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ABSTRACT:

Nitrogen-centered radicals, generated by the action of UV light, are capable of reacting with alkynyl Fischer carbene complexes in
two ways, 1,2- and 1,4-addition. Our results constitute the first reported example of a photochemically driven reaction of this kind.

’ INTRODUCTION

Radicals have shown impressive potential in synthesis.1 We
recently described2 the use of acyloximes in the photochemical
synthesis of isoquinoline derivatives in a two-step, one-pot
reaction sequence. First, the iminyl radical is easily generated
by a nitrogen�oxygen bond cleavage. The addition of this radical
to unsaturated moieties then gives the heterocyclic compounds
with ease in good yields.2 This reaction mechanism has been
further explored by means of theoretical calculations3 and EPR
studies.4 Several groups are able to react in the intramolecular
version, such as aryl, heteroaryl, alkenyl, or alkynyl,2 while the
intermolecular reaction works particularly well with alkynes to give
isoquinolines (Scheme 1).2a This fact, together with our experi-
ence in the photochemistry of imine Fischer carbene complexes,5

prompted us to study the reactivity of iminyl radicals with alkynyl
Fischer carbene complexes.

A survey of the literature showed that metal carbene com-
plexes have been extensively used as synthons in organic and
organometallic synthesis.6 However, as far as we know, only four
papers have been published on additions of radicals to unsatu-
rated Fischer carbene complexes. All of these reactions were
carried out under thermal conditions and none under photo-
chemical ones. The strategy to add alkyl radicals, generated from
epoxides and [Cp2TiCl]2, to R,β-unsaturated carbenes was
developed by Merlic7 and was also used by D€otz to prepare
carbohydrate-modified fused pyranosylidene complexes,8 while
Sierra used Et3B in the presence of traces of oxygen to produce an
ethyl radical that adds to the carbene complex.9 The lack of
examples is not surprising considering that carbenes often react
with several types of reagents for radical generation or are incom-
patible with the reaction conditions to create such species.10

Sierra also attempted to promote this kind of reaction by forming
the radical through irradiation (tungsten lamp or sunlight) of
Barton esters,11 but this process resulted in recovery of unreacted
or oxidized metal�carbene complex.9 We report here the first

successful results for the photochemically induced addition of an
iminyl radical to unsaturated metal�carbene complexes.

’RESULTS AND DISCUSSIONS

In our first attempt we reproduced the previous reaction
conditions that successfully yielded isoquinolines. Irradiation of
a solution of benzophenone O-acetyloxime (1a) and penta-
carbonyl(1-ethoxy-3-phenyl-2-propynylidene)tungsten (2a) was
performed, at room temperature, with a 400Wmedium-pressure
mercury lamp through Pyrex under an Ar atmosphere. However,
we found that the same reaction conditions were not appropriate
in this case since only decomposition of the carbene complex
occurred.

In our previous experiments, alkynes were used in excess to
easily capture the forming radical and to improve the product
yields. In this case, excess alkynyl carbene complex acts as an
internal filter, preventing formation of the iminyl radical.12 As we
were unable to irradiate the oxime derivative selectively, we

Scheme 1. Iminyl Radical Addition to Alkynes
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modified the reaction conditions by using a 1:1 reactant ratio and
a low-pressure Hg lamp.13 Under these conditions, irradiation in
acetonitrile for 3 h led to the consumption of 1a and 2a and the
formation of the new carbene complex 3a, identified by spectro-
scopic data and comparison with similar complexes,14,15 together
with another product, identified as the seven-membered com-
pound 4a (Scheme 2).

As we were limited by the relative absorption of the two
reactants, the study of the effect of diverse reaction conditions on
the reaction outcome was limited. In all cases low-pressure Hg
lamps and a 1:1 ratio between reactants were used. Higher
carbene complex ratios led to a decrease in the reaction yields,
and higher acyloxime ratios contributed to an increase in the
formation of 4a. We also tried diverse oxime derivatives under
our best reaction conditions in order to test the influence of the
acyl moiety on the iminyl radical formation. The use of benzo-
phenone O-benzoyl- or (p-methoxybenzoyl)oxime did not affect
either of the results, the products or the yields, while the use of
benzaldehyde O-acetyloxime as the iminyl radical precursor led
only to decomposition of the starting materials. This is not
surprising, as it is known2,3 that iminyl radicals with R-hydrogen
atoms are unstable and easily yield nitriles, and we could check
that carbene 2a decomposes under the direct action of UV light.
However, the use of methoxy carbene 2b gave 3b and 4b in 10%
and 12% yields, respectively (Scheme 2).

To explore the photochemical nature of the reaction, we
performed a test at room temperature in the dark. After 3 h of
stirring only traces of 3a were obtained, together with a large
amount of unreacted starting compounds 1a and 2a, as

determined by the 1H spectrum of the crude reaction mixture.
This result demonstrates that the photochemical process is much
faster than the thermal one and supports the fact that the reaction
shown in Scheme 2 should be induced by the action of ultraviolet
light. However, as shown in Scheme 3, once the radical is formed,
it could evolve by direct radical addition to carbene 2a (path A)
or by hydrogen abstraction from the medium, followed by
nucleophilic addition of benzophenone imine 1b to 2a (path B).

In contrast to the thermal reaction of imines with Fischer
alkylcarbenes, which takes place with replacement of alkoxy by
the imino group,16 compounds with similar structures to carbene
3a can also be obtained through nucleophilic addition of imines
to alkynylcarbene complexes.14 Moreover, complexes of type 3
cyclize to 2H-pyrroles upon heating at 50�55 �C in tetrahydro-
furan solution. However, while the nucleophilic addition of
imines to chromium complexes is well known, only one example
has been described for the analogous process with a tungsten
complex bearing a tert-butyl group.14 Considering that the
reaction with the phenyl derivative tungsten complex has not
been described, we performed the reaction between carbene 2a
and benzophenone imine 1b. After 30 min stirring in diethyl
ether (deMeijere procedure)14 or 3 h in acetonitrile we observed
the formation of the seven-membered cycle 4a, which could be
isolated in 3% or 7% yield, respectively, together with a large
amount of benzophenone and various unidentified products,
but neither carbene nor starting carbene 2a was detected in the
crude reaction mixture (Scheme 4). These results rule out path
B to explain the formation of carbene 3a and, consistently, 3a
could be formed after initial addition of the iminyl radical to
carbene 2a.

On the other hand, 4a could also be formed from 3a either
thermally or photochemically. As additional assays, isolated 3a
was irradiated in acetonitrile for 3 h, but this resulted in
decomposition without the formation of 4a, while stirring for 3
h did not alter starting material 3a. However, heating complex 3a
in acetonitrile at 80 �C for 4 h led to 2H-pyrrole 5a in 76% yield, a
finding consistent with the literature,14 but cycle 4a was not
detected (Scheme 5).

Scheme 3. Radical versus Nucleophilic Addition

Scheme 4. Nucleophilic Addition of Imine 1b to Carbene
Complex 2a

Scheme 5. Reactivity of Compound 3a

Scheme 2. Iminyl Radical Addition to Alkynylcarbene
Complexes
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In any case, it can be stated that all of the assays provide
indirect evidence for the radical addition to carbene 2. In an effort
to find direct evidence, we irradiated amixture of 1a and 2a in the
presence of radical trappers such as TEMPO and Ph2Se2, but the
reaction yielded complex mixtures in which a carbene with a
structure like 3 could not be detected, probably due to interac-
tion of these trappers with the iminyl radical.

On the other hand, bearing in mind that a hydrogen atom
could be abstracted from the medium, the reaction in a deuter-
ated medium should give the analogous deuterated carbene.
Irradiation of 1a and 2a was performed using tetrahydrofuran-d8
or acetonitrile-d3 as solvent, but 3a was obtained once again

rather than the corresponding deuterated compound. We con-
tinued by replacing the methyl group in the carbene and
acyloxime by the trideuteromethyl one. As shown in Scheme 6,
the photoreaction of 1c and 2c in acetonitrile-d3 once again led to
3c and 4c.

These results prompted us to consider that hydrogen incor-
poration into the structure could be a polar proccess, instead of a
radical one, and traces of water present in the reaction medium
should be enough to trap a proton.17 Therefore, we performed
the irradiation of 1a and 2a in acetonitrile but in the presence of
deuterated water (9:1 ratio). This reaction gave compounds 3d
and 4d, where a deuterium has been incorporated into both
structures (Scheme 7).

Although a definitive reaction pathway cannot be established
yet, tentative working proposals for the formation of 3 and 4 are

Scheme 9. Proposed Mechanism for the Formation of Azepines 4

Scheme 6. Irradiation in a Deuterated Medium

Scheme 7. Incorporation of a Deuterium Atom

Scheme 8. Proposed Mechanism for the Formation of Carbenes 3
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displayed in Schemes 8 and 9, respectively. First, as mentioned
above, thermal reaction between acyloxime 1a and carbene 2a
led to only traces of 3a after 3 h of stirring. Moreover, carbene 3a
was not detected in the thermal reaction between imine 1b and
2a (Scheme 4). We therefore propose that irradiation of acylox-
ime 1 should generate the iminyl radical. This would attack
carbene 2 at the alkynyl carbon (1,4-addition) to form inter-
mediateA, which can be represented by two resonance structures
(Scheme 8). A photoinduced electron transfer18 could then occur
to give carbene anionB, which is able to react with traces ofH2Oor
D2O to yield 3.

In relation to the seven-membered cycle, although the parti-
cipation of the thermal reaction between imine 1b (which should
be generated by a hydrogen abstraction on the iminyl radical
from themedium) and 2 cannot be ruled out (Scheme 4), hetero-
cycles 4were obtained in up to 17% yield. As a result, we suggest a
similar mechanism to that proposed for carbenes 3. The forma-
tion of azepine 4 is thought to occur by subsequent 1,2-addition
of the iminyl radical to the carbene carbon of 2 and photoinduced
electron transfer18 to form the speciesC (Scheme 9). A 1,2-metal
migration, promoted by the methoxy group, would cause simul-
taneous ring closure with one of the iminic phenyl groups to form
intermediateD.17,19 A subsequent hydrogen shift regenerates the
aromaticity and 4 would form after hydrolysis or deuterolysis.

To test the effect of temperature on the addition product ratio,
the irradiation was performed at�20 �C, but, unfortunately, there
were no significant changes compared with the process at room
temperature. Finally, the proposal for the formation of azepines 4
was supported by the use of the acyloxime of benzophenone-d10
1d as the startingmaterial (Scheme 10). In this case azepine 4ewas
formed in 35% yield after deuterium migration from D to E. The
higher yield of 4e could be rationalized considering that an inverse
isotope effect at the position of deuteration is expected because of
the change from sp2 to sp3 hybridization.20

’CONCLUSION

In summary, it has been shown that a nitrogen-centered radical,
generated photochemically, is able to participate in a 1,4-addition
to alkynylcarbene complexes to give a 5-aza-1-metalla-1,3,5-hexa-
triene, while radical 1,2-addition leads to azepines.

’EXPERIMENTAL SECTION

Representative Experimental Procedure. In a typical experi-
ment 0.2 mmol of the carbene complex and 0.2 mmol of the acyloxime
were dissolved in 10 mL of the appropriate solvent (commercial grade).
The solution was deoxygenated by bubbling with Ar and either irradiated

(cabinet photoreactor equipped with 16 low-pressure mercury lamps of
8 W) or stirred at room temperature for the time specified for each case.
The solvent was removed in vacuo, and the products were purified by
column chromatography (silica gel, hexane/AcOEt).
Benzophenone Trideuteroacetyloxime (1c) (ref 21). Yield:

213 mg, 88%. 1H NMR: δ 7.47�7.16 (m, 10H) ppm. 13C NMR: δ
168.4, 164.3, 134.4, 132.2, 130.6, 129.4, 128.7, 128.5, 128.3, 128.1, 18.7
(m, CD3) ppm. UV: λ 210, 252 nm (ε = 9100, 16 250M�1 cm�1). Exact
mass ESI(þ) (C15H10D3NO2þNa): calcd 265.1025, measd 265.1027.
Bis(perdeuterophenyl)methanone acetyloxime (1d) (ref

21). Yield: 239 mg, 96%. 1H NMR: δ 2.07 (s, 3H) ppm. 13C NMR: δ
168.5, 164.3, 134.4, 132.1, 130.5�127.2 (m, CD), 19.4 ppm. UV: λ 212,
252 nm (ε = 9120, 16 330 M�1 cm�1). Exact mass ESI(þ) (C15H3D10-
NO2 þ Na): calcd 272.1447, measd 272.1466.
Pentacarbonyl(1-trideuteromethoxy-3-phenyl-2-propy-

nylidene)tungsten(0) (2c) (ref 22). Yield: 452 mg, 16%. 1H NMR:
δ 7.65�7.25 (m, 5H) ppm. 13C NMR: δ 283.9 (C-1), 205.6, 197.4
(CdO), 132.9, 131.7, 129.0, 121.0 ppm. C-2, C-3, and CD3 not
observed. UV: λ 245, 290, 314, 357, 465 nm (ε = 32 450, 13 180,
9250, 3150, 12 590 M�1 cm�1). Exact mass MALDI(�) (C15H5D3-
O6W): calcd 471.001, measd 471.184.
Pentacarbonyl{(2Z)-3-[(diphenylmethylene)amino]-1-

ethoxy-3-phenyl-2-propenylidene)}tungsten(0) (3a). Yield:
33 mg, 25%. 1H NMR: δ 7.64�7.30 (m, 15H), 7.18 (s, 1H, H-2),
4.66 (q, 2H, J = 6.0 Hz), 1.26 (t, 3H, J = 6.0 Hz) ppm. 13CNMR: δ 296.4
(C-1), 204.1, 198.2 (CdO), 164.2 (CdN), 150.0, 137.6, 136.3, 130.7,
130.6, 128.8, 128.5, 128.3, 127.9, 127.6, 125.8 (C-2), 78.8, 15.2 ppm. IR:
ν 2059, 1980, 1928 (W�CO), 1662 (CdC), 1604 (CdN), 1219
(C�O) cm�1. UV: λ 246, 289, 350, 451 nm (ε = 32 910, 9880, 5430,
10 210 M�1 cm�1). Exact mass MALDI(�) (C29H21NO6W): calcd
663.088, measd 663.085.
Pentacarbonyl{(2Z)-3-[(diphenylmethylene)amino]-1-

methoxy-3-phenyl-2-propenylidene)}tungsten(0) (3b). Yield:
13 mg, 10%. 1HNMR: δ 7.47�7.26 (m, 15H), 7.12 (s, 1H, H-2), 4.34 (s,
3H) ppm. 13CNMR:δ 296.5 (C-1), 204.0, 198.1 (CdO), 164.8 (CdN),
150.3, 137.8, 136.3, 130.7, 128.8, 128.7, 128.6, 128.3, 127.7, 124.5 (C-2),
68.9 ppm. Exact mass MALDI(�) (C28H19NO6W): calcd 649.072,
measd 649.013.
Pentacarbonyl{(2Z)-3-[(diphenylmethylene)amino]-1-tri-

deuteromethoxy-3-phenyl-2-propenylidene)}tungsten(0)
(3c). Yield: 11 mg, 8%. 1H NMR: δ 7.47�7.28 (m, 15H), 7.12 (s, 1H,
H-2) ppm. 13C NMR: δ 296.5 (C-1), 204.0, 198.1 (CdO), 164.8
(CdN), 150.3, 137.8, 136.3, 130.7, 128.8, 128.7, 128.6, 128.3, 127.7,
124.5 (C-2) ppm. CD3 not observed. Exact mass MALDI(�)
(C28H16D3NO6W): calcd 652.090, measd 652.014.
Pentacarbonyl{(2Z)-2-deutero-3-[(diphenylmethylene)-

amino]-1-ethoxy-3-phenyl-2-propenylidene)}tungsten(0)
(3d). Yield: 44 mg, 33%. 1HNMR: δ 7.55�7.25 (m, 15H), 4.65 (q, 2H,
J = 7.2 Hz), 1.33 (t, 3H, J = 7.2 Hz) ppm. 13C NMR: δ 296.2 (C-1),
204.1, 198.3 (CdO), 164.2 (CdN), 150.0, 137.5, 136.3, 130.7, 128.8,
128.5, 128.3, 127.9, 127.6, 126.5 (t, DC-2, J = 7 Hz), 78.7, 15.2 ppm.
Exact mass MALDI(�) (C29H20DNO6W): calcd 664.094, measd
664.031.
Pentacarbonyl{(2Z)-3-[(diperdeuterophenylmethylene)-

amino]-1-ethoxy-3-phenyl-2-propenylidene)}tungsten(0)
(3e). Yield: 39mg, 29%. 1HNMR: δ 7.55 (d, 2H, J = 6.0Hz), 7.40�7.27
(m, 3H), 7.18 (s, 1H, H-2), 4.66 (q, 2H, J = 6.0 Hz), 1.26 (t, 3H, J = 6.0
Hz) ppm. 13C NMR: δ 296.3 (C-1), 204.1, 198.2 (CdO), 164.2
(CdN), 149.9, 137.5, 136.0, 130.5, 129.0, 128.8, 128.5, 128.3, 127.9,
125.8 (C-2), 78.7, 15.1 ppm. Exact mass MALDI(�) (C29H11D10-
NO6W): calcd 673.148, measd 673.171.
(1Z,4Z)-3-Ethoxy-1,5-diphenyl-3H-benzo[c]azepine (4a).

Yield: 6 mg, 9%. 1H NMR: δ 7.59�7.30 (m, 14H), 6.44 (d, 1H, J =
4.5 Hz), 4.43 (d, 1H, J = 4.5 Hz), 4.15�4.07 (m, 1H), 3.60�3.50 (m,

Scheme 10. Deuterium Migration
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1H), 1.38 (t, 3H, J = 7.5 Hz) ppm. 13C NMR: δ 163.5 (CdN), 140.5,
140.4, 140.2, 139.0, 136.9, 133.4 (dCH), 129.8, 129.7, 129.3, 129.0,
128.9, 128.3, 128.0, 127.8, 127.7, 126.1, 88.8, 63.1, 15.3 ppm. IR: ν 1667
(CdC), 1604 (CdN), 1196 (C�O) cm�1. Exact mass ESI(þ)
(C24H21NO þ H): calcd 340.1701, measd 340.1689.
(1Z,4Z)-3-Methoxy-1,5-diphenyl-3H-benzo[c]azepine (4b).

Yield: 8 mg, 12%. 1H NMR: δ 7.62�7.26 (m, 14H), 6.41 (d, 1H, J = 4.5
Hz), 4.33 (d, 1H, J = 4.5 Hz), 3.61 (s, 3H) ppm. 13C NMR: δ 163.6
(CdN), 140.4, 140.4, 140.1, 139.2, 136.8, 133.0 (dCH), 130.1, 129.9,
129.8, 129.3, 129.0, 128.9, 128.6, 128.3, 128.0, 127.8, 126.1, 90.0, 55.2
ppm. Exact mass ESI(þ) (C23H19NO þ H): calcd 326.1545, measd
326.1540.
(1Z,4Z)-3-Trideuteromethoxy-1,5-diphenyl-3H-benzo[c]-

azepine (4c). Yield: 7mg, 10%. 1HNMR: δ 7.62�7.24 (m, 14H), 6.41
(d, 1H, J = 4.5 Hz), 4.33 (d, 1H, J = 4.5 Hz) ppm. 13C NMR: δ 163.4
(CdN), 140.2, 140.1, 139.8, 138.8, 136.6, 132.8 (dCH), 130.1, 129.9,
129.7, 129.3, 129.0, 128.9, 128.6, 128.3, 128.0, 127.7, 125.8, 89.6 ppm.
CD3 not observed. Exact mass ESI(þ) (C23H16D3NO þ H): calcd
329.1726, measd 329.1731.
(1Z,4Z)-4-Deutero-3-ethoxy-1,5-diphenyl-3H-benzo[c]aze-

pine (4d). Yield: 12 mg, 17%. 1H NMR: δ 7.61�7.30 (m, 14H), 4.43
(s, 1H), 4.17�4.08 (m, 1H), 3.59�3.53 (m, 1H), 1.37 (t, 3H, J= 7.5Hz)
ppm. 13C NMR: δ 163.5 (CdN), 140.4, 140.4, 140.1, 138.9, 136.9,
133.0 (t, dCD, J = 20 Hz), 129.8, 129.7, 129.3, 129.0, 128.9, 128.3,
128.0, 127.8, 126.2, 88.8, 63.1, 15.3 ppm. Exact mass ESI(þ)
(C24H20DNO þ H): calcd 341.1762, measd 341.1759.
(1Z,4Z)-3,6,7,8,9-Pentadeutero-3-ethoxy-5-(perdeutero-

phenyl)-1-phenyl-3H-benzo[c]azepine (4e). Yield: 24 mg, 35%.
1H NMR: δ 7.35�7.26 (m, 5H), 6.44 (s, 1H), 4.15�4.08 (m, 1H),
3.58�3.51 (m, 1H), 1.38 (t, 3H, J = 7.5 Hz) ppm. 13C NMR: δ 163.5
(CdN), 140.5, 140.3, 139.9, 139.0, 136.8, 133.2 (dCH), 128.9, 128.3,
127.8, 88.4 (t, CD, J = 21 Hz), 63.0, 15.2 ppm. Exact mass ESI(þ)
(C24H11D10NO þ H): calcd 350.2305, measd 350.2324.
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