance. Whereas
the ligand influence could not be rationalized by using pure
steric or electronic effect arguments, complexes with BF,~
counterion were systematically superior to their PFs~ ana-
logues. For instance, under the same reaction conditions,
cyclohexanone was quantitatively transformed into the corre-
sponding silyl ether in 2 h in the presence of [(IPr),Cu]PFg,
whereas only 30 min were required with the borate analogue.
Representative examples of the remarkable catalytic activity of
[(IPr);CulBF, are shown in Scheme 10: ketones (hindered or
not), aldehydes (also enolizable ones), and esters were suit-
able substrates for this copper complex.

Smoother reaction temperatures and a smaller excess of
hydrosilane are the obvious advantages of these cationic com-
plexes when compared with [(NHC)CuCl]. Moreover, when sub-
mitted to comparable reaction conditions, the cationic species
proved to be more efficient than their neutral analogues
(Scheme 11). Cyclohexanone was more efficiently reduced in
the presence of [(IPr),Cu]BF, than with its neutral analogue. For
more hindered ketones, the activity of [(ICy)CuCl] was com-
pared with [(ICy),Cu]BF, using dicyclohexyl ketone as sub-
strate. In this case, a faster reaction was obtained with the

SCHEME 12. Proposed Mechanism for the (NHC)Copper-Catalyzed
Hydrosilylation of Ketones

NaOBu
[(NHC)CUCI] — = [(NHC)CuO'Bu] + NaCl

OS|R3 R3S|H

[(NHC)CuH]
R3Si- O[Bu
R,SiH
O Cu(NHC) (NHC)HCu.,

R
\NHC)GU J

neutral complex but under more forcing conditions. However,
when comparable reaction conditions were used (T = 55 °C,
2 equiv of hydride source), the cationic complex was found to
be the optimum catalyst.

The proposed mechanism for the [(NHC)CuCl]-catalyzed
hydrosilylation of ketones is shown in Scheme 12. First, for-
mation of [[NHC)CuO¢Bu] from the starting complex and the
base would occur. Then, the active catalyst, an NHC copper
hydride species, would be formed by a o-bond metathesis
between the copper alkoxide and the hydrosilane. These steps
are supported by the isolation and characterization of both
complexes.®® Hence, [(IPr)CuH] was isolated as an unstable
dimeric complex that readily reacts with a terminal alkyne to
provide the corresponding hydrocupration product. Addition
of the copper hydride to the carbonyl would result in a cop-
per alkoxide that would undergo another o-bond metathesis
with the hydrosilane to form the expected silyl ether and
regenerate the active catalyst.>°

This mechanism is in agreement with the experimental evi-
dence for the phosphine—copper catalytic systems,*° but it
does not explain why an excess of base is generally required
in order to complete the reaction with NHC-based catalytic sys-
tems. Because it is well-known that hydrosilanes are prone to
nucleophilic attack, we proposed that the excess base that is
generally required could interact with the hydrosilane and
facilitate the second o-bond metathesis.

In the case of the cationic complexes, the activation step of
[(NHO),Cu]X toward hydrosilylation was investigated by 'H
NMR to find that one of the two NHC ligands is displaced by
tBuO™ in the presence of NaOtBu, producing the neutral
[(NHCO)CuOtBuU], direct precursor of the active species. The
released NHC, being nucleophilic,*' could then ease the
o-bond metathesis leading to the formation of the silyl ether.
It has been postulated that the difference of activity between
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SCHEME 13. Activation of [(NHC),Cu]X Complexes Toward
Hydrosilylation
‘B

[(NHC),Cu]X [(NHC)CuO'Bu] + NHC+ NaX
THF -
X =BF, 85%
X=PFg 30%

SCHEME 14. Copper-Catalyzed Asymmetric Hydrosilylation of
Imines

CuCl (6 mol %)
L* (6 mol %)
NaOBu (6 mol %)
90 - 99%
TMDS (3 equiv) 194 ~90% ee
N BuOH (3.3 equiv)
- oy Toluene, RT 7
R1J|\R2 ] HJ\J\’ Pixylyl),
Cu/C (5 mol %) R R2
L* (7 mol %)
PMHS (6 equiv) T 90 - 92%
99 -98% ee
Toluene, RT

then NaOH, MeOH
TBDS = tert-butyldiphenylsilane

these two catalytic systems would arise from the more effi-
cient activation of the hydrosilane by the NHC ligand than by
tBuO™.

Moreover, the previously mentioned counterion effect in
the catalytic studies could be rationalized as a consequence of
the difference in solubility in the reaction solvent of the inor-
ganic salts formed (Scheme 13).

b. Hydrosilylation of Unsaturated Functions Other
than Carbonyl Groups. As early as 1967, the copper-cata-
lyzed hydrosilylation of isocyanides was reported.*? It is there-
fore surprising to notice that the activity of copper hydrides
toward unsaturated groups other than the carbonyl bond
remains greatly unexplored.

Two catalytic systems for the copper-catalyzed hydrosily-
lation of imines have been reported so far. A SEGPHOS ligand
has been shown optimal for the effective asymmetric hydrosi-
lylation of aryl ketimines at room temperature. A diphe-
nylphosphinyl moiety was introduced in the starting material
to weaken the otherwise strong copper—nitrogen bond in the
plausible reaction intermediate. CuCl can be used as copper
source,*® and interestingly, copper-in-charcoal is another
attractive alternative (Scheme 14).** This heterogeneous
reagent was prepared by impregnation of a copper(ll) salt
within a charcoal matrix using sonication to promote an even
distribution of metal. A chiral copper(l) hydride would then be
generated by reaction with the ligand and NaOPh in the pres-
ence of a silane. Ketones, o,S-unsaturated ketones, esters, and
lactones were also good substrates for this reagent. Recycling
tests showed that direct utilization of the heterogeneous
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SCHEME 15. Copper-Catalyzed Reduction of Alkynes
[(PhaP)CuHJg (3 equiv)

H,0 (5 equiv), CeDg l 95 - 42%
RT or 80°C
RI——R? — R! R?
Cu(BF,), (2-2.3 equiv)
R?=SO,R | Et,MeSiH (2-2.3 equiv) T 82 -70%

PrOH, RT

reagent, after simple filtration from a reaction mixture,
afforded the comparable yields and ee’s. Notably, no addi-
tion of ligand or base was required for the second run, which
indicates that the chiral phosphine remains most likely seques-
tered by the copper center.

The stoichiometric reaction of alkynes with Stryker’'s
reagent led to their selective reduction to cis-alkenes.*> While
terminal alkynes could be reduced at room temperature, inter-
nal alkynes only reacted at high temperatures. However, elec-
tron-withdrawing substituents can activate disubstituted
alkynes toward reduction and acetylenic sulfones could be
transformed into the corresponding cis-vinylic sulfones at
room temperature (Scheme 15).¢ The postulated active spe-
cies in this report, a copper(ll) hydride, was generated in situ
by the reaction of a divalent copper salt and a hydrosilane.
Such a complex would be an efficient reducing agent for this
kind of alkynes, but unlike most copper(l) hydride species, it
would not effect conjugate reduction.

Alternatively, Sadighi and co-workers reported the hydro-
cupration of 3-hexyne by an isolated dimeric [(NHC)CuH],
complex.®® Nevertheless, only a particular kind of alkynes has
been thoroughly examined to date with NHC-containing cat-
alytic systems, propargyl oxiranes, which diastereoselectively
yield o-hydroxyallenes diversely functionalized (Scheme
16).*” Of note, this study represents the only example of sub-
stoichiometric copper-catalyzed reduction of alkynes.

Silver-Based Catalytic Systems

Despite the efficiency of copper complexes in the hydrosily-
lation reactions and the growing interest in the gold-catalyzed
version, little attention has been paid to silver-containing cat-
alysts. In fact, silver salts have been considered as inert toward
hydrosilylation, and they are often employed as innocent
anion exchange reagents for the in situ generation of cationic
transition metal catalysts. In this context, while studying car-
bonyl hydrosilylations catalyzed by [(pybox)RhCl5]/AgX sys-
tems (pybox = 2,6-bis(oxazolinyl)pyridine), Nishiyama and
co-workers observed the ability of free AgX salts to mediate
the hydrosilylation of acetophenone to a certain extent.*®
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SCHEME 16. Copper-Catalyzed Reduction of Propargyl Oxiranes

O
. R?
R’ ~
1) CuCl (3 mol %), NHC-HX (3 mol %)
NaOBu (0.1 equiv), PMHS (2 equiv)
Toluene, RT,0.5-15h
2) BuyNF-3H,0 (2 equiv)
H H
Fo
R’ R?
HO
50-86 %
SIMes-HCI IBiox7-HOTf

s

TIO—

SCHEME 17. Silver-Mediated Chemoselective Hydrosilylation

v WW

AgOTf (3 mol %), PEts (20 mol %)
Me,PhSiH (2 equiv), THF, RT

OSIMezPh

However, in the presence of the pybox ligand, the silver salts
did not exhibit any catalytic activity.

The first systematic evaluation of silver salts in a hydrosi-
lylation reaction was reported in 2006,*° and AgOTf was
shown to catalyze the hydrosilylation of aldehydes at room
temperature. Lower reaction rates were obtained when a
ligand was used, although cleaner reactions were obtained.
PEts, PBus, and 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene
provided comparable high yields, whereas more sterically hin-
dered or branched trialkylphosphines afforded significantly
lower yields. The presence of a ligand had the extra advan-
tage of rendering the transformation chemoselective; an alde-
hyde could be reduced in the presence of a ketone and only
a 1,2-hydride delivery occurred with an a,f-unsaturated alde-
hyde as substrate (Scheme 17).

In a first approach, the isolation of Me,PhSiOTf as a
byproduct in these reactions suggests the possible interme-
diacy of a “AgH” species.

SCHEME 18. Gold-Catalyzed Hydrosilylation of Aldehydes
[(PhgP)AUCH] (3 mol %)

(@] PBujz {20 mol %) H3O*
, ‘ R OH
R H PhMe,SiH (2 equiv)
DMF, 70 °C 51-94%

Gold-Based Catalytic Systems

The first gold-catalyzed hydrosilylation of carbonyl com-
pounds was reported in 2000.°° A soluble gold(l) complex in
combination with an excess of phosphine led after hydroly-
sis to the formation of primary alcohols from the correspond-
ing aldehydes (Scheme 18). It is important to note that while
the gold complex was inactive even in the presence of a large
excess of PPhs, the addition of PBus resulted in the forma-
tion of the active species of unknown structure to date. Sim-
ilarly to the silver-based catalyst, a,5-unsaturated aldehydes
only reacted in a 1,2-manner with this system, and ketones
were completely inert, which allowed for chemoselective reac-
tions. The reduction of an aldimine was also achieved after a
4 day reaction at room temperature.

Since this first report, fluorine-containing phosphines®' or
alternative gold sources such as [(Me,S)AuCl]>? have been
studied. In all cases, a large excess of a phosphine ligand, typ-
ically PBus, was required in order to achieve good catalytic
activity. Rather than improving the reaction rate, the role of
the ligand would be to stabilize the active gold species in the
presence of the reducing hydrosilane, preventing the deacti-
vation of the catalyst via formation of gold clusters and metal-
lic gold.>® Further mechanistic studies pointed out that not
only the phosphine but also the starting aldehydes conferred
this stabilizing effect on the gold complex or helped form the
catalytically active species.>*

Concluding Remarks

Since the first rhodium-catalyzed hydrosilylation of ketones in
1972,2 considerable efforts have been dedicated to the devel-
opment of more efficient catalysts. After having been over-
looked in the early years, the use of copper-based catalysts for
diverse hydrosilylation reactions is now a well-established and
efficient methodology. A high level of efficiency and selectiv-
ity has been reached, and a number of user-friendly proce-
dures are available. Several catalytic systems presented here
compare well with reported rhodium-based catalysts, which
generally suffer from a strong economical drawback. Nota-
bly, high turnover number (TON) and turnover frequency (TOF)
values were obtained with the copper(l) fluoride—
diphosphine systems reported by Riant*> (TON = 2000, TOF
=111 h~") and Chan?® (TON = 100, TOF = 600 h™ ") in the
asymmetric hydrosilylation of acetophenone. These values
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compare favorably with the rhodium—diphosphine system
reported by Imamoto>> (TON = 86, TOF = 1 h™") or the pla-
nar PN ligand—Rh system reported by Fu®® (TON = 94, TOF
=5 h~"). However, important improvements need to be made
in order to reach the efficiency of systems like Nishiyama’s
pybox—Rh (TON = 8700, TOF = 4300 h~'").*® On the other
hand, Lipstutz’'s bisphosphine—copper systems have been
shown to be effective even at substrate-to-ligand ratios of
100 000.22° This value is of special importance since last gen-
eration ligands are usually more expensive than the common
metal sources.

After an initial period of discovery, group 11 systems have
several challenges to overcome. For instance, no copper-based
system has been reported to date for the asymmetric reduc-
tion of dialkyl ketones. Moreover, alkynes, alkenes, or allenes
have been largely ignored in the context of copper-catalyzed
hydrosilylation reactions. Ultimately, the discovery of a “uni-
versal” copper catalyst that would allow for the efficient (@asym-
metric) reduction of different families of compounds would be
highly desirable.

The study of diverse families of ligands other than phos-
phines, such as NHCs, or further research around other
group 11 metals could be keys for surmounting these chal-
lenges. Compared with coppet, silver and gold have been
scarcely studied in this context, but both metals have
already shown significant complementarities to their neigh-
bor (for instance, 1,2-reductions have been shown as
favored over 1,4-reductions). We believe that the success
encountered so far will encourage further research into the
general scope of copper, silver, and gold hydrosilylation
and related reactions.
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CONSPECTUS

he construction of carbon—carbon bonds, particularly with

concomitant control of newly formed asymmetric cen-
ters, is of paramount importance for the development of syn-
thetic routes to complex organic molecules. While cross-
coupling reactions for the generation of sp? carbon centers
are well established, similar methodology for the formation
and control of sp3-hydridized carbon stereocenters is
extremely limited. We suggest that the nucleophilic intercep-
tion of metalacycles provides the means to achieve such a
transformation, wherein the metal complex serves to acti-
vate electrophiles, facilitate nucleophile addition, and ulti-
mately control stereochemistry. One means of accessing these
intermediates is through the use of simple meso-carboxylic
anhydrides, which upon reaction with transition metals
readily generate the desired metalacycles. Interception of the metalacycle with an appropriate carbon-based nucleophile gen-
erates an enantioenriched ketoacid, the product of the asymmetric desymmetrization of achiral starting materials.

Early successes with achiral nickel catalysts and organozinc reagents provided the foundations for our approach. Alkylation
of both succinic and glutaric anhydrides proceeds with a wide range of organozinc nudeophiles, forming 1,4- and 1,5-ketoacids
in excellent yields. This reaction manifold has been extensively examined with a detailed kinetic study and mechanistic investiga-
tions utilizing mixed zinc reagents and alkene directing groups. This work has highlighted a number of unusual phenomena, indud-
ing rate-limiting reductive elimination to form an sp®>—sp? carbon—carbon bond. Despite excellent results with the achiral system,
to date, all efforts to render the nickel-catalyzed reaction asymmetric have been limited to modest success.

Palladium and rhodium complexes, with the use of chiral P—P and P—N ligands, respectively, have been identified as
competent catalysts for the enantioselective addition of organozinc reagents to anhydrides. The arylation of a series of suc-
cinic anhydrides with Ph,Zn can be achieved in greater than 95% enantioselectivity using a Pd/Josiphos catalyst. Rhodium
catalysts have proven amenable for the incorporation of in situ formed organozinc reagents, nucleophiles traditionally trou-
blesome in transition metal catalysis due to the deleterious effects of residual halide ions. Highly functionalized organozinc
nucleophiles, induding those containing indole and furan, participate in this chemistry to provide the corresponding 1,4-
and 1,5-ketoacids in excellent yield with greater than 85% enantioselectivity.

This metalacycle interception methodology is currently being expanded to the use of other systems, most notably the
asymmetric [2 + 2 + 2] cydoaddition of alkenes, alkynes, and isocyanates. Ongoing studies promise the extension of exist-
ing methodology toward the development of modular, fully intermolecular three-component couplings in which both meta-
lacycle formation and nudeophilic interception can be controlled. Ultimately, we envision the use of heterocumulenes in such
methodology, providing a route to complex products utilizing CO, as an inexpensive C1 feedstock.
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Introduction

The formation of carbon—carbon bonds through transition
metal-mediated processes has transformed organic synthe-
sis." The advent of metal-catalyzed cross-coupling reactions
some 35 years ago has led to a revolution in the assembly of
sp?—sp? carbon—carbon bonds. Due to the ever increasing
utility of carbon—carbon bond-forming methodologies, the
identification of new manifolds and coupling partners is of
continual interest. More specifically, the development of new
cross-coupling methodology for the stereocontrolled forma-
tion of carbon—carbon bonds wherein one or both carbons
are stereocenters is of paramount importance.

Despite the success of sp>—sp? cross-coupling method-
ologies, these advances have not translated to the forma-
tion of sp>—sp® or even sp—sp? carbon—carbon bonds.?
When we began our studies in the summer of 2000, the
number of reports of cross-coupling reactions capable of the
generation and control of stereocenters was minimal.>* In
this vein, our interest was drawn to the potential of devel-
oping catalytic means of activating and functionalizing com-
mon electrophilic coupling partners through intermediate
metalacycles bearing sp® hybridized C—M bonds, with par-
ticular emphasis upon the interception of these species with
readily available nucleophilic partners for the formation of
carbon—carbon bonds and simultaneous control of stereo-
chemistry. Our vision relied heavily on the precedent of
Hoberg, who demonstrated the generation of metalacycles
of the general form A (Scheme 1) from the oxidative
cyclization of alkenes with heterocumulenes such as isocy-
anates or carbon dioxide.> The formation of similar meta-
lacycles has been demonstrated by Yamamoto® and
Echavarren,” while Trost,2 Yamamoto,® and others'® have
provided precedent for the generation of metalacycles via
the insertion of low-valent transition metals into anhydrides.
Interception of these metalacycles with a variety of carbon-
based reagents provides the means of producing species of
significant complexity from simple starting materials in a
single transformation. In such methodology, the transition
metal catalyst serves to activate the electrophilic partner,
facilitate nucleophile addition, and ultimately control ster-
eochemistry of the newly formed carbon—carbon bonds.
The utility of metalacycles in catalytic methodology has
developed greatly in recent years, and our work has ben-
efited extensively from the previous and contemporary
work in these areas, including that of Montgomery'' and
Jamison.'?
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SCHEME 1. Potential Formation and Utility of Metalacycles

While our ultimate interest lies in the formation of meta-
lacycles through the direct reaction of alkenes and CO,, this
reaction lacks catalytic precedent outside of pyrone
formation."®'* This lack of precedent gave us significant trep-
idation, and we thus chose to initiate our studies into the cat-
alytic formation and interception of metalacycles with the
activation of cyclic anhydrides, with the added promise of gen-
erating synthetically useful ketoacids. To the present, our
group has demonstrated several transition metal-catalyzed
reaction manifolds utilizing cyclic anhydrides for the genera-
tion of metalacycles. Subsequent interception of these meta-
lacycles with organozinc reagents leads to the enantioselective
formation of §- and y-ketoacids. The development of this
desymmetrization methodology is described herein. As meth-
odology utilizing cyclic anhydrides has proceeded smoothly,
we have initiated efforts toward the formation of metalacycles
via the oxidative cyclization of alkynes with isocyanates. Early
successes have utilized an intramolecular alkene to trap the
nucleophile, producing bicyclic alkaloids in excellent yields
and enantioselectivity. From the utilization of metalacycles
generated from cyclic anhydrides to the use of 7z-components
and isocyanates, our efforts are evolving toward the utiliza-
tion of more readily available components. The successful
realization and continued development of these methodolo-
gies have laid the groundwork for our ultimate goal, the for-
mation and functionalization of metalacycles generated from
alkenes and carbon dioxide.

Desymmetrization of meso Cyclic
Carboxylic Anhydrides

At the outset of our investigations in the summer of 2000, our
efforts focused upon the functionalization of metalacycles gen-
erated from cydlic carboxylic anhydrides. While catalytic cross-
coupling methodology exists for the formation of ketones
from a variety of activated acyl species,' only recently have
anhydrides been investigated as acylating agents. In 2001
and 2002, respectively, Goossen'® and Yamamoto'” inde-
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SCHEME 2. Metalacycles Generated from Oxidative Addition of
Anhydride to Catalyst
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SCHEME 3. Product Mixtures from Early Reactions with Ni-
Containing Metalacycles
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neocuproine >95:5 53

pendently reported palladium-catalyzed couplings of mixed
acydlic anhydrides with boronic acid nucleophiles, whereas in
2001 Frost described a rhodium-catalyzed analogue.'®
Although these methodologies provide versatile means of
forming ketones, each inherently lacks the ability to influence
the formation or definition of stereocenters. In a recent
advance, Krische and co-workers have demonstrated the
rhodium-catalyzed, hydrogen-mediated coupling of styrenes
and anhydrides with control of the newly formed stereo-
center.'® The use of meso cyclic carboxylic anhydrides with
backbone functionality provides the means to generate asym-
metry in the ketoacid product through definition of the ste-
reocenters within the anhydride backbone (Scheme 2).

The formation of enantioenriched acid species through the
desymmetrization of cyclic carboxylic anhydrides has been
previously demonstrated with a variety of heteroatom nucleo-
philes.® The use of carbon-based nucleophiles, however, has
remained largely undeveloped. In an isolated example per-
formed concurrently with our own work, Fu reports the use of
stoichiometric sparteine to effect the asymmetric addition of
Grignard reagents to meso glutaric anhydrides to form the cor-
responding ketoacids with excellent enantioselectivity.?'

Our investigation of the nucleophilic interception of meta-
lacycles began with the oxidative addition of cyclic anhydrides
to nickel complexes. Nickel insertion into succinic anhydride
generates five-membered metalalactone B, presumably via CO
extrusion from metalacycle C (Scheme 3). Reaction of B with
an organometallic reagent would result in the formation of a

SCHEME 4. Proposed Mechanism of Ni-Mediated Decarbonylative
Cross-Coupling
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new carbon—carbon bond, yielding a carboxylic acid. We envi-
sioned that with judicious choice of reaction conditions, we
could also intercept metalacycle C prior to CO extrusion. Alky-
lation of this intermediate results in the formation of 1,4- or
1,5-ketoacids. Organozinc reagents quickly became the
nucleophiles of choice, because these species are known to
readily transmetalate to Ni complexes and both alkyl and aryl
zinc reagents show no uncatalyzed reaction with cyclic anhy-
drides even after 6 h at 25 °C.

The reaction of succinic anhydride with Ph,Zn in the pres-
ence of Ni(COD),, bipy (2,2'-bipyridyl), and 4-F-styrene (vide
infra) led to a 63:37 ratio of direct addition product 2 and
decarbonylation product 1 in a combined 90% yield (Scheme
3).22 As envisioned, product selectivity can be controlled with
judicious choice of ligand.

Despite the excellent product selectivity obtained with
unsubstituted succinic anhydride, the use of more complex
anhydrides led to product mixtures. Additional analysis led
to the conclusion that upon decarbonylation, carbon mon-
oxide remained complexed to the metal center, allowing
reinsertion into the metalacycle and formation of the direct
addition product. We reasoned that the addition of a CO
sequestration agent could drive this equilibrium, thus yield-
ing solely decarbonylative coupling product (Scheme 4).
Due to the strength of Ni—CO bonds, estimated to be as
high as 42 kcal/mol, we envisioned that the addition of sac-
rificial amounts of an electron-rich Ni complex should lead
to a CO sink. As desired, the use of 1.5 equiv of Ni(COD),
in the presence of 1.0 equiv of neocuproine and 0.5 equiv
of 1,4-bis(diphenylphosphino)butane (dppb) led to complete
selectivity for the desired product as a single diastere-
omer.?3 This methodology is compatible with a number of
complex succinic and glutaric anhydrides, some of which
are illustrated in Scheme 5.

Although the decarbonylative cross-coupling of anhydrides
with diorganozinc reagents demonstrates the diastereoselec-
tive formation of carbon—carbon bonds, the nature of the CO
sequestration agent made the catalytic reaction inordinately
difficult. Furthermore, we envisioned that a more general
approach to nucleophilic interception of metalacycles of type
A would be via their formation from alkenes and CO- rather
than via anhydride activation and CO extrusion. We thus
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SCHEME 5. Scope of the Nickel-Mediated Decarbonylative Cross-
Coupling
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turned our attention to the direct interception of the metala-
cycles formed from transition metal insertion into cyclic
anhydrides.

Catalytic Anhydride Alkylation
Methodology

Simultaneously with the development of the decarbonylative
coupling methodology, our group investigated the direct cou-
pling reaction of diorganozinc reagents with cyclic carboxylic
anhydrides.?* The realization of such methodology provides
ready access to a variety of - and y-ketoacids from succinic
and glutaric anhydrides, respectively. More promising, how-
ever, is the use of meso anhydrides, which upon transforma-
tion into the corresponding ketoacids contain backbone
stereochemistry that can be defined by control of the
carbon—carbon bond-forming event. These 1,4- and 1,5-di-
carbonyl species with stereodefined backbones have been
demonstrated as intermediates in the synthesis of a variety of
heterocyclic systems,?> and a facile formation of such syn-
thons promises more expedient access to numerous natural
products.

Utilizing cis-cyclohexenedicarboxylic anhydride 3 as a test
substrate, we tested numerous ligands for reactivity with cat-
alytic Ni(COD),, ligand, and 4-fluorostyrene with 1.2 equiv of
Et,Zn at 0 °C in THF. 4-Fluorostyrene was utilized following the
precedent of Knochel,>® who argued that it facilitates reduc-
tive elimination from bisalkyl nickel complexes.?” While
monodentate ligands provide limited reaction, some biden-
tate phosphines, such as 1,2-bis(diphenylphosphino)ethane
(dppe), afford useful yields. Most efficient, however, are the
bidentate N—N and P—N ligands, bipy and pyphos [(2-diphe-
nylphosphino)ethylpyridine],?® which provide the cross-cou-
pling product, ketoacid 4, in 80% and 929% yield, respectively
(eq 1). These ligands are generally interchangeable for catal-
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SCHEME 6. Selection of Nickel-Catalyzed Alkylation of Cyclic
Carboxylic Anhydrides
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ysis of the alkylation of a wide variety of cyclic anhydride sub-
strates (Scheme 6). Glutaric anhydrides also participate in this

o 5 mol% Ni(COD), o)
'Z* 6 mol% Ligand H
Y o Et,Zn (1.2 equiv) Y~ Et
o 10 mol% 4-F-styrene & OH
H THF,0°C,3h H

3° O 4 (1)
Ny PPh, /T -
N\ N/
[ _ N N

pyphos: 80% bipy: 92%

methodology, providing the desired 1,5-ketoacids in good to
excellent yields in the presence of extensive substrate com-
plexity and functionality. Even substrates containing s-alkoxy
or -acetate substitution are compatible with this methodol-
ogy, because the reaction conditions are neither acidic nor
basic enough to induce elimination. It is also notable that in
all cases the products are obtained as single diastereomers,
because no epimerization occurs under the reaction
conditions.

Because the availability of commercial organozinc reagents
is quite limited, the extension of this methodology to in situ
generated nucleophiles is of paramount importance. To this
end, we have identified a diverse range of competent orga-
nozinc nucleophiles. In addition to commercially available
diorganozinc reagents and organozinc halides, organozinc
reagents prepared from the reaction of lithium or Grignard
reagents with ZnCl, also perform well in this methodology
(Scheme 7). It is notable that removal of byproducts from
organozinc formation is not required, because the correspond-
ing chloride salts and alkyl bromides have no deleterious
effect on the reaction.

To address shortcomings in our Ni-catalyzed anhydride
alkylation methodology, we initiated a mechanistic study to
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SCHEME 7. Scope of Nucleophiles in the Nickel-Catalyzed
Alkylation of Anhydrides
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determine the catalytic cycle. In situ IR spectroscopy was uti-
lized to obtain initial rate kinetics of the Ni(COD),/bipy-cata-
lyzed reaction of anhydride 5 with Et,Zn (eq 2).%° While the
reaction rate displays typical first-order dependence upon
the concentration of the catalyst, the rate is independent of the

H O

- 7 mol% Ni(COD), u 9
Y 8 mol% bipy SRt
@O + EtyZn 14 mol% 4-F-styrene Cﬁk
s Y THF, 0 °C £ COH

Rate Law
Low Et,Zn concentration:

v = K5]°[EtzZn]'[Nifbipy]'[4-F-sty]°

High Et,Zn concentration: v = K[5]°[Et,Zn]°[Ni/bipy]'[4-F-sty]°

concentrations of both anhydride 5 and 4-fluorostyrene. Vari-
ation of Et,Zn concentration results in nearly first-order behav-
jor at low concentrations, but little to no dependence at higher
concentrations. This saturation behavior indicates a shift in the
turnover-limiting step. These results suggest that at low
Et-Zn concentration, transmetalation is the turnover-limit-
ing step, while at higher concentrations, the second-order
process of transmetalation proceeds more rapidly, result-
ing in an equilibrium between intermediates F and G
(Scheme 8). Reductive elimination, a first-order process that
does not significantly accelerate with increasing Et,Zn con-
centration, becomes rate-limiting under these conditions.
This represents an unusual turnover-limiting step for cata-
lytic cross-coupling and is particularly rare for the forma-
tion of carbon—carbon bonds.3°3!

Extensions of Reactivity

In our anhydride alkylation methodology, diorganozinc
reagents provide optimal yields and reaction rates, yet only
one of the two organic substituents is transferred. To address
this deficiency, we followed the precedent of Knochel, who uti-

SCHEME 8. Mechanism of Ni/bipy-Catalyzed Alkylation of Succinic
Anhydride with Et,Zn
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SCHEME 9. Hypothetical Equilibria with Mixed Zinc Reagents
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lized mixed zinc reagents for cross-coupling with primary alkyl
iodides.>? Under typical reaction conditions, diorganozinc
reagents readily exchange, providing equilibrium mixtures of
the discreet starting materials with the mixed diorganozinc
reagents. Because reductive elimination is rate-limiting within
our Ni-catalyzed anhydride alkylation manifold, we envisioned
that the selectivity of substituent addition from a mixed dior-
ganozinc reagent to carboxylic anhydrides would be governed
by the relative rate of reductive elimination of each substitu-
ent with the acyl group from the corresponding nickel-con-
taining intermediate (Scheme 9).

To test our hypothesis, we utilized equimolar ratios of two
diorganozinc reagents. Subjection of a mixture of Ph,Zn and
Et,Zn to cyclohexenyl succinic anhydride 3 under standard
conditions led to successful alkylation with nearly complete
selectivity (19:1) for phenyl transfer.?® Further studies have
revealed a distinct continuum in the relative rate of substitu-
ent transfer: phenyl addition occurs with preference to alkyl
addition, with small alkyl groups transferring more readily
than sterically encumbered species (Scheme 10). While slight
mixtures of products are observed with the use of ethyl- or
methyl-based sacrificial substituents, use of i-propyl or trim-
ethylsilylmethyl (TMSCH,—) substituents results in selective
transfer of the other organozinc substituent.

In addition to commercially available zinc reagents, this
methodology is amenable for use with in situ formed nucleo-
philes. This concept is illustrated with the use of 0.55 equiv of
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SCHEME 10. Utilization of Mixed Zinc Reagents

o
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19:1 Ph:Et addition
Rate of transfer from mixed reagent:
Ar > Me > Et >> jPr ~ CH,TMS
diorganozinc reagent 8, derived from the corresponding aryl
bromide, with 0.55 equiv of Et,Zn. Under these conditions,
dimethylsuccinic anhydride 7 reacts to provide desired
ketoacid 9 in 76% yield in a 15:1 ratio with the ethyl adduct,
thus representing the use of both equivalents of the desired

nucleophile (eq 3).

e}
Ni(COD), (5 mol%) M H
bipy (6 mol% Oy
styrene (10 mol%)

H
Et,Zn (0.55 equiv) Me<G

+

AroZn, 8 (0.55 equiv) Me d Y THF. 0 °C. 16 h Me H CO,H
OMe 7 9
76%
Ar= -8 OMe 15:1 Ar:Et addition
OMe

(3)

Because both early qualitative results and our mechanis-
tic study indicate that the presence of styrene greatly influ-
ences the nickel-catalyzed cross-coupling of diorganozinc
reagents with anhydrides, we rationalized that inclusion of an
alkene in the substrate could be utilized to direct carboxylic
anhydride alkylation. While numerous Lewis acidic and basic
moieties, including alcohols, amines, and carbonyls, have
been utilized to direct reactivity,>* the use of alkenes as a
directing functionality is quite limited.>>

We tested our hypothesis with the reaction of 4-fluorophe-
nyl-substituted anhydride 10, which contains both terminal
and internal olefins. Alkylation proceeds with excellent selec-
tivity utilizing Ni(COD), as the catalyst, producing ketoester 11
in 99% yield with 99:1 selectivity for alkylation at the carbo-
nyl proximal to the terminal olefin (eq 4).3°

== H O = H o]
: Ni(COD); (10 mol%) 2
0 _ ELZn (1.7 equiv) Et
N N CO,Me
S H D then TMSCHN; _F R

THF, 0 °C (4)
4-F-CgH, 10 4-F-CgH,

1 99%
99:1 regioselectivity

Regioselectivity of the cross-coupling remains high with
a large variety of alkene substitution, with most substrates
providing the desired product in good to excellent yields
(Scheme 11). In addition to Et,Zn, other commercially avail-
able and in situ-formed nucleophiles are also compatible
with this methodology, generally providing the desired
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SCHEME 11. Olefin-Directed Regioselective Anhydride Alkylation
= = 0O

. H P Ni(COD), (10 mol%) L M

<:I:«‘<o EtpZn (1.7 equiv) Et

k) THF, 0 °C Y Tcome
/,// [e) then TMSCHN, /,/,
R R

R Yield (%) Regioselectivity

4-F-CeH, 99 99:1
Ph 86 98:2
(CHa)3CH3 99 98:2
c-Hex 92 98:2
cis-CH,SiMes 66 >95:5
cis-CH,SnBu3 64 95:5
trans-CH,ySnBus 68 85:15
trans-CH,OTBS 73 76:24

SCHEME 12. Regioselective Alkylation of Anhydrides Containing a
Single Olefin

T H ©  NiCoD), (10 mol%) = oH COMe
o —EtaZn (1.7 equiv) 2
THF, 0 °C Et
SR Y then TMSCHN, -
R R

N
: _.COMe
q

~ "o

4-F-CgHy

— \'—, H
. LcoMe : ].COMe
<:IirrEt \ Et
S H
c-hex PhCH

2
92%, >95:5

98%, >95:5

92%, >95:5

0]
99%
= Et >955
CO,Me

product in good to excellent yields with greater than 19:1
regioselectivity.

In the absence of terminal olefins, more weakly binding
internal olefins also direct reactivity (Scheme 12). In cyclic
anhydrides containing a single internal olefin, alkylation is
successfully directed in excellent yield, typically with greater
than 19:1 selectivity, even with a sterically hindered cyclo-
hexyl-substituted olefin. Allyl-substituted glutaric anhydrides
have also been identified as efficient substrates for olefin-di-
rected alkylation.

In a reaction closely related to the alkylation of carboxy-
lic anhydrides, we have identified acid fluorides and orga-
nozinc reagents as competent cross-coupling partners in an
extremely mild reaction methodology for the formation of
ketones. Utilizing Ni(COD), and pyphos in the presence of
4-fluorostyrene, we observed that only 0.55 equiv of the
diorganozinc reagent is necessary for coupling of benzoyl
fluoride with Ph,Zn, indicating that both organic substitu-
ents are transferred from the organometallic reagent.?”
Under these conditions, benzophenone is obtained in 97%
yield in less than 3 min (eq 5).
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Ni(COD); (10 mol%)

Pl pyphos (12 mol%) j’\ Ny PPh,
pn” ~F  PhZn (055 equiv)  pp ~pp | (5)
4-F-styrene (20 mol%) pyphos
THF, 23 °C 7%
’ <3 min

Optimized reaction conditions are tolerant of a wide range
of functionality on the acid fluoride, including ethers,
thiophene, alkenes, and acetals. Substrates containing S-alkox-
ide substitution undergo reaction without elimination, and
those with a defined stereocenter, even in the a-position, are
converted to the corresponding ketone with no loss of stere-
ochemical integrity (Scheme 13). The identical reaction con-
ditions can also be utilized for a number of other electrophilic
coupling partners, including acid chlorides, acyl cyanides,
anhydrides, thioesters, and even pyridyl esters, all of which
produce the corresponding ketone in greater than 90% vyield.

Enantioselective Desymmetrization with Ni

With the development of a general methodology for the nick-
el-catalyzed alkylation and arylation of meso cyclic succinic
and glutaric anhydrides, we turned our attention to the devel-
opment of an enantioselective variant of the reaction. Our ini-
tial results were quite promising: use of Ni(COD), with
iPrPHOX (iso-propylphosphinooxazoline) in the presence of
4-fluorostyrene affords active and selective catalysts for the
alkylation of both succinic and glutaric anhydrides.>* Alkyla-
tion of cis-cyclohexanedicarboxylic anhydride 5 with Et,Zn
proceeds in 85% yield and 79% ee at —40 °C (eq 6), while
similar reaction with 4-methylglutaric anhydride (12) produces
1,5-ketoacid 13 in 40% yield and 85% ee (eq 7). We quickly
realized, however, that such selectivity was not general, and that
the presence of the additive had a profound influence upon both
enantioselectivity and reactivity.>® These observations countered
those made earlier for the Ni(COD),/bipy catalyzed system,
wherein styrene was absent from the rate law. In order to gain
further knowledge of this system with the goal of developing a
general asymmetric variant of this reaction, we extended our pre-
viously described mechanistic study to the Ni(COD),—iPrPHOX-
catalyzed alkylation of glutaric anhydrides.

P NI(COD), H
o + Etyzn —PrPHOX Et ®)
o 4-F-styrene NCO-H
H G THF, -40 °C A2
s 6
85%, 79% ee
0 Ni(COD), 0
Me 0 + Etzzn —EEHOR, Me—<j/<Et (7
4-F-styrene COH
12 0 THF, -40 C 13

40%, 85% ee

SCHEME 13. Acid Fluoride Cross-Coupling with Diorganozinc
Reagents

Ni(COD), (10 mol%)

pyphos (12 mol%) N PPh
1 R',Zn (0.55 equiv) j\ s 2
R F 4-F-styrene (20 mol%) R R' Pz pyphos
THF, 23 °C
o o OMe O o
s Moa
Ph
\ Ph \/\)J\Ph Ph T
1% 83% 92% 95%
o] O  Bn
Ph Q £t
N§: m e T
Ph 8n 6 o

87%
92% ee
(from 92% ee acid fluoride)

97%

In @ manner similar to that described above, kinetic anal-
ysis of the reaction of 4-methylglutaric anhydride (12) with
Et,Zn utilizing Ni(COD),, iPrPHOX, and styrene was performed
by in situ IR spectroscopy (eq 8).2° The reaction displays first-
order dependence upon catalyst and anhydride concentra-
tion but is independent of the concentration of Et,Zn,
suggesting rate-limiting oxidative addition of the metal cen-
ter into the anhydride. Details of transmetalation and reduc-
tive elimination reactions remain hidden behind the turnover-
limiting step. Further information was obtained upon variation
of the styrene concentration. In the absence of styrene, the
reaction proceeds slowly, producing ketoacid 13 in 4% ee.
The reaction rate and enantioselectivity increase with styrene

O

5 mol% Ni(COD), 0O
6 mol% iPrPHOX
+ EtyZn ——————"
MEQO 2 10 mol% styrene Me{fgt 9y
12 % THF, 23 °C 13 2 (8)
Rate Law

Low styrene concentration: v = A[12]'[Et;Zn])[Ni/PHOX]"[4-F-sty]"
High styrene concentration: v = kK[12]'[Et,Zn][Ni/PHOX]'[4-F-sty]°

concentration until saturating above 0.06 M styrene at 65%
ee. These results suggest that two catalytic cycles are opera-
tional: catalysis in the absence of styrene results in slow turn-
over with low selectivity, while reaction in the presence of
styrene provides a more selective reaction manifold (Scheme
14).

Enantioselective Desymmetrization of
Cyclic Carboxylic Anhydrides

Due to the difficulties encountered in the development of a
nickel-catalyzed asymmetric alkylation methodology,® other
metals were explored for reactivity. In the course of these
studies, we observed that Pd(OAC(),, in the presence of a vari-
ety of bidentate phosphine ligands, is a competent desymme-
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SCHEME 14. Proposed Catalytic Cycle for Ni(COD),—iPrPHOX
Catalyzed Reaction

Et,Zn

e

.D N}

OZnEt =\
J o
Cycle A:
with styrene m /
~65% ee Now”

9%

Rate A: RateB~4:1 m
/_ ‘\

PPh,
Cycle B:
without styrene m
~4% ee H N

SCHEME 15. Palladium-Catalyzed Desymmetrization of Succinic
Anhydrides

0
H ? 5 mol% Pd(OAG), H
T 0 + PhyZn 6 mol% 14 T Ph
) THF, 23 °C, 22 h !
S TCOH
3 15
690/0, 91% ee
D D
PhoP PCy, C:f‘\Ph Mej\)LPh
Me
@ SCOH  Me T, CON
JOSIPHOS, 14 89%, 94% ee  72%, 92% ee
i HoH
EtOZCﬂPh Mexojij\)LPh
EtO,C ) Me™ g A
£ °COH I~2coaH

61%, 89% ee 83%, 97% ee

trization precatalyst.3? Optimum results are obtained utilizing
Pd(OACQ), with ferrocene-based bisphosphine ligand Josiphos
(14), which catalyzes the reaction of anhydride 3 with Ph,Zn,
producing ketoacid 15 in 69% yield and 91% ee. This sys-
tem is similarly selective for a range of succinic anhydrides,
producing arylated products in excellent yields and enanti-
oselectivities near or above 90% (Scheme 15).

Extension of the reactivity to Et,Zn and Me,Zn led to sev-
eral notable observations. While the desymmetrization of 3
with Me,Zn yields ketoacid 16 in 64% ee, the addition of 25
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mol % of 4-fluorostyrene increases the enantioselectivity to
91% (eq 9). Unfortunately, similar effects are not observed for
other diorganozinc reagents.

o
H P 5mol% Pd(OAC), H
T 0+ MeyzZn 6 mol% 14 7 Me
! THF, 23 °C, 22 h Mo (9)
H o 1A

3
no styrene: 78%, 64% ee

25 mol% styrene: 80%, 91% ee

Although enantioenriched 1,4-ketoacids can be success-
fully generated from numerous anhydrides with commercially
available diorganozinc reagents, all attempts to extend the
reactivity to in situ prepared nucleophiles failed to produce the
desired ketoacids in appreciable yields or enantioselectivi-
ties. Control experiments suggest that the presence of addi-
tional halide, present as byproducts of diorganozinc formation,
inhibits the desired reactivity. In addition, desymmetrization,
even with commercially available diorganozinc reagents, is
limited to succinic anhydrides. For these reasons, we contin-
ued our pursuit of a more general solution.

Since rhodium complexes have been demonstrated to tol-
erate the presence of Lewis bases, as illustrated by rhodium-
catalyzed conjugate addition reactions run in water,*° we
anticipated that these species would be less susceptible to
complications due to the presence of halides. Furthermore, a
Rh(l)/Rh(lll) redox couple is anticipated for the desymmetriza-
tion reaction, potentially providing a mechanism distinct from
previous Ni- and Pd-catalyzed reactions.

Because previous methodology is ineffective with in situ
formed organozinc reagents, our investigation of rhodium-
catalyzed desymmetrization focused upon nucleophiles
formed via reaction of aryl lithium reagents with various ZnX,
salts.*" After a number of rhodium sources were screened with
various ligands, the combination of [Rh(COD)CI], with phosphora-
midite 17 proved an efficient and selective catalyst system. In the
presence of a 1:1 ratio of Zn(OTf), and aryl lithium 18, cis-dim-
ethylsuccinic anhydride 7 was arylated in 85% yield and 87%
ee (eq 10). It is notable that optimal conditions include the use
of the organozinc triflate, formed from 1 equiv of aryl lithium,
rather than the more reactive diorganozinc reagent that requires
2 equiv while utilizing only 1 equiv.

hoo OMe [Rh(COD)CI], 0 Me
Me_- MeO OMe (4 m0|%2 MeO com
o + 1Zn(0TH), 17 (8 molo/é! H 2
Me E{ f (1:1) DMF, 50 MeO ge
° ! LN OMe
7 18 oo Me
Me>< PN 85%, 87% ee
Me o ™
e
PN pn 17
(10)
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SCHEME 16. Nucleophiles Compatible with Rh/(—)-trans-o, o'

(Dimethyl-1,3-dioxolane-4,5-diyl)bis(diphenylmethanol)

(TADDOL)—PNMe,-Catalyzed Anhydride Desymmetrization

Methodology

o [Rh(COD)CI],

H (4 mol%) 0O Me
17 (8 mol%)

Me
O +Nuc—Li/Zn(OTf)y —————— 7 R)I\_/Hr
f 1:1 ’ y
Me g Y (1:1) Me O

DMF, 50 °C
7

shavdvh R &

75% 88%
85% ee 88% ee

OH

74% 85% 78%
86% ee 87% ee 87% ee

Me
N #Ar°
K1 U
84% 76%
86% ee 80% ee

f\@,Me

82%
85% ee

While several alkyl- and alkenyl-substituted anhydrides are
compatible in this reaction, the strength of this methodology is
demonstrated with the diversity of organozinc reagents, which
includes nucleophiles formed from functionalized aryl bromides,
as well as from 2-methyl furan, dihydropyran, and N-methylin-
dole. Products from the reactions of these nucleophiles with
anhydride 7 are shown in Scheme 16. Yields range from 749%
to 88%, and enantioselectivities are typically in excess of 85%.
It is notable that in the preparation of these organozinc triflates,
no purification is necessary. All components remain present,
including Li and halide salts yet have no deleterious influence
upon the reaction. Attempts to utilize alkyl analogues under
these conditions result in complex product mixtures.

The concise synthesis of three lignans, eupomatilones 4
and 7, and the reported structure of eupomatilone 6, illustrates
the utility of this methodology. The members of the eupomatil-
one family are characterized by oxygenated biaryl systems con-
nected to a highly substituted y-lactone core.** Ketoacid 19,
obtained from desymmetrization of 7, was subjected to Fren-
ette’s reduction protocol and cydlized, providing the desired all
syn lactone 20.*3 Subsequent bromination affords aryl bromide
21 as the exclusive regioisomer (Scheme 17).

Suzuki cross-coupling of 21 with the appropriate boronic
acid was accomplished utilizing Pd(PPhs),. Use of 3,4,5-tri-
methoxyphenylboronic acid 22 results in the formation of
eupomatilone 4, completing the four step synthesis in an over-
all yield of 55% from readily available starting materials
(Scheme 18). Likewise, coupling of 3,4-dimethoxyphenylbo-
ronic acid 23 with aryl bromide 21 produces eupomatilone 7
in an overall yield of 52% in four steps.

SCHEME 17. Core Synthesis of Eupomatilones 4 and 7

[Rh(COD)CI],
ve. F (4 mol%) O Me DIBAL-H
17 8 mol%)  MeO ‘_OH 51 THF/PhMe
© ~BWF 50°C g & 78°C, then
Me 9 TFA (0.02%)/CHACl,
O 0. OM: Q
7 e -0 19
88%
ZnOTE 88% ee
MeQO
MeO Br
o NBS o} o
{ O_o0 cHel RT 0
0
20 4 Ve 21 e Me
82% 84%
97:3 dr

SCHEME 18. Completion of Eupomatilones 4 and 7

MeO
OMe
Pd(PPhs)s
NaHCO; MeQ OMe
DME/H,0 o
0o
B(OH),
O
MeO OMe Me Me
MeO B 22 OMe 90%
o r eupomatilone-4
4 o0 _o — 4 steps - 55% overall yield
o MeQ
21 e
Me  Me Pd(PPhs),
NaHCO;
| DME/M,0 _
B(OH), < Q
Me(Q Me
23 OMe 85%

eupomatifone-7
4 steps - 52% overall yield

Despite the success of the rhodium-catalyzed desymmetri-
zation of succinic anhydrides, these conditions are unfit for the
use of alkyl nucleophiles or glutaric anhydrides. A series of
additional optimization studies identified [Rh(nbd)Cl], (nbd =
norbornadiene) with tBUPHOX (t-butyl phosphinooxazoline) as
a competent catalyst for the desymmetrization of glutaric
anhydrides with alkyl nucleophiles.** Under these conditions,
Me,Zn and Et,Zn nucleophiles alkylate 3,5-dimethylglutaric
anhydride (24) in 86% and 95% ee, respectively, providing
the first catalytic enantioselective desymmetrization of glu-
taric anhydrides with carbon nucleophiles (eq 11). This asym-
metric formation of 1,5-ketoacids represents a means of
generating enantioenriched synthons of syn-deoxypolypropi-
onate, a structural motif common to natural products.

Similar reaction conditions are also amenable to the use of
alkyl zinc halide nucleophiles generated from the correspond-
ing Grignard or lithium reagents with ZnX, salts. A range of
nucleophile functionality is tolerated, and in all cases, the
desymmetrization of glutaric anhydride 24 proceeds with
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Me O
0
; z 2.5 mol% [Rh{nbd)Cll,._
© 5 mol% fBu-PHOX R)J\:/\:/C%H
RoZn, THF, 25 °C Ve e

M 24 © (11)

©\( R =Me: 87%, 86% ee
o

\

PPhZN\?

R=Et 95%, 95% ee
Bu-PHOX Y

enantioselectivities near 90% (Scheme 19). Notably, the use
of in situ formed MeZnBr provides significantly higher enan-
tioselectivity than commercially available Me,Zn.

Overview and Outlook

The development of carboxylic acid desymmetrization
methodology has provided the means for the enantioselec-
tive construction of 1,4- and 1,5-ketoacids. Reaction man-
ifolds enable the selective alkylation of succinic and glutaric
anhydrides, using commercially available and in situ gen-
erated nucleophiles. Mechanistic understanding of the par-
ent reaction systems has led to the use of mixed zinc
reagents and the development of the olefin-directed anhy-
dride alkylation methodology. The utility of anhydride
desymmetrization has been demonstrated with concise
asymmetric syntheses of several members of the eupoma-
tilone family of lignans and the establishment of a versa-
tile means of producing enantioenriched syn-deoxy-
polypropionate synthons. Despite these advances, the
methodology is inherently limited by the availability of sub-
strates; the symmetrical nature of meso cyclic anhydrides
makes them very specialized species. From the outset, we
viewed anhydride desymmetrization as the foundation for
future work into the generation of metalacycles via the
cyclization of alkenes or alkynes with heterocumulenes.
To this end, our group has recently described the initial devel-
opments of a rhodium-catalyzed [2 + 2 + 2] coupling of an alk-
enyl isocyanate with an alkyne for the rapid construction of

SCHEME 19. Nucleophile Scope for Rh/tBuPHOX-Catalyzed
Desymmetrization of 3,5-Dimethylsuccinic Anhydride

Me o}
(6]
5 mol% [Rh(nbd)Cll,
i go 10 moi% fBu-PHOX R)J\:/\:/COZH
vd b RZ0X,THF,50 °C Ve Me
24
e} O o}
e I~ cosH Me/\)l\_/\_/cozH A~ COH
Me Me Me Me Me Me
85%, 95% ee 62%, 88% ee 87%, 90% ee
0] (0]
ACO/\/\)J\__/\__/COZH CI/\/\/\)J\:/\:/COZH
Me Me Me Me

66%, 89% ee 76%, 94% ee
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alkaloidal heterocycles.*> Although similar heterocumulene cou-
plings have been demonstrated, this work represents a rare
example of the successful inclusion of an alkenyl zz-system“® and
thus formation of a stereocenter. While this methodology
remains in its infancy, early results are promising: the cycliza-
tion of alkenyl isocyanate 25 with phenyl acetylene, catalyzed by
[Rh(COD)CI], and phosphoramidite 26, produces bicycle 27 and
rearrangement product 28, both in excellent enantioselectivity
(eq 12). Efforts are currently focusing upon identification of the
reaction mechanism, as well as means to control regio- and ster-
eoisomer selectivity. These rapidly developing studies will be
reported in due course.

0 o} Ph
H c 5 mol%
10 mol% 26 L
Ph /25 Toluene, 110 °C Ph £ 0 H
27 28
ph_Ph 89% ee 94% ee
MeXOﬁQP‘NG 173 ratio
Me™ o o) 86% combined yield
Ph"pn 26

(12)

The continued evolution of these methodologies promises
the means to readily synthesize complex molecules through
previously unavailable routes. Despite these advances in the
use of metalacycles, additional frontiers remain. We believe that
our efforts to date provide the foundation for the utilization of
more versatile means of metalacycle formation, with the goal of
developing a fully modular, completely intermolecular three-
component cycloaddition compatible with numerous & compo-
nents. Ultimately, we envision the extension of this asymmetric
methodology to include other heterocumulenes, including car-
bon dioxide. Realization of this goal would provide a route to
complicated carboxylic acid containing products while utilizing
CO, as an inexpensive C1 feedstock.
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CONSPECTUS

Enzymes, a dlass of highly efficient and spe- Hydrogel
cific catalysts in Nature, dictate a myriad of Nanofiber o@D Precursor
reactions that constitute various cascades in bio- ; .

. y Enzymatic
logical systems. Self-assembly, a process preva- a7 ) conversion
lent in Nature, also plays important roles in
biology, from maintaining the integrity of cells to @ Hydrogelator
performing cellular functions and inducing abnor- e p
malities that cause disease. To explore enzyme- Hydrogelation Self-Assembly

regulated molecular self-assembly in an aqueous

medium will help to understand and control those important biological processes. On the other hand, certain small organic
molecules self-assemble in water to form molecular nanofibers and result in a hydrogel, which is referred to as a “supramo-
lecular hydrogel” (and the small molecules are referred to as “supramolecular hydrogelators”). Supramolecular hydrogela-
tors share common features, such as amphiphilicity and supramolecular interactions (z—z interactions, hydrogen bonding,
and charge interactions among the molecules, among others) that result in nanostructures and form the three-dimensional
networks as the matrices of hydrogels.

In this Account, we discuss the use of enzymes to trigger and control the self-assembly of small molecules for hydroge-
lation, which takes place in vitro or in vivo, extra- or intracellularly. Using phosphatase, thermolysin, -lactamase, and phos-
phatase/kinase as examples, we illustrate the design and application of enzyme-catalyzed or -regulated formation of
supramolecular hydrogels that offer a new strategy for detecting the activity of enzymes, screening for enzyme inhibitors,
typing bacteria, drug delivery systems, and controlling the fate of cells. Since the expression and distribution of enzymes
differ by the types and states of cells, tissues, and organs, using an enzymatic reaction to convert precursors into hydrog-
elators that self-assemble into nanofibers as the matrices of the hydrogel, one can control the delivery, function, and response
of a hydrogel according to a specific biological condition or environment, thus providing an accessible route to create sophis-
ticated materials for biomedicine. Particularly, intracellular enzymatic hydrogelation of small molecules offers a unique means
for scientists to integrate molecular self-assembly with inherent enzymatic reactions inside cells for developing new bio-
materials and therapeutics at the supramolecular level and improving the basic understanding of dynamic molecular self-
assembly in water.

functions* and inducing abnormalities that cause
disease.® Cellular nanostructures such as actin fil-

A. Self-Assembly, Supramolecular
Hydrogels, and the Biological

Inspirations for Enzymatic
Hydrogelation

This paper discusses enzymatic hydrogelation of
small molecules, which offers a unique and ver-
satile platform for developing new biomaterials.
Self-assembly,’ a process prevalent in Nature,
plays important roles in biology, from maintain-
ing the integrity of cells®>? to performing cellular
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aments, microtubules, vesicles, and micelles are
the microscopic presentations of molecular self-
assembly in biological systems.® Biomacromol-
ecules can form a variety of nanostructures, and
likewise certain small organic molecules are capa-
ble of self-assembling in a solvent, resulting in a
gel.”~? If the self-assembly occurs in an aqueous
medium, the resulting gel is referred to as a
“supramolecular hydrogel”,? and the small mole-
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cules are referred to as “supramolecular hydrogelators” or
“molecular hydrogelators”.

Supramolecular hydrogelators share common features with
certain self-assembled structures in biology, such as amphiphi-
licity and supramolecular interactions (z—zx interactions,
hydrogen bonding, and charge interactions among the mol-
ecules, among others). These noncovalent interactions in par-
ticular confer nanostructures and form the three-dimensional
networks as the matrices of hydrogels.?

Their self-assembly and noncovalent interactions enable
supramolecular hydrogels to show rapid responses to a vari-
ety of external stimuli, including pH,'® temperature,'" ionic
strength,'? and ligand—receptor interactions.'3'* Most of the
small molecule hydrogelators explored so far have been
organic or bioactive molecules, and some supramolecular
hydrogels also show a good tolerance to the addition of bio-
active components into their matrices, thus making them
attractive candidates for biomedical applications such as three-
dimensional cell cultures,'>'® screening biomolecules,'”
wound healing,'® and drug delivery.'®~22 They also exhibit
excellent biodegradability because they are composed of
water and small molecules. One of the most interesting appli-
cations for such self-assemblied materials reported so far is
that nanofibers (of the self-assembly of bioactive molecules)
selectively promote differentiating the progenitor neuron cells
into neurites rather than dendrites.? In addition, recent work
has shown the control of the fates of cells through intracellu-
lar supramolecular hydrogelation.?#2>

Normally, physical or chemical perturbations initiate the
gelation that yields supramolecular hydrogels. For example, if
a hydrogelator dissolves in an aqueous solution at a certain
pH or temperature, changing pH or temperature alters the sol-
ubility of the hydrogelator to form a supersaturated solution
and triggers the formation of networks of nanofibers, result-
ing in a supramolecular hydrogel. Such gelation has been
summarized in several excellent and authoritative re-
views.”#2¢27 This Account focuses instead on enzymatic
supramolecular hydrogelation, in which an enzyme catalyti-
cally converts a precursor to a hydrogelator and triggers
molecular self-assembly in water.?42>28735

In Nature, enzyme-regulated molecular self-assembly
plays a critical role in many cell processes. The formation
of microtubules (Figure 1), which governs mitosis, is one
example. The polymerization of actins, which governs the
focal adhesion of cells, is essentially a self-assembly pro-
cess of seemingly miraculous sophistication that is regu-
lated by enzymes.® These natural self-assemblies inspire the
development of enzymatic hydrogelation of small mole-
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FIGURE 1. An illustration of the process of microtubule assembly:
(i) enzyme-catalyzed replacement of the guanosine diphosphate
(GDP) on -tubulin by guanosine triphosphate (GTP); (ii) the GTP
bound dimer of o-tubulin and g-tubulin assemble onto the (+) end
of a microtubule; (iii) disassembly of the microtubule after
enzymatic hydrolysis of GTP to GDP on g-tubulin at the (—) end of
the microtubule.

cules.®> Compared with physical or conventional chemical
perturbations, enzymatic regulation promises a unique
opportunity to integrate molecular self-assembly in water
with natural biological processes. Moreover, as a new
method to make biomaterials, the enzyme-catalyzed for-
mation of hydrogels of small molecules has already shown
promise in biomedical applications as diverse as screen-
ing enzyme inhibitors,° assisting biomineralization,3® typ-
ing bacteria,®3 developing smart drug delivery systems,'
and controlling the fate of cells.?*2>

Enzymatic reactions have already been used to generate
various biomaterials, including hydrogels. For example,
enzymes can catalyze the cross-linking of the polymer chains
to form a continuous, three-dimensional matrix for hydrogels,
and these polymeric hydrogels have found applications in tis-
sue engineering, wound healing, and drug delivery.?” In addi-
tion, enzyme-responsive surfaces have been created that can
direct the attachment of cells, and enzyme-responsive poly-
meric hydrogel beads have potential as a matrix for drug
delivery.383°

Figure 2 shows that the enzymatic hydrogelation of small
molecules involves three essential steps. The enzyme first
converts a precursor into a hydrogelator (normally via bond
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FIGURE 2. The essential steps in the enzymatic hydrogelation of small molecules.

TABLE 1. Examples of Enzymes, Corresponding Substrates, Minimal Gelation Concentration (mgc), and Potential Applications of Enzymatic

Gelation of Small Molecules

enzyme(s) substrate mgc (wt %) applications
alkaline phosphatase Fmoc-Y-P(O)(OH), (1) 2.0 biomineralization®®
acid phosphatase Fmoc-Y-P(O)(OH), (1) 0.5 inhibitor screening°
phosphatase Nap-SPhg- fPhg-Y-P(O)(OH), (3) 0.4 drug delivery®*
tyrosine kinase/phosphatase switch Nap-FFGEY-P(O)(OH), (7) 0.15 drug delivery>'
p-lactamase Nap-FF-NH(CH,),S-ACLH (9) 0.1 assay bacteria®3
thermolysin Fmoc-F(12) and -FF (13) 0.22 tissue engineering?®
esterase Nap-FF-NH(CH,),OCO(CH,)>COOH (15) 0.08 control the fate of cells®*
human tyrosine phosphatase Nap-FFY-P(O)(OH), (17) 0.05 bacterial inhibition®

cleavage). The hydrogelator then self-assembles, usually
forming nanofibers. The nanofibers then entangle to serve
as a matrix for the hydrogel.?° Besides bond cleavage,
there are other ways to generate the hydrogelator using an
enzyme. Enzyme-catalyzed bond formation has been
reported by Ulijn et al.?® Given the amphiphilic nature of
the hydrogelator, however, the process depicted in Figure
2 should be more versatile in most situations. Table 1 sum-
marizes the enzymes, corresponding substrates, and poten-
tial applications.

Unlike polymeric hydrogels formed by the cross-linking
of random polymer chains, the self-assembly of small mol-
ecules to form a supramolecular hydrogel has three subtle
but important features in addition to the characteristics dis-
cussed above. (i) Although the nanofibers randomly entan-
gle, the molecular arrangement within the nanofibers
(referred to as the secondary structure®) displays signifi-
cant order. (i) The relatively easy structural modification of
the small molecules allows tailoring of the molecular order
within the nanofibers. And more importantly, (iii) small mol-
ecules are more accessible to enzymes and more easily
converted into hydrogelators either extracellularly or intra-
cellularly. This third feature clearly confers a unique merit
for exploration and application of enzymatic supramolecu-
lar hydrogelation.

B. In Vitro or Extracellular Enzymatic
Hydrogelation of Small Molecules

B.1. Phosphatase. Phosphatases have a broad spectrum of
substrate selectivity and high activity and are easily available.
In Nature, they catalyze dephosphorylation in various biolog-
ical environments. In this section, we introduce recent exam-
ples of using phosphatase to form supramolecular hydrogels
and their applications.

B.1.1. Dephosphorylation for Supramolecular Hydro-
gelation. The dephosphorylation reaction catalyzed by a
phosphatase led to the first example of enzymatic supramo-
lecular hydrogelation.?® Their easy accessibility and high activ-
ity render phosphatases an obvious choice of enzyme to
control the self-assembly and hydrogelation of small mole-
cules. As shown in Figure 3, alkali phosphatase turns a readily
available precursor 1 (Figure 3A) to a more hydrophobic com-
pound 2 after removing the hydrophilic phosphate group, and
2 forms a supramolecular hydrogel (Figure 3C) whose matri-
ces are made of the self-assembled nanofibers of 2 (Figure
3D,E). This simple enzymatic conversion decreases the solu-
bility of the molecules in solution and triggers the self-assem-
bly of the hydrogelators. Enzymatic hydrogelation normally
takes place at physiological conditions, which should help
expand the range of its applications in biology and
biomedicine.
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alkaline
phosphatase

FIGURE 3. (A) Chemical structure of the precursor (1) and its corresponding hydrogelator (2) and the schematic gelation process, (B) optical
images of a solution of 1 in alkali phosphate buffer (pH = 9.8), (C) the hydrogel of 2 formed by adding alkaline phosphatase to a solution of
1, (D) SEM image of the hydrogel of 2, and (E) TEM image of the hydrogel of 2. Adapted with permission from ref 29. Copyright 2004

Wiley-VCH.

hydroéel

from ref 30. Copyright 2004 Royal Society of Chemistry.

B.1.2. Enzymatic Hydrogelation for Screening In-
hibitors of an Enzyme. Many diseases are associated with
abnormal activity or overexpression of certain enzymes, so it
is important to be able to screen enzyme inhibitors. Since it is
easy to distinguish a solution and a hydrogel without the aid
of any instrument, one application of enzymatic hydrogela-
tion is as a visual assay to screen for the inhibitor of an
enzyme.3° In the example shown in Figure 4, when the con-
centration of the inhibitor is lower than the inhibition thresh-
old, acid phosphatase can convert the precursor to a
supramolecular hydrogelator, which results in the formation of
supramolecular hydrogel. When the concentration of the
inhibitor is adequate, the activity of the acid phosphatase will
be inhibited and the solution remains fluid. Despite its lim-
ited accuracy, this type of assay offers an inexpensive and
rapid protocol for screening inhibitors.

B.1.3. Biomineralization Assisted by Enzymatic
Supramolecular Hydrogelation. In enzymatic hydrogela-
tion catalyzed by phosphatases, the phosphate ions cleaved
from the precursor remain in the gel matrix after the forma-
tion of the supramolecular hydrogels. Mann and his co-work-
ers have applied enzymatic hydrogelation catalyzed by
phosphatase to achieve biomineralization.>® They showed that
adding a solution containing calcium ions above the hydro-
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FIGURE 4. An illustration of using enzymatic supramolecular hydrogelation to screen inhibitors of phosphatase. Adapted with permission

¥/ WA )
FIGURE 5. SEM images of (A) lightly mineralized and (B)
extensively mineralized supramolecular hydrogels formed using the
process depicted in Figure 3. Adapted with permission from ref 36.
Copyright 2006 Wiley-VCH.
gel allows the calcium ions to diffuse into the matrices of the
gel and form calcium phosphate. The stiffness, critical strain,
thermal stability, dynamic storage, and loss moduli of the
hydrogel can thus be increased significantly. The resulting
hybrid composites (Figure 5) can be fabricated as hydrogels,
thin films, or macroporous monoliths. This demonstration indi-
cates that enzymatic hydrogelation can form promising plat-
forms to assist biomineralization.

B.1.4. Enzymatic Formation of Supramolecular Hy-
drogels with Long-Term Biostability. Controlled in vivo
enzymatic hydrogelation promises to allow tailoring the deliv-
ery, functions, and responses of a hydrogel according to spe-
cific biological conditions. These useful and promising
applications, sometimes, demand a hydrogelator with suffi-
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FIGURE 6. (A) An illustration of the process for using phosphatase to control the balance between hydrophilic and hydrophobic interactions
that leads to the formation of a hydrogel in vivo. (B) The chemical structures of the molecules involved in the hydrogelation and the
schematic gelation process for o- or g-peptide derivatives. (C) Optical images of the hydrogels formed by adding alkaline phosphatase to the
mixture of blood and phosphate-buffered saline (PBS) containing 3. (D) Optical images of the hydrogels formed subcutaneously 1 h after
injection of a solution containing 3 and alkaline phosphatase under the skin of a mouse. Adapted with permission from ref 34. Copyright

2007 Wiley-VCH.

cient biostability, for example, to resist hydrolytic enzymes. A
precursor based on f-amino acid derivatives has been
designed with this in mind.*® As shown in Figure 6, attach-
ing tyrosine phosphate to the C-terminal end of the -amino
acid derivative afforded the precursor (3), which served as a
substrate for the phosphatases in the hydrogelation. After
being treated with a tyrosine phosphatase, 3 hydrolyzed into
a hydrogelator. Interestingly, the morphologies of the result-
ing hydrogels were observed to depend on the rate of
hydrogelation: the diameters of the nanofibers were more uni-
form when less enzyme was used and less uniform when
more enzyme was used.>* Moreover, this enzymatic hydroge-
lation was able to proceed in complex fluids (e.g., blood, Fig-
ure 6C) that contain a variety of proteases and in vivo (e.g., the
subcutaneous cavity of a mouse, Figure 6D). The S-peptide-
based hydrogel exhibited longer half-life than the a-peptide

hydrogel (formed by 6) in the subcutaneous environment.*
Such excellent biostability in vivo renders g-peptide-based
hydrogels a potential candidate for long-term biomedical
applications. The principle demonstrated in the case of -pep-
tide (4) also implies that other unnatural amino acids can act
as substrates for enzymatic hydrogelation, perhaps allowing
even longer-term biostability.

B.2. An Enzyme Switch to Regulate Hydrogelation.
When enzymatic hydrogelation takes place in vivo, more than
one enzyme exists in the biological environment. Therefore,
it would be helpful to understand the biological regulation
involved in using a pair of enzymes to control the self-assem-
bly of small molecules, since it is quite common for pairs of
enzymes to work counteractively to regulate biological func-
tioning in Nature.® Phosphatase and kinase are one pair of
important enzymes involved in regulating signal transduction
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FIGURE 7. (A) Chemical structures of the precursor (7) and its corresponding hydrogelator (8) and the diagram of a phosphatase/kinase
enzyme switch. (B) Optical images of the hydrogel (panel I) formed by 8 in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
by adjusting the pH, the solution (panel Il) obtained by treating the hydrogel with a kinase (at 50% conversion), and the hydrogel (panel Ill)
restored by adding phosphatase into the solution. (C) Dynamic time sweep of a solution containing 7 and 8 after the addition of the
phosphatase. The arrow indicates the apparent gelation point. (D) An optical image of a hydrogel formed subcutaneously one hour after
injection of 8 into mice. Adapted with permission from ref 31. Copyright 2006 American Chemical Society.

in cells. Kinases catalyze the attachment of phosphate groups
to a protein (phosphorylation), and phosphatases remove
them (dephosphorylation).® Thus, we designed a compound
that can undergo phosphorylation and dephosphorylation cat-
alyzed by phosphatase and kinase.>" As shown in Figure 7,
the hydrogelator (8) self-assembles into nanofibers and forms
a supramolecular hydrogel in an aqueous solution. As a sub-
strate of tyrosine kinase, 8 undergoes phosphorylation cata-
lyzed by tyrosine Kinase in the presence of ATP to yield a
more hydrophilic compound (7), which leads to the gel—sol
transition. Upon the addition of alkaline phosphatase, the
dephosphorylation of 7 restores the hydrogel (indicated by the
rheological data shown in Figure 7C). This was the first exam-
ple of using a pair of enzymes to regulate a supramolecular
hydrogel. Subcutaneous injection of 7 in mice led to the for-
mation of a supramolecular hydrogel in vivo (Figure 7D). The
combination of the enzymatic switch with small molecular
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hydrogelation certainly deserves further exploration. It could
lead to a new way to make and apply biomaterials for ther-
apeutic interventions because many diseases (e.g., cancer, dia-
betes, Alzheimer's disease, and multiple sclerosis) are
associated with the abnormal activity of kinases or phos-
phatases or other types of enzymatic switches.

B.3. p-Lactamases Catalyzing Formation of Supra-
molecular Hydrogels. The g-lactamases are an important
family of enzymes that catalyze the hydrolysis of -lactam
antibiotics and have caused wide-spread antimicrobial drug
resistance.*'2 Their importance has led us to explore enzy-
matic hydrogelation catalyzed by p-lactamase.®3 A typical
scheme is shown in Figure 8. The precursor (9), consisting of
a cephem nucleus as the linker connecting a hydrophilic
group and a hydrogelator, is too soluble to form a hydrogel.
Upon the action of a f-lactamase, the g-lactam ring opens to
release the hydrogelator, which self-assembles into nanofi-
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FIGURE 8. (A) An illustration of the design of using S-lactamase to
form supramolecular hydrogels. (B) The chemical structures of the
compounds involved in the g-lactamase-catalyzed hydrogelation. (C)
The results of adding different types of cell lysates into the solution
of 9 (the final concentration of 9 is 0.35 wt %, pH = 8.0): (I) E. coli
C600 (B-lactamase negative), (ll) E. coli with CTX-M13 (extended-
spectrum g-lactamase), (Ill) E. coli with CTX-M14 (extended-spectrum
B-lactamase), (IV) E. coli JP995 (B-lactamase negative), (V) E. coli with
SHV-1 (broad-spectrum fS-lactamase), (VI) E. coli with TEM-1 (broad-
spectrum p-lactamase), and (VII) water. Adapted with permission
from ref 33. Copyright 2007 American Chemical Society.

bers to afford a hydrogel. This facile process could detect
p-lactamase in the lysates of bacteria. f-lactamase in a bac-
terial lysate could convert the precursor (9) to its correspond-
ing hydrogelator (10), resulting in the formation of a
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supramolecular hydrogel (II, Ill, V, and VI in Figure 8C). With-
out S-lactamase (1, IV, and VIl in Figure 8C), no gel would form
because of the lack of 10 to support hydrogelation.

As in screening inhibitors of acid phosphatase by enzymatic
hydrogelation, this process can screen for inhibitors of s-lac-
tamase: a gel does not form when the g-lactamase is inhib-
ited by other molecules. We envision that g-lactamase might
be used to control the self-assembly of small molecules and
that it might offer a general platform for the study of intracel-
lular hydrogelation (vide infra) by exploiting the well-estab-
lished vectors for controlled-expression of s-lactamases inside
cells or in subcellular organelles.*34>

B.4. Thermolysin Catalyzing Formation of Supra-
molecular Hydrogels. Unlike phosphatase, which breaks a
covalent bond to trigger hydrogelation, thermolysin catalyzes
the formation of a covalent bond between two compounds to
form a supramolecular hydrogelator (12 and 13 leading to 14
in Figure 9A), which self-assembles into a three-dimensional
fibril network to support the hydrogel (Figure 9B).?8 Since ther-
molysin catalyzes the reverse hydrolysis of many substrates,
especially hydrophobic amino acids and peptides, it should
expand the scope of enzymatic hydrogelation. It has already
been developed into a useful tool for forming hydrogels as
scaffolds in tissue engineering.'®

C. Intracellular Enzymatic Hydrogelation of
Small Molecules

Enzymatic hydrogelation can integrate molecular self-assem-
bly with a wide range of biological processes involving
enzymes, and this approach provides a unique opportunity to
explore intracellular hydrogelation. The ability to form self-
assembled intracellular artificial structures should offer a con-
venient means of examining the dynamics of the molecular
superstructures inside cells and help elucidate the functions of
small molecules at a new level of complexity, supramolecu-
lar and intracellular.

C.1. Supramolecular Hydrogelation inside Mam-
malian Cells. To form a hydrogel within a cell, an endog-
enous enzyme should convert a soluble precursor, which does
not necessarily self-assemble and gel extracellularly, into a
hydrogelator that self-assembles into nanofibers or some other
ordered nanostructures. To meet this requirement, we
designed and synthesized 15 as an esterase substrate (Fig-
ure 10).>* Mammalian cells take in 15 by diffusion, their
endogenous esterases convert 15 to 16, and the molecules of
16 self-assemble to form nanofibers, resulting in a supramo-
lecular hydrogel inside the cells. The gelation changes the vis-
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images of the corresponding gel (scale bar is 0.5 «m). Adapted with permission from ref 28. Copyright 2006 American Chemical Society.

HN_}—NH
o —0
CQ >L:‘: g

H,0 | estrase

C :EJ 0
0 o
H OH
N N\:)J\N/\/OH Ho)j\/Y
Rl 2 W o
16 \©

H B

|
100 nm

FIGURE 10. (A) An illustration of using an esterase to convert precursor molecule (15) to the hydrogelator (16), thus resulting in
supramolecular hydrogelation and (B) TEM of the hydrogel (inset, optical image).
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FIGURE 11. MTT assays of (A) NIH-3T3 cells and (B) HeLa cells treated with 15 at concentrations of 0.08, 0.04, and 0.02 wt %.

cosity of the cytoplasm and causes cell death. Interestingly, at
a certain concentration of the precursor (e.g., [15] = 0.04 wt
%), most HeLa cells died at day three after the addition of 15
to the culture medium, while most of NIH-3T3 cells remained
alive and dividing at the same concentration of 15 (Figure 11).
One possible explanation would be that the levels of expres-
sion of esterases (i.e., E1 in Figure 12) between these two cell
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lines are different. HeLa cells likely have higher esterase
expression levels and are able to convert more 15 to the
hydrogelator (16) than NIH-3T3 cells do, so a gel could form
inside the HeLa cells. Inside the NIH-3T3 cells, the concentra-
tion of 16 was too low to reach the minimum gelation con-
centration due to the lower concentration of esterases, so no
gel formed. This mechanism was supported by the results of
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FIGURE 12. A possible mechanism for the formation of intracellular nanofibers leading to hydrogelation and cell death (E1 = phosphatase;
E2 = other enzymes): (i) the precursor (15) is taken up by the cells; (i) some 15 molecules degrade, catalyzed by other enzymes; (iii)some 15
molecules are converted into the hydrogelator, 16; (iv) 16 self-assembles into nanofibers; (v) the nanofibers form three-dimensional

networks and result in a gel, which induces inhibition or cell death.

a fluorescence assay of esterase in the cells.>* Though other
factors (e.g., differences in the uptake of 15 by HelLa and NIH-
3T3 cells) might also contribute to the apparent low toxicity
of 15 for NIH-3T3 cells, the above result indicates that the for-
mation Kinetics of the intracellular nanostructure are specific
to different types of cells. Whether intracellular hydrogela-
tion leads to apoptosis or necrosis or both has yet be deter-
mined, but this approach clearly offers a new way to control
the fate of cells.

C.2. Supramolecular Hydrogelation inside Bacteria. To
further demonstrate that hydrogelation inside cells can con-
trol their fate, we designed the precursors for enzymatic
hydrogelation inside bacteria. Two types of Escherichia coli
strains were used in the experiments: the wild-type BL21 (as
the control) and a BL21 strain bred to overexpress human
tyrosine phosphatase (BL21(P+)). Since the only difference
between the two strains was their phosphatase expression,
any discrepancy in the uptake of the precursor was minimized.
After the diffusion of the precursor (17) into the E. coli, the
phosphatase converted 17 into 18, which resulted in the for-
mation of three-dimensional networks of nanofibers and trig-
gered supramolecular hydrogelation (Figure 13A). The
BL21(P+) bacteria were observed to stop growing upon the
addition of 17 (ICso = 20 ug/mL), but the wild-type BL21 bac-
teria grew normally (ICs, > 2000 ug/mL).2> HPLC showed that
18 accumulated significantly in the BL21(P+) (Figure 13B).
After the bacteria had been isolated and broken apart by soni-
cation, hydrogelation could be observed only in the sample
prepared from the BL21(P+) and treated with 17 (Figure 13Q).

The formation of nanofibers in the hydrogels was also evi-
dent in TEM images (Figure 13D). These results confirm that
enzymatic hydrogelation inside the bacteria inhibited their
growth. Since small molecules enter cells easily, it should be
possible to design a substrate susceptible to multiple enzymes
to achieve more sophisticated control. The principle and the
strategy demonstrated here could lead to a new class of ther-
apeutic agents that take advantage of the kinetics of enzy-
matic reactions rather than tight ligand—receptor binding.*?

D. Perspectives and Prospects

Benefiting from advances in supramolecular chemistry and
from the research of molecular self-assembly,'#¢~48 the fun-
damental understanding of how to form molecular gels has
improved considerably in the past decade.®?® The sub-
stantial progress in identifying low molecular weight
gelators”~92649757 has motivated and underpinned the explo-
ration of enzymatic hydrogelation of small molecules. Enzy-
matic hydrogelation can provide new systems that mimic and
elucidate the self-assembly behavior of macromolecules in bio-
logical systems. They may thus constitute a new platform from
which to control the self-assembly of small molecules for bio-
medical applications and a new approach to solving complex
problems such as cancer and multiple drug resistance.

It is conceivable that a substrate for multiple enzymes might
be designed allowing sophisticated control over the formation of
supramolecular hydrogels inside cells. In essence, the target of
intracellular hydrogelation is the cytosol, whose gelation or
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change of viscosity will promise to allow control of many cellu-
lar processes (or pathways) via the kinetics of enzymatic reac-
tions rather than specific and tight ligand—receptor binding.

A remaining challenge is that enzymatic hydrogelation
requires rather high concentrations (micromolar to millimo-
lar) of gelators. These might be lowered by choosing hydrog-
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elators of specific functions?*>® or by exploiting hydrogelation
within subcellular organelles.

Enzymatically formed molecular hydrogelators would be a
reasonable starting point for investigating the self-assembly of
small molecules inside cells, which remains a little-explored
area that might hold great promise.





Enzymatic regulation of gelation, as a versatile platform for
developing smart biomaterials, offers not only the advanta-
geous features of supramolecular soft matter (e.g., program-
mability, reversibility, and dynamics) but also a new approach
to integrating the processes of biological systems with the for-
mation of hierarchical nanostructures. The collaboration of sci-
entists from chemistry, biology, medicine, and engineering will
probably be required to advance in this nascent research
direction, but the results could lead to a new paradigm for
managing cellular processes, probing cellular functions, and
developing new biomaterials and therapies.
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