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by reaction of the elements and condensed fractionally, SbF5 was fraction-
ally distilled, and HF and DF were dried with fluorine.[13]

MF5 (M�As, Sb; 3 mmol) was dissolved in HF/DF (ca. 5 g) in a KEL-F
reactor. After freezing the solution H3PO4/(Me3SiO)3PO (3 mmol) was
added under inert gas (N2) at ÿ196 8C. The reaction mixture was slowly
warmed to ÿ60 8C and kept at this temperature until a clear solution
formed. The excess of HF, DF, and Me3SiF was subsequently removed at
ÿ60 8C in a dynamic vacuum. P(OX)�4 MFÿ6 (X�H, D; M�As, Sb)
remained as a colorless solid that was stable up to ÿ10 8C for M�As and
ÿ3 8C for M� Sb.

Analytical instruments: Raman: Jobin ± Yvon T64000, Ar� laser (l�
514,5 nm) Spectra Physics; IR: Bruker IFS 113v; NMR: Bruker
DPX300; X-ray diffractometer: Nonius Mach 3.
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Photochemistry of ortho-Phenoxymethyl-
Substituted Aryl Azides: A Novel Nitrene
Rearrangement En Route to Isolable
Iminoquinone Methides?**
Götz Bucher* and Hans-Gert Korth

Aryl azides show a fascinating and complex photochemis-
try, which only recently could be elucidated in detail.[1±5] A
singlet nitrene is formed as the primary reaction intermediate,
which subsequently either adds intramoleculary to a neigh-
boring C�C bond of the aromatic system,[1, 2] or relaxes to the
ground-state triplet nitrene via intersystem crossing (ISC).
The efficiency of spin inversion depends, among others, on the
temperature and on the substitution pattern. Low temper-
atures favor ISC, and 2,6-bisubstitution retards addition to the
C�C bond for steric reasons.[6] If only one ortho position is
substituted, nitrene cycloaddition usually favors the unsub-
stituted side.[6] In the course of our own studies on ortho-
substituted aryl azides we have synthesized 2,6-bis(phenoxy
methyl)-1-azidobenzene 1, and we have investigated its
photochemistry by means of product analysis and matrix
isolation spectroscopy.

Photolysis of 1, which was matrix isolated in Ar at 10 K,
yielded a new product 2 (Scheme 1). The UV/Vis spectrum of
2 is typical of a triplet aryl nitrene with a weak band in the
visible part of the spectrum that extends to 530 nm, and sharp

Scheme 1.

bands at 398, 296, and 288 nm (Figure 1). The infrared
spectrum of 2 does not show bands that would be typical of
products of nitrene rearrangement;[7] for instance, there are
no bands at about 1890 cmÿ1 (typical for a didehydroaze-
pine[2]). Photolysis of 1 is initially very efficient, but comes to a
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Figure 1. Solid line: UV/Vis spectrum of 2 obtained after photolysis
(315 nm, 5 min) of 1 in an argon matrix at 10 K. Dashed line: UV/Vis
spectrum obtained after photolysis (320 nm, 5 min) of 1 in glassy MTHF at
77 K. Inset: enlarged section between 420 and 540 nm. The spectrum
obtained in MTHF at 77 K shows some sharp absorptions, which come from
scattered light and are therefore artefacts.

standstill after a couple of minutes, presumably because of the
filtering of light by 2. Triplet nitrene 2 is essentially photo-
stable at 10 K.[8] Contrary to this stability at 10 K, 2 is formed
only in minute amounts if 1 is photolyzed in glassy 2-meth-
yltetrahydrofuran (MTHF) at 77 K. The UV/Vis spectrum of
the photolysate does not show the characteristic broad
absorption of 2 with maxima at 512 and 526 nm (Figure 1),
and the EPR triplet resonance at 6705 G (g� 1.0145) has only
a very weak intensity.[9]

Photolysis (320 nm, 60 min) of 1 in CH3CN/diethylamine
(9/1) yielded 55 % of a yellow product after purification by
column chromatography. Mass spectrometric analysis showed
that the product was not the expected azepine 3. Evaluation of
the spectroscopic data revealed instead that the syn isomer
of 6-exo-methylene-2-phenoxymethyl-cyclohexa-2,4-diene-1-
on-N,N-diethylhydrazone 4 had been formed (Table 1). Of
particular diagnostic value were the resonances d(13C)�
113.093, as well as d(1H)� 4.9369 (dd, 1 H) and 4.9105 (d,

1 H). Their position and the fact that a GRAD-HMQC
experiment showed cross peaks between these 13C and 1H
resonances gave clear evidence for an exo-methylene group
present in the molecule. The syn position of the diethylamino
group, relative to the exo-methylene group, could be deduced
from a NOESY experiment.

The iminoquinone methide 4 is a surprising product, whose
formation necessitates the elimination of phenol. Two possi-
ble mechanisms for its formation will be briefly discussed
(Scheme 2). In mechanism A the singlet nitrene inserts into

Scheme 2. Two routes to the formation of 4.

the N ± H bond of diethylamine. In a second step phenol is
eliminated. However, 4 is formed almost exclusively. A
1H NMR spectrum of the crude photolysate recorded after
brief photolysis showed essentially only signals from 1 and 4.
Thus, any intermediary hydrazine derivative would have to be
much shorter lived under the conditions of photolysis than 1,
which appears unlikely.[10] The first excited singlet state of aryl
nitrenes is an open-shell state (s1p1), which shows a high
reactivity towards intramolecular rearrangement, but is
difficult to intercept intermolec-
ularly. Perfluorinated aryl ni-
trenes represent the only excep-
tion to this rule.[11] Photolysis of
a series of 2-alkyl-substituted
aryl azides did not lead to the
formation of hydrazine deriva-
tives,[12] and thus such a reaction
appears unlikely in the case of 1.

The primary reaction step in
mechanism B is the formation
of an oxonium ylide 5 (which
may represent a transition state
as well), which ring-opens to

Table 1. NMR data for 4.

d(13C) Assign-
ment[a,b]

Couples d(1H) Integral, J
with[a,b] multiplicity [Hz]

12.730 C14 H11 1.1033 6H, t 7.00
42.704 C13 H10 3.4504 4H, q 7.00
72.288 C5 H4 4.6722 2H, s ±

105.658 C7 H5 5.8169 1H, d J5,6� 6.52
113.093 C12 H8 4.9369 1H, d (dd?) J8,9� 1.2

H9 4.9105 1H, d (small)
115.168 C3 H3 6.9596 2H, d J2,3� 7.52
117.898 C9 H7 5.7774 1H, d J6,7� 10.04
120.399 C1 H1 6.8875 1H, t J1,2� 7.16
129.178 C2 H2 7.2287 2H, dd J2,3� 7.52
129.532 C8 H6 6.2007 1H, dd J5,6� 6.54,

J6,7� 10.04
136.573 C10 ± ± ± ±
148.484 C6 ± ± ± ±
149.017 C11 ± ± ± ±
159.081 C4 ± ± ± ±

[a] Based on GRAD-HMQC, COSY, and NOESY determinations. [b] The
numbering of the carbon atoms starts in the 4-position of the phenoxy
substituent, and proceeds clockwise in the molecule (see Scheme 2). Thus,
C5 corresponds to the benzylic carbon atom, C11 to the imino carbon atom,
and C12 to the exo-methylene carbon atom. The numbering of the
hydrogen atoms is organized analogously.
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oxime 6. Oxime 6 reacts with diethylamine to yield betaine 7 a
(which may again be a transition state), which eliminates
phenol to yield 4. Alternatively, the reaction could also
proceed via aminal 7 b or hydroxylamine 7 c. The mechanism
via 7 a has some precedence in the literature: The reaction of
iminoquinone methides 8 with secondary amines probably
also proceeds via an addition ± elimination-type mechanism
(Scheme 3).[13] In this case, however, the negative charge in
the betain resides on a nitrogen atom, and it is stabilized by an
electron-withdrawing tosyl group. The formation of 7 c seems
to be the most plausible possibility. However, the question
remains why this compound should so readily lose phenol.

Scheme 3. Substitution of 8 through an addition ± elimination mechanism.

The first singlet excited state of nitrene 2 is of unusual
reactivity even at 77 K. This is also revealed by the fact that
only a single phenoxymethyl group ortho to the nitrene center
is required to obtain iminoquinone methides. Photolysis of
azide 9 in the presence of diethylamine or piperidine allows
for the isolation of the quinoid compounds 10 and 11, again in
approximately 50 % yield (Scheme 4). As azepines are once
again not formed as major products, the reaction that leads to
4 must have an activation barrier even lower than the very
facile rearrangement to didehydroazepines.

The iminoquinone methides 4, 10, and 11 are isolable
compounds of surprising stability (with half lives of the order
of 24 h at ambient temperature and several weeks at ÿ18 8C).
This observation is remarkable insofar as no isolable imino-
quinone methides unsubstituted at the exo-methylene func-
tionality had hitherto been known. Compounds of this type
had up to now only been characterized by matrix isolation
spectroscopy,[14, 15] or they were trapped in solution by Diels ±
Alder reactions.[16] The compounds 8 mentioned above bear
donor substituents at the exo-methylene functionality as well
as a tosyl acceptor substituent at the imino nitrogen atom,
which results in push ± pull stabilization.[13] Compounds 4, 10,

Scheme 4.

and 11, however, only have a single donor substituent at the
imino nitrogen atom and are otherwise stabilized only by
steric protection by the syn-diethylamino group.

Experimental Section

General: All NMR spectra were recorded on a 400 MHz spectrometer with
CDCl3 as the solvent. The matrix isolation arrangement has already been
described.[17] Photolyses at 77 K in glassy MTHF were performed with
carefully degassed samples. The azides 1 and 9 were obtained from the
corresponding aniline derivatives by diazotation and subsequent reaction
with NaN3.

4 (analogously 10 and 11): A solution of 1 (50 mg) in CH3CN/HNEt2 (9/1,
40 mL) was purged with Ar for 15 min and then irradiated at l� 320 nm for
60 min. (Quartz tube, photoreactor 400 with a UV radiator at 320 nm,
Gräntzel, Karlsruhe, Germany). The solvent was then evaporated and the
residue extracted with petroleum ether 60 ± 80. The extract was purified by
column chromatography (basic alumina, petroleum ether 60 ± 80/triethyl-
amine (98/2)) and 4 obtained as the first, yellow fraction. Additionally,
some unphotolyzed 1 (20 mg) was recovered. Yield of 4 : 17 mg (55 %
relative to starting material consumed). UV (in CH3CN): lmax (e)� 299
(16 475), 279 (17 500), 272 (17 675), 222 (51 700), 198 (51 875); MS: m/z : 282
[M�], 189 [M�ÿPhO], 118, 110, 91, 65; HR-MS: calcd: 282.173214; found:
282.173401. IR (film): nÄ � 2975 (m), 2933 (m), 1601 (s), 1562 (vs), 1524 (vs),
1498 (s), 1460 (m), 1429 (m), 1363 (m), 1295 (m), 1246 (m), 1220 (m), 1132
(m), 1080 (w), 1052 (w), 753 cmÿ1 (s).

10 : 13C NMR: d� 149.4886, 141.2475, 136.7158, 118.5160, 113.0524,
108.9593, 42.5190, 12.6428; 1H NMR: d� 7.049 (d, 1H), 6.204 (dd, 1H),
5.794 (d, 1H), 5.535 (ªtº, 1H), 4.933 (s, 1H), 4.909 (s, 1H), 3.447 (q, 4H),
1.108 (t, 6 H); IR (film): nÄ � 2976 (s), 2936 (s), 2873 (m), 1642 (w), 1591 (m),
1554 (vs), 1512 (vs), 1460 (m), 1429 (s), 1380 (m), 1363 (s), 1322 (m), 1297
(s), 1276 (w), 1232 (vw), 1137 (w), 1079 (s), 1011 (w), 901 (w), 783 (w), 732
(w), 683 cmÿ1 (m); MS: m/z : 176 [M�], 161, 147, 133, 120, 104, 94, 78, 65, 51.

11: 13C NMR: d� 150.2926, 141.1013, 136.2956, 119.1373, 113.3631,
109.5806, 46.6121, 25.4521, 24.7395; 1H NMR: d� 6.985 (d, 1H), 6.191
(dd, 1 H), 5.779 (d, 1 H), 5.542 (dd, 1 H), 4.939 (dd, 1H), 4.898 (dd?, 1H),
3.558 (t, 4 H), 1.60 (m, 2 H), 1.53 (m, 4H); IR (film): 3013 (w), 2935 (s), 2855
(m), 1638 (w), 1590 (m), 1557 (vs), 1511 (vs), 1440 (s), 1368 (m), 1299 (s),
1280 (s), 1258 (w), 1238 (w), 1209 (s), 1130 (m), 1084 (m), 1062 (w), 1023
(m), 937 (w), 900 (m), 853 (w), 794 (w), 731 (w), 684 cmÿ1 (w); MS: m/z : 188
[M�], 173, 159, 145, 131, 119, 104, 79, 51, 41.
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The chemistry of the norbornadienes (bicyclo[2.2.1]hepta-
2,5-dienes) displays a variety of interesting aspects. One of
these is the photochemical isomerization of norbornadienes
to quadricyclanes[1] and its catalytic reversal.[2] Another is the
synthesis, stability, and reactivity of heterocyclic analogues
bearing a nitrogen or phosphorus atom at the 1- and/or
7-position (I ± III in Figure 1); particularly noteworthy results
from this area concern the differences in stability between
7-aza-[3] and 7-phosphanorbornadienes (Type II),[4] (the latter
can be stabilized and isolated by coordination of the
phosphorus to a metal[5]), and catalytic reactions[6] using
1-phosphanorbornadienes[7] (Type I) as novel ligands.

Figure 1. Heteronorborna-2,5-dienes I ± III (exocyclic lines denote arbi-
trary substituents; E,E'�N, NR and/or P, PR).

Here we report the synthesis and structural characteriza-
tion of a tungsten complex of the novel 7-aza-1-phosphanor-
bornadiene ring system.[8] This is formed by a trapping
reaction of an intermediate, a PC5Me5-substituted nitrilium
phosphane ylide tungsten complex,[9] with dimethylacetylene
dicarboxylate (DMAD) and subsequent reaction with
DMAD, which leads to cleavage of an exocyclic P ± C bond.
We also present a highly efficient synthesis of a novel
phosphorus ± carbon cage compound.[10]

If the 2H-azaphosphirene tungsten complex 1[11] is heated in
benzonitrile at 75 8C in the presence of DMAD, the 2H-1,2-
azaphosphole tungsten complex 3 is formed (Scheme 1);
however, 3 (d(31P)� 119.1, 1J(31P,183W)� 249 Hz[9]) is not
stable under these conditions, and undergoes cleavage of the
exocyclic P ± C bond (presumably by a radical mechanism) to
form the transient intermediate 1H-1,2-azaphosphole com-
plex 4, which finally yields complex 5 by [4�2] cycloaddition
with DMAD;[7, 12, 13] the source of the H atom is still unclear.
Since this reaction also provided a product with a 31P NMR
resonance signal at high field, (d(31P)�ÿ66.8, ca. 10 %), we
decided to repeat the reaction in toluene.[9] This led, after
formation of a short-lived intermediate (d(31P)�ÿ100.1) to
benzonitrile and, as sole phosphorus-containing product, the

Scheme 1. Suggested reaction courses for the formation of complexes 5
and 8.
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