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Beckmann rearrangement of 4,9-methano[l1jannulenone oxime with tosyl chloride in pyridine and subsequent
direct methanolysis leads to azaannulene 5 in 90% yield. The oxime of 3,8-methano[l1]annulenone rearranges
only with difficulty to give 8-lactam 13. The valence isomeric lactam 14 cannot be detected at temperatures up to
110°. The contrasting behavior of 8 and 13 and the question of heavy thermodynamic weighting in the direction
of the bridged cycloheptatriene form are discussed. It is concluded that planar bridged cycloheptatriene deriva-
tives are more stable because of lessened strain and electronic delocalization of the neutral homoaromatic type.
The elecétrochemical reduction of 5 reveals that multielectron (2¢) discharge occurs, but that the resulting dianion
is highly reactive or unstable (cyclic voltammetry data). Alkali metal reductions performed in liquid ammonia
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support the surprising instability of dianion 18. Dihydro products 19 and 20 were formed upon quenching.

To date, studies of the consequences of ring nitrogen
substitution for trigonal carbon on the chemical properties
of 4n-w monocyclic polyoléfins have been limited to.the
azocine group.”? Although such 7-equivalent heterocycles
as 1 are true polyolefins, alkali metal reduction affords the
very stable planar 10-7-electron dianions 2 which are en-
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dowed with substantial aromatic character.* Electrochemi-
cal measurements have shown that reductions under these
conditions occur by direct two-electron transfer and that
azocinyl dianions are not reoxidized until the potential is
scanned 1 V anodic of the initial reduction wave.> The
properties of multielectron addition and resistance to oxi-
dation are not shared by cyclooctatetraene and its deriva-
tives. The azocines are endowed with a sufficient number
of unique chemical features that systematic investigation
of higher homologs of this ring system appeared desirable.
This paper, therefore, describes a study of the aza ana-
logs 5 and 6 of 1,6-methano{12]annulene (3). The compan-
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ion study by Vogel of the parent hydrocarbon® has shown
the bridged annulene to be highly puckered, to exist essen-
tially exclusively as valence tautomer 3 having the cyclo-
heptatriene part structure, and to possess a paramagnetic
ring current. Positioning of the imidate group as in 5
should permit the w-electron array which is energetically
favored in 3. In 6,7 however, maintenance of the imidate
function should lead to bond fixation in the less stable elec-
tronic arrangement. Consequently, these isomeric hetero-
cycles were expected to focus attention upon those elec-
tronic features peculiar to the [12]annulene model. Efforts

to prepare 6 have failed in the final step, but the study has
provided experimental information concerning the interre-
lationship of the locus of the nitrogen atom (as amide and
imidate groups) and the preferred direction of valency tau-
tomerism.

Synthetic Considerations. The approach to 5 involved
ring expansion of 4,9-methano[l1]annulenone.® This ke-
tone was converted to its oxime 7 by refluxing with hydrox-
ylamine hydrochloride and pyridine in ethanol solution.
Beckmann rearrangement of 7 proved to be exceptionally
facile, stirring with a twofold excess of tosyl chloride in
pyridine at room temperature for 3 hr being adequate to
provide good yields of 8 after hydrolysis. The ir spectrum
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of this lactam shows intense absorptions at 3300, 2920, and
1675 cm™!. Its 1TH NMR features a multiplet at & 5.8-7.0 of
area 9 due to the perimeter hydrogens and the >NH group
and broadened doublets (J = 14 Hz) at 3.1 and 2.1 for the
pair of bridge protons. The spectrum revealed no evidence
for the presence of 8-lactam isomer 9, in marked contrast
to the recognized predominance of 7- azab1cyclo[4 2.0]octa-
trien-8-ones in equilibrium with their ring-opened monocy-
clic counterparts.3¢

In the presence of trimethyloxonium fluoroborate, 8 was
converted to 5 (60%) with concomitant formation of consid-
erable polymer. Subsequently, it was recognized that at-
tempted formation of the fluoroborate and perchlorate
salts of 5 also led to decomposition. Since attempted ring
expansion of oxime 7 with phosphorus pentachloride or po-
lyphosphoric acid afforded only polymer, the lability of
these polyenes to acidic media was made clearly evident.
These difficulties could be totally bypassed by allowing
oxime 7 to react with tosyl chloride in pyridine followed by
direct methanolysis to give 5 in 90% yield.

Azaannulene 5 is an air-stable, bright orange solid show-
ing intense imidate absorption in the infrared at 1670 cm™
and an ultraviolet maximum at 257 nm (e 40,000). Its 1H
NMR spectrum consists of the expected olefinic pattern
showing seven of the eight olefinic protons as a series of
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multiplets at § 5.85-6.60, Ho appearing at higher field (5.08,
broadened d, J = 10 Hz) owing to its unique position 3 to
the nitrogen atom.? The bridgehead methylene protons are
seen as widely separated doublets (J = 12 Hz) at § 5.34 and
1.64, their mutual spin interaction having been unequivo-
cally established by double-resonance experiments. As in
the case of 8, no spectroscopic evidence was obtained to
suggest that 5 is in tautomeric equilibrium with 10 or its
norcaradiene valence tautomer. Given that low levels of 10
could be present in <2% concentration and thereby escape
spectral detection, then exposure to a strong base would be
expected to produce nitrile 11, much in the same way that 1
is converted to benzonitrile.3d However, 5 proved to.be to-
tally inert to the action of potassium tert-butoxide in re-
fluxing tetrahydrofuran (8 hr) or dimethylformamide at
25° (16 hr). It would appear, therefore, that 10 is not pres-
ent. Furthermore, the inability of 5 to undergo cycloaddi-
tion with N-phenylmaleimide (threefold excess, refluxing.
xylene, 30 hr) or dimethyl acetylenedicarboxylate (40-fold
excess, refluxing toluene, 24 hr) attests to the unimpor-
tance of the norcaradiene isomer.

The oxime of 3,8-methano[11]annulenone (12) was syn-
thesized from the corresponding ketone, which was ob-
tained from reduction of 11-chloro-3,8-methano[11}annule-
none.? In this instance the yields of oxime were not high, a
maximum of 30% being realized in- pyridine solution at
room temperature for 48 hr. Unlike its symmetrical coun-
terpart, the tosylate of 12 did not readily undergo the
Beckmann rearrangement. For example, decomposition
was encountered when this oxime tosylate was stirred at
0-25° in methanol-pyridine or water—acetone—pyridine sol-
vent systems. However, prior removal of the pyridine in
vacuo and subsequent solvolysis in an aqueous dioxane me-
dium containing sodium acetate did give lactam product in
35% yield. When the less nucleophilic base 2,6-lutidine re-
placed sodium acetate under these conditions, the optimal
yield for conversion to 13 (55%) was realized.
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Noteworthy spectral features of 13 are the intense ir sig-
nals at 3418 and 1764 cm™! and a parent molecular ion at
m/e 185.0848 indicative of a B:lactam structure of molecu-
lar formula C;5H13NO. In striking contrast to the behavior
of 8, where the base peak is the molecular ion, 13 exhibits a
weak molecular ion and a base peak at m/e 142 (M — 438,
loss of [CONH] - ). This type of fragmentation conforms to
the usual behavior of 8-lactams.1°

Spin decoupling studies elucidated the gross structural
features of 13 and the magnitude of the coupling censtants
J2,5 = 5.0, J5,6 = 7.0, J6,7 = 12.0, and J130‘13b = 11.5 Hz.
The syn stereochemical assignment was derived by pseudo-
contact shifting of the '"H NMR spectrum with Eu(fod)s.1t
The relevant AEu values!? are Hy, —6.80; Ha, —11.66; Hj,
—18.09; He, —11.68; H7, —'5.03; Hg, H12, —'2.72; HIO, H11,
—1.41; His,, —8.83; Hisp, —3.17. Since the lanthanide shift
reagent complexes principally to the oxygen atom, the en-
hanced downfield shifting of both Hs and Hyg, requires
that Hs be « to the amide carbonyl and the methano bridge
be syn to the 3-lactam ring. That H; appears as a doublet
coupled only 'to Hs necessitates that the 8-lactam ring be
oriented as shown rather than in the reverse sense. This
finding implicates Cz as the vinyl carbon in 12 (in the form
of the tosylate derivative) with the greater capability for
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migration to nitrogen, perhaps because of the stereochem-
istry prevailing in the crystalline oxime isomer employed.

Despite the fact that 13 probably arises by ring closure of
initially formed lactam 14, no evidence for the reversal of
this process could be gained by 'H NMR studies at temper-
atures up to 110°. Nor was there any indication that the
anti isomer of 13 was present during any of these experi-
ments.

All attempts to effect the O-methylation of 13 resulted in
decomposition with formation of noncharacterizable oils.
Surprisingly, even the action of trimethyloxonium fluo-
roborate!®!3 and methyl fluorosulfonate,4 two of the most
powerful sources of methyl cation, were not successful in
providing the desired imino ether. Efforts to generate the
ring-expanded imino chloride and tosylate likewise failed.

Speculation then centered about the isomeric structure
15a as a possible precursor to the = electronically related
azaannulene 16. The earlier observation that methano-
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[10]annulene reacts with bromine at —78° with formation
of an addition product capable of dehydrobromination to
give 17b' seemingly points to preferential electrophilic at-
tack at C; in this system. This suggested that [2 + 2] cy-
cloaddition of chlorosulfonyl isocyanate (CSI) to 17a might
proceed so as to produce 15b, Treatment of 17a with CSI at
—78° gave only very small quantities of a product -possess-
ing absorption at 1805 ¢cm™! as revealed by direct infrared
analysis of the reaction mixture. Warming of the solution
to —15° caused disappearance of this band with simulta-
neous appearance of an intense new carbonyl peak at 1700
em~1, Hydrolysis with alkaline sodium sulfite!® and chro-
matography on Florisil furnished only amide 17¢ and ni-
trile 17d, which were prepared independently from the
known carboxylic acid 17e.15 Evidently, the driving force of
electronic delocalization in the cyclodecapentaene ring fa-
cilitates proton transfer from Cs to nitrogen in the initial
zwitterion. If 15b is involved as an intermediate of kinetic
consequence, its heterolytic ring opening at the C-N bond
would generate the same dipolar species.

Electrochemical Reduction of 5. The 4n-r-electronic
nature of 5 is perhaps most clearly revealed by its 1H NMR
spectrum, which provides evidence for the presence of lo-
calized v bonds and adoption of a conformation which de-
viates significantly from planarity. In contrast, the dianion
of 5 comprises a (4n + 2)-r-electron system and might con-
sequently exhibit extended delocalization and “aromatic”
character as denoted by 18, Introduction of a pair of elec-
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trons into the = network of 5 is expected to carry with it the
requirement for attainment of a more nearly planar confor-
mation as well. Because of the intrinsic capability of elec-
trochemical techniques for providing diagnostic informa-
tion on such questions, the polarographic reduction of 5
was examined initially. Polarographic reduction of 5 (10~*
M) was conducted at a dropping mercury electrode in dry,
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Figure 1. Polarography of 1.15 X 10~ M 5 in anhydrous THF, 0.2 M TBAP. Inset shows cyclic voltammetry of this sample at a scan rate

of 200 mV/sec.

oxygen-free tetrahydrofuran solution containing 0.2 M
tetra-n-butylammonium perchlorate as background elec-
trolyte. Two non-Nernstian waves were seen with half-
wave potentials of —2.18 and ~2.58 V vs, SCE (Figure 1).
The - respective  diffusion current constants, I = ig4/
(C°m?2/3t1/8) were measured to be 5.3 and 4.2 X 102
wAmM~1g—2/3t1/2 indicative of greater than one-electron
transfer at each step. Comparison with the I values mea-
sured for cyclooctatetraene and 2-methoxyazocine showed
the first wave to be an overall two-electron process. The
second wave is a fractional one (1-2 electrons), the source
of which is believed to be one or more dihydro products
which may arise by in situ Hofmann elimination involving
the background electrolyte.l?

In an effort to test this assumption, the 11,12-dihydro
derivative 19 was also electrolytically reduced under identi-
cal conditions. A one-electron wave was observed at —2.50
V, the features of which compared very favorably to those
seen with 5. A postwave was also in evidence, appearing at
very negative potential (—2.84 V) just prior to discharge of
solvent. Addition of small quantities of 5 to the cell con-
taining 19 did, however, not produce an additive effect on
the wave attributable to initial reduction of 19.

Introduction of water into the tetrahydrofuran solution
of 5 increased the height of the two-electron wave by 10%.
Significantly, the two waves did not coalesce and the half-
wave potentials remained essentially invariant, indicating
that radical anion 5 -~ is short lived and that further reduc-
tion to 18 occurs in a fast step prior to significant protona-
tion.® The net observable polarographic result is multielec-
tron discharge, now recognized as a rather general feature
of w-equivalent nitrogen-containing polyolefins.

In anhydrous acetonitrile (AN) as solvent, the reducibil-
ity of 5 was made more facile (E1/2 = —1.82 V, Table I).
The overall irreversibility of the two-electron reductions in
the two solvent systems was verified by cyclic voltammetry.
At scan speeds up to 500 mV/sec, no anodic current ap-
pears (see, for example, inset of Figure 1) in agreement

Table I
Electrochemical Data

n
El /2, over-

Polyene Solvent Vs, SCE all

Cyclooctatetraene?® THF -196 1

-2.16 1

AN -1.87 1

2-Methoxyazocine® THF -1,94 2

3,8-Dimethyl-2-methoxyazocine® THF -2.28 2
3¢ DMF -1.51 1

-1.72 1

5 THF -2.18 2

AN -1.82 2

19 THF -2.50 1

@ Derived from the relationship napp = Iunk (ncor/Icor), except
for 3. » Data taken from ref 17a. ¢ Data taken from ref 5b. ¢ Data
taken from ref 18.

with the earlier assumption that the reactive intermediate
so produced is rapidly consumed under these conditions.
This behavior contrasts with the previously reported elec-
trochemical properties of various simple 2-methoxyazo-
cines and 6-methoxydibenz[b,f]azocine.’ Should the species
generated under these conditions be dianion 18, the data
require that it possess a high level of reactivity, Chemical
verification of this conclusion is given below.

Comparison of E12 values indicates that 5 is reduced 0.1
V more readily than 3,8-dimethyl-2-methoxyazocine but
with greater difficulty (by 0.24 V) than the parent system.
The behavior of 5 contrasts expectedly with that reported
recently for hydrocarbon 38 which, much like cyclooctate-
traene, undergoes stepwise reversible one-electron reduc-
tion, presumably via the intermediate radical anion. Unfor-
tunately, the solvent system employed for 3 differs from
those utilized in this study; a more precise comparison is
thereby precluded.
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Table 11
Summary of 1H NMR Chemical Shift Data for Certain Protons of Various Imino Ethers (CDCl; Solution,
60 MHz, 5 Values)

Compd H aNu HBNa Hy, OCH; HBOCHgb Uv data
N C
@\ 3.60-4.00 2.53-3.30
OCH;,
N d
| 3.78-4,10 2.38-2.80 5.40 6.30 Apag (iSOOCtane) 246 nm
=" ocH, (¢ 3860)
19 3.70-4.10 2.60-3.05 5.50 6.35 Amey (C3H;OH) 236 nm (€ 20,000)
and 312 (7900)
— ¢
! 6.67 5.87 6.02 6.82
== OCH;
— ¢
@Q\ 6.68 5.73 2.60-3.25
OCH;,
—,
O\ 6.36 5.10 2.56 Amax (1SOOCtane) 263 nm
OCH, (e 4900)
20 6.25 5.52 1.6-2.95 Amax (CoH;OH) 237 nm (e 18,000)

and 325 (8640).

@ The symbols «N and 8N refer to those protons positioned « and 8, respectively, relative to nitrogen. ® Symbolism is used to designate
those protons situated « and § to the methoxyl group. ¢ Data taken from ref 3f. ¢ Data taken from ref 4b.

Alkali Metal Reduction of 5. All of the chemical reduc-
tions were conducted in rigorously purified dry solvents on
freshly sublimed samples of 5. Rather unexpectedly, treat-
ment of 5 with 2.15 g-atoms of potassium metal in ammo-
nia-tetrahydrofuran (9:1) for 50 min at —78° returned 80%
of unreacted imino ether. Extension of the reaction period
to 8 hr and enhancement of the level of potassium to 8.3 g-
atoms resulted in 2% recovery of 5. In addition, a mixture
of 19 (24%) and 20 (18%) was now obtained. The actual
amounts of 19 and 20 varied due to the incidence of poly-
merization, To illustrate, when the identical reduction was
performed at the reflux temperature of ammonia (—33°)
for 30 min (2.7-3.2 g-atomic equiv of potassium), there
could be isolated only 8-10% of 20. Under these conditions,
a rapid color change from red-orange to dull brown was evi-
dent and deposition of polymer began to occur after 20
min. Quenching of these solutions with a proton source
produced no color change.

In the most favorable circumstances, a rather large ex-
cess of potassium (ca. 9 equiv) and rather long reaction
times (9-10 hr) at —78° were required. To minimize possi-
ble decomposition during work-up, ice water and ether
were simultaneously introduced, and organic layer was sep-
arated, and the product was subjected directly to silica gel
chromatography.

Structures 19 and 20 were deduced from their respective
uv and 'H NMR features as gauged by comparison with
spectra of known compounds (Table II). Both dihydro de-
rivatives show a characteristic pair of doublets in the vinyl
region; for 19, the mutual splitting of these signals (due to
Hj and Hy) is 13 Hz, while that for 20 (attributable to Hiy,
Hjp) is of diminished magnitude (10 Hz). The latter value
seemingly is typical for the —-CH=CHN=C(OCHj)-
unit.3:4

As further proof, 19 and 20 were independently synthe-
sized from Dbicyclo[5.4.1]dodeca-2,7,9,11-tetraen-4-one

(21a) by Beckmann rearrangement of its oxime (21b)
through use of tosy! chloride in pyridine. Under these con-
ditions, the dihydro lactams 22 and 23 were produced in a

= NH N — NH
cb _dor - d
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b, X = NOH 1 ‘
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5:1 ratio, a result anticipated from the recognized greater
migratory aptitude of the trigonal carbon in related «,3-
unsaturated oximes.!® Subsequent to their chromatograph-
ic separation, these lactams were individually treated with
trimethyloxonium fluoroborate to give 19 and 20, respec-
tively. The identity of these imino ethers with those isolat-
ed previously served specifically to remove from consider-
ation other possible isomers in which the integrity of the
bridged cycloheptatriene ring had been destroyed by pro-
tonation.

All attempts to generate dianion 18 for the purpose of
spectroscopic detection met with serious difficulties be-
cause of rapid decomposition or polymerization. Thus, ex-
posure of 5 to 2 equiv of potassium in NDg at —78° in an
NMR tube on a vacuum line?0 resulted in formation of a
deep red color just prior to becoming black. Only broad 'H
NMR signals were seen during and after this color change.
When a solution of 5 (1.5-50 mg) in THF-dg contained in
an NMR tube under nitrogen was brought into contact
with a potassium mirror at —78°, gradual decomposition
set in. No meaningful new peaks were seen to develop. Ex-
periments with low concentrations of 5 were made with
pulse Fourier transform techniques, but no spectral evi-
dence for 18 could be secured.
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The factors preventing observation of 18 are not yet
known.2! If this result is due to the inherent instability of
18, the lack of aromatic character would contrast notice-
ably with the properties of azocinyl dianions®22 and the di-
anions of 3 and 1,7-methano[12]annulene,!® which show
diamagnetic ring currents.

Discussion

The identification of hydrocarbon 3 and its w-equivalent
heterocyclic congener 5 as bridged [12]annulenes devoid of
an observable capability for = bond shift isomerization
points up the greater thermodynamic stability of those va-
lence isomers which contain a bridged cycloheptatriene
unit. Although it has been justifiably argued that the ab-
sence of the 1,6-dimethylenecyclohepta-2,4-diene form 4 is
due to its greater strain® we are currently of the opinion

that this energetic discrepancy arises in part from electron-

ic considerations as well.

The thermodynamic relationship between the dihydro-
azocinone 24 and its $-lactam valence isomer 25 is recog-
nized to be weighted heavily (97.6%) in favor of 25 at 60°.3¢

OsNH

2L
H
24 25

The amide function clearly plays a very different role than
an imino ether moiety, since in the latter event the medium
ring structure (e.g., 1) is overwhelmingly adopted. Specula-
tion has centered upon the improved electrostatic and =
conjugative situation in 25 as the source of its lower free
energy.3¢ On this basis, the rapid disrotatory closure of 14
to 13 is fully expected, although the apparent irreversibility
of this change is somewhat surprising at first glance. In
these terms, the reluctance of 8 to undergo intramolecular
cyclization with formation of 8-lactam 9 is still more anom-
alous, at least until an added structural feature is recog-
nized. Should the instability of the yet elusive lactams 9
and 14 be further increased because of the necessity to in-
corporate a 1,6-dimethylenecyclohepa-2,4-diene unit, then
the added disparity in ground-state energy would demon-
strate itself in the manner observed experimentally. Va-
lence isomerization away from such bridged annulenes
seems to be an entirely general phenomenon. For example,
the dimeric [11]annulenes 27 and 28 believed to arise from
dimerization of carbene 26 undergo irreversible electrocy-
clic ring closure to give divinylcyclobutanes 29 and 30.
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Jones has attributed this propensity for cyclization to “a
gain in homoaromaticity”’.?® In contrast, fulvalene 31 re-
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sulting from the dimerization of 4,9-methano[11]annuleny-
lidene is entirely stable,24 no bond shift isomerization being
required to avoid 1,6-dimethylenecycloheptadiene part
structures in this instance.

Despite the independent existence of parent hydrocar-
bon 32,25 the instability which this tetraene unit brings to
bridged annulenes is reflected further in the dominance of
34 over 33 (spectroscopically nondetectable),2® a simple
prototropic shift otherwise separating these 10-7-electron
tropolone analogs, and the preference of 35 to exist in te-
tracyclic form 36 which contains, inter alia, two cyclopro-
pane rings®?7 This latter phenomenon may be compared
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with recent work showing that pentaene 38 far outweighs
tautomer 37 in thermodynamic stability.28:2°

A like assessment of the w-electronic structure of bridged
heteroannulenes such as 39 has shown tricyclic valence tau-
tomer 40 to be destabilized to an extent which renders neg-
ligible the equilibrium concentration of the latter.3® That a
small equilibrium concentration of 40 is attainable is sug-
gested by the demonstrated propensity of the system to ex-
trude sulfur above 50°. It is noteworthy, however, that 4,5-
benzothiepin (41) loses sulfur at approximately 0°.262
Thus, even though the latter compound must become o-
quinonoid with loss of benzenoid character (cf. 42), its reac-
tivity exceeds that of 39, which likely undergoes such chele-
tropic transformation via 40.

= (D
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= >50°
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As an extension of this analysis, we would predict that
the unkriown heteroannulene class 43 will exhibit equilibri-
um tendencies heavily in favor of tricyclic structure 44, The

L) = .
43
close relationship of 44 to 8-lactam 13 requires no further
comment.
In our assessment, the remarkable thermodynamic sta-
bility of bridged cycloheptatriene structures relative to
their 1,6-dimethylenecycloheptadiene counterparts is ascri-

bable to some degree to strain effects and in part to elec-
tronic influences. The implication which the latter consid-
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eration carries is that the cycloheptatriene ring is capable
to some degree of homoaromatic interaction (the more pla-
nar the more so). Since neutral homoaromaticity?® is in-
volved, the effect cannot realistically be as pronounced as it
is in an ionic species,®! e.g., the homotropylium ion, where
minimization of charge concentration further enhances
(markedly) electronic delocalization. Admittedly, the effect
must be a more delicate one. Although a detailed discus-
sion of this point is deferred to a later paper, the 45 = 46
equilibrium serves to illustrate the relevant issue. Discov-

CN CN
©<
CF
CF3 3
48 4

ery of the existence of 45 and 46 as separate structural en-
tities was construed to mean that there could be no energy
minimum between these valence tautomers.3 The homo-
benzene possibility was thereby considered eliminated.
However, it does not seem to have been considered that ei-
ther (or both) structure could be stabilized by homoaroma-
tic interaction in its own right.

Experimental Section

Melting points are corrected and boiling points are uncorrected.
Proton magnetic resonance spectra were obtained on Varian A-
60A, Varian HA-100, and Jeolco MH-100 spectrometers; apparent
splittings are given in all cases. Infrared spectra were determined
on a Perkin-Elmer Model 137 instrument. Mass spectra were re-
corded on an AEI-MS9 spectrometer at an ionization potential of
70 eV. Elemental analyses were performed by the Scandinavian
Microanalytical Laboratory, Herlev, Denmark. Preparative VPC
work was done on a Varian Aerograph A90-P3 instrument
equipped with a thermal conductivity detector.

4,9-Methano[11]annulenone Oxime (7). A solution of 510 mg
(3.0 mmol) of 4,9-methano[11]annulenone? and 315 mg (4.5 mmol)
of hydroxylamine hydrochloride in a 1:1 mixture of pyridine and
ethanol (6 ml) was refluxed for 3 hr under nitrogen. The cooled
reaction mixture was partitioned between water (100 ml) and
methylene chloride (100 ml) and the organic phase was separated,
dried, and concentrated. The residue was recrystallized from etha-
nol (8 ml) to give 420 mg (77%) of 7, mp 190-193° (lit.8 mp 197—
198°). This material was used without further purification.

1-Aza-1,2-dihydro-5,10-methano[12]Jannulen-2-one (8). A so-
lution of 7 (0.50 g, 2.7 mmol) and tosyl chloride (1.0 g, 5.3 mmol) in
20 ml of pyridine was stirred at 0° for 30 min and at room temper-
ature for 3 hr. The deep orange solution soon became black in
color. The dark reaction mixture was diluted with methylene chlo-
ride and water and the organic phase was washed with saturated
sodium bicarbonate solution and water. This solution was dried
and evaporated to afford a black solid, chromatography of which
on silica gel (elution with 10% ether-benzene) furnished a yellow
solid. Recrystallization from methylene chloride-hexane gave 350
mg (70%) of 8: mp 148-149°; ymax (CHCl3) 3300, 2920, and 1675
em™Y Apax (CeHs0H) 257 nm (e 40,000); dtms (CDClg) 5.8-7.0 (m,
9, olefinic and >NH), 3.1 (br d, J = 14 Hz, bridgehead proton),
and 2.1 (br d, J = 14 Hz, bridgehead proton).

Anal. Caled for C12H11NO: C, 77.81; H, 5.99; N, 7.56. Found: C,
77.73; H, 5.97; N, 7.49.

1-Aza-2-methoxy-5,10-methano[12]annulene (5). Procedure
A. A solution of lactam 8 (370 mg, 2.0 mmol) and trimethyloxon-
ium fluoroborate (326 mg, 2.2 mmol) in 10 ml of methylene chlo-
ride was stirred under nitrogen for 5.5 hr. The solution was neu-
tralized with sodium bicarbonate (400 mg) in 10 ml of water. The
mixture was partitioned between methylene chloride and water
and the organic phase was dried and evaporated to produce a red-
orange solid. Purification by silica gel chromatography (elution
with 50% hexane-benzene) gave 270 mg (68%) of pure orange crys-
tals: mp 68-70°; vmay (CHCl3) 3003, 1675, 1600, 1432, 1400, and
1210 em~L; dms (CDCls) 5.85-6.55 (m, 7, olefinic), 5.34 (d, J = 12
Hz, bridgehead proton), 5.08 (d, J = 10 Hz, Hy;), 3.76 (s, methox-
yl), and 1.64 (d, J = 12 Hz, bridgehead proton). Double irradiation
at 6 1.84 caused the signal at 6 5.34 to collapse to a singlet.

Anal. Caled for C1sH3NO: C, 78.36; H, 6.58; N, 7.03. Found: C,
78.34; H, 6.64; N, 6.84.

J. Org. Chem., Vol. 40, No. 7, 1975 907

Procedure B. A solution of oxime 7 (100 mg, 0.54 mmol) and
tosyl chloride (200 mg, 1.05 mmol) in 3 ml of pyridine was stirred
under nitrogen for 15 min at 0° and then for 3.5 hr at 25°. Metha-
nol (4 ml) was added and the resulting black solution was kept at
room temperature for 30 min. Water (100 ml) and methylene chlo-
ride (100 ml) were added and the organic phase was worked up as
before to give 98 mg (90%) of 5 after sublimation.

3,8-Methano[11]annulenone Oxime (12). A solution of 3,8-
methano[11]annulenone® (380 mg, 2.2 mmol) and hydroxylamine
hydrochloride (184 mg, 2.6 mmol) in 1:1 pyridine-ethanol (4 ml)
was stirred at room temperature for 48 hr under nitrogen. Work-
up in the predescribed manner left a red oil. Chromatography on
silica gel (elution with 10% ethyl acetate in methylene chloride)
and recrystallization from pentane afforded 150 mg (30%) of 12 as
a red solid: mp 148-149°; yay (neat) (on oily mixture of isomers)
3200, 1620, and 1595 cm™?; érms (CDCly) 7.0 (br s, -OH), 5.76-6.68
(m, 8, olefinic), 3.97 (d, J = 12 Hz, bridgehead proton), and 2.86 (d,
J = 12 Hz, bridgehead proton); caled m/e 185.0840, found
185.0843.

Anal. Caled for C1oH3NO: C, 77.81; H, 5.99; N, 7.56. Found: C,
7772, H, 6.17; N, 7.27.

Ring Expansion of 12. A solution of oxime 12 (84 mg, 0.45
mmol) in 2 ml of pyridine cooled to 0° was treated with tosyl chlo-
ride (95 mg, 0.50 mmol) and stirred for 55 min under nitrogen. The
reaction mixture was poured into methylene chloride and water
and the aqueous layer was extracted twice with additional CHyCls,
The combined organic phases were dried, evaporated, and re-
moved of residual pyridine at 0.05 mm. When free of pyridine, the
oxime tosylate is stable for several days in a freezer.

The unpurified tosylate (170 mg) was dissolved in a mixture of
dioxane (3 ml), water (3 ml), and 2,6-lutidine (100 mg) and stirred
under nitrogen at room temperature for 8 hr. Work-up as predes-
cribed gave crude product which was purified by silica gel chroma-
tography (elution with 50% ether-pentane). There was obtained 60
mg of 3-lactam 13 which after recrystallization from ether-pentane
had mp 124-126° (47 mg, 55%); vmax (CHClg) 3418 and 1764 em™%;
Mmax (CeH50H) 226 nm (e 31,000) and 284 (4480); for 1TH NMR
data see text.

Anal. Caled for C12H(1NO: C, 77.81; H, 5.99. Found: C, 77.36; H,
6.10.

Chlorosulfonyl Isocyanate Addition to 1,6-Methano[10]an-
nulene. A stirred solution of the annulene (1.03 g, 7.3 mmol) in 15
ml of dry methylene chloride cooled to —78° was treated under ni-
trogen with freshly distilled chlorosulfonyl isocyanate (1.00 g, 7.1
mmol). After 3 hr, infrared analysis indicated the presence of a
weak carbonyl bond at 1850 em™1. The temperature was increased
to 0° and after 7 hr an intense new carbonyl band appeared at
1700 em~! with disappearance of the peak at 1805 cm™!, After an
additional 12 hr at room temperature, the CSI was completely
reacted. Solvent was removed in vacuo and the residue was dis-
solved in ether and added dropwise with stirring to a mixture of
25% sodium sulfite solution (10 ml) and ether (5 ml) cooled to 0°.
Potassium hydroxide solution (10%) was added intermittently to
maintain a pH of 7-8. After 15 min at room temperature the layers
were separated and the aqueous layer reextracted with CHyCl; (3
X 20'ml). The dried and concentrated organic extracts were chro-
matographed on Florisil (pentane elution) to give a small amount
of unreacted annulene. A solvent polarity increase to 10% ether in
pentane afforded 130 mg (11%) of nitrile 17d while elution with
ethyl acetate led to isolation of amide 17¢ (40 mg, 3%).

. The nitrile was further purified by preparative vpc on a 5% SF-
96 column at 165°: vyay (neat) 3050, 2960, 2203, 1450, 1350, 1250,
1100, and 770 em™1; é7ms (CDClg) 7.0-7.8 (m, 7, olefinic) and —0.4
(AB pattern, J = 10.Hz, 2, bridgehead protons).

Anal. Caled for CioHgN: €, 86.20; H, 5.43. Found: C, 85.96; H,
5.48.

Amide 17¢ was purified either by sublimation (90°, 0.05 mm) or
recrystallization from ether or methylene chloride-pentane: mp
108-109°; vmay (KBr) 3340, 3160, 1640, and 1610 cm™1; drms
(CDCls) 7.85 (m, 1, proton a to carbonyl), 6.9-7.7 (m, 6), 6.38 (br s,
2, -CONHy), and —0.41 (br s, 2, bridgehead); calcd m/e 185.0840,
found 185.0843.

Anal, Caled for C12H(;NO: C, 77.81; H, 5.99; N, 7.56. Found: C,
77.35; H, 5.82; N, 7.49.

1,6-Methano[10Jannulene-2-carboxamide (17c). A mixture
of -1,6-methano[10]annulene-2-carboxylic acid (17e, 200 mg, 1.1
mmiol), thionyl chloride (250 mg, 2.12 mmol), and benzene (10 ml)
was refluxed under nitrogen for 3.5 hr. The benzene was removed
in vacuo and the residue dissolved in methylene chloride was
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added dropwise at —78° to dry liquid ammonia. After 3 hr, this
mixture was poured onto ice and methylene chloride. The agueous
layer was extracted with methylene chloride and the combined or-
ganic phases were washed with 10% potassium hydroxide solution
and water, dried, and evaporated. The yellow solid (200 mg, 100%)
was recrystallized from methylene chloride-pentane to give 90 mg
of 17¢, mp 107-109°, which proved to be identical by ir, 1H NMR,
and mixture melting point with the sample isolated above.

2-Cyano-1,6-methano[10]annulene (17d). A room-tempera-
ture solution of 17¢ (94 mg, 0.51 mmol), 2,6-lutidine (200 mg, 1.9
mmol), and benzene (10 ml) was treated with thionyl chloride (180
mg, 1.5 mmol) and an immediate precipitate was observed. After 5
hr at reflux, the mixture was partitioned between water and meth-
ylene chloride. The agueous phase was reextracted with CHoCly (2
X 25 ml) and the combined organic layers were washed with satu-
rated sodium bicarbonate solution and water, dried, and evapo-
rated. The resulting red oil (100 mg) was chromatographed on Flo-
risil (25 g) to give upon elution with 50% chloroform-pentane 48
mg (57%) of nitrile, identical in all respects with the sample isolat-
ed above. _

Electrochemical Measurements. Chemicals. The tetrahydro-
furan was prepared by predrying over calcium hydride and storing
in vacuo over sodium-potassium alloy. The supporting electrolyte,
tetra-n-butylammonium perchlorate (TBAP, Southwestern Ana-
lytical, Austin, Tex.), was dried by heéating in vacuo at 90°. Aceto-
nitrile was purified by distillation from phosphorus pentoxide and
storage over calcium hydride.

Apparatus. The electrochemical instrumentation, cells, and
procedures for achieving measurements under rigorously aprotic
conditions have been previously described.3® All measurements
were made at ambient laboratory temperature, 23 &+ 1°. Potentials
were measured against a silver wire/0.1 M Ag* (THF) reference
electrode, but are reported herein vs. the aqueous saturated calo-
mel electrode and are not corrected for iR drop. The Ag/Ag* (0.1
M) reference electrode was measured to be +0.49 vs, SCE. From
previous work,? the iR drop is estimated to be between 1 and 5 mV
for the concentrations employed herein; the effect on the poten-
tials is considered to be negligible.

Alkali Metal Reduction of 5. Into a dry 100-m] three-necked
flask which had been fitted with a gas inlet tube, a Dry Ice con-
denser, a rubber septum, and a glass-encased magnetic stirring bar
was ‘placed a solution of 5 (208 mg, 1.04 mmol) in 6 ml of anhy-
drous tetrahydrofuran (freshly distilled from LiAlHy). Liquid am-
monia (55 ml) was distilled from sodium metal directly into this
flask cooled to —78°. With stirring, there was introduced under a
dry oxygen-free atmosphere 350 mg (9.0 mg-atoms) of potassium
metal {as fine chips) during 10 min. The blue-green solution was
stirred at —78° for 8 hr, whereupon 3 ml of methanol was intro-
duced and the contents allowed to warm to room temperature.
After 1 hr most of the ammonia had evaporated and the green resi-
due was taken up in water (200 ml) and ether (8 X 100 ml). The
combined organic layers were washed with water, dried, and con-
centrated to leave a green oil. Chromatography on silica gel (elu-
tion with 50% benzene-hexane) returned 8 mg (1.7%) of § and gave
50 mg (24%) of 19 and 37 mg (18%) of 20.

In an alternative work-up procedure, the reaction mixture was
quenched with methanol (2 ml) and:ammonium chloride (amount
equivalent to K used) at —78° followed by rapid pouring into ice
water (200 ml) and ether (150 ml), immediate work-up, and chro-
matography. °

For 19 ymax (neat) 2930, 1665, 1610, and 1210 cm™!; drms
(CDCly) 5.9-6.7 (m, 4, He—Hy), 6.35 and 5.50 (AB, J = 13 Hz, 2,
Hs4), 3.70-4.10 (m, 1, Hy), 2.60-3.05 (m, 3, Hi; and Hjy), 3.76 (s,
3, methoxyl), 3.24 (d with additional fine splitting, 1, Hisa or Hiap),
and 1.10 (d with additional fine splitting, 1, Hyza or Higp).

The perchlorate salt was obtained as yellow crystals, mp 194~
195° (from methylene chloride-ether).

Anal. Caled for C1sHgCINOs: C, 51.75; H, 5.35; N, 4.64. Found:
C, 52.09; H, 5.61; N, 4.46.

For 20: vmax (neat) 3010, 2950, 2860, 1670, and 1600 cm™1; dms
(CDCls) 6.0-6.7 (m, 4, He—Hy), 6.25 and 5.52 (AB, J = 10 Hg, 2,
Hyi, Hig), 8.74 (s, 3, methoxyl), 2.98 (d with additional fine cou-
pling, J = 12 Hz, 1, Hy3, or Hygp), 1.6-2.95 (m, 4, Hs, Hy), and 0.95
(d, J =12 HZ, 1, nga or H13b). Caled for ClngsNOZ m/e 201.1153.
Found: 201.1157.

The perchlorate salt of 20 was found to decompose upon stand-
ing at room temperature. ‘

Bicyclo[5.4.1]dodeca-2,7,9,11-tetraen-4-one Oxime (21b). A
solution of ketone 21a° (100 mg, 0.58 mmol) and hydroxylamine
hydrochloride (70 mg, 1 mmol) in 1 ml of pyridine and 1 ml of eth-
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anol was refluxed under nitrogen for 4 hr. Work-up in the predes-
cribed manner left a yellow oil which was crystallized from chloro-
form-hexane and sublimed (100°, 0.05 mm) to give 100 mg (90%)
of 21b: mp 104-106°; vmay (XBr) 3100, 1620, 1590, 1440, and 1000
em™ L, Caled for C1oH13NO: m/e 187.0997. Found: 187.0998.

Beckmann Rearrangement of 21b. A solution of 21b (390 mg,
2.1 mmol) in 6 ml of pyridine cooled to 0° was treated with tosyl
chloride (450 mg, 2.4 mmol) and allowed to stir for 20 min at 0°°
and 2.5 hr at 25° before pouring into water (300 ml} and methylene
chloride (4 X 100 ml). From the processed organic layers there was
isolated a brown solid which was dissolved in aqueous dioxane (1:1,
18 ml) containing 300 mg of 2,6-lutidine. After 15 hr at the reflux
temperature, the solution was diluted with water (200 ml) and ex-
tracted with methylene chloride (4 X 75 ml). The yellow solid (230
mg) so obtained was chromatographed on silica gel (ether elution)
and furnished 30 mg of crude lactam 23 and 120 mg of isomeric
lactam 22.

Pure 22 (95 mg, 25%) was obtained by sublimation at 110-115°
(0.05 mm) and recrystallization from ether—pentane: mp 147-148°;
vmax (CHCl3) 3420, 3400, 2950, 1660, and 1640 cm™1; 1ms (CDClg)
5.5-7.3 (m, 7, olefinic and >NH), 3.60 (d with additional fine split-
ting, J = 12.5 Hz, bridgehead), 2.2-4.3 (mm, 4, methylenes), and 2.05
(d with fine splitting, J = 12.5 Hz, bridgehead); caled m/e
187.0997, found 187.1000.

Anal. Caled for CoH;3NO: C, 76.97; H, 7.00; N, 7.48. Found: C,
76.59; H, 7.02; N, 7.15.

Pure 23 (22 mg, 5%) was obtained by sublimation at 100-110°
(0.05 mm) followed by recrystallization from ether—pentane: mp
143-144°; ypey (CHCI3) 3380, 1660, and 1625 ecm~?; érms (CDCls)
6.44-6.70 (m, 2, olefinic), 5.95-6.36 (br m, 2, olefinic), 5.83 (br s, 2,
olefinic), 8.12 (br d, J = 13 Hz, 1, bridgehead), and 1.6-3.0 (m, 5,
bridgehead and methylenes); caled m/e 187.0997, found 187.0998.

Anal. Caled for C12H13NO: C, 76.97; H, 7.00; N, 7.48. Found: C,
76.81; H, 7.00; N, 7.44.

4-Aza-5-methoxybicyclo[6.4.1]trideca-4,6,8,10,12-pentaene
(19). A solution of 22 (36 mg, 0.20 mmol) and triethyloxonium flu-
oroborate (46 mg, 0.30 mmol) in 2 ml of methylene chloride was
stirred under nitrogen for 20 hr at room temperature. A solution of
sodium bicarbonate (50 mg) in water (2 ml) was added and the
mixture was partitioned between methylene chloride and water.
The organic phase was washed with water, dried, and concentrated
to produce 19 (40 mg, 99%) as a yellow oil which was homogeneous
to vpe (8 ft X 0.25 in. 5% SE-30) and spectroscopically identical
with the material isolated above.

4-Aza-5-methoxybicyclo[6.4.1]trideca-2,4,8,10,12-pentaene
(20). Reaction of 22 mg (0.12 mmol) of 23 with 35.5 mg (0.24
mmol) of trimethyloxonium fluoroborate in 1.5 ml of methylene
chloride as before gave 20 mg (90%) of 20, the spectra of which
were superimposable upon those of the imino ether obtained ear-
lier.
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Synthesis and Photolysis of 2-Acylpyrazolidin-3-ones. A Model for the
Photochemical Syntheses of 6-Azapenicillin Isomers!
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A series of 2-acyl-5,5-dimethylpyrazolidin-3-ones (5a-e) was prepared by two routes and shown to rearrange
photochemically under a variety of conditions to N-acylamino-4,4-dimethylazetidin-2-ones (9a—e). Photolysis of
the parent systems, 5,5-dimethylpyrazolidin-3-one (1), to give 1-amino-4,4-dimethylazetidin-2-one (20), which
was acylated to give 9a, is also discussed. A plausible reaction scheme is presented to account for the observed

photochemistry.

Strong interest in the synthesis of 8-lactam (azetidin-2-
one) containing molecules,? particularly those of the peni-
cillin and cephalosporin classes of antibiotics,® has contin-
ued unabated since the original discovery and structure de-
termination of penicillin.4 Although a large number of orig-
inal syntheses of S-lactams have been reported since that
period, very few of these approaches have employed either
thermal® or photochemical® ring contraction steps. As a
part of our approach to the synthesis of penicillin isomers
containing nitrogen in the 6 position (such as I), we hope to
use a photochemically induced ring contraction reaction to
generate the §-lactam moiety. As a model system for such a
step we have investigated the photochemistry of a series of
2-acyl-5,5-dimethylpyrazolidin-3-ones, one of which con-
tains the side chain of penicillin G.? We report at this time
some interesting aspects of the syntheses of these 2-acylpy-

razolidin-3-ones® and our studies on their photochemical
rearrangements to give N-acylamino §-lactams.
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Preparation of 2-Acyl-5,5-dimethylpyrazolidin-3-
ones, After several attempts to condense acylhydrazides
with 38,3-dimethylacrylic acid® or its ethyl ester resulted
only in the isolation of 1,2-diacylhydrazides, a different ap-
proach involving functionalization of the preformed ring



