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Abstract-Two major adducts are formed when diarylketenes react with ethoxyacetylene: cyclobutenones, 
produced by 2+2 cycloadditions characteristic of all ketenes, and norcaradiines. the unexpected products of 
2 t 2 t 2 cycloadditions. Simpler vinylketenes in which the vinyl group is not incorporated in an aromatic ring yield 
only products derived from 2 t 2 cycloadditions. 

2 + 2 Cycloadditions are characteristic reactions of 
ketenes.’ Formation of cyclobutenone 1 from diphenyl- 

primarily a cyclobutenone, but chromatographic separa- 
tion of the crude product provided a second adduct in 

ketene and ethoxyacetylene illustrates this generaliza- 
tion.2 However, this reaction also produces similar 

26% yield. The IR spectrum of this adduct contained 
strong bands at 1685 and 158Ocm-’ characteristic of 

amounts of an unexpected cycloadduct, dihydroazu- 3ethoxycyclopentenones;2 and the similarity of the UV 
lenone 2.2 Compound 2 is not formed by rearrangement and NMR spectra to those reported for benzonor- 

CH,Mo, 
l HC=XC,H, 3 

of cyclobutenone 1; instead, it appears to be the result of 
valence isomerization of norcaradiene 3, produced 
directly by a concerted reaction of diphenylketene with 
ethoxyacetylene. u We decided to test this mechanism in 
the following way. Norcaradienes ordinarily are less 
stable than their cycloheptatriene valence isomers.’ 
Benzonorcaradienes like compound 4 promised to be 
exceptions to this generalization, however, since their 
valence isomers are oquinodimethanes.’ As a result, we 
expected to find benzonorcaradienes among the cyclo- 
adducts of naphthylketenes and ethoxyacetylene. Here 
we describe the preparation of several naphthylketenes, 
their cycloadditions with ethoxyacetylene, and the 
behavior of other vinylketenes.’ 

The reaction of I-naphthylphenylketene6 with excess 
ethoxyacetylene in nitromethane (24 hr. - 17”) yielded 

caradiene 5’ indicated that this second adduct in fact 
possessed structure 4. The reactions of benzonor- 
caradiene 4 supported this conclusion. For example, 
reduction with sodium borohydride produced alcohol 
6, which was directly converted into ethyl Z-4-(1-naph- 
thyl)4phenylbuten-3-oate (7) by the action of anhydrous 
hydrogen chloride (Eq 1). The sequence of reactions 
described in Fig. 1 accounts for this observation. 

A second naphthylketene, di(Znaphthyl)ketene (8), 
was prepared by the method summarized in Fa. 2. The 
reaction of 2-naphthil (9)* with potassium t-butoxide in 
boiling benzene9 produced t-butyl di(2-naphthyl)glycolate 
(IO; 7%). Hydrolysis of ester 10 provided di(2-naph- 
thyllglycolic acid (11; 92%),” which was then converted 
into chlorodi(2-naphthyl)acetyl chloride (12; 67%) by the 
action of hot phosphorus pentachloride.” Finally, de- 
chlorination with &c6 produced di(2naphthyl)ketene 
(8; 8%), an orange solid. A suspension of ketene 8 in 
nitromethane reacted with excess ethoxyacetylene at 
-20” (15 hr), and a solution of the crude product in a 
mixture of ether and hexane slowly deposited crystals of 
the major adduct (37%). The IR spectrum of this com- 
pound contained strong bands at 1680 and 1585cm-’ 
characteristic of 3cthoxycyclopentenones~ and the 
similarity of its UV spectrum to the one reported for 
compound 5’ indicated that the adduct was ben- 
zonorcaradiine 13. Unlike adduct 4, which could be 
recovered unchanged after sublimation at 170”. com- 
pound 13 rearranged at 160” to a phenanthrol. This 
product has been assigned structure 14 since an ap- 
parently similar rearrangement of adduct 2 yielded 
naphthol 15 (Eq 2).* 
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A third ~aphthy~ket~e, d~(~-uaphthyi)ke~ene (f6). was 
prepared by the sequence of reactions summ~ in 
Fig. 3. Hyd~~ysis of the crude product from the reaction 

of diethyl ox&ate with t-naph~hytm~~sium b~mide 
produced di-l-naphtbyl)glycolic acid (t7; 56%),‘~~” 
which was efficiently converted into c~o~i(~-~p~ 
thyl)acetyl chlaride (IS; 79%) by the action of phos- 
phorus ~n~chio~de in cold ~ch~orome~hane. De- 
ch~~nation with zinc produced d~(i-~pbthy~)ke~ene 
(16; 84%), a yellow solid. The reaction of ketene 16 with 
~thoxyacetylene in njtromethane (10 hr, -20”) had a 
novel feature. Phenant~ol 19 (32%), pres~abiy derived 
from cycIobuteno~ 28, separated from a solution of the 
crude product in dich~orom~thane; and an ethereal solu- 
tion of the rernai~~ crude product slowly deposited 
crystals of a second adduct (13%) which melted sharply 
at 22?S-22P.Y. The NMR spectrum of this substance at 
25” in pyridined$ surprised us, since it showed that the 
apparently pure adduct was in fact a 3,2: I mixture of 
two similar ~nzonor~dienes with the general strw 
ture 21. Further study by NMR at 25” to f65” revealed 
that the two adducts were rapidly and reversibly inter- 
converted at elevated temperatures f&G’ - 20 kc~~mol). 
~esumabiy adduct 21 can adopt ~~ormations 21a and 
21b.j3 
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Fig. 3. 

R = Cd, 

Formation of norcaradicnes therefore is a charac- 
teristic feature of the cycloadditions of diarylketenes and 
ethoxyacetylene. Since these reactions directly involve 
only one of the double bonds in an aromatic ring, we 
wondered if simpler vinylketenes would react in the 
same manner (Eq 3). To test this possibility, we 

(2) 

OR 

22 

examined the reaction of vinylketene itself with 
ethoxyacetykne. When triethylamine was added to a _ . ___. _ . _ . _ _ 

2lb 

ethoxyacetylene,” triethylammonium chloride pre- 
cipitated immediately. Chromatographic separation of 
the soluble portion of the product yielded only one 
mobile component, Mhoxy4vinylcyclobuten-2-one-I 
(23; 38% a very unstable liquid. Its reaction with water 
produced Mhoxy-2$hexadienoic acid (24).” Thus if 
vinylketene is in fact formed under these conditions, its 
reaction with ethoxyacetykne does not produce 
bicyclohexenone 22. The reaction of IJdihydro-l-naph- 
tboyl chloride (25) with triethylami~ in boiling ether in 
the presence of ethoxyacetylene yielded similar results. 
Chromatographic separation of the crude product pro- 
vided only one mobile component. The UV spectrum of 
Uris adduct resembled the UV spectrum of phenalene,‘6 
and hydrolysis converted it into equal amounts of 3,4- 
dihydIonaphthoic acid (27) and 3-ethoxy-phenakwne-I 

cold (u”) ethereal solution of 3-butenoyl chloride and (9). Phenaknyl ester 29, perhaps derived from the 
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R =C,H, 24 

sequence of reactions in Fig. 4, is one of several likely 
structures which can be assigned to the adduct. 

We attribute the failure of vinylketene itself to 
produce adduct 22 to two factors: unlike diarylketenes, 
vinylketene may adopt primarily an unreactive con- 
formation; or the terminal C atom of the vinyl group may 
be incapable of bearing the same partial positive charge 
which develops during the 2 t 2 t 2 cycloadditions of 
diarylketenes.’ 

Cyclooddition of I-naphthylphenylketene and ethoxyacetylene 
Under N2 at -#p, a stirred slurry of I-naphthylpbenylketcm? 

(2.67 I. 10.9 mmol) in nitromethane (2.5 ml) was treated dropwise 
during I.5 hr with’s soln of ethoxyacetylene (1.06g. IS.1 mmol) in 
nitromethane (1.5 ml). The mixture was kept at -17” for 24hr, 
and then volatiles were removed by evaporation in uacuo. Pre- 
parative tic (alumina, toluene) separated 4 (0.886g. 2.82 mmol, 
26%. R, 0.2) from the residue. A sample which had been crystal- 
lized three times from a mixture of hexane and EtOAc and 
sublimed twice at 158 and 0.7 torr was analytically pure: m.p. 
182.0-182.5”; IR (KBr) 1685, 158Ocm-‘; UV @OH) 266 (13,708); 
‘H NMR flOOmHz. CD(X) 6 1.44 (t.3H. J=7Hz). 3.26 
(d,lH,J=5Hz), 4.14’(m,2H<5.08 (s,lH); 6.08(d of d,lH,J= 
5, IOHz), 6.21 (d, IH, J = IOHz), 6.7-7.7 (m,9H); MS 315 (20). 
314 (41). 286 (21). 285 (21). 258 (28), 257 (lOO), 228 (23), 215 (41). 
(Found: C. 83.85; H, 5.81. Calcd for Ct2H1s@ C, 84.05: H, 
5.77%). 

Ethyl Z_4(l-naphthyl)4phmylbuten-3-oate (7) 
A mixture of 4 (233 mg, 0.741 mmol), NaB& (320 mg), and 

water (0.7 ml) in dioxane (5 ml) was stirred at I IO and after 3, 7 
and I I hr extra portions of NaB& (320 mg) in water (0.7 ml) 
were added. After 17hr the mixture was treated with water 
(I5 ml) and stirred at 30’ for 9 hr, and the hydrolyzed mixture 

I? =C,H, 
I 

ExPmmmTAL 

All IR spectra were recorded on a Perkin-Elmer Model 137 
spectrometer. Varian T-60 and HA-100 spectrometers were used 
to obtain ‘H NMR spectra. Chemical shifts are reported in ppm 
downfield from internal TMS (6). An AEI MS-9 double-focusing 
mass spectrometer was used to obtain mass spectra (ms) at 
70 eV. The ratio m/e and the relative intensity are reported in the 
form m/e (rel intensity). M.ps were measured on a KotIer block 
and are uncorrected. UV spectra were recorded on a Cary Model 
I4 spectrophotometer. The wavelength (A, in nm) and the molar 
extinction coefficient (t) of absorption maxima are reported in 
the form A,,,&,,,~. Scandinavian Microanalytical Laboratories, 
Herlev. Denmark, performed all elemental analyses. Glassware 
was dried at 120” and cooled under dry N2 immediately before 
use. Nitromethane was dried with CaCb, distilled, and stored 
over 4 A molecular sieves. Benzene, hexane, and petroleum ether 
(b.n. 30-60) were dried with Na wire. and ether was distilled 
from the sodium ketyl of benzophenone. Triethylamine was 
distilled twice from I-naphthylisocyanate and once from LiAlH,. 
Ethoxyacetylerte was supplied by the Far&an Division, Story 
Chemical Corporation, and was redistilled immediately before 
use. Copper bronze was provided by British Drug Houses, Ltd. 
All other reagents were commercial products of the highest 
purity obtainable. 

was extracted with CH& Evaporation of the extracts under 
reduced pressure left a residue- of colorless oil, which was 
dissolved in a mixture of CHXI, (I5 ml) and EtOAc (2 ml). At 0”. 
anhyd HCI was passed through this soln for I5 mm, and then 
solvent was removed by evaporation under reduced pressure. Tic 
of the residue (silica, CC&) provided a puritied sample of 7 
(109mg,0344mmol,46%, & O.lS), and distillation of this 
material at 175” and 0.1 torr yielded an analytically pure sample: 
IR (liquid film) 1735 cm-‘; UV @OH) 222, 245 sh. 282,291 sh; 
‘H NMR (100mHz, CLXls) 8 I.18 (t,3H, J = 7 Hz), 2.94 
(d, 2H, J = 8 Hz), 4.07 (q. 2H, J = 7 Hz), 6.64 (1, lH, J = 8 Hz). 7.1- 
7.9 (m, l2H); MS 316 (16), 229 (22). 228 (100). (Found: C, 83.27; 
H, 6.45. Calcd for CnH&: C, 83.51; H, 6.37%). 

t-Butyl di(l-nophthyl)&cotote (10) 
A mixture of 9 (3.23g 10.4mmol)s and t-BuOK (3.12g, 

27.8 mmol) in boiii benzene (45 ml) was stirred under Nr for 
7 hrP After the mixture had been extracted with water, evapora- 
tion of the organic phase under reduced pressure left a solid 
residue of 10 (3.17 g. 8.24 mmol, 79%). A sample which had been 
crystallii twice from CC& and once from hexane was analy- 
tically pure: m.p. 122.0-123.0”; W (KBr) 3540, 17lOcm-r; UV 
@OH) 218 (99200), 231 (107,000), 264 (14,54X)), 273 (14,000); ‘H 
NMR (6omHz, Ccl,) 8 1.43 (s,9H), 4.4 (bs, IH), 7.2-8.0 
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(III, 14H); MS 384 (7), 284 (34), 283 (IOO), I55 (100) 127 (98) 57 
(67), 56 (43). (Found: C, 81.12; H, 6.33. Calcd for Cs,&,O,: C, 
81.22; H, 6.29%). 

D(2-nuphthy/)g/ycokc acid (I 1)” 
A mixture of IO (3.17 g, 8.24 mmol), 2,2’-oxydiethanol (28 ml), 

water (1 ml), and KOH (0.93g) was stirred umber N2 at 125” for 
2.5hp and then was partitioned between ether and water. 
Acidification of the aqueous phase precipitated II (2.5Og. 
7.61 mmol, 92%). which was identical to authentic di(Znaph- 
thyl)glycolic acid prepared by the method of Burtner and Cusic.” 

Chlomdi(2-naphthyI)acetyl chloride (12) 
An intimate mixture of II (13.4~ 49.8 mmol) and PCL (33.9~. 

163mmol) was warmed under N2af 86” for 3hr.l’ Poured on& 
ice (8Og), the oily product was converted into a solid which was 
tiltered off, dried and extracted with a boiling mixture of benzene 
(100 ml) and hexane (150 ml). Evaporation of the extracts left a 
residue of crude 12, which crystallized from a 10: 1 mixture of 
hexane and benzene as a pale yellow powder (9.96 g, 27.3 mmol, 
67%). A sample recrystallized twice from hexane was analytic- 
ally pure: m.p. 135.0-136.5”; IR (KBr) 1800cm“; UV (hexane) 
218 (89,700). 232 (87,800); ‘H NMR (IO0 mHz, CJX&) 6 7.14.0 
(m); MS 366 (13), 303 (35), 301 (MO), 266 (49). 265 (88). 136 (36) 
135 (47). (Found: C, 72.47: H, 4.08; Cl, 19.07. Calcd for 
C~H&O: C, 72.34; H, 3.86; Cl, 19.41%). 

LX(2-naphthy/)ketene (8) 
A mixture of 12 (7.48 g, 20.3 mmol), copper bronze (0.15 g), Zn 

powder (1.328) and activated Zn (0.83g)” was stirred under Nz 
in boiling ether (48 ml) for 2 hr6 After the addition of pet. ether 
(125 ml, bp 30-W) and benzene (50 ml), the mixture was filtered. 
Evaporation of the filtrate left an oily residue which was cxtrac- 
ted at 40” with a mixture of pet. ether (ItWml) and benzene 
(55 ml). Filtration and evapontion of these extracts provided 8, 
an orange solid which was used without further purification 
(5.32s. IS.1 mmol, 89%). IR (CC&) 21OOcm-‘. 

CycloaaWion of di(Znophthyl)ketene and ethoxyacetykne 
During 3Omin. a soln of ethoxyacetylene (1.77g. 25.3 mmol) in 

nitromethane (8ml) was added dropwise under N2 to a stirred 
suspension of 8 (5.32g. IS.1 mmol) in nitromethane (90ml) at 
-20”. The mixture was kept at -20” for 14.5 hr and then volatiles 
were removed by evaporation in uacuo. A soln of the oily residue 
in a mixture of ether (I I ml) and hexane (5 ml) at 5” slowly 
deposited crystals of 13 (2.45 g, 6.72 mmol, 37%). A sample which 
had been recrystallii three times from EtOAc was analytically 
pure: m.p. 122.0” (d); IR (KBr) 1680, I585 cm-‘; UV @OH) 222 
(80,600). 257 (26,600); ‘H NMR (lOOmHz, CDCIs) S I.41 
(t,3H. J = 6 Hz), 3.86 (s, 1H). 3.8-4.3 (m, 2H), 4.97 (s, IH), 6.2-6.5 
(m,2H), 6.6-7.8 (m, 1IH); MS 365 (28). 364 (IO), 336 (24) 335 
(21) 308 (23). 387 (73), 265 (22) I55 (26). (Found: C, 85.35; H, 
5.67. Calcd for C26H2002: C, 85.69: H, 5.53%). 

Rearrangement of benzonorcaradiene I3 
Heated neat under N1 in a Pyrex tube at 160’ for 5 hr, 13 

(83.5 mg, 0.229 mmol) rearranged to 14 (82.5 mg, 0.226 mmol, 
99%). a glassy solid. Crystallization from a 3:2 mixture of 
hexane and EtOAc provided an analytically pure sample: m.p. 
164.0-167.0”; IR (KBr) 3480,168Ocm~‘; UV (EtOH) 223 (90,400), 
252 (32,100), 276 sh (22,100). 297 sh (Il.400), 363 (3870); ‘H NMR 
(lCOmHz, CDCIs) 6 1.62 (t,3H, J = 7 Hz), 4.27 (q, 2H, J = 7 Hz), 
5.36 (s. IH), 6.7-8.4 (m, l4H); MS 365 (42) 364 (IOO), 335 (27). 
(Found: C, 85.30; H, 5.56. Calcd for &.Hm02: C. 85.69; H. 
5.53%). 

D(l-naphthyl)g/ycolic acid (17)‘a~‘* 
A mixture of I-bromonaphthalene (K!Og, 0.579 mol), Mg turn- 

ings (14.3 g, 0.588 mol). iodine (0.31 g) and ether (225 ml) was kept 
at 3P under Nz, unstirred, until an initially vigorous reaction had 
occurred and subsided. Then the mixture was diluted with ether 
(5Oml) and warmed at reflux for 1.5hr. Benzene (315ml) was 
added, and the hot mixture was treated dropwise during 30 min 
with a soln of diethyl oxalate (41.6g, 0.285 mol) in ether (I50 ml). 

The mixture was stirred at 38’ for 2 hr and treated cautiously 
with 5N H&W, (300 ml). Evaporation of the organic phase left an 
oilv residue which was heated with KOH (28 n) for 2 hr in boilinn 
95% EtOH (425ml). The hydrolysate was Id:lluted with wate;[ 
steamdistilkd (MOOml collected) and extracted with ether. 
Decolorization and acidification of the aqueous phase pre- 
cipitated 17 (52.7g, O.l6Omol, Xi%), which was identical to an 
authentic sample prepared by the method of Gomberg and Van 
Natta. ‘* 

ChJomdi( I-nuphthy/)acetyl chloride (18) 
To a stirred slurry of PCIJ (24.2g, 116 mmol) in CH2CIZ 

(575 ml) at -78” under N2, a soln of 17 (IS.1 g, 46.0 mmol) in 
CHICI (575 ml) was added dropwise during 4 hr. After the mix- 
ture had been kept at -78” for 1.5 hr more and at 0” for 1.7 hr. it 
was extracted with cold water (0”. 915 ml), cold 0. I N NaOH 
(915ml). and twice again with cold water (915ml portions). 
Evaporation of solvent under reduced pressure left a residue of 
crude 18, which crystallized from a mixture of hexane (235 ml) 
and benzene (55 ml) in the form of glassy prisms (13.2g. 
X.1 mmol, 7%). A sample recrystallized four times from pet. 
ether was analytically pure: m.p. 131.0-135.0”; IR (KBr) 
178Ocm-‘; UV (hexane) 223 (81,800), 288 (13,400); ‘H NMR 
(lOOmHz, CLXI,) S 7.0-8.4 (m); MS 364 (8) 294 (47), 266 (35). 
265 (MO), 263 (42). 131.5 (34). (Found: C, 72.46; H, 3.98; Cl, 
19.15. Calcd for C22HllC120: C, 72.34; H, 3.86; Cl, 19.41%). 

W(I-nophthyl)&etene (16) 
A mixture of 18 (12.8 g, 35.0 mmol), copper bronze (0.24 g), Zn 

powder (2.35 g) and activated Zn (I .33 g)” was stirred under N2 
in boiling ether (150 ml) for 2 hr.6 After the addition of pet. ether 
(75 ml, b.p. 30-W) and benzene (75 ml), the mixture was filtered. 
Evaporation of the filtrate left an oily residue which was extrac- 
ted at 30” with a mixture of pet. ether (6Oml) and benzene 
(90 ml). Filtration and evaporation of these extracts provided 16, 
a yellow solid which ias used without further- purification 
(8.63g, 29.3 mmol, 84%). IR (KBr) 2lOOcm“; MS 294 (46), 266 
(35), 265 (MO), 263 (26). 

Cycloaddition of di( I-naphthyl)ketene and ethoxyacetylene 
A soln of ethoxvacetvlene 10.876 R. 12.5 mmol) in nitromethane 

(7 ml) was added drop&se under cZ during 26 min to a stirred 
soln of 16 (2.85 g. 9.68 mmol) in nitromethane (100 ml) at -27. 
The mixture was kept at -20” for IOhr, and then volatiles were 
removed by evaporation in UIICUO. From a soln of the residue in 
CHIC12 (lOml), 19 precipitated as a white powder (l.l2g, 
3.07 mmol, 32%). A sample recrystallized twice from a mixture of 
MeOH and CH+& was analytically pure: m.p. 231.5-235.0”; IR 
(KBr) 3300,1598cm~‘; UV (EtOH) 226 (86,900), 248 (40.100). 282 
(18500). 311 (12,300). 349 (3700) 367 (Moo); ‘H Nh4R (IOOmHz. 
pyridineds) 6 0.78 (t,3H, J = 6 Hz), 3.82 (q, 2H, J = 6 Hz), 6.6-8.9 
(m, 15H); MS 365 (30). 364 (MO), 336 (36). 335 (24). 289 (25). 276 
(22). (Found: C, 85.36; H. 5.54. Calcd for C26Hm02: C 85.69; H 
5.53%). 

Evaporation of CH2CII from the supernatant left a residue 
which was redissolved in ether (4 ml). This soln slowly deposited 
crystals of 21 (0.472 g, 1.30 mmol. 13%). A sample recrystallized 
twice from a mixture of MeGH and CH#.X was analytically 
pure: m.p. 227.5-229.5”. JR (KBr) 1685, IS85 cm-‘; UV (hexane) 
219 (68,500). 271 (16,900); ‘H NMR (IOOmHz, pyridine-dj) 6 I.29 
(t,3H. J = 7Hz). 3.48 (t, IH, J =2.5 Hz), 3.9-4.3 (m, 2H), 5.44 
(s, IH), 6.33 (d,ZH,J =2.5 Hz), 6.5-8.7 (m. IIH); 6 1.30 
(t.3H. J = 7 Hz). 3.67 It. IH. J = 2.5Hz). 3.e4.3 (m. 2H). 5.36 
&, IH), 5.91 (d,ZH, J =‘2.5 Hz), 6.5-8.7’im. IIH); h& G5 (31). 
364 (98), 336 (30). 335 (32). 308 (31) 367 (MO), 289 (36). 265 (56). 
263 (35). I27 (38). (Found: C. 85.50; H, 5.52. Calcd for &Hm02: 
C, 85.69: H, 5.53%). 

Cycloaddirion of oinylketene and ethoxyacetylene 
Under N7 at 0”. a stirred soln of 3-butenoyl chloride (538 mg, 

5.15 mmoBi and .ethoxyacetylene (734 mg, to.5 mmol) in ether 
@ml) was treated dropwise during 1 hr with a soln of triethyl- 
amine (565mg, 5.58mmol) in ether (8ml). Filtration then 
removed triethylammonium chloride, and evaporation of the 




