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We have developed a very mild procedure for the synthesis chemical shifts in diazonium salts. An excellent linear
relationship emerged between Brown’s substituent constantsof crystalline aryldiazonium trifluoroacetate salts in high

yields under anhydrous conditions. Over thirty mono- or s+
p and the 13Cipso chemical shifts. The diazonium salts

obtained proved to be much more soluble in organic solventspolyfunctional aniline derivatives have been diazotized by
this method, including water- and acid-sensitive substrates. than their tetrafluoroborate counterparts. They were tested

in Pd-mediated coupling reactions of various carbon–carbonThe o- and p-hydroxyaryldiazonium salts, derived from the
corresponding anilines, could be deprotonated by treatment double bonds, and were found to give good yields within

short reaction times under very mild conditions. We believewith K2CO3 to yield pure diazoquinones. NMR and UV/Vis
spectra have been recorded for all the synthesized salts; the that diazonium trifluoroacetates represent a very attractive

alternative to diazonium tetrafluoroborates.data are in good agreement with the rather limited published
data and constitute a first extensive report of 13C-NMR

Introduction

Aromatic diazonium compounds A are reagents of broad
synthetic utility, undergoing a wide variety of reactions[1]

that may or may not involve loss of the dinitrogen moiety.
In recent studies, they were regarded as donor/acceptor
complexes between a phenyl cation and a dinitrogen mol-
ecule. [2] [3]

Scheme 1. Schematic representation of dediazoniation pathways;Dediazoniation of 1 can generate two types of intermedi-
s. e. t. 5 single electron transfer

ates (Scheme 1), either the aryl radical 3 formed via the
corresponding diazenyl radical 2 (for a review, see ref. [4]),

through activated methylene groups (Japp2Klingemann re-or the highly reactive aryl cation 4, generated either chemi-
action) and by electrocyclic reactions leading to nitrogen-cally[5] or photochemically. [6] The intermediate 3 is invoked
containing heterocycles, [15] [16] exploiting the dienophile orin several classical procedures (base-catalysed Gomberg2
dipolarophile character of some diazonium salts. [17]Bachman reaction, Sandmeyer reaction, Meerwein aryl-

The p- and o-hydroxyaryldiazonium salts exhibit a par-ation), as well as in some more recent ones. [7] [8] The cation
ticular property: Upon deprotonation they adopt quino-4 has been the subject of recent theoretical studies,[2,3,9] and
noid structures, depicted as quinone diazides 5c, i.e. cyclichas been shown to be involved in fluorination (Schiemann
vinyl analogues of α-diazo ketones (Scheme 2). These com-reaction), photolithography, affinity/photoaffinity label-
pounds have been extensively studied in the literature,[18220]ling, [10] and DNA cleavage. [11] Finally, Matsuda and co-
including with regard to their interesting photochemicalworkers have developed a very powerful synthetic appli-
properties.[21223]cation for aromatic diazonium salts, namely a Pd-mediated

(“Heck-like”) coupling to various olefinic substrates. [12]

This reaction has been extended to many other substrates
(see ref. [13] and references cited therein) and has attracted
great interest by virtue of its mildness and simplicity. Aryl-
diazonium salts therefore constitute a very attractive
alternative to the expensive aryl iodides, triflates, or bro-
mides.

On the other hand, coupling reactions[14] proceeding by Scheme 2. Deprotonation of p-hydroxydiazonium salts
nucleophilic addition at the β-nitrogen atom furnish the in-
dustrially important azo dyes. Coupling is also possible Numerous methods involving the diazotization of ani-

lines exist for synthesizing aryldiazonium salts.[24228] Tetra-
[a] Faculté de Pharmacie, Université L. Pasteur, Strasbourg, fluoroborate salts are by far the most synthesized com-
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sodium nitrite in concentrated aqueous fluoroboric acid didates were acetonitrile, ethanol, and dichloromethane, but

only the latter permitted satisfactory precipitation of thesolution, from which the diazonium salt precipitates.
Alternative procedures operating under anhydrous con- product upon addition of anhydrous diethyl ether to the

reaction medium. This result, established for a specific sub-ditions make use of either moisture-sensitive reagents such
as nitrosonium tetrafluoroborate, [25] or of in situ generated strate, could, of course, only be extended to other anilines

with caution, in view of the known influence of the sub-nitrosyl fluoride, formed by reaction of tert-butyl nitrite
with boron trifluoride2diethyl ether. [27] A third method stituent on the dediazoniation rate constant. Nevertheless,

dichloromethane was found to be suitable for most of theuses trimethylsilyl derivatives of anilines in conjunction
with the sensitive nitrosyl halides; [28] however, it has only diazonium salts synthesized here.

Tables 1, 2 and 3 summarize the diazotization reactionsbeen applied to aniline and 4-nitroaniline.
To facilitate the usage of arenediazonium salts in organic performed on para-, meta-, ortho-, and poly-substituted ani-

line derivatives. The results demonstrate the efficiency andchemistry, we have developed a general practical method
for the synthesis of diazonium trifluoroacetate salts under generality of our diazotization procedure.

A great variety of substituents, irrespective of their posi-anhydrous conditions. In actual fact, our reaction produces
one equivalent of water, but this was found not to be del- tion on the ring, were found to be compatible with these

very mild reaction conditions. In the case of anilines bear-eterious under the conditions employed. The very mild pro-
cedure, amenable to larger quantities, has been applied to ing electron-withdrawing groups, a lowering of the reaction

temperature to 215°C was found to be necessary to avoidan extensive series of aniline derivatives, using controlled
amounts of trifluoroacetic acid and isoamyl nitrite as a partial decomposition of the resulting diazonium salt.

Otherwise, decomposition products could be detected in thenitrosating species. The method has been extended to the
synthesis of ortho- and para-hydroxyaryldiazonium deriva- NMR spectra of the crude reaction mixtures. In such cases,

a 2:1 mixture of CH2Cl2 and CH3CN (conditions B, seetives, for which a practical deprotonation procedure has
been elaborated. All compounds were characterized spec- legends to tables) was found to give better results than pure

CH2Cl2 since nitroanilines and aminobenzoic acids are onlytroscopically, by their UV, 1H- and 13C-NMR data. Finally,
we used the diazonium trifluoroacetate salts in Heck-like sparingly soluble in the latter. On the other hand, carrying

out the reaction in the CH2Cl2/CH3CN mixture led to ancoupling reactions with various olefinic bonds.
increase in the solubilities of the diazonium salts, even at
278°C, thereby leading to a slight decrease in the reaction
yields due to incomplete precipitation upon addition of di-Results and Discussion
ethyl ether.

Benzenediazonium trifluoroacetate was found to be diffi-Diazotization Conditions
cult to isolate as a result of its moderate stability at room
temperature; [31] [32] this necessitated a lowering of the tem-We sought a general diazotization method that would al-

low the synthesis of diazonium salts as pure precipitates in perature to 278°C during the stage of washing with diethyl
ether. Accordingly, the 13C-NMR spectrum of this com-anhydrous organic media. We used isoamyl nitrite because

it is transformed into volatile side-products during the pound and those of some other derivatives (p-COCH3, m-
NO2, m-Cl, m-Br, o-NO2, and compound 8) had to be re-course of the diazotization, and trifluoroacetic acid (TFA),

because of its miscibility with most organic solvents. Di- corded at 215°C in order to reduce dediazoniation during
acquisition (see below).azonium trifluoroacetates have been described pre-

viously, [29] [30] but the procedure given involved aqueous The m-iodo- and m-methoxyaryldiazonium salts could
not be isolated by this method, as might have been expectedconditions, gave only moderate yields (ca. 50%), and was

only applied to a limited range of anilines. Some of the in view of their high instabilities owing to spontaneous de-
diazoniation, [31] the underlying reason for this behavioursubstituted diazonium salts synthesized here proved to be

acid- and/or moisture-sensitive, necessitating the use of a remaining controversial.[9,33235] Moreover, aryldiazonium
trifluoroacetates have been reported to be more reactivelimited amount of acid and anhydrous conditions. It turned

out that the use of 2.1 equivalents of TFA was sufficient for than their tetrafluoroborate counterparts (vide infra).
Nevertheless, most of the diazonium trifluoroacetate saltsthe diazotization reaction to proceed smoothly. This can be

related to the known stoichiometry of diazonium trifluo- could be kept for several months at 218°C without notice-
able decomposition, provided that they were protectedroacetates as double salts (ArN2

1, CF3COO2,
CF3COOH[29] [30]). Besides, the use of TFA allows reactions from light.

Table 3 illustrates the applicability of our method to sev-to be commenced from N-Boc-protected anilines in a one-
pot procedure involving a preliminary TFA-mediated de- eral polysubstituted anilines, further demonstrating the syn-

thetic utility of the procedure (see Scheme 3).protection step.
Using a concentration of 0.7  for the starting aniline Of particular interest was the diazotization of the meth-

acrylate ester 10, this substrate being both acid- and water-derivatives, we tested the influence of various organic sol-
vents on this diazotization procedure using para-hydroxy- sensitive (fast hydrolysis leading to compound 12b); no

problems were encountered under the reaction conditionsaniline as the substrate, which allowed a convenient UV-
spectrophotometric analysis of the reaction. Promising can- employed. Our method also proved compatible with oxi-
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Table 1. UV- (in methanol) and 13C-/1H-NMR-spectroscopic data (in CD3OD unless otherwise stated) of isolated p-substituted diazonium
trifluoroacetates; data are compared with published results (conditions A: CH2Cl2, 4°C; conditions B: CH2Cl2/CH3CN, 2:1, 215°C)

Derivative λm ε δ13C (ipso) d1H (ortho) Conditions Yield (%)

p-NO2 254 14000 123.3 9.07 B 70
395 1700 123.0[a] 8.85[b]

121.8[c]

p-CO2H 261 14400 120.8[d] 8.82 B 75
366 1300 8.93[b]

(acetone)
p-CN 261 15130 120.8 8.86 B 90

370 2200 (acetone) (acetone)
p-COCH3 266 13600 120.9[d] 8.96 B 70
H 259 10500 115.1[d] 8.69 B 95

259[e] 5640[e] 115.2[c] 8.43[b]

(acetone)
261[f] 12300[f] 115.8[a]

296[f] 1900[f]

p-CH3 278 15200 112.4 8.64 A 95
113.3[g] 8.52[b]

109.1[a]

111.5[c]

p-Cl 280 12400 115.2 8.71 A 95
281[h] 15600[h] 113.2[a] 8.58[b]

p-Br 290 19400 115.6 8.62 A 96
293[h] 15100[h] 114.8[a] 8.45[b]

114.2[c]

(DMSO)
p-I 324 15400 115.9 8.45 A 92

327.5[h] 10900[h]

326[i] 12500[i]

p-OCH3 313 27600 103.4 8.68 A 85
315[h] 19200[h] 105.0[a] 8.45[b]

313[i] 23500[i] 103.1[c]

313[j] 24600[j]

p-OH 313 23400 99.0 8.48 A 95
102.1[g]

p-NHAc 338 33000 105.2 8.56 A 83
339[k] 30200[k]

p-NH-Boc 338 33000 103.0 8.51 A 96
p-N(CH3)2 379 37500 89.8 8.21 A 95

378[l] 36100[l] 88.7[m]

380[h] 28100[h] 89.3[c]

[a] Ref. [41], in liquid SO2. 2 [b] Ref. [27], in CH3CN unless otherwise stated. 2 [c] Ref. [40], in CH3CN unless otherwise stated. 2 [d] Spectra
recorded at 215°C. 2 [e] Ref. [39], in ethanol. 2 [f] Ref. [71], in water. 2 [g] Ref. [42], in CDCl3 supplemented with 18-crown-6. 2 [h] Ref. [37],
in water. 2 [i] Ref. [72], in aqueous phosphate buffer, pH 5 7.2. 2 [j] Ref. [38] 2 [k] Ref. [73] 2 [l] Ref. [74] 2 [m] Ref. [75], in CD3NO2.

dation-sensitive substrates, such as 3-aminobenzhydrol vealed a complexity in the origin of the variations of the
absorption maxima. Such variations could arise from intra-(data not shown), while substrates such as p-NH-Boc-phen-

yldiazonium could be used to sequentially generate two di- molecular charge transfer, or from so-called “local exci-
tation” within the aromatic ring framework, for instance.azonium functions (see below). Taken together, these results

illustrate the versatility of the method, allowing the syn- The types of transitions involved varied with the nature of
the substituents, preventing the authors from establishingthesis of a broad range of polyfunctional and/or sensitive

diazonium salts. any simple rules. Since we are dealing with π-donors as well
as π-acceptors in the three positions on the ring, we cannot
rationalize the observed variations in λm and ε in a quanti-

Spectral Analysis tative manner either. Generally, however, p-substituted di-
azonium salts show simple absorption spectra with one

UV/Vis data were recorded using methanol as solvent, maximum, whereas their m- and o-substituted counterparts
and, when possible, were compared with published data. A show a more complex pattern. In the case of the coumarin
good overall agreement was found. No quantitative re- derivative 9, we noticed that the extinction coefficient varies
lationship between the electronic nature of the substituent with concentration, possibly due to intermolecular interac-
and the UV parameters could be delineated, though a tions between individual diazonium ions.
qualitative correlation in the p-substituted series was evi-
dent. Some publications have dealt with the precise analysis For the collection of NMR data, the diazonium trifluo-

roacetates were found to be sufficiently soluble in three sol-of UV/Vis spectra of aryldiazonium salts, attempting to as-
sign the observed absorptions to specific transitions.[36239] vents, namely [D6]acetone, [D3]acetonitrile, and [D4]meth-

anol. Acetonitrile proved to be a good solvent for theseThese studies focused only on π-donating groups, but re-
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Table 2. UV- (in methanol) and 13C-/1H-NMR-spectroscopic data (in CD3OD unless otherwise stated) of isolated m- and o-substituted
diazonium trifluoroacetates; data are compared with published results (ND: not determined; conditions A: CH2Cl2, 4°C; conditions B:
CH2Cl2/CH3CN, 2:1, 215°C)

Derivative λm ε δ13C (ipso) d1H (ortho) Conditions Yield (%)

m-NO2 254 11500 119.8[a] 9.11; 9.63 B 84
318 4400 8.53[b]

m-CO2H 256 11100 118.1 8.84; 9.27 B 54
m-CN 254 10000 118.4 9.01; 9.15 A 89
m-Cl ND ND 118.8 8.80; 8.67 B

266[c] 14500[c]

317[c] 2000[c]

m-Br 265 5900 118.7 8.70; 8.93 A 68
319 1700
268.5[c] 4200[c]

323[c] 900[c]

268[d] 7000[d]

323[d] 1400[d]

o-NO2 258 9400 118.5[a] 9.19 B 75
108.2[e] 8.87[b]

o-CO2H 252 7300 113.6 8.83 A 72
8.83[b]

(DMSO)
o-CN 262 5600 120.0 8.51 A 74
o-Cl 263 6100 117.4 8.85 B 90

319 1800
o-Br 266 5500 119.7 8.82 B 94

330 1900
o-OCH3 265 4900 103.0 8.49 B 93

321 2100 99.4[d]

264[f] 4900[f]

o-OH 264 8400 93.5 7.77 B 93
361 2800

[a] Spectra recorded at 215°C. 2 [b] Ref. [27], in CH3CN unless otherwise stated. 2 [c] Ref. [36], in water. 2 [d] Ref. [72], in aqueous phosphate
buffer. 2 [e] Ref. [41], in liquid SO2. 2 [f] Ref. [38] in acetonitrile.

Table 3. UV- (in methanol) and 13C-/1H-NMR-spectroscopic data (in CD3OD unless otherwise stated) of isolated polysubstituted diazo-
nium trifluoroacetates (conditions A: CH2Cl2, 4°C; conditions B: CH2Cl2/CH3CN, 2:1, 215°C)

Derivative λm ε δ13C-1[a] d1Ho
[a] Conditions Yield (%)

6 273 5600 118.4 2 A 78
342 2500

7 256 13300 99.4 9.01; 8.34 B 93
338 10300

8 260 8100 123.6[b] 9.14[b] A 82
335 2500

9 273 15000 111.0 9.08; 8.79 A 94
(7 µ)[c] (7 µ)[c]

256 28700
(30 µ)[c] (30 µ)[c]

10 281 14500 112.6 A 91

[a] C-1 is the N2-bearing carbon atom, Ho is the ortho position to the N2 moiety. 2 [b] Spectra recorded at 215°C. 2 [c] See text.

Methanol was therefore preferred, other than where a lack
of solubility necessitated the use of acetone. For some elec-
tron-deficient derivatives, partial decomposition was some-
times unavoidable on the timescale of the 13C acquisition at
room temperature, necessitating acquisition at 215°C. On
the other hand, in the case of meta-cyano-substituted de-
rivatives, 2D-heteronuclear correlations (under field gradi-
ents) were required in order to make unambiguous chemicalScheme 3. Structures of the studied polysubstituted aromatic diaz-

onium trifluoroacetates (see Table 3) shift assignments. Since most trifluoroacetates are very sol-
uble in alcohols, no additives such as crown ethers were

salts, but was not entirely satisfactory for NMR as its 13C necessary to increase their solubilities. Other than for quin-
peak at δ 5 114.5 falls within the range of chemical shifts one diazides, for which a strong solvent dependence of the
of the N2

1-bearing carbon atoms, leading to signal overlap. chemical shifts has previously been demonstrated,[20] com-
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parison of our chemical shift values with those reported d13C parameters do not show any direct correlations to re-

activity patterns either, since the benzenediazonium salt, forin the literature showed a very good correlation. This was
instance, is found to decompose in methanol more rapidlysomewhat surprising, since the solvents and counteranions
than the 4-cyanobenzenediazonium salt (see ref. [31] for anused differ greatly (DMSO,[20] [40] CH3CN,[27] [41] SO2, [41]

overview).acetone, [27] and sometimes 18-crown-6/chloroform[42] [43]).
Most of the data collected in methanol solutions match the
published data to within a few ppm. Since variations in 13C

Quinone Diazideschemical shifts can be qualitatively related to differences in
solvation, the aforementioned observations might suggest

In the syntheses described above, N-Boc-amino-protectedthat solvation of diazonium salts does not vary greatly
derivatives were used as starting materials. These precursorsamong donor solvents.
were obtained by treatment of the aminophenol with Boc2ONotably, in the 13C-NMR spectra, only two quadruplets
(which allowed an efficient purification of the commercialat δ ø 117.5 and δ ø 161.5 were observed, which corre-
products) in the case of 11a and 11d, or by catalytic hydro-spond to the two carbon atoms of a trifluoroacetate. The
genation of the corresponding nitroso or nitro compoundproposed composition of these diazonium salts, however,
in the presence of the Boc2O reagent (11b and 11c, respec-requires one trifluoroacetate and one trifluoroacetic acid
tively).molecule. This observation shows that the two fluorinated

Compounds 11a2e were then treated with pure TFA, iso-molecules are magnetically equivalent, which would be con-
lated as anilinium trifluoroacetates, and submitted to diazo-sistent with a total dissociation of the diazonium salt and
tization (see above) to give the corresponding hydroxydi-deprotonation of the trifluoroacetic acid equivalent, as has
azonium derivatives.previously been mentioned for aqueous solutions of these

A method allowing their deprotonation under anhydroussalts. [29]

conditions needed to be developed. While the use of Ag2OThe series of 13C chemical shifts obtained for the N2
1-

in ethanolic solution requires chromatography on alu-bearing carbon atoms allowed us to evaluate a possible
mina, [46] we found that simple treatment with K2CO3 inlinear relationship with Brown9s parameters for the corre-
CH2Cl2 offered comparable results, allowing for a selectivesponding para substituents, as proposed by Ustynyuk et
solubilization of quinone diazides in CH2Cl2. Since theal. [40] From Figure 1, it is clear that linearity is also ob-
formed CF3CO2K is hygroscopic, this procedure can be ex-served for δ(Cipso) of the trifluoroacetates in CD3OD solu-
pected to maintain an anhydrous reaction medium. Thetion. Linearization gives Equation 1.
hydroxy-substituted substrates 11a2d were treated as de-
scribed and gave the quinone diazides 12a2d in solution,
their isolation requiring simple filtration of the inorganic
salts and evaporation of the solvent. This method rep-
resents an improvement on the existing procedure, avoiding
in particular a chromatographic separation of the final di-
azo compounds. Good to excellent overall yields, calculated
for the three steps (deprotection, diazotization, and depro-
tonation), were obtained (Scheme 4, Table 4).

Figure 1. Plot of the recorded chemical shifts for p-substituted aryl-
diazonium salts against Brown9s constants

Scheme 4. Structures of the studied quinone diazide derivatives (seeδ(Cipso) 5 113.7 1 13.7 3 σ1
p (1)

Table 4)

A linearity coefficient of 13.7 (which is of the same order
of magnitude as that described by Ustynyuk: 15.7) with an
excellent correlation coefficient (r 5 0.990) was found. This Synthetic Applications
linear relationship may allow the determination of s1

p val-
ues for other substituents, e.g. a value of 20.78 was esti- The Heck-like carbon2carbon coupling reaction rep-

resents a recent synthetic application for aryldiazoniummated for the N(H)Boc group. The significance of the linear
variation is not clear and remains controversial;[2,44,45] even salts (see ref. [13] and references cited therein). The idea is

to substitute ”classical” nucleofuges in Heck-like couplingthough the shielding of Cipso increases regularly with the
donating ability of the para substituent, no quantitative reactions such as triflates or iodides by the diazonium moi-

ety. We decided to take advantage of the better solubility ofconclusions can be drawn concerning the electronic density
on the diazonium-bearing carbon atoms. The variations of diazonium trifluoroacetate salts in organic solvents com-
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Table 4. UV- (in methanol) and 13C-/1H-NMR-spectroscopic data (in CD3OD unless otherwise stated) of isolated quinone diazides

Derivative λm ε δ13C-1[a] d13C-4[a] d1Ho
[a] d1Hm

[a] Yield (%)

12a 350 30000 80.6 184.0 7.88 6.44 82
73.6[b,e] 182.2[b] 7.78[c] 6.17[c]

75.2[b] 181.56[e]

(DMSO)
79.8[d]

12b 347 27000 83.5 184.0
77.8 181.8 2 6.26 94
(acetone)[b] (acetone)[b]

12c 363 33600 77.36 183.6
72.6 180.5 7.66 2 97
(DMSO)[b] (DMSO)[b]

12d 269 9100 78 180.9
12e 389 24800 74.9[b] 181.0[b] 8.24 6.59 83

262 8600 90.5 180.2
264[f] 6300[f] 7.50 6.68 76
396 6000 7.38[b] 6.66[b]

402[f] 5000[f]

[a] C-1 is the N2-bearing carbon atom, C-4 the carbonyl carbon atom; Ho is the ortho position to the N2 moiety, Hm the meta position;
data are compared with published results. 2 [b] Ref. [20]; in CDCl3 unless otherwise stated. 2 [c] Ref. [46] 2 [d] Ref. [42] 2 [e] Ref. [40] 2 [f] Ref. [76]

pared to the tetrafluoroborates generally used for such reac- ates has been mentioned previously in the literature.[55]

Comparing the thermal decomposition of benzenediazon-tions. Recent studies [47] described the use of in situ gener-
ated diazonium salts from acidolysis of arylmorpholinotri- ium trifluoroacetate and tetrafluoroborate in water, higher

yields of phenol, at lower temperatures, were obtained withazenes in carbon2carbon coupling reactions.
We first set up the reaction conditions, focusing on the the former.

coupling of the tolyldiazonium cation with ethyl acrylate
(Scheme 5). Various solvents were used for palladium-me-
diated coupling reactions of diazonium salts with electron-
deficient olefins, such as alcohols, [47] [48] water, [49] aceto-

Scheme 5. Pd-mediated coupling of p-tolyldiazonium trifluoroace-nitrile, [12] [50] CH2Cl2/acetone, [51] and dioxane. [13] Table 5
tate with ethyl acrylate (see Table 5)

shows the results we obtained on testing ethanol, aceto-
nitrile, dichloromethane, and dioxane in coupling reactions Table 5. Coupling yields obtained in the reaction of the p-tolyldi-
with Pd(OAc)2 as the catalyst. azonium cation with ethyl acrylate

The results revealed a dramatic influence of the solvent,
Solvent Dioxane EtOH CH3CN CH2Cl2the reaction only proceeding well in ethanol. We did not

test other alcohols, since we wished to avoid transesterifi-
Yield (%) 0 98 9 30cation reactions. Previous studies on the stabilities of di-

azonium salts in acidic alcoholic solutions[32,52,53] have
shown that two dediazoniation reaction pathways can occur The mechanism of the reaction has been proposed to in-

volve a general catalytic cycle, as illustrated for example for(see Scheme 1), depending on the substrates (nature of sub-
stituents on the aromatic ring) and the conditions (the pres- boronic acids. [13] An initially formed palladium(II) complex

is reduced, thereby forming a nucleophilic Pd0 center, whichence or absence of oxygen; temperature). The 4-nitrophenyl-
diazonium cation was found to decompose almost exclus- then undergoes insertion into the diazonium cation in place

of the dinitrogen moiety. Subsequent nucleophilic attack byively by homolytic cleavage, while the p-tolyldiazonium cat-
ion decomposes almost exclusively according to a the olefin regenerates a PdII complex, liberating the coupled

product through a cis-elimination process.heterolytic pathway. For most other substrates, these two
processes are generally in competition, depending on the The role of nucleophiles in spontaneous dediazoniations,

originating either from the solvent[5] [56] or from added sub-conditions used. Oxygen is known to inhibit the radical
pathway, thereby favoring the ionic process, which would be stances, [34] [52] has been well documented. In particular,

bases (such as tertiary amines, carboxylates, or carbonates)better suited for our synthetic purposes. However, the use
of N2 or Ar is recommended because of the known sensi- as well as phosphanes[57] are known to react rapidly with

diazonium salts at the β-nitrogen atom, thereby initiatingtivity of organopalladium species to air. The use of trifluo-
roacetate salts led to a reduction in the reaction times at radical chain reactions. Indeed, attempts to use phosphane

coordinated to transition metal ions (RhII, PdII, Pd0) failedroom temperature compared to those with tetrafluorobor-
ates,[47,50,54] thereby rendering the coupling reactions much to give any coupling products, but essentially only hydrode-

diazoniation products instead. Consequently, even thoughfaster than any spontaneous dediazoniation. This again il-
lustrates the mildness of the proposed methodology. In fact, these ligands are commonplace in Heck-like reactions, we

only used Pd(OAc)2 in our trials.the apparent greater reactivity of diazonium trifluoroacet-
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The coupling reaction was attempted with various C2C rivatives, which could be diazotized and further used in

coupling sequences. In order to evaluate this latter possibil-multiple bonds to further investigate the scope of the tri-
fluoroacetate salts. It turned out that neither phenylacety- ity, we submitted compounds 16a and 17b to a deprotection

step in pure TFA, followed by a diazotization step. 1H-lene nor allyl alcohol gave satisfactory results under the
conditions used, as was previously found by Matsuda et al. NMR monitoring of the intermediate anilines and di-

azonium salts indicated that both reactions proceeded satis-with tetrafluoroborates. [12] However, the reaction worked
well with cyclopentene, styrene, and to a lesser extent with factorily. We then used the latter compounds in coupling

reactions with styrene and ethyl acrylate (with compounds2,3-benzofuran. The results are presented in Scheme 6 and
Table 6. In the case of electron-rich diazonium cations, they 16d and 17d, respectively, Scheme 7). The conditions used

were strictly identical to those used previously. Work-up ofcompare favorably with previously published results. [58]

In this study, we did not try to optimize the reaction con- the reaction mixtures led to the isolation of the expected
products, 20 (75%) and 21 (47%), respectively. Neither theditions, but rather tested the general applicability of di-

azonium trifluoroacetates in Pd-mediated couplings under deprotection nor the diazotization steps led to polymeri-
zation of the starting alkene, which is especially noteworthythe conditions established for the coupling of the p-tolyldia-

zonium cation with ethyl acrylate. in the case of the unconjugated C5C bond in 17b. In this
latter compound, no isomerization of the double bond
could be observed either, which further emphasizes the util-
ity of the described method. Yields are moderate, but again
we did not try to optimize the reaction conditions.

Scheme 6. Structures of compounds synthesized by Pd-mediated
coupling reactions using different aromatic trifluoroacetates (see
Table 6)

Table 6. Yields (indicated in%) of couplings between diazonium
trifluoroacetates and ethyl acrylate, cyclopentene, styrene, and ben-
zofuran, under Pd(OAc)2 catalysis

Coupling product a: R 5 N(H)Boc b: R 5 CH3 c: R 5 NO2

16 63 99 45
17 77 89 32
18 90 98 41

Scheme 7. a: TFA 30 min, room temp., then i-AmONO (1.2 equiv.),19 24 43 20
TFA (1.1 equiv.), 215°C, 1 h, CH2Cl2; b: styrene (1.2 equiv.),
Pd(OAc)2 0.01 mol-%, room temp., 1 h, EtOH; c: ethyl acrylate (1.2
equiv.), Pd(OAc)2 (0.01 mol-%), room temp., 1 h, EtOHIn general, the results parallel the propensity of the tested

diazonium salts to follow heterolytic decomposition path- In summary, this sequential coupling procedure demon-
ways. In all cases, the p-nitrophenyldiazonium salt gave the strates that the use of aryldiazonium salts constitutes a
lowest yields, which can be related to its known tendency good alternative approach to Wittig-like reactions in the
to undergo homolytic dediazoniation reactions forming syntheses of substituted alkenes. This strategy leads to un-
nitrobenzene as a major side-product. [51] [59] As expected, symmetrically substituted compounds, potentially allowing
the p-methyl- and p-(Boc-amino)aryldiazonium salts gave the synthesis of “push-pull”-type derivatives, for example,
much better results. In the case of the cyclopentene deriva- which are widely used in non-linear optical materials and
tive, migration of the double bond was observed, which organic conducting polymers.
could be rationalized in terms of the mechanism of the cis
elimination from the σ-Pd complex. However, the NMR
spectra of the cyclopentene adducts showed a slight con- Experimental Section
tamination (average 5%) by the 2-aryl-substituted isomer.

General: CAUTION: Besides their well-documented photosensitiv-The case of benzofuran shows that even electron-rich
ity, aryldiazonium salts are subject to spontaneous ignition or ex-

double bonds may presumably be used as substrates in these plosion hazards, especially in the presence of nucleophilic coun-
coupling reactions. teranions. This behaviour is never observed in solution, but violent

The p-Boc-amino-substituted aryldiazonium cation mer- shock or heat could, in principle, initiate their explosive decompo-
its special comment: Subsequent deprotection of the ob- sition in the solid state. This was not encountered with the salts

presented here, though we routinely manipulated them with a met-tained coupling products would generate new aniline de-
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allic spatula, even on a gram scale. Since spontaneous decompo- Deprotonation Procedure: The obtained hydroxydiazonium salt was

resuspended in dry CH2Cl2 (20 mL) at room temp., together withsition cannot, however, be excluded, we recommend that manipu-
lation of solid diazonium salts should be kept to a minimum and 2.1 equivalents of K2CO3, and the mixture was stirred for 1 h under

an inert atmosphere. The liquid phase turned orange-brown. Afterthat suitable precautions should be taken (no contact with rough
surfaces). Isoamyl nitrite should be handled in inert atmosphere decantation, the supernatant was collected and the precipitate was

washed twice with 10 mL of fresh CH2Cl2. The combined super-and protected from light to avoid explosive decomposition. 2 1H-
and 13C-NMR spectra were recorded at room temperature with natants were concentrated, yielding the pure quinone diazide.
Bruker AC200 or DPX300 spectrometers, equipped with 5-mm General Procedure for Palladium-Mediated Coupling Reactions: The
dual probes for routine acquisition. Low-temperature measure- chosen diazonium trifluoroacetate (1 mmol) was dissolved in
ments were made with the AC200 instrument using a 10-mm probe. 10 mL of ethanol (dried over 3-Å molecular sieves) under inert at-
Relaxation delay was set at 0 s for 1H and at 500 µs for 13C. In mosphere and with protection from light. The appropriate unsatu-
some cases, the N2

1-bearing carbon atoms relaxed very poorly, rated nucleophile (1.2 equiv.) was then added to the stirred solu-
even under these conditions. [D4]Methanol, [D3]acetonitrile, and tion, followed by the Pd(OAc)2 catalyst (0.01 equiv.) as a freshly
[D6]acetone were purchased from CEA, Saclay, France. HMQC prepared solution in dry CH2Cl2. After 10260 min, the reaction
and HMBC acquisitions, where required, were recorded under field was stopped simply by filtration through Celite. The filtrate was
gradients using the Bruker inv4gs and inv4lplrnd programs, respec- concentrated in vacuo, the residue was redissolved in diethyl ether,
tively. For HMBC, 70 µs was often found to be a convenient value and the resulting solution was washed twice with water and brine.
for 1/2 J. 1H-NMR signals were referenced against the CHD2OD After drying with MgSO4, the organic layer was adsorbed onto
signal in methanol (δ 5 3.35), while 13C signals were referenced silica gel and subjected to chromatography. The optimal eluents
against the CD3OD signal set at δ 5 49.3. 2 UV spectra were were found to be diethyl ether/pentane and dichloromethane/pen-
recorded with a double-beam Uvikon 860 spectrophotometer. tane.
Methanolic solutions of the diazonium salts were prepared immedi-

Deprotection Procedure: The appropriate Boc-protected aniline wasately prior to use and were stored over ice to minimize possible
dissolved in pure TFA (final concentration in the molar range) anddediazoniations. The λm and ε values quoted are mean values from
the solution was stirred at room temperature under inert atmos-at least 4 measurements. Solvents used for synthesis were of analyti-
phere for ca. 30 min. The solvent was then evaporated in vacuo andcal grade. They were kept dry by continuous distillation from CaH2 the residue was triturated twice with anhydrous diethyl ether. The(CH2Cl2 and acetonitrile) or benzophenone/sodium (diethyl ether).
resulting precipitate was subjected to the classical diazotizationTFA (98%) was purchased from Fluka. Isoamyl nitrite was pur-
procedure, except that only 1.2 equivalents of TFA were added tochased from Aldrich and used as received; Pd(OAc)2 was purchased
the dichloromethane solution.from Lancaster Synthesis. Solid aniline derivatives were used as
Ethyl 4-(Boc-amino)cinnamate (16a): [60] Pale-yellow crystals, m.p.received; liquid compounds were redistilled under reduced pressure
91293°C (ref. 92294°C[60]). 2 1H NMR (CDCl3): δ 5 1.33 (t,prior to use. All the described syntheses were carried out under N2
3J 5 7.13 Hz, 3 H, CH3), 1.52 [s, 9 H, C(CH3)3], 4.25 (q, 3J 5or Ar with protection from direct light.
7.19 Hz, 2 H, CH2), 6.34 (d, 3J 5 6.08 Hz, 1 H, Hα), 6.79 (br. s,
1 H, NH), 7.39 (d, 3J 5 9.14 Hz, 2 H, 39-H), 7.45 (d, 3J 5 9.12 Hz,

Diazotization Procedure: The appropriate aniline (6 mmol) was dis- 2 H, 29-H), 7.63 (d, 3J 5 15.72 Hz, 1 H, Hβ). 2 13C NMR (CDCl3):
solved in 8 mL of dry CH2Cl2 at room temp. under inert atmos- δ 5 15.08 (CH3), 29.03 [C(CH3)3], 61.14 (CH2), 81.70 [OC(CH3)3],
phere. If the solubility was too low, a 2:1 CH2Cl2/CH3CN mixture 117.16 (Cα), 119.04 (C-39), 127.26 (C-19), 129.78 (C-29), 141.10 (C-
was used instead. Under vigorous stirring, 1 mL (2.1 equiv.) of TFA 49), 144.89 (Cβ), 153.14 [OC(5O)NH], 168.01 (C5O ester). 2
was then added dropwise by means of a syringe. In some cases, a MS (70 eV); m/z (%): 291 (16) [M1], 235 (100) [M1 2 H2C5
voluminous precipitate appeared, which redissolved during the co- CMe2], 191 (28) [M1 2 H2C5CMe2 2 CO2], 190 (23) [M1 2
urse of the reaction. The mixture was then equilibrated at the OCOCMe3], 172 (33) [M1 2 HOCMe3 2 OEt].
chosen temperature, and isoamyl nitrite (1 mL, 1.2 equiv.) was ad- Ethyl 4-Methylcinnamate (16b):[61263] Colorless liquid. 2 1H NMR
ded to the well-stirred reaction mixture over a period of 10 min by (CDCl3): δ 5 1.34 (t, 3J 5 7.12 Hz, 3 H, CH2CH3), 2.37 (s, 3 H,
means of a syringe. The reaction was allowed to proceed for 1 h at ArCH3), 4.27 (q, 3J 5 7.06 Hz, 2 H, CH2CH3), 6.40 (d, 3J 5
the chosen temperature. For strongly electron-deficient anilines, the 16.06 Hz, 1 H, Hα), 7.19 (d, 3J 5 8.04 Hz, 2 H, 39-H), 7.43 (d, 3J 5
addition of a further 0.3 equivalents of isoamyl nitrite during this 9.12 Hz, 2 H, 29-H), 7.67 (d, 3J 5 16.10 Hz, 1 H, Hβ). 2 13C NMR
period was found to improve the yields. At the end of the reaction, (CDCl3): δ 5 15.08 (CH3), 22.18 (ArCH3), 61.14 (CH2), 117.88
the mixture was often found to be brown in color. The reaction (Cα), 128.77 (C-29), 130.33 (C-39), 132.46 (C-19), 141.36 (C-49),
flask was then cooled to 278°C and, with vigorous stirring, a 145.34 (Cβ), 167.95 (C5O ester). 2 MS (70 eV); m/z (%): 190 (64)
threefold volume excess of precooled, dry diethyl ether was immedi- [M1], 162 (11) [M1 2 C2H4], 145 (100) [M1 2 OEt], 115 (53), 91
ately added. The resulting precipitate was stirred for a few minutes, (27) [CH3C6H4

1].
then left to settle (at 278°C). The supernatant was removed with

Ethyl 4-Nitrocinnamate (16c): [62] [64] Yellow crystals, m.p.a syringe or by cannulation, and a further threefold volume excess
1372138°C (ref. 1362137°C[63]). 2 1H NMR (CDCl3): δ 5 1.34of cold diethyl ether was added to the remaining precipitate. After
(t, 3J 5 7.14 Hz, 3 H, CH3), 4.28 (q, 3J 5 7.14 Hz, 2 H, CH2), 6.55stirring and decantation, the supernatant was again discarded. This
(d, 3J 5 16.20 Hz, 1 H, Hα), 7.67 (d, 3J 5 8.79 Hz, 1 H, 29-H), 7.70washing procedure was repeated once more. Alternatively, after the
(d, 3J 5 16.17 Hz, 1 H, Hβ), 8.23 (d, 3J 5 8.79 Hz, 1 H, 39-H). 2first precipitation, the slurry could simply be filtered through cot-
13C NMR (CDCl3): δ 5 14.98 (CH3), 61.72 (CH2), 123.31 (Cα),ton (CAUTION: Never use a sintered funnel 2 explosion hazard!)
124.89 (C-39), 129.34 (C-29), 141.31 (C-19), 142.32 (Cβ), 149.18 (C-and rinsed with cold diethyl ether. This latter procedure was, how-
49), 166.73 (C5O). 2 MS (70 eV); m/z (%): 221 (28) [M1], 193 [M1

ever, found to be less well suited for sensitive diazonium salts (in-
2 C2H4], 176 (100) [M1 2 OEt].creased temperature; water condensation). The finally recovered

precipitate was dried under reduced pressure without any heating, 3-(49-Boc-aminophenyl)cyclopentene (17a): White crystals, m.p.
94295°C. 2 1H NMR (CDCl3): δ 5 1.52 [s, 9 H, C(CH3)3],giving the pure diazonium trifluoroacetate.
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1.6121.78 (m, 1 H, 4-H), 2.2922.56 (m, 2 H, 5-H), 3.7923.90 (m, H), 7.46 (d, 3J 5 8.76 Hz, 2 H, 39-H), 7.51 (d, 3J 5 8.20 Hz, 2 H,

7-H), 7.56 (d, 3J 5 8.80 Hz, 2 H, 4-H), 7.80 (d, 3J 5 8.76 Hz, 2 H,1 H, 3-H), 5.7325.78 (m, 1 H, 1-H), 5.9025.95 (m, 1 H, 2-H), 6.47
(br. s, 1 H, NH) 7.11 (d, 3J 5 8.40 Hz, 2 H, 39-H), 7.28 (d, 3J 5 29-H). 2 13C NMR (CDCl3): δ 5 29.11 [C(CH3)3], 81.64

[C(CH3)3], 101.05 (C-3), 111.82 (C-7), 119.27 (C-39), 121.46 (C-4),8.40 Hz, 2 H, 29-H). 2 13C NMR (CDCl3): δ 5 29.11 [C(CH3)3],
33.21 (C-4), 34.60 (C-5), 51.44 (C-3), 81.12 [OC(CH3)3], 119.59 (C- 123.66 (C-5 or C-6), 124.73 (C-5 or C-6), 126.05 (C-9), 126.52 (C-

29), 130.13 (C-19), 139.45 (C-49), 153.31 [OC(5O)NH], 155.48 (C-39), 128.42 (C-29), 132.61 (C-1), 135.12 (C-2), 137.00 (C-49), 142.08
(C-19), 153.59 [OC(5O)NH]. 2 MS (70 eV); m/z (%): 259 (31) 8), 156.55 (C-2). 2 MS (70 eV); m/z (%): 309 (5) [M1], 253.1 (30)

[M1 2 H2C5CMe2], 235.1 (56) [M1 2 HOCMe3], 209.1 (100)[M1], 203 (100) [M1 2 H2C5CMe2], 159 (10) [MH1 2 H2C5

CMe2 2 CO2], 158 (10) [M1 2 O5COCMe3]. [MH1 2 H2C5CMe2 2 CO2].

3-Tolylcyclopentene (17b): [65] [66] Colorless liquid. 2 1H NMR 2-Tolylbenzo[b]furan (19b): [67] Light-yellow crystals, m.p.
(CDCl3): δ 5 1.7321.83 (m, 1 H, 4-H), 2.39 (s, 3 H, CH3), 1282129°C (ref. 1282129°C[68]). 2 1H NMR (CDCl3): δ 5 2.46
2.4222.61 (m, 3 H, 4-H and 5-H), 3.8923.96 (m, 1 H, 3-H), (s, 3 H, CH3), 7.02 (d, 4J 5 0.81 Hz, 1 H, 3-H), 7.2627.37 (m, 4 H,
5.8125.85 (m, 1 H, 1-H), 5.9726.01 (m, 1 H, 2-H), 7.1327.21 (m, aromatic H), 7.59 (dt, 3J 5 6.84 Hz, 4J 5 1.08 Hz, 1 H, 7-H), 7.64
4 H, aromatic). 2 13C NMR (CDCl3): δ 5 21.72 (CH3), 33.24 (C- (dt, 3J 5 6.87 Hz, 4J 5 1.08 Hz, 1 H, 4-H), 7.83 (d, 3J 5 8.22 Hz,
5), 34.62 (C-4), 51.68 (C-3), 127.84 (C-39 or C-29), 129.80 (C-39 or 2 H, 29-H). 2 13C NMR (CDCl3): δ 5 22.14 (CH3), 101.31 (C-3),
C-29), 132.42 (C-1), 135.27 (C-2), 136.16 (C-49), 144.25 (C-19). 2 111.85 (C-7), 121.5 (C-4), 123.61 (C-5 or C-6), 124.75 (C-5 or C-
MS (70 eV); m/z (%): 158 (69) [M1], 157 (100) [M1 2 H], 143 (91) 6), 125.64 (C-29), 128.50 (C-8), 130.11 (C-19), 130.23 (C-39), 139.31
[M1 2 CH3]. (C-49), 155.52 (C-9), 156.95 (C-2). 2 MS (70 eV); m/z (%): 208

(100) [M1], 178 (10) [M1 2 CO].3-(49-Nitrophenyl)cyclopentene (17c): [12] Yellow liquid. 2 1H NMR
(CDCl3): δ 5 1.6421.77 (m, 1 H, 4-H), 2.4022.58 (m, 3 H, 4-H

2-(49-Nitrophenyl)benzo[b]furan (19c): Yellow crystals, m.p.
and 5-H), 3.9424.03 (m, 1 H, 3-H), 5.7425.77 (m, 1 H, 1-H), 6.03

1772178°C (ref. 1822184°C[69]). 2 1H NMR (CDCl3): δ 5 7.25
(dt, 3J 5 2.21 Hz, 3J9 5 5.76 Hz, 1 H, 2-H), 7.36 (d, 2 H, 3J 5

(s, 1 H, 3-H), 7.29 (dd, 4J 5 1.28 Hz, 3J 5 7.32 Hz, 1 H, 5-H), 7.38
8.79 Hz, 2 H, 29-H), 8.14 (d, 3J 5 8.52 Hz, 2 H, 39-H). 2

(ddd, 3J 5 8.04 Hz, 3J9 5 7.30 Hz, 4J 5 1.46 Hz, 1 H, 6-H), 7.5713C NMR (CDCl3): δ 5 33.21 (C-5), 34.36 (C-4), 51.91 (C-3),
(ddd, 3J 5 8.12 Hz, 4J 5 1.93 Hz, 4J9 5 1.10 Hz, 1 H, 7-H), 7.66

124.44 (C-39), 128.72 (C-29), 133.45 (C-1), 134.26 (C-2), 147.14 (C-
(ddd, 3J 5 7.40 Hz, 4J 5 1.73 Hz, 4J9 5 1.10 Hz, 1 H, 4-H), 8.01

49), 155.12 (C-19). 2 MS (70 eV); m/z (%): 189 (95) [M1], 172 (32)
(d, 3J 5 9.14 Hz, 2 H, 29-H), 8.32 (d, 3J 5 9.12 Hz, 2 H, 39-H). 2

[M1 2 OH], 142 (96) [M1 2 HNO2]. 13C NMR (CDCl3): δ 5 105.87 (C-3), 110.58 (C-5), 122.39 (C-4),
4-(Boc-amino)stilbene (18a): White crystals, m.p. 1842185°C. 2 124.29 (C-7), 125.07 (C-39), 125.97 (C-29), 126.6 (C-6), 129.40 (C-
1H NMR (CDCl3): δ 5 1.58 [s, 9 H, C(CH3)3], 7.08 (d, 3J 5 8), 137.03 (C-19), 147.97 (C-49), 154.01 (C-2), 156.17 (C-7). 2

18.24 Hz, 1 H, Cα-H or Cβ-H), 7.09 (d, 3J 5 18.24 Hz, 1 H, Cα-H MS (70 eV); m/z (%): 239 (100) [M1], 209 (20) [M1 2 NO], 193
or Cβ-H), 7.29 (m, 1 H, 49-H), 7.38 (d, 3J 5 8.97 Hz, 2 H, 39-H), (10) [M1 2 NO2], 165 (18) [M1 2 NO2 2 CO].
7.41 (d, 3J 5 10.50 Hz, 2 H, 3-H), 7.50 (d, 3J 5 10.23 Hz, 2 H, 2-

Ethyl 4-Styrylcinnamate (20): [61] [70] White crystals, 75% from 16a,H), 7.55 (d, 3J 5 10.23 Hz, 2 H, 29-H). 2 13C NMR (CDCl3): δ 5
m.p. 1412143°C (lit. 144.5°C[70]). 2 1H NMR (CDCl3): δ 5 1.4029.08 [C(CH3)3], 81.41 [OC(CH3)3], 119.30 (C-3), 127.09 (C-29),
(t, 3J 5 7.15 Hz, 3 H, CH2CH3), 4.32 (q, 3J 5 7.13 Hz, 2 H,127.93 (C-2 and Cα-H), 128.10 (C-49), 128.85 (Cβ-H), 129.40 (C-39),
CH2CH3), 6.49 (d, 3J 5 16.02 Hz, 1 H, 5CHCO), 7.14 (d, 3J 5132.96 (C-1), 138.21 (C-19), 138.56 (C-49), 153.37 [OC(5O)NH]. 2
16.36 Hz, 1 H, C6H5CH5CH), 7.21 (d, 3J 5 16.38 Hz, 1 H,MS (70 eV); m/z (%): 295 (12) [M1], 239 (100) [MH1 2 H2C5

C6H5CH5CH), 7.33 (dt, 3J 5 6.86 Hz, 4J 5 1.50 Hz, 1 H, 49-H),CMe2], 221 (61) [M1 2 HOCMe3], 195 (88) [MH1 2 H2C5CMe2
7.42 (dd, 3J 5 6.86 Hz, 4J 5 1.60 Hz, 2 H, 39-H), 7.5627.60 (m,2 CO2].
6 H, 29-H, 3-H and 2-H), 7.73 (d, 3J 5 16.00 Hz, 1 H, CH5

4-Methylstilbene (18b): White crystals, m.p. 1182119°C (ref. CHCO). 2 13C NMR (CDCl3): δ 5 15.09 (CH3), 61.25 (CH2),
119°C[61] [67]). 2 1H NMR (CDCl3): δ 5 2.42 (s, 3 H, CH3), 7.14 118.53 (5CHCO), 127.42 (C-39), 127.65 (C-2), 128.48 (C6H5CH5
(s, 2 H, Hα and Hβ), 7.22 (d, 3J 5 8.02 Hz, 2 H, 3-H), 7.32 (t, 3J 5 CH), 128.77 (C-49), 129.23 (C-3), 130.33 (C-39), 129.50 (C-29),
9.20 Hz, 1 H, 49-H), 7.39 (d, 3J 5 7.66 Hz, 2 H, 39-H), 7.48 (d, 130.78 (C6H5CH5CH), 134.35 (C-1), 137.67 (C-19), 140.03 (C-4),

3J 5 8.02 Hz, 2 H, 2-H), 7.56 (d, 3J 5 8.04 Hz, 2 H, 29-H). 2 144.80 (CH5CHCO), 167.82 (C5O ester). 2 MS (70 eV); m/z (%):
13C NMR (CDCl3): δ 5 22.04 (CH3), 127.18 (C-2 and C-29), 128.16 279 [MH1] (20), 278 (64) [M1], 233 (18) [M1 2 OEt], 204 (20)
(C-49), 128.45 (Cβ-H), 129.36 (C-39), 129.44 (Cα-H), 130.16 (C-3), [M1 2 OEt 2 CO], 203 (37) [M1 2 Ar], 202 (38) [M1 2 Ar], 178
135.30 (C-4), 138.24 (C-19 and C-1). 2 MS (70 eV); m/z (%): 194 (30) [M1 2 CH25CH2CO2Et].
(98) [M1], 179 (99) [M1 2 CH3], 178 (100) [M1 2 CH4].

Ethyl 4-(39-Cyclopentenyl)cinnamate (21): Yellowish oil, 47% from
4-Nitrostilbene (18c): [61] [67] Pale-yellow crystals, m.p. 1552156°C 17b. 2 1H NMR (CDCl3): δ 5 1.435 (t, 3J 5 7.15 Hz, 3 H,
(ref. 155°C[67]). 2 1H NMR (CDCl3): δ 5 7.14 (d, 3J 5 16.06 Hz,

CH2CH3), 1.6921.82 (m, 1 H, 49-Hcis), 2.3722.57 (m, 3 H, 49-
1 H, Hα), 7.29 (d, 3J 5 16.44 Hz, 1 H, Hβ), 7.3427.46 (m, 3 H, 39-

Htrans and 59-H), 3.8723.97 (m, 1 H, 39-H), 4.27 (q, 3J 5 7.11 Hz,
H, 49-H), 7.57 (d, 3J 5 7.86 Hz, 2 H, 29-H), 7.64 (d, 3J 5 7.86 Hz,

2 H, CH2CH3), 5.77 (dd, 3J 5 5.76 Hz, 4J 5 2.00 Hz, 1 H, 29-H),
2 H, 2-H), 8.23 (d, 3J 5 7.86 Hz, 2 H, 3-H). 2 13C NMR (CDCl3):

5.98 (dd, 3J 5 5.52 Hz, 4J 5 2.20 Hz, 1 H, 19-H), 6.41 (d, 3J 5
δ 5 124.92 (C-3), 127.04 (Cα), 127.61 (C-2), 127.81 (C-29 and C-

16.04 Hz, 1 H, 5CHCO), 7.21 (d, 3J 5 8.28 Hz, 2 H, 3-H), 7.46
39), 129.66 (C-49), 134.08 (Cβ), 136.94 (C-19), 144.62 (C-1), 147.51

(d, 3J 5 8.02 Hz, 2 H, 2-H), 7.68 (d, 3J 5 16.04 Hz, 1 H, CH5
(C-4). 2 MS (70 eV); m/z (%): 225 (100) [M1], 178 (44) [M1 2

CHCO). 2 13C NMR (CDCl3): δ 5 15.10 (CH2CH3), 33.26 (C-59),
HNO2].

34.40 (C-49), 51.96 (C-39), 61.19 (CH2CH3), 118.08 (5CHCO),
128.42 (C-3), 128.98 (C-2), 133.13 (C-1), 133.26 (C-19), 134.46 (C-2-[(49-Boc-amino)phenyl]benzo[b]furan (19a): White crystals, m.p.

2082210°C. 2 1H NMR (CDCl3): δ 5 1.55 [s, 9 H, C(CH3)3], 6.62 29), 145.32 (CH5CHCO), 149.97 (C-4), 167.96 (C5O ester). 2

MS (70 eV); m/z (%): 243 (19) [MH1], 242 (100) [M1], 213 (83)(br. s, 1 H, NH), 6.94 (d, 4J 5 0.72 Hz, 1 H, 3-H), 7.22 (d, 3J 5

7.80 Hz, 2 H, 5-H or 6-H), 7.25 (d, 3J 5 8.00 Hz, 2 H, 5-H or 6- [M1 2 C2H5], 197 (142) [M1 2 OEt], 181 (33), 169 (69) [M1 2
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