Multiple files are bound together in this PDF Package.

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

- Efficient, integrated PDF viewing
- Easy printing

« Quick searches

Don’t have the latest version of Adobe Reader?

Click here to download the latest version of Adobe Reader

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



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


FOCUS REVIEWS

DOI: 10.1002/asia.200700131

Elucidating the Coordination Chemistry and Mechanism of Biological
Nitrogen Fixation

Ian Dance*!®!

S WWILEY 3
936 . InterScience® © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 936 -946

nnnnnnnnnnnnnnnnnnnnnn



www.interscience.wiley.com



CHEMISTRY

AN ASIAN JOURNAL

-

Abstract: How does the enzyme nitrogenase reduce the
inert molecule N, to NH; under ambient conditions that
are so different from the energy-expensive conditions of
the best industrial practices? This review focuses on
recent theoretical investigations of the catalytic site, the
iron-molybdenum cofactor FeMo-co, and the way in
which it is hydrogenated by protons and electrons and
then binds N,. Density functional calculations provide re-
action profiles and activation energies for possible mecha-

nistic steps. This establishes a conceptual framework and
the principles for the coordination chemistry of FeMo-co
that are essential to the chemical mechanism of catalysis.
The model advanced herein explains relevant experimen-
tal data.

Keywords: allosterism - coordination chemistry - density
functional calculations - nitrogen fixation - reaction mech-
anisms

1. Introduction

Dinitrogen (N,) is a very unreactive molecule, yet all of life
on earth ultimately depends on the N,—NH; stage of the
global nitrogen cycle. Approximately half of the total fixa-
tion of atmospheric dinitrogen occurs biologically, as effect-
ed by nitrogenase enzymes in bacteria that are symbiotic
mainly with leguminous plants. The remainder takes place
in the production of industrial fertilizers with the Haber—
Bosch technology.!! There is a stark contrast between the
conditions of enzymatic fixation—subatmospheric pressure
and ambient temperature—and the high temperatures and
pressures of the Haber-Bosch process, which uses more
than 1% of human energy consumption.!'l Apart from eco-
nomic and environmental considerations in the nitrogenase
versus Haber—Bosch dichotomy,"? there is also a funda-
mental chemical curiosity: how does nitrogenase reduce N,
under such mild conditions?

Much is known about the structure of the enzyme pro-
teins and the biochemical mechanism.’®*! There are two
metalloproteins, the MoFe protein and the Fe protein.
Figure 1 shows half of the pseudodimeric MoFe protein
docked with the Fe protein. The iron-molybdenum cofactor
(FeMo-co), at which catalysis occurs, and the P cluster,
which mediates electron transfer, are inside the MoFe pro-
tein. The Fe protein contains two ATP/ADP molecules and
one Fe,S, cluster, which are also involved in electron trans-
fer. The key biochemical cycle (known as the Fe protein
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cycle) involves three processes: 1) association of the reduced
Fe protein (including two MgATP complexes) and the
MokFe protein, 2) hydrolysis of MgATP, which enables trans-
fer of one electron to the MoFe protein (via Fe,S, and the
P cluster), and 3) dissociation of the two protein molecules,
exchange of ATP back into the Fe protein, and re-reduction
of the Fe protein.

This biochemical cycle delivers electrons to the P cluster
(which undergoes some structural changes that involve the
surrounding protein'”) and then (by an enigmatic path-
way!) to FeMo-co. At this point, the questions about chem-

e Bl
MoFe protein-(half)
RSVIELLNY e

H

Fe protein

> “FeMo-co
- | catalysis site

| P Cluster: Fe,S,
"~ controls’electron
=L transfer

Fe,S, cluster &
at docking interface

Figure 1. The principal components of nitrogenase (Azotobacter vinelan-
dii). The two chains of the Fe protein are in yellow and red; two of the
four chains of the pseudodimeric MoFe protein are in blue and green.
Taken from the crystal structure (Protein Database 1N2C) of the docked

proteins stabilized with AIF,” in place of PO~
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ical catalysis arise. How do the substrate N, and the protons
reach FeMo-co? How does N, bind to FeMo-co? What is
the sequence of multiple steps in which electrons and pro-
tons are progressively added to N,, and via what intermedi-
ates, until NH; is formed? How does NH; leave? Over the
decades of experimental research into these questions, there
have been three main areas of progress. In the 1980s, Thor-
neley and Lowe made detailed kinetic measurements of ni-
trogenase activity, from which they developed a mechanistic
scheme that involves a sequence of reduced (hydrogenated)
levels of FeMo-co denoted E;H,, E,H,, E;H;, E,H,, and
concluded that productive involvement of N, occurs at the
E;H; and E,H, levels." In 1992, the unexpected and unpre-
cedented structure of FeMo-co was revealed,'” with further
refinement in 2002.1"") Recent investigations of the effects of
modification of surrounding residues revealed the location
of catalytic activity on the surface of FeMo-co.™¥

As shown in Figure 2, FeMo-co is an Fe;MoS, metal-sul-
fide cluster that contains a small central atom of unproven
elemental identity, but most probably nitrogen (N° in Fig-
ure 2a).°"® This cluster is akin to a fused pair of cubes.
There are three p-S (double) bridges around the central belt
and six us-S (triple) bridges at the ends. The Fel end is ligat-
ed by cysteine-275,) whereas the Mo atom at the other end
is ligated by histidine-442 and chelated by the hydroxy and
carboxy donors of a homocitrate cofactor ((R)-2-hydroxy-
1,2,4-butanetricarboxylic acid), which is essential for activi-
ty.?" In this resting state, Mo is six-coordinate, and each of
the Fe atoms is four-coordinate. The side chains of two
amino acids, histidine-195 and arginine-96, form hydrogen
bonds with u-S atoms S2B and SSA, respectively, in the rest-
ing state (Figure 2b), and modification of His195 in particu-
lar affects nitrogenase activity. The side chain of glutamine-
191, in the same a-helix as His195, hydrogen-bonds to a
dangling carboxylate of homocitrate and is also sensitive to
mutation-induced reactivity changes. Modification of resi-
due 70 was most informative: if the alkane side chain is in-
creased in size (valine to isoleucine), reactivity with N, or
the alternative substrate C,H, is diminished, whereas if the
side-chain volume is decreased (valine to alanine), nitroge-
nase is able to reduce the larger substrates propargyl alcohol
(CH,=CHCH,OH) and hydrazine.”’®! Modification of
Gly69 was also informative.?™ The conclusion from the full
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(a)

His442

homocitrate

Figure 2. a) Detailed structure and atom labels for resting-state FeMo-co
(crystal structure 1IMIN), linked to the MoFe protein via Cys275 and
His442 and with homocitrate (C atoms in dark green) chelating Mo. The
elemental identity of the central atom N° is unproven. b) Influential resi-
dues surrounding FeMo-co. Hydrogen bonds are shown striped. The side
chain of Val70 is located directly over Fe2 and Fe6.

results of these experiments is that N, and C,H, bind to one
or both of the Fe atoms closest to these side chains, that is,
to Fe2 and/or Fe6.¥

All the evidence indicates that the face of FeMo-co is
constituted by the atoms Fe2, S2B, Fe6, S3B, Fe7, and S5A;
Fe3 and S2A make up the reactive catalytic site.*2-27-2%]

Further experimental progress in revealing aspects of the
nitrogenase mechanism was confounded by several funda-
mental difficulties, apart from the general complexity of the
reactions and the sensitivity of the proteins to oxygen. One
impediment is the lack of an ESR signal during turnover of
the wild-type enzyme, and the consequent inability to ob-
serve intermediates during turnover directly. A second is the
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fact that N, does not bind in the resting state of the enzyme.
A third is the unavoidability of the proton as an alternative
substrate (reduction to H,), and therefore difficulty in inter-
rupting normal turnover to characterize intermediates. A
review in 2000 opened with the statement “Rationality not-
withstanding, anyone studying nitrogenase should be ex-
cused for occasionally wondering whether a Faustian bar-
gain might be required to establish the mechanism of dini-
trogen by this enzyme.”® Since then, the progress that has
been made in the detection of intermediates has involved
mutant proteins and freeze-quenching.?2>3-2

2. Theory
2.1. Role of Theory

When experimental investigations into chemical mechanisms
become difficult and frustrating, the importance of theoreti-
cal methods is enhanced. The conventional role of theory is
in postexperimental interpretation, but in problems such as
the nitrogenase mechanism, theoretical methods can make
primary contributions. In particular, it is possible to use den-
sity functional theory (DFT) to calculate with good accuracy
the electronic structure and energy of FeMo-co, which then
permits simulation of the reactivity of the catalytic site and
its reactants, intermediates, and products. This investigative
methodology and its advantages are outlined below.

The calculations focus on the potential-energy surfaces
(i.e., geometry—energy relationships) for the most-stable
electronic and spin states of postulated species. The goal is
to identify favorable reaction intermediates and reaction
pathways and to characterize the individual steps of possible
reaction sequences from reactant to product. This is possible
because the DFT methodology described below, which
relies on powerful computers, is sufficiently efficient to
permit investigation of hundreds of species and reaction
steps that involve FeMo-co with bound small molecules.

2.2. Procedures for Theoretical Investigation

The engine of this research is DFT calculation of molecular
electronic structure and energy, which includes calculation
of the gradient of the energy—geometry surface and optimi-
zation of geometrical structure by minimization of energy.
These calculations require selection of the functional in the
Hamiltonian that relates energy to electron density and se-
lection of the basis set of atomic orbitals. I used the standard
BLYP functional and numerical basis sets in my calculations.
The principal advantage of numerical basis sets over more-
conventional analytical basis sets such as Gaussian functions
is their markedly increased computational speed without
loss of accuracy.”**! All my calculations were performed
with the DMol3 program.?*3

It is essential that the accuracy of this methodology be as-
sessed; this was done with reference to relevant experimen-
tal data on FeMo-co, related metal-sulfide clusters, and co-
ordination complexes that contain N,, H, and H li-
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gands.”**! The validation calculations involve both geomet-
ric and reaction-energy data. This DMol DFT methodology
yields bonding that is very slightly weaker than the true
value, with bond-length discrepancies of less than 0.05 A.

As expected for a sulfide cluster that contains eight transi-
tion metals, the electronic structure of FeMo-co is complex,
and there are about 20 molecular orbitals within 1 eV of the
highest-occupied (HOMO) and lowest-unoccupied (LUMO)
molecular orbitals: the HOMO-LUMO gap is usually about
0.4 eV. Alternative electronic and spin states of FeMo-co
are sometimes close in energy to the ground state and,

therefore, need to be monitored _CH,
and controlled during calculation of T
reaction profiles. These alternative Fe
electronic and spin states have dif- - é \S
. . . . AN /
ferent distributions of electronic | \\/

. . Fe Fe Fe
spin  density on the metal N N
atoms.*0* s NE S

The model used to -calculate \Fe/ }:e Fe/
FeMo-co is 1, in which His442 is ]/\/ A\
truncated to imidazole, Cys275 is S\S‘ S
truncated to SCH;, and homocitrate O/ I\/\’I\lo\ o 1
is truncated to glycolate H\C Hc? //CH
(“OCH,COO"); this retains the L\ CH
native coordination of all the metal o

atoms. My calculations were all-

electron (i.e., no simplification of core orbitals), spin-unre-
stricted, and had no imposed symmetry. The resting molecu-
lar-oxidation state was defined by the net charge of —3 for
1, as previously established./*!

When investigating reaction mechanisms, it is important
to know the relative energies of the intermediates and tran-
sition states (TSs). Conventional methods for computing a
TS have some difficulties when applied to FeMo-co and its
derivatives, owing to its complex electronic and vibrational
structure. Therefore, I developed a simple and reliable
method to locate the lowest-energy saddle point with zero
gradient between reactant and product, based on small-step
small-range energy minimizations of structures that cycle
iteratively from one side of the barrier to the other.*¥l This
iterative cycle automatically optimizes all other geometrical
variables and, with diminishing excursions along the reac-
tion coordinate, converges the gradient to zero. Care was
taken to ensure that the reactant, transition, and product
states lie on one electronic surface by calculating the com-
plete profile from reactant to TS to product.

The strategy is to explore all conceivable structures with
substrates and intermediates bound to FeMo-co, thus devel-
oping an appreciation of the geometry—energy surfaces for
potentially relevant species and an understanding of the
general principles of the coordination chemistry of FeMo-
co. With this information, reaction steps are postulated and
their energy profiles calculated. Then, with cognizance of all
pertinent experimental data, the most-probable reaction se-
quences and intermediates are developed and assessed.

Clearly, computational modeling of the metalloenzyme
mechanism should include the surrounding protein. Com-
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plete DFT calculation is impractical, and various approxi-
mate treatments can be used.! I tested a continuum solva-
tion approximation (COSMO), in which the charge distribu-
tion of ligated FeMo-co polarizes a virtual surrounding di-
electric medium and generates electrostatic energies, which
are included in the calculation. For the systems tested, it
was estimated that the errors incurred by neglect of the
electronic influences of the surrounding protein were less
than 0.05A in geometry;*

hence, most calculations ignor-

1. Dance

N¢ in the coordination position labeled exo (Scheme 1).
This exo ligation can occur with only a small extension (typi-
cally to 2.2 A) of the Fe—N°® bond, which leads to regular
trigonal-bipyramidal coordination at Fe (Scheme 1a); alter-
natively, exo ligation can cause marked outwards displace-
ment of Fe to break the Fe—N° bond and elongate it to
about 3 A, such that Fe has a regular tetrahedral coordina-
tion (Scheme 1b). For some exo ligands, the short and long

ed the surrounding protein. tigonal- Seys ?cys square- Scys
Although this is reasonable for bipyramidal Fe terahedral Fe pyramidal Fe  Fe
broad explorations of plausible \ \ oxo s? é \S 7 é \S
mechanisms, calculations that exo / F\ \Fe//\F\/F é | \F\/F /
specifically include the chemi- / P / / /f/ /f:\ /f .
cal behavior of the surround- N S S NS g €90 “\e's S
ing protein will eventually be \ / \¢ e \Fe/ 'l;i\Fe/ \Fe/ };:\Fe/
needed for promotable mecha- /\ / \ X 7 IX 2
) : s” s s7 87 s
nisms. I previously reported \\ / ~ ~
calculations that assess the /M ~o /Mo\ /l\‘llo\
) o . o, o N._ 0 0. N0
geometric compatibility of li- X NP X ) X ™
- J 7 J
gated FeMo-co models with N HN HN— O
: s [28,39,44]
the surrounding protein. (@) ©) ©
Four other research groups octahedral Fe
reported DFT investigations of _ trigonal- S s
bipyramidal Fe [~ exo. S LS
the full FeMo-co structure. LY NV
Two of these (Ngrskov and L/ fe\
Blochl and their co-workers) s N° g~ endo e

used a different calculational
setup, with infinite repetition
of the chemical molecular
model that was sufficiently
separated to simulate isolated
molecules, and with plane-wave basis sets and frozen core
orbitals.***”! Blochl and co-workers used molecular dynam-
ics to optimize the geometries, with additional constraints to
determine transition states.*” Lovell and co-workers calcu-
lated individual FeMo-co molecules, with the surrounding
protein taken into account, and focused on the physical
properties of FeMo-co rather than its reactions.””! Cao et al.
used 1 as model of FeMo-co, as well as DMol methodology,
and focused on Mo as the reactive site.[**]

3. Coordination Chemistry
3.1. Coordination Chemistry of FeMo-co

The calculated partial charges on FeMo-co and its deriva-
tives generally range from +0.25 to 4+0.4 on the Fe atoms,
+0.8 on Mo, —0.3 to —0.6 on S, and —0.3 to —0.4 on N¢, and
I regard FeMo-co accordingly as being maintained by polar
covalent bonding. In general, FeMo-co has some plasticity,
and from the small energy changes associated with variation
of metal-metal distances it is evident that metal-metal
bonding is weak. Each of the six central Fe atoms of resting-
state FeMo-co has approximate trigonal-pyramidal coordi-
nation (S;FeN°). Additional ligation can occur frans to Fe—

940
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Scheme 1. Coordination possibilities of FeMo-co. Each can occur at any of the six central Fe atoms.

Fe—N¢ isomers both occupy local energy minima with similar
energies. There is another coordination position around
each of the central Fe atoms, labeled endo (Scheme 1c). For
this to occur, the doubly bridging S atom bound to Fe needs
to fold back a little so that the S—Fe—S angles change from
approximately trigonal to approximately orthogonal, and
the endo ligand L completes the approximately square pyra-
midal LS;Fe—N°¢ coordination (Scheme 1c).

The distinction between the exo and endo coordination
positions at Fe involves only angular changes, and there is
an arc of coordination positions between the exo and endo
extremes. If the ligand L is partway along this arc, there is
approximately trigonal-bipyramidal coordination at Fe
(Scheme 1d). However, this is uncommon: L usually occu-
pies the exo or endo positions. It is also possible for two li-
gands to coordinate Fe at the exo and endo positions, thus
yielding octahedral coordination (Scheme 1e).

All the coordination possibilities illustrated in Scheme 1
are involved in the intermediates in the calculated mecha-
nisms of N, reduction. The central Fe atoms clearly can
have variable coordination number (4, 5, 6) and flexible co-
ordination stereochemistry, which are the attributes required
for catalytic metal centers.

Chem. Asian J. 2007, 2, 936 -946
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3.2. Coordinative Allosterism: Role of the Central Atom

An interesting and significant property of FeMo-co arises
from the elongation and weakening of the Fe—N° bond. It
was observed in many calculations that whereas one Fe—N°
bond can elongate substantially to about 3 A and be effec-
tively nonexistent, the severance of two Fe—N° bonds does
not occur. Let us consider Fe2 and Fe6 (the two most-likely
participants in catalysis): when one is about 3 A from N,
the length of the other Fe—N° bond was found to be con-
strained to less than 2.5 A. The lengths/strengths of the two
Fe—N° bonds are thus correlated. This correlation between
the positions of two Fe atoms is not caused by the S atom
that bridges them, but is due to N°. If the central atom is re-
moved, the (u-S);Fe, region of ligated FeMo-co can undergo
extreme distortion: it is clear that one role of the multiply
bridging central atom is to control the flexibility of FeMo-
co, which cannot be done by the doubly bridging S atoms.
Another role of the central atom is to transmit bonding ef-
fects between Fe atoms.

The explanation involves the bonding capacities of Fe and
N¢. Six-coordinate N° in unligated FeMo-co is abnormal and
overbonded, and therefore can readily sever a bond to Fe
provided that there is sufficient energy compensation in the
other bonds to Fe. However, severance of both Fe2—N° and
Fe6—N° leaves N° under- and irregularly coordinated, and is
therefore resisted. The strength of the L—Fe bond inversely
affects that of the trans Fe—N° bond, and as L could be N,,
H,, H, HN(NH), H,N(NH,), or NH; (as well as inhibitors
such as CO) in the catalytic mechanism, considerable varia-
tion in both L—Fe and Fe—N° bond strengths is to be expect-
ed and is found in the calculations. These effects are trans-
mitted through N° between Fe atoms. In the sequence L,—
Fe2—N°—Fe6—Lg (Scheme 2), the nature and strength of the
L,—Fe2 bond affect those of the Fe6—Lj bond, and vice ver-
sa. In this way, allosteric relationships develop between
these coordination sites.

By analogy with the general occurrence of allosterism in
enzymes and proteins (e.g., hemoglobin®"), this phenomen-
on in FeMo-co is named coordinative allosterism.*” The
effect is illustrated in Scheme 2 for exo coordination of Fe,
but endo and/or exo coordination of Fe are observed to par-
ticipate in allosteric relationships that can be pronounced or
quite subtle.

4. Hydrogen Supply

The reduction of one N, molecule requires six H* ions and
six electrons, and in nitrogenase is invariably accompanied
by further electronation (incorporation of an electron) of
H* to generate H,. A fundamental issue is the supply of
electrons and protons to FeMo-co and then N, during its re-
duction. The pathway for electron transfer from the P clus-
ter to FeMo-co is unknown and has received little specula-
tive comment. For the proton supply, it is sometimes as-
sumed that the required protons will be transferred to elec-
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Scheme 2. The concept of coordinative allosterism, in which the L,—Fe2
and Lz—Fe6 bonds mutually influence each other via N°. L, and Ly can
be the substrates, intermediates, inhibitors, and products of the catalytic
cycle.

tronated N, on FeMo-co from the surrounding amino acids
or water molecules. However, examination of the protein
crystal structures showed that the protein surrounding the
likely catalytic sites on the reactive face of FeMo-co is both
hydrophobic and anhydrous. The side chains of His195 and
Arg96 (hydrogen-bonded to S2B and SSA, respectively, in
the resting-state protein; Figure 2b) may appear to be suita-
ble proton donors, but there is no evident pathway for
proton replenishment to these side chains, and it is difficult
to see how they could be cycled to provide sufficient pro-
tons. A more-likely role for these hydrogen bonds is modu-
lation of FeMo-co behavior.*!

There are two water molecules in the vicinity of FeMo-co.
One, HOH208, is located 5.3 A from S2A, 4.1 A from Fe3,
and 3.4 A from S5A, and is hydrogen-bonded in a closed set
of water molecules. The second water molecule of interest is
HOH679, which is located 4.0 A from S3B, and is the termi-
nus of two extended water hydrogen-bonding networks,”!
one of which is shown in part in Figure 3. The chain of 15
water molecules that culminates in HOH679 also involves
hydrogen bonds to three of the O atoms of homocitrate,
which is consistent with the strict requirement for homo-
citrate in nitrogenase.”” The mechanistic importance of
HOHG679 is emphasized by its conserved occurrence and lo-
cation in all the high-resolution crystal structures.’] It was
proposed that the chain of water molecules shown in
Figure 3 is the one that repetitively shuttles protons to S3B
during catalysis. A detailed hypothesis was provided®™! for
the carriage of protons from HOHS50 to HOH679 and on to
S3B by using adjoining amino acids and three O atoms of
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His519D
Leu521D

Val522D

Figure 3. The putative proton-supply chain, culminating in water mole-
cule 679. The proximity of HOH679 to S3B (black and grey stripes), OS5
of homocitrate, and the carbonyl O of His442 is emphasized by the black
circle. Water molecules are in orange, other atoms involved in the chain
are in red (O) and blue (N), homocitrate O atoms are labeled in red, hy-
drogen bonds are shown striped. The residues labeled D are in the o
chain of the MoFe protein.

homocitrate as proton buffers. Other authors also recog-
nized this putative proton-supply chain.>"->?]

It was calculated that electron transfer to FeMo-co con-
centrates increased negative charge on its S atoms, thus in-
creasing their basicity. Therefore, an electron transferred
onto FeMo-co will promote transfer of H* from HOH679
to S3B (S3B moves towards HOH679 during this process).
From S3B, an H atom can migrate to other Fe and S atoms
of FeMo-co, and possibly transfer to bound substrate mole-
cules and intermediates, thus allowing S3B to receive a sub-
sequent proton. Scheme 3 outlines the processes proposed
to generate the reducing H atoms (which have partial charg-
es between +0.1 and —0.1) on FeMo-co.

There are numerous ways in which one or more H atoms
can be bound to FeMo-co, including S—H, endo- and exo-

H atoms on FeMo-co,
as S—-H, Fe-H, Fe-H-Fe, S-H-Fe
electron transfer to

Hmigration[@
. FeMo-co
T
|1| HOHB79

.

proton-

supply
shuttle

instigated by

Scheme 3. Pathway for repeated hydrogenation of FeMo-co.
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Fe—H, endo- and exo-Fe—H,, and Fe—H—Fe and S—H-Fe
bridges. These, as well as the calculated reaction profiles for
the movement of H atoms between S and Fe, for the genera-
tion of Fe—H,, for the association and dissociation of Fe—H,
at various hydrogenation levels, and for H/H, exchange,
have been reported.”>¥! This detailed description of the hy-
drogen chemistry of FeMo-co connects significantly with the
earlier Thorneley—-Lowe mechanistic schemes and the EH,,
E,H,, E;H;, and E H, reduced states of FeMo-co. The DFT
calculations have now mapped the structural possibilities for
these E,H, species.

5. Structural Mechanistic Model

At this point, a structural mechanistic model was developed
for the catalytic hydrogenation reactivity at FeMo-co:*

1) After electron transfer to FeMo-co, H atoms are generat-
ed by fast proton supply to S3B, which then migrate
through several pathways to various locations on the
FeMo-co face (Figure 4a). The activation energies for H
migration were calculated to be 5-15 kcalmol .

2) Each of the E,H, levels of the Thorneley-Lowe mecha-
nism is potentially a sequence of substructures with dif-
ferent distributions of the H atoms, which develop at
FeMo-co during and independent of the cycle of associa-
tion/dissociation of the MoFe and Fe proteins (the Fe
protein cycle).

3) Substrates, particularly N, and C,H, (C,H, is not a natu-
ral substrate, but is experimentally and mechanistically
significant), can bind at Fe6 and Fe2. Details of the dy-
namics of the coordination of N, and C,H, depend on
the number and distribution of H atoms on FeMo-co,

o1y,

‘~substrate Il intermediate

W Prg

3 - e
o
« B
@® H atom binding site @ ﬁ
Wiy, H migration step
(a) (b)

Figure 4. a) Relevant H-atom binding sites and migration pathways on
FeMo-co. The different configurations of S3B—H and S2A—H are la-
beled, as are the endo and exo positions at Fe6 and Fe2. b) Generalized
model for the provision of H atoms to substrates or intermediates bound
to Fe2 or Fe6 (blue ovals). The squares represent the possible locations
of H atoms in the reduced states of FeMo-co. The proximal and distal di-
rections for the addition of H atoms to substrates/intermediates are
marked.

H atom supply
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and this provides the conceptual framework for the ob-
servation that N, is productively bound only at the E;H;
and E,H, levels, whereas C,H, is productively bound at
the EH, and E,H, levels.'"-*¥

4) The reduction of the substrates and their intermediates
on the path to the products occurs by transfer of H
atoms from the S and Fe atoms of FeMo-co.

5) The migration of H atoms is unidirectional, or vectorial,
because there is only one source, S3B—H. The coordina-
tion of substrates and intermediates at Fe6 or Fe2 blocks
the migration of H atoms past these sites. Therefore,
proximal and distal directions for H addition to sub-
strates/intermediates are created (Figure 4b). At the
stage of substrate binding, there can be pre-positioned H
atoms in either or both of the proximal and distal posi-
tions, but additional H atoms required for transfer to the
intermediates can only be provided from the proximal
direction. This is significant for the reduction of N,,
which requires six H atoms.

6) There is a general synergy in which the location of H
atoms influences the dynamics of substrate binding, and
substrate binding influences H-atom migration.

This general structural mechanistic model was developed
further to provide a unified explanation for much of the ex-
perimental data, which include a) the two-site reactivity of
C,H, and the differentiation of the high- and low-affinity
sites (due to different preparatory H migration), b) the dif-
fering mutual inhibitions of N, and C,H, in wild-type pro-
teins, c) the modified reactivity of the a-Gly69—a-Ser69
mutant with N, and C,H,, and d) the stereoselective hydro-
genation of C,D, and its loss in some mutant proteins
(Scheme 4).5

6. Binding of N, to FeMo-co

The question of how N, binds to FeMo-co is fundamental.
In the absence of sufficiently relevant or informative experi-
mental data (N, binding to FeMo-co appears to have been
detected® 3! but not characterized), there have been several
calculations. N, can bond to the Fe atoms of FeMo-co with
n' (end-on) or n? (side-on) geometries and in the exo or
endo positions. The degree and type of hydrogenation of
FeMo-co (with H atoms and possibly an H, molecule) influ-
ence the details of N, binding. The most comprehensive in-
vestigation described 94 different structures (as local energy
minima) with varying degrees of hydrogenation and N,
bound to either Fe6 or Fe2.[* The stabilities of 57 of these
structures were assessed by calculation of the reaction pro-
files and activation energies for the association and dissocia-
tion of N,. Barriers to association of N, are dependent
mainly on the locations of hydrogenation and N, coordina-
tion, whereas dissociation barriers are related primarily to
whether N, is '- or n’-coordinated, and secondarily on the
location of hydrogenation. No energy minima were found
for N, molecules bridging two, three, or four of the atoms of
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Scheme 4. Mechanism proposed for stereospecific hydrogenation of C,D,
at Fe6.

the Fe2—Fe3—Fe6—Fe7 face of FeMo-co. Some examples of
structures with N, bound to hydrogenated FeMo-co are
shown in Figure 5, together with their profiles for associa-
tion and dissociation of N,.

Hinemann and Ngrskov suggested the exo-n' coordination
of N, at Fe, with three H atoms on the three p-S atoms, as
the most-stable structure with bound N,.[! The calculations
of Kistner, Blochl, and co-workers led them to two struc-
tures (Scheme 5) in which the Fe7—S5A—Fe3 bridge is
broken and replaced by terminal Fe3—SH: N, first binds in
an n' fashion to Fe7, then bridges between Fe7 and
Fe3.1247:53 These structures are less consistent with the gen-
eral coordination chemistry of metal-sulfide clusters,’ in
which (;-S)—M bonds are more-readily disrupted than (p-
S)—M bonds. Structure 1-4H-a in Figure 5 is an example of
typical FeMo-co behavior, with an elongated Fe6—S3B bond
when S3B is hydrogenated. There are difficulties in translo-
cating the coordination at Fe3 and Fe7 shown in Scheme 5
to Fe2 and Fe6 (the most-probable reaction sites) due to in-
terference with the surrounding protein.[*!

What then can be concluded about how N, binds to
FeMo-co? The many possibilities alluded to above were fur-
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Scheme 5. The structures proposed by Késtner, Blochl, and co-workers
for N, bound to doubly hydrogenated FeMo-co.

ther evaluated in terms of their interactions with the sur-
rounding protein and their compatibility with the experi-
mental reactivity data from key mutant proteins, which led
to the suggestion that endo-n'-N, coordination at Fe6 is
most-probable.*) However, any conclusion is tempered by
the requirement that the energy barrier for the next step,
the transfer of H to bound N,, be surmountable, and that
there be feasible subsequent steps in the mechanism.
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1. Dance

7. Mechanisms for
- Conversion of N, into
NH;

-

8.8 The stage for the molecular
dance in which N, becomes
NH; is now set, with knowl-
edge of the structures of
FeMo-co and the surrounding
protein. The prospective mo-
lecular dancers are known:
they are the hydrogenated
forms of FeMo-co and the spe-
cies with bound N,. Now we
can explore the choreography
of this molecular dance,’”! and
calculations of the profiles for
these mechanistic steps are in
progress. It appears that mech-
anisms that involve H transfer
to endo-'-bound N, have
higher activation barriers than
those that involve H transfer
to endo-n*-N,. The key objec-
tive at this time is to determine
the most-favorable overall
combination of steps for prehydrogenation of FeMo-co,
binding of N,, sequential H transfer to bound N,, breaking
of the N—N bond, all the way to the formation and dissocia-
tion of NH;. In tests so far, there is no significant difference
between reaction profiles for N° or C° as the central atom of
FeMo-co, and it appears that the unproven identity of the
central atom is not an important issue in the elucidation of
the mechanism.

Kaéstner and Blochl very recently described a mechanism
for the conversion of N, into NHj, starting from the struc-
tures in Scheme 5 and operating at Fe3 and Fe7 with a sev-
ered Fe7-S5A bond and terminal Fe7-SH coordination.”!
They assumed that protons are supplied by the surrounding
residues modeled with NH,* as a nonspecific proton source.

2-2H(Hy)-a

on

8. Understanding the FeMo-co Mechanism

Recent experimental results from Seefeldt, Dean, Hoffman,
and co-workers!'"**!] have been invaluable for locating the
site of catalytic chemical action on the face of FeMo-co. Ex-
perimental characterization of intermediates in the mecha-
nism, though, is more difficult: instead of the previously
mentioned Faustian bargain, it may be more appropriate in
this journal to contemplate Brajendra Nath Seal and his
epic poem “Quest Eternal”."® In the meantime, DFT calcu-
lations are advancing specific hypotheses for the key mecha-
nistic intermediates and steps, and are developing a unified
conceptual framework for understanding and refining the
mechanism. The principal tenets of this framework are:
a) the reduction of substrates by direct hydrogenation,
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which involves transfer of H atoms from atoms bound to the
same face of FeMo-co, rather than directly from the sur-
rounding residues to the substrate; b)the ability of the
proton chain terminating at HOH679 to generate H atoms
on S3B (probably synchronous with electronation of FeMo-
co); c) the vectorial migration of H atoms from S3B to Feo6,
S2B, Fe2, and S2A; d) the blockage of H transfer by bound
substrates and intermediates, thus causing a differentiation
of proximal (replenishable) and distal (nonreplenishable) H-
atom transfers to substrates and intermediates; e) substrate
binding influenced and controlled by the degree and loca-
tion of prior hydrogenation of FeMo-co.

The justification for this conceptual framework is that it
enables the explanation of much of the biochemical data on
the reactivity of N, and C,H, with wild-type and modified
nitrogenase.” Furthermore, tenets a), b), c), and e) provide
the basis for assigning structures to the E,H, intermediate
states of the Thorneley-Lowe kinetic schemes.

9. Interpreting FeMo-co

The picture that is developing from these DFT calculations
also suggests rationalization of the structure and function of
FeMo-co and its components, as well as of the surrounding
protein. I offer these interpretations: 1) the central Fe atoms
(particularly Fe6 and Fe2), with trigonal-pyramidal coordi-
nation in the resting state, each provide one or two adapta-
ble coordination sites for the reactants and intermediates;
2) the six-coordinate Mo atom provides a crucial anchoring
role, connecting with the surrounding protein (via His442),
linking homocitrate (which maintains the proton supply
chain) with S3B as the H entry point, and orientating these
features in relation to Fe6 as a principal coordination site;
3) the central atom (either N° or C°) prevents extreme dis-
tortion of FeMo-co and connects the Fe atoms where coor-
dinative reaction occurs, thus transmitting coordinative in-
formation between them and enabling coordinative alloster-
ism; 4) the full structure of FeMo-co, as two cubanoid M,S;
entities linked by four atoms ((u-S);+N°), is required to
provide geometrical integrity for the reactive N°Fe,(u-S),(ps-
S), face, which would otherwise be mechanically unstable;
5) the protein surrounding the Fe6 and Fe2 catalytic sites is
hydrophobic, which is consistent with both the character of
the incoming physiological substrate N, and the control of
the hydrogenation reactions from the catalytic site rather
than the surrounding amino acids; 6) the homocitrate ligand
fosters the water pool in the NH; product exit domain;
7) amino acid His195, which is able to hydrogen-bond with
S2B or S2B—H, has a role in connecting and regulating the
hydrogenation state of FeMo-co with movements of sur-
rounding protein.
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10. Conclusions

DFT calculations are making good progress in the under-
standing of the chemistry of the natural fixation of dinitro-
gen and the properties of the catalytic site.
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Abstract: Potassium reduction of iron—
and ruthenium-penta(organo)[60]ful-
lerene complexes, [M(n*-C¢R5)(1’-Cp)]
(1a: M=Fe, R=Ph; 1b: M=Fe, R=
Me; 1¢: M=Ru, R=Ph; 1d: M=Ru,
R=Me; Cp=CsHs) gave mono- and
dianions of these complexes. Treatment
of the dianion 1a with a-bromodiphen-

corannulene -

Introduction

Multifunctionalization of fullerene by the introduction of or-
ganic and inorganic groups is an important subject of chemi-
cal research in several respects.!! For instance, the resulting
multifunctionalized nanosized products can be further inte-
grated to make submicron structures, which can be used in
biological and materials applications.”! Furthermore, selec-
tive multifunctionalization enables selective detraction of
the spherical conjugation system of the fullerene, which pro-
duces new curved m-conjugated systems. The latter possibili-
ty has been demonstrated by us®” and others.’! For exam-
ple, we used nucleophilic multiple addition reactions of or-
ganocopper reagents”) for the synthesis of new hoop- and
bowl-shaped aromatic systems, that is, [10]cyclophena-
cenes!”! (A) and fused corannulenes'*? (B and C;
Scheme 1).

Addition of a nucleophile to fullerene is one method of
achieving multifunctionalization; electrophilic alkylation of
fullerene anion is another.!"3 For instance, fullerene dianion,
Cq’~, reacts with benzyl bromide to give Cg(CH,Ph),.'*
Related bis-additions to organo[60]fullerene derivatives also
give structurally more complex and useful functionalized
fullerenes.’¥) Herein we report the chemical reduction of
metal-pentaphenyl[60]fullerene complexes and utilization of
the resulting dianions in electrophilic addition to obtain
multifunctionalized metal-heptaorgano[60]fullerenes that
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ylmethane gave three different iron-
hepta(organo)[60]fullerenes,
CyPhs(CHPh,),}(n’-Cp)], as a mixture

Keywords: aromatic
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of regioisomers. All three compounds
were fully characterized by physical
methods, including X-ray crystallogra-
phy and electrochemical measure-
ments. One of the three compounds
contains a new hoop-shaped condensed
aromatic system.

[Fe{n’-

systems

contain a new hoop-shaped aromatic system. The metal
atom serves as an electrochemical probe for the study of the
electronic structures of the m-electron-conjugated systems in
the fullerene core.

CeoRioHz
Il

Yervese
a6 -

[10]cyclophenacene phenylenedibenzo-fused

corannulene

dibenzo-fused
corannulene

Scheme 1. Examples of selective destruction of m-conjugated systems of
[60]fullerene.

Results and Discussion

Chemical Reduction of Penta(organo)[60]fullerene—
Transition-Metal Complexes

The key initial finding in the present study is that we can
achieve potassium reduction of transition-metal-organo[60]-
fullerene complexes without undesirable loss of the metal
atom from the fullerene core. We chose to study the reduc-
tion of buckyferrocene compounds, [Fe(n’-CqRs)(n*-Cp)]
(Cp=CsHs; 1a: R=Ph; 1b: R=Me)," and buckyrutheno-
cenes, [Ru(n*-C¢R5)(n*-Cp)] (1e: R=Ph; 1d: R=Me),"!
because of their established stability."*! Furthermore, their
highly symmetric structures should help us to characterize
the products, which we expected to be a mixture of com-
pounds. According to the reduction potential of the bucky-
metallocenes (1d: E,*"'=-1.43V, E,*?=-2.01V vs. Fc/

www.chemasianj.org 949





FULL PAPERS

Fc* in THF; Fc=ferrocene), we used potassium metal as a
reducing agent, whose reduction potential is about 3.0 V
versus Fc/Fc* in THE!™

Treatment of 1d with nine equivalents of potassium metal
in THF gave a reddish-black solution after 3 h, which then
turned black-green after another 3 h. UV/Vis/NIR (near-IR)
spectra (Figure 1) indicated the formation of monovalent

10

o) o]
T

N

ex10°/ M cm™!

N

O n
400 600 800 1000

A/ nm

1200

Figure 1. Absorption spectra of polyanions of buckyruthenocene: neutral
compound 1d, monoanion 2d, and dianion 3d.

[K(thf),][Ru(n’-C¢Mes)(n*-Cp)] (2d) during the first three
hours, followed by divalent [K,(thf),][Ru(n’-CgMes)(n>-Cp)]
(3d) in the next three hours (Scheme 2), as judged by com-
parison with the spectra of the mono- and dianions of potas-

K (excess}

THF,20°C
3h

Dark red

Scheme 2. Reduction of buckyruthenocene 1d with potassium.

sium complexes of penta(aryl)[60]fullerenes (aryl=phenyl
and biphenyl).”¥ The absorption maxima of 2d were at 592,
792, 1010, and 1174 nm, and the broad spectrum extended
to the NIR region, which indicates the formation of an

Abstract in Japanese:
HEMNIRE0]7 T — L U #EB L UONT =7 AERICH L, B
LEEASEDZLICEVBRETY, T/ T2 BL0YT =
A EF/E., DT bRV T 22 VA ORI, =
BEO-CEAMNINB[60]7 T — L 8585 [Fe{n>-CsPhs(CHPh,);} (0
Cp)] ZMBEMEEOERSH E L TR, —BENLEMORET X
BRAL SRR L OBRIFHEICL L » TfTofz. B LZEFHEA
&Y EEEOCEMINEOR OB T & RICET B3 L WA A
. ZREOMBEILERO ) HO 215 LUl MROFE
BERFSEIEMEEE T H5HRENMEEMTH S,
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open-shell structure, that is, a radical-anion species. Dianion
3d showed absorption maxima at 544 and 684 nm. Com-
pounds 2d and 3d are air- and moisture-sensitive and were
immediately oxidized back to the neutral compound 1d
upon exposure to air. No NMR signals were observed for
3d, probably due to contamination of the paramagnetic
monoanion 2d. The structural integrity of the original metal
complex was retained in both anions, as judged by the struc-
tures of their derivatives (see below).

Synthesis and Structures of Three
Hepta(organo)[60]fullerene-Metal Complexes

Divalent [K,(thf),][Fe(n>-Cq4Phs)(n’-Cp)] (3a) was trapped
insitu with an excess amount (100equiv) of a-
bromodiphenylmethane to give an orange-black crude prod-
uct.' The use of a large excess of the alkyl halide was es-
sential, as the reaction otherwise afforded fullerene di-
mers.*®! After careful purification with preparative HPLC,
three regioisomers of the iron-heptaorgano[60]fullerene
complex [Fe{n’-CPhs-(CHPh,),}(n’-Cp)] (4a, 5a, and 6a)
were isolated in 35, 7, and 4% yield, respectively
(Scheme 3). The reaction mechanism probably involves elec-
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Scheme 3. Synthesis of three types of heptaadducts.

tron transfer from dianion 3a to the alkyl halide to generate
radical anion 2a and an alkyl radical, followed by radical-
radical coupling to give the anion of the monoalkylated
product [Fe{n’-CgPhs-(CHPh,) }(n’-Cp)]; this process is re-
lated to the mechanism of the dibenzylation of Cg.*® Next,
a substitution reaction with the alkyl halide takes place to
generate 4a, Sa, and 6a. Application of this reaction to
other iron and ruthenium complexes 1b, 1¢, and 1d afford-
ed similarly alkylated products, [Fe{n’-C4Mes(CHPh,),}(1’-
Cp)l (4b), [Rufif-CyPhs-(CHPh),J(n-Cp)] (4¢), and
[Rufn’-CyMes(CHPh,),)(11-Cp)] (4d).

The colors of the solutions of 4a, Sa, and 6a were brown,
pale red, and yellow, respectively. Figure 2 shows the ab-
sorption spectra of 4a, 5a, and 6a. Compound 4a exhibited
an absorption maximum at 385 nm with an extended absorp-

Chem. Asian J. 2007, 2, 948 -955





Fe— and Ru-Hepta(organo)[60]fullerene Complexes

ex 103/ m' em™

550

300 400 500 600 700
Al nm

Figure 2. Absorption spectra of 6.4x 10"°m solutions of 4a, 5a, and 6a in
THF.

tion band toward 600 nm, whereas compound Sa showed an
absorption peak at 436 nm and a broad absorption band at
510 nm. The spectrum of 6a displayed a peak at 376 nm and
an extended absorption band. Thus, the absorption spectra
of 4a and 6a are similar, but that of 5a is different. In the
"H NMR spectra of 4a, 5a, and 6a, singlet signals were ob-
served at 3.15, 3.22, and 2.89 ppm, respectively, due to the
Cp ligand. Compounds 4a and 6a exhibited two singlet sig-
nals for the methine protons in the two diphenylmethyl
groups (4a: 521 and 5.64 ppm; 6a: 3.10 and 4.59 ppm),
whereas the methine signal for 5a appeared as one singlet
signal (5.20 ppm). This indicates that 4a and 6a have C,;
symmetry and 5a has C, symmetry. The ?C NMR data for
4a, 5a, and 6a are also consistent with the assigned symme-
try. The number of carbon signals due to noncoordinating
sp>-hybridized carbon atoms are 48, 25, and 48 for 4a, 5a,
and 6a, respectively.

Unambiguous structure determination of 4a, Sa, and 6a
was achieved by X-ray crystallographic analysis (Figures 3—
5). Single crystals were obtained by slow diffusion of ethanol
in a solution of 4a in CS,, a solution of 5a in p-xylene, and
a solution of 6a in toluene. In the structures of 4a and 5a,
two diphenylmethyl groups are attached in a 1,4 manner to
hexagons that are located next to the bottom pentagon. On

Figure 3. Crystal structure of 4a-(CS,),. a) ORTEP drawing. Ellipsoids
are drawn at the 30 % probability level. CS, molecules found in the unit
cell are omitted for clarity. b) Side view of Corey-Pauling-Koltun (CPK)
model. ¢) Bottom view of CPK model.
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Figure 4. Crystal structure of 5a-(p-xylene),s. a) ORTEP drawing. Ellip-
soids are drawn at the 30% probability level. p-Xylene molecules found
in the unit cell are omitted for clarity. b) Side view of CPK model.
¢) Bottom view of CPK model.

Figure 5. Crystal structure of 6a-(toluene),. a) ORTEP drawing. Ellip-
soids are drawn at the 30 % probability level. Toluene molecules found in
the unit cell are omitted for clarity. b) Side view of the CPK model.
c) Another side view of the CPK model.

the other hand, in the structure of 6a, two addends are
placed in a 1,4 manner on one of the hexagons that is dis-
tant from the bottom pentagon. What is characteristic of
these compounds is that the addends are so large that they
define the outer shape of the molecules and physically en-
close the conjugated s system on the fullerene core; this is
an important issue given their application in solid-state elec-
tronic devices.

One may categorize the location of the addends according
to the position in the formation of the first C—C bond. The
radical-coupling reaction of 3a at the carbon atom in the
bottom pentagon afforded 4a, whereas that at the carbon
atom next to the bottom pentagon afforded Sa. When the
radical-coupling reaction took place at a carbon atom dis-
tant from those at the bottom pentagon, 6a formed. Given
the assumption that the spin density resides largely at the
bottom pentagon,®® the predominance of 4a over the other
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two products can be rationalized. The geometry around the
iron metal is similar to that of the parent buckyferrocene
1a. Average Fe—C(fullerene) bond lengths for 4a, 5a, and
6a are in the range 2.069-2.078 A (1a: 2.084 A), whereas
average Fe—C(Cp) bond lengths are in the range 2.046—
2.057 A (1a:2.062 A).

Comparison of n-Electron-Conjugated Systems of Three
Hepta(organo)[60]fullerene-Metal Complexes

Further investigations of the m-electron-conjugated systems
of the three hepta(organo)[60]fullerene-metal complexes
were performed with the aid of quantum-mechanical calcu-
lations. Here we discuss the structures and aromaticity by
the use of model compounds in which the original carbon
addends are replaced by hydrogen atoms, that is, [Fe(n’-
CeoH,)(’-Cp)] (1, 11, and III, corresponding to 4a, 5a, and
6a; Scheme 4). The structures were energy-optimized with

Scheme 4. Aromaticity maps for model compounds of a) 4a, b) 5a, and
c) 6a (gray =aromatic, NICS < —4.0; white =non-aromatic, NICS > —4.0).

density functional theory by using the B3LYP hybrid func-
tional™! with a basis set (denoted 631LAN) that consists of
the LANL2DZ basis set, which includes a double-C valence
basis set with the Hay and Wadt effective core potential
(ECP)™ for Fe and the 6-31G* basis set!™ for C and H.
The calculated structures reasonably reproduced the X-ray
structures of 4a, Sa, and 6a. Average Fe—C(fullerene) bond
lengths for 4a, 5a, and 6a are in the range 2.104-2.108 A
(X-ray: 2.069-2.078 A), whereas average Fe—C(Cp) lengths
are in the range 2.074-2.077 A (X-ray: 2.046-2.057 A).

The nucleus-independent chemical-shift (NICS)®?! calcula-
tions (GIAO-SCF/631LAN//HF/631LAN) performed on
these optimized model structures gave us information about
the aromaticity of the ring systems in these complex conju-
gated systems. The gray hexagons in Scheme 4 are those
rings that showed aromaticity. In model II, one circular row
of the hoop-shaped condensed aromatic network [10]cyclo-
phenacene can be identified, which is supplemented by the
two benzene rings a and b. The other two model compounds
I and III contain a corannulene system.

The similarities of and differences between these models
appear to account for the resemblance of the UV/Vis spec-
tra of 4a and 6a (Figure 2) and for their difference from the
spectrum of Sa. The broad absorption band at 510 nm can
probably be attributed to the cyclic m-conjugated system of
Sa. Electronic structures calculated from the model com-
pounds also suggested the similarity between I and III. In

952 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

E. Nakamura et al.

both I and III, the lowest-unoccupied molecular orbital
(LUMO), highest-occupied molecular orbital (HOMO),
HOMO-1, HOMO-4, and HOMO-5 are located at the full-
erene moieties, and HOMO-2 and HOMO-3 are localized at
the iron atoms (see Supporting Information, Figures S1 and
S3). On the other hand, in II, the LUMO, HOMO, HOMO-
1, and HOMO-2 comprise the m orbitals of the fullerene,
and HOMO-4 and HOMO-5 comprise the d orbitals of the
iron center (Figure S2). The energy-level diagrams of I and
IIT (Figure S4) resemble each other but not that of II. The
HOMO-LUMO gap of II (2.73 eV) is narrower than those
of I and III (2.76 and 2.78 eV, respectively). A narrow
HOMO-LUMO gap was also found for the [10]cyclophena-
cene we reported previously.™

Electrochemistry of Three
Hepta(organo)[60]fullerene-Metal Complexes

Cyclic voltammetry (CV) gave information about the
degree of m-electron conjugation of the three heptaadducts
4a, 5a, and 6a. Here the iron atom can act as a sensitive
probe for investigation of each curved m system. Generally
speaking, the metal atoms coordinated to the fullerene core
tend to be oxidized at high potentials because of the elec-
tron-withdrawing nature of the fullerene ligands. For exam-
ple, buckyferrocene la is much more difficult to oxidize
than ordinary ferrocene (la: E,*'=0.50V vs. Fc/Fct).
Compounds 4a, 5a, and 6a showed reversible one-electron
oxidation corresponding to the oxidation of the iron atoms
at Ex/z""l =0.50, 0.45, and 0.44 V versus Fc/Fct, respectively
(Figure 6). Compound 4a has a higher oxidation potential
than 5a and 6a. This result suggests that the m-electron-con-
jugated system of 4a is the most-electron-withdrawing
among the three and that the electron-withdrawing nature
of the bowl-shaped m-conjugated systems is generally stron-
ger than that of the cyclic m-conjugated systems. As for 6a,
its weaker electron-withdrawing nature may be attributed to
its small m-conjugated system relative to those of 4a and Sa.
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Figure 6. Cyclic voltammograms of heptaadducts 4a, Sa, and 6a. All
measurements were performed in 0.3mm THF containing 100 mm
(nBu,N)(ClO,) as supporting electrolyte.

Conclusions

We have demonstrated that buckymetallocenes 1a—d can be
reduced without loss of the metal atoms. Furthermore, the
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resulting dianions 3a-d can be alkylated to produce a new
hoop-shaped m-electron-conjugated system. This compound
represents a second example of hoop-shaped condensed aro-
matics and exhibits spectral and electronic properties similar
to the first [10]cyclophenacene derivative we reported re-
cently.”! The heptaadducts and their conjugated systems re-
ported in this paper are unavailable by nucleophilic addition
to the buckymetallocene, which produces octa- and decaad-
ducts.”! We expect that the present synthetic methodology
can be applied to other transition-metal complexes®! and
metal-[70]fullerene compounds.”?’ Finally, we draw the
readers’ attention to the intriguing outer shape and the very
large size of these molecules, which will be useful for the
construction of even larger molecular systems.

Experimental Section

General

All manipulations were carried out with standard Schlenk techniques
under argon. THF was purified and degassed by a solvent-purification
system (GlassContour) equipped with columns of activated alumina and
supported-copper catalyst (Q-5) before use. Compounds 1a-d were pre-
pared according to the previous report.!'*¢¢l g-Bromodiphenylmethane
was purchased from Tokyo Kasei Co. and was used as received.

HPLC analysis was performed on a Shimadzu LC-10A system equipped
with an SPD-M10A diode-array detector and a Develosil RPFullerene
column (4.6x250 mm?). Preparative HPLC separations were performed
by the use of a Develosil RPFullerene column (20x250 mm?). 'H
(500 MHz) and "C (125 MHz) NMR spectra were recorded on a JEOL
ECAS500 spectrometer. '"H NMR spectra in CDCl; were referenced inter-
nally to tetramethylsilane, and *C NMR spectra to the solvent resonance.
Full assignment of the *C NMR signals was performed with the aid of
2D-HMQC (heteronuclear multiple-quantum coherence) and HMBC
(heteronuclear multiple-bond correlation). Other spectra were recorded
on the following instruments: IR spectra: Applied Systems Inc. React-
IR 1000; UV/Vis/NIR spectra: JASCO V570; mass spectra: JEOL JMS-
T100LC.

Electrochemical Measurements

Electrochemical measurements were performed with a Hokuto HZ-5000
voltammetric analyzer. A glassy-carbon electrode was used as the work-
ing electrode. The counterelectrode was a platinum coil, and the refer-
ence electrode was an Ag/Ag* electrode. CV was performed at a scan
rate of 100 mVs™'. All half-wave potentials E, =(E,.+E,,)/2, in which
E,. and E,, are the cathodic and anodic peak potentials, respectively.
The potential was corrected against Fc/Fc™.

Theoretical Calculations

All theoretical calculations were performed with the Gaussian 03 pack-
age.™ The B3LYP calculation with a basis set (denoted 631LAN) that
consists of the LANL2DZ basis set, which includes a double-C valence
basis set with the Hay and Wadt ECP for Fe and the 6-31G* basis set for
C and H, was used for the geometry optimization of model compounds
(I, II, and III). The NICS values at the ring centers were calculated at
the GIAO-SCF/631LAN//HF/631LAN level for the B3LYP/631LAN geo-
metries.

Syntheses

4a, 5a, and 6a: Microcrystalline solids of 1a (194 mg, 0.158 mmol) and
potassium metal (55.6 mg, 1.42 mmol), which was washed with dried
THEF, were placed in a Schlenk tube. THF (28 mL) was added to the mix-
ture at room temperature to start the reduction process. After the mix-
ture was stirred for 16 h at room temperature, a black-green solution was
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obtained. The solution was transferred to another Schlenk tube by canula
under argon. a-Bromodiphenylmethane (3.91 g, 15.8 mmol) was added to
the solution at room temperature, the color of which immediately
changed to dark red. After the mixture was stirred for 10 min, ethanol
(0.02 mL) was added dropwise. THF was removed under reduced pres-
sure, and the resulting dark-red oily liquid was washed with methanol to
afford a brown solid. The solid was dissolved in toluene, the solution was
filtered through a pad of silica gel (CS,/toluene =10:0-8:2), and purifica-
tion by HPLC (toluene/acetonitrile =3:7) was performed. Brown, dark-
pink, and yellow fractions appeared in this order and were collected and
dried under reduced pressure to give 4a (86.9 mg, 0.0556 mmol, 35%) as
brown microcrystals, Sa (17.9 mg, 0.0114 mmol, 7%) as dark-pink micro-
crystals, and 6a (10.7 mg, 0.0069 mmol, 4 %) as dark-yellow microcrystals.
Crystallization was performed by slow diffusion of ethanol in a solution
of 4a in CS,, a solution of 5a in p-xylene, and a solution of 6a in toluene.
4a: IR (powder): 7=3056 (w), 3026 (w), 1600 (w), 1582 (w), 1493 (m),
1447 cm™ (m); 'H NMR (CDCl;, 500 MHz): 6=3.15 (s, 5H, Cp), 5.21 (s,
1H, CH), 5.64 (s, 1H, CH), 7.20-7.46 (m, SH, p-PhCy; 10H, m-PhCg;
4H, p-PhCH; 4H, m-PhCH), 7.57-7.60 (m, 4H, m-PhCH), 7.68 (d, J=
7.5Hz, 2H, o-PhCH), 7.71 (d, /=63 Hz, 2H, 0-PhC), 772 (d, J=
7.5Hz, 2H, 0-PhCy), 7.83 (d, J=8.6 Hz, 2H, 0-PhCH), 7.85 (d, J=
9.2 Hz, 2H, 0-PhC), 8.05 (d, J=7.5Hz, 2H, 0-PhC), 8.07 (d, J=
9.2 Hz, 2H, 0-PhCg), 8.20 (d, J=7.5Hz, 2H, 0-PhCH), 8.35 ppm (d, /=
7.5 Hz, 2H, 0-PhCH); *C NMR (CDCl,, 125 MHz): §=58.0 (C(sp®)Ph),
58.3 (C(sp®)Ph), 58.6 (C(sp’)Ph), 58.7 (C(sp*)Ph), 58.8 (C(sp*)Ph), 62.1
(C(sp’)CH), 63.4 (C(sp®)CH), 65.0 (CH), 65.6 (CH), 73.3 (Cp), 91.6
(FCp), 924 (FCp), 92.5 (FCp), 92.6 (FCp), 93.4 (FCp), 127.3, 127.3,
127.4, 1274, 127.6, 127.6, 127.6, 127.6, 127.7, 127.8, 127.8, 128.3, 128.5,
128.7, 128.9, 129.0, 129.1, 129.2, 129.4, 129.5, 129.6, 130.3, 130.3, 130.9 (p-
PhCyy, m-PhCg), o0-PhCy, m-PhCH, o-PhCH, p-PhCH), 137.9, 139.0,
139.7, 140.4, 140.6, 140.7, 141.2, 141.5, 142.5, 142.8, 143.4, 143.5, 143.6,
143.7, 143.7, 143.7, 143.8, 143.9, 144.1, 144.4, 1445, 144.5, 144.7, 1447,
145.4, 145.4, 146.1, 146.1, 146.6, 146.9, 146.9, 147.5, 147.5, 147.8, 148.4,
148.9, 148.9, 149.0, 149.6, 149.7, 149.8, 149.9, 150.5, 150.7, 151.5, 151.7,
152.2, 152.6, 153.0, 153.3, 153.4, 153.6, 154.9, 155.0, 1554, 156.3,
161.4 ppm (i-PhCq, i-PhCH, C(sp?)); HRMS (positive atmospheric-pres-
sure chemical ionization; APCI+): m/z caled for Cp,Hs,Fe: 1560.3418
[M]*; found: 1560.3373.

5a: IR (powder): 7=3056 (w), 3025 (w), 1600 (w), 1582 (w), 1493 (m),
1445 cm™ (m); '"H NMR (CDCl;, 500 MHz): 6=3.22 (s, 5SH, Cp), 5.20 (s,
2H, CH), 7.17-7.39 (m, 21H, Ph), 7.46-7.49 (m, 2H, Ph), 7.58-7.61 (m,
4H, Ph), 7.72-7.73 (m, 4H, 0-PhCH), 7.83-7.84 (m, 2H, 0-PhCy,)), 7.91—
7.93 (m, 8H, 0-PhCg), 8.14-8.15ppm (m, 4H, o-PhCH); "C NMR
(CDCl,, 125 MHz): 6=58.4 (2C, C(sp*)Ph), 58.7 (2C, C(sp’)Ph), 59.1
(1C, C(sp*)Ph), 63.0 (2C, C(sp*)CH), 65.0 (2C, CH), 73.3 (5C, Cp), 93.6
(2C, FCp), 93.7 (2C, FCp), 939 (1C, FCp), 127.3, 127.5, 127.6, 127.6
127.7,127.7, 127.8, 128.3, 128.8, 129.2, 129.3, 129.3, 129.9, 130.1 (p-PhCy,
m-PhCg, 0-PhCy, m-PhCH, o-PhCH, p-PhCH), 139.8, 140.6, 142.8,
142.9, 143.1, 143.2, 143.3, 143.4, 143.6, 144.0, 144.7, 144.7, 144.9, 145.0,
145.1, 145.1, 145.9, 147.2, 147.3, 148.7, 149.7, 150.8, 151.2, 151.6, 153.0,
153.2, 153.2, 155.0, 155.8, 159.1 ppm (i-PhCq, i-PhCH, C(sp?)); HRMS
(APCI+): m/z caled for Cp, Hg,Fe: 1560.3418 [M]*; found: 1560.3357.
6a: IR (powder): 7=3056 (w), 3025 (w), 1598 (w), 1582 (w), 1493 (m),
1445 cm™ (m); '"H NMR (CDCl;, 500 MHz): 6 =2.89 (s, 5H, Cp), 3.10 (s,
1H, CH), 4.59 (s, 1H, CH), 6.68 (d, /J=8.1 Hz, 2H, Ph), 7.00-7.49 (m,
33H, Ph), 7.56 (t, J=7.5Hz, 1H, Ph), 7.78 (d, J=7.5 Hz, 2H, Ph), 7.82—
7.86 (m, 4H, Ph), 7.97-7.99 ppm (m, 3H, Ph); "CNMR (CDCl,,
125 MHz): 6=54.5 (C(sp®)Ph), 55.9 (C(sp*)Ph), 57.4 (C(sp*)Ph), 57.8 (C-
(sp*)Ph), 58.1 (C(sp*)Ph), 60.4 (C(sp*)CH), 60.6 (C(sp’)CH), 61.5 (CH),
61.9 (CH), 72.9 (Cp), 89.7 (FCp), 90.1 (FCp), 91.0 (FCp), 92.6 (FCp),
95.1 (FCp), 126.6, 126.9, 127.0, 127.1, 127.2, 127.3, 127.5, 127.5, 127.5,
127.6, 127.6, 127.7, 127.7, 127.9, 128.0, 128.3, 128.4, 129.1, 129.2, 129.2,
129.5, 130.5, 130.9, 131.2, 132.3 (p-PhCy,, m-PhCg), 0-PhCy, m-PhCH, o-
PhCH, p-PhCH), 137.7, 139.2, 139.3, 139.6, 139.8, 140.6, 141.2, 141.4,
141.5, 142.9, 143.0, 143.0, 143.3, 143.5, 143.6, 144.2, 144.3, 144.5, 144.6,
144.6, 144.7, 144.9, 145.1, 145.4, 145.4, 145.5, 145.6, 145.6, 145.7, 146.0,
146.2, 146.8, 146.9, 147.1, 147.3, 147.5, 148.1, 1482, 148.6, 148.6, 148.8,
149.0, 149.7, 150.5, 151.1, 151.2, 151.6, 151.9, 152.1, 152.3, 152.7, 155.1,
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155.5, 156.8, 156.9, 157.4, 158.4 ppm (i-PhCq, i-PhCH, C(sp®)); HRMS
(APCI+): m/z caled for C, Hy,Fe: 1560.3418 [M]*; found 1560.3401.

4b: This compound was synthesized in the same manner as 4a. From
[Fe(n*-CeMes)(n*-CsHs)]  (49.3 mg, 0.0538 mmol), potassium metal
(147mg, 0376 mmol), and o-bromodiphenylmethane (1.33 g,
5.38 mmol), 4b (23.5 mg, 0.0188 mmol, 35% ) was obtained as brown mi-
crocrystals. '"H NMR (CDCl,, 500 MHz): 6=2.16 (s, 3H, CH,), 2.29 (s,
3H, CH,), 2.36 (s, 3H, CH,), 2.52 (s, 3H, CH,), 2.59 (s, 3H, CH,), 4.77 (s,
S5H, Cp), 5.16 (s, 1H, CH), 5.54 (s, 1H, CH), 7.21-7.24 (m, 2H, p-Ph),
7.30-7.34 (m, 4H, m-Ph), 7.36-7.41 (m, 2H, p-Ph), 7.51-7.56 (m, 4H, m-
Ph), 7.66 (d, J=7.5Hz, 2H, o0-Ph), 7.82 (d, J=7.5 Hz, 2H, 0-Ph), 8.13 (d,
J=8.0Hz, 2H, o-Ph), 832ppm (d, J=8.0Hz, 2H, o-Ph); *C NMR
(CDCl;, 125 MHz): 6=29.2 (CHj;), 29.5 (CHjs), 29.6 (CHj;), 29.6 (CHs),
29.9 (CH;), 49.8 (C(sp®)CHs;), 49.9 (C(sp*)CH;), 50.4 (C(sp®)CH,), 50.5
(C(sp*)CH,), 50.6 (C(sp*)CHs), 61.8 (C(sp®)CH), 63.1 (C(sp’)CH), 65.0
(CH), 65.5 (CH), 68.5 (Cp), 90.2 (FCp), 91.3 (FCp), 91.3 (FCp), 91.3
(FCp), 92.6 (FCp), 127.2 (p-Ph), 127.2 (p-Ph), 127.4 (p-Ph), 127.4 (p-Ph),
128.2 (m-Ph), 128.4 (m-Ph), 128.6 (m-Ph), 128.8 (m-Ph), 129.6 (o-Ph),
130.3 (0-Ph), 130.3 (o-Ph), 130.8 (o-Ph), 138.0, 139.1, 139.9, 140.3, 140.7,
140.7, 141.1, 141.3, 142.2, 142.6, 143.3, 143.5, 143.8, 143.9, 144.2, 144.3,
144.6, 144.6, 144.8, 144.9, 145.4, 1455, 145.5, 146.7, 147.0, 147.0, 147.1,
147.2, 147.6, 148.1, 148.6, 148.7, 148.7, 149.4, 149.4, 149.9, 150.6, 151.6,
152.1, 152.4, 152.7, 153.4, 153.7, 154.4, 154.8, 155.0, 155.4, 155.5, 157.1,
157.6, 158.4, 161.0 ppm (i-PhCy, i-PhCH, C(sp?)).

4c: This compound was synthesized in the same manner as 4a. From
[Ru(n’-C¢Phs)(n’-CsHs)]  (35.8 mg, 0.0281 mmol), potassium metal
(7.7 mg, 0.20 mmol), and o-bromodiphenylmethane (695 mg, 2.81 mmol),
4c¢ (10.7 mg, 0.00666 mmol, 24 %) was obtained as brown microcrystals.
'"H NMR (CDCl;, 500 MHz): 6=3.53 (s, 5H, Cp), 5.23 (s, 1H, CH), 5.67
(s, 1H, CH), 7.22-7.85 (m, 5H, p-CqPh; 10H, m-CqPh; 10H, 0-CqPh;
4H, p-CHPh,; 8H, m-CHPh,; 4H, 0-CHPh,), 8.22 (d, J=7.5Hz, 2H, o-
CHPh,), 838ppm (d, J=8.0Hz, 2H, 0-CHPh,); "CNMR (CDCl,
125 MHz): 6=57.7 (C(sp®)Ph), 58.1 (C(sp*)Ph), 58.4 (C(sp*)Ph), 58.5 (C-
(sp®)Ph), 58.6 (C(sp*)Ph), 62.1 (C(sp*’)CH), 63.4 (C(sp*)CH), 65.0 (CH),
65.6 (CH), 77.3 (Cp), 98.6 (FCp), 99.2 (FCp), 99.5 (FCp), 99.5 (FCp),
100.3 (FCp), 127.2, 127.3, 127.3, 127.3, 127.3, 127.4, 127.4, 127.4, 127.5,
127.5, 127.6, 127.6, 128.3, 128.5, 128.6, 128.7, 128.8, 128.8, 128.9, 129.1,
129.2, 129.6, 130.3, 130.3, 130.9 (p-PhCy, m-PhCg, 0-PhCy, m-PhCH, o-
PhCH, p-PhCH), 1382, 139.2, 139.7, 140.5, 140.6, 140.7, 141.2, 141.5,
142.5, 143.1, 143.5, 143.7, 144.0, 144.2, 144.2, 1442, 144.3, 144.4, 144.4,
144.5, 144.6, 144.7, 144.9, 144.9, 145.3, 145.6, 146.1, 146.2, 146.8, 147.1,
147.2, 147.6, 147.6, 147.9, 148.4, 148.9, 148.9, 149.0, 149.7, 149.7, 149.8,
149.9, 150.4, 150.8, 151.5, 151.8, 152.0, 152.7, 152.9, 153.3, 153.3, 153.8,
154.8, 155.1, 155.4, 156.3, 161.5 ppm (i-PhCy, i-PhCH, C(sp?)).

4d: This compound was synthesized in the same manner as 4a. From
[Ru(n’-C4Mes)(n*-CsHs)]  (19.7 mg, 0.0205 mmol), potassium metal
(5.6 mg, 0.14 mmol), and a-bromodiphenylmethane (506 mg, 2.05 mmol),
4d (9.3 mg, 0.0072 mmol, 35%) was obtained as brown microcrystals.
'"HNMR (CDCl,;, 500 MHz): =1.93 (s, 3H, CHj), 2.06 (s, 3H, CH;),
2.13 (s, 3H, CH,), 2.29 (s, 3H, CHs), 2.36 (s, 3H, CH,), 5.08 (s, 5H, Cp),
5.21 (s, 1H, CH), 5.59 (s, 1H, CH), 7.23-7.26 (m, 2H, p-Ph), 7.33-7.35
(m, 4H, m-Ph), 7.40-7.44 (m, 2H, p-Ph), 7.55-7.59 (m, 4H, m-Ph), 7.70
(d, /=7.5Hz, 2H, o-Ph), 7.86 (d, /=7.5Hz, 2H, o-Ph), 817 (d, J=
7.5 Hz, 2H, 0-Ph), 8.35 ppm (d, J=7.5 Hz, 2H, 0-Ph); *C NMR (CDCl,,
125 MHz): 6=30.9 (CH;), 31.0 (CH;), 31.2 (CH,), 31.3 (CHj), 31.5
(CHy), 47.4 (C(sp’)CH), 47.7 (C(sp’)CH), 49.8 (C(sp®)CHs;), 49.8 (C-
(sp*)CH3), 50.3 (C(sp’)CH3), 50.3 (C(sp®)CH,), 50.4 (C(sp*)CH;), 58.5
(CH), 59.5 (CH), 71.1 (Cp), 96.4 (FCp), 97.5 (FCp), 97.6 (FCp), 97.6
(FCp), 98.7 (FCp), 127.0, 127.2, 127.7, 127.8, 128.0, 128.1, 128.2, 128.3,
130.5, 131.0, 131.1, 131.4 (p-Ph, m-Ph, o-Ph), 135.8, 137.0, 137.7, 139.5,
139.5, 141.3, 141.9, 142.4, 143.4, 143.4, 143.6, 144.0, 144.2, 1442, 144.8,
144.8, 145.1, 145.1, 145.4, 146.2, 146.8, 147.0, 147.3, 147.6, 147.7, 147.8,
147.9, 148.3, 148.7, 149.0, 149.2, 149.2, 149.2, 149.4, 149.4, 151.0, 151.8,
151.9, 152.0, 152.7, 153.1, 153.7, 154.5, 155.1, 155.4, 155.5, 155.5, 156.6,
157.3, 158.3, 158.6, 164.3 ppm (i-PhCy), i-PhCH, C(sp?)).
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X-ray Crystallographic Analysis

Crystals of 4a, 5a, and 6a suitable for X-ray diffraction were mounted
on a MacScience DIP2030 imaging plate diffractometer for data collec-
tion with Moy, (graphite-monochromated, 1=0.71069 A) radiation. The
structures of 4a, 5a, and 6a were solved by direct methods (SIR97).24
The positional and thermal parameters of the non-hydrogen atoms were
refined anisotropically on F* by the full-matrix least-squares method with
SHELXS-97.%! Hydrogen atoms were placed at calculated positions and
refined with the riding model on their corresponding carbon atoms. In
the subsequent refinement, the function Sw(F,>—F.*)* was minimized, in
which | F,| and | F,| are the observed and calculated structure-factor am-
plitudes, respectively. The agreement indices are defined as Rl=
S(||Fy|—|F.||)VE|F,| and wR2=[Ew(F.}~F2)YZ(wF,)]"%. CCDC-643455
(4a), -643456 (5a), and -643457 (6a) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre at http://www.ccdc.
cam.ac.uk/data_request/cif.
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Structure of the Michaelis Complex and Function of the Catalytic Center in
the Reductive Half-Reaction of Computational and Synthetic Models of

Sulfite Oxidase

Kuntal Pal, Pradeep K. Chaudhury, and Sabyasachi Sarkar**

Abstract: By using frontier-molecular-
orbital and electrostatic (nucleophilic)
interactions as well as relaxed poten-
tial-energy surface scans, it is shown
that the initial step in the oxygen-atom
transfer (OAT) reaction of [Mo"'O,-
(S,CMe,)SMe]™ (1) and [MoY'O,-
{(S,GC(CN), L) (2) with HSO;™ takes
place by oxoanionic binding of the sub-
strate to the Mo"" center with the for-
mation of a stable Michaelis complex.

enthalpy profile with fully optimized
minima and transition states for the
OAT reaction of 1 and 2 with HSO;~
showed the release of reaction energy
for both complexes. The optimized ge-
ometries of 1 and 2 in the respective

Keywords: cofactors - computa-
tional models - density functional
calculations - Michaelis complex -
sulfite oxidase

enzyme-substrate complexes showed a
common feature with the participation
of hydrogen bonding of the substrate
with the axial (spectator) oxo group in
the subsequent formation of the six-
membered MoO,HOS transition state.
The enzyme-substrate complex of 2
shows heptacoordination as proposed
earlier, although the trans (to axial
0x0)-Mo—S(dithiolene) bond is elon-
gated to 2.948 A.

The gas-phase and solvent-corrected

Introduction

Mononuclear molybdoenzymes play an important role in
biology by catalyzing oxygen-atom transfer (OAT) reactions
to maintain mainly the global nitrogen, sulfur, and carbon
cycles."? All these enzymes contain a molybdenum cofactor
that comprises either one or two organic moieties of molyb-
dopterin (MPT) or some of its nucleotide variants, each of
which is coordinated to molybdenum with an enedithiolene
motif. On the basis of the different number of enedithiolene
groups coordinated to the central Mo atom, these enzymes
are generally classified into three separate families as xan-
thine oxidase,’’ DMSO (dimethyl sulfoxide) reductase,™
and sulfite oxidase.""? In the sulfite oxidase (SO) family,
hepatic sulfite oxidase is an extensively studied molybdoen-
zyme with direct relevance to human health.’! SO deficiency
may lead to neurological problems, mental retardation, and
dislocation of the ocular lens.!”) The physiological role of SO
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is to detoxify sulfite by oxidizing it to sulfate through OAT
in the terminal step of the oxidative degradation of S-con-
taining amino acids. This reaction is coupled with mitochon-
drial oxidative phosphorylation; both processes share cyto-
chrome ¢ as the common gateway to shuffle the electrons
generated by sulfite oxidation to the terminal electron ac-
ceptor, molecular oxygen, via cytochrome ¢ oxidase. Native
SO follows typical Michaelis kinetics”! with anionic binding
of the substrate (sulfite) to form the enzyme-substrate com-
plex according to the reductive half-reaction [Eq. (1)]:

E + S = [ES|*=[ES]=[E'P]*=[E'P|=E' + P 1)

in which E=enzyme, S=substrate, E'=reduced enzyme,
and P=product.

With sulfate ion as the product showing competitive in-
hibition and hydrogen phosphate ion present in mitochon-
dria as inorganic phosphate showing mixed noncompetitive
inhibition, the kinetic studies of such inhibitions can be ex-
plained by anionic binding of the substrate to the Mo center
of the active site.’] On the basis of several spectroscopic
studies!” followed by X-ray single-crystal structure determi-
nation with 1.8-A resolution for the reduced state,'® the
nature of the Mo cofactor (Mo-co) present in SO has now
been fully characterized. The reduced form of Mo-co under
regeneration of the oxidized enzyme supposedly contains a

Chem. Asian J. 2007, 2, 956 — 964
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cis-dioxo Mo"! moiety with one oxo group at the axial posi-
tion and another on the equatorial plane in a square-pyrami-
dal geometry. The remaining three equatorial positions are
occupied by three S atoms (bisdithiolene from molybdopter-
in®! and one from cysteine). This cysteine is a part of the
protein chain, and MPT is a discrete organic moiety that
comprises an enedithiolene functionality coordinated to the
central molybdenum atom present in the active site and
structurally placed there by several noncovalent H-bonding
interactions with the protein. The cysteine and dithiolene
moieties have been implicated in the tuning of the flexibility
of the equatorial oxo group towards the OAT reaction.!'

Several model complexes with the (MoO,)* group have
been obtained by using different donor-atom environ-
ments.'>"*) Most of these complexes responded to the OAT
reaction with phosphines as the “proxy” substrate, but
almost all failed to react!™™ with the native substrate, the sul-
fite (or hydrogen sulfite) ion. All these OAT reactions in-
volving phosphine derivatives follow typical second-order
kinetics"/ without the involvement of the Michaelis com-
plex, with saturation kinetics prevalent in these enzymatic
reactions.

Enough considerations were made to understand the
nature of the mechanistic path involved in the OAT reac-
tion. As phosphines were found to be good oxo acceptors
from molybdenum-bound oxo groups, the reaction of com-
plexes such as [MoO,(XY),]"” (donor atom; X=N, S; Y=S,
S) with PR, were studied in detail. It was proposed™*! that
the attack of the lone-pair electrons of PR; on the Mo=O
group present in the Mo“'O, moiety in such complexes
leads to the OAT reaction through an associative pathway.
Such complexes were also studied in the initial computation-
al analysis of the OAT of Mo"'O, centers by Pietsch and
Hall,"™> which were subsequently extended.**] Recently,
isolation of an intermediate complex with an Mo™—O,—
PEt; bond supported such a mechanism."® But proper in-
spection ofo the Mo—O,, and O, P bond lengths as 2.157
and 1.516 A in this complex, respectively, revealed that, by
definition, it is not an ES complex; rather it is a complex
analogous to E'P [Eq. (1)]. Hence, any mechanism that does
not involve the formation of a Michaelis complex cannot ex-
plain an enzymatic reaction with Michaelis-Menten kinetics.

Abstract in Bengali:

WRGIF: THTR AERGAR wRE (FMO), Temgronfe (R wHmem g fame
iGabTE @ waee  (PES)  wi @El Al =Ee @™ HSO; @@ e
[M0¥'04(S>CaMe,)SMe]™™ (1) 521 [Mo"'02{(S:Co(CN )2 bo] (2) €3 wifrem wiivw G
fresma (OAT) i i+t MeGEa My Mo(V1) Brores sl-sqiafe 7o i it
“Rrelzem T Tof 2eTR M AKhe =@ | A TRl @32 1€ 2 @3 e HSO5 @7 OAT
TRt GG 755 ¢ 7o oI weifbuizee ffm T5fETs Feret ST aadim e W
TAFEN 1 8 2 @7 e @wif Te 2em W4l Bz | 1 ¢ 2 93 FWEEE T6069 Sibwizae fGemly e
FRCRGE AL PR (CPREEE) S T QAGE A R RS el I ' AT
(MoQ,HOS) Gmfem w355 tefd zenr woe whmE fer ool itz | 2 w7rfere Ginferm T5606% w8t &
2Rl a1 W G 65 el ot xfre Gt (SHifmE swel-an AieR) Mo — S (SReimifw)
TFAT 2.048 A sl AT Az @ =0, T ARG GO TR Wew WA A
THESA euEe Wive AwEEs SRENecEd To3 GIEENhe FEEhT W | Ry @wiE aEad
a3z “FRhE TS -aw Ton gfefde e M @At wewe Refi wrer FeREsE b
Bz wewe fureie SEEbe wiReresw »Rifve e |
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Amongst all the model complexes, the unique complex
[Bu,N],[Mo"'O,(mnt),] (2; mnt=maleonitriledithiolate)
mimics the active-site function of SO by undergoing OAT
with the physiological substrate HSO;™ both in terms of sat-
uration kinetics as well as the inhibition patterns with SO,*~
and H,PO,~ anions."”! Interestingly, 2 on reaction with phos-
phine™*!¥ followed typical second-order kinetics similar to
those of other model complexes. On the basis of the enzy-
matic reaction of 2 toward the native substrate, hydrogensul-
fite ion, a mechanism was proposed: the substrate oxoanion
binds to Mo"!, which leads to the formation of a heptacoor-
dinated Michaelis-type complex and, subsequently, product
formation with the dissociation of the reduced form of 2.

With native SO, an alternative neutral substrate, dimethyl
sulfite, was used at pH>7, which implicates attack of the
lone-pair electrons as the critical step.'” To accommodate
the formation of a Michaelis complex, interaction between
the approaching substrate with the amino acid residues pres-
ent near the active sites was invoked. Such interpretation
certainly underscores, at least in the case of the native
enzyme, the importance of substrate oxoanionic binding to
the Mo"" center as being an essential criterion for the obser-
vation of Michaelis—Menten kinetics.

On the basis of phosphine-oxidation reactions, density
functional theory (DFT) computational studies were initiat-
ed. Nordlander and co-workers proposed?” that this OAT
reaction takes place through attack of the sulfur lone-pair
electrons (of hydrogensulfite) on one of the oxo groups of 2.
However, the possibility of oxoanionic attack on the Mo
center was not taken into consideration in this study. This
proposed reaction mechanism led Kirk and co-workers to
suggest® the attack of the S lone-pair electrons (of sulfite)
on the Mo=0,, antibonding orbital, which is analogous to
phosphine oxidation, by using the computational model
complex [Mo"'0,(S,C,Me,)(SMe)]™ (1).

To mimic the chemistry of native SO, that is, the attack of
the sulfur lone-pair electrons of the neutral molecule, the re-
action of dimethylsulfite with 2 was tested at pH 7, but no
OAT reaction occurred.” This was possibly due to the poor
basicity of the sulfur lone-pair electrons of dimethylsulfite
relative to the phosphorus lone-pair electrons of PPh;. How-
ever, it was shown that (CH;0),SO, at a pH identical to that
used in the kinetic study of native SO with (CH;0),SO (pH
~8)," responded with similar kinetics, and the real sub-
strate was found to be the hydrolyzed product, sulfite ion
formed from (CH;0),SO. This hydrolysis may be responsi-
ble for the alleged reactivity of (CH;0),SO with native SO,
for which the kinetic constants match very well with those
found for sulfite ion as the substrate with native SO®!.

The mechanism of the OAT reaction involving sulfite oxi-
dation has, therefore, not yet been clearly understood. Two
important points are still to be determined. The first is if the
initial attack of the substrate, HSO;™, is oxoanionic or lone-
pair-electronic in nature (Scheme 1).*! The second is the
mechanistic features involved in the electronic rearrange-
ments within the ES complex to yield E’ and P [Eq. (1)].
The proper visualization of the ES complex turned out to be
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Scheme 1. Two possible forms of initial attack of HSO;~ on Mo-co of
sulfite oxidase.

of potential interest. DFT investigations into the nature of
the ES complex in the catalytic cycles of DMSO reductase,
trimethyl N-oxide reductase, and nitrate reductase have
been reported.?* In this paper, we investigate the nature of
the ES complex in the catalytic cycle of SO.

Herein we report a theoretical study based on DFT calcu-
lations to investigate the plausibility of the formation of a
Michaelis (ES) complex by “reaction” of the substrate
HSO;  with the computational model complex 1 ([Mo"'O,
(mpt)Cys]™!) of Mo-co, derived from the X-ray structure of
SO, and with the experimental model complex 2 through
oxoanionic attack of HSO;™. We subsequently computed the
gas-phase- and solvent-corrected enthalpy profiles for the
half-reaction of HSO;™ oxidation by 1 and 2.

Results and Discussion

The earliest kinetic investigation into the reaction of native
SO with sulfite showed that this reaction displayed Michae-
lis kinetics with sulfate as competitive (product inhibitor)
and monohydrogenphosphate ion as mixed competitive in-
hibitors."”) The model complex 2 was shown to follow a very
similar kinetic pattern on reaction with HSO;™ followed by
very similar inhibitions with sulfate and monohydrogenphos-
phate ion.'”] Unlike SO, 2 does not have any protein compo-
nent, and its response with similar kinetics strongly supports
the proposition that with native SO, Mo-co is sufficient for
binding the substrate without much intervention of the
amino acids present near the active site. On this basis, the
direct interaction between substrate and enzyme is taken
into consideration for the formation of the intermediate ES
complex. The electronic properties of the substrate and the
enzyme (Mo-co) play an important role in the description of
this interaction. It is clear that the nature of the lowest un-
occupied molecular orbital (LUMO), which is the potential
electron acceptor of the enzyme, and the highest occupied
molecular orbital (HOMO) of the substrate are the focus.
The DFT (B3LYP)-optimized geometry of Mo-co was
found to be square pyrimidal with an Mo—O,, bond length
of 1.720 A, an average Mo—S(dithiolene) bond length of
2.519 A, and an Mo—S(Cys) bond length of 2.457 A. The
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Mo—O,, bond (1.743 A) is slightly longer (0.023 A) than the
Mo—O,, bond. The cysteinyl group is oriented with a torsion
angle (O,—Mo—S—C(Cys)) of 58°. However, in the X-ray
structure of SO, the O,,—Mo—S—C(Cys) torsion angle is 77°,
which can be interpreted as due to the change in protein
conformation during the crystallization process; this has
been observed in the solid state. The Mo-co model structure
used in this work structurally resembles the synthesized
structural model complex of SO.*!

Molecular-orbital analysis of the optimized geometry of
Mo-co showed interesting results. The LUMO of Mo-co is
predominately populated by the d,, orbital of the central
Mo atom (from the antibonding interaction between 60 %
d,,(Mo), 11% p(O,,), and 4% p(O,,) orbitals; Table 1). The

Table 1. Calculated atomic-orbital coefficients for selected molecular
orbitals.

LUMO of model Mo [%] O, [%] Oy [%]
complexes (orbital) (orbital) (orbital)
Mo-co 60.48 (d,,) 3.45 (p) 11.23 (p)
1 55.23 (d,,) 8.63 (p) 15.44 (p)
2 43.08 (d,,) 11.06 (p) 10.99 (p)
HOMO of substrate S [%] Oxoanion [% ] O [%]
(orbital) (orbital) (orbital)
HSO," 40.12 (s) 233 (p) 19.89 (p)

HOMOs of HSO;~ and PPh; are entirely different. The
HOMO of HSO;~ comprises 40 % s(S), 23% p(O anionic),
and 20% p(O) (the negative charge of HSO;™ is distributed
over two equivalent oxo groups). The HOMO of PPh; is
predominantly viewed as the lone-pair orbital of the P
atom. By considering frontier-molecular-orbital (FMO) in-
teraction between the HOMO of HSO;~ and the LUMO of
Mo-co, two interactions, one between d,(Mo) of the
LUMO and p(O) of the HOMO (Figure 1, interaction 1)
and the other between p(O,,) of the LUMO and S of the
HOMO (Figure 1, interaction 2), are possible. However,
similar FMO interaction is not possible with phosphine. The
so-called phosphine lone pair of electrons can interact with
the Mo=0O,, antibonding MO to facilitate the cleavage of
the Mo—O,, bond by a one-step process; this may lead to a
different mechanism that may follow typical second-order
kinetics.

From population analysis of partial-charge partitioning
(Mulliken and natural bond orbital (NBO); Table 2), it was
found that the interaction between the anionic oxo group of
HSO;™ and the Mo center of Mo-co is stronger than that be-
tween the S lone-pair electrons of HSO;™ and the O, atom
of Mo-co. This suggests that the Mo center is more suscepti-
ble to nucleophilic attack by the oxoanion of HSO;™ than
the O, atom of Mo-co is to lone-pair-electron attack of the
S atom of HSO;™, because of a larger difference in formal
charge that results in stronger electrostatic interaction. This
interaction was taken into account in the light of the anionic
charged substrate for SO.”” The calculated Mulliken and
NBO atomic charges are listed in Table 2. These results
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b) o)

d) e)

Figure 1. MO isosurface: a) LUMO of Mo-co; b) HOMO of HSO;,
arrows indicate the FMO interaction of the same phase, 1 corresponds to
the interaction between the d,(Mo) orbital and the p(O) orbital of
HSO;7, 2 corresponds to the interaction between O, and the S atom of
HSO;7; ¢) HOMO of PPh; showing only one possible interaction;
d) LUMO of 2; e) LUMO of 1 showing close analogy with the LUMO of
Mo-co. Hydrogen atoms are omitted for clarity.

Table 2. Calculated Mulliken and NBO atomic charges of enzyme model
complexes and substrate.

Mulliken charge NBO charge
Substrate S O Oxoanion S (0] Oxoanion
HSO;~ 0.79 -0.75 =07 1.52 -1.01  —-0.99
Model Mo O, O Mo O, O
complexes
Mo-co 0.68 —049 -0.65 1.16 —-0.60 —0.52
1 0.34 —-047 -057 1.16 -047 —0.56
2 0.48 —-0.49 —-046 0.55 -049 —047

demonstrate that the FMO and electrostatic interactions
could lead to a preference for oxoanionic attack in the for-
mation of the ES complex. The relative stability of the ES
complex and of other reaction intermediates and their tran-
sition states dictates the true reaction mechanism. Such de-
tailed studies with Mo-co require much computational re-
sources. To decrease the computational effort, we chose two
model complexes: the computational model 1 and the
unique functional model 2. Full reaction pathways for the
reactions of 1 and 2 with HSO;~ were established.

The optimized geometry of 1 is very similar to that of the
Mo-co model and matches the reported geometrical param-
eters.”!l Here the Mo—O,, bond length also differs slightly
from the Mo—O,, bond length, but this difference is less
(0.001 A), as it is caused by the weak H-bonding interaction
between the CH; and axial oxo groups. However, the orien-
tation of the SCHj; group differs with respect to the cysteinyl
sulfur atom, as found from the X-ray structure analysis on
native SO. We performed a relaxed 1D potential-energy sur-
face (PES) scan of the dihedral angle O,,—Mo—S—C,, with a
variation of 10° at each step at which all other parameters
were allowed to optimize. A plot of the change in total
energy versus the variation of the O, —Mo—S—C,,. dihedral
angle is shown in Figure 2. It was found that three high-
energy conformers exist at dihedral angles of 120°, 0°, and
—120°, and two low-energy conformers exist at —60° and
60°; the lowest-energy structure has an O,—Mo—S—C,, di-
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Figure 2. 1D relaxed PES scan of O,,—Mo—S—C, dihedral angles (¢) for
1.

hedral angle of —60°. In native SO, this dihedral angle was
found to be 77° from the solid-state crystal structure data.
Although the crystallization began with a solution of the
oxidized enzyme, it was the reduced enzyme that finally
crystallized out.'”! We are not certain of the preference in
the orientation of cysteine present in the protein for the dif-
ferent redox states of the enzyme in solution. At this stage,
we proceeded with our study on the basis of the fact that
the model complex 2 responds to similar enzymatic reac-
tions without the intervention of any protein. The molecu-
lar-orbital-feature and population analyses (Mulliken and
NBO) of the atomic charge for 1 and 2 are very similar to
that found for the Mo-co model. The LUMOs of 1 and 2 are
shown in Figure 1. A list of the calculated atomic-orbital co-
efficients for selected molecular orbitals and the atomic
charges are provided in Tables 1 and 2.

The nature of oxoanionic and lone-pair-electron attack of
HSO;™ were checked by performing relaxed 1D PES scans
for 1 and 2 (Figure 3). For oxoanionic attack, the anionic
oxygen atom of HSO;  was placed 3.5A from the Mo
center, and this distance was decreased in several fixed steps
with geometry optimization at each step while the remaining
degrees of freedom were allowed to vary. For lone-pair-elec-
tron attack, the S atom of HSO;~ was placed 3.5 A from the
O, group of sulfite, and the same treatment was carried out
as for anionic attack. In this case (Figure 3b), the reaction
proceeded through one potential-energy barrier and finally
reached a lower energy state in which the Mo—O,, and O.,—
S.uriie bond lengths were 2.4 and 1.5 A, respectively, which
suggests completion of the OAT reaction. The lone-pair-
electron attack is thus a one-step process similar to phos-
phine oxidation and so cannot be the enzymatic reaction. In
contrast, for oxoanionic attack at the Mo center (Figure 3a),
the relaxed PES scan results showed a relatively stable inter-
mediate at an equilibrium Mo—Oy.. bond length of 2.2 A.
There was no further change in the Mo—O,, bond length
throughout the scan. At this stage, there is no lengthening
of the Mo=O,, bond and the S atom is directed toward the
O, group, and this energy-minimized state can be consid-
ered as an ES complex before OAT. A second scan was per-
formed on the energy-minimized state of the first scan with
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Figure 3. 1D relaxed PES scan (plot of total energy vs. scanning bond
length): a) oxoanionic attack of HSO;™ on 1; b) lone-pair-electron attack
of HSO;™ on 1; ¢) oxoanionic attack of HSO;™ on 2; d) lone-pair-electron
attack of HSO;™ on 2. The changes in selected bond lengths for the scan
are given in the Supporting Information.

decreasing S—O,, bond length, and this process went past a
second energy barrier to form the product. Similar results
were found for the functional analogue complex 2 (Fig-
ure 3¢ and d). The changes in selected bond lengths for
each scan are listed in the Supporting Information. Thus,
from FMO interactions and from the relaxed PES scan, it is
concluded that the initial step of the OAT reaction with 1 or
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2 takes place by oxoanionic binding of HSO;  to the Mo
center. This may lead to the formation of a stable intermedi-
ate, the ES complex, which would agree well with all the ex-
perimental results with native SO and the functional model
complex 2.

With the help of initial investigations, a mechanism can
now be established for HSO;™ oxidation by 1 and 2 cata-
lyzed by SO. The relative energy profile for the overall half-
reaction was computed with the fully optimized reaction co-
ordinate in the gas phase and is shown in Figure 4. Each re-

120+

[e]
o
1

T " -1
E../keal mol
s
o
1

1+H30;+H:0
| 2+HSO5 ! =219
-283

—40 4+Hs0; ~311

Figure 4. Calculated reaction pathways in the gas phase for the reaction
of 1 and 2 with HSO;™. ———= AH,q, =AGy.

action involves an initial transition state (TS1 and TS2), a
substrate-bound intermediate (ES1 and ES2), a second tran-
sition state (TS3 and TS4), a product-bound second inter-
mediate (EP1 and EP2), and the products (3 and 4). The re-
action energies are —21.9 (AG=—28.3) and —31.1 kcalmol !
(AG=—18.3 kcalmol ™) for 1 and 2, respectively, thus show-
ing that the overall reaction does proceed “downhill” in
both the cases. The optimized values of important bond
lengths and distances for these states are provided in
Table 3, and the optimized geometries are shown in
Figure 5.

The first step of the OAT reaction between 1 and HSO;~
thus proceeds through an initial transition state TS1. This is
followed by the formation of a stable intermediate ES1. TS1
is 59.7 kcalmol™ (AG=70.5 kcalmol™") higher in energy
than the rest state and has an Mo—Og,s. distance of
3.031 A. ES1 is the stable intermediate (AH=55.7, AG=
65.7 kcalmol™!) in which the substrate is weakly bound
(Mo—Ogyge =2.194 A) to the Mo center. Because of the ox-
oanionic approach of the sulfite, enhancement of the coordi-
nation number of the Mo center is required, which moves
the SCH; group (the O, —Mo—S,, angle changed by 40°)
from an equatorial to an axial position (trans to axial oxo
group) and results in a distorted octahedral geometry for
ES1. This movement of the SCH; group was also observed
in the theoretically predicted ES complexes of DMSO re-
ductase, trimethyl N-oxide reductase, and nitrate reduc-
tase.”!! At this stage, the Mo—O,, and Mo—O,, bond lengths
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Table 3. Selected bond lengths and distances (A) of optimized geometry.
Reaction of HSO;™ with 1

Bond 1 TS1 ES1 TS2 EP1 3
Mo-O,, 1.728 1.725 1.764 1.727 1.732 1.716
Mo—O,, 1.739 1.738 1.737 1.892 2291 2.405
Mo—O,urice - 3.031 2.194 - - -
Oeq—S,uie - - 3.539 2.035 1.510 -
Mo—S1 2.562 2617 2722 2514 2.407 2373
Mo—S2 2452 2.408 2.492 2475 2.404 2.405
Mo—Scus 2453 2.481 2.588 2.449 2.438 2.448
Reaction of HSO;™ with 2
Bond 2 TS3 ES2 TS4 EP2 4
Mo-0,, 1.737 1.737 1.743 1.743 1.706 1.706
Mo—O,, 1.737 1.732 1.724 1.895 2.366 -
Mo—Oysice - 2.606 2.429 - - -
O Suusce - - 3.206 2.013 1.502 -
Mo—S1 2.502 2.575 2.608 2482 2443 2455
Mo—S2 2.736 2.771 2.770 2.629 2.469 2.455
Mo-S3 2.502 2.527 2.550 2571 2.553 2455
Mo—S4 2736 2.938 2.932 2.769 2.790 2.455

[a] S atom trans to the oxo group.

. a .
Aol ot ol
AT ol

1

Figure 5. B3LYP gas-phase optimized geometries for 1, 2, 3, 4, ES1, ES2,
EP1, EP2, TS1, TS2, TS3, and TS4.

remain unchanged, and HSO;™ is oriented such that the S
atom of HSO;™ is directed towards the equatorial oxo group
3.5 A away. This special orientation of the substrate is influ-
enced by participation of H-bonding of HSO;  with the
axial oxo group. This controls the disposition of the equato-
rial oxo group in favor of bonding with the sulfur atom of
the substrate in the subsequent reaction step. Energy
minima with other orientations of the substrate were not ob-
served. In the search for the ES complex with lone-pair-elec-
tron attack, several (on the PES scan point, Figure 3¢) full-
optimization attempts failed to result in any minima before
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OAT, in which S (HSO;", substrate) is weakly bound to the
O, group.

The second step of the OAT reaction of 1 passes through
a transition state TS2 (AH=67.7, AG=93.3 kcalmol ') with
Mo—O,, and O,—S(HSO;") distances of 1.892 and 2.035 A,
respectively. TS2 is a six-membered (O,,~Mo—0,,—S—O—H)
transition state stabilized by H-bonding similar to that in
ES1. The SCH; group is again moved to the equatorial posi-
tion. The energy barrier for this step (AH=12, AG=
27.6 kcalmol™!) is much less than for the previous step. The
imaginary frequency of 333 cm™! confirmed the saddle-point
character between the two stationary states, which corre-
sponds to the stretching vibration modes of Mo—O,, and
O,—S(HSO;7). TS2 follows the breaking of the Mo—O,,
bond, and product formation takes place via a stable,
HSO, -bound intermediate EP1 (AH=37.3, AG=51.1 kcal
mol ") with Mo—O,, and O.—S(HSO;") bond lengths of
2291 and 1.510 A, respectively. EP1 is 18.4 kcalmol™! more
stable than ES1. At this stage, the OAT reaction is over, and
only the oxidized substrate (HSO,") is loosely bound to the
product at the Mo center. Finally, the reaction concludes
with the formation of the water-bound reduced state,
[Mo™O(S,C,Me,)(H,0)(SMe)] ! (3). Model 3 is more stable
than the HSO, -bound product by 59 kcalmol™ (AG=
79 kcalmol™'). The geometrical parameters of 3 are very
similar to the structural parameters obtained from the crys-
tal structure of native SO.

The OAT reaction for 2 with HSO;™ is very similar to that
for 1. The first step of the reaction proceeds through an ini-
tial transition state TS3 followed by the formation of a
stable intermediate ES2. TS3 is 100.7 kcalmol ' (AG=
107.5 kcalmol ') higher in energy than the rest state and has
an Mo—Ogg. distance of 2.606 A. ES2 is the hexacoordinat-
ed intermediate (AH=95.1, AG=103.6 kcalmol ') in which
the Mo—O,;;. bond length is 2.429 A and one Mo—S(dithio-
line) bond is elongated to 2.938 A. At this stage, the Mo—
O, and Mo—O,, bond lengths remain unchanged, and the
orientation of HSO;™ is in a similar H-bonding fashion to
that observed in 1, in which the S atom of HSO;™ is directed
towards the equatorial oxo group at a distance of 3.2 A.

The second step of the OAT reaction for 2 passes through
a transition state TS4 (AH=105.3, AG=118.4 kcalmol™")
with Mo—O,, and O,—S(HSO;") distances of 1.895 and
2.013 A, respectively. The nature of TS3 is similar to that of
TS2, and the six-membered (O, ~Mo—0O.—S—O—H) transi-
tion state is stabilized by H-bonding similar to that in TS2.
The energy barrier for this step (AH=10.2, AG=15 kcal
mol™!) is very much less than for the previous step. The
imaginary frequency of 414 cm™' corresponds to the stretch-
ing vibration mode of Mo—O,, and O.—S(HSO;"). TS4 fol-
lows the breaking of the Mo—O,, bond, and product forma-
tion takes place via a stable, HSO, -bound intermediate
EP2 (AH=74.3, AG=87.1 kcalmol™) with MO:Ocq and
O.,—S(HSO;") bond lengths of 2.306 and 1.502 A, respec-
tively. EP2 is 21 kcalmol™! (AG =16 kcalmol ') more stable
than ES2. Finally, the release of the oxidized substrate
occurs to form the reduced state of the enzyme, [Mo'VO-
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(mnt),]>~ (4). This product-release step is 104 kcalmol ™
(AG=115 kcalmol™") more stable than the HSO, -bound
product. The geometrical parameters of 4 are very similar to
the structural parameters obtained from the crystal struc-
turel”],

The protein environment plays a significant role in the
overall reaction pathway. However, the modeling of the
native enzyme active site with medium effect needs a great
deal of computational resources. We have evaluated only
the dielectric effect of the medium on the PES for the over-
all half-reaction by additional single-point calculations with
the solvent effect. The corrected solvation-energy profile ob-
tained with the conductorlike screening model®
(COSMO) on the gas-phase optimized structure for the re-
action of 1 and 2 with HSO;™ is shown in Figure 6. The sol-

TS4
40 + 35.6
TS3 -
I 20
! 17.6
R ES1+H0 EPI+H,0
5 o XY 3+HSO,
5 1+HSO;™+H,0 )
& | 2+HSO7 EP2
4
-20 g
“4+HSO,~
] 319
—40 -

Figure 6. Solvent-corrected energy profile for the reaction of 1 (—) and
2 (+++++) with HSO;™ at 298 K obtained by the COSMO method.

vation energy is seen to stabilize all the transition states and
intermediates more than the reactants and products. The
overall exothermicity of the OAT reaction and the energy
barriers from TS1 to EP1 and TS3 to EP2 do not change sig-
nificantly. This may be due to the associative nature of the
reactant and product molecules in the course of the reac-
tion. In our system, both the reactant and product molecules
are negatively charged ions, and their energies were calcu-
lated separately. The reactions involve the association of
two negatively charged reactants (1 or 2 and HSO;"). Al-
though such a reaction proceeds through the interaction of
localized partial charges, the association of two negatively
charged ions increases the overall energy of the reaction
pathway in the gas phase due to the presence of additional
intramolecular repulsive interactions (TS1 to EP1 and TS3
to EP2). Interestingly, the energy differences between the
TS and EP states, excluding reactants and products, are
nearly the same in the gas phase and in solution (continuum
model), whereas the energies of these intermediates and
TSs with respect to the reactants in solvent differ from those
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in the gas phase. This is due to the repulsive interaction be-
tween two similarly charged species stabilized in the contin-
uum model. Such stabilization is not observed in the dipole
model because of the inherent consideration of the solute
surface of the solvent model.””? An accurate ab initio calcu-
lation of solvent effects requires the use of a molecular
shape more realistic than a sphere. In the native enzyme,
the protein environment may play the important role of
minimizing the overall potential-energy barrier by using sev-
eral noncovalent interactions. The relative energies of the
reactant intermediates, TSs, and products for the reaction of
1 and 2 with HSO;™ in different solvent models with the
same basis set, method, and dielectric constant of the
medium are shown in Table 4.

Table 4. Relative single-point energies (kcalmol™') of reactants, inter-
mediates, TSs, and products for the reaction of 1 and 2 with HSO;™ in
different solvent models and in the gas phase with gas-phase optimized
geometry.

Solvent Model Gas phase
COSMO PCME  Dipole

Reaction of 1 with HSO;™:

1+H,0+HSO;" 0.00 0.00 0.00 0.00
TS1+H,0 18.21 19.73 50.08 58.78
ES1+H,0 17.66 18.82 48.52 54.75
TS2+H,0 3091 31.81 65.51 67.74
EP1+H,0 0.59 1.30 33.87 34.95
34+HSO,” —8.43 -8.95 —15.81 —5.37
Reaction of 2 with HSO; :

24+-HSO;~ 0.00 0.00 0.00 0.00
TS3 23.23 24.40 94.33 94.81
ES2 22.40 23.31 93.26 93.74
TS4 35.64 36.64 105.53 104.74
EP2 0.28 0.82 72.64 71.68
44-HSO,” —31.94 —-32.16 —32.26 -31.91

[a] PCM =polarizable continuum model.

Conclusions

In summary, DFT calculations on the synthetic and compu-
tational model complexes of SO showed that the OAT reac-
tions involve the formation of the stable intermediate
(MoO,HSO;)~ through oxoanionic binding of HSO;™ at the
Mo center. The optimized geometries of the ES complexes
of 1 and 2 showed a common feature with the participation
of hydrogen bonding of the substrate with the axial (specta-
tor) oxo group. This intermediate complex participates in
product formation through a six-membered MoO,HOS tran-
sition state, which involves breaking of the Mo—O,, bond
with formation of the Sy;.~O,q bond. Our results regarding
the formation of the Michaelis complex is in agreement with
kinetic studies!"’**! on the reductive half-reaction of 2. This
was found to be similar in catalytic behavior to 1 with re-
spect to the reaction with native SO.
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Experimental Section

All calculations were performed with the Gaussian 03 (Revision B.04)
package.”®! Molecular orbitals were visualized with Gauss View, and ge-
ometry-optimized molecular structures were shown with Diamond 3.1e.
Geometry optimization, population analysis of molecular orbitals and
partial-charge distribution (MPA and NBO method), and relaxed PES
scans were carried out at the DFT level. The method used was the Becke
three-parameter hybrid-exchange functional, the nonlocal correlation
provided by the Lee, Yang, and Parr expression,”! and the Vosko, Wilk,
and Nuair 1980 local correlation functional (III) (B3LYP).”! The 6-
31g*+ basis sett™ was used for C, N, and H atoms, and the 6-311g*+4
basis setP!! for O and S atoms. The LANL2DZP? basis set and LANL2
pseudopotentials of Hay and Wadt®*! were used for the Mo atom. Transi-
tion states were optimized with the synchronous transit-guided quasi-
Newton (STQN) method.® The optimized minima and transition-state
structures were characterized by harmonic-vibration-frequency calcula-
tions with the same method and basis set in which the minimum has no
imaginary frequency and the transition state has only one. Additional
single-point energy calculations were carried out on the gas-phase-opti-
mized geometry for medium-effect correction with the same method,
basis set, and COSMO with a dielectric constant®™ of 5, radius of 1.4 A,
and temperature of 298 K. The validity of single point energy calculations
were also checked with different solvent model. The initial geometry of
Mo-co was derived from the reported crystal structurel'” of the native
enzyme SO with the considerations that Mo is in the +4 oxidation state
and the bond lengths with O, and O, are the same (1.71 A). The initial
geometry of 1 was modeled according to native Mo-co. The initial geom-
etry of 2 was obtained from the reported crystal structure.!'™ All geome-
tries were optimized with several possible conformations, and energy
minima were considered for further calculations. The initial geometry of
4 was taken from the crystal structure.® 174
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and LiMAIF; (M =Ca, Sr) Nanocrystals from Cothermolysis of Multiple
Trifluoroacetates in Solution
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Abstract: We report the synthesis of
single-crystalline and near-monodis-
persed NaMF; (M=Mn, Co, Ni, Mg),
LiMAIF, (M=Ca, Sr), and NaMg-
F;:Yb,Er nanocrystals (quasisquare
nanoplates, nanorods, and nanopoly-
gons) by the cothermolysis of multiple
trifluoroacetates in hot combined or-

Chun-Hua Yan*!?!

NaMF; (M=Mn, Co, Ni) nanoplates
were partially aligned to form nanoar-
rays on copper TEM grids. The sizes of
the NaMF; nanocrystals were easily
tuned by the use of proper synthetic
conditions such as reaction tempera-
ture and time and solvent composition.
On the basis of a series of experiments

FTIR analysis, the reaction pathways
for the formation of these nanocrystals
from trifluoroacetate precursors were
proposed. The magnetic measurements
showed that the differently sized
NaMnF; square plates displayed inter-
esting weak ferromagnetic behavior on
the nanometer scale. The strong red

ganic solvents (oleic acid, oleylamine,
and 1-octadecene). The nanocrystals
were characterized by XRD, TEM, su-
perconductive quantum interference
device (SQUID), and upconversion lu-
minescence spectroscopy. By regulating
the polarity of the dispersant, the

varied,

cence -

Introduction

During the past two decades, research into novel inorganic
materials with nanoscale dimensions has undergone tremen-
dous progress, much of it due to the fact that unique proper-
ties are acquired on this scale with respect to their bulk
counterparts.'l An increasingly active part of this field is the
delicate control of the shape and size of dispersible colloid
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in which the reaction conditions were
together with GC-MS and
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upconversion luminescence emitted
from the NaMgF;:Yb,Er nanorods
under 980-nm near-IR laser excitation
suggests that NaMgF; may be a good
candidate host material for red upcon-
version luminescence.

inorganic nanocrystals driven by their interesting size- and
shape-dependent properties, as well as the assembly of ad-
vanced materials and devices by using nanoscale building
blocks.”! Until now, much effort has been made in pursuing
effective and robust means of manipulating the size and
shape of nanocrystals such as semiconductors,”) metals,4
alloys,” and metal oxides.'#?*¢*] Moreover, their size- and
shape-dependent properties give them promising applica-
tions in many fields, such as optics, electrics, magnetics, cat-
alysis, and biosensing, that are of both fundamental and
technological importance.#>?!

As important inorganic functional materials, complex
metal fluorides such as A'M"F; and AM"MY"F, have at-
tracted much attention owing to their physical and chemical
properties, such as ferromagnetism,”’ behavior as nonmag-
netic insulators,® and piezoelectric characteristics,”? as well
as their optical properties.'”? It is widely accepted that nano-
scaled materials have opened the doors for finding new
properties with respect to their macroscopic counterparts.
For example, for small antiferromagnetic particles such as
alkaline fluoromanganates, net magnetization originating

WWILEY 2
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from the noncompensation of surface spins is observed
below the ordering temperature owing to the high surface/
volume ratio of these particles.!!! Recent work disclosed
that KMnF; nanocrystals undergo a transition from para-
magnetic to antiferromagnetic at 83.3 K.['!

However, to date, very few studies have been done in the
field of complex metal fluoride nanocrystals, partly because
the conventional synthetic routes for these compounds are
limited and complicated. For example, high-temperature
solid-state synthesis requires apparatus with an intricate
setup because of the chemical sensitivity between oxygen
and fluoride and the corrosive nature of fluorine,™ wet
chemical synthetic strategies such as the hydrothermal
method produce nanocrystals with nonuniform shape and
size,l”! and the reversed micelle method usually involves on-
erous posttreatment procedures."!! Therefore, the develop-
ment of an effective synthetic route towards high-quality
complex metal fluoride nanocrystals of tunable size that
avoids these drawbacks still remains a challenge.

Recently, many successful methods have been found for
the fabrication of high-quality dispersible colloid nanocrys-
tals, among which are various nonhydrolytic synthetic path-
ways that use organometallic precursors in hot solvents with
high boiling points. These conditions permit a relatively
facile and reproducible approach for such nanocrystals that
are single-crystalline, phase-pure, and monodispersed.*4
Therefore, the determination of suitable molecular precur-
sors, the adjustment of the capping ability of solvents, and
the balance of the nucleation and growth stages are three
key factors for the preparation of high-quality nanocrystals.
Lately, our group developed an effective and general solu-
tion-phase route to prepare high-quality rare-earth fluoride
and sodium rare-earth fluoride nanocrystals from trifluoro-
acetate precursors.[#&1

Herein, we report the one-pot synthesis of single-crystal-
line and monodispersed NaMF; (M=Mn, Co, Ni, Mg),
LiMAIFy, (M=Ca, Sr), and NaMgF;:Yb,Er nanocrystals
(quasisquare nanoplates, nanorods, and nanopolygons) by
the cothermolysis of multiple trifluroacetates in hot com-
bined organic solvents that include oleic acid (OA), oleyl-

Abstract in Chinese:

BiL S A B R LB S AT RN B BRAAIE R (G ER . kAT T N
TGRS REL, AR T RT¥—. BRTH@WMREWT R, ARERAKS
#4K)% NaMF; (M = Mn, Co, Ni, Mg). LiMAIFs (M = Ca, Sr)#= NaMgF;:Yb,Er %
AR, KA X HEATH(XRD). 4T 2MA(TEM). 25 2T T #H
(SQUID)Fuift £ MR KB o] P AF A K Sh AT T 4540 Rkt Fn L3538 ORI R
FE. A BHE &R IR (GC-MS)Fe vt 45 3 41 91 K% (FTIR) SRR it A2 #E 4T
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B I A LA At T OAK A ) 4R dh 89 R NaMnFs @ 4 230
AR AR X ) B3 4RAAT 2 NaMgFs:Yb,Er 24K & £ 980 nm 3L £r g R T
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amine (OM), and 1-octadecene (ODE). The mechanism of
the controlled synthesis as well as the magnetic and optical
properties of the nanocrystals are also presented in this

paper.

Results and Discussion
Characterization of NaMF; Nanocrystals

The XRD profiles in Figure 1 show that all the reflections
for the NaMF; (M =Mn, Co, Ni, Mg) nanocrystals can be in-
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Figure 1. XRD patterns of orthorhombic NaMnF; (A), NaCoF; (B),
NaNiF; (C), and NaMgF; (D) nanocrystals.

dexed to a pure orthorhombic phase (space group: Pnma).
The calculated lattice constants are as follows: a=5.75(0) A,
bh=8.00(4) A, and ¢=5.55(1) A for NaMnF; (JCPDS: 18-
1224), a=535(1) A, b=771(5) A, and ¢=5.52(5) A for
NaNiF; (JCPDS: 70-2401), a=5.61(5) A, b=7.78(5) A, and
c=541(9) A for NaCoF; (JCPDS: 70-1889), and a=
537(3) A, b=548(5)A, and ¢=7.67(1) A for NaMgF,
(JCPDS: 82-1226). The moderate sharpening of the diffrac-
tion peaks suggests the high crystallinity and large sizes of
the NaMF; nanocrystals formed.

Energy dispersive X-ray (EDAX) analysis shows that the
atomic ratios of Na to M (M =Mn, Co, Ni, Mg) determined
are in good agreement with the expected values, thus indi-
cating the formation of stoichiometric NaMF; compounds
(see Supporting Information, Figure S1). The TEM and
high-resolution TEM (HRTEM) images reveal that the
NaMF; (M=Mn, Co, Ni) nanocrystals take on a quasi-
square-plate shape (Figure 2), but the NaMgF; nanocrystals
are rod-shaped (Figure 3). By delicate adjustment of the po-
larity of the dispersant, the NaMF; (M =Mn, Co, Ni) nano-
crystals formed partially ordered arrays on the TEM grids,
either lying flat on the face (Figure 2a, c, e) or standing on
the edge (Figure 2b, d, f), which is indicative of the presence
of capping ligands on the surfaces of the nanocrystals. Fig-
ure 2a, ¢, e shows the quasi-2D arrangement of NaMnF;,
NaNiF;, and NaCoF; nanoplates, respectively, lying flat on
the face as deposited from nanocrystal dispersion in tolu-
ene/hexane (1:1 v/v). As seen in Figure 2 a—f, the clear lattice
fringes shown in the HRTEM images reveal that the lattice
planes of the nanocrystals afforded are perfectly aligned and
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Figure 2. TEM and HRTEM (inset) images of NaMnF; (a=lying flat on
the face, b=standing on the edge), NaNiF; (c=lying flat on the face, d=
standing on the edge), and NaCoF; (e =lying flat on the face, f=standing
on the edge) nanoplates.
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Figure 3. TEM and HRTEM (inset) images of NaMgF; nanorods.

go right through the entire nanoplate, thus confirming the
single-crystalline nature of the nanocrystals without any
stacking faults. From the HRTEM image in Figure 2 a, inset,
the interplanar spacing of 0.38 nm ascribed to the {101} face
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is found on the top surface of the NaMnF; nanoplates.
When the polarity of the dispersant was increased by the ad-
dition of ethanol (toluene/hexane/ethanol=1:1:2), the nano-
plates were arranged almost in the face-to-face formation,
unfolded by the {010} faces, on the copper TEM grids (Fig-
ure 2b). The {101} and {010} faces enclose the NaMnF;
nanoplates, which are (110.0+9.5)x(40.5+2.0) nm? large.
Similarly, the NaNiF; and NaCoF; square plates are en-
closed by the {101} and {010} faces and are of size (130.0+
4.9)x(75.0£2.5) and (250.049.5) x (180.0£5.5) nm?, respec-
tively (Figure 2¢, d and Figure 2e, f). Figure 3 illustrates the
1D growth of the single-crystalline NaMgF; nanorods. The
HRTEM image in Figure 3, inset reveals interplanar distan-
ces of 0.34 and 0.54 nm attributed to the {111} and {010}
faces, respectively. The preferred growth direction of the
NaMgF; nanorods was determined to be along the [010] di-
rection.

Characterization of LIMAIF, Nanocrystals

Figure 4 shows the XRD patterns and TEM images of the
LiMAIF; (M=Ca, Sr) nanocrystals. As seen in Figure 4a,
the synthesized LiMAIF, nanocrystals take on a purely hex-
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Figure 4. a) XRD patterns of hexagonal LiCaAlF, (A) and LiSrAlF, (B)
nanocrystals. b) TEM image of LiCaAlF, nanocrystals. c) TEM image of
LiSrAlFg nanocrystals.

agonal structure (space group: P31c). The calculated lattice
constants are as follows: a=4.95(1) A and ¢=9.55(6) A for
LiCaAlF, (JCPDS: 43-1481), and a=5.09(0) A and c=
10.28(1) A for LiSrAlF, (JCPDS: 48-1640). Figure 4b and ¢
shows the formation of uniform LiCaAlF, and LiSrAlF,
polygons of size (28.4+5.6) and (31.5+3.5) nm, respective-

ly.

www.chemasianj.org 967





Y.-W. Zhang, C.-H. Yan et al.

FULL PAPERS

Conditions for the Formation of NaMF; and LiMAIF
Nanocrystals

As is well-known, NaMF; (M =Mn, Co, Ni, Mg) compounds
in the A'M"F, family are usually of the orthorhombic per-
ovskite structure in space group Pnma (GdFeOs-type, Z=
4),°1 whereas LiIMAIF; (M=Ca, Sr) in the LiM"M"F,
family crystallize as a trigonal structure in space group
P31c." In this work, to uncover the optimal conditions for
the formation of phase-pure and monodispersed NaMF; and
LiMAIF, nanocrystals, we carried out a set of experiments
to investigate the effects of different parameters, including
the ratios of metals, solvent composition, reaction tempera-
ture and time, and precursor concentration, on the particle
characteristics of the synthetic products. We found that sol-
vent composition, reaction temperature, and reaction time
are three key factors for the synthesis of high-quality nano-
crystals.

Solvent Composition

It seems that the use of a combined solvent (either OA/
ODE or OA/OM/ODE) is essential for the preparation of
phase-pure and monodispersed NaMF; and LiMAIF¢ nano-
crystals, whereas the presence of OA ligands in the com-
bined solvent is a prerequisite for phase-pure products (see
Supporting Information, Tables S1 and S2). We found that
the cothermolysis of Na(CF;COO) and M(CF;COO), in
pure ODE yielded products that contain no NaMF;, where-
as in OM/ODE, only ill-shaped particles of NaF and MO
(M =Mn, Co, Mg) or Ni;C were separated from the reaction
mixture (Figure 5). In the case of NaMnF;, to obtain pure
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Figure 5. XRD patterns of the products obtained from the cothermolysis
of 1 mmol Na(CF;COO) and 1 mmol M(CF;COO), (M=Mn (A), Co
(B), Ni (C), Mg (D)) in OM/ODE (1:1) at 300°C for 30 min. |l =NaF,
*=MnO, @ =CoO, A =Ni;C, ¥=MgO.

orthorhombic monodiperse nanocrystals, the combined use
of OA/OM/ODE in an appropriate ratio is necessary in the
synthesis. For example, by using 1 mmol Na(CF;COO) and
1 mmol Mn(CF;COOQ), as the precursors, the reaction in 1:1
OA/ODE at 280°C for 30min produced nonuniform
NaMnF; nanoplates with the large size of (119.5-80.3) x
(79.7-30.2) nm*> (Figure 6a), whereas in OA/OM/ODE
(4:1:5), near-monodispersed NaMnF; nanoplates of size
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Figure 6. TEM images of orthorhombic NaMnF; nanoplates obtained
from the cothermolysis of 1 mmol Na(CF;COO) and 1 mmol Mn-
(CF;C0OO0), under different conditions: a) OA/ODE =1:1, 280°C, 30 min;
b) OA/OM/ODE =1:1:2, 280°C, 30 min; c) OA/OM/ODE =4:1:5, 310°C,
30 min; d) OA/OM/ODE=4:1:5, 260°C, 30min; e¢) OA/OM/ODE=
4:1:5, 280°C, 15 min; f) OA/OM/ODE =4:1:5, 280°C, 0 min; g) OA/OM/
ODE =4:1:5, 280°C, 45 min; h) OA/OM/ODE =4:1:5, 280°C, 60 min.

(110.0£9.5) x (40.54+2.0) nm*> were formed (Figure 2a).
When more OM was added to attain an OA/OM/ODE ratio
of 2:1:3, the size of the monodispersed NaMnF; nanoplates
was decreased to (68.245.5)x(30.54+1.7) nm* (Table S1).
However, when the amount of OM was increased such that
OA/OM/ODE =1:1:2, the NaMnF; products appeared as a
mixture of nanoplates and nanobelts (Figure 6b). These re-
sults strongly suggest that monodispersed NaMnF; nano-
plates can only be obtained in the ternary solvent OA/OM/

Chem. Asian J. 2007, 2, 965 -974





NaMF; and LiMAIF, Nanocrystals from Cothermolysis

ODE within a narrow composition range (4:1:5-1:1:2). As
for NaCoF;, NaNiF;, NaMgF;, and LiIMAIF; (M=Ca, Sr),
high-quality nanocrystals were prepared in the combined
solvents of much narrower composition range (OA/ODE =
1:1 and/or OA/OM/ODE =1:1:2) (Tables S1 and S2).

Reaction Temperature and Time

Using the optimal solvent composition for obtaining phase-
pure products, we found that both the reaction temperature
and time markedly affect the size distribution of the nano-
crystals. For example, at 310°C, the cothermolysis of 1 mmol
Na(CF;COO) and 1 mmol Mn(CF;COO), in OA/OM/ODE
(4:1:5) for 30 min produced near-uniform NaMnF; nano-
plates with a large size of (223.8+11.6)x (180.348.5) nm?
(Figure 6¢). As the reaction temperature was decreased to
280°C, near-monodispersed NaMnF; nanoplates with the
smaller size of (110.049.5) x (40.5+2.0) nm* were obtained
(Figure 2a). When the reaction temperature was further de-
creased to 270°C, the size of the nanoplates was slightly de-
creased to (109.447.5) x (37.5+3.4) nm*. However, the reac-
tion at 250°C resulted in nonuniform NaMnF; nanoplates in
the size range (158.7-94.9)x(105.5-90.2) nm* and in low
yield (Figure 6d), possibly due to unfinished thermolysis of
the precursors at this low temperature. These results strong-
ly suggest that the growth of the NaMnF; nanoplates is
rather sluggish below 270°C, but is greatly accelerated at
over 280°C. Under these conditions, the narrowing of the
size distribution for the NaMnF; nanoplates was realized
after reaction for 30 min at high temperatures (>270°C) by
the temperature-driven “size-focusing” process.!" "

Under the fixed reaction temperature of 280°C, as the re-
action time was shortened from 30 min to 15 and O min,
highly polydispersed NaMnF; nanoplates were obtained
(Figure 6¢ and f), thus indicating that a quick “size-focus-
ing” process happened 15-30 min into the reaction.!"™! When
the reaction went on for 45 min, the nanoplates were still
monodispersed, but with a slightly smaller size of (108.3 +
8.5)x (50.5+4.4) nm* (Figure 6¢). However, as the reaction
time reached 60 min, NaMnF; nanoplates with a much
broader size distribution were again formed, which suggests
that a drastic “size-defocusing” process occurred 45-60 min
into the reaction (Figure 6h).'" Therefore, these results
demonstrate that an Ostwald-ripening process exists in the
formation of monodispersed NaMnF; nanoplates at
280°C.I"

Finally, we found that high-quality stoichiometric NaMF;
and LiMAIF, nanocrystals can be obtained in an appropri-
ate combined solvent (OA/OM/ODE or OA/ODE) at high

OA/ODE

Na(CF,COO0) (s)
+
M(CF;CO0), (s)

100-200°C, Ar

100-200°C, Ar

0A/OM/ODE [Na(CF,COO)I,X(OA)x/M(CF3COO)2,y,Z(OAL(OM)z] ()
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temperature over a short reaction time under a relatively
high alkali metal/other metals ratio (Tables S1 and S2), due
to the well-maintained balance between the nucleation and
growth stages under these conditions. However, we noticed
that the conditions for the formation of uniform LiMAIF,
nanocrystals were more rigorous than those for NaMF;, pos-
sibly due to the greater difficulty in homogeneous nuclea-
tion from three trifluoroacetates rather than two during the
thermolysis process. LIMAIF4 nanocrystals could only grow
uniformly under certain experimental conditions, and usual-
ly showed a wider size distribution than the NaMF; nano-
crystals (Tables S1 and S2).

Reaction Pathways for the Formation of NaMF,
Nanocrystals

Through many characterization methods, the reaction path-
ways for the formation of complex metal fluoride nanocrys-
tals by the cothermolysis of trifluoroacetate precursors in
hot surfactant solutions were carefully studied in this work.
On the basis of a series of synthesis results for the formation
of NaMF; nanocrystals in both OA/ODE and OA/OM/
ODE systems, we suggest the following reaction scheme,
which includes two major stages (Scheme 1).

In the first stage, solid powders of Na(CF;COO) and M-
(CF;C0O0), were dissolved in OA/ODE (1:1) under Ar at-
mosphere upon heating to 100-200°C. Under these condi-
tions, a pellucid solution appeared with the formation of the
reaction intermediates Na(CF;COO0);_,,(OA),/M-
(CF;CO0);,_,,(OA), and CF;COO™ ligands in the liquid
phase through the exchange reaction between CF;COO™
and oleate ligands (Scheme 1). This hypothesis was con-
firmed by FTIR spectroscopy. For example, a transparent
solution was formed by dissolving some Ni(CF;COO), in
OA/ODE (1:1) at around 140°C, whose FTIR spectrum is
shown in Figure S2 of the Supporting Information. The pres-
ence of a strong alkyl C—H stretching band at 2930 cm™" and
a carbonyl peak at 1712 cm™! indicates the existence of a
large amount of free oleic acid in the solution. However, the
broad peak at 1465 cm™' assigned to carboxylate (COO~)
stretchingl'® implies an exchange between OA and
CF;COO~ (Figure S2). Further experiments revealed that,
with the same reaction temperature and time, the addition
of some OM into OA/ODE facilitated the formation of the
reaction intermediate partially substituted with oleylamine,
that is, M(CF;COO);,_,_,(OA),(OM), (Scheme 1), due to
the strong affinity of the amine groups to the transition met-
als.®'7 This reaction was accompanied by a color change of

[Na(CF5C00),_,(OA),/M(CF;C00),_(OA),] (1)

+ (x+y)(CF;CO0)~ (D)

NaMF; (s)
250-330°C, Ar

+ (x+y+2)(CF;CO0)~ (1)

Scheme 1. Reaction pathways for the formation of NaMF; nanocrystals in hot OA/ODE and OA/OM/ODE. x and y denote the number of OA molecules

involved in the reaction, z denotes the number of OM molecules involved.
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the solution from pistachio to ultramarine. UV/Vis spectros-
copy demonstrated that, in the case of Ni(CF;COO), dis-
solved in OA/ODE (1:1) at 140°C, the addition of some
oleylamine (OA/OM/ODE =4:1:5) produced a color varia-
tion that appeared as a marked blue shift from 640 to
600 nm (see Supporting information, Figure S3).

In the second stage, F~ ions were produced due to cleav-
age of the C—F bonds of the CF;COO™ ligands in solu-
tion.1&™ 181 promptly, solid NaMF; nuclei were generated
by the fluorination of the M—-O bonds of Na-
(CF;CO0)(;_(0A),/M(CF;CO0),,_,,(0OA), or Na-
(CF;CO0)(_y(0A)/M(CF;CO0),,_,,(OA) (OM),  with
the highly active F~ ions released (Scheme 1). This was de-
duced from the GC-MS spectra of the components from the
cothermolysis of Na(CF;COO) and Ni(CF;COO), precur-
sors at 180°C in OA/ODE (1:1) (see Supporting Informa-
tion, Figure S4). The peaks at m/z=69 and 51 in the mass
spectrum of the low-molecular-weight component can be as-
cribed to the fragments CF;* and CF,H™, respectively. The
formation of CF,H" should be accompanied by the release
of F~ ions. With the nuclei formed, high-quality NaMF;
nanocrystals were harvested by maintaining the balance be-
tween the nucleation and growth stages through adjustment
of the experimental parameters. However, we noted that the
formation of NaMF; was not induced by the simultaneous
nucleation of NaF and MF,; rather, NaF first separated out
from the reaction medium. When the reaction temperature
and time were increased, the amount of separated NaF di-
minished, leading to the final formation of pure NaMF;. For
example, with 1 mmol Na(CF;COO) and 1mmol Ni-
(CF;C0OO0), as the precursors in OA/ODE (1:1), NaF was
the predominant product formed by reaction at 260°C for
0 min, but pure NaNiF; was produced by the reaction at
280°C for 15 min (Figure 7).

We also noticed that the formation of the reaction inter-
mediate partially substituted with oleylamine by the addi-
tion of a suitable amount of OM was very helpful in the
size-controlled synthesis of NaMF; nanoplates (Table S1).
However, the existence of redundant OM ligands in OA/
ODE (if OM/OA>1) markedly retarded the growth of

20 30 40 50 60 70 80
20/

Figure 7. XRD patterns of the products obtained from the cothermolysis
of 1 mmol Na(CF;COO) and 1 mmol Ni(CF;COO), under different con-
ditions: A) OA/ODE=1:1, 260°C, 0min; B) OA/ODE=1:1, 280°C,
15 min. [l =NaF, *=NaNiF,.
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NaMF; nanocrystals; ill-shaped nanocrystals with NaF and
MO/M,C impurities were thus produced (Figure 5). We con-
sidered here that OM may play dual and contradictory roles
in the whole reaction: one is to promote the formation of
NaMF; by accelerated fluorination between the transition-
metal intermediate partially substituted with oleylamine and
F~, the other is to restrict the reactivity of F~ ions due to the
strong fluorophilicity of the free oleylamine ligands.'"*"'")
For instance, for the cothermolysis of 1 mmol Na(CF;COO)
and 1.2 mmol Ni(CF;COO0), at 250°C for 0 min, no NaNiF;
products were formed in OA/ODE (1:1), but small NaNiF;
nanoplates were produced by the introduction of some OM
into OA/ODE (OA/OM/ODE =4:1:5). This result indicates
that the presence of an appropriate amount of OM pro-
motes the formation of NaNiF;. Further experiments
showed that too much OM in the solution greatly lowers the
reactivity of F~ ions, which consequently holds back the for-
mation of NaMF; nanocrystals. A good case in point is the
emergence of NaNiF; nanocrystals: if the concentration of
OM exceeds a certain value (i.e., OM/OA >1), NaF would
separate out from the reaction medium, and the Ni species
partially substituted with oleylamine would be converted
into Ni;C instantly, partly due to the nature of its catalysis
(Figure 5)." Moreover, to avoid the formation of by-prod-
ucts in the nanocrystal synthesis, a low ratio of OM/OA was
required at high reaction temperature.

Shape Evolution and Size Control of NaMF; Nanocrystals

The shape evolution of colloidal inorganic nanocrystals is
currently of wide interest."™** Normally, the crystal shape
of inorganic nanocrystals is determined by several factors,
including the crystalline phase of the nuclei, the selective
adsorption of surfactant onto specific crystal planes, and the
balance between kinetic and thermodynamic growth re-
gimes.'" Nuclei with an anisotropic crystal structure can
grow into anisotropic nanocrystals very easily in the solution
phase. In this work, all the NaMF; (M=Mn, Co, Ni, Mg)
compounds have the same orthorhombic perovskite struc-
ture, which is anisotropic. Therefore, as expected, we ob-
tained anisotropic NaMF; nanocrystals: 2D quasisquare
nanoplates with confined growth of the {010} faces (M =Mn,
Co, Ni) and 1D nanorods with a preferred growth direction
of [010] (M=Mg). Given that carboxy groups generally
show much stronger coordination to transition-metal ions
than to alkali-metal and alkaline-earth-metal ions in solu-
tion,"”! we suggest that the formation of a 2D growth struc-
ture for the NaMF; nanocrystals could be due to the selec-
tive adsorption of oleate ligands onto the {010} faces, based
on the strong binding between the transition-metal ions and
the carboxy groups of the oleates. As a result, the growth of
the {010} faces was markedly restrained so that {010}-con-
fined NaMF; nanoplates were formed. Logically, the more
OA added, the larger the ratio of edge length to thickness
for the nanoplates. For instance, the ratio of edge length to
thickness for the NaMnF; nanoplates increased from 2.2 in
OA/OM/ODE=2:1:3 to 2.7 in OA/OM/ODE=4:1:5 (Na/
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Mn=1, 280°C, 30 min; see Table S1). As the alkaline-earth
metal replaced the transition metal in the synthesis, NaMgF;
nanocrystals grew highly anisotropically along the [010] di-
rection, owing to the fact that the carboxy groups of the ole-
ates show much weaker coordination with Mg** ions than
with Mn?*, Co?*, or Ni** ions.' Hence, the unrestrained
growth along the [010] direction led to the formation of
NaMgF; nanorods.

The crystallite size of the NaMF; nanocrystals obtained
was easily tuned mainly by changing the reaction tempera-
ture and time as well as the solvent composition (Figure 8;

Figure 8. TEM and HRTEM (inset) images of differently sized NaMnF;

nanoplates:  a) (38.54+2.5)x(22.5+0.8) nm?;  b) (55.5+4.5)x(30.0+
1.8) nm?; ¢) (65.0+4.5)x(30.5+2.1) nm?; d) (198.0+£4.5)x (83.8+
2.1) nm’.

see also Supporting Information, Figures S5 and S6). For in-
stance, with 1mmol Na(CF;COO) and 1mmol Mn-
(CF;COO0), as the precursors in OA/OM/ODE =1:1:2, the
reaction at 310°C for 45 min produced NaMnF; nanoplates
of size (38.542.5)x(22.5+0.8) nm* (Figure 8a), but the re-
action at 330°C for 30 and 45 min yielded larger nanoplates
of size (55.54+4.5)x(30.0+1.8) nm* (Figure 8b) and (65.0+
4.5)x(30.5+2.1) nm* (Figure 8c), respectively. In OA/OM/
ODE=4:1:5 at 280°C for 30 min, uniform (110.0+9.5)x
(40.5+£2.0) nm*> nanoplates were obtained (Figure2a),
whereas in OA/ODE =1 at 330°C for 120 min, much larger
nanoplates of size (198.0£4.5)x(150.5+£2.1) nm*> (Fig-
ure 8d) were formed.

Magnetic Behavior of NaMnF; Nanoplates

Previously, it was reported that bulk NaMnF;, NaCoF;, and
NaNiF; generally present weak ferromagnetic properties
with antiferromagnetic interactions with Néel transition
temperatures (Ty) of 66,2 77,21 and 150 K, respectively.
As these compounds are important magnetic model systems,
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it is interesting to investigate their magnetic interaction and
ordering state when their sizes shrink to nanometer dimen-
sions, owing to the exchange interaction induced by the sur-
face chemical bonds or lattice stress. However, because of
the difficulty in the synthesis of their monodispersed nano-
crystals, there have been few reports on the magnetic behav-
ior of these materials on the nanometer scale.['""!

Herein, we discuss the magnetic properties of NaMnF;
nanoplates of different sizes. Figure 9a—d shows the temper-
ature dependence of the magnetic susceptibility (M-T) be-
havior of NaMnF; nanoplates of size (198.0+4.5)x (150.5+
2.1), (110.0£9.5)x (40.5+2.0), (55.5+4.5)x(30.0£1.8), and
(38.542.5)x (22.5+0.8) nm?, respectively. The observed Ty
values are around 68-70 K for the former three samples,
which coincides with the corresponding bulk compound, and
show no significant shifts. This result indicates the similar
antiferromagnetic interaction mode among these three sam-
ples and bulk NaMnF;. Moreover, the large difference be-
tween the zero-field-cooling (ZFC) and field-cooling (FC)
plots and the dependence of FC susceptibility on nanocrys-
tal size imply the weak ferromagnetic behavior of the syn-
thesized NaMnF; nanoplates, especially for those of size
(198.0 £4.5) x (150.542.1) and (110.0+9.5) x (40.5 +£2.0) nm*
(Figure 9a and b, respectively). However, when the nano-
plate size drops to (55.5+4.5)x(30.0+1.8) and (38.5+2.5) x
(22.540.8) nm?, we observed a sharply increased magnetic
moment at around 11 K (Figure 9¢ and d), possibly due to
the noncompensation of the surface spins.'! In particular,
for the smallest nanoplates, the increase in the magnetic
moment was more significant and the Ty value decreased to
40 K (Figure 9d), thus indicating the strong surface effect of
the nanoplates.!"!!

Upconversion Luminescence of NaMgF;:Yb,Er Nanorods

The design and characterization of new upconversion (UC)
luminescent materials is an active area of research.™ Using
the cothermolysis of multiple metal (Na, Mg, Yb, and Er)
trifluoroacetates in OA/ODE (1:1) at 300°C for 45 min, we
obtained NaMgF;:20 % Yb,2 % Er nanorods, which showed a
strong red emission under 980-nm near-IR excitation. To the
best of our knowledge, there has not yet been a report on
the UC properties of rare-earth-doped NaMgF.

The NaMgF;:20% YDb,2 % Er nanorods prepared have an
orthorhombic structure (Figure 10a) with the lattice param-
eters a=>5.40(6), b=5.52(1), ¢=7.80(8) nm (space group:
Prnma). The expansion of the lattice constants from NaMgF;
to NaMgF;:20 % Yb,2 % Er nanorods testifies to the success-
ful co-doping of the Yb** and Er’* ions into the crystal lat-
tice of NaMgF;. As seen in Figure 10b, the nanorods have a
relatively uniform width, and are (337.2-66.3)x(10.3+
1.6) nm? large.

Figure 10c¢ shows the room-temperature UC fluorescence
spectrum of the colloidal NaMgF;:20 % Yb,2 % Er nanorods
redispersed in cyclohexane under 980-nm near-IR excitation.
The three characteristic emission peaks at 525, 552, and
662 nm are assigned to the *Hy;,—1;5p, *S5—*115p, and “Fy,

www.chemasianj.org 971





FULL PAPERS

Y.-W. Zhang, C.-H. Yan et al.

03042
0.25 1 %
A
T 0204 A
) FaN
= a
E 0151 ~
R 0.10 s
0.05+ =y,
0.00 MAAAAAAAAAAAAAA NN
0 50 100 150 200 250 300
T/K
b
0.15 %
Ay
A
Ay
pay
- A
T, 0.10
= A
g
@
N
R 0.05
ettt 0L A A A A A A A
0.00 T T T T T T T
0 50 100 150 200 250 300
T/K
0304 €
0.254
_ 0.201
[
Z 0.154
=2 0.104 '; a
. N
0.054 !
0.00 bl YV.YN AADDLBANAAAAANALL
' 0 50 100 150 200 250 300
T/K
0.10
d
A
0.084
L]
N
T 0.064
5 ¢
£ 2
5004 @
xR %A
L ]
" \ﬁ%b__
[NV VNV VN
0.00+— —

0 50 100 150 200 250 300
T/K

Figure 9. ZFC (/) and FC (@) magnetization curves of differently sized
NaMnF; nanoplates with an applied field of 100 Oe: a) (198.0£4.5)x
(150.54+2.1) nm*;  b) (110.049.5)x (40.5+2.0) nm?*;  c) (55.54+4.5)x
(30.0+1.8) nm?; d) (38.5+2.5) x(22.5+0.8) nm*.

—“1;5, transitions of erbium, respectively. The strong red
emissions located at 652 and 662 nm resulting from the
same transition (*Fo,—*l;5,) hint that the synthesized
NaMgF;:20 % Yb,2 % Er nanorods may be a good candidate
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Figure 10. a) XRD pattern and b) TEM image of NaMgF;:20 % Yb,2 % Er
nanorods. ¢) Room-temperature upconversion fluorescence spectrum of
NaMgF;:20%Yb2%Er  nanorods  dispersed in  cyclohexane
(0.05 mol L™"); inset: photograph of the dispersion under 980-nm near-IR
excitation. d) Power dependence of the upconversion emission of NaMg-
F;:20 % Yb,2 % Er nanorods dispersed in cyclohexane under 980-nm near-
IR excitation; W ="S;,—"T;5», @ ="Fop—"T;5p.
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for red UC materials. From the plots of the power depend-
ence of the UC emissions for the nanorods (Figure 10d), the
slopes for both green and red emissions were determined to
be approximately two. Therefore, we consider the two-
photon process as the upconversion mechanism, as shown in
Equations (1)—(3), in which ET is energy transfer (see also
Supporting Information, Figure S7).2¥

?F, 5 (Yb™) 200 2F, L (Yb) (1)

21:5/2(sz+) + 4111/2(Er3+) E’21:5/2(Yb3+) + 4F7/2(Er3+) (2)

4 3+ relaxation 2 3+ relaxation 4 transition 4
F7p(Br™) ——= “H,,,(Er’") Fy) Ls),

3)
Conclusions

Single-crystalline and near-monodispersed NaMF; (M =Mn,
Co, Ni, Mg), LIMAIF, (M=Ca, Sr), and NaMgF;:Yb,Er
nanocrystals (quasisquare nanoplates, nanorods, and nano-
polygons) were synthesized by the cothermolysis of multiple
trifluroacetates in hot high-boiling-point solvents. By simply
tuning the synthetic parameters such as reaction tempera-
ture and time and solvent composition, we could manipulate
the size of the NaMF; nanocrystals. The narrow size distri-
bution of the nanocrystals provided by this method allowed
the NaMF; (M =Mn, Co, Ni) nanocrystals to partially self-
assemble into nanoarrays on copper TEM grids. The
NaMnF; square plates prepared showed interesting weak
ferromagnetic behavior on the nanoscale, and the NaMg-
F;:Yb,Er nanorods displayed strong UC red emissions under
980-nm near-IR excitation. We believe that the current work
could contribute to diverse research fields related to the
synthetic chemistry, magnetic and optical physics, and nano-
materials science of dispersible inorganic nanocrystals (par-
ticularly for complex metal fluorides), and thus should be of
adequate theoretical and practical interest.

Experimental Section
Chemicals

All the nanocrystals were synthesized by using standard air-free proce-
dures. OA (90%, Alpha), OM (>80%, Acros), ODE (>90%, Acros),
trifluoroacetic acid (99%, Acros), A(CF;COO) (A=Na, K, >97%,
Acros), absolute ethanol, hexane, toluene, and cyclohexane were used as
received. Precursors such as M(CF;COO), (M =alkaline-earth or transi-
tion metal), Li(CF;COQ), and M(CF;COO); (M=Al, Yb, Er) were pre-
pared from the corresponding metal oxides, hydroxides, or carbonates ac-
cording to the literature method.!"®!

Synthesis of NaMF; (M =Mn, Co, Ni, Mg) Nanocrystals

The typical synthetic procedure is as follows: A given amount of Na-
(CF,COO) and M(CF;COO), (M=Mn, Co, Ni, Mg) and OA/OM/ODE
(40 mmol) were loaded into a three-necked flask at room temperature to
form a slurry, which was then heated to 100-120°C for 30 min under Ar
atmosphere with vigorous magnetic stirring in a temperature-controlled
electromantel. The reaction mixture was repeatedly evacuated to remove
water and oxygen until a transparent solution was produced, which was
then rapidly heated within 10-15 min to 250-330°C and held at that tem-
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perature for the desired length of time. The solution was then cooled to
room temperature in air to form a nanocrystal suspension, after which
the nanocrystals were retrieved by adding absolute ethanol (50 mL) to
the suspension, followed by a centrifugation at 7500 rpm for 15 min. The
precipitated nanocrystals were dried overnight in air at 70°C. The yields
of all the nanocrystals afforded without any size sorting were 65-75%.
All the prepared nanocrystals were easily redispersed in various nonpolar
organic solvents such as hexane, toluene, and cyclohexane.

Synthesis of NaMgF3:20 %Yb,2 % Er Nanorods

The synthetic procedure was the same as that used to synthesize NaMgF;
nanocrystals, except that Na(CF;COO) (1 mmol) and stoichiometric
amounts of Mg(CF;COO),, Yb(CF;COO),;, and Er(CF;COO); were
added to a mixture of OA (20 mmol) and ODE (20 mmol) in a three-
necked flask at room temperature for reaction at 300°C for 45 min.

Synthesis of LIMAIFs (M= Ca, Sr) Nanocrystals

The synthetic procedure was the same as that used to synthesize NaMF;
nanocrystals, except that Li(CF;COO), Al(CF;COO);, and M(CF;COO),
(M=Ca, Sr) (1 mmol each) were added to a mixture of OA (20 mmol)
and ODE (20 mmol) in a three-necked flask at room temperature for re-
action at 300°C for 60 min.

Characterization

Powder XRD patterns were recorded on a Rigaku D/y,x-2000 diffrac-
tometer (Japan) with a slit width of 0.5° at a scanning rate of 2°min "'
with Cuy, radiation (A=1.5418 A). Samples for TEM analysis were pre-
pared by slow evaporation of a drop of nanocrystal dispersion in hexane/
toluene (1:1 v/v) on a carbon-coated copper grid. Particle sizes and
shapes were determined by a transmission electron microscope (200CX,
JEOL, Japan) operating at 160 kV. HRTEM observations and EDAX
analysis were carried out on a Philips Tecnai F30 FEG-TEM microscope
operating at 300 kV. FTIR spectra were obtained on a Bruker Vector22
spectrophotometer. GC-MS spectra were collected with a USA Finni-
gan-MAT GCQ gas chromatograph/mass spectrometer. The upconver-
sion fluorescence spectrum of NaMgF;:20% Yb,2%Er nanorods dis-
persed in cyclohexane (0.05 molL™") was recorded at room temperature
by using a modified Hitachi F-4500 spectrophotometer with an external
980-nm laser diode as the excitation source in place of the xenon lamp in
the spectrometer. Magnetic susceptibilities were measured by using a
Quantum Design USA MPMS-XL-5 superconductive quantum interfer-
ence device (SQUID) magnetometer from 5 to 300 K with a measuring
field of 100 Oe. The temperature dependence of the susceptibility was in-
vestigated by cooling the dried sample at zero field and then stepping up
the temperature (ZFC curve), or by cooling the sample in the presence
of an external field (FC curve). Both curves were collected with an ap-
plied field of 100 Oe.
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Improving MCM-41 as a Nitrosamines Trap through a One-Pot Synthesis
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Abstract: Copper oxide was incorpo-
rated into MCM-41 by a one-pot syn-
thesis under acidic conditions to pre-
pare a new mesoporous nitrosamines
trap for protection of the environment.

Jian Hua Zhu*!®!

dine (NPYR). The adsorption iso-
therms were consistent with the
Freundlich equation. The copper salt
was deposited onto MCM-41 during
the evaporation stage and was fixed on

the host in the calcination process that
followed. MCM-41 was able to capture
NPYR in air below 373 K but not at
453 K. Loading of copper oxide on
MCM-41 greatly improved its adsorp-

The resulting composites were charac-
terized by XRD, N, adsorption—-desorp-
tion, and H, temperature-programmed
reduction techniques, and their adsorp-
tion capabilities were assessed in the
gaseous adsorption of N-nitrosopyrroli-

mental
materials -

Introduction

The modification of mesoporous silica materials is crucial
for their potential applications as adsorbents and cata-
lysts,"?! especially in areas of environmental protection such
as the removal of carcinogenic pollutants. The fight against
cancer is one of the challenges scientists face in the life sci-
ences, and the removal of carcinogenic compounds from the
environment is an important step in this effort. One new de-
veloping area of study is the filtration of nitrosamines from
tobacco smoke. The pollution caused by cigarette smoking is
a global problem, because cigarette smoke and its conden-
sates contain many mutagenic, carcinogenic, and cocarcino-
genic substances, and tobacco smoking is associated with
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tion capability at elevated tempera-
tures. The influence of the incorpora-
tion of copper into MCM-41 samples
and the adsorption behavior of these
samples are discussed in detail.

environ-
< Mmesoporous

about 30 % of cancer deaths in the United States® and with
all cancers in males worldwide.! Among the various toxic
compounds, nitrosamines are strongly carcinogenic; in
smokers and passive smokers,”! they cause not only cancers
of the lung but also of the larynx, oral cavity and pharynx,
pancreas, kidney, and bladder. Furthermore, a positive asso-
ciation between cigarette smoke and risk of breast or liver
cancer was also reported.® With the characteristic func-
tional group N—NO in their structure, nitrosamines can
result in serious health risks even in trace amounts.”'"!

Nitrosamines are widespread in the environment, from in-
dustrial workplaces such as rubber factories to tobacco
smoke in the air, so the control of nitrosamine pollution is
of growing interest. However, it is difficult to remove these
carcinogens selectively in smoke despite the great effort
being made in the development of cigarette filters.'""""*! To-
bacco smoke is an aerosol composed of volatile agents in
the vapor phase and semi- and nonvolatile compounds in
the particulate matter, all of which totals more than four
thousand compounds." To decrease the level of nitros-
amines in such a complex chemical system would involve
the knowledge of how to discriminate and to trap the targets
among the thousands of components of cigarette smoke.
Therefore, any progress in this field is important for the
deeper understanding of selective adsorption.

Zeolite was first chosen to lower nitrosamine levels in cig-
arette smoke.>” The cations of zeolite exhibit an affinity

Chem. Asian J. 2007, 2, 996 - 1006



www.interscience.wiley.com



with the N-NO group of nitrosamines, which has a negative
charge. The strong electrostatic interaction promotes the ad-
sorption of nitrosamines by zeolite. However, there are
many different nitrosamines in smoke, and their molecular
volumes and volatilities are all dissimilar.'® The narrow
channels of zeolite limits the adsorption of nitrosamines
with big molecular volumes. Consequently, mesoporous
silica was chosen as an alternative adsorbent. Both MCM-41
and SBA-15 can overcome the size constraint of zeolite
pores and allow the introduction of larger molecules
through the pores. As expected, SBA-15 exhibited a higher
activity in the catalytic degradation of tobacco-specific ni-
trosamines (TSNA) than zeolite, because its wide channels
can accommodate bulky carcinogens."” Volatile nitros-
amines, also found in cigarette smoke, cannot be efficiently
adsorbed by mesoporous silica because of their small molec-
ular sizes (< 0.9 nm) and high volatilities. Owing to their in-
herent siliceous compositions, MCM-41 and SBA-15 suffer
from a lack of metal cations that provide the electrostatic af-
finity towards nitrosamines. Rather, MCM-41 did not show
any capability in the adsorption of volatile nitrosamines at
453 K.”1 Many different methods were attempted to pre-
pare the mesoporous catalysts. These catalysts included
active components to overcome the weakness of electrostat-
ic affinity to nitrosamines. It was noticed that direct synthe-
sis was a time-saving method for the preparation of mesopo-
rous catalysts. Incorporation of ferric or rare-earth compo-
nents in SBA-15 in situ was adopted through a one-pot syn-
thesis.”!! The coating of SBA-15 and MCM-41 with copper
oxide by using this “incorporation in situ” method resulted
in the enhanced adsorption of volatile nitrosamines by the
composites.>2* Furthermore, insertion of copper salts into
the SBA-15 synthesized also improved the mesoporous silica
as a trap for volatile nitrosamines.”?! How the added
metal oxides became incorporated into the mesoporous
silica is still a question. At which stage of the synthesis the

Abstract in Chinese:
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copper salt is incorporated into MCM-41 is also unknown.
Moreover, the average pore size of resulting samples is
often slightly increased,”™?! but the reason for this is not
well-understood. To answer these questions, a series of
copper-modified MCM-41 samples were prepared, and their
textural properties along with their adsorptive capabilities
were investigated. There are no micropores in the structure
of MCM-41, so the influence of copper oxide on the meso-
pore structure and its impact on the adsorption of nitros-
amines can be clearly examined.

There are many potential applications for the mesoporous
composites, for example, as adsorbents in aeration systems
needed to trap nitrosamines at ambient temperature.?’!
Thus, the adsorption of copper-modified MCM-41 compo-
sites was studied at 338 K; two related porous materials,
NaY zeolite and hydrotalcite, were also assessed for com-
parison with MCM-41. N-nitrosopyrrolidine (NPYR), a vol-
atile nitrosamine with a five-membered ring, was selected as
the target for adsorption. Lastly, the MCM-41 sample con-
taining copper was added to the filters of cigarettes to assess
its reduction of nitrosamines in cigarette smoke.

Results
Impact of Copper Oxides on the Pore Structure of MCM-41

To identify the impact of the copper guest on the structure
and function of MCM-41, the samples were prepared under
acidic conditions in different ways. The sample M5 was syn-
thesized in the normal way with 5 wt% CuO and then thor-
oughly washed; hence, almost no copper remained in the
sample. The sample bM5 was evaporated with the synthetic
mother liquor at 353 K and then thoroughly washed so that
only a few guests persist in the composite. After calcination,
bMS5 was named aMS5. The sample cM5 was also evaporated
with the mother liquor at 353 K, but calcination followed;
therefore, all the copper additives are loaded onto the
porous material. Table 1 lists the inductively coupled plasma

Table 1. Textural properties of MCM-41 coated with copper species by
the one-step synthesis. "

Property MCM- M5 cM1l cM3 cM5 aM5 cM10
41

Sger [m?g '] 1122 1048 1252 1237 1080 1243 774
Vo [em*g '] 0.583 0.519 0.833 0.897 0.701 0.798 0.486
D, [nm] 2.1 2.1 249 256 254 245 259
ay [nm] 3.58 357 405 4.08 4.03 387 4.12
Wall thickness 1.48 147 156 152 149 142 153
[nm]

CuO [wt %] - 0.0068 1.01 3.55 5.54 0.028 9.45

[a] See Experimental Section for designations of compounds.

(ICP) spectrometric analysis data of M5 and aM5. About
70 ppm of the copper species survived in the sample of M5,
whereas aM5 consisted of 280 ppm of copper. However, the
copper content of the cM5 sample calculated from H, tem-
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perature-programmed reduction (TPR) test results was
around 5 wt%, which is hundred times higher than the
other two. Comparison of the copper content of the three
composites clearly shows that the copper species begin to
adsorb and/or deposit onto MCM-41 in the evaporation
stage of the one-pot synthesis, but most are fixed and stabi-
lized on MCM-41 in the following calcination stage.

Figure 1 illustrates the low-angle XRD patterns of
copper-modified MCM-41. All the samples show an intense
diffraction (100) peak. However, additional (110) and (200)

A) B)

A °
‘ JL_L
LJL_i\

— A

T T T T
1 2 3 4 5 i 2 3 4 5
26/°— 26/°—

Figure 1. Low-angle XRD patterns of MCM-41 and the copper-modified
samples. A) cMn; B) bMn (+++++) and aMn (—). a=MCM-41, b=MS5,
c=iM1, d=iM3, e=iM5, f=iM10.

peaks are unclear owing to the acidic synthesis conditions
(Figure 1A). The silica species always appear as less-con-
densed, linear oligomers under acidic conditions,” and the
synthesis temperature of our experiment (303 K) is much
lower than that of the samples synthesized in alkaline solu-
tion. Therefore, the MCM-41 synthesized under acidic con-
ditions often exhibits indistinct (110) and (200) XRD
peaks.’”*" Incorporation of a certain amount of Cu doping
in MCM-41 can stabilize the mesoporous structure, but over-
loading leads to the collapse of the mesopores. The cM1 and
cM3 samples show stronger (100) peaks than the parent
MCM-41, but the (100) peak intensity of the cM10 compo-
site is slightly lowered. This means that there is a distortion
of the long-range ordering of the mesoporous structure and/
or the hexagonal array.""* Furthermore, the loading of
copper in MCM-41 caused the 26 value of the (100) diffrac-
tion peak to decrease from 2.85 to around 2.50° (Table 1),
whereas the corresponding cell parameter a, increased from
3.58 to 4.05-4.12 nm. This indicates that the composites
have enlarged unit-cell dimensions.

Figure 1 A shows the XRD patterns of M5 and cM5 sam-
ples, and Table 1 depicts their textural properties. The exis-
tence of about 70 ppm copper species in M5 has little influ-
ence on the resulting structure: the 26 value of its (100)
peak (2.86°) and q, (3.57 nm) are almost the same as those
of MCM-41. The corresponding values of the bM5 sample
are 2.50° and 4.08 nm. After calcination, they increased to
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2.62° and 3.89 nm (Figure 1B), owing to structure shrinkage
during calcination.® As seen in Figure 1B, this shift in the
(100) peak was also observed in the XRD patterns of other
aMn and bMn samples. When the data for pore volume
(Viowr), pore diameter (D,), and wall thickness shown in
Table 1 are compared, it is likely that the structure of M5 is
similar to that of MCM-41, and the structure of aM5 is close
to that of cM5. Undoubtedly, the difference in copper con-
tent causes the different pore structures in the samples of
MS5 and aMS5. Velu et al. reported the impact of copper spe-
cies on the structure of MCM-41 samples, and they found
that the ordering of MCM-41 deteriorated when the copper
content was increased to 4.2 wt %.0% Similarly, our results
imply that the detectable structural differences in copper-
containing MCM-41 are caused at a much lower copper con-
tent in the one-pot synthesis.

Figure 2 A shows the nitrogen-adsorption isotherms of the
MCM-41 samples, and Table 1 lists the parameters derived
from them. All the isotherms are type IV, which is character-
istic of mesoporous solids. The data show a well-defined
step between the P/P, range of 0.15-0.3 in the isotherms,
owing to the capillary condensation of N, molecules in the
uniform mesopores of MCM-41. Copper modification en-
larges the surface area and pore volume of the cM1 and
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Figure 2. A) N, adsorption—desorption isotherms (O =adsorption, @ =
desorption) and B) pore-size distribution of ¢cM10 (a, ), M5 (b, V),
MCM-41 (¢, A), M5 (d, ©), aM5 (e, O), cM1 (f, 3r), and cM3 (g, O).
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cM3 samples. For cMS5, its pore volume is larger than that of
MCM-41, but its surface area is similar. A 10 wt% loading
of copper oxide on MCM-41 caused the specific surface area
and pore volume to decrease significantly (Table 1). MCM-
41 has a pore size of 2.1 nm due to the acidic synthesis con-
ditions; this value coincides with those in the litera-
ture.”**%1 On the other hand, all the cMn samples have
larger average pore sizes of 2.5-2.6 nm (Figure 2B). The
most-significant change was displayed by cM10, whose pore
size increased from 2.1 to 2.59 nm. Clearly, the hydrother-
mal treatment in the mother liquor resulted in pore expan-
sion.®” Similar phenomena were observed in SBA-15 modi-
fied with copper oxide or magnesia with the one-pot synthe-
sis®3% and were attributed to the salt effect. The addition
of salts in the synthesis system leads to the formation of hel-
ical crown ether like metal-PEO (poly(ethylene oxide))
complexes, which are not strong enough to incorporate M"*
cations into the SBA-15 mesostructure. However, M"* cat-
ions still exert some impact on templating and silicate hy-
drolysis.”*! The specific surface area, pore volume, and
pore size of aM5 are larger than those of MCM-41, which is
consistent with the results of low-angle XRD. In contrast,
MS exhibited the same textural parameters as those of
MCM-41 below experimental error. It appears that the
copper salt in the channel of MCM-41 alters the pore struc-
ture, and the evaporation stage in the one-pot synthesis ena-
bles the copper species to be deposited on the surface of the
composite and hence enlarge the pore size. In the initial
stage of the hydrothermal synthesis, the copper species may
interact preferably with water molecules and not with the
silica species. As water evaporates from the mother liquor,
copper-water complexes become copper—surfactant com-
pounds. Thus, the copper species have a strong interaction
with the silica walls. As the interaction of the guest with the
MCM-41 surface is expected to consume silanol groups,
careful analysis of the IR transmission spectra of MCM-41
and the copper-modified samples was carried out. The
stretching modes of the surface silanol groups (=Si—OH)
give rise to the band at 960 cm ' for most ordered mesopo-
rous materials, thus indicating the presence of perturbed or
defect groups. This band appeared near 960 cm™' in MCM-
41 but with lower intensity in cMS (Figure 3), which means
that some surface silanol groups are consumed in the one-
pot synthetic process. The copper species coated in MCM-41
probably prevent pore shrinkage in the following calcination
stage.*

High-angle XRD and H, TPR were used to check the dis-
tribution and state of the copper species in MCM-41. Crys-
talline CuO was found in all the cMn samples, but the crys-
talline Cu,O phase only emerged when the coating amount
exceeded 3 wt% (Figure 4 A). A similar situation was previ-
ously reported: in the CuO/SBA-15 samples that were pre-
pared in the one-pot synthesis, crystalline CuO appeared in
the sample with 3% CuO/SBA-15" The distribution of
copper guest in the host seems complex: as the host surface
has varying degrees of curvature, the copper species is not
deposited uniformly throughout, such as on planar sub-
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Figure 3. FTIR spectra of MCM-41 and CMS5.
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Figure 4. A) High-angle XRD patterns and B) H, TPR spectra of copper-
modified MCM-41 samples. a=MCM-41, b=MS5, c=cM1, d=cM3, e=
cMS, £=cM10.

strates or core-shell particles.”” The unevenness of deposi-
tion, however, depends on the morphology of the hosts. The
hosts form a heterorganic distribution in which the guest is
aggregated to form XRD-visible particles, but some guests
cannot even form a monolayer.”!! These phenomena conflict
with the high dispersion of copper oxide on SBA-15 or
MCM-41 with the solvent-free method,”?! which is proba-
bly related to the existence of the template and the evapora-
tion stage in the one-pot synthesis. However, the reason for
this is still undetermined. Figure 4B displays the TPR pro-
files of copper-modified MCM-41 according to normalized
H, consumption. No reduction was found in the samples of
MCM-41, M5, and aM5 from 303 to 873 K. A strong peak
centered at around 467 K with a smaller peak at 503 K
emerged for the cMn samples. The peak intensities in-
creased as the amount of copper was raised. Another small
peak appeared at around 750 K, but its intensity did not
change between samples. For cM5, another peak appeared
near 720 K, and its height increased for cM10. According to
the literature,“**! the peak at around 470K in the cMn
samples corresponds to reduction of the copper—oxygen
phase,®! and the peaks at around 720 and 750 K result from
reduction of the crystalline Cu,O and/or copper silicate.*!!
Hydrogen consumption at 503 K is associated with reduction
of finely dispersed copper oxide to copper metal inside the
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channel of mesoporous silica,”*” and the constant T, re-
flects the invariability in CuO particle size. The amount of
H, consumed in the TPR process, as calculated from the
sum of the reduction peaks, is close to the amount of copper
added in the synthetic solution of the sample of cM5
(Table 1).

Promotion of Adsorption of Volatile Nitrosamines in
MCM-41 by Copper Oxide

Figure 5 A shows the adsorption of NPYR by MCM-41 at
338 K. NPYR is a volatile nitrosamine with a molecular di-
ameter of 0.42x0.54 nm, so it easily enters and diffuses
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Figure 5. Impact of A)rate of carrier gas (338 K; A =10, O=20, OJ=
30mLmin') and B)temperature on the adsorption of NPYR on
MCM-41.

inside the channel of MCM-41. In the instantaneous adsorp-
tion, the rate of flow of carrier gas changed from 10 to
30 mLmin~', and 100 % of NPYR was captured by MCM-41
at 338 K (Figure 5A). The volume of MCM-41 adsorbent
was about 0.038 mL, so when the rate of flow of carrier gas
reached 10 mLmin™!, the contact time of NPYR with the
whole adsorption bed was 0.23 s. When the rate of flow of
carrier gas increased to 30 mLmin~!, the contact time de-
creased to 0.08s. This means that the variation in adsorb-
ent-adsorbate contact time from 0.23 to 0.08s does not
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affect the mass-transfer characteristics of the adsorbate in
the adsorbent. Furthermore, MCM-41 exhibited a high abili-
ty to trap nitrosamines in gas flow in the temperature range
338-373 K owing to its large pore volume, whereas the zeo-
lite NaY showed an inferior capability at 338 K (Figure 5B).
As the accumulated amount of NPYR reached 1.5 mmolg !,
NaY was able to adsorb about 90% of the NPYR. When
the accumulated amount reached 2.0 mmolg ', this propor-
tion decreased to 83%. This is the first observation that
mesoporous silica is superior to zeolite in the adsorption of
volatile nitrosamines at ambient temperatures.

However, the adsorptive capability of MCM-41 dramati-
cally declined as the temperature rose over 373 K (Fig-
ure 5B), until finally it could not adsorb anymore NPYR
when the temperature reached 453 K. Owing to a lack of
strong adsorption sites, the nitrosamines could not be held
by the mesoporous adsorbent.”®! In contrast, NaY still ad-
sorbed 73 % of the NPYR in the gas flow at 453 K. MCM-
41 is not the only mesoporous silica to lose the ability to
trap NPYR at elevated temperatures. As illustrated in Fig-
ure 6 A, SBA-15 adsorbed 97% of NPYR at 373 K, but its
adsorptive capability also declined as the temperature rose.
Owing to the existence of micropores in its structure*”
SBA-15 still captured 5% of NPYR in the gas stream at
453 K.

Figure 6 A shows the influence of incorporating copper in
MCM-41 on the adsorption of NPYR at elevated tempera-
tures. The M5 sample consists of 68 ppm copper, but its ad-
sorptive ability fell significantly as the temperature in-
creased, just as with the parent MCM-41. Finally, M5 failed
to trap NPYR in the stream at 453 K. Different situations
were observed for the cMS5 sample. Incorporation of copper
oxides increased the pore size of the sample from less than
2.0 to 2.5 nm (Table 1), which should be disadvantageous for
providing the necessary geometric confinement for tiny ad-
sorbates such as volatile nitrosamines. As with MCM-41 and
MS, the cMS5 sample adsorbed all the NPYR in the stream
at 338 K. As the temperature rose from 393 to 433 K, cM5
exhibited a significantly larger capacity than MCM-41 or
MS5 in the adsorption of NPYR under the same conditions.
When the temperature increased to 453 K, both MCM-41
and M5 were inactive in the adsorption of NPYR, but cM5
could trap about 25 % of the nitrosamines in the gas stream.

For an overall analysis of the adsorption isotherms, we
correlated the experimental equilibrium data with the
Freundlich equation in its linear form, that is, Ing=InKr+
1/n-InC, in which ¢q is the amount of nitrosamines adsorbed
per gram of adsorbent, C is the total amount of nitrosamines
passed through each gram of zeolites, Ky is the known
Freundlich constant related to adsorbent capacity, and 1/n is
the factor related to adsorption strength as well as favorabil-
ity.’”-*] Table 2 lists the isotherm parameters calculated with
the method of least squares, which reveals the influence of
temperature and the incorporation of copper in MCM-41 on
the adsorption of volatile nitrosamines in the gas stream.

Figure 6 B shows the adsorption of NPYR by copper-con-
taining MCM-41 samples at 453 K. On the basis of the last
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Figure 6. A) Adsorption of NPYR by MCM-41 and copper-modified sam-
ples at different temperatures: [J=MCM-41, @ =M5, A=cM5, o=
SBA-15. B) Variation in amount of adsorbed NPYR versus total amount
for the copper-modified samples at 453 K: ¥/ =cM10, A=cMS5, O=
cM3, ¥ =cM1, A =aM5, ¢ =M5.

data point on the isotherms, it is clear that incorporation of
copper oxide in MCM-41 enhances the adsorption capability
at 453 K, and the more copper that is loaded, the more
NPYR is adsorbed. As the accumulated amount of NPYR
passing through the adsorbent reached 1.2 mmolg ', M5
became incapable of adsorption, whereas aMS5 captured
0.16 mmolg~!, which was slightly less than for cMl1
(0.19 mmolg™"). Under the same conditions, cM3 and cM5
adsorbed 0.27 and 0.32mmolg™!, respectively, whereas
about 0.43 mmolg~' of NPYR was trapped by the sample of
c¢M10. Similar relationships between the loading amount of
copper in MCM-41 and the adsorbed amount of NPYR
were also observed in gaseous adsorption with a different
quantity of NPYR (Figure 7A), a finding supported by the
variation of K shown in Table 2. As the loading amount of
copper oxide in MCM-41 increased from 1 to 10 wt %, the
corresponding value of Ky gently rose. Closer inspection re-
vealed that aM5 is highly efficient in the adsorption of
NPYR, especially during the initial period when the accu-
mulated amount of NPYR is small. For example, aM5 ex-
hibited the same adsorption capability as cM1 when the
amount of NPYR passing through the adsorbent reached
0.2 mmol g™, although cM1 contains 30 times more copper
than aM5. However, as the accumulated quantity of NPYR
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Table 2. Freundlich constants of the adsorption isotherms of NPYR in
mesoporous silica.l?!

Adsorbent T [K] Ky n R
MCM-41 338 1 1 1
393 0.4879 1.120 0.9993
413 0.2260 1.235 0.9936
433 0.0480 1.327 0.9516
M5 373 1 1 1
cM5 393 0.5517 1.069 1
SBA-15 413 0.2096 1.243 0.9997
aM5 433 0.0539 2.696 0.8366
cM1 373 1 1 1
cM3 393 0.9028 1.106 0.9975
cM10 413 0.5375 1.256 0.9992
433 0.4347 1.412 0.9996
453 0.2793 1.345 0.9966
373 0.9824 1.017 0.9999
393 0.5679 1.248 0.9999
413 0.4139 1.145 0.9991
433 0.2323 1.235 0.9990
453 0.056 1.462 0.9922
453 0.1390 1.266 0.9930
453 0.1609 1.194 0.9982
453 0.2372 1.472 0.9974
453 0.3826 1.488 0.9996
NaY 338 0.9982 1.002 1
1% CuO/NaY™ 453 0.9232 1.084 0.9975
3% CuO/NayY™ 338 0.9465 1.060 0.9993
Hydrotalcite (HT) 453 0.9648 1.035 0.9995
10% CuO/HT™®! 338 0.9892 1.014 0.9996
453 0.9765 1.030 0.9988
338 0.1744 2.071 0.9953
453 0.0746 1.993 0.9599
338 0.5444 1.354 0.9971
453 0.4895 1.260 0.9979

[a] Conditions: 338-453 K, NPYR in dichloromethane, flow rate of carri-
er gas 30 mLmin . [b] See Experimental Section for the designations of
compounds.

increased, the advantage of aM5 gradually faded away. To
capture a large quantity of NPYR in the gas stream, it is
necessary for MCM-41 to have a high copper content (Figur-
es6B and 7A). With 10 wt% copper loaded, cM10 ad-
sorbed about 33 % of the NPYR in the stream at 453 K. The
N—-NO groups of volatile nitrosamines are strongly attracted
to the copper cations in the adsorbent;? therefore, the ad-
sorption of NPYR on cMn is stronger than MCM-41 at
453 K, and, consequently, the following experiments were
performed on samples of cMn.

Figure 7B shows the adsorption of NPYR on arenaceous
quartz and amorphous silica before and after loading of
copper oxide. Only a little NPYR was trapped by arena-
ceous quartz at 338 K, and loading of copper oxide did not
enhance the adsorption of volatile nitrosamines. In fact, the
adsorption decreased slightly in the resulting composite. A
similar situation was observed in amorphous silica. As
shown in Figure 7B, amorphous silica exhibits a considera-
ble ability to adsorb NPYR at 338 K. When the accumulated
amount of NPYR reached 1.0 mmolg~', about 89% of the
adsorbate was captured. However, loading of copper oxide
(10 wt %) on the silica lowered this value to 78 %. Notably,
copper oxide itself hardly adsorbed NPYR, and only 4 % of
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Figure 7. Effect of loading of copper oxide in A) MCM-41 at 453 K (A =
1.2, 0=0.7, (01=0.2 mmolg ' accumulated NPYR in the gas stream) and
B) quartz and amorphous silica at 338 K (0 =Si0,, (1=10% CuO/SiO,,
¥ =10% CuO/SiO,, 453 K, x10, A =Si0,, 453 K, x10, O=10% CuO/
quartz, \/ =quartz) on the adsorption of NPYR.

nitrosamines were adsorbed when about 1.0 mmolg' of
NPYR was passed through the oxide (not shown). This ad-
sorption amount is much less than that of silica; there was
thus no improvement but, rather, a decrease in adsorption
of NPYR in the sample containing 10 wt % copper oxide at
338 K. When the temperature was increased to 453 K, the
adsorption ability of silica declined significantly, and only
1% of NPYR was trapped when 1.0 mmolg™' of adsorbate
was passed through the adsorbent. In contrast, the 10%
CuO/SiO, sample showed a slightly higher adsorption capa-
bility, and about 2% of the NPYR in the gas stream was
captured (Figure 7B).

Figure 8 shows the adsorption of NPYR on zeolite NaY
and hydrotalcite (HT) before and after copper modification
at different temperatures. As mentioned above, NaY has an
adsorption capacity inferior to that of MCM-41 at 338 K
(Figure 5B), probably due to the smaller surface area
(766 m*g™') and pore volume (0.31cm’g™'). Loading of
1wt% CuO on NaY failed to enhance but slightly lowered
its adsorption ability, and incorporation of 3 wt% CuO in
the zeolite did not elevate the adsorption capacity of NaY
either. On the contrary, hydrotalcite exhibited a weak ability
to capture NPYR at 338 K because of its small surface area
(245 m*g™"), and CuO loading dramatically improved the
adsorption. As the temperature was increased to 453 K, less
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Figure 8. Influence of copper modification on the adsorption of NPYR
on zeolite NaY and hydrotalcite at A)338 K and B) 453 K. [J=Nay,
A=1% CuO/NaY, *=3% CuO/NaY, V=10% CuO/HT, O =HT.

NPYR was trapped by Nay, although modification with
copper promoted the adsorption. Both copper-modified
samples showed a larger Ky value than the parent zeolite,
thus mirroring the improved adsorption capability (Table 2).
When about 1.2 mmolg™' of NPYR was passed through the
adsorbent, NaY trapped 90%, whereas 1% CuO/NaY and
3% CuO/NaY adsorbed 95% and 98 %, respectively (Fig-
ure 8 B). Increasing the temperature from 338 to 453 K also
lowered the adsorption capacity of hydrotalcite and the
copper-modified derivative. As the accumulated amount of
NPYR reached 1.2 mmolg, the adsorption capacity of HT
decreased from 0.19 to 0.07 mmolg™', and that for 10%
CuO/HT declined from 0.65 to 0.54 mmolg™'. Consequently,
the effect of copper on promoting the adsorption of NPYR
in hydrotalcite became clearer at 453 K (Table 2).

Figure 9 shows the use of copper-containing MCM-41 in
decreasing the nitrosamine levels of cigarette smoke. There
is a considerable amount of nitrosamines in mainstream
smoke (1.72 nmol per cigarette), and adsorption by mesopo-
rous additives in filters clearly lowers the nitrosamine con-
tent. As a noncation adsorbent, MCM-41 trapped 12% of
the carcinogenic agents in mainstream smoke at ambient
temperatures. Compared with the results of MCM-41 in the
adsorption of NPYR at 338 K (Figure 5A), the proportion
of nitrosamines removed in smoke is evidently lower due to
the complex composition of tobacco smoke, with hundreds
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Figure 9. Removal of nitrosamines from mainstream cigarette smoke by
addition of copper-modified samples in the cigarette filters.

of compounds competitively occupying the adsorption sites
in MCM-41, thus hindering the adsorption of nitrosamines.
Incorporation of small amounts of copper oxide in MCM-41
slightly enhanced the adsorption capability of the resulting
composites, and about 15% of the nitrosamines were elimi-
nated by the cM1 and cM3 samples (Figure 8). Increasing
the amount of CuO guest to 5wt% enabled MCM-41 to
adsorb 27% of the nitrosamines in smoke, whereas cM10
can remove 33% of the harmful constituents. On the other
hand, NaY zeolite showed good adsorption ability by trap-
ping 27 % of the nitrosamines in smoke, a similar result to
that for cMS5 but inferior to cM10.

Discussion

A comparison of M5, aM5, and ¢cMS5 samples can provide
clues as to how the copper is incorporated into MCM-41 in
the one-pot synthesis and how the guest affects the proper-
ty—function relation of the host. The same amount of copper
salt was added to the mother liquor to synthesize the above
samples, but the resulting composites have significantly dif-
ferent amounts of copper depending on the treatment they
received. The synthetic procedure of the M5 sample was the
same as that of the parent MCM-41, in which the precipitate
underwent filtering and washing. Thus, only a trace amount
of copper remained in the sample. It is possible that almost
all the copper is wrapped in the framework of MCM-41 in-
stead of being located on the surface of the channel;*
water would otherwise remove these copper species during
washing. In our previous work,® a similar experiment was
performed on a sample of 20 % MgO/SBA-15 that was fully
washed, dried, and calcinated, and the X-ray photoelectron
spectroscopy (XPS) data clearly showed that this sample
was free of magnesium. One confirmation of the postulate
for copper comes from the characterization of the M5
sample, in which its textural property is similar to that of
the parent MCM-41 (Table 1); this coincides with the report
by Hartmann et al.*! In other words, the remaining copper
species do not prevent the shrinkage of the pores of MCM-
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41. This is different from the report on silica modified with
5wt % copper oxide.”” One may argue that the tiny amount
of copper in M5 causes this difference. However, this argu-
ment is not justified by the sensitive assessment of the
impact of copper measured by the adsorption of NPYR.
The existence of copper in the M5 sample did not improve
the adsorption of the volatile nitrosamines, thus indicating
the isolation of these copper species inside the pore wall.
Otherwise, the promotion of the adsorption of NPYR
should be detectable because of the improved adsorption ca-
pacity of aMS5 with a copper content only two times larger
than that of the M5 sample. When the structural properties
and adsorption behavior of M5, which are almost the same
as MCM-41, are combined, it is very likely that most of the
copper species are wrapped in the pore wall, and they do
not show any obvious influence on the adsorption of volatile
nitrosamines, especially at temperatures higher than 393 K
(Table 2 and Figure 6 A).

The textural property and adsorption capability of NPYR
of aMS5 is different from M5 but similar to cM1 (Table 1 and
Figure 5B), although aM5 has a copper content (280 ppm)
fairly close to that of M5 (68 ppm) but very different from
that of cM1 (1.01 wt%). This distinct difference between
MS5 and aMS5 cannot simply be attributed to the content of
copper, but originates from the hydrothermal treatment in
the synthesis. The sample aM5 was evaporated with the
mother liquor before the washing stage, in which the metal
species are able to interact with the silanol groups during
the evaporation of water.” Apart from the copper anch-
ored in the composite, the acidic route and the salt effect
enables the versatile morphology to form;®) thus, relatively
small holes, kinks, and vacancies appear on the surface of
the host, which result in the heterogeneous distribution of
copper modifiers. In the following washing stage, only those
copper species located and/or anchored on these defects can
resist the purge of water and remain in the sample because
the negative curvature of these defects slows the flush of
water. A similar principle can be used to explain the high ef-
ficiency of aM5 in the adsorption of NPYR. When the
NPYR molecules move to these defects, the specific curva-
ture of the defect slows the flow of the carrier gas passing
through, so the volatile nitrosamine molecules in the gas
stream can be attracted and captured by the copper species
located in the defect. The defects and/or intrawall micro-
pores play a major role in controlling diffusion at low adsor-
bate concentration.***! As a result, aM5 exhibits an adsorp-
tion ability comparable to that of cM1 in the initial adsorp-
tion (Figure 7A). Another piece of evidence that confirms
the impact of geometric microenvironment on the function
of copper modifiers is seen in Figure 7B, in which the same
amount of CuO in quartz or amorphous silica to that in
c¢M10 did not promote the adsorption of NPYR to a similar
extent. Aggregation of copper oxide in silica may partly ac-
count for this difference.*”! The morphology or curvature of
the channel affects the adsorption behavior of mesoporous
silica as reported in the literature,*>*>!l whereas a suitable
geometric microenvironment is crucial for copper modifiers
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to exert their influence. Furthermore, copper species can
form a synergistic relationship with an adjacent silanol
group in the adsorption of nitrosamines, as we previously re-
ported,® and the curvature of the surface affects the bond-
ing of the surface silanol groups.* The contribution of the
silanol groups can be seen in the following discussion: As
shown in Figure 6B, aM5 adsorbed about 0.17 mmolg ' of
NPYR at 453 K when its total amount reached 1.5 mmolg .
However, with the assumption that all the copper species
are highly dispersed and thus in full contact with the NPYR
molecules, the concentration of copper species assumed to
be in the form of CuO is only 3.5 umolg™" in aMS5. It is im-
possible for these copper sites to capture 10 times more
NPYR adsorbates due to the limitation of space. Conse-
quently, there must be a contribution from the surface sila-
nol groups towards the adsorption. At first glance, this infer-
ence seems to conflict with the fact that neither MCM-41
nor M5 is active for adsorption at 453 K because they also
have plenty of surface silanol groups. In our opinion, this
variation results from the influence of two factors. The first
is the existence of copper in aM5, which results in synergy
with the silanol group, and the second is the structural de-
fects inside the channel during evaporation as mentioned
above. In general, the salt effect in hydrothermal treatment
is attributed to the branching of micelles that causes the
transition from hexagonal mesophase to disordered net-
work.®"! The average pore size of aM5 is larger than that of
the parent MCM-41 (Table 1), thus showing the existence of
interaggregate pores.”” Although these defects cannot be
accurately distinguished by the standard Barret-Joyner-Ha-
lenda (BJH) method, their existence can be revealed
through the adsorption of probe molecules such as volatile
nitrosamines. Although cM1 has a copper content 30 times
larger than aMS5, the latter exhibits an adsorption capability
towards NPYR at 453 K that is superior to M5 or MCM-41
but similar to cM1 when the amount of NPYR is under
0.3 mmolg™'. The high efficiency of the aM5 composite in
the adsorption of volatile nitrosamines provides information
for the preparation of mesoporous-silica adsorbents with a
higher efficiency for environmental protection: apart from
the favorable pore structure, the new candidate should pos-
sess a suitable curvature or defects in the channels to ac-
commodate the incorporated active components.

Unlike M5 and aM5, cM5 was not washed but was evapo-
rated in the synthesis stage. Therefore, all the copper guests
were deposited on its surface, a situation similar to that re-
ported in which the copper species was grafted or anchored
onto MCM-41.53 Through a comparison with aM$, the
impact of copper oxide deposition on the textural property
of MCM-41 can be tentatively seen. Loading of more than
5.52wt% CuO caused cM5 to lose 12% of its pore volume
and 13% of its surface area, thus expanding the average
pore size while thickening the pore wall (Table 1). At the
same time, the corresponding surface concentration of
copper rose to 0.693 mmolg ', 190 times more than that of
aM5. However, these copper species do not bring significant
benefits for cM5 in capturing NPYR (Figure 6B). In cases
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in which the amount of NPYR reached 0.2 mmolg™!, cM5
trapped  0.079 mmolg™', whereas aM5 adsorbed
0.040 mmolg~'. When the concentration of NPYR exceeded
1.2 mmolg™!, the adsorption capacity of cM5 was still about
double that of aM5. These results reflect the importance of
the dispersion of copper in MCM-41 with regard to the ad-
sorption of volatile nitrosamines. For the removal of trace
nitrosamines in the gas stream of the aerator, it is possible
to use MCM-41 modified with a spot of copper provided the
promoter is highly dispersed. Apart from the larger loading
of copper, the dispersion of copper species on cMS5 is differ-
ent from that of M5 or aMS5. Both crystalline Cu,0O and
CuO were detected in the XRD patterns of cM5 (Fig-
ure 4 A); this indicates aggregation of the guest, which leads
to a decreased efficiency of the copper modifier in improv-
ing the adsorption of NPYR. The aggregation of copper spe-
cies in MCM-41 also makes the exploration of host-guest in-
teractions difficult; for example, the consumption of surface
silanol groups is not proportional with the absolute amount
of copper species loaded on MCM-41 because the majority
of guests is not well-dispersed and hence does not interact
with the silanol groups.’ On the basis of the results of
XRD and FTIR, it is clear that part of the incorporated
copper species is located inside the channels of MCM-41
and interacts with the surface silanol groups to change the
unit-cell parameters and average pore size of the mesopo-
rous silica, whereas the rest aggregates mainly on the exter-
nal surface of the host to form the crystalline copper oxides
detected by XRD.

A different situation is observed in the adsorption of
mainstream cigarette smoke, for which numerous compo-
nents other than nitrosamines competitively occupy the ad-
sorption sites and the amount of nitrosamines reduced by
copper-containing MCM-41 is proportional to its copper
content. To remove nitrosamines from such a complex
system, incorporation of copper into mesoporous siliceous
materials such as MCM-41 through a one-pot synthesis to
construct enough adsorption sites seems feasible and effi-
cient.

Conclusions

Copper can be incorporated in situ in the mesoporous silica
MCM-41 through a one-pot synthesis. Copper species begin
to deposit onto MCM-41 at the evaporation stage and are
fixed on the porous host at the following calcination stage,
thus enlarging the average pore size of resulting composites.
MCM-41 exhibits significant adsorption capacity for NPYR
as long as the temperature stays below 373 K, but fails to
trap the volatile nitrosamines at 453 K. Through the one-pot
synthesis, copper cations in MCM-41 promote the adsorp-
tion of NPYR at elevated temperatures. Their NPYR ad-
sorption isotherms are consistent with the Freundlich equa-
tion.
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Experimental Section

NPYR was purchased from Sigma and dissolved in dichloromethane (an-
alytical grade) at a ratio of 1:19 (v/v). Qingdao Haiyang (China) provided
the chromatographic silica gel (100-200 mesh) with a surface area of
410 m*g™"; the arenaceous quartz of 20-40 mesh used in the experiment
was commercial quartz sand. Zeolite NaY, a commercially available
powder with an Si/Al ratio of 2.86, a pore volume of 0.31 cm®*g™!, and a
surface area of 766 m>g~!, was stirred in aqueous NaCl (1M, 10 mLg™'
zeolite) six times, washed till chloride-free, and calcinated in air prior to
use. Copper was incorporated into the zeolite by using “drying impregna-
tion”: Cu(NO;),-3H,0 (0.456 g) was dissolved in H,O (40 mL), and NaY
(5 g) was added. The mixture was stirred strongly, heated to half-dryness,
and then dried at 373 K overnight. The product was ground to 100 mesh
and calcinated at 773 K for 6 h to convert Cu(NO;), into copper oxide.
The resulting sample contained 3% (w/w) CuO and is denoted 3 % CuO/
NaY. Other samples were prepared in the same way, and the concentra-
tion of the aqueous solutions was controlled to obtain different loading
of copper cations. Hydrotalcite, with an Mg/Al ratio of 2, a surface area
of 245m*g~", and a pore volume of 0.75 cm®g~', was prepared according
to literature procedures.” To prepare copper-modified hydrotalcite, Cu-
(NO;),-3H,0 (0.304 g) was dissolved in H,O (20 mL), and calcinated hy-
drotalcite (0.9 g) was added. The mixture was stirred at 303 K for 6 h,
evaporated at 353 K, and then dried at 373 K overnight. The product was
calcinated at 773 K for 6 h to afford the sample named 10% CuO/HT.
Tetraethylorthosilicate (TEOS) and cetyltrimethylammonium bromide
(CTAB) were from Shanghai Wulian and Lingfeng Companies (China),
and other regents of analytical grade were used as received. Virginia-
type cigarettes with a tar value of 15 mg per cigarette and a nicotine
value of 1.2 mg per cigarette were purchased from the market.

MCM-41 was synthesized according to the literature.* To examine the
impact of cupric salts in the synthetic solution of MCM-41, one sample
was prepared with the same procedure as for MCM-41, the only excep-
tion being the addition of an amount of copper nitrate equivalent to
5Swt% CuO to the synthetic solution. After the filtering, washing, drying,
and calcination stages, the sample obtained was denoted MS5. To prepare
copper-modified MCM-41 by the one-pot synthesis, CTAB (1.49 g) and
the required amount of copper nitrate were dissolved in water (51.80 g),
followed by the addition of hydrochloric acid (36 %, 8.17 g). Finally,
TEOS (4.25 g) was introduced with stirring at 303 K. The molar composi-
tion of the mixture was S5TEOS:1CTAB:xCu(NOs;),-3H,0:20HCl:
764H,0, in which x represents the loading level of CuO. After being
stirred for 48 h, the mother liquor was evaporated with stirring at 353 K,
and precipitates appeared. The resulting solid was divided into three
parts. The first part was directly calcinated in air at 823 K for 6 h to
obtain the composite denoted cMn, in which n represents the mass per-
centage of CuO in the sample. The second and third parts were thor-
oughly washed with distilled water until they became white. The second
part was then air-dried and named bMn, in which n indicates the amount
of copper (equivalent to CuO) added to the synthetic solution. After
being air-dried, the third part was calcinated at 823 K in air for 6 h, and
the sample obtained was denoted aMn.

XRD patterns of the samples were recorded on an ARL XTRA diffrac-
tometer with Cug, radiation in the 260 range 0.5-8° or 5-70°. Nitrogen-ad-
sorption and -desorption isotherms at 77 K were recorded on a Microme-
tritics ASAP 2020 system in which the sample was evacuated at 573 K for
4 h prior to testing. The Brunauer—-Emmett-Teller (BET) specific surface
area of the sample was calculated by using adsorption data in the relative
pressure (P/P,) range 0.04-0.2, and the pore volume was determined
from the amount adsorbed at a relative pressure of about 0.99.

TPRs of the samples were carried out by using H,/Ar (1:9 v/v) as reduc-
ing agent with a flow rate of 25 mLmin~'. A 0.1-g sample was placed in a
quartz tube, treated with a flow of helium at 873 K for 2 h, and cooled to
room temperature. After the carrier gas was changed to H,/Ar, the
sample was heated to 873 K at a rate of 6 Kmin~'. Hydrogen consump-
tion was measured by an “online” Varian 3380 gas chromatograph. ICP
spectroscopy was also used to detect the actual amount of copper species
rudimental in the samples of M5 and aM5.
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Instantaneous adsorption of nitrosamines was carried out by the GC
method.®®! A 5-mg sample (20-40 mesh) was placed in a stainless-steel
microreactor 3 mm in diameter and 150 mm in length, with one end in-
serted deeply into the injector port and the other end connected to the
separation column (10% Carbowax 20M+5% KOH, 3 mm diameter,
3000 mm length) of a Varian 3380 gas chromatograph. The reactor was
sealed by glass wool to fix the position where the temperature could be
accurately controlled by the injector port. The sample was heated directly
to the required temperature without activation in carrier gas flowing at a
rate of 30 mLmin~!, and a solution of nitrosamine (2 uL) was pulse-in-
jected. The thermal-conductivity detector of the gas chromatograph was
used to analyze the gaseous effluent, and the decrease in the ratio of
solute to solvent was utilized to calculate the adsorbed amount.*’)

To evaluate the reduction efficiency of the cMn composites toward ni-
trosamines in mainstream cigarette smoke, 20-mg samples (20-40 mesh)
were carefully added to the filter to replace part of the cellulose matrix
with the same volume. Twenty cigarettes were smoked in a glass chamber
designed by Miyake and Shibamoto.”” The rate of airflow was kept at
3 Lmin"!, and the cigarette smoke was drawn through citrate/phosphate
buffer (100 mL) containing ascorbic acid (0.02 mol) to adsorb the nitros-
amines. The buffer solution was extracted with dichloromethane, and the
combined organic fractions were dried over anhydrous sodium sulfate
and concentrated to the final volume of 25 mL. Finally, the mean amount
of nitrosamines adsorbed was determined by spectrophotometry.!'”)
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Abstract: Phosphinated polymer-incar-
cerated (PI) Pd catalysts were prepared
by immobilization of palladium with
phosphinated polymers by using the PI
method. The phosphinated PI Pd cata-
lysts showed good -catalytic activity
without externally added phosphine li-
gands in the amination of aryl halides
for C—N bond-forming reactions, as

um from the immobilized Pd was ob-
served by fluorescence X-ray analysis.
Furthermore, it was found that immo-
bilization of Pd by the PI process facili-
tated the suppression of poisoning of
the metal by amines. These effects can

Keywords: amination - coupling
reactions - heterogeneous catalysis -

be ascribed to stabilization of the cata-
lyst by both the phosphine moieties
and the benzene rings in the swollen
polymer support. The phosphinated PI
Pd catalysts could also be recovered by
simple filtration and reused several
times without leaching of palladium in
both the amination and Suzuki-
Miyaura coupling reactions.

well as in Suzuki-Miyaura and Sonoga-
shira coupling. No leaching of palladi-

Introduction

Palladium catalysts are useful and powerful tools for C—C
and C—heteroatom bond-forming coupling reactions in or-
ganic synthesis. For example, C—C bond formation by
Suzuki-Miyaura coupling, the Heck reaction, and Sonoga-
shira coupling as well as amination or allylic substitution is
widely used not only in the laboratory but also in industrial-
scale reactions. In industry, however, contamination of the
final products by leached metal residues is a serious prob-
lem and often precludes the application of palladium cata-
lysts in these situations. One method aimed at obviating
these problems involves the immobilization of the metal on
a solid support. The immobilization of palladium in this way
is attractive for a number of reasons. First, it facilitates easy
separation and recovery of the catalyst from the reactants
and products by simple filtration. This offers economic and
environmental benefits as recovery and reuse of a heteroge-
neous catalyst decreases the amount of catalyst required
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immobilization - palladium

and lowers the amount of metallic waste generated during
the reaction. Second, immobilized catalysts are frequently
heat-resistant or protect metals from oxygen or moisture in
air, although this sometimes comes at the cost of lower cata-
lytic activity than non-immobilized homogeneous catalysts.
Lastly, immobilization avoids leaching of the metal, which
often occurs under harsh amination conditions or with
strong bases or polar solvents at the high temperatures com-
monly required for typical palladium-mediated reactions. In
general, however, suppression of palladium leaching!"! con-
flicts with sustaining of catalytic activity, as strong immobili-
zation of palladium atoms on a support limits the coordina-
tive flexibility around palladium. Additives such as phos-
phine ligands enhance the catalytic activity®? or selectivity in
heterogeneous systems,”! although leaching of palladium
during reaction or on workup is still often observed. Fur-
thermore, most of those additives are not recoverable and
must be added again to the system at every cycle. Therefore,
a simple catalyst system that does not require the external
supply of phosphine ligands is desirable from both economic
and operational standpoints.

To lower the influence of the leaching of phosphine li-
gands, palladium-immobilized heterogeneous catalysts with
phosphinated polymer supports were investigated. In an
early report, Trost and Keinan described polymer-supported
palladium catalysts with diphenylphosphanyl groups on the
surface of polystyrene resin.**) Following this, a variety of
examples of phosphinated polymer-supported palladium cat-
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alysts were reported.l**~! Recently, we reported the immobi-
lization of palladium clusters on polystyrene-based copoly-
mers by using the polymer-incarcerated (PI) method.*®
These heterogeneous phosphinated PI Pd catalysts are
highly active in C-C bond-forming reactions such as
Suzuki-Miyaura coupling, the Heck reaction, or allylic sub-
stitution.”*! Furthermore, these catalysts were recovered
quantitatively by simple filtration and reused several times
without loss of activity. However, these PI Pd catalysts need
externally added phosphine ligands to accelerate reactions,
because the support on which the palladium clusters are im-
mobilized is a non-phosphinated polymer. Therefore, to
expand the varieties of coupling reactions that can be ap-
plied, some of which require more-demanding reaction con-
ditions, it is desirable that phosphine moieties are incorpo-
rated into polymer supports to suppress leaching of palladi-
um or phosphine.

The phosphine moiety of polymer supports® is assumed
to have two main roles: 1) suppression of the leaching of
palladium and 2) enhancement of catalytic activity as li-
gands. Therefore, it is expected that the introduction of
phosphine moieties onto the polymer supports of PI Pd cat-
alysts, instead of the external addition of the phosphine li-
gands, could be effective for accelerating oxidative addition.
Phosphinated PI Pd catalysts have a mode of metal immobi-
lization different to that of more-conventional phosphine-
containing heterogeneous catalysts. The latter contain phos-
phine moieties only on the surface of the resin, which is al-
ready cross-linked before the immobilization of metals.
However, the palladium clusters in PI Pd catalysts are im-
mobilized not on the surface of the insoluble polymer but
on the inside of the polymer support, and are held in place
by the electrical and steric stabilization of both benzene
rings!" and phosphines'! (Scheme 1). Phosphinated PI Pd
catalysts can be prepared from polystyrene-based copoly-
mers with phosphine moieties by using the PI method, just
as with non-phosphinated PI Pd catalysts.

o
O\/Q O\/ZfOH

1) [Pd(PPh3)4]
x y z w Microencapsulation
2) Cross-linking
3) HSICl3
copolymer PAry
polymer support

Immobilization of Pd° clusters in
phosphinated polymer support

polymer support

We reported that these heterogeneous phosphinated PI
Pd catalysts are highly active for carbon—carbon bond-form-
ing reactions such as Suzuki-Miyaura coupling®? even in
the absence of externally added phosphine ligands. We also
reported the chemoselective semi-hydrogenation of al-
kynesP! catalyzed by phosphinated PI Pd catalysts with
phosphine moieties for partial catalyst poisoning. In semi-
hydrogenation, there is a possibility that the phosphines in
the polymer support may act as a weak poisoning agent of
the metal, thus realizing both chemoselective hydrogenation
and suppression of metal leaching.

Herein, we describe the preparation of PI Pd catalysts
that contain phosphine moieties on the polymer supports
and their application to several types of coupling reactions
such as Suzuki-Miyaura coupling, amination of aryl halides,
and Sonogashira coupling without addition of external phos-
phine ligands.

Results and Discussion
Preparation of Phosphinated PI Pd Catalysts

PI Pd catalysts 2a—j were prepared from copolymer 1a—j
and [Pd(PPhs),], respectively, by the PI method (microen-
capsulation and cross-linking of polymer chains) described
in our previous reports (Scheme 2 and Table 1). For compar-
ison, we prepared non-phosphinated PI Pd catalyst 2j with-
out treatment of HSiCl; from the same type of polymer sup-
port without phosphine moieties. As some phosphines were
oxidized to the corresponding phosphine oxides during the
preparation of the catalyst, HSiCl; reduction gave phosphi-
nated PI Pd catalysts. It was revealed by *'P SR-MAS (swol-
len-resin magic-angle spinning) NMR spectroscopy!'? that
the phosphine oxides on the copolymer were completely re-
duced to the corresponding phosphines.

Four equivalents of triphenylphosphine from [Pd(PPhs),]
were eliminated during the immobilization and recovered as
the oxide from the filtrate after
washing (THF and hexane).
The PI Pd catalysts 2a—j thus
prepared were then analyzed by
transmission electron microsco-
py (TEM). TEM analysis of 2a
and 2f (Figure 1) revealed that
small Pd clusters were dis-
persed on the polymer support
and that no large Pd clusters
were present (TEM detection
limit~1 nm). The formation of
extremely small Pd clusters
may be due to the stabilization

Phosphinated
Pl Pd

| l
A PAr,  OH
0 o o]
cl)H V Cl)H

I
O AP @ OH ©
Ho—< 0 >*OH

effect of the polymer.

polymer support

Scheme 1. Phosphinated PI Pd catalysts.
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Scheme 2. Structures of the polymer supports of the PI Pd catalysts. Tol=tolyl.

Table 1. Preparation of phosphinated PI Pd catalysts.
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S5 8s

\/%OH

0E

PPhy

b (x:y:zzw = 80:4:4:12) PPhy
1 c (x:y:zzw = 77:10:5:8)

1d (x:y:ziw = 66.14.6.14)
1e (x:y:z:w = 80:14:4:2)
1f (xy:zzw = 72:12:5:11)
19 (x:y:z2w = 79:10:5:6)

5

1jO

é«m

Pth

(a)

[Pd(PPhg)q] coacervation cross-linking
1a-j > - o
THF, RT hexane 1) filtration no solvent
2) wash (hexane) 120°C,2h
3) dry
HSICl;

—_— P = 23]

1) filtration EtsN, toluene 1) filtration

2) wash (THF) 2) wash (THF)

3) dry 3) dry
Catalyst Copolymer P loading Pd loading P/Pd

[mmolg]® [mmolg]

2a 1a 1.1 0.25 43
2a’ 1a 1.1 0.42 2.6
2b 1b 0.85 0.23 3.7
2¢ 1c 0.58 0.32 1.8
2d 1d 0.92 0.46 2.0
2e le 0.16 0.27 0.58
2f 1f 0.76 0.36 2.1
2¢g 1g 0.74 0.12 6.2
2h 1h 0.46 0.38 12
2i 1i 0.57 0.27 2.1
2! 1j 0 0.67 0

[a] For determination of loadings, see reference [5d]. [b] Not treated with
HSICl.

Application of Phosphinated PI Pd Catalysts to Suzuki-
Miyaura Coupling

Palladium-catalyzed Suzuki-Miyaura coupling of organobo-
ron compounds with aryl or vinyl halides is known as one of
the most useful C—C bond-forming reactions."” Since the
first report in 1981 with [Pd(PPh;),] as catalyst,'* the reac-
tion has been widely used not only in academic laboratories
but also in industry. Recently, heterogeneous catalysts for
Suzuki-Miyaura coupling have attracted much atten-
tion.[!>1¢]
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Figure 1. TEM images of a) 2a and b) 2f.

Phosphinated and non-phosphinated PI Pd catalysts 2c,
e—i and 2j, respectively, were initially examined in the cou-
pling reaction of 2-bromotoluene with phenylboronic acid
without addition of any phosphine ligand (Table 2).

The structure of the polymer supports was found to influ-
ence the catalytic activity. PI Pd catalysts 2e—g, which were
prepared from the same type of the polymer support 1e-g,
were more effective than the catalysts derived from polymer
1c, 1h, or 1i. The optimum ratio of diphenylphosphanyl

www.chemasianj.org 985





FULL PAPERS

Table 2. Catalytic activities of phosphinated PI Pd catalysts (“Pd”).

Br B(OH),
\© © "Pd" (3 mol%) . .
+ L
K3P Oy, toluene/H,O (4/1)
reflux, 4 h
Entry Catalyst (P/Pd)! Yield® [%] Leaching of Pd!
1 2e (0.58) 81 n.d.
2 2f(2.1) 96 n.d.
3 2g (6.2) 93 n.d.
4 2¢(1.8) 64 n.d.
5 2h (12) 73 n.d.
6 2i (2.1) 70 n.d.
7 2e (0.58) 9 n.d.
gl 2e (0.58) 19 nd.

[a] Ratio of diphenylphosphanyl groups in the polymer to Pd atoms.
[b] Yield of isolated product. [c] Determined by XRF analysis; n.d. =not
detected (<0.94%). [d] With the addition of 3 mol % of PPh; as ligand.

groups in the polymer to Pd atoms was found to be about
2:1, which afforded 2-methylbiphenyl in 96 % yield. In con-
trast to the phosphinated PI Pd catalysts, the non-phosphi-
nated 2j did not show high catalytic activity even when tri-
phenylphosphine was added as an external ligand. Leaching
of the palladium was measured by fluorescence X-ray
(XRF) analysis after removal of the catalyst, and no leach-
ing was detected in all cases. This result indicates that small
palladium clusters are strongly coordinated by both the =
electrons of the benzene rings and the phosphines on the
polymer support, but that this coordination does not come
at the cost of decreased catalytic activity. The phosphines in
the polymer support seem to play the important roles in this
reaction of suppressing the leaching of palladium as well as
increasing the catalytic activity by acting as ligands.

The results of the Suzuki-Miyaura couplings of a range of
aryl halides with arylboronic acids mediated by the PI Pd
catalysts are summarized in Table 3. The reaction proceeded
smoothly with both electron-rich and electron-deficient aryl
halides to afford the corresponding biaryl coupling products
in high yields without any leaching of palladium.

Furthermore, PI Pd catalyst 2f was recovered by simple
filtration and reused several times for Suzuki-Miyaura cou-
pling (Table 4) with no significant loss of activity, even up to
the sixth cycle. It was confirmed by XRF analysis that no
leaching of Pd from the catalyst occurred in all cases.'”]
After the recovery and reuse of 2 f for five times, some ag-
gregation of palladium clusters was observed by TEM analy-
sis (Figure 2).1%!

Application of Phosphinated PI Pd Catalysts to Amination
of Aryl Halides

The palladium-catalyzed amination of aryl halides"” has re-
cently attracted much attention as a direct and efficient C—
N bond-forming reaction for the synthesis of a variety of
aryl amines, which are commonly found in biologically im-
portant compounds. Although many homogeneous palladi-
um-catalyzed aminations have been reported,? ! there are
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Table 3. Phosphinated PI Pd-catalyzed Suzuki-Miyaura coupling of
various substrates without external phosphine ligands.!

Entry Aryl halide Yield” [%] Leaching of Pd!

@ B(OH); quant. n.d.
@B(OH)Z quant. n.d.
4 MeOOBr @B(OH)z 84 n.d.
QB(OH)Z 94 n.d.

[a] Reaction conditions: aryl halide (1.0 equiv), boronic acid (1.5 equiv),
K;PO, (1.5 equiv), 2f (3 mol %, 0.36 mmolg ™', P/Pd=2.1), toluene/H,O
(4:1), reflux, 4 h. Workup conditions: reaction mixture was diluted with
hexane, and the catalyst was filtered off and then extracted with EtOAc
and brine. [b] Yield of isolated product. [c] Determined by XRF analysis.

Boronic acid

I
O

8

Table 4. Recovery and reuse of phosphinated PI Pd catalyst 2 f.
Br B(OH),

2f (5 mol%) o

* -

K3POy, toluene/H,0 (4:1)
reflux, 4 h
0]

Run 1 2 3 4 5
Yield® [%] quant. quant. 98 99 quant.
Leaching of Pd" nd. n.d. n.d. n.d. n.d.

[a] Yield of isolated product. [b] Determined by XRF analysis.

only a few reports of successful heterogeneous-catalyst sys-
tems for the same transformation.”” In general, because
harsh conditions of strong bases or polar solvents at high
temperatures are necessary for palladium-catalyzed amina-
tion, there is a great possibility of poisoning, leaching, or ag-
gregation of palladium. Therefore, the development of
highly effective heterogeneous catalysts without any leach-
ing of palladium has been a central issue for the amination
of aryl halides.

With this in mind, we turned our attention to the use of
our PI Pd catalyst systems in this reaction. Accordingly, we
applied the phosphinated PI Pd catalysts 2a—i, non-phosphi-
nated PI Pd catalyst 2j, and homogeneous catalyst Pd-
(OAc), in the amination of iodobenzene with morpholine
(Table 5). The initial results were not encouraging. To our
disappointment, non-phosphinated PI Pd catalyst 2j was not
effective for amination in the absence of external phosphine
ligands (Table 5, entry 1). On addition of P(o-Tol); or 3% as
an external ligand to 2j, the catalytic activity increased;
however, some leaching of Pd was dectected by XRF analy-
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(@)

(b)

Figure 2. TEM images of 2f after the fifth Suzuki-Miyaura coupling
(magnification 600000 x ) at two locations.

Table 5. Difference in catalytic activities in the amination reaction
between phosphinated PI Pd catalysts and other types of catalysts.!

H
| N catalyst (Pd: 2 mol%) / \
+ [ j < >—N (6]
o NaOtBu, toluene /

110 °C, 24 h
Entry  Catalyst (P/Pd) Yield® [%]  Leaching of Pd [%]
1 2j (0) 15 31
2l 2j (0)4P(o-Tol); 74 14
2j (0)+
3ldl PPhy 89 13
MeoN. =
« {
4 2b (3.7) 58 9
5 2¢ (1.8) 53 14
6 2d (2.0) 63 23
7 2a (4.3) 90 n.d.
8 2a’ (2.6) 75 n.d.
9 Pd(OAc),+P(o-Tol); 86 -

[a] Reaction conditions: iodobenzene (1 equiv), morpholine (2.0 equiv),
Pd catalyst (2.0 mol %), NaOfBu (2.3 equiv), toluene (3.3 mLmmol™
iodobenzene). [b] Yield of isolated product. [c] Determined by XRF anal-
ysis. [d] 4.0 mol % of phosphine was used.
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sis (Table 5, entries 2 and 3). Gratifyingly though, phosphi-
nated PI Pd catalysts 2b—d showed higher catalytic activity
than non-phosphinated 2j even in the absence of external
phosphine ligands; however, the problem of palladium
leaching remained (Table 5, entries 4-6). Upon changing the
substituent on the phosphorus atom from phenyl to o-tolyl,
2a and 2a’ showed higher catalytic activities and suppressed
the leaching of palladium (Table 5, entries 7 and 8). It is as-
sumed that the reductive-elimination step of reactions medi-
ated by these two catalysts proceeds more quickly® than
with 2b-d because they have bulkier phosphine moieties®!
on the polymer supports. As a result of this faster reductive
elimination, polar Pd" species such as Ar-Pd"-X would be
relatively short-lived and would therefore be less likely to
leach out of the polymer supports into polar solvents, espe-
cially in the presence of a strong base such as NaOrBu. Al-
though 2a and 2a’ were prepared from the same copolymer,
2a with a higher phosphine/palladium ratio (P/Pd=4.3)
showed higher catalytic activity than 2a’ (P/Pd=2.6). Heter-
ogeneous PI Pd catalyst 2a was found to show almost the
same catalytic activity as the homogeneous system Pd-
(OAc), with P(o-Tol);, which has a similar cone angle® to
the phosphine moiety of 2a (Table 5, entries 7 and 9).

To compare the catalytic activity of phosphinated PI Pd
catalyst 2a with those of non-phosphinated 2j and the ho-
mogeneous Pd(OAc), systems more accurately, we moni-
tored the course of the conversion of iodobenzene and the
yield of the desired aminated product by GC analysis
(Figure 3). The reaction catalyzed by phosphinated 2a with-
out an external phosphine ligand (condition I) proceeded
with essentially the same rate and in similar yields as the ho-

"Pd" (2 mol%)

NaOfBu, toluene

110°C
100
&
DY
A
80 % N,
- \\‘ » —
* 60 F W
E /6 i
2 T
> 40| y
L:d .
LY .
- -
20 | $ el
. *--;.,.-,,.-_...,.,..
LS
0 s e :
0 1 2 : !
tih

Figure 3. Reaction profiles of the amination of iodobenzene with mor-
pholine in the presence of phosphinated PI Pd and other catalysts, show-
ing the yield of N-phenylmorpholine determined by GC (solid lines) and
the conversion of iodobenzene (dotted lines). Reaction conditions: aryl
halide (1.0 equiv), morpholine (2.0 equiv), NaOrBu (2.3 equiv), toluene
(3.3 mLmmol™ halide), 110°C. ConditionI (m): 2a (2 mol%). Condi-
tion II (A): 2j (2mol %) and P(o-Tol); (4 mol %). Condition III (¢): Pd-
(OAc), (2 mol %) and P(o-Tol); (4 mol %).
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mogeneous system (condition IIT). On the other hand, the
same trasnsformation mediated by the non-phosphinated 2j
in the presence of P(o-Tol); (condition IT) showed a lower
reaction rate despite the phosphine having almost the same
pK,”! and cone angle. It is assumed that there are suffi-
ciently reactive coordination sites in the phosphinated PI Pd
catalyst. Almost the same catalytic activity as the homoge-
neous system was achieved without decrease in catalytic ac-
tivity even on the polymer supports, because the polymer
support is swollen in a polar solvent, which mimics to some
extent the reaction conditions of the homogeneous systems.
The coordination of both benzene rings®! and phosphine
moieties to palladium atoms would stabilize the palladium
clusters and suppress leaching of palladium effectively.
Several examples of aminations of aryl halides with phos-
phinated PI Pd catalyst 2a are summarized in Table 6. In all
cases, no leaching of palladium was observed. Several types

Table 6. Phosphinated PI Pd-catalyzed amination of various substrates
without external phosphine ligands.™

Entry Aryl halide Amine t Yield™ Leaching of
[h]  [%] Pl
@| HN O
1 25 90 nd.
B Ol HN o]
2 u 2 8 nd.
M OOI HN O
3 e 2% 71 nd.
Me
HN o]
4 ‘ 12 54 nd.
M OB HN o]
5 e r 2 8 nd.
Me
HN o]
6 . 18 78 nd.
MeO
HN o]
7 . 18 69 nd.
Br
8 HN O 24 66 nd.
H
9 I me NP5 5s nd.
H
10 MeOBr Me/NVPh 1 62 n.d.
O
1 weNpn 25 5l nd.
12 @I HN ) 24 73 nd.
13 @I HNC' 4 44 n.d.
14 OI HNnBu, 2.5 64 nd.
15 Me@Br HN#Bu, 11 67 nd.
16 @I HNCy, 12 22 nd.
17 @I HzN@ 2% 0 nd.

[a] Reaction conditions: iodobenzene (1.0 equiv), 2a (Pd: 2.0 equiv),
NaOrBu, toluene (3.3 mLmmol™ iodobenzene). [b] Yield of isolated
product. [c] Determined by XRF analysis. Cy =cyclohexyl.
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of secondary amines provided relatively good yields, where-
as aniline did not give the desired product at all (Table 6,
entry 17). Both aryl iodides and bromides with electron-do-
nating groups afforded the desired aminated products in
good yields.!

To gain insight into the reaction mechanism, we investi-
gated the profiles of the reactions with 2a and homogeneous
Pd(OAc),/P(o-Tol); catalyst. Experiments showed that the
efficiency of the reaction was dependent on the amount of
base added (Figure 4). Phosphinated PI Pd catalyst 2a
showed different reaction rates and yields when the quantity
of NaOrBu was changed (Figure 4a). Higher catalytic activi-
ties of 2a were observed when 2.3 or 3.5 equivalents of mor-
pholine with respect to iodobenzene were used, but lower
activity was shown in the case of 1.5 equivalents of morpho-
line, despite an excess amount of NaOrBu with respect to
aryl halide (>1 equiv). On the other hand, in the homoge-
neous system (Figure 4b), no difference in catalytic activity
was observed under these reaction conditions. Amatore
et al. reported the acceleration of the oxidative addition of
aryl halides by anionic Pd° or Pd" complexes, which were

100

(@)
80 |

60 -

Yield / %

40

20 -

t/h

100
(b)

Yield / %

G 1 1 1
0 1 2 3 4
t/h

Figure 4. Reaction profiles of the amination catalyzed by a) 2a and b) Pd-
(OAc), with different amounts of NaOrBu (m=15, §0=23, A=
3.5 equiv). Reaction conditions: iodobenzene (1.0 equiv), morpholine
(2.0 equiv), toluene (3.3 mLmmol™" halide), 110°C, 2a (2 mol %) (a) or
Pd(OAc), (2 mol %) and P(o-Tol); (4 mol %) (b).
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generated by the coordination of alkoxide bases such as
NaO7Bu to palladium atoms.®**" In the case of 2a, Pd’ clus-
ters would be immobilized between the hydrophobic ben-
zene moieties in the polymer support rather than the hydro-
philic tetraethyleneglycol or hydroxy moieties of the poly-
mer support, because nonpolar Pd’ clusters have a greater
interaction with hydrophobic sites. Thus, to generate an
anionic Pd complex with Pd° clusters, a large excess of ionic
NaOrBu may be necessary for incorporation into the hydro-
phobic benzene sites of the polymer support (Figure 4a).
On the other hand, in the case of the homogeneous catalyst,
the Pd” species and NaOfBu would readily generate anionic
complexes because there is a sufficient amount of NaO7Bu
with respect to the catalytic amount of palladium in situ.
Therefore, it is supposed that catalytic activity would not be
affected by the amount of NaOrBu (Figure 4b).

Next, it was revealed that the amount of morpholine does
not affect the reaction rate and yield of 2a-catalyzed amina-
tion, as judged from GC analysis (Figure Sa). On the other
hand, a large difference in catalytic activity was observed in
the case of the homogeneous system (Figure 5b). Hartwig
and co-workers reported the effect of coordination of

100

80

60

Yield / %

20

0 1 2 3 4
t/h

Figure 5. Reaction profiles of the amination catalyzed by a) 2a and b) Pd-
(OAc), with different amounts of morpholine (m=1.0, o=1.3, A=2.0,
~=3.0 equiv). Reaction conditions: iodobenzene (1.0 equiv), NaOrBu
(1.5 equiv), toluene (3.3 mLmmol™" halide), 110°C, 2a (2 mol %) (a) or
Pd(OAc), (2 mol %) and P(o-Tol); (4 mol %) (b).
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amines to palladium complexes on the rate of oxidative ad-
dition.?'¥ They demonstrated that oxidative addition of aryl
halides to Pd(binap)(amine) complexes (binap=2,2"-bis(di-
phenylphosphanyl)-1,1’-binaphthyl), generated by the coor-
dination of amines to Pd(binap) in situ, is slower than that
to the corresponding Pd(binap) complex. Therefore, in the
case of the homogeneous catalyst system shown in Fig-
ure 5b, the catalytic activity may be decreased due to the
coordination of the amine, which poisons the palladium ster-
ically and/or electrically. On the other hand, in the case of
the phosphinated PI Pd catalyst, palladium clusters would
be stabilized by weak interactions of the benzene rings!':*J
in the polymer support. Therefore, poisoning of palladium
clusters by amines would be suppressed even in the presence
of an excess of the amine. A similar effect of the polymer
supports of phosphinated PI Pd catalysts on the suppression
of poisoning was also observed previously in the hydrogena-
tion® of alkynes. Even in the presence of phosphines, selec-
tive semi-hydrogenation of alkynes proceeded by using
phosphinated PI Pd catalysts. Thus, it is supposed that the
decrease in catalytic activity due to poisoning by amines is
suppressed by the stabilization effect of the polymer sup-
port.

Importantly, the heterogeneous catalysts can be recovered
simply and reused several times. In phosphinated PI Pd-cat-
alyzed amination, a significant decrease in catalytic activity
was observed when the catalyst was recovered by simple fil-
tration and reused as it was (method A in Table 7). It is be-

Table 7. Recovery and reuse of phosphinated PI Pd catalysts in

amination.!
/T \ 2a /T \
@l + HN 6] N 6]
_/ NaOtBu, toluene 7/

110 °C
Run Method A Method B
Yield™ Leaching of Pd!"! Yield" Leaching of Pd!
[%] [%] [%] [%]
1 88 n.d. 92 n.d.
2 53 n.d. 90 n.d.
3 16 n.d. 81 n.d.

[a] Reaction conditions: iodobenzene (1.0 equiv), morpholine (2.0 equiv),
NaOrBu (2.3 equiv), toluene (3.3 mLmmol ' iodobenzene), 12-20 h.
Method A: 2mol % Pd, not treated with HSiCl; after recovery of cata-
lyst. Method B: 5 mol % Pd, reduced with HSiCl; after recovery of cata-
lyst. [b] Yield determined by GC. [c] Determined by XRF analysis.

lieved that the decreased catalytic activity is due to the oxi-
dation of phosphine moieties of the polymer support and ag-
gregation of the palladium clusters. Indeed, after the first re-
action in method A, oxidation of phosphine moieties was
observed by *'P SR-MAS NMR analysis,** and formation of
large palladium clusters (3-10 nm) were found by TEM
analysis (Figure 6a and b), whereas no such larger clusters
were detected before the reaction. On the other hand, when
the recovered catalyst was treated with HSiCl; after each re-
covery of the catalyst to reduce the oxidized phosphine moi-
eties in the polymer support (method B), the yields of the
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(b)

50 nm 50 nm

Figure 6. TEM images of 2a a)after first amination with method A,
b) after third amination with method A, c) after first amination and
reduction with HSiCl; with method B, and d) after third amination and
reduction with HSiCl; with method B (magnification 300000600000 x ).

subsequent reactions with the catalyst sample were im-
proved. After recovery of the catalyst in method B, aggrega-
tion of the palladium clusters was suppressed to 1-3 nm in
size (Figure 6¢ and d); this observation suggests that non-
oxidized phosphine moieties would stabilize palladium clus-
ters.

Application of Phosphinated PI Pd Catalysts to Sonogashira
Coupling

Phosphinated PI Pd catalysts can be also used in the Sono-
gashira coupling®! between aryl halides and terminal al-
kynes (Table 8). Several types of phosphinated PI Pd cata-
lysts showed higher catalytic activities than non-phosphinat-

Table 8. Difference in catalytic activities in Sonogashira coupling.”!
catalyst (Pd: 3 mol%)

Phl + =—FPh Ph—=——Ph
Cs,CO3, THF
80°C,11h
Entry Catalyst (P/Pd) Yield [%]®! Leaching of Pd [%]*
1 2a (4.3) 55 4
2 2e (0.58) 28 16
3 2d (2.0) 56 8
4 2g (6.2) 80 3
5 2¢ (1.8) 84 3
6 2i (2.1) 56 12
7 2h (1.2) 50 15
gldl 2j (0) 22 54

[a] Reaction conditions: iodobenzene (1.0 equiv), phenylacetylene
(1.5 equiv), PI Pd catalyst (Pd: 3mol%), Cs,CO; (1.5equiv), THF,
110°C, 11 h. [b] Yield determined by GC. [c] Determined by XRF analy-
sis. [d] With non-phosphinated PI Pd catalyst without externally added
phosphine ligands.
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ed catalyst 2j without the addition of phosphine ligands.
However, some leaching of palladium was observed even in
phosphinated PI Pd catalysts by XRF analysis. It is assumed
that polar palladium(II) species have a weak coordination
affinity to the polymer support because the trans-metalation
of palladium(II) species with cesium acetylide is slow. As
for the amount of phosphine moieties on the polymer sup-
port, 2g, which has a larger amount of phosphine, showed a
higher catalytic activity than the other catalysts prepared
from similar polymers with small P/Pd ratios and also sup-
pressed the leaching of palladium (Table 8, entries 2-4).

To suppress the leaching of palladium from the polymer
support, we added copper(I) iodide to accelerate the trans-
metalation step (Table 9). For both PI Pd catalysts 2¢ and

Table 9. Effect of Cul in phosphinated PI Pd-catalyzed Sonogashira
coupling.¥
catalyst (Pd: 3 mol%)

Phl  + ——Ph Ph——Ph
C82CO3, THF
80°C,11h
Entry Catalyst Additive Yield [%]® Leaching of Pd [% ]!
1 2¢ - 84 3
2 2¢ Cul¥ 98 nd.
3 2d - 56 8
4 2d Cul¥ quant. 7

[a] Reaction conditions: iodobenzene (1.0 equiv), phenylacetylene
(1.5 equiv), Cs,CO; (1.5 equiv), THF, 110°C, 11 h. [b] Yield determined
by GC. [c] Determined by XRF analysis. [d] 6 mol %.

2d, the catalytic activities increased, and leaching of palladi-
um was suppressed by adding two equivalents of copper(I)
iodide with respect to the palladium atoms. In general,
trans-metalation is accelerated by addition of copper(I) salts
because the Ar-Pd"-X species shows better affinity to
copper acetylides than alkaline-metal acetylides alone.
Therefore, both catalytic activity and suppression of palladi-
um leaching was improved because the polar Ar-Pd"-X
species was smoothly converted into the less-polar Ar-Pd"-
acetylide.

Phosphinated PI Pd catalyst 2¢ was used in the Sonoga-
shira coupling reaction of other types of substrates
(Scheme 3). Aryl iodides with electron-withdrawing groups
afforded coupling products in good yields without leaching
of palladium. On the other hand, some leaching was ob-
served in the reaction between 1-iodonaphthalene and
phenylacetylene.

Conclusions

In summary, we have immobilized palladium clusters in
phosphinated polymer supports to obtain phosphinated PI
Pd catalysts. Their application to the amination of aryl ha-
lides for C—N bond-forming reactions, as well as to the
Suzuki-Miyaura and Sonogashira coupling reactions for C—
C bond formation, has been demonstrated. These catalysts
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Scheme 3. Phosphinated PI Pd-catalyzed Sonogashira coupling with other types of substrate.

showed good activities without the addition of external
phosphine ligands and gave almost the same level of catalyt-
ic activity as homogeneous catalysts in amination. No leach-
ing of palladium was observed after the reaction by XRF
analysis even under the harsh reaction conditions of strong
base and high temperature. It was revealed that the phosphi-
nated PI Pd catalysts did not suffer from poisoning of the
metal by amines. Moreover, they were recovered by simple
filtration and reused several times without loss of activity,
and no leaching of palladium in both amination and Suzuki-
Miyaura coupling was observed. These effects can be ascri-
bed to electrical and steric stabilization of palladium clusters
by both the phosphine moieties and the benzene rings on
the inside of the polymer supports. The methodologies de-
scribed herein offer simplified and useful protocols for
highly active heterogeneous catalysts without the addition
of phosphine ligands.

Experimental Section
General Methods

'H, BC, and *P NMR spectra were recorded on a JEOL ECX-600 or
ECX-400 spectrometer in CDCl; unless otherwise noted. Tetramethylsi-
lane (TMS; 6=0 ppm) and CDCl; (6="77.0 ppm) served as the internal
standard for 'THNMR and CNMR spectroscopy, respectively. For
3P NMR spectroscopy, 85% H;PO, was the external standard. Prepara-
tive thin-layer chromatography (PTLC) was carried out with a Wakogel
B-5F chromatograph. Toluene, tetrahydrofuran (THF), n-hexane, and
methanol were purchased from Wako Pure Chemical Industries, Ltd. and
used without further purification. Distilled water was employed for the
aqueous reactions. All other solvents were purified based on standard
procedures.

Syntheses

Di-o-tolyl-(4-vinylphenyl)phosphine: 4-Bromostyrene (3.35 g, 18.3 mmol)
was dissolved in THF (67 mL) at room temperature, and n-butyllithium
(1.6M, 20.1 mmol) was added to this solution. The mixture was stirred for
10 min at —78°C, and chlorodi-o-tolylphosphine (5.00 g, 20.1 mmol) was
added dropwise to this solution. After the mixture was stirred for 2 h at
—78°C and for 14 h at room temperature, saturated aqueous NH,CI was
added. The mixture was extracted with ethyl acetate and washed with sa-
turated aqueous NaHCO; and brine. The organic layers were dried over
anhydrous MgSO,, filtered, and evaporated to give a crude product. This
crude product was purified by silica-gel column chromatography
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(hexane/ethyl —acetate=30:1, 20:1,
10:1) to give di-o-tolyl-(4-vinylphe-
nyl)phosphine (3.30 g, 57%). '"H NMR
(CDCl;, 600 MHz): 6=2.39 (s, 6H),
527 (d, J=11.0Hz, 1H), 578 (d, J=
18.5 Hz, 1H), 6.75 (dd, /=6.9, 3.4 Hz,
2H), 7.07 (t, J=7.6 Hz, 2H), 7.20-7.26
(m, 6H), 7.37 ppm (dd, /=6.8, 1.4 Hz,
OH 2H); PC NMR (150 MHz, CDCl,): 6 =
21.1, 212, 1146, 1261, 126.4, 126.4,
128.7, 130.0, 130.1, 132.8, 134.4, 134.6,
135.0, 135.1, 135.2, 136.4, 137.9, 142.3,
142.5 ppm; P NMR (CDCl,
162 MHz): 6 =—21.0 ppm.
Diphenyl-(4-vinylphenyl)phosphine :**!
4-Bromostyrene (5.60 g, 30.6 mmol)
was dissolved in THF (110mL) at
room temperature, and n-butyllithium
(1.6m, 36.7 mmol) was added to this
solution. The mixture was stirred for
30 min at —78°C, and chlorodiphenylphosphine (8.09 g, 36.7 mmol) was
added dropwise to this solution. After the mixture was stirred for 3 h at
—78°C and for 1h at room temperature, saturated aqueous NH,Cl was
added. The mixture was extracted with ethyl acetate and washed with sa-
turated aqueous NaHCO; and brine. The organic layers were dried over
anhydrous MgSO,, filtered, and evaporated to give a crude product. This
crude product was purified by silica-gel column chromatography
(hexane/ethyl acetate =30:1, 20:1, 10:1) to give diphenyl-(4-vinylphenyl)-
phosphine (7.59 g, 86%). '"HNMR (CDCl;, 300 MHz): =523 (d, J=
10.8 Hz, 1H), 5.73 (d, J=17.6 Hz, 2H), 6.66 (dd, J=17.6, 10.8 Hz, 1H),
7.27-7.31 ppm (m, 14H); "CNMR (75 MHz, CDCL): 6=114.4, 1263,
128.5, 128.7, 133.6, 133.8, 134.0, 136.4, 137.2, 137.9 ppm; *'P NMR
(CDCl;, 162 MHz) 6 =—5.30 ppm.

1a (Scheme 2): Styrene (2.00 g, 19.2 mmol), 2-[(2-phenylallyloxy)meth-
ylloxirane (521 mg, 2.74 mmol), tetracthyleneglycol mono-2-phenyl-2-
propenyl ether (853 mg, 2.74 mmol), di-o-tolyl-(4-vinylphenyl)phosphine
(867 mg, 2.74mmol), and 272'-azobis(isobutyronitrile)  (45.0 mg,
0.274 mmol) were mixed in N,N-dimethylformamide (DMF; 3.3 mL). The
mixture was stirred for 24 h at 75°C and then cooled to room tempera-
ture. The resulting polymer solution was poured slowly into cooled meth-
anol. The precipitated polymer was collected by filtration, washed with
methanol several times, and dried for 24 h under reduced pressure to
afford 1a (2.54 g, 60 % ). The molar ratio of the monomer was determined
by 'HNMR spectroscopic analysis (styrene/2-[(2-phenylallyloxy)meth-
yl]oxirane/tetraethyleneglycol mono-2-phenyl-2-propenyl ether/di-o-tolyl-
(4-vinylphenyl)phosphine =71:8:4:17). *'P NMR (CDCl,, 162 MHz): 6=
—21.6 ppm.

1f (Scheme 2): Styrene (3.00 g, 28.8 mmol), 4-vinylbenzyl glycidyl ether
(782 mg, 4.11 mmol), tetracthyleneglycol mono-2-phenyl-2-propenyl
ether (1.28 g, 4.11 mmol), diphenyl-(4-vinylphenyl)phosphine (1.18 g,
4.11 mmol), and 2,2'-azobis(isobutyronitrile) (67.5 mg, 0.411 mmol) were
mixed in DMF (4.8 mL). The mixture was stirred for 24 h at 70°C and
then cooled to room temperature. The resulting polymer solution was
poured slowly into cooled methanol. The precipitated polymer was col-
lected by filtration, washed with methanol several times, and dried for
24 h under reduced pressure to afford 1f (3.57 g, 57 %). The molar ratio
of the monomer was determined by '"H NMR spectroscopic analysis (sty-
rene/4-vinylbenzyl glycidyl ether/tetracthyleneglycol mono-2-phenyl-2-
propenyl ether/diphenyl-(4-vinylphenyl)phosphine =72:12:5:11). M, =
49330, M,=25692, M,/M,=1.92 (gel-permeation chromatography;
GPC).

2a (Table 1): Copolymer 1a (1.17 g) was dissolved in THF (27 mL) at
room temperature, and [Pd(PPh;),] (293 mg) was added to this solution
as a core ([Pd(PPh;),] was dissolved). The mixture was stirred for 48 h at
this temperature under air. Hexane (40 mL) was then slowly added to
the mixture at room temperature. Coacervates were found to envelop the
core dispersed in the medium. The mixture was left to stand at room
temperature for 12 h, and the catalyst capsules were then washed with
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hexane several times and dried at room temperature under reduced pres-
sure for 6 h. Next, the catalyst capsules were stirred at 120°C for 3 h
under air to cross-link the microencapsulated palladium. After cooling,
the cross-linked solid was washed with THF several times and dried
under reduced pressure for 12 h. The resulting black solid (1.06 g), tri-
chlorosilane (786 mg, 5.8 mmol), and triethylamine (708 mg, 7.00 mmol)
were stirred in toluene (27 mL) for 24 h at 100°C under argon to reduce
the phosphine oxide moieties. The mixture was cooled to room tempera-
ture, the reaction was quenched by careful addition of methanol (15 mL),
and the catalyst was washed with hexane and THF several times and
dried at room temperature under reduced pressure for 12 h to give 2a
(1.11 g). Loading of palladium metal=0.25 mmolg~', P/Pd=4.3:1.0. The
loading of di-o-tolylphosphanyl groups in the polymer support was deter-
mined by the ratio of monomers introduced into the copolymer. *'P SR-
MAS NMR (CDCl;, 162 MHz): 6 =0.00 ppm.

2f (Table 1): Copolymer 1f (1.00 g) was dissolved in THF (25mL) at
room temperature, and [Pd(PPh;),] (0.50 g) was added to this solution as
a core ([Pd(PPh;),] was dissolved). The mixture was stirred for 24 h at
this temperature under air. Hexane (30 mL) was then slowly added to
the mixture at room temperature. Coacervates were found to envelop the
core dispersed in the medium. The mixture was left to stand at room
temperature for 12 h, and the catalyst capsules were then washed with
hexane several times and dried at room temperature for 24 h. Next, the
catalyst capsules were stirred at 120°C for 2 h under air to cross-link the
microencapsulated palladium. After cooling, the cross-linked solid was
washed with THF several times and dried under reduced pressure for
12 h. The resulting black solid (1.09 mg), trichlorosilane (754 mg,
5.57 mmol), and triethylamine (620 mg, 6.13 mmol) were stirred in tolu-
ene (22mL) for 12 h at 100°C to reduce the phosphine oxide moieties.
The mixture was cooled to room temperature, the reaction was quenched
by careful addition of methanol (20 mL), and the catalyst was washed
with hexane and THF several times and dried at room temperature for
12h to give 2f (0.98 g). Loading of palladium metal=0.36 mmolg ',
P/Pd=2.10:1.00. The loading of diphenylphosphanyl groups in the poly-
mer support was determined by the ratio of monomers introduced into
the copolymer. *'P SR-MAS NMR (CDCl,, 162 MHz): 6 = —5.0 ppm.

Determination of Palladium Loading

PI Pd catalyst 2a (22.5 mg) was placed in a 50-mL test tube, and sulfuric
acid (95%, 1.0 mL) was added. The mixture was heated at 180°C for
30 min. After the mixture was cooled to room temperature, fuming nitric
acid (0.5 mL) was added, and the mixture was heated further at 180°C to
decompose the polymer. The mixture was again cooled to room tempera-
ture, water (5SmL) was added, and the mixture was heated at 180°C
again for complete dissolution. The solution was adjusted to 10 mL with
water, and the amount of palladium metal was measured by XRF analysis
to determine the loading of palladium.

Typical Experimental Procedure for Suzuki—-Miyaura Coupling

2-Methylbiphenyl®! (Table 3, entry1): 2-Bromotoluene (68.4 mg,
0.400 mmol), phenylboronic acid (73.2mg, 0.600 mmol), 2b
(0.0120 mmol, 3 mol % ), and K;PO, (0.600 mmol) were combined in tolu-
ene/H,O (4:1, 4 mL) under argon. The mixture was stirred f or 4 h under
reflux conditions. After the mixture was cooled to room temperature,
hexane was added to quench the reaction, and the catalyst was collected
by filtration, washed with ethyl acetate and water, and then dried and
reused. The filtrate was extracted with ethyl acetate and washed with
brine. The organic layers were dried over anhydrous Na,CO;, filtered,
and evaporated to give a crude product. The volume of the residue was
adjusted to 5 mL with THF to give a sample for XRF analysis for the
measurement of palladium leaching. The sample solution after measure-
ment of leaching was evaporated, and the residual crude product was pu-
rified by PTLC on silica gel (hexane) to afford 2-methylbiphenyl
(64.8 mg, 96%). 'HNMR (CDCl;, 400 MHz): 6=2.26 (s, 3H), 7.21-
742 ppm (m, 9H); "CNMR (CDCl;, 75 MHz): §=204, 125.7, 126.7,
127.2,128.0, 129.2, 129.8, 130.3, 135.3, 141.9 ppm.

4-Acetylbiphenyl®™ (Table 3, entry 2): '"HNMR (CDCl;, 400 MHz) 6=
2.60 (s, 3H), 7.35-7.46 (m, 3H), 7.58-7.66 (m, 4H), 8.00 ppm (d, J=
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8.6 Hz, 2H); "CNMR (CDCl,, 75 MHz): 6=26.5, 127.1, 127.1, 128.1,
128.8, 128.8, 135.7, 139.7, 145.6, 197.6 ppm.

4-tert-Butylbiphenyl®” (Table 3, entry 3): '"HNMR (CDCl;, 600 MHz):
6—=135 (s, 9H), 731 (t, J=8.4 Hz, 1H), 7.41 (t, J—8.4 Hz, 2H), 7.45 (d,
J=9.0Hz, 2H), 7.53 (d, J=9.0 Hz, 2H), 7.58 ppm (dd, J—=8.4, 1.2 Hz,
2H); "CNMR (CDCl,;, 150 MHz): 6=31.4, 34.5, 125.7, 126.8, 127.0,
127.0, 128.7, 138.3, 141.0, 150.2 ppm.

4-Methoxybiphenyl®! (Table 3, entry 4): 'HNMR (CDCl;, 400 MHz):
6=385 (s, 3H), 698 (d, J=8.4 Hz, 2H), 7.30 (t, J=6.8 Hz, 1H), 7.41 (t,
J=80Hz, 2H), 754ppm (, J—80Hz, 4H); "CNMR (CDCL,
75MHz): 6=55.3, 114.2, 126.6, 126.7, 128.1, 128.7, 133.7, 140.8,
159.1 ppm.

2-o0-Tolylnaphthalene®! (Table 3, entry 5): 'HNMR (CDCl; 400 MHz):
0=2.30 (s, 3H), 7.25-7.30 (m, 4H), 7.44-7.49 (m, 3H), 7.76 (s, 1 H), 7.79-
7.86 ppm (m, 3H).

2-Methyl-1-phenylnaphthalene®®! (Table 3, entry 6): 'H NMR (CDCl,): &
=221 (s, 3H), 7.22-7.43 (m, 9H), 7.72-7.81 ppm (m, 2H); “C NMR
(CDCl,, 75 MHz): 6=20.8, 124.7, 125.8, 126.1, 126.9, 1272, 127.7, 1283,
128.6, 130.1, 131.9, 132.9, 133.0, 138.1, 139.8 ppm.
4-Cyano-2'-methylbiphenyl® (Table 3, entry7): 'HNMR (CDCls,
400 MHz): 6=2.25 (s, 3H), 7.19 (d, J=7.1 Hz, 1H), 7.25-7.33 (m, 3H),
7.44 (d, J=8.0 Hz, 2H), 7.71 ppm (d, J=7.8 Hz, 2H); *C NMR (CDCl,,
75 MHz): 6 =20.3, 110.7, 118.9, 126.1, 128.3, 129.4, 130.0, 130.6, 131.9,
135.0, 140.0, 146.8 ppm.

4-Hydroxy-2'-methylbiphenyl®” (Table 3, entry8): 'HNMR (CDCls,
300 MHz): 6=2.27 (s, 3H), 6.87 (t, J=7.5 Hz, 2H), 7.18-7.25 ppm (m,
6H); "CNMR (CDCl;, 75 MHz): 6=20.5, 114.9, 125.7, 127.0, 129.8,
130.3, 130.4, 134.5, 135.4, 141.4, 154.3 ppm.

Typical Experimental Procedure for Amination

N-Phenylmorpholine*!!  (Table 6, entry1): Iodobenzene (61.2 mg,
0.300 mmol), morpholine (523 mg, 0.600 mmol), 2a (24.0 mg,
0.006 mmol, 2 mol%), and NaOrBu (66.3 mg, 0.690 mmol) were com-
bined in toluene (1.0 mL) under argon. The mixture was stirred for 2.5 h
under reflux conditions. After the mixture was cooled to room tempera-
ture, hexane (3 mL) was added to quench the reaction, and the catalyst
was collected by filtration, washed with hexane, and dried. The filtrate
was evaporated to give a crude product. The volume of the residue was
adjusted to 5mL with THF to give a sample for XRF analysis for the
measurement of palladium leaching. The sample solution after measure-
ment of leaching was evaporated, and the residual crude product was pu-
rified by PTLC on silica gel (hexane/ethyl acetate=6:1) to afford N-
phenylmorpholine (44.1 mg, 90%). '"H NMR (600 MHz, CDCl,): § =3.16
(t, J=4.8 Hz, 4H), 3.85 (t, J=4.8 Hz, 4H), 6.88 (t, /=7.4 Hz, 1H), 6.92
(d, J=82Hz, 2H), 728 ppm (dd, J=7.4, 82Hz, 2H); “CNMR
(150 MHz, CDCl;): 6= 49.2, 66.9, 115.7, 120.0, 129.1, 151.2 ppm.
4-(4-tert-Butylphenyl)morpholinel”  (Table 6,  entry2): 'HNMR
(600 MHz, CDCl): 6=1.30 (s, 9H), 3.15 (t, J=4.4 Hz, 4H), 3.86 (t, /=
44Hz, 4H), 6.87 (d, /J=89Hz, 2H), 729 ppm (d, /=89 Hz, 2H);
BCNMR (150 MHz, CDCL): 6= 314, 33.8, 49.5, 66.7, 115.3, 125.9,
142.6, 149.0 ppm.

N-(4-Methoxyphenyl)morpholine”!! ~ (Table 6, entry3): 'HNMR
(600 MHz, CDCl;): 6= 3.05 (t, J=4.6 Hz, 4H), 3.78 (s, 3H), 3.86 (t, J=
4.6 Hz, 4H), 6.85-6.90 ppm (m, 4H); "CNMR (150 MHz, CDCl,): 6 =
50.8, 55.5, 67.0, 114.6, 117.8, 145.5, 153.9 ppm.
N-(2-Methylphenyl)morpholine!*! (Table 6, entry 4): '"H NMR (600 MHz,
CDCly): 6=2.32 (s, 3H), 2.91 (t, J=4.5 Hz, 4H), 3.85 (t, J=4.5 Hz, 4H),
7.00 (d, J=7.4 Hz, 1H), 7.03 (d, J=7.4 Hz, 1H), 7.18 (d, J=7.4 Hz, 1H),
7.19ppm (d, J=74Hz, 1H); *CNMR (150 MHz, CDCL): 6= 17.7,
52.3,67.5,119.0, 123.5, 126.6, 131.2, 132.6, 151.4 ppm.
N-(4-Methylphenyl)morpholine!!! (Table 6, entry 5): 'H NMR (600 MHz,
CDCl,): 0= 2.27 (s, 3H), 3.10 (t, J=4.4 Hz, 4H), 3.85 (t, J=4.4 Hz, 4H),
683 (d, J=84Hz, 2H), 7.08ppm (d, J=84Hz, 2H); "CNMR
(150 MHz, CDCl,): 6= 20.4, 49.8, 67.0, 116.1, 129.6, 129.6, 149.2 ppm.
N-(3-Methyphenyl)morpholine!®! (Table 6, entry 6): "H NMR (600 MHz,
CDCly): 6=2.32 (s, 3H), 3.12-3.15 (m, 4H), 3.83-3.86 (m, 4H), 6.69-6.72
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(m, 3H), 7.14-7.20 ppm (m, 1H); *C NMR (150 MHz, CDCl,): 6 =22.0,
49.7, 67.1, 113.2, 116.8, 121.1, 129.3, 139.1, 151.5 ppm.
N-(3-Methoxyphenyl)morpholine®  (Table 6, entry7): 'HNMR
(600 MHz, CDCly): 0= 3.17 (t, J—4.6 Hz, 4H), 3.81 (s, 3H), 3.86 (1, J—
4.6 Hz, 4H), 6.59-6.45 (m, 3H), 7.21 ppm (t, J=8 LHz, 1H); “C NMR
(150 MHz, CDCl;): 6=49.2, 55.2, 66.9, 102.2, 104.7, 108.4, 129.8, 152.7,
160.0 ppm.

4-(2-Naphthyl)morpholine!®! (Table 6, entry8): 'HNMR (600 MHz,
CDCL): 6= 3.25 (1, J—4.1 Hz, 4H), 391 (t, J=4.1 Hz, 4H), 7.11 (d, /=
2.0Hz, 1H), 7.25 (dd, J=8.9, 28 Hz, 1 H), 7.30 (dt, J=8.2, 1.4 Hz, 1H),
741 (dt, /=68, 14Hz, 1H), 6.69-7.75ppm (m, 3H): “CNMR
(150 MHz, CDCl;): 6=49.9, 67.0, 110.2, 119.0, 123.6, 126.4, 126.9, 127.4,
128.8, 128.9, 134.6, 149.2 ppm.

N-Benzyl-N-methylaniline!*! (Table 6, entry9): 'HNMR (600 MHz,
CDCL): 6=2.95 (s, 3H), 447 (s, 2H), 6.66-6.72 (m, 3H), 7.20-7.31 ppm
(m, 7H); "CNMR (150 MHz, CDCl;): 6 =384, 56.6, 112.2, 116.4, 126.7,
126.7, 128.5, 129.0, 138.9, 149.6 ppm.
N-Benzyl-N-methyl-p-methylaniline!””  (Table 6, entry 10): 'H NMR
(600 MHz, CDCly): 6= 2.24 (s, 3H), 2.96 (s, 3H), 4.49 (s, 2H), 6.63 (d,
J=86Hz, 2H), 7.00 (d, J=87Hz, 2H) 728731 ppm (m, SH):
BCNMR (150 MHz, CDCly): 6=20.2, 38.6, 57.0, 112.7, 125.5, 126.8,
128.3, 129.7, 139.2, 147.8 ppm.

N-Methyl-N-phenylaniline!*!! (Table 6, entry 11): 'HNMR (600 MHz,
CDCly): =330 (s, 3H), 6.95 (dt, J=7.2, 1.2 Hz, 2H), 7.02 (dd, /=88,
12 Hz, 4H), 7.26 ppm (dd, /=88, 7.2 Hz, 4H); "CNMR (150 MHz,
CDCly): 9=402, 120.2, 1212, 129.1, 148.9 ppm.

N-Phenylpiperidine* (Table 6, entry 12): "H NMR (600 MHz, CDCl,):
6=1.55-1.59 (m, 2H), 1.69-1.73 (m, 4H), 3.15 (t, /= 5.5 Hz, 4H), 6.82 (1,
J=69Hz, 1H), 6.94-698 (d, /=83 Hz, 2H), 7.23-7.26 ppm (t, J—
7.6 Hz, 2H); "CNMR (150 MHz, CDCl,): 6=26.3, 29.3, 51.2, 117.1,
119.6, 129.5, 152.8 ppm.

N-Phenylpyrrolidine!*! (Table 6, entry 13): '"H NMR (600 MHz, CDCl,):
6=1.91-2.00 (m, 4H), 3.19-3.30 (m, 4H), 6.49-6.54 (m, 2H), 6.63-6.67
(m, 1H), 7.20-7.25 ppm (m, 2H); *C NMR (150 MHz, CDCL): 6=26.1,
48.1, 112.2, 115.9, 129.6, 148.5 ppm.

N,N-Dibutylaniline!! (Table 6, entry 14): 'H NMR (600 MHz, CDCL,):
6=0.95 (t, J=7.2 Hz, 6H), 1.35 (m, 4H), 1.50-1.61 (m, 4H), 3.24 (¢, /=
7.6 Hz, 4H), 6.59-6.67 (m, 3H), 7.19 ppm (dd, /=88, 7.6 Hz, 2H);
BC NMR (150 MHz, CDCl): 6 =14.0, 20.4, 29.4, 50.6, 111.6, 115.0, 129.1,
148.1 ppm.

N,N-(Di-n-butyl)-p-toluidine!! (Table 6, entry 15): 'HNMR (600 MHz,
CDCly): 6=0.95 (t, J=7.4 Hz, 6H), 1.34 (sept, J=7.2 Hz, 4H), 1.53-1.61
(m, 4H), 2.23 (s, 3H), 323 (t, J=7.6 Hz, 4H), 6.57 (d, J=8.5 Hz, 2H),
7.01 ppm (d, J=8.7 Hz, 2H); *C NMR (150 MHz, CDCly): 0 =14.0, 20.2,
20.5,29.6, 51.1, 112.5, 124.5, 129.7, 146.4 ppm.

N,N-Dicyclohexylaniline!*®) (Table 6, entry 16): 'HNMR (600 MHz,
CDCl;): 0=1.29-1.41 (m, 4H), 1.50-1.65 (m, 8H), 1.66-1.68 (m, 8H),
3.27-3.34 (m, 2H), 6.95-7.09 (m, 3H), 7.16-7.23 ppm (m, 2H); °C NMR
(150MHz, CDCL): 6= 262, 266, 323, 576, 119.6, 121.5, 1285,
149.0 ppm.

Typical Experimental Procedure for Recovery and Reuse of Catalyst in
Amination (Table 7, Method A)

Iodobenzene (163.2 mg, 0.8 mmol), morpholine (139.4 mg, 1.6 mmol), 2a
(137.9 mg, 0.04 mmol, 5 mol %), and NaOrBu (177.0 mg, 1.84 mmol) were
combined in toluene (2.7 mL) under argon. The mixture was stirred for
5h under reflux conditions. After the mixture was cooled to room tem-
perature, hexane (10 mL) was added to quench the reaction, and the cat-
alyst was collected by filtration in air, washed with hexane, and dried.
The solution was evaporated to give a crude product. The volume of the
residue was adjusted to 5 mL with THF to give a sample for XRF analy-
sis for the measurement of palladium leaching. The sample solution after
measurement of leaching was diluted with THF, and the yield was deter-
mined by GC analysis with naphthalene as internal standard. The recov-
ered catalyst was washed with methanol and dried at room temperature
under reduced pressure for 6 h. This recovered 2a (130.1 mg), trichlorosi-
lane (108.4 mg, 0.8 mmol), and triethylamine (121.4 mg, 1.2 mmol) were
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stirred in toluene (5.0 mL) for 24 h at 100°C under argon to reduce the
phosphine oxide moieties. The mixture was cooled to room temperature,
the reaction was quenched by careful addition of methanol (5 mL), and
the catalyst was washed with hexane and THF several times and dried at
room temperature under reduced pressure for 12 h. This catalyst was
reused several times according to the above method.

Typical Experimental Procedure for Sonogashira Coupling

Diphenylacetylene®”  (Table 8, entry5): Iodobenzene (61.2 mg,
0.3 mmol), phenylacetylene (46.0 mg, 0.45mmol), 2c¢ (28.1 mg,
0.009 mmol, 3 mol %), and cesium carbonate (147 mg, 0.45 mmol) were
combined in THF (2.0 mL) under argon. The mixture was stirred for 11 h
at 80°C. After the mixture was cooled to room temperature, hexane
(6 mL) was added to quench the reaction, and the catalyst was collected
by filtration in air, washed with hexane and THF, and dried. The solution
was evaporated to give a crude product. The volume of the residue was
adjusted to S mL with THF to give a sample for XRF analysis for the
measurement of palladium leaching. The sample solution after measure-
ment of leaching was diluted with THF, and the yield was determined by
GC analysis with naphthalene as internal standard. '"H NMR (600 MHz,
CDClL): 6=728-7.36 (m, 6H), 7.55-7.59 ppm (m, 4H); "“CNMR
(150 MHz, CDCl;): 6=89.7, 123.7, 128.6, 128.7, 132.0 ppm.
4-Acetyldiphenylacetylenel®!! (Scheme 3): The crude product was purified
by PTLC (hexane/EtOAc=10:1) to give 4-acetyldiphenylacetylene
(87%). '"H NMR (600 MHz, CDCLy): 6 =2.54 (s, 3H), 7.29-7.30 (m, 3H),
7.47-7.50 (m, 2H), 7.54 (d, J=8.6 Hz, 2H), 7.87 ppm (d, J=8.7 Hz, 2H);
BCNMR (150 MHz, CDCly): 6=26.5, 88.5, 92.6, 122.6, 128.0, 128.1,
128.3, 128.7, 131.6, 131.6, 197.1 ppm.
1-[4-(3-Hydroxy-3,3-diphenylprop-1-ynyl)phenyl]ethanone ~ (Scheme 3):
The crude product was purified by PTLC (hexane/EtOAc=4:1) to give
1-[4-(3-hydroxy-3,3-diphenylprop-1-ynyl)phenyl]ethanone (97 %).
'"HNMR (600 MHz, CDCly): 6=2.56 (s, 3H), 7.28 (tt, J=7.6, 1.4 Hz,
2H), 7.35 (t, J=6.9 Hz, 4H), 7.55 (d, /=8.9 Hz, 2H), 7.66 (d, J=7.6 Hz,
4H), 7.88 ppm (d, J=8.9 Hz, 2H).

1-(1-Naphthyl)-2-phenylacetylene!™ (Scheme 3): The crude product was
purified by PTLC (hexane) to give 1-(1-naphthyl)-2-phenylacetylene
(98%). 'HNMR (600 MHz, CDCl;): 6=7.34-7.40 (m, 3H), 7.44 (t, J=
7.6 Hz, 1H); 7.52 (t, J=6.9 Hz, 1H), 7.58 (t, J=6.9 Hz, 1H), 7.64 (dd,
J=82, 1.3 Hz, 2H), 7.76 (d, /=69 Hz, 1H), 7.84 (dd, J=15.1, 8.2 Hz,
2H), 8.44 ppm (d, /=82 Hz, 1H); ®C NMR (150 MHz, CDCl,): 6 =87.5,
94.4, 1209, 123.4, 125.1, 126.2, 126.4, 126.7, 128.3, 128.3, 128.4, 128.8,
130.3, 131.6, 133.2, 133.2 ppm.
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Abstract: We report the preparation
and characterization of dinuclear Pt-
Ln complexes constructed from a
square-planar Pt" core bearing an eth-
ynyl-terpyridine residue connected to
platinum by the ethynyl bond. Com-
plexation of the neutral Eu(hfac),
(hfac =hexafluoroacetylacetonate)

fragment to free terpyridine (terpy)
gives a stable bimetallic complex
(log=6.7). In the crystal structure,
the flat Pt=terpy core coordinates to
Eu', which is nonacoordinated with

subunit and six oxygen atoms of the
three hfac ligands. These atoms form a
distorted monocapped square antiprism
with a pseudo-C, symmetry axis pass-
ing through the nitrogen atom of the
central pyridine ring and the Eu atom.
Spectroscopic measurements showed
that irradiation with visible light of
wavelength up to 460nm in the

Keywords: electrochemistry
energy transfer europium

'MLCT state of the Pt subunit resulted
in a quantitative energy transfer to the
Eu center, which strongly luminesces in
the red with an overall luminescence
quantum yield of 38%. The energy-
transfer process is quantitative and not
sensitive to oxygen, and the complexa-
tion of Eu to the Pt metallosynthon
allows the recovery of the energy lost
due to triplet-oxygen quenching of the
*MLCT state observed in the uncom-
plexed Pt precursor.

the three nitrogen atoms of the terpy

Introduction

Chromophoric ligands that photosensitize lanthanide-ion lu-
minescence are of intense current interest.! Their com-
plexes are used in significant technological applications such
as fluoroimmunoassays®? and cellular imaging,”! chemosen-
sors, ¥ optical communication,”! and optoelectronic devi-
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luminescence - platinum

ces.’l As population of f—f excited states by direct absorp-
tion is very inefficient, a light-harvesting ligand is essential
for light emission from the metal-ion states. Such ligands
commonly absorb in the UV region, although systems are
known for which visible-light sensitization is effective. In
particular, polyaza ligands such as 3,6-bis(2-pyridyl)tetra-
zine,! dipyrazolyltriazine,® and thioxanthone!” appear to
be very challenging for this purpose. A recent development
in the search for better visible-region sensitizers was con-
cerned with the use of phosphorescent transition-metal com-
plexes to sensitize emission (e.g., from Yb, Nd, Er) in the
near-IR  region.™"™  Amongst these luminescent
Pt"(bipyridine)(diacetylide)!™ complexes, 2,3-bis(2-pyridyl)-
pyrazine d—f dinuclear complexes!"*! or multimetallic edifices
with a diphosphine-tethered Pt—Pt core'¥l were found to be
quite effective. A particularly attractive synthetic strategy
was established for the design of heterotetranuclear Pt,Ln,
and heterohexanuclear Pt,L.n, arrays, in which phenanthro-
line—acetylide ligands are bound to a central and soft Pt-
based core and hard lanthanide luminophores."* The central
chromophore tethered by bridging diphosphine ligands pro-
vide the antennae for visible-light absorption, whereas an ef-
ficient intramolecular energy-transfer (IET) process occurs,
thus facilitating the sensitization of the lanthanide emission.

= WWILEY 3
Infe r_Saence* 975




www.interscience.wiley.com



FULL PAPERS

In contrast, very few examples deal with the metallosyn-
thon photosensitization of lanthanide cations that emit in
the visible part of the electromagnetic spectrum. Such cat-
ions, particularly Eu and Tb, display the longest excited-
state lifetimes in the 4f series by reaching the millisecond
timescale,” which is of unique interest in time-resolved ap-
plications."! At such wavelengths, excitation can be easily
achieved by cheap sources such as blue light-emitting diodes
(LEDs). It also avoids the need for special UV optical com-
ponents and diminishes the problems inherent to photode-
composition of the samples. However, the small energy gap
associated with excitation and emission in the visible
domain is hardly compatible with efficient photosensitiza-
tion, and only a few examples concerning Eu complexes
have been reported. Thus, visible photosensitization was ob-
served in the case of the tethered Pt-Pt core!'"!! and in an
ionic Ir/Eu complex.[”] However, in both cases, the lumines-
cence quantum yields were low at less than 2 and 7%, re-
spectively. The lack of data for Eu sensitization in the visible
region is probably due to the high energy of the triplet state
required for the sensitization process of Eu,™® which few
transition-metal complexes can indeed provide. Additional-
ly, long-lived excited states would favor the IET process, a
property well-established with tridentate terpyridine Pt"
complexes.!

We turned our attention toward the use of acetylide Pt"
complexes that display pronounced metal-to-ligand charge-
transfer (MLCT) states and intriguing photophysical proper-

Abstract in French: Un protocole de synthése a été établi
pour préparer des complexes mixtes de platine(II) et de
lanthanides(III) connectés par l'intermédiaire d’un ligand
constitué d’un pont acétylene. Le choix d’un site terpyridine
a été priviligié pour complexer un fragment Eu(hfac); et
former un complexe stable ayant une constante d’associa-
tion de log3=6.7. La structure moléculaire déterminée par
diffraction aux rayons X confirme la chélation du fragment
Pt=terpy sur le centre europium en raison de la présence de
ligands électro-attracteurs de type hexafluoroacétylacétona-
te (hfac). Le nombre de coordination du cation europium
est de neuf fourni par les trois atomes d’azote de la terpyri-
dine et les six atomes d’oxygene des ligands hfac. La sphere
de coordination de P'Eu™ est décrite comme un antiprisme
déformé mono-capé avec un pseudo axe d’ordre deux pas-
sant par la pyridine centrale et ’atome d’europium. Les
études spectroscopiques démontrent que l’irradiation dans
le visible jusqu’a 460 nm, correspondant a I’absorption
'MLCT de la sous-unité platine, est a I’origine d’un transfert
quantitatif d’énergie vers les niveaux émissifs de I’europium,
donnant une émission exclusive du centre europium. Le ren-
dement quantique de luminescence est de 38 % et ’efficaci-
té du processus n’est pas sensible a I’oxygene contrairement
a la phosphorescence du complexe précurseur de platine.
Les perspectives de ce travail sont présentées dans la con-
clusion.
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ties. These include strong visible absorption and intense
phosphorescence, which have been exploited for the under-
standing of ultrafast kinetic events®! and the engineering of
electroluminescent thin films and organic light-emitting de-
vices (OLEDs).”'? Furthermore, the kinetic robustness of
Pt" complexes in general has enabled their use for interac-
tions with biomolecules”®! and has permitted the Pt core to
be retained during reactions that involve the introduction or
modification of peripheral substituents.*?!

Recognition of all these properties prompted us to con-
struct a metalloligand (PtL) carrying a vacant terpyridine
residue suitable for lanthanide coordination. The coordina-

PtL

PtLEu

tion sphere of the europium atom was fulfilled by the coor-
dination of three bidentate hexafluoroacetylacetonate (hfac)
anions, which was preferable to the thenoyltrifluoroacetate
(TTA) anions to minimize the overlapping of the excitation
due to the PtL fragment and that of the (-diketonate in the
visible domain.” This special molecular design is motivated
by the possibility of obtaining very efficient IET owing to
the correct balance between the energy level of the triplet
state of platinum and the luminescence level of Eu. The
high stability of the emergent complexes and the non-sensi-
tivity towards oxygen are additional motivations to prepare
and study these novel d—f dinuclear complexes. Until now,
very few studies have addressed the problem of quenching
with molecular oxygen.[!%>12

Results and Discussion

The PtL complex was prepared in 88 % yield by reaction of
[(rButerpy)PtCl](BF,) (Buterpy=4,4'4"-tert-butyl-2,2":6'2"'-
terpyridine)® with 4’-ethynyl-2,2":6',2"-terpyridine®® in
N,N-dimethylformamide (DMF) mediated by Cul (3 mol %)
under anaerobic conditions.

The interaction of the resulting PtL complex with Eu
was first studied by spectrophotometric titration in CH,Cl,/

1II
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CH;OH with [Eu(hfac);(H,0),] (Figure 1). Upon addition
of the Eu" complex, the 'MLCT absorption band of the Pt!
complex at 409 nm was gradually displaced toward higher
energy until one equivalent was added. An intense absorp-

-

Alau, ——
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Figure 1. UV/Vis spectrophotometric titration of a 2.7 x10°m solution of
PtL by addition of 0, 0.17, 0.33, 0.50, 0.67, 0.89, 1.11, and 1.67 equivalents
of [Eu(hfac);(H,0),] in CH,CL,/MeOH (99:1). Inset: Enlargement of the
350-500 nm region showing the isosbestic point at 411 nm.

tion band appearing concomitantly at around 320 nm was
assigned to the n—m* transitions of the hfac moieties. The
presence of an isosbestic point at 411 nm suggests that a
single equilibrium is involved. Evolution of the absorbances
at different wavelengths together with evolving-factor analy-
sis with the Specfit software®! also point to the formation of
a single species. The titration can be readily fitted on the
basis of the following equilibrium [Eq. (1)]:

PtL + [Eu(hfac);(H,0),] = [PtLEu(hfac);] (1)

Analysis of the absorbance changes provided a condition-
al stability constant for a 1:1 species of logf=6.7+0.6, in
which f is given by Equation (2):

p = [PtLEu(hfac);]/([PtL] x [Eu(hfac);(H,0),]) (2)

The high stability of the complex prompted us to isolate
the PtLEu complex by mixing PtL with [Eu(hfac);(H,0),]
in dichloromethane at room temperature followed by crys-
tallization in chloroform/cyclohexane (79% yield). The
'HNMR spectrum of the PtLEu complex in CD;OD
showed five broad patterns for protons of the terpy unit co-
ordinated to the Eu center spread over 12 ppm due to the
paramagnetic contribution of the Eu atom. Each of these
signals is from the equivalent of two protons with respect to
that of the rBu group. The Buterpy/Pt core displays four ad-
ditional patterns (each corresponding to 2H), which are
loosely affected by the Eu atom. The degeneracy of the
proton signals agrees with a C, axis that passes through the
Pt and Eu atoms, as later confirmed by the X-ray molecular
structure.

Slow diffusion of cyclohexane into a dilute solution of
PtLEu in CDCl; containing trace amounts of CH;OH af-
forded brown-orange single crystals suitable for X-ray dif-
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fraction analysis. The molecular structure confirmed Eu-
(hfac); complexation to the free terpy unit of the PtL metal-
losynthon to form the PtLEu complex (Figure 2), the overall
charge of which is balanced by the presence of a BF,”
anion.

Figure 2. ORTEP view of PtLEu (ellipsoids at 50 % probability), with hy-
drogen atoms omitted for clarity. Selected angles (°): N1-Pt—N2=280.7,
N2—-Pt—N3=80.5, N1-Pt—C28=99.4, N3—Pt—C28=99.5. The Eu—N5
bond length is 2.54 A, and the average lateral pyridine N—Eu bond
length is 2.52 A; Eu—O bond lengths are 2.31-2.47 A.

The coordination geometry of the Pt" cation is distorted
towards a lozenge as a result of the steric constraints of the
{Buterpy ligand. Within the PtL moiety, the two terpy subu-
nits display a pseudo-C, axis that passes through N2—Pt—
C28 and the nitrogen atom of the central pyridyl ring (NS5)
coordinated to Eu. The Eu atom is slightly displaced from
this axis with an Eu—N5—Pt angle of 164°. The Eu"™ center
is nonacoordinated with the three nitrogen atoms of the eth-
ynyl terpyridine unit and six oxygen atoms of the three hfac
ligands to form a distorted monocapped square antiprism
with a pseudo-C, axis passing through N5 and the Eu atom
(Figure 3). The asymmetric unit consists of three independ-
ent units of PtLEu (inclusive of anions and solvent), the
main difference in the units being the relative orientation of
the two terpy platforms. The twist angle passes from 10.4°
(molecule 1) to 25.9° (molecule 2), through to 35.8° for mol-
ecule 3, which displays the greatest disorder of the hfac
groups.

The crystal packing of these elongated molecules does not
appear to involve significant terpy m—m stacking interactions,
which may be owing to the bulk around the Eu atom, but
there are numerous sub-van der Waals contacts to the aro-
matic rings that involve the trifluoromethyl and BF,” groups
as well as the CDClI; solvent molecules.
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Figure 3. Left: Coordination polyhedron around Eu in the PtLEu
complex. Right: View of the polyhedron along the pseudo-C, axis.

To demonstrate photosensitization of the Eu™ ion by the

Pt core, a titration experiment was performed in which the
phosphorescence spectrum of a solution of PtL was moni-
tored upon addition of increasing amounts of [Eu(hfac);-
(H,0),] (Figure 4). At 411 nm, the observed isosbestic point

1600 - } [\\ /(r
1200 {5 | \
S L f
Lan \
5 560 610 660 710
S 800 1 Alnm — i
5
400 - \
/%&LL
== \
0 —— : - - A.
460 510 560 610 660 710
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Figure 4. Luminescence spectra (1.,=411nm) of a solution of PtL (2.7
10~°m) upon addition of 0, 0.17, 0.33, 0.50, 0.67, 0.89, 1.11, and 1.67 equiv-
alents of [Eu(hfac);(H,0),]. Inset: High-resolution (2.5 A) phosphores-
cence spectrum of PtLEu in CH,Cl,.

(Figure 1), absorption is exclusively due to the singlet
MLCT transitions of PtL and PtLEu, so any possible sensiti-
zation that involves hfac can be excluded. Upon addition of
the Eu precursor, the broad MLCT emission of PtL cen-
tered at around 537 nm gradually disappeared, to be re-
placed by the typical *Dy—’F, electronic transitions of Eu™
at 580 (1.4), 595 (8.7), 617 (85.6), 653 (0.7), and 698 nm
(3.6 % relative intensity) for J=0-4, respectively, thus clear-
ly pointing to an efficient Eu photosensitization through the
'MLCT absorption of the Pt moiety. The particularly intense
’D,—’F, transition is typical of B-diketonate-ligand com-
plexes (Figure 4, inset).*)

Interestingly, the excitation spectrum recorded upon euro-
pium emission at 615 nm (Figure 5) does not match perfectly
with the absorption spectrum in the visible region, which
corresponds to the 'MLCT transition. The excitation was
found to be more efficient in the low-energy end of the tran-
sition. This behavior was further confirmed by time-resolved
excitation spectra of the solution in which the excitation was
monitored over a period of 2 ps after a varying delay follow-
ing pulsed excitation. From such spectra (Figure 5, inset),
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Figure 5. Absorption (bold line) and excitation (4., =615 nm, integration
window 10 ms) spectra of PtLEu in CH,Cl,. Inset: Time-resolved excita-
tion spectra (integration window 2 ps, normalized at 420 nm) recorded
after 0, 6, and 20 ps.

one can observe that the excitation band between 370 and
470 nm can be divided into three main regions. At low
energy (440 nm), the excitation of europium is instantaneous
within the time resolution of the apparatus. The excitation
at about 420 nm is also rapidly obtained and displayed a
maximum. At higher energy (390 nm), the excitation phe-
nomenon took more time and only reached its maximum
after 15-20 ps. Unfortunately, the time resolution of the ex-
perimental setup did not allow for a better quantitative
treatment of the data, from which energy-transfer rates
would have been obtained. Nevertheless, these results show
that the 'MLCT absorption band is composed of at least
three different components originating from a vibrational
substructure or from an admixture of MLCT and LLCT
states, as previously found for other Pt-o-alkyne com-
plexes.B”!

The luminescence decay at 616 nm (1.,=450 nm) was
purely monoexponential with a lifetime of (868+13) us,
whereas the measured lifetime for the [Eu(hfac);(H,0),]
precursor was (401+20) pus (4,=300nm). The twofold in-
crease in the luminescence lifetime points to a displacement
of the solvent molecules from the first coordination sphere
of the europium by the terpy residue, with a concomitant
decrease of the nonradiative deactivation pathways associat-
ed with the CH and OH oscillators of the solvent.P!

Surprisingly, the overall luminescence quantum yield
upon 'MLCT excitation increased from 20% for the PtL
metallosynthon to 38 % when Eu is coordinated under air-
equilibrated conditions. Two hypotheses were envisaged to
account for the observed luminescence increase: 1) an im-
provement in the *MLCT luminescence efficiency due to a
better 'MLCT—°MLCT intersystem crossing arising from
the heavy-atom effect upon lanthanide coordination, or 2) a
very efficient "MLCT —Ln* process that is able to compete
with bimolecular quenching of the *MLCT state by triplet
oxygen. The first possibility was checked by UV/Vis absorp-
tion and phosphorescence titration experiments with [La-
(hfac);(H,0),] in place of Eu. The lack of an accessible ex-
cited state for La"™ precludes energy migration and makes
La™ a good probe to address a possible heavy-atom effect.
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However, spectrophotometric titration revealed complex-
ation behavior very similar to that of Eu with the formation
of a PtLLa species (Figure 6), and luminescence measure-
ments showed a strong quenching of the *MLCT emission

250 300 350 400 450 500
Al/nm ———

Figure 6. UV/Vis absorption titration of a 2.38x107m solution of PtL
contaning 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.1, 2.5, 3.0, and
4.0 equivalents of [La(hfac);(OH,),] in CH,Cl,/MeOH (99:1).

(©2=1.9%) with a modest hypsochromic shift (Figure 7).
Similar effects with various near-IR (NIR) lanthanide emit-
ters were previously observed,'? which were tentatively as-
cribed to the emergence of additional vibrational modes in-
troduced by coordination of the La(hfac); fragment that
might provide nonradiative quenching pathways for the
MLCT excited state.

600 1
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Figure 7. Fluorescence spectra of PtL in CH,Cl/MeOH (99:1) in the

absence (bold line) or presence of 4 equivalents of [La(hfac);(OH,),]
(Aex=411 nm).

Alternatively, the raising of the energy of the Pt-centered
SMLCT state by coordination of the electron-withdrawing
La(hfac); subunit, as observed during the titration
(Figure 6), brings the triplet state close in energy to an ener-
getically higher lying, short-lived, and nonradiative state
such as the d—d state, which provides an efficient deactiva-
tion channel through a thermally activated equilibration
process.

In contrast, thorough deoxygenation of a solution of PtL
led to a dramatic increase in the *MLCT quantum yield to
39%. Importantly, the luminescence quantum yield of the
Eu complex was almost unchanged upon deoxygenation
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(<1%), thus revealing a very small quenching effect of
oxygen. This observation strongly supports the hypothesis
that the increase in the overall luminescence quantum yield
observed upon complexation of Eu to PtL is the result of a
very efficient energy transfer from the Pt-centered MLCT
state to the Eu excited state. As the overall luminescence ef-
ficiency is the product of the Pt—FEu energy-transfer effi-
ciency and the Eu-centered quantum yield, measurement of
the latter would allow the determination of the former. De-
termination of the Eu-centered quantum yield was achieved
by the method developed by Werts et al.?”

On the basis of the relative contributions of the *D,—F,
(/=0-4) transitions and by neglecting the weak emission
arising from transitions to the ’Fs and 'F levels (a contribu-
tion of <3% of the total emission),” the radiative lifetime
of Eu in the complex, 7,, and the metal-centered lumines-
cence quantum yield of Eu, &g, can be calculated by using
Equations (3) and (4):®3

1/t = AMD‘On3(Itot/1MD) 3)
(DEu = Tobs/rr (4)

in which Ay, is the spontaneous emission probability for
the *D,—F, transition in vacuo (14.65s™'), n is the refrac-
tive index of the medium (1.425 for CH,Cl,), I./Iyp is the
ratio of the total area of the corrected Eu emission spectrum
to the area of the magnetic-dipole-allowed *Dy,—’F, transi-
tion, and 7., is the observed luminescence lifetime. This
gives a very short radiative lifetime of 2.06 ms, which leads
to an Eu-centered quantum yield of 42%. By using the
value of the measured luminescence quantum yield of Eu
upon 'MLCT excitation (38 %; Table 1), the sensitization ef-
ficiency was found to be quantitative (>99%) within the
limits of experimental error. This is in perfect agreement
with the observation that complexation of Eu not only leads
to MLCT quenching as a result of the formation of the Eu

Table 1. Photophysical and electrochemical properties of PtL and PtLEu
in CH,Cl,.

Absorption 1,,,, [nm] Emission E". . [V]
(e [M'em™]) E[em™] @ [%]9 (AE [mV]!
PtL 409 (7620) 186901 201 —0.96 (80)
335 (21650) —1.43 (80)
311 (26420) 390l
285 (65640)
PtLEu 401 (9440) 16180 38ld —0.94 (80)
308 (75400) 38l —1.46 (70)
287 (78930) —1.73 (90)

[a] *MLCT emission. [b] *D,—’F, transition on Eu. [c] Relative estimated
error £15%. [d] Air-equilibrated solution with rhodamine 6GF as refer-
ence for PtL and [Ru(bipyridine);]CL">* for PtLEu. [¢] Degassed with ni-
trogen. [f] Potentials determined by cyclic voltammetry in deoxygenated
CH,Cl, containing 0.1M tetrabutylammonium hexafluorophosphate
(TBAPF) at a solute concentration of 1.5 mm and at room temperature.
Potentials were standardized versus ferrocene (Fc) as internal reference
and converted into the SCE (saturated calomel electrode) scale based on
the assumption that E, (Fc/Fct)=40.38 V (AE,=60 mV) versus SCE.
The error in half-wave potentials is =15 mV at a scan rate of 200 mVs™".
All waves were the result of a one-electron process.
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excited state, it is also able to compete with the diffusion-
controlled deactivation of triplet oxygen. An energy dia-
gram with the main energy levels sketched is provided in
Figure 8.

IMLCT (P(L)
\ SMLCT (PtL)
= 5Dy (PtLEW)
F,
J=4

)
2
1
0

Figure 8. Schematic representation of the main energy levels involved in
the energy-transfer processes.

Finally, confirmation of the strong affinity of [Eu(hfac);]
for the metalloligand was given by cyclic voltammetry in
CH,(l, containing a background electrolyte. For PtL, two
reversible reduction processes that peaked at —0.96 and
—1.43 V were observed (Figure 9). The first wave is due to
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A ———
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Figure 9. Cyclic voltammogram of PtL (black) and PtLEu (gray) in di-
chloromethane containing 0.1 TBAPF( at room temperature, scan rate
200 mVs~'. Fc was used as internal reference with a platinum wire as the
pseudoreference electrode. *=Shoulder due to the presence of trace
amounts of water from the precursor complex.

reduction of the /Buterpy ligand, whereas the second is ten-
tatively assigned to metal-centered”or double reduction of
the rButerpy ligand by electron pairing in the same orbital,
as previously hypothesized in more-complex architectures.*"!
Interestingly, both reduction processes remained little affect-
ed by addition of increasing amounts of [Eu(hfac);(H,0),].
At 1:1 stoichiometry, a new wave was found at —1.70 V. This
additional reduction appeared at a similar potential in an
authentic sample of PtLEu and is not centered on the Eu-
(hfac) fragment (reduction potential<—-2.70V in o-
dichlorobenzene) but on the ethynyl terpy unit bonded to
the acidic Eu center. Previous studies by Richter and Bard
revealed that reduction of Eu" in strongly acidic complexes
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also occurs at very anodic potentials.””’ A similar wave at
—1.73 V was found with [La(hfac);(H,O),], which excludes
definitely the reduction of europium in this potential range.
Clearly, the rButerpyPt= fragment was little affected by the
lanthanide center, whereas the ethynyl terpy fragment was
easier to reduce by 400 mV with respect to uncomplexed
terpy (—2.1 V under standard conditions). These observa-
tions allow us to conclude that both metallofragments are
kept independent, an observation in line with the minor var-
iation of the MLCT absorption band observed upon titration
of PtL by Eu or La salts.

Conclusions

The key feature of the present molecular design is the graft-
ing of a square-planar Pt(fert-butylterpy) unit onto an ethyn-
yl terpy ligand suitable for complexation of Ln™. The deep-
orange PtLEu complex exhibits four interesting features:
1) relative ease of synthesis and high stability of the result-
ing heterodinuclear complex; 2) strong luminescence of the
Eu center due to quantitative energy transfer from visible-
light irradiation up to 460 nm; 3) a luminescence quantum
yield of 38 % independent of the presence of oxygen with a
lifetime of 868 ps; 4) redox behavior of the terpy/Pt unit
that is insensitive to binding of the neutral Ln™ species. Al-
though these properties remain restricted to display in or-
ganic solvents, the strong sensitization of Eu in the visible
domain (up to 460 nm) by the use of a phosphorescent Pt-
(terpy) complex paves the way for the design and engineer-
ing of smart labels for luminescence microscopy and bioma-
terial labeling.!"®!

Experimental Section
Materials and Methods

'"H and BC{'H} NMR spectra were recorded at room temperature on
Bruker Advance 300 or AC 200 spectrometers. Chemical shifts () are re-
ported in ppm relative to solvent residual-proton signals.*® IR spectra
were recorded as KBr disks on a Nicolet 210 spectrometer. UV/Vis ab-
sorption spectra were recorded on a Uvikon 933 (Kontron Instruments)
spectrophotometer. Emission spectra were recorded on a Perkin—-Elmer
LS 50B spectrofluorimeter equipped with an R928 (Hamamatsu) photo-
multiplier. Spectra were recorded in the phosphorescence mode with 0-ps
delay and 10-ms integration windows at 20 Hz. Europium luminescence
lifetimes (-£5%) and high-resolution europium emission spectra (2.5 A)
were obtained on a PTI QuantaMaster spectrofluorimeter. Luminescence
quantum yields were measured by using the procedure described by
Haas and Stein.* Fast atom bombardment (FAB, positive mode) mass
spectra were recorded on a ZAB-HF-VB analytical apparatus with meta-
nitrobenzyl alcohol (m-NBA) as matrix. Chromatographic purification
was performed with 0.040-0.063-mm silica gel (Merck). Thin-layer chro-
matography (TLC) was performed on silica-gel plates (Merck) coated
with a fluorescence indicator.

Syntheses

PtL: [(/Buterpy)PtCI](C1)? (0.163 g, 0.244 mmol) was dissolved in a mix-
ture of DMF (3mL) and triethylamine (1 mL), and 4-ethynyl-2,2":6',6"-
terpyridine®® (0.063 g, 0.244 mmol) was then added. The solution was
vigorously degassed by bubbling with argon. The addition of Cul (1.0 mg,
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0.005 mmol) to the yellow solution resulted in an instantaneous color
change to red. After the mixture was stirred at room temperature over-
night, the deep-yellow solution was concentrated to 1 mL, filtered over
celite, and added dropwise to an aqueous solution (10 mL) of NaBF,
(1.200 g). The complex was recovered by filtration over paper and
washed with water (3x100 mL), and the red solid obtained was dried
under high vacuum. Purification was achieved by column chromatogra-
phy with alumina as the solid support and methanol (0-1%) in dichloro-
methane as the mobile phase. Ultimate recrystallization by slow evapora-
tion of dichloromethane from a solution of dichloromethane/hexane af-
forded PtL (0.202 g, 88%). UV/Vis (CH,Cl): 4 (¢)=410 (7600), 336
(21700), 311 (27100), 285 nm (66200 m 'cm™'); FTIR (KBr): #=3338
(m), 2960 (m), 2122 (m, vc—c), 1614 (s), 1582 (s), 1563 (s), 1466 (s), 1392
(m), 1261 (m), 880 (m), 792 cm™' (m); '"H NMR (200.1 MHz, CDCL;): 6 =
9.12 (d, *J=6.0 Hz, 2H), 8.97 (s, 2H), 8.96 (s, 2H), 8.89 (d, *J=8.0 Hz,
4H), 8.69 (dm, *J=4.8 Hz, 1H), 8.61 (d, */=8.0 Hz, 1H), 8.47 (s, 2H),
7.87 (td, *J=8.0 Hz, /=19 Hz, 1H), 7.75-7.55 (m, 2H), 7.35-7.35 (m,
1H), 1.65 (s, 9H), 1.52ppm (s, 18H); “C{'H} NMR (100.6 MHz): &
=169.3, 169.1, 168.3, 167.7, 162.5, 158.9, 158.5, 156.1, 155.2, 154.2, 153.9,
150.9, 149.1, 125.2, 124.5, 124.3, 123.9, 123.5, 122.9, 122.6, 121.4, 30.8,
30.4, 37.9, 36.6 ppm; MS (ESI, CH,CL,): m/z (%)=852.4 (100) [M—BF,]*
; elemental analysis: calcd (%) for C,,H,;sNPtBF, (M,=939.75): C 56.24,
H 4.83, N 8.94; found: C 55.75, H 4.62, N 8.63.

PtLEu: A solution of [Eu(hfac);2H,0]*"! (0.066 g, 0.080 mmol) in di-
chloromethane (5 mL) was added dropwise to an anhydrous solution of
PtL (0.064 g, 0.068 mmol) in dichloromethane (10 mL) under argon at
room temperature. No obvious color change was observed after one
night of stirring. After the mixture was evaporated to dryness, the bright-
orange solid was dissolved in chloroform, and the solution was filtered
over cotton wool and celite, mixed with methanol (a few drops), and
overlaid with cyclohexane. The resulting crystals were collected after two
weeks of standing and dried under high vacuum (0.092 g, 79 %). UV/Vis
(CH,CL): 4 (g)=401 (9500), 332 (53400), 308 (75400), 286 nm
(78900 M~ 'em™'); FTIR (KBr): #=3400 (m), 2980 (m), 2110 (m, vc_c),
1646 (s), 1593 (s), 1401 (m), 1242 (m), 1189 (m), 1129 cm™' (m); 'H NMR
(200.1 MHz, CD,0D): 6=12.01 (brs, 2H), 10.38 (brt, 2H), 9.16 (d, /=
6.2 Hz, 2H), 8.52 (brs, 2H), 8.48 (brs, 1H), 8.34 (brs, 2H), 7.96 (brt,
3J=82Hz, 2H), 7.87 (d, *J=6.2Hz, 2H), 7.46 (brt, *J=82Hz, 2H),
745 (t, 3J=82Hz, 2H), 6.70 (brd, *J=63Hz, 2H), 1.58 (s, 9H),
1.49 ppm (s, 18H); MS (ESI, CH;0H): m/z (%)=1628.3 (60), 1627.3
(90), 1626.3 (100) [M—BF,]* (Eu/Pt isotropic profile); elemental analy-
sis: caled (%) for CsoHNgO(PtBF,,Eu2CHCl; (M,=1712.87+2x
119.38): C 37.54, H 2.58, N 4.31; found: C 37.37, H, 2.41, N 4.19.

X-ray Structure Analysis for PtLEu

Moy, radiation, numerical absorption correction with HKL2000,"! solu-
tion and refinement with SHELX-97.1”! Six heavy-atom positions in half
of the unit cell (space group P1) were derived from the Patterson calcula-
tion and then refined anisotropically. All the light atoms for two of the
three independent molecules in the asymmetric unit were located in dif-
ference Fourier maps, but the tert-butyl and hexafluoroacetylacetonato
groups were treated with restraints on bond lengths and anisotropic dis-
placement parameters. Owing to the large disorder of the groups coordi-
nated to the Eu atom of the third molecule, most of the F atoms were
generated from the respective pivot carbon atom by the AFIX command
and refined isotropically with constrained IDP (including the case of one
pivot carbon atom). One of the hexafluoroacetylacetonato groups was
modeled over two positions with equal occupancy (0.5) around a pivot
oxygen atom O1-O24. Only one BF, counterion (of three) displayed
some disorder over two different positions for two F atoms with partial
occupancies.

Six CDCl; molecules were located in difference Fourier maps, although
two of them were with half occupancy and one was with large disorder
modeled over two positions with equal occupancies.

At the end of the refinement, the residual density (<2.6 e A~%) was
found in relation to the solvent-accessible voids in the unit cell (172 A%
that could accommodate either a cyclohexane or two to three methanol
solvent molecules, but the SQUEEZE™ routine used to estimate the
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contribution of disordered solvent to the structure factors did not im-
prove the model refinement.

CsyH,sEuF;{N;O(Pt-BF,-1.67CDCly: T=150 K, triclinic, space group PI,
Z=6, Z'=3, a=20.618 (3), b=23.490 (17), c=27.826 (8) A, a=105.24
(2), B=10939 (2), y=104.68 (2)°, V=11374(9) A?>, u(Moy,)=
2.943 mm™', 20,,,=25.5°, 40078 independent reflections collected with
llo(I)>2, R;;=0.033, R,=0.0551, 2959 parameters, R1 (l/o(])>2)=
0.072, R1 (all data)=0.111, wR2=0.209, GOF =1.080, max. residual elec-
tron density=2.58 ¢ A,

CCDC-631662 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge at www.ccdc.cam.ac.uk/
conts/retrieving.html or from The Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (4+44)1223-336-
033; e-mail: deposit@ccdc.cam.uk).
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Synthesis of Functionalized o-, m-, and p-Terphenyl Derivatives by
Consecutive Cross-Coupling Reactions of Triazene-Substituted Arylboronic
Esters

Ching-Yuan Liu, Andrey Gavryushin, and Paul Knochel*!*!

Abstract: Triazene-substituted arylbo-
ronic esters were prepared readily
from the corresponding aryl magnesi-
um derivatives and shown to function
as a new class of donor-acceptor-sub-
stituted coupling reagents. The selec-
tive functionalization of these aromatic
derivatives led to a wide variety of ter-
phenyl derivatives in which the original

functionalized

Introduction

The preparation and selective
transformation of bimetallic!"
aromatic and heteroaromatic
reagents has become an inter- 1
esting challenge in organic syn-
thesis.”) Many of the resulting
polyfunctional oligoaryl com-
pounds exhibit important phar-
maceutical or optoelectronic properties.”’! Terphenyl deriva-
tives have also attracted much interest from organic chem-
ists as a result of their potential application in optical,!
electrical,” and liquid-crystal® devices. We envisaged that
aromatic derivatives represented by synthons of type 1,
which display donor and acceptor reactivity, would serve as
versatile and efficient reagents for the preparation of com-
pounds of type 2 and 3 through successive cross-coupling re-
actions with Ar'-X (X=Br or I) and Ar*-B(OH),
(Scheme 1). Herein, we describe the development of new
synthetic methods for the preparation of functionalized ter-

derivatives 3.
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bifunctional unit (often further substi-
tuted with another functional group)
formed the central aromatic ring. The
terphenyl

Keywords: boronic esters
coupling - synthetic methods -
terphenyls - triazenes
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were formed in two efficient cross-cou-
pling steps from the triazene-substitut-
ed boronic esters: Suzuki cross-cou-
pling with an aryl halide was followed
by BF;-OEt,-induced palladium-cata-
lyzed coupling of the diazonium salt
generated in situ from the triazene with
an arylboronic acid.

derivatives

* Cross-

Ar?
N
N Ar-B(OH), X
| —Ar | —Ar
>
2 3

Scheme 1. Consecutive cross-coupling reactions of reagents represented by the synthons 1 to give terphenyl

phenyl derivatives. Such compounds have been reported to
show potent hepatoprotective activity.”

Results and Discussion

Preparation of Arylboronic Esters with a Triazene
Functionality

Recently, we developed a general reaction for halogen-mag-
nesium exchange with the mixed Mg/Li reagent iPrMgCl-

LiCL® Aryl bromides and iodides undergo an efficient halo-
gen—magnesium exchange with this reagent under very mild
conditions. The exchange reaction is compatible with many
functional groups, including triazenes. Accordingly, we pre-
pared a variety of aryl magnesium reagents of type 4 from
the corresponding bromo- or iodophenyl triazenes §
(Scheme 2). Borylation of the aryl magnesium reagents 4
then gave arylboronic esters 6 with a triazene moiety. Com-
pounds of type 6 are useful reagents for the selective func-
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A

5. X=Br,|

PrMgCI-LiCl, THF
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FG—— ——MgCI-LiCl

I

1) B(OiPr),, —30°C °N

—>RT,1h 2\
— FG— —|—8B
2) neopentyl glycol, \/
RT, overnight
6

donor—acceptor-substituted
polyfunctional coupling reagent

Scheme 2. Preparation of boronic esters 6 with a triazene functionality. FG =functional group.
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tionalization of aromatic deriv-
atives through two successive
cross-coupling reactions.

Thus, the Grignard reagents
8a—f prepared from the readily
available bromo- or iodoaryl
triazenes 7a—f were treated
with triisopropyl borate
(1.2 equiv) followed by neo-
pentyl glycol (1.25equiv) to
give the desired triazene-sub-
stituted arylboronic esters 9a-f
(55-86 % Table 1).

Table 1. Synthesis of arylboronic esters 9 with a triazene moiety by the treatment of Grignard reagents 8 with triisopropyl borate and neopentyl glycol.

Entry

T[°C], ¢ [h]""

9l Yield [%]

: CN‘N"NOI

Ras
2 CN—N’
7b
NC
*as
3 CN*N'
Tc

N
4 CN_N,
Br

I
e
5 CN—N’

-30, 1
Ta
EtO,C
—40, 0.5
—40, 0.5
Br,
—15,5
7d
—40, 0.7
Te
-30, 1

6 CNN'NG

7f

8
,N@Mgcmm
CN—N’

8a
EtO,C

lN@*MgCI-LiCI
CN—N'
8b
NC
/N*OMQCI-UCI
CN—N‘
8c

MgCI-LiCl
N
E)N—N
Br

8d

MgCI-LiCl

E>N—N'[\‘%:yor\l

8e

MgCI-LiCl

G

8f

O X
N g
CN—N" s} 86

9a
EtO,C

0o
X
CN—N’ o
9b
NC
0
e, X
CN—N’ e}
9¢
2/0

O0-B

N
[:N—N'
Br

9d

Z 0

0-B

o
CN*N’

9e

9f

78

83

55

65

86

[a] Temperature and reaction time for the halogen-magnesium exchange of 7. [b] Transformation of the Grignard reagent 8 into the arylboronic ester 9:
B(OiPr); was added to 8 at —30°C, and the reaction mixture was warmed to room temperature, then stirred at room temperature for a further 1 h.
Neopentyl glycol was then added at room temperature, and the reaction mixture was stirred overnight. [c] Yield of the analytically pure product.
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Preparation of Polyfunctional Biaryl Triazenes by Suzuki
Cross-Coupling

All new triazene-substituted arylboronic esters 9 underwent
Suzuki cross-coupling reactions® smoothly. In the absence
of Lewis acids,'” the triazene moiety is in general fairly
compatible with the reaction conditions of the Suzuki cou-
pling. Accordingly, the treatment of the boronic ester 9a
with a range of aryl bromides and iodides in the presence of
[Pd(PPh;),] (3 mol %) and K;PO, (2 equiv) in dioxane/water
(10:1) at 100°C for 4-6 h furnished the expected functional-
ized aryl triazenes 10a—e in 61-89% yield (Table 2, en-
tries 1-5). The arylboronic esters 9b and 9¢, which contain
an additional functional group, also underwent efficient
cross-coupling reactions with a variety of aryl halides to pro-
vide the triazenes 10 f-h (70-89 %; Table 2, entries 6-8) and
10i-k (52-72%; entries 9-11), respectively. Coupling reac-
tions of the functionalized boronic esters 9d and 9e, which
contain a triazene substituent in the ortho position, proceed-
ed to completion in 2-6h at 100°C to give the triazenes
101-p in 46-86 % yield (Table 2, entries 12-16). Finally, not
only arylboronic esters in which the triazene substituent is
in the para or ortho position undergo successful Suzuki cou-
pling reactions: Compound 9 f also reacted with bromomesi-
tylene and 5-bromopyrimidine to afford the desired tri-
azenes 10q (62 %; Table 2, entry 17) and 10r (80 %; Table 2,
entry 18), respectively.

Synthesis of Polyfunctional o0-, m-, and p-Terphenyl
Derivatives from Biaryl Triazenes

On the basis of this method, we developed a new synthetic
route to terphenyl derivatives. Palladium-catalyzed cross-
coupling reactions of functionalized aryl triazenes 10 with
arylboronic acids through BF;-OEt,-induced decomposition
of the triazene according to a procedure described by
Tamao and co-workers''! led to terphenyl derivatives 11.
Thus, the treatment of the aryl triazenes 10a, 10e, 10h, and
10k with 3-methoxybenzeneboronic acid (2 equiv) in the
presence of Pd(OAc), (10 mol %) and BF;-OEt, (1.5 equiv)
in methanol/diethyl ether (2:1) at 0°C for 3-5 h produced
the polyfunctional p-terphenyl derivatives 1la (65%;
Table 3, entry 1), 11b (63 %; Table 3, entry 2), 11c (78 %;
Table 3, entry 3), and 11d (72 %, Table 3, entry 4). The com-
patibility of sensitive functional groups, such as aldehyde,
ester, and nitrile groups, with the presence of a Lewis acid
in these reactions was particularly encouraging. Further-
more, cross-coupling reactions of 10p with 3-methoxyben-
zeneboronic acid and 4-formylbenzeneboronic acid at 0°C
afforded the polyfunctional o-terphenyl derivatives 1le
(72%; Table 3, entry5) and 11f (65%; Table 3, entry 6)
after 5 and 11 h, respectively. Similar coupling reactions oc-
curred readily between the aryl triazene 10q and both 3-
methoxybenzeneboronic acid and 4-formylbenzeneboronic
acid to provide the m-terphenyls 11g (73 %; Table 3,
entry 7) and 11h (80 %; Table 3, entry 8).

1022 www.chemasianj.org
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A tentative mechanism for the BF; OEt,-induced cross-
coupling reaction involves the formation of a diazonium salt
15 (Scheme 3). The reaction of Pd(OAc), with the excess
arylboronic acid 12 gives Pd’ along with the biaryl species
13 as a by-product. Boron trifluoride induces the decompo-
sition of the aryl triazene 14 and generates the diazonium
salt 15, which reacts with Pd’ to form the aryl diazopalladi-
um(II) species 16. Following the loss of nitrogen, transmeta-
lation of the aryl palladium(II) intermediate 17 with the
arylboronic acid 12 leads to the diaryl palladium(II) species
18, which undergoes reductive elimination to afford the
product 19 and regenerate Pd°.

Pd(OAc),
Ar—B(OH), ——— Ar'—Ar + Pd°
12 13
BF,
Ar—N=N-NR, Ar—N,* +  F3B-NR;
14 15
Ar—Ar'
19
II
18 dAv N P! 16
Ar—B(OH), Ar-pd! N2
12

Scheme 3. A plausible mechanism for the palladium-catalyzed cross-
coupling reaction of aryl triazenes with arylboronic acids in the presence
of BF;-OEt,.

Conclusions

In summary, we have prepared a number of triazene-substi-
tuted arylboronic esters as a new class of donor—acceptor-
substituted coupling reagents. To demonstrate the versatility
of these reagents, which are readily available from the corre-
sponding aryl magnesium species, we employed them the
preparation of functionalized terphenyl derivatives. Studies
toward the extension of this methodology are currently
under way in our laboratories.

Experimental Section

General

All reactions were carried out under argon by using standard Schlenk
techniques. Melting points are uncorrected. 'H and “C NMR spectra
were recorded on a Bruker AMX 300, Bruker AMX 600, or Varian VXR
400 S instrument. Chemical shifts () are reported in ppm relative to the
residual solvent peak ([D,]chloroform: dy=7.24 ppm, 6.=77.0 ppm;
[Dg]benzene: 0 ="7.16 ppm, 6-=128.0 ppm; [D4Jacetone: oy =2.04 ppm,
0c=206.7 ppm). IR spectra were recorded on a Perkin—Elmer 1420 infra-

Chem. Asian J. 2007, 2, 1020-1030





Synthesis of Functionalized Terphenyl Derivatives

CHEMISTRY

AN ASIAN JOURNAL

Table 2. Synthesis of polyfunctional aryl triazenes 10 by Suzuki cross-coupling reactions of arylboronic esters 9 with aryl halides."

()

N

()

N
N\‘

dioxane/water

Ney
f\ ,0>< [PA(PPhs).], KsPO, f\

—B + Ar-X —Al
72 o r w2
FG

=
S
(e}
T

&

X=Br,| 100°C,2-8h FG
9: FG = CO,Et, CN, 10
Br, H
Entry 9 Aryl halide Product!® Yield [%]
0
X .
1 CN—N' o Br@CHO CN—N
9a 10a
) 9a Br@CI CN—N’ pY 70
—N
10b
[e]
o) S CH;
s NM 89
| /)
3 9a CN_N \

~
=
©
(¢}
o

EtO,C.

W
N
=
o [j
Vi
o]
¢
I
S

o
T
z
p=4
/w\
Q

_N
9b
()
7 9b Q Co,Me
Br
HAC CH,
8 9b
CH,
NG

-
OQ
|

10 9¢

z
9

10¢

H.C
nate 7
CN—N’

10d
O g

10e

CN—N”N O \_’\/l 89

10f
EtO,C
sty !
CN—N Q CO,Me
10g

EtO,C,

H.C
s )om 89
CN—N
H.C
10h
NC,
CN—N'
10i
NC
O

10j
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Table 2. (Continued)

P. Knochel et al.

Entry 9 Aryl halide Yield [%]
Br
11 9¢ 32
2 0
OB, CO,Me 54
12 z
N
CN—N’ I
Br
9d
O 7 46
I
13 9d o ke
Z o
0-B
14 Br@CN 83
N CN
CN*N’
9e
NTX
\ 75
15 9e B N
CHO
16 9e IOOCHS 86
o ; Br
B-O H:.C CHs
17 62
N
CN—N CH,
9f
Br
80
18 9f (l\ N
NN N-N’

[a] Reaction conditions: 9 (1 equiv), aryl halide (1.2 equiv), [Pd(PPh;),] (3 mol % ), K;PO, (2.0 equiv), dioxane/water (10:1 v/v), 100°C, 2-8 h. [b] Yield of
the analytically pure product.
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Table 3. Synthesis of polyfunctional o-, m-, p-terphenyl derivatives 11 by palladium-catalyzed cross-coupling reactions of aryl triazenes 10 with
arylboronic acids in the presence of BF;OEt,.1")

.

N
N,
N Ar
x Pd(OAc),, BFyOEt, X
| ——Ar + AF—B(OH), —— """ || ——Ar
/\/ methanol/Et,O /\/
FG 0°C, 3-12h FG
10 1
FG = CO,Et, CN,
Br, H
Entry 10 Arylboronic acid Product Yield [%]™
OO0 o
N CHO
10a BOH) 11a
O~ o
N OCH,
. o OO O D-O-ren
10e BOH) 11b
EtO,C  HsC H,CO  EtO,C  HC
OCH,
s o St 7
3 CN—N
HC B(OH), H,C
10h 11c
NG H,CO NG
OCH,
s OO~ 7
4 CN_NI @
B(OH),
10k 11d
H,CO
v
s @ H.CO 72
st

T
)
(9]
o]
-
-
(]

6 10p OHCOB(OH)Z

1t
CHs CH,
HsC O OCH, HC O
; CH, H,CO o, 73
O -0
10q 11¢g

e
80
CH,
o~ )~

11h

8 10q OHC@—B(OH)z

[a] Reaction conditions: 10 (1 equiv), arylboronic acid (2 equiv), Pd(OAc), (10 mol % ), BF;-OEt, (1.5 equiv), methanol/diethyl ether (2:1 v/v), 0°C,
3-12 h. [b] Yield of the analytically pure product.
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red spectrometer. Mass spectra were recorded on a Finnigan MAT 95 Q
spectrometer. Column chromatography was performed on Merck silica
gel 60 (230-400 mesh ASTM). THF was dried with sodium/benzophe-
none and distilled. Reactions were monitored by gas chromatography
(GC, GC-MS) or thin-layer chromatography (TLC) of hydrolyzed ali-
quots.

Syntheses

Typical procedure for the preparation of bromo- or iodophenyl triazenes
(TP1): A solution of NaNO, (1.3 g, 19 mmol) in cold water (40 mL) was
added dropwise to a solution cooled in an ice bath of the corresponding
aniline (18.1 mmol) in concentrated HCI (7.2 mL). The resulting solution
of the diazonium salt was stirred at 0°C for 30 min and then added rapid-
ly to a solution of the pyrrolidine (2.6 g, 36.2 mmol) and K,CO; (12.5 g,
90.5 mmol) in acetonitrile/water (1:2, 25 mL). The reaction mixture was
stirred for 30 min at 0°C, then was extracted with CH,Cl, (3x50 mL).
The organic layer was washed twice with brine, dried (MgSO,), filtered,
and concentrated by evaporation. Purification by flash chromatography
furnished the product 7b, 7¢, or 7f.

Typical procedure for the preparation of triazene-substituted arylboronic
esters (TP2): iPrMgCl-LiCl (5.5 mmol, 2.0mM in THF) was added slowly to
a solution of 7 (5 mmol) in THF (3.3 mL) at —40 or —15°C, and the reac-
tion mixture was stirred at low temperature for 0.5-5 h. When GC analy-
sis of a hydrolyzed reaction aliquot indicated the complete conversion of
7 into the corresponding Grignard reagent, a solution of B(OiPr),
1.4 mL, 6 mmol) in THF (1 mL) was added. The resulting mixture was
stirred at low temperature for 1 h and then warmed to room temperature
and stirred for a further 2 h. Neopentylglycol (650 mg, 6.25 mmol) was
then added, and the reaction mixture was stirred at room temperature
for 12h. Aqueous NH,Cl (10 mL) was then added, and the aqueous
phase was extracted with CH,Cl, (2x30 mL). The organic fractions were
washed with brine (50 mL), dried (Na,SO,), and concentrated in vacuo.
Purification by flash chromatography furnished the product 9.

Typical procedure for the Suzuki cross-coupling of arylboronic esters 9
with aryl halides (TP3): The arylboronic ester 9 (1 mmol) and the aryl
halide (1.2 mmol) were dissolved in dioxane/water (10:/1, 11 mL) in a ni-
trogen-flushed sealed tube, and then K;PO, (2 mmol) and [Pd(PPh;),]
(3 mol%) were added. The reaction mixture was stirred at 100°C for 2—
8 h and then cooled to room temperature. Aqueous NH,Cl (25 mL) was
added, and the aqueous phase was extracted with diethyl ether (3x
20 mL). The organic fractions were washed with brine (50 mL), dried
(MgSO,), and concentrated in vacuo. Purification by flash chromatogra-
phy furnished the aryl triazene 10.

Typical procedure for the preparation of o-, m-, and p-terphenyl deriva-
tives (TP4): BF;-OEt, (0.75 mmol) was added dropwise to a solution of
the aryl triazene 10 (0.5 mmol), phenylboronic acid (1 mmol), and Pd-
(OACc), (10 mol %) in methanol/diethyl ether (2:1, 6 mL) at 0°C, and the
resulting mixture was stirred at 0°C for 3-12 h. When thin-layer chroma-
tography indicated complete consumption of the aryl triazene, water
(5 mL) was added, and the aqueous phase was extracted with ethyl ace-
tate (2x10 mL). The organic fractions were washed with brine (20 mL),
dried (Na,SO,), and concentrated in vacuo. Purification by flash chroma-
tography furnished the product 11.

9a: Prepared according to TP2 from 1-(4-iodophenylazo)pyrrolidine!!
(7a; 1.51 g, 5 mmol), iPrMgCl (2.8 mL, 1.1 equiv, 2.0M in THF), B(OiPr);
(1.4 mL, 6 mmol), and neopentylglycol (650 mg, 6.25 mmol). Reaction
conditions: —30°C, 1 h; 25°C, 2 h; 25°C, 12 h. Purification by flash chro-
matography (n-pentane/diethyl ether=1:1) yielded (4-(5,5-dimethyl-
[1,3,2]dioxaborinan-2-yl)phenyl)pyrrolidin-1-yldiazene (9a; 1.23 g, 86 %)
as a white powder. M.p.: 209.0-210.5°C; IR (KBr): #=2959 (w), 2930
(w), 2876 (w), 1699 (w), 1596 (m), 1476 (m), 1412 (m), 1391 (m), 1338
(m), 1293 (s), 1245 (s), 1154 (m), 1128 (s), 844cm™ (s); 'H NMR
(600 MHz, CDCl,, 25°C): 6=7.75 (d, J=8.4 Hz, 2H), 7.37 (d, J=8.4 Hz,
2H), 3.76 (br s, 4H), 3.74 (s, 4H), 2.00 (br s, 4H), 1.00 ppm (s, 6H);
BCNMR (150 MHz, CDCl,, 25°C): 6=153.3, 134.6, 119.5, 72.3, 31.9,
23.8, 21.9 ppm; MS (70 eV, EI): m/z (%): 287 (13) [M]*, 217 (10), 189
(100, 147 (6), 121 (15), 103 (6), 69 (17); HRMS (EI): m/z caled for
C,sH,,BN;0,: 287.1805; found: 287.1810.

1026 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

P. Knochel et al.

7b: Prepared according to TP1 from 2-carbethoxy-4-iodoaniline!™ (5.3 g,
18.1 mmol), concentrated HCI (7.2 mL), NaNO, (1.3 g, 19 mmol), pyrroli-
dine (2.6 g, 36.2 mmol), and K,CO; (12.5 g, 90.5 mmol). Reaction condi-
tions: 0°C, 0.5 h; 25°C, 0.5 h. Purification by flash chromatography (n-
pentane/diethyl ether=2:1) yielded 1-(2-carbethoxy-4-iodophenylazo)-
pyrrolidine (7b; 59¢g, 87%) as a yellow solid. M.p.: 95.1-96.1°C; IR
(KBr): #=2976 (w), 2876 (w), 1718 (s), 1573 (w), 1467 (m), 1416 (m),
1362 (m), 1312 (w), 1225 (m), 1072 cm™' (s); '"H NMR (300 MHz, CDCl,,
25°C): 6=17.87 (d, J=2.0 Hz, 1H), 7.63 (dd, /=8.8, 2.0 Hz, 1H), 7.14 (d,
J=88Hz, 1H), 429 (q, J=7.1 Hz, 2H), 3.85 (br s, 2H), 3.63 (br s, 2H),
1.98 (brs, 4H), 1.32 ppm (t, J=7.1 Hz, 3H); >C NMR (75 MHz, CDCl,,
25°C): =166.9, 149.7, 140.0, 137.7, 128.2, 121.0, 87.7, 61.0, 50.9, 46.6,
23.8, 23.4, 14.2 ppm; MS (70 eV, EI): m/z (%): 373 (17) [M]™, 303 (87),
247 (100), 203 (5), 148 (10), 120 (14), 75 (10); HRMS (EI): m/z calcd for
C3H4IN;0,: 373.0287; found: 373.0245.

9b: Prepared according to TP2 from 7b (373 mg, 1 mmol), iPrMgCl
(0.55mL, 1.1 equiv, 2.0M in THF), B(OiPr); (0.28 mL, 1.2 mmol), and
neopentylglycol (130 mg, 1.25 mmol). Reaction conditions: —40°C, 0.5 h;
25°C, 2 h; 25°C, 12 h. Purification by flash chromatography (n-pentane/
diethyl ether=1:2) yielded 5-(5,5-dimethyl[1,3,2]dioxaborinan-2-yl)-2-
(pyrrolidin-1-ylazo)benzoic acid ethyl ester (9b; 280 mg, 78%) as a
brown solid. M.p.: 142.6-143.7°C; IR (KBr): 7=2959 (m), 1716 (s), 1599
(m), 1483 (m), 1469 (s), 1310 (s), 1263 (s), 1125cm™" (m); 'H NMR
(300 MHz, CDCl;, 25°C): 6=8.02 (s, 1H), 7.78 (d, /=8.0 Hz, 1H), 7.35
(d, J=8.0 Hz, 1H), 4.30 (q, /=7.5 Hz, 2H), 4.00-3.40 (br s, 4H), 3.73 (s,
4H), 1.98 (br s, 4H), 1.33 ppm (t, J=7.5Hz, 3H); "CNMR (75 MHz,
CDCl;, 25°C): 6=168.8, 151.9, 136.8, 135.1, 125.8, 118.3, 72.2, 60.6, 48.2,
46.3, 31.8, 23.72, 23.70, 21.9, 14.3 ppm; MS (70 eV, EI): m/z (%): 359 (4)
[M]*, 314 (3), 289 (14), 261 (49), 233 (100), 217 (8), 147 (9), 131 (19), 69
(12); HRMS (EI): m/z calcd for C;sH,,BN;O,: 359.2016; found: 359.2022.
7e¢: Prepared according to TP1 from 2-cyano-4-iodoaniline!™ (4.4 g,
18.1 mmol), concentrated HCl (7.2 mL), NaNO, (1.3 g, 19 mmol), pyrroli-
dine (2.6 g, 36.2 mmol), and K,CO; (12.5 g, 90.5 mmol). Reaction condi-
tions: 0°C, 0.5 h; 25°C, 0.5 h. Purification by flash chromatography (n-
pentane/diethyl ether=2:1) yielded 1-(2-cyano-4-iodophenylazo)pyrroli-
dine (7¢; 5.5g, 93%) as a pale-brown solid. M.p.: 143.7-144.9°C; IR
(KBr): #=3064 (w), 2970 (w), 2871 (w), 2222 (m), 1410 (s), 1380 (s), 1312
(s), 1274 cm™ (s); '"HNMR (300 MHz, CDCl,, 25°C): §=7.84 (s, 1H),
7.70 (d, J=84Hz, 1H), 7.27 (d, /=84 Hz, 1H), 3.60-4.04 (m, 4H),
2.03 ppm (m, 4H); "CNMR (75 MHz, CDCl,, 25°C): 6=153.5, 141.8,
140.9, 118.9, 116.4, 109.0, 86.6, 51.4, 47.3, 23.9, 23.3 ppm; MS (70 eV, EI):
miz (%): 326 (17) [M]*, 256 (84), 228 (100), 207 (9), 126 (10), 101 (61),
70 (21); HRMS (EI): m/z calcd for C;;H;IN,: 326.0028; found: 326.0055.
9c: Prepared according to TP2 from 7¢ (326 mg, 1 mmol), iPrMgCl
(0.55mL, 1.1 equiv, 2.0M in THF), B(OiPr); (0.28 mL, 1.2 mmol), and
neopentylglycol (130 mg, 1.25 mmol). Reaction conditions: —40°C, 0.5 h;
25°C, 2 h; 25°C, 12 h. Purification by flash chromatography (n-pentane/
diethyl ether=1:2) yielded 5-(5,5-dimethyl[1,3,2]dioxaborinan-2-yl)-2-
(pyrrolidin-1-ylazo)benzonitrile (9¢; 259 mg, 83%) as a yellow solid.
M.p.: 139.7-141.3°C; IR (KBr): 7=2964 (m), 2877 (w), 2222 (m), 1597
(m), 1558 (w), 1480 (m), 1406 (s), 1376 (m), 1312 (s), 1270 (s), 1127 cm ™"
(s); 'HNMR (300 MHz, CDCl;, 25°C): 6=8.01 (s, 1H), 7.84 (d, J=
8.4 Hz, 1H), 7.48 (d, J=8.4 Hz, 1H), 4.04-3.66 (m, 4H), 3.73 (s, 4H),
2.12-1.92 (m, 4H), 1.00 ppm (s, 6H); "C NMR (75 MHz, CDCl;, 25°C):
0=155.3,139.1, 138.3, 118.3, 116.2, 106.7, 72.3, 51.3, 47.1, 31.9, 23.9, 234,
21.8 ppm; MS (70 eV, EI): m/z (%): 312 (15) [M]*, 242 (42), 214 (99),
172 (45), 158 (9), 146 (30), 128 (20), 102 (12), 69 (100), 56 (13); HRMS
(EX): m/z caled for C,(H, BN,O,: 312.1758; found: 312.1745.

9d: Prepared according to TP2 from 1-(2,6-dibromophenylazo)pyrroli-
dine!™ (7d; 333 mg, 1mmol), iPrMgCl (0.55mL, 1.1 equiv, 2.0M in
THF), B(OiPr); (028 mL, 1.2 mmol), and neopentylglycol (130 mg,
1.25 mmol). Reaction conditions: —40 to —15°C, 5h; 25°C, 2 h; 25°C,
12 h. Purification by flash chromatography (n-pentane/diethyl ether=1:1)
yielded (2-bromo-6-(5,5-dimethyl-[1,3,2]dioxaborinan-2-yl)phenyl)pyrroli-
din-1-yldiazene (9d; 201 mg, 55%) as a brown solid. M.p.: 103.5-
104.2°C; IR (KBr): #=3048 (w), 2962 (w), 2931 (w), 2872 (w), 1476 (m),
1424 (m), 1396 (s), 1359 (m), 1314 (s), 1244cm™ (m); 'HNMR
(400 MHz, CDCl;, 25°C): 6=7.53 (d, J=7.6 Hz, 1H), 7.34 (d, J=7.6 Hz,
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1H), 6.95 (t, /=7.6 Hz, 1 H), 3.80 (br s, 4H), 3.66 (s, 4H), 2.01 (br s, 4H),
1.03 ppm (s, 6H); CNMR (100 MHz, CDCl,, 25°C): =151.4, 133.5,
131.4, 125.8, 119.0, 72.5, 51.3, 47.1, 31.7, 23.8, 22.0 ppm; MS (70 eV, EI):
miz (%): 365 (5) [M]*, 295 (26), 267 (22), 225 (22), 199 (19), 183 (17),
146 (15), 69 (100), 41 (27); HRMS (EI): m/z calcd for C;sH,BBIN;O,:
365.0910; found: 365.0899.

9e: Prepared according to TP2 from 1-(4-cyano-2-iodophenylazo)pyrroli-
dine!” (7e) (326 mg, 1 mmol), iPrMgCl (0.55mL, 1.1 equiv, 2.0M in
THF), B(OiPr); (028 mL, 1.2 mmol), and neopentylglycol (130 mg,
1.25 mmol). Reaction conditions: —40°C, 0.7 h; 25°C, 2 h; 25°C, 12 h.
Purification by flash chromatography (n-pentane/diethyl ether=1:3)
yielded  3-(5,5-dimethyl[1,3,2]dioxaborinan-2-yl)-4-(pyrrolidin-1-ylazo)-
benzonitrile (9e; 203 mg, 65%) as a brown solid. M.p.: 146.2-148.1°C;
IR (KBr): #=2950 (m), 2833 (w), 2225 (m), 1600 (m), 1550 (w), 1425 (s),
1366 (m), 1305 (s), 1115 cm™" (s); '"H NMR (300 MHz, CDCl,, 25°C): 6 =
7.67 (s, 1H), 7.46 (d, J=8.4Hz, 1H), 7.36 (d, /J=8.4 Hz, 1H), 4.10-3.55
(m, 8H), 1.97 (br s, 4H), 0.99 ppm (s, 6H); *C NMR (75 MHz, CDCl,,
25°C): 6=158.1, 137.1, 133.8, 133.4, 120.2, 107.7, 73.0, 51.9, 47.3, 32.2,
24.3, 24.0, 22.3 ppm; MS (70 eV, EI): m/z (%): 312 (17) [M]*, 242 (40),
214 (96), 172 (43), 146 (30), 128 (25), 102 (11), 69 (100); HRMS (EI):
m/z caled for C,4H, BN,O,: 312.1758; found: 312.1750.

7f: Prepared according to TP1 from 3-iodoaniline (3.9 g, 18.1 mmol),
concentrated HCI (7.2 mL), NaNO, (1.3 g, 19 mmol), pyrrolidine (2.6 g,
36.2 mmol), and K,CO; (12.5 g, 90.5 mmol). Reaction conditions: 0°C,
0.5 h; 25°C, 0.5 h. Purification by flash chromatography (n-pentane/dieth-
yl ether=2:1) yielded 1-(3-iodophenylazo)pyrrolidine (7f; 5.2 g, 95%) as
a brown solid. M.p.: 45.8-46.9°C; IR (KBr): 7=3058 (w), 2961 (w), 2874
(w), 1580 (m), 1554 (m), 1393 (s), 1309 (s), 1152 (w), 986cm™" (w);
'"H NMR (300 MHz, CDCl,, 25°C): 6=7.77 (s, 1H), 7.41 (d, J=7.4 Hz,
1H), 7.33 (d, /J=7.4Hz, 1H), 7.01 (t, J=7.4 Hz, 1H), 3.76 (br s, 4H),
2.06-1.94 ppm (m, 4H); "CNMR (75 MHz, CDCl;, 25°C): 6=1527,
133.7, 130.3, 128.8, 120.3, 94.5, 51.2, 46.5, 23.8 ppm; MS (70 eV, EI): m/z
(%): 301 (15) [M]*, 231 (65), 203 (100), 76 (12); HRMS (EI): m/z caled
for C;,H,IN;: 301.0076; found: 301.0093.

9f: Prepared according to TP2 from 7f (1.51g, 5mmol), iPrMgCl
(2.8 mL, 1.1 equiv, 2.0M in THF), B(OiPr); (1.4 mL, 6 mmol), and neo-
pentylglycol (650 mg, 6.25 mmol). Reaction conditions: —30°C, 1h;
25°C, 2 h; 25°C, 12 h. Purification by flash chromatography (n-pentane/
diethyl ether=1:1) yielded (3-(5,5-dimethyl[1,3,2]dioxaborinan-2-
yl)phenyl)pyrrolidin-1-yldiazene (9f; 1.23 g, 86%) as a brown solid.
M.p.: 145.9-147.6°C; IR (KBr): #=2953 (w), 2874 (w), 1479 (m), 1396
(m), 1293 (s), 1121 (s), 918 cm™" (w); '"H NMR (600 MHz, CDCl,, 25°C):
0=17.83 (s, 1H), 7.75 (d, J=7.5Hz, 1H), 7.45 (d, J=7.5 Hz, 1H), 7.30 (t,
J=75Hz, 1H), 3.90-3.60 (m, 4H), 3.75 (s, 4H), 2.01-1.95 (m, 4H),
1.00 ppm (s, 6H); "CNMR (150 MHz, CDCl;, 25°C): 6=150.7, 130.6,
128.1, 125.6, 122.9, 72.2, 50.1, 47.0, 31.8, 23.8, 21.9 ppm; MS (70 eV, EI):
mlz (%): 287 (14) [M]*, 258 (11), 217 (11), 203 (7), 189 (100), 147 (21),
133 (13), 121 (46), 103 (27); HRMS (EI): m/z caled for C;sHp,BN;O,:
287.1805; found: 287.1813.

10a: Prepared according to TP3 from 9a (287 mg, 1 mmol), 4-bromoben-
zaldehyde (222 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd(PPh;),]
(35 mg, 3 mol %). Reaction conditions: 100°C, 5 h. Purification by flash
chromatography (n-pentane/diethyl ether=3:2) yielded 4'-(pyrrolidin-1-
ylazo)biphenyl-4-carbaldehyde (10a; 223 mg, 80%) as a yellow solid.
M.p.: 144.5-145.5°C; IR (KBr): 7=2958 (w), 2881 (w), 2808 (w), 2728
(w), 1694 (vs), 1592 (vs), 1487 (m), 1386 (s), 1153 (m), 818 cm™" (s);
'HNMR (300 MHz, CDCl, 25°C): 6=10.01 (s, 1H), 7.90 (d, J=8.5 Hz,
2H), 7.74 (d, J=8.3 Hz, 2H), 7.60 (d, J=8.3 Hz, 2H), 7.49 (d, J=8.5 Hz,
2H), 3.80 (br s, 4H), 2.08-1.96 ppm (m, 4H); *C NMR (75 MHz, CDCl,,
25°C): 6=191.9, 151.7, 147.0, 135.9, 134.7, 130.2, 127.8, 127.1, 120.9, 71.7,
23.8 ppm; MS (70 eV, EI): m/z (%): 279 (18) [M]*, 209 (30), 181 (95),
152 (100), 127 (10); HRMS (EI): m/z caled for C;;H;;N;O: 279.1372;
found: 279.1381.

10b: Prepared according to TP3 from 9a (287 mg, 1 mmol), 5-bromo-2-
chloropyridine (230 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd-
(PPh;),] (35 mg, 3 mol%). Reaction conditions: 100°C, 6 h. Purification
by flash chromatography (n-pentane/diethyl ether=3:2) yielded (4-(6-
chloropyridin-3-yl)phenyl)pyrrolidin-1-yldiazene (10b; 201 mg, 70%) as
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a yellow solid. M.p.: 157.0-159.5°C; IR (KBr): #=3032 (w), 2972 (w),
2866 (w), 1601 (w), 1447 (m), 1399 (s), 1316 (s), 1222 (m), 1101 (s),
998 cm™! (m); '"H NMR (600 MHz, CDCl,, 25°C): 6=8.59 (d, J=2.6 Hz,
1H), 7.81 (dd, J=8.4, 2.6 Hz, 1H), 7.49 (s, 4H), 7.34 (d, J=8.4 Hz, 1H),
3.80 (br s, 4H), 2.02 ppm (br s, 4H); *C NMR (150 MHz, CDCl,, 25°C):
0=151.7, 149.7, 147.6, 136.7, 135.5, 132.8, 127.4, 124.1, 121.1, 51.0, 46.3,
23.8 ppm; MS (70 eV, El): m/z (%): 286 (23) [M]*, 216 (31), 188 (100),
153 (40), 126 (11); HRMS (EI): m/z caled for C;sHsCIN,: 286.0985;
found: 286.0987.

10c¢: Prepared according to TP3 from 9a (287 mg, 1 mmol), 5-acetyl-2-io-
dothiophene (302 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd-
(PPh;),] (35 mg, 3 mol%). Reaction conditions: 100°C, 3 h. Purification
by flash chromatography (n-pentane/diethyl ether=2:3) yielded 1-(5-(4-
(pyrrolidin-1-ylazo)phenyl)thiophen-2-yl)ethanone (10¢; 201 mg, 70%)
as a yellow solid. M.p.: 171.8-173.8°C; IR (KBr): 7=3002 (w), 2920 (w),
2844 (w), 1698 (vs), 1582 (s), 1478 (m), 1436 (m), 1398 (m), 1296 (s), 1216
(s), 1034 cm™" (m); 'HNMR (600 MHz, CDCl;, 25°C): 6=7.62 (d, J=
4.0 Hz, 1H), 7.59 (d, J=8.4 Hz, 2H), 7.43 (d, J=8.4 Hz, 2H), 7.26 (d, /=
4.0 Hz, 1H), 3.79 (br s, 4H), 2.53 (s, 3H), 2.02 ppm (br s, 4H); *C NMR
(150 MHz, CDCl;, 25°C): 6=190.4, 153.2, 142.3, 134.7, 133.5, 129.9,
126.8, 123.1, 120.9, 51.0, 47.1, 26.5, 23.7 ppm; MS (70 eV, EI): m/z (%):
299 (40) [M]*, 229 (27), 201 (100), 186 (8), 158 (16), 115 (7); HRMS
(EX): m/z calcd for C,sH;,N;0S: 299.1092; found: 299.1089.

10d: Prepared according to TP3 from 9a (287 mg, 1 mmol), 2-iodotol-
uene (262 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd(PPh;),]
(35 mg, 3mol %). Reaction conditions: 100°C, 4 h. Purification by flash
chromatography (n-pentane/diethyl ether=1:1) yielded (2'-methylbi-
phenyl-4-yl)pyrrolidin-1-yldiazene (10d; 199 mg, 75%) as a brown solid.
M.p.: 60.0-61.8°C; IR (KBr): #=2962 (m), 2864 (m), 1600 (w), 1478 (m),
1392 (m), 1316 (m), 1155 (m), 1032 (m), 943cm™' (w); 'HNMR
(600 MHz, CDCl;, 25°C): 6=7.46 (d, J=8.4 Hz, 2H), 7.29 (d, J=8.4 Hz,
2H), 7.27-7.21 (m, 4H), 3.82 (br s, 4H), 2.30 (s, 3H), 2.04 ppm (br s,
4H); "CNMR (150 MHz, CDCl,, 25°C): 6=150.2, 141.8, 138.7, 135.4,
130.3, 129.8, 129.7, 128.5, 128.4, 127.0, 125.7, 120.0, 71.7, 67.1, 23.8, 21.3,
20.5 ppm; MS (70 eV, EI): m/z (%): 265 (27) [M]*, 195 (33), 167 (100),
152 (44), 115 (5); HRMS (EI): m/z caled for C,;HgN;: 265.1579; found:
265.1575.

10e: Prepared according to TP3 from 9a (287 mg, 1 mmol), 4-iodoanisole
(281 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd(PPh;),] (35 mg,
3 mol%). Reaction conditions: 100°C, 6 h. Purification by flash chroma-
tography (n-pentane/diethyl ether=4:1) yielded (4'-methoxybiphenyl-4-
yl)pyrrolidin-1-yldiazene (10e; 171 mg, 61%) as a pale-yellow solid.
M.p.: 121.8-124.0°C; IR (KBr): 7=3032 (w), 2968 (w), 2871 (w), 1605
(m), 1490 (s), 1396 (s), 1319 (s), 1184 (m), 1030 (m), 905 cm™' (w);
'HNMR (600 MHz, CDCl,, 25°C): 6=7.55-7.49 (m, 4H), 7.45 (d, J=
8.4 Hz, 2H), 6.95 (d, J=8.8Hz, 2H), 3.83 (s, 3H), 3.79 (br s, 4H),
2.01 ppm (br s, 4H); *C NMR (150 MHz, CDCl,, 25°C): 6 =158.8, 150.2,
137.5, 133.6, 127.8, 127.0, 120.6, 114.1, 67.0, 55.3, 23.8 ppm; MS (70 eV,
EI): m/z (%): 281 (38) [M]*, 211 (14), 183 (100), 168 (22), 152 (10), 140
(12); HRMS (EI): m/z caled for C;H;(N;O: 281.1582; found: 281.1503.
10 f: Prepared according to TP3 from 9b (359 mg, 1 mmol), 4-bromoiso-
quinoline (250 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd(PPhs),]
(35 mg, 3mol %). Reaction conditions: 100°C, 6 h. Purification by flash
chromatography (n-pentane/diethyl ether=1:4) yielded 5-isoquinolin-4-
yl-2-(pyrrolidin-1-ylazo)benzoic acid ethyl ester (10 f; 318 mg, 85%) as a
yellow liquid. IR (KBr): #=2973 (m), 2870 (m), 1718 (vs), 1620 (m),
1568 (m), 1406 (s), 1312 (m), 1238 (m), 1073 (m), 895 cm™' (m); 'H NMR
(600 MHz, CDCl;, 25°C): 6=9.22 (s, 1H), 847 (s, 1H), 801 (d, J=
84 Hz, 1H), 7.90 (d, J=84Hz, 1H), 7.74 (s, 1H), 7.66 (t, J=8.0 Hz,
1H), 7.61 (t, J=8.0 Hz, 1H), 7.57-7.50 (m, 2H), 4.34 (q, /=7.1 Hz, 2H),
3.94 (br s, 2H), 3.72 (br s, 2H), 2.04 (br s, 4H), 1.34 ppm (t, J=7.1 Hz,
3H); "CNMR (150 MHz, CDCl;, 25°C): §=168.3, 152.0, 149.9, 142.7,
134.2, 133.1, 133.0, 132.4, 130.8, 130.7, 128.4, 127.9, 127.2, 126.6, 124.7,
119.6, 61.0, 51.2, 46.6, 23.3, 20.9, 14.3 ppm; MS (70 eV, EI): m/z (%): 374
(15) [M]*, 304 (30), 277 (68), 248 (100), 232 (38), 220 (13), 204 (32), 177
(12); HRMS (EI): m/z calced for C,,H,,N,O,: 374.1743; found: 374.1759.
10g: Prepared according to TP3 from 9b (359 mg, 1 mmol), 4-bromoiso-
quinoline (250 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd(PPhs),]
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(35 mg, 3mol %). Reaction conditions: 100°C, 6 h. Purification by flash
chromatography (n-pentane/diethyl ether=1:4) yielded 6-(3-ethoxycar-
bonyl-4-(pyrrolidin-1-ylazo)phenyl)naphthalene-2-carboxylic acid methyl
ester (10g; 318 mg, 85%) as a yellow liquid. IR (KBr): 7=2955 (w), 2875
(w), 1706 (vs), 1627 (m), 1406 (m), 1311 (m), 1270 (m), 1240 (m), 1209
(s), 1136 (m), 1085 cm™" (s); "H NMR (600 MHz, CDCl,, 25°C): 6 =8.59
(s, 1H), 8.05 (d, J=72Hz, 2H), 798 (d, /=72 Hz, 2H), 7.90 (d, /=
8.6 Hz, 1H), 7.79 (d, J=8.6 Hz, 1H), 7.74 (d, J=8.6 Hz, 1H), 7.53 (d, J=
8.6 Hz, 1H), 437 (q, J=7.2 Hz, 2H), 3.96 (s, 3H), 3.92 (br s, 2H), 3.70
(br s, 2H), 2.02 (br s, 4H), 1.38ppm (t, J=7.2Hz, 3H); "CNMR
(150 MHz, CDCl;, 25°C): 6=168.6, 167.2, 149.7, 139.8, 136.5, 135.8,
131.5, 130.7, 130.1, 129.8, 128.3, 128.2, 127.2, 126.9, 126.0, 125.7, 125.1,
119.9, 61.0, 52.2, 51.0, 46.5, 23.9, 23.6, 14.4 ppm; MS (70 eV, EI): m/z
(%): 431 (15) [M]*, 361 (19), 334 (65), 305 (100), 289 (22), 202 (25), 189
(11), 137 (13); HRMS (EI): m/z caled for C,sH,sN;O,: 431.1845; found:
431.1829.

10h: Prepared according to TP3 from 9b (359 mg, 1 mmol), 1-bromome-
sitylene (239 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd(PPh;),]
(35 mg, 3 mol %). Reaction conditions: 100°C, 7 h. Purification by flash
chromatography (n-pentane/diethyl ether =3:2) yielded 2'.4’,6'-trimethyl-
4-(pyrrolidin-1-ylazo)biphenyl-3-carboxylic acid ethyl ester (10h; 263 mg,
72%) as a pale-yellow solid. IR (KBr): 7=2977 (w), 2919 (w), 2873 (w),
1692 (vs), 1603 (m), 1472 (m), 1399 (s), 1235 (s), 1089 (s), 1017 cm™" (m);
'HNMR (300 MHz, CDCl;, 25°C): §=7.53-7.45 (m, 2H), 7.23 (d, J=
8.8 Hz, 1H), 6.98 (s, 2H), 4.38 (q, /=7.1 Hz, 2H), 3.86 (br s, 4H), 2.37 (s,
3H), 2.12-2.00 (m, 10H), 1.39ppm (t, J=7.1Hz, 3H); “CNMR
(75 MHz, CDCl;, 25°C): 6 =168.3, 149.0, 137.3, 136.6, 136.1, 132.5, 130.3,
128.0, 126.6, 124.5, 119.5, 60.7, 50.8, 46.6, 23.7, 20.9, 20.7, 14.3 ppm; MS
(70 eV, EI): m/z (%): 365 (36) [M]*, 295 (20), 267 (64), 239 (100), 164
(8); HRMS (EI): m/z caled for C,H,;N;0,: 365.2103; found: 365.2130.
10i: Prepared according to TP3 from 9¢ (312 mg, 1 mmol), 1-bromo-4-
ethynylbenzene (217 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd-
(PPh;),] (35 mg, 3 mol%). Reaction conditions: 100°C, 5 h. Purification
by flash chromatography (n-pentane/diethyl ether =1:1) yielded 4’-ethyn-
yl-4-(pyrrolidin-1-ylazo)biphenyl-3-carbonitrile (10i; 165 mg, 55%) as a
yellow solid. M.p.: 145.9-148.0°C; IR (KBr): #=3258 (m), 3038 (w), 2969
(w), 2876 (w), 2214 (m), 1601 (w), 1479 (m), 1383 (s), 1309 (m), 1256
(m), 1162 (m), 1102 (m), 907 cm™' (w); 'HNMR (600 MHz, CDCl,,
25°C): 0=17.78 (s, 1H), 7.66 (d, /=8.8 Hz, 1H), 7.59 (d, J=8.8 Hz, 1H),
7.54 (d, J=8.4 Hz, 2H), 7.49 (d, /=8.4 Hz, 2H), 4.02-3.92 (m, 2H), 3.82—
3.70 (m, 2H), 3.13 (s, 1 H), 2.12-1.98 ppm (m, 4H); C NMR (150 MHz,
CDCl;, 25°C): 6=153.1, 139.2, 1364, 132.7, 131.6, 131.2, 126.5, 121.4,
117.9, 117.7, 107.7, 83.3, 78.2, 51.4, 47.2, 23.9, 23.4 ppm; MS (70 eV, EI):
miz (%): 300 (19) [M]*, 230 (23), 202 (100), 175 (32), 150 (8); HRMS
(EI): m/z caled for CgH,N,: 301.1453 [M +H]*; found: 301.1445.

10j: Prepared according to TP3 from 9¢ (312 mg, 1 mmol), 4-iodonitro-
benzene (299 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd(PPh;),]
(35 mg, 3 mol %). Reaction conditions: 100°C, 3 h. Purification by flash
chromatography (n-pentane/diethyl ether=1:1) yielded 4'-nitro-4-(pyrro-
lidin-1-ylazo)biphenyl-3-carbonitrile (10j; 231 mg, 72%) as an orange
solid. M.p.: 149.1-151.4°C; IR (KBr): 7=3096 (w), 2978 (w), 2872 (w),
2224 (m), 1593 (s), 1511 (s), 1478 (m), 1383 (m), 1338 (m), 1268 (m),
1106 (m), 1030 cm™" (w); '"H NMR (600 MHz, CDCl,, 25°C): 6=8.28 (d,
J=8.8Hz, 2H), 7.83 (s, 1H), 7.72-7.67 (m, 3H), 7.64 (d, /=8.8 Hz, 1H),
4.02-3.96 (m, 2H), 3.81-3.75 (m, 2H), 2.13-2.01 ppm (m, 4H); *C NMR
(150 MHz, CDCl;, 25°C): 6=154.1, 145.3, 141.1, 134.7, 131.8, 131.7,
127.3, 124.3, 118.0, 117.6, 107.6, 51.6, 47.4, 23.9, 23.4 ppm; MS (70 eV,
EI): m/z (%): 321 (17) [M]*, 251 (41), 223 (63), 206 (27), 193 (15), 177
(100), 164 (10), 150 (20); HRMS (EI): m/z caled for C;H;sNsO,:
321.1226; found: 321.1231.

10k: Prepared according to TP3 from 9¢ (312 mg, 1 mmol), 2-bromo-
1,3,5-triisopropylbenzene (340 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol),
and [Pd(PPh;),] (35 mg, 3 mol%). Reaction conditions: 100°C, 8 h. Pu-
rification by flash chromatography (n-pentane/diethyl ether =7:3) yielded
2' 4 6'-triisopropyl-4-(pyrrolidin-1-ylazo)biphenyl-3-carbonitrile (10k;
210 mg, 52%) as a pale-yellow solid. M.p.: 75.0-77.0°C; IR (KBr): 7=
2958 (s), 2868 (m), 2224 (m), 1606 (w), 1569 (w), 1410 (s), 1312 (s), 1271
(m), 1105 (m), 970 cm™" (w); 'H NMR (600 MHz, CDCl;, 25°C): 6 =7.56
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(d, J=8.4Hz, 1H), 7.39 (s, 1H), 7.28 (d, /=8.4 Hz, 1H), 7.03 (s, 2H),
4.00-3.94 (m, 2H), 3.81-3.75 (m, 2H), 2.91 (sept, /J=7.1 Hz, 1H), 2.56
(sept, J=7.1 Hz, 2H), 2.12-2.00 (m, 4H), 1.28 (d, /=7.1 Hz, 6H), 1.07
(d, J=7.1Hz, 6H), 1.04 ppm (d, J=7.1 Hz, 6H); "CNMR (150 MHz,
CDCl;, 25°C): 6=152.4, 1485, 146.6, 137.6, 134.9, 134.8, 133.8, 120.7,
1182, 117.0, 106.9, 51.4, 47.1, 34.3, 30.3, 24.1, 24.0, 23.9, 23.5 ppm; MS
(70 eV, EI): m/z (%): 402 (34) [M]*, 232 (18), 304 (100), 289 (11), 274
(8), 262 (16), 246 (21), 227 (79), 204 (20), 190 (11); HRMS (EI): m/z
caled for CyqH3sN,: 403.2862 [M +H]™*; found: 403.2850.

101: Prepared according to TP3 from 9d (366 mg, 1 mmol), methyl-2-io-
dobenzoate (314 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd-
(PPh;),] (35 mg, 3 mol%). Reaction conditions: 100°C, 2 h. Purification
by flash chromatography (n-pentane/diethyl ether=3:1) yielded 3'-
bromo-2'-(pyrrolidin-1-ylazo)biphenyl-2-carboxylic acid methyl ester
(101; 210 mg, 54 %) as a yellow solid. M.p.: 75.6-77.4°C; IR (KBr): 7=
3064 (w), 2950 (w), 2864 (w), 1708 (vs), 1599 (m), 1406 (s), 1286 (s), 1122
(s), 1048 (m), 966 (w) cm™'; '"H NMR (600 MHz, CDCls, 25°C): 6 =7.80
(d, J=79Hz, 1H), 7.56 (d, /=79 Hz, 1H), 7.44 (t, J=7.5Hz, 1H), 7.31
(t, J=7.5Hz, 1H), 7.22 (d, J=7.5 Hz, 1H), 7.18 (d, J=7.5 Hz, 1 H), 7.02
(t, J=79Hz, 1H), 3.58 (s, 3H), 3.38 (br s, 4H), 1.84 ppm (br s, 4H);
C NMR (150 MHz, CDCl,, 25°C): 0 =168.0, 147.2, 141.0, 136.4, 132.2,
131.5, 131.4, 131.2, 129.3, 129.0, 126.6, 125.3, 117.1, 51.8, 50.7, 45.9,
23.6 ppm; MS (70 eV, EI): m/z (%): 387 (10) [M]*, 317 (35), 289 (100),
274 (53), 210 (67), 167 (21), 139 (36); HRMS (EI): m/z caled for
C,3HsBrN;O,: 387.0582; found: 387.0568.

10m: Prepared according to TP3 from 9d (366 mg, 1 mmol), 1-(5-iodo-
furan-2-yl)propan-1-one (300 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol),
and [Pd(PPh;),] (35 mg, 3 mol%). Reaction conditions: 100°C, 3 h. Pu-
rification by flash chromatography (n-pentane/diethyl ether=1:1) yielded
1-(5-(3-bromo-2-(pyrrolidin-1-ylazo)phenyl)thiophen-2-yl)propan-1-one
(10m; 173 mg, 46 %) as a pale-yellow solid. M.p.: 65.6-67.9°C; IR (KBr):
7=3110 (w), 2932 (w), 2871 (w), 1675 (vs), 1550 (m), 1506 (m), 1411 (s),
1311 (m), 1244 (m), 1018 (m), 984 (m) cm™'; '"H NMR (600 MHz, CDCl,,
25°C): 0=17.81 (d, J=79Hz, 1H), 7.58 (d, /=79 Hz, 1H), 7.15 (d, J=
3.7Hz, 1H), 7.07 (t, J=7.9 Hz, 1H), 6.51 (d, J=3.7 Hz, 1H), 3.95-3.65
(m, 4H), 2.85 (q, J=7.5Hz, 2H), 2.15-1.95 (m, 4H), 1.20 ppm (t, /=
7.5Hz, 3H); "CNMR (150 MHz, CDCl,, 25°C): 6=190.0, 154.7, 151.2,
147.8, 133.7, 126.8, 126.0, 124.7, 118.1, 117.8, 112.6, 51.2, 46.7, 31.6, 24.1,
23.8, 8.2 ppm; MS (70 eV, EI): m/z (%): 375 (5) [M]*, 307 (42), 279 (37),
250 (11), 221 (22), 170 (100), 142 (34), 113 (26), 70 (21); HRMS (EI): m/z
calcd for C,;H,sBrN;0,: 375.0582; found: 375.0597.

10n: Prepared according to TP3 from 9e (312 mg, 1 mmol), 4-bromoben-
zonitrile (218 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd(PPh;),]
(35 mg, 3 mol %). Reaction conditions: 100°C, 6 h. Purification by flash
chromatography (n-pentane/diethyl ether=1:1) yielded 6-(pyrrolidin-1-
ylazo)biphenyl-3,4’-dicarbonitrile (10mn; 250 mg, 83%) as a pale-yellow
solid. M.p.: 174.4-176.6°C; IR (KBr): #=3069 (w), 2970 (w), 2874 (w),
2218 (s), 1667 (w), 1605 (m), 1480 (m), 1378 (s), 1315 (s), 1127 (m),
970 cm ™' (w); '"H NMR (600 MHz, CDCl;, 25°C): 6=7.65 (d, J=8.4 Hz,
2H), 7.62-7.54 (m, 5H), 3.93 (br s, 2H), 3.43 (br s, 2H), 2.03-1.97 ppm
(m, 4H); "CNMR (150 MHz, CDCl,;, 25°C): 6=151.5, 143.3, 134.7,
134.1, 132.6, 131.4, 130.8, 119.1, 118.9, 117.9, 110.9, 108.0, 51.4, 47.1, 23.9,
233 ppm; MS (70 eV, EI): m/z (%): 301 (10) [M]*, 231 (22), 203 (100),
176 (21); HRMS (EI): m/z calcd for CigH;sNs: 301.1327; found: 301.1341.
100: Prepared according to TP3 from 9e (312 mg, 1 mmol), 2-bromo-3-
pyridinecarbaldehyde (223 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and
[Pd(PPh;),] (35 mg, 3 mol %). Reaction conditions: 100°C, 5 h. Purifica-
tion by flash chromatography (n-pentane/diethyl ether=1:4) yielded 3-
(3-formylpyridin-2-yl)-4-(pyrrolidin-1-ylazo)benzonitrile (100; 229 mg,
75%) as a brown solid. M.p.: 164.3-166.0°C; IR (KBr): #=3051 (w),
2973 (w), 2879 (w), 2769 (w), 2220 (s), 1693 (vs), 1577 (s), 1399 (s), 1363
(m), 1311 (m), 1130 (m), 977 cm™' (w); 'HNMR (600 MHz, CDCl,,
25°C): 6=9.72 (s, 1H), 8.84 (d, J=4.9 Hz, 1H), 8.21 (d, J=7.5 Hz, 1H),
7.99 (s, 1H), 7.67-7.60 (m, 2H), 7.41 (dd, J=7.5, 4.9 Hz, 1H), 3.88 (br s,
2H), 3.21 (br s, 2H), 1.95 ppm (br s, 4H); *C NMR (150 MHz, CDCl,,
25°C): 6=190.7, 157.8, 153.2, 151.6, 135.4, 133.8, 133.6, 132.1, 130.8,
122.8, 119.0, 117.0, 108.4, 51.6, 47.5, 23.8, 23.3 ppm; MS (70 eV, EI): m/z
(%): 306 (2) [M+H]*, 248 (4), 235 (6), 222 (11), 207 (100), 179 (5), 152
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(18); HRMS (EI): m/z caled for C;;H;sNsO: 306.1355 [M +H]*; found:
306.1350

10p: Prepared according to TP3 from 9e (312 mg, 1 mmol), 4-iodoani-
sole (281 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd(PPh;),]
(35 mg, 3 mol %). Reaction conditions: 100°C, 6 h. Purification by flash
chromatography (n-pentane/diethyl ether=3:2) yielded 4'-methoxy-6-
(pyrrolidin-1-ylazo)biphenyl-3-carbonitrile (10p; 263 mg, 86%) as a
yellow solid. M.p.: 120.3-122.2°C; IR (KBr): 7=2948 (w), 2879 (w), 2830
(w), 2215 (s), 1595 (m), 1513 (m), 1479 (m), 1383 (s), 1243 (s), 1173 (s),
1030 cm™ (m); '"H NMR (600 MHz, CDCl;, 25°C): 6=7.60 (s, 1H), 7.51
(d, /=84 Hz, 1H), 748 (d, /=84 Hz, 1H), 7.43 (d, /J=8.6 Hz, 2H), 6.90
(d, J=8.6 Hz, 2H), 3.92 (br s, 2H), 3.83 (s, 3H), 3.49 (br s, 2H), 2.00-
1.95 ppm (m, 4H); "C NMR (150 MHz, CDCl,;, 25°C): 6=158.9, 151.5,
136.3, 134.2, 131.3, 131.0, 130.5, 119.6, 117.9, 113.0, 107.7, 55.2, 51.1, 46.9,
23.9, 23.3 ppm; MS (70 eV, EI): m/z (%): 306 (22) [M]*, 236 (11), 208
(100), 193 (32), 177 (6), 165 (19); HRMS (EI): m/z calcd for CgH{N,O:
306.1481; found: 306.1483.

10q: Prepared according to TP3 from 9 f (287 mg, 1 mmol), 1-bromome-
sitylene (239 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd(PPh;),]
(35 mg, 3 mol %). Reaction conditions: 100°C, 7 h. Purification by flash
chromatography (n-pentane/diethyl ether=4:1) yielded pyrrolidin-1-
yl(2'4',6'-trimethylbiphenyl-3-yl)diazene (10q; 182 mg, 62%) as a white
solid. M.p.: 113.4-115.0°C; IR (KBr): 7=2948 (w), 2918 (w), 2871 (w),
1600 (w), 1570 (w), 1404 (s), 1314 (m), 1278 (m), 1208 (w), 1142 (w),
1031 (w), 972 cm™" (w); "H NMR (600 MHz, CDCl;, 25°C): 6 =7.41-7.35
(m, 2H), 7.25 (s, 1H), 6.94 (s, 2H), 6.92 (d, J=7.1 Hz, 1H), 3.79 (br s,
4H), 2.34 (s, 3H), 2.05 (s, 6 H), 2.01 ppm (br s, 4H); C NMR (150 MHz,
CDCl;, 25°C): 6=151.5, 141.6, 139.1, 136.3, 135.9, 128.8, 127.9, 126.1,
121.2, 118.6, 51.3, 47.0, 23.8, 21.0, 20.7 ppm; MS (70 eV, EI): m/z (%):
293 (22) [M]*, 223 (11), 195 (100), 180 (67), 165 (64), 152 (9); HRMS
(EI): m/z calcd for CoH,3N;: 293.1892; found: 293.1885.

10r: Prepared according to TP3 from 9 f (287 mg, 1 mmol), 4-bromopyri-
midine (191 mg, 1.2 mmol), K;PO, (424 mg, 2 mmol), and [Pd(PPh;),]
(35 mg, 3 mol %). Reaction conditions: 100°C, 5 h. Purification by flash
chromatography (n-pentane/diethyl ether =1:4) yielded (3-pyrimidin-5-yl-
phenyl)pyrrolidin-1-yldiazene (10r; 202 mg, 80 %) as a pale-yellow solid.
M.p.: 84.9-86.5°C; IR (KBr): #=3051 (w), 2951 (w), 2864 (w), 1606 (W),
1575 (w), 1397 (s), 1333 (s), 1304 (s), 1210 (m), 1110 (w), 898 cm™" (m);
"H NMR (600 MHz, CDCl,, 25°C): 6=9.16 (s, 1H), 8.95 (s, 2H), 7.60 (s,
1H), 7.47 (d, J=7.7Hz, 1H), 7.42 (t, J=7.7 Hz, 1H), 7.29 (d, J=7.7 Hz,
1H), 3.90 (br s, 2H), 3.68 (br s, 2H), 2.01 ppm (br s, 4H); “C NMR
(150 MHz, CDCl;, 25°C): 6=157.3, 154.9, 152.3, 134.7, 134.4, 129.8,
123.3, 120.9, 118.9, 51.0, 46.3, 23.7 ppm; MS (70 eV, EI): m/z (%): 253
(18) [M]*, 183 (28), 155 (100), 128 (54), 102 (68), 75 (17); HRMS (EI):
m/z caled for C,H,sNs: 253.1327; found: 253.1317.

11a: Prepared according to TP4 from 10a (140 mg, 0.5 mmol), 3-meth-
oxybenzeneboronic acid (152mg, 1mmol), Pd(OAc), (11 mg,
0.05 mmol), and BF;-OEt, (0.2 mL, 0.75 mmol). Reaction conditions:
0°C, 4 h. Purification by flash chromatography (n-pentane/ethyl acetate =
1:9) yielded 3”-methoxy[1,1";4’,1"]terphenyl-4-carbaldehyde (11a; 94 mg,
65 %) as a white solid. M.p.: 140.5-142.1°C; IR (KBr): 7=3045 (w), 2917
(w), 2844 (w), 2740 (w), 1688 (vs), 1599 (s), 1446 (m), 1307 (m), 1235
(m), 1033 cm™' (m); '"H NMR (300 MHz, CDCl,, 25°C): 6 =10.05 (s, 1 H),
7.96 (d, J=7.9 Hz, 2H), 7.79 (d, J=7.9 Hz, 2H), 7.70 (s, 4H), 7.37 (t, J=
7.9 Hz, 1H), 7.25-7.14 (m, 2H), 6.92 (d, /=79 Hz, 1H), 3.87 ppm (s,
3H); "CNMR (75 MHz, CDCl;, 25°C): §=191.8, 160.0, 146.6, 141.8,
141.2, 138.6, 135.2, 130.3, 129.9, 127.7, 127.6, 127.5, 119.6, 113.0, 112.9,
553 ppm; MS (70 eV, EI): m/z (%): 288 (100) [M]*, 215 (6), 143 (4);
HRMS (EI): m/z caled for C,0H;0,: 288.1150; found: 288.1132.

11b: Prepared according to TP4 from 10e (141 mg, 0.5 mmol), 3-meth-
oxybenzeneboronic acid (152 mg, mmol), Pd(OAc), (11 mg, 0.05 mmol),
and BF;-OEt, (0.2 mL, 0.75 mmol). Reaction conditions: 0°C, 3 h. Purifi-
cation by flash chromatography (n-pentane/ethyl acetate=1:9) yielded
4,3"-dimethoxy[1,1";:4',1"]terphenyl (11b; 91 mg, 63 %) as a brown solid.
M.p.: 136.8-137.3°C; IR (KBr): #=3002 (w), 2941 (w), 2838 (w), 1602
(m), 1584 (m), 1479 (m), 1282 (m), 1249 (s), 1172 (m), 1028 (s), 872 cm™"
(m); '"HNMR (300 MHz, CDCl;, 25°C): 6=7.66 (s, 4H), 7.61 (d, J=
8.8 Hz, 2H), 7.40 (t, J=79Hz, 1H), 7.26-7.18 (m, 2H), 7.03 (d, /=
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8.8 Hz, 2H), 6.93 (d, /=79 Hz, 1H), 3.90 (s, 3H), 3.89 ppm (s, 3H);
BCNMR (75 MHz, CDCl;, 25°C): 6=159.9, 159.2, 142.3, 139.9, 139.3,
133.2, 129.7, 128.0, 127.5, 127.0, 119.5, 114.2, 112.7, 112.6, 55.3, 55.2 ppm;
MS (70 eV, EI): m/z (%): 290 (100) [M]*, 275 (26), 247 (11), 204 (8), 145
(7); HRMS (EI): m/z caled for C,)H;30,: 290.1307; found: 290.1297.

11c: Prepared according to TP4 from 10h (183 mg, 0.5 mmol), 3-meth-
oxybenzeneboronic  acid (152mg, 1mmol), Pd(OAc), (11 mg,
0.05 mmol), and BF;-OEt, (0.2 mL, 0.75 mmol). Reaction conditions:
0°C, 5 h. Purification by flash chromatography (n-pentane/diethyl ether =
7:3) yielded 3-methoxy-2",4",6"-trimethyl[1,1";4',1"]terphenyl-2'-carboxyl-
ic acid ethyl ester (11¢; 146 mg, 78 %) as a pale-yellow liquid. IR (neat):
7=2978 (w), 2834 (w), 1714 (vs), 1600 (m), 1473 (s), 1291 (s), 1232 (vs),
1169 (m), 1138 (m), 1092 (s), 1020 (s), 840 cm™" (s); "H NMR (300 MHz,
CDCl;, 25°C): 6=17.59 (s, 1H), 7.41 (d, /=8.0 Hz, 1H), 7.34-7.25 (m,
2H), 6.97-6.84 (m, 5H), 4.10 (q, /=7.1 Hz, 2H), 3.83 (s, 3H), 2.33 (s,
3H), 2.04 (s, 6H), 1.03ppm (t, J=7.1Hz, 3H); "CNMR (75 MHz,
CDCl,, 25°C): 6=168.8, 159.3, 142.7, 140.2, 137.0, 136.0, 132.1, 1314,
131.0, 130.6, 129.6, 129.0, 128.2, 127.2, 121.1, 113.9, 113.0, 61.0, 55.3, 21.0,
20.9, 13.7 ppm; MS (70 eV, EI): m/z (%): 374 (100) [M]*, 345 (5), 329
(18), 302 (8), 286 (10), 271 (6), 256 (4), 241 (3), 172 (5); HRMS (EI): m/z
caled for C,sH,O5: 374.1882; found: 374.1866.

11d: Prepared according to TP4 from 10k (201 mg, 0.5 mmol), 3-meth-
oxybenzeneboronic acid (152mg, 1mmol), Pd(OAc), (11 mg,
0.05 mmol), and BF;-OEt, (0.2mL, 0.75 mmol). Reaction conditions:
0°C, 4.5h. Purification by flash chromatography (n-pentane/diethyl
ether=9:1) yielded 2"4",6"-triisopropyl-3-methoxy[1,1';4’,1”|terphenyl-
2'-carbonitrile (11d; 148 mg, 72%) as a pale-yellow liquid. IR (neat): 7=
3057 (w), 2960 (s), 2869 (w), 2224 (m), 1599 (s), 1467 (s), 1224 (s), 1168
(m), 1032 (s), 842 cm™" (s); '"H NMR (300 MHz, CDCl,, 25°C): 6=7.55
(d, J=8.0 Hz, 1H), 7.47-7.37 (m, 2H), 7.33 (t, J=8.0 Hz, 1H), 7.20-7.09
(m, 2H), 7.07 (s, 2H), 7.00 (d, /J=8.0 Hz, 1H), 3.88 (s, 3H), 2.94 (sept,
J=17.1Hz, 1H), 2.54 (sept, J=7.1 Hz, 2H), 1.30 (d, /=7.1 Hz, 6H), 1.11
(d, J=7.1Hz, 6H), 1.09 ppm (d, J=7.1 Hz, 6H); "CNMR (75 MHz,
CDCl;, 25°C): 0=159.7, 148.9, 146.5, 143.4, 142.6, 140.9, 139.2, 134.7,
134.4,129.7, 121.2, 120.8, 119.7, 114.7, 114.2, 112.8, 110.9, 55.4, 34.3, 30.4,
24.2,24.1, 24.0 ppm; MS (70 eV, EI): m/z (%): 411 (100) [M]*, 396 (48),
368 (24), 354 (52), 338 (10), 326 (16), 312 (60), 297 (16), 198 (24); HRMS
(EI): m/z caled for C,0H;3;NO: 411.2562; found: 411.2543.

11e: Prepared according to TP4 from 10p (153 mg, 0.5 mmol), 3-meth-
oxybenzeneboronic acid (152mg, 1mmol), Pd(OAc), (11 mg,
0.05 mmol), and BF;OEt, (0.2mL, 0.75 mmol). Reaction conditions:
0°C, 5 h. Purification by flash chromatography (n-pentane/diethyl ether =
4:1) yielded 3,4”-dimethoxy[1,1";2’,1"]terphenyl-4’-carbonitrile (11e;
113 mg, 72%) as a colorless liquid. IR (neat): ¥=2917 (m), 2227 (m),
1736 (m), 1598 (m), 1514 (m), 1474 (m), 1291 (m), 1216 (s), 1176 (m),
1019 (m), 832cm™' (m); 'HNMR (300 MHz, CDCl;, 25°C): 6=7.72 (s,
1H), 7.68 (d, /=79 Hz, 1H), 7.54 (d, J=7.9 Hz, 1H), 7.20 (d, /=8.4 Hz,
1H), 7.08 (d, /=8.8 Hz, 2H), 6.88-6.80 (m, 3H), 6.76 (d, /=8.4 Hz, 1 H),
6.70 (s, 1H), 3.83 (s, 3H), 3.69 ppm (s, 3H); *C NMR (75 MHz, CDCl,,
25°C): 0=159.2, 159.0, 144.8, 141.3, 141.2, 133.9, 131.6, 131.2, 130.6,
130.3, 129.2, 121.9, 118.8, 114.9, 113.7, 113.3, 111.3, 55.2, 55.1 ppm; MS
(70 eV, EI): m/z (%): 315 (100) [M]™*, 300 (4), 284 (20), 252 (5), 240 (15),
227 (10); HRMS (EI): m/z caled for C,H;;NO,: 315.1259; found:
315.1244.

11f: Prepared according to TP4 from 10p (153 mg, 0.5 mmol), 4-formyl-
phenylboronic acid (150 mg, 1 mmol), Pd(OAc), (11 mg, 0.05 mmol), and
BF;-OEt, (0.2 mL, 0.75 mmol). Reaction conditions: 0°C, 11 h. Purifica-
tion by flash chromatography (n-pentane/ethyl acetate=1:9) yielded 4-
formyl-4"-methoxy[1,1";2’,1"]terphenyl-4’-carbonitrile (11 f; 102 mg, 65 %)
as a pale-yellow solid. IR (neat): 7=3054 (w), 2976 (w), 2840 (w), 2742
(w), 2228 (m), 1695 (vs), 1605 (s), 1513 (m), 1480 (m), 1300 (m), 1252
(m), 1207 (m), 1169 (m), 1026 (m), 923 cm '(w); 'HNMR (300 MHz,
CDCl,, 25°C): 6=10.01 (s, 1H), 7.80 (d, /=84 Hz, 2H), 7.74 (s, 1H),
7.71 (d, J=79 Hz, 1H), 7.53 (d, J=7.9 Hz, 1H), 7.33 (d, J=8.4 Hz, 2H),
7.02 (d, /=8.8Hz, 2H), 6.80 (d, J=88Hz, 2H), 3.81 ppm (s, 3H);
BCNMR (75 MHz, CDCl;, 25°C): 6=191.7, 159.2, 146.2, 143.5, 141.5,
1352, 134.1, 131.1, 130.8, 130.7, 130.5, 130.2, 129.5, 118.5, 113.9, 112.2,
552 ppm; MS (70 eV, EI): m/z (%): 313 (100) [M]*, 284 (8), 269 (6), 254
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(10), 240 (13), 227 (7), 214 (4), 120 (4); HRMS (EI): m/z caled for
C,;H;sNO,: 313.1103; found: 313.1083.

11g: Prepared according to TP4 from 10q (147 mg, 0.5 mmol), 3-meth-
oxybenzeneboronic acid (152mg, 1mmol), Pd(OAc), (11 mg,
0.05 mmol), and BF;-OEt, (0.2 mL, 0.75 mmol). Reaction conditions:
0°C, 4.5 h. Purification by flash chromatography (n-pentane/ethyl ace-
tate=19:1) yielded 3"-methoxy-2,4,6-trimethyl[1,1';3’,1"]terphenyl (11g;
110 mg, 73%) as a white solid. M.p.: 62.6-64.2°C; IR (KBr): 7=2948
(W), 2917 (w), 1594 (s), 1466 (s), 1326 (m), 1211 (s), 1040 cm™"' (s);
'"HNMR (300 MHz, CDCl;, 25°C): 6="7.59-7.53 (m, 1H), 7.46 (t, J=
79Hz, 1H), 7.39 (s, 1H), 7.34 (t, J=79Hz, 1H), 7.20 (d, /J=7.9 Hz,
1H), 7.16-7.09 (m, 2H), 6.95 (s, 2H), 6.91-6.85 (m, 1H), 3.84 (s, 3H),
233 (s, 3H), 2.04 ppm (s, 6H); *CNMR (75 MHz, CDCl;, 25°C): 0=
160.0, 142.6, 141.5, 141.0, 138.9, 136.7, 136.0, 129.7, 128.8, 128.4, 128.1,
128.0, 125.3, 119.6, 112.9, 112.7, 55.3, 21.0, 20.8 ppm; MS (70 eV, EI): m/z
(%): 302 (100) [M]*, 287 (13), 272 (7), 257 (4), 194 (3); HRMS (EI): m/z
calcd for C,,H»,O: 302.1671; found: 302.1670.

11h: Prepared according to TP4 from 10q (147 mg, 0.5 mmol), 4-formyl-
phenylboronic acid (150 mg, 1 mmol), Pd(OAc), (11 mg, 0.05 mmol), and
BF;-OEt, (0.2 mL, 0.75 mmol). Reaction conditions: 0°C, 12 h. Purifica-
tion by flash chromatography (n-pentane/diethyl ether=9:1) yielded
2,4,6-trimethyl[1,1";3',1"]terphenyl-4"-carbaldehyde (11h; 120 mg, 80 %)
as a colorless liquid. IR (neat): 7=2947 (w), 2916 (w), 2854 (w), 2731
(w), 1699 (vs), 1602 (vs), 1566 (m), 1472 (m), 1377 (m), 1303 (m), 1211
(s), 1167 (s), 1008 (m), 834 cm™! (s); '"H NMR (300 MHz, CDCl,, 25°C):
0=10.04 (s, 1H), 7.94 (d, J=8.4Hz, 2H), 7.76 (d, /J=8.4 Hz, 2H), 7.60
(d, J=8.0Hz, 1H), 7.51 (t, J=8.0Hz, 1H), 7.43 (s, 1H), 7.19 (d, /=
8.0Hz, 1H), 6.96 (s, 2H), 2.33 (s, 3H), 2.04 ppm (s, 6H); “C NMR
(75 MHz, CDCl;, 25°C): 6=191.9, 147.1, 141.9, 139.7, 138.5, 136.9, 135.9,
135.2, 130.3, 129.5, 129.1, 128.3, 128.2, 127.6, 125.5, 21.0, 20.8 ppm; MS
(70 eV, EI): miz (%): 300 (100) [M]*, 285 (14), 271 (6), 257 (12), 242
(13), 195 (8), 179 (7), 165 (10), 149 (9); HRMS (EI): m/z caled for
C,,H,,0: 300.1514; found: 300.1491.
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Abstract: He(I) photoelectron spec-
troscopy was used to examine the va-
lence-shell electronic structure of three
new and seven previously known
bicyclo[1.1.1]pentane derivatives, 1,3-
Y,-CsXs (for X=H, Y=H, C], Br, I,
CN; for X=F, Y=H, Br, I, CN). A
larger series (X=H or F, Y=H, F, Cl,
Br, I, At, CN) has been studied compu-
tationally with the SAC-CI (symmetry-
adapted cluster configuration interac-
tion) method. The outer-valence ioni-

CI method, including spin-orbit inter-
action, reproduced the experimental
photoelectron spectra well, and quanti-
tative assignments are given. When the
extent of effective through-cage inter-
action between the bridgehead halogen
lone-pair orbitals was defined in the

Keywords: ab initio calculations

electronic structure - photoelectron
spectroscopy - through-bond inter-
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usual way by orbital-energy splitting, it
was found to be larger than that medi-
ated by other cages such as cubane,
and was further enhanced by hexa-
fluorination. The origin of the orbital-
energy splitting is analyzed in terms of
cage structure, and it is pointed out
that its relation to the degree of inter-
action between the bridgehead sub-
stituents is not as simple as is often as-
sumed.

zation spectra calculated by the SAC-

Introduction

The indirect interaction of two molecular constituents Y’
and Y” mediated by an “inert” coupler Z (through-bond
coupling, superexchange)™ has long been studied in the
realm of electron and energy transfer, and has generated re-
newed interest in the context of molecular electronics, in
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which both highly conducting and strongly insulating moiet-
ies Z are needed. It is also relevant for the propagation of
substituent effects;, NMR and EPR coupling constants,
heavy-atom effects on spin—orbit coupling, and other phe-
nomena affected by sigma-electron delocalization.

In spite of well-documented shortcomings, it is usually ad-
vantageous for qualitative insight and conceptual under-
standing to interpret photoelectron spectra (PES) of organic
molecules in terms of Hartree—Fock orbital energies and the
Koopmans’ theorem, ignoring spin—orbit coupling even in
the presence of atoms of relatively high atomic number.
Presently, we have combined this intuitive approach with
the use of a more quantitative analysis based on the calcula-
tion of state energies by using the correlated SAC/SAC-CI
(symmetry-adapted cluster configuration interaction)
method*"* with inclusion of spin-orbit coupling at equilib-
rium structures optimized by the MP2 method. This permit-
ted unambiguous assignment of the valence-shell PES,
which used to be much more tentative,*'” and thus a relia-
ble evaluation of the Y'-Y” interactions mediated by the
coupler. The SAC-CI SD-R method, in which the linked ion-
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ization operators consist of single- and double-excitation op-
erators, is known to reproduce the primary peaks in the
outer-valence region of small molecules quite accurate-
ly. 18241

It has become standard to use the splitting AE=
E(y*)—E(y~) of the ionization energies E of the in-phase
(Y*) and out-of-phase (y~) combination of orbitals y. and
Yy~ localized on the two equivalent substituents Y’ and Y”,
respectively, as a quantitative measure of the effectiveness
of an intervening coupler cage in providing an indirect cou-
pling mechanism when direct through-space coupling of Y’
with Y” is negligible due to their large distance. This is usu-
ally justified by pointing to the two-dimensional nature of
the problem when Y'*-cage-Y” and Y'-cage-Y”™ are the
only two electron configurations that need to be considered.
In the ordinary molecular-orbital approximation, the effec-
tive resonance integral Syy that describes the effect of cou-
pling through the cage is then equal to AE/2. We offer a
straightforward rationalization of the widely varying values
of By for constant Y as a function of the structure of the
cage. However, we also conclude that 7% defined in this
way does not have the simple meaning usually attributed to
it, as the only instance for which electron configurations of
the type Y'—cage*-Y” can be safely ignored is if there is no
through-bond coupling. Cases of interest are therefore of
more than two dimensions, and the usual analysis is of ques-
tionable value.

Because of their rigidity, bicyclic and polycyclic hydrocar-
bon cages such as bicyclo[2.2.2]octane and cubane have
been of particular interest. The bicyclo[1.1.1]pentane (1)
skeleton®’ (Figure 1) seems to be particularly effective as a

/“\ 1:

X
H
—Y 13-Yl: H
F
F

>

@]

c; G 2:
1,3-Y,2:

< T < I =

Figure 1. Molecular structure of CsXsY, (X=H, F; Y=H, F, C|, Br, I,
At, CN) and definitions of atoms, directions, and the system of com-
pound naming.

through-bond coupler. It is of interest both as a rod or
bridge unit for molecular construction kits”* and because of
its unusual electronic structure. There is considerable trans-
annular (through-space) interaction between the bridgehead
carbon atoms, which are not linked by a bond although they
are less than 2 A apart; through-bond coupling involving the
highly strained C—C bonds between bridgehead and bridge
carbon atoms is strong as well. Spectroscopic and computa-
tional evidence for bridgehead-bridgehead interactions in 1
has been reviewed.”” NMR?" and EPR?! coupling con-
stants demonstrated interactions between o-symmetry
bridgehead orbitals, whereas in the hands of Gleiter et al.'¥
the PES of a few of these compounds provided evidence for
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similar interactions between bridgehead orbitals of 7w sym-
metry. We report herein an update and considerable exten-
sion of the brief note of Gleiter etal.' on the PES of
bridgehead-substituted bicyclo[1.1.1]pentanes, and also ex-
amine their hexafluoro derivatives.

The present combined He(I) photoelectron spectroscopy
and computational study thus provides a more thorough
characterization of the transmission of electronic interac-
tions through the bicyclo[1.1.1]pentane cage. It takes ad-
vantage of the threefold symmetry of the structures Y-
CsHeY (1,3-Y,-1; Y=H, F, Cl, Br, I, CN) and their hexa-
fluoro analogues Y-CsF¢—Y (1,3-Y,-2) to examine the clear-
ly apparent effects of spin-orbit coupling in the ionized
state, from Y=F to Y =At. The examination of the effects
of perfluorination has long been known® as a useful tool
for the interpretation of PES. In bicyclo[1.1.1]pentanes, it
also increases the interbridgehead distance® and is there-
fore likely to have a structural effect on transannular inter-
actions.

An intuitive approach is used to provide a simple but gen-
eral analysis of the origin of the different ability of various
cages to mediate the coupling of bridgehead substituents.

Results
Synthesis

Small amounts of several new hexafluorinated bicyclo-
[1.1.1]pentanes were prepared specifically for this study.
Hexafluorobicyclo[1.1.1]pentane (2) was synthesized by the
reduction of 1,3-Br,-2P"! with tris(trimethylsilyl)silane and
was chlorinated to yield 1,3-dichlorohexafluorobicyclopen-
tane (1,3-Cl,-2). The photochemical chlorination was unusu-
ally slow and had to be run for two weeks to yield a suffi-
cient amount of product. The difficulty of the hydrogen ab-
straction process is undoubtedly due to a combination of the
high s character of the exocyclic bridgehead orbitals and the
strong electron-withdrawing effect of the fluorine substitu-
ents.  1,3-Dicyanohexafluorobicyclo[1.1.1]pentane  (1,3-
(CN),-2) was synthesized from hexafluorobicyclo-
[1.1.1]pentane-1,3-carboxamide (1,3-(CONH,),-2), which
was prepared from 1,3-(COOH),-2.!

Attempts to synthesize 1,3-difluorobicyclopentane (1,3-F,-
1) by treatment of either bicyclo[1.1.1]pentane-1,3-dicarbox-
ylic acid®! or 1-fluorobicyclo[1.1.1]pentane-3-carboxylic
acid® with xenon difluoride were unsuccessful,’” as were
several attempts to produce 1,3-F,-1 by fluorination with di-
ethylaminosulfur trifluoride®™ of bicyclo[1.1.1]pentane-1,3-
diol, obtained by Baeyer—Villiger oxidation of the corre-
sponding diacetyl derivative followed by alkaline hydrolysis
of the resulting diester.?**! Attempted preparation of
perfluorobicyclo[1.1.1]pentane (1,3-F,-2) either by reaction
of 1,3-(COOH),-2"" with xenon difluoride or by fluorina-
tion of 2 with elemental fluorine or with potassium hexa-
fluoronickelate(IV) failed as well.
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Calculated Molecular Structure

Figure 1 shows the bicyclopentane structure and the labels
of atoms (C,, C,) and directions (o, ) with respect to the
threefold axis. In the ground state, the C,—C, distances in
the parent 1,3-Y,-1 are about 0.1 A shorter than in the per-
fluorinated 1,3-Y,-2, and the C,—C, distances in 1,3-Y,-1 are
about 0.05 A longer than in 1,3-Y,-2. The optimized geome-
tries of the neutral 1,3-Y,-1 and 1,3-Y,-2 molecules are sum-
marized in Table 1.

Table 1. MP2-optimized equilibrium structures of the ground state for
1,3-Y,-1 and 1,3-Y,-2 (Y=H, F, Cl, Br, I, At, CN).1

Molecule c-C, C~C, C~C, GC~Y C~X
C,H 1.882 2.142 1.554 1.093 1.095
CJF, 1.915 2.130 1.559 1.330 1.339
C.H/F, 1.806 2173 1.545 1.353 1.092
C,FH, 1.970 2.088 1.557 1.089 1.345
C,H,Cl, 1.820 2.165 1.546 1.751 1.092
C,F,CL 1.935 2.120 1.560 1.714 1.336
C,H,Br, 1.820 2.167 1.547 1.910 1.092
C,F,Br, 1.938 2.119 1.561 1.873 1.336
C.HL 1.821 2.170 1.549 2.130 1.092
CFL 1.941 2117 1.561 2.088 1.335
C.HAL 1.778 2.186 1.544 2.356 1.091
CFAL 1.917 2.128 1.558 2.300 1335
C.H(CN), 1875 2.155 1.558 1.443 1.093

(CN: 1.177)
C;F,(CN), 1971 2.116 1.569 1.432 1333

(CN: 1.177)

[a] Bond lengths in A.

Spin—-Orbit Coupling

To estimate the accuracy of the present spin—orbit calcula-
tions, the spin-orbit splitting between the °P;, and °Ps,
states of the halogen atoms was calculated in the same way
(Table 2). The experimental spin—orbit splitting was well-re-

Table 2. The P,,—°P;, spin-orbit splitting (cm™') for halogen atoms
calculated with the basis set used for 1,3-Y,-1 and 1,3-Y,-2.

Atom Experimentall®! Calculated
F 404 470
Cl 881 830
Br 3685 2870
I 7603 6200
At 221550 17940

[a] C. E. Moore, Atomic Energy Levels, Vol. -3, National Bureau of
Standards, U.S. Government Printing Office, Washington, D.C., 1971.
[b] Calculated."

produced for the F and Cl atoms, but the calculated value
was too small for Br, I, and At.P This underestimation of
the splitting is due to the use of a contracted basis set with a
relativistic effective core potential (RECP) and to the ap-
proximations used in the calculations as described in the Ex-
perimental Section.

Chem. Asian J. 2007, 2, 1007 -1019

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

Photoelectron Spectra

1,3-Y,-1: In Figures 2-7, we compare the observed He(I)
PES of 1,3-Y,-1 with those calculated by the SAC-CI
method with and without spin—orbit coupling. For Y=F and

a) 1 1 1 1 1 1
He(l) PES g 1E" 1
" B Ar
E 4 1A 1A . =
[ H
Z 1 3 -
E ] W 1AL 2A4 L
8 10 12 14 16 18 20
ENERGY/eV
b) L 1 L 1 L 1
with SO
s
@ 1E' 1E 2E .
Z
w
E 7 1A, 1A
[ B |'|‘ [ T T
8 10 12 14 16 18 20
ENERGY/eV
C) 1 1 1 1 1
without SO
>
=
5 L
z
w
[t L
Z
T T | !‘ T T | I|
8 10 12 14 16 18 20
ENERGY/eV

Figure 2. He(I) PE and SAC-CI spectra with and without the inclusion of
spin—orbit (SO) interaction for 1.

At, only the calculated results are available (Figure 3).
Figure 8 compares the valence ionized states calculated by
the SAC-CI method for 1 and its five 1,3-dihalo derivatives
up to 20 eV. Tables summarizing the calculated ionization
potentials (IPs), monopole intensities, ionization characters,
and experimental values of 1,3-Y,-1 and an additional com-
pound, 1,3-Br,-2,2-Cl,-1, are given in the Supporting Infor-
mation. For convenience, in all figures the ionized states are
labeled by symbols appropriate for the D, point group, al-
though the ions should be described by the spin-double
group when spin-orbit interaction is included. Molecular-or-
bital (MO) numbering is from the highest down to relate
the MOs directly to the ionized states.

Figure 9 displays the form of the MOs of 1, and Figure 10
compares the optimized ground-state and ionized-state geo-
metries of 1,3-Cl,-1 and 1,3-Br,-1.
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Figure 3. SAC-CI spectra of 1,3-F,-1 and 1,3-At,-1 with the inclusion of
spin—orbit interaction.
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Figure 4. He(I) PE and SAC-CI spectra with and without the inclusion of
spin—orbit interaction for 1,3-Cl,-1.

1,3-Y,-2: Figure 11 shows the observed He(I) PE spectra
of 1,3-Y,-2, except for the cases Y=F, Cl, and At for which
only the calculated results are available (Figure 11b, c, g).
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Figure 5. He(I) PE and SAC-CI spectra with and without the inclusion of
spin—orbit interaction for 1,3-Br,-1.

The valence ionized states calculated by the SAC-CI
method for 1, 2, and the five 1,3-dihalo derivatives of 2 are
compared in Figure 12. The calculated IPs, monopole inten-
sities, and ionization characters of 1,3-Y,-2 are compared
with the experimental values in tables included in the Sup-
porting Information.

Koopmans’ Theorem and Correlation Diagrams

The tables in the Supporting Information show that the ver-
tical ionization energies deduced from the Koopmans’ theo-
rem are far from numerical agreement with the measured
values, whereas the SAC-CI results agree very well. Never-
theless, there is a one-to-one correspondence between the
Koopmans’ and the more accurate SAC-CI description, such
that the ionized states predicted by the latter can be well de-
scribed by stating from which MO an electron is being re-
moved. This permits the use of MO correlation diagrams of
the type used so successfully for similar compounds by Heil-
bronner and co-workers!"*'" instead of state correlation dia-
grams, thus greatly simplifying the following discussion. Fig-
ures 13 and 14 show the correlation of the important MOs
associated with the ionized states through the Koopmans’
theorem.
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Figure 6. He(I) PE and SAC-CI spectra with and without the inclusion of
spin—orbit interaction for 1,3-I,-1.

Discussion
Synthesis

Our inability to prepare 1,3-F,-1 and 1,3-F,-2 is disappoint-
ing, but as we shall see below, the general agreement of the
calculated and observed PES is so good that the computa-
tional results for these two compounds may be taken as con-
fident predictions of their PES and used for the analysis of
trends in place of the latter.

Photoelectron Spectra

1,3-Y,-1: We describe first the valence ionized states of the
parent molecule 1. Figure 9a—c shows 11 of its 14 occupied
valence MOs (only one member of each degenerate pair is
shown) without the innermost ¢’ and a’ MOs, whose IPs are
higher than 20 eV and lie outside our experimental range.
The valence MOs are described by linear combinations of
two Cy—H, six C,—H, and six C,—C, bonding MOs. As origi-
nally assigned by Gleiter et al.™ on qualitative grounds, the
1A,” and 1A/ states are produced by ionization from the
out-of-phase (1a,”) and in-phase (1a,’) combinations of Cy—
H bond orbitals, respectively, and the splitting of these two
states was both calculated and measured to be 5.9 eV. This
splitting can be viewed as being caused by a combination of
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Figure 7. He(I) PE and SAC-CI spectra with and without the inclusion of
spin—orbit interaction for 1,3-(CN),-1.
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Figure 8. Valence ionized states of 1,3-Y,-1 (Y=H, F, Cl, Br, I, At)
calculated by the SAC-CI method.

direct transannular interaction between the C,—H bonds and
the differential interaction of their out-of-phase and in-
phase combinations with the appropriate symmetry orbitals
of the bicyclic cage. The 1E’ and 1E” states are due to ioni-
zation from the le’ and 1le” MOs formed from the C,—C,
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Figure 10. Equilibrium structures of the ground and ionized 1°A," states
of a) 1,3-Cl,-1 and b) 1,3-Br,-1. Bond lengths and distances are given in
A.

bond orbitals, whereas the 1A,’, 2E’, and 2A,’ states are at-
tributed to ionization from the 1la,, 2e¢’, and 2a,’ MOs
formed from the C,—H bonds.

Next, the effects of the axially symmetric bridgehead sub-
stituents Y are considered in Figures 13 and 14, patterned
after the work of Heilbronner and co-workers!'®!” (experi-
mental data have been used except for Y=F). Three types
of lines are used in Figure 13 to indicate the full details of
the orbital correlations for Y =1I: dashed lines for o-symme-
try and full lines for m-symmetry orbitals at the bridgeheads,
and dotted lines for orbitals of other types. Figure 14 shows
only the correlations for m-symmetry orbitals at the bridge-
heads (i.e., full lines) for other choices of Y for simplicity.

In the conversion of 1 into 1,3-Y,-1, each Y substituent
provides four valence orbitals in place of the one for the hy-
drogen atom, thus expanding the overall size of the valence
space. In the correlation diagrams, we consider the effect of
both m-symmetry atomic orbitals (AOs) present on each Y,
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but we include only one of the two that are of o symmetry
(the other is mostly of s character and too low in energy to
be important). When Y=CN, we consider all four triple-
bond orbitals of each substituent that are of m symmetry,
and again only one of those of ¢ symmetry.

With these simplifications, the conversion of 1 into 1,3-Y,-
1 introduces two significant changes. First, the o-symmetry
C,—H bonds are replaced with o-symmetry C,—Y bonds.
Second, the two m-symmetry AOs on Y (or m-bond orbitals
in 1,3-(CN),-1), which are absent in the valence shell of H,
interact with the MOs of the cage. The former describes the
valence-space size-conserving o effect (the inductive I
effect) and the latter, the valence-space size-expanding
effect (the hyperconjugative E effect) of the substituent. As
described by Gleiter et al.,"* the lowest 1E” and 1E’ states
are due to the ionizations from the pt MOs 1le” and le’ that
are largely located on the bridgehead halogen atoms and
contain the out-of-phase and in-phase combinations of their
lone-pair AOs, respectively (Figure 9d). The only exception
is the case Y=F, owing to the very low energy of the fluo-
rine lone-pair orbitals. In 1,3-F,-1, fluorine lone-pair charac-
ter resides in the MOs 3¢’ and 2e”, whereas hardly any is
contained in the MOs 1e’ and 1e”. In 1,3-F,-2, only le’ has
significant F lone-pair character; 1e” again does not.

We consider the o effect first, with Y=I as an example
(Figure 13). The energy of a truly isolated C-Y o-bond orbi-
tal, approximated from the PES of CH,Y, is shown in the
central column. As this energy is different from that of the
C—H bond, the interactions with the cage orbitals are differ-
ent, too. The resulting pair of C,—Y bond orbitals 1a," and
1la,” is split by less than the 5.9 eV found for C,—H (calculat-
ed (eV) for Y=F: 5.6; Cl: 42; Br: 4.2; 1. 4.0; At: 4.0). The
case of 1,3-(CN),-1 is complicated by the presence of nitro-
gen lone-pair orbitals, which are also of 0 symmetry but are
being ignored in the discussion of orbital correlations. They
introduce two relatively high energy orbitals calculated to
be split by 0.9 eV.

Next, we turn to the m effect, which increases the total
number of valence orbitals in the correlation diagrams by
four. In Figures 13 and 14 , the new pairs of degenerate p or-
bitals on Y, shown in the central column, are of ¢’ and e”
symmetry. The energies shown are those measured for
CH,YP" and corrected™ for the effect of hyperconjugation
with the methyl group. These orbitals interact with the 1le’
and le” orbitals already present in the bicyclic cage and en-
dowed with large amplitudes on the p, and p, AOs on G,
The resulting difference in orbital energies in 1,3-Y,-1 is
always larger for the antisymmetric e” orbitals (calculated
(eV) for Y=F:5.5; Cl: 3.5; Br: 3.4; 1. 3.5; At: 3.6; CN: 2.9)
than for the symmetric ¢’ orbitals (calculated (eV) for Y=
F: 3.0; ClI: 1.5; Br: 1.6; I: 2.2; At: 3.1; CN: 1.5). The differ-
ence is especially large for Y=F, not because the orbital in-
teraction is particularly strong, but because the energies of
the interacting levels are far apart.

If we consider the simplest possible interpretation, with
only the le’ or 1e” orbitals of the cage and the m-symmetry
lone-pair orbitals of the halogens (Figure 14), we find that
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Figure 11. He(I) PES of 1,3-Y,-2 (Y=H, F, Cl, Br, I, CN, At). All spectra were experimentally obtained except those of Y=F, Cl, and At, which are

SAC-CI spectra with the inclusion of spin-orbit interaction.

the effective interaction (“resonance”) integral between the
cage orbital and the halogen orbital is of the order of
0.75 eV for the e’ orbitals and about twice as large for the e”
orbitals (its magnitude decreases with increasing atomic
number of the halogen). This simplest description works
best if it is assumed that the e’ and e” orbital assignment of
the close-lying MOs of 1 needs to be interchanged relative
to the computational results shown in the drawings. As the
energies of these two orbitals are very similar, it is quite
conceivable that the computed order may be in error. The
difference between the effective interaction integrals for the
two cage MOs suggests that the amplitude of the le’ orbital
at C, is only about half that of the 1le” orbital. Indeed, on
the basis of Weinhold’s natural atomic orbitals (NAOs),
the coefficient of the self-consistent field (SCF) 1e’ MO of 1
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calculated presently on the m-symmetry Cy(p,) and Cy(p,)
valence orbitals is 0.32, whereas that of the 1e” MO of 1 is
0.50 (HF/D95). This is not surprising given that le” has a
node passing through all three bridge carbon atoms, which
pushes its amplitude towards the bridgeheads.

Turning now to the individual compounds, we note that
the 1a,” and 2a,’ orbitals are at lower energy in 1,3-F,-1 than
the corresponding la,” and la,” orbitals in 1, and that their
splitting is decreased from 6.0 to 5.1 eV. New 2¢” and 3e’ or-
bitals associated with the pmt MOs of the terminal F atoms
appeared at about 16.3 eV, close to the first IP of the F atom
(17.42 eV), and these would need to be considered if one
wished to evaluate lone-pair interactions mediated by the
cage. As seen in Figures 8 and 14, other states, 1E”, 1E/,
1A,, 2E’, and 1A, (note that state 1A, in 1,3-F,-1 corre-
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Figure 12. Valence ionized states of 1,3-Y,-2 (Y=H, F, Cl, Br, I, At)
calculated by the SAC-CI method.
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Figure 13. Correlation of measured ionization energies and their assign-
ment to MOs. Center: lone-pair AOs on I and the C-I bond orbitals;
first and fifth columns: MOs of cages 1 and 2; second and fourth col-
umns: MOs of 1,3-1,-1 and 1,3-1,-2. For the definition of line types, see
text.

sponds to state 2A;" in 1), are less influenced by F substitu-
tion, as they correspond to ionizations from the C,-C, or
C,—H bond orbitals.

M. Ehara, J. Michl et al.

The effects of the conversion of 1 into the other dihalo
derivatives 1,3-Y,-1 (Y=CI, Br, and I) are very similar, as
seen from Figures 8, 13, and 14. The resulting new E’ and
E” states associated with the &t MOs of the terminal halogen
atoms become less strongly bound as the atomic number of
Y increases. The spin—orbit splitting in the Br and I deriva-
tives is prominent in the 1E’ and 1E” states, which are pri-
marily due to ionizations from the pmt MOs of the terminal
halogens Y, but not in the 2E’ and 2E” states, which have a
smaller amplitude on the halogen atoms. In the PES of 1,3-
Br,-1, two pairs of split peaks were observed and are attrib-
uted to the 1E" and 1E” states. The first peak in the PES of
1,3-1,-1 is assigned to one component of the spin—orbit state
of 1E” and the second peak to its other component, which
overlaps with both weakly split spin—orbit components of
1E'.

The third band in the experimental spectra, assigned to
the 1A,"” state, has vibrational structure for Y=Br or I,
which indicates a significant change in geometry along the
direction of one of the normal modes upon ionization. The
equilibrium molecular structures of the ground and 1A,”
states of 1,3-Y,-1 (Y=Cl, Br) calculated by the UHF/6-
31G(d) method are shown in Figure 10. The C,—C, distance
in 1,3-Y,-1 (Y =Br, I) was calculated to shrink upon ioniza-
tion from the a,” MO, which is antibonding with respect to
the C,—C, interaction, and we assign this as the cause of the
vibrational structure. The calculated geometrical change is
less pronounced for 1,3-Cl,-1, which may be the reason why
the vibrational structure is missing in its spectrum. The
fourth band, from 12.0 to 14.0 eV, is attributed to the 2E/,
1A,, and 2E” states.

As already noted, the 1A," state of 1,3-1,-1 exhibits vibra-
tional structure, similarly as it did in 1,3-Br,-1. The overlap-
ping bands at 12-14 eV are attributed to the 2E’, 2E”, 1A,,
and 1A, states. The 3E’ state is assigned to the band at
about 16.0 eV, and the 2A," and 1A,” states to the band near
18.0eV.

The SAC-CI general-R method, which describes shake-up
states more accurately, was also used for 1,3-1,-1. The main
peaks lower than 16 eV were not influenced much, whereas
many correlation peaks appeared in the energy region 16—
18 eV. These states have distributed intensities due to the
final-state correlation interactions with the 3E’, 2A,, and
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Figure 14. Correlation of selected ionization energies and their assignment to MOs for 1,3-Y,-1 and 1,3-Y,-2 (calculated for Y =F and measured for Y=

Cl, Br, and I).
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2A," states. This result further indicates that the valence
ionized states of 1,3-Y,-1 can be assigned by the SD-R
method.

In 1,3-At,-1, the calculated spin-orbit interaction is quite
large in the five energetically low-lying states, 1E’, 1E”, and
1A,". The 2E” and 1A/ states are stabilized by At substitu-
tion, whereas the IPs of the 2E’, 1A, 3E’, 2A/, and 2A,”
states are almost constant in 1,3-Y,-1 regardless of Y.

The IPs of the 1A,", 2E’, and 2A/’ states of 1,3-(CN),-1 do
not differ much from those of the other derivatives, as these
states result from ionizations from the C,—~H bonding MOs.
However, the Y=CN substitution influences the C,-Y and
C,-C, bonding MOs and thus changes the corresponding
IPs. For Y=CN, the cage-mediated & interaction was calcu-
lated to be 0.40 eV and observed to be 0.45 eV, smaller than
for the halogen derivatives. The difference can be attributed
to the relatively small amplitude of the mcy orbitals on
carbon, due to their polarization toward nitrogen, and to the
presence of relatively low energy mey* orbitals with a larger
amplitude on carbon. Many valence ionized states are pres-
ent in the 11-15-eV region.

1,3-Y,-2: Next, we turn to the effects of hexafluorination
and compare the ionization spectrum of 2 with that of 1. As
expected, most MOs of the hexafluorinated cage are at
much lower energies. The bonds formed by the F(pm) AOs
(see Figure 1 for definitions) are strongly polarized toward
the electronegative fluorine substituent, which accounts for
its +1 effect. They act on the symmetric MOs of the cage
and are incapable of interacting with its antisymmetric MOs
such as le”. In fact, the IP of the 1E” state hardly changes
upon F substitution, as antisymmetric cage MOs such as le”
are influenced by the F(po)-C,(po) antibonding interaction
(—E substituent effect). The energy splitting of the 1A,” and
2A/ states, produced by the ionizations from the C,-H
bonding MOs, is about 6.5V, slightly larger than in 1.
Many valence states due to ionization from fluorine lone-
pair orbitals appear in the 15-20-eV region.

The general considerations of bridgehead-substituent ef-
fects for 2 are the same as for 1. The increased bridgehead—
bridgehead separation in the hexafluorinated 1,3-Y,-2 rela-
tive to the parent 1,3-Y,-1 was already known®" and follows
from Bent’s rules®™ and the high electronegativity of fluo-
rine. The C—Y bond lengths reflect the sizes of the halogen
atoms in a regular fashion, and the separation of the bridge-
head halogens Y in 1,3-Y,-2 is thus larger than in 1,3-Y,-1.
Nevertheless, we shall see below that the lone—pair orbital
splitting caused by the cage-mediated interaction of the
bridgehead substituents is actually larger.

In the calculated spectra of 1,3-F,-2, all the valence states
except for 1E” are more strongly bound than those of 2, es-
pecially those resulting from ionization from the C,—F bond
orbitals a,” and a,’. In consequence, the 1E” state at about
10.8 eV is separated from the other states, and the corre-
sponding peak becomes quite isolated. The 3E” and 3E’
states appear at about 17.0 eV. As in 1,3-F,-1, the 1E” state
hardly involves fluorine lone-pair orbitals at all due to sym-
metry, but, in contrast to 1,3-F,-1, the 1E’ state of 1,3-F,-2
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does. This can be viewed as a result of the great stabilization
of the 1e’ MO by the six fluorine substituents.

The spectra of 1,3-Y,-2 (Y=Cl, Br, I) are similar. In com-
parison with those of 1,3-Y,-1 (Y=Cl, Br, I), the o-symme-
try 1A,” and 2A, states are more strongly bound by 2.0-
2.5 eV, and the energy splitting between these states was cal-
culated to be 4.6, 4.6, and 3.9 eV for Y=CI, Br, and I, re-
spectively. The m-symmetry 1E” and 1E’ states are also
more strongly bound, by 1.1, 1.3, and 1.3 eV for Y=C], Br,
and I, respectively. The calculated energy splitting of these
two states was increased to 1.8 (Cl), 1.2 (Br), and 0.7 eV (I),
and the measured values were 0.86 (Br) and 0.58 eV (I). In
1,3-Y,-1, this splitting was 0.9 (Cl), 0.8 (Br), and 0.6 eV (I),
and the experimental results were 0.90, 0.72, and 0.66 eV, re-
spectively. The splitting for 1,3-Br,-1 and 1,3-(C,H),-1 (di-
ethynyl) was measured previously!" to be 0.72 and 0.68 eV,
respectively. The increased splitting of the le’ and 1e” orbi-
tals in 1,3-Cl,-2 compared to 1,3-Cl,-1 is particularly remark-
able, and we discuss its origin below.

Factors Determining the Strength of Through-Cage n
Interactions

As the lone-pair orbitals on substituents located at the
bridgeheads of a cage (or other m-symmetry orbitals located
on bridgehead substituents) are too far apart for significant
direct interaction, it is their interaction with the cage orbi-
tals that dictates the strength of the cage-mediated interac-
tion. The standard measure of the strength of this interac-
tion is half the difference between the energies of the MOs
that contain large symmetric and antisymmetric contribu-
tions from the lone-pair orbitals.”! This is entirely analogous
to the usual use of the difference of the m-bonding and m*-
antibonding orbital energies as a measure of the strength of
the m interaction when such orbitals overlap and interact di-
rectly. It is justified in the two-state approximation, when
Y *—cage-Y and Y-cage-Y™* are the only states that need to
be considered.*® This requires the energies of the relevant
orbitals on the substituents Y to be well removed from
those of the MOs of the cage, such that the substituent orbi-
tals do not delocalize into the cage. In most commonly used
cages and substituents Y, this condition is not very well ful-
filled. If it were, there would be no through-bond coupling.

In the simplest case of through-bond coupling,” the situa-
tion is simplified in that only one vacant antisymmetric and
one occupied symmetric orbital of the mediator need to be
considered. This is not our case. As the energies of the halo-
gen lone-pair AOs are comparable to those of the le’ and
1le” MOs of the parent cage 1 (Y =Cl, Br, I), their mutual
interaction is primary. Either of the resulting MO pairs of
the substituted cage, 1e’/1e” or 2e’/2e”, could be used for the
evaluation of the cage-mediated interaction, as both pairs
contain comparable amounts of halogen lone-pair character.
Inspection of Figures 13 and 14 shows that roughly similar
results would be obtained. It is customary!™ to use the
higher-energy pair le'/le”, for which more reliable experi-
mental values can usually be secured, and we shall follow
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this practice. In 2, the energies of the 1e’ cage MO actually
lie well below those of the halogen lone-pair orbitals, thus
further justifying the use of the le'/1e” pair.

The splitting of the m-symmetry orbitals in 1,3-Y,-1 is
large: 0.9 (Cl), 0.8 (Br), and 0.6 eV (I); it is even larger in
1,3-Y,-2: 1.8 (Cl), 1.2 (Br), and 0.7eV (I) (calculated
values). For comparison, in bicyclo[2.2.2]octane substituted
with bridgehead halogens,' in which the lowest 1E” and
1E’ states are also due to ionizations from the halogen lone-
pair orbitals, the splitting is only 0.14 eV for Br substituents.
For CI substituents, the splitting cannot be much larger, but
its exact value is unclear due to unresolved bands. In 1,4-di-
substituted cubane,!” the splitting between the analogous
states of E, and E, symmetry is only 0.4 (Cl), 0.25 (Br), and
0.36 eV (I). In this regard, the bicyclo[1.1.1]pentane cage, es-
pecially its hexafluorinated version, is unique.

When would cage-mediated & interactions defined in this
fashion be strong? If the symmetric combination of substitu-
ent ; orbitals interacted with the symmetric cage orbital(s)
exactly as much as their antisymmetric combination inter-
acts with the antisymmetric cage orbital(s), and if the sym-
metric and antisymmetric MOs of the parent cage had the
same energies, the energies of the symmetric and antisym-
metric upper MOs resulting from these interactions would
be equal, and the through-cage interaction would be said to
vanish. Clearly, one of the factors that dictate the cage-
mediated interaction, as it is usually defined, is the differ-
ence between the ability of the symmetric and antisymmet-
ric occupied cage orbitals to interact with substituent orbi-
tals. In the simplest possible description, only one cage MO
of each symmetry needs to be considered, and this is the
case in the first approximation for the e’ (symmetric) and e”
(antisymmetric) MOs of 1 and 2, both of which are bonding
and occupied.

In reality, the symmetric and antisymmetric MOs of a
cage will hardly ever have the same energy. Their energy
difference represents a second factor that dictates the
energy difference of the highest-energy symmetric and anti-
symmetric combinations of the initially degenerate halogen
lone-pair orbitals that result from mixing with cage orbitals
(Figures 13 and 14). In other words, the important factors
are the difference between the diagonal elements and the
difference between the off-diagonal elements of the 2x2
matrices that describe the interactions in the symmetric and
antisymmetric cases.

The two factors, diagonal and off-diagonal, change inde-
pendently from cage to cage. One or the other can domi-
nate, or both could be important and might interfere with
each other. This is exemplified by the nearly exact degener-
acy of the 3¢’ and 3e” MOs of 1,3-F,-2 (Figure 14), in which
the latter is favored by the off-diagonal interaction but dis-
favored by the diagonal one.

The parent cage 1 (Y=Cl, Br, I) provides an example of
off-diagonal dominance. The energies of the starting le’ and
1e” orbitals of the cage are nearly identical, and it is the dif-
ference in their effective interaction integrals with the lone-
pair orbitals that dominates the final le’-le” separation in
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the substituted cage. To the first order, these effective reso-
nance integrals are proportional to the amplitudes of the e’
and e” cage orbitals at the bridgeheads. As we saw above,
the amplitude is larger for the e” orbitals by a factor of
about two (0.50 vs. 0.32 at the HF/D95 level of calculation,
in which the e’ and e” orbitals are degenerate at —12.46 eV),
and the final e¢” orbital ends up lying above the final e’. One
of the other well-studied highly symmetric cages, cubane,”)
is also off-diagonally dominated and has a significant but
smaller difference in the bridgehead amplitudes of the sym-
metric (e,) and antisymmetric (e,) cage MOs, which are
again close in energy. The former lies at —10.6 eV, and its
amplitude at the bridgehead natural valence p orbital is 0.28
at the HF/D95 level. The latter is at —10.8 eV, and the am-
plitude is 0.43. The other, bicyclo[2.2.2]octane,'® is diago-
nally dominated. At the optimized staggered geometry, the
symmetric e MO of the cage lies at —13.34 eV, and its ampli-
tude at the bridgehead is 0.35, whereas the antisymmetric e
orbital is located at —10.94 eV, and its amplitude at the
bridgehead is nearly the same at 0.34 (HF/D95).

In 1,3-F,-1, the splitting of the MOs that carry fluorine
lone-pair character, 3e’ and 2e”, nearly vanishes as a result
of interactions among several orbitals.

The differences in orbital-energy splitting for the Cl, Br,
and I substituents reflect the differences in the carbon-halo-
gen m resonance integrals and the differences in the relative
energies of their lone-pair orbitals compared with those of
the e’ and e¢” MOs of the cage. The relative strength of the
cage-mediated halogen—halogen interaction is not a one-di-
mensional property and could depend on the choice of halo-
gen. It seems that the magnitude of the carbon-halogen =
resonance integrals is the dominant factor, such that the
strength of the coupling always decreases in the order Cl>
Br>1.

The hexafluorinated cage 2 (Y =Cl, Br, I) provides an ex-
ample of diagonal dominance. The energies of the le’ and
1le” MOs of the parent cage are vastly different. The former
is more stable by 2.59 eV and hardly interacts with the halo-
gen substituent lone-pair orbitals at all, whereas 1le” inter-
acts roughly as much as in 1. As a result, the energy of the
final e” orbital ends up being significantly greater than that
of the final e’ orbital. Therefore, the cage-mediated interac-
tion is much stronger in 2 than in 1. In 1,3-F,-2, the diagonal
and off-diagonal effects conspire to give near-exact degener-
acy for the 3e’/3e” MO pair and, hence, no cage-mediated
coupling of the halogen & lone-pairs at all. This was also the
outcome in 1,3-F,-1, albeit for a different reason. Both of
these cases illustrate that the relative ability of a cage to me-
diate electronic interactions between substituents is not only
a function of cage structure, but also of the nature of the
substituent.

Use of Orbital-Energy Splitting as a Measure of
Through-Cage Interaction

We have just seen that the usual measure of through-cage
interaction, the difference in the energies of the symmetric
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and antisymmetric MOs of the final system that has large
contributions from substituent orbitals (for Y=Cl, Br, and
I, 1e¢’ and 1e” in 1 and 2), contains contributions from both
off-diagonal and diagonal effects as defined above. As we
are not really dealing with a two-state system, the strength
of the interaction between the Y*-cage-Y and Y-cage-Y*
states need not be simply related to the orbital splitting
measured. It is thus doubtful that the diagonal and off-diag-
onal effects could enter on equal footing when one considers
all other properties of interest, such as the ease of charge
transfer through the cage. After all, although in a homonu-
clear diatomic molecule the splitting of the symmetric and
antisymmetric MOs that result from the interaction of AOs
is a good measure of its strength, in a heteronuclear diatom-
ic this is not so, and in a limiting case, the splitting is merely
a measure of the difference in electronegativity between
two weakly interacting partners, not a measure of the
strength of their interaction. A more complicated analysis is
called for, but lies outside the scope of this paper.

Conclusions

We have studied the valence ionized states of a series of
bicyclo[1.1.1]pentane derivatives, 1,3-Y,-1 (Y=H, Cl, Br, I,
CN) and 1,3-Y,-2 (Y =H, Br, I, CN), with He(I) photoelec-
tron spectroscopy and the SAC-CI method, including spin—
orbit coupling. The calculated spectra agree well with those
observed, thus allowing quantitative assignments. The spin—
orbit interactions are predicted to be especially large in the
five lowest ionized states of 1,3-At,-1 and 1,3-At,-2.

When estimated by the standard procedures, the cage-
mediated interactions between bridgehead substituents are
unusually large, especially in the hexafluoro derivatives 1,3-
Y,-2 (Y=CI, Br, I). We have analyzed the origin of this
strong interaction in simple terms and identified the two pri-
mary contributing factors: 1) the difference in the bridge-
head amplitudes of the symmetric and antisymmetric cage
MOs responsible for the interaction and the strength of the
resonance integral between the bridgehead carbon atom and
the substituent (the off-diagonal factor), and 2) the differ-
ence in the energies of these MOs (the diagonal factor). In
general, off-diagonal coupling is maximized when the ampli-
tudes of the symmetric and antisymmetric cage MOs on the
bridgeheads are very different and the C,—Y resonance inte-
grals are large, whereas diagonal coupling is favored when
one of these cage MOs interacts very weakly with the sub-
stituent orbitals because of a large energy gap. However, it
is not obvious that there is a simple relation between the
total orbital-energy splitting normally taken as a measure of
cage-mediated interaction and other properties that depend
on such interaction, and we suspect that, for some proper-
ties, only the off-diagonal coupling counts. We do not trust
the conclusion suggested by a superficial look at the present
results, namely, that the hexafluorinated cage 2 is a much
more efficient mediator than the parent cage 1 when it
comes to electronic interactions between substituents whose
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ionization potentials are similar to those of the heavier halo-
gens. It would be interesting to probe this experimentally.

Experimental Section

Photoelectron Spectroscopy

PES were recorded on a home-built instrument similar in design to a
Perkin—Elmer PS-16. This type of instrument uses an electrostatic cylin-
drical sector analyzer and a DC capillary discharge in low-pressure He
that generates photons with an energy of 21.22 eV (He(I) resonance
line). The spectrometer was calibrated periodically during each measure-
ment by injecting a mixture of Ar and Xe into the ionization region. Cali-
bration accuracy is thought to be within +£0.02 eV for IPs listed to two
decimal places and 0.1 eV for those listed to one decimal place. The
working resolution was 20-30 meV full width at half maximum for 5-eV
electrons (16-eV IP).

General Procedures

Melting points were determined on a Boetius PHMKOS5 apparatus with a
microscope attachment (4°Cmin~"). '"H NMR spectra were obtained at
300, 400, and 500 MHz on Varian VXR 300, Bruker 400, and Varian
VXR 500 spectrometers, respectively. "’F NMR spectra were obtained at
282.4, 376.5, and 470.7 MHz on Varian VXR 300, Bruker 400, and Varian
VXR 500 spectrometers, respectively. *C NMR spectra were obtained at
100.6 and 125.7 MHz on Bruker 400 and Varian VXR 500 spectrometers,
respectively. Samples were dissolved in [D]chloroform unless otherwise
indicated. Fluorotrichloromethane, [D]chloroform, and tetramethylsilane
were used as internal standards for "“F, *C, and '"H NMR spectra, respec-
tively, unless otherwise specified. IR spectra were recorded with a Nico-
let 800 or Perkin—Elmer FTIR instrument in KBr unless otherwise speci-
fied. Electron-impact mass spectra were recorded with an HP 5988A
GC-MS instrument. High-resolution and chemical-ionization mass spec-
tra were recorded with a VG 7070EQ instrument. Preparative GC was
done in an SE-52 (10% Chromosorb W) 6-20-ft long 0.25” diameter
column.

Reagents

Commercially available tris(trimethylsilyl)silane (Aldrich), fert-butyl per-
oxide (Aldrich), chlorine (Aldrich), aqueous ammonia (Fisher Scientific),
and phosphorus pentoxide (Fisher Scientific) were used without purifica-
tion. The syntheses of 1,*! 1,3-Cl,-1,*Y 1,3-Br,-1,*? 1,3-1,-1,*! 1,3-(CN),-
1,1 1,3-Br,-2,2-CL,-1,! 1,3-Br,-2,*" and 1,3-1,-2°" were reported previ-
ously.

Syntheses

2: A mixture of 1,3-Br,-2" (132 mg, 0.4 mmol), tris(trimethylsilyl)silane
(1 mg, 4 mmol), and ferz-butyl peroxide (1 mg) was sealed in a 5-mL am-
poule and heated to 120°C for 6 h. The ampoule was then secured in an
upright position with the bottom quarter immersed in an oil bath for 1 h.
The product that sublimed into the upper part of the ampoule was dis-
solved in a minimal amount of diethyl ether and purified by preparative
GC to give 2,2,4,4,5,5-hexafluorobicyclo[1.1.1]pentane (2; 53 mg, 76 % ).
M.p.: 38°C; IR (CS,): 7=928, 2860, 1299, 1244, 1184, 1048, 915,
908 cm™'; '"H NMR: 6 =3.74 ppm (sept, */yr=1.4 Hz); “C{'H} NMR: 6 =
63.4 (sept, Jcp=19.8 Hz), 109.9 ppm (brt); “FNMR: §=-117.2 ppm;
MS (El): m/z=157 (24) [M—F]*, 137 (28), 126 (100), 113 (78), 75 (35),
69 (90); HRMS: m/z calcd for CsH,Fg: 176.0061; found: 176.0073.

1,3-Cl,-2: A solution of 2 (20 mg, 0.11 mmol) in carbon tetrachloride
(1 mL) was placed in a 200-mL glass vessel equipped with a gas regulator
and a pressure gauge. Air was displaced with argon, and the reaction
vessel was filled with chlorine gas to the pressure of 50 psi. The reaction
mixture was irradiated with a 150-W tungsten lamp for two weeks. The
reaction vessel was cooled in an ice bath, and excess chlorine was careful-
ly released. 1,3-Dichlorohexafluorobicyclo[1.1.1]pentane (1,3-Cl,-2; 6 mg,
22%) was isolated by preparative GC. "’F NMR (CCl,): 6 =—123.2 ppm
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(s); “C{¥F}NMR (CCl,): 6=53.7, 109.2 ppm; HRMS: m/z calcd for
Cs¥Cl,Fy: 243.9281; found: 243.9304.

1,3-(CONH,),-2: Aqueous ammonia (30%, 10 mL) was added to a solu-
tion of hexafluorobicyclo[1.1.1]pentane-1,3-dicarboxylic acid (1,3-
(COOH),-2;*" 1.46 g, 5 mmol) in THF (10 mL), and the reaction mixture
was stirred for 1 h. The solvents were evaporated, and the residue was
sublimed at 1x10°Torr and 80°C to yield hexafluorobicyclo-
[1.1.1]pentane-1,3-carboxamide (1,3-(CONH,),-2; 1.225¢g, 93%). M.p.:
205°C (decomp.); IR: 7=3390, 3204, 1681, 1624, 1408, 1226, 113, 958,
918 cm™'; “C{”F}NMR ([Dglacetone): 6=71.0, 111.9, 156.5 ppm;
YFNMR ([DgJacetone): 0=-116.4 ppm; HRMS: m/z caled for
CH,F,NO,: 2459990 [M—NH,]*; found: 245.9975.

1,3-(CN),-2: Phosphorus pentoxide (2.8 g, 20 mmol) was thoroughly
mixed with 1,3-(CONH,),-2 (262 mg, 1 mmol) in a dry flask. A transfer
line terminated with a dry ice-cooled receiver flask was connected to the
reaction flask. The mixture was heated to about 200°C for 0.5 h, and vol-
atile products were accumulated in the receiver flask. The collected prod-
uct was sublimed in a gradient sublimer at 1 atm and room temperature
into the end of the sublimation tube cooled with tap water (~6°C) to
give 1,3-dicyanohexafluorobicyclo[1.1.1]pentane (1,3-(CN),-2; 86 mg,
38%). M.p.: 58°C; IR (CS,) 2256, 1298, 1235, 918, 894, 744cm™';
BC NMR: 6=57.87, 102.37, 110.0 ppm (br t); ’F NMR: 6 =—111.6 ppm;
MS (CI): m/z=226 [M]~ (18), 207 (100), 188 (42), 169 (21), 157 (23), 141
(11), 127 (99), 113 (52), 99 (28), 73 (27), 58 (26); HRMS: m/z calcd for
C;F¢N,: 225.9966; found: 225.9964.

Computational Details

Geometries: The ground-state equilibrium structures of 1,3-Y,-1 and 1,3-
Y,-2 (Y=F, Cl, Br, I, At, CN) were determined by the MP2 method with
the Gaussian 94 program.“”) The 6-311G* basis set*”) was used for H, N,
C, and F, and the [6s5p] GTOs (Gaussian-type orbitals) of McLean and
Chandler™ were used for Cl. For Br, I, and At atoms, RECPP**% was
used with [2s2p] plus 1d function with §;=0.389 (Br), 0.266 (1), and 0.225
(At)."Y These optimized structures were used for the calculations of ver-
tical IPs. The equilibrium structures of some ionized states were exam-
ined by the UHF/6-31G(d) method.

Photoelectron spectra: The ground and ionized states at these optimized
geometries were calculated by the SAC/SAC-CI method. The basis sets
of the first-row atoms and H were composed of the [5s3p/3s] GTOs of
Huzinaga® and Dunning®® augmented with 1d polarization functions
with £;=0.75, 0.80, and 0.90 for N, C, and F, respectively. For the other
atoms, the same basis sets as in the geometry optimization were used. In
the SAC/SAC-CI calculations, the 1s orbitals of C, N, and F and the 1s,
2s, and 2p orbitals of Cl as well as the counterparts of these MOs in the
unoccupied manifold were excluded from the active space. To decrease
computational effort, configuration selection was performed in the per-
turbative way."®! For the ground state, the threshold for the linked terms
was A,=1x10"" au, and the unlinked terms were adopted as the products
of the important linked terms whose SDCI coefficients were larger than
0.005. For the ionized state, the threshold of the linked term R was A,=
1x107° au. The thresholds for the unlinked terms in the SAC-CI were set
to 0.1 and 0.001 for selecting the important R and S operators, respec-
tively. The HF SCF orbitals were obtained with the HONDOS pro-
gram,® and the SAC-CI calculations were performed with the SAC-
CI96 program.! The effect of spin-orbit interaction was calculated in
the ab initio manner by the method reported previously.”® Only the one-
electron term was included, and only the interaction between singles was
evaluated in the SAC-CI wavefunction. Natural-bond-orbital (NBO)
analysis of HF/D95 wavefunctions was performed with the NBO rou-
tine®! in the Gaussian 98 program.’”!
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Sugar-Alcohol Complexes of Palladium(Il): On the Variable Rigidity of
Open-Chain Carbohydrate Ligands**
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Abstract: The C,, Cs, and C4 sugar al-
cohols erythritol (Eryt), p-threitol (p-
Thre), Dp-arabitol (p-Arab), ribitol
(Ribt), xylitol (Xylt), dulcitol (Dulc),
and p-mannitol (D-Mann) form chelate
complexes upon dissolution in Pd-en,
an aqueous solution of
[Pd"(en)(OH),]. Stability rules are de-
rived from the proportion of a respec-
tive species in the solution equilibrium.
Crystal-structure analysis supports the
NMR spectroscopic results for a series

Thomas Kunte!®!

[Pd,(en),(p-Mannl1,2;3,4H_,)]-5H,0,

and [Pd,(en),(Dulc2,3;4,5H_,)]-6H,O0.
In the case of the pentitols and hexi-
tols, the metalated tetraanions are sta-
bilized by intramolecular hydrogen
bonds. The hydrogen bonds uniformly
connect an alkoxide acceptor to the hy-
droxy donor group located at the &
carbon atom. As a consequence of hy-
drogen bonding, the open-chain carbo-
hydrate ligands become rigid. Crystal-
structure analysis provides information

on the configurational requirements for
rigidity. According to these rules, the
hydrogen-bond-supported
Dulc2,3;4,5H_, tetraanion provides a
geometrically persistent ligating pat-
tern. Intramolecular hydrogen bonding
seems to be the most-competitive vari-
able to metalation of a polyol. [Pd,(tm-
2,1:3,2-tet)(OH);JOH  (tm-2,1:3,2-tet=
1,3-bis(2’-dimethylaminoethyl)hexahy-
dropyrimidine) is a metallizing agent
that can force full metalation even in a

of binuclear compounds that contain
the sugar alcohols as tetraanionic poly-
olato ligands: [Pd,(en),(ErytH_,)]-
10H,O, [Pd,(en),(p-Arabl,2;3,4H_,)]-

palladium
7H20, [sz(en)z(xyltl,z ;3,4H,4)] '4H20,

Introduction

Aqueous [Pd(en)(OH),] (Pd-en) and solutions of related
palladium(IT) complexes with an N, set of ligating atoms are
currently the most-versatile reagents for the reliable trans-
formation of the diol groups of a carbohydrate into dianion-
ic ligands in chelation to the PdN, moiety. The stability of
the complexes is underlined by the fact that complete metal-
ation can be achieved. Hence, all the vicinal diol groups of
an anomeric mixture of a- and f-p-glucopyranose were
transformed into palladacycles when glucose formed
[{Pd(en)},(a-D-Glcp1,2;3,4H_,)] and [{Pd(en)},(p-D-
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case as intractable as that of dulcitol.
Accordingly, [Pd,(tm-2,1:3,2-tet),-
(DulcH_¢)]Cl,:16H,0 contains the fully
deprotonated hexitol as the ligand.

alditols

Glcpl1,2;3,4H_,)] upon reaction with Pd-en (Glcp = glucopyr-
anose).!"?! The same holds true for glucosides such as cellu-
lose, whose O2/3 diol groups were entirely metalated in the
course of cellulose dissolution in Pd-en.”! In view of these
results, the reaction of open-chain carbohydrate derivatives
is intriguing. Entire, or in this case, threefold metalation of a
hexitol such as dulcitol appeared inaccessible in preliminary
experiments with Pd-en. This result was particularly annoy-
ing when the significance of open-chain derivatives in carbo-
hydrate chemistry is considered. There exist not only stable
open-chain compounds such as sugar alcohols and aldonic
and aldaric acids, but also, most challengingly, the unstable
open-chain forms of the monosaccharides themselves. The
development of spectator-ligand—-metal fragments that can
be used as tools to stabilize and manipulate the most-reac-
tive forms of a monosaccharide, that is, the aldehyde and al-
dehyde hydrate, is therefore a major goal of carbohydrate-
directed coordination chemistry. The aim of this work is
thus to clarify the reasons for restricted metal bonding to
open-chain polyol ligands and to develop a strategy to over-
come these restrictions. For this purpose, the typical ligand

YWILEY
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properties of representative sugar alcohols (Scheme 1) with
up to six hydroxy groups were investigated, and the most-
stable ligating forms were identified. Finally, the spectator
ligand was adapted to support a metalation pattern so stable
that even the most-conservative ligating moiety, the tetra-
dentate Dulc2,3;4,5H_, tetraanion, was broken up.

CH,OH 'CH,OH
2-OH HO-2
*1—OH *—OH
4CH,OH 4CH,OH
Eryt D-Thre
1CH,OH 1CH,0OH
2L—OH 2—OH
$—OH Ho-2
4—0OH 4—OH
SCH,OH °CH,OH
Rib Xylt
1CH,OH
HO-2
HO—2
4—OH
Sl—o0H
®CH,OH ®CH,OH ®CH,0OH
Dulc D-Idit D-Mann

Scheme 1. Fischer projections, including atomic numbering, of the sugar
alcohols used in this work.

Results and Discussion

Ethanediol, Propane-1,3-diol, and Glycerol: Five- versus
Six-Membered Ring Chelation

To provide basic spectroscopic and structural data, the in-
vestigation began with some simple hydroxy compounds. *C
and '"HNMR spectra of equimolar amounts of ethanediol
dissolved in 0.2m Pd-en revealed complex formation even
for this, the least-acidic 1,2-diol in this work. Under the con-
ditions chosen, about 70% of the diol formed the diolato
complex with the Pd(en) moiety. Reaction of double the
molar amount of palladium reagent with ethylene glycol at
a Pd concentration of 0.32m left about 10% of the diol un-
complexed.

The triol glycerol was found as a bidentate triolato(2—)
ligand bonded to palladium. At a Pd/glycerol molar ratio of
2:1, only a small amount of free triol was detected in the
*C NMR spectrum. The bonding mode of the triol is almost
exclusively that of a ¥*0',0* five-ring chelator with minute
amounts of the k*0',0° six-ring isomer detectable in the
NMR spectra. To confirm the assignment of the NMR sig-
nals, propane-1,3-diol was also investigated. As expected,
propane-1,3-diolate turned out to be a much poorer ligand
than the 1,2-diol moiety due to the lower acidity of the

1038 www.chemasianj.org
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former. In 0.2M Pd-en, less than 20% of the diol was ob-
served to be bonded to palladium. However, complex for-
mation was significant enough to show the characteristic
spectral features of the different bonding modes. Table 1

Table 1. C NMR chemical shifts (ppm) of Pd—ethanediol, —propane-1,3-
diol, and —glycerol complexes. !

C1 C2 C3
[Pd(en)(EthdH_,)] 72.9
(AO) (8.5)
[Pd(en)(PrndH_,)] 63.9 40.0
(AO) (3.5) (4.4)
[Pd(en)(Glycl,2H ,)] 73.1 81.5 63.5
(A0) 9.9) (8.8) 0.4)
[Pd(en)(Glycl,3H ;)] 67.4 74.0
(Ad) (4.3) (1.3)

[a] Atoms are numbered as in Scheme 1. The signals of the en ligands are
omitted. AJ is the difference between the chemical shifts of the free and
the palladium-binding polyols taken from the same spectrum in each
case. A0 values that indicate a CIS due to 1,2-diolate coordination are in
bold. The Glycl,3 species (last entry) is present as a trace component.
Ethd =ethane-1,2-diol, Glyc=glycerol, Prnd =propane-1,3-diol.

shows the typical coordination-induced shift (CIS; AJ)
values, which are of diagnostic value in the case of the 1,2-
diolato bonding mode. For this mode, the *C NMR signals
of the carbon atoms that bear a palladium-bonded oxygen
atom were shifted downfield by about 10 ppm. As was
pointed out for levoglucosane as another example of a 1,3-
diol,*! the CIS values for this bonding mode are less infor-
mative. Attempts to crystallize any of these forms were suc-
cessful for the propanediolato complex only. The crystal-
structure analysis revealed the expected bonding pattern.”!
Crystals of the ethanediol and glycerol complexes were ob-
tained in low quality only. A preliminary structure analysis
of the glycerol derivative confirmed the spectroscopic as-
signment of a five-membered chelate ring.

Erythritol and Threitol: The Basic Binucleating Bis(diolato)
Patterns

In terms of the *C NMR spectra, the isomeric tetraols er-
ythritol (Eryt) and p-threitol (p-Thre) form the fully meta-
lated [Pd,(en),(tetraoll,2;3,4H_,)] species in aqueous solu-
tions of Pd/tetraol of molar ratio 3:1 (3:1 solutions). With
erythritol, the binuclear species is the main species in solu-
tion, whereas, as a rough estimate, only half of the p-threitol
binds two Pd(en) moieties; the other half acts as a ligand in
the mononuclear [Pd(en)(p-Thre2,3H_,)] species. The minor
tetraolato species (less than about 10 % of tetraol-containing
complexes) are [Pd(en)(p-Threl,2H_,)], [Pd(en)(Eryt-
1,2H_,)], and, even less abundant, [Pd(en)(Eryt2,3H_,)]
(Table 2). No signals of free tetraol were observed at the 3:1
molar ratio. The pronounced stability of binuclear
[Pd,(en),(Erytl,2;34H ,)] and mononuclear [Pd(en)(D-
Thre2,3H_,)] in the respective solutions dominates the spe-
cies distribution in 1:1 solutions as well. In the case of eryth-
ritol, about one quarter of the tetraol was found as a ligand

Chem. Asian J. 2007, 2, 1037 -1045
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Table 2. C NMR chemical shifts (ppm) of the observed solution species in
solutions of tetritol of different Pd-en/tetritol molar ratios.®

Cl1 C2 Cc3  C4 31 1:1
D-Thre 633 723 n.d. —
[Pd(en)(p-Threl,2H_,)] 722 819 735 637 -— +
(AS) (89) (9.6) (12) (04)
[Pd(en)(p-Thre2,3H_,)] 64.8 820 ++ +++
(AS) 15  9.7)
[Pd,(en),(D-Threl,2;3,4H_,)] 72.6 84.1 ++ —
7)) 9.3) (11.8)
Eryt 633 727 n.d. +
[Pd(en)(Eryt1,2H_,)] 737 820 737 643 — ++
7)) (10.4) (9.3) (1.0) (1.0)
[Pd(en)(Eryt2,3H _,)] 625 821 trace —
(AS) (—0.8) (9.4)
[Pd,(en),(Eryt1,2;3,4H_,)] 754 838 ++++ +
(AS) (12.1) (11.1)

[a] Atoms are numbered as in Scheme 1. The signals of the en ligands are
omitted. Ao values that indicate a CIS due to 1,2-diolate coordination are in
bold. As a rough assessment of the molar concentrations of individual spe-
cies, “+”=about 1/4 of the total tetritol concentration, “—”=about 10% or
less, “trace” =an NMR-detectable species, “n.d.” =not detected.

in the binuclear complex despite the fact that an equivalent
amount of erythritol remains uncomplexed in the equimolar
solutions. With p-threitol, the [Pd(en)(p-Thre2,3H_,)] com-
plex is almost the only species in 1:1 solutions. Hence, threi-
tol is the “normal case”, as the most-acidic hydroxy groups
are deprotonated to form a complex of the expected molar
ratio (compare the results of Andrews et al. for mononu-
clear  bis(phosphane)tetraolato(2—)platinum(II) com-
plexest).

As a result, the binding of a single metal atom to the diol
group of a tetraol follows the stability relationship threo >
terminal > erythro. This result agrees with stereochemical
considerations: the threo configuration of a central diol
moiety allows the bulky substituents (hydroxymethyl in the
case of a tetraol) to be far apart, whereas in an erythro-con-
figured diol, a conformation closer to an ecliptic arrange-
ment of the substituents is forced. Terminal metalation of a
tetraol appears more favorable than erythro coordination as
a result of the combination of low steric strain on the one
hand and deprotonation of a less-acidic terminal hydroxy
group on the other. The rule is illustrated in Scheme 2 by
means of Fischer and Newman projections.

Attempts to crystallize some of the tetraol-palladium
complexes were successful for the binuclear erythritolato
compound, which was obtained in the form of yellow crys-
tals from  palladium-rich  solutions.  Crystals of
[Pd,(en),(Eryt1,2;3,4H_,)]-10H,O (1), the decahydrate of
the main solution species, are composed of almost-flat, cen-
trosymmetric molecules (Figure 1 and Table 3) whose struc-
ture resembles that of the ammine analogue. The alkoxo
O atoms of the fully deprotonated, tetraanionic erythritolato
ligands act as hydrogen-bond acceptors in two H bonds
each.

The most-stable Pd,~Eryt species, [Pd(en)(Erytl,2H_,)],
is clearly stabilized by an intramolecular hydrogen bond
from the O4—H donor to the O2 acceptor. Though not sub-
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%Pd > %Pd > <%<Pd
threo terminal erythro
'CH,OH 'CH,0OH 'CH,OH "CH,OH

HO—2 HO—2 2—OH 2L —OH

> == >

3s—0H 3—OH  3—OH 3—OH
*CH,OH ‘CH,0H  “CH,OH *CH,OH
D-Thre D-Thre Eryt Eryt

O = CH,0OH (COO", efc.)

® = chelating diol function

Scheme 2. Complex stability for various tetraol binding modes (see text).

Figure 1. ORTEP plot (ellipsoids drawn at 60 % probability) of the C;-
symmetric erythritol complex in 1. Bond lengths (A): Pd—O1 2.002(2),
Pd—02 2.008(2), Pd—N2 2.032(3), Pd—N1 2.040(2), O1—C1 1.423(4), O2—
C2 1.433(3), C1-C2 1.513(4), C2—C2’' 1.516(5). Bond and torsion angles
(°): O1-Pd—02 85.37(8), N2—-Pd—N1 83.67(11), C1-C2—C2" 112.8(3);
01-C1-C2—02 52.0(3), N1-C3—C4—N2 —53.2(3).

stantiated by crystal-structure data on a palladium com-
pound, structure analysis of a salt of the related [Co™-
(tren)(Eryt1,2H_,)]* ion (tren=N,N,N-triaminoethylamine)
showed the O4—H--O2 bond.! In the case of threitol, the
O3 hydroxy group would be in an unfavorable position in
the O4—H--O2 hydrogen-bonded conformation. Hence, the
analogous complex with a p-Threl,2H_, ligand is only a
minor species in solution.

D-Arabitol, Ribitol, and Xylitol: Hydrogen-Bond-Supported
erythro and threo Patterns

The pentitols p-arabitol (D-Arab), ribitol (Ribt), and xylitol
(Xylt) exhibit rather different bonding capabilities. Whereas
ribitol and xylitol are, under full metalation conditions, re-
stricted to an erythro- and threo-configured bis(diolato) pat-
tern, respectively, D-arabitol is expected to bind both as a D-
threo (C1-C4) or erythro (C2-C5) bisdiol ligand.

However, despite this presumed ambiguity of the latter
pentitol, the *C NMR spectra of p-arabitol in excess Pd-en
showed five polyol signals of a dominant component, which
were assigned to the erythro-linked bis(diolato) binding
mode (Table 4). The structure of the Pd,-p-Arab species
was unravelled by crystal-structure analysis. The binuclear-
complex molecules in yellow crystals of [Pd,(en),(D-Arab-
2,3;4,5H_,)]-7H,0O (2; Table 3), which were isolated from 3:1
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Table 3. Crystallographic data of 1-4.

1 2 3 4
Net formula CgH,N,O,,Pd, C,HxN,O,,Pd, C,Hy,N,O,4Pd, C,,H5N,O,,Pd,
M, [gmol™] 631.26 607.26 553.21 601.25
Crystal size [mm] 0.25x0.20x0.13 0.33x0.13x0.10 0.23x0.11x0.02 0.40x0.25x0.04
T [K] 298(3) 200(3) 200(3) 200(3)
Diffractometer Stoe IPDS Stoe IPDS Stoe IPDS Stoe IPDS
Crystal system triclinic triclinic monoclinic monoclinic
Space group P1 P1 C2lc P2,
a[A] 7.334(2) 7.451(2) 26.436(2) 8.7495(9)
b [A] 9.048(2) 9.259(2) 7.5466(7) 14.1545(9)
c[A] 9.989(2) 9.463(2) 18.895(1) 9.0350(8)
al] 82.81(2) 114.31(2) 90 90
A 1°] 78.38(2) 89.58(2) 91.066(7) 110.41(1)
v [°] 68.89(2) 106.11(2) 90 90
vV [AY 604.7(2) 567.3(2) 3769.0(5) 1048.7(2)
V4 1 1 8 2
Peatea [gem™] 1.7335(6) 1.7775(5) 1.9499(3) 1.9041(3)
u [mm™] 1.550 1.642 1.956 1.772
Absorption correction numerical numerical numerical numerical
Transmission factors 0.8507-0.9112 0.7102-0.8689 0.7585-0.9614 0.6223-0.9427
Reflections measured 7607 5935 7632 10070
Ry 0.0259 0.0191 0.0488 0.0202
Mean o(l)/I 0.0218 0.0191 0.0689 0.0245
0 range 3.02-28.00 2.63-28.07 2.16-25.73 2.41-27.88
Observed refls. 2359 4426 2581 4224
x, y (weighting scheme) 0.0282, 0.1168 0.0369, 0.2361 0.0289, 0 0.0195, 0
Flack parameter 0.04(3) —0.02(2)
Reflections in refinement 2606 4699 3516 4684
Parameters 204 360 246 388
Restraints 14 7 0 1
R(Fy) 0.0189 0.0205 0.0314 0.0164
R(F?) 0.0439 0.0585 0.0631 0.0346
S 1.051 1.125 0.872 0.962
Shift/error,,,, —0.002 0.002 0.001 0.007
Max. electron density [e A~ 0.582 0.567 1.043 0.410
Min. electron density [e A% —0.635 —0.740 —0.677 —0.309

P. Kliifers et al.

solutions, are closely related to
the complex molecules in 1.
Upon examination of their
structure in Figure 2, one’s at-
tention is drawn to an addition-
al feature of the arabitol com-
plex. A short, intramolecular
O1-H-+O4 hydrogen bond,
which uses the free hydroxy
group as the donor, is present.
In relation to the carbon atom
(a0 position) bound to the ac-
ceptor oxygen atom, the
carbon atom of the donor hy-
droxy group is in the & posi-
tion, and this bond is thus re-
ferred to as a O hydrogen bond.
Compared with erythritol, the
0 bond stabilizes the binuclear
species to such an extent that
the monometalated species was
observed in the 3:1 solutions in
trace amounts only.

An analogous intramolecular
hydrogen bond appears to be
the reason for a relatively high
content of binuclear species de-
rived from the threo-linked bis-
(diolato) moiety in xylitol.
Contrary to the spectroscopic
result obtained for the parent
bisdiol threitol, the Pd, com-

Table 4. *C NMR chemical shifts (ppm) of the observed solution species in pentitol solutions of different Pd-en/pentitol molar ratios."!

C1 C2 C3 C4 Cs 3:1 2:1 1:1
D-Arab 63.7 70.9 71.1 71.6 63.6 n.d. n.d. +
[Pd(en)(p-Arab2,3H ,)] 65.3 81.4 82.6 73.2 64.5 trace — +4+
(A0) (1.6) (10.5) (11.5) (1.6) 0.9)
[Pd,(en),(D-Arab2,3:4,5H ,)] 64.0 85.8 86.3 835 734 e+t o+ +
(AS) (0.3) (14.9) (15.2) (11.9) (9.8)
Ribt 63.0 72.7 72.9 n.d. n.d. -
[Pd(en)(Ribt1,2H )] 726 82.4 745 723 62.8 trace - ++
(A0) (9.6) 9.7) (1.6) (-0.4) (-0.2)
[Pd(en)(Ribt2,3H )] 64.5 81.8 82.6 72 63.1 trace - ++
(A0) (1.5) 9.1) 9.7) (-0.5) (0.1)
[Pd,(en),(Ribt1,2;3 4H )] 749 82.4 84.2 81.9 632 +4+ 4+ -
(AS) (11.9) 9.7) 11.3) (9.2) (0.2)
[Pd,(en),(Ribt1,2;4,5H ,)] 722 82.2 74.7 + + trace
(A0) 9.2) 9.5) (1.8)
Xylt 63.3 72.6 71.4 n.d. n.d. -
[Pd(en)(Xylt2,3H_,)] 65.2 80.5 81.0 73.8 63.1 - + +4++
(AS) (1.9) (1.9) (9.6) (1.2) (-0.2)
[Pd(en)(Xylt] 2H ,)] 71.9 81.3 72.4 71.7 63.8 trace - -
(AD) (8.6) (8.7) (1.0) (~0.9) (0.5)
[Pd,(en),(Xylt1,2;34H ,)] 714 84.1 86.4 80.4 64.7 +4++ ++ -
(A9) 8.1) (11.5) (15.0) (7.8) (1.4)
[Pd,(en),(Xylt1,2;4,5H_,)] 732 81.6 71.7 - - trace
(A9) 9.9) (9.0) 0.3)

[a] Atoms are numbered as in Scheme 1. The signals of the en ligands are omitted. Ao values that indicate a CIS due to 1,2-diolate coordination are in
bold. As a rough assessment of the molar concentrations of individual species, “+”=about '/, of the total pentitol concentration, “—”=about 10% or
less, “trace” =NMR-detectable species, “n.d.” =not detected.
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Figure 2. ORTEP plot (ellipsoids drawn at 60 % probability) of the arabi-
tol complex in 2. Bond lengths (A): Pd1—04 2.001(5), Pd1-05 1.991(6),
Pd1-N1 2.055(6), Pd1-N2 2.034(6), Pd2—02 2.010(5), Pd2—03 2.013(4),
Pd2—N3 2.047(6), Pd2—N4 2.033(7), C1-O1 1.434(4), C2—02 1.421(9),
C3—03 1.441(9), C4—04 1.427(9), C5—05 1.438(9), C1-C2 1.531(7), C2—
C3 1.532(10), C3—C4 1.534(3), C4—C5 1.513(10). Bond and torsion angles
(°): O4—Pd1-05 84.8(2), N1-Pd1-N2 84.3(3), O2—Pd2—03 84.2(2), N3—
Pd2—-N4 83.1(3), C2—C3—C4 115.3(5), C1—C2—C3 116.7(5), C3—C4—C5
113.9(4), C2—C3—03 105.5(5), C1—-C2-02 106.4(5), C2—C1-01 112.5(4);
02—C2-C3—03 58.4(8), 04—C4—C5—05 50.1(8). Donor-acceptor dis-
tance in the intramolecular hydrogen bond: O1--04 2.511 A.

plex was found as the main solution species at a Pd/xylitol
molar ratio of 3:1, although the Pd, species is not as pre-
dominant as with arabitol. Accordingly, the expected mono-
nuclear species [Pd(en)(Xylt2,3H_,)], which is the racemic
(due to equivalence with [Pd(en)(Xylt3,4H_,)]) hydroxy-
methyl homologue of the predominant [Pd(en)(D-
Thre2,3H_,)] parent complex, is a clearly detectable minor
species in the case of xylitol in excess Pd-en (Table 4). The
structure of the binuclear xylitol complex was determined
by X-ray crystallography. Yellow crystals of [Pd,(en),-
(Xylt1,2;3,4H_,)]-4H,O (3; Table 3) with a relatively low
water content are composed of the complex molecules de-
picted in Figure 3. In fact, the bis(diolato) complex is stabi-

Figure 3. ORTEP plot (ellipsoids drawn at 60 % probability) of the xylitol
complex in 3. Bond lengths (A): Pd1-02 2.004(3), Pd1-O1 2.006(3),
Pd1-N1 2.021(4), Pd1-N2 2.030(3), Pd2—03 1.983(3), Pd2—04 1.993(3),
Pd2—N4 2.046(4), Pd2—N3 2.049(4), C1-O1 1.429(5), C2—02 1.434(5),
C3—03 1.435(5), C4—04 1.430(5), C5—05 1.431(5), C1—C2 1.520(6), C2—
C3 1.537(6), C3—C4 1.518(7), C4—CS 1.526(6). Bond and torsion angles
(°): O2-Pd1-0O1 85.24(12), N1-Pd1-N2 84.08(15), C1-C2—C3 115.6(4),
C4—C3—C2 117.0(4), O4—C4—C5 106.3(4), C3—C4—C5 112.8(4), O5—C5—
C4 114.4(4); O1-C1—C2-02 53.6(5), O3—C3—C4—04 43.4(5). Donor-ac-
ceptor distance in the intramolecular hydrogen bond: O5--02 2.506 A.

lized by a & hydrogen bond as short as that in 2. Closer in-
spection of the environment of the individual alkoxy groups,
however, reveals a difference between the binuclear pentitol
structures, which may be the reason for the generally ob-
served preference of binuclear complexes for erythro-linked
bis(diolato) ligands. Whereas each of the alkoxy O atoms in
the erythro-linked structures is an acceptor of two hydrogen
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bonds, for steric reasons, the O3 atom in 3 accepts a single
hydrogen bond only, with a water molecule as the donor.
The second lone pair of electrons of this oxygen atom is
clearly too close to the carbon backbone to bind another
water molecule.

At an equimolar Pd/pentitol ratio, both arabitol as well as
xylitol form the expected chelate ring according to the threo
rule derived above (Table 4). Thus, [Pd(en)(p-Arab2,3H _,)]
was the only monometalated species in 1:1 solutions for the
former, the minor species being the stable dimetalated com-
plex together with a molar equivalent of free arabitol. As
the dimetalated complex is less predominant with xylitol,
another monometalated species besides the main [Pd(en)-
(Xylt2,3H_,)] species was observable, namely, the terminally
chelated [Pd(en)(Xylt1,2H_,)].

Owing to the lack of favorable threo chelation, ribitol is a
particularly useful tool for investigating the rules derived
above. Monometalation is reliably predictable: the [Pd(en)-
(Ribt1,2H_,)] species is expected to dominate over [Pd(en)-
(Ribt2,3H_,)] and, in fact, it does (Table 4). The dimetalated
case is less unambiguous. The [Pd,(en),(Ribtl,2;3,4H_,)]
species showed the favorable erythro-linked bischelate,
which is stabilized by a 6 hydrogen bond between the donor
hydroxy group at C5 and the O2 alkoxido ligand; this bond
is missing in the [Pd,(en),(Ribt1,2;4,5H_,)] species, but one
of the Pd atoms does not reside in an erythro chelate. The
BCNMR spectra (Table 4) showed that the hydrogen-
bonded complex is the more stable one; its bis(terminal)
competitor is thus only a minor species.

D-Mannitol and Dulcitol: Hydrogen Bonding versus Metal
Coordination

Hexitols are composed of three adjacent diol groups; hence,
a maximum of three Pd(en) fragments may be expected to
be bonded at high metal/polyol ratios. To investigate the
competition between metalation and intramolecular hydro-
gen bonding, the two common symmetrical hexitols p-man-
nitol (p-Mann) and dulcitol (Dulc) were investigated.

By using a Pd/hexitol molar ratio of 1:1, the threo rule de-
rived above was confirmed (Table 5). In fact, the threo-con-
figured [Pd(en)(Dulc2,3H_,)] racemate was the only com-
plex of 1:1 Pd/hexitol stoichiometry. Neither terminal
(Dulcl,2H_,) nor erythro (Dulc3,4H_,) chelation were de-
tected by *C NMR spectroscopy, thus leaving, as is usual at
the 1:1 ratio, only two additional species in the solution
equilibrium: a dimetalated DulcH_, species and the equiva-
lent amount of free dulcitol. To examine the rules of mono-
metalation, mannitol is a particularly suitable probe. The fa-
vored threo diol occurs only once in mannitol, but there are
two terminal and erythro-configured diol groups. According-
ly, at the 1:1 Pd/Mann ratio, equal amounts of [Pd(en)(D-
Mannl,2H_,)] and [Pd(en)(p-Mann3,4H_,)] were detected;
erythro coordination did not appear competitive. Only weak
signals were assigned to [Pd(en)(p-Mann2,3H_,)]. However,
owing to accidental signal overlap and ambiguities regarding
the correct assignment of signals to the individual carbon

www.chemasianj.org 1041





FULL PAPERS

P. Kliifers et al.

Table 5. ®*C NMR chemical shifts (ppm) of the observed solution species in hexitol solutions of different Pd-en/hexitol molar ratios."!

C1 C2 C3 C4 C5 Co 3:1 2:1 1:1
Dulc 63.9 70.8 70.0 n.d. n.d. +
[Pd(en)(Dulc2,3H_,)] 65.5 80.8 81.1 722 732 63.9 n.d. - ++
(Ad) (1.6) (10.0) (11.1) (2.2) 2.4) (0.0)
[Pd,(en),(Dulc2,3;4,5H_,)] 64.8 83.3 84.9 ++++ ++++ +
(A0) (0.9) (12.5) (14.9)
D-Mann 63.9 71.5 69.9 n.d. n.d. +
[Pd(en)(p-Mann1,2H_,)] 73.5 80.8 L L L 63.9 n.d. trace +
(Ad) (9.6) 9.3) (0.0)
[Pd(en)(p-Mann3,4H _,)] 64.4 73.5 82.1 n.d. — +
(A0) (0.5) (2.0) (12.2)
[Pd,(en),(p-Mann1,2;3,4H_,)] 73.7 86.7 83.3 86.1 73.1 63.9 +++ +++ +
(Ad) 9.8) (15.2) (13.4) (16.2) (1.6) (0.0)
[Pd,(en),(p-Mann1,2;5,6H_,)] 73.5 80.8 71.0 — — trace
(A0) (9.6) 9.3) (1.1)
[Pd;(en)s(p-MannH_)] 75.1 83.30 81.6l + — n.d.
(Ad) (11.2) (11.8) 11.7)

[a] Atoms numbered as in Scheme 1. The signals of the en ligand are omitted. Ad values that indicate a CIS due to 1,2-diolate coordination are in bold.
Chemical shifts are relative to D,0/MeOH except for [Pd(en)(p-Mann1,2H_,)], [Pd,(en),(p-Mann1,2;5,6H_,)], and [Pd;(en);(p-MannH_¢)], whose spec-
tra were recorded in H,O; to scale the measurements, 1.3 ppm has been added to the values for these species. As a rough assessment of the molar con-
centrations of the individual species, “+”=about 1/4 of the total hexitol concentration, “—”=about 10% or less, “trace” =NMR-detectable species,
“n.d.”=not detected. [b] Coincidental with [Pd(en)(p-Mann3,4H ,)]-C2. [c] Assignment ambiguous, 6=71.8, 71.6, 70.8 ppm. [d] Signals may be inter-

changed.

atoms, this species is not included in Table 5. Therefore, the
data for the tetritol species (Table 2) match the ligand prop-
erties of mannitol in terms of the particularly restricted abil-
ity of the erythro-configured diol moiety to act as a chelator.

At a higher Pd/hexitol ratio, the dimetalated species
became the main solution species for both hexitols. In a re-
flection of the weakness of erythro chelation and the
strength of the erythro link between two adjacent diol chela-
tors, no symmetrical [Pd,(en),(p-Mann2,3;4,5H_,)] species
was detected in the spectra despite the fact that two intra-
molecular hydrogen bonds could be established to stabilize
this hypothetical species. Instead, the main solution species
was [Pd,(en),(p-Mann1,2;3.4H_,)], which comprises pair-
wise terminal/threo chelation with an erythro link in be-
tween. The structure of the complex molecules in yellow
crystals of [Pd,(en),(p-Mannl,2;3.4H_,)]-6H,O (4; Table 3)
confirms the NMR spectroscopic result and highlights an-
other structural feature: the O hydrogen bond, which is
clearly the most-stable type of intramolecular hydrogen
bond in a polyolato ligand (Figure 4). As this 8 bond is es-
tablished in favor of an € bond, the C6 terminus of the hexi-
tol is left hanging without a particular function for the struc-
ture of the complex. Accordingly, another dimetalated spe-
cies, [Pd,(en),(p-Mann1,2;5,6H_,)], was detected as a minor
component (Table 5).

In the case of dulcitol, all the optimum conditions for di-
metalation coincide: each individual palladium atom is in-
corporated into a threo chelate, the two Pd binding sites are
erythro-linked, and the terminal hydroxy groups can act as
donors in d hydrogen bonds. When the palladium content of
the solution exceeded the Pd/Dulc ratio of 2:1, the result
was a simple three-signal >*C NMR spectrum of the expect-
ed Ci-symmetrical [Pd,(en),(Dulc2,3;4,5H_,)] species. Crys-
tallization from 2:1 solutions was successful. Structural anal-
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Figure 4. ORTEP plot (ellipsoids drawn at 60 % probability) of the man-
nitol complex in 4. Bond lengths (A): Pd1-02 1.999(2), Pd1-O1
2.000(2), Pd1-N1 2.034(2), Pd1-N2 2.047(2), Pd2—04 1.977(2), Pd2—03
2.012(2), Pd2-N3 2.042(2), Pd2-N4 2.047(2), C1-O1 1.435(3), C2-02
1.441(3), C3—03 1.436(3), C4—04 1.418(3), C5-05 1.423(3), C6—0O6
1.426(3), C1-C2 1.500(4), C2-C3 1.539(3), C3—C4 1.541(3), C4-C5
1.536(3), C5-C6 1.513(3). Bond and torsion angles (°): O2-Pd1-0O1
83.78(7), N1-Pd1-N2 83.77(9), C1-C2—C3 116.0(2), 03—C3—C4 106.4(2),
C2—C3—C4 115.0(2), O4—C4—C5 106.5(2), C5—C4—C3 118.1(2), O5-C5—
C6 105.6(2), O5—C5—-C4 113.5(2), C2—02—Pd1 105.80(15); O1-C1-C2—
02 51.9(2), O3—C3—C4—04 —55.6(2). Donor-acceptor distance in the in-
tramolecular hydrogen bond: 0502 2.533 A.

ysis of [Pd,(en),(Dulc2,3;4,5H_,)]-6H,O (5) showed the dul-
citolato ligand as the same rigid bis(diolato) ligand found in
copper(Il) and nickel(II) complexes in our previous work
(Figure 5 and Table 6).©

The conservative formation of the Pd,(Dulc2,3;4,5H_,)
pattern is underlined by experiments with the sterically
more demanding Pd"(MeNH,), metal fragment. The addi-
tion of dulcitol to a 0.3M solution of [Pd"(MeNH,),(OH),]
according to a Pd/polyol molar ratio of 3.5:1 yielded a
yellow  solution that contained the  binuclear
Pd,(Dulc2,3;4,5H_,) core, as shown by the >*C NMR spectra.
The diffusion of acetone vapor at 4°C resulted in the forma-
tion of yellow crystals over the course of three weeks. Struc-
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Figure 5. ORTEP plot (ellipsoids drawn at 70 % probability) of the Ci-
symmetric dulcitolato(4—) complex in 5. Bond lengths (A): Pd—O3
1.999(3), Pd—0O2 2.010(3), Pd—N2 2.043(4), Pd—N1 2.042(4), O1—C1
1.427(6), O2—C2 1.429(5), O3—C3 1.442(5), C1—C2 1.520(6), C2—C3
1.535(5), C3—C3’ 1.515(8). Bond and torsion angles (°): O3—Pd—02
83.97(12), N2-Pd-N1 83.89(15), O1-Cl1—-C2 113.1(4), C1—C2-C3
118.0(3), O3—C3—C2 105.3(3), C3—C3—C2 117.2(4); 0O2—C2—C3—03
56.2(4). Donor-acceptor distance in the two intramolecular hydrogen
bonds: O1--03' 2.526 A.

Table 6. Crystallographic data of the dulcitolato complexes 5, 6, and 8.

5 6 8
Net formula C,(HxN,O,Pd, C;;H;N,OPd,  C3HgClLNO,,Pd,
M, [gmol '] 619.24 811.50 1417.71
Crystal size 0.13x0.05x0.03 0.20x0.10x0.08 0.27x0.11x0.01
[mm]
T [K] 200(3) 200(3) 200(3)
Diffractometer Stoe IPDS Stoe IPDS KappaCCD
Crystal system triclinic monoclinic triclinic
Space group Pl P2/c Pl
a[A] 7.422(1) 7.3422(5) 7.7660(2)
b [A] 9.278(2) 19.580(2) 13.0114(4)
c[A] 9.636(2) 12.5550(9) 14.0568(4)
a[°] 117.71(1) 90 78.341(1)
A 1°] 91.58(2) 104.104(8) 76.285(2)
v [°] 104.73(2) 90 81.223(2)
V[AY] 559.9(2) 1750.5(2) 1343.22(7)
Z 1 2 1
Ocaled [gem ] 1.8366(7) 1.5397(2) 1.75265(9)
 [mm™] 1.666 1.098 1.494
Absorption cor-  none numerical numerical
rection
Transmission fac- — 0.8397-0.9433 0.7924-0.9819
tors
Reflections mea- 5127 8905 13219
sured
Ry 0.0497 0.0545 0.0513
Mean o(1)/1 0.0653 0.0523 0.0504
0 range 2.42-28.04 2.08-23.00 2.39-23.00
Observed refls. 1908 1842 3211
x, y (weighting 0.0410, 0 0.0394, 0 0.0657, 0.9463
scheme)
Reflections in re- 2404 2400 3735
finement
Parameters 150 221 348
Restraints 9 0 25
R(Fy) 0.0320 0.0315 0.0377
R(F) 0.0776 0.0690 0.1143
S 0.984 0.923 1.140
Shift/error,,,, 0.001 0.001 0.001
Max. electron 0.929 0.768 0.988
density [e A7)
Min. electron —1.419 —0.468 —1.124

density [e A7)

tural analysis of monoclinic crystals of [{Pd(MeNH,)(Me,C=
NMe)},(Dulc2,3;4,5H_,)]-6H,O (6; Table 6) revealed partial
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transformation of one of the two methylamine ligands. Con-
densation with the precipitating agent acetone led to the for-
mation of the isopropylidene methylimine ligand (Figure 6).
The S-shaped dulcitolato ligand gave almost identical struc-
tural data for 5 and 6 in terms of torsion angles and hydro-
gen-bond distances.

Figure 6. ORTEP plot (ellipsoids drawn at 40% probability) of the C,-
symmetric dulcitolato(4—) complex in 6. Bond lengths (A): Pd—02
1.997(3), Pd—0O3 1.986(2), Pd—N1 2.044(4), Pd—N2 2.022(4). Bond and
torsion angles (°): O2—Pd—03 84.3(1), N1-Pd—N2 92.6(2), O3—C3—C2
106.0(3), C2—C3—C3’ 116.2(4), C1-C2—C3 117.3(4); O3—C3—C2—-02:
53.9(4). Donor-acceptor distance in the two intramolecular hydrogen
bonds: O1--03' 2.537(5).

With the various contributions to the overall stability of a
metal complex of a particular hexitol configuration in mind,
complete metalation at high Pd/hexitol ratios appears possi-
ble for mannitol but a challenge in the case of dulcitol. In
fact, the three signals of the  [Pd;(en)s;(p-
Mann1,2;3,4;5,6H_;)] species were detected in such solu-
tions of mannitol (Table 5). In the case of dulcitol, however,
not even a trace of trimetalated species was observed.

Shift Patterns in °C NMR Spectra

Although the *C NMR signal assignments made in Tables 2,
4, and 5 were derived from correlated spectra, the resulting
shifts, particularly the CIS values, support the assignments
made by a consistent pattern of chemical-shift values. As
shown by the data for the dimetalated species, chelation of
the palladium center resulted in a 9-11-ppm CIS of the re-
spective carbon signal. This range was shifted to 11-12 ppm
if a carbon atom of one chelate ring is adjacent to a carbon
atom of another. The only factor that remains to be consid-
ered at this point is 6 hydrogen bonding. With the exception
of xylitol, all the 8-bond-supported bischelates are erythro-
linked. In these molecules, the downfield shift of the chelate
carbon signals is in the 12-16-ppm range. The xylitol case is
different. An unusual 15.0-7.8-ppm CIS pattern was ob-
served for the 3,4 chelate, that is, the CIS of the C4 signal is
unexpectedly low. However, this result seems to be typical
and indicative of this stereochemistry. Preliminary data on
p-iditol (p-1dit), the only hexitol with an all-threo configura-
tion, showed almost identical shifts. At the 3:1 ratio, the
main solution species exhibited three signals. The clearly C,-
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symmetrical D-iditolato ligand constitutes the species
[Pd,(en),(p-1dit2,3;4,5H_,)], and the respective CIS pattern
was 15.3-7.9 ppm, close to that of xylitol.

Forcing Full Metalation: Binucleating Nitrogen Ligands

The competition between metal bonding to suitable coordi-
nation sites and intramolecular hydrogen bonding towards
the strong alkoxy acceptors appears to be the determining
factor for the structures of the compounds described above.
At the outset, an open-chain compound such as dulcitol
might have been supposed to be flexible. This work, howev-
er, demonstrates that the coincidence of suitable factors for
dimetalation is capable of completely restricting the accessi-
ble conformations of a polyolato ligand to a single one. Fur-
ther deprotonation and metalation of the Dulc2,3;4,5H_,
ligand thus emerges as a challenge for the design of metal—
spectator-ligand fragments that are able to compete with
strong hydrogen bonding. Attempts to construct metal frag-
ments that can cleave the intramolecular hydrogen bond of
the DulcH_, entity were successful for the 1,3-bis(2'-di-
methylaminoethyl)hexahydropyrimidine (tm-2,1:3,2-tet)
ligand (Scheme 3).

N N
MezN/\/ ~ \/\NMez
tm-2,1:3,2-tet

Scheme 3. The 1,3-bis(2’-dimethylaminoethyl)hexahydropyrimidine ligand
in 7 and 8.

The dinuclear metal educt was prepared by reaction of
the tetradentate nitrogen ligand with bis(benzonitrile)di-
chloropalladium(IT) and subsequent replacement of chloro
by hydroxo ligands. Yellow crystals of [Pd,(tm-2,1:3,2-tet)-
(OH);]CI-:8H,0 (7a) were isolated from these solutions
upon incomplete chloride/hydroxide exchange.” On the
basis of this structure determination, the alkaline aqueous
solution of the palladium reagent itself was determined to
be that of [Pd,(tm-2,1:3,2-tet)(OH);]OH (7b).

After the reaction of 0.2m of 7b with dulcitol, a C-sym-
metric species was formed, as indicated by three signals in
the dulcitol part of the "C NMR spectrum (6=90.4, 78.4,
73.7 ppm). The CIS pattern is consistent with full metalation
of the polyol: the atypically large CIS of 19.6 ppm indicates
a bridging position of the C2/5 atoms, whereas the other
carbon atoms are clearly connected to a single Pd atom
(CIS values: 8.4 ppm for C3/4, 9.8 ppm for C1/6). The addi-
tion of chloride yielded crystals of [Pd,(tm-2,1/3,2-tet),
(DulcH_g)]Cl,-16H,0O (8). Structural analysis confirmed the
spectroscopic result (Figure 7 and Table 6). Due to the
bonding of four palladium centers, full deprotonation was
forced, and there are no longer intramolecular hydrogen
bonds in the complex dication. A comparison of the bond
angles along the dulcitol-carbon chains of 5, 6, and 8 shows
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Figure 7. ORTEP plot (ellipsoids drawn at 30% probability) of the Ci-
symmetric dulcitolato(6—) complex in 8. Bond lengths (A): Pd1-O1
1.989(3), Pd1—02 2.004(3), Pd1-N1 2.047(4), Pd1-N2 2.082(4), Pd2—0O3
1.968(3), Pd2—02 2.011(3), Pd2—N4 2.050(4), Pd2—N3 2.105(4); Pd1--Pd2
3.2373(5). Bond and torsion angles (°): O1-Pd1-02 85.6(1), N1-Pd1-N2
87.1(2), 02-Pd2-03 84.7(1), N4-Pd2-N3 86.2(2), Pd1-02-Pd2
107.48(2); O1-C1-C2—-02 —47.7(5), O2—C2—C3—03 —49.7(5).

that the release of the intramolecular hydrogen bonds lifts
the angle strain that is typical for the Dulc2,3;4,5H_, ligand
(Figures 5-7; note the 3° criterion described in the Experi-
mental Section). Owing to the coordination of four instead
of two metal centers, hydrogen bonding is generally of less
importance in crystals of 8. The bridging O2 atom does not
accept any hydrogen bonds and uses its bonding capability
exclusively for metal binding. O3 acts as the acceptor of a
single hydrogen bond with a water molecule as the donor.
Only the terminal O1 atom accepts two hydrogen bonds
from two different water molecules.

Conclusions

Sugar alcohols, although open-chain carbohydrate deriva-
tives, are by no means the flexible ligands they are expected
to be. Most surprisingly, the ability of these polyfunctional
molecules to offer a variety of metal-binding sites is not gov-
erned by the chain length. Instead, a couple of stereochemi-
cal rules determine the ligand properties. Thus, the highest
stability is found if 1) the individual chelate ring is formed
by a threo-configured diol group, 2) two adjacent chelating
diol groups are erythro-linked, and 3) a & hydrogen bond,
that is, a hydrogen bond whose donor hydroxy and acceptor
alkoxido parts are separated by a C, chain, can be establish-
ed. If a specific metalation pattern matches all these condi-
tions—an example is given with dimetalated dulcitol—the
polyolato ligand is invariably found in this bonding situa-
tion. If not, a variety of species of comparable stability is
then present in solution.

Conversely, it is a challenge to force full deprotonation
and metalation of a ligand such as dulcitolate(4—). Because
a powerful competitor to strong hydrogen bonding is
needed, a simple reagent such as Pd-en can no longer be
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used for the purpose of full metalation. Instead, tailor-made
complexing agents that are adapted to the particular alkoxi-
do pattern to be supported are needed.

Experimental Section

Syntheses

General procedure for the preparation of Pd(en) complexes: Aqueous
solutions of Pd-en (0.2-0.4M) were prepared according to the method in
the literature.™ The respective polyol was added to the amounts given
above. The solutions were stirred for 2 h at 0°C. NMR spectra of these
solutions were recorded. For crystallization, acetone vapor from acetone/
water mixtures was allowed to diffuse into the solutions at room temper-
ature. To obtain crystals of good quality, crystallization was interrupted
at a typical yield of 30%. Complex 1 formed from 0.4m Pd-en without
the addition of a precipitant over the course of 2 days.

Bis(benzonitrile)dichloropalladium(II): The procedure of reference [10]
was slightly modified: palladium(II) chloride (4.10g, 23.0 mmol) and
benzonitrile (100 mL) were heated to 120°C for 30 min under stirring,
after which the mixture was filtered. The filtrate was cooled to 30°C, and
pentane (600 mL) was added. After the mixture was cooled to 4°C for
2 h, the yellow precipitate was filtered off, washed with pentane, and
dried invacuo to give bis(benzonitrile)dichloropalladium(Il) (8.4 g,
22 mmol, 96 % ).

tm-2,1:3,2-tet: ~ N,N-Dimethyl-1,2-diaminoethane ~ (100 mL, 80.7 g,
0.915 mol) was heated to 40°C. 1,3-Dibromopropane (28.0 mL, 554 g,
0.274 mol) was added with vigorous stirring over the course of 2 h. After
the mixture was heated to 80°C for 1 h, the resulting suspension was dis-
solved in NaOH (500 mL, 0.4m). The solution was extracted with tri-
chloromethane (3x200mL). The combined organic layers were dried
with sodium sulfate, and the solvent was removed. Fractional vacuum dis-
tillation (90°C, 4.7x10 > mbar) yielded 1,3-bis[2'-(dimethylamino)ethyl-
amino]propane as a colorless oil (10.6 g, 49 mmol, 18 % relative to dibro-
mopropane). PC{'H} NMR (CDCLy): 6=30.3, 45.3, 47.2, 48.2, 58.9 ppm.
The tetraamine was then dissolved in water (15 mL). Formaldehyde
(4.5 mL, 53 mmol) was slowly added to the cooled solution with stirring,
which was continued for 30 min. The solution was extracted with tri-
chloromethane (3x100 mL). The combined organic layers were dried
with sodium sulfate, and the solvent was removed. Fractional vacuum dis-
tillation (74°C, 10> mbar) yielded 1,3-bis[2’-(dimethylamino)ethyl]hexa-
hydropyrimidine (tm-2,1:3,2-tet) as a colorless oil (9.6 g, 42 mmol, 86 %
relative to the tetraamine educt). *C{'H} NMR (CDCl,): 6=23.5, 46.2,
53.1, 53.5, 57.8, 77.0 ppm.

7b: Bis(benzonitrile)dichloropalladium(II) (5.0 g, 13.2 mmol) was dis-
solved in dichloromethane (250 mL) and acetonitrile (250 mL). tm-
2,1:32-tet (1.5 g, 6.6 mmol), dissolved in dichloromethane (100 mL), was
added over the course of 10 min. After the mixture was stirred for 2 h,
the yellow precipitate was filtered off and dried invacuo (3.5g,
6.0 mmol, 91%). Silver(I) oxide (2.9 g, 12.5 mmol) and water (30 mL)
were then added. The suspension was stirred for 15 min in the dark and
filtered. The yellow filtrate, an alkaline aqueous solution of 7b (0.2m),
was stable for months when stored under nitrogen at 4°C in the dark.
BC{'"H} NMR (H,0): 6=20.1 (1C, CH,CH,CH,), 49.0 (2C, CHj;), 50.9
(2C, CHs;), 57.3 (2C), 60.0 (2C), 60.4 (2C), 80.7 (1C, NCH,N).
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8: Dulcitol (73 mg, 0.40 mmol) and lithium chloride (25 mg, 0.59 mmol)
were stirred in an aqueous solution of 7b (3.0 mL, 0.6 mmol, 0.2M) at
room temperature for 2 days. Acetone vapor was allowed to diffuse from
an acetone/water mixture (5:1) at room temperature until yellow plate-
lets of 8 formed.

Crystal-Structure Analysis

Crystals suitable for X-ray crystallography were selected by means of a
polarization microscope, mounted on the tip of a glass fiber, and subject-
ed to XRD on either a Nonius Kappa CCD or a Stoe IPDS diffractome-
ter, both with graphite-monochromated Moy, radiation (1=0.71073 A).
The structures were solved by direct methods (SIR 97, SHELXS) and re-
fined by full-matrix least-squares calculations on F* (SHELXL-97). An-
isotropic displacement parameters were refined for all non-hydrogen
atoms. Crystallographic data are shown in Tables 3 and 6. The number of
restraints given refers to DFIX restraints. Bond angles in the polyolato
ligand are given in the tables if they deviate more than 3° from the tetra-
hedral angle. CCDC-617676 (1), -617677 (2), -617678 (3), -617679 (4),
-618044 (5), -617680 (6), and -617681 (8) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre at
www.ccdc.cam.ac.uk/data_request.cif.

NMR Spectroscopy

BC{'H} NMR spectra were recorded by using 1 mL of filtered reaction
mixture in a 5-mm tube. Equipment used: Jeol EX-400, GSX 270, 400e
spectrometers. Signal assignment was based on distortionless enhance-
ment by polarization transfer (DEPT) and two-dimensional techniques.
All 0 values given relative to 6 =49.5 ppm for methanol in D,O as inter-
nal reference.
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Abstract: The title compound, a proto-
typical chiral molecule based on a tet-
raarylmethane framework, has been
synthesized in five steps from (2-pyri-
dyl)-(3-pyridyl)ketone. X-ray crystallo-

Masaji Oda

The optical resolution of the title com-
pound was achieved by chiral HPLC
with a Chiralcel OD column. The CD
spectra of the two fractions in acetoni-
trile exhibited opposite signs as expect-

ed for a pair of enantiomers. Their CD
spectra are changed in 2m HCI due to
protonation. The calculated CD curve
for the target molecule based on time-
dependent density functional theory

graphic analysis revealed the tetraaryl-
methane framework of the molecule
but did not determine the positions of
the nitrogen atoms because the crystal
is a racemic compound and the aryl
groups are disordered in the crystal.

dichroism -
nation -

Introduction

A number of chiral molecules based on various topological
motifs have been synthesized to elucidate the relationship
between molecular structure and chiroptical properties.
Nonplanar aromatic compounds!"! (helicenes,”’ corannulene
derivatives,”) and cyclophanes!*), macrocycles,”’ mechanical-
ly interlocked molecules® (catenanes,” rotaxanes,® knots,”
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(TDDFT) reproduces the experimental
result very well, thus suggesting that
the first eluted fraction is the R isomer
in terms of absolute configuration.

. circular

and pretzelanes!'”), and fullerenes™ have attracted consid-
erable attention with respect to molecular chirality. We re-
cently reported the synthesis and properties of tetrakis(2-
pyridyl)methane (1) and tetrakis(4-pyridyl)methane (2)1
as novel tetrahedral, tetradentate bridging ligands
(Scheme 1). In the course of our studies, we designed
phenyl-(2-pyridyl)-(3-pyridyl)-(4-pyridyl)methane (3) as a
prototype of a chiral molecule based on a tetraarylmethane
framework. Although compound 3 has three pyridyl rings
on the same carbon atom, it does not have any symmetry el-
ements and is inherently a chiral molecule. However, the
four aryl groups on the central carbon atom are quite simi-
lar to one another; three CH units in tetraphenylmethane
are asymmetrically replaced by nitrogen atoms. Wynberg
and co-workers reported chiral tetraalkylmethane deriva-

Scheme 1. Symmetrical tetrapyridylmethanes (1 and 2) and a chiral
molecule based on the tetraarylmethane framework (3).
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tives in which the polarizabilities of the four alkyl groups on
the asymmetric carbon atom are almost equal.™¥ Although
they stated that these chiral tetraalkylmethanes exhibited
undetectable or very small specific rotation, the CD spectra
for these compounds were not presented. We are interested
in the chiroptical properties of 3 that originate from the
subtle differences in the aryl groups, and we report herein
the synthesis and chiroptical properties of 3. A theoretical
approach to the assignment of the absolute configuration of
3 is also presented. To our knowledge, although there are a
few chiral tetraphenylmethane derivatives known so far,!”)
this is the first report about chiroptical properties and a the-
oretical approach for the determination of the absolute con-
figuration of a tetraarylmethane-based chiral molecule.

Results and Discussion

The synthesis of 3 is illustrated in Scheme 2. In studies on
the synthesis of tetrapyridylmethanes, it was found that hal-

S Z  KOH, H,NNH,H,0 S A
—_—.
N xN  Ho(cH,),0H Ni >N
0 reflux, 5 h HH
92%
7 i) PhLi, THF
N # ~70°C,1h

NaH, 4-chloropyridine
—_—

H
THF [ ii) F —@— NO,
reflux, overnight N/ 7\
=N 40 °C,48h
4, 83%
oS T
1) Sn, HCI
N = ;
reflux, 2 h N7
x o 2) isoamyl nitrite
| 2 H,S80, EtOH ||
2 / - /
N \ -20°C, 1h; N \
=N 30% H5PO, =N
5, 22% reflux, 80 min 3,71%

Scheme 2. Synthesis of 3.

opyridines rarely gave the corresponding tetrapyridylmeth-
anes by nucleophilic substitution with tris(4-pyridyl)methyl
anions. Hence, we planned to synthesize 3 from (2-pyridyl)-
(3-pyridyl)-(4-pyridyl)methane (4) and a halobenzene deriv-
ative. The key compound 4 was synthesized by the proce-
dure used for tris(4-pyridyl)methane. Wolff-Kishner reduc-

Abstract in Japanese:

FEITV—NRAE L RERETDIXINGTE LTERELEDE
Bk LTz, REILAWITF IV HPLC TRENEITE, £7T 7V
2 Y DCDANRY MBI R T — A A—Vh 5 27, FERIK
TE FEIRLBE %K (TDDFT) #: % AV CHESTELE OYE 4TV, T4
HPLC CHRICEHT A FF4~—%RABLRE LT,
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tion of (2-pyridyl)-(3-pyridyl)ketone!'® gave the correspond-

ing dipyridylmethane in good yield. Aromatic nucleophilic
substitution of 4-chloropyridine with dipyridylmethyl anion
gave 4, which is also a chiral molecule. Deprotonation of 4
with PhLi followed by treatment with 4-fluoronitrobenzene
gave the desired tetraarylmethane derivative 5 in 22%
yield. Removal of the nitro group by reduction followed by
a diazotization-reduction protocol afforded the target chiral
molecule 3 in 71% yield. As expected, compound 3 is a
stable colorless crystalline compound. The high solubility of
3 in a variety of common organic solvents facilitated the in-
vestigation of its properties.

Although the '"H NMR spectrum of 3 is very complicated,
each signal is assignable and consistent with the structure of
3 (see Supporting Information, Figure S1). There are 17 sig-
nals in the aromatic region in the ®C NMR spectrum of 3,
which also correspond to the structure of 3 in a dynamic
regime characterized by fast rotation of the aryl groups. This
observation is consistent with the '"H NMR spectra of 1 and
2, in which no restricted rotation of pyridyl groups was ob-
served at 30°C. The C chemical shift of the central carbon
atom (Ca)) was observed at 64.7 ppm. Compared with those
of the related tetraarylmethanes (1: 72.4; 2: 63.6; Ph,C:
64.9; (2-Py);C(4-Py): 70.0 ppm), this value is similar to that
of Ph,C as a result of the superposition of the effect of each
substituent. Full assignment of the 'H and C NMR spectra
was achieved by the acquisition of heteronuclear multiple-
quantum correlation (HMQC) and heteronuclear multiple-
bond correlation (HMBC) spectra (see Supporting Informa-
tion, Figures S1-S5).

Fortunately, the enantiomeric pair of 3 was resolved by
chiral HPLC with a Chiralcel OD column (Figure 1); how-
ever, the resolution of the intermediates 4 and 5 has not yet
been achieved. The electronic CD spectra of the two frac-
tions in acetonitrile (Figure 2, top) show a typical pattern of
paired enantiomers, that is, they are mirror images of each
other.

The structure of 3 was confirmed by X-ray crystallograph-
ic analysis (see Supporting Information, Figure S6).l” Single
crystals of 3 were obtained from a solution of the racemic
mixture of 3 in chloroform by vapor diffusion with pentane.
Although the tetraarylmethane framework was successfully
revealed, the nitrogen atoms could not be assigned; the
asymmetric unit was only half of a molecule, and there were
no specific features for the reflection intensity, the bond
lengths or angles of the six-membered rings, or the packing
diagram. When a single crystal of 3 was analyzed by chiral
HPLC, equal amounts of the enantiomers were found to be
contained in a single crystal. Therefore, the obtained single
crystal of 3 turned out to be a racemic compound. The un-
certainty of the nitrogen atoms is attributed to the inconsis-
tent distribution of the enantiomeric mixture in the crystal,
the conformational disorder of the aryl groups, and the rota-
tional disorder of the 2- and 3-pyridyl groups.

Besides the chiroptical properties of 3, we are also inter-
ested in the chiroptical properties of 6, the triprotonated
form of 3 (Scheme 3). As benzene and pyridinium ion have
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Figure 1. Chromatogram for the enantiomeric separation of 3. Top: UV
detection (A=275nm). Bottom: CD detection (A=275nm). Column:
Chiralcel OD, eluent: hexane/ethanol=90:10, flow rate: 1.0 mLmin",
temperature: 25°C. After four cycles, the two enantiomers were well-
resolved.

isoelectronic structures, all four aryl groups in 6 are isoelec-
tronic. As shown in Figure 2 (bottom), the CD spectrum of
each enantiomer of 3 in 2m HCI is considerably different
from that in acetonitrile, although the mirror-image charac-
ter is maintained. It is likely that both the electronic struc-
ture and the conformational population of 3 are changed by
triprotonation.

To determine the absolute configuration of 3, we applied
a quantum-mechanical method to calculate the electronic
CD curve for comparison with the experimental ones."® The
calculations were performed on structures of 3 with the R
configuration. At first, a molecular-mechanics conformation-
al analysis was carried out with MMFF94S!™ to give 12
stable conformations within the energy range 3 kcalmol ™,
which correspond to the various rotamers around the four
C—aryl bonds. Each of the obtained conformers was further
optimized with the density functional theory (DFT) method
at the B3LYPP/6-31G(d)?! level (their structures are
shown in the Supporting Information, Figure S7). The rela-
tive populations of these 12 conformers at 298 K were then
evaluated by the Boltzmann equation at that temperature
(see Supporting Information, Table S1) and employed in the
following CD estimation.
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Figure 2. CD spectra of the enantiomeric pair of 3. Top: in acetonitrile.

Bottom: in 2m HCI. The curves of the first and second eluted fractions
are plotted as solid and dashed lines, respectively.
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Scheme 3. Triprotonation of 3.

The rotational strengths of the lowest 24 excited states for
each conformer were calculated with the time-dependent
density functional theory (TDDFT) method™ by employing
the B3LYP functional® with the TZVP™ basis set of
triple-zeta split-valence quality. The CD spectra computed
for the various conformers (see Supporting Information,
Figures S8 and S9) exhibited great variation in terms of
band positions, intensities, and signs, due to the superimposi-
tion of many individual rotational strengths; on the contrary,
the calculated UV/Vis spectra did not differ as much, in
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keeping with the superior sensitivity of CD to the molecular
conformation. The twelve calculated CD curves were Boltz-
mann-weighted and summed to afford the average curve in
Figure 3.08%1 Ag a result, the calculated CD spectrum for

+1

+
o
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i
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3V [ejuawniadxas

-5 L

1 1 1 1 | -1
220 260 300 340

Alnm —

Figure 3. Boltzmann-weighted average calculated CD curve for (R)-3 at
the TDB3LYP/6-31G(d) level (gray) and experimental CD spectrum for
the first eluted enantiomer (black).

(R)-3 has a negative peak at 267 nm and a stronger positive
one at 243 nm, which reproduce the experimental result
very well in terms of wavelength and relative intensity of
the bands (Figure 3); the overall shape of the calculated CD
spectrum was not sign-reversed or drastically changed by
reasonable modification of the conditions of the calculation
(see Experimental Section). By comparison of the calculated
and experimental CD curves, this output suggests that the
first eluted fraction of 3 is the R isomer in terms of absolute
configuration.

Conclusions

We have synthesized phenyl-(2-pyridyl)-(3-pyridyl)-(4-pyri-
dyl)methane 3 as a prototype of tetraarylmethane-based
chiral molecules. The optical resolution of 3 was achieved
by chiral HPLC, which was confirmed by CD spectroscopy.
TDDFT calculations for 3 show that the first eluted fraction
has the absolute configuration R. The determination of the
absolute configuration by X-ray crystallographic analysis of
a diastereomeric salt, N-methylation and N-oxidation, as
well as the formation of metal complexes will be further ex-
amined for 3.

Experimental Section
General

Melting points were obtained on a Yanako MP 500D apparatus and are
uncorrected. 'H and >C NMR spectra were recorded on a JEOL EX-270
(270 MHz) or JEOL LA-500 (500 MHz) spectrometer. Chemical shifts
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were recorded in units of parts per million downfield from tetramethylsi-
lane as an internal standard, and all coupling constants are reported in
hertz. Electronic spectra were recorded in CH,Cl, on a JASCO V-570
spectrophotometer. CD spectra were recorded on a JASCO J-720W spec-
tropolarimeter. Mass spectra were recorded with a Shimadzu GCMS-
QP5050 spectrometer by the EI method. Chiral HPLC was performed on
a JASCO PU-2080/CO-2060/UV-2075/CD-2095 chromatograph with a
Daicel Chiralcel OD column. Elemental analysis was performed at the
Elemental Analysis Center at the Faculty of Science, Osaka University.
Commercially available reagents and solvents were purified and dried
when necessary.

Syntheses

(2-Pyridyl)-(3-pyridyl)methane: (2-Pyridyl)-(3-pyridyl)ketone!'® (6.80 g,
36.9 mmol), KOH (4.87 g), and ethylene glycol (110 mL) were placed in
a 300-mL round-bottomed flask. This mixture was gently warmed to dis-
solve the ketone and the KOH. After cooling, hydrazine hydrate
(3.58 mL, 73.8 mmol) was added, and the reaction mixture was heated
under reflux for 5 h. The reaction mixture was cooled, diluted with water
(160 mL), and extracted with chloroform (100 mL) five times. The com-
bined organic layers were washed with water and dried over anhydrous
sodium sulfate. After filtration to remove sodium sulfate, the filtrate was
concentrated and dried under vacuum. The residue was purified by distil-
lation under reduced pressure to afford (2-pyridyl)-(3-pyridyl)methane
(5.82¢g, 92%) as pale-yellow liquid. B.p.: 142-143°C (0.8 mmHg);
'HNMR (270 MHz, CDCl;) 6=8.57-8.54 (m, 2H, 2-Py 6-H, 3-Py 2-H),
8.47 (dd, J=4.9, 1.6 Hz, 1H, 3-Py 6-H), 7.63-7.56 (m, 2H, 2-Py 4-H, 3-Py
4-H), 7.22 (ddd, J=8.0, 4.7, 0.9 Hz, 2H, 2-Py 5-H), 7.16-7.11 (m, 2H, 2-
Py 3-H, 3-Py 5-H), 4.15 ppm (s, 2H, CH,); *C NMR (67.8 MHz, CDCl,)
0=159.3, 150.0, 149.3, 147.6, 136.5, 136.2, 134.8, 123.2, 122.8, 121.4,
41.7 ppm; MS (EI): m/z (%)=170 (16) [M]*, 169 (100) [M—H]*; ele-
mental analysis: calcd (%) for C;;H;(N,: C 77.62, H 5.92, N 16.46 (this
compound is hygroscopic; caled (%) for C;;H;(N,-0.05H,0: C 77.21, H
5.95, N 16.37); found: C 77.21, H 5.92, N 16.37.
(2-pyridyl)-(3-pyridyl)-(4-pyridyl)methane (4): 4-Chloropyridine hydro-
chloride (7.1g, 47.3 mmol) was neutralized by adding aqueous NH;
(14%, 120 mL). The solution was extracted thrice with diethyl ether
(30 mL). The combined organic layers were dried over NaOH pellets.
After decantation, the solution of 4-chloropyridine was concentrated to
give an ethereal solution (~10 mL) of 4-chloropyridine. (Complete evap-
oration of solvent caused the decomposition of 4-chloropyridine.) THF
(15 mL) was added, and diethyl ether was removed by distillation. A so-
lution of (2-pyridyl)-(3-pyridyl)methane (4.0g, 23.5mmol) in THF
(15 mL) was added to a suspension of NaH (2.81 g, 60% oil dispersion,
70.3 mmol) in THF (40 mL) at 0°C. The mixture was stirred for an addi-
tional 30 min at 0°C. A freshly prepared solution of 4-chloropyridine in
THF was added dropwise to the mixture over 10 min. The reaction mix-
ture was stirred for 3 h at room temperature, then heated under reflux
for 17 h. The reaction, which produced a reddish-brown suspension, was
carefully quenched by addition of water (100 mL) at 0°C. The reaction
mixture was extracted with chloroform (100 mL) five times. The com-
bined organic layers were dried over anhydrous sodium sulfate. After fil-
tration and concentration, the residue was purified by column chroma-
tography on alumina (50 g; EtOAC) to give 4 (4.79 g, 83 %) as colorless
crystals. M.p.: 66-68°C; '"H NMR (270 MHz, CDCl;) 6=38.62 (ddd, J=
4.9, 1.9, 0.8 Hz, 1H, 2-Py 6-H), 8.54 (dd, J=4.3, 1.6 Hz, 2H, 4-Py 2,6-H),
8.53-8.49 (m, 2H, 3-Py 2,6-H), 7.67 (td, J=7.7, 1.9 Hz, 1H, 2-Py 4-H),
7.56 (dddd, J=8.0, 2.3, 1.8, 0.7 Hz, 1H, 3-Py 4-H), 7.26 (ddd, J=8.1, 4.9,
0.8 Hz, 1H, 3-Py 5-H), 7.21 (ddd, /=7.6, 4.9, 1.1 Hz, 1H, 2-Py 5-H), 7.15
(dt, /=178, 0.8 Hz, 1H, 2-Py 3-H), 7.11 ppm (ddd, J=4.3, 1.6, 0.7 Hz, 2H,
4-Py 3,5-H); "CNMR (67.8 MHz, CDCl;) 6=159.9, 150.3, 150.3, 149.8,
149.7, 148.2, 136.7, 136.5, 136.4, 124.0, 123.5, 123.3, 122.1, 56.0 ppm; MS
(EI): miz (%)=247 (45) [M]*, 246 (100) [M—-H]*, 169 (18)
[M—CH,N]*; elemental analysis: caled (%) for C;¢H;5N5:0.25H,0: C
76.32, H 5.40, N 16.69; found: C 76.28, H 5.15, N 16.56 (this compound is
highly hygroscopic).
(4-Nitrophenyl)-(2-pyridyl)-(3-pyridyl)-(4-pyridyl)methane (5): A solu-
tion of PhLi (0.91m) in butylether (1.6 mL, 1.46 mmol) was added to a
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solution of 4 (360 mg, 1.46 mmol) in THF (30 mL) at —70°C under nitro-
gen atmosphere. The reaction mixture was stirred for an additional hour
at —70°C. A solution of 4-fluoronitrobenzene (1.03 g, 7.3 mmol) in THF
(10 mL) was added dropwise at —70°C. The reaction mixture was al-
lowed to warm to room temperature and then heated at 40°C for 48 h.
After it was cooled, the reaction mixture was diluted with water (50 mL)
and extracted with chloroform (50 mL) five times. The combined organic
layers were washed with water and dried over anhydrous sodium sulfate.
After filtration and concentration, the residue was purified by column
chromatography on alumina (50 g; EtOAc then EtOAc/methanol =100:3
v/v) to afford 5 (133 mg, 22%) as pale-yellow solid. M.p.: 178-179°C;
'"H NMR (270 MHz, CDCl;) 6=8.64 (ddd, J=4.9, 1.9, 1.1 Hz, 1H, 2-Py
6-H), 8.57 (dd, J=4.6, 1.6 Hz, 2H, 4-Py 2,6-H), 8.53 (dd, J=4.6, 1.6 Hz,
1H, 3-Py 6-H), 8.46 (dd, J=2.7, 0.8Hz, 1H, 3-Py 2-H), 8.18-8.13
(AA'BB’, 2H, Ph 3,5-H), 7.68 (ddd, J=8.1, 7.6, 2.2 Hz, 1H, 2-Py 4-H),
7.54 (ddd, /=82, 2.6, 1.5 Hz, 1H, 3-Py 4-H), 7.41-7.36 (AA’BB’, 2H, Ph
2,6-H), 7.26 (ddd, J=8.1, 4.6, 0.8 Hz, 1H, 3-Py 5-H), 7.23 (ddd, J=17.6,
49, 1.1 Hz, 1H, 2-Py 5-H), 7.19 (dt, /=8.1, 1.1 Hz, 1H, 2-Py 3-H),
7.13ppm (dd, J=4.6, 1.6 Hz, 2H, 4-Py 3,5-H); *CNMR (67.8 MHz,
CDCl;) d=161.6, 152.8, 151.6, 150.9, 149.6, 149.0, 147.9, 146.4, 1394,
136.5, 131.4, 125.1, 124.9, 123.0, 122.8, 122.0, 64.7 ppm; MS (EI): m/z
(%) =368 (100) [M]*, 367 (98) [M—H]*, 321 (25) [M—HNO,]*, 290 (13)
[M—CH,N]*, 246 (21) [M—CH,NO,]*; elemental analysis: calcd (%)
for C,H;sN,O,: C 71.73, H 4.38, N 15.21; found: C 71.60, H 4.46, N
14.86.

Phenyl-(2-pyridyl)-(3-pyridyl)-(4-pyridyl)methane ~ (3): Conc. HCI
(15 mL) was added dropwise to a mixture of 5 (655 mg, 1.78 mmol) and
tin powder (3.0 g, 25 mmol) at 0°C. The reaction mixture was heated
under reflux for 2 h. The resulting yellow solution was alkalized with
NaOH (10%) at 0°C. A white precipitate (Sn(OH),) appeared, which
was removed by filtration and washed with chloroform. The filtrate was
extracted with chloroform (50 mL) thrice, and the combined organic
layers were dried over anhydrous sodium sulfate. Filtration and concen-
tration gave crude (4-aminophenyl)-(2-pyridyl)-(3-pyridyl)-(4-pyridyl)-
methane as a light-pink solid. This compound was used for the next step
without further purification. Conc. H,SO, (0.75 mL) was added to a sus-
pension of (4-aminophenyl)-(2-pyridyl)-(3-pyridyl)-(4-pyridyl)methane
(214 mg, 0.58 mmol) in ethanol (5mL). Isoamyl nitrite (0.45 mL,
3.3 mmol) was added dropwise to the resulting yellow solution at —20°C.
The reaction mixture was stirred for an additional hour at —20°C. H;PO,
(30%, 2.2mL) was added at —20°C, and the reaction mixture was
heated under reflux for 80 min. After it was cooled, the reaction mixture
was diluted with water (50 mL) and washed with hexane to remove un-
reacted isoamyl nitrite. The aqueous layer was alkalized with NaOH
(10%) and then extracted with chloroform (100 mL) five times. The com-
bined organic layers were dried over anhydrous sodium sulfate. After fil-
tration and evaporation, the residue was purified by column chromatog-
raphy on alumina (40 g; EtOAc/methanol =20:1 v/v) to give 3 (145 mg,
71%) as colorless crystals. M.p.: 208-210°C; UV/Vis (acetonitrile): A,
(log€)=260nm (3.92m'em™); 'HNMR (500 MHz, CDCl,): 6=8.63
(ddd, J=4.5, 2.0, 1.0 Hz, 1H, 2-Py 6-H), 8.53 (dd, /=4.5, 1.5 Hz, 2H, 4-
Py 2,6-H), 8.49-8.48 (m, 2H, 3-Py 2,6-H), 7.63 (ddd, /=8.0, 7.5, 2.0 Hz,
1H, 2-Py 4-H), 7.59 (ddd, /=8.0, 2.5, 1.5 Hz, 1H, 3-Py 4-H), 7.33-7.25
(m, 3H, Ph meta,para-H), 7.24 (ddd, J=8.5, 4.5, 1.0 Hz, 1H, 3-Py 5-H),
7.20 (dt, J=8.5, 1.0 Hz, 1H, 2-Py 3-H), 7.19 (ddd, /=17.5, 5.0, 1.0 Hz, 1H,
2-Py 5-H), 7.17 (dd, J=4.5, 1.5 Hz, 2H, 4-Py 3,5-H), 7.13-7.11 ppm (m,
2H, Ph ortho-H); "CNMR (125 MHz, CDCl;) 6=163.1, 154.3, 152.3,
149.5, 148.9, 147.5, 143.9, 140.7, 138.1, 136.3, 130.6, 128.3, 127.1, 125.8,
125.3, 122.6, 121.7, 64.7 ppm; MS (EI): m/z (%)=323 (99) [M]*, 322
(100) [M—H]*, 245 (30) [M—CsH,N]*, 244 (37) [M—CsH;N]*; elemental
analysis: calcd (%) for C,H;N;: C 81.71, H 5.30, N 12.99; found: C
81.47, H 5.31, N 12.95.

Computations

All calculations were performed either on a Linux computer or on the
grid server at the Media Information Center of Hiroshima University.
Conformational analysis was performed by CONFLEX5P! with the
MMFF94S!" force field, in which starting structures selected from a set
within 50 kcalmol ' were converged by applying systematic structural de-
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viations.”” Besides the 12 adopted conformers, two more conformations
were found but excluded as their energies were far outside the range of
3 kcalmol™'. The same 12 conformers found by the above analysis were
also afforded by a Monte Carlo search with MMFF run with the Spar-
tan 06 program (Wavefunction, Inc., Irvine, CA, 2006).

DFT calculations were run with the Gaussian 03 program.’® Geometry
optimization of the 12 conformers found by MMFF94S was performed at
the B3LYP/6-31G(d) level.?®?!! For each input structure thus obtained,
the first 24 excited states were computed with TDB3LYP/TZVP.***! For
the conformers that contributed to a greater extent to the average UV/
Vis/CD spectra, we verified that all the 24 computed transitions involve
virtual orbitals with negative eigenvalues and have energies (5.47-
5.55eV) well below the computed ionization potential (6.6-6.8 eV)."
The impact of other functionals and basis sets was also tested on a few
representative conformers by employing the PBE0® hybrid functional
and the augmented double-zeta valence-quality-plus polarization func-
tions basis set ADZP.””) Both PBEO/TZVP and B3LYP/ADZP gave re-
sults very similar to those of B3LYP/TZVP. The dipole-length (DL)
gauge formulation for the rotational strengths was considered in view of
faster convergence toward the basis-set limit;®" dipole-velocity values
differed from DL ones within 15% for most transitions with TZVP, and
within 5% with ADZP. All rotational strengths obtained from the calcu-
lations were converted into Gaussian-type curves by adopting a band of
o 20 nm width, and were summed to afford the calculated CD curve for
each conformer (shown in the Supporting Information, Figures S9 and
S10). Variation of o values between 18 and 22 nm did not greatly affect
the appearance of the Boltzmann-weighted average spectrum (see Sup-
porting Information, Figure S11).
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