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CONCEPTS

The Oxide Anion Accelerated Retro-Diels—Alder Reaction

Mark E. Bunnage and K. C. Nicolaou*

Abstract: The widespread application of the retro-Diels~ w
Alder reaction in synthesis has been hampered by the high
temperatures usually required to cffect cycloreversion. The
discovery of the anionic oxy-Cope reaction was followed
by predictions that the accelerating effect of the oxide an-
ion should also be observed with other pericyclic reactions.
Recently, such predictions have been confirmed for the
retro-Diels—-Alder reaction, which often proceeds rapidly
at room temperature by oxide anion rate acceleration.
Such miid retro-Diels-Alder reactions have now been em-
ployed in the synthesis of a range of molecular targets,
including temperature-sensitive enediynes.

Keywords: Diels—Alder reactions -+ pericyclic reactions -
retro reactions * oxide anion

- synthetic methods
_ J

Introduction

The Diels—Alder [4 + 2] cycloaddition reaction has proven to be
one of the most versatile strategies for six-membered carbocycle
synthesis, allowing the ready union of diene and dienophile
components in a highly predictable stereo- and regiochemical
manner. Although countless synthetic applications of the Diels—
Alder reaction have been described, the corresponding retro-
grade process has attracted much less attention."!! Although the
retro-Diels—-Alder reaction could also have many potential ap-
plications in synthetic organic chemistry, particularly as a
method for masking an alkene moiety, its use has generally been
hampered by the high temperatures required to effect cyclore-
version.[!] We recently disclosed a novel method for the synthe-
sis of sensitive cyclic enediynes,[?! which utilised a retro-Diels—
Alder reaction (rDA) to generate the central “‘ene’” moiety (vide
infra). The success of this approach stemmed from the ability to
effect cycloreversion at room temperature through the utilisa-
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tion of an oxide anion accelerating effect. In the present article,
the background to the oxide anion accelerated retro-Diels—
Alder reaction, and prospects for the future of this process, are
discussed.

The classic thermally induced Diels—Alder coupling of an
electron-deficient dienophile and a conjugated diene is known to
proceed through a concerted pericyclic mechanism, and can be
represented schematically by the energy profile depicted in Fig-
ure 1.1 Clearly, cycloreversion of such a Diels—Alder adduct

Free D-A thermal retro D-A

Energy! e -
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Figure 1. Schematic representation of thermal Diels-Alder and retro-Diels-Alder
reactions (FVP: flash vacuum pyrolysis).

would not generally be feasible since the reaction would be
thermodynamically “up hill” and have a high activation energy
(Figure 1). Nevertheless, one strategy by which these barriers
have been overcome is through the use of flash vacuum pyroly-
sis.!! In this technique elevated temperatures (e.g., 500—800 °C)
are employed to surmount the high activation barrier, and the
diene or dienophile component are separated in vacuo, thus
driving the reaction to completion. Despite these rather extreme
conditions, this procedure has found a number of useful appli-
cations in total synthesis.l'’ Nevertheless, it is unlikely that com-
plex or highly reactive molecules could withstand such treat-
ment, and a more general and convenient strategy for effecting
the retro-Diels—Alder reaction would evidently be preferred.

Discussion

Acceleration of Pericyclic Reactions by the Oxide Anion: In a
landmark paper in 1975, Evans and Golob reported that the
oxy-Cope [3,3] sigmatropic rearrangement underwent a spectac-
ular increase in rate (by factors of up to 10'7!) upon conversion
of the alcohol to the potassium alkoxide (Scheme 1). In this
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Scheme 1. Thermal and anionic oxy-Cope rearrangements,

initial study, the effect was exemplified with the rearrangement
of the dienol 1 to the ketone 2 (Scheme 2}, and it was shown that
the magnitude of the rate acceleration was directly refated to the
degree of alkoxide — metal dissociation, with maximum accelera-
tions obtained with a more “naked’ anion.™ Thus, under iden-
tical conditions (THF, reflux), the potassium alkoxide (3, M
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Scheme 2. Acceleration of the oxy-Cope rearrangement by alkoxide ion formation,
as first demonstrated by Evans and Golob [4]. When M = K rate enhancements of
up to 10'7 are observed compared to the thermal process.

= K) rearranged at a much greater rate (¢,,, = 1.4 min) than the
sodium alkoxide (r,,, =1.2h), whereas the lithium and magne-
sium (M = MgBr) alkoxides proved to be stable. Moreover, it
was found that the rate of the potassium alkoxide rearrange-
ment could be further accelerated by addition of {18]crown-6 as
a K* ionophore. Since 1975 the anionic oxy-Cope rearrange-
ment has been widely used in total synthesis™! owing to its
predictable regio- and stereochemical outcome, and ability to
proceed at ambient temperature (e.g., 20°C), which allows
many sensitive functional groups to be tolerated.

Importantly, the oxide anion effect is not restricted to the
oxy-Cope rearrangement, and many other thermal pericyclic
reactions, including [1,3] sigmatropic shifts!® and vinylcyclo-
propane rearrangements,!”! have been found to be similarly ac-
celerated. One can rationalise this oxide anion rate enhancement
by considering the degree of conjugation of the substituent in
the ground state relative to the transition state of the reaction.
In the oxy-Cope setting, for example, the oxide anion is isolated
in the ground state; however, in the transition state it can under-
go a degree of delocalisation into the cycle of fully conjugated
orbitals, which are present, by definition, in a pericyclic reac-
tion. This stabilisation of the oxide anion in the transition state
relative to the ground state leads to a decrease in the activation

188 ——— © VCH Verlugsgesellschaft mbH, D-69451 Weinheim, 1997

energy (AG ¥) and an increase in rate for the reaction. This effect
should be more pronounced as the ground state increases in
energy (i.e., when the oxide anion is more “‘naked™). The oxy-
Cope rearrangement ultimately affords an enolate product that
is more thermodynamically stable than the alkoxide precursor,
and so the reaction is generally highly exothermic and irre-
versible. 1t is noteworthy that, aithough a weakening of the
C-C bond adjacent to the oxide anion may facilitate the rear-
rangement,® the anionic oxy-Cope reaction has been shown to
be a true pericyclic reaction, which occurs in a concerted man-
ner.t®1

The assumption that the change in degree of delocalisation is
the sole determinant of substituent influence on the reaction rate
led Carpenter to develop, in 1978 1% a simple model for predict-
ing the effect of various substituents (including the oxide anion)
on the rates of a range of thermal pericyclic reactions. Interest-
ingly, Carpenter’s mode) also suggested that the retro-Diels—
Alder reaction would undergo rate acceleration by the appropri-
ate incorporation of an oxide anion substituent. Thus, in the
prototype retro-Diels-Alder reaction delineated in Scheme 3,

[2) [2]
3l M rerona  BIN 7 M
-

—_—
AN

position rate

1&2 Poi > Con > H
3 H > Con > Pol

Scheme 3. Carpenter’s predictive model [10] for the effect of polar (Pol. e.g. oxide
anion) and conjugating (Con. e.g. vinyl) groups on the rate of retro-Diels~Alder
cycloreversion. Note that the polar classification describes both electron donor and
electron acceptor substituents.

the presence of an oxide anion at either positions 1 or 2 was
predicted to increase the rate of cycloreversion, whilst its incor-
poration at position 3 was anticipated to cause a rate retarda-
tion. As detailed below, Carpenter’s predictions have now been
experimentally validated, and the oxide anion assisted retro-
Diels—Alder reaction has emerged as a powerful reaction for use
in organic synthesis.

Oxide Anion Accelerated Retro-Diels—Alder Reactions: The first
analysis of oxide-anion acceleration in a retro-Diels—Alder con-
text was described by Papies and Grimme in 1980.11%- 121 The
model compound 4 used in this study was prepared from § (the
Diels-Alder adduct of p-benzoquinone and butadiene), through
the sequence of transformations illustrated in Scheme 4. It was
discovered that treatment of 4 with anhydrous tetra-n-butylam-
monium fluoride (TBAF) in THF at room temperature resulted
in the immediate formation of a burgundy colour, consistent
with rapid desilylation to 6 and subsequent retro-Diels-Alder
reaction to form the 2,3-dicarbomethoxyphenolate ion 7. In
contrast, the parent diester 8 (Scheme 5), readily obtained by
cycloaddition of 1,4,9,10-tetrahydronaphthalene and dimethyl-
acetylene dicarboxylate, was only found to undergo sluggish
cycloreversion at 100°C (¢,, =176 min). The dramatic oxide
anion accelerating effect observed in this system (> 10°) stems
from the significant increase in conjugative stabilisation at-
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Scheme 5. Free energies of activation (AG *) for retro-Diels—Alder cycloreversion
of adducts 8 and 6, as calculated by Papies and Grimme [11].

tained in transformation of the alcoholate ion of the precursor
into the phenolate ion of the product “‘diene fragment”.

An application of the oxide anion accelerated retro-Diels-
Alder in total synthesis was provided by Knapp et al. in 1983.113!
In this study, a stereospecific synthesis of ( +)-conduritol A (9)
from p-benzoquinone (10) was achieved by using 9-[(benzyl-
oxy)methoxy)janthracene (11) (vide infra) as a protecting and
directing group. Thus, Diels-Alder coupling of 10 with 11 gave
the adduct 12 (Scheme 6) in which one double bond and one
face of 10 were now protected from attack by reagents. Conse-
quently, Luche reduction of 12 occurred from the top face to
give the corresponding syn-diol, and dihydroxylation of this
intermediate afforded 13 as a single (racemic) diastereoisomer.
In preparation for the liberation of the masked double bond,
13 was then transformed into 14 by standard protecting group
manipulations (Scheme 6). Treatment of 14 with potassium
hydride in dioxane at 35 °C initiated the key oxide anion accel-
erated retro-Diels—Alder reaction, affording the desired alkene
15 in excellent yield (84%). Finally, deprotection of 15 af-
forded (+)-conduritol A (9) in 39% overall yield from 10
(Scheme 6).

Chem. Eur. J. 1997, 3, No. 2
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Scheme 6. Synthesis of {3)-conduritol A (9) by means of an accelerated retro-
Diels- Alder approach [13]. Reagents and conditions: a) p-benzoquinone (10),
toluene, 68°C, 15h, 92%; b) NaBH,, CeCly, MeOH, toluene, —78°C, 96%:
c) 0sO,, NMO, acetone, H,0:d) TFA, MeOH, 40°C, 78% (2 steps); e) acelone,
TFA, 65°C; f) BOMCIL, NaH, THF, 84% (2 steps); g) KH, dioxane, 35°C, 12 h,
84%; h) Na, NH,;, ether, —78°C; i) TFA, Me¢OH, 80% (2 steps). BOM =
CH,OCH,Ph; NMO = 4-methylmorpholine N-oxide: TFA = trifluoroacetic acid.

Qur interest in the retro-Diels—Alder reaction arose from its
potential as a method for the synthesis of enediynes from stable
1,5-diyne progenitors, as delineated in Scheme 7. Since the
enediyne moiety is highly reactive and prone towards Bergman
cycloaromatisation (Scheme 7), a prerequisite for the success of

<
Iﬁ

retro-DA

*‘; Bergman Y
~

==

v ()

Scheme 7. General concept for the retro-Diels—Alder generation of enediynes [2]
and their Bergman cycloaromatisation.

such a strategy is the ability to trigger the retro-Diels—Alder
process when desired and for it to proceed at ambient tempera-
ture. The oxide anion accelerated retro-Diels—Alder reaction
thus appeared ideal for our requirements, and we investigated
the use of 11 as a platform for the generation of enediynes. The
generation of 11 from anthrone (16}, and its conversion to the
1,5-diyne 17 is illustrated in Scheme 8 and has been described in
detail.'?! Since the two atkyne moieties in 17 are locked into a syn
orientation, the intramolecular bisalkylation of the correspond-
ing dialkyny! dianion proceeded cleanly to give the cyclic 1,5-
diyne (52% yield), which was readily deprotected to give the
alcohol 18 (Scheme 9). Although 18 proved to be highly stable
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Scheme 8. Synthesis of 17 [2]. Reagents and conditions: a) 1.2 equiv NaH, THF,
07C, 45 min; 1.2 equiv BOMCI, 1.5 h, 85%; b) 1.0 equiv maleic anhydride, PhH,
reflux, 8 h, 100%; ¢) 4.25 equiv LIAIH,, THF, reflux, 12h, 95%; d) 1.0 equiv
TPSCI, 2.0equiv imidazole, 0—25°C, 2.0h, 63% (4 25% regioisomer);
¢) 1.5 equiv NMO, 0.025 equiv TPAP, MeCN, 25°C,0.5h,95%; f) 6 equiv CCl,,
3equiv P(NMe,),, THF, —30-0°C, 1.5h, 83%; g) 2.t equiv nBuLi, THF,
78 5 0°C, 0.5 h, 100%: h) 10 equiv TBAF, THF, 25°C, 2h, 94%; i} 1.5 equiv
NMO, 0.05equiv TPAP, CH,CL,/MeCN (9:1), 25°C, 1Smin, 80%; j) 6 equiv
CCl,, 3 equiv P(NMe,),, THF, —-30°C, 15 min, 84%; k) 3.2 equiv nBuLi, THF,
~78°C, 0.5h, 45%. TPS = (BuPh,Si; TPAP = tetra-n-propylammonium per-
ruthenate(vin).

N\ \
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Scheme 9. Synthesis of cyclic 1,5-diyne 18 and oxide anion accelerated retro-Diels—
Alder reaction to form enediyne 20 {2]. Reagents and conditions: a) 2.3 equiv
nBuli, 4 equiv HMPA, THFE, —78°C, 0.5h; 1.2 equiv I(CH,),I, —78 - 25°C,
12h, 52%:b) 10° % TFA in McOH, reflux, 1 h, 94%;¢) KH, THF, 25°C, 30 min,
90%. HMPA = hexamethylphosphoric triamide.

under neutral or acidic conditions, deprotonation to form the
oxide anion 19 immediately initiated the desired cycloreversion.
Thus, treatment of 19 with potassium hydride in THF at 25°C
(Scheme 9) resulted in rapid development of a deep orange

190 —— © VCH Verlagsgesellschaft mpH, D-69451 Weinheim, 1997

colouration, consistent with the generation of the potassium salt
of anthrone, and the clean generation of cyclodecenediyne 20.
Although 20 does undergo Bergman cycloaromatisation at am-
bient temperature (¢,,, =18 h at 37°C), it was stable enough to
permit isolation and was secured in 90 % yield from 18.1* This
methodology offers significant scope for the synthesis of new
cyclic enediynes and structures of type 18 have the potential to
be developed into novel enediyne prodrug systems. These op-
portunities are currently under investigation in our laboratories.

The above examples have demonstrated that dramatic in-
creases in the rate of retro-Diels—Alder cycloreversions can be
achieved by incorporating an oxide substituent at the terminus
of the 4w component, that is, position 2 in the Carpenter model
(Scheme 3). As predicted by this model, it is also reasonable that
the rate of cycloreversion should be enhanced if the oxide anion
substituent were connected to the 27 component (i.e., posi-
tion 1, Scheme 3). Indeed, Rajanbabu et al.l'*! have shown that
11-hydroxy-9,10-dihydro-9,10-cthanoanthracene (21) affords
anthracene (22) in good yield (60%) upon treatment with
potassium hydride in THF/HMPA at room temperature
(Scheme 10), albeit after a long reaction time (66 h). [n contrast,

oty -~ OO0
¢b OH
oty - OO0

26 24

Scheme 10. Retro-Diels~Alder reactions of 9,10-dihydro-9,10-ethanoanthracenes
[14]. Reagents and conditions: a) KH, THE, HMPA, 25°C, 66 h, 60%; b) Li, liq.
NH;, tBuOH, 59%:¢c) KH, THF, 18 h, 25°C, 69%; d) A, 1,3,5-trichlorobenzene,
18 h, 28%; e) KH, THF, 17 h, 25°C, 71 %.

the thermally induced retro-Diels— Alder reaction only proceed-
ed at temperatures above 200 °C.I'* Interestingly, the 1,4-dihy-
dro derivative 23, readily prepared from 21 by Birch reduction
(Scheme 10), underwent more facile debridging than 21 by de-
protonation with KH (with or without added HMPA). In this
system, mixtures of the 1,4-dihydro- (24) and 1,2-dihydroan-
thracene (25) products were generated depending on the reac-
tion conditions, with prolonged reaction times leading almost
exclusively to 25 (18 h, 69% yield). It thus appeared that the
initial product of the retro-Diels—Alder reaction (i.e. 24) was
undergoing isomerisation under the reaction conditions. This
was confirmed by the independent synthesis of 24 through ther-
mally induced cycloreversion of 26 and its isomerisation to 25
with KH in THF (Scheme 10).114

Rajanbabu et al. correlated the differing rates of cyclorever-
sion of 21 and 23 with the greater resonance stabilisation energy
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of naphthalene over that of anthracene, and further suggested
that cycloreversions could only occur if the 47 component were
destined to be incorporated into an aromatic system.[**) How-
ever, Miyashi et al.l' 3! discovered that the 41 component need
not be incorporated into an aromatic system if a group capable
of conjugation is introduced at the centre bearing the oxide
anion. Thus, conversion of the barbaralane 27 to the potassium
alkoxide 28 (Scheme 11) gave rise to a facile retro-Diels-Alder

| on | o@

27 28

erA
@H W
RN
—-—
H o H @@
29

Scheme 11. Oxide anion accelerated retro-Diels- Alder reaction in a barbaralane
system [15]. Reagents and conditions: a) KH, [18]crown-6, THF, 25°C, 60 %.

reaction, affording the cycloheptatriene 29 (60% yield) upon
protic workup. Replacement of the vinyl group by a hydrogen
atom (30) or a methyl group (31) completely curtailed the cy-
cloreversion process (Scheme 12) and rates for a range of aro-
matic substituents (32-36) indicated that the reaction was facil-
itated by electron-withdrawing conjugating groups (Scheme 12).

rDA occured at 25 °C

32: R = p-BrCgH,

33:R = p-CICgH, rate
34: R =Ph decrease
35: R = p-MeCgH,

36: R = p-MeOCgH,

rDA failed at 25 °C

30:R=H no
31: R = Me y reaction

Scheme 12. Dependence of the rate on the nature of substituent R in retro-Diels—
Alder reactions of barbaralane systems [15]. Reagents and conditions: a) KH,
[18]crown-6, THF, 25°C.

The rate acceleration in this system may be due to the vinyl and
phenyl groups providing conjugative stabilisation of the partial-
ly anionic transition state. The generality of this effect was
demonstrated by its application in the norborene system. Thus,
although the parent system was inert towards potassium alkox-
ide induced cycloreversion,!'®! the 2-ary! derivative 37 gave rise
to quantitative generation of p-chloroacetophenone (38) under
identical conditions (Scheme 13).

Although the discussion has so far focussed on an oxide anion
as the accelerating substituent, Carpenter predicted that other
anions, carbocations and possibly radicals might also be able to
accelerate pericyclic reactions since all substituents should ben-
efit from conjugative stabilisation in the transition state. To test
this contention in the context of the retro-Dicls—Alder reac-

Chem. Eur. J. 1997, 3, No. 2
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Scheme 13. Accelerated retro-Diels-Alder reaction in the norbornene system [14].
Reagents and conditions: a) KH, [18]crown-6, THF, 25°C, 100 %.

37

tion,l!"" Rajanbabu et al. also prepared the bromide 39
(Scheme 14), the triflate 40 (Scheme 15), and the nitrite 41
(Scheme 16).1'*) Unfortunately, the carbanion resulting from

CH,Br [ %Hg ]
oy - |
* |
Y F*

Scheme 14. The carbanion derived from 39 undergoes a onc-hond cleavage rather
than a retro-Diels—Alder reaction [14]. Reagents and conditions: a) nBulLi,
—78°C, 10 min; AcOH, 31% (+ 69% unreacted 39).

AcO
CH,OT O} O
-
.
40
Tf = 0SO,CF3 j O
AcO
aa

Scheme 15. Solvolysis of 40 leads to Wagner- Meerwein rather than retro-Diels—
Alder products [14]. Reagents and conditions: a) AcOH, NaOAc. reflux.

OO

M 45  CHyCHO

Scheme 16. Generation of the oxygen-centred radical leads to a single-bond cleav-
age rather than a retro-Diels-Aider pathway [14]. Reagents and conditions: a) hv,
benzene, 66 min, 23 %.

metal —halogen exchange of 39 did not undergo a retro-Diels—
Alder reaction, but instead gave rise to single-bond cleavage
leading to the dihydroanthracene 42 (Scheme 14).1'®] The po-
tential for carbocation acceleration was examined by solvolysis
of the triflate 40, but only the known Wagner—Meerwein rear-
rangement products 43 and 44 (Scheme 15) could be detect-
ed.'** Finally, the potential for oxygen-centred radical rate ac-
celeration was investigated by photolysis of the nitrite 41,1*4 but
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FULL PAPER

M. E. Bunnage and K. C. Nicolaou

the major product was the aldehyde 45 (Scheme 16), resulting
from one-bond cleavage, and no traces of the anthracene expect-
ed from a retro-Diels—Alder pathway were observed. Although
these results suggest that only an oxide anion substituent can be
employed to initiate the retro-Diels—Alder reaction in this sys-
tem, it by no means precludes the potential for other anions,!'™
carbocations or indeed radicals to accelerate cycloreversion
when alternative reaction pathways are not available.

Finally, the Carpenter mode! predicted that an oxide anion
substituent at position 3 (Scheme 3) should actually retard the
rate of cycloreversion. This has been supported by the observa-
tions of Miller and Dolce!*® who discovered that the rate of
conversion of 46 to 47 is markedly slower with an oxide anion
substituent (X = OLi) than in the parent hydrido (X = H)
system (Scheme 17).

X relative rate X
@/ X=H > X=OLi @/
—_———
46 a7

Scheme 17. An oxide anion decelerated retro-Dicls-Alder reaction [19], consistent
with the Carpenter prediction (Scheme 3).

Conclusions

The discovery of the anionic oxy-Cope reaction has prompted
investigations into the accelerating effect of oxide anions on
other pericyclic reactions. For example, the utility of the retro-
Diels~Alder reaction in synthesis has traditionally been ham-
pered by the high temperatures required to effect cyclorever-
sion; the oxide anion accelerated variant often proceeds rapidly
at room temperature. The generation of enediynes'® by such a
protocol demonstrates its potential in the synthesis of sensitive
molecular targets, and the oxide anion accelerated retro-Diels—
Alder reaction seems destined to find many further applications
in the years ahead.
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A Triangular Iron(iit) Complex Potentially Relevant to
Iron(in)-Binding Sites in Ferreascidin

Eckhard Bill, Carsten Krebs, Manuela Winter, Michael Gerdan, Alfred X. Trautwein,

Ulrich Florke, Hans-Jiirgen Haupt, and Phalguni Chaudhuri*

Abstract: An asymmetric triangular Fe™

complex has been synthesized by an un-
usual Fe-promoted activation of salicy-
laldoxime. Formation of the ligand 2-
(bis(salicylideneamino)methyl)phenol in
situ is believed to occur through the re-

[Fey(u;-0)(p,-OPh)®* core. Two iron
ions are in a distorted octahedral environ-
ment having FeN,O, coordination
spheres, and the five-coordinated third
iron ion, with an FeNO, coordination
sphere, is in a trigonal bipyramidal envi-

measurements revealed an S, =5/2
ground state with the antiparallel ex-
change interactions J=-—343cm™!,

J=—47cm ! and D=—-090cm™ .
The EPR results are consistent with a
ground state of § = 5/2 together with a

ductive deoximation of salicylaldoxime ronment. The magnetic susceptibility negative D;, value. The Méssbauer iso-

by ferrous ions. The trinuclear ferric com- mer shifts together with the quadrupole

plex has been characterized on the basis of splitting also provide evidence for the

elemental analysis, IR, variable-tempera- Keywords high-spin state of the three ferric sites.

ture magnetic susceptibility, and EPR and EPR . spectro.scopy exchange Magnetic M&ssbauer spectra lead to the
coupling -+ iron Moessbauer

Mossbauer spectroscopies. The molecular
structure established by X-ray diffraction
consists of a trinuclear structure with a

Introduction

The current interest in the chemistry of polynuclear systems
with two or more Fe™ jons bridged by oxygen-donor ligands is
mainly due to the growing awareness of the existence of oxo-
bridged iron units in a variety of iron metalloproteins.™! The
pursuit of model complexes for the iron proteins has yielded
several interesting polynuclear ferric complexes with unusual
electronic structures.[?}

The stability of its metal complexes lies behind the diverse
applications of salicylaldoxime and its various substituted
derivatives, from analytical reagents to extractants in hy-
drometallurgy and as corrosion inhibitors.*! It has been report-
ed that the oxime functionality can be chemically activated by
binding to a metal center such as VO2* or Pt! .11 We report here
a trinuclear Fe™ compound obtained by an unusual Fe'-pro-
moted activation of salicylaldoxime.

{*] P. Chaudhuri, E. Bill, C. Krebs, M. Winter
Max-Planck-Institut fiir Strahlenchemie
P. O. Box 101365, D-45413 Miilheim an der Rubr (Germany)
e-mail: chaudh(@mpi-muelheim.mpg.de
M. Gerdan, A. X. Trautwein
Institut fir Physik, Medizinische Universitit, 1D-23538 Liibeck (Germany)
U. Flérke, H.-J. Haupt
Anorganische und Analytische Chemie
Universitat-Gesamthochschule Paderborn, D-33098 Paderborn (Germany)
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conclusion that the internal magnetic
fields possibly lie in the plane of the three
ferric ions.

Ferreascidin,!® a glycoprotein with a molecular weight of
10 kDa, 1s isolated from the blood cells of the stolidobranch
ascidian (Pyura stolonifera). Ferreascidin as isolated does not
contain any metal ions; the protein derives its name from its
strong iron-binding ability, with an effective stability constant
of 4 x 10?7 M~ at pH 7.0. The most characteristic feature of this
protein is its content of aromatic amino acids (42% tyrosine,
17% (3,4-dihydroxyphenyl)alanine (DOPA), 8% phenylala-
nine), by far the highest described to date for any natural
protein. It is also remarkable that ferreascidin contains the
“non-protein” amino acid DOPA. Recently, EPR and
Maéssbauer spectroscopic investigation of the interaction of
iron(1ir) with ferreascidin revealed the existence of at least three
distinct iron(m)-binding sites.'®) One of the sites (site 3) is the
first example of a trinuclear iron(inn) cluster as a metal-binding
domain in a metalloprotein. The authors favored a linear trinu-
clear Fe™ cluster as the structure for the metal-ion-binding
site 3, on the basis of its paramagnetic ground state with S =
5/2. u-Oxo, p-hydroxo and u-phenoxo groups have been consid-
ered as candidates for the bridging ligands, although no un-
equivocal identification of the bridging ligands present at site 3
could be made. The triangular py,-oxo bridged Fe™ structural
motif present in the “basic carboxylates’ of Fe'" has been elim-
inated, because the lowest spin state of the known trinuclear
carboxylates is S = 1/2, which is inconsistent with the S = 5/2
ground state of the protein. Although the molecular mass of the

0947-6539/97/0302-0193 8 15.00 + 250 — 193





FULL PAPER

P. Chaudhuri et al.

protein is quite small, the microheterogeneity of the protein
eliminates the possibility of structural determination by X-ray
crystallography. Hence the model complex approach appears to
present the best opportunity to investigate the iron(in)-binding
sites in ferreascidin further.

With the above-mentioned points in mind, we describe here
the synthesis of an asymmetric triangular iron(in) complex by
the reductive cleavage of salicylaldoxime with iron(ir) chloride
and its characterization by X-ray diffractometry, susceptibility
measurements, and EPR and Mossbauer spectroscopy.

Experimental Section

The starting matcrials were commercially available and used as reccived.
Elemental analyses (C, H. N) were performed by the Microanalytical Labo-
ratory, Ruhr-Universitit Bochum. Iron was determined spectrophotometri-
cally as its pyridine-2,6-dicarboxylic acid complex. Electronic absorption
spectra were measured on a Perkin—Elmer Lambda 9 spectrophotometer in
an acetonitrile solution. Fourier-transform infrared spectroscopy (K Br pel-
lets) was performed on a Perkin- Elmer 1720 X FT-IR instrument. Magnetic
susceptibilities of the polycrystalline sample were recorded on a SQUID
magnetometer (MPMS, Quantum Design) in the (emperature range
3.3- 300 K with an applied field of 1 T. Experimental susceptibility data were
corrected for underlying diamagnetism with Pascal's constants (x,, =
533 % 10~ % em®mo! ™ '). A Bruker ESP 300 E X-band spectrometer with Bruk-
er dual mode cavity in perpendicular mode and an Oxford ESR 910 helium-
flow cryostat were used for the EPR experiments. The thermostat was cali-
brated against temperature measurements with a standard [7]. Mossbauer
data were recorded on alternating constant-acceleration spectrometers. The
minimum experimental linewidth was 0.24 mms ~! full width at half maxi-
mum. The sample temperature was kept constant either in an Oxford Variox
or an Oxford Mossbauer-Spectromag cryostat. The latter is a split-pair super-
conducting magnet system for applying fields up to 8 T to the samples, which
can be kept at temperatures in the range 1.5 K to 250 K. The field at the
sample is perpendicular to the y-beam. With the help of reentrant bore tubes
the *"Co/Rh source was positioned at room temperature inside the gap of the
magnet system at a distance of about 85 mm from the sample. The field is zero
at this position. Isomer shifts are given relative to a-Fc at room temperature.

Synthesis of [(C,H;);NHI[Fe,(OXC,,H,sN,O:)(C,H;NO,),(C,HNO,)I-
2H,0 (1): A methanolic solution (50 mL) of salicylaldoxime (C,H,NO,,
0.72 g, 6 mmol) and triethylamine (1.5 mL) was purged with argon for 10 min
before the solution was charged with a solid sample of FeCl,-4H,0 (0.4 g,
2 mmol). The resulting blue solution turned deep brown on stirring for 10 min
and the stirring was continued for a further 2 h. The dark solution was filtered
in air to remove any solid particles and the filtrate was kept at ambient
temperature. After 2 d red-brown crystals were collected by filtration and
air-dried. Yield: 0.17 g (10%}); anal. caled for C,;H; N4O|,Fe,: C 53.81, H
4.80, N 7.84, Fe 15.63; found: C 53.8, H4.8, N 7.7, Fe 15.5; IR spectral data
(K Br pellets): 3045 (w), 1617 (s), 1597 (s), 1542 (s), 1472 (s), 1440 (s), 1420 (s),
1293 (s). 1266 (s), 1197 (m), 1151 (m), 1124 (w), 1017 (m), 912 (s). 814 (m),
755 (m), 665 (m), 608 (m), 566 {m), 436 (m)cm™*; UV/VIS in CH,CN:
1 (g) = 409 (16718), ~ 300 sh (39215), 225 (101699) nm (Lmol "'em ')

Crystal structure determination: The diffraction intensities of a red-brown
crystal of 1 with dimensions 0.12 x 0.15 % 0.60 mm were collected by means of
a Siemens R3m/V diffractometer with graphite-monochromated Moy, radia-
tion at 293+ 1 K and the w-26 scan technique with a ¢ range of 2.36 to
27.56°. A total of 12085 reflections were collected in the index ranges
—11<h<1, 0<k<33, 0<1<28, of which 11796 were unique and 2236
were considered significant with > 4a(F). Preliminary examination showed
that the crystal belonged to the monoclinic crystal system, space group P2 /n.
The lattice parameters were obtained by a least-squares refinement of the
angular settings (15<20<30°) of 30 reflections. Pertinent crystallographic
data arc summarized in Table 1. The data were corrected for Lorentz and
polarization cffects, but it was not necessary to account for crystal decay. An
empirical absorption correction by ¢ scans was carried out. The scattering
factors for neutral non-hydrogen atoms were corrected for both the real and
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Table 1. Summary of crystallographic data for [(C,H;),NHJC,,H;,Fe,N.O ]
2H,0 (1).

formula C,sH: NO,, Fey
M, 1071.52
space group P2,in

a(A) 9.136(2)
b(A) 25.845(8)
¢ (A) 21.628(9)
B 90.89 (2)
V(A% 5106(3)

p. (gem™3) 1.398

z 4

4 (mm ™) 0.91

i (A) 0.71073
T (X) 293(1)

R1 [a) 0.0893
wR2 [b) 0.3212

(a] RU = X(1Fo] — 1EN/ZIF] (0] wR2 = [X[w(F; ~ FVZER P

the imaginary components of anomalous dispersion. The structure was deter-
mined by direct methods (SHELXTL-PLUS). The final cycle of full-matrix
least-squares refinement on F2 was based on all 11796 reflections and 586
variable parameters and converged with agreement factors of R1 = 0.0893
[F>40(F)] and wR2 = 0.321 (all data) (SHELXL-93). All non-hydrogen
atoms were refined anisotropically; isotropic H atoms were fixed in idealized
positions (riding model). One ethyl group of the triethylammonium cation
was disordered over two sites with site occupation factors 0.41 and 0.59. The
maximum and minimum peaks on the final difference Fourier map corre-
spond to 1.158 and — 0.994 ¢ A3, respectively. Selected interatomic dis-
tances and angles are given in Table 2.

Table 2. Selected bond lengths (A) and angles (°) for 1,

Fe(1)-0(11) 1.949(6) Fe(1) -O(12) 1.954(6)
Fe(1)-0(1) 1.982(5) Fe(1)- O(2) 2.062(5)
Fe(1) N(11) 2.425(7) Fe(1)-N(12) 2.130(6)
Fe(2) O(22) 1.934(6) Fe(2)-0O(21) 1.966(6)
Fe(2)-0(1) 1.968(5) Fe(2)-0(2) 2.090(5)
Fe(2) N1 2.132(6) Fe(2)-N(22) 2.143(6)
Fe(3) O(1) 1.917(5) Fe(3)-0(31) 1.920(5)
Fe(3)- O(4) 1.935(6) Fe(3)-0(3) 1.951(6)
Fe(3)~-N(31) 2.098(8)

O(3)-N(11) 1.370(8) O(4)- N21) 1.357(8)
0O(32)- N(31) 1.413(9) N(I1)-C(1) 1.311(10)
N(12) -C(8) 1.302(10) N(12)-C(36) 1.492(9)
N(21)- C(15) 1.283(10) N(22)-C(22) 1.272(9)
N(22) C(36) 1.491 (9) N@G1)- C29) 1.280(11)
C(36)- C(37) 1.491 (1)

O(11)-Fe(1)-O(12) 96.8(3) O(11)-Fe(1)-0(1) 163.3(2)
O(12)-Fe(1)-O(1) 96.7(2) O(11)-Fe(1)-0(2) 88.9(2)
0(12)-Fe(1)-0(2) 169.6(2) O(1)-Fe(1)-0(2) 79.3(2)
O(11)-Fe(1)-N(11) 84.3(3) 0(12)-Fe(1)»-N(11) 95.1(2)
O(1)-Fe(1)-N(11) $4.8(2) O(2)-Fe(1)-N(11) 94.2(2)
O(11)-Fe(1)-N(12) 94.1(2) O(12)-Fe(1)-N(12) 86.4(2)
O(1)-Fe(1)-N(12) 96.6(2) O(2)-Fe(1)-N(12) 84.6(2
N(O-Fe(1)-N(12)  177.93) 0(22)-Fe(2)-0(21) 96.9(3)
0(22)-Fe(2)-0(1) 99.1(2) O(21)-Fe(2)-0(1) 161.0(2)
0(22)-Fe(2)-0(2) 169.0(2) 0(21)-Fe(2)-0(2) 87.2(2)
O(1)-Fe(2)-0(2) 79.0(2) 0(22)-Fe(2)-NQ21) 94.6(2)
0@21)-Fe(2)-N(21) 84.3(2) O(1)-Fe(2)-N(21) 84.2(2)
O(2)-Fe(2)-N(21) 95.9(2) 0(22)-Fe(2)-N(22) 85.8(2)
O(21)-Fe(2)-N(22) 93.2(2) O(1)-Fe(2)-N(22) 98.2(2)
O(2)-Fe(2)-N(22) 83.8(2) NQ1I)-Fe()-N@2)  177.5(2)
O(1)-Fe(3)-0(31) 170.1(2) O(1)-Fe(3)-0(4) 93.8(2)
O(31)-Fe(3)-0(4) 92.4(2) O(1)-Fe(3)-0(3) 94.7(2)
O(31)-Fe(3)-0(3) 90.4(2) O(4)-Fe(3)-0(3) 110.0(3)
O(1)-Fe(3)-N(31) 85.9(2) O(31)-Fe(3)-N(31) 84.3(3)
O(4)-Fe(3)-N(31) 123.0(3) 0(3)-Fe(3)-N(31) 126.8(3)
Fe(3)-0(1)-Fe(2) 119.0(2) Fe(3)-0(1)-Fe(1) 118.0(2)
Fe(2)-O(1)-Fe(1) 101.8(2)
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Crystallographic data (excluding structure factors) for the structure reported
in this paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-1220-46. Copies of the data
can be obtained free of charge on application to the Director, CCDC,
12 Union Road, Cambridge CB21EZ, UK (Fax: Int. code + (1223)336-033;
e-mail: teched (@ chemerys.cam.ac.uk).

Results and Discussion
The trinuclear Fe™ compound 1 has been obtained by an unusu-
al Fe'-promoted activation of salicylaldoxime. The in-situ
formation of the ligand H,salmp [2-(bis(salicylideneamino)-
methyl)phenol] from the starting salicylaldoxime is believed to
occur by the reaction pathway shown in Scheme 1. The use of

OH FeCl, OH H,0
(TH “"FeOCl," oh
| Il

N NH
~oH

OH OH HO 1,0
Ol + @+ 1O ——

CH CH HC

I Il I

NH 0 HN
A B A

Scheme 1. Proposed reaction pathway for the formation of the ligand
H;salmp from the starting salicylaldoxime.

transition-metal ions with strong reducing properties, such as
Ce', Tit, Ti™, V¥, etc., has been reported by Olah and co-work-
ers for the reductive deoximation of oximes to carbonyl com-
pounds.'®

The IR spectrum of 1 exhibits two strong sharp bands at 1616
and 1597 ecm ™1, which can be ascribed to the ¥(CN) vibrations,
whereas the medium intensity band at 1151 cm ™! is assignable
to the NO stretching vibration. It is worth noting that 1 exhibits
two sharp bands of medium intensity at 608 and 566 con ™! from
the Fe—O stretching vibrations.

Description of the structure: Although the analytical and spec-
troscopic data unambiguously showed the presence of a trinu-
clear Fe,O core as the smallest unit in the anion, an X-ray
analysis was undertaken to remove the doubts regarding con-
nectivity. Unfortunately, crystals of the anion as its triethylam-
monium salt diffract X-rays very weakly. Nevertheless after
several attempts we were able to collect a set of diffraction data
of mediocre quality. In spite of the high R factor and large
standard deviation resulting from the limited data from a weak-
ly diffracting crystal, the crystal structure analysis of 1 con-
firmed its novel trinuclear structure with the [Fe,(u;-O)(1,-
OPh)}®* core. The entire structure of the anion in 1 is shown in
Figure 1, while Figure 2 highlights the coordination spheres of
the three iron atoms. The anion possesses an asymmetric
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o Figure 1. Structure of the trinuclear anion in 1, showing the
atom numbering scheme.

Figure 2. Structure of the iron coordination spheres in 1.

Fe,(15-0)(u,-Q) core. The Fe(2)---Fe(1) distance, 3.065(1) A,
is noticeably shorter than the Fe(2) - -Fe(3) and Fe(1)- - -Fe(3)
distances, 3.348 (1) and 3.342 (1) A, respectively. The disposition
of the py-oxide O(1) is not symmetrical, the differences being
significant, Fe(1)-O(1) 1.982(5) A, Fe(2)-0(1) 1.968(5) A,
and Fe(3)-0(1) 1.917(5) A.

The iron ions Fe(1) and Fe(2) are in distorted octahedral
environments, having FeN,O, coordination spheres, and Fe(3)
is in a trigonal bipyramidal FeNQO, environment. Fe(1) is coor-
dinated to N(12) and O(12) of the salmp?®~ {2-(bis(salicylide-
neamino)methyl)phenolate] ligand, to O(11) and N(11) of a sal-
icylaldoxime ligand, to the doubly bridging phenolate oxygen,
O(2), and the triply bridging u;-O(1), thus yielding six-coordi-
nation at Fe(1). The atom connectivities for Fe(2) are very
similar. The bridging Fe(1)-0(2) 2.062(5) A, Fe(2)-0(2)
2.090(5) A, and Fe(1)- - -Fe(2) 3.065(1) A distances in 1 are very
close to those of the binuclear species with the ligand H,salmp,
(Fe,(salmp),]! Fe(3) is coordinated to u;-O(1), to O(3) and
O(4) of the deprotonated hydroxy groups of two neighboring
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salicylaldoxime ligands, and to O(31) and N(31) of the third
salicylaldoxime. The single negative charge of the anion in 1
leads us to conclude that the oxygen O(32) of the hydroxy group
in the salicylaldoxime bonded only to Fe(3) is protonated. Ac-
cordingly the average N—O bond lengths in the N-O-Fe units
are somewhat shorter, 1.364(7) A, than the N(31)-0(32) dis-
tance of 1.413(9) A. The distance Fe(3)---O(32), 2.993(7) A, is
long for bond formation. Thus a five-coordinated Fe™, Fe(3),
with a trigonal bipyramidal geometry prevails in 1. The FeNO,
coordination sphere is rare for trivalent iron with O,N-based
ligation; octahedral coordination is by far the most common for
Fe?.1'9 The Fe—N and Fe—O bond distances are consistent
with a d> high-spin electron configuration of the Fe™ centers
with azomethine nitrogen and phenolate oxygen-donor lig-
ands -1

The three iron ions define an isosceles triangle, and the p;-oxo
atom O(1) is displaced from the metal planes by 0.52(1) A,
further than in similar Fe,(p,-O) compounds (x0.24 A). The
average Fe—(u;-O) bond distance of 1.96 A is noticeably longer
than that observed for typical Fe,(u,-O) species, 1.90 A 121

Magnetic susceptibility measurements: Magnetic susceptibility
data for a polycrystalline sample of 1 were collected in the tem-
perature range 5—300 K; the data are displayed in Figure 3 as

Hegr / Hp
Ao/ BT

56 -

Figure 3. Plot of the experimental and calculated (solid lines) py; and yy of 1 asa
function of {cmperature.

U and yy vs. temperature. At 300.3 K the pi,,, value of 6.355 g
(g x T = 5.05 cm3mol ' K) is much lower than the value of
U = 10.254 py expected for three uncoupled spins of § = 5/2
with an average g = 2.00. On lowering the temperature, g
decreases monotonically, approaching a broad minimum
around 100-115 K, and increases upon further cooling. The
temperature behavior of the magnetic susceptibility of 1 clearly
indicates an antiferromagnetic coupling between the S = 5/2 of
high-spin Fe™ centres. ., reaches a maximum with a value of
5.90 gy (ryx T = 4352 cm*mol 'K) at 40 K, which is very
close to the value of 5.92 uy for a hypothetically isolated
S =5/2. An S = 5/2 state is expected as the ground state for an
antiferromagnetically coupled isosceles trinuclear Fe'" complex.
Below 40 K there is a decrease in g, for 1, which reaches a value
of 5.61 pu, at 5.3 K; this behavior might be attributed to the
splitting in the zero field of the ground state.
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The experimental magnetic data were simulated by a least-
squares-fitting computer program with a full-matrix diagonal-
ization approach including exchange coupling, Zeeman split-
ting, and single-ion zero-field splitting. After diagonalization
the energies (£,) and magnetic moments [0(E,)/3(B)} of each
state werc used to calculate the molar paramagnetic susceptibil-
ity as a function of temperature. The Hamiltonian in use to
describe paramagnetism is given in Equation (1), where spin

3
H==21, 8.8+ L g1BS, )
i=1
+ Di[S5— 1SS +1) + E[D(S%—S))]

S, is 5/2 and D, is the axial zero-field splitting parameter. The
term E/D, measures the rhombic distortions. The presence of
rhombicity has been observed from a preliminary EPR mea-
surement of 1. From rhombograms for an § = 5/2 spin state
a value for |E/D| = 0.3 was obtained; hence we have kept
E/D, = 0.33 fixed during the fitting procedure of magnetic data.
The Zeeman interaction of the high-spin ferric ion in the %4,
ground state with practically no contribution from the orbital
angular momentum is isotropic and the observed gg, values are
very close to the free-elec-

tron spin value of 2.00. o F (3)r_ o}

Hence we have fixed g, at 2.0. / ,"1 ] \

The exchange coupling N J2s of \'J13 N
. 1) "\
\p/ \4/

model is shown in Scheme 2.

In this model J,, represents Fe(2)<- - - -dyy - - >Fe(1)
the exchange interaction be-
tween the ith and kth para-
magnetic iron(ll) ions; as
the trinuclear iron(ir) frame-
work forms an isosceles
triangle, J,; = J,, = J describes the interaction of Fe(3) with
Fe(2) and Fe(1), J,, = J' the interaction between the Fe(2) and
Fe(1) ions.

Additionally, M&ssbauer spectroscopy provides strong sup-
port for the high-spin, ferric, nature of iron in 1; isomer shifts
and quadrupole splittings were observed for the three iron sites,
which are characteristic for S = 5/2 iron with ligand coordina-
tion as in Figure 1.

At the beginning we intuitively assumed that 1 owes its
S =5/2 ground state to a strong antiferromagnetic coupling
J,,, which enforces “spin-pairing” of Fe(1) and Fe(2) and dom-
inates the antiferromagnetic coupling constants J, ; and J,, with
Fe(3). This appeared plausible as besides superexchange
through the p,-oxo group the coupling of Fe(1) and Fe(2) can
also be mediated by the u,-phenoxo bridge, whereas the path-
way to Fe(3) would be by the longer oxime -N—-O- bonds. This
presumption is augmented by the fact that the iron centres in the
binuclear [LFe™Fe"(Sa0),] complex (L = 1,4,7-trimethyl-
1.4,7-triazacyclononane) is weakly antiferromagnetically cou-
pled, with a coupling constant of J = — 12.5cm ™', the media-
tors being three salicylaldoximate(2 —) (SaO) bridging
groups.l''™131 A gpin-Hamiltonian fit starting with |J'| > |J|
yielded a good fit with J' = — 366.0cm ™' and J = — 5.0cm ™.
The unusually large J', unprecedented in iron—-oxo chemistry,
led us to perform a systematic search in parameter space to
determine the nature of the fit minimum.

0(2)

Scheme 2. Exchange coupling model
for 1.
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A three-dimensional view of the relative error surface and
best-fit contours for fitting the magnetic data of the complex as
a function of both J and J' is shown in Figure 4. The error map
in fact reveals the existence of a second minimum, which is a
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Figure 4. Relative error surface for fitting the variable-temperature magnetic sus-
ceptibility data of complex 1. Only the region of parameter space which gives the
smallest relative errors is shown.

well-defined global minimum in the parameter space at
|J’| <|J|. The correspondingly calculated (Figure 3, solid lines)
am and g vs. T curves
with J=—-343cm™ !,
J=—47cm™}, D, =

—09cm™Y, g, =20
300 - (fixed), E/D =0.33
(fixed) show very good
agreement with the ex-

> (3/2,3%

= (112,39, (5, 4n

EnE— e F TP
k perimental data (Fig-
zoo}» } ure 3, circles). We recall
- ) 1156 cm’” that the sign of D is phys-
§ : ically meaningless with
L vy (a4 E/D=033, as the

1ot ! highest and the lowest
Kramers doublets of the

|
|
| 1246 em”! sextet are equivalent ex-
| cept for an interchange
o ' (52,59 of coordinate axes.
(s,,8% It is interesting to note
[Fe,0,1%* the broad minimum in

Uy at  =100-115K

Figure 5. Energy diagram of the low-ener- 1
(Figure 3), a result that

gy states for complex 1. The energy of the
ground state S, = 3/2 has been set arbitrar- can be readﬂy under-
ily to 0 em ™ !. The numbers in parentheses . .

indicate the values of S, and S* for each stood if one considers the

state; J = —343em™ L, 0 = —47em™ L spin ladder (Figure 5)
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above the ground state |.S, = 5/2, S* = 5>. From the evaluated
exchange coupling constants, the first and second excited states
are found to be | S, = 3/2, §* = 4) and |5, = 7/2, $* = 5), re-
spectively, which lie 124.5cm™! and 240.1 cm™' above the
ground state with S, = 5/2. Since the total spin of the first excit-
ed state is 3/2, its population with increasing temperature re-
duces the effective magnetic moment of 1. Population of the
second excited state with S, = 7/2 occurs above ~ 115 K, which
accounts for the increase in u., at higher temperatures. As a
result, a minimum is observed in the magnetic moment curve.
Finally, it may be noted that the observed ratio J/J' of 7.3 is
consistent with the |5, = 5/2, §* = 5) ground state predicted in
the literature.['4!

The evaluated coupling constant J (— 34.3 ¢cm™!) for 1 does
fall in the range that has been observed for basic iron carboxyl-
ates,*3 lending some credibility to the formulation of 1 as a
complex containing the [Fe,0]’* core. In other words, the u,-
OPh bridge hardly contributes directly to the exchange coupling
between Fe(1) and Fe(2), and the [Fe;(u,-O)u,-OPh)}** unit in
1 can be viewed as a triangular Fe;O7" unit to which has been
added a phenoxide moiety, PhO ™. Phenolate bridge formation
between Fe(2) and Fe(l) increases the Fe(1)-u,-O(1) and
Fe(2)—u,-O(1) bond lengths and thus diminishes the antiferro-
magnetic exchange coupling in a manner similar to protonation
or metalation of the u-oxo bridge. Thus the exchange coupling
constant J' = — 4.7 cm ™~ ! is observed along the short edge of the
isosceles triangle. The occurrence of oximate bridges along the
edges complicates the situation, however. The problem can be
simplified by assuming that the u;-oxo atom provides the main
superexchange pathway in 1.

It is pertinent at this point to compare 1 with the related
trinuclear complex of 1,1,2-tris(1-methylimidazol-2-yl)ethoxide
(tieo™), [FeyOftieo),(0,CPh),Cl,] (2),1'! and the dinuclear
complex of Hysalmp, [Fe,(salmp),] (3).1°? All complexes with an
Fe(O-X), bridge like that in 1 are antiferromagnetic and show
relatively weak spin coupling with values ranging from ~ — 5 to
—20cm™', with the exception of the dinuclear complex of
H,salmp 3, which is weakly ferromagnetically coupled, with
J' =+ 1.21 cm™ ' 1°) These observations extend over more than
20 compounds. The observed J' value for 1 falls at the lower
end of the observed range. The evaluated J value for 1,

— 343 cm™!, is significantly smaller than that in the similar
trinuclear complex 2, for which the equivalent coupling constant
is — 55cm™1.1% The significantly shorter Fe—O bonds in 2
might account for the stronger coupling in 2 in comparison with
that in our complex 1. It must be pointed out that in the limit of
weak interactions, the exchange coupling constant is also sensi-
tive to small angular changes or distortions, but to a lesser
degree.

Electron paramagnetic resonance: In order to characterize fur-
ther the electronic structure of the individual Fe'" sites in 1 and
to probe their contributions to the spin ground state, the macro-
scopic magnetic measurements of 1 were complemented by X-
band EPR and Mossbauer measurements.

The relatively large energy separation of ground-state and
excited-state multiplets justifies a simplified spin-Hamiltonian
description of the spin ground state according to Equation 2,
where S = S, is the total spin of the spin mulitiplet and D, and
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H = DIS?—~S(S+1)/3 + (E/D)(SI—SH) + s Bg S (2)

E/D, are the corresponding axial and rhombic zero-field
parameters. Although the approximation is exact only for in-
finitely strong exchange coupling it is well justified here for
interpretation of low-temperature EPR and magnetic
Mossbauer spectra, as a closer inspection of the susceptibility
calculations in fact revealed negligible mixing of excited and
ground state spin multiplets at any applied field, because of
relatively small D values.

Resolved EPR spectra could be obtained from 1 at tempera-
tures below approximately 60 K. The spectra measured in ace-
tonitrile solution are dominated by a prominent signal at
g = 4.3 and an asymmetrical line at g~9.6. The pattern is typi-
cal of spin S, = 5/2 with “strong” zero-field splitting (D ,| > Av
(0.3cm ™! at X-band),*” in agreement with the susceptibility
measurement. From a rhombogram"®! for § = 5/2 the signals
can be assigned to the isotropic middle Kramers doublet
(¢ =4.3) and the anisotropic lowest or highest doublet
(£g~9.6) of the sextet, revealing a large rhombicity parameter
EID,,, = 0.3. This parameter is most accurately detectable from
the EPR data. 1t is hard to measure with high accuracy from
other technigues. As the EPR signals originate from different
Kramers doublets their intensity ratio yields an estimate for the
axial zero-field parameter D,,,. For 1 the EPR signal ampli-
tudes and widths appeared to be constant relative to each other,
within experimental error, in the temperature range 5-20 K. We
concluded that the splitting 3.5 x |D;,,| of ground and middle
Kramers doublets must be less than approx. 3.45cm ™' (= kT at
5K), which means that |Ds,| is of the order of 1cm™'. To
compare this value with that of the susceptibility result
ID;| = 0.9 cm™ !, one has to convert the local zero-field parame-
ter D, that is related to individual iron spins § = 5/2 into Dy,,,
valid for the total spin S, = 5/2 of the molecule. Using spin
projection coefficients! ! for the | S, = 5/2, S* = 5) sextet, one
obtains Ds,, = 1.59 x D (adopting the previous assumption of
identical local D values for the three iron sites). Substitution of
the susceptibility result yields | D, ,| = 1.4cm™", in accordance
with the estimate from EPR signals. Further discussions refer to
this value.

We finally note that no EPR signals could be obtained from
excited spin multiplets at elevated temperatures, presumably
because of undetectably broad lines. As the experimental spec-
tra of the ground-state multiplet exhibit increasing broadening
at temperatures above about 40 K the supposed reason is that
spin relaxation processes are strongly enhanced by the increas-
ing thermal population of excited spin states.

Mossbauer isomer shifts and quadrupole splittings: The zero-field
Méssbauer spectrum of solid 1 is an asymmetrical doublet that
can be deconvoluted at temperatures above 150 K into two
Lorentzian-shaped quadrupole doublets with an area ratio of
1:2. A least-squares fit of the spectrum at 200 K (Figure 6 A)
vields isomer shifts (1) = 0.43 mms™?, 8(2) = 0.47 mms™ ",
and quadrapole splittings AEH(1) = 1.10mms™', AEN2) =
0.64 mms~'  with linewidths T'(1) = I'(2) = 0.38 mms~*.
Linewidths and line depths of this fit were correlated by factors
of 1 and 2, respectively. Alternative fit models without con-
straints or with three independent subspectra did not greatly
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Figure 6. Mssbauer spectra of polycrystalline 1 at 200 K, B = 0 (trace A), 1.5K
with B = 3.5T (trace B) and 1.5 K with 8 =7 T (trace C}. The magnetic field ap-
plied was perpendicular to the p-radiation beam. The solid line is the superposition
of two subspectra, labeled 1 (---) and 2 (—-—. ), with intensity ratio 1:2. The
snbgpectra are the result of a fit with Lorentzian lines (A) or of a spin-Hamiltonian
simulation (B and C), from the values of Table 3.

improve the quality of the simulations and gave fairly arbitrary
intensity ratios, and were therefore discarded. On the other
hand, the line assignments of the fit presented in Figure 6 A were
further corroborated by magnetically perturbed spectra de-
scribed later.

The subspectra (1) and (2), with an intensity ratio of 1:2, can
be unambiguously attributed to the five-coordinated ion Fe(3)
(subspectrum (1)) and the two six-coordinated ions Fe(1) and
Fe(2) (subspectrum (2)), respectively (compare the molecular
structure in Figure 2). The Mdssbauer isomer shifts together
with the quadrupole splittings support the ferric high-spin state
for the three iron sites. The difference in the isomer shifts of
Fe(1)/Fe(2) and Fe(3) might be attributed to the shorter bond
lengths at the pentacoordinated site Fe(3) and consequently the
increased covalency of the bonds. It is interesting to note that
the quadrupole splitting of the five-coordinated Fe(3) is unusu-
ally large for a high-spin ferric iron and significantly exceeds the
value of the six-coordinated sites Fe(1) and Fe(2). It is in the
range for Fe' compounds with known or postulated p,-oxo
bonds.[*! The six-coordinated ferric ions Fe(1) and Fe(2), on
the other hand, remain indistinguishable in the M&ssbauer spec-
tra under any conditions of temperature or applied magnetic
field.

Magnetic Mdssbauer spectra: The sign of the main component
V.. and the asymmetry parameter 5 of the electric field gradient
tensor (EFG), which yield further information about symmetry
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properties of the iron ligand field, were determined from mag-
netic Méssbauer spectra measured at 1.5 K (Figure 6 B and C).
For both iron sites, Fe(1)/Fe(2) as well as Fe(3), we found V, to
be negative and # = 0 (within error range 0.3). It should be
noted that high-field/high-temperature measurements were not
as conclusive for the determination of the EFG as they usually
are for magnetic monomers. The internal fields do not collapse
sufficiently to allow unique line assignments with respect to the
applied field. This is due to the significant population of excited
magnetic states of the trimer at elevated temperatures. At 130
and 200 K with a 7T field (not shown) only the outermost
magnetic lines of subspectrum (1) were sufficiently resolved.
Their positions and intensities, however, again corroborated
V..<0 and y =0 for the Fe(3) site.

Magnetic hyperfine interactions of the >7Fe nuclei were also
measured to probe the partial contributions of the individual
ferric ions to the total spin ground state of the trinuclear com-
pound 1. To this end, magnetically perturbed Mossbauer spec-
tra were measured from polycrystalline samples at and below
liquid helium temperatures. Applied fields of 3.5 and 7 T induce
well-resolved spectra with overall splitting of ~13 mms™!,
which implies internal fields B in excess of 42 T but much less
than the 55 T observed in most mononuclear high-spin ferric
compounds. Temperature variations showed that the
Mossbauer lines are broadened by intermediate spin relaxation
rates (on the Mdssbauer timescale) even at 4.2 K. Only at the
experimental base temperature of 1.5 K are the spectra virtually
unaffected by spin relaxation processes, indicating stationary
internal fields. At the towest temperature the relaxation is inef-
fective because at applied field the lowest electron magnetic
sublevel is populated exclusively. On the other hand, tempera-
ture elevation to more than 30 K is required to approach the fast
relaxation limit where narrow Mossbauer lines are observed
again. At the higher temperatures, however, sensitivity for
ground-state properties like zero-field splitting becomes low.
Therefore, in order to avoid tedious line-shape analyses for
broadened Mossbauer relaxation spectra, we focused our analy-
ses on measurements at 1.5 K with fields higher than 3 T.

As shown in Figure 6 (B, C) the magnetic Mdssbauer spectra
consist of two six-line patterns with an intensity ratio of 1:2,
resembling the two subspectra (1) and (2) observed at zero field.
This feature is most obvious from the splitting of the outer lines
in the 7 T spectrum (trace C, Figure 6). Comparison of traces B
and C in Figure 6 shows that variations of the applied field
change the two subspectra in different manners. The total split-
ting of the low-intensity sextet, subspectrum (1), significantly
decreases when the magnetic field is decreased from 7 to 3.5 T,
while the splitting of subspectrum (2) for the same change in
field increases. This opposite behavior of the two sextets clearly

Table 3. Mdssbauer and spin-Hamiltonian parameters of 1.

demonstrates the antiparallel alignhment of the corresponding
iron spins in forming the magnetic ground state |S, = 5/2,
S* =35) of the trinuclear molecule. The spins of Fe(1) and
Fe(2), which both account for subspectrum (2), are obviously
parallel to each other, but antiparallel coupled to the spin of the
Fe(3) site with subspectrum (1).

The magnetic Méssbauer subspectra were further character-
ized by means of the spin Hamiltonian for the total spin S, = 5/2
in the limit of infinitely strong spin coupling [Eq. (2)], as for the
EPR interpretations. The °’Fe hyperfine interactions were
derived from separate diagonalization of the usual nuclear
Hamiltonian'' 7 and the hyperfine coupling terms " a(i)- I(i) for
total electronic spin § and nuclear spins (i) of the subspectrum
i = 1,2 were evaluated with electronic spin expectation values
{8 replacing S. This approach leads to internal fields B"(i} =
a()/gn Bx <S> at the *"Fe nuclei. The strength and orientation of
B in the molecular frame depend through (S on the zero-
field parameters as well as on strength and direction of the
applied field. The field dependence of the experimental spectra
therefore gave the clues in the choice of the spin Hamiltonian
and hyperfine parameters. The a(i) tensors for the two subspec-
tra were taken to be colinear and diagonal in the principal axis
system of the total spin.

A search in the parameter manifold starting with the output
of EPR and magnetic susceptibility for the electronic parame-
ters led to the values listed in Table 3. The simulations for pow-
der-distributed molecules show that the measured magnetic hy-
perfine splittings and line shapes of the powder spectra at
moderate and strong field depicted in Figure 6 B,C are consis-
tent with | Ds,| in the range ~1-2.5cm™" for £/D;, = 0.33.
As both parameters were partiaily covariant in the fits, the val-
ues {Dg,} =1.4em™" and E/D;, = 0.33 as derived from the
magnetic susceptibility and EPR data were fixed also for the
analyses of the hyperfine parameters.

The lowest Kramers doublet of the rhombic S, = 5/2 sextet
(E/Ds,;, = 0.33)is magnetically anisotropic (as is reflected by the
effective EPR g values) with an easy axis of magnetization in the
y or z direction, depending on the sign of Dj,. For arbitrarily
oriented (weak) fields the spin expectation value is large and
preferentially aligned along the easy axis fixed in the molecular
frame. The Mdssbauer internal fields B™ are therefore also
fixed in the same molecular direction (adopting the isotropic
hyperfine coupling tensor). For powder-distributed molecules
this leads to widely split line sextets with relative line intensities
close to the ratio 3:2:1:1:2:3, which is the limit for uniform
orientation distribution of the effective field relative to the y-ray
beam. The 3.5 T spectrum of 1 in Figure 6 B closely resembles
this feature. The stronger field of 7 T (trace C) changes the line
intensities towards a ratio 3:4:1:1:4:3, which is the limit for

Subspectrum [a]  Site Dy, (em™ 1) [b) E/Ds, [bl 6 (mms™')  AE,(mms”~ 1 n o () [c] flc] v (el /gy fin (T) Alg b (T

1 Fe(3) 0.45(1) —1.16(2) 0(0.3) 90 20 0 +15.0(2) —21.0
-1.4 0.33

2 Fe(1)/Fe(2) 0.49(1) —~0.63(2) 0(0.3) 90 90 0 —18.6(2) -7

[a] The magnetic Mdssbauer spectra are simulated with intrinsic linewidth I = 0.3 mms ™

1. [b] Values for the totul spin of the ground state S, = 5/2. The corresponding local

values used in the simulation of the susceptibility data are D; = 0.9 cm ™!, E/D, = 0.33. [c] Euler angles for rotation of the principal axes of the zcro-field interaction into

those of the EFG, sequence R(x,z) = R(f,)") = R(y.2").
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alignment of B™ along the applied field perpendicular to the
y-rays. This means that the strong external field perturbs the
electronic levels considerably and forces the spin expectation
values out of the molecular easy axis. The Mossbauer hyperfine
fields B™(i) in the powder sample therefore tend to sense all
components of the coupling tensors a(i), while in the first case of
moderate applied field mainly the a(i) components along the
easy magnetic axis are effective. The simulations of the mea-
sured spectra Figure 6 B,C for the different experimental condi-
tions showed that any magnetic anisotropy detectable in the
Massbauer spectra can be explained by the properties of the
electronic spin system; no indications were found for additional
a(i) anisotropy (within an estimated error range of 0.5 T for the
possible differences of the @ components). The resulting isotrop-
ic coupling constants in the two subspectra (1) and (2) were
a(D)/gnfin =+150T and a(2)/gy fn = — 18.6 T. We recall that
the values express the °’Fe hyperfine splittings in terms of the
total spin S, rather than the local spins S}, and the opposite signs
of a(1) and a(2) again reflect the antiparallel coupling of the
respective iron spins. The intrinsic 4 values in the system of the
individual spins S; = 5/2 (i = 1,2,3) can be derived from spin
projections of the S; on the total spin state |S, = 5/2,
S* = 5511 Amazingly, the Mdssbauer data permitted identifi-
cation of the iron sites Fe(1) and Fe(2) with S, and S, forming
the intermediate spin S* =5 and the antiparallel coupled
site Fe(3) with S,. For negligible mixing of spin multiplets
the following relations hold: (M'|S,|M) = 6/7{M'|S,|M>,
(MYS, M) =6/T(M(S, M), (M'[85IM) = — 5/7<{M'|S,|M),
where the matrix elements are taken in the ground state multi-
plet. From the equivalence of the hyperfine term S, - a(i)- I(i) with
the intrinsic form S;- A, /; for individual electron spin §;, one
obtains for Fe(3) from subspectrum (1) Ay, = — 7/5a(1), while
for the equivalent sites Fe(1) and Fe(2) from subspectrum (2),
the relation is Ap,yypey = +7/6a(2). Substitution of the results
from above yields Ap.3/gnBy=—210T and Apyr.o)/
anPn =— 21.7 T, which is in agreement with what is expected
for high-spin ferric iron with weak O and N ligands. Since the
intrinsic hyperfine constants Ag, /gy fy of the high-spin ferric
jron arise primarily from the Fermi contact term, it is expected
to be isotropic and close to 22 T. One might speculate that the
small reduction for the five-coordinated site Fe(3) with respect
to the six-coordinated sites owes its origin to the slightly shorter
bonds around Fe(3) and the corresponding increase in covalen-
cy. It might be significant, as the same tendency was found for
the isomer shifts.

The quadrupole line shifts in the magnetic Mossbauer spectra
of 1 reveal effective quadrupole splittings; for subspectrum (1),
these are virtually equal to AEy(1) of the zero-field spectrum,
but for subspectrum (2) they correspond to only about
V2 x AE(2) at zero field. The apparent signs of the splittings are
opposite for the two subspectra, positive for subspectrum (1)
but negative for (2). For strong internal fields, as in the case of
compound 1, the effect of quadrupole interaction in the spectra
is determined in the first order by the component of the EFG
along B™. Provided the asymmetry parameter is zero, this
means that EFG(1) is oriented with its main component V,
essentially parallel to B™, but V__ of EFG(2) is perpendicular to
Bt and the magnetic M3ssbauer spectrum senses an EFG com-
ponent close to the V, /V,, plane. Systematic trials were per-
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formed to determine quantitative values for the asymmetry
parameters and the Euler angles of the EFGs in the coordinated
system of the total spin. For the sake of simplicity only tensor
rotations were regarded with no more than one Euler angle
differing from 0 or 90°. The best results from the simulations are
given in Table 3. For simplicity of the coordinate system we
selected D <0 to have the electronic spin expectation value and
the internal fields B in the z direction. The relative orientation
of the EFG tensors and B™ for this choice is sketched in
Scheme 3. We notice that the two contributions from Fe(1)
and Fe(2) to EFG(2), subspectrum (2), appear to be identical.

Z
EFG (2)
Bintm/ Fe(2), Fe(3)
l
, Vs 2)
Vi 4 V@
f=20°

Vo)

EFG (1)
X / Fe(t) -
g8 @

/
/

Scheme 3. The relative orientation of the EFG tensors and B™ for D <0.

The accuracy, however, is not very high and we cannot finally
exclude some angle between the EFG tensor axes, provided B™
remains perpendicular to V,,. Rotations of the EFG around the
final z axis are meaningless anyway, as 1 ~ 0. The correlations of
the EFG tensors with the molecular coordination polyhedra of
the ferric ions in 1 are not obvious for the rather “irregular”
octahedral sites Fe(1) and Fe(2) and cannot be predicted with-
out detailed calculations. In contrast, for the quasi-trigonal
bipyramidal site Fe(3) from symmetry arguments the main com-
ponent V__ of the EFG should lie along the “axis”™ O(1)-Fe(3)-
O(31) to be consistent with (1) ~0. It is interesting to note that
the tilting angle § =16° of the O(1)~Fe(3) bond out of the Fe
plane from the X-ray structure closely resembles the Euler angle
fi = 20° between V(1) and B™; one is tempted to assume that
B is in the Fe(1)-Fe(2)-Fe(3) plane. Since for high-spin Fe!l
the EFG and the local zero-field interactions can be expected to
exhibit identical principal axes and usually have the same sym-
metry properties, according to the relation E/Dx !/, one may
conclnde that the observed rhombicity of the total spin ground
state does not necessarily originate from local rhombicity but is
the result of tensorial superpositions of local axial interactions
in rotated coordinate systems.

Both the three-iron cluster of 1 and that of site 3 in ferreascid-
in have S = 5/2 with two Fe' ions, which are indistinguishable
by means of their M&ssbauer spectra, spin-aligned parallel and
coupled antiparallel to the third Fe'", The Méssbauer isomer
shifts of the Fe™ions Fe(1)/Fe(2) in 1 (0.49 mms ™ ') are further-
more identical to that of Fe™ from site 3 in ferreascidin
(0.5 mms™ !, average value given in ref. [6]). The same holds for
the quadrupole splittings in the magnetic Mossbauer spectra;
~0.62 mms~ ' for Fe(1)/Fe(2) in 1 and ~0 mms ™" for site 3 of
ferreascidin. The values are typical of ferric high-spin ions in
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five- or six-coordination with O- and N-ligands. Remarkable
differences, however, can be seen for the third Fe™ ion of the
model cluster 1. Whereas in the protein the third Fe™ is only
distinguishable from its neighbors by the opposite orientation of
its Massbauer hyperfine field, the corresponding third Fe™ in 1
has a distinctly larger quadrupole splitting and lower isomer
shift. If we can relate the Mossbauer parameters of Fe(3) to the
“short” (u;-O) bond in 1, this discounts such a bond for the
trimeric site 3 in ferreascidin.

The basic analysis of the magnetic Mdssbauer spectra of fer-
reascidin in ref. [6] is not easy to compare with the full spin-
Hamiltonian analysis that was possible for the synthetic model
complex 1, as the first does not parameterize the magnetic an-
isotropy of the cluster using zero-field and hyperfine coupling
parameters and appropriate powder average. The difference in
the internal hyperfine field, B™™, given for the antiparallel-cou-
pled ferric ions in the ferreascidin cluster at the strongest applied
field (11.1 T), however, can be used for a comparison. The value
7.6 TI®) s close to what we expect for the difference of the
saturation values of the internal fields, B** = |a|/gxfn 5/2.
From the spin-Hamiltonian parameters for 1 (Table 3) we ob-
tain B = 37.5 and 46.4 T for Fe(3) and Fe(1)/Fe(2), respec-
tively, which means a maximum difference of 9 T. One can take
the correspondence to the values for ferreascidin as an indica-
tion of identical spin projection factors for the different iron
sites in the two trimeric clusters, that is, in fact both the model
cluster and the protein cluster exhibit the same type of spin
ground state (S, = 5/2, $* = 5).

To conclude, a trinuclear iron(in) cluster 1 containing an
isosceles triangular arrangement of the ferric ions has been as-
sembled with bridging oxo and phenoxo groups; 1is a potential
candidate as a structural model for the iron-binding site 3 in
ferreascidin, as it shares many, but not all, of the characteristics
of site 3.
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Heterosupramolecular Chemistry: Self-Assembly of an Electron Donor (TiO,
Nanocrystallite)— Acceptor (Viologen) Complex

Lucy Cusack, S. Nagaraja Rao and Donald Fitzmaurice*

Dedicated 1o Dr. Satoshi Ushioda on the occasion of his 65th birthday

Abstract: A TiO, nanocrystallite has been modified to recognise and selectively bind, by
complementary hydrogen bonding, a uracil substrate incorporating a viologen moiety.
Band-gap excitation of the self-assembled donor (TiO, nanocrystallite) —acceptor (vio-
logen) complex results in electron transfer. Some implications of these findings for the

Keywords
transfer heterosuper-
molecules * self-assembly - titanium
oxide - viologens

electron

sclf-assembly of functional nanostructures containing both condensed phase and

molecular components are considered.

Introduction

A heterosupermolecule is formed by linking a condensed phase
and molecular components.['l As is the case for a super-
molecule, the properties of the constituent components largely
persist!?) and an associated heterosupramolecular function is
observed.?! Specifically, a heterosupermolecule consisting of
covalently linked TiO, nanocrystallite, viologen and an-
thraquinone components has been described,® and the associ-
ated heterosupramolecular function demonstrated, namely,
light-induced vectorial electron flow." The potentiostatic
modulation of this function has also been demonstrated.'®!
The potential advantages of heterosupramolecular chemistry
in the construction of practical molecular devices have been
noted.!’!

To date, the constituent components of a heterosuper-
molecule have been covalently linked.!*' 273 As a consequence,
their self-assembly has been precluded.') Recently, however,
TiO, nanocrystallites stabilised by the modified pyridine 1!
(Scheme 1, TiO, —I) have been prepared. These nanocrystallites
selectively bind, by complementary hydrogen bonding, the
modified uracil (II) to form the heterosupermolecule TiO,—
(I+11) 18 In a further development of these studies, the self-as-
sembly of the electron donor (TiO, nanocrystallite) -acceptor
(viologen) heterosupramolecular complex TiO,~(I+1I1) is re-
ported.

{*] D. Fitzmaurice, I.. Cusack, S. N. Rao
Department of Chemistry, University College Dublin
Beltield, Dublin 4 (Ireland)
Fax: Int. code +(1)706-2127
e-mail: dfitziaimacollamh.ucd.ie
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Results and Discussion

The '"HNMR spectra recorded for TiO,-I, I and TiO,-
(I+ 1) in CDCl,/[Dglacetone are shown in Figure a—c. The
amidic proton resonances of TiO, -1 are observed at § = 8.67.
The amidic and imidic proton of III resonate at 6 = 9.35 and
9.70, respectively. For TiO,—(I +III), the above resonances are
observed at § = 8.76, 9.36 and 9.88, respectively. The basis for
these assignments have previously been discussed in detail for
TiO, ~(I+I1).1¥1 The measured down-field shifts in the reso-
nances assigned to the amidic protons of I and the imidic proton
of I are consistent with self-assembly, by complementary hy-
drogen bonding, of the heterosupramolecular complex Ti0,—
(F+1I) (Scheme 1).17~%1 Also shown in Figure 1 are the
"H NMR spectra in CDCl,/[Dlacetone recorded for a mixture
of TiO,—T and IV, denoted TiO,—(I and [V), and a mixture of
Ti0,-CTAB and II1, denoted TiO,—-(CTAB and III). For
TiO,—(I and IV), the amidic proton resonances of TiO, -1 are
observed at § = 8.67 both prior to and following addition of 1V,
This observation is consistent with the assertion that TiO,-1
and IV do not self-assemble to form a heterosupermolecule by
complementary hydrogen bonding. Similarly, for TiO,—(CTAB
and III), the imidic proton resonance of III is observed at
0 = 9.79 prior to and following its addition to TiO,-CTAB.
This observation is again consistent with the assertion that
TiO,~CTAB and III do not self-assemble to form a heterosu-
permolecule by complementary hydrogen bonding.

Based on these findings it was expected that band-gap excita-
tion of the TiQ, nanocrystallite in TiO, —(1 + 1) would result in
electron transfer to the viologen, whereas in TiO,—(I and IV)
and TiO,—(CTAB and ) it would not. Transient and steady-
state absorption experiments were performed to test this expec-
tation.
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aerated TiO,-1 de-
cays fully.

3) While the visiblespectrum measured following band-gap ir-
radiation of degassed TiO,—1I agrees with that reported for
photogenerated electrons trapped in a TiO, nanocrystal-
lite,[1%- M1 no spectrum is measured for aerated TiO, —¥ under
the same conditions.

4) Based on the final amplitude of the ms transient for degassed
TiO, -1 (0.0001 a.u.), an irradiation volume of 0.4 cm?® (ef-
fective path-length of 0.7cm) and a sample volume of

Figure 1, '"HNMR spectra in a CDCly/
[D,Jacetone mixture (1:1: v/v) at 20°C:
a) TiO,-I; b) HI;c) TiO,~(I+1I); d) TiO,~
(I and IV); e) TiO,~(CTAB and 1II).

Chem. Eur. J. 1997, 3, No. 2

( ril ) W o 0
1 By u Y
NN N N
R H H
N -

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

TiOz-(1 and 1V) TiO2-(CTAB and III)

1.8 cm?, one predicts a steady-state absorption of 0.003 a.u.
at 600 nm.

On this basis, the ps transient in Figure 2a is assigned to long-

lived electrons trapped in the TiO, nanocrystallite of TiO,-1.

Finally, as there is no measurable absorption by the molecular

component [ at 355 nm, no transients are measured for L

Also shown in Figure 2 are the ps and ms absorption tran-
sients and steady-state absorption spectra measured following
band-gap excitation of TiO,~(I+1IH) in chloroform/acetone.

We note that:

1) The us transient is not measurably dependent on the extent
to which TiO, - (X+ 1) is degassed.

2) While the ms transient for degassed TiO,—(I+ 1) rises ini-
tially within the laser pulse and slowly during 10 ms, the ms
transient for aerated TiO, — (I + ) rises only within the laser
pulse.

3) While the ms transient for degassed TiO,—(1+ III) decays to
about 80% of its initial amplitude, the same transient for
aerated TiO,~(I + 1) decays fuily.
The visible spectrum measured following band-gap irradia-
tion of degassed TiO,—(I+III) agrees well with that reported
for the radical cation of viologens!'?! and, as expected, is
offset from the baseline by about 0.003 a.u. due to the pres-
ence of long-lived electrons trapped in the TiO, nanocrystal-
lites of TiO,~L1'% 11 In contrast, no spectrum is measured
for aerated TiO,— (I+1II) under the same conditions.

5) Based on the final amplitude (0.0015 a.u.) of the ms transient
for degassed TiO,—(1+1II), an irradiation volume of
0.4cm?® and a sample volume of 1.4 cm3, one predicts a
steady-state absorption of about 0.06 a.u. at 600 nm.

4

~—
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Figure 2. a) Transient absorption at 600 nm for degassed TiO, -1 in a chloroformjacctone mixture (1:1: v/v) at 20°C on the ps timescale following band-gap excitation at
355 nm (average of 10 pulses of 5 ns duration at 2 mJ per pulse). Also shown are the absorption transients for degassed and aerated TiO, -1 in a chloroform/acetone mixture
(1:1: vivy at 20°C on the ms timescale (average of 100 pulses of S ns duration at 2 mJ per pulse) (top left) and the corresponding absorption spectra measured following

irradiation (bottom left). b) and spectra on the right: as above for TiO, - (I+111).

On this basis, the ps transient in Figure 2b is assigned to radical
cation of Il and to long-lived electrons trapped in the TiO,
nanocrystallite of TiO,—(I+ 1I1). The slow component of the
ms transient for degassed TiO,—(1+ ) is assigned to the radi-
cal cation of III formed by diffusion to TiO,-1.U"¥ It is noted
that the contribution by trapped electrons to the measured tran-
sient for degassed TiO,—(1+ ) may be accurately deduced
from the transient measured for degassed TiO,-I. Finally, as
there is no measurable absorption by the molecular components

I or HI at 355 nm, no transients are measured for 1, Il or

(A +11I1).

Figure 3 shows the ps and ms absorption transients and
steady-state absorption spectra measured for TiO,—(I and 1V)
in chloroform/acetone. We note that:

1) The ps transicnt 1s not measurably dependent on the extent
to which TiO,—(I and 1V) is degassed.

2) While the ms transient for degassed TiO,~(I and IV) rises

within the laser pulse and slowly during 10 ms, the ms tran-

sient for aerated TiQ, ~(1 and IV) rises only within the laser
pulse.

While the ms transient for degassed TiO, —(I and 1V) decays

to about half its maximum amplitude, the same transient for

aerated TiO,—(I and IV) decays fully and agrees well with
that for aerated TiO,-1.

4} The visible spectrum measured following band-gap irradia-
tion of degassed TiO,—(I and IV) agrees well with that re-
ported for the radical cation of viologens,'?! and is offset
from the baseline by about 0.003 a.u. due to the presence of
long-lived electrons trapped in the TiO, nanocrystallites of
TiO,-11% 41 In contrast, no spectrum is measured for
aerated TiO,—(I and IV) under the same conditions.

(%]
~—
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5) Based on the difference of the final amplitudes of the ms
transients (0.0005 a.u.), an irradiation volume of 0.4 cm?
and a sample volume of 1.4 cm?, onc predicts a steady-state
absorption of 0.02 a.u. at 600 nm for degassed TiO, —(I and
1V) by reduced TV.

On this basis, the ps transient in Figure 3a is assigned to elec-

trons trapped in a TiO, nanocrystallite and to the radical cation

of 1V formed by diffusion to the surface of TiOQ,— L3 Finally,
as there is no measurable absorption by the molecular compo-
nents I or IV at 355 nm, no transients are measured for I, IV or

(I and IV).

Also shown in Figure 3 are the ps and ms absorption tran-
sients and steady-state absorption spectra measured for TiO,—
(CTAB and HI) in chloroform/acetone. Qualitatively, they
agree with those measured for TiO,~(I and 1V) although, the
following quantitative differences are noted: Firstly, the ms
transients for degassed and aerated TiO,—(CTAB and II) decay
more slowly.l'* Therefore, while the visible spectrum measured
following band-gap irradiation of degassed TiO,—(CTAB and
1) agrees well with that reported for the radical cation of vio-
logen,I' 2 it is offset from the baseline by about 0.006 a.u., twice
the value for degassed TiO,—(1 and IV), owing to the presence
of longer-lived electrons trapped in the TiO, nanocrystallites of
TiO,—L1% 44 Consistent with the above and in contrast to
aerated TiO,—(I and 1V), a spectrum 1s measured for aerated
TiO,~(CTAB and II1), which agrees well with that reported for
photogenerated long-lived electrons trapped in TiO, nanocrys-
tallites.l! 0 11} Secondly, based on the difference of the final am-
plitudes of the ms transients (0.0005 a.u.), an trradiation volume
of 0.4cm? and a sample volume of 1.4 cm?, one predicts a
steady-state absorption of 0.02 a.u. at 600 nm for degassed

0947-6539/9710302-0204 3 15.00+.25/0 Chem. Eur. J. 1997, 3, No. 2
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Figure 3. a) Transient absorption at 600 nm for degassed TiO,—(I and 1V) in a chloroform/acetone mixture (1:1: ¥/¥) at 20°C on the ps limescale foilowing band-gap
excitation at 355 nim (average of 10 pulses of 5 ns duration at 2 mJ per pulse). Also shown are the absorption transients for degassed and aerated TiQ,- (I and 1V) in a
chloroform/acetone mixture (1:1: v/v)at 20 °C on the ms timescale (average of 100 pulses of 5 ns duration at 2 mJ per pulse) (top left) and the corresponding absorption spectra
measured following irradiation (bottom left). b) and spectra on the right: as above for TiO,—(CTAB and Ul).

TiO,~(CTAB and III) by reduced HI. On this basis, the us
transient in Figure 3 b is assigned to electrons trapped in a TiO,
nanocrystallite and to the radical cation of 11 formed by diffu-
sion to the surface of TiO,— CTAB. Finally, as there is no mea-
surable absorption by the molecular components CTAB or IlL at
355 nm, no transients are measured for CTAB, Il or (CTAB
and IV).

As the optical absorption at 355 nm of the nanocrystallite in
TiO,-Inm is 0.1 a.u., the pulse energy is 2 ml, the cross-sec-
tional area for irradiation is 0.4 cm? and assumed reflection
losses are 20 %, it is estimated that six electron—hole pairs are
generated in each TiO, nanocrystallite. From the initial ampli-
tude of the s transient in Figure 2 b for degassed TiO,—(I+II)
and the known extinction coefficient for the reduced form of
viologen,['?! it is estimated that one radical cation of III is
formed per particle. That is, the charge separation efficiency is
about 6% with the majority of the photogenerated electron—
hole pairs being lost by recombination or trapping.!t% !t
From the initial amplitudes of the us transients for degassed
TiO,—(1 and 1V) and TiO,~(CTAB and II1), equal to that for
degassed TiO, -1, it is clear that no radical cations of IV and 111
are formed within the laser pulse, although, as for TiO,-
(1+1ID), they are subsequently formed on the ms timescale by
diffusion. It is noted that the molecular components of TiO,—
(I+111), TiO,—(I and IV) or TiO, - (CTAB and IIT) may under-
go oxidative degradation under prolonged irradiation in the
absence of a suitable hole scavenger.!?>! However, no evolution
of the transients was observed in Figures 2 or 3 that might be
attributed to oxidative photodegradation of the molecular com-
ponents.

Chem. Eur. J. 1997, 3, No. 2
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Conclusions

In short and as represented pictorially in Scheme 2 (top), TiO, -
1 containing a diaminopyridine moiety recognises and selective-
ly binds the modified viologen III containing a uracil moiety.
Light—induced vectorial electron flow is observed for the result-
ing donor—acceptor complex. There is ample precedent for elec-
tron transfer over long distances in supermolecules and their
organised assemblies.'® In the absence of a uracil moiety
(Scheme 2, middle) the modified nanocrystallite TiO, -1 does
not recognise or selectively bind the viologen IV. Similarly, in
the absence of a diaminopyridine moiety (Scheme 2, bottom)
the modified nanocrystallite TiO,— CTAB does not recognise or
selectively bind the moditied viologen 111. In neither of these last
two cases is direct light-induced electron transfer to the viologen
moiety observed. Qur current studies are directed toward mod-
ifying the surface of a TiO, nanocrystallite to selectively bind
another condensed-phase component. ! Looking further to
the future, analogous approaches involving many condensed
phase and molecular components may be envisaged and offer
the prospect of self-assembling complex heterosupramolecular
structures.

Experimental Procedure

TiO, nanccrystallites (¢ =22+2 A and 2., = 360 nm) were prepared in
CDCl, in the presence of I or CTAB to form the stable sols denoted TiO,-1
or TiO,—CTAB respectively [18].

I and I1 have been prepared and characterised previously {7,8]. A summary
of their "THNMR spectra is given.
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Scheme 2. Pictorial representation of TiO, - (I+ 1), TiO,- (I and IV) and TiO, -
(CTAB and I1I).

I (CDCly): 6 =088 (t, 6H, J =7.0 Hz), 1.25--1.74 (m, 36H), 2.36 (t, 4H,
J=7.6Hz),7.52 (s, 2H, -NH amidic), 7.69 (t, 1 H, / = 8.2 Hz), 7.88 (d, 2H,
J =82 Hz).

11 (CDCl,): 6 = 0.88 (t, 6H, J =7.0 Hz), 1.26-1.58 (m, 40H), 2.36 (t, 2H,
J =78 Hz),4.16 (s, 2H), 5.52(s, 1 H); 8.14 (s,  H, -NH amidic); 9.51 (s, l H,
-NH imidic).

{I1-(PF,), and IV-(PF,), were synthesised as shown in Scheme 3 and charac-
terised by elemental analysis and 'H NMR.

HI-(PF,),: Calculated C, 52.42; H, 7.10; N, 6.95. Found: C, 52.02; H, 7.02;
N, 6.83. '"HNMR ([D Jacetone): § = 0.86 (t, 6H,J = 6.7 Hz), 1.28-1.39 (m,
46H), 3.60 (t,2H, J =7.8 Hz), 4.52 (5, 2H), 5.00 (t, 2H, J = 7.6 Hz), 5.52 (s,
1H), 6.32 (s, 2H), 7.5 (brs, 1H, -NH amidic), 8.87-8.91 (dd, 4H, J = 5.1,
2.0Hz),9.35(d, 2H, J=73Hz),949(d.2H, J=7.1 Hz), 990 (s, 1H, NH
imidic).

1V-(PF,),: Calculated C, 49.44; H, 6.92; N, 3.85. Found: C, 50.00; H, 7.11;
N, 3.84. "HNMR ([D,Jacetone): § = 0.88 (t, 3H, J = 6.6 Hz), 1.28-1.32 (m,
32H), 1.80 (1, 3H, J =74 Hz), 496 (q. 4H, J =74 Hz), 8.85 (dd, 4H,
unresolved coupling), 9.43 (d, 2H, unresolved coupling), 9.46 (d, 2H, unre-
solved coupling). CTAB was used as supplied without further purification. A
summary of its "HNMR spectrum (CDCl,): § = 0.88 (¢, 3H, J = 6.6 Hz),
1.25-1.36 (m, 28 H), 1.78 (m, 2H). 3.50 (s, 9H).

General procedure: A solution of the required molecular component, either
III or IV, was prepared in acetone or [DgJacetone and added to an equal
volume of TiO,~1 or TiO, - CTAB in chloroform or CDCl,. The final (par-
ticle) concentration of TiO, nanocrystallites was 4 x 10”7 moldm “*. The
final (molecular) concentration of 1, 111, IV and CTAB was, in each case,
4% 107 * moldm ~3. It is noted, that under these conditions, about 70% of 1
or CTAB are adsorbed at the nanocrystallite surface [8]. The above sols were
studied by "H NMR and transient optical absorption spectroscopy at 20°C.
All NMR spectra were recorded on either a JEOL JNM-GX 270 FT or Varian
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Scheme 3. Reaction conditions for synthesis of III and IV: a) Octadecylamine,
iPrOH, reflux, N,; b) chloroacetic anhydride, pyridine—chloroform, RT; ¢) 4-
nonylbipyridinium bromide, acetonitrile, reflux; d} methanolic ammonium
hexafluorophosphate; e} excess ethyl bromide (neat), RT; f) octadecy] bromide,
acctonitrile, reflux; gy as in (d).

500 FT spectrometer. All absorption transients were recorded, unless other-
wise stated, at 600 nm following pulsed excitation at 355nm (5 ns,
2 mJpulse ') of a rigorously degassed samples contained in a vacuum-tight
1 c¢m by 1 cm quartz cell. The transient absorption spectrometer, a double-
beam laser-based system capable of measuring absorption changes of
5x 107 * absorbance units, has been described in detail elsewhere {19]. Tran-
sients reported on the ps timescale are the average of ten measurements, those
reported on the ms timescale are the average of one hundred measurements.
Absorption spectra were measured using a Hewlett-Packard 8452 A diode
array spectrophotometer.
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Hexabromotricyclobutabenzene and Hexabromohexaradialene:
Their Nickel-Mediated One-Pot Syntheses and Crystal Structures

Amnon Stanger,* Nissan Ashkenazi, Roland Boese,* Dieter Bliser, and Peter Stellberg

Abstract: The reaction of hexakis(di-
bromomethyl)benzene with [(Bu,P),-
Ni(COD)] (COD = 1,5-cyclooctadiene)
in DMF at 65-70°C yielded a mixture of
the title compounds. The mixture was sep-
arated by column chromatography to
yield hexabromotricyclobutabenzene (3a)
and hexabromohexaradialene (4) in 24

Introduction

Tricyclobutabenzene (1) has been considered as one of the key
compounds for the study of the long-debated Mills—Nixon ef-
fect.* 2 Although a strained compound, it does not show bond
alternation. This was theoretically predicted (from ab initio cal-
culations), and explained by the theoretical ability of the sp*
carbon atoms to rehybridize and form curved (“banana’)
bonds.¥! Later, this was proven by X-ray and X~X electron-
density deformation.l!! It was
also predicted that some of
‘ the organometallic complexes
@. of 1 will show bond alterna-
. tion.t3
Synthetically, there are two
1 2 multistep and low-yielding
methods for the preparation
of 1; no derivative of the tricyclobutabenzene skeleton is
known. Thus, it was desirable to find a more efficient method
for the preparation of tricyclobutabenzene, preferably a func-
tionalized system, so that it could be used for the preparation of
organometallic complexes and for organic and organometallic
chemical transformations of this interesting skeleton.
The elusive hexaradialene (2) is a nonaromatic, ring-opened
isomer of 1. This system is of particular interest among the
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and 16 % yields, respectively. 'H and **C
NMR spectroscopy suggest that 3 is ob-
tained as the syn-all-trans isomer 3a, and

Keywords
crystal structure « cyclobutenes « nick-
el - radialenes - radical reactions

the symmetric anti-all-trans isomer 3b is
not obtained at all. The X-ray structures
of 3a and 4 are reported. The hexaradi-
alene 4 has a chair conformation, and de-
viates from planarity by 43.6°. Heat or
radical impurities cause the clean trans-
formation of 3a to 4.

radialenes.’! The parent system is unstable and polymerizes
immediately.[®! Only two substituted hexaradialenes have been
structurally characterized, the hexamethyl!’® and dode-
camethyl!”® derivatives. These molecules are chair-shaped, pos-
sibly owing to the steric bulkiness of the substituents causing
deviation from planarity. The question of whether 1 is more
stable than 2 is still open. The interconversion between cy-
clobutabenzene and o-xylylene was investigated thoroughly,®
and it was found that the ring-opened form is less stable (by
about 8 kcalmol 1) than its aromatic isomer. However, none of
the reports of the synthesis of [6]-radialene (or its stable deriva-
tives) mention conversion to the respective tricyclobutaben-
zene.l>: 711t may thus be that 2 is more stable than 1 (only more
labile) in contrast to the cyclobutabenzene case. This can be
investigated only if a synthesis of authentic tricyclobutabenzene
derivatives is developed.

Our interest in the Mills— Nixon effect,!*:3- 1% the need for
functionalized cyclobutabenzenes for its study, and the general
interest in compounds like 1 and 2 led us to search for an effi-
cient method to prepare such functionalized systems. We report
here the “one-pot” synthesis and the X-ray structures of the title
compounds hexabromotricyclobutabenzene (3a) and hexabro-
mohexaradialene (4),!'!} and some observations regarding the
interconversion of these two isomers.

Results and Discussion

As the known routes for the preparation of tricyclobutabenzene
yield the unfunctionalized system (in low yields), they did not
fit our needs. We therefore tried our recently developed nickel-
mediated cyclization method (Scheme 1),!1?!in the hope that the
efficiency of the reaction in closing one four-membered ring
would permit the cyclization of three rings within the same
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CHBr, I
Br., Br
Br,HC. CHBr; . Br
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Br
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Scheme 1. The attempted nickel-mediated cyclization of 5 yielded two isomers, 3a and 4.

molecule. The results proved to be better than expected. Three
equivalents of [(Bu,;P),Ni(COD)] (COD =1,5-cyclooctadiene)
were dissolved in dry deoxygenated DMF,
hexakis(dibromomethyl)benzene (5)1*1 was
added, and the suspension stirred at 65—
70°C for 24 h. In an NMR experiment it was
observed that after a few minutes at RT, be-
fore the cyclization started, the nickel com-
plex decomposed and only free COD was
present. We therefore assume that the reac-
tive mediator is [(Bu,P),Ni(DMF),], where
the complexing DMF molecules equilibrate
rapidly with the solvent. The reaction takes
more time than the single ring closure (24 h
instead of ~3 hi'?!), probably because 5 is
almost insoluble in DMF (or any other com-
mon organic solvent). The 3a:4 ratio in the product mixture
ranges between 3:2 and 1:1, depending on exact reaction time
and temperature. According to the *H and '3C NMR spec-
tra,l13! 3 is obtained only as the syn-all-trans isomer (3a). The
symmetric anti-all-trans isomer (3b) or any of the other seven
isomers that have at least one four-membered ring with a cis ar-

Abstract in German: Die Reaktion von Hexakis(dibrom-
methyl)benzol mit [ (Bu,P),Nif(COD)] (COD =1,5-Cyclooc-
tadien) in DMF bei 65-70°C fiihrte zu einem Gemisch der
Titelverbindungen. Nach Sdulenchromatographie wurden Hexa-
bromtricyclobutabenzol (3a) und Hexabromhexaradialen (4) in
24 bzw. 16 %-iger Ausbeute erhalten. *H und **C NM R-spek-
troskopische Daten liefien darauf schlieflen, daf 3 als das syn-all-
trans Isomer 3 a gebildet wurde, and das symmetrische anti-all-
trans Isomer 3b nicht entstand. Die Ergebnisse aus den
Réntgenstrukturanalysen von 3a und 4 werden vorgestellt. Das
Hexaradialen 4 hat Sesselkonformation mit einer Abweichung
von 43.6° von der planaren Anordnung. Durch Erwdrmen oder
durch radikalische Verunreinigungen wird 4 glatt aus 3 a gebildet.
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rangement between the bromine atoms are

Br not observed at all. The formation of the
four-membered rings with only trans ar-

Br a rangement of the bromine atoms is under-
stood on the basis of a single ring closure.H?!

The sole formation of 3a without even a

trace of 3b is probably a result of steric con-

gestion around the syn bromine atom of a

CHBr, unit adjacent to an already formed
four-membered ring (i.e., Br, to Br, and Br,,

see Scheme 2). This forces the (Bu;P),Ni

moiety to insert into the C-Br, bond

(Scheme 2), which results in a syn arrangement between the
adjacent bromine atom on the newly formed four-membered

4

Scheme 2. The formation of the third four-membered ring in 3a. “Ni” = (Bu,P),Ni.

ring and the other two. Thus, even if the first two rings were
formed with an anti arrangement between the adjacent bromine
atoms on the two rings, the third one must be formed with a syn
relation of its bromine atoms to those in the adjacent rings.

The workup of the reaction consists of high vacuum evapora-
tion of the volatiles at room temperature, dissolution of the
residue in chloroform, and aqueous workup. The products can
be separated on an alumina column (hexane/chloroform 1:3) or
by fractional crystallization (chloroform, — 20 °C) to give 3 and
4in 24 and 16 % isolated yields, respectively. The mass spectrum
of the mixture (CI) shows two compounds with the same molec-
ular mass (629.4) and the same isotopic pattern (that fits
C,,H¢Br¢), but with totally different fragmentation patterns.
However, all the fragments are less than 8% (relative to the
molecular peak).

Reacting 5 under metallic nickel cyclization conditions gave
similar results; the reaction temperature needed was somewhat
higher (80°C) and the workup similar, except that the crude
reaction mixture was filtered before evaporation. In this case a
minor amount (3%) of a reduction product, hexakis(bro-
momethyl)benzene,!!*! was also isolated, and the yields of 3 and
4 were 22 and 10 %, respectively.

As some of the organometallic complexes that we intended to
use in the Mills—Nixon effect study!®! require the parent system
1 as a precursor, we attempted the reduction of 3. Application
of the methods that were employed for the reduction of 1,2-di-
bromocyclobutabenzene to cyclobutabenzene (Bu,SnCl/
LiAIH, %% or H, under Pd/C***! or Raney Ni/NaOCH, catal-
ysis) did not yield any of the desired product 1. Probably the
presence of radicals in these reactions mediated the electrocyclic
ring opening of 1 (or 3a) to 2 that polymerized (see below).
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However, “superhydride” (LiEt,BH) successfully reduced 3a to
1in 54 % isolated yield (i.e., 90% yield per bromine atom). Thus,
the total yield from commercially available starting materials
(hexamethylbenzene) to 1is 13 %, an order of magnitude higher
than the yields obtained in the previously published methods.!!

Crystals suitable for X-ray crystallography were obtained by
slow crystallization of the clean compounds from chloroform
at —20°C. It was not easy to obtain the crystal structures of
isomers 3a and 4. The molecular structure of 3a (Figure 1)

Figure 1. Ellipsoid plot of 3a, relevant distances () and angles (°): Br1—Br2 4.53,
Br2-Br35.33, Br3—-Br44.46, Br4-Br54.37, Br5-Br6 4.47, Br6--Br14.39; Br1-
C7-C8-Br2 —126.4, Br3-C9-C10-Br4 —121.9, Br5-C11-C12-Br6 122.9.

clearly reveals a conformation with C, symmetry, with a planar
ring system. Owing to the dominant scattering of the bromine
atoms, the esd’s of the C—C bond distances are too high to allow
a discussion of possible bond fixation, but (as expected) there
are no large differences between exocyclic and endocyclic
bonds.[* 3% 161 The molecular structure of 4 with crystallograph-
ic C, symmetry shows that the all-E isomer (Figure 2, top) chair-
shaped (Figure 2, bottom) conformer is formed, similar to the
known hexamethy!l"* and dodecamethyl!” derivatives of hex-
aradialene. The angle between the C(1)C(2)C(1A)C(2A) and
C(Q)C(3)C(1A) planes is 43.6°, that is, rather similar to the chair
geometry of cyclohexane (49.3°).I' 7 The deviation from planar-
ity of the substituted [6]-radialenes probably has steric and elec-
tronic causes.!'8! All the other geometrical features are in the
expected range.

Heating 3a transformed it cleanly into 4. Thus, if the reaction
mixture (Scheme 1) was kept at the reaction temperature for a
prolonged period, the yield of 3a dropped and that of 4 in-
creased. This happened also if a solution of 3a in DMF or
chloroform was heated. Moreover, when a solution of 3a in
CDCl, "% was placed in an open vial (in an attempt to crystal-
lize the compound by slow evaporation of the solvent) beautiful
clean crystals of 4 were found. A concerted ring opening of 3a
should be conrotatory, and therefore cannot lead to 4 (which is
the all-E isomer). Thus, we believe that the transformation pro-
ceeds by a radical mechanism. Interestingly, although this trans-
formation changes many properties of the molecule (for ex-
ample, six carbon atoms that are sp® hybridized in 3a are sp?
hybridized in 4), most of the geometrical changes are relatively
small. Figure 3 shows an overlap presentation of 3a and 4,
based on a fit of both six-membered rings. The positions of the
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Figure 2. Ellipsoid plot of 4 (top, top view; bottom, side view); relevant distances
(A) and angles (°): C—C (ring, mean value) 1.496(7), C=C (mean value) 1.318(7),
C-Br (mean value) 1.878(8); Br1—Br2 4.91, Br2-Br3 4.97, Br3-Br1A 4.80;
C2-C1-C4-Br1 1.9, C1-C2-C5-Br2 —174.4, C2-C3-C6-Br3 173.5, C1-C2-C3-
C1A 48.3.

six internal atoms deviate
by an average distance of
0.21 A, and the six external
carbon and four bromine
atoms reveal an average dis-
placement of 1.12 and
1.30 A, respectively, How-
ever, two of the bromine
atom positions are relative-
ly far from each other (aver-
age 3.36 A) and suggest a
rotation about the external
C-C bonds during the 3a
to 4 transformation.

Figure 3. Overlap presentation of 3a
and 4 with best fit of the two six-mem-
bered rings.

Conclusion

The nickel-mediated cyclization of a0, ,0'-tetrabromo-o-
xylene has been successfully applied to synthesize the tricy-
clobutabenzene skeleton. The only isomer obtained was 3a,
which can be reduced in 54 % yield to the parent system 1. The
hexaradialene 4 was also obtained in this reaction, and both
compounds were characterized by X-ray crystallography, which
revealed no unusual structural property in these two novel sys-
tems. It was shown that 3a cleanly transforms to 4, probably by
a radical mechanism; none of our attempts to reverse the reac-
tion were successful. Thus, the [6]-radialene is probably thermo-
dynamically more stable than its aromatic isomer, in contrast to
what was found for the cyclobutabenzene/o-xylylene case. The
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Hexabromotricyclobutabenzene and Hexabromohexaradialene:
Their Nickel-Mediated One-Pot Syntheses and Crystal Structures
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Abstract: The reaction of hexakis(di-
bromomethyl)benzene with [(Bu,P),-
Ni(COD)] (COD = 1,5-cyclooctadiene)
in DMF at 65-70°C yielded a mixture of
the title compounds. The mixture was sep-
arated by column chromatography to
yield hexabromotricyclobutabenzene (3a)

and 16% yields, respectively. '"H and 3C
NMR spectroscopy suggest that 3 is ob-
tained as the syn-all-trans isomer 3a, and

Keywords
crystal structure * cyclobutenes * nick-
el - radialenes + radical reactions

the symmetric anti-all-trans isomer 3b is
not obtained at all. The X-ray structures
of 3a and 4 are reported. The hexaradi-
alene 4 has a chair conformation, and de-
viates from planarity by 43.6°. Heat or
radical impurities cause the clean trans-
formation of 3a to 4.

and hexabromohexaradialene (4) in 24

Introduction

Tricyclobutabenzene (1) has been considered as one of the key
compounds for the study of the long-debated Mills—Nixon ef-
fect.!'-2} Although a strained compound, it does not show bond
alternation. This was theoretically predicted (from ab initio cal-
culations), and explained by the theoretical ability of the sp?
carbon atoms to rehybridize and form curved (“banana’)
bonds.P! Later, this was proven by X-ray and X —X electron-
density deformation.' It was
also predicted that some of
‘ the organometallic complexes
@. of 1 will show bond alterna-
. tion.?!
Synthetically, there are two
1 2 multistep and low-yielding
methods for the preparation
of 1;' no derivative of the tricyclobutabenzene skeleton is
known. Thus, it was desirable to find a more efficient method
for the preparation of tricyclobutabenzene, preferably a func-
tionalized system, so that it could be used for the preparation of
organometallic complexes and for organic and organometallic
chemical transformations of this interesting skeleton.
The elusive hexaradialene (2) is a nonaromatic, ring-opened
isomer of 1. This system is of particular interest among the
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radialenes.’®) The parent system is unstable and polymerizes
immediately . Only two substituted hexaradialenes have been
structurally characterized, the hexamethyl!’® and dode-
camethyl'"®! derivatives. These molecules are chair-shaped, pos-
sibly owing to the steric bulkiness of the substituents causing
deviation from planarity. The question of whether 1 is more
stable than 2 is still open. The interconversion between cy-
clobutabenzene and o-xylylene was investigated thoroughly,!®!
and it was found that the ring-opened form is less stable (by
about 8 kcalmol ™) than its aromatic isomer. However, none of
the reports of the synthesis of [6]-radialene (or its stable deriva-
tives) mention conversion to the respective tricyclobutaben-
zene.> 71 Tt may thus be that 2 is more stable than 1 (only more
labile) in contrast to the cyclobutabenzene case. This can be
investigated only if a synthesis of authentic tricyclobutabenzene
derivatives is developed.

Our interest in the Mills— Nixon effect,i!' 319! the need for
functionalized cyclobutabenzenes for its study, and the general
interest in compounds like 1 and 2 led us to search for an effi-
cient method to prepare such functionalized systems. We report
here the “one-pot” synthesis and the X-ray structures of the title
compounds hexabromotricyclobutabenzene (3a) and hexabro-
mohexaradialene (4),['* and some observations regarding the
interconversion of these two isomers.

Results and Discussion

As the known routes for the preparation of tricyclobutabenzene
yield the unfunctionalized system (in low vields) ' they did not
fit our needs. We therefore tried our recently developed nickel-
mediated cyclization method (Scheme 1),!?}in the hope that the
efficiency of the reaction in closing one four-membered ring
would permit the cyclization of three rings within the same
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CHBry
Br.. Br
BryHC CHBr, §
. (BusP),Ni(COD)
. +
MF, 65-70 °,24 h

BrHC CHBr» DMEF, 65-70°%, Br

HBrz Br {

Br
5 3a

Scheme 1. The attempted nickel-mediated cyclization of § vielded two isomers, 3a and 4.

molecule. The results proved to be better than expected. Three
equivalents of [(Bu,P),Ni(COD)] (COD =1,5-cyclooctadiene)
were dissolved in dry deoxygenated DMEF,
hexakis(dibromomethyl)benzene (5)°! was
added, and the suspension stirred at 65—
70 °C for 24 h. In an NMR experiment it was
observed that after a few minutes at RT, be-
fore the cyclization started, the nickel com-
plex decomposed and only free COD was
present. We therefore assume that the reac-
tive mediator is [(Bu,P),Ni(DMF),], where
the complexing DMF molecules equilibrate
rapidly with the solvent. The reaction takes
more time than the single ring closure (24 h
instead of =3 h!'?)), probably because 5 is
almost insoluble in DMF (or any other com-
mon organic solvent). The 3a:4 ratio in the product mixture
ranges between 3:2 and 1:1, depending on exact reaction time
and temperature. According to the 'H and '3C NMR spec-
tra,l!*! 3 is obtained only as the syn-all-trans isomer (3a). The
symmetric anti-all-trans isomer (3b) or any of the other seven
isomers that have at least one four-membered ring with a cis ar-

Abstract in German: Die Reaktion von Hexakis(dibrom-
methyl)benzol mit [ (BuyP),NifCOD)] (COD =1{,5-Cyclooc-
tadien) in DMF bei 65~70°C fiihrte zu einem Gemisch der
Titelverbindungen. Nach Sdulenchromatographie wurden Hexa-
bromtricyclobutabenzol (3a) und Hexabromhexaradialen (4) in
24 bzw. 16 %-iger Ausbeute erhalten. ‘H und “*C NM R-spek-
troskopische Daten liefien darauf schlieffen, dafi 3 als das syn-all-
trans Isomer 3 a gebildet wurde, and das symmetrische anti-all-
trans Isomer 3b nicht entstand. Die Ergebnisse aus den
Rontgenstrukturanalysen von 3a und 4 werden vorgestellt. Das
Hexaradialen 4 har Sesselkonformation mit einer Abweichung
von 43.6° von der planaren Anordnung. Durch Erwdrmen oder
durch radikalische Verunreinigungen wivd 4 glatt aus 3 a gebildet.
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rangement between the bromine atoms are

Br " not observed at all. The formation of the
four-membered rings with only trans ar-

Br n rangement of the bromine atoms is under-
stood on the basis of a single ring closure.[*?

The sole formation of 3a without even a

trace of 3b is probably a result of steric con-

gestion around the syn bromine atom of a

CHBr, unit adjacent to an already formed
four-membered ring (i.e., Br, to Br, and Br,,

see Scheme 2). This forces the (Bu,P),Ni

moiety to insert into the C-Br, bond

(Scheme 2), which results in a syn arrangement between the
adjacent bromine atom on the newly formed four-membered

Scheme 2. The formation of the third four-membered ring in 3a. “Ni” = (Bu,P),Ni.

ring and the other two. Thus, even if the first two rings were
formed with an anti arrangement between the adjacent bromine
atoms on the two rings, the third one must be formed with a syn
relation of its bromine atoms to those in the adjacent rings.

The workup of the reaction consists of high vacuum evapora-
tion of the volatiles at room temperature, dissolution of the
residue in chloroform, and aqueous workup. The products can
be separated on an alumina column (hexane/chloroform 1:3) or
by fractionat crystallization (chloroform, —20°C) to give 3 and
4in 24 and 16 % isolated yields, respectively. The mass spectrum
of the mixture (Cl) shows two compounds with the same molec-
ular mass (629.4) and the same isotopic pattern (that fits
C,,H¢Brg), but with totally different fragmentation patterns.
However, all the fragments are less than 8% (relative to the
molecular peak).

Reacting 5 under metallic nickel cyclization conditions gave
similar results; the reaction temperature needed was somewhat
higher (80°C) and the workup similar, except that the crude
reaction mixture was filtered before evaporation. In this case a
minor amount (3%) of a reduction product, hexakis(bro-
momethylbenzene,!'*! was also isolated, and the yields of 3 and
4 were 22 and 10 %, respectively.

As some of the organometallic complexes that we intended to
use in the Mills - Nixon effect study ®! require the parent system
1 as a precursor, we attempted the reduction of 3. Application
of the methods that were emploved for the reduction of 1,2-di-
bromocyclobutabenzene to cyclobutabenzene (Bu,SnCl/
LiAIH, "5 or H, under Pd/C!*** or Raney Ni/NaOCH, catal-
ysis) did not yield any of the desired product 1. Probably the
presence of radicals in these reactions mediated the electrocyclic
ring opening of 1 (or 3a) to 2 that polymerized (see below).
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However, “‘superhydride” (LiEt;BH) successfully reduced 3a to
1in 54 % isolated yield (i.e., 90% yield per bromine atom). Thus,
the total yield from commercially available starting materials
(hexamethylbenzene) to 11is 13 %, an order of magnitude higher
than the yields obtained in the previously published methods.™!

Crystals suitable for X-ray crystallography were obtained by
slow crystallization of the clean compounds from chloroform
at —20°C. It was not easy to obtain the crystal structures of
isomers 3a and 4. The molecular structure of 3a (Figure 1)

Figure t. Eliipsoid plot of 3a, relevant distances (A) and angles (°): Br1 Br24.53,
Br2-Br35.33, Br3-Br44.46, Br4-Br54.37, Br5 -Br6 4.47, Br6- Br14.39; Br1-
C7-C8-Br2 —126.4, Br3-C9-C10-Br4 —121.9, Br5-C11-C12-Br6 122.9.

clearly reveals a conformation with C; symmetry, with a planar
ring system. Owing to the dominant scattering of the bromine
atoms, the esd’s of the C—-C bond distances are too high to allow
a discussion of possible bond fixation, but (as expected) there
are no large differences between exocyclic and endocyclic
bonds.!!-3* %1 The molecular structure of 4 with crystallograph-
ic C, symmetry shows that the all-£ isomer (Figure 2, top) chair-
shaped (Figure 2, bottom) conformer is formed, similar to the
known hexamethyl"’® and dodecamethyl!"™ derivatives of hex-
aradialene. The angle between the C(1)C(2)C(1A)C(2A) and
C(2)C(3)C(1A) planes is 43.6°, that is, rather similar to the chair
geometry of cyclohexane (49.3°) ' 7 The deviation from planar-
ity of the substituted [6}-radialenes probably has steric and elec-
tronic causes."*8! All the other geometrical features are in the
expected range.

Heating 3a transformed it cleanly into 4. Thus, if the reaction
mixture (Scheme 1) was kept at the reaction temperature for a
prolonged period, the yield of 3a dropped and that of 4 in-
creased. This happened also if a solution of 3a in DMF or
chloroform was heated. Moreover, when a solution of 3a in
CDCL,"°T was placed in an open vial (in an attempt to crystal-
lize the compound by slow evaporation of the solvent) beautiful
clean crystals of 4 were found. A concerted ring opening of 3a
should be conrotatory, and therefore cannot lead to 4 (which is
the all-£ isomer). Thus, we believe that the transformation pro-
ceeds by a radical mechanism. Interestingly, although this trans-
formation changes many properties of the molecule (for ex-
ample, six carbon atoms that are sp® hybridized in 3a are sp?
hybridized in 4), most of the geometrical changes are relatively
small. Figure 3 shows an overlap presentation of 3a and 4,
based on a fit of both six-membered rings. The positions of the
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Figure 2. Ellipsoid plot of 4 (top, top view; bottom, side view); relevant distances
(A) and angles (7): C--C (ring, mean value) 1.496(7), C=C (mean value) 1.318(7).
C-Br (mean value) 1.878(8); Br1-Br2 491, Br2-Br3 497, Br3-BrlA 4.80:
C2-C1-C4-Brt 1.9, C1-C2-C5-Br2 —1744, C2-C3-C6-Br3 1735, C1-C2-C3-
C1A 48.3.

six internal atoms deviate
by an average distance of
0.21 A, and the six external
carbon and four bromine
atoms reveal an average dis-
placement of 1.12 and
1.30 A, respectively. How-
ever, lwo of the bromine
atom positions are relative-
ly far from each other (aver-
age 3.36 A) and suggest a
rotation about the external
C-C bonds during the 3a
to 4 transformation.

Figure 3. Overlap presentation of 3a
and 4 with best fit of the two six-mem-
bered rings.

Conclusion

The nickel-mediated cyclization of o,a,0 2 -tetrabromo-o-
xylene has been successfully applied to synthesize the tricy-
clobutabenzene skeleton. The only isomer obtained was 3a,
which can be reduced in 54 % yield to the parent system 1. The
hexaradialene 4 was also obtained in this reaction, and both
compounds were characterized by X-ray crystallography, which
revealed no unusual structural property in these two novel sys-
tems. It was shown that 3a cleanly transforms to 4, probably by
a radical mechanism; none of our attempts to reverse the reac-
tion were successful. Thus, the [6]-radialene is probably thermo-
dynamically more stable than its aromatic isomer, in contrast to
what was found for the cyclobutabenzene/o-xylylene case. The
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Methods of Calculation

Assumption of reaction pathway: In order to investigate catalysis, the sub-
stituent effect and the isotope effect, and to rationalize the complex kinetics,
calculations were carricd out for the respective B-V reactions of p-anisalde-
hyde and benzaldehyde with peroxyacetic acid to give p-anisyl- and phenyl-
formate in nonpolar solvents. Although the B~V reaction of benzaldehyde
with peroxyacid has been found mainly to give a hydride-shift compound in
experiments [11—13], only the aryl migration was examined in this study,

becausc our interest is in the substituent effect on the migratory aptitude of

the aryl group. This decision was based on the grounds that the substituent
effect has been found to be insensitive to variations in nonmigrating groups
[11-13].

Several possible pathways for the B—V reaction were taken into consideration
(Scheme 1). These pathways are based on second-order kinetics, because
similar B-V reactions have been found experimentally to be second-order [9].
Because the difference in catalysis between acetic and trifluoroacetic acids has
been observed experimentally for the B-V reaction of p-methoxyacctophe-
none with peroxybenzoic acid [11], catalysis with each of these acids was
cxamined.

Several assumptions were made on the basis of the experimental findings
already obtained. Firstly, we excluded from consideration the possibility of
the reaction proceeding by way of an ionic species produced by the dissocia-
tion of peroxyacetic acid, because the peroxyacid is not likely to dissociate in
nonpolar solvents. The experimental observation of second-order kinetics for
similar B - V reactions [9] supports this assumption. Secondly, regarding the
nature of acid catalysis, protonation on the carbonyl, acyloxyl, or hydroxyl
oxygen was excluded from consideration, becausc experiments have shown
that the rate of the B-V reaction of p-methoxyacetophenonc with peroxyben-
zoic acid in the presence of perchloric acid in aqueous ethanol is not correlat-
ed with the acidity function H, but increases slightly with increasing perchlo-
ric acid content [11]. Accordingly, both acctic and trifluoroacetic acids were
assumed to catalyze the reaction without apparent dissociation. Further, it
was assumed that the migration in the B—V reaction occurs by a concerted
mechanism, because the reaction proceeding by way of a stepwise mechanism
would form unstable ionic species in nonpolar solvents. In fact, experimental
results [15] support this assumption.

Ab initio molecular orbital calculation: All the geometries were optimized by
the analytical gradient procedure of the GAUSSIANDO2 program {16]. To

CHaCOH CHs ~CHCOLH

I

AI’HI

I

Arlp, ),

ArCHO + CchOGH — —_ = Ar
O
1a,b “H
4a,b
2 %
O o]
& 8
1%

a Ar= MeOO-

/ WY Atln
MeO ) ‘o O Ot
' (@]
O H
b: Ar= 7 N
r — CF3/kO
(©OF) a,p

select a calculation method, preliminary calculations were performed for a
model reaction, the hydrogen-migratory B—V rcaction of formaldehyde with
peroxyformic acid, catalyzed by the hydronium ion. The geometries of the
reactants and the transition state (TS) for the carbonyl addition and the
migration were optimized by the use of a 3-21 G basis set at the Hartree- Fock
(HF) level of theory (HF/3-21 G) and a 6-31 G* basis set at the Maller—Ples-
set second-order perturbation level of theory (MP2/6-31G*). The electron
energies for the HF geometries werc obtained with MP2/6-31 G* (MP2/6-
31 G*//HF/3-21G). The TS geometries and their relative electron energics
with respect to the reactants obtained with MP2/6-31 G*//HF/3-21 G were
found to be close to thosc obtained with MP2/6-31 G* (Table 1). This finding

Table 1. Relative energies (kcalmol ~') with respect to reactants and O-O bond
lengths (A), calculated for stationary states of the model B- V reaction with both
MP2/6-31 G*//HF/3-21 G and MP2/6-31 G*.

Stationary state MP2/6-31 G*//HF/3-21 G MP2/6-31G*
Relative O-0 bond Relative O 0O bond
encrgy length energy length

Reactants 0.0 1.470 0.0 1.458

TS for

carbonyl addition —43.05 1.458 —46.28 1.472

TS for migration —39.91 1.845 —41.91 1.795

Products —75.87 —76.46 -

indicates that the HF geometry optimization for the heteropolar dissociation
of the O-0 bond is acceptable, in contrast with the HF calculations for
homopolar dissociation; the HF calculations provide an incorrect value of
the radical dissociation energy of HOOH [17]. Although there is an encrgy
difference of a few kcalmol™ ! for each of the TS’s between these two calcu-
lation methods, the discrepancy in the TS energy for carbonyl addition is very
close to that for migration, and the comparison between the TS energics
obtained with MP2/6-31 G*//HF/3-21 G for carbonyl addition and migration
is then expected to provide valuable information on the mechanism of B-V
reactions. Therefore, MP2/6-31 G*//HF/3-21 G was selected in the present
study to reduce computational time. Considering the fact that some uncer-
tainties associated with estimates by this calculation method could still re-

[— 1
HAr
xes
)\CH3
5a,b
Wio ]
O
omooH | o 9 OH,|-CHCORH
YCHa — 4 a — 3w HCOOAr + CHzCOCH
Ko livl 6a,b
5 . o O-H 7
A 3
> 9a,b Qg)
' o
/fr..o
"o
o Y-CHs
H O
"
CF
e
9a b

Scheme 1. Possible reaction pathways for the B-V reaction of p-anisaldehyde or benzaldehyde with peroxyacetic acid, either uncatalyzed or catalyzed by acetic or
trifluoroacetic acid. The isotope effect was examined by the replacement of the carbon atom denoted with an asterisk by *“C.
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main, we will examine the complex Kinetics of the B~V reactions on the basis
of not only the calculation results but also the experimental facts.

Firstly, the geometries of some possible stereoisomers were optimized for
several slationary states in both the B-V reactions of p-anisaldehyde and
benzaldehyde with peroxyacetic acid by means of the minimal STO-3 G basis
set. The geometries at global minima on the potential-cnergy surface were
determined so that they could serve as starting structures for the following
optimizations. Secondly, the geometries were further optimized with HF/3-
21 and were characterized by harmonic-frequency calculations. Finally,
energy calculations for the optimized geometries were carried out; all electron
energies were calculated by means of MP2/6-31 G*, and then the zero-point
encrgies and entropies and thermal energies were evaluated at 1.013 x 10 Pa
and at 298 K by frequency calculations with HF;/3-21 G.

No isotope effect has been obscrved for the B- V reaction of p-methoxyace-
tophenone with m-chloroperoxybenzoic acid, in contrast to the decrease in
reaction rate that follows an isotope substitution in other acetophenones [15].
To trace the origin of this finding, calculations were carried out for the B--V
reaction in the case in which the migrating carbon atom of p-anisaldehyde or
benzaldehyde is replaced by the corresponding isotope '*C (denoted with an
asterisk in Scheme 1),

Thermodypamic values in nonpolar solvents: So that we could evaluate the
changes in the thermodynamic values in the liquid phase, the free-volume

Results and Discussion

Reaction mechanism in the absence of acid: Figures 1 and 2 show
the optimized geometries for some important stationary states
in the B-V reaction of p-anisaldehyde with peroxyacetic acid.
The total energies and entropies are summarized in Table 2.

3a

vl 3,

5a
theory [18] was taken into consideration for estimation of the entropy differ- da
ence between the gas and liquid phases. The changes in the thermodynamic ; .
values in nonpolar solvents were evaluated according to the theory with ®q ' [
Equations (1) (3), where AH . AS,,, and AG, are the changes in the f ? ; ®s
AH,, = AH,, — (1 = mRT Sh » 1 L -,_:°
ASy, = AS,, + RIn(10*” *m) ) vy’ & N &\' .‘
AGy, = AH,, — TAS,, (3) ’ . .
a
cnthalpy. entropy, and frec energy, respectively, in nonpolar solvents, R, T, 8a 2
and m the gas constant, the absolute temperature, and the overall orders of’ z @,é . 6
reaction, respectively, and AH_,. and AS,,  the changes in the enthalpy and g ? - ® [
entropy in the gas phase that are obtained by ab initio calculations. The rate &‘ ’ - - i ,-) e
constants were evaluated according to the thermodynamic formulation of the >0 % ‘”\' i
transition state theory [18]. The tunneling effect was disregarded in the eval- “ s a : ) “
uation of the ratc constants. ‘Q‘ } ]
8a’ 9a’
@) L2 & Figure 2. Cylindrical bond view of the optimized structures for
S!O 0.994 7 7 475'H5 %\) the B, V reactions of p-anisaldehyde.
2/ % "0
c3. 2.214 ot 7 “DQQ
T ot O
Ar = ’C/'O 1.923 4238 \Me Table 2. Total energies and molar entropies at 1,013 x 10° Pa and
3a- T 298 K.
"Me 5a
Species [a) Total energy (Hartree) Molar entropy
(calmol " 'K™h)
(b) /Ac
07 la —458.50938 89.96
93\ H O <
,\,0 135 o 1b —344.35862 77.49
)Q o?H 2 —303.27824 74.36
\g) K 3a —761.72025 121.62
B ~410-Q
co o [0t 3b —647.56778 109.27
\ 1.868 \ _Me 4a —761.79968 120.43
Ar //C 4b —647.65023 107.72
ga 4 5a —761.74626 120.62
5b —647.59746 107.40
COCF,4 6a —533.54043 98.09
/ 6b —419.39178 84.81
N . 7 7 —228.33648 67.30
SH e G 7 — 525.42885 §1.56
= M 8a ~990.10979 152.80
AN —~i .0 G 82’ —~1287.20994 162.96
“C igga” | : 15516 8b ~875.95942 139.83
o’ \ bMe 1.827 1903 2~ 1o 8b’ —1173.05827 150.45
f , / 9a' 9a —990.09096 151.36
8’ O 9a° ~1287.21667 159.37
Figure 1. Optimized geometrics lor some important speeies in the BV reactions of 9b —875.94814 138.96
p-anisaldehyde with peroxyacetic acid: a) in the absence of acid. b) in the presence 9b’ —1173.06156 146.57

of ueetic acid and of trifluoroacetic acid. The compound numbers correspond to
those in Scheme 1. Numerical values for bond lengths are in A,

24 ——— ©
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[a] Compound numbers correspond to those in Scheme 1.
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At the TS for the carbonyl addition 3a (Figure 14), the dis-
tance between the carbonyl oxygen O! and hydroperoxyl hydro-
gen H2, 0.994 A, is seen to be quite short compared with that
between the carbonyl carbon C? and hydroperoxyl oxygen O%,
2.214 A. This finding suggests that the carbonyl addition is in-
duced by the electron-withdrawing power of the hydroperoxyl
hydrogen H? with respect to the carbonyl oxygen O*. Therefore,
the peroxyacid should be characterized as an electrophile,
and the carbonyl addition is predicted to accelerate with an
increase in the electron-donating power of the migrating group.
On the other hand, from comparison of the optimized structures
4a and Sa the migration was found to start with the cleavage
of both the hydroxyl H°~O° and the peroxyl O7—03® bonds
(Figure 1a).

f— ggmg‘é vwvg%ﬂotﬂ:ac;;#i‘é%saﬁon of acetic acid
————— : Pathway with the participation of trifluoroacetic acid

60.0—

3a

50.0 j
40.0—

30.0*1

20.0-— g R — T

' TStor
/" migration

10.0— la+2
(+7 or7')

T8 for )
carbonyl addition

0.0 —
-10.0 — Reactants

4a
(+7or7)

AGjq (kcal/mol)

200~ Transient
intermediate
-30.0 —

-40.0 —
-50.0 — (+7o0r7)

-60.0— Products

Reaction Coordinate

Figure 3. Schematic free-energy diagram for the B—V reaction of p-anisaldehyde
with peroxyacetic acid in nonpolar solvents, either uncatalyzed or catalyzed by
acetic or trifluorcacetic acid. The thermodynamic data for the Jabeled states are
given in Table 3.

The energy diagram!*®! (Figure 3 and Table 3) shows that the
rate-determining carbonyl addition is followed by the migra-
tion, and the reaction is very exothermic. The free energy of
activation for the carbonyl addition, 52.46 kcalmol ™!, is quite
large; therefore, the reaction is expected not to occur under mild
conditions. In fact, experimental results have proved that the
B-V reaction is acid-catalyzed.r® *°-'¥ Even in the case of no
catalyst, autocatalysis by the carboxylic acid resulting from the
B-V reaction or a second peroxyacid molecule is probable.
Contamination of acid in the peroxyacid should be considered
if a commercial peroxyacid is used without further purifica-
tion. The influence of acid on the B~V reaction should there-
fore be clarified to identify a rate-determining step. We ex-
cluded the autocatalysis of a second peroxyacid from consider-
ation, because the carboxylic acid resulting from the B-V
reaction should surpass the second peroxyacid in catalysis
except for the initial stage of the
reaction.

ki® + ky*COMXCOOH]

Table 3. Relative enthalpies, entropies, and free energies at 1.013 x 10° Pa and

298 K.
Species [a] Al () ASy, [b) AGy, [b]
(kcalmol ™ 1) (calmol ) (kcalmol™ 1)
3a 42.87 (42.86) —32.17 (=32.20) 52.46 (52.46)
3b 53.50 (53.49) —32.05 (—32.06) 53.50 (53.49)
4a - 6.98 (—7.00) —33.49 (—33.39) 3.01 (2.96)
4b —7.80 (—7.81) —33.60 (—33.63) 2.22(2.22)
Sa 26.54 (26.56) —3317 (—=33.20) 36.43 (36.40)
5b 25.31 (25.33) —33.92 (—33.95) 3542 (35.45)
6a —56.03 (—56.04) 1.07 (1.07) —56.35 (—56.36)
6b —~57.35(—57.37) 0.26 (0.24) —5743 (—57.44)
8a 10.16 (10.14) — 58.34 (—58.30) 27.55(27.54)
8a’ 5.22(5.21) —62.44 (—62.47) 23.84 (23.84)
8b 9.91 (9.90) —58.84 (—58.86) 27.45 (27.45)
8b’ 5.79 (5.78) —62.48 (—62.49) 2442 (24.44)
9a 20.80 (20.81) —59.78 (—59.79) 38.62 (38.64)
9a’ 1.00 (1.00) —66.03 (—66.00) 20.69 (20.70)
9b 16.99 (17.01) —~59.71 (—=59.74) 34.79 (34.82)
9b’ 3.73(3.75) —66.36 (—66.38) 23.52(23.54)

[a] Compound numbers correspond to those in Figures 3 and 5. [b] The values in
parenthcses are those for the B-V reactions in which the migrating carbon atom of
p-anisaldehyde or benzaldehyde is replaced by '#C.

presence of acetic acid. 1.998 A (8a in Figure 1b). is secn to be
shorter at the TS for the carbonyl addition than the correspond-
ing distance in the absence of acid, 2.214 A (3a in Figure 1a).
The corresponding distance is further shortened by the catalysis
of trifluoroacetic acid; the distance becomes 1.883 A (8a’ in
Figure 1b). The stronger the electron-withdrawing power of the
acyl group of the carboxylic acid, the shorter the distance is.
These findings indicate that acid catalysis diminishes the energy
of the unoccupied orbital localized mainly on the carbony! car-
bon and enhances carbonyl addition. Accordingly, it is predict-
ed that trifluoroacetic acid surpasses acetic acid in catalysis and
the reactivity of the carbonyl addition in the presence of acid is
superior to that in the absence of acid.

It was found that the migration in the presence of acetic acid
starts with the separations of both the peroxyl O''-0'? and
hydroxyl O'>~H'* bonds (9a in Figure 1b), while the migra-
tion in the presence of trifluoroacetic acid starts only with the
separation of the peroxyl O**—~0'® bond (9a’ in Figure t b).
This finding means that acetic acid plays roles as both an elec-
trophilic and a nucleophilic catalyst and the trifluoroacetic acid
plays a role only as an electrophilic catalyst.

The participation of acetic acid in migration results in an
unfavorable change in the activation entropy and a favorable
change in the activation enthalpy. The free-energy change!!*]
(Figure 3) shows that the entropic disadvantage outweighs the
advantage of the activation enthalpy decrease for the free energy
of activation. The calculated rate constant for the migration
in the presence of acetic acid (Scheme 2), A3°F[AcOH] =
1x 1072 x[AcOH] s~ !, was found to be smaller than the corre-
sponding value without catalysis, kY =2x1072s7 ", if the
concentration of acetic acid is smaller than 2 mol L.~ !, The situ-

OH ks + kg COOHIXCOOH]

Reaction mechanism in the pres- ACHO + CHiCOH

ence of acid: The distance be-
tween the carbonyl carbon C°
and the peroxy! oxygen O'%in the

fluoroacetic) acid.

Chem. Eur. J. 1997, 3, No. 2

ko? + k*COCHIXCOOH]

Scheme 2. Rate constants for the B—V reaction of p-anisaldehyde (or benzaldehyde) with peroxyacetic (or peroxytri-
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ation is completely the reverse in the case of the carbonyl addi-
tion, and acetic acid will catalyze only the carbonyl addition and
not the migration. As a whole, migration that is not acid-cata-
lyzed was found to correspond to a rate-determining step. In
approximating the overall rate constant, the transient interme-
diate can be assumed to be in a steady state, because the condi-
tions of the application of the steady-state approximations dis-
cussed by Volk et al.2?% are satisfied. The apparent rate constant
in the presence of acetic acid can be denoted approximately by
Equation (4). It is predicted that, at a smaller con-

kAcOlI ~ k/l\COH [ACO H] ki (4)
total k(;) +k/;COH [ACO ]

centration of acetic acid, the linear relation be-
tween the rate constant and the concentration of
acetic acid, k2°SH = kAOH[ACOH], is obtained
and at higher concentration of acelic acid the rate
constant kSH approaches the limiting value,
KAOH 9 J AOH, (b)

The decrease in activation enthalpy owing to the
participation of trifluoroacetic acid in both car-
bonyl addition and migration was found to be
larger than that due to the participation of acetic
acid. The entropic disadvantage in both the
carbonyl addition and the migration is thus
overcome. The calculated rate constant in the
presence of trifluoroacetic acid (Scheme 2),
KSTCOHCF.CO,H] = 2x 10 x[CF,CO,H]s ™,
is greater than the corresponding value without
a catalyst, k§ =2x10"12s7! if the concentra-
tion of trifluoroacetic acid is higher than
1x107** molL"!. Not only the carbonyl addi-
tion but also the migration is catalyzed by tri-
fluoroacetic acid, and the carbonyl addition is a
rate-determining step. The apparent rate constant
in the presence of trifluoroacetic acid is therefore
given approximately by Equation (5) by the

CF;CO2H },CF3;CO3H
kl 3002 k3 3

ke O SO | Creosti [CF,CO,H] ()

steady-state approximation, because the conditions of applica-
tion of the approximation are satisfied. The apparent rate con-
stant is predicted Lo be proportional to the concentration of
trifluoroacetic acid.

The relationships between the rate constant and the concen-
tration of acid described in Equations (4) and (5) were qualita-
tively in good agreement with the experimental results for the
B-V reaction of p-methoxyacetophenone with peroxybenzoic
acid; specifically, the experiments showed that for catalysis with
trifluoroacetic acid in benzene solvents there is a linear relation-
ship between the rate and the concentration of acid, but cataly-
sis with acetic acid does not show such a linear relationship.t*!!
Although the free-energy profile (Figure 3) might still have
some uncertainties associated with energy estimates at the
present calculational level, the agreement between the kinetics
observed experimentally and those predicted by calculations
proves the semiquantitative validity of this free-energy profile.
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Therefore, we can safely say that acetic acid catalyzes only the
carbonyl addition, and not migration, but trifluoroacetic acid
rapidly establishes the addition equilibrium and also catalyzes
the migration. It is concluded that the mechanism of the reac-
tion varies with the catalyst.

Substituent effect: Figures 4 and 5 show the optimized ge-
ometries for some important stationary states in the B~V reac-
tion of benzaldehyde with peroxyacetic acid. The total energies
and entropies are summarized in Table 2.

ny '
s
860 OheN
1.860 KL
8b 9b

e

i
1.910 1 P"Me

8b' 9b'

Figure 4. Optimized geometries for some important species in the B—V reaction of benzaldehyde
with peroxyacetic acid; a) in the absence of catalyst, b) in the presence of acetic acid and of
acid. The compound numbers correspond to those in Scheme 1. Values for bond lengths are
trifluoroacetic given in A.

The activation free energy of each of the carbonyl additions
in the B—V reactions of benzaldehyde with peroxyacetic acid was
found to be greater than or nearly equal to that in the case of
p-anisaldehyde (Figures 3 and 6 and Table 3). This fact implies
that the reactivity of the carbonyl addition increases with an
increase in the electron-donating power of the migrating group,
and the carbonyl addition is induced by the interaction between
the carbony! oxygen and the carboxyl! or hydroperoxyl hydrogen.

The difference between the activation enthalpies in the ab-
sence of acid and in the presence of trifluoroacetic acid was
found to be 21.58 kcalmol ™! for the migration in the B-V
reaction of benzaldehyde with peroxyacetic acid. The difference
is smaller than the corresponding difference for the migration in
the B—V reaction of p-anisaldehyde with peroxyacetic acid,
25.54 kcalmol™!. These findings indicate that the p-anisyl
group migrates more easily than the phenyl group in the pres-
ence of trifluoroacetic acid. The situation is completely reversed
in the presence of acetic acid. The activation free energy of the
migration in the B—V reaction of benzaldehyde with peroxy-
acetic acid in the presence of acetic acid is smaller than in the
case of p-anisaldehyde.
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Figure 5. Cylindrical bond view of the optimized structures for the B—V reactions
of benzaldehyde.

—— : Pathway without catalysis .
——— : Pathway with the participation of acetic acid
----- . Pathway with the participation of trifluoroacetic acid
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Figure 6. Schematic free-energy diagram for the B-V reaction of benzaldehyde
with peroxyacetic acid in nonpolar solvents, cither uncatalyzed or catalyzed by
acetic or trifluoroacetic acid. The thermodynamic data for the labeled states are
given in Table 3.

This fact will be explained if attention is focused on the geo-
metrical difference in the TS for the migrations. The migration
in the presence of acetic acid starts with the separations of both
the peroxyl O*7-0'® and hydroxyl O'®—~H?° bonds (9b in Fig-
ure 4b), but that in the presence of trifluoroacetic acid starts
with the cleavage of only the peroxyl O?'~0?? bond (9b’ in
Figure 4b). This situation is the same as in the case of the
migration of the p-anisyl group. The electron donation from the
carboxyl oxygen O?3 of acetic acid to the hydroxyl hydrogen

Chem. Eur. J. 1997, 3, No. 2
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H?2° of the carbony! adduct intermediate leads to the separation
of the hydroxyl O'°~H?° bond, and this results in the migra-
tion. The migration is therefore likely to accelerate with a de-
crease in the electron-donating power of the migrating group.
As a result, in the presence of acetic acid, the electron-donating
power of the migrating group does not necessarily enhance the
migration. The situation contrasts with that in the presence of
trifluoroacetic acid: only the cleavage of the peroxyl 0% -0?*?2
bond induces the migration in this case (9b" in Figure 4b);
therefore, the migration accelerates with an increase in the elec-
tron-donating power of the migrating group.

Many experiments have demonstrated the enhancement of
the migration by the electron-donating power of the migrating
group. This finding had been explained in terms of the stabiliza-
tion of cationic intermediates. Because the B—V reactions are
generally acid-catalyzed and the acids are relatively strong un-
der the usual conditions, the migratory aptitude observed exper-
imentally does not nccessarily contradict the present calcula-
tional results. In fact, results tending to back up our caiculations
have been obtained for the B-V reactions of p-chloro- and
p-bromobenzophenone with peroxyacetic acid in the absence of
acid.''® These reactions have been shown to vield small quanti-
ties of the products from the migration of the p-chloro- and
p-bromophenyl groups, in contrast with the case in the presence
of sulfuric acid, in which such products are not obtained at all.
These experimental results as well as the present calculational
results lead to the conclusion that migratory aptitude varies with
the catalyst.

Isotope effect: [t was found that the rate of migration decreases
following isotope substitution of the migrating carbon by '*C,
and there is little isotope effect in the carbonyl addition, regard-
less of whether the reactant is p-anisaldehyde or benzaldehyde,
and regardless of whether acetic or trifluoroacetic acid is used or
not (Table 3). This finding indicates that the absence of an ob-
served isotope effect for the B-V reaction of p-methoxyace-
tophenone with m-chloroperoxybenzoic acid is explained in
terms of an exceptional rate-determining carbonyl addition.

Palmer and Fry!*® considered for the absence of any ob-
served isotope effect that the strong electron-donating power of
the p-methoxy group leads to a change in the force constant in
the TS; the good electron-donating group causes a high density
in the three-membered ring, resulting in a tight TS. The force
constant in the TS at the labeled position then increases, and this
results in a lowered isotope effect. On the other hand, Ogata and
Sawakil'!! showed that the absence of the observed isotope
effect can be attributed to a rate-determining carbonyl addition.
The present result provides support for the latter view.

If attention is focused on trifluoroacetic acid catalysis, the
free-energy difference between the TS for the carbonyl addition
and that for the migration in the B~V reaction of p-anisalde-
hyde, 3.15 kcalmol ™! (Figure 3), is seen to be large compared
with the corresponding difference in the case of benzaldehyde,
0.90 kcalmol ! (Figure 6). In considering catalysis with an acid
having electron-withdrawing power between trifluoroacetic
acid and acetic acid, such as m-chlorobenzoic acid, it is possible
that the rate-determining steps in the B-V reactions of ben-
zaldehyde and p-anisaldehyde are the migration and carbonyl
addition, respectively.
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In the experiments of Palmer and Fry,!"*! the B—V reactions
of substituted acetophenones with m-chloroperoxybenzoic acid
were carried out in the absence of acid. However, isotope effect
measurements were performed for five fractions of the reac-
tions, ranging from 8 to 60%. The autocatalysis of m-
chlorobenzoic acid resulting from the reaction should therefore
be taken into account. We suggest that the exception in the case
of p-methoxyacetophenone is brought about by the shift of the
rate-determining step from the migration to the carbonyl addi-
tion, caused by the autocatalysis.

Concluding Remarks

The mechanism of the B—V reaction of p-anisaldehyde with
peroxyacetic acid to give p-anisylformate has been studied on
the basis of ab initio calculations as well as experimental obser-
vations. The theoretical investigation of a rate-determining step
and catalysis led to the findings that 1) the carbonyl addition
corresponds to the rate-determining step in the absence of a
catalyst, 2) catalysis by acetic acid contributes only to the car-
bonyl addition, and the rate-determining step shifts from the
carbonyl addition to the migration, and 3) catalysis with tri-
fluoroacetic acid contributes to both the carbonyl addition and
migration, and the carbonyl addition corresponds to the rate-
determining step. Comparison of the reaction with the B—V
reaction of benzaldehyde and peroxyacetic acid to give phenyl-
formate showed that migratory aptitude depends on catalysis.
The calculational results of the isotope effect for these reactions
suggested that such an effect 1s absent from the BV reaction of
p-methoxyacetophenone with m-chloroperoxybenzoic acid be-
cause the carbonyl addition caused by autocatalysis is the rate-
determining step. These results lead to the conclusion that the
B-V reaction cannot be explained in terms of only a single
mechanism and the mechanism of the reaction varies with the
catalyst or substituent effect.

It should be pointed out that the present investigation has
been Jimited to the reaction in nonpolar solvents. In polar sol-
vents or under basic conditions, the possibility of a different
mechanism for the reaction, proceeding by way of ionic species,
should be taken into consideration.
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Terrylenimides: New NIR Fluorescent Dyes

Frank O. Holtrup, Gert R. J. Miiller, Heribert Quante, Steven De Feyter,
Frans C. De Schryver, and Klaus Miillen*

Abstract: Terrylenimides 3 and 4 repre-
sent a new class of blue colorants, exhibit-
ing absorption maxima at 650 to 700 nm

mides, boronic acids, or organotin com-
pounds. The terrylenimides have all the
properties expected of excellent fluores-

cent dyes: high extinction coefficients,
high fluorescence quantum yields, and
very good thermal, chemical, and photo-

and fluorescence emissions in the NIR re-
gion (673 to 750 nm). The terrylenimides
were synthesized by means of various
organometallic coupling reactions, cata-
lyzed by transition metal complexes (Ni°,
Pd®) and starting from the aromatic bro-

Introduction

Perylene-3,4:9,10-tetracarboxdiimides 1 (Scheme 1) have been
valued for a long time owing to their outstanding chemical and
optical properties."!! They are characterized by a brilliant color,
strong fluorescence, and good thermal, chemical, and photo-
chemical stabilities.[?! Perylenediimides 1 absorb in the visible
range at 525 nm and show a fluorescence quantum yield of 1
(100%) 13! In addition to their application as commercial dyes
and pigments, they are used in reprographical processes,*! in
fluorescence solar collectors,!*! in photovoltaic devices,'® in dye
lasers,!”! and in molecular switches.!8! Recently, we succeeded in
synthesizing the quaterrylenetetracarboxdiimides 2 by homo-
coupling of bromoperylenedicarboximides 5, followed by oxi-
dative cyclization.l’! Owing to their extended m system, the
quaterrylenes 2 exhibit absorption maxima (A =764, R" = H;
781 nm, R’ = rert-butylphenoxy) at much longer wavelengths
than the corresponding perylene derivatives (526 nm).['® Syn-
thesizing the missing link absorbing in the red region would
close the gap between the two classes of dyes. The red fluores-
cent dyes used so far are cyanin,''!! phthalocyanin, xanthene
(e.g. thodamine), and oxazine dyes, some of which have serious
disadvantages such as low chemical stability.!'?!

We will describe the synthesis of new terrylene derivatives that
excel in their long-wavelength absorption and high fluorescence
quantum yield, in addition to having high thermal, chemical,
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chemical stabilities. Owing to its extended
7 system, 3 can reversibly accept four neg-
ative charges. By varying the substituents,
3 and 4 can be modified to serve either as
soluble dyes or as insoluble pigments.

fluo-

Scheme 1. R = alkyl, aryl; R = H, 4-fert-butylphenoxy.

and photochemical stabilities. This makes them promising can-
didates for attractive applications.!'3 We have prepared both
symmetrical terrylenes with two dicarboximide groups (4) and
unsymmetrical ones based on benzanthrone (3), and we have
examined the influence of the structure on the spectroscopic
properties.

Results and Discussion

The major purpose of our work was to synthesize a new fluores-
cent dye exhibiting a high fluorescence quantum yield. Our con-
cept was the combination of two well-known fluorescent dyes
(perylenimide and benzanthrone) with the aim of obtaining an
absorption at longer wavelengths while maintaining the high
quantum yield.

In analogy to the synthesis of 2,1 we first used Ni° complexes
to promote the crosscoupling of the bromoperylenimide § with
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3-bromobenzanthrone (6) (Scheme 2). In the case of 5a, we
produced the active species in situ by reducing bis(tri-
phenylphosphine)nickel(1r) chloride with zinc and obtained the
condensation product 7a in a 45 % yield. To couple 5b we used
[Ni(1,5-cyclooctadiene),) (Yamamoto conditions,!'* already
successful for the synthesis of quaterrylenediimide) and ob-
tained the desired product 7b in 62% yield. The subsequent
cyclization was again achieved in an oxidative alkah melt to give
3aand 3bin 34 % and 83 % yields, respectively. The reason for
the low yield of 3a is the ready saponification of the propyl-
imide; in 3b the isopropyl groups sterically shield the imide and
thus hinder hydrolysis.

Scheme 2. Syntheses of benzoylierrylencdicarboximide 3a and 3b (a: R = n-
propyl, R" = R” = 4-fert-butylphcnoxy: b: R = 2,6-diisopropylphenyl, R" = 4-rert-
butylphenoxy, R” = H). Reagents, conditions, and yields: a) 7a: Ni(PPh,),Cl,.
Zn. NELITHY, 25°C, 12 hj45%; 7b: Ni{cod),, cod, bipy/DMF, 70°C, 2 d/62%:
by KOH. ox./EtOH, 70°C, 15 min/80%.

Crosscoupling two different bromides with
a Ni® complex in this way is a straightforward
method of obtaining a new class of fluores- o E 0
cent compounds absorbing at long wave-
lengths, the benzoylterrylenimides 3. How-
ever, some disadvantages are also apparent: Br
the Ni complex is required in equimolar 8
amounts, the yields are low owing to the ho-
mocoupling products that are also formed,
and a chromatographic purification is re-
quired in the workup. Furthermore, not all
bromides can be crosscoupled by this R=
method. Some systems are dehalogenated or
undergo exclusive homocoupling under the
Yamamoto conditions. More selective reac-
tions were therefore required favoring hetero-
coupling over mixed homocoupling.

An example where the Yamamoto conden-
sation!! ¥ fails is in the synthesis of symmetri-
cal terrylenetetracarboxdiimides 4: the cou-
pling reaction of bromoperylenimide § and
bromonaphthylimide 8 yiclded mainly homo-

or 8 into the corresponding boronic acid (or another
organometallic compound), which is usually achieved by lithia-
tion or via the Grignard compound. The attempt to metalate §
or 8 with butyllithium or magnesium, however, resulted solely in
the reduction of the imide structure. We therefore chose a syn-
thetic route via the ketal of 5-bromoacenaphthenequinone (9)
(Scheme 3). The carbonyl groups in 93! were protected against
nucleophilic attack by reaction with ethyleneglycol to form ketal
groups.!*® The bromide was then transformed into the boronic
acid 10 by using standard methods. Compound 10 was used
without further purification in a Suzuki coupling" 7 with 5. The
resulting condensation product was hydrolyzed quantitatively
to 11. Compound 11 was oxidized by air under basic conditions
giving the anhydride 12, which was transformed into its imide 13
by reaction an amine. In analogy to the preparation of 2,1°! 13
was cyclized in a KOH melt to give the final compound 4.

This last route—heterocoupling via a boronic acid—is much
more selective than the mixed homocoupling under Yamamoto
conditions. Although a little lengthy, it allows intermediates
such as 11 and 12 to be condensed with di- or monoamines to
yield new useful dyes. One disadvantage is that it is restricted to
reactions starting from acenaphthenequinone, because the pro-
tection of the carbonyl groups as ketals only works well for this
molecule. The carbonyl group in 3-bromobenzanthrone (6), for
example, cannot be protected by standard procedures (as the
ketal with ethyleneglycol, as the dithioketal with propane-1,3-
dithiol, or as the silyl ether after reduction to the alcohol).
because it is incorporated into the aromatic system.

We therefore continued our search for a short, selective, and
widely applicable synthesis of terrylenimides. Using a hexa-
alkylditin reagent and a palladium catalyst,* 8! we succeeded in
transforming the bromides 5 into their stannyl derivatives 14,

12 13a 4a

Scheme 3. Synthesis of terrylenetetracarboxdiimide 4a: reagents, conditions, yields: a) ethyleneglyvcol.

coupling products. The Symhesis of 4 conc. H,SOm-xylene, reflux, 4d/85%; bj 1. s-butyllithium/THF, —78°C: 2. triisopropylborate:

through heterocoupling would first require
the transformation of one of the bromides §

220 ——— © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

THF, - 78 C: 3. H,0/60%. ¢} [PA(PPha),]. 2m K,COsltoluene, reflux. 20 h;75%: d) H,S0,. H,0/1-
PrOH. reflux, 4d/>95%; ¢) KOH, O,/1-PrOH, 60°C, 4h/>95%; [) n-octylamine/2-PrOH, reflux.
10 h/>95%: g) KOH., ox./EtOH, 70°C., 15 min/80 %.

0947-6539/97/0302-0220 § 15.00+ .25}0 Chem. Eur. J 1997, 3. No. 2





Fluorescent Dyes

219-225

14b, 14¢

3b, 3¢

7b, 7¢

N a0 = A0
nBuy 0

9@ 90
TR K

13a, 13b, 13¢ 4a, 4b, 4¢c

Scheme 4. Syntheses of 3 and 4 (a: R" = H, R” = n-octyl; b: R’ = 4-tert-butylphenoxy, R” = 2,6-diisopropylphenyl; ¢: R’ = H, R” = 2 6-dlisopropylphenyl). Reagents,
conditions, and yields: a) Sn,(Bu),, [Pd(PPh;),}/toluene, reflux, 4 d/88%; b) 6, [PA(PPh,),l/DMEF, 90°C, 4d/73%; ¢) KOH. ox./EtOH, 70°C, 15 min/80%: d) 8,

[PA(PPh,),]/toluene, reflux, 4 d/70%.

which could be condensed with the bromides 6 or 8 (Scheme 4).
Since this mild method does not employ nucleophilic
organometallic reagents, protection of the imide group is not
necessary. Both hexamethylditin and hexabutylditin could be
used as stannylating agents, but the latter was preferred, owing
to its lower toxicity and price. The tin group could be introduced
into all of our bromides (5, 6, and 8); this demonstrates how
tolerant the reaction is to functional and electronic variations. A
number of palladium(o) and palladium(ir) catalysts can be used,
since they are interconvertible in the reaction mixture. The tin
compounds can be coupled with a variety of aromatic bromides
as described by Stille.''® Stannane 14 coupled with 6 to yield 7
and with 8 to yicld 13. Minor side reactions were the homocou-
pling of the stannanes and the bromides, and destannylation.
The final cyclizations to the compounds 3 and 4 were again
achieved by means of an oxidative alkali melt.

The advantage of the mild stannane route is that protection
of the sensitive carbonyl groups and inert conditions are no
longer necessary. Both the ketal and the stannane route can be
used to prepare terrylenimides 4 with identical or different
groups (alkyl, aryl) at the imides. Further reactions such as
hydrolysis and decarboxylation can be envisaged. The ready
availability of tin compound 14 means that homocoupling reac-
tions with other chromophoric units become accessible.

The dark blue compounds 3 and 4 can be identified unequiv-
ocally by 'H and "*C NMR spectroscopy and FD mass spec-
trometry. The bay-substituted compounds 3a, 3b, and 4b are
especially soluble in all common organic solvents and could thus
be completely characterized.

The thermal stabilities of 3 and 4 are very high—decomposi-
tion sets in only above 460 °C, starting at the N-bonded groups,
as determined by TGA. Thus the thermal stability corresponds
to that of perylenediimide 1 and quaterrylenediimide 2.1%1

The UV spectra of the terrylenimides show absorption bands
at 650 to 700 nm, lying between those of perylenediimide and
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quaterrylenediimide, as expected (Figure 1). The similarity of
the fine structures of the absorption spectra of 1, 2, and 4 is most
remarkable (Figure 2). The absorption wavelength of ter-
rylenediimide 4 is a little lower (4a: A, = 650nm and
¢ =93000m " 'cm™!) than that of benzoylterrylenimide 3. The
absorption wavelength is influenced by the number of phenoxy

100000 4

Terrylenediimide 4a

- - Benzoylterryleneimide 3c

80000

60000 -

¢ (M cm]

40000 -|

20000

A fim)

Figure 1. Absorption spectia of 3¢ and 4a (CHCl,}.

160000 - - Perylenediimide 1
1 —— Terrylenediimide 4a
- -+« Quaterrylenediimide 2
120000 J
= 1
£
g soooo_l
£
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0 T == — l T T ]
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Figure 2. Absorption spectra of 1, 4a, and 2 (CHCL,).
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substituents in the bay region: The unsubstituted compounds
4a and 4c absorb at 650 nm (¢ = 93000M~ 'cm ™ ') and the di-
substituted 4b at 664 nm (¢ =120000M ~ *cm ™~ 1). Unsubstitut-
ed 3¢ absorbs at 676 nm (e = 62000M " 'cm ™), disubstituted
3bat 687 nm (¢ = 93000M~ 'cm '), and tetrasubstituted 3a at
700 nm (¢ =73000M~'cm ™ !). The high extinction coefficients
make the terrylenimides promising candidates for applications
as functional dyes.

The absorption spectra of 3 and 4 in sulfuric acid are charac-
terized by narrow bands that are shifted bathochromically by
160 to 200 nm (/.,,, = 887 nm (3¢) and 810 nm (4a)) and exhibit
extremely high extinction coefficients (¢ =182000M 'cm™!
(3¢) and 508000M 'cm ™! (4a)) (Figure 3). This observation

500000 J

—— Terrylenediimide 4a
- - Benzoyiterryleneimide 3¢

400000
J
30000G

e (M1 em™]

200000

100000

Figure 3. Absorption spectra of 3¢ and 4a in H,50, (96%).

can be explained by a protonation of the chromophores and the
subsequent formation of J aggregates.[>?) After dilution with
water, the terrylenimides can be recovered unchanged; this indi-
cates their high stability to acids and oxidizing agents.

The fluorescence quantum yields of the terrylenimides were
dectermined relative to tetraphenylporphine, which has a known
flucrescence quantum yield (¢ = 0.13)"*!! and absorbs at a
similar wavelength. The solvent used was methylcyclohexane
(¢ca1x107%M). The results are outstanding: 4a exhibits a
quantum yield of 90% (¢ =009+0.1), and 3¢ of 60%
(¢ = 0.610.1). The emission bands are shifted bathochromi-
cally by 20 to 50 nm compared to the absorption bands and, in
the case of 3a, already lie in the NIR region at 750 nm (3b:
735nm; 3¢: 701 nm; 4a: 673 nm; 4b: 707 nm; 4¢: 668 nm)
(Figure 4).
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Figure 4. Excitation (—) and emission (- - -} spectra of 4a (CHCI,).
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The photostabilities of 3 and 4 were estimated by exposing
non-degassed chloroform solutions of 3 and 4 in quartz cuvettes
to UV light (4 = 366 nm) for a prolonged period of time. After
one week no significant changes in the extinction coefficients of
the solutions of 3 and 4 could be observed. The samples of 3 and
4 were thus shown to be highly photostable, as stable as a sim-
ilarly treated sample of perylenetetracarboxdiimide 1, which is
known for its excellent photochemical stability.[)

Another important aspect for a possible application as optical
switches are the redox properties. The reduction potentials of
compound 3a were determined. Four reduction stcps can be
detected, with potential values of £= — 0.83, —0.92, —2.14,
and —2.52 V. When compared to the corresponding values of
tetraphenoxyperylenediimide 1 (E = — 0.85, —1.11, —2.64 V),
the first reduction step shows no significant difference. The sec-
ond reduction step already occurs at a less negative potential,
and for the third step the difference is even greater. The fourth
step is impossible for the perylenediimide and can only be ob-
scrved in the case of terrylenimide. Since the first two reduction
steps occur considerably more easily than the third and fourth,
it is probable that the first two charges can be stabilized by the
dicarboximide groups through a partial delocalization. The
third electron gives rise to electrostatic repulsion from the two
negative charges already on the molecule and thus requires a
higher potential than the first two. The fourth electron can add
to the terrylenimide, but not to the perylenediimide, because the
former is larger. This explanation is further supported by the
fact that 2,5,8,11-tetra-zeri-butylperylene (a molecule with the
perylene core, but without any dicarboximide groups) under-
goes only two reduction steps (£ = —1.99 and —2.55 V).11% [n
this case no stabilization of the reduced species is observed owing
to the absence of dicarboximide groups, and potentials similar
to those of the third step of tetraphenoxyperylenediimide
(E = — 2.64 V) and the third and fourth step of terrylenimide 3
(E= — 2.14 and —2.52 V) are required for the reduction.

The exceptional electron-acceptor properties of 3 combined
with the long-wavelength absorption and emission, and the high
stability suggest applications in the field of optoelectronics. Be-
sides the potential applications mentioned earlier, the terrylen-
imides are promising for uses in the medical (e.g., pho-
tochemotherapy) and analytical (e.g., laser fluorometry) fields.

Our future work will include the incorporation of soluble 3
and 4 (substituted by side chains in the bay region) into main-
chain polymers in analogy to the perylenediimides 11221 We thus
hope to provide new ways of processing and new applications
for the terrylenimides.

Experimental Procedure

All commercially available rcagents and solvents were used without further
purification unless otherwise stated. THF was distilled from potassium, and
DMF from calcium hydride. Column chromatography was performed on
silica gel (Merck, Geduran Si 60), mesh size 70-230. IR spectra (KBr
method) were recorded on a Nicolet FT-IR 320 spectrometer, UV/Vis spectra
were taken on a Perkin-Elmer Lambda 9 spectrometer and fluorescence spec-
tra were measured on a Spex Fluorolog 2 Type F212 spectrometer. NMR
spectra were recorded on AMX 500, Bruker AC300, and Varian Gemini 200
spectrometers (at room temperature, unless otherwise noted); the operating
frequencies are given with the data. FD mass spcetra were recorded on a
Finnigan MAT 312 spectrometer ({resolution M/AM =1000; accuracy
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AM = +0.5 u). Thermogravimetric analyses were performed on a Mettler
TG 50. For the cyclovoltammetric experiments on 3a (in THF, with Bu, NPF;
added) a Potentiostat/Galvanostat PAR Model 173 was used. The photosta-
bility of 3 and 4 was estimated with a UV lamp (Camag, 0.25 A, 220 V),
placing the cuvettes 12 cm away from the lamp. Elemental analyses were
performed by the Department of Chemistry and Pharmacy of the University
of Mainz.

N-Propyl-1,6,7,12-tetra(4-tert -butylphenoxy)-9- (3-benzanthronyl)perylene-
3,4-dicarboximide (7a): Ni(PPh;),Cl, (326 mg, 0.50 mmol), activated zinc
(120 mg, 1.84 mmol), and Et,NI (129 mg, 0.50 mmol) were placed in a
Schlenk flask and dried in vacuo at 100°C for 4 h. Dry THF (120 mL) was
added under argon, and the mixture stirred at room temperature for 4 h to
form the active nickel(o) complex. N-Propyl-1,6,7,12-tetra(4-tert-butylphe-
noxy)-9-bromoperylene-3,4-dicarboximide (5a) (279 mg, 0.27 mmol) and 3-
bromobenzanthrone (6) (0.43 g, 1.40 mmol) were added and the mixture
stirred at room temperature for 12 h. The solvent was evaporaled, and the
residue purified by column chromatography on silica gel (80 x 10 cm,
CH,Cl,). The product was recrystallized from CH,Cl,/MeOH to give 7a as
a red solid (145 mg, 45%). m.p. 252°C. IR (KBr): ¥ = 2961, 1699 (C=0),
1660 (C=0), 1592, 1580, 1505, 1405, 1320, 1277, 1217, 1173, 888, 835,
781 cm™'. UV/Vis (CH,ClL): 4, (loge) =278 (4.81), 408 (4.37), 543
(4.48)nm. "H NMR (500 MHz, CD,Cl,): § = 8.69 (d, J = 8 Hz, 1H), 8.50
(d. /=8 Hz, 1H), 8.44 (d, /=8 Hz, 1H), 8.36 (d, J =8 Hz, 1H), 8.15 (s,
2H), 7.98 (brs, 1H), 7.76 (t, J = 8 Hz, 1 H), 7.60-7.70 (brs, 2H), 7.57 (t,
J=28Hz, 1H), 7.32 (d, / = 8 Hz, 1 H), 7.27 (m, SH), 7.18 (m, 4H)}), 6.98 (d,
J=9Hz 1H),6.90(d,J = 9 Hz, 2H), 6.84 (m,4H), 6.77 (d, J = 9 Hz, 2H),
4.08 (1, J =7 Hz, 2H, N-CH,-C) 1.71 (m, 2H, C-CH,-C), 1.31 (s, 9H), 1.30
(s, 9H), 1.23 (s, 9H), 1.20 (s, 9HD), 0.97 (t, J =7 Hz, 3H, CH;). '3C NMR
(125 MHz, CD,CL,): 5 =183.7 (C=0), 1639 (C=0), 156.8, 155.5, 154.2,
154.1. 154.0, 153.9, 147.1, 147.0, 139.8, 136.2, 134.8, 134.2, 134.0, 132.8,
131.5, 130.0, 129.1, 129.0, 128.1, 128.0, 127.1, 127.0, 126.9, 124.9, 124.0,
123.9, 123.2, 122.9, 121.8, 121.0, 120.7, 120.1, 119.9, 119.8, 117.8, 115.8,
115.1, 42.1, 34.5, 31.9, 31.8, 11.8. FD-MS (8 kV): m/z: 1184.0 (100%) [M *]
(caled. 1183.54). Cy,H,;NO, (1183.84): caled. C 83.22, H 6.13, N 1.18;
found C 83.07, H 599, N 1.30.

N-(2,6-Diisopropylphenyl)- 1,6-di(4-zert-butylphenoxy)-9- (3-benzanthronyl)-
perylene-3.4-dicarboximide (7b): A solution of Ni(1,5-cyclooctadiene), (1.038
g, 3.70 mmol), 2,2-bipyridyl (605 mg, 3.70 mmol), and 1,5-cyclooctadiene
(364 mg, 3.37mmol) in dry DMF (70 mL) were stirred for 1h at room
temperature under argon. N-(2,6-Diisopropylphenyl)-1,6-di(4-rerz-butylphe-
noxy)-9-bromoperylene-3,4-dicarboximide (5b) (1.500 g, 1,75 mmol) and 3-
bromobenzanthrone (6) (1.350 g, 4.40 mmol) were added and the mixture
stirred at 70 °C for 2 d. The reaction mixture was poured onto 1 L of HCl/wa-
ter (1:1), and the precipitate was filtered off, dried, and purified by column
chromatography on silica gel (100 x 10 cm, CH,Cl,). The product was recrys-
tallized from CH,Cl,/MeOH to give 7b as a red solid (1.092 g, 62%). m.p.
247-249°C. IR (KBr): ¥ = 2961, 1708 (C=0), 1671 (C=0), 1598, 1505,
1412, 1332, 1272, 1208, 1173, 877, 843, 811, 780 cm~*. UV/Vis (CH,Cl,):
Aax (I0g2) = 275 (4.67), 409 (4.20), 521 (4.68) nm. 'H NMR (500 MHz, CD-
Cly): 6 =948 (d, J =8 Hz, 1H), 9.37 (d, J =7 Hz, 1H), 8.80 (d, /=7 Hz,
1H), 8.59 (d, /= 8 Hz, 1 H), 8.56 (d, J =7 Hz, 1H), 8.41 (m, 3H), 7.94 (d,
J =8Hz, 1H), 7.83-7.07 (m, 18H), 2.76 (h, J =7 Hz, 2H), 1.35 (s, 18 H),
1.17(d, J =7 Hz, 12H). ®*C NMR (125 MHz, CD,Cl,): 6 =184.3 (C=0),
163.7 (C=0), 154.3, 154.2, 153.8, 1479, 147.8, 146.2, 141.0, 139.9, 136.5,
134.3, 134.0, 133.4, 132.9, 132.4, 131.6, 131.3, 131.2, 130.5, 130.1, 129.9,
129.6, 129.5, 129.3, 129.2, 129.1, 129.0, 128.7, 128.6, 128.4, 127.7, 127.5,
127.3, 124.8, 124.7, 124 4, 1242, 123.6, 122.2, 119.0, 118.9, 34.9, 31.9, 29.6,
24.5.FD-MS (8 kV): m/z: 1005.4 (100 %) [M *] (caled. 1005.44). C;, H  ,NO;
(1006.26): caled. C 84.75, H 5.91, N 1.39; found C 84.39, H 5.62, N 1.45.

N-Propyl-1,6,7,16-tetra(4 - rert-butylphenoxy)- 11{CO),12-benzoylterrylene-
3,4-dicarboximide (3a): Compound 7a (145 mg, 0.12 mmol), KOH (20 g),
and ethanol (20 mL) were heated to 120°C for 2.5 h. The mixture was dis-
solved in water and acidified with 2m HCI, and the residue was removed by
filtration, dried, and purified by column chromatography on silica gel
(CH,Cl,) to separate any remaining starting material. The crude product
(some of it was partially dephenoxylated) was purified by GPC (CHCl,)
and recrystallization from CH,Cl,/MeOH to give 3a (98 mg, 34%).
m.p.>360°C. IR (KBr): ¥ = 2961, 1699 (C=0), 1659 (C=0), 1586, 1505,
1402, 1335, 1280, 1225, 1176, 834, S52cm™'. UV/Vis (CH,CL): 4.,
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(loge) = 251 (4.94), 265 (4.94), 398 (3.88), 455 (4.05), 700 (4.89) nm.
'HNMR (500 MHz, [DgJTHF): 6 =840 (d, J=8Hz 1H), 8.25 (d,
J =8 Hz, 1H), 8.18 (d, J = 8 Hz, 1H), 8.10 (s, 1H). 8.06 (s, 1 H), 8.06 (d.
J = 6Hz, 1H), 7.87 (s, 1H), 7.84 (s, 1H), 7.80 (d, J = 8 Hz, 1H), 7.73 (d.
J=8Hz, tH), 7.67 (1, J=THz, 1H), 749 (t, J =7 Hz, 1H), 7.32 (d,
J=9Hz 2H), 731 (d, /=9 Hz 2H), 7.28 (d, J =9 Hz, 2H),7.21 (d.
J=9Hz, 2H), 695 (d, J =9 Hz, 2H). 6.86 (d, J = 9 Hz, 2H), 6.77 (d.
J=9Hz,2H),6.72(d, J = 9 Hz, 2H), 4.08 (t, / = 7 Hz, 2H, N-CH,-C) 1.71
(m, 2H, C-CH,~C), 1.33 (s, 9H), 1.28 (5, 18 H), 1.27 (s, 9H). 0.96 (t, / =7 H7,
3H, CH,). *C NMR (125 MHz, [DyJTHF): § =182.1 (C=0), 1634
(C=0), 157.1, 156.8, 155.5, 155.0, 154.8, 154.7, 154.6, 147.5, 147.2, 147.1,
147.0, 136.0, 135.6, 135.4, 133.3, 132.1, 131.8, 131.4, 131.3, 129.0, 128.6,
128.4, 127.7, 127.5, 127.4, 127.3, 127.1, 122.9, 122.7, 122.3. 121.0, 119.9,
119.6,119.4,119.3,118.6, 117.5, 114.2, 113.2, 42.3, 31.8, 31.7, 31.6, 25.4, 25.2,
25.0,22.1, 11.7. FD-MS (8 kV): m/z: 1181.8 (100%) [M *] (caled. 1181.52).
Cy,H,NO, (1181.46): caled. C 83.36, H 6.14, N 1.19; found C 82.99, H 6.01,
N 1.27.

N-(2,6-Diisopropylphenyl)-1,6-di(4-tert-butylphenoxy)-11(CO),12-benzoylter-
rylene-3,4-dicarboximide (3b): Compound 7b (500 mg, 0.5 mmol), KOH
(60 g), and ethano! (60 mL) were heated to 120°C for 2.5 h. The mixture was
dissolved in water and acidified with 2m HC, and the residue was removed
by fiitration, dried, and purified by column chromatography on silica ge!
(60 x 10 cm, CH,Cl,). The product was recrystallized from CH,Cl,/MeOH
to give 3b (412 mg, 83%). m.p.>360°C. IR (KBr): ¥ = 2960, 1705 (C=0),
1668 (C=0), 1643, 1584, 1505, 1343, 1278, 1209, 1174, 1013, 842,808 cm ~'.
UV/Vis (CH,Cl,): 4, (loge) = 251 (4.81), 262 (4.81), 434 (3.78), 632 (4.71),
687 (4.97) nm. Fluorescence emission (exc.: 675nm): 735 nm. 'HNMR
(500 MHz, [DJTHF): 6 =9.26 (d, J = 9 Hz, 1H), 9.22 (d, J = 9 Hz, 1 H),
916 (m, 1H), 909 (d, J=9Hz, 1H), 843 (t, J=8Hz, 1H), 835 (1,
J =9Hz, 1H), 8.30 (m, 2H), 8.16 {m, SH), 8.04 (d, / = 8§ Hz, 1 H), 7.59 (d,
J=9Hz, 1H), 7.54 (dd, /=9 Hz, J =3 Hz, 2H), 7.50 (i, 1 H), 7.30 (d,
J=8Hz 2H), 7.24 (m, 3H), 2.85 (h, / =7 Hz, 2H, CH}, 1.41 (s, 9H, 1Bu),
1.38 (s, 9H, rBu), 1.18 (d, / =7 Hz, 12H, /Pr). 13C NMR (125 MHz, CD-
Cl,): 6 =183.9 (C=0), 163.3 (C=0), 163.2 (C=0), 153.9, 153.8, 153.3,
147.4, 147.3, 145.7, 145.6, 140.5, 139.4, 136.1, 133.8, 133.5, 133.0, 132.5,
1319, 131.1, 130.7, 130.0, 129.7, 129.4, 129.1, 128.9, 128.8, 128.7, 128.6,
128.5, 128.2, 128.1 (2 signals), 128.0, 127.2 (2 signals), 127.1, 127.0, 126.9,
126.8, 1243, 124.2, 123.9, 123.7, 123.1, 121.8, 121.7, 118.5, 118.4, 34.4 (1Bu.
Cq), 34.3 (1Bu, Cg), 31.5(:Bu, CH;), 29.1 ({Pr, CH), 24.0 (iPr, CH,). FD-MS
(8 kKV): mjz: 1003.7 (100%) [M ] (calcd. 1003.42). C, H,,NO, (1004.24):
caled. C 84.92, H 5.72, N 1.39; found C 84.53, H 5.84, N 1.27.

N-(2,6-Diisopropylphenyl)-9-(4-acenaphthenequinonyl)perylene-3,4-dicarbox-

imide (11): A solution of 4-bromoacenaphthenequinone (9) (15.0 g,
57 mmol), ethyleneglycol (30.0 g, 480 mmol), and p-tolucnesultonic acid
(200 mg, 1 mmol) in m-xylene (700 mL) were refluxed for 4 d. The resulting
water was removed from the reaction by means of molecular sicve (4 A).
Every 12 h more ethyleneglycol (20 g, 322 mmol) and p-toluenesulfonic acid
(200 mg, 1 mmol) were added to the mixture. After it had cooled down, the
solution was washed three times with aqueous NaHCO, (1 m). The solvent
was evaporated, and the residue recrystallized from petroleum ether (800 mL)
to give white ketal (16.4 g, 85%) (the resulting ketal is a mixture of two
isomers that can both be used in the subsequent reaction; for clarity only one
form is shown). To a solution of the ketal (3.0 g, 8.6 mmol) in THF (80 mL)
at —78°C, butyllithium (6.5 mL, 10.4 mmol, 1.6M in hexane) was added.
After 2 h of stirring, the solution was transferred to a solution of triisopropyl-
borate (8.1 g, 43.0 mmol) in THF (200 mL) at —78°C. After 3 h at this
temperature, the reaction was allowed to warm to room temperature, the
solvent evaporated, and the residue dissolved in CH,CI, and washed with
water. The solvent was evaporated again and the residue recrystallized from
toluene (20 mL) to give the boronic acid 10 (1.6 g, 60%). Duc to the case of
hydrolysis of the ketal function, the product was not purified further and used
in the following coupling.

9-Bromoperylene-3,4-dicarboximide (5¢) (1.0 g, 1.8 mmol}, the boronic acid
10, and Pd{PPh;), (55 mg, 3 mol%) were refluxed in a mixture of toluene
(70 mL) and an aqueous K,CO, solution (2N, 20 mL) for 15 h. The organic
phase was seperated, the toluene evaporated, and the residuc purified by
column chromatography (silica gel, CH,Cl,) to give the coupled ketal
(960 mg, 80%). The ketal was hydrolyzed by refluxing it (1.0 g, 1.3 mmol) in
a mixture of 1-propanol (500 mL), water (20 mL), and sulfuric acid (1 mL)
for 3d. The solution was poured onto 2 L of water containing NaHCO,
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(5.0 g), and the precipitate removed by filtration to give 11 (35% purity). It
was further purified by column chromatography (silica gel, 40x5cm,
CH,C,) to give pure 11 (880 mg, 99%). m.p. 220 “C (decomp.). IR (KBr):
¥ = 2960, 2926, 1730 (C=0), 1701 (C=0), 1662, 1606, 1592, 1577, 1359,
1246, 812 em ™! UV Vis (CHCI,): 4., (loge) = 537 nm (4.67), 485 (4.65),
320 (4.15). 'HNMR (500 MHz, C,D,Cl,, 120°C): 4 = 8.65-8.59 (m, 3H),
8.55-8.48 (m. 3H), 8.25(d, J =7 Hz, 1H), 8.12(d. J =7 Hz, 1H). 7.94 (d.
J=THz. 1H), 789 (d, J =9 Hz, 1H), 7.74-7.69 (m, 2H), 7.51 (m, 2H),
7.42 (1, J =8 Hz, 1H), 7.27 (d, J = 8 Hz, 2H), 2.69 (h, / =7 Hz, 2H), 1.12
(d. J=7Hz, 12H). 3C NMR (75MHz, C,D,Cl,, 120°C): § =188.3
(C=0). 188.0 (C=0), 163.8 (C=0). 146.1, 145.6, 144.0, 138.3, 137.3, 137.0
132.9, 132.0, 131.7, 131.1, 130.5, 130.4, 130.3, 130.1, 129.7, 129.2, 129.1,
129.0, 128.8, 128.6, 128.5, 128.3, 127.9. 126.9, 124.3, 124.0, 123.4, 122.6,
122.1, 1214, 121.2, 120.9,120.8, 29.1, 24.1. FD-MS (8kV): m/z: 660.6
(100%) [M "] (caled. 661.23). C, H,,NO, (661.77): caled. C 83.49, H 4.72,
N 2.12; found C 83.88, H 5.12, N 2.27.

N-(2,6-Diisopropylphenyl)-9-(4- N-octyl-naphthalene-1,8-dicarboximide)peryl-
ene-3,4-dicarboximide {13a): A solution of 11 (600 mg, 0.9 mmol) and KOH
(5.0 g) in 1-propanol (300 mL) was heated in the presence of air to 60°C for
2 h. The solution was poured onto HCI (2 L, 1N) and the precipitate removed
by filtration to give 12 (600 mg, 98%). A solution of 12 (500 mg, 0.74 mmol)
and n-octylamine (1.0 g) in isopropanol (300 mL) was refluxed for 8 h. The
solution was poured onto 1 L of 1M HCI, and the precipitate removed by
filtration and recrystallized from ethanol (300 mL) to give 13a (570 mg,
97%). m.p. 293 C (decomp.). [R (KBr): ¥ = 2958, 2922, 1699 (C=0), 1660
(C=0), 1590. 1577, 1356, 1245, 1234, 812, 787, 757 cm ™~ *. UV/Vis (CHCl,):
Zar (l0ge) = 536 nm (4.60), 483 (4.60), 340 (4.17). "HNMR (500 MHz,
C,D,Cl,, 120°C): 6 = 8.69 (d, J =7 Hz, 1H), 8.64-8.57 (m, 4H), 8.54 (d,
J=9Hz tH), 850-8.47 (m, 2H), 7.83 (m, 1H), 7.8t (m, 1 H), 7.64 (d,
J =8 Hz 1H),7.59 (m, 1 H), 7.48 (1, / = § Hz, 1 H), 7.44-7.38 (m, 2H). 7.28
(d, J =8 Hz 2H), 415 (m, 2H). 2.68 (m, 2H), 1.72 (m, 2 H), 1.41 (m, 2H),
1.32(m, 2H), 1.28- 1.18 (m, 6 H), 1.12 (d, J =7 Hz, 12H), 0.84 (m, 3H). '3C
NMR (75 MHz, C,D,Cl,, 120°C): § =164.4 (C=0), 164.2 (C=0), 164.1
(2 C, C=0), 146.0 (q), 144.5(q), 139.5 (@), 137.7 (q), 137.4 (q), 133.6 (),
132.4 (1), 132.3 (1), 131.7 (). 131.5 (q), 131.3 (@), 131.0 (1), 130.7 (g), 130.2
(@), 129.9 (q), 129.5 (2 C, 1), 129.3 (1), 129.2 (1), 128.8 (q), 128.5 (q). 128.0
(1), 127.6 (1), 127.3 (q), 124.5 (1), 124.2 (1), 123.5 (1), 123.4 (q). 123.1 (q).
121.8 (q). 121.6 (q). 121.1 (1), 121.0 (1), 41.0 (CH,}. 32.1 (CH,), 30.0 (CH,),
29.7(CH,), 29.5(CH,), 29.4 (CH), 28.5(CH,), 27.5 (CH,), 24.3 (CH,), 22.9
(CH,). 14.4 (CH,). FD-MS (8 kV): m/z: 787.9 (100%) [M *] (caled. 788.36),
393.8 (9%) [M27]. Cs,H,gN,0O, (788.99): caled. € 82.20, H 6.13, N 3.55;
found C 82.07, H 5.99, N 3.30.

N-(2,6-diisopropylphenyl)- N’ - octylterrylene- 3,4, 11, 12 - tetracarboxdiimide
(4a): Compound 13a (460 mg, 0.58 mmol), KOH (30.0 g) and ethanol
(60 mL) were heated to 70 °C for 20 min. The dark blue melt was poured onto
2™ HC! (400 mL), the precipitate removed by filtration, washed twice with
water, and extracted twice with boiling ethanol to dissolve the impurities to
give 4a (370 mg, 80%). m.p.>360°C. TGA: 463°C. IR (KBr): ¥ = 2959,
2925, 1694 (C=0), 1656 (C=0), 1585, 1378, 1357, 1330, 1304, 1248, 841, 809,
751 am 1. UV, Vis (2.41 x 10~ Min CHCL,): A,,,, (logs) = 650 nm (4.97), 598
(4.68), 553 (4.20). Fluorescence emission {exc.: 590 nm): 673 nm. 'H NMR
(500 MHz, C,D,Cl,, 120°C): é = 8.67 (d. J = 8.0 Hz, 2H), 8.56 (m, 8§ H).
8.47(d. J=8.0Hz 2H), 742 (t,J=7.0Hz, 1H), 7.30 (d, / =7.9 Hz, 2H),
4.15(t. J =7.0 Hz, 2H), 2.77 (0, J =7.0 Hz, 2H), 1.75 (m, 2H), 1.44-1.27
(m, 10H), 1.18 (d, J = 6.8 Hz, 12H), 0.89 (t, 3H). '3C NMR (125 MHz,
C,D,C1,,120°C): 6 =163.5(C=0), 163.4 (C=0), 145.8,135.9, 135.5,131.7,
131.2(20), 131.0,130.9, 129.2. 128.6. 128.5, 126.3, 126.0, 124.4, 124.3, 123.9,
122.1, 122.0 (2 C), 121.5, 121.4, 40.6, 31.7, 28.3, 29.2, 29.1, 28.2, 27.2, 24.0,
22.5. 14.0. FD-MS (8kV): m/z: 786.5 (100%) [M*] (caled. 786.35).
Co,H,N,O, (786.98): caled. C 82.42, H 5.89, N 3.56: found C 82.57, H 5.55,
N 3.20.

N-(2,6-Diisopropylphenyl)-9-(tributyltin)perylene-3,4-dicarboximide (14c): A
solution of 5S¢ (13.5 g, 24.1 mmol), hexabutylditin (26.3 g. 45.3 mmol), and
Pd(PPh,), (0.1 g, 0.09 mmol, 0.3 mol %) in toluene (700 mL) was refluxed for
3d. The solvent was evaporated and the residue purified by column chro-
matography (silica gel, 31 x 9 cm, CH,Cl,) to give 14¢ as a red solid (16.4 g,
88%). m.p. 158—-159°C. IR (KBr): ¥ = 2958, 1699 (C=0), 1663 (C=0),
1590, 1463, 1355, 1292, 1245, 838, 814, 804, 750 cm ~ 1. UV/Vis (CHC1,): 4, .,
(loge) = 521 nm (4.54), 496 (4.56), 267 (4.45). '"H NMR (500 MHz, CDCl,):
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S =8.66(d, J =8 Hz, 1H). 8.65 (d. J = § Hz, 1H), 8.50 (d. J = & Hz. 1 H),
8.47 (d. J = 8 Hz, 1 H), 8.46 (d, J = 8 Hz. 1 H), 8.40 (d, J =7 Hz, { H), 7.88
(d, J=8Hz, tH), 7.84 (d, J =7 Hz, 1H), 7.69 (t, J = § Hz, 1H), 7.49 (1.
J =8 Hz, 1H, H-4), 7.35 (d, / = 8 Hz. 2H. H-¥, H-5), 2.79 (h, J =7 Hz.
2H. CH), 1.69-1.56 (m, 61, Sn—CH,), 1.44-1.33 (m, 6 H, CH,), 1.31-1.27
(m, 6H, CH,), 1.20 (d. J =7 Hz, 12H, CH. CH,), 0.92 (t. J =7 Hz, 9H,
CH,). *C NMR (125 MHz, C,D,Cl,): 6 =164.0 (C=0), 149.7, 145.7,
140.1, 138.0. 137.7. 136.3, 133.4, 132.0, 131.1, 130.5, 129.8, 129.4, 129.2,
127.0. 126.8, 124.0, 123.7, 122.7, 120.8, 120.0, 119.9, 29.3, 29.2, 27.3, 24.0
(CH-CH,), 13.6. 10.8. FD-MS (8 kV): mjz: 770.5 (100%) [M*] (caled.
771.31). C,,H,,NO,8n (770.63): caled. C 71.70, H 6.93, N 1.82: found C
72.05. H 6.68, N 2.20.

N-(2,6-Diisopropyiphenyl)-1,6-di(4-tert-butylphenoxy)-9-(tributyltin)perylene-
3.4-dicarboximide (14b) can bc synthesized analogously: A solution of 5b
(5.0 g, 5.8 mmol), hexabutylditin (6.8 g, 11.7 mmol), and Pd(PPh,), (0.1g.
0.09 mmoi, 1.6 mol %) in toluene (300 mL) was refluxed for 3 d. The solvent
was evaporated, and the residue purified by column chromatography on silica
gel (30 x § em, CH,CIL,) to give 14b as a red solid (5.3 g, 85%). m.p. 263 °C.
IR (KBr): v = 2958, 2925, 1708 (C=0), 1671 (C=0), 1597, 1506, 1334, 1282,
1210 em ™', UV/Vis (CHCLL): A, (loge) = 524 nm (4.53). 488 (4.38), 290
(4.42). "H NMR (500 MHz, C,D,Cl,): § =9.29 (d, J = 8 Hz, 1), 9.19 (d.
J =8Hz 1H), 8.19 (s, 1 H), 8.18 (s. 1H), 7.80 (d, J = 8 Hz, 1 H), 7.76 (d.
J=8Hz 1H),7.60 (t, J =8 Hz, 1 H), 7.40 (m, 4H), 7.34 (m, 1 H), 7.20 (d,
J=8Hz 2H), 7.09 (m, 4H), 2.53 (h, /=7 Hz, 2H, iPr), 1.53 (m, 6H.
a-CH,), 1.29 (m, 24 H, f-CH,: /Bu), 1.19 (m. 6H, y-CH,). 1.05(d, J =7 Hz,
12H, /Pr), 0.83 (t, J =7 Hz, 9H, CH,). *C NMR (125 MHz. C,D,Cl,):
6 =163.5(C=0), 154.1, 153.7, 153.2, 153.1, 149.2, 147.9, 147.7, 145.7, 139.3,
133.7, 132.1, 131.0, 129.8, 128.4, 128.1, 1274, 127.2, 126.8, 122.9, 121.3.
121.2, 119.7, 34.6, 31.8, 29.4, 29.3, 27.7, 24.3, 14.0, 11.0. FD-MS (8 kV): m/z:
1067.0 (100%) [M ™) (caled. 1067.49). C, H,,NO,Sn (1067.04): caled. C
74.29, H 7.27, N 1.31; found C 74.40, H 7.62, N 1.20.

N-(2,6-Diisopropylphenyl)-9- (3 - benzanthronyl) perylene - 3,4 - dicarboximide
(7¢): A solution of 14¢ (1.245g, 1.6 mmol), 3-bromobenzanthrone (6)
(0.501 g, 1.6 mmol), and Pd(PPh,), (56 mg. 0.05 mmol, 3 mol%) in DMF
(100 mL) was heated to 100°C for 2d. After 1d, more Pd(PPh,), (56 mg.
0.05 mmol) was added. The solvent was evaporated, the residue taken up in
CH,Cl,, washed with 2m HC, and purified by column chromatography on
silica gel (30 x 5 ecm, CH,Cl,) to give 7¢ as an orange solid (0.827 g, 73%).
m.p. 255°C. IR (KBr): ¥ = 2962, 1698 (C=0), 1655 (C=0), 1592, 1575.
1358 em ™', UV/Vis (CHCL,): A,,, (loge) =517 nm (4.63), 491 (4.62).
'"H NMR (500 MHz, CDCl,): § = 8.80 (dd, J =7 Hz.J =1 Hz, 1 H), 8.70 (d,
J=8Hz, 1H), 8.68 (d, J =8 Hz, 1H), 8.62 (dd, J = 8 Hz. J =1 Hz, 2H),
8.55(d,J =8 Hz, 2H), 8.50 (d, J = 8 Hz, 2H), 8.44 (d, J = 8 Hz, 1 H), 7.92
(dd, J =8 Hz, J=1Hz, 1H), 781 (dt, /=8 Hz, /= 2Hz 1H), 7.78 (d.
J=8Hz 1H), 7.72 (d, J=8Hz, 1H), 7.65 (t, J=8Hz, 1H). 7.61 (t.
J=8Hz, 1H), 7.52 (d, J =8 Hz, 1H), 749 (d. J=7Hz, 1H). 7.47 (d,
J=8Hz, 1H), 7.34 (d, J=8Hz, 2H), 2.74 (h, J =7 Hz, 2H), 1.15 (d,
J=68Hz, 12H). *C NMR (125 MHz, CDCl,): § =183.9 (C=0), 164.0
(C=0), 1458 (q), 145.7 {q). 140.4 (g). 140.0 (g), 137.5 (q). 137.3 (q), 136.0
(@), 133.9 (q), 133.6 (1), 133.5 (1), 132.4 (q), 132.1 (1), 131.1 (g), 131.0 (q).
130.6 (q), 130.1 (1), 129.6 (q), 129.5 (q), 129.4 (t). 128.9 (q), 128.7 (1), 128.6
(t), 128.3 (t), 128.2 (q), 128.1 (q), 127.4 (t), 127.3 (1). 127.0 (q), 124.0 (1},
123.7 (1), 123.3 (1), 123.2 (1), 121.3 (q), 121.2 (g), 120.6 (1), 120.5 (1), 29.2
(CH), 24.0 (CH,). FD-MS (8 kV): m/z: 708.8 (100%) [M 7] (calcd. 709.26).
C,,H;NO, (709.85): caled. € 86.30, H 4.97, N 1.97; found C 86.59, H 5.20.
N 2.31.

N-(2,6-Diisopropylphenyl)- 1,6-di(4-tert-butylphenoxy)-9-(3-benzanthronyh)-
perylene-3,4-dicarboximide (7b): A solution of 14b (1.627 g, 1.6 mmol), 3-
bromobenzanthrone (6) (0.528 g, 1.6 mmol), and Pd(PPh;), (56 mg.
0.05 mmol, 3 mol%) in DMF (100 mL) was heated at 100 °C for 2 d. After
1 d, more Pd(PPh;), (56 mg, 0.05 mmol) was added. The solution was poured
onto 2 HCI (500 mL), the precipitate removed by filtration, washed with
water and purified by column chromatography on silica gel (30 x Scm,
CH,Cl,) to give 7b as a red solid {1.172 g, 73%). The analytical data arc
given above.

N-(2,6 - Diisopropylphenyl) - 11(CO),12 - benzoylterrylene - 3,4 - dicarboximide
(3¢): Compound 7¢ (427 mg, 0.6 mmol), KOH (7.5 g), and ethanol (15 mL)
were heated to 70 °C for 15 min. The dark blue melt was poured onto water,
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acidified with 2mM HCI, extracted with CH,Cl,, and purified by column
chromatography on silica gel (12 x 2.7 cm). The starting material eluted with
CH,CL,, and then switching to THF to elute 3¢ (341 mg, 80%).
mp.>360°C. TGA: 475°C. IR (KBr): # = 2962, 1702 (C=0), 1666 (C=0).
1579, 1505, 1358, 1329, 1302, 1284, 1247, 839, 811, 751 cm” . UV/Vis
(1.40 x 107 °>M in CHCY,): 2, (loge) = 684 nm (4.79), 626 (4.52). Fluores-
cence emission (exc.: 630 nm): 701 nm. 'HNMR (500 MHz, C,D,Cl,,
120°C): 0 =8.84 (d, J=80Hz, 1H), 8.67-849 (m, 12H), 837 (d.
J=79Hz 1H), 7.76 (t, J =7.3 Hz, 1H), 7.57 (t, J =7.4 Hz, 1H), 7.41 (1,
J=8.0Hz 1H),7.27 (d, / = 8.0 Hz, 2H) 2.74 (h, J = 6.9 Hz, 2H), 1.15 (d,
J = 6.8 Hz, 12H). Owing to the low solubility of 3¢ no '3C NMR spectrum
was recorded. FD-MS (8 kV): mjz: 706.8 (100%) [M*] (caled. 707.25).
C5,H;,NO, (707.83): caled. C 86.54, H 4.70, N 1.98; found C 86.27, H 4.35.
N 2.36.

N-(2,6-Diisopropylphenyl)-9-(4- V-octyl-naphthalene-1,8-dicarboximide)peryl-
ene-3,4-dicarboximide (13a): A solution of 14¢ (3.30 g, 4.40 mmol), N-octyl-
4-bromonaphthalene-1,8-dicarboximide (8a) (2.60 g, 6.70 mmol), and Pd-
(PPh;), (30 mg, 0.03 mmol) in toluene (100 mL) was refluxed for 4 d. The
solvent was evaporated and the residue purified by column chromatography
on silica gel (40 x 5 cm, CH,Cl,) and recrystallization from ethanol to give
13a as a red solid (2.43 g, 70%). The analytical data are given above.

N-(2,6-Diisopropylphenyl)-9-(4-N-(2,6-diisopropylphenyl)-naphthalene-1,8-di-
carboximide)perylene-3,4-dicarboximide (13c): A solution of 14¢ (1.50 g,
1.95 mmol), N-(2,6-diisopropylphenyl)-4-bromonaphthalene-1,8-dicarbox-
imide (8¢) (1.30 g, 2.90 mmol), and Pd(PPh,), (30 mg, 0.03 mmol) in toluene
(100 mL) was refluxed for 4 d. The solvent was evaporated and the residue
purified by column chromatography on silica gel (30 x 4 cm, CH,Cl,) to give
13c as a red solid (1.02 g, 70%). m.p. 290 °C (decomp.). IR (K Br): ¥ = 2960,
1703 (C=0), 1666 (C=0), 1590, 1578, 1354, 1238 cm ™ '. UV/Vis (CHCl,):
Zmax {l0ge) = 513 nm (4.56), 484 (4.55). 264 (4.41). "HNMR (500 MHz,
C,D,Cl,, 120°C): 6 =8.76 (d, J=7Hz, 1H), 8.67 (m, 3H), 8.61 (d,
J=8Hz, 1H), 8.56 (d, J=8Hz, 1H), 851 (m, 2H), 7.93 (dd, / = 9 Hz,
J=1Hz, 1H),7.88(d,J =7 Hz, tH), 7.70 (d, J = 8 Hz, 1 H), 7.66 (m, 1 H),
7.53 (m, 2H), 7.43 (m, 2H), 7.30 (m, 4H), 2.78 (m, 4H), 1.19 (m, 24 H). 3C
NMR (125 MHz, C,D,Cl,, 120°C): § =164.2 (C=0), 164.1 (C=0), 164.0
(2 C, C=0), 146.2, 144.7, 139.4, 137.5, 137.2, 133.8, 132.8, 132.2, 132.1,
131.9, 131.7, 131.5, 131.2, 130.8, 130.5, 129.5, 129.4, 129.1, 128.7, 128.0,
127.6, 127.4,124.4, 124.1, 123.7, 123.4, 122.2, 122.0, 121.1, 121.1, 29.5, 24.2.
FD-MS (8kV): m/z: 836.4 (100%) [M "] (caled. 836.36). C,,H, N,O,
(837.03): caled. C 83.23, H 5.78, N 3.35; found C 83.07, H 6.01, N 3.55.

N-(2,6-Diisopropylphenyl)-1,6-di(4- tert-butylphenoxy)-9-(4- V-(2,6-diisopro-
pylphenyl)naphthalene-1,8-dicarboximide)perylene-3,4-dicarboximide (13b):
A solution of 14b (1.40 g, 1.31 mmol), N-(2,6-diisopropylphenyl)-4-bromo-
naphthalene-1,8-dicarboximide (8¢) (0.86 g, 1.97 mmol), and Pd(PPh,),
(30 mg, 0.03 mmol) in toluene (150 mL) was refluxed for 4 d. The solvent was
evaporated and the residuc purified by column chromatography on silica gel
(40 x 5 cm, toluene) to give 13b as a red solid (1.16 g, 78%). m.p. 151-152~C
(decomp.). IR (KBr): ¥ = 2962, 1708 (C=0), 1671 (C=0), 1589, 1505, 1361,
1353, 1272, 1239, 1208 cm ™ '. UV/Vis (CHCL,): 4. (loge) = 517 nm (4.55),
487 (4.38, sh), 340 (4.43), 274 (4.45). "H NMR (500 MHz, C,D,Cl,, 120 °C):
0 =9.51(d,J=8Hz, 1H), 941 (d, s = 8 Hz, 1H), 8.74 (d, / = § Hz, 1 H),
8.61 (m, 2H), 832 (d, J=8Hz, 2H), 794 (d, J =8 Hz, 1H), 7.88 (d,
J =8Hz 1H), 7.66 (m, 2H), 7.53 (m, 2H}), 7.43 (m, 6H), 7.30 (m, 4H), 7.12
(m, SH), 2.75 (m, 4H), 1.34 (m, 18 H), 1.19 (m, 24 H). '*C NMR (125 MHz,
C,D,Cl,, 120°C): 6 =164.0 (C=0), 163.9 (C=0), 163.0 (C=0), 154.2,
152.9, 147.8, 145.8, 145.7, 145.6, 145.5, 145.0, 138.1, 133.8, 132.7, 132.5,
131.9, 131.5, 131.3, 131.2, 131.1, 130.9, 130.8, 130.7, 129.8, 129.1, 128.9,
128.6, 128.2, 1279, 127.1, 127.0, 126.3, 126.1, 123.7, 123.3, 122.8, 122.7,
122.0, 118.8, 118.7, 34.3, 31.3, 29.1, 29.0, 23.8. FD-MS (8 kV): m/z: 1132.2
(100%) [M *] (caled. 1132.54). C,4H,,N,O¢ (1133.45): caled. C 82.66, H
6.40, N 2.47; found C 83.05, H 6.01, N 2.35.

N,N’-bis(2,6-diisopropylphenyl)terrylene-3,4,11,12-tetracarboxdiimide  (d¢):
Compound 13¢ (500 mg, 0.6 mmol), KOH (30.0 g) and ethanol (60 mL) werc
heated to 70°C for 20 min. The dark blue melt was poured onto 2m HCI
(400 mL). The precipitate was removed by filtration, washed twice with wa-
ter, and extracted twice with boiling ethanol to dissolve the impurities to give
4c (400 mg, 80%). m.p.>360°C. IR (KBr): ¥ = 2965, 2925, 1703 (C=0),
1660 (C=0), 1585, 1378, 1359 cm™ . UV/Vis (2.41 x 10" *m in CHCL,): 4_,,

Chem. Eur. J. 1997, 3, No.2

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

(loge) = 650 nm (4.97), 598 (4.68), 553 (4.20). Fluorescence ¢mission (exc.:
575 nm): 668 nm. 'HNMR (500 MHz, C,D,Cl,, 120°C): § = 8.70 (m, $§ H),
8.61(d, J =8Hz,4H), 743 (1. J =8 Hz,2H), 7.29 (d. J = 8 Hz, 4H), 2.74
(h, J =7Hz, 4H). 117 (d, J =7 Hz, 24H). '*C NMR (125 MHz, C,D,Cl,,
120°C): 6 =163.5 (C=0), 146.0 (q), 136.1 (q), 131.7 (1). 131.5(q). 131.4 (q).
130.5 (q), 129.2 (1), 129.0 (q), 126.6 (q), 124.6 (1), 123.9 (1), 122.4 (g). 121.7
(1), 29.3 (CH), 23.8 (CH;). FD-MS (8 kV): m/z: 834.7 (100%) [M *] (calcd.
834.35), 417.9 (10%) [M2"]. C5H,( N,0, (835.02): caled. C 83.43, H 5.55,
N 3.35; found C 83.77, H 5.89, N 3.28.

N,N'-bis(2,6-diisopropylphenyl)-1,6-di(4-tert-butylphenoxy)terrylene-3,4,11,
12-tetracarboxdiimide (4b): Compound 13b (500 mg, 0.44 mmol). KOH
(30.0 g), and ethanol (60 mL) were heated 10 70 °C for 20 min. The dark blue
melt was poured onto 2m HCI (400 mL), the precipitate removed by filtra-
tion, washed twice with water, and extracted twicc with boiling ethanol to
dissolve the impurities to give 4b (401 mg, 80%). m.p.>360-C. IR (KBr):
¥ =2962, 1704 (C=0), 1667 (C=0), 1589, 1579, 1505, 1357, 1327 cm ™ ..
UV/Vis (CHCIy): A, (loge) = 664 nm (5.08), 615 (4.82). Fluorescence cmis-
sion (exc.: 575nm): 707 nm. 'HNMR (500 MHz, C,D,Cl,, 120°C):
6 =959 (d, J=9Hz, 2H), 8.66 (m, 4H), 8.56 (d, J = 8 Hz, 2H), 8.32 (s,
2H), 7.46 (d. J = 9 Hz, 4H), 7.40 (m, 2H), 7.28 (d, J = 8 Hz, 2H), 7.24 (d,
J=8Hz, 2H), 717 (d, J =9 Hz, 4H), 2.73 (h. J =7 Hz, 2H). 2.68 (h.
J =7Hz, 2H), 1.36 (s, 18H), 1.15 (d, J =7 Hz, 12H), 1.12 (d, J =7 Hz,
12H). *C NMR (125 MHz, C,D,Cl,, 120°C): § =163.7 (C=0), 163.0
(C=0), 155.3 (q), 152.9 (q), 148.3 (q), 146.0 (q), 145.8 (q). 136.6 (). 131.8
(1), 130.9 (q). 130.5 (q), 130.3 (q), 130.0 (q), 129.4 (1), 129.2 (1), 128.0 (q),
127.3 (1), 126.6 (@), 125.5 (q), 124.6 (1), 123.9 (1), 123.8 (1), 122.9 (1), 122.6
@), 122.5 (q), 121.7 (q), 121.3 (1), 119.0 (1), 108.4 (), 34.5 (1Bu, C,). 31.5
(tBu, CH,), 29.2 (iPr, CH), 23.9 (iPr, CH,). FD-MS (8 kV): m/z: 11309
(100%) [M ] (caled. 1130.52). C,,H,,N,O (1131.44): caled. C 82.80, H
6.24, N 2.48; found C 82.51, H 6.58, N 2.22.
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Syntheses, Crystal Structures, and Properties of Novel Heterooctametallic

M; = Moz, MoW,, W;)

Li Xu,* Zhaohui Li, Huang Liu, Jinshun Huang,* and Qianer Zhang

Abstract: A mixture of Na,MO,,
M(CO),, FeCl,-6H,0, and (EtCO),0
was heated at 120°C to produce the het-
erooctanuclear clusters Na,Fe,[M;0,-
(0,CEt)], M =Mo, 1; W, 2). The
bioxo-capped clusters Na[M;0,(0,CEt),]
(M, = MoW,, W,) were treated with Fe-
(CO)s, Cr(CO),, and Mo(CO), in
(EtC0O),0 at 120°C to afford Na,M’,-
[MoW,0,(0,CEt)], (M" = Fe, 3; Cr, 4,
Mo, 5) and Na,Mo,[W,0,(0,CEt)], (6),

10), consist of two incomplete cubane-
type [M;0,(0,E0),)* units centrosym-
metrically bridged by two M’'(11) metal
ions through p-oxo and propionate
groups; the resulting cluster dianions are
linked by Na* ions into infinite chains.
Clusters 1-10 do not dissolve in water
and common organic solvents at room
temperature. Unlike the chromium(ur)
clusters 7 and 8, the iron(1i1) and vanadiu-
m{u1) clusters 1 and 9 are soluble in

aqueous acid solution, as a result of their
decomposition into isolated {Mo,0,1**
cluster units. Temperature-dependent
magnetic susceptibilities of 1,2, and 7-10
were measured over the range 2-200 K
and modeled by means of the spin-Hamil-
tonian H = —2J§,S, to give spin ex-
change coupling constants J/k of
—0.60, —0.72, —1.76, — 1.31, —4.80, and
—1.46 K, respectively. These figures show
that antiferromagnetic spin exchange cou-

respectively. The isomorphous clusters 1,
2. 5, and 6 were characterized by X-ray
crystallography. The structures, similar to
those of the analogues Na,Cr,[M;0,-
(O,CEt)y] M =Mo, 7; W, 8) and
Na,V,[M;0,(0,CEt),], (M = Mo, 9; W,

num - tungsten

Introduction

Recently, we reported a novel class of the paramagnetic het-
erooctametallic chain clusters Na,M,[M,0,(0,CR),],,!"?
which consist of two incomplete cubane-type cluster units
IMYO,(O,CR) J*~ (M = Mo, W) bridged by two M'(11) metal
ions through u-oxo and carboxylate groups. These clusters are
of interest because they add to the extensive and developing
chemistry of [M,0,] (M = Mo, W) cluster units.* " **) How-
ever, because of the lack of general and efficient synthetic meth-
ods, the species of this type thus far reported are limited to
chromium(im)- and vanadium(in)-bridged clusters containing
homonuclear triangular units,'>? and little is known about
their magnetic properties and stability toward aqueous acid so-
lution. Herein we report on a new general route to such species
and crystal structures of four new members of this series—
Na, Fe,[M0,0,(0,CEt)], (1), Na,Fe,[W;0,(0,CEt)], (2),
Na,Mo,[MoW,0,(0,CEt)], (5), and Na,Mo,[W,0,(0,-
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pling interactions between the magnetic,
bridging M'(1m1) ions are very weak. These
species show characteristic bands in the
IR spectra at 740-820 cm ™!, which can
probably be assigned to ¥(M-u-0O).

CEt),], (6). The magnetic exchange interactions between the
bridging metal(i1t) ions in trinuclear units and solution stabilities
have also been investigated.

Results and Discussion

Synthesis: The syntheses of clusters 1-10 are summarized in
Scheme 1. All these preparative reactions involve the redox
reaction system Na,MO,/M'(CO),/(RCO),0, which was previ-
ously used in the effective synthesis of triangular bioxo-
capped carboxylate clusters of molybdenum(v) and tung-
sten(1v).[*? 711 One such reaction (M = Mo, M’ = W, R = Me)
was first reported by Cotton et al. to yield a mixture of the
triangular bioxo-capped acetates Na[Mo,W,_ 0,(0,CMe),]
(x =1-3).l'213) The reverse reactions (M =W, M’ = Mo,
R = Me, Et) were found to result in the exclusive formation
of the mixed-metal cluster species Na[MoW,0,(0O,CR),)
(R = Me, Et).[**7 161 This reaction system was recently success-
fully extended to the preparation of the Mo(W)-Cr(V) mixed-
metal clusters Na,M’{M;0,(0,CEt);], M’ = Cr, M = Mo, 7,
M=W8, M =V,M= Mo, 9, M =W, 10) by using Cr(CO),
or NaVO, in place of M(CO), or Na,MO, in heated (120 °C)

0947-6539/97/0302-0226 8 15.00+ .25/0 Chem. Eur. J. 1997, 3, No. 2





226-231

NaoM, [MoW50,4 (05CEt) g1 5 NajFey [M30,4 (05CE) gl NazMo2[W304(02CEt)gl2 above-mentioned methods, be-

M=Fe, 3,Cr, 4, Mo, 5 M=Mo, 1, W, 2 8 cause a far wider variety of

metal(uir) complexes are avail-

Cwicolg ¢ v+ | srecis + Mo(CO) g able compared to metala.tes

1200C , 1200¢C or metal carbonyls. For in-

M-fe. Cr, Mo Mo, W | 1209C stance, one can prepare cluster

N WA -n 7 easily .and in similar yiellds

Na [Mot509 (09CE t) o] (———16—730————N32M04+ W (CO} g+ (EXCO) »0 ——;;)—C———-—)Na {W305 (05CE 1) g] by replacing FeCl, -6 H,0 with
CrCl,;-6H,0.

etlo W M=V (NaV03) The syntheses of clusters 3—

1209 /e, 120%C\ W' Mo, W 6 from the hetero- or homo-

NagCry [M304 (02CE t) 3] b]
M=Mo, 7, W, 8

Scheme 1. Syntheses of clusters 1-10

instead of refluxing (EtCO),0.1"" ) It is interesting to note that
both reduction of Na,MO, and oxidation of M(CO), produced
the incomplete cubane-type units [M,0,(0,CEt),]*~ rather
than the aforementioned bioxo-capped species, which were pre-
viously considered to predominate for Mo and W' in car-
boxylic anhydrides, since the former cuboidal units could be
trapped by Cr** (or V**)and Na* ions in the reaction mixtures
to give the insoluble heterooctanuclear infinite chain clusters.
However, these two methods are limited and cannot be em-
ployed to prepare, for example, the present Fe'-bridged deriva-
tives effectively. We thus considered designing an alternative
route based on the redox reaction of Na,MO, and M(CO), to
produce the incomplete cuboidal units [M,0,(0,CEt),]* " in
the presence of iron(ilf) complexes as a source of Fe’* ions.
As might be expected, reaction of Na,MO,, M(CO),, and
FeCl;-6 H,0 in heated (120 °C) propionic anhydride yielded the
desired iron(u)-bridged derivatives Na,Fe,[M;0,(0,CEt),],
M = Mo, 1; W, 2) in good yields. This reaction shouid provide
a more general route to such heterooctametallic series than the

Abstract in Chinese:

1B E Y Na;MO4, M(CO)s, FeCl; 6H,0 FI(EtCO),0 7E 120°C ik
AR NE RIS NagFeo MyOf(O2CE L (M=Mo, 1, W, 2). M
RIS Na[MyOy(0,CEf)] (Ms = MoW,, W3) & Fe(CO)s,
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NaZMOZ[W304(OZCEt)8]2 (6) Eﬁﬁﬁ]ﬁﬁi%%% 1 5 2 > 5 3 6 %ﬁ
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N32V2 [M304 (02CE t) 3] 2
M=Mo, 9, W, 10

nuclear bioxo-capped propi-
onates Na[M,0,(0,CEt),]
(M, = MoW, or W,) as start-
ing materials are of special in-
terest, because they confirm
that the cuboidal units [M,0,-
(O.CEQg*™ (M, = MoW,,
W,) in 3-6 result from the cluster conversion of the bioxo-
capped species with the metal triangle remaining intact.

It is noteworthy that, in addition to the above-mentioned
MoV clusters, this reaction system can also produce the interest-
ing dinuclear MoY and trinuclear Mo™":Hl carboxylates,
Na,Mo,0,(u-0,CCF;),,-4CF,CO,H and Na,[Mo,0(u.n*-
0,CMe);(u.n'-0,CMe)(0,CMe),(H,0)].117- 18]

Stability: Unlike the chromium-bridged species, which are
stable for at least six months (monitored by IR spectroscopy),
the iron(u)-, molybdenum(in)-, and vanadium(ui)-bridged clus-
ters are only stable in air for a few days. Like clusters 7-10, 1-6
are insoluble in water and common organic solvents at room
temperature. How-

ever, clusters 1 and 9 T
can be dissolved in
aqueous hydrochloric
acid to produce red
solutions. It is inter-
esting to note that the
UV/Vis spectrum of 9
(Figure 1) is similar
to that of red
[Mo,0,]** aqua ions
reported  previous-
ly:18 this indicates
that the V cations dis-
sociate from the trin-
uclear centers with
formation of isolated
[Mo,0,]*" units. The
peak at ca. 510 nm is
flatter for 1, pre-
sumably because of the presence of Fe** ions. These resuits
suggest that the solubility in aqueous acid solution is a conse-
quence of the decomposition of the octametallic clusters to give
[Mo,0,]** species. In contrast to the above-mentioned iron
and vanadium clusters, the chromium cluster 7 dissclves only
very slowly in hot HCI, and 8 is insoluble; these clusters thus
display considerably higher stability toward aqueous acid solu-
tion. A similar trend was observed for the stability in air.

\

1

1

)

'

\
\
\

\

Absorbance

Wavelength/ nm

Figure 1. UV/Visspectraof 1 (- - -, 0.001 M)
and 9 (—, 0.001M) in 2M HCI (optical
path =1cm); the latter is similar to that of
Mo,0.0*" aqua ions (- - -).
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Presumably, this can be explained in terms of the stronger Cr—-O
bonds, owing to the high crystal-field activation energy of Cr'™
0ns.

Crystal Structure: The isomorphous clusters 1, 2, 5, and 6 have
been characterized by X-ray crystallography. The [Mo,0,-
(O,CEt)g]* " unit, the [FeMo,0,]:** skeleton, the Fe,[Mo,-
0,(0,CEt)4]3 ™ dianion, and the infinite chain of cluster 1 are
shown in Figures 235, respectively. Table 1 lists the selected
bond lengths and angles. A comparison of important averaged
bond lengths in 1-10 and related clusters is given in Table 2. An

C?23

Figure 2. Structure of the triangular unit {Mo0,0,(0,CEt),]* " of 1.

Figure 3. Structure of the [FeMo,0,]4*" skelcton of 1.

unusual feature of the trinuclear unit shown in Figure 2 is
the single bridging propionate ligand, which has not been
found in isolated [M,0,]**-type clusters previously reported.
The average bond lengths in the [M,0,}** cores of 1, 2, 5,
and 6 are similar to the corresponding bond lengths in the
other compounds shown in Table 2. The M-Of (O2 or O3)
bonds are significantly lengthened compared to the M-O,
bonds. This implies that d—p n bonds in the Mo, O} arrays
are considerably weakened by the bonding of O atoms to
the bridging metal M’(1n) ions. Unlike the formal sulfur ana-
logues [M'M,S,], of double cubane-type structure,!*! the
[FeMo0,0,13*" skeleton shown in Figure 3 possesses a cen-
trosymmetric cyclic structure characteristic of Fe,Mo,0, eight-
membered rings (the average deviation of ring atoms from the

228 —————— 3 VCH Verlugsgesellschaft mpH, D-6945t Weinheim, 1997

least-squares plane is about 0.3 A). The four FeMo,O arrays
are nearly planar (the sum of the M'-O-M angles are 346 and
359° for Fet/Mo1/Mo3/03 and Fel/Mo1/Mo2/02, respec-
tively; Table 1), as is also observed for the CrW,0O units in
W, (CCH,rBu)O,Cr,(0,CtBu),,.''® This arrangement is be-
lieved to be a result of both the strong repulsion between the
Mo and Fe™ ions and the small radius of the oxygen atom. In
fact, no (M;M’O,] (M = Mo or W) cubane-type clusters with
three or more metal—metal bonds have been prepared by far. As
shown in Figure 4 and Table 1, the four EtCO, groups from
each trinuclear unit complete a rather regular O, octahedron for

Figure 4. ORTEP drawing of the octametallic dianion Fe,|Mo0,0,(0,CE0}: ™ of
1 (thermal ellipsoids at the S0 % probability level).

the M'(u1) ions with the O-M’-O angles within 5° of the expected
values for an octahedron and six similar M’ O bond lengths. It
is noteworthy that Fe—OfF and Mo-O{ bond lengths in 1, 2, §,
and 6 are much longer
than corresponding

Fe-0, and Mo-0O,
ones in [Fe,01’" and
[Mo,O,**  units, re-

spectively; this indi-
cates that the former
bonds lack significant
d—p n bonding.

The octanuclear di-
anions shown in Fig-
ure 4 are linked by Na™*
ions into infinite chains
characteristic of cen-
trosymmetric ~ Na,O,
four-membered  rings
(Figure 5). Each Na™
ions is coordinated to
four terminal propi-
onate oxygen atoms
and one capping oxygen
atom in a distorted trig-
onal bipyramidal ar-
rangement with rather
short Na—O bonds (ca.
2.31 1&), compared to

Figure 5. Perspective view of infinite chains of
cluster 1 with the Et groups omitted for clarity.
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Heterooctametallic Clusters 226-231
Table 1. Selected bond lengths (A) and angles (V) for clusters 1, 2, 5, and 6.
Cluster 1 Cluster 2 Cluster 8 Cluster 6

Mo1-Mo2 2.506(1) WI1-W2 2.5182(9) M1-M2 2.5045(9) W1-W2 2.517(2)
Mo1-Mo3 2.529(1) Wi-Ww3 2.5442(9) M1-M3 2.533(1) W1- W3 2.539(1)
Mo2-Mo3 2.517(1H) W2--W3 2.542(1) M2-M3 2.523(1) W2-W3 2.535(2)
Mol- 01 2.014(7) Wwi-0t 2.043(9) M1-01 2.022(8) Wi1-01 2.03(2)
Mol 02 1.957(7) wW1i-02 1.96(1) M1-02 1.959(6) w1 02 1.96(2)
Mo1-03 1.950(7) W1-03 1.98(1) M1-03 1.959(9) W1-03 1.96(2)
Mo1-011 1.991(8) wi1-01 2.01(2) M1-011 2.004 (6) Wi-011 1.99(2)
Mo1-012 2.405(7) Wi-012 2.09(2) M1-012 2.094(8) W1-012 2.09(2)
Mo1-013 2.136(7) Wi1-013 2.1102) M1-013 2.11(1) W1-013 2.12(2)
Mo2-01 2.013(7) W2-01 2.02(2) M2-01 2.021(6) wW2-01 2.04(2)
Mo2-02 1.952(7) W2-02 1.980(9) M2- O2 1.965(8) wW2-02 1.97(1)
Mo2-04 1911 (7 W2-04 1.923(9) M2-04 1.918(9) W2-04 1.91(2)
Mo2-021 2.018(7) W2-021 2.02(1) M2-021 2.019(R) W2 021 2.00(2)
Mo2 022 2.109(8) Ww2-022 2.102) M2-022 2.098(7) wW2-022 2.05¢2)
Mo2-023 2.145(7) W2-023 2.15(1) M2--023 2.12(2) wW2-023 2.13(2)
Mo3--0O1 2.055(7) W3--01 2.068(9) M3-01 2.059(9) W3-0Ot 2.10(2)
Mo3-03 1.975(7) W3-03 1.99(1) M3-03 1.952(8) W3--03 2.00(2)
Mo3-04 1.918(7) W3-04 1.92(2) M3 04 1.901 (7 Ww3--04 1.89(2)
Mo3--031 2.022(7) w3 031 2.04(2) M3-031 2.010(9) wW3i-0 1.98(2)
Mo3-032 2.116(8) W3-032 2.09(1) M3-032 2.102(7) W3 .032 2.11(3)
Mo3-033 2.116(7) W3-033 2.10(2) M3-033 2.10(2) W3-033 2.12(2)
Fel1-02 2011 (D) Fel-02 1.994(9) Mo1-02 2.044(6) Mo1-02 2.05(1)
Fel-03 1.973(8) Fel-03 1.96(2) Mo1-03 2.011(3) Mo1-03 2.00(2)
Fe1-041 1.975(8) Fel-041 1.99(2) Mo 1-041 2.083(9) Mo1-041 213(2)
Fe1-042 1.989(7) Fe1-042 2.02(1) Mo1-042 2.083(8) Mo1-042 2.09(2)
Fe1-043 2.010(7) Fc1-043 2.02(1) Mo1 -043 2.085(7) Mo1-043 2.08(2)
Fei-044 1.999(8) Fel 044 2.03(2) Mo1-044 2.064(8) Mo1-044 2.10(2)
O1-Nal 2.310(8) 01-Nat 2.30(1) O1-Nat 2.277(7) O1-Nai 2.28(2)
0O14-Nal 2.25(2) O14-Na1 2.30(2) 014-Nal 2.27(1) 0O14-Nat 2.34(2)
024-Nal 2.40(2) 024-Natl 2.41(2) 024-Nal 2.41(2) 024 Nal 2.39(3)
024-Nal 2.305(8) 024-Natl 2.32(1) 024-Nal 2.31(2) 0O24-Nal 2.31(2)
O34-Nai 2.23(1) 034- Nati 2.25(2) 0 34- Nat 2.24(2) 0O34-Natl 2.27(3)
02-Fe1-03 93.8(3) 02-Fe1-03 94.6(4) 02-Mo1-03 96.8(4) 02-Mo1-03 96.0(7)
02-Fe1-03 93.8(3) 02-Fc1-03 94.6(4) 02-Mo1-03 96.8 (4) 02-Mo1-03 96.0(7)
02-Fe1-041 88.3(3) 02-Fe1-041 88.8(4) 02-Mo01-041 87.5(3) 02-Mo1-041 86.9(6)
02-Fc1-042 89.0(4) 02-Fe1-042 89.6(5) 02-Mo1-042 89.6(2) 02-Mo1-042 90.5(6)
02-Fe1-043 89.3(3) 02-Fe1-043 91.4(4) 02-Mo1-043 89.6(2) 02-Mo1-043 88.9(7)
02-Fe1-044 176.4(3) 02-Fe1-044 175.6(4) 02-Mo1-044 175.9(2) 02-Mo1-044 176.8(7)
03-Fel-041 176.5(3) 0O3-Fel-O41 175.8¢5) 03-Mo1-041 175.0(2) 03-Mo 1-041 175.7(6)
03-Fe1-042 89.1(3) 03-Fe1-042 88.4(4) 03-Mo1-042 88.3(2) 0O3-Mo1-042 3017
03-Fe1-043 87.9(3) 03-Fe1-043 88.2(5) 03-Mo 1-043 89.6(2) 03-Mo1-043 88.8(7)
03-Fe1-044 89.7(3) 03-Fel1-044 89.7(4) 03-Mo1-044 87.3(3) 03-Mo1-044 87.1(7)
041-Fe1-042 93.7(3) 041-Fe1-042 94.1(4) 041-Mo1-042 94.3(3) 041-Mo1-042 93.0(7)
Q41-Fe1-043 89.4(4) 041-Fe1-043 89.2(4) 041-Mo01-043 87.9(2) 041-Mo01-043 88.2(7)
041-Fe1-044 88.2(3) O41-Fe1-044 87.1(5) 041-Mo 1-044 88.3(3) 041-Mo 1-044 90.0(N
042-Fe1-043 176.4(3) 042-Fe1-043 176.6(4) 042-Mo1-043 177.6(3) 042-Mo1-043 178.6(7)
042-Fe1-044 90.7(3) 042-Fel1-044 89.4(4) 042-Mo1-044 90.6(2) 042-Mo01-044 88.6(8)
043-Fei1-044 91.2(3) 043-Fe1-044 90.0(4) 043-Mo1-044 90.4(3) 043-Mo1-044 92.2(7)
Mo 1-02-Mo2 79.7(3) W1-02-W 2 79.4(3) M1-02-M2 79.3(2) W1-02-W2 79.6(6)
Mo 1-02-Fel 147.3(4) W1-02-Fel 148.0(6) M1-02-Mo1 147.1(4) W1-02-Mo1 147.1(8)
Mo2-0O2-Fel 132.1(4) W2-02-Fel 131.1(5) M2-02-Mo 1 132.3(3) W2-02-Mo 132.2(8)
Mo1-O3-Mo3 80.3(4) W1-03-W3 79.8(4) M1-03-M3 80.7(4) W1-03-W3 80.0(6)
Mo1-O3-Fet 134.3(2) W1-03-Fel 132.7(5) M1-03-Mo1 133.4(5) W1-03-Mol 135.2(8)
Mo 3-O3-Fel 131.94) W3-03-Fel 132.2(5) M3-03-Mo1 134.1(6) W3-03-Mo1 132.83(9)
Table 2. A comparison of mean bond lengths (A) in clusters 1, 2, 5-10, and related compounds.

M-M M- O, [a] M-0i [b] M-0, [c] M-0,, [d] M-0,, [¢] M'-0O3 M’ -0, Ref.
Na,Fe,[Mo,0,(0,CE,l, (1) 2.517(1) 1.915(7) 1.957(7) 2.010(8) 2.027(7) 2121(8) 1.992(8) 1.993(8) this work
Na,Fe,[W,0,(0,CEt)], (2) 2.535(1) 1.92(1) 1.98(2) 2.02(2) 2.04(2) 2.11(2) 1.98(2) 2.02(2) this work
Na,Mo0,{M,;0,(0,CEl,]; (5) 2.520(1) 1.909(9) 1.959(9) 2.011(9) 2.034(9) 2.104(9) 2.028(6) 2.079(9) this work
Na,Mo,[W,0,(0,CEt),], (6) 2.530(2) 1.90(2) 1.97(2) 1.99(2) 2.06(2) 2.10(3) 2.03(2) 2.10(2) this work
Na,Cr,[Mo;0 (0,CE,], () 2.5198(9) 1.907(4) 1.952(5) 2.010(4) 2.026 (4) 2.114(5) 1.947(4) 1.973(5) t.2)
Na,Cr,[W,0,(0,CElg], (8) 2.5313(9) 1.927(9) 1.972(8) 2.012(9) 2.059(9) 2.110(9) 1.929(%) 1.986(9) 1.2
Na,V,[M0,0,(0,CEt),], (9) 2.519(1) 1.905(6) 1.953(6) 2.005(6) 2.026(7) 2.119(8) 1.985(6) 1.989(8) 12]
Na,V,[W;0,(0,CEt,], (10) 2.5328(6) 1.926(6) 1.974(6) 2.013(6) 2.057(6) 2.107(7) 1.962 (6) 2.012(6) [2]
[M0,0,(C,0,)4(H,0),1>~ 2.493(3) 1.915(7) 2.020(3) [71]
[Mo, WO (NCS),]4~ 2.521(5) 1.891(15) 2.021 (14) [8b]
[W,0,(NCS)oJ*~ 2.534 1.911 2.039 [94]
[Fe;0(0,CCMe,),(MeOH),]* 1.905(5) 2.02(2) [21]
[Cr;O(0,CEL) F,12 ™ 1.909 (4) 1.974(3) 22]
[Vs0(0,CMe) (THE), 1 1.910(6) 2.00(2) [23]
[a] Bridging M atoms. {b] Bridging M and M’ atoms. {¢] Terminal EtCO,. [d] Capping O atoms. [¢] Bridging EtCO,.
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usual Na-O Dbonds
(2.42 A). These features
are believed to be re-
sponsible for the ready
formation and for the
insolubility of the het-
erooctanuclear  species
described.

Magnetic moment/B.M.
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0 40 80 120 160 200

Temperature/K

Magnetic  Properties:
Plots of the magnetic
moments of 1, 2, and
7-10 between 2 and
200K are given in
ra ke ey Figure 6. At 200K the
magnetic moments per
3 M'(u) ton in 1, 2, and
10 7-10 are 5.71, 5.72,
4.02, 398, 2.87, and
1 2.87 g, respectively,
7] close to the spin-only
] values for the magneti-
cally isolated high-spin
Fe** (5.92y,), Cr3*
(3.87uy), and V?*
(2.83 ) ions. The val-
ues for the iron and
chromium clusters 1, 2,
7, and 8 are almost con-
stant over the range 200-40 K and then decrease to 2.80, 3.90
(4 K), 1.54, and 1.78 iy at about 2 K. The vanadium clusters 9
and 10 behave somewhat differently. For 9, the magnetic mo-
ment sharply decreases from 2.87 yg at 200 K to 0.67 g at 2 K,
The magnetic moment of 10 varies slightly over the range 200—
9K (200K, 2.87uy; 35K, 2.50u,; 9K, 2.64 1) and then de-
creases to 2.18 yi,; at 4 K. The susceptibility data of these clusters
have been modeled with the isotropic Heisenberg ~ Dirac—Van
Vleck model with the spin-Hamiltonian H = — 2JS,S,. A best
fit of the data (g is fixed to 2.0) leads to the spin exchange
coupling constants J/k of —0.60, —0.72, —1.76, —1.31, —4.80,
and —1.46 K for 1, 2, and 7-18, respectively. These figures
show that the antiferromagnetic spin exchange coupling interac-
tions between the bridging M'(111) ions are very weak, as expect-
ed for long M’(un)—M’(11) distances (ca. 5.7 A).

g relteett

Magnetic moment/B.M,

0 ————————
0 40 80 120 160 200

Temperature/K

Figure 6. Plots of effective moments of 1. 2,
and 7-10 versus temperature over the range
2--200 K. the solid line is a best fit of the
experimental data.

Infrared Spectra: The heterooctanuclear clusters in this series
display several characteristic IR absorptions in the range 700
820 cm " '. For the oxofluorotungsten species [W,0,F,]° 7, the
IR bands at 780, 740, and 700 cm ™! have been previously as-
signed to the stretching vibrations of the W-0O, bonds in the
W,0, core.!”™ The corresponding bands, assigned to M—0,
stretching vibrations in the clusters 1-4 and 7- 10, are observed
at the higher wavenumbers [811 (s), 785 (ms), and 753
(ms) cm ™! (1); 812 (s), 784 (ms), and 754 (ms) cm ~ ! (2); 812 (s),
783 (ms), 754 (ms)cm ™! (3), 814 (s), 805 (s), 767 (m), 747
(m)cm ™" (4);812(s), 799 (s), and 769 (m) cm ! (7); 813 (s), 805
(s), 766 (m), and 743 (m)cm ™! (8); 811 (s), 787 (m), and 769
(mycm ™" (9); 812 (s), 789 (s), 761 (m), and 743 (m)cm ™!
(10)].1?7 All these spectra are very similar, even though they are
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for different cores, namely, W,0, (6, 8, 10), Mo,0, (1,7, 9),
and MoW,0, (3, 4). This is rather surprising, since the stretch-
ing force constants in isostructural species involving Mo and W
are always larger for latter than for the former. However, a
stmilarly unexpected behavior has also been observed in the case
of the triangular bioxo-capped carboxylates [M;0,(0,CR),-
(H,0),]*" (M = Mo, W; R = Mg, Et). The band v(Fe—u,-0)
for [Fe,O(0,CCH,),(H,0),]* appears at 600 cm ™ 1,121 but
v(Fe—Of) for 1 and 2 are not found in this region, owing to the
fact that the Fe~Of bonds are remarkably weak.

Experimental Procedure

All manipulations were carried in air. All reagents were A. R. grade and were
used without further purification before use.

Na,Fe,[M0,0,(0,CEt)g], (1): A mixture of Na,MoO,-2H,0 (0.63 g,
2.60 mmol), Mo(CO), (0.40g, 1.50 mmol), FeCl,6H,0 (0.35g,
1.30 mmol), and propionic anhydride (60 mL) was placed in a flask with a
fine-needle syringe and heated at 120 °C for 3 d. After the reaction had been
alfowed to cool to room temperature, well-formed black crystals of cluster 1
were obtained (0.95 g, 72 % based on FeCl,-6 H,0). Fe,Mo,0,,C, Hy(Na,
(2030.5), caled Fe 5.50, Na 2.26, C 28.39, H 3.97; found Fe 5.41, Na 2.03, C
28.67, H 4.11.

Na,Fe,|W,0,(0,CEt)g], (2): The tungsten cluster 2 was prepared similarly
to 1 by using Na,WO,-2H,0 (0.86 g, 2.60 mmol) and W(CO), (0.43 g,
1.5 mmol). Yield: 21 %. Fe,W,0,,C, HyNa, (2557.9), caled Fe 4.37, Na
1.80, C 22.54, H 3.15; found Fe 4.33, Na 1.61, C 22.83, H 3.22.

Na,Fe,[MoW,0,(0,CEt)g], (3): An orange-red solution of Na[MoW,0,-
(O,CEt),] in propionic anhydride (50 mL) was obtained by refluxing
Na, WO, -2H,0 (1.3 g, 4.0 mmol), and Mo(CO), (0.53 g, 2.0 mmol) for ten
hours in air. Fe(CO); (0.35 mL, 2.55 mmol) was added, and the mixture was
heated at 90 °C for 3 d. After the reaction had been allowed to cool to room
temperature, black microcrystalline 3 was isolated from the solution (0.43 g,
18 % base on Mo(CO)). Fe,Mo,W,0,,C, H, Na, (2382.1), caled Fe 4.69,
Mo 8.06, Na 1.93, C 24.21, H 3.39; found Fc 4.66, Mo 7.81, Na 1.69, C 24.67,
H 3.45.

Na, Cr,|MoW,0,(0,CEt),], (4): This cluster was synthesized similarly to 3
by using Cr(CO), (0.5g, 23mmolj. Yield: ca. 26% (0.57 g).
Cr,Mo,W,0,,CHgoNa, (2374.4), caled Cr 4.38, Mo 8.08, Na 1.94, C
2428, H 3.40; found Cr 4.17, Mo 7.22, Na 1.83, C 23.90, H 3.47.

Na,Mo,[MoW,0 ,(0,CEt),], (5): This cluster was synthesized similarly to 3
using Mo(CO), (0.53 g, 2.0 mmol). Yield: ca. 6%. Mo,W,0,,C, Hg,Na,
(2462.3), caled Mo 15.57, Na 1.87; found Mo 15.19, Na 1.87.

Na,Mo,[W,0,(0,CEt),], (6): A yellow solution of Na[W,0,(0,CEt),] in
propionic anhydride (50 mL) was prepared by refluxing a mixture of
Na,W0,-2H,0 (1.3 g, 4 mmol) and W(CO), (0.66 g, 2.0 mmol) in propionic
anhydride for 10 h in air. Mo(CO), was added, and the mixture heated at
120 °C for 3 d. After the reaction had been allowed to cool to room temper-
ature, black crystals of 6 precipitated from the solution in 8% yield.

X-Ray Crystallography: The crystallographic data for clusters 1, 2, 5, and 6
are summarized in Table 3. The reflection intensities were collected on a
Rigaku AFCS5R diffractometer. by using graphite-monochromated Moy,
radiation (/. = 0.71069 A) at room temperature and /26 scan modc
(3<20<50") with a scan speed of 8"min~!. The structures were solved by
direct methods using MULTAN11/82 and refined by full-matrix least-
squares with all non-hydrogen atoms anisotropic except for in 5, where some
of the non-hydrogen atoms were refined isotropically, owing to the low
number of observable reflections. The Mo and W atoms of the trinuclear unit
in § are disordered and treated as M = 0.33Mo +0.67 W, giving the reason-
able temperature factors. The weighting scheme w was 1/[o(F,)? +(0.02 F,)>
+1.000}. All calculations were performed on a Compaq Prolinea 4/66 with
the Molen program package with scattering factors taken from the Interna-
tional Tables.
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Table 3. Crystallographic Data for 1, 2, 5, and 6.

1 2 5 6
M, 2030.5 2557.9 2462.3 2638.1
F(000) 1014 1206 1174 1238
crystal size, mm  0.2x0.3x03 03x02x04 03x02x02 03x02x0.3
space group P1 PT PIPT
a, A 12.988(6) 12.984(6) 12.805 (4) 12.904 (13)
b, A 14.021(7) 14.072(7) 14.100(3) 14.144(16)
¢ A 12.378(9) 12.436(9) 12.396(3) 12.467(14)
x, ¢ 109.79 (5) 109.91(3) 109.97(2) 109.91 (9)
B, 117.50(4) 117.54(4) 117.87(2) 118.09(8)
,” 90.52(5) 90.50(5) 90.43(2) 90.42(1)
v, A3 1844.2 1856.2 1821.7 1848.3
z 1 1 1 i
Pesicas GCm 3 1.83 2.29 2.24 2.37
w,cm”! 14.4 99.4 7.8 99.2
scan width 1.32 1.63 1.15 1.26
unique reflns 6826 6863 6169 6842
reflns I=3a(h) 3518 4586 4529 2964
no. of parameters 442 442 442 442
RIa] 0.056 0.045 0.042 0.063
wR [b] 0.062 0.052 0.053 0.069
GOF ¢} 1.31 1.24 1.40 1.37
(A0), s 0.04 0.05 0.05 0.03
(AD) e 0.85 1.80 1.78 2.14

[a] R=ZIF] - [E/IE]. [b] wR=[w(F] — |[FD*Ew(IFD? ] GOF =
Dl F) = 1ED* N, — N2

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-1220-45. Copies of the data
can be obtained free of charge on application to The Director, CCDC, 12
Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033;
e-mail: teched@chemcrys.cam.ac.uk).

Magnetic Susceptibility, UV [Vis, and IR Spectra: The temperature-dependent
magnetic susceptibilities of polycrystalline samples of 1, 2, and 7-10 were
measured on PPMS Model-6000 over the range 2-200 K. The data were
corrected for diamagnetism of the samples by using Pascal’s constants, UV/
Vis and IR spectra were recorded on a Schimazhu UV-3000 and Digilab
FTS-40 spectrophotometers with KBr pellet, respectively.
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The Thiazole Ylide: A Frequently Invoked Intermediate
Is a Stable Species in the Gas Phase

Graham A. McGibbon, Jan HruSak, David J. Lavorato, Helmut Schwarz* and

Johan K. Terlouw*

Abstract: The 1,2-hydrogen shift isomers
of neutral (singlet and triplet) thiazole (1)
and its radical cation have been investi-
gated by a combination of mass spectro-
metric experiments and hybrid density
functional theory calculations. The latter
were used to probe the structures and
stabilities of selected C,H;NS and
C,H,NS'" isomers and transition state
structures.  Although  3H-thiazole-2-
ylidene (2) is less stable than 1, by
31.5 kcalmol ™!, it is expected to be capa-

stable, but rather to the ring-opened spe-
cies HSCH=CHNC (4), which s
34.5 kcalmol ™! higher in energy than 1.
The barrier in this case is lower but still
large  (54.9 kcalmol™!). The triplet
ground states of 1, 2 and 4 are consider-
ably destabilised (69.5, 63.2 and
58.7 kcalmol ™) relative to their singlet
states. Interestingly, in addition to 2°7
and 4%, the cyclic radical cation 3" is
predicted to be stable although it is sub-
stantially higher in energy than ionised

thiazole 1'* (by 53.9 kcalmol ™ '), where-
as 2'* and 4 are much closer in energy
(only 10.2 and 27.0 kcalmol ™ * higher, re-
spectively). Dissuading 2°* and 3°* from
isomerising to 1"* are energy barriers of
52.6 and 15.3 kcalmol !, respectively.
Experimentally, dissociative ionisation of
2-acetylthiazole enabled the generation of
2'*, which could be differentiated from
1'* by collisional activation mass spec-
trometry. Reduction of the ylide ion 2**
in neutralisation-—reionisation mass spec-

ble of independent existence, since the 1,2-
hydrogen shift from carbon to nitrogen
involves a very large energy barrier of
72.4 kcalmol~!. The other 1,2-hydrogen
shift reaction from C(2) leads not to
the expected cyclic 1H-thiazole-2-ylidene
structure (3), which is apparently un-

carbenes -

ylides

Introduction

Thiamin (Vitamin B,) is a coenzyme that is essential to several
biochemical processes.[*! The decarboxylation of pyruvic acid to
acctaldehyde exemplifies its involvement in the catalytic cycles
of many carbon-carbon bond forming and breaking reac-
tions.[2! The enzymatic activity has been suggested to stem from
the relatively easy deprotonation of the thiazolium ring to form
an active, thiazolium ylide intermediate. Breslow’s fundamental
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trometry experiments yielded the corre-
sponding neutral molecule 2. This direct
observation of a thiazolium ylide provides
support for postulates of such species as
discrete intermediates in a variety of bio-
chemical transformations.

studies™! on model systems laid foundations for this current
understanding of thiamin action. Despite a considerable body
of other supportive experimental work,™**~* including the re-
cent synthesis and characterisation of a few metallocarbene
complexes,!'® 712 the direct observation of free thiazolium-2-
ylides remains elusive. In contrast, closely related five-mem-
bered ring heterocycles of the imidazole-2-ylidene family proved
to be isolable compounds,!!® 14 although the parent species
itself was only recently generated and characterised as a gaseous
molecule !’ 3! More highly substituted members of this class have
been probed spectroscopically in the gas phase.!*®! Among relat-
ed heterocycles, oxazole-2-ylidene has similarly been ob-
served!” in neutralisation—reionisation mass spectrometry
(NRMS)[18 experiments.

Since these latter types of species are biochemically less signif-
icant than the thiazole ylides, it is important to address this
deficit. Herein we describe the successful identification of the
parent 3 H-thiazole-2-ylidene (2) using the technique of NRMS.
Although not identical to the suggested active form of thiamin.
this structure is the simplest model compound for the vitamin.
While extensive computational studies have been carried out on
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imidazole-2-ylidene!* 1?-2%) much less information is available
for the thiazole ylides;>° ~?#! this has prompted us to use quan-
tum chemical calculations of the hybrid density functional theo-
ry[25ltype to investigate aspects of the C;H,NS potential energy
surface relevant to the characterisation of thiazole-2-ylidenes
and their radical cations.[?! It should be mentioned that the
issue of “aromaticity”®*”! in five-membered ring heterocycles
has long attracted attention.[28! Aromatic stabilisation energies
determined by means of ab initio calculations incorporating
perturbation theory (MP2)[2%- 21 apparently indicated that 2 is
less stabilised than imidazole-2-ylidene, and the exact extent of
its aromatic stabilisation has continued to be a subject of con-
troversy.'# ') Given the difficulties inherent to establishing
unambiguously the exact extent of aromatic stabilisation in 2,
notwithstanding recent calculated magnetic susceptibility an-
isotropy data,”*!! we confine ourselves to a comparison of its
structural features and energies relative to its isomers.

Results and Discussion

Generation of 2" might be accomplished analogously to previ-
ous “gas-phase syntheses™ of carbene radical cations!! 7181 by
dissociative electron ionisation (ET) of an appropriately substi-
tuted thiazole, such as the readily available acetyl-2-thiazole
(Scheme 1), which has a sizeable C,H,NS"* peak at m/z 85 in its
EI mass spectrum.

H Okt H AN //,(S)
-H,C=C=0 1
. Il ¥
H CH, H / \\(N
2"

Scheme 1. Gas-phase synthesis of of 2°*.

The proper identification of neutral species by NRMS re-
quires that one can confidently establish the parent-ion struc-
ture. Details of neutralisation—reionisation (NR) mass spec-
trum acquisition!®® and other tandem mass spectrometric
experiments!>* used to generate and characterise C,H,NS ions
and neutrals are given in the Experimental Section.

The collisional activation (CA) mass spectrum of the m/z 85
ions obtained according to Scheme 1 was compared to that of
thiazole radical cations (1'"), which are produced simply by
70 eV EI of thiazole (Figure 1).31 The m/z 85 ions generated
from the two precursors give rise to reasonably similar spectra,
except for two crucial differences. First, only the m/z 85 ions
that are expected to have the ylide ion structure produce a peak
at m/z 73 (C,H,;NS'*), which formally corresponds to the ex-
trusion of the ylidic carbon atom from the ring. Secondly, the
peak at m/z 59 (HNCS'*) provides definitc evidence for a struc-
ture that can readily lose acetylene, that is, 2°%.132] [on 3°F,
although energetically disfavoured compared to 2" (see
Table 1), could also provide m/z 59 ions (HSCN'* or
C,H,S$7).33 However, an MS/MS/MS experiment*! con-
firmed the identity of the ions as HNCS"*.*#! Ring cleavage in
1'* would lead to the ion N=CH~-S"*, which is undoubtedly of
higher energy, and this process is therefore not observed. Fur-
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thermore, the near 58
absence of the m/z 59
peak in the CID mass
spectrum of 1" effec-
tively rules out the
possibility that iso-
merisation to ionised
thiazole by a 1,2-H 32 70 84
shift occurs to a sig-
nificant extent prior
to dissociation. Per- (b)
haps not surprisingly,
an analogous situa-

(a)

45

58

tion is observed for HNCs™
the imidazole/imida- 45

zole-2-ylidene radical 12 85\: 3 84
cation system, where T
the two isomers with m/z

otherwise similar CID
mass spectra are clear-
ly distinguished on
the basis of the
acetylene elimination reaction.['™ Depending upon thermo-
chemical considerations, it may be that this is a generic differen-
tiating feature for simple five-membered ring heterocyclic
molecular ions and their ionic 2-ylide isomers. We hasten to add
that such a generalisation clearly has limits, as demonstrated by
the challenge of identifying the pyridine-2-ylide ion, which is a
six-membered ring heterocycle.*>!

Encouraged by the indications that the dissociative ionisation
of 2-acetylthiazole produces #1/z 85 radical cations of structure
2", we employed neutralisation-reionisation mass spectrome-
iry (NRMS)*'8 {0 attempt to generate and characterise the
neutral ylide 2. Ideally, near vertical electron transfer to the ion
should yield the desired neutral. However, the internal energy
content of the neutral produced in this way will depend on the
Franck—Condon overlap between the ion and neutral. If the
energy barrier to iso-
merisation in the neu-
tral molecules is less
than the minimum
bond dissociation en-
ergy, then rearrange-
ment of excited neutral
molecules is possible 32
and may occur. In 10
such a case, subse-
quent reionisation
would lead to a mix- (b)
ture of 1ons and, as a
result, to NR mass
spectra that do not 45
match the correspond-
ing CA mass spectra.

The neutralisation—
reionisation (NR)
mass spectra of the
two ions 1'" and 2°°
(Figure 2) are quite

Figure 1. CA mass spectrum of the /-85
ions generated from a) ionised thiazole and
b) ionised 2-acetylthiazole.

@ 85

58

45

58

m/z

Figure 2. NR mass spectrum of the m/z 83
ions generated from a) ionised thiazole and
b) fonised 2-acetylthiazole.
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similar to the corresponding CA mass spectra and both exhibit
survivor signals at m/z 85. The observation of recovery peaks is
consistent with the computational predictions (see below), pro-
vided that the ions generated from 2-acetylthiazole are 2°* as
opposed to 3", since the latter are not expected to yield stable
species upon neutralisation. More importantly, the distinguish-
ing peaks at m/z 59 and 73 again appear only in the spectrum
assigned to 2°*. Because of the absence of unique peaks for the
thiazole structure itself, we cannot say with absolute certainty
whether or not the ion 1'* is also generated from 2-acetylthia-
zole. However, the m/z 85 ions from 2-acetylthiazole were
analysed after NR by CAB3 (spectrum not shown) and they
again showed a substantial m/z 59 peak ; we therefore conclude
that the majority of the ions have the structure 2°*. It is thus
clear that thiazole-2-ylidene (2) is formed by one-electron reduc-
tion of 2°* in the gas phase and that 2 does not readily isomerise
to the neutral thiazole structure 1.

The search for stationary points corresponding to the thiazole
isomers 1-3, their radical cations and the connecting transition

Table 1. Calculated energies [a] for selected C;H;NS neutrals [b], radical cations
and transition structures.
a) Neutrals.

B3LYP;j6-31G*, ZPVE, AE; s ZPVE, <S>, E,
1 —569.051841 34.7 69.5 319 2.000 0
2 —569.001609 34.7 63.2 33.1 2.007 31.5
4 —568.991753 31.5 345
TS1 2 —568.930103 30.7 58.7 29.9 2.021 72.4
TS1 -4 —568.957245 30.2 54.9
b) lons.

B3LYP/6-31G** ZPVE <S?> 1E, E.
r —568.718007 336 0.750 9.04 0
2t —568.703864 349 0.750 8.11 10.2
3 — 568.629387 31.9 0.750 539
4 —563.671657 31.5 0.750 8.7t 27.0
TS 2% —568.613426 30.8 0.758 8.62 62.8
TS1°*-3" — 568.602495 30.3 0.759 9.66 69.2

[a] Total energics are in hartree; zero-point vibrational energies (ZPVE), triplet—
singlet gap energies (A£,_g) and relative energies of singlet species (£,,) in kcal-
mol~!; jonisation energies (IE,) in eV. [b] Subscript S and T are used to indicate
values for singlet- and triplet-state neutral species.

structures of the 1,2-hydrogen shifts was conducted on a 6-pro-
cessor SGI-POWER-Challenge computer using the Gaussian 94
program package.®®! Analytical frequency calculations con-
firmed the assignment of stable or transition structures based on
the correct number of eigenvalues of the Hessian matrix, 0 or 1,
respectively. The geometric parameters and energies of the
structures were obtained with the 6-31G** basis set by using the
standard hybrid density functional theory option (HF/DFT)
designated Becke 3LYP."*"1 Relative energies were corrected for
nonscaled zero-point vibrational energy (ZPE) contributions.
The energy data and <.S?> expectation values of the open shell
systems are collected in Table 1. The latter show that the
Becke 3LYP wave functions do not suffer appreciably from spin
contamination.!*®! Table 2 contains the geometric details for the
structures shown in Figure 3.
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Figure 3. Optimised Becke 3LYP/6-31G** geometries of selected C,;H;NS mole-
cules, radical cations and their connecting transition structures (see also Table 2 for
details of geometries). Torsion angles for nonplanar species are as follows: 15:
C-N-C(2)-H, 232.6"; C-S-C(2)-H, 165.8°; §-C(2)-N-C, 12.8"; C(2)-S-C-C, 11.2":
C-C-N-C(2), 4.0°. 2,1 C-C-N-C(2), 21.87; C-N-C(2)-S, 21.8"; C-C-N-H. 127.5"
3+ C-C-S-H, 98.6". TS14-2¢: H-C(2)-N-C, 101.5". TS1;~2,;: H-C(2)-N-C,
128.5%.

According to the Becke 3LY P calculations thiazole (1) (1 4") is
planar, with C-S bonds of almost equal length (1.737 and
1.731 A)and a typical C=C double bond. This result is remark-
ably close to the structure of 1 determined by microwave spec-
troscopy.[*® In its triplet state 1 is nonplanar. As well as having
an out-of-plane hydrogen atom, the ring skeleton exhibits some
torsion (= 10°), and by comparison with the singlet-state struc-

Table 2. Optimized Becke3LYP geometries (angles/”. bond lenglhs/A) for selected C H;NS neutrals [a]. radical cations and transition structures.

S-C-N  C(@2)-NC NCC C-C-S C)}-X-H[] S-CQ) C2-N  N-C c=C Cc-$S X-H{d]
1o, [b] 115.2 110.1 115.8 109.6 121.3 1.713 1.304 1.372 1.367 1713

1 1152 110.4 116.1 109.8 1215 1.750 1.300 1377 1.365 1.733 1.083
I 124 1105 1148 1156 130.1 1.848 1.406 1.294 1.452 1.746 1.088
1 114.8 110.9 115.1 115 1205 1.820 1.308 1.339 1.450 1.672 1.086
2, 103.6 120.9 113 108.5 118.2 1.742 1312 1.399 1.349 1.755 1.013
2, 1135 108.3 114.9 113.0 118.8 1.780 1.390 1.401 1.348 1.778 1.022
2 115.5 1126 111.5 1118 1235 1.682 1.352 1.398 13356 1.755 1.019
3 110.6 117.0 1134 110.7 94.1 1.834 1216 1.419 1.306 1.803 1.368
4, 95.8 175.6 122.9 1238 162.0 3.806 1.201 1.355 1.398 1.696 1.353
4 95.6 179.3 1229 1220 164.2 3788 1.183 1.374 1.342 1.762 1.346
TS Is-2 116.0 110.8 1125 132 60.0 1.731 1.324 1.385 1377 1.737 1.308
TS1,-2; 1153 105.6 118.2 1134 60.2 1.784 1.431 1.392 1.357 1.786 1.339
TS1F .2 108.3 1153 133 112.7 60.7 1.768 1372 1.397 1.362 1.740 1.316
TS 1,4 936 130.1 114.9 116.5 233 2.650 1.196 1.392 1.366 1.714 1.979
TSI -3 110.4 116.9 114.0 116.8 49.4 1.885 1.245 1.371 1.373 1.740 1.529

[a] Subscript S and T are used to indicate values for singlet- and triplet-state species. [b] Compare ref. [39). [c] X = C(2) for structures 1, X = N for structures 2and TS 1- 2.

and X = S for structures 3'*, 4, TS1-3"" and TS1-4.
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ture all the bonds except C(4)—N are longer with the S-C(2)-N
angle narrowing slightly to accommodate the change. The
triplet—singlet gap is large, 69.5 kcalmol ™ ! including zero-point
vibrational energy contributions. Ionisation of 1 yields a planar
C, structure with bond lengths and angles intermediate between
neutral thiazole in its singlet and triplet states. According to the
DFT calculations the separation of 1 from 1°* is smaller than
the experimentally determined ionisation energy for thiazole
(9.51 eV).#91 The difference is somewhat smaller for imida-
zole,!'3- 4! and for the imidazole carbene!'**'°? theory and
experiment concur.

Like 1, the ylide 2 (* 4') is also planar; its C=C bond is shorter
and its C—N bond is a little longer; the C—S distances are about
the same. In contrast to Sauer’s structure for 2 derived by using
a method based on a single determinant,?%! the Becke 3LYP-
derived structure (Figure 3) has longer (by at least 0.02 A)C-8
bonds and shorter C(2)-N and C=C bonds (by 0.043 and
0.01 A, respectively), although the S-C(2)-N angle is virtually
the same. On going to the triplet state of 2 the S-C(2)-N angle
widens noticeably from 103.6 to 113.5° and the two adjacent
heteroatom—carbon bonds lengthen. Upon ionisation, further
widening of the S-C(2)-N angle to 115.5° occurs, but while the
associated C—N bond becomes slightly longer in 2°*, the C(2) -
S bond actually shortens to 1.682 A and the other C-N and
C-S bonds remain essentially unchanged. The geometry
changes relative to singlet 2 are consistent with substantial local-
ization of the HOMO at C(2). Energetically, reduction of the
ions favours the formation of singlet 2 in the NRMS experi-
ments, although, especially considering the similarity of the
S-C(2)-N angles in 2'" and triplet 2, the possibility of some
endothermic neutralization to the latter cannot be ruled out on
the basis of geometric differences.

The transition structure TS1-2 possesses features one ex-
pects for a 1,2-hydrogen shift and has a typical frequency
(~2000 cm ™ 1) for this type of process.[*?! The energy required
to surmount the barrier is 72.4 kcalmol ™! coming from 1. Sim-
ilarly, TS1°* -2"*, the corresponding structure for the ions, lies
62.8 kcalmol " * above 1"F.

According to our calculations there is a stable radical cation
3'" that has a cyclic structure, but curiously there seems to be no
corresponding neutral molecule; optimisation attempts led in-
stead to spontaneous ring opening and eventually to structure 4.
The ionised counterpart of the latter (4" *) is also lower in energy
than the cyclic ion 3'% by 27 kcalmol ™!. The deprotonated
counterpart of 4 has been proposed to rationalise reactions of
thiazole with bases in both solution3! and gas-phase chem-
istry 144

The transition structures TS1-4 and TS1°* —-3"* determined
for 1,2-hydrogen shifts from C(2) to the sulfur atom should lie
high enough in energy (20.4 and 15.3 kcalmol ! relative to 4
and 3" %) for the stable isomers to be observable under appropri-
ate conditions.

If the heat of formation of thiazole and also its ionisation
energy were well established it should be possible to evaluate
AH(2) and AH,(2'") from the computed energy differences be-
tween the various species. However, the Lias compendium©%
indicates that AH (1) = 3742 kcalmol ! is an estimated value.
If we rely on this estimate together with our calculated differ-
ence between 1 and 2, it puts AH(2) at 68.5 kcalmol ™!, Using
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the calculated energy difference between ylide 2 and its radical
cation, we estimate AH(1"") to be 256 kcalmol ~! with an un-
certainty of several kcalmol ™. The energy difference between
the two neutrals can be combined with AH(C,H,NS™) =
187 kcalmol ™!, from the experimental proton affinity of thia-
zole (PA(1) = 216.5 kcalmol 1) .13 However, we note that the
value PA(2) = 247 kcalmol ! thus obtained is quite different
from the 254.7 kcalmol ! predicted by Sauer’s calculations.[29!
Further calculations and experiments are necessary, and under-
way, to alleviate this discrepancy.

Conclusion

The stability of the gaseous thiazole ylide 2, a model compound
of Vitamin B, provides support of mechanisms of thiamin ac-
tion involving ylidic intermediates. The high barriers to isomeri-
sation indicated by the computational and experimental results
point to the possibility of directly observing 2 in the condensed
phase under appropriate conditions, for example, by low-tem-
perature matrix isolation.

Experimental Procedure

The tandem mass spectrometry experiments were performed at McMaster
University on the VG Analytical ZAB-R. This BE,E, (B = magnet,
E = electric sector) instrument and the details of the neutralization—reioniza-
tion mass spectrum acquisition have been previously described [29].

The ions of interest (e.g., m/z 85 in the case of C;H,NS'™*) are mass-selected
by B and subsequently (in a small gas cell located between B and E ) subjected
to collision with N,N-dimethylaniline. This results in neutralisation of a frac-
tion of the ions generated in a 10 kV source by fast electron transfer. After
exiting the cell any remaining ions are deflected away by a positively charged
electrode, so that only a beam of fast-moving neutral species enters a second
gas cell, whereupon they are (dissociatively) reionised by collisions with
oyxgen molecules. The resulting ions are analysed by scanning E, . If instead
the reionised species are selectively transmitted at a fixed E, setting and
helium gas is introduced in a third cell located between E, and E,, an
NR/CID mass spectrum characteristic of the reioniscd neutrals can be ob-
tained by scanning the latter sector. Comparative CID experiments are per-
formed analogously, but with the deflector electrode switched off. Spectra
were recorded with a PC-based data system (Mommers Technologies.
Ottawa, Canada).

The compounds were purchased from commercial sources and used without
further purification. Samples were introduced to the mass spectrometer either
through an all-glass heated inlet system equipped with a leak valve or through
a direct insertion-type probe having a glass bore and reservoir. At indicated
pressures (monitored by a remote ionisation gauge) of typically 10 ~¢ Torr,
ions were formed by electron ionisation (70 ¢V) with the source temperature
at 150°C.
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The Vinylketene— Acylallene Rearrangement: Theory and Experiment

Hervé Bibas, Ming Wah Wong,* and Curt Wentrup*

Abstract: Alkoxyvinylketenes 4 are gener-
ated by flash vacuum thermolysis (FVT)
or photolysis of 3-alkoxycyclobutenones
3. The thermal interconversion of 4 and
allene carboxylic acid esters 5 under FVT
conditions is demonstrated by Ar matrix
FTIR spectroscopy. In addition, ethoxy-
vinylketene 4b undergoes thermal elimi-
nation of ethene with formation of s-cis-
and s-trans-acetylketene (8). An analog-
ous aminovinylketene-to-allenecarbox-
amide conversion is observed on FVT of
3-dimethylaminocyclobutenone 3c. A

dienoyl chloride (5d) is also reported.
Consistent with the experimental observa-
tions, 1,3-methoxy, 1,3-chloro, and 1,3-
dimethylamino migrations in vinylketene
are calculated (G2(MP2,SVP) level) to
have moderate barriers of 169, 157, and
129 kJmol ™!, respectively, significantly

Keywords
ab initio calculations allenes
ketenes + matrix isolation
rangements

rear-

less than the corresponding 1,3-H shift
barrier (273 kJmol ™ '). The stabilization
of the four-center transition structures is
rationalized in terms of the donor—accep-
tor interaction between the lone pair elec-
trons of the migrating donor substituent
and the vacant central carbon p orbital of
the ketene LUMO. The predicted migra-
tory aptitude in the series of substituted
vinylketenes, R-C(=CH,)-CH=C=0, is
in the order N(CH,),>SCH,>SH>
Cl>NH,>O0OCH,>0OH>F>H>CH,,

and correlates well with the electron-

facile 1,3-chlorine migration in 2,3-buta-

Introduction

The chemistry of ketenes has been of much interest recently.l!]
In previous work, we have shown that «-oxoketenes (acylket-
enes) (1a) undergo a degenerate thermal rearrangement involv-
ing a 1,3-shift of the group R (Scheme 1).12-3! This migration is

=Y K= a: X=0, Y=0
X e Y b:X=NR', Y=0
R R ¢: X=CR', Y=0
1 2

Scheme 1.

dramatically accelerated for electron-donating substituents R
(OR’, SR’, and NR',) owing to a favorable overlap between the
lone pair of the migrating atom and the vacant central carbon
p orbital of the ketene LUMO.P! A similar reaction intercon-
verts imidoylketenes (1b) and x-oxoketenimines (2b).1*) Further
computational work indicates that the activation barriers are
related to the electrophilicities of the carbon atoms where the
migration occurs.’®? Thus, for 1,3-H migration, the activation
barrier increases along the series a-oxoketene <a-oxoketen-
imine <imidoylketene. It is intriguing to ask whether a similar

[*] Prof. C. Wentrup, Dr. M. W. Wong, H. Bibas
Department of Chemistry, The University of Queenstand
Brisbane, QLD 4072 (Australia)

Fax: Int. code +(7)3365-4580
e-mail: wentrup(@chem.chemistry.uq.edu.au
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donating ability of the R group.

1,3-migration is possible for the vinyl analogues, which inter-
converts vinylketenes (1¢) and acylallenes (2c¢).

In this paper, we provide experimental evidence for the 1,3-
migrations of methoxy, ethoxy, dimethylamino, and chlorine
substituents in vinylketene (1 ¢).1% Ab initio calculations of the
reaction profiles for the vinylketene —acylallene rearrangements
were carried out to elucidate the mechanism of the 1,3-migra-
tion and to predict the migratory aptitude for a series of substi-
tuted vinylketenes (R-C(=CH,)-CH=C=0).

Results and Discussion

1. Alkoxy groups: 3-Methoxycyclobutenone!™ (3a) underwent
flash vacuum thermolysis (FVT)!®! at temperatures above
400 °C to give the s-cis- and s-trans-methoxyvinylketenes!”! (4 a,
Scheme 2), as evidenced by Ar matrix isolation of the ketenes
at 12 K. The characteristic bands are at 2134 and 2142 cm ™ * for
s-cis- and s-trans-4a, respectively. The band at 2138 cm ™' ap-
pears to be due to a site of s-rrans-4a (Figure 1a). These assign-
ments are discussed below. At 77 K (neat deposition), a single
band at 2123 cm ™! is observed. A direct comparison of the full
spectrum of 4a, generated by FVT at 500 °C and deposited in Ar
matrix at 12 K, with the calculated IR spectrum of s-trans-4a
shows that the s-frans conformer is the main species formed
(Figure 2; Table 1). It appears that the band at 2142 cm ~ ! is the
main absorption of the s-trans vinylketene. Comparison of the
intensities of the bands in the experimental spectrum with those
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Figure 1. Partial Ar matrix FTIR spectra (12 K) of the results of FVT of 3a under
different conditions (7, = oven T (°C), 7, = deposition T (°C), V = vacuum
(mbar), ¢, = deposition time (min), P = pressure of argon used during deposition
(mbar)): a) T, =500, T,=—17, V=2x10"° 1,=19, P=190; b) T, = 540,
T,= —18. V=107% 1,=25 P=155.¢) 7,=420, T, = —15, V=2x107",
ty =15, P =50;d) T,=450,T,= —14,V =3x10"% 1, =10, P =100 (deposition
7:17K). Peak assignment: 2142, s-trans-4a; 2138, a site of s-trans-4a; 2134, s-cis-
4a (appears to have a contribution from a second site of s-trans-4a.

2
@ " Y |
N R
A
A S
s-trans-4a 1 . :
o i
o
3a
T T 1 T T T
3500 3000 2500, -1 2000 1500 1000

Figure 2. IR spectra of s-trans-4a. a) Calculated IR spectrum of s-trans-4a at the
B3LYP/6-31 G* level, b) Ar matrix IR spectrum (12 K) of s-rrans-4a (positive
peaks), obtained by subtracting the spectrum of the FVT of 3a at 500 °C from the
spectrum of 3a itself (negative peaks). m: peaks due to s-cis-4a (2134, see Figure 12
for details); 1233 cm ™ 1),

calculated for s-trans-4a shows that the ratios between the band
at 2138 cm ™! and those in the fingerprint region are too small;
the band at 2142 cm ™! is the only one in the C=C=0 stretch
region that agrees with the calculated ratio (of course, the errors
in the calculated intensities are unknown, but they are not ex-
pected to be large). As it will be seen below, the band at
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Table 1. IR data [a] for s-trans-4a, matrix isolated in argon at 12 K and calculated
at the B3-LYP/6-31 G* level.

Calculated Experiment [b] Calculated Experiment {b]
¥ [c] 1 ¥ 7{d] ] i Iy 7{d]
748 89 766 H 1458 6 1453 vw
814 15 830 w 1478 11 1469 w
926 8 941 vw 1636 164 1646 §
1083 51 1088 m 2143 819 2142 vs
1096 32 1092 s 2916 36 2913 vw
1141 1 1167 vw 2974 40 2970 b
1185 11 1200 w 3039 18 3016 VW
1270 12 1273 s 3083 0
1337 89 1347 m 3105 8
1418 16 1399 w 3162 7 3122 vw
1448 5 1451 vw

[4] Frequencies in cm ™! and intcnsities in kmmol™*. [b] s-trans-4a generated by

FVT /matrix isolation (Ar, 12 K) of 3a. [¢] Scaled by 0.9613 (ref. [30]). [d] Relative
intensity: vw = very weak, w = weak, m = medium, s = strong, vs = very strong,
b = broad.

2138 cm ! is assigned to a site of the s-trans form, and the one
at 2134 cm ™! to the s-cis form. The corrected ratiol’ ! s-cis:s-
trans is ca. 0.1:1.

Further evidence supporting the assignments is given by gen-
eration of these bands by Ar matrix photolysis (6.5 K) of 3a
(1000 W high-pressure Hg—Xe lamp; broad band; quartz). The
s-cis form absorbing at 2134 cm ™" is generated first (the evi-
dence for this is given by a comparison of calculation with
experiment) (Figure 3 and Table 2), but isomerizes to the s-trans

(a) R 1

A
s-cis-4a
ol ®)
3a
T ) T T T T T
4000 3500 3000 2500 e 2000 1500 1000
m

Figure 3. IR spectra of s-cis-4a. a) Calculated IR spectrum of s-cis-4a at the
B3LYP/6-31 G* level, b) Ar matrix IR spectrum (6 K) of s-cis-4a (positive peaks),
obtained after subtracting the spectrum of the photolysis (broad band) of 3a for
6 min from the spectrum of 3a itself (negative peaks). m: peaks due to s-rrans-4a
(2142, 2138 (see details in Figure 4a), 1646, 1272, 1092 cm ™).

form (2142 and 2138 cm ™ !) on further photolysis (ca. 1:1:2.5
ratio after 6 min changing to a ca. 1:1:1.2 ratio after 25 min,
and finally to ca. 1:1:1 after 41 min). The nearly constant ratio
between peaks at 2142 and 2138 cm ™! appears to confirm that
both of these peaks belong to the s-trans form. Furthermore,
when these two bands increase in intensity, the other peaks
belonging to the s-trans form (cf. Figure 2) also increase in in-
tensity. When 3a is thermolyzed at roughly constant tempera-
ture but otherwise different conditions (defined in the caption of
Figure 1), the ratios of these three bands can change radically,
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Table 2. IR data [a] for s-cis-4a, matrix isolated in argon at 12 K and calculated at
the B3-LYP/6-31 G* level.

Calculated Experiment [b] Calculated Experiment [b]
¥ [¢] I ¥ I1d] Vel I V 1{d]
754 82 759 S 1458 6

873 22 R87 w 1478 12 1469 w
925 5 1628 116 1637 s
1051 39 1057 m 2141 723 2134 vs
1091 9 2914 37

1141 1 2972 41 2967 b
1182 4 3037 22 3015 vw
1226 246 1233 3 3081 0

1381 56 1398 w 3089 1 3076 vw
1408 44 1409 w 3159 7

1449 8 1451 W

[a] Frequencies in cm ™' and intensities in kmmol ™!, [b] s-cis-4a generated by

irradiation (broad band, Ar, 12K) of 3a. [c] Scaled by 0.9613 (ref. [30]).
[d] Relative intensity: vw = very wecak, w = weak, m = medium. s = strong,
vs = very strong, b = broad.

suggesting that the band at 2138 cm ™! may be due to a site effect
and the one at 2134 cm ! has contributions from both a site of
the s-trans and the s-cis form. Another possibility to consider is
the formation of a rotamer of the s-trans form involving rota-
tion of the methoxy group (Scheme 3). Indeed, the methyl group

A
\O Me 0]

Scheme 3. Rotamers of s-rrans-da.

can be either proximal to or remote from the ketene moiety, and
thus it can interact with this functionality, which is not possible
in the s-cis form. Even though the value of 2138 cm ™! equals the
wavenumber for CO in argon matrices,!' ' this band cannot be
due to CO formation because it is not observed when 3a is
thermolyzed between 400 and 650 °C and the products tsolated
neat at 12 K. Here, the ketenes give a single, unresolved band at
2129 cm™!. Neat CO under these conditions absorbs at
2139 cm ™ '. Likewise, it can be excluded that the band at
2142 cm ! is due to the unsubstituted ketene itself, which could
form in a cycloreversion of 3a with concomitant formation of
methoxyacetylene; no other bands that could be due to
ketene!'?! appear. Further evidence against this cycloreversion
process is detailed below for the case of 3b.

When the thermally and photochemically generated ketenes
were trapped at —196 °C and subsequently warmed up, rever-
sion to the starting material 3a was observed at —15°C. Al-
though the s-cis species is formed first upon Ar matrix photoly-
sis (12 K) after 5 min irradiation, the s-trans species is the only
one observed on photolysis at 77 K, even after 5 min of irradia-
tion. This observation as well as the higher proportion of the
s-trans form on FVT can be understood in terms of a greater
thermodynamic stability of the s-frans form and a low barrier
for interconversion of the two isomers.!'°" To prove this, an-
nealing experiments were carried out on the photochemically
generated s-cis ketene in Xe matrix (10 K) (Figure 4). After
5 min of broad-band irradiation of 3a, the s-cis and s-trans spe-
cies were produced in a ca. 2.7:1 corrected ratio!*®! (Figure 4,
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top). Annealing to 40 K did not
modify this ratio. At 50 K, the
1234 cm ™! absorption charac-
teristic of the s-cis form started
to decrease slightly, with con-
comitant increase in  the §0
1269 cm ! band of the s-trans
form. The corrected ratio was
estimated to be 1.6:1. The small
change observed at 50K in-
creased drastically with anneal-
ing at 60K for 5min. The
s-trans species now became

s-cis-4a

s-trans-4a

T
i ” . 1260
dominant, with a corrected ratio cm

Figure 4. Anncaling experiment
of s-cis-4a in xenon matrix at dif-
ferent probe tempcratures. The
peaks characteristic of s-cis- and
s-trans-4a are respectively 1234
(1226 calculated, Table 2) and
1269 cm "' (12702 calculated,
Table 1). *: site effect.

of 0.3:1. The conversion is so
efficient that at 70 K only the
s-trans form was observed after
5min of annealing. In the
C=C=0 stretch region, too, a
large change occurred. Before
annealing, only two bands were
observed at 2133 and 2130 cm ™! due to the s-trans and s-cis
forms, respectively. After annealing to 70 K, three bands at
2133, 2130, and 2127 cm ™! were observed in this region, all
belonging to the s-trans species, with a pattern similar to that
found in Ar matrices (cf. Figure 1c—d).11%%

At FVT temperatures above 650°C, wecak allene bands were
observed at 1980 and 1946 cm ~ ! (Ar, 12 K), increasing in inten-
sity until ca. 900 °C (Figure 5a). Direct comparison with methyl
allenecarboxylate (5a) confirmed the identity of these bands.
The proof for the reversibility of this
process was obtained when 5a was
thermolyzed at temperatures above
625°C (Ar, 12 K). All the bands in
the ketene region assigned to 4a
were also observed in the allene case (a)
(Figure 5b}.

Analogous FVT/matrix isolation
of 3-ethoxycyclobutenone!* (3b)
gave s-cis- and s-trans-ethoxy- 5al
vinylketene (4b) above 400 °C. The
conversion was complete at 700 °C. (b)
The characteristic IR bands of 4b . :
are at 2136 and 2140cm™' (Ar, 20 2m
12 K). As in the previous case, the e
s-trans species at 2140 cm ™! is the
main species formed on thermolysis.
The evidence is again given by the
very good agreement between calcu-
lation and experiment (Figure 6, Table 3). The s-cis conformer
at 2136 cm~ ! was observed as well in small quantity (ca. 0.1:1
ratio).['®! Assuming this corrected ratio is accurate, then the
measured ratio between the two peaks in the C=C=0 stretch
region is too small (0.7:1; the calculated extinction coefficients
are roughly the same for these two peaks). This can again be
understood if the peak at 2136 cm ™! is due to both a site of
s-trans-4b and a contribution from s-cis-4 b. This was confirmed
by thermolysis of 3b at 450 °C under different conditions. The
peak at 2136 cm ! decreased in intensity when the Ar dilution

Figure 5. Partial Ar matrix
FTIR spectra (12 K) of the
results of FVT of a) 3a at
700°C: by Sa at 710°C.
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Figurc 6. TR spectra of s-trans-4b. a) Calculated IR spectrum at the B3LYP/6-
31 G* level; b) Ar matrix spectrum (12 K) of s-trans-4b (positive peuks), obtained
after subtracting the spectrum of the FVT of 3b at 450 °C from the spectrum of 3b
itself (negative pcaks). m: s-cis-4b (2134, 1232 cm ™').

Table 3. IR data [a) for s-trans-4b, matrix isolated in argon at 12 K and calculated
at the B3-LYP/6-31 G* level.

Calculated Experiment [b] Calculated Experiment [b]
7 {d] 7 P 71d} e / P 71d)
748 87 765 m 1423 6
812 0 1456 5 1449 YW
814 1" 334 w 1472 3 1463 VW
919 { 1494 4 1487 VW
957 13 980 m 1634 168 1640,1644 s
1070 89 1086 m 2143 794 2140 Vs
1095 13 1105 w 2905 23 2900 w
1112 27 1128 W 2941 4 2946 b
1151 5 2943 16
1259 1 3011 22 3000 b
1267 156 1272 s 3017 29
1329 105 1340 m 3082 0
1373 16 1379 m 3104 8 3093 w
1400 9 1399 vw 3161 8
[a] Frequencies in cm ™! and intensities in kmmol ™ !. [b] s-trans-4b generated by

FVT/matrix isolation (Ar, 12 K) of 3b. [c] Scaled by 0.9613 (ref. [30]). [d] Relative
intensity: vw = very weak, w = weak, m = mediun, s = strong, vs = very strong,
b = broad

factor increased, that is, when the concentration of 3b in the
gas phase decreased. The s-cis form absorbing at 2136 cm™!
was generated first on Ar matrix photolysis of 3b (broad
band), but as expected
isomerized to s-trans-4b
(2140 cm 1) on further
irradiation (2.8:1 ratio
after 5 min, changing to
0.8:1 after 30 min; Fig-
ure 7). Once again, the
calculated and experi-
mental IR spectra of s-
cis-4b are in excellent
L agreement  (Figure 8,
; T U Table 4).
2150 2100 | 2150 2100 .

e It was mentioned
above that 3a did not
decompose into ketene
(10) and methoxy-
acetylene on FVT. Evi-

(a) (b)

2136

2140

Figure 7. Partial Ar matrix FTIR spectra
(6 K) of the results of photolysis (broad
band) of 3b after a) 5min and b) 30 min.
Peaks at 2136 and 2140 cm ™ ! are due to s-cis-
4b and s-rrans-4b, respectively.
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s-cis-ab (\

CH

3b
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Figure 8. IR spectra of s-cis-4b. a) Calculated TR spectrum of s-cis-4b at the
B3LYP/6-31 G* level; b) Ar matrix spectrum (12 K) of s-cis-4b (positive peaks),
obtained after subtracting the spectrum after photolysis (broad band) of 3b for
5 min from the spectrum of 3b itself (negative peaks). m: s-trans-4b (2140 cm = 1; of.
Figure 7a).

Table 4. IR data [a] for s-cis-4b, matrix isolated in argon at 12 K and calculated at
the B3-LYP/6-31 G* level.

Calculated Experiment [b] Calculated Experiment [b]

P (el I 7 11[d] ¥ (] I g 11d}

754 79 766 m 1413 5

§14 0 1457 s

853 9 1472 3

912 2 1494 5

260 16 980 m 1626 122 1633 s
1053 7 1071 m 2140 745 2134 vs
1091 8 2904 23
1107 9 1128 w 2940 34 2932 vw
1151 4 2944 18 2945 vw
1221 311 1232 s 3012 24 3001 vw
1262 1 3018 30 3009 vw
1356 47 1365 vw 3080 0
1386 47 1390 m 3089 10 3078 w
1409 37 1427 w 3159 8

[a] Frequencies in cm™' and intensities in kmmol~!. [b] s-cis-4b generated by

irradiation (broad band, Ar, 12K) of 3b. [c] Scaled by 0.9613 (ref. [30]).
[d] Relative intensity: vw = very weak, w = weak, m = medium. s = strong,
vs = very strong, b = broad.

dence is now given for the ethyl analogue 3b (Scheme 4).
Ethoxyacetylene (9) was prepared!' and thermolyzed. On ma-
trix isolation (Ar, 12 K), the characteristic absorptions of 9 are
at 3351 (s) and 3346 (s) cm ! for the CH stretch and 2180 (w),
2169 (vs), and 2156 (w)cm ™! for the CC stretch. None of the
absorptions assigned to 9 or 10'12! were observed on thermolysis
of 3b at 400-920°C. FVT/matrix isolation of 9 gave 10 and
ethene above 400 °C.I'3 A six-electron transition state is postu-
lated for this known process.!!# 16!

EtO Hx

X — (o] + ——e— 0
10

o 9
3b J

A \ —C2H4
¥

——0

10

Scheme 4.
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Formation of the starting material 3b was observed when the
thermally or photochemically generated ketenes 4b were
warmed from —196°C to —25°C. Interconversion of the less
stable s-cis to the more stable s-trans form of 4b was observed
in annealing experiments in Xe matrix in analogy with Figure 4.

Chemical evidence for the structure of 4b was obtained by
generation at 450 °C with trapping on a cold finger coated with
MeOH at —196 °C. After the finger had been allowed to warm
up to room temperature, *H NMR analysis demonstrated the
formation of methyl 3-ethoxy-3-butenoate (6) and methyl (E)-3-
ethoxy-2-butenoate ((E)-7) in a ratio 64:36 (70% yield with
26% of 3brecovered) (Scheme 5). Photolysis of 3b on a prepar-
ative scale in methanol solution gave, after purification, 6 and
(E)-7 as a mixture as well as methyl (Z)-3-ethoxy-2-butenoate
((Z)-7) in a ratio 44:47:7 (80 % yield with 2% of 3b recovered).

EtO, H

EtO
N\ °©
o} 6

OMe
~1.3-
HO S H
4b 6e
Mk ~1.5H
1,4-addition
EtO OMe
W
Me o
B7

MeOH

\ hy
e} \
0 OFt o) Ve OMe
A =
>< A >:.__. —5 Y\H/
O Me Me EtO o
(o]

12 (a7

ih

Scheme S.

(Z)-7 is formed by photochemical cis—trans isomerization of
(E)-7. The formation of 6 and (F)-7 can be understood in terms
of initial formation of an enol 6e (or enolate)!!”? (Scheme 5).
(E)-7 may also be formed by 1,4-addition. Isomerization of the
less stable f3,y-unsaturated ester''®! 6 to the «,f-conjugated ester
(E)-7 was not observed: GC-MS of the mixture of photochem-
ically prepared 6 and (E)-7, with 60—100°C as the initial tem-
perature, gave no change in the ratio of these two compounds.
Compound (E)-7 was also obtained from ethoxymethylene-
ketene (12}, itself prepared by FVT of the Meldrum’s acid
derivative 11 at 475°C.I*°]

FVT of 3b above 690 °C gave rise to allene bands at 1985,
1979, and 1943 cm ! (Ar, 12 K) or 1971 and 1941 cm ™! (neat,
77 K), identical with those of ethyl allenecarboxylate (5b). The
latter was also unambiguously identified by 'H NMR spec-
troscopy of the product of a preparative thermolysis of 3b at
690°C .

The allene bands in the IR spectrum increased until 730 °C,
whereupon they decreased again, disappearing entirely at
920°C. Throughout this temperature range (= 600-920°C),
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a new set of bands belonging to acetylketene (8) grew in intensi-
ty.2% As we have recently characterized acetylketene very thor-
oughly,'®! we readily recognized this pattern as the s-frans and
s-cis forms of 8 (ratio ca. 1:1).1211 Bands due to ethene were also
identified at 948, 2996, and 3096 cm™!'. The formation of
acetylketene and ethene is readily understood in terms of ther-
mal cis-elimination through a six-clectron transition state from
the ethoxyvinylketenes (4b) (Scheme 6).

Ly e H

—CzH,
s-trans-4b S-Cis-8
é—@ ol
P N o
H A N\
0 e}
s-cis-4b s-trans-8

Scheme 6.

At still higher temperatures (>800°C) acetylketene under-
went partial decomposition to give CO, and propyne 15 (3323,
2137cm™ ') (also observed when other acetylketene precur-
sors'®! were used).!2

Proof of the interconversion of vinylketenes 4b and ethoxy-
carbonylallene 5b was obtained by FVT of the latter at 570—
800 °C. Again, the vinylketene bands due to s-cis- and s-trans-4b
were observed, as well as those due to s-cis- and s-trans-8 and
ethene, which increased in intensity with the temperature. The
formation of 8, ethene, 15, and CO, by FVT of 5b was con-
firmed by direct on-line monitoring of the reactions by mass
spectrometry.t23!

Another allene derivative was briefly investigated and indi-
cates the generality of the rearrangement. Thus, FVT of
trimethylsilyl allenecarboxylate (1972, 1942 c¢cm™!; 77K) at
temperatures above 600 °C gave rise to a ketene absorption at
2126 cm L.

2. Dimethylamino group: Probably the most intriguing 1,3-shift
1s that involving the amino group (Scheme 7). A variation of the
method described by Wasserman et al. was used to prepare
3eli3

FVT of 3¢ caused the emergence of new allene absorptions
due to Se at 1969 and 1948 cm ™' (77 K) already at 500°C in
agreement with the lower calculated barrier for the 1,3-shift of
a dialkylamino group (see Section 4). Allene 5S¢ was unambigu-
ously identified by direct comparison with an authentic sample,
but 4¢ was not observed at all on thermolysis, even when using
matrix isolation (Ar, 12K). It was, however, observed at
2132 cm™ ! on broad-band photolysis of 3¢ in an Ar matrix at
12 K.2% The amount of ketene generated by photolysis of a
film of neat 3c at 77 K was, however, too small for a meaningful
warmup experiment to determine wether this ketene cyclized
back to 3ec.
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The 1,3-shift of the dimethylamino group was confirmed by
FVT of allenic amide 5S¢, obtained by adding 2,3-butadienoyl
chloride (5d) to a solution of diethylamine in THE.?>! Even
though 4 ¢ itself was not observed, strong evidence was provided
by the isolation of 3¢ by using FVT temperatures above 470 °C.
By Ar matrix isolation (12 K) 3¢ was characterized at 1772,
1722, 1391, 1362, and 1038 cm !, At higher temperature S¢
decomposes further through a retroene reaction, which will be
described elsewhere.[2?!

3. Chloro substituent: 2,3-Butadienoy! chloride (5d) was sub-
jected to FVT between 320 and 850°C. A ketene band was
observed on argon matrix isolation (12 K) above 370 °C (Fig-
ure 9a) due to the exclusive formation of s-trans-(chlorovinyl)-

-

a) )

5d

la—

>

s-trans-4d

5
u( b

J T T
2200 2000 2200
cm

r

T T T
. 2000 2200 2000

Figure 9. Partial Ar matrix FTIR spectra (12 K) of the results of FVT of 5d,
a) s-trans-44 (2140 cm™ V) formed at 400 °C, b) s-trans-4d (cf. Figure 10¢, Table 5)
at 530°C.c) 18 (2242 cm™?; ¢f. Table 6) and 4d formed at 800 °C.

ketene (s-trans-dd, Scheme 8). The evidence is given by the very
good agreement between calculated and experimental data (Fig-
ure 10 b,c; Table 5). The s-cis rotamer was not observed: s-cis-
4d has the strongest calculated absorption (in the fingerprint
region) at 1087 cm ™' and no signal near this value was de-
tectable (Figure 10a,c; Table 5).

Generation of 4d at 550 °C with trapping on a cold finger
coated with methanol at —196°C gave mainly 3-chloro-3-
butenoate!2 (17) (73 % yield). Not even traces of 3-chloro-2-
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Figure 10. [R spectra of s-trans-4d. Calculated IR spectrum of a) s-cis-4d and
b) s-rrans-4d at the BILYP/6-31 G* level. ¢) Ar matrix spectrum of s-trans-4d
{positive peaks), obtained after subtracting the spectrum of the FVT of Sd at 530 °C
(Figure 9b) from the spectrum of 5d itself (negative peaks).

Table 5. IR data [a] for s-trans-4d, matrix isolated in argon and nitrogen at 12 K,
and for s-frans- and s-cis-4d, calculated at the B3-LYP/6-31 G* level.

s-trans-4d,caled [b]  s-trans-4d, Ar[c]  s-tfrans-4d, N, [c] s-cis-4d, caled [b]

i ! [ /[d] iz I{d] ¥ 7
817 601 835 m 847, 844 m 842 56
907 9 924 w 931 12

1090 20 1087 80

1175 62 1188 m 1191 m 1103 1

1326 3 1359 2

1417 3 1399 22

1628 106 1616 H 1616 s 1625 38

2149 838 2140 Vs 2144 vs§ 2141 740

3064 3 3062 1

3079 7 3091 12

3155 2 3151 1

[a] Frequencies in cm™' and intensities in kmmol "' [b] Frequencies scaled by

0.9613 (ref. [30]). [c] s-rrans-4d generated by FVT/matrix isolation (Ar or N,.
12K) of 5d. [d] Relative intensity: vw = very weak, w = weak, m = medium.
s = strong, vs = very strong. b = broad.

butenoate®”! were detected. When the thermally generated
ketene 4d (2130 cm ™!, 77K) was warmed from —196°C
to —25°C in an Ar atmosphere, several new bands in the car-
bonyl region were observed, but no major compound could be
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isolated. 3-Chlorocyclobutenone is less stable than ketene Table7. Calculated structural parameters (MP2/6-31 G*) [a] for s-trans-19. s-trans-20, and
21 [b].
44.128

FVT above 530°C (Figure 9b) gave rise to a new band at H CH, NH, OH F SH ¢l OCH, SCH, N(CH),),
2242 cm ™ ! due to the formation of butatrienone (18) and HCI

. _q . ; - s-trans-19
(2888, 2864, and 2816 (dimer) cm ™). This band became domi- o7 " 1 0o 506 1414 1385 1367 1780 1749 1373 1773 1421
nant at above 780 °C (Figure 9¢). This latter observation is in xC,-C,) 1344 1.346 1.347 1344 1336 1347 1.342 1.347 1.349 1349
agreement with a report by Brown et al.,”>*! who observed 18 on régz‘gs)) ;;‘;g :-;‘gé ;-;‘glﬁ 11-4;23 :;‘2} ;‘3‘% }‘3‘;‘?‘ :-;138 }-‘;gg ::2‘})
5 . nC,-C, . 3 ] ek 332 1.32
FVT of 5d between 710880 °C. A comparison with the data of ! o) 17g1 1781 1080 1178 1177 1179 1177 1179 1180 1.180
Brown et al., and with calculations, shows very good agreement ¥RC,C, 119.3 1221 1240 1243 1197 1238 1199 1261 1252 1249
(Table 6; Figure 9b—c). $¥RC,C, 1168 1172 1132 1107 1118 1146 1153 1099 1140 1133
£C,C,C, 1223 1226 1207 1206 1200 1242 1229 1205 1245 1198

s-trans-20
Table 6. IR data [a] for butatrienone (18), matrix isolated in argon at 12K and #R-C)) 1.108 1.512 1.369 1.360 1.364 1.801 1.791 1.354 1.785 1.370
calculated at the B3-LYP/6-31 G* level HC,-0) 1227 1.231 1231 1221 1202 1222 1207 1222 1227 1237
HC,=C,) 1475 1487 1496 1477 1470 1481 1.472 1480 1482 1.499
Caleulated [b] Experiment [¢] Literature [d] HC,-Cy) 1321 1320 1317 1318 1319 1318 1319 1.318 1.318 1.317
7 T 7 I[e] 7 I HC,-Cy) 1311 1312 1313 1310 1309 1311 1.309 1310 1311 1313
¥RC,0  120.6 1222 1234 1230 1204 1225 1207 1240 1223 1231
1454 m 1456 1 ¥RC,C, 1152 1183 1160 113.0 1122 1155 1151 1124 1162 1186
1484 ]2 1495 m 1495 6 ¥C,C,Cy 1201 1233 1240 1233 1224 1233 1243 1235 1236 1242
2003 1 TS 21
2220 s 2219 26 FR-C;) 1438 2012 1906 1811 1.799 2497 2229 1802 2.178 1.968
2267 1976 2242 v 2242 88 MR-C)) 1421 1967 1519 1.595 1.712 2019 2226 1.579 1937 1507
2965 w 2964 1 HC,~C,) 1337 1331 1328 1.325 1317 1329 1321 1.327 1331 1.329
3044 13 3025 w 3025 3 HC,-Cy) 1381 1370 1375 1374 1370 1376 1367 1373 1378 1.369
37 1 HCy-C,) 1414 1396 1424 1408 1393 1415 1.395 1410 1422 1428

o 7 . . _y R HC,-0) 1.201 1198 1218 1.198 1.177 1.201 1.177 1.200 1.210 1221
[a] Frequencies incm ™' and intensities in kmmo} - bl .Frequenmes scaled by XRC,C, 1231 1135 1223 117.5 1149 1230 1179 1174 1234 1224
0.9613 (ref. [30]). [c] 18 generated by FVT/matrix isolation (Ar, 12K) of 5d. ¥RC,C, 859 964 819 851 7.3 880 919 850 868 809
[d] R.F.C.Brownetal. (ref. [24]). [¢] Relative intensity: w = weak, m = mediom. o c.c, 957 1010 1022 1018 1048 1094 (130 1012 107.3 1028

§ = strong, vs = very strong. xC,C,0 1464 1445 1400 146.1 1525 140.7 150.0 1459 1397 1389

1

[a] Bond lengths in A and bond angles in degrees. {b] Atom labels are given in Scheme 9.
One source of 18 could be syn-elimination of HCI from s-cis-
5d. Another pathway would be the HCI elimination from s-cis-
4d itself (Scheme 8). The fact that the s-cis form of 4d is not Table 8. Calculated relative energies (kJ mol ™ ') [a.b].
observed is probably due to stability differences. According to

; . . i R s-trans-19 s-cis-19 s-trans 20 s-cis-20 21
calculations (cf. Section 4) s-rrans-4d is predicted to be more e e e e
stable than the s-c¢is form by 9 kJmol ™! with a rotation barrier H (a) 0.0 6.0 447 56.6 272.5
£ -1 CH, (b) 0.0 8.2 32.9 4.8 3326
of 19 kJmo NH, (¢) 0.0 3.5 -223 —13.1 165.7
OH (d) 0.0 8.5 —246 230 186.1
4. Theory: The structures and energies of vinylketenes 19 and F (e) 0.0 6.1 -17.2 —~15.0 184.0
acylallenes 20, and transition structures for the 1,3-R migration ?,I]'I(g) 88 ?;?; 1?‘; 12‘(7) i;é;
(21) (Scheme 9), were investigated using the G2(MP2,SVP) OCH, (h) 0.0 3.2 ~236 ~230 169.0
theory.??! Note that the calculated G2(MP2,SVP) relative en- SCH, (i) 0.0 45 4.6 8.3 146.7
N(CH,), () 0.0 2.3 —13.2 —9.9 128.8

ergies are close to those reported earlier at the QCISD(T)/6-
31+ GQ2d,p)//MP 2/6-31 G* + ZPVE level 18] Optimized struc- [a} G2(MP2,SVP) E, values. {b] Calculated E, values for s-trans-19 (G2-

tural parameters for s-trans-19, s-irans-20, and the 21 are given (MP2,SVP)): —229.60378 (R = H). —208.04766 (R = CH,). —284.68675 (R =

NH,), —304.55127 (R = OH), —328.56117 (R = F), —627.14902 (R = SH),
—688.54812 (R = Cl}, —343.72770 (R = OCH,). and — 666.33799 (R = SCH,).
and —363.05063 (R = N(CH,),) hartrees.

H_ H WoH
1 N
[l |Cl1 o
H 7 . . R
R ey _Ca_ //CZ in Table 7 and calculated G2(MP 2,SVP) relatives energies are
G R G summarized in Table 8.
[l H
s-trans-19 s-cis-19 Vinylketene/acylallene equilibrium: There are two possible con-
O H M formations of vinylketenes 19 and acylallenes 20, s-trans and
o G H H & s-cis (Scheme 9). For all the substituents considered (a~j), the
?,2 Q p ;/H ,,Qg\ s-trans conformation is the preferred conformer (Table 8). The
%3 R/C1 //Ca/ R. Cs—H s-cis/s-trans energy difference ranges from 2 to 12 kJmol™!. The
/Q4 CI)Z Cﬁ‘ s-trans and s-cis conformers are connected by the transition
H H H o structure for rotation. The calculated rotational barriers for
s-trans-20 s-cis-20 1,3-R shift TS (21) vinylketenes are of the order of 20 kJmol™!' (R = H, Cl, and
. . - .
Scheme 9. R = H (a), CH, (b), NH, (¢), OH (d), F (¢}, SH (f), Cl (2), OCH, (h), QCH3). A shghtly 'hlgher va?ue,‘?sl kImol~! for R = H, is pre-
SCH; (i), and N(CH,), (). dicted for the rotational barrier for acylallenes. Thus, one would
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expect the two conformers of vinylketenes and acylallenes to
exist in equilibrium under high-temperature FVT conditions.
This result is consistent with the experimental observations of
both conformers for methoxy- and ethoxy-substituted
vinylketenes. The calculated vinylketene/acylailene energy dif-
ference depends on the R substituent. A greater stability of the
allenes is predicted for R = NH,, OH, F, OCH,, and N(CH,),,
while vinylketenes are preferred for the others (Table 8).

Infrared Spectra: To facilitate the cxperimental characteriza-
tion, infrared spectra of all ten vinylketenes 19 and acylallenes
20. calculated at the B3-LYP/6-31G* level, are reported
(Table 9). This level of theory is shown to provide reliable pre-

Table 9. Calculated (B3-LYP/6-31 G*) frequencies [a] (cm™!) and infrared inten-
sities (in parentheses, kmmol " !) of the main bands of vinylketenes 19 and acylal-
lenes 20.

R s-trans-19 s-cis-19 s-trans-20 s-cis-20
H 2133 (899) 2128 (698) 1968 (108) 1971 (141)
1637 (68) 1634 (42) 1727 (310} 1726 (186)
CH, 2129 (807) 2129 (716) 1971 (103) 1975 (153)
1639 (56) 1642 (34) 1714 (251) 1721 (141)
NH, 2133 (781) 2138 (691) 1974 (80) 1988 (110)
1653 (121) 1644 (105) 1726 (361) 1727 (227)
OH 2146 (838) 2143 (691) 1982 (109) 1987 (120)
1651 (212) 1641 (151) 1754 (405) 1759 (246)
F 2152 (R63) 2147 (682) 1981 (104) 1983 (114)
1670 (177 1661 (118) 1819 (427) 1822 (269)
SH 2138 (793) 2136 (768) 1975 (85) 1976 (163)
1605 (78) 1606 (43) 1717 (322) 1732 (191)
Cl 2149 (838) 2141 (740) 1979 (98) 1973 (156)
1628 (106) 1625 (58) 1791 (394) 1805 (233)
OCH, 2143 (819) 2141 (723) 1982 (110) 1986 (122)
1636 (164) 1628 (116) 1735 (313) 1741 (181)
N(CH,), 2131 (745) 2135 (748) 1978 (77) 1985 (129)
1619 (114) 1609 (107) 1674 (347) 1677 (230)
SCH, 2136 (787) 2134 (797) 1975 (92) 1976 (166)
1598 (74) 1599 (52) 1690 (268) 1705 (156)

[a] Scaled by 0.9613 (ref. [30]).

diction for experimental frequencies.’*®! For instance, the calcu-
lated (scaled) B3-LYP/6-31G* C=C=0 frequencies of s-(Z)-
and s-(E)-acetylketenes are 2150 and 2135¢m ™!, in excellent
agreement with the experimental values (2143 and 2133 cm ™!,
respectively) 8! The characteristic features of the IR spectra of
the vinylketenes (19) are the strong absorption bands due to the
ketenic (C=C=0) and ethylenic (C=C) stretching vibrations.
In general, the s-trans conformers are calculated to have higher
frequency and more intense ketenic and ethylenic stretching
vibrations than the corresponding s-cis rotamers. The charac-
teristic IR absorptions for acylallenes 20 are the allenic
(C=C=C) and carbonyl (C=0) stretching vibrations. Here, the
s-cis conformers are predicted to have higher frequency but less
intense carbonyl bands than the corresponding s-trans forms.
On the other hand, the s-cis conformers are calculated to have
higher frequencies and more intense allenic bands. Thus, one
may distinguish between the s-trans and s-cis conformers of
vinylketenes and acylallenes based on the frequency difference
and intensity ratio for their two characteristic vibrational mod-
es. For s-trans- and s-cis-methoxyvinylketenes (19d, R =
OCH,), our calculated results for the C=C and C=C=0 vibra-
tions are in excellent accord with the observed values (Section 1;
Figures 2, 3, 6, and 8).
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1,3-Migration: As with a-oxoketenes™! and imidoylketenes,!!
the concerted 1,3-R shift, via a four-centered transition struc-
ture 21, is the most favorable route for 1,3-migration in
vinylketenes. Other plausible routes for the 1,3-migration pro-
cess, namely, cleavage of the C—R bond and recombination,
and two successive 1,2-R shifts, are calculated to be higher in
energy (by 444 and 395 kJ mol ~*, respectively, for R = H). The
direct 1,3-hydrogen shift of the parent compound (19 a) requires
an activation barrier of 273 kImol~*. This is significantly
higher than those calculated for the oxo (143 kJmol™!) and
imine (194 kJmol™ ') analogues.

Next, we consider the effect of several simple substituents—
CH, (b), NH, (¢), OH (d), F (e), SH (f) and Cl (g)—on the
calculated 1,3-migration barrier height. As shown in Table 8,
substitution of an electron-rich group (¢~g), with one or more
unshared pairs of electrons, for hydrogen decreases the activa-
tion barrier. On the other hand, a significant destabilizing effect
is calculated for a methyl substituent (b). As with a-oxoketenes
and imidoylketenes, the origin of the dramatic rate acceleration
by electron-rich substituents in vinylketene—acylallene rear-
rangements can be understood in terms of a favorable donor -
acceptor interaction. The direct 1,3-R shift involves an interac-
tion between the R group and the central carbon atom of the
ketene moiety in the four-centered transition structure. The low-
est unoccupied molecular orbital (LUMO) of s-trans-vinylkete-
nes (or acylallenes) indicates that there is a vacant atomic p
orbital (with the largest coefficient) at the central carbon atom
in the molecular plane (Figure 11a). Thus, one would expect n
electron donor substituents (c—g) to interact favorably with the
vacant p orbital and thus stabilize the 1,3-migration transition
structures. The (symmetry allowed) donor—acceptor interaction
between the lone pair electrons of a hydroxyl group and the
ketene acceptor orbital in 19d is illustrated in Figure 11b.

Figure 11. a) The lowest unoccupied molecular orbital (LUMO) of s-trans-vinyl-
ketenes. b) The donor—acceptor interaction between the lone pair electrons of a
hydroxyl group and the vacant carbon p orbital of the ketene in 19d.

For the second-row substituents, SH (f) and Cl (g), the calcu-
lated barriers are lower, by ~30 kJmol ™', than those of the
corresponding first-row analogues (i.e., OH (d) and F (e), re-
spectively). The lower activation barriers may partly be attribut-
ed to the fact that the four-centered transition structures in the
second-row systems (21f and 21g) have significantly less ring
strain. This is reflected in the larger calculated C,C,C, bond
angles for transition structures 21f and 21 g (Table 7). The 1,3-
shift transition structure (21) involve a partially broken C,—R
bond. Thus, the magnitude of the C—R bond dissociation ener-
gy, which is smaller for the second-row systems, could also be a
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contributing factor influencing the barrier height. Second-row
elements are less electronegative and more nucleophilic. They
are “‘soft’” nucleophiles in the sense of hard and soft acids and
bases. The methyl group (b) is calculated to be a poor migrator.
In this case, there is no lone pair available for a donor—acceptor
interaction. Furthermore, a pentacoordinated carbon is re-
quired in the 1,3-migration transition structure (21b). As a con-
sequence, the 1,3-methyl shift in vinylketene would involve a
very substantial barrier of 333 kJmol™%, 60 kYmol ™! higher
than the 1,3-hydrogen shift in 19a.

The importance of donor—acceptor interaction is further sup-
ported by calculations on methyl-substituted n electron donor
groups, namely, OCH, (h), SCH, (i), and N(CH,), (j). Methyl
substitution on OH (d), NH, (¢), and SH (f) groups increase
their electron-releasing abilities, and thus one would expect an
increase in strength of the donor —acceptor interaction. Indeed,
the calculated barrier heights for OCH,, SCH,, and N(CH,),
substituents are significantly less than for the corresponding
unsubstituted ones (i.e., OH, SH, and NH,, respectively), by 17,
6, and 37 kImol™!, respectively. Thus, the predicted order of
1,3-migratory aptitude in vinylketenes is NR’,>SR’>OR’,
where R’ = alkyl group. This calculated trend agrees well with
experimental findings for the 1,3-migration in imidoylketenes™
and thioacyl isocyanates (R-C( = S)-N=C=0), isoelectronic
analogues of acyl(vinyl)ketenes.®'! Our calculated activation
energies for methoxy (h) and dimethylamino (j) substituents
are 169 and 129 kJ mol ™ !, respectively. These results are in ex-
cellent accord with experimental findings (Sections 1 and 2):

the 1,3-migration process for 19j

H_ /H requires a lower FVT temperature

ﬁ 1343 than that of 19h. It is interesting to

1482 G | 403 note that a stable cyclic intermediate
HC o ' (22) is calculated for the dimethyl-
3 amino substituent. This intramolecu-

lar amine—ketene zwitterion lies

21 kImol™' above the open-chain

22 vinylketene (19j). However, ring-

opening of this cyclic ylide to 19j is

associated with a small barrier of just 1 kJmol~!. The C-N
bond distance is rather long (1.774 A, MP2/6-31 G*).

For all the R substitutents (a—j), the 1,3-migration barriers
are in the order a-oxoketene <imidoylketene < vinylketene. In
particular, the 1,3-migration barrier in vinylketene is approxi-
mately 100 kJ mol ™! higher than that of a-oxoketene. Thus, one
can only expect to observe the vinylketene—acylallene rear-
rangement (19=220) for the most favorable migrating groups,
that is, for alkoxy, thicalkoxy, amino groups, and the halogens.
For 1,3-H migration, the calculated activation barrier increases
along the series (H-C(=X)-CH=C=Y) a-oxoketene <x-0xo0-
ketenimine < imidoylketene < acylallene < vinylketene. An ex-
cellent correlation (R? = 0.99) is observed between the barrier
height and the energy difference between the ketene LUMO
(acceptor MO) and the occupied orbital (donor MO) involving
the migrating group (Figure 12). This result provides further
evidence for our donor—-acceptor hypothesis.

In summary, electron-rich substituents strongly stabilize the
transition structures for 1,3-migration in vinylketenes. The in-
teraction between the R group and the ketene LUMO, in
particular the atomic p orbital at the central carbon (Figure 11),
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Figure 12. Plot of the 1,3-H shift barrier height (kJ mol *!) against the energy differ-
ence (hartrees) between the orbitals of the donor (involving the migrating H atom)

and the acceptor (ketene LUMO) for the series of cumulenes H-C(=X)-CH=C=Y
(1 hartree = 2625.5 kImol ™).

is the key factor in determining the magnitude of the activa-
tion barrier. The predicted migratory aptitude is in the or-
der N(CH,),>SCH;>SH>Cl>NH,>0OCH,>0H>F=>H
> CH,. Since the methylthio group (19i) has an activation bar-
rier (147 kImol™ ') smaller than that of the methoxy group
(19d), we expect 1,3-S-alkyl shifts in (alkylthio)vinylketenes
and -acylallenest*? to be observable processes.

Conclusions

Alkoxyvinylketenes (4a and 4b) undergo thermal interconver-
sion with alkoxycarbonylallenes under FVT conditions above
630°C, the allenes being the thermodynamically most stable
isomers in this equilibrium. Allenecarboxamides isomerize to
3-aminocyclobutenone (3¢) via unobserved aminovinylketenes
4¢ above 500 °C. Chlorocarbonylallene 5d interconverts with
chlorovinylketene 4d above 370 °C. A competing HCI elimina-
tion to butatrienone (18) is also observed. Ab initio calculations
indicate that the vinylketene—acylallene rearrangements pro-
ceed via a concerted 1,3-R shift, involving a four-centered cyclic
transition structure. The migratory aptitude is in the or-
der N(CH;),>SCH;>SH>CI>NH,>0CH,>0H>F>H
>CH,;. The calculated barriers in the series R-C(=CH,)-
CH=C=0 decrease with the increasing electron releasing abili-
ty of R. The stabilizing effect of the electron-rich substituents is
readily understood in terms of the favorable interaction between
the R group and the vacant central carbon p orbital of the
ketene (or allene) moiety in the molecular plane.

Experimental and Computational Procedures

Computational Methods: Standard ab initio {33] and density functional [34]
calculations were carried out with the Gaussian92/DFT [35] system of pro-
grams. The structures and energies of vinylketenes, acylallenes, 1,3-migration
transition structures, and related species were investigated by the
G2(MP2,SVP) theory {29]. The G2(MP2.SVP) method, described in detail
elsewhere [29], is a composite procedure based effectively on QCISD(T)/6-
311+ G(3df,2p)//MP2/6-31 G* energies (evaluated by making certain addi-
tivity assumptions) together with zero-point vibrational and isogyric correc-
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tions. Harmonic vibrational frequencies and infrared intensitics were calcu-
lated at the B3-LYP/6-31 G* level. The B3-LYP formulation [36] of density
functional theory correspond to Becke’s 3-parameter exchange functional
[36a] together with Lec— Yang- Parr correctional functional [36b]. The direct-
ly caleulated frequencies were scaled by 0.9613 to account for the average
overestimation of vibrational frequencies at this level of theory [30]. The
frozen-core approximation was employed for all single-point correlated cal-
culations. All transition structures arc calculated to have one imaginary
frequency and the specific reactant and product linked by a particular transi-
tion structure were confirmed by intrinsic reaction coordinate (IRC) calcula-
tions.

Preparative flash vacuum thermolysis (FVT) was carried out in electrically
heated quartz tubes, 40 cm long, 2 cm in diameter. Samples were sublimed or
vaporized into the pyrolysis tube from a reservoir cooled in dichloromethane/
fiquid N,, when necessary. The system was evacuated to ca. 107 ° mbar and
continuously pumped during FVT using a Leybold-Heraeus turbomolecular
pump PT 150. The pyrolysate was co-condensed with methanol vapor on the
77 K cold finger, whereby methanol was introduced betwecn the exit of the
pyrolysis oven and the cold finger. Further details of the FVT apparatus have
been published [37].

Matrix isolation was carried out using 10 cm long, 0.8 cm diameter quartz
tube 1n an oven dircetly attached to the vacuum shroud of a Leybold-Heraeus
or Air Products liquid He cryostat [37). Argon, nitrogen, and xencn were
used as matrix media, which were passed over the sample while it was sublim-
ing and co-condensed as a matrix at ca. 12 or 6.5 K on a BaF, window for
IR spectroscopy. Annealing experiments were carried out using a Lakeshore
Madel 330 autotuning tempcerature controller. Neat isolation at 77 K was
carried out in a similar apparatus using a lig. N, cryostat {37].

Photolysis was carried out in quartz tubes (4.5 cm diameter, 20 cm length)
using broad-band irradiation (1000 W high-pressure Hg--Xe lamps, Oriel).

Matrix IR spectra were recorded on Perkin Elmer 1720X or System 2000
instruments. 'H and '3C NMR spectra were recorded on a Bruker AC200
(200 MHz), mass spectra (70 eV; direct insertion) on a Kratos MS25RFA,
and GC-MS on a Hewlett-Packard 5992B instrument.

Materials: Mcthyl(triphenylphosphoranylidenejacetate and ethyl (triphenyl-
phosphoranylidene) acetate were obtained from Aldrich. Ketene [38] was
produced using the ketenc lamp described by Hurd and Williams [39]. Melt-
ing points are uncorrected.

3-Methoxycyclobutenone (3a) was synthesized according to ref. [7]. IR
(neat, —196°C): v = 2945 (vw), 1775 (w), 1751 (m), 1654 (vw), 1584 (s), 1458
(w), 1433 (w), 1417 (w), 1341 {m), 1226 (w), 1043 (w), 1007 (m), 958 (m), 811
(w), 762 (w)em ™. IR (Ar matrix, 6 K}: ¥ = 2994 (vw), 2983 (vw), 2950 (vw),
2897 (vv). 2842 (vw), 1793 (s), 1784 (w), 1778 (w). 1769 (m), 1600 (s), 1592
(5). 3461 (w), 1456 (w), 1434 (w), 1423 (w). 1334 (s), 1219 (w), 1028 (w), 1005
(s), 973 (m), 961 (m), 799 (m) em ™',

Methyl allenecarboxylate (Sa): The procedure was modified from Hamlet
and Barker [40]. Methyl(triphenylphosphoranylidene)acetate (4 g, 1.2 x
1072 mol) was dissolved in dry dichloromethane (80 mL) containing hy-
droquinone (= 50 mg), and the solution was blanketed with an atmosphere
of nitrogen. Into this solution, ketene [39,40], which was generated at a steady
rate (x0.35 molh 7!), was introduced at 0°C. When the reaction was com-
plete (as shown by IR spectroscopy), the solvent was evaporated and
petroleum ether (50 mL) was added. Triphenylphosphine oxide was filtered.
After evaporation of the solvent, Sa was distilled under vacuum as a clear
liquid, b.p. 38-41°C/13 mm Hg (lit. 40°C14 torr [41]); yield 35%. NMR
data are in good agreement with ref. [41]. IR (neat, — 196 “C): ¥ = 3064 (w),
3032 (w), 2090 (w), 2953 (w), 1571 (w), 1943 (w), 1714 (s}, 1439 (w), 1347 (w),
1305 (w), 1267 (m), 1199 (m), 1173 (m), 1081 (w). 1027 (w), 861 (w), 780
(Wyem ™1 IR (Ar, 12 K): ¥ = 3034 (w), 3006 (w), 2962 (w), 2909 (vw), 2851
(vw), 2848 (vw), 1980 (m), 1946 (m), 1745 (m), 1740 (s), 1462 (w), 1441 (m),
1422 (w), 1361 (w), 1350 (w), 1334 (w}, 1324 (w), 1300 (w), 1281 (w}, 1267
(s). 1195 (m), 1167 (s), 1079 (w), 1046 (w), 1039 (w), 992 (w), 866 (w), 858
(w), 852 (w), 845 (w), 841 (w), 778 (w)cm L.

3-Ethoxycyclobutenone (3b) was synthesized according to the procedure of
Wasserman ct al. [13). IR (neat, —196°C): ¥ = 2985 (vw), 1782 (w), 1748 (w),
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1577 (s), 1473 (w), 1448 (w), 1420 (w), 1400 (w), 1369 (w), 1329 (m), 1215
(w), 1158 (vw), 1078 (w), 1042 (vw), 1016 (m), 870 (m), 828 (w), 807
(m) cm ™' IR (Ar matrix, 12 K): 7 = 3005 (vw), 2956 (vw), 2950 (vw), 2909
(vw}, 1790 (s}, 1783 (m), 1761 (m), 1604 (s), 1588 (s), 1481 (w), 1425 (w),
1402 (vw), 1397 (vw), 1375 (w), 1327 (s), 1203 (w), 1040 (m), 1023 (w), 1008
(m), 1001 (w), 885 (w), 798 (m)cm L.

Trapping of Ketene 4b with Methanol:

Method A (flash vacuum thermolysis (FVT) of 3b): 3b (100 mg) was vapor-
ized at 0°C (5x 107> mbar) and thermolyzed at 450°C in the preparative
FVT apparatus, with methanol as a trapping agent. Column chromatography
(Si0,/CHCIy) of the crude product gave a mixture of 6 and (E)-7 in a ratio
64:36 (85 mg, 70% yield) and 3b (26 %).

Method B (photolysis of 3b): 3b (100 mg, 8.93 x 10™* mol) was added to dry
methanol (100 mL) in a quartz tube. After degassing, the solution was irradi-
ated with an aged broad-band lamp for 3 h. The reaction was monitored by
TLC (Si0,, CHCI;). Column chromatography of the crude product gave a
mixture of 6 and (£)-7 in a ratio 49:51 (93 mg, 72%) and (Z)-7 (8 mg, 7%).
Data are reported below.

Methyl 3-ethoxy-3-butenoate (6): “H NMR (200 MHz, CDCl,): § = 4.05 (d,
2KH,H) = 2.2 Hz, 1H; (Z)-H4), 4.02 (4, 2J(HH) =22 Hz, 1H; (£)-H4),
3.76 (g, 3J(H,H) =7 Hz, 2H; OCH,), 3.71 (s, 3H; OCH,;), 3.12 (s, 2H;
CH,), 1.29 (t, 3J(H,H) =7 Hz, 3H; CH,CH,); 13C NMR (200 MHz, CD-
Cly): 6 =170.7 (CO), 156.0 (C=CH,), 84.5 (CH,=C), 63.2 (CH,0), 52
(CH;0y, 41 (CH,), 14.3 (CH,CH;). GC-MS: m/z =144 (13), 113 (6), 10!
(5), 85(17), 84 (17), 74 (42), 59 (23), 56 (36), 43 (100), 42 (51), 41 (9), 40 (7),
39 (21).

Methyl (E)-3-ethoxy-2-butenoate ((£)-7): 'HNMR (200 MHz, CDCly):
4 =5.00 (s, 1H; CH), 3.82 (g, *J(H,H) =7 Hz, 2H; OCH,), 3.67 (s, 3H:
OCH,), 2.30 (s, 3H; CH;), 1.34 (t, *J(H,H) =7 Hz, 3H; CH,CH,); 1°C
NMR (200 MHz, CDCl,): 6 =172.6 (C=CH), 168.5 (C=0), 90.6 (CH), 63.7
(CH,0), 50.7 (CH;0), 19.1 (CH;), 14.2 (CH,CH,). GC-MS: m/z =144 (9),
113 (27,101 (38), 85(73), 84 (28), 69 (57), 59 (17), 43 (100). 42 (15), 41 (13),
40 (9), 39 (26). The (*H and 1*C) NMR data are in good agreement with the
literature values for analogous compounds [18].

Methyl (Z)-3-ethoxy-2-butenoate ((Z)-7): 'HNMR (200 MHz, CDCl,):
=490 (q. 4(H,H) =0.7Hz, 1H; CH), 4.11 (q, *J(H,H) =7 Hz, 2H;
OCH,), 3.65 (s, 3H; OCH,), 2.01 (d, “J(H,H) = 0.7 Hz, 3H; CH,), 1.37 (1,
J=7Hz, 3H; CH,CH,); 13C NMR (200 MHz, CDCl)): § =1677
(C=CH), 165.9 (C=0), 95.5 (CH), 64.7 (CH,0), 50.5 (CH;0), 19.6 (C4)
15.2 (CH,CH,). GC-MS was identical with that of (E£)-7.

2,2-Dimethyl-5-(1-ethoxyethylidene)-1,3-dioxane-4,6-dione (11): 11 was syn-
thesized by analogy with the method of Bihlmayer [42]. Meldrum's acid
(2.5g, 2.42x 1072 mol) was dissolved in an excess of triethyl orthoacetate
(16 mL, 8.2x 1072 mol) under N,. The solution was stirred and heated at
80°C for 3 h. The yellow solution was then cooled overnight. The solid was
filtered and recrystallized from CCl, to give 8 as white crystals (1.73 g,
8.08 x 1072 mol); m.p. 8688 °C, yield 33%. 'H NMR (200 MHz, CDCl,):
8 =4.40 (q, *J(H,H) =7 Hz, 2H; CH,), 2.73 (s, 3H; CH,), 1.70 (s, 6H;
2x(CHy)), 1.51 (t, 3J(H,H) =7 Hz. 3H; CH,-CH,); *C NMR (200 MHz,
CDCl,): 6 =186.2(C7), 163.5(C=0), 159.4 (C=0), 102.6 (C2), 97.5 (C5),
67 (OCH,), 26.9 2 x(CH,)), 18.3 (CH,), 14.7 (CH,CH,). Anal. caled. for
C,oH,,0,: C, 56.07;H, 6.54. Found: C, 56.02; H, 6.65.

Trapping of 12 with methanol: 11 (270 mg) was sublimed at 62°C
(3x 107 ° mbar) and thermolyzed through the 40 cm oven at 475°C onto a
cold finger coated with methanol and cooled to — 196 °C. After the end of the
reaction, (£)-7 was isolated by column chromatography (SiO,, CHCI,); yield
62%. HRMS caled. for C,H ;051 m/z 144.0786, found 144.0782.

Ethyl allenecarboxylate (Sb): The synthesis of §b was described by Hamlet
and Barker [40]. Sb was vaporized at —40°C (107 3mbar). IR
(neat, —196 °C): ¥ = 3036 (vw), 2984 (w), 1971 (m), 1941 (w), 1711 (s), 1424
(w), 1369 (m), 1337 (m), 1302 (w), 1277 (m), 1266 (m), 1260 (m), 1184 (m).
1095 (w), 1036 (w), 953 (w), 860 (m), 781 (m) cm ™ '; IR (Ar matrix, 12 K):
v = 3004 (w), 2987 (w), 1985 (m), 1979 (m), 1943 (m), 1745 (m), 1737 (s),
1732 (s}, 1726 (s), 1714 (5), 1483 (w), 1449 (w), 1430 (w), 1371 (m), 1345 (m),
1299 (m), 1286 (s), 1272 (i), 1270 (s), 1268 (s), 1257 (s), 1194 (s), 1178 (s).
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1175 (s), 1162 (m), 1101 (w), 1045 (m), 1038 (m), 1035 (m), 950 (w), 884 (w),
868 (m), 843 (s), 777 (W)om ™ L.

N,N-3-Dimethylaminocyclobuterone (3¢): In a two-neck flask, 1,3-cyclobu-
tanedione [13] (0.42 mg, 5.10~ 3 mol) was added to a dry solution of CH,Cl,
(25 mL) under N,. The solution was then cooled to 0°C. A fresh solution of
dimethylamine (1 equiv.) in dry THF was added dropwise. The solution was
stirred at 0 °C for 2 h. After removing solvents, 3¢ was purified by column
chromatography (1:9 MeOH:CHCI,) to give (0.410 mg, 3.7 x 107 % mol);
yield 74%. 3¢ was vaporized at 60°C (10~ °> mbar). 'HNMR (200 MHz,
CDCly): 6 = 4.61 (s, 1H; CH), 3.14 (s, 2H; CH,), 3.10 (s, 3H; CHj), 3.04
(s, 3H; CH,); 1*C NMR (200 MHz, CDCl,): § =180.0 (C=0), 169.4 (C3),
98.9 (CH), 45.9 (CH,), 40 (CH,), 38.8 (CH,); IR (neat, —196°C): ¥ = 2976
(W}, 1726 (w), 1706 (w), 1601 (s), 1454 (w), 1429 (m), 1381 (w), 1324 (vw),
1292 (w), 1158 (w), 1079 (w), 1050 (w), 1006 (w), 912 (w), 879 (w), 762 (w),
753 (w)em ™! IR (Ar, 14K): ¥ = 3011 (w), 2955 (w), 2934 (w), 2911 (w),
1772 (m), 1722 (w), 1622 (s), 1611 (m), 1593 (m), 1590 (m), 1476 (w), 1453
(w), 1433 (w), 1419 (W), 1391 (w), 1362 (w), 1217 (w), 1164 (w), 1148 (w),
1065 (w), 1038 (w), 994 (w), 910 (w), 767 (w), 764 (w) cm ™. MS: m/z =111
(100), 68 (26), 67 (11), 55 (19), 43 (21), 42 (22), 39 (9). HRMS: caled. for
C¢H NO: m/z 111.0684, found 111.0683.

N,N-Dimethylamino allenecarboxamide (S¢): A solution of dimethylamine in
THF (0.6 mL; 3.92x 1073 mol; 6.48M) was added to 25 mL of dry THF
under N,. The solution was then cooled to — 50 °C. 2,3-Butadienoy! chloride
[25a] (5d) (0.2 g; 1.96 10 — 3 mol) was added dropwise to the cold, stirred
solution. After 1 h of stirring at — 50 °C, the solution was warmed to —25°C
and kept at this temperature for 3 h. Without stirring, the solution was then
warmed to 0°C. The pH was checked. If the solution was slightly acidic,
potassium carbonate was added until neutralization. After filtration and
evaporation of solvents, ether was added, and once more filtration was car-
ried out to remove completely the ammonium salt formed. After evaporation
of the solvent, a mixture of 2:1 petroleum ether (b.p. 30-40°C):cther was
added to the viscous oil. After a night in a freezer, Sc (0.11 g, 9.8 10~ * mol)
crystallizsed as white needles, mp 41-42°C; yield 50%. 5S¢ was sublimed at
0°C (107 ° mbar). 'HNMR (200 MHz, CDCl,): 6 =595 (t, *J(H,H) =
6.6 Hz, 1H; CH), 5.15 (d, *J(H,H) = 6.6 Hz, 2H; CH,), 3.09 (s, 3H;
NCH,), 3.00 (s, 3H; NCH,;); !3C NMR (CDCl,): 213.4 (C3), 164.8 (C=0),
87.3 (CH), 78.7 (CH,=C), 38 (NCH,), 35.8 (NCH,); IR (neat, — 196 °C):
¥ = 3049 (w), 2969 (w), 1969 (w), 1948 (m), 1617 (s), 1500 (m), 1398 (m),
1260 (w), 1153 (m), 1092 (w), 1062 (w), 857 (m), 763 (w)em™'; IR (Ar,
12 K): ¥ = 2953 (w), 2936 (w), 2919 (w), 2898 (w). 2880 (w), 2863 (w), 2855
(w), 1978 (m), 1949 (w), 1663 (s), 1655 {m), 1653 (m), 1501 (m), 1465 (w),
1453 (w), 1437 (w), 1424 (w), 1401 (m), 1393 (m), 1368 (w), 1362 (w), 1354
(w), 1265 (w), 1217 (w), 1194 (w), 1180 (w), 1130 (m), 1086 (w), 1070(w),
1062 (w), 983 (w), 973 (W), 859 (w), 844 (m), 842 (m), 840 (m), 759 (W) cm ™.
GC-MS:m/z =111 (13), 83 (7), 82 (7), 72 (100), 68 (17), 67 (19), 55 (30), 44
(43), 42 (57), 39 (70); Anal. caled. for CCH,NO: C, 64.86;H, 8.11; N, 12.61.
Found: C, 64.57;H, 8.36; N, 12.59.

2,3-Butadienoyl Chloride (5d): The procedure was as described by Brown et
al. [25a]. 5d was vaporized at —40°C (10~° mbar). 'HNMR (200 MHz,
CDCl,): 6=593 (t, “KHH)=62Hz, 1H; CH), 549 (.
“J(H,H) = 6.2 Hz, 2H, CH,); '3C NMR (CDCl,): d = 219.3 (C3), 164.7
{C=0), 95.5 (CH), 81.6 (CH,}; IR (neat, —196°C): ¥ = 3072 (w}, 2994 (w),
1962 (m), 1914 (w), 1848 (w), 1795 (w), 1755 (s), 1748 (s), 1720 (m), 1135 (m),
1040 (m), 978 (w), 923 (w), 910 (w), 856 (m), 787 (w) cm ™~ !; IR (Ar, 12K):
v = 3013 (w), 1969 (m), 1925 (w), 1850 (w), 1847 {w), 1841 (w), 1836 (w),
1786 (w), 1775 (w), 1773 (m), 1770 (s), 1760 (w), 1502 (vw), 1411 (w), 1328
(w), 1318 (w), 1137 (w), 1126 (m), 1093 (vw), 1086 (vw), 1039 (m}, 1002 (w),
970 (m), 859 (w), 856 (m), 851 (m), 849 (m), 799 (W), 785 (w)em ™ '.

Methyl 3-Chloro-3-butenoate [26] (17): Sd (200 mg) was vaporized at —40°C
(2x 107 ° mbar) and thermolyzed through the 40 cm oven at 550°C onto a
cold finger coated with methanol and cooled to —196 °C. After the end of the
reaction, 17 was isolated in 74% yield. Data are in good agreement with the
literature values [26]). "H NMR (200 MHz, CDCl,): § = 5.39 (d, 2J(H,H) =
1.6 Hz, 1H; (E)-H4), 5.36 (m, 1H; (Z)-H4), 3.75 (s, 3H; CHj), 3.38 (d,
3J(H,H) = 0.9 Hz; CH,); *3C NMR (200 MHz, CDCl,): § =169.1 (C=0),
134.1 (C-Cl), 116.6 (CH,vyn), 52.2 (CH,), 44.3 (CH,). GC-MS: m/z =136
(9), 134 (19), 106 (42), 103 (85), 99 (41), 75 (19}, 69 (11), 67 (11), 59 (23), 43
(43), 39 (100).
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Edge-sharing SiN, Tetrahedra in the Highly Condensed

Nitridosilicate BaSi; N,

Hubert Huppertz and Wolfgang Schnick*

Abstract: The novel nitridosilicate Ba-
Si,N,, was obtained by the reaction of
barium metal with Si(NH), in a special
high-frequency furnace at 1650°C. The
single-crystal structure determination
(a=687.29(3), b=671.293), c¢=
963.28(4) pm, f =106.269(3)°, Pc, Z =2,
Ri =0.0497, wR2 =0.0924) reveals a

trahedra. BaSi, N, is the first nitridosili-
cate with both corner and edge-sharing
SiN, tetrahedra. Unlike the situation in

Keywords
high-temperature synthesis * network
structures - nitridosilicates * silicon *
structure elucidation

normal oxosilicates, vertex-sharing of
SiN, tetrahedra is not exclusively favored
over edge-sharing. With a Si:N molar ra-
tio of 7:10, BaSi,N,, is the most highly
condensed  multinary  nitridosilicate
known and has almost the same degree of
condensation as binary Si,N,.

network structure of connected SiN, te-

Introduction

Recent investigations!!! have demonstrated that nitridosilicates
contribute to the spectrum of structural types seen in the well-
known oxosilicates.!?! “Normal” silicates contain SiO, tetrahe-
dra, which are linked through common vertices. Oxygen is
bound either terminally (O™)) or as a bridging atom (O'*)) to
one or two neighboring Si atoms, respectively.I’! Nearly all of
the numerous oxosilicates known are based on variations of
these structural motifs. In contrast, the nitridosilicates contain
SiN, tetrahedra, which can be linked through common vertices
to give NP NP or even N!*I connectivities to two, three, or
four silicon atoms, respectively.l'"*! Accordingly, a larger vari-
ety of structural features are possible for nitridosilicates than for
oxosilicates.

Vertex-sharing of SiO, tetrahedra is exclusively favored over
edge-sharing. In fact, the latter has only been postulated for the
so-called fibrous polymorph of silica SiO,.1"! However, the
structure and existence of this polymorph have not yet been
unambiguously confirmed.

Recently, DiSalvo described a novel barium nitridosilicate
Ba,Si,N,, which contains discrete [Si,N]!°~ anions formed by
two edge-sharing SiN, tetrahedra.!! In addition, we have ob-
tained Ba,Si;N; in the quasi-binary Ba;N,—Si;N, system,*]
whose network structure is built up of corner-sharing SiN, te-
trahedra corresponding to the formula 3[(SilINIINI34-],

In this contribution we report on a novel barium nitridosili-
cate BaSi,N 4, which is the first highly condensed network nitri-

1*] Prof. Dr. W. Schnick, Dipl.-Chem. H. Huppertz
Laboratorium fiir Anorganische Chemie der Universitit
D-95440 Bayreuth (Germany)

Fax: Int. code +(921)55-2788
e-mail: wolfgang.schnick@uni-bayreuth.de
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dosilicate with edge-sharing SiN, tetrahedra. It demonstrates
for the first time that, in combination with a given metal, nitri-
dosilicates exhibit a much more varied degree of condensation
(Ba;Si,Ng, Ba,Si;Ng, BaSi,N ) than is possible for oxosili-
cates. Within the group of the hitherto known nitridosilicates,
BaSi, N, is the most highly condensed example. The Si:N mo-
lar ratio of 7:10 nearly reaches the value for binary SiyN,.

Experimental Procedure

Silicon diimide: In a three-necked bottle, CH,Cl, (50 mL. p.a. Merck) was
saturated with dried NH; (99.9%, BASF, dried by condensation on sodium
and potassium) at —78 °C under a purified argon atmosphere. A precooled
solution of SiCl, (20 mL, 0.17 mol; Merck) in CH,Cl, {30 mL) was slowly
added with stirring. The suspension was then warmed to room temperaturce
under an NH; atmosphere [Eq. (1)]. The finely powdered residue was heated
to 300°C and finally to 600°C [7].

SiCl, +6NH, — 2% Si(NH), +4NH,CI )

BaSi,N,,: A mixture of Ba (68.7 mg, 0.5 mmol, ABCR, >99.99%) and
silicon diimide (116.2 mg, 2 mmol) was mixed thoroughly under argon in a
glove box and transferred to a tungsten crucible positioned in a water-cooled
quartz-reactor [4 b-d]. The crucible was heated under a pure nitrogen atmo-
sphere by inductive coupling through a water-cooled induction coil, which
was connected to a high-frequency generator (Fa. Hiittinger, Freiburg, Type
1G 10/200 Hy, frequency: 200 kHz, electrical output: 0-12 kW). The exper-
imental setup of the high-frequency furnace is shown in Figure 1. The nitro-
gen had previously been purified over silica gel, potassium hydroxide, molec-
ular sieve, P,O,,. and a BTS catalyst. The reaction mixture was heated to
650 °C within 1 h and to 1650°C within another 24 h, maintained at that
temperature for 2 h, and then slowly cooled to 1400 °C within 65 h. Finally,
the product was quenched to room temperature [Eq. (2)]. This process led to
the formation of BaSi,N,, as a single-phase, coarsly crystalline, colorless

. 1650 —1400°C, 65h .
Ba +7Si(NH), ————— = BaSi;N, +2N, +7H, )

HF furnace
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Outer Generator
- Oscillating
Circuit 200 kHz
Tungsten Crucible 0-12 kW

A

Water in

Figure 1. Experimental set-up of the high-frequency furnace.

solid. During the reaction, excess barium evaporated out of the tungsten
crucible and condensed on the inner wall of the water-cooled quartz-reactor.
Energy dispersive X-ray microanalysis (JEOL, JSM-6400) showed that the
Ba:Si atomic ratio in the transparent, colorless crystals is 1:6.9-7.0. This is
close to the ideal ratio of 1:7in BaSi,; N, ;. The absence of hydrogen (NH) was
checked by IR spectroscopy. Similar to all nitridosilicates we have synthe-
sized so far, BaSi;N , is stable up to 1600 “C and resistant to hot acid and
alkaline solutions.

Crystal-Structure Analysis: X-ray diffraction data were collected on a four-
circle diffractometer (Siemens P 4). Relevant crystallographic data and details
of the data collection are listed in Table 1. According to the observed system-
atic absences (k0! with / = 2n and 00/ with / = 2#), the space groups P2/c¢
(no.13) and Pc (no.7) were considered. The crystal structure of BaSi, N, , was
solved by direct methods using SHELXTL-Plus [8] in the noncentrosymmet-
tic space group Pc (no. 7) and refined with anisotropic displacement parame-
ters for all atoms. Table 2 shows the positional and displacement parameters.
Table 3 gives selected interatomic distances and angles [9]. Powder diffraction
investigations (Siemens D5000) revealed a single-phase product. All reflec-
tions have been indexed (Table 1) and their observed intensities correspond to
a calculated diffraction pattern based on the single-crystal structural data.

Results and Discussion

In the solid-state BaSi, N, is built up of Ba?™ ions in a three-di-
mensional Si—N network structure. BaSi, N, is the first nitri-
dosilicate with both corner and edge-sharing SiN, tetrahedra.
As seen in the formula 2[(Si¥NEINEN2 7], every fifth nitrogen

Abstract in German: Das neuartige Nitridosilicat BaSi, N,
wurde durch Umsetzung von Barium mit Si(NH), in cinem
speziellen Hochfrequenzofen bei 1650°C erhalten. Nach der Ein-
kristall- Rontgenstrukturanalyse (a = 687.29(3), b = 671.29(3),
¢=963.28(4) pm, p =106.269(3)°, Pc, Z=2, RI =0.0497,
wR2 = 0.0924) liegr eine Rawmnetzstruktur aus verkniipften
SiN,-Tetraedern vor. BaSi,N ¢ ist das erste Nitridosilicat, in dem
sowohl Ecken- als auch Kantenverkniipfung von SiN -Tetraedern
auftritt. Anders als bei den Oxosificaten ist hier die Ecken-
verkniipfung gegenitber der Kantenverkniipfung nicht bevorzugt.
Mit einem Verhdiltnis von Si: N =7:10 ist BaSi;N,, das bislang
am héchsten kondensierte multindgre Nitridosilicat, in dem der
Kondensationsgrad anndhernd den von SizN, erreicht.
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Table 1. Crystallographic data for BaSi,N,,.

formula BaSi;N,,
formula weight {gmol™*) 474.07
crystal system monoclinic
space group Pc(no. 7y

Siemens D 5000

Cuy,, (A =154.06 pm, germanium monochromator)
a = 686.82(6) pm

b = 671.00(6) pm

¢ = 962.73(7) pm

B =106.249(6)°

Siemens P4

Mo-K, (4 =71.073 pm, graphite monochromator)
a = 687.29(3) pm

b= 671.29(3) pm

¢ = 963.28(4) pm

B =106.269(3)°

powder diffractometer
radiation
unit cell dimensions

four-circle diffractometer
radiation
unit cell dimensions

cell volume {10° pm’} 426.63(3)
VA 2

X-ray density [gem ™3] 3.690
F(000) 448

absorption coefficient jmm™*] 5.633
temperature [K]} 292(2)
crystal size [mm?] 012 x 0.12 x 0.12

range 2<20<90°

hyoko 1 —13<h<13
—13<k<13
—19<i<18

scan type 5]

total no. reflections 14083

independent reflections 7050 (Ry,, = 0.0412)

observed reflections 7050 (F2=00(F?)

refined parameters 164

corrections Lorentz, polarization, absorption, extinction
absorption correction empirical ( scans)

min./max. transmission ratio  0.2763/0.3760

flack parameter x 0.168(11)
min./max. residual ciectron

density [e A™?] —1.650/3.528
extinction coefficient 0.0303(13)

GOF 1.031
R indices (all data) R1 =0.0497
wR2 = 0.0924

connects two Si centers (N!2]) and the remaining nitrogen atoms
bridge three Si atoms (N'J). This is consistent with the observa-
tion that nitridosilicates with a molar ratio of tetrahedral centers
to bridging atoms (Si:N) larger than 1:2 form topologically
closed networks of alternating Si and N atoms according to the
formula J[(SILINPINDHE¥=30+2) - where Si:N = x/(y+2)
and 4x = 2y +3z. Remarkable exceptions to this rule are the
nitridesilicates SrYbSi,N, and BaYbSi,N., in which N*! cen-
ters connecting four Si atoms were found for the first time.1!!

In BaSi, N, the corner-sharing SiN, tetrahedra are arranged
in nearly coplanar, corrugated sheets vertical to [010]. This re-
sults in layers of highly condensed dreier rings (Figure 2).1'"
Similar planar and corrugated layers of dreier rings also exist in
Si,N,NH! Y and M,SisNg (M = Ca, Sr, Ba)*® # although the
configuration pattern of the SiN, tetrahedra within the layers is
different in each compound. Cross-linking of these layers is
accomplished by further corner-sharing SiN, tetrahedra. How-
ever, in BaSi, N, vierer single chains occur in which every sec-
ond connection between neighboring SiN, tetrahedra is through
common cdges. These chains run along [00 1] bridging the layers
(Figure 3). The Ba2* ions are thus positioned in the linear chan-
nels formed.

The Si—N bond lengths in BaSi, N, are in the typical range
for N1 (N3, N4: 164169 pm) and NP (N1, N2, N5-N10:
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Table 2. Atomic coordinates and anisotropic displacement parameters [1&2] for BaSi;N,,. U,, is defined as one third of the trace of the orthogonalized U;
anisotropic displacement factor exponent is of the form —2a*[(ha*)*U,, +...

tensor. The

2hka*b* U, ,).

Atom  Xx/a yib zfe Uy, U, Uss Uy U Uy, Uy

Ba 0.28706(4) 0.59904(3) 0.71225(3) 0.01474(7) 0.01164(6) 0.01687(7) 0.00175(9)  0.00801(5) 0.00196(9) 0.01369(4)
Sit 0.6846(2) 0.4721(2) 0.55534 (8) 0.0033(3) 0.0049 (4) 0.0038 (4) —0.0001(2) 0.0013(3) —0.0003(2) 0.0039(2)
Si2 —0.1323(2) 0.4732(2) 0.86723(9) 0.0047(3) 0.0039(4) 0.0039(4) 0.0001 (2) 0.0017(3) 0.0003(2) 0.0041(2)
Si3 0.1784(2) 0.1241(2) 0.8469(2) 0.0074(3) 0.0056(3) 0.0058(3) 0.0006(2) 0.0038(2) 0.0006(2) 0.0059(2)
Si4 0.4382(2) 0.1061(2) 0.6123(2) 0.0063(3) 0.0055(3) 0.0058(3) —0.0011(3) 0.0025(2) —0.0014(2) 0.0057(2)
Sis 0.6250(2) 0.1186(2) 0.9227(2) 0.0074(3) 0.0048(3) 0.0057(3) —0.0006(2) 0.0029(2) —0.0013(3) 0.0057(2)
Si6 0.8122(2) 0.8712(2) 0.7265(2) 0.0082(4) 0.0050(2) 0.0059(3) 0.0000(2) 0.0032(3) 0.0000(2) 0.0061(2)
Si7 —0.0048(2) 0.8652(2) 0.0316(2) 0.0072(3) 0.0055(3) 0.0060(3) —~0.0005(2) 0.0029(2) —0.0009(3) 0.0060(2)
N1 —0.1024(4) 0.6321(5) 0.0154(3) 0.0070(8) 0.0053(8) 0.0049(8) —0.0023(7) 0.0036(6) —0.0011(7) 0.0053(3)
N2 0.6503(4) 0.3692(5) 0.9044 (3) 0.0056(8) 0.0044 (8) 0.0057 (8) 0.0011(7) 0.0021(6) —0.0010(6) 0.0051(3)
N3 0.4874(5) 0.3339(5) 0.5561 (4) 0.0086 (10} 0.0051(10) 0.0093(11) 0.0011(8) 0.0016(9) —0.0004(7) 0.0078(4)
N4 0.0744(5) 0.3384(5) 0.8687(4) 0.0081(10) 0.0075(11) 0.0116(11) —0.0011(9) 0.0047(9) 0.0019(8) 0.0087(5)
N3 —0.2264(5) 0.6176(3) 0.7113(4) 0.0072(8) 0.0043 (6) 0.0048 (6) 0.0003(8) 0.0011(5) —0.0016(8) 0.0055(3)
Né 0.8284(3) 0.0369(4) 0.0633(2) 0.0064(7) 0.0065(7) 0.0050(7) —0.0005(6) 0.0016(6) 0.0016(6) 0.0060(3)
N7 0.6147(3) 0.9990(4) 0.7633(2) 0.0045(7) 0.0074(7) 0.0054(7) 0.0004(6) 0.0005(6) 0.0018(6) 0.0059(3)
N§ 0.4083(3) 0.9220(3) 0.4768 (2) 0.0043(6) 0.0070(8) 0.0057(7) —0.0012(6) 0.0000(5) 0.0002(6) 0.0060(3)
N9 0.2172(3) 0.8897(4) 01711(2) 0.0046(7) 0.0103(8) 0.0047(7) —0.0003(7) 0.0009(5) —0.0015(6) 0.0066(3)
N10 0.0341(3) 0.9150(3) 0.8629(2) 0.0045(6) 0.0069(7) 0.0051(7) 0.0004 (6) 0.0008 (5) —0.0007 (6} 0.0056(3)

Table 3. Interatomic distances [pm] and angles [°] in the structure of BaSi,N,,.

Ba —N3 291.3(3)
~N4 295.0(4)
—N2 307.4(3)
~N{ 321.3(3)
~N3 324.3(3)
—N4 324.9(4)
—N10 3323(2)
—N9 332.3(2)
~Ns 334.9(3)
—N38 340.6(2)
—N7 345.0(2)
N9 347.3(2)
N5 352.9(3)

Si1 ~N3 164.4(3)
-N5 175.3(3)
—N1 176.0(3)
-N2 176.4(3)
—Si2 250.6(1)

$i2 —N4 168.1(3)
—N1 174.7(3)
N5 175.2(3)
-N2 177.4(3)

N1-Si1—N2 $9.3(2)

N2-Si1-N35 107.7(2)

N5—Si1—N3 13.6(2)

N3—Sit—-N1 120.9(2)

N5—Si1-N1 107.3Q2)

N3—§i1-N2 115.1(2)

Si1-N3-§i4 138.8(2)

Si3—N4 164.6(3)
N8 174.6(2)
~N10 175.0(2)
—N9 178.9(2)

Si4 —N3 168.8(3)
-N9 176.4(2)
~N7 176.5(2)
~N8 176.7(2)

Sis—N2 170.6(3)
~N7 171.6(3)
—~N8 173.1(2)
—N6 174.0(2)

Si6—N6 172.2(2)
~N5 172.2(2)
N7 172.5(2)
~N10 173.7(2)

Si7-N1 169.2(3)
-N6 171.3(2)
~N9 173.5(2)
~N10 1752(2)

N1-8i2-N2 89.3(2)

N4-8i2—-N1 114.6(2)

N4—Si2-N5 114.4(2)

N1-8i2-N5 107.0(2)

N4-§{2-N2 122.9(2)

N5—Si2—N2 105.1(2)

Si3—N4—Si2 150.0(2)

Chem, Eur. J. 1997, 3, No. 2

Figure 2. Layers of highly
condensed dreier rings occur
vertical to [010] in the crystal
structure of BaSi,N,,
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Figure 3. Crystal structure of BaSi;N,: view along [010] (left) and view along
{100] (right). Vierer single chains (black) appear in which every second connection
between neighboring SiN, tetrahedra is realized through common edges.

oSN, 2 NE]
. ‘Nz
B-SiyN, 7 Yl |
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Ba,SigNy | V72
SIYBSi,N; L
BaYbSi,N, | L
Ce;SigN
Pr,SigNy,]
T T T T i j
160 170 180 190 200

Si-N bond lengths {pm}

Figure 4. Si—N bond lengths in nitridosilicates. The degree of condensation (molar
ratio Si:N) increases from bottom to top.

169—179 pm) (Table 3 and Figure 4). The Si—N distances with-
in the edge-sharing tetrahedra (Figure 5) are markedly shorter
(164-177 pm) than in the isolated (Si,Ng)!°~ group (174-
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Figure 5. Interatomic distances [pm] and angles for the edge-sharing SiN, double
tetrahedra in BaSi,N,,.

184 pm) described by DiSalvo.') This may be due to the high
degree of condensation in BaSi,N,,, which nearly reaches the
value for Si;N, 1" A general trend observed in nitridosilicates
is a decrease in the Si—N bond lengths with an increase in the
degree of condensation (Figure 4).

The Ba?* ion is coordinated by thirteen nitrogen atoms with-
in a distance of 291353 pm, of which the N} atoms are the
closest (Figure 6). They
therefore contribute most
towards coordination of
Ba?* (Si—N3: 291 pm,
Si—N4: 295 pm) and, in a
simple valence bond ap-
proach, possess a formal
negative charge. In con-
trast to M,Si;Ny, (M =
Ca, Sr, Ba),[*% %<l the N&I
atoms in BaSi,N,, also
show remarkable coordi-
native contributions.

Figure 6. Coordination of Ba?' in
BaSi,N .

Conclusions

Whereas edge-sharing of SiO, tetrahedra does not occur in
oxosilicates, this phenomenon is favored in the nitridosilicates.
Apparently, it occurs independently of the degree of condensa-
tion in the Si—N substructure (for example, Ba,Si,N¢ and
BaSi;N,,). Furthermore, edge-sharing does not seem to com-
pete with corner-sharing, as both occur in BaSi,N,,. This might
be due to the covalency in the nitridosilicates, in contrast to the

predominant ionic character of the Si—O bonds. An almost
invariant Si - - - Si distance of 306 pm!?!is seen for oxosilicates as
a result of the electrostatic repulsion between neighboring Si
atoms. This is significantly lowered in nitridosilicates and the
Si---Si distances vary from 251 to 337 pm. Similarily, the
Si—N-—Sibond angles (113 to 172°) indicate greater flexibility in
the nitridosilicates than in the oxosilicates.

Edge-sharing of SiN, tetrahedra, along with N3 and NI
connectivities to Si tetrahedral centers, significantly extends the
structural possibilities of nitridosilicates beyond the limits of
oxosilicates.
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Evidence for Direct trans Insertion in a Hydrido—- Olefin Rhodium
Complex—Free Nitrogen as a Trap in a Migratory Insertion Process

Arkadi Vigalok, Heinz-Bernhard Kraatz, Leonid Konstantinovsky, and David Milstein*

Abstract: Reduction of the hydrido chlo-
ride complex [Rh(H)Cl{CH,C(CH,CH,-
P(tBu),),}](4) with NaH under a nitrogen
atmosphere results in formation of two
products: the dinitrogen complex [Rh(N,)-
{CH,C(CH,CH,P(tBu),),}] (2) and the
unusual low-valent hydrido—olefin com-
plex, [RhH{CH,=C(CH,CH,P(:Bu),),}]
(3). In the presence of N,, complexes 2
and 3 are in equilibrium in solution; 2 is

c=15.367(3); «=990, p=106.50(3),
y = 90°). The mechanism of the reversible
interconversion of 2 and 3 has been stud-
ied in detail. Complex 3 undergoes rapid
olefin insertion/f-hydrogen elimination
processes. The insertion rates were mea-
sured at different temperatures by satura-
tion transfer NMR experiments, provid-
ing evidence for a highly organized late
transition state (AS* ~ — 40 e.u.), which

can be caused by a concerted “trans mi-
gration”. This theoretically unfavorable
process is assisted by a distortion from the
ideal square-planar configuration, includ-
ing a decrease of the P-Rh-P angle and
some bias of the double bond toward the
hydride as indicated by the X-ray crystal
structure of 3. Under a nitrogen atmo-
sphere, the intermediate formed upon

about 2.9 kcalmol™! more stable than
3 +N,. Both complexes co-crystallize in
the solid state; they occupy the same crys-
tallographic site in the crystal lattice (P2-
MW/e; Z=4;a=12173(2),h =14.121(3),

dinitrogen

Introduction

Insertion of coordinated olefins into metal-hydride bonds, to-
gether with its microscopic reverse -hydrogen elimination, are
among the most fundamental processes in organometallic chem-
istry and much has been done to evaluate the thermodynamic
and kinetic parameters of this important class of reaction, which
play a key role in major catalytic processes.['! However, one of
the limitations of these studies is the instability of hydrido—
olefin complexes of transition metals. Most of the information
was obtained with saturated early transition metal complexes!?
or late transition metal complexes in high oxidation states,'*!
which are normally more stable. Much less is known about
low-valent, unsaturated late transition metal complexes with hy-
dride and olefin ligands.!} All of the reported examples involve
cis Insertion.

We have recently demonstrated that bulky P-C-P type ligands
can stabilize electron-rich, low-valent rhodium complexes 1
with various loosely bound gaseous molecules.[™ Since it is well
known that unsaturated electron-rich late transition metal com-
plexes easily undergo f-hydrogen elimination,'® " we were in-
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olefin insertion is slowly trapped by free
dinitrogen to form complex 2. The dini-
trogen dissociation from 2 was found to
be the rate-determining step for the over-
all interconversion of 2 and 3 (AGS,, =
24.1 kcalmol ™ 1).

[I’fBllz l:l’lBllz
R Rh—L “~Rh—H
|
PBu, ILIBLIQ
1: R=H, L=N; (), Hy (b), Gl (<), €O, (d); 3

2: R=Cll;, L=N,.

terested in the synthesis of complex 2, which may form the
hydrido - olefin complex 3 upon the dissociation of the dinitro-
gen molecule. Indeed, we obtained complexes 2 and 3 and ob-
served that they undergo reversible interconversion. Our study
of the thermodynamics and kinetics of the reactions involved in
this overall equilibrium provided the first example of direct
trans insertion of an olefin into an M—H bond, without prior
isomerization into the cis complex. Even in very low concentra-
tions in solution, atmospheric dinitrogen exerts a major effect
on this process.

Results
1. Preparation of complexes 2 and 3: We have recently demon-
strated that, in the presence of a large excess of sodium hydride
under a nitrogen atmosphere, it is possible to eliminate HCl

from a rhodium hydrido chloride complex and obtain the new
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dinitrogen complex 1a. However, when complex 41 was treat-
ed with an excess of NaH in THF, two products, 2 and 3, were
obtained after evaporation of the solvent and extraction with
pentane (Scheme 1). According to the NMR data, the ratio

CH

PBu, PrBu, rtBuz
st NaH; N, c
RK—Cl ———~ CHa® pp-N2 + Y Rh—H
| THF |
PBu; P:Bu, P1Bu;
4 2 3
Scheme 1.

between 2 and 3 was independent of the reaction time and
equaled approximately 1:1. No other species was observed, even
upon cooling to —70°C. Both complexes are highly soluble in
pentane and could not be separated by fractional crystallization.
However, complex 3 was obtained analytically pure by passing
argon through the solution (vide infra).

2. Characterization of complex 2: Complex 2 is an air-sensitive
solid. The dinitrogen ligand displays a very characteristic strong
IR absorption band at ¥ = 2110 cm ~! (film). The same absorp-
tion is observed in solution (cyclohexane, benzene, dioxane).
This frequency is similar to the one observed for the analogous
complex 1a.!%] Upon passing argon through a solution of 2, this
signal disappears and it reappears after exposure to a nitrogen
atmosphere; this result indicates the presence of an equilibrium
involving dinitrogen dissociation.

The **P{'H} NMR spectrum of 2 in C,D, shows a doublet at
é = 86.95 with J(Rh-P) =172.1 Hz. In the *H NMR spectrum,
the methy! group is not coupled to Rh and P and it appears as
a singlet at 6 =1.16. The protons of the tBu groups give rise to
two sets of virtual triplets centered at 6 =1.3 and 1.28. The
'3C{*H} NMR spectrum also shows two different signals due to
the tBu groups. The ipso carbon appears as a doublet of triplets
at 6 = 55.6 (J(Rh—C) = 28.1 Hz, J(P-C) =1.9 Hz), and the
methyl group bound to the ipso-C gives rise to a singlet at
d = 27.66.

3. Characterization of complex 3: An analytically pure sample
of complex 3 was obtained by passing dry argon through a
warm solution containing 2 and 3 in benzene. The IR spectrum
of complex 3 exhibits a broad Rh—H band at 1791 cm ™! (film),
which is very unusual for rhodium hydride complexes. This very
large shift to lower energy indicates the presence of a ligand with
a strong trans influence in a position frans to the hydride.!”!
Similar frequencies have been obtained with iridium trans di-
hydride complexes.'® We believe that this lowering of the
rhodium - hydride frequency may be caused by rhodium “‘slip-
page” towards the quaternary carbon, giving the ligand trans to
the hydride an “alkyl-like” character.

The chemical shift of the hydride in the THNMR spectrum
(6 = — 3.16, dt, J(Rh~-H) = 21.0 Hz) is also at a much lower
field than that expected for a rhodium hydride, which usually
appears upfield of 6 = — 8. A 2D long-range coupling-enhanc-
ing COSY experiment showed a very weak cross-signal due to
spin—spin interaction between the hydride and the olefin pro-
tons. No Overhauser effect was observed at low temperatures
between these nuclei.
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The olefin protons of complex 3 appear as a broad (8 Hz)
singlet at § = 2.78 in the *H NMR spectrum. No coupling with
rhodium or phosphorus was observed. This chemical shift is
slightly downfield from the one reported for the analogous chlo-
ride complex [RhCl{CH,=C(CH,CH,P(tBu),),}].[®¥

The '3C{'H} NMR spectrum of 3 unambiguously confirms
the presence of the alkene ligand, exhibiting two doublets of
triplets at § = 97.4 (J(Rh—C) = 9.8 Hz, quaternary carbon) and
at & = 48.22 (J(Rh-C) = 8.6 Hz, methylene group). The latter
overlaps with the signal of the (CH,CH,P) groups. The higher
Rh-C coupling constant for the quaternary carbon versus the
carbon of the CH, group suggests that the rhodium atom has
slipped towards the former.

The *'P{'H} NMR spectrum shows a doublet at § = 86.71
with J(Rh-P) =152.7 Hz, confirming the symmetrical posi-
tioning of the phosphorus atoms trans to each other in solution.
The position of the signal is dramatically shifted downfield
(more than 20 ppm) from that of the analogous chloride com-
plex [RhCl{CH,=C(CH,CH,P(rBu),),}]. Trogler et al. ob-
served a large downfield shift of the phosphorus signal of a
palladium hydride complex relative to those of the analogous
palladium chloride, methyl, or BF, complexes !

4. Equilibrium study: Complexes 2 and 3 undergo reversible,
temperature-dependent interconversion in solution. Whena 1:1
solution of 2 and 3 in benzene is heated to 80°C, complex 2 is
totally converted into 3, as observed by *!P{'H} NMR, with no
other products formed. When this solution is cooled to room
temperature under an atmosphere of nitrogen, 2 is slowly
formed until the mixture reaches the equilibrium ratio between
complexes 2 and 3 (approximately 1:1) (Scheme 2).

PrBuy PBu,
| Keq
Ri—H + M2 CH3® _ph—N,
| |
PrBuy P:Bu,
3 2

Scheme 2.

Equilibrium parameters were derived from experiments car-
ried out at different temperatures. In a typical experiment, a
solution of 2 and 3 was allowed to reach a given temperature
and was then held at this temperature until an equilibrium was
established, as observed by **P{’H} NMR spectroscopy (usual-
ly about 30 min). The equilibrium constants were calculated
from Equation (1), where [N,] is the equilibrium concentration
of dinitrogen in benzene at the given temperature, as deduced
from literature data.!'?!

2]
K = BING] @

Figure 1 shows the temperature dependence of the equilibri-
um in Scheme 2, which yields a AH of —7.53 kcalmol ™' and a
AS of —15.5 e.u. The equilibrium constants and AG of the reac-
tion at different temperatures are presented in Table 1.

It can be seen that formation of the dinitrogen complex 2
from complex 3 is quite favorable, AG for the equilibrium in
Scheme 2 at 21 °C being approximately — 3 kcalmol ™!, In an
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.50 AS=-155e.u.
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1/T x 1000

Figure 1. Temperature dependence of the equilibrium in Scheme 2.

Table 1. Temperature dependence of the equilibrium in Scheme 2.

T/°C K., AG/kcalmol ™!
21 163.69 —2978
30 110.06 —2.830
40 77.94 —2.709
50 50.60 —2.518

analogous system, we have already shown that dinitrogen is
quite a good ligand, capable of stabilizing an unsaturated elec-
tron-rich rhodium complex even better than ethylene.™ Similar
thermodynamic parameters were also obtained in dioxane.!'3!

Interestingly, pressurizing an equilibrium mixture of 2 and 3
in cyclohexane or benzene with nitrogen (80 psi) at room tem-
perature in a high-pressure NMR tube for a few hours resulted
in the complete disappearance of 3 and practically quantitative
formation of 2. To our knowledge this is the first example of an
overall migratory insertion process influenced by N,. Release of
the extra pressure of N, re-establishes the corresponding equi-
librium ratio between 2 and 3.

5. Kinetic studies: The equilibrium between complexes 2 and 3
in solution provides an opportunity to study the kinetics of the
hydride migration to the olefin by NMR. An NOE difference
experiment at room temperature gave a slightly negative value
for the signal from the olefinic protons upon saturation of the
hydride signal."'*! Similarly, saturation of the signal from the
olefin gave about the same negative NOE for the hydride signal.
The negative NOE increased as the temperature increased.
These phenomena in our system are caused exclusively by a
chemical exchange. Therefore, one must be very cautious in the
interpretation of NOE data as a measure of through-space inter-
actions unless the absence of exchange between the two nuclei
has been proved.

In order to evaluate &, for the equilibrium shown in
Scheme 3,1'%) saturation-transfer experiments were performed
between 40 and 70 °C. At lower temperatures, the process pro-
ceeds too slowly for the application of this technique.

l’BU2 }I)tBuz
k
Rh—H ‘__1__ CHg Rh
| k4 |
PtBu, P1Bu,
3 5
Scheme 3.
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When an equilibrium mixture of 2 and 3 in C, D was heated,
C-D bond activation took place, resulting in H/D exchange of
the olefin protons and of the hydride. This caused broadening of
the signals in "H NMR and the appearance of additional split-
ting in the hydride region. This problem was avoided by using
[Dgldioxane as a solvent; no changes in the spectra were ob-
served when the complexes were heated in dioxane at 70 °C for
several hours. All the measurements were carried out under
equilibrium conditions, as determined by *'P{'"H} NMR spec-
troscopy. Complex 5 was not observed throughout the experi-
ments, indicating that &_| > k, under the experimental con-
ditions. The response of the signal of the olefinic protons upon
saturation of the hydride (saturation transfer difference) at var-
ious temperatures is shown in Figure 2.

e ——T e

._“_T e

U

pom 3 2[ f—a B

Figure 2. Response of the olefinic protons upon the saturation of the hydride in 3
at different temperatures (saturation transfer difference). The o scale corresponds to
that in the lowest spectrum.

The exchange rate constants k_,, were calculated by means of
the Forsen—Hoffman equation!*®! (see Experimental Section).
The rate constants &, were calculated taking into consideration
the difference in the spin population between the exchanging
nuclei.l!” The rate constants and the kinetic parameters,
derived from the Eyring equation, are presented in Table 2. The
Eyring plot for the equilibrium in Scheme 3 is given in Figure 3.
The high negative value for the entropy of activation
of —39.3 e.u. indicates the presence of a concerted, highly orga-
nized transition state (see Discussion).

Significantly, saturation of the hydride signal at 50 °C had no
effect on the signal of the methyl group in 2. Also, no effect on
the hydride or the olefinic protons in 3 was observed upon

Table 2. Rate constants and activation parameters for the equilibrium shown in
Scheme 3.

T/°C ks ! AGHg/kcalmol ' AH*/kealmol™!  S*jeu.
40 0.197
50 0.305 18.8 7.1 —393
60 0.452
70 0.575
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-30.0 7 dissociation rate constant k_, becomes equal to the observed
302 first-order rate constant k,,,, which corresponds to AG; (298)
=24.1(+0.1) kcalmol "', Figure 5 presents the free energy
£ 3047 profile for the interconversion of complexes 2 and 3.
£ 306
3 3081
-31.01
RA2 = 0.988
-31.2 - — T :
2.9 3.0 3.1 3.2
1/T x 1000 . G241
Figure 3. Eyring plot of the reaction in Scheme 3. 4Gy~ 188 i
saturation of the methyl protons in 2. This indicates that trap-
ping of the 14-electron intermediate 5 by a nitrogen molecule - PrBus
has a substantially higher activation barrier than that of the . /\Rh;H HaCay gy —N,
S-hydrogen elimination process and, therefore, dissociation of N s AG=29 N \ g,sul
N, from 2 is the rate-determining step for the overall conversion 3 s 2

of 2 to 3.

In order to quantify the rates of N, dissociation and reassoci-
ation, a kinetic study of the conversion of 2 into 3 was per-
formed. A benzene solution containing complexes 2 and 3 at
25°C was pressurized with 80 psi of N, in a high-pressure NMR
tube; this resuited in practically quantitative conversion of 3
into 2 (see above). Upon release of the pressure, complex 2 was
slowly converted into 3. By using **P{*H} NMR spectroscopy
to monitor the rate of disappearence of 2 and formation of 3, the
reaction was shown to have a first-order dependence on the
concentration of 2, with k,,, =1.2(+0.2) x 107 s 7! (Figure 4).

RA2 = 0.995

T T T
0 10000 20000 30000

time, s

Figure 4. First-order kinetic fit for the disappearance of 2.

Since the intermediate 5 could not be observed under any condi-
tions, the steady-state approximation was applied for reac-
tion (2). Due to the low dinitrogen solubility in benzene

koy k.
2= 54N, 5= 3 (2)

(~0.005 m) and high prevalence in concentration of complex 2
over 3 at the beginning of the experiment, the rate Equation (3)
can be simplified into Equation (4). Therefore, the dinitrogen

ag] _ k2] + k(3]

dt T ko, k[N kB3 &)

d3]

g = ka2 “)

256 ———— © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

Figure 5. Free energy profile for the interconversion of complexes 2 and 3 (298 K.
kcalmol ™).

6. X-ray Crystal Structures of complexes 2 and 3: A red crystal
was formed from a pentane solution of 2 and 3 (2:3 =7:3, by
NMR) which was allowed to stand at room temperature. X-ray
crystallographic analysis showed two species to be present in the
crystal lattice, occupying the same crystallographic sites, in a
6:4 ratio, similar to the ratio in solution.*® The crystal data for
complexes 2 and 3 are presented in Table 4 (see Experimental
Section). The molecular structures of 2 and 3 are shown in
Figures 6 and 7, respectively. Bond lengths and angles for 2 and
3 are given in Table 3.

Table 3. Selected bond lengths (A) and angles (°) for 2, 4 30...

Rhi-P1 2.262(2) Rh1-P2 2.290(2)
Rh1-N1 2.032(1) Rh1-C3 2.135(5)
Rhi1-C3ta 2.17(2) Ni-N2 0.963(14)
C3-C3ta 1.468(12) C3-C3tb 1.36(2)
P1-Rh1-P2 164.33(5) P1-Rh1-N1 95.9(2)
P1-Rh1-C3 85.63(14) P2-Rh1-N1 95.3(2)
P2-Rh1-C3 84.41(14) N2-N1-Rh1 173.8(10)
N1-Rh1-C3 173.8(2) C31a-C3-Rh1 73.4(7)

a) Crystal structure of complex 2: As shown in Figure 6, com-
plex 2 has a slightly distorted square-planar structure. The N1—
N2 bond length of 0.963(14) A is comparable with the those
reported for [CIRh(iPr,P),(N,)] (0.958(5) A)U'*! and [HRh-
(1Bu,PPh),(N,)] (1.074(7) A),12°) and it is shorter than that of
free N, (1.10 A).2Y (The reasons for this bond contraction
have been discussed.[??!) The P1-Rh1-P2 angle of 164.33(5)°
is comparable to those reported for the similar Rh and Ir
complexes [HRhCI{HC(CH,CH,P(:Bu),),}]"® (167.8(2)")
and [HIrCl{HC(CH,CH,P(zBu),),}1?# (167.5(1)°). The con-
figuration around the ipso carbon atom is almost perfectly
tetrahedral, indicating that there is no interaction between the
Rh atom and the protons of the methyl group bound to the ipso
carbon.
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b) Crystal structure of
complex 3: Complex 3
(Figure 7) exhibits a
C3-C31a double bond
length of 1.36(2) A,
slightly longer than
that of free ethylene
1337 A1 and
within the range of other
rhodium olefin com-
plexes.2# 231 Although
the bond lengths Rh1-
C3 and Rhi1-C31a
cannot be precisely com-
pared since two com-
plexes are present in the
crystal lattice, the ob-
served values (2.135(5)
and 2.17(2) A, respec-
tively) together with the
NMR data indicate that
there is “slippage” of the rhodium atom towards the most sub-
stituted carbon of the double bond. The angle C31a-C3-Rh1is
73.1(7)°, indicating that the double bond is distorted from an
ideal trans configuration with respect to the hydride (the hydride
was not located in the structure).

Figure 6. Molecule of 2 in the crystal (hy-
drogen atoms have been omitted for clarity).

c8t

Figure 7. Molccule of 3 in the crystal (hydrogen atoms have been omitted for
clarity).

Discussion

It is well established that hydride and olefinic protons can un-
dergo rapid exchange in a metal coordination sphere via olefin
insertion and B-hydrogen elimination processes. A concerted
4-centered mechanism is assumed for this type of reaction.[®: 2]
All of the reported systems are postulated to involve cis inser-
tion, while in our case formally direct trans insertion occurs. As
in other reactions involving coordinated olefins, some “slip-
page” of the metal atom takes place at the stage prior to migra-
tion or nucleophilic attack,!?”! resulting in a shift of the metal
towards the leasr substituted carbon atom, unless some addi-
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tional stabilization is provided by the substituents of the olefin
(mainly heteroatoms). In our system the rhodium atom mi-
grates exclusively to the most substituted quaternary carbon.
This phenomenon is probably due to the presence of the two
bulky phosphine groups which are held in position trans to each
other by the rigid chelate core, favoring the formation of two
S-membered rings rather than two 6-membered ones.

The high stability of this bischelated system leads to another
interesting question concerning the mechanism of hydride mi-
gration to the olefin. In the only previously reported study of
olefin insertion into the Rh—H bond, it was assumed that hy-
dride migration to the ethylene ligand in the square-planar d®
rhodium complex frans-[HRh(iPr,P),(C,H,)] proceeds via a cis
intermediate.'*®) As mentioned in that work, the ease of the
presumed trans-to-cis isomerization of this complex 1s surpris-
ing 1281

In our system, hydride migration to the olefin is very unlikely
to proceed through a trans—cis rearrangement. Both the bulki-
ness of the phosphines and the high stability of the two 5-mem-
bered planar chelates would disfavor this process. Coordination
of a fifth ligand (solvent, N,) to 3, thereby enabling a cis olefin—
hydride arrangement, is unlikely. Since the migratory insertion
process takes place in such a noncoordinating unpolar solvent
as cyclohexane, solvent coordination to 3 probably does not
play a role in the mechanism. N, coordination to 3 is incompat-
ible with the lack of magnetization transfer between 2 and 3. No
other species that could be assigned as the cis intermediate were
observed by IR or by NMR spectroscopy. It appears that the
structure of the hydrido—olefin complex 3 does not require this
type of isomerization, since the C=C double bond plane does
not lie perpendicularty to the Rh—H bond (the C=C—Rh angle
is about 73°), and therefore, the necessary ““cis arrangement” in
the transition state can be achieved by a further shift in the
position of the hydride. The P-Rh-P angle of 164.33(5)" repre-
sents an additional distortion from the ideal square-planar
structure. All these factors may produce the necessary require-
ments for the direct ““trans” hydride migration, without involve-
ment of a cis complex, which would be unfavorable in the ideal
case.!29? The high, negative value of the entropy of activation is
also compatible with a highly organized late transition state,
which is formed upon the distortion from planarity in 3.

Hydride migration to an ethylene ligand in a frans position
was reported in the complex trans-[(2,11-bis(diphenylphosphi-
nomethyl)benzo[c]phenanthrene)PtH(C,H,)]*.B% It was pro-
posed that a cis H-C,H, orientation is obtained in this case by
coordination of another ethylene molecule!*® or by distortion
of the P-Pt-P angle 122

It is noteworthy that the methyi olefin complex [RhCH,-
{CH,=C(CH,CH,P(:Bu),),}1 (6), which we prepared by treat-
ment of [RhCl{CH,=C(CH,CH,P(tBu),),}]"®! with MeLi in
THF, does not undergo the migratory insertion process even
when heated at 110 °C for days. Although hydride migration to
an olefin ligand is faster,'*!® alkyl migration in rhodium cis-
alkyl—olefin complexes can occur under relatively mild condi-
tions.!3*> <! Were a classic cis intermediate to be formed in our
system, methyl migration in 6 (if thermodynamically favorable)
might have been expected.

It has been recently shown that an unsaturated metal -alkyl
complex, formed upon hydride to olefin migration, is not neces-
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sarily the species responsible for the observed hydrogen scram-
bling in a cis hydrido—olefin metal complex.’? A detailed
NMR study of some early transition metal complexes,!*?! in-
cluding reinvestigation of a study involving the niobium com-
plex [Cp,Nb(CH,=CHCH)H],**! concluded that agostic in-
teractions participate in the hydrogen exchange. Exploring
these considerations in our system may lead to some intriguing
questions: 1) If this type of intermediate does participate in our
equilibrium, what should its geometry be? 2) What is the role
of nitrogen in this process?

The kinetic data clearly shows that the dissociation of the
dinitrogen ligand from complex 2 is the rate-determining step in
the overall conversion of 2 to 3. Based on this, and on the fact
that the H,C-C-Rh angle in 2 (104.2°) is very close to tetrahe-
dral, we believe that formation of an 18-electron agostic inter-
mediate prior to dissociation of the N, ligand is unlikely. In
addition, the square-planar d® configuration is expected to be
very stable. However, we have recently demonstrated that sub-
stitution of a dinitrogen ligand in a similar complex, 1a, by a
weaker ligand (CO,) to form complex 1d results in the appear-
ance of a strong agostic interaction between the Rh atom and
the proton attached to the ipso carbon.!’! The presence of an
agostic interaction, even at the stage of the square-planar 16-
electron complex 1d, suggests that such an interaction would be
cven more favorable for a 14-electron intermediate formed upon
dissociation of N, from 2. It has been also demonstrated that
associative formation of an agostic interaction can occur upon
dissociation of a loosely bound ligand from the tungsten coordi-
nation sphere.’**! From this point of view, the unsaturated T-
shaped 14-electron complex 5 probably does not exist as such,
but rather has the agostic structure 5’ (Figure 8). The latter must
be quite unstable, since its formation leads to substantial pertur-
bations in the electronic structure (the geometry of 5 must be
strongly distorted from the square-planar configuration, result-
ing in a considerable increase in the free energy of the system).
Therefore, 5’ undergoes facile §-hydrogen elimination giving
3.1361 Rapid in-place rotation followed by S-hydrogen elimina-
tion results in the hydrogen scrambling observed for 3 (Fig-
ure 8).

Finally, we would like to point out the role of nitrogen in our
process. Various small molecules are frequently used for trap-
ping unsaturated intermediates in many migratory insertion
processes involving metal centers. Carbon monoxide, phosphi-
nes, and nitriles are among the most common ones.[** 37! Prac-
tically all of them dramatically slow down the reverse reaction,
playing a role of a reaction sink. The migratory insertion inter-

Hg/—' {’tBu2 ¥ /—H“)itBuz
Ha K
Hy Rh =—= Ho"Rh
/ /
P1Bu, P:Bu,
5

AN
\\\\\\ / p\tBUz
\}7*‘ —
PI‘BUZ

3

Figure 8. Proposed mechanism of hydrogen scrambling in complex 3.
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mediate may also be trapped by a solvent molecule, although
such adducts are normally very difficult to observe.l*¥ To our
knowledge there are no examples of the use of atmospheric
nitrogen as a trap for such a process. While dinitrogen can
reversibly substitute various ligands from their metal complex-
es,3?1 it is commonly used in many reactions requiring anaero-
bic conditions.[*®! Here we have shown that nitrogen, even at
low concentrations in solution, can easily trap the unsaturated
species and shift the equilibria towards the insertion product. It
is possible that dinitrogen may play a significant role in catalytic
reactions performed under nitrogen and involving a slow migra-
tory insertion step.

Conclusion

The thermally stable hydrido—olefin Rh complex [RhH-
{CH,=C(CH,CH,P(:Bu),),}] (3) undergoes facile olefin inser-
tion/f-hydrogen elimination processes. The structural data ob-
tained from the NMR spectroscopy of 3 and its X-ray crystal
structure, together with the high entropy of activation for the
insertion reaction, as derived from the spin saturation transfer
study (AS*¥~ — 40e.u.), suggest that direct frans insertion
takes place in this system. Although the theory disfavors such a
process,’*?! we should take into consideration that, owing to the
unique geometry of 3, some distortion from the trans configura-
tion is already present in the ground state, and therefore, the
high energy barrier predicted for the bending of the olefin to-
ward the hydride is partially overcome.

Another interesting point is the role of free nitrogen in the
system. It is found that, under a nitrogen atmosphere, complex
3 exists in equilibrium with the dinitrogen complex [Rh-
(N,)}{CH,C(CH,CH,P(rBu),),}] (2). It has been demonstrated
that the dinitrogen molecule is capable of efficiently trapping
the unsaturated intermediate, which is formed upon olefin inser-
tion into the metal—-hydride bond. The dinitrogen complex 2
is thermodynamically more stable than 3 +N, (AG,q~
— 2.9 kealmol 1) and 3 can be completely converted to 2 under
moderate N, pressure. To our knowledge this is the first
example of a dinitrogen effect on an insertion reaction. It is
also noteworthy that N, dissociation from 2 has a substan-
tially higher activation barrier than those for the migratory in-
sertion and f-hydrogen elimination reactions. These facts are
worth considering when studying organometallic reactions un-
der free N,.

Experimental Section

General Procedures: All operations with air-and moisture-sensitive com-
pounds were performed in a nitrogen-filled glove box (Vacuum Atmospheres
with an MO-40 purifier). All solvents were reagent grade or better. Pentane,
benzene, and THF were distilled over sodium/benzophenone ketyl. All sol-
vents were degassed and stored under high-purity nitrogen after distillation.
All deuterated solvents (Aldrich) were stored under high-purity nitrogen on
molecular sieves (3 A). Sodium hydride was purchased from Merck as an
80 % suspension in Paraffin oil and washed with pentane in a glove box until
only traces of oil remained. 'H, *'P, and !3C NMR spectra were recorded at
400, 162, and 100 MHz, respectively, using a Bruker AMX 400 spectrometer.
'H and '3C chemical shifts are reported relative to TMS and referenced to the
residual solvent C,D H (6 =7.15, benzene) and all-deuterated solvent peaks
(6 =128.00, benzene), respectively. *'P chemical shifts are relative to H,PO,
and referenced to an external 85% phosphoric acid sample. All measure-
ments were performed at 23 °C unless otherwise specified.
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Reaction of 4 with sodium hydride to form 2 and 3: To a solution of the
rhodium hydrido chloride 4 (40 mg, 0.078 mmol) in THF (4 mL) was added
NaH (30 mg 1.25 mmol). The suspension was vigorously stirred for 24 h at
room temperature, after which it was filtered and the THF pumped off under
vacuum. The resulting solid was dissolved in pentane, and the pentane solu-
tion filtered again to remove insoluble inorganic particles. A 1:1 mixture of
2 and 3 was obtained as an extremely air-sensitive dark red solid after evap-
oration of the pentane. Yield 34 mg. Bubbling dry argon through a warm
solution containing 2 and 3 in benzenc results in disappearance of 2 and
quantitative formation of pure 3. The assignments of signals due to 2 and 3
given below are confirmed by '*C{'H}, 'H-2D correlation and DEPT
13C{*H} experiments.

IRR(N,}{CH,C(CH,CH,P(tBu},),}] (2): IR (film): v =2110cm ' (s,
(N=N). P{'H}]NMR (C,D,): J=28695 (d, J(Rh-P)=172.1 Hz).
'HNMR (C(Dy,): 6 =1.16 (s, 3H), 1.27 (m of overlapped signals of 2 and
3; appear as two singlets at § =1.30 and 1.28 in 'H{*'P} NMR, 36 H). Other
signals: 8 =1.8 (m), 1.57 (m), 1.39 (m). **C{*H} NMR (CDy): § = 55.6 (dt,
J(Rh-C) = 28.1 Hz, J(P-C) =1.9 Hz, ipso-C). Other signals: § = 24.08 (td,
J(P-C) =7.0 Hz, J(Rh-C) = 3.0 Hz, CH,-P), 36.22 (t, J(P-C) = 4.9 Hz,
CH,(CH,-P)), 35.6 (td, J(P-C) = 5.8 Hz, J(Rh—C) = 0.7 Hz, C(CH,),),
35.12 (td, J(P-C) =5.7Hz, J(Rh-C) =1Hz, C(CH,);), 30.18 (m, ¢Bu
CHj3), 27.66 (s, CH,(C-Rh)).

[RhH{CH,=C(CH,CH,P(tBu),),}! (3): IR (film); ¥ =179t cm™', (br, Rh--
H). Elemental analysis: caled C 55.46, H 9.94; found C 55.71, H 10.06;
Stp{TH} NMR (C(D,): 6 =86.71 (brd, J(Rh-P) =152.7 Hz). '"HNMR
(C¢Dg): 8= —3.16 (dt, appears as a d in 'H{*'P} NMR, J(Rh-
H) = 21.0 Hz, J(P-H) =19.3 Hz, 1 H, hydride), 2.78 (brs, 2H, CH, of the
olefin group), 1.27 (i, appears as two singlets at § =1.27 and 1.26 in *H{*'P}
NMR, 36H). Other signals: 6 =1.88 (m, 4H), 1.7 (m, 2H), 1.54 (m, 2H).
BC{'H} NMR (C¢Dy): 8 = 97.4 (dt, J(Rh~C) = 9.8 Hz, J(P-C) = 3.6 Hz,
quartenary carbon of the olefin group), 48.22 (dt, J(Rh-C) = 8.6 Hz, CH,
of the olefin group, overlapped with CH,(CH,-P)). Other signals: § = 24.08
(t, J(P-C) = 44 Hz, CH,- P), 48.19 (m, CH,(CH,—P)), 33.21 (td, J(P—
C) =7.7Hz, J(Rh-C) = 3.4 Hz, C(CH;);), 30.66 (t, J(P-C) = 3.2 Hz, tBu
CH,), 30.36 (1, J(P—C) = 4.1 Hz, tBu CH,).

Synthesis of |RhCH,{CH,=C(CH,CH,P(tBu),),}] (6): To a solution of
[RhCH{CH,=C(CH,CH,P(:Bu),),}1 18] {23 mg, 0.045 mmol) in THF (3 ml)
were added 35 pL of a 1.4M solution of MeLi in diethyl ether at —30°C. The
solution immediately turned dark red. The reaction mixture was allowed to
reach room temperature and solvent was evaporated. Pentane (3 mL) was
added to the resulting solid, and the precipitate was isolated by filtration,
washed with 2 x 2 mL of pentane, and the washings combined with the fil-
trate. After removal of the solvent under vacuum, 6 was obtained as a
air-sensitive red solid. Yield 21 mg (95.5%). Elemental analysis: caled C
56.32, H 10.07; found C 55.38, H 9.58. *'P{'H} NMR (C,D): 4 = 62.50 (d,
J(Rh~P) =153.3 Hz). 'THNMR (C,D,): 6§ =113 (td, JP-H) =58 Hz,
J(Rh-H) =1.9 Hz, 3H, CH;), 2.58 (brs, 2H, CH,, of the olefin), 1.29 (vt,
J(P-H) = 5.8 Hz, singlet in 'H{*'P} spectrum, 18 H, rBu), 1.27 (v, J(P-
H) = 5.7 Hz, singlet in 'H{3'P} spectrum, 18 H, #Bu). Other signals: § =1.90
(m, 4H), 1.70 (m, 2H), 1.50 (m, 2H). *C{'H} NMR (C.,D,): 6 = 87.48 (dt,
J(Rh-C) =9.1 Hz, J(P-C) =34 Hz, quartenary carbon of the olefin
group), 45.88 (dt, J(Rh-C) = 8.6 Hz, J(P-C) = 2.1 Hz, CH, of the olefin
group), —7.03 (dt, J(Rh—C) = 23.3 Hz, J(P-C) =11.6 Hz, CH,). Other sig-
nals: 6 =3496 (t, J(P-C)=4.1Hz, CH,(CH,-P)), 20.15 (t, J(P-
C) = 59 Hz, CH,-P), 35.89 (m, C(CH,),), 31.22 (t, J(P-C) = 2.8 Hz, CH,,
of tBu group), 30.12 (t, J(P-C) = 3.4 Hz, CH; of tBu group).

Measurement of olefin insertion rate with the saturation transfer technique: All
the experiments were performed in a screw-capped NMR tube. In a typical
experiment, an NMR tube was loaded with an approximately 1:1 mixture of
2 and 3{ca. 25 mg)in 0.5 mL of [D,]dioxane in the glove box and then placed
in a Bruker AMX 400 spectrometer. The measurement temperature was kept
constant (+0.2°C) throughout the experiment. Equilibrium was reached
within several minutes (**P{'H} NMR). No other species or decomposition
products were observed. Saturation transfer experiments were performed by
selective saturation of the hydride resonance under steady state conditions.
The response of the signal of the olefinic protons was detected by comparison
with a control experiment (the signal-free area was irradiated under the same
conditions). The relaxation time (7)) of the olefinic protons was measured
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using the standard inversion-recovery technique combined with the satura-
tion of the hydride resonance. The &, value was calculated from the satura-
tion transfer (Forsen-Hoffiman) equation: I¥/I¢ = T, /(T +k,,.). where
I is the intensity of the signal of the olefinic protons under the saturation
of the hydride resonance and /¢ is the intensity from the control experiment
[150].

Measurement of N, dissociation rate from 2: [n a typical experiment, 16 mg
of an approximately 1:1 mixture of 2 and 3 in 1.2 mL of benzene was placed
in a 10 mm high-pressure NMR tube (Wilmad 513-7PVH), and the solution
was pressurized with 80 psi N,. The mixture was allowed to reach an equi-
librium ratio between 2 and 3 (ca. 5:1). The dinitrogen pressure was released
and the tube shaken well to ensure that no extra gas pressure remained (the
system was opened and closed twice). The *'P{'H} NMR spectrum showed
that there was no dramatic ratio change occured between 2 and 3 upon the
release of the pressure. The first kinetic spectrum was obtained after 45 min
from the beginning of the experiment.

Data Collection and the X-ray Structure Determination of 2 and 3: A red block
of approximate dimensions 0.3 x 0.3 x 0.2 mm was mounted on a glass fiber
using silicone grease and placed on a Rigaku AFC 5R diffractometer. Data
was collected at 110 K. The unit cell was obtained by a random search of 20
carefully centered reflections in the 20 range of 8.0-25.0°. Monitoring of
three standard reflections (hkl: 0 —2 =2, 12 —4, 1 =3 —2) every 200 re-
flections indicated no decay of the crystal in the X-ray beam. Data were
collected at constant scan speed (16°min~!) in the Q scan mode in two
shells [range: a) 2<28<44°, b) 44<26<55%) (—15<h<15, O0<k<18,
—3</<19). The data were corrected for Lorentz and polarization effects.
The data was not corrected for absorption due to the low absorption
(u = 0.811 mm~!) of the crystal. A summary of the data collection informa-
tion is given in Table4. The structure was solved by a Patterson map

Table 4. Crystal data for 24 43,.5.

formula C,,H,,N; ,P,Rh
M, 493.3

space group P2,/c

alA 12.173(2)
b/A 14.121(3)
c/A 15.367(3)

Bl 106.50(3)
viA3 2532.7(8)

z 4

PeatcalgCM ™3 1.326

cryst. size/mm 0.2x0.3x0.3
F(000) 1076
w(Moy,)/mm~! 0.811

instrument Rigaku AFCS5R

radiation (monochromated incident beam) Moy,

orientation reflns, no.

T/K 110

scan method Q

data collection range (8)/° 1.74 -27.51

data collected, unique, total obs. 7440, 5818, 5793 (F>4a(F))

parameters refined 264

R1, wR2 fa] 621, 14.21
R1, wR2 (all data) 8.57, 16.47
GOF 1.061

largest peak, hole/fe A~? 0.827, —0.974

[a] w =1/[6%(F2) +(0.0637 P)* +8.0269 P], where P = (F2 +2F2).

(SHELXS86) and then expanded using Fourier methods and refined by
full-matrix least squares refinement (SHELXL93) (5816 reflections with
1>20(1); R1 = 0.0621, wR2 = 0.1421). Scattering factors and corrections for
anomalous dispersion were those implemented in the SHELX program pack-
age. The solution showed two species to be present in the crystal lattice,
occupying the same crystallographic sites in a 6:4 ratio. This ratio was also
verified by *'P{"H} NMR, which gave a slightly different ratio (7:3). All
non-hydrogen atoms were refined with anisotropic temperature factors. The
tBu groups have slightly higher temperature factors duc to high thermal
motion, common for tBu groups. The hydrogen atoms were included in the
structure factor calculations at the final stage using a riding model with
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dC-H) = 0.98 A for the bonded carbon atoms. Hydrogens were introduced
at calculated positions around the methy!l C31b with 0.6 occupancy. In the
final difference map, the largest peak (0.827 ¢ A~%and hole (— 0.974 eA™%)
appeared in close proximity around the rhodium center (ca. 0.4-0.6 A) and
could not be interpreted in a chemically significant way. Bond lengths and
angles are given in Table 3. The molecular structures of 2 and 3 are shown in
Figures 6 and 7, respectively.

Crystallographic data (cxcluding structure factors) for the structures reported
in this paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-100055. Copies of the data
can be obtained free of charge on application to The Director, CCDC, 12
Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033;
e-mail: teched@chemcrys.cam.ac.uk).
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On the Role of Structural Zinc in Bis(Cysteinyl) Protein Sequences**

Axel MeiBlner, Wolfgang Haehnel, and Heinrich Vahrenkamp*

Abstract: Besides its functional role in
many hydrolytic metalloenzymes, zinc
acts as a structural component by being
attached to bis(cysteinyl) protein se-
quences in some of the same enzymes, and
in other metalloproteins and zinc fingers,
and by being an essential constituent in
metallothioneins. It is not always obvious
whether the zinc-binding proteins are pre-

metal or whether the zinc ion provides the
structurizing power and stability for the
observed peptide conformations. We have
addressed the coordination chemistry as-

Keywords
NMR spectroscopy
protein structures
dation * zinc

peptides
structure eluci-

pects of this question by synthesizing zinc
complexes of small model peptides and by
determining their structures in solution by
2D NMR spectroscopy. The peptides
chosen were of the terminally protected
bis(cysteinyl) type: Cys-Cys, Cys-Gly-
Cys, Cys-Phe-Cys, and Cys-Gly-Ile-Cys.
The zinc ions fold these peptides into
structures that can be superimposed on

organized for the incorporation of the

Introduction

The best-known role of zinc in biological processes is its func-
tion in the active centers of hydrolytic enzymes.'* 3 In recent
times, however, zinc has been found to be equally important as
a structural component, assisting in the folding of proteins.™!

One of the most common protein motifs for the binding of the
so-called structural zinc is the bis(cysteinyl) sequence Cys-X, -
Cys. It occurs in alcohol dehydrogenase,' in many zinc fin-
gers,!® 7 zinc twists, and zinc clusters,’® =19 as well as in metal-
lothioneins.[**: 121 As a rule the two cysteine residues
coordinating one zinc ion are separated by only one to three
amino acid residues, and in metallothioneins they may even be
immediate neighbors. Often the binding sites for structural zinc
occur in S-turn or pseudo-p-turn like regions.!*?!

The question of whether the folding or the immediate metal
environment of these proteins are induced by the zinc ions or
whether the preorganization of the proteins provides a singular-
ly favorable environment for the structural zinc cannot always
be answered. While it could be shown that zinc finger fragments
or metallothioneins are converted from random coils to ordered
folds upon addition of zinc, this is not obvious for fully intact
transcription factors or enzymes containing structural zinc, be-
cause the structure of the metal-free protein is not known.

[*1 Prof. Dr. H. Vahrenkamp, Dr. A. MeiSner
Institut fiir Anorganische und Analytische Chemie der Universitit Freiburg
Albertstr. 21, D-79104 Freiburg (Germany)
Fax: Int. code +(761)203-6001
Prof. Dr. W. Haehnel
Institut fiir Biochemie der Pflanzen der Universitit Freiburg
Schinzlestr. 1, D-79104 Freiburg (Germany)
Fax: Int. code +(761)203-2601

[**] Zinc complexes of amino acids and peptides, Part 10. Part 9, ref. [1].
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those of the natural proteins.

Model studies may help to uncover the folding and binding
mechanism, as has been shown for the design of protein-zinc
binding sitesi** 151 as well as for the metal ion assisted helix
formation of small polypeptides.[*S! We have approached this
field with simple coordination compounds of zinc with
aminethiols™ 7} and cysteine-containing peptides.!*® The aim of
our studies is to find thermodynamic and geometrical factors
determining the composition, structure, and immediate zinc en-
vironment of complexes of chelating N and S (e.g. peptide)
ligands. In turn these factors may help in the construction of
peptides that induce specific protein folds when complexed to
“structural” zinc. This would allow coordination chemistry to
contribute to protein design.

In addition to underlining the high affinity between zinc and
thiolates and the very marked preference for ZnN,S, coordina-
tion, our studies so far have shown that, even with highly volu-
minous or electronegative substiuents on the thiolates, it is near-
ly impossible to obtain non-oligomeric (i.e. not Zn-S-Zn
bridged) complexes of alkanethiols (namely, cysteine deriva-
tives) in the absence of nitrogen donors. When investigating the
zinc coordination chemistry of bis(cysteinyl)peptides with the
purpose of modeling structural zinc sites, we therefore ensured
their monomeric and stable nature by incorporation of a nitro-
gen coligand. The four peptides used, 1-4, were protected at

Bz-Cys-Cys-OEt 1 Bz-Cys-Gly-Cys-OEt 2

Bz-Cys-Phe-Cys-OEt 3 Bz-Cys-Gly-1le-Cys-OEt 4

both the N- and C-termini to prevent coordination other than
by the thiolate functions. They are minimal representations of
the bis(cysteinyl) protein sequences with 0, 1, and 2 spacer
amino acid residues between the two cysteines. The protecting
groups were N-benzoyl (Bz) for the N-terminus and ethoxy (OEt)
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for the C-terminus. The o-phenanthroline derivative neo-
cuproine (neo), with its two nitrogen donor funtions, was found
to be an ideal coligand. With this ligand combination, principal-
ly simple mononuclear complexes of the type (pept)Zn(neo)
were accessible.

CH, CH, s
=N N= \
N\ / / 7n N
/
neo S

(pept)Zn(neo)

Results and Discussion

The peptides 1-4 were obtained starting from the cystine
derivative [H-Cys-OEt],-2 HOTos. Stepwise coupling with the
N-protected amino acids Boc-Gly-OH, Boc-Phe-OH, Boc-Ile-
OH, and [Bz-Cys-OH],, respectively, was performed by using
the mixed anhydride technique. The resulting bis(cystine) pep-
tides were reduced to the bis(cysteine) peptides 1-4 with dithio-
erythrito]. The products obtained were of analytical purity, and
further purification by HPLC was not required. They were fully
characterized (IR, NMR, MS, and elemental analyses; Experi-
mental Procedure).

The zinc complexes of the type (pept)Zn(neo) were obtained
in a two-step procedure. After deprotonation with sodium
ethoxide, the peptides were treated with zinc perchlorate in
ethanol to give the Zn(SR), compounds 1 a—4a. Their reactions
with equimolar amounts of neocuproine produced the desired
complexes 1b—4b.

|(Bz-Cys-Cys-OEt)Znf, 1a [(Bz-Cys-Cys-OEt)Zn(neo)] 1b

[{Bz-Cys-Gly-Cys-OEt)Zn], 2a [{Bz-Cys-Gly-Cys-OEt)Zn{neo)} 2b

[iBz-Cys-Phe-Cys-OE)Zn], 3a [(Bz-Cys-Phe-Cys-OEt)Zn(neo)] 3b

[({Bz-Cys-Gly-Ile-Cys-OEt)Zn], 4a [(Bz-Cys-Gly-Ile-Cys-OEt)Zn(neo)] 4b

Compounds 1 a—4a slowly precipitated from the reaction so-
lutions. After precipitation they were practically insoluble in all
solvents except strong acids, thereby indicating their possible
oligomeric nature. Therefore they were isolated only for analyt-
ical purposes. For the formation of 1b—~4b they were treated in
situ with neocuproine. Complexes 1b—4b were also isolated by
precipitation from ethanol. Their solubility in solvents of lower
polarity (see NMR experiments) indicates, however, that they
are monomeric. Their identity was verified by analytical and
spectroscopic data.

Proof for the monomeric and mononuclear nature of 1b~4b
was obtained by ESI-MS. The mass of peptides 1, 3, and 4 was
accurate to within +0.1 of the calculated mass as detected by a
quadrupole mass spectrometer equipped with an electrospray
interface.!**1 Protonation of the ligands decreased the stability
of the zinc complexes at low pH and made it difficult to detect
the intact complexes in the presence of acid introduced with the
cluent used for chromatographic purifications. However, com-
piexes 1b, 3b, and 4b dissolved in CHCl,/acetonitrile (1:1 v/v),

262 ——— & VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

yielded the masses 627.1, 774.3, and 797.9, respectively, for the
intact protonated complexes (with 'H, !13C, *2S, and 4Zn)
when acid-free methanol was used as eluent. This indicates a
remarkable stability of these zinc complexes. In contrast, in
previous studies with zinc-finger proteins!2%-2!1 and the cop-
per(1)-containing protein plastocyanin??! only the masses of the
metal-free apoproteins were observed. The zinc isotopes 64, 66,
67, 68, and 70 incorporated in complexes 1b, 3b, and 4b were
resolved as individual peaks in each of the three mass spectra
showing relative intensities in good agreement with the natural
abundance of the isotopes. This provides clear evidence for the
monomeric character of these complexes and excludes the possi-
bility of dimers, such as (MH)2*. Thus the combined advan-
tages of electrospray ionization and the presence of uncharged
molecular complexes have allowed an unprecedentedly exact
determination of their molecular masses.

The complexes 1b—4b could not be obtained as singie crystals
for X-ray structure determinations. We therefore applied 2D
NMR methods to determine their structures in solution. Con-
ventional COSY and NOESY techniques were applied for data
acquisition and the extraction of torsional angles.'*¥! The struc-
tures were solved by the procedure of dynamical simulated an-
nealing using the program XPLOR™*! (for details, see Experi-
mental Procedure). For reference purposes the NMR data of
the peptides 1—-4 were obtained in the same way. They showed,
as expected, that the peptides have no preferred conformations,
that is, they exist as random coils in solution. Typically their Jyy
coupling constants are all close to 7.0 Hz, and the NOESY
spectra show for each cysteinyl function cross-signals relating
the NH protons with both diastereotopic C,H, protons. This
indicates that the peptide backbone as well as the side chains for
1—-4 are randomly oriented. In contrast, in complexes 1b-4b
the same peptides have well-defined conformations.

In the following graphical representations of the complex
structures, wire models of several of the “best” (see Experimen-
tal Procedure) solutions are superimposed by using the central
peptide linkage as the anchor. This shows that there is rather
good definition in the conformation of the peptide backbone
and a high degree of freedom for the terminal protecting groups
and the peptide side chains. According to the NMR data the
Zn—neocuproine unit has considerable freedom through a rock-
ing motion with respect to the ZnS, plane. The Zn- N distances
remained close to 2.00 A and the Zn—S distances close to 2.30 A
during the refinement. With the N-Zn-N angle constrained to
80°, the S-Zn-S angles refined at 133 £ 2° and the N-Zn-S angles
at 108 +6°.

The complex of 1 (Fig-
ure 1) contains a nine-
membered chelate ring. Its
key features are the cis
configuration of the pep-
tide bond and the absence
of stabilizing hydrogen
bonds.

The complexes of 2 (Fig-
ure2) and 3 (Figure 3)
both have twelve-mem-
bered chelate rings and
trans configurations of all

Figure 1. Wire model of complex 1b.
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Figure 3. Wire model of complex 3b.

the peptide bonds. NMR data and molecular geometry indicate
that the NH proton of the C-terminal cysteine is involved in a
hydrogen bond to one or both of the sulfur atoms.

The complex of 4 (Figure 4) contains a fifteen-membered
chelate ring. All the peptide bonds are again in a trans configu-
ration. The peptide forms a loop which is very similar to a type 1
B-turn,!*3) however, without a hydrogen bond between CO of
the N-terminal and NH of the C-terminal cysteines.

Figure 4. Wire model of complex 4b.

Figure 5 shows the structures of all four complex molecules as
ball-and-stick models in the SCHAKAL format, obtained by
averaging the wire models displayed in Figures 1—4. This repre-
sentation facilitates visualization, but also gives the false impres-
sion that the accuracy of the structure determinations is of X-
ray quality.
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Figure 5. Ball-and-stick models of the average structures of 1b, 2b. 3b, and 4b.

The coordination environment of the zinc ions in the average
structures of the four complexes is given in Table 1. For refer-
ence one zinc complex with a very simple ZnN,S, environ-
ment (A = Zn(N-methyl imidazole),(SPh),!?%) and one neo-
cuproine—Zn(SPh), complex (B = Zn(neo)SPh),?%l) are in-
cluded. The consistency of bond lengths and angles among the
four peptide complexes is noticeable. While for the bond lengths
this is an expression of the imposed restaints on their variability
(see Experimental Procedure}, such is not the case for the bond
angles, which were allowed to vary within a wide range. The
distances and angles are in a reasonably good agreement with
those of reference complex B in which the neocuproine ligand
also enforces a very small N-Zn-N angle, allowing the S-Zn-S
angle to become very large. Reference complex A adopts a more
“natural” disposition of the ligands around zinc, with bond
angles closer to the tetrahedral value, but bond lengths again
reasonably close to those in 1b—4b.

Table 1. Bond lengths [A] and angles {*] at the zinc ions in complexes 1b—4b and
reference compounds.

1b 2b 3b 4b A B

Zn-8' 2.29 2.30 2.30 2.30 2.30 2.26
Zn-§? 2.30 2.30 2.30 230 2.29 226
Zn-N! 2.0t 2.0t 2.01 2.00 2.05 2.09
Zn-N? 1.99 2.01 2.00 2.00 2.03 2.09
$1-Zn-8? 134.7 135.6 131.4 133.4 109.4 134.5
S1-Zn-N! 108.9 110.0 114.1 110.4 110.6 106.7
$1-Zn-N? 103.1 101.8 103,2 102.0 111.1 107.7
$2.Zn-N* 105.2 1054 105.8 106.3 108.1 107.7
S2.Zn-N? 111.4 110.1 110.2 111.9 115.3 106.7
N'-Zn-N2 80.3 80.2 80.0 80.1 101.9 20.2

The structural results show that the zinc ion, assisted by the
neocuproine ligand, is able to assemble the peptide ligands such
that quite unusual chelate ring sizes (9, 12, 15) are formed,
although this limits the conformational freedom of the peptides,
which exist as random coils in the absence of zinc. The molecu-
lar dynamics calculations show that the zinc ion does not impose
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conformational strain, that is, the structures are compatible
with the “natural” situation of the corresponding amino acid
sequences in proteins.

The degree of this compatibility can be evaluated by superim-
posing the zinc peptide units of the four complexes on those of
their natural equivalents, as shown in Figure 6 for the Cys—Cys

Figure 6. The Zn(CysCys) units of rat liver metallothionein-II (left) and of the five
“best™ structures of the Zn(CysCys) complex 1b (right) projected onto the ZaS,
plane.

complex 1b and two Zn(CysCys) units in rat liver metallo-
thionein-1L1"?! Again, the zinc ion is used as anchor. While a
general similarity is to be expected due to the relatively small
chelate ring size, the differences are nevertheless obvious. They
result from the fact that the peptide bond in the complex has a
cis arrangement and that in the metallothionein a trans arrange-
ment. A direct comparison is not possible because the Cys—Cys
units in the metallothionein are both coordinated to one addi-
tional zinc ion.

The two Zn(Cys-X-Cys) complexes of peptides 2 and 3 find
their natural equivalent in three of the seven zinc-coordinating
Cys-X-Cys units of the metallothioneins, namely, the Cys-Ser-
Cys units, which each bind to only one zinc ion.[*?) In order to
align them with the complexes of 2 and 3 a different mode of
projection is employed. In Figure 7 the Cys!—X amide bond is

Figure 7. The Cys-Ser-Cys units of three zinc-binding sites in rat liver metallo-
thionein-1I (left) and the Cys-X-Cys units of the zinc complexes 2b and 3b (right)
projected onto the plane of the Cys'-X amide bond.

used as the anchor and as the plane of projection, and the zinc
ions are omitted. The reason for this lies in the large variation
in the orientations of the cysteinyl side chains (i.e., the S-C;-C, -
C dihedral angles) in the five species. Except for this conforma-
tional freedom found in the three natural and the two synthetic
examples, the shapes of the five tripeptide “ligands™ are very
similar.

The zinc binding units Cys-X-X-Cys exemplified by 4b occur
in metallothioneins!!!* '2! as well as in zinc fingers,!® 27 2% and
in many other “‘structural” sites of proteins.!? ~#] Three of those
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that are obtainable from the protein data banks (two from the
zine finger ZIF 2681281 and one from rat liver metallothionein-
112" are depicted in Figure 8§ for comparison with the corre-
sponding fragment of the complex of 4b. As for 2b and 3b the
amide bond between Cys! and X* is used as the anchor and
plane of projection, because the real protein structures and the

S

Figurc 8. Superpositions of the zinc binding Cys-Arg-1le-Cys and Cys-Asp-lle-Cys
units from ZIF 268 and the Cys-Ala-Lys-Cys unit from rat liver metallothionein-iI
(left) and of the three “best” structures of 4b in its zinc complex (right) projected
onto the plane of the Cys' - X2 amide bond.

best solutions of the model structure exert their largest confor-
mational freedom in the cysteine side chains. On the one hand,
this seems to cause a large flexibility of the zinc ion position if
viewed from the anchoring point on the other side of the chelate
ring; on the other, it again reveals a marked similarity between
the shapes of the chelate rings formed by the natural and the
synthetic Cys-X-X-Cys ligands.

The three comparisons between the natural bis(cysteinyl) zinc
binding sites and their model structures presented here reveal
typical differences and striking similarities. The main differ-
ences lie in the variable orientations of the cysteinyl CH, S side
chains and S—Zn bonds with respect to the plane of the peptide
loop. In the natural structures this reflects the conformational
freedom of these units whose orientation is determined more by
extraloop rather than intraloop interactions. In the different
solutions obtained by the computational process for the struc-
tures of each model complex, it reflects the fact that the C,-S-
Zn-S dihedral angles are not constrained by the NMR data.
Another reason for the differences between the natural and the
model structures lies in the different modes of hydrogen bond-
ing. In the model structures only intraloop hydrogen bonds are
possible and become visible for 2b and 3b (see above). In the
natural structures various extraloop hydrogen bonds exist in
addition to the same intraloop interaction as in the mod-
elS.“ 1,12]

Taking these limitations into account, the geometrical fit be-
tween the natural examples and the model complexes is remark-
ably high. Figures 7 and 8 demonstrate this by using a central
amide unit as the plane of projection. It thus becomes clear that
the conformations of the three or four peptide constituents are
highly conserved and that only the side chains (including the
thiolate side chains) are free to orient themselves.

The peptide conformations found in complexes 1b—4b are
not the minimum-energy conformations of the free peptides.
The NMR data of the free peptides 1-4, in agreement with
molecular mechanics calculations, indicate that they exist in
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solution as random coils. Thus, the binding to the zinc ions
enforces the loop structure on the peptides and is the structuriz-
ing influence generating the observed conformations. The simi-
larity between the model complexes and their natural equiva-
lents suggests that the same mechanism occurs in the proteins.
This allows the further conclusion that “structural zinc” not
only stabilizes the structure, but is also the essential component
for the folding of the corresponding protein segments.

Experimental Procedure

The general experimental techniques and spectroscopic methods were as
described previously [30]. The peptide derivatives [H-Cys-OEt],-2HOTos,
[Bz-Cys-OH]),, Boc-Gly-OH, Boc-Phe-OH, and Boc-[le-OH were prepared
by standard procedures from the commercially available amino acids cystine,
glycine, phenylalanine, and isoleucine. All solvents were free of water and
oxygen. All manipulations were carried out under an atmosphere of nitrogen
(99.99%).

Peptide syntheses: The following standard procedures were applied:

A (coupling): The cystinyl component (5.00 mmol, as its HOTos (tosylate) or
HOTY (triflate) adduct) was dissolved in DMF (20 mL) and treated with
N-mcthylmorpholine (NMM) (1.10 mL, 10.0 mmol). In a second flask the
coupling component (Bz or Boc amino acid, 10.00 mmol) was dissolved in
THF (50 mL), cooled to —15°C, and treated with NMM (1.10mL,
10.0 mmol). Afier 15 min this second solution was treated with chloroformic
acid isobutyl ester (CAIBE) (1.30 mL, 10.0 mmol). After 2 min the first solu-
tion was added to the second, and the mixture stirred for 16 h. The precipitate
was then removed with a G 3 frit and washed with THF (20 mL). The com-
bined filtrates were concentrated to 25 mL in vacuo and treated with water
(80 mL) to precipitate the crude product. The voluminous precipitate was
separated with a G 3 frit and washed with water (3 x 15mL) and 5% NaH-
CO, solution (3 x 15 mL). It was then washed with 15 mL portions of water
until the filtrate had a neutral pH. The colorless product was dried under an
oil pump vacuum.

B (coupling): Like A until the precipitation of the crude product. The oily
crude product was taken up into cthyl acetate (100 mL), and the aqueous
phase was extracted with ethyl acetate (50 mL). The combined ethyl acetate
phases were washed with water (3x50mL), HCI solution (pH = 3)
(3 x 50 mL), water (3 x 50 mL), 4% NaHCO, solution (3 x 50 mL), and fi-
nally 50 mL portions of water until the filtrate had a neutral pH. The ethyl
acetate phase was dried over Na,SO, and evaporated to dryness under an oil
pump vacuum.

C (removal of Boc groups): The Boc-protected peptide (5.00 mmol) was
dissolved in water-free trifluoroacetic acid (TFA) (50 mL) whereupon a vigor-
ous gas evolution occurred. After 1 h the TFA was removed in vacuo. The oily
yellow residue was triturated with diethyl ether until it was transformed into
a colorless solid. This was filtered off over a G 3 frit, washed with ether, and
dried in vacuo.

D (disulfide cleavage): The cystine derivative (5.00 mmol) was suspended in
water (100 mL) and treated with dithioerythritol (DTE) (1.31 g, 8.50 mmol).
The pH was adjusted to 8.5 by addition of 0.2M NaOH. Acetonitrile (100 mL)
was then added, and the solution refluxed 6 h. After cooling to room temper-
ature the resulting clear solution was acidified with TFA and evaporated to
dryness. The remaining solid was washed with ether (30 mL) and cold water
(5 mL) and then dried under an oil pump vacuum.

1: From [Bz-Cys-OH], (3.36g, 7.50 mmol) and [H-Cys-OEt],-2HOTos
(4.81 g, 7.50 mmol), according to procedure A with NMM (2 x 1.65 mL) and
CAIBE (1.95ml), producing {Bz-Cys-Cys-OEt], (4.51 g, 85%). Cleavage
according to procedure D; [Bz-Cys-Cys-OEt], (4.36 g, 12.30 mmol) with
DTE (3.79 g, 24.6 mmol) yielded 1 (4.05 g, 92%) as a colorless powder, m.p.
198-200°C. IR (KBr, cm~1): # = 3360 (s, NH), 2546 (w, SH), 1737 (s), 1644
(8), 1525 (s, ester, amide). '"HNMR (CDCl,): § =7.84 (d, J,,, = 8.0 Hz, 2H,
0-H Bz); 7.60-7.41 (m, 3H, m,p-H Bz); 7.26 (d, J y =7.2 Hz, 1 H, NH-'Cys);
7.21 (d, J,\ = 8.4 Hz, 1H, NH-*Cys); 4.95-4.80 (m, 2H, C ,H-'Cys, C H-
*Cys); 4.27 (q, J,, =7.1Hz, 2H, CH,-Et); 322 (ddd, J,, =48 Hz, J,, =
7.8 Hz, ZJM, =13.9 Hz, 1 H, C;H-'Cys); 3.04 (dd. J,, = 44 Hz, J; = 8.9 Hz,
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2H, C,H-*Cys); 2.90 (ddd, J,;, = 6.7 Hz, J,, =10.1 Hz, 2/, =139 Hz, 1 H,
C,H-1Cys); 1.86 (dd, J,, = 8.0 Hz, J, =10.1 Hz, 1H, SH-'Cys); 1.45 (t,
J,,=89Hz, 1H, SH-Cys); 131 (t J,=7.1Hz, 3H. CH,-Ey.
C,sH,oN,0,8, (356.5): MH* found: 357.1 (ESI-MS).

2: From [H-Cys-OEt],-2HOTos (6.41 g, 10.00 mmol) and Boc-Gly-OH
(3.82 g, 20.00 mmol), procedure B, yiclding [Boc-Gly-Cys-OEt], (5.80 g.
95%). This product (5.80 g, 9.50 mmol), treated according to procedure C,
yielded [H-Gly-Cys-OEt],"2TFA (5.11 g, 84%). This product (4.11g,
6.43 mmol) and [Bz-Cys-OH], (2.87 g, 6.43 mmol), treated according to pro-
cedure A, yielded [Bz-Cys-Gly-Cys-OEt]), (5.01 g, 94%). This product
(4.89 g, 11.89 mmol) and DTE (3.67 g, 23.77 mmol), according to proce-
dure D, yielded 2 (3.54 g, 72%) as a colorless powder, m.p. 136 -137°C. IR
(KBr, cm™'): ¥ = 3308 (s), 3249 (m, NH), 2548 (w, SH), 1730 (s), 1676 (5).
1632 (s), 1578 (m), 1534 (s, ester, amide). "HNMR (CDCl,):  =7.87-7.82
(m, 2H, o-H Bz); 748 (m_, 3H, m,p-H Bz); 7.24 (d, J,, =7.1 Hz, 1 H, NH-
1Cys); 7.16 (t, 1 = 5.4 Hz, 1 H, NH-Gly); 6.96 (d, J,,, = 6.8 Hz, 1 H, NH-
*Cys); 4.85 (ddd, J,y =7.1 Hz, J,; = 44 Hz, J,, = 6.5 Hz, 1H, C,H-'Cys):
4.83 (dd, J,y = 6.8 Hz, J,, = 4.4 Hz, 1H, C,H-3Cys); 4.22 (q. J, =7.1 Hz,
2H, CH,-Et); 4.08(dd, J,, = 5.7 Hz, 2J, . =16.8 Hz, 1 H, C_H-Gly); 4.03 (d,
Jon=57Hz, °J,=168Hz, 1H, CH-Gly); 3.25 (ddd, Jop = 4.4 Hz,
2Ly =139Hz, J, =77Hz, 1H, CH-'Cys); 3.01 (dd. Jy=44Hz,
Jy, =84 Hz, 2H, C;H->Cys): 2.89 (ddd, Jyp =6.5Hz, J,. =102 Hz,
2y =139 Hz, tH, C,H'-'Cys); 1.87 (dd, J,, =7.7 Hz, J;, =102 Hz, 1H,
SH-'Cys); 1.42 (t, Jg, = 84 Hz, 1H, SH->Cys); 128 (1. J, =7.1Hz, 3H,
CH,;-Et). C;;H,3N;0,S, (413.5): caled C 48.37, H 5.60, N 10.16: found: C
48.58, H 5.24, N 9.79.

3: From [H-Cys-OEt],-2HOTos (3.20 g, 5.00 mmol) and Boc-Phe-OH
(2.65 g, 10.00 mmol), procedure B, yielding [Boc-Phe-Cys-OEt], (3.34 g.
84%). This product (3.34 g, 4.22 mmol), treated according to procedure C,
yielded [H-Phe-Cys-OEt],-2TFA (3.36g, 97%). This product (3.15g,
4.17 mmol) and [Bz-Cys-OH], (1.87 g, 4.17 mmol), treated according to pro-
cedure A, yielded [Bz-Cys-Phe-Cys-OEt], (3.72g, 89%). This product
(3.70 g, 7.38 mmol) and DTE (2.39 g, 15.50 mmol), according to proce-
dure D, yielded 3 (3.06 g, 82%) as a colorless powder, m.p. 186-188°C
(dec.). IR (KBr, cm™'): ¥ = 3484 (sh), 3280 (s, NH), 2561 (w, SH). 1738 (s),
1628 (s), 1579 (m), 1529 (s, ester, amide). "HNMR (CDCI,): 6 =7.77 (d,
J,.=1.5Hz, 2H, o-H Bz); 7.60-7.40 {m, 3H, mp-H Bz); 7.16 (m,, 6H,
Aryl-H Phe, NH-'Cys); 7.05 (d, J, =7.8 Hz, 1H, NH-Phe); 6.99 (d,
J =7.5Hz, 1H, NH-*Cys); 4.88-4.72 (m, 3H, C,H-'Cys, C,H-Phe, C ,H-
*Cys); 4.22 (q. J,, =7.0 Hz, 2H, CH,-Et); 3.22-3.04 (m, 1H, C,H-'Cys);
343 (m,, 2H, C,H-Phe); 297 (m ., 2H, C,H-*Cys); 2.87-2.72 (m, 1 H,
C,H-'Cys); 1.68 (dd, J;, =7.7Hz, J,, =10.2Hz, 1H, SH-'Cys); 1.39 (,
Jg, =90Hz, 1H, SH-3Cys); 129 (t, J,=7.1Hz, 3H, CH;-Eu).
C,,H,,N;0,S, (503.6): caled C 57.23, H 5.80, N 8.35; found: C 56.24, H
5.75, N 7.87; MH " found: 504.2 (ESI-MS).

4: From [H-Cys-OEt),-2HOTos (4.81 g, 7.50 mmol) and Boc-lle-OH (3.47 g.
15.00 mmol), procedure B, yielding [Boc-lie-Cys-OEt], (4.69 g, 86%). This
product (4.57 g, 6.33 mmol), treated according to procedure C, yielded [H-
Ile-Cys-OEt],- 2TFA (3.52 g, 74%). This product (3.52 g, 4.68 mmol), and
Boc-Gly-OH (1.64 g, 9.36 mmol), treated according to procedure A, yielded
[Boc-Gly-Tle-Cys-OEt], {(3.76 g, 96%). This product (3.75 g. 4.48 mmol),
treated according to procedure C, yielded [H-Gly-lle-Cys-OEt],-2TFA
(3.85 g, 99%). This product (3.85 g, 4.45 mmol), and [Bz-Cys-OH], (2.00 g,
4.45 mmol), treated according to procedure A, yielded [Bz-Cys-Gly-Tle-Cys-
OEt], (3.02 g, 64%). This product (2.90 g, 5.53 mmol) and DTE (3.09 g,
20.00 mmol), treated according to procedure D, yielded 4 (2.40 g, 83%) as a
colorless powder, m.p. 162164 °C (decomp.). IR (KBr, cm ™ !): ¥ = 3304 (s,
NH). 2565 (w, SH), 1729 (s), 1631 (s), 1578 (w). 1542 (s, ester, amide).
'HNMR ([D,DMSO0): § = 8.51 (d, J,, =7.6 Hz, 1H, NH-!Cys): 8.35 (d.
Jn = 8.5Hz, 1H, NH-*Cys); 8.29 (1, J,, = 5.2 Hz, 1 H, NH-Gly); 7.90 (d,
Jom = 8.1 Hz,2H, 0-H Bz); 7.72 (d, /,, =7.9 Hz, 1 H, NH-Ile); 7.47 (m_, 3H,
m,p-H Bz); 4.53 (m,, 1H, C,H-!Cys); 4.40 (m_, 1 H, C,H-*Cys); 4.25 (m_,
1H, C,H-Ile); 4.10 (q, J,, =7.1 Hz, 2H, CH,-Et); 3.81-3.62 (m, 2H, C H-
Gly): 3.28 (m,, 2H, SH-Cys); 3.07-2.64 (m, 4H, C;H-Cys); 1.72 (m,. 1 H,
C,H-lle); 1.41 (m,, 1H, C,H-Ile); 1.17 (t. J,, =7.1 Hz, 3H, CH;-Et): 1.07
(m,, 1H, C_H-Ile);0.82(d, J;, = 6.7 Hz, 3H, C,H,-1le); 0.79 (1, J,; = 5.7 Hz,
3H, C,H-lle). C,,H,,N, 0,8, (526.7): caled C 52.45, H 6.51, N 10.64;
found: C 52.06, H 6.44, N 10.62; MH " found: 527.2 (ESI-MS).

Compounds Zn(SR), (general procedure): The peptide was suspended in
ethanol (50 mL per mmol), and a 0.2 M solution of sodium ethoxide (2 equiv)
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in ethanol was added with stirring, to produce a clear solution. Zn-
(CI0,), -6 H,0 (1 equiv) in ethanol (5 mL per mmol) was slowly added with
stirring. The solution was heated to 80 °C for a few minutes and then cooled
slowly to room temperature. A coioriess precipitate was formed. The volume
of the mixture was reduced by one half in vacuo, and then the mixture was
held at —15°C for 20 h. The colorless precipitate, consisting of compounds
ta-4a, was filtered off, washed with cold ethanol and dried in vacuo.

1a: From 1 (1.07 g, 3.00 mmol) and Zn(ClO,), -6 H,0 (1.12 g, 3.00 mmol}.
Yield 0.65 g (52%), m.p.>250 °C (decomp.). [R (KBr,cm '): ¥ = 3422 (w),
3062 (s, NH), 1735 (s), 1645 (s), 1512 (s, ester. amide). C,;H,,N,0,5,Zn
(419.8): caled C 42.91, H 4.32, N 6.67, Zn 15.57; found: C 41.95, H4.12, N
6.44, Zn 14.94.

2a: From 2 (0.10 g, 0.24 mmo!) and Zn(ClO,), -6 H,0 (0.090 g, 0.24 mmol).
Yield 0.070 g (61 %), m.p. 190-192°C (decomp.). IR (KBr,cm™"): § = 3142
(w), 3060 (w, NH), 1733 (m), 1652 (s), 1521 (s, ester, amide).
C,-H, N,0,8,Zn (476.9): caled C 42.82, H 444, N 8.81, Zn 13.71; found:
C 4243, H 4.16, N 8.56, Zn 13.54.

3a: From 3 (0.10 g, 0.20 mmol) and Zn(ClO,), -6 H,0 (0.074 g, 0.20 mmol).
Yield 0.074 g (65 %), m.p. 204-206 °C (decomp.). IR (KBr,cm™!): ¥ = 3394
(s), 3373 (s), 3310 (s, NH), 1728 (s), 1646 (s}, 1521 (s, ester., amide).
C,,H,,N;0,8,Zn (567.0): calcd C 50.84, H 4.80, N 7.41, Zn 11.53; found:
C 50.15, H 4.37, N 7.55, Zn 11.12.

4a: From 4 (0.53 g, 1.00 mmol) and Zn(ClO,), 6 H,0 (0.37 g, 1.00 mmol).
Yield 0.41 g (69 %), m.p. 163-165°C (decomp.). IR (KBr, cm™1): ¥ = 3420
(s), 3345 (m, NH), 1738 (s), 1639 (s). 1522 (s, ester, amidc).
C,3H;3N,0¢8,7n (591.0): caled C 46.74, H 5.63, N 9.48, Zn 11.06; found:
C 46.54, H 5.22, N 9.31, Zn 10.87.

Complexes (pept)Zn(neo) (general procedure): The peptide was suspended in
ethanol (50 mL per mmol) and treated with 2 equiv of a 0.2M solution of
sodium ethoxide in ethanol. The clear solution was treated dropwise with
vigorous stirring with 1 equiv of Zn(Cl10,), 6 H,0 in ethanol (5 mL). Subse-
quently 1 equiv of neocuproine (neo) in ethanol (10 mL) was added. The
resulting suspension was heated under reflux for 2h and then stirred
overnight at room temperature. The mixture was then reduced to one half of
its volume in vacuo and kept at —15°C for 3 d. The colorless precipitate
(complexes 1b—4b) was filtered off, washed with cold ethanol (5% 10 mL)
and dried in vacuo. In order to remove some remaining [Zn(SR),], the residue
was taken up into a minimum amount of CHCl;. The mixture was then
filtered through a membrane filter and concentrated to dryness again.

1b: From 1 (1.07 g, 3.00 mmol), Zn(ClO,),-6 H,0 (1.12 g, 3.00 mmol), and
neo (0.68 g, 3.00 mmol). Yield 0.65 g (34%), m.p.>250°C (decomp.). TR
(KBr, em™"): ¥ = 3408 (s, NH), 1731 (m), 1650 (s), 1508 (s, ester, amide).
"H NMR (CDCI,/CD,CN): § = 8.78 (d, = 8.5 Hz, 2H, H4'7-neo); 8.31
(d, Jy = 9.0 Hz, 1 H, NH-'Cys); 8.29 (d, J,y =7.7 Hz, 1 H, NH-*Cys); 8.15
(s, 2H, H5'6'-neo); 7.98 (d, J = 8.5 Hz, 2H, H3'8'-neo); 7.85 (m,, 2H, m-H
Bz); 7.46-7.39 (m, 3H, o,p-H Bz); 4.61 (ddd, J,y =9.0Hz, J,=40Hz,
Jpo=48Hz, 1H, CH-'Cys); 439 (ddd, Jn=7.7Hz, J,=42Hz,
J,p =109 Hz, 1H, C, H-Cys); 4.12(q,  =7.1 Hz, 2H, CH,-OEt); 3.25 (dd,
I, =40Hz, 2J,, =141 Hz, 1H, C,H-'Cys); 3.08 (s, 6H, 29'CH -neo);
3.04 (dd. J,;=42Hz, ZJM,, =123Hz, tH, CH-*Cys); 3.02 (dd.
Jp =109 Hz, 2Jy, =123 Hz, 1H, CyH-*Cys); 2.98 (dd, Jop =48 Hz,
2, =141 Hz, 1H, C,H-'Cys); 1.22 (t, J=7.1Hz, 3H, CH,-OE).
C,oH3N,0,S,7Zn (628.1): caled C 55.46, H 4.81, N 8.92, Zn 10.41; found:
C 54.62, H 4.54, N 8.66, Zn 10.22; MH™ found: 627.1 (ESI-MS).

2b: From 2 (0.19 g, 0.46 mmol), Zn(ClO,), 6 H,0 (0.17 g, 0.46 mmol), and
neo (0.10 g, 0.46 mmol). Yield 0.19 g (60 %), m.p. 192-194°C (decomp.). IR
(KBr, cm™1): ¥ = 3402 (s, NH), 1733 (s), 1652 (s}, 1511 (s, ester, amide).
'HNMR (CDCl,/CD;CN): § = 8.93 (d, J,, = 5.8 Hz, 1 H, NH-3Cys); 8.47
(d. Jy, =83 Hz, 1 H, H4-neo); 8.43(d, J,.5 = 8.3 Hz, 1 H, H7-neo); 7.93
(s, 2H, H5'6'-neo); 7.87 (m,, 2H, o-H Bz); 7.83 (d, J;, =83 Hz, 1H,
H3-neo): 7.75 (d. Jo.g = 8.3 Hz, 1H, H8"neo); 7.55 (dd, J =7.9 He,
Jn = 5.4 Hz, 1H, NH->Gly); 7.53 (m_, 2H, p-H Bz); 7.46 (m_, 2H, m-H Bz);
7.45 (d, J =7.1 Hz, 1H, NH-'Cys); 4.65 (ddd, J,y =7.1Hz, J,, = 2.9 Hz,

s Vap
Jup=58Hz, 1H, CH-'Cys); 4.61 (ddd, J=358Hz J,=66Hz,

Ly =46 Hz, 1H, CH-3Cys); 461 (dd, J,y =7.9 Hz, 2/, =17.2 Hz, 1H,
CIH-ZGIy); 420 (q, /=71Hz, 2H, CH,-OEt); 3.88 (dd, J,y = 54 Hz,
*J . =172 Hz, 1 H, C_H-2Gly); 3.29 (s, 3H, 2’CH,-neo0); 3.17 (s, 3H, 9'CH ,-
neo); 3.14 (dd, = 6.6 Hz, ZJw, =126 Hz, 1H, C/,H-3Cys); 3.08 (dd,
Ly =46Hz, 2y, =126 Hz, 1H, C,H-Cys); 2.82 (dd, J,, =29 Hz,
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2J,5 =12.5 Hz. 1 H, C,H-'Cys): 2.54 (dd, J; = 5.8 Hz, *J,,, =12.5 Hz, 1 H,
C,H-'Cys); 1.29 (t, J =7.1 Hz, 3H, CH,-OEt). C,,H;;N,0.S,Zn (685.2):
caled C 54.34, H 4.85, N 10.22, 7n 9.54; found: C 53.86, H 4.77, N 10.34, Zn
9.36.

3b: From 3(0.50 g, 1.00 mmol), Zn(Cl0,), 6 H,0 (0.37 g, 1.00 mmol), and
neo {0.23 g, 1.00 mmol). Yield 0.46 g (60%), m.p. 200-202 °C (decomp.). IR
(KBr, em™1): ¥ = 3500 (s), 3399 (s, NH). 1733 (s), 1652 (s), 1511 (s, ester,
amide). '"H NMR (CDCI,/C,CN): § = 8.60(d, J,y = 6.6 Hz, | H,NH-*Cys):
8.52 (d, J =8.6Hz, 2H, H47-nco); 7.96 (s, 2H, H56-neo); 7.79 (d,
J = 8.6Hz,2H, H¥8-neo); 7.73 (d, J,, = 10.1 Hz, 1 H, NH-?Phe); 7.64 (m_,
2H. 0-H Bz); 7.43 (m,. 2H, p-H Bz); 7.37 (m_, 2H. m-H Bz); 7.33 (s, SH,
Aryl-Phe); 7.15 (d, J,x =7.0 Hz, 1 H, NH-'Cys); 4.96 (ddd, J, =10.1 Hz,
Jy=43Hz J, =94Hz, 1H, CH->Phe); 4.55 (ddd, J=6.6Hz
Jy=62Hz J,=31Hz 1H, CH-*Cys); 442 (ddd, J=7.0Hz,
Jy=39Hz, J, =94 Hz tH, CH-'Cys); 4.14 (g, J =7.0 Hz, 2H, CH,-
OEv; 3.37 (dd. J,, = 4.3 Hz, *J,, =14.0Hz, 1H, C,H-?Phe); 3.16 (dd.
Jg = 6.2 Hz, 21y, =140 Hz, 1H, C,H-*Cys); 3.01 (s, 6H, 29'CH,-nco):
297 (dd, J,,=94Hz, *J,, =140Hz, tH, C,H-"Phe); 294 (dd,
Jg =31Hz, *J,, =140Hz, 1H, C,H-"Cys); 2.78 (dd, J, =39Hz,
*Jyp =124 Hz, 1 H, CjH-'Cys); 2.61 (dd, J,; = 9.4 Hz, 2/, =12.1 Hz, 1H,
CpH-'Cys); 1.23 (t, J =7.0 Hz, 3H, CH;-OEt). C;3H;,N,0,8,Zn (775.2):
caled C 58.87, H 5.07, N 9.04, Zn 8.43; found: C 57.16, H 5.21, N 7.97, Zn
8.59; MH™* found: 774.3 (ESI-MS).

4b: From 4 (0.53 g, 1.00 mmol), Zn(Cl0,),-6H,0 (0.37 g, 1.00 mmol), and
neo (0.23 g. 1.00 mmol). Yield 0.40 g (50%), m.p.>250°C (decomp.). IR
(KBr, em™"): ¥ = 3397 (s, NH), 1737 (s), 1653 (s). 1509 (s, ester, amide).
'H NMR (CDCI,/CD,CN): 6 = 8.56 (d, J;.,- = 8.5 Hz, 1 H, H4-neo); 8.50
(d, Jy.5 =87Hz, 1H, H7-neo); 7.99 (s. 2H, HS5'6-neo); 7.85 (d.
J =10.0 Hz, 1 H, NH-*1le); 7.80 (d, J;.4- = 8.5 Hz, 1H, H3"-neo); 7.74 (m_,
2H, m-H Bz); 7.71 (d, J;.,. = 8.7 Hz, 1 H, H8-neo); 7.41 (dd, J,y = 6.5 Hz,
Jon=6.1Hz, 1H, NH-*Gly); 7.40-7.35 (m, 3H, o,p-H Bz); 7.36 (d,
Jn = 6.1 Hz, 1H, NH-*Cys); 7.24 (d, J =74 Hz, 1H, NH-'Cys); 4.52
(ddd, J,y =7.4 Hz, J; =43 Hz, J, =65Hz, 1H, C,H-'Cys); 4.43 (dd,
Jn =100 He, J,, =7.8, 1 H, C H-Ile); 4.28 (ddd, J, = 6.1 Hz, J,, = 3.5 Hz,
Jp =9.1Hz, 1H, C,H-*Cys); 4.12(q, J =7.1 Hz, 2H, CH,-OEt); 4.02 (dd,
Jn=65Hz, %, =169Hz, 1H, CH-?Gly); 3.80 (dd, J, =6.1Hz,
2], =169Hz 1 H,C_H-*Gly); 3.11 (s, 3H, 22CH-neo); 3.07 (s, 3H, 9CH,-
neo); 3.03 (dd, J,, =3.5Hz, *J, =133 Hz, 1H, CBH-“Cys); 2.95 (dd,
Jg =9.1Hz, J,, =133Hz, 1H, C,H-*Cys); 2.83 (dd, J,, = 4.3 Hz,
2Jpp =12.6 Hz, 1 H, C;H-'Cys); 2.51 (dd, J,5 = 6.5 Hz, %J,,, =12.6 Hz, 1 H,
C,H-'Cys); 2.01 (m,, 1 H, C,H-*Tle); 1.58 (m, 1H, C,.H-*lle); 1.29 (m,, 1H,
C,H-*Ile); 1.21 (t, J=7.1 Hz, 3H, CH,-OEt); 0.98 (t, Jy, = 6.9 Hz, 3H,
CH;-*lle); 093 (dd, J,=74Hz, J,=82Hz, 3H, C,H-"lle).
C;,H,,NOgS,Zn (798.3): caled C 55.67, H 5.56, N 10.53, Zn 8.19; found:
C 55.12, H 5.34, N 10.45, Zn 7.98; MH"* found: 797.9 (ESI-MS).

Mass spectrometry: Mass spectra were recorded on a tandem quadrupole
instrument (TSQ 700, Finnigan) equipped with an electrospray interface. The
samples obtained from the chromatographic separations were freed from the
eluent in vacuo and dissolved in chloroform/acetonitrile {1:1). These solu-
tions (23 pL) were injected by means of a syringe pump at S pLmin~*. The
scan range of m/z was from 150 to 1000 and could be extended to 2000. The
m/z values given for 1, 3, 4, 1b, 3b, and 4b are those for the peaks resulting
from the isotopes 'H, '2C, 32S, and %*Zn.

Structure determinations: The samples of complexes 1b—4b were dissolved in
CDCIL,/CD;CN (1:1), the solutions were degassed in vacuo and handied in
sealed 5mm test tubes. DQF-COSY spectra were recorded on a Bruker
AC200, NOESY spectra on a Varian Unity 300 machine. The number of
NOE values obtained was 18 for 1b, 23 for 2band 3b, and 25 for 4b. Of these,
the nontrivial ones were 7 for 1b, 8 for 2b, 9 for 3b, and 11 for 4b. The
number of dihedral angles extracted from the *J values was 6 for 1b, § for 2b,
9 for 3b, and 10 for 4b. The distances extracted from the NOESY spectra
were calibrated by using the known distances within the aromatic
neocuproine ligands. The NOESY spectra were thus used to confirm the
assigned peptide sequences and to distinguish between the two cysteine units.
The choice between the alternative torsional angles ¢ and y extracted from
the DQF-COSY spectra was aided by the distance values from the NOESY
spectra and by the fact that both cysteine units are coordinated to the zinc ion,
thereby making the peptides torsionally constrained chelate ligands [23]. The
peptide geometries thus obtained and the known geometry of the neocuproine
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ligand provided the basic structures of the complexes for the subsequent
molecular mechanics calculations.

The calculations were performed by applying the procedure of hybrid dis-
tance geometry dynamical simulated annealing [31]. using the program
XPLOR [24]. In order to include all parts of the complexes in the computa-
tions the molecular mechanics parameters of the terminal protecting groups
(benzoyl, ethoxy) and the neocuproine ligand had to be defined based on their
known geometries. Furthermore, starting values for the Zn—N (2.00 A) and
Zn-S (2.30 A) distances as well as for the angles N-Zn-N (80.0°), N-Zn-S
(109.5°), and S-Zn-S (135.0°) had to be assigned based on our experience with
ZnN,S, coordinated complexes [16,17,32]. These distances were allowed to
vary by +0.02A and the angles by +20°. The neocuproine ligand was
constrained to planarity. Within the peptide moieties the bond lengths were
allowed to differ by +0.01 A and the bond angles by +2° from their standard
values.

The refinement of the structures was performed by using the simulated an-
nealing protocol of the program XPLOR [24]. In the first cycle the peptides
were disconnected from the zinc ion for 4000 steps of a 1000 K molecular
dynamics calculation. In the second cycle the Zn(neocuproine) unit was at-
tached to the peptides again, and for the subsequent 2000 steps at 1000 K the
NMR-derived distances and angles were taken into consideration. In the
third cycle (3000 steps) the fictitious temperature was reduced to 100 K in
50 K decrements. This three-cycle procedure was performed 20 times yielding
20 different structures.

The whole sequence was then repeated for all 20 structures, but without
disconnecting the peptides and the Zn(neocuproine) units and using a higher
weighting for the NMR-derived distances and angles. The structures with
unrealistic deviations from the experimental distances and angles (i.e., atomic
distances differing by more than +0.5 A from the values obtained from the
NOE’s and dihedral angles differing by more than +35° from those derived
from the *J values) were eliminated, leaving 5—8 “good” structures. The wire
models representing superpositions of these “good” structures are shown
above as Figures 1-4.

The rigidity of the complex structures thus obtained, that is, the precision of
the determination of the solution structures, is obvious from the figures. This
can be assessed quantitatively from the RMSD values for all atoms, obtained
from the XPLOR program by comparing the individual structures with their
common average structure. In the specific cases of complexes 1b—4b, the
RMSD values for the peptides are the smallest, ranging from 0.2 to 2 A,
followed by those for the protecting groups (benzoyl, ethoxy), ranging from
0.5 t0 3.3 A. Those for the neocuproine ligand are by far the largest, ranging
from 1.5 to 5.5 A, reflecting the lack of NMR-derived constraints for a
rocking motion of the neocuproine ligand with respect to the ZnS, plane. The
drawings were produced by the SCHAKAL program [33], after converting
the atomic coordinates of all structures from the protein data bank (.pdb)
format to the SCHAKAL {.dat) format.
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Nickel Complexes of 21-Oxaporphyrin and 21,23-Dioxaporphyrin

Piotr J. Chmielewski, Lechostaw Latos-Grazynski,* Marilyn M. Olmstead,

and Alan L. Balch

Abstract: The nickel(ty and nickel(n)
complexes of 5,20-bis(p-tolyl)-10,15-di-
phenyl-21-oxaporphyrin  (ODTDPPH)
and 5,10,15,20-tetraphenyl-21,23-dioxa-
porphyrin (O, TPP) have been investigat-
ed. These oxa analogues of 5,10,15,20-te-
traarylporphyrin, where one or two pyr-
role rings are replaced by a furan moiety,
have been synthesized by condensation of
the respective precursors, namely 2,5-
bis(arylhydroxymethyl)furan, pyrrole, and
arylaldehyde. Insertion of nickel(li) into
ODTDPPH or O,TPP yielded high-spin
five- and six-coordinate ([(ODT-
DPP)Ni’Cl1] and [(O,TPP)Ni"CL,]) com-
plexes, which can be reduced with moder-

[(ODTDPP)Ni'l] and [(O,TPP)Ni'Cl]
revealed the Ni' oxa(dioxa)porphyrin
rather than a Ni" anion radical elec-
tronic structure. In the structures of
[(ODTDPP)Ni"Cl], [(O,TPP)Ni"Cl,],
and [(ODTDPP)Ni!], determined by X-
ray diffraction, the furan ring is planar
and coordinates in the n' fashion through
the trigonal oxygen atom; the nickel ion
lies in the furan plane for the latter two
complexes, but slightly outside it in

[(ODTDPP)Ni"Cl). The Ni~N and
Keywords
heterocycles * heteroporphyrins

nickel - porphyrinoids

Ni—O bond lengths decrease upon re-
duction of high-spin five-coordinate
[(ODTDPP)NI"Cl] to four-coordinate
[(ODTDPP)Ni']. The pattern of down-
ficld pyrrole resonances in 'H NMR spec-
tra of [(ODTDPP)Ni"CI] and [(O,TPP)-
Ni"Cl,] has been established. The down-
field positions of furan resonances are un-
usual for Ni heteroporphyrins; they have
been accounted for by the nearly in-plane
coordination of the furan moiety as op-
posed to the side-on coordination found
for thiophene- or selenophene-containing
heteroporphyrins. An example of ion-pair
formation, [(O,TPPH),J[Ni"Cl,], was
produced from [(O, TPP)Ni"Cl,] by acidi-

ate reducing reagents. The EPR spectra of

Introduction

Core modification of porphyrins by the introduction of various
heteroatoms (O, S, Se, Te, CH) in place of the nitrogen atoms
permits the preparation of a series of new heterocycles that may
have interesting properties in terms of both their aromatic char-
acter and their ability to bind metal ions. The series of oxygen-
containing porphyrins constitutes a group in which the extent of
substitution can be systematically varied (Scheme 1).

Limited data regarding oxaporphyrins are available. Broad-
hurst et al. described the synthesis of 8,12,17-triethyl-7,13,18-
trimethyl-21-oxaporphyrin, 13,17-diethyl-12,18-dimethyl-
21,22-dioxaporphyrin, and 8,17-diethyl-7,18-dimethyl-21,23-
dioxaporphyrin.!'-* They demonstrated by means of electronic
spectroscopy that S-alkylated monooxaporphyrin acts as a te-
tradentate macrocyclic ligand toward Zn", Ni*, Cu", Co", or
Mn" jons. The zinc(n) and nickel(i1) complexes were isolated

[*] L. Latos-Grazynski, P. ). Chmielewski
Department of Chemistry, University of Wroclaw
50383 Wroctaw (Poland)
Fax: Int. code +(71)222-348
c-mail: lg@ichuwr.chem.uni.wroc.pl
M. M. Olmstead, A. L. Balch
Department of Chemistry, University of California. Davis
Davis, California 95616 (USA)
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fication with HCI.

/NH HN i
—d A~

Scheme 1. A series of oxygen-containing porphyrins.

and characterized by elemental analysis, mass spectra and elec-
tronic spectroscopy. However, the f-alkylated dioxaporphyrin
failed to form metal complexes by the insertion procedures typ-
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ical for regular porphyrins. The electronic and molecular struc-
tures of metalloxaporphyrins have not been studied.

In the search for modifications of oxophlorins (keto tau-
tomers of mesohydroxyporphyrin), 21,22-dioxa-5-oxophlorin
and 23,24-dioxa-5-oxophlorin were synthesized.®! The trioxa-
porphyrin cation was apparently not prepared. The tetra-
oxa[18]porphyrin(1.1.1.1) dication was synthesized and dis-
cussed in the context of the aromatic character of annulenes.!*!
This molecule preserves the general porphyrin framework. In
addition, an isomer of porphyrin—porphycene (porphyrin-
(2.0.2.0)) possesses its own tetraoxa counterpart, tetraoxapor-
phyrin(2.0.2.0) dication (tetraoxaporphycene).[*) The next
higher homologues to the tetraoxaporphyrin dication, tetraoxa-
[22]porphyrin(2.2.2.2) dication and tetraoxa[26]porphyrin-
(3.3.3.3) dication, were also obtained.!

A general interest in the aromacity of large molecules also
prompted investigations of other polyfuran macrocycles, name-
ly, annulenes and annulenones, which were treated as related to
expanded porphyrins, although generally these compounds are
not aromatic.'® On the other hand, oxa derivatives of expanded
porphyrins exhibit aromaticity. The following expanded por-

Abstract in Polish: Zbadano kompleksy nikiu(1) i niklu(11) 5,20-
bis(p-tolylo )-10,15-difenylo-21-oksaporphyriny (ODTDPPH) i
5,10,15,20-tetrafenylo-21,23-dioksaporphyriny (O,TPP). Oksa
analogi 5,10,15,20-tetrafenyloporfiryny, w ktorych jeden lub dwa
pierscienie pirolowe zostaly zastapione przez grupy furanowe two-
rzq sie na drodze kondensacji odpowiedniego prekursora, tj. 2,5-
bis( arylohydroksymetylo) furanu, pirolu i aldehydu arylowego.
Insercja niklu(11) do ODTDPPH czy O,TPP daje wysokospi-
nowe kompleksy: pieciokoordynacyjny [ (ODTDPP)Ni''Cl] i
szesciokoordynacyjny [ (O,TPP)Ni''Cl,]. Redukcja obu kom-
pleksow zostala dokonana przy zastosowaniu lagodnych Srodkow
redukujqcych. Widma EPR [ (ODTDPP)Ni'] oraz [ (O,TPP)-
Ni'Cl] wykazujq w obu przypadkach strukture elektronowq kom-
pleksu niklu(1), a nie rodnika anionowego niklu(1ir).

Struktury molekularne [(ODTDPP)Ni'Cl], [(O,TPP)-
Ni''Cl,] i | (ODTDPP)N{'] zostaly wyznaczone renigenostruk-
turalnie. We wszystkich strukturach pierScien furanowy jest plaski
i koordynuje ' przez atom tlenu przyjmujqcy geometrie trygonal-
nq. Jon niklu lezy w plaszczyznie furanu w przypadku [ (ODT-
DPP)Ni'] i [(O,TPP)Ni'"Cl,], natomiast w [(ODT-
DPP)Ni''Cl] obserwuje sie nieznaczne jego wychylenie od tej
plaszczyzny. Dlugosci wigzan Ni—-N i Ni—O sq krotsze w
czterokoordynacyjnym [ (ODTDPP)Ni?'] niz w wysokospi-
nowym, pieciokoordynacyjnym [ {ODTDPP)Ni''Cl]. Zaobser-
wowano charakterystyczny wzorzec dolonopolowych przesunieé
dla rezonanséow protonéw pirolowych w widmach *HNMR
[({ODTDPP}Ni''CI] i [(O,TPPJNi'"Cl,]. Niskopolowa
lokalizacja sygnalu protonow furanowych jest czyms niespo-
tykanym dla serii heteroporfiryn niklu(11) . Kierunek przesuniecia
kontaktowego furanu zwigzany jest z niemal plaskaq koordynacjq
[fragmentu furanowego, odmiennq od bocznej koordynacji stwierd-
zonej w porfirynach zawierajqcych tiofen i selenofen.

Zidentyfikowano i scharakteryzowano renigenostrukturalnie
parg jonowq [ (O, TPPH), ][ Ni'*Cl, ] tworzqcq sie podczas zak-
waszania [ (O,TPP)Ni"'Cl,] kwasem solnym.
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phyrin derivatives with one or two pyrrolic fragments replac-
ed by furan were investigated: dioxasapphyrin,!”! dioxa-
smaragdyrin,’® ozaphyrin (isomeric analogue of oxasap-
phyrin),l"l oxobronzaphyrin (isomeric analogue of rubyrin),
and hexaphyrin.!”! To complete the list of oxapolypyrrolic
macrocycles one has to include 21,24-dioxacorrole, where two
adjacent pyrrole rings were substituted by furans and monoxa-
porphyrin with an inverted pyrrole ring 1'%

A complementary area of porphyrin modifications that can
be formally described as a replacement of a single atom in the
porphyrin skeleton by oxygen concerns S-oxaporphyrin. Such
a molecule 1s formed during the coupled oxidation of iron
porphyrins, which produces verdoheme (iron(ii) 5-oxapor-
phyrin).[tt

Recently our laboratories reported a reasonable synthesis and
the structural characterization of a new macrocyclic ligand,
5,20-bis( p-tolyl)-10,15-diphenyl-21-oxaporphyrin ~ (ODTDP-
PH), in which one of the pyrrole groups of 5,10,15,20-tetraaryl-
porphyrin is replaced by furan.[*?! In the light of the interesting
chemistry of nickel 21-thiaporphyrins{?3~ 1%l and nickel 21-sele-
naporphyrins,!' 3 we decided to investigate nickel complexes of
a  5,10,15,20-tetraaryl-21-oxaporphyrin  and  5,10,15,20-te-
traaryl-21,23-dioxaporphyrin. We attempted to elucidate the in-
fluence of one or two oxygen incorporations in comparison with
regular porphyrins and heteroporphyrins. The furan ring, which
is regarded as a weak ligand, is a significant component of the
oxaporphyrin. There are only a limited number of crystallo-
graphically characterized models for furan-metal bind-
ing.'7 =21 For St!l, Ba', Bi'", and Ti'V complexes!*®~'°! with a
furan built into macrocyclic or chelating ligands, coordination
occurs through oxygen. Coordination by a carbon atom of
furan was observed in lithium tris(a-furyl),stannate [Sn"™-
{a-furyl),Li(a-furyl);Sn"|~ and in series of low-valent tungsten,
rhodium, and iridium complexes.[>!!

Here we report on the structure and spectroscopic properties
of nickel 21-oxaporphyrin and 21,23-dioxaporphyrin complexes
and comment on the relation between coordination geometry
and isotropic shifts of the modified ring in a series of nickel(ir)
heteroporphyrins [(21-X-TPP)Ni'Cl} (X = O, S, Se).

Results

Synthesis: A key step in the synthesis of 5,10,15,20-tetraaryl-21-
oxaporphyrin and 5,10,15,20-tetraaryl-21,23-dioxaporphyrin is
the construction of the condensation precursor, 2,5-bis(arylhy-
droxymethyD)furan. Dialcohol substrates for synthesis of thia-,
selena-, or telluraporphyrin (STPPH, SeTPPH, TeTPPH),
namely  2,5-bis(phenylhydroxymethyl}thiophene,  2,5-bis-
(phenylhydroxymethyl)selenophene, or 2,5-bis(phenylhydroxy-
methyl)tellurophene, were obtained from 1,6-diphenylhexa-
2,4-diyne-1,6-diol by a ring closure with H,S, NaHSe, or
NaHTe.!??! Alternatively the preparation of the thiaporphyrin
precursor could be achieved by the reaction of the respective
2,5-dilithium derivative with benzaldehyde.'?3! To functionalize
furan we considered a different approach, which is presented in
Scheme 2. This approach uses the reaction of a Grignard
reagent with furan-2,5-dicarboxaldehyde. In the adjusted reac-
tion conditions, the asymmetric derivative 2-(phenylhydroxy-
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HOCH,

%‘

ArMgBr
_

HOCH, o7 “CHO

Scheme 2. Furan functionalization by means of the reaction of a Grignard reagent with furan-2,5-dicarbox-

aldehyde.

methyl)-5-(hydroxymethyl)furan is formed along with 2,5-
di(phenylhydroxymethyl)furan.

21-Oxatetraphenylporphyrin can be prepared in reasonable
yield from 2,5-di(phenylhydroxymethyl)furan by a procedure
analogous to that described previously for 21-thiaporphyrin!t32
or 21-selenaporphyrin.[*®! The synthetic route to 21-oxatetra-
arylporphyrin is shown in Scheme 3. The synthesis involves a

T

Ar f")/4:>\‘“om/Ar

=

H A ‘\“\/17'/0%\”

Scheme 3. Synthetic route 1o 21-oxatetraarylporphyrin.

7\

]
g

one-pot reaction from 2,5-bis(p-tolylhydroxymethyl)furan,
benzaldehyde, and pyrrole in dichloromethane, as described
briefly in our communication.['?) The procedure can introduce
unsymmetrical substituents on the porphyrin periphery in a
structurally defined relationship to the location of the furan
ring. With 2-(phenylhydroxymethyl)-5-(hydroxymethyl)furan
and p-tolylaldehyde present in the reaction mixture we obtained
10,15-bis( p-tolyl)-20-phenyl-21-oxa-
porphyrin (OPDTPH).

The synthetic work on 5,10,15,20-
tetraphenyl-21,23-dioxaporphyrin
(O, TPP) is sum-marized in Scheme 4.
The dioxaporphyrin was synthesized
by the condensation of pyrrole and
2,5-bis(phenylhydroxymethyl)furan
under similar conditions to those used

Scheme 4. Synthesis of O, TPP.
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for the preparation of monooxapor-
phyrins.

oH The electronic spectra of ODTDPPH and
O,TPP are shown in Figure 1. The spectra
resemble the electronic spectra  of
TPPH, and its other tetraarylheteroana-
logues.[12-16:22-241 A distinction has been
made between the intense Soret band in the
near ultraviolet and four Q bands in the
visible region. Relative to TPPH, a strong
bathochromic shift of the QI band of
ODTDPPH is observed. In O,TPP the in-
troduction of the two oxygen atoms causes
a strong bathochromic shift of the QI and QII bands and a
hypsochromic shift of QIII and Q IV compared with TPPH,,. In
the series oxa-, thia-, selena-, and telluraporphyrin systematic
bathochromic shifts have been found for the Soret and all Q
bands. However, in the series O, TPP, S,TPP, Se,TPP, the
marked bathochromic shifts are determined only for the Soret
and QIV and Q IIIbands. The dioxaporphyrin shows the QI
band with the lowest energy (4,,,, = 704 nm) of all heteropor-
phyrin systems investigated until now.

0.4

0.3

0.2

- 0.1

0.0 0.0

1 . |;“— " o
400 500 600 700
A [nm]

Figure 1. UV/Vis spectra of oxaporphyrins (dichloromethane, 293 K). Solid
line = ODTDPPH, dashed line = O,TPP.

The spectroscopic properties of ODTDPPH and O, TPP sug-
gest that they have aromatic character; this is consistent with the
presence of 4n + 2 melectrons. The aromaticity of oxaporphyrin
and dioxaporphyrin is confirmed by the "H NMR shifts of the
pyrrole protons (ODTDPPH: 6 = 8.82 trans, 8.62, 8.57 cis;
O, TPP: é = 8.38) and furan resonances (ODTDPPH: § = 9.21,
O,TPP: 6 = 9.10), and the upfield position of the NH reso-
nance of ODTDPPH (6 = —1.58). These values are accounted
for by the ring-current effect, which is specific for aromatic
macrocyclic systems.

Formation and characterization of nickel(11) complexes: Insertion
of nickel(i) into 3,10,15,20-tetraphenyl-21-oxaporphyrin was
readily achieved under moderate conditions by boiling a mix-
ture of ODTDPPH in chloroform and an ethanolic solution of
nickel(it) chloride hydrate. When applied to 5,10,15,20-te-
traphenyl-21,23-dioxaporphyrin, the procedure yielded a six-
coordinate [(O,TPP)Ni"Cl,] complex. The electronic absorp-
tion spectra of [(ODTDPP)Ni!'CI] and [(O,TPP)Ni"Cl,] are
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shown in Figure 2. A porphyrin-like spectrum is clearly present
for [((ODTDPP)Ni"Cl] with a Soret band and the three Q bands.
The electronic spectrum of [(O,TPP)Ni"CL,] is similar to the
spectrum of O,TPP (Figure 1). The coordination causes only
minor shifts in the band positions. The spectral similarities sug-
gest that the nickel(ir) insertion does not influence the geometry
of the dioxaporphyrin chromophore.

0.4

L . ! 1 N e 0.0
400 500 800 700 800

A [nm]
Figure 2. UV/Vis spectra of nickel oxaporphyrin complexes. Solid line =
[(ODTDPP)NI"Cl] (dichloromethane), dashed line = [(O,TPP)Ni"Cl,] (dichloro-
methane), dotted line = [(ODTDPP)Ni'] (benzene).

The acidic demetalation of [(ODTDPP)Ni'Cl] and [(O, TPP)-
NiCl,] in a dichloromethane/hydrochloric acid mixture gave
ODTDPPH and O,TPP, respectively, after chromatographic
work-up. However, the evaporation of the dichioromethane
layer produced in the course of [(O,TPP)Ni"Cl,] demetallation
yields the unusual nickel(m)—dioxaporphyrin compound formu-
lated as (O,TPPH),[Ni"Cl,], where two monoprotonated
dioxaporphyrins act as monocations neutralizing a [NiCl,]*~
anion. The electronic spectrum of (O,TPPH),[Ni"CL] (not
shown) is similar to O,TPP with slightly broadened bands. The
[(ODTDPP)Ni"C]] and [(O,TPP)Ni"*Cl,] complexes are para-
magnetic (S = 1), demonstrated by the distinctive isotropic shift
of pyrrole and phenyl resonances (Figure 3) in their '"H NMR
spectra. However, the 'HNMR spectrum of (O,TPPH),-
[Ni®Cl,] bears the features of a diamagnetic species. The
(O,TPPH)* —[Ni"Cl,]*" ion pair seems to be not tightly bound
in the chloroform solution.

NMR studies of paramagnetic nickel(i) complexes: The '"H NMR
spectra of the paramagnetic [(ODTDPP)NI"Cl], [(OPDTP)-
Ni'Cl} and [(O,TPP)Ni"Cl,] are shown in Figures 3 and 4. The
spectral parameters for these and other relevant compounds
have been gathered in Table 1. The spectroscopic data for
[(ODTDPP)Ni''Cl], [(OPDTP)Ni"Cl], and [(O,TPP)Ni"Cl,]
have been analyzed by consideration of their effective symmetry
in solution. [(ODTDPP)NI"CI] appears to have effective C,
geometry with the mirror plane passing through the nickel
atom, the chloride, and the furan oxygen. In this case there are
three distinct pyrrole protons and one furan proton. Two ortho
and two meta positions on each phenyl ring will be distinguish-
able by '"H NMR unless the rotation around the C,,,,,—C, bond
is sufficiently fast.[?5! The 'HNMR spectrum of [(OPDTP)-
Ni"'Cl] has been analyzed in the light of its C, symmetry. There

Chem. Eur. J. 1997, 3, No. 2
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Figure 3. NMR spectra (293 K) of: A) [(ODTDPP)Ni"Cl] (CDCl,, 'H NMR);
A) ((DJODTDPPNI'CY] (C,Dy, 'HNMR); B) [(OPDTP)Ni"CI): C) [(O,-
TPP)Ni"CL,] (CDCl,, 'HNMR); C) [([D,JO,TPP)Ni"Cl,} (CHCl;. 2HNMR).
Peak labels: pyrr: pyrrole ring protons; meso: 5-CH; f: furan.
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Figure 4. The 2D 'H COSY spectrum of [(ODTDPP)Ni"Cl] (CDCl,, 273 K). Up-
per map: lowfield region showing spin—spin coupling of regular pyrrole protons;
lower map: meso-phenyl region. Peak labels: trans-pyrr and cis-pyrr denote
7,8,17,18- and 12,13- pyrrole protons, respectively; f: furan; o, m. p denote reso-
nances of ortho, meta, or para protons of 10,15-phenyl rings; o', '’ are assigned to
ortho and meta protons of 5,20-p-tolyl groups.
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Table 1. 'H NMR data for nickel(1t) heteroporphyrins [a].

cis-Pyrrole trans-Pyrrole

Modified heterocycle

meso-Aryls

[(ODTDPP)Ni"C]] 57.53,18.12 36.92 30.23

[(OPDTP)NI"CI] 57.40, 57.60,17.77,17.23  57.60, 57.08

[(O, TPP)NillC1,] 50.86 37.72
L(STPP)NI"CI][b] 64.58, 32.52 30.91 —29.84
[(SeDPDTP)NI"Clj[c] ~ 68.32, 40.21 17.09 —38.75

30.72,29.79

11.43,9.80, 9.24, 9.17, 9.07, 8.47, 8.46, 8.43, 3.82 (p-CH,)

11.73,11.03, 9.72, 9.31, 9.22, 9.15, 8.93, 8.61, 8.27, 8.12, 7.91.
3.55.3.49 (p-CH,), —4.08 (meso H)

8.97,8.24, 8.15
9.93, 9.81, 9.74. 8.10, 7.31, 6.53, 6.17
10.76, 10.23, 9.75, 9.44, 8.66, 6.94, 6.30, 5.72

[a] All spectra recorded in CDCI; solution at 295 K. [b] Ref. [13b]. [c] Ref. [16].

are six distinct pyrrole positions, two furan positions, three
nonequivalent meso phenyl rings, and one meso proton. In the
NMR spectrum the lowered symmetry in comparison with
[(ODTDPP)NI'C]] is reflected by the doubling of each pyrrole
and furan resonance. A higher effective symmetry, D,,, can be
predicted for [(O,TPP)Ni"Cl,]. Such a geometry generates only
one pyrrole resonance and one furan resonance. The meso
phenyl rings are symmetrically equivalent, and produce only
three resonances. Their ortho and meta positions are pairwise
equivalent because of the mirror symmetry with respect to the
porphyrin plane. As well as geometrical considerations, relative
intensities, line widths, site-specific deuteration, and 2D COSY
experiments were used as the basis for the resonance assign-
ments, which are given above each peak in Figure 3. The most
characteristic feature for [(ODTDPP)Ni"Cl], the downfield res-
onance at d = 30.2, has been assigned to the furan S-protons. In
order to distinguish the pyrrole and furan resonances, the
'"HNMR spectrum of [([D4,JODTDPP)Ni"Cl] was recorded,
and is shown as trace A’ in Figure 3. The three pyrrole reso-
nances are in the § = 60—20 region. The additional resonances,
presented in detail in Figure 4, come from the meso phenyl pro-
tons. In the case of [(O,TPP)Ni"Cl,] the furan resonance has
been unambiguously identified at 6 = 37.7, since it is absent in
the 2H NMR spectrum of [([D,]O, TPP)Ni"C1] where the ligand
is deuterated in all S-pyrrole positions. (Figure 3, Table 1).

The two-dimensional COSY experiment is effective in con-
necting protons within pyrrole moieties and meso phenyl groups
of metallotetraarylporphyrins.[16-26 =281 Figure 4 shows repre-
sentative COSY data collected in [D]chloroform solution at
253 K. Crosspeaks reveal pairwise coupling between 7-H and
8-H (17-H and 18-H) pyrrole resonances (6 = 57.5 and 18.1),
denoted as cis-pyrr in Figure 4. No crosspeak is observed for the
resonance assigned to the 12-H, 13-H protons (trans-pyrr) by
default. Characteristic sets of crosspeaks resulting from cou-
pling between five protons of a phenyl ring have been estab-
lished and located in the COSY map for the two nonequivalent
phenyl rings of [(ODTDPP)Ni"CI]. The two ortho and meta
protons on each of the meso phenyl or meso tolyl rings are
nonequivalent, since the porphyrin plane bears different sub-
stituents on the opposite sides and rotation about the meso
carbon—phenyl bond is restricted.

Analysis of hyperfine shifts: Curie plots of the temperature de-
pendences of the chemical shifts of the [[ODTDPP)Ni"Cl} and
[(O,TPP)Ni"Cl,] pyrrole and furan resonances (not shown) are
linear, with extrapolated intercepts that do not correspond to
the appropriate diamagnetic references. Thus there is a small
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contribution to the dipolar shift from the anisotropy of zero-
field splitting (ZFS). The ZFS contribution results in T~ 2-de-
pendent curvature.!??: 3% However, the alternate directions of
the phenyl shifts in [(ODTDPP)NI"CI] and [(O,TPP)Ni"Cl,]
are compatible with the dominant n-contact contribution with
a negligible dipolar contribution. This is consistent with the
ground state of Ni", which has two unpaired electrons in the
o-symmetry orbitals (d,._,.)'(d,.)*. The downfield shifts of
three pyrrole and furan resonances are indicative of o-delocal-
ization of spin density.

The unprecedented downfield isotropic shift of the furan ring
is important as regards the nature of the interaction in the series
of nickel(11) 21-heteroporphyrin complexes including N-
methylated porphyrins and C-methylated inverted por-
phyrins. 13- 13¢16:311 preyvigusly we have always observed an
upfield isotropic shift of the modified pyrrole ring proton reso-
nances and discussed the n delocalization of the unpaired spin
density in nickel(11) heteroporphyrins and nickel(11) N-methyl-
porphyrins in terms of ligand-to-metal and metal-to-ligand
charge transfer. The strong tilt of the modified ring changes the
geometry of the spin density delocalization path as compared
with the regular pyrrole rings. The unpaired spin density was
localized on the molecular orbital dominated by the p, compo-
nent, which can transfer the o spin density but simultaneously
contributes to the « orbitals of the modified ring. The consider-
able differences in the spin densities at the particular pyrrole
carbons were related to the pattern of the occupied n and unoc-
cupied T* molecular orbitals.['3- 16!

In the case of [(ODTDPP)Ni"Cl] and [(O,TPP)NiCL,], the
downfield position of the furan resonances implies that the co-
ordination geometry of the furan ring is similar to that of the
pyrrole rings. Consequently, the downfield contact shift is deter-
mined by a o delocalization mechanism. Such a structure—
isotropic shift relation is consistent with our crystallographic
studies (vide infra).

Chemical reduction of [(ODTDPP)Ni"Cl] and [(O,TPP)-
Ni""CL]: Moderate reducing agents are sufficient to carry out
one-electron reduction of both [(ODTDPP)Ni"Cl} and
[(O,TPP)Ni"Cl,].1** Reduction in benzene by aqueous sodium
dithionite or zinc amalgam produced nickel(1) derivatives. To
avoid any complication with axial ligation, zinc amalgam has
been used for the preparative reduction according to reac-
tions (1) and (2): [(ODTDPP)Ni!] was isolated as a dark solid;

[(ODTDPP)Ni'Cl] +e~ —— [(ODTDPP)Ni}] +CI~ 5))

[(O,TPP)NI"Cl,] +¢~ —» [(O,TPP)Ni'Cl] +CI~ 2)
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Table 2. Selected interatomic distances and bond angles for nickel oxaporphyrins.
[(ODTDPP)NI*C]] [(O,TPP)Ni"Cl,] [(ODTDPP)Ni']  (O,TPPH)[Ni"Cl,] ODTDPP [a] furan [b)
Ni-O(1) 2.185(5) 2.133(4) 2.120(3)
Ni—N(1) 2.004(6) 2.001 (4) 1.950(4)
Ni-N(2) 1.955(5) 1.952(4)
Ni—-N(3) 2.063(5) 2.065(4)
Oo(1)-C(1) 1.397(8) 1.373(6) 1.390(5) 1.376(8) 1.380(4) 1.370
C(1)-C(2) 1.429(10) 1.400(8) 1.421(6) 1.402(10) 1.403 (4) 1.322
C(2)-C(3) 1.355¢10) 1.374(8) 1.355(6) 1.353(10) 1.363(4) 1.425
Ni-Ct 2.293(2) 2.428(2), 2.400(2) 2.254(4), 2.289(4), 2.292(4), 2.285(4)
O(1)-Ni-N(2) 163.9(2) 179.55(14) [c] 177.7(2)
N(1)-Ni-N(3) 158.7(2) 179.8(2) [d] 172.4(2)
C(1)-0(1)-C(4) 107.3(5) 107.8(4) 106.4(3) 107.3(5) 107.045)
O(1)-C(D-C(2) 107.6(6) 108.5(5) 108.6(4) 108.1(5) 108.0(6)
C(1)-C2)-C(3) 108.0(6) 107.7(5) 107.9(4) 108.8(6) 108.0(5)
[a] Ref. [12]. [b] Ref. [43]. [c] O(1)-Ni-O(2). [d] N(1)-Ni-N(2).
[(O,TPP)Ni'Cl} was generated directly before any spectroscopic Crystal and molecular structures of [(ODTDPP)Ni'|,

characterization, but not isolated. The electronic spectra of the
one-electron reduced species are included in Figure 2. The
chemical reductions are reversible. Addition of oxidants (O,, 1,)
regenerates the nickel(ir) complexes.

The EPR spectra of the reduction products as frozen toluene
solutions at 77 K are shown in Figure 5. Well-defined rhombic
patterns are observed with g, = 2.168, g, = 2.116, g, = 2.097

| T T T T T T — 1
280 290 300 310 320 330
B[mT] —
Figure 5. EPR spectra (toluene, 77 K) of: A) [(ODTDPP)Ni'], B) {(O,TPP)-

Ni'Cl). The solid line corresponds to experimental spectra. Simulated spectra are
shown as dashed lines.

(gio = 2.130 at 293 K) for [(ODTDPP)Ni] and g, = 2.295,
g, =2141, g, =2.090 (g,, = 2.144 at 293 K) for [(O,TPP)-
Ni'Cl]. The electronic structure of one-electron reduced species
can be discussed in terms of two canonical forms: nickel() oxa-
porphyrin (dioxaporphyrin) and nickel(1) oxaporphyrin (dioxa-
porphyrin) anion radicals.!'® Alternatively, the reduced mole-
cules can be considered as metallomacrocyclic radicals with
varied metallic contribution to the singly occupied MO. The
EPR spectral parameters highlight the strong contribution of
the &® electronic structure to the ground-state description and
corroborate the formulations [(ODTDPP)Ni'] and [(O,TPP)-
Ni'Cly.
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[(ODTDPP)NI'CI], [(O,TPP)Ni"ClL,], and (O,TPPH),-
INiCl,]: The structures have been studied by X-ray diffraction.
The perspective views of the complexes are shown in Figures
6-9. A selection of important bond distances and angles are
reported in Table 2. The structure of [(ODTDPP)Ni"'Cl] dis-
plays disorder in the location of the furan oxygen and one of the
cis pyrrolic nitrogens. Figure 6 only shows the major form. The

cin Cie)

Figure 6. A perspective drawing (with 50 % probability ellipsoids) of [(ODTDPP)-
Ni"'Cl] showing the major molecule orientation. The lower view in which aryl groups
are omitted emphasizes deviations from planarity.

nickel is displaced 0.3289 A out of the O(1)N(1)N(2)N(3) plane
toward the axial chloride. The deviation of the pyrrole planes
from the plane defined by dihedral angles between the pyrrole
(furan) and O(1)N(1)N(2)N(3) planes are as follows: O(1) 9.5°,
N(1) —12.9°, N(2) 7.0°, N(3) —8.6°. This can be described as a
saddie distortion mode for the oxaporphyrin macrocycle. The
Ni—N bond lengths are similar to the 2.038(4) A seen in a six-
coordinate, high-spin nickel(11) porphyrin complex*3 or 2.09 A
in a six-coordinate high-spin nickel(ni) hydroporphyrin com-
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plex.1®#! The similarities of bond lengths to those found for the
five-coordinate, high-spin nickel(1) tetraphenyl-21-thiapor-
phyrin,[*3% 2.094(3), 1.963(3), and 2.084(3) A, and high-spin
five-coordinate nickel(11) C-methylated inverted porphyrin,*!®!
2.030(8), 2.057(8), and 1.978 A, have also been noted. The
furan ring is planar and coordinates in the #' fashion through
an oxygen atom, which acquires trigonal geometry. Thus the
nickel(11) lies slightly above the furan plane with the angle be-
tween the O(1)C(1)C(2)C(3)C(4) plane and the Ni—O(1) bond
being 17.0°. In [(STPP)Ni"C]] the corresponding angle between
the SC(2)C(4) plane and the Ni—S bond is 63.3°.1* 32! The Ni" - O
distance is longer than the sum of the Pauling covalent radii of
octahedral nickel(11) (1.39 A) and oxygen (0.66 A) but falls in
the broad range observed for nickel(1r) —ether oxygen bond dis-
tances (1.99-2.31 A) 1351

The structure of nickel(i1) dioxaporphyrin (Figure 7) consists
of ordered molecules of [(O,TPP)Ni"Cl,] and disordered mole-
cules of dichloromethane. The Ni-N and Ni—-O bond length

02 Ni
=T
247 N s
ol
Qo

Figure 7. A perspective view (with 50% probability ellipsoids) of [(O, TPP)Ni"Cl].
The lower drawing emphasizes deviations from planarity.

are, as expected, similar to those of other paramagnetic
nickel(11) porphyrin (heteroporphyrin) complexes but slightly
shorter than those measured for [(ODTDPP)Ni"Cl]. The dioxa-
porphyrin skeleton is essentially planar. The furan ring is planar
and coordinates in the ' fashion through the oxygen atom,
which acquires trigonal geometry. Thus the nickel(1s) is practi-
cally coplanar with the furan ring. The Ni"-CI(1) (2.428(2) A)
and Ni"-CI(2) (2.400(2) A) bonds are the longest found for
high-spin nickel(if) heteroporphyrins ([(ODTDPP)Ni"CI]
2.293(2), [(STPP)NI“CI] 2.275(1) A),1'* but a comparable
Ni-ClI length (2.492 A) was observed in [Ni'(cyclam)Cl,].5>®!
This considerable lengthening of the Ni—Cl bonds can be as-
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cribed to the mutual frans interaction of axial chloride ligands.
A similar phenomenon was previously noted in the [(f-PPh,—
TPP)Fe"Cl,] structure in comparison with [(TPP)Fe''C1].?"
The locations of the oxygen atom and one of the cis-nitrogen
atoms in the structure of [(ODTDPP)Ni] are disordered. The
other nitrogen atoms are not involved in the disorder. Figure 8

cigy Cin

Figure 8. A perspective drawing (with 50% probability ellipsoids) of [(ODT-
DPP)Ni"], showing the major molecular orientation. The lower view, in which the
aryl groups are omitted, emphasizes deviations from planarity.

shows only the major form; here also nickel is located in the
furan plane and the furan ring coordinates in #* fashion through
the oxygen atom, which acquires trigonal geometry. In contrast,
the relevant angle between the Ni—S bond and the S(2)C(4)
plane of [(STPP)Ni] is 45.9°.11 3 The coordination center of the
(ODTDPP)Ni! molecule is nearly planar. The nickel is slightly
displaced (0.0683 A) out of the O(1)N(1)N(2)N(3) plane. The
deviation of the pyrrole planes from the plane defined by the
dihedral angles between the pyrrole and O(1)N(1)N(2)N(3)
planes are as follows: O(1) 5.5°, N(1) —14.8°, N(2) 7.2°,
N(3) —14.8°. This geometry corresponds to a saddle distortion
mode for the oxaporphyrin macrocycle.

Examination of the data in Table 2 indicates that the Ni-N
and N-O bond lengths decrease upon reduction of the high-
spin, five-coordinate [(ODTDPP)Ni!'Cl] to four-coordinate
[(ODTDPP)Ni']. These Ni'=N(1) and Ni'-N(2) distances locat-
ed in the ordered fragment of [(ODTDPP)Ni'] are even shorter
than those determined for [(O,TPP)Ni"Cl,]. The Ni' distances
of [(ODTDPP)Ni"] are shorter than those of four-coordinate
nickel(1) thiaporphyrin.l'*® Ni—O bond lengths of [(ODT-
DPP)NiC]] and [(ODTDPP)Ni'] follow the trend determined
for Ni—N bonds, although the disorder in these fragments ren-
ders such a comparison of the limited value. Analogously to the
[(STPP)Ni"CI]-[(STPP)NiY] couple, this comparison shows
that the reduction does not necessarily imply expansion of all
metal—ligand distances; for example, the pattern of two shorter
and two longer Ni' - N distances was determined in several Ni(1)
tetraaza complexes characterized by EXAFS or X-ray diffrac-
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tion.*®! In the cases where the coordination number is lowered,
a lack of expansion upon reduction is fairly general phe-
nomenon.'*®! There are also examples in which reduction with-
out ligand loss is accompanied by a decrease in metal-ligand
distance.!*®! Previously the dramatic shortening of the Ni-S
bond that occurred upon reduction of [(STPP)Ni*Ci] was con-
sidered to reflect n back-donation, which could be responsible
for the stabilization of the one-electron reduction product.!t3*!
The replacement of the sulfur by oxygen still produces a macro-
cycle which stabilises low oxidation states of nickel. This obser-
vation excludes a special role of the sulfur in the stabilization of
nickel().

For comparison the structures of some of the free ligands are
known. The structure of ODTDPPH was investigated previous-
ly.1'2) Here we present the structure of [(O,TPPH),][NiCl,],
where the dioxaporphyrin monocation formed by protonation
of one of the pyrrole nitrogens has been found. The hydrogen
atom of the NH group was clearly located on a difference map
and its position was subsequently refined. The cation is puck-
ered, as seen in Figure 9. The nonbonded distances (N(1)—N(2)

Figure 9. Perspective view of (O, TPPH)™" as found in (O, TPPH),[NiCl,] with 50%
thermal contours for all non-hydrogen atoms. A second view with aryl groups
omitted shows deviation from planarity.

4.00, O(1)-0(2) 4.25 A) compared with the N—N distances in
the monoxaporphyrin!'? and in TPPH, suggest that molecule
is not elongated.'*!? The unit cell also contains five disordered
molecules of dichloromethane. The nickel(i1) coordination con-
forms to expectations for a tetrachloronickel(u) anion. The
Ni''—Cl distances, 2.254(4), 2.289(4), 2.292(4), and 2.283(4) A,
are comparable to the 2.246-2.272 A range determined for
{NiC1 2~ .»2a

In the monooxa-and dioxaporphyrins and their nickel com-
plexes, the O-Cu, C,~C,, C;~C, bond lengths are practically
identical (Table 2). The aromatic character of the macrocycle
has an appreciable effect on the furan portions. Thus in these
macrocycles the C,—C, distances are longer and the C,~-C,
distances are shorter than in free furan.t*3 The pattern of C -
C, and C,~C, distances follows that seen in the pyrrole rings.
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These bond changes indicate that the n delocalization through
the furan ring is altered in monoxa- and dioxaporphyrins and
their nickel complexes. However, the C,—O bond lengths re-
main practically unchanged compared with those in furan.
These changes suggest that the n electron density has been al-
tered within the furan portion so that it is increased in the
C,;—C; bond, decreased in the C,—C; bond, and unchanged in
the C,—-O bonds. A similar influence of the aromatic macrocycle
on the delocalization pattern in the modified ring was observed
in the case of tetraoxa[18]porphyrin(1.1.1.1) dication,®* oza-
phyrin,i® and thia- and dithiaporphyrin 4

Discussion

The porphyrin core is well recognized as providing a stable
yet somewhat flexible environment for the coordination of
a great variety of metal ions. Introduction of other atoms
(O, S, Se, Te, or CH) produces new porphyrin-like macro-
cycles that are of interest for use as new complexing
agents [} ~4.12-16.22-24.45,46) The incorporation of furan,
thiophene, selenophene, or tellurophene rings in place of a
pyrrole alters the character of the macrocycle significantly. The
presence of the large heteroatoms shrinks the porphyrin core
relative to that of regular porphyrin TPPH,: STPPH N---S
3.547(8), N---N 4.40(1) A;** SeTPPH N -~ Se¢ 3.36, N- - N
4.49 A;1'®7 TeTPPH N---Te 3.13(1), N---N 4.65(2) A;[12
S,TPP S-S 3.069(6), N---N 4.65(1) A;1** Se, TPP Se- - - Se
2.91 A;122) SSeTPP S---Se 2.89 A;?Y STeTPP S - Te
2.65 A;221 TPPH, tetragonal N---N 4.108 A; triclinic 4.06,
4.20 A1 When considering complex formation between a
metal and complexing porphyrin or heteroporphyrin, the
matching of macrocycle cavity size to metal radius is of prime
importance.'*” The heteroporphyrin may be capable of modifi-
cation by stepwise controlled changes in its cavity size. In oxa
and dioxaporphyrins the size of the porphyrin-coordinating
center ODTDPPH (N---O 4.132A; N---N 4.034A) and
O,TPPH (O---04.25A; N---N 4.00 A) is comparable to that
of regular porphyrin, since the atomic radii of nitrogen and
oxygen are alike. We are thus able to anticipate a similar match
for a large variety of metal ions including nickel(1) and nickel(1r)
for the radius of the cavity in porphyrin and oxaporphyrins, a
situation radically different from that found for thiaporphyrin
or selenaporphytin.

This study has established a number of significant character-
istics of the oxa and dioxa core-modified porphyrins. Although
furan is generally considered to be a poorly coordinating lig-
and,!?7 =211 within the macrocyclic structure provided by these
core-modified porphyrins furan can function as a donor toward
nickel. In both the oxa and dioxa macrocycles, the furan rings
coordinate nickel so that the metal ion resides in the plane of the
furan ring and the furan ring is nearly coplanar with the rest of
macrocycle. In this sense, the nickel complex of oxaporphyrin
contrasts markedly with the nickel complexes of the thiapor-
phyrin and selenaporphyrin, where the coordinated thiophene
and selenophene rings are sharply bent out of the porphyrin
plane.l*> 131 A5 a consequence of the planarity of the oxapor-
phyrins, the *H NMR resonances of the furan protons exhibit
similar hyperfine shifts to those of the pyrrole protons. In con-
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trast, in the thiaporphyrin and selenaporphyrin nickel complex-
es, the protons of the thiophene and selenophene ring exhibit
opposing hyperfine shifts to those of the pyrrole protons.t*3: 151
The oxaporphyrin ligand, just like the thiaporphyrin ligand, is
able to stabilize the relatively uncommon Ni(1) oxidation
state.[1% 3849 =51 Thyg the sulfur atom of the thiaporphyrin is
not in fact responsible for some unusual effect that stabilizes
Ni(1).

Interest in the chemistry of Ni(1) complexes is prompted by
reactivity studies of F430, a Ni'" hydrocorphinoid complex that
is the prosthetic group of methyl coenzyme M reductase. EPR
data have already pointed to the importance of the Ni(1) in the
enzymatic mechanism [38-47-49-511

Constdering their properties, the oxa- and dioxaporphyrins
may be considered to lie between two ligand categories, namely
regular porphyrins and mono- and diheteroporphyrins of S, Se,
and Te. We have previously stated that five-coordinate complex-
es of monoheteroporphyrin are geometrically and magnetically
similar to their N-methylporphyrin counterparts.!!3- 481 21-Oxa-
porphyrin and 21,23-dioxaporphyrin act as the monoanionic or
neutral ligand as expected for heteroporphyrins. Electronegativ-
ity causes the oxygen o-donor properties to drop below even
nitrogen, which is more electronegative than sulfur or selenium.
The size of the coordinating centers N,O or N,O, discussed
above matches the geometry of regular porphyrins.

The structure of [(O,TPPH),]{NiCl,], which is composed
of two separate ionic units, the O,TPPH™ cation and the
[NiCl,]?~ anion, may serve as a suitable structural model for the
other diheteroporphyrins where the insertion of the metal ion
was previously attempted.?3!

Experimental Section

Solvents and reagents: [D]Chloroform (Glaser) and [Dg]toluene (CIL) were
used as received. All common solvents were purified by standard methods
and distilled prior to usc. 2,5-Bis(hydroxymecthyl)furan, pyridinium dichro-
mate, diethyl ether, and [D]pyrrole were supplied by Aldrich.

Furan-2,5-dicarboxaldehyde: 2,5-Bis(hydroxymethyl)furan (3.5 g, 27 mmol)
was oxidized with a slurry of pyridinium dichromate (30g) in
dichloromethane (400 mL) for 24 h. When oxidation was completed the solid
matter was filtered off, the solution volume was reduced to 100 mL, and
100 mL of diethyl ether was added. The resulting precipitate was filtered. The
solution was evaporated under vacuum; during evaporation a white precipi-
tate formed, which was collected by filtration, washed with ether, and dried
in vacuo to yield 2 g of furan-2,5-dicarboxaldehyde (yield 60%). 'H NMR
(300 MHz, CDCl,, 293 K): 6 =9.84 (s, 2H), 7.31 (s, 2H).

2,5-Bis(phenylhydroxymethyl)furan: This compound was synthesized in a
one-pot preparation by addition of phenylmagnesium bromide (20 mL, 1M
solution) in diethyl ether to an ether solution (300 mL) containing furan-2.5-
dicarboxaldehyde (1 g, 8 mmol). After 30 min, 1% sulfuric acid (20 mL) was
addced. Subsequently solid Na,CO, was added until the liberation of CO,
ccased. The organic phase was separated from the MgCO, precipitate by
filtration, and from the water layer. Then the organic phase was dried with
MgSO, and concentrated under reduced pressure to afford crude 2,5-
bis(phenylhydroxymethyl)furan as a pale yellow oil. 'HNMR (300 MHz,
CDCly, 293 K): d =7.41 (m, 10H}), 6.03 (s, 2H), 5.78 (d, 2H), 4.85 (b, 2H).
The compound is sufficiently pure (>95% by 'HNMR ) for use in subse-
quent reactions.

5,20-Bis( p-tolyl)-10,15-diphenyl-21-oxaporphyrin (ODTDPPH): This com-
pound was synthesised as previously described [12] from 2,5-bis(p-tolylhy-
droxymethyl)furan as the precursor. Oxaporphyrin deuterated in the -
pyrrole positions ([DJODTDPPH) was obtained in the same way from
[D;lpyrrole.
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5-Phenyl-10,15-bis( p-tolyl)-21-oxaporphyrin (OPDTPH): 2,5-Bis(hydroxy-
methyl)furan (7 g, 55 mmol) was oxidized with a slurry of pyridinium dichro-
mate (16 g) in dichloromethane (800 mL) for 12 h. The reaction progress was
checked by "H NMR. Under thesc conditions the product mixture contained
~ 50 % of the desired 2-carboxaldehyde-5-hydroxymethylfuran accompanied
by the furan-2,5-dicarboxaldehyde. When oxidation was completed the vol-
ume was reduced to 150 mL and diethyl ether (200 mL) was added. The
resulting precipitate was removed by filtration. The solvent was evaporated
and a mixture of aldehydes (1.9 g) was dissolved in diethyl ether (300 mL).
The Grignard reagent (phenylmagnesium bromide) was added as 1 M solution
in diethyl cther (30 mL). The products were concentrated under reduced
pressure to produce a pale yellow oil that contained a mixture of 2-(phenyl-
hydroxymethyl)-5-(hydroxymethyl)furan and 2,5-(phenylhydroxymethyl)-
furan. This mixture was used without further purification for the next step.
The oil was dissolved in deoxygenated dichloromethane (500 mL), and benz-
aldehyde (2.15mL, 18 mmol) and pyrrole (1.4 mL, 21 mmol) were added.
After addition of boron trifluoride etherate (4 mmol) the reaction mixture
was stirred for 1 h in the dark. p-Chloranil (5.9 g, 24 mmol) was added and
the solution was refluxed (1 h) and then taken to dryness under reduced
pressure by rotary evaporation. The product was dissolved in dichloro-
methane and chromatographed on a neutral alumina column to remove tarry
products, followed by chromatography on basic alumina. Two fractions con-
taining 5,20-diphenyl-10,15-bis( p-tolyl)-21-oxaporphyrin (ODPDTPH) and
OPDTPH were eluted with chloroform, evaporated to dryness, and recrystal-
lized from mecthanol/dichloromethane (1:1 v/v) to produce ODPDTPH
(55mg) and OPDTPH (40 mg). Anal. caled for OPDTPH-0.5CH,CI,
(C,oH,oN;0:0.5CH,Cl,): C 79.65, H 4.92, N 6.88; found: C 80.08, H 4.83,
N 6.79: "HNMR (300 MHz, CDCl,, 213 K): § =10.24 (s), 9.78 (d), 9.40 (d,
*J =4.7Hz), 9.17 (d), 8.88 (d, 3/ = 4.6 Hz), 8.94 (m, 2H), 8.68 (d), 8.59 (d,
3J = 4.9 Hz), 8.20 (m, 2H), 8.08 (m, 4H), 7.79 (m, 3H), 7.56 (m, 4H), 2.69
(s,3H),2.67(s,3H), —2.06 (s, 1 H); UV/Vis: A[am] (log &) = 418 (4.97), 534
(sh), 504 (3.68), 474 (sh), 606 (3.01), 664 (2.78).

O,TPP: 2,5-Bis(phenylhydroxymethyl)furan (1 g, 3 mmol) and pyrrole
(0.2 mL, 3 mmol) were added to deoxygenated dichloromethane (500 mL).
After addition of boron trifluoride etherate (0.5 mmol) the reaction mixturc
was stirred for 1 h in the dark. p-Chloranil (0.75 g, 3 mmol) was added and
the solution was heated under reflux (1 h) and then taken to dryness under
reduced pressure by rotary evaporation. The product was dissolved in
dichloromethane and chromatographed on a neutral alumina column to
remove tarry products, followed by chromatography on basic alumina. The
O,TPP fraction (orange-brown band) was eluted with dichloromethane,
evaporated to dryness, and recrystallized from dichloromethane/cthanol (1:1
v/v) to produce 90 mg of dioxaporphyrin (yield 10%). Dioxaporphyrin
deuterated in the S-pyrrole positions ([D,]O,TPP) was obtained in the same
way from [Dglpyrrole. Anal. caled for O,TPP-EtOH (C,,H,,N,O,-
C,H,0OH): C83.36,H 5.17, N4.23; found: C 83.42, H4.70, N 4.38; 'H NMR
(300 MHz, CDCl;, 295 K): 6 = 9.08 (s, 4H), 9.37 (s, 4H), 8.137 (m, 8 H),
7.73 (m, 12H); UV/Vis: A [nm] (log &) = 416 (4.99), 466 (sh), 496 (4.19), 526
(3.67), 640 (3.25), 704 (3.54).

[(ODTDPP)Ni''Cl}: A solution of nickel chloride tetrahydrate (200 mg,
1 mmol) in ethanol (5 mL) was added to a solution of 5,20-bis( p-tolyl)-10,15-
diphenyl-21-oxaporphyrin (50 mg, 0.07 mmol) in chloroform (40 mL). The
solution was heated under reflux for 2 h. It was cooled, and the solvent was
removed under reduced pressure. The solid residue was extracted with chloro-
form, and the chloroform solution was separated from the remaining solid by
filtration. The solution was subjected to column chromatography on silica gel
(Mesh 70). Elution with chloroform gave a red fraction that was recovered
as a solid after evaporation under vacuum. Recrystallization from
dichloromethane/hexane (50/50) produced 59 mg of [(ODTDPP)Ni'Cl]
(yield 80%). Anal. caled for (ODTDP)NICl-CH,Cl, (C,,H;,N,O-
CH,Cl,): C 65.85, H 4.00, N 4.90; found: C 66.10, H 4.07, N 4.95; UV/Vis:
A [nm)] (log &) = 422 (4.54), 540 (3.32), 582 (3.31), 630 (2.55).

{(OPDTP)Ni"Cl} was obtained in the same way from S-phenyl-10,15-bis-
(p-tolyl)-21-oxaporphyrin. UV/Vis: 2 [nm] (log &) = 421 (4.45), 430 (sh), 538
(3.35), 576 (3.37), 627 (2.53).

I(0,TPP)Ni"CL,]: A solution of NiCl,-4 H,0 (200 mg, 1 mmol) in methanol-
(5 mL) was added to a solution of 5,10,15,20-tetraphenyl-21.23-dioxapor-
phyrin (50 mg, 0.08 mmol) in chloroform (40 mL). The solution was heated
under reflux for 8 h. It was cooled, and the solvent was removed under
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Table 3. Crystallographic data for {(ODTDPPINI'CH, [(ODTDPPIN{Y, [(O,TPP)NI®CL,}, and [(O, TPPH),J{NI"CL].

[(ODTDPPINI" [{ODTDPP)NIY (O, TPPINI"ClL,) [(O,TPPH)NI*CL,]
s
empirical formula C,-H,,CHLNNIO CyoH ;s N3NIiO C.eH3,ClN,NIO, C,.sH3,CLN,Ni, O,
color, habit black, hexagonal black, parallelepiped black, wedge dark, needic
M, 821.83 740.51 916.15 930.26
crystal system monoclinic triclinic monoclinic triclinic
space group P2,/n P1 P2,/n PT
a(A) 15.2750(10) 9.785(2) 10.8544(9) 12.7932(14)
b (A) 11.1490 (10) 13.104(3) 15.227(2) 13.3412(10)
¢ (A) 22.705(2) 14.918(3) 25.398(2) 13.7131(11)
a () 90 103.82(3) 90 107.896(6)
56 101.030(10) 106.54(3) 96.011 (6) 104.236 (7)
(%) 90 93.00(3) 90 96.116(7)
V(A% 3795.3(5) 1765.6 (6) 4174.7(7) 2116.7(3)
T(K) 130 130 130 130
z 4 2 4 2
crystal size {mm) 0.33x0.28 x0.15 0.12x0.10 x 0.08 0.22x0.12x0.12 0.26 x 0.08 x 0.08
Peated (BCM ™) 1.438 1.393 1.458 1.46
radiation A (A) 1.54178 1.54178 1.54178 1.54178
# (Cug,) (mm™ 1) 3.009 1.134 4.533 4.84
range of transm factors 0.45-0.68 0.87-0.92 0.39-0.63 0.63 -0.73
R, [a.c] 0.1073 0.0846 0.0915 0.1213
wR2[b,c) 0.2266 0.1442 0.2105 0.3291
R, [d] 0.0806 0.0566 0.0735 0.0916

[a] R, = Z||Fy — BH/ZIF|. [b] wR2 = [ZIw(F; — FO)?/ZIw(F2)'2. [e] All data. [d] Data with £,>20(F,).

reduced pressurc. The solid residue was extracted with chloroform, and the
chloroform solution was separated from the remaining solid by filtration.
Recrystallization from a dichloromethane/hexane mixture (70/30 v/v) and
extended vacuum drying produced 50 mg of [(O,TPP)Ni"Cl,] (yield 83 %).
Anal. caled for C,,H,gN,0,NiCl,: C 70.96, H 3.79, N 3.76; found: C 70.55,
H 3.87, N 3.76; UV/Vis /. [nm] (log &) = 406 (4.69), 494 (4.00), 524 (sh), 612
(3.08), 676 (3.36).

[(ODTDPP)Ni'|: [(ODTDPP)Ni"Cl] (20 mg) was dissolved in benzene and
energetically stirred with zinc amalgam (2 h). The reducing agent was filtered
off and the solution of [(ODTDPP)N{'] was taken to dryness under reduced
pressure. All experiments were performed under nitrogen in a dry box (yield
10 mg). UV/Vis: 4 [nm] = 370, 417, 515, 547.

(O,TPP),[NiCl,]: The acidic demetallation of [(O,TPP)Ni"Cl,] (5 mg) was
carried out in a dichloromethane/hydrochioric acid mixture. The dichloro-
methane layer was separated and cvaporated to dryness. The product
was recrystallized from dichloromethane/hexane to yield [(O,TPPH),]-
[Ni"Cl,]. The same product was obtained when O,TPP (5mg) in
dichloromethane and NiCl, (20mg) in concentrated hydrochloric acid
(10 mL) were mixed together and the dichloromethane layer was separated,
passed through a short, neutral alumina column, and evaporated to dryness.
The product was recrystallized from dichloromethane/hexane (yield 3 mg).
UV/Vis 2 [nm] = 418, 519, 601, 664.

Instrumentation: 'H NMR spectra were measured on a Bruker AMX spec-
trometer that operated in a quadrature detection mode. The signal-to-noise
ratio was improved by apodization of the free induction decay, which typical-
ly induced 515 Hz broadening. The residual ‘H NMR spectra of the deuter-
ated solvents were used as a secondary reference. The 2D COSY spectrum of
[(ODTDPP)Ni"Cl} was obtained after a standard 1 D refercnce spectrum had
been obtained. The 2 D spectrum was recorded with 1024 points in ¢, over the
desired bandwith (to include all desired peaks) with 256 ¢, blocks and 1024
scans per block. All cxperiments included four dummy scans prior to the
collection of the first block.

EPR spectra were recorded on a Bruker ESP 300E spectrometer equipped
with a Hewlett—Packard 5350 B frequency counter. The magnetic field was
calibrated by means of EPR standards.

X-ray structure determination:

Crystal preparation: Crystals of [(ODTDPP)Ni{"CI]-CH,Cl,, [(O,TPP)-
NiCl,], and [(Q,TPPH),][Ni"Cl,]-5CH,Cl, were grown by diffusion of n-
hexane into a dichloromethane solution of the appropriate complex in a thin
tube. Crystals of [(ODTDPP)Ni'|C,H, wcre prepared by diffusion of acetoni-
trile into a benzene solution in a thin tube under strictly anaerobic conditions.
Suitable crystals were coated with light hydrocarbon oil and mounted directly
in the 130 K dinitrogen stream of the low-temperature apparatus.

X-ray dara collection: Data were collected at 130 K on a Siemens P4/RA
diffractometer equipped with a Siemens LT-2 low-temperature apparatus.
Two check reflections showed random (less than 2%) variation during the
data collection. The data were corrected for Lorentz and polarization effects.
The radiation employed was Ni-filtered Cuy, from a Siemens rotating
anode source operating at 9kW in the case of [(ODTDPP)Ni'l-C H,
and [(O,TPPH),][Ni"Cl,]-5CH,Cl,; the normal focused sealed tube
(monochromator graphite-filtered Cuy,) was used in the data collections for
[(ODTDPP)Ni"Cl]-CH,Cl, and [(O,TPP)Ni"Cl,]. Crystal data are com-
piled in Table 3.

Solution and structure refinement: Calculations were performed on a PC with
SHELXTL v.5. Scattering factors for neutral atoms and corrections for
anomalous dispersion were taken from the standard source [52]. An absorp-
tion correction was applied to the structures [53]. The solutions were obtained
by direct methods.

[(ODTDPP)Ni"'Cl]-CH,Cl,: There is disorder in the oxygen atom loca-
tion, and the N(3) atom was refined as coincident with O(1). The relative
occupancies are 80.2% and 19.8%. A molecule of dichloromethane in the
lattice exhibits six disordered positions for the chlorine atoms and three for
the carbon atoms.

[(ODTDPP)Ni']-C H,: The position of the oxygen atom is disordered over
two positions in the proportions 56.9 % and 43.1 %. The disorder was treated
by examining several different models that place the oxygen in the nitrogen
site of the pyrrole group involving N(3). The occupancies were determined by
requiring that two oxygen atoms have reasonable thermal parameters. Once
determined from the latter difference maps the positions of O(1) and N(3),
O(1)" and N(3)" were fixed during the refinement. A molecule of benzene in
the lattice occupies two disordered positions with relative occupancies of
50%.

[ (0, TPP)Ni*Ci,j-2CH,Cl,: There is no apparent disorder in the position
of the N and O atoms. One molecule of dichloromethane in the lattice is in
an ordered position with one of the hydrogens interacting with the axial
chloride ligand; the second dichloromethane has three disordered positions
for the chlorine atoms.

[(O,TPPH),Ni"'Cl,]-5CH,Cl,: The structure was solved by direct
methods. There is no apparent disorder in the positions of the N and O atoms.
If their positions are switched the R1 value increases from 0.0941 to 0.0946
and the thermal parameters are skewed. The positive charge of the porphyrin
cation is balanced by one half unit of NiCl} ™ in the asymmetric unit. The site
is shared by one half of a molecule of CH,Cl,. Four other molecules of
CH,Cl, are also at one-half occupancy; carbon atoms were located for three
of these. The fourth has two different sites for one of the chlorine atoms:
CI(11), 0.5 occupancy; CI(12) and CI(13), 0.25 occupancy. Distance restraints
of C—C11.77(2) A and Cl--- C1 2.89(2) A were applied to the atoms of the
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disordered CH,Cl,’s. There is rotational disorder that involves one of the
phenyl rings, C(33) to C(38). This was modeled by the use of two equal sets
of carbon atoms, set A and set B (refined as a rigid group). Hydrogen atoms
were included at their geometrically idealized positions and refined by use of
a riding model. The hydrogen bonded to N(2) was located in a difference
Fourier map before being thus positioned. All hydrogen thermal parameters
were 20% greater than the equivalent isotropic thermal paramecter of the
bonded atom. Refinement was by full-matrix least-squares methods, based on
F?, from all data with anisotropic thermal parameters for non-hydrogen
atoms except for the carbons of the disordered phenyl group. The largest
peaks in the final difference map were less than 0.74 e A3,

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-1220-47. Copies of the data
can be obtained free of charge on application to the Director, CCDC,
12 Union Road, Cambridge CB21EZ, UK (Fax: int. code +(1223) 336-033;
e-mail: teched@chemcrys.cam.ac.uk).
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Structural Effects in the Reductive Activation of (Indenyl)RhL, Complexes:
The Reduction of [Rh(y%-CoH)(n*-cod)]

Christian Amatore,* Alberto Ceccon, Saverio Santi, and Jean-Noél Verpeaux

Abstract: The reduction of the indenyl
complex [Rh(3-C4H,)(n*-cod)] has been
investigated in the context of structural
effects induced by the transfer of one elec-
tron. The reduction of this complex oc-
curs in two steps, leading first to the radi-
cal anion and then to the highly frangible

deny! anion. In the presence of free cy-
clooctadiene, the related cleavage leading
to the indenyl anion and bis-cyclooctadi-

Keywords
electron transfer + indene -
rhodium

kinetics -

ene rhodium fragments now follows a
Michaelis— Menten-type mechanism in-
volving precoordination of one extra
COD ligand to the initial radical anion.
These results suggest the modification of
the hapticity of the indenyl ligand in con-
nection with 17- and 19-electron metal-

dianion. Both species eliminate the in-

Introduction

The one-electron-transfer activation of coordination complexes
of transition metals most generally results in an electronic and
structural alteration of the coordination shell in relation to the
ability of the metal center(s) or ligands to gain or lose this
electron. Structural modifications involving cleavage or forma-
tion of chemical bonds can thus be induced in the highly activat-
ed species. This may lead to ligand exchange, metal-metal bond
formation, or ligand reorganization, all reactions extensively
documented in the literature.'* 2! Among these subsequent pro-
cesses, changes in the hapticity with redox state is of special
interest' since the corresponding reversible ligand distortion
amounts to a modification of the electronic density at the metal
center, which could eventually protect the complex against more
drastic reactions (e.g., ligand cleavage). Complexes bearing in-
denyl (In) ligands are illustrative:'*J for example, reduction of
the 18-electron cation [(n°-In),V(CO),]* gives the [(°-In)-
(73-In)V(CO),] radical after slippage of one five-membered
ring,’®! whereas the same treatment of the corresponding cy-
clopentadienyl complex [Cp,V(CO),] leads to the cleavage of a
molecule of CO.

This possibility of accommodating various electronic envi-
ronments provides chemical flexibility associated with enhanced

[*] C. Amatore, J.-N. Verpeaux
Département de Chimie de I'Ecole Normale Supérieure, URA CNRS 1679
24 rue Lhomond, F-75231 Paris cedex 05 (France)
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e-mail: amatore@chimene.ens.fr
A. Ceccon, S. Santi
Universita degli Studi di Padova, Dipartimento di Chimica Fisica
Via Loredan 2, 1-35131 Padova (Italy)
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centered intermediates.
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Scheme 1. The indeny! slippage process.

reactivity (the indenyl effect),[®) which justifies quantitative in-
vestigation of this indenyl slippage process (Scheme 1).

[(In)RhL,} (In = indenyl) complexes have proven to be very
efficient catalysts for the hydroacylation of olefins, cyclotrimer-
ization of alkynes or even hydrocarbon CH bond activation.!”]
The “indenyl effect” is quite strong in this series; it was shown
that a ligand exchange reaction became faster by a factor of 103
when the cyclopentadienyl ligand in [CpRhL,] was replaced by
the indenyl ligand. Since the catalytic efficiency is also heavily
dependent on the ability to accommodate new ligands in and
out of the coordination shell, it was decided to investigate the
effect of electron-transfer activation on the structural properties
of the complex [(In)Rh(cod)], where cod is cyclooctadiene, both
in the presence and absence of extra ligand. Kinetic data allowed
the range of stability and reactivity of the monoanion
[(In)Rh(cod)] ™ to be established (in the presence and absence of
free COD), and finally to propose a mechanism for the stepwise
decoordination of indenyl involving a precoordination of a sec-
ond COD ligand (see Scheme 3).
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Results and Discussion

Delineation of reactivity induced by electron transfer

Reduction of [ (in)Rh{cod)] alone: As shown in Figure 1, the
cyclic voltammogram at 0.5 Vs~ ! of a 3 mm solution of the title
compound in THF/0.3m »Bu,N-BF, exhibited two reduction

60
< i
5 40
p—
=
O 20¢
=
=
O 00 N\F_f

-20 - -
00 -10 -20 -30

Potential (V vs. SCE)

Figure 1. Experimental (solid line) and simulated (circles) voltammetric reduction
of {{In)Rh(cod)], 3 mMm, in THF/0.3 m nBu, BF, at a gold disk electrode (0.5 mm
diameler); v = 0.5 Vs~ ", 20°C. Thermodynamic and kinetic parameters used in
the simulated voltammogram: EY = —235V vs. SCE, k) =5x10"3cms™",
o, == 0.35, E= "2.65V vs. SCE, k9 =5x 10" ems ™', a, = 0.35, k; = 0.6s7",
ky = Sm7sT and k22x10% s7? (see text and experimental scction) (14].

waves at rather negative potentials. The first wave was chemical-
ly partially reversible although electrochemically irreversible
(x =035 AEP=EP —EP, =140mV at 0.5Vs~!) whercas
chemically the second wave was totally irreversible. The peak
current function of the first wave, that is, i® v~ Y2, was nol con-
stant with the scan rate (Figure 2), thus establishing that the
first reduction wave involved a subsequent reaction coupled
with further electron transfer.[®!

(G WA e W

i/ ®

scan rate v(Vs™1)

00 st et
001 0.1 1 10 100

Figure 2. Variations of the current function (i7v™'/2) of the first reduction wave
(top) and of the ratio (i%/i%) of the peak current of the second and first reduction
wave (bottom) of [(In)Rh(cod)], 1S mM in THF/0.3M nBu,-BF, at a gold disk
electrode (0.5 mm, 0.125 mm or 25 um diameter according to the scan rate), 20 "C.
Symbols: experimental data; solid lines: theoretical variations based on simulations
using the set of thermodynamic and kinetic parameters given in Figure 1. Note that
the current function (top) is normalized to its value at infinite scan rate (here
v> 100 Vs~ ') where the wave obeys a chemically reversible but slow charge transfer
kinetic regime [8]; because of this choice the normalized current function reaches
values larger than two at low scan rates, although this corresponds to a two-electron
limit.
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Determination of the absolute electron stoichiometry!® at
sufficiently high scan rate (v>2 Vs™!) showed that within this
timescale the first wave corresponds to a one-electron process
(n,,, =1.240.2). This process was associated with the observa-
tion of a chemically fully reversible wave, provided that the scan
was inverted between the two reduction waves. Both facts indi-
cate that the anion radical [(In)Rh(cod)]™ is the reduction
product for the first wave [Eq. (1)], provided that the timescale
is short enough, that is, v>2 Vs~ L.

At lower scan rates, for example 0.5 Vs~ ! (Figure 1), this
intermediate is not fully stable, as indicated by the growth of the
current function of the first peak (n,,,> 1) and by the partial loss
of chemical reversibility of the wave. The second wave can then
be assigned a priori either to the further reduction of the anion
radical, or to the reduction of one of the products formed by
evolution of the anion radical. The fact that the second wave
corresponds to the further reduction of the anion radical to the
dianion [(In)Rh(cod)]*>~ [Eq. (3)] was established by the obser-
vation that at large scan rates (v>2 Vs ') the two reduction
waves had approximately the same size (viz., corresponded
to one electron each). Thus, when the decomposition of
[(In)Rh(cod)]™ was suppressed, the amount of species reduced
at the second wave was quantitative (Figure 2). Despite its one-
electron stoichiometry, the second wave remained chemically
irreversible over the complete range of scan rates investigated
(v< 100 Vs~ "), which showed that the dianion was considerably
less stable [r,<0.2ms, Eq.(4)] than the anion radical
Chronoamperometric experiments in which #(0), the current
measured at the end of a potential step of duration 0 = Q.2 s,
was plotted as a function of the step potential confirmed the
existence of a monoelectronic reduction when £, > — 2.55V

step
and of a bielectronic overall reduction at more negative values.

[(In)Rh(cod)] +e¢° —= [(In)Rh(cod)] " (EY = —235Vvs SCE) (1)

[(In)Rh(cod)] ~ ---> ete. (r<2Vs™H (2)

[(In)Rh(cod)]~ +e~ — [(In)Rh(cod)]*~
(E? = — 272V at 0.5Vs ) (3)

[(ImRh(cod)[?~ — etc. (fast, 1,<0.2ms) (4)

The gradual loss of reversibility of the first reduction wave on
increasing the timescale (decreasing the scan rate) associated
with a concomitant rise of the current function (Figure 2) sug-
gested that Equation (2) corresponds in fact to the setting up of
an ECE/disproportionation process!!®! in which the anion radi-
cal formed in the first wave generated a product that was quan-
titatively reduced at this potential.

Figure 1 shows that an oxidation wave at —0.43 V is present
on the reverse potential scan provided that the potential scan is
inverted after the first reduction peak. This wave is much more
intense when the potential is reversed after the second reduc-
tion wave. It could be assigned to the oxidation of the indenyl
anion by comparison with an authentic sample generated by in
situ deprotonation of indene. This indicates that the indenyl
anion, In ", is a common reaction product of each redox process.

Reduction of [ (In)Rh(cod)] in the presence of free COD: The
reduction of [(In)Rh(cod)] in the presence of one equivalent of
COD was then investigated. Figure 3a shows the voltam-
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Figure 3. Voltammetric reduction [(IRh(cod)]?” — In~ +{Rh(cod)]” (k>2x107s™H (5)
—_ of [(In)Rh(cod)], 15 mm, in THF/
é 0.3M nBu, - BF, at a gold disk elec- [Rh(cod)]” —— degradation products (6)
= trode (0.5mm diamcter), in the
@ - . .
E presence of added COD; v= [Rh{cod)]” represents an unstable, unsaturated anionic
© 0.5Vs™!, 20°C. ) Volun- rhodium fragment. No direct information concerning the nat
mograms in the absence (dashed ium fragment. No direct information erning the nature
line) or in the presence (solid line) or the fate of this rhodium center could be obtained in this
Potential (V vs. SCE) of one eqllli"ale“t of C10D' b:hE"‘ study,!*?! since no wave that could have been ascribed to this
rimenta N CIrcies) or O~ . . . . . .
. 175 pe fop ) species was visible on the cathodic or anodic voltammetric

SO retical (solid line) variations of the
(® e peak current of the first reduction
1.50 e wave normalized to its value in the
absence of COD. The theoretical
curve was obtained by simulation
P based on the set of thermodynamic
and kinetic parameters given in
Figure 1 and k*=10.5s5""'. p=
-3 -2 -1 o b/ k. k) =1.5M" s (see
log ([COD] /M) text). The dashed line is the theo-
4 retical prediction for a classical §2
©) o mechanism (as in Scheme 2). Note
that although the limit of the
dashed line at infinite COD con-
centration corresponds to a two-
electron process, it appears smaller
in the Figure because of the nor-
malization used, since the peak
current in the abscnce of added
o 5 10 15 COD  already corresponds to
COD (equiv) 1.15 electron per mole. ¢) Plot of
the same experimental data as in
(b) in the form of Equation (17); the regression line (correlation coefficient 0.985)
corresponds to k* =10.5s ' and p = ky/(1 +k_y/k*) =1.5M"s™ !, and is identical
to the solid working curve in (b).
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mograms obtained before (dashed line) and after (solid line) the
addition of the free ligand. Comparison of such voltam-
mograms indicates that, within the same timescale (i.e., at con-
stant potential scan rate), addition of COD results in 1) an
increase of the peak current and a loss of reversibility of the first
reduction wave, 2) a decrease of the peak current of the second
one associated with a marked positive shift of its peak potential
(50 mV for one equivalent of COD added at 0.5 Vs~ 1), and
3) the observation on reverse potential scan of a set of two new
oxidation waves of nearly equal intensity (at E® —1.15 and
—0.78 V versus SCE for v = 0.5 Vs~ 1) in addition to the oxida-
tion wave of the indenyl anion.

An independent study of the voltammetric reduction of an
authentic sample of [Rh(cod),]” in the same medium led to the
observation of two consecutive one-electron reduction waves
corresponding to the cation/radical and radical/anion redox
couples, in agreement with previous observations, albeit in dif-
ferent solvents.l'!! The position of the waves allowed assign-
ment of the new set of oxidation waves in Figure 3a to the
successive monoelectronic oxidation of [Rh(cod),]” and [Rh-
(cod),]. respectively.

Kinetics and mechanism

Mechanism in the absence of free ligand: In the absence of free
COD ligand, the electrochemical reduction of [(In)Rh(cod)] led
to the monoanion and then, at a more negative potential, to the
dianion. The dianion is very unstable, its lifetime being less than
0.2 ms, and undergoes a fast cleavage of the indenyl anion,
oxidation of which was observed at —0.43 V. Thus, a reasonable
description of the process at the second wave can be given ac-
cording to Equations (3), (5), and (6).
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scans. Such an unsaturated rhodium anion is not expected to be
stable, since it is formally a t4-electron complex, which may
explain why no electroactive fragment could be detected in the
absence of extra ligand. Note that the observation of rhodium
bis(cyclooctadiene) redox couples in the presence of added cy-
clooctadiene also supports the formation of a [Rh(cod)]™ frag-
ment in the absence of COD.

The anion radical is far more stable; nevertheless, it afforded,
through a route involving uptake of an additional electron, the
same indenyl anion formed by cleavage of the dianion [Eq. (5)].
Two possible routes could be proposed to account for this be-
havior. One consists of a slow endergonic disproportionation
[Eq. (7)], leading to the dianion and thus being continuously
displaced by its fast cleavage [Eq. (5)]. This route could be ruled

2[(In)Rh{cod)] = ——

[{In)Rh(cod)] +{(IMRh(cod))*~ (AG® = F(E® —E)>0) (7)

out based on the fact that the chemical irreversibility of the first
wave was independent of the concentration of the substrate.[*3]
A second route consists of an ECE/DISP sequence,!'® in which
the anion radical underwent a slow cleavage, leading to the
indenyl anion and to a reducible rhodium-centered fragment.
According to simple stoichiometry, this rhodium species must
be [Rh(cod)], reduction of which at the electrode surface (or
homogeneously) should afford the same [Rh(cod)] ™ fragment as
that formed on decomposition of the dianion [Eq. (5)]. All the
experimental observations converge, therefore, on the mecha-
nism at the first reduction wave being described by Equa-
tions (8)—(10).

[(ImRh(cod)] +e~ == [(In)Rh(cod)]” (E® = —2.35V vs SCE)  (8)

[(In)Rh(cod)]” — [Rh(cod)] +1In~ 9)

[Rh(cod)} +e~ — [Rh(cod)]~ (FP>EY (10)

Quantitative assessment of the two mechanisms described
above could be performed only based on simulation procedures
because of the intrinsic slowness of the two electron transfers
[Egs. (3) and (8)]. The rate of electron transfer for Equation (8)
(k% = 5x 1073 cms ™ !) was adjusted based on the peak-to-peak
separation® of the first wave at high scan rates (v>5Vs™'),
where the wave was chemically reversible."!*! An arbitrary rate
constant for the cleavage of the dianion [Eq. (5)] was chosen to
be sufficiently large for the simulations to result independent
of this parameter. Therefore the simulations of a series of
voltammograms at moderate scan rates (v<3 Vs~ ') required
only determination of the rate constant for the cleavage of the
anion radical [Eq. (9)].

First, this parameter was adjusted (k; = 0.6 s™!) to reproduce
the experimental dependence of the peak current of the first
wave as a function of the scan rate (compare Figure 2). How-
ever, and despite the good agreement between simulations and

0947-6539]970302-0281 § 15.00+ 25]0 — 281





FULL PAPER

C. Amatore et al.

experimental results for the peak current, we found that this rate
constant led to a degree of reversibility of the first wave that was
slightly smaller than the experimental value, especially when the
second wave was scanned before the potential scan inversion.
This result indicates that products formed at the second wave
could affect the overall stability of the anion radical. The most
simple explanation to account for this phenomenon is that the
cleavage of the anion radical is slightly reversible. The effect of
such a slight reversibility could be negligible at the level of the
first peak current, where the flux production of the stable in-
denyl anion is small. Conversely, because scanning the second
wave resulted in the build-up of a quantitative concentration of
indenyl anion in the diffusion layer, a bimolecular reverse reac-
tion could lead to partial reversal of the cleavage reaction, lead-
ing then to an apparent increase in the reversibility of the first
wave. The validity of this hypothesis was checked by means of
simulations based on the above value of k., by adjusting the rate
constant %, of the reverse reaction so that the experimental
degree of reversibility could be correctly reproduced in the sim-
ulations (k, = 5M~'s™") [Eq. (11)].1'*

[(In)Rh(cod)]~ ;—_:—r:‘ [Rh(cod)] +In"~ (11)

The rate constants &, and &, of the forward and reverse reac-
tions, respectively, were thus determined and the mechanistic
sequence [Eqgs. (8), (11), and (10)] demonstrated. Note that it
can be seen from the small value of &, (which leads to a pseudo-
first-order rate in the range of 0.01 s™* for a 2 mM substrate
concentration) that the coupling between indenyl anion and
the Rh(cod) fragment is not a favorable process unless the con-
centration of indenyl anion is high and the equilibrium dis-
placed toward its left-hand-side by the reoxidation of the
[(In)Rh(cod)]™ anion radical. This explains why the current
function of the first reduction wave depended almost exclusively
on the forward process (i.e., on k;)I'*! while the reversibility of
the wave was also a function of the reverse reaction [Eq. (11)],
that is, of k, and of the concentration of the indenyl anion, that
is, the point of inversion of the potential scan.

Mechanism in the presence of free COD: The presence of free
COD ligand provided further support for Equations (5) and
(11), since this allowed the rhodium fragments to be stabilized
by COD coordination, thus permitting their identification based
on the observation of the characteristic system of paired one-
electron waves due to the sequential oxidation of the anion
[Rh{cod)]?~ and of the radical [Rh(cod),]!*!! Thus, the forma-
tion of indenyl anion on the one hand, and rhodium bis(cyclooc-
tadiene) anion on the other, both detected by their oxidation
wave on the reverse scan, suggest that the same overall reactivity
was preserved in the absence of COD.

The increase of the first reduction wave at the expense of the
second, as well as the loss of reversibility when COD is added to
the solution, indicates decreased stability of [(In)Rh(cod)]™ in
the presence of COD. One could argue that this effect is only
indirect and reflects suppression of the reverse reaction
[Eq. (11)] because of a fast stabilization of the rhodium frag-
ment by COD coordination after the cleavage. This first inter-
pretation was rejected, however, because we saw above that the
reverse reaction does not significantly influence the current
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function of the first wave. Since this is mainly a function of the
forward step (i.e., of k,, which would not be modified in this
process) we are forced to conclude that COD reacts directly with
the anion radical (in an associative mechanism), in competition
with Equation (11}, that is, with the former spontaneous de-
composition of this species.

The mechanistic sequence shown in Scheme 2 is kinetically
equivalent to that in Equations (8)—(10), with an apparent rate

ke
Rh(COD) + In”
(IN)Rh(COD)" cob
Rh(COD);+ In”
k, [COD}
-

Rh(COD); + In

Scheme 2. Mechanistic sequence of the overall decomposition of the anion radical
[(In)Rh(cod)] ™.

constant k, . = k; +k,[COD] for the overall decomposition of
the anion radical [(In)Rh(cod)] ™ 1! Accordingly, this apparent
rate constant should be made as large as desired just by increas-
ing the concentration of COD. That means that for a given scan
rate, it should be possible to make k,,, sufficiently large to reach
the two-electron limit of the ECE process simply by increasing
the excess of COD. Conversely, at a given COD concentration,
the same two-electron limit should be achieved by decreasing
the potential scan rate v (compare, ¢.g., the analogous effect in
Figure 2), since the actual parameter that governs the current
function of the first peak is then k, /v = (k; +k,[COD])/v.l""
Experimentally, we did not observe such symmetric roles for
[COD] and scan rate. Indeed, if a two-electron limit could be
reached on decreasing the scan rate, the limit reached by increas-
ing the COD concentration at a given scan rate was significantly
lower (Figure 3b) and, furthermore, depended on the scan rate,
being closer to the two-electron limit the smaller the scan rate.
This asymmetry is sufficient to rule out the occurrence of the
mechanism in Scheme 2, at least within its present formulation.
The existence of a limit less than the expected two-electron
limit on increasing the COD concentration implied a leveling of
its effect. The simplest way to account for such a saturation
within the framework of Scheme 2 was to consider a Michaelis—
Menten-like mechanism, in which the COD-assisted cleavage of
[(In)Rh(cod)]™ occurs by a two-step mechanism involving re-
versible addition of COD to the anion radical followed by a fast,
irreversible cleavage of the adduct [Eqs. (12) and (13)] that is

[(In)Rh(cod)]” +cod TL [(In)Rh(cod),]” (12)
[(ImRh(cod),]” < (Rh(cod),] +1n- (13)

COD-independent. At sufficiently low COD concentration, the
equilibrium according to Equation (12) is expected to lie mostly
to the left-hand side. Thus, the apparent rate law for the chem-
ical decomposition of the anion radical can be expressed simply
as Equation (14), showing that the whole sequence then behaves
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as explained above for Scheme 2, with &, now being equal to
k*k,/(k* 4+ k_,). This scheme predicts an increase in the current

*

K*k, B
d[(ImRh(cod) Ydr ~ — {k* ——lcop) +kf}[(]n)Rh(cod) ] (14
-3

function of the first wave with an increase in the COD concen-
tration or a decrease in the scan rate. Conversely, at sufficiently
high COD concentration, the equilibrium in Equation (12) is
expected to be shifted completely toward the right-hand side.
The kinetics of the sequence given by Equations (12) and (13) is
then controlled only by the rate of cleavage of the adduct, that
is, by k*. The current function, therefore, becomes independent
of the COD concentration, but still increases with a decrease in
the scan rate.

Therefore, the sequence in Equations (12) and (13) qualita-
tively explains the experimental behavior described above. In a
general case, that is, when [COD] is not an extreme value, the
system still behaves as an ECE sequence [i.e., as given in
Eqgs. (8)-(10)] with an apparent rate constant &, for the decay
of the anion radical given by Equations (15) and (16).

d[(In)Rh(cod)~J/dt = —k,,,[(In)Rh(cod)"] (15)

* kf *k*
Koop = [1 Bk, leod (1 +k_3/k*>] e

When [COD)] is sufficiently small for [COD} < (k* +k_3)/k,,
one obtains k. ~k; +k;k*[COD]/(k* +k_;), which then
leads to a rate expression identical to the above limiting Equa-
tion (14). Conversely, when [COD] is sufficiently large for the
condition [COD]» (k* +k_,)/k; to be true, Equation (16) can
be simplified into k, = k*, which shows that the rate of cleav-
age of the anion radical becomes independent of the COD con-
centration. One interesting aspect of this latter limiting case is
that it allows the independent determination of k* (i,
k* =10.5 s~ 1) based on the scan rate dependence of the current
function measured at high COD concentration, that is, in the
range of concentration where the current function is dependent
on the scan rate but is independent of [cod] (compare Fig-
ure 3b). Independent knowledge of k* and k; allows Equa-
tion (16) to be rewritten as Equation (17). This formulation

Bk ) = (kopy = kf(K* = k) = [k (k¥ +k_3)]{COD]

app app-

= (p/k)[COD] am

shows that the function F(k,,), which can be evaluated from the
experimental k., values determined by simulating at each scan
rate and COD concentration a simple irreversible ECE se-
quence* ! (vide supra for the determination of k;), must depend
linearly on [COD]. This is actually what is observed in Fig-
ure 3¢,[!7 thereby supporting the above mechanism [Eqs. (12)
and (13)]. Furthermore, from the slope of the regression line and
from independent knowledge of k*, the rate parameter p
(p=ky/(1 +k_,/k*)=1.5mM"'s™ 1) can be determined. Note,
however, that the individual rate constants k, and k _ ; cannot be
determined because the current function is independent of their
actual values but depends only on k;, k*, and p [compare with
Eq. (16)}. Based on the knowledge of these three rate parame-
ters, the theoretical variations of the current function of the first
wave can be simulated as a function of the COD concentration
at any scan rate based on the complete mechanism [namely,
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Egs. (8), (12), (13) followed by the exergonic reduction of
[Rh(cod),]] and compared with the experimental dependence. It
is seen in Figure 3b that the agreement between experimental
determination and prediction (solid line) is excellent, providing
additional support for the validity of the mechanism represent-
ed by Equations (12) and (13).

Structural aspects: Electrochemical methods are quite efficient
for picturing intermediates and providing kinetic data necessary
to build reactivity schemes. Unfortunately, they are less well-
suited to solving the structure of these intermediates. This is
particularly true in the case of 17- versus 19-electron complexes,
as recently stressed.!3! The following section presents a reason-
able structural interpretation of the reactivity scheme estab-
lished above.

There is no doubt that the thermodynamically favored struc-
ture of [(In)Rh(cod)] corresponds to an 18-electron compound
with an #° indenyl ligand. On the other hand, the dianion
formed after the second electron transfer must correspond to a
n* indenyl hapticity to avoid a 20-electron metal configura-
tion.['®) The required ring slippage is known to be easy in in-
denyl complexes.!®! Regarding the intermediate anion radical,
things are less obvious and two possibilities (17-electron com-
plex with #* indenyl ligand or 19-electron complex with »* hap-
ticity) must be considered.*># In the absence of spectroscopic
or structural data, nothing definitive can be formulated. How-
ever, several facts have been established in this work: 1) the
peak-to-peak separation of the reversible first reduction wave is
large and its transfer coefficient small (AEP = EP —E%,, =
140 mV, « = 0.35, atv = 0.5 Vs~ !) suggesting that an important
structural rearrangement is associated with the electron trans-
fer. 2) The second reduction takes place only about 300 mV
after the first. This gap is quite small compared with the usual
separation between the reduction waves of a neutral species and
its anion radical in THF due to coulombic repulsion. For ex-
ample, for conjugated organic molecules such as azobenzene
this gap is in the 600 mV range under the same conditions. A
comparison with other organometallic compounds is certainly
more relevant: the two reduction waves of the 16-electron
[Rh(cod),]* are also separated by ca. 600 mV in chlorinated
solvents or acetone*') and approximately 500 mV in THF.
Data concerning 18-electron compounds cannot be used so eas-
ily, because they necessarily raise the same problem of the 17-
versus 19-electron structure of the first reduced species, as illus-
trated by the example of indenyl tris carbonyl manganese.!!8!
The small gap observed in our case indicates that the effect of
the coulombic repulsion (ca. 50—55 kJmol ™! based on a peak
separation of 500—600 mV) is counteracted by a decrease of the
standard reduction potential of the anion radical vis-a-vis its
would-be 19 electron structure. Based on the experimental peak
separation of ca. 300 mV, the reduction potential is shifted by
ca. 20~30 kimol~'. This observation is better accounted for
when assuming that a 17- rather than a 19-electron anion is
being reduced at the second wave.’?) 3) The radical anion at
hand has been shown to coordinate an extra COD ligand readily
[Eq. (12)], which is also indicative of a hypovalent complex. All
these three arguments point to the reduction of a 17-electron
anion radical, that is, with #3 hapticity, at the second wave.!*?!
This may correspond either to a true 17-electron structure or to
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a fast CE sequence!® involving a rapid equilibrium between 19-
and 17-electron forms that would provide the same kinetic data
when quenching the 17-electron intermediate by reduction at
the second wave or by COD coordination. In other words, the
results obtained here support a ring slippage towards the allyl-
like coordination associated with the first clectron transfer or a
very labile structure for the radical anion due to a low barrier
between the 17- and 19-electron isomers.[2%! It is impossible to
distinguish firmly between the two possibilities on the basis of
the present results.

The fact that this radical anion [(In)Rh(cod)]” adds a free
COD ligand [Eq. (12)] before cleavage of the rhodium-indenyl
bond [Eq. (13)] has been established on kinetic grounds. The
small but significant (50 mV) positive shift of the second reduc-
tion peak observed on addition of free COD (see Figure 3) pro-
vides additional support!>! for such an associative mechanism
with formation of an intermediate adduct [Eqs. (12) and (13)] by
opposition to the simple associative mechanism initially consid-
ered in Scheme 2. Indeed, the latter case would imply that the
second wave still corresponds to the reduction of the same spe-
cies [(In)Rh(cod)] ™ as in the absence of COD, whereas in the
Michaelis—Menten-like process the second wave must be as-
signed to the reduction of the adduct, the stoichiometry of which
is [(In)Rh(cod),] .

cop -
—n — In" + Rh(COD),
v |
L +e |
Ccop ~ /’J

Inm + Rh(COD) —~ In" + RW(COD);= -

Scheme 3. Topological processes triggered by the electron transfer activation of [(In)Rh(cod)}

in the presence of free COD.

It is remarkable that this adduct, which bears the same charge
as and more ligands than the parent mono-COD anion radical,
is reduced at a potential very close to and even slightly more
positive than the reduction potential of the parent
[(In)Rh(cod)]~. This result suggests that the electronic density
around the metal center is quite similar in both cases. Conse-
quently, if [(In)Rh(cod)]™ is to be depicted as [(#3-In)Rh(n*-
cod)]”, the bis{COD) radical anion can be regarded either as
[(#3-In)Rh(n-cod),]” or as [(#'-In)Rh(n*-cod)(n*-cod)] . On
the other hand, the adduct undergoes a fast cleavage of the
indenyl anion, at least compared with the parent mono(COD)
anion radical (k* =10.5s~ ' vs. k; = 0.6 s~ ). This would rather
favor a weaker association of the indenyl ligand and conse-
quently n'-hapticity for the indenyl ligand. The overall dance of
the rhodium center on the indenyl ring ends here with the cleav-
age of the indenyl anion. Scheme 3 summarizes the topological
processes triggered by the electron transfer activation of
[(In)Rh(cod)] in the presence of free ligand.
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Experimental Section

Chemicals and Instrumentation: THF was purified by distillation from
sodium benzophenone under argon and thoroughly degassed. Fluorenone
(Aldrich) was used without further purification; cyclooctadienc (Aldrich)
was redistilled prior to use. The starting complexes [(indenyl)Rh(cod)] [22]
and [Rh(cod),]BF, [23] were synthetized according to published proce-
dures. (Indenyl)K was prepared by deprotonation of freshly distilled indene
(0.1M solution in THF) by 10 equivalents of potassium hydride under
argon.

All the electrochemical experiments were run under argon. nBu,N-BF, was
used as the supporting electrolyte; it was obtained from #Bu,N-HSO, and
NaBF, and recrystallized from ethyl acetatc/hexane. Cyclic voltammetry ex-
periments were performed in an air-tight three-electrode cell connected to a
vacuum line. The reference electrode was SCE (Tacussel ECS C10) separated
from the solution by a bridge compartment filled with the same solvent/sup-
porting clectrolyte solution as that uscd in the cell. The counter electrode was
a platinum spiral with ca. 1 cm? apparent surface area. The working elec-
trodes were disks obtained from cross-sections of gold wires of various diame-
ters (0.5 or 0.125 mm and 25 pm) sealed in glass. Between each CV scan the
working electrodes were polished on alumina according to standard proce-
dures and sonicated before use. A EG & G PAR-175 signal generator was
used. The potentiostat was home-made [24], with a positive feedback loop for
ohmic drop compensation. The currents and potentials werc recorded on
Nicolet 310 or Lecroy 9310L oscilloscopes.

Determination of the absolute electron stoichiometry [9]: The steady-state
reduction currents at a 12.5 um radius gold disc microelectrode (potential
scan rate 50 mVs™ 1) and the chronoamperometric diffusion-
al currents at a 0.5 mm diameter electrode for a step duration
of 0.2 s were measured for a 3 mm solution of [(In)Rh(cod)]
and fluorenone (P =1.017 x 10~ °cm?s™ ') under identi-
cal conditions (THF, 0.28 M »Bu,N-BF,). These data
allowed the determination of the absolute consumption of
electrons at the first reduction wave of [{InjRh(cod)] and
the diffusion coefficient of this rhodium complex in this
medium. For a characteristic time of 0.2s the results
were n, =1.2+402and D= (1.34+0.18) x 1073 em?s™

Simulations: Digital simulations of the voltammograms cor-
responding to the proposed mechanisms were performed
with the program elaborated by D. Gosser [25], from the set
of values indicated in the captions of Figures 1 and 3. The
thermodynamic and kinetic parameters featuring the first
reduction wave were determined from the experimental
voltammograms following the procedures indicated in the
text, This led to a set of thermodynamic (E9), heterogeneous
kinetic (%, , k9), and homogeneous kinetic (k;, k,, k*, and p)
parameters that is really characteristic of the electron transfer
and subsequent kinetics involved in the first reduction wave. The situa-
tion is different for the second wave. Formally, its simulation requires inde-
pendent knowledge of the thermodynamic (£9) and kinetic (s, k%) parame-
ters of the electron transfer, as well as the rate constant (k) of the cleavage
of the dianion [eq. {5)]. However, since this wave is controlled by the
kinetics of electron transfer, its shape and position are independent of
the value of &, provided that this value is large enough to lead to a chem-
ically irreversible wave at each scan rate considered [8]. Thus, a value
for k& of 2x103s™! was uscd, although this value represents only a
minimum value of the truc rate counstant in equation (5). «, = 0.35, used
in the simulations, was determined from the experimental half-width of
the second reduction peak [8]. Owing to its charge transfer control, the
position of the second reduction peak depends only on the value of the
global parameter ES + (RT/x,F)Ink3 [8], and not on the individual values of
ES and kS. Therefore, choosing arbitrarily 3 = &Y in the simulations [14]
implied the use of a value for E such as EJ —E} = E§ —E%. Using the
experimental value for £§ — E% of —0.30 Vat 0.5 Vs — 1, and E9 = 2.35 V vs.
SCE thus imposed an arbitrary value of E3 = —2.65V vs. SCE in the
simulations. However, it should be emphasized that the set of £, k5. and k
values used in the simulations should not be considered individually but just
as a coherent set allowing the simulation of the shape and position of the
second wave.
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A Joint Experimental and Theoretical Study of the Interaction
between Aluminum and Electroluminescent Polymers:
Cyano Derivatives of Poly( p-phenylene vinylene)
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Abstract: The early stages of metal/polymer interface formation between aluminum and
poly(2,5,2",5 -tetrahexyloxy-8,7-dicyanodi-p-phenylenevinylene) or their ring-substi-

tuted derivatives have been studied theoretically by using quantum-chemical calcula-
tions as well as experimentally by X-ray photoelectron spectroscopy and ultraviolet
photoelectron spectroscopy. This class of conjugated polymer is of interest in the devel-
opment of organic light-emitting diodes. The theoretical and experimental results indi-
cate that aluminum preferentially reacts with the polymer by forming covalent bonds

Keywords
light-emitting diodes polymers
semiempirical calculations - electrolu-
minescence * polymer/metal interface

with the nitrogen and carbon atoms of the cyano groups. When the side chains of the
phenylene rings include carbonyl groups, however, the theoretical results indicate that

the carbonyl moiety is another preferred site of interaction.

Introduction

Research activity in the field of conjugated polymers has in-
creased continuously,!* ?) ever since it was discovered that poly-
acetylene can be doped to high electrical conductivity.!® Much
effort has been invested into studying the nature of charge stor-
age in both degenerate and nondegenerate ground-state conju-
gated polymers and model molecular systems.'* "8 In recent
years considerable attention has been devoted to the pristine
(semiconducting) state of the conjugated polymers, especially
because of their potential applications as organic light-emitting
diodes (polymer-LEDs),[® ~ 11! field-effect transistors,['2 714 or
nonlinear optical materials.!!> 15!

Light-emitting diodes in which thin films of conjugated poly-
mers constitute the active layer were first reported in 1990 by
Friend and co-workers, who succeeded in fabricating an LED
with poly(p-phenylene vinylene) (PPV) as the emission layer,
ITO as the hole-injecting electrode, and aluminum as the elec-
tron injecting electrode.!! Interest in this field then grew rapidly,
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and extensive research was conducted in order to improve both
the electroluminescent yield and the variety of colors of these
devices. In order to tune the bandgap, and hence color, substi-
tuted PPVs, typically poly(dialkoxyphenylene vinylene)s,! - 16!
but also other polymers such as poly(p-phenylene)s and poly-
(alkylthiophene)s,”* ™ have been used. Methods of improving
the electroluminescence efficiency include the use of low work-
function electrodes (such as calcium) in order to enhance the
electron injection rate,l*® the design of copolymers with conju-
gated and nonconjugated segments in order to create preferred
sites for electron—hole recombination,' and the fabrication of
multilayered devices.'® Recently, the derivatization of the
polymer backbone by electron-withdrawing substituents such as
cyano groups was considered in order to lower the conduction
band of the active polymer and, hence, ease the electron injec-
tion process with aluminum;* in poly(2,5,2’,5'-tetrahexyloxy-
8,7'-dicyanodi-p-phenylenevinylene), or CN-PPV, a high inter-
nal quantum efficiency can indeed be obtained by using
aluminum as electron-injecting contact.!?%

The purpose of this work is to describe, by means of a joint
experimental and theoretical approach, the early stages of
metal/polymer interface formation upon deposition of alu-
minum on CN-PPV and some derivatives thereof. We also com-
pare our results with those of similar studies carried out on
PPVEL-221 and poly(ethylene terephthalate) (PET).[23! This
study has been carried out under the premise that the results
should not only be of fundamental chemical and physical inter-
est, but also contribute to an improved design of polymer-based
LED:s.
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Experimental and Theoretical Details

Experimental: Both X-ray and ultraviolet photoelectron spectroscopy (XPS
and UPS) measurements were carried out in Linkdping, on an ultrahigh
vacuum (UHV) instrument, of our own design and construction, with a base
pressure of better than 107 !° Torr. The X-ray source for XPS was un-
monochromatized MgK., ., at hiv =1253.6 eV. The resolution of the hemi-
spherical electron energy analyzer was set such that the full width at half
maximum of the Au(4f,,) line was 0.9eV. UPS was performed with
monochromatized Hel (Av = 21.2 eV) photons from a He-resonance lamp.
The energy resolution was set to 0.2 ¢V for XPS and 0.1 ¢V for UPS,

Aluminum was deposited on the surfaces of samples held at 20 °C, by using
a home-built evaporation source. During deposition, the background pres-
sure rose to only about 10~ ? Torr. The deposition was carried out in carefully
timed steps; the resultant number of Al atoms per phenylene-vinylene unit
was estimated from the intensity ratio between the XPS C(1s) and Al(2 p) core
electron intensitics (areas under the curves). Two types of samples were used
in the experiments: a)} the CN-PPV polymer and b) a three-ring oligomer,
3CN-PV (molecular structures shown in Figure 1). The CN-PPV samples
were produced by spin-coating from a CHCl; solution onto SiO, substrates,
and the thin films of 3 CN-PV by sublimating the oligomers from a Knudsen
cell onto cooled Au substrates.

a) OC4H;, fI/T O eHis
\/ p—
N g S\
C n
/}/ OC6H13 OC6H13
N
N
b) O/CHs og@ @
— /-//\
L \/@i\ i
C
ﬂ; OCeHis  olu,

Figure 1. Geometric structures of a) CN-PPV and b) 3CN-PV.

Theoretical: The quantum-chemical calculations were carried out on isolated
polymer or oligomer chains. The geometries of the CN-PPV polymer and the
3 CN-PV oligomer were optimized using the Austin Model 1 (AM 1) Hamilto-
nian [24] and used as input into the ¢lectronic-structure calculations. It was
practical to optimize the geometry of the CN-PPV polymers containing
dimethoxy instead of dihexyloxy side chains, since the length of the alkoxy
chains does not affect the low binding energy n bands. Interaction with
aluminum was modeled with four-ring oligomers of various CN-PPV poly-
mers and two Al atoms. The oligomers used were those corresponding to
a) poly(8,7-dicyanodi-p-phenylenevinylene); b) poly(2,5,2,5-tetramethyl-
8,7'-dicyanodi-p-phenylenevinylene); ¢) poly(2,5,2',5'-tetramethoxy-8,7-
dicyanodi-p-phenylenevinylene); and d) poly(2,5,2',5-tetraformyl-8,7'-di-
cyanodi-p-phenylenevinylene) . The geometries were fully optimized for all
the configurations considered, by means of the AM1 Hamiltonian. Also,
qualitative estimates of the charge distributions in connection with aluminum
deposition were obtained by Mulliken population analysis.

Electronic band structure calculations for pristine CN-PPV and 3CN-PV
were carried out by the valence effective Hamiltonian method [25,26]; the
VEH technique is a nonempirical pseudopotential method based on an effec-
tive Fock Hamiltonian. In this case, the polymer chains were taken to be
planar (torsion angles set equal to zero), in order to simulate the conforma-
tion expected in the solid state. The bare density of valence electronic states
(DOVS) curves were computed from the VEH output in the standard way,
that is, by taking the inverse of the derivative of the band energies with respect
to momentum. In order to make comparison with solid-state UPS data (with
the vacuum level taken as reference level), the bare DOVS curves were treated
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in the usual manner (see, for example, Refs. [26-27]): 1) contraction along
the energy scale, 2) a shift to lower binding energies to compensate for
solid-state effects, and 3) convolution by a Gaussian to appropriately match
the experimental peak broadening in the UPS data. This type of theoretical
approach has been used successfully in previous instances, for instance to
describe aluminum deposition on poly-p-phenylene vinylene [21-22] or
polyethyleneterephtalate, polystyrene, and polycaprolactone [23).

Theoretical Results

Poly(8,7 -dicyanodi-p-phenylenevinylene): Two Al atoms were
allowed to interact near the central unit (Figure 2a) of the four-
ring oligomer. Several different configurations were obtained,
with the aluminum atoms bonding with the phenylene carbons,
vinylene carbons, and/or the carbons and nitrogens of the cyano
groups. The three most energetically favored structures are de-
picted in Figures 2 b—d, while the AM 1-optimized bond lengths

a) b)

C
VAR
/N— Al2
All
c) d)
\\\ Q ; .
C‘— Al2
N
All All

Figure 2. Central section of the four-ring oligomer corresponding to poly(8,7'-di-
cyanodi-p-phenylenevinylene) for: a) the pristine case; and b), ¢). and d), the three
most energetically favored AM 1-optimized structures for the Al,/oligomer com-
plex.

are displayed in Table 1. The most favored structure is that
corresponding to (b), which is 3.8 kcalmol ™! lower than (c) and
4.2 kcalmol ™! lower than (d). In all cases, the cyano group is
the preferred reaction site for aluminum. In a similar study of
the interaction of aluminum atoms with PPV,[?!) the most fa-
vored structure was with two aluminum atoms forming bonds
with each of the vinylene carbons within the same vinylene moi-
ety. In the present case, however, this type of structure, with
formation of Al-C8 and Al-C9 bonds, was found to be
25.1 kcalmol ™ * higher in energy than the optimal configuration
b).

In (b) and (c), both Al atoms bind to the cyano group, and
one is attached to the nitrogen; the difference between these two
configurations is that there is a C-Al-N bridge in (b), whereas in
(c) the second Al atom forms a bond only with the cyano car-
bon. The C16—N bond (see Table 1) increases in length from
1.164 A in (a) to 1.319 A in (b) and to 1.266 A in (c), with the
change from triple-bond to more double-bond character; the
C16—N bond in structure (d) is shorter than in (b) and (¢)
(1.207 A).
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Table 1. AM 1-optimized bond lengths (A) and dihedral angles (*) of the central part of the four-ring oligomer of i) poly(8.7-dicyanodi-p-phenylenevinylene) and
1) poly(2,5,2,5"-tetramethoxy-8,7'-dicyanodi-p-phenylenevinylene) for a) the pristine case and for b), ¢), and d) the three most energetically {avored AM 1-optimized

structures for the Al,joligomer complex as shown in Figures 2 and 4.

Structure a Structure b Structure ¢ Structure d

() (1) ) (i) 3 (i) 1 i)
rC1-C2 1.4660 1.4665 1.4662 1.4668 1.4661 1.4662 1.4654 1.4668
rC2z.C3 1.4022 1.4121 1.4004 1.4124 1.4016 1.4109 1.4035 1.4109
rC3i-C4 1.3914 1.3987 1.3987 1.4068 1.3920 1.3996 1.3896 1.4056
rC4-C5 1.4022 1.3995 1.4076 1.4058 1.4016 1.3989 1.4055 1.4069
rC5-C6 1.4019 1.4120 1.4025 1.4129 1.4029 1.4137 1.4115 1.4153
rC6-C7 1.3916 1.3989 1.3910 1.3986 1.3912 1.3981 1.3954 1.3962
rC5-C8 1.4663 1.4666 1.4734 1.4735 1.4623 1.4621 1.4579 1.4592
rC& C9 1.3507 1.3514 1.3542 1.3578 1.3484 1.3491 1.4910 1.4898
rC9 C10 1.4524 1.4514 1.4487 1.4477 1.4620 1.4614 1.4855 1.4861
rC10-C11 1.4019 1.3984 1.4019 1.3991 1.4093 1.4070 1.4072 1.4014
rC11-C12 1.3911 1.3978 1.3925 1.3983 1.3996 1.4071 1.3906 1.3993
rC12-C13 1.4039 1.4160 1.4025 1.4165 1.4000 1.4138 1.4049 1.4153
rC13-C14 1.4019 1.3981 1.4029 1.3980 1.4050 1.3998 1.4015 1.3993
rC14 - C1s 1.3910 1.3980 1.3890 1.3976 1.3896 1.3975 1.3921 1.3968
rC&-Cl16 1.4252 1.4259 1.4541 1.4484 1.4978 1.4962 1.3372 1.3375
rC3-01 1.3831 1.3793 1.3840 1.3799
rC6-02 1.3828 1.3824 1.3835 1.3851
rC12-03 1.3821 1.3794 1.3784 1.3822
rC15-04 1.3818 1.3819 1.3812 1.3861
rO1-C19 1.4246 1.4269 1.4248 1.4258
rQ2 C20 1.4247 1.4243 1.4248 1.4236
rO3 C21 1.4241 1.4273 1.4274 1.4222
r04-C22 1.4244 1.4246 1.4244 1.4242
rC16-N 1.1637 1.1640 1.3189 1.3220 1.2661 1.2670 1.2066 1.2059
rAlt-N - - 1.7035 1.7009 1.6294 1.6273 1.6565 1.6535
rAl2 N - - 1.7499 1.7453 2.6635 2.9538 - -
rAL2-C(j) - - 1.8077(16) 1.8035(16) 1.8075(16) 1.8031 (16) 1.8206(9) 1.8093(9)
¥ (C9-C8-C5-C4 143 140 123 124 136 137 141 57
xC11-C10-C9-C8 40 36 20 23 78 75 72 73
¥ C10-C9-C8-C7 179 177 179 180 179 176 129 132
¥ C12-C11-C10-C9 179 179 180 179 174 174 177 177

The variation in the C 16— N bond length can be explained by
looking at the bonding in the different structures. In struc-
ture (b), the Al1—N bond is mostly formed through the overlap
of the s and p, orbitals of Al1 with the p, orbitals of the nitrogen
atom. The C16—Al12 bond is formed through the overlap of the
p, orbitals of C16 and the s and p, orbitals of Al2. The N-C16
bond is mostly of o-bonding nature, though there exists p, over-
lap between N and C 16; this overlap, however, is much weaker
than in structures (¢) and (d). There is also some p, overlap
along Al1-N-Al2 and Al1-N-C16-Al2 as well. In structure (c),
the N—Al1 bond is formed through overlap of the respective
atoms p, orbitals (c-bonding). The C16-Al2 bond is obtained
through overlap of the p, orbitals. As in (b), there is some
p, overlap along Al1-N-C16-Al2. The p, overlap between
C16—N, though stronger than in (b), is still not of the same
order as that of a pure C=N bond as calculated by means of the
AM 1 Hamiltonian, hence the longer bond length (1.266 A)
compared to formimide (1.228 A). The p, overlap between All
and N is stronger for (¢) than (b), hence the shorter N—Al1
bond length. In structure (d), the C9—Al2 bond is formed by
overlap between the p, orbitals of C9 and the s and p, orbitals
of Al2. The N—Al1 bond is mostly formed by p,—p, overlap.
Note that in structure (d) there is no significant p, overlap along
Al1-N-C16-C8, owing to the nodes between either N and C16
orC16and C8. The p,—p,overlapinthe C16—-C8and N-C16
bonds are much stronger in structure (d) than in (b) and (¢},
which is consistent with the comparatively shorter bond lengths.

It is worth pointing out that the conjugation along the poly-
mer backbone in cases (b) and (c¢) is not broken directly by the
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interactions with the Al atoms. However, the Al-cyano com-
plexes that are formed induce large ring torsion angles (see
Table 1), which cause the overlap of the n-electron wavefunc-
tions along the backbone to be decreased significantly (at least
along isolated chains; in the solid state, packing effects are ex-
pected to reduce the torsions). In case (c), the cyano—aluminum
complex is rotated by nearly 30° out of the C16-C8-C9 plane;
this minimizes the steric interaction between the Al2 atom and
the hydrogen atoms of the adjacent phenylene ring. In case (d),
the conjugation is broken directly, since one of the Al atoms
binds to the carbon atom of a vinylene group, and the other Al
atom forms a bond with the nitrogen of the cyano group: the
direct break of m conjugation is evident from the bond length
values: the C8-C9 bond increases from 1.351 to 1.491 A, and
the C9 carbon assumes an sp® bonding configuration.

The decrease in overlap of the n-electron wavefunctions along
the backbone for structures (b) and (c), combined with the
break of m conjugation for structure (d), prevent the choice of
optimal configuration for comparison with experimental (UPS)
data. Indeed, in all cases the highest valence (and lowest conduc-
tion) bands, which are dispersed in the pristine case, become
flatter upon metalization.

Instead, the charge transfer induced by the aluminum deposi-
tion was studied using Mulliken population analysis in order to
make a qualitative comparison with the chemical shifts obtained
in XPS core level spectra. In all the configurations, the nitrogen
atom receives about 0.5]e| added charge. For configuration (b),
carbon atoms 8 and 16 gain about 0.17 and 0.11]e], respectively,
with the charge on carbon atom 9 basically unaffected. For
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case (¢), carbons 8 and 16 gain 0.11|e| and carbon 9 gains
0.08)e}. In case (d), carbon atom 8 gains 0.25]¢] but atom 16
loses 0.30]e|, in contrast to the situation in the (b) and (¢) struc-
tures where the p,—p, overlap of N-C16 and C16—C8 is sub-
stantially smaller; carbon atom 9 gains 0.34|e|, since one of the
Al atoms binds to it. Each Al atom transfers about 0.35-0.50 to
the molecule, with the largest charge transfer taking place for
configuration (d), and the smallest for (b).

Poly(2,5,2’,5'-tetramethyl-8,7’-dicyanodi-p-phenylenevinylene):

The central unit of the four-ring oligomer of poly(2,5,2',5'-
tetramethyl-8,7'-dicyanodi-p-phenylenevinylene) is depicted in
Figure 3a; the three most energetically favored structures for
two aluminum atoms interacting with this central unit are
shown in Figures 3b-d. Structure (b) is the lowest in energy,

dicyanodi-p-phenylenevinylene) is illustrated (Figure 4a) to-
gether with the three most energetically favored structures for
interaction with two aluminum atoms (Figures 4b—d). Again,
the formation of the C-Al-N complex of (b) is the lowest in
energy, (¢) being 6.3 and (d) 6.7 kcalmol ! higher. Here also,
the bond lengths (given in Table 1) of the different structures are
very close to those of aluminum interacting with poly(8,7'-di-
cyanodi-p-phenylenevinylene).

All

Figure 3. Ilustration of the central part of the four-ring oligomer of poly(2,5,2',5'-
tetramethyl-8,7 -dicyanodi-p-phenylenevinylene) for: a) the pristine case; and b),
¢), and d), the three most energetically favored AM 1-optimized structures for the
Al,/oligomer complex.

3.7 kcalmol ~ ! lower than (c) and 4.7 kcalmol ~ ! lower than (d).
As can be seen from the figures, it is evident that the addition of
the methyl groups does not affect the aluminum interaction with
these polymers. In fact, the same type of bonds are formed with
nearly identical bond lengths, and these are therefore not given
in Table 1. In structure (c), the cyano—aluminum complex is
rotated by about 25° out of the C 16-C 8-C9 plane, similar to the
case for poly(8,7'-dicyanodi-p-phenylenevinylene). The struc-
ture with the fourth lowest energy was that in which the alu-
minum atoms form bonds with the vinylene carbons, Al-C8
and Al-C9. This structure was 22.7 kcalmol ~ ! higher in energy
than (b).

The Mulliken population analysis shows charge transfers
nearly identical to those in the corresponding structures of
poly(8,7 -dicyanodi-p-phenylenevinylene), reinforcing the point
that the methyl groups do not affect the nature of the interaction
of aluminum atoms with the polymer. These results are consis-
tent with the absence of significant interactions upon deposition
of aluminum on polyethylene.l?®!

Poly(2,5,2",5'-tetramethoxy-8,7’-dicyanodi-p-phenylenevinylene):
In Figure 4, the central unit of poly(2,5,2,5'-tetramethoxy-8,7"-
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Figure 4. Tllustration of the central part of the four-ring oligomer of poly(2,5.2'.5'-
tetramethoxy-8,7'-dicyanodi-p-phenylenevinylene) for: a) the pristine case; and b),
¢), and d), the three most energetically favored AM 1-optimized structures for the
Al,/oligomer complex.

The cyano—aluminum complex in structure (¢) is rotated by
about 35° out of the C16-C8-C9 plane, and the C9 carbon of
structure (d) becomes sp? hybridized. Note that, owing to inter-
ring torsion and rotation of the cyano—aluminum complex in
(c), the Al atoms are not situated as close to the methoxy groups
as the (two-dimensional) figures might suggest. Like the methyl
groups, the methoxy substituents do not significantly affect the
aluminum interaction with the polymer, nor is the aluminum/
oxygen interaction likely. In fact, the aluminum atoms did not
form bonds with the methoxy oxygens in any of the minimum
energy structures obtained from the present calculations. For
the case of dimethoxy-substituted PPV,2!it also was found that
aluminum/ether oxygen interactions are not favorable.

The Mulliken population analysis is qualitatively the same as
in the previous polymers. Hence, neither alkyl nor alkoxy sub-
stituents on the phenylene rings appear to affect the interaction
of aluminum atoms with the polymer.

Poly(2,5,2’,5'-tetraformyl-8,7’-dicyanodi-p-phenylenevinylene):

The middle two rings of the four-ring oligomer of poly(2,5,2",5'-
tetraformyl-8,7'-dicyanodi-p-phenylenevinylene) is depicted in
Figure 5a. The main reason for studying this polymer, which
has not been synthesized, is that carbonyl moieties are expected
to be formed upon oxidation of the pristine polymer.l''1 Upon
metalization, we note striking dissimilarities compared to the
previous three polymers. The most favored structure for the
interaction with two aluminum atoms is that shown in Fig-
ure 5b, where one aluminum atom reacts with a formyl oxygen,
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Figure 5. Nlustration of the central part of the four-ring oligomer of poly(2,5,2',5"-
tetraformyl-8,7 -dicyanodi-p-phenylenevinylene) for : a) the pristine case; and b),
¢), d), e), and f), the five most energetically favored AM 1-optimized structures for
the Al,/oligomer complex.

and the other Al atom forms a bond with the nitrogen atom. In
this case, the T conjugation is broken directly, since the bonds in
both the vinylene group and the phenylene ring become severely
distorted, as can be seen from Table 2 and Figure 5b. For struc-
ture (c), which is only 1.8 kcalmol ™! higher in energy, we have
the familiar C-Al-N complex, which induces large inter-ring
torsion angles, again severely decreasing the conjugation along
the backbone. The bond lengths are approximately the same as
for the corresponding structures of the previous polymers.
Structure (d) is 3.9 kcalmol ™! higher in energy than (b). Here,
both aluminum atoms form bonds with the oxygens of the
formyl groups on the same phenylene ring. This disrupts the
conjugation of that particular ring, but the vinylene groups and
the other rings remain unaffected. Structures (e) and (f) are
similar to the corresponding configurations obtained for the
previous three polymers, but here the stability order is reversed;
structure (e) is lower in energy than (f); (¢) and (f) are 5.8 and
7.9 kcalmol ! higher than (b), respectively. In contrast to alkyl
or alkoxy substitutions, the formyl groups are thus found to
strongly affect the nature of the interaction with two aluminum
atoms. For diformyl-substituted PPV,*!! the most favored
structure also involved an Al-O-C complex. These results are
consistent with the well-established reactivity of aluminum to-
wards carbonyl groups, for instance in polyimide!?>®1 or PET.I?3!

Upon interaction with two aluminum atoms, C8 and C9 in
structure (b) gain 0.24|e| and 0.10|e¢|, respectively; carbon
atom 16 loses 0.31}e|, the nitrogen atom gains 0.51]e|, the
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Table 2. AM f-optimized bond lengths (A) and dihedral angles (°) of the central
part of the pristine four-ring oligomer of poly(2,5,2",5-tetraformyl-8,7 -dicyanodi-p-
phenylenevinylene) (a) and of the Al,/oligomer complexes b), ¢), d). ), and f) illustrated

in Figure 5.

a b ¢ d e f
rC1-C2 1.4725 14727 1.4721 1.4740 1.4706 1.4723
rC2-C3 1.4039  1.4045 1.4007 1.4571 1.4021 1.4016
rC3-C4 1.3993  1.3984 1.4058 1.4466 1.4037 1.4037
rC4--C5 13992 1.4010 1.4062 1.3560 1.4079 1.4076
rC5 Cé 1.4041  1.4051 1.4073 1.4571 1.4095 1.4057
rC6-C7 1.3989  1.4000 1.3976 1.4470 1.3966 1.3978
rC5-C8 1.4724  1.4668 1.4752 1.4738 1.4634 1.4793
rC8-C9 1.3482  1.4487 1.3523 1.3484 1.4890 1.3432
rC9-C10 14563 1.3722 1.4555 1.4561 1.4851 1.4579
rC10-C11 1.4009  1.4492 1.4012 1.4020 1.4064 1.4015
rC11-C12 1.3984 13623 1.3990 1.3977 1.3979 1.3978
rC12-C13 1.4083 1.4516 1.4070 1.4087 1.4088 1.4090
rC13-C14 1.4016  1.3646 1.4012 1.4002 1.3999 1.4001
rC14-C15 1.3981  1.4426 1.3976 1.3988 1.3980 1.3993
rC8-C16 1.4249  1.3421 1.4578 1.4265 1.3386 1.4985
rC3-C19 14815 1.4813 1.4853 1.3672 1.4836 1.4843
rC6 C20 14813  1.4779 1.4828 1.3670 1.4776 1.4825
rC12-C21 14789 1.4774 1.4811 1.4785 1.4782 1.4781
rC15-C22 1.4785 1.3787 1.4785 1.4779 1.4804 1.4774
rC19-0t 1.2319  1.2321 1.2314 1.3322 1.2321 1.2313
rC20-0 12318 1.2330 1.2316 1.3321 1.2324 1.2318
rC21-03 12321 1.2320 1.2323 1.2323 1.2326 1.2320
rC22-04 1.2322  1.3211 1.2326 1.2319 1.2309 1.2324
rC16-N 1.1639  1.2033 1.3167 1.1640 1.2031 1.2620
rAll-N - 1.6669 1.7086 - 1.6648 1.6301
rAl2-N - - 1.7520 - 2.7520
r Al2-C (i) - - 1.8045(9) - 1.8216(9) 1.8285(9)
rAll1-0(j) - - - 1.7048(1") — -
rAl2-0(k) - 1.7382(4") — 1.7044(2") — -
*C9-C8-C5-C4 108 104 114 112 65 107
*C11-C10-C9-C8 46 9 36 45 73 57
£ C10-C9-C8-C7 178 129 179 177 130 174
¥ C12-C11-C10-C9 178 155 180 178 177 177
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formyl carbon gains 0.08|e|, and the oxygen atom gains 0.17|¢];
the aluminum atom forming a bond to the nitrogen donates
0.55|e|, whereas the other Al atom donates 0.44|e|. In struc-
ture (d), the two oxygen atoms forming bonds with the alu-
minum each gain 0.23]e|, the formyl carbon atoms each gain
0.10]e|, and the Al atoms lose 0.47}e| each. The charge transfers
in structures (c), (e), and (f) are qualitatively the same as in the
equivalent structures for the previous three oligomers.

Experimental Results

In order to make a comparison with experiment, the early stages
of formation of the interface between aluminum and poly-
(2,5,2',5'-tetrahexyloxy-8,7'-dicyanodi-p-phenylenevinylene)
(CN-PPV) and a three-ring oligomer thereof (3CN-PV) were
studied. For these compounds, the theoretical results indicate
three likely structures. With their energy difference of less than
7 kcalmol ™, it is difficult to discriminate between them on the
basis of theory alone, hence the importance of gathering exper-
imental results that are as accurate as possible. We first look at
the interface formation between aluminum and 3CN-PV in de-
tail, and then use these results when discussing the aluminum/
CN-PPV interaction.

The UPS Hel and Hell spectra for 3CN-PV are compared
with the VEH-derived DOVS in Figure 6. The experimental
spectra are well resolved and in good agreement with theory,
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evidence that the mate-
rial is of good quality
(minimum of chemical
and spatial inhomo-
geneity). The spectral
features between 1 and
4 eV are derived from =
bands; the highest-lying
state (closest to the Fer-
mi level) derives from
wavefunctions delocal-
ized along the oligomer
backbone and those
around 3eV, from
wavefunctions localized
on the phenylene rings.
The structure between
5-10eV in the UPS
spectrum 1s  derived
mostly from o states,
mainly from the C-H
bonds of the hexyloxy
chains. The peak at 10.5¢V is derived from oxygen lone pair
states. The peaks between 12 and 25V are derived from o
states, with the peak at 26.5 ¢V arising from O(2s) states.

In the XPS core level spectra, no excess amount of oxygen nor
any indication of foreign substances were observed. As men-
tioned above, large charge transfer between aluminum atoms
and the oligomers/polymers show up in the XPS core level spec-
tra as chemical shifts. If the atoms gain electronic (negative)
charge, the corresponding XPS spectral line (peak) moves to-
ward lower binding energies {closer to the Fermi level); for a loss
of electronic charge, the opposite is true. According to the re-
sults presented for poly(2,5,2',5-tetramethoxy-8,7'-dicyanodi-p-
phenylenevinylene), structures (b) and {c) experience approxi-
mately the same overall charge transfer, whereas structure (d)
shows strong dissimilarities. Hence, it is possible to differentiate
between structures (b) and (c) on the one hand, and (d) on the
other, by studying the XPS core level spectra.

The calculations show that the nitrogen atoms gain approxi-
mately 0.5]|e| from the aluminum atoms, and this should be
related to a large shift of the N(1s) peak towards lower binding
energies. In Figure 7 (left), we show the N(1s) spectrum of
pristine 3CN-PV; the binding energy of the peak is 400.0 eV.

INTENSITY (ARB)

30 25 20 15 10 5 0
BINDING ENERGY (eV)

FA VIR WLE T s

Figure 6. Hel and Hell UPS spectra, as weil
as the corresponding occupied energy bands
and the DOVS calculated by the VEH method,
for 3CN-PV, with the Fermi level as reference.
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Figure 7. XPS N(1 s) spectra, with the Fermi level taken as reference. Left: pristine
3CN-PV; right: Al/3CN-PV at a metalization level of approximately two Al atoms
per oligomer.
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When aluminum is deposited on the sample, a shoulder immedi-
ately appears on the low binding energy side of the main peak
and grows in intensity with increasing deposition of aluminum,
At an aluminum deposition in excess of about two Al atoms per
phenylene—vinylene unit, a fow binding energy shoulder, cen-
tered near 398.0 eV, is clearly visible in the N(1s) spectrum
shown in Figure 7 (right). This is a clear indication that (some
of) the nitrogen atoms of the cyano groups do indeed react with
the Al atoms. Note that the main peak at 400.0 eV still remains,
since XPS probes depths of up to 100 A, and the Al atoms
remain in the near-surface region according to studies using
angle-dependent XPS.

Figure 8 (left) shows the C(1s) spectrum of pristine 3 CN-PV.
The main peak at 285.2 ¢V consists of contributions from the

T T
I 3CN-PV .' Al/3CN=PV
Cls t Cls J
— r 7 —~
[aa] m
[s9 14 B
< F 4 <C
= <
> > b 4
= - =
%2} 1%
=z =4
Wb ] LJ
= [t
z z
- . r 1
295 290 285 280 290 285 280

BINDING ENERGY (eV) BINDING ENERGY (eV)

Figure 8. XPS C(1s) spectra, with the Fermi level taken as reference. Left: pristine
3CN-PV; right: Al/3CN-PV at a metalization level of approximately two Al atoms
per oligomer.

alkyl carbons of the hexyloxy chains and the unsaturated car-
bons of the phenylene and vinylene groups. The shoulder at
286.8 eV consists of contributions from the C-Q carbons of the
hexyloxy side chains and phenylene groups as well as from the
C=N carbons, in agreement with published results which indi-
cate that the binding energy difference between C—C,H carbons
and C—O carbons is about 1.5-1.6 eV.1?31 The results of a study
on polyacrylonitrile’*® indicate that the chemical shift of C=N
carbons is ca. 1.7 eV relative to C—C,H. Therefore, in cases (b)
and (c), a shoulder on the low binding energy side of the C(15s)
peak is expected in connection with the deposition of aluminum,
because of the charge added on the C8 and C16 carbon atoms
and a decrease in relative intensity of the high binding energy
shoulder, since the C 16 carbon atoms then no longer contribute
to the intensity. For case (d), a larger shift, and hence a more
pronounced shoulder at low binding energies, associated with
the addition of charge to the C8 and C9 carbon atoms, is ex-
pected. In addition, a slight increase in the relative intensity of
the high binding energy shoulder, as well as a significant broad-
ening, should occur because of the decreased electronic charge
density on carbon atom C16.

In Figure 8 (right), we display the C(1 s) spectrum taken at the
same aluminum coverage as for Figure 7 (right). As can be
observed, a new feature has appeared as a shoulder at 283.6 eV.
Also, the relative intensity of the shoulder on the high binding
energy side of the main peak has decreased (compared to the
pristine case}. No broadening is seen; on the contrary, the
shoulder has moved in somewhat towards the main peak. This
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suggests that configuration (d) is not likely, while the evolution
is consistent with configurations (b) and (c¢). The shoulder at
283.6 €V represents a chemical shift of 1.6 eV relative to the
main peak. This value is smaller than those reported for alu-
minum atoms covalently bonded to a-sexithiophene molecules
(2.5¢VBy and PET (~2.4-2.6 eV, In the latter case, the
charge transfer was also calculated by means of a Mulliken
population analysis, with the C—Al carbons accepting roughly
0.45]e|. This also suggests that configurations (b) and (c) are
more likely, since the calculated charge transfer in these cases is
smaller than that of case (d); hence, smaller chemical shifts are
expected.

The valence band electronic structure of CN-PPV has been
discussed elsewhere.®2] Results similar to the 3 CN-PV case
were obtained when the aluminum interface formation with
CN-PPV was studied. This is expected since the interaction be-
tween the Al atoms and the oligomer/polymer chains are of local
character. In Figure 9 (left), the N(1s) spectrum of pristine CN-
PPV is depicted, and Figure 9 (right) shows the N(1s) spectrum

Al/CN—=PPV
[ Nis

INTENSITY (ARB)
INTENSITY (ARB)

L ;

405 400 3385 405 400 395
BINDING ENERGY (eV) BINDING ENERGY (eV)

Figure 9. XPS N(1s) spectra, with the Fermi level taken as reference. Left: pristine
CN-PPV; right: Al/CN-PPV at a metalization level of approximately two Al atoms
per oligomer.

taken at an aluminum concentration of approximately two Al
atoms per phenylene—vinylene unit. The binding energy of the
main peak as well as that of the low binding energy shoulder are
identical with the case of 3CN-PV. Hence, it is again concluded
that the Al atoms interact strongly with the cyano nitrogen
atoms of the polymer.

Figure 10 (left) provides the C(1s) spectrum of pristine CN-
PPV, and Figure 10 (right) shows the C(1s) spectrum taken at
the same aluminum coverage as for Figure 9 (right). Here too,

T v T T T T
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Figure 10. XPS C(1 s) spectra, with the Fermi level taken as reference. Left: pristine
CN-PPV; right: AI/CN-PPV at a metalization level of approximately two Al atoms
per oligomer.
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the binding energies as well as the evolution of the new features
upon aluminum deposition are nearly identical to those of the
3CN-PV case. As a result, structures (b) and (c), where the
aluminum atoms react with the cyano groups, are those most
likely to occur at the early stages of interface formation on
CN-PPV.

Summary and Conclusions

The early stages of aluminum interface formation on a cyano-
substituted poly(p-phenylene vinylene), of current interest for
applications in polymer light-emitting devices, have been stud-
ied by using a combined theoretical and experimental approach.
Both a model oligomer as well as the actual polymer have been
studied experimentally, and a variety of possible structures has
been considered theoretically.

The model calculations indicate that, for poly(8,7'-dicyanodi-
p-phenylenevinylene), poly(2,5,2,5 -tetraalkyl-8,7'-dicyanodi-
p-phenylenevinylene)s, and poly(2,5,2',5-tetraalkoxy-8,7'-di-
cyanodi-p-phenylenevinylene)s, aluminum atoms preferentially
react with the cyano groups in pairs, one forming a covalent
bond with the nitrogen atom, the other forming either a N-Al-C
complex with the same cyano group, or forming a covalent bond
with the cyano carbon. The dialkyl and dialkoxy ring substitu-
tions do not appear to affect the nature of the interaction of
aluminum atoms with the molecules considered. When carbonyl
groups are present as ring substituents, however, other struc-
tures, involving mainly covalent bonds between the aluminum
atoms and the carbonyl oxygens, become possible as well.
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Abstract: Quantum-chemical methods
have been employed to study the nature of
stabilization in dinuclear cobalt complex-
es of the general formula [{(C;H;)Co}, (-
CRIBCBR?R?)] (6) as well as the “‘anti-
van’t Hoff—Le Bel” configuration of the
planar tetracoordinate carbon (ptC) atom
of the bridging diborylcarbene ligand 9.
Extended Hiickel and ab initio Hartree—

for the model compounds 6b (R! = R? =
R?®=H) and 6c (R'=R?=H; R3=
C¢H,). Ab imitio electron deformation
density maps and natural population
analysis calculations show that complexes

Keywords
ab initio calculations - cobalt + planar
carbon

6 are stabilized through push—pull effects
by which the ptC experiences n electron
density delocalization and o electron den-
sity accumulation. The calculated elec-
tronic configuration of the ptC in the free
ligand 9b is o*>°78x!5°1 and in 6b
o3-%4471-356 Flectron density donation
from one cobalt atom to an aryl group on
the bridging ligand further contributes to

Fock calculations have been carried out

Introduction

In 1970 Hoffmann et al.'* suggested that the seemingly impossi-
ble goal of stabilizing a planar tetracoordinate carbon (ptC) is
not necessarily out of reach. One strategy for stabilizing mole-
cules with “anti-van’t Hoff—Le Bel” configuration' is based
on consideration of steric effects on the structure of the chemical
species. The idea of incorporating the carbon atom
into a strained polycyclic environment!**! has in-
spired many theoretical'® * and experimental stud-
ies.[3 ¢ However, for fenestranes and bowlanes, the
most likely candidates, both theory and experiment
point to pyramidal rather than planar geometry of
the bridgehead carbon atom.!* ¢ Exciting predic-
tions about the possible existence of strained com-
pounds with a ptC have been made for a new
class of neutral, saturated hydrocarbons, the alka-
planes.i** *I Recently, molecules of this type were
identified theoretically by Radom as the first stable

hydrocarbons containing a ptC.!4" @

[*] Prof. Dr. R. Gleiter, Dr. 1. Hyla-Kryspin, Prof. Dr. W. Siebert.
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the stabilization of the complexes 6.

Another strategy for stabilizing a ptC is based on the qualita-
tive analysis of the electronic structure of planar methane "]
Here, only two electrons from the carbon atom are involved in
o bonds with the four hydrogen atoms; the two remaining va-
lence electrons occupy an undisturbed, high-lying 2pn orbital
(Figure 1). Therefore, the ptC forms a three-center ¢ bond in
the molecular plane and is an electron-poor center. The planar

P + T(2p:C)
_,-"' By

ST —+ O(C-H)
Ia, la;,
u, M . T__H
< —
H H
T C:0% D,, (C:OT)

Figure. 1. Electronic structures of tetrahedral (T,) and planar (D,,) methane.
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conformation of methane is destabilized with respect to the
tetrahedral one by a considerable amount of energy and is thus
not a viable species.>”! To reduce and possibly reverse this
energy gap, Hoffmann et al.!" suggested the replacement of the
four hydrogen atoms by substituents that are in-plane o donors
and out-of-plane 1 acceptors in order to facilitate the o electron
density transfer toward the electron-poor carbon and to delocal-
ize the carbon 2pr lone pair.

The simplest molecule containing a ptC is the methane dica-
tion CH2*. This often overlooked example!®! has been experi-
mentally observed in the gas phase.'® <! A comparison of the
measured and calculated vertical ionization energies of CHZ*
shows that the ‘“anti-van’t Hoff-Le Bel” isomer is indeed
formed upon charge stripping from the methane monoca-
tion.[°# High-level ab initio calculations indicate that the struc-
ture corresponding to a global minimum on the potential energy
surface does not have D,, but rather C,, symmetry, with two
long and two short C—H bonds.'*™ Thus, the methane dication
can best be described as a complex between CHZ* and molecu-
lar hydrogen, which is held together by a 3c—2e donor—accep-
tor interaction. These findings suggest that delocalization of
electron density from the carbon 2pn orbital could be sufficient
for stabilizing the planar arrangement in neutral molecules,
since the o electron density distribution in CH2" is similar to
that in planar methane.

A systematic investigation of the barrier to planarization has
been carried out by Schleyer et al.’® for an extensive set of
simple model compounds by means of MNDO and ab initio
calculations. These studies pointed out that electropositive sub-
stituents such as Li or B, which are not only well-suited to
participation in three-center bonding but also to delocalization
of the carbon 2pr lone pair, are particularly effective in stabiliz-
ing the planar arrangement.!'°® This was computationally con-
firmed for 1,1-dilithiocyclopropane and dimeric phenyllithium
derivatives,!* % a result that attracted attention for the synthesis
of such species.'!) In spite of all efforts, neither organic nor
organolithium/boron molecules with “anti- van’t Hoff—Le Bel”
configuration have been found. Carbon atoms can easily form
more than four connectivities to surrounding groups or
atoms,t 2 but in the case of four substituents it is rather difficult
for them to adopt anything other than tetrahedral geometry.
However, in the last years, reports of experimentally verified
organometallic compounds incorporating a ptC atom have been
accumulating ['3717

Complexes 1-5 are similar in that the ptC is part of a =
system, and one can expect that the formal distribution of elec-
trons in the four hybrid orbitals of the ptC will be different from
that of planar methane. On the basis of ab initio and extended
Hiickel calculations Gleiter et al.l'% 18! interpreted the stabi-
lization of the ptC in complexes 4 in terms of the presence of a
o-acceptor substituent, the d° zirconocene moiety. They point-
ed out that delocalization of the 7 electron density of the ptC
plays essentially no role. Similar conclusions were reached on
the basis of extended Hiickel, ab initio Hartree—Fock, and CI
calculations carried out by Bénard et al. for complexes 1 and
2191 Tt was shown from these investigations that the strategy
designed by Hoffmann et al. and successfully investigated by
Schleyer et al. for stabilizing a ptC in a o?x” electronic configu-
ration is not adequate for ptC incorporated into an aryl ligand

Chem. Eur. J. 1997, 3, No. 2
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t8u0” | | ~o'Bu \ ] AN 7
O'Bu  O'Bu % —— M2 ¢
I~ R |
R Ph
3 4 M'=Zr Hf 5 M=Ti,Zr
M2=B,Al,Ga

n system. The ptC in the bridging dimethoxyphenyl ligand, for-
mally bearing a minus charge, has a o*n' configuration; the
planar geometry is stabilized through o donation into empty
metal d orbitals with predominantly metal-metal bonding
character.

Recently, Siebert et al.1?%] synthesized the dinuclear complex
6a, which has a ptC incorporated in the bridging ligand, by the
reaction of the boriranylideneborane 8a with [Co(C H,)-
(C,H,),]. The nonclassical structure of boriranylideneboranes
8121) (the classical formulation is 7) was predicted by quantum-
chemical calculations??! years before proof was provided by an
X-ray structure determination of 8d.1?% During the formation
of 6a a duryl group migrates from one boron to the other and
cleavage of the C~C bond in the three-membered ring of 8a
occurs. In 6a the boriranylideneborane 8a has been trans-
formed into the chain form 9a, which can be viewed as the first

=

R1 Co? R2 a: R'=SiMes; R?=R®=2,3,5,6-CgHMe, (Dur)
ot ety b: R'=RZ=R3=H
R'Z 837 | T Nes e R=RZ=H; R3=CoHs
Co d: R'=GeMes; R2=R3=Dur
6
R2 . R2
B\ R\ /B/ RA‘\ . /R2
1 | >c=B-R3 R1-CT c=8-C-B
R'—C C=B_ R ®3
R R?
7 8 9

example of a complex-stabilized diborylcarbene ligand. In 6a
the C-B-C-B chain and the two cobalt atoms lie in exactly the
same plane. In the present study we describe the factors that are
responsible for the stabilization of complexes 6 as well as the
planar arrangement of the C2 carbon atom of the bridging
diborylcarbene ligand.
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Computational Details

Ab initio calculations were carried out by using the Gaussian 94 [24] and
Asterix [25] system of programs. Two basis sets {BS) were adapted throughout
the studies. The natural population analysis [26] was calculated with BS1 and
the electron deformation density maps were computed with BS2. In BS1, for
Co a (14s, 9p, 5d)/[9s, Sp, 3d] basis [27] was selected, and for hydrogen,
boron, and carbon atoms the 6-311 G basis [28]. In BS2 for Co a (14s, 9p,
6d)/[6s, 4p, 4d] basis was made by adding one s- and two p-type orbital
cxponents (exp(s) = 0.3572; exp(p) = 0.2728, 0.0886) and replacing the last d
function with two functions (exp(d) = 0.3648,0.1173) in the original (13s, 7p,
5d) basis set from reference [29]. The basis sets (45)/{2s] [30] and (95, 5p)/[3s,
2p] [31] were used for the hydrogen and carbon atoms of the C;H; ligand,
respectively. Boron and carbon atoms of the ligand 9b were described with
a (10s, 5p)/[4s, 3p] basis made from the original (9s, 5p) basis set by adding
a diffuse s function with exponent 0.035 (B) and 0.05 (C) [32]. Extended
Hiickel calculations [33] were carried out with standard parameters for all
atoms [33d, 34]. The calculations were carried out on the RS/6000 worksta-
tion at the Universitdtsrechenzentrum (Heidelberg, Germany) and the Cray
98 computer at the Institut du Développement et des Ressources en Informa-
tique Scientifique (Orsay, France).

Results and Discussion

Extended Hiickel and ab initio molecular orbital calculations
were carried out for the model complexes 6b and 6¢. In 6b all
substituents have been replaced by hydrogen atoms and C, sym-
metry (mirror plane yz) has been assumed. A convenient
method for analyzing the bonding in the complex 6b is to build
up this molecule from the cobalt dimer fragment [{CpCo},] 10
(Cp = C,H,) and the bridging diborylcarbene ligand 9b. A sim-
plified interaction diagram is shown in Figure 2. The frontier
orbitals of the cobalt dimer 10 can be easily derived from the
well-known fragment MOs of two MCp units.** They are
shown on the left side of Figure 2. For the sake of clarity, the six

B(eV) 2
27

-84

-14 ‘! 1a'2a'
10 6b 9b

Figure 2. Interaction of the MOs of the molecular fragments [{CpCo},] (10) and
the diborylcarbene ligand 9b to yield 6b.

296 —— © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

metal-centered levels and six MOs describing the Co-Cp bond-
ing have been omitted. The HOMO, a near-quadruply degener-
ate combination of metal-like d,, and d, levels, is occupied by
four electrons in the cobalt dimer 10.

The frontier MOs of the bridging ligand 9b, shown on the
right side of Figure 2, display interesting features. An analysis of
their shapes shows that there is a situation similar to, but elec-
tronically a little more favorable than, that of planar methane.
The HOMO (1a") of 9b, which is of moderate energy, is local-
ized on the ptC atom and has almost pure 2pn character. The
low-lying LUMO (2a’), an out-of-phase combination of the
in-plane 2p orbitals of the two carbon atoms of 9b, is well
positioned to accept o electron density from the metal dimer
fragment. The electronic situation is complicated due to the
HOMO-1 (1a"), which is slightly lower in energy and describes
the C—B n bond. In the presence of appropriate accepting levels
on the cobalt dimer fragment, the 12’ MO should have a
propensity for o donor interactions.

The resulting MOs of 6b are shown in the middle of Figure 2.
The MO shapes of the bonding levels of 6b as well as of the
corresponding antibonding counterparts are displayed in Fig-
ure 3. The out-of-phase combination of Co d,, levels of 10 does

Figure 3. MO shapes of the bonding levels and the corresponding antibonding
counterparts of 6b.
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not overlap with the MOs from 9b and gives rise to the non-
bonding HOMO (6a") of 6b. Thus, the in-phase combination of
Co d_, orbitals of 10 is formally empty and can accept m electron
density from the HOMO (1a”) of 9b. This interaction gives rise
to the strongly bonding 1a” MO and the antibonding LUMO
{74”) of 6b. The LUMO is not high in energy due to the bonding
admixture of the LUMO +1 (2a") of 9b (Figures 2 and 3).
Consequently, the 7 electron density from the HOMO (1a") of
9b can be delocalized toward the in-phase combination of Co
d,. orbitals and the 2pn orbitals of the boron atoms.

For the in-plane interactions in 6b, a synergic ligand—metal
and metal—-ligand shift of o electron density is possible. An
analysis of the MO shapes in Figure 3 shows that the 1a’and 2a’
MOs of 6b are stabilized through multicenter in-plane interac-
tions; the two clectrons from the 9a’ and 10a’ MOs of 10 occupy
the strongly bonding 1a’” MO of 6b. In other words, electron
density from the cobalt center is transferred through o donation
interaction toward the LUMO of 9b and the 9a’ and 10a’ MOs
of 10 are formally empty in 6b. An electron density shift can
then take place in the opposite direction, from the 2a’ MO of 9b
to the empty cobalt levels. The ratio of the density shift of
ligand—metal o donation to metal—ligand o back-donation in
this synergic multiorbital interaction cannot be inferred from
the orbital interaction diagram. In order to quantify these
donor—acceptor interactions, a natural population analysis has
been carried out for the ab initio wavefunction of 6b and the
molecular fragments CpCo1, CpCo2, and 9b. The resulting
data have been summarized in Table 1. The electronic configu-
ration of the ptC (C2: o2:°78x!-3%1) in the free diborylcarbene
ligand is electronically different from that of planar methane
(C: 62n%). With respect to planar methane, in 9b 0.499¢ of C2
7 electron density has already been delocalized onto the boron
atoms and the o electron density has increased by 0.978e. Upon
complexation an additional electron density shift is observed
from the CpCo units to the bridging ligand 9b. In 6b the inte-
grated natural charge on CpCol and CpCo2 amounts
to +0.211 and +1.022, respectively. During formation of the
complex, 1.233 ¢ are transferred from the CpCo fragments to the

Table 1. Natural population analysis of 6b and the fragments CpCo1, CpCo2,
and 9b.

Complex 6b Molecular fragments

Charge NAO(a) NAO(a”") Charge NAO(a’) NAO(a")
Cot +0.955 4.157 3.886 +1.022 5.007 2.968
Co2 +1.437 5.206 2.340 +1.021 5.007 2.970
C2 —-1.310 3.944 1.356 —0.482  2.987 1.501
B1 +0.413 2.397 0.172 +0.288 2.476 0.230
B3 +0.478 2.070 0.418 +0.491 2.201 0.288
C4 —0.980 3.735 1.232 —0.612 3.408 1.199

bridging ligand. A more precise description of the bonding as
well as of the stabilization manner of the ptC atom in 6b can be
obtained by a comparison of the atomic natural charges and
occupancies on the valence natural atomic orbitals (NAOs) of
the particular atoms in the free molecular fragments with those
in 6b. The natural charge accompanying the ptC atom increases
from —0.482in 9bto —1.310in 6b. Due to the electron density
reorganization in 6b, the ptC atom receives 0.828¢ from its
neighboring groups or atoms, but the in-plane o electron densi-
ty reorganization is not the same as that of the out-of-plane n
electron density. Upon going from the free to the complexed
ligand, the occupancy of the 2pm orbital (NAO-a") of the ptC
diminishes from 1.501e to 1.356e and that of the in-plane o
NAOs (a") increases from 2.978¢ to 3.944e. Thus in 6b the
overall stabilization manner of the ptC atom is exactly the same
as that predicted by Hoffmann et al. in the case of planar
methane-like molecules. In 6b both boron atoms act as ©
donors and & acceptors; however, the n-acceptor properties of
B1 are weakened upon complexation.

The natural charges accompanying the cobalt atoms change
from +1.022 (Cot1) and +1.021 (Co2) in the free fragments
to +0.955 (Co1) and +1.437 (Co2) in the complex 6b. There-
fore the two cobalt atoms are not equivalent in 6b. Although
both cobalt atoms as a whole can be regarded as donors of
electron density, their in-plane (o) and out-of-plane () interac-
tions with the ptC atom are of different character. An analysis
of the occupancies of the in-ptane NAOs (a’) and out-of-plane

Figure 4. Deformation density
plots obtained by subtracting the
density generated by a superposi-
tion of molecular fragments
[{CpCo},] (10) and 9b from the ab
initio molecular density of 6b.
A) yz plane; B) xz plane. Bold
lines for zero contour, solid lines
for positive contours (electron den-

sity accumulation), and dotted
lines for negative contours (elec-
tron density depletion). Contour

interval: 0.05¢A 3.
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NAOs (a”) shows that Co1 can be characterized as a good ©
donor and good w acceptor, but that Co2 has c-acceptor and
n-donor properties (Table 1). Thus, the bonding between Co 1
and the ptC atom in 6b has an unconventional character and
that with Co 2 shows typical features of a metal—carbene bond.
Furthermore, the Co2-ptC bond length of 1.887 A falls within
the range for a Co=C double bond;**! the Co1-ptC distance
of 2.008 A is much longer. In the o plane, electron density is
transferred from Co 1 through the ptC atom to Co 2 while, in the
perpendicular plane, n electron density reorganizes in the oppo-
site direction. This situation is clearly illustrated in the deforma-
tion density maps computed from the ab initio wavefunctions
derived for the ground state of 6b and the molecular fragments
[{CpCo},] and 9b (Figure 4, page 297).

In order to investigate the postulated bonding interactions
between a duryl ligand and the Co 1 atom, based on NMR and
X-ray experiments,?®) and to see what role aromatic substitu-
tion on boron plays in the stabilization of the complex, calcula-
tions were carried out on the model compound 6¢, in which R?3
1s a phenyl group. 6c has C, symmetry and the BH(C,H ) group
is rotated by 30° out of the yz plane. The calculations predict
that the stabilization manner of the ptC atom in 6c¢ is the same
as in the parent complex 6b, with the exception of one addition-
al interaction appearing in 6¢. The LUMO of 6¢ has an admix-
ture of the n* orbital of the phenyl group with large p compo-
nents on the ipso and ortho carbon atoms (Figure 5). With re-
spect to the cobalt levels, the LUMO of 6¢ behaves as an accep-
tor orbital and back-bonding from Co1 to the n* orbital of the
phenyl group is possible. Compared to the model ligand 9¢, the
electron density associated with the
phenyl group increases in 6¢ by 0.08¢e
while that of Co1 decreases by 0.07¢
with respect to 6b. This interaction con-
tributes to an extra stabilization of 6c¢
and could be responsible for the experi-
mentally observed short Co1-C,, bond
distance. Furthermore, attempts to syn-
thesize an analogous complex with alkyl,
rather than aryl, substitution on boron
failed. In this case only a mononuclear
complex could be isolated.*”]

Figure 5. LUMO of 6c.

Conclusions

The electronic configuration of the ptC (C2: 62-°78x!-5°1) of the
free diborylcarbene 9b ligand is different from that of planar
methane (C: o?n?). Further stabilization of the ptC atom is
achieved through electron density reorganization due to the
interactions with the metal dimer fragment. In 6b the electronic
configuration for the ptC is ¢*%**g!-3°6 and the manner of
stabilization is the same as that suggested by Hoffmann et al. for
planar methane-like molecules. The accumulation of o electron
density at the ptC atom of 6b does indeed play a role, as it is
greater than the depletion of « electron density. The bonding
between the ptC atom and the Co 2 atom has normal metal —car-
bene bond character, but that with the Co1 atom displays un-
conventional character with Col -»ptC o donation and
ptC — Co1 7w back-donation. The o electron density flows from
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Co 1 through the ptC to Co2 and the = electron density reorga-
nizes in the opposite direction. The overall stabilization of com-
plexes 6 is achieved by this push—pull effect.

In looking for an analogue of the CH2* dication,
[{(CsH )N}, (u-CRIBCBR2R )2 * presents itself as a possibili-
ty. Future attempts will be made to synthesize this complex
either directly from 8 or by exchanging the CpCo fragments in
6 with the isolobal CpNi®. Although [{AuP(c-C(H,,);},C]
(Schmidbaur et al.1*8)) is assumed to be tetrahedral, its strong
Lewis basicity*** may be an indication of a planar structure, in
accordance with the Hoffmann model. On the other hand, the
isolobal relationship between H and Ph,PAu suggests that two-
fold oxidation of tetragold methane could lead to a CHZ™ ana-
logue with a ptC. The complex cations [(AuPPh,),(u*-CR)]**
(R=H, n=1;3%1 R =Me, n=1;8%" R =SO)Me,, n=
2139y containing a hypercoordinate carbon center have been
synthesized and structurally characterized. They can be viewed
as donor-acceptor compounds between a nucleophile and
[(AuPPh,),C]**.
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Phenoxyl Radical Complexes of Gallium, Scandium, Iron and Manganese
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and Karl Wieghardt*

Abstract: The hexadentate macrocyclic
ligands 1,4,7-tris(3,5-dimethyl-2-hydroxy-
benzyl)-1,4,7-triazacyclononane (L""H,),
1.4,7-tris(3,5-di-tert-butyl-2-hydroxyben-
zyl)-1,4,7-triazacyclononane (L®*H,) and
1.4,7-tris(3-rert-butyl-5-methoxy-2-hydro-
xybenzyl)-1,4,7-triazacyclononane (L°H:-
H,) form very stable octahedral neutral
complexes LM™ with trivalent (or tetrava-
lent) metal ions (Ga™, Sc", Fe!, Mn",

An electrochemical study has shown that
complexes 1, 2, 3, 1a, 2a and 3a each
display three reversible, ligand-centred,
one-electron oxidation steps. The salts
[LOH:Fe™MCIO, and {LO“™:Ga"ClO,
have been isolated as stable crystalline
materials. Electronic and EPR spectra
prove that these oxidations produce spe-
cies containing one, two or three coordi-
nated phenoxyl radicals. The Mossbauer

spectra of 3a and [3a] ™ show conclusively
that both compounds contain high-spin
iron(in) central ions. Temperature-depen-
dent magnetic susceptibility measure-
ments reveal that 3a has an § = 5/2 and
[3a]* an S = 2 ground state. The latter is
attained through intramolecular antifer-
romagnetic exchange coupling between a
high-spin iron(i) (S, = 5/2) and a phe-
noxyl radical (S, =1/2) (H= —2JS,S,:

Mn'V). The following complexes have
been synthesized : [LB*M], where M = Ga
(1), Sc (2), Fe (3); [L®*Mn'v]PF, (4');
[LOMsM], where M = Ga (1a), Sc (2a),
Fe (3a); [LO““Mn'V]PF, (4a"); [L¥:M],
where M = Sc (2b), Fe (3b), Mn™ (4b);
[LMn™],(Cl10,),(H,0)(H,0), (4b).

Introduction

A persistent, not coordinatively bound, tyrosyl radical has been
unequivocally characterized in the active site of the R 2 subunit
of the non-heme diiron enzyme ribonucleotide reductase from
Escherichia coli™ This organic radical is located in the vicinity
of the oxo-bridged diiron centre, approximately 5.3 A away
from the next nearest iron ion. The spin of this radical (S =1/2)
is virtually uncoupled from the spins of the high-spin iron(ur)
ions, which are strongly antiferromagnetically coupled through
a superexchange pathway within the Fe—O-Fe moiety. This
ensemble has recently been successfully modelled by a low
molecular weight complex.[!]

In contrast, a coordinated tyrosyl radical has been discovered
in the active form of the copper(i)-containing fungal enzyme
galactose oxidase.!®) Owing to the strong intramolecular antifer-
romagnetic coupling of the tyrosyl radical ligand with the un-
paired electron of the Cu ion (d°%), the active form of the en-

[*] K. Wieghardt, B. Adam, E. Bill, E. Bothe, B. Goerdt, G. Haselhorst,
K. Hildenbrand, A. Sokolowski, S. Steenken, T. Weyhermiller
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-45470 Miilheim an der Ruhr (Germany)
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J= —80cm™'). The manganese com-
plexes undergo metal- and ligand-centred
redox processes, which were elucidated by
spectroelectrochemistry ; a phenoxyl radi-
cal Mn'Y complex [Mn!VLO:12* {5 acces-
sible.

spec-
manganese

zyme is diamagnetic and, consequently, EPR-inactive. One-
electron reduction of the active site yields an inactive form
which displays an EPR spectrum typical for five-coordinate Cu"
ions.*! This form has been structurally characterized by X-ray
crystallography./! Recently, a new enzyme containing a similar
active site with a Cu'l-coordinated tyrosyl radical has been de-
scribed, namely, glyoxal oxidase from Phanerochaet chrysospo-
riym 131

The coordination chemistry of phenoxyl radicals bound to
transition metal ions is not well developed,!® despite the fact
that there are some intriguing problems concerning their elec-
tronic structure. In principle, a one-electron oxidation of a tran-
sition metal phenolato complex can be either metal- or ligand-
centred (Scheme 1). The question then arises whether the above

n+1) 4,

M™=0-R —2 M™&=0-R or M"—0-R

Scheme 1. One-electron oxidation of a transition metal phenolato complex.

two formulations are merely resonance structures of the same
electronic ground state, or whether we are dealing with two
distinct chemical species with different ground states and differ-
ent physical and chemical properties.
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To address questions of this kind experimentally, we have
investigated intensively octahedral transition metal complexes
containing ligands of the type 1,4,7-tris(o-hydroxybenzyl)-1,4,7-
triazacyclononane (LH,).[”*® We and others!® '} have shown
in the past that its trianionic form, [L]*~, generates extremely
stable!'!' 121 neytral complexes [ML] with a number of trivalent
metal ions (Table 1).

Table 1. Comptlexes studied in this paper.

R
Ligands: OH
*°H,
R / \ R
\N N d OH
N 3
| 0
R N,
OH
3
LCH3H3
CH,
Metal LPM LOCHs M LM
Galt 1 1a
Sl 2 2a 2b
Fe™ 3 3a 3b
Mnm 4h
Mn'® 4 4 v

As we will show here, suitable substituents at the ortho- and
para-positions of the pendent o-hydroxybenzyl groups of [L]*~
facilitate one-clectron oxididation to the corresponding phe-
noxyl radicals. If the substituents are sterically bulky, the radical
stability is increased to the extent that they become isolable and
spectroscopically characterizable both in solution and in the
solid state.

We have recently characterized the neutral complex [
Cr'"] and its one-electron oxidized form [LO“®:Cr'!|C10, by X-
ray crystallography. [LOH:Ct™|* has been shown to contain
two coordinated phenolate groups and one coordinated phe-
noxyl radical; the central metal ion is chromium(i).13!

[OCH_

Results

1. Syntheses: The reaction of 1,4,7-triazacyclononane with
three equivalents of di-2,4-tert-butylphenol, 2-tert-butyl-4-
methoxyphenol or 2,4-dimethylphenol with three equivalents of
paraformaldehyde in methanol (Mannich reaction) afforded the
pendent-arm macrocycles LP*H,, LO®:H, and L-H,[!
(Table 1) in satisfactory yields as colourless solids. By using
(CD,0), and deuterated solvents (CH,OD, conc. DCL, D,0)
the six benzylic protons of the ligands L*H, and L°“™:H, were
quantitatively exchanged for deuterium atoms.

The ligands reacted with one equivalent of GaCl, or Sc-
Cl,-6H,0 in refluxing acetonitrile, to which a few drops of
triethylamine had been added, to give the neutral complexes
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[LM™] (Table 1)—colourless 1, 1a and colourless to pale yellow
2, 2a and 2b. Complexes deuterated at the benzylic positions
complexes [Dg]-1 and [D¢]-2 were obtained analogously by us-
ing the deuterated ligands. Slow recrystallization of these com-
plexes from hot CH,CN solutions produced crystals with two
molecules of acetonitrile of crystallization per formula unit. The
corresponding reactions with Fe™(ClQ,),-9H,0 in acetone or
CH,OH produced crystalline red 3, 3a and 3b, respectively.
Slow recrystallization from hot CH,CN again afforded the
bis(acetonitrile) species. The solvent molecules evaporated slow-
ly on storage in air. For all subsequent spectroscopic and elec-
trochemical investigations, samples of the complexes dried in
vacuo were used.

A mixture of three equivalents of L“**H, and [MnY'(u,-
0)(CH,CO,) J(CH,;CO,) in acetone, to which a few drops of
NEt, had been added, produced a deep green solution. Upon
addition of water a green precipitate of [Mn™L "] (4b) was
obtained. Slow recrystallization from CH,OH yielded green
crystals of 4b-2 CH,OH, which were suitable for X-ray crystal-
lography (see below). Acidification of a methanol solution of 4b
with a few drops of concentrated HCIO, in the presence of air
resulted in the precipitation of green microcrystals of [Mn!Y-
LE1,(C10,),(H;0)(H,0); ([4b71,(C1O,)5(H;0)(H,0),). The
presence of the acidic proton was established by potentiometric
titration of an aqueous solution of [4b’](ClO,),(H;0)(H,0),
with 0.10m NaOH.

Finally, one-electron oxidation of 1a and 3a dissolved in dry
acetonitrile with one equivalent of [Ni"(tacn),](ClO,),!!*!
(tacn =1,4,7-triazacyclononanej afforded green microcrystals
of [LO®Ga™|ClO, ([1a]ClO,) and blue crystals of [LOH:Fe]
ClO, ([3a]C1O,) [Eq. (1)].

1a (3a) + [Ni(tacn),}(CIO,), —>
[1a]C10,([3a]CIO,) + [Ni'(tacn)|(CIO,), M

2. Crystal structures: The crystal structures of the ligands
LB"H, and 1.°°M:H, have been determined by single-crystal X-
ray crystallography, as have the structures of the complexes 2a,
2b-2CH,CN and 4b-2CH,OH; Figures 1-5 show the struc-
tures, and Table 2 summarizes important bond lengths and
angles of the N,O;M coordination polyhedra. The structures

Ct4)

C(22)

)

Cla6) Cta7

Figure 1. Structure of the ligand L¥*H;. Intramolecular O ‘H--- N contacts Al
O(1) - - N(1) 2.623(5), O(2) - - N(2) 2.716(6), O(3)--- N(3) 2.726(6).
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a3
2

Figure 2. Structure of the ligand L°%H, . Intramolecular O—H - - - N contacts [A]:
Oy -~ N(1) 2711 (5), O(3) - - N(2) 2.650(5). O(5)- - - N(3) 2.647(5).

Figure 4. Structure of the neutral complex 2b.

of LH, and of its monoprotonated gallium complex
[L"H Ga™Cl0, - CH,OH have been determined previously,!!
as have the structures of [LV]CIO,"! and of three similar neu-
tral iron(11) complexes,[72: 70 1001

The structures of the uncoordinated ligands LH, (Figures 1
and 2) are very similar, irrespective of the nature of the sub-
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c20) Ci24)

Figure 5. Structure of the neutral complex 4b.

Table 2. Selected bond lengths [A] and angles [deg] of complexes.

[2a] b1 2CH,-  [4bYCH,- [4b1,(CIO.),
CN OH), (H,0)5(H;0)

M-N1 2.354(2) 2.339(8) 2.079(2) 2.04(1)
M-N2 2.365(2) 2.351(6) 2.179(3)

M-N3 2.412(2) 2.328(9) 2.230(3)

M-01 1.977(2) 1.969(5) 1.924(3) 1.83(1)
M-02 1.977(2) 1.965(8) 2.053(3)

M-03 1.960(2) 1.979(7) 1.863(2)

av. C=Oppenonae 1:335(3) 1.335(10) 1.345(5) 1.36(2)
01-M-02 106.1 (1) 105.0(3) 100.9(1) 95.1(2)
01-M-03 102.3(1) 106.9(3) 93.1(1)

02-M-03 100.3 (1) 105.2(3) 95.1(1)

N1-M-N2 75.6(1) 75.1(3) 82.1(1) 84.8(4)
N2-M-N3 72.6(1) 75.7(3) 78.8(1)

N1-M-N3 72.7(1) 75.6(3) 82.1(1)

01-M-N1 81.4(1) 83.6(2) 89.5(1) 87.5(3)
02-M-N2 82.9(1) 82.6(3) 86.9(1)

02-M-N3 100.2(1) 156.9(2) 164.8(1)

01-M-N3 153.7(1) 92.5(3) 92.5(1)

02-M-N1 158.4(1) 91.2(3) 90.7(1)

03-M-N2 155.4(1) 90.9(3) 94.4(1)

03-M-N{ 99.0(1) 157.0(3) 173.0(1) 172.0(3)
03-M-N3 82.8(1) $3.4(3) 91.3(1)

01-M-N2 96.9(1) 157.5(3) 168.6(1)

stituents at the phenyl groups. Each structure consists of neutral
LH, molecules with three intramolecular N ---H-O hydrogen
bonding contacts between the tertiary amine nitrogen atoms of
the 1,4,7-triazacyclononane ring and the three phenol groups.

The structural analyses of complexes 2a, [2b]-2CH,CN and
[4b]-2 CH,OH (Figures 3—5) confirm that the trianionic ligands
are hexadentate and give rise to a facial N;O, donor set. The
resulting polyhedron is in all three cases a distorted octahedron
with long M—N and comparatively short M-O bond lengths.
Interestingly, in 4b the Mn—0O and Mn-N distances are not
equivalent. The high-spin d*-configurated Mn'™ jon displays a
Jahn-—Teller tetragonal distortion since the mutually rans Mn—
N(3) and Mn-0(2) distances are significantly longer than those
of the other two axes. Thus, in this case the electronic structure
of the central Mn ion determines the geometry of the MnN;0,
polyhedron and allows an unambiguous assignment of the
oxidation state of the metal ion. The phenolate oxygen O(2)
forming the weakest (longest) bond to the Mn™ ion forms an
O-H -0 hydrogen bonding contact to a methanol solvent
molecule [0(2) - - O(4) 2.825(7) Al.
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We have also obtained a low-quality crystal structure of
[4b7],(C10,),(H,0)(H,0),, details of which will be published
elsewhere.['3 The structure consists of the monocations
[Mn!YL:]*  perchlorate anions and disordered water mole-
cules of crystallization. Charge considerations necessitate the
presence of one proton for two Mn'Y ions. Since [4b’]* is the
oxidized form of 4b it is appropriate to comment on some geo-
metric features of the [Mn'VLMs}* cation. The three Mn—N and
Mn-O distances of 2.04(1) and 1.83(1) A, respectively, are
equivalent and significantly shorter than the corresponding
bond lengths in the neutral complex [4b]-2 CH,OH. These data
confirm that the one-electron oxidation of 4b is metal-centred,
yielding an octahedral Mn'V (d3) complex. The Mn" -0 bonds
are very short and indicate considerable double-bond character.
Consequently, these phenolate oxygen atoms are not involved in
hydrogen-bonding contacts to the water molecules or to the
H,0" cation.

3. Electrochemistry: The electrochemistry of the complexes has
been studied by cyclic voltammetry (CV), square-wave voltam-
metry and coulometry in acetonitrile solutions containing 0.10M
tetra-n-butylammonium hexafluorophosphate as supporting
electrolyte; ferrocene was added as internal standard. In the
following, all redox potentials are referenced versus the ferroce-
nium/ferrocene couple (Fc*/Fc). Table 3 summarizes the mea-
sured potentials.

Table 3. Redox potentials fa] of complexes.

E{/z [b] E%/z E:x‘/z E‘x‘/z Ef/z
1 0.87 0.62 0.35
fa 043 0.23 0.01
2 1.04 0.76 0.52
2a 0.69 0.47 0.27
2b 0.80 (irr)  0.60 (irr)
3 096 Girr)  0.65 0.38 ~1.78
3a 0.63 0.38 0.14 ~1.81
3b 102 (irr) 084 (Grr)  0.52(rr)  —1.58
& —043 —0.82
4w 0.89 (irr) 074 (it} 0.56 —0.58 ~0.92
4bjdb’ —0265  —0.85
[LOSHsCoM [c]  0.43 0.18 —0.10
[LOCH:Cr™] [d]  0.45 0.24 —0.03

[a] Conditions: [complex]~10~3M in CH,CN (0.10m [N(#Bu),JPF,), Ar atmo-
sphere, T = 298 K, glassy carbon working electrode ; reference electrode Ag/AgCl
(saturated LiCl in C,H;OH); ferrocene internal standard; scan rate: 200 mVs™!.
[b] The potentials are referenced versus the ferrocenium/ferrocene (Fc* /Fc) couple:
Ef, = (B2 + EZ%)2 for reversible one-electron transfer processes; oxidation peak
potentials, EY%, are given for irreversible (irr.) processes. [c] Ref. [16]. [d] Ref. [17].

Complexes 1, 1a and 2, 2a, 2b contain redox-inactive triva-
lent Ga™ and Sc™ ions, respectively. The observed two irre-
versible oxidation waves in the CV of 2b shown in Figure 6a
must, therefore, be assigned to ligand-centred processes. It is
gratifying that the introduction of sterically more demanding
tert-butyl groups in the ortho and para positions of the ligands
in 2 instead of the methyl groups in 2b leads to a CV which
exhibits three reversible one-clectron transfer waves.(Figure 6b).
Exactly the same electrochemical behaviour 1s detected for the
corresponding gallium complex 1 which also displays three re-
versible one-electron transfer waves. The three one-electron ox-
idations of 1 and 2 are assigned to the successive formation of
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Figure 6. Cyclic voltammograms of 2b (top) and 2 (bottom) in CH,CN (0.10m
[N(#Bu),JPF; at a glassy carbon electrode; scan rate: 200 mVs~™'; [com-
plex]~ 1073 M; 298 K).

one, two and three coordinated phenoxyl radicals [Eq (2);
M = Ga, Scl.

_e(E3 _ efE? e(E!
[MIIIL] o ,i( l [MIIIL]+ i( ) [MHIL]Z + i( )_ [MIIIL]3 + (2)
5 ¢ [

On the timescale of a coulometric experiment at ambient tem-
perature only the monocations [GaL®"]" and [ScLB"]* are sta-
ble. Thus, oxidation of 1 and 2 by one electron equivalent at a
constant potential of 0.55V vs Fc*/Fc¢ produces yellow-green
solutions of the respective monocations, whose UV/Vis spectra
(see below) remain unchanged for hours. The di- and trications
are unstable under these conditions.

In order to make such phenoxyl radicals more accessible by
introducing more easily oxidizable phenolate pendent arms, we
prepared the ligand [L°®:]®~ and its colourless Ga™ and Sc™
complexes 1a and 2a. Figure 7b shows the CV of 2a and Fig-
ure 7a a square-wave voltammogram of 1a. Again, three re-
versible one-electron oxidation waves are observed in each case.

(1a]

I/pA

0l ®

10 {2a]

1 i

1.0 05

) 1

0.0 -0.5 -1.0 -1.5 -20 -25
«— E /V vs. Fc'/Fe

Figure 7. Cyclic voltammogram of 2a in CH,CN (conditions as given in Figure 6)
and square-wave voltammogram of 1a in CH,CN (0.10M [N(#Bu),JPF,; frequency:
30 Hz; pulse height 2.5 x 1072 V; glassy carbon electrode).

The stability of both monocations in solution at ambient tem-
perature is excellent. The redox potentials of 1a and 2a are
shifted by &~350-410 mV to less positive potentials compared
to those of 1 and 2. The corresponding di- and trications of 1a
are stable at —40 °C for hours and can therefore be spectroscop-
ically characterized.
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Complexes 3, 3a and 3b each contain a high-spin Fe!! ion in

an octahedral fac-N;O, donor set. The CV of 3a is shown in
Figure 8. Three reversible one-electron oxidation waves and, in
addition, a reversible one-clectron reduction at a very negative

20 +

1/uA
<

[3a]
20 F

L L L

1.0 0.5 0.0

0.5 -0 -1.5 20 -25
<«— B /V vs. F¢'/Fe

Figure 8. Cyclic voltammogram of 3ain CH,CN (conditions as given in Figure 6).

potential are observed. The latter process is assigned to a metal-
centred reduction of Fe™ to Fe", whereas the three oxidation
waves are ligand-centred successive phenoxyl radical formation
processes. In this instance, the mono- and dications are stable in
solution and can readily be prepared by coulometry. The CV of
3 is similar, but the third oxidation process leading to the trica-
tion is irreversible, and the CV of 3b displays only irreversible
oxidation processes, indicating that the phenoxyl radicals are
not stable under these conditions. Interestingly, both 3 and 3b
display a reversible one-electron metal-centred reduction wave
at quite negative potentials (E7,; Table 3). These reduction
waves of 3, 3a and 3b have similar redox potentials. The three
coordinated phenolato groups ecnormously stabilize the + 1t ox-
idation state of the central iron ion. This is a general feature of
phenolato iron complexes.

In the potential range +0.70 to — 1.5V vs Fc ™ /Fc the CV’s
of 4 and 4b each display two reversible one-electron transfer
processes [Eq. (3)], which are assigned to the metal-centred cou-

‘ —o(EY _o(ES
ML= = Ma"L] ;%Q [Mn'"L]- (3)
€ +€

ples Mn'V/Mn™ and Mn"/Mn" (£}, and E}, in Table 3), re-
spectively. The CV’s of 4b and 4b’ are identical. Note that 4b
and 4b” have been isolated as solids and were fully characterized
as high-spin Mn"' and Mn' complexes, respectively.

The square-wave voltammogram of [Mn'YLOHAPF, (42’) is
shown in Figure 9, where the expanded potential range +1.5
to —2.5V vs Fc*/Fc has been scanned. The two metal-centred
reversible one-electron transfer processes E* and E® have very
similar redox potentials to the above complexes 4’ and 4b (4b”)
and are assigned to the couples Mn'Y/Mn™ (£4) and Mn"/Mn"
(E?). In addition, three further oxidative processes were detect-
ed, two of which, E* and E?, at 0.89 and 0.74 V are irreversible,
but the third E3 at 0.56 V vs Fc*/Fc is reversible and corre-
sponds to a one-electron oxidation of the [Mn'YLO* species
to a dication, as was indicated by a coulometric measurement.
Spectroelectrochemistry provides evidence (see below) that this
oxidation is ligand-centred rather than metal-centred.

(8]
—
N
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I/pA

142’}

1.0 0.5 0.0 -0.5 -1.0 -1.5 20 25
< E /V vs. Fc'lFc

Figure 9. Square-wave voltammogram of 4a” in CH;CN (0.10M [N(nBu),JPF):
other conditions as in Figure 7.

The difference between the redox potentials E', E? and E* of
a given species is nearly constant irrespective of the nature of the
coordinated central metal ion (Figure 10). A very simple elec-
trostatic model that takes into account only the difference in
solvation energy of species carrying an n* and an (n+1)"
charge has been developed by using the Born equation for a
charged spherical particle of radius r in a medium with dielectric
constant &; [Eq. (4)], where Ef is the redox potential in V, N,
— AG® = E'F = n?e*N, /8nre e )
is the Avogadro number, F is the Faraday constant, 8mr is a
geometric parameter of the spherical particle, ¢,y is the dielec-
tric constant of the surrounding medium and ne is the electric
charge of the particle. Assuming that the difference of the redox
potentials [LM]* ¥+ (5 = 0, 1, 2) is primarily governed by
the differing solvation energies of the two charged species one
can derive Equation (5).

AE" = (2n —1)(e?N, /8nre ep)F ! (5)

This simple model predicts that a plot of the measured redox
potentials for a given complex [LM]" versus 2n — 1 should be
linear with a slope k = (e* N, /8nre,g,)F 1. As Figure 10 shows,
this is indeed the case. Note that the slopes k for the series 1a,
2a, 3a are nearly identical (105, 105, 122 mV, respectively),
irrespective of the nature of the coordinated metal ion. Most
importantly, a very similar & (83 mV) is observed for the oxida-
tions of [4a’]" to [4a’]**, to [42’)®" and to [4a’]** (if one

1.00
0.75F
-
% 050 f
%)
| 0 4a'
0.25 A%
O 3a
0.00F ¥ ‘ , vla
1 3 5 7

2n-1
Figure 10. Dependence of the redox potentials E!,, £EZ, E3, of the couples
[LMJ** [LM]*~ 17 on 2n-1 where n represents the charge of the species [LM]". The
solid lines are for guidance only.
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assumes that the EY* values for the [4a’)* "/ and [4a’}>*/**
couples represent the E7,, values of the oxidation processes).
This is again interpreted as a clear indication that oxidation of
the manganese(1v) species 4a’ to the dication [4a’]* " is a ligand-
centred process, as are the two further oxidation steps.

If one now considers the fact that all [LM] complexes
(M = Co™ 16l CM 31 Fell Ga™, Sc'M)y are isostructural and
that one-electron oxidation is ligand-centred in all cases, it 1s
somewhat surprising that the redox potential £}, (and similarly
EZ, and E} ) for the ligand oxidation is rather strongly metal
ion dependent. Thus, E3 , for the couple [LM] "% is —0.10 V vs
Fc*/Fc for the cobalt(in) complex!*® but +0.27 V vs Fe¢*/Fc
for the scandium(ii) complex 2a. The oxidizability of the coor-
dinated phenolate ligands is obviously dependent on the nature
of the metal ion to which it is bound. If the t,, orbitals of the
metal ion are unoccupied or only half-filled, the M~O_, a1
bond has partial double-bond character due to phenolate-to-
metal n-donation. As a relative measure for the strength of the
covalent M—0O_;.p0. bond we calculate the difference A be-
tween the sum of the effective ionic radii of the metal(iu) ion and
an O~ jon " and the experimentally determined M—0O  .pouce
bond length. The larger A is, the more covalent is the M-
O, henotae bond and thus n-donor bonding prevails. As shown in
Figure 11, a clear correlation exists between A, representing the
n-donor strength, and the redox potential £}, exists. Strong
M =0 penotare B-donor bonding renders ligand oxidation more
difficult (Sc represents an extreme case), whereas weakly w-ac-
cepting metal ions facilitate radical formation (Co™ with a filled
t,, subshell is the other extreme).

It is well established that the Opnoae™M =0 ppenotare ORd
angle o in a fac-N,;O,M octahedron also represents a measure
for the degree of M=0 ;. po1ac double-bond formation: « is ap-
proximately 90° for M-O,, . ..... single bonds and increases with
increasing M=0,;.,010.c dOuble-bond character.l”> ™ The inset
in Figure 11 shows that a linear correlation exists between the
redox potential £3, and this o.

Table 4. UV/Vis spectral data and magnetic properties of complexes in CH,CN.

308-319
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jad)
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0.00 0.02 0.04 0.06 0.08 0.10 6.12 0.14
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Figure 11. Dependence of the redox potentials £, of the couple [LM]*" on the
difference A [(jonic radius: M** +027) — (experimental M =0 acnoac)]- The inset
shows the dependence of the redox potential £}, on the O ~-M-0
angle a.

phenolute phenolate

4. Electronic spectra: The ligands LP*H,, Lo H, and L™H,,
dissolved in acetonitrile, each display two m—n* transitions of
the phenol pendent arms [L®°H,;: 226mnm (¢ =1.5x
10* Lmol™ 'em™1), 283 (7.2 x 10%); LOHH,: 233 (1.8 x 10%),
295 (1.3 x 10%); LH:H,: 219 (8.7 x 10%), 286 (3.3 x 10%)]. Upon
coordination to Ga™ or Sc™ (complexes 1, 1a, 2, 2a, 2b) these
two absorption maxima undergo a slight bathochromic shift
(Table 4). In CH,CN the spectra of the yellow-green monooxi-
dized forms of these complexes, generated electrochemically at
controlled potentials (or in solution of [1a]Cl0O,), also display
these two UV absorption maxima but, in addition, three maxi-
ma in the visible: two intense bands between 390 and 430 nm
(¢>10°Lmol " 'em™') and a transition at 600-800 nm of
much lower intensity (100—-600 Lmol ‘em~™"). These new
transitions are characteristic of phenoxyl radicals.!® The spec-
trum of 2,4,6-tri-fert-butylphenoxyl has been reported: 625 nm
(=400 Lmol 'ecm™1), 400 (1.8x10%), 382 (1.5x10%).11%

Complex A [nm] (¢ [Lmol ™ tem™!]) e [14s) [d] S,
1 248 (2.5 % 10%), 296 (8.4 x 10%) dia 0
(1% [b] 243 (1.8 x 104, 296 (1.2 x 10%), 394 sh (2.1 x 10%), 410 (2.7 x 10%), 781 (230) nm. 12
1a 245 (2.0 x 10%), 307 (1.1 x 104 dia 0
[Lajcio, 246 (1.4 % 109, 310 (1.5 x 10%), 340 sh (4.3 x 10%). 408 sh (4.3 x 10%), 427 (5.2 x 10%), 600 (192) 1.73 12
[1a]?* [a] 243 (1.3 % 10%), 313 (1.8 x 10%), 333 sh (1.3 x 10%), 417 sh (7.2 x 10%). 432 (8.9 x 10%), nam. ?
flaP* fa] 243 (1.3 % 104, 315 (2.1 x 10%), 333 sh (1.6 x 10%), 420 (9.8 x 10%), 436 (1.3 x 10%) nm. 9
2 252 (4.0 x 10%), 292 (8.3 x 10} dia 0
[2]* [b] 250 (2.7 x 104, 294 (1.3 x 10%), 413 (3.1 x 10%), 827 (220) nom. 12
2a 253 (4.2 x 10%), 307 (1.3 x 10%) dia 0
[2a]* [b) 253 (1.8 x 10%), 308 (1.2 x 10%), 411 sh (3.6 x 10). 432 (4.2 x 10%), 618 (178) nm. 12
2b 247 (3.9 x 10%), 296 (9.7 x 10%) dia 0

3 244 (2.5 x 10%), 287 (1.8 x 10%), 330 sh (1.0 x 10%), 500 (8.4 x 10%) 5.9 52
[31* [b] 248 sh (1.5 x 10%), 298 (1.4 x 10%), 344 (7.5 x 10%), 406 (4.6 x 10%), 564 (4.8 x 10°) n.m. 9
3a 245 (2.2 x 104, 303 (2.1 x 10%). 513 (8.9 x 10%) 59 52
[3a)CIO, 241 (2.0 x 10%), 302 (2.2 x 10%), 332 sh (1.2 x 10%). 402 sh (7.8 x 10%), 421 (1.0 x 10%), 562 (6.7 x 10?) 49 2
3a?* [b] 244 (2.0 x 104, 300 (2.2 10%), 332 (1.4 x 10%), 431 (1.8 x 10%), 610 (6.5 x 10%), 750 sh (5.0 x 10%} nm. )
3b 243 (2.4 x 10%), 290 (1.6 x 104, 320 sh (7.0 x 10%), 486 (8.5 x 10?) 5.8 502
& 276 (1.7 x 10%), 439 (7.3 x 10%), 634 (6.3 x 10%) 39 3
4a’ 236 (2.3 x 10%), 295 (2.4 x 10%), 332 sh (7.9 x 10%), 445 (8.0 x 10%), 678 (7.8 x 10%) 39 32
[4a?* [d] 239 (2.0 x 10%), 288 (2.1 x 10%), 320 sh (1.0 x 10%), 441 (9.5 x 10%), 720 (5.6 x 10%) n.m. ?
ab 246 (2.8 x 10%), 295 (1.8 x 10%), 379 (4.8 x 10%), 650 (950) 47 2
4 277 (2.1 x 10%), 416 (8.2 x 10%), 612 (7.9 x 10%) 18 32

fa] Species generated coulometricalty at —30°C in CH,CN (0.10m [N(#Bu),]PF,) from the corresponding neutral trisphenolato compiex. [b] Species generated as above at
22°C. [¢] Species generated coulometrically at —30°C in CH,CN (0.10m [N(#Bu),]PF,) from 4a’. [d] n.m. = not measured; dia = diamagnetic.
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Lippard et al.[?) have characterized the phenoxyl radical 1,1-bis-
(2-(1-methylimidazolyl)-1-(3,5-di-zert-butyl-4-oxyphenyl)ethane

and reported its spectrum in CH,CN: 638nm (¢=
430 Lmol " 'cm ™), 394 (1700), 378 (1500). Electrochemical
generation of the dication [1a)** by controlled potential cou-
lometry at —30 °C produced a green solution, the spectrum of
which also shows these three transitions (Table 4; Figure 12) in
the visible, with increased intensity. We take this as an indication
that a second phenolate pendent arm of the coordinated ligand
is oxidized, generating a second phenoxyl radical. The trication
[la]** was generated similarly, and its spectrum is shown in
Figure 12. It displays the same transitions, with again with in-
creased intensity in the visible. This indicates that all three pen-
dent phenolato arms in 1a undergo successive one-electron oxi-
dation up to three coordinated phenoxyl radicals in [1a]®*.
Thus, the electronic spectra of [1]*, [1a]™, [1a}**, [1a]**, [2]*
and [2a]™ all show the typical transitions of phenoxyl radicals
(Table 4).

25}
20
ol [1a]
o
g 15
- 2+
y [la]
2 ol
w | N
a
05} [t}
0.0 . .
300 400 500 600 700
2 /nm

Figure 12. Electronic spectra of 1a and electrochemically gencrated [1a}*, [1a}**
and [La]®*' in CH,CN (0.10m [N(nBu),]PF,).

The spectra of the neutral iron complexes 3, 3a and 3b show
an intense and characteristic phenolate-to-iron(mr) charge trans-
fer (CT) band in the visible (&~ 500 nm) and the two n—n* tran-
sitions of the coordinated phenolates in the ultraviolet region. A
shoulder at =330 nm is tentatively assigned to an amine-to-iron
CT band. One-electron oxidation of 3 and 3a produces the
stable monocations [3]* and [3a]”, and in the case of 3a the
electrochemically generated dication [3a]*™ is stable enough at
22°C to allow its electronic spectrum to be measured.

Figure 13 shows the spectra of 3a, [3a]" and [3a]**, the
solutions of which are red, blue and green, respectively. Since
the spectra of 3 and 3a show an absorption minimum at
2400 nm it is significant that the oxidized species [3]* and [3a]*
both display a new intense asymmetric maximum in this region.
We take this as a fingerprint of the formation of a phenoxyl
radical rather than a metal-centred oxidation to Fe'v. It is also
significant that this maximum has approximately twice the in-
tensity in [3a]*" as compared to its monocation [3a]™; this
indicates the presence of two phenoxyl radicals in [3a]2*. Inter-
estingly, these one-electron oxidations of 3 and 3a cause a
bathochromic shift of the phenolate-to-iron CT band and its
intensity decreases.

The spectra of the manganese(iv)-containing species [4']PF,,
[4a’]PF, and [4b'],(C10,);(H,0),(H;0) are similar in the visi-
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Figure 13. Electronic spectra of 3a, [3a)CIO, and electrochemically generated
[3a)** in CH,CN.

ble and display two intense (¢ >10° Lmol™ 'cm ™ ') phenolato-
to-manganese(1v) CT bands at =420 and ~650 nm.!"? Electro-
chemical one-electron oxidation of [4a’]PF, in acetonitrile solu-
tion at —30 °C produces a stable dication [4a’]>*, the spectrum
of which is shown in Figure 14. Owing to the fact that this
oxidation diminishes the intensity of the CT band of [4a’]" at
678 nm and shifts its maximum to 720 nm, whereas the band at
450 nm ([4a’]") gains in intensity and shifts to a shorter wave-
length at 441 nm, we assume this oxidation to be ligand- rather
than metal-centred with formation of a phenoxyl radical rather
than an Mn" species.

—
<

€/10* mol'em™
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i

0.0 . ) L L L
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Figure 14. Electronic spectra of [4a’JPF, and electrochemically generated {42} in
CH,;CN (0.10m [N(#Bu),]PF,).

5. Magnetic properties of complexes: The temperature-depen-
dence of the molar magnetic susceptibility of solid samples of
complexes was studied on a SQUID magnetometer in the range
2-300 K. Experimental susceptibilities were corrected for un-
derlying diamagnetism by use of Pascal’s tabulated constants.
Magnetic moments are summarized in Table 4.

The colourless or pale yellow neutral species 1, 1a, 2, 2a and
2b are diamagnetic as judged by their 'HNMR spectra (see
Experimental Section). The neutral iron(in)-containing com-
plexes 3, 3a and 3b have a temperature-independent magnetic
moment of 5.9y, indicating a high-spin d° electronic configu-
ration (§ = 5/2). Complex [1a]ClO, is paramagnetic with a tem-
perature-independent magnetic moment of 1.7y, (S =1/2) in
the range 10-300 K.

The temperature-dependence of the magnetic moment of
[3a]C1O, is more complex and is shown in Figure 15. u, de-
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Figure 15. Temperature dependence of the magnetic moment, ./ tg, of [3a]ClO,.
The solid line represents a best fit to the spin Hamiltonian H = — 2JS,-§, (S, = 5/
2; 8, =1/2) (see text).

creases monotonically from 5.25 uy at 300 K to a plateau value
of 4.9 u, below 100 K, which remains constant to &~ 10 K. This
indicates an .§ = 2 ground state. The temperature-dependence
was readily modelled by using the isotropic Heisenberg—Dirac—
van Vleck (HDvV) spin-coupling model [H = — 2JS,S, +
gupB(S, + §,)) for a high-spin iron(u) ion (S, = 5/2) coupled
to a phenoxyl radical (S, =1/2). The following numerical values
were obtained from a fitting procedure to the above spin-Hamil-
tonian: J = — 80 cm ™', g = 2.0 (fixed), and a small amount
of [3a] (1.6%) as paramagnetic impurity with S = 5/2. The
intramolecular antiferromagnetic exchange coupling then
gives the observed S = 2 ground state. The result proves that
the phenoxyl radical is coordinated to the iron(ur) ion, be-
cause in Lippard’s model such antiferromagnetic coupling does
not exist in a complex with an uncoordinated phenoxyl radi-
cal.l?

Complex 4b exhibits a temperature-independent magnetic
moment of 4.7 u, (80—300 K), indicative of an octahedral high-
spin manganese(if) ion. Its oxidized form [4b],(ClO,);-
(H,0),(H,0) displays an effective magnetic moment of 3.86 uy
per manganese ion, in agreement with its formulation as an
Mn!Y ion (d3). Complexes [4’]PF, and [4a’]PF, also have a tem-
perature-independent magnetic moment of 3.9 uy (10—-300 K).
In all these cases, metal-centred oxidation states of m or 1v
prevail.

6. Maossbauer spectra: Zero-field Mossbauer spectra of 3, 3a
and 3b have been recorded at 80 K. The isomer shifts  of 0.49,
0.50 and 0.48 mms™! vs «-Fe at 298 K and the small quadru-
pole splitting AE, of 0.83, 0.60 and 0.76 mms™* for 3, 3a and
3b, respectively, clearly indicate the presence of highly symmet-
ric (octahedral), high-spin iron(1mn) ions in these complexes.[2?
Most importantly, the Mdssbauer spectrum of [3a]CIO, at 5K
also shows a single quadrupole doublet with § = 0.54 mms™*
and AE, = 0.95 mms !, Thus, one-electron oxidation of [3a]
does not induce a significant change in the isomer shift § and,
consequently, the oxidation cannot be metal-centred. Fe'¥ com-
plexes have very small or even negative isomer shifts
(6 = —0.1-0.29 mm s71).12% [3a]ClO, also contains a high-
spin iron(11) ion. The increased quadropole splitting in [3a]* as
compared to [3a] may indicate a lower symmetry of the ligand
field in the oxidized complex. This may be interpreted as evi-
dence for a localized coordinated phenoxyl radical ligand at S K
(on the timescale of a Mdssbauer experiment: 1077 s)in[3a]*
giving rise to an N;FeO0,0’ donor set of C,, symmetry.

Chem. Eur. J. 1997, 3, No. 2

7. EPR-spectra: X-band EPR
spectroscopy on acetonitrile
solutions of the electrochemi-
cally generated monocations
{117 and [2]* and of their ben-
zyl-deuterated forms [D,-11*
and [D-2]* proved to be very
informative concerning the
question as to whether the
phenoxyl radical is coordinat-
ed to the metal ion gallium(i)
and scandium(ur). Figure 16
shows these spectra.

All four species display a
signal at 298 K with hyperfine
structure  at g = 2.00411+
0.0002, which is characteristic
for phenoxyl radicals."'® The
spectra were satisfactorily

L 1 1 s

336.0 337.0 338.0
B/mT -

Figure 16. X-band EPR spectra of
electrochemically generated [117, [D,-
1%, [2]* and [Dg-2]" in CH;CN
(0.10M {N(nBu),JPF,) at 298 K (condi-
tions: 9.4592 GHz, 0.45 mW; modula-
tion frequency: 100 kHz; modulation
amplitude: 0.026 mT). Solid lines rep-
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resent experimental spectra, broken
lings are simulations using the parame-
ters in Table 5. The ordinates are in
arbitrary units of dX"/dB.

simulated by taking into ac-
count of the hyperfine cou-
pling with the gallium
(74/%°Ga, nuclear spin I = 3/2)
or the scandium ion (**Sc, 7 =7/2), as well as of three equivalent
protons of the ligand. The simulation parameters are listed in
Table 5. Since the form of these signals responds to the selective

Table 5. EPR simulation parameters.

et [MT] (2] a, GH) [mT][a]  Av,;; [mT] [b]

ap (3D) [mT]
- 0.230 (°°Ga) 0.230 0.155
0.290 ("'Ga)
[De-11* 0.230 (**Ga) 0.035 0.120
0.290 ("*Ga) .
21" 0.117 (*3Sc) 0.207 0.140
[D¢-21" 0.117 (*°S¢) 0.032 0.104

[a] Hyperfine coupling constants. [b] Line width at half height.

deuteration of the six benzylic protons (ay/ap, = 6.5), coupling to
one of the diastereotopic protons of each of the three benzyl
groups must occur. This immediately implies that on the EPR
timescale (=10~ 2 s) at ambient temperature the unpaired elec-
tron in [1]7 and [2]* is delocalized over all three phenolate
groups. Note that this is probably not the case for [3a]* where
Massbauer spectroscopy (see above) may imply the presence of
one localized phenoxyl radical (timescale ~ 1077 s) at 5 K. The
large hyperfine coupling to the gallium or scandium ion proves
conclusively that the phenoxy! radical is coordinated and not
dangling as in Lippard’s model complex.!*!

Discussion

We have recently published the syntheses and crystal structures
of blue [LOM:Cr']-2CH,CN and its violet one-electron oxi-
dized form [Lo“™:Cr™ClO,-3CH,CN.[*3! The former has a
temperature-independent magnetic moment of 3.87 y; indica-
tive of an S = 3/2 ground state of a chromium(i) complex,
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whereas for the latter a temperature-independent u,, of 2.83 1y
indicates an S =1 ground state of the monocation, which is
attained by strong intramolecular antiferromagnetic coupling
between a coordinated phenoxyl radical (S =1/2) and a chromi-
um(i) ion (S=23/2). In the crystal structure of
[LO"Cr™CI0,, the phenoxyl radical and the two phenolate
pendant arms of the macrocyclic ligand are clearly discernible
and agree with the two differing resonance structures shown in
Figure 17.

~ I
Cr \1.920(3 ) Cr *}43(2)

1.406(5)
“ 1.348(4)

1.421(4)\(31_[3 1.441(4)\ CH3

Figure 17. Structural data of [CF™LOM]CIO, -3 CH,CN [13]. On the left-hand side
the average bond lengths ol the two coordinated phenolate pendent arms arc given,
and on the right-hand side those for the coordinated phenoxyl radical, for which onc
resonance structure is drawn.

The two phenolates and the phenoxyl radical are coordinated
to the metal ion. Interestingly,the Cr—0O,;,.,.,,; bond length of
1.943(2) A is slightly longer than the Cr—O,penoare DONd length
of 1.920(3) A. In contrast, in the trianionic triscatechola-
tochromium(im) complex,?1 [CrL,]3", where L is 3,5-di-zert-
butylcatecholate(2 —), the average Cr—O,, bond length is
1.986(4) A, whereas in its oxidized form,[2?! [CrL’,] [/ = 3.5-
di-¢ert-butylsemiquinonate(1 —)], the Cr—0O,, iquinone distance is
shorter at 1.933(5) A. Complexes of this type have been shown
to undergo reversible or quasi-reversible one-electron redox
steps to give Cr(quinone)?, where # ranges from 3 + to 3 — 23
Thus, coordinated tris(O-catecholates) display a similar chem-
istry24! to the phenolato complexes reported here.

From EPR and susceptibility measurements!'* we have con-
cluded that the electronic ground states of the neutral complex
[LOHCr™ is S = 3/2, that of the monocation is § =1, that of
the dication is § =1/2 and that of the trication is S = 0. These
ground states are attained via intramolecular antiferromagnetic
exchange coupling between zero, one, two or three coordinated
phenoxyl radicals and a central chromium(1m) (t3,) ion.

Stmilarly, the corresponding neutral iron complexes 3, 3a and
3b contain high-spin iron(ur) ions with § = 5/2 ground states,
whereas the corresponding monocations have S = 2. For the
dications S = 3/2 and for the trication $ =1 ground states are
expected, but this has not yet been proven experimentally. This
behaviour is again in excellent agreement with that of analogous
tris(catecholato)iron(in) complexes'>*! and their semiquinonate
analogues, which have recently been shown by high magnetic
field Méssbauer spectroscopy?°9 to exhibit relatively localized
bonding between a high-spin ferric ion and semiquinonate rad-
ical ligands.

In the neutral trisphenolate complexes containing redox-inac-
tive gallium(i) or scandium(ur) ions, the monooxidized forms
(117, {1al*, [2]7 and [2a]* contain one coordinated phenoxyl
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radical. The EPR spectra of [1a]* and [2a]* in acetonitrile
solution at room temperature show that the unpaired electron is
delocalized over the whole cation on the EPR timescale
(=107 85). It is interesting to note that in tris(semi-quinona-
to)gallium(iu) complexes the spins of the three unpaired elec-
trons are aligned parallel,[*5! giving rise to an S = 3/2 ground
state. Ferromagnetic intramolecular coupling of this kind oper-
ating through superexchange mechanisms has also been ob-
served for metal(1v) derivatives of the dinegative radical ligand
3,5-di-tert-butyl-1,2-semiquinonato-1-(2-hydroxy-3,5-di-ter-
butylphenyl)imine (M"Y = Ti, Ge, Sn).[*”! We therefore expect
similar behaviour for the present di- and trications, which
should yield S =1 and S = 3/2 ground states.

All the available spectroscopic data suggest that the oxidized
forms of LM™ complexes (M = Ga, Sc, Cr, Fe) contain coordi-
nated phenoxyl radicals. In no instance has a metal-centred
oxidation been observed. The situation is different for the man-
ganese complexes; the monocations [4]7, [4a’]" and {4b]*
clearly containing a manganese(iv) ion. The spectroelectro-
chemical investigation of the dication [4a’]** then points to a
ligand-centred oxidation. This species is most probably a man-
ganese(1v) complex with a coordinated phenoxyl radical. In-
tramolecular antiferromagnetic coupling is expected to yield an
S =1 ground state in [42"]*".

The chemistry described in this paper places coordinated phe-
nolates in the growing class of noninnocent organic ligands such
as 1,2-dithiolenes, diimines, quinones and porphyrins. We have,
therefore, checked the recent literature for first-row transition
metal complexes with “‘unusually™ high oxidation states of the
central metal ion and coordinated phenolates. In a series of
interesting papers, Koikawa, Okawa, Kida et al.?®7*!1 have
described octahedral complexes of “Mn"”’, “Fe™”” and “Co'v”.
In addition, they have described dinuclear copper(i1) complexes
which they show to undergo a one-electron oxidation to the
mixed valent “Cu""Cu™” and a further one-electron oxidation to
a dinuclear “CuJ™ species. These complexes contain, in their
reduced forms, trianionic ligands derived from N-(2-hydrox-
yphenyl)salicylamide. The mononuclear bis-complexes [M™-
L,]*” (M = Fe, Coyand a [Mn'"L,)* " species were subjected to
one-electron oxidation by use of Ce' to give [ML,]*” and an
[MnL,]™ species. In our view, all the
spectroscopic data and the magne- R
tochemistry reported by these au-
thors are also compatible with for-
mulation as MI-OR (M = Co", L= 0\\——-'1\T

Fe) and Mn'V-OR species. Simi- ®
0@

larly, the Cu™-OR complexes may
R=H, CH,, CL, NO,

OG

in fact be Cu"~OR. In all these cas-
es, strong intramolecular antiferro-
magnetic coupling of the d” elec-
trons with the radical spin would give the observed ground
states. A similar case has recently been reported by Collins et
al.’32! for an iron(11) complex containing a similar coordinated
radical ligand.[*# It is not a trivial matter to characterize the
electronic structure of such complexes.

Recently, Toiman et al. have reported a mononuclear cop-
per(11) complex that contains a coordinated phenoxyl radical.[*#
This complex serves as a structural model for the enzyme galac-
tose oxidase.
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Experimental Section

1,4,7-Tris(3,5-dimethyl-2-hydroxybenzyl)-1,4,7-triazacyclononane  (LH,)
[9]: A solution of 1,4,7-triazacyclononane (tacn) (3.0 g, 0.024 mol) and
paraformaldehyde (2.16 g, 0.072 mol) in methano! (100 mL) was refluxed for
0.5 h. 2,4-Dimethylphenol (9.0 g, 0.074 mol) was added to the orange solu-
tion. The mixturc was refluxed for 12 h and allowed to cool to room temper-
ature. The white product was collected by filtration. Yield: 7.6 g (60%):
'HNMR (400 MHz, CDCly, 20°C): § = 2.20, 2.25 (s, 3H, s, 3H, PhCH,),
2.85 (s, 4H, NCH,CH,N), 3.70 (s, 2H, NCH,Ph), 6.60 (s, 1 H, PhH), 6.95
(s, 1H, PhH), 995 (brs, 1H, PhOH); '*C NMR (100.62 MHz, CDCl,,
293 K): 6 =154, 20.6 (CH;), 55.3 (NCH,CH,N), 62.4 (NCH,Ph), 121.1,
124.5, 1271, 127.7, 130.9 (arom. C), 153.0 (arom. COH); MS (FAB): m/z
(%):532.8 (100) [M+H™1; Cy,H,,N,0, (531.74): caled C 74.5, H 8.5, N 7.9,
found C 74.8, H 8.8, N 7.3.

1,4,7-Tris(3,5-di-ters-butyl-2-hydroxybenzy!)-1,4,7-triazacyclononane (L"¢H,):
A solution of tacn (1.0 g, 8 mmol) and paraformaldehyde (0.72 g, 0.042 mol)
in methanol (20 mL) was refluxed for 2 h. 2,4-Di-ters-butylphenol (9.8 g,
0.048 mol) and a few drops of conc. HCl were added to the orange solution.
The mixture was refluxed for 3 h and allowed to cool to room temperature.
The white product was isolated by filtration and recrystallized from acetoni-
trile solution. Yield: 3.1 g (50%); 'HNMR (400 MHz, CDCl,, 293 K):
0 =1.24,142(s,9H,s, 9H, PhC(CH,);),2.82 (5, 4H, NCH,CH,N), 3.71 (s,
2H, NCH,Ph), 6.75, 7.21 (d, 1H, d, 1H, *J(H,H) = 2.34 Hz, PhH), 10.1
(brs, 1H, PhOH); *C NMR (100.62 MHz, CDCly, 293 K): 6 = 28.8, 31.8
(C(CH,),), 342, 349 (C(CH,),), 554 (NCH,CH,N), 63.5 (NCH,Ph),
121.5,123.5, 123.8, 135.7, 141.0 (arom. €}, 154.0 (arom. COH); MS (FAB):
m/z (%): 784.6 (100) [M *]; C4,Hy N, O, (784.2): caled C 78.1, H 10.4, N 5.4,
found C 78.7. H 11.4, N 54.

1,4,7-Tris(3-tert-butyl-5-methoxy-2-hydroxybenzyl)-1,4,7-triazacyclononane

(L°®H,): The same procedure as described for L®H; was employed, but
2-tert-butyl-4-methoxy-phenol (8.7 g, 0.048 mol) was used. Yield: 2.8¢g
(50%): 'HNMR (270 MHz, CDCl,, 300 K): 6. =1.40 (s, 9H, PhC(CH,),),
2.79 (s,4H.NCH,CH,N), 3.67 (s, 2H, NCH,Ph), 3.69 (s, 3H, OCH,), 6.32,
6.79 (d, 1H, d, 1H, “J(H,H) = 2.91 Hz, PhH), 9.83 (brs, 1H, PhOH); 13C
NMR (67.93 MHz, CDCl,, 293 K): 6 = 29.4 (C(CH,);), 34.8 (C(CH,),),
55.4(NCH,CH,N), 55.6 (OCH,), 63.2(NCH,Ph), 111.3, 113.1 (arom. CH),
122.7 (arom. CC(CH,),), 138.0 (arom. CCH,N), 150.0, 151.9 (arom. COH
and arom. COCH,); MS (ESIp): my/z (%): 706.0 (712) (M+H™];
C,,He3N,O, (705.98): caled C 71.5, H 9.0, N 6.0, found C 71.4, H 9.1, N 6.0.

1,4,7-Tris(3,5-di-tert-butyl-2-deuterohydroxybenzyl)-1,4,7-triazacyclononane
([Dg}-L#“D,): The same procedure as described for LPH;, but CH,0D,
(CD,0), and cone. DCY in D,O were used. The 'HNMR spectrum exhibits
the same signals as reported for L**H, except for the signals for the benzylic
and phenolic protons; MS (Elp): m/z (%): 789 (80) [D¢-L*"H,]™, 790 (100)
[De-L*D H 1", 791 (70} [Dg-L**D,H,]*, 792 (25) [Dg-L*D,]";
C, H,,DyNLO, (793.15): caled C78.1, H 10.4, N 5.4, found C 78.7, H 10.4,
N 5.4. The deuterated ligand [D]-L°":D; was prepared analogously.

All following manipulations were carried out under an argon atmosphere in
water-frec solvents.

1: GaCl, (0.17 g, 1 mmol) was added to a solution of L*H, (0.78 g, 1 mmol)
in acetonitrile (30 mL). After refluxing for 2 h and cooling to room temper-
ature, a white microcrystalline product formed and was collected by filtra-
tion. Yield: 0.39 g (46%): '"HNMR (400 MHz, CDCl,, 300K): § =1.16,
1.24 (s, 9H, s, 9H, PhC(CHy);), 2.60, 2.80, 3.40 (m, 1 H, m, 2H, m, 1H,
NCH,CH,N), 3.55, 490 (d, 1H, d, 1H, ?J(H,H) =12.50 Hz, NCH,Ph),
6.63,7.12(d, 1 H,d, 1 H, “J(H,H) = 2.59 Hz, PhH); PC NMR (100.26 MHz,
CDCl,, 293 K): 6 = 30.1, 31.9 (C{CH,),), 34.0, 35.1 (C(CH,);), 49.3, 53.5
(NCH,CH,N), 64.1 (NCH,Ph), 117.3 (arom. CCH,N), 123.0, 122.2 (arom.
CH, 135.0, 137.8, (arom. CC(CH,;);), 160.5 (arom. COGa); MS (FAB): m/z
(%): 850.0 (100) [M *]; C5,H,4N,0,Ga (850.9): caled C 72.0, H 9.2, N 4.9,
found C 69.8, H 9.3, N 4.8.

la: GaCl, (0.17 g, 1 mmol) was added to a solution of LO"H, (0.71 g,
1 mmol) in acetonitrile (30 mL). After refluxing for 2 h and cooling to room
temperature, a white microcrystalline product formed which was isolated by
filtration. Yield: 0.42g (55%); '"HNMR (270 MHz, CD,Cl,, 300 K):
=131 (s, 9H, PhC(CH,);), 2.55, 2.80, 3.11 (m, 1H, m, 2H, m, 1H,
NCH,CH,N),3.40,4.70 (d, 1 H,d, 1 H, *J(H,H) = 12.58 Hz, NCH,Ph), 3.69
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(s, 3H, OCH,), 6.31, 6.78 (d, 1H, d, 1H, *J(H,H) = 3.12 Hz, PhH); '3C
NMR (100.62 MHz, CD,Cl,, 300 K): & = 30.0 (C(CH,),). 35.4 (C(CH,),).
49.0, 56.1 (NCH,CH,N), 55.2 (OCH,), 64.3 (NCH,Ph). 112.1, 113.9 {arom.
CH), 118.7 (arom. CC(CH,);), 140.1 (arom. CCH,N). 148.7 (arom.
COCH,), 158.4 (arom. COGa); MS (ESIp) m/z (%): 772.0 (50), 774.0 (40)
[MAH]"; Cy,HoN;3O,Ga (772.68): caled C 65.3, H 7.8, N 5.4, found C
64.8, H 7.7, N 5.6.

11a]Cl1O,: [Ni"(tacn),(C10,), [14] (0.62 g, 1 mmol) was added to a solution
of Ta (0.77 g, 1 mmol) in CH,CN (45mL) at —18°C. After stirring for
15 min. the green solution was filtered, and the solvent partly removed by
rolary evaporation under reduced pressure. A green solid precipitated and
was collected by filtration. Yield: 0.40 g (46%); MS (ESIp) m/z (%): 756.5
(69), 7585 (52) [M* —ClO, —OCH,]; 771.5 (100), 773.5 (74).
[M* — ClO,]; CyHeoN,0,,ClGa (872.13): caled C 57.8. H 6.9, N 4.8, CIO,
11.4, found C 57.0. H 6.9, N 4.5, ClO, 11.0.

2: 8cCl,-6H,0 (0.26 g, 1 mmol) was added to a solution of L"'H, (0.78 g,
1 mmol) in acetonitrile (30 mL). After refluxing for 2 h and cooling to room
temperature, a whitc microcrystalline product formed, which was isolated by
filtration. Yield: 0.36g (44%); 'HNMR (400 MHz, CD,CN, 300 K):
6 =126,141(s, 9H,s, 9H, PhC(CH,),), 2.38,2.75,3.05(m. 2H, m, | H. m,
1H,NCH,CH,N),3.31,4.03 (d, 1H, d, 1 H, *J(H,H) = 12.23 Hz, NCH,Ph),
6.95.7.22(d, 1 H,d, 1 H, “*J(H,H) = 2.49 Hz, PhH); 1*C NMR (100.61 MHz,
CD;CN, 300K): 6 = 30.2, 32.1 (C(CH});), 34.6, 35.6 (C(CH,);), 49.5, 59.0
(NCH,CH,N), 64.4 (NCH,Ph), 124.4 (arom. CCH,N), 124.7, 126.4 (arom.
CH), 136.2, 137.7 [arom. CC(CHj),], 161.7 (arom. COSc); C, H,3N;0,S¢
(826.2): caled C 74.2, H 9.5, N 5.1, found C 74.8, H 9.3, N 5.0.

[Dgl-1 and [Dg]-2: The same procedures as described for 1 and 2 were em-
ployed, but [D,)-L*D, was used. The 'HNMR spectra show the same
signals as reported for 1 and 2, except for the signals of the benzylic protons;
MS (ESIp): mjz (%): 832 (100) [M *]; C4 H,,DN,0,Sc (832.2).

2a: 5cCl;-6H,0 (0.26 g, 1 mmol) was added to a solution of LOH:H,
(0.71 g, 1 mmol) in acctonitrile (30 mL). After refluxing for 2 h and cooling
to room temperature, a white crystalline product formed which was isolated
by filtration. Yicld: 0.46 g (62%); '"HNMR (400 MHz, CDCI,. 300 K):
6 =141 (s, 9H, PhC(CH,),), 2.30, 2.58, 2.84 (m, 1H, m, 1H, m, 2H,
NCH,CH,N),3.15,4.19(d, 1 H,d. 1H, *J(H H) =12.15 Hz, NCH,Ph), 3.72
(s, 3H, OCH,), 6.46, 6.84 (d, 1H, d, 1 H, *J(H H) = 3.15 Hz, PhH); 13C
NMR (100.62 MHz, CDCl; 300 K): & = 29.5 [C(CH,),], 35.0 [C(CH,),].
49.0, 58.4 (NCH,CH,N), 55.8 (OCH;), 64.0 (NCH,Ph), 112.8, 113.6 (arom.
CH), 123.0 (arom. CC(CH,);), 138.2 (arom. CCH,N), 148.8 (arom.
COCH,;), 157.6 (arom. COSc); MS (ESIp) m/z (%): 747.0 (100) [M *]:
C4,HeoN3OgSc (747.97): caled C 67.5, H 8.1, N 5.6, found C 68.0, H 8.0, N
5.6.

2b: A few drops of NE(, were added to a solution of L™™H, (0.54 g, | mmol)
and ScCl;-6H,0 (0.26, 1 mmol) in acetonitrile (30 mL). After refluxing for
3h and cooling to room temperature, a white microcrystalline product
formed which was isolated by filtration. Crystals of 2b-2CH,CN werc ob-
tained by recrystallization [rom CH,CN. Yield: 0.41 g (72%); 'HNMR
(400 MHz, CDC1,, 293 K): 6 = 2.15,2.18 (s, 31, 5, 3H, PhCH,), 2.20, 2.58,
2.81 (m, 1H, m, 1H, m, 2H, NCH,CH,N), 3.21, 433 (d. 1H, d, 1H,
2J(H,H) =14.13 Hz, NCH,Ph), 6.68, 6.90 (d, 1H, d, 1 H, PhH); '3C NMR
(100.62 MHz, CDCl,, 293K): 6 =145 194 (CH,), 49.2, 583
(NCH,CH,N), 61.8 (NCH,Ph), 120.9, 122.7, 124.5, 127.3, 130.5 (arom. C).
159.0 (arom. COSc); MS (FAB): mjz (%): 573.20 (100) [M™];
Cy3H,,N;055¢ (573.7): caled C 69.1, H 7.4, N 7.3, found C 69.5, H 7.6, N
7.1.

3: FeCl3-9H,0 (0.52, 1 mmol) was added to a solution of LB“H, (0.78 g,
I mmol) in methanol (50 mL). The solution was refluxed for 0.5 h. NEt,
(1 mL) was added to the violet solution, and the resulting red solution was
refluxed for 2 h. After cooling to room temperature, water (5 mL) was added,
which initiated the precipitation of a microcrystalline red solid. Yicld: 0.70 g
(83%); MS (FAB): m/z (%): 836.5 (100) [M*]: C,,H,,N,0,Fe (837.1):
caled C 73.2, H 9.4, N 5.0, found C 71.3, H 9.5, N 4.9.

3a: The same procedure as described for 3 was employed, but LOHH,
(0.71 g, 1 mmol) was used. Yield: 0.48 (63%); MS (ESIp) m/z (%): 759.0
(100)[M *1; C,H N3O Fe (758.8): caled C 66.5, H 8.0, N 5.5, Fe 7.4, found
C 66.8, H 8.0, N 54, Fe 7.2.

[3a]C10,: [Ni"(tacn),](ClO,), (0.62 g, 1 mmol) was added to a solution of 3a
(0.76 g, 1 mmol) in CH;CN (45 mL) at —18°C. After 15 min the blue solu-
tion was filtered, and the solvent was partly removed by evaporation under
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reduced pressure. The deep blue microcrystalline solid was isolated by filtra-
tion. Yield: 0.48g (56%); MS (ESIp) m/z (%): 758.5 (100) [M*];
C,,HeoN;0,,CIFe (858.3): caled C 58.8, H 7.1, N 4.9, Fe 6.5, ClO, 11.6,
found C 58.5, H 6.8, N 5.1, Fe 6.3, CIO, 11.3.

3b: NEt, (1 mL) was added to 4 solution of LCHaH, (0.53 ¢, 1 mmol) and
FeCl,-9H,0 (0.52, 1 mmol) in acetone (30 mL). After 1 h of stirring, water
(5 mL) was added, which initiated the precipitation of a microcrystalline red
solid. Yield: 0.43 (73%); MS (FAB) m/z (%): 583.1 (100) [M°];
C,,H,sN,0,Fe (584.6): caled C 67.7, H 7.3, N 7.2, found C 68.2, H 8.0, N
7.2.

4'- A solution of [Mnl'O(CH ;CO,),JCH;CO, (0.23 g, 0.33 mmol) and L*H,
(0.79 g. 1 mmol) in acetonc (30 mL) was refluxed in the presence of air for
0.5 h. After addition of a few drops of NEt, and heating for 2 h, a deep green
solution formed. NaPF, (0.5 g, 3 mmol) was added to the cooled (20°C)
solution, and [L®*Mn"]PF, was isolated as a green solid by filtration.
Yield: 0.77g (78%); MS (FAB) m/z (%): 835.6 (100) [M*™ — PF];
C, H,3N;0,MnPF, (981.1): caled C 62.4, H 8.0, N 4.3, found C 61.3, H 8.6,
N 38

4a’: The same procedure as described for 4’ was employed, but LOH,
(0.71 g, 1 mmol) was used. Yield: 0.60 g (67%); MS (ESIp) m/z (%): 757.0
(100) [M* — PE]: C,,HoN,0,MnPF, (902.9): caled C 55.9, H 6.7, N 4.7,
Mn 6.1, found C 55.7, H 6.8, N 4.7, Mn 6.0.

4b: A solution of LH, (0.53 g, 1 mmo}) and [Mn§'O(CH;CO,),ICH,CO,
(0.23 g, 0.33 mmol) in acetone (30 mL) was heated to reflux for 0.5 h. NEt;
(2 mL) was added, and the solution heated for 2 h. Water (6 mL) was added
to the green solution, which initiated the precipitation of a microcrystalline
green solid. Yield 0.54 g (93%); MS (FAB) m/z (%): 583.1 (100) [M*];
C,3H, N, O3Mn (583.7): caled C 679, H 7.3, N 7.1, found C 68.2, H7.5, N
6.8.

[4b1,(C10,),(H,0)(H,0),: 4b (0.59 g, 1 mmol) was dissolved in methanol
in the presence of air and HCIO, (60 %, 0.5 mL) was added. After 3d in an
open vessel, deep green crystals precipitated. Yield: 0.35 g, (23%); MS (FAB)
mjz (%): 583.2 (100) (M ¥ — ClO,]; C( HgcNgO,,Mn,Cl; (1538.8): caled C
51.5,H6.1, N 52, found C 50.1, H 6.1, N 5.2

Physical Measurements: Electronic spectra of the complexes and spectra of
the spectroelectrochemical investigations were recorded on a Perkin Elmer
Lambda 19 (range: 220—1400 nm) and on a HP 8452 A diode array spec-
trophotometer (range: 220—820 nm), respectively. Cyclic voltammograms,
square-wave voltammograms and coulometric experiments were performed
on EG & G equipment (Potentiostat/Galvanostat Model 273 A). EPR spectra
of complexes (10~ 3 M, CH,CN solution containing 0.10 M [N(#Bu),]PF,) were
measured at 298 K in a quartz cell (d = 0.3 mm). The data were digitized on
a data station (Stelar s.n.c., Mede, Italy). The spectra were simulated by
iteration of the isotropic hyperfine coupling constants and line widths a and

[able 6. Crystallographic data of ligands and complexes.

Av, ;. We thank Dr. F. Neese (Abteilung Biologie der Universitdt Konstanz)
for a copy of his EPR simulation program. Temperature-dependent (2—
298 K) magnetization data were recorded on a SQUID magnetometer
(MPMS Quantum Design} in an external magnetic field of 1.0 T. The exper-
imental susceptibility data were corrected for underlying diamagnetism by use
of tabulated Pascal’s constans, The Mssbauer spectra were recorded on an
alternating constant-accelaration spectrometer. The source was *’Co/Rh and
the minimum experimental line width was 0.24 mms~' full width at half
maximum. The sample temperature was maintained constant in an Oxford
Instruments Variox cryostat. Isomer shifts are quoted relative to iron metal
at 300 K.

Crystal Structure Determinations: Details of the crystal data, data collection
and refinement are summarized in Table 6. Intensities and lattice parameters
of colourless crystals of LBH;, L“™H,, [2a] and [2b]-2CH,CN were mea-
sured on an Enraf—Nonius CAD4 diffractometer by using Cuy, radiation
(LPH,, L°%H,), and on a Siemens SMART system and a Siemens P4
diffractometer by using Moy, radiation for [2a] and [2b}-2 CH,CN, respec-
tively. Similarly, a green crystal of [4b] (CH,OH), was studied on a Sicmens
P4 diffractometer by using Moy, radiation. No corrections for absorption
cffects were carried out. The structures were solved by conventional Patterson
and difference Fourier and direct methods and refined with anisotropic ther-
mal parameters for all non-hydrogen atoms. Neutral-atom scattering factors
and anomalous dispersion corrections for non-hydrogen atoms were taken
from ref. [33]. The Siemens programme package SHELXTL PLUS (G. M.
Sheldrick, Universitdt Gottingen) was used throughout. All methyl,
methylene and aromatic hydrogen atoms were placed at calculated positions
and were refined with isotropic temperature factors. The function minimized
during full-matrix least-squares refinement was Yw({F,| — | F,|)%.

Further details of the crystal structure investigations may be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen
(Germany) on quoting the depository number CSD-59362.
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read (clockwise from top, left) HOMO HOMO

cage cage

Corrigendum: In the paper “Regiochemistry of Twofold Additions to [6,6] Bonds in C,,: Influence of the Addend-
Independent Cage Distortion in 1,2-Monoadducts™ (Chem. Eur. J. 1996, 2, 1537—1547), the labels in Figure 10 should
—1, LUMO+1, and LUMO.
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Extended-Core Discotic Liquid Crystals Based on the Intramolecular
H-Bonding in N-Acylated 2,2’-Bipyridine-3,3’-diamine Moieties

Anja R. A. Palmans, Jozef A. J. M. Vekemans,* Hartmut Fischer,
Rifat A. Hikmet and E. W. Meijer*

Abstract: A new type of disc-shaped molecule (1 a—c) has been synthesised and charac-
terised. The molecules were built up by linking three lipophilic, N-monoacylated 2,2'-
bipyridine-3,3-diamine wedges to a central 1,3,5-benzenetricarbonyl unit. They show
liquid crystalline behaviour, as shown by DSC, polarisation microscopy and X-ray
diffraction. In all cases the mesophase was characterised as a D, phase. From '"HNMR
results it was shown that the interior of compounds 1a—c preferentially adopts a C,
symmetrical conformation owing to strong intramolecular H-bonding, which gives rise
to an extended core. This large core induces strong interactions between molecules,

Keywords
bipyridines * discotic liquid crystals -
hydrogen bonds - liquid crystals -
mesophases

leading to mesophases of enhanced thermal stability.

Introduction

Since its beginnings in 1977,/ the field of discotic liquid crystals
has expanded exponentially. A recent new development is the
synthesis of discotic liquid crystals of increased dimen-
sions,?* "¢ containing cores with diameters exceeding 20 A.
They are much larger than the commonly used and well-studied
cores based on benzene or triphenylene, which have diameters
of around 10 A. One of the major consequences of the larger
cores is to extend the temperature range of liquid crystallinity.
Potential applications for which enhanced temperature stability
of mesophases is desirable include one-dimensional charge
transport.t** 7?1,

Although a wide variety of central cores are currently
known to induce discotic liquid crystalline behaviour, there are
only limited reports of columnar mesophases based on large
discs built up through intermolecular H-bonding between
wedges *27¢) Intramolecular H-bonding has also only seldom
been used to improve the rigidity of an otherwise flexible core.!!
Without a doubt, secondary interactions such as H-bonding will
gain in importance as a powerful and flexible tool to control the
conformation of large central cores.

[*] . A. J. M. Vekemans, E. W. Meijer, A. R. A. Palmans
Laboratory of Organic Chemistry, Eindhoven University of Technology
POBox 513, 5600 MB Eindhoven (The Netherlands}
Fax: [nt. code +(40)245-1036
e-mail: tgtobm( chem.tue.n!
H. Fischer
Department of Polymer Chemistry and Technology
Eindhoven University of Technology
R. A. Hikmet
Philips Research, Prof. Holstlaan 4, 5656 AA Eindhoven (The Netherlands)
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We have shown recently that strong intramolecular H-bond-
ing is present in N-acylated 2,2"-bipyridine-3,3'-diamines,'®) and
we therefore decided to use this building block to design a new
class of large disc-shaped molecules. Here, we discuss the syn-
thesis and characterisation of compounds la—c (Figure 1) in
which three rigid bipyridine moieties and a central benzene ring
form a large planar core. Intramolecular H-bonding and strong
stacking interactions between the large molecules 1a—c lead to
enhanced stability of the mesophases.

OR
RO. OR

OR

OR

Figure 1. Disc-shaped compounds based on N-acylated 2.2'-bipyridine-3.3'-di-
amine (R = n-C H; (a), n-C,,H,; (b), n-C,;H;, (¢)).
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Results and Discussion

1. Synthesis: Disc-shaped molecules 1a—c were synthesised by
a convergent approach”! (Scheme 1). The synthesis of 2,2'-
bipyridine-3,3'-diamine has been described previously.!®] The
hydrophobic groups in 4a—c were introduced by alkylation of

OH 1. alkylation OR
2. saponification
MeOCO OH ——— cloc OR
3. SOCl,
OH OR
4a-c
cioc COCI
CcocCl
—— 1a-c
TEA RO. TEA
RO
OR
5a-¢

Scheme 1. Synthesis of disc-shaped compounds 1a—e¢ (R = n-C4H,; (a), n-C,,H,,
(b), n-C,5H;5 (¢)).

the commercially available methy! 3,4,5-trthydroxybenzoate by
modifying previously described procedures.!”*~*! To obtain a
high degree of monoacylation in the condensation of 2,2'-
bipyridine-3,3'-diamine with acid chlorides 4a—c, all reactions
were carried out by adding a dilute solution of the acid chlorides
(~0.1mMm) to an ice-cooled and dilute solution (=0.1mm) of
2,2'-bipyridine-3,3’-diamine and triethylamine (TEA). Typical
product ratios of mono- to diacylated compounds were 86:14,
regardless of the acid chloride used. Column chromatography
proved to be a useful tech-
nique to separate the monoa-
cylated compounds Sa,b from
the diacylated compounds
6a,b.1'% In the case of com-
pound 5¢, solubility problems
and almost identical R; values
for the mono- and diacylated
products prevented complete
separation by column chro-
matography. Compound Sc
could, however, be obtained
at a purity of up to 95% and
was used as such. In the final
step—linking 5a—c to ben-
zene-1,3,5-tricarbonyl trichlo-
ride—we found that it is crucial to use a slight excess of Sa—c to
ensure complete reaction. Although acid chlorides are reactive,
long reaction times, or in the case of compound 5c even elevated
temperatures, are required. The crude compounds were
thoroughly purified and finally precipitated from a CHCI; solu-
tion with acetone, giving the desired compounds 1a—c in rea-
sonable to good yields (54-82%). Compounds 1a,h were ob-

OR 6a: R = n-CgHq3

6b: R = n-CqoHas
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tained as waxy, strongly birefringent substances at room tem-
perature; this indicates the presence of a mesophase (vide infra).
Compound 1c¢ was obtained as a white powder.

Compounds 7 and 8 were synthesised as references for addi-
tional studies. Reference compound 7 was obtained by conden-
sation of aniline with benzene-1,3,5-tricarbonyl trichloride in a
yield of 72 %. Compound 8 was obtained in a three-step proce-

OL. N
*C7 ™H
; @L
N\(I_T ?,/o
7 8

dure. In the first step, 2,2’-bipyridine-3,3’-diamine was mono-
acylated with Boc,O by heating the two compounds in THF
under reflux. Similar product ratios of mono- and diacylated
products were observed as in the case of the previously discussed
acid chlorides. The monoacylated compound 10 was obtained in
70% yield after column chromatography. In the second step,
compound 10 reacted with benzene-1,3,5-tricarbonyl trichlo-
ride—in a similar procedure as discussed for compounds la—
c—to give the tri-Boc derivative 9. Finally, compound 9 was
treated with trifluorcacetic acid in CH,Cl, to remove the Boc
group, yielding the desired triamine 8. Reference compounds 7
and 8 were barely soluble in common organic solvents.

All new compounds were fully characterised by NMR and IR
spectroscopy and gave satisfactory elemental analyses. Gel per-
meation chromatography (GPC) measurements confirmed the
high purity (>99.6%) of compounds la—c with respect to
higher and lower molecular weight substances. All spectroscop-
ic data of compounds 1a—c are in agreement with the proposed
C,-symmetric structure (Figure 1) and will be presented in Sec-
tion 2. The properties of these new molecules were studied in
detail by means of differential scanning calorimetry (DSC), po-
larisation microscopy and X-ray diffraction, and the results will
be given in Sections 3-5.

2. 'THNMR spectroscopy: It has been shown previously that
strong intramolecular H-bonds in N-acylated 2,2'-bipyridine-
3,3-diamines lead to the formation of a planar, transoid
bipyridine system.!! In 'H NMR spectra this conformation is
characterised by a low-field absorption of the amide NH (at
d~14) and of the H-4 proton of the pyridine ring (at 6x9.2),
which is a consequence of the deshielding influence of the adja-
cent carbonyl group.

The 'HNMR spectra of compounds 1a—c were recorded in
CDCl,; and follow the pattern described above. For example, in
compound 1b (Figure 2), two low-field NH shifts (5 =15.49
and 14.36) are present. Furthermore, the absorptions of pyri-
dine protons H-4 and H-4" are found at 6 = 9.56 and 9.38,
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NH NH'

I

14 12 10 8 8 4 2
Figure 2. "HNMR spectrum of compound 1b in CDCI,

respectively. These values are in agreement with those common-
ly observed in acylated 2,2"-bipyridine-3.3"-diamines. However,
0 = 9.16 for the ortho hydrogens of the central benzene ring is
remarkably high. Similarly high values for ortho-H are found in
laand 1¢ (6 = 9.25 and 9.22, respectively).

To account for this, reference compounds 7 and 8 were de-
signed to determine the influence of the bipyridine moiety on the
o value of ortho-H of the central benzene ring. Both compounds
are msoluble in CDCl,, and [D,]DMF was used for their
"H NMR spectra; these are compared in Figure 3. A large dif-

H-ortho
NH ‘
7 L ot b
H-ortho
NH
8 H-4 | |
——— | T T
16 15 14 13 12 11 10 9 8 7

Figure 3. "H NMR spectra in [D,]DMF of compounds 7 and 8

ference between the absorptions of the amide NH in compound
8 (0 =15.79) and compound 7 (6 =10.56) was found, and a
low-field absorption at é = 9.46 for H-4 was observed in com-
pound 8. Furthermore, a substantial difference in the absorp-
tions of ortho-H atoms of the central benzene rings was ob-
served for compounds 7 (6 = 8.81) and 8 (6 = 9.23), which
cannot be attributed to electronic effects alone. A reasonable
explanation is that the rotational freedom around the Ph—C=0
in 7 is more pronounced than in 8. In compound 8, a high degree
of coplanarity of the bipyridine units with the central benzene
ring would induce a refative deshielding of the identical protons
in the trimesoyl core. If the rotational freedom around the Ph—
C=0 bond is restricted in 8, then this will certainly also be the
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case in compounds 1a—c. This phenomenon is illustrated in a
CPK model of compound 1b in Figure 4, from which it is also
obvious that the high degree of coplanarity of the central ben-
zene ring with the bipyridine units implies a C,; symmetry, for
reasons of space avatilability.

Figure 4. CPK model of compound 1b.

The concentration effect in the 'HNMR spectra of com-
pound 1a in CDCI, should be noted.''! On going from higher
(31 mmolL™') to lower concentrations (1.55 mmolL™?) the
peaks sharpened substantially and all aromatic peaks under-
went some deshielding. The effect was most pronounced for the
ortho-H of the central benzene ring and the protons in the inte-
rior of the molecule, namely, NHCO, H-4 and H-6". A similar
effect was observed when a 2.8 mm solution of 1a in [Dg]toluene
was heated from room temperature to 100 °C. At room temper-
ature, the peaks were extremely broad, but sharpened at 80°C
with a concomitant deshielding of the aromatic protons. Final-
ly, we found that, when very apolar solvents were used (hexane
and cyclohexane), compounds 1a—c did not really dissolve, but
formed stable gels.[t?!

All "HNMR spectroscopic results given above are in agree-
ment with the stacking of discs in solution. In the absence of
solvent this preference for phase separation leads to liquid crys-
talline behaviour. The preferred planar orientation of the aro-
matic interior leads to a large rigid core with an estimated di-
ameter of approximately 28 A (Figure 4) in compounds Ta—c.

3. Differential scanning calorimetry: The phase transition tem-
peratures and enthalpies of compounds 1a—c¢ and 6a,b were
determined by using DSC. The heating and cooling rates were
10 Kmin~'. All samples were dried in a vacuum oven before
use. The data are collected in Table 1. Due to the high clearing
temperatures of compounds 1a—c and the presence of air in the
sealed pans, slight decomposition took place in all samples
starting at 250 °C.

Compound 1a was heated in a first run from —40°C to
200 °C and subsequently cooled to —-80°C. No K-D,, transi-
tion could be observed. In a second run the sample was heated
to 400 °C, and a D, —1 transition was visible at 383 °C. Due to
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Table 1. Transition temperatures (°C) and corresponding enthalpies (kJmol ") for
the phases [a] of compounds 1a-c¢ and compounds 6a,b (e: phase observed; -:
phase not observed).

K T (AH) M Dy T (AH) I
la - e - ° 383 (17) [b) °
1b . 9 (56) - . 355 (27) {b] )
le . 62 (172) - . 308 (30) [b] .
6a . 53 (38) ° - 108 (2.5) .
6b . 38 (79.5) . - 110 (2.5) .

[a] K = crystalline phase: M = unidentified mesophase; Dy, = hexagonal ordered
columnar phase; [ = isotropic phase. [b] Clearing is accompanied by some decom-
position of the sample making the accuracy of the calculated enthaipics
+2kImol~ 1. [¢] On cooling to —80°C the sample did not show a transition.

decomposition of the sample, the cooling run was rather unreli-
able, although a [-D,, transition was present at 340 °C.

In a first run, compound 1b was heated and cooled be-
tween —20 and 200°C. A K-D,, transition was observed at
9°C on heating, and a D, ,— K transition at — 3 °C on cooling. A
second heating and cooling cycle between — 20 and 200 °C gave
the same results. In a last run the sample was heated from 20 to
380°C and showed a D, —1I transition at 355°C, and an I-D,
transition at 333 °C upon cooling.

Compound 1c¢ was heated and cooled in a first run be-
tween — 20 and 200 °C, and a K—-D,, transition was observed at
62°C and a D, ,—K transition at 54°C, which was immediately
followed by a second transition at 47 °C. A second heating and
cooling run gave the same results. In the third run the sample
was heated up to 330°C, and a D,,—1 transition was observed
at 308°C. The cooling run showed an I-D,  transition at
302°C.

Comparison of the DSC data obtained for the “monomeric”
reference compounds 6a,b and the disc-shaped analogues 1a,b
reveals the striking difference in mesophase stability. While the
temperature range in which compounds 6 a,b display liquid crys-
tallinity is limited to approximately 60 °C, the corresponding
range for compounds 1a,b is more than 350°C.

4. Polarisation microscopy: In order to study the thermal be-
haviour of the compounds by polarisation microscopy, samples
of compounds 1a—c were prepared on a glass plate. A strongly
birefringent texture was observed for 1a,b, indicating that these
compounds were already in a mesophase at room temperature.
This was confirmed by the fact that, upon heating (to around
200°C), the samples slowly became mobile, that is, sensitive
towards pressure changes, while remaining strongly birefrin-
gent. Compounds 1a,b exhibited a permanent mesophase start-
ing from room temperature up to the clearing temperatures at
389 and 373 °C for 1a and 1b, respectively.!* 3 In both cases, the
isotropic state had a low viscosity. Typical textures for com-
pounds 1a,b were grown by slowly cooling the isotropic liquid
(1 Kmin~ %), and an example is presented in Figure 5 (top).
Compound 1e¢ was obtained as a white powder, which
changed into a liquid crystalline phase at around 58 °C. The
clearing temperature of 320 °C was substantially lower than in
lab. The fast reappearance upon cooling of the liquid crys-
talline phase at 317 °C indicated a high degree of preorientation
in the isotropic state. Again, typical textures could be grown by
slowly cooling the isotropic liquid (Figure 5, bottom). Large
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Figure 5. Top: Optical texture of 1b at room temperaturce (crossed polarisers).
Bottom: Optical texture of 1¢ at 280 °C (crossed polarisers).

homeotropic monodomains were present in the liquid crys-
talline state. Upon further cooling, a gradual transition into the
crystalline state was observed at around 45 °C.

5. X-Ray diffraction: The structures of the mesophases of com-
pounds la—c were examined in detail by X-ray diffraction.
Compound l¢ was heated in a glass capillary to the clearing
point and was then slowly cooled to the liquid crystalline state
atarate of 5 Kmin~!. At 120 °C the sample was screened to find
suitably large monodomains. The diffraction pattern obtained
for 1c¢ points unambiguously to a columnar packing of the mol-
ecules. Furthermore, two monodomains could be distinguished:
a more prevalent one with the columns paralle!l to the X-rays
and a less pronounced one with the columns perpendicular to
the X-rays. The reflections in the wide-angle area originated
from the second monodomain. The calculated diffraction spac-
ings are summarised in Table 2. A sharply defined reflection at
3.5 A and a broad ring at 4.7 A can be assigned to the disc—disc
distance and the disorder of the aliphatic chains, respectively. In
the small-angle area (Figure 6) two clear reflections at 40.0 and
23.2 A are present in a hexagonal distribution. The reflections
are assigned to the 1 00 and 110 reflection, respectively. Finally,
two less intense reflections at 20.0 and 13.8 A are also observed,
which derive from the 200 and 21 0 reflections. The hexagonal
distribution of the 100 and 110 reflection clearly points to a
hexagonal packing of the columns in the liquid crystalline state,
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Table 2. Diffraction spacings in A obtained for compounds 1a,b at 20°C and for
compound l¢ at 120 °C.

hkl la 1b 1c
100 254 34.1 40.0
110 - 23.2
200 - 17.4 20.0
210 - - 13.8
— - 36 —
halo 4.7 4.7 4.7
interdisc 33 34 3.5
intercolumn 30 40 46

Figure 6. Diffraction pattern observed in the small-angle area for compound 1¢ at
120°C.

with an intercolumnar distance of about 46 A. The nature of the
liquid crystalline state present can thus be designated as a D,
phase. Interestingly, another monodomain could be distin-
guished when the orientation of the glass capillary was changed.
In this side-on view, a characteristic reflection with a quadruplet
splitting pattern was observed.

Compounds 1a,b were shear aligned at room temperature.
Both compounds show similar diffraction patterns. The calcu-
lated diffraction spacings of compounds 1a,b are summarised in
Table 2. The diffraction patterns indicate that the molecules are
packed in columns. For example in compound 1b, two clear
reflections are present in the small-angle area: a first-order re-
flection at 34.1 A and a reflection split into a quadruplet at
17.4 A. In the wide-angle area, the disorder of the aliphatic
chains at 4.7 A, a sharp reflection at 3.4 A and a more diffuse
reflection at 3.6 A are observed. The mesophase present in com-
pounds 1a,b is most likely to be a D, phase, because of the
similarities between the X-ray diffraction pattern obtained for
1 ¢ in the side-on view and the those found for compounds 1a,b.
Unfortunately, we have not yet been able to explain the origin
of this set of reflections. One explanation can be derived from
the CPK model in Figure 4. Compounds 1a-c are not perfectly
disc-shaped; they are more accurately described as trefoil-
shaped. To minimise unfavourable interactions and to fill the
space between the bipyridine moieties, it is likely that a given
disc will be rotated with respect to the previous and following
disc. Possibly, an extra order is thus present in the lattice. Exper-
iments with an optically active homologue are in progress and
will hopefully clarify the origin of the splitting in the quadruplet
reflections.
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Conclusions

A new class of discotic liquid crystals based on 2,2'-bipyridine-
3,3'-diamine has been synthesised in a convergent sequence, and
the molecules have been fully characterised. 'H NMR spec-
troscopy has revealed that intramolecular H-bonding forces the
3,3’-di(carbonylamino)-2,2"-bipyridine fragment of each wedge
into a planar conformation. Furthermore, evidence has been
presented that the core as a whole possesses a high degree of
planarity in solution and has a diameter of approximately 28 A.
It has been deduced from concentration and temperature mea-
surements that the molecules have a strong tendency to aggre-
gate in solution, which is promoted in very apolar solvents, by
higher concentrations and by lower temperatures. Compounds
1 a—c show liquid crystalline behaviour relying on several coop-
erative processes. Firstly, strong intramolecular hydrogen
bonding in the N-acylated 2,2"-bipyridine-3,3’-diamine moieties
fixes the bipyridine units in a planar, transoid conformation.
Secondly, the central benzene-1,3,5-tricarbonyl unit preferen-
tially adopts a planar conformation in which all carbonyl
groups point in the same direction giving rise to a C, symmetry
and to an extended planar core incorporating the bipyridine
units. Thirdly, the presence of peripheral lipophilic nonaromatic
side chains induces liquid crystalline behaviour, and the
mesophase present in compounds 1a—c can be designated as a
D,, phase.

Experimental Procedure

General: 'HNMR spectra were recorded on a Bruker AM-400
(400.13 MHz). IR spectra were measured on a Perkin Elmer 1600 FT-IR.
Elemental analyses were carried out using a Perkin Elmer 240. The optical
propertics of the materials were studied with a Jenaval polarisation micro-
scope equipped with a Linkam THMS 600 heating device, with crossed
polarisers. Melting points were recorded on an Linkam THMS 600 heating
device. DSC spectra were obtained on a Perkin-Elmer DSC-7 under a nitro-
gen atmosphere with heating and cooling rates of 10 K min~'. The transitions
into the isotropic state of compounds 1a—c were determined by means of
DSC. X-ray diffraction patterns of oriented and nonoriented samples were
recorded using a multiwire area detector X-1000 coupled with a graphite
monochromator and a Linkam THM 600 hot stage at elevated temperatures,
or by means of a flat-film camera at room temperature (Ni filtered, Cuy,
radiation). The temperature was adjustable to an accuracy of +0.5 K. For
the GPC measurements, a column with PL gel (5 uL particles and 500 A pore
size) was used with chloroform as eluent and a flow of t mLmin™!,and a UV
detector was used at a wavelength of 254 nm. Fast-atom bombardment mass
spectra (FAB-MS) were recorded on a VG micromass VG 7070 E using a Xe
beam at 8 kV with nitrobenzyl alcohol (NOBA) as matrix. Diethyl ether was
dried over CaCl, and stored over Na wire, THF was distilied from Na/ben-
zophenone, and CH,Cl, was dried over CaCl, and distilled from P,05. All
other chemicals were used as recetved.

Methyl 3,4,5-trihexyloxybenzoate (2a): A mixture of methyl 3,4,5-trihydroxy-
benzoate (10 g, 54.3 mmol), 1-bromohexane (29 g, 175 mmol) and anhydrous
K,CO; (40 g) was stirred under an Ar atmosphere in dimethylformamide
(200 mL) at 75 °C for 6 h. The reaction mixture was allowed to cool to room
temperature, poured into water and extracted with hexane (2 x 250 mL). The
combined organic layers were washed with HCI (1M, 200 mL) and saturated
NaHCO, solution (200 mL), dried with MgSO,, filtered and concentrated in
vacuo. The residual yellow oil was purified by column chromatography
(5i0,). The impurities were first eluted (eluent: hexane), followed by com-
pound 2a (eluent: hexane/EtOAc 85/15, R, = 0.50). This afforded pure 2a as
a colourless oil (20.3 g, 85%). '"HNMR (CDCl,): § =7.22 (s, 2H, ortho-H);
4.03 (m, 6H, OCH,); 3.88 (s, 3H, OCH,); 1.80 (m, 6H, OCH,CH,); 1.48
(qui, 6H, OCH,CH,CH,); 1.30 (brs, 12H, (CH,),); 0.90 (t, 9H, CH,).
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3,4,5-Trihexyloxybenzoic acid (3a): A mixture of 2a (10 g, 23.6 mmol) and
KOH (2.7 g) in EtOH (96%, 200 mL) was heated under reflux for 4 h. Con-
centrated HCI (6 mL) was then added to the hot solution, followed by H,O
(200 mL). Extraction with diethyl ether (3x200 mL) yielded the crude
product, which was purified by column chromatography (SiO,). Impurities
eluted first (eluent: CH,Cl,), followed by 3a (eluent: CH,CL,/CH,CN 1/1,
R: = 0.62). Compound 3a was obtained as a slowly solidifying white solid
(735 ¢, 76%). M.p. 41-42.5°C. '"HNMR (CDCl,): § =7.27 (s, 2H, ortho-
H); 4.02 (m, 6H, OCH,); 1.80 (m, 6H, OCH,CH,); 1.46 (qui, 6H,
OCH,CH,CH,); 1.30 (brs, 12H, (CH,),); 0.88 (t, 9H, CH,). Anal. caled.
for C,H,,0, (MW 422.60): C 71.05, H 10.01. Found: C 71.0, H 9.9.

3,4,5-Trihexyloxybenzoyl chloride (4a): Compound 3a (4.1 g, 9.7 mmol) was
treated with thiony! chloride (50 mL) under reflux for 3 h. The excess thionyl
chloride was distilled off, and the resulting brown oil was flushed with hexane
(2x 10 mL). The brown oil was dissolved in hexanc and filtered. After con-
centration of the filtrate in vacuo, 4a was obtained as a yellow oil (3.65 g,
85%).'HNMR (CDCl,): 6 =7.30 (s, 2H, ortho-H); 4.02 (t, 2H, para-
OCH,); 3.98 (t, 4H, meta-OCH,); 1.80 (m, 6H, OCH,CH,); 1.48 (m, 6 H,
OCH,CH,CH,); 1.28 (m, 12H, (CH,),); 0.88 (t, 9H, CHS;).

3’-(3,4,5-Trihexyloxybenzoylamino)-2,2"-bipyridine-3-amine (Sa): A solution
of 4a(3.54 g, 8 mmol) in dry diethyl ether (70 mL) was added dropwise under
an Ar atmosphere to an ice-cooled solution of 2,2'-bipyridine-3,3"-diamine
(1.49 g, 8 mmol) and triethylamine (TEA) (1.3 mL) in dry diethyl cther
(70 mL). After complete addition, the ice bath was removed, and the mixture
was stirred at room temperature for 16 h. The resulting suspension was
washed with saturated NaHCO, solution (2 x 100 mL), and the organic layer
dried with MgSO,, filtered and concentrated in vacuo. Purification by
column chromatography (SiO,; eluent: hexane/EtOAc 9/1; by-product 6a,
R, =0.23;5a, R; = 0.05). Recrystallisation of 5a from hexane at 0 °C afford-
ed pure Sa as yellow needles (3.15g, 66%). T, =119-121°C. "THNMR
(CDCly): 6 =14.28 (s, 1H, NH'CO); 9.25 (dd, 1H, H-4); 8.33 (dd, 1 H,
H-6); 8.00 (dd, 1 H, H-6); 7.32 (dd, 1 H, H-5'); 7.25 (s, 2 H, ortho-H); 7.12 (m,
2H, H-4 and H-5); 6.56 (brs, 2H, NH,); 4.07 (m, 6H, OCH,); 1.88 (m, 6 H,
OCH,CH,); 1.49 (qui, 6H, OCH,CH,CH,); 1.32 (brs, 12H, (CH,),); 0.88
(t, 9H, CH;). Anal. caled. for C,;H ) N,O, (MW 590.80): C 71.15, H 8.53,
N 9.48. Found: C 71.3, H 8.3, N 9.3.

3,3-Bis(3,4,5-trihexyloxybenzoylamino)-2,2"-bipyridine (6a): Compound 6a
(R; = 0.23) from the preparation of Sa (vide supra) was isolated and an
analytically pure sample was obtained after recrystallisation from CH,Cl,/
MeOH 8/2. K 53°C M 110°C L. IR (nujol): ¥ = 2928 (C-H), 2856 (C-H),
1668 (C=0), 1578, 1459, 1375, 1333, 1225, 1112em ™~ L. THNMR (CDCl,):
§ =14.15(s, 2H, NH); 9.40 (dd, 2H, H-4); 8.38 (dd, 2H, H-6); 7.50 (dd, 2 H,
H-5); 7.25 (s, 4H, ortho-H); 4.05 (m, 12H, OCH,); 1.80 (m, 12H,
OCH,CH,); 1.50 (qui, 12H, OCH,CH,CH,); 1.31 (brs, 24H, (CH,),); 0.88
(t, 18 H, CH,). Anal. caled. for CgoHgoN,Og (MW 995.39): C 72.39, H 9.11,
N 5.63. Found: C 72.6, H 9.3, N 5.7.

N,N’,N"-Tris{[3(3'~(3,4,5-trihexyloxybenzoylamino)-2,2’-bipyridyl| } benzene-
1,3,3-tricarbonamide (1 a): A solution of 1,3,5-benzenetricarbony! trichloride
(0.29 g, 1.12 mmol) in dry CH,Cl, (10 mL) was added dropwise under an Ar
atmosphere to a solution of 5a (2 g, 3.39 mmol) and TEA (0.75 mL) in dry
CH,CI, (40 mL). After 16 h of stirring at room temperature, the precipitate
was filtered (P4 glass filter) and washed extensively with a mixture of acetone/
CHCI, 1/1 yielding pure 1a as a white sticky solid (1.79 g, 82%). T, = 383°C
(decomp.). IR (nujol): ¥ = 2892 (C—H), 1668 (C=0), 1572, 1459, 1375, 1291,
1243, 1112 em 1. 'HNMR (CDCl,): 8 =15.51 (s, 3H, NHCO); 14.38 (s,
3H, NH'CO); 9.59 (d, 3H, H-4); 9.40 (d, 3H, H-4'); 9.25 (s, 3H, ortho-H);
9.04 (d, 3H, H-6"); 8.44 (d, 3H, H-6); 7.50 (dd, 6 H, H-5 and H-5); 7.26 (s,
6H, ortho-H'); 4.02 (m, 18 H, OCH,); 1.80 (qui, 18 H, OCH,CH,); 1.51 (qui,
18H, OCH,CH,CH,); 1.32 (m, 36H, (CH,),); 0.88 (t. 27H, CH,). Anal.
caled. for Cy,H;50N;,0, 5 (MW 1928.50): C 71.00, H 7.84, N 8.71. Found:
C 709, H 7.3, N 8.6.

Methyl 3,4,5-tridodecyloxybenzoate (2b): A mixture of methyl 3,4,5-trihy-
droxybenzoate (3.5 g, 19 mmol), 1-bromododecane (14.5 g, 57 mmol) and
K,CO; (13 g) was heated under reflux in cyclohexanone (160 mL) for 40 h.
After cooling, the precipitate was removed, and the filtrate was concentrated
in vacuo. The resulting brown solid residue was purified by column chro-
matography (flash SiO,; eluent: petroleum ether (60-80)/EtOAc (96/4)).
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Pure 2b was isolated as a white powder (12.6 g, 90%). An analytically pure
sample was obtained after recrystallisation from EtOH (96%). M.p. 43.2~
43.8°C. '"HNMR (CDCl,): 6 =7.22 (s, 2H, ortho-H); 4.03 (m, 6 H, OCH,);
3.88 (s, 3H, OCH,); 1.80 (m, 6H, OCH,CH,); 1.48 (qui, 6H,
OCH,CH,CH,); 1.30 (brs, 48 H, (CH,),); 0.90 (t. 9H, CH,). Anal.calcd. for
Cu4HgoO5 (MW 689.11): C 76.70, H 11.70. Found: C 77.3, H 11.8.

3,4,5-Tridodecyloxybenzoic acid (3b): A solution of KOH (0.9 g) in EtOH
(96%, 28 mL) was added dropwise to a mixture of 2b (5 g, 7.25 mmol) in
ElWOH (96%, 50 mL). The mixture was heated under reflux for 4 h. After
cooling and acidification with a cone. HClsolution to pH = 2 -3, the reaction
mixture was poured into water (200 mL). The resulting white precipitate was
filtered and recrystallised from EtOH (96%) to yield pure 3b as a white
powder (4 g, 82%). M.p. 57.5-58°C. "HNMR (CDCl,): 5§ =7.31 (s, 2H,
ortho-H); 4.02 (m, 6H, OCH,); 1.80 (m, 6 H, OCH,C#,); 1.46 (qui, 6 H,
OCH,CH,CH,); 1.30 (brs, 48H, (CH,),); 0.88 (t, 9H, CH;). Anal. caled.
for C3H, 305 (MW 675.10): C 76.50, H 11.65. Found: C 77.2, H 11.7.

3,4,5-Tridodecyloxybenzoyl chloride (4b): Compound 3b (2 g, 2.96 mmol) was
treated with thionyl chloride (10 mL) under reflux for 3 h. The excess thionyl
chloride was distilled off, and the resulting solid flushed with hexane
(2x 10 mL) to give purc 4b as a whitc solid in quantitative yield (2.07 g,
100%)."HNMR (CDCl,): 6 =7.32 (s, 2H, ortho-H); 4.05 (m, 6 H, OCH,);
1.80 (m, 6H, OCH,CH,); 1.46 (qui, 6H, OCH,CH,CH,); 1.30 (brs, 48 H,
(CH,)g); 0.88 (t, 9H, CH,).

3’-(3,4,5-Tridodecyloxybenzoylamino)-2,2’-bipyridine-3-amine (5b): A solu-
tion of 4b (1.8 g, 2.6 mmol) in dry diethyl ether (20 mL) was added dropwise
under an Ar atmosphere to an ice-cooled solution of 2,2'-bipyridine-3,3'-di-
amine (0.5 g, 2.6 mmol) and TEA (0.5 mL) in dry diethyl ether (25 mL). After
complete addition, the ice bath was removed, and the mixcure stirred at room
temperature for 4 h. The mixture was concentrated in vacuo and purified by
column chromatography (SiO,; eluent: CHCly; R, = 0.55 for by-product 6b
and R; = 0.28 for 5b) yielded pure 5b as a ycllow powder (1.27 g, 58 %).
Recrystallisation from hexane yielded an analytically pure sample. 7, = 64—
65°C. "HNMR (CDCl,): 6 =14.28 (s. 1 H, NH'CO); 9.25 (dd, 1 H, H-4;
8.33 (dd, 1 H, H-6); 8.00 (dd, 1 H, H-6); 7.32 (dd, 1 H, H-57; 7.25 (s, 2H,
ortho-H); 712 (m, 2H, H-4 and H-5); 6.56 (brs, 2H, NH,); 4.07 (m, 6 H,
OCH,); 1.88 (m, 6H, OCH,CH,); 1.49 (qui, 6 H, OCH,CH,CH,); 1.32 (brs,
48H, (CH,),); 0.88 (t, 9H, CH,). Anal. caled. for Cy;H, N,O, (MW
843.28): C 75.48, H 10.28, N 6.64. Found: C 75.8, H 10.2 , N 6.6.

3,3-Bis(3,4,5-tridodecyloxybenzoylamino)-2,2 -bipyridine (6b): Compound
6b (R, = 0.55) from the preparation of 5b (vide supra) was isolated, and an
analytically pure sample obtained after recrystallisation from EtOAc. K 38 °C
M 110°C L. IR (nujol): ¥ = 2928 (C-H), 2856 (C—H), 1656 (C=0), 1572,
1459, 1369, 1333, 1225, 1123cm ™!, 'HNMR (CDCl,): § =14.11 (s, 2H,
NH); 9.35(dd, 2H, H-4); 8.38 (dd, 2 H, H-6); 7.44 (dd, 2 H, H-5); 7.25 (s, 4 H,
ortho-H); 4.05 (m, 12H, OCH,); 1.85 (qui, 8 H, meta-OCH,CH,); 1.77 (qui,
4H, para-OCH,CH,); 1.50 (qu, 12H, OCH,CH,CH,); 1.31 (brs, 96H,
(CH,)g); 0.88 (t. 18H, CHj). Anal. caled. for CygH, ,N,O5 (MW 1500.36):
C 76.85, H 10.88, N 3.73. Found: C 76.4, H 11.1, N 3.4,

N,N’,N"-Tris{|3(3" - (3,4,5 - tridodecyloxybenzoylamino) - 2,2’ - bipyridyl|}ben-
zene-1,3,5-tricarbonamide (1b): A solution of 1,3,5-benzenetricarbonyl
trichloride (0.13 g, 0.48 mmol) in dry CH,Cl, (5 mL) was added dropwise to
a solution of 5b (1.27 g, 1.5mmol) and TEA (0.3 mL) in dry CH,Cl,
(15mL). The mixture was heated under reflux for 18 h and, after cooling,
concentrated in vacuo. To remove the salts, the solids were triturated with
MeOH (2 x 20 mL). After purification with column chromatography (SiO,,
eluent: CHCly, R, = 0.50) the oil was dissolved in CHCl, (20 mL) and cooled
(0°C). Acetone (15 mL) was added dropwise until a white solid precipitated.
The precipitates were filtered and washed with acetone to yield pure 1basa
sticky solid (0.76 g, 56%). T, = 368 °C. IR (nujol): ¥ = 2911 (C~H), 1668
(C=0), 1579, 1502, 1377, 1300, 1250, 1111em™'. "HNMR (CDCl,):
5 =15.49 (s, 3H, NHCO); 14.36 (s, 3H, NH'CO); 9.56 (d, 3H. H-4); 9.38 (d.
3H, H-4);9.16 (s, 3H, ortho-H); 9.03 (d, 3H, H-6"); 8.38 (d. 3H, H-6); 7.52
(dd, 3H, H-5); 7.48 (dd, 3H, H-5'); 7.26 (s, 6H, ortho-H'); 4.05 (m, 18 H,
OCH,); 1.85 (qui, 18H, OCH,CH,); 1.50 (qui, 18 H, OCH,CH,CH,); 1.31
(brs, 144H, (CH,),): 0.88 (t, 27H, CH,). Anal. caled. for CoqH, 54N, ,0, 5
(MW 2685.90): C 75.12, H 9.68, N 6.25. Found: C 75.1, H 9.6, N 6.2.
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Methyl 3,4,5-trioctadecyloxybenzoate (2¢): A mixture of methyl 3,4,5-trihy-
droxybenzoate (5 g, 27.15 mmol}, I-bromooctadecane (29 g) and anhydrous
K,CO, (20 g) was stirred under an Ar atmosphere in dimethylformamide;/te-
trahydofuran 1/1 (200 mL) at 80°C for 24 h. The reaction mixture was al-
lowed to cool to room temperature, poured into water (200 mL), and the
precipitate was filtered and washed with toluene (100 mL). The product was
used without further purification (11.65 g, 91 %). An analytical pure sample
was obtained by recrystallisation from diethyl ether. M.p. 61-63°C.
'HNMR (CDCl,): 8 =7.25 (s, 2H, ortho-H); 4.03 (m, 6H, OCH,); 3.88 (s,
3H, OCH;); 1.80 (m, 6H, OCH,CH,); 1.48 (qui, 6 H, OCH,CH,CH,); 1.30
(brs, 84H, (CH,),,); 0.90 (t, 9H, CH,). Anal.caled. for C4,H,,,05 (MW
941.59): C 79.08, H 12.41. Found: C 79.2, H 12.4.

3,4,5-Trioctadecyloxybenzoic acid (3¢) : A mixture of 2¢ (5.75 g, 6.1 mmol)
and KOH (2 g) was heated under reflux in EtOH (96%)/dioxane 1/1
(200 mL) for 4 h. After cooling and acidification with conc. HCI solution to
pH = 2-3, the resulting white precipitate was filtered and washed with
EtOH. After recrystallisation from EtOAc pure 3¢ was obtained as a white
powder (4.66 g, 82%). M.p. 86.5-87.2°C. 'HNMR (CDCl,): 6 =7.31 (s,
2H, ortho-H); 4.02 (m, 6 H, OCH,); 1.80 (m, 6 H, OCH,CH,); 1.46 (qui, 6 H,
OCH,CH,CH,); 1.30 (brs, 84H, (CH,),,); 0.88 (t. 9H, CH;). Anal. calcd.
for C H,,,05 (MW 927.56): C 78.99, H 12.38. Found: C 79.1, H 12.7.

3,4,5-Trioctadecyloxybenzoyl chloride (4¢): Compound 3¢ (2.05g,
5.39 mmol) was treated with thionyl chloride (40 mL) under reflux for 3 h.
The excess thionyl chloride was distilled off and the resulting solid was
flushed with hexane (2 x 10 mL) to give pure 4¢ as a white solid in quantita-
tive yield (2.1 g, 100%)."HNMR (CDCl,): § =7.32 (s, 2H, ortho-H); 4.05
(m, 6H, OCH,); 1.80 (m, 6H, OCH,CH,); 1.46 (qui, 6H, OCH,CH,CH,);
1.30 (brs, 84H, (CH,),,): 0.88 (t, 9H. CH).

3'-(3,4,5-Trioctadecyloxybenzoylamine)-2,2’-bipyridine-3-amine (5c¢): A solu-
tion of 4¢ (2.45 g, 2.6 mmol) in dry THF (40 mL) was added dropwise under
an Ar atmosphere to an ice-cooled solution of 2,2-bipyridine-3,3'-diamine
(0.5 g, 2.6 mmol) and TEA (0.5mL) in dry THF (80 mL). After complete
addition, the mixture was stirred at room temperature for another 16 h. The
mixture was poured into H,O (100 mL) and extracted with diethyl cther
(3% 100 mL). The solvent was removed in vacuo, and the crude product
recrystallised from CH,Cl, yielding S¢ with a purity of 95% (the impurity is
the diacylated compound) (2.18 g, 74%). Due to solubility difficulties, no
further purification was attempted, and the compound was used as such.
'HNMR (CDCl,): § =14.22 (s, 1 H, NH'CO); 9.25 (dd, 1 H, H-4); 8.33 (dd,
1H, H-6'); 8.00 (dd, 1H, H-6); 7.32 (dd, 1H, H-5"); 7.25 (s, 2H, ortho-H);
7.12 (m, 2H, H-4 and H-5); 6.56 (brs, 2H, NH,); 4.07 (m, 6 H, OCH,); 1.88
(m. 6H. OCH,CH,); 149 (qui, 6H, OCH,CH,CH,); 1.32 (brs, 84H,
(CH3)14); 088 (1, 9H, CH).

NN N”-Tris{|3(3’-(3,4,5- trioctadecyloxybenzoylamino)- 2,2’ - bipyridyl] }ben-
zene-1,3,5-tricarbonamide (1c): A solution of 1,3,5-benzenetricarbonyl
trichloride (60 mg, 0.22 mmol) in dry CH,Cl, (4 mL) was added dropwise
under an Ar atmosphere to a solution of 5¢ (0,85 g, 0.68 mmol) and TEA
(0.15 mL} in dry CH,Cl, (40 mL). The mixture was heated under reflux for
16 h. The white precipitate was filtered off (P4 glass filter) and washed with
cold CH,Cl,. The crude product was purified by column chromatography
(Si0,). The impurities were cluted with CH,CI, (¢ hardly dissolves in
CH,Cl, at room temperature). Extensive clution with CHCI, yielded 1c.
After evaporation of the solvent, compound le was dissolved in CHCl,,
(15mL) and the solution cooled (0°C). Acetone was slowly added until a
white solid precipitated. The precipitate was filtered and washed with acetone
to yield Te as a white powder (046 g, 54%). T, = 308 "C (decomp.). IR
(nujol): ¥ =2926 (C—H), 2856 (C~H), 1668 (C=0), 1578, 1459, 1375,
1303ecm™". 'HNMR (CDCly): 6 =15.49 (s, 3H, NHCO); 14.39 (s, 3H,
NH'CO); 9.55 (d, 3H, H-4); 9.40 (d, 3H, H-4); 9.22 (s, 3H, ortho-H); 9.04
(d. 3H, H-6'); 8.42(d, 3H, H-6); 7.55 (dd, 3H, H-5); 7.49 (dd, 3H, H-5); 7.26
(s, 6H, ortho-H'); 4.05 (m, 18H, OCH,); 1.85 (qui, 18H, OCH,CH,); 1.50
(qui, 18H, OCH,CH,CH,); 1.31 (brs, 252H, (CH,),,); 0.88 (t, 27H, CH;).
Anal. caled. for C,,,H N ,O0 5 (MW 3443.40): C 77.43, H 10.71, N 4.88.
Found: C 77.3, H 10.7, N 5.1.

N,N’,N"-Trisphenyl-1,3,5-benzenetricarbonamide (7): A solution of 1,3,5-ben-
zenetricarbonyl! trichloride (1 g, 3.76 mmol) in dry CH,Cl, (15mL) was
added slowly to an ice-cooled mixture of aniline (1.1 g, 11.4 mmol!) and TEA
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(1.7mL) in dry CH,Cl, (25mL). After 2 h of stirring, the ice bath was
removed, and the stirring continued at room temperature for another 12 h.
MeOH (25 mL) was added to the clear solution. The resulting white precipi-
tate was filtered and washed thoroughly with MeOH and, after drying, pure
7 was obtained as a white powder (1.23 g, 72%). M.p. 327-329°C. *"H NMR
([D,]IDMF): § =10.65 (s, 3H, NHCO); 8.81 (s, 3H, ortho-H); 798 (d, 6 H,
ortho-H'); 7.45 (t, 6 H, meta-H'); 7.19 (1, 3H, para-H'}. FAB-MS: m/z (%):
436 (100) [M +H]"; 458 (28) [M +Na]*.

3’-terr-Butoxycarbonylamine-2,2’-bipyridine-3-amine (10): A mixture of 3,3~
diamino-2,2-bipyridine (0.80 g, 4.3 mmol) and Boc,0O (0.95 g, 4.3 mmol) in
dry THF (30 mL) was heated under reflux for 18 h. After the solution had
been cooled to room temperature, it was poured into water (200 mL) and
stirred for 10 min. The water phase was extracted with diethyl ether
(3*100 mL). The combined organic layers were dried with Mg80,, filtered
and concentrated in vacuo. The resulting yellow oil was purified by column
chromatography. The diacylated by-product was eluted {(eluent: hexane/
EtOAc 95/5, R; = 0.12). Then, the desired monoacylated compound 10 was
eluted (eluent: CHCI,/CH,CN/hexane 1.8/2.5/3, R, = 0.6). After evapora-
tion of the solvent in vacuo, pure 10 was obtained as a yellow oil (0.87 g,
70%). 'HNMR (CDCl,): § =12.42 (s, 1 H, NHCO); 8.76 (d. 1 H, H-4);8.24
(d, 1H, H-6); 8.02 (d, 1 H, H-6"); 7.23 (dd, 1H, H-5); 7.10 (m. 2H, H-5 and
H-4); 6.35 (brs, 2H, NH,); 1.53 (s, 9H, C(CH,),).

N,N’,N”-Tris[3(3’ -t-butoxycarbonylamino-2,2’ - bipyridyl)|benzene- 1,3,5-tri-
carbonamide (9): A solution of 1,3,5-benzenetricarbonyl trichloride (0.39 g,
1.5 mmol) was added slowly to an ice-cooled solution of 10 (1.40 g, 4.8 mmol)
and TEA (0.7 mL) in dry THF (50 mL). The reaction was carried out under
an Ar atmosphere. After complete addition, the ice bath was removed and the
mixture stirred at room temperature for another 18 h. The resulting white
precipitate was filtered and washed with cold THF (3x5mL), H,0O
(3 x 10 mL) and saturated NaHCO, solution (2 x 10 mL). The resulting white
solid was suspended in MeOH to remove last traces of TEA-HCI. After
filtration and drying of the residue, pure 9 was obtained as a white powder
(1.36 g, 83%). M.p. 265°C (decomp.).'HNMR (CDCl,): § =15.33 (s, 3H,
NHCO); 12.77 (s, 3H, NHBoc); 9.44 (d, 3H, H-4); 9.10 (s, 3H, ortho-H);
8.90 {m, 6 H, H-6 and H-4'); 8.38 (d, 3H, H-6); 7.41 (m, 6H, H-5 and H-5);
1.57 (s, 2TH, C(CH,);). FAB-MS: m/z (%): 1037 (42) [M +Na]™; 1015 (83)
[M+HT; 941 (52) (M+H — C(CH,),01"; 914 (55) [M+H — C(CH,);-
0CO]".

N,N’,N”-Tris[3(3' -amino-2,2’ -bipyridyl)|benzene-1,3,5-tricarbonamide (8):
TFA (10 mL) was added carefully to a solution of 9 (1.00 g, 1 mmol) in
CH,CI, (10 mL). The yellow solution was stirred for 18 h at room tempera-
ture. Then, TEA (10 mL) was cautiously added through a dropping funnel
(this addition gave rise to aggressive fumes). The resulting yellow precipitate
was filtered, washed with CH,Cl,/TEA (1/1, 3x 5mL) and suspended in
CH,Cl, (20 mL). After filtration and drying of the precipitate, 8 was ob-
tained as a yellow powder which, owing to solubility problems, was used
without further purification (0.7 g, 99%). M.p. 167 °C (decomp.). ‘H NMR
([D,]JDMF): 6 =15.79 (s, 3H, NHCO); 9.46 (dd, 3H, H-4); 9.23 (s, 3H,
ortho-H); 8.60 (dd, 3H, H-6'); 8.50 (dd, 3H, H-6); 7.77 (brs, 6 H, NH,); 7.51
(dd, 3H, H-5'); 7.47 (dd, 3H, H-4); 7.32 (dd, 3H, H-5).
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