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The Photochemistry of
N-Iminopyridinium Ylides in
Retrospect. From a Simple
Concept to Some Applications
Jacques Streith*

Dedicated to Prof. G. Ourisson on the occasion of his 65th birthday

Abstract. Azomethine-imines are well known to undergo ground-state 1,3-dipolar
cycloaddition reactions with olefins or acetylenes, leading thereby to five-membered
heterocyclic systems. When excited by UV light, some of these 1,3-dipolar azomethine-
imines lead to the isomeric three-membered diaziridines via disrotatory electrocyclisation.
The following review article shows that many N-iminopyridinium ylides- which are aromatic
analogues of azomethine-imines - also lead to electrocyclisation from their photo-excited
electronic (singlet) state to give the expected non-aromatic and boat-shaped IH-I ,2-diazepine
isomers. Diazanorcaradienes - i.e. bicyclic diaziridines - are the postulated intermediates
for these photoinduced ring-expansion processes.

Ylides Y (Scheme 3) being mesoionic compounds have a large dipole moment; as a
consequence, they are hydrophilic/lipophobic species, whereas diazepines D are poorly polar
and, therefore, Iipophilic/hydrophobic molecules. This very pronounced change of polarity
triggered off the synthesis of some novel negative photoresists which are based on the
photoisomerisation of water-soluble polymeric pyridinium ylides to the corresponding
hydrophobic polymeric diazepines.

Thermal activation of diazepines D led to ring contraction back to the corresponding
ylides Y - obviously via norcaradiene intermediates N - and permitted to establish the
kinetic and thermodynamic parameters for this process. Diazepines D are higher-energy (by
ca. 85 kJ/mol) isomers of ylides Y. They react smoothly and chemospecifically as dipola-

rophiles with diazoisopropane to give pyrazoline cycloadducts. From these latter ones,
novel small-ring compounds could be prepared, e.g. homodiazepines (cyclopropane deri-
vatives), their tricyclic staircase-like isomers (fused cyclopropane/cyclobutane derivatives)
as well as the first example of a cyclopropapyridine (a cyclopropene derivative).

1. Introduction
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agree well with the Woodward-Hoffmann
rules [4). Last but not least, Moore and
coworker demonstrated the photoiso-
merisation of the cyclic azomethine-imine 7
to the diaziridine 8 [6) .Such a wedge-shaped
bicyclic isomer was expected to be formed
by photo-excitation of 7, presumably via a
concerted disrotatory mode (Scheme 1).

2. From a Simple Concept ...

The photoinduced interconversion of the
three types of I ,3-dipolar species A which are
under consideration - i.e. azomethine oxides
(usually called nitrones) 1;azomethi ne ylides
5 and 6; type 7 azomethine imines (Scheme
1) - with the corresponding three-membered
ring isomers B, can be represented in a unified
manner as depicted in Scheme 2 (non-
aromatic azomethine-ylides). It should be
noted that the direction of the photoinduced
electrocyclisation - i.e. ring formation
starting from a I ,3-dipolar species, or ring
cleavage of three-membered heterocycles to
the corresponding 1,3-dipoles - is solely
dependent upon the relative thermodynamic
stabilities of these pairs of cyclic vs. acyclic
isomeric partners [5).

The idea then cropped up that analogous
1,3-dipolarspecies, in which theazomethine
moiety is fully incorporated into a pyridine
ring, could show a photochemical behaviour
similar to the one described above for the
non-aromatic 1,3-dipoles A. We speculated
that upon UVexcitation thepyridiniumylides
A' would lead - via an electrocyclic process
- to the heteroatomic norcaradienes B',
which, by virtue of a fast thermal valence

Several photoinduced interconversions
of 4n electron 1,3-dipolar species with their
three-membered heterocyclic isomers have
been described during the last three decades
and by now present well-understood pheno-
mena [I). Along these lines, Calvin
performed the pioneering work by
demonstrating the photochemical electro-
cyclisation of nitrones 1 into the cor-
responding oxaziridines 2 [2]. He showed,
furthermore, that this ring closure follows a
disrotatory mode [3), obeying thereby the
orbital-symmetry conservation rules [4)
(Scheme 1). Likewise, Huisgen and co-
workers showed that the aziridines 3 and 4
undergo photoinduced disrotatory ring
opening to the corresponding azomethine
ylides 6 and 5, respectively, whereas
thermally induced ring opening followed a
conrotatory mode which leads to 5 and 6,
respectively [5) (Scheme 1). These results
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Fig. I. UV Spectrum and calculated electron transitions of pyridinium ylide 17 using a PPP model [17]
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tautomerism, would produce the seven-
membered rings C. These pyridinium ylides
A', which are aromatic species, are thermo-
dynamically more stable entities than the
postulated norcaradiene photo isomers B'.
Clearly UV excitation would be needed to
achieve de-aromatisation of the pyridinium
ylides A', a process which was expected to
be strongly endothermic (Scheme 2).

... to Some Experimental Results

The photochemistry of pyridine N-oxides
and of poIycyclic aromatic N-oxides has been
studied and reviewed extensively [7][8].

Scheme J

NITRONES

hv

Most authors explain the formation of the
isolated photoisomers by assuming the
occurrence of short-lived oxaziridines as the
primary photoproducts, although such
intermediates have never been detected, not
even by ns flash photolysis [9] .To quote but
one example, the photoinduced rearrange-
mentofpyridineN-oxide (9) led in poor yield
to pyrrole-2-carbaldehyde (12) [1 OJ,
presumably via the bicyclic oxaziridine 10
and some additional short-lived inter-
mediates, including an open-chain nitrene
[11][12] (Scheme 3).

The photochemistry of pyridinium ylides
has only been studied sparsely. In one

OXAZIRIDINES

instance, the UV -initiated rearrangement of
pyridinium dicyanomethylide (13) led to the
2-(dicyanovinyl)pyrrole (16) whose structure
is reminiscent of 12 [12]. The postulated
primary photoproduct is the azanorcaradiene
14 (Scheme 3).

N-Iminopyridinium ylides Y turned out
to be the most interesting among the
pyridinium ylides studied so far, since UV
excitation of these zwitterionic ylides led in
excellent yields to the expected seven-
membered diazepines D, diazanorcaradienes
N being the postulated intermediates [13]
(Scheme 3). Since our first findings [13],
these photoinduced ring enlargements have
been generalized and reviewed extensively
[14-16].

This article is devoted to the photoinduced
reactions of type Y N-iminopyridinium ylides
(Chapt. 3), as well as to the chemistry of
their major photoisomers, i.e. the IH-I ,2-
diazepines D (Chapt. 4). We shall select and
discuss some results most of which have
been obtained during the last decade.

3. From N-Iminopyridinium Ylides to 1,2-
Diazepines and the Reverse Thermal Ring
Contraction

AZOMETHINE • YLIDES

---.- DIAZIRIDINES

The mesoionic pyridinium ylides Y have
a large dipole moment which accounts for
thefactthatthey are soluble inHP, and only
poorly soluble in lipophilic solvents. The
diazepine photoisomers D have a small dipole
moment; as a consequence they are lipophilic
and hydrophobic species. This rather drastic
change of polarity, when theylides Yundergo
photoisomerisation to the diazepines D, led
to some practical applications, i.e. the pre-
paration of liposomes and the making of
photoresists starting from amphiphilic- and
from polymeric N-iminopyridinium ylides,
respectively (see below Chapt. 3-5).

3.1. Photophysical Data of the N-
Iminopyridinium Ylides Y

The UV -absorption spectrum ofylide 17
is reproduced in Fig. J. To interpret the
electronic spectrum of 17, Gleiter measured
the dichroism of 17 oriented in a stretched,
polyvinyl alcohol film [17] according to
Eggers method [18]. Since it proved possible
to reduce the perpendicular component of
the first band but not the parallel component
(for a discussion of this methodology, see
[18]), he inferred that the vector of the first
transition is approximately parallel to the
long axis of 17 whose most probable
conformation is represented in Fig. J.
Assuming some reasonable geometric para-
meters, a PPP model was applied and led to
the calculated absorption spectrum as
represented inFig .J (vertical lines represent
the calculated electronic transitions) [17].
The theoretical predictions concerning the
angles, relative intensities and polarization
directions agree well with the experimental
results. This model predicts 1l'*f-7t transitions
for the first two absorption bands, the lowest-
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Fig. 2. Change in charge distribution between the ground and the first two excited states for pyridinium ylide 17
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3.2. Photochemical Results

apparatus whose prototype had been
conceived and built by Schaffner and
coworkers [23]. Whatever the ylides Y and
whatever the solvents, these quantum yields
were in the order of 3% (the molar
concentrations varying between 10-2 and
10-4), as measured for the formation of
diazepines D. It was found, furthermore,
that these CP values were independent of the
UV wavelengths which were used between
290 and 370 nm. That the photoinduced
rearrangement is a monophotonic process
was demonstrated by the fact that CP is
independent of the intensity of the incipient
UV light. However, the temperature had a
pronounced effect upon CP, since its
magnitude was decreased ahout 5-fold when
determined at -100°, whereas at +500 it
increased slightly to ca. 5% [20].

3.2.3. Photoinduced Fragmentation of N-
lminopyridinium Ylides

As stated above photofragmentation of
ylide 17 is but a minor reaction pathway
which leads to pyridine (20) and to (eth-
oxycarbonyl)nitrene (21). In the presence of
a triplet sensitizer, the formation ofdiazepine
19 was suppressed, and photoinduced
fragmentation became the only reaction
pathway [21][24] . From these experiments,
one may infer that the photoinduced ring
enlargement proceeds from an excited singlet
state, whereas photofragmentation occurs
from an excited triplet state, the S,~T,
intersystem crossing (ISC) being a poor yield
process. This assumption could be confirmed
by trapping experiments: UV irradiation of
17 in CH2Cl2 in the absence of any
photosensitizer in the presence of trans-4-
methyl-2-pentene led in poor yield to a
mixture of cis- and trans-aziridines 22 and
23, respectively (Scheme 5). The 22/23 ratio
proved to be constant, whatever the relative
concentration of the ylide 17 andofthe olefin
was [25] [26]. The mechanistic interpretation

0.011

.0.,750.0.150

·0.15!5I 6' 0.167
N ·0.0<»
I

O~NO.36'
I 0,0

EtO 0.002

0.286

3.2.1. 1,2-Diazepines
As indicated above UV irradiation of N-

iminopyridinium ylides Y led in excellent
chemical yields to the isomeric 1,2-
diazepines D (Scheme 3). For example, when
ylide 17 was irradiated in benzene solution,
it gave diazepine 19 in 95% yield as well as
trace amounts of pyridine (20) (3%) and
(ethoxycarbonyl)nitrene 21 which was
trapped instantaneously by benzene, leading
to N-(ethoxycarbonyl)azepine (ca. 2%)
(Scheme 4) [22]. These photoreactions were
scaled up (20-30 g) using a falling film
photoreactor equipped with a high-pressure
Hg vapour lamp [11].

3.2.2. Quantum Yields
The quantum yields CP of these

photoinduced ring-enlargements were
determined at room temperature using an

deduction ofthe phosphorescence spectrum
whose 0-0 transition (T]) occurs at 65 kcal/
mol (the phosphorescence lifetime at 77 K is
220 ms) [21].

First excited state

-O.l!Oll
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energy band being the photoactive one [17].
In Fig. 2 are listed the changes in charge

distribution &jf.1 = qf.1* - qf.1 for the first two
transitions of 17. The symbols qf.1 and qf.1*
characterize the charge in the ground and
first excited states. Inspection of Fig. 2 leads
to the conclusion that on excitation negative
charge is transferredfrom the ylide-N-atom
to the pyridine ring [17]. In other words,
these n*+---1t transitions have a pronounced
charge-transfer character, which accounts
also for the negative solvatochromism as
represented in FiE{.1 (i.e. a hypsochromic shift
is ohserved when going ji"om a less polar to
a more polar solvent). Studies performed by
ESCA with 17 confirmed that a strong ne-
gative charge is localized on the exocyclic
ylide N-atom of 17 in its ground state (qf.1 =
-0.7) [19].

The fluorescence spectrum of 17 proved
to be weak; it was determined at low
temperature in EPA (Am •• 440 nm) and plotted
against the absorption spectrum of 17 (Amax

320 nm). The intersection of the two curves
appears at ca. 365 nm i.e. at 78 kcal/mol
(0-0 transition of SI) [20]. The total
luminescence of 17 was determined in EPA
at 77 K. The use of a chopper permitted the
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isomerisations [16] . We shall discuss a few
results pertaining to regiospecific- and non-
regiospecific, ring enlargements as observed
during the photochemical isomerisation of
C(2)- and C(3)-substituted N-imino-
pyridinium ylides of type Y.

Substituents at C(2). Alkyl, MeO, and
CN substituents at C(2) orient the primary
photochemical process exclusively toward
C(6), leading thereby to 3-substituted 1,2-
diazepines [16]. These regiospecific ring
enlargements, which are obviously indepen-
dent of the 2-substituents electronic effects,
suggest that these latter ones are overruled
by steric effects. The optically active steroidal
pyridinium ylide 26, which was synthesized
starting from 19-nortestosterone, photoiso-
merized regiospecifically to diazepine 27
(90% yield) [30]. A series of 2-methoxy-
pyridinium ylides 28 led regiospecifically to
the 3-methoxydiazepines 29 whose de-
methylation gave the diazepinones 30 [31]
(Scheme 6).

Substituents at C(3). Irradiation of
pyridinium ylides 31 with electron-
withdrawing groups atC(3) (C02Et, CONH2,

CN) leads in high yield to regiospecific ring
expansion towards the 4-substituted
diazepines 32. On the other hand, electron-
donating groups (Me, F, CI, Br, OCOPh) of
ylides 33 act indiscriminately, affording both
4- and 6-substituted diazepines 34 and 35 in
good overall yields [32] (Scheme 7). These
regiospecific vs. non-regiospecific ring
enlargements can be interpreted by using a
HMO model. While the wave function and
energy of the highest occupied molecular
orbital (HOMO, 1t1) is essentially unaffected
by any substituent in position C(3), there is
a considerable effect concerning the wave
function in case of the two lowest unoccupied
molecular orbitals 1r1 * and 1r_2 * as shown in
Fig. 3. Clearly two series of substituents
must be distinguished: 1) substituents with
low-lying 1r* orbitals (X = C02R, CONH2,

CN) in position C(3), and2) substituents with
(high-lying) occupied orbitals (Me, F, CI,
Br,OCOPh).

In Case 1 the substituents overrule the
perturbation of the pyridinium N-atom and
in a first approximation the plane of symmetry
of 1r_1 * and 1r_2 * is aligned with the C-X
bond as shown in Fig. 3. In Case 2 where the
perturbation is weak compared to the
pyridinium N-atom the plane of symmetry
of 1r.I* and 1r.2* is aligned with the N-N
bond (Fig. 3, right).

Consider Case 1: exciting an electron
from 1t1 into 1t_I* (Fig. 3, left) will increase
the bonding character between the exocyclic
N-atom and the C-atom in the a-position
considerably more than between the
exocyclic N- and the C-atom in the d-
position (Fig. 3, left). This model explains
the preferential formation of 4-substituted
1,2-diazepines 32 in the case of e1ectron-
withdrawing substituents. In Case 2 (Fig. 3,
right), the C-atoms in a- and d-positions are
equivalent and, thus, no regiospecificity
should be found. Therefore, halogen atoms
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[28] - the urethane 24 was the only by-product
(the major photoproduct is diazepine 19)
detected by OPC after evaporation of the
solvents [26] (Scheme 5). Similar results were
obtained by Abramovitch and Takaya [ 24]
and by Bird et al. [29]. Both groups irradiated
some iminopyridinium N-ylides in a variety
of solvents and observed homolytic frag-
mentation of the N-N bonds. In all these
cases the intermediate nitrenes led to H
abstraction only, which demonstrates that
these reactive species occurred in their triplet
ground state.

3.2.4. The Directing Effect ofSubstituents at
Pyridine upon the Photoinduced Ring-
Enlargement

In a previous review article, a survey was
given about directing effects of substituents
on the pyridine ring upon the photo-
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Scheme 4

of these experimental data is straightforward.
If the photochemicall y produced nitrene were
in its excited singlet state, one would observe
that the ratio 22/23 changes as a function of
olefin concentration [27]. Since there is no
change in this ratio, one concludes that the
incipient nitrene 21 occurs photochemically
in close to 100% yield in its triplet ground
state. Furthermore, Lwowski had shown that
(ethoxycarbonyl)nitrene (21) in its singlet
state gave insertion reaction into the C-H
bonds of cycIohexane, leading to the
corresponding cyclohexylurethane; whereas
the same nitrene in its triplet state reacted by
H abstraction with cyclohexane, leading
thereby to the urethane 24 and to cyclohexene
(25) [28]. When the UV irradiation ofylide
17 was performed in cyclohexane/CH2Cl2 -

and under experimental conditions similar
to those described by Lwowski and Mattingly
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and alky Igroups were not expected to lead to Scheme 6
any significant regiospecificity [32].

When diazepines 34 and 35 (X=CI;
Y=COPh) were irradiated individually with
UV light for a prolonged period of time, no
interconversion between these two isomers
could be detected. Instead, the bicyclic
isomers 36 and 37, respectively, wereformed
in moderate yields [33] (Scheme 7). These
two experiments clearly rule out a
photoinduced [] ,7]-sigmatropic shift of the
PhCO moiety which would have led to the
interconversion of 34 and 35 [34].
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Scheme 7

Whether determined in DMSO or in
benzene, these values turned out to be very
similar, and, therefore, almost independent
of solvent polarity [36]. The values of L1S*
would be expected to be negative, if the
conformationally flexible diazepines 38 lead
to the postulated rigid norcaradiene isomers
39.

When the crystalline diazepines 38a-c,
which are orange-coloured compounds, were
heated up at a slow rate, a sharp melting
point was observed. At a slightly higher
temperature, decolouration occurred which
corresponds to the ring contraction. These
thermal processes were repeated using
differential scanning calorimetry (DSC).

3.3.1. Thermal Ring Contraction of ].2-
Diazepines D

Thermally induced ring contraction of
several ] ,2-diazepines D towards the
isomeric pyridinium ylides Y (cf Scheme 3)
have been described to occur in poor-to-
moderate yields, ring cleavage to open-chain
isomers being the major reaction pathway
[22] [35]. Nevertheless some 1,2-diazepines
which bear an alkyl (Me) group at C(3)
undergo this type of ring contraction in close
to 100% yield [36] inviting, therefore, a
quantitative treatment, i.e. to establish the
kinetic parameters as well as the reaction
enthalpy of this process.

The kinetic measurements were per-
formed with diazepines 38 at different
temperatures in C6D6(non-polarsolvent) and
in (D6) DMSO(polarsolvent) using 'H-NMR
spectroscopy. After completion of each run,
the ylides 40 were characterized by IR and
NMR (comparison with authentic samples).
All ring contractions follow first order
reaction kinetics. The rate constants k were
obtained at various temperatures T. Using
then Eqn. ] which derives from the transition
state theory [37] L1H* and L1S*values were
determined (Table)

k kB L1S* L1H* I
In T=lnT+ R-~' T (1)

(kB = Boltzmann's constant; h = Planck's
constant)

3.3. Thermally Induced Ring Contraction
ofl ,2-Diazepines and the Postulated Energy
Diagram for the Photochemical and
Thermal Processes
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Table. Kinetic Parameters (detennined from isothennal modes for 0.35 molar solutions in (D6)DMSO) and
Reaction Enthalpies (as obtained by DSC in DMSO)for the 38 ~ 40 Ring Contractions

38a ~40a

38b ~40b

tlli* [kcal/mol]

26.5 ± 0.4

26.5 ±0.6

LlS* [callKlmol]

-7.7 ± 1.8

-7.6±2.0

tlli [kcal/mol]

-22.2± I

-22.2± I

DSC led sequentially to a sharp endothennal
peak (corresponding to the melting point)
and to a large exothermal hump whose
integration led directly to the enthalpy ofthe
rearrangement process; the magnitude of
these LVi values is about -20 kcal/mol (Table)
[36].

Fig. 3. Qualitative HMO diagram for C(3)-substituted N-iminopyridinium ylides. At left, the perturbation (Iow-
lying J(f< orbitals, electron acceptor) of the substituent dominates (Case J). At right, the perturbation (high-lying
7r orbitals, electron donator) is assumed to be weak (Case 2)

(2)

3.3.2. The Energy Diagram of the Thermal
and Photochemical Processes (Fig. 4)

From the thermochemical data, it appears
clearly that diazepines 38 - which had been
obtained by photoinduced ring enlargement
of the corresponding ylides 40 - are storing,
in the form of chemical energy, part of the
photonic energy which had been absorbed
by the ylides 40. This chemical energy is
released in the fonn of (degraded) thermal
energy during the 38 ~ 40 ring contraction
process. The values of LVi and of LVi *,whose
magnitudes have been determined above,
permit the drawing of an energy profile for
the 38~40 ring contraction (Fig. 4),
norcaradienes 39 being once again postulated
as the obvious but short-lived intemlediates,
The fact that the .15* values are negative is
best interpreted by assuming that the
geometry of the transition state TS1 is very
close to the norcaradiene 39 whose structure
is quite rigid as compared to the one of the
very flexible diazepine 38. The energy level
of the norcaradiene intennediates could not
be estimated.

In our opinion, the disrotatory valence
tautomerism of diazepines 38 which lead to
the norcaradienes 39 must be the rate-
determining step, because the rate constants
of the overall ring contractions are nearly
independent of solvent polarity (both
diazepines 38 and the corresponding nor-
caradienes 39 are poorly polar substances).
Otherwise, there would have been a
pronounced effect of solvent polarity upon
the rate of ring contraction, ylides 40 being
very polar substances [36]. In other words,
we reasonably assume that the second step is
much faster than the first one, since the
reaction to Y is much more exothennal than
to D (Fig. 4). It should be noted that this
assumption is contrary to the result of a
recent AMI calculation [38]. However, this
calculation also predicted D and Y to be
nearly isoenergetic (LVi = 1.1 kcal/mol)
which is contradicted by our thennochemical
results (LVi = ca. 20 kcal/mol) (see Chapl.
3.2 .2). It may, therefore, be expected that
this error in the AMI calculation will also be
reflected in the relative magnitudes of TS,
and TS2•

The assumption that TS1<TS2 allows to
rationalize the small absolute values of the
quantum yields cp and their temperature
dependence as follows (cpN which is the
quantum yield for the fonnation of N, is
independent of T):

k
cp=cp D

, Nk\J+ky

-18.6±

~X(D)

NCASE 2

+-

-7.2 ± 2.023.7 ± 0.5

o/X(Al-+- --N it--
N CASE 1 1

EN~ _;----- _ rrT It_Z u.c
'{fa ----- + a.~'

a. a.'-t-1t*. \. )
\.. -1
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Fig. 4. Energy diaKram of the photoinduced reactions of J -iminopyridinium ylides Y (the 5, and T, energy levels
have been detennined for ylide 17 (E = CO,Et) and of the thermal induced ring contraction of diazepines D (38, or
i.e. E = PhCO, p-(t-Bu)C.H4CO, 50,Ph and Me at C(3))
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(3)or

- Vogei et ai. demonstrated the existence of
an equilibrium between some substituted
oxepines 41b and their epoxybenzene
isomers 42b [40].

where LlE is the energy difference
between TS, and TS2 (Fig. 4). The quantum
yields for the photoconversion of 17~19
were determined as 0.6 % (at -100°),3% (at
+20°), and 5% (at +50°). Eqn. 3 then allows
us to estimate that LlE has a magnitude of ca.
2 kcal/mol.

The fact that N could be detected neither
by ns flash photolysis at room temperature,
nor by low temperature photolysis, suggests
thatthe activation energy TS 1 for N~ Y is less
than 5-8 kcal/mol.

Some seven-membered cyclic trienes -
which are close structural analogues of
diazepines 38 - are known to lead to thermal
equilibrium with the corresponding nor-
caradienes by virtue of an allowed ground
state disrotatory electrocyc1isation process
(Scheme 8):

- Ciganek showed that some specifically
substituted (R Iand R2) cycloheptatrienes41a
occur in equilibrium with theirnorcaradiene
valence isomers 42a [39].

The quantum yields of fluorescence and Scheme 8
intersystem crossing of the ylides Yare very
low (add up to less than 4%). This suggests
that their lowest singlet state is rapidly
depopulated by an efficient primary photo-
chemical process which we attribute to the
formation of the norcaradiene intermediates
N. We, therefore, assume that I/([JN "" 1. Ifwe
further assume that the preexponential factors
governing the decay rates of the intermediate
N via TS, and TS2 are of similar magnitude,
i.e. AI"" A2, it follows that

~ = 1_ e-fiE/RT

1
In «([J - I) = - !:!.E/RT

- Prinzhach et ai. demonstrated in two
instances the occurrence of an equilibrium
between at C-polysubstituted azepines 41c
and their? -azanorcaradiene isomers 42c [41].

By analogy with these data, an
equilibrium could have been expected to
occur at room temperature between the
d iazepi nes D (38) and their [1,7]-
diazanorcaradiene isomers N (39) (Schemes
3 and 8). This is ruled out by the thermo-
dynamic parameters as reported above. A
posteriori, then, it becomes obvious that
many cycloadditions which had been
performed to trap the postulated nor-
caradienes N at room temperature were
bound to fail (see below Chapt. 3).

For further probes into the nature of this
elusive norcaradiene intermediate N,
experiments using deuterated and 13C-labeled
N-imides were carried out in collaboration
with Kwart et ai. [42)[43]. Photoconversion
of 2-deuteriopyridine N-benzoylimide into

hll ••320nm
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Ylide-lilm
substrate

CJ hydrophilic
_ hydrophobic

3.4.1. Amphiphilic Pyridinium Ylides and
the Formation of Micelles and nfLiposnmes

These speculations proved to be correct.
For example, the single chain ylides 43
bearing C9- and CII-alkyl chains dissolve in
HzO to form micelles. The foaming solutions
dissolve hydrophobic dyes in CHCI) which
precipitate or are released upon UV
irradiation [44][45]. The single-chain ylides
44 with C2s-alkyl chains and the double chain
ylides 4S self-assemble to liposomes as

Negativ

the context of supramolecularchemistry. He
surmised that long-chain lipophilic mole-
cules bearing type Y polar (mesoionic) head-
groups would exhibit amphiphilic character
and lead to self-organisation. Depending on
the nature (length) of the lipophilic chain,
self-organisation could lead either to
(monolayered) micelles or to liposomes
(double layered membranes). More
importantly, RingsdOif surmised that
photoisomerisation of such pyridinium-ylide
liposomes would lead to the suppression of
the amphiphilic character of the individual
molecules, i.e. to a change in solubility, and,
therefore, to the probable collapse of the
isomeric liposomes [44].

hv

48

~:+Oo N

POLYMER· FIXED NITRENE

- crosslinked
• surface· fixed

47

Red .•

D1AZEPINE POLYMER

- water Insoluble
• waler repellent

46

:(

CH

2

SHN>=0
0N

I

~

n.

<2> stands for pyridine ylide © for diazepine

Scheme 11

Scheme 10

Fig. 5. Scheme of the photolithographic process
sequence in pyridinium-ylide-resists

a mixture of 3- and 7-deuterated diazepines
showed a large inverse secondary D-isotope
effect: kH/ko = 0.911 [42]. This result
indicates a thermal transition state in which
C(2) of the N-imide is undergoing
rehybridization from Sp2to Sp3.A second set
of experiments - involving competitive UV
irradiation of a mixture of unlabeled and 2,6-
I3C-labeled pyridineN-benzoylimides to give
the corresponding unlabeled and 2,7-13C-
labeled diazepines - also showed an inverse
isotope effect: kl2C /k13c= 0.9876 [43]. This
result implies a greater bonding preference
forthe heavier isotope, and can be reconciled
only with a transition state of an associative
mechanism in which C(2) is fully bonded to

each of the two N-atoms. Since inverse
heavy-atom isotope effects are rarely
observed, these results must be regarded as
strong evidence for the intermediacy of the
1,7 -diazanorcaradiene N in the
photochemical transformation Y ~D
(Schemes 3 and 4).

3.4 Some Applications: Photoinduced
lsomerisation of Amphiphilic and of
Polymeric N-Iminopyridinium Ylides

RingsdOlf was the first to grasp the
potential usefulness of the photoinduced ring
enlargement ofthe polar ylides Y towards the
less polar 1,2-diazepines D, by putting it into

Fig. 6. Negative image contact-printed in ylide-resist
(Ill, 600 mJcm-') at313 nm (with courtesy of BASF)
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1-2-3-4 6°
2-3-4-5 _ 39°

1.350
3-4-5-6 + 8°

4 N
4-5-6-7 + 29°

1b:eo5-6-7-1 + 3° 1.488 4

6-7-1-2 - 72° 220 ~ N· -3
a) 7-1-2-3 + 74° 1.304 b) 3 2

Fig. 7. a) Geometric parameters of /-tosyldiazepine as determined by X-ray analysis [50]; b) conformation and geometrical parameters of 1-(methoxycarhonyl)-/.2-
diazepine ohtained hy the MNDO-method with complete geometric optimization [49]

shown by electron microscopy and dye
inclusion experiments (Scheme 9) .

The photoreaction of these lipids in the
liposomal membrane leads to the 1,2-
diazepines in high yield (Scheme 9). In-
vestigations on such giant liposomes under
the phase-contrast light microscope revealed
that these liposomes with diazepine surface
are metastable and collapse irreversibly on
mechanical stress [45][46].

3.4.2. Polymeric Ylides as Photoresists
The application of photochemistry to

polymer science seemed to be particularly
interesting when the photochemical altera-
tion of solubility is extremely pronounced.
Ringsdorfsurmised that the large change in
polarity, which accompanies the photo-
reaction of pyridinium yIides Y to diazepines
D (Scheme 3) might lead to a large solubility
change in polymeric systems which include
such chromophores [45]. Here too, he proved
to be right. The pioneering experiments were
performed by two groups and led to a new
type of negative photoresist [47][48].

Let us take but one illustrative example:
i.e. the pyridinium-ylide monomer46 whose
mesoionic chromophore is connected via a
spacer to a methacrylic ester function [45].
Ylide 46 is polymerized in HP by a radical
initiator to yield the HP-soluble homo-
polymer 47. The photoconversion of the
pyridinium-ylide polymer 47 to the
'polydiazepine' 48 is accompanied by a large
change in solubility (Scheme 10). Polymer
48 is not soluble in Hp and is also not soluble
in common organic solvents. This may be
due to some cross-linking via polymer bound
nitrenes from the triplet reaction. This nitrene
formation is also expected to promote the
very good adhesion to substrates such as
quartz, silicon, and copper. The photo-
reactions of 'polyylide' 47 are depicted in
Scheme 11.

On the basis of these photoeffects,
polymeric pyridinium ylides can be applied
as negative photoresists [45][47][48]. After
irradiation of the spincoated polymer film
through an imaging mask, the film can be
developed by simple immersion in pure Hp.
The unexposed area, being very soluble in
H20, rapidly dissolves, leaving the exposed
area as a hydrophobic, negative image (Fig.
5). Due to the photochemically induced
polarity change the product of irradiation is
not just H20-insoluble but is actually H20-

repellant and does not swell. Therefore, the
images have sharp edges compared to images
made with other negative resists. Structures
in the IIIrange have been resolved on silicon
wafers (Fig. 6) .

4. From 1,2-Diazepines to Small Ring
Compounds

Initially, we expected a thermal valence
tautomeric equilibrium to occur between
diazepines D and their norcaradiene isomers
N (see Chapt. 3.3). Consequently, a series of
cycloadditions were initiated with diazepines
D in order to trap their elusive norcaradiene
isomers N. For example, N-phenyltri-
azolinedione and TCNE, which acted as
dienophiles, as well as diphenyliso-
benzofuran, a diene, did react in the presence
of diazepines D at room temperature, but
only cycloadducts of these latter heterocycles

ro~--= N-Bz
~N I~N

Fig. 8. Schematic HOMO-LUMO interaction durinl(
the cyc!oaddirioll of 1-(methoxycarhrJ/lyl)-1.2-dia:(·pine
with dia:oa/canes [49]

could be isolated [16][49]. The kinetic and
thermochemical parameters, which we had
determined in the meantime for the ring
contraction of diazepines D (Chapt. 3.3 and
Fig. 4), clearly rule out the occurrence of
such an equilibrium at room temperature.

Nevertheless some primary cyclo-
adducts, which we had obtained when

H-:(:o--= N-Bz\ ~ I
N ~N
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Fig. 9. Nuc/earOverhauser effects (360 MHz, CDCI) measured during irradiation of the Me"ogroup (0.90 ppm)
and ofMe,ndogroup (1.26 ppm),fo//owed by substraction of the two enhanced spectrafrom the reference spectrum
of 55. The enlarged m of the 4 cyc10butane protons are superimposed upon the substraction spectra. 0 in ppm;
internal standard HMOS.

4.2.1,3-Dipolar Cycloaddition Reactions
of l,2-Diazepines with Diazoisopropane

All 1.2-diazepines D which we tested did

4.4. From 2-Pyrazolinodiazepines to
Cyclopropapyridines

In most cases, the formation via
prototropy oftype 50 2-pyrazolines could not
be avoided in solution. To obtain homo-

yield [51]. For example, instant pyrolysis of
49 at ]500 in a 'bombenrohr' led to 53; a
similar treatment of the regioisomers 51 and
52 gave homodiazepine 54 in both cases.

Saponification ofhomodiazepine53 with
NaOMe in C6D6 led to an orange-coloured
product, whose NMR spectrum was very
similar to the one of 53: the three olefinic
protons were still present and retained their
coupling constants, but H-C(5) underwent a
shielding effect of ca. 1.8 ppm [52]. We
believe that this spectrum is best accounted
for by the delocalized anion E. According to
the NMR data, this base-induced reaction
seemed to be quantitative. Nevertheless,
when benzoyl chloride was added to the
reaction mixture, compound 53 could not be
obtained. Instead, the tricyclic isomer 55
formed rather unexpectedly. Its structure
was confirmed by NMR, and particularly by
NOE measurements (Fig. 9). A similar
reaction sequence - starting from 53 and
using N~CO) in MeOH followed by addition
of TsCI and pyridine - led to the homo-
diazepine 56 (20%) and to its isomer 57
(42%) whose tricyclic structure was con-
firmed by an X-ray analysis [52].

From these results, as well as from more
detailed investigations [52], it appears clearly
that a second anionic intermediate F must be
in equilibrium with E, in orderto account for
the formation ofthe staircase-I ike compounds
55 and 57. Since F could not be detected by
NMR, the postulated equilibrium between
the anionic species E and F lies strongly on
the side of E. That products 55 and 57 are
formed nevertheless predominantly, is due
to the fact that N(6) ofE (an allylie anion) is
by its very nature more nucleophilic and,
therefore, much more reactive than N(4) of
E (a pentadienyl anion). It was indeed
expected that the equilibrium would be
strongly in favour of E, since the gain of
energy for the conversion of a 1t bond into a
(j bond (ca. -20 kcal/mol) does not com-
pensate the added ring strain which is due to
the formation of the cyclobutane ring Cea. +27
kcaIlmol). For a similar example, albeit of a
reversed reaction pathway (disrotatory ring
opening of 2,3-diazabicycIo[3.2.0]hept-2-
ene, leading to the corresponding monocyclic
diazacycloheptadiene), see [53].

Considering the HOMO of E and
applying the Woodward-Hoffmann rules to
it [4], it follows that a 1,5-electrocyclization
had to proceed according to a disrotatory
mode (Scheme 12) [54]. This electro-
cyclization occurs in a torquospecific
manner, i.e. in such a way as to avoid any
steric interference between the Me"",,,group
and the five-membered ring which is in the
build-up stage. As a consequence, only the
transoidtricyclic compounds 55 and 57 fonn,
via anion F [52].

~X=Bz
II X= Ts

Ii (ppm)

0.90

1.:16

F

H-7 H-1

1.90 1.66

4.3. From I-Pyrazolinodiazepines to
Cyclopropanes and Cyclobutanes

Pyrolysis of the] -pyrazolinodiazepines
gave the expected homodiazepines in good

undergo cyc1oadditions with diazoiso-
propane (DAP), in most instances already at
-780

• In all cases cycloadditions, occurred in
a sitespecific (chemospecific) manner with
the C(4)=C(5) bond, whereas regiospecificity
was observed in a few instances only [49].
To cite but two examples, l-benzoyl-
diazepine reacted with DAP to give in good
yield 49 as the only regioisomer, whereas 3-
methyl-] -tosyldiazepine gave both the
'direct' adduct 51 and the 'inverse' adduct
52 [49]. It should be noted that the primary
cyc10adducts - e.g. 49 - are l-pyrazolines
which, when heated in solution, lead to their
2-pyrazoline tautomers, e.g. 50 (Scheme 12).

Considering the AO coefficients of the
frontier MO's which come into interaction
during the concerted cycloadditions - i.e. the
HOMOofDAPand theLUMOofdiazepines
- it appears that these cycloadditions should
not occur in a regiospecific manner, the
difference of the AO coefficients (LUMO of
the diazepines) being rather small (Fig. 8).

As a consequence only a small regio-
selectivity was predicted in favour of the
direct adducts, and indeed observed in most
instances [49].

H-7 H-1H-6

H-6

3.29

E

111
H-2

H-2

4.60

n X=Bz
H X=T5

Scheme /2

4.1.1H-l,2-Diazepines: Geometric
Parameters

The X-ray analysis of I-tosy] ]H-I,2-
diazepine showed this compound to be boat-
shaped, as expected for a cyclic-conjugated
non-aromatic 8n-electron system [50]: the
atoms N(2), C(3), C(6), and C(7) are
approximately coplanar, whereas the 'bow'
atoms (N(2)-N(1)-C(7» make an angle of
ca. 730 with this latter plane, and the 'stem'
atoms (C(3)-C(4)-C(5)-C(6)) an angle of
ca. 350 (Fig. 7). A Dreiding model shows a
very similar geometry. MNDO calculations
of l-(methoxycarbony\)-l ,2-diazepine were
performed with complete geometrical
optimization, and led to a boat-shaped
conformation whose geometric parameters
are similar to those determined by X-ray
analysis (Fig. 7) [49]. In solution diazepines
D undergo a fast conformational inversion
as could be demonstrated with an optically
active diazepine by using variable
temperature circular dichroism [50].

diazepines D were reacted with diazoalkanes,
proved to be of great interest, since they
permitted the preparation of novel types of
small-ring compounds [49][5]] [52] [55].
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61

58

NHBz
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~N I~N

64

/

led us to investigate the photochemical
behaviour of their aromatic analogues, i.e.
of I-iminopyridinium ylides. It turned out
that many of these y!ides photoisomerised in
good yield to the corresponding IH-I,2-
diazepines, the bicyclic diazanorcaradienes
being the most likely intermediates.
Photophysical studies of this ring-expansion
reaction as well as kinetic and thermo-
chemical investigations of the reverse
thermal ring contraction, permitted to draw
an energy diagram for both processes. From
this diagram, two salient features emerge: i)
the non-aromatic 1,2-diazepines appear at
higherenergy(ca. 20kcal/mol)-i.e. they are
less stable - than the corresponding aromatic
pyridinium ylides; ii) the postulated short-
lived norcaradiene intem1ediates react at a
much faster rate to the pyridinium ylides
than to their diazepine isomers. It should be
noted, furthermore, that pyridinium-ylides
are highly polar and, therefore, hydrophilic
species whereas the poorly polar diazepine
photoisomers are lipophilic substances.

The application of photochemistry to
polymer science is especially interesting,

62

A-

T

63

iRNHBZ

50

60

H_:(bH '"'" N-Bz
'N~ I~N

The photoinduced electrocyclisation of
some I ,3-dipolar azomethine-imines to the
corresponding three-membered diaziridines

There are only two types of research:
applied research and the not-yet-applied
research. Sir George Porter

5. The Photochemistry of N-Imino-
pyridinium- Ylides in Retrospect

Scheme 13

Fig. 10. Crystal structure 0163. Bond lengths in A; angles of the cyclopropene moiety [0]: C(1)-C(7)-C(6) 52,
C( I)-C(6)--C(7) 64, C(6)--C(l )--C(7) 63.

diazepines from these 2-pyrazolino-
diazepines, they had to be pyrolized at higher
temperature (170-180°) and over a longer
period of time. As a consequence, formation
of tar increased, and the yields of
homodiazepines decreased. Quite
interestingly, pyrazolopyridines 60, 61, and
62 were formed, in poor yields though. It
should be noted that these three compounds

, did not appear during the short pyrolysis
periods of I-pyrazo!inodiazepines [51].
Structural determinations of these
pyrazolopyridines follow in a straightforward
mannerfromtheir IH-and I3C-NMRdata, and
were corroborated by an X-ray analysis of
61. The formation of pyridines 60-62 is best
explained by assuming the occurrence ofthe
following reaction cascade (Scheme 13): i)
orbital symmetry allowed 1,4-elimination
of Hz of 50 leading to the pyrazolodiazepine
58; ii) ring contraction of the diazepine
moiety of 58 to the diazanorcaradiene 59, a
reaction which has been already described
[15][16]; iii) 59 may then undergo ring
opening to 60 and 61, 60 being subsequently
thermolyzed to 62 [51].

UV photolysis (broad-band filter,
medium-pressure Hg vapor lamp) of
pyrazolopyridine 61 led to the formation of
the corresponding cyclopropapyridine 63
and of the isomeric isopropenylpyridine 64
in moderate yields. The broad-band filter
permitted selective excitation of the N=N n
electrons (A.mox ca. 350nm) without excitation
of the aromatic n electrons of 61, 63, or 64
[55]. The fonnation of 63 and 64 is best
explained by assuming the occurrence of a
short-lived diradical intermediate [56] after
the photoinduced expulsion of a nitrogen
molecule. An X-ray structure analysis of 63
(Fig. 10) [55] showed that the geometric
parameters of the cyclopropene moiety and
of its immediate surroundings were very
similar to those that had been measured
previously for a cyclopropabenzene
derivative [57]. The pyridine ring of 63
appears to have a normal geometry, an
observation that is reminiscent of the
structural similarity between benzene and
cyclopropabenzene. Compound 63 is the first
cyclopropapyridine to have been synthesized
[58].
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when the photoinduced alteration ·of
solubility IS extremely pronounced as
observed in the present instance. Indeed, the
large change in polarity, which accompanies
the photoisomerisation of polymeric
pyridinium ylides to the corresponding 'poly-
diazepines', led to a large solubility change
in the polymer system which permitted the
making of novel negative photoresists.

On the other hand, the non-aromatic, and
non-planar diazepines represent a new vista
in heterocyclic chemistry [16]. First of all,
they store in the form of chemical energy
part of the photonic energy which had been
absorbed by the pyridinium-ylide precursors.
Secondly, they lead easily to cyc1oaddition
products - e.g. with diazoisopropane - from
which small-ring systems could be prepared
both thermally and photochemically. New
reactions were triggered off with these
diazepines and have been well documented
by several research groups [16].
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