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Solvent-free one-step process
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t produce any gre
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Adipic acid is currently manufactured in a costly multi-step process involving homogene-
ous catalysts, aggressive oxidants (conc. nitric acid) and the production of large quantities
of the ‘greenhouse’ gas nitrous oxide. An alternative, one-step, solvent free process using
air and an inexpensive microporous catalyst is shown above.
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Solvent-Free Routes to Clean Technology

John Meurig Thomas,*[*"! Robert Raja,* ! Gopinathan Sankar,*!
Brian F. G. Johnson,'*! and Dewi W. Lewis!‘!
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Abstract: A major aim for the chemical technology of
the future is the avoidance of noxious and environ-
mentally unacceptable organic solvents. In this concept
article we discuss more environmentally friendly and
highly selective alternatives which we have evolved for
carrying out a number of important chemical conversions.
These entail the use of porous heterogeneous catalysts in
which the active sites have been atomically engineered
and fully characterized. Such solid catalysts operate
under solvent-free conditions and usually entail one-step
processes.

Keywords: green chemistry- heterogeneous catalysis -

oxidation
N\ )

Introduction

Much publicity has been given[!l of late to the merits of both
supercritical CO, and ionic melts as potentially important
means of avoiding noxious and environmentally unacceptable
organic solvents in the chemical technology of the future. But
there is an equally desirable need to design reactions that
proceed under altogether solvent-free conditions. A wish list
that would effect a quiet revolution in chemical practice, both
on an industrial and laboratory scale, includes among its
desiderata developing the “art of conducting chemical
reactions without solvents”.]
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It has long been recognized*? that one way of achieving
this goal is to harness the combined principles of photo-
chemistry and solid-state chemistry (more specifically crystal
engineering). For example, if monomers of organic molecules
are induced to crystallize in such as manner as to bring into
close proximity their potentially reactive functional groups
(such as olefinic bonds), they can subsequently be stimulated
(by UV irradiation, for instance) to undergo preferred
reactions which entail no diffusion, merely minor local atomic
reorganization. Such topochemicall®! reactions yield clean
products, the chemical nature of which is governed more by
the molecular environment within the particular parent
crystal than by the intrinsic reactivity of the molecule (see
Figure 1).0

Figure 1. Two neighbouring molecules of monomer (2-benzyl -5 —benzyl-
idene —cyclopentanone) are so disposed with respect to one another in the
“engineered” crystal that they readily link up when irradiated with UV
light to form a dimer. The four—membered cyclobutane ring is formed
from the pairs of carbon atoms linked originally by ethylenic bonds. Note
how little the peripheral atoms (benzene rings) move during this
diffusionless reaction.*?!

Numerous different kinds of unsaturated reactants have
been converted into desirable (including optically active)
dimeric, oligomeric and polymeric products in this fashion.
Thanks largely to strategies pioneered in Israel, the UK, Japan
and Germany™*® for engineering crystals that bring pairs or
stacks of monomer species into close juxtaposition, consid-
erable headway has been made in effecting a range of other
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Table 1. Production of K-A oil (cyclohexanol + cyclohexanone).

Industrial and commercial technologies

Liqgiud-phase oxidation
of cyclohexanel!

Boric-acid-modified
oxidation of cyclohexanel®

Hydration of cyclohexene

Our solvent-free
clean technology route
Liquid-phase oxidation
of cyclohexaneld!

conditions
catalyst

initiator/solvent

conversion

main product(s)

by-products

downstream
processing

advantages

disadvantages

180°C, 0.8-2.0 MPa
soluble cobalt salts
CrIII

<6%
cyclohexyl hydroperoxide
(cHHP)

mono- and dicarboxylic acids,
esters, aldehydes and other
oxygenated materials

use of aqueous caustic phase
containing a few ppm of
cobalt to decompose the
cHHP to cyclohexanol and
cyclohexanone

low -ol/-one ratio

catalyst recovery; recycle; two-
step process; disposal of Cr''l;
expensive processing costs

140-160°C
soluble cobalt salts

anhydrous metaboric acid

not known

cyclohexyl perborate ester

none

hydrolysis of the ester to
cyclohexanol and boric acid

cyclohexyl rings are protected
from further attack

higher investment and operat-
ing costs (to recover and
recycle the boric acid) and
high -ol/-one ratio

not known
soluble Ti, Cu, Cr

sulphuric, nitric and
tungstic acids

10-12%

cyclohexanol

none

separation of cyclohexane from
mixtures of benzene and cyclo-
hexene (costly distillation step
requiring solvents); selectivity
is very sensitive to impurities
such as sulphur

high yield of cyclohexanol

three-step process, significantly
higher investment costs than
that of a conventional cyclo-
hexane oxidation plant; the fact
that main product is cyclo-
hexanol and not cyclohex-
anone makes the process
unattractive for caprolactam

100-130°C, 1.5 MPa
solid FeAIPO-5, CoAIPO-36

none

8-12%
cyclohexanol and
cyclohexanone

adipic and valeric acid

none

absence of corrosive solvents/
initiators; one-step process;
heterogeneous catalyst; ease of
catalyst recycle and recovery;
low processing costs

high residence time;
high -ol/-one ratio

[a] DuPont, US 3957876, US 3987100, US 4675450; BASF, GB 1382849; DSM, EP 659776. [b] Halcon, US 3665028. [c] Asahi, JP 90016736B. [d] J. Am. Chem.
Soc. 1999, 121, 11926.
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kinds of organic photochemical reactions in the absence of
solvents.

Valuable as this approach to solvent-free reactions has
been, it is not sufficiently versatile—even allowing for the
many sophisticated variants of organic photochemistry that
entail the incarceration of reactant or sensitiser species inside
zeolite cagesl’l—to cover the wide sweep of processes that are
a feature of present-day chemical technology. Moreover,
photochemical processes are not, in general, favoured on an
industrial scale partly because of their cost, but also because
of their practical inconvenience; thermally activated pro-
cesses are generally more favoured.

There are, however, other more practicable routes which
we have evolved for carrying out a number of important
chemical conversions (see Tables 1-4 below). These entail
the use of porous heterogeneous catalysts in which the active
sites have been atomically engineered and fully characterized.
Such solid catalysts operate under solvent-free conditions and
usually entail one-step processes. Moreover, all the oxidation
catalysts designed by us require only benign oxidants (dioxy-

Table 2. Production of adipic acid.

gen or air), and consist of inexpensive, readily preparable,
transition-metal-ion-substituted aluminophosphate molecular
sieves. Their mode of operation, explained fully else-
where,l'*5] relies on shape-selective and/or regioselective
free-radical processes of a spatially constrained kind. These
heterogeneous catalysts facilitate separation of product from
reactant and may be readily regenerated when their activity
declines.

Selective Oxidation of Hydrocarbons and Aromatics

Ilustrative examples of industrial significance: Many key
precursors and products in the polymer industry are gener-
ated in costly and polluting processes that involve the
selective oxidation of cyclohexane (Scheme 1). Intermediates
such as cyclohexanol and cyclohexanone, known as K-A oil
(Table 1), are the stepping stones for the production of
caprolactam (the monomer for nylon 6) and adipic acid
(Table 2), which, in turn, is a building block for a series of

Industrial and commercial technologies

Nitric acid oxidation

Butadiene-based routes

Our solvent-free

clean technology route
Aerial oxidation of
Bl cyclohexaneld

of K-A oill® Al
conditions 60-120°C, 0.1-0.4 MPa, two-step carbomethoxylation of
60 % HNO, butadiene with CO and MeOH
catalyst V3*, copper metal homogeneous cobalt catalyst
initiator/solvent none excess pyridine
yield 90 % 70%

main product(s)

by-products

adipic acid, glutaric and
succinic acid

nitrous oxide and other oxides
of nitrogen, CO,, plus lower
members of dicarboxylic acids

3-pentenoate and dimethyl
adipate

none

downstream product stream passed through  hydrolyis of diester to
processing a bleacher to remove nitrogen adipic acid and methanol
dioxides and then to an
absorber to recover nitric acid
advantages high yield of adipic acid suppression of lower
carboxylic acids
disadvantages 2.0 mol of nitrous oxide catalyst recovery and recycle;

produced for each mole of
adipic acid (a serious problem
as nitrous oxide is a green-
house gas that is vented to
the atmosphere); due to the
corrosive nature of nitric acid,

plants are constructed of titani-

um or stainless steel; the reac
tion is very exothermic

(6280 kI kg™'); catalyst recovery
and recycle are very expensive.

recovery of excess pyridine,
very high pressures

two-step dihydrocarboxylation
of butadiene

Pd, Rh, Ir

halide promoter such as hy-
droiodic acid and a saturated
carboxylic acid (e.g., pentanoic
acid) is used as solvent

not known

3-pentenoic acid, adipic acid

2-methyl glutaric acid
and 2-ethyl succinic acid

recycle the 3-pentenoic acid
produced by the first hydro-
carboxylation step

2-methyl glutaric acid and 2-
ethyl succinic acid could be
isomerized to adipic acid by
the same catalyst system

recovery and recycle of sol-
vent; transport and disposal of
promoter; costly extraction
procedures

one-step process, 100—130°C,
1.5 MPa, air

solid FeAIPO-31

none

65 %

adipic acid and cyclohexanone

glutaric and succinic acid

hydrolysis of diester to
adipic acid

molecular oxygen (air) used as
oxidant; corrosive solvents/
promoters not needed; does
not produce any greenhouse
gas (N,O); heterogeneous cata-
lyst; ease of catalyst recycle and
recovery; low processing costs

long reaction time (24 h)

[a] Ulimann’s Encyclopedia of Industrial Chemistry, 5th ed., A1, 1993, p. 271. [b] BASF, US 4310686. [c] DuPont, US 5145995. [d] Ref. [11].
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p-xylene p-toluic acid 4-formylbenzoic acid terephthalic acid

Scheme 2.

synthetic polyamide fibres, such as nylon 66 and polyurethane
resins. Other applications include plasticizers, reinforced
plastics, lubricants, speciality foams, lacquers, adhesives, sur-
face coatings, acidulant in gelatins and jams and as a buffering
or neutralizing agent in foods. Textile and synthetic fibres such
as polyester (Terylene) are made from terephthalic acid,
which is currently produced commercially by using aggressive
reagents such as bromine and acetic acid (Scheme 2). Our
molecular sieve catalysts achieve these conversions under
benign conditions (see Table 3).

Another important industrial oxidation reaction is that
known as the Baeyer— Villiger process for the conversion of
cyclic ketones into lactones. This is a reaction of great
commercial value with applications spanning antibiotics,
steroids and many aspects of agrochemistry.'¥! The peracids
(e.g., peroxomonosulphuric acid H,SOs, otherwise known as
Caro’s acid) used for the first half-century or so of Baeyer—
Villiger oxidations (discovered in 1899) are now increasingly
frowned upon (when not already banned) because of environ-
mental and other reasons, notably safety. The withdrawal

Table 3. Production of terephthalic acid.

Industrial and commercial technologies

Oxidation of p-xylene using
bromine and acetic acid:
Amoco oxidation!?]

Oxidation of p-xylene with an
activator and/or bromine
in acetic acid: Eastman Chem-
ical™; Mobil Chemicall®!

Toluene route without solvent
(acetic acid): Mitsubishi Gas
Chemicall!

Our solvent-free

clean technology route
Liquid-phase oxidation of
p-xylene in air

conditions 175-225°C, 1500-3000 kPa 120-140°C

catalyst soluble cobalt/manganese/ soluble cobalt, manganese
bromine system

initiator/solvent acetic acid acetaldehyde, 2-butanone,

main product(s)

by-products

toluic acid, 4-formylbenzoic
acid, terephthalic acid
vapours of acetic acid,
nitrogen and carbon oxides

bromine, acetic acid

4-formylbenzoic acid,
terephthalic acid

vapours of acetic acid

downstream condensing the vapour and crude terephthalic acid was
processing refluxing the condensate; leached using excess acetic
recovery of terephthalic crys- acid followed by sublimation
tals by solid-liquid separation;  and centrifugation
solvent recovery
advantages excellent yield titanium-lined vessels are not
needed where bromine is
not required
disadvantages highly corrosive bromine/ costly activators; catalyst

acetic acid environment re-
quires the use of titanium-lined
equipment; highly exothermic
reaction (2 x 108 JKg™') re-
requiring solvent evaporation;
disposal of bromine salts; sol-
vent/catalyst recovery and re-
cycle; high solvent loss;
purification step to remove
4-formylbenzoic acid impurities

recovery and recycle; purifica-
tion step, solvent recovery (dis-
tillation); recycle and disposal

complex between toluene and
HF - BF; is first formed, which
is subsequently carbonylated
with carbon monoxide to
p-tolualdehyde

manganese/bromine system
none

p-tolualdehyde,
terephthalic acid

none

the complex has to be decom-
posed before p-tolualdehyde
can be oxidised in water with a
manganese/bromine catalyst

toluene as a potential feedstock
is cheaper than p-xylene; acetic
acid is not required

complexities of handling hydro-
gen fluoride/boron trifluoride
and the need for carbon
monoxide make the process
very expensive; catalyst
recovery and recycle

130-150°C, 2.5 Mpa

solid CoAIPO-36
none

toluic acid, 4-formylbenzoic acid,
terephthalic acid

none

esterfication of terephthalic
acid

no need for corrosive solvents;
activators and bromine; hetero-
geneous catalyst—hence ease of
separation and recycle

low yield; high residence times,
purification step to remove
4-formylbenzoic acid

[a] W. Partenheimer in Catalysis of Organic Reactions, (Ed.: D. W. Blackburn) Marcel Dekker, NY 1990, p. 321. [b] G. I. Johnson, J. E. Kiefer (Eastman
Kodak Company) US 4447646, 1983. [c] Chem. Eng. Prog. 1971, 67, 69. [d] Chem. Eng. (New York) 1976, 83, 27.
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from the market of the potentially explosive 90 percent H,O,
(the replacement for Caro’s acid) has prompted the use of
lower grade peracids, and also the use of H,O, in the presence
of inorganic materials, such as methyltrioxorhenium. Our
approach!! relies entirely on Mn'-framework-substituted
(or Co™) microporous aluminophosphates, in which air (or
0,) and a sacrificial aldehyde are used. A per-carboxylic acid
(e.g., perbenzoic acid) is formed in situ, and functions as an
environmentally successful oxygen donor to convert the cyclic
ketone into the corresponding lactone (see Figure?2). A
similar approach, again using a sacrificial aldehyde, serves to
epoxidize a range of alkenes['®l in O, (air), with the same kind
of molecular sieve catalyst.

Figure 2. Graphical representation of the MnAIPO-36 catalyst, showing
the Baeyer— Villiger oxidation of a cyclic ketone to the corresponding
lactone, via the in situ formation of perbenzoic acid from benzaldehyde,
effected by Mn'! ions and molecular O,.

Ni, Pd
n-heptane

1,5,9 cyclododecatriene cyclododecene

o

cyclododecanol

HNO\

dodecanedioic acid

Scheme 3.
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Tables 1-3 highlight the advantages of the solvent-free
clean technology approach that we have pursued using our
designed molecular sieve catalysts. In every instance, this
approach, when appropriately scaled up, has the potential to
replace the currently employed, environmentally repugnant
processes.

Industrial hydrogenations

So far as hydrogenations are concerned, it is relevant to note
that the chemical industry is turning increasingly for its
feedstocks to biological molecules extracted from the plant
kingdom, rather than to the constituents of oil in the
production of high added value materials. Because such
molecules are too large to enter the inner surfaces of
microporous catalysts, it is appropriate for mesoporous
catalysts (diameter in the range 30-100 A) to be used so as
to facilitate access of reactants to, and diffusion of products
away from, the catalytically active sites that are (ideally)
distributed in a spatially uniform manner over the high-area
solid. In a number of studies!'’) we have demonstrated how
large concentrations of nanoparticle bimetallic catalysts
dispersed inside mesoporous silica possess the high intrinsic
activity required for the solvent-free hydrogenations. The
selective hydrogenation of a polyene such as 1,5,9-cyclo-
dodecatriene is quite an important procedure in the synthesis
of organic and polymeric intermediates, such as 12-laurolac-
tam, 12-aminododecanoic acid and dodecanedioic acid, which
are important monomers for nylon 12, nylon 612, copoly-
amides, polyesters and coating applications (Scheme 3).
Figure 3 illustrates the distribution of individual RugSn
bimetallic catalyst nanoparticles inside mesoporous silica

+ HCI

cyclododecane ]
nitrosyl cyclododecane

H,BO,

HO
~
N
(NH20H)2 H,SO,
hydrocumene
solvent

cyclododecanone oxime

cyciododecanone
Beckmann mineral
Rearrangement | 50iq
HNO
3 (o]
NH
COOH
laurolactam
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Table 4. Selective hydrogenation of polyenes.

Existing processes/technologies
Hydrogenation of polyenes!?!

Our solvent-free clean technology route
Solvent-free, low-temperature selective hydro-
genation of polyenes by using bimetallic nano-
particle heterogeneous catalysts!®!

conditions 140-190°C, 0.2-0.3 MPa

catalyst

typical reactants 1,5,9 cyclododecatriene, 1,5 cyclooctadiene, 2,5 norbornadiene

initiator 9,10-dihydroanthracene (hydrogen donors)
solvent n-heptane, benzonitrile, etc
conversion 95-98 %

main product(s) cyclododecene, cyclododecane, cyclooctene, cyclooctane,

norbornene, norbornane
by-products isomerized products arising from starting material,
complete hydrogenation
advantages high yields

disadvantages costly initiators; solvent recovery; recycle and disposal;

declining catalyst activity; as a consequence of double-bond

50-80°C, 1.5-2.0 MPa

homogeneous Ni, Pd, Pt, Co and mixed transition metal complexes heterogeneous bimetallic nanoparticles (RusSn, PdsRus) anchored

on mesoporous silica (MCM-41)

1,5,9 cyclododecatriene, 1,5 cyclooctadiene, 2,5 norbornadiene
none

none

90-95%

cyclododecene, cyclododecane, cyclooctene, norbornene
none
high yields and selectivity; catalyst stability; no need for costly

initiators and solvents

none

migration; isomerization of the naturally occurring all-cis olefins

into trans olefins

[a] DE 1230790, GB 826832. [b] Ref. [19].

Figure 3. Clusters of RusSn, anchored at the inner surfaces of mesoporous
silica function as powerful catalysts in the solvent-free selective hydro-
genation of a variety of polyenes.'”! In the background electron micro-
graph, the linearly arranged white spots demarcate the anchored bimetallic
clusters (diameter ca. 10 A).

(pore aperture 30 A). This catalyst exhibits high performance
in the solvent-free, selective hydrogenation of 1,5,9-cyclo-
dodecatriene (Table 4). With an ever-expanding range of
mesoporous materials, with diameters up to 500 A, now
becoming available® 2!l there is abundant scope further to
pursue the solvent-free catalytic approach outlined here in
future technology.
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Novel 4-Vinylpyridine-Extended Metal —- Dibenzoylmethanate Host
Frameworks: Structure, Polymorphism, and Inclusion Properties™*!*]

Dmitriy V. Soldatov!®"! and John A. Ripmeester+!?!

Abstract: In this contribution we show
that host materials based on metal
dibenzoylmethanates (DBM) can be
extended in a versatile way by decreas-
ing the packing efficiency of the simpler
metal DBM’s reported earlier. Specifi-
cally, this can be accomplished by coor-
dinating two 4-vinylpyridines (4-ViPy)
to the metal (Ni or Co) DBM units to
give [M(4-ViPy),(DBM),] host com-
plexes. These display a remarkable poly-
morphism and an ability to form inclu-
sion compounds with a large variety of
organic species. Five non-clathrate phas-

by recrystallization or by interaction of
the solid host with guest vapor. In the
latter case, the process realization, ki-
netics and final product strongly depend
on the host polymorph chosen as start-
ing material. Kinetic studies executed
with powder XRD suggest that transient
formation of inclusion compounds may
occur even during solvent vapor induced
transformation of one guest-free poly-
morph to another. The  polymorph of
the Ni-host reveals the strongest cla-
thratogenic ability as well as a high
selectivity towards certain homologues

and isomers. Its properties give insight
into the concept of “flexible zeolite
mimics”, or “apohosts”, as this empty
host form is energetically and structur-
ally predisposed towards inclusion proc-
esses. In all eleven (three host and eight
clathrate) structures studied by single
crystal X-ray diffraction the [M(4-Vi-
Py),(DBM),] complex molecule is trans-
configured. In most, the host molecules
show effective packing in one dimension
by forming parallel chains. Guest species
are located between the chains in cages
or channels formed by combining voids

es representing three polymorphic types
and twenty-eight inclusion compounds
with nineteen guests representing five
structural types were isolated and stud-
ied in varying degrees of detail. The

. . analogues
inclusion compounds can be prepared

Introduction

The trans-configured metal(i) dibenzoylmethanate fragment
(Scheme 1) is an electrically neutral lozenge-like unit that has
a rather rigid center where the two dibenzoylmethanate
(hereinafter DBM) ligands chelate to the metal center in the
equatorial plane, but that has some flexibility due to rota-
tional freedom of the phenyl moieties on the periphery.
Modified by introducing appropriate axial ligands A, the
complex acquires the ability to entrap solvent species to give a
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in the host molecules belonging to
adjacent chains. The corresponding Ni
and Co versions of the compounds

olymorphism
FRLREE studied were similar.

Scheme 1. General formula (M, metal; A, ligand).

number of inclusion structures of varied topology and
stoichiometry.l:2 Although other metal bis-chelates have
been utilized for the construction of porous solids, these
usually do not maintain their host properties upon extensive
modification.[*!

The [NiPy,(DBM),] host (Scheme 1, M =Nill, A =pyri-
dine) was found to form four structural types with the six
guests used.ll These inclusions show van der Waals packing
with the guest species included in cages or channels of various
topologies. The title [M(4-ViPy),(DBM),] hosts (4-ViPy =4-
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vinylpyridine), bearing Ni and Co centers, were shown to form
inclusions with carbon tetrachloride (of the cage type) and
chlorobenzene (of the channel type).[ In the present work we
elucidate the polymorphism of the complexes themselves as
well as their versatile inclusion properties with a number of
volatile guests, and discuss the extension of the axial amine
ligands as a strategy for generating versatile new families of
host materials. The work also sheds light on the nature and
role of “apohosts”, polymorphs that do not have obvious pore
space, but that are pre-organized to transform to clathrates
upon exposure to guest vapor.

Experimental Section

Preparations

Bis(dibenzoylmethanato)nickel(@@), [Ni(DBM),]: This complex salt was
prepared in two steps [Egs. (1) —(2)], comprising the synthesis of a diaquo-
complexl® and thermal dehydration, similar to the method with the
diammonium complex reported previously.l'! Into a hot solution of nickel
acetate tetrahydrate (2.49 g, 10 mmol) in 90 % ethanol (150 mL) a solution
of dibenzoylmethane, C¢{H;COCH,COCH;s, (Aldrich, 98%; 4.49¢g,
20 mmol) in 90 % ethanol (150 mL) was added all at once. The mixture
was allowed to cool for at least 1 h while stirring. A light-green crystalline
precipitate was separated, rinsed with 90 % ethanol, and air-dried to give
the diaquo-complex (ca. 5.1 g, 95 %). This was dehydrated for 2 h at 130°C
to give a yellow-green final product; a mass loss of 7.0 to 7.3 % was observed
as compared to a value of 6.7 % calculated from Equation (2). Elemental
analysis (% ) caled for [Ni(DBM),] (C3,H»,NiO,): C 71.3, H 4.39; found: C
71.5, H 4.34.

Ni(CH;COO), -4H,0 +2 (H-DBM)
SOV, [Ni(H,0),(DBM),] | +2CH;COOH +2H,0 (1)

[Ni(H,0),(DBM),] — [Ni(DBM),] +2H,0 { ?2)

Bis(dibenzoylmethanato)cobalt@), [Co(DBM),]: The method was very
similar to that for the nickel analogue; dehydration of the orange diaquo-
complex for 1h at 120°C (mass loss of 7.1 to 72%) yielded dark-yellow
final product. Elemental analysis (% ) calcd for [Co(DBM),] (C5,H,C00,):
C 713, H 4.39; found: C 71.4, H 4.40.

o™-Bis(4-vinylpyridine)bis(dibenzoylmethanato)nickel@),  a™-[Ni(4-Vi-
Py),(DBM),]: [Ni(DBM),] (2.5 g, 5 mmol) was dissolved in warm tetrahy-
drofuran (50 mL), and the bright-green filtrate was cooled to room
temperature, then poured into a solution of 4-vinylpyridine (Aldrich, 95 %;
1.6 g, 15 mmol) in absolute ethanol (250 mL). After stirring for 30 min the
yellow-green fine-crystalline product was separated, rinsed with ethanol,
and air-dried (80% yield from nickel dibenzoylmethanate). Elemental
analysis (%) calcd for [Ni(4-ViPy),(DBM),] (C,H3N,NiO,): C 739, H
5.07, N 3.92; found: C 74.1, H 5.06, N 3.84. A powder X-ray test indicated
the presence of only the stable a™ polymorph of the complex (Figure 1b).
[-Bis(4-vinylpyridine)bis(dibenzoylmethanato)nickel@), f-[Ni(4-ViPy),-
(DBM),]: The preparation was completed in two steps [Egs. (3)-(4)]
using methylene chloride as template. A weighed sample of a™-[Ni(4-
ViPy),(DBM),] (1.4 g, 2 mmol) was placed in an atmosphere of methylene
chloride for several hours until a weight increase of ca. 24 % (correspond-
ing to 1:2 complex per methylene chloride mole ratio) was observed. After
one more hour the sample was removed from the methylene chloride
atmosphere and left overnight in a flow of air until the sample returned to
its initial mass. Elemental analysis (%) calcd for [Ni(4-ViPy),(DBM),]
(CyyH3N,NiO,): C 73.9, H 5.07, N 3.92; found: C 73.5, H 4.85, N 3.72.

A powder X-ray test indicated the presence of the pure 8 polymorph of the
complex (Figure 1d). In air, this metastable polymorph remains intact for at
least five months, but relaxes in minutes to the stable a™ polymorph upon
heating or upon being exposed to certain organic solvent vapors (see
Results and Discussion).

2980 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

a™-[Ni(4-ViPy),(DBM),] (solid) +2 CH,Cl, (gas)
— [Ni(4-ViPy),(DBM),] -2 (CH,CL) (solid) (3)
[Ni(4-ViPy),(DBM),] -2 (CH,CL) (solid)

air

2, B-[Ni(4-ViPy),(DBM),] (solid) + 2 CH,Cl, (gas) (4)

a™-Bis(4-vinylpyridine)bis(dibenzoylmethanato)cobalt(@, a™-[Co(4-Vi-
Py),(DBM),]: [Co(DBM),] (2.5 g, 5 mmol) was dissolved in a mixture of
4-vinylpyridine (Aldrich, 95%; 1.6 g, 15 mmol) and chloroform (30 mL).
The dark-red solution was filtered and poured into absolute ethanol
(250 mL). After stirring for 20 min the orange-red fine-crystalline product
was separated, rinsed with ethanol, and air-dried (75 % yield from cobalt
dibenzoylmethanate). Elemental analysis (%) calcd [Co(4-ViPy),(DBM),]
(CyH36CoN,0,): C 73.8, H 5.07, N 3.91; found: C 73.5, H 4.79, N 3.78.
Powder X-ray control is necessary (Figure 1c). This metastable polymorph
may be kept in air but transforms to the stable a' polymorph of the complex
in an atmosphere of many organic solvents (see Results and Discussion).
a'-Bis(4-vinylpyridine)bis(dibenzoylmethanato)cobalt (), a'-[Co(4-Vi-
Py),(DBM),]: This polymorph of the complex which is stable was prepared
in the course of prolonged stirring of metastable a™-[Co(4-ViPy),(DBM),]
(1 g) in absolute ethanol (100 mL). With a small quantity of nucleation
agent added, the process was complete in 5 h. Elemental analysis (%) calcd
for [Ni(4-ViPy),(DBM),] (C,,H3N,NiO,): C 73.9, H 5.07, N 3.92; found: C
73.6, H 499, N 3.59. Quality control by powder X-ray diffraction is
necessary (Figure 1a).

f-Bis(4-vinylpyridine)bis(dibenzoylmethanato)cobalt@), f-[Co(4-ViPy),-
(DBM),]: As observable from powder X-ray tests (Figure le; isomorphous
to the Ni-form, pattern d), this polymorph formed during the first moments
upon fast decomposition of the inclusion with methylene chloride, [Co(4-
ViPy),(DBM),] -2 (CH,Cl,), analogously to the Ni-compound [Eq. (4)].
However, unlike the latter, the S-[Co(4-ViPy),(DBM),] decomposed
quickly to give one of the a-modifications, or a mixture of the two.

Host and inclusion compounds by crystallization: To prepare crystalline
products and single crystals for X-ray diffraction experiments, host
complexes in the a™ form and neat solvents were used. If the solubility
was low, solutions saturated at 40°C were filtered and left to cool,
otherwise, slow evaporation at room temperature was used. Crystals of
inclusion compounds usually were kept under their mother liquors. The
solvents used and the crystallization products assigned according to X-ray
unit cell measurement on randomly chosen crystals, are listed in Tables 1 to
3. Crystals of metastable a™-[Co(4-ViPy),(DBM),] were obtained upon
evaporating a toluene solution.

T

tic experi ts: Samples of ~100 mg of host polymorphs were
placed in closed vessels in an atmosphere of the appropriate guest.
Saturated solutions of the host complex in the corresponding guest liquid
were used to maintain the guest vapor pressure which is equal to the
equilibrium guest pressure over the expected inclusion with maximum
guest content. Excess absorbed solvent was removed periodically by gentle
airing and the absorption process was continued until constant mass was
achieved. More details on the technique were provided earlier.!

Two or more independent determinations were made. Compositions x of
the reaction products were calculated from the formula x = (Am/m,)(My/
M), where Am and m,, are the mass increase and the starting sample mass,
and My and Mg are host and guest molecular masses, respectively. If no
significant increase in sample mass was observed in three weeks, the
samples were recovered anyway. The final product was then analyzed by
the X-ray powder diffraction method wherefrom it was assigned to one of
the host polymorphs or the inclusion structural types (Figure 1).

Methods

Analyses: Complexes including various host polymorphs were analyzed
with a LECO CHN-1000 Analyser; three determinations with 100 mg
samples were done in each case. Compositions for inclusions were
determined from isopiestic measurements as described above. Phase
analyses were performed with powder samples on a Rigaku Geigerflex
diffractometer (Coy, radiation, 4 =1.7902 A) in a 5-15° 26 range, 0.02°
step scan with 1 or 2 s per step. Samples recovered after isopiestic
experiments were studied in an atmosphere of the corresponding guest.

Single-crystal diffraction analysis: Single crystals, or pieces cut therefrom,
were taken from under their respective mother liquors and cooled
immediately to —100°C, at which temperature all further experiments
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were done. A Bruker SMART CCD X-ray diffractometer with graphite-
monochromated Moy, radiation (A1=0.7107 A) was used to collect
diffraction data. Preliminary unit cell parameters were determined using
60 or more frame o scans, 0.3° wide, starting at three different ¢ positions.
Full data sets were collected using the w scan mode over the 26 range of 3 -
58°. Coverage of the unique sets was over 96 %. An empirical absorption
correction utilized the SADABS routine associated with the Bruker
diffractometer. The final unit cell parameters were obtained using the
entire data set.

The structures were solved and refined using the SHELXTL package!”)
using direct methods followed by differential Fourier syntheses. The
structural refinement was performed on F? using all data with positive
intensities. Non-hydrogen atoms were refined anisotropically. Isotropic
approximations and geometric constraints were applied in some cases for
minor orientations of vinyl groups or guest molecules. Hydrogen atoms
were refined isotropically with thermal factors 1.2 or 1.5 times greater than
those for the adjacent carbon atoms. Site occupancy factors for guest
orientations were refined independently; in the last cycles their sums were
fixed to give the ideal stoichiometry as observed deviations were not
significant (see Tables 2 and 3). The largest residual extrema on the final
difference map were located about the heavy atoms (Cl, Co, Ni).

Analysis of packing and preparation of illustrations were accomplished
using XP7 CLAT,® and Raster3DP! program packages. The following
values for van der Waals radii were applied:!') C 1.71, H 1.16, CI 1.90, N
1.52,0 129, Co 1.50, Ni 1.63 A.

A summary of the crystal data and experimental parameters is given in
Table 1. Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
150623 to 150638, the numbers given in Table 1. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,

Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk).

DSC Measurements: These were performed using a 2920 modulated
differential scanning calorimeter (TA Instruments). Samples of 5 to 10 mg
were pressed into aluminum pans and the DSC curves were recorded at a 5°
per min heating rate. Two determinations were made for each polymorph
using samples from two independent syntheses, and the calorimeter was
calibrated before each run.

Determination of Kkinetic curves: For kinetic experiments a Rigaku
Geigerflex diffractometer (Coy, radiation, 2 =1.7902 A) equipped with a
hermetic reaction camera was adapted to determine in situ phase
interconversions. The sample (ca. 20 mg) of pure S-host phase was placed
in a brass holder as a layer of 0.25 mm in depth. The holder then was placed
in the camera in an atmosphere of the required solvent and diffractograms
were recorded periodically in the 9-12° 26-range (<3 min per one
diffractogram). In this range (Figure 1) the a™-host phase shows as three
peaks at 20 angles of 9.76, 11.29 and 11.48°, the 5-host phase as three peaks
at 10.17, 10.81 and 11.41°, and the clathrate phase (MC type) at 9.84, 10.20
and 11.63°. The integral intensities of four segments of an experimental
diffractogram (with subtracted background) were taken for calculating a
distribution of the three phases in a given sample: segment 1, 9.3-10;
segment 2, 10—-10.4°: segment 3, 10.4-11°; segment 4, 11-11.8°. Then the
system of four linear equations X x Xy + Y x Y+ Z x Zy =1 (where X, Y,
and Z are the fractions of a™, § and the clathrate phases in the sample
studied, respectively; i is the number of the segment, Xy;, Y,; and Z; are
intensities for the i segment for the pure a™,  and clathrate phases; /; is
the intensity of the /" segment observed in the experiment) was solved
using a minimization procedure and the X+Y+Z=1 condition. The
minimization was accomplished using the option SOLVER of the Microsoft
Excel program, where the sum of the squared differences between
observed and calculated intensities for four segments was minimized.

Table 1. Crystal data and X-ray experiment details for the[M(4-ViPy),(DBM),] polymorphs and inclusion compounds (assumed values are given in

brackets).

Host (M) Co Ni Co Ni Co Ni

Guest no no no CsHg C¢Hq CH,Cl,
host:guest ratio - - - 1:1 1:1 1:2
structural type at am am T1 T1 M2
empirical formula C,H;,CoN,O, C,H;5N,NiO, C,H;,CoN,O, CsoH,N,NiO, Cs,H,CoN,O, C,H4CLN,NiIO,
formula unit mass 715.7 715.5 715.7 793.6 793.8 885.3

crystal system triclinic monoclinic monoclinic triclinic triclinic monoclinic
space group P1 (no 2) P2, (no 4) P2, (no 4) P1 (no2) P1 (no2) P2,/c (no 14)
a[A] 10.590(2) 10.170(2) 10.192(2) 10.282(2) 10.287(2) 17.797(3)

b [A] 12.501(2) 20.805(3) 20.864(3) 12.051(2) 12.082(2) 19.808(3)
c[A] 15.694(2) 17.622(2) 17.599(2) 16.780(3) 16.802(3) 12.346(2)
a[°] 111.42(1) 90 90 95.29(1) 95.05(1) 90

BI°] 96.26(1) 101.48(1) 101.40(1) 102.24(1) 101.82(1) 100.83(1)

v [°] 104.96(1) 90 90 92.40(1) 93.07(1) 90

V[A3] 1820.2(5) 3654(1) 36069(1) 2019.2(6) 2030.6(6) 4275(1)

V4 2 4 4 2 2 4

Peatea [gCmM ] 1.306 1.301 1.296 1.305 1.298 1.376

reflns for unit cell all data all data all data all data all data all data
u(Mog,) [em™] 5.17 5.77 5.13 5.29 4.71 7.49

T [°C] —100 —100 —100 —100 —100 —100

crystal color red yellow-green red green-yellow red dark yellow
crystal habit prism prism block prism block prism

crystal size [mm] 02x02x0.3 02x0.2x0.5 0.4x0.5x%x0.5 0.3x0.3x0.4 0.4x0.4x04 0.2x02x0.3
reflns collected 21606 43678 42433 24061 23347 42221

unique reflns (R;,) 9349 (0.034) 43678 (0) 18905 (0.049) 10354 (0.019) 10334 (0.037) 10789 (0.041)
unique obs reflns (1 >20([)) 6376 35036 13228 7995 7447 6354

refined parameters 463 939 957 517 517 592

R1/wR2 (observed data) 0.038/0.083 0.035/0.069 0.044/0.091 0.032/0.079 0.041/0.097 0.042/0.086
R1/wR2 (all data) 0.069/0.090 0.052/0.074 0.075/0.099 0.048/0.083 0.064/0.105 0.100/0.100
GOF on F? 0.981 0.972 0.933 1.013 1.057 0.972

res. density [e A~ +0.27/-0.38 +0.33/-0.26 +0.32/-0.36 +0.25/—-0.29 +0.30/—0.43 +0.47/—-0.28
Flack parameter - 0.405(4) 0.012(8) - - -

CCDC deposition number 150623 150624 150625 150626 150627 150628
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Table 1. contd.

Host (M) Ni Co Ni Co Ni

Guest 2-Chloropropane 2-Chloropropane 2-Bromopropane 2-Bromopropane Chloroform
host:guest ratio 1:2 {1:2} {1:2} {1:2} 1:2

structural type MC MC MC MC MC

empirical formula Cs5oH5,CLLN,NiO, {C50Hs5,CLCoN,O,} {C5oHsoB1,N,NiO,} {C5oHsoB1,CoN,0,} C,sH;5CIgN,NiO,
formula unit mass 872.5 {872.8} {961.5} {961.7} 954.2

crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group or cell type C2/c (no 15) c c C C2/c (no 15)
a[A] 20.164(3) 20.125(6) 20.17(1) 20.108(5) 20.112(3)

b [A] 19.504(3) 19.554(5) 19.64(1) 19.684(4) 19.567(3)

c [A] 12.540(2) 12.522(3) 12.585(6) 12.561(3) 12.413(2)

a [] 90 90 90 90 90

AN 116.26(1) 115.49(4) 115.82(7) 114.96(4) 116.46(1)

v [°] 90 90 90 90 90

|4 [A3] 4423(1) 4448(2) 4487(4) 4507(2) 4373(1)

z 4 {4} {4} {4 4

Pearea [2CM 3] 1.310 {1.303} {1.423} {1.417} 1.449

reflns for unit cell all data 275 88 190 all data
u(Moyg,,) [em™!] 6.06 {5.52} {22.6} {22.0} 8.56

T[°C] —100 —100 —100 —100 —100

crystal color dark yellow red dark yellow red dark yellow
crystal habit prism prism prism prism block

crystal size [mm] 0.4 x0.4x0.5 0.4 x0.4x0.5 03x03x04 0.1x0.1x0.2 0.3x0.3x%x0.5
reflns collected 25507 24573

unique reflns (R;,) 5707 (0.027) 5634 (0.034)
unique obs reflns (I >20([)) 4774 4365

refined parameters 286 287

R1/wR2 (observed data) 0.029/0.076 0.037/0.095
R1/wR?2 (all data) 0.038/0.080 0.053/0.101
GOF on F? 1.048 1.058

res. density [e A3 +0.38/ —0.40 +0.46/ —0.49
CCDC deposition number 150629 150630 150631 150632 150633

Host (M) Ni Co Ni Ni Co

Guest Acetone Acetone Tetrahydrofuran Nitromethane Nitromethane
host:guest ratio 1:2 {1:2} 1:2 {1:2} 1:2
structural type MC MC MC MC MC
empirical formula CsoH N, NiOg {CsoH,4sCoN,Og} C5,H5,N,NiO¢ {C4H N NiOg} C,H,CoN,Og
formula unit mass 831.6 {831.8} 859.7 {837.6} 837.8
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group or cell type C2/c (no 15) C C2/c (no 15) C C2/c (no 15)
a[A] 19.994(3) 19.942(8) 20.190(3) 19.373(6) 19.199(3)

b [A] 19.649(3) 19.720(9) 19.471(3) 19.799(6) 19.873(4)
c[A] 12.687(2) 12.655(4) 13.054(2) 12.633(4) 12.537(2)
a[°] 90 90 90 90 90

BI°] 119.01(1) 118.58(4) 118.75(1) 118.43(6) 116.79(1)

v [°] 90 90 90 90 90

V[A3] 4359(1) 4370(3) 4499(1) 4261(2) 4270(1)

V4 4 {4} 4 {4} 4

Pearea [gCM ] 1.267 {1.264} 1.269 {1.306} 1.303

reflns for unit cell all data 98 all data 177 all data
u(Mog,) [em™] 4.96 {4.44} 4.83 {5.13} 4.59

T [°C] —100 —100 —100 —100 —100
crystal color dark yellow red dark yellow dark yellow red

crystal habit block block prism prism prism
crystal size [mm] 0.2x0.3x0.3 02x02x0.2 0.3x0.3x0.4 0.2x0.2x0.4 02x03x%x0.5
reflns collected 25579 26306 24424
unique reflns (R;,) 5629 (0.039) 5787 (0.035) 5491 (0.043)
unique obs reflns (1> 20(1)) 3987 4199 3804
refined parameters 328 313 307

R1/wR2 (observed data) 0.038/0.093 0.038/0.108 0.045/0.116
R1/wR2 (all data) 0.064/0.100 0.060/0.116 0.074/0.125
GOF on F? 0.989 1.045 1.022

res. density [e A3 +0.41/-0.36 +0.41/-0.32 +0.44/-0.26
CCDC deposition number 150634 150635 150636 150637 150638
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The above approach uses several assumptions, the most important ones
being that the sample studied contains only the three phases at each point
in time, that no amorphous intermediates form in significant quantities, that
the presence of other phases does not change peak intensities for a given
phase significantly, and that the intensity of peaks for the clathrate phase
does not change significantly for different guests. We believe that the
systematic errors caused by the use of these assumptions do not exceed
random errors that may be as high as 7-8 %.

Results and Discussion

Propensity for clathrate formation of the title complexes in
monoclinic form: Table 2 summarizes results for clathrate
formation of the [Ni(4-ViPy),(DBM),] host complex in its
monoclinic, a™ form. The complex reacts with methylene
chloride, chloroform, 2-chloro- and 2-bromopropanes, ace-
tone, tetrahydrofuran and nitromethane to give 1:2 (host:
guest) inclusions, whereas with benzene, the 1:1 inclusion is
observed. Data on inclusions with carbon tetrachloride (1:2)
and chlorobenzene (1:1) reported earlier are also listed in
Table 2. No reaction was observed with hexane, the alcohols
listed, 2,2-dimethoxypropane and ethyl acetate. Almost in all
cases, the final products after crystallization (from neat guest
liquid) and after isopiestic experiments (interaction of solid
host with guest vapors) coincided. The results of single-crystal
X-ray experiments allow the classification of the resulting
inclusions into five structural types, and provide structural
guest per host stoichiometries. In cases where structures were
completely solved, the refined guest to host ratios are very
nearly ideal, which suggests full cavity occupancy under the
experimental conditions used. Isopiestic measurements fol-
lowed by powder X-ray analysis provide independent con-
firmation of compositions and structural types of the resulting
inclusions and give evidence that the reactions for all the

Table 2. Products of the interaction of the a™ form of [Ni(4-ViPy),(DBM),] host complex (H) with guest solvents

(G).

bulky samples proceed completely to the unique final
products.

Table 3 shows results for clathrate formation by a™-[Co(4-
ViPy),(DBM),]. With some guests, reaction products similar
to those for the Ni-complex formed. Some of the solvents,
which do not react as guests, still are active by catalyzing the
transformation of the monoclinic form to the triclinic form of
the Co-host. With some solvents (especially chloroform and
nitromethane) the formation of inclusion compounds was
observed in the first few hours (from the mass increase and
powder XRD tests) but these disappeared later to give the
triclinic guest-free polymorph. From Table 3, another feature
to be noted is that isopiestic and crystallization products are
different in some cases, suggesting sensitivity of the processes
to experimental conditions. This may mean that there are
small energy differences between the two potential products
and that there are kinetic problems associated with the
heterogeneous interaction in isopiestic experiments. Thus,
unlike the isopiestic method, direct crystallization results in
inclusion crystals with carbon tetrachloride, nitromethane and
chlorobenzene. On the other hand, the high reaction affinity
of the vinyl group adversely affects crystallization results in
the case of methylene chloride or tetrahydrofuran, suggesting
that the isopiestic method is more appropriate when these
solvents are used.

Clathration ability vs polymorphism of the title complexes

Isolated polymorphic types: Two guest-free polymorphs of
the Ni-complex and three of the Co-complex were isolated.
Both complexes have a™- and 3 forms, which are isostructural
in pairs while the Co-complex possesses also a third, triclinic
a' form (Figure 1).

The stability of the observed polymorphs decreases in the
sequence a™ > f for Ni-complex and a' > a™ > f for the Co-
complex. Qualitatively, the cor-
responding Ni polymorphs are
more stable than the Co-ones.
This is consistent with stronger

Isopiestic experiment
(interaction with solvent vapor)

Crystallization
from neat solvent

coordination by Ni' compared
with Co".l"l. The control over

Guest solvent (G) G:H Structure-type ) G:H Structural type Assigned stability of inclusion com-
(from mass  (powder X-ray (single-crystal reaction product .
; . . pounds upon replacing the met-
increase) experiment) X-ray experiment) ; ;
al center in the host without
methylene chloride ~ 2.00(1) M2 or MC 1.99(3) M2 H*2G chaneine the crvstal structure is
chloroform 2.01(1) M2 or MC 1946(5)  MC H*2G gmng y
carbon tetrachloride  too slow - 1.96(4) T2 H*2G one of the great advantages of
2-chloropropane 1.93(1) M2 or MC 1.99(1) MC H*2G metal —complex hosts. The reg-
2-bromopropane 1.99(1) M2 or MC MC H*2G ular influence of coordination
n-hexane l}ttle[a] a™ (host) - a™ (host) no reaction bond strength on macroproper-
methanol littlel! a™ (host) - a™ (host) no reaction . ¢ | | h
ethanol littlel! a™ (host) - a™ (host) no reaction ties o .meta —complex hosts
n-propanol littlel! a™ (host) - a™ (host) no reaction and their clathrates was estab-
isopropanol littlel] a™ (host) - no crystals no reaction lished unambiguously in several
acetone 2.02(2) M2 or MC 1.98(1) MC H*2G earlier isomorphic series.[12]
tetrahydrofuran 2.006(6) M2 or MC 2.06(2) MC H*2G .
. . . The observed polymorphism
2,2-dimethoxypropane littlel?! a™ (host) - a™ (host) no reaction Lo
ethyl acetate littlel] a™ (host) - a™ (host) no reaction indicates that there are prob-
nitromethane 2.02(1) M2 or MC MC H*2G lems for the complex molecules
benzene 1.03(1) T1 1.013(2) T1 H*G to create an effective structure
chlorobenzene too slow - 1.00(1) M1 H*G

providing both favorable mo-

[a] In this and subsequent tables “little” means “within 0.01-0.06".
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Figure 1. Selected powder diffractograms (Coy,, 1 =1.7902 A) represent-
ing three polymorphic host and five clathrate structural types: a) [Co(4-
ViPy),(DBM),], a' polymorph; b) [Ni(4-ViPy),(DBM),], a™ polymorph;
¢) [Co(4-ViPy),(DBM),], a™ polymorph; d) [Ni(4-ViPy),(DBM),], § poly-
morph (prepared by decomposition of clathrate with methylene chloride);
¢) [Co(4-ViPy),(DBM),],  polymorph (prepared by decomposition of
clathrate with methylene chloride); f) [Ni(4-ViPy),(DBM),] - (CsHg), T1-
type; g) [Ni(4-ViPy),(DBM),]-2(CCl,), T2-type; h) [Ni(4-ViPy),(DB-
M),] - (C¢H;sCl), M1-type; i) [Ni(4-ViPy),(DBM),]-2(CH,Cl,), M2-type;
j) [Ni(4-ViPy),(DBM),] -2 (CH;COCH;), MC-type.

fective packing. Apparently, this property is responsible for
the versatility of the title complexes and their analogues to
form inclusion compounds. In a broad sense, the inclusion
compounds are often considered to be polymorphic modifi-

cations of the host component, which are stable only in the
presence of a templating guest.] From this viewpoint,
conventional polymorphism and the affinity to include would
seem to be closely related to each other, and this relationship
is obvious in the many cases where they are found together
such as in the current work.["

Forms of the Ni-complex and reactivity of the  polymorph:
The monoclinic (a™) form of the Ni-complex is a stable
polymorph; it forms during the course of synthesis and
crystallizes from solvents which do not react as guests
(Tables 2, 4). The majority of inclusions shown in Table 2
transform to the stable form upon decomposition.

The metastable 8 form forms reproducibly upon decom-
position of inclusions with methylene chloride and acetone,
and sometimes of inclusions with nitromethane. It is stable in
air at least for several months, but heating induces its collapse
to the a™ form; alternatively, solvent vapors catalyze this
transformation very well (Table 4). Possibly, all inclusions of
the MC-type should be able to give the S form upon
decomposition, but vapors of the released guest catalyze the
formation of the a™ form. Inclusions with methylene chloride
and acetone decompose markedly faster because of the
greater mobility of the guest species, as the host system
apparently has no time to reassemble into the stable
modification. At the same time, powder X-ray diffraction
analysis indicates that the S form differs structurally from the
inclusions studied and apparently does not possess available
pore space. This conclusion follows from kinetic experiments
(see below) showing that the powder diffractogram does not
change continuously during formation of inclusion com-
pounds from the [ polymorph, and peaks of both phases
may be observed simultaneously.

A quantitative comparison of the relative stability of the a
and S polymorphs follows from DSC experiments (Figure 2).
The a form shows no thermal effects upon heating up to a

Table 3. Products of the interaction of the a™ form of the [Co(4-ViPy),(DBM),] host complex (H) with guest solvents (G).

Isopiestic experiment
(interaction with solvent vapor)
Guest solvent (G) G:H Structural type

(from mass increase)

(powder X-ray experiment)

Crystallization
from neat solvent
G:H Structural type
(single-crystal
X-ray experiment)

Assigned
reaction product

methylene chloride 2.03(2) M2 or MC no crystals H*2G (isopiest.)
chloroform irreproducible a' (host)+mix - a' (host) a'-H (crystal.)
carbon tetrachloride little a™+a' (host) 1.94(4) T2 H*2G (crystal.)
2-chloropropane 2.01(1) M2 or MC MC H*2G
2-bromopropane 1.90(1) M2 or MC MC H*2G

n-hexane little a™ (host) no crystals no reaction
methanol little a™ (host) - a' (host) a'-H (crystal.)
ethanol little a™ (host) - a' (host) a'-H (crystal.)
n-propanol little a™ (host) no crystals no reaction
isopropanol little a™ (host) no crystals no reaction
acetone 2.02(1) M2 or MC MC H*2G
tetrahydrofuran 2.02(1) M2 or MC no crystals H*2G (isopiest.)
2,2-dimethoxypropane little a™ (host) - a' (host) a'-H (crystal.)
ethyl acetate little a' (host) - a' (host) a-H
nitromethane irreproducible at (host) 1.99(2) MC H*2G (crystal.)
benzene 1.022(7) T1 1.012(3) T1 H*G
chlorobenzene little a' (host) 0.99(1) M1 H*G (crystal.)
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Table 4. Interaction of 8 form of [Ni(4-ViPy),(DBM),] host complex (H) with guest solvents (G), the isopiestic
and X-ray powder experiments results.”]

strong endotherm at 226(1) °C,
suggesting melting of this

Guest solvent (G) G:H Structural type Assigned phase. The B form shows an
reaction product  exotherm at 90(1)°C, with the
n-pentane 1.03(1) M2 or MC H*G rest of the thermogram being
isopentane little a™ (host) a™H identical to that for the o form.
cyclopentane little a” (host) a”-H The exotherm indicates an irre-
n-hexane 1.00(1) M2 or MC H*G . .
neohexane (2,2-dimethylbutane) little a™ (host) a™-H versible,  thermally  induced,
cyclohexane little a™ (host) a™-H change of the metastable f3
n-heptane 1.00(1) M2 or MC H*G form to the stable a form.
n-octane little am (host) a™-H Assuming that all of the process
n-nonane little a” (host) an-H occurs in the 80-130° temper-
n-decane little a™ (host) a™H
1-chloropentane 1.08(3) M2 or MC H*G ature range, the § to a trans-
1,1-dichloroethane 2.03(2) M2 or MC H*2G formational enthalpy is
1,2-dichloroethane irreproducible a™ (host) a™-H —11.3(2) kJ mol~!' at this tem-
1,2-dichloropropane 1Treproduc1ble a™ (host) a™-H perature.
3-chloropropene little a™ (host) a™-H .
2,2-dichloro-1,1,1-trifluoroethane little a™ (host) a™-H The propensity of the /8 form
methanol little a™ (host) a™-H for clathrate formation is re-
ethanol little a™ (host) a™-H markably high, as evident both
”'ProPanOll }itt}e ar EEOSt; a-H from the inclusion reaction
isopropano ittle a™ (host am™-H
butanol little am (host) e rates and from the range of
methyl tert-butyl ether little a™ (host) a™-H guests that may be enclathrat-
dimethoxymethane little a™ (host) a™-H ed. The f form gives the same
1,2-dimethoxyethane 1.18(2) M2 or MC H*1.2G clathrates with the guests as the
2,2-dimethoxypropane little a™ (host) a™-H a™ form. but the reactions occur
2-butanone little a™ (host) a™-H ’
2-pentanone 1.16(3) M2 or MC H*1.2G faster. Moreover, the f form
methyl acetate little am (host) a™-H enclathrates a number of guests
ethyl acetate 1.09(1) M2 or MC H*1.1G to which the a™ form is indif-
diethyl carbonate ~1 M2 or MC H*G ferent: n-pentane, n-hexane, n-

[a] With methylene chloride, chloroform, 2-chloropropane, 2-bromopropane, acetone, tetrahydrofuran, nitro-
methane and benzene the  form gives the same clathrates as a-[Ni(4-ViPy),(DBM),] (Table 2).

a) «™ (N)

b) B (Ni)

B:>(x

c) o™ (Co)

Heat flow / arb. units

m

r—/

t m
o =>o

50 100 150 200 T/°C

Figure 2. DSC thermograms (heat flow vs temperature; heating rate 5° per
min) of host polymorphs: a)[Ni(4-ViPy),(DBM),], a™ polymorph
(5.46 mg); b) [Ni(4-ViPy),(DBM),], B polymorph (5.47 mg); c) [Co-
(4-ViPy),(DBM),], a™ polymorph (4.78 mg); d) [Co(4-ViPy),(DBM),], a!'
polymorph (6.10 mg). The polymorphic transformations are assigned on
the thermograms b) (exo effect at 70°C) and d) (endo effect at 160°C).
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heptane, 1-chloropentane, 1,2-
dimethoxyethane, 2-pentanone,
and ethyl acetate. Actually, as
partly illustrated by Table 4, the
p form reacts with all volatile organics to give the host o™ form
unless inclusion compounds are formed.

The higher clathratogenic potential of the 3 polymorph may
be understood in light of considerations reported else-
where.['> 19 According to this scheme, a clathrate formation
process may be carried out conceptually by following several
simple steps. One of these, involving the host only, is
energetically unfavorable but unavoidable; it usually can be
split into two terms: the polymorph transformation of the
non-clathrate a form to the empty clathrate 5 form (AH,_)
and dilation of the § form that occurs on absorption of the
guest (AHy_ ). The utilization of the 5 form, even if it does
not possesses permanent porosity, may thus facilitate the
clathrate formation process. The AH, ;=11.3(2) kImol " is
rather significant and may be compared with 3.5(1) kJ mol~!
for the a — f transformation of the [Ni(4-MePy),(NCS),]
host!' and 0.5(1) kI mol~! for hydroquinone.!'”]

We propose that the 8 polymorph is a state of the host able
to transform instantly into the clathrate. This state of the host
component was referred to as the “apohost”.['¥l The structural
rearrangement of molecules on going from the “apohost
phase” to the clathrate phase is simple, as it does not require
breaking of bonds, high-energy movement of host molecules,
and so on, thus maintaining a low activation barrier of the
process. The “apohost” is thus a “compressed” empty
clathrate form showing zeolitic properties in spite of the
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absence of permanent porosity. One of first “organic zeolite”
analogues studied, 2" B-[Ni(4-MePy),(NCS),],?!! revealed
porosity in the complete absence of included guest species. At
the same time, this robust host framework reveals a remark-
able flexibility by expanding its structure by up to 10% to
include guest molecules.'”) The realization of “flexible zeolite
mimics” is thus demonstrated in our work: The empty host
phase doesn’t have porosity at all but acquires it instantly
upon the presence of the guest, thus behaving as if it were
permanently microporous. In spite of differences in the
powder diffractograms, the generic relationship between (-
[Ni(4-ViPy),(DBM),] and the M2 or MC clathrate types is
evident as the former arises from the clathrate types upon fast
release of the guest components.

Kinetic experiments provide further support of this rela-
tionship. Interaction of the § form with n-pentane is an
inclusion process that occurs without an observable induction
period (Figure 3a). At the same time, relaxation of the 3 form
to the a form (Figure 3b) seems to be a process requiring a
more serious structural reconfiguration.

The kinetic curves (Figure 3) reveal other interesting
features as well. Reacting the  polymorph with an atmos-
phere of three different pentane hydrocarbons gives rise to
quite different types of behavior. With n-pentane, an inclusion
compound forms, whereas cyclopentane does not support an
inclusion structure thus catalyzing the collapse to the stable a
polymorph, and isopentane forms an inclusion compound as
an intermediate product which then disappears, yielding the a
polymorph. The whole process with isopentane is dramati-
cally slower in spite of the greatest volativity, and thus the
highest concentration, of isopentane as compared to the other
pentanes. These results, and data listed in Table 4, illustrate
the selectivity the f form shows to certain isomers or
homologues. The observed preferences are understandable
upon considering the crystal packing inherent in the M2 and
MC types, as discussed below.

Forms of Co-complex: The Co-complex forms three guest-free
polymorphs, two of which are isostructural with the correspond-
ing Ni-forms. The monoclinic a™ form precipitates during the
synthesis and is stable in air but transforms slowly to the
thermodynamically stable triclinic «' form if left in ethanol.
Also, non-included solvents, as seen from Table 5, catalyze
this transformation. Subjected to DSC measurements (Fig-
ure 2), the a™ form shows no change until melting at 193°C,
while the a' form shows an endotherm of 15.9(1) kJmol~' at
160°C followed by melting with the same parameters as for
the a™ form. These observations show that the a™ form is
actually a high-temperature polymorph of the complex stable
in the 164-193°C range. The 15.9(1) kI mol~! energy differ-
ence between the two a polymorphs explains their different
propensities for clathrate formation. As evident from com-
paring Tables 3 and 5, the a' form shows a significantly lower
clathrate formation ability, forming inclusions only with
methylene chloride, acetone and tetrahydrofuran of the
seventeen guests tested. The B form of the Co-complex is
extremely unstable, as it appears upon fast decomposition of
the clathrate with methylene chloride (Figure 1e) but sponta-
neously transforms to the more stable polymorphs.

2986 ——
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Figure 3. Kinetic curves showing the volume fractions of the solid a™-form
X (circles), f-form Y (squares) of the [Ni(4-ViPy),(DBM),] complex, and
the clathrate phase Z (diamonds) vs time. All experiments start with pure
form (Y=1). Reaction gases (at 1 atm): n-pentane a), cyclopentane b),
isopentane c).

Structural characteristics of host and clathrate types

Structure and conformations of the host molecule: Eleven
(three host and eight clathrate) structures belonging to seven
structural types were completely solved in this and in
previous?! works. These structures comprise seven variations
of the [Co(4-ViPy),(DBM),] molecule and ten of the [Ni(4-
ViPy),(DBM),] molecule. In all structures the molecules
appear as trans isomers, with the metal(11) center chelated by
two DBM units in the equatorial plane and two vinylpyridine
ligands coordinated axially, as exemplified by Figure 4. The
M- O distance varies within 2.016—2.056 A with an average
value of 2.039(2) A (24 independent bonds) for M= Co and
within 1.999-2.042 A with an average of 2.022(2) A (30
bonds) for Ni. The M—N bonds are longer, varying from
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Table 5. Interaction of a' form of [Co(4-ViPy),(DBM),] host complex (H) with guest solvents (G), the isopiestic

experiment data.

M—N bonds may be accounted

for both by the negative
charge and the chelating coor-
dination mode of DBM li-

Assigned
reaction product

Guest solvent (G) G:H Structural type
(from mass (powder
increase) X-ray experiment)

methylene chloride 1.99(1) M2 or MC

chloroform little at (host)
carbon tetrachloride little a' (host)
2-chloropropane little a' (host)
2-bromopropane little at (host)
n-hexane little a' (host)
methanol little at (host)
ethanol little at (host)
n-propanol little a' (host)
isopropanol little a' (host)
acetone 2.00(1) M2 or MC
tetrahydrofuran 2.02(3) M2 or MC
2,2-dimethoxypropane little a' (host)

ethyl acetate little a' (host)

nitromethane little a' (host)

benzene little a' (host)
chlorobenzene little a' (host)

gand. In the clathrate struc-
tures the average M—O dis-
tance is slightly longer, while
10 or slow reaction the M—N distance is slightly
no or slow reaction shorter. For example, the aver-
no reaction age Co—O distances are
no reaction 2.042(2) A (12 bonds) and
no reaction 2.0353) A (12 bonds) for
no reaction
1o reaction clathrate and guest-free struc-
H*2G tures, respectively, while the
H?2G corresponding Co—N distan-
no reaction ces are 2.171(3) A (six bonds)
no reaction d 2.191 7)A ix bonds)
no reaction an 191( (six bonds).
On the whole, a reverse cor-
relation is observed between

H*2G
no reaction
no or slow reaction

Figure 4. Structure of the [Co(4-ViPy),(DBM),] molecules as they are
found in the stable a' polymorph of the complex: a) A-molecule; b) B-
molecule. H-atoms are omitted; ellipsoids are drawn at 50 % probability
level; C- and D-labeled atoms are generated through centrosymmetry.

2.157-2.206 A with an average of 2.181(5) A (12 bonds) for
M =Co and 2.091-2.117 with an average of 2.109(3) A (15
bonds) for Ni. The difference between the length of M—O and

Chem. Eur. J. 2001, 7, No. 14
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no reaction
no or slow reaction

changes in equatorial and ax-

ial bonds, a phenomenon re-

viewed earlier®?? and reported
for the trans-[Ni(4-MePy),(NCS),] host molecule (statistics
from eleven structuresi®!). The coordination angles rarely
deviate from the ideal by more than 3°. The deviations may be
explained in part by restrictions from the fixed geometry of
the pseudo-aromatic chelate rings; for example, average
values of the O-M-O angles included in the chelate ring are
89.3(2)° (12 independent angles) for M = Co but 91.4(1)° (15
angles) for Ni. In general, statistical analysis of coordination
polyhedra does not reveal drastic differences between mol-
ecules in guest-free and clathrate phases. This means that the
improvement of the complex molecular geometry is not a
driving force for clathration with the title hosts, unlike with
some tetrapyridine Werner hosts reported earlier.?*! The
profit of clathrate formation in our case lies in the provision of
better packing.

Conformational features are summarized in Table 6. As the
conformations for molecules in isostructural phases do not
differ qualitatively, only average values for each structural
type are given. In most cases the molecule adopts centrosym-
metry. Pseudo-aromatic chelate rings which reveal planarity
(almost always within 0.1 A) are in one plane, and in this case
additional interactions are possible between their delocalized
7t systems through empty orbitals on the metal center. In the
a™ and M1 types, however, the bis-chelate fragment is bent
significantly, up to 25°. Though peripheral phenyl rings are not
able to turn in the equatorial plane (because of repulsion
between the ortho hydrogens with the hydrogen attached to
the middle carbon of DBM)
they still show an unequivocal
tendency to do so. As one can
see from Table 6, the dihedral
angle between phenyls and the
equatorial plane in 84 % of the
cases does not exceed 30° (see
also Scheme 2). Vinylpyridine
ligands (which are always es-
sentially planar) are attached

Scheme 2. Descriptors for Ta-
ble 6.
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approximately at right angles to the equatorial plane; in
centrosymmetric structures two vinylpyridine ligands are in
the same plane and vinyl groups are directed oppositely. This
also assumes a possibility for the two vinylpyridine aromatic
systems to interact. Almost in all conformations, vinylpyridine
rings are close to a plane that divides the metal bis-chelate
fragment into two parts. Figure 4a exemplifies the only
exception found with vinylpyridines turned along bis-chelate.
The above analysis shows that the trans-[M(4-ViPy),-
(DBM),] molecule possesses a certain flexibility but shows
an unequivocal tendency to a preferred, centrosymmetric type
of conformation. The conformation would have planar bis-
chelate fragments with phenyl rings slightly deviating from
the plane, and vinylpyridine ligands coordinated axially and
located in the plane dividing the bis-chelate fragment into two
parts. The conformation is likely controlled not only by steric
intramolecular interactions but also by the interacting local
aromatic systems connected by a single bond or the metal
center. Nevertheless, certain, though limited, flexibility makes
it possible for the molecule to adopt different geometries,
allowing the creation of a number of dense and porous
frameworks filled with different guest components.

Main packing motifs: All of the phases that the title hosts
form are controlled by van der Waals forces.?”! This results in
a variety of crystal structures that are different crystallo-
graphically and topologically. The absence of directed chem-
ical or specific interactions between molecules make the
description of “host frameworks” rather arbitrary. Very small
changes in the conformations or mutual orientations of host
molecules may result in a dramatic change in size, shape and
dimensionality of cavity space available for the guest. There-
fore, before describing individual types, here we discuss the
structural motifs observable in most phases.

The trans-[M(4-ViPy),(NCS),] molecule in its usual con-
formation, as shown on Figure 4b, has four shallow pockets

each located between the vinylpyridine and DBM fragments
(cf. the same Figure, a, where such pockets disappear due to a
rotating vinylpyridine). These pockets are filled upon packing
either with aromatic parts of neighboring host molecules, or
with guest molecules. Earlier, this viewpoint allowed us to
explain the clathration ability and stoichiometry of clathrates
of the trans-[NiPy,(DBM),] complex. Introducing a vinyl-
substituted pyridine elongates the pocket and thus enhances
the clathration affinity of the molecule.

Figure 5 shows two host molecules mutually expanding the
size of their pockets as these are filled by vinylpyridine
moieties. Note that the molecules approach each other in such
a way that they form stacking vinylpyridines and the dihedral
angle between their equatorial planes is less than 90°. Each

\

Figure 5. Two adjacent molecules in the crystal structure of a™-[Co-
(4-ViPy),(DBM),] shown according to their vander Waals size. The
molecules are self-included, as each molecule slips its vinylpyridine moiety
into pocket of another molecule. For clarity, molecule A is darkened and
molecule B is lightened.

molecule has two neighbors on both sides of an equatorial
plane, the motif thus consisting of endless chains as exempli-
fied by Figure 6. These chains were found in most structures;
moreover, the parameters of the chains are very similar in

Table 6. Averaged conformational characteristics for the trans-[M(4-ViPy),(DBM),] molecule found in different structures.

Dihedral angles [°](®

Structural Point Ring 1 Eqt.-Phl  Eqt.-Ph3  Eqt.-Ph4 Eqt.-Ph6  Eqt.-Py7 Eqt.-Py8 a-Py7 «-Py8 Vinyl

type symmetry —Ring2 groups

a' (one structure),

molecule A: -1 0 +7 +26 -7 —26 83 83 +13 —13 opposite

molecule B: -1 0 +22 —18 —-22 +18 86 86 +63 —63 opposite

a™ (two structures),

molecule A: 1 7 +18 —-52 -27 +41 72 90 +87 + 66 opposite
or disordered

molecule B: 1 16 +34 —16 —24 +26 83 88 +89 -85 disordered

T1 (two structures),

molecule A: -1 0 +8 +41 -8 —41 83 83 +87 —87 opposite

molecule B: -1 0 +30 -30 -30 +30 89 89 +72 -72 opposite

T2 (two structures): -1 0 +22 +19 —-22 —19 83 83 +75 -75 opposite

M1 (two structures): 1 25 +22 +36 +15 +46 85 84 +69 —86 opposite

M2 (one structure)

molecule A: -1 0 +29 -20 -29 +20 87 87 +84 -84 opposite

molecule B: -1 0 +24 -29 —24 +29 86 86 +83 -83 disordered

MC (five structures): —1 0 +23 —28 -23 +28 86 86 +86 —86 opposite

or disordered

[a] Least-squares planes are designated as shown on the Scheme 2. For example, the planes for the molecule shown in Figure 4a are as follows: Ring 1
(ColA,01A,C1A,C2A,C3A,03A); Ring 2 (ColA,01C,C1C,C2C,C3C,03C); Eqt. (ColA,01A,03A,01C,03C); Phl (C11A—C16A); Ph3 (C31A—C36A);
Ph4 (C11C—C16C); Ph6 (C31C—C36C); a (ColA,C2A,C2CN7AN7C); Py7 (N7A,C71A-C75); Py8 (N7C,C71C—C75C).
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b)

Figure 6. Fragment of the chain of host molecules in the crystal structure
of [Ni(4-ViPy),(DBM),]-2(CH;COCH;) (MC type): a) perpendicular to
the stacking vinylpyridines; b) parallel to the stacking vinylpyridines.

different structures (Table 7) and always are aligned parallel
to each other. In some cases they consist of crystallograph-
ically distinct alternating molecules. The distance between
metal centers varies from 8.2—9.4 A, the distance between
stacking vinylpyridine rings from 3.4—3.8 A with the angle not
exceeding 15°, and with the angle between equatorial planes
of 64-74°. Note that variations between different structural
types do not significantly exceed those from within the same
type. This chain motif thus is not only encountered in different
phases but also is rather insensitive to the phase type. The
reason for this is that this motif provides very effective one-
dimensional packing. At the same time, it seems to be difficult
to pack the chains in three-dimensional space. The a™ host
type shows significant distortions of the chain without guests
present. Compared to the clathrate types, the chain in the a™
phase has maximum (11° and 15°) angles between stacking
vinylpyridine rings, a minimum angle (64°) between equato-
rial planes, and alternating shortened (8.2 A) and elongated
(9.4 A) M—M distances. In clathrate types the packing of
chains is assisted by guest species.

As the host molecule has four pockets, and only two may be
filled with vinylpyridine moieties of neighboring hosts, the
other two pockets are available to guests. Figure 7a shows the
filling of two pockets with two methylene chloride molecules.
The host:guest stoichiometry should be 1:2 in such a case, and
this ratio is indeed observed for most inclusions. Two pockets
from two adjacent host molecules may form a larger cavity;
Figure 7b exemplifies this option by including a benzene

Figure 7. Typical host-guest packing fragments: a) two guest molecules
filling the pockets on opposite sides of the host molecule in [Ni(4-
ViPy),(DBM),] -2 (CH,Cl,) (M2-type); b) a guest molecule occupying the
large cavity formed by two adjoining pockets from adjacent molecules
(molecule A on the left and B on the right) in [Ni(4-ViPy),(DBM),]-
(C¢Hg) (T1 type). All molecules are shown at their van der Waals size;
guest molecules are drawn darker for clarity.

molecule between two hosts, thus resulting in a 1:1 stoichi-
ometry. In T2-type inclusions described earlier? all pockets
are involved in the inclusion of carbon tetrachloride guest
molecules; four pockets from four host molecules (located in
the corners of the unit cell) form one very large cavity
accommodating two guest molecules, resulting in a stoichi-
ometry of 1:2.

o' and o™ host types: The o' type forms only for the Co
complex. It is triclinic, with two centrosymmetric molecules
per unit cell. They are crystallographically different (A and B
here after, see Figure 4). The A-molecule has an unusual
shape as the vinylpyridine ligand is turned along the bis-
chelate unit. The B-molecule resembles more closely a regular
conformation. There are chains of alternating A and B
molecules stretching parallel in a diagonal direction between
the a and c¢ axes (Figure 8). These chains are, however,

Table 7. Parameters of one-dimensional packing of trans-[M(4-ViPy),(DBM),] molecules in studied types.

Structural type a™ T1 M1 M2 MC

number of examined structures 2 2 2 1 5

direction of chains along ¢ diagonally between a and ¢ along ¢ along a parallel to direction between a and ¢
sequence of molecules ABAB ABAB AAAA ABAB AAAA

M-+ M distance 82and94A  89A 88 A 89A 88-92A

dihedral anglel®! 11 and 15° 9° 7° 8° 1-6°

distance between these rings 34-38A 34-38A 34-37A  35-37A  34-38A

dihedral angle!®! 64° 66° 71° 65° 69-74°

ref. this work this work 2] this work this work

[a] Dihedral angle between stacking ViPy rings of neighboring molecules. [b] Dihedral angle between bis-chelate fragments of neighboring molecules.
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Figure 8. Crystal packing in a'-[Co(4-ViPy),(DBM),| along b. A-mole-
cules are black and B-molecules are white. All the molecules lie on the
same level y 0.

different from those observed in other structures. The
neighboring molecules are interdigitated, being located in
the plane and on both sides of the bis-chelate unit. This mode
allows metal centers to approach to 9 A, with an angle
between equatorial planes of ~75°. The shortest distances
between metal centers of neighboring chains are from 10 and
115 A.

The a™-type forms for both Ni and Co complexes, with the
two versions very similar. It is monoclinic with four molecules
per unit cell and the space group is chiral.?*! There are two
independent molecules (marked A and B), and both are
asymmetric. The bischelate fragment is bent in both mole-
cules (Table 6), and the vinyl groups are disordered over two
positions. With these specifics, the molecules adopt the same
type of conformation as observed in most other phases. There
are chains of alternating A and B molecules stretching parallel
along the ¢ direction (Figure 9). The distances between metal
centers in the chain are from 8.2 to 9.4 A while between the
centers of neighboring chains they are >10.2 A.

Triclinic clathrate types: There are two of these, and both
have guest species accommodated in cage-like cavities.
Inclusions of Ni- and Co-hosts of the T2 type, [M(4-
ViPy),(DBM),] - 2 (CCly), have two carbon tetrachloride mol-
ecules in a prolate spheroidal cage; these structures were
described earlier.?!

T1-type inclusions form with benzene as guest and a 1:1
host per guest ratio, the Ni- and Co-versions being very
similar. The compounds do not lose guest species in air, unlike
inclusions of other types, and this is consistent with the
inability of guest molecules to diffuse through the structure.
There are two centrosymmetric host molecules per unit cell in
the structure, and they are crystallographically different (A
and B). There are chains of alternating A and B molecules
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Figure 9. Crystal packing in a™-[Co(4-ViPy),(DBM),] along a. A-mole-
cules are black and B-molecules are white. The three upper molecules lie
on the level of x~0.75 and the three lower molecules are at x ~0.25.

located diagonally between the a and ¢ directions (Figure 10)
with a distance of 8.9 A between their metal centers. The
distance between metal centers of neighboring chains is
>10.3 A. The benzene molecule is located in a cavity formed
mainly by pockets of neighboring molecules belonging to
different chains, and the fragment was shown in Figure 7b.
The inner surface of the cavity is formed by two pyridine and
four phenyl moieties from four host molecules. The cut-away
section of the structure is shown in Figure 10.

== ==
Figure 10. Crystal packing in [Ni(4-ViPy),(DBM),]-(C¢Hg); cut-away
section perpendicular to b. The A-molecule is black and B-molecules are
white; guest molecules are outlined in sticks-and-balls. Host molecules lie
at y ~0 and guest molecules are at y ~0.25.

Monoclinic clathrate types: All three monoclinic types, M1,
M2 and MC, have guest molecules accommodated in the
relatively open cavity space in the form of complex one-
dimensional channels with wider and narrower segments. The
M1-type was found for Ni- and Co-inclusions with chloro-
benzene and a 1:1 host per guest ratio. Some features
comparing this type with others are given in Tables 6 and 7,
for the remaining details, see our previous work.?!

The M2 and MC types are two variations of the same
flexible architecture that is evident even from comparison of
their powder patterns (Figure 1). Also, as mentioned above,
both may transform to the same f polymorph if a guest leaves
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very quickly, the B phase probably being akin as well. The
conformations of host molecules in these two types are very
similar (Table 6) as well as the packing motifs of the molecules
(Table 7). The difference lies in the higher symmetry of the
MC type that has a C-lattice instead of the P-lattice in M2.
The unit cell parameter a in M2 corresponds to the diagonal
between a and ¢ in MC while the parameters b comply.
Type M2 forms with methylene chloride guest. The
structure of [Ni(4-ViPy),(DBM),]-2(CH,Cl,) was fully de-
termined and will be discussed; the Co-analogue has a similar
composition and unit cell parameters (Table 1). There are
four host molecules per unit cell, two are crystallographically
different (A and B) and both are centrosymmetric. Chains of
alternating A and B molecules lie parallel along the a
direction, with a distance between the metal centers of
neighboring molecules of 8.9 A. The distance between metal
centers of neighboring chains is >11.7 A. Guest species are
located inside channels extending between chains and parallel
to them. The channels are formed by vacant pockets of host
molecules belonging to two adjacent chains, and the location
of guest species in such pockets is shown in Figure 7. There are
two crystallographically different guest molecules; both are
disordered (with the occupancy factor of the main orienta-
tions 50(2) and 62.3(3) %) and display increased thermal
parameters; this suggests significant motional freedom within
the excess available space. There are two channels going
through the unit cell; they coil about the (x,%2,0) and (x,0,"%)
directions with the center forming approximately the figure 8
with a major dimension of ~55 A along b and a minor
dimension of ~4 A along c. The cross-section of the channel
perpendicular to the a direction is an ellipse with the sectional
area between 18—33 A2; the shape of the ellipse varies from
very oblate (2.5 % 9.5 A) to almost round (4.9 x 5.9 A). The
narrowest passages of 2.5 A are located at x=0 and a/2;
however, they may open significantly by rotating phenyl rings
which control the passages. The fragment of the structure
showing three chains forming two channels is given in
Figure 11.

Figure 11. Crystal packing in [Ni(4-ViPy),(DBM),]:2(CH,Cl,). The
A-molecules are black and B-molecules are white; guest molecules are
outlined in sticks-and-balls. Three chains lie along a at the level of y ~0.5;
two channels formed by the chains with the accommodated guest species
are shown.

Chem. Eur. J. 2001, 7, No. 14
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Type MC forms for the Ni-host with chloroform, 2-chloro-
propane, 2-bromopropane, acetone, tetrahydrofuran, nitro-
methane (Tables 1, 2) and likely with the eight other guests
listed in Table 4. The Co-host also forms this type with some
of the above guests, and from comparing unit cell dimensions
these compounds are similar to the corresponding Ni-
compounds (Table 1). Five structures belonging to this type
were determined to atomic resolution, four of the Ni-host
(with 2-chloropropane, chloroform, acetone and tetrahydro-
furan) and one of the Co-host (with nitromethane); for the
other five structures only unit cell parameters were measured
(Table 1). This type turns out to be very flexible: The range of
guests of different shape and polarity results in wide
variations of unit cell parameters (a, 19.2-20.2 A; b, 195-
199 A; ¢, 124-13.1 A; V, 4261-4507 A%). The observed
volume variation is thus almost 6 %. Only a few systems are
known where such a high flexibility accompanies the stability
of a specific architecture upon varying the guest type. The best
known include the 8 phases of the Werner complexes,'*-2!] the
Hofmann clathrate modifications? and porphyrin-based
“sponges”.[?8]

As well as for the M2-type, the unit cell contains four host
molecules of which only one is independent. It is centrosym-
metric and has a conformation intermediate between the two
molecules in the M2-type. The chains of host molecules lie
parallel to the diagonal between the a and c directions. The
parameters of the chain vary significantly upon changing the
guest (Table 7). The best stacking of the vinylpyridine rings is
observed for acetone clathrate where the rings are parallel to
within 1°. Guest species are located in channels weaving
between and parallel to the chains, and are formed by vacant
pockets of host molecules belonging to two adjacent chains.
The crystal packing, showing three chains and two channels
extending between the chains, is given in Figure 12a. Unlike
the M2-type, the channel has narrower restrictions of 2.1—
2.3 A controlled also by phenyl rings. There are two channels,
four restrictions and eight guest molecules per one unit cell.
The restrictions divide channels into wider segments, and
every segment is formed mainly by four pockets from four
host molecules that incorporates two guest molecules. As may
be seen upon viewing the cut-away section of the structure,
guest pairs sit in “cradles” which are capped with the next
layer above on the b axis. The fragment containing one such
“cradle” is shown in Figure 12b. Ideally, two chloroform
molecules fit into this “cradle”. In other inclusions of this type,
guest species are disordered over two orientations for
2-chloropropane (88.5(4) % for the main orientation), two
for acetone (51.3(4)% for the main one), two for nitro-
methane (51.6(8) % for the main one; Co-host), and three for
tetrahydrofuran (63.4(5) and 23.0(6) % for the main ones). To
some extent, the “cradle” adjusts its dimensions to the shape
and size of a particular guest within certain limits. This
provides a structural explanation of the selectivity of the host
for certain organic molecules listed in Table 4. The 1:1
stoichiometry suggests that inclusion of n-pentane, n-hexane,
n-heptane, 1-chloropentane, 1,2-dimethoxyethane, 2-penta-
none, ethyl acetate and diethyl carbonate in the wider
segments replaces a pair of smaller guests. This is consistent
with approximately the doubled size of the molecules and
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Figure 12. Crystal packing in [Ni(4-ViPy),(DBM),] -2(CHCl;) (MC type):
a) Packing along b displaying contents between y=0 and 0.5; host
molecules are shown in sticks and guest molecules are outlined in sticks-
and-balls. Three host chains and two channels formed by the chains with
accommodated guest species are shown. b) Two guest molecules (dark-
ened) sitting in a “cradle” formed by four host molecules; van der Waals
dimensions. The fragment corresponds to the right lower part of Figure a).

their linear shape, as shorter or longer molecules, as well as
branched isomers are not included.

Conclusion

The main result of the present study is that modification of the
parent [NiPy,(DBM),] host with a vinyl substituent not only
retains the clathrate-forming ability of the resulting [M(4-
ViPy),(DBM),] complex, but enhances it significantly. Of
forty organic solvents tested as guests, nineteen were shown to
be enclathrated by the new host, and these included unsub-
stituted and halogenated hydrocarbons, ethers, ketones,
aromatic and other compounds. These inclusions belong to
five structural types, two with cage and three with channel
space available. The addition of rigid substituents to the
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pyridine ring of the host complex gives it more bulkiness and
thus should encumber the efficient packing of the molecules.
Indeed, this is revealed as a remarkable polymorphism of the
title host and its propensity for forming supramolecular
architectures. Similarly, the stability and diversity of Werner
host [MA,X,] architectures increases dramatically on going
from tetrapyridine complexes (with pyridine as A)P*21 to
complexes with substituted ligands (with ~40 substituted
pyridines as A).%3% Because of this we anticipate excellent
prospects for hosts of the metal dibenzoylmethanate type.

The greater clathration ability of [M(4-ViPy),(DBM),] is
evident also, as most compounds were isolated and analyzed
as bulky products, ([NiPy,(DBM),] often gives mixtures of
both host and clathrate phases),l!l and the inclusion products
form readily both from solutions and by interacting the solid
host with gaseous guest. From kinetic experiments, even if the
host does not form a final inclusion product with a certain
guest, the inclusion compound may appear as an intermediate
during the polymorphic transformation, thus playing an
important role in the process.

The remarkable clathration ability of the title hosts is
explainable in terms of the inability of their relatively rigid
molecules to form effective packing in three dimensions. In
most structures, effective one-dimensional packing motifs
were observed for the host molecules implying thereby a
packing anisotropy. The presence of small guest molecules
strongly facilitates the creation of effective three-dimensional
packing. An analogous situation was observed for the
[NiPy,(DBM),| host which shows effective packing in two-
dimensional layers but needs a guest component to fill out the
cavity space that appears upon stacking these layers in a
three-dimensional structure.

As well, this study demonstrates the direct relationship
between polymorphism and clathratogenic ability. The poly-
morphic forms of the host described differ significantly in
their ability to form inclusion compounds. The existence of a
stable, triclinic a' form for the Co-complex diminishes the
range and stability of its inclusions considerably, while
isolation of energetically enriched (and seemingly, structur-
ally pre-organized) metastable § form for the Ni-complex
makes it possible to accelerate dramatically the inclusion
processes and to enclathrate species which do not react with
the stable form of the host. The energy difference between
guest-free host polymorphs helps to explain the relation in
quantitative terms.

The entire study, especially the experiments with the
form, show that factors affecting kinetics, such as initial
conditions and catalysis, may play a crucial role in the
processes involving the title complexes. The phase intercon-
version Scheme, as depicted in Scheme 3, reveals the follow-
ing features. The complete cycle: a form — clathrate — f
form — o form may be performed only using the template G
(methylene chloride, acetone). As the stable o form cannot be
transformed into the § form directly, the cycle may be run only
in one direction. Unlike the “passive” a form, the “activated”
B form reacts readily with many new guest species (G’).
Finally, all the processes proceed quantitatively, do not
involve the liquid phase, and are subject to strict control by
consecutive application of certain gases or temperature
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Scheme 3. Metal —complex host transformations.

conditions. The Scheme gives insight into the potential of
flexible host materials for application in highly organized
processes, where reproducible changes are controlled not only
by applying certain conditions but also by the sequence in
which they are applied.
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First Experimental Observation on Different Ionic States
of the rert-Butoxy [ (CH;);CO°] Radical

Zheng Sun,'*"! Shijun Zheng,™ Jing Wang,!?! Maofa F. Ge,'*! and Dianxun Wang*[?!

Abstract: A continuous fert-butoxy
(CH;);COr radical beam is produced in
situ by respective pyrolysis of both
(CH;);CONO at 115(£0.5)°C and
(CH;);COOC(CH,); at 87(+0.5)°C. By
combining the Hel photoelectron (PE)
spectrum with the improved density
function theory (DFT) calculations, we
have concluded that the (CH;);CO"
radical has C;y symmetry and X°E
ground state. The study does not only

provide the ionization energies of differ-
ent ionic states of the (CH;);CO" radical
for the first time, but also the first
example in which there have been
similar vibrational structures in different
ionic states caused by removal of the

Keywords: density functional calcu-
lations - ionic states - photoelectron
spectroscopy - radicals

electron on an orbital. It is also pointed
out that (CH;);CONO is a good source
for obtaining the (CHj;);CO" radical
beam, and that NO is a stable regent
for the active radical. The results will
promote the studies in electron spin
resonance (ESR) research on the mech-
anisms of both the initiation of the
formation of a new radical and the
radical-chain polymerization in which
the (CH;);CO-" radical participates.

Introduction

As an initiator, the tert-butoxy [(CH;);CO-] radical has been
widely used on the radical chain polymerization, also in
electron spin resonance (ESR) research for initiating the
formation of a new radical;l'>] however the study of the
character of the radical itself is almost nil because of its
shorter lifetime and unstability. Recently, Ramond et al.
studied the electron affinity of the (CH;);CO~ anion by
negative-ion photoelectron spectroscopy.’) To our knowledge,
there is no any report on its ionization energy until now, but
the ionization energies, especially the first ionization energy
for the species, are among the most important physical and
chemical data, because numerous physical and chemical
properties can be deduced from its ionization energies. Also
the discovery of a good source for obtaining the (CH;);CO*
radical will promote the study on the radical character.

Our laboratory has demonstrated the ability to generate a
continuous radical beam through the pyrolysis of parent
species or the microwave discharge of a selected compound;
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Institute of Chemistry, The Chinese Academy of Sciences
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Hebei Normal University, Shijiazhuang 050091
(People’s Republic of China)

Chem. Eur. J. 2001, 7, No. 14

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

this allows us to perform Hel photoelectron spectroscopy
(PES) studies on reactive open-shell species.’"'2 Recently, we
reported the first experimental observation on different ionic
states of both the CH;0" and CH,S" radicals.¥ In this paper,
we present a PES study on ionization energies of the
(CH,;);COr radical and point out that the (CH;);CONO is a
good source for obtaining the (CH;);CO" radical and that the
pyrolysis of the (CH;);COOC(CHj,); provides an opportunity
for studying decomposition kinetic of the (CH;);CO" radical.
To assign the PES bands of the (CH;);CO- radical, the
improved density function theory (DFT) calculations on
different ionic states of the (CH;);CO" radical have been also
performed, because they have used successfully for the
assignment of the PES bands of radicals.’'3!

Results and Discussion

The (CH;);CO" radical obtained by pyrolysis of the
(CH;);CONO: The CH;Or" radical was successfully generated
by pyrolysis of CH;ONO at 275(+£0.5)°C and its photo-
electron (PE) spectrum was also recorded in situ.[¥] Similarly,
it is thought that the pyrolysis of the (CH;);CONO should
generate the (CH;);CO- radical by losing NO. During the
pyrolysis (CH;);CONO, the PE spectrum!' of the (CH;);CO-
NO is always observed if the pyrolysis temperature is too low.
A new and constant PE spectrum, which is completely
different to that of (CH;);CONO is recorded at
115(£0.5)°C. Figure 1 gives the PE spectrum of the species
generated by the pyrolysis of (CH;);CONO at 115(+0.5)°C.

The theoretical study of molecular orbital character for the
(CH;);CONO shows also that the bonding strength between
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Figure 1. Hel PE spectrum of the (CH;);CO" radical obtained by pyrolysis
of the (CH;);CONO at 115(£0.5)°C.

(CH;);CO and NO groups is weakest.['Y So an intuitive guess
for the PE spectrum of the species generated by the pyrolysis
of (CH;);CONO is that the PES bands of NO should appear
in the spectrum.

In Figure 1, a very sharp peak at 16.56 €V is clearly seen in
the PE spectrum of the species generated by the pyrolysis of
(CH;);CONO. This is considered as an indication of of the
formation of NO, because both ionization energy 16.56 eV and
the highest intensity of the PE signal are characteristic NO.["’!
Similarly, the sharp peak at 18.32 eV is also characteristic of
NO.

An expanded PE spectrum with the fine vibrational
structure of the first PES band of the species generated by
the pyrolysis of (CH;);CONO in the low ionization energy
region (11.0 eV) is given in Figure 2. From the Figure 2 it is
found that the five peaks at 9.26, 9.54, 9.82, 10.10, 10.38 eV
with vibrational spacing of 2260 + 60 cm™! are also character-
istic of the first PES band of NO,!] that is, the pyrolysis of the
(CH;);CONO at 115(40.5)°C gives NO by generation of the
(CH;);COr radical [Eq. (1)]:

115(+0.5)°C

(CH,);CONO (CH,),CO" + NO 1)

The high intensity of the first vibrational peak at 9.26 eV is
attributed to the overlap of the first vibrational peak of NO
with the PES peak of the (CH;);CO" radical, because the
vibrational peak with the highest intensity on the first PES
band of NO is at 9.54 eV. Clear peaks at 9.40 and 9.68 eV are
also considered as the peaks for the first PES band of the
(CH;);CO* radical, that is, the first PES band of the
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Figure 2. Expanded PE spectrum of the (CH;);CO" radical obtained by
pyrolysis of the (CH;);CONO at 115(£0.5) °C in the low ionization energy
region (<12.20 eV).

(CH,;);COr radical should have vibrational spacing of 1130 +
60 cm~!, corresponding to the interval between 9.26 and
9.40 eV. So the adiabatic and vertical ionization energies on
the first PES band of the (CH;);CO- radical should be 9.26
and 9.40 eV, respectively, because the peak at 9.40 eV has the
highest intensity. That is to say, the first PES band of the
(CH,;);COr radical includes at least five vibrational peaks at
9.26, 9.40, 9.54, 9.68, and 9.82 eV.

The bands at vertical ionization energy 10.75 eV, with a
vibrational spacing 900 4- 60 cm~!, and at 11.31 and 12.10 eV in
the expanded PE spectrum of the species generated by the
pyrolysis of (CH;);CONO are also attributed to be the PES
bands of the (CH;);CO" radical, because there are no PES
bands of NO in this ionization energy region. The band at
vertical ionization energy 10.75eV and with vibrational
spacing 900 4= 60 cm~! should be the second PES band of the
(CH,;);CO- radical. The band centered near 11.31 eV with
divergent structure is the third PES band of the (CH;);CO*
radical.

The sharp peak at 12.10 eV is considered to be the fourth
PES band of the (CH;);CO" radical. Of course, the bands
centered near 13.30 and 14.95 eV are also considered as the
PES bands of the (CH;);CO- radical, because also there is no
the PES bands of NO in this area.

In fact, the PES bands of NO could be also used as a
calibration for the new species. In other words, the PE
spectrum of the (CH;);CO" radical consists of six clear bands:
the first band at vertical ionization energy 9.40 eV, with
vibrational spacing 1130 & 60cm~, the second one at vertical
ionization energy 10.75 eV, with vibrational spacing 900+
60cm~!, the third one centered near 11.31 eV with divergent
structure, the fourth sharp band at 12.10 eV, and two very
broad bands centered near 13.30 and 14.95 eV.

The (CH;);CO° radical obtained by pyrolysis of the
(CH;);COOC(CH;);: It was well known that the thermal,
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homolytic decomposition of the alkyl peroxides gives the
alkyoxy RO radical.['! So (CH,);COOC(CHS,), is also used as
a source for obtaining the (CH;);CO" radical. During the
pyrolysis of (CH;);COOC(CH,);, the PE spectrum!'” of
(CH;);COOC(CH;); was always observed at low temper-
ature. A constant PE spectrum that is completely different
with that of (CH;);COOC(CHj;); was recorded at 87(£0.5)°C
(See Figure 3). Figure 4 gives the expanded PE spectrum of

(CH3)sCO
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A
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Figure 3. Hel PE spectrum of the (CH;);CO" radical obtained by pyrolysis
of the (CH;);COOC(CHj;); at 87(+0.5)°C.

the species generated by the pyrolysis of (CH;);COOC(CHs;);
in the low ionization energy region (< 12.50 eV). In Figure 4
the peaks at 9.26, 9.40, and 9.54 eV are clearly seen, with a
vibrational spacing 1130 + 60 cm™, and are considered as the
first PES band of the (CH;);CO" radical, because they match
the first PES band of the (CH;);CO* radical obtained by
pyrolysis of the (CH;);CONO. The PES peak at 9.70 eV, with
the highest intensity, is attributed to be the first PES band of
the acetone, because its value 9.70 eV, with a vibrational
spacing of 1170 £ 60 cm™! is in excellent agreement with the
first PES band of the acetone.’! The fourth and fifth
vibrational peaks at 9.68 and 9.82 eV that belong to the first
PES band of the (CH;);CO" radical are buried under the first
PES band of the acetone. The vertical ionization energy for
the first PES band of the (CH,);CO" radical should be at
9.40 eV, because the peak corresponding to 9.40 eV has the
highest intensity in this vibrational progression.

The PES peaks at 10.65, 10.76, and 10.87 €V, with vibrational
spacing of 900 & 60 cm~!, are designated to the second band of
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Figure 4. Expanded PE spectrum of the (CH;);CO* radical obtained by
pyrolysis of the (CH;);COOC(CHj;); at 87(£0.5) °C in the low ionization
energy region (<12.20 eV).

the (CH;);CO-" radical, because both vertical ionization
energy 10.76 eV and vibrational spacing are also in excellent
agreement with the second PES band of the (CHj;);CO*
radical obtained by pyrolysis of the (CH;);CONO. Similarly,
the band centered near 11.32 eV is the third PES band of the
(CH;);CO- radical, because it also matches the third PES
band of the (CH;);CO- radical generated by pyrolysis of the
(CH;);CONO.

A sharp peak at 12.11 eV on the Figure 4 is considered as
the fourth PES peak of the (CH;);CO" radical, because both
the value and relative intensity are in good agreement with
the fourth peak at 12.10eV for the (CH;);CO" radical
obtained by pyrolysis of the (CH;);CONO. Also, the PES
bands in the high ionization energy region (>12.00 eV) for the
species generated by the pyrolysis of (CH;);COOC(CHs;),
match those of the species generated by the pyrolysis of
(CH;);CONO. In other words, the pyrolysis of both
(CH;);CONO and (CH;);COOC(CH;); gives a same PE
spectrum, that is, that of the (CH;);CO" radical.

From the comparison the Figure 2 with the Figure 4, it is
found that there is some fine structure between 11.40 and
12.20 €V on the PE spectrum of the species generated by the
pyrolysis of (CH;);COOC(CHj,);. Four vibrational progres-
sions with 1170 4 60cm~"! vibrational spacing and the highest
intensity at 12.00 €V are in excellent agreement with the first
PES band of the ethane,['! that is, the PES bands of the ethane
also appear on the PE spectrum of the species generated by
the pyrolysis of (CH;);COOC(CH;);. An evident difference
in the high ionization energy region (>12.20eV) seen
between Figures 3 and 1 also supports the above-mentioned
assignment for the PES band of the (CH;);CO" radical
obtained by pyrolysis of the (CH;);COOC(CH;);, because
the PES bands with the high intensity for both acetonel'¥l and
ethanel™ overlap with the PES bands of the (CHj;);CO*
radical. That is to say, the pyrolysis of the (CHj)s-
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COOC(CHs;); generates the (CH,;);CO- radical, and then the
(CH;);COr radical decomposes into the acetone and ethane;
this comes from the combination of the CHj;" radical with the
shorter lifetime, because the(CH;);CO" radical, as an initiator,
can also initiates itself to form the CH;" radical. So the
mechanism of the pyrolysis of the (CH;);COOC(CHj;); can be
given by Equations (2) and (3).

(CH,);COOC(CH,), 7" 5 (CH,),CO" 2)

(CH,);CO* — (CH,),CO + CH,— ™ ,CH,CH, 3)

This result is in good agreement with the previous
proposal.l'] In fact, the PES bands of the acetone could be
also used as a calibration for new species.

According to C;y symmetry proposed by previous stud-
iesl® 2021 for the (CH,);CO- radical, the molecular orbitals of
the valence shell would be in the order of increasing
energy: ~ (4e)*(8a,)*(5¢)*(1a,)*(6e)?

The (CH;);CO- radical has a X?E ground state. The
ionization of the electron of the HOMO 6e should lead to
three ionic states 3A,, 'E and 'A, of the (CH;);CO* cation.
The ionization of the electron of the SHOMO 1a, leads to
both 3E and 'E ionic states.

A careful analysis of the intensity for the PES bands of
three vertical ionization energies 9.40, 10.75, and 11.31 eV
gives the ratio of the intensity of three bands to be about
3.12:1.97:1.00. This means that the ratio of statistical weights
on the ionic states, corresponding to three PES bands should
be 3:2:1, that is, the three PES bands correspond to the *A,, 'E
and 'A, ionic states, respectively, for the (CH;);CO" radical.
Conversely, the PE spectra of the species generated by the
pyrolysis of both (CH;);CONO and (CH,;);COOC(CH;);
provides experimental evidence for both C;y; symmetry and
a X°E ground state for the (CH;);CO" radical. The sharp peak
with ionization energy 12.11 eV is designated to °E ionic state,
caused by ionization of the electron of the SHOMO 1a,,
because the SHOMO 1a, of the (CH;);CO" radical is almost
that of a lone-pair orbital on the oxygen atom.

The above-mentioned assignment for the PES bands of the
(CH;);CO* radical is supported by the improved DFT
calculation. Table 1 gives the PES ionization energies (I in
eV), the DFT computed ionization energies (Ey in eV)
according to C;y symmetry and relative intensities of the PES
signals observed for the (CH;);CO-* radical. The first PES
band with both vertical ionization energy 9.40 eV and vibra-
tional spacing 11304 60cm~' comes from removal of the
electron of the HOMO 6e, corresponding to ionization of the
(CH;);CO (X%E) to (CH,);CO* (X?A,), because the value
9.40 eV matches the DFT computed ionization energy
9.497 eV for the A, ground state of the (CH;);CO* cation,
and also the HOMO 6e is a m anti-bonding orbital with
dominant weight of oxygen atom that should lead to the band
with some fine structure. The second PES band with a vertical
ionization energy of 10.75 eV is designated to the 'E ionic
state, caused by removal of the electron of the HOMO 6e,
because the value 10.75 eV is very close to the DFT computed
value 10.520 eV for the 'E ionic state, and also vibrational
structure (¥ =900 £ 60 cm™!) is observed. The third PES band
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Table 1. The PES vertical ionization energies (Iy in eV), the DFT
computed ionization energies (Ey in eV) according to Cs;y symmetry, and
relative intensities of signals observed from different ionic states of the
(CHj;);COr radical.

PES. 1 DFT cq Cationic Relative intensities
Iy [eV]® Ey [eV] states this work!®! stat. ratio
9.26
9.40 9.40 9.497 3A° 3.12 3
9.54
9.68
9.82
10.64
10.75 10.75 10.520 1Bl 1.97 2
10.86
11.31 11.200 LAl 1.00 1
12.10 12.001 SRl
13.30 13.411 gL

[a] £0.01 eV. [b] Corrected for analyzer sensitiviy +0.02 eV. [c] lonic
states come from electron ionization of the HOMO 6e for the (CH,);CO*
radical. [d] Ionic states come from electron ionization of the SHOMO 12a,
for the (CH;);CO" radical.

centered near 11.31 eV is designated to 'A, ionic state, caused
also by removal of the electron of the HOMO 6e, because the
value 11.31 eV is in good agreement with the DFT computed
value 11.200 eV, and the band is also divergent. That is to say,
the ionization of the electron on an orbital should lead the
PES bands with the same structural characters. The ratio of
the intensity of three PES bands at vertical ionization energies
9.40,10.75,and 11.31 eV (i.e., 3.12:1.97:1.00), also supports the
above-mentioned assignment for the *A,, 'E, and 'A, three
ionic states, because the ratio is in excellent agreement with
the ratio of three ionic statistical weights. To our knowledge,
this is the first example for the species studied in which there
have been the similar vibrational structures at different ionic
states caused by electron ionization of an orbital.

A sharp peak at 12.11 eV is assigned to 3E ionic state,
caused by removal of the electron of the SHOMO la,,
because the value 12.11 eV is very close to the DFT computed
ionization energy 12.001eV for °E ionic state of the
(CH;);CO* cation. The PES bands in the high ionization
energy region (>12.50 eV) are very broad. This means that
the ionization corresponding to these broad PES bands comes
from result of removal of the electron of the bonding orbital
or several orbitals. The assignment of the PES bands for the
high ionization energy region (>12.50 V) is also supported
by the DFT calculation.(see Table 1)

Stablizing function of the NO species: It was well known that
as a famous molecule, NO has marvelous action in the human
body. From the difference of pyrolysis actions between the
(CH;);CONO and the (CH;);COOC(CH,);, it is found that
the (CH;);CONO is a better source for obtaining the
(CH,;);COr radical, because there is no decomposition of the
(CH,);COr radical obtained by pyrolysis of the (CH;);CONO,
even if the pyrolysis temperature (115(+0.5)°C) of
(CH;);CONO is higher than that (87(+£0.5)°C) of
(CH;);COOC(CHj3;);. This fact shows that NO generated by
pyrolysis of the (CH;);CONO may be considered as a
stablizing reagent for the (CH;);CO" radical. The decompo-

0947-6539/01/0714-2998 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 14





tert-Butoxy Radicals

2995-2999

sition of the (CH;);CO- radical obtained by pyrolysis of the
(CH;);COOC(CH,); is attributed to the self-initiation of the
(CH;);CO* radical. That is to say, as an initiator, the
(CH;);CO* radical obtained by pyrolysis of the
(CH;);COOC(CH,); initiates the formation of the CHj*
radical through the generation the acetone. At the same time,
the decomposition of the (CH;);CO obtained by pyrolysis of
the (CH;);COOC(CHs;); provides also an opportunity for
studying the decomposition kinetics of the (CH;);CO" radical,
because the PES technique was used successfully to the
kinetic study of a chemical reaction.[*?

Conclusion

A continuous (CHj;);CO" radical beam is produced by
pyrolysis of both (CH;);CONO at 115(£0.5)°C and
(CH;);COOC(CH;); at 87(£0.5)°C . The complete PE
spectrum with the fine vibrational structure for the (CH;);CO*
radical has been recorded in situ for the first time. By
combining PES with the improved DFT calculation, we
conclude that the (CH;);CO" radical has C;y symmetry and
X?E ground state. The PE spectrum of the (CH;);CO" radical
provides also the first example in which similar vibrational
structures on different ionic states have been observed,
caused by removal of the electron of an orbital. The PE
spectrum is, therefore, able to provide both the orbital energy
levels and also molecular symmetry.

(CH;);CONO is found to be a good source for obtaining the
(CH;);CO" radical. NO is a stablizing reagent for the
(CH;);COr radical obtained by pyrolysis of the (CH;);CONO,
because there is no decomposition of the (CH;);CO- radical in
period of running PE Spectrum.

The results will promote the studies in electron spin resonance
(ESR) research on the mechanisms of both the initiation of
the formation of a new radical and the radical-chain polymer-
ization in which the (CHj;);CO- radical participates.

Experimental Section

The PES experiment was performed with a double-chamber UPS Machine-
II, which was built specially to detect transient species as described
elsewhere.”) A continuous (CH;);CO" radical beam was produced by
pyrolysis of both (CH;);CONO at 115(£0.5)°C and (CH;);COOC(CH,);
at 87(£0.5)°C compounds in a quartz tube with a double-heater inlet
system, but the heater was capable of producing 1200 °C. Both (CH;);CO-
NO and (CH;);COOC(CH3;); compounds were bought from Aldrich and
their purities were 98 %. The PE spectrum of the (CH;);CO" radical was
measured in situ at a resolution of about 25 meV as indicated by the
Ar*(?Py,) photoelectron peak. Unless otherwise stated, the experimental
ionization energy values are quoted to an estimated accuracy of +0.01 eV.
Spectra were recorded by using a chart recorder in the usual way. Digitized
spectra, time-averaged of around 40 min were also obtained. Experimental
ionization energies (I in eV) were calibrated by simultaneous addition of a
small amount of argon and methyl iodide to the sample.

Density functional theory (DFT) calculations: In order to assign the PES
bands of the (CH;);CO* radical, the improved DFT calculation was
performed on the ?E ground state of the (CH;);CO" radical with Csy
symmetry, and the ground and several ionic states of the (CH;);CO*
cation, because the DFT calculation was applied successfully to the
assignment of the PES bands for the open-shell radicals.®"*! The DFT
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calculations!® 1! were carried out with the Amsterdam Density Functional
(ADF) program package, in which a density fitting procedure was used to
obtain the Coulomb potential, and a elaborate three-dimensional numer-
ical integration technique was employed to calculate the Hamiltonian
matrix elements. The Vosko - Wilk —Nusair parameterization of uniform
electron gas data was used for the exchange-correlation energy and
potential; this is usually called the local spin density approximation
(LSDA). The gradient correction of exchange energy by Becke and that of
correlation energy developed by Perdew were performed in a post SCF
manner. The molecule orbitals were expanded in uncontracted triple-§
STO basis set augmented by two polarization basis functions. The DFT
computed ionization energies (Ey in eV) were obtained from the difference
of the total energy of the resulting cation/’E ground state in C;y symmetry,
because the PES ionization energy of the radical were given by using the
vertical ionization energies (Iy in eV), chosen as the maxima of the PES
peak or band. To calculate the total energy of the singlet states described by
multideterminantal wave function, the sum method proposed by Ziegler—
Rauk — Baerends was used. The geometry used in the calculation was taken
from optimization results at the UMP2/6 -31G* level of theory.
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Novel Chiral Macrocycles Containing Two Electronically Interacting

Arylene Chromophores

Bernhard Kohler,®! Volker Enkelmann,'?! Masao Oda,!“! Silvia Pieraccini,!
Gian Piero Spada,’ and Ullrich Scherf*[2!

Abstract: Novel chiral macrocycles
consisting of two rigid oligoarylene rods
and two chiral spiroindane clips have
been synthesized by condensation of
spiroindane diols and CF;-activated a-
w-difluorooligoaryls. Since a broad vari-
ety of planar aromatic macrocycles is
known, our non-planar, chiral rings
represent a new class of macrocyclic

properties of the macrocycles can be
interpreted as an interplay of the “intra-
rod” helicity of individual oligoarylene
rods and the “inter-rod” helicity be-
tween both chromophores of the macro-
cycle. The macrocycles can act as chiral
dopands of commercially available, and
novel, polymeric nematic liquid crystals
(emissive polyfluorenes). The “intra-

rod” helicity of individual oligoarylene
rods is the main feature in determining
the resulting helical twisting power
(HTP). The cholestric induction in
mesogenic, emissive polyfluorenes is of
special interest for a realization of
electronic devices that have a circularly
polarized electroluminescence. The re-
sults are also important for an under-

compounds. The first two examples,
which contain quaterphenylene and di-
phenylbithiophene rods, are presented
in this communication; for one of them a
crystal structure is given. The chiroptical

Introduction

Helically arranged, electronically interacting chromophores
represent the key principle of novel chiroptical materials,
especially light sources that emit circularly polarized light.[-2!
Such materials consist of chiral ensembles of electronically
interacting chromophores; the resulting chiroptical effects
can be interpreted on the basis of the so-called exciton
coupling model,®! which describes the electronic interaction
of two chromophores in a chiral environment. Such chiral
interactions can be experimentally studied on model dimers
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standing of larger ensembles of chiral
rodlike molecules, especially their -
interactions.

composed of two chromophores that are fixed at a chiral core
unit, for example, a chiral 3,4-diaminodecaline core. How-
ever, this type of chiral model compound is characterized by a
comparably high degree of remaining conformational free-
dom. An alternative to overcome the disadvantages of such
chiral, noncyclic dimers leads to more rigid, cyclic dimers.
They should be composed of two rigid chromophores that are
fixed by two chiral clips on both ends of the interacting
chromophores.

In this communication we describe the synthesis and
optical/chiroptical characterization of two novel semirigid,
chiral macrocycles that are composed of two electronically
interacting arylene chromophores and two chiral spiroindane
clips. The four structural components of the macrocycles are
thereby connected through four aryl-O-aryl ether bridges.

Results and Discussion

The starting point of our investigations was the finding that a
low molecular weight oligomeric fraction is formed in
addition to the expected polymer fraction in the base-
catalyzed polycondensation of the spiroindane bisphenol 1!
and the bis-ortho-CF;-activated quaterphenylene difluoride
206 to give aromatic oligo- and polyethers (Scheme 1).
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(n:2,3)

Scheme 1. Synthesis of linear polymers 3 and chiral macrocycles 4; the aR-
configuration of the chiral spiroindane moiety is shown.

Gel permeation chromatography (GPC; polystyrene (PS)
calibration) of the condensation product gave a polymeric
fraction 3 (M,: ca. 10000) and two oligomeric peaks (4, M,:
1500 and 2200, respectively), which we have assigned to the
formation of cyclic di- and trimers 4a (n=2) and 4b (n=23)
(the macrocycles are depicted with an aR-configuration of the
chiral spiroindane clip).

DU YaYas
Q) Q)

4a
o )OO
FsC CFs

The optimization of the yield of nonpolymeric, cyclic
products, and the subsequent separation and purification of
cyclic oligomers are the next steps which we have addressed
during our investigations. In doing this, we switched to
nonstoichiometric ratios of the starting compounds 1 and 2;
a threefold excess of the bis-phenol component 1 was used. In
this case, the reaction mixture 3/4 contains exclusively
hydroxy-terminated linear oligomers (so-called telechelics)
and the fraction of cyclic oligomers. Now an (atmospheric
pressure) liquid chromatographic separation of the reaction
mixture on silica (petroleum ether (PE)/THF 3:1) is possible
because the mixture contains linear and cyclic species of
rather different polarity.

After achieving the synthesis and purification of 4 starting
from the racemic monomer rac-1, we then switched to
enantiomerically pure 1 for the synthesis of enantiopure
macrocycles 4. Enantiomerically pure 1 can be isolated after
the kinetic resolution”l of the bishexanoic ester of the

Chem. Eur. J. 2001, 7, No. 14
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bisphenol 1, which was treated with cholesterol esterase in
tert-butyl methyl ether.l®!

By performing the condensation with (aR)-1, we could
isolate a raw macrocycle fraction that contains (aR,aR)-4a
and (aR,aR,aR)-4b (molecular ratio ca. 10:1). Further column
chromatography on silica gel with PE/THF (3:1) gave pure
(aR.,aR)-4a. The purification of 4b will be the subject of
further studies.

Compound 4a was characterized by MS spectrometry and
UV-visible and circular dichroism (CD) spectroscopy. The MS
spectrum displays only the molecular ion peak [M]* of the
cycle at 1493 along with the [M]** peak at 746.5.

The UV-visible spectrum (Figure 1) of (aR,aR)-4a displays
a long wavelength absorption band centred at 301 nm, which
is characteristic of the a,w-oxysubstituted quaterphenylene
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Figure 1. UV-visible (solid) and CD (dashes) spectra of the chiral macro-
cycle (aR,aR)-4a (dilute solution, solvent: dioxane).

chromophore. The CD spectrum of (aR,aR)-4a (Figure 1)
exhibits a “pseudo”-bisignated Cotton effect in the region of
the delocalized long-axis polarized m—m* transition of the
quaterphenylene chromophorel® with two maxima at 325 nm
(“negative lobe”) and 304 nm (“positive lobe”), and a point of
inflexion at about 313 nm. The shape of the CD band and the
position of the maxima indicate the occurrence of an
electronic coupling (negative exciton couplingll) between
the two quaterphenylene chromophores. However, this effect
is superimposed by a second monosignated, negative Cotton
effect in the mw—m* transition region; this should originate
from a chiral (helical) conformation of single quaterphen-
ylene rods in the macrocycle (aR,aR)-4a. According to
Mislow, this negative Cotton effect correlates to a P helicity
of the quaterphenylene moiety.'""l The amplitude of the
overall CD effect is only moderate (g,,s: 2 x 107*), probably
due to a relatively weak mutual distortion angle between the
two linear quaterphenylene rods.

This interpretation of the optical and chiroptical properties
was supported by a structure optimization of (aR,aR)-4a
based on ab initio molecular orbital (MO) calculations.['” The
structure of the quaterphenylene macrocycle (aR,aR)-4a can
be described as follows: i) One of the two quaterphenylene
rods exhibits a well-defined P helicity along the oligophen-
ylene chain, while the helicity of the other rod is not fully
defined (only 3 phenylenes in P helicity). ii) The mutual
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distortion of both quaterphenylene rods is only weak, with a
calculated distortion angle of approximately 7°. The only
weak mutual “inter-rod” torsion of both quaterphenylene
rods is reflected by the only moderate bisignated component

of the CD spectrum (weak exciton coupling).

A similar overlay of monosignated and bisignated CD
bands was detected for the corresponding polymer (all-aR)-
3,31 which shows a positive monosignated Cotton effect in
dilute solution indicating a helical conformation (in this case a
M helicity) of the single quaterphenylene rods. In poor
solvents, solvent/non-solvent mixtures, or in the solid sate, this
effect is superimposed by a stronger bisignated Cotton effect
(negative couplet, M skew) due to an ongoing aggregation of
individual polymer chains under formation of chiral (helical)
aggregates (exhibiting exciton coupling, Figure 2).
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Figure 2. UV-visible (solid) and CD spectra of the chiral polymer (all-aR)-
3 (dilute solution in dioxane (dots) and 1-decanol (dashes)).

Inspired by the findings described above we varied the
chemical structure of the arylene building blocks of the
macrocycles. Doing this, we replaced the rigid quaterphen-
ylene rods by phenylene-thienylene-thienylene-phenylene
moieties (5,5-diphenyl-2,2"-bithiophene), in the hope that a
macrocycle with a higher mutual distortion of the two
chromophores would result.

The diphenylbithiophene chromophore 1) gives rise to an
increased flexibility of the macrocycle 5 as result of the
nonlinear (kinked) structure of the central thienylene units,

FaC

and 2) effects a bathochromic shift of the long-axis-polarized
7t —gt* transition!' of § (4. 380 nm, 423 nm (sh); Figure 3).
Thereby, the observation of vibronic side bands in the UV-
visible spectrum indicates a more flattened structure of the

3002
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Figure 3. UV-visible (solid) and CD (dashes) spectra of the chiral macro-
cycle (aR,aR)-5 (dilute solution, solvent: dioxane).

diphenylbithiophene chromophore. The CD spectrum of
(aR,aR)-5 (Figure 3) displays a symmetric bisignated negative
couplet with a vibronic splitting of both lobes, which are
centred at 425, and 370 nm, respectively. The g value of § was
calculated to be about 9 x 10~* (at 391 nm), a value which is in
the range of the g value of related, noncyclic chiral dimers, for
example, the chiral terthiophene dimers that were described
by Meijer et al.¥ The shape of the CD spectrum indicates an
M skew formed by the two diphenylbithiophene rods. The
complete absence of an underlying monosignated component
in the CD spectrum again indicates a nonhelical, flattened
geometry of individual diphenylbithiophene chromophores.
The increased g value of §, if compared with that of the
quaterphenylene macrocycle 4a, can be interpreted as result
of the significantly increased mutual distortion of the two
chromophores in 5.

At 80K (low-temperature UV-visible measurement in
2-methyltetrahydrofurane (2-MeTHF); Figure 4), a slight
bathochromic shift and significant sharpening of the absorp-
tion spectrum of § occur, resulting in the appearance of three
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Figure 4. Low-temperature UV-visible (solid) and CD (dashes) spectra of

the chiral macrocycle (aR,aR)-5 (80 K, glass, solvent: 2-MeTHF).

well-separated peaks at 425 nm (0-0), 400 nm (0-1), and
383 nm (0-2). The changes in the UV-visible spectrum at lower
temperature are reflected in the low-temperature CD spec-
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trum of 5, which also sharpens and exhibits a series of
vibronically coupled CD transitions. The observed CD
spectrum is a superposition of the Davydov split, individual
absorption modes. Hereby, two low-energy, negative CD
signals at 414 and 430 nm, and two high-energy, positive CD
peaks at 376 and 387 nm occur. The low-temperature CD
spectrum of 5 suggests, that the Davydov splitting is in the
order of about 120-150 meV, somewhat lower as the fre-
quency of the main vibration mode (ca. 190 meV).

The structure simulation!'? of the diphenylbithiophene
macrocycle (aR,aR)-5 reflects this more pronounced skew;
the distortion between both diphenylbithiophene chromo-
phores was calculated to be approximately 28°. The two
diphenylbithiophene rods are, as expected, significantly
flattened.

The X-ray structure analysis of (aR,aR)-5 (Figure 5) dis-
plays the expected M skew of the two chromophores with a
mutual distortion between both rods of about 30°. The

Figure 5. Crystal structure of the chiral macrocycle (aR,aR)-5.2!

individual diphenylbithiophene moieties are distinctly flat-
tened and nonhelical (slight M twist of the bithiophene units,
slight P twist of all phenylthienyl units). The minimum
distance between both diphenylbithiophene rods is about
3.65A.

It has been known for a long time that small amounts of
optically active guests added to nematic liquid-crystalline
(LC) hosts can induce twisted nematic (cholesteric) LC
phases.'* The characteristics of the resulting cholesteric phase
strongly depends on the structure of the chiral dopant.!’”] We
tested the suitability of (aR,aR)-4a as chiral dopant (helical-
twisting agent) of achiral, nematic LC materials, both low
molecular weight and polymeric hosts. In first experiments,
we estimated the helical-twisting power (HTP)!' of (aR,aR)-
4a as dopant of four commercially available, low molecular
weight, nematic liquid crystals: MBBA (benzylideneaniline
derivative): + 36.8; E7 (cyanobiphenyl derivative): + 37.1;
Phase 1052 (phenyl benzoate derivative): + 33.7; ZLI 2359
(cyanobicyclohexyl derivative): + 64.0 um~L. The positive sign
of the HTP correlates with the P helicity of individual
quaterphenylene arms in the macrocycle (aR,aR)-4a.l'”]
Surprisingly, 4a displays nearly similar HTP values in three
of the nematic LCs (MBBA, E7, Phase 1052) that we
investigated. This is a somewhat unexpected behavior, since
the majority of known helical twisting agents (substituted

Chem. Eur. J. 2001, 7, No. 14
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biaryls, biaryl-based macrocycles) displays strongly different
HTP values in different nematic LC hosts.'”! Polymer
(all-aR)-3 has an HTP with E7['8l that is drastically increased
and has the opposite sign (E7: —290um™"') in relation to 4a.
The negative HTP correlates with the M helicity of the

individual quaterphenylene rods of polymer (all-aR)-3 (pos-

itive Cotton effect in the CD spectrum, see Figure 2).
Another set of experiments was directed towards an

application of 4a as chiral dopant of nematic LC polymers,

especially emissive LC polymers of the polyfluorene type (PF,

6),1] since we are interested in emitters that have circular

polarization of photo- and, especially, electroluminescence.?]
For this purpose, spin-coated

films of achiral, liquid crystal-

line poly(9,9-dialkylfluorene-

2,7-diyl)s 6 (R: rac-2-ethylhex- O‘O 6

yl) doped with 2% of the chiral R R

macrocycle (aR,aR)-4a have

been prepared. The pristine

film (after simple spin-coating) displays only a weak Cotton

effect (circular dichroism) in the absorption range of the

polyfluorene chromophore between 380 and 420 nm. How-

ever, after annealing into the thermotropic LC state (180—

200°C) of 6 for two hours, the film exhibits a significantly

increased chiroptical anisotropy of the delocalized m-—*

absorption band of the conjugated polyfluorene (PF) chro-

mophore (g,,: ~0.002 at 390 nm for 2% (aR,aR)-4ain 6 with

R = rac-2-ethylhexyl; Figure 6). Compound 4 a itself shows no

0.50
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Figure 6. UV-visible (solid) and CD spectra of a blend of 2% of the chiral
macrocycle (aR,aR)-4a in poly[9.9-bis(rac-2-ethylhexyl)fluorene] 6; CD
spectra: a) after spin-coating (dashes) and b) after annealing for 2 h to
200°C (dots).

absorption in this wavelength region (see Figure 1). This
findings suggest that 4a is able to induce a chiral (cholesteric)
LC phase in the originally achiral LC polymer 6. Further
experiments are now directed towards a maximization of this
effect as well as on the execution of similar tests with the
diphenylbithiophene macrocycle 5 and the corresponding
polymers (e.g., 3).

First HTP measurements with the diphenylbithiophene
macrocycle (aR,aR)-5 have displayed a reduced helical twist-
ing power (MBBA: +11.0; E7: +22.3 um~') with respect to
the quaterphenylene macrocycle (aR,aR)-4a. The smaller
HTP of 5 could be connected to the essentially flattened

0947-6539/01/0714-3003 $ 17.50+.50/0 3003





FULL PAPER

U. Scherf et al.

quaterarylene unit of 5. This finding supports the hypothesis
that the “intra-rod” helicity of individual quaterarylene chains
is the main feature in determining the cholesteric induction
and that the sense of the induced cholesteric phase correlates
with the sense of the “intra-rod” helicity.

Experimental Section

Measurements: 'H and C NMR spectra were recorded on a Bruker
AMX300 spectrometer, '’F NMR spectra on a Bruker AMX500 spec-
trometer; chemical shifts are reported in case of 'H and *C NMR in ppm
downfield to TMS as an internal, in case of '’F NMR to fluorobenzene as an
external standard (0 = —113). UV/Vis spectra were recorded on a Perkin—
Elmer Lamda 9, CD spectra on a Jasco J-715 and Jasco J-700 spectrometer.
Mass spectra were measured with a Zab2 SE FPD mass spectrometer.

Macrocycle synthesis: The spiroindane bisphenol 1 (3 mmol), the difluoro-
arylene compound (1 mmol) and K,COj; (2.2 mmol) were placed in a flask
equipped with a Dean-Stark trap. Toluene (60 mL) and 1-methyl
2-pyrrolidone (NMP; 30 mL) were added. The mixture was heated under
reflux for 5 h to remove all water. Afterwards the mixture was heated up
for another 8 h at 200 °C. After cooling to RT the product was poured into
methanol/aqueous HCI. The precipitate was filtered, washed several times
with hot water, and dried in vacuum. The macrocycles were isolated and
purified by liquid chromatography on silica gel with PE/THF (3:1) as
eluent.

Compound 4a: Compound 1 (924 mg, 3.00 mmol), compound 2 (478 mg,
1.00 mmol), and K,CO; (304 mg, 2.2 mmol) gave 4a (158 mg, 21.0%). R;=
0.95 (PE/THF 4:1); MS (70 eV, FD): m/z (%): 1493 (100) [M]*, 746.5 (21)
[M]**; elemental analysis calcd (%) for CoH,F},0, (1493.58): C 75.59, H
4.86, F 15.26; found C 75.28, H 4.80; YF NMR ([Dg]THF): 6 = —61.33,
—61.28

Compound 5: Compound 1 (924 mg, 3.00 mmol), 2,2"-bis(4-fluoro-3-
trifluoromethylphenyl)bithiophene (495 mg, 1.00 mmol), and K,CO;
(304 mg, 2.2 mmol) gave 5 (145 mg, 19.0%). MS (70 eV, FD): m/z (%):
1518 (100) [M]*; elemental analysis calcd (% ) for CgsHgyF1,0,S, (1517.70):
C 68.06, H 4.25, S 8.45, F 15.26; found C 67.89, H 4.17, S 8.68; “F NMR
(495 MHz, [Dg]THF): 6 = — 61.47, — 61.40

The 'H and *C NMR spectra of 4a and 5 are very complex, their detailed
analysis would need additional NMR experiments.

Polymer synthesis: The spiroindane bisphenol 1 (924 mg, 3.00 mmol), the
quaterphenyl derivative 2 (1430 mg, 3.00 mmol), and pottasium carbonate
(912 mg, 6.6 mmol) were dissolved in a mixture of toluene (50 mL) and
NMP (25 mL). The following condensation procedure was similar to that
used in the synthesis of the macrocycles 4 and 5. The resulting mixture was
precipitated into methanol/HCl (600 mL, 30:1). The crude product was
washed several times with hot water, dried under vacuum, re-dissolved in
THEF, and re-precipetated into methanol. The cyclic compounds 4 as well as
low molecular weight oligomers were removed by preparative GPC (500 A
PS gel, column length: 60 cm, solvent: THF, flow rate: 10 mLmin™!).
780 mg (35%) of colorless polymer 3 were obtained. M, = 7000 gmol~!,
M,,=11000 gmol~' (GPC, PS calibration); 'H NMR (300 MHz, C,D,Cl,,
TMS): 0 =177 (s, 1H), 7.53-7.49 (m, SH), 7.11 (s, 1 H) 6.83-6.81 (m, 2H),
6.60 (s, 1H), 2.39 (d, /=8 Hz, 1H), 2.26 (d, /=8 Hz, 1H), 1.33 (s, 6H);
BC NMR (75MHz, C,D,Cl,, TMS): 6=156.14, 155.32, 152.87, 149.22,
139.60, 138.44, 134.63, 131.71, 127.79, 127.49, 125.71, 123.79, 122.10, 120.92,
120.50, 119.65, 118.39, 116.43; YF NMR (495 MHz, C,D,Cl,, C6H5F): 6 =
61.76; elemental analysis calcd (%) for (Cy;HssFO,), (746.79),: C 75.59, H
4.86, F 15.26; found C 74.61, H 4.62.
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High-Spin Iron() as a Semitransparent Partner for Tuning Europium(iii)

Luminescence in Heterodimetallic d - f Complexes

Carine Edder," Claude Piguet,*?! Jean-Claude G. Biinzli,'*! and Gérard Hopfgartner!!

Abstract: The segmental ligand 2-{6-
(N,N-diethylcarbamoyl)pyridin-2-yl}-1,1'-
dimethyl-5,5'-methylene-2'-(6-methylpy-
ridine-2-yl)bis[1 H-benzimidazole] (L?)
reacts with a stoichiometric mixture of
Ln'™' (Ln=La, Eu, Gd) and M! M =
Zn, Fe) in acetonitrile to produce selec-
tively the heterodimetallic triple-strand-
ed helicates (HHH)-[LnM(L%);]>*. In
these complexes, M is pseudooctahe-
drally coordinated by the three wrapped
bidentate binding units, thus forming a
noncovalent tripod which organizes the
three unsymmetrical tridentate seg-
ments to give ninefold coordination to
Ln"™. The introduction of a methyl group

Spectroscopic (ESI-MS, UV/Vis/NIR,
NMR), magnetic and electrochemical
measurements show that 1) the head-to-
head-to-head triple helical complexes
(HHH)-[LnM(L?);]>* are quantitatively
formed in solution only for ligand con-
centrations larger than 0.01M, 2) Fell
adopts a pure high-spin electronic con-
figuration in (HHH)-[LnFe(L%);]**, and
3) the Fe'VFe™ oxidation process is pre-
vented by steric constraints. Detailed
photophysical studies of (HHH)-[Eu-
Zn(L?);]* confirm that the pseudotri-

Keywords: energy transfer - iron -

capped trigonal-prismatic lanthanide co-
ordination site is not affected by the
methyl groups bound to the terminal
pyridine, thus leading to significant Eu-
centered emission upon UV irradiation.
In (HHH)-[EuFe(L?);]>*, a resonant
intramolecular Eu — Fe'',{ energy trans-
fer partially quenches the Eu-centered
luminescence; however, the residual red
emission demonstrates that high-spin
iron(11) is compatible with the sensitiza-
tion of Eu™ in heterodimetallic d-f
complexes. The influence of the elec-
tronic configuration of Fe!! on the effi-
ciency of Eu!!— Fe!' energy-transfer
processes is discussed together with its

he 6 o ¢ th ol di helical structures - heterodimetallic for the desi : all
:at tL 36 p(?51t111<)n odt eter}rlnlna pylrl %ne complexes lemihardes con.sequen.ce or the design o opl)tlcal y
1n. . sterica y. reduces the complexing S S——— actlye spin-crossover supramolecular
ability of the bidentate segment for M™. devices.

Introduction

The selective introduction of one d- and one f-block ion into
the same molecular or supramolecular edifice has attracted
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Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author. Table S1
lists '"H NMR shifts, Table S2 lists the ES-MS peaks observed during
titrations and Table S3 lists integrated luminescence intensities and
main identified Eu(’F;) energy levels for [EuZn(L*);](ClO,)s- H,O (5)
in the solid state.
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much attention for the elucidation of weak magnetic inter-
actions mediated either by direct overlaps between the
metallic orbitals or by superexchange pathways.!l Less
interest has been focused on intermetallic d—f communica-
tion mediated by mechanical coupling between the coordina-
tion sites® or by intramolecular energy transfers.’! The
exchange mechanism proposed by Dexter” implies a dou-
ble-electron exchange between donor and acceptor which
critically depends on orbital overlaps. It is thus limited to short
distances and involves the atoms (or ligands) directly coordi-
nated to Ln"".Pl At larger distances, through-space multipolar
Forster-type mechanismsl®! are invoked to rationalize d « f
energy transfers which are then controlled by spectral overlaps
between the emission spectrum of the donor and the
absorption spectrum of the acceptor.’! Forster energy trans-
fers that are limited to dipole —dipole interactions have been
extensively used to estimate the distance between fixed or
rapidly diffusing d—f or f—{ pairs in several heterodimetallic
edifices, but only few systematic variations of the acceptor
have been reported, except for Cr' and Co' ions which
possess adequate energy levels for the efficient quenching of
Eu™ or Tb™ luminescence.®® Tron(n) (d°) is a promising
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versatile acceptor in heterodimetallic d —f complexes because
it displays two different electronic configurations with differ-
ent optical characteristics depending on the ligand field
strength in pseudooctahedral complexes (i.e. diamagnetic
low-spin ('A; in O, symmetry) and paramagnetic high-spin
(°T5)).”) Low-spin iron(t1) (Fe''y) in [Fe(a,o’-diimine);]** and
in [Fe(terimine),]** complexes displays an intense metal-to-
ligand charge-transfer (MLCT) transition at ~18000 cm™!
which is responsible for the red to violet color of the
complexes, together with d—d transitions of weaker inten-
sities in the same energy domain.'! A weaker MLCT
transition is found at significantly higher energy
(25000 cm™!) for related yellow to orange high-spin iron(1)
(Fe™,) complexes, while the d-d transitions are shifted
toward lower energy and appear in the near-IR domain.['> ']
According to these characteristics, we expect that resonant
Eu™ — Fe! energy transfers will strongly depend on the spin
state of iron(11) to lead to a precise control of the Eu-centered
emission by the remote d-block ion. Since spin-crossover
processes in pseudooctahedral iron(il) complexes with a,a’-
diimine ligands can be triggered by various external stimuli
(temperature, pressure, light), 2 it would be theoretically
possible to use Eu' as an internal reporter of these changes,
as recently described for related Eu, Tb, and Yb complexes
that function as luminescent probes for the quantitative
detection of analytes (O,, H*, Cl-, OH~, Na*, acetate, etc.).['’]
We have recently reported that Fe' displays a thermally
induced spin-transition in the heterodimetallic complexes
(HHH)-[LnFe(L');]>* (Scheme 1), with a critical temperature
T around room temperature.’l The minor variations in the

—™H ] "'l; M
—i.- h.':{')
=t —
r_:; .?:‘\-' :‘\1". H"
{ =~
_}.—.l’.l i B
o |
£ ":,
.Il. =
L' : R'=H, E=M=
L? : R'=B, RF=50,MES,
L : Ri=Me R'=H

{HHH}-[LoFe(L )

Scheme 1. The ligands L'-L* (top) and the heterodimetallic complex
(HHH)-[LnFe(L");]>* (bottom).
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size of Ln'™ along the lanthanide series allows the fine tuning

of the thermodynamic parameters of the spin-state equilibria.
However, an efficient intramolecular Eul — Fe!l; energy
transfer precludes the detection of Eu-centered luminescence,
even at the highest accessible temperature for which the
fraction of Fe'l, is maximum (>0.5).” To investigate Eu'l' —
Fe'l,; energy transfer processes in these systems, pure high-
spin Fe!! complexes that contain a noncovalent tripod at room
temperature must be prepared. As a first attempt toward this
goal, we connected an electron-withdrawing sulfonamide
group at the 5 position of the pyridine ring of the bidentate
segment in L? to reduce the ligand-field strength of the Fe!l
coordination site in (HHH)-[LnFe(L?);]>*. Unfortunately, o/
compensating effects produced only a minor decrease of T,
(AT=20 K with respect to (HHH)-[LnFe(L!);]**) which was
incompatible with the production of pure high-spin Fel
tripods.! We report herein an alternative approach in which
the connection of a methyl group at the 6 position of the
pyridine ring in L3 sterically prevents the contraction of the
Fe—N bonds required for the formation of Fe'l in (HHH)-
[LnFe(L?);]>*+.1% 14 Particular attention has been focused on
the thermodynamic properties of these metallosupramolecu-
lar assemblies containing poorly coordinating Fe'l,, together
with a complete characterization of the consequences of
intermetallic communications on the magnetic and optical
properties of the final complexes.

Results and Discussion

Synthesis of the ligand L*: The heterotopic ligand 2-{6-(N,N-
diethylcarbamoyl)pyridin-2-yl}-1,1'-dimethyl-5,5"-methylene-
2'-(6-methylpyridine-2-yl)bis[1 H-benzimidazole] (L?) consists
of two distinct benzimidazole —pyridine segments separated
by a methylene spacer. The tridentate binding unit possesses
an extra carboxamide group bound to the 6 position of the
pyridine ring, while a methyl group occupies the symmetry-
related position in the bidentate binding unit. L? is obtained in
three steps from the unsymmetrical synthon 1 according to the
usual multistep strategy based on a modified Philips reaction
for the preparation of benzimidazole rings from the bis-[/N-(2-
nitroarene)-carboxamide] precursor 3 (Scheme 2). 15101

Self-assembly processes with L*: As previously reported for L!
and L?, L? possesses a tridentate segment coded for the
coordination of Ln™ (two heterocyclic nitrogens and one
amide oxygen), while the bidentate segment (two heterocyclic
nitrogens) is coded for soft M'! metal ions.> ' This architec-
tural concept selectively and quantitatively produces head-to-
head-to-head heterodimetallic triple-stranded helicates
(HHH)-[LaM(L/);]** (i=1, 2) under stoichiometric condi-
tions both in solution and in the solid state, as demonstrated
by the crystal structures of (HHH)-[EuZn(L");]**,['*! (HHH)-
[LaFe(LY);]**, and (HHH)-[EuZn(L?);}>* (Scheme 1).2! The
three ligand strands are wrapped around the helical axis
defined by the metals to produce a pseudotricapped trigonal-
prismatic site for ninefold coordination of Ln™ and a facial
pseudooctahedral site for M. We expect that the methyl
group bound to the 6 position of the terminal pyridine ring in

0947-6539/01/0714-3015 $ 17.50+.50/0 3015





FULL PAPER

C. Piguet et al.

A T

Scheme 2. Synthesis of L.

L3 produces enough steric bulk in (HHH)-[LnM(L?);]>* to
force M'=Fe! to adopt a pure high-spin electronic config-
uration. However, the associated decrease in stability of the
final complexes may severely affect the strict self-assembly
process. A complete characterization of the energy hypersur-
face of the assembly processes involving L? is thus required
and we have used the usual combination!'”l of ESI-MS
titrations for qualitative speciation,!'s spectrophotometry for
the subsequent quantitative analysis,'”) and 'H NMR to
investigate solution structures.

Homometallic complexes of L? with La™ and Zn": Titrations
of L3 (10~*m in acetonitrile) with La(ClO,);-8H,0 were
followed by spectrophotometry (stoichiometric ratios
La:L3=0-2.0). The absorption spectra display a complicated
variation with end points for La:L.*=0.3, 0.5, and 0.7; this is in
contrast with the smooth evolution observed for L! under the
same conditions.'’”) The absence of isobestic points suggests
the formation of at least three different absorbing species,
which is confirmed by factor analysis.?! The spectrophoto-
metric data can be fitted to the equilibria given in Equa-
tions (1) and (2).22

La** + 3L3=[La(L3,}**, logfk% =177(3) 1)
2La* +3L3=[Lay(L);]**, logfBk =22.9(3) )

Compared to L! for which logf$ =19.6(5) and logf% =
27.5(9),I"" the stability constants are reduced by two and five

3016 ——
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orders of magnitude, respectively. However, they are in
agreement with those reported for L? (logt =15.1(4) and
log 85 =20.1(4))! which possesses a strong electron-with-
drawing sulfonamide group bound to the terminal pyridine
ring. Variable-temperature '"H NMR titration of L3 (1.43 mm
in CD;CN) by La reveals complicated dynamic processes
which are fast enough at 60°C to give resolved NMR spectra
with 20 signals for La:L*=0.33 (see Supporting Information;
Table S1). Nuclear Overhauser effects (NOEs) observed
between H'>-Me3 and H'*-H'* '® imply a cis —cis conformation
of the tridentate binding unit resulting from its threefold
coordination to La'". A related NOE observed between Me! -
Me? corresponds to a transoid arrangement of the uncoordi-
nated bidentate binding unit as similarly found in L3. We
conclude that the three tridentate binding segments are
meridionally coordinated to La in [La(L?*);]** as similarly
reported for [La(L?);]**. However, the enantiotopic charac-
ter of H*®, H'>'% and H'”'® implies a fast interconversion
between the facial and meridional conformers and/or between
the helical facial enantiomers on the NMR timescale. For
La:L3=0.5, the 20 resolved signals are still observed at 60°C
but at slightly different chemical shifts compared to those of
[La(L3);]**. The subsequent addition of metal (La:L*> 0.66)
results in a significant broadening which prevents further
interpretation of the spectra. This probably reflects dynamic
exchange processes that involve [La(L?);]** and [La,(L%);]°*.
For larger La:L3 ratios (La:L?>2:1), the quantitative forma-
tion of the final complex [La,(L3);]* leads to 20 resolved
signals at room temperature. NOEs between H'?-Me?3, H™* -
H'" 18 and H>-Me? imply the coordination of the two different
binding units to La! which is compatible with a mixture of
(HHH)-[La,(L3%);]** and (HHT)-[La,(L?);]°" exhibiting fast
interconversion on the NMR time scale. This behavior
strongly contrasts with the successive formation of four
complexes with L' ([La(L');]**, [Lay(L');]°", [La,(L'),]°,
and [Las(L"),]>")™ which exist under slow dynamic equilibria
on the NMR time scale. This difference can be traced back to
the specific connection of the terminal methyl group which
significantly reduces the complexing ability of the bidentate
unit for La™ when going from L' to L%,

Spectrophotometric titrations of L® (10~*M in acetonitrile)
with Zn(ClOy,),-7H,0O suggest that at least three absorbing
species are necessary to reproduce the experimental data
which can be satisfyingly fitted to the equilibria given in
Equations (3) and (4):

Zn? + 213=[Zn(L3),P*, logBh =12.2(5) ?3)

220" 421 =[Zny (L)), logBB =173(5) )

Previous titrations with L! under the same conditions led to
a different speciation ([Zn(L');]**, [Zny(L!)5]**, and
[Zn,(LY),]*")S] which exemplifies the drastic change occur-
ring in the assembly processes when the methyl group of the
terminal pyridine ring is shifted from the 5 position in L! to the
6 position in L3. Moreover, log 84 is reduced for [Zn,(L3),]**
by four orders of magnitude. This indicates that the bidentate
binding unit of L? also displays poor coordinating properties
for d-block ions. Variable-temperature 'H NMR titrations at a
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higher concentration (12 mm in CD;CN) reveal a complicated
behavior involving dynamic processes. For Zn:L3=1:2,
chemical exchanges at —40°C are slow enough to give a
well-resolved spectrum with 46 signals that correspond to two
nonequivalent ligands. The diastereotopic characters of H? 8,
H'5: 15, and H' '8 show the chirality of [Zn(L?),]>* in agree-
ment with a Zn" ion pentacoordinated by one bidentate and
one tridentate unit of each ligand. For Zn'":1.* > 1.0, 24 well-
resolved signals are observed and a detailed analysis estab-
lishes that (HT)-[Zn,(L?),]** adopts a C,-symmetrical head-
to-tail double-helical structure, very similar to that reported
for [Zny(L'),]*" (interstrand NOEs observed between Me!
and Me*, see Supporting Information, Table S1).[13]

Heterodimetallic complexes of L3 with La™ and M" (M = Zn,
Fe): ESI-MS titrations of L? (10~*M in acetonitrile) with an
equimolar mixture of La(ClO,);-8H,0 and M(CIO,),-6H,0O
(M =Zn, Fe) show the formation of the heterodimetallic
species [LaM(L?);]>*, together with significant signals corre-
sponding to homometallic
d-block complexes [M(L3);]**,
[MLA),**, and  [My(L3),]*
(M =Zn, Fe, see Supporting a)
Information, Table S2). For the
Zn'"/La!' system, spectrophoto-
metric titrations under similar
conditions and for metal:L3=
0-2.0 (metal concentration=
Ln concentration = Zn concen-
tration) display complicated
variations with no sharp end-
point. This is in agreement with
several absorbing species, as

characters for H*8, H'>16) and H!" 8 are diagnostic for the
formation of the head-to-head-to-head C;-symmetrical triple-
helical complexes (HHH)-[LnZn(L?);]>" in which Zn" is
pseudooctahedrally coordinated by the three bidentate bind-
ing units and ninefold coordination of Ln™ in a pseudotri-
capped trigonal-prismatic environment (Scheme 1, Fig-
ure 1).2 5T However, for metal:L? > 0.33, the heterodimetallic
complex is progressively replaced by (HT)-[Zn,(L%),]*" which
strongly contrasts with the behavior of L! for which (HHH)-
[LnZn(L");]>* complexes remain intact in the presence of
excess Zn'L.I5! Moreover, the dilution of a concentrated
solution of (HHH)-[LaZn(L?);]>* in acetonitrile shows the
appearance of detectable amounts of homometallic com-
plexes (>3 %) for a total ligand concentration smaller than
7 mm. This confirms the weaker stability of the heterodime-
tallic complex (HHH)-[LaZn(L?);]’* compared to (HHH)-
[LaZn(L');]>*.[] We conclude that the sterically constrained
bidentate binding unit in L3 severely limits the coordination
possibilities of the bidentate segment and the quantitative

Me?)

Me?
solvant

suggested by ESI-MS data. . . .

The great similitude between
the reconstructed UV spectra
prevents the determination of b)
the stability constants, but
'H NMR titrations show the
quantitative formation of the
heterodimetallic complex
(HHH)-[LaZn(L%);]>* for
La™:Zn™:1*=1:1:3 and total
ligand concentrations greater

(=}
w
N
w
(S
—_

ppm

H,0
solvent

Me>Me*

HY718
1516
// 1 L

than 10 mm. The 'H NMR spec- 8 7 6
tra of (HHH)-[LnZn(L3),]>*

(Ln=La, Eu) display 23 signals

corresponding to three equiva-

lent ligands on the NMR time-

scale. Intrastrand (H?>-Me?,

H?-Me?, H!"¥-HY) and in-

terstrand (H>-Me3, H*-Me?,

H!'°-Me?, and H - Me?) NOEs

associated with 1) large upfield

shields for H¢ (Ad=

—230ppm) and H°’ (Ad= H! H3

H4
l J 23 Me!
A

—1.88 ppm) occurring upon

complexation in (HHH)-[LaZn- 60 50 40
Figure 1. '"H NMR spectra of a) (HHH)-[LaZn(L?);]>* and b) (HHH)-[LaFe(L?);]’* in CD;CN (298 K).

(L®);]* and 2) diastereotopic
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formation of the head-to-head-to-head complexes (HHH)-
[LnZn(L?);]’* requires strict stoichiometric conditions and a
total ligand concentration greater than 10 mm.

Surprisingly, spectrophotometric titrations of L3 (10~*m in
acetonitrile) with an equimolar mixture of La(ClO,);-8H,0
and Fe(ClO,),- 6 H,O display a sharp end-point for a metal to
L3 ratio of 0.33. This suggests that the heterodimetallic
complex (HHH)-[LaFe(L3);]* is selectively produced in
solution which contrasts with the intricate mixtures observed
for similar titrations performed with La'"/Zn!! (Figure 2). The

a)

#M'cm”!

b)

50000 +

40000 -

30000 -

(;/M'cm‘I

20000 A

10000 -

P71
0.0 0.5 1.0 1.5 2.0
(MM}
Figure 2. a) Variation of absorption spectra observed for the spectro-
photometric titration of L? (107*M in acetonitrile) with an equimolar
mixture of La(ClO,),-8H,0 and Fe(ClO,),-6H,0 at 293 K. b) Corre-
sponding variation of observed molar extinctions at 10 different wave-
lengths ([M] = concentration La = concentration Fe).

great similitude between the reconstructed UV spectra again
prevents a reliable determination of stability constants and we
suspect that the selective formation of (HHH)-[LaFe(L?);]>*
mainly results from a decrease in the stability of the
competitive Fe" homometallic species in solution. 'H NMR
titrations confirm that (HHH)-[LaFe(L?);]>" is the only
significant species in solution for Ln:Fe:L*=1:1:3 and a total
ligand concentration greater than 3 x 10~*M. As similarly
found for (HHH)-[LnZn(L?);]>*, the 'H NMR spectra of the
paramagnetic complexes (HHH)-[LnFe(L?);]** (Ln =La, Eu)
display 23 signals, but spread over 90 ppm as a result of the
paramagnetic shifts induced by the rapidly relaxing pseu-
dooctahedral high-spin Fe!' (see Supporting Information,
Table S1; Figure 1).?2! The slightly broadened NMR signals
of the tridentate binding unit were assigned by means of two-
dimensional correlation {'H-'H}-COSY spectra and NOE
measurements, while the broad signals observed for the

3018
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protons of the bidentate binding unit (which are close to
Fell,,) were assigned by comparison with the temperature
dependence of related signals in the spin-crossover complexes
(HHH)-[LnFe(L?);]>*.1 We conclude from detailed NMR
analyses at variable temperature that 1) Fe!' remains high-spin
in the temperature range 233-333K and 2) (HHH)-
[LnFe(L?);]>* adopts the expected Cs;-symmetrical triple-
helical structure in which a pseudooctahedral Fe! ion
occupies the noncovalent tripod defined by the three coordi-
nated bidentate binding units (Scheme 1). As expected from
the ligand design, the presence of a methyl group close to Fel!
prevents the contraction of the Fe—N bond required for low-
spin configuration, thus leading to the formation of pure high-
spin complexes (HHH)-[LnFe(L?);]** in solution.

Slow diffusion of diethyl ether into concentrated acetoni-
trile solutions of (HHH)-[LnM(L3);]>* produces white (M =
Zn) or yellow (M=Fe) microcrystalline powders, whose
elemental analyses are compatible with the formula
[LnZn(L?)5](C10,)s-H,O (Ln=La, 4; Eu, 5) and
[LnFe(L?);](ClO,)s-nH,O-xMeCN (Ln=La, n=2, x=1.5:
6;Ln=Eu,n=1,x=0:7,Ln=Gd:Eu (98:2),n=2,x=0:8).
Their IR spectra show the bands characteristic of the
coordinated ligands (v and vy in the 1600-1450 cm™!
range),> ¥l together with vibrations typical of ionic perchlo-
rates (625 and 1100 cm~!).?%l All attempts to obtain crystals
suitable for X-ray diffraction were unsuccessful.

Magnetic and electrochemical properties of [LaFe(L?);]-
(C10,)5:2H,0 - 1.5MeCN (6): The thermal dependence (2-
300 K) of the magnetic moment, expressed as y7, is compli-
cated: yT=3.26 cm> Kmol~! at 300 K slightly increases to give
a maximum at 70 K (y7=3.74 cm*Kmol!) followed by an
abrupt decrease at lower temperature to reach y7=
2.40 cm®>Kmol~! at 2 K (Figure 3). This magnetic behavior is

a)

5.0 q
- 40 [LaFe(L3),]>*
g : o.'...o............
v 3.0 A
5 20

1y 15
S 1ol [LaFesl™
—'WDDDDDDDDDDDDD
0.0 T T T T T

0 50 100 150 200 250 300

T/K

b)

5.0
B [LaFe(L3),}>*
"5 4.0 e & o e o o o ¢ o o o
s 3.0
§ 20 .
b~ 1y 15
}3 1.0 [LaFe(L )3]; s O |

o O
T T T T

230 250 270 290 310 330
T/K
Figure 3. y\Tas a function of temperature for (HHH)-[LaFe(L);]>* (i=1,
3). a) In the solid state and b) in acetonitrile.

0.0 +-o—-0=¢
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typical of a pseudooctahedral pure high-spin Fe! (S =2). The
slight increase between 300—-70 K can be rationalized by the
classical Kotani curves which consider spin-orbit coupling,*¥
while the decrease at low temperature arises from zero-field
splitting.>! A nonlinear least-squares fit of the data, including
the magnetic susceptibility contributions for zero-field split-
ting of a spin multiplet (§=2, isotropic solids)?® for
pseudooctahedral high-spin d° ion, yields a g value of 2.18
and a zero-field parameter | D |=4.2 cm~%. These results are in
good agreement with similar treatments applied to the related
pseudooctahedral high-spin complexes [Fe(4,6-bisphenylter-
py)2l(PFy), (g=2.16, | D|=7.9 cm™")?" and [Fe(H,sarcopha-
gine)|CLBr, (g=2.2, | D|=6.8 cm ).’ Dissolution of 6 in
acetonitrile gives an NMR spectrum identical to that obtained
for (HHH)-[LaFe(L%);]>* during titration processes (see
above). Values of y7 were determined in the temperature
range 233 -333 K by the Evans’ method,™ with diamagnetic
correction.*”) The molar magnetic susceptibility within this
short temperature range shows a Curie-type behavior, with
xT=3.6(5) cm*Kmol~! (correlation coefficient =0.9919).
This is in complete agreement with 1) a pure high-spin
electronic configuration of the Fe™ ion (S =2) and 2) previous
fits of the thermal spin-crossover processes occurring in
(HHH)-[LnFe(L');]* which led to estimated values of yT=
3.6(2) cm*Kmol~! for the high-spin form.?! These magnetic
measurements demonstrate that pseudooctahedral Fe! in
(HHH)-[LaFe(L?%);]>* adopts a pure high-spin electronic
configuration (§=2) in the solid state (2-300K) and in
acetonitrile, in contrast with the room-temperature spin-
crossover behavior previously established for the analogous
complex (HHH)-[LnFe(L');]>*. In (HHH)-[LaFe(L?);]°*, the
steric constraints induced by the terminal methyl groups of L?
prevent the contraction of the Fe—N bonds required for the
low-spin configuration, as similarly proposed for a substituted
terpyridine in the high-spin complex [Fe(4,6-bisphenylter-
pY)2l(PF(),7 and for 6-methylpyridine — benzimidazole units
in the dimetallic triple-stranded helicate [Fe,(L);]**.[""

In contrast to (HHH)-[LnFe(L!);]** complexes which dis-
play a reversible Fe'/Fe oxidation wave (E}%9=0.82V vs.
SCE in MeCN + 0.1M NBu,PF;), no wave corresponding to
the oxidation of Fe! is observed for (HHH)-[LaFe(L3);]>* in
the accessible polarization domain of the solvent. Two
quasireversible reduction waves, attributed to ligand-centered

processes, are observed at E;,=—1.16 Vand —1.41 V versus
SCE (MeCN + 0.1m NBu,PF;). The destabilization of Fe!!l
parallels that of Fe in (HHH)-[LaFe(L?);]>* and results
from the steric constraints induced by the terminal methyl
groups which preclude the contraction of the Fe—N bonds
required by the oxidation process.!'* 2]

Photophysical properties of [LnZn(L?);](ClO,)s-H,0 and
[LnFe(L?);](C10,)s-nH,0 -xMeCN: The reflectance spec-
trum of L* displays a broad band centered at 30670 cm™!
(Table 1) and assigned to the envelope of the m— m*
transitions. This band is slightly red-shifted upon complex-
ation to Ln'' and M", with the appearance of a weak shoulder
at ~27500 cm~'. A supplementary weak and broad band at
~22500 cm™!, observed for the iron complexes 6-8, may be
assigned to the Fe!,;— m* MLCT transition.['] Excitation of
the mw—m* band of L® at 77 K provides the expected
fluorescence of the 'mm* state (O-phonon transition:
26400 cm™!, vibronic progression: 1150 cm™!) together with
the weak, but well-structured phosphorescence bands origi-
nating from the 3mst* state (0-phonon transition: 21260 cm™,
vibronic progression: 1570 cm~!, biexponential decay: t=
605 ms and 45 ms at 13 K, Table 1) as similarly reported for
L! (‘rw*: 24900 cm~!, 3neoe* states: 20040 cm ™! (7 =560 ms and
41 ms at 10 K)).['"l The energy of the emitting 'stwt* state is
red-shifted by 1550 cm~! in [LaZn(L%);](Cl1O,)s - H,O (4), but
the emission of the 37z state is similar to that observed for L?
(20920 cm™1, vibronic progression: 1390 cm~') with a reduced
lifetime of 221 ms. For [LaFe(L?);](ClO,)s-2H,0 - 1.5 CH;CN
(6), a very weak 3nst* emission centered at 18870 cm~! can
be detected (biexponential decay: r=261 ms and 30 ms at
13 K).

The ligand-centered luminescence in [EuZn(L?);](CIO,)s-
H,O (5) is quenched by efficient L* — Eu' energy-transfer
processes, while excitation via the ;t — st* transitions produces
only the Eu-centered red luminescence characterized by
sharp bands associated with D, —"F; (j=0-4) transitions
(Figure 4). The presence of a single and symmetrical °D,, + "F,
transition in the emission (17221 cm~!, full width at half
height (fwhh)=16cm™') and excitation spectra at 13K
(17221 cm™!, fwhh =10.7 cm~!, 7,,=16129 cm™') points to a
unique Eu' site. A detailed analysis (see Supporting Infor-
mation, Table S3) of the multiplicity of the "Dy —F, (j =1-4)

Table 1. Ligand-centered absorption and emission properties for the ligands L' and their complexes [LnM(L?);]>* (i=1, 3) in the solid state.l?]

Compound E(mt — nt*) [cm™] E('te*) [em™] E(Gnn*)[em™] 7(Crr*) [ms]
L'Pl 30770 24940 20040 18870 17860(sh) 560+18 41+2
L3 30670 26400(sh) 25250 24100(sh) 21260 19690 18120 605+15 45+4
16550
LaZn(L");]" S + +
DN 31000 22600 19960 19050 18000 (sh 250+4 36+6
LaZn(L?),]° 7470(s S 7 750 (s +
3) 15+ 30210 27470 (sh 24850(sh) 23700 22750 (sh 20920 19530 18140 221+4
16750
EuZn(LY),]5) 32750(sh) 30900 26000 (sh) 21480 [« [«
EuZn(L?),]%* 30300 27030(sh) [« [«
27780(sh) 22730 (sh) 1887041 261+8 30+£2

EuFe(L?), " 30670
GdFe(L?),]5* (doped 2%Eu) 30580

27030 (sh) 22220 (sh)

[
[
[LaFe(L3),]** 30210
[
[ 27860(sh) 22370 (sh)

376 £98 50+22

[a] Reflectance spectra recorded at 295 K, luminescence data at 77 K, and lifetime measurements at 13 K; sh =shoulder. [b] Taken from reference [15].

[c] 37 luminescence quenched by transfer to Eu

Chem. Eur. J. 2001, 7, No. 14

ion. [d] Very low intensity.
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Figure 4. Emission spectra of (HHH)-[EuM(L?);]** in the solid state
recorded upon excitation of the ligand-centered 'mz* levels: a) [Eu-
Zn(LY),(CIO)s H,0 (5) at 13K (A =26455cm-1), b) [EuFe(L?)s]-
(C104)5-H,0 (7) at 13K (A =32468 cm™!), and c) [EuFe(L3);](ClO,)s-
HLO (7) at 295 K (Ao = 32468 cm™').

transitions in the laser-excited emission spectrum confirms the
pseudotrigonal symmetry for the Eu'! site (splitting of ’F, into
two main sublevels: A — A and A — E separated by 129 cm !,
the latter transition being further split by 35 cm~!; splitting of
’F, into two A —E and one A — A sublevels, Figure 4a)
which is almost identical to that reported previously for
(HHH)-[EuZn(L');]>*.051 At 295 K, the D, + ’F, transition is
shifted to 17232 cm~' (fwhh =15.4 cm™') in good agreement
with the predicted value of 17234 cm~! obtained according to
the empirical equation of Frey and Horrocks*! for an Eu'''ion
with ninefold coordination by six heterocyclic nitrogen atoms
and three amide oxygen atoms.!' We can safely conclude that
the coordination geometry around the Eu luminescent
probe is very similar in (HHH)-[EuZn(L/);]>* (i=1, 3) and
corresponds to a facial pseudotricapped trigonal-prismatic
arrangement, as found in the crystal structure of (HHH)-
[EuZn(L');]**. As expected, the methyl groups bound to the
bidentate binding unit in L' and L? have minor-to-negligible
effects on the coordination sphere of Eu. The Eu(°D)
lifetime measured upon selective excitation of the *Dj level of
5 at 13 K (2.52 ms, Table 2) is only slightly longer than that
reported for (HHH)-[EuZn(L');]** (2.19 ms at 10 K).[*)]

Table 2. Lifetimes 7 [ms] of the Eu(°D,) excited level for [LnM-
(L3);3](C10O,)s (5-8) under various excitation conditions (analyzing wave-
lengths set at the maximum of the D, — F, transition).

Compound State T[K] Aexe[nm] 7[ms]
[EuZn(L3)5]>* (5) solid 13 378 2.63(1)
solid 13 580.7 2.52(1)
solid 77 378 2.65(1)
solid 77 580.7 2.52(1)
solid 295 378 2.53(1)
solid 295 580.4 2.36(1)
solid 295 308 2.68(1)
solutionl?l 295 378 2.89(2)
solutionl?! 295 580.6 2.88(2)
[EuFe(L3):]** (7) solid 13 308 0.277(7)
solid 295 308 0.129(1)
solutionl?! 295 308 0.059(1)
[Gd(Eu)Fe(L?);]* (8) solid 13 308 0.283(9)
solid 295 308 0.143(3)

[a] 3.7 x 1073M in dry acetonitrile.
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The emission spectra obtained for [EuFe(L?%);](ClO,)s - H,O
(7) at 13 K by excitation through the excited states of the
ligand (A =32467 or 26667 cm™!) are comparable to those
observed for 5, in spite of an overall weaker intensity and a
broadening of the bands (Figure 4b). The D, — F, transition
is still unique; however, it is faint and appears at the same
energy (17221 cm™!) as that found for 5. The splitting of the
’F; levels in 7 and 5 and the relative integrated intensity ratio
of °Dy, — 'F; (j =1-4) transitions (1.00, 1.33, 0.10, 1.33 in 7 and
1.00, 1.31, 0.10, 1.00 in 5) are very similar and point to
comparable Eu!! coordination spheres in both complexes.
However, the Eu(°D,) lifetime is reduced by a factor of 9.5
when going from 5 (2.63(1) ms) to 7 (0.277(7) ms, Table 2).
This can be reasonably assigned to an Eu— Fe!'; energy
transfer which partially deactivates Eu-centered lumines-
cence. Similar studies with the analogous Gd™ complex
[GdFe(L?);](Cl0,)s - 2H,0 (8) doped with 2% Eu lead to the
same results (7 =0.283(9) ms) which rules out self-quenching
processes involving Eu'! ions occurring in the crystal. At
295 K, the Eu(°D,) lifetime is further reduced by a factor of 2,
but the broadened emission spectrum still shows the charac-
teristic Eu-centered luminescence (Figure 4c).

In acetonitrile, the complexes (HHH)-[LnM(L?);]>* [Ln=
La, Eu; M =Zn, Fe) exhibit strong Tt — ¥ absorption bands
in the UV region, as similarly found for analogous complexes
with LL2 151 The absorption spectra of (HHH)-[LnFe(L?),]**
(Ln=La, Eu) in the 6250-26300 cm~' range are character-
istic of high-spin Fe' complexes.'’-?1 The shoulder at
/22220 cm™! (e ~500M~'cm™!), which is responsible for the
yellow color of the complexes, is assigned to the Fe'',;— mt*
MLCT transition, as observed for 7 in the solid state.
Compared to the related Fel)y—m* MLCT band at
19010 cm™" (¢ =5800M~'cm™") for the pure low-spin com-
plexes (HHH)-[LnFe(L');]>* (Ln=La, Eu),” the MLCT
band of the high-spin analogue is much weaker and blue-
shifted by ~3200 cm~!. The spin-allowed d—d transition of
(HHH)-[LnFe(L?);]" (Ln =La, Eu; °T,, — °E, in idealized O,
microsymmetry) appears in the near-IR region as a split band
(10990 cm™!; e=14m 'cm~' and 8850 cm™'; e=11mMm'cm™)
which is diagnostic of pseudooctahedral high-spin Fe! com-
plexes distorted by dynamic Jahn —Teller effects.?) When we
consider the complete absorption spectrum of (HHH)-
[LnFe(L?);]*, we can conclude that Fel' provides a semi-
transparent spectral window in the range 20000-12000 cm™!
(Figure 5a), while intense MLCT transitions associated with
Fe!l, obscure the related domain (20000-14000cm™) in
(HHH)-[LnFe(L');]** (Figure 5b). The emission spectrum of
(HHH)-[EuZn(L?);]>* in acetonitrile is very similar to that
observed in the solid state, except for the expected broad-
ening of the bands. The Eu(°Dy) lifetime is longer in solution
(2.88 ms), as previously reported for other analogous com-
plexes.> 1531 The absolute quantum yield (@=3.0x 1073,
Table 3) is comparable with those reported for (HHH)-
[EuZn(LY);]* (@ =1.7 x 1073)[1 and (HHH)-[EuZn(L?),]>*
(@ =3.4x1073).21 The substitution of Zn" by Fe'l in 7
decreases the quantum yield by two orders of magnitude as a
result of intramolecular Eu— Fe';; energy transfers. How-
ever, the quenching process is only partial and leads to a weak,
but detectable Eu-centered luminescence (@ =1.1x 1073,
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Figure 5. Comparison between the absorption spectrum (in acetonitrile,
298 K) and the emission spectrum (in the solid state, 13 K) of a) (HHH)-
[EuFe" ((L3);]>* and b) the spin crossover complex (HHH)-[EuFe(L!);]>*.
As no emission can be detected for (HHH)-[EuFe(L!);]>*, the emission
spectrum of (HHH)-[EuZn(L!);]>* is shown (dashed line) in order to
highlight the spectral overlap.

Table 3. Quantum yields (@) relative to [Eu(terpy);]** (terpy =2,2:6',2"
terpyridine) for (HHH)-[EuM(L?);]** (M = Zn, Fe) in acetonitrile (3.7 x
10-3Mm; 298 K).

Compound Conc. Aexe[nm] e [Mtem™!] @ 12 @, [0

Eu(terpy)s* 1.0 x 10 371 549 1.0 13x10°2
EuZn(LY):;*4 1.0x 1073 395 555 0.13 1.7 x 1073
EuZn(L?),** (5) 6.0 x 10-3 395 420 023 3.0x 103

83x10™* 1.1x107°

a] Relative errors on @, are typically 10-15%. [b] The quantum yields of
Eu(terpy);]** relative to an aerated water solution of [Ru(bipy);]** is 0.47
which allows the calculation of absolute quantum yields.*!! [c] Quantum
yields are determined relative to [Eu(terpy);]** (10~3m in acetonitrile).
[d] Taken from reference [15].

[
|
[EuFe(L);]* (7) 6.0 x 103 400 840
[
[

Table 3) which is comparable with that observed
for [Eu(N,N,N',N'-tetracthylpyridine-2,6-dicarboxamide);]**
(® =8.6 x 107%).34 As there is no orbitally mediated commu-
nication between Fel and Eu'! in (HHH)-[EuZn(LY);]>* (i=
1-3, intermetallic distances ~9.0 A),2%! the Eu— Fell
energy transfer relies on the Forster mechanism and depends
on the spectral overlap between the “Eu''-centered” emission
spectrum and the “Fe'l-centered” absorption spectrum. Fig-
ure 5 shows these spectra for the pure high-spin complex
(HHH)-[EuFe(L?®);]>* and for the spin-crossover complex
(HHH)-[EuFe(L');]** in acetonitrile. The results lead to the
straightforward conclusion that the simultaneous blue-shift of
the MLCT and red-shift of the d—d transitions in the “Fe'l, -
centered” absorption spectrum significantly reduce spectral
overlap with the red Eu-centered emission to give less
efficient intramolecular Eu — Fe™ energy transfers.

Chem. Eur. J. 2001, 7, No. 14
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Conclusion

With respect to L1, the introduction of a methyl substituent at
the 6 position of the terminal pyridine ring in L3 affects the
selectivity of the assembly process and leads to the hetero-
dimetallic triple-stranded helicates (HHH)-[LnM(L?);]3*
(M =Fe, Zn). However, the use of stoichiometric conditions
(Ln:M:L?*=1:1:3) combined with a large total concentration
of the ligand (>10 mm) overcomes the decreased enthalpic
driving force and produces quantitatively the desired entropy-
stabilized edifices. The (HHH)-[LnM(L%);]>* (M =Fe, Zn)
complexes display structural properties very similar to those
previously established for their analogues with the 5-methyl-
substituted ligand in (HHH)-[LnM(L');]>*, as ascertained by
high-resolution emission spectroscopy in the solid state and by
NMR in solution. The only significant difference results from
interstrand steric constraints between the terminal methyl
groups in (HHH)-[LnM(L?);]>* which limit the contraction of
the M—N bonds. This effect is critical for Fe! which is forced to
adopt a pure high-spin electronic configuration in (HHH)-
[LnFe(L?);]°*, while room-temperature spin-crossover behav-
ior characterizes the complexes (HHH)-[LnFe(L!);]>*. This
programmed feature allows the detailed spectroscopic inves-
tigations of Eu-centered emission in a EuFe pair containing
Fell,; and we eventually demonstrate that an intramolecular
Eu— Fell, | energy transfer (multipolar Forster mechanism)
partially obscures Eu luminescence in (HHH)-[EuFe-
(L%);]*. On the other hand, Fe', quantitatively quenches
Eu-centered luminescence in (HHH)-[EuFe(L');]>*, which
can be rationalized by the spectral overlap between the
absorption of the Fe'l,, chromophore and the emission of Eu'.
According to these concepts, we can predict that the green Tb-
centered luminescence in (HHH)-[TbFe(L!);]>* and (HHH)-
[TbFe(L?);]’* would experience a severe intramolecular
quenching process since the D, —"F; (j=0-6) transitions
are located at higher energies compared to Eu™ and exhibit
considerable overlap with the MLCT transitions of both high-
and low-spin Fe!’. This application is currently under inves-
tigation in our laboratories together with the fine-tuning of
Eu-centered luminescence through a judicious external tuning
of the electronic state of Fe'l.

Experimental Section

Solvents and starting materials: These were purchased from Fluka AG
(Buchs, Switzerland) and used without further purification unless otherwise
stated. Thionyl chloride was distilled from elemental sulfur; acetonitrile,
dichloromethane and triethylamine were distilled from CaH,. Silica gel
(Acros, 0.035-0.07 mm) was used for preparative column chromatography.
6-(N,N-Diethylcarbamoyl)-N-methyl-N-{4'-[4"-(methylamino)-3"-nitro-
benzyl]-2'-nitrophenyl}pyridine-2-carboxamide (1)? and 6-methylpyri-
dine-2-carboxylic acid (2)P! were prepared according to literature proce-
dures. The perchlorate salts Ln(ClO,);-nH,0 (Ln=La, Eu, Gd) were
prepared from the corresponding oxides (Rhodia, 99.99%) and dried
according to published procedures.’®! The Ln content of solid salts was
determined by complexometric titrations with Titriplex III (Merck) in the
presence of urotropine and xylene orange.’’l Fe(ClO,),-6H,0 was
purchased from Aldrich.

Caution: Dry perchlorates may explode and should be handled in small
quantities and with the necessary precautions.*!
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Preparation of 6-(V,N-diethylcarbamoyl)-V-methyl-N-{4'-{4"-{N-methyl-
N-[(6""-methylpyridine-2"’-yl)carbonyl]amino))-3"-nitrobenzyl}-2"-nitro-
phenyl}pyridine-2-carboxamide (3): A mixture of 2 (566 mg, 4.13 mmol),
thionyl chloride (3.0 mL, 41 mmol), and DMF (0.2 mL) was refluxed for
90 min in dry dichloromethane (40 mL). The mixture was evaporated and
dried under vacuum. The solid residue was dissolved in dichloromethane
(75 mL) and added dropwise to a solution of 1 (715 mg, 1.37 mmol) and
triethylamine (1.0 mL, 7.2 mmol) in dichloromethane (75 mL). The solu-
tion was refluxed for 15 h under an inert atmosphere. After the mixture had
been cooled, water (100 mL) was added and the organic layer was
separated. The aqueous phase was extracted with dichloromethane (5 x
100 mL). The combined organic phases were dried (Na,SO,) and evapo-
rated. The crude product was purified by column chromatography (silica
gel, CH,CL,/MeOH 97:3) to give 5 (855 mg, 1.34 mmol; yield 98 %) as a
yellow solid. M.p. 65-70°C; '"H NMR (300 MHz, CDCl;): 6 =0.84-1.25
(m, 6H), 2.08-4.07 (m, 15H), 6.96-8.17 (m, 12H); ES-MS: m/z (%): 761
(70) [M+H]".

Preparation of 2-{6-(N,N-diethylcarbamoyl)pyridin-2-yl}-1,1’-dimethyl-
5,5'-methylene-2'-(6-methylpyridine-2-yl)bis| 1IH-benzimidazole] (L3%): Ac-
tivated iron powder (2.3 g, 41 mmol) and concentrated hydrochloric acid
(37 %, 8.3 mL, 99 mmol) were added to a solution of 3 (855 mg, 1.34 mmol)
in ethanol/water (260 mL/70 mL). The mixture was refluxed for 15 h under
an inert atmosphere, excess iron was filtered off, ethanol was distilled under
vacuum, and water (50 mL) was added. A solution of HLEDTA (19.6 g) and
NaOH (5.4 g) in water (100 mL) was poured into the resulting mixture, and
dichloromethane (300 mL) was added. The resulting stirred mixture was
neutralized (pH=7.0) with concentrated aqueous NH,OH solution.
Concentrated H,0, solution (30%, 1.1 mL) was added under vigorous
stirring, and the pH was adjusted to 8.5 with aqueous NH,OH solution. The
organic layer was separated and the aqueous phase extracted with
dichloromethane (3 x 100 mL). The combined organic phases were dried
(Na,SO,) and evaporated, and the crude product purified by column
chromatography (silica gel, CH,Cl,/MeOH 98:2), and then crystallized
from a dichloromethane/hexane mixture to give L* (597 mg, 1.10 mmol;
yield 82%) as a white solid. M.p.=125°C; 'H NMR (300 MHz, CDCL,):
0=1.09 (t,/*=7Hz, 3H), 1.26 (t, /=7 Hz, 6 H), 2.60 (s, 3H), 3.31 (q, /* =
7 Hz, 2H), 3.57 (q, *=7Hz, 2H), 4.17 (s, 3H), 4.23 (s, 3H), 4.25 (s, 2H),
719 (m, 3H), 7.30 (d, /=9 Hz, 2H), 7.53 (d, =8 Hz, 1H), 7.69 (m, 3H),
790 (t, F=8Hz, 1H), 8.15 (d, =8 Hz, 1H), 8.36 (d, *’=8Hz, 1H);
3C NMR (75 MHz, CDCLy,): 6 =13.1, 14.6, 24.7, 32.9, 33.0 (Cyyin); 40.0,
425, 43.2 (C,.); 110.0, 110.1, 119.9, 120.1, 121.9, 122.9, 123.4, 124.9, 125.2,
125.3,137.2,138.1 (Cerr); 136.0, 136.1, 136.6, 136.9, 142.9, 149.6, 150.0, 150.6,
154.5, 157.6, 168.6 (Cyua); EI-MS: m/z (%): 543 (29) [M*].

Preparation of [LnZn(L?);](C10,)s-H,0 (Ln=La, 4; Eu, 5): An equimo-
lar solution of Ln(ClO,);-nH,0 (Ln=La, Eu) and Zn(ClO,),-6H,0 in
acetonitrile (92.5 mm, 271 pL) was added to a solution of L3 (40.8 mg,
75.0 umol) in 1:2 CH,ClL,/MeCN (3 mL). After the mixture had been stirred
for 1 h at room temperature, the solution was evaporated, the solid residue
dissolved in MeCN (2 mL), and Et,0 was diffused into the solution for 1 d.
The resulting white microcrystalline powders were collected by filtration
and dried to give [LnZn(L?);](ClO,)s-H,O (4 and 5) in 64-69% yield.

4: Elemental analysis calcd (%) for LaZnCyH,y;N,,0,,Cls (2350.6): C
50.59, H 4.33, N 12.51; found: C 50.55, H 4.35, N 12.44.

5: Elemental analysis caled (%) for EuZnCyH,yN,,0,,Cls (2363.6): C
50.31, H 4.31, N 12.44; found: C 50.33, H 4.38, N 12.45.

Preparation of [LnFe(L%);](Cl0,)s-nH,0-xMeCN (Ln=La, n=2, x=
15:6; Ln=Eu, n=1, x=0: 7; Ln=Gd:Eu (98:2), n=2, x=0: 8): To a
solution of L? (48.3 mg, 88.8 umol) and Ln(ClO,);-nH,0 (Ln=La, Eu)
(29.6 pumol) in degassed acetonitrile (3 mL) was added a solution of
Fe(ClO,),-nH,0 (29.6 pmol) in acetonitrile (1 mL). After the mixture had
been stirred for 1 h at room temperature, the solution was evaporated, the
solid residue dissolved in MeCN (3 mL) and Et,O was diffused into the
solution for 2 d. The resulting yellow crystals were collected by filtration
and dried to give complexes [LnFe(L%);](ClO,)s-nH,O - xMeCN (6 and 7)
in 43-66 % yield. The Eu-doped Gd complex 8 was prepared by replacing
the lanthanide solution by a mixed solution of Eu/Gd (98:2).

6: Elemental analysis calcd (%) for LaFeC,,H,;(;5N5,50,5Cls (2420.5): C
50.61, H 4.48, N 13.02; found: C 50.61, H 4.42, N 13.05.

7: Elemental analysis calcd (%) for EuFeCgH,;( N, O,,Cls (2354.1): C
50.51, H 4.32, N 12.50; found: C 50.61, H 4.34, N 12.54.
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8: Elemental analysis caled (%) for GdFeCyH,(;3N,,0,5Cls (2377.4): C
50.02, H 4.37, N 12.37; found: C 49.92, H 4.39, N 12.31.

Preparation of [Zn,(L%),](Cl0,),: [Zn,(L?),](ClO,), was prepared in situ
for 'H NMR studies. A solution of Zn(ClO,),-6H,0 in acetonitrile
(108 mm, 121 pL) was added to a solution of L’ (7.1 mg, 13 umol) in 1:2
CH,Cl,/MeCN (1.5 mL). After the mixture had been stirred for 1 h at room
temperature, the solution was evaporated under vacuum, and the solid
residue was dissolved in CD;CN (700 pL).

Spectroscopic and analytical measurements: Reflectance spectra were
recorded as finely ground powders dispersed in MgO (5% ) with MgO as
reference on a Perkin—Elmer Lambda 900 spectrophotometer equipped
with a PELA-1020 integrating sphere from Labsphere. UV/Vis electronic
spectra were recorded at 20°C in 10-3M solutions of MeCN with a Perkin—
Elmer Lambda 900 spectrometer in quartz cells (path length: 0.1 and 1 cm).
Spectrophotometric titrations were performed with a J&M diode array
spectrometer (Tidas series) connected to an external computer. In a typical
experiment, L* (25 mL) in acetonitrile (0.1 mm) was titrated at 20°C with
an equimolar (1.00 mm) solution of Ln(ClO,);-nH,0 and M(CIO,),-
nH,0 (M"=Zn, Fe) in acetonitrile under an N, atmosphere. After each
addition of 0.10 mL, the absorbances were recorded with Hellma optrodes
(optical path length: 0.1 and 0.5 cm) immersed in the thermostated titration
vessel and connected to the spectrometer. Mathematical treatment of the
spectrophotometric titrations was performed with factor analysis® and
with the SPECFIT program.'l IR spectra were obtained from KBr pellets
with a Perkin Elmer 883 spectrometer. 'H NMR spectra were recorded at
25°C on a Broadband Varian Gemini 300 spectrometer. Chemical shifts are
given in ppm with respect to TMS. EI-MS (70 eV) were recorded with VG-
7000E and Finnigan-4000 instruments. Pneumatically-assisted electrospray
(ES-MS) mass spectra were recorded from 10~ moldm~ acetonitrile
solutions on APIIII and API1365 tandem mass spectrometers (PE Sciex) by
infusion at 4-10 pLmin~". The spectra were recorded under low up-front
declustering or collision-induced dissociation (CID) conditions, typically
AV=0-30V between the orifice and the first quadrupole of the
spectrometer. The experimental procedures for high-resolution, laser-
excited luminescence measurements have been published previously.[*]
Solid-state samples were finely powdered and low temperatures (77 or
13 K) were achieved by means of a Cryodyne Model 22 closed-cycle
refrigerator from CTI Cryogenics. Luminescence spectra were corrected
for the instrumental function, but not the excitation spectra. Lifetimes are
averages of at least three to five independent determinations. Ligand
excitation and emission spectra were recorded on a Perkin— Elmer LS-50B
spectrometer equipped for low-temperature measurements. The relative
quantum yields were calculated with the formula given in Equation (5).[*]

00, = (A ()AL (A)) (n3In2) (DI Dy) ®)

Where subscript r stands for the reference and x for the samples; A is the
absorbance at the excitation wavelength, / is the intensity of the excitation
light at the same wavelength, n is the refractive index (1.341 for solutions in
MeCN) and D is the measured integrated luminescence intensity. Cyclic
voltammograms were recorded with a BAS CV-50W potentiostat con-
nected to a personal computer. A three-electrode system consisting of a
stationary Pt or glass carbon disk working electrode, a Pt counterelectrode
and a nonaqueous Ag/AgCl reference electrode was used. NBu,PF, (0.1m
in MeCN) served as an inert electrolyte. The reference potential (E°=
—0.12 V vs SCE) was standardized against [Ru(bpy);](ClO,), (bpy =2,2-
bipyridyl).[*) The scan speed was 100 mVs™! and voltammograms were
analyzed according to established procedures.[*]

Magnetic data for samples in acetonitrile were obtained by the Evans’
method according to the detailed procedure described in reference [2] and
using a Varian Gemini 300 spectrometer. The diamagnetic contributions of
the ligand L? and the perchlorate anions in the heterodimetallic complex
[LaFe(L?);](ClO,)s were obtained from the molar diamagnetic suscepti-
bility measured for [LaZn(L');](ClO,)s with the Evans’ method (m% =
0.0159 gem 3, 092 = — 7.1 Hz).2l Molar magnetic susceptibilities of [La-
Fe(L?%);](ClO,)s were measured at 10 K intervals between 233 and 333 K,
corrected for diamagnetism and converted to effective magnetic moments
ter (or xT) according to Equation (6), where mP and m are the

T [svwMP  Sviam™
thet=2.828, | —— e =2.828\/%T (6)

voSg| mP
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concentrations of the paramagnetic solute and its diamagnetic analogue
respectively [gem™3], 09 and 079 the chemical shift differences [Hz]
between the resonances of the reference compound in the two coaxial tubes
(07 >0 for paramagnetism, 07 <0 for diamagnetism), MP and M the
molecular masses of the paramagnetic and diamagnetic compounds
respectively [gmol~!], T is the absolute temperature, u. the effective
magnetic moment [u] and S; the shape factor of the magnet.

To avoid complications associated with possible partial decomplexation,
the magnetic susceptibilities of [LaFe(L?);](ClO,)s were recorded for total
ligand concentrations of 24 mM. Solid-state volume magnetic susceptibil-
ities were obtained with a SQUID magnetometer Quantum Design
model MPMSS5 operating at a magnetic field strength of 3000 Oe, in the
range 1.9-300 K. The data were corrected for diamagnetism with
[LaZn(L?)5](ClOy)s-H,O (4, x%=-2.92x10~*cm®mol™'). Elemental
analyses were performed by Dr. H. Eder from the microchemical
Laboratory of the University of Geneva.
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Abstract: Three stannaborate
plexes of platinum(ir) and a novel stan-
noborate palladium(i) derivative have
been prepared in excellent yield. The tin
transition metal bond is formed through

com-

(diphenylphosphanyl)ethane) were
characterized by NMR spectroscopy
and elemental analysis. In the cases of
the zwitterion 7, the pentacoordinated
complex 9, the palladium salt 12 and

ethane), their solid-state structures are
determined by X-ray crystal structure
analyses. The tfrans influence of the
[SnB,;H;;] ligand is evaluated from the
results of the IR spectroscopy and X-ray

nucleophilic  substitution and the
resulting complexes [BusMeN][trans-
{(Et;P),Pt(SnB,,Hy))H}]  (6), [rrans-
{(Et;P),Pt(SnB,,H,,)(CNiBu)}] (7,
[BusMeN],[trans-{(Et;P),Pt(SnB,;H;),-
(CNrBu)}] (8), and [BusMeN][(dppe)-
Pd(SnB;H;;)Me] (12) (dppe =1,2-bis-

Introduction

Transition metal tin chemistry has been a field of active
research for more than thirty years and is the topic of several
review articles.'! Transition metal tin bonds are known for
almost every transition metal and a variety of synthetic routes
to these complexes have been established.” This chemistry is
dominated by anionic SnX; (X = Cl, Br) and SnR; (R =alkyl,
aryl) ligands. In the case of alkyl- or aryl-substituted tin
derivatives, nucleophilic substitution between either Ph;SnLi
and a transition metal halide or Me;SnCl and a nucleophilic
transition metal complex is the easiest method of preparation.
Insertion of the stannylene (SnX,) into a metal-—metal,
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[(triphos)Pt(SnB,;H;;)] (10) (triphos =
1,1,1-tris(diphenylphosphanylmethyl)-

Keywords: cluster
density functional
platinum - tin -
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crystallographic structures of complexes
6, 7, and 12. The dipole moment of the
zwitterion 7 is calculated by density
functional theory (DFT) methods. The

compounds . )
calculations alignment of the dipole moments of the
S —— polar molecules 7 and 12 in the solid

state is discussed.

metal —halogen, metal —hydride, or metal—carbon bond is
another synthetic pathway to the formation of transition
metal tin bonds.P! Insertion of SnCl, into Pt—Cl bonds has
been extensively studied because some products can act as
catalysts for homogeneous hydrogenation, isomerization, or
hydroformylation of alkenes.*! Solutions of chloroplatinic
acid and stannous chloride reduce ethylene and acetylene
quantitatively at room temperature and atmospheric pressure
of hydrogen.P! The remarkable trans influence of the SnCl,
ligand and the lability of the ligand itself is thought to play an
important role in these catalytic reactions. However, the
mechanism of the tin interaction is not fully understood.
Asymmetric hydroformylations of alkenes with platinum-—
phosphane complexes are also carried out with SnCl, or
SnF, as the cocatalyst.[®7]

We found that stanna-closo-dodecaborate [SnB,,H,;]>~ can
coordinate to transition metal centers.[®l The synthesis of the
ligand is straightforward and results in the isolation of gram
amounts of the cluster with a variety of counter cations. The
transition metal derivatives are, like the ligand, stable towards
moisture and air. Complexes with a variety of transition
metals (Fe, Ni, Mo, Rh, Ir, Pt) have been synthesized in
excellent yield.”> %21 Herein, we present syntheses and
reactions of platinum and palladium complexes of stanna-
closo-dodecaborate and the first results of studies on the
properties of the [SnB;;H;] ligand.
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Results and Discussion

Preparation of stanna-closo-dodecaborate complexes of plat-
inum: The trans influence and the trans effect are very
important concepts in the chemistry of tetracoordinate d®-
transition metal complexes. The kinetic trans effect of a
ligand, L, describes the effect of L on the rate of substitution
of the ligand in the trans position to L.'"l The thermodynamic
trans influence is defined as the weakening of the bond trans
to L in the equilibrium state.l'?l Therefore, the trans influence
of a ligand can be determined from spectroscopic data or from
results of X-ray crystal structure analyses of the respective
square-planar transition metal complexes. To determine the
trans influence of the stanna-closo-dodecaborate ligand 1,
complexes were synthesized with a variety of ligands trans to
the heteroborate. The tin nucleophile 1 was allowed to react
with the platinum-phosphanes trans-[(Et;P),Pt(C)H] (2),
trans-[(Et;P),PtCI(CNsBu)]* (3), trans-[(Et;P),PtCI(CO)]*
(4), and [(Et;P);PtCl]* (5). In the cases of 2 and 3, the
chlorine ligand is readily substituted by the tin nucleophile at
room temperature, and the products (6 and 7) are obtained in
high yield (Scheme 1).

Complexes 4 and 5 react with the nucleophile to form the
double substitution product 8 in almost 50% yield, the
respective ligand (CO or PEt;), and undefined platinum
compounds (Scheme 2). The synthesis of compound 8 from
cis-[(Et;P),PtCl,] and two equivalents of [SnB;H,]*~ has
been published."!

All the stannaborate complexes presented here are resist-
ant towards moisture and air and are characterized by
elemental analysis, IR, and NMR spectroscopy. In the cases
of the zwitterion 7, the five-coordinate complex 9, [(tri-
phos)Pt(SnBy;H;;)] (10), (triphos=1,1,1-tris(diphenylphos-
phanylmethyl)ethane) and the palladium salt 12, the solid-
state structure is determined by X-ray crystal structure
analyses.

The progress of the reactions between the nucleophile 1 and
the transition metal chlorides (Scheme 1 and Scheme 2) can
be monitored by "B and *'P NMR spectroscopy. During the

[BuzMeN],| Sn

+ trans-[( E’t3 ),PtCIH]

. [BusMeN]CI / \

PEt,
[BuzMeN] Sn—Pt—H

PEt,
6

Scheme 1. Reactions of the stanna-closo-dodecaborate ligand 1 with 2 and 3 to give 6 and 7, respectively. An

unmarked vertex in the cluster corresponds to a BH unit.
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+ [trans-{ Et3 )PICICNBUJ[CIO,]

[BusMeN]ClO,,

- [BugMeN[Cl
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[BuzMeN], Sn

+ [trans-{(Et,P),PICICOCIO,] + [(Et,P),PtCII[BF,]

4 5
-CO - PEt,
PEt,
[BuzMeN], Sn—Pt—Sn+ + Products
PE,
8

Scheme 2. The reaction of 1 with platinum salts 4 and 5 to give 8 in
approximately 50 % yield. The other platinum-containing products are not
yet characterized.

reaction, the signals in the 'B NMR spectrum that arise from
the eleven boron atoms shift from d=-5.5 (B12), —10.9
(B2-B6), and —12.2 (B7-B11) to 6=—11 (B12) and —15
(B2-B11). The coupling between the tin and phosphorus
nuclei indicates the formation of a cluster transition metal
bond. Satellites with an intensity ratio consistent with the
natural Sn/!”Sn abundance are detected in the *'P NMR
spectrum of complexes 6 and 9. 3'P NMR data for complexes
6-9 are listed in Table 1. The 2/(Sn,Pt,P) coupling constants
permit unambiguous assignment of the stereochemistry in the
Pt complexes.['*l Large coupling constants of around 2000 —
3000 Hz were observed for complexes with trans geometry of
the phosphorus and tin substituent. The coupling constants in
complex 6 (199 Hz) and 9 (210 Hz) suggest cis-Sn—P stereo-
chemistry.

The frequencies of the Pt—H stretch in complex 6 and of the
C—N vibration in the zwitterion 7 were measured by IR
spectroscopy to investigate the
trans influence of the stannabo-
rate ligand. A value of
2061 cm™' was observed for
the Pt—H stretch frequency,
which indicates that this bond
is weakened by the cluster li-
gand. The value is close to that
of a cyanide derivative trans-
[(Et;P),PtH(CN)] (2041 cm™!)
in a series of hydride complexes
of type trans-[(Et;P),PtH(L)]
which has the largest trans in-

PEt, fluence. Therefore, the stanna-
borate ligand has a larger trans

Sn—Pt—CNiBu . .
| weakening influence than, for
PEt, example, SnCl; (2105cm™),

7 PEt; (2090cm™!), or CO
(2129cm™!) ligand.'”! A vibra-
tion at 2214 cm™! is observed for
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Table 1. 3'P NMR data for the substitution products.
JPt,P) [Hz]  2J(*VSn/'“Sn-Pt-P) [Hz]

3'P NMR shift [ppm]

6 20.8 2455 199
7 35.6 2117 fal

81l 11.9 2041 214
9 —2.6 1633 240

[a] Due to the low solubility of 7 the satellites were not observed.

the isocyanide CN in complex 7, which indicates an increase in
the CN force constant with respect to that of uncoordinated

isocyanide (2134cm~!)."  Since the complexes frans-
[(Et;P),PtH(CNMe)][C1O,] (2270 cm1), 115} trans-
[(EtyP),PtH(CNMe)][SO;F] (2238cm 1)1 and  trans-

[(Et;P),PtCI(CN/Bu)][CIO,] (2211 cm!),l"* 191 which have a
hydride or chloride ligand trans to the isocyanide ligand,
exhibit a similar value for the CN force constant, it is difficult
to discuss the trans influence on the basis of these data.
Single crystals of the polar molecule 7, which are suitable
for X-ray crystal structure analyses, are obtained by slow
diffusion of hexane or methanol into a solution of the
zwitterion in dichloromethane. The complex crystallizes as
yellow cubes in the monoclinic space group P2,/n. Figure 1

By

5y L pmeill) G2
N1

Figure 1. Molecular structure of 7. Selected bond lengths [A] and angles [°]
(with estimated standard deviations in parantheses): Pt—P1 2.333(2), Pt—P2
2.340(2), Pt=Sn 2.590(1), Pt—C1 1.913(10), C1-N1 1.195(12), N1-C2
1.479(12); N1-C1-Pt 176.5(8), C1-N1-C2 177.9(8), P1-Pt-C1 90.5(3), P2-
Pt-C1 92.0(3), P1-Pt-Sn 87.2(1), P2-Pt-Sn 90.9(1), P1-Pt-P2 175.0(1), Sn-Pt-
C1171.7(3).

shows the predicted square-planar coordination of the four
ligands around the platinum center. The Pt—P bond length of
trans coordinated PEt; ligands lies within the range of values
known from the literature: for example, the trans-[(Et;P),Pt-
(COC¢H;)SnCl;] has Pt—P bond lengths of 2.324(4) A and
2.329(4) A"l The Sn—Pt bond length of 2.590(1) A can be
compared with the Sn—Pt bond lengths in trans-
[(PhsP),PtPh(SnB,H,,)]~ (2.651(1) A),1% trans-[(Ph,P),PtH-
(SnCly)] (2.601(4) A)U8l and trans-[(Et;P),Pt(COC4Hs)SnCly]
(2.634(1) A).l"" The Pt—C and C-N bond lengths of
1.913(10) A and 1.195(12) A, respectively, are typical for
isocyanide coordination at Pt! which indicate weak =

Chem. Eur. J. 2001, 7, No. 14

donation from the metal to the ligand. (Comparable com-
plexes include: cis-[(MeNC),PtMe,]: Pt—C 1.979(8), N—C
1.157(9) A;1 cis-[(PhNC),PtCL,]: Pt—C 1.880(18), 1.912(22),
N—C 1.19(2), 1.14(3) A)20

Density functional theory (DFT) calculations of the dipole
moment: The betaine 7 is inert towards moisture and only
soluble in polar solvents like dichloromethane. Quantum
chemical investigations using the TURBOMOLE program system
were carried out to explain these properties.?!l The calcula-
tions were performed with DFT methods,??l which in the past
have proved to be suitable for the theoretical description of
transition metal compounds and have been employed on
another Pt—-SnB;;H;, complex.”! The structural data were
used as starting vectors in C; symmetry to simultaneously
optimize the electronic and geometric structure. The relevant
interatomic distances of the calculated model are compared to
the experimental results from the X-ray structure analysis in
Table 2.

Table 2. Selected interatomic distances [A] and bond angles [°] for trans-
[(Et;P),Pt(SnB,;H;;)(CN/Bu)] calculated with DFT methods. The numbering of
the atoms is identical to those in the experimentally observed compound 7
(Figure 1, experimental values given again in parentheses).

Pt-P1  2.395 (2.333) NI-C2 1447 (1479) P1-Pt-Sn  85.5 (87.2)
Pt—P2 2396 (2340) NI-C1-Pt 1733 (1.765)  P2-Pt-Sn  86.4 (90.9)
Pt=Sn  2.689 (2.590) CI-N1-C2 1779 (1.779)  P1-Pt-P2  171.6 (175.0)
Pt—Cl 1979 (1.913) PI1-Pt-C1 942 (90.5) Sn-Pt-Cl  171.0 (171.7)
CI-N1 1.185(1.195) P2-Pt-C1 942 (92.0)

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Table 2 shows that the geometric parameters are well
reproduced by this quantum chemical treatment. The bond
lengths are slightly too long (to a maximum of 0.10 A for
Pt—Sn or 0.06 A for the Pt—P donor bonds). This is a common
fault of DFT methods as dispersion interactions are not
considered explicitly. Other interatomic distances differ by up
to a maximum of 0.03 A from the experimental values.
Measured and computed angles differ by only 0-4°. The
satisfactory reproduction of the X-ray structure of 7 by DFT
calculations allows the evaluation of the dipole moment. An
elongation of about 0.10 A in the Pt—Sn bond length has been
shown! to influence the dipole moment by less than 10%. A
dipole moment of 29.1 D is determined for the optimized
structure of trans-[(Et;P),Pt(SnB;;H;;)(CN7Bu)] by calcula-
tion of the expectation value of the dipole operator in the
DFT wave function (i.e. the electronic part of the dipole
moment) and of the electrostatic moment caused by the
nuclei. The result agrees well with the experimental observa-
tion that highly polar solvents are required to solvate
compound 7. Comparable dipole moments for zwitterions
have been found by AM1 calculations in tetraalkylammonium-
arylborate compounds (Me;N—C¢H,—BrnBu;: 20.0 D) and
by DFT methods for platinum or rhodium closo-borate
clusters ([(bipy)Pt(Bz)(Ph)(fBu—NC)(SnBH,,)]: 28.9D;
[Cp*M(bipy)(SnB H};)]: 25.7D; bipy =4,4"-di-tert-butyl-
2,2 -bipyridine).* >

Reactivity of the hydride complex 6: We investigate here the
stannaborate dianion ligand and the chemistry of its respec-
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tive transition metal complexes. We present here reactions of
the hydride complex 6. The five-coordinate complex 9 is
isolated in almost 50 % yield from the reaction between the
isocyanide (fBuNC) and complex 6 (Scheme 3).

The insertion of isocyanide into a Pt—H bond has been
observed,! but in this case, there was no evidence that this
reaction type occurs. Instead, a stannaborate ligand migrates
to another platinum center. The fate of the hydride substitu-
ent is unknown, since we have been unable to characterize the
other platinum-containing products. In the '"H NMR spectra
of the reaction mixture, only the disappearance of the hydride
is detected. Apart from the signal from the five-coordinate
complex, a variety of undefined resonances are found in the
3P NMR spectrum. The signal in the 3P NMR spectrum is
very broad due to the high mobility of the platinum complex.
The /g, p and Upp, coupling constants were determined from a
measurement at —80°C. A Sn—P coupling constant of 240 Hz
and a Pt—P coupling constant of 1633 Hz are obtained. These
values suggest a cisoid ordering of the stannaborate to PEt;
ligands. Two isomers with cisoid configuration of the tin and
phosphorus ligands are possible in solution. We suggest that
isomer B in Figure 2 exists in solution on the basis of the 2/pp
coupling constant of 1633 Hz which is smaller than typical
trans *Jp p coupling constants of around 2500 Hz.["% [13]

Isomer A is found in the solid state. Single crystals of the
salt [BusMeN],[trans-{(Et;P),Pt(SnB,;H;;),(CNBu)}] (9)
were obtained by slow diffusion of methanol into a saturated
dichloromethane solution. The stannaborate platinum com-
plex crystallizes in the monoclinic space group C2/c with
disorder of the isocyanide ligand. The coordination sphere
around the platinum center (Figure 3) can be described as a
trigonal bipyramid with phosphane ligands occupying the
axial positions.

Pentacoordination is known for a variety of platinum
complexes such as {Pt[P(OCHj;),]5}?” or [Pt(SnCl,) ,PEt;]>~.1
Such species have been investigated with respect to their
solution dynamics, stereochemistry, and mechanistic impor-
tance. [Pt(SnCl;)s]*~ is of particular interest since it catalyzes
the homogeneous hydrogenation of ethylene and acetylene

}|=Et3
[Bu;MeN] Sn—Pt—H
PEt,
6
+ HBF,
+ CNfBu

/ \\+ CNiBu

Sn—Pt—CN{Bu

PEt,
[BuzMeN],
S

PEt, .

7

Scheme 3. The synthesis of 7 and 9 from 6.

3028

PEt, SnB,,Hy; |
~SnByHy, ~PEty
[Bu;MeN], | BUNC—Pt [BusMeN], | BUNC—Pt
SnB,Hy, PEt,
PEt, SnB,,Hy;
L A J L 5 J
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Figure 2. Isomers of the dianion of 9 with cisoid orientation between the
phosphane and stannaborate ligands.

Figure 3. Molecular structure of 9. Selected bond lengths [A] and angles [°]
(with estimated standard deviations in parentheses): Pt—P 2.337(2), Pt—Sn
2.640(1), Pt—C1 1.995(15), C1-N1 1.18(2), N1-C8 1.550(10); C1-Pt-P
89.07(5), P-Pt-Sn 92.34(5), C1-Pt-Sn 120.3(1), N1-C1-Pt 180.0(2), C1-N1-
C8 156.5(2).

under mild conditions.>31 The Pt—P bond length of the
axially coordinated phosphane ligand is 2.337(2) A, which is
similar to Pt—P distance in the ylide 7 or in [(Et;P),Pt-
(C(O)C4H5)SnCl;] (2.324(4), 2.329(4) A).'M The clusters
coordinate at the platinum center with a Pt—Sn bond length
of 2.640(1) A which is in the range of other Pt—SnB,H;,
complexes'” and which is
close to Pt—Sn bond length
in  [Pt(SnCL)s]*~ (2.551(1)-
2.572(1) A).P1 The isocyanide
coordinates to the transition
metal and exhibits Pt—C and
C—N bond lengths of 1.995(12)
and 1.18(2) A, respectively.
These values are similar to
those in 7 and reflect weak =
donation from the Pt metal to
the ligand. The C—N stretching

PE:NtBu frequency of 2190 cm™! is close
to that of uncoordinated iso-
/'Pt\\ cyanide (2214 cm1).'  The
PELSN pentacoordinate complex can

also be synthesized from the

reaction of the tetracoordinate

9 - dianion 8 with isocyanide. This

is, however, the only example of
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F|’Et3

N\
[Bu;MeN], Sn—Pt—sn +{BUNC ~ —————» [BusMeN], PN
| Sn PELSN

PEt,

8

Scheme 4. Reaction of 8 with tBuNC to give 9.

the formation of such an adduct. Other Lewis bases such as
CO, alkenes, pyridine, Et;N, and Ph;P do not react.
(Scheme 4)

According to the procedure outlined in Scheme 3, we
attempted the synthesis of other stannaborate zwitterions like
7 by reacting the hydride 6 with HBF, and the respective
donor ligand. We did not isolate any of the respective
zwitterionic molecules from reaction with THF, PPh;, CO,
4-tBu-pyridine or cyclohexene. So far only isocyanide stabil-
izes such an adduct. Interestingly, we were not able to
synthesize a square-planar coordinated platinum(ir) complex
(Scheme 2 and 3) with a monodentate phosphine ligand
trans to the stannaborate although we have already
synthesized the [(triphos)Pt(SnB,H;;)] (10) zwitterion.['"]
In view of these results we were interested in the Pt—P
distances in the complex [(triphos)Pt(SnB;H;;)] (10)
which was synthesized from [(triphos)PtCl|BF, and 1 in high
yield. Crystals suitable for X-ray crystal structure analyses
were obtained by slow diffusion of methanol into a solution
of 10 in dimethyl sulfoxide. The zwitterion crystallizes in
the triclinic space group P1. Figure 4 shows the molecular

Figure 4. Molecular structure of 10. Selected bond lengths [A] and angles
[°] (with estimated standard deviations in parentheses): Pt—P1 2.305(3),
Pt—P2 2.315(3), Pt—P3 2.270(3), Pt—Sn 2.626(1); P3-Pt-P1 84.68(11), P3-Pt-
P2 84.77(11), P1-Pt-Sn 97.1(1), P2-Pt-Sn 93.7(1), P1-Pt-P2 167.35(11), P3-
Pt-Sn 177.7(1).

structure of 10 in which the platinum center is nearly square
planar: Pt—P bond lengths are 2.305(3), 2.315(3), and
2.270(3) A (trans to Sn). Comparison of these Pt—P bond
lengths with those from [(triphos)PtCl]Cl (2.312(2), 2.315(2),
and 2.207(2) A; trans to Cl) shows that there is a slight

Chem. Eur. J. 2001, 7, No. 14
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CNfBu
PEt,

increase of the Pt—P separation, for that positioned trans to
the tin ligand. This small effect may be attributed to the
stronger trans influence of the stannaborate substituent with
respect to that of the chlorine ligand. The Pt—Sn bond length
of 2.626(1) A lies within the range of those in the platinum
complexes 7 and 9.

Orientation of the dipoles 7 and 10 in the solid state: The
dipole packing may be discussed with reference to the results
of the crystal structure analyses of the zwitterionic molecules
7 (Figure 5) and 10 (Figure 6). The strong dipole moments of
both zwitterions are aligned along the Sn—Pt bond, which is

Figure 5. Schematic view of the arrangement of 7 in the crystal along the ¢
axis;[*?l the Pt—SnB,, fragment is shown, other atoms are omitted for clarity.

Figure 6. Schematic view of the arrangement of 10 in the crystal along the
a axis;? the Pt—SnB,, fragment is shown, other atoms are omitted for
clarity.
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directed from the transition metal complex towards the
cluster unit. The polar molecules are packed in layers with a
resulting dipole moment. These layers stack such that stacks
of molecules with alternating dipole moment orientations
result.

Synthesis of a palladium complex: The synthesis of a variety
of platinum-stannaborate complexes led us to investigate this
chemistry in palladium. Nucleophilic substitution between
stannaborate 1 and palladium chloride 11 forms the first
palladium complex of the stanna-closo-dodecaborate ligand
in 88 % yield (Scheme 5).

The substituents around the palladium atom describe a
square planar configuration; the Pd—Sn bond length of
2.567(1) A is close to that in (Me,SnCH,CH,PPh,)-
Pd(Ph,PCH,CH,SiMe,) (2.573(1) A).B2 The Pd—P bond
length of 2.312(2) A trans to the methyl group is longer than
that frans to the stannaborate substituent (2.279(2) A).
The comparison of the Pd—P bond lengths in
[(dppe)Pd(CH,CI)Cl] (dppe = 1,2-bis(diphenylphosphanyl)-
ethane; Pd—P trans to CH,Cl 2.309(1) A; trans to Cl
2.232(1) A)®I and in 12 leads to the conclusion that the
stannaborate ligand exhibits a trans influence stronger than
chloride and weaker than methyl.

Ph Ph Ph Ph Conclusion
P c P Sn The results presented herein
[ Pd_+ [BuMeN, Sn | — = [BuMeN] [ PN show that, in transition metal

CH CH .
::P\ 3 \ 3 chemistry, the stanna-closo-do-
Ph Ph 1 Ph Ph decaborate cluster is a ligand
with a stronger trans influence
11 12 g

+ [BusMeN]CI

Scheme 5. Reaction of 11 and 1 to give 12, the first stanna-closo-dodecaborate complex of palladium.

This salt is, like the platinum complexes, resistant towards
moisture and air and is characterized by elemental analysis
and NMR spectroscopy. A signal at 0 = —14.1 in the 'B NMR
spectrum (for ten boron atoms; the signal for B12 was not
observed) typically indicates successful substitution of the
heteroborate. As expected, two resonances were observed in
the 3'P NMR spectrum at 6 =49.7 (cis to Sn: 2Jpg, =298 Hz)
and 0 =56.9 (trans to Sn: *Jps, =2542 Hz). The spectrum is
interpreted on the basis that the trans P-Pd-Sn coupling
constant is larger than that of the cis complex.®] An X-ray
crystal structure analysis on a single crystal of 12 was carried
out to establish the structure of the salt in the solid state.
Compound 12 crystallizes as yellow rods in the space group
P2,/c. The molecular structure of the anion of 12 is shown in
Figure 7.

Figure 7. Molecular structure of 12. Selected bond lengths [A] and angles
[°] (with estimated standard deviations in parentheses): Pd—C1 2.123(6),
Pd—P12.279(2), Pd—P2 2.312(2), Pd—Sn 2.567(1); C1-Pd-P1 91.7(1), P1-Pd-
P2 85.4(1), C1-Pd-Sn 85.7(1), P2-Pd-Sn 97.9(1), P1-Pd-Sn 173.6(1), P2-Pd-
C1 173.4(2).
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than SnCl;, CO, PR;, Cl, or
alkene ligands. Furthermore,
the ligand is labile with respect
to substitution reactions in square planar coordinated plati-
num complexes. This leads in some cases to the transfer of the
tin ligand to another transition metal center and the formation
of di(stannaborate)complexes.

Experimental Section

All manipulations were carried out under dry N, in Schlenk glassware;
solvents were dried and purified by standard methods and stored under N,;
NMR Bruker AC200 (H: 200 MHz, internal TMS; BC{'H}: 50 MHz,
internal TMS; 3'P{'H}: 81 MHz, external 85% H;PO,; !'B{'H}: 64 MHz,
external BF; - Et,0); elemental analysis: Institut fiir Anorganische Chemie
der Universitédt zu Koln, Heraeus C,H,N,O-Rapid elemental analyser; IR
spectrometer:  IFS66v/s  Bruker; trans-[(PEt;),Pt(H)CI],PY  trans-
[(PEt;),Pt(tBu-NC)CI][CIO,] ' [BusMeN],[trans-{(PEL;),Pt(SnB; H,),}] 1%
and [(dppe)Pd(Me)Cl1]P! were prepared by published methods.
[BusMeN][frans-{(PEt;),Pt(H)(SnB;H;))}] (6): [BusMeN],[SnB, H,]
(0.71 g, 1.09 mmol) in CH,Cl, (20 mL) was added to a solution of trans-
[(PEt;),Pt(H)CI] (0.51 g, 1.09 mmol) in CH,Cl, (20 mL) and stirred for
12 h. The solvent was evaporated in vacuo and the residue was washed with
water to remove [Bu;MeN]CI. The product was isolated by filtration, dried
in vacuo, and recrystallized from CH,Cl, by slow diffusion of hexane at 8°C
to give 6 (0.41 g, 85% yield) as orange crystals; 'H NMR (200 MHz,
CD,Cl,, 25°C): 8 =—715 (t, YUyp=1312 Hz, 2/;;p=11.6 Hz, 1H; PtH),
1.01 (t, 3/ =72 Hz, 9H; CH,CHj;), 1.13 (m, 18 H; PCH,CH;), 1.44 (m, 6H;
CH,CH,CH3;), 1.65 (m, 6H; CH,CH,CH,), 2.14 (m, 12H; PCH,CH,), 3.07
(s, 3H; NCH,), 3.23 (m, 6H; NCH,CH,); "B{'H} NMR (64 MHz, CD,Cl,,
25°C): 6 =-9.2 (s; B12), —14.5 (s; B2/B3/B4/B5/B6, B7/B8/B9/B10/B11);
BC{'H} NMR (50 MHz, CD,Cl,, 25°C): 6=9.4 (s; PCH,CHj;), 13.8 (s;
CH,CH;), 20.0 (s; CH,CH,CH;), 22.1 (m, br; PCH,CHj), 24.7 (s;
CH,CH,CH,), 49.5 (s; NCH;), 62.3 (s; NCH,CH,); *'P{'"H} NMR
(81 MHz, CD,Cl,, 25°C): 0 =20.8 (s, Jp.p =2455 Hz, %Jps, =199 Hz; in
cis position to SnBj;Hy;); IR (KBr): #=2061 cm™! (Pt—H); elemental
analysis calcd (%) for C,sH,,B;;NP,PtSn (881.50): C 34.06, H 8.23, N 1.59;
found: C 33.95, H 8.10, N 2.09.

trans-[ (PEt;),Pt(rBuNC)(SnB;;H;;)] (7): Method a: trans-[(PEt;),Pt-
(rBuNC)(C1)][ClO,] (0.36 g, 0.55 mmol) in CH,Cl, (20 mL) was treated
with a solution of [BusMeN],[SnB;;H;;] (0.36 g, 0.55 mmol) in CH,Cl,
(20 mL). The reaction was stirred at room temperature for 12 h. The
solvent was evaporated in vacuo and the residue was washed with water to
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remove Bu;MeN salts. The product was isolated by filtration, dried in vacuo
and recrystallized from CH,Cl, by slow diffusion of hexane to give 2 (0.38 g,
92%  yield) as bright yellow cubes. Method b: trans-
[(PEt;),Pt(H)(SnB, H,,)][BusMeN] (0.20 g, 0.23 mmol) in a mixture of
CH,Cl, (10 mL) and THF (10 mL) was stirred at 0 °C with HBF, (0.031 mL,
54% in Et,0, p=1.19 gmL"", 0.23 mmol) for 5 min before the addition of
tBuNC (0.2 mL). The reaction mixture was stirred at room temperature for
2h and the product crystallized by slow diffusion of methanol into the
reaction mixture at 8°C to give 7 (0.15 g, 82% yield) as yellow cubes;
'"H NMR (200 MHz, [D¢]DMSO, 25°C): 6 =1.13 (m, 18 H; PCH,CHj;), 1.17
(s, 9H; C(CHa;);), 2.40 (m, 12H; PCH,CH;); "B{'H} NMR (64 MHz,
[Dg]DMSO, 25°C): 6=—14.1 (s; B2/B3/B4/B5/B6, B7/B8/B9/B10/B11);
BC{'H} NMR (50 MHz, [D4{]DMSO, 25°C): 6 =9.3 (s; PCH,CH3), 21.5 (m,
br; PCH,CH;), 28.8 (s; C(CH,);), 345 (s; C(CH,)s); *'P{H} NMR
(81 MHz, [D¢]DMSO, 25°C): 0=35.6 (s; Jpp=2117 Hz; Et;PPt); IR
(KBr): 7=2214cm™! (NC); elemental analysis caled (%) for
C;H5)B;;NP,PtSn (763.24): C 26.78, H 6.68, N 1.84; found: C 2738, H
6.65, N 2.10.

[Bu;MeN],[ (PEt;),Pt(SnBH,,),(fBuNC)] (9): Method a: At room tem-
perature, tBuNC (0.2 mL) was added to [(PEt;),Pt(H)(SnB, H,;)][Bu;-
MeN] (0.20 g, 0.23 g) in CH,Cl, (20 mL). After 30 min, slow diffusion of
methanol into the reaction mixture at 8 °C yielded 9 (0.12 g, 37 % yield) as
yellow needles. Method b: At room temperature, fBuNC (0.2 mL) was
added to [Bu;MeN],[trans-{(PEt;),Pt(SnB; H;),}] (0.43 g, 0.32 mmol) in
CH,CI, (20 mL) and stirred for 30 min. Complex 9 (0.45 g, 88 % yield) was
isolated by crystallization according to the procedure outlined in Method a;
'H NMR (200 MHz, [D4]DMSO, 25°C): 6=0.92 (t, 3/=72Hz, 18H;
CH,CHj;), 1.14 (m, 18 H; PCH,CHj3), 1.25 (m, 12H; CH,CH,CH,), 1.52 (s,
9H; C(CHj;);), 1.58 (m, 12H; CH,CH,CH,), 2.34 (m, 12H; PCH,CH;), 2.93
(s, 6H; NCH;), 3.18 (m, 12H; NCH,CH,); "B{'H} NMR (64 MHz,
[Dg]DMSO, 25°C): 6 =—14.1 (s; B2/B3/B4/B5/B6, B7/B8/B9/B10/B11);
BC{'H} NMR (50 MHz, [D4]DMSO, 25°C): 6 =9.5 (s; PCH,CHj;), 13.5 (s;
CH,CH;), 19.2 (s; CH,CH,CH;), 22.1 (m, br; PCH,CH;), 234 (s;
CH,CH,CH,), 29.1 (s; C(CHs;);), 47.5 (s; NCH;), 59.1 (s; C(CHs);), 60.4
(s; NCH,CH,), 178.1 (s; tBuNC); *P{'H} NMR (81 MHz, [D4]DMSO,
—80°C): 0=-2.6 (s, Ypp,=1633 Hz, Ups, =240 Hz; in cis position to
SnB, H;,); IR (KBr): #=2190 cm~! (NC); elemental analysis calcd (% ) for
Cy;3H,2,BuN;3P,PtSn, (1412.71): C 36.56, H 8.63, N 2.97; found: C 36.14, H
8.60, N 3.05.

[Bu;MeN][(dppe)Pd(Me)(SnB H;;)] (12): A solution of [(dppe)Pd-
(Me)Cl1] (1.60 g, 2.88 mmol) in CH,Cl, (60 mL) was added to [Bus-
MeN],[SnB,;H;;] (1.87 g, 288 mmol) in CH,Cl, (20 mL). After 24 h,
volatiles were removed in vacuo and the bright yellow residue was washed
with water to remove [Bu;MeN]Cl. Crystallization was carried out by slow
diffusion of hexane into a saturated solution of 12 in dichloromethane at
8°C to give bright yellow crystals (2.45 g, 88 % yield); '"H NMR (200 MHz,
[Dg]DMSO, 25°C): 6 =0.63 (d/d, 3J;;p=6.4/6.2 Hz, 3H; PdCH;), 0.91 (t,
3J=71Hz, 9H; CH,CH;), 128 (m, 6H; CH,CH,CH;), 1.59 (m, 6H;
CH,CH,CH,), 2.60-2.80 (m, 4H; PCH,CH,P), 3.03 (s, 3H; NCH;), 3.18
(m, 6H; NCH,CH,), 730790 (m, 20H; PC4H); '"B{'H} NMR (64 MHz,
[Dg]DMSO, 25°C): 6=—14.1 (s; B2/B3/B4/B5/B6, B7/B8/B9/B10/B11);
BC{'H} NMR (50 MHz, [D4]DMSO, 25°C): 6 =—6.3 (d, 2Jcp=289.2 Hz;
PdCHs;), 13.5 (s; CH,CHj;), 19.2 (s; CH,CH,CH,), 23.4 (s; CH,CH,CH,),
26.6-28.5 (m, br; PCH,CH,P), 47.6 (s; NCH,), 60.4 (s; NCH,CH,), 128.0—
130.0 (m, br; CH(PC4Hs)), 130.5-132.5 (m, br, CH(PC¢Hj)), 132.5-134.5
(m, br; CH(P—C¢Hsy)); ¥'P{'H} NMR (81 MHz, [D¢]DMSO, 25°C): 6 =49.7
(d, %Jpp =24 Hz, 2Jps, =298 Hz; Ph,PCH, in cis position to SnB,,H,,), 56.9
(d, %Jpp =24 Hz, %Jpg, =2542 Hz; Ph,PCH, in trans position to SnB;;H,,);
elemental analysis calcd (%) for C,HgB,;NP,PdSn (968.89): C 49.58, H
7.07, N 1.45; found: C 48.30, H 7.12, N 1.52.

X-ray crystallographic studies: 7: C;;H;B;NP,PtSn; formula mass
763.21 gmol~'; monoclinic space group P2,/n; a=10.698(2), b =17170(2),
c=17877(3) A, B=10726(2)°, V=3136008)A3, Z=4, puu=
1.616 gem=3, u(Mog,) =5.363mm™". Image plate diffractometer (IPDS,
Stoe); Moy, radiation (graphite monochromator, 4=71.07 pm); data
collection at 200 K on a single crystal of dimensions 0.2 x 0.2 x 0.2 mm,
1.7 <6 <24.2°; 4829 independent reflections measured, 3045 “observed” [I
> 20(I)]; data corrections: Lorentz and polarization factors, numerical
absorption with programs X-RED and X-Shape (Stoe Darmstadt, 1994);5¢]
structure solution by direct methods and difference Fourier synthesis, F?
refinement;*” *! anisotropic parameters for non-hydrogen atoms. All
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hydrogen atoms were placed in calculated positions and refined with
isotropic thermal parameters. Convergence was obtained for 298 variables
with wR, =0.0785, R, =0.0416, GooF = 0.835; max. residual density +0.86
(1.70 A from Pt) eA3. 9: CuxH,,B,N;P,PtSn,; formula mass
1403.59 gmol~!; monoclinic space group C2/c; a=30.573(4), b=
11.5996(14), ¢=19.184(3) A, f=94.511(15)°, V=6782.1(15) A3, Z=4,
Peatca=1.375 gem =3, u(Mog,) =2.867mm~". Image plate diffractometer
(IPDS, Stoe); Mok, radiation (graphite monochromator, 4 =71.07 pm);
data collection at 170 K on a single crystal of dimensions 0.1 x 0.2 x
0.1 mm, 1.9<6<242° 5368 independent reflections measured, 3929
“observed” [I>20(I)]; data corrections: Lorentz and polarization factors;
numerical absorption with programs X-RED and X-Shape (Stoe Darm-
stadt, 1994) ;5 structure solution by direct methods and difference Fourier
synthesis, F? refinement;?** 44 anisotropic parameters for non-hydrogen
atoms. Atoms Pt, C7 and N1 lie in special positions on the twofold axis.
With the exception of the hydrogen atoms that are connected to the
disordered isocyanide ligand, all hydrogen atoms were placed in calculated
positions and refined with isotropic thermal parameters. The isocyanide
ligand shows a disorder with respect to the twofold axis. Refinement of the
nondisordered model in spacegroup C2 does not convert. Convergence in
C2/c was obtained for 325 variables with wR,=0.1225, R,=0.0456,
GooF=0.804; max. residual density 1.57 (1.32 A from H23C) e A=3. 12:
C,HgsB1NP,PdSn; formula mass 968.89 gmol~!; monoclinic space group
P2,/c; a=12.3455(2), b=18.3136(5), c=23.1877(7) A, f=101.4121(14)°,
V=>5138.9(2) A%, Z=4, poea= 1.252 gem=3, (Moy,) = 0.925 mm-". Image
plate diffractometer (IPDS, Stoe); Mok, radiation (graphite monochro-
mator, 1=71.07 pm); data collection at 293K on a single crystal of
dimensions 0.1 x 0.3 x 0.1 mm, 1.4 <6 <27.6°; 11608 independent reflec-
tions measured, 5101 “observed” [/ > 20(I)]; data corrections: Lorentz and
polarization factors; numerical absorption with programs X-RED and
X-Shape (Stoe Darmstadt, 1994);5] structure solution by direct methods
and difference Fourier synthesis, F? refinement;* 4> 41 anisotropic param-
eters for non-hydrogen atoms. All hydrogen atoms were placed in
calculated positions and refined with isotropic thermal parameters.
Convergence was obtained for 506 variables with wR,=0.1423, R, =
0.0511, GooF =0.864; max. residual density 0.99 (2.79 A from H9) e A-3.
10-2(CHj;),SO: C3H,B,,0,P;PtS,Sn; formula mass 1122.45 gmol™'; tri-
clinic space group PI; a=10.742(2), b=13.739(2), c=17.623(3) A, a=
91.70(2), B=106.98(2), y=107.71(2)°, V=2349.5(6) A%, Z=2, Peuca=
1.587 gem™3, u(Mog,) =3.729 mm~'. Image plate diffractometer (IPDS,
Stoe); Moy, radiation (graphite monochromator, 4=71.07 pm); data
collection at 170 K on a single crystal of dimensions 0.1 x 0.3 x 0.1 mm,
2.5<60<28.2°; 10439 independent reflections measured, 4231 “observed”
[I>20(I)]; data corrections: Lorentz and polarization factors; structure
solution by direct methods and difference Fourier synthesis, F? refine-
ment;* 44l anisotropic parameters for non-hydrogen atoms. With
exception of the hydrogen atoms that are connected to the solvent
molecules, all hydrogen atoms were placed in calculated positions and
refined with isotropic thermal parameters. DMSO molecules are disor-
dered and no hydrogens were calculated. Convergence was obtained for
541 variables with wR,=0.1157, R, =0.052, GooF =0.663; max. residual
density 1.27 (0.56 A from Pt) e A3,

Theoretical methods: The program system TurBOMOLE?!) was employed to
carry out the DFT™ investigations using the RIDFT program with the
Becke —Perdew (B-P) functional®! and a gridsize of m3. The RIDFT
program has been developed from the DFT program® and approximates
the coulomb part of the two-electron interactions. Basis sets were of SV(P)
quality (SV(P) = split valence plus polarization for all non-hydrogen atoms,
split valence for hydrogen atoms),?”) The Sn and the Pt atom were treated
with effective core potentials (ECP) that serve as approximations for inner
electrons considering relativistic effects. For Sn, an ECP-46 which
described 46 core electrons was used; for Pt, an ECP-60 which described
60 core electrons.”®! The dipole moment of trans-[(Et;P),Pt(SnB, H,)-
(CNrBu)] was calculated with the program MoLocH which was imple-
mented within TURBOMOLE.
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Three- and Four-Membered Rings from Cycloadditions of
1,3-Thiazolium-4-olates and Aldehydes
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Abstract: 2-Aminothioisomiinchnones,
a well-known family of masked dipoles,
react with aromatic aldehydes in a
domino cascade reaction that produces
episulfides (thiiranes) or f(-lactams (2-
azetidinones). This sequence is initiated
by a [342] dipolar cycloaddition fol-
lowed by ring opening of cycloadducts
and intramolecular rearrangement to
afford these unusual ring contractions.

depends on the structural characteristics
of the starting dipole and the experi-
mental conditions. Episulfides are ob-
tained selectively as cis isomers with
respect to both aryl groups, whereas -
lactams are produced as cis/trans mix-

Keywords: cycloaddition - domino
reactions - episulfides - lactams -
mesoionic heterocycles

tures. These structural features were
determined unequivocally by X-ray
crystallographic analysis. The f-lactams
still possessed a flexible acyclic chain
containing sulfur, a salient lead modifi-
cation of the bioactive cyclic penems
and cephems. The preferential produc-
tion of exo transition structures was
rationalized with the aid of computa-
tional calculations at the B3LYP/6-31G*

The nature of the reaction products

Introduction

1,3-Dipolar cycloadditions constitute the most important
theoretical approach to the construction of five-membered
rings.!! Reactivity in dipolar cycloadditions varies consider-
ably from system to system, and explanations of reactivity and
stereochemical issues based on perturbational molecular
orbital arguments have to be substantiated by semiempirical
or ab initio calculations of ground states and saddle points.?
Nevertheless, the formation of rings other than five-mem-
bered systems by means of the typical allyl- and propargyl-
type dipoles remains relatively unexplored. A plausible
strategy could be the use of masked dipoles whose resulting
cycloadducts may undergo cascade transformations involving
ring opening, fragment extrusion, or rearrangement. Meso-
ionic dipoles could fulfil this requirement, as induced or
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level.

spontaneous fragmentations of their cycloadducts are easily
achieved, providing five- or six-membered rings as major
products.P!

Depending on the nature of heteroatoms and the electronic
contribution of each atom to the m system, mesoionic 1,3-
dipoles belong to one of two general types, A and B
(Scheme 1). Only those of type A may be represented by

12 2 1
B—A B—A
\1
2 c/ \El\(? 1 2 c/\ E\? 1
\D/ D/
1 I
A B

Scheme 1. The two classes of mesoionic dipoles. The numbers denote the
electronic contribution of each atom to the aromaticity of the five-
membered ring.

canonical structures resembling allyl-type dipoles and there-
fore participate readily in cycloadditions, whereas B-type
dipoles tend to be equilibrated with their valence tautomers,
which may well be the reactive species formed by protonation
and ring opening.™!

We have already reported the synthesis of ring-fused
polyheterocycles based on a domino process of cycloaddition
and ring opening, followed by a further cyclization.! These
types of reaction provide an opportunity for linking two
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H OAc
] OAc
0
NP
+ N= ArCHO
Ph

disparate ring-forming reac- Ph\N/}

tions sequentially. Such a pro- N+ A H
tocol would also provide one- IS ﬁ/\o_ + Y
pot access to highly complex oh o

target molecules. Its modifica-

tion to the formation of smaller, 1
strained rings is still a challenge,

however. Here we focus on our

recent efforts in this area, de-

scribing in detail the unequiv-

ocal and unprecedented transformation of mesoionic dipoles
into two important small heterocycles: episulfides and (-
lactams.

2b Ar=Ph

Results and Discussion

2-Aminothioisomiinchnone cycloaddition strategy: It occur-
red to us that we could utilize a series of 2-amino-substituted
1,3-thiazolium-4-olates, rather than the highly stable aryl-
substituted 1,3-thiazolium-4-olates which have long been
employed, for the critical [3+2] cycloaddition step. Such an
N,N-dialkylamino group has now been used to induce
alternative cycloadduct fragmentations and to trigger a ring
contraction.

We had previously detected ring contraction of a meso-
ionic-based cycloadduct to a three-membered ring. When a
thiazolium-4-olate system embedded in a chiral tricyclic
heterocycle reacted with an aromatic aldehyde, a mixture of
two diastereomeric episulfides, along with an E olefin, were
obtained [Eq. (1)]. The latter could also be obtained
stereospecifically by thermal desulfurization of an equimolar
mixture of both episulfides.

To investigate the influence of the carbohydrate moiety on
the steric course of the reaction, the cycloadditions of the
reduced model 1 with aromatic aldehydes 2 were studied. This
substrate exhibited an analogous behavior leading regiospe-
cifically and stereoselectively in
toluene solution to episulfides 3

2a Ar=4-NO,CgHy4

2c Ar =4-MeOCgHy
2d Ar=4-Me;NCgHy

1)
Ph\N/} Ph- N/}
O)_N o} o)_N o
- Ph + ph—4&
- ’ @

Ar Ar

4a Ar= 4-NO,CgHy
3b Ar=Ph
3c Ar=4-MeOCgHy

3d Ar=4-MesNCgHy 4d Ar= 4-Me,NCgHy

Table 1. Reaction of 1 with aromatic aldehydes in toluene solution.

Aldehyde T[°C] t [h] Episulfide [%] Olefin [%)]
2a 25 24 - 4a (5)

2a 110 15 - 4a (28)
2b 25 15 3b (65) -

2b 110 0.5 3b (20) -

2¢ 110 1 3¢ (50) -

2¢ 110 20 3¢ (35) -

2d 110 15 3d (17) 4d (18)
2d 110 20 - 4d (32)

thoxybenzaldehyde affording episulfides, the condensation
with 4-nitrobenzaldehyde resulted in a modest yield of the
olefin 4a. With 4-dimethylaminobenzaldehyde a mixture of
episulfide and olefin could be detected, although the latter
was the exclusive product after prolonged reaction times.
For the simple thioisomiinchnones 5-7 in which an N,N-
dialkylamino group replaced the imidazolidine ring in the
bicyclic system 1, clean reactions were obtained in refluxing
benzene. NMR data of the resulting products deviated
surprisingly from the pattern observed in the above-men-
tioned episulfides. Further analysis by X-ray diffractometry of
suitable crystals of the major isomer 8f evidenced the
formation of a S-lactam ring.["? Similar B-lactams were like-
wise obtained as mixtures of cis and trans diastereomers with
respect to the relative orientation of the two aromatic
substituents at C3 and C4 [Eq. (3), Table 2]. The isomeric

. . Me Me
(as racemic mixtures), occa- Me Bn-p’ Bn-p’
sionally together with an E Bn—N LAl ):O ):O
olefin 4 [Eq.(2), Table1] (in =N ArZYH S o S o
general, crude samples were S ~o 7 Cl) — PZ ! * P: ! ©)
too complex to be evaluated AN PN
Ph H Ar A2 Ar
by NMR spectroscopy and val-
ues therefore refer to yields of 5 Arl=4-NO,CgHs 2a Ar?=4-NO,CgHy 8a+9a Arl=Ar?=4-NO,CeH,
6 Arl=Ph 2b Ar?=Ph 8b +9b Ar!=4-NO,CgHg4, Ar?2 = Ph

isolated products). 7 Ar'=4-MeOCeH, 2c
Whereas stereoselection was
complete in the cycloadditions

with benzaldehyde and 4-me-

3034

Ar? = 4-MeOCgH,4
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Arl = 4-NO,CgHa, Ar2 = 4-MeOCgH,
Arl = Ph, Ar? = 4-NO,CgH4

Arl = Ar? = Ph

Arl = Ph, Ar? = 4-MeOCgH,
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Table 2. Preparation of cis- and trans-$-lactams.

Ar! Ar? t [h] cisltrans!®)
4-NO,C,H, 4-NO,C.H, 1 58:42
4-NO,CH, Ph 1 57:43
4-NO,CH, 4-MeOCH, 6 60:40
Ph 4-NO,CH, 3 60:40
Ph Ph 4 65:35
Ph 4-MeOC¢H, 10 70:30

[a] Determined by integration of 'H NMR spectra (CDCLy).

ratios were determined by NMR analysis of the crude
samples. Separation of these cis and trans p-lactams by
fractional crystallization or preparative chromatography fa-
cilitated their structural assignment.

No side products could be detected in the cycloadditions of
5 and 6 with aryl aldehydes, but the corresponding reactions
with thioisomiinchnone 7 were messy. The reaction of 7 with
4-nitrobenzaldehyde gave a complex reaction mixture, al-
though we were able to isolate a small amount (7 %) of j3-
lactam after 10 h at reflux. In contrast, no §-lactams could be
observed in the reactions of 7 with benzaldehyde or 4-me-
thoxybenzaldehyde after more than 50 h in refluxing benzene.
We then studied these reaction mixtures systematically. From
the condensation of 7 and 4-nitrobenzaldehyde under milder
conditions (dry CH,Cl,, RT, 24 h), we isolated the episulfide
10 in 63 % yield after crystallization from diethyl ether. Under

MeO
: O3
N -CHs N Ph
H

N
s~pn T Bn
o]
10 R=NO, 12
11 R=H

similar reaction conditions the [3+2] cycloaddition with
benzaldehyde proceeded slowly (RT, 44h) to give 11 in
15% yield after chromatographic purification and crystalli-
zation. Prolonged reaction times (RT, 96 h) yielded keto-
amide 12 (10%) and crystalline sulfur (6%). From cyclo-
addition of 7 with 4-methoxybenzaldehyde, ketoamide 12 was
the sole product (14 % ), although the complete conversion of
the starting materials could not be observed (NMR monitor-
ing).

The structure of 11 was further confirmed by X-ray analysis
(see Supporting Information for details). The solid-state
structure also reveals the relative cis disposition of the two
phenyl groups, in agreement with the data previously
obtained by our research group.’! In addition to their
unequivocal characterization by X-ray diffraction analysis,
the f-lactam and episulfide derivatives exhibited notable,
diagnostically valuable differences in their 'H and *C NMR
spectra. Thus, the only proton present in the heterocyclic
moiety (H4 for S-lactams and H3 for episulfides) does appear
more deshielded (Ad~ 1, 5.81-6.04 versus 4.83-4.90) in the
case of the four-membered rings. Moreover, H4 for the cis -

Chem. Eur. J. 2001, 7, No. 14
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lactams is also more deshielded than for their trans isomers.
Accordingly, H4 resonances of the r-4-aryl-3c-phenyl diaster-
eomersl®l are shifted remarkably downfield relative to the r-4-
aryl-3t-phenyl counterparts. Likewise, as with f-lactams, a
comparison of the C NMR data allowed us to identify
diastereomeric pairs. Thus, the C3 signals for trans isomers
(r-4-aryl-3t-phenyl) are shifted upfield relative to those of r-4-
aryl-3c-phenyl diastereomers, and the resonances for C4
exhibited NMR deshielding in trans isomers. Moreover,
carbon resonances of the episulfide moiety were shifted
notably upfield (0.~46-55) compared with those of (-
lactams (0= 67-70).

The 'H NMR resonance signals of N-methyl and methylene
groups appear as very broad signals. We attribute this
apparent duplication of such signals at room temperature to
a restricted rotation of the N,N-dialkylamino group around
the (SC=0)—N bond. Accordingly, both cis and trans (-
lactams should indeed exist as a mixture of s-Z and s-E
rotamers [Eq. (4)].

Me Bn
Bn-N Me-N

o o

S o S o
Tl — @
R=—N_ R=—N_

Rt Ph Rt Ph

s-Z s-E

8¢ R=Ph R!=H
9¢ R=H,R!=Ph

The coalescence temperature (7,) of 8e and 9e has been
measured by variable-temperature NMR experiments. The
barrier to rotation AG* [calmol~!] can be estimated from T
by Equation (5), derived from the Eyring equation.!

AG+=1987T,[22.62 + InT.JA¥] ®)
Strictly, Equation (5) should be applied only to equally
populated conformational states at equilibrium, although in

most cases approximate, acceptable values within the exper-
imental error are obtained.”! Data in Table 3 indicate a

Table 3. Barriers to rotation AG* from 'H NMR data at 400 MHz.

Signal A6 [Hz] T. [K] AG* [kcalmol™!]
8e NCH;, 18.02 292 14.7

H5 10.10 289 14.9
9e N—-CH, 44.96 295 14.4

H5 12.95 283 14.5

similar energy barrier for both diastereomers (approximately
15 kcalmol~!), comparable with values obtained previously
for twisted amides.'!]

Mechanistic aspects: The overall transformation of thioiso-
miinchnones and aromatic aldehydes to S-lactams (Scheme 2)

0947-6539/01/0714-3035 $ 17.50+.50/0 3035





FULL PAPER

R. Babiano et al.

_ _ Me ketene-type valence tauto-

Mo 20 AR Bn"}:O mers, which could then be

0 . NS wH intercepted by  imines

Art A M + o S o .

Me A, NTI0 _  Me *( )aPh . Ph— through a [2+2] cycloaddi-
, . H A Ar2 NN % :

Bn-—N>_.;\.I/AI’ %’ 4 Ph Bﬁ O//_N‘Arl Ar2 1 N\ ) tion.

S_/ - - oA There is no spectroscopic

ﬁ)\o endo [ Bn 7 Me evidence to support the inter-

Ph O\‘ Me.\s H AR Bn\’}:O mediacy of such hypothetical

Ak, N Rt valence tautomers, although

ArZ H N (e} Me\ //\ - Ph § O . . .

H — N" g }_N_ — phfI( this could simply reflect their

9 Phae Bn o Al H—N, short lifetime. Their genera-

- - A2 AT tion from thioisomiinchnones

Scheme 2. Mechanism for the transformation of thiomiichnones and aromatic aldehydes to S-lactams.

is a triple cascade sequence consisting of an initial [3+2]
dipolar cycloaddition to afford a cycloadduct which under-
goes spontaneous cleavage of the C—N bond, followed by
further rearrangement of the zwitterionic intermediate.

Ring opening of the initial cycloadducts, which are not
isolated, alleviates their ring strain. The positive charge on the
dipolar intermediate should largely be stabilized by the lone
pairs of electrons on the adjacent heteroatoms, while an
electron-withdrawing substituent on the aromatic group can
stabilize the negative charge. It should therefore be expected
that electron-donating aryl groups on the thioisomiinchnone
precursor (for example, 7), will disfavor C—N bond breaking
of the thia-bridged cycloadducts formed initially.

At this stage, the further
rearrangement of the transient

should now be reexamined,
since they would afford g-
lactones through a [242] cycloaddition with aldehydes
(Scheme 4).

In the light of our results, a stepwise reaction could
satisfactorily explain the formation of pJ-lactams from
miinchnones and imines (Scheme 5). Again, the [3+2] cyclo-

Me
Me
Bn—N_ 4 Arl

>:N

s%\of

Ph

Me Ar? N
Bn—N Art —N
J=N H>: ° S%

— S

>:c:o [2+2] P: o

Ph Ar?

Scheme 4. [2+2] cycloaddition reaction of thiomiinchnones with alde-
hydes to give f-lactones.

dipole is no more than an intra- Al Rl R R Art
molecular nucleophilic attack o —N AN o o >:O
of the amide nitrogen on the R:rN/\%\O* R? Rl‘N 0 L Ar? S ATz__N _[40
endocyclic carbon atom as a AR [3+2] R ’T‘Rl N” RI——N.
suitable leaving group. Such a R A O R R? A R?

displacement also causes the
configurational inversion at C5
of the five-membered ring. Ac-
cordingly, exo and endo approaches of the aromatic aldehyde
in the initiating cycloaddition will dictate the diastereomeric
course leading to r-4-aryl-3c-phenyl and r-4-aryl-3z-phenyl -
lactams, respectively.

Early studies showed that 1,3-oxazolium-5-olates (miinch-
nones) can provide -lactams by reaction with imines.'?l This
type of mesoionic ylide corresponds to the cyclic equivalent of
an azomethine ylide and is found to undergo [3+2] cyclo-
addition readily with suitable dipolarophiles.[* 131 This con-
densation with imines is still underestimated as a route to the
important family of four-membered lactams. The transforma-
tion was once believed to follow the pathway outlined in
Scheme 3. Miinchnones would be in equilibrium with their

imines.

Scheme 5. Stepwise reaction as a possible explanation for the formation of $-lactams from miinchnones and

addition gives rise to an aza-bridged cycloadduct. Ring
opening followed by rearrangement of the resulting
zwitterionic intermediate furnishes highly substituted (-
lactams.

It is striking that the ring contraction of thioisomiinchnones
to p-lactams occurs without the menacing extrusion of
elemental sulfur.'Y This leads to monocyclic 2-azetidinones
(monobactams) bearing a sulfur-containing side chain, the
structural motif encountered in the well-screened cephem,
penem, and penam nuclei.l'” Such S-lactam derivatives
irreversibly inactivate three important classes of serine
proteases!'! that specifically recognize and cleave the cyclic
amide bond of these four-membered rings: D,D-transpepti-
dases, B-lactamases, and elastases.'>"'! In addition, renewed
interest in B-lactam antibiotics is emerging from recent assays

. . R! R® Arl of monobactams as thrombin!"®l and cholesterol acyltransfer-
Ar>_0 Ar =N R N>:O ase inhibitors.!""]
2 - . . . o
Rf N/ P~o- == R-N R eI Although the preparation and reactivity of thiiranes
AR F=C=0 [2+2] RN (episulfides) and thiirenes are well documented,™! there are
“R3 . . . . .
' Ar? Rz R fewer naturally occurring thiiranes.?!! Synthetic derivatives

Scheme 3. Condensation of miinchnones with imines as a route to four-
membered lactams

3036 ——
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are utilized as drugs, thermoplastic polymers or rubber
plasticizers, and mild herbicides.??
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The formation of r-3-aryl-2c-phenyl episulfides [see Eq. (2)]
can equally be explained by assuming a preferential endo
[3+2] cycloaddition of the aldehyde to thioisomiinchnone 1
followed by ring opening of the resulting cycloadduct, which is
in this case initiated by fragmentation of the C—S bond and a

PN, N-Ph

IIDh
+ o o ;
F N ArYH endo N—-O Ar Nj‘l ;3 Ar o o
S\)\O_ + é R Ph
o” N H s s-TH

Ph Ph S °
1

Scheme 6. Mechanism to explain the formation of r-3-aryl-2c-phenyl episulfides.

subsequent intramolecular sulfur atom transfer (Scheme 6).
The rigid framework provided by the bicyclic tetrahydroimi-
dazole does effectively impede the formation of a f-lactam
ring, even though the lone pair of electrons on the contiguous
nitrogen may assist the alternative C—N bond cleavage.

Computational studies: To probe more deeply the mechanis-
tic pathway leading to the formation of p-lactams, we
undertook a theoretical study capable of providing a plausible
rationale. Standard molecular orbital calculations of the
cycloadditions involving compounds 5-7 with aldehydes
2a-2c were carried out using the Gaussian94 package of
programs.[?®l Molecular geometries were optimized initially at
the PM3 level?¥ and a selection of the corresponding energies
were then recalculated with the B3LYP density functional
method®! and the 6-31G* basis set. All these structures were
characterized as local minima by numerical normal-mode
analyses, and transition structures by the existence of one
imaginary frequency in each case.

Table 4 shows the energies and coefficients of the frontier
orbitals (FMOs) of the reactants with full optimization of
geometries at a semiempirical (PM3) level. All these cyclo-
additions reactions are HOMOy;,,.-controlled processes as
evidenced by the smaller HOMO 01 — LUMO gipoiarophite €N-
ergy gap with respect to its HOMOitarophite = LUMO gipoe
counterpart.

According to the FMO postulates,” once the HOMO/
LUMO pair that is closer in energy is identified, the relative
sizes of the coefficients of the atomic orbitals will predict the
regioselectivity. Taking the cycloaddition between the 1,3-

Table 4. Coefficients and energies of FMOs for 5-7 and 2a—-2c.

Orbital  Energy [eV] & ¢ cs cy Cs
5 HOMO —7.85 -0.19 -0.28 0.15 0.14 0.51
LUMO —1.81 —0.36 058 —-030 -0.01 029
6 HOMO —-7.50 —-0.18 —-0.26 0.15 0.14 0.51
LUMO —-1.39 —0.40 0.63 —-037 -0.02 029
7 HOMO —7.47 -021 -0.26 0.15 0.14 053
LUMO —1.81 —-0.39 0.64 —0.38 —0.02 0.30
2a HOMO -10.83 0.02 0.00 —0.05 - -
LUMO —1.69 —-0.27 0.23 0.51 - -
2b HOMO -10.05 0.15 0.02 —-0.34 - -
LUMO —0.48 —-0.37 0.36 0.50 - -
2¢ HOMO —-9.42 0.21 0.01 —-0.50 - -
LUMO —0.41 —0.36 0.36 0.48 - -

Chem. Eur. J. 2001, 7, No. 14
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thiazolium-4-olate system 6 and benzaldehyde (2b) as a
reaction model, Figure 1 represents the four possible ap-
proaches facing the greater HOMO and LUMO. Unfortu-
nately, the similarity found in the LUMO coefficients of the
dipolarophile impedes prediction of the regioselectivity based
solely on primary interactions.
The consideration of secon-
dary orbital interactions?”) now
makes it possible to assign the
correct regiochemistry. Thus,
Figure 2 depicts such interac-
Ar tions emerging from an endo
orientation of the reactants.
This approach places the oxy-
gen atom of benzaldehyde in
close contact with the C2 position of the cyclic core, which
stabilizes the transition state. In the alternative approach to
C5, the HOMO and the LUMO of the reactants are always of
opposite signs.

Ph-y

(o]
Hie C A 0.37 LUMO

-0.36 Ph
0.26 0.26

O _NBnMe -0.51
-0.51 -
QS C HOMO QS C

Ph—S& — o ON=pp

03 0 s

Q P

(o] C
Phw‘“C/O 037 LuMO O/O\H
\ 0 0.36
036 @Yy 037
026 0.26
051 Q O/NBnMe -0.51 C/NBnMe
)S—¢C HOMO A

Ph/C\C/ON\Ph
0% O s
c d

Figure 1. The four possible exo and endo approaches of benzaldehyde to
the mesoionic dipole.

H

_-0

HieC
LUMO
% O 0.50

-0.50

o—C~¢

NBnMe NBnMe
Ve e
S5 C S—C9 -01s
Ph—C~ ¥ _~N-ppp  Homo Ph—C——N=ph

o0 o

Figure 2. Secondary orbital interactions in the endo approach of benz-
aldehyde to thioisomiinchnone 6.

Although the secondary interactions should constitute the
dominant regiochemical controller, we find that the PM3
procedure is not suitable for reliably predicting the stereo-
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chemical outcome because there is a slight preference for the
endo transition states, in disagreement with the experimental
observations. This can be appreciated by examining the PM3
transition structures arising from cycloadditions of thioiso-
miinchnones 5-7 with benzaldehyde (2b), as well as the
transition structures resulting from the reactions of 6 with the
aldehydes 2a and 2¢ (Table 5, Figure 3) (orientations a—d
refer to the notation indicated in Figure 1).

Approaches a and ¢, which also exhibit the regiochemical
outcome observed experimentally, appear to be more stabi-
lized that the orientations with the opposite regiochemistry.
Moreover, structures a and ¢ suggest concerted and more
synchronous processes, bringing about shorter interatomic
distance differences representing the bonds being formed;
this is one important difference from approaches b and d.

Although a small energy difference is found, at the PM3
level, between the more stabilized transition structures a and
¢, a is favored slightly, in agreement with the FMO theory
predicting the formation of endo cycloadducts which would
otherwise lead to trans f-lactams.

We have also studied endo and exo approaches of the three
possible aldehydes 2a—2 ¢ to the simpler thioisomiinchnone 6,
and calculated improved energies at the B3LYP/6-31G* level
(Table 6).

The most relevant discovery is the inverted stability of
transition structures a (endo) and ¢ (exo) with respect to the

Table 5. Computed energies [kcalmol~'] and bond lengths [A] for
transition structures.

Approach AE* (PM3) (C2-O C5-C (C2-C C5-0
5+ 2b a(endo) 38.58 2.00 2.08 - -

b (endo)  52.40 - - 224 192

¢ (exo) 40.22 2.00 2.09 - -

d (exo) 51.85 - - 221 197
6+ 2a a(endo) 36.15 2.07 1.99 - -

b (endo)  54.03 - - 235 187

¢ (exo) 37.62 2.08 2.00 - -

d (exo) 50.37 - - 222 1.96
6+ 2b a(endo)  38.69 2.01 206 - -

b (endo) 5745 - - 230 1.89

¢ (exo) 40.31 2.01 2.07 - -

d (exo) 52.10 - - 222 1.96
6+ 2c al(endo) 3915 200 207 - -

b (endo) 56.02 - - 2.30 1.90

¢ (exo) 40.52 200 208 - -

d (exo) 52.54 - - 2.22 1.96
7+ 2b a(endo) 38.93 2.01 2.06 - -

b (endo)  57.60 - - 230 189

¢ (exo) 40.52 2.01 2.07 - -

d (exo) 52.30 - - 222 1.96

corresponding results from semiempirical calculations. The
exo approach corresponds to a lower activation energy and
after cycloadduct cleavage the favored isomer should be a -
lactam with a relative cis stereochemistry, in full agreement

c

Figure 3. Transition structures from cycloadditions of 6 with benzaldehyde.
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Table 6. Single-point energies AE =+ at the B3LYP/6-31G*//PM3 level.

Approach AE* [kcalmol ]
6+ 2a a (endo) 15.53
b (endo) 34.08
¢ (exo) 11.52
d (exo) 34.74
6+ 2b a (endo) 20.02
b (endo) 36.67
¢ (exo) 15.74
d (exo) 37.95
6+ 2¢ a (endo) 23.63
b (endo) 38.87
¢ (exo) 17.07
d (exo) 41.68

with experiment. This simple analysis reinforces the impor-
tance, suggested widely in modern computational chemistry,
of utilizing theoretical methods involving any kind of
electronic correlation (ab initio or DFT).!

Conclusion

We have shown that two important classes of heterocyclic
rings (episulfides and -lactams) can be accessed readily by a
triple domino cascade involving the dipolar cycloaddition of a
mesoionic thioisomiinchnone to an aromatic aldehyde, frag-
mentation of an amino-substituted [342] cycloadduct, and
further rearrangement of a zwitterionic intermediate. The
ease of cycloaddition, the rapid accumulation of polyfunc-
tionality in a small molecular framework, the stereochemical
control of the 1,3-dipolar cycloaddition, and the predictability
of its regiochemical pattern make this sequential transforma-
tion valuable. In the realm of synthesis, where selectivity is
rated highly, the structural characteristics of the starting
thioisomiinchnone strongly direct the course of the cyclo-
addition. Episulfides are obtained selectively with ring-fused
heterocycles [Egs. (1) and (2)] in which C—S bond cleavage
will be the preferred mode of rearrangement. A major
cornerstone of synthetic chemistry has been the development
of an efficient preparation of epoxides of high optical purity
(for example, by the Sharpless epoxidation); synthetic proto-
cols to access homochiral episulfides would be equally
desirable. Optically active derivatives have been obtained
by resolution of racemates.?”! Very recently, we have used the
methodology described here for a diastereoselective synthesis
of optically active episulfides, whose chirality is imprinted by a
chiral carbohydrate aldehyde and whose structure has been
confirmed by X-ray analyses.[*"]

The formation of B-lactams occurs smoothly from neutral
or electronically deactivated thioisomiinchnones in good
overall yields, although the selectivity (in terms of cis/trans
ratios) is rather modest. A key feature of these molecules is
that they bear a sulfur-containing acyclic chain, a structural
motif also found in bioactive ring-fused S-lactams such as
penicillins and cephalosporins. We find that the stereochem-
ical outcome cannot be inferred from the postulates of the
FMO theory, but a higher level of theory (B3LYP/6-31G*)
does predict the favored exo transition pathway.

Chem. Eur. J. 2001, 7, No. 14
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We hope that the remarkable features of these cyclo-
additions will fuel attempts to synthesize polyfunctional small
molecules and will stimulate continuing interest in other
synthetic targets.

Experimental Section

General methods: Melting points were determined on a capillary melting
point apparatus and are uncorrected. Yields refer to analytically pure
compounds. All solvents were dried and stored over molecular sieves. TLC
was performed with Merck 60GF,s, silica gel plates, and column chroma-
tography by standard techniques on silica gel. IR spectra were obtained
with KBr pellets in Perkin-Elmer 399 and FT-Midac spectrophotometers.
Microanalyses were carried out by the Servei de Microanalisi/Centre
d'Investigacié i Desenvolupament (Barcelona), by the Instituto de Inves-
tigaciones Quimicas, CSIC (Sevilla), and by the analytical laboratory of our
institute (Lecco CHNS 932 microanalyzer). The 'H; '*C, DEPT and
variable-temperature NMR spectra were recorded on Bruker AC-200
and AM-400 spectrometers. The NMR spectra were referenced to the TMS
line as internal standard at 6 =0.00. The X-ray diffraction was measured
with an Enraf Nonius diffractometer at the University of Southampton.
2,7-Diphenyl-5H,6H,7H-imidazole[2,1-b]-1,4-thiazolium-3-thiolate ~ (1):
Triethylamine (1.8 mL, 12.5 mmol) was added dropwise to a solution of
1-phenylimidazolidine-2-thione (2.20 g, 12.5 mmol) and a-bromophenyl-
acetic acid (2.70 g, 12.5 mmol) in benzene (100 mL). The reaction mixture
was stirred at room temperature for 17 h. The white solid precipitate
was filtered and washed with cold water (yield 1.37 g, 36%). This
substance, 2-phenyl-2-[1-phenyl-(2-imidazolin-2-ylthio)acetic acid (1.00 g,
4.25 mmol), was then dissolved in acetic anhydride (16 mL) and treated
with triethylamine (6 mL) to afford a yellowish solid (0.28 g, 30%) after
5 min, m.p. 121-123°C. The latter was filtered, washed with diethyl ether,
and used without further purification.

(2’R,3'R)- and (2'$,3'S)-1-(2',3'-epithio-2’',3'-diphenyl)propanoyl-3-phenyl-
tetrahydroimidazol-2-one (3b)

Procedure a: Benzaldehyde (0.11 g, 1.0 mmol) was added to a suspension of
1(0.30 g, 1.0 mmol) in toluene (5 mL) and the mixture was stirred at room
temperature for 90 min. The solvent was evaporated under reduced
pressure and the resulting crude was treated with ethanol, crystallizing
3b (0.26 g, 65%). M.p. 169-171°C (ethanol); IR (KBr): 7=1737, 1668,
1289, 695 cm~'; 'TH NMR (200 MHz, CDCLy): 6 =7.44-7.02 (m, 15H; Ar),
4.90 (s, 1H; CH), 3.98-3.68 (m,4H; 2 x CH,); *C NMR (50 MHz, CDCl):
0 =169.55 (C1’), 150.63 (C2), 138.51, 134.30, 132.52, 129.97, 128.90, 128.79,
127.50, 127.43, 127.29, 127.08, 124.28, 119.03 (Ar), 54.57 (C2'), 46.63(C3'),
41.63 (CH,), 39.78 (CH,); elemental analysis calcd (%) for C,;H,,N,O,S
(400.49): C 71.98, H 5.03, N 6.99; found: C 71.70, H 4.97, N 6.96.

Procedure b: Benzaldehyde (0.07 g, 0.7 mmol) was added to a suspension
of 1 (0.20 g, 0.7 mmol) in toluene (5mL) and the reaction mixture was
refluxed for 10 min. The solvent was evaporated under reduced pressure
and the residue was treated with ethanol, crystallizing 3b (0.05 g, 20 % ).
(2’R,3R)- and (2'§,3'S)-1-[2',3"-epithio-3'-(4-methoxyphenyl)-2’-phenyl]-
propanoyl-3-phenyltetrahydroimidazol-2-one (3¢)

Procedure a: 4-Methoxybenzaldehyde (0.23 g, 1.7 mmol) was added to a
suspension of 1 (0.50 g, 1.7 mmol) in toluene (20 mL) and the mixture was
refluxed for 40 min. After solvent evaporation under reduced pressure, the
resulting crude was treated with ethanol, crystallizing 3¢ (0.28 g, 50%).
M.p. 152-154°C; IR (KBr): 7=1730, 1660, 1290, 695 cm~!; '"H NMR
(200 MHz, CDCL;): 6 =747-6.57 (m, 14H; Ar), 4.85 (s, 1H; CH), 4.02—
3.74 (m,4H; 2 x CH,), 3.66 (s, 3H; CH,); *C NMR (50 MHz, CDCL;): 6 =
169.65 (C1’), 158.62 (Ar), 150.64 (C2), 138.53, 132.66, 130.06, 129.93, 128.90,
127.51, 127.33, 126.38, 124.27, 119.02, 112.88 (Ar), 55.01 (CH;), 54.50 (C2'),
46.47(C3'), 41.62 (CH,), 39.79 (CH,); elemental analysis calcd (%) for
C,sH,N, 058 (430.52): C 69.75, H 5.15, N 6.51; found: C 69.60, H 5.16, N
6.55.

Procedure b: 4-Methoxybenzaldehyde (0.10 g, 0.7 mmol) was added to a
suspension of 1 (0.20 g, 0.7 mmol) in toluene (3 mL) and the reaction
mixture was refluxed for 20 h. After solvent evaporation under reduced
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pressure, the resulting crude was treated with ethanol to give crystals of 3¢
(0.10 g, 35%).

(2’R,3R)- and (2'S,3'S)-1-{2',3"-epithio-3'-[4-(;V,N-dimethylamino) ]phen-
yl-2’-phenyl}propanoyl-3-phenyltetrahydroimidazol-2-one (3d) and (E)-1-
{3’-[4-(N,N-dimethylamino)phenyl]-2'-phenylacryloyl}-3-phenyltetrahy-
droimidazol-2-one (4d)

Procedure a: 4-(N,N'-Dimethylamino)benzaldehyde (0.05 g, 0.35 mmol)
was added to a suspension of 1 (0.10 g, 0.35 mmol) in toluene (2.5 mL) and
the mixture was refluxed for 80 min. The solvent was evaporated under
reduced pressure and the resulting crude was purified by silica gel column
chromatography (benzene - acetonitrile, 20:1 v/v), to afford first 3d (0.03 g,
17%) and then 4d (0.03 g, 18 %) after a further elution. Compound 3d was
recrystallized from ethanol. M.p. 183-185°C; IR (KBr): #=1730, 1650,
1290, 690 cm~!; 'H NMR (200 MHz, CDCl3): 6 =7.51-6.40 (m, 14H; Ar),
4.83 (s, 1H; CH), 4.03-3.81 (m, 4H; 2 x CH,), 2.82 (s, 6H; 2 x CH;);
3C NMR (50 MHz, CDCl;): 6 =169.83 (C1’), 150.61 (C2), 149.51, 138.57,
132.95, 130.42, 129.56, 128.85, 127.40, 12727, 124.16, 121.81, 118.95, 111.47
(Ar), 54.42 (C2'), 46.08 (C3'), 41.57 (CH,), 40.31 (2 x CH3), 39.77 (CH,);
elemental analysis calcd (%) for C,sHysN;0,S (443.57): C 70.40, H 5.68, N
9.47; found: C 70.05, H 5.57, N 9.35.

Compound 4d was recrystallized from diethyl ether. M.p. 211-213°C; IR
(KBr): 7=1730, 1650, 1590, 1280, 680 cm~'; '"H NMR (200 MHz, CDCL,):
0="752-6.60 (m, 14H; Ar), 6.93 (s, 1H; CH), 4.08-3.78 (m, 4H; 2 x CH,),
2.94 (s,6 H; 2 x CH3); *C NMR (50 MHz, CDCl;): 6 =170.34 (C1’), 150.56
(C2), 150.04, 138.63, 137.56, 132.66, 129.43, 129.28, 128.79, 128.52, 127.31,
125.97, 124.07, 118.75, 112.02 (Ar and C=C), 41.65 (CH,), 40.22 (2 x CHs),
39.16 (CH,); elemental analysis calcd (% ) for C,sH,sN;0, (411.50): C 75.89,
H 6.12, N 10.21; found: C 75.75, H 6.09, N 10.26.

Procedure b: 4-(N,N'-Dimethyamino)benzaldehyde (0.05 g, 0.3 mmol) was
added to a suspension of 1 (0.10 g, 0.3 mmol) in toluene (2.5 mL) and the
mixture was refluxed for 20 h. The solvent was evaporated under reduced
pressure and the resulting crude was treated with diethyl ether to yield 4d
(0.04 g, 32%).
(E)-1-[-3'-(4-nitrophenyl)-2’-phenylacryloyl]-3-phenyltetrahydroimidazol-
2-one (4a): 4-Nitrobenzaldehyde (0.26 g, 1.7 mmol) was added to a
suspension of 1 (0.50 g, 1.7 mmol) in toluene (10 mL) and the mixture
was refluxed for 80 min. After solvent evaporation under reduced pressure,
the resulting crude was treated with diethyl ether to produce crystals of 4a
(0.21 g, 28%). Compound 4 was recrystallized from diethyl ether. M.p.
262-264°C; IR (KBr): 7 =1730, 1640, 1590, 1340, 1280, 680 cm~'; 'H NMR
(200 MHz, CDCL,): 6 =8.19-7.08 (m, 14H; Ar), 701 (s, 1H; CH), 4.14-
3.82 (m, 4H; 2 x CH,); “C NMR (50 MHz, CDCL;): 6 =168.38 (C1’),
146.94 (C2), 142.70, 140.88, 138.12, 136.03, 128.99, 128.88, 128.83, 128.72,
126.51, 126.32, 124.66, 123.86, 118.90 (Ar and C=C), 41.72 (CH,), 38.91
(CH,); elemental analysis calcd (%) for C,,H;oN;0, (413.43): C 69.72, H
4.63, N 10.16; found: C 69.65, H 4.71, N 10.14.

(3R,4S)- and (35,4R)-3-(N-Benzyl-N-methylcarbamoylthio)-1,4-bis(4-ni-
trophenyl)-3-phenylazetidin-2-one (8a) and (3R,4R)- and (3S,45)-3-(V-
benzyl-N-methylcarbamoylthio)-1,4-bis(4-nitrophenyl)-3-phenylazetidin-
2-one (9a): 4-Nitrobenzaldehyde (0.23 g, 1.5 mmol) was added to a
suspension of 5 (0.63 g, 1.5 mmol) in dry benzene (7.5 mL) and the mixture
was refluxed with stirring for 1 h, then evaporated to dryness under reduced
pressure. Ethanol was added, crystallizing a mixture of diastereomers 8a
and 9a. These compounds were further separated by preparative TLC
(benzene —acetonitrile, 40:1 v/v). The product with higher R;, 8a, was
crystallized from ethanol (0.36 g, 42%). M.p. 124-126°C; IR (KBr): 7=
1770, 1650, 1330, 750, 700 cm~'; '"H NMR (400 MHz, CDCl;): 6 =8.17 (d,
2H; Ar), 8.02 (d, 2H; Ar), 746-7.14 (m, 14H; Ar), 6.04 (s, 1H; H4), 4.54
(m, 2H; CH,), 2.91 (s, 3H; CHj;); *C NMR (100 MHz, CDCl;): 6 =165.93
(Cs), 165.05 (C2), 147.95, 143.79, 142.43, 141.19, 135.71, 134.86, 131.66,
131.45, 128.96, 128.71, 128.14, 127.94, 12719, 125.35, 123.71, 11743 (Ar),
70.61 (C3), 67.82 (C4), 53.98 and 52.14 (C7), 34.45 (C6); elemental analysis
caled (%) for C3H,,N,O4S (568.61): C 63.37, H 4.25, N 9.85; found: C 63.22,
H 4.16, N 9.78.

Compound 9a was crystallized from ethanol (0.21 g, 25%). M.p. 169—
171°C; IR (KBr): #=1760, 1660, 1340, 740, 700 cm~'; 'H NMR
(400 MHz, CDCLy): 6 =822 (m, 4H; Ar), 7.84 (d, 2H; Ar), 7.71 (d, 2H;
Ar),750-739 (m,5H; Ar), 722 (m,3H; Ar), 6.78 (m, 2H; Ar), 5.95 (s, 1H;
H4), 4.19 (m, 2H; CH,), 2.61 (s, 3H; CHj;); C NMR (100 MHz, CDCL):
0=163.75 (C2), 163.31 (CS5), 147.95, 143.79, 141.83, 140.17, 135.92, 135.57,
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129.99, 128.98, 128.62, 127.99, 12747, 126.58, 125.37, 123.13, 117.24 (Ar),
70.82 (C3), 66.75 (C4), 53.54 and 52.06 (C7), 34.56 and 30.93 (C6);
elemental analysis calcd (%) for C3)H,,N,O¢S (568.61): C 63.37, H 4.25, N
9.85; found: C 63.07, H 4.33, N 9.83.

(BR,45)- and (35,4R)-3-(N-Benzyl-N-methylcarbamoylthio)-1-(4-nitro-
phenyl)-3,4-diphenylazetidin-2-one (8b) and (3R,4R)- and (35,45)-3-(/V-
benzyl-N-methylcarbamoylthio)-1-(4-nitrophenyl)-3,4-diphenylazetidin-2-
one (9b): Benzaldehyde (0.21 g, 2.0 mmol) was added to a suspension of 5
(0.84 g, 2.0 mmol) in dry benzene (10 mL) and the mixture was stirred
under reflux for 1 h. The solvent was evaporated in vacuo, then the residue
was treated with methanol and diethyl ether, crystallizing a mixture of two
diastereomers, 8b and 9b, which were separated by preparative TLC
(benzene). The compound with higher R;, 8b, was crystallized from ethanol
(037 g, 35%). M.p. 116-118°C; IR (KBr): v=1760, 1650, 1330, 750,
700 cm~'; '"H NMR (400 MHz, CDCl;): 6 =8.14 (d, 2H; Ar), 7.50 (d, 2H;
Ar), 735-7.11 (m, 15H; Ar), 5.92 (s, 1H; H4), 4.53 (m, 2H; CH,), 2.89 (s,
3H; CH;); BC NMR (100 MHz, CDClL): 6 =166.18 (C2), 165.70 (C5),
143.43, 143.00, 135.91, 135.06, 133.51, 132.17, 130.38, 128.85, 128.56, 128.40,
128.36, 128.29, 128.14, 127.96, 127.80, 127.32, 12722, 125.18, 124.90, 119.18,
117.55 (Ar), 69.84 (C3), 68.94 (C4), 53.92 and 52.00 (C7), 34.35 (C6);
elemental analysis calcd (%) for C3,H,sN;0,S (523.61): C 68.82, H 4.81, N
8.03, S 6.12; found: C 68.93, H 4.83, N 7.96, S 5.87.

Compound 9b was crystallized from ethanol (0.26 g, 25%). M.p. 109—
111°C; IR (KBr): #=1760, 1650, 1330, 750, 700 cm~'; 'H NMR
(400 MHz, CDCL,): 6 =8.15 (d, 2H; Ar), 7.86 (d, 2H; Ar), 7.52-722 (m,
13H; Ar), 6.80 (bs, 2H; Ar), 5.85 (s, 1H; H4), 4.21 (d, 2H; CH,), 2.57 (s,
3H; CH;); ®C NMR (100 MHz, CDCly): 6 =164.41 (C2), 164.25 (C5),
143.46, 142.41, 136.73, 132.63, 128.89, 128.81, 128.72, 128.57, 128.32, 128.14,
128.06, 127.62, 126.86, 125.17, 117.59, 117.43 (Ar), 70.45 (C3), 67.78 (C4),
53.58 (C7), 34.09 (C6); elemental analysis calcd (%) for Cs;H,sN;0,S
(523.61): C 68.82, H 4.81, N 8.03, S 6.12; found: C 68.54, H 4.69, N 8.05, S
5.90.

(BR,45)- and (3S5,4R)-3-(N-Benzyl-N-methylcarbamoylthio)-4-(4-methoxy-
phenyl)-1-(4-nitrophenyl)-3-phenylazetidin-2-one (8¢) and (3R,4R)- and
(35,45)-3-(N-benzyl-N-methylcarbamoylthio)-4-(4-methoxyphenyl)-1-(4-

nitrophenyl)-3-phenylazetidin-2-one Vo) 4-Methoxybenzaldehyde
(0.20 g, 1.5 mmol) was added to a suspension of 5 (0.63 g, 1.5 mmol) in
dry benzene (7.5 mL) and the mixture was stirred at reflux for 6 h. The
solvent was evaporated in vacuo and the resulting residue was treated with
ethanol and dichloromethane, crystallizing a mixture of 8¢ and 9¢ which
were further purified by preparative TLC (benzene). Compound 8¢ was
crystallized from ethanol (0.24 g, 29%). M.p. 102-104°C; IR (KBr): 7=
1760, 1650, 1330, 1250, 1030, 750, 700 cm~!; '"H NMR (400 MHz, CDCl;):
0=8.13(d,2H; Ar), 750 (d, 2H; Ar), 7.35-6.69 (m, 14H; Ar), 5.87 (s, 1 H;
H4), 452 (m, 2H; CH,), 3.73 (s, 3H; OCHs;), 2.89 (bs, 3H; NCH;);
13C NMR (100 MHz, CDCl,): 6 =166.24 (C2), 165.82 (C5), 143.40, 143.09,
135.96, 135.14, 132.38, 129.18, 128.78, 128.53, 128.37, 127.98, 127.75, 127.25,
125.39, 125.17, 117.59, 113.98 (Ar), 69.63 (C3), 68.68 (C4), 55.20 (OCHj;),
53.95 and 52.01 (C7), 3438 (C6); elemental analysis caled (%) for
C;Hy7N;0;58 (553.64): C 67.25, H4.92, N 7.59; found: C 67.52, H 4.87, N 7.72.

Compound 9¢ was crystallized from ethanol (0.17 g, 20%). M.p. 150—
152°C; IR (KBr): #=1750, 1650, 1330, 1250, 1030, 750, 740, 700 cm™;
"H NMR (400 MHz, CDCl;): 6 =8.15 (d, 2H; Ar), 7.85 (d, 2H; Ar), 7.48-
6.82 (m, 14H; Ar), 5.81 (s, 1H; H4),4.23 (m, 2H; CH,), 3.85 (s, 3H; OCHs),
2.61 (s, 3H; NCHj;); *C NMR (100 MHz, CDCLy): 6 =164.45 (C2), 164.14
(C5), 159.96, 143.40, 142.42, 136.93, 135.08, 130.19, 128.73, 128.56, 128.05,
127.68, 126.89, 125.13, 124.44, 117.47, 113.55 (Ar), 70.55 (C3), 67.38 (C4),
55.21 (OCH,;), 56.63 and 51.77 (C7), 34.26 (C6); elemental analysis calcd
(%) for C;;H»;N;05S (553.64): C 67.25, H 4.92, N 7.59; found: C 6744, H
4.81, N 7.63.

(BRAR)- and (3S5,45)-3-(N-Benzyl-N-methylcarbamoylthio)-4-(4-nitro-
phenyl)-1,3-diphenylazetidin-2-one (9d): 4-Nitrobenzaldehyde (0.30 g,
2.0 mmol) was added to a suspension of 6 (0.74 g, 2.0 mmol) in dry
benzene (10.0 mL) and the mixture was stirred and refluxed for 3 h. The
solvent was evaporated under reduced pressure and, after the addition of
diethyl ether, crystals of 9d were obtained (0.31 g, 30 % ). This compound
was recrystallized from ethanol - diethyl ether (1:5 v/v). M.p. 179-181°C;
IR (KBr): #=1750, 1650, 1360, 1200, 750, 740, 690 cm~'; 'H NMR
(400 MHz, CDCl;): 0 =821 (d,2H; Ar), 7.89 (d,2H; Ar), 7.74 (d, 2H; Ar),
747-1707 (m, 11H; Ar), 6.73 (d, 2H; Ar), 5.95 (s, 1H; H4), 4.19 (m, 2H;
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CH,), 2.60 (bs, 3H; CH,); *C NMR (100 MHz, CDCL,): 6 = 163.78 (C5),
162.84 (C2), 147.63, 141.42, 136.69, 135.73, 134.94, 130.27, 129.23, 128.59,
128.44, 128.21, 127.89, 127.75, 12741, 126.62, 124.69, 122.78, 11728 (Ar),
70.06 (C3), 65.61 (C4), 53.48 and 51.85 (C7), 34.46 and 3421 (C6);
elemental analysis calcd (%) for C3,H,sN;0,S (523.61): C 68.82, H 4.81, N
8.03, S 6.12; found: C 68.71, H 4.78, N 8.05, S 6.16.

(3R,45)- and (35,4R)-3-(N-Benzyl-N-methylcarbamoylthio)-1,3,4-triphen-
ylazetidin-2-one (8¢) and (3R,4R)- and (35,45)-3-(/N-benzyl-N-methyl-
carbamoylthio)-1,3,4-triphenylazetidin-2-one (9e): Benzaldehyde (0.21 g,
2.0 mmol) was added to a suspension of 6 (0.74 g, 2.0 mmol) in dry benzene
(10.0 mL) and the mixture was stirred at reflux for 4 h. The solvent was
evaporated in vacuo and the residue was treated with ethanol to give
crystals of 8e (0.40 g, 41%). M.p. 147-149°C (ethanol); IR (KBr): 7=
1730, 1660, 1200, 750, 700 cm~!; "H NMR (400 MHz, CDCl;): 6 =7.41-7.02
(m, 20H; Ar), 5.89 (s, 1H; H4), 4.54 (m, 2H; CH,), 2.89 (m, 3H; CHj;);
BC NMR (100 MHz, CDCly): 6 =166.30 (C5), 164.64 (C2), 137.69, 136.16,
134.48, 133.49, 129.01, 128.72, 128.56, 128.30, 128.23, 128.02, 127.93, 127.62,
127.25, 124.14, 117.79 (Ar), 69.02 (C3), 68.29 (C4), 53.91 and 51.94 (C7),
34.34 (C6); elemental analysis caled (% ) for C3)H,(N,O,S (478.61): C75.29,
H 5.48, N 5.85, S 6.70; found: C 75.18, H 5.51, N 5.89, S 6.65.

Compound 9e crystallized from diethyl ether (0.33 g, 34%). M.p. 203—
205°C (dichloromethane —ethyl acetate —diethyl ether, 1:10:10 by v/v/v);
IR (KBr): #=1740, 1660, 1200, 760, 740, 700 cm~'; "H NMR (400 MHz,
CDCl;): =791 (d,2H; Ar), 7.55 (d, 2H; Ar), 745-722 (m, 13H; Ar), 7.05
(t, 1H; Ar), 6.78 (t, 2H; Ar), 5.83 (s, 1H; H4), 4.13 (d, 2H; CH,), 2.55 (s,
3H; CHj;); BC NMR (100 MHz, CDCL): 6 =164.13 (C5), 163.48 (C2),
137.60, 13721, 135.70, 133.68, 129.12, 128.96, 128.39, 128.26, 128.05, 127.74,
127.40, 126.93, 124.16, 117.49 (Ar), 69.72 (C3), 66.64 (C4), 52.57 (C7), 34.13
(C6); elemental analysis caled (%) for C3H,,N,O,S (478.61): C 75.29, H
5.48, N 5.85, S 6.70; found: C 75.02, H 5.44, N 5.86, S 6.82.

(3R,45)- and (3S5,4R)-3-(N-Benzyl-N-methylcarbamoylthio)-4-(4-methoxy-
phenyl)-1,3-diphenylazetidin-2-one (8f) and (3R,4R)- and (35,45)-3-(/V-
benzyl-N-methylcarbamoylthio)-4-(4-methoxyphenyl)-1,3-diphenylazeti-
din-2-one (9 f): 4-Methoxybenzaldehyde (0.27 g, 2.0 mmol) was added to a
suspension of 6 (0.74 g, 2.0 mmol) in dry benzene (10.0 mL) with stirring
and the mixture was refluxed for 10 h. The solvent was evaporated to
dryness under reduced pressure and, after fractional crystallization from
ethanol, 8 f (0.55 g, 54 %) and 9 £ (0.20 g, 20 % ) were separated. Compound
8f was recrystallized from ethanol—ethyl acetate—dichloromethane
(10:10:1 by v/viv). M.p. 173-175°C; IR (KBr): v=1740, 1650, 1250,
1030, 750, 730, 690 cm~'; 'H NMR (400 MHz, CDCl;): 6 =740-7.02 (m,
17H; Ar), 6.65 (d, 2H; Ar), 5.84 (s, 1H; H4), 4.61-4.53 (m, 2H; CH,), 3.70
(s, 3H; OCH,), 2.88 (bs, 3H; NCH3;); *C NMR (100 MHz, CDCl;): 0 =
166.44 (C5), 164.72 (C2), 159.56, 137.78, 136.22, 135.65, 133.80, 129.32,
128.99, 128.69, 128.11, 127.93, 127.29, 126.48, 124.10, 117.86, 113.63 (Ar),
68.83 (C3), 68.03 (C4), 55.14 (OCHs;), 52.16 and 51.96 (C7), 34.37 (C6);
elemental analysis calcd (%) for C5;HyN,O5S (508.64): C 73.20, H 5.55, N
5.51, S 6.30; found: C 73.08, H 5.70, N 5.55, S 6.25.

Compound 9 f was recrystallized from ethanol —dichloromethane (1:5 by
v/v). M.p. 150-152°C; IR (KBr): #=1750, 1650, 1240, 1030, 750, 700,
690 cm~!; 'TH NMR (400 MHz, CDCl;): 6 =7.90 (d, 2H; Ar), 748721 (m,
12H; Ar), 7.04 (t, 1H; Ar), 691 (d, 2H; Ar), 6.79 (m, 2H; Ar), 5.79 (bs,
1H;H4),4.41-4.07 (m, 2H; CH,), 3.82 (s, 3H; OCH;), 2.58 (s, 3H; NCHs;);
13C NMR (100 MHz, CDCLy): 6 =164.19 (C5), 163.51 (C2), 159.62, 137.76,
137.21, 136.10, 135.36, 130.36, 128.94, 128.47, 128.33, 128.26, 127.97, 127.56,
126.96, 125.60, 124.11, 117.50, 113.16 (Ar), 69.84 (C3), 66.28 (C4), 55.19
(OCH,), 53.55 and 51.56 (C7), 34.15 (C6); elemental analysis calcd (%) for
C;;HyxN,O5S (508.64): C 73.20, H 5.55, N 5.51; found: C 73.50, H 5.41, N
5.60.

(2R,3R)- and (25,3S)-2-[4-Benzyl-2-(4-methoxyphenyl)-1,3-dioxo-2,4-dia-
zapentyl]-3-(4-nitrophenyl)-2-phenylthiirane (10): 4-Nitrobenzaldehyde
(0.30 g, 2.0 mmol) was added to a suspension of 7 (0.81 g, 2.0 mmol) in
dry dichloromethane (5 mL) and the reaction mixture was stirred at room
temperature for 24 h. The solvent was evaporated under reduced pressure
and 10 was crystallized by addition of diethyl ether (0.70 g, 63 %), then
recrystallized from diethyl ether —ethyl acetate — dichloromethane (10:10:1
by v/v/v). M.p. 164 -166°C; IR (KBr): 7 = 1680, 1330, 1240, 1020, 700 cm™";
'"H NMR (400 MHz, CDCl;): 6 =7.86 (d, 2H; Ar), 726 -6.72 (m, 16 H; Ar),
5.15 (s, 1H; CH), 4.63 (bs, 2H; CH,), 3.78 (s, 3H; OCH;), 2.72 (bs, 3H;
NCHj;); BC NMR (50 MHz, CDCl;): 6 =159.14 (NCON), 155.72 (C1'),
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146.96, 141.95, 135.67, 131.96, 129.60, 128.61, 128.06, 127.80, 127.61, 122.70,
114.13 (Ar), 55.48 (OCHj;), 55.05 (C2'), 52.80 (CH,), 45.52 (C3'), 34.91
(NCHs;); elemental analysis caled (%) for C5H,;,N;05S (553.64): C 67.25, H
4.92, N 759, S 5.79; found: C 67.15, H 5.00, N 7.78, S 5.62.

(2R,3R)- and (2S,35)-2-[4-Benzyl-2-(4-methoxyphenyl)-1,3-dioxo-2,4-di-
azapentyl]-2,3-diphenylthiirane (11): Benzaldehyde (0.21g, 2.0 mmol)
was added to a solution of 7 (0.81 g, 2.0 mmol) in dry dichloromethane
(10 mL) and the mixture was stirred at room temperature for 44 h. The
solvent was evaporated under reduced pressure and the resultant crude was
purified by column chromatography (benzene —acetonitrile eluent system).
Compound 11 (0.16 g, 15%) crystallized from diethyl ether-petroleum
ether (5:1 by v/v). M.p. 128-130°C; IR (KBr): #=1660, 1250, 1030,
700 cm~!; '"H NMR (400 MHz, CDCl;): 6 =7.25-6.70 (m, 19H; Ar), 5.10 (s,
1H; CH), 4.68 (bs, 2H; CH,), 3.77 (s, 3H; OCHs;), 2.74 (bs, 3H; NCHs);
3C NMR (100 MHz, CDCl,): 6 =159.05 (NCON), 155.97 (C1’), 135.88,
134.03, 132.74, 130.14, 129.92, 129.54, 129.27, 129.05, 128.59, 127.71, 127.42,
114.00 (Ar), 55.45 (OCHs;), 54.65 (C2'), 52.72 (CH,), 46.87 (C3'), 34.90
(NCHs;); elemental analysis calcd (% ) for C5;HxN,O;S (508.64): C 73.20, H
5.55,N 5.51, S 6.30; found: C 73.16, H 5.65, N 5.48, S 6.23.

Reaction of 3-(4-methoxyphenyl)-2-(N-methyl)benzylamino-5-phenyl-1,3-
thiazolium-4-olate (7) with benzaldehyde (2b): Benzaldehyde (0.64 g,
6.0 mmol) was added to a suspension of 7 (2.40g, 6.0 mmol) in dry
dichloromethane (15 mL) and the mixture was stirred at room temperature
for four days. The solvent was evaporated under reduced pressure and the
residue was purified by column chromatography with benzene as eluent.
Compound 12 could be isolated after crystallization from diethyl ether—
petroleum ether (0.55 g, 10%). M.p. 93-95°C; IR (KBr): 7=23340, 1690,
1650, 1510, 1250, 1030 cm~'; 'H NMR (400 MHz, CDCl,): 6 =8.88 (s, 1H;
NH), 8.41 (m, 2H; Ar), 7.67-7.49 (m, 3H; Ar), 6.93 (m, 2H; Ar), 3.82 (s,
3H; OCH;); ®C NMR (100 MHz, CDCl,): 6=18757 (PhCO), 158.62
(CON), 157.04, 134.54, 133.17, 131.45, 129.78, 128.53, 121.47, 114.36 (Ar),
55.49 (CHj;); elemental analysis caled (% ) for CsH3NO; (255.27): C 70.58,
H 5.13, N 5.49; found: C 70.32, H 5.44, N 5.48. Crystalline sulfur (0.01 g,
6% ) could also be obtained from a different fraction of high R;.

Reaction of 7 with 4-methoxybenzaldehyde (2c¢): Compound 2¢ (0.34 g,
2.5mmol) was added to a suspension of 7 (0.81¢g, 2.0 mmol) in dry
dichloromethane (15 mL) and the mixture was stirred at room temperature
for 55 h. After solvent evaporation, the residue was first purified by column
chromatography (benzene —acetonitrile, 50:1 v/v) and then by preparative
TLC with benzene as eluent. Compound 12 could be isolated and
crystallized from diethyl ether - petroleum ether (0.07 g, 14 %). M.p. 93°C.
X-ray acquisition data for compound 11: For data collection, a crystal with
dimensions 0.10 mm x 0.05 mm X 0.05 mm was used. Cell parameters for
the structure were obtained by least-squares refinement.*!l The structure
was solved by direct methods using SHELXS 9752 and refinement on F2
was carried out by application of SHEL XL 97*1 The absorption correction
was empirical (SORTAV).* Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Center as supplementary publication
no. CCDC-146111. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(444)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Competitive Decay Pathways of the Radical Ions Formed by Photoinduced
Electron Transfer between Quinones and 4,4'-Dimethoxydiphenylmethane in

Acetonitrile

Tiziana Del Giacco,®! Enrico Baciocchi,” Osvaldo Lanzalunga,'*! and Fausto Elisei*!*!

Abstract: The reactivity of the cation
radical of (4-MeOC¢H,),CH, photosen-
sitized by 1,4-benzoquinone (BQ), 2,5-
dichloro-1,4-benzoquinone (CLLBQ),
and tetrachloro-1,4-benzoquinone
(chloranil, CA) was investigated in ace-
tonitrile. The main photoreaction prod-
ucts obtained by steady-state irradiation
were identified to be: (4-MeOCsH,),-
CHOC(H,OH, sensitized by BQ; (4-
MeOC¢H,),CHCI, sensitized by CL,BQ;
(4-MeOC¢H,),CHOH, sensitized by
CA. The mechanism of their formation
was investigated by nanosecond laser
flash photolysis that allowed transient
species (radical ions, neutral radicals,
and ions) to be detected and character-
ized in terms of absorption spectra,

rate constants. For all systems, the inter-
action between the triplet quinone (Q)
and (4-MeOC4H,),CH, produced the
corresponding radical ions (quantum
yield ¢ >0.72) which mainly decay by
back electron transfer processes. Less
efficient reaction routes for the radical
ions Q- and (4-MeOC¢H,),CH,"* were
also: i) the proton-transfer process with
the formation of the radical (4-
MeOC4H,),CH" by use of C1,BQj ii) the
hydrogen-transfer process with the for-
mation of the cation (4-MeOCH,),CH"
in the case of CA. Instead, BQ sensitized

transfer
quinones

Keywords: electron
photochemistry -
radical ions - radicals

a much higher yield of BQH" and (4-
MeOCH,),CH", mainly by the direct
interaction of triplet BQ with (4-
MeOC¢H,),CH,. It was also shown that
the presence of salts decreases signifi-
cantly the rate of the back electron
transfer process and enhances the quan-
tum yields of formation of the neutral
radicals and ions when Cl,BQ and CA
are used, respectively. The behavior of
BQ~, CI,BQ*~, and CA*~ appears to be
mainly determined by the Mulliken
charges on the oxygen atom obtained
from quantum mechanical calculations
with the model B3LYP/6-311G(d,p).
Spin densities seem to be much less
important.

formation quantum yields, and decay

Introduction

Upon light absorption, fast intersystem crossing with almost
unitary efficiency!!! results in quinones so that the lowest
excited triplet state (T,) is populated. T, is a species with a
significantly higher reduction potential with respect to the
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ground state,?l and it can decay either by a H-atom transfer
process or, in the presence of aromatic substrates, by an
electron-transfer process with the formation of the corre-
sponding radical ions. The reactivity of the two radical ions is
of great interest because these intermediates are involved in
photoinduced processes of biological (photosynthesis and
respiration) and industrial interest.># In particular, the
substantial electron affinity of quinones and the low dissoci-
ation energy of O—H bonds in their intermediates allow
quinones to function as hydrogen-atom transporters.
Generally, when the substrate is an alkylaromatic com-
pound, the corresponding radical cation is a strong carbon
acid and heterolytic cleavage of the C—H bond in the side
chain occurs (Scheme 1a).581 The occurrence of homolytic
cleavage of the same C—H bond (Scheme 1b) was rarely
considered, and has not been experimentally investigated.
Recently, we reported that this kind of bond breaking can be
observed in the photoinduced electron-transfer reactions of
(4-MeOC¢H,),CH, and aryl alkyl sulfides sensitized by
chloranil (CA).P 1% Flash photolysis experiments surprisingly
indicated the occurrence of hydrogen-atom transfer from the

0947-6539/01/0714-3005 $ 17.50+.50/0 3005





FULL PAPER

F. Elisei et al.

|
a Ar-(}:' +H*
L]
y T /
Ar-CIB-H
1
b\A Ar-CII'* fH

Scheme 1. The heterolytic cleavage of the C—H bond in a side chain and
homolytic cleavage of the same bond.

aromatic radical cation to the radical anion CA*". In this
context, it appeared interesting to investigate this process in
more detail by changing the molecular structure of the
photosensitizer.

This work deals with steady-state and laser photolysis
measurements carried out to investigate the influence of
chlorine substitution on the quinone ring on the reactivity of
the quinone/(4-MeOC4H,),CH, system in acetonitrile. In fact,
the photochemical behavior induced by CA was compared
with that of compounds sensitized by 1,4-benzoquinone (BQ)
and 2,5-dichloro-1,4-benzoquinone (Cl,BQ). The reactivity of
the radical ions was compared with the Mulliken charges and
spin densities of the radical anions obtained from quantum
mechanical calculations by use of the model B3LYP/6-
311G(d,p)." The reaction pathways of the radical ions were
also investigated in the presence of salts; particular attention
was paid to the effect of tetrabutylammonium perchlorate.

Experimental Section

Starting materials: The compound 4,4'-dimethoxydiphenylmethane [(4-
MeOC¢H,),CH,] was prepared from the corresponding ketone by the
Huang — Minlon modification of the Wolff — Kishner reduction and purified
by recrystallization from hexane.l'”) The quinones 1,4-benzoquinone (BQ,
Aldrich), 2,5-dichloro-1,4-benzoquinone (Cl,BQ, Aldrich), and tetra-
chloro-1,4-benzoquinone (chloranil, CA, Fluka), the absorption spectra
of which are shown in Figure 1, were recrystallized before use. MeCN
(Aldrich, HPLC grade) was distilled before use. Hydroquinone (BQH,,
Aldrich), 2,5-dichlorohydroquinone (Cl,BQH,, Aldrich), and Bu,NCIO,
(Fluka) were used as received.

Methods: '"H NMR spectra were recorded with the use of CDCl; on a
Brucker AC 300P spectrometer. MS analyses were performed on a Fisons
Instruments VG-Platform Benchtop LC-MS (positive ion electrospray
mass spectra, ESP*) spectrometer.

400

_T 300
£
‘_U
=

< 200
[

100

0 -l
350 400 450 500 550

Alnm —=

Figure 1. Absorption spectra of BQ (dash), Cl,BQ (dash dot), and CA
(solid) in MeCN.
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Electron acceptors:

(0] o} (0]
Cl Cl Cl
Cl C Cl

O o} e}
2,5-dichloro-1,4-benzoquinone tetrachloro-1,4-benzoquinone
(CLLBQ) (chloranil, CA)

1,4-benzoquinone

(BQ)

Electron donor:

CH3O@CH2@OCH3

4,4’-dimethoxydiphenylmethane

Photochemical reactions: A solution of the quinone (5x 1073M) in
acetonitrile and (4-MeOCzH,),CH, (1 x 1072m), kept in a pyrex vessel
capped with a rubber septum and fluxed with argon or oxygen, was
irradiated without cooling at the instrument operating temperature in a
Rayonet photoreactor (4., =310-390 nm). After irradiation for 15 min
(BQ) or 10 min (CL,BQ or CA), an internal standard was added, and the
raw photolysate was analyzed by 'H NMR spectroscopy. All products
formed were identified by comparison with authentic specimens. The
compounds 4,4'-dimethoxybenzhydrol [(4-MeOC,H,),CHOH] (Aldrich),
4 ,4'-dimethoxybenzophenone (Aldrich), and tetrachlorohydroquinone
(CAH,, Sigma) were commercial products. The compound (4-
MeOC¢H,),CHCI was prepared by reaction of (4-MeOC¢H,),CHOH with
thionyl chloride; [(4-MeOCH,),CH],O was prepared by reaction of (4-
MeOC¢H,),CHOH and (4-MeOC¢H,),CHCl in pyridine/MeCN. The
adduct (4-MeOCH,),CHOCH,OH was isolated from the oxidation on a
preparative scale and characterized on the basis of the following spectral
data.

'"H NMR (300 MHz, CDCl;, 20°C): 6=7.3-6.6 (m, 12H; ArH), 5.58 (s,
1H; OH), 6.01 (s, 1H; CH); *C NMR (300 MHz, CDCl;, 20 °C): 6 =158.9,
152.3, 149.7, 133.8, 128.1, 1174, 115.8, 113.8, 81.8, 55.2. A dimer of CL,BQ
with the loss of HCI (C,,H;CL;0,) was isolated from the oxidation on a
preparative scale: 'H NMR (300 MHz, CDCl;, 20°C): 6 =7.19 (s, 1 H), 7.05
(s, 1H), 5.78 (s, 1H); MS (15 V, ESP*): 317 [M+H]".

Quantitative analysis of reaction products was performed by 'H NMR
spectroscopy. A good material balance was obtained in all experiments
(>80%). Further irradiation was avoided to limit photosensitized reactions
of the primary photoproducts. In the oxidation sensitized by BQ, the adduct
(4-MeOC¢H,),CHOC(H,OH was formed (7%, yields referred to the
starting material). In the presence of oxygen, 4,4'-dimethoxybenzophenone
was formed (5% ). In the oxidation sensitized by CL,BQ, the main products
observed were (4-MeOC4H,),CHCI (7 %), [(4-MeOC4H,),CH],0 (2%),
and the dimer of the sensitizer (5 % ). In the oxidation sensitized by CA, the
main products observed were (4-MeOC-H,),CHOH (16%), [(4-
MeOC¢H,),CH],O (2 %), and tetrachlorohydroquinone (14 %).

Laser flash photolysis: Excitation wavelengths of 355 nm from a Nd:YAG
laser (Continuum Surelite II, third harmonic, pulse width approximately
7 ns and energy <3 mJ per pulse)!¥ and of 440 nm selected by a parametric
oscillator (OPO, Continuum, pulse width approximately 4 ns and energy
<3 mJ per pulse) pumped by the Nd:YAG laser were used in nanosecond
flash photolysis experiments. The transient spectra were obtained by a
point-to-point technique, and the optical density changes (AA) were
monitored after the flash at intervals of 5—10 nm over the spectral range
300-850 nm; there were on average at least ten decays at each wavelength.
The lifetime values (the time at which the initial signal is reduced to 1/e)
and the t,, values (the time at which the initial signal is halved) were
reported for transients; these values showed first-order and second-order
kinetics, respectively. The quantum efficiencies of transient formation were
measured by calibrating the experimental setup with optically matched
solutions of references: benzophenone (B) and CA in MeCN at excitation
wavelengths of 355 and 440 nm, respectively. Transient quantum yields
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(¢1:) were obtained by use of the relationship [Eq. (1)] between quantum
yields (¢p), absorption coefficients (&), and changes of absorbance (AA),
measured at the corresponding absorption maxima of the transient (Tr) and
the reference (ref), namely triplet benzophenone (¢+(B)=1 and &(B) =
6500M~'cm~! at 520 nm)[™ or triplet chloranil (¢+(CA)=1 and ;(CA) =
7700M~'cm~! at 520 nm).I"S) The experimental errors on f,, and ¢y, were
estimated to be £10% and £ 15 %, respectively.

er(ref) AAq,
¢ = pr(rel)————— @)

e, AA(ref)
All solutions flowed through a quartz photolysis cell while
argon was bubbled through them. All measurements were
carried out at 22 +2°C.

Quantum mechanical calculations: The hybrid Hartree -
Fock/DFT (density functional theory) method B3LYP was
used to study the charge and spin distributions of the radical
anions of quinones. In particular, the molecular structures
were optimized by the B3LYP/6-31G method, and the
Mulliken charges and spin densities of the radical anions
were determined by the B3LYP/6-311G(d,p) method of the
package Gaussian 98.011]

Results and Discussion

(16 %), [(4-MeOC¢H,),CH],O (2%), and tetrachlorohydro-
quinone (14 %). It was shown that the ratio [(4-MeOCsH,),-
CHOH]/[[(4-MeOC¢H,),CH],O] decreases significantly with
the increase of the irradiation time, which suggests that the
alcohol is formed first and then converted to the ether under
the reaction conditions.

Laser flash photolysis

Triplet properties and quenching: The only transient formed
by laser irradiation of quinones in MeCN in the absence of
other additives was in the lowest triplet state T, and showed
two broad absorption bands, one below 400 nm and the other
in the 400-550 nm range; the triplet state decayed with a
lifetime on the microsecond timescale (Table 2).

Addition of (4-MeOC¢H,),CH, significantly quenched the
state T, with rate constants close to the diffusional limit, at
least for CL,LBQ and CA, the quenching rate constants of
which were measured. As shown in Table 2, these values are in
agreement with the high reduction potentials of the triplet

Table 2. Triplet properties of quinones [absorption maxima, 4, and lifetimes, 7], together with the quenching

rate constants (k,) for (4-MeOCgH,),CH, in MeCN and the redox properties of quinones.

Steady-state irradiation: The Q Ao [nm]  Tr[ps] kg [10°M7'sT] ERy (Q/Q) [Vvs SCE]  Ep, (CQ*/Q) [V vs SCE]
main photoproducts obtained BQ 360, 410 1 [a] —0.50 1.80
by steady-state irradiation of  CLBQ 390,480 1 19 -0.18 2.52

370, 510 35 2.8 0.02 2.72

the quinone/(4-MeOCH,),CH, CA

systems are shown in Table 1,
together with the chemical
yield (%) obtained after fifteen
minutes (BQ) or ten minutes

(CLBQ or CA) of irradiation.

In particular, the adduct (4-MeOCsH,),CHOC,H,OH (7%,
yield refers to the starting material) was formed in the
oxidation of (4-MeOC¢H,),CH, sensitized by BQ. In the
presence of oxygen, 4,4-dimethoxybenzophenone (5% ) was
formed. In the oxidation sensitized by CLBQ, the main
products formed were (4-MeOCzH,),CHCI (7 % ) and a dimer
of the sensitizer (5% ), which was probably derived from its
decomposition. A smaller amount of [(4-MeOCsH,),CH],O
(2% ) was also observed. In the oxidation sensitized by CA,
the main products observed were (4-MeOC-H,),CHOH

Table 1. Main photoproducts obtained by irradiation of Q in MeCN in the
presence of (4-MeOC¢H,),CH, (Ar-saturated solutions unless otherwise
indicated).

Q photoproduct yield [%]

BQ (4-MeOC,H,),CHOC,H,0H 7
(4-MeOC{H,),COM
(4-MeOC,H,),CHCI
C,H,CLO,
[(4-MeOC,H,),CH],0
CA (4-MeOC,H,),CHOH
[(4-MeOC,H,),CH],0
C,CL,(OH), 1

CLBQ

[y
A NN UKW

[a] In oxygen-saturated solution.
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[a] The strong overlap between the absorption spectra of triplet BQ, BQH", (4-MeOC,H,),CH", and radical ions
together with the high absorption coefficient of (4-MeOC¢H,),CH" prevented the determination of a reliable
quenching rate constant (see text).

quinones. In the case of triplet BQ, this determination was
prevented by the strong overlap between the absorption
spectrum of T, and those of the radicals (4-MeOC4H,),CH"
and BQH-, which were also detected at low (4-
MeOC4H,),CH, concentrations because of their high absorp-
tion coefficients (see below).

BQ/(4-MeOC4H,),CH,: Upon irradiation of BQ in the
presence of (4-MeOC,H,),CH, (1.5 x 102M) in MeCN, sig-
nals at 330, 350, 420, and 450 nm were observed within the
laser pulse (Figure 2). The signals at 330, 420, and 450 nm
decay significantly (second-order kinetics with ¢;,=0.71 ps
and 2k, ~4 x 10'"°Mm~'s~!, Table 3) between 0.16 to 1.3 ps after
the laser pulse, whereas the absorption at 350 nm practically
remains unchanged for the first 2 ps (see inset of Figure 2) and
decays with second-order kinetics with ¢, =23 ps and 2k, ~
6 x 10°m~1s7! (Table 3).

The short-lived transients produced within the laser pulse
are assigned to the radical ions BQ'~ (1,,,=330 and
420 nm)*®  and (4-MeOC¢H,),CH,"* (Anx=330 and
450 nm)!®! by comparing their absorption spectra with those
already reported. The electron-transfer process between
triplet BQ and the ground state of (4-MeOC:H,),CH, occurs
with a high efficiency (¢ =0.72, Table 3). The long-lived
transient at 350 nm is assigned to (4-MeOC¢H,),CH" (4,.x =
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Table 3. Spectral and kinetic properties of the transients of BQ, CL,LBQ, CA, and (4-MeOC¢H,),CH, (1.5 x

We suggest that the forma-

1072m) detected in MeCN, together with the quantum yields of formation. tion of BQH®' and (4-

Q transient A [nm] e[mMtem™] tis [us] 2k, [M~'s7] ¢ MeOC(H,),CH" is mainly due

BQ|u| BQ" 330,420 6000 0.71 3.6 x 1010 0.72 to the occurrence of reac-
(4-MeOC4H,),CH,"* 330,450 1000 0.71 5.0 x 101 0.72 tion (2), a direct H-atom trans-
BQH" 350,410 6000 23 5~3X10: 015:1’]' fer from the substrate to the
(4-MeOC(H,),CH 350 47000 23 - 6.6 x 10 0.15 triplet, rather than a proton-
(4-MeOC¢H,),CH* 505 120000 22l¢l 4.5 x 1044 <0.006 .

CLBQ  CLBQ™ 330,430 600011 0.86 40 %100 10 transfer reaction between the
(4-MeOC(H,),CH,™* 450 0.86 40 x 1010 1.0 two radical ions [Eq. (3)]. This
CL,BQH" 355,425 22 0.03 suggestion is supported by the
(4-MeOC¢H,),CH" 350 22 8.5 x 10 0.03 oxygen effect on the kinetic
(4-MeOC,H,),CH* 505 <0.007 ies of th ent

CAl CA~ 320,425 450 9700 0.80 6.0 % 101 1.0 properties of the transients re-
(4-MeOCH,),CH, 450 0.80 6.0 x 1010 1.0 corded in air-equilibrated solu-
(4-MeOC4H,),CH* 505 230 4.4 % 1044 0.02 tion. In fact, the decay kinetics
(4-MeOGC,H,),CH" <0.01 of the radical ions are practi-

[a] [BQ]=2.8 x 10-2Mm. [b] This was ¢ of radicals produced within the laser pulse; a further amount corresponding
to ¢ ~0.05 (see text) was produced at longer delay times. [c] Lifetime in ps. [d] First-order decay rate constant in
s7L. [e] [CL,BQ]=1.2 x 103M. [f] Absorption coefficient of the analogous anion radical of 2,6-dichloro-1,4-

benzoquinone taken from ref. [16]. [g] [CA]=3.2 x 103 M.

Figure 2. Time-resolved absorption spectra obtained by laser photolysis of
BQ (2.8 x1072m) in the presence of (4-MeOC¢H,),CH, (1.5 x 1072m) in
MeCN (Ao =355 nm). Inset: decay kinetics recorded at 350(1), 330(2),
410(3), and 500(4) nm.

350 nm, &4, =47000M'cm )71 and BQH* (4,,,, =350 and
410 nm, &419=6000M ' cm~'; Figure 3).018!

AA

Figure 3. Normalized absorption spectra obtained by laser photolysis of
tert-butylperoxide (1.0 x 1073 ™) in the presence of hydroquinone (triangles,
1.7 x 1072m) and of 2,5-dichlorohydroquinone (circles, 2.7 x 1072M) re-
corded in MeCN, 0.5 ps after the laser pulse (4., =355 nm).

3008
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cally unaffected by molecular
oxygen, while the lifetime of
the radicals BQH® and (4-
MeOC(H,),CH" is shortened
to approximately 100 ns. If the
radicals were produced mainly
by reactions of the radical ions, the upper limit of their
lifetime would correspond to that of the precursors (¢, =
0.71 ps). Moreover, when 2.7 x107°m (4-MeOC:H,),CH,
was irradiated, a concentration at which the triplet lifetime
of BQ (7~500 ns) is much longer than the laser pulse, we
could observe that the signal at 350 nm (4,,,, for both radicals)
and that of the radical ions (f.i. at 450 nm) grew with Kkinetics
that correspond to the decay of triplet BQ measured at
380 nm (Figure 4). These kinetics clearly show that the triplet

0.10

AA

0.05

0.00

time/ps —

Figure 4. Decay kinetics of BQ (2.8 x1072m) in the presence of (4-
MeOC¢H,),CH, (2.7 x 10°M) in MeCN recorded at 350(1), 380(2), and
450(3) nm (Aey = 355 nm).

BQ is a precursor of both the neutral and charged radicals.
The quantum yield of radicals directly produced by the triplet
BQ is 0.15 (Table 3).

SBQ* + (4-MeOCH,),CH, — BQH" + (4-MeOC,H,),CH" ©)
BQ* + (4-MeOC,H,),CH,* — BQH" + (4-MeOC,H,),CH" Q)
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However, it is probable that a small amount of BQH" and
(4-MeOC¢H,),CH* also comes from reaction (3). This is
indicated by the observation that the signal at 350 nm
(absorption maximum for both the radicals BQH" and (4-
MeOC¢H,),CH") remains constant for about 2 us and then
decreases with a decay rate slower than the other transients.
The latter kinetic behavior suggests that the decay of the
radicals recorded at 350 nm is initially compensated by the
increase of the absorption of BOH" and especially of (4-
MeOC¢H,),CH* formed by reaction (3). Accordingly, the best
fit of the kinetics recorded at 350 nm for the BQ/(4-
MeOC¢H,),CH, system, carried out by use of the second-
order laws that apply to the radicals produced directly from
triplet BQ (growth within the laser pulse and decay with ¢, =
23 ps) and those formed from the radical ions (growth with
t1,=0.71 ps and decay with #,, =23 ps), results in a yield of
radicals produced by radical ions of about 0.05 and therefore a
quantum yield of about 0.07 (0.05/0.72) for the proton-
transfer process. This value is significantly smaller than the
quantum yield of radicals (0.15) formed through reaction (2);
therefore, the proton-transfer process between radical ions
seems to be only a minor route for radical formation. The
quantum yield calculated for this process has to be considered
as a rough estimate; nevertheless we feel that it can be used to
compare the properties of BQ*~ with those of the radical
anions of the other quinones (see below).

The adduct (4-MeOC¢H,),CHOC(H,OH formed in the
photolysis experiment was likely to have been produced by
coupling of the two radicals (4-MeOC¢H,),CH* and BQH".
When the photolysis was carried out in the presence of O,, a
fast reaction of (4-MeOC¢H,),CH* with O, led to 4,4-
dimethoxybenzophenone.

It is remarkable that the decay kinetics and the yield in
radicals were about the same in the absence and in the
presence of Bu,NClO,. Thus, it would seem that the salt does
not significantly affect the reactivity of the two radical ions. It
should be noted however that the huge absorption of the
radical species produced by reaction (2) can mask the salt
effect on the decay kinetics of this system.

CLBQ/(4-MeOCH,),CH,: The laser photolysis of (4-
MeOC:H,),CH, (1.5 x 1072M) sensitized by CLLBQ leads to
the time-resolved spectra in Figure 5a. Signals at 330, 420, and
440 nm are observed and are attributable to the pair of radical
ions (4-MeOC¢H,),CH,"" (4,,,x=330 and 450 nm) and
CLBQ*™ (A =330 and 420 nm) formed with unitary effi-
ciency.?l These transients decay by second-order kinetics
with a half-life of 0.86 ps and 2k, =1 x 10"°m~'s~'. For longer
delay times, absorption around 350 and 425 nm (Figure 3) is
also observed, which is assigned to both (4-MeOC¢H,),CH"
and CLBQH",['¥] formed by reaction (4); these radicals decay
by second-order kinetics with a half-life of 22 ps and 2k, =
8.5 x 1010M s~

CLBQ" + (4-MeOC,H,),CH,"* — CLBQH" + (4-MeOC,H,),CH" )

Furthermore, it is to be noted that the decay time of the
signal recorded at 350 nm, mainly due to the absorption of the

Chem. Eur. J. 2001, 7, No. 14
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Figure 5. Time-resolved absorption spectra obtained by laser photolysis of
CL,BQ (1.2 x 10-*m) in the presence of (4-MeOC¢H,),CH, (1.5 x 10-2m) in
MeCN, recorded in the absence (a) and in the presence of BuyNCIO, (3.0 x
102M) (b) (Aexe =355 nm).

radical (4-MeOC¢H,),CH", depends on the concentration of
the ground state of the sensitizer CL,BQ; this behavior
suggests the occurrence of a reaction (not investigated in
detail) that is likely to result from the attack of the radical on
the unsubstituted position of the ring of Cl,BQ. This makes
the Cl,BQ/(4-MeOCH,),CH, system much more complex
than the other two, for which the interaction reaction between
(4-MeOC¢H,),CH"* and the sensitizer was not observed. In
fact, a quenching rate constant of 3 x 10’mM~!'s~! was deter-
mined from the linear trend of the observed decay rate
constant versus [Cl,BQ]. Thus, the concentration of Cl,BQ
used in this work was kept low enough so that there was a
negligible interaction with (4-MeOCH,),CH", especially for
transient measurements, for which the quantum yields and the
rate constants were determined.

Somewhat similar behavior was observed in the presence of
Bu,NCIO, (Figure 5b). Formation of the two radical ions and
of the two neutral radicals CLBQH" and (4-MeOC,H,),CH*
was again observed. Under such conditions, the yield of
CLBQH" and (4-MeOC¢H,),CH* was sufficiently high (¢ =
0.11), and it was possible to see an increasing amount of these
radicals coupled with the decay of the radical ions, according
to reaction (4). The effect of the concentration of Bu,NCIO,
on the yield of radicals is shown in Figure 6. These results
contrast with those found for the BQ system, in which the
yields of radicals are not affected by Bu,NCIO,.

The radicals CI,BOH* and (4-MeOC¢H,),CH" were ex-
pected to form the adduct (4-MeOC¢H,),CHOC:H,Cl,OH as
in the previous case. However, no such adduct was observed in
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Figure 6. Effect of the concentration of Bu,NCIO, on the absorbance
changes recorded at 350 nm of CLLBQ (1.2 x 1073m) in the presence of (4-
MeOC¢H,),CH, (1.3 x 1072M) in MeCN (4¢y =355 nm).

the reaction products; the only observed products are (4-
MeOC¢H,),CHCIl, C,,H;CL;0,, and [(4-MeOC¢H,),CH],O.
We suggest that under the reaction conditions the adduct
decomposes mainly to form (4-MeOC¢H,),CHCI by reacting
with HCl produced by decomposition of the sensitizer
(indicated by the presence of the sensitizer dimer
C,H;C1;0,4). However, it cannot be excluded that at the
relatively high concentration of CLLBQ used in the photo-
chemical experiments the products might be derived from the
attack of (4-MeOC¢H,),CH" on Cl,BQ.

CA/(4-MeOC4H,),CH,: In the reaction of (4-MeOC¢H,),CH,
(1.5 x 10-2m) photosensitized by CA we obtain time-resolved
spectra (Figure 7a), in which the formation of the two radical
ions CA" P! and (4-MeOC4H,),CH,"* (¢=1.0) is clearly
observed just after the laser pulse (4,.,,=330, 420, and
450 nm); these transients decay by second-order kinetics with
t,,=0.80 ps and 2k, =6 x 1019m!s~L.

At longer delay times, a small absorption at 505 nm due to
(4-MeOC¢H,),CH" is present. The carbocation, formed with
an efficiency of 0.016, decays with first-order kinetics (r=
23 ps).

In the presence of Bu,NCIO,, again the formation of the
two radical ions is observed (Figures 7b and 8). Furthermore,
their decay leads to the formation of an intense signal
centered at 505 nm due to (4-MeOCH,),CH" obtained in
reaction (5); in fact, the decay of the ion radicals, recorded at
450 nm (t,,=2.7 ps and 2k,=1.8 x 101~ 's~!, Figure 9), is
coupled with an increase in the amount of the cation. Clearly,
the reaction between the radical cation and the radical anion
is a hydrogen atom transfer reaction [Eq. (5)], the efficiency
of which appears to be significantly increased by the presence
of the added salt (¢=0.12 at 3 x10*m Bu,NCIO,, Ta-
ble 4).[2I The lifetime of the cation remains at approximately
23 us, even in the presence of the salt. The absorption
spectrum of the anion CAH~ (4., =320 and 450 nm) '*!
was also obtained at long delay times, at which the radical
ions were completely decayed.

CA* + (4-MeOC{H,),CH,* — CAH" + (4-MeOC,H,),CH* )

3010

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Alnm —

Figure 7. Time-resolved absorption spectra obtained by laser photolysis of
CA (3.2 x1073m) in the presence of (4-MeOC¢H,),CH, (1.5 x 102m) in
MeCN, recorded in the absence (a) and in the presence of BuyNCIO, (3.0 x
1072M) (b) (Aexe =355 nm).
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Figure 8. Effect of the concentration of Bu,NCIO, on the absorbance
changes recorded at 505 nm of CA (3.2 x 10~Mm) in the presence of (4-
MeOC¢H,),CH, (1.5 x 1072M) in MeCN (A¢, =355 nm).

Reaction mechanism: The main reaction pathways of the
quinone/(4-MeOC¢H,),CH, systems, identified by both the
steady-state and transient techniques in oxygen-free solution
are summarized in Scheme 2. The decay rate constants and
the formation quantum yields of the transients detected by
laser flash photolysis allowed the second-order decay rate
constants for the decay of the radical ions to be determined
(Table 5).

The decay processes of radical ions corresponding to back
electron transfer, proton transfer, and hydrogen transfer
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Figure 9. Decay kinetics obtained by laser photolysis of CA (3.2 x 1073m)
in the presence of (4-MeOCzH,),CH, (1.5 x 1072m) in MeCN, recorded at
450 nm in the absence (1) and in the presence of Bu,NCIO, (3.0 x 10-2m)
(2) (Aexe =355 nm).

Table 4. Spectral and kinetic properties of the transients of CL,BQ, CA, and (4-
MeOC¢H,),CH, (1.5 x 102m) detected in MeCN in the presence of Bu,NCIO,

(3 x 1072m), together with the quantum yields of formation.

Q transient A [nm] tip [us] 2k, [M7is7] ¢

CL,BQl CL,BQ"- 325, 430 22 1.1 x 10%° 1.0
(4-MeOC¢H,),CH,* 450 22 1.1 x 10%° 1.0
(4-MeOC¢H,),CH* 350 6.0 7.1 x 10" 0.11
(4-MeOC¢H,),CH* <0.007

CAlI CA*- 320, 425,450 2.7 1.8 x 10%° 1.0
(4-MeOC¢H,),CH,* 450 2.7 1.8 x 10 1.0
(4-MeOC¢H,),CH* 505 23l 4.4 x 1044 0.10
(4-MeOC¢H,),CH" <0.03

[a] [CLBQ]=1.2 x 1073M. [b] [CA]=3.2 x 10~3M. [c] Lifetime in ps. [d] First-
order decay rate constant in s~

hv

(4-MeOPh),CH; + Q (4-MeOPh),CH, + %Q*
N e
(4-MeOPh),CH,* + Q°
7 N
(4-MeOPh),CH* + QH" (4-MeOPh),CH + QH

7 |

(4-MeOPh),CH-OH (4-MeOPh),CH-OPhOH

[(4-MeOPh)2CH]20

Scheme 2. A summary of the main reaction pathways of the quinone/(4-
MeOCH,),CH, system.

(steps 2, 4, and 6 of Scheme 2, respectively) were kinetically
characterized for the three quinones by Equation (6).
2ky(i) = 2k (RI) x (i) p(RI) (©)

Chem. Eur. J. 2001, 7, No. 14
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Table 5. Second-order decay rate constants [10'°M~'s~!] of Q*~ and (4-
MeOC¢H,),CH,"* in MeCN in the absence and in the presence of
Bu,NCIO, (3 x 10-2m) (see Scheme 2).[2

Q Without Bu,NCIO, With 3 x 10~2m Bu,NCIO,
2k,(2)  2ky(4) 2k,(6) 2ky(2) 2k,(4) 2k,(6)

BQ (4.0) 030)  <0.04

CLBQ 3.9 0.12 <0.03 0.98 0.12 <0.02

CA 5.9 <0.06 012 1.6 <0.06 0.18

[a] Values in parentheses were calculated by using the formation quantum
yield of radicals from radical ions (¢ = 0.05) estimated by fitting procedures
(see text).

In this equation, 2k,(RI) stands for the overall second-order
rate constant of the radical ions, and ¢ (i) and ¢(RI) represent
the quantum yields of the i-fold step and of the formation of
radical ions, respectively (Tables 3 and 4). The efficiency of
step 2 was calculated by use of relationship (7); this is
supported by the lack of transient species that provide
evidence for further decay pathways of radical ions.
$(2)=1—-¢(4) — ¢(6) ™

The interaction between triplet quinones and (4-
MeOC¢H,),CH, efficiently produces radical ions (step 1) with
¢ >0.72; only in the case of BQ does a parallel hydrogen-
transfer process (step 3) occur with ¢ =0.15. In the absence of
salts, the main decay process of the radical ions is the diffusion
controlled back electron transfer process (2k,=3.9-5.9 x
101°m~1s71), with slightly higher rate constants in the case of
CA. The other decay processes (steps4 and 6) have rate
constants that are much smaller than that for step 2 by at least
one order of magnitude: 2k,(4)<0.3x10"M~'s™! and
2k,(6) <0.12 x 10"m~'s~!, In fact, the proton-transfer process
(step 4) is operative for BQ and CL,BQ, while the hydrogen-
transfer process (step 6) is only for CA.

The second-order decay kinetics of the radicals produced
by steps 3 and 4 suggest that their main decay process is the
recombination (step 5) with formation of the adduct. This was
also shown from steady-state experiments of BQ, in which
irradiation of free-oxygen solutions allowed us to isolate the
photoproduct (4-MeOC¢H,),CHOC¢H,OH. In the case of
CLBQ, the products isolated are probably derived from the
decomposition of the first adduct formed (4-MeOCsH,),-
CHOC¢H,Cl,OH, which, however, was not observed among
the photoproducts (see above).

Instead, the cation (4-MeOC¢H,),CH* formed by CA
through step 6 decays with first-order kinetics; this is likely
to be through a reaction, with small traces of water still
present in the solvent (step7), to form the alcohol (4-
MeOC4H,),CHOH. In an analogous way to the case of
benzylic alcohols,! (4-MeOC,H,),CHOH is likely to react
with the cation (4-MeOCH,),CH" to produce the ether [(4-
MeOC4H,),CH],O.

For BQ in the presence of Bu,NCIO, (3 x 10~2m), the decay
processes were essentially unchanged with respect to those
recorded in the absence of the salt, but small effects on the
rate constants of steps 2 and 4 could be hidden by the high
amount of radicals produced through triplet BQ.
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On the other hand, for C,BQ and CA in the presence of
Bu,NCIO, (3 x 102m), the quantum yields of the electron-
transfer process were unchanged (unitary), while the half-life
of the radical ions increased from approximately 0.8 us to
approximately 2.5 s (Tables 3 and 4). This behavior is similar
to that already found in the photoinduced electron transfer
between 1,4-dicyanonaphthalene and trans-stilbene or 4,4'-
dimethoxybiphenyl by addition of magnesium perchlorate.?
The longer decay times recorded in the presence of salts
suggest that the formation of complexes between the charged
species (radical ions and salt ions) takes place. In our case,
such complexes slow down the rate of the back electron
transfer process by a factor of 4 (Table 5). This explains the
significant increase in the quantum yields observed in the
presence of Bu,NCIO, for the production of radicals from
CLBQ"" and (4-MeOC4H,),CH, " [Eq. (4)] and of ions from
CA*~ and (4-MeOC¢H,),CH,"* [Eq. (5)]. If we also took the
experimental errors into account, a negligible salt effect was
observed on the rate constants of the proton- and hydrogen-
transfer processes (Table 5).

Quantum mechanical calculations: In order to try to under-
stand the effect of chlorine atoms on the reactivity of the
anion radicals of benzoquinone, ab initio quantum mechanical
calculations were carried out to determine Mulliken charges
and spin densities of the anion radicals by the model B3LYP/
6-311G(d,p), after geometrical optimization with B3LYP/6-
31G. The results of such calculations are compiled in Table 6
together with those already reported for BQ"~. In practice,
except for the charge on C1 and C4 (0.16 instead of 0.30) the
present charge distribution and spin densities are very close to
those already obtained by PWP86/6-311G(2d,p) calcula-
tions.?) As shown in Table 6, the main effect of the increasing
number of chlorine atoms in the quinone structure is to
increase the positive charge on C1 and C4 (0.16 and 0.39 for
BQ*~ and CA*~, respectively) and to reduce the negative
charges on the oxygen atoms (— 0.48 and — 0.38 for BQ*~ and
CA~, respectively). Instead, the spin density shown in the last
column of Table 6 is quite high and constant on the oxygen
atoms (0.3) and relatively small on the other atoms. Thus, the

Table 6. Mulliken charges and spin densities of anion radicals of quinones
calculated by B3LYP/6-311G(d,p) after geometrical optimization with
B3LYP/6-31G.l

radical anion element n. atom charge spin
BQ C 1,4 0.16(0.30) 0.05(0.07)
C 2,3,5,6 —0.14(-0.13) 0.08(0.10)
O 7,8 —0.48(—0.49) 0.30(0.25)
H 9,10, 11, 12 0.05 —0.01(<0.01)
CLBQ~ C 1,4 0.26 0.04
C 2,5 —-0.26 0.08
C 3,6 —0.03 0.09
(6] 7,8 —0.42 0.30
Cl 9,11 —0.16 0.00
H 10, 12 0.10 —-0.01
CA*~ C 1,4 0.39 0.03
C 2,3,5,6 -0.17 0.08
(6] 7,8 —0.38 0.30
Cl 9,10,11,12 —0.08 0.00

[a] Values of charge and spin distributions in parentheses are taken from
ref. [24].
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Mulliken charges are signifi- 7
cantly affected by the presence
and number of chlorine sub-
stituents, while the spin densi-
ties are not.

On the basis of these calcu- 1 10
lations, the different reactivity
of the three radical anions of 8
quinones appears therefore to
be mainly due to the decrease of the negative charge on the
oxygen atoms. In particular, the low negative charge on the
oxygen of CA"~ is probably responsible for the fact that this
radical anion does not act as a base, but reacts with (4-
MeOCH,),CH, " by means of a hydrogen-transfer process
(step 6 of Scheme 2); instead, for BQ*~ and CL,BQ'~ the
charge is sufficiently high for a fast proton-transfer process
(step 4 of Scheme 2). These properties were more evident in
the presence of salts, for which the back electron transfer
process was less efficient.

12 9

Conclusion

This study has shown that the compound (4-MeOC4H,),CH,
is a suitable substrate to investigate the reactivity of radical
ions because its transients (4-MeOC¢H,),CH,"*, (4-
MeOCH,),CH", and (4-MeOCH,),CH" are easily detect-
able as a result of their well-separated absorption spectra and
high absorption coefficients. In fact, the electron-transfer
mechanism is operative with all sensitizers, as already found
for CA*~, even if the direct hydrogen-transfer reaction from
the substrate to triplet BQ is a competitive process.

The results suggest that in CA*~, the negative charge is so
efficiently delocalized that hydrogen-atom transfer from the
radical cation prevails over the most common proton-transfer
process. Instead, for BQ*~ and Cl,BQ*~ the negative charge on
the oxygen atoms means that the basicity of the radical anion
is sufficient and so the proton-transfer process is the dominant
one (Table 5). This suggestion is supported by the Mulliken
charges and spin densities obtained for the radical anions of
quinones by ab initio calculations with the model B3LYP/6-
311G(d,p).

The photoproducts sensitized by BQ and CA in steady-state
experiments are in agreement with the nature of the transients
(radicals and ions, respectively) detected by laser flash
photolysis. In the case of Cl,BQ, the photoreactivity appears
much more complex probably because the stable products
originate from the unstable primary photoadduct and sub-
stantial decomposition of the sensitizer took place.

Acknowledgements

Thanks are due to the Italian Consiglio Nazionale delle Ricerche (CNR)
and Ministero della Universita e della Ricerca Scientifica e Tecnologica
(MURST) for financial support. FE. also thanks the MURST and the
University of Perugia for the National Project.

[1] Handbook of Photochemistry (Eds.: S. L. Murov, I. Charmicael, G. L.
Hug), Marcel Dekker, New York, 1993.

0947-6539/01/0714-3012 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 14





Competitive Decay Pathways of Radical Ions

3005-3013

2]
3]

(12]
(13]
[14]
[15]
[16]

(17]

Chem. Eur. J. 2001, 7, No. 14

G. J. Kavarnos, N. J. Turro, Chem. Rev. 1986, 86, 401.

a) Light-Induced Charge Separation in Biology and Chemistry (Eds.:
H. Gerischer, J. Katz), Verlag Chemie, Weinheim, 1978; b) A.J.
Swallow, Function of Quinones in Energy Conserving Systems (Eds.:
B. L. Trumpower), Academic Press, New York, 1982, Chapter 3, p. 66;
c)B.L. Trumpower, J. Biol. Chem. 1999, 265, 11409; d)M.Y.
Okamura, G. Feher, Annu. Rev. Biochem. 1992, 61, 861; e) A. R.
Crofts, C. A. Wraight, Biochim. Biophys. Acta 1983, 726, 149; f) P. R.
Rich, Biochim. Biophys. Acta 1984, 768, 53.

A. C. Buchanan, R. Livingston, A. S. Dworkin, G. P. Smith, J. Phys.
Chem. 1980, 84, 423.

E. Baciocchi, Acta Chem. Scand. 1990, 44, 645, and references therein.
X.-M. Zhang, F. G. Bordwell, J. Am. Chem. Soc. 1994, 116, 904, and
references therein.

A. Anne, P. Hapiot, J. Moiroux, P. Neta, J.-M. Savéant, J. Am. Chem.
Soc. 1992, 114, 4694, and references therein.

E. Baciocchi, T. Del Giacco, F. Elisei, J. Am. Chem. Soc. 1993, 115,
12290.

E. Baciocchi, T. Del Giacco, F. Elisei, O. Lanzalunga, J. Am. Chem.
Soc. 1998, 120, 11 800.

T. Del Giacco, F. Elisei, O. Lanzalunga, Phys. Chem. Chem. Phys.
2000, 2, 1701.

Gaussian 98 (Revision A.6), M. J. Frisch, G. W. Trucks, H. B. Schlegel,
G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, R.E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo,
S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K.
Morokuma, D. K. Malick, A.D. Rabuck, K. Raghavachari, J. B.
Foresman, J. Cioslowski, J. V. Ortiz, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. I. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C.
Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W. Chen,
M. W. Wong, J. L. Andres, M. Head-Gordon, E.S. Replogle, J. A.
Pople, Gaussian, Inc., Pittsburgh, PA, 1998.

A. 1. Vogel, Textbook of Practical Organic Chemistry, 5th ed.,
Longman, Essex, 1989, p. 831.

a) A. Romani, F. Elisei, F. Masetti, G. Favaro, J. Chem. Soc. Faraday
Trans. 1992, 88, 2147; b) H. Gorner, F. Elisei, G. G. Aloisi, J. Chem.
Soc. Faraday Trans. 1992, 88, 29.

I. Carmichael, G. L. Hug, J. Phys. Chem. Ref. Data 1986, 15, 1.

H. Kobashi, T. Nagumo, T. Morita, Chem. Phys. Lett. 1978, 57, 369.
S. Fukuzumi, I. Nakanismi, J. Maruta, T. Yorisue, T. Suenobu, S. Itoh,
R. Arakana, K. M. Kadish, J. Am. Chem. Soc. 1998, 120, 6673.

J. Bartl, S. Steenken, H. Mayr, R. A. McClelland, J. Am. Chem. Soc.
1990, 712, 6918.

(18]

[19]

[20]

[21]
[22]

[23]
[24]

Genuine absorption spectra of BQH" and CL,BQH" were obtained by
photolysis of the tert-butylperoxide/hydroquinone (QH,) system in
MeCN, which produced the absorption spectra shown in Figure 3
(triangles and circles for BQ and CLLBQ, respectively), assigned to the
doublet —doublet transitions of the radical QH". As already report-
ed,l”] irradiation of tert-butylperoxide with UV light promotes the
formation of QH" by the following processes [Egs. (8a—c)].

(1BuO), + hv — (BuO),* (8a)
(1BuO),* — 21BuO* (8b)
BuO* + QH, — BuOH + QH* (8¢)

The absorption spectrum of BQH" shows two broad bands centered at
approximately 350 and 410 nm with practically the same absorption
coefficients. A value of the absorption coefficient of BQH" at A,
corresponding to 6000M~!cm~! was then obtained from the absorption
spectrum of the radicals BOH" and (4-MeOC¢H,),CH" recorded 8 ps
after the laser irradiation of the BQ/(4-MeOC¢H,),CH, system
(Figure 2, diamonds). The following are also taken into account:
i) the two radicals have the same concentration; ii) the absorption
coefficient of (4-MeOC¢H,),CH" at 350 nm is 47000Mm~'cm™; iii) the
absorption of (4-MeOC¢H,),CH" at 410 nm is negligible; iv) the
absorption of BQH" at 350 nm is equal to that recorded at 410 nm
[Eq. (9)] (AAs50((4-MeOCsH,),CH") = Ad;so — AAyyp)

£410(BQH") = £55((4-MeOC¢H,),CH")
x AA4o(BQH")/AA;5((4-MeOC¢H,),CH") (9)

P. K. Das, M. V. Encinas, S. Steenken, J. C. Scaiano, J. Am. Chem. Soc.
1981, 103, 4162.

The absorption spectrum of Cl,BQ*~ obtained in this work is very
close to that of 2,6-dichloro-1,4-benzoquinone already reported.!'®!
The quantum yield was calculated by using the same absorption
coefficients of the analogous anion radical of 2,6-dichloro-1,4-
benzoquinone for CLLBQ*~.I'%]

J.J. Andree, G. Weill, Mol. Phys. 1968, 15, 97.

In our previous work on the CA/(4-MeOCH,),CH, system in MeCN,
a significant yield of cation was also observed in the absence of added
salt.”! We tentatively attribute this different behavior with respect to
the present results to the use of a MeCN batch that contained
extremely small amounts of ammonium ions as an impurity.

E. F. Pratt, P. W. Erickson, J. Am. Chem. Soc. 1956, 78, 76.

B. Goodson, G. B. Schuster, Tetrahedron Lett. 1986, 27, 3123.

Received: December 29, 2000 [F2976]

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

0947-6539/01/0714-3013 $ 17.50+.50/0 — 3013






FULL PAPER

Reactions of Aliphatic Ketones R,CO (R =Me, Et, iPr, and tBu) with the
MCIl/Li(Hg) System (M = U or Ti): Mechanistic Analogies between the
McMurry, Wittig, and Clemmensen Reactions

Claude Villiers* and Michel Ephritikhine**!

Abstract: Analysis of the products of
the reactions of ketones R,CO (R =Me,
Et, iPr, Bu) with the MCIl/Li(Hg)
system (M=U, Ti) at 20°C revealed
significant differences. For R =Me, the
reaction proceeded exclusively (M =U)
or preferentially (M =Ti) via a metal-
lopinacol intermediate resulting from
dimerization of ketyl radicals. Pinacol
was liberated by hydrolysis, and tetra-
methylethylene was obtained after fur-
ther reduction at 65°C. For R=iPr,
formation of iPr,C=CiPr, as the only
coupling product, the nonproduction of
this alkene by reduction of the uranium

iPr) at 20°C, and the instability of the
corresponding titanium pinacolate to-
wards rupture of the pinacolic C—C
bond indicated that reductive coupling
of iPr,CO did not proceed by dimeriza-
tion of ketyl radicals. Formation of 2.4-
dimethyl-2-pentene was in favor of a
carbenoid intermediate resulting from
deoxygenative reduction of the ketyl.
These results revealed that for sterically
hindered ketones, McMurry reactions

Keywords: carbenoids - C—C cou-
pling - McMurry reactions - titani-

can be viewed as Wittig-like olefination
reactions. For R=tBu, no coupling
product was obtained and the alkane
Bu,CH, was the major product. The
involvement of the carbenoid species
[M]=CtBu, was confirmed by its trap-
ping with H,O, leading to tBu,CH,, and
with the aldehydes RCHO, giving the
cross-coupling products Bu,C=C(R)H
(R =Me, rBu). Therefore, in the case of
severely congested ketones, McMurry
reactions present strong similarities to
the Clemmensen reduction of ketones,
owing to the involvement in both reac-
tions of carbenoid species which exhibit

um - uranium
pinacolate [U]-OCR,CR,O0—[U] (R=

Introduction

Recently we reported on the McMurry type reactions of
acetone with uranium tetrachloride and lithium amalgam,
which gave pinacol and tetramethylethylene.ll For the first
time, pinacolate intermediates in the reductive coupling of an
aliphatic ketone could be isolated and characterized, and the
reactions shown in Scheme 1 confirmed the mechanism that
had so far been postulated and generally accepted.?! The two
major steps were clearly defined: the coupling itself, which
occurred at 20°C by dimerization of ketyl radicals and led to
the metallopinacol and pinacol after hydrolysis, whereas
deoxygenation of the metallopinacol into tetramethylethy-
lene, the rate-determining step, was observed at higher
temperature. By monitoring these studies, we were surprised
to find that the reductive coupling of diisopropyl ketone did
not afford the expected a-diol at room temperature, but gave
tetraiisopropylethylene. Moreover, 2,4-dimethyl-2-pentene

[a] Dr. C. Villiers, Dr. M. Ephritikhine
Service de Chimie Moléculaire, DSM, DRECAM, CNRS URA 331
CEA Saclay, 91191 Gif-sur-Yvette (France)
Fax: (+33)169086640
E-mail: villiers@drecam.cea.fr, ephri@drecam.cea.fr
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similar reactivity.

Me UCI4, Li(Hg) Me
2 >=0 2 »>—0—[u
Me THF, 20 °C Me
Me o-1[u]
Meln?
Meln, o
M [U]
H20 Li(Hg), 65 °C
" Me MeM Me Me
eﬁ? ?\‘ e > <
HO OH Me Me

Scheme 1. Reductive coupling of Me,CO with the UCL,/Li(Hg) system
([U]=Ucly).

was the major product of the reaction.’ This distinct behavior
of iPr,CO led us to examine in more detail the reactions of the
aliphatic ketones R,CO (R = Me, Et, iPr, rBu) with the UCl/
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Li(Hg) system, and also the TiCl,/Li(Hg) system, which is a
typical McMurry reagent. The results presented here give new
insights into the mechanism of the McMurry reaction.

Results and Discussion

For R =Me, Et, and iPr, the ketones R,CO 1 were effectively
coupled by the MCl/Li(Hg) system (M=U, Ti) to give a
mixture containing HOCR,CR,0OH 2 and R,C=CR, 3. Not
surprisingly, the total yield of 2 and 3 varied with R in the
order Me > Et > iPr, reflecting the more difficult coupling of
the more sterically hindered ketones. Coupling of /Bu,CO did
not occur,™ as invariably noted so far with a variety of
McMurry reagents.>3 For a given ketone, the yield of
coupling products was higher with M =U; the remarkable
efficiency of the uranium system was previously observed in
the reductive coupling of aromatic ketones.[) Most instructive
was the variation with R of the relative proportions of 2 and 3,
and also the nature and yield of the other products.

Reactions of the ketones R,CO (R =Me, Et, iPr) with the
MClL/Li(Hg) system (M=U or Ti): In addition to the
coupling products 2 and 3, reactions of the ketones R,CO 1
(a, R=Me; b, R=Et; and ¢, R =iPr) with MCl, (M =U, Ti)
and Li(Hg) gave the products resulting from the reduction
and deoxygenation of 1—the alcohol 4, the alkene 5 (b, R'=
H; ¢ R"=Me), and the alkane 6 (Scheme 2, Tables 1 and 2).

R

H=o

R

MClj, Li(Hg)

THF, 20 °C

1
a,R=Me;b,R=Et;c,R=/iPr

10
1|20

2 3 4 5 6

b,R'=H
c,R'=Me

Scheme 2. Reaction of R,CO (R=Me, Et, iPr) with the MCl,/Li(Hg)
system (M =U, Ti).

The hydrocarbons 3, 5, and 6 were formed before hydrolysis.
Other products, which represent at most 15% of the total
yield, have not been identified; they probably resulted from
aldol reactions.

Treatment of 1a with UCI, and Li(Hg) in the molar ratio of
1:1:1 at 20°C gave the metallopinacol Li,Cl,UOCMe,C-
Me,OUCl,, and the pinacol 2a was obtained in quantitative
yield after hydrolysis (Scheme 1). It was demonstrated that
the metallopinacol resulted from dimerization of the ketyl
radical Li[CI,UOCMe,]", formed by electron transfer from
LiUCl, to the carbonyl.l'! In contrast, conversion of 1b and 1¢
was not complete under the same conditions (Table 1) and the
a-diol was either not the only organic product (1b) or was not

3044
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Table 1. Product distribution [%] for the reaction of ketone R,CO (R=
Me, Et, iPr) with MCl, (M = U, Ti) and Li(Hg).[0

R M R,CO (R,COH), R,C=CR, R,CHOH MeCR'=CHCHR'Me
1 2 3 4 5b or 5¢
Me U 0 100 0 0 0
Et U 51 14 3 9 23
iPr U 56 0 4 10 30
Me UM 0 100 0 0 0
Et UMb 57 28 0 4 10
iPr Ul 93 0 0 1 5
Me Ti 67 27 3 3 0
Et Ti 87 6 2 5 0
iPr Ti 95 0 1 3 1
Me Tild 25 61 12 2 0
Et Til 42 22 18 15 3
iPr Til 63 0 14 11 8

[a] Molar ratio 1:1:1 when not specified. [b] Stepwise addition of 1 to the
mixture of UCl, and Li(Hg). [c] Molar ratio 1:1:2.

Table 2. Product distribution [% ] for the reaction of ketone R,CO (R = Me, Et, iPr)

with MCl, (M =U, Ti) and Li(Hg).

R M R,CO (R,COH), R,C=CR, R,CHOH MeCR=CHCHR'Me RCH,R

1 2 3 4 SborSc 6
Me U 0 87 0 8 ol ol
Et U 0 56 5 11 21
iPr U 10 0 27 23 29
Me Ti O 50 26 13 ol ol
Et Ti O 17 32 29 7 4
iPr Ti 10 0 23 38 10 4

[a] Molar ratio 1:1:2 (M =U) or 1:1:3 (M =Ti). [b] Propene and propane were not

detected.

formed (1c¢). The presence of the other products 3—6 revealed
that formation of 2b or 2 ¢ by dimerization of the ketyl radical
Li[CILUOCR,]* (R =Et, iPr) was in competition with other
side reactions. The occurrence of competing reduction
processes in the reactions of 1b and 1¢ was also indicated
by the greater yield of 2b and the lower yields of 5b or 5c¢
when the reactions were carried out in two steps, by addition
of the ketone to the mixture of UCl, and Li(Hg). With this
procedure, no change was observed with 1a, confirming that
Li(Hg) served only for the reduction of UCI, to LiUCl,, which
reacted with 1a to give 2a (Scheme 1). Evidently, some of the
reducing agent Li(Hg) was used for reducing 1b and 1c¢ into
5b and 5 c—which were quite unexpected products—and one
could think that 3b and 3¢ would result from reduction of the
pinacolate intermediate.

Conversion of 1 with UCl, and Li(Hg) was total (1a, 1b) or
near 90 % (1¢) when the reagents were used in the molar ratio
of 1:1:2 (Table 2). With these proportions, reaction of 1a again
gave 2a as the only coupling product. The color change of the
solution, from green to red, indicated that the pinacolate
intermediate was reduced to the U™ analogue without
suffering deoxygenation; 3a was liberated only after heating
the solution under reflux. This result is in accordance with the
generally accepted mechanism of the McMurry reaction.?
Therefore, formation of 3¢ as the sole coupling product from
1c at 20°C was most striking, since the McMurry alkene
synthesis supposedly requires higher temperature for the
deoxygenation step. It is then difficult to explain why the
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uranium pinacolates issued from 1b and 1¢ would be more
easily reduced and deoxygenated at 20 °C than the pinacolate
issued from 1a.

When UCI, was replaced with TiCl,, three equivalents of
Li(Hg) were required for complete conversion of the ketone
(Tables 1 and 2); this is in agreement with the fact that Ti"!
rathern than U™ species were the active species in the
reductive process. Treatment of the less reactive ketone 1c¢
with 1 equivalent each of TiCl, and Li(Hg) gave essentially
TiCl;, which was inert towards the carbonyl substrate. In the
reactions of 1 with TiCl, and Li(Hg) in the molar ratio of 1:1:3,
it was again surprising that the alkenes 3b and 3¢ were the
major or only coupling products. Moreover, in contrast to that
observed with the uranium system, reaction of 1a gave 3a.
Although the ratio 3b:2b, but not 3a:2a, was found to
increase after further addition of Li(Hg), changing from 32:17
to 48:1, it is again unlikely that the titanium pinacolate issued
from 1b was more easily reduced than the pinacolate issued
from 1a. Also, if 3 was formed by reduction and deoxygena-
tion of a pinacolate intermediate, it is then difficult to explain
why a titanium pinacolate would be more easily reduced and
deoxygenated than its uranium counterpart. In fact, it became
very doubtful that formation of this alkene occured by this
route since the yield of 3a was not significantly increased after
further addition of Li(Hg) to the reaction mixture.

Synthesis and reduction of the uranium and titanium
pinacolates by successive treatment of LiOCR,CR,OLi 7
with MCl, and Li(Hg) confirmed that metallopinacols were
not likely intermediates in the formation of alkenes 3. The
lithium pinacolates 7 were prepared in situ by treating the a-
diol 2 with two equivalents of LirBu in THF. As previously
described for the synthesis of Li,Cl,UOCMe,CMe,OUCI,,™!
7 was treated with two equivalents of MCIl, to give the
corresponding uranium or titanium pinacolate. This latter was
not isolated but directly reduced with Li(Hg) (3 or 4
equivalents for M=U or Ti, respectively) and after 24 h at
20°C, the reaction mixture was hydrolyzed. The yields of
compounds 2—-6 are listed in Table 3.

Table 3. Product distribution [% ] for the successive treatment of LIOCR,CR,0OLi 7
with MCl, and Li(Hg)."!

R M R,CO (R,COH), R,C=CR, R,CHOH MeCR'=CHCHR'Me RCH,R
1 2 3 4 5bor 5¢ 6

Me U 0 98 0 0 ] vl

Et U 0 90 0 0 5 0

iPr U 0 90 1 5 0 0

Me Ti 0 92 5 0 ] vl

Et Ti 0 35 52 0 5 1

iPr Ti 0 3 21 39 15 7

[a] Molar ratio 1:2:3 (M =U) or 1:2:4 (M =Ti). [b] Propene and propane were not
detected. [c] Treatment of 7¢ with TiCl, gave 1¢ quantitatively (see text).

The uranium pinacolates Li,CL,UOCR,CR,OUCl, (R=
Me, Et, iPr) were reduced to the corresponding U™ com-
plexes, which were stable and in no case could be further
deoxygenated at 20°C. Reaction of 7a with TiCl, clearly
showed that 3a could not result from reduction of a titanium
pinacolate, since only 5% of the alkene was obtained. Even
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more convincing was the reaction of 7¢ with TiCl, to give 1¢
and TiCl;, indicating that the titanium pinacolate was not
stable towards rupture of its C—C bond. Such reversible
cleavage of metallopinacols was previously assessed in the
reaction of benzophenone and acetophenone with titanium
compounds”! and in the production of the unsymmetric
alkene Ph,C=CTol, (Tol = p-Me-C4H,) by treating a mixture
of pinacols HOCPh,CPh,OH and HOCTol,CTol,OH with
uranium powder.®l Reaction of 7b with TiCl, was less
conclusive since 3b was obtained in 52 % yield; however, Sb
was also formed, showing that the pinacolic C—C bond was
cleaved under these conditions.

The above results suggest that reactions of ketones 1 with
the MCI,/Li(Hg) system followed two distinct routes, leading
to the pinacol 2 or the alkene 3, respectively. In particular, the
absence of 2¢ in the coupling products, the nonproduction of
3¢ by reduction of the uranium pinacolate, and the instability
of the titanium pinacolate indicate that reductive coupling of
1c did not proceed by dimerization of ketyl radicals.

So what is the mechanism of formation of 3? The presence
of significant amounts of 5b and 5¢ among the organic
products was informative. These alkenes are in fact the major
products of the reactions of 1b and 1¢ with the UCL,/Li(Hg)
system and it is possible that propene, which would be formed
from 1a, was not detected by GC because it escaped into the
vapor phase. Formation of Sb and Se¢, which did not result
from Li(Hg) reduction of the alkoxide CI; TiOCHR, (R =Et,
iPr), is reminiscent of the synthesis of alkenes by deoxygena-
tion of alicyclic ketones with zinc and chlorotrimethylsilane.”
These reactions were shown to proceed by the intermediacy of
zinc carbenoid species, which were formed by reduction and
deoxygenation of the ketyl radical. The Zn—Me;SiCl combi-
nation was also effective in the reductive coupling of aryl and
a,f-unsaturated carbonyl compounds; here again, these
reactions were shown to involve carbenoid species and no
pinacol-type intermediates.'”! Such involvement of carbenoid
species in the reactions of 1 with the MCIl/Li(Hg) system
would thus explain the formation of 5, after a-H migration,
and also that of 3. The mechanism would be similar to that of
the reductive coupling of ketones by means of low-valent
niobium,'l  molybdenum, or tungsten compounds
(Scheme 3).>14 Cleavage of a ketone C=O bond with

R R
R\'=(; R L&Lﬂ) R R
R>=[|v|] —_— R ~ M —— —
. R M=O R R

Scheme 3. Reductive coupling of ketones via a carbenoid species.

formation of alkylidene and oxo-metal compounds was
indeed observed with [WCL(PMePh,),]™® and dinuclear
niobium and tungsten complexes, Na,Nb,[p-tBu-calix[4]-
(0),]," and [W,(OCH,Bu),(pyridine),].') The alkylidene
compound resulting from this four-electron addition was
found to react with another molecule of ketone or aldehyde to
give the coupling alkene, presumably via a metallaoxetane
intermediate. Formation of carbenoid species by reduction of
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ketones with low-valent titanium complexes has not been
reported so far but such a reaction is quite conceivable in view
of the highly oxophilic and reducing character of titanium. It is
important to recall here that in 1973, one year before the first
publication of McMurry and Fleming, Tyrlik and Wolocho-
wicz, who studied the reaction of 1a with the TiCl;~Mg
system, suggested that 3a was obtained via the carbene
Me,C:, which resulted from deoxygenation of the ketone.['”!
In the reductive coupling of 1 by the MCl,/Li(Hg) system, the
putative carbenoid species were likely obtained by deoxyge-
native reduction of the ketyl radical rather than oxidative
addition of 1; the presence of the ketyl was evidenced by the
formation of the alcohol 4, which was not observed in
reactions with the tungsten complexes. The carbenoid species
were not characterized, they could not be detected by NMR
spectroscopy and their involvement was inferred only from
analysis of the reaction products.

The two distinct routes followed by the reductive coupling
of ketones 1 depicted in Scheme 4 were dependent on the
reactivity of the first and common intermediate, the ketyl

R R
2 MCl,
2 0O ——> 2 »>—0—[M]—Cl
Li(Hg)
R R
1
a b | Li(Hg)
(o}
R
0- [M]—Cl R Me Me
RINY ] W
RINy > . .
4 o-m—ci R RR
5
H,0 d>LitHg) b1
A
R B, R R
R.}? ?\‘ >_<
HO OH R R
2 3

Scheme 4. Reductive coupling of R,CO (R =Me, Et, iPr) with the MCL/
Li(Hg) system at 20°C. ([M] = UCl, or TiCl). a) M =Ti or U and R = Me or
Et; b) M=Ti and R=Me, Et, iPr; M=U and R=Et, iPr;c) M=Ti or U
and R=Et, iPr; d) M=Ti and R=Et.

radical, and this reactivity was determined by steric factors:
the more sterically hindered the ketyl radicals are, the more
difficult they are to dimerize. For R =Me, the ketyl radical
was easily dimerized and 1la was transformed exclusively
(M =1U) or preferentially (M =Ti) into 2a. In contrast, with
M =U or Ti, coupling of the ketyl radical issued from 1¢ did
not occur, having been impeded by the steric hindrance of the
iPr groups and the instability of the resulting pinacolate (for
M =Ti). In that case, reaction of the ketyl radical followed a
different pathway, the deoxygenative reduction to the carbe-
noid species, which provided 3¢ after further reaction with 1¢,
or Sc after H migration. Such McMurry reactions of 1¢ were
previously performed with a variety of titanium reagents and
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in agreement with the above considerations, 2¢ was never
detected among the coupling products. However, it is
surprising that the formation of 5S¢ was overlooked thus far.
For example, it was reported that 1¢ reacted with TiCl; and K
to give 3¢ in 37 % yield;'®! we confirmed this result but also
found that the major product of the reaction was 5¢ (45 %
yield). Interestingly the best route to the diol 2 ¢ is the reaction
of 1¢ with lithium metal in THE.") When using UCI, or TiCl,,
reductive coupling of 1b certainly proceeded by the two
possible mechanistic pathways, via the metallopinacol and the
carbenoid intermediate, to give both 2b and 3b. These two
routes would be well separated, at least for M =T, since the
metallopinacol was not the precursor of 3b. It is noteworthy
that successive treatment of 7b with TiCl, and Li(Hg) gave a
small quantity of 5b, confirming that the metallopinacol could
be transformed back into the ketyl radical by reversible
cleavage of the C—C bond and was not necessarily the unique
precursor of 3b.

In addition to being dimerized or deoxygenatively reduced
to give the metallopinacol or the carbenoid species respec-
tively, the ketyl radical was transformed into the alkoxide
CL;M—OCHR,, the precursor of 4 by hydrolysis. This trans-
formation proceeded either by H abstraction from the solvent
or by disproportionation of the ketyl radical. Such dispropor-
tionation of ketyls, which was first observed during the
reduction of saturated ketones by means of alkali metals in
aprotic solvents,!'¥! was also found to occur in the reaction of
the U™ compound [(CsH;);U(thf)] with ketones RCOCH,R/,
leading to an equimolar mixture of [(CsHs);U—OCHR-
(CH,R’)] and [(CsH;);U-OCR(=CHR)].["! In that case,
dimerization of the ketyl radical [(CsH;);U—OCR(CH,R’)]"
was impeded by the steric hindrance of the (CsH;);U frag-
ment. In the reactions of 1 with the MCl,/Li(Hg) system, the
enolate derivative resulting from disproportionation of the
ketyl radical would react with 1 to afford aldolization
products.

If we now consider the differences between the MCl,/
Li(Hg) systems (M = U or Ti), interestingly in the reactions of
1a and 1b, the ratio [2]:[3] is much greater for M = U, while
the yield of 4 is higher for M =Ti. These results, which
indicate that the pinacolization route was more highly favored
with the uranium system, can again be explained by steric
factors: the uranium ketyls, being less sterically encumbered
than the titanium counterparts because of the greater size of
the metal center, would dimerize more easily. Since the
alkenes 3b and 5b result respectively from the two possible
reactions of the carbenoid species, intermolecular coupling
with another molecule of 1b or intramolecular a-H migration,
the ratio [3b]/[5b] is expected to increase when the carbenoid
species is in the presence of higher concentrations of 1b. This
was indeed observed with the titanium system ([3b]/[5b]=
32:7), by comparison with the uranium system ([3b]/[Sb]=
5:21), in which a major part of 1b was found in the form of the
pinacolate intermediate. In the reductive coupling of 1¢, the
ketyl radical was transformed either into the alkoxide or the
carbenoid species and the ratio ([3¢]+[5¢])/[4¢], which is
equal to 2.4 and 0.9 for M = U and Ti respectively, shows that
deoxygenative reduction of the ketyl radical is more effective
with M = U. With the UCl,/Li(Hg) system, the ratio [3¢]:[5¢]
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was equal to 27:29 at 20°C and to 15:50 at 65 °C, suggesting
that intramolecular H migration within the carbenoid species
was favored at higher temperature.

Reaction of rBu,CO with the MCl,/Li(Hg) system (M =U or
Ti): Although the McMurry reaction proved to be very
efficient for the synthesis of sterically hindered and strained
olefins, it failed in the reductive coupling of ditertiobutyl
ketone 1d,>7 and the long-awaited diol 2d and alkene 3d
could never be prepared, despite many synthetic ap-
proaches.”> 21 However, it was interesting to examine in
detail the reactivity of 1d towards the MCI,/Li(Hg) system,
which permitted us to get further insights into the species that
are actually formed under the conditions of the McMurry
reaction.

By comparison with 1e, total conversion of 1d was
observed after 24 h at 20°C when one more equivalent of
the reducing agent was used, that is with the components 1d,
MCl,, and Li(Hg) in a molar ratio of 1:1:3 for M=U, and
1:1:4 for M =Ti. In addition to the alcohol 4d and the alkane
6d, smaller amounts or traces of the alkenes 8, 9, 10, and the
cyclopropyl derivative 11 were also obtained (Scheme 5). The
yields of compounds 4d, 6d, and 8-11 are indicated in
Table 4.

Bu .
MCly, Li(Hg)
>=o
THF, 20 °C
Bu
1d

tB\\<OH BY 4 Me Bu Me
R + Q + >= + >=< +
Bu H Bu H e H M

4d 6d 8 9 10 11
Scheme 5. Reaction of tBu,CO with the MCl,/Li(Hg) system (M = U, Ti).

and Li(Hg).["

Bu Bu Me
>= + \v<
Me
€ Bu

M R,CHOH RCH,R Me,C—CH, Me,C—CHR R,C=CH, Me,CCH,CHR
4d 6db 8 9 10 1

U 35 55(20) 1 1 8 0

Ti 25 40 (24) 20 5 8 2

[a] Molar ratio 1:1:3 (M=U) or 1:1:4 (M=Ti). [b] Total yield (yield before

hydrolysis).

While the hydrocarbon products were observed before
hydrolysis of the reaction mixture, importantly the alkane 6d
was also formed, together with the alcohol 4d, upon addition
of water. Formation of the alkane 6d, which is the major
product, and the other hydrocarbons 8 —11 was never noticed
in such McMurry reactions of 1d, and the alcohol 4d was the
only product characterized.”! However, reduction of ketones
into the corresponding alkanes during McMurry reactions was
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previously reported in a few cases, especially with sterically
hindered ketones, without any comment on the mechanism of
their formation.l>?> 2! It is likely, from the hydrolysis and
deuterolysis experiments, that 6d was formed by successive
addition of H(D) atoms to a carbenoid species [M]=CtBu,, via
an alkyl intermediate [M]-CH(D)fBu, (Scheme 6). Treat-

tBu . tBu tBu
MClj, Li(Hg) H(D) H(D)
=0 —F [M] - N
Bu S Bu [M]
1d
RCHO H migration H(D)
Bu R Bu  Me tBu\<H(D)
>—< S
Bu H \V<Me Bu H(D)
12, R = Me 11 6d
13, R =1Bu

Scheme 6. Involvement of carbenoid species in the reaction of rBu,CO
with the MCl,/Li(Hg) system (M= U, Ti).

ment of 1d with the TiCl,/Li(Hg) system in [Dg]THF, which
afforded partially deuteriated 6d ([D,]-6d:[Dy]-6d =27:73) in
the first step of the reaction, revealed that H(D) atoms were
provided essentially by the ketone (H) and, to a lesser extent,
by the solvent (D). It is quite plausible that formation of H
atoms has to be related to that of isobutylene 8, which would
itself result from H abstraction from a tertiobutyl radical. In
agreement with this hypothesis, much more deuterium was
incorporated into 6d ([D;]-6d:[Dy]-6d =75:25), while 8 was
formed in trace amounts when TiCl, was replaced with UCl,.
The lack of C5 hydrocarbons among the products suggests
that a rBu- radical could not be produced by cleavage of the
carbenoid or alkyl species. On the other hand, dissociation of
Bu* from the ketyl radical would give an acyl derivative
[Ti]CO¢Bu, which would be unstable and decompose by
decarbonylation into a titanium carbonyl [Ti]JCO and another
tBu* radical; however, CO was not detected in the reaction
mixture.

Another indication of the involvement of carbenoid species
in the reaction of 1d with the MCl,/Li(Hg) system was
provided by the formation of the cyclopropyl compound 11
since this latter was the major hydrocarbon resulting from
thermal or photochemical decomposition of the carbene
precursors Bu,CN,PPh, or fBu,CN, .- 24 A metallacyclobu-
tane, [M][CH(tBu)CMe,CH,]|, formed by intramolecular
insertion of the carbene moiety into a § C—H bond could be
an intermediate in the formation of 11. However, 11 was
detected in trace amounts, indicating that rearrangement of
the carbenoid species by S-H migration is not a preferred
pathway.

The presence of carbenoid species in the reactions of 1d
with the MCl,/Li(Hg) system was further strongly evidenced
by their trapping with the aldehydes RCHO (R =Me, rBu),
which readily afforded the cross-coupling products
Bu,C=C(R)H (R=Me, 12 or rBu, 13) (Scheme 6). This
coupling reaction would require the approach of the carbonyl
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molecule to the sterically hindered carbenoid species and it
was observed only with aldehydes; even the less encumbered
ketone 1a was not able to couple.

Formation of the alkenes 9 and 10 apparently resulted from
CH, migration between two ditertiobutylene fragments
(CyHyg). This rearrangement would proceed by C—H and
C—C bond activation, possibly within the carbenoid species.
The metallacyclobutane [M][CH(tBu)CMe,CH,] would un-
dergo C—C bond cleavage, leading to 9 and the carbenoid
species [M]J=CH,, which would react with 1d to give 10; such
rearrangement constitutes the key step in alkene metathesis
reactions.”! However, it is difficult to explain why, in the
reaction of 1d with the UCI/Li(Hg) system, the alkene 10
(CyoHy) was obtained in 8% yield, whereas 9 (CgH;¢) was
formed only in a trace amount. Notably, reductive coupling of
benzaldehyde on reduced TiO, surfaces afforded, in addition
to stilbene, small amounts of styrene and benzene. It was
suggested that the latter were formed by cracking of
stilbene. 291

The above results confirm that the ketyls formed by
reduction of 1d do not undergo dimerization; this is not
surprising in view of the steric hindrance of the /Bu groups.
Interestingly, in contrast to the reaction with 1¢, treatment of
1d with sodium metal in diethyl ether did not afford the
corresponding pinacol but gave the 1,4 diol Bu,C(OH)-
CH,CH,C(OH){Bu,, which resulted from reaction of the
dianion of 1d with the solvent.’”l As in the case of 1c, the
ketyl radical of 1d was reduced to a carbenoid species,
[M]=CrBu,, which exhibited a distinct behavior since it did
not react with another ketone molecule, because of steric
factors and was transformed preferentially into the alkane
6d. Interestingly, in the reactions of 1c¢ or 1d with the
MCI/Li(Hg) system, the total yields of compounds issued
from the carbenoid species (3¢+5c¢+6¢ and 6d) are
almost the same, about 55% for M =U and about 40% for
M =Ti; this result indicates that the same amount of
carbenoid species was formed in both reactions. The
species [M]|=CrBu, appeared to be much more stable
than [M]=CiPr,. They were present in the reaction mixture
before hydrolysis and could be characterized more directly
by deuterolysis and reactions with aldehydes. Even if
they were more stable, the actual carbenoid and alkyl species
could not be separated from the alkoxide [M]OCH?Bu,
(M=UU, Ti, or Li) and their exact composition was not
determined. It is possible that such species adopt a dinuclear
structure with bridged oxo and alkylidene or alkyl ligands,
[M],(u—O)(u—CtBu,) or [M],(u-O)(u-CHfBu,), similar to
those obtained by reaction of ketones with lanthanide metals
or electron-rich metal complexes.!'* ¥l

Other evidence from the literature for the possible involve-
ment of carbenoid species in McMurry reactions: The above
results lead us to think that some McMurry reactions could be
reexamined by considering the possible involvement of
carbenoid intermediates. Formation of large amounts of
alkanes in the McMurry reactions of sterically hindered
ketones has already been noted. 2 23 Alkenes resulting from
deoxygenation of ketones were also observed. Thus, cyclo-
hexene was detected among the products of the reductive

3048

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

coupling of cyclohexanone with the TiCl;—K system®! and the
alkenes RCH=CH, (R =Me, Ph) were formed during the
coupling of acetone and acetophenone on reduced alumina.!
These alkenes would indicate the occurrence of carbenes as
intermediates, even if such species could not be trapped with
the usual reagents. It was also observed that during the
coupling of PhCOMe on reduced TiO, surfaces, the pinacol
product was evolved at much higher temperature than
PhCH=CH,; this result was explained by the formation of
pinacolate species at protected sites that are difficult to reduce
at low temperature,®! but it is possible that pinacols and
alkenes were produced in parallel rather than sequential
processes.[3

Analogies between the McMurry and the Wittig and Clem-
mensen reactions: Reactions of ketones 1 with the MCl,/
Li(Hg) system revealed that the McMurry reactions of
sterically hindered ketones (1¢) can be viewed in fact as
Wittig-like olefination reactions. Carbonyl olefinations by
means of titanium carbenoid species are well documented;B!
these are performed with a variety of reagents designed by
Tebbe,?2 Grubbs,®! Petasis,** and Takai and co-workers.[)
Alkylidene complexes of zirconium,?* niobium,'] and Group
6 metals!'>14 are also effective in such Wittig-like olefination
reactions, which are supposed to proceed via metallaoxetane
intermediates.

When the ketone is so sterically hindered that it cannot be
coupled (1d), its reaction with the MCIl/Li(Hg) system
leading to the alkane 6 resembles the Clemmensen reaction,
reduction of a carbonyl to a methylene group by means of zinc
and hydrochloric acid.’”) On the other hand, it is well known
that Clemmensen reactions of ketones RCOR' also produce a
number of side products, in particular the pinacol RR'C(OH)-
C(OH)RR/, the coupling alkene RR'"C=CRR’, and alkenes
resulting from deoxygenation of the ketone, such as cyclo-
hexene from cyclohexanone. The involvement of a common
intermediate in the McMurry and Clemmensen reactions is
then questionable. In fact, although the mechanism of the
Clemmensen reduction is not perfectly understood, it is
generally accepted that a bis(chlorozinc)alkyl species
(C1Zn),CRR’ or a carbenoid species Zn=CRR',*" 3 the likely
precursors of the alkane RCH,R’, could react with the ketone
to give the coupling alkene. It has also been demonstrated that
pinacol coupling is a competing reaction that does not have a
common intermediate.’®) Moreover, it has already been
outlined that the mechanistic features of the conversions of
the cyclohexanone-cyclohexene type by means of zinc and
chlorotrimethylsilane bear a strong resemblance to those of
the Clemmensen reduction, with the involvement of organo-
zinc carbenoid intermediates.’] Also, the reductive coupling
of aryl and a,f-unsaturated carbonyl compounds by this
Zn—Me;SiCl system was shown to proceed via carbenoid
species, and not via pinacolic intermediates.!"]

These observations demonstrate the complexity of the
mechanism of the McMurry reaction; this complexity was not
suspected for a long time, as the analogies with the Wittig and
Clemmensen reactions were overlooked.
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Conclusion

From the results reported here and our previous work,
reactions of ketones RCOR' with low-valent titanium species,
the McMurry reaction, follows different pathways depending
on steric factors such as the steric bulk of the R and R’
substituents and the steric saturation of the coordination
sphere of the active metal species; these routes are summar-
ized in Scheme 7.

In all cases, the first step of the reaction is formation of the
ketyl radical by one-electron transfer from titanium to the
carbonyl. This ketyl can disproportionate or abstract an H
atom from the solvent, leading to the alcohol RR'"CHOH and
aldolization products after hydrolysis. When the ketyl is not
sterically hindered, it can dimerize into a titanium pinacolate,
which is readily transformed into the a-diol RR'C(OH)-
C(OH)RR'’ by hydrolysis, or subsequently deoxygenated to
the corresponding alkene RR'"C=CRR’ in the rate determin-
ing step. This route corresponds to the mechanism that was
generally accepted for the McMurry reaction. Metallopina-
cols were indeed isolated in the McMurry type reactions of
Me,COll and Ph,CO! with the UCl,—Na(Hg) system and
were converted into Me,C=CMe, and Ph,C=CPh, after
further treatment with the reducing agent. However, it was
demonstrated that the symmetric pinacol coupling of an
aromatic ketone PhCOR is impeded by the presence of bulky
R groups and/or coordination of sterically demanding ligands
on the metal complex.?”) The dissymetric dimerization of the
ketyl radical through para phenyl/carbonyl carbon coupling,
reminiscent of coupling of trityl radicals,*] was then found to
occur.

MCly, Li(Hg

Dimerization of ketyl radicals issued from aliphatic ketones
is also prohibited by steric factors and in that case, repre-
sented by 1¢, the ketyls undergo deoxygenative reduction to
carbenoid species. These further react with the ketone to
afford coupling alkenes RR'C=CRR’ and their rearrangement
by H migration give the alkene RCH=CHR"” (R=CH,R"),
which may be the major product of the reaction.

Finally, in the case of severely congested ketones, like 1d,
the ketyl radical is also reduced to the carbenoid species but
the latter is not able to react with the ketone and is
preferentially converted into the alkane RCH,R'.

Mechanistically, reductive coupling reactions of carbonyl
compounds by means of low-valent titanium reagents are
much more complicated than described in the literature.
Metallopinacols are not the only precursors to the coupling
alkenes, which are alternatively obtained by reaction of a
carbenoid species with the ketone. In that case, the McMurry
reaction can be viewed as a Wittig-like olefination reaction.
The so-called McMurry reactions also present strong anal-
ogies with the Clemmensen reduction of carbonyl compounds,
owing to the involvement in both reactions of carbenoid
intermediates, which exhibit similar reactivity.

Experimental Section

General: All reactions were carried out at 20°C under argon (<5 ppm
oxygen or water) using standard Schlenk vessel and vacuum-line techni-
ques or in a glove box. THF was dried and deoxygenated over sodium
benzophenone ketyl and distilled immediately before use; [Dg]THF was
dried over Na-K alloy. The organic products were identified by NMR
spectroscopy, GC, and GC-MS by comparison with authentic samples,

dismutation
H,O

R OH
\\.< + aldolization products
N

R, R' = alkyl or phenyl R, R' = alkyl R' = phenyl
symmetric coupling deoxygenation para coupling
Li(Hg)

O] R
M
el ’a
R [M]
H,0 A RCOR' H migration
Li(Hg) Li(Hg) R'= CHzR"
! R H
R R R R
RaZ SsR V=3 >=<
H R
HO OH R R

A
[M]—OAS©_¢\O—[M]
H R
H abstraction H,0
or H,0 2
Ph&, R
R\<H HO"S©_‘:COR
RY “H H H

Not sterically hindered
ketones

Scheme 7. Distinct pathways for the McMurry reactions of ketones RCOR'.
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Sterically hindered ketones
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before and/or after hydrolysis or deuterolysis of the reaction mixture. Most
of the reactions were monitored by 'H NMR spectroscopy in [Dg]THF.

The 'H NMR spectra were recorded on a Bruker DPX 200 instrument and
referenced internally using the residual protio solvent resonances relative
to tetramethylsilane (0 =0). The GLC analyses were performed on a
Chrompack CP 9002 apparatus equipped with a capillary CP Wax 57 CB
column. The mass spectra were obtained using a Hewlett-Packard 6890 —
5973 instrument operating in the ionization mode and equipped with an HP
23 (60 m) chromatography column.

Lithium amalgam (1.05% Li) was prepared by addition of Li to Hg in
boiling p-cymene,*!l and was titrated by flame absorption spectroscopy.
TiCl, and rBuLi (Aldrich) were used as received; UCl, was prepared as
described in reference [42]. Ketones 1, pinacol 2a, and aldehydes MeCHO
and tBuCHO (Aldrich) were dried on molecular sieves. Compounds 3a,
4a—c, 5b, 6b, 6¢, 8, and 9 were purchased from Aldrich. The alcohol 4d
was prepared by LiAIH, reduction of 1d, and the diol 2b*} was synthesized
by reductive coupling of 1b with the UCIl/Li(Hg) system (vide infra).
Compounds 2¢,171 3b,1#41 3¢ 1161 5¢,1451 6,101 10,47 11,211 12,14 and 131 were
prepared by published methods.

Reactions of the ketones 1a, 1b, and 1¢ with MCl; (M =U or Ti) and
Li(Hg): In a typical experiment, an NMR tube was charged with UCl,
(12 mg, 0.031 mmol) or TiCl, (3.4 uL, 0.031 mmol) and 1.05% Li(Hg)
(20.5 mg for 1 equiv Li) in [Dg]THF (0.4 mL). The ketone was introduced
into the tube with a microsyringe. The mixture was stirred at 20°C by
attaching the tube perpendicular to the axis of an electrical rotor. These
reactions were monitored by 'H NMR spectroscopy. Reactions of 1a were
completed after 2 h, while those of 1¢ required 24 h to complete. In some
experiments, further Li(Hg) was then added into the reaction mixture and/
or the mixture was heated under reflux by placing the tube in a sand bath at
80°C. The reaction mixture was hydrolyzed (2 uL D,0) and the products
1-6 were analyzed by NMR spectroscopy, GC, and GC-MS. The results are
summarized in Tables 1 and 2.

Synthesis of 2b: A flask was charged with UCl, (440 mg, 1.16 mmol),
1.05% Li(Hg) (1534 mg, 2.32 mmol Li), and 1b (123 pL, 1.16 mmol) in
THF (15 mL). After stirring for 24 h at 20°C, the reaction mixture was
hydrolyzed (10 mL of brine). The organic layer was evaporated to dryness,
leaving a white powder of 2b (60 mg, 60 % ). The product was characterized
by its "H NMR spectrum,*?l and its mass spectrum. MS (70 eV, EI): m/z
(%): 145 (4) [M* — Et], 127 (13) [M* — Et — H,0], 87 (56) [Et,COH"], 69
(10) [CsHq*], 57 (100) [EtCO™].

Successive reactions of the pinacolates LIOCR,CR,0Li 7 (R = Me, Et, iPr)
with MCl, and Li(Hg) (M =U, Ti): In a typical experiment, an NMR tube
was charged with the a-diol 2 (ca. 10 mg) in [Dg]THF (0.4 mL) and rBuLi
(2 equiv, 1.7Mm solution in pentane) was added with a microsyringe. After
15 min, MCl, (2 equiv) and Li(Hg) (4 or 3equiv for M=Ti and U,
respectively) were introduced into the tube. The mixture was stirred by
attaching the tube perpendicular to the axis of an electrical rotor. After
24 h at 20°C, the mixture was hydrolyzed and the products 1-6 were
analyzed by NMR spectroscopy and GC. The results are summarized in
Table 3.

Reactions of rBu,CO with the MCIl,/Li(Hg) system (M = U, Ti): In a typical
experiment, an NMR tube was charged with TiCl, (6.3 pL, 0.058 mmol) or
UCl, (22.0 mg, 0.058 mmol) and 1.05% Li(Hg) (153 mg, 0.232 mmol Li for
M =Ti; 115 mg, 0.174 mmol Li for M =U) in THF or [Dg]THF (0.4 mL).
The ketone 1d (10 pL, 0.058 mmol) was introduced into the tube. The
mixture was stirred at 20°C for 24 h by attaching the tube perpendicular to
the axis of an electrical rotor. The solvent and the volatile products of the
reaction were transferred under vacuum into another NMR tube cooled in
liquid nitrogen. The mixture of 6d and 8-11 was analyzed by NMR
spectroscopy, GC, and GC-MS. The nonvolatile products of the reaction
were deuterolyzed (10 pL of D,0O) in [Dg]THF (0.4 mL), leading to the
formation of 4d and 6d. The yields of the reaction products are listed in
Table 4.

Synthesis of the cross coupling alkenes tBu,C=C(R)H (R =Me, 12 or /Bu,
13): An NMR tube was charged with TiCl, (6.3 pL, 0.058 mmol) and 1.05 %
Li(Hg) (153 mg, 0.232 mmol Li) in [Dg]THF (0.4 mL) and 1d (10 pL,
0.058 mmol) was introduced into the tube with a microsyringe. The mixture
was stirred at 20 °C for 24 h by attaching the tube perpendicular to the axis
of an electrical rotor. The solvent and the volatile products of the reaction
were evaporated off under vacuum and [Dg]THF (0.4 mL) was added. The
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aldehyde CH;CHO (1.6 uL, 0.028 mmol) or fBuCHO (3.1 pL, 0.028 mmol)
was introduced into the tube with a microsyringe. The 'H NMR spectra
showed the immediate formation of 12 or 13 (ca. 10 % yield).
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Oligosaccharides Display Both Rigidity and High Flexibility in Water as
Determined by *C NMR Relaxation and 'H,'"H NOE Spectroscopy:
Evidence of anti-¢ and anti-ip Torsions in the Same Glycosidic Linkage

Christer Hoog, Clas Landersjo, and Goran Widmalm*[?!

Abstract: The trisaccharide [-D-Glep-
(1—2)-B-p-Glep-(1 — 3)-a-p-Glep-

OMe has been investigated by molec-
ular dynamics (MD) simulations and
NMR experiments in water. *C spin-
lattice (7)) and spin—spin (7,) relaxa-
tion times, together with 'H,3*C NOE
data were measured at two magnetic
field strengths (9.4 and 14.1T) in a
277 K D,O solution. Relaxation data
interpreted by means of the model-free
formalism revealed a rigid (S2~0.9)
oligosaccharide tumbling in solution.
'"H,'H Cross-relaxation rates were de-
termined at 600 MHz by 1D DPFGSE
NOESY and T-ROESY experiments,
which provided high quality data and

within the trisaccharide. The presence of
anti conformers at both torsions of a
glycosidic linkage is demonstrated for
the first time. MD simulations were
carried out to facilitate analysis of the
NOE data. In total, 15 simulations—
starting from five different conforma-
tional states—were performed, with
production runs of up to 10 ns, resulting
in 83 ns of oligosaccharide dynamics in
water. anti Conformers were populated
to different degrees in the simulations,
especially at the ¢, torsion angle. By

Keywords: carbohydrates - molecu-
lar dynamics - NMR spectroscopy -
oligosaccharides

combining the results from the NOE
experiments and the MD simulations,
the anti conformers at the (1 — 2)-link-
age were quantified as 7% anti-¢, and
2% anti-y,, revealing a highly flexible
trisaccharide in which large conforma-
tional changes occur. From the MD
simulations, interresidue  hydrogen
bonding, from HO2” to O2 or O3, was
significantly populated (~40% ) in both
of the anti conformational states. The
contentious issue over rigidity versus
flexibility in oligosaccharides has thus
been thoroughly examined, showing
that the dynamics should be taken into
account for a relevant description of the
molecular system.

subsequently proton-—proton distances

Introduction

In nature, carbohydrates are commonly found interacting
with different biomolecules, proteins in particular, but also
with other carbohydrate molecules. The carbohydrate por-
tion, being important in biochemical regulation and control, is
often conjugated to lipids or proteins. The structures of
oligosaccharides and polysaccharides are closely related to
their functions and the ability to modify the saccharides by
means of various functional groups or by combinations of
different stereoisomers, as well as positional isomers, makes
the combinatorial coding capacity of saccharides unsur-
passed.l'l Cellular recognition can be mediated by proteins,
known as lectins, which specifically recognize different
carbohydrate structures.?l The influence of structure on

[a] Prof. Dr. G. Widmalm, Dr. C. H66g, Dr. C. Landersjo
Department of Organic Chemistry
Arrhenius Laboratory Stockholm University
106 91 Stockholm (Sweden)
Fax: (+46)815-4908
E-mail: gw@organ.su.se
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oligosaccharide conformation, both in solution and when
bound to a protein receptor, is therefore a major topic of
interest.>4 X-ray crystallographic studies are often not
feasible, nor will they necessarily give the same result as in
solution. NMR spectroscopy, then, is the method of choice for
solution studies, combined to varying degrees with molecular
modeling.>

The original work on oligosaccharide conformation by
Lemieux and co-workers®® ' laid the foundations for the
understanding of their three dimensional structures. A
simplified molecular mechanics force field, based on the
exo-anomeric effect and modeling the sugar residues as “hard
spheres”, was also implemented. This is referred to as the
HSEA approach and can be used for rapid determination of
relevant low energy conformations of oligosaccharides. Full
molecular mechanics force fields for carbohydrates have
subsequently been developed for investigation of oligosac-
charide conformations.l'> 131 These force fields are continu-
ously being refined to obtain greater accuracy in reproduction
of structural and energetic trends.'¥ Recent modeling studies
on oligosaccharide conformation have focused on the influ-
ence and structure of the surrounding solvent.[' 16]
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A great deal of work has been dedicated not only to the
pyranose ring flexibility,'”] but also to the flexibility at the
glycosidic linkage.['8! Molecular modeling has been used to try
to assess the flexibility at the glycosidic torsion angles ¢ and
.1 As a first approximation of oligosaccharide conforma-
tion, a syn relationship with torsion angles in the vicinity of 0°
is a good estimate. More recently, on the basis of NMR
spectroscopic findings, the existence of anti-yp?" and anti-p>!!
conformers (~180°) has been demonstrated. These studies
both employed dimethyl sulfoxide as solvent to facilitate the
detection of anti conformers. An anti-ip conformer was shown
to be present in an oligosaccharide bound to an antibody,
albeit not at a glycosidic linkage of the primary recognition
unit.?2l As well as this, a glycosidic linkage constrained to an
anti-y) conformer has recently been described.?!

Experimental NMR data, such as 'H,'H nuclear Over-
hauser effects (NOEs), have been used to infer flexibility at
the glycosidic linkage, since the fit to a conformationally
averaged structure was better than to a single conforma-
tion.?! More explicit information has been obtained from '*C
magnetic field-dependent relaxation measurements on oligo-
saccharides and interpreted by the model-free formalism of
Lipari and Szabo.” The generalized order parameter was
significantly lower than unity, which is indicative of internal
motion,?>?7 if the molecule tumbles isotropically.?! Other
ways to investigate oligosaccharide conformation by NMR
spectroscopy are by measurement of long-range trans-glyco-
sidic coupling constants, either 3J(CH)®! or 3J(C,C),
related to the torsion angles through the Karplus equations.
More recently, oligosaccharide conformation has been ad-
dressed by analysis of residual dipolar couplings in dilute
liquid crystalline media.l=3

The use of a solvent other than water to identify anti
conformers of oligosaccharides in solution is warranted as a
means to obtain knowledge of the carbohydrate conforma-
tion. However, it poses the problem that the conformation
may be induced or stabilized in a manner not possible in
water. In the study identifying an anti-¢ conformation?! in
the trisaccharide p-D-Glep-(1 — 2)-3-D-Glep-(1 — 3)-a-D-
Glcp-OMe we used Langevin dynamicsB (LD) simulations
in order to obtain a trajectory of sufficient duration (50 ns). In
LD, the solvent is modeled by stochastic and dissipative forces
and unless any specific stabilization—such as intramolecular
hydrogen bonding—occurs, this technique may be a good
approximation. However, for xylobiose the vacuum adiabatic
Ramachandran energy map and the free energy map in
aqueous solution were shown to differ significantly, with a
bridging water molecule hydrogen bonding to a hydroxyl
group on each sugar residue.[””]

To remedy the possible deficiencies of the above approach,
we have investigated the trisaccharide -p-Glep-(1 — 2)-f-D-
Glcp-(1 — 3)-a-pD-Glecp-OMe (1) by molecular dynamics
(MD) simulations in water and with high quality 1D NOE
and transverse rotating-frame Overhauser effect (T-ROE)
NMR experiments to ascertain whether the anti-¢ conforma-
tion is present at the (1 — 2)-linkage in water solution.
Moreover, the simulations and experimental data facilitate
investigation of the presence of an anti-iy conformation at the
same glycosidic linkage. Furthermore, *C relaxation meas-
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urements in water, 'H,'H NOE and T-ROE experiments and
the MD simulations make it possible for us to address the
issue of rigidity versus flexibility in oligosaccharides. We will
show that the apparent inconsistency of the two is a function
of the analysis and the timescale of the processes and that a
unified representation of oligosaccharide conformation and
dynamics can be obtained.

Theory

Relaxation of proton-bearing *C nuclei is usually dominated
by dipole—dipole interactions with neighboring protons.
Assuming that chemical shift anisotropy and cross-correlation
effects are negligible, the relaxation parameters for carbons
with directly bonded protons can be calculated from the
spectral density functions, J(w):1*

1
7! :Z(DCH)Z[J(LUH —wc) +3J(0c) + 6J(wy+oc)] 1)

I, :é(Dcu)ZW (0) + (@i — wc) + 3/ (@) + 6/ (wy) + 6 (wtac)]  (2)

[ Tu 6J (0 + oc) — J(wy — o) 3
= ; J(wy — o) + 3/ (0c) + 6/ (0y + o) ®)

The dipolar coupling constant, Dy = (uo/47)ycyuhirci—
where y, is the permittivity of free space, rcy is the proton-—
carbon internuclear distance, yy and y are the magnetogyric
ratios for proton and carbon, respectively, and h is Planck’s
constant divided by 27. A value of 111.7 pm is used for r¢y .5
For carbons with two directly bonded protons, the relaxation
rates 7,7' and 7,7' can be obtained by multiplying the
calculated rates by a factor of two.

The model-free approach developed by Lipari and Szabo
can be used to interpret the relaxation data in terms of
motional parameters.’”) On the assumption that overall
tumbling is isotropic and that its correlation time, 7y, is much
larger than the correlation time for internal reorientation, 7.,
the reduced spectral density function becomes:

2( Sty 1-8%t
J(w):g +— 4)

1+t 1+

where 77! =13 +77'. The spatial restriction of the CH vector
local motion is described by the generalized order parameter,
S2. If the first term in Equation (4) is much larger than the
second, the equation can be truncated to obtain:

2( Sty
J@)=3 (HT) ®)

For molecules in solution, the proton relaxation is domi-
nated by the dipolar interactions between protons that are
close in space. The strength of these interactions is dependent
on the dipolar coupling constant of the protons (Dyy) and
consequently the distance (#) between them. The cross-
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relaxation rate, o, for NOE and ROE can be expressed as
combinations of spectral density functions taken at zero
frequency, the proton Larmor frequency and at twice the
proton Larmor frequency. The nuclear Overhauser effect
(NOE)P" is measured in the laboratory frame and the cross-
relaxation rate is given by:

1
onor = ; (Dun)’(6/(2w) —J(0)] (©)

The rotating-frame Overhauser effect (ROE)P! has its
cross-relaxation rate given by:

1
OROE = Z (Dun)’[2J(0) 4 3J(w)] @)

Using the spin lock conditions devised by Hwang and
Shaka,™! the multi-pulse or transverse ROE (T-ROE) cross
relaxation rate, o1og, can be calculated as the mean of oyor
and ogeg and is described by:

1106 = 5 DV (6/20) + () + 0] ®

Although the value of opgop Will be smaller than that of
oroe, the T-ROESY pulse sequence has the advantage that it
efficiently suppresses signals arising from TOCSY trans-
fer,*> 4l a problem encountered with the ordinary ROESY
pulse sequence.

If a reference proton—proton pair of known separation in
the molecule can be obtained, the isolated spin-pair approx-
imation (ISPA),[*>%] makes it possible to extract unknown
distances between protons i and j by comparing cross-
relaxation rates according to:

Tij = Fret (Oret/cij)m) )

If no reference distance is available, or the dynamics for the
reference proton pair differ from the dynamics of the proton
pair for which the distance is sought, the interproton distances
may be calculated using the combinations of spectral density
functions, in the form, for example, of the model-free
approach by Lipari and Szabo.

Results and Discussion

The conformational flexibility and dynamics of the trisac-
charide 3-p-Glep-(1 — 2)-5-D-Glep-(1 — 3)-a-D-Glep-OMe in
water solution have been investigated here by MD simula-
tions and different NMR spectroscopy experiments. A
schematic drawing of 1 is shown in Figure 1. ®C NMR
relaxation experiments in oligosaccharides have been used as
a tool to demonstrate the presence of internal motion.*!
Measurement of longitudinal (7;) and transverse (75) relax-
ation times as well as "H,'*C NOE at 277 K and two magnetic
field strengths showed that the trisaccharide was outside the

Chem. Eur. J. 2001, 7, No. 14
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Figure 1. Schematic representation of the trisaccharide S-p-Glep-(1 — 2)-
B-D-Glep-(1 — 3)-a-D-Glep-OMe (1) in a syn conformation of the torsion
angles at the glycosidic linkages. Protons for which trans-glycosidic
Overhauser effects were measured are denoted in bold.

extreme narrowing region in which T;+ T, (Table 1). The
central residue shows shorter relaxation times and a lower
heteronuclear NOE. The relaxation data were used to
calculate the model-free parameters S? and 7y, which are
the generalized order parameter—a measure of spatial

Table 1. Averaged relaxation data for ring carbons of each residue in trisaccharide 1
at 277 K and results from two-parameter, least-squares fits of individual sugar

residues.
B, [T] B-D-Glep-(1—  —2)--D-Glep-(1—  — 3)-a-D-Glcp-OMe
9.4 T, 279t 238 264
T, 231 217 230
1+7y 2.12 1.98 2.04
14.1 T, 344 302 328
1+7y 1.77 1.62 1.70
7y [ns] 0.42+0.02 0.48+0.03 0.45+£0.02
S? 0.87+0.03 0.93+0.03 0.88 +0.02
Ayl 3.8 3.7 3.0

[a] T, and T, values are given in ms. [b] Standard deviation of the dependent

variable (%).

restriction of motion—and the correlation time for overall
reorientation, respectively.

The truncated form of the Lipari/Szabo equation, that is
Equation (5), was successfully used, whereas when Equa-
tion (4) was tried the errors in the fitting process became
large. This is consistent with our previous studies; that is, when
the generalized order parameter is high, the short correlation
time cannot be obtained with confidence.®! These results
show a highly rigid molecule, with S2~0.9 for the three
residues and a 7y =~0.45ns. The flexibility of the three
hydroxymethyl groups was restricted, with essentially the
same S?=0.8 (data not shown). Thus, the *C relaxation data
shows the trisaccharide to be a highly rigid entity with only
some librational motion. This is illustrated in Figure 2 as an

Figure 2. Overlay plot from MD simulation based on the central residue of
1, showing eight random structures of syn conformation.
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overlay plot generated from the MD simulations (see below)
for the trisaccharide in the syn conformational state. The
extraction of motional properties in 1 also served a second
purpose, to facilitate the determination of proton-—proton
distances from 'H,'H cross-relaxation rates as described
below.

The MD simulations were started from five different
conformations: one all syn and four anti, in which one of the
torsions was changed. These are denoted syn (simulation I),
anti-¢p, (I1), anti-y, (I11), anti-¢; (IV), and anti-y; (V). From
the syn conformation, nine simulations were started with
different initial velocities. Additional runs were also per-
formed for simulations II and III. The combination of differ-
ent starting conformers and initial velocities was used to
facilitate varied sampling of the conformational space. In
total, 15 simulations were carried out, with production runs of
1.5 to 10.0 ns, resulting in 83 ns of oligosaccharide simulation
in water, summarized in Table 2.

Table 2. Glycosidic torsion angle averages and root-mean-square (rms)

fluctuations from the simulations of 1.

Simulation  Time [ns]  (¢y) [] () [*] () [T (s [°]

Ta 40 19 (29) 67 (40) 100 (52)  15(22)
Ib 75 103 (50) 10 (29) 61 (25) 6 (26)
Ic 10.0 102 (57) 17 (28) 72 (39) 9 (27)
1d 45 86 (50) 165 (172) 57 (15) 1(24)
Te 7.0 77 (49) —3(39) 57 (14) 5(25)
If 6.5 126 (51) 2 (48) 55 (14) 0 (25)
Ig 10.0 94 (59) 96 (147)  65(36)  32(83)
Th 35 53(36)  —125(87) 53 (13) 6 (22)
Ti 45 107 (56) 13 (28) 57 (14) 1(25)
a 25 94 (61) — 45 (85) 53 (15) 1(25)
Ib 35 123 (48) 24 (23) 59 (17) 4(28)
Ila 55 84 (55) 4(41) 67 (34) 5 (26)
IIb 40 89 (52) —27 (78) 54 (14) 3 (26)
v 85 154 (25) 16 (14) 53(14)  —5(23)
v 15 46 (28) 0 (20) 41(16) 155 (39)

On the timescale of these simulations—that is, several ns—
the torsions of the (1—2)-linkage have not converged
whereas those relating to the (1 — 3)-linkage have. The
conformational space sampled is demonstrated by scatter
plots from simulation Ie (Figure 3). We note that the
flexibility during the 7 ns simulation is significantly greater
at the (1 — 2)-linkage than at the (1 — 3)-linkage. Trajectory
analysis of simulation Ig (Figure 4) reveals that an anti-¢,
conformation is visited several times during the 10 ns time-
span. An anti-¢; conformation is also populated in this
trajectory, but to a lesser degree. anti-iy Torsions are visited
once at each glycosidic linkage. Analysis of all simulations
shows that, of the folded conformations, the anti-¢, confor-
mation is the most pronounced and that the other anti
conformations may be populated transiently. Simulation V
showed (i) =155°. However, it was started in the anti-i;
conformation, which lasted for &~ 1.4 ns when a transition to a
syn conformation took place. After that, the simulation was
not continued any further. Like the previous LD simulations,
the current MD simulations in water also particularly support
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Figure 3. Scatter plots from MD simulation Ie, showing the conforma-

tional regions sampled by the glycosidic linkages in the trisaccharide (top:
(1 —2)-linkage; bottom: (1 — 3)-linkage).

an anti-¢, conformation. To investigate the presence of the
anti conformers revealed above, we performed additional
NMR experiments.

'H,'H Cross-relaxation rates, oyop and Oprop, Were ob-
tained in water for trisaccharide 1, using 1D DPFGSE
NOESY and T-ROESY experiments. Selective excitations of
anomeric proton signals were performed (Figure 5) and a
series of different mixing times were used in order to obtain
NOE and T-ROE build-up curves (Figure 6). From the initial
slope of the build-up curves, it was possible to derive the cross-
relaxation rates (Table 3). The motional properties of 1
determined above (Table 1) were used together with the
appropriate 'H,'"H cross-relaxation rates and Equations (5)
and (6) or Equations (5) and (8) to calculate proton—proton
distances.! These results are also given in Table 3. The
consistency of proton—proton distances obtained from NOE
and T-ROE experiments is excellent, the distance between
H1” and H2', for example, is 2.30 A as calculated from both
experiments. The trans-glycosidic distances differ somewhat,
with H1'-H3 being shorter than H1”-H?2'. For comparison
and a further measure of the quality of the data, a reference
distance—namely, H1'—=H3’ (well resolved for integration)—
was chosen and determined as 2.50 A by simulation. The
direct determinations described above (2.48 and 2.55 A) are
in very good agreement with this distance. Using Equation (9)
(ISPA), proton —proton distances were calculated (Table 3).
In particular, the agreement of the former analysis with that
when a reference distance is assumed is very good.

We have previously analyzed oligosaccharide conformation
by comparing experimental NOE build-up curves to those
obtained by MD simulation by a full relaxation matrix
approach.’l In that analysis, an effective reorientational
correlation time was required as input. Another approach
would be to calculate spectral density functions from MD
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Figure 4. MD trajectories of torsion angles and selected proton—proton
distances in 1 from simulation Ig.

Table 3. Cross-relaxation rates, oxor and Opgog, for the trisaccharide in water at
277 K. Interproton distances r calculated using 7y; and $? from the *C relaxation
measurements (model-free approach) and the isolated spin-pair approximation
(ISPA).

Proton pair
Excited Detected oyog [s7']

Model-free approach ISPA
orroe [S7'] voe [A] rrrok [A] rnok [A] Frroe [Al

H1”
H1'
H2"
H1”
H1’
H1’

H2' —-0.078 0.169 2.30 2.30 2.42 228
H3 —-0.124  0.275 2.06 212 2.24 211
H2' 0.016 341 3.38
H3 —0.009 0.012 3.30 3.58 3.48 3.55
H1” 0.010 3.69 3.66
H3 —0.064 0.098 2.48 2.55 2,50 2,501

[a] Reference distance from MD simulation.

simulation and subsequently for NMR parameters to be
compared with those obtained from measurements.[*! How-
ever, the issue in this investigation is that of oligosaccharide

Chem. Eur. J. 2001, 7, No. 14
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Figure 5. '"H NMR spectrum of 1in D,0O at 277 K a). Selective excitation of
H1", showing the 1D 'H,'H T-ROESY b) and NOESY c) spectra with a
mixing time of 600 ms. Pertinent protons are annotated.
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Figure 6. 'H,'H Cross-relaxation build-up curves obtained by selective
excitation of anomeric protons of S-linked residues in 1. T-ROESY data
denoted by open symbols and NOESY data by filled symbols. The
Overhauser effects were observed for H1'-H3 (circles), H1”-H2'
(triangles), and H1'—H3' (squares).

rigidity versus flexibility. We therefore chose to compare
proton —proton distances averaged as (r~°)~"%%I in different
conformational states from the MD simulation. Thus, the
librational motion in each conformational state is then taken
into account in the analysis.

The proton-proton distances in three conformational
states and two full MD simulations, averaged as (r~)~'6, are
reported in Table 4. In the syn state (Figure 7, parta) H1' -
H3 <H1”"-H2'. The distances are somewhat longer than
those determined experimentally, most probably due to larger
librational motions in the syn state, revealing that further
force field development is needed for an even better agree-
ment. From the two 10 ns simulations Ic and I'g, distances are
quite well converged. The distance between H2” and H2'
(Figure 4 and Table 4) is sensitive to the anti-¢», conformation
(Figure 7, partb).

The H2” resonance (most upfield in the 'H NMR spectrum)
was therefore selectively excited and a T-ROE build-up curve
generated (Figure 8). The resulting experimentally deter-
mined H2”—H2' distance was 3.41 A (Table 3), significantly
shorter than in the all syn conformational state (4.12 A), but
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Table 4. Interproton distances r [A] in the trisaccharide, extracted from
the simulations and averaged according to r= (r=6)=1,

Proton pair synl?] anti-¢,® anti-p,) Ic Ig

H1"-H2 2.47 3.42 3.61 2.76 2.62
H1'-H3 2.40 2.31 2.32 2.45 2.44
H2"-H2 4.12 2.34 4.48 2.64 2.70
H1"-H3¥ 3.57 4.04 2.53 3.59 3.63
H1"-HU 4.03 4.51 221 4.39 4.00

[a] Simulation IITa: 3.5-5.5 ns. [b] Simulation IV: 0-8.5 ns. [c] Simulation
Th: 0.3-2.5ns.

Figure 7. Snapshots from MD simulations of 1, showing for the torsion
angles at the (1 — 2)-linkage: a syn conformer a), an anti-¢, conformer b),
and an anti-y, conformer c). Protons essential for the characterization of
each conformational state are annotated.

longer than in the anti-¢, conformational state (2.34 A). The
simulation and experimental data may be used in a two-state
analysis:

(I =x){rgn) + () (ram) =res (10)

where x is the fraction that populates the anti state. This
reveals the presence of ~7 % anti-¢, conformation. The MD
simulations, however, overestimate the population of the anti-
¢, conformation at this torsion angle but do correctly predict
its presence. Using ab initio molecular orbital calculations in
the conformational analysis of equatorial 2-methoxytetrahy-
dropyran, Tvaroska and Carver showed that the relative
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Figure 8. 'H,'H Cross-relaxation build-up curves from T-ROESY experi-

ment of 1 obtained by selective excitation of H2” (diamonds) and H1’
(triangles), showing NOE to H2' and H1", respectively.

energy difference between a syn conformer in the “exo-
anomeric effect conformation” and an anti-¢ conformation is
~3 kcalmol 1.5 They also compared the relative energies as
calculated by different molecular mechanics methods and
found for the CHARMM force field that the syn conformer,
as anticipated, was more stable than the anti-¢p conformer,
although the energetic difference was lower (~1 kcalmol!).
It is therefore not surprising that the force field in use here
overestimates the anti-¢, conformation. However, the fine
tuning of the potentials is a delicate matter. We have observed
excellent agreement between simulation and experiment
using this CHARMM force field,PY as well as differences
when other recent force fields (GLYCAM and OPLS) were
employed.l') Our results show that the anti-¢, conformation
of 1 previously shown to exist in dimethyl sulfoxide! is also
present in water solution.

In the NOE and T-ROE spectra, an Overhauser effect
between H1” to H1’ was observed (Figure 5); this should be
the product of an anti-1, conformation (Figure 7, partc), seen
transiently in the MD simulations. Such an anti conformation
should also show an NOE from H1” to H3’, which should be
measurable by T-ROE as well as by NOE build-up curves. For
H1”-H3', a distance of 3.30-3.58 A was determined (Ta-
ble 3). However, this is only marginally shorter than in the all
syn conformation. Moreover, it is not exclusively sensitive to
an anti-y, conformation (Figure 4), since w,~40° also
produces a distance of ~3.2 A. Instead, the cross-relaxation
rate for the H1'—H1" pair (Figure 8), which is sensitive to this
state (Figure 4), was obtained, giving a distance of 3.69 A. In
comparison, the anti-y, conformation from the MD simula-
tion showed a distance of 2.21 A. The syn conformation
averaged 4.03 A for the H1'—H1” pair. By the same token as
for the anti-¢, conformation [Eq. (10)], the anti-y, confor-
mation could be quantified as ~2%. Thus, the presence of
both an anti-¢, conformation and of an anti-y, conformation
could be both shown and quantified in water solution for the
(1 —2)-linkage of 1, revealing a highly flexible oligosacchar-
ide (cf. Figure 7). Normalized populations of the three
conformational states for this linkage are: syn 91 %, anti-
7% and anti-y, 2%. For the (1 — 3)-linkage, the above
analysis was not possible, due to severe spectral overlap in the
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'"H NMR spectrum. However, the combined results from
these MD simulations, the shorter H1'—H3 distance from
NMR experiments and the previously determined trans-
glycosidic 3J(C,H) values®! all indicate that the contribution
from anti conformers at this linkage is small, and in particular
that anti-¢; is less populated than anti-¢,.

Solvent interactions can be investigated by use of an atomic
radial distribution function (RDF). This is given by g,.(r),
where the first index n refers to a solute atom and the second
index m refers to a solvent atom.”? These were analyzed for 1
in water solution. We focused on the difference between the
syn conformation and the anti-¢, and anti-ip, conformations.
The RDF gy () for solute-hydrogen to solvent-oxygen was
particularly informative. In the anti-¢, conformation, go(r)
around O2"” showed a significantly reduced probability (Fig-
ure 9, parta). For O2, this was not as marked and hydrogen

a) 217
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— 4
L
vg 14 1]
o I
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0 2 4 6 8 10 12
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b) 2q
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Figure 9. Radial distribution functions of 1 from MD simulation. a) anti-¢,
conformation with gyo(r) around O2” (solid line) and O2 (dashed line);
b) anti-y, conformation with gyo(r) around O2” (solid line) and O2
(dashed line).

bonding of HO2 to solvent water does take place to a large
extent. A striking similarity is seen for the same gy () in the
anti-y, conformation (Figure 9, partb). Interresidue intra-
molecular hydrogen bonding in 1 was then monitored in the
simulations. Specifically, HO2"” makes intramolecular hydro-
gen bonds to O2 (anti-$,) or to O2 and O3 (anti-y,) ~40% of
the time when in an anti conformational state (Table 5). Other
hydrogen bonds such as O3'-HO6"” and O5”"-HO3" were
only present in the anti conformers of the (1 — 2)-linkage. In
contrast, an O4-HO6 hydrogen bond between the (1 — 3)-
linked residues was present in the three conformational states
described above.

The issue of whether oligosaccharides should be regarded
as rigid or flexible has been hotly debated during the last
decade, especially as a result of the introduction of molecular
dynamics simulation techniques in the field of carbohydrate

Chem. Eur. J. 2001, 7, No. 14

Table 5. Population of selected hydrogen bonds (%) in different con-
formational states of 1 from MD simulations.

Atom pair syn anti-¢, anti-y,
02-HO2” - 40 30
03-HO2” - 1 14
03'-HO6"” - 34 41
05"-HO3 - 9 9
04-HO6' 48 33 48

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

chemistry.'”) The topic had already been addressed earlier,
when disparate views existed.[* > Subsequently, a number of
reports from different laboratories investigating the flexibility
of oligosaccharides have been published. Usually, NMR
spectroscopy has been used to obtain experimental data for
comparison to simulation results,”>%7 but optical rotation
datal® I have also been employed. This study shows that it is
more appropriate to discuss the degree of flexibility of an
oligosaccharide and reveals the necessity of defining the
timescale being considered. What looks like a discrepancy in
describing oligosaccharide 1 as both rigid and highly flexible is
readily explained by taking the appropriate timescales into
account. Furthermore, the quantification of the populations of
different conformational states as described here affords
possibilities for addressing force field development in future
studies, since the molecular system has been shown to exhibit
complex although not intractable behavior.

Conclusion

This study has addressed the controversy over rigidity or
flexibility in oligosaccharides. We have shown by 3C NMR
relaxation measurements that oligosaccharides can display a
quite rigid and distinct conformation over a shorter timescale:
< 1y in this case. At the same time, a high degree of flexibility
of the oligosaccharide over a longer timescale— > 7y—is
evident. The significant flexibility of the trisaccharide was
shown to exist at its (1 — 2)-linkage and quantification of the
anti-¢, and anti-y, conformations revealed populations of 7
and 2%, respectively. Thus, there is no inconsistency in
describing oligosaccharides as being rigid or highly flexible.
Rather, it is a question of dynamics. The results should
therefore broaden our view of how oligosaccharides may
interact in biological systems and highlights the importance of
investigation of flexibility and dynamics in carbohydrate —
protein interactions.

Experimental Section

General: The synthesis of the trisaccharide (-pD-Glep-(1— 2)-3-D-Glcp-
(1 — 3)-a-p-Glep-OMe (1) has been described previously,™ together with
'H and C NMR assignments of most resonances in D,O. Atoms in the
terminal glucosyl residue are denoted by a double prime, in the middle
residue they are labeled by a prime, and in the O-methyl residue the atoms
are unprimed. The torsion angles at a glycosidic linkage are denoted by
¢px =HI1-C1-OX—CX and yx = C1-OX—CX—-HX, where X is the linkage
atom.
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NMR spectroscopy: The trisaccharide was treated with CHELEX 100 in
order to remove any paramagnetic ions. The sample was freeze-dried and
dissolved in 0.7 mL D,O to give a total concentration of 50 mM, transferred
to a Smm NMR tube, and flame-sealed under vacuum after degassing by
three freeze —pump —thaw cycles. All NMR experiments were performed
at 277 K, permitting measurements outside the extreme narrowing region.
The assignments of the C6 signals were accomplished with the aid of a
gHSQC-TOCSY experiment,! with a mixing time of 20 ms.

3C T, and 'H,"*C NOE experiments were performed at two magnetic field
strengths, 9.4 and 14.1T, using Varian Inova spectrometers. *C T,
experiments were performed at the lower magnetic field strength. All 1*C
resonances were well resolved at the higher field strength, while a slight
overlap was found at 9.4 T. The relaxation data for the ring carbons were
averaged over each residue, using the concept of dynamic equivalence,’”!
while the methylene carbons were treated separately. The spectral window
covered ~ 60 ppm and the number of data points was 16k. All experiments
were carried out 2 -3 times, independently of each other. Standard pulsed
proton broad-band decoupling techniques were used, with the decoupling
power attenuated in order to avoid sample heating. A deuterium lock was
used for the field/frequency stabilization.

BC T, measurements were performed by inversion-recovery experiments,
using three-parameter non-linear fits of line intensities. Ten different
relaxation delay times (10 ms to ~2 T)) were used, and the pre-scan delay
was >5 Ty. BC T, values were measured using a modification of the CPMG
pulse sequence, with a proton s pulse of 26 us, placed at even echoes in
order to minimize cross-correlation effects.”> ™ The carbon & pulse was
13 us. Ten different relaxation delays were used, the CPMG delay was set to
0.25 ms, and the pre-scan delay was >10 7. Heteronuclear 'H,"*C NOEs
were measured with the dynamic NOE technique.[”” The experiments were
performed with one short (1 ms) and one long (2.0 s) irradiation period,
and a pre-scan delay of > 10 7). The NOEs (1+#) were calculated by taking
the ratio of the intensity at the long irradiation period to that of the short
one. The errors of the averaged relaxation parameters are estimated to be
<1% in T, and 145 and ~5% in T,.

The magnetic field-dependent 77!, 7,7!, and 1+ values for each residue
were least-squares fitted simultaneously, using the program GENLSS¢
running on an SGI workstation, resulting in the model-free parameters S?
and 7y. Sums of squares of relative (rather than absolute) errors were
minimized, allowing the measured parameters (77!, 7,7!, and 1+7) to be
treated in a balanced way.

Proton - proton cross-relaxation rates (Oyog and Op.gor) Were measured at
600 MHz using one-dimensional DPFGSE NOESY!” 7 and DPFGSE
T-ROESY!™ experiments, respectively. Selective excitations at the anome-
ric protons and H2” were enabled using a 20 Hz broad i-Snob-2 shaped
pulse®® of 85 ms duration. The gradient durations in the initial DPFGSE
part were 1 ms and the strength 0.7 and 2.2 Gem™, respectively. In the
following NOESY part of the pulse sequence, four gradients of 1 ms
duration were performed in pairs with strengths 1.5 and 1.1 Gem™),
respectively, with a 2ms hyperbolic secant inversion pulse®! inserted
between the gradients in each pair. All other pulses were hard and of short
duration, <8 ps for a 90° pulse. For the T-ROE experiment, the DPFGSE
part was followed by a T-ROESY spin lock with yB,/2xw=3.0 kHz.

Spectra were recorded using a width of 1250 Hz and 8k complex data
points. For each mixing time, 384 transients were used and the total
relaxation delay between the transients was 13.3 s, which corresponds to
>5 T. Ten different 'H,'H cross-relaxation delays (mixing times) between
30 and 800 ms were used. Prior to Fourier transformation, the FIDs were
zero-filled to 32k datapoints and multiplied with a 2 Hz exponential line-
broadening factor. Spectra were phased, drift corrected, and baseline
corrected using a first-order correction, and integrated using the same
integration limits at all mixing times.

Integrated auto-peaks were fitted to an exponentially decaying function,
and normalized integrals of cross-relaxation peaks were obtained by
division of the measured integrals by the extrapolated auto-peak value at
zero mixing time. The regression coefficient in the fits was R >0.997 for all
autopeaks. Cross-relaxation build-up curves were obtained from the
normalized integrals at different mixing times and the rates were calculated
by fitting to a second-order polynomial. The least-square fits, expressed
using the regression coefficient, showed R>0.991 in all cases. Any
contribution from “three-spin” effects on NOE build-up curves was
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negligible as determined by simulation using a multi-spin relaxation matrix
analysis.|*’)

Computer simulations: The molecular mechanics program CHARMM®
(parallel version, C25b2) was used for all simulations with the force field
PARM22 (Molecular Simulations Inc., San Diego, CA (USA)), which is
similar to the carbohydrate force field developed by Ha et al.l®¥l Initial
conditions for simulation of 1 were produced by placing the trisaccharide in
a previously equilibrated cubic water box of length 29.972 A containing 900
TIP3 water molecules, and removing those waters that were closer than
2.5 A to any solute atom. This procedure resulted in a system with the
trisaccharide and 855 +2 water molecules, which was energy minimized
using steepest descent, 200 steps, followed by adopted basis Newton—
Raphson wuntil the root-mean-square gradient was less than
0.01 kcalmol~' A-1. Velocities were initialized at 100K, followed by
heating at 5 K increments over 8 ps to 300 K, at which the systems were
equilibrated for 200 ps. Constant temperature simulations were then
performed using Berendsen’s weak-coupling algorithm.* Minimum image
boundary conditions were used with a heuristic non-bond frequency update
and force shift cutoff!®s) acting to 12 A, using a dielectric constant of unity.
SHAKE,®! with a tolerance gradient of 104, was used to restrain
hydrogen-heavy atom bond stretch; the time step was accordingly set to
2 fs. Data were saved every 0.2 ps for analysis. Five different starting
conformations were used: namely I (¢, =60°, 1, =0°, ¢3=060°, ;=0°), IT
(= 180°, 1, = 0%, by = 60°, 1p5 = 0°), III (¢hy = 60°, 1, = 180°, b = 60°, 3 =
0°), IV (s = 60°, 1, = 0°, by = 180°, 15 = 0°), and V (¢h = 60°, 1, = 0", hs =
60°, 13 =180°). Several simulations were carried out with different initial
velocities. The geometric criteria for hydrogen bonding were set to an
oxygen-hydrogen distance <2.5 A and a donor-hydrogen acceptor angle
©>135°. Simulations were performed on an IBM SP2 computer at the
Center for Parallel Computers, KTH, Stockholm, using 16 nodes resulting
in a CPU time of approximately 20 h per 1 ns.
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Synthesis of (E)-a,f-Unsaturated Amides with High Selectivity by Using

Samarium Diiodide

José M. Concellon,* Juan A. Pérez-Andrés, and Humberto Rodriguez-Solla!®!

Abstract: Stereoselective (-elimination of 2-chloro-3-hydroxyamides 1 is achieved
by using samarium diiodide to yield «,f-unsaturated amides 2, in which the C=C

bond is di- tri-, or tetrasubstituted. The starting compounds 1 are easily prepared by
reaction of the corresponding lithium enolates of a-chloroamides with aldehydes or
ketones at —78°C. The influence of the reaction conditions and the structure of the

Keywords: alkenes - amides - dia-
stereoselection elimination
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starting compounds on the stereoselectivity of the S-elimination reaction is also

discussed.

Introduction

a,f-Unsaturated amides belong to an important class of
natural products which show both biologicalll and insecticide
activities.’!’. Moreover a,3-unsaturated amides are useful
building blocks in organic synthesisP®! and are attractive
starting materials for many natural products./!

However, compared with the synthesis of other a.3-
unsaturated acid derivatives such as esters, the preparation
of a,f-unsaturated amides has been scarcely reported, and the
development of effective general methods for the synthesis of
a,f-unsaturated amides is of significant value. Previously
described preparations of a,3-unsaturated amides are gener-
ally achieved by C=C bond formation by a Wittig— Hornerl!
or by Petersonl® reactions, from acetylenic compoundst 7 or
by using 2,2-difluorovinyllithium.®! Nevertheless, in most of
these syntheses the total control of stereoselectivity of the
carbon —carbon double bond formation remains unsolved or
typically involves multistep transformations.l* ! Other meth-
odologies are limited by their poor yield,”) and in other
syntheses, a,f-unsaturated amides, in which the C=C bond is
tri- or tetrasubstituted, cannot be prepared.[**!

Recently, we described the first general methodology to
promote stereoselective S-elimination reactions using Sml,.
We reported a synthesis of (Z)-vinyl halides with high
stereoselectivity by reaction of O-acetylated 1,1-dihaloal-
kan-2-ols with samarium diiodide® and the preparation of

[a] Dr.J. M. Concellén, Dr. J. A. Pérez-Andrés, H. Rodriguez-Solla
Departamento de Quimica Organica e Inorganica
Facultad de Quimica, Universidad de Oviedo
33071 Oviedo (Spain)
Fax: (434)98-510-34-46
E-mail: jmcg@sauron.quimica.uniovi.es
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a.B-unsaturated esters with total stereoselectivity by treat-
ment of the easily available 2-halo-3-hydroxyesters with
samarium diiodide.l'” In the latter we also described the
preparation of three disubstituted o.,3-unsaturated amides
with total stereoselectivity, starting from 2-halo-3-hydroxy-
amides and samarium diiodide.

Taking into account the interest in the «,f-unsaturated
amides, our objective has been to generalize the synthesis of
di-, tri-, and tetrasubstituted «,f-unsaturated amides. This
preparation is very stereoselective. We also describe the
influence of the reaction conditions and the structure of 1 on
the stereoselectivity of the -elimination reaction.

Results and Discussion

Synthesis of disubstituted ¢,f-unsaturated amides: Our first
attempts involved the preparation of a,f-unsaturated amides
in which the C=C bond is disubstituted.

Treatment of 2-chloro-3-hydroxyamides 1a—c with a sol-
ution of Sml, (2.5 equiv) in THF for 30 min at room temper-
ature afforded the corresponding disubstituted a,3-unsatu-
rated amides 2, after hydrolysis, with total stereoselectivity
and in high yield. This S-elimination reaction was general for
disubstituted a,B-unsaturated amides 2 (Scheme 1): linear or
branched aliphatic, and aromatic a,3-unsaturated amides can
be achieved (Table 1). The described conditions and stereo-

R sml, RZ  CONR,*
ler\m; -
¢’ R RY R
1 2

Scheme 1. Synthesis of (E)-a,f-unsaturated amides.
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Table 1. Synthesis of disubstituted a.3-unsaturated amides 2 (RZ=R3=
H).

Entry 2#W R R* T[°C]  deP  Yield [%]©
1 2a  Ph Et 25 >98 90
2 2b  GH, Et 25 >98 89
3 2¢  MeCH(Ph) Et 25 >98 &

[a] All reactions were carried out by using 2.5 equivalents of Sml, with a
reaction time of 30 min. [b] Diastereoisomeric excess (de) determined by
GC-MS and 300 MHz 'H and "*C NMR analysis of the crude products 2.
[c] Yield of isolated product after column chromatography (based on
compound 1).

selectivity of the reaction were the same as in the synthesis of
a,B-unsaturated esters.['"]

The diastereoisomeric excess of the crude reaction products
was determined by GC-MS and 'H NMR spectroscopy.

The E stereochemistry of the C—C double bond of a,f-
unsaturated amides 2 was assigned on the basis of the value of
the "H NMR coupling constant of the olefinic protons of
compounds 2a—2¢.["l In the case of compound 2a compar-
ison with the 'H values described in the bibliography has also
been carried out.l'l This stereochemistry is in agreement with
the previously reported synthesis of a,5-unsaturated esters
with Sml,.[1%

The starting 2-chloro-3-hydroxyamides 1 used to prepare
di-, tri-, and tetra-substituted «,f-unsaturated amides were
easily prepared by reaction of the corresponding lithium
enolates of a-chloroamides 41}l (generated by treatment of a-
chloroamides 3 with lithium diisopropylamide (LDA) at
—85°C) with aldehydes or ketones at —78°C (Scheme 2).

i Q 1) LDA R
\‘)I\NR{‘ 2) RIR?CO Rl% NR*
& o' c’ R
3 1

Scheme 2. Preparation of starting compounds 1.

Preparation of trisubstituted ¢, f-unsaturated amides: Signifi-
cant differences were detected when the same reaction
conditions (2.5 equiv of Sml, at room temperature) were
used to obtain trisubstituted a,3-unsaturated amides 2d-Kk; a
decrease in the reactivity of the starting compounds 1d -k and
lower stereoselectivity of the f-elimination reaction were
observed (determined on the crude reaction products by GC-
MS). Therefore, the elimination was uncompleted and,

Abstract in Spanish: La reaccion de S-eliminacion de 2-cloro-
3-hidroxiamidas 1, promovida por diyoduro de samario,
produce amidas a,f-insaturadas con elevada estereoseleccion.
Los compuestos de partida 1 empleados se preparan facilmente
por reaccion, a —78°C, de enolatos de litio derivados de a-
cloroamidas con aldehidos o cetonas. Tambien se estudia la
influencia de las condiciones de reaccion y de la estructura de
los compuestos de partida en la estereoseleccion con que
transcurre la reaccion de B-eliminacion.

Chem. Eur. J. 2001, 7, No. 14

consequently, different amounts of starting compound 1 were
recovered (Table 2, entries 2 and 7). Increasing the reaction
temperature (Table 2, entry 1) or the amount of Sml, (4 equiv,
Table 2, entries 3 and 11), led to complete reaction, but with
the same stereoselectivity. The decrease of reactivity of 1d—k
with respect to 1a—c could be owing to the increase of the
steric hindrance when R3+H.

Table 2. Synthesis of trisubstituted a,8-unsaturated amides 2 (R?>=H).

Entry 2 R! R> R* T[°Clal del! Yield
[%][C]
1 2d Ph Me Et 661 87 98l
2 2d Ph Me Et 251 89 51kl
3 2d Ph Me Et 251 93 97kl
4 2d Ph Me Et -25 >98 88
5 2e Ph Me iPr -25 91 63
6 2f CHj; Me Et -—256  >98 81
7 2g pMeO-C¢H, Me iPr 2514l 83 86l
8 2g pMeO-CiH, Me iPr -25 93 75
9 2h pCl-C¢H, Me iPr -25 90 65
10 2i  Cyclohexyl Me Et -25 >98 95
11 2j Me,C=CH(CH,),CH(Me)CH, Me Et 251 65 78l
12 2j Me,C=CH(CH,),CH(Me)CH, Me Et Qe 80 70kl
13 2j Me,C=CH(CH,),CH(Me)CH, Me Et -25E >95 76
14 2k Bu Et Et -256 >98 79

[a] Unless otherwise noted, reactions were carried out with four equivalents of
Sml, with a reaction time of 12 h. [b] Diastereoisomeric excess (de) determined
by GC-MS and 300 MHz 'H and '3C NMR analysis of the crude products 2.
[c] Yield of isolated product after column chromatography (based on compound

1).

of

[d] 2.5 equivalents of Sml, were used with a reaction time of 30 min. [e] Yield
the crude products isolated (based on compound 1). [f] Four equivalents of

Sml, were used with a reaction time of 1 h. [g] Four equivalents of SmI, were
used with a reaction time of 90 min.

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

To enhance the stereoselectivity, the -elimination reaction
was carried out at lower temperature. Therefore, total or very
high stereoselectivity (de >90% ) was obtained at —25°C, a
longer time reaction (12h) and larger amount of Sml,
(4 equiv) being necessary at this temperature.

The presence of Sml, during the hydrolysis of the reaction
afforded the partial reduction of the C—C double bond. To
avoid this problem the excess Sml, was transformed into Sm™
by bubbling a stream of air through the reaction mixture
before the hydrolysis.

This methodology for obtaining trisubstituted a,3-unsatu-
rated amides, with high diastereoselection, is general: R, R3,
and R* can be varied widely. Thus, aliphatic (linear, branched
or cyclic), unsaturated or aromatic aldehydes could be used to
introduce different R! groups; R®> and R* could also be
changed using different aliphatic a-chloroamides to prepare
the starting compounds 1 (Scheme 2) and subsequently to
obtain 2. The stereoselectivity was only slightly affected to
changes of R!, R? or R* It is noteworthy that only a slight
decrease of the stereoselectivity was observed with amides
with bulky substituents on nitrogen (Table 2, entries 5, 8, and
9). The reaction also showed tolerance to other functional
groups (Table 2, entries 8, 9, and 13).

The E stereochemistry in the C—C double bond of
trisubstituted a,B-unsaturated amides 2 was assigned by
NOESY experiments (compounds 2d and 2 f).
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Synthesis of tetrasubstituted «,f-unsaturated amides: In
contrast with the previously described!'”) synthesis of esters,['
tetrasubstituted a,f-unsaturated amides 21-s were obtained.
The reaction conditions were the same as those described for
the preparation of trisubstituted a,f-unsaturated amides 2d -
2k. Our first trials were carried out to test the possibility of
carrying out the synthesis of a,f-unsaturated amides when the
C=C bond is tetrasubstituted.

Treatment of amides 1, obtained by reaction of symmetrical
ketones (pentan-3-one and cyclohexanone) and 2-chloro-
N, N-diethylpropanamide, with samarium diiodide (4 equiv) at
—25°C afforded the corresponding a,3-unsaturated amides in
high yield (Table 3, entries 1 and 2).

Table 3. Synthesis of tetrasubstituted a,S-unsaturated amides 2 (R*=Me
and R*=Et).

Entry 2 R! R? t[h]  T[°CJe  delPl  Yield [%]€
1 21 Et Et 1 25 - 70
2 2m  (CH,); 1 25 - 80
3 2n Et Me 2.5 -25 42 70
4 2n Et Me 12 — 501d] 50 41l
5 2n Et Me 72 — 78] 60 360l
6 20 nPr Me 2.5 -25 40 73
7 20 nPr Me 72 — 78 46 46l
8 2p CH, Me 25 -25 4 70
9 2q Ph Me 25 25 78 71
10 2r Ph Et 2.5 -25 91 75
11 2s PhCH, Me 25 -25 94 96

[a] Unless otherwise noted, reactions were carried out with four equiv-
alents of Sml,. [b] Diastereoisomeric excess (de) determined by GC-MS
and 300 MHz 'H and *C NMR analysis of the crude products 2. [c] Yield of
isolated product after column chromatography (based on compound 1).
[d] Five equivalents of SmI, were used. [e] Approximately 50 % of starting
product was recovered.

The stereoselection in the synthesis of tetrasubstituted «,(-
unsaturated amides (determined on the crude reaction
products by GC-MS) was studied by using the amides 1,
obtained from unsymmetrical ketones and 2-chloro-N,N-
diethylpropanamide, as starting compounds.

At —25°C the stereoselection of the elimination reaction
was lower when R! and R? were alkyl groups and the
stereoselectivity was not affected by the difference of size
between R! and R2 The usual stereoselectivity/temperature
trend was observed: on decreasing the temperature (—50 or
—78°C), a higher de value was observed,['”] but significant
amounts of starting compound 1 (50%) were recovered
(Table 3, entries 4, 5, and 7), even using long reactions times (3
days). When R! was phenyl or benzyl, high stereoselection
(de>78%) was obtained. The described preparation is
general and aliphatic or aromatic a.,3-unsaturated amides in
which the C—C double bond is tetrasubstituted can be
prepared in high yield and with moderate to high stereo-
selectivity (Table 3).

The E stereochemistry of the C—C double bond of
tetrasubstituted a,S-unsaturated amides 2 was assigned by
NOESY experiments (compound 2r).

It is noteworthy that although 1:1 mixtures of diaster-
eoisomers of starting compounds 1 were used in all the

3064
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reactions described, the corresponding di-, tri- or tetrasub-
stituted «,fB-unsaturated amides 2 were obtained with high
stereoselectivity.

Mechanism: The observed stereochemistry of products 2 may
be explained by assuming the formation of the enolate

intermediate (Scheme 3), in which the oxophilic Sm™ center
T
OH O “
smi, R? RO 0
_— Rl NR24 Rly\%\NR ] — 2
1,Sm Rz 2
R3
| 1l
H

H
1, . !
R —— 0 R} W@
1. RGO
R2 'Sm NRy*
R3 R24NO R2 z

A B

Scheme 3. Proposed mechanism of the $-elimination reaction.

is chelated with the oxygen atom of the alcohol group
producing a six-membered ring.'¥! We surmise that the
chairlike transition state model A might be involved with
the bulkier group R! (comparatively to R?) in the equatorial
orientation (to avoid 1,3-diaxial interactions). As depicted in
B (C2-C3 Newman projection of A), R! and R? show a cis
relationship and, consequently, elimination from A affords
(E)-a,B-unsaturated amides.

Synthesis of 2, with total stereoselection, from a mixture of
diastereoisomer of 1 could be explained by assuming that
after reaction of 1 with Sml,, the C-R?> center suffers
epimerization affording only a diastereoisomer with the
appropriate conformation for coordination of the samarium
center with the alcohol oxygen.

Conclusion

Herein we have presented an easy, simple and general
methodology for the preparation of di-, tri-, or tetrasubsti-
tuted «,f-unsaturated amides starting from 2-chloro-3-hy-
droxyamides and promoted by samarium diiodide. The
elimination reaction proceeds with total or high E diaster-
eoselectivity. The starting compounds are easily available. A
mechanism to explain the high stereoselectivity has been
proposed based on the chelation of the Sm'! center with both
oxygen atoms.

Experimental Section

General: Reactions which required an inert atmosphere were conducted
under dry nitrogen, and the glassware was oven dried (120°C). THF was
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distilled from sodium/benzophenone ketyl immediately prior to use. All
reagents were purchased from Aldrich or Merck and were used without
further purification. Samarium diiodide was prepared by reaction of CH,I,
with samarium powder.'”) 2-Chloroamides 3 were prepared by treatment of
different 2-chloroacid chlorides with amines and, in turn, 2-chloroacid
chlorides were obtained according to literature methods from the
corresponding carboxylic acids.'¥! Silica gel for flash chromatography was
purchased from Merck (230-400 mesh), and compounds were visualized
on analytical thin layer chromatograms (TLC) by UV light (254 nm).
'H NMR spectra were recorded at 200 or 300 MHz. C NMR spectra and
DEPT experiments were determined at 50 or 75 MHz. Chemical shifts are
given in ppm relative to tetramethylsilane (TMS), which is used as an
internal standard, and coupling constants J are reported in Hz. The
diastereoisomeric excesses were obtained from 'H NMR analysis and GC-
MS of crude products. GC-MS (HP-5973) and HRMS (finnigan mat-MAT
95) were measured at 70 eV. Only the most important IR absorptions
(cm™!) and the molecular ions and/or base peaks in MS are given.

Synthesis of 2-chloro-3-hydroxyamides (1): To a stirred solution of the
corresponding 2-chloroamide 3 (9 mmol) at —85°C in dry THF (4 mL) was
added dropwise lithium diisopropylamide [prepared from MeLi (6.4 mL of
1.5M solution in diethyl ether, 10 mmol) and diisopropylamine (1.4 mL,
10 mmol) in THF (50 mL)at 0°C]. After the mixture had been stirred for
10 min, a solution of the corresponding carbonyl compound (4.5 mmol) in
dry THF (4.5 mL) was added dropwise at — 78 °C. The reaction mixture was
stirred for 1 h, then the reaction was quenched with an aqueous saturated
solution of NH,Cl (5mL). Usual workup provided crude 2-chloro-3-
hydroxyamides 3, which were purified by column flash chromatography
over silica gel (10:1 hexane/ethyl acetate) to provide pure compounds 1.

2-Chloro-N, N-diethyl-3-hydroxy-3-phenylpropanamide (1a): 'H NMR
(200 MHz, CDCl,): 6 =7.49-7.27 (m, 10H), 5.26-5.10 (m, 2H), 4.91 (br
s, 1H), 470 (br s, 1H), 4.46 (d, J=4.1 Hz, 1H), 442 (d, J=62Hz, 1H),
3.48-3.11 (m, 8H), 1.17-1.05 (m, 12H); *C NMR (50 MHz, CDCl;): 6 =
1677 (C), 167.5 (C), 139.4 (C), 138.7 (C), 129.2 (CH), 128.5 (CH), 127.8
(CH), 1277 (CH), 126.4 (CH), 75.2 (CH), 73.5 (CH), 57.9 (CH), 54.1 (CH),
41.9 (CH,), 40.5 (CH,), 40.4 (CH,), 13.8 (CH;), 12.0 (CH3;), 11.9 (CH;); IR
(neat): 7= 3400, 1633 cm~!; elemental analysis calcd (% ) for C;;H;sCINO,:
C 61.05, H 7.09, N 5.48; found: C 60.92, H 7.12, N 5.51; R;=0.2 (hexane/
AcOEt 5:1).

2-Chloro-N, N-diethyl-3-hydroxydecanamide (1b): 'H NMR (200 MHz,
CDCl;): 6 =4.73 (br s, 2H), 4.23-3.90 (m, 4H), 3.50-3.16 (m, 8H), 1.85—
0.90 (m, 36 H), 0.76-0.74 (m, 6H); *C NMR (50 MHz, CDCl;): 6 =168.7
(C),167.8 (C), 72.4 (CH), 71.0 (CH), 55.8 (CH), 54.2 (CH), 42.1 (CH,), 41.9
(CH,), 40.4 (CH,), 40.3 (CH,), 32.9 (CH,), 32.7 (CH,), 31.5 (CH,), 29.1
(CH,), 28.9 (CH,), 25.2 (CH,), 22.3 (CH,), 14.3 (CH,), 14.2 (CH,), 13.8
(CHs), 12.2 (CH;), 12.1 (CHs;); IR (neat): 7 =3330, 1615cm™!; elemental
analysis caled (%) for C,;H,xCINO,: C 60.52, H 10.16, N 5.04; found: C
60.44, H 10.20, N 5.12; R;= 0.4, 0.2 (two diastereoisomers) (hexane/AcOEt
3:1).

2-Chloro-N, N-diethyl-3-hydroxy-4-phenylpentanamide (1c¢): 'H NMR
(200 MHz, CDCL): 6 =7.56-7.05 (m, 10H), 4.15-3.86 (m, 4H), 3.57-
2.65 (m, 12H), 1.65-0.55 (m, 18H); *C NMR (50 MHz, CDCL): 6 =
169.2 (C), 168.3 (C), 143.4 (C), 142.6 (C), 128.5 (CH), 128.4 (CH), 128.3
(CH), 128.2 (CH), 128.0 (CH), 1279 (CH), 127.7 (CH), 127.1 (CH), 127.0
(CH), 126.9 (CH), 126.7 (CH), 78.3 (CH), 75.7 (CH), 75.3 (CH), 55.1 (CH),
52.5 (CH), 51.4 (CH), 43.8 (CH), 43.0 (CH), 41.4 (CH,), 41.0 (CH,), 40.4
(CH,), 40.2 (CH,), 18.5 (CH,), 18.3 (CH,), 17.5 (CHj;), 13.6 (CHj;), 13.3
(CHs;), 12.0 (CHj;); IR (neat): 7#=3450, 1620 cm™'; elemental analysis calcd
(%) for C;sH,,CINO,: C 63.48, H 7.81, N 4.94; found: C 63.39, H 7.96, N
5.01; R;=0.5, 0.4 (two diastereoisomers) (hexane/AcOEt 3:1).

2-Chloro-N, N-diethyl-3-hydroxy-2-methyl-3-phenylpropanamide ~ (1d):
'H NMR (200 MHz, CDCL,): 6 =7.50-7.26 (m, 10H), 5.25 (d, J=3.0 Hz,
1H), 5.16 (d, J=3.0 Hz, 1H), 3.67-3.19 (m, 10H), 1.64 (s, 6H), 1.43-1.08
(m, 12H); 3C NMR (50 MHz, CDCly): 6 =170.9 (C), 170.1 (C), 1374 (C),
129.4 (CH), 129.0 (CH), 1278 (CH), 127.6 (CH), 1272 (CH), 127.0 (CH),
78.6 (CH), 78.4 (CH), 678 (C), 42.8 (CH,), 41.8 (CH,), 40.5 (CH,), 20.9
(CH,), 19.9 (CHy), 13.4 (CH,), 12.3 (CH,), 12.0 (CH,); IR (neat): 7 =3317,
1604 cm™'; elemental analysis calcd (%) for C,,H,,CINO,: C 62.63, H 7.47,
N 5.19; found: C 62.47, H 749, N 5.14; R;=0.2 (hexane/AcOEt 5:1).

2-Chloro-N, N-diisopropyl-3-hydroxy-2-methyl-3-phenylpropanamide
(1e): '"H NMR (200 MHz, CDCly): 6 =7.52-727 (m, 10H), 5.25 (s, 2H),
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4.81-4.69 (m, 2H), 3.49-3.35 (m, 4H), 1.72 (s, 6H), 1.63—1.18 (m, 24 H);
BC NMR (50 MHz, CDCL;): 6 =170.4 (C), 167.2 (C), 137.6 (C), 129.6 (CH),
129.3 (CH), 1275 (CH), 1272 (CH), 127.0 (CH), 78.5 (CH), 682 (C), 50.9
(CH), 49.1 (CH), 47.4 (CH), 46.0 (CH), 20.9 (CH,), 20.3 (CH,), 20.2 (CH,),
19.9 (CH,), 19.8 (CH,), 19.7 (CH,), 19.6 (CHy), 19.2 (CH,), 18.7 (CH,); IR
(neat): 7=3410, 1650 cm™!; elemental analysis calcd (%) for C;sH,,CINO,:
C 64.53, H 8.12, N 4.70; found: C 64.44, H 8.22, N 4.86; R;=0.4, 0.3 (two
diastereoisomers) (hexane/AcOEt 3:1).

2-Chloro-N, N-diethyl-3-hydroxy-2-methyldecanamide (1f): 'H NMR
(200 MHz, CDCl3): 6 =4.05-4.00 (m, 1H), 3.85-3.80 (m, 1H), 3.72-
3.30 (m, 10H), 1.76 (s, 3H), 1.73 (s, 3H), 1.65-1.01 (m, 30H), 0.96-0.81
(m, 12H); ®C NMR (50 MHz, CDCl;): 6 =170.8 (C), 170.0 (C), 77.9 (CH),
76.7 (CH), 71.9 (C), 69.1 (C), 42.6 (CH,), 41.3 (CH,), 31.6 (CH,), 31.0
(CH,), 30.1 (CH,), 29.3 (CH,), 29.0 (CH,), 26.7 (CH,), 26.6 (CH,), 24.7
(CH,), 22.4 (CH,), 20.2 (CH,), 13.9 (CH,), 13.4 (CH,), 12.0 (CH;); HRMS
caled for C;sH;CINO, 291.1965, found 291.1961; IR (neat): 7=3460,
1618 cm~!; elemental analysis caled (% ) for C;sH;,CINO,: C 61.73, H 10.36,
N 4.80; found: C 61.69, H 10.39, N 4.96; R;=0.4 (hexane/AcOEt 5:1).

2-Chloro-N, N-diisopropyl-3-hydroxy-2-methyl-3-(4-methoxyphenyl)pro-
panamide (1g): '"H NMR (200 MHz, CDCl;): 0 =729 (d, /=7.0 Hz, 4H),
6.73 (d, /=70 Hz,4H),5.09 (s, 2H), 4.70-4.60 (m, 2H), 3.66 (s, 6H), 3.34 -
3.27 (m, 4H), 1.59-1.06 (m, 30H); *C NMR (50 MHz, CDCl,): 6 =170.1
(O), 158.7 (C), 130.3 (CH), 129.6 (CH), 112.1 (CH), 77.8 (CH), 68.5 (C),
54.6 (CHj;), 50.6 (CH), 48.8 (CH), 47.1 (CH), 45.6 (CH), 20.6 (CH,), 20.5
(CHj;), 20.0 (CH3), 19.9 (CHs;), 19.7 (CH;), 19.5 (CH;), 19.4 (CH;), 19.4
(CHs), 19.3 (CH,), 19.1 (CHs;); IR (Nujol): 7= 3283, 1650 cm™!; elemental
analysis caled (%) for C;H,4CINO;: C 62.28, H 7.99, N 4.27; found: C 62.24,
H 8.08, N 4.20; m.p. =104°C; R;=0.4, 0.3 (two diastereoisomers) (hexane/
AcOEt 3:1).

2-Chloro-3-(4-chlorophenyl)-N, N-diisopropyl-3-hydroxy-2-methylpropan-
amide (1h): '"H NMR (200 MHz, CDClLy): 6 =744 (d, J=1.7 Hz, 4H), 727
(d,J=1.7Hz,4H), 527 (d,J=3.0 Hz, 1H), 5.21 (d,/ =22 Hz, 1 H), 4.79-
4.65 (m, 2H), 3.46-3.34 (m, 4H), 1.67 (s, 6H), 1.63-1.09 (m, 24H);
BC NMR (50 MHz, CDCL,): 6 =170.4 (C), 136.2 (C), 135.5 (C), 133.5 (C),
131.0 (CH), 130.8 (CH), 127.5 (CH), 127.2 (CH), 78.0 (CH), 68.1 (C), 51.0
(CH), 49.2 (CH), 47.6 (CH), 46.1 (CH), 21.0 (CH3), 20.4 (CH,), 20.3 (CHj;),
20.0 (CHs), 19.9 (CH,), 19.8 (CH;), 19.7 (CH;), 19.1 (CH;); IR (neat): 7=
3422, 1645 cm™!; R;=0.5, 0.4 (two diastereoisomers) (hexane/AcOEt 3:1).

2-Chloro-N, N-diethyl-3-cyclohexyl-3-hydroxy-2-methylpropanamide (1i):
'H NMR (200 MHz, CDCly): 6=4.37 (d, J=6.7Hz, 1H), 430 (d, J=
6.4 Hz, 1H), 3.34-3.03 (m, 10H), 2.42 (br d, /=720 Hz, 1H), 1.73-0.78
(m, 38H); *C NMR (50 MHz, CDCl,): 6 =170.6 (C), 170.0 (C), 81.2 (CH),
80.0 (CH), 72.8 (C), 70.7 (C), 42.6 (CH,), 41.6 (CH,), 40.0 (CH), 39.1 (CH),
33.3 (CH,), 32.6 (CH,), 27.9 (CH,), 27.8 (CH,), 26.5 (CH,), 26.3 (CH,), 26.1
(CH,), 26.0 (CH,), 25.9 (CH,), 25.4 (CHj;), 22.1 (CH;), 13.4 (CH;), 11.8
(CH;); IR (neat): 7=3440, 1618cm™!; elemental analysis caled (%) for
C,HyCINO,: C 60.96, H 9.50, N 5.08; found: C 60.92, H 9.56, N 5.15; R;=
0.5 (hexane/AcOEt 3:1).

2-Chloro-N, N-diethyl-3-hydroxy-2,5,9-trimethyldec-8-enamide 1j):
'H NMR (200 MHz, CDCl;): 6=4.95-4.86 (m, 3H), 4.01-3.05 (m,
18H), 1.81-0.71 (m, 48H), 1.44 (s, 3H), 1.41 (s, 6H), 1.05 (t, J=72 Hz,
9H), 0.94 (t, J=72 Hz, 9H); *C NMR (50 MHz, CDCl;): 6 =170.3 (C),
169.6 (C), 167.6 (C), 130.2 (C), 130.1 (C), 124.5 (CH), 124.3 (CH), 75.4
(CH), 74.8 (CH), 74.4 (CH), 72.1 (C), 72.0 (C), 69.0 (C), 42.4 (CH,), 41.6
(CH,), 41.1 (CH,), 40.2 (CH,), 38.4 (CH,), 38.1 (CH,), 37.7 (CH,), 376
(CH,), 372 (CH,), 37.1 (CH,), 29.6 (CH), 29.0 (CH), 28.9 (CH), 25.3 (CH3),
25.2 (CH;),24.9 (CH,), 24.8 (CH,), 24.5 (CH,), 24.4 (CH,), 20.7 (CH;), 20.3
(CH;), 20.2 (CH3;), 20.1 (CH;), 185 (CH;), 18.4 (CH;), 172 (CHj;), 14.2
(CHj;), 13.2 (CH;), 12.1 (CH;), 11.8 (CH;); IR (neat): 7#=3487, 1650cm™;
R;=0.5, 0.3, 0.2 (three diastereoisomers) (hexane/AcOEt 3:1).

2-Chloro-N, N-diethyl-2-ethyl-3-hydroxyheptanamide (1k): 'H NMR
(200 MHz, CDCl;): 6=4.08—4.04 (m, 1H), 3.88-3.25 (m, SH), 2.41-
2.22 (m, 2H), 2.21-1.97 (m, 2H), 1.80-1.17 (m, 10H), 1.01 (t, J=7.6 Hz,
3H), 0.89 (t, J=7.2 Hz, 3H); *C NMR (50 MHz, CDCl;): 6 =169.3 (C),
76.5 (CH), 75.8 (C), 42.5 (CH,), 41.9 (CH,), 32.4 (CH,), 29.8 (CH,), 28.9
(CH,), 22.5 (CH,), 13.9 (CH,), 13.7 (CH,), 12.2 (CH;), 10.2 (CH;); IR
(neat): 7=3464, 1649 cm™'; elemental analysis calcd (% ) for C;3sH,CINO,:
C 59.19, H 9.93, N 5.31; found: C 59.25, H 9.87, N 5.36; R;=0.4 (hexane/
AcOEt 5:1).
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2-Chloro-N, N-diethyl-3-ethyl-3-hydroxy-2-methylpentanamide an:
'"H NMR (200 MHz, CDCl;): 6=5.25-5.17 (br s, 2H), 4.11-3.81 (m,
4H), 3.50-3.15 (m, 4H), 1.88-1.62 (m, 8H), 1.83 (s, 6H), 1.22-1.11 (m,
12H), 0.97 (t, J=744Hz, 6H), 095 (t, J=744Hz, 6H); 3C NMR
(50 MHz, CDCl;): 6 =171.6 (C), 78.2 (C), 74.3 (C), 42.9 (CH,), 41.5 (CH,),
28.3 (CH,), 27.8 (CH,), 23.0 (CH,), 13.0 (CH;), 11.4 (CH,), 8.8 (CHs), 8.1
(CHj;); IR (neat): 7=3405, 1611cm~!; R;=0.4 (hexane/AcOEt 5:1).
2-Chloro-N, N-diethyl-2-(1-hydroxycyclohexyl)ethanamide (1m): 'H NMR
(200 MHz, CDCl;): 6 =4.98 (br s, 2H), 3.93-3.31 (m, 8H), 2.03-1.53 (m,
20H), 1.82 (s, 6H), 1.50-1.13 (m, 12H); *C NMR (50 MHz, CDCL,): 6 =
171.1 (C), 77.1 (C), 73.2 (C), 43.2 (CH,), 41.7 (CH,), 30.8 (CH,), 30.1 (CHy,),
252 (CH,), 22.6 (CH3;), 21.2 (CH,), 21.1 (CH,), 13.2 (CH,), 11.6 (CH;); IR
(neat): 7=23416, 1605cm~!; R;=0.4 (hexane/AcOEt 5:1).

2-Chloro-N, N-diethyl-3-hydroxy-2,3-dimethylpentanamide (1n): 'H NMR
(200 MHz, CDCl,): 6 =5.09 (br's, 1 H), 4.99 (br s, 1H), 3.95-3.00 (m, 8H),
1.71-1.45 (m, 4H), 1.67 (s, 3H), 1.62 (s, 3H), 1.20 (s, 3H), 1.04 (s, 3H),
1.04-0.86 (m, 12H), 0.79 (t, J=74 Hz, 3H), 0.77 (t, J=74 Hz, 3H);
BCNMR (50 MHz, CDCl;):  =171.8 (C), 171.4 (C), 78.5 (C), 78.1 (C), 73.7
(©), 73.1 (C), 42.3 (CH,), 41.8 (CH,), 28.7 (CH,), 28.0 (CH,), 23.2 (CH,),
22.9 (CH3), 21.2 (CH;), 19.7 (CHs), 13.3 (CH;), 11.7 (CH,), 7.6 (CH;), 74
(CH3); IR (neat): 7=3404, 1605cm~!; elemental analysis caled (%) for
C,;Hx,CINO,: C 56.04, H 9.41, N 5.94; found: C 56.09, H 9.35, N 6.02; R;=
0.5 (hexane/AcOEt 5:1).

2-Chloro-N, N-diethyl-3-hydroxy-2,3-dimethylhexanamide (10): '"H NMR
(200 MHz, CDCl;): 6 =5.09 (br s, 1H), 4.98 (br s, 1H), 3.95-2.95 (m, 8H),
1.61 (s, 3H), 1.58 (s, 3H), 1.55-0.65 (m, 26 H), 1.17 (s, 3H), 1.01 (s, 3H);
BCNMR (50 MHz, CDCl,): 6 =171.6 (C), 171.3 (C), 78.3 (C), 779 (C), 73.5
(C), 73.0 (C), 43.2 (CH,), 41.7 (CH,), 38.6 (CH,), 37.7 (CH,), 22.9 (CH,),
22.8 (CH;), 21.8 (CH;), 20.3 (CH3), 16.6 (CH,), 16.2 (CH,), 14.2 (CH;), 14.1
(CHs), 13.2 (CHj;), 11.6 (CHj3); IR (neat): 7=3410, 1610 cm™!; elemental
analysis caled (%) for C,,H,,CINO,: C 57.70, H 9.68, N 5.61; found: C 57.76,
H 9.71, N 5.55; R;=0.5 (hexane/AcOEt 5:1).

2-Chloro-N, N-diethyl-3-hydroxy-2,3-dimethyloctanamide (1p): 'H NMR
(200 MHz, CDCl,): 6 =5.13 (br s, 1 H), 5.03 (br s, 1H), 3.90-2.90 (m, 8H),
1.80-0.65 (m, 34H), 1.67 (s, 3H), 1.63 (s, 3H), 1.23 (s, 3H), 1.07 (s, 3H);
BCNMR (50 MHz, CDCl;): 6 =171.7 (C), 171.4 (C), 78.4 (C), 78.1 (C), 73.6
(©), 73.1 (C), 43.3 (CH,), 41.8 (CH,), 36.3 (CH,), 35.5 (CH,), 32.2 (CH,),
32.0 (CH,), 23.1 (CH,), 22.9 (CH,), 22.7 (CH3), 22.3 (CH3;), 21.9 (CH,), 20.4
(CH;), 13.6 (CH3), 13.3 (CH3), 11.7 (CHj); IR (neat): 7=3409, 1611 cm™;
R;=0.5 (hexane/AcOEt 3:1).

2-Chloro-N, N-diethyl-3-hydroxy-2-methyl-3-phenylbutanamide (1q):
'H NMR (200 MHz, CDCl;): 6=798-726 (m, 10H), 6.31 (br s, 2H),
3.89-2.97 (m, 8H), 1.99 (s, 3H), 1.94 (s, 3H), 1.77 (s, 3H), 1.67 (s, 3H),
1.22-1.01 (m, 12H); *C NMR (50 MHz, CDCl,): 6 =172.0 (C), 171.0 (C),
144.0 (C), 142.2 (C), 1272 (CH), 126.9 (CH), 126.7 (CH), 79.9 (C), 78.6 (C),
74.0 (C), 71.7 (C), 43.6 (CH,), 42.8 (CH,), 42.4 (CH,), 273 (CH;), 25.3
(CHs;), 24.1 (CH;), 23.8 (CH;), 13.5(CH;), 12.0 (CH;), 11.5 (CH;); IR
(neat): 7=3386, 1606 cm~!; R;=0.4, 0.3 (two diastereoisomers) (hexane/
AcOEt 5:1).

2-Chloro-N, N-diethyl-3-hydroxy-2-methyl-3-phenylpentanamide (Ir):
'H NMR (200 MHz, CDCl;): 6=762-716 (m, 10H), 6.08 (br s, 1H),
5.59 (brs, 1H), 4.0-2.5 (m, 8H), 1.89 (s, 3H), 1.53 (s, 3H), 1.20-1.12 (m,
12H), 0.9 (t,J=6.7 Hz, 6H), 0.67 (q, /= 6.7 Hz, 4H); *C NMR (50 MHz,
CDCl;): 6=172.0 (C), 171.0 (C), 140.7 (C), 139.9 (C), 128.8 (CH), 127.9
(CH), 126.8 (CH), 126.6 (CH), 126.5 (CH), 82.5 (C), 80.5 (C), 75.0 (C), 72.0
(C),43.4 (CH,), 42.8 (CH,), 27.4 (CH,), 26.8 (CH,), 23.9 (CH,), 13.7 (CH,),
13.2 (CH;), 11.8 (CHj;), 11.2 (CH;), 7.8 (CH;), 74 (CH;); IR (neat): v=
3356, 1604 cm™!; R;=0.5 (hexane/AcOEt 3:1).

2-Chloro-N, N-diethyl-3-hydroxy-2,3-dimethyl-4-phenylbutanamide  (1s):
'H NMR (200 MHz, CDCl;): 6=736-718 (m, 10H), 5.52 (br s, 1H),
5.30 (brs,1H),4.14-2.96 (m, 12H), 1.94 (s,3H), 1.93 (s, 3H), 1.31-1.19 (m,
12H), 1.31 (s, 3H), 1.19 (s, 3H); *C NMR (50 MHz, CDCl,): 6 =171.9 (C),
171.3 (C), 137.8 (C), 1374 (C), 130.9 (CH), 130.8 (CH), 127.3 (CH), 125.8
(CH), 125.7 (CH), 79.1 (C), 78.6 (C), 73.3 (C), 72.7 (C), 43.5 (CH,), 42.1
(CH,), 415 (CH,), 23.3 (CH;), 23.2 (CHj;), 22.2 (CHj;), 20.6 (CH;), 13.5
(CHs), 11.9 (CH;); IR (neat): 7= 3410, 1606 cm~'; R;=0.5 (hexane/AcOEt
3:1).

Synthesis of &, f-unsaturated amides (2): A solution of SmI, (1 or 1.6 mmol)
in THF (12mL) was added very slowly dropwise, under a nitrogen
atmosphere, to a stirred solution of the corresponding 2-chloro-3-hydroxy-
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amides 1 (0.4 mmol) in THF (2 mL) at room temperature or —25°C. After
the time indicated in the corresponding Table, the reaction was quenched
with aqueous HCI (5 mL of 1um solution). Usual workup provided crude
a,f-unsaturated amides 2, which were purified by column flash chroma-
tography over silica gel (3:1 hexane ethyl acetate) to provide pure
compounds 2.

(E)-N,N-Diethyl-3-phenylpropenamide (2a):['”l 3C NMR (75 MHz,
CDCl;) 6=165.5 (C), 142.1 (CH), 135.2 (C), 129.2 (CH), 1282 (CH),
1275 (CH), 117.5 (CH), 42.1 (CH,), 40.9 (CH,), 14.8 (CH3), 13.0 (CH;); MS
(70 eV): m/z (%): 203 (25) [M]*, 131 (100), 103 (67), 77 (55); HRMS calcd
for C3Hi;NO 203.1301, found: 203.1308; IR (neat): 7=3056, 2950,
1620 cm~!; R;=0.3 (hexane/AcOEt 1:1).

(E)-N,N-Diethyldec-2-enamide (2b): '"H NMR (200 MHz, CDCly): 6 =
6.88-6.74 (m, 1H), 6.10 (d, J=14.9 Hz, 1H), 3.35-3.24 (m, 4H), 2.12 (q,
J=6.8 Hz, 2H), 1.37-1.02 (m, 16H), 0.79 (t, J=6.7 Hz, 3H); *C NMR
(50 MHz, CDCl;): 6 =165.7 (C), 146.0 (CH), 120.1 (CH), 41.8 (CH,), 40.5
(CH,), 32.2 (CH,), 31.5 (CH,), 28.9 (CH,), 28.8 (CH,), 28.1 (CH,), 22.3
(CH,), 14.5 (CHj;), 13.8 (CH3), 12.9 (CH;); MS (70 eV): m/z (%): 225 (10)
[M]*, 196 (5), 153 (39), 126 (100); HRMS calcd for C,;H,;NO 2252092,
found: 225.2086; IR (neat): ¥ =2956, 2928, 1659 cm~!; R;=0.2 (hexane/
AcOEt 3:1).

(E)-N,N-Diethyl-4-phenylpent-2-enamide (2¢): 'H NMR (300 MHz,
CDCly): 0=1733-720 (m, 5H), 707 (dd, J=152, 7.0 Hz, 1H), 6.13 (d,
J=152Hz, 1H), 3.68-3.65 (m, 1H), 3.41 (q, /=70Hz, 2H), 332 (q, /=
70 Hz, 2H), 143 (d, /J=70Hz, 3H), 1.32-0.94 (m, 6H); “C NMR
(75 MHz, CDCl,): 6 =165.7 (C), 149.5 (CH), 143.9 (C), 128.4 (CH), 1272
(CH), 126.4 (CH), 119.3 (CH), 42.1 (CH), 42.1 (CH,), 40.7 (CH,), 20.7
(CHj;), 14.7 (CHj), 13.0 (CH3); MS (70 eV): m/z (%): 231 (89) [M]*, 159
(92), 131 (85), 126 (100), 91 (81), 77 (36); HRMS calcd for C;sH,NO
231.1623, found 231.1627; IR (neat): 7 =23008, 2945, 1647 cm™'; R;=0.1
(hexane/AcOEt 5:1).

(E)-N,N-Diethyl-3-phenyl-2-methylpropenamide ~ (2d): 'H NMR
(300 MHz, [D¢]DMSO, 373 K): 6 =7.57-727 (m, 5H), 6.52 (s, 1H), 3.48
(q, J=6.7Hz, 4H), 2.09 (s, 3H), 1.24 (t, J=6.7Hz, 6H); “C NMR
(75 MHz, [D4]DMSO, 373 K): 6=171.9 (C), 135.9 (C), 134.0 (C), 1284
(CH), 128.0 (CH), 1271 (CH), 126.8 (CH), 39.8 (CH,), 15.4 (CH;), 13.1
(CH;); MS (70 eV): m/z (%): 217 (72) [M]*, 202 (41), 117 (100), 91 (51), 89
(9); HRMS calcd for C4H;(NO 217.1466, found: 217.1475; IR (neat): 7=
3081, 3023, 2974, 1625, 1427, 1381 cm™'; R;=0.4 (hexane/AcOEt 1:1).
(E)-N,N-Diisopropyl-2-methyl-3-phenylpropenamide (2e): 'H NMR
(300 MHz, [D4]DMSO, 373 K): 6=7.50-731 (m, 5H), 6.44 (s, 1H),
3.97-3.84 (m, 2H), 2.08 (s, 3H), 1.40 (d, J=6.7 Hz, 12H); C NMR
(75 MHz, [D¢]DMSO, 373 K): 6 =172.0 (C), 136.3 (C), 135.7 (C), 128.6
(CH), 128.3 (CH), 127.0 (CH), 126.0 (CH), 47.3 (CH), 20.5 (CHj;), 15.6
(CH;); MS (70 eV): m/z (% ): 245 (30) [M]+, 230 (21), 168 (8), 145 (100), 91
(27); HRMS calcd for C;¢H,;NO 245.1779, found: 245.1770; IR (neat): v =
3059, 1626, 1532, 1471, 1369cm~'; R;=0.3 (hexane/AcOEt 3:1).
(E)-N,N-Diethyl-2-methyldec-2-enamide (2f): 'H NMR (200 MHz,
CDCly): 0=5.46 (t, J=74Hz, 1H), 3.34 (q, J=72Hz, 4H), 2.04 (q, /=
6.9 Hz,2H), 1.78 (s, 3H), 1.50-1.22 (m, 10H), 1.11 (t, /=72 Hz, 6 H), 0.84
(t, J=6.7Hz, 3H); *C NMR (75 MHz, CDCl;): 6 =173.7 (C), 130.8 (C),
130.3 (CH), 41.5 (CH,), 31.6 (CH,), 29.1 (CH,), 29.0 (CH,), 28.8 (CH,), 27.3
(CH,), 22.4 (CH,), 14.2 (CHs;), 13.9 (CH;), 12.8 (CH;); MS (70 eV): m/z
(%): 239 (2) [M]*, 167 (27), 140 (100), 55 (40), 41 (40); HRMS calcd for
C;5sHyNO 239.2249, found: 239.2242; IR (neat): 7 =2928, 2856, 1624, 1460,
1379 em™!; R;=0.5 (hexane/AcOEt 1:1).
(E)-N,N-Diisopropyl-3-(4-methoxyphenyl)-2-methylpropenamide  (2g):
'"H NMR (300 MHz, [D4]DMSO, 373 K):  =7.36 (d, J=8.9 Hz, 2H), 7.03
(d, J=8.9Hz, 2H), 6.37 (s, 1H), 3.96-3.80 (m, 2H), 3.88 (s, 3H), 2.06 (s,
3H), 1.38 (d, /=6.7 Hz, 12H); ¥C NMR (75 MHz, [D4]DMSO, 373 K):
0=172.3(C), 158.7 (C), 133.9 (C), 130.0 (CH), 129.0 (C), 125.7 (CH), 114.2
(CH), 55.3 (CH;), 47.3 (CH), 20.6 (CH;), 15.8 (CH;); MS (70 eV): m/z (% ):
275 (10) [M]*, 260 (15), 175 (79), 91 (57); HRMS calcd for C;H,sNO,
275.1885, found: 275.1874; IR (neat): 7= 3002, 2967, 1621, 1441, 1369 cm™';
R;=0.2 (hexane/AcOEt 3:1).

(E)-3-(4-Chlorophenyl)-N, N-diisopropyl-2-methylpropenamide (2h):
'"H NMR (300 MHz, [D4]DMSO, 373 K):  =7.48 (d, J=8.4 Hz, 2H), 743
(d,J=8.4Hz, 2H), 6.40 (s, 1H), 3.94-3.83 (m, 2H), 2.06 (s, 3H), 1.38 (d,
J=6.7Hz, 12H); C NMR (75 MHz, [D4]DMSO, 373 K): 6 =171.7 (C),
136.6 (C), 135.1 (C), 131.8 (C), 130.4 (CH), 128.3 (CH), 124.7 (CH), 47.3
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(CH), 20.5 (CH,), 15.6 (CH;); MS (70 eV): m/z (%): 281 (9) [M+2]*, 279
(26) [M]*+, 264 (20), 179 (100), 168 (9); HRMS caled for C,;H,CINO
279.1389, found: 279.1384; IR (neat): 7= 1626, 1490, 1440, 1370 cm™}; R;=
0.4 (hexane/AcOEt 3:1).

(E)-3-Cyclohexyl-N, N-diethyl-2-methylpropenamide  (2i): 'H NMR
(300 MHz, [D4]DMSO, 373 K): 6 =5.33 (dq, /=1.7, 8.9 Hz, 1H), 3.39 (q,
J=70Hz, 4H), 2.43-2.30 (m, 1H), 1.84 (d,/=1.7 Hz, 3H), 1.81 - 1.68 (m,
5H), 1.50-1.21 (m, 5H), 1.17 (t, J=7.0Hz, 6H); *C NMR (75 MHz,
[Dg]DMSO, 373 K): 0 =172.5 (C), 134.0 (CH), 130.4 (C), 40.4 (CH,), 36.0
(CH), 32.0 (CH,), 25.6 (CH,), 25.1 (CH,), 14.0 (CH;), 13.4 (CH;); MS
(70 eV): m/z (%): 223 (9) [M]*, 208 (2), 151 (57), 140 (100); HRMS calcd
for C,HysNO 223.1936, found: 223.1944; IR (neat): ¥=2974, 1623, 1457,
1380 cm™!; R;=0.2 (hexane/AcOEt 3:1).
(E)-N,N-Diethyl-2,5,9-trimethyldec-2,8-dienamide ~ (2j): 'H NMR
(300 MHz, [D¢]DMSO, 373 K): 6=5.53-5.48 (m, 1H), 521-5.17 (m,
1H),3.41 (q,/ =73 Hz, 4H), 2.21-0.93 (m, 7H), 1.83 (s, 3H), 1.75 (s, 3H),
1.68 (s, 3H), 1.17 (t, J=7.3 Hz, 6H), 0.99 (d, J=6.7 Hz, 3H); *C NMR
(75 MHz, [D¢]DMSO, 373 K): 6=172.4 (C), 132.9 (C), 130.5 (C), 127.3
(CH), 124.6 (CH), 40.4 (CH,), 36.4 (CH,), 34.2 (CH,), 32.5 (CH), 25.2
(CH,), 19.3 (CHs;), 173 (CHj;), 14.2 (CH3;), 13.4 (CH,); MS (70 eV): m/z
(%): 265 (6) [M]*, 250 (10), 193 (< 1), 182 (67), 154 (12); HRMS calcd for
C,;H;;NO 265.2405, found: 265.2415; IR (neat): 7= 2966, 1624, 1459, 1430,
1379cm™!; R;=0.2 (hexane/AcOEt 3:1).
(E)-N,N-Diethyl-2-ethylhept-2-enamide (2k): 'H NMR (300 MHz,
CDCly): 6=5.37 (t, J=72Hz, 1H), 3.33 (q, J=72Hz, 4H), 225 (q, /=
74 Hz, 2H), 2.04 (q, /=72 Hz,2H), 1.32-1.18 (m, 4H), 1.08 (t, /=72 Hz,
6H), 0.93 (t, /=74 Hz, 3H), 0.84 (t, /] =6.9 Hz, 3H); *C NMR (75 MHz,
CDCl;): 6 =172.9 (C), 136.9 (C), 129.1 (CH), 40.4 (CH,), 31.1 (CH,), 26.7
(CH,), 22.1 (CH,), 21.7 (CH,), 13.6 (CH,), 13.4 (CH,), 12.4 (CH;); MS
(70 eV): m/z (%): 211 (10) [M]*, 182 (10), 154 (82), 139 (51), 69 (100);
HRMS caled for C;3H,sNO 211.1936, found: 211.1940; IR (neat): 2963,
1610, 1460, 1431, 1380 cm~!; R;=0.5 (hexane/AcOEt 1:1).
(E)-N,N-Diethyl-3-ethyl-2-methylpent-2-enamide ~ (21): 'H NMR
(200 MHz, [D¢]DMSO, 350 K): 0 =3.43 (q, /=722 Hz, 4H), 2.20 (q, /=
7.55Hz, 2H), 2.09 (q, J=755Hz, 2H), 1.83 (s, 3H), 1.21 (t, /=722 Hz,
6H), 1.11 (t,J =755 Hz, 3H), 1.06 (t,J =755 Hz, 3H); *C NMR (75 MHz,
CDCly): 0=172.8 (C), 139.6 (C), 125.3 (C), 42.0 (CH,), 37.7 (CH,), 25.9
(CH,), 22.5 (CH,), 15.5 (CH3;), 14.1 (CH;), 12.6 (CH;), 12.5 (CH;), 12.3
(CH;); MS (70 eV): m/z (%): 197 (12) [M]*, 182 (8), 165 (92), 125 (100), 97
(25); HRMS calcd for C,H,;NO 197.1779, found: 197.1778; IR (neat): v=
2986, 2936, 1616, 1461, 1425, 1380 cm™'; R;=0.2 (hexane/AcOEt 3:1).
(E)-2-Cyclohexylidene-N, N-diethylpropanamide =~ (2m): 'H NMR
(200 MHz, CDCl;): 6 =3.47-3.12 (m, 4H), 2.05-1.93 (m, 4H), 1.68 (s,
3H), 1.56-1.35 (m, 6H), 1.07-1.00 (m, 6 H); *C NMR (75 MHz, CDCL):
0=172.9 (C), 136.1 (C), 122.2 (C), 41.8 (CH,), 37.6 (CH,), 31.9 (CH,), 28.8
(CH,), 272 (CH,), 270 (CH,), 26.2 (CH,), 15.0 (CH;), 14.1 (CHj;), 12.4
(CH;); MS (70 eV): m/z (%):209 (31) [M]*+, 194 (12), 180 (51), 137 (89), 109
(89); HRMS calcd for C,3H,;NO 209.1779, found: 209.1780; IR (neat): 7=
2929, 2854, 1625, 1447, 1426, 1380cm~"; R;=0.2 (hexane/AcOEt 3:1).
(E)-N,N-Diethyl-2,3-dimethylpent-2-enamide (2n): 'H NMR (200 MHz,
CDCl;): 6=3.71-3.00 (m, 4H), 1.96-1.89 (m, 2H), 1.71 (s, 3H), 1.59 (s,
3H), 1.28—-0.77 (m, 9H); *C NMR (75 MHz, CDCl;): 6 =172.7 (C), 133.9
(C), 125.4 (C), 41.8 (CH,), 37.5 (CH,), 28.4 (CH,), 15.8 (CH3;), 15.7 (CHs),
14.0 (CH3), 12.4 (CHj;), 12.0 (CH;); MS (70 eV): m/z (%): 183 (20) [M]*,
168 (11), 154 (57), 111 (100), 83 (57); HRMS calcd for C,;H,NO 183.1623,
found: 183.1623; IR (neat): 7=2968, 2936, 1630, 1461, 1426, 1380 cm™!;
R;=0.2 (hexane/AcOEt 3:1).
(E)-N,N-Diethyl-2,3-dimethylhex-2-enamide (20): 'H NMR (200 MHz,
[D¢]DMSO, 350 K): 6 =3.41 (q, /=722 Hz, 4H), 2.00 (t, / =722 Hz, 2H),
1.80 (s,3H), 1.73 (s, 3H), 1.58 - 1.39 (m, 2H), 1.18 (t, / = 7.22 Hz, 6 H), 0.94
(t, /=722 Hz, 3H); *C NMR (75 MHz, CDCl;): 6 =172.7 (C), 132.9 (C),
132.5 (C), 41.8 (CH,), 37.6 (CH,), 37.5 (CH,), 20.7 (CH,), 16.2 (CHy;), 15.7
(CHs), 14.0 (CH,), 13.9 (CH3), 12.3 (CH;); MS (70 eV): m/z (% ): 197 (18)
[M]*+, 182 (11), 168 (20), 125 (100), 97 (12); HRMS calcd for C;,H,;NO
1971779, found: 197.1782; IR (neat): 7 =2962, 2934, 2872, 1626, 1460, 1426,
1380cm™'; R;=0.2 (hexane/AcOEt 3:1).
(E)-N,N-Diethyl-2,3-dimethyloct-2-enamide (2p): 'H NMR (200 MHz,
[D¢]DMSO, 350 K): 6 =3.41 (q, /=722 Hz, 4H), 2.04 (t, / =722 Hz, 2H),
1.81 (s,3H), 1.75 (s, 3H), 1.52-1.36 (m, 6 H), 1.20 (t, / =7.22 Hz, 6 H), 0.98
(t, J=6.89 Hz, 3H); BC NMR (75 MHz, CDCl;): 6 =172.9 (C), 133.2 (C),
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125.7 (C), 41.9 (CH,), 37.6 (CH,), 35.7 (CH,), 31.9 (CH,), 274 (CH,), 22.4
(CH,), 16.4 (CHj3), 16.0 (CH;), 14.1 (CHs;), 13.9 (CH;), 12.5 (CH;); MS
(70 eV): m/z (%): 225 (18) [M]*, 210 (10), 196 (17), 153 (100); HRMS calcd
for C,H;NO 225.2092, found: 225.2094; IR (neat): 7 =2963, 2933, 1629,
1458, 1425, 1380cm™!; R;=0.3 (hexane/AcOEt 3:1).
(E)-N,N-Diethyl-2-methyl-3-phenylbut-2-enamide  (2q): 'H NMR
(200 MHz, [D¢]DMSO, 350K): 6=738-730 (m, 5H), 348 (q, J=
722 Hz, 4H), 2.14 (s, 3H), 2.02 (s, 3H), 0.92 (t, J=722Hz, 6H);
3C NMR (75 MHz, CDCL): 6=172.2 (C), 142.2 (C), 132.6 (C), 128.6
(C), 1278 (CH), 1274 (CH), 126.8 (CH), 41.7 (CH,), 37.5 (CH,), 19.3 (CH,),
174 (CH;), 13.7 (CH;), 11.6 (CH;); MS (70 eV): m/z (% ): 231 (12) [M]*, 216
(40), 202 (10), 159 (68), 131 (96), 91 (100); HRMS caled for C;sH, NO
231.1623, found: 231.1627; IR (neat): #=3055, 2975, 2933, 1614, 1458,
1380 cm™!; R;=0.2 (hexane/AcOEt 3:1).
(E)-N,N-Diethyl-2-methyl-3-phenylpent-2-enamide  (2r): 'H NMR
(200 MHz, [D¢]DMSO, 350K): 6=735-733 (m, 5H), 3.19 (q, /=
6.89 Hz, 4H), 2.56 (q, J=755Hz, 2H), 2.02 (s, 3H), 1.04 (t, J=755 Hz,
3H), 0.92 (t, J=6.89 Hz, 6H); *C NMR (75 MHz, CDCl,): 6 =172.0 (C),
140.8 (C), 138.7 (C), 1279 (CH), 127.6 (CH), 127.0 (C), 126.6 (CH), 41.5
(CH,), 37.1 (CH,), 26.0 (CH,), 16.5 (CH;), 13.7 (CHj;), 12.2 (CH;), 11.4
(CHs;); MS (70 eV): m/z (%): 245 (45) [M]*, 230 (19), 216 (89), 173 (100),
145 (63), 91 (25); HRMS calcd for C;sH,;NO 245.1779, found: 245.1781; IR
(neat): 7 =3054, 3019, 2968, 2873, 1617, 1459, 1379 cm™!; R;=0.2 (hexane/
AcOEt 3:1).

(E)-N,N-Diethyl-2,3-dimethyl-4-phenylbut-2-enamide  (2s): 'H NMR
(200 MHz, [D¢]DMSO, 350K): 6=742-726 (m, 5H), 345 (q, J=
6.56 Hz, 4H), 2.93 (d, J=13.46 Hz, 1H), 2.72 (d, J=13.46 Hz, 1H), 1.87
(s,3H), 1.63 (s, 3H), 1.21 (q, / = 6.56 Hz, 6H); *C NMR (75 MHz, CDCl;)
0=172.5(C),139.1 (C), 131.4 (C), 128.8 (CH), 128.0 (CH), 1273 (C), 125.7
(CH), 42.1 (CH,), 41.5 (CH,), 379 (CH,), 16.2 (CH;), 16.0 (CH;), 14.0
(CHj;), 12.4 (CH3); MS (70 eV): m/z (%): 245 (23) [M]*, 230 (3), 216 (17),
173 (46), 145 (23), 91 (44); HRMS calcd for C;sH;NO 245.1779, found:
245.1783; IR (neat): 7 =3060, 3025, 2973, 2932, 1623, 1494, 1427, 1380 cm ™ };
R;=0.2 (hexane/AcOEt 3:1).
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Abstract: The reductive coupling of
[M(salophen)] derivatives, where M is
an early transition metal and salophen is
N,N'-o-phenylenebis(salicylideneamina-
to) dianion, led to the formation of
dimers linked through C—C and M—M
bonds. Both of these bonds can poten-
tially function as electron reservoirs:
each bond can be used as a reversible
source of a pair of electrons under the
condition that it is not chemically trans-
formed by the incoming substrate which
functions as an electron acceptor. To
explore this potential function as well as

phen)MoCl,] (7) as model compounds.
In the former case, the reduction led to
[(Nb—Nb)(Buy-*salophen,*)] (2) which
contains both a Nb—Nb bond
(2.6528(7) A) and two C—C bonds across
two imino groups of the ligand. Complex
2 can be reduced further to a transient
compound 5 that contains an Nb=Nb
bond. In the second case, the reduction
of 7 by two electrons led to
[(Mo=Mo)(rBu,-salophen),] (8), which
does not contain any C—C linkages
between the two salophen units. Com-
plexes 2 and § are able to transfer one

pair and two pairs of electrons, respec-
tively, to give compounds 3, 4, and 6,
with the consequent cleavage of the
Nb—Nb and Nb=Nb bonds. In the pres-
ent case, it is surprising that the C—C
bonds do not participate in the reduction
of the substrates. A careful theoretical
treatment anticipates, both in the case of
1 and 7, the preferential formation of
metal-metal bonds upon reduction.
This is indeed the case for 7, but not
for 1, where the formation of C—C bonds
competes with that of M—M bonds, the
latter being the first ones, however, to be

the competition in the redox processes
between C—C and M—M bonds within
the same molecular framework, we
investigated the reduction of [(tBu,-
salophen)NbCl;] (1) and [(rBu,-salo-

Introduction

The use of a chemical bond across two atoms for the storage
and subsequent release of a pair of electrons seems to be quite
an obvious concept. The reductive or oxidative coupling and
the reverse decoupling can be the mechanism through which
we must pass through.l'l Many mechanisms are known which
operate in at least one direction,>3 while very often the
reverse process does not even occur. Among the very few
systems that exhibit reactions in both directions, we should
mention the oxidation of organic sulfides to the corresponding
disulfide and the reverse reduction.* In addition, such a redox

[a] Prof. Dr. C. Floriani, Dr. E. Solari, Dr. F. Franceschi, Dr. R. Scopelliti,
Dr. P. Belanzoni
Institut de Chimie Minérale et Analytique
Université de Lausanne, BCH, 1015 Lausanne (Switzerland)
Fax: (+41)21-692-39-05
E-mail: carlo.floriani@icma.unil.ch
[b] Prof. Dr. M. Rosi
CSCISM, c/o Dipartimento di Chimica
Universita di Perugia, 06123 Perugia (Italy)

3052

Keywords: electron
metal —metal bonds - molecular bat-
teries «+ molybdenum - niobium

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

involved in electron-transfer reactions.
The theoretical approach allowed us to
investigate the possibility of intramolec-
ular electron transfer from C—C bonds
to M—M bonds and vice versa.

TeServoirs

reaction has relevance in naturally occurring systems.’] A
major question is under which conditions can we take
advantage of a simple chemical bond for storing and releasing
electrons.

The major unquestionable goal is the facile reversibility
associated with no overall change when the chemical system is
returned to its original state. This is a normal event when the
redox reactions involving formation and cleavage of a
chemical bond are performed electrochemically.’!l However,
reversibility to the original state is much more rarely observed
when the redox system is involved in the exchange of
electrons with chemical substrates.”! As a matter of fact, the
exchange of electrons with the substrate usually occurs at
centres which function as electron reservoirs, so that the
substrate remains bonded to them.[ 8

With the perspective of the use of chemical bonds as
electron reservoirs, we selected metal —metal® and carbon—
carbon bonds and we tried to put them in competition within
the same molecular framework. Both of them have a quite
well-known redox chemistry, though neither of them satisfies
completely the requirements mentioned above. This work was
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inspired by our previous dis-
covery that the formation and
cleavage of C—C single bonds
can be effectively used for stor-
ing and releasing a pair of
electrons. The model com-
pounds used were a variety of
[M(salophen)]®  [salophen =
N,N'-o-phenylenebis(salicylide-
neaminato) dianion] or
[M(tmtaa)]'”! [tmtaa = dibenzo-
tetramethyltetraaza[14]annu-

lene dianion] complexes, which
undergo reductive coupling of
one or both imino groups to
form a C-C bond which is
oxidatively broken without the
carbon being involved in any
chemical transformation. The
assistance of a metal centre is
compulsory,’® !l though it
should not display any redox

NbCl5 + )(6\/

Scheme 1. Synthesis of 1.

CF30,S04+—

main-group metals.

We report here on the redox
chemistry of [Nb(tBu,-salo-
phen)Cl;] and [Mo(/Buy-salo- \‘py
phen)Cl,], which undergo re-
ductive coupling to form dimers

. o N N_ O

that contain both C-C and \ SN
2 SO5CF3"
M—M bonds. The experimental Py KNK/\\,\b o 5CF"

results led us to estimate the
relative suitability of the two
kinds of bonds to act as electron
reservoirs, while a full theoret-
ical investigation gave us the
possibility to estimate the pref-
erential storage sites of the pair
of electrons in the reduction of
[Nb(salophen)] and [Mo(salo-
phen)] moieties.

Results and Discussion

Chemical studies: The starting material, 1, was prepared by
directly reacting NbCls with the protic form of the Schiff base
ligand (Scheme 1) in toluene. This is a high-yield synthesis. In
the present case, it would seem wiser to start from a lower
oxidation state of the metal, namely from NbCl,. In the latter
case, the synthesis would have to be carried out by the
addition of NbCl, to the sodium salt of the rBu-salophenH,
ligand. However, to free the final Nb complex from NaCl
requires a long liquid/solid extraction procedure that leads to
lower yields. The three-electron reduction of 1 with alkali
metals or, equally well, magnesium, gave the coupled dimer 2
(Scheme 2) that contains two C—C bonds across two Schiff
base ligands and a single Nb—Nb bond. The reaction occurs
with the simultaneous reduction of the salophen-type ligand

Chem. Eur. J. 2001, 7, No. 14
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Scheme 2. Redox chemistry of 1 (the dinucleating ligand in 2—6 is drawn as doubly C—C-bonded salophen units).

in the usual manner,® and the reduction of NbY to Nb™. The
use of lower molar ratios of Nb:reducing agent only led to a
mixture of compounds including 2, rather than to other less
reduced forms. The diamagnetism of the dinuclear complex 2
supports the presence of a single Nb—Nb bond. The dimeric
structure of 2 was confirmed by an X-ray structural analysis
(Figure 1, Table 1).

The dinucleating ligand [*salophen*,]3~ (Figure 2), derived
from the reductive coupling of two salophen units (C—C
1.628(5) A) binds the two metal ions, which experience the
same coordination environment in a close proximity (Nb—Nb
2.6528(7) A). The rather short metal—metal single bond
length is imposed by the geometric constraints of the
dinucleating ligand. The four nitrogen atoms and the four
oxygen atoms define two perpendicular planes (99.9°) (Fig-
ure 3); the metals lie out of these planes by +1.3262 A and
+0.2072 A, respectively.
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Figure 1. Structure of 2 (hydrogen atoms, solvent molecules, and /Bu
groups omitted for clarity). Atoms with an “A” indicate the following
symmetry transformation: —x, —y, —z.

Figure 2. Structure of the [*salophen,*]*~ ligand. The /Bu substituents are
omitted.

Table 1. Crystal data and details of the structure determination of 2, 4, 6 and 8.

o1 m
N1 02

Figure 3. Coordination polyhedra around niobium in complex 2.

Complex 2 is a potential six-electron reservoir: two of the
three pairs of electrons being stored in the two new C—C
bonds and the third pair in the Nb—Nb bond. The chemical
utilisation of the six electrons was attempted by the reaction
of 2 with reducible substrates. The reaction of 2 with iodine
led to the cleavage of one of the three single bonds, namely
Nb—Nb, to give the diamagnetic complex 3 (Scheme 2). The
structure of complex 3, formed by the preferential cleavage of
the metal-metal bond, while the two C—C bonds remain
intact, is supported by the analogous reaction of 2 with
AgSO;CF;. In the latter case, the reduction of Ag™ to
elemental Ag occurs along with the cleavage of the metal -
metal bond, while the two C—C bonds do not participate in the
electron-transfer reaction. The reaction led to the formation
of a dication 4 with weakly bonded triflate counteranions.
They are readily displaced by pyridine, leading to the bis-
pyridine derivative [4(Py),][{SO;CF;},]. Figure 4 displays the
structure of the dication 4.

The structure of 4 is quite reminiscent of that of 2. The
metal ions maintain the same coordination environment,
except for the greater separation between the Nb atoms
(2.793(2) A). This separation, which is almost a bonding
distance, is an artifact imposed by the binucleating nature of
the ligand. The structural parameters of the ligand and the

2 4 6 8
chemical formula CygoH,sNyNb,O¢- 4 C;HO  CgoH,(,2NgNb,O, -2 C;HN -2 CF;05S - Cy0H 4K, NgNb,O4p- 4 C,;HiO  C;,Hg;Mo,N,O, - 0.5C;H ¢
formula weight 1695.94 1877.86 2286.74 1319.47
crystal system triclinic monoclinic monoclinic monoclinic
space group Pl C2lc P2,/n P2,/n
a[A] 11.4000(8) 33.7400(9) 15.580(3) 14.978(2)
b [A] 14.6516(16) 14.6600(4) 21.308(4) 20.702(3)
c[A] 15.7605(16) 19.3800(5) 19.578(5) 23.268(3)
a[°] 67.138(10) 90 90 90
AI°] 70.013(8) 99.2600(12) 113.18(2) 104.657(12)
v [°] 89.516(7) 90 90 90
V [A3] 2255.9(4) 9461.0(4) 5975(2) 6980.3(17)
V4 1 4 2 4
Peatea [gem ™3] 1.248 1.318 1.271 1.256
F(000) 906 3920 2432 2788
u [mm™1] 0.313 0.358 0.326 0.409
T [K] 143 143 143 173
2 [A] 0.71073 0.71070 0.71070 0.71073
measured reflections 13709 25577 31162 39485
unique reflections 6808 6365 9161 11625
unique reflections [/ >20(l)] 5559 3718 5937 9459
data/parameters 6808/506 6365/538 9161/686 11625/794
RE[I>20(I)] 0.0532 0.1085 0.0561 0.0725
wR2l! (all data) 0.1321 0.3493 0.1566 0.1638
GoF! 1.110 1.107 0.950 1.174

[a] R=Z||F,| = F.||IZ|F,|, wR2={ZE[w(F2 — F2)*/Z[w(F2)*]}'2. [b] GoF ={Z[w(F2 — F2)*)/(n—p)}'”* where n is the number of data and p is the number of

parameters refined.
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Figure 4. Structure of 4 (hydrogen atoms, CF;SO;~, solvent molecules, and
tBu groups omitted for clarity). Atoms with an “A” indicate the following
symmetry transformation: —x+1/2, —y+1/2, —z.

coordination sphere of the metal (Nb—N,, 2.183(10); Nb—O,,
1.963(8) A) (see Table 2) are very close to those of 2. The four
oxygen atoms and the four nitrogen atoms define two planes
which are almost perpendicular to each other (79.5°). The Nb
atoms are displaced from those planes by +1.3963 and
+0.2334 A, respectively.

Table 2. Selected bond lengths [A] and angles [°] for complexes 2, 4, 6 and
8.

2 4 6 8
M-O1E  2.034(3)  1.955(8)  2.003(3) 2.047(4) [2.061(4)]
M-026  2.027(3)  1971(8)  1.981(3) 2.060(4) [2.047(4)]
M-NIE 21593)  2.157(10)  2.315(4) 2.116(4) [2.109(4) ]
M-N26T  2157(3)  2.188(10) - 2.118(5) [2.119(4) ]
M-NIAE  21823)  2211(10)  2.234(4) -

M-N2AE  2185(3)  2.177(10)  2.080(4) -

M-LEb 2312(3)  2279(10)  1.820(4) -

M--ME 26528(7)  2793(2)  3.4214(11)  2.2057(8)

ool 1.628(5)  1.591(17)  1.605(6) -

N3-N4 - - 1.357(5) -

[a] M=Nb (2, 4 and 6), M=Mo (8). [b] L=THF (2), L=Pyr (4), L=
Ph,CN, (6). [c] Values in brackets refer to the second Mo (hence Mo2, O3,
0O4,N3,N4). [d] Values corresponding to the carbon single bond linking the
two ligands.

There are some aspects of this chemistry which are rather
intriguing. One of them is the oxidative resistance of the C—C
bonds: in all the other cases previously reported,”) they are
very sensitive to cleavage by any kind of oxidising agent. The
cleavage of C—C bonds by iodine in other coupled [M(salo-
phen)] complexes is well documented.™ In addition, we did
not succeed in cleaving the C—C bond, even by the use of
stronger oxidising agents, including dioxygen. In the latter
case, the formation of a mixture of different compounds was
observed. According to the theoretical calculations reported
in the next section, the Nb—Nb bond is much more stable and
stronger than the C—C bonds. This notwithstanding (see also
below), the metal —metal bonds are the first ones to cleave
upon oxidation. This is probably not in conflict with the

Chem. Eur. J. 2001, 7, No. 14
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theoretical results. The reaction leads, very probably, to the
kinetic product which does remain stable in a metastable
form. In fact, we found that the HOMO orbitals available to
the oxidising agents were always localised on the metal
centres, so that the electrons flow from the real reservoir,
namely the C—C bonds, to the metal in the reduction of the
substrates.’d 11l ' We expected, however, an intramolecular
transfer of a pair of electrons from the C—C bond to the metal,
with the overall cleavage of a C—C bond and the formation of
a Nb—Nb bond.

In this context (see the next section), we should also
mention that the existence of 2 is not predictable on the basis
of pure calculations. The corresponding isoelectronic systems
that contain a Nb=Nb bond and no C—C bond are, as a matter
of fact, foreseen as much more stable. The further reductions
of 2 were expected to produce stable compounds of Nb'™-d?
and Nb'-d? containing an Nb=Nb and an Nb=Nb function-
ality, respectively. In the case of the two-electron reduction of
2, we were unable to isolate 5, although we succeeded in
intercepting it in the presence of an appropriate substrate. The
reduction of 2 with two equivalents of potassium metal was
carried out in the presence of diphenyldiazomethane. The
reaction led to the formation of a dimetallic diphenylhydra-
zone dianion (6; Scheme 2). The formation of 6 requires the
intermediate formation of 5, in which the Nb=Nb bond
functions as a four-electron reservoir for the reduction of two
molecules of Ph,CN,. There is a close analogy in the chemical
behaviour of this Nb=Nb bond with that reported in
calix[4]arene — niobium(it)) chemistry,'?l where the metal -
metal double bond was able to perform the four-electron
reduction of dinitrogen,!?d ketones!'?! and carbon monoxi-
de.l?l Under the present experimental conditions, it is quite
difficult to find other substrates that are able to intercept the
[Nb=NDb] reactive functionality without reacting with potas-
sium metal in a preliminary stage.

Complex 6 is also a dimetallic compound, in which the two
metal ions are positioned inside the dinucleating ligand
(Figure 2 and Figure 5a). Although the ligands maintain the
overall topology defined by the N, and O, planes being
perpendicular to each other (99.6°), from which the metal ions
are displaced +1.5624 A and +0.6790 A, significant structural
changes are observed, mainly in the coordination sphere of
the niobium ions, on account of the novel functionalisation of
the metal. The two metals are further apart (3.4214(11) A)
than in 2 and 4, and they are no longer equally distant from
the four nitrogen atoms of the N, plane. Two of the N atoms
function as binding donor atoms shared by the two metal ions.
The structural parameters (Table 2) are in agreement with the
binding sequence shown in Scheme 2 for the metalla-hydra-
zone functionality (Nb1-N3 1.820(4), N3—N4 1.357(5),
N4—C37 1.312(5) A). A strong association occurs between
the K cations and the basic nitrogens of the hydrazone unit
(K1-N3 2.943(4), K1-N4 2.834(4) A, Figure 5b). The results
reported above show that, while the coupling of the imino
groups and the metal —metal formation can be in competition
upon reduction of 1, the oxidative decoupling mainly concerns
the metal —metal functionality. This finding is not quite what
we expected from the theoretical calculations (see below),
which are in favor of a much higher stability of the M—M
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a)
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Figure 5. a) Structure of 6 (hydrogen atoms, K(DME)™, solvent molecules and rBu groups omitted for clarity).
Atoms with an “A” indicate the following symmetry transformation: —x, —y, —z. b) A plot of complex 6 showing
the asymmetric unit with the adopted labeling scheme (hydrogen atoms omitted for clarity).

bonds compared to the C—C bonds in the dinucleating
structure.

We then changed to another metal, molybdenum, coordi-
nated to the same ligand, in order to explore further the
competition in the formation and cleavage of the C—C and
metal—-metal bonds within the same structure, and to
compare them with the theoretical forecast. To this purpose,
we used as a model compound [(¢Bu,-salophen)MoCl,] (7,
Scheme 3). Regardless of the Mo:reducing agent ratio, the
reduction of 7 gives directly complex 8, that contains a
Mo—Mo quadruple bond and which seems to be the thermo-
dynamic sink of the reaction. In this case, the experimental

3056 —

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

results were completely in
agreement with the theoretical
forecast. Further reduction of 8
was unsuccessful and we did not
see any intra- or intermolecular
coupling between the salophen
units by the formation of a C—C
bond. In addition, as expected,
no relevant reactivity was
found related to the electron
richness of the Mo—Mo quad-
ruple bond.* 3 The structure
of 8 is displayed in Figure 6. It
contains two [(tBu-salophen)-
Mo] units joined by a
metal —metal quadruple bond
(Mo—Mo 2.2057(8) A).31 The
two metal atoms Mol and Mo2
are displaced by —0.4847 and
0.4856 A from the respective
N,O, planes. The two salophen
skeletons in 8 maintain the
expected planarity, and they
are nearly parallel, the dihedral
angle being 8.4°. The two [(1Bu-
salophen)Mo] units are rotated
with respect to each other by
~90°, the O1-Mol-Mo02-0O3
torsional angle being —88.2°.

Theoretical studies: In order to

make the calculations feasible,

the salophen ligand in the metal

Schiff base complexes was sim-
€62 plified: the aromatic rings were
replaced by C=C bonds. The
simplified ligand, shown in
Scheme 4, will be called salo-
phen’ hereafter. The geometry
of the model systems consid-
ered was fully optimised start-
ing from parameters deduced
from the available experimen-
tal X-ray structures. We consid-
ered C,, symmetry for [M(salo-
phen’)], complexes and C; sym-
metry for [M,(*salophen’,*)]
complexes, where *salophen’,* (Scheme 4) is the octadentate,
octaanionic ligand derived by a four-electron reduction of two
salophen’ ligands.

The optimised structure of [Mo(salophen’)], is shown in
Figure 7a. The calculated Mo—Mo bond length, 2.195 A, is in
very good agreement with the experimental value of 2.2057 A
and is typical of a Mo—Mo quadruple bond,?"! that is
expected for a Mo!! complex. A metal-to-ligand four-electron
transfer in the Mo! complex [Mo(salophen’)], would give rise
to the Mo" complex [Mo,(*salophen’,*)], whose optimised
geometry is shown in Figure 7b. The computed Mo—Mo bond
length of 2.538 A is very close to the experimental value of

Ca1
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Scheme 3. Reduction of 7 to give complex 8.

Figure 6. Structure of 8 with the adopted labeling scheme (hydrogen atoms
and external solvent molecules omitted for clarity).

=N N=CH
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salophen’

X&:N@ ol -

Buy-salophen

o0 =0
™\
7 NN, D
8i
N\ N_ 7
O\=/O
*salophen,™

Scheme 4. Model representation of the salophen ligands used in the
calculations.

2.544 A found for a Mo—Mo double bond. !l Figure 7b
shows the presence of two C—C ¢ bonds (r(C—C) =1.601 A)
between carbon atoms of the imino groups of the two
salophen’ ligands. [Mo,(*salophen’,*)] is computed to be less
stable than [Mo(salophen’)], by 70.5 kcal mol~!, in agreement

Chem. Eur. J. 2001, 7, No. 14
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Figure 7. Optimised structures of [Mo(salophen’)], (a) and [Mo,(*salo-
phen’,*)] (b) with selected bond lengths [A] and angles [°].

with the experimental evidence that only species related to
[Mo(salophen’)], can be synthesised.

Figure 8a shows the optimised structure of [Nb(salo-
phen’)],. The calculated Nb—Nb bond length, 2.433 A, is
typical of an Nb—Nb triple bond, as expected for an Nb!

Figure 8. Optimised structures of [Nb(salophen’)], (a) and [Nb,(*salo-
phen’,*)] (b) with selected bond lengths [A] and angles [°].
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complex. A metal-to-ligand four-electron transfer in the Nb!
complex [Nb(salophen’)], would give rise to the Nb'Y complex
[Nb,(*salophen’,*)], whose optimised geometry is shown in
Figure 8b. The computed Nb—Nb bond length of 2.625 A is
very close to the experimental value of 2.6528 A found in the
isolated system and is typical of a Nb—Nb single bond.
Figure 8b shows the presence of two C—C ¢ bonds (r(C—C) =
1.609 A) between carbon atoms of imino groups of the two
salophen’ ligands. This value is slightly shorter than the
experimental value of 1.6281 A. [Nb,(*salophen’,*)] is com-
puted to be less stable than [Nb(salophen’)], by only
12.5 kcalmol~'. Considering that we analysed simplified
model systems, this result is not in disagreement with the
experimental evidence that only species related to [Nb,-
(*salophen’,*)] can be synthesised and suggests that the
species [Nb,(*salophen’,*)] can be easily stabilised.

Figure 9 shows the analysis of the molecular orbitals of
[NDb,(*salophen’,*)]. The frontier orbitals are mainly niobium
in character, but the metal d orbitals are strongly mixed and a
classification of these orbitals is not completely unambiguous.

A % &
“m— K
LUMO
4 |-

HOMO
S
=

6 |-
L B — Ce e
sla —— O @O

Figure 9. Frontier orbitals of [Nb,(*salophen’,*)].

However, the highest occupied molecular orbital (HOMO),
38a,, essentially describes a Nb—Nb ¢ bond, while the lowest
unoccupied molecular orbital (LUMO), 38a,, can be mainly
characterised as a bonding 0 orbital. The 39a, orbital has
mainly Nb—Nb & bonding character. The next valence orbitals
at lower energies with respect to the HOMO are mainly
composed of nitrogen p orbitals or other ligand atoms orbitals,
while the orbitals 32a, and 31a,, that describe the two C—C o
bonds between carbon atoms of imino groups of the two
salophen’ ligands, lie at lower energies. An oxidation of
[NDb,(*salophen’,*)], therefore, should affect only the Nb—Nb
bond and not the two C—C o bonds. This is confirmed by the
analysis of [Nb,(*salophen’,*)]**, whose optimised geometry
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Figure 10. Optimised structures of [Nb,(*salophen’,*)]** (a) and
[Nb,(*salophen’,*)]** (b) with selected bond lengths [A] and angles [°].

is shown in Figure 10a. The computed Nb—Nb separation of
2.894 A suggests a lack of any metal —metal interaction, while
the C—C bond length of 1.617 A confirms the presence of a
bond between the carbon atoms of the imino groups of the
two salophen’ ligands.

Both [Nb,(*salophen’,*)] and [Nb(salophen’)], can formal-
ly give rise to different levels of electron storage. The electron
reservoirs are the C—C o bonds between the carbon atoms of
the imino groups of the two salophen’ ligands or the metal —
metal bonds in the [Nb,(*salophen’,*)] species, while only
metal —metal bonds can act as electron reservoirs in [Nb(sa-
lophen’)], complexes. In order to analyze this point we
investigated, in addition to the neutral species, the 2 —, 2+,
4 + and 6 + species. These species allow the storage or release
of up to eight electrons (Scheme 5). The total energies and
the main geometrical parameters of the investigated species
are reported in Table3. The optimised geometry of
[Nb,(*salophen’,*)]*~ shows two C—C o bonds between the
carbon atoms of the imino groups of the two salophen’ ligands
(r(C—C)=1.616 A) and an Nb—Nb bond length of 2.633 A, a
value very close to that found for the Nb—Nb single bond of
the neutral complex.’) However, the analysis of the molecular
orbitals reveals the presence of both a 6 and a d bond between
the two metal centres. As expected, the ¢ bonding has a very
small influence on the metal —metal separation.?! The neutral
compound [Nb,(*salophen’,*)] has already been discussed
and shows a single Nb—Nb bond and two C—C o bonds. A two-
electron oxidation of this species, which produces
[Nb,(*salophen’,*)]**, implies the cleavage of the Nb—Nb
bond, as suggested by the Nb—Nb distance of 2.894 A. The
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Scheme 5. Different levels of electron storage.

Table 3. Total energies [Hartree], energy differences A [kcalmol~'] and
main geometrical parameters [A] of the investigated niobium complexes.

Speciesl Total energy A r(Nb-Nb)  r(C-C)
[Nb,(*salophen,*)[*~  —10.064691 2.633 1.616
[Nb(salophen’)],>~ —10.124903 378 2487
[Nb,(*salophen,*)] —10.129540 2.625 1.609
[Nb(salophen’)], —10.149441 125 2433
[Nb,(*salophen,)P*  —9.561418 2.894 1.617
[Nb(salophen’)],>* —9.609573 302 2.680
[Nb,(*salophen,*)[**  — 8.406983 2872 1.615 3.052
[Nb(salophen’)],* — 8.488037 509  2.659
[Nb,(*salophen,*)]*+ —6.638021 2.851 1.796
[Nb(salophen’)],** —6.886307 1558 3.011

[a] Salophen’ and *salophen,*: see Scheme 4.

removal of another two electrons implies the breaking of one
C—C o bond. Indeed, in [Nb,(*salophen’,*)]**, whose opti-
mised structure is shown in Figure 10b, the distances between
the carbon atoms of the imino groups are 1.615 A and 3.052 A:
the first value corresponds to a o bond, while the second one
suggests the lack of any interaction. The removal of the next
two electrons gives rise to two units which do not interact at
all. As expected, the species [Nb,(*salophen’,*)]** is strongly
destabilised. With regard to the [Nb(salophen’)],* species
(where x=2—,0,2+, 4+, 6+ ), we notice that we have a
Nb—Nb quadruple bond in the dianion, a triple bond in the
neutral species, a double bond in the dication, a single bond in
the 4 + species and a lack of any metal —metal interaction in
the 6+ species. [Nb(salophen’)],** is essentially formed by
two [Nb(salophen’)]** units which do not interact at all. The
optimised metal —metal bond lengths reported in Table 3 are
in agreement with the observed progressive filling of metal —
metal bonding orbitals: ¢; d; 7; 6. From the data of Table 3,
we also notice that in the two analysed series of compounds,
the metal —metal bonds are always preferred with respect to
carbon —carbon bonds: the energy difference is small in the
neutral compounds, while it is very high in the 6 4+ species.

Chem. Eur. J. 2001, 7, No. 14
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Experimental Section

General procedure: All reactions were carried out under an atmosphere of
purified nitrogen. Solvents were dried and distilled before use by standard
methods.l'"] IR and NMR spectra were recorded respectively on Perkin-
Elmer FT 1600 spectrophotometer and on AC-200 or DPX-400 Bruker
spectrometers. Ph,CN,!'" and [Mo(tBu,-salophen)ClL,] (7)P were prepared
according to published procedures.

Computational and methodological details: Density functional theory
(DFT), which has been found to be a very cost-effective method to study
transition metal systems,['”) was used for the determination of equilibrium
geometries and the evaluation of the energetics of all the investigated
systems. All calculations were carried out with the Amsterdam density
functional (ADF) program package.'> "] Molecular structures were
optimised at the non-local density approximation level of theory, in which
the Becke non-local exchange®! and Perdew correlation?! corrections are
included. The basis set employed for molybdenum and niobium was the
uncontracted double-{ quality for 4s and 4p, triple-C quality for 4d and Ss,
augmented by two Sp functions. The main-group elements were described
by a double-{ basis augmented by one 2p function for hydrogen and one 3d
polarisation function for the other elements. The cores (Mo, Nb: 1s-3d;
CN,O: 1s) were kept frozen.l??]

Synthesis of 1: NbCly (1743 g, 64.5 mmol) was dissolved in toluene
(500 mL) and the red solution was stirred overnight. rBu,-salophenH,
(34.92 g; 64.5 mmol) was added to give a red suspension that was refluxed
for 24 h. Toluene was evaporated and the solid was washed with diethyl
ether (2 x 250 mL), collected and dried in vacuo (45 g, 84%). '"H NMR
(200 MHz, [D4]DMSO, 298 K): 0 =9.15 (s, 1 H; CH=N), 7.82 (m, 2H; tol),
7.67 (d,J=2.4Hz, 1H; Ar), 7.56 (d, / =2.4 Hz, 1 H; Ar), 748 (m, 2H; tol),
7.16 (m, 3H; Ar+tol), 2.28 (s, 3H; tol), 1.42 (s, 9H; CHs), 1.27 (s, 9H; CHs);
elemental analysis calcd (%) for C,;;Hs,CI;N,NbO, (830.2): C 62.21, H 6.56,
N 3.37; found: C 61.88, H 6.53, N 3.41.

Synthesis of 2: Magnesium turnings (0.24 g, 9.9 mmol) were added to a
solution of 1 (5.48 g; 6.6 mmol) in THF (100 mL). The resulting dark-red
suspension was stirred for 6 d. A yellow-green solid was collected by
filtration and dried in vacuo (4.6 g, 61%). '"H NMR (400 MHz, [Ds]pyr-
idine, 323 K): 6 =7.65 (d,J=2.5 Hz, 1 H; Ar), 741 (d, J=2.5 Hz, 1H; Ar),
6.19 (m, 1H; Ar), 5.88 (m, 1H; Ar), 5.50 (s, 1 H; CHN), 3.65 (m, 4 H; THF),
1.63 (m,4H; THF), 1.43 (s, 9H; CHj;), 1.42 (s, 9H; CHj;); elemental analysis
caled (%) for C,HsN,NbO; (703.8): C 68.26, H 7.73, N 3.98; found: C
67.79, H 791, N 3.95. Crystals suitable for X-ray analysis were grown by
slowly cooling a hot saturated THF solution to room temperature.

Synthesis of 3: A solution of I, (90 mg, 0.36 mmol) in CH,Cl, (20 mL) was
added to a yellow-green solution of 2 (0.50 g; 0.36 mmol)in CH,CIl,
(100 mL) which had been previously cooled and maintained at —30°C.
The mixture was allowed to reach room temperature before the solution
was dried. The dark green residue was then suspended in n-hexane
(90 mL), collected and dried in vacuo (0.44 g, 81 %). '"H NMR (400 MHz,
CD,Cl,, 298 K): 0 =745 (d, J=2.6 Hz, 1H; Ar), 719 (d, J=2.6 Hz, 1H;
Ar), 6.63 (m, 1H; Ar), 6.38 (m, 1H; Ar), 4.82 (s, 1H; CH-N), 1.39 (s, 9H;
CH,), 1.36 (s, 9H; CHj;); elemental analysis calcd (%) for C;HycIN,NbO,
(758.6): C 57.00, H 6.11, N 3.69; found: C 56.78, H 5.89, N 3.48.

Synthesis of 4: AgSO;CF; (300 mg; 1.15 mmol) was added to a yellow-
green suspension of 2 (0.81 g, 0.58 mmol) in CH,Cl, (110 mL). The mixture
was refluxed overnight to afford a deep green suspension. Ag metal was
filtered off and the solution evaporated to dryness. The dark green residue
was suspended in hexane (90 mL), collected and dried in vacuo (0.66 g,
73%). '"H NMR (400 MHz, CD,Cl,, 298 K): =749 (d, J=2.5Hz, 1H;
Ar), 746 (d, J=2.5 Hz, 1 H; Ar), 721 (d, J=2.5Hz, 1 H; Ar), 7.14 (d, J =
2.5Hz, 1H; Ar), 6.87 (m, 1 H; Ar), 6.78 (m, 1 H; Ar), 6.64 (m, 1 H; Ar), 6.37
(m, 1H; Ar), 5.37 (d, /=18 Hz, 1H; CH-N), 5.03 (d, /= 1.8 Hz, 1 H; CH-
N), 1.39 (s, 9H; CHs;), 1.36 (s, 9H; CH,), 1.33 (s, 9H; CHj;), 1.30 (s, 9H;
CH,); elemental analysis calcd (%) for Cs;H,sF;N,NbO;S (780.8): C 56.92,
H 5.94, N 3.59; found: C 55.78, H 6.41, N 3.29. Crystals suitable for X-ray
analysis were grown by slowly cooling a pyridine/diethyl ether solution to
4°C.

Synthesis of 6: Ph,CN, (0.52 g, 2.7 mmol) was added to a yellow-green
suspension of 2 (1.9 g; 1.35 mmol) in THF (60 mL) to give a red solution
that was cooled to —80°C. A deep green THF (60 mL) solution containing
K and naphthalene in an equimolar amount (2.7 mmol) was added. The

0947-6539/01/0714-3059 $ 17.50+.50/0 3059





FULL PAPER

C. Floriani et al.

resulting mixture was stirred for 30 min at —80°C and then allowed to
warm slowly to room temperature. The red solution was concentrated to
40 mL and n-hexane (100 mL) was added. A red solid precipitated which
was collected and dried in vacuo (1.7g, 58%). '"H NMR (400 MHz,
[Ds]pyridine, 300 K): 6 =8.14 (d, J=7.5 Hz, 1H; Ph), 8.00 (d, /=75 Hz,
1H; Ph), 757 (d, J=2.7 Hz, 1H; Ar), 7.52 (d, J=2.7 Hz, 1 H; Ar), 748 (d,
J=8Hz, 1 H; Ph), 736 (m, 1 H; Ph), 724 (t, J=8 Hz, 1H; Ph), 7.16 (d, J =
2.7 Hz, 1H; Ar), 7.10 (m, 2H; Ph), 7.04 (d, J =2.7 Hz, 1 H; Ar), 6.99 (m, 2 H;
Ph), 6.79 (m, 1H; Ph), 6.34 (m, 1H; Ar), 6.30 (m, 1H; Ar), 6.17 (m, 1H;
Ar), 6.11 (m, 1H; Ar), 558 (d, /=17 Hz, 1H; CH-N), 4.39 (d, /=17 Hz,
1H; CH-N), 3.67 (m, 12H; thf), 1.67 (m, 12H; thf), 1.70 (s, 9H; CHj), 1.58
(s, 9H; CHj3), 1.55 (s, 9H; CH3), 1.50 (s, 9H; CH,); elemental analysis calcd
(%) for C;HgoKN,NbO; (1081.3): C 67.76, H 7.46, N 5.18; found: C 67.85, H
7.03, N 5.60. Crystals suitable for X-ray analysis were grown by slowly
cooling a diglyme/diethyl ether solution to 4°C.

Synthesis of 8: Sodium (0.43g, 18.7 mmol) and naphthalene (0.2 g,
1.5 mmol) were added to a suspension of 7 (6.58 g; 9.33 mmol) in THF
(250 mL). The resulting black suspension was stirred for 6 d, then NaCl was
filtered off. The solution was evaporated to dryness. The residue was
suspended in pentane, collected by filtration and dried in vacuo (2.2 g,
74%). IR (Nujol): 7=1599 (m), 1571 (m), 1529 (s), 1424 (m), 1297 (w),
1266 (s), 1196 (m), 1180 (m), 1030 (w), 840 (s), 745 (s), 700 (s), 573 (w) cm™;
elemental analysis calcd (% ) for C;sH4sMON,O, (634.7): C 68.12, H 7.30, N
4.41; found: C 67.98, H 7.45, N 4.21. Crystals suitable for X-ray analysis were
grown at room temperature from a pentane/n-heptane (1:1) solution.

X-ray crystallography for complexes 2, 4, 6 and 8: The relevant details of
the crystals, data collection and structure refinement are listed in Table 1.
Diffraction data were collected at 143 K on different equipment: mar345
imaging plate detector (6), Kuma diffractometer with a kappa geometry
and equipped with a Sapphire CCD detector (2, 8), or a Rigaku AFC7S
diffractometer equipped with a Mercury CCD (4). Data reduction was
performed, respectively, with marHKL release 1.9.1,! CrysAlis
RED 1.6.7%4 and Crystal Clear 1.2.2.2 Absorption correction®! was
applied to one data set (4). Structure solutions were determined with ab
initio direct methods.?”) All structures were refined using the full-matrix
least-squares on F? with all non-H atoms anisotropically defined. H atoms
were placed in calculated positions with the “riding model” with Uy, =
a*Uy(C) (where a is 1.5 for methyl hydrogen atoms and 1.2 for others, C is
the parent carbon atom). Some disorder problems were encountered
during the refinement of 4 and 8 (CF;SO;~ showing high vibrational motion
or disordered rBu substituents, respectively). Structure refinement, molec-
ular graphics and geometrical calculation were carried out on all structures
with the SHELXTL software package, release 5.1.1%! Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-156320 (2), CCDC-156321 (4),
CCDC-156322 (6) and CCDC-156323 (8). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+444)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk).
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Homoleptic Lanthanide Amides as Homogeneous Catalysts for Alkyne
Hydroamination and the Tishchenko Reaction**
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Dedicated to Professor Hansgeorg Schndckel on the occasion of his 60th birthday

Abstract: The homoleptic bis(trimeth-
ylsilyl)amides of Group 3 metals and
lanthanides of the general type
[Ln{N(SiMe;),};] (1) (Ln=Y, lantha-
nide) represent a new class of Tishchen-
ko precatalysts and, to a limited extent,
precatalysts for the hydroamination/cy-

mechanistic aspects of the Tishchenko
reaction catalyzed by 1. The turnover
frequency is increased by the use of
large-center metals and electron-with-
drawing substrates. The reaction rate is
second order with respect to the sub-
strate. While donor atoms, such as nitro-

gen, oxygen, or sulfur, on the substrate
decrease the turnover frequency, 1
shows a tolerance for a large number
of functional groups. For the hydroami-
nation/cyclization of aminoalkynes, 1 is
less active than the well-known metal-
locene catalysts. On the other hand, 1 is

clization of aminoalkynes. It is shown
that 1 is the most active catalyst for the
Tishchenko reaction. This contribution
presents investigations on the scope of
the reaction, substrate selectivity, lan-
thanide-ion size-effect, and Kkinetic/

thanides -
compounds

Introduction

Recently, there has been a significant research effort to
establish lanthanide(i11) compounds as catalysts for various
organic transformations. Lanthanide catalysts are active in
two fields of application. One involves organolanthanide
compounds as catalysts for the transformation of olefins,
dienes, and, to a lesser extent, alkynes. Especially, metal-
locenes, such as [(CsMes),LnR] (R = CH(SiMe;),, N(SiMes),,
H) have proven to be highly efficient catalysts®?! for a variety
of olefin transformations, including hydrogenation,®! poly-
merization,[ hydroamination,! hydrosilylation, hydrobora-
tion,["! and hydrophosphination.®l Unfortunately, the metal-
locenes are not readily accessible. On the other hand,
lanthanide alkoxides, triflates, and halogenides were used
for Lewis acid catalyzed organic reactions.”) Thus, lanthanide
triflates [Ln(OTf);] are very active catalysts for the aldol,['"!
Michael,l"l allylation,'? Diels— Alder,™ and glycosylation
reactions!' as well as for Friedel-Crafts acylations.['> ']
Lanthanide alkoxides [Ln(OR);] have proven to be useful

[a] Priv.-Doz. Dr. P. W. Roesky, Dr. M. R. Biirgstein, H. Berberich
Institut fiir Anorganische Chemie der Universitédt Karlsruhe
Engesserstrasse 15, 76128 Karlsruhe (Germany)

Fax: (+49)721-661921
E-mail: roesky@achibm6.chemie.uni-karlsruhe.de

[**] Already communicated in part. See Ref. [1].
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much more readily accessible (one-step
synthesis or commercially available),
than the metallocenes and might there-
fore be an attractive alternative catalyst.

dimeriza-

catalysts for the Meerwein-Ponndorf- Verley reduction!”]
and the hydrocyanation,['®! whereas lanthanide shift-reagents,
such as [Eu(fod);] (fod =6,6,7,7,8,8,8-heptafluoro-2,2-dimeth-
yl-3,5-octanedionato) can be used as a catalyst for the Diels—
Alder™ and hetero-Diels— Alder reactions.?%

In contrast to these well-established catalysts, homoleptic
lanthanide(1r1) amides were not expected to be active as
homogeneous catalysts. Recently, we communicated that the
homoleptic bis(trimethylsilyl)amides of Group 3 metals and
lanthanides, ([Ln{N(SiMe;),};], 1)1 (Ln =, lanthanide), are
the most active catalysts for the Tishchenko reaction.??]
Meanwhile, other groups reported the use of 1 for the ring-
opening polymerization of e-caprolactone and d-valerolac-
tone.?l The ternary system [Nd{N(SiMes),};])/(iBu);Al/
Et,AICI was used to polymerize butadiene to highly cis-1,4-
polybutadiene.? Compound 1 belongs to a class of materials
that has been known for the last 25 years. Recently, in
particular, it has proven to be a valuable starting material in
lanthanide chemistry because of the facile cleavage of the
silylamide group.! Compound 1 is very readily accessible. It
can either be prepared from a simple one-step synthesis or it
can be bought (Ln=7). Therefore, it is even more surprising
that, prior to our investigations, there are almost no reports of
1 as a catalyst.

The Tishchenko reaction (or Claisen—Tishchenko reac-
tion), which is the dimerization of aldehydes to form the
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corresponding carboxylic ester [Eq. (1)], has been known for
about a century.!

o (e}

k cat. /L /\R (l)

H -2 RO

2 R

Its industrial importance is reflected in the great number of
patents. Thus, the Tishchenko ester of 3-cyclohexenecarbal-
dehyde is the precursor for the formation of epoxy resins,
which are durable against environmental influences. Benzyl-
benzoate is used as a dye carrier. Other uses include solvents
for cellulose derivatives, plasticizers, and the food industry.[*”!
Traditionally, aluminum alkoxidesP?® 239 have been used as
homogeneous catalysts for the Tishchenko reaction. More
recently, other catalysts, such as boric acid® and a few
transition metal complexes, have been used. However, these
alternative catalysts are either only reactive under extreme
reaction conditions (e.g., boric acid), are difficult to prepare
(e.g., [(CsMes),LaCH(SiMe;),]),B2 slow (e.g., [(CsHs),-
ZrH,]),% expensive (e.g., [H,Ru(PPhs),]),’* or give small
yields (e.g., K;[Fe(CO),]).P In this contribution, we present a
full account of the reaction scope, substrate selectivity,
lanthanide-ion size-effect, and kinetic/mechanistic aspects of
the Tishchenko reaction catalyzed by 1. Furthermore, we
report that 1 can be used to a limited extent as a precatalyst
for the hydroamination/cyclization of aminoalkynes.

Results and Discussion

The goal of this study was to explore the scope of 1 for its use
in two areas of lanthanide-catalyzed reactions: C— C multiple
bond transformations and organic reactions catalyzed by
Lewis acids. This section begins with the discussion of the
Tishchenko reaction, for which 1 is a very active catalyst,
followed by a short examination of 1 as a precatalyst for the
hydroamination/cyclization of aminoalkynes. In the case of
the latter reaction, 1 is less effective than the known systems.

The Tishchenko reaction: To compare the reaction rates of 1
with other catalysts, the standard reaction of benzaldehyde to
benzyl benzoate was chosen. Benzyl benzoate is used, among
others, as solvent for artificial musk, as a perfume fixative, in
confectionery, and in chewing-gum flavors. For these uses, it is
necessary to prepare the benzoate without any contamination
by irritants and or odoriferous materials, such as benzyl
chlorides or acids.”” 3! The reaction rate and the yield were
determined by NMR spectroscopy in CsD¢ with =1 mol %
catalyst at 21°C (Table 1). The turnover frequencies (TOFs)
were determined from a turnover of 50 % .5 The kinetic data
obtained in this study were acquired by 'H NMR spectro-
scopic monitoring of the reactions. The decrease of the
characteristic aldehyde proton signal, concomitant with the
increase in the proton signal of the benzyl group, was
normalized to the proton resonances of the stoichiometrically
generated R—N(SiMe;), reaction byproducts. Tetramethyl-
benzene was used as an independent standard in a test
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Table 1. Tishchenko reaction of benzaldehyde to benzyl benzoate with
different catalysts.

Entry Catalyst NJ['] Yield[%] T[°C] Ref.
1 la 63 70 211
2 1b 87 98 211
3 1c 80 98 2118
4 [(CsMes),LaCH(SiMes),] 88 RT  [32]
5 Sml, - no reaction 210
6 La(OiPr);, - no reaction 210 [32]
7
Sm70 L9 70 218
3
8  Al(OiPr), 8 51 21
(IF’I’O)ZAl\O O,AI(OIPF)Z
9 O. O 67 211 [40]
Bz} . L1 X
(BEORAL. oy HOBz)
10 P Ny 76 211 [40]
11 [(CHg)ZrH) 7 17 [33]
12 [(CsHs),HfH,] 9 17 [33]
13 [H,Ru(PPhy),] 23 20 [34]
14 K,[Fe(CO)] 71 60 [35]
15 B(OH), 34 250 [31]

[a] Reaction conditions (this work): 1 mol % catalyst in C¢Ds.

reaction to show that R—N(SiMe;), is formed in a stoichio-
metric ratio. A comparison of [Y{N(SiMe;),};] (1a), [La-
{N(SiMes),};] (1b), and [Sm{N(SiMe;),};] (1¢) (entries 1-3)
shows that, for an almost quantitative turnover, 1b has a
higher activity than the corresponding Sm catalyst 1¢, where-
as the Y catalyst 1a produces smaller yields and is less active.
The dependence of the TOF on the ionic radius of the central
metal atom has already been observed.’2] A comparison with
other readily accessible lanthanide compounds, such as
SmI,B" or [La(OiPr);]? (entries 5 and 6), which are used as
Tishchenko catalysts, showed that these are inactive for the
case of benzaldehyde. In contrast, the homoleptic alkoxide
[Sm{O-2,6-(rBu),-C¢H3};], which was recently introduced as a
catalyst, shows some activity (entry 7).8 However, the TOFs
and the yields are significantly lower than those observed for
1b and 1lc. From the reaction with the standard aluminum
catalyst Al(OiPr);?*3 under the reaction conditions de-
scribed above, the yield was not quantitative. The reaction rate
observed with Al(OiPr);, which agrees with earlier measured
values,® *is roughly an order of magnitude smaller than that
observed with 1b (entry 8). Even the recently reported high-
speed Tishchenko catalyst, (2,7-dimethyl-1,8-biphenylene-
dioxy)bis(diisopropoxyaluminum) (entry 9) and (2,7-dimeth-
yl-1,8-biphenylenedioxy)bis(dibenzoyloxyaluminum) (entry 10),
do not reach the activity of 1b."% Although we do not know of
a more active catalyst for the Tishchenko reaction, two
compounds are described in the literature ([(CsMes),LaCH-
(SiMe;),] (entry 4),5% and [Al(OCH,Ph);]) that could com-
pete with 1b. [(CsMes),LaCH(SiMe;),] would probably form
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the same catalytically active species as 1b (see below);
however, it is evidently more difficult to prepare.
[AI(OCH,Ph);] reaches almost the same TOF as 1b, but is
exclusively optimized for the dimerization of benzaldehydel*!
(Table 1).

The absence of a useful transition metal catalyst for the
Tishchenko reaction is demonstrated by a comparison of 1b
and K,[Fe(CO),], which in the presence of crown ethers is one
of the fastest known transition metal catalysts. The yields and
activities were compared for two selected substrates (Table 2).
With 1b, benzaldehyde is dimerized in almost quantitative
yields, whereas the iron(i1) catalyst gives only 46 % conversion
(entries 1 and 2). Furthermore, the suitability of 1b for the
dimerization of furfural should be emphasized, because when
this reaction is carried out with aluminum alkoxide catalysts
or K,[Fe(CO),])/crown ether catalysts, very low yields are
observed.?3% 41 Thus, only 3.4 % yield was obtained by the
use of the transition metal catalyst (entry 3), which is in
contrast to 40% conversion for the lanthanide-catalyzed
reaction (entry 4).

To investigate the tolerance of 1b for functional groups,
various substituted benzaldehydes were used as substrates
(Table 3). To avoid a significant steric influence of the
functional group, only para-substituted benzaldehydes were
used. The reactions were carried out at 21°C in C,Dg, with
~5 mol % of catalyst in order to determine the TOF. All the
reactions were repeated on a preparative scale (5 g reactant)

without solvent or in hydrocarbons in order to determine the
isolated yields. The products were characterized by elemental
analysis as well as by 'H and '3C NMR spectroscopy. The
workup of the reaction was very simple: in the case of the
solvent-free reaction, the product can usually be easily
transferred by vacuum. In the case of the reaction with o-
phthalaldehyde, the ester precipitates cleanly out of the
solution (entry 9).

Most of the para-substituted benzaldehydes are converted
to the corresponding carboxylic esters in quantitative or
almost quantitative yields. The only exception is 4-(dimethyl-
amino)benzaldehyde. Thus can it be shown, that a large
number of functional groups are tolerated by 1b. These results
are remarkable, since functional groups often show the
tendency to block lanthanide catalysts. As seen by the TOFs,
the Tishchenko process is faster when the aromatic ring has an
electron-withdrawing group. A slight exception are 4-fluoro-
and 4-chlorobenzaldehyde (entries 1 and 2), which are a bit
slower than one would expect from the electronic influence of
the substituents. A similar dependence has been observed
with other catalysts, such as K,[Fe(CO),]/crown ether?! and
KO,/crown ether.*? Therefore, substrates that contain elec-
tron-releasing groups on the aromatic ring have significantly
lower TOFs. The lowest TOFs were observed if the substrate
has an electron-releasing group with a donor atom, such as
nitrogen, oxygen, or sulfur (entries 6—8). These atoms form
hemilabile Lewis acid/base adducts with the catalyst and thus

Table 2. A Comparison of 1b and K,[Fe(CO),}/crown ether®! as catalysts for the Tishchenko reaction.

Entry Substrate Product Catalyst Mol % of catalyst N [h™] Yield[%] T[°C]
(o] (o]
1 H ©)(o \/@ 1b 1 87 98 21
2 K,[Fe(CO),)/crown ether 20 <1 46 20
o} (o}
O
3 ° " o \ﬂ 1b 1 2 40 21
\_/ \_/ o
4 K,[Fe(CO),]/crown ether 33 <1 3.4 33

Table 3. Results for the 1b-catalyzed dimerization of aromatic aldehydes.?

Entry Substrate Product N, [h™] Yield NMR-scalel™<1[%] Isolated yield™¥[%]
e} O R
R R
1 R = F 44 87 66
2 Cl 38 98 47
3 Br 106 quant. 71
4 CN 94 quant. 80
5 CH, 11 quant. 78
6 SCH; 2 97 84
7 OCH; 2.1 quant. 86
8 N(CH,), - 26 35
o] (o}
9 " ©/_L? > 1500 90l gsle.1
o]

[a] Reaction temperature: 21 °C. [b] 5 mol % catalyst. [c] Solvent CiDg. [d] No solvent, 5 g reactant. [e] 1 mol % catalyst. [f] SO mL pentane/hexane.
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hamper the Tishchenko process. This effect is best seen in the
case of 4-(dimethylamino)benzaldehyde (entry 8). Not sur-
prisingly, the intramolecular Tishchenko reaction of o-phthal-
aldehyde to the corresponding lactone gives high yields and is
very fast (TOF > 1500 h~') (entry 9).

In addition to aromatic aldehydes as substrates for the
Tishchenko reaction, we also investigated the use of aliphatic
aldehydes (Table 4). We were interested in cyclic and non-

Table 4. Results for the 1b-catalyzed dimerization of aliphatic aldehydes.

this, we choose a few heterocyclic aldehydes (that contain
oxygen and nitrogen as substrates, Table 5). Compared to all
other substrates, furfural and methylfurfural react very slowly
and the turnovers are low (entries 1 and 2). Furthermore,
methylfurfural does not give a clean conversion and no clean
product could be isolated. The rate for furfural is more than
an order of magnitude lower than that with benzaldehyde.
Nevertheless, in comparison to aluminum alkoxide or K-

[Fe(CO)y)/crown ether cata-

lysts, much higher turnovers are

obtained by the use of 1b

as the catalyst (see above;

Entry Substrate Product N,[h™'] Yield NMR-scalell[%] Isolated yield®™[%]
(o] (o]

1 H o \/@ >1500 quant.
o @]

>1500 quant.

o]
CH,C(CH,
CH;;);,C)I\O/ ,C(CHs)s

>1500 quant.

(o}
3 A
3):C
(e}
4 A

(CH3),CH” H
o]

; PN

CH3(CH2)7

O
CH,CH(CH >1500 quant.
(CHa) 2CH/U\ _CH,CH(CHs),

50l

s

H CHs(CH,); O—(CHz)3CH;,

Table 2). The low turnovers
75 for furfural and methylfurfural
compared with benzaldehyde
and even pyridine-3-carbalde-
hyde can be explained by the
nature of the substrate. Upon
reaction, furfural and meth-
20 ylfurfural can coordinate in
a chelating fashion through
the carboxylic group and the

80

84 ether oxygen atom. Thus, a five-
membered metallacycle s

45l formed that partly blocks the
catalyst.

[a] Reaction conditions: 21°C; 1 mol% catalyst in C¢Dy. [b] Reaction conditions: 21°C; 1 mol % catalyst, no
solvent, 5 g reactant. [c] Reaction temperature: — 78°C — RT; the trimer 2-ethyl-1,3-hexanediol monobutyrate

was found as a byproduct.

cyclic reactants. Again, the reactions were carried out at 21°C
in C¢D¢ with ~1 mol % of catalyst in the first step in order to
determine the TOF. Subsequently, all the reactions were
repeated on a preparative scale (5 g reactant) without solvent.
The extremely high TOFs for all substrates should be noted.
The reactions are usually so rapid, that the product can be
only detected in NMR-scale reactions. Thus, on the NMR
timescale, quantitative yields were observed for all substrates.
Moreover, the catalyst in the reaction solution is still active
after several days so that a reaction which has been completed
for some time can be restarted by the addition of new
reactant. Although 1b catalyzes the dimerization of alde-
hydes, with or without one a-H atom, quickly and in high
yields, the reaction of butanal at

21°C only gives higher coupling

Kinetics and reaction mecha-

nism of the Tishchenko reac-

tion: In order to elucidate a
provisional reaction mechanism, the dimerization of benz-
aldehyde was studied in more detail. '"H NMR spectros-
copy and GC/MS studies show that, at the beginning of
the reaction, bis(trimethylsilyl)amine and benzylic acid
bis(trimethylsilyl)amide are cleaved off from 1 to give a
lanthanide alkoxide A that is, most probably, the catalyti-
cally active species (Scheme 1). Investigations of the para-
magnetic compound lc¢ on catalytic and stoichiometric
scales show that all three amide groups are cleaved with-
out a significant induction time. Signals appear in the
'"H NMR spectra that may be attributed to SmOCH, groups.
It can be assumed that the catalytically active species is
either the same or very similar to the compound that is formed

Table 5. Results for the 1b-catalyzed dimerization of heterocyclic aldehydes.

products (entry 5).5% 4 41 If the

reaction is started at —78°C,  Entry Substrate

Product

N.h'] Yield NMR-scalel®[%] Isolated yield®™ [%]

then butyl butyrate and 2-ethyl-
1,3-hexanediol monobutyrate 1
are produced as dimeric and
trimeric products in almost the
same ratio.] The trimeric
product is formed by a tandem
aldol-Tishchenko reaction.[*]
We were also interested in
the reactivity of heterocyclic

Q*
m*

3 NO

A)k \/G 68lcl 371el

substrates in the Tishchenko

reaction catalyzed by 1b. For  [d] Unknown sideproduct.

Chem. Eur. J. 2001, 7, No. 14
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[a] 21°C; 1 mol % catalyst in C¢Dg. [b] 21°C; 1 mol% catalyst, no solvent, 5 g reactant. [c] 5 mol% catalyst.
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RCHO
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RCHO{ A
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R

H
) TN
L o R NOM(Ln)
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~
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c

Scheme 1. Proposed mechanism for the catalysis of the Tishchenko
reaction by 1.

in the Tishchenko reaction with [(CsMes),LaCH(SiMej),].02
This hypothesis is supported by the following observations:
i) with 1b similar yields are obtained as for [(CsMes),LaCH-
(SiMes),], and ii) during the reaction, both catalysts can
completely interchange the whole of their original ligand
shells. 'TH NMR spectroscopic investigations of the reaction of
1c¢ with stoichiometric amounts of benzyl alcohol or benzal-
dehyde show that different compounds are formed. Kinetic
investigations indicate that 1/[reactant] is related linearly to
the reaction time; that is, there
is a second-order reaction with
respect to the reactant. Such
reaction kinetics have already

catalytic activity of 1 compared with the well-established
metallocenes, such as [(CsMes),LnR] (R =N(SiMe,),,
CH(SiMe;),), in C-C multiple-bond transformations, the
catalytic hydroamination/cyclizationl® “! of aminoolefins and
aminoalkynes was investigated. The rigorously anaerobic
reaction of the catalysts with dry, degassed aminoolefin
and aminoalkynes (3-5mol% catalyst) proceeds regio-
specifically in toluene as shown in Table 6. The TOFs
obtained in this study were acquired by 'H NMR moni-
toring of the reactions. The decrease of the substrate proton
signal concomitant with the increase of product proton
signal was normalized to the proton resonances of the
stoichiometrically generated NH(SiMe;), reaction by-
products.

The catalytic activity of 1a and 1b for the catalytic
hydroamination/cyclization of aminoalkynes at 60°C is lower
than that of the established metallocene [(CsMes),YCH-
(SiMes),] (2) (entries1-6) at 21°C. Since it was shown
previously that the hydroamination of aminoalkynes is faster
than that of aminoolefins,”! it might be expected that no
conversion is observed for aminoolefins with 1a and 1b as
catalysts (entries 8 and 9). The low TOFs and yields of 1a and
1b relative to 2 can be explained by the absence of any
ancillary ligands in the homoleptic amines. As seen in the
"H NMR spectra of catalytic reactions, all N(SiMes), groups
are cleaved off from the central metal because of the large
excess of substrate. Thus, for each substrate a very different
ligand environment is generated on the metal center. This
might be an explanation for the differences in the observed
rates.

Table 6. Catalytic hydroamination/cyclization results.?!

been established for the alu- Entry Substrate Product Catalyst N, [h™"] Yield NMR-scalel® [%]
minum-catalyzed reaction for 1 H—e— NH, (N—\7/ 201 33 quant.
the dimerization of benz-

aldehyde! and the aldol- 3 }:‘) 03 7
Tishchenko reaction catalyzed N - -

by the lithium enolate of p- % Ph—==—"_-"NH (_7/\% 2" 86 quant.
(phenyl-sulfonyl)isobutyrophe- 5 1a 0.1 75
none.3 Presumably, a mole- 6 H 1b 0.09 quant.
cule of the reactant coordi- 7 PN @/ 200 0.5 quant.
nates to A (—B), which in

turn undergoes an alkoxide g i: - -

transfer (— C; Scheme 1). A

second molecule of the reac-
tant attaches itself to C fol-
lowed by a hydride transfer,
which is probably the rate-
determining step (— D).

Hydroamination/cyclization of aminoalkynes: Organolantha-
nide complexes exhibit unique reactivity characteristics for
the activation of unsaturated organic substrates. This is a
result of the high electrophilicity of f-element centers,
relatively large ionic radii, an absence of conventional
oxidative-addition/reductive-elimination mechanistic path-
ways, and high kinetic lability.*%! In order to understand the

3082
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[a] 60°C; 3-5 mol % catalyst in [Dg]toluene. [b] 21°C.

Even 1 is less active for the hydroamination/cyclization
of aminoalkynes then the metallocenes, the persuasive
argument for 1 is its ready accessibility. For the metallo-
cenes, even access to CsMesH is laborious or expensive. In
contrast, 1 can either be prepared from a simple one-step
synthesis or it can be bought (Ln=7Y). In certain cases it
might be advantageous to spend more time on the catalytic
experiments by the use of a commercially available catalyst
instead of spending time and money on the synthesis of the
catalyst.
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Conclusion

In summary, it should be emphasized that the bis(trimethylsil-
yl)amide compounds of the lanthanides represent a new class
of Tishchenko catalysts and, to a limited extent, precatalysts
for the hydroamination/cyclization of aminoalkynes. The
catalytic activity is a result of the high Lewis acidity and the
facile interchangeability of the ligand sphere. These com-
pounds are distinguished by a number of practical advantages,
such as the ease of accessibility, inexpensive metals, extremely
high activities for the Tishchenko reaction (to our knowledge
there are no catalysts that are more active), and a high
durability of the catalysts. These advantages lead us to hope
that 1, which is already a standard reagent in organolantha-
nide chemistry, will find further application in catalysis.

Experimental Section

General: All manipulations of air-sensitive materials were performed with
the rigorous exclusion of oxygen and moisture in flamed Schlenk-type
glassware either on a dual manifold Schlenk line, or interfaced to a high
vacuum (10-*torr) line, or in an argon-filled Braun glove box (Uni-
Lab1200/780). Hydrocarbon solvents were distilled under nitrogen from
Na wire, prior to use. Deuterated solvents were obtained from Aldrich (all
99 atom % D) and were degassed, dried, and stored in vacuo over Na/K
alloy in resealable flasks. NMR spectra were recorded on Bruker AC250.
Chemical shifts are referenced to internal solvent resonances and are
reported relative to tetramethylsilane. Elemental analyses were performed
at the microanalytical laboratory of the Institute of Inorganic Chemistry in
Karlsruhe (Germany). All aldehydes were obtained from Aldrich and were
degassed, dried over LiAlH,, and stored under nitrogen in resealable
flasks. 5-Phenyl-4-pentyne-1-amine, ! 4-pentyne-1-amine,*¥ and 4-pen-
tene-1-aminel®! were prepared by literature procedures.

General procedure for the Tishchenko reaction (NMR scale): Compound 1
was weighed under argon into an NMR tube. CiD4 (=0.7mL) was
condensed into the tube and the mixture was frozen to —196°C. The
reactant was injected onto the solid mixture, and the whole sample was
melted and mixed just before insertion into the core of the NMR machine
(). The ratio between the reactant (product) and the catalyst was exactly
calculated by comparison of the integration of all CHO (CH,O) signals
with the N(SiMe;), signals. The latter were used as an internal standard for
the kinetic measurements. Tetramethylbenzene was used as an indepen-
dent standard in a test reaction to show that R—N(SiMe;), is formed in a
stoichiometric ratio.

General procedure for the Tishchenko reaction (preparative scale)

Method A, without solvent: Under protective gas, the catalyst was stirred in
a tempered reaction flask. The reactant (5 g) was added directly to the
catalyst. An exothermic reaction was generally observed. After 1d, the
product was isolated by distillation. (The products with high TOFs can be
worked up after 1 h (see Tables 3 and 4)).

Method B, in solution: The catalyst and the reactant (5g) were each
dissolved in pentane/hexane (1:1; 25 mL). The solution of the reactant was
added to the catalyst solution in a tempered flask. After 1 d, the product
was isolated by distillation or filtration.

Benzyl benzoate:*! 'TH NMR (C¢Dg, 250 MHz, 25°C): 6=5.21 (s, 2H;
CH,0), 6.98-727 (m, 7H; aromatic), 7.67-7.71 (m, 1 H; aromatic), 8.13 -
8.18 (m, 2 H; aromatic); elemental analysis caled (% ) for C,H;,0,: C79.23,
H 5.70; found C 78.93, H 5.72.

4-Fluorobenzyl 4-fluorobenzoate > 'TH NMR (C,Dy, 250 MHz, 25°C): 6 =
4.95 (s,2H; CH,0), 6.57-7.08 (m, 4H; aromatic), 7.49 (m, 2H; aromatic),
7.85 (m, 2H; aromatic); elemental analysis calcd (%) for C;;H,(F,0,: C
67.74, H 4.06; found C 67.52, H 3.98.

4-Chlorobenzyl 4-chlorobenzoate:*? '"H NMR (C¢D,, 250 MHz, 25°C):
0=4.89 (s, 2H; CH,0), 6.81-7.14 (m, 4H; aromatic), 7.39 (d, J(H,H) =

Chem. Eur. J. 2001, 7, No. 14
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8.6 Hz, 2H; aromatic), 7.76 (d, J(H,H) = 8.6 Hz, 2H; aromatic); elemental
analysis caled (%) for C,,H,,CL,0,: C 59.81, H 3.59; found C 58.10, H 3.25.

4-Bromobenzyl 4-bromobenzoate:*? 'H NMR (C,Dg, 250 MHz, 25°C):
0=4.84 (s, 2H; CH,0), 6.74 (d, J(H,H) =8.5 Hz, 2H; aromatic), 7.15 (d,
J(H,H) =6.5 Hz, 2H; aromatic), 7.31 (d, J(H,H) = 6.6 Hz, 2H; aromatic),
7.67 (d, J(H,H) =8.7 Hz, 2H; aromatic); elemental analysis calcd (%) for
C,H,(Br,0,: C 45.44, H 2.72; found C 45.01, H 2.90.

4-Cyanobenzyl 4-cyanobenzoate:*2 'H NMR (C4Dg, 250 MHz, 25°C): d =
4.80 (s,2H; CH,0), 6.75 (m, J(H,H) = 8.1 Hz, 2H; aromatic), 6.96 (m, 2H;
aromatic) 7.23 (d, J(H,H)=8.4 Hz, 2H; aromatic), 7.67 (d, J(H.H)=
8.6 Hz, 2H; aromatic); elemental analysis caled (%) for C,;H;()N,O,: C
73.27, H 3.84; found C 72.71, H 3.82.

4-Methylbenzyl 4-methylbenzoate:*? '"H NMR (C¢D;, 250 MHz, 25°C):
0=1.96 (s, 3H; CH;), 2.07 (s, 3H; CH;), 5.22 (s, 2H; CH,0), 6.72 (m,
J(H,H) =8.6 Hz, 2H; aromatic), 6.84—-6.95 (m, 4H; aromatic), 7.17 (m,
2H; aromatic), 7.54 (d, J(H,H) = 8.8 Hz, 2H; aromatic), 8.11 (d, J(H,H) =
6.5 Hz, 2H; aromatic); elemental analysis calcd (%) for C;;H;40,: C 79.97,
H 6.71; found C 79.28, H 6.76.

4-Methylthiobenzyl 4-methylthiobenzoate:*> '"H NMR (C,Ds, 250 MHz,
25°C): =188 (s,3H; SCH;), 1.94 (s, 3H; SCH}3), 5.12 (s, 2H; CH,0), 7.59
(m, 4H; aromatic), 8.00 (m, 4H; aromatic); elemental analysis calcd (%)
for C;H;6S,0,: C 63.13, H 5.30; found C 62.78, H 5.61.

4-Methoxybenzyl 4-methoxybenzoate:* 'H NMR (C,D4, 250 MHz,
25°C): 6 =3.14 (s, 3H; OCH,), 3.26 (s, 3H; OCH,), 5.20 (s, 2H; CH,0),
6.72 (m, J(H,H) =8.7 Hz, 2H; aromatic), 721 (d, J(H,H)=8.7 Hz, 2H;
aromatic), 7.54 (d, J(H,H)=8.8 Hz, 2H; aromatic), 8.10 (d, J(H,H)=
8.9 Hz, 2H; aromatic); elemental analysis calcd (%) for C;sH;cO4: C
70.57, H 5.92; found C 70.01, H 5.70.

4-Dimethylamino 4-dimethylaminobenzoate: 'l 'H NMR (C,D,, 250 MHz,
25°C): 6=2.42 (s, 6H; (CH;),N), 2.53 (s, 6H; (CH;),N), 4.64 (s, 2H;
CH,0), 6.72 (d, J(H,H)=8.7 Hz, 2H; aromatic), 7.67-771 (m, 1H;
aromatic), 8.13-8.18 (m, 2H; aromatic); elemental analysis calcd (%)
for C;3H,,N,O,: C 72.46, H 743, N 9.39; found C 72.70, H 7.85, N 9.30.

Phthalide:*l '"H NMR (CDCl;, 250 MHz, 25°C):  =5.21 (s, 2H; CH,0),
6.51 (d, J(H,H) = 0.8 Hz, 1 H; aromatic), 6.83 -6.98 (m, 8 H; aromatic), 7.68
(d, J(H,H)=74Hz, 1H; aromatic); elemental analysis calcd (%) for
CsHO,: C 71.64, H 4.51; found C 69.35, H 4.59.

Cyclohexylmethyl cyclohexanecarboxylate:**! 'H NMR (CDCl,, 250 MHz,
25°C): 6=0.87-1.01 (m, 2H), 1.06-1.30 (m, 6H), 1.35-1.54 (m, 2H),
155-1.74 (m, 9H), 1,86-1.91 (m, 2H), 2.22-2.33, (m, 1H), 3.85 (d,
J(H,H) =6.4 Hz,2H; CH,0), 5.62-6.67 (m, 4H); elemental analysis calcd
(%) for Cj;Hy,0,: C 74.95, H 10.78; found C 74.37, H 10.50.

3-Cyclohexenylmethyl 3-cyclohexenecarboxylate: 'H NMR (CDCl;,
250 MHz, 25°C): 6 =1.23-1.39 (m, 1H), 1.60-2.21 (m, 10H), 2.22-2.26
(m, 2H), 2.50-2.62 (m, 1H), 3.98 (d, J(H,H) =6.4 Hz, 2H; CH,0), 5.62-
6.67 (m, 4H); elemental analysis calcd (%) for C,H,,0,: C 76.33, H 9.15;
found C 76.28, H 9.29.

Neopentyl neopentanoate:**! "H NMR (C¢D, 250 MHz, 25°C): 6 =0.80 (s,
6H; (CH;);C), 1.16 (s, 9H; (CH;);C), 3.74 (s, 2H; CH,0); elemental
analysis calcd (%) for C;;H,,0,: C 69.72, H 11.70; found C 68.95, H 11.50.

Isobutyl isobutanoate:*3) "H NMR (CDs, 250 MHz, 25°C): 6 =0.75 (d,
JHH)=67Hz, 6H; (CH,),CH), 107 (d, JHH)=70Hz, 6H;
(CH,),CH), 1.73 (sept, J(H,H)=6.8 Hz, 1H; (CH,),CH), 2.38 (sept,
J(H,H) =69 Hz, 1 H; (CH,),CH), 3.80 (d, J(H,H) = 6.5 Hz, 2H; CH,0);
elemental analysis calcd (%) for CgH,40,: C 66.63, H 11.18; found C 66.53,
H 10.97.

2-Ethyl-1,3-hexanediol monobutyrate:* B.p. 81°C (0.1 mm); 'H NMR
(CDCl;, 250 MHz, 25°C): 6 =0.94 (m, 8H) 126 1-71 (m, 8H), 2.31 (dt,
4H), 3.60 (br, 2H) 4.40-4.30 (m, 2H).

2-Furylmethyl 2-furancarboxylate:* 'H NMR (CDCl;, 250 MHz, 25°C):
0=5.29, (s, 2H; CH,0), 6.38 (dd, J(H,H)=1.8, 3.3 Hz, 1H), 6.49 (dd,
J(HH)=1.9, 3.4 Hz, 2H), 720 (dd, J(H,H)=0.7, 3.5 Hz, 1H), 744 (dd,
JH,H)=0.7, 1.8 Hz, 1H), 7.57 (dd, J(H,H) =0.7, 1.6 Hz, 1H); elemental
analysis calcd (%) for C,(HgO,: C 62.50, H 4.20; found C 62.35, H 4.34.
4-Methyl-2-furylmethyl 4-methyl-2-furancarboxylate: 'H NMR (C,Dq,
250 MHz, 25°C): 6 =1.80 (s, 3H; CH;), 1.91 (s, 3H; CH,), 5.11, (s, 2H;
CH,0), 5.59 (m, 1H), 5.65 (m, 1H), 6.17 (m, 1H), 6.95 (m, 1H); no pure
product was obtained.
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3-Pyridinecarboxylic acid 3-pyridinylmethyl ester: 'H NMR (C/Dq,
250 MHz, 25°C): 6=4.90 (s, 2H; CH,0), 6.73 (m, 2H; aromatic), 7.65
(m, 1H), 794 (m, 2H; aromatic), 8.52 (m, 2H; aromatic), 9.12 (s, 1H;
aromatic); elemental analysis calcd (%) for C;,H,,N,0,: C 6728, H4.71,N
13.08; found C 67.53, H 4.75, N 12.89.

General procedure for the hydroamination reaction (NMR scale): Com-
pound 1 was weighed under argon into an NMR tube. C¢Dg (0.7 mL) was
condensed into the tube, and the mixture was frozen to —196°C. The
reactant was injected onto the solid mixture, and the whole sample was
melted and mixed just before insertion into the core of the NMR machine
(t,)- The ratio between the reactant (product) and the catalyst was exactly
calculated by comparison of the integration of alkyne signals with the
N(SiMes), signals. The latter were used as an internal standard for the
TOFs measurements. The turnover frequency was calculated according to
Ref. [5d]
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Abstract: A series of novel diphosphite
ligands derived from readily available D-
(+)-glucose has been synthesized. These
ligands have been applied to the Rh-
catalyzed hydroformylation of vinyl
arenes. Both excellent enantioselectiv-
ities (up to 91 %) and regioselectivities
(up to 98.8 % ) were achieved under mild
conditions. The advantage of these li-
gands is that their modular natures allow
facile, systematic variation in the con-
figurations at the stereocenters [C(3),
C(5)] at the ligand bridge and in the
biphenyl substituents, enabling their ef-

ied. Results show that the absolute
configuration of the product is governed
by the configuration at the stereogenic
center C(3), while the level of the
enantioselectivity is influenced by a
cooperative effect between stereocen-
ters C(3) and C(5). Replacement of the
tert-butyl substituent by methoxy sub-
stituents at the para positions of the
biphenyl moieties improved the enan-

Keywords: diphosphites - hydrofor-
mylation - P ligands -« rhodium -
sugar derivatives

tioselectivities. We have characterized
the rhodium complexes formed under
CO/H, by NMR techniques and in situ
IR spectroscopy and have observed that
there is a relationship between the
structure of the [HRh(CO),(PP)] spe-
cies and their enantiodiscriminating per-
formance in hydroformylation. Enantio-
selectivities were highest with ligands
with a strong bis-equatorial coordina-
tion preference, while an equilibrium of
species with bis-equatorial and equato-
rial-axial coordination modes consider-
ably reduced the ee’s.

fects on the stereoselectivity to be stud-

Introduction

In the last few years, asymmetric hydroformylation has
attracted much attention as a potential tool for preparing
enantiomerically pure aldehydes, which are important pre-
cursors for the synthesis of fine chemicals.! From the early
seventies, transition metal complexes based on rhodium and
platinum have been used as catalysts in asymmetric hydro-
formylation.l! High enantioselectivities have been obtained
with Pt/diphosphine catalysts, but these suffer from low
chemo- and regioselectivity.?l In general, Rh/diphosphine
catalysts have high catalytic activities and regioselectivities in
branched aldehydes, but the ee’s do not exceed 60%.5
During the last decade, significant improvements have been

[a] Dr. M. Diéguez, Prof. Dr. C. Claver, Dr. O. Pamies,
Dr. A. Ruiz

Departament de Quimica Fisica i Inorganica
Universitat Rovira i Virgili, Pl. Imperial Tarraco 1
43005 Tarragona (Spain)

Fax: (434)977-55-95-63

E-mail: dieguez@quimica.urv.es, claver@quimica.urv.es
Prof. Dr. S. Castillon

Departament de Quimica Analitica i Organica
Universitat Rovira i Virgili, P1. Imperial Tarraco 1
43005 Tarragona (Spain)
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made in rhodium-catalyzed asymmetric hydroformylation
based on new diphosphite*l and phosphine-phosphiteP! 1i-
gands. In situ spectroscopic studies of both types of ligands
suggest that the presence of only one active diastereoisomeric
hydridorhodiumcarbonyl species in solution is the key to
controlling efficient chirality transfer.*>> However, the
mechanistic aspects of the asymmetric hydroformylation
reaction are still not understood well enough for a priori
prediction of the type of ligand needed for high enantiose-
lectivities. Binaphos is so far the only ligand with a wide scope
in asymmetric hydroformylation, although its difficult prep-
aration and the high pressures (up to 100 bar) required limit
its application.! In this context, much research still needs to
be done to find ligands that are readily available and provide
both good regio- and enantioselectivity in asymmetric hydro-
formylation.

One of the simplest methods for obtaining chiral ligands is
the transformation or derivatization of natural chiral com-
pounds, making tedious optical-resolution procedures unnec-
essary. Carbohydrates, which have been widely used in
organic synthesis either as inexpensive starting materials or
as chiral auxiliaries,®! have only recently shown their huge
potential as a source of highly effective chiral ligands in
homogeneous catalysis.” Moreover, carbohydrates are highly
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functionalized compounds with several stereogenic centers,
which easily allow regio- and stereoselective introduction of
different functionalities.”! Their modular nature therefore
permits the synthesis of systematic series of ligands that can
be screened in the search for high regio- and enantioselectiv-
ities and, at the same time, can provide information about the
origin of the stereoselectivity of the reaction.

In previous studies of diphosphite ligands with furanoside
backbones (1 and 2), moderate success in asymmetric hydro-
formylation of styrene has been achieved.[’ 8l

1 D-xylo
2 L-ribo

Since these ligands have a phosphorus moiety bound to the
nonstereogenic center C(5), we decided to examine whether
further modification of the ligands by introducing a new
stereocenter at the carbon C(5) position would improve the
enantioselectivity. With this aim in mind, we report here the
synthesis of a series of new chiral diphosphite ligands 3-10,

3 (1R, 2R, 3S,4R, 5R) R! = Bu; R2= OMe

4 (1R, 2R, 3S, 4R, 5R) R1=R2=Bu

R!= Bu; R?= OMe

7 (1R, 2R, 3R, 4R, 5R)

8 (1R, 2R, 3R, 4R, 5R) R!=R?=Bu

Chem. Eur. J. 2001, 7, No. 14

5 (1R, 2R, 35, 4R, 55)
6 (1R, 2R, 3S, 4R, 55)

9 (1R, 2R, 3R, 4R, 55)

10 (1R, 2R, 3R, 4R, 55)

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

related to 1 and 2 but with a new stereocenter at carbon
C(5)." These ligands, which are easily prepared from readily
available D-(+)-glucose, offer the prospect of systematic
variation of the configurations at C(3) and C(5), and different
substituents in the biphenyl moieties. We also report their use
in the rhodium-catalyzed, asymmetric hydroformylation of
vinyl arenes and investigate how the configuration of the
stereogenic carbon atoms C(3) and C(5) affects the enantio-
selectivity, since their configurations are expected to be
important for the course of the catalytic reaction, due to their
close vicinity to the metal. The influence of the substituents on
the biphenyl moieties is also studied. Furthermore, we have
investigated the solution structures of the important inter-
mediate species [HRh(PP)(CO),], (PP = diphosphite).

Results and Discussion

Synthesis of the chiral diphosphite ligands: Diphosphite
ligands 3-10, based on furanoside backbones, were synthe-
sized from inexpensive D-(+)-glucose as shown in Scheme 1.
These ligands constitute the four diastereomers that can be
obtained by varying the configuration of the C(3) and C(5)
atoms in the backbone in combination with two different
substituted bulky 2,2'-biphenyl moieties. The absolute config-
uration of carbon atoms in the furanoside backbone of the
synthesized diastereomers is
given in a shorthand notation
as, for example, (1R, 2R, 38,
4R, 5R) for ligand 3.

Preparation of enantiomerical-
ly pure diols (13, 15, 18, 20):
Diols 13 and 18 were synthe-
sized stereospecifically in two
steps from 1,2-protected-3-O-
acetylated furanoses 11 and 16,
respectively (Scheme 1). Com-
pounds 11 and 16 are easily
prepared on a large scale by
previously reported, highly ef-
fective methods from D-glu-
cose.l'l Tosylation of diols 11
and 16 produced the expected
6-tosyl derivatives 12 and 17 in
good yields."! Treatment of
these tosylated compounds
with sodium methoxide at room
temperature, followed by re-
duction of the corresponding
5,6-anhydrosugars with lithium
aluminium hydride, produced
crystalline compounds 13 and
18.012

An improved synthesis of
diols 15 and 20 has been re-
ported,['” but attempts to re-
produce this procedure were
unsuccessful.l’l They were fi-
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Scheme 1. Synthesis of ligands 3—-10. a) Ref. [10]. b) TsCl, Py, CH,Cl,, 16 h, —20 to 25°C. ¢) Ac,0, Py, CH,Cl,, 16 h, 0 to 25°C. d) Tf,0, Py, CH,Cl,, 20 min,
25°C. e) NaOMe, CH,Cl,, 1 h, 25°C; LiAlH,, THF, 4 h, 60°C. f) Phosphorochloridite, Py, toluene, 100°C.

nally obtained, in three steps, from compounds 11 and 16
(Scheme 1) by acetylation of position 6 under standard
conditions, followed by treatment with triflic anhydride to
obtain triflates 14 and 19. Treatment of a dichloromethane
solution of compounds 14 and 19 with sodium methoxide
afforded the corresponding 5,6-anhydrosugars with inversion
of configuration at C(5).'” Epoxide ring-opening by using
LiAlH, afforded easy access to the desired diols 15 and 20.['2

Preparation of diastereomeric diphosphites 3—10: Optically
pure diphosphite ligands 3-10 were easily prepared by
treatment of the corresponding diol with two equivalents of
the desired phosphorochloridite,!" formed in situ (either 3,3'-
di-tert-butyl-5,5'-dimethoxy-1,1"-biphenyl-2,2’-diyl phosphoro-
chloridite or 3,3'.5,5-tetra-tert-butyl-1,1"-biphenyl-2,2'-diyl
phosphorochloridite) in the presence of base (Scheme 1, step
f). All the ligands were stable during purification on neutral
silica gel under an atmosphere of argon and they were isolated
in moderate to good yields (61-76%) as white solids. They
were stable at room temperature and fairly robust toward
hydrolysis. The 'H and '*C NMR spectra agree with those
expected for these C, ligands (see Experimental Section).
Rapid ring inversions (atropoisomerization) of the seven-
membered dioxaphosphepin rings occurred on the NMR
timescale, since the expected diastereoisomers were not
detected by low temperature *'P NMR.[] Moreover, the 3'P
NMR spectra of ligands 3, 4, 9, and 10 showed phosphorus —
phosphorus coupling constants, while ligands 5-8 gave rise to
a structure in solution without the correct conformation to
enhance phosphorus—phosphorus coupling. It is to be noted
that the coupling constants for ligands 3 and 4 were much
larger than other six-bond phosphorus—phosphorus coupling
constants in similar diphosphites (°J(P,P) <12 Hz).l19]

Asymmetric hydroformylation of vinyl arenes: Aldehydes
derived from aryl-substituted olefins are of great interest,
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especially as intermediates for the synthesis of various
pharmaceuticals such as anti-inflammatory agents.l'l In a
first set of experiments, we used ligands 3—10 in the rhodium-
catalyzed, asymmetric hydroformylation of styrene, which is
widely used as a model substrate (Scheme 2).

CHO
~ [Rh(acac)(CO),] S CHO
310 ] +
CO/H; N

Scheme 2. Hydroformylation of styrene with compounds 3-10.

The catalysts were prepared in situ by adding one equiv-
alent of the corresponding diphosphite ligand to [Rh(acac)-
(CO),] (acac = acetylacetone) as a catalyst precursor, since
other precursors were reported to be less enantioselective.[
The styrene hydroformylation results are summarized in
Table 1. In no cases were hydrogenated or polymerized
products of styrene observed.

The effects of different reaction parameters were inves-
tigated for the catalytic precursors containing ligands 3 and 9;
these ligands have opposite configurations at C(3) and C(5).
Variation of the ligand-to-rhodium ratio showed that excess
ligand was not needed to obtain good regio- and enantiose-
lectivities (entries 1-3). This is an important advantage over
the most successful catalysts based on diphosphitesl and
phosphine —phosphite,! for which larger excesses of ligand
are required.

After identical catalyst preparation, hydroformylation ex-
periments were carried out under different partial pressures
of CO and H, (entries 1, 4, 5 and 6). The results clearly show
that activities were best at low Po/Py,. There was therefore
an inverse dependency on partial CO pressure and a positive
dependency on partial H, pressure; this suggests that hydro-
genolysis is the rate determining step. These results contrast
with reported kinetic studies of rhodium-catalyzed hydro-
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Table 1. Asymmetric hydroformylation of styrene catalyzed by [Rh(acac)-
(CO),]/diphosphite.[?]

Entry Ligand Pco/Py, T [°C] TOF®! % Conv [h]ll % Regiol!! % eel*!

1 9 1 40 98 97 (10) 97.7 78 (R)
20 9 1 40 97 96 (10) 97.6 78 (R)
39 1 40 94 93(10) 97.7 77 (R)
4 9 05 40 174 100 (6) 97.8 78 (R)
5 9 2 40 61 92 (15) 97.7 78 (R)
6 9 05" 40 198 100 (6) 97.8 77 (R)
7 9 05 20 17 80 (48) 98.3 89 (R)
8 3 05 40 174 100 (6) 97.9 78 (S)
9 3 0.5 20 18 83 (48) 98.6 90 (S)
10 4 05 20 19 85(48) 98.4 74 (S)
110 05 20 16 79 (48) 9.7 76 (R)
12 5 05 20 12 59 (48) 97.6 64 (S)
13 6 0.5 20 15 71(48) 97.4 52 (S)
14 7 05 20 13 60 (48) 97.2 58 (R)
15 8 05 20 14 61 (48) 97.1 46 (R)
60 1 05 40 41 19 (5) 96 53.(S)
78 2 0.5 40 50 20(5) 95 51 (R)

[a] Reaction conditions: P =10 bar, styrene (13 mmol), [Rh(acac)(CO),]
(0.013 mmol), toluene (15 mL), PP/Rh=1.1. [b] Turn over frequency, i.e.,
mol styrene per mol Rh per h measured after 1 hour. [c] % Conversion of
styrene. [d] % Regioselectivity in 2-phenylpropanal. [e] % Enantiomeric
excess measured by GC. [f]PP/Rh=2. [g] PP/Rh=4. [h] Pco=>5 bar,
Py,=10 bar. [i] Data from [7f].

formylation with bulky diphosphite, in which the rate
determining step was the alkene coordination.'d Moreover,
comparison of entries 1, 4 and 5 shows that regio- and
enantioselectivity are not affected by varying the partial H,
pressure. This contrasts with the results reported by Buisman
et al. for the asymmetric hydroformylation of styrene by using
diphosphite ligands, in which increasing the hydrogen partial
pressure had a negative effect on regio- and enantioselectiv-
ity.7]

Comparisons of entries 4 and 7, and also 8 and 9, show a
remarkable increase in enantioselectivities (up to 90%)
combined with excellent regioselectivities (up to 98.6%) on
lowering the reaction temperature. Moreover, there were no
changes in the enantioselectivities over time; this indicates
that no decomposition of the catalysts took place. Further-
more, the catalytic systems with ligands 3 and 9 provided
better activities and enantioselectivities than those with the
related diphosphite ligands 1 and 2 with xylo- and ribofurano-
side backbones!’fl (Table 1, entries 4 and 8 vs. 16 and 17).

For comparative purposes, the rest of the ligands were
tested under the conditions that gave the optimum compro-
mise between enantioselectivities and reaction rates, that is a
ligand to rhodium ratio of 1.1, a total pressure of 10 bar of
synthesis gas, a temperature of 20°C and a CO to H, ratio of
0.5. The use of ligands 4 and 10, with fert-butyl groups instead
of methoxy groups in the para positions of the biphenyl
moieties, resulted in lower enantioselectivities but similar
activities and regioselectivities (entries 10 and 11 vs 9 and 7).
The use of ligands § and 7, in which the configuration at
carbon atom C(5) is the opposite of that in ligands 3 and 9,
produced lower reaction rates and enantioselectivities (en-
tries 12 and 14 vs entries 9 and 7). This is also true for ligands 6
and 8, which contain tert-butyl groups in the para positions of
the biphenyl moieties (entries 13 and 15).

Chem. Eur. J. 2001, 7, No. 14

The results of hydroformylation with catalyst precursors
containing ligands 3—10 can be summarized as follows:

a) Both (S§)- and (R)-2-phenylpropanal enantiomers can be

obtained with excellent regio- and enantioselectivies by

using diastereoisomeric ligands 3 and 9, respectively

(entries 7 and 9).

Methoxy substituents in the para positions of the biphenyl

moieties always produced enantioselectivities better than

those observed for the corresponding tert-butyl-substitut-

ed analogs (entries 7, 9 and 12, 14 vs 11, 10 and 13, 15).

However, activity and regioselectivity were hardly affect-

ed.

c) The sense of the enantiodiscrimination is predominantly
controlled by the configuration at C(3). Accordingly,
ligands 3-6, with S configuration at C(3), gave (S)-2-
phenylpropanal, while ligands 7-10, with R configuration
at C(3), gave (R)-2-phenylpropanal.

d) The results also show a cooperative effect between stereo-
centers C(3) and C(5), that is, the value of enantioselec-
tivity when C(3) has either an R or an S configuration
depends on the configuration at C(5). Therefore, when the
configuration of C(3) was S, changing C(5) from R (ligand
3) to S (ligand 5) resulted in a decrease in enantioselec-
tivity from 90% S to 64% S. When the configuration of
C(3) was R; however, the same change of C(5) from R
(ligand 7) to S (ligand 9) resulted in an increase in
enantioselectivity from 58 % R to 89% R.

e) The presence of a methyl substituent at C(5) significantly
increased the activity.

We next applied these new, highly efficient diphosphite
ligands 3 and 9 in the Rh-catalyzed hydroformylation of other
vinyl arenes (Table 2). As with styrene, excellent enantio- and
regioselectivities were obtained in the branched aldehydes.
Moreover, these results suggest that the presence of different
substituents in the para position hardly affects conversion,
regioselectivity or enantioselectivity.

b)

Table 2. Asymmetric hydroformylation of vinyl arenes with [Rh(acac)(CO),]/

diphosphite.[?]

Entry  Substrates Ligand % Convl" [h] % Regioll % eeldl

1 /@ﬁ 24 3 81 (48) 98.6 91 (-)
MeO'

2 24 9 80 (48) 98.7 89 (+)

3 @ 25 3 80 (48) 98.8 89 (+)
F

4 25 9 79 (48) 98.3 89 (=)

[a] Reaction conditions: P=10bar, Pco/Py,=0.5, T=20°C, substrate

(13 mmol), [Rh(acac)(CO),] (0.013 mmol), toluene (15mL), PP/Rh=1.1.
[b] % Conversion measured by GC. [c] % Regioselectivity in branched alde-
hyde. [d] % Enantiomeric excess measured by GC.
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Structures of [HRh(PP)(CO),] complexes in solution: Hy-
dridorhodium diphosphite dicarbonyl complexes denoted as
[HRh(PP)(CO),] (21-28), known to be responsible for the
catalytic activity, > 1» 181 were prepared in order to elucidate
the solution structures of these catalysts. The complexes were
prepared in situ under hydroformylation conditions (10 bar,
40°C) by adding one equivalent of diphosphite ligand 3-10 to

0947-6539/01/0714-3089 $ 17.50+.50/0 3089





FULL PAPER

M. Diéguez, C. Claver et al.

the catalyst precursor [Rh(acac)(CO),] (Scheme 3). Initially,
displacement of two carbon monoxide molecules by the
ligands caused the formation of the [Rh(acac)(PP)] com-
plexes, which after a short time under hydroformylation
conditions evolved to the intermediate species [Rh(acac)-
(CO)(PP)] with characteristic rhodium — phosphorus coupling
constants around 300 Hz.I'S] Reaction times of 3-4 hours
were needed for the complete formation of the desired species
[HRh(PP)(CO),] 21-28.

[Rh(acac)(CO),;] + PP [Rh(acac)(PP)] + 2 CO

CcO

[HRh(PP)(COy)] [Rh(acac)(CO)(PP)]

Hz
PP =3-10 21-28

Scheme 3. In situ preparation of catalysts.

Stable [HRh(PP)(CO),] complexes were obtained quanti-
tatively for all the ligands, and no hydrolysis of the diphos-
phite ligands to H-diphosphonates was observed. NMR
spectroscopy under atmospheric conditions showed no de-
tectable decomposition of the complexes. Table 3 shows
selected data obtained for complexes 21 -28.

At room temperature, the 3P{!H} NMR spectrum of
complexes 21 and 22, containing ligands 3 and 4, showed a
broad, eight-line spectrum (w;,~ 70 Hz) due to the two non-
equivalent phosphorus atoms and a rhodium atom (ABX
system). These broad signals suggest a fluxional process on
the NMR timescale.**! This was confirmed by measuring the
SIP. NMR at variable temperature. At —80°C, the 3'P
resonances showed sharp signals (w;,~10Hz). '"H NMR
spectroscopy in the hydride region revealed a quadruplet, due
to coupling with rhodium and the two phosphorus atoms. The
fact that there is a quadruplet instead of the expected doublet
of doublets of doublets is caused by the accidental coincidence
of the coupling constants. The values of the phosphorus —hy-
dride coupling constants (32/(P,H) <4.2 Hz) are typical of a
trigonal bipyramidal (TBP) hydridorhodium dicarbonyl spe-
cies with bis-equatorially (ee) coordinating diphosphites.
Small cis phosphorous —hydride coupling constants have been
reported in [HRh(PP)(CO),] complexes with ee coordinating
diphosphite ligands.[": 8 17 18]

Table 3. Selected 'H and 3P NMR data for [HRh(PP)(CO),] complexes.

At room temperature, 3P {{H} NMR spectra of complex 28,
which contains ligand 10, showed a broad doublet at 6 = 164.1
(wy, =63 Hz), due to 3'P-'Rh coupling. The fact that there
is a broad doublet, not the expected eight-line spectrum, is
caused by the accidental isocronicity of the two phosphorus
atoms in fluxional behaviour. Fluxionality could be frozen out
at low temperature (—40°C). As expected for the two
nonequivalent phosphorus atoms, an eight-line spectrum
was obtained. The 'H NMR spectrum revealed a pseudo-
triplet of doublets in the hydride region at 6 = —10.32, due to
coupling with two pseudo-equivalent phosphorus atoms
(3J(P,H) =5.9 Hz) and with the rhodium atom.

In summary, NMR data for complexes 21, 22, 27, and 28
indicate trigonal bipyramidal (TBP) hydridorhodium dicar-
bonyl species with ee coordinating diphosphites. Further
evidence is provided by IR in situ measurements. Each of the
spectra showed two carbonyl vibrations around 2070 and
2010 cm™!; these are characteristic of ee isomers (Fig-
ure 1a).['] Moreover, formation of only one diastereoisomer
was detected by variable temperature NMR.

a) 'g b) §
[aV) [aV)
8 [{e] M~
8 2 8
N [
[=]
[+
[=3
[aV)
2100 2000 2100 2000 1950

Wavenumbers / cm™ Wavenumbers / cm™
Figure 1. In situ IR spectrum of [HRh(PP)(CO),]. a) PP=3; b) PP =8.

The 3'P{!H} NMR spectra at room temperature of com-
plexes 23-26, which contain ligands 5-8, had eight sharp
lines due to 3P3'P and *'P'®Rh couplings (ABX systems)
(Table 3). The 'H NMR spectra in the high-field region
revealed a doublet of doublets for complexes 24-26, due to
the coupling constants of the hydride atom and the two

Complex 5P, 5P, 1J(Rh,P1) 1J(Rh,P2) 2J(P1,P2) SH 2J(H,P) 2J(H,P) 1J(H,Rh)
21 162.0 165.9 231.2 2384 274.1 —9.94(q) 42 42 42

22 159.4 1632 229.1 2313 269.3 —9.89(q) 36 36 36

23 158.6 160.4 21.2 236.7 209.1 —10.01(ddd) 30.0 42 12

24 1534 155.1 218.1 229.4 201.7 —9.72(dd) 28.1 5.0 L

25 1538 156.7 217.9 2325 191.7 —9.85(dd) 36.1 5.0 L

26 1526 1562 224.4 231.9 204.8 —9.68(dd) 27.0 48 L

27 159.2 161.8 2332 2345 267.7 —10.21(b)

28101 161.1 166.0 232.7 237.8 286.5 —10.32(dt) 59 59 33

[a] Prepared in [Dg]toluene. NMR spectra recorded under atmospheric conditions at room temperature. ¢ in ppm. Coupling constants in Hz. [b] 3'P NMR
data measured at —40°C. [c] Not observed.
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nonequivalent phosphorus atoms. The values of the phospho-
rus —phosphorus coupling constants are relatively small for a
pure coordination in a TBP."l Two explanations can be put
forward: firstly, the formation of a distorted TBP hydrido-
rhodium dicarbonyl species with ee coordinating diphos-
phites,® or secondly, a fast equilibrium mixture of bis-
equatorially and equatorial —axial (ea) species, giving aver-
aged signals in the NMR spectra (Scheme 4). Evidence for

H
PO | oc. |
(P“RT—CO — P"'RT_CO
co NG
ee ea

Scheme 4. Equilibrium between equatorial-equatorial (ee) and equatori-
al-axial (ea) species.

the latter should be supplied by the HP-IR spectra, thanks to
the faster timescale of this technique. If an equilibrium
between two isomers occurs, two sets of carbonyl frequencies
originating from the two isomers should be observed.?! In
general, carbonyl bands of ea isomers are found at lower
wavenumbers than those of ee isomers.?l The infrared spectra
of complexes 23-26 showed four carbonyl absorption bands
in the 2100-1900 cm™! region, which can be attributed to a
mixture of ee and ea isomers (Table 4, Figure 1b).l! The
proportion of ea species was calculated from the NMR data,
by using a cis phosphorus — proton coupling constant of —4 to
+4 Hz and a trans phosphorus —proton coupling constant of
210 Hz, and is 15% on average.['] The relative intensities of
the absorption bands obtained from the HP-IR are in good
agreement with the ee:ea ratios determined by NMR
spectroscopy.

Table 4. Selected HP-IR data (cm™') for complexes 23-26.

Complex v, (ee) v,(ea) v; (ee) v, (ea)

23 2074 (s) 2032 (m) 2011 (s) 1985 (m)

24 2073 (s) 2031 (m) 2012 (s) 1989 (m)

25 2070 (s) 2029 (m) 2008 (s) 1988 (m)

26 2068 (s) 2030 (m) 2006 (s) 1987 (m)
Conclusion

A new family of C, diphosphite ligands containing different
furanoside moieties as simple chiral backbones has been
easily prepared in a few steps from readily available D-(+)-
glucose. Their rhodium(i) complexes are highly efficient
catalysts for the asymmetric hydroformylation of vinyl arenes.
Both the S and the R enantiomers of 2-phenylpropanal can be
obtained with excellent regio- and enantioselectivity under
very mild reaction conditions. In addition, these catalyst
systems are highly stable under hydroformylation conditions
and no excess of ligand is needed. The type of substituents in
the biphenyl moieties and the configuration of the stereo-
centers [C(3), C(5)] had remarkable effects on the enantio-
selectivity of the hydroformylation reactions. The absolute
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configuration of the product is therefore governed by the
configuration of the stereogenic carbon atom C(3), while the
level of enantioselectivity is a function of a cooperative effect
between both stereocenters. Investigation of the hydridorho-
dium dicarbonyl complexes 21-28 under syngas pressure by
NMR and in situ IR spectroscopy showed that the config-
urations of the stereogenic carbon atoms C(3) and C(5)
greatly influence structure and, therefore, enantioselectivity.
The best enantioselectivities were therefore obtained with
ligands that have a strong ee coordination preference, while
equilibria between ee and ea coordination modes in species
23-26 considerably lowered the ee’s.

These results are among the best that have been reported
for the asymmetric hydroformylation of vinyl arenes. Further
research into more active catalysts is now in progress,
exploiting the advantage that these sugar ligands can be so
easily modified.

Experimental Section

General Comments: All syntheses were performed by using standard
Schlenk techniques under an argon atmosphere. Solvents were purified by
standard procedures. Compounds 11,1 16,'% 12,"1 17[''] and phosphoro-
chloridites!' were prepared by methods described previously. All other
reagents were used as commercially available. Elemental analyses were
performed on a Carlo Erba EA-1108 instrument. 'H, *C{'H} and *'P{'H}
NMR spectra were recorded on a Varian Gemini 300 MHz spectrometer.
Chemical shifts are relative to SiMe, ('H and *C) as internal standard or
H;PO, (*'P) as external standard. All NMR spectral assignments were
determined by COSY and HETCOR spectra. In situ high-pressure IR
spectra were recorded on a Nicolet510 FT-IR spectrometer. Gas chro-
matographic analyses were run on a Hewlett-Packard HP 5890A instru-
ment (split/splitless injector, J& W Scientific, Ultra-2 25 m column, internal
diameter 0.2 mm, film thickness 0.33 mm, carrier gas: 150 kPa He, F.I.D.
detector) equipped with a Hewlett-Packard HP 3396 series II integrator.
Hydroformylation reactions were carried out in a custom-made 100 mL
stainless steel autoclave. Enantiomeric excesses were measured after
oxidation of the aldehydes to the corresponding carboxylic acids on a
Hewlett-Packard HP 5890A gas chromatograph (split/splitless injector,
J&W Scientific, FS-Cyclodex -1/P 50 m column, internal diameter 0.2 mm,
film thickness 0.33 mm, carrier gas: 100 kPa He, F.1.D. detector). Absolute
configuration was determined by comparison of retention times with
optically pure (S)-(+)-2-phenylpropionic and (R)-(—)-2-phenylpropionic
acids.

3,5-Bis| (3,3"-di-tert-butyl-5,5-dimethoxy-1,1"-biphenyl-2,2'-diyl) phosphite]-
1,2-O-isopropylidene-6-deoxy-a-D-glucofuranose (3): Phosphorochloridite
(2.2 mmol) produced in situ was dissolved in toluene (5 mL) and pyridine
(0.36 mL, 4.6 mmol) was added. 1,2-O-Isopropylidene-6-deoxy-a-D-gluco-
furanose 13 (0.21 g, 1 mmol) was azeotropically dried with toluene (3 x
1 mL) and then dissolved in toluene (10 mL), to which pyridine (0.18 mL,
2.3 mmol) had been added. The diol solution was transferred slowly over
30 min at room temperature to the solution of phosphorochloridite. The
reaction mixture was stirred overnight at reflux, and the pyridine salts were
removed by filtration. Evaporation of the solvent gave a white foam, which
was purified by flash chromatography (toluene, R;=0.13) to produce a
white powder. Yield: 0.70 g, 71 %; '"H NMR: 6 =1.12 (s, 3H; CH3), 1.28 (d,
3J(6,5) =6.3 Hz, 3H; H-6), 1.38 (s, 3H; CH;), 1.41 (s, 9H; CH;, tBu), 1.43 (s,
18H; CH;, tBu), 1.45 (s, 9H; CH;, tBu), 3.78 (s, 3H; OMe), 3.79 (s, 3H;
OMe), 3.80 (s, 3H; OMe), 3.81 (s, 3H; OMe), 3.95 (d, 3/(2,1) =3.6 Hz, 1 H;
H-2), 4.03 (dd, */(4,3) =2.7 Hz, 3J(4,5) =8.1 Hz, 1H; H-4), 470 (m, 1H;
H-5),4.79 (dd, 3J(3,4) =2.7 Hz, J(3,P) = 3.1 Hz, 1H; H-3),5.57 (d, 3/(1,2) =
3.6 Hz, 1H; H-1), 6.81 (m, 2H; CH=), 6.94 (m, 2H; CH=), 711 (m, 4H;
CH=); BCNMR: § =19.8 (C(6)), 25.7 (CH3), 26.4 (CH;), 31.1 (CH;, rBu),
31.2 (CH;, tBu), 35.1 (C, tBu), 35.3 (C, tBu), 55.4 (OMe), 55.5 (OMe), 68.6
(d, J(C,P)=4.8 Hz, C(5)), 76.1 (C(3)), 82.9 (t, J(C,P) =5.4 Hz, C(4)), 83.9
(C(2)),104.6 (C(1)), 111.4 (CH=), 112.5 (CH=), 112.8 (CH=), 114.1 (CH=),
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114.8 (CMe,), 125.2 (CH=), 128.1 (CH=), 128.9 (CH=), 133.1 (C), 133.4 (C),
134.0 (C), 134.2 (C), 141.8 (C), 1422 (C), 142.6 (C), 142.8 (C), 155.1 (C),
155.5 (C), 155.6 (C), 155.8 (C); *'P NMR: 6 =144.9 (s, 2P); 3P NMR
(CD,Cl,, 233K): 6=144.6 (d, J(P,P)=30.9 Hz, 1P), 145.1 (d, J(PP)=
30.9 Hz, 1P); elemental analysis caled (%) for Cs;H;O,;P,: C 65.15,
H 7.22; found: C 65.09, H 7.32.

1,2-O-Isopropylidene-3,5-bis[ (3,3',5,5-tetra-tert-butyl-1,1'-biphenyl-2,2’-
diyl)phosphite]-6-deoxy-a-D-glucofuranose (4): Treatment of phosphoro-
chloridite (2.2 mmol) produced in situ and 13 (0.21 g, 1 mmol), as described
for compound 3, afforded diphosphite 4, which was purified by flash
chromatography (toluene, R;=0.18) to produce a white powder. Yield:
0.80 g, 74%; 'H NMR: 6 =1.02 (s, 3H; CH;), 1.09 (d, 3/(6,5) =4.2 Hz, 3H;
H-6), 1.24 (s, 9H; CHj;, tBu), 1.26 (brs, 27H; CH;, rBu), 1.31 (s, 3H; CH,),
1.35 (s, 9H; CHj, rBu), 1.39 (brs, 27H; CH;, tBu), 3.98 (m, 2H; H-2, H-4),
4.66 (m, 1H; H-5), 4.73 (dd, *J(3,4) =2.4 Hz, J(3,P) = 6.3 Hz, 1H; H-3),
5.38(d,*J(1,2)=3.6 Hz, 1H; H-1), 7.12 (m, 4H; CH=), 7.36 (m, 4H; CH=);
BC NMR: 6 =194 (C(6)), 26.3 (CH;), 26.7 (CH;), 31.2 (CHj, rBu), 31.3
(CH;, tBu), 31.5 (CHj, 1Bu), 34.6 (C, rBu), 34.7 (C, rBu), 35.4 (C, rBu), 68.9
(d, C(5), J(C,P)=9.5Hz), 76.2 (C(3)), 83.0 (t, C(2) or C(4), J(C,P)=
5.7Hz), 842 (C(4) or C(2)), 1047 (C-1), 111.6 (CMe,), 124.0 (CH=),
124.2 (CH=), 126.55 (CH=), 126.6 (CH=), 132.4 (C), 132.6 (C), 133.1 (C),
133.2 (C), 139.7 (C), 140.2 (C), 140.3 (C), 145.9 (C), 146.4 (C), 146.5 (C),
146.8 (C); *'P NMR: 6 =144.3 (d, J(P,P) =35.7 Hz, 1P), 145.3 (d, J(PP) =
35.7 Hz, 1 P); elemental analysis calcd (% ) for C4sHo,OoP,: C 72.19, H 8.76;
found: C 72.24, H 8.84.

3,5-Bis[ (3,3'-di-tert-butyl-5,5-dimethoxy-1,1’-biphenyl-2,2"-diyl) phosphite ]-
1,2-O-isopropylidene-6-deoxy-f-L-idofuranose (5): Treatment of phos-
phorochloridite (1.1 mmol) produced in situ and 1,2-O-isopropylidene-6-
deoxy-f-L-idofuranose 15 (0.11 g, 0.5 mmol), as described for compound 3,
afforded diphosphite 5, which was purified by flash chromatography
(toluene, R;=0.12) to give a white powder. Yield: 0.29 g, 60%; 'H NMR:
0=1.04 (s,3H; CH;), 1.13 (d, *J(6,5) = 6.3 Hz, 3H; H-6), 1.37 (s, 3H; CH,),
1.42 (s, 9H; CHj;, Bu), 1.44 (s, 9H; CHj;, rBu), 1.49 (s, 18 H; CHj;, /Bu), 3.74
(s, 3H; OMe), 3.76 (brs, 9H; OMe), 3.99 (d, *J(2,1)=3.6 Hz, 1H; H-2),
4.12 (m, *J(4,5)=6.8 Hz, °J(4,3) =3.0 Hz, 1H; H-4), 478 (m, 2H; H-3,
H-5), 5.62 (d, *J(1,2) =3.6 Hz, 1H; H-1), 6.84 (m, 4H; CH=), 7.04 (m, 4H;
CH=); "CNMR:  =18.5 (C(6)), 26.1 (CHj), 26.7 (CHj;), 30.8 (CHj, rBu),
31.2 (CH;, 1Bu), 31.5 (CHj;, Bu), 35.3 (C, tBu), 35.4 (C, tBu), 55.6 (OMe),
69.3 (d, J(C,P)=6.3 Hz, C(3)), 75.2 (C(3)), 82.7 (t, J(C,P) =4.2 Hz, C-4),
84.2 (C(2)), 103.9 (C(1)), 112.8 (CH=), 113.2 (CH=), 113.5 (CH=), 114.0
(CMe,), 123.8 (CH=), 123.9 (CH=), 124.2 (CH=), 124.5 (CH=), 133.6 (C),
133.7 (C), 142.2 (C), 142.8 (C), 142.9 (C), 155.0 (C), 155.2 (C), 155.3 (C),
155.4 (C); 3P NMR: 6=145.5 (s, 1P), 146.7 (s, 1P); elemental analysis
caled (%) for Cs;H;0Oy3P,: C 65.15, H 7.22; found: C 65.34, H 7.25.
1,2-O-Isopropylidene-3,5-bis[ (3,3',5,5'-tetra-tert-butyl-1,1'-biphenyl-2,2'-
diyl)phosphite]-6-deoxy-f-L-idofuranose (6): Treatment of phosphoro-
chloridite (2.2 mmol) produced in situ and 15 (0.21 g, 1 mmol), as described
for compound 3, afforded diphosphite 6, which was purified by flash
chromatography (toluene, R;=0.19) to afford a white powder. Yield:
0.69 g, 65%; '"H NMR: 6 =0.99 (d, 3J(6,5) =6.3 Hz, 3H; H-6), 1.12 (s, 3H;
CH;), 1.24 (s, 18H; CHj;, tBu), 1.26 (s, 18H; CHj;, tBu), 1.32 (s, 9H; CH;,
tBu), 1.34 (brs, 27H; CHj;, Bu), 1.41 (s, 3H; CHj;), 4.01 (d, 1H; H-2,
3J(2,1) =3.6 Hz), 4.09 (m, 1H; H-4), 4.10 (m, 1 H; H-2), 4.68 (m, 1H; H-5),
4.72 (m, 1H; H-3), 5.42 (d, 1H; H-1, 3J(1,2) = 3.6 Hz), 7.06 (m, 4H; CH=),
7.31 (m, 4H; CH=); BCNMR: 6 =18.9 (brs, C(6)), 25.9 (CH3;), 26.5 (CH,),
31.3 (CHj, rBu), 31.4 (CHj;, rBu), 31.6 (CHj;, rBu), 34.9 (C, rBu), 34.6 (C,
tBu), 35.1 (C, tBu), 68.1 (t, C(5), J(C,P)=10.1 Hz), 75.8 (C(3)), 82.4 (t,
C(4), J(CP)=42Hz), 841 (C(2)), 103.9 (C(1)), 113.4 (CMe,), 123.8
(CH=), 123.9 (CH=), 124.2 (CH=), 124.4 (CH=), 131.9 (C), 132.2 (C), 132.4
(0), 132.5 (C), 139.9 (C), 140.2 (C), 140.4 (C), 145.2 (C), 145.8 (C), 146.0
(C), 146.2; 3'P NMR: 6 =144.6 (s, 1P), 145.3 (s, 1P); elemental analysis
caled (%) for CgsHoyOoP,: C 72.19, H 8.76; found: C 72.41, H 8.82.
3,5-Bis[ (3,3'-di-tert-butyl-5,5-dimethoxy-1,1’-biphenyl-2,2"-diyl) phosphite ]-
1,2-O-isopropylidene-6-deoxy-a-D-allofuranose (7): Treatment of phos-
phorochloridite (2.2 mmol) produced in situ and 1,2-O-isopropylidene-6-
deoxy-a-p-allofuranose 18 (0.21 g, 1 mmol), as described for compound 3,
afforded diphosphite 7, which was purified by flash chromatography
(toluene, R;=0.12) to give a white powder. Yield: 0.49 g, 50%; '"H NMR:
0=0.87(d,3J(6,5)=6.9 Hz, 3H; H-6), 1.14 (s, 3H; CH3), 1.24 (s, 18 H; CH;,
tBu), 1.28 (s, 9H; CH;, tBu), 1.30 (s, 9H; CHj;, rBu), 1.37 (s, 3H; CHj;), 3.62
(s, 9H; OMe), 3.64 (s, 3H; OMe), 3.92 (m, 1H; H-4), 4.09 (m, 1H; H-2),
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4.11 (m, 1H; H-3), 4.52 (m, 1H; H-5), 5.53 (d, 1H; H-1, 3J(1,2) =3.6 Hz),
6.58 (m, 4H; CH=), 6.81 (m,4H; CH=); C NMR: 6 =17.1 (m, C(6)), 26.7
(CH3;), 26.8 (CH3;), 30.9 (CH;, rBu), 31.0 (CH;, Bu), 352 (C, tBu), 55.5
(OMe), 55.6 (OMe), 70.5 (t, C(3), J(C,P)=6.8 Hz), 72.5 (m, C(5)), 78.6
(C(2)), 81.8 (t, C(4), J(C,P)=3.1Hz), 104.0 (C(1)), 112.6 (CH=), 1129
(CH=),113.1 (CH=), 113.5 (CMe,), 114.0 (CH=), 126.8 (C), 128.1 (C), 129.3
(C), 130.2 (C), 141.8 (C), 141.9 (C), 142.1 (C), 143.2 (C), 155.3 (C), 155.6
(0),155.8 (C);3'P NMR: 6 =144.2 (s, 1P), 147.0 (s, 1 P); elemental analysis
caled (%) for C5;H,,Oy5P,: C 65.15 H, 7.22; found: C 65.07, H, 7.42.
1,2-O-Isopropylidene-3,5-bis[ (3,3',5,5'-tetra-tert-butyl-1,1’-biphenyl-2,2'-
diyl)phosphite]-6-deoxy-a-D-allofuranose (8): Treatment of phosphoro-
chloridite (2.2 mmol) produced in situ and 18 (0.21 g, 1 mmol), as described
for compound 3, afforded diphosphite 8, which was purified by flash
chromatography (toluene, R;=0.15) to produce a white powder. Yield:
0.65 g, 60%; '"H NMR: 6 =0.85 (m, 3H; H-6), 1.15 (s, 3H; CH;), 1.20 (s,
27H; CH;, tBu), 1.22 (s, 18 H; CHj, tBu), 1.24 (s, 9H; CHj;, rBu), 1.26 (s,
9H; CHj;, Bu), 1.28 (s, 9H; CHj;, tBu), 1.38 (s, 3H; CH,), 3.80 (m, 1H;
H-2), 4.00 (m, 1H; H-4), 4.39 (m, 1H; H-5), 4.55 (m, 1H; H-3), 5.41 (d,
3J(1,2) =3.3 Hz, 1H; H-1), 6.98 (m, 2H; CH=), 7.03 (m, 2H; CH=), 7.11 (m,
1H; CH=), 7.17 (m, 1H; CH=), 723 (m, 1H; CH=), 726 (m, 1H; CH=);
BC NMR: 6 =16.9 (C(6)), 26.9 (CH3), 31.0 (CHj;, tBu), 31.1 (CHj, rBu),
31.4 (CH;, tBu), 31.5 (CH;, tBu) 34.5 (C, rBu), 34.6 (C, tBu), 34.7 (C, 1Bu),
35.2 (C, 1Bu), 35.3 (C, rBu), 35.4 (C, tBu), 70.4 (d, C(3), J(C,P) =16.6 Hz),
72.0 (C(5)), 78.7 (C(2)), 81.9 (t, C(4), J(C,P)=5.2 Hz), 104.0 (C(1)), 113.0
(CMe,), 123.8 (CH=), 123.9 (CH=), 124.0 (CH=), 1126.3 (CH=), 126.5
(CH=), 126.7 (CH=), 132.7 (C), 132.9 (C), 139.7(C), 139.9 (C), 140.2 (C),
140.4 (C), 145.8 (C), 146.0 (C), 146.2 (C), 146.3 (C); *'P NMR: 6 =143.6 (s,
1P), 146.5 (s, 1P); elemental analysis calcd (%) for C4;sHo,OoP,: C 72.19, H
8.76; found: C 72.34, H 8.81.

3,5-Bis[ (3,3 -bis-tert-butyl-5,5'-dimethoxy-1,1"-biphenyl-2,2'-diyl) phosphite ]-
1,2-O-isopropylidene-6-deoxy-f-L-talofuranose (9): Treatment of phos-
phorochloridite (1.1 mmol) produced in situ and 1,2-O-isopropylidene-6-
deoxy-f-L-talofuranose 20 (0.11 g, 0.5 mmol), as described for compound 3,
afforded diphosphite 9, which was purified by flash chromatography
(toluene, R;=0.10) to afford a white powder. Yield: 0.24 g, 50 %; '"H NMR:
0=0.98 (brs, 3H; H-6), 1.21 (s, 3H; CH,), 1.25 (s, 9H; CHj, (Bu), 1.38 (s,
9H; CHj;, rBu), 1.41 (s, 18H; CHj, rBu), 1.44 (s, 3H; CH;), 3.81 (s, 12H;
OMe), 4.01 (m, 1H; H-4), 4.40 (m, 2H; H-2, H-3), 4.44 (m, 1H; H-5), 5.71
(d, 1H; H-1, 3/(1,2) =3.9 Hz), 6.82 (m, 4H; CH=), 6.99 (m, 4H; CH=);
BC NMR: 0=18.9 (d, C(6), J(C,P) =72 Hz), 26.7 (CH,), 26.8 (CH3), 30.8
(CH;, tBu), 31.0 (CH;, rBu), 35.2 (C, Bu), 35.3 (C, rBu), 55.4 (OMe), 55.6
(OMe), 714 (d, C(3), J(C,P)=10.9 Hz), 73.6 (d, C(5), J(C,P)=6.7 Hz),
78.7 (d, C(2), J(C,P) =2.4 Hz), 81.7 (t, C(4), J(C,P) =2.6 Hz), 103.8 (C(1)),
112.5 (CH=), 112.7 (CH=), 112.8 (CH=), 113.2 (CMe,), 114.8 (CH=), 125.2
(C), 128.2 (C), 129.0 (C), 142.4 (C), 142.5 (C), 155.3 (C), 155.4 (C), 155.6
(C);'P NMR: 0 =145.4 (d, J(P,P) =4.5 Hz, 1P), 146.3 (d, J(P,P) =4.5 Hz,
1P); elemental analysis caled (%) for Cs;H;0,3P,: C 65.15, H 7.22; found:
C 6523, H717

1,2-O-Isopropylidene-3,5-bis[ (3,3',5,5'-tetra-tert-butyl-1,1'-biphenyl-2,2'-
diyl)phosphite]-6-deoxy-f-L-talofuranose (10): Treatment of phosphoro-
chloridite (2.2 mmol) produced in situ and 20 (0.21 g, 1 mmol), as described
for compound 3, afforded diphosphite 10, which was purified by flash
chromatography (toluene, R;=0.19) to give a white powder. Yield: 0.72 g,
67%; 'H NMR: 0 =1.02 (d, */(6,5) =6 Hz, 3H; H-6), 1.18 (brs, 27H; CH;,
tBu), 1.24 (s,3H; CHj;), 1.27 (s, 18 H; CHj;, tBu), 1.29 (s, 9H; CH;, tBu), 1.30
(s, 9H; CHj;, 1Bu), 1.32 (s, 9H; CHj;, Bu), 1.36 (s, 3H; CH;), 3.66 (m, 1 H;
H-3), 3.90 (dd, 1H; H-4, 3/(4,5) =5.7 Hz, 3J(4,3) =3.2 Hz), 410 (m, 1H;
H-2), 428 (m, 1H; H-5), 5.49 (d, 1H; H-1, *J(1,2) =3.0 Hz), 7.02 (m, 4H;
CH=), 7.25 (m, 4H; CH=); *C NMR: 6 =18.6 (d, J(C,P) =5.3 Hz, C(6)),
26.8 (CH3), 26.9 (CH3), 31.0 (CHj, tBu), 31.1 (CHj, (Bu), 31.3 (CHj, Bu),
31.4 (CH;, 1Bu), 31.5 (CHj;, 1Bu), 31.6 (CH;, tBu), 34.5 (C, tBu), 34.6 (C,
Bu), 353 (C, Bu), 55.6 (d, J(C,P)=4.3 Hz, C(3)), 72.0 (dd, J(C,P)=
11.5 Hz, J(C,P)=3.2 Hz, C(5)), 78.8 (d, J(C,P)=2.7 Hz, C(2)), 81.8 (t,
J(C,P)=3.9 Hz, C4)), 103.8 (C(1)), 113.2 (CMe,), 123.9 (CH=), 124.1
(CH=), 126.5 (CH=), 126.6 (CH=), 132.5 (C), 132.7 (C), 140.0 (C), 140.2
(C), 145.6 (C), 146.2 (C), 146.3 (C), 146.6 (C); 'P NMR: 0=145.9 (d,
J(PP)=52Hz, 1P), 146.8 (d, 1P, J(PP) =5.2 Hz).Elemental analysis calcd
(%) for CesHoyOoP,: C 72.19, H, 8.76; found: C 72.01, H 8.91.
3,6-Di-O-acetyl-1,2-O-isopropylidene-5-O-(trifluoromethane)sulfonyl-c-
D-glucofuranose (14): Anhydrous pyridine (2 mL, 20 mmol) was added to a
solution of 11 (5.2 g, 20 mmol) in dichloromethane (40 mL). After 10 min,
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acetic anhydride (1.9 mL, 20 mmol) was added dropwise over 30 min at
0°C and the mixture was allowed to react at room temperature. After 16 h,
water (50 mL) was added, and the mixture was extracted with dichloro-
methane (3 x 50 mL). The organic layer was washed with dilute sulphuric
acid and water, dried over MgSO,, and evaporated. The residue was
purified by flash chromatography (ethyl acetate/hexane 1:2) to obtain the
diacetylated compound as a colorless liquid. Yield: 3.8 g, 62%; 'H NMR:
0=126 (s, 3H; CHj;), 1.51 (s, 3H; CH;), 2.03 (s, 3H; OAc), 2.08 (s, 3H;
OAc), 3.51 (brs, 1H; OH), 3.98 (dd, 2/(6,6) =9.6 Hz, *J(6',5) =5.1 Hz, 1 H;
H-6'), 410 (m, 1H; H-5), 4.15 (m, 1H; H-3), 4.21 (dd, %J(6',6) =9.6 Hz,
3J(6,5)=2.9 Hz, 1H; H-6), 4.80 (d, */(2,1) =3.6 Hz, 1H; H-2), 4.89 (dd,
3J(4,3)=6.9 Hz, 3J(4,5)=3.9 Hz, 1H; H-4), 5.79 (d, 3J(1,2) =3.6 Hz, 1H;
H-1); ®C NMR: 4 =20.6 (OAc), 20.8 (OAc), 26.6 (CHs), 64.5 (C(3)), 69.9
(C(6)), 71.5 (C(5)), 77.6 (C(4)), 777 (C(2)), 104.0 (C(1)), 113.2 (CMe,),
170.2 (CO), 171.0 (CO).

Anhydrous pyridine (0.5 mL, 5 mmol) was added to a solution of 3,6-di-O-
acetyl-1,2-O-isopropylidene-a-p-glucofuranose (1.52 g, 5mmol) in di-
chloromethane (20 mL). After 10 min, trifluoromethanesulfonic anhydride
(0.85 mL, 5 mmol) was added dropwise at —20°C, and the mixture was
allowed to react at room temperature for 20 min, after which the solvent
was evaporated. The residue was purified by flash chromatography on a
small column of neutral silica (hexane/ethyl acetate 1:1) to produce the
triflate as a colorless liquid. Yield: 1.4 g, 72%; 'H NMR: 6 =1.33 (s, 3H;
CHs;), 1.51 (s, 3H; CHj), 2.11 (s, 3H; OAc), 2.14 (s, 3H; OAc), 4.16 (dd,
2J(6',6) =10.6 Hz, 3J(6',5) =5.9 Hz, 1 H; H-6'), 4.38 (m, 2H; H-3, H-6), 4.82
(dd, 3J(43) =4.8 Hz, 3J(4,5)=2.7 Hz, 1H; H-4), 4.89 (d, 3/(2,1)=3.6 Hz,
1H; H-2), 5.28 (m, 1H; H-5), 5.81 (d, 1H; H-1, 3/(1,2) =3.6 Hz).

3,6-Di-0-acetyl-1,2-O-isopropylidene-5-O-trifluoromethanesulfonyl-«-D-
allofuranose (19): Treatment of 3,6-di-O-acetyl-1,2-O-isopropylidene-a-D-
allofuranosel® (1.52 g, 5 mmol), obtained by treating 16 with acetic
anhydride as described before, with trifluoromethanesulfonic anhydride
(0.85mL, 5mmol), as described for 14, afforded triflate 19. This was
purified by column chromatography on neutral silica (hexane/ethyl acetate
1:1) to produce a colorless liquid. Yield: 1.38 g, 71 %; 'H NMR: 6 =1.31 (s,
3H; CH,), 1.52 (s,3H; CH,), 2.06 (s,3H; OAc), 2.12 (s,3H; OAc), 4.12 (dd,
2J(6',6)=10.2 Hz, 3J(6'5)=6.2 Hz, 1H; H-6'), 4.31 (dd, %J(3,4) =5.2 Hz,
3J(3.2) =2.4 Hz, 1H; H-3), 442 (dd, 2/(6,6') = 9.6 Hz, 3J(6,5) =2.9 Hz, 1H;
H-6), 472 (dd, 3J(43)=5.2Hz, 3J(4,5)=3.9Hz, 1H; H-4), 4.84 (dd,
3J(2,1)=3.6 Hz, 37(2,3)=2.4 Hz, 1H; H-2), 521 (m, 1H; H-5), 5.79 (d,
3J(1,2)=3.6 Hz, 1H; H-1); 3C NMR: 6=20.4 (OAc), 20.5 (OAc), 26.5
(CH;,), 26.7 (CH,), 61.1 (C(3)), 72.5 (C(6)), 75.4 (C(4)), 77.1 (C(2)), 84.2
(C(5)), 104.1 (C(1)), 113.7 (CMe,), 119.4 (q, CF;, J(C,F) =309 Hz), 170.1
(CO), 170.6 (CO).

In situ HP-NMR hydroformylation experiments: In a typical experiment, a
sapphire tube (¢ =10mm) was filled under argon with a solution of
[Rh(acac)(CO),] (0.030 mmol) and ligand (molar ratio PP/Rh=1.1) in
[Dg]toluene (1.5 mL). The HP-NMR tube was purged twice with CO and
pressurized to the appropriate pressure of CO/H,. After a reaction time of
16 hours’ shaking at the desired temperature, the solution was analyzed.

[HRh(CO),(3)] (21): 'H NMR: 6 = —9.94 (q, 2J(P,H) = 4.7 Hz, J(Rh,H) =
4.7 Hz, 1H),0.95 (m, 3H; H-6), 1.12 (s, 3H; CH,), 1.31 (s, 3H; CH}), 1.45 (s,
9H; CH,, fBu), 1.48 (s, 9H; CH;, fBu), 1.49 (s, 9H; CH;, rBu), 1.51 (s, 9H;
CHS, Bu), 328 (brs, 12H; OMe), 3.74 (d, 37(2,1) =3.6 Hz, 1H; H-2), 4.12
(m, 1H; H-4), 422 (m, 1H; H-3), 549 (m, 1H; H-5), 5.71 (d, 3/(12) =
3.6 Hz, 1H; H-1), 6.82 (m, 2H; CH=), 7.10 (m, 6H; CH=); ®C NMR: 6 =
19.6 (m, C(6)), 26.2 (CHy), 26.9 (CH,), 31.4 (CH;, fBu), 31.9 (CH,, /Bu),
32.3 (CH,, fBu), 32.4 (CH,, Bu), 35.2 (C, Bu), 35.5 (C, fBu), 54.8 (OMe),
54.9 (OMe), 5.0 (OMe), 69.1 (m, C(3)), 762 (m, C(5)), 78.7 (m, C(2)), 83.5
(m, C(4)), 102.4 (C(1)), 113.0 (CMe,), 114.0 (CH=), 114.8 (CH=), 1153
(CH=), 115.5 (CH=), 131.1 (C), 1314 (C), 132.0 (C), 132.5 (C), 145.1 (C),
1453 (C), 145.7 (C), 155.3 (C), 155.4 (C), 156.0 (C).

[HRh(CO),4)] (22): 'H NMR: 6=-9.89 (q, 1H; %2J(PH)=3.6 Hz,
IJ(Rh,H)=3.6 Hz), 0.92 (m, 3H; H-6), 1.25 (s, 9H; CHj;, tBu), 1.28 (s,
9H; CH;, rBu), 1.31 (s, 18 H; CHs;, tBu), 1.36 (s, 3H; CHj;), 1.57 (s, 3H;
CH,), 1.62 (s, 18 H; CHj;, tBu), 1.64 (s, 9H; CHj;, rBu), 1.66 (s, 9H; CH;,
tBu), 3.79 (d,%J(2,1) =3.6 Hz, 1 H; H-2), 4.25 (dd, J(4,5) =72 Hz, 3/ (4,3) =
2.8 Hz, 1H; H-4), 4.82 (m, 1H; H-5), 5.21 (m, 1H; H-5),5.72 (d, 1H; H-1,
3J(12)=3.6 Hz), 711 (m, 3H; CH=), 7.14 (m, 1H; CH=), 721 (m, 2H;
CH=); BC NMR: 6=19.7 (m, C(6)), 26.2 (CH;), 27.0 (CH;), 31.5 (CH;,
tBu), 32.0 (CH;, 1Bu), 35.7 (C, tBu), 36.3 (C, rBu), 70.9 (m, C(5)), 78.2 (m,
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C(3)), 83.1 (m, C(4)), 84.5 (m, C(2)), 104.9 (C(1)), 112.6 (CMe,), 124.4
(CH=), 124.8 (CH=), 126.5 (CH=), 126.9 (CH=), 132.0 (C), 132.3 (C), 132.4
(C), 140.0 (C), 140.2 (C), 146.5 (C), 146.6 (C), 146.9 (C).

[HRh(CO),(5)] (23): 'H NMR: 6=-10.01 (dd, %/(PH)=30.6 Hz,
2J(PH)=4.2 Hz, 1H), 1.02 (m, 3H; H-6), 1.12 (s, 3H; CH;), 1.35 (s, 3H;
CHs,), 145 (s, 9H; CHj;, tBu), 1.48 (s, 18 H; CHj;, rBu), 1.51 (s, 9H; CH;,
Bu), 3.29 (s, 12H; OMe), 4.02(d, 3J(2,1) =3.9 Hz, 1H; H-2), 4.43 (m, 1H;
H-4), 472 (m, 1H; H-3), 499 (m, 1H; H-5), 5.69 (d, 3/(1,2) =3.9 Hz, 1H;,
H-1), 6.82 (m, 4H; CH=), 6.92 (m, 2H; CH=), 6.95 (m, 2H; CH=);
BC NMR: 6 =19.9 (m, C(6)), 27.1 (CH;), 27.8 (CH3;), 31.5 (CHj;, tBu), 31.7
(CHs, 1Bu), 34.8 (C, rBu), 35.0 (C, Bu), 54.9 (OMe), 55.0 (OMe), 77.1 (m,
C(5)), 78.5 (m, C(3)), 81.2 (m, C(4)), 832 (m, C-2), 104.2 (C(1)), 112.6
(CMe,), 113.5 (CH=), 114.1 (CH=), 114.3 (CH=), 114.5 (CH=), 1334 (C),
133.5 (C), 134.2 (C), 134.3 (C), 145.9 (C), 146.3 (C), 146.5 (C), 155.8 (C),
155.9 (C), 156.3 (C).

[HRh(CO),(6)] (24:: 'H NMR: 6=-972 (dd, 2J/(PH)=28.1Hz,
1J(PH)=5.0 Hz, 1H), 1.03 (m, 3H; H-6), 1.20 (s, 3H; CH,), 123 (s, 9H;
CH,, Bu), 1.27 (s, 18H; CH;, Bu), 1.29 (s, 9H; CH,, Bu), 1.35 (s, 3H;
CH,), 1.52 (s, 9H; CH,, /Bu), 1.53 (s, 9H; CH;, fBu), 1.56 (s, 18H; CH;,
Bu), 4.11 (d, 37(2,1)=3.0 Hz, 1 H; H-2), 4.15 (m, 1 H; H-4), 4.97 (m, 1 H;
H-3), 5.08 (m, 1H; H-5), 5.71 (d, 3J(1,2) =3.0 Hz, 1 H; H-1), 730 (m, 4H;
CH=), 741 (m, 4H; CH=); ®C NMR: 6 =19.1 (m, C(6)), 26.5 (CH;), 272
(CH,), 31.3 (CH;, fBu), 31.5 (CH;, /Bu), 32.1 (CH;, Bu), 35.1 (C, /Bu), 35.3
(C, Bu), 35.8 (C, fBu), 68.3 (m, C(5)), 71.3 (m, C(3)), 80.1 (m, C(4)), 81.9
(m, C-2), 1034 (C(1)), 112.9 (CMe,), 124.7 (CH=), 124.8 (CH=), 125.0
(CH=), 125.2 (CH=), 1323 (C), 1325 (C), 133.0 (C), 133.2 (C), 145.9 (C),
146.3 (C), 146.5 (C), 146.8 (C), 147 (C).

[HRh(CO),(7)] (25): 'H NMR: 6=-9.85 (dd; 2J(PH)=36.1Hz,
2J(PH)=5.0Hz, 1H), 0.93 (s, 3H; CH,;), 1.14 (d, %J(6,5)=5.7 Hz, 3H;
H-6), 1.35 (s, 3H; CHj;), 1.65 (s, 9H; CHj;, tBu), 1.68 (s, 9H; CHj, rBu), 1.69
(s,9H; CHj, 1Bu), 1.72 (s, 9H; CHj;, rBu), 3.33 (s, 12H; OMe), 4.07 (m, 1 H;
H-4), 450 (dd, */(2,1)=3.9 Hz, 3/(2,3) =2.4 Hz, 1H; H-2), 472 (m, 1H;
H-3), 4.80 (m, 1H; H-5), 5.40 (d, 1H; H-1, J(1,2) =3.9 Hz), 6.51 (m, 2H;
CH=), 6.60 (m, 2H; CH=), 6.65 (m, 2H; CH=), 6.68 (m, 2H; CH=);
BC NMR: 6 =20.5 (m, C-6), 26.5 (CH3;), 26.7 (CH3), 31.7 (CHj, tBu), 32.9
(CH;, tBu), 33.0 (CHj;, Bu), 35.7 (C, tBu), 36.2 (C, tBu), 54.6 (OMe), 54.7
(OMe), 54.8 (OMe), 76.0 (d, J=9.1 Hz, C(5)), 76.9 (C(3)), 79.9 (C(2)), 80.8
(t,J=8.9 Hz, C(4)),103.9 (C(1)), 112.8 (CMe,), 113.7 (CH=), 113.8 (CH=),
114.5 (CH=), 114.7 (CH=), 115.7 (CH=), 115.9 (CH=), 133.2 (C), 133.8 (C),
133.9 (C), 134.2 (C), 141.2 (C), 142.0 (C), 142.5 (C), 143.0 (C), 156.1 (C),
156.4 (C), 156.5 (C), 156.6 (C).

[HRh(CO),(8)] (26): 'H NMR: 6 = —9.68 (dd, 2J(P.H) =27.0 Hz, 2J(P.H) =
4.8 Hz, 1H), 0.92 (m, 3H; H-6), 1.22 (s, 9H; CH,, /Bu), 1.24 (s, 9H; CH,,
fBu), 129 (s, 18 H; CHs, fBu), 1.32 (s, 3H; CH,), 1.59 (s, 3H; CH,), 1.70 (s,
9H; CHj;, tBu), 1.74 (s, 9H; CH;, tBu), 1.76 (s, 9H; CH;, 1Bu), 1.79 (s, 9H;
CHs, Bu), 4.10 (m, 1H; H-4), 4.52 (t, 3/(2,1) = 3.6 Hz, 1 H; H-2), 4.72 (m,
1H; H-5), 4.75 (m, 1H; H-3), 5.49 (d, ¥(1,2) =3.6 Hz, 1H; H-1), 7.19 (m,
4¥; CH=), 756 (m, 2H; CH=), 762 (m, 2H; CH=); "*C NMR: 6 =19.6 (C-
6),26.8 (CH,), 31.4 (CHs, 1Bu), 31.5 (CHa, /Bu), 31.9 (CHs, rBu), 32.0 (CH,,
(Bu), 32.9 (CHs, /Bu), 33.2 (CH, 1Bu), 35.7 (C, Bu), 35.8 (C, tBu), 36.2 (C,
fBu), 36.3 (C, 1Bu), 76.1 (d, C(5),J = 9.8 Hz), 76.9 (C(3)), 79.9 (C-2), 812 (1,
J=79 Hz, C(4)), 104.1 (C(1)), 112.9 (CMey), 124.3 (CH=), 124.6 (CH=),
124.7 (CH=), 125.0 (CH=), 125.4 (CH=), 125.6 (CH=), 125.9 (CH=), 132.5
(C), 132.6 (C), 133.1 (C), 133.6 (C), 139.9 (C), 140.3 (C), 140.9 (C), 146.2
(C), 146.8 (C), 146.9 (C), 147.1 (C).

[HRh(CO),(9)] 27): 'H NMR: 6 =—10.21 (brs, 1H), 1.11 (m, 3H; H-6),
1.34 (s, 3H; CHj;), 1.41 (s, 9H; CHj, rBu), 1.45 (s, 3H; CH;), 1.52 (s, 9H;
CH;, 1Bu), 1.54 (s, 9H; CHj;, Bu), 1.58 (s, 9H; CH;, Bu), 3.21 (s, 3H;
OMe), 3.23 (s, 3H; OMe), 3.24 (s, 3H; OMe), 3.26 (s, 3H; OMe), 4.14 (m,
1H; H-4), 4.60 (dd, */(2,1) =3.0 Hz, 7(2,3) =42 Hz, 1H; H-2), 5.03 (m,
1H; H-3), 5.08 (m, 1H; H-5), 5.77 (d, 1H; H-1, /(1,2) =3.0 Hz), 6.62 (m,
4H; CH=), 6.81 (m, 4H; CH=); ®C NMR: 6 = 18.3 (m, C(6)), 26.3 (CH,),
26.8 (CH,), 30.7 (CHa, 1Bu), 31.3 (CH,, fBu), 31.7 (CH,, Bu), 32.3 (CH;,
Bu), 35.3 (C, Bu), 35.5 (C, tBu), 35.8 (C, rBu), 36.0 (C, tBu), 55.1 (OMe),
68.8 (m, C(3)), 73.8 (t, C(5),J =6.5 Hz), 79.2 (m, C(2)), 81.0 (m, C(4), 104.1
(C(1)), 113.0 (CH=), 113.5 (CMe,), 113.9 (CH=), 1147 (CH=), 1155
(CH=), 132.6 (C), 132.7 (C), 132.9 (C), 133.4 (C), 141.3 (C), 141.7 (C), 142.0
(C), 1424 (C), 156.2 (C), 156.5 (C), 146.7 (C), 157.0 (C).

[HRh(CO),(10)] (28): 'H NMR: 6=-1032 (dt, Y(RhH)=3.3Hz,
2J(PH) =5.9 Hz, 1H), 1.08 (m, 3H; H-6), 1.19 (s, 3H; CH,), 1.21 (s, 9H;
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CHj;, 1Bu), 1.22 (s, 9H; CH;3, tBu), 1.23 (s, 9H; CH;, tBu), 1.24 (s, 9H; CH;,
tBu), 1.33 (s, 3H; CH,), 1.52 (s, 9H; CHj, rBu), 1.56 (s, 9H; CHj3, rBu), 1.61
(s, 9H; CHj;, 1Bu), 1.64 (s, 9H; CH;, rBu), 4.18 (m, 1H; H-4), 4.62 (dd,
3](2,1)=3.3 Hz, 3J(2,3)=4.2 Hz, 1H; H-2), 5.01 (m, 1H; H-3), 5.09 (m,
1H; H-5), 5.79 (d, 3/(1,2) =3.3 Hz, 1H; H-1), 731 (m, 4H; CH=), 7.52 (m,
4H; CH=); C NMR: 6=18.3 (m, C(6)), 26.4 (CH;), 26.8 (CH3), 31.3
(CHs, tBu), 31.4 (CH;, tBu), 31.8 (CH;, tBu), 32.0 (CH;, tBu), 32.2 (CHs,
tBu), 35.5 (C, Bu), 35.6 (C, 1Bu), 35.7 (C, rBu), 35.8 (C, 1Bu), 69.2 (m, C(3)),
74.4 (m, C(5)), 79.2 (t, C(2), J=3.9 Hz), 81.2 (t, C(4), J=4.3 Hz), 104.2
(C(1)),113.2 (CMe,), 124.7 (CH=), 125.0 (CH=), 127.6 (CH=), 1279 (CH=),
128.2 (CH=), 129.2 (CH=), 131.3 (C), 131.7 (C), 132.4 (C), 133.0 (C), 146.0
(0), 146.2 (C), 146.6 (C), 146.9 (C); 'P NMR: 6 =164.0 (bd, 'J(Rh,P) =
234.2 Hz, 2P).

High-pressure IR experiments: These experiments were performed in an
SS316 50 mL autoclave equipped with IRTRAN windows (ZnS, trans-
parent up to 70cm~!, 10 mm i.d., optical path length 0.4 mm), a mechanical
stirrer, a temperature controller, and a pressure device. In a typical
experiment, a degassed solution of [Rh(acac)(CO),] (0.013 mmol) and
diphosphite (0.015 mmol) in methyltetrahydrofuran (15 mL) was intro-
duced into the high pressure IR autoclave. The autoclave was purged twice
with CO, pressurized to 10 bar of CO/H, and heated to 40 °C. The reaction
was usually completed in 3—4 hours.

Hydroformylation experiments: In a typical experiment, the autoclave was
purged three times with CO. The solution was formed from [Rh(acac)-
(CO),] (0.013 mmol) and diphosphite (0.015 mmol) in toluene (10 mL).
After pressurizing to the desired pressure with syngas and heating the
autoclave to the reaction temperature, the reaction mixture was stirred for
16 hours to form the active catalyst. In situ IR measurements indicate
shorter reaction times (3 -4 hours) for the complete formation of the active
catalysts. The autoclave was depressurized and a solution of styrene
(13 mmol) in toluene (5 mL) was introduced into the autoclave, which was
pressurized again. During the reaction several samples were taken from the
autoclave. After the desired reaction time, the autoclave was cooled to
room temperature and depressurized. The reaction mixture was analyzed
by gas chromatography.
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Synthesis and Characterization of Linear, Hyperbranched, and
Dendrimer-Like Polymers Constituted of the Same Repeating Unit
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Abstract: The synthesis of a linear poly-
mer that includes both P=N and P=S
double bonds, and P—O and P—C single

peating units is also described. Five
generations of dendrimers originating
from the same building blocks were

prepared. The characterisation of all
these phosphorus-based macromolecu-
lar architectures (solution behaviour,

bonds is reported by using two different
paths that involve deprotection reac-
tions and the Staudinger reaction. The
preparation of hyperbranched polymers
made up of OC,H,P(Ph),=N—P=S re-

dendrimers -

Introduction

It is well documented that regular dendrimers and also
hyperbranched polymers exhibit very unique properties
compared with those of their linear analogues.!! Dendritic
macromolecules are uniformly branched three-dimensional
structures assembled through a regular succession of mono-
mer and branching units. Other features of dendritic polymers
include their inability to induce any chain entanglement in
their structure, their uniformity in size and their number of
terminal functional groups that increases with the number of
generations. On the other hand, dendritic structures can
mostly only be produced with a poor final yield, and their
synthetic step-by-step methodologies—either the divergent
approach?! or the convergent methodPl—are generally not
well suited to the production of large quantities of these
polymers. In contrast, hyperbranched polymers** can be
prepared at low cost and on a large scale by using a
trifunctional AB, monomer in a one-pot synthesis, in which
A and B are antagonistic functional groups.

The synthesis of hyperbranched polymers was attempted
long after Flory speculated that AB, monomers should
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size exclusion chromatography, intrinsic
viscosity, thermal behaviour) revealed
marked differences in their respective

polymers behaviour.

undergo self-condensation and afford soluble and highly
branched materials with a three-dimensional globular shape
for a sufficiently high degree of polymerization.! No real
example could be proposed to illustrate Flory’s prediction
until the 90’s when all of a sudden, a noticeable number of
studies reported the step-growth polymerisation of AB, type
monomers and the synthesis of hyperbranched polymers
based on polyphenylenes, aliphatic and aromatic polyesters,
polyethers and polyether-ketones, polyamides and poly-
amines, polyurethanes and polyureas, polysilanes and polysi-
loxanes, polyimides and polyetherimides, vinyl polymers and
so forth. Excellent review articles that highlight the essential
features of hyperbranched polymers are now available.['> ¢4 3]

In contrast to regular dendrimers, hyperbranched macro-
molecules obtained by the polycondensation of AB,-type
monomers are irregular structures that are not flawless, with,
in particular, numerous unreacted B sites carried by linear
units that coexist with dendritic and terminal units. Even
though their characteristic properties mainly depend on their
“degree of branching” (also named the “branching factor”), it
is established that these properties resemble those found for
regular dendrimers:[* 4 5 high solubility, low viscosity, absence
of chain entanglement and thermal stability.

Besides the “conventional approach” that involves the
polycondensation of AB,-type monomers, recent progress has
been made towards better control of both the branching
pattern and the molar mass distribution in hyperbranched
polymers.’] These new developments include the “core
dilution/slow monomer addition” technique, proton transfer
polymerisation, as well as the ring opening multi-branching
polymerisation (ROMBP) or the self-condensing vinyl poly-
merisation (SCVP) of latent AB,-type monomers.”!
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On the other hand, a comparative study of the properties
exhibited by dendrimers, hyperbranched polymers and linear
macromolecules of same repeating unit can provide an acute
insight into how their molecular features (topology of their
building block, polydispersity) affect the structure — property
relationship. A few reports have addressed this issue, but they
mainly focused on organic polymers.**? No similar studies
have been undertaken on phosphorus-containing polymers in
spite of the enormous variety of reactions that can be
performed starting from phosphorus and the well-known
properties of some useful phosphorus-based polymers.['> 14
Indeed, polyphosphazenes have properties seldom found in
organic polymers (flexibility, flame resistance, hydrolytic and
chemical stability, etc.) and therefore serve in many applica-
tions in different domains of science and technology."¥
Furthermore, synthetic methods leading to phosphorus-con-
taining dendrimers have been described in the literature,["*!
and specific applications for this class of macromolecules are
now envisaged.['>'®l In contrast, no attempt has yet been made
to prepare phosphorus-containing hyperbranched homo-
logues so that their properties could be compared with those
exhibited by dendrimers of the same building block.

We report here our first efforts in this direction, that is, the
synthesis and the characterisation of some physical properties
of a new series of linear, hyperbranched and dendritic
polymers, all of which are developed from the same starting
phosphorus reagent and made up exclusively of OCsH,P-
(Ph),=N—P(S) units.

Results and discussion

Synthesis

Synthesis of the linear polymers 7 and 7": The key reagent
chosen for the synthesis of linear polymers 7 and 7', which
include both P=N and P=S double bonds, as well as P—O and
P—C single bonds regularly distributed along the polymer
backbone, was phenoxy-(4-diphenylphosphino)phenoxy-
chlorophosphane sulfide (3) or its corresponding boron
adduct 5§, prepared as shown in Scheme 1. Compound 3 was

NaH _Ph PhOP(S)Cl> cI,__,0-Ph
————NaO )P ——— K Ph
Ph S o< >—P’

2 3 N

Ph

HOOP{PP:
1

i) BHzSMe, Ph PhOP(SICh ol o-Ph

L > NaO P~ph Py '

i) NaH Y s” o—< >—P>BH
) 4 BHs 5 Ph ’

Scheme 1.

obtained in 80% yield after work up from reaction of the
sodium salt of the 4-hydroxyphenyldiphenyl phosphane (2)[*]
(1 equiv) with phenoxydichlorophosphane sulfide (1 equiv) in
THF at — 95 °C. Compound 3 exhibits characteristic signals in
3P NMR spectroscopy [0 = — 6.2 (s, PPh,), 58.4 (s, P—Cl)]. An
analogous reaction conducted with 4 affords the phosphane
complex 5 in 85 % yield [*'P: 6 =20.5 (brs, Ph;P — BHj3), 57.7
(s, P—Cl)] Two strategies can be followed for the preparation
of linear polymers. The first strategy (path A, Scheme 2)
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Ph Ph
? o9 Ph
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n
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Scheme 2.

involves the treatment of 3 with sodium azide leading to the
transient intermediate 6, which undergoes an intermolecular
Staudinger reaction with elimination of nitrogen and forma-
tion of polymer 7. The second strategy (path B, Scheme 2)
consists of the reaction of § with sodium azide leading to the
formation of azide 8, the last step being the phosphane
decomplexation by means of a base such as 1,4-diazabicy-
clo[2.2.2]octane (DABCO) which affords the transient species
6, then the polymer 7'.

All these transformations can be monitored by *'P NMR
spectroscopy. As an example, the substitution reaction allow-
ing the preparation of 8 from 5 is characterised in *'P NMR
spectroscopy by a slight variation of the chemical shift which
can be attributed to the XP(S) unit (5§ X=Cl, 6 =577, 8 X =
N3, 0 =58.2). Moreover, the intermolecular Staudinger reac-
tion initiated by adding DABCO to 8 can also be monitored
by 3'P NMR spectroscopy: The signal at ¢ = 58.2 disappears in
favour of two doublets at 6 =13.2 (P=N) and 50.6 (P=S) with
2J(PP)=29.1 Hz, corresponding to the formation of the
P=N—P=S linkages.

Although the polycondensates 7 and 7' formed from this
AB monomer contain the same repeating units as those
present in the hyperbranched (11) and dendritic (13) poly-
mers described in the next section, they cannot be viewed as
true analogues of 11 and 13, because unlike these last two they
do not carry more than one free B function. Since these
unreacted B functions are known to dramatically influence
the physical properties of the resulting materials, several
authors have prepared linear polycondensates from AB,
monomers, % for instance, after protecting one of the two
B functions.’) They could then prepare linear, hyperbranched
and/or dendritic polymers that carry approximately the same
number of reacted and unreacted B functions. With the
synthesis of 7 and 7', our purpose was not to obtain true
analogues of 11 and 13, but rather to optimise the Staudinger
reaction.

Synthesis of hyperbranched polymers 11: These polymers
were synthesised by the one-pot condensation reactions of a
newly designed AB, monomer that is synthesised as follows.
Treatment of the sodium salt of the phosphane boron adduct 4

0947-6539/01/0714-3096 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 14





Dendrimer-Like Polymers

3095-3105

(1 equiv) with P(S)Cl; (0.5 equiv) affords the compound 9.
Then addition of sodium azide to 9 in acetone leads to the
targeted AB,-type monomer 10 in 70 % yield. Deprotection of
the two phosphane units of 10 is carried out by using a tertiary
amine, a process that readily triggers condensation reactions
in many directions, leading to the formation of hyperbranched
polymers 11 (Scheme 3, Table 1).

BH3
Ph o] é”Ph
_Ph BH3SMe, Ph 12p©sS)Cl; 5, ph
NaO—< >—P\ —_— NaO—< >—P~ph P
Ph Y cr \O P<Ph
2 4 BHs 9 y Ph
Nal BH3
.Ph aNs l BH
4 S{}D/O_Q_[-Fr’fph L ph
N- N\ _Ph S. /O_Q_P\Ph
° Il_Ph O—@—P\Ph
s —@—P\Ph [ Ph NE N poPh
AN _Ph : 10 Y Ph
P X /O_Q_.'?]\ph BH3

e
N
Il_Ph I"Ph|--R [
o~ )P NN -Ph
S\\P/ Ph 0’@"’\ DABCO or NEtg

_Ph
\p< (LTPh
S O—@—p\’Ph Ph [T] = Terminal
11 a-f llll Ph (n z [L] = Linear
e .P< [T Ph
S// o P\’Ph
[mPh
Scheme 3.

In order to vary the molecular features of this series of
polymers 11, the nature of the amine used to deprotect the
phosphane units (either DABCO or triethylamine was
employed) and the nature of the solvent (THF or toluene)
were varied. The temperature, the initial concentration of
monomer 10 to be polymerised and the reaction time were
three parameters that were also investigated with a view of
varying both the molar masses (see section solution behav-
iour) and the degree of branching (DB, see later discussion).

Here also 3P NMR serves as a tool to monitor the course of
the polymerisation. Indeed, the disappearance of both singlets
corresponding to the starting reagent 10 in conjunction with
the appearance of doublets of doublets due to the formation
of P=N—P=S linkages and of singlets due to the linear (L) and
terminal (T) phosphane groups is observed.

Synthesis of dendrimers 13-[G,] to 13-[Gs]: The synthetic
strategy for the dendrimers 13-[G,] to 13-[Gs] and 13-[G',] to
13-[G'4] involves the reiteration of a sequence of two
reactions: i) a Staudinger type reaction between species that
have free phosphane groups and the azide 10, the latter
bearing complexed phosphane groups and ii) the deprotection
of the resulting phosphane-boron adducts with a base like
DABCO. Such a methodology was applied to the preparation
of dendrimers up to the fifth generation (Scheme 4).

The starting reagent is the trisphosphane 12 which can be
easily prepared by treating 2 (1equiv) with P(S)Cl,
(1/3 equiv); then compound 12 is treated with 10 giving rise
to the first-generation dendrimer 13-[G,], with evolution of
nitrogen. As in the case of the synthesis of linear and
hyperbranched polymers, formation of P=N—P=S units can be
readily detected by 3'P NMR spectroscopy (two doublets at
0 =13.7 (P=N) and 50.3 (P=S) with 2/(P,P) =30 Hz). The next
sequence of two reactions that gives rise to the second-
generation dendrimers 13-[G,], through the decomplexation
of terminal C;H,—PPh,(BH,) groups to afford 13-[G’;] and
the addition of the azide 10 (6 equiv) to the six free phosphane
groups of 13-[G’,] can be also rigorously followed by 3P NMR
spectroscopy (see Table 2). Several washings with a degassed
mixture of toluene and diethyl ether (1:5) are necessary in
order to eliminate traces of the [DABCO, BH;] complex. The
repetition of this sequence of reactions successively affords
the third, fourth and fifth generations. P NMR data of all the
generations are given in Table 2.

Characterisation of dendrimers, and hyperbranched and
linear polymers based on [OC,H, P(Ph),=N—P(S)] units

Solution behaviour: Phosphorus-based hyperbranched and
dendritic samples could be easily distinguished from the linear
polymers upon dissolving them in common organic solvents
(THF, acetone and dichloromethane). The branched archi-
tectures were found to be readily soluble in these media,
whereas polymers of linear structure hardly gave homogenous
solutions in similar conditions of temperature and concen-
tration. This significantly different solubility behaviour of
branched systems compared with that of linear polymers
mirrors the topological constraints imposed by the multiple

Table 1. Synthesisl? and solution properties of phosphorus-based hyperbranched polymers 11.

Polymerisation conditions

Characterisation in solution of polymers 11

DABCOM! T time M, M PDI [7] DB

[equiv] [l [b] [gmol '] [gmol ] [dLg']
11a 2.0 80 24 11002 10700 1.16 0.041 0.83
11b 2.0 25 24 850 3600 1.19 0.032 0.84
11c 22 25 24 1100 36700 8.1 0.036 0.85
11d 22 70 12 1200 8600 2.02 0.041 0.84
1le 34 25 24 900 13600 251 0.030 0.84
11 212 25 240 1800 42400 15 0.053 0.83

[a] The solvent used was toluene except for the synthesis of 11 f, for which THF was employed. [b] Number of equivalents of amine used to deprotect the
phosphane units, relative to the molar amount of monomer 10. Et;N was employed to synthesise 11f. [c] Determined by standard SEC in THF (calibration
with polystyrene standards). [d] Determined by MALLS/SEC in THF (see text); (dn/dc) =0.253; PDI = M,/M,,. [e] Intrinsic viscosity measured in CH,Cl,.
[f] Degree of branching determined by 3'P NMR spectroscopy (see text). [g] M,,=1800 gmol~' by standard SEC in CHCl; (calibration with PS standards).
[h] M,,=2600 gmol~' by standard SEC in CHCl; (calibration with PS standards).

Chem. Eur. J. 2001, 7, No. 14

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

0947-6539/01/0714-3097 $ 17.50+.50/0 3097





FULL PAPER

J.-P. Majoral, A.-M. Caminade, Y. Gnanou et al.

_Ph 1/3p(S)Cl
NaO—_)—F( UsPOICh

Ph
2 12

131Gyl DABCO l
1
s=p{o }T'=N—P4<O—©—||3—Ph>
Ph Ph 4/,
13G"] 610 i
s s P
s=P-0— >—}|3=N—P o—©—F|>=N—P O—Q—FI:—Ph
Ph Ph P /)
13-[G,] Y 3
AN BN A TN A Y DS AR s
1 1} 1" 1 1
s=P10~X)~P=N-Pro~{)-P=N-P{oX{)-P=N-Plo<{_)-P=N-P o@—ﬁw—p{o—@-ﬁwh)
Ph Ph Ph Ph Ph Ph /2), )
2
134Gq) Ve
Scheme 4.
Table 2. 3'P NMR chemical shifts of dendrimers 13-[G,] to 13-[Gs] and 13-[G;] to 13-[G’,].
&P in CDCL, (J(PP) [Hz])
Py P P, P; P, Ps Py P; Py Py Py Py
13-[G,] 49.6 13.7 503 20.0
(30.0) (30.0)
13-[G"] 49.6 12.8 51.0 —64
(31.4) (31.4)
13-[G,] 495 14.2 49.9 14.0 50.0 19.9
(30.0) (30.0) (29.2) (29.2)
13-[G,] 495 14.1 50.0 132 50.8 —63
(30.1) (30.1) (29.6) (29.6)
13-[G] 49.4 14.1 49.8 14.4 497 14.0 50.0 19.9
(30.1) (30.1) (29.2) (29.2) (29.2) (29.2)
13-[G'4] 49.5 14.0 49.8 14.4 497 132 50.8 — 6.4
(30.5) (30.5) (29.2) (29.2) (29.5) (29.5)
13-[G,] 495 145 49.7 14.5 497 14.5 497 14.1 50.0 19.7
(30.0) (30.0) (30.0) (30.0) (30.0) (30.0) (30.1) (30.1)
13-[G',] 495 14.4 49.6 14.4 49.6 14.4 49.6 132 50.7 65
(30.0) (30.0) (28.0) (28.0) (28.0) (30.0) (29.5) (29.5)
13-[G4] 49.5 14.4 49.7 14.4 497 14.4 497 14.4 49.7 14.0 50.0 19.8
(31.0) (31.0) (31.0) (31.0) (31.0) (31.0) (31.0) (31.0) (29.0) (29.0)

branching points in branched structures.'¥ When such
systems are put in contact with a solvent, the solvent can
easily provide the energy necessary to disrupt the interactions
existing between molecules and make such structures soluble;
this is not the case for linear chains.

Molar masses and molar masses distribution: After the
branched materials were checked on their higher solubility
in THF in comparison with the linear materials, they were
characterised by size exclusion chromatography (SEC) by
using apparatus equipped with a multi-angle laser-light-
scattering (MALLS) detector, after the increment of their
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refractometric index (dn/dc) was first measured. By this
means, one can not only get access to the molar mass
distribution of each sample, but also determine their true
molar mass. For comparison purposes, samples were also
analysed by using a “standard” SEC equipped with both
refractometric and UV detectors, though this characterisation
was not done systematically.

The solution properties pertaining to all the compounds,
linear, dendritic and hyperbranched, are summarised in
Tables 3, 4 and 1, respectively.

As shown in Table 4, the experimental values of M,
determined for dendrimers agree with the expected values,
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Table 3. Solution properties of phosphorus-based linear polymers 7.

M dn/dc M, PDIM [n]

[gmol™] [mLg™'] [gmol™] [dLg™']
7 790 0.213 6730 121 0.043
7 850 0.213 14800 1.32 0.046
[a] Determined by standard SEC in THF (calibration with polystyrene
standards). [b] Determined by MALLS/SEC in THF (see text); PDI=
M, /M,.
Table 4. Solution properties of phosphorus-based dendrimers. -0.04 : : ! - : : :

28.0 32.0 36.0 40.0

dn/dc M e PDI [7]

[mLg] [gmol™'] [dLg™]
13-[G4] 0.228 3200 1.015 0.06
13-[G,] 0.234 6900 1.008 0.12
13-[G;] 0.222 15100 1.008 0.13
13-[G,] 0.234 29900 1.012 0.04
13-[Gs] 0.251 60200 1.029 0.03
13-[G'4] 0.216 2850 1.086 0.02
13-[G',] 0.242 7000 1.036 0.11
13-[G';] 0.235 13000 1.017 0.12
13-[G4] 0.235 22000 1.014 0.04

[a] Determined by MALLS/SEC in THF (see text); PDI=M,/M,.

SEC traces of these samples
o1l were found to be monomodal,
/ symmetrical and free of any

0.0 contaminant, mirroring a nar-
row distribution of molar mass-

-0-2180——&“)—‘32_0 es (Figure 1).

Volume /mL —» In contrast, the MALLS/SEC

Figure 1. MALLS/SEC  trace traces of the hyperbranched

(refractometric=RI detector polymers were typical of those

and light scattering =LS detec- exhibited by samples with a

tor) of 13-[Gy]. broad distribution of molar

masses (Figure 2). The two sig-

nals arising from the light scattering (LS) and the refracto-

metric detectors were indeed dissymmetrical, whereas the LS

signal emphasised the presence of high molar mass species,
the other revealed the existence of oligomers.

On the other hand, Table 1 shows that the choice of
experimental conditions has a dramatic effect on both the
molar mass and the polydispersity index of the hyperbranched
materials obtained.

It is worth pointing out that the M,, values of the hyper-
branched polymers, as given by MALLS/SEC, drastically
differ from those obtained by standard SEC. The absolute
molar masses of hyperbranched polymers are, indeed, sig-
nificantly higher than the apparent values derived from
standard SEC whose columns are calibrated with linear
polystyrene standards. This difference is explained by the
densely branched structures of polymers 11 so that their
hydrodynamic volume is lower than that of a linear homo-
logue of same molar mass. Another indication that standard
SEC is not suitable for the determination of molar masses of

04 confirming that the Staudinger
s 90° L% RI condensation of phosphanes
’ [\Y with azides is clean and free of
0.2 ! | any side reaction. The MALLS/
I
|
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Volume /mL —~

Figure 2. MALLS/SEC trace (refractometric=RI detector and light
scattering =LS detector) of hyperbranched phosphorus-based polymer 11.

branched polymers such as 11 was the fact that the change of
the mobile phase (THF in place of chloroform) provided a
wide variation in the values obtained. Thus, the elution profile
is found to be sensitive to the nature of the mobile phase; this
is likely to be due to a difference in the hydrodynamic volume
of the polymers in the two solvents tried.

It should be noted that the high polydispersity index
obtained for polymer 11c¢ (PDI=8.1, as determined by
MALLS/SEC) is presumably due to the presence of low
molar mass oligomers that were not removed after the
recovery of this compound.

Intrinsic viscosity: The dependence of the intrinsic viscosity
[7] is generally described by the empirical Kuhn-Mark—
Houwink —Sakurada (KMHS) equation: [#] = KM“, in which
the constants K and a are specific to the system investigated.
For instance, a depends on the shape of the macromolecules
and on its segment distribution; for macromolecules with a
sphere shape, a =0, whereas for coiling chains a=% or a =
0.754 whether these chains are in a € (6 conditions correspond
to an equal affinity of monomer repeating units for solvent
and other repeating units) or in a good solvent. Being
expressed in mLg~!, [#] cannot be viewed as a measure of
the viscosity of a macromolecule, but is rather used as an
indicator of its hydrodynamic volume. By using the Einstein
approach, the viscosity can also be expressed as [7] = ¢(s’M),
in which s and ¢ are the radius of gyration and the so-called
Flory —Fox constant, respectively. This equation can also be
written in a more simple way as the ratio of the hydrodynamic
volume (V}) to the molar mass (M) of the macromolecules.

In the case of dendrimers,!!l their molar masses are expected
to increase exponentially with the number of generations
(g+1) upon following a (25! — 1) progression, whereas their
hydrodynamic volumes are supposed to expand in (g+1)3. The
function (g+1)%(25*' —1) and, accordingly, [#] should pass
through a maximum between the third and fourth genera-
tions. The bell-shaped curve experimentally exhibited by [#]
in the case of dendrimers was first observed by Fréchet
et al.? and exactly the same behaviour was observed with our
phosphorus-based dendrimers (Figure 3). As for hyper-
branched polymers, their [57] values are expected to increase
very moderately with the molar mass; this is known to be the
case when the exponent a taking very low values in the
KMHS equation. This behaviour is consistent with the fact
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Figure 3. Intrinsic viscosity of phosphorus-based dendrimers.

that hyperbranched polymers are densely packed macro-
molecules that behave like moderately solvated spheres.!'¢- 2!l

As the series of hyperbranched polymers exhibit signifi-
cantly different molar mass distribution, it was not attempted
to plot the variation of their [#] as a function of their mass
average molar mass. However, the comparison of the intrinsic
viscosity of dendrimers and hyperbranched polymers of
approximately the same molar mass shows that the hydro-
dynamic volume of the latter is lower than that of their
dendritic homologues, in agreement with Fréchet’s fin-
dings.l'¢ 21 In addition, [] remains almost constant for
hyperbranched polymers, which is likely related to their
rather low molar masses (Table 1).

Degree of branching of hyperbranched polymers 11: Apart
from their broad molar mass distribution as compared with
that exhibited by regular dendrimers, the degree of branching
(DB) is another characteristic feature of hyperbranched
polymers derived from the polycondensation of AB,-type
monomers.!l To determine the DB of compounds 11, we used
the definition proposed by Fréchet and Hawker [Eq. (1)]:?
DB = D] + 1] )
D] + [L] + [T]

in which [D], [L] and [T] are the concentrations of
dendritic, linear and terminal units, respectively. Since the
number of dendritic units is very close to that of terminal
units, the above formula can be rewritten?? as Equation (2).

2[T]
DB=— ©)
[T + [L]

It has been predicted! that DB should reach a theoretical
value of 0.5 for the “conventional” step-growth polymer-
ization of AB,-type monomers provided the reaction occurs
randomly, in absence of any side event (like intramolecular
cyclisation), and if the reactivity of the functional B groups is
independent of molar mass and conversion.

However, several teams have proposed novel methods to
obtain branched macromolecules with a limited number of
linear units with a view to generating hyperbranched systems
whose behaviour would resemble that exhibited by regular
dendrimers. For instance, some authors “manipulated” AB,
(n=2, 3,4 and 6) monomers,?> %! whereas Hobson and Feast
suggested a way to activate the second B group after the first
one had reacted.? Another strategy consists in further
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converting the linear units into dendritic units by post-
chemical modification.’”] More recently, Maier et al. de-
scribed an elegant approach to hyperbranched polymers with
a DB of 100% (without any linear unit) from an AB,
monomer, A being a maleimide group and B an azine
function.’”l When an A group reacts with one B group, an
unstable intermediate is reversibly formed that favours the
subsequent reaction of the second B group, irreversibly. In
other words, either both B groups of a repeating unit react
successively or neither B group reacts at all.

On the other hand, the calculation of DB generally requires
the use of model compounds that possess similar structures to
that of linear (L), dendritic (D) and terminal (T) units present
in the corresponding hyperbranched polymer.™ 2> Upon
characterisation by NMR spectroscopy, the chemical shifts
due to D, L and T units of these model compounds can be
identified and their intensity evaluated. In our case, the
regular dendrimers described above were used to assign the
peaks that were detected in the 3P NMR spectra of polymers
11, particularly those corresponding to terminal units. The DB
of polymers 11 could be determined by comparison of the
intensities of the peaks assigned to the terminal units at 6 =
—3.1 and to the linear units at 6 = —2.9. DB was derived from
Equation (3) since measurements were done on part B of the
AB, system with the intensity of the signal of a terminal unit B
being twice the intensity of the signal of a linear unit B (see
Scheme 3).

I

DB=——1—
I + Iy

(©)

It should be stressed that the spectroscopic data of all the
hyperbranched polymers synthesised were essentially the
same irrespective of the nature of the amine tried and the
temperature of the reaction. Therefore, the results obtained
show that DB is almost the same (0.83-0.85), irrespective of
the experimental conditions employed (Table 1). Of partic-
ular interest is the fact that these values are higher than those
generally reported in the literature (DB=0.5-0.6). Our
results compare well with those obtained by others?+2¢ who
determine DB values in the range of 0.8-0.9.

To account for the enhanced values obtained in our case,
one can assume that the formation of a first P=N linkage in an
AB, unit can intramolecularly activate the second B group
and favour its reaction.

Indeed, such a reaction leading to a P=N double bond
proceeds by nucleophilic attack of the phosphane on the
terminal a-nitrogen atom of the azide to afford a linear,
unstable phosphazide, which then dissociates to the imino-
phosphorane form with elimination of dinitrogen (Scheme 5).

R3P + N3R'

¢ ©] © ]

[R3P=Nu-NB=Ny-R' ~— R3P-NgNg-N,R'

i

RBTNR o rop=n,R
No=Ng - N2

Scheme 5.
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A few phosphazide complexes were characterised, with
complexation taking place through «-, - or y-nitrogen
atoms.””l One can assume that an intramolecular complex-
ation with BH; of one of the three nitrogen atoms of the
phosphazide unit, probably the less hindered nitrogen atom
N,, takes place with decomplexation and therefore activation
of the neighbouring phosphino group (Scheme 6).

BH

--/O‘Q_Pphz _DABCO.
O’@‘F’F’hz -DABCO,BH3

BH3

BH3
,,/O—O—Pth
“o—~)-PPh,
3—#5(0—@—»;%2)

2

BH3

slightly increase with the generation number; this is certainly
due to the increase in the molar mass of the object considered.
As for the hyperbranched homologues, they exhibited 7,
values between 109 and 114 °C. The slight differences in 7,’s
between regular dendrimers and hyperbranched polymers can
be ascribed to the presence of very low molar mass
compounds in hyperbranched polymers (plasticiser effect),
the latter exhibiting broad mo-
lar mass distribution (see Ta-
ble 1).

As for the case of linear
compounds described above,
their T, values are reported for
indicative purpose. Considering
that these polymers are not the
true linear analogues of the

,,/o : Pth) S /O—O—Pphz dendrimers 13 and hype.r-
o - N Ng=Ny P 5 Pph branched polymers 11, there is

o—@—P NeNg= NVP O—@—Pth Ve Y T no reason for them to exhibit
B, BH3 2 the same 7, as that measured

BHj/

“/O—Q—Pth S
Ns-P0~_)—PPh;

PPh, ¥

Y BH3 /2
—_—

Ph, 3
o—@—P NVP o

N/"‘BHs
INT
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Scheme 6.

Thermal behaviour: Owing to their globular shape and their
highly branched structures, dendrimers and hyperbranched
polymers are expected to be amorphous, although some
exceptions are reported such as the hyperbranched polyethers
of Percec which exhibit liquid crystalline properties.?*!

In analogy with their solution properties, the thermal
properties of dendrimers and hyperbranched structures and,
namely, their glass transition temperatures (7,’s) also depend
on the nature of their end groups, as well as factors that are
specific to the inner part such as the backbone rigidity, the
degree of branching, etc. Insofar as the terminal end groups
do not exhibit peculiar features (polarity), Stutz suggested, in
his study of the parameters influencing 7, in dendritic
polymers,?! that the T, should be essentially governed by
the chemical structure of the repeating units more than any
other factors. Therefore, only little differences could be
observed between linear and highly branched structures.

Differential scanning calorimetry (DSC) was used to
determine the T,’s of our phosphorus-based polymers. The
results obtained confirmed that these materials are all
amorphous. As expected, significant differences were ob-
served between dendrimers of the same generation depending
upon the nature of their terminal groups (Table 5). A higher
T, was observed for the series of dendrimers fitted with BH;
end groups (ranging from 120 to 150°C) relative to that of
their homologues carrying phosphane functionalities (7,
ranged from 69 to 87°C). Steric crowding of the external
layer may be the reason for the higher T, in the case of
dendrimers complexed with BH;. T,’s were also found to
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for the phosphorous-based
branched compounds.

Therefore, as expected, the
T, behaviour of these phospho-
rus-containing polymers is in-
dependent of their overall
structure and shape, but rather
depends on the chemical nature
of their repeating units and end
groups.

The thermal stability of all these phosphorus-containing
polymers was also investigated by thermogravimetric analysis
(TGA) under a nitrogen atmosphere (Table 5). After a loss of
2-7% due to the evolution of residual volatiles at 150-
200°C (solvents), both kinds of dendrimers were found to
be thermally stable up to 400 °C, irrespective of the generation
considered. On the other hand, only minor differences were

pon- ,<o@pphz>

BH3 /2

Table 5. Glass transition temperature (7,), and TGA data of phosphorus-
based polymers.

M PDIla! Tg[b] T 4ol
[gmol '] [°Cl ["Cl
13-[G,4] 3200 1.015 119.7 444
13-[G,] 6900 1.008 138.8 458
13-[G;] 15100 1.008 144.4 470
13-[G,] 29900 1.012 146.3 463
13-[Gs] 60200 1.029 148.2 438
13-[G'] 2850 1.086 69.2 422
13-[G,] 7000 1.036 77.8 465
13-[G';] 13000 1.017 83.5 472
13-[G'4] 22000 1.014 87.4 476
7 6730 1.21 109 419
7 14800 1.32 101 355
11a 42500 1.47 114 427
11d 8600 2.02 110 453
11f 38000 1.38 109 476

[a] Determined by MALLS/SEC in THF (see text); (dn/dc)=0.253.
[b] Glass transition temperature determined by DSC. [c] Temperature of
decomposition determined by TGA from the point of intersection between
the initial base line and the slopping portion at the beginning of the weight
loss of the polymer.
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observed between the two series of dendrimers, those
complexed with BH; and those incorporating free terminal
phosphane units. Likewise, hyperbranched polymers exhib-
ited similar stabilities to those of their dendritic homologues.

These results on the thermal behaviour of phosphorus-
containing materials are fully consistent with the outcome of
previous investigations.[* 2]

Conclusion

A series of polymers constituted of [OCsH,P(Ph),=N—P(S)]
repeating units have been covalently assembled in dendritic,
hyperbranched, and linear structures. By using AB-type
monomers for the preparation of linear chains, AB,-type
reagents for hyperbranched polymers, and appropriate build-
ing blocks in reiterated reactions for dendrimers, samples of
different topology could be obtained through the Staudinger
reaction of phosphane groups with azido functions. In the case
of the hyperbranched structures, a higher degree of branching
(DB =0.8-0.9) than that expected for AB, repeating units
(DB =0.5-0.6) could be obtained, presumably due to the
activation of the second B group during the reaction of the
first one.

The characterisation of these phosphorus-based macro-
molecular structures in solution revealed marked differences
in their respective behaviour. A bell-shaped curve could be
established for the [5] behaviour of the dendrimers, whereas
the [n] of hyperbranched polymers was found to vary
moderately with the molar mass. They were shown to depend
on both the chemical nature of the repeating units and the
terminal functions, as well as the T,’s of these branched
structures.

Experimental Section

General: All manipulations were carried out with standard high vacuum
and dry-argon techniques. 'H, *C and *'P NMR spectra were recorded with
Bruker AC200, AC250, DPX300 or AMX400 spectrometers. References
for NMR chemical shifts are SiMe, for '"H and *C NMR and 85 % H;PO,
for 3'P NMR. The numbering used for NMR assignments is depicted in
Figure 4. Compound 1 was prepared according to the literature.'”)

Measurements: Thermogravimetric analyses were carried out by using a
Perkin - Elmer TGA7 thermogravimetric analyser. Glass transition tem-
peratures were determined by differential scanning calorimetry with a
Perkin - Elmer DSC7 apparatus. For both TGA and DSC analyses, heating
rates were 10 Kmin~". The T, was taken as the midpoint of the inflection
tangent, on the second or subsequent heating scan after the sample was
quickly (50 Kmin™') quenched below its T, following the first heating.
Apparent molar masses were determined with size exclusion chromatog-
raphy apparatus equipped with a Varian refractive index detector and a

JASCO 875 UV/VIS absorption detector fitted with three TSK columns
(G4000HXL, G3000HXL, G2000HXL). Calibration in the case of RI
detection was performed by using linear polystyrene standards. The actual
molar masses were calculated from the response of a multi-angle laser-
light-scattering detector (Wyatt Technology) Astra software version 4.20,
which was connected to the size exclusion chromatography (MALLS/SEC)
line. The dn/dc values for all these samples were measured in THF, at 25°C,
with a laser source operating at 633 nm. Capillary viscosity measurements
were made in CH,Cl, at 25°C with viscometers from semaTECH.

Synthesis of 3: A solution of the sodium salt 2 (3.38 g, 11.25 mmol) in
degassed THF (35 mL) was added dropwise to a solution of phenoxy
dichlorophosphane sulfide (2.55 g, 11.25 mmol) maintained between — 100
and —85°C. After stirring for 12 h at room temperature, the reaction
mixture was centrifuged, the solvent was evaporated and the residue was
extracted with THF/pentane (1:3) to give 3 as a colourless oil. Yield: 80 %;
SP{'H} NMR (CDCl;, 81.015): 6=-6.2 (s, Py), 584 (s, Pj); '"H NMR
(CDCl;, 200.132): 6 =726-743 (m, 19H; C4Hs, CsH,); “C{'"H} NMR
(CDCl;, 62.896): 6=121.07 (d, 3J(CPy)=4.59Hz, C,), 1213 (“t”,
3J(C,Py) =3J(C,P;) =6.04 Hz, Cp?), 126.53 (s, C,), 128.66 (d, *J(C,P))=
7.92 Hz, C}%), 129.00 (s, C;*), 129.89 (s, C;), 133.73 (d, %/(C,P;) =19.7 Hz,
C?), 135.21 (d, %/(C,P,) =20.5 Hz, Cy*), 135.7 (d, 'J(C,P,) =10.3 Hz, Cy*),
136.64 (d, 'J(C,P;) =11 Hz, C,'), 150.18 (d, 2J(C,Py) = 9.69 Hz, C,), 150.6 (d,
2J(C,Py) =9.94 Hz, C,'); elemental analysis caled (%) for C,,H,,CIO,P,S
(468.9): C 68.48, H 4.05, N 4.08; found C 68.39, H 3.98, N 3.97.

Synthesis of 4: A solution of BH;, SMe, in THF (2™, 85 mL, 17 mmol) was
added to a solution of 1! (3.78 g, 13 mmol) in degassed THF (20 mL) at
0°C. After stirring overnight at room temperature, the solvent was
evaporated and the resulting powder was purified on column chromatog-
raphy on silica (eluent CH,Cl,). The boron complex was isolated in 90 %
yield. A solution of this complex (2.46 g, 8.43 mmol) in THF (15 mL) was
added dropwise to a heterogenous solution of NaH (0.246 g, 10.28 mmol) at
room temperature. After stirring for 4 h at room temperature,the mixture
was centrifuged and filtered to afford 4 as a pale yellow powder. Yield:
98%; 3'P{!H} NMR ([Ds]THF, 81.015): 6 =21.5 (brs); 'H NMR ([Ds]THF,
250.133): d=0.34 (brs, 3H; BH;), 6.31 (dd, *J(H,H)=8.7 Hz, /(H,P) =
2.2 Hz, 2H; Hy?), 7.07-7.39 (m, 12H; C¢Hs, Hy?); *C{'H} NMR ([D|THF,
50.323): 6 =107.38 (d, J(C,P) =69.0 Hz, C,*), 120.98 (d, 3J(C,P) =11.7 Hz,
C?), 129.42 (d, 3J(C,P)=9.9 Hz, C}%), 131.44 (s, C/*), 134.27 (d, 'J(C,P) =
56.66 Hz, C;'), 134.15 (d, 2J(C,P) =9.8 Hz, C;?), 136.6 (d, 2J(C,P) =11.3 Hz,
Cy?), 175.21 (s, Cy'); elemental analysis caled (% ) for CgH;;BNaOP (314.1):
C 68.83, H 5.46; found C 68.78, H 5.37.

Synthesis of 5: A solution of the sodium salt 4 (2.30 g, 7.33 mmol) in
degassed THF (20 mL) was added dropwise to a solution of phenoxy
dichlorophosphane sulfide (1.66 g, 7.33 mmol) maintained between — 100
and —85°C. After stirring for 12 h at room temperature, the reaction
mixture was centrifuged, the solvent was evaporated and the residue was
washed with pentane (10 mL) to give 5 as a colourless oil. Yield: 95%;
SP{'H} NMR (CDCl;, 81.015): 6=20.5 (brs, P,), 57.7 (s, Py); '"H NMR
(CDCl;, 250.133): 6=1.24 (brs, 3H; BH3), 7.28-7.66 (m, 19H; C¢Hs,
CsH,); BC{'H} NMR (CDCl;, 50.323): 6 =121.04 (d, 3J(C,Py) =4.73 Hz,
GC,), 121.53 (dd, *J(C,Py) =5.66 Hz, 3J(C,P;) =10.79 Hz, C?), 126.4 (brs,
C,), 12744 (d, 'J(C,P;) =56.8 Hz, Cy*), 128.43 (d, 'J(C,P,) =57.92 Hz, C,'),
128.76 (d, 3J(C,P;) =9.81 Hz, C}%), 129.78 (s, C3), 131.36 (s, C,*), 132.97 (d,
%] (C,P;)=9.36Hz, C?), 134.88 (d, 2J(C,P,)=10.56 Hz, Cy*), 149.9 (d,
2J(C,P))=10.7Hz, C)), 152.15 (dd, %J/(C,Py)=8 Hz, *J(C,P,)=2.76 Hz,
C,!); elemental analysis caled (%) for C,,H,BCIO,P,S (482.7): C 59.72,
H 4.59; found C 59.56, H 4.49.

Synthesis of the linear polymer 7: A solution of 3 (6.35 g, 13.5 mmol) in
CH;CN (20 mL)was added dropwise to a solution of sodium azide (0.9 g,
13.5 mmol) in CH;CN (20 mL). The resulting mixture was stirred for two

4 4 Co* .Cu?
Cit .Ca? .Cs .C7 359 .
c.3” ] cgd ﬂ 0‘53 ] c‘73 ] clg ] Cuy ]
| | 2 2
2 C2 CA Cox Cua®
e ey s 2 37 ct C—C 2 g Ci2—Cig? Cu*
2__~3 2__c.3 C2—C,8 Cgc—C 8" —CLg 107 10
CS C\(\) Clz' C‘% /4} ‘4‘1 12 E B AN-P _ Z Sa_p s P OC 1 \\C ‘Ll:l’
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Figure 4. Numbering scheme used for NMR spectroscopic assignments.
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days at room temperature and the precipitate filtered. Extraction with
CH,(], gave a powder; this was washed with CH;CN (2 x 20 mL) to give
the polymer 7 (5 g) as a white powder. *'P{'H} NMR (CDCl;, 81.015): 6 =
13.2 (d, 2J(PP)=29.1 Hz, P=N), 50.6 (d, 2J(PP) =29.1 Hz, P=S); 'H and
13C NMR could not be rigorously interpreted (overlapping of signals).

Synthesis of the linear polymer 7": 1,4-Diazabicyclo[2.2.2]octane (DABCO,
0.208 g, 1.84 mmol) was added to a solution of 8 (0.9 g, 1.84 mmol) in
toluene/CH,Cl, (3:5, 160 mL). The resulting mixture was stirred for 4 h and
then the solvents were removed to give a powder; this was washed twice
with CH;CN (20 mL) to give 7' (0.4 g) as a white powder. 3'P{'"H} NMR
(CDCl,, 81.015): 6=13.2 (d, J(P,P)=29.1 Hz, P=N), 50.6 (d, /(P,P)=
29.1 Hz, P=S); 'H and *C NMR could not be rigorously interpreted
(overlapping of signals).

Synthesis of 8: Sodium azide (0.47 g, 7.17 mmol) was added to a solution of
5(3.37 g, 6.98 mmol) in acetone (30 mL). The resulting mixture was stirred
for 12 h at room temperature and then the solvent removed. THF (30 mL)
was added and the resulting mixture was filtered off to eliminate the
sodium salts. Evaporation of THF afforded a powder purified by column
chromatography (eluent pentane/toluene 1/1). Compound 8 was obtained
as a white powder. Yield: 70 %; m.p. 93°C; 3'P{'H} NMR (CDCl;, 32.438):
0=20.8 (brs, P;),58.2 (s, P;); 'HNMR (CDCl;, 200.132): 6 =1.58 (brs, 3H;
BH,), 722-7.67 (m, 19H; C,H;, C,H,); “C{'H} NMR (CDCl,, 50.323): 6 =
120.98 (d, 3J(C,Py) =4.6 Hz, C,), 121.48 (dd, 3J(C,P;) =4.63 Hz, 3J(C,P)) =
10.72 Hz, C?), 12621 (d, °J(C,Py)=2.11 Hz, C,), 127.05 (d, J(C,P,)=
578 Hz, C,*), 1285 (d, J(C,P,)=585Hz, C,!), 1288 (d, /(CP)) =
104 Hz, C}*), 129.8 (s, Cs), 131.36 (d, */(C,P,) =2.21 Hz, C}*), 132.98 (d,
2J(C,P))=9.76 Hz, C;?), 13491 (d, %/(C[P,)=10.67 Hz, C), 149.7 (d,
2J(C,Py) =9.1 Hz, C,), 152.2 (dd, 2J(C,P,) =7.4 Hz, *J(C,P,)=2.9 Hz, C,});
LR. (KBr): #=2162cm™' (N;); elemental analysis caled (%) for
C,,H,,BN;0,P,S (489.3): C 58.91, H 4.53, N 8.59; found C 58.85, H 4.48,
N 8.51.

Synthesis of 9: A solution of 4 (5 g, 15.9 mmol) in THF (50 mL) was added
dropwise to a solution of SPCl; (0.8 mL, 7.85 mmol) maintained between
—100 and —95°C. After stirring for 12 h at room temperature, the reaction
mixture was centrifuged and filtered, and the solvent was evaporated to
give 9 as a white powder. Yield: 93 %; m.p. 98°C; *'P{'H} NMR (CDCl;,
81.015): 6 =20.8 (brs, P;), 56.5 (s, Py); 'H NMR (CDCl;, 200.132): 6 =1.5
(brs, 6H; BH;), 7.3-77 (m, 28H; C.H;, CsH,); *C{'H} NMR (CDCl;,
62.896): 6 =121.6 (dd, *J(C,Py) =5.5 Hz, *J(C,P,) = 11.4 Hz, C?), 127.93 (d,
J(CP)=602Hz, C;%), 1285 (d, J(CP)=579Hz, C'), 1289 (d,
3J(CP)) =109 Hz, C/), 131.6 (s, C;*), 133.1 (d, 2J(C,P,)=9.7 Hz, C}?),
135.11 (d, 2J(C,P;) =103 Hz, Cy*), 152.1 (d, 2J(C,P;) =10 Hz, C,'); ele-
mental analysis caled (%) for C;H3,B,ClO,P5S (680.7): C 63.52, H 5.03;
found C 63.38, H 4.89.

Synthesis of 10: Sodium azide (0.56 g, 8.6 mmol) was added to a solution of
9 (5.5 g, 8.36 mmol) in acetone (30 mL). The resulting mixture was stirred
for 12 h and then the solvent was evaporated. Addition of THF (30 mL) to
the resulting powder followed by centrifugation, filtration, then evapo-
ration of the solvent, gave a powder; this was purified by column
chromatography on silica gel (eluent toluene/pentane 3/2) to give 10 as a
white powder. Yield: 70 %; m.p. 149°C; 3'P{'H} NMR (CDCl;, 81.015): 6 =
20.9 (brs, P,), 57.7 (s, Py); 'TH NMR (CDCls, 200.13): 6 = 1.5 (brs, 6 H; BH;),
729 (dt, Y(H,Py) =%J(H,P,)=1.7 Hz, 3J(H,H) =8.7 Hz, 4H; H?), 743-
7.61 (m, 24H; CHs, Hy®); *C{'H} NMR (CDCl;, 50.323): 6 =121.37 (dd,
3J(C,Py) =5 Hz, 3J(C,P,) =10.9 Hz, C?), 127.3 (d, 'J(C,P;) =577 Hz, C,*),
1284 (d, J(C,P)=58.07 Hz, C,'), 128.76 (d, 3J(C,P,)=10.56 Hz, C}),
131.34 (s, C;*), 132.96 (d, 2J(C,P;)=9.96 Hz, C,?), 134.93 (d, 2J(C,P))=
10.77 Hz, C*), 151.8 (dd, %J(C,P)) =8.6 Hz, “J(C,P,)=2.9 Hz, C;'); IR
(KBr): 7=2168 cm™' (N3); elemental analysis caled (%) for C;Hs,B,-
N;O,P;S (687.3): C 62.91, H 4.99, N 6.11; found C 62.82, H 4.86, N 5.99.

Synthesis of 1la-e: DABCO (ab: 021g, 1.93mmol; cd: 023¢g,
2.12 mmol; e: 0.36 g, 3.28 mmol) was added to a solution of the azide 10
(0.6 g, 0.87 mmol) in degassed toluene (a: 12 mL, b—d: 15mL, e: 68 mL).
The resulting mixture was stirred for 24h (a: 80°C; b, ¢, e: room
temperature; d: 70°C), then the solvent was evaporated to give a powder;
this was purified by washing with a degassed mixture of toluene/diethyl
ether (1:10). Hyperbranched polymers 11a—e were obtained as a white
powders (0.4 g).

Synthesis of 11 f: A large excess of triethylamine (14 mL, 100 mmol) to a
solution of the azide 10 (3.22 g, 4.7 mmol) in degassed THF (12 mL) at
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room temperature. The resulting mixture was stirred for 10 days and then
the solvent was evaporated to give a powder; this was purified by washing
with degassed mixture of THF/diethyl ether (1:10). Hyperbranched
polymer 11 f was obtained as a white powder (2.5 g).

NMR data for 11a—f: 3'P{'H} NMR (CDCl;, 101.256): 6 = — 6.3 (m, PPh,),
14.2 (m, P=N), 50.0 (m, P=S); 'H and '*C NMR could not be rigorously
interpreted (overlapping of signals).

Synthesis of 12: SPCI; (0.21 mL, 2.22 mmol) was added to a solution of the
sodium salt 2 (2 g, 6.66 mmol) in degassed THF (20 mL). After stirring for
12h at room temperature, the reaction mixture was centrifuged and
filtered, the solvent was evaporated and the residue purified by column
chromatography on silica gel with a pentane/toluene 3/2 solution as eluent.
Compound 12 was obtained as a white powder. Yield: 80 %; m.p. 61°C;
3P{tH} NMR (CDCly, 81.015): 6=—6.3 (s, P)), 52.1 (s, P;); 'H NMR
(CDCl, 250.133): 6 =72 (d, *J(H,H) =8.6 Hz, 6H; H{?), 7.25-7.36 (m,
36H; CHs, Hy’); “C{'H} NMR (CDClL, 50.323): 0=121.01 (“t”,
3J(CPy) =3I(C,P;) =6.1 Hz, C?), 128.45 (d, 3J(C,P,) =6.8 Hz, C}%), 128.76
(s, C*), 132.97 (d, J(C,P;) =9.56 Hz, C,*), 133.53 (d, 2J(C,P,) =19.62 Hz,
C?), 135.03 (d, 2J(C,P,) =20.5 Hz, C%), 136.6 (d, J(C,P;) =10.62 Hz, C,!),
150.8 (d, %J(C,P,)=785Hz, C,'); elemental analysis caled (%) for
Cs5,H,;,O5P,S (894.9): C72.48, H 4.73, N 6.11; found C 72.2, H 4.67, N 6.01.

Dendrimer 13-[G,]: A solution of azide 10 (2.76 g, 4.02 mmol) in CH,Cl,
(10 mL) was added to a solution of 12 (1.2 g, 1.34 mmol) in CH,Cl, (5 mL)
at room temperature. The resulting mixture was stirred for 3 h, then the
solvent was evaporated to give a residue, which was washed with THF/
pentane (1:10, 2 x 20 mL). Dendrimer 13-[G,] was isolated as a white
powder. Yield: 95 %; 'H NMR (CDCl;, 250.133): 6 =1.25 (brs, 18 H; BH;),
7.19 (dt, 3J(H,H) =8.5 Hz, “/(H,P,) =*J/(H,P;) = 1.4 Hz, 12H; H,?), 7.33-
7.66 (m, 114 H; C¢Hs, CsH,); *C{'"H} NMR (CDCl;, 62.896): 6 = 121.41 (dd,
3J(C,Py)) =4.7Hz, 3J(CP) =139 Hz, Cp?), 121.9 (dd, 3J/(C,P,)=5.2 Hz,
3J(C,P;)=10.4 Hz, C?), 124.26 (d, 'J(C,P;) =60.13 Hz, C,*), 126.20 (dd,
J(C,P)) =110 Hz, *J(C,P,)=3 Hz, C;*), 12788 (dd, J(C,P,)=105Hz,
3J(CPy)=4Hz, C'), 128.79 (d, *J(CP;)=10.5Hz, C;’), 128.86 (d,
3J(C,P,)=132Hz, C}), 129.3 (d, J(C,P;)=54 Hz, C;'), 131.28 (s, C5*),
132.67 (d, 2J(C,P;) =11.32 Hz, C}?), 132.99 (s, C\*), 133.07 (d, 2/(C,P;) =
9.5 Hz, C%), 134.50 (d, 2J(C,P;) =10.56 Hz, C,%), 134.98 (d, 2J(C,P;) =
9.5 Hz, Cy%), 153.42 (dd, 2J(C,P,) =8.01 Hz, *J(C,P;) =3.8 Hz, C,'), 154.47
(brd, 2J(C,P))=723Hz, C,'); elemental analysis caled (%) for
Ci6:H144BsN;O00P5S, (2873): C 67.73, H 5.05, N 1.46; found C 6752, H
4.98, N 1.32.

Dendrimer 13-[G’;]: DABCO (0.703 g, 6.272 mmol) was added to a
solution of the boron complex 13-[G4] (3 g, 1.045 mmol) in degassed
toluene (100 mL). After stirring for 12 h at room temperature, the solvent
was evaporated and the residue was purified by column chromatography on
silica gel (eluent CH,Cl,/pentane 10:1) to give 13-[G’,] as a white powder.
Yield: 80%; '"H NMR (CDCl;, 250.133): 6 =7.09-7.67 (m, 126 H; C,Hs,
CeH,); BC{'H} NMR (CDCl;, 62.896), 121.24 (dd, 3J(C,P))=5.13 Hz,
3J(C,P,)=13.81 Hz, Cp?), 121.69 (“t”, 3J(C,P,)=3J(C,P;)=6.4 Hz, C?),
126.61 (brd, J(C,P,)=108 Hz, C,*), 128.18 (dd, 'J(C,P;)=108.35 Hz,
3J(C,P,) =3.5Hz, C,'), 12847 (d, 3J(C,P;) =6.5 Hz, C%), 128.67 (s, C5*),
128.76 (d, 3J(C,P,)=11.68 Hz, C}*), 132.14 (d, 'J(C,P;)=9.87 Hz, C,%),
132.67 (s, Ci*), 132.69 (d, 2/(C,P;) =10.69 Hz, C;?), 133.56 (d, 2/(C,P;) =
19.18 Hz, C;?), 134.85 (d, 2J(C,P;) =20.94 Hz, C,%), 135.02 (d, /(C,P,) =
12.31 Hz, Cy*), 13727 (d, 'J(C,P5) =10.82 Hz, C;'), 152.73 (d, J(C,P,) =
8.61 Hz, C,'), 153.27 (dd, %J(C,Py) =795 Hz, *J(C,P,)=3.86 Hz, C,');
elemental analysis caled (%) for Ci,H;p6N;00P13S,(2790): C 69.75, H
4.55, N 1.51; found C 69.54, H 4.42, N 1.37.

General procedure for the synthesis of dendrimers 13-[G,], 13-[G;], 13-
[G,] and 13-[G;]: The same procedure used for the preparation of 13-[G,]
was applied for the synthesis of dendrimers 13-[G,], 13-[G;], 13-[G,] and
13-[G;] from 13-[G',]1, 13-[G',], 13-[G’;] and 13-[G/,], respectively, and the
azide 10.

Dendrimer 13-[G,]: White powder, 90 % yield; 'H NMR (CDCl;, 250.133):
0 =127 (brs, 36 H; BH;), 7.15-7.56 (m, 294H; C,H;, C;H,); *C{'H} NMR
(CDCl;, 62.896): 6 =121.47 (dd, 3J(C,Py) =5.8 Hz, 3J(C,P,) =13.9 Hz, C?),
121.67 (dd, 3J(C,P,)=5.5Hz, 3J(CP;)=11.6Hz, C}?), 121.84 (dd,
3J(CP)=56Hz, 3J(CPs)=9.87Hz, C2), 12336 (dd, 'J(CP;)=
110.43 Hz, 3J/(C,P,)=3.6 Hz, C,*), 124.09 (d, 'J(C,P5)=59.81 Hz, C}),
126.1 (dd, 'J(C,P,)=110H; 3J(C,P,)=4 Hz, C;*), 127.68 (dd, J(C,P)) =
108.2Hz, 3/(CP,)=4.1Hz, C;'), 12831 (dd, 'J(C,P;)=106.2 Hz,
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3J(CP)=3.6Hz, G, 12873 (d, J(CP;)=126Hz, Cy), 1288 (d,
3J(CP)=10Hz, C&), 1289 (d, J(CP)=12Hz, C75), 1291 (d,
1J(C,Ps) =52 Hz, Ci'), 13128 (brs, C\*, Cs*, C5%), 132.64 (d, /(C,P)=
1176 Hz, C2, C2), 133.06 (d, Y(CP)=975Hz, Cg2), 13433 (d,
2J(C,P,) =11.95Hz, C,%), 134.5 (d, 2(C,Ps)=10.19 Hz, C;), 135.01 (d,
2J(CP)=122Hz, C7), 15342 (brd, 2J(C,P)=8Hz, C,'), 154.52 (d,
2J(C,P)=10.82 Hz, C,'), 15549 (dd, %/(C/P;)=3.69Hz, 2J(CP,) =
7.63 Hz, C,'); elemental analysis caled (%) for CssHj30B1,NoO,P5S;,
(6745.5): C 67.31, H 4.93, N 1.87; found C 67.11, H 4.81, N 1.81.

Dendrimer 13-[G;]: White powder, 90 % yield; 'H NMR (CDCl;, 250.133):
d=1.1 (brs, 72H; BH,,), 7.14—7.57 (m, 630 H; C;Hs, CH,); *C{'H) NMR
(CDCL, 62.896): 6 = 121.4 (m, C), 121.7 (m, C%, C2), 121.8 (dd, *J(C,P;) =
5.8 Hz, J(C,P,)=11Hz, C2), 123.1 (brd, J(C,P,) =111 Hz, C%), 123.3
(brd, J(CPs)=110.7 Hz, C%), 124.1 (d, J(C,P;)=60.1 Hz, C/*), 125.9
(brd, J(C,P,) =110 Hz, C*), 1276 (dd, 'J(C,P,) = 105 Hz, 3J(C,P,) =4 Hz,
C,), 1281 (dd, J(C,P,)=108 Hz, J(CP)=4Hz, C;), 1283 (brd,
J(CPs)=1053 Hz, C4), 128.7 (brd, J(CP)=151Hz, C?, C3, C5),
128.8 (d, %(C.P;) = 9.9 Hz, C/%), 129.2 (d, J(C,P;) = 50 Hz, C;'), 131.3 (brs,
Cl G, G, G, 132.6 (d, 2(CP)=11Hz, Cp2, C2, C), 133.03 (d,
2J(CP,)=9.8 Hz, CP), 1343 (d, 2(CP)=12.6Hz, C3, CJ), 134.5 (d,
2J(C,P,)=11.1Hz, C5), 1350 (d, 2(C,P)=119Hz, Cp), 1534 (brd,
2J(C,P,) =8 Hz, Cy'), 154.5 (d, 2J(C,P,;) =8.9 Hz, C¢'), 155.6 (dd, 2J(C,P) =
8.5Hz, “J(CP)=3.5Hz, G}, C,'); elemental analysis caled (%) for
Cg10H702B24N2 O45P;S5, (14491): C 67.14, H 4.88, N 2.03; found C 66.97, H
4.77, N 1.98.

Dendrimer 13-[G,]: White powder, 88 % yield; 'H NMR (CDCl;, 250.133):
5=13 (brs, 144H; BH,), 72-7.5 (m, 1302H; C,H;, CH,); *C{'H} NMR
(CDCl,, 62.896): 0=121.6 (m, C2, C,%, C2, C¢), 121.85 (dd, *J(C,Pg) =
45Hz, *J(CP,)=102Hz, Cg), 123.1 (brd, Y(C,P)=110Hz, C,*, C;),
123.3 (brd, Y(C,P) =111 Hz, C¢*), 124.1 (d, J(C,Ps) = 60.0 Hz, Cy*), 127.9
(brd, J(C,P) =108 Hz, C,'), 128.1 (dd, 'J(C,P) =105 Hz, *J(C,P) =3.4 Hz,
G, G5, 1283 (dd, Y(C,P;)=106.3 Hz, *J(C,Pg)=3.5Hz, C;\), 128.76
(brd, 3/(C,P) =153 Hz, C?, C3, G5, C%), 128.8 (d, *J(C,Py) =9.8 Hz, C5),
129.2 (d, J(C,Py) = 48 Hz, Cy!), 1313 (brs, C;, C, Cs*, C*, Cs*), 132.6 (brd,
2J(C,P) =10.9 Hz, C2, C2, C5, C), 133.03 (d, 2J(C,Py) = 9.8 Hz, C2), 134.3
(brd, 2J(CP)=133 Hz, C*, C2, C2), 134.5 (d, 2(C,P) =104 Hz, Cy’),
134.8 (d, 2J(C,P,) =119 Hz, C;%), 153.4 (brm, C,!), 154.5 (dd, 2/(C,Pg) =
83Hz, “(CP,)=3.1Hz, Cg), 1556 (dd, 2/(CP)=6.9Hz, “}(C,P)=
3.6 Hz, G}, C,!, C¢'), (Cy* not detected); elemental analysis caled (%) for
Ci676H1446B4sN4sO03P 130846 (29982): C 67.06, H 4.86, N 2.10; found C 66.87, H
4.80, N 2.01.

Dendrimer 13-[G;]: White powder, 80 % yield; 'H NMR (CDCl;, 250.133):
5=126 (brs, 288H; BHy), 715-746 (m, 2646 H; C¢Hs, C.H,); “C['H}
NMR (CDCl,, 62.896): 6=1217 (m, C2, C% Cg2, C2, Cg), 121.8 (dd,
3J(C,Py,) = 4.6 Hz, 3J(C,P,,) = 9.8 Hz, C,,?), 123.3 (brd, J(C,P)=112.2 Hz,
G, G, Cf G, Cf), 124.11 (d, Y(C,P,y)=60.1 Hz, Cy), 128.1 (brd,
J(C,P)=983 Hz, C/, Cy\, C5, G;), 128.32 (brd, J(C,Py) =109.5 Hz, C,'),
12876 (brd, *J(CP)=156Hz, C? C7, C¢, G2, Cg), 1288 (brd,
3J(C,Py,) =10.1 Hz, C,%), 129.24 (d, 'J(C,P,,) =44.8 Hz, C,,!), 131.31 (brs,
Co, G, C, G, G, Cyyt), 1326 (brd, 2J(C,P) =10.8 Hz, C2, C2, C2, C7,
C2), 133.02 (d, 2J(C,P,;) = 9.62 Hz, C,,2), 134.3 (brd, 2/(C,P) = 12.9 Hz, Cy,
C3, C&, C¢), 1345 (brd, 2J(CP,))=10.7Hz, Ci’, C’), 154.54 (brd,
2J(C,Pyy) =8.6 Hz, C,!), 155.57 (brd, 2/(C,P)=6.7 Hz, G}, CJ\, C, Cg),
(G, C;* not detected); elemental analysis caled (%) for
Cia0Ha0ssBoeNosO10PosSos (60964): C 67.02, H 4.85, N 2.14; found C
66.85, H 4.72, N 2.06.

General procedure for the synthesis of dendrimers 13-[G',], 13-[G';] and
13-[G'4]: The same procedure used for the preparation of 13-[G’;] was
applied for the synthesis of dendrimers 13-[G’,], 13-[G';] and 13-[G/,] from
13-[G,], 13-[G;] and 13-[G,4], respectively, and DABCO, except concerning
the purification. In these cases, the residue was purified by washing with a
degassed mixture of toluene/diethyl ether (1:10).

Dendrimer 13-[G’,]: White powder, 87% yield; 'H NMR (CDCl;,
250.133): 6=71-76 (m, 294H; C¢H;s, C,H,); “C{'H} NMR (CDCl;,
62.896): 6 =121.6 (m, Cy?, C,%), 121.7 (“t”, 3J(C,P,) =3J(C,Ps) = 6.1 Hz, C;?),
123.73 (brd, J(C,P;) = 111.07 Hz, C,*), 126.2 (brd, 'J(C,P,) =108 Hz, C,*),
127.8 (brd, J(C,P))=110Hz, C,'), 128.48 (d, 3J(C,Ps)=6.54 Hz, CJ’),
128.67 (s, Cs*), 128.71 (dd, 'J(C,P;)=108.3 Hz, 3J/(C,P,)=3.5Hz, C;'),
128.76 (d, 3J(C,P) =11.1 Hz, C}3, C5%), 132.06 (d, 'J(C,Ps) =10.25 Hz, C*),
132.61 (d, 2J(C,P) =8 Hz, C?), 132.62 (s, C}*, C;*), 132.71 (d, 2J(C,P;) =
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108 Hz, C), 13357 (d, 2(C,Ps)=19.4 Hz, C5), 134.38 (d, 2J(C,P;) =
1239 Hz, C%), 134.8 (d, 2/(C,P) =148 Hz, Cp), 134.85 (d, 2J(C,P5) =
20.9 Hz, CJ), 13734 (d, J(C,Ps) =10.82 Hz, Ci'), 152.83 (d, 2J(C,P,) =
88Hz, C,Y), 15342 (dd, Y(CP,)=787Hz, “J(CP,)=3.94Hz, C,),
155.41 (dd, 2J(C,P,) =10.13 Hz, *J(C,P;) = 3.65 Hz, C,'); elemental analysis
caled (%) for CysH,0,NgO,, P31 S (6579.5): C 69.00, H 4.50, N 1.92; found C
68.31, H 437, N 1.77.

Dendrimer 13-[G’;]: White powder, 90% yield; 'H NMR (CDCl;,
250.133): 6=72-76 (m, 630H; C.H;, CH,); “C{'H} NMR (CDCl,,
62.896): 6 =121.6 (m, Cy?, C,2, C2), 121.7 (“t”, 3J(C,P;) =3J(C,P;) = 6.3 Hz,
CQ), 1233 (dd, J(C.P;)=110.6 Hz, 3(CP,) =4 Hz, C), 123.7 (dd,
LJ(C,Ps) = 110.6 Hz, 3J(C,P,) =3.4 Hz, Ci%), 1262 (brd, Y(C,P,)=108 Hz,
G, 1277 (dd, J(CP)=110Hz, 3(CP,)=4Hz, C!), 1283 (dd,
1J(C,Py) =108.2 Hz, 3J(C,P,) =33 Hz, C,'), 128.55 (d, *J(C,P,) =63 Hz,
C;), 128.7 (dd, 'J(C,P5) =108.1 Hz, 3(C,P;) =3.5 Hz, C5), 128.76 (s, C/*),
1289 (d, %(C,P) = 13.3 Hz, C %, Cy%, C), 132.12 (d, J(C,P;) = 10.1 Hz, C¢h),
13276 (s, i, G, C5*), 132.76 (d, 2/(C,P) = 11.5 Hz, C%, C2, C2), 133.6 (d,
2J(C,P;) =19.5 Hz, Cp), 134.42 (d, 2J(C,P) = 12.7 Hz, C;%, C;%), 134.9 (brd,
JCP)=20Hz, C7, C&), 1374 (d, Y(C.P,)=112Hz, C,'), 1529 (d,
2J(C,P;) =9.8 Hz, Cy'), 153.5 (dd, 2/(C,Py) =79 Hz, *J(C,P;) =3.9 Hz, C;'),
155.5 (dd, 2J(C,P) =79 Hz, “J(C,P)=3.7 Hz, C,!, C,'); elemental analysis
caled (%) for CyigHgsoNa O4sPerSss (14159): C 68.71, H 4.48, N 2.08; found C
68.41, H 4.25, N 1.97.

Dendrimer 13-[G’;]: White powder, 78% yield; 'H NMR (CDCl;,
250.133): 9=71-75 (m, 1302H; CHs, CH,); *C{'H} NMR (CDCl;,
62.896): 6 =121.5-121.8 (m, C2, C2, C2, C2 C2), 1232 (brd, J(C,P) =
111 Hz, G C), 1237 (brd, J(CP,)=109.7 Hz, C¢), 1277 (brd,
1J(C,P,) =106 Hz, C,'), 1282 (brd, J(C,P)=106 Hz, C,., Cs'), 128.5 (d,
3J(C,Py) = 6.9 Hz, Cs), 128.7 (brd, J(C,P;) = 105.7 Hz, C;), 1287 (s, Cs?),
128.8 (d, 3(C,P)=13.6 Hz, C?, C, C5, C), 132.1 (d, 'J(C,P,) =10.1 Hz,
G, 1326 (s, C*, Gy, Cs*, G, 1327 (d, 2J(C,P) =112 Hz, C2, Cy, C5,
C), 133.6 (d, 2J(C,Py) = 19.5 Hz, C,2), 134.4 (d, 2J(C,P) =12.1 Hz, C%, C/,
CJ), 134.9 (brd, 2J(C,P)=21.0 Hz, C?, C), 1373 (d, J(C,Py)=10.5 Hz,
Cy'), 152.9 (d, 2/(C,Py) = 8.9 Hz, Cy'), 153.4 (brm, Cy'), 155.4-155.6 (m, C,',
C,l, C¢) (C* not detected); elemental analysis caled (%) for
Ci7eH1300N15005P 346 (29318): C 68.58, H 4.48, N 2.15; found C 6821, H
4.32, N 2.07.
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Phosphabenzenes as Monodentate n-Acceptor Ligands for
Rhodium-Catalyzed Hydroformylation
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Abstract: A new class of phosphinine/
rhodium catalysts for the hydroformyla-
tion of terminal and internal alkenes is
presented in this study. A series of
phosphabenzenes 1-14 has been pre-
pared by condensation of phosphane or
tris(trimethylsilyl)phosphane with the
corresponding pyrylium salt. Trans-
[(phosphabenzene),RhCI(CO)] com-
plexes 21-25 have been prepared and
studied spectroscopically and by X-ray
crystal-structure analysis. The hydrofor-
mylation of oct-1-ene has been used to

zenes have been performed. The cata-
lytic performance is dominated by steric
influences, with the phosphabenzene 8/
rhodium system being the most active
catalyst. Turnover frequencies of up to
45370 h~! for the hydroformylation of
oct-1-ene have been determined. In
further studies, hydroformylation activ-
ity toward more highly substituted al-
kenes was investigated and compared
with the standard industrial triphenyl-

Keywords: homogeneous catalysis -

phosphane/rhodium catalyst. The reac-
tivity differences between the phospha-
benzene and the triphenylphosphane
catalyst increase on going to the more
highly substituted alkenes. Even tetra-
substituted alkenes reacted with the
phosphabenzene catalyst, whereas the
triphenylphosphane system failed to
give any product. In situ pressure
NMR experiments have been performed
to identify the resting state of the
catalyst. A monophosphabenzene com-
plex [(phosphinine 8)Ir(CO);H] could

identify optimal catalyst preformation
and reaction conditions. Hydroformyla-
tion studies with 15 monophosphaben-

zenes -

Introduction

Hydroformylation of olefins is one of the most important
homogeneously catalyzed industrial processes.!!! In the course
of this reaction a new carbon—carbon bond is formed and,
simultaneously, the synthetically valuable aldehyde function
is introduced. If the chemo-, regio-, and stereoselectivity of
such an appealing transformation could be controlled, new
perspectives for both fine-chemical production and organic
synthesis would arise. Major advances have been made
toward this goal during the last decades.”! Since the discovery
of rhodium(1)—phosphine complexes as chemoselective hydro-
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be detected as the predominant catalyst

phosphaben- .
resting state.

rhodium

formylation catalysts,’! carefully designed ligand modifica-
tions have led to improved catalysts.> ¥ For example, Casey’s
concept of the natural bite angle stimulated the development
of chelating diphosphine- and diphosphite-modified catalysts
that allow the regioselective hydroformylation of terminal
olefins in favor of the usually desired linear isomer.C]
Advances in the field of stereochemical control have been
made by employing enforced substrate direction with the help
of substrate-bound catalyst directing groups.l! This concept
has been applied to cyclicl”! and acyclic®®! olefinic building
blocks. Additionally, chiral ligands such as BINAPHOS and
others have been developed which allow for high asymmetric
induction during the hydroformylation of certain prochiral
alkenic substrates.[> %)

However, one of the long-standing and fundamental
problems of hydroformylation chemistry—the low pressure
hydroformylation of internal and more highly substituted
olefins—still awaits a practical solution. Thus, it is known that
the reactivity of hydroformylation catalysts decreases expo-
nentially with the degree of olefin substitution.'”! Although
rhodium—phosphine catalysts display a significantly higher
reactivity toward the hydroformylation of terminal olefins
compared with the cobalt—phosphine systems, their activity
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toward hydroformylation of internal and higher 1,1-disubsti-
tuted olefins is still rather low.'”] In more detailed studies on
the effect of modifying ligands with respect to the activity of
the rhodium catalyst, some trends have been unraveled that
may give a hint to a solution of this problem. ! Thus, strong
and small o-donor ligands may retard or even inhibit the
reaction, while switching to stronger, s-acceptor ligands, such
as phosphites, results in more active hydroformylation
catalysts. In particular, the discovery of bulky phosphites as
modifying ligands for rhodium catalysts has been an impor-
tant advance in this field.'! High catalyst activity for both
hydroformylation of internal and terminal olefins has been
observed. In situ NMR and IR spectroscopy has revealed that
the enormous catalyst activity may be attributed to a mono-
phosphite—rhodium complex as the catalytically active spe-
cies.”l Recently, similar phosphonite systems have been
prepared with comparable ligand properties.l'¥] Unfortunate-
ly, a technical application of phosphites has been hampered by
their inherent lability toward hydrolysis and a tendency to
undergo degradation reactions.['¥l Hence, the development of
new classes of m-acceptor ligands remains an important task.
In this context, we became interested in a hitherto unexplored
class of potential m-acceptor ligands—the phosphaben-
zenes.! Although the first preparation of these systems by
Mirkl dates back to 1966,°] no application as modifying
ligands in homogenous catalysis was described until 1996.11°!
Of particular interest is the electronic situation in phospha-
benzenes compared with their nitrogen counterpart—the
pyridine nucleus. Photoelectron spectroscopy!'” and ab initio
calculations'® show that the HOMO of a phosphabenzene
has m-character with a large coefficient at the phosphorus
atom. Note that the HOMO of pyridine is the lone pair at
nitrogen. The LUMO of a phosphabenzene also has m-
character with a large coefficient at the phosphorus atom. Its
energy is lower than the corresponding pyridine LUMO.
Hence, phosphabenzenes possess, at least qualitatively, an
ideal frontier molecular-orbital situation for an efficient
overlap with filled metal d-orbitals and, hence, the ability to
act as m-acceptor ligands.

Here we wish to report in detail the preparation of
phosphabenzenes and their coordination properties toward
rhodium(i) centers, as well as their use as modifying ligands for
the rhodium-catalyzed hydroformylation of terminal and
internal olefins.['"]

Results

Preparation of phosphabenzenes: Phosphabenzene ligands
1-14 (Scheme 1) have been prepared employing a modified
version of Mirkl’s original procedure.”! Thus pyrylium
tetrafluoroborates were treated in acetonitrile with excess
tris(trimethylsilyl)phosphine at reflux temperature to give the
phosphabenzenes 1-14 in moderate to fair yields, after
chromatographic workup. Alternatively, pyrylium salts may
be treated directly with phosphane gas (30 bar) at 110°C to
give the corresponding phosphabenzenes, usually in better
yields (Scheme 2).121
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Scheme 1. Phosphabenzenes synthesized and investigated as ligands in
rhodium-catalyzed hydroformylation.
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Scheme 2. i) 2—-2.5equiv PTMS;, CH;CN, reflux, Sh (15-51%); ii) PH;,
30 bar, n-butanol, 110°C, 4 h (28—-84%).

The required pyrylium salts were obtained by tetrafluoro-
boric acid-mediated condensation of an appropriate chalcone
derivative with a corresponding acetophenone system.?? The
chalcones were either prepared separately through aldol
condensation of an arylmethylketone derivative with an
aromatic aldehyde under basic conditions (catalytic amounts
of activated barium hydroxide)®! or generated in situ from
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the same components in the presence of tetrafluoroboric
acid® (see Experimental Section). 2,6-Dialkyl-substituted
pyrylium salts were prepared according to published methods
(Scheme 3).24

0]
AP AP J, AP
P o P Me’ . Ar N
Me O i orii ii |
+ —_— — -
=
Ar’/go A g AT 0T AR

BF,~

Scheme 3. i) 10 mol% Ba(OH),, ethanol, 20-80°C; ii) HBF, (52%
ethereal solution), 1,2-dichloroethane, reflux, 4 h (22-62%).

Pyrylium salt 16 was obtained in a one-pot operation upon
treatment of chalcone 17 with tetrafluoroboric acid. Hence,
the formation of 16 may be attributed to an interesting
domino reaction sequence consisting of an intramolecular
aromatic substitution to give 18 followed by condensation
with enone 17 to furnish the polycyclic pyrylium tetrafluoro-
borate 16 (Scheme 4).

Ph Ph pp
Z i N
— )
—
2-Naphth 0] 2-Naphth o7 Q
17 _
BF,
H*l 16
Ph
=

ER0e H
:

I Ph Ph
: . s
Ho
T
18
Scheme 4. i) HBF, (52 % ethereal solution), 1,2-dichloroethane, reflux, 4 h
(28%).

The fert-butyl substituted phosphabenzene 15 was obtained
on treatment of a-pyrone 19 with phosphaalkyne 20 in a
cycloaddition-reversion sequence as introduced by Regitz
et al. (Scheme 5).2

Ph Ph
X i AN
| + P=C—Bu . | P
pr” 07 S0 P P S 8Bu
19 20 15

Scheme 5. i) Benzene, 140°C, 3 d, Schlenk pressure vessel (54 % ).

Rhodium complexes: In order to study the ligand properties
of phosphabenzenes in comparison with other known ligand
classes, trans-[L,RhCI(CO)] complexes were prepared. Thus,
treating [Rh(CO),Cl], with four equivalents of a correspond-
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ing phosphabenzene yielded the desired mononuclear trans-
[(7'-phosphinine),RhCI(CO)] complexes 22—-25 in quantita-
tive yields (Scheme 6, Table 1).

RZ

| ~
R2 R T/ R
—_— OC—Rh—Cl

RV PR |
RL_P. R

1,3,4,9,10 O

x

R2

2125

Scheme 6. Preparation of trans-[(phosphinine),RhCI(CO)] complexes
21-25. i) [Rh(CO),Cl],, CH,Cl,, RT, 30 min, (quant.). 21: R!'=Me, R?=
Ph, 22: R'=Ph, R?=Ph, 23: R!=2-Naphth, R?=Ph, 24: R'=Ph, R’=
CsHy(p-OMe), 25: R! =Ph, R? = C;H,(p-CF;).

Table 1. trans-[(Phosphinine),RhCI(CO)] complexes 21-25 prepared ac-
cording to Scheme 6.

phosphinine ~ R! R? complex  #(CO) [cm™']
1 Me Ph 21 19981201
3 Ph Ph 22 1999
4 2-Naphth  Ph 23 1998
9 Ph CsHy(p-OMe) 24 2002
10 Ph CH,(p-CFy) 25 2003

The #'-coordination, as well as the symmetric nature of the
complexes 2225, is reflected in their 3P NMR spectra. Thus,
the phosphorus atoms absorb at 6 =166.1-173.8 as doublets
with a J(P,Rh) coupling constant near the expected value of
175 Hz.* 271 Compared with the free ligand, the 3P NMR
signal is shifted about 20 ppm to higher field, which is typical
for a n'-coordinated phosphinine.l'”® The presence of the
carbonyl ligand can be seen by 3C NMR spectroscopy. Thus,
in a typical chemical-shift range of 180.7-181.9,® the
carbonyl carbon resonates as a doublet of triplets with typical
coupling constants of 65 Hz [\J(C,Rh)] and 22 Hz [2J(P,C)].”
Additionally, the triplet splitting indicates the presence of two
magnetically equivalent phosphabenzene nuclei. Final struc-
tural proof was obtained by an X-ray crystal-structure analysis
of complex 22. Its structure in the solid state is depicted in
Figure 1.

Figure 1. Ortep plot of the structure of trans-[(3),RhCI(CO)] (22) in the
solid state.
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The P—Rh lengths of 2.27 and 2.28 A (Table 2) are note-
worthy. They compare well with the analogous trispyrrol
phosphine complex (d(Rh—P)=2.28 A)B as well as with the
analogous bulky phosphite complex (d(Rh—P)=2.29 A, see
Table 3),BP! but are significantly shorter than that found for
the corresponding triphenylphosphine complex of 2.32 pm.F
Since trispyrrolphosphine is known to be a strong m-acceptor
ligand,! the similarity of the Rh—P bond lengths may reflect
the back-bonding capability of the phosphabenzene nucleus.
The least square planes of the phosphabenzene rings are tilted
toward the Rh-P-CO-P-Cl least square plane by about 55.1°
and 57.1°. Likewise, the ortho-phenyl substituents at the
phosphabenzene nucleus are twisted out of the phosphaben-
zene plane by 40.2-53.2°.

The maximum angle that is formed from the van der Waals
radii of L and rhodium is 172.5°. Note that this is not the
classical cone angle as defined by Tolman,?**! since above and
below the phosphabenzene plane the steric demand is much
smaller. However, semiempirical calculations (PM3) allowed
the rotation barrier about the P—Rh bond to be to estimated
as less than 4 kcalmol .34 Thus, fast rotation of the phos-
phabenzene nuclei at the reaction temperatures employed is
possible and, as a consequence, the steric demand of a
phosphabenzene may be significantly larger than a fixed
model would predict.

The IR stretching frequency of the CO ligand in trans-
[L,RhCI(CO)] is an ideal probe for determining the electronic
properties of a phosphabenzene ligand. In analogy to the
[LNi(CO);] complexes of Tolman,®! a higher CO stretching
frequency for a trans-[L,RhCl(CO)] complex corresponds to a
diminished electron density at the rhodium center and, hence,
to a stronger back-bonding of the ligand, L.l Since, the
rhodium complexes provide easy-to-interpret IR spectra with
a single carbonyl band, these systems have found wide
application as probes for the electronic properties of donor
ligands.’> The extensive literature availableP® 3 allows a
rapid judgment of the electronic properties of a new ligand.
Hence, for the phosphabenzene complex 22 the CO band was
detected at 1999 cm~! which is about 21 cm~! higher in energy
than that found for the corresponding triphenylphosphine
complex,? but 14 cm~! lower in energy than that found in the
complex with an tri(ortho-tert-butylphenyl)phosphite  li-
gandB'! (see Table 1). This suggests that the electronic
properties of phosphabenzenes are located in a range between
phosphines and phosphites, with somewhat more similarity to
the phosphite ligands.

IR spectra of the complexes were recorded in order to
probe the electronic influence of substituents at the C2-, 4-,
and 6-positions of the phosphabenzene nuclei on the stretch-
ing frequency of the CO ligand of the corresponding trans-
[L,RhCI(CO)] complexes (see Table 1). In all cases, only
marginal changes in the CO IR band were observed. Thus,
going from an ortho/ortho’ dialkyl to an ortho/ortho’ diaryl-
substituted system did not have an effect. In addition, the
exchange of phenyl substituents to more extended m-systems,
such as the 2-naphthyl substituents, did not effect the CO
stretching frequency. However, in the case of para substitution
of the 4-aryl substituents, a shift to slightly larger wave
numbers (1999 — 2003 cm~!) was found. Interestingly, both a
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Table 2. Selected structural data for trans-[(3),RhCI(CO)] (22).
Bond Lengths [A]

Rh—C(100) 1.824(5) C(4)—-C(5) 1.397(7)
Rh—P(1") 2.2724(12) C(5)—C(6) 1.397(6)
Rh—P(1) 2.2805(12) P(1)—C(6) 1.715(5)
Rh—CI(1) 2.3465(14) P(1)-C(2) 1.722(5)
C(100)—0O(100) 1.104(7) C(2)-C(3) 1.390(6)
P(1)-C(2) 1.716(4) C(3")-C(4) 1.392(7)
P(1)—C(6) 1.723(5) C(4')—C(5) 1.396(7)
C(2)—-C(3) 1.381(6) C(5')—C(6) 1.394(6)
C(3)-C4) 1.414(6)

Bond Angles [°]

C(100)-Rh-P(1") 89.27(16) C(5)-C(4)-C(3) 121.1(4)
C(100)-Rh-P(1) 91.28(16) C(6)-C(5)-C(4) 125.0(4)
P(1')-Rh-P(1) 179.03(4) C(5)-C(6)-P(1) 121.2(4)
C(100)-Rh-CI(1) 178.65(18) C(19)-C(6)-P(1) 117.6(3)
P(1')-Rh-CI(1) 90.08(5) C(6')-P(1)-C(2)) 105.8(2)
P(1)-Rh-CI(1) 89.39(5) C(6')-P(1')-Rh 124.39(16)
0(100)-C(100)-Rh 179.7(5) C(2')-P(1)-Rh 129.78(16)
C(2)-P(1)-C(6 105.8(2) C(3)-C(2)-P(1) 120.2(3)
C(2)-P(1)-Rh 129.50(16) C(7)-C(2')-P(1) 120.1(3)
C(6)-P(1)-Rh 124.71(17) C(2')-C(3)-C(4) 125.9(4)
C(3)-C(2)-P(1 120.7(3) C(3)-C(4)-C(5") 122.0(4)
C(7)-C(2)-P(1) 119.8(3) C(6')-C(5')-C(4) 124.4(4)
C(2)-C(3)-C(4) 126.1(4) C(5)-C(6')-P(1) 121.5(4)

Table 3. Comparison of the IR stretching frequency of CO and Rh—P bond
lengths for selected trans-[L,RhCI(CO)] complexes.

Ligand P(pyrrol); P[O(2-+-BuCsH,]; phosphinine 3 PPh;
7 [em '] 20241301 201381 199901 197803
d(Rh—P) [A] 2.282(4)F 2.2856(7)1" 22724(12)  2.323(6)1

[a] in CH,Cl,; [b] this work.

trifluoromethyl (25) and a methoxy substituent (24) caused a
shift in the same direction. Hence, the methoxy group must
exert its electronic influence, which is of course small,
inductively through the o-system. This would be in accordance
with the observed out-of-plane geometry of all aryl substitu-
ents (see X-ray plot for complex 22 in Figure 1).

In situ high pressure NMR experiments: For the rhodium
triphenylphosphine system, it is known that under hydro-
formylation conditions, two phosphines are coordinated and
an equilibrium between an equatorial —equatorial and an
axial —equatorial species in a ratio of 85:15 exists.*! For the
bulky phosphite rhodium catalyst, in situ high pressure NMR
and IR experiments indicate that a monophosphite rhodium
complex is the prevalent species.'”) High pressure 3P and
'H NMR experiments were carried out in order to get
information on the phosphabenzene rhodium system.

In an initial experiment, [Rh(COD),OTf] was dissolved in
[D,]dichloromethane, treated with two equivalents of the
phosphabenzene ligand 8 and pressurized with 40 bars of
syngas (CO/H, 1:1) for 3h at 90°C. After cooling to room
temperature, the 3P NMR spectrum displayed a broad signal
at 0 = — 154.5, which split at —90°C to a doublet with a typical
1J(P,Rh) coupling constant of 149 Hz. This result clearly shows
that phosphabenzenes coordinate to rhodium under syngas
pressure conditions. However, proton NMR spectroscopy
revealed that the rhodium species belonging to this *'P NMR
resonance is not the trigonal-bipyramidal hydride complex
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typically seen in hydroformylation catalysis (no hydride signal
could be detected).

In order to characterize this hydride complex and to clarify
the number of ligands attached to the metal center in such a
species, we switched to the more stable iridium complexes.
Hence, [Ir(CO),acac] (acac = acetylacetonate) and two equiv-
alents of phosphabenzene 8 were dissolved in [D,]dichloro-
methane in a high pressure NMR tube and treated at 90°C
with 40 bar syngas pressure. NMR spectra were recorded at
—90°C. In addition to the free phosphabenzene ligand (ca.
50%), the phosphorus NMR spectra show two phosphorus
signals at 0 =143.9 and 144.3. The proton NMR spectrum
shows a metal hydride signal at 6 = —11.83 as a doublet with a
2J(H,P) coupling of 23.2 Hz. This doublet collapses to a singlet
in the *P-decoupled 'H NMR experiment. Interestingly,
'H{*'P} COSY spectra showed one cross peak for both 3P
signals at 0 = 143 with the metal hydride signal at 6 = —11.83.

These data are consistent with the presence of an #!-
monophosphabenzene hydrido-iridium complex. The 3'P
NMR spectrum suggests that this species presumably exists
as two resolved rotamers at —90°C. The splitting of the
hydride signal to a doublet, as well as the presence and
quantity of free phosphabenzene ligand, is consistent with the
coordination of only one phosphabenzene to the metal center
under syngas pressure. The small size of the 2/(H,P) coupling
constant suggests an equatorial position for the phosphaben-
zene nucleus.®! Hence, iridium complex 26 is the predom-
inant species and, thus, may also represent the resting state of
the corresponding rhodium catalyst (Figure 2).

H

QR | ..co
Ph—&_SP—M:

[ Yco
co

26 M=Rh,Ir

R R = 2,4-dimethylphenyl

Figure 2. Proposed (Rh) and experimentally observed (Ir) mono-phos-
phabenzene tris-carbonyl d’-metal complexes 26 under 40 bar syngas
pressure.

The coordination behavior of phosphabenzenes mirrors
that of the bulky phosphite ligands.'”) Hence, one might
expect a related catalytic activity for the phosphabenzene
class of ligands.

Hydroformylation experiments: oct-1-ene: In order to eval-
uate the phosphabenzene rhodium system as a catalyst for the
hydroformylation reaction, oct-1-ene was chosen as a first test
substrate. The possible reaction pathways and reaction
products under hydroformylation conditions are depicted in
Scheme 7. Thus, in a single hydroformylation experiment, one
can learn about the regioselectivity of the hydroformylation
of the terminal alkene and the potential for isomerizing
terminal to internal alkenes, as well as the ability to hydro-
formylate internal alkenes.

At the beginning of a kinetic experiment, one has to ensure
that all of the rhodium precursor has been transferred into the
active hydroformylation catalyst; otherwise the observed
kinetic data would reflect the activation phase for the catalyst.
Hence, we began with an investigation to identify the ideal

3110
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Scheme 7. Possible reaction pathways and products in the course of a
hydroformylation reaction with oct-1-ene or oct-2-ene.

preformation conditions for the rhodium/phosphabenzene
catalyst system. 2,4,6-Triphenylphosphabenzene (3) was cho-
sen as the standard ligand. Pretreatment of a mixture of
[Rh(CO),acac] and 20 equiv. of phosphabenzene 3 in toluene
for 30 min at 75 °C with 10 bar CO/H,, followed by addition of
oct-1-ene through a pressure vessel gave the kinetic data
depicted in Figure 3b.

When compared with the control experiment in the absence
of phosphabenzene ligand (see Figure 3a), it becomes clear
that deactivation of the rhodium had occurred. This may be
attributed to the formation of unreactive rhodium clusters; a
phenomenon which has been observed previously.* In the
second experiment, see Figure 3c, phosphabenzene 3 was
allowed to react with [Rh(CO),acac] in toluene for 45 min at
RT to ensure coordination to the rhodium center. After
addition of oct-1-ene and transfer to an autoclave, the
reaction mixture was heated to 75°C and subsequently
pressurized with 10bar H,/CO (1:1). The kinetic data
obtained clearly show that this procedure provided an active
hydroformylation catalyst. Interestingly, a strong tendency
toward isomerization was observed. One might speculate that
not all of the rhodium precursor was transferred into the
active rhodium phosphabenzene catalyst at the beginning of
the kinetic experiment. However, it was assumed that at the
end of a complete hydroformylation experiment all of the
rhodium(i) precursor should exist as an active hydroformyla-
tion catalyst. Hence, we let the catalyst do a complete
hydroformylation run of oct-1-ene for 15 h. After this time,
GC analysis showed complete consumption of the starting
material. The product mixture consisted exclusively of C9
aldehydes. More importantly, 3P NMR analysis of the
mixture showed that no phosphabenzene degradation had
occurred during that first hydroformylation run; this indicated
the stability of phosphabenzene ligands under hydroformyla-
tion conditions.*!l Next, a new hydroformylation run could be
started cleanly by addition of a second portion of oct-1-ene.
GC analysis provided the kinetic data depicted in Figure 3d,
which show clean hydroformylation catalysis. Hence, this
preformation procedure became our standard and was sub-
sequently applied to all further hydroformylation experiments
with oct-1-ene.

For all subsequently reported hydroformylation experi-
ments, a complete set of kinetic data was recorded. In all
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Figure 3. Kinetics of hydroformylation experiments of oct-1-ene a) with
[Rh(CO),acac] and b-d) with [Rh(CO),acac]/3 after different catalyst
preformation procedures; & = oct-1-ene, m =internal octene isomers, A =
n-nonanal, x =2-methyloctanal, *=2-ethylheptanal. Initial oct-1-ene
concentration (¢,=2.27M) in toluene; for a) oct-1-ene/Rh =4166:1, for
b-c) oct-1-ene/phosphinine 3/Rh =4166:20:1. a) Control experiment with-
out phosphabenzene ligand; [Rh(CO),acac] at 75°C, 10 bar (H,/CO 1:1),
toluene (¢, =2.27M). b) [Rh(CO),acac]/3 in toluene were allowed to react
for 30 min at 75°C, 10 bar (H,/CO 1:1) followed by addition of oct-1-ene
through a pressure chamber. ¢) [Rh(CO),acac]/3 in toluene were allowed
to react for 30 min at RT followed by addition of oct-1-ene. The mixture
was transferred to a preheated autoclave (75 °C) and the reaction started by
addition of 10 bar H,/CO (1:1). d) Second run experiment: 90 °C, 10 bar H,/
CO (1:1). For details see Experimental Section.
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experiments, complete consumption of octenes was reached
after a reaction period of about 4 h.

As shown in Figure 3d, the hydroformylation reaction with
oct-1-ene is zeroth order under our conditions, at least up to a
conversion of 30 %. That is, turn over frequencies in this range
are independent of conversion. This allows comparison of the
catalytic activity by determining the turnover frequencies
(TOF) within the low conversion range (see Tables4-8,
below). Importantly, at low conversions, the internal olefins
formed by isomerization of the terminal olefin have not yet
been attacked. Hence, determination of turnover frequencies
for olefin isomerization is possible as well.

Influence of the ligand/rhodium ratio: The phosphabenzene 3/
rhodium ratio necessary to ensure that all the rhodium centers
are converted in situ into the active complexes and that all the
effects observed could be ascribed to the varied parameters
was determined. Ligand/rhodium ratios of 2:1, 20:1 and 91:1
were explored. At low phosphabenzene concentrations (Ta-
ble 4, entry 1), low hydroformylation but significant isomer-

Table 4. Influence of ligand/rhodium ratio on the hydroformylation of oct-
1-ene with [Rh(CO),acac]/3, at 90°C, 10 bar (CO/H,, 1:1) in toluene (¢, =
2.27m) (oct-1-ene/Rh, 4166:1).02

L/Rh  Conv. TOF,, TOF,, TOF,/ Iso™  nfiso™
[%] [h'] [h'] TOF,,  [%]
12 19.4 955 721 13 265 27
220 216 2801 610 4.6 98 20
391 146 2442 54 452 27 19

[a] TOF,q= turnover frequency of aldehyde formation; TOF;, = turnover
frequency of alkene isomerization.

ization activity was observed. This indicates that not all
rhodium species have been transferred into catalytically active
phosphabenzene/rhodium complexes. Similar effects are known
for bulky phosphite/rhodium systems.[*?! Increasing the ligand
concentration (20 equiv, Table 4, entry 2) provided a catalyst
system with high hydroformylation activity and a lower tendency
for isomerization. The ratio of TOF, ,/TOF,, increased to 4.6:1;
this resulted in a maximum value of 9.8 % for internal alkene
formation. Increasing the ligand concentration further (91 equiv,
Table 4, entry 3) slightly decreased the hydroformylation rate,
but almost suppressed isomerization activity. These results
indicate that a ligand/Rh ratio of 20:1 is sufficient to transfer
all of the rhodium into catalytically active species. Even
though at higher L/Rh ratios the isomerization rate could be
decreased further, the lower ligand loading (20:1) was chosen
as the standard for all further experiments.

Influence of reaction temperature: An increase of the
reaction temperature from 70°C to 90°C increased the rates
of both hydroformylation and isomerization. However, on
going further to 110°C, a dramatic drop for the rate of
hydroformylation was observed. Conversely, the isomeriza-
tion rate largely increased. Hence, 90 °C became the reaction
temperature of choice, since a good compromise between
rapid hydroformylation and modest isomerization could be
achieved (Table 5).
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Table 5. Influence of temperature on the hydroformylation of oct-1-ene
with [Rh(CO),acac]/3, at 10 bar (CO/H, 1:1) in toluene (¢, =2.27Mm) (oct-1-
ene/3/Rh, 4166:20:1).

T Conv. TOF, 4 TOF,, TOF,/ Isomax nf/isom*
['Cl  [%] [h'] (h™] TOF,,  [%]

1 70 19.6 1557 48 324 39 22

2 90 21.6 2801 610 4.6 9.8 2.0

3 110 27.1 1075 3316 0.3 53.0 33

Influence of reaction pressure: To study the influence of the
syngas pressure, experiments at 5, 10, 20 and 40 bars were
performed (see Table 6). A strong increase of hydroformyla-
tion and isomerization rate was observed. While the hydro-
formylation rate showed an almost fivefold increase, the

Table 6. Influence of syngas pressure (CO/H,, 1:1) on the hydroformyla-
tion of oct-1-ene with [Rh(CO),acac]/3, at 90°C in toluene (c,=2.27Mm)
(oct-1-ene/3/Rh, 4166:20:1).

p Conv. TOF,y TOF,, TOF,/ Iso™ (%) nf/isom=
[bar] (%)  [h7] [h”']  TOF,,
1 5 411 1111 550 2.0 13.2 1.9
2 10 36.5 2437 610 4.0 9.8 2.0
320 31.6 4371 883 49 23.5 24
4 40 40.1 5141 1550 33 14.1 2.1

isomerization rate increased only by a factor of three on going
from five to 40 bar total pressure (CO/H, 1:1). This behavior
differs from that of the bulky phosphite/rhodium catalysts,
which show only a marginal rate increase at higher syngas
pressures.*l The lowest isomerization was found at 10 bar
with a maximum amount of 9.8 % for the formation of internal
alkenes. Hence, 10 bar syngas pressure was selected as the
optimal reaction pressure for all further studies.

Influence of ligand structure: In order to determine how steric
effects at the phosphabenzene ligands influence the hydro-
formylation reaction, a series of monophosphabenzene li-
gands was tested under standardized conditions (see Table 7).
The results depicted in the table show that increasing the
steric demand of the ortho/ortho'-substituents at the phos-
phabenzene leads to more active catalysts. Going from
dimethyl derivative 1 (Table 7, entry 1) to ligand 8 (Table 7,
entry 8) led to a fivefold increase of the hydroformylation
rate. Likewise isomerization toward internal alkenes in-

Table 7. Influence of ligand structure (sterics) on the hydroformylation of
oct-1-ene with [Rh(CO),acac]/L, at 90°C, 10 bar (CO/H, 1:1) in toluene
(co=2.27Mm) (oct-1-ene/L/Rh 4166:20:1).

Ligand Conv. TOF,, TOF,, TOF,/ Iso™  nfiso™
[%] [h'] (h™] TOF;,  [%]
1 1 282 111 18 61.7 1.3 1.8
2 2 24.6 1711 451 3.8 18.0 24
3 3 21.6 2801 779 3.6 9.8 2.0
4 4 35.0 2866 121 237 3.0 1.9
5 5 314 1975 94 211 3.7 2.0
6 7 325 2522 242 10.4 52 1.5
7 6 335 3612 1964 1.8 15.3 22
8 8 11.5 5751 2071 2.8 20.3 33
3112 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

creased from 1.3% for ligand 1 up to a maximum of 20.3%
for 8. However, ligand 15 with a tert-butyl/phenyl substitution
pattern in ortho/ortho’-position did not provide an active
hydroformylation catalyst.

In order to probe whether an electronic modification of the
phosphabenzene nucleus would have any effect on the
catalytic properties of the resulting rhodium/phosphabenzene
catalyst, ligands 9—12 were tested.

Experiments with ligands 3, 10 and 11 (Table 8, entries 1 -
3) show only a marginal influence of the CF; or MeO group in
the para-position to the 4-aryl substituent at the phospha-

Table 8. Influence of ligand structure (electronics) on the hydroformyla-
tion of oct-1-ene with [Rh(CO),acac]/L, at 90°C, 10 bar (CO/H, 1:1) in
toluene (c,=2.27M) (oct-1-ene/L/Rh 4166:20:1).

Ligand Conv. TOF,, TOF,, TOF,/ Iso™  nf/iso™>*
(%] (h™] [h'] TOF,,  [%]
1 3 21.6 2801 779 3.6 9.8 2.0
2 9 30.6 2443 110 222 32 1.8
310 21.8 2655 863 3.1 12.6 2.0
4 1 27.1 1951 200 9.8 4.6 2.0
5 12 32.8 4583 801 5.7 10.7 1.9
6 13 27.8 2181 180 12.1 5.5 1.9
7 14 26.4 1995 175 114 5.5 1.9

benzene nucleus. This is consistent with the small change in
the CO stretching frequency found for the rhodium com-
plexes 22, 24, and 25, which indicates only minor electronic
effects on the rhodium center. Introducing two CF; groups in
the 3- and 5-positions of an ortho-aryl substituent (ligand 11,
Table 8, entry 4) lowered the catalytic activity. However,
adding one further CF; group at the 4-position of the para aryl
group (ligand 12, Table 8, entry 5) leads to a more active
hydroformylation catalyst.

In a further attempt, we explored whether the introduction
of a weakly coordinating donor into the phosphabenzene
system might influence the isomerization propensity. One
may assume that such an additional hemilabile coordinative
function might suppress the formation of coordinatively
unsaturated rhodium intermediates, and thus reduce olefin
isomerization. Hence, methoxy substituted ligands 13 and 14
were tested (Table 8, entries 6 and 7). Compared with the
standard triphenylphosphabenzene ligand 3 system, the
hydroformylation activity for both the 2- and 3-methoxy
derivatives is only slightly diminished. However, isomeriza-
tion is significantly reduced. In both cases a maximum of
5.5% internal olefin formation was detected.

The above experiments identified the rhodium catalyst
obtained from phosphabenzene 8 as the most active for
hydroformylation of oct-1-ene. Figure 4 shows the concen-
tration of starting material and products as a function of time
under a)standard conditions (90°C, 10 bar syngas) and
b) enforced reaction conditions (130°C, 40 bar syngas). Inter-
estingly, for the standard conditions, a conversion of oct-1-ene
of 78 % was reached after 30 min. In addition to aldehydes a
maximum of 20.3 % internal octenes had formed at this point
of time. After 30 minutes, a decrease in the concentration of
internal olefins was accompanied by an increase in 2-ethyl-
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Figure 4. Kinetics of the hydroformylation of oct-1-ene with [Rh(CO),-
acac)/8, in toluene (¢,=2.27M) (oct-1-ene/8/Rh, 4166:20:1) at a) 90°C,
10 bar (CO/H, 1:1) and b) 130°C, 40 bar (CO/H, 1:1); ¢ =oct-1-ene, m=
internal octene isomers, A =n-nonanal, x =2-methyl octanal, * =2-ethyl-
heptanal.

heptanal and 2-propylhexanal concentration. Hence, internal
olefins were attacked and hydroformylated; this indicated
that phosphabenzene/rhodium catalysts should be suited to
hydroformylate internal and more highly substituted olefins.

Increasing the reaction temperature to 130°C and the
syngas pressure to 40 bar provided an extremely active
hydroformylation catalyst (Figure 4b). Here, a maximum
turnover frequency of 45370 h~! was observed for aldehyde
formation. Complete consumption of starting material was
reached after only 30 min. Additionally, complete consump-
tion of the internal octenes formed by prior alkene isomer-
ization was observed after 60 min.

Since phosphabenzene 8 evidently provided the most active
rhodium catalyst for the hydroformylation of oct-1-ene, it was
decided to employ this system in all subsequent studies on
hydroformylation of higher-substituted alkenes.

Hydroformylation of more highly substituted olefins

Cyclohexene: Cyclohexene was selected in order to determine
the potential of phosphabenzene rhodium catalysts for hydro-
formylation of internal olefins, since it allows observation of
hydroformylation formally undisturbed by olefin isomeriza-
tion.

Hydroformylation was performed at 90°C and 40 bar
syngas pressure. For the phosphabenzene rhodium system,
an initial turnover frequency of 1959 h~! was detected (see
Scheme 8, Figure 5). The standard triphenylphosphane/rho-
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aldehyde selectivity = 99%

Scheme 8. Hydroformylation of cyclohexene. i) Rh/L, CO/H,, 40 bar, 7=
90°C, toluene. TOF [h~'] L =PPh;: 109, L =8: 1959.
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Figure 5. a) Kinetics of the hydroformylation of cyclohexene with phos-
phinine 8/[Rh(CO),acac] at 90°C, 40 bar in toluene (c,=2.63Mm) for 4 h
(cyclohexene/L/Rh, 4166:20:1), A c(cyclohexene), m c(cyclohexane carbal-
dehyde); b) Logarithmic plot of cyclohexene concentration against time
(Knyaroform. = 7.3 x 1073s71).

dium system was about 18 times slower with an initial TOF of
109 h=.

Surprisingly, the TOF for hydroformylation of cyclohexene
with the phosphine/rhodium catalyst is only moderately lower
than the TOF upon hydroformylation of oct-1-ene. This is
rather different behavior from the bulky monodentate
phosphites. Their catalytic activity drops by about a factor
of 80 on going from oct-1-ene to cyclohexene as the substrate.
Interestingly, the reaction is first order with respect to
substrate (Figure 5b); this indicates that olefin coordination
has become the rate determining step.

Oct-2-ene: A more complex situation is given for oct-2-ene as
an internal olefin substrate. In addition to hydroformylation
of the internal olefin, it is also of interest to see whether olefin
isomerization occurs simultaneously. An n-selective isomer-
izing hydroformylation might give rise to the formation of
linear aldehydes. Formation of oct-1-ene and subsequent
hydroformylation, for example, could then provide n-nonanal.
Such an isomerizing hydroformylation could be of industrial
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Table 9. Results of the hydroformylation of oct-2-ene (cis/trans, 77:23) with [Rh(CO),acac]/8 and TPP at 90°C, 10 bar (CO/H, 1:1) in toluene (c,=7.13M)

after 4 h (oct-2-ene/L/Rh, 7222:20:1).

Ligand oct-2-ene oct-3/4-ene nonanal 2-methyloctanal 2-ethylheptanal 2-propylhexanal
[mol %] [mol %] [mol %] [mol %] [mol %] [mol %]

8 0 1 24 43 18 14

PPh, 31 5 3 42 17 2

significance with respect to “raffinate 2”, a product of the
steam cracking process, which is a mixture of butenes.[*’]

The complete set of potential reaction pathways for an
isomerizing hydroformylation of oct-2-ene is depicted in
Scheme 7. The experiment was carried out at 90°C and 10 bar
syngas pressure. After 4 h, the phosphabenzene catalyst had
transferred all the starting material into aldehyde products
(see Table 9). Interestingly, 24 % of n-nonanal was formed.
The initial TOF for aldehyde formation was 6933 h~.. If one
assumes an intrinsic linearity for the rhodium/8 catalyst of
72 %, as observed in the course of hydroformylation of oct-1-
ene (see above), one can conclude that 33 % of the oct-2-ene
was isomerized to oct-1-ene (or its corresponding rhodium
complex) prior to hydroformylation. For the triphenylphos-
phine catalyst, 36 % of octenes are left unconsumed after 4 h.
Additionally, only 5 % of nonanal could be detected. Thus, the
phosphabenzene/rhodium catalyst is substantially more active
toward hydroformylation of internal olefins and, additionally,
shows a significant tendency for producing terminal aldehydes
from internal olefins.

1,1-Disubstituted alkenes: Isobutene was selected as a repre-
sentative example for the class of 1,1-disubstituted alkenes
(Scheme 9). Identical hydroformylation experiments with the

A J

aldehyde selectivity > 99%
regioselectivity = 99%

o

0]
HO

lactol selectivity > 99%
regioselectivity 2 99%

Scheme 9. Hydroformylation of 1,1-disubstituted alkenes. i) Rh/L, CO/H,,
30 bar, T=80°C, toluene. TOF [h~!] L =PPh;: 332, L =8: 3132. ii) Rh/L,
CO/H,, 20 bar, T=90°C, toluene. TOF [h~!] L =PPh;: 1317, L=8: 3291.

rhodium/phosphabenzene 8 and the standard rhodium/tri-
phenylphosphine catalyst were performed. The reaction
mixture was analyzed after a reaction period of 4 h. Once
again, the phosphabenzene/rhodium catalyst was about 100
times faster than the standard rhodium/triphenylphosphine
system. The aldehyde selectivity and regioselectivity were in
both cases greater than 99 %.

Methallyl alcohol was chosen to study a functionalized 1,1-
disubstituted alkene (Scheme 9). Hydroformylation with both

3114
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the standard rhodium/triphenylphosphine catalyst as well as
with the phosphabenzene/rhodium system proceeded smooth-
ly to furnish the corresponding lactol as a mixture of anomers
in greater than 99 % selectivity. Notably, the phosphabenzene/
rhodium system was about 2.5 times faster.

Tri- and tetrasubstituted alkenes: Trisubstituted alkenes such
as a-pinene are among the least reactive alkenes with respect
to the hydroformylation reaction. While the triphenylphos-
phine/rhodium system failed to provide any aldehyde product
under the reaction conditions employed, the rhodium/phos-
phabenzene catalyst transformed a-pinene smoothly into the
corresponding aldehyde (Scheme 10). Aldehyde selectivity
was greater than 99 % and combined with good regio- as well
as diastereoselectivity.
aldehyde selectivity > 99%

‘
regio & diastereoselectivity = 90%

A

aldehyde selectivity > 99%
regioselectivity > 99%
Scheme 10. Hydroformylation of tri- and tetrasubstituted alkenes. i) Rh/8,
CO/H,, 60 bar, T=_80°C, toluene. TOF =56 h~!. ii) Rh/L, CO/H,, 60 bar,
T=100°C, toluene. TOF [h~'] L=PPh;: <1, L=8:118.

The hydroformylation of tetrasubstituted alkenes, such as
tetramethylethylene, is more difficult.'” Hydroformylation
may be achieved under very high pressures and temperatures
with an unmodified cobalt catalyst.*}l However, to the best of
our knowledge, no efficient hydroformylations in the low to
medium pressure range with ligand-modified rhodium cata-
lysts are known. Interestingly, the rhodium/phosphabenzene 8
catalyst is even able to consume tetramethylethylene as a
substrate for hydroformylation under the rather mild reaction
conditions of 100°C and 60 bar syngas pressure (Scheme 10).
The exclusive reaction product was 3,4-dimethylpentanal,
which arises through successive alkene isomerization and
regioselective hydroformylation. A remarkable turnover
frequency of 118 h~! was observed.

Discussion

The above results clearly show that phosphabenzenes are an
emerging class of phosphorus-based ligands with a great

0947-6539/01/0714-3114 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 14





Rhodium-Catalyzed Hydroformylation

3106-3121

potential for use in homogenous catalysis. They can easily be
prepared by condensation of pyrylium salts with PH; or a
synthetic equivalent thereof. Although both #' and #°
coordination modes have been observed in transition metal
complexes of phosphinines,'” the preferred binding mode of
the phosphabenzenes investigated in this study is the #!
coordination toward a rhodium() center. The electronic
ligand properties of phosphabenzenes could be estimated
from the CO-stretching frequency of the corresponding trans-
[(phosphinine),RhCI(CO)] complexes. Electronically, the
phosphinines resemble phosphite ligands; however, the -
acceptor property is somewhat reduced. Nevertheless, phos-
phabenzene rhodium() complexes have been identified as
extremely active and robust hydroformylation catalysts.
Hydroformylation experiments have shown that for this class
of catalysts, a careful catalyst-preformation procedure is
necessary in order to transfer all the rhodium centers into
catalytically active species. This may be due to the reduced
donor capability of the phosphinine, which may allow the
formation of nonactive rhodium-carbonyl clusters under
syngas pressure. Extensive hydroformylation experiments
under several reaction conditions and with different phosphi-
nine ligands have revealed some interesting trends. Thus, the
optimal ligand to rhodium ratio seems to be in the range of
20:1. This ratio seems efficient for transferring all rhodium
centers into catalytically active phosphinine complexes. Addi-
tionally, this ligand to rhodium ratio allows a high rate for
hydroformylation to be combined with a moderate isomer-
ization activity.

Studies on the influence of sterics and electronics in the
phosphinine ligand systems have shown a clear trend. Steric
effects dominate the catalytic properties of the phosphinine
rhodium systems: the larger the ortho/ortho’ substituents of
the phosphinine nucleus, the higher the hydroformylation
activity of the corresponding rhodium catalyst. Concomitant
with an increase of the hydroformylation rate is an increase in
the isomerization rate, with ligand 8 showing maximum
activity. Thus, turnover frequencies of up to 45370 h~! for the
hydroformylation of oct-1-ene could be reached.

The hydroformylation of more highly substituted alkene
substrates with the most active phosphinine 8/rhodium
catalyst were studied in further investigations. The results
have been compared with the standard industrial rhodium/
triphenylphosphane catalyst. Thus, for all classes of alkenes,
including 1,2-disubstituted, 1,1-disubstituted, and trisubstitut-
ed alkenes, the phosphinine catalyst is significantly more
active. As expected, the reactivity difference between the two
catalyst systems becomes larger with increasing alkene
substitution. The most striking example is the hydroformyla-
tion of a tetrasubstituted alkene, tetramethylethylene. Where-
as the triphenylphosphane catalyst did not give any detectable
product at all, the phosphinine catalyst consumed this
substrate with a turnover frequency of 118 h=L.

For reactions of more highly substituted alkenes, the rate
determining step has been shown to be early in the catalytic
cycle and may be either the alkene coordination or inser-
tion.?l This is also true for the phosphinine 8/rhodium
catalyst, as reflected in the clean, first-order kinetics upon
hydroformylation of cyclohexene. In situ pressure NMR
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studies have been carried out in order to understand why
the rate determining alkene coordination/insertion is accel-
erated for the phosphinine/rhodium systems. Although ex-
periments with rhodium complexes did not allow the detec-
tion of the expected trigonal bipyramidal hydrido complex 26
(Figure 2), such a species could be identified in the case of the
more stable iridium(1) system. NMR experiments indicate that
only one phosphinine ligand is coordinated to the transition
metal center. This situation is similar to that of the bulky
phosphite rhodium catalysts.*”) Hence, as in the case of the
bulky phosphite ligands, the reasons for the high catalyst
activity may be attributed to the formation of a monoligand
rhodium species. Such a species should have a larger
accessible space compared with the [HRh(CO),(PPh;),]
system. Hence, the energy barrier for coordination and
hydrometallation of a sterically more demanding alkene
should be reduced; this is reflected well in the experimental
results. Furthermore, in the case of oct-1-ene hydroformyla-
tion, the larger accessible space at the rhodium center may
allow a more facile reaction to branched species; this may
explain the rather modest linearities observed experimentally.
Additionally, one may speculate that in a monophosphinine
rhodium species, the dissociation of a CO ligand should be
easier for electronic reasons. This would induce low coordi-
nation numbers and could explain the high tendency of
phosphinine rhodium catalysts toward alkene isomerization.

Conclusion

This study has introduced phosphabenzene/rhodium catalysts
as powerful catalysts for the hydroformylation of terminal
and, in particular, internal olefins. The catalyst activity is
based on the formation of a monoligand metal species, which
accounts for the higher rates of hydroformylation and
isomerization. Further studies will have to focus on the design
of chelating phosphinine ligands to provide active and
regioselective hydroformylation catalysts. Experiments to
evaluate the full potential of phosphinines as ligands in
homogenous late transition metal catalysis are underway.

Experimental Section

General: Reactions were performed in flame-dried glassware either under
argon (purity >99.998%) or under nitrogen. The solvents were dried by
standard procedures, distilled, and stored under nitrogen. All temperatures
quoted are uncorrected. 'H, '*C, and 3P NMR spectra were taken on a
Bruker ARX-200, Bruker AC-300, Bruker DRX-400, and Bruker AMX-
500 with TMS, chloroform, or benzene as internal standards. For 3'P NMR
spectra, 85 % H;PO, was used as the external standard. IR spectroscopy:
FTIR-510 (Nicolet); mass spectrometry: MATCH?7 (Varian), ZAB2F
(Vakuum Generators), and JMS700 (JOEL). Melting points were meas-
ured on apparatus by Dr. Tottoli (Biichi). Elemental analyses: CHN rapid
analyzer (Heraeus), Vario EL (Analysensysteme GmbH). Flash chroma-
tography: Silica gel Si60, Merck, Darmstadt, 40—-63 pm. Analytical gas
chromatography was performed at “Sichromate” (Siemens) and HP 5880A
with integrator (Hewlett Packard) employing a column of type OVI,
25m x 0.25 mm (Hewlett Packard). Hydroformylation reactions were
performed in a 100 mL stainless-steel autoclave equipped with a sampling
device and gas transfer stirrer (Premex, Switzerland). The stirrer engine
was a “Eurodigi-visk” (Ika). A thermostat, type CC301 (Huber), filled with
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synthetic oil served as the heating device. In all hydroformylation
experiments, the autoclave was connected to a gas reservoir that kept the
CO/H, gas pressure constant throughout the reaction. Gases: Premixed
carbon monoxide 1.8 (98%), hydrogen 3.0 (99.9%) in a ratio of 1:1
(Messer-Griesheim).

The following compounds were prepared by literature procedures:
chalkone,*! 2.4,6-triphenylpyrylium tetrafluoroborate,”?! tris(trimethyl-
silyl)phosphine,*’ and 2,2-dimethylpropylidine phosphane,*’]
Benzylidene-2-acetonaphton: Activated barium hydroxide®! (1.0 g,
5.8 mmol) and benzaldehyde (9.34 g, 88.0 mmol) were added successively
to a solution of 2-acetylnaphthalin (10.0 g, 58.8 mmol) in ethanol (80 mL).
The reaction mixture was heated under reflux for 2.5 h. After cooling to
RT, a precipitate formed which was collected by filtration, then washed
with water (3 x 5mL) and ethanol (2 x 5 mL). The residue was dried in
vacuo to give benzylidene-2-acetophenone as pale yellow crystals. Yield:
14.4 g, 95%, m.p. 103°C (ref. [46], 105°C); 'H NMR (200 MHz, CDCl,):
0=743-747 (m, 3H), 7.56-7.62 (m, 2H), 7.65-7.74 (m, 3H), 7.86-8.02
(m, 4H), 8.12 (dd, J(H,H)=8.74, 1.76 Hz, 1H), 8.55 (s, 1H); *C NMR
(50.33 MHz, CDCl;): 6 =122.0, 124.4, 126.7, 127.8, 128.3 (2C), 1285 (2
signals), 128.9 (2C), 129.5, 129.9, 130.5, 132.5, 134.9, 135.4, 135.5, 144.7,
190.2. Analytical data correspond to those reported previously.*

4-Trifluormethylbenzylidene acetophenone: 4-Trifluoromethyl benzalde-
hyde (5.0 g, 28.7 mmol) was added at RT to a solution of acetophenone
(2.87 g, 23.9 mmol) and activated barium hydroxide (200 mg, 1.2 mmol) in
ethanol (20 mL). After the solution had been stirred magnetically for 5 min
at RT, a yellow precipitate formed, which was collected by filtration then
washed with water (2 x 2 mL) and ethanol (2 x 1 mL), and dried in vacuo
to give the product as yellow crystals. Yield: 6.2 g, 94%; m.p. 124°C
(ref. [47],125°C); 'TH NMR (300 MHz, CDCl,): 6 =7.41-7.77 (m, 9H), 8.03
(dd, J(H,H) =6.7, 1.8 Hz, 2H); C NMR (CDCl;, 50.33 MHz): 6 =124.2,
125.8 (q, *J(C,F)=3.7 Hz, 2C), 128.6 (2 signals, each 2C), 128.7, 129.3 (q,
1J(C,F) =285 Hz), 131.5,133.1 (2C), 137.7,138.2, 189.9; the signal for C-CF;
could not be detected. ’F NMR (CDCl;, 188 MHz): 0 = — 63.3; elemental
analysis calcd (%) for C;H;,F;0 (276.3): C 69.57, H 4.01; found C 69.44, H
4.12.

4-Methoxybenzylidene acetophenone: 4-Methoxybenzaldehyde (12.5g,
91.6 mmol) was added at RT to a solution of acetophenone (10.0g,
83.2 mmol) and activated barium hydroxide (300 mg, 1.8 mmol) in ethanol
(40 mL). The reaction mixture was heated under reflux for 6 h. After
cooling to RT, the solvent was reduced in vacuo to a volume of 30 mL.
Pouring this mixture into vigorously stirred petroleum ether (50 mL)
provided a precipitate, which was collected by filtration. Drying in vacuo
provided the product as a pale yellow powder. Yield: 9.5 g, 48 %; m.p. 70°C
(ref. [48],72°C); '"H NMR (300 MHz, CDCl;): 6 =3.81 (s, 3H; OCHs), 6.90
(dt, 3J(H,H) =8.8 Hz, “J(H,H) =2.9 Hz, 2H), 741 (d, */(H,H) =15.6 Hz,
1H), 744-7.60 (m, 5H; Ph), 778 (d, *J(H,H)=15.6 Hz, 1H), 8.01 (dt,
3J(H,H)=6.9 Hz, */J(H,H) =2.1 Hz, 2H); *C NMR (CDCl;, 50.33 MHz):
0=>55.3,114.3 (2C), 119.7, 1275, 128.3 (2C), 128.4 (2C), 130.1 (2C), 132.4,
138.4,144.5,161.6,190.4; elemental analysis calcd (% ) for C;¢H,,0, (238.3):
C 80.65, H 5.92; found C 80.46, H 6.11.

Pyrylium Salts

2,6-Dimethyl-4-phenylprylium  tetrafluoroborate:®  a-Methylstyrene
(28.4 g, 240 mmol) was added to a solution of tetrafluoroboric acid (54 %
in diethyl ether, 21.1 g, 240 mmol) in acetic anhydride (200 mL) at 0°C and
the reaction mixture was stirred for 2 h. After standing overnight at RT, the
reaction mixture was poured into ether (400 mL). A precipitate formed
which was collected by filtration. Recrystallization from hot water
(100 mL) gave the product as yellow crystals. Yield: 16.5 g, 25%; m.p.
196°C; '"H NMR (200 MHz, trifluoroacetic acid (TFA)/CDCl,): 6 =2.96 (s,
6H; CH;), 7.62-7.72 (m, 2H; ArH), 7.75-7.84 (m, 1H; ArH), 798 -8.05
(m, 2H; ArH), 8.07 (s, 2H; C3-H); C NMR (TFA/CDCl;, 50.33 MHz):
0=20.9 (2C), 118.3 (C3, 2C), 129.7 (2C), 130.7, 131.6 (2C), 136.5, 168.3
(C4),178.7 (C2,2C); elemental analysis calcd (% ) for C;3H;;BF,O (199.1):
C 5739, H 4.82; found C 5739, H 4.93.

2,6-Diisopropyl-4-phenylpyrylium  tetrafluoroborate:  a-methylstyrene
(14.2 g, 120 mmol) was added slowly at 0°C to a solution of tetrafluoroboric
acid (54 % in diethyl ether, 20.1 g, 120 mmol) in isobutyric anhydride
(100 mL). The reaction mixture was stirred for 1 h at RT and additional 5 h
at reflux. After cooling the mixture to RT, the precipitated solid was
collected by filtration. After washing with cold ether (20 mL) the residue
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was recrystallized from hot ether (50 mL) to give the pyrylium salt as a
beige solid. Yield: 10.1 g, 26 %; m.p. 178°C; 'H NMR (300 MHz, CDCl,):
0=147 (d,3/(H,H) =7.0 Hz, 12H; CHj;), 3.56 (sept, */(H,H) =7.0 Hz, 2H,
CH), 756 (t, 3J(HH)=7Hz, 2H; ArH), 766 (tt, 3J(H,H)=7Hz,
4J(HH)=2Hz, 1H; ArH), 8.11 (dd, %(HH)=7 Hz, “/(H,H)=2 Hz,
2H; ArH), 8.11 (s, 2H; C4-H); 3C NMR (CDCl;, 75.47 MHz): 6 =20.1
(4C),34.5(2C), 116.5 (C4,2C), 129.8 (2C), 130.1 (2C), 132.2,135.2, 167.8
(C5), 184.8 (C3, 2C); elemental analysis calcd (%) for C,;H, BF,O (328.2):
C 62.22, H 6.45; found C 62.25, H 6.65.

6-Methyl-2,4-diphenylpyrylium tetrafluoroborate: In analogy to a known
procedure,*! the pyrylium salt was obtained from borontrifluoride etherate
(22.2 g, 327 mmol), acetophenone (16.0 g, 133 mmol), and acetic anhydride
(14.1 g, 138 mmol) as yellow crystals. Yield: 7.9 g, 35%; m.p. 248°C;
"H NMR (200 MHz, TFA): 6 =3.19 (s, 3H; CHs;), 7.78-7.97 (m, 6 H; ArH),
8.17-8.27 (m,3H; ArH), 8.36 (d, J(H,H) =1.2 Hz, 1 H; ArH), 8.40 (s, 1 H),
8.72 (s, 1H); *C NMR (TFA, 50.33 MHz): 6 =22.8, 116.9, 120.7, 130.8,
131.0 (2C), 131.7 (2C), 133.0 (2C), 133.2 (2C), 135.0, 138.9, 139.0, 171.0,
176.4, 179.8; elemental analysis calcd (%) for C;3H;sBF,O (334.11): C
64.71, H 4.53; found C 64.74, H 4.53.

General procedure for the preparation of 2,4,6 aryl-substituted pyrylium
salts:??] Tetrafluoroboric acid (52 % ethereal solution, 2.2 equiv) was added
at 70 °C within 2 min to a solution of the corresponding chalcone derivative
(22 equiv) and acetyl derivative (1 equiv) in 12-dichloroethane. The
reaction mixture was heated under reflux for 4 h, then allowed to cool to
RT; this was followed by the addition of a threefold amount of ether. An oil
formed which was separated and recrystallized from hot ethanol.

2-(2-Naphthyl)-4,6-diphenylpyrylium tetrafluoroborate: The pyrylium salt
was obtained from chalcone (5.00 g, 24.0 mmol), 2-acetonaphthone (2.04 g,
12.0 mmol), and tetrafluoroboric acid (52 % in ether, 4.68 g, 28.8 mmol) in
1,2-dichloroethane (20 mL) as orange crystals. Yield: 7.61 g, 57 %; m.p.
254°C;'HNMR (300 MHz, TFA/CDCl;): 6 =7.34-7.42 (m, 1H), 7.50-7.75
(m, 8H), 7.80-8.20 (m, 7H), 8.25 (s, 1H), 8.47 (s, 1H), 8.69 (s, 1H);
3C NMR (TFA/CDCl;, 75.47 MHz): 6 =113.8, 114.3, 122.0, 125.2, 1279,
128.2 (two signals), 128.7 (2C), 129.0 (2C), 129.3 (two signals), 130.0 (2C),
130.3,130.7 (2C), 131.3, 132.0, 132.7, 135.7 (two signals), 136.1, 165.5, 170.1,
170.3; FAB*/HR (CysH;5F40): caled 359.1436; found 359.1453.

2,6-Di-(2-naphthyl)-4-phenylpyrylium tetrafluoroborate: The pyrylium salt
was obtained as orange crystals from 1-(2-naphthyl)-3-phenylpropenone
(7.00 g, 27.1 mmol), 2-acetonaphthone (2.31 g, 13.6 mmol), and tetrafluoro-
boric acid (52 % in ether, 4.85 g,29.8 mmol) in 1,2-dichloroethane (50 mL).
Yield: 197 g, 30%; m.p. 254°C; 'H NMR (300 MHz, [Dglacetone):
8=1777-795 (m, 7H), 8.18 (d, J(H,H) =8.0 Hz, 2H), 8.34 (d, J(H,H) =
8.1 Hz, 2H), 8.36 (d, J(H,H)=8.7Hz, 2H), 8.64 (dt, J(H,H)=6.2 Hz,
1.4 Hz, 2H), 8.74 (dd, J(H,H) = 8.0 Hz, 2.0 Hz, 2H), 9.36 (s, 2H), 9.43 (d,
J(H,H) =2.0 Hz, 2H); *C NMR (TFA/CDCl;, 75.47 MHz): 6 =115.1 (C2,
2C),123.2(2C),126.8 (2C),129.9 (2C), 130.1,130.4 (2C), 130.7 (2C), 131.8
(2C), 1321 (2C), 132.3 (2C), 132.5 (2C), 132.7 (2C), 132.9 (2C), 134.8,
138.0, 138.5, 167.0 (C-3), 171.9 (C-1, 2C).

4-[4-(Trifluormethyl) phenyl]-2,6-diphenylpyrylium tetrafluoroborate: The
pyrylium salt was obtained as yellow crystals from 1-phenyl-3-(4-trifluoro-
methylphenyl)propenone (3.00 g, 10.9 mmol), 2-acetophenone (0.65 g,
5.43 mmol), and tetrafluoroboric acid (52% in ether, 1.77 g, 10.9 mmol)
in 1,2-dichloroethane (15 mL). Yield: 0.9 g, 36 %; m.p. 247°C; '"H NMR
(300 MHz, TFA/CDCl;): 6 =7.40-7.96 (m, all H); *C NMR (TFA/CDCl;,
75.47 MHz): 6=115.5 (2C), 124.2 (q, 'J(C,F) =270 Hz, CF;), 126.3 (q,
3J(C,F)=3.8Hz,2C),128.8,129.4 (4C),129.5 (2C), 129.7 (4C), 131.0 (2C),
133.7 (q, Y(C)F)=33.0Hz), 135.3 (2C), 167.0, 173.0 (2C); FAB*/HR
(CyH ¢F;0): caled 377.1153; found 377.1153.

2-[3,5-Bis(trifluoromethyl)phenyl[-4,6-diphenylpyrylium tetrafluoroborate:
The pyrylium salt was obtained as yellow crystals from 3,5-bis(trifluoro-
methyl)acetophenone (5.00 g, 19.5 mmol), chalcone (8.13 g, 39.0 mmol),
and tetrafluoroboric acid (52% in ether, 6.10 g, 39.0 mmol) in 1,2-
dichloroethane (10 mL). Yield: 6.50g, 62%; m.p. 252°C; 'H NMR
(300 MHz, CDCl;): 6 =7.62-788 (m, 7H), 8.11-8.28 (m, 5H), 8.62 (d,
J(H,H)=1.6 Hz,1H), 8.64 (s, 1 H), 8.67 (d, J(H,H) = 1.6 Hz, 1H); *CNMR
(TFA, 75.47 MHz): 6 =117.6,117.8, 124.6 (q, 'J(C,F) =272 Hz, 2 CF;), 130.1
(2C), 1304 (2C), 130.7 (2C), 131.1 (2C), 131.5, 132.2, 132.5, 133.0, 134.3,
136.7 (q, 2J(C,F) =35 Hz, 2C), 138.7, 138.8, 169.8, 170.8, 175.7; FAB*/HR
(CysHsFs0O): caled 445.1027; found 445.1009; elemental analysis calcd (%)
for C,sH,sBF ;4O (532.18): C 56.41, H 2.84; found C 56.04, H 2.92.
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2-[3,5-Bis(trifluormethyl) phenyl]-4-(4-trifluormethylphenyl)-6-phenylpyry-
lium tetrafluoroborate: The pyrylium salt was obtained as yellow crystals
from 1-phenyl-3-(4-trifluoromethylphenyl)propenone (6.90 g, 25.0 mmol),
3,5-bis(trifluoromethyl)acetophenone (3.20 g, 12.5 mmol), and tetrafluoro-
boric acid (52 % in ether, 4.22 g, 25.0 mmol) in 1,2-dichloroethane (25 mL).
Yield: 1.60 g, 22%; m.p. 242°C; '"H NMR (300 MHz, TFA/CDCL): 6 =
7.67-7.76 (m, 3H), 7.80-7.90 (m, 3H), 8.18-8.30 (m, SH), 8.62-8.73 (m,
3H); ®C NMR (TFA/CDCl;, 75.47 MHz): 6 =117.1, 1174, 1272 (m, 2C),
127.9,128.2 (2C), 128.6 (2C), 129.0, 129.8, 130.5, 130.6, 134.1 (q, 2/(C,F) =
33 Hz), 135.6, 136.5, 137.1, 166.8, 168.0, 173.7 (signals for CF; groups could
not be detected because of low intensity); YF NMR (188 MHz, CDCL,):
0=-64.0, —64.2, —64.3; FAB*/HR (C,H,,F,0): calcd 513.0901; found
513.0921.

2,6-Diphenyl-4-(4-methoxyphenyl)-pyrylium tetrafluoroborate: The pyryli-
um salt was obtained as yellow crystals from 1-phenyl-3-(4-methoxyphe-
nyl)propenone (9.50 g, 41.9 mmol), acetophenone (2.52 g, 21.0 mmol), and
tetrafluoroboric acid (52% in ether, 6.90 g, 42.0 mmol) in 1,2-dichloro-
ethane (70 mL). Yield: 3.30 g, 37 %; m.p. 233°C; 'H NMR (200 MHz, TFA/
CDCly): 6=4.06 (s, 3H; OCH,), 7.28 (dd, J(H,H) =4.0 Hz, 1.7 Hz, 2H),
732-790 (m, 6H), 8.21-8.37 (m, 6H), 8.48 (s, 2H); “C NMR (TFA/
CDCl;, 50.33 MHz): 6=56.2, 112.6 (2C), 116.8 (2C), 123.1, 128.2 (4C),
128.8 (2C), 130.7 (4C), 132.3 (2C), 136.1 (2C), 165.3, 167.7, 170.8 (2C);
elemental analysis caled (%) for C,,H,;sBF,0, (426.21): C 67.63, H 4.49;
found C 67.28, H 4.32.

2-(2-Methoxyphenyl)-4,6-diphenyl-pyrylium tetrafluoroborate: The pyryli-
um salt was obtained as yellow crystals from 2-methoxyacetophenone
(8.00 g, 53.2 mmol), chalcone (22.2 g, 106 mmol), and tetrafluoroboric acid
(52% in ether, 18.0 g, 106 mmol) in 1,2-dichloroethane (20 mL). Yield:
13.2 g, 58%; m.p. 168°C; 'H NMR (300 MHz, CDCl;): 6 =4.04 (s, 3H;
OCH,), 7.20 (t, J(H,H) =7.6 Hz, 1H), 7.25 (d, J(H,H) = 8.5 Hz, 1 H), 7.50—
7.60 (m, 7H), 8.06 (dd, J(H,H) =8.0 Hz, 1.5 Hz, 1H), 8.11-8.16 (m, 2H),
8.22-8.28 (m,2H), 8.48 (d,/J(H,H) = 1.5 Hz, 1H), 8.66 (d, J(H,H) = 1.5 Hz,
1H); BC NMR (CDCl;, 75.47 MHz): 6 =56.5, 112.9, 113.9, 116.9, 118.0,
1222, 128.0, 128.3 (2C), 128.4, 129.5 (2C), 130.0 (2C), 130.5 (2C), 132.2,
135.0, 135.1, 137.2, 159.7, 165.3, 168.4, 170.1; elemental analysis calcd (%)
for C,H,BF,0, (426.20): C 67.63, H 4.49; found C 67.38, H 4.67.

2-(3-Methoxyphenyl)-4,6-diphenyl-pyrylium tetrafluoroborate: The pyryli-
um salt was obtained as yellow crystals from 3-methoxyacetophenone
(15.0 g, 99.9 mmol), chalcone (41.6 g, 200 mmol), and tetrafluoroboric acid
(52% in ether, 33.7 g, 200 mmol) in 1,2-dichloroethane (40 mL). Yield:
41.6 g, 57 %; m.p. 181°C; '"H NMR (300 MHz, TFA/CDCL,): 6 =3.96 (s,
3H; OCH;), 7.60-7.90 (m, 10H), 8.10-8.16 (m, 2H), 8.24-8.28 (m, 2H),
8.48 (d, J(HH)=15Hz, 1H), 8.51 (d, J(H,H)=1.5Hz, 1H); *C NMR
(TFA/CDCl,, 75.47 MHz): 6 =55.9, 114.7, 114.9, 121.0, 121.4, 128.3, 129.2
(2C), 129.4(2C), 129.6(2C), 129.7(2C), 130.4, 130.5, 131.7, 132.4, 136.0,
136.1, 160.7, 167.0, 170.9, 171.3.

8-(2-Naphthyl)-10,11-diphenyl-11 H-benzo[4,5]indeno[1,2-b]pyrylium tet-
rafluoroborate 16: Tetrafluoroboric acid (52% ethereal solution, 3.1 g,
19.4 mmol) was added within 2 min to a solution of 1-(2-naphtyl)-3-
phenylpropenone (5.00 g, 19.4 mmol) in 1,2-dichloroethane (15 mL) at
70°C. The reaction mixture was heated to reflux for 4 h, then allowed to
cool to RT and poured into ether (45 mL). An oil precipitated which was
separated and recrystallized from hot ethanol to give the pyrylium salt 16 as
yellow crystals. Yield: 3.20 g, 28 %; m.p. 224 °C; '"H NMR (300 MHz, TFA/
CDCl;): 6=5.89 (s, 1H; CHPh), 7.38-7.46 (m, 4H), 7.55 (s, 1H), 7.57 (s,
2H), 7.60-7.80 (m, 3H), 7.88 (d, /=8.1 Hz, 1 H), 7.91-799 (m, SH), 8.00—
8.10 (m, 2H), 8.12 (d, J(H.H) =1.1 Hz, 2H), 8.24 (dd, J(H.H) =12.8 Hz,
J=8.7Hz, 1H), 8.35 (s, 2H), 8.77 (s, 1H); *C NMR (75.47 MHz, TFA/
CDCl;): 0 =51.0 (CHPh), 115.7, 1174, 121.8, 125.2, 125.4 (two signals, 2C
each), 126.2, 128.0, 128.1 (two signals, 2C each), 128.2, 128.3, 128.4, 128.6,
129.0, 129.2, 129.5, 129.9, 130.1, 130.6, 131.5, 131.7, 132.6, 132.9, 133.15,
133.25, 136.3, 137.8, 138.5, 154.7, 161.4, 1674, 174.5; FAB*/HR (C33H,50):
calcd 497.1905; found 497.1903.

2,6-Bis(2,4-dimethylphenyl)-4-phenylpyrylium tetrafluoroborate:*! Tetra-
fluoroboric acid (54 % ethereal solution, 606 g, 3.7 mmol) was added slowly
at 80°C to a solution of benzaldehyde (271g, 2.6 mmol) and 24-
dimethylacetophenone (542 g, 3.7 mol) in 1,2-dichloroethane. After stirring
for a further 4 h at this temperature, the reaction mixture was allowed to
cool to RT. The volatile components were removed in vacuo, and the
residue was treated with a toluene/water mixture (1:1). The precipitated
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orange-yellow solid was collected by filtration, then washed with water and
toluene, and dried in vacuo. Recrystallization from hot methanol/dichloro-
methane provided the pyrylium salt as a bright yellow solid. Yield: 180 g,
32%; m.p. 201°C; '"H NMR (200 MHz, CDCl,): 6 =2.43 (s, 6H; CH,), 2.57
(s,6H; CH;), 7.25 (s, 3H), 7.30 (s, 1 H), 7.58 - 7.73 (m, 3H), 7.82 (d, J(H,H) =
8.0 Hz, 2H), 8.08 (dd, J(H,H)=8.0 Hz, 1.8 Hz, 2H), 8.20 (d, J(H.H)=
9.4 Hz, 2H); *C NMR (50.34 MHz, CDCl,): 6 =21.0, 21.6, 118.0, 126.3,
128.4, 129.3, 130.3, 131.3, 132.8, 133.5, 135.1, 138.4, 145.7, 165.8, 173.8;
elemental analysis calcd (%) for C,;H,sBF,O (452.29): caled C 71.70, H
5.57; found C 71.69, H 5.74.

General procedure for the preparation of phosphabenzenes

From pyrylium salts and tris(trimethylsilyl) phosphane (Method A):"*)
Tris(trimethylsilyl)phosphane (2-2.5equiv) was added dropwise at RT to
a magnetically stirred solution of the corresponding pyrylium salt (1 equiv)
in acetonitrile. The resulting black reaction mixture was heated under
reflux for 5 h. After cooling to RT, the solvent was removed in vacuo. The
residue was dissolved in CH,Cl, and an appropriate amount of silica gel was
added (0.5 gmmol~?!). Evaporation of the solvent was followed by flash
chromatography with petroleum ether/ethyl acetate (19:1) to give the
corresponding phosphabenzene as a colorless to pale yellow solid or oil.

From pyrylium salts and phosphane (Method B):*"! A solution of the
corresponding pyrylium salt in a suitable solvent was placed in an autoclave
(material: HC). In some cases hydrogen bromide was added as a catalyst.
(It was later found that the addition of the acid catalyst is not essential.)
The autoclave was pressurized with phosphane gas (5bar) at room
temperature, then the reaction mixture was heated to 110°C with vigorous
mechanical stirring. When the reaction temperature was reached, the
phosphane pressure was increased to 30 bar. After 4 h the autoclave was
cooled to room temperature, depressurized, and phosphane traces were
removed by flushing with nitrogen. The reaction mixture was concentrated,
then filtered. The remaining solid was washed with the original solvent,
dissolved in toluene and subsequently washed with several portions of
water until the water phase was neutral. Toluene was removed in vacuo,
and the residue was washed with pentane to yield pure phosphabenzene. If
necessary further purification could be achieved by recrystallization.

2,6-Dimethyl-4-phenylphosphinine (1):! Phosphinine 1 was obtained as a
colorless solid according to method A from the corresponding pyrylium salt
(5 g, 18.4 mmol) and P(TMS); (9.20 g, 36.8 mmol) in acetonitrile (50 mL).
Yield: 876 mg, 24 %; m.p. 61°C; '"H NMR (200 MHz, CDCl;): 6 =2.74 (d,
3J(H,P) =15.1 Hz, 6H; CH,), 732744 (m, 3H), 7.53 (d, J=7.7 Hz, 2H),
771 (d, J=6.7Hz, 2H); C NMR (75.47 MHz, CDCl;): 6=24.6 (d,
2J(C,P)=35.8 Hz, 2CH;), 127.6 (two signals, 2C each), 128.8, 132.1 (d,
2J(CP)=132Hz, C3,2C), 142.3 (d, “J(C,P) =32 Hz), 143.3 (d, *J(C,P) =
15.3 Hz, C4), 168.4 (d, 'J(C,P)=49.6 Hz, C2, 2C); P NMR (81 MHz,
CDCl;): 6 =194.3; elemental analysis caled (%) for C;;H;P (200.20): C
7798, H 6.55; found C 77.74, H 6.63.

6-Methyl-2,4-diphenylphosphinine (2):%%! Phosphinine 2 was obtained as a
colorless solid according to method A from the corresponding pyrylium salt
(5.01 g, 15.0 mmol) and P(TMS); (11.30 g, 45.0 mmol) in acetonitrile
(60 mL). Yield: 1.0 g, 25%; m.p. 76°C; 'H NMR (200 MHz, CDCl;): 6 =
2.83 (d,%J(H,P) =15.5 Hz, 3H; CHs,), 745 (m, 6 H), 7.65 (d,/ =7.3 Hz, 2H),
7.70 (d, J=8.0 Hz, 2H), 7.88 (d, /=70 Hz, 1H), 8.06 (d, J=5.7 Hz, 1H);
13C NMR (100.62 MHz, CDCl,): 6 =24.8 (d, 2J(C,P) =372 Hz, CHj;), 127.5
(2C), 1277 (two signals), 127.8 (2C), 128.8 (2C), 128.9 (2C), 130.9 (d,
2J(C,P) =12.7 Hz, C3/5), 133.0 (d, 2/(C,P) =12.7 Hz, C3/5), 142.3, 143.5 (d,
3J(C,P)=23.7 Hz), 143.7 (d, 3J(C,P)=14.9 Hz, C4), 168.6 (d, 'J(C,P)=
50.6 Hz, C2/6), 171.6 (d, 'J(C,P)=512 Hz, C2/6); 3'P NMR (81 MHz,
CDCl): 6 =189.7; elemental analysis caled (%) for C;sH;sP (262.27): C
82.43, H 5.77; found C 82.36, H 5.61.

2,4,6-Triphenylphosphinine (3):°" 2! According to method A, phosphinine
3 was obtained as a pale yellow solid from the corresponding pyrylium salt
(5.00 g, 12.6 mmol) and P(TMS); (6.32 ¢, 25.2 mmol) in acetonitrile
(30 mL); yield: 1.5 g, 35%. According to method B, apart from a reaction
time was 6 h, phosphinine 3 was obtained as a colorless solid from the
corresponding pyrylium salt (20 g, 50 mmol) in n-butanol (150 mL) after
recrystallization from diethyl ether/methanol. Yield: 12.6 g, 77 %; m.p.
173°C; 'H NMR (300 MHz, CDCl;): 6 =7.38-7.46 (m, 8H), 7.64-7.73 (m,
7H), 821 (d, 3J(H,P)=6.0 Hz, 2H; H at C3/5); *C NMR (75.47 MHz,
CDCLy): 6=1276 (2C), 1277 (2C), 1279 (4C), 1289 (2C), 129.0 (4C),
1319 (d, 2J(C,P)=12.1 Hz, C3/5, 2C), 142.1, 142.2, 143.3 (d, 2J(C,P)=
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24.1 Hz, 2C), 144.1 (d, 3J(C,P) =13.7 Hz, C4), 171.7 (d, J(C,P) =51.9 Hz,
C2/6,2C); 3P NMR (81 MHz, CDCl,): 6 =185.1; elemental analysis calcd
(%) for C;3H ;P (324.34): C 85.17, H 5.28; found C 85.24, H 5.10.
2-(2-Naphthyl)-4,6-diphenylphosphinine (4):?!! According to method A,
phosphinine 4 was obtained as an orange solid from the corresponding
pyrylium salt (6.50 g, 14.5 mmol) and P(TMS), (4.38 g, 17.5 mmol) in
acetonitrile (55 mL); yield: 1.8 g, 33 %. According to method B, apart from
a phosphane pressure of 20 bar at reaction temperature, phosphinine 4 was
obtained as a yellow solid from the corresponding pyrylium salt (10 g,
22 mmol) and 1 mL hydrogen bromide in acetic acid (30 wt %) in ethanol
(150 mL). Yield: 10 g, 84 %; '"H NMR (200 MHz, CDCl;): d =7.41-7.60 (m,
8H), 7.72-781 (m, 4H), 7.88-8.00 (m, 4H), 822 (dd, 3/ =6.0Hz,
4/=12Hz, 1H; H4), 822 (s, 1H; H8), 8.32 (dd, 3/=6 Hz, 4/ =1.2 Hz,
1H; H2); ®C NMR (100.61 MHz, CDCl;): 6 =126.0, 126.1, 126.2, 126.3,
126.5, 1277 (2C), 1278 (2C), 128.0 (2C), 1284, 1287, 1289 (2C),
129.0 (2C), 131.8 (d, 2J(C,P) =12.1 Hz, C3/5), 131.9 (d, 2J(C,P) =12.1 Hz,
C3/5), 132.9, 133.7, 140.7 (d, 2J(C,P) =24.0 Hz), 142.2, 143.4 (d, 2J(C,P) =
24.0 Hz), 144.2 (d, 3J(C,P) =13.6 Hz, C4), 171.6 (d, 'J(C,P) =51.5 Hz, C2/
6), 171.8 (d, 'J(C,P) =51.5 Hz, C2/6); 3P NMR (162 MHz, CDCL,): 6 =
184.5.

2,6-Di-(2-naphthyl)-4-phenylphosphinine (5):?'! According to method A,
phosphinine 5 was obtained as a red-orange solid from the corresponding
pyrylium salt (4.00 g, 8.06 mmol) and P(TMS); (4.44 g, 177 mmol) in
acetonitrile (80 mL); yield: 450 mg, 15%. According to method B,
phosphinine 5 was obtained as a yellow solid from the corresponding
pyrylium salt (2.5 g, 5.0 mmol) and hydrogen bromide in acetic acid (1 mL,
30wt %) in n-butanol (150 mL) after recrystallization from toluene/
pentane. Yield: 1.0 g, 47%; m.p. 171°C; 'H NMR (300 MHz, CD,CL,):
0="1757 (m,7H), 775 (m, 2H), 7.80-7.99 (m, 8 H), 8.24 (s, 2H; H5), 8.29 (d,
J=6.0Hz, 2H); ¥C NMR (125.77 MHz, CDCl;): 6 =126.0 (d, J(C,P) =
12.6 Hz, 2C), 126.3 (2C), 126.4, 126.5 (2C), 1277 (2C), 1279 (2C), 128.0
(20),128.4 (2C), 128.7 (2C), 129.0 (2C), 132.0 (d, 2J(C,P) =11.3 Hz, C3/5,
2C), 133.0 (2C), 133.7 (2C), 140.6 (d, 2J(C,P) =23.9 Hz, 2C), 142.2, 144.3
(d,3J(C,P)=13.8 Hz, C4), 171.6 (d, 'J(C,P) =51.5 Hz, C-2/6,2C); *'P NMR
(81 MHz, CDCl;): 0=185.5; HRMS (C;H,P): caled 424.1381; found
424.1380.

2,6-Diisopropyl-4-phenylphosphinine (6): According to method A, phos-
phinine 6 was obtained as a pale yellow viscous oil from the corresponding
pyrylium salt (10.00 g, 30.5 mmol) and P(TMS); (19.0 g, 76.0 mmol) in
acetonitrile (25 mL). Yield: 2.3 g, 30%; '"H NMR (300 MHz, CDCL;): 6 =
1.41 (d, 3/(H,H) =7 Hz, 12H; CH,), 3.31 (sept, */(H,H) =7 Hz, 2H; CH),
736-760 (m, SH; Ph), 7.83 (d, 3J(H,P)=7Hz, 2H; H4); *C NMR
(125.77 MHz, CDCl;): 6 =26.0 (2C), 38.0 (d, /(C,P) =29.0 Hz, 2C), 1275,
127.7 (d, J(C,P) =1.9 Hz, 2C), 128.8 (2C), 130.1 (d, *J(C,P) = 12.2 Hz, C3/5,
2C), 142.9 (d, ¥/(C,P)=3.0 Hz), 143.1 (d, *J(C,P) =16 Hz, C4), 181.6 (d,
1J(C,P)=52.8 Hz, C1/6, 2C); *P NMR (81 MHz, CDCl;): 6=1874;
elemental analysis calced (%) for C;H,,P (256.31): C 79.66, H 8.26; found
C 79.53, H 8.50.

8-Naphthalin-2-yl-10,11-diphenyl-11 H-7-phosphabenzo[a]fluoren (7): Ac-
cording to method A, phosphinine 7 was obtained from the corresponding
pyrylium salt (2.90 g, 4.96 mmol) and P(TMS); (2.9 ¢, 11.7 mmol) in

acetonitrile (20 mL, 1.15 g, 45 %) as an orange solid. Assignment of signals
is based on 'J(C,H), »*J(C,H) and 3*/(H,H) correlation, and *C DEPT
NMR experiments. 'H NMR (300 MHz, CDCL,): d =5.65 (s, 1 H; H6), 6.46
(d, 3J/(H,H) = 6.8 Hz, 2H; H18), 6.80-6.96 (m, 3H; H19, H20), 713 (d,
3J(H,H) =8.0 Hz, 2H; H22), 7.20-7.39 (m, 5H; H23, H-24, H13+ 1ArH),
742750 (m, 2H; H30/324+1 ArH), 7.67 (d, /(H,H) =82 Hz, 1H; H15),
7.82-1794 (m, 7H; H2, H10, H30/32, H26, + 3 ArH), 8.19 (s, 1 H; H34), 8.30
(dd, 3J(PH) =8.4 Hz, */(H,H) = 1.5 Hz, 1H; H9); 3C NMR (125.77 MHz,
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CDCL): 6=>55.9 (C6), 119.3 (d, *J(C,P) =9.2 Hz, C9), 124.5 (C15), 125.6
(C20),125.9,126.0 (C34), 126.1,126.2, 126.4, 126.6, 127.3 (C24), 127.6, 127.7,
127.9 (C19), 128.2 (C18), 128.4 (C23), 128.5, 128.6 (C22), 129.0, 129.1, 129.9,
132.9 (C28), 133.7 (C33), 134.1 (C16), 1345 (d, 2J(C,P) =122 Hz, C2),
1392 (C17), 141.0 (d, 2J(CP)=24.9 Hz, C25), 141.7 (C21), 142.6 (d,
3J(C,P)=14.2 Hz, C3), 142.7 (C7), 1434 (d, 2/(C,P)=11.2 Hz, C8), 151.7
(d, 3(CP)=127Hz, C4), 1684 (d, J(C,P)=483 Hz, Cl), 1692 (d,
J(C,P) =478 Hz, C5); 3P NMR (81 MHz, CDCL): 6 =162.7, HRMS
(CssH,5P): caled 512.1694; found 512.1694.

2,6-Bis-(2,4-dimethylphenyl)-4-phenylphosphinine (8):?!) According to
method B, phosphinine 8 was obtained as a colorless solid from the
corresponding pyrylium salt (20 g, 44 mmol) in n-butanol (150 mL) after
recrystallization from diethyl ether/methanol. Yield: 8.9 g, 53%; m.p.
171°C; '"H NMR (200 MHz, CD,Cl,): 6 =2.34 (s, 6H; CHj;), 2.37 (s, 6H;
CH3;), 7.04-7.16 (m, 4H), 7.18-7.28 (m, 2H), 7.30-7.50 (m, 3H), 7.65-7.68
(m, 2H), 7.93 (d, 3J(H,P)=6.2 Hz, 2H; C3/5-H); *C NMR (50.23 MHz,
CDCly): 6 =209 (d, J(C,P) =2.7 Hz), 21.1, 126.5, 127.7 (d, J(C,P) = 5.5 Hz),
128.9,130.2, 130.4, 131.3, 132.7, 132.8 (d, 2J(C,P) =11.0 Hz, C3/5), 134.8 (d,
J(C,P)=4.6 Hz), 1374, 140.4 (d, 2J(C,P) = 23.0 Hz), 142.1 (d, 3J(C,P) =
13.8 Hz, C4), 172.5 (d, J(C,P)=53.9 Hz, C2/6); P NMR (81 MHz,
CDCl;): 6 =194.3; elemental analysis calcd (%) for C,;H,sP (380.46): C
85.24, H 6.62; found C 84.98, H 6.59.

4-(4-Methoxyphenyl)-2,6-diphenylphosphinine 9:?!- 51 According to meth-
od A, phosphinine 9 was obtained as a yellow solid from the corresponding
pyrylium salt (3.30 g, 7.74 mmol) and P(TMS); (3.88 g, 15.5 mmol) in
acetonitrile (10 mL); yield: 540 mg, 20%. According to method B,
phosphinine 9 was obtained as a pale yellow solid from the corresponding
pyrylium salt (13 g, 31 mmol) in n-butanol (150 mL). Yield: 4.3 g, 39 %;
m.p. 104°C; "TH NMR (200 MHz, C4Dg): 6 =3.44 (s, 3H; CH3;), 6.97 (d,*/ =
8.8 Hz,2H), 7.34-726 (m, 6H), 7.50 (d, J = 8.5 Hz, 2H), 7.82 (dt,/ = 6.5 Hz,
1.5 Hz, 4H), 8.26 (d,*J(H,P) = 5.8 Hz, 2H; C3/5-H); *C NMR (50.33 MHz,
CsDg): =55.3,1152 (2C), 1279 (2C), 128.4 (4C), 128.9 (4C), 129.6 (2C),
132.3 (d, 2J(C,P)=12.4 Hz, C3/5, 2C), 135.4 (d, ¥/(C,P)=3.3 Hz), 144.5,
144.5 (d,%J(C,P) =24.3 Hz, 2C), 160.6 (C11), 172.8 (d, J(C,P) =52 Hz, C2/
6,2C); 3P NMR (81 MHz, C;D): 6 =181.9; elemental analysis calcd (%)
for C,,H;yOP (354.36): C 81.34 H 5.40; found C 81.38, H 5.60.

4-[4-(Trifluormethyl)phenyl]-2,6-diphenylphosphinine (10): According to
method A, phosphinine 10 was obtained as a yellow solid from the
corresponding pyrylium salt (2.00g, 4.3 mmol) and P(TMS); (2.7 g,
10.7 mmol) in acetonitrile (60 mL). Yield: 680mg, 51%; 'H NMR
(200 MHz, C¢Dg): 6=7.35-754 (m, 8H), 7.70 (d, J=8.0 Hz, 2H), 791
(dt, J=8.0Hz, 1.5Hz, 4H), 817 (d, 3(PH)=6.0Hz, 2H; C3/5-H);
BC NMR (125.77 MHz, CDClLy): 6=124.2 (q, 'J(C,F)=273 Hz, CF;),
125.9 (q, 3J(C}F)=3.8 Hz, 2C), 127.7 (d, 3J(C,P)=12.5 Hz, 4C), 128.10
(2C), 128.15 (2C), 129.0 (4C), 130.0 (q, 2J(C,F)=32.7Hz), 131.5 (d,
2J(C,P) =113 Hz, C3/5, 2C), 142.5 (d, 3/(C,P)=13.7 Hz, C4), 143.1 (d,
2J(C,P)=23.9 Hz, 2C), 145.7, 172.1 (d, J(C,P) =52.8 Hz, C2/6, 2C); 3'P
NMR (81 MHz, CDCl;): 6 =189.6; YF NMR (C4D;, 188 MHz): 6 = —62.4;
elemental analysis calcd (% ) for C,,H;sF5P (392.34): C 73.47 H 4.11; found
C73.20, H 3.85.

2-[3,5-Bis(trifluormethyl)phenyl]-4,6-diphenylphosphinine (11): Accord-
ing to method A, phosphinine 11 was obtained as a yellow solid from the
corresponding pyrylium salt (4.00 g, 7.5 mmol) and P(TMS); (4.70 g,
18.8 mmol) in acetonitrile (20 mL). Yield: 700 mg, 20%; 'H NMR
(200 MHz, CDCL;): 6 =742-755 (m, 6H), 7.68-7.76 (m, 4H), 794 (s,
1H; H1), 816 (s, 3H), 827 (d, 3/=6.2Hz, 1H; H9); *C NMR
(12577 MHz, CDCly): 0 =121.5 (m), 123.3 (q, 'J(C,F) =273 Hz, 2CF;),
127.67 (d, *J(C,P) =113 Hz, 2C), 127.72 (m, 2C), 127.8 (2C), 1284 (2C),
129.1 (2C), 129.2 (2C), 132.1 (d, Y(CP)=12.5Hz, C3/5), 132.3 (q,
2J(CJF)=32.7Hz, 2C), 132.8 (d, 2J(C,P) =12.5 Hz, C3/5), 141.6, 142.7 (d,
2J(C,P)=23.8 Hz), 144.9 (d, 3J(C,P)=13.8 Hz, C8), 1454 (d, 2J(C,P)=
26.4 Hz), 168.1 (d, 'J(C,P)=52.8 Hz, C2/6), 172.2 (d, 'J(C,P)=52.8 Hz,
C2/6); 3'P NMR (202 MHz, CDCl;): 6 =186.2; HRMS (CysH,sF¢P): caled
460.0815 found 460.0812.

2-[3,5-Bis(trifluormethyl)phenyl]-4-[4-(trifluormethyl) phenyl]-6-phenyl-

phosphinine (12): According to method A, phosphinine 12 was obtained as
a yellow solid from the corresponding pyrylium salt (1.50 g, 2.5 mmol) and
P(TMS); (1.60 g, 6.25 mmol) in acetonitrile (20 mL). Yield: 270 mg, 20 %;
'H NMR (300 MHz, CDCLy): 6=7.38 (d, J=6.0 Hz, 3H), 7.62 (d, J=
6.2Hz, 1H), 7.68 (s, SH), 7.84 (s, 1H; H1), 8.04 (s, 3H), 8.12 (d, J=
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6.0 Hz, 1H); “C NMR (75.47 MHz, CDCl;): 6 =121.8,123.3 (q, 'J(C,F) =
273 Hz, 2 CF;),126.2 (q, 3J/(C,F) =3.7 Hz,2C), 127.6 (2C), 127.7 (2C), 128.2
(20), 128.6 (2C), 129.2, 1304 (q, 2J(C,P)=32.6 Hz, C15), 131.8 (d,
2J(C,P)=123 Hz, C3/5), 1324 (q, YJ(CF)=33.5Hz, 2C), 1325 (d,
2J(C,P)=11.4 Hz, C3/5), 142.4 (d, 2J(C,P) =24.4 Hz), 1433 (d, 3J(CP) =
13.7 Hz, C4), 145.0 (m), 145.3, 168.5 (d, 'J(C,P) =53.0 Hz, C1/6), 172.6 (d,
1J(C,P) =52.0 Hz, C1/6); *'P NMR (81 MHz, CDCl;): 6 =191.5; YF NMR
(188 MHz, CDCl;): 6 =62.8, 63.2; ; HRMS (C,H,,FyP): calcd 528.0689
found 528.0692.

2-(2-Methoxyphenyl)-4,6-diphenylphosphinine (13):2!! According to meth-
od A, phosphinine 13 was obtained as a yellow solid from the correspond-
ing pyrylium salt (10.00 g, 23.5 mmol) and P(TMS); (14.70 g, 58.7 mmol) in
acetonitrile (30 mL); yield: 3.95 g, 48 %. According to method B, phosphi-
nine 13 was obtained as a pale yellow solid from the corresponding
pyrylium salt (20 g, 47 mmol) in n-butanol (150 mL). Yield: 4.7 g, 28 %;
m.p. 78°C; 'H NMR (300 MHz, CDCL,): 6 =3.83 (s, 3H; CH,), 700-7.11
(m,2H),7.34-752 (m, $H), 7.64 ~7.76 (m, 4 H), 8.14-8.20 (m, 2 H; H at C3/
5); 3C NMR (75.47 MHz, CDCl;): 6 =55.8, 1114, 121.0, 127.7, 12776,
127.84,128.1,128.2 (2C), 128.6 (2C), 128.86 (2C), 128.92 (2C), 129.3, 131.4
(d, 2(C,P) =11.7 Hz, C3/5), 133.9 (d, 2/(C,P) = 12.1 Hz, C3/5), 142.3, 142.9
(d, 3J(C,P)=13.6 Hz, C4), 143.6 (d, 2/(C,P) =24.9 Hz), 155.9 (d, *J(C,P) =
42 Hz), 168.4 (d, 'J(C,P) =52.1 Hz, C2/6), 171.4 (d, 'J(C,P) =53.3 Hz, C2/
6);3'P NMR (81 MHz, CDCl,): 6 =191.8; elemental analysis calcd (%) for
C,,H,,OP (354.36): C 81.34 H 5.40; found C 81.10, H 5.44.

2-(3-Methoxyphenyl)-4,6-diphenylphosphinine (14):?"! According to meth-
od A, phosphinine 14 was obtained as a pale yellow solid from the
corresponding pyrylium salt (10.00 g, 23.5 mmol) and P(TMS); (11.80 g,
47 mmol) in acetonitrile (100 mL); yield: 2.95g, 36%. According to
method B, phosphinine 14 was obtained as a pale yellow solid from the
corresponding pyrylium salt (13 g, 31 mmol) in n-butanol (150 mL). Yield:
4.3 8,39%;m.p. 121 °C; '"HNMR (500 MHz, CDCl,): 6 =3.87 (s, 3H; CHs),
6.96 (dd, /=79 Hz, 2.4 Hz, 1H), 7.32 (d, /=77 Hz, 1H), 7.37-742 (m,
3H), 746-7.50 (m, 4H), 7.68 (d, J=7.3 Hz, 2H), 7.73 (d, /=79 Hz, 2H),
8.17 (d,J=5.9 Hz, 2H); *C NMR (75.47 MHz, CDCl,): 6 =55.3,113.2 (d,
3J(C,P)=12.8 Hz), 113.6, 1202 (d, */(C,P)=12.8 Hz), 1276 (2C), 1278
(two signals), 128.0 (2C), 128.9 (2C), 129.0 (2C), 129.9, 131.7 (d, 2J(C,P) =
11.3 Hz, C3/5), 131.8 (d, 2J(C,P) =11.3 Hz, C3/5), 142.1 (d, *J(C,P) =3 Hz),
1434 (d, 2J(C,P)=24.1 Hz), 144.1 (d, 3J/(C,P)=13.7 Hz, C4), 144.8 (d,
2J(C,P)=24.9 Hz), 160.0, 171.6 (d, J(C,P)=52.8 Hz, C2/6), 171.8 (d,
1J(C,P) =52.1 Hz, C2/6); *'P NMR (81 MHz, CDCL;): 6 =185.2; elemental
analysis caled (%) for C,H,,OP (354.36): C 81.34 H 5.40; found C 81.40, H
5.46.

2-tert-Butyl-4,6-diphenylphosphinine (15): A solution of 4,6-diphenyl-a-
pyrone 1962 (497 mg, 2.0 mmol) and 2,2-dimethylpropylidinphosphane!*’!
(220 mg, 2.2 mmol) in benzene (3 mL) was heated in a Schlenk pressure
vessel to 140°C for 3d. After cooling the solution to RT, all volatile
components were removed in vacuo, and the residue was purified by flash
chromatography with petroleum ether/ethylacetate (19:1) to give phosphi-
nine 15 as a yellow oil. Yield: 330 mg, 54 %; '"H NMR (300 MHz, CDCl,):
0=146 (d, J(H,P) =1.5 Hz, 9H; C(CH,);), 7.10-7.28 (m, 6H), 748 (m,
2H), 768 (m, 2H), 8.03 (dd, J=5.8 Hz, 1.1 Hz, 1H), 8.11 (dd, J=6.4 Hz,
1.1 Hz, 1H); BC NMR (75.47 MHz, CDCl,): 6 =32.7 (d, 3J(C,P) =12.2 Hz,
C(CHy)s), 38.7 (d, 2J(C,P)=21.1 Hz, C(CHj;);), 1278 (2C), 128.6 (2C),
128.8 (2C), 1294 (2C), 129.5 (d, 2J(C,P) =12.4 Hz), 130.1 (d, 2/(C,P)=
12.4 Hz), 130.8, 131.0, 143.0 (d, 3/(C,P)=29.4 Hz), 1434 (d, 3/(C,P)=
14.0 Hz), 1442, 170.6 (d, 'J(C,P)=52.0 Hz, C6), 185.3 (d, J(C,P)=
59.3 Hz, C2); 3'P NMR (81 MHz, CDCl;): 6 =187.8.

General procedure for the preparation of rhodium@-phosphinine com-
plexes: The corresponding phosphinine (300 umol) was added slowly to a
solution of rhodium dicarbonyl chloride dimer (26.5 mg, 68.2 pmol) in
CH,Cl, (2 mL). A vigorous gas evolution was observed. After stirring the
mixture magnetically for a further hour at RT, the solvent was removed in
vacuo to give the rhodium complexes in quantitative yields.

trans-[Rh{n'-(Cy;3H,,P)},CI(CO)] (22): Crystals suitable for X-ray analysis
were obtained from a concentrated solution of the complex in CH,Cl, at
RT. 'HNMR (400 MHz, CDCl;): 6 =7.39-7.48 (m, 14H), 7.53 (m, 4 H), 7.67
(d, /=79 Hz, 4H), 794 (d, /=74 Hz, 8H), 8.25 (pseudo t, J=10.2 Hz,
4H); BC NMR (100.61 MHz, CDCl;): 6 =127.5, 128.0, 128.1, 128.2, 128.9,
129.4 (pt, J =5.1 Hz), 135.7, 140.5 (pt, J = 6.8 Hz), 141.1 (C4), 141.9 (pt, /=
11.8 Hz, C3), 161.7 (ptd, J =11.8 Hz, 3.8 Hz), 181.9 (dt, 'J(C,Rh) = 64.0 Hz,
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2J(P,C)=221Hz, CO); *P NMR (162MHz, CDCL): 6=1689
(d, YJ(RhP)=174Hz); IR(CH,CL): #=199cm!, FAB*/HR
(C4H;,CIOP,Rh): calcd. 814.0828; found 814.0828.

X-ray crystal structure analysis of rhodium complex 22: [C4H;,CIOP,Rh] -
0.5CH,Cl,, M, =857.51, triclinic, space group PI, a=1096.6(1), b=
1386.8(1), ¢ =1430.6(1) pm, a =79.09(1), $=74.83(1), y=74.74(1)°, U=
2008(3) A%, D,=1418gem> for Z=2, F(000)=874, wu(MoK,)=
0.674mm~', 2=0.71073 A, T=193(2) K, crystal size 0.3 x 0.3 x 0.2 mm.
A total of 8182 reflections was collected (Enraf Nonius CAD4) by using 9/
26 scans in the range 2.3 <6 <26°, 7851 were unique (R;, =0.0493). The
structure was solved by direct methods. Full-matrix least-squares refine-
ment was based on F?, with all non-hydrogen atoms anisotropic and with
hydrogens included in calculated positions with isotropic temperature
factors 1.2 times that of the U, of the atom to which they were bonded. The
refinement converged at RI =0.0716 (for 6686 reflections with 1> 20([))
and wR2 =0.2300 (all data) [w = (6*(F,)* + (0.1918P)* + 0.6691P) ! where
P=(F2 + 2F?)/3]; final GOF =1.056; largest peak and hole in the final
difference Fourier: 2.26/3.37 ¢ A-3. The programs used were SHELXS-9715
and SHELXL-97.°* Crystallographic data (excluding structure factors)
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-156962. Copies of the data can be
obtained free of charge on application to CCDC, 112 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1233-336033; e-mail: deposit@ccdc.
cam.ac.uk).

trans-[Rh{y'-(Cy;H,,P)},CI(CO)] (23): '"H NMR (400 MHz, CDCl,): § =
740-752 (m, 18H), 7.71 (d, J=8.4 Hz, 4H), 779 (t, J = 6.8 Hz, 8H), 8.08
(d,7=8.4Hz, 4H), 8.34-8.40 (m, 8H); ); *C NMR (100.61 MHz, CDCl,):
6=126.9, 1270, 128.0, 128.06 (2C), 128.12 (2C), 128.6, 128.7, 128.8, 129.5,
133.5 (d, J=19Hz), 1372, 138.7 (pt, J=6.5Hz), 141.6, 1427 (1, J=
11.8Hz), 162.6 (m), 1814 (dt, 'J(C,Rh)=65.1 Hz, 2J(C,P)=22.0 Hz,
CO); 3P NMR (81 MHz, CDCl,): 6=166.8 (d, J(Rh,P)=174.2 Hz);
IR(CH,CL): #=1998cm".

trans-[Rh{y'-(Cy,H,4OP)},CI(CO)] (24): 'H NMR (400 MHz, CDCL,): 6 =
3.83 (s, 6H; HY), 7.00 (d, J=8.8 Hz, 4H), 734741 (m, 12H), 757 (d, T =
8.8 Hz, 4H), 789 (d, 7 =70 Hz, 8H), 8.16 (t, /= 102 Hz, 4H); ); *C NMR
(100.61 MHz, CDCL,): 6=55.4, 114.5, 128.3, 1284, 128.8, 129.5 (pt, J=
5.1 Hz), 133.7, 135.5, 140.8 (pt, J=6.9 Hz), 141.7 (pt, J=11.6 Hz), 159.9,
161.8 (dpt, J=14.4 Hz, 2.9 Hz), 180.9 (dt, 'J(Rh,C) =64.5 Hz, 2J(C.P) =
21.6, CO); *P NMR (81 MHz, CDCL,): 6 = 166.1 (d, 'J(Rh,P) = 174.0 Hz);
IR(CH,CL): #=2002cm".

trans-[Rh{n'-(C,,H,sF3P)},CI(CO)] (25): '"H NMR (200 MHz, CDCl;): 6 =
715-8.29 (m, all H); *C NMR (100.61 MHz, CDCl,): 6 =122.7, 125.4,
126.0, 128.0, 128.4, 128.7, 129.4, 135.7, 136.2, 140.4, 144.7, 162.2 (pt, /=
9.6 Hz, C1), 180.7 (dt, J(Rh,C)=65.1 Hz, %J(C,P)=20.7 Hz, CO), 3'P
NMR (81 MHz, CDCly): 6 =173.8 (d, 'J(Rh,P) =175.0 Hz); IR(CH,CL,):
7=2003cm™".

Experiments to determine the nature of the catalytically active species:
Under an atmosphere of dry and oxygen-free nitrogen (glove box)
[Rh(COD),0Tf] (12.3mg, 26.3 umol) and phosphabenzene 8 (20 mg,
52.6 umol) were dissolved in CD,Cl, (1 mL) and transferred into a sapphire
NMR pressure vessel. A pressure of 40 bar CO/H, (1:1) was applied, and
the sample was heated for 1 h at 90 °C. After cooling to RT, the sample thus
obtained was investigated by 'H and 3'P NMR spectroscopy. 'H NMR
(400 MHz, 25°C, CD,Cl,): A RhH signal could not be detected; *'P NMR
(161 MHz, CD,Cl,): d =154.5 (brs). —90°C:*'P NMR (161 MHz, CD,Cl,):
0=146.75 (d, J(PRh) =140 Hz, major species), 156.63 (d, 'J(PRh)=
149 Hz, minor species), ratio major/minor: about 6:1.

Under an atmosphere of dry and oxygen-free nitrogen (glove box),
[Ir(CO)acac] (9.1 mg, 26.3 pmol) and phosphabenzene 8 (20 mg,
52.6 pmol) were dissolved in CD,Cl, (1 mL) and transferred into a sapphire
NMR pressure vessel. A pressure of 40 bar CO/H, (1:1) was applied, and
the sample was heated for 1 h at 90°C. After cooling to —90°C the sample
thus obtained was investigated by 'H and 3'P NMR spectroscopy. 'H NMR
(500 MHz, CD,ClL,): 6 =—11.83 (d, 2/(H,P) =23.2 Hz, P-Ir-H); 3P NMR
(202.46 MHz, CD,Cl,): 6=189.7 (free phosphinine), 144.3 (s), 143.9(s),
ratio: about 2:1:1.

General procedure for hydroformylation of oct-1-ene: [Rh(CO),acac]|
(3.1 mg, 12.0 pmol) and the appropriate amount of phosphinine (usually
240 pmol) were dissolved in toluene (5 mL) and stirred magnetically for
30 min. Subsequently, oct-1-ene (2.86 g, 25 mmol) was added, and the
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resulting solution was transferred into the autoclave. Additional toluene
(5 mL) was added, and the autoclave was heated to 90 °C while the mixture
was stirred (1000 min—'). When the mixture reached this temperature, a
CO/H, (1:1) gas pressure of 10 bar was applied. After 20 h, complete
consumption of the starting material was determined by GC analysis and
the concentrations (¢,) of all ingredients were quantified. The gas pressure
was released, followed by immediate and rapid addition of oct-1-ene
(5.71 g, 50 mmol). The kinetic experiment was started immediately by
readjustment of the gas pressure (CO/H,). Samples were taken from the
autoclave through a sample valve at the times indicated and analyzed
immediately by GC. Substraction of the initial concentration (¢,) provided
the kinetic data of the hydroformylation experiment.

Hydroformylation of cyclohexene: [Rh(CO),acac] (3.1 mg, 12.0 pmol) and
the corresponding ligand (20 equiv, 240 pmol) were dissolved in toluene
and stirred for 30 min at room temperature. Cyclohexene (4.10 g, 50 mmol)
was added, then the reaction mixture was transferred into the autoclave
and heated to 90°C within 15 min. When the mixture reached this
temperature, a syngas pressure of 40 bar was applied. The reaction mixture
was analyzed by GC with internal standard and correction factors.

General procedures for the hydroformylation of more highly substituted
olefins: Variant A: [Rh(CO),acac] and the ligand were dissolved in toluene,
and the mixture transferred into the autoclave. A pressure of 3—5 bar CO/
H, (1:1) was applied, and the autoclave was heated within 30 min to the
corresponding reaction temperature while the mixture was stirred
(1000 min~!). The olefin was added to the reaction mixture through a
pressure vessel, then the syngas pressure was adjusted to the desired
reaction pressure. After the indicated reaction time, the autoclave was
cooled to room temperature and depressurized, then the reaction mixture
was analyzed by GC with internal standard and correction factors.

Variant B: [Rh(CO),acac] and the ligand were dissolved in toluene, and
transferred into the autoclave. A pressure of 3—5bar CO/H, (1:1) was
applied, and the autoclave was heated within 30 min to the corresponding
reaction temperature while the mixture was stirred (1000 min~'). The
autoclave was cooled to room temperature and depressurized. The olefin
was added through a pressure vessel to the reaction mixture, which was
then heated to the reaction temperature within 30 min. When this
temperature was reached, the desired syngas pressure was applied. After
the indicated reaction time, the autoclave was cooled to room temperature
and depressurized, and the reaction mixture analyzed by GC with internal
standard and correction factors.

Hydroformylation of oct-2-ene

a) Rhodium/phosphinine catalyst: Oct-2-ene (Z/E 80:20) (248 g,
221 mmol) in toluene (24.9 g) was completely converted by treating it
with [Rh(CO),acac] (7.9 mg, 0.03 mmol) and phosphinine 8 (0.2334 g,
0.61 mmol) at 90°C and 10 bar CO/H, (1:1) for 4 h according to variant A.
Product yields: 3-/4-octene (1%), n-nonanal (24 %), 2-methyloctanal
(43%), 2-ethylhepatanal (18 %), and 2-propylhexanal (14 %). Aldehyde
selectivity (99 %).

b) Rhodium/triphenylphosphine catalyst: Oct-2-ene in toluene (12.0g,
108 mmol) was 69 % converted by treating it with [Rh(CO),acac] (3.9 mg,
0.015 mmol) and triphenylphosphane (0.075 g, 0.29 mmol) at 90°C and
10 bar CO/H, (1:1) for 4 h according to variant A. Product yields: 3-/4-
octene (5%), n-nonanal (3% ), 2-methyloctanal (42 % ), 2-ethylhepatanal
(17 %), and 2-propylhexanal (2% ). Aldehyde selectivity (95 %).

Hydroformylation of isobutene

a) Rhodium/phosphinine catalyst: Isobutene (15.7 g, 280 mmol) in toluene
(15.0 g) was 85% converted by treating it with [Rh(CO),acac] (5 mg,
0.019 mmol) and phosphinine 8 (0.1326 g, 0.38 mmol) at 80°C and 30 bar
CO/H, (1:1) for 4 h according to variant B. Product yield: Isovaleraldehyde
85 % aldehyde selectivity =99 %; regioselectivity =99 %.

b) Rhodium/triphenylphosphine catalyst: isobutene (15.7 g, 280 mmol) in
toluene (15.0 g) was 9% converted by treating it with [Rh(CO),acac]
(5 mg, 0.019 mmol) and triphenylphosphane (0.099 g, 0.38 mmol) at 80°C
and 30 bar CO/H, (1:1) for 4 h according to variant B. Product yield:
isovaleraldehyde =8 %.

Hydroformylation of methallyl alcohol

a) Rhodium/phosphinine catalyst: A methallyl alcohol conversion of 94 %
was obtained by allowing [Rh(CO),acac] (3.1 mg, 0.012 mmol), phosphi-
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nine 8 (0.091 g, 0.024 mmol), and isobutene (3.61 g, 50 mmol) in toluene
(15.0 mL) to react at 90°C and 20 bar CO/H, (1:1) for 120 min according to
variant A. Product yield: 3-methyl-y-lactol =94 %; aldehyde selectivity =
99 %; regioselectivity =99 %.

b) Rhodium/triphenylphosphine catalyst: a methallylic alcohol conversion
of 88% was obtained by reacting [Rh(CO),acac] (3.1 mg, 0.012 mmol),
triphenylphosphane (0.063 g, 0.024 mmol) and isobutene (3.61 g, 50 mmol)
in toluene (15.0 mL) at 90°C and 20 bar CO/H, (1:1) for 300 min according
to variant A. Product yield: 3-methyl-y-lactol=88%; aldehyde
selectivity = 99 %; regioselectivity =99 % ).

Hydroformylation of (—)-a-pinene: an a-pinene conversion of 13 % was
obtained from reacting [Rh(CO),acac] (4.9 mg, 0.019 mmol), phosphinine
8 (0.144 g, 0.38 mmol) and (—)-a-pinene (17.9 g, 132 mmol) in toluene
(22 mL) at 80°C and 60 bar CO/H, (1:1) for 16 h according to variant A.
Aldehyde selectivity =99 %; regio- and diastereoselectivity =90 %. The
product was purified through distillation and subsequent flash chromatog-
raphy on silica with petroleum ether/ethyl acetate (19:1) to furnish (—)-
endo-3-formylpinane as a colorless oil; yield: 2.085 g, 9.5 % . Spectroscopic
and analytical data correspond to those reported previously.[%!

Hydroformylation of 2,3-dimethylbut-2-ene

a)  Rhodium/phosphinine  catalyst:  2,3-dimethylbut-2-ene (253 g,
300.6 mmol) in toluene (25g) was 29.2% converted by treating it with
[Rh(CO),acac] (8 mg, 0.031 mmol) and phosphinine 8 (0.2628 g,
0.69 mmol) at 100°C and 60 bar CO/H, (1:1) for 24 h according to variant
A. Yield: 3,4-dimethylpentanal =29.2 %; aldehyde selectivity =99 %; re-
gioselectivity =99 %.

b) Rhodium/triphenylphosphine catalyst: 23-dimethylbut-2-ene (24.1 g,
286.4 mmol) in toluene (25g) was 0.5% converted by treating it with
[Rh(CO),acac] (7.2 mg, 0.028 mmol) and phosphinine 8 (161.8 mg,
0.617 mmol) at 100°C and 60 bar CO/H, (1:1) for 24 h according to variant
A. Yield: 3,4-dimethylpentanal =0.5%; aldehyde selectivity =99 %; re-
gioselectivity =99 % ).

Hydroformylation of 3-methylbut-3-en-1-ol (isoprenol): isoprenol (6.2 g,
70 mmol) in toluene (6.0g) was 73% converted by treating it with
[Rh(CO),acac] (1.8 mg, 0.007 mmol) and phosphinine 8 (48.1 mg,
0.127 mmol) at 80°C and 40 bar CO/H, (1:1) for 24 h according to variant
A. Yield: 4-methyl-3,4,5,6-tetrahydro-2H-pyran-2-ol1=73%; aldehyde
selectivity = 99 %; regioselectivity =99 %).
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Mechanistic Aspects of the Reaction between Br, and Chalcogenone Donors
(LE; E =S8, Se): Competitive Formation of 10-E-3, T-Shaped 1:1 Molecular
Adducts, Charge-Transfer Adducts, and [(LE),]*" Dications

M. Carla Aragoni,?! Massimiliano Arca,!*! Francesco Demartin,!
Francesco A. Devillanova,*?] Alessandra Garau,®! Francesco Isaia,'*! Francesco Lelj,!
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Abstract: The synthesis and spectro-
scopic characterisation of the products
obtained by treatment of N,N'-dimethyl-
imidazolidine-2-thione (1), N,N'-dimeth-
ylimidazolidine-2-selone (2), N,N'-di-
methylbenzoimidazole-2-thione (3) and
N,N'-dimethylbenzoimidazole-2-selone
(4) with Br, in MeCN are reported,
together with the crystal structures of
the 10-E-3, T-shaped adducts 2+ Br, (12),
3-Br, (13) and 4-Br, (14). A conducto-
metric and spectrophotometric investi-
gation into the reaction between 1-4
and Br,, carried out in MeCN, allows the
equilibria involved in the formation of
the isolated 10-E-3 (E=S, Se) hyper-
valent compounds to be hypothesised.
In order to understand the reasons why
S and Se donors can give different
product types on treatment with Br,
and I,, DFT calculations have been
carried out on 1-8, 19 and 20, and on
their  corresponding  hypothetical
[LEX]" cations (L=organic frame-
work; E=S, Se; X=Br, I), which are
considered to be key intermediates in
the formation of the different products.
The results obtained in terms of NBO
charge distribution on [LEX]* species
explain the different behaviour of 1-8,
19 and 20 in their reactions with Br, and

Introduction

In recent years, the study of the donor—acceptor interaction
between a variety of organic compounds LE containing atoms

I, fairly well. X-ray diffraction studies
show 12-14 to have a T-shaped (10-E-3;
E =S, Se) hypervalent chalcogen nature.
They contain an almost linear Br-E-Br
(E =S, Se) system roughly perpendicu-
lar to the average plane of the organic
molecules. In 12, the Se atom of each
adduct molecule has a short interaction
with the Br(1) atom of an adjacent unit,
such that the Se atom displays a roughly
square planar coordination. The Se—Br
distances are asymmetric [2.529(1) vs.
2.608(1) A], the shorter distance being
that with the Br(1) atom involved in the
short intermolecular contact. In con-
trast, in the molecular adducts 13 and
14, which lie on a two-fold crystallo-
graphic axis, the Br-E-Br system is
symmetric and no short intermolecular
interactions involving chalcogen and
bromine atoms are observed. The ad-
ducts are arranged in parallel planes;
this gives rise to a graphite-like stacking.
The new crystalline modification of 10,
obtained from acetonitrile solution, con-

Keywords: density functional calcu-
lations - selenium - structure eluci-
dation - sulfur - titrations - vibra-
tional spectroscopy

firms the importance of short intermo-
lecular contacts in determining the
asymmetry of Br-E-Br (E=S, Se) and
I-Se-I groups in hypervalent 10-E-3
compounds. The analogies in the con-
ductometric and spectrophotometric ti-
trations of 1 and 2 -4 with Br,, together
with the similarity of the vibrational
spectra of 11-14, also imply a T-shaped
nature for 11. The vibrational properties
of the Br-E-Br (E=S, Se) systems
resemble those of the Br;~ and IBr,~
anions: the Raman spectrum of a sym-
metric Br-E-Br group shows only one
peak near 160 cm~!, as found for sym-
metric Br;~ and IBr,” anions, while
asymmetric Br-E-Br groups also show
an antisymmetric Br-E-Br mode at
around 190 cm~}, as observed for asym-
metric Br;~ and IBr, ions. Therefore,
simple IR and Raman measurements
provide a useful tool for distinguishing
between symmetric and asymmetric Br-
E-Br groups, and hence allow predic-
tions about the crystal packing of these
hypervalent chalcogen compounds to be
made when crystals of good quality are
not available.

of Groups 15 and 16 (L =organic framework of the donor
molecule, E =chalcogen atom) and halogens X, (X =1, Br)

and interhalogens XY (X =1I; Y=Br, Cl) has received great
attention.['"?*l The growth of interest in this field of chemistry
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has been stimulated not only by the Me Me Me Me

use of halogens and interhalogens to IL ]LT 111 ]l]
enhance the electric properties of S- or [ —F @: —E [ —E —E
Se-based molecular conductors,?! but I\ll I\ll S S

also by an intrinsic interest in the dif- Me Me

ferent classes of compounds obtaina- E=S 1 s 3 S 5 S 7

ble from reactions of the type LE + X, Se 2 Se 4 Se 6 Se 8

(or XY). In fact, together with charge-

transfer (CT) adducts (10-X-2 hyper- Me Me Me Me
valent halogen compounds) bearing the Ill Br Tl] Br 111 Br 111 Br
linear E-X-X group,? donor oxidation l: D ée - D ée - [ +>__1[3 @: h ]ts -
products with chalcogen—halogen ter- g . s’ b N b N
minal bonds (LEX),B" 110 162.24] 10_E-3 Ve Me
hypervalent chalcogen compounds S 11 S 13
bearing the X-E-X linear group, two- ? 10 Se 12 Se 14

coordinated halogens(1) with chalco-

gen ligands ([LE-X-EL]*)P and dications containing a
chalcogen-chalcogen single bond ([(LE),J>*)i 14 represent
the most common types of product characterised crystallo-
graphically. In many cases, a very small change in the chemical
environment of the donor atom or in the experimental
conditions is enough to produce each of the above-mentioned
products. New interest in this matter stems from the ability of
halogen and interhalogen CT complexes to oxidise powdered
metals in solvents of low polarity and under mild conditions to
give complexes in which the metal exists in unusual oxidation
states and coordination geometries.’>*? Finally, interesting
perspectives have also been found in the field of crystal
engineering, since the different classes of halo-organo com-
pounds can interact with halogens/halide anions, particularly
I, and polyiodides, through soft—soft XY, E-.«X and E+-- Y
interactions to give fascinating three-dimensional architec-
tures.’* 4 131 This makes further exploration of reactions of
the type LE + X, (or XY) very attractive in view of making
predictions on the final products for each possible donor—
acceptor couple. A first attempt in this direction was made by
Husebye et al.,l'” although the chemical reaction diagram
that they proposed needs to be
supported by more experimental
data. In the past, we have con-
tributed to this type of chemistry
mainly using thiones and selones
as well as thioethers and seleno-
ethers as donors and I, as accep-
tor. More recently, our studies
have dealt with the use of the more acidic Br,, IBr and ICI
acceptors in reactions with the same sulfur and selenium
donors. This paper reports on the synthesis and spectroscopic
characterisation of the products obtained by treatment of 1-4
with Br,, and the crystal structures of the T-shaped adducts 2 -
Br, (12), 3-Br, (13) and 4-Br, (14). While several crystal
structures of hypervalent T-shaped selenium compounds with
Br, are reported in the literature,® 3112 13023271 only one
hypervalent T-shaped sulfur com-
pound with Br, has yet been fully
characterised by X-ray diffrac-
tion;l% hence 13 represents the
second fully characterised, hyper-
valent, T-shaped sulfur compound.

15

C=Se
/
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AN + Br,

I\lde I\l/Ie
N N

2 E +>7 Br  SeBrs” @[ +>—(11 Icl’
S g

Results and Discussion

Solution studies: We have recently? reported the character-
isation of the solid products obtained by treatment of N-
methylthiazolidine-2(3 H)-selone (6) and N-methylbenzothi-
azole-2(3 H)-selone (8) with Br, (see Formula 1). Compound
8 always gives the corresponding 10-Se-3 hypervalent com-
pound 10, bearing the Br-Se-Br linear group, independently of
the molar ratio between the reagents and the solvent (MeCN
or CH,Cl,). In the same solvents, 6 gives the hypervalent
compound 9 when a 1:1 molar ratio of Br, to 6 is used, and the
ionic compound 15 when a 2:1 or higher reaction molar ratio
is used. Interestingly, treatment of 8 with ICI in CH,Cl,
solution in a 1:1 molar ratio gives the CT adduct 8.ICLP
whereas compound 16! is obtained only if a 1:2 molar ratio
of 8 to ICl is used. Analogous cations, such as 17 and 18, have
recently been obtained by treatment of N,N-dimethyl-
selenoureal'®™ and  4,5-bis(methylsulfanyl)-1,3-dithiole-2-
thione,['* respectively, with Br,. The cations 15-18 are
formally derived from a carbon-chalcogen double-bond
cleavage promoted by the halogen or the interhalogen.

Me,N MeS, S
4:>—Cl j]: +\>~ Br
HsN S
MeS
16 17 18

Conductometric and spectrophotometric titrations of 6 and
8 with Br, in MeCN proved very useful in identifying the
various species in solution, and allowed us to hypothesise the
equilibria reported in Scheme 1.1 We therefore carried out
analogous titrations on 1-4. Figure 1a shows the results of
conductometric titrations in MeCN between Br, and the
sulfur donors 1 and 3. As can be seen, the conductivity
remains very low up to molar ratio of 1:1. Beyond this ratio it

« 7 \ * +Br, [\ *
_ 2
T C—Se” C—Se +Br ——= C—Se [+Br;
/ | / \ / \
Br Br Br
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Scheme 1. Proposed equilibria involved in the reaction between Br, and compounds 6 and 8.
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Figure 1. Conductometric titrations of a) S donors 1 and 3 and b) Se
donors 2 and 4. ([1], [2]=18 x 1072, [3]=8.4x 1073, [4]=2.7 x 1073 m)
with Br, (8.823 x 1072 M) (MeCN; T=298 K). In b), the conductometric
titration of 20 ([20] =2.16 x 10~3 M) has been included for comparison.

increases with addition of Br,; this indicates that ionic species
are being formed in solution. The stable, nonconducting
compounds formed in the first part of the titration were
isolated as solids on coincidence of the 1:1 molar ratio and, in
the case of 3, identified by X-ray diffraction analysis as the 10-
S-3 hypervalent T-shaped adduct 3-Br, (13) (see later).
Unfortunately, no crystals suitable for X-ray crystal-structure
determination were obtained for the adduct 1. Br, (11), but
the conductometric titration curve, similar to that found for 3,
and the vibrational properties of 11 (see below) also suggest a
T-shaped nature for 11.

Interestingly, the shape of the conductometric titration
curves in Figure la resembles that found for the titration
curve of 8,9 for which the equilibria reported in Scheme 1
were hypothesised. At present, this scheme should be
considered a very simple model that accounts for the
experimental data. However, the situation in the reaction
medium could be much more complex. In particular, cation
formation in the second step could be caused by different
simultaneous processes, such as interaction of the hypervalent

3124
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compound with a Br, molecule or interaction between two
molecules of the hypervalent compound. Under these con-
ditions, Scheme 1 should also be considered valid for the
reactions of sulfur donors 1 and 3 with Br,. In fact, the first
equilibrium is proved to exist by the fact that spectra of
solutions obtained by dissolving solid samples of 11 and 13
clearly show peaks related to the starting S donors 1 and 3 (see
Table 1). Moreover, the extinction molar coefficients of the

Table 1. UV absorptions of 1-4 and their adducts 11-14 with Br,
recorded in MeCN (loge in parentheses). Br, and Br;~ bands are also
included.

Compound Absorption bands [nm]

1 219(4.64), 242(4.94)

1-Br, (11)& 218(4.50), 270(4.57)

2 234(4.21), 260(4.15)

2.Br, (12)t 206(4.24), 259(4.40)

3 230(4.46), 245(4.46), 311(4.70)
3.Br, (13)k 228(4.59), 277(4.51), 311(4.44)
4 230(4.32), 252(4.29), 322(4.62)
4-Br, (14)1 222(4.75), 266(4.61), 304(4.38)
Bry~ 269(4.75)M)

Br, 268(2.16), 393(2.19)

[a] The positions of the bands of the hypervalent compounds 11-14 are
taken from their spectra in MeCN solutions at concentrations of 4.4 x 107,
713 x 1073, 473 x 107 and 2.473 x 10-5Mm, respectively (7=298 K). As
discussed in the text, the spectra contain both the bands due to the
hypervalent compounds and those due to the free 1-4, in different
amounts for the four compounds. The values for the molar extinction
coefficients of the hypervalent compounds 11-14 must therefore be
considered as only indicative, since they are involved in the equilibrium
reactions shown in Scheme 1. Their solutions do not follow the Lambert —
Beer law at different dilutions. [b] This value, measured on a freshly
prepared solution of tetrabutylammonium tribromide (4.0 x 107 m), is very
close to that (4.74) reported by A. I. Popov.[**!

bands typical of 11 and 13 change on varying the concen-
tration, and the absorbance values do not obey the Lambert —
Beer law for solutions at different dilutions. The formation of
the Br;~ anion, easily detected by UV-visible spectroscopy
(see below), agrees well with the strong increase in con-
ductivity beyond the 1:1 molar ratio (see Figure 1a). On the
other hand, as in the case of 8% the very low but detectable
conductivity values recorded in the first part of the titrations
can be considered proof of the existence of the dissociation
equilibrium of the T-shaped hypervalent compounds to give
[LSBr]* and Br~ ionic species (according to Scheme 1). The
hypothesis of the formation of [LEBr]* cations in solution is
also supported by the fact that [LEX]* (E =S, Se; X = halo-
gen) cations have in some cases been isolated in the solid state
and characterised crystallographically.35 11 1621

The conductometric titration curves obtained for the
selenium donors 2 and 4 are shown in Figure 1b. These curves
show a different shape in the first part of the titration,
resembling those found for conductometric titrations of 20—
22 (the curve relating to 20 has been included in Figure 1b for
comparison). For 20, the conductivity values increase strongly
on addition of Br,, reaching a maximum for a Br,/20 molar
ratio of 0.5:1.7 On further addition of Br,, conductivity starts
to decrease and reaches a minimum at a Br,/20 molar ratio of
1:1."' The same behaviour is observed for 21 and 22, with the
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difference that the maximum conductivity value is reached for
a 1:1 molar ratio, both these donors having two > C=Se groups
in the molecule. For 20-22, the isolated solid products
corresponding to the maximum and minimum conductivity
values proved to be the compounds 23-25 and 26-28,
respectively;’l this indicates the almost quantitative forma-
tion of [(LE),J** dication species featuring an Se—Se single
bond in the first part of the

titrations. In the second part,

the dication species 23-25 are 2)
quantitatively transformed into 5 . 4
the 10-Se-3 hypervalent com- I
pounds 26—28.

3.0 1

2.0 /
Close inspection of the con- g
ductometric titration curves in g
Figure 1b shows that only com- =

pound 4 behaves like com-
pound 20, with much lower
values for molar conductivity.
Interestingly for compound 2,

CH;-R 26
R-CH,-R 27

R-(CH>)R 28

in the first part can be explained

by the simultaneous formation of
2Br [(LE),]** dication species and 10-
Se-3 hypervalent compounds. In
both cases, however, the dications
and the hypervalent compounds
should be in equilibrium with the
free donors 2 and 4, since the
spectra of solutions obtained by
dissolving the solid samples of 12
and 14 clearly show the presence
of peaks originating from free 2
and 4 (see Table 1), while the
Lambert—Beer law is not obeyed
on dilution.

The formation of the Br;~ anion beyond the 1:1 molar
reaction ratio, according to Scheme 1, was proved easily by
spectrophotometric titrations in MeCN. The absorption bands
of 1-4 and 11-14 recorded in MeCN solutions are listed in
Table 1, together with those of Br, and Br;~. In all four
spectrophotometric titrations (see Figure 2), the following
common features can be observed: i) a general absorption

Absorbance

the conductivity reaches its
minimum value at a Br,/2 molar
ratio of about 0.8:1 (the max-
imum having been reached at a
molar ratio of about 0.4), and
then begins to increase, first
slowly and then very rapidly

©
~
w
<
|

when the 1:1 molar ratio is 2.5

reached. For either 2 or 4, the

maximum molar conductivity 20

values remain below 5

15 Q- 'cm?mol~!, and the ad- _21-5
<

ducts 2:-Br, and 4-Br, were
isolated as crystals from the
solutions corresponding to 1:1
molar ratios and identified by
X-ray diffraction as the 10-Se-3

—_
<

e
n

o
=3
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Wavelengths / nm
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0.5

hypervalent T-shaped adducts
12 and 14 (see later). The be- 200 250
haviour of compounds 2 and 4
therefore seems to be inter-
mediate between that of 20—
22 and that of 1, 3, 6 and 8:
the shape of the titration curves  2.25,2.5.
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Figure 2. UV spectra of solutions with constant concentrations of the donors 1-4 with increasing quantities of
Br, (T=298 K; MeCN). a) [1] =1.84 x 10~ m; [Br,]/[1] =0, 0.6,1.2,1.8,2.4,3.0,3.3,3.6,3.9,4.5,5.1.b) [2] =5.4 x
105 M; [Br,)/[2] =0, 0.2, 0.3, 0.4, 0.42, 0.44, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4. ¢) [3] =2.92 x 10~° m; [Br1,}/[3] =0,
0.36,0.55,0.73,0.92, 1.1, 1.46, 1.8,2.2,2.6, 2.9, 3.7. d) [4] =2 x 105 m; [Br,]/[4] =0, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0,
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decrease in the bands due to the free molecules 1-4 and a
concurrent absorption increase in the bands due to the 10-E-3
adducts, ii) even if only those spectra of solutions with a Br,/
donor molar ratio up to 1:1 are considered, no isosbestic
points are observed; this indicates the presence in solution—
in low concentrations—of other species besides the free
starting compounds and their 10-E-3 hypervalent adducts
(E=Se, S) and iii) all the titrations are characterised by the
appearance of a very strong absorption near 270 nm, due to
the fact that either Br;~ or the adducts 11-14 show a strong
band near this value ; however, this band increases more than
the formation of 11-14 would lead us to expect. Its further
increase when Br, is added beyond the complete formation of
11-14 clearly indicates an increasing amount of Br;~, (see
Table 1) which is formed in solution according to Scheme 1.
To this purpose, it should be pointed out that during the
titrations of the sulfur donors 1 and 3, the spectrophotometric
curves take on the appearance of those of the corresponding
hypervalent compounds only when the molar ratio is far
above 1:1 (about 3:1 for 1 and 5:1 for 3); this confirms that the
formation of 11 and 13 is an equilibrium process. This seems to
be in disagreement with the results of the conductometric
titrations for the S donors, but it should be remembered that
the two sets of titrations were carried out at very different
concentrations: about 10~3M in the conductometric titrations
and 10~ M in the spectrophotometric ones. On the other hand,
only a small excess of Br, is enough to transform 2 and 4
almost completely into the corresponding Se-hypervalent
compounds 12 and 14. Thus, Scheme 1 also appears to account
for the results of the spectrophotometric titrations of 1-4
with Br,. In all four cases, the absence of isosbestic points in
the spectrophotometric titrations corroborates the presence
in solution of significant amounts of the various species as
outlined in Scheme 1.

In order to understand the different chemical behaviour of
1-4, 6, 8 and 20-22 in the first part of the conductometric
titrations, we carried out density functional theory (DFT)
calculationsB®** on compounds 1-8, 19 and 20, and also on
the corresponding hypothetical [LEX]" cations (L represents
the organic framework; E =S, Se and X = Br, I). Extension of
the calculations to the [LEI]* species is useful in view of the
large variety of solid products also obtained on treatment of
these substrates with I,. In fact, [LEX]" species were
considered by Husebyel'?l to play a key role as intermediates

in the processes leading to the different types of products

when LE organic donors were allowed to react with halogens.

Furthermore, [LEX]" species can be regarded as deriving

formally not only from the initially formed 10-E-3 hyper-

valent compound, but also from the 10-X-2 CT adduct by
heterolytic breaking of an X—X bond. For the donors
considered in this paper, calculations were aimed at predict
ing the products most likely to be formed if [LEX]*

species are considered as key intermediates. Table 2

shows the NBO charges on the carbon, chalcogen and

halogen atoms calculated at optimised geometries. On the
basis of the charge distribution, the following observations
can be made:

i) Comparison of the fractional charges on the chalcogen
atoms in the hypothetical intermediate [LEBr] " species (in
the range 0.191-0.281 e for S donors and 0.346-0.438 ¢
for Se donors) and the charge on the terminal bromine
(—0.074-0.048 ¢) clearly indicates that the attack of a
nucleophile on the [LEBr]* cation is likely to occur on the
chalcogen atom. If the nucleophile is Br~, the correspond-
ing chalcogen-hypervalent adduct is formed. Consequent-
ly, CT adducts between the donors under consideration
and Br, are not to be expected. In fact, adducts featuring
the Se-Br-Br linear group are unknown and only a very
few cases have been reported for sulfur donors.?!

ii) In contrast, the fractional charges on the chalcogen and
iodine atoms in the [LEI]* cation show that the charge on
the terminal iodine is always positive (from 0.131t0 0.183 e
for the S donors and from 0.051 to 0.094 ¢ for the Se
donors), while that on the chalcogen is lower than that
found in [LEBr]* (from 0.075 to 0.156 e for the S donors
and from 0.233 to 0.314 e for the Se donors). Of the
examined compounds, only § and 7 are likely to undergo
attack of I on the sulfur atom in the corresponding [LSI]*
cation to form hypervalent sulfur compounds that feature
the I-S-I group, but this type of compound has never been
isolated. In agreement with the experimental evidence so
far collected, this seems to support the preferential
formation of CT adducts from the reaction between
sulfur donors and I,. In contrast, for the examined
selenium donors, the high positive charge on the selenium
atom (from 0.346 to 0.438 ¢) compared with that on the
terminal iodine (from 0.051 to 0.094 e) in [LSeI]* indicates
a preferential tendency to form Se-hypervalent com-

Table 2. NBO charges Q [e] on C(2), E (E=S, Se), X (X=Br,I) atoms in LE (1-8, 19 and 20) and in their corresponding [LEX]" ions. The last two columns

give the differences AQg [e] between the Qg in [LEX]* and LE.

L=E E QC QC Qc Ok (03 Ok O O AQg AQg
L=E [LEBr]* [LEI]* L=E [LEBr]* [LEI]* [LEBr]* [LEI]* [LEBr]* [LEI]*
1 S 0.307 0.401 0.405 —0.256 0.196 0.075 0.046 0.179 0.452 0.331
2 Se 0.259 0.342 0.347 —0.228 0.356 0.233 —0.038 0.091 0.584 0.461
3 S 0.283 0.310 0.320 —-0.229 0.191 0.083 0.001 0.131 0.420 0.312
4 Se 0.235 0.253 0.263 —0.208 0.346 0.236 —0.070 0.055 0.554 0.444
5 S —0.080 —0.025 —0.020 —-0.131 0.281 0.156 0.048 0.183 0.412 0.287
6 Se —0.154 —0.095 —0.090 —0.100 0.438 0.314 —0.037 0.094 0.538 0.414
7 S —0.103 —0.095 —0.086 —0.120 0.232 0.116 0.017 0.151 0.352 0.236
8 Se —0.181 —0.163 —0.155 —0.088 0.396 0.280 —0.059 0.069 0.484 0.368
19 S 0.270 0.277 0.288 —0.283 0.196 0.085 0.004 0.135 0.479 0.368
20 Se 0.225 0.216 0.226 —0.268 0.355 0.244 —0.074 0.051 0.623 0.512
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pounds rather than CT I, adducts; however, both types of
adducts have been isolated.?

iii) The formation of [(LE),]>* dicationic species featuring a
chalcogen—chalcogen single bond, obtained in the case of
compounds 20-22 and hypothesised in solution as the
conducting species in the cases of 2 and 4, could be
explained by a nucleophilic attack of the negatively
charged chalcogen atom of a neutral LE molecule on the
positively charged chalcogen atom of the [LEBr]|" inter-
mediate, with elimination of Br~. From a qualitative point
of view based on FMO theory,* the symmetries of the
HOMOs of the donors, which in all the examined cases are
p orbitals (out of molecular plane for 3-5, 7,19 and 20, and
in the molecular plane for 1, 2, 6 and 8), and the LUMOs of
the [LEBr]* acceptors, which spread along the E—Br bond
direction (see Figure 3 for 20 and [20—Br]*"), are appro-
priate for this nucleophilic attack, which should be

Figure 3. Representations of the HOMO of compound 20 (left) and the
LUMO of the corresponding boromoselenide cation [20—Br]* (right).

favoured by a high value of the difference AQg (Table 2)
between the charge on E in [LEBr|* and the charge on E
in LE. As can be seen, the highest value of AQg (+0.623 ¢)
is calculated for 20, for which dication formation on
treatment with Br, in MeCN solution is, as already
mentioned, almost quantitative, and the salt 23 can be
crystallised from solutions of molar ratios of 1:0.5 20/Br,.
For the compounds containing >C=S bonds given in
Table 2, AQg, is reduced to a value ranging from 0.352 to
0.479 ¢ and no formation of [(LS),J>* dications has been
experimentally observed for these donors, either in the
solid state or in solution. Calculated values of AQg slightly
higher than those found for the S donors are obtained for
Se donors 6 and 8, for which, once more, no dication
formation has been observed. The AQg values calculated
for 2 and 4 (0.584 and 0.554 e, respectively) are inter-
mediate between the value calculated for 20, and those
calculated for 6 and 8. Indeed, the conductometric titration
curves in Figure 1b indicate the formation of significant
quantities of dication species in the first part of the
titration for 2 and 4 (see discussion above). On the basis of
the AQg parameter, the tendency to form the [(LE),]**
dication species follows the decreasing order:

20>2>4~6>8~19>1>5~3>17.

In the last column of Table 2, the AQg values calculated in
the case of [LEI]" cations are also reported. The decreasing
order is the same as that found for [LEBr|*. Accordingly, the
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direct reaction of 20 with IBr and ICIP¢ produced the same
dication as for 23 but with different counteranions; whereas
treatment of 2 with I, allowed the isolation of a mixed-valence
compound in the solid state, in which an I, adduct unit is
present together with a dication species [2,]** with I~ as
counter-ion.B

As already mentioned, Husebye et al.l'l have very recently
reported a chemical diagram collecting the different types of
compounds that can be formed in reactions of the type LE +
X, (L =organic framework; E = chalcogen atom; X = halo-
gen) with the desirable aim of predicting the final products for
each particular system of reagents. In that diagram, the
formation of the dication [(LE),]** was hypothesised as
deriving from the attack of the LE donor on the chalcogen
atom of the [LEX]" acceptor. These DFT calculations also
support that hypothesis and also account for the fact that in
some cases the dications can be formed in preference to the
T-shaped hypervalent chalcogen compounds. In the diagram
proposed by Husebye, however, the formation of the hyper-
valent compounds was explained by nucleophilic attack of an
X5~ ion on the E atom of the [LEX]" cation, with elimination
of an X, molecule. Since, in reactions between Br, and
compounds 1-4, 6 and 8, hypervalent chalcogen compounds
are the only adducts formed before the 1:1 acceptor/donor
molar ratio is exceeded, as shown by conductometric titra-
tions, it is reasonable to propose that 10-E-3 hypervalent
adducts might also be formed by the attack of an X~ ion on the
chalcogen atom of the [LEX]" cation (reverse reaction of the
second equilibrium in Scheme 1). At present, it is difficult to
hypothesise all the possible pathways for transforming the
[(LE),]** dication into the corresponding hypervalent com-
pounds on addition of Br,, as observed for the donors 20— 22.
One way to do this might be the reverse reaction of dication
formation: breaking of the chalcogen-chalcogen bond pro-
moted by X~ with formation of the [LEX]" cation and a
molecule of LE, which undergoes an oxidative addition of Br,
according to the first step in Scheme 1.

Solid state: On treatment of 1-4 with dibromine in MeCN,
1:1 adducts have been separated in the solid state. With the
exception of 1-Br, (11), the X-ray crystal structure determi-
nations of these compounds show their 10-E-3 T-shaped
hypervalent chalcogen adduct natures. Views of 12 and 13 are
shown in Figures4 and 5, respectively. Compound 14 is
isostructural with 13 and the same labelling scheme as shown
in Figure 5 has been adopted for it. Interatomic distances and
angles for the three compounds are reported in Tables 3 and 4.
The molecule of 12 contains an almost linear Br-Se-Br system
[172.81(3)°], which is roughly perpendicular to the average
plane of the molecule [Br(1)-Se-C(1)-N(1), torsion angle
93.6(6)°]. The arrangement of the molecules in the crystal is
shown in Figure 6, in which a projection of the crystal packing
along [010] is shown. The Se atom of each molecule is engaged
in a short interaction with the Br(1) atom of an adjacent
molecule [Se -+ Br(1) (x,1/2 —y, 1/2 + z)]. 3.456(1) A], so that
the Se atom achieves a roughly square planar coordination.
The Se—Br distances are asymmetric [2.529(1) vs. 2.608(1) A],
the shortest distance being that with the Br(1) atom involved
in the short intermolecular contact.
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Figure 4. Molecular structure and atom labelling scheme of the T-shaped
adduct 12 formed between N,N'-dimethylimidazoline-2-selone (2) and Br,.
The thermal displacement ellipsoids are given at the 30 % probability level.

Figure 5. Molecular structure and atom labelling scheme of the T-shaped
adduct 13 formed between N,N'-dimethylbenzimidazole-2-thione (3) and
Br,. The thermal displacement ellipsoids are given at the 30 % probability
level.

The molecular adducts 13 and 14 lie on a twofold crystallo-
graphic axis and therefore the Br-E-Br (E=S, Se) system,
which is essentially linear, is symmetric. For them, no short
interactions involving the chalcogen or bromine atoms of
adjacent molecules are observed (Bre--E>4.1 A) and the
molecules are arranged in parallel planes; this gives rise to a

3128
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Table 3. Selected interatomic distances [A] and angles [°] for
C;H,,Br,N,Se (12)

Br(1)-Se 2.529(1) N(1)-C(11) 1.440(10)
Br(2)-Se 2.608(1) N(2)-C(1) 1.293(8)
Se—C(1) 1.931(6) N(2)-C(3) 1.466(9)
N(1)-C(1) 1.306(8) N(2)-C(21) 1.462(13)
N(1)-C(2) 1.459(8) C(2)-C(3) 1.515(11)
Br(1) -+ Se 3.456(1)

Br(1)-Se-Br(2) 172.81(3) C(1)-N(2)-C(21) 128.8(7)
Br(1)-Se-C(1) 85.6(2) C(3)-N(2)-C(21) 121.2(8)
Br(2)-Se-C(1) 87.4(2) Se-C(1)-N(1) 124.2(5)
C(1)-N(1)-C(2) 111.3(6) Se-C(1)-N(2) 122.8(5)
C(1)-N(1)-C(11) 127.6(6) N(1)-C(1)-N(2) 113.0(6)
C(2)-N(1)-C(11) 121.0(6) N(1)-C(2)-C(3) 101.8(6)
C(1)-N(2)-C(3) 109.8(6) N(2)-C(3)-C(2) 103.9(6)

Table 4. Selected interatomic distances [A] and angles [°] for
CoH,(Br,N,E.

E=S (13) E=Se (14)

Br-E 2.493(1) 2.572(1)
E-C(1) 1.753(1) 1.889(1)
N(1)-C(1) 1.337(2) 1.336(3)
N(1)-C(2) 1.386(3) 1.390(4)
N(1)-C(5) 1.465(3) 1.466(3)
C(2)-C(2) 1.391(4) 1.393(5)
C(2)-C(3) 1.398(3) 1.388(4)
C(3)-C(4) 1.377(3) 1.364(4)
C(4)—C(4) 1.418(5) 1.410(6)
Br---E 4.183(1) 4.139(1)
Br---Br 4.016(1) 4.077(1)
Br-E-Br 179.38(4) 178.14(2)
Br-E-C(1) 89.69(2) 89.07(1)
C(1)-N(1)-C(2) 108.4(1) 108.8(2)
C(1)-N(1)-C5 126.6(2) 126.6(3)
C(2)-N(1)-C5 124.9(2) 124.6(2)
E-C(1)-N(1) 125.11(7) 1253(2)
N(1)-C(1)-N(1") 109.8(1) 109.5(3)
N(1)-C(2)-C(2) 106.7(1) 106.5(1)
N(1)-C(2)-C(3) 131.2(2) 132.0(3)
C(2)-C(2)-C(3) 122.1(1) 121.5(2)
C(2)-C(3)-C(4) 115.9(2) 116.7(3)
C(3)-C(4)-C(4) 122.0(1) 121.7(2)

graphite-like stacking. The Br-E-Br moiety is almost perpen-
dicular to the remaining part of the molecule, which is planar:
the dihedral angles Br-S-C(1)-N(1) and Br-Se-C(1)-N(1) are
76.0(1) and 72.2(2)°, respectively. The value of the Se—Br
distance [2.572(1) A] is exactly the average of the two
asymmetric bonds found in 12. Whilst in 13 and 14 the four
C—-N bond lengths in the five-membered ring are fairly
similar, in 12 N(1)—C(1) is shorter than the other C—N bonds,
which are otherwise similar to each other. The C—Se bond in
12[1.931(6) A] is very close in length to those found in 1015 1%]
and in the new modification of 10 [1.930(7) A] (Table 5),
whilst in 14 the C—Se bond is significantly shorter
[1.889(1) A]. In addition, the C—S bond in 13 [1.753(1) A] is
greatly lengthened with respect to the value found in 3
[1.671(8) A].3] On the whole, the carbon—chalcogen bonds
can be considered as being very close to those corresponding
to a single bond.

The crystal structures of 12—14 support the importance of
the intermolecular contacts in generating asymmetry within
the Br-E-Br (E =S, Se) group. In fact, in 12, where a short
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mation of a four-membered,
square-planar ring involving
two selenium and two bromine
atoms. The importance of the
contacts in determining asym-

#

Figure 6. Crystal packing of compound 12, showing the short Se«+- Br(1) intermolecular contacts.

Table 5. Selected interatomic distances [A] and angles [°] for
C,H,Br,NSSe (10).

Br(1)-Se 2.569(1) N-C(8) 1.489(10)
Br(2)-Se 2.593(1) s—c(1) 1.683(7)
Se—C(1) 1.930(7) S—C(3) 1.753(7)
N—C(1) 1.325(8) C(2)-C(3) 1.403(10)
N—C(2) 1.394(9)

Br(1)Se 3.354(1)

Br(1)-Se-Br(2) 175.74(5) C(1)-8-C(3) 91.8(4)
Br(1)-Se-C(1) 88.62(2) S-C(3)-C(2) 108.4(6)
Br(2)-Se-C(1) 87.66(2) Se-C(1)-N 125.3(6)
C(1)-N-C(2) 113.6(7) Se-C(1)-S 121.2(4)
C(1)-N-C(8) 124.4(7) S-C(1)-N 113.5(6)
C(2)-N-C(8) 122.0(6) N-C(2)-C(3) 112.7(6)

Br(1)-:+Se contact of 3.456(1) A is present, the Br-Se-Br
moiety is asymmetric [Br(1)-Se 2.529(1) A, Br(2)-Se
2.608(1) A], while in 13 and 14 the shortest intermolecular
contacts are 4.183(1) and 4.139(1) A, respectively, and no
asymmetry is found (Table4). Also, the linearity of the
Br-E-Br (E =S, Se) moiety is affected by these contacts, the
angle being very close to 180° for 13 and 14 but only
172.81(3)° for 12. A survey of the literature on Br-E-Br (E =
S, Se) and I-Se-I systems shows that the situation observed in
12 is analogous to that found in (C¢H;;);PSeBr,,'! in 1,2-
bis(3-methyl-4-imidazolin-2-ylium dibromoselenanide)-
ethane,” and in the hypervalent selenium diiodine adducts
with 1,3-dialkyl-4-imidazolin-2-selone (alkyl = Me,Pl iPrl1al),
In all these cases, only one of the two halogen atoms shows a
contact with an adjacent adduct molecule, and the shortest
halogen-chalcogen distance is that associated with the halo-
gen atom involved in the short intermolecular contact,
independently of the nature of the interacting atom. On the
other hand, the structures of compound 10 (in the modifica-
tion obtained from dichloromethane solutions® %), of di-
bromo(tetramethylthiourea)selenium(i)*! and of the adduct
1,2-bis(3-methyl-4-imidazolin-2-ylium diiodoselenanide)eth-
ane,’’! feature two short intermolecular contacts with for-
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metry in Br-E-Br (E=S, Se)
moieties is further demonstrat-

ed by the new structural mod-

ification of 10 crystallised from

acetonitrile solution (Table 5).
In the structures of 10 reported
earlier,> 1% the presence of two
dichloromethane molecules in
the unit cell is crucial in deter-
mining the crystal packing.
Compound 10, when crystal-
lised from MeCN solution, has
only one Br atom engaged in
interaction with the Se atom of
an adjacent molecular adduct
[3.354(1) A]; this forms sinu-
soidal chains which propagate
along the [001] direction (see Figure 7). Once again, the
shortest Se—Br distance [Se—Br(1) 2.569(1); Se—Br(2)
2.593(1) A] is that with the Br(1) atom involved in the short
intermolecular contact.

Figure 7. Crystal packing of the new crystalline modification of compound
10, obtained from acetonitrile solution. The thermal displacement ellip-
soids are given at a 50% probability level. Unlike in the previously
reported structures for this compound, only one Se--Br(l) short
intermolecular contact is present in this modification.

Different situations have been found in the bromine
adducts of 1-thia-4-selenacyclohexane,?! 4 5-bis(methylsul-
fanyl)-1,3-dithiole-2-thione,'* and selenocyanate anion,?* in
which both bromine atoms are involved in several short
intermolecular contacts. The final result is either a practically
symmetrical Br-Se-Br group [2.545(5)-2.548(5) A] in the
adduct of 1-thia-4-selenacyclohexane,®! or a quite asymmet-
ric one [2.624(2)-2.530(2) A] in the (SeCN)Br,~ anion.! In
the 4,5-bis(methylsulfanyl)-1,3-dithiole dibromine adduct re-
ported by Bricklebank et al.,l*" the asymmetry of the Br-S-Br
group was attributed to the short intermolecular interactions,
which also involved the sulfur atoms in the ring of the donor
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molecule. For the four asymmetric structures containing the
Br-Se-Br system reported by Akabori etal.,?d it is not
possible to verify the origin of the asymmetry, since the
authors did not report the short intermolecular contacts.
However, they did correlate the increasing asymmetry of the
Se—Br bonds with the increasing total lengths of the Br-Se-Br
group. Consequently, 13 and 14 represent the only known
structures without intermolecular Br--«E (E=S, Se) and
Br--- Br contacts; compound 13 in particular represents the
first example reported in the literature of a 10-S-3 hypervalent
sulfur adduct with two equal S—Br bonds. In contrast, the
equality of the two Se—Br bonds found in the adduct of 2,3,7,8-
tetramethoxyselenanthrene with Br, arises from the equiv-
alence of the Se---Br intermolecular contacts involving both
the bromine atoms.?’!

Compounds 11-14 have also been characterised by FI-IR
and FT-Raman spectroscopy. Figure 8 shows the superim-
posed infrared and Raman spectra of 11-14 in the 300-
50 cm™! range. The Raman spectra of the four compounds

ok J
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Figure 8. Superimposed FT-IR (top) and FT-Raman (bottom) spectra of
compounds 11-14 in the low frequency region.

look very simple, since they are dominated by one or two
peaks in the anticipated region of the frequencies of the Br-E-
Br linear groups. In particular, 13 and 14, the crystal structures
of which suggest the presence of equal Br—E bond lengths,
show only one peak, at 156 and 161 cm™!, respectively (see
spectra 3 and 4 in Figure 8), while 12, which has an asym-
metric Br-Se-Br group, shows two Raman peaks at 157 and
177 cm™! (spectrum 2). The FT-IR spectra of these three
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compounds show one absorption close to the frequency of the
most intense Raman peak and another broad absorption over
175 cm™'; these can be attributed to the symmetric (v,) and
antisymmetric (v,,) stretching vibrations of Br-Se-Br, respec-
tively.® Tt is important to note that the FT-Raman spectra of
26-28 look very similar to that of 12, showing two peaks at
186 =6 and 152 46 cm~!, attributable to v,, and v, of the Br-
Se-Br three-body system, respectively. Accordingly, the
crystal structures of 26" and 28!") show asymmetries in the
Br-E-Br bond lengths analogous to that found in 12. The
Raman spectrum of compound 11 (spectrum 1 in Figure 8)
also looks similar to that of compound 12, with the difference
that the two peaks overlap—the one at the higher energy
appearing as a shoulder. This also supports the T-shaped
nature of 11, probably with a slightly asymmetric Br-S-Br
group. The vibrational properties of the Br-E-Br (E =S, Se)
system resemble those of the [Br-X-Br]~ (X =1, Br) anions. In
fact, the Raman spectrum of a symmetrical Br-E-Br group in
the presence of an inversion centre only shows one Raman
peak near 160 cm~!, as found in the symmetric Br;~ and IBr,~
anions, while asymmetric Br-E-Br groups display an addi-
tional antisymmetric Br-E-Br mode at around 190 cm™, as
found in the asymmetric Br;~ and IBr,~ anions.[3% % 4]

Conclusion

The reaction of LE (E=S, Se) chalcogen donor molecules
with halogens and interhalogens can give different and
unpredictable products. On the basis of all the types of
products so far isolated and characterised, many authors have
attempted to judge whether they could be formed from the
same type of intermediate species . Husebyel'?l hypothesised
that this species was the [LEX]" (X =1, Br) cation derived
from the initially formed 10-X-2 CT adduct or 10-E-3
hypervalent compound. The results described in this paper
concerning the reactions between Br, and 1-4, 6, 8 or 20-22
that produce 10-E-3 hypervalent adducts or [(LE),]** dicat-
ions, clearly fit with the actual formation in solution of
[LEX]* intermediate cations, at least for the restricted class of
S donors and Se donors examined. In order to better
understand both the role played by the [LEX]" cation and
the reasons why the donors considered show different
tendencies in forming [(LE),]** dicationic species, 10-E-3
hypervalent adducts or 10-X-2 CT adducts when treated with
I, or Br,, we performed DFT calculations on the correspond-
ing [LEX]* species. If we consider that [(LE),]** dicationic
species, 10-E-3 hypervalent adducts or 10-X-2 CT adducts
can derive from a nucleophilic attack of the appropriate
nucleophile on the [LEX]' cation from the chalcogen or
halogen site, the calculated NBO charge distribution largely
takes account of the experimental results. In fact, the charge
distribution calculated for [LSI]* cations clearly indicates that
for S donors the product most likely to be formed from the
interaction of [LSI]* with X~ is the 10-1-2 CT adduct featuring
the linear E-I-X group. In the case of Se donors, both 10-Se-3
hypervalent adducts with the I-Se-I group and 10-I-2 CT
adducts could be formed, as confirmed experimentally. The
formation of [(LS),]** dication species from the attack of an
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LS molecule on the sulfur atom of [LSX]" is very unlikely. On
the other hand, the charge distribution calculated for [LEBr]*
cations clearly indicates that 10-E-3 hypervalent compounds
are very likely to occur as a consequence of the interaction of
the [LEBr]* cation with Br~. Indeed, Br, CT adducts with Se
donors are unknown, and only a few cases have been reported
for S donors. Considering the formation of [(LE),]** dications
as the result of a nucleophilic attack of an LE molecule on the
chalcogen atom of [LEBr|" with elimination of Br-, the
parameter AQg (the difference between the charges on the
chalcogen atom E in [LEBr]* and in LE) may be taken as a
indication of the tendency of the considered donors to give
dicationic species on treatment with Br,. On the basis of this
parameter, the following order—20>2>4~6>8~19>1>
5~3>7—can be given for the tendency of the considered
donors to produce [(LE),J** dications. This order largely
agrees with the experimental observations. In conclusion, as
also demonstrated by DFT calculations, the [LEX]* species
plays a key role in the complex system of equilibria involved
in the reactions of chalcogen donors with halogens and
interhalogens. Extension of DFT calculations to a larger class
of donors and to corresponding products obtainable on
reaction with I,, Br,, IBr and ICl would be of great help in
confirming this role and elucidating mechanistic aspects.

Experimental Section

Synthesis of 1-4: N,N'-dimethylimidazolidine-2-thione (1), N,N'-dimethyl-
imidazolidine-2-selone (2), N,N'-dimethylbenzoimidazole-2-thione(3) and
N,N'-dimethylbenzoimidazole-2-selone (4) were prepared according to the
literature.’!

Table 6. Crystallographic data.

Synthesis of 10-14: These compounds were prepared from MeCN
solutions of the appropriate ligand and Br, in a 1:1 molar ratio. All the
analytical data were consistent with the formulation of 1:1 molecular
adducts 8-Br, (10), 1-Br, (11), 2-Br, (12), 3-Br, (13) and 4-Br, (14),
respectively.

Spectroscopic measurements: Spectrophotometric measurements were
carried out in MeCN solutions by using a Varian model Cary5 UV/Vis-
NIR spectrophotometer equipped with a temperature controller accessory
and connected to an IBM Personal System2 Type8513 TKQ S/N 55-
DMRS9. For 1-4, spectra of several solutions with a constant donor
concentration and increasing concentrations of Br, were recorded in the
200-400 nm range at a temperature of T=298 K. The upper limit of the
Br, concentration was chosen in order not to exceed an absorbance of
2.5 units at about 270 nm. The spectra of the hypervalent compounds 11—
14 were recorded in MeCN solutions at concentrations of 4.4 x 1075, 7.13 x
1073,4.73 x 1073 and 2.473 x 10~M, respectively, (T =298 K). The shapes of
the spectra in solution change on changing the concentration, and the
solutions at different dilutions do not follow the Lambert—Beer law.

Conductivity measurements: Conductometric titrations were carried out at
T=298K in MeCN solution in a standard thermostatted cell with a
Model 120 microprocessor conductivity meter analytical control. The k cell
(123 cm™') was determined by measuring the conductivity of three
solutions of KCI (previously kiln-dried for 12 hours) in doubly distilled
water of 0.1, 0.01 and 0.001m at 7=298 K. Conductivity was recorded
5 minutes after each Br, addition in order to allow the temperature to
stabilise. The Br, concentration in MeCN was measured with a standard
aqueous Na,S,0; solution (0.100M) according to traditional methods.

DFT calculations: Quantum chemical calculations were carried out by
using the commercially available Gaussian 94 suite of programs.® Density
functional calculations?! were performed by using the hybrid Becke 3LYP
functional (which uses a mixture*lof Hartree —Fock and DFT exchange
along with DFT correlation: the Lee — Yang—Parr correlation functional
together with Becke’s gradient correction).*”] For all calculations, Schafer,
Horn and Ahlrichs’ pVDZP*! basis sets were used for C, H, N, O, S and Se,
while LANL2DZ basis sets together with effective core potentials (ECP)P)
were adopted for halogen atoms. Numerical integration was performed by
using the FineGrid option, which indicated that a total of 7500 points were
used for each atom. In order to achieve SCF convergence for compounds 1

Compound 10 12 13 14

formula CsH,Br,NSSe CsH,(Br,N,Se CyH,(Br,N,S CoH,(Br,N,Se
mass [amu] 387.99 336.93 338.08 384.97

space group P2,/c (n.14) P2,/c (n.14) C2/c (n.15) C2/c (n.15)
a[A] 8.296(2) 12.768(9) 13.101(4) 13.260(3)

b [A] 19.139(6) 9.925(5) 9.777(2) 9.947(2)
c[A] 7.788(3) 8.211(9) 9.411(2) 9.178(2)

A1 115.23(3) 100.34(6) 109.58(1) 108.52(1)

V [A3] 1118.6(6) 1024(1) 1135.7(5) 1147.9(4)

V4 4 4 4 4

F(000) 728 632 656 728

Peated [g cm ™) 2.304 2.186 1.977 2.227
u(Moy,) [em™] 106.4 113.1 72.1 101.0

T [K] 293(2) graphite monochromatised Moy, [0.71073 A] Enraf-Nonius CAD4

radiation

diffractometer

scan mode w 3} ® ®

scan speed [°min'] 05-2 2-3 05-2 05-2

scan width [°] 1.4+ 0.350tan6 1.1+ 0.350tan® 1.0+ 0.35tanf 1.0+ 0.35tanf

0 range [°] 3-27 3-26 3-27 3-27

independent reflections 2425 1993 1240 1335

observed reflections

[>30(1)] 1012 1171 982 952

transmission factors 0.73-1.00 0.50-0.97 0.71-1.53 0.50-1.00

parameters refined 118 105 65 66

final R and Rw indicesl! 0.029, 0.031 0.041, 0.047 0.029, 0.041 0.033, 0.042

largest diff. peak 0.47(11) 0.96(14) 0.45(9) 0.91(13)
hole [e A3 —0.48(11) —0.60(14) —0.60(9) —0.78(13)

[a] R=[3(F, — k| F,|}/SF,], Rw=[Sw(F, — k| F.| */SwF2]"".
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and 19, the Vshift option was employed, thus shifting Kohn—Sham orbital
energies by 100 mHartrees. Moreover, the maximum number of SCF cycles
was raised from the default value (64) to 512 and 768 for 19 and 20,
respectively. After geometry optimisation, NBOM calculations were
performed for each molecule by using the converged density matrix
corresponding to the equilibrium geometries. The Kohn-Sham orbital
drawings reported in Figure 3 were elaborated with Molden 3.6.141
Calculations were performed on an IBM Risc 6000 550 H, DECServer 4000
and a VAIER Intel Pentium I11 450 MHz personal computer running Linux
Suse 6.3.

X-Ray crystal structure determination: Details of the data collection and
refinement of the structures are reported in Table 6. Crystals were mounted
on a glass fibre in a random orientation. Preliminary examination and data
collection were performed with graphite monochromatised Mo, radiation
(0.71073 A) on an Enraf—Nonius CAD4 computer-controlled kappa axis
diffractometer. Cell constants and an orientation matrix for data collection
were obtained from least-squares refinement by using the setting angles of
25 reflections. The data were collected at room temperature by using a
variable scan rate (2 to 20°min~' in omega). Three representative
reflections were measured every hour to check the stability of the crystals
under X-ray exposure: these measurements revealed no decay of the
scattering power of the crystal. Lorentz and polarisation corrections,
together with an empirical absorption correction performed as described in
[48], were applied to the data. The structures were solved by using direct
methods (MULTAN) and difference Fourier syntheses, and refined in full-
matrix, least-squares, the function minimised being Zw( | F,|—| F,| )% All
the hydrogen atoms were seen in a difference Fourier map and introduced
into the structure model. Scattering factors were taken from Cromer and
Waber.*)) Anomalous dispersion effects were included in F,; the values for
of and Of " were those of Cromer.*l All calculations were performed on an
80486/33 computer with Personal SDP software.’!] Atomic coordinates,
displacement parameters, bond lengths and angles for 12, 13, 14 and the
new modification of 10 have been deposited at the Cambridge Crystallo-
graphic Data Centre as supplementary publications no. CCDC-155182 to
CCDC-155185. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax:
(+44)1223-336033; e-mail: deposit@ccdc.cam.ac.uk
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Abstract: The architecture of windmill
hexameric zinc(11) — porphyrin array 1 is
attractive as a light-harvesting function-
al unit in view of its three-dimensionally
extended geometry that is favorable for
a large cross-section of incident light as
well as for a suitable energy gradient
from the peripheral porphyrins to the
meso —meso-linked diporphyrin core.
Three core-modified windmill porphyrin
arrays 2—4 were prepared for the pur-
pose of enhancing the intramolecular
energy-transfer rate and coupling these
arrays with a charge-separation func-
tional unit. Bisphenylethynylation at the
meso and meso’ positions of the dipor-

state of the peripheral porphyrin energy
donor determined by the fluorescence
up-conversion method was 68 fs, and
thus considerably shorter than that of
the reference monomer (150 fs), sug-
gesting the presence of the intramolec-
ular energy-transfer channel in the S,
state manifold. Such a rapid energy
transfer can be understood in terms of
large Coulombic interactions associated
with the strong Soret transitions of the
donor and acceptor. Picosecond time-
resolved fluorescence spectra and tran-
sient absorption spectra revealed con-
formational relaxation of the S, state of
the diporphyrin core with 7=25 ps.

Upon photoexcitation of models 3 and
4, which bear a naphthalenetetracarboxy-
lic diimide or a meso-nitrated free-base
porphyrin attached to the modified
diporphyrin core as an electron accept-
or, a series of photochemical processes
proceeded, such as the collection of the
excitation energy at the diporphyrin
core, the electron transfer from the S;
state of the diporphyrin to the electron
acceptor, and the electron transfer from
the peripheral porphyrins to the dipor-
phyrin cation radical, which are coupled
to provide a fully charge-separated state
such as that in the natural photosynthet-
ic reaction center. The overall quantum

phyrin core indeed resulted in a remark-
able enhancement in the intramolecular
S, =S, energy transfer in 2 with 1=2~

] photochemistry
3 ps, as revealfad by femtolsecond time- photosynthesis
resolved transient absorption spectros- chemistry

copy. The fluorescence lifetime of the S,

Introduction

There are two major functional components, namely the light-
harvesting (antenna) complex (LHC) and the reaction center
(RC), in photosynthetic reaction centers, which are respon-
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yield for the full charge separation is
better in 4 than in 3 owing to the slower

devices i ) '
porphyinoids charge recombination associated with
supramolecular smaller reorganization energy of the

porphyrin acceptor.

sible for the energy source of all the living things. The LHC
has role of broadening the cross section and spectral region of
the incident light and of delivering the captured excitation
energy to the RC without any serious energy loss.'! The RC in
turn has a quantitative charge-separation function to convert
light energy to chemical potential that fuels cellular proc-
esses.ll Effective coupling of these two major functions, which
is vital for photosynthesis, is attained by a protein matrix that
holds chromophores and electron carriers at the precise
distances and in the correct orientations.

In view of the importance of photosynthesis, many model
systems have been prepared in which porphyrins are covalently
joined by a variety of bridges,*! although there have been only
scattered examples of models in which the two major functions
of light-harvesting and charge separation are effectively coupled
in a single molecule to produce a long-lived charge-separated
state for photoexcitation in a wide wavelength range.[]
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Recently, we developed an efficient synthetic route to
windmill porphyrin arrays that have three-dimensionally
arranged orthogonal geometry, which is favorable for the
large cross section of the incident light.! The direct meso -
meso connection in the diporphyrin core results in the
stabilization of the S, state and thus enables an efficient
energy transfer from the peripheral porphyrins to the
diporphyrin core. The efficiency of the energy transfer process
has been estimated to be about 96 %, but the observed double
exponential fluorescence decay profile of the peripheral
porphyrins suggested the presence of a reverse energy-
transfer process due to a small energy difference between
the S, states of the donor and acceptor.[

An advantageous feature of the artificial models lies in their
flexible tunability in response to required functional demands.
Herein we describe attempts to improve the efficiency of the
intramolecular energy transfer from the peripheral porphyr-
ins to the diporphyrin core by chemical modification. Taking
advantage of the free meso positions of the windmill
porphyrin arrays, we attempted the phenylethynylation at
the meso positions with the expectation that the energy level
of the S, state of the diporphyrin core can be lowered with
respect to that of the peripheral porphyrins, thereby enhanc-
ing the energy transfer from the peripheral porphyrins.® This
molecular design was triggered by recent reports that meso-
ethynylation and meso-butadiynylation of porphyrins led to
substantial decreases in the S, state energy level. Arnold et al.
reported the red-shifted absorption band of butadiyne-
bridged nickel() diporphyrin® and Therien et al. showed
that the excitation energy of the S, state of zinc(u) 5,15-
diphenyl-10-trimethylsilylethynylporphyrin is about 2.04 eV;
that is, considerably lower than that of the parent zinc(11) 5,15-
diphenylporphyrin (2.12 €V).['%] Similar spectral changes were
also reported independently by Anderson and co-workers!'!]
and Milgrom and co-workers.'2l meso-Ethynylated and
-butadiynylated zinc(il) porphyrins have attracted consider-
able interest mainly due to their fascinating optical properties,
but little attention has been paid to their use as an energy-
accepting functional unit towards the normal zinc(11) porphyr-
ins.[%]

Herein, we also report the extension of this strategy to more
elaborate photosynthetic models in which the energy transfer
is designed to be coupled to the subsequent consecutive
electron-transfer steps, finally providing a long-lived fully
charge-separated state in a single molecule.

Results

Molecular design: An advantageous feature of the windmill
porphyrin hexamer 1 (Ar!'=3,5-di-octyloxyphenyl, R=
C¢H,5) as a light-harvesting functional unit is the favorable
energy gradient from the peripheral porphyrin to the meso—
meso-linked diporphyrin in the S, state. Namely, the S, state of
the peripheral porphyrin has the excitation energy of 2.13 €V,
while the S, state of the diporphyrin core has the excitation
energy of 2.07 eV.[» ¥ The energy difference (0.06 €V) enables
the excitation energy flow from the peripheral porphyrin (P)
to the diporphyrin core.”l To improve the efficiency of the

Chem. Eur. J. 2001, 7, No. 14
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energy transfer, we designed model 2 (Ar' = 3,5-di-octyloxy-
phenyl, R = C¢H;) by bisphenylethynylation at the meso and
meso’ positions of the diporphyrin core with an expectation
that the energy level of the S, state of the modified
diporphyrin core (D) would be sufficiently lowered with
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respect to that of the peripheral porphyrin (P) energy donor.!
Another major aim of the present study is to construct a
photosynthetic model, which can perform both light-harvest-
ing and charge separation in a single molecule. With these
ideas in mind, we prepared models 3 and 4 (Ar'=3,5-di-
octyloxyphenyl,  Ar’=234,5,6-pentafluorophenyl, R=
C¢H,3), in which two electron acceptors, 1,4,5,8-naphthalene-
tetracarboxydiimide (NI)(* 1251 or meso-nitrated free-base
porphyrin (F),[ are attached at the meso position of the
hexameric windmill porphyrin array through a phenylethynyl
spacer. As discussed later, sequential processes have been
indeed realized in the models 3 and 4 as follows; the excitation
of any P in the array is followed by singlet—singlet energy
transfer to D, and the resulting excited state 'D* donates an
electron to the electron acceptor to generate an energetic
charge-separated state, P-D*-NI~ or P-D*-F~ which evolves
to a secondary charge-separated state, P*-D-NI~ or P*-D-F-,
by way of hole transfer from the diporphyrin core to the
peripheral porphyrin monomer. We also prepared reference
compounds 5-8 (Ar’=3,5-di-tert-butylphenyl, Ar’=
2,3,4,5,6-pentafluorophenyl) and 9-11 and 20-23 (Ar'=
3,5-di-octyloxyphenyl, Ar?=3,5-di-tert-butylphenyl, Ar’®=

3136 ——
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2,3,4,5,6-pentafluorophenyl) that were necessary to delineate
the photoexcited state dynamics of 1-4.

In addition to the light-harvesting and charge separation,
we found the conformational relaxation in the S; state of
meso,meso’-bisphenylethynylated meso—meso-linked dipor-
phyrin 6 (D) and also in the D moiety in 2. Moreover, we
found that the S, state lifetime of P in 2 was considerably
shorter than that of the reference porphyrin, which suggested
the energy transfer in the S, state manifold./*"!

Synthesis

The synthetic procedures for the reference compounds 5-8
are shown in Scheme 1. meso,meso’-Bisphenylethynylation of
the meso —meso-linked diporphyrin 5 was carried out essen-
tially by using the procedure developed by Therien et al.l']
Thus, bromination of 5 with N-bromosuccinimide (NBS) gave
meso,meso’-dibromoporphyrin 12 in 79 % yield, which was
transformed into 6 by a Pd-catalyzed Sonogashira coupling
reaction!'”! with phenylacetylene in 70 % yield. The '"H NMR
spectrum of 6 showed signals for the four § protons at 0 =9.95,
9.11, 8.66, and 8.11. The signal
(H?) for one pair of the outer
protons adjacent to the phenyl-
ethynyl group was downfield
shifted by 0.46 ppm relative to
that of 5, probably reflecting
the diamagnetic anisotropy cur-
rent effect of the phenylethynyl
substituent at the meso posi-
tion. However, the other three
pairs for the § protons were
observed at essentially the sim-
ilar chemical shifts with those of
5, indicating the similar orthog-
onal conformation of the dipor-
phyrin core in 6. Pd-catalyzed
coupling reaction of 12 with
4-aminophenylacetylenel's! fol-
lowed by condensation with
1411 gave 7 in 41% yield in
two steps. In the preparation of
8, precursor free-base porphyr-
in 11 was prepared from 5-(4-
trimethylsilylethynylphenyl)-
15-pentafluorophenylporphyrin
(15) in four steps; zinc metal-
ation with Zn(OAc),, nitration
at the meso position (AgNO,,
L,),® deprotection of trime-
thylsilyl group with tetrabutyl-
ammonium fluoride (TBAF),
and demetalation with HCL!"
The coupling reaction between
11 and 12 gave 8 in 25 % yield.
Scheme 2 summarizes the
synthetic routes to the models
2,3, and 4. In the synthesis of 2,
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we first attempted the bromination of 1 with NBS, which,
however, led to extensive decomposition. The electron-rich
peripheral zinc(i1) S-octaalkylporphyrins were unstable under
these bromination conditions and thus we changed a bromi-
nation substrate to 16 which bears the peripheral copper(i1) -
octaalkylporphyrin in place of zinc(ll) S-octaalkylporphyrin.
Bromination of 16 with NBS gave dibromide 17, which was
converted into the all-zinc(i1)-metalated windmill array 18 by
demetalation and remetalation with Zn(OAc), with an overall
yield of 95% from 16. Subsequent Pd-catalyzed Sonogashira
coupling reaction of 18 with phenylacetylene gave 2 in 33 %
yield. The Pd-catalyzed coupling reaction of 18 with 4-amino-
phenylacetylene followed by condensation with 14 gave 3, and
the coupling reaction of 18 with 11 gave 4 in 23 % yield. Since
the purification of 3 and 4 was very difficult over a silica gel
column, their final purification was performed by using
recycling preparative GPC-HPLC. Models 3 and 4 exhibited
the parent peaks at m/z 6394 (calcd for C,pHyouN2O16Zng,
6391) and m/z 6675 (calcd for C,,H,7,F1(N3,01,Zng, 6677),
respectively, in line with their structures.

Reference molecules 20, 21, 22, and 23 were prepared by
Pd-catalyzed coupling reaction of meso-brominated porphyr-
ins with appropriate acetylenes. 1%

Absorption and fluorescence spectra

Figure 1 shows the absorption and fluorescence spectra of §
and 6 recorded in THF. As reported previously, the meso —

Chem. Eur. J. 2001, 7, No. 14
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meso-linked  diporphyrin 5§
showed a broad split Soret band
at 417 and 452 nm,[” 1! while the
meso,meso’-bisphenylethyny-

lated diporphyrin 6 exhibited a
red-shifted split Soret band at
440 and 474 nm and red-shifted
Q bands at 583 and 635 nm. As
reported previously,'” bis-phen-
ylethynylation at 5- and 15-
positions donates a large effect
to the porphyrin m-conjugated
electronic system with their full
conjugation, resulting in the
removal of the degeneracy of
the porphyrin e, LUMO. This
affects the x- and y-polarized
transitions inequivalently and
intensifies the quasi-allowed Q
band by intensity-borrowing

A Ark H from the Soret transitions.?%
In fact, the Soret band of 22
Al (not shown) in THF at room

=

temperature ~ was  broader

(fwhm =735 cm™!) than those

23 of zinc() TPP (TPP =tetra-

phenylporphyrin; fwhm =

465 cm™!) and zinc() 5,15-di-

arylporphyrin (fwhm =

580 cm™!) and became a clearly

split band at 453 and 461 nm at

77K in 2-methyltetrahydrofuran (MTHF) matrix.®®! The

absorption spectrum of zinc(i) 5-phenylethynylated porphyr-

in 23 (Figure 2a), which can be regarded as a half-component

of 6, showed only modest influences of single meso-phenyl-

ethynylation on the electronic properties of the porphyrin, in

that the Soret band was observed at 436 nm, the Q bands

retained a two-band shape at 566 and 611 nm, and the

fluorescence emission was observed with the vibrational

bands at 614 and 669 nm. The Soret band of 6, however, was

broader (fwhm =790 cm~'), indicating some additional per-

turbation of the porphyrin electronic orbitals by the phenyl-
ethynyl substituent.

The absorption spectra of meso-phenylethynylated meso —
meso-linked diporphyrin 21 and meso,meso’-bis(trimethylsil-
yl)ethynylated meso —meso-linked diporphyrin 20 are shown
in Figures2b and 2c, respectively. The absorption and
fluorescence spectra of 20 were similar to those of 6, while
the absorption spectrum of 21 exhibited a rather broader split
Soret band at the high energy side and three distinct Q bands,
and the fluorescence spectrum indicated the vibrational
mode.

The absorption spectra of 2 and its reference molecules, 6
and 9, are shown in Figure 3a. A simple absorbance sum of 6
and 9 in a ratio of 1:4 is also shown for comparison. The
absorption spectrum of 2 was almost described as a sum of 6
and 9 (1:4) in the Q band region, but considerably broader in
the Soret band region. Interestingly, from the analysis of the
absorption spectra, we can selectively excite the P moiety in 2
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Scheme 1. Synthesis of meso,meso-modified porphyrin dimer. Ar’>=

at 530—545 nm into its S; state or at 420 nm into its S, state.
Interestingly, the absorption spectrum of 2 has high absorp-
tivity in a wide range between 380—650 nm, and is thus quite
suitable for capturing sunlight.

The steady-state fluorescence spectra of 2, 6, and 9 are
shown in Figure 3b. In spite of the selective excitation into the
S, state of the peripheral porphyrin at 545 nm, the steady-state
fluorescence of 2 was practically the same as that of 6(D),
indicating the near complete energy transfer from the
peripheral porphyrins to the modified diporphyrin core. On
the basis of the absorption and fluorescence spectra of 6, the
energy level of the S; state of D has been estimated to be
1.92 eV. Therefore, the modified windmill porphyrin array 2
has an energy difference of 0.21 eV which is thus larger than
that of 0.06eV in 1, and is therefore favorable for the
intramolecular energy transfer. In addition, the donor emis-
sion and acceptor absorption in 2 overlap very well, and the

3138

6; X = phenylethynyl

[ 13; X = 4-aminophenylethynyl

S O

3,5-di-tert-butylphenyl, Ar’*=234,5,6-
pentafluorophenyl, a) NBS, CHCl;, pyridine, 79 %; b) phenylacetylene, [Pd(PPh;),Cl,], Cul, toluene, Et;N, 70 %;
c) 4-aminophenylacetylene, [Pd(PPh;),Cl], Cul, toluene, Et;N; d) 14, pyridine, 41% (two steps); e) 11,
[Pd,(dba)s], AsPhs, toluene, Et;N, 25 %; f) TFA, CH,Cl,; DDQ, 17 %; g) Zn(OAc),; AgNO,, I,, CHCl;; h) TBAF,
THF; i) 1N HCI, 41 % (three steps). dba = dibenzylideneacetone, TBAF = tetrabutylammonium fluoride.
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spectral overlap is apparently
larger than that in 1 (Figure 4),
thus making the rapid energy
transfer favorable.

The absorption spectra of the
models 3 and 4 are similar to
that of 2 except the absorbances
due to NI and F and the resul-
tant exciton coupling, particu-
lar in the case of 4 (Figure 5a),
while the fluorescence intensi-
ties of 3 and 4 were extremely
weak, and the relative intensi-
ties with respect to 2 were less
than 0.02 as shown in Figure 5b.

Estimation of energy levels

The energies of the excited
states have been determined
from the fluorescence and ab-
sorption (0,0) bands. For esti-
mation of the energy level of
the ion-pair states, one-electron
oxidation and reduction poten-
tials were measured by using
cyclic voltammetry or differen-
tial pulse voltammetry in
PhCN. The one-electron oxida-
tion potentials of 6, 7, and 9 are
0.32, 0.34, and 0.16 V, respec-
tively, and the one-electron re-
duction potentials of NI and the
free-base porphyrin reference
11 are —0.99 and —1.10 V ver-
sus ferrocene/ferrocenium ion
couple, respectively. From these
E,, and E,4 values, the energy
levels of the ion-pair states were
estimated with the corrected
solvation energies according to
the Born equation (1).2!

e

E(IP):E(,XfEm,+j<ifi>< LI >7L )

2\rp  ra/ \dmeye  dmee, 4megeRpA

E., and E,4 are the oxidation and reduction potentials of
the donor and acceptor, respectively, measured in PhCN, rp
and r, are the effective radii of the donor cation and acceptor
anion (P, 5.5 A:;D*80A;NI,35A,F,55 A), respectively,
¢, and ¢ are dielectric constants of PhCN (25.20) and THF
(7.58), respectively, Rp, is the separation between the
opposite charges estimated from MM2 calculation, 153 A
for P-D*-NI- and 19.1 A for P*-D-NI- in 3, and 19.2 A for
P-D*-FB- and 19.5 A for P*-D-F~ in 4, respectively. Impor-
tantly, there are favorable energy gradients in the order of
Ip+-D-NI (2.13 eV) > P-'D*-NI (1.92 eV) > P-D*-NI-
(1.50 eV) > P*-D-NI- (1.36 eV), and 'P*-D-F (2.13eV)>
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16;X=H,M=Cu R
17;X=Br,M=Cu

r [ 18;X=Br,M=2n
c
d 2; X = phenylethynyl, M = Zn

19; X = 4-aminophenylethynyl, M = Zn

SEY
]

Scheme 2. Synthesis of meso,meso-modified windmill porphyrin models.
Ar' =35-di-octyloxyphenyl, Ar’=23.4,5 6-pentafluorophenyl, R = C;H3,
a) NBS, CHCl, pyridine; b) TFA, 10% H,SO,, CH,Cl,; Zn(OAc),, 95%
(two steps); c) phenylacetylene, [Pd(PPh;),Cl,], Cul, toluene, Et;N, 33 %;
d) 4-aminophenylacetylene, [Pd(PPh;),CL,], Cul, toluene, Et;N; e) 14,
pyridine, trace (two steps); f) 11, [Pd,(dba);], AsPhs, toluene, Et;N, 23 %.

P-'D*-F  (1.92eV)>P-D*-F- (1.52eV)>or P+D-F-
(1.40 eV) predicted for 3 and 4, encouraging coupled energy
transfer and electron transfer relay like those found in natural
photosynthesis.

Photoexcited-state dynamics of 6

The picosecond time-resolved fluorescence spectra indicated
time-dependent fluorescence spectral changes for 6 (Fig-
ure 6a). The fluorescence spectrum observed immediately
after the laser excitation was sharp with a peak at 632 nm and
gradually changed to a broad and red-shifted spectrum, and
finally became identical to the emission spectrum of the
steady-state fluorescence (4,,,, =655 nm) which decayed with
=148 ns at room temperature. This spectral change pro-
ceeded with 7/20-30ps but could not be reproduced
satisfactorily with a single exponential function. The similar
time-dependent fluorescence spectral changes were observed
for 20 and also for the core diporphyrin subunit (D) in 2, but
not for §, 21, 22, or 23. Interestingly the time-resolved

Chem. Eur. J. 2001, 7, No. 14
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Figure 1. Absorption (top) and fluorescence spectra (bottom) of 5 (dotted,
Aex =565 nm) and 6 (solid, 1., =580 nm) in THF.
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Figure 2. Absorption and fluorescence spectra (inset) of a) 23 (A.,=
565 nm), b) 21 (4., =580 nm), and ¢) 20 (., =550 nm) in THF. Absorption
spectrum of 6 is also shown as a dotted line for comparison (c).
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Figure 3. a) Absorption spectra of 2 and its references (6,9) in THF. A sum
of the absorption spectra (6 and 4 x 9) was also shown for comparison.
b) Fluorescence spectrum of modified windmill porphyrin array 2 taken in
THEF for excitation at 550 nm. Fluorescence spectra of 6 (., =580 nm) and
9 (A, =545 nm) are shown for comparison. Concentrations are 1 x 10°m
for 2 and 6 and 4 x 10~°m for 9.
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Figure 4. Spectral overlap between the fluorescence (dotted line) of the
peripheral porphyrin donor and the absorbance of the central diporphyrin
acceptor (solid line): a) 1, the fluorescence spectrum of 9 versus the
absorption spectrum of 5; b) 2, the fluorescence spectrum of 9 versus the
absorption spectrum of 6.
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Figure 5. Absorption spectra (a) and fluorescence spectra (b) of 2, 3, and 4
(Aex =545 nm) in THF. The absorption spectra are normalized at 415 nm.

fluorescence spectra of 6 in a frozen MTHF matrix at 77 K
(Figure 6b) did not exhibit such remarkable spectral changes.

Transient absorption spectroscopy was also employed for
the direct detection of the temporal evolution of 6 in the early
excitation. Figure 7a shows the time-resolved transient ab-
sorption spectra of 6 in THF taken for excitation with a 532-
nm laser pulse with a fwhm of 15 ps. The spectrum immedi-
ately after excitation (delay time of O ps) exhibited the
bleaching signals at 583 and 640 nm, which were assigned to
the depletion of the ground state of 6. In addition to these two
signals, a broad and shallow dip around 705 nm was observed.
This dip is attributable to the induced emission of the S, state
of 6. The absorption around 660 nm, which shows a positive
value after the excitation, evolves in time into a negative
signal in the several tens of picosecond time region. The
absorption signal around 660—750 nm at a delay time of 85 ps,
at which the rapid relaxation was completed, was attributed to
the induced emission of the relaxed S, state of 6. With further
increase in the delay time, the absorption spectrum gradually
changes its shape with a time constant of 1.48 ns, which is in
agreement with the fluorescence lifetime.

To more precisely obtain the temporal behavior in the early
stage after excitation, femtosecond transient absorption
measurements were applied. Figure 7b shows the time profile
at 680 nm following the excitation with a 640 nm laser pulse
with a fwhm of 150 fs. The rapid appearance of the positive
absorption signal is followed by rapid decay into negative
absorbance, and gradual recovery of this negative signal was
observed in a time region of a few hundreds of picoseconds.
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Figure 6. Time-resolved fluorescence spectra of 6; a) (A, =420 nm) in
THF at room temperature, and b) (1., =440 nm) in 2-methyltetrahydro-
furan at 77 K.

The solid line represents the calculated curve based on a
biexponential function with a 26-ps decay component and a
1.48-ns rise component. As shown in Figure 7b, the rapid
decay was not perfectly reproduced by the exponential
process. As will be discussed later, the fast component
immediately after excitation may be related with the distri-
bution of the dihedral angel between the porphyrin moieties.
In line with the time-resolved fluorescence studies, 5, 21, 22,
and 23 did not exhibit similar spectral changes in the transient
absorption spectra to those of 6, whereas 20 showed similar
behavior to 6 with a similar time constant (ca. 25 ps).

Chem. Eur. J. 2001, 7, No. 14
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Figure 7. Transient absorption spectra of 6 in THF; a) the transient
absorption spectra at different delay times measured by a ps laser system
(Aex=532 nm); b) time profile at 4,, = 680 nm measured by a fs laser system
(Ax=640 nm) and fitting curve with 24-26-ps decay and 1.48-ns rise
components.

Photodynamics of 2; efficient energy transfer both in S, state
and S, state

The initial motivation of the meso,meso’-bisphenylethynyla-
tion was to enhance the S, -S; energy transfer from P to D by
decreasing the energy level of the S, state of D as well as by
increasing the spectral overlap integral associated with the
intramolecular energy transfer. As described above, the
steady-state fluorescence spectrum of 2 displayed only the
emission from D, indicating almost quantitative energy trans-
fer. Measurement of the fluorescence decay of P in 2 using a
picosecond time-correlated single-photon counting appara-
tus?l indicated a lifetime of less than 10 ps. The fluorescence
emission at 660 nm, at which the fluorescence is largely
attributed to the relaxed 'D*, could be reproduced with a
biexponential function with a 13-ps rise component and a
1.39-ns decay component. But lifetimes of about 10-13 ps
were very close to or almost shorter than the instrumental
limit of the picosecond transient absorption spectroscopy set-
up. We thus employed the femtosecond fluorescence up-
conversion method™! to obtain a more accurate rate constant
for the energy transfer in 2. Figure 8 shows the fluorescence
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-2

Time / ps

Figure 8. Fluorescence decay curve of 2 at 585 nm measured with the
femtosecond up-conversion method (4., =420 nm) in THF. Dashed line
shows the instrumental response function.

decay of 2 at 585 nm recorded for excitation at 420 nm
measured by the up-conversion method, which could be
reproduced with a biexponential function with time constants
of 0.52 ps (63 % ) and 4.9 ps (37 % ). The faster component was
assignable to the vibrational relaxation of the S; state of the
zinc(11) S-octaalkylporphyrin on the basis of previous studies
in which similar time constants were found for the vibrational
relaxation of the reference zinc(i) S-octaalkylporphyrin
monomer.?! Therefore, the slower time constant, 4.9 ps, was
assigned to the intramolecular energy transfer and this time
constant corresponded to 99.6% efficiency for the energy
transfer.

The intramolecular energy transfer in 2 was also examined
by the picosecond- and femtosecond-time-resolved transient
absorption spectroscopy. Figure 9 shows the transient absorp-
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AAbsorbance

LI B B R E B B S N
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Figure 9. Transient absorption spectra of 2 in THF measured by ps laser
system (4., =532 nm).

tion spectra of 2 measured by the picosecond laser system[*!
with an excitation at 532 nm which corresponds to the
selective population of !P*. The transient absorption spectrum
at a delay time of 10 ps showed relatively large bleachings at
545 and 580 nm due to the formation of 'P*, but bleaching at
645 nm, which was ascribed to formation of 'D*, was not
negligible probably due to the very rapid energy transfer. By
increasing the delay time from 10 ps to 40 ps and 100 ps, the
contribution of 'P* to the overall transient spectrum dimin-
ished and the contribution of !D* increased. To determine a
more accurate rate of the energy transfer, we measured the
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time profiles at 545 and 645 nm by using femtosecond-time-
transient absorption spectroscopy (Figure 10). The bleaching
due to 'P* at 545 nm was recovered with a time constant of
32 ps, and at the same time the bleaching due to 'D* at
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Figure 10. Time profile of transient absorption spectra of 2 in THF
measured by fs laser system (A, =545 nm); a), 4, =545 nm, fitting curve
with 3.2-ps rise; b), 4,,= 645 nm, fitting curve with 2.8-ps decay; c), 1, =
645 nm, fitting curve with 35-ps and 1.45-ns rise components.

645 nm increased with a time constant of 2.8+0.4 ps. In a
shorter time scale, the bleaching at 645 nm was recovered with
time constants of 35 ps and 1.45ns. The time constant of
1.45 ns was assigned to the fluorescence lifetime, while the
shorter 35-ps constant may be attributed to some structural
relaxation of the central diporphyrin unit as was observed in
Figure 7. On the basis of a time constant of about 3.0 ps, the
rate of the energy transfer in the S, state, kg, was calculated as
3.3 x 10" s7! by using Equation (2), in which 7 and 7, are the
lifetime of the S, state of D in 2 and the fluorescence lifetime
of the reference molecule 9 (1.3 ns), respectively.

kg =1(81) 7 = 7o(S) ™! (2

We also examined the possibility of energy transfer from P
to D in the S, state manifold. In the case of 2, the energy donor
is a zinc(11) 5,15-diaryl S-octaalkyl-substituted porphyrin (P),
for which we have identified the S, state fluorescence

0947-6539/01/0714-3142 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 14





Energy Transfer in Windmill Porphyrin Arrays

emission centered at about 423 nm and the fluorescence
lifetime to be as short as 150 fs by the fluorescence up-
conversion measurement,?! while the energy acceptor is D,
which exhibits S, absorption bands at 442 and 476 nm. The
Soret band at 442 nm nicely overlaps with the S, emission of P,
ensuring the large spectral overlap. In the up-conversion
measurement, we used benzene instead of THF as the solvent
to compare the photoexcited state dynamics of 6 with our
recent results®! and also to suppress the effect of the solvation
dynamics in the ultrafast time region, since the interaction of
an excited molecule with solvent would be smaller for less
polar solvents. After the acceptor-free reference molecule 10
was excited with the second harmonic of the Ti:sapphire laser
at 390 nm into the selective population of the S, state, the
emission decays at 430 and 580 nm (corresponding to the S,
and S, fluorescence) were monitored by the up-conversion
method. The fluorescence decay at 430 nm was represented
by a single exponential function with =150 £ 10 fs and that
at 580 nm was represented by a sum of a 150-fs rise and 1.5-ns
decay in accord with the previous study.?! In a similar
manner, 2 was excited with 390-nm light into the S, state of the
P, and the emission at 430 nm corresponding to the S,
fluorescence of P was monitored (Figure 11). The fluores-

200 [
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Figure 11. Fluorescence up-conversion results of 2 in benzene, A. =
388 nm and A, =430 nm.

cence signal at 430 nm decayed with 7= 68 fs, and this lifetime
was distinctly shorter than the corresponding decay of the
acceptor-free reference compound 10, suggesting energy
transfer from the S, state of the P. When we assume that
this decrease of the S, fluorescence lifetime is due to S,-S,
energy transfer, the rate of the energy transfer, kg,, is
calculated to be 8 x 10"2s7! [Eq. (3)].

kg =1(S) ™ —7y(S) ™ (3)

Photoinduced electron-transfer reactions in 7 and 3

The fluorescence spectra of NI-linked models 7 (not shown)
and 3 (Figure 5b) were almost completely quenched. The
transient absorption spectra of 7 (Figure 12a) revealed an
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Figure 12. Transient absorption spectra of 7 in THF. a) Spectra with ps
laser system, A, =532nm. b) Time profile with fs laser system, A.,=
640 nm, A, =690 nm, fitting with 10-ps rise and 25-ps decay components.

immediate rise and a slower decay both in the sharp
absorption band at 610 nm and the broad absorption band
at around 710 nm. At a delay time of 100 ps, these absorban-
ces were almost gone, indicating that the transient species
formed upon photoexcitation have lifetimes of less than
100 ps. The electron-acceptor NI moiety was employed as an
acceptor unit because of its characteristic absorption,'> % but
the transient absorption bands due to the cation radical and
the S, state of zinc(il) bisphenylethynylated diporphyrin
display conisderable overlap with the absorption bands (480,
610, 770 nm) of NI-. Nevertheless, the transient spectra in
Figure 12a showed the absorbances at 490 and 610 nm and the
strong bleaching at 590 and 640 nm and thus could be assigned
to the ionic species D*-NI-, since the spectra were entirely
different from the transient absorption spectrum of 'D*.
Femtosecond laser spectroscopy was applied to obtain precise
data regarding the time dependence of the transient absorp-
tion spectra with higher time resolution. The time profile of
the transient absorbance at 690 nm was analyzed in terms of
10-ps rise and 26-ps decay time constants (Figure 12b). Since
the 26-ps decay time constant was similar to its fluorescence
lifetime (25 ps), this time constant was assigned to the charge-
separation process. The other 10-ps rising time constant was
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therefore assigned to the charge recombination of D*-NI~ to
the ground state. Thus, the electron-transfer reactions in 7 can
be summarized by the charge separation of 'D*-NI — D*-NI~
with 7=25 ps and the charge recombination of D*-NI~ — D-
NI with =10 ps. The faster charge recombination is evidently
unfavorable for the overall charge-separation processes.
Figure 13 shows the transient absorption spectra of 3. The
charge-separated state P™-D-NI~ is probably represented by
the transient absorption spectrum with a delay time of about

100 ps 1

}\ 300ps |

1.0ns |

AAbsorbance (0.05/div.)

500 600 700 800 900

A/nm
Figure 13. Transient absorption spectra of 3 in THF. 4., =532 nm.

300 ps and decayed with 7 =3 ns. Although the lifetime of P*-
D-NI- was actually longer than that (10 ps) of P-D*-NI" in
accord with the longer distance between the charged sites in
the former ion pair, the overall quantum yield for the
formation of P*-D-NI- was rather low, judging from the
small absorbance of the transient absorption spectra.

Photoinduced electron-transfer reactions in 8 and 4

The absorption spectrum of the reference diporphyrin 8 (not
shown) can be roughly described as the sum of those of 6 and
11 but is considerably broader, indicating substantial elec-
tronic interactions between D and F. Since the energy level of
the S, state of F (1.93 eV) is nearly the same as that of D
(1.92 V), there may be rapid energy transfer between D and
F but the fluorescence is strongly quenched in THF, indicating
the efficient charge separation. The fluorescence of 8
exhibited a single exponential decay with 7=12 ps. The
electron-transfer reactions in 8 were studied by transient
absorption spectroscopy (Figure 14), which showed the for-
mation and decay of an ion-pair state similar to the case of 7.
In the case of 8, the absorbance at around 690 nm was
stronger due to the superposition of the absorption band of F~
on that of D+ This characteristic absorbance band in-
creased with =10 ps and decayed with 7 =55 ps. The shorter
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Figure 14. Transient absorption spectra of 8 in THF. 4., =532 nm.

time constant of 10 ps was similar to the fluorescence lifetime
and thus was assigned to the charge separation, and the slower
time constant of 55 ps was assigned to the charge recombi-
nation. In summary, the change of the electron acceptor from
NI to F led to the increase in the rate of the charge separation
from 25 ps~! to 10 ps~! and also the decrease in the rate of the
charge recombination from 10 ps~! to 55 ps~! as expected.
Figure 15 shows the transient absorption spectra of the
porphyrin octameric model 4. The spectrum at a delay time of
40 ps revealed absorbances at 495, 610, 680, and 910 nm and

100 ps

RN IS URTEAT S TN TN I T BRI |

s ) S U R A '
500 600 700

A/ nm
Figure 15. Transient absorption spectra of 4 in THF. 1., =532 nm.

bleachings at 550 and 580 nm. The positive absorbances at
495, 680, and 910 nm were assigned to F~, and a broad band at
600-700 nm was assigned to P*, and the bleachings were due
to the depletion of the ground state P, presenting evidence for
formation of P*-D-F~. These transient absorbances decayed
with 7=3ns. Although the accurate determination of the
amounts of the final charge-separated states has not been
accomplished yet, it is clear that the transient absorbance due
to the ionic product is larger in 4 than in 3.
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Discussion

As reported previously, the windmill porphyrin arrays have a
nice architecture as a light-harvesting antenna functional unit
in light of their three-dimensionally extended structure as well
as the exothermic energy gradient from the peripheral
porphyrins to the meso —meso-linked diporphyrin core. Major
aims of the work described herein are through appropriate
molecular modifications, 1) to enhance the efficiency of the
intramolecular energy transfer from the peripheral porphyr-
ins to the meso—meso-linked diporphyrin core, 2) to couple
the energy transfer and charge-separating functional units,
and 3) to achieve favorable overall charge separation with
high quantum yield. The meso,meso’-bisphenylethynylation of
the parent windmill porphyrin array 1 meets these require-
ments, since 1) it lowers the energy level of the resultant
meso,meso’-bisphenylethynylated meso—meso-linked dipor-
phyrin core so that the intramolecular energy transfer is made
very efficient and one-directional, 2) it extends the electronic
orbitals of the diporphyrin chromophore to the two phenyl-
ethynyl substituents, thus facilitating rapid electron transfer
from the modified diporphyrin core to the attached electron
acceptor, and 3) it allows the easy synthetic attachment and
tuning of an electron acceptor for the formation of long-lived
charge separated state.

Exciton coupling among porphyrin arrays: First the absorp-
tion and fluorescence properties of the modified windmill
porphyrin array 2 are worthy of discussion.['*2 The split Soret
bands in 5 can be qualitatively explained by the simple point-
dipole exciton coupling theory developed by Kasha.?! The
Soret band of a zinc(11) porphyrin monomeric unit has two
perpendicular, components by and by, which are parallel and
perpendicular, respectively, with respect to the direction of
the meso—meso connection. In a simple monomer, they are
degenerate, but in a porphyrin dimer they couple differently.
When we assume an averaged perpendicular conformation of
5, which is predicted to be most stable on the basis of the AM1
calculation,?®*<! only the b, transitions are parallel, and the
other dipole interactions should be zero (Scheme 3). Dipole
transitions are allowed to the lower energy of the two by states
and the two unperturbed transitions by and b,. Therefore, we
assigned the low-energy split Soret band to the exciton-
coupled transition b,+b, and the high-energy split Soret band
to the residual monomeric Soret band transition by, b,. This
assignment has been further supported by fluorescence
anisotropy and resonance Raman measurements.°><l

On the other hand, the absorption spectrum of 6 can be
explained in an analogous manner to that of 5, except for the
fact that meso-phenylethynylation led to the lowering of the
near D, symmetry of the zinc(i) porphyrin monomeric unit
and thus the enhancement and red-shift of the Q band
absorption. On the basis of the perpendicular conformation of
the two porphyrin rings of 6 as assumed for 5, the dipole
moments (B,) along the long molecular axis are coupled to
result in the absorption band at 474 nm (B, + B,), while the
dipole moments (b,, b,) perpendicular to the long axis cannot
be coupled with each other to maintain the absorption band at
440 nm, which is near the Soret band of the corresponding
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Scheme 3. Assignment of the absorption bands of 5 and 6.

monomer 23 (436 nm) but is much broader. The split Soret
bands at the high-energy side of 6, 20, and 21 were consid-
erably broader in comparison to that of 5. This may be
explained as assuming a wide distribution of conformers with
regard to the orientation of the meso-ethynyl substituent with
respect to the porphyrin plane. The ground-state conforma-
tion of the meso—meso-linked diporphyrin seems to be
perpendicular, but the meso-ethynyl substituent should be
more flexible for its rotation. Since the electronic system
of the porphyrin can be considered to extend well to the
meso-ethynyl substituent, the conformation of this substi-
tuent will affect the optical properties of the porphyrin. In
line with this consideration, the fluorescence excitation
spectra of 6, 20, and 21 in the frozen matrix revealed the
presence of several conformers which emitted at different
wavelengths.

As described above, the exciton coupling between the
peripheral porphyrins and the modified diporphyrin core in 2
is not strong enough to induce the band splitting but certainly
large enough to induce the broadening at the Soret band.
Considering the fact that two zinc(il) porphyrins bridged by
the same 1,4-phenylene spacer exhibited split Soret bands due
to exciton coupling,”? the relatively small exciton interaction
in 2 with the same 1,4-phenylene spacer may be ascribed to
the nonresonant situation of the two interacting chromo-
phores, P and D, due to the energy difference of the S, state.
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Dynamic aspects of molecular structure. The modified meso —
meso-linked diporphyrin core 6 (D) displayed unique time-
dependent spectral changes both in the time-resolved fluo-
rescence and absorption spectra with 7 ~25-30ps. The
observed time-dependent red-shift of the fluorescence sug-
gested some energetic relaxation. To explain the transient
absorption spectra shown in Figure 7a, we needed at least
three states, which were most probably the Franck — Condon
S, state (S;'), the relaxed S, state (S,°), and the T, state. We
assigned the spectrum at a delay time of O ps to the S, state,
that at a delay time of 85 ps to the S, state, and that at a delay
time of 42 ns to the T, state. The time constant of 26 ps,
assigned to the relaxation from the S, state to the S,° state, is
somewhat longer than that typical for excited-state vibra-
tional relaxation in porphyrins.?) The fact that only 6 and 20
displayed these spectral changes indicates that a structural
motif of meso,meso’-diethynylated meso —meso-linked dipor-
phyrin is indispensable for these spectral changes. One
possible explanation for this spectral change is a conforma-
tional rotation around the meso—meso C—C bond during the
relaxation in the S, state manifold. In the parent meso —meso-
linked diporphyrin §, rotation about the meso—meso C—C
bond is expected to be substantially hindered, and the
coplanarity of the porphyrin rings cannot be achieved. In
fact, the meso—meso-linked diporphyrin made from 5,15-
differently substituted porphyrin was chiral, and its chirality
was not lost even upon heating at 147 °C for several hours.*"]
The semiempirical AM1 calculation shows that the dihedral
angle distribution in 5 is 90 £ 20° at ambient temperature.[20><!
meso,meso’-Bisphenylethynylation would have no serious
influence on the dihedral angle distribution and thus we
may expect a similar dihedral angle distribution for 6 in the
ground state. Upon photoexcitation, the immediately formed
Franck — Condon state should have a similar perpendicular
conformation but would have larger electronic interactions
between the porphyrins than those in the ground state. This
may induce conformational relaxation towards more planar
geometry. In line with this consideration these changes were
suppressed in the frozen matrix environment as noted in the
previous section. Fluorescence spectral changes were prom-
inent for 6, 2, and 20 with a common meso,meso’-bisethyny-
lated meso—meso-linked diporphyrin structure. This may
indicate that a subtle change in the dihedral angle will lead to
larger changes in the optical properties in the case of the
meso,meso’-bisethynylated meso —meso-linked diporphyrins.

Energy transfer: Generally, the two types of electronic
interaction are identified for the energy-transfer processes;
one is the Coulombic interaction effected by the through-
space coupling of transition dipole moments through an
oscillating electromagnetic field®) and the other is the
electron exchange interaction that is provided by direct or
indirect overlap of wave functions.*” These two interactions
are considered to be a dominant factor for the Forster and
Dexter mechanisms, respectively. As such, the evaluation of
the relative contribution of through-space versus through-
bond interaction in energy-transfer processes has been
important for understanding the mechanism as well as the
design of further elaborate energy-transfer molecular devices.
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In the limit of the weak interactions, the rate constant for the
Forster energy transfer is given by Equations (4) and (5),
where n is the refractive index of the solvent, R is the center-
to-center distance between donor and acceptor, @ is the
fluorescence quantum yield of the donor, « is a dipole — dipole
orientation factor, J is the spectral overlap integral, 7 is the
fluorescence lifetime of the donor, F(v) is the normalized
fluorescence spectrum of the energy donor, and &(v) is the
absorption spectrum of the energy acceptor with molar
extinction coefficient (M~'cm~') unit.l?!

8.8 x 10 ¥Kk*P
kpn=— nR°r J “)

J= [F(v)e(v)v—dv )

Previously we have reported that the energy transfer from
peripheral porphyrin units to the central diporphyrin core in
the parent windmill porphyrin array hexamer 1 is reversible,
on the basis of the observed biexponential fluorescence
decay.! In the modified windmill porphyrin array 2, the
energy-transfer efficiency was made one-directional and its
rate was significantly enhanced to 2—-3 ps~!, corresponding to
an energy transfer efficiency of 99.6 %. On the basis of the
absorption and fluorescence spectra shown in Figure 4, the
spectral overlap integrals of the Forster formula [Eq. (5)]
were calculated to be 3.3 x 1074 and 5.4 x 1013 cm~*mmol for
1 and 2, respectively. Therefore, the enhancement of the
energy transfer in 2 can be mostly ascribed to its larger
spectral overlap integral in comparison to that in 1. This in
turn indicates that the Coulombic interaction is predominant
for the energy transfer.

Usually, the upper excited states such as S, are too short
lived to be involved in energy-transfer or electron-transfer
reactions due to extremely rapid internal conversion to the
lowest singlet excited state. In this respect, zinc(i1) TPP-type
porphyrins are exceptional molecules, since they have long-
lived S, states (1 -2 ps) principally due to the large energy gap
and poor Franck — Condon factor between the S, state and the
S, state.?® This property favors for the occurrence of some
reactions in their S, state, and recently several examples have
been reported for photochemical reactions in the S, state
manifold.?*3° We note here that the S,-S, energy transfer is
strongly suggested for 2, regardless of the extremely short S,
lifetime (150 fs) of the octaethylporphyrin (OEP)-type energy
donor P, since it has the close proximity of the donor and
acceptor that is a prerequisite to S, — S, energy transfer, as well
the very favorably matched spectral overlap between the
fluorescence emission from the S, state of the peripheral
zinc(i1) OEP-type porphyrin energy donor and the strongly
allowed absorption to the S, state (Soret transition) of the
zinc(11)-modified diporphyrin core.

Electron transfer: The electron-transfer dynamics of 3 are
interesting from the viewpoint of the duplication of photo-
synthetic charge separation, in that 3 constitutes a single
molecular photosynthetic model that achieves a coupled light-
harvesting and charge separation; 1) the four peripheral
zinc(11) porphyrins P act as the singlet energy donor toward D
to effect the formation of !D*, 2) 'D* donates an electron to
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NI to generate the D*-NI~ ion-pair state, and finally 3) the
four P act as an electron donor towards D™, thereby providing
the fully charge-separated state P*-D-NI-. These sequential
photochemical events have been confirmed by the steady-
state and transient spectroscopies noted above. A reaction
scheme conceivable for the photodynamics of 3 is shown in
Scheme 4. The major drawback in the model 3 is the charge

1p*_D-NI
— kEN
1D* NI

kcs

P- D+ NI
Kut
\ P*-D-NI

Kcr1

kcr2
P-D-NI
I

Scheme 4. Energy diagram and reaction scheme of 3.

recombination reaction (kcg;) in P-D*-NI- to reform its
ground state which is rapid in comparison to the rate of hole
transfer (ky), leading to a low overall quantum yield for the
fully charge-separated state.

In constructing multichromophoric photosynthetic reaction
center models capable of charge separation, the adjustment of
charge separation (CS) and charge recombination (CR) is
always the crucial issue.>*6 A key improvement of the
overall charge-separation quantum yield in 3 is achieved by
the suppression of its fast charge recombination. A starting
point for achieving this goal is given by Equation (6), a simple
form of the nonadiabatic electron transfer model developed
by Marcus.*”]

kgr= th/lk T‘V‘ X exXp

The electron-transfer rate constant kgp is given by the
product of a preexponential term and an exponential term.
The former includes the matrix element V corresponding to
the electronic coupling, and the latter term depends upon the
free-energy change for the reaction, AG’, and the reorganiza-
tion energy, A. Extensive studies on covalently linked donor -
acceptor molecules have revealed that the charge separation
always lies in the normal region (— AG’< 1) and the charge
recombination always lies in the inverted region (—AG°>
2).3%421 In this context, an electron acceptor with a similar
reduction potential and a smaller 4 would be suitable for
slowing down the charge recombination. In recent years, it has
been revealed that porphyrinic donors and acceptors have
smaller values of 4 in comparison to those of more compact
electron acceptors such as quinones or diimides.[*de 15 4l
Therefore, we employed the porphyrinic electron acceptor F
because of the similar reduction potential to NI as well as its
expected small reorganization. In addition, the anion radical

—(AG® + 1)

6
42k T ©
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of F may be detected by transient absorption spectroscopy.!'”!
On the basis of the Marcus theory [Eq. (6)], the change of the
electron acceptor from NI to F may result in faster charge
separation as well as retarded charge recombination, hence
giving rise to an improvement of the overall charge separation
efficiency.

Judicious replacement of NI with F led to enhancement of
the charge separation rate (kcs) and to retardation of the
charge recombination rate (kcg;), as revealed by transient
absorption studies on 4. Since the values of —AG° for the
initial charge separation are rather similar in 3 (0.42 eV) and 4
(0.40 eV), these results can be understood in terms of smaller
values of 4 for F in comparison to that for NI. On the basis of
the systematic studies on the dependence of the energy gap of
the intramolecular CS and CR reactions of porphyrin—qui-
nones* and hybrid diporphyrins,'>#] the reorganization
energy, 4, in 4 is probably substantially smaller than that in 3.
Under these assumptions, the energy gap (—AG") depen-
dencies of the electron transfer rate can be schematically
represented in Scheme 5, in which the bell-shaped parabolas

-AG°=0.40 eV
kes = 1x101t 51

. -AG°=164eV
@ Kcr = 1x10M st

logk

AG® =028V
Fkes = 4x1010 -1

Scheme 5. Schematic representation of Marcus plots for D-NI (dotted
line) and D -F (solid line).

are displaced slightly, reflecting a difference in 4, resulting in
the relationship of kg < kcg; in 3 and kg > kcg, in 4, although
the CS and CR have similar — AG? values both in 3 and 4. A
similar strategy has been recently employed for enhancing the
charge separation efficiency of photosynthetic models.[*¢s 4]
In summary, the windmill porphyrin arrays are of great
interest in view of their architecture, which is favorable for
light-harvesting, their good solubility, and the ease of their
modification that allows the coupling of the energy transfer
and charge separation. New aspects of energy transfer in the
S, state manifold, and conformation relaxation in the S, state
of meso,meso’-bisethynylated meso—meso-linked diporphyr-
ins are also interesting. Since we have also developed
exceptionally large porphyrin array molecules, we aim to
apply similar strategies to these giant porphyrin arrays.

Experimental Section

All reagents and solvents were of the commercial reagent grade and were
used without further purification except where noted. Dry toluene and
triethylamine were obtained by refluxing and distilling over CaH,. Solvents
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used for spectroscopic measurements were all spectra-grade. Preparative
separations were performed by silica gel gravity flow column chromatog-
raphy (Wako, Wakogel C-200), and silica gel flash column chromatography
(Merck Kieselgel 60H Art. 7736). Separations of the windmill porphyrin
arrays were performed by recycling preparative HPLC (Japan analytical
Industry Co., LTD LC-908 with JAIGEL 2.5H, 3H, and 4H columns in
series) with CHCI; as an eluent. Analytical HPLC was performed on
JAIGEL-2.5H-AF, 3H-AF and 4H-AF columns in series (eluent, CHCl;;
flow rate, 1.2 mLmin~'; detected at 400-700 nm) with a JASCO HPLC
apparatus using multi-wavelength detector MD915. 'H NMR spectra were
recorded in a CDCI; solution on a JEOL ALPHA-500 spectrometer
(operating at 500 MHz), and chemical shifts were represented as o values in
ppm relative to the internal standard of CHCl; (7260 ppm). FAB mass
spectra were recorded on a JEOL HX-110 spectrometer, using positive-
FAB ionization method (accelerating voltage; 10 kV, primary ion sources:
Xe) and 3-nitrobenzyl alcohol matrix (3-nba), and matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectra were
recorded on a KRATOS PC-KOMPACT SHIMADZU MALDI 4
spectrometer using positive-MALDI-TOF method with/without sinapinic
acid matrix. UV/Vis absorption spectra were recorded on a Shimadzu UV-
2400PC spectrometer. Steady-state fluorescence emission spectra were
recorded on a Shimadzu RF-5300PC spectrofluorometer. Redox potential
were measured by the cyclic voltammetry method and differential pulse
voltammetry method on a ALS electrochemical analyzer model 660.
Fluorescence decay curves and time-resolved fluorescence spectra were
measured for 10°°~10-"M air-saturated solutions by using a picosecond
time-correlated single photon counting apparatus.?! A second harmonics
of a mode-locked Nd**:YAG laser (Spectra Physics 3800) at 532 nm or a
second harmonic of a Ti:sapphire laser (Coherent MIRA 900) at 410—
420 nm was used for the excitation laser pulse. The laser system was
combination of a mode-locked Nd**:YAG laser (Spectra Physics 3800), a
pulse compressor (Spectra Physics 3690), and a cavity-dumped DCM laser
(Spectra Physics 3500).12I The fluorescence emission was detected with a
micro-channel-plate photomultiplier (Hamamatsu R6890-U). The instru-
mental response function obtained from scattered light of a vesicle aqueous
solution had a width of 30 ps (full width half maximum (fwhm)). Accurate
determination of the energy transfer rates was done by using a femtosecond
fluorescence up-conversion method based on a Ti:sapphire laser (Spectra
Physics, tsunami, 840 nm, 80 MHz) which was pumped with a diode-
pumped solid-state laser (Spectra Physics, Millennia X).[?3]

Sample solutions with concentrations of 1074-10-m were used for
transient absorption measurements after nitrogen gas bubbling. Picosecond
transient absorption spectra were measured by means of a microcomputer-
controlled laser photolysis system with a custom-built repetitive mode-
locked Nd**:YAG laser.?l The second harmonic of the Nd**:YAG laser at
532 nm with 15 ps fwhm was used for excitation. For the detection with
higher time resolution, a dual OPA femtosecond laser system was
employed. The output of Ti:sapphire oscillator (65 fs fwhm, 800 nm,
800 mW, 82 MHz) was regeneratively amplified. This amplified pulse (90 fs
fwhm, 1 W, 1 KHz) was divided into two pulses with the same energy and
guided into the OPA systems. By using several nonlinear crystals, the OPA
can cover the wavelength region from 300 nm to 3 um with the output
energy of a few to several tens of pJ per pulse. One of the two OPA systems
was used for the pump light source and the other for the probe pulse. The
output energy of the probe pulse was reduced to 1/1000. The pulse duration
estimated by the cross-correlation between the pump and probe pulses at
the sample position was 160 fs.

Synthesis

meso,meso’-Dibrominated meso—meso-linked diporhyrin 12: The dipor-
phyrin 5 (88.5 mg, 0.059 mmol) was dissolved in a mixture of CHCI;
(30mL) and pyridine (0.5mL). N-bromosuccinimide (NBS; 22.5 mg,
0.126 mmol) was added to this solution and the resulting solution was
stirred for 10 min at room temperature. The mixture was poured into water
and extracted with CHCl;. The combined organic extract was successively
washed with water and brine, and dried over Na,SO,. After the zinc
metalation, the product was purified by silica gel chromatography (eluent
CH,Cl,) to give 12 (76.9 mg, 46 umol, 79 %). 'H NMR (500 MHz, CDCL):
0=9.87(d,J=5.0Hz,4H; p-H),9.08 (d, /=5.0 Hz, 4H; 5-H), 8.66 (d,J =
4.5Hz, 4H; -H), 8.07 (d, /=4.5Hz, 4H; p-H), 8.05 (d, J=15Hz, 8H;
Ar), 771 (s, 4H; Ar), 1.45 (s, 72H; tBu); MS (FAB): found 1652, calcd for
CoeH,00B1,NgZn, 1651.
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meso,meso’-Bis(phenylethynyl)-substituted meso — meso-linked diporhyrin
6: The dibromoporphyrin 12 (13.2 mg, 0.0080 mmol) and phenylacetylene
(0.040 mmol) were dissolved in a mixture of toluene (5 mL) and triethyl-
amine (1 mL), and this solution was purged with argon for 30 min.
[Pd(PPh;),ClL,] (4.1 mg) and Cul (3.8 mg) were added, and the resulting
solution was heated at 50 °C for 5 h under argon. After the reaction mixture
was filtered, chromatography on a silica gel column (eluent CH,Cl,/n-
hexane) gave 6 (9.5 mg, 5.6 umol, 70%). '"H NMR (500 MHz, CDCl;): 6 =
9.95 (d, J=5.0Hz, 4H; -H), 9.11 (d, J=4.5Hz, 4H; -H), 8.66 (d, /=
4.0Hz,4H;$-H),8.11 (d,/=6.5 Hz, 4H; Ar), 8.09 (m, 4 + 8H; Ar + 5-H),
773 (m, 4H; Ar), 761 (t, /=75 Hz, 4H; Ar), 7.53 (d, /=75 Hz, 2H; Ar),
1.46 (s, 72H; tBu); MS (FAB): found 1699, calcd for C,;,H;;(NgZn, 1699;
UV/Vis (THF): A, (loge) =440 (5.32), 474 (5.63), 583 (4.66), and 635
(4.88) nm; fluorescence (THF): A, =657 nm (4, = 580 nm).
meso,meso’-Bis(4-NI-linked-phenylethynyl)-substituted
linked diporphyrin 7: The dibromide 12 (50.8 mg, 31 umol) and 4-amino-
phenylacetylene (19.0 mg, 0.162 mmol) were dissolved in a mixture of
toluene (5 mL) and triethylamine (1 mL), and this solution was purged with
argon. [Pd(PPh;),ClL] (8.0 mg) and Cul (9.0 mg) were added, and the
resulting solution was heated at 50°C for 1.5 h under argon. After the
reaction mixture was filtered, the filtrate was purified by silica gel
chromatography (eluent, CH,Cl,) to give 13 (56.0 mg, 30 umol, 100%).
'H NMR (500 MHz, CDCl,): 6 =9.89 (d,J=4.5Hz, 4H; -H), 9.07 (d, /=
5.0 Hz, 4H; -H), 8.63 (d, /=5.0 Hz, 4H; -H), 8.09 (d, J=1.5Hz, 8H;
Ar), 8.07 (d, /=5.0 Hz, 4H; -H), 775 (m, 4H; Ar), 7.72 (t, 4H; Ar), 7.38
(m, 4H; Ar), 1.47 (s, 72H; tBu), H of NH, was not detected; MS (FAB):
found 1728, calcd for C,,H;,N,,Zn,, 1729.

The diamine 13 (37.4 mg, 21.6 umol) and N-octyl-naphthalene-1,8-dicarb-
oxyanhydride-4,5-dicarboxyimide (14) (20.0 mg, 0.0528 mmol) were dis-
solved in pyridine (5.0 mL), and the resulting solution was refluxed for 28 h
under N,. After the mixture was cooled, pyridine was removed by heating
under reduced pressure. The crude mixture was purified by silica gel
chromatography (eluent CH,Cl,) and preparative HPLC to give 7 (21.7 mg,
8.9 umol, 41 %). "H NMR (500 MHz, CDCl;): 6 =9.93 (d, /=5.0 Hz, 4H,
p-H),9.12 (d,J=5.0 Hz, 4H; $-H), 8.87 (d,/ =7.5 Hz, 4H ,NI), 8.74 (d,/ =
7.5 Hz, 4H;NI), 8.67 (d,/=5.0 Hz, 4H; $-H), 8.29 (d, /=8.5 Hz, 4H; Ar),
8.11 (d, J=5.0Hz, 4H; -H), 8.09 (d, J=2.0 Hz, 8H; Ar), 7.73 (t, /=
2.0 Hz,4H; Ar), 7.58 (d,/ =8.5Hz,4H , Ar), 4.13 (t,4H; NI), 1.77 (m, 4H;
NI), 1.53-1.28 (m, 20+ 72 H; NI + rBu), 0.88 (t, 6 H; NI); MS (FAB): found
2449, caled for C,ssH5)N,O05Zn,, 2447, UV/Vis (THF): A, (loge) =440
(5.32), 476 (5.62), 583 (4.64), 637 (4.88) nm; fluorescence (THF): A, =
651 nm (A, =580 nm).
5-(4-Trimethylsilylethynylphenyl)-15-pentafluorophenylporphyrin 15: 2,2'-
Dipyrrylmethane (4.0 mmol) and 4-trimethylsilylethynylbenzaldehyde
(2.0 mmol) and pentafluorobenzaldehyde (2.0 mmol) were dissolved in
dry CH,Cl, (600 mL). After addition of trifluoroacetic acid (4.05 mmol),
the solution was stirred for 2.5 h at room temperature under N, in the dark.
Then 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (5.81 mmol) was
added to the solution, and the stirring was continued for an additional 1 h.
After addition of triethylamine (0.5 mL), the reaction mixture was passed
through an alumina column with CH,Cl, as eluent and the first porphyrin
fraction was collected. Further purification was carried out by silica gel
column chromatography (eluent; CH,Cl,/n-hexane) to give 15 (213 mg,
0.33 mmol, 17%). '"H NMR (500 MHz, CDCl;): 4 10.35 (s, 2H; meso), 9.47
(d,J=45Hz, 2H; p-H), 9.41 (d, J=4.0 Hz, 2H; -H), 9.06 (d, /=4.5 Hz,
2H; p-H), 8.97 (d, J=4.0 Hz, 2H; 5-H), 8.97 (d, ] =8.5 Hz, 2H; Ar), 8.21
(d,/=8.0Hz,2H; Ar), 0.40 (s, 9H; TMS), —3.15 (s, 2H; NH); MS (FAB):
found 649, caled for C3;HysFsN,Si, 648; UV/Vis (THF): A, = 405, 499, 533,
574, 628 nm; fluorescence (THF): A, = 629, 693 nm (1,,,, =405 nm).
5-(4-Ethynylphenyl)-10-nitro-15-pentafluorophenylporphyrin 11: Zinc(11)
5-(4-trimethylsilylethynylphenyl)-15-pentafluorophenylporphyrin

(0.170 mmol) and iodine (0.170 mmol) were dissolved in distilled CHCl;.
Then the reaction was started by addition of a solution of silver nitrite
(0.230 mmol, 0.10M acetonitrile solution). The mixture was stirred for
15 min at room temperature, and then poured into water, and extracted
with CHCl;. The organic layer was separated off, and washed with water,
and sodium thiosulfate, and dried over anhydrous Na,SO,. Further
purification was carried out by silica gel column chromatography (eluent;
CH,Cl,/n-hexane) to give crude zinc(11) 5-(4-trimethylsilylethynylphenyl)-
10-nitro-15-pentafluorophenylporphyrin. This product was dissolved in
THF (10 mL), to which was added TBAF (0.30 mmol, 1M THF solution).

meso — meso-
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The mixture was stirred for 10 min at room temperature, and then passed
through a short silica gel column with CH,Cl, as a eluent. Further
purification was carried out by silica gel column chromatography (eluent;
CH,Cl,/n-hexane) to give zinc(i) 5-(4-ethynylphenyl)-10-nitro-15-penta-
fluorophenylporphyrin. This product was dissolved in CH,Cl,, and
demetalation was carried out by treatment with 6N HCI. The organic
layer was separated off, and washed with water and saturated NaHCO;
aqueous solution, and dried over anhydrous Na,SO, to give 11 (43 mg,
70 umol, 41 % ). '"H NMR (500 MHz, CDCl;): 6 =10.38 (s, 1H; meso), 9.45
(d,J=5.0Hz, 1H; -H), 9.42 (d, J=5.0 Hz, 1H; -H), 9.39 (d, J=4.5 Hz,
1H; B-H), 9.35 (d,/=4.5 Hz, 1 H; 5-H), 9.05 (d, /= 4.5 Hz, 1 H; 5-H), 9.01
(d, J=5.0Hz, 1H; -H), 8.97 (d, J=5.0 Hz, 1H; -H), 8.92 (d, J=5.0 Hz,
1H;p-H), 8.19 (d,/=7.5 Hz, 2H; Ar), 7.96 (d, J =8.0 Hz, 2H; Ar), 3.37 (s,
1H; ethynyl), —3.04 (s, 2H; NH); MS (FAB): found 622, calcd for
Cy;H 4FsNsO,, 621; UV/Vis (THF): A, (loge) =413 (5.31), 508 (4.19), 582
(3.72), 637 (3.26) nm; fluorescence (THF): A,,=643, 703 nm (i,=
580 nm).

Tetramer 8: The dibromide 12 (22.1 mg, 3.3 pmol) and the ethynylated
porphyrin 11 (13.0 mg, 20.9 umol) were dissolved in a mixture of dry
toluene (5 mL) and triethylamine (1 mL) and this solution was purged with
argon. [Pd,(dba);] (4.4 mg) and Ph;As (5.8 mg) were added, and the
resulting solution was heated at 50°C for 6 h under argon. After the
reaction mixture was filtered, the filtrate was purified by silica gel
chromatography (eluent CH,Cl,) and preparative HPLC (JAI-GEL, eluent
CHCI;). The fraction containing the target compound was collected and
further purification was carried out by silica gel column chromatography
(eluent; CH,Cl,/n-hexane) to give 8 (9.1 mg, 25%). 'H NMR (500 MHz,
CDCl;): 6 =10.44 (s,2H; meso), 10.16 (d, J =4.5 Hz, 4H; dimer-$-H), 9.49
(d,/=4.0 Hz,4H; FB-$-H), 9.46 (m, 4H; FB-5-H),9.30 (d,/=4.0 Hz, 2 H;
FB-$-H), 9.25 (d, J=4.5 Hz, 2H; FB-$-H), 9.23 (d, /= 4.0 Hz, 4H; dimer-
p-H), 9.01 (d, J=4.5Hz, 2H; FB-$-H), 8.96 (d, J=4.5 Hz, 2H; FB-$-H),
8.73 (d, J=4.0 Hz, 4H; dimer-$-H), 8.57 (d, /=75 Hz, 4H; Ar), 8.48 (d,
J=8.0Hz,4H; Ar), 8.17 (m, 12H; dimer-$-H + Ar), 7.77 (m, 4H; Ar), 1.51
(s, 72H; Bu), —2.92 (s, 4H; NH); MS (FAB): found 2737, calcd for
Ci6sHi30F10N1504Zn,, 2738; UV/Vis (THF): A, =415, 475, 578, 640 nm;
fluorescence (THF): A, = 655 nm (weak) (A, =580 nm).

meso, meso’-Dibromo windmill porphyrin array 18: The windmill porphyrin
hexamer 16/"° (90.2 mg, 16.6 umol) was dissolved in a mixture of CHCly
(90 mL) and pyridine (0.2 mL). NBS (33.8 pmol) was added to this solution
and the solution was stirred for 10 min at room temperature. The mixture
was poured into water and extracted with CHCl;. The combined organic
extract was washed with water and brine, and dried over Na,SO,. This
crude product (17) was dissolved in a mixture of CH,Cl,, TFA, and 10 %
H,SO,, and the resulting solution was refluxed for 1 h. The mixture was
poured into water, and extracted with CH,Cl,. The combined organic
extract was successively washed with water, aqueous NaHCO; solution,
and brine, and dried over Na,SO,. A saturated solution of Zn" acetate in
MeOH was added to the solution, and the resulting mixture was refluxed
for 1 h, and poured into water. The porphyrin products were extracted with
CH,Cl,. The combined organic extract was washed with water and brine,
and dried over Na,SO,. Chromatography on a silica gel column (eluent
CH,Cl,) gave 18 (87.9 mg, 15.7 pmol, 95%). 'H NMR (500 MHz, CDCl,): 6
10.30 (s, 4H; meso), 10.27 (d, J=4.0 Hz, 4H; -H), 10.12 (s, 4H; meso),
9.69 (d, J=4.0Hz, 4H; -H), 9.30 (d, J=5.0 Hz, 4H; §-H), 8.73 (d, /=
8.0 Hz, 8H; Ar), 8.61 (d,/=5.0 Hz,4H; -H), 8.49 (d, /=75 Hz, 8H; Ar),
723 (m, 8H; Ar), 6.88 (s, 4H; Ar), 4.21 (br, 8H; hexyl), 4.06 (t+ br, 16 +
8H; octyl + hexyl), 3.90 (br, 8H; hexyl), 3.83 (br, 8H; hexyl), 3.24 (s, 12H;
Me), 2.85 (s, 12H; Me), 2.68 (s, 12H; Me), 2.63 (s, 12H; Me), 2.38 - 1.23 (m,
224H; hexyl+ octyl), 1.03 (t, J=7.5 Hz, 12H; hexyl), 0.95 (t, /=75 Hz,
12H; hexyl), 0.83 (t,J = 7.5 Hz, 24 H; octyl), 0.79 (t,J = 7.5 Hz, 12 H; hexyl),
0.62 (t, J=75Hz, 12H; hexyl); MS (TOF): found 5561, caled for
Ci4Hu,B1,N,, 0470, 5596.

meso,meso’-Bisphenylethynylated windmill porphyrin array 2: The dibro-
mo windmill porphyrin hexamer 18 (22.0 mg, 3.9 umol) and phenylac-
ethylene (30 umol) were dissolved in a mixture of toluene (5 mL) and
triethylamine (1 mL), and this solution was purged with argon for 30 min.
[Pd(PPh;),Cl,] (12 mg) and Cul (9.0 mg) were added, and the resulting
solution was heated at 50 °C for 5 h under argon. After the reaction mixture
was filtered, the filtrate was separated by chromatography on a silica gel
column (eluent CH,Cl,), and recylcing preparative HPLC (JAI-GEL,
eluent CHCL;) gave 2 (7.3 mg, 1.3 umol, 33%). 'H NMR (500 MHz,
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CDCly): 0=10.37 (d, J=4.5 Hz, 4H; -H), 10.31 (s, 4H; meso), 10.13 (s,
4H;meso),9.72 (d,J =5.0 Hz, 4H; $-H), 9.30 (d, /= 4.5 Hz, 4H; f-H), 8.75
(d, J=8.0 Hz, 8H; Ar), 8.64 (d, J=4.5Hz, 4H; -H), 8.50 (d, J="75 Hz,
8H; Ar), 8.34 (d, /=70 Hz, 4H; Ar), 7.78 (t, /=75 Hz, 4H; Ar), 7.66 (m,
2H; Ar), 728 (s,8H; Ar), 6.88 (s,4H; Ar), 4.21 (br, 8H; hexyl), 4.06 (t + br,
16 + 8 H; octyl + hexyl), 3.90 (br, 8H; hexyl), 3.83 (br, 8H; hexyl), 3.25 (s,
12H; Me), 2.85 (s, 12H; Me), 2.68 (s, 12H; Me), 2.63 (s, 12H; Me), 2.39-
1.08 (m, 224 H; hexyl + octyl), 1.00 (t, 12H; hexyl), 0.95 (t,/=7.5 Hz, 12H;
hexyl), 0.82 (t, /=7.5 Hz, 24 H; octyl), 0.78 (t, J =7.5 Hz, 12H; hexyl), 0.61
(t, J=75Hz, 12H; hexyl); MS (TOF): found 5643, caled for
Ci60Hys54N2405Zn,5638; UV/Vis (THF): ... (loge)=415 (6.09), 442
(5.70), 476 (5.57), 545 (5.05), 580 (4.88), 635 (4.80) nm; fluorescence
(THF): Aoy =659 nm (A5 = 545 nm).

meso,meso’-Bis(4-NI-linked phenyl)ethynylated windmill porphyrin array
3: The dibromide 18 (55.3 mg, 9.92 umol) and 4-aminophenylacetylene
(7.3 mg, 62 umol) were dissolved in a mixture of toluene (5mL) and
triethylamine (1 mL), and this solution was purged with argon for 30 min.
[Pd(PPh;),CL,] (9mg) and Cul (8 mg) were added and the resulting
solution was heated at 50 °C for 7 h under argon. After the reaction mixture
was filtered, the filtrate was separated by chromatography on a silica gel
column (eluent CH,Cl,/n-hexane) to give 4-aminophenylethynyl porphyrin
19. Without further purification, this crude product was used for the next
reaction. The diamine 19 and the half-imide 14 (14.2 mg, 38 pmol) were
dissolved in pyridine (5.0 mL), and the resulting solution was refluxed for
12 h under N,. After the mixture was cooled, pyridine was removed by
heating under reduced pressure. The crude mixture was purified by silica
gel chromatography (eluent CH,Cl,) and HPLC(GPC-type, JAI-GEL,
eluent CHCL;) to give the NI-linked windmill porphyrin array 3 in a trace
amount. The product eluted as a single band by HPLC (silica gel) as well as
by size-exclusion GPC-HPLC. The '"H NMR spectrum of 3 was rather
broad and could not be analyzed. MS (TOF): found 6394, calcd for
CysHy04N5s0Zng, 6391; UV/Vis (THF): A, (loge)=415 (6.07), 440
(5.68),471 (5.54), 547 (5.02), 576 (4.86), 629 (4.81) nm; fluorescence (THF):
Amax = 650 nm (1, = 545 nm).

The porphyrin octameric model 4: The dibromide 18 (21.0 mg, 3.75 umol)
and the ethynylated porphyrin 11 (11.0 mg, 17.7 pmol) were dissolved in a
mixture of dry toluene (5 mL) and triethylamine (1 mL), and this solution
was purged with argon for 30 min. [Pd,(dba);] (6.0 mg) and Ph;As (8.0 mg)
were added, and the resulting solution was heated at 50 for 7 h under argon.
After the reaction mixture was filtered, the filtrate was purified by silica gel
chromatography (eluent CH,Cl,) and preparative HPLC (JAI-GEL, eluent
CHCl;). The fraction containing the target compound was collected and
further purification was carried out by silica gel column chromatography
(eluent; CH,Cl,) to give 4 (5.7 mg, 0.85 umol, 23 % ). The product eluted as
a single band by HPLC (silica gel) as well as by size-exclusion GPC-HPLC.
The '"H NMR spectrum of 4 was also too broadened for correct analysis. MS
(TOF): found 6675, calcd for C,H,74F(N3,O,Zng, 6677; UV/Vis (THF):
Amax =416, 430 (sh), 472(sh), 547, 578, 637 nm; fluorescence (THF): A, =
610, 630, 659 nm (weak) (A, =545 nm).

meso, meso’-Bis(trimethylsilylethynyl)-substituted meso — meso-linked
zinc() diporphyrin 20: This compound was prepared from the dibromi-
nated meso—meso-linked diporphyrin 12 and trimethylsilylacetylene by
using [Pd(PPh;),Cl,] and Cul; yield 53 % (9.4 mg, 0.0056 mmol); 'H NMR
(500 MHz, CDCl;): 6=9.78 (d, J=5.0 Hz, 4H; $-H), 9.00 (d, /=4.0 Hz,
4H; p-H), 8.57 (d, /=5.0 Hz, 4H; p-H), 799 (m, 12H; -H + Ar), 7.64 (s,
4H; Ar), 1.38 (s, 72H; Bu), 0.58 (s, 18H; TMS); MS (FAB): found 1690,
caled for CosH;15NgSi,Zn,, 1691; UV/Vis (THF): 1., (loge) =435 (5.37),
468 (5.55), 579 (4.47), 627 (4.69) nm; fluorescence (THF): A, =648 nm
(Amax =550 nm).

meso-Phenylethynylated meso — meso-linked zinc(1) diporphyrin 21: This
compound was prepared from meso-monobrominated meso —meso-linked
zinc(t) diporphyrin (4.5 pmmol) and phenylacethylene by using
[Pd(PPh;),CL,] and Cul. Yield: 100% (7.2 mg, 4.5 ummol). 'H NMR
(500 MHz, CDCl,): 6 =10.38 (s, 1 H; meso), 9.95 (d, /] =5.0 Hz, 2H; -H),
9.49 (d, J=4.5Hz, 2H; -H), 9.18 (d, J=4.5Hz, 2H; -H), 9.09 (d, /=
4.5Hz,2H; p-H), 8.75 (d,J=5.0 Hz, 2H; -H), 8.62 (d, /=4.5 Hz, 2H; p-
H), 8.16 (d, /=5.0 Hz, 2H; -H), 8.10 (d, J=2.0 Hz, 4H; Ar), 8.07 (d, J =
2.0Hz,4H; Ar), 8.03 (d,/=5.0Hz,2H; -H), 771 (t,/=2.0 Hz, 2H; Ar),
770 (t,J=2.0Hz, 2H; Ar), 761 (t,J =7.0 Hz, 2H; Ar), 7.53 (d, /=70 Hz,
2H; Ar), 734 (m, 1H; Ar), 146 (s, 36 H; Bu), 1.45 (s, 36 H; tBu); MS
(FAB): found 1597, calcd for C,oH;oNsZn,, 1598; UV/Vis (THF): A,
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(loge) =435 (5.29), 465 (5.54), 554 (4.52), 579 (4.52), 629 (4.59) nm;
fluorescence (THF): A, = 638 nm (4, 580 nm).

The compounds 22 and 23 were prepared in a similar manner as for 20 and
21.17

Zinc@)  5,15-bisphenylethynyl-10,20-bis(3,5-dictyloxyl)phenylporphyrin
22: '"H NMR (500 MHz, CDCLy): 6=9.75 (d, J=4.5 Hz, 4H; -H), 9.06
(d, J=4.0 Hz, 4H; -H), 8.02 (d, /=7.5 Hz, 4H; Ph), 757 (d, J="75 Hz,
4H; Ph), 7.50 (t, J=7.5 Hz, 2H; Ph), 7.36 (d, /=15 Hz, 4H; Ar), 6.90 (t,
J=15Hz,2H; Ar), 4.14 (t,J =7.0 Hz, 8H; octyl), 1.88 (m, 8 H; octyl), 1.51
(m, 8H; octyl), 1.35-1.28 (m, 32 H; octyl), 0.86 (t, /=70 Hz, 12H; octyl);
MS (FAB): found 1237, caled for CgyHo,N,0,Zn, 1237; UV/Vis (THF): 1.«
(loge) =449 (5.69), 595 (4.08), 649 nm (4.77); fluorescence (THF): A=
654, 715 nm (4, =560 nm).

Zinc@®) 5-phenylethynyl-10,20-bis(3,5-dictyloxyl)phenylporphyrin ~ 23:
'H NMR (500 MHz, CDCl;):  =10.19 (s, 1H; meso), 9.87 (d, J=4.0 Hz,
2H;p-H),9.33 (d,/=5.0Hz,2H; -H), 9.17 (d,/=5.0 Hz, 2H; -H), 9.14
(d,/=5.0Hz,2H;$-H),8.05(d,/=75Hz,2H;Ph), 758 (t,/ =70 Hz,2H;
Ph), 751 (d, /=70 Hz, 1H; Ph), 7.39 (d, J=2.0 Hz, 4H; Ar), 6.91 (t, J=
1.5 Hz, 2H; Ar), 4.15 (t, 8H; octyl), 1.88 (m, 8 H; octyl), 1.50 (m, 8 H; octyl),
1.39-1.27 (m, 32H; octyl), 0.86 (t, 12H; octyl); MS (FAB): found 1137,
caled for C;,HgN,O,Zn, 1137; UV/Vis (THF): A, (loge) =436 (5.75), 566
(4.34), 611 (4.42) nm; fluorescence (THF): A,,=614, 669 nm (i,=
565 nm).
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Tellurium-Bridged Manganese Carbonyl Clusters: Synthesis and Structural
Transformations of [Te,Mn;(CO),,]-, [Te,;Mn;(CO),]*~, [Te,Mn;(CO),]~, and

[Te,Mn (CO),,]*

Minghuey Shieh,* Horng-Sun Chen, Huey-Yea Yang, Shu-Fen Lin, and Chuen-Her Ueng'*!

Abstract: The reactions of appropriate
ratios of K,TeO; and [Mn,(CO),(] in
superheated methanol solutions lead to
a series of mnovel cluster anions
[Te,Mns(CO),]~ (1), [Te;Mny(CO)oJ*~
(2), [Te;Mn3(CO))~ (3), and [Te,Mn,-
(CO)y,)* (4). When cluster 1 is treated
with [Mn,(CO),(J/JKOH in methanol,

ter [Te,Mn;(CO),]~ (3), while treatment
of 2 with [Mn,(CO),,J/KOH affords the
closo-cluster 4. IR spectroscopy showed
that cluster 1 reacted with [Mn,(CO);]
to give cluster 4 via cluster 2. Clusters
1-4 were structurally characterized by

spectroscopic methods or/and X-ray
analyses. The core structure of 1 can be
described as two [Mn(CO);] groups
doubly bridged by two Te, fragments in
a u,—n> fashion. Both [Mn(CO);]
groups are further coordinated to one
[Mn(CO),] moiety. Cluster 2 is a 49 e~
species with a square-pyramidal core

paramagnetic cluster 2 is formed in
moderate yield. Cluster 2 is oxidized by
[Cu(MeCN),]BF, to give the closo-clus-

Introduction

Whereas chalcogen-containing iron carbonyl clusters have
been extensively investigated,’>?l manganese carbonyl chal-
cogenide clusters are less well known, mainly because of the
lack of rational synthetic routes. Compared to sulfur- and
selenium-bridged manganese carbonyl clusters,>* 31 the tel-
lurium-bridged manganese carbonyl clusters are even more
poorly explored.l'!' As to the tellurium-bridged manganese
carbonyl complexes, a unique series of complexes
[{CpMn(CO),};Te] and [{Cp*Mn(CO),},Te] has been pre-
pared in which the central tellurium atom displays multiple
bonding to more than one metal center.l) Vahrenkamp et al.
used organostannyl reagents to introduce tellurides into metal
dimers to give [Mn,(CO)4(u-TeSnMe;),]."7 The tellurium-
bridged dimanganese complex [Mn,(Et;P),(CO)¢(u-Te,)] was
reported to be produced by the reaction of [Mn,(CO),,] and
the tellurium-atom transfer reagent Et;P=Te.[*] Recently, the
hydrothermal reaction of [Mn,(CO),,] with Na,Te, and
ethanol produced an anionic complex [Mn,(CO);(Te,);]>~ in
which an [Mn(CO),] and three [Mn(CO),] fragments are
bridged by three [Te,]?>~ ligands.’! Nevertheless, no tellurium-

[a] Prof. M. Shieh, H.-S. Chen, H.-Y. Yang, S.-F. Lin, Prof. C.-H. Ueng
Department of Chemistry
National Taiwan Normal University
Taipei 116, Taiwan, Republic of China
Fax: (+886)229-324249
E-mail: mshieh@scc.ntnu.edu.tw
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geometry. While cluster 3 displays a
trigonal-bipyramidal metal core, cluster
4 possesses an octahedral core geometry.

bridged manganese carbonyl clusters with Mn—Mn bonds
were reported prior to our study.

We have recently reported that the reaction of sulfur or
selenium powder with dimanganese decacarbonyl in basic
solutions leads to a series of sulfur— and selenium —manganese
carbonyl clusters.! A similar methodology, however, was not
applicable to the tellurium-manganese carbonyl system.
Hence, the extension to the tellurium-containing manganese
carbonyl system was full of interesting challenges. We report
here the facile synthetic route to a new series of tellurium-
bridged manganese carbonyl clusters [Te,Mn;(CO),]~ (1),
[Te;Mny(CO)o*~ (2), [Te,Mny(CO)o)~ (3), and [Te,Mny-
(CO)p,)* @) from K,TeO; and [Mn,(CO),(| in superheated
MeOH solutions. We have already communicated that cluster
4 can be metalated with [Me,TeMn(CO),]* to form the novel
cluster [Me,TeMn(CO),Te,Mn,(CO),,)>~ (5).'7 Apart from
the rare us-Te bridging mode observed in cluster 5, the us,5%-
Te,, us-Te, and u,-Te bonding modes are found in clusters 1-4.
In addition, the structural relationships among these clusters
are studied in depth along with their interesting structural
transformations.

Results and Discussion

Syntheses of [TMBAI][1], [PPN],[2], [PPN][3], and
[PPN],[4]: We demonstrate here a direct and efficient route
to a series of novel tellurium-bridged manganese carbonylates
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that involves the direct thermal reactions of K,TeO; with
[Mn,(CO),y] in superheated MeOH solutions. Depending on
the ratio of K,TeO; to [Mn,(CO),], this methodology leads to
the formation of [Te,Mn;(CO),,]~ (1), [Te,Mn;(CO),]*~ (2),
and [Te,Mn,(CO),,]*>~ (4) (Scheme 1). These anionic clusters

Mn(CO).
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Scheme 1. Synthesis of 1, 2 and 4 from K,TeO; and [Mn,(CO),,].

are quite reactive species; however, they can be isolated as the
[TMBA]" (TMBA = benzyltrimethylammonium) salts or the
[PPN]* (PPN = [bis(triphenylphosphane)iminium] salts. Clus-
ters 1, 2, and 4 are all fully characterized by spectroscopic
methods and X-ray structural determination.

When K,TeO; was treated with [Mn,(CO),¢] in a molar
ratio of 2:1 in MeOH in a flask immersed an oil bath at 110°C,
the unusual cluster anion 1 resulted in moderate yield. The IR
spectrum of [TMBA][1] in the range 2059 -1904 cm~! shows

LR A 2 K, TeO, 2 Mny(CO),, 42 3 A ey F 855 R P Ao A8 o A%
Y IFE — #4512 B B 445854 [Te Mn,(CO),,] (1) » [Te,Mn,(CO)J* (2) ~
[Te,Mn,(CO),} (3) 4 & [Te,Mn,(CO),,J* (4) - %444 1 $1 [Mn,(CO),/KOH
#—F R TH— IR EH—tSH 20 it dd R[Cu(MeCN),][BF,]
AT LR —HEARBGILSH I A4 £ Thibdd 2 R
[Mn,(CO), JKOH #4754 XS B AT %~ F do > & R K4 F4 0 1t
a1 BERMREMN AL RIS 2 BHEAILSY 4. REFS A
XRAMLEY 14 FA LSV RSBAHEAR - B8 bl ex
BHTRANEU,- 1" 6 Te, &AM &8 Mn(CO), A B+ @ % A — Mn(CO),
B Te, RARBWALE THREM - L AFuMwHRiLdn 20 £
BAEDWAREH LS FRALEZ A4 - R LS IR ZRAN
DEGEHBERE - AXRBARBRHGERT R AHERBE—MA e
Te-Mn-CO &8 B £ o4t H R S HMAFER > MX PO 2 MEe
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characteristic absorptions of terminal carbonyl groups. An
X-ray analysis shows that cluster 1 consists of a four-
membered [Te,Mn,] ring in which the two Te—Mn edges are
each bridged by a Te atom that is further bonded to an apical
[Mn(CO),] fragment. If a molar ratio of 1:1 of K,TeO; and
[Mn,(CO),(] is employed in the MeOH solution at 110°C, the
square-pyramidal cluster anion 2 was obtained. On the other
hand, when K,TeO; was treated with [Mn,(CO),(] in a molar
ratio of 1:2 in the MeOH solution at 110°C, the octahedral
cluster anion 4 was formed in good yield. Cluster 4 obeys
Wade’s rule for a six-vertex closo-cluster containing seven
skeletal pairs and is stable in air for quite some time.

The clusters 1, 2, and 4 were formed by the reaction of
K,TeOj; and [Mn,(CO),(] in superheated MeOH solutions, in
which reactions are facilitated by the elimination of CO,. The
conditions for these reactions are critical: the outcome
depends on the ratios of the reactants, reaction temperature,
and reaction time, signifying that the variations of activation
energies versus reaction time and ratios of reactants in this Te-
Mn-CO system are decisive. The optimized conditions for
these clusters are described in the Experimental Section.
Cluster 2 is a 49-electron species and its paramagnetic
behavior is confirmed by its powder EPR spectrum at room
temperature in which g=2.49. Based on electron counting,
cluster 2 falls one electron short of that of a trimanganese
cluster with two Mn—Mn bonds. Cluster 2 is very sensitive to
the air on account of its electron deficiency. When the
paramagnetic cluster 2 is carefully oxidized with [Cu-
(MeCN),]|BF,, a trigonal-bipyramidal cluster anion [Te,Mn;-
(CO)g]™ (3) is obtained (Scheme 2). Cluster 3 is a 48-electron
species, which is in agreement with conventional electron
counting.

00 1o oo 1
\ [Cu(MeCN}),4]BF, \
/Te\ [ ’Te\
(OC)sMn Mn(CO) (OC)sMn ———=Mn(CO);
’ e ’ A
2 3

Scheme 2. Reaction of 2 with [Cu(MeCN),]BF, to give 3.

Note that cluster 3 cannot be obtained directly from the
thermal reaction of K,TeO; with [Mn,(CO),,] under similar
conditions, but it can be produced in good yield from the
oxidation of 2 by the oxidizing agent [Cu(MeCN),]BF,.
Although the analogous trigonal-bipyramidal cluster [Se,Mn;-
(CO)y]~ can be obtained from SeO, with [Mn,(CO),,]/KOH,!
a similar methodology which uses TeO, and [Mn,(CO),g)/
KOH,'!I failed to yield cluster 3; this method gave mixtures of
2 and 4 which are difficult to separate. Compared with the
direct thermal reactions of K,TeO; with [Mn,(CO),,] in MeOH
described above, the disadvantages of the treatment of TeO,
with [Mn,(CO),,JKOH/MeOH are difficult separations and
highly basic conditions.

Transformations of [TMBA][1], [PPN],[2], [PPN][3], and
[PPN],[4]: The structural transformations of clusters 1—4 are
summarized in Scheme 3. Since the ratio of K,TeO; to
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[Mn,(CO),] affects the outcome of these reactions as well, it
was investigated whether structural transformations of these
tellurium — manganese carbonylates could be accomplished.
Therefore, we conducted a series of experiments in which the
ratio of K,TeO; to dimanganese was varied: we found
interesting cluster transformations in this system. It was
discovered that cluster 1 reacted with the appropriate amount
of [Mn,(CO),] in basic solution to form cluster 2. Further-
more, paramagnetic cluster 2 was converted to cluster 4 by
treatment with [Mn,(CO);,]/KOH in methanol. Following a
similar methodology, cluster 4 was formed directly from cluster

or
Na/naphthalene

1 when 1 was treated with [Mn,(CO),,J/KOH in methanol.
These results suggest that cluster 2 may represent the inter-
mediate state for the transformation of 1 to the octahedral
complexes 4. In addition, cluster 4 is believed to undergo
complicated bond breakage and formation to give cluster 3
upon the addition of the appropriate amount of Hg(OAc),.

As mentioned above, cluster 3 is readily obtained from the
mild oxidation of 2 with [Cu(MeCN),|BF,. It was of interest
to know whether 3 can be reconverted back to cluster 2 by
treatment with reducing agents. It was found that 3 remained
intact on treatment with Na/naphthalene or even with Na.
This indicates a high degree of inertness of 3. The cyclic
voltammogram of 2 exhibits two reversible redox couples at
E,=-391 and —508 mV (100 mVs™!, AE=68 and 83 mV,
respectively) versus SCE. However, the electrochemical
measurement of [PPN][3] only shows the irreducible oxida-
tion of the cations, which is consistent with the inertness of 3
towards chemical reduction. This behavior is also evidenced
by the fact that the trigonal-bipyramidal cluster 3 cannot
undergo cluster expansion with [Mn,(CO),,]/KOH to form
the octahedral cluster 4, while the paramagnetic square-
pyramidal cluster 2 does. Radical processes should account for
the cluster expansion from 2 to 4.

Structures of [TMBA][1], [PPN],[2] - CH,CL,, [PPN][3], and
[PPN],[4]: The structures of [TMBA][1], [PPN],[2] - CH,Cl,,
[PPN][3], and [PPN],[4] are depicted in Figures 1 —4; selected
bond lengths and angles are listed in Table 1.

The core structure of 1 can be described as two [Mn(CO);]
groups doubly bridged by two Te, fragments in a u,—»n’
fashion. These double are further bonded to a [Mn(CO),]
moiety. The metal core of cluster 1 can be regarded as an
inorganic analogue of the well-known quadricyclane. This

Table 1. Selected bond lengths [A] and bond angles [°] for [TMBA][1], [PPN],[2] - CH,Cl,, [PPN][3], and [PPN],[4].

[TMBA][Te,Mn;(CO),o] ([TMBA][1])

Tel-Ted 2.733(1) Tel-Mnl 2.654(1) Tel-Mn2 2.670(1) Te2-Te3 2.7205(7) Te2-Mnl 2.663(1)
Te2—Mn2 2.645(1) Te3—Mnl 2.649(1) Te3-Mn3 2.632(1) Te4—Mn2 2.641(1) Te4-Mn3 2.642(1)
Te4-Tel-Mnl  107.45(3)  Te4-Tel-Mn2 5851(3)  Mnl-Tel-Mn2 93.05(3)  Te3-Te2-Mnl 5895(3)  Te3-Te2-Mn2 108.11(3)
Mnl-Te2-Mn2  93.41(4)  Te2-Te3-Mnl 59.44(3)  Te2-Te3-Mn3 108.16(3)  Mnl-Te3-Mn3  117.96(4)  Tel-Te4-Mn2 59.55(3)
Tel-Te4-Mn3  107.47(3)  Mn2-Te4-Mn3  118.69(3)  Tel-Mn1-Te2 86.29(3)  Tel-Mnl-Te3 98.57(4)  Te2-Mnl-Te3 61.61(3)
Tel-Mn2-Te2  86.29(3)  Tel-Mn2-Te4 61.94(3)  Te2-Mn2-Te4 98.23(3)  Te3-Mn3-Te4 95.21(3)
[PPN],[Te,Mn;(CO),] - CH,Cl, ([PPN],[2] - CH,Cl,)
Tel-Mnl 2.607(2) Tel-Mn2 2.613(2) Tel-Mn3 2.627(2) Te2-Mnl 2.612(2) Te2-Mn2 2.615(2)
Te2-Mn3 2.625(2) Mnl-Mn3 2.808(2) Mnl-CY 2.54(2)  Mn2-Mn3 2.791(2) Mn2-C9 2.47(2)
Mnl-Tel-Mn2  97.43(5) Mnl-Tel-Mn3  64.89(5) Mn2-Tel-Mn3 64.32(5) Mn1-Te2-Mn2 97.28(5) Mn1-Te2-Mn3 64.86(5)
Mn2-Te2-Mn3  64.37(5) Tel-Mnl-Te2 82.73(4) Tel-Mn1-Mn3 57.89(4) Te2-Mn1-Mn3 57.79(5) Tel-Mn2-Te2 82.55(5)
Tel-Mn2-Mn3  58.06(5) Te2-Mn2-Mn3  57.99(5)  Tel-Mn3-Te2 82.11(5) Tel-Mn3-Mnl 57.22(4)  Tel-Mn3-Mn2 57.59(5)
Te2-Mn3-Mnl  57.35(4)  Te2-Mn3-Mn2  57.65(5) Mnl-Mn3-Mn2  88.96(6)  Mn3-C9-O9 163.4(17)  Mn3-C9-09’ 160.5(14)
[PPN][Te;Mn;(CO),] ([PPN][3])
Tel-Mnl 2.505(1) Tel-Mn2 2.535(1) Tel-Mn3 2.512(1) Te2-Mnl 2.548(2) Te2-Mn2 2.554(1)
Te2-Mn3 2.567(1) Mnl-Mn2 2.933(2) Mnl-Mn3 2.919(1) Mn2-Mn3 2.903(2)
Mnl-Tel-Mn2  71.18(4) Mnl-Tel-Mn3  71.16(4) Mn2-Tel-Mn3 70.25(4) Mn1-Te2-Mn2 70.18(4) Mn1-Te2-Mn3 69.60(4)
Mn2-Te2-Mn3  69.09(4)  Mn2-Mnl-Mn3 59.50(4)  Mnl-Mn2-Mn3  60.01(3)  Mnl1-Mn3-Mn2  60.49(4)
[PPN],[Te;Mn,(CO)y,] ([PPN],[4])
Te—Mnl 2.6363(8) Te—Mnla 2.6360(6) Te—Mn2 2.6487(8) Te—Mn2a 2.6446(7) Mnl-Tea 2.6360(6)
Mnl-Mn2 2.7979(8) Mnl-Mn2a 2.8241(9) Mn2-Tea 2.6446(7) Mnl-Te-Mnla 97.42(2)  Mnl-Te-Mn2 63.93(2)
Mnl-Te-Mn2a 64.66(2) Mnla-Te-Mn2  64.60(2) Mnla-Te-Mn2a  63.99(2)  Mn2-Te-Mn2a 97.82(2)  Te-Mnl-Tea 82.58(2)
Te-Mn1-Mn2  58.25(2)
Te-Mnl-Mn2a  57.82(2) Tea-Mnl1-Mn2  58.15(2)  Tea-Mnl-Mn2a  57.92(2) Mn2-Mnl-Mn2a 90.40(2)  Te-Mn2-Tea 82.18(2)
Te-Mn2-Mnl ~ 57.82(2)  Te-Mn2-Mnla  57.48(2)  Tea-Mn2-Mn(1) 57.86(2) Tea-Mn2-Mnla  57.53(2) Mnl-Mn2-Mnla 89.60(3)
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Figure 2. Structure of dianion 2 (ORTEP diagram; 30% thermal ellip-
soids).

cluster is structurally similar to the recently reported [CrFe,-
(CO),0Se,] cluster.l'” In 1, each u;-Te, unit can be considered
as a six-electron donor to the core framework to make cluster
1 a 54-electron species, in agreement with the effective atomic
number (EAN) rule. The Te—Te bond length of 2.742 A is
close to those in [M(CO),Te,> (2.724 A, M=Cr; 2.729 A,
M =Mo0),[13 [Cr,(CO)»(Te,) >~ (2.784 A),14 and [{Cr(CO)s),-
Te,]*~ (2.736 A):;3! however, it is shorter than those in
[(W(CO))(Teos P~ (2852 A)'9  and  {Cr(CO)s}iTe,
(2.856 A).17

Cluster 2 has a square-pyramidal core geometry in which
the Mn; unit is doubly bridged by the u;-Te atoms. This
complex is analogous to the recently reported cluster
[Se;Mny(CO)oJ>- B! which is a paramagnetic 49-electron
cluster. Cluster 3 has a trigonal-bipyramidal Te,Mn; core in
which the Mn; plane is capped above and below by the u;-Te
atoms. Cluster 4 displays a near-idealized octahedral frame-
work with four Mn—Mn bonds of similar lengths (2.7979-
2.8241 A) and nearly perfect internal Mn-Mn-Mn angles

Chem. Eur. J. 2001, 7, No. 14
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Figure 4. Structure of dianion 4 (ORTEP diagram; 30% thermal ellip-
soids).

(89.60—90.40°), in which the four Mn atoms are capped by
two u,-Te atoms and are each seven-coordinate. For compar-
ison, the average Te—Mn and Mn—Mn bond lengths in clusters
1-4 and other related clusters are listed in Table 2.

Semibridging carbonyls in [PPN],[2] - CH,Cl, and [PPN],[4]:
As shown in Figure 2, there are two conformational molecules
of 2 in the crystal lattice, each of which possesses a semi-
bridging carbonyl group C9—09 or C9—09’ lying on the
opposite sides of the Mn3 atom and the semibridging carbonyl
C9—-09 and C9—09 and are each present with 50%
probability. The disorder of C7 and O7 cannot be resolved
and is covered with large thermoparameters. Similar to that in
the case of [Se,Mn;(CO),J>~,F) cluster 2 possesses a semi-
bridging carbonyl group!® that has some interaction with the
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Table 2. Average Te—Mn and Mn—Mn bond lengths [A] in clusters 1-4
and other related clusters.

Compound Te—Mn Mn—Mn
[Mn,Te,(SC,H,),]* 23 2782

[Mn,Te,(SeC;H,),]*- 123 2.769

[Mn,Te,(TeC,H,),]J* 4 2.740

[(Et;P),(CO),;MnTel,¥ 2718

[TMBA][1]* 2.645

[PPN,[2] - CH,CL®! 2617 2.799
[PPN][3] 2.537 2.918
[PPN,[4]® 2.641 2.811

[a] This work.

basal Mn2 and Mnl with significant bending of carbonyl
group (Mn3-C9-O9 163.4°; Mn3-C9-09" 160.5°) and the
distances between Mn2/C9 and Mnl/C9" are 2.47(2) and
2.54(2) A, respectively. Since these two conformational mol-
ecules of 2 are in a 1:1 superposition, the semibridging
carbonyl can be considered to interact with only one basal Mn
atom. If each tellurium atom can be formally assigned a —2
oxidation state, the oxidation state of the apical Mn3 should
be + 1, while the basal Mn2 and Mn1 atom are in the 0 or +1
oxidation state, respectively.

Interestingly, in cluster 4, there appear to be four weak
interactions between the carbonyls and Mnl and Mn2 atoms,
as evidenced by the shorter distances between Mn2/C3 and
Mnla/C6 (2.793(3) and 2.864(3) A, respectively) and the
slight bending of the carbonyl group (Mn1-C3-O3 171.2(3)°,
Mn2-C6-O6 171.2(3)°). These carbonyls (C3—03, C3'—03,
C6—06, and C6'—06') can also be considered to be semi-
bridging carbonyls according to the suggestion made by
Curtis.['®]

Conclusion

We have demonstrated the facile syntheses of a series of
tellurium-bridged manganese carbonyl clusters that exhibit
novel structural features. We have also established some
cornerstones for further study in this rarely explored area. The
interesting structural transformations in this system are
studied systematically; they suggest that it is possible to
introduce other metal fragments for further cluster growth.

Experimental Section

All reactions were performed under an atmosphere of pure nitrogen in
standard Schlenk glassware and by the use of Schlenk techniques."]
Solvents were purified, dried, and distilled under nitrogen prior to use.
[Mn,(CO),o] (Strem), TeO, (Strem), K,TeO;-H,0O (Aldrich), [PPN]CIl
(Aldrich), and [TMBA]CI (Aldrich), were used as received. IR spectra
were recorded on a Jasco5300 or a Perkin-Elmer paragon500 IR
spectrometer as solutions in CaF, cells. Elemental analyses of C, H, and
N were performed on a Perkin-Elmer2400 analyzer at the NSC Regional
Instrumental Center at National Taiwan University, Taipei (Taiwan).

Synthesis of [TMBA][Te,Mn;(CO),] ([ TMBA][1]): MeOH (40 mL) was
added to a mixture of [Mn,(CO),(] (0.687 g, 1.762 mmol) and K,TeO; - H,O
(1.193 g, 4.389 mmol). The mixed solution was refluxed in an oil bath at
110°C for 24 h. The reddish-brown solution was filtered and concentrated,
and an aqueous solution of [TMBA]CI (0.401 g, 2.159 mmol) was added.
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The precipitated solid was washed with deionized water several times and
then extracted into CH,Cl,. The CH,Cl, extract was recrystallized from
CH,Cly/hexanes to give [TMBA][1] (0.858 g, 0.77 mmol; 70% based on
Te). IR (CH,CL): #c0=2059 (w), 1990 (vs), 1974 (s), 1953 (w), 1904
(s) cm™'; elemental analysis (%) caled for [TMBA][Te,Mn;(CO),o): C
21.73, H 1.46, N 1.27; found: C 22.15, H 1.48, N 1.20. The complex is soluble
in diethyl ether, CH,Cl,, THF, MeOH, and MeCN. The reddish black
crystals suitable for X-ray analysis were grown from a diethyl ether
solution.

Synthesis of [PPN],[Te,Mn;(CO),] ([PPN],[2]): MeOH (40 mL) was
added to a mixture of [Mn,(CO),,] (0.845 g, 2.17 mmol) and K,TeO;-H,O
(0.550 g, 2.167 mmol). The mixed solution was refluxed in an oil bath at
110°C for 72 h. The brownish-green solution was filtered and concentrated,
and a MeOH solution of [PPN]CI (1.25 g, 2.18 mmol) was added dropwise.
The precipitated solid was washed with MeOH several times. The residue
dissolved in CH,Cl, (15 mL) and diethyl ether (7.5 mL) was added to the
solution to remove the impurities, and the filtrate was dried under vacuum
and recrystallized with CH,Cl,/diethyl ether several times to give
[PPN],[Te,Mn3(CO),] (1.38 g, 1.69 mmol; 73 % based on Te). IR (CH,Cl,):
Voo =1983 (m), 1940 (s), 1881 (m), 1865 (m) cm™'; elemental analysis (%)
calcd for [PPN],[Te,Mn;(CO),].CH,Cl,: C 53.70, H 3.41, N 1.53; found: C
53.47, H 3.43, N 1.60. [PPN],[2] is soluble in CH,Cl,, THF, and MeCN,
slightly soluble in MeOH, but insoluble in hexanes and diethyl ether. The
brownish black crystals suitable for X-ray analysis were grown from a
CH,Cl,/diethyl ether solution.

Synthesis of [PPN],[Te,Mn (CO),,] ([PPN],[4]): MeOH (40 mL) was
added to a mixture of [Mn,(CO),] (0.725 g, 1.86 mmol) and K,TeO;-H,0
(0.236 g, 0.930 mmol). The mixed solution was refluxed in an oil bath at
110°C for 98 h. The deep-brown solution was filtered and concentrated,
and a MeOH solution of [PPN]CI (0.705 g, 1.23 mmol) was added dropwise.
The precipitated solid was washed with deionized water several times. The
residue was recrystallized with CH,Cl,/MeOH several times to give
[PPN],[Te,Mn,(CO),] (0.44 g, 0.233 mmol; 50% based on Te). IR
(CH,CL): T =1941 (s), 1884 (m) cm™'; elemental analysis (%) calcd for
[PPN],[Te,Mn,(CO),,]: C 53.43, H 3.20, N 1.48; found: C 53.44, H 3.15, N
1.47. [PPN],[4] is soluble in CH,Cl,, THF, and MeCN, but insoluble in
hexanes, diethyl ether, and MeOH. The purple-black crystals suitable for
X-ray analysis were grown from a MeCN solution.

Synthesis of [PPN][Te,Mn;(CO),] ([PPN][3])

Method 1: CH,Cl, (30 mL) was added to a mixture of [PPN],[2] (0.40 g,
0.229 mmol) and [Cu(MeCN),]BF, (0.057 g, 0.181 mmol). The mixed
solution was refluxed in an oil bath at 70—80°C for 68 h. The brown
solution was filtered and the solvent was removed under vacuum. The
residue was washed with hexanes and extracted with Et,O to give [PPN],[3]
(0.14 g,0.116 mmol; 51 % based on [PPN],[2]). IR (CH,CL,): 7o = 1996 (s),
1912 (m), 1881 (m), 1865 (m)cm™'; elemental analysis (%) caled for
[PPN][Te,Mn;(CO),]: C 44.10, H 2.55, N 1.20; found: C 44.64, H 2.50, N
1.16. [PPN],[3] is soluble in CH,Cl, and Et,O. The deep-brown crystals
suitable for X-ray analysis were grown from a CH,Cl, solution.

Method 2: To a solution of [PPN],[4] (0.59 g; 0.312 mmol) in CH,CI,
(20 mL) in an ice-water bath was added Hg(OAc), (0.11 g, 0.345 mmol).
The mixed solution was turned from purple to brownish, which was filtered
and solvent was removed under vacuum. The residue was washed with
hexanes and extracted with Et,0 to give [PPN],[3] (0.24 g, 0.198 mmol;
63 % based on [PPN],[4]).

Reaction of [TMBA][Te,Mn,(CO),,] (ITMBA][1]) with [Mn,(CO),)/
KOH: MeOH (40 mL) was added to a mixture of [TMBA][1] (0.441 g,
0.399 mmol), [Mn,(CO),,] (0.195g (0.500 mmol), and KOH (0.898 g,
16.0 mmol). The mixed solution was refluxed in an oil bath at 110°C for
48 h. The brownish green solution was filtered and concentrated, and a
MeOH solution of [PPN]CI (0.918 g, 1.60 mmol) was added dropwise. The
precipitated solid was washed with MeOH several times. The residue was
recrystallized with Et,0O/CH,Cl, twice to give [PPN],[2] (0.75¢,
0.429 mmol; 63 % based on Te).

Reaction of [PPN],[Te,Mn;(CO),] ([PPN],[2]) with [Mn,(CO),,/JKOH:
MeOH (20 mL) and MeCN (20 mL) were added to a mixture of [PPN],[2]
(0.504 g, 0.288 mmol), [Mn,(CO),,] (0.124 g, 0.318 mmol), and KOH
(0.326 g, 5.81 mmol). The mixed solution was refluxed in an oil bath at
110°C for 30 h. The brown solution was filtered and solvent was removed
under vacuum. The residue was extracted with CH,Cl, and the CH,Cl,
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extract was recrystallized from Et,0/CH,Cl, to give [PPN],[4] (0.130 g,
0.069 mmol; 24 % based on [PPN],[2]).

Cyclic voltammetry measurements of [PPN],[2]:- CH,Cl, and [PPN][3]:
Cyclic voltammetry experiments were performed with BAS100B/W.
Solutions were prepared in dried CH,Cl, with tetra-n-butylammonium
perchlorate (TBAP, 0.1m), recrystallized before use as the supporting
electrolyte. A three-electrode configuration was used with a platinum disk
working electrode, a platinum wire auxiliary electrode, and Ag/AgO
reference electrode. The redox potentials were calibrated with a ferroce-
nium/ferrocene (Fc*/Fc) couple in the working solution. Experiments were
carried out at room temperature under nitrogen.

X-ray structural characterization of complexes [TMBA][1], [PPN],[2]-
CH,Cl,, [PPN][3], and [PPN],[4]: Selected crystallographic data for
[TMBA][1], [PPN],[2]-CH,CL,, [PPN][3], and [PPN],[4] are given in
Table 3. Data collection was carried out with a Nonius CAD-4 diffrac-
tometer that used graphite-monochromated Moy, radiation at 25°C and a
6/2 6 scan mode. A 1 scan absorption correction carried out.?l All crystals
were mounted on glass fibers with epoxy cement. Data reduction and
structural refinement were performed with the NRCC-SDP-VAX pack-
ages,?'l and atomic scattering factors were taken from International Tables
for X-ray Crystallography.*?!

Structures of [TMBAJ[1], [PPN],[2]- CH,Cl,, [PPN][3], and [PPN],[4]:
Cell parameters were obtained from 25 reflections with 26 angle in the
range 22.42-32.72° for [TMBAI][1], 16.68° <20 <29.34° for [PPN],[2]-
CH,Cl,, 22.94<26<28.66° for [PPN],[3], and 22.84 <26 <31.42° for
[PPN],[4]. A total of 3697 reflections with I > 2.5 (1) for [TMBA][1] (6761
reflections with 7> 2.5 (1) for [PPN],[2] - CH,Cl,, 5333 reflections with />
2.50(1) for [PPN][3], and 5885 reflections with > 2.50(I) for [PPN],[4])
were refined by least-squares cycles. All the non-hydrogen atoms were
refined with anisotropic temperature factors, except those for [PPN],[2]-
CH,(Cl,, C6, 06, C9, 09, C9', and O9" which were refined with isotropic
temperature factors. Full-matrix least-squares refinement led to conver-
gence with R =0.027 and Rw =0.026 for [TMBA][1], with R=0.043 and
Rw=0.036 for [PPN],[2]-CH,Cl,, with R=0.033 and Rw=0.026 for
[PPN][3], and with R =0.026 and Rw =0.022 for [PPN],[4].

Crystallographic data (excluding structures factors) for the structures of
[TMBA][1], [PPN],[2] - CH,Cl,, and [PPN][3] reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-154903 ([TMBA][1]), CCDC-
154902 ([PPN],[2]- CH,Cl,), and CCDC-154901 ([PPN][3]). Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit
@ccdc.cam.ac.uk). Further details of the crystal structure investigation of
[PPN],[4] may be obtained from the Fachinformationszentrum Karlsruhe,

76344 Eggenstein-Leopoldshafen (Germany), (Fax: (+49)7247-808-666;
e-mail: crysdata@fiz.karlsruhe.de) on quoting the depository number CSD-
408889 ([PPNI,[4]).
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Table 3. Crystallographic data for [TMBA][Te,Mn;(CO),] ([TMBA][1]), [PPN],[Te,Mn;(CO)o|-CH,Cl, ([PPN],[2]- CH,Cl,), [PPN][Te,Mn;(CO),]
([PPN][3]), and [PPN],[Te;Mn,(CO),,] ([PPN],[4]).

[TMBA][1] [PPN],[2] - CH,Cl, [PPN][3] [PPN],[4]
empirical formula C,)H ;¢(Mn;NO, Te, Cg,Hg,C1LMn;N,OyP, Te, C4sH3;0Mn;NO,P, Te, CgHgoMnyN,O,P,Te,
fw 1105.55 1834.20 1210.68 1888.23

crystal dimensions [mm]

0.40 x 0.45 x 0.50

0.35 x 0.25 x 0.12

0.50 x 0.45 x 0.30

0.50 x 0.45 x 0.41

space group Pl Pl P2/c Pl

a[A] 10232(1) 13.762(2) 16.900(6) 12.200(2)
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7] 112.05(1) 61.19(1) 77.46(2)
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VA 2 2 4 1
Pencalgem ] 2354 1.526 1.734 1.583
#(Moy,) [em™'] 49.1 13.9 216 14.9

A [A] 0.7107 0.7107 0.7107 0.7107
T[°C] 25 25 25 25

RE] Ryl 0.027, 0.026 0.045, 0.037 0.033, 0.026 0.026, 0.022

[a] R=X|F,— F,|/SF,. [b] Rw = [Sw(F, — F.)’/Sw(F,)?]"".
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Di- and Tetranuclear Palladium Complexes Incorporating Phospha- and
Diphosphaferrocenes as Ligands**

Xavier Sava, Louis Ricard, Francois Mathey,* and Pascal Le Floch*[?!

Abstract: Monophosphaferrocenes 1
and 4 react with [Pd(COD)CL)]
(COD =cyclooctadiene) to afford cis-
[PA(1 or 4),Cl,] complexes that slowly
decompose in solution to give dimeric
complexes 3 and 6 of general formula
[{Pd(1 or 4)Cl},]. In these dimers, which
incorporate a Pd—Pd bond, phosphafer-
rocenes act as four electron donors
through the phosphorus-atom lone pair
(u,-bonded) and through one orbital of
appropriate symmetry at iron. These
dimers can also be more conventionally
prepared from the reaction of cis-
[PA@1 or 4) Cl,] complexes with
[Pd(dba),] (dba=dibenzylidene ace-

phaferrocene (7) with [Pd(COD)Cl,]
yields a dinuclear complex [Pd,(7),Cl,]
(8) in which the two ligands 7 are
coordinated in a trans fashion through
the phosphorus-atom lone pairs. De-
composition of 8 in solution yields a
dimeric dicationic complex of general
formula [{Pd,(7),Cl},]**[FeCl,],~ (9a)
incorporating four palladium atoms. In
each ligand, one phospholyl ring be-
haves as a two-electron donor through
the phosphorus-atom lone pair whereas

Keywords: coordination chemistry
- palladium - phosphaferrocenes -
phosphorus heterocycles - P ligands

the second binds two palladium centers
in a u,-fashion. A plausible mechanism
that explains the formation of dimers 3,
6, and 9a involves the preliminary
oxidation of the mono- or diphosphafer-
rocene ligand. Parallel experiments
aimed at confirming this hypothesis
have shown that complex 9a can be
synthesized from the reaction of FeCl,
with complex 8. Also presented is
another synthetic approach to the syn-
thesis of the tetranuclear complex
9b (counterion is GaCl,") from the
reaction of the palladium(0) complex
[Pd(7),] (10) with [Pd(COD)CL,] in
the presence of GaCl; as chloride ab-

tone). The reaction of octaethyldiphos-

Introduction

The combination of a ferrocene backbone and an sp?
hybridized phosphorus atom makes monophosphaferrocenes
very attractive ligands for different purposes.'l A current and
rewarding area of development concerns the elaboration of
well-tailored ligands and their use in homogeneous catalysis,
and recent studies have clearly demonstrated their potential
in some catalytic processes of importance.’l A significant
application was recently presented by Fu et al who showed
that a diphenylphosphinomethylene-substituted phosphafer-
rocene could be successfully used as a ligand in the
rhodium(i)-catalyzed enantioselective isomerization of allylic
alcohols to aldehydes.? In all catalytic transformations
known to date, phosphaferrocenes are supposed to act, like

[a] Prof. E. Mathey, Dr. P. Le Floch, Dr. X. Sava, Dr. L. Ricard
Laboratoire “Héteroéléments et Coordination”
UMR CNRS 7653, Ecole Polytechnique
91128 Palaiseau Cedex (France)
Fax: (+33)1-69-33-39-90
E-mail: francois.mathey@polytechnique.fr
lefloch@poly.polytechnique.fr

[**] This work constitutes part of X.S.s Ph.D. thesis at the Ecole
Polytechnique.
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stractor.

classical phosphines, as two-electron-donor ligands #'-bonded
to the metal through the phosphorus-atom lone pair.
Although this coordinating mode is by far the most common
for the coordination chemistry of mono- and diphosphaferro-
cenes, many other interesting structural and electronic
features of the ligand can probably be exploited to devise
very active catalytic systems. With this aim, we recently took
advantage of the spherical character of the phosphorus-atom
lone pair in diphosphaferrocenes to synthesize chelate-based
catalysts. We discovered that species such as the bis(octa-
ethyldiphosphaferrocene)palladium(0) chelate complex,
which involves a side-on coordination of phosphorus-atom
lone pairs, could catalyze the Suzuki cross-coupling reaction
between phenylboronic acid and aryl bromides with turn-
over-numbers (TON) up to 9.8 x 10° (Scheme 1).2m!

This result is encouraging and constitutes, as far as we are
aware, the highest TON ever recorded for a catalyst
incorporating sp*hybridized phosphorus derivatives as li-
gands.’! During further investigations on the catalytic activity
of these phosphaferrocene-based palladium complexes we
observed that, whereas palladium(0) species are particularly
stable, palladium(i) derivatives exhibited a surprising reac-
tivity. Therefore, we decided to explore in depth the
coordination behavior of mono- and diphosphaferrocenes
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OH [cat]
B\ + ArBr
OH

TON = up to 9.8x10°

ay

Scheme 1. Suzuki Cross-coupling reaction of phenylboronic acid with aryl
bromides catalyzed by the bis(octaethyldiphosphaferrocene) Pd® complex.

towards these Pd" centers. This study led to the discovery of
very unusual binding modes that involve both coordination of
the phosphorus-atom lone pair and the central iron atom at
the palladium center.

Results and Discussion
Our first experiments were carried out with the tetraethyl-

phosphaferrocene 1, which displays a high solubility in
common organic solvents due to the presence of the four

Abstract in French: Les monophosphaferrocénes 1 et 4
réagissent avec le complexe [Pd(COD)CL,] pour conduire
aux complexes cis-[Pd(1 ou 4)Cl,] qui se décomposent
lentement en solution pour donner les complexes diméres 3 et
6 de formule générale [Pd(1 ou 4)Cl],. Dans ces deux dimeres,
qui comportent une liaison palladium—palladium, les ligands
phosphaferrocénes agissent comme des donneurs d quatre
électrons, deux électrons étant apportés par la paire libre de
latome de phosphore et deux autres par une orbitale de
symétrie appropriée sur I'atome de fer central. D’une facon
plus conventionnelle, ces diméres peuvent étre également
préparés par réaction des complexes cis-[Pd(1 ou 4)CL] avec
le complexe [Pd(dba),]. La réaction de I'octaéthyle diphos-
phaferrocéne (7) avec le précurseur [Pd(COD)CL,] conduit au
complexe dinucléaire [Pd,(7),Cl,] (8) dans lequel les deux
ligands 7 sont coordonnés d’une facon trans par U'intermédiaire
des paires libres des atomes de phosphore. La décomposition
du complexe 8 en solution conduit au dimeére dicationique de
formule générale [{Pd,(7),Cl}),J*"[FeCl,],~ 9a qui contient
quatre atomes de palladium. Dans chaque ligand, un cycle
phospholyle se comporte comme un donneur a deux électrons
par Uintermédiaire de la paire libre du phosphore alors que le
second se lie aux deux atomes de palladium d’une facon u,. Un
mécanisme envisageable pouvant expliquer la formation des
dimeres 3, 6 et 9 a fait intervenir une oxydation préliminaire du
ligand mono ou diphosphaferrocéne. Des expériences para-
lléles visant a confirmer cette hypothése ont permis de montrer
que le complexe 9 a peut étre également synthétisé par réaction
de FeCl, avec le complexe 8. Une autre approche synthétique
permettant de synthétiser le dimére 9b (contre ion= GaCl,")
par réaction du complexe de palladium zérovalent [Pd(7),]
(10) avec le complexe [Pd(COD)CL,] en présence de GaCl;,
qui est utilisé en qualité d’abstracteur d’ion chlorure, est
également présentée.
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ethyl substituents.’™ Reaction of 1 with [Pd(COD)CL,] in
dichloromethane proceeded cleanly and afforded complex 2,
(Scheme 2), which was fully characterized. The cis geometry
of complex 2 was established from *C NMR data (AXX’ spin
system). Estimation of the 2J(P,P) coupling constant (50 Hz)
was realized by simulation and examination of the pattern
presented by the C, carbon atoms (C, and Cs).

<l
\ﬁ/ 112[P(CODYCI,] Cl_pd';\,?g)){/
P 12 / r
Fe CH,Cly, RT \@/ @e
Fe

&
\ o

2
Scheme 2. Synthesis of complex 2.

Further experiments aimed at exploring the stability of 2 in
solution for long periods when stored led to a quite
unexpected result. After several days, complex 2 partially
decomposed to yield a new species that was isolated in low
yields (<30 %) as dark green microcrystals. The structure of 3
could not be unambigously established on the basis of NMR
data alone and was finally solved by an X-ray crystal structure
analysis (Scheme 3). An ORTEP view of one molecule of 3 is
presented in Figure 1; significant bond lengths and angles are
given in the legend.

Figure 1. Molecular structure of 3 (ORTEP plot, 50% probability).
Selected bond lengths [A] and angles [°]: P1—Pd1 2.2633(4), Pd1-Pdl’
2.8442(2), P1-Pdl’ 2.2417(4), Pd1-Cl1 2.3681(4), Pdl-Fel 2.9566(3),
P1-C1 1.767(2), C1—C2 1.426(2), C2—C3 1.441(2), C3—C4 1.425(2),
C4-P1 1.764(2), P1-Pd1-Fel 49.95(1), Pd1-P1-Pd1’ 78.30(1), P1-Pd1-Pdl’
50.511, P1-Pd1’-Pd1 51.19(1), P1-Pd1-C11 163.90(1), C4-P1-C1 93.35(7).

As can be seen complex 2 has undergone a reduction,
involving the loss of one molecule of 1 and one chloride
ligand. The structure of 3 now consists of a dimeric arrange-
ment incorporating two palladium(i) centers bonded through
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a metal —metal bond, two ligands 1 and two chloride ligands.
The most interesting structural feature clearly concerns the
presence of an iron-palladium bond. This Fe—Pd bond
(2.9566(3) A) appears to be quite long relative to those
usually observed in bimetallic species, such as the dppm-based
(dppm = bis(diphenylphosphino)methane) derivatives de-
scribed by Braunstein et al. and others (usually about 2.6 -
2.7 A).¥ However, it is comparable to values observed in
ferrocene complexes described by various authors (about
2.8-2.9 A) with Group 10 divalent (M = Ni, Pd, Pt)l54] and
Group 11 monovalent (M=Cu, Ag, Au) centers."8 An
interesting question evidently concerns the origin and nature
of this very particular bonding. Phosphaferrocenes possess, as
do their carbon analogues, a set of two nonbonding orbitals on
iron that are parallel to the ring planes (d,.,. and d,, e,
degenerate in ferrocene),l and we can confidently describe
this bond as a dative bond between one of these two
nonbonding orbitals and a vacant orbital of appropriate
symmetry at the palladium atom. This type of bonding is not
without precedent in the coordination chemistry of phospho-
lide ligands. It was shown in 1994 that phosphacymantrenes,
whose HOMOs also mainly consist of 3d(Mn) orbitals, react
with Pd" centers to yield similar dimeric structures to 3.

The structure of 3 exhibits other interesting structural
features. Another geometrical consequence of this particular
Pd—Fe bonding is directly measurable on the slightly distorted
ferrocenyl-type structure. Contrary to what is observed in the
free ligand, the two rings are 16° from parallel resulting in a
rather large Ct1-Fe-Ct2 angle of 168° (Ct being the centroid of
the ring). This value is similar to that observed in the 1,2,3-
trithia[3]ferrocenophane palladium complex reported by
Seyferth.’! Also significant is the u,-bonding mode of the
two phosphorus atoms that share their lone pair with the two
Pd atoms. Although the P—Pd bond lengths are slightly
different (P1-Pdl=2.2633(4) and P1-Pd'1=22417(4) A)
they fall in the usual range. This kind of bonding, which has
not been previously observed for phosphaferrocene com-
plexes, is a specificity of sp>-hybridized phosphorus atoms, and
many examples are known with other ligands such as
phosphinines.®!

The formation of dimer 3 leads to an interesting point.
Assuming one ligand has been lost, we can propose that the
initial step of the mechanism relies on a monoelectronic
reduction of the palladium center; this could be promoted by
the iron atom of this ligand. Additional experiments carried
out on a more sophisticated structure supports this proposal
(see later). From a synthetic point of view, the synthesis of
dimer 3 is not very efficient when carried out by decom-
position of 2 as it consumes one equivalent of ligand and only
affords 3 in low yields. However, we found two additional
procedures to prepare 3 under more satisfactory conditions.
The first relies on the use of “super-hydride” as the reducing
agent. Addition of one equivalent of hydride to a solution of 2
in THF cleanly yields 3 with concomitant release of one
molecule of ligand 1. By using this procedure, 3 was obtained
with a yield of 75 %. The second, more convenient, approach
involves the reaction of 2 with one equivalent of a Pd’
precursor such as [Pd(dba),] (Scheme 4; dba=dibenzyl-
idene acetone).
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Scheme 4. Synthesis of complex 3.

To verify that the formation of this new type of dimer was
not restricted to ligand 1, similar experiments with a less
sterically demanding ligand such as 4, which only bears one
phenyl group at one a position, were attempted. As can be
seen in Scheme 5, the synthesis of the two Pd" precursors 5

Ph

PdCI—P@ cl— Clph@—

Ph
P@ 2 [P4(CODICly (COD)Cly)

) é CH,Cl,, TCHCl RT 4% é —@Ph @

e

&

2 [Pd(dba),]
CH,Cly, RT

&

4 5a 5b

@m

FENPGP Fe—u
=y == qu\po
4/Fe A
Ph /Pd

6a 6b
Scheme 5. Syntheses of complexes Sa,b and dimers 6a,b.

could be carried out under the same experimental conditions.
Owing to the planar chirality of ligand 4, two diastereoisomers
5a and 5b are formed. The 3'P NMR spectrum of the crude
mixture shows that these two species are formed in the ratio
S5a:5b=4:1. Complexes 5a,b were characterized exclusively
by 3P NMR spectroscopy. As previously observed in the
synthesis of dimer 3, reaction of these two species with one
equivalent of [Pd(dba),] resulted in the formation of a
mixture of diastereoisomers of dimer 6; these only differ by
the position of the phenyl rings towards the P,Pd, core
(Scheme 5). 3P NMR spectroscopy indicates that these two
species are formed in the ratio 6a:6b =1:1. The configuration
of these dimers could not be unambiguously established by
analysis of the NMR spectrum of the mixture.

Fortunately, crystallization in dichloromethane at —20°C
afforded crystals of dimer 6a, thus allowing the complete
assignment of 3P NMR signals and the recording of 'H and
BC NMR spectra. Interestingly, we noted that dimer 6a slowly
isomerizes in dichloromethane after several hours to yield a
significant amount of dimer 6b. 3P NMR experiments
indicated that the equilibrium could be reached after one
day. This clearly shows that the phosphaferrocenes are only
weakly bound in these dimers and explains why dimers 6a,b
are formed in a similar ratio when they are prepared from a
nonequimolar mixture of precursor Sab. An ORTEP view of
one molecule of 6a is presented in Figure 2 and significant
bond lengths and angles are listed in the legend. The structure
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Figure 2. Molecular structure of 6a (ORTEP plot, 50% probability).
Selected bond lengths [A] and angles [°]: P1-Pdl 2.2621, Pd1—Pdl’
2.824(1), P1-Pd1’ 2.238(1), Pd1-C11 2.369(1), Pd1-Fe2 2.941(1), P1-C1
1.760(4), C1-C2 1.413(6), C2—C3 1.439(6), C3—C4 1.423(5), C4-P1
1.769(4), P1-Pd1-Fe2 50.12(3), Pd1-P1-Pdl’ 50.76(3), P1-Pd1-Pdl’
51.76(3), P1-Pd1’-Pd1 51.52(4), P1-Pd1-CI(l) 165.28(4), C4-P1-C1 92.1(2).

of 6a deserves no special comments and is comparable to
dimer 3.

To complete our study, we also investigated the reactivity of
diphosphaferrocenes towards Pd" centers. Preliminary ex-
periments carried out with the readily available 2,5-unsub-
stituted 3,3',4,4'-tetramethyldiphosphaferrocene only led to
formation of insoluble materials, which were probably
polymeric. To circumvent this problem we chose the octa-
ethyldiphosphaferrocene (7), which proved to be highly
soluble in most common organic solvents. Reaction of ligand
7 with an equimolar amount of [Pd(COD)Cl,] cleanly yielded
complex 8 (Scheme 6). Although 'P and '"H NMR data could
be recorded, 8 proved to be too insoluble for a well-resolved
BC NMR spectrum to be obtained, thus precluding the
determination of its geometry.

cl
2 (P4(COD)Cy) \?{ pa— 5_/

Fe CI Cl Fe

CH,Cly, RT @?\ Py /;%_D)—A\

Scheme 6. Synthesis of complex 8.

Fortunately, single crystals were obtained, and an X-ray
crystal structure analysis was carried out. An ORTEP view of
one molecule of 8 is shown in Figure 3; significant bond
lengths and angles are given in the legend. As can be seen,
complex 8 adopts trans geometry with the two diphosphafer-
rocenes facing each other. The preference for trans geometry
very likely results from steric crowding between the ethyl
groups of two diphosphaferrocene ligands. This steric hin-
drance is not present in complex 3, which only bears four ethyl
groups, so both ligands can probably freely rotate around the
P—Pd bond axis. A surprising feature concerns the position of
the two chloride ligands, which are not parallel to the planes
defined by the rings. Nevertheless, the intramolecular

3162
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Figure 3. Molecular structure of 8 (ORTEP plot, 50% probability).
Selected bond lengths [A] and angles [°]: P1-Pdl 2.3001(5), Pd1-P2’
2.3040(5), Pd1-Cl1 2.3068(4), Pd1-CI2 2.3040(4), P1-C1 1.769(2), C1-C2
1.430(2), C2—C3 1.442(2), C3—C4 1.428(2), C4—P1 1.766(2), P1-Pd1-P2’
176.25(2), P1-Pd1-Cl1 90.60(2), P1-Pd1-CI2 89.43(2), C1-P1-C4 93.2(1).

Pd1—ClI1" and Pd1'—Cl1 contacts are too long to result from a
Ur-coordination, and this particular arrangement is probably
due to packing forces in the crystal.

Like complex 3 and Sa,b, 8 slowly decomposed in dichloro-
methane to yield complex 9a, which was recovered as black
crystals in low yield (about 30%) after several days
(Scheme 7). Unfortunately, 9a proved to be highly insoluble,

=, éﬂ

CH,Cl,, RT, 2-3 days \5 ?J/
I IN

Scheme 7. Synthesis of dimer 9a by decomposmon of complex 8.

2+ -
2 [FeCl,]

precluding the recording of 'H and C NMR spectra.
Interestingly, the P NMR spectrum reveals the presence of
two magnetically nonequivalent phosphorus atoms which
appear as poorly resolved broad singlets at 6 (CDCl;) =10.6
and —264.4. Whereas the first signal is close to that recorded
for complex 8, the highly shielded signal at 6 = —264.4 is quite
unusual. However, it is in good agreement with a chelate
structure. Indeed, although no theoretical studies have been
undertaken yet, it appears that the chelating mode of
diphosphaferrocene results in a strong shielding of *'P NMR
signals. Hence, the 3'P NMR chemical shift of the bis(octa-
ethyldiphosphaferrocene)palladium(0) complex [Pd(7),] is 0 =
—125.5. Proof of the structure of 9a was given by an X-ray
crystal structure analysis. An ORTEP view of one molecule of
9 is presented in Figure 4; significant bond lengths and angles
are given in the legend. It can be seen that complex 9a, of
general formula [{Pd,(7),Cl},]**[FeCl,],", is a dimeric dicat-
ionic structure that incorporates four diphosphaferrocene
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Figure 4. Molecular structure of 9a (ORTEP plot, 50% probability).
Selected bond lengths [A] and angles [°]: P1-Pdl 2.3230(7), P2—Pd1
2.6076(8), P3—Pd1 2.3041(7), P4—Pd1 2.6350(8), P1-Pd2 2.2535(7), P3—Pd2
2.2449(7), Pd1-Pd2 3.0996(3), Pd2—Cll 2.4364(7), Pd2—Cll" 2.4407(7),
P1—C1 1.760(3), C1—C2 1.430(4), C2—C3 1.446(4), C3—C4 1.417(4), C4-P1
1.765(3), P3-Pd1-P1 92.44(3), P2-Pd1-P3 170.64(3), P1-Pd1-P2 93.51(2), P3-
Pd1-P4 93.85(2), P1-Pd1-P4 173.67(2), P2-Pd1-P4 80.16(2), P3-Pd1-Pd2,
46.25(2), P1-Pd1-P2 46.43(2), P2-Pd1-Pd2 139.90(2), P4-Pd1-Pd2 139.90(2),
P3-Pd1-Fe2 46.66(2), P1-Pd1-Fe2 138.47(2), P2-Pd1-Fe2 126.15(2), P4-Pd1-
Fe2 4767(2), Pd2-Pdl-Fe2 92.87(1), P1-Pd2-P3 95.92(3), P3-Pd2-Cll1
173.76(3), P1-Pd2-Cl1 89.50(2).

ligands, four palladium atoms, and two u,-chloride ligands that
ensure the connectivity between the two Pd,P, units. An
interesting feature concerns the electron count in the com-
plex. A close examination of distances between metal atoms
reveals that the interaction between Pd and Fe atoms is very
weak and the quite long Pd—Fe distance average (d(Pd—Fe) =
3.16 A) suggests that no dative bonding occurs. Assuming that
the two Pd atoms in each subunit are connected through a
metal-metal bond (d(Pd1-Pd2)=3.0996(3) A), 60 VE
(VE =valence electron) are involved in the dimeric unit,
leaving four 16-electron Pd! centers.

The presence of two [FeCl,]~ counterions is of particular
interest and shows that formation of complex 9a involves the
destruction of at least two ligands. To rationalize the
formation of dimer 3, we previously proposed that the
reduction of Pd" to Pd! could be promoted by the oxidation
of one phosphaferrocene ligand. A similar mechanism is very
probably operative in the formation of dimer 9a. In 1989,
Lemoine studied the stability of diphosphaferriciniums in the
presence of chloride and bromide ligands.l”) From this study it
could be concluded that diphosphaferricinium cations are
decomposed by nucleophilic attack to yield a [FeCl,(solv),]*
[FeCl,]~ complex (solv =solvent) and the corresponding 1,1'-
biphosphole. That result leads us to propose that the synthesis
of our dimers could be initiated by the decomposition of
phosphaferrocene ligands in [FeCl,]*-solvated species. We
verified this hypothesis by treating precursor 8 with FeCl, in
dichloromethane. As expected complex 9a was formed and
obtained in 75 % yield (Scheme 8).
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2 FeCly
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Scheme 8. Synthesis of dimer 9a from the reaction of FeCl, with complex
8.

The mechanism summarized in Scheme 9, therefore, can be
tentatively proposed. In a first step, FeCl, behaves as a
reducing agent towards precursor 8 to yield a dimeric complex

al (‘ZI
<F’/F"d|:’> 2 FeCl, <PPdP
TPy
p—pd—Pp~ - [FeCLI'IFeCll]  \p—pg—p
/ \
Cl cl
8
2+
P Pj 2 [FeCly]~ 1/2 [FeCl,]*[FeCly]”
v
0 | ~p . . )
S T [reciy
AN P—Pd—P
1/2 ClI Cl < ‘ >
A4 dimerization P Pd—p
Pd o
p” ’ \P
()
Pd\
P/ P
9a

(-

P

Scheme 9. Proposed mechanism for the formation of dimer 9a.

of Pd' and [FeClJ*[FeCl,]~. In the second step, the
[FeCl,]"[FeCl,]~ complex reacts with two molecules of the
Pd! dimer formed to yield two cationic dimers with a vacant
site that can then dimerize. A recent study by Braunstein et al.
concerning the assembly of dicationic tetrapalladium clusters
that contain bis(diphenylphosphino)amine (dppa) and dppm
bridging ligands from the corresponding Pd! dimers supports
this last step.['”]

As shown previously in the synthesis of dimer 3, the
synthesis of complex 3 could be accomplished by treating one
equivalent of precursor 2 with [Pd(dba),]. Similarly, the same
approach can also be employed to synthesize complex 9b
from the bis(octaethyldiphosphaferrocene)palladium(0) com-
plex (10) and [Pd(COD)CL,]. Reaction of the two complexes
in the presence of [GaCls;], which was used as a chloride
abstractor, produced complex 9b in an 80% yield
(Scheme 10).

In summary, a new bonding mode of phosphaferrocenes has
been discovered. The coordinating-ability of the lone pair on

2 [PA(COD)Cy]
2 GaCl,

CH,Cl,, RT

10
Scheme 10. Synthesis of dimer 9b from complex 10, [Pd(COD)Cl,] and

GaCl,.
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phosphorus and the possibility of dative bonding by iron adds
an interesting new perspective to the template synthesis of
new and original bimetallic species. This type of bonding is
probably not limited to palladium and should also occur with
other metal centers. Further investigations will now focus on
this point, as well as on the reactivity and catalytic properties
of the different dimers synthesized. The synthesis of the
tetranuclear species 9 is another interesting result and shows
that diphosphaferrocenes could be used for the elaboration of
sophisticated homo- and heteronuclear polymetallic assem-
blies involving metal — metal bonding.

Experimental Section

General procedures: All reactions were routinely performed under an inert
atmosphere of nitrogen by using standard Schlenk techniques and dry
deoxygenated solvents. Dry hexane was obtained by distillation over Na/
benzophenone and dry CH,Cl, over P,05. Dry Celite was used for filtration.
Nuclear magnetic resonance spectra were recorded on a Bruker AC200 SY
spectrometer. Chemical shifts are expressed with respect to external TMS
("H and BC) and 85% H;PO, (*'P); coupling constants are given in hertz.
Mass spectra were obtained at 70 eV with an HP 5989B spectrometer
coupled with an HP 5890 chromatograph by the direct inlet method. The
following abbreviations are used: s, singlet; d, doublet; t, triplet; m,
multiplet; Ar, aromatic; v, virtual. Elemental analyses were performed by
the “Service d’analyse du CNRS” at Gif sur Yvette, France.
[Pd(COD)CL] "l and [Pd(dba),], and "2l phosphaferrocenes 11*! and 4
(2ml were prepared according to published procedures.

Synthesis of complex 2: [Pd(COD)ClL,] (29 mg, 0.1 mmol) was added at RT
to a solution of 1 (63 mg, 0.20 mmol) in dichloromethane (3 mL) causing an
immediate change of color from yellow to deep violet. After evaporation of
the solvent, the powder obtained was washed three times with hexane
(20 mL) in order to remove 1,5-cyclooctadiene. After drying, complex 2
was obtained as a violet powder. Yield: 70 mg (87 %); m.p.>200°C
(decomp); 3P NMR (81 MHz, CDCl;, 25°C): 6=29.3; 'H NMR
(200 MHz, CDCI3, 25°C): 6=0.89 (t, *J(H,H) =750 Hz, 12H; 4Me),
1.13 (t, 3/(H,H) =750 Hz, 12H; 4Me), 1.94 (m, 4H; CH,), 2.41 (m, 8H;
CH,), 2.73 (m, 4H; CH,), 4.40 (10H; Cp); *C NMR (50 MHz, CDCl,,
25°C): 6=170 (s, Me), 18.4 (s, Me), 22.0 (vt, AXX', Z/(P,C) =14.0 Hz,
CH,), 22.5 (s, CH,), 772 (s, Cp), 84.5 (vt, AXX', SJ(P,C) =102, C,, of
C,HyP), 96.2 (vt, AXX', X J(PC)=10.0, C,5 of C;,HyP); elemental
analysis calcd (%) for C3,Hs,CLFe,P,Pd (809.72): C 50.43, H 6.22; found C
50.61; H 6.15.

Synthesis of dimer 3: Complex 2 was prepared as described above, by using
the same amount of ligand 1 and [Pd(COD)Cl,] in dichloromethane. After
10 minutes, [Pd(dba),] (57 mg, 0.1 mmol) was added, and the resulting
solution stirred for an additional 10 minutes. After reducing the volume of
the solution by half, complex 3 was precipitated by addition of toluene
(5 mL). After filtration, washing with toluene (3 x 5 mL), and drying, 3 was
recovered as a dark green solid. Yield: 76 mg (83%); m.p.>200°C
(decomp); 3'P NMR (81 MHz, CDCl;, 25°C): 6 =106; '"H NMR (200 MHz,
CDCl;, 25°C): d=0.95 (s, 12H; 4Me), 1.42 (s, 12H; Me), 1.50 (m, 4H;
CH,), 1.88 (m, 4H; CH,), 2.38 (m, 4H; CH,), 3.02 (m, 4H; CH,), 4.67 (10H;
Cp); *C NMR (50 MHz, CDCl;, 25°C):  =16.7 (s, Me), 18.6 (s, Me), 22.2
(vt, AXX', SJ(P,C) = 14.20 Hz, CH,), 23.1 (s, CH,), 75.2 (s, Cp), 89.7 (v,
AXX', SJ(P,C) =22.20 Hz, Cq), 97.7 (vt, AXX', SJ(P,C) = 12.60 Hz, Cq);
elemental analysis caled (%) for Cs;Hs,CL,Fe,P,Pd, (916.14): C 44.57, H
5.50; found C 44.40, H 5.29.

Syntheses of complexes Sab and dimers 6ab: [Pd(COD)Cl,] (29 mg,
0.1 mmol) was added at RT to a solution of 4 (62 mg, 0.20 mmol) in
dichloromethane (3 mL). After stirring for ten minutes, >'P NMR spectros-

Table 1. Crystallographic data and experimental parameters for compounds 3, 6a, 8, and 9a.

3 6a 8 9a
formula C;,H5CLFe,P,Pd, Cy,H;,CLFe,P,Pd,.CH,Cl, C,sHgCLFe,P,Pd, CyeH,60ClyoFesPsPd,.CH,Cl,
M, 458.04 448.97 1247.38 2762.13
crystal habit red plate orange cube red plate red plate
crystal size [mm] 0.22 x 0.22 x 0.22 0.20 x 0.20 x 0.16 0.22 x0.18 x 0.12 0.20 x 0.20 x 0.14
crystal system monoclinic monoclinic triclinic monoclinic
space group P2/c P2/c P-1 P2/n
a[A] 9.3618(4) 8.362(5) 9.4598(2) 16.3140(3)
b [A] 14.7832(7) 13.028(5) 15.1459(4) 16.2290(3)
c[A] 13.0536(4) 17.732(5) 19.6691(4) 22.4050(4)
a [ 83.8500(10) 90.0000(8)
AN 98.400(3) 101.350(5) 80.0140(10) 105.4220(10)
v [°] 75.3620(10) 90.0000(9)
V [A%] 1787.20(13) 1893.9(14) 2679.42(11) 5718.36(18)
zZ 4 4 1 2
Pearea [gem ™3] 1.702 1.575 1.599 1.604
F(000) 924 888 1322 2816
u [em™] 2.048 1.931 1.593 1.784
max O [°] 30.04 27.48 30.03 30.06
index ranges —13<h<11 —10<h<8 —13<h<13 —17<h<22
—-16<k<20 —-16<k<15 —-20<k<21 —-22<k<15
—-14<I<18 —-22<1<23 —-27<1<27 —-31<1<28
reflections measured 11692 6750 23977 39852
independent reflections 5203 4158 15519 16635
reflections used 4605 3583 13542 13438
Rin 0.0432 0.0242 0.0292 0.0467
refinement type riding riding Fsqd Fsqd
hydrogen atoms mixed mixed mixed mixed
parameters 194 223 861 593
reflections/parameter 23 16 15 22
wR, 0.0537 0.1202 0.0625 0.1051
R, 0.0217 0.0404 0.0259 0.0401
GOF 1.059 1.078 1.034 0.0401

difference peak/hole [eA=3]  0.628(0.078)/ — 0.451(0.078)

3.103(0.165)/ — 1.419(0.165)

0.551(0.084)/ — 0.673(0.084)  2.53(0.109)/ — 1.378(0.109)
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copy data indicated the formation of complexes 5a and 5b with two singlets
at 0 =374 (for 5a) and 22.2 (for 5b). Then, [Pd(dba),] (57 mg, 0.1 mmol)
was added and the resulting solution stirred for an additional 10 minutes.
After reducing the volume by half, complexes 6a,b were precipitated by
addition of toluene. After filtration and drying, dimers 6a,b were isolated
as violet crystals. Crystals of 6a were obtained from dichloromethane kept
at —20°C for several days. Overall yield (6a,b): 72 mg (80%); 6a: m.p. >
200°C (decomp); *'P NMR (81 MHz, CDCI3, 25°C): 6 =94.0 (6a), 103.8
(6b); '"H NMR (200 MHz, CDCl;, 25°C, 6a): 6 =2.29 (s, 6H; Me), 2.35 (s,
6H; Me), 3.29 (m, AXX', 2J(PH) =33.80 Hz, 2H; CH), 4.78 (s, 10H; Cp),
7.09 (s, 10H; CH Ar); “C NMR (6a) (50 MHz, CDCl;, 25°C): 0 =154 (s,
Me), 174 (s, Me), 66.85 (m, AXX', Z/(P,C) =20.7 Hz, Cs), 91.9 (m, G,, C;,
or C,;), 93.7 (m, G,, G5, or C,), 94.5 (m, C,, C; or C,), 127.5 (s, Ar), 128.5 (s,
Ar), 129.6 (s, Ar), 144.00 (m, Ar); elemental analysis caled (%) for
C3,H;,CLFe,P,Pd, (900.02): C 45.37, H 3.81; found C 45.02; H 3.78.

Synthesis of complex 8: [Pd(COD)CL,] (32 mg, 0.11 mmol) was added at
room temperature to a solution of 7 (50 mg, 0.11 mmol) in dichloro-
methane (3 mL). The color rapidly changed from yellow to deep violet.
After having reduced the volume by half, addition of hexane caused
precipitation of complex 8. After filtration, 8 was washed three times with
hexane (3 x 10 mL). After drying, 8 was obtained as a deep-violet solid.
Yield: 61 mg (88 % ); m.p. >200°C (decomp); *'P NMR (81 MHz, CD,Cl,,
25°C): d=-9.34; 'H NMR (200 MHz, CD,Cl,, 25°C): 6=1.17 (t,
3J(HH) =750 Hz, 24H; 8Me), 1.23 (t, *J(H,H) =730 Hz, 24H; 8Me),
1.68 (m, 8H; CH,), 2.17 (m, 8H; CH,), 2.37 (m, 8H; CH,), 2.69 (m, 8H;
CH,); BC NMR (50 MHz, CD,Cl,, 25°C): 6 =25.65 (s, Me), 26.40 (s, Me),
(s, CH,), 29.45 (s, CH,); elemental analysis calcd (% ) for C,sHg,Cl,Fe,P,Pd,
(1247.38): C 46.22, H 6.46; found C 46.35, H 6.67.

Synthesis of [{Pd,(7),Cl},;][FeCl ], (9a): Complex 8 was prepared as
described above from ligand 7 (45 mg, 0.1 mmol) and [Pd(COD)Cl,]
(29 mg, 0.1 mmol). After 10 minutes, a solution of FeCl, (13 mg, 0.1 mmol)
in THF (10 mL) was added, causing a darkening of the reaction mixture
and a rapid precipitation of complex 9a. After evaporation of the solvent,
9a was washed three times with hexane (3 x 10 mL). After drying, 9a was
recovered as black solid. Yield: 50 mg (75%). 3'P NMR (81 MHz, 25°C,
CD,Cl): =99, —247.1; 'H and *C NMR data of 9a, which is poorly
soluble, could not be obtained; elemental analysis caled (%) for
CosH,0ClygFesPgPd, (2677.36): C 43.06, H 6.02; found C 42.40, H 5.90.

Synthesis of [{Pd,(7),Cl},][GaCl,], (9b): A solution of ligand 7 (45 mg,
0.1 mmol) in CH,Cl, (5 mL) was added to a solution of [Pd(dba),] (28 mg,
0.05 mmol). After 30 min, the solution turned green indicating the
formation of complex 10. [Pd(COD)CL,] (14 mg, 0.05 mmol) was then
added at RT. The resulting black solution obtained was transferred to a
glovebox and GaCl; (9 mg, 0.05 mmol) was added. After 15 min, the
solvent was partially evaporated and hexane was added; complex 9b was
recovered by filtration. Yield: 53 mg (80 % ); m.p. >200°C (decomp); 3'P
NMR (81 MHz, CD,Cl,, 25°C): 6 =74, —249.8; 'H and *C NMR data of
9b, which is poorly soluble, could not be obtained; elemental analysis calcd
(%) for CyeH 4, Cl oFe,Ga,PgPd, (2705.12): C 42.62, H 5.96; found C 42.98,
H 6.15.

Crystallography: Crystal data and details of the structure determinations of
compounds 3, 6a, 8, and 9a are presented in Table 1. Crystals of 3, 6a, 8,
and 9a were obtained from dichloromethane solutions of the complexes at
RT. Data were collected at 150 K on a Nonius Kappa CCD diffractometer
by using a Moy, (4 =0.71070 A) X-ray source and a graphite monochro-
mator. The crystal structures were solved by using SIR 97" and refined
with SHELXL-97."l ORTEP drawings were made by using ORTEP I1I for
Windows.['l Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
156576 (3), CCDC-156577 (6a), CCDC-156578 (8), and CCDC-156579
(9a). Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-
033; e-mail: deposit@ccdc.cam.ac.uk).
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The Stability of Gold Iodides in the Gas Phase and the Solid State

Tilo Sohnel,?! Reuben Brown,/*! Lars Kloo,"! and Peter Schwerdtfeger+!?!

Abstract: The stability of gold iodides
in the oxidation state +1 and +11 is
investigated at the ab initio and density
functional level using relativistic and
nonrelativistic energy-adjusted pseudo-
potentials for gold and iodine. The
calculations reveal that relativistic ef-
fects stabilize the higher oxidation state
of gold as expected, that is Au,lg is

rather low stability of Aul; with respect
to dissociation into Aul and I, will make
it difficult to isolate this species in the
solid state as (possibly) Au,I, or detect it
by matrix-isolation techniques. The
monomer Aul; is Jahn—Teller distorted
from the ideal trigonal planar (Dj,)
form, but adopts a Y-shaped structure
(in contrast to AuF; and AuCl;), and in

the nonrelativistic case can be described
as I, weakly bound to Aul. Relativistic
effects turn Aul; from a static Jahn-
Teller system to a dynamic one. For the
yet undetected gas-phase species Aul
accurate coupled-cluster calculations for
the potential energy curve are used to
predict  vibrational —rotational
stants. Solid-state density functional cal-

con-

thermodynamically stable at the relativ-
istic level, whilst at the nonrelativistic
level the complex of two iodine mole-
cules weakly bound to both gold atoms
in Aw,l, is energetically preferred. The

Introduction

Gold(1) iodides are well known as solid-state compounds. Aul
adopts a polymeric zigzag structure with linear I-Au-I units
similar to AuCl and AuBr.[* 2 Aul has not been detected yet in
the gas phase or by matrix isolation; however, Evans and
Gerry have quite recently carried out microwave studies of
AuF, AuCl, and AuBr.Fl The linear gold(i) complex [Aul,]~ is
also known in the solid state and is very stable in aqueous
solution. Unlike AuBr,~ and AuCl,™, Aul,~ does not dispro-
portionate (in this case to Aul,~ and metallic gold). Thus,
the question of the stability of gold iodides in the higher
oxidation state + 3 remains open. Only a few compounds with
Aul,” units are known and they are of rather limited
stability. ] In aqueous solution Aul,~ lies in equilibrium
with Aul,-, that is Aul,” = Aul,” + L.l AuF(s), Au,Clg(s),
and Au,Br4(s) are all known, whilst Au,I¢(s,g) has not been
prepared yet.[!

The monomers AuF; and AuCl; undergo a first-order
Jahn-Teller distortion along the E’ mode from the ideal
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culations are performed for Aul and
Au,]; in order to predict cohesive ener-
gies.

iodine- Jahn-

trigonal-planar Ds, structure towards the T-shaped C,,
structure due to half-filled ¢ orbitals ('E’ symmetry)
(Scheme 1).*81 The mexican-hat topology of this E® e
Jahn-Teller distortion then predicts that the Y-shaped
structure is a first-order transition state for the permutation
of the equatorial with the axial ligands.”! The predicted
T-shaped structure of AuF;(g) has recently been confirmed by
gas-phase electron diffraction studies by Hargittai and co-

irst-order

—

Cay
Jahn—Teller

=4

‘H’ b >l

Scheme 1. Frontier orbitals for AuX; compounds with ligands X formally
donating one p, electron each.
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workers. Scheme 1 also shows
that occupation of the a; LU- @
MO instead of the b, HOMO
leads to a favorable bonding
interaction between the two
equatorial ligands. There is no
particular reason why the
T-shaped  AuX;  structure Ay
should be the minimum and

not the Y-shaped arrangement,

especially for molecules where

the lower oxidation state be- @ @
comes more dominant, and the

Y-shaped arrangement presents ey

the path towards dissociation ke

into AuX and X,. In this case it

will be difficult to obtain any @ @
gas-phase data for the mono-

mer AuX;. The predicted first- m
order Jahn - Teller distortion of
AuX; compounds contrasts the
finding by Choy et al. that Aul;
adopts an ideal Dj, structure
when intercalated in [Bi—O)] layers of the Bi,Sr,CaCu,Oq
superconductor.'”) This could imply a dynamic Jahn-Teller
effect with rather low barriers between the T- and Y-shaped
arrangements.

Many of the unusual properties of gold compared to copper
and silver are due to relativistic effects.'" 121 Such effects are
even more pronounced in superheavy elements such as eka-
Au with nuclear charge 111.03 1t has been demonstrated in the
past that the oxidation state +111 of gold is relativistically
stabilized.[¥! Aul," is the least stable of all halide compounds
with a decomposition energy of about 30kJmol™' for
Aul,” — Aul,” + 1, at the MP4 (fourth order Mgller —Plesset
level) of theory.! In comparison this reduces to —70 kI mol~!
at the nonrelativistic level. AuBr, is only slightly more stable
than Aul,~ (by 40 kJmol ! at the relativistic level)l"! and the
question arises as to whether Au,ly is a stable species similar
to Au,Bry and thus attempts should be made to isolate this
compound.

To investigate the structure and stability of neutral gold (i)
iodides we performed ab initio and density functional
calculations for Aul, Aul;, Auwl,, and Aul;. We also
considered Aul; trapped in between [Bi-O] layers of the
Bi,Sr,CaCu,Og superconductor in order to establish whether
the Aul; unit is trigonal planar as suggested. To discuss
possible decomposition products of Aul; we also investigated
(Aul), and finally solid-state (Aul),.

Computational Methods

The geometries of all compounds have been optimized at the second-order
Mgller-Plesset level (MP2) and B3LYP density functional (DFT) level
using energy-adjusted small-core scalar relativistic and nonrelativistic
pseudopotentials for Au and LI 5] The structures are shown in Figure 1.
The valence basis sets for Au used are as follows: (8s7p6d3f)/[7s4pS5d3f] at
the relativistic level (R) and (9s8p6d3f)/[8s7pS5d3f] at the nonrelativistic
level (NR). For iodine we used a (7s7p3d1f)/[6s6p3d1f] basis set at the

3168
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LE]

Figure 1. Optimized structures for A) T-shaped Aul;, B) Y-shaped Aul;, C) Aw,l,, D) Au,lg, and E) I, molecules
weakly interacting with Au,l, at the RB3LYP level of theory.

relativistic and nonrelativistic levels.'!! For Au,l; this resulted in 460 basis
functions contracted to 406, which made MP2 and B3LYP geometry
optimizations and frequency analyses very computer time extensive. For
the coupled-cluster (singles—doubles with iterative triples, CCSD(T))
calculations of Aul we produced a potential energy curve of about 15
points. For this calculation we used more extensive valence basis sets for the
(sp) part, that is a (11s9p8d3f)/[9s7p5d3f] basis set for gold and a
(8s7p3d1f£)/[7s7p2d1{] basis set for iodine. The spectroscopic parameters
were derived by solving the vibrational - rotational Schrédinger equation
numerically followed by a fit of the energy levels to a Dunham series.!"") For
Aulj; single-point CCSD(T) calculations at the optimized B3LYP geo-
metries were carried out. The orbital space was kept fully active.

To simulate the [Bi-O] layers in Bi,Sr,CaCu,Og we performed HF and
LDA (local density approximation) calculations on finite Bi— O layers with
the open valencies at the oxygen atoms saturated by H atoms using Hay —
Wadt small-core pseudopotentials and smaller basis sets (LANL2MB).
Two identical [Bi- O] layers were considered initially as shown in Figure 2:
Model A with the two layers lying identically on top of each other as
proposed by Choy et al,l'” and model B in which one layer is moved along
the [Bi— O] plane such that the oxygens lie above the bismuth atoms and
vice versa as observed in the X-ray structure of the superconductor.!'”l For
simplicity we assumed an idealized Bi—O distance of 2.705 A within the
layer.'”) Furthermore, we neglected modulation of the Bi atoms observed
in the superconductor.'® The SCF convergence of such a system was
extremely slow and the geometry optimizations took several weeks on a
multiprocessor SGI Origin 2000, which prohibited either MP2 or GGA
density functional calculations or the inclusion of the next layer.

DFT B3LYP calculations for Aul and Au,l; in the solid state were
performed using the CRYSTAL98 program and the scalar relativistic

: PVHUWT | o T
. oo
s 0% Wﬂ 3 % JW' "ﬂﬂ“r

Figure 2. Optimized structure of Aul; intercalated in two different [Bi— O]
layers (A) and (B). See text for details.
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pseudopotentials as described above but with smaller basis sets.!"’] For gold
and iodine we used more compact (6s6p5d)/[4s3p3d] and (4s4p)/[3s3p]
basis sets, respectively. The solid-state structure determined by Jagodzinski
was used for Aul.l’! For Au,l; we had to assume the structure obtained for
solid Au,Br® by scaling the size of the unit cell. The scaling factor of 4 ~
1.10 was determined by comparing the gas-phase structures of Au,Br, with
Au,I;.?! The solid-state structures chosen are shown in Figure 3. We note
that the ordering of the Au,Br, units in the solid state is different from that
of Au,Cls. While the Au,Brs molecules lie almost parallel to (001) the
Au,Clg molecules are twisted alternatively to each other. It is assumed that
(hypothetical) Au,l; adopts rather the Au,Bry crystal structure.

o o8 2|00 J,
‘j‘%‘*’i’; —..

Figure 3. Solid-state structures for a) Aul and b) Au,lg used in the
calculations.

Results and Discussion

The optimized structures are shown in Figure 1. Bond lengths
and angles are listed in Tables 1-3. Au,l; has the predicted
gas-phase structure with two iodine atoms bridging two gold
atoms. Frequency analyses for Aul; show that the symmetric
D3, point represents a second-order saddle point, the E’
distorted T-shaped structure a first-order saddle point, and the
Y-shaped structure the minimum on the mexican-hat type
Jahn - Teller potential energy surface (PES). The frequencies
for the minimum structures are given in Table 4. We also
investigated the linear Au-I-I-I structure which is a second-
order saddle point; distortion to any bent structure optimizes
either into the T-shaped or Y-shaped Aul; structure. An
important result is that the Jahn—Teller topology is different
to the one obtained for AuF; or AuCl,, that is unlike the
fluoride or the chloride the Y-shaped Aul; arrangement
represents the minimum on the Jahn-Teller PES at both the
MP?2 and B3LYP level of theory. Single-point coupled-cluster

T

Table 1. Optimized structural parameters for Au,l; and Auw,l, at the
relativistic (R) and nonrelativistic (NR) level of theory (MP2, B3LYP).l2J

Molecule Method Ty Te T Au-Au ¥ (Au-Au-l,) ¥ (Au-Au-l,)
(Al [A] [A] T[] (']
Au,lg RB3LYP 2736 2.649 4.003 43.0 1342
RMP2 2.642 2598 3.818 43.7 134.0
NRB3LYP 2.847 2.739 4.166 43.0 136.6
NRMP2 2739 2.680 3.947 439 134.6
I-Au,I,-I, RB3LYP 2795 3.677 2.803 59.9 158.4
RMP2 2.729 3.159 2.634 61.1 154.7
NRB3LYP 2.934 3.594 3.196 57.0 158.0
NRMP2 2861 3.319 3.005 583 156.2
Auw,l, RB3LYP 2779 - 2.780 60.0 -
RMP2 2.685 — 2.627 60.7 -
NRB3LYP 2917 - 3.092 58.0 -
NRMP2 2841 - 2.955 587 -

[a] For the notation of the iodine atoms see Figure 1. I,-Au,L,-I, denotes
Au,l; with the equatorial iodine molecules weakly interacting with both Au
atoms in Au,l,. Note that this structure is not a minimum on the potential
hypersurface.

(CCSD(T)) calculations on the B3LYP-optimized geometries
confirm this, that is the Y-shaped structure is 7.6 kJmol~!
lower in energy than the T-shaped structure, which is in very
good agreement with the results from MP2 calculations.
Additional geometry optimizations at the CCSD(T) level for
Aul; do not change this result (Table 2), demonstrating that
the B3LYP//CCSD(T) approach is a good approximation. The
same topology is obtained at the nonrelativistic level. In fact,
nonrelativistic Aul; is best described as I, weakly bound to
Aul with a relatively large Au—I, distance and a distance
between the two equatorial iodine atoms of 2.69 A close to
the distance in free I, (2.658 A). Indeed, Table 6 shows that
the binding energy of I, to Aul is only 28 kJ mol~! compared to
151 kJmol~! at the relativistic MP2 level. This again shows
that the oxidation state +11 in gold is relativistically
stabilized.

The structures determined at the B3LYP and the MP2
levels agree within 0.1 A and 1 degree. Table 5 gives CCSD(T)
and MP2 results for Aul applying the larger basis set. A
decrease of 0.026 A in the Au—I bond length is calculated
compared to the smaller basis set. The CCSD(T) bond length
should be fairly accurate and we predict a Au—I distance of
about 2.50 A.

In all cases relativistic effects lead to a bond contraction as
expected. The largest relativistic effect is observed for
Y-shaped Aul; where the stabilization of the higher oxidation

Table 2. Optimized structural parameters for Aul; and energy differences at the relativistic (R) and nonrelativistic (NR) level of theory (MP2, B3LYP).l2

Aul, C,, (T-shaped) Dy, C,, (Y-shaped) AE, AE,

T, r, X (Au-L-1,) r T, T r(I.— L) X (Au-L-I,)

[A] (A] [] [A] [A] [A] (A] ['] [kJmol™'] [kJ mol™']
RB3LYP 2.619 2.606 97.6 2.628 2.583 2.657 3.232 142.5 59.5 2.2
RMP2 2.561 2.548 96.2 2.570 2.522 2.570 3.245 140.8 76.0 8.5
RCCSD(T) 2.588 2.582 96.2 2.604 2.562 2.613 3.218 142.0 722 7.5
NRB3LYP 2.733 2.710 94.6 2.748 2.730 3.169 2.719 154.6 113.9 60.7
NRMP2 2.664 2.645 93.3 2.687 2.674 3.025 2.690 153.6 121.4 51.7

[a] For the notation of the iodine atoms see Figure 1. AE,: Difference between the minimum Y-shaped structure and the D5, second-order saddle point. AE,:
Difference between the Y-shaped structure and the T-shaped first-order saddle point.
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Table 3. Optimized bond lengths for Aul and I,.

Table 5. Spectroscopic properties for Aul.[?

ro(Au-T) [A] rd(L,) [A] Aul RCCSD(T) RMP2 RB3LYP

Exp.d - 2.666 bond length r, [A] 2.506 2.460  2.538
RB3LYP 2.552 2.704 dissociation energy D, [kJ mol!] 200.9 202.4 186.4
RMP2 2.486 2.678 vibrational frequency o, [cm™] 209 226 194
NRB3LYP 2.726 2.683 anharmonic vibration constant w.x, [cm™!] 0.470 0.404 0399
NRMP2 2.675 2.658 rotational constant B, [10~2cm™!] 3.477 3.610 3.389

; vibration —rotation coupling constant «, [10~cm~']  9.36 9.17 9.70
[a] Experimental value from reference [30]. centrifugal distortion constant D, [10~cm™!] 3.87 3.65 4.10

[a] D, corrected for zero-point vibrational energy and atomic spin-orbit contribu-
tion.’”) The atomic masses (in amu) of 196.9666 for Au and 126.9004 for iodine were

state leads to a shortening of the Au—I. bond of about 0.5 A
which can be described by a change in the oxidation state from
+1 to +3. We also note that the Au—Au distance in Au,l;
decreases by about 0.2 A due to relativistic effects. However,
this is not due to aurophilic interactions but is rather well
described by the Au—I, relativistic bond contraction. This is
supported by the fact that the relativistic change in the Au-
Au-I, bond angle is insignificant. In contrast, Au,l, shows a
very small Au—Au distance of 2.78 A and a relativistic change
in the Au-Au-I, bond angle of 2°. In this case we cannot fully
exclude aurophilic interactions.

A comparison between previously calculated bond angles
for T-shaped structures of AuF; and AuCl; (93° for both)®l
shows that for Aul; (96° at the MP2 level, Table 2) this angle
is larger than expected resulting probably from the steric
hindrance of the larger iodine atoms. For Aul; the axial Au—I
bond length is larger than the equatorial distance for the
T-shaped structure and vice versa for the Y-shaped arrange-
ment. This is true at both the relativistic and nonrelativistic
level of theory. In contrast, for AuF; and AuCl; at the
relativistic level the axial Au—X bond length is smaller than
the equatorial one.

The Jahn-Teller D;, — C,, stabilization is rather large,
76 kJmol~! at the RMP2 and 60 kJmol~! at the RB3LYP
level. It is therefore more than questionable whether Aul; can
adopt an ideal D3, trigonal-planar structure when intercalated
in [Bi— O] layers in the Bi,Sr,CaCu,Og superconductor which
crystallizes tetragonally, in the idealized case.['”) With this, the
environment between two [Bi—O] layers in the Bi,Sr,Ca-
Cu,Oy superconductor does not contain local C; symmetry.
The quasi-tetragonal structure of the superconductor should
be an ideal matrix for the T-shaped Aul;. Indeed, model
calculations simulating such an environment (see Figure 2) do
not preserve the starting geometry of D, symmetry.

Table 4. Vibrational frequencies for various gold iodides.

used.

In the case of model A Aulj; dissociates with the gold atom
linked to two Bi atoms in the top and bottom layers. This can
easily be explained. First the interlayer distance between the
Bi atoms is 6.27 A (compared to 6.89 A for model B layer)
and large enough for accommodating even larger atoms like
Au or I. Second, gold is well known to form very strong
intermetallic bonds due to relativistic effects.2! Next, it is
clear that iodine is rather bound to Bi than oxygen. The Au—I
distance is 3.97 A and comparable to the intralayer Bi—Bi
distance of 3.83 A. This arrangement does not agree at all with
the results of Choy et al.l'] and indicates that model B may be
a better candidate for the intercalated superconductor.

Turning now to model B, Aul; adopts a T-shaped structure
as we would expect from local symmetry. The gold and iodine
atoms occupy interlayer [Bi- O] sites which again supports a
T-shaped structure. The Bi—O bond length of 2.71 A is also
not too different from the Au—I distance (2.51 A) given by
Choy et al.l'%l However, the optimized Au—I bond lengths at
the LDA level are 3.13 A for the equatorial bond and 3.41 A
for the axial bond, which are far too long. This is probably due
to the small basis sets used and the neglect of additional layers
in the superconductor leading to weaker Au-I bonding.
Indeed, HF (LDA) optimizations of free Aul; with the
LANL2MB version of the Hay — Wadt basis sets leads to bond
lengths for the T-shaped structure of r,=2.879 A and r,=
2.787 A (r,=2.830 A and r,=2.742 A) which are too long,
and to I,-Au-I, bond angles of 91.8° (96.3°). An interesting
feature is that the gold atom is more closely bound to the Bi
atom on one layer which causes a distortion away from local
C,, symmetry in Aul;. Anyway, the calculations support a
local (slightly distorted) T-shaped structure for Aul; and not a

Molecule Method Frequencies [cm™]
Au,lg RB3LYP A, 44,74,138,187; A, 21; By, 39, 64; B;, 61 5,130 m, 184 vs; B,, 15 m, 73; B,,, 60, 187; By, 33 m, 125,193 s; B;, 118
Auly RB3LYP A; 455,150, 205 vs; B, 53; B, 25, 151
RMP2 A,; 785,179, 243 vs; B; 59; B, 18,195
Au,l, RB3LYP A, 77,154; By, 138 vs; By, 41; B,, 75; B3, 65 s
RMP2 A, 112,193; B,, 170 vs; B,, 43; B,, 99; B3, 77 s
Aul RB3LYP 192
RMP2 226
L RB3LYP 213
RMP2 229

[a] The IR intensities are classified as follows: very strong (vs), strong (s), or medium (m). All other frequencies are either weak or absent in the IR spectrum.
The definition according to NakamotolP'! for the symmetry assignments is used (for Au,I; and Au,l, the molecules lie in the xz plane).
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Dy, trigonal-planar structure as suggested. However, if the
Aul; distortion is dynamic in nature it may be difficult to
observe this Jahn - Teller effect.

Table 6 shows a thermochemical analysis for the individual
decomposition reactions for the gold iodides. For the total
decomposition  Au,lg— Au,l, +21, we obtain AH’=
141 kJmol~! and AG®=54 kJmol~' at the relativistic B3LYP
level. This shows that Au,l, is reasonably stable and it may be
possible (albeit difficult) to detect this in matrix isolation. We

Table 6. Thermochemical gas phase data for the decomposition of Au,l;, Aul;, and Au,l,.1

sition of Au,ls. An attempt to calculate the sublimation
energy using the RB3LYP structure of Au,l; with estimated
lattice parameters gave only a small positive value. This is
easily understood since we only expect weak interactions
between Au,l units and DFT is currently not able to describe
such situations accurately. Moreover, a complete geometry
optimization for the solid state is needed to get accurate
sublimation energies. A single-point solid-state B3LYP cal-
culation required about 1 day on a supercomputer and a
geometry optimization is there-
fore not feasible. Nevertheless,
according to our calculations

AE AE AE AE AG® AH® AS® .
the synthesis of Au,l, should
[kJ mol ] [kJ mol ] [kJ mol '] [kJ mol '] [kJ mol '] [kJ mol '] P mol K] y 4. Our fi 3.6 i al
RB3LYP RMP2 NRB3LYP  NRMP2 RB3LYP RB3LYP RB3LYP ¢ attempted. Our finding 1s also
supported by empirical estimates
Al,ls—2 Aul, of the enthalpy of formation
1534 266.5 232 1331 773 1353 1945 :
5 AL 2 Aul 121 AH; for a series of unknown
ul; — ul + . . .
1224 3012 30.1 563 50.4 1173 224.1 metal halides published by Hi-
AwlL 2 Adl sham and Benson.?!! They re-
242
1145 2205 148.1 198.1 73.5 1121 129.6 port a AH; value between —5

[a] All energies in kJmol~! at 298.15 K and 1 atm. AE: difference in total electronic energies (without zero-point
vibrational correction). For Aul; the Y-shaped minimum is taken. For the reaction 2 Aul; —2Aul +21I,
thermodynamic parameters at the RMP2 level were calculated as well (in kJmol!): AG®=225.8, AH’=295.4,

AS®=333.4.

note that the MP2 values are probably overestimated. In a
recent paper we showed that the MP2 series considerably
overestimates decomposition for high oxidation state fluo-
rides, and that the result obtained at the B3LYP level is in
good agreement with more accurate coupled-cluster results.[?’!
To demonstrate that this is the case for the gold iodides as well
we carried out a single-point CCSD(T) -calculation for
Y-shaped Aul; at the RB3LYP geometry. Using optimized
CCSD(T) geometries for the decomposition products Aul and
I, we obtain a CCSD(T) value of 97.3 kImol~! for Aul; —
Aul + I, which is larger than the B3LYP value of 61.2 kJ mol !
but much lower than the MP2 value of 150.6 kJmol!
(Table 6). The AG° value given above may therefore be
underestimated by about 30-40 kJ mol~.

To discuss the stability of Au,l, in the solid state one has to
know the cohesive or lattice energies of the respective
crystals. However, only the crystal structure of Aul is known.
Solid-state calculations using the measured crystal structure
(Au—T distance of 2.604 A) and the same bond length for free
Aul gives a sublimation energy of AE,,=158.1 kJmol~! for
Aul(s) — Aul(g) at the relativistic B3LYP level. This is much
higher than the dimerization energy of Aul which is only
573 kJmol~! (Table 6). Nevertheless, the change in total
energy (neglecting thermal effects) for the process
Au,l(g) — 2Aul(s) +21,(g) is still positive (58.9 kI mol™!). If
we optimize the structure for Aul(g) we obtain 2.566 A which
lowers the sublimation energy by only 1.0 kImol~'. More
significant is the structural change in solid Aul when
optimized at the B3LYP level leading to a Au—I bond length
of 2.684 A. However, the sublimimation energy again changes
little, AE,,, = 162.7 kI mol~'. The sublimation energy of Au,l,
for the process Au,I¢(s) — Au,l,(g) is expected to be small and
will further increase the energy necessary for the decompo-

Chem. Eur. J. 2001, 7, No. 14

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

and — 15 kJmol~! for Aul;.

To discuss whether the Au,lg
structure shown in Figure 1 is
the global minimum on the
potential hypersurface we also
considered the case of two I,
molecules weakly interacting with Au,l, as shown in Fig-
ure 1 E. The structural parameters listed in Table 1 show what
is expected for such a structure. The distances and angles in
the Au,l, unit of I,-Au,L,-I, resemble closely the one for free
Auw,l,. The weak interactions with the I, molecules increase
the Au—Au bond length and thus diminish aurophilic inter-
actions. The distance from one gold atom to the center of the
iodine molecule is 3.216 A at the relativistic level and 3.332 A
at the nonrelativistic level. The most interesting fact however
is that for nonrelativistic Au,l; the weak I,-Au,I,-I, complex is
more stable by 82.2 kI mol~!, whilst at the relativistic level it is
less stable by 142.5 kI mol~! than structure D in Figure 1 at the
B3LYP level of theory. This again demonstrates the change in
oxidation state from +1to + 111 by relativistic effects. We note
that the I, interaction with Au,l, is indeed weak, only 23.2
(12.6) kJ mol~! at the relativistic (nonrelativistic) B3LYP level
and 871 (69.7) kImol~! at the relativistic (nonrelativistic)
MP2 level. This is also reflected in the I-I bond length of the
terminal I, subunit, which is 2.710 (2.701) A at the relativistic
B3LYP (MP2) level and 2.693 (2.674) A at the nonrelativistic
level, and therefore close to the one calculated for free I,. As
expected, the Au—I bond length of I, weakly interacting with
the gold atom is very sensitive to the method applied
(Table 1). We note that the optimized relativistic I,-Au,I,-1,
structure is not a minimum on the potential energy surface but
a higher order saddle point with modes describing the rotation
of the I, molecules out of the Au,l, plane and distortions from
D,, symmetry. Since these are energetically only small
distortions we did not investigate this further.

Using the calculated CCSD(T) gas phase dissociation
energy of Aul (200.9 kJmol~') we obtain a cohesive energy
of AE.,=AEy, + Dy(Aul)=359 kJmol~!, which is about
160 kJmol~! smaller than that for AuCl (AE.,=

0947-6539/01/0714-3171 $ 17.50+.50/0 3171
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522.2 kJmol ™).l On the other hand if we take the dissoci-
ation energy of AuCl (275 kImol")?! we obtain AE,,=
247 kJmol ! for AuCl, which is 90 kJmol~! higher than that
for Aul. This agrees with the fact that Aul decomposes before
melting at about 120 °C and AuCl decomposes around 170°C.
We note that recent solid-state calculations for AuCl by Doll
et al. showed that correlation effects are important for the
accurate determination of structures and cohesive energies.?’]

The lattice energies AE,, of AuX (X =Cl, Br and I) have
been estimated, and interestingly, they are all around
1015 kJ mol~L18] This suggests that the differences in cohesive
energy is dominated by the differences in the electron affinity
of the halide ligand (in kJmol~': CI 348, Br 324, 1 296).*]
However, this only explains 1/3 of the difference between
AuCl and Aul. If we take the first ionization potential of gold
(890.1 kJmol~') and the electron affinity of iodine we obtain
AE,;, =421 kJmol~!, which is in reasonable agreement with
our calculated B3LYP value. Differences are due to the
approximation applied and to experimental inaccuracies in
the lattice energy.

Conclusion

We have investigated the structure and stability of a number
of gold +1and +1riodides in the gas phase and the solid state.
The major conclusions are:

e For diatomic Aul spectroscopic properties are predicted
which should help to identify this molecule in matrix
isolation. The cohesive energy of 359 kJ mol~! calculated at
the B3LYP level of theory is in reasonable agreement with
the experimental value (421 kJ mol™).

e Aul is thermodynamically stable both in the gas phase
and in the solid state and it should be possible to isolate this
compound despite unsuccessful attempts more than thirty
years ago.l

® Aul; is Jahn -Teller distorted as expected, but the Y-shap-
ed structure is the minimum. For Aul; intercalated in [Bi—
O] layers of cuprite superconductors a T-shaped structure
is predicted according to the local tetragonal environment.

o Nonrelativistic Aul; is best described by I, weakly bound to
Aul. Similarly, Au,I; at the nonrelativistic level can be best
described as two I, molecules weakly bound to Au,l.
Hence the change in oxidation state from +1 to +1110f Au
is due to relativistic effects.

e The calculations on Aul show that MP2 leads to bond
lengths that are too short compared to those obtained with
the more accurate CCSD(T) procedure. B3LYP tends to
give bond lengths that are slightly overestimated. Both
methods, however, lead to reasonable estimates for energy
differences. For the higher oxidation state this is not the
case anymore. MP2 overbinds, whilst B3LYP probably
underestimates decomposition energies. Difficulties with
decomposition energies of transition metal compounds in
higher oxidation states have been reported before.!
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